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PREFACE

The purpose of ‘“‘Fundamentals of Radio’ is to present the basic
principles of radio communication in a form suitable for use in an intro-
ductory radio course. This book is essentially an abridged version of
the author’s ‘‘Radio Engineering.”” It presents the subject with the
same organization, the same viewpoint, and the same style, but the
treatment is simplified. The length of the text has been nearly halved,
and the problems have been increased in number and made primarily
of a classroom type.

The simplification consists largely in confining the treatment more
closely to fundamental prineiples. This policy has been followed in the
belief that the most satisfactory method of presenting a subject in an
elementary course is to concentrate on the fundamental concepts, and to
avoid diverting attention from these by too much consideration of all
the possible consequences, applications, and implications of these prin-
ciples. By following this procedure the number of new ideas that the
student must understand and organize in his own mind is kept at a
minimum, and yet a solid foundation is laid for future study. In contrast
with this, “Radio Engineering” strives for a complete comprehensive
treatment of all phases of the subject, with extensive references to the
significant literature. In comparing the two books, ‘“Radio Engineer-
ing”’ can be thought of as being primarily a textbook for the more
advanced student and as a reference book for the practicing engineer,
while ‘“Fundamentals of Radio” is primarily a textbook of more ele-
mentary character.

The chief prerequisite for study of the material in ‘“Fundamentals
of Radio” is an elementary understanding of alternating-current circuits,
and in particular the conceptions associated with the terms leading,
lagging, impedance, reactance, etc. A knowledge of complex quantities
is not necessary.

The present book is provided with a comprehensive set of problems.
There is, in fact, more than one problem per page of type, and care has
been taken to distribute these problems uniformly over the text. An
instructor using the book for class work will therefore find a number of
problems directly applying to every text assignment made. These
problems differ in many cases from those in ‘“Radio Engineering”
in that they are intended for use in connection with class assignments,

and so are nearly all of the type that can be done overnight. In contrast
v
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with this, a considerable number of the problems in ‘‘ Radio Engineering”’
represent projects that take several days of work to complete, and so
are of the type that fit in well with home study or supervised individual
work. - N - N

It is a pleasure to acknowledge the collaboration of Lieutenant F. W.
MacDonald in the preparation of this work. Lieutenant MacDonald
gave to this undertaking the benefit of his extensive experience in handling
the introductory radio course given at the United States Naval Academy.
In particular, he contributed a preliminary draft for the first ten chapters
of the book, which has been closely followed in the final product. This
draft was of great assistance in fixing a suitable level of difficulty for the
presentation and in defining the scope of the treatment.

Valuable cooperation was rendered by Lt. Colonel C. L. Fenton of
the United States Military Academy. In particular, Colonel Fenton
was especially helpful in outlining the problems which he had encoun-
tered in conducting elementary radio courses, and in making available
for the author’s guidance the problems he has required of his students.

The author also wishes to acknowledge the assistance rendered by
John R. Woodyard and Robert L. Sink, graduate students in electrical
engineering at Stanford University. Mr. Woodyard proofread the
preliminary and final drafts of the manuscript, as well as the page proof.
He also made innumerable suggestions of value, and served as a most
constructive critic. Mr. Sink rendered competent assistance in the
preparation of the new figures, tables, ete., and made all the new cal-
culations required in connection with the book.

Thanks are also due Gilfillan Bros., Inc., Zenith Radio Corp., RCA
Mfg. Co., Heintz & Kaufman, Ltd., Collins Radio Co., J. W. Miller Co.,
E. F. Johnson Co., Cornell-Dubilier Corp., Aerovox Corp., Sprague
Products Co., and Radio Condenser Co., for photographs and circuit
diagrams made use of in the book.

FreEpERrICK EMMONs TERMAN.
STANFORD UNIVERSITY,

December, 1937.
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FUNDAMENTALS OF RADIO

CHAPTER I

THE FUNDAMENTAL COMPONENTS OF A RADIO SYSTEM

1. Radio Waves.—Radio communication is carried on by means of
energy that travels from the transmitter to the receiver in the form of
radio waves. These waves move with the velocity of light and represent
clectrical energy that has escaped into free space. The waves consist
of magnetic and electrostatic fields at right angles to each other and also
at right angles to the direction of travel, and if they were visible would
appear as shown in Fig. 1.

The chief characteristics of a radio wave are the frequency (or wave
length) and the intensity. The frequency represents the number of
complete cycles of oscillations that the transmitter sends out per second,
and so is the frequency of the alternating current producing the wave.
The wave length is the distance in space occupied by one complete cycle
of oscillation, as shown in Fig. 1. The wave length A in meters and the
frequency f in eycles are related by the equation

300,000,000
= f ; (1

A
where the quantity 300,000,000 is the velocity of light in meters per
second. The frequency is ordinarily expressed in kilocycles, abbrevi-
ated ke, or in megacycles, abbreviated me. A low-frequency wave is
seen from Eq. (1) to have a long wave length, while a high frequency
corresponds to a short wave length.

Radio waves differ from other electromagnetic waves, such as light,
only in wave length (or frequency). The relationship between various
types of electrical radiations is indicated by Table I.

TABLE 1.—WAVE-LENGTH SPECTRUM OF ELECTRICAL PHENOMENA

Type Typical Wave Lengths
Radiowaves................................ 2 X 104 to 0.1 meter
Infra-red or heat waves...................... 1 X 1075 meter
Light waves................................ 5 X 1077 meter
Ultra-violet waves........................... 3 X 1078 meter
DG - T 1 X 1071 meter
Gammarays..................iiiii 1 X 10712 meter
CosmiC rays........ i 1 X 107! meter
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The strength or intensity of a radio wave is measured in terms of the
voltage stress produced by the clectrostatic field of the wave, and is
usually expressed in microvolts stress per meter. The strength in
microvolts per meter is also exactly the same voltage that the magnetic
flux of the wave induces in a conductor 1 meter long when sweeping
across the conductor with the velocity of light.

The minimum field strength required to give satisfactory reception
of a radio wave varies with the amount of interference that is present.
Under very favorable conditions waves having a strength of less than
1 pv per meter will produce intelligible signals. Much greater field
strengths are generally necessary, however, because of interfering waves
generated by man-made and natural sources. Thus in rural areas
experience has shown that it normally requires a field strength of the

f( 2wave/engf/7>l ?‘
ii [J> ] i: :wl “";:igzl"l{ H*’ Direction
K 1=~ f"*‘*’f°‘°lri£*~‘7lzl’l ,* f'v'ﬁOffmye/
-Llif—»i::ﬁ»—bat = "!!‘Q”@;"i"ﬁll'..i;
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(o) Front View (b) Side View
Through Plane aa

F16. 1.-—Front and side views of a vertically polarized wave. The solid lines represent
electrostatic flux, and the dotted lines and circles indicate magnetic flux. This may be
considered as an instantaneous view or ‘“‘snapshot.”

order of 100 uv per meter to give what the listener considers satisfactory
service from a broadeast station, whereas in urban locations the man-
made interference is so great that field strengths of 500 to 30,000 uv per
meter are ordinarily needed to insure good reception at all times.
Propagation Characteristics of Radio Waves—The strength of the
radio wave reaching the receiver from a distant transmitter is affected
by a number of factors. Most important of these are the spreading of
the wave owing to distance, the absorption of energy by the earth, and
the attenuation and refraction of the wave by the aetion of the ionized
regions (or ionosphere) of the upper atmosphere. The effect of the earth
and the ionized regions depends very greatly upon the frequency. Thus
low-frequency radio waves such as 12 to 100 ke suffer very little attenua-
tion other than that due to spreading, and the received signal strength
does not differ greatly from day to night and season to season. In
contrast with this, waves of broadecast frequencies (550 to 1500 ke) have
such high attenuation in the daytime that only local stations can be
heard, while at night the attenuation is frequently so low that very
distant stations produce satisfactory signals. High-frequency waves,
such as those in the range 6 to 30 me, behave in a still different manner.
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Here the ground very quickly absorbs the portion of the wave traveling
along the earth’s surface. Waves of such frequencies may, however,
reach a distant point as a result of refraction (z.e., bending) of energy
earthward by the ionized region in the upper atmosphere. Finally, at
very high frequencies the ground absorbs the portion of the wave travel-
ing along the earth’s surface, while the ionized regions are not capable
of bending the wave path appreciably. Communication at these
frequencies is hence possible only over distances so short that the earth’s
curvature permits a substantially straight-line path between transmitting
and receiving points.

TABLE 11.—CLASSIFICATION OF RADIO WAVES

Fre- .
quency R .
Class range, length Outstanc'hn‘g Principal uses
Kilo- range, characteristics
meters
cycles
Low frequency....| Below Over |Low attenuation at ' Long-distance trans-
100 3,000 | all times of day and | oceanic service re-
of year quiring  continuous
operation
Medium frequency| 100 to | 3,000 | Attenuation low at| Range 100 to 500 ke
1,500 | to 200 | night and high in| uscd for marine com-
the daytime; greater | munication, airplane
in summer than win- | radio, direction find-
ter ing, etc. Range 550
to 1500 ke employed
for broadcasting
Medium high fre- | 1,500t0| 200 to | Attenuation low at | Moderate-distance
quency. 6,000 50 night and moderate | communication of all

i i | in the daytime types
High frequency. . .| 6,000 to |50 to 10 | Transmission depends | Long-distance  com-
30,000 solely upon the ioni- | munication of all
zation in the upper | kinds; airplane radio
atmosphere, and so
varics greatly with
the time of day and
season. Attenuation
extremely small
under favorable con-
ditions
Very high fre-| Above | Below | Waves travel in|Short-distance com-
quency. 30,000 10 straight lines and are | munication, tele-
not reflected by ion-| vision, two-way
ized layers, so can| police radio, portable
only travel between| equipment, airplane
points in sight of | landing beacons
each other
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As a result of the different propagation characteristics possessed by
radio waves of different frequencies, each particular range of frequencies
is best adapted for a particular type of communication service. The

_outstanding properties of the different classes of radio waves, as well as

the uses for which each class has been found best suited, are tabulated in
Table II.

The frequencies used in commercial radio communication range from
about 15 ke as the lower limit to approximately 100,000 ke as an upper
limit. Frequencies lower than about 15 ke are not used because of the
difficulty of radiating energy at such low frequencies. Frequencies
greater than 100,000 ke are difficult to generate, and so are not as yet
used for commercial purposes, although extensive experimental work is
being carried on at frequencies up to about 3,000,000 ke.

2. Radio Transmitters.—The essential components of a radio trans-
mitter are a source of radio-frequency energy of the appropriate fre-
quency, provision for controlling this energy in accordance with the
information to be transmitted, and means for utilizing the energy to
produce radio waves.

Any source of high-frequency energy can be used in a radio trans-
mitter. During the history of radio various devices have been employed,
such as the high-frequency alternator, the Poulsen are, the oscillatory
spark discharge, ete. However, all modern radio transmitters make use
of vacuum tubes to produce the required power. This is because
vacuum-tube oscillators and amplifiers are efficient, reliable, and very
flexible. Over the range of frequencies used in commercial communica-
tion the power that can be obtained from vacuum tubes is of the order
of tens to hundreds of kilowatts, with lesser powers obtainable at still
higher frequencies.

Modulation.—The transmission of information by radio waves requires
that means be provided by which the desired information ean control the
radio waves. In radio telegraphy this control is obtained by turning
the transmitter on and off in accordance with the dots and dashes of
the telegraph code, as illustrated in Fig. 2. In radio telephony the
transmission is normally accomplished by varying the amplitude of the
radio-frequency wave in accordance with the pressure of the sound wave
being transmitted. Thus the sound wave shown at d in Fig. 2 would be
transmitted from a radio-telephone station by causing the amplitude of
the radiated wave to vary asshownat e. In picture transmission (includ-
ing television) the amplitude of the wave radiated at any time is made
proportional to the light intensity of the part of the picture that is being
transmitted at that instant.

When the amplitude of the alternating-current wave is varied from
time to time, the wave is said to be modulated. Thus the wave radiated
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from a radio-telephone station is modulated by sound waves, while
during the transmission of a picture the modulation is in accordance with
the light intensities of different portions of the picture, and in the case
of radio telegraphy the modulation is by the telegraph code. Except
in the case of telegraphy the modulation of the radio-frequency wave is
usually accomplished by means of vacuum tubes that control the ampli-
tude of the high-frequency energy in accordance with the information
that is to be transmitted.

(o) Telegraph Code Signal (d) Sound Vibration

[ 10 P S~
—

{b) Radio Wave After Modulation (e) Radio Wave After Modulation
. \.—""\\\ ,/'"\—
,k, ,J\] Hﬂ m :
| | |
i I

by Telegraph Code Signal by Sound Vibration
ez
‘ T
WL thl et “MM”MI
T

4 HH ==

N
AT L NN

Modulated Waves After Rectification
Showing Average Values

{c) ) o

LTI W i il
i innssnmmnnt L

Fi6. 2.—Diagram showing how a signal may be transmitted by modulating the ampli-
tude of a radio wave and how the original signal may be recovered from the modulated
wave by rectification.

—

3. Radiation of Electrical Energy.—Every electrical circuit carrying
alternating current radiates a certain amount of electrical energy in the
form of electromagnetic waves. The amount of energy thus radiated
is extremely small, however, unless all the dimensions of the circuit
approach the order of magnitude of a wave length. Thus a power line
carrying 60-cycle current with 20-ft. spacing between conductors will
radiate practically no energy because a wave length at 60 cycles is more
than 3000 miles, and 20 ft. is negligible in comparison. On the other
hand, a coil 20 ft. in diameter and carrying a 2000-ke current will radiate
a considerable amount of energy because 20 ft. is comparable with the
150-meter wave length of the radio wave. The common radio antenna
consisting of a system of overhead wires is essentially a condenser in
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which one plate is the ground while the other plate is the flat top.  Such
an arrangement will be a good radiator of electrical energy when the
ratio of height to wave length is appreciable, that is, at least 1:100, and
preferably greater.

1t is apparent from these considerations that the size of radiator
required is inversely proportional to the frequency (i.e., directly pro-
portional to the wave length). High-frequency waves can therefore be
produced satisfactorily by a small radiator, while low-frequency waves
require a high and large antenna system for effective radiation. The
practical result of this situation is that the cost of a satisfactory antenna
system increases as the frequency is lowered, and this sets a limit to the
lowest frequency that it is practicable to employ.

4. Reception of Radio Signals.—In the reception of radio signals it is
first necessary to abstract energy from the radio waves passing the
receiving point. After this has been done, the radio receiver must
separate the desired signal from other signals that may be present, and
then reproduce the original information from the radio waves. In
addition, arrangements are ordinarily provided for amplification of the
received energy so that the output of the radio receiver can be greater
than the energy abstracted from the wave.

Energy can be abstracted from a passing radio wave by means of an
antenna system consisting of a wire oriented so that the magnetic flux
of the wave cuts across the wire. The resulting induced voltage then
acts against the impedance of the antenna circuit to produce a current.
The energy represented by this induced current flowing in the antenna
system is abstracted from the passing radio wave.

Since every wave passing the receiving antenna induces its own
voltage in the antenna conductors it is necessary that the receiving
equipment be capable of separating the desired signal from the unwanted
signals that are also inducing voltages in the antenna. This separation
is made on the basis of the difference in frequency between desired and
undesired signals, and is carried out by the use of resonant circuits that
are adjusted to discriminate very strongly in favor of the desired fre-
quency. The ability to discriminate between radio waves of different
frequencies is called selectivity, and the process of adjusting circuits to
resonance with the frequency of a desired signal is spoken of as tuning.

Detection.—The process by which the information being transmitted
is recovered from the radio-frequency currents present in the receiver is
called detection (or demodulation). Where the information is transmitted
by varying the amplitude of the radiated wave, detection is aceomplished
by rectifying the radio-frequency currents. The rectified current thus
produced varies in accordance with the information originally modulated
on the wave radiated from the transmitter. Thus when the modulated
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wave shown at e of Fig. 2 is rectified, the resulting current is shown at f
and is seen to have an average value that varies in accordance with the
amplitude of the original sound vibration. 1In the transmission  of
telegraph signals by radio, the rectified current reproduces the dots and
dashes of the telegraph code as shown at Fig. 2¢, and could be used to
operate a telegraph sounder. When it is desired to receive the telegraph
signals directly on a telephone receiver it is necessary to break up the
dots and dashes at an audible rate in order to give a note that can be
heard. Otherwise the telephone receiver would give forth a succession
of unintelligible clicks.

Audio- and Radio-frequency Amplification.—The amount of energy
that can be abstracted by the receiving antenna from a passing radio
wave is ordinarily so small that it is customary to use amplification in
the receiver. This amplification may take place before rectification, in
which case it is termed radio-frequency amplification, or one may amplify
the currents developed in the output of the detector, which is termed
audio-frequency amplification. Ordinary radio receivers use both audio-
and radio-frequency amplification.

The vacuum tube represents the only satisfactory method for ampli-
fying the radio signals, and as a consequence is the basis of all modern
radio receivers. Before the development of the vacuum tube it was
necessary to depend entirely upon the energy absorbed from the passing
waves by the receiving antenna. As a result of the small amplitude of
this energy, the signals were always weak and radio reception from other
than local stations was possible only in very quiet places.

5. Nature of a Modulated Wave.—The modulated wave that is sent
out by most radio stations represents an oscillation of varying amplitude
and so consists of a number of waves of different frequencies superimposed
upon each other. The actual nature of a modulated wave can be deduced
by writing down the equation of the wave and making a mathematical
analysis of the result. Thus, in the case of the simple sine-wave modula-
tions shown in Fig. 3, one has

e = Ey(1 + m sin 2xf,t) sin 2xft (2)

where
e = instantaneous amplitude of wave
E, = average amplitude of envelope = carrier amplitude
m = degree of modulation
crest alternating component of envelope variation
average amplitude of envelope

f+ = modulation frequency
= frequency at which envelope amplitude is varied
f = frequency of radio oscillation.



8 FUNDAMENTALS OF RADIO [CHap. 1

The degree of modulation m in Eq. (2) is sometimes expressed as a
percentage. Thus m = 0.50 represents 50 per cent modulation.
Multiplying out the right-hand side of Eq. (2) gives

e = Fgosin 2xft 4 mE, sin 2xf.f sin 2xft

By expanding the last term into functions of the sum and difference
angles,! the equation of a wave with simple sine-wave modulation is

e = Eq sin 2xft + % cos 2r(f — f)t — —E cos 2r(f + f)t  (3)

Equation (3) shows that the wave with sine-wave modulation actually
consists of three separate waves. The first of these is represented by
the term FE, sin 2xft and is called the
carrier. Its amplitude is independent of
| ‘ the presence of modulation and is equal
VIO to the average amplitude of the wave.
The two other components are alike as far
(b) Wave with Sinusoidal as magnitude is concerned, but the fre-
Modulation m=50% g
~Corrier amplituze  Quency of one of them is less than the
41Uftrf,rr—f———-r:\1 hn;—_—_{—r»( carrier frequency by an amount equal to
AU P A the modulation frequency, while the fre-
L\_u,\ ’
B a i Al quency of the second is more than the

B s S carrier frequency by the same amou'nt.

Modulation m=100% These two components are called side-
I'-Carr/e/h amplitvae  band frequencies and carry the informa-

" ATHH \!'t——ﬂﬂwh‘-———; tion that is being transmitted by the
S T, modulated wave. The frequency by
*Jimﬁ‘“"""\t]hﬁj)“"‘_{' which the side bands differ from the

Fig. 3.—Waves having differ- carrier frequency represents the modula-

‘;‘(f du‘li:gf)e:s G Gl EGCRTNE. Gy frequency, whereas the amplitude of

the side-band components compared with
the amplitude of the carrier determines the degree of modulation, i.e.,
the size of the amplitude variations that are impressed upon the radiated
wave.

When the modulation is more complex than the simple sine-wave
amplitude variation of Fig. 3, the effect is to introduce additional side-
band components. While the carrier wave is always the same, irrespec-
tive of the character of the modulation, there is a pair of side-band
frequencies for each frequency component in the modulation. Thus, if
the wave of a radio-telephone transmitter is modulated by a complex
sound wave containing pitches of 1000 and 1500 cycles, the modulated

(0) Wave with no Modulation

LM AR EREA R ARRARAA A A RAA R

I Lu LJ

UYL

! The trigonometric formula for doing this is

sin zsin y = Yfcos (z — y) — cos (z + y)]
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wave will contain one pair of 1000-cycle side-band components and one
pair of 1500-cycle side-band components. The amplitude of any side-
band component is always one-half the amplitude of that particular
frequency component which is contained in the modulation envelope.

Significance of the Side Bands.—The carrier and side-band frequencies
are not a mathematical fiction, but have a real existence. This is evi-
denced by the fact that the various frequency components of a modulated
wave can be separated from each other by suitable filter circuits.

The side-band [requencies may be considered as being generated as a
result of varying the amplitude of the wave. They are present only
when the amplitude is being varied, and their magnitude and frequency
are determined by the character of the modulation. The carrier fre-
quency, on the other hand, is independent of the modulation, being the
same even when no modulation is present.

The information transmitted by the modulated wave is carried by the
side-band components and not by the carrier, i.e., the information is
conveyed by the variations in the amplitude of the wave and not by the
average amplitude. It is therefore desirable to put as much power into
the side-band frequencies as is possible, which is equivalent to saying
that the wave amplitude should be varied through the widest possible
range. When the amplitude is carried completely to zero during the
modulation cycle, the modulation is at a maximum, or 100 per cent, and
the side bands contain the maximum amount of power possible. With
sine-wave modulation such as shown in Fig. 3 this maximum side-band
power is one-half the carrier power. With degrees of modulation less
than 100 per cent the side bands will contain correspondingly less power.

It is apparent that the transmission of information requires the use
of a band of frequencies rather than a single frequency. In speech and
music there are important frequency components as high as 10,000 cycles,
so that speech and music modulated upon a wave can produce side-band
components extending to over 10,000 cycles on each side of the carrier
frequency. A radio-telephone station therefore utilizes a frequency band
about 20,000 cycles wide in transmitting high-quality signals. If this
entire band is not transmitted equally well through space and by the
cireuits through which the modulated-wave currents must pass, then the
side-band frequency components that are discriminated against will
not be reproduced in the receiving equipment with proper amplitude.
With telegraph signals the essential side bands are relatively narrow
because the amplitude of the radio-frequency oscillation is varied only
a few times a second, but a definite frequency band is still required. If
some of the essential side-band components of the telegraph signal are
not transmitted, the received dots and dashes tend to run together and
become indistinguishable.




CHAPTER I1

CIRCUIT ELEMENTS

6. Condensers.—A condenser consists of two electrodes separated
by a dielectric. A voltage applied betwecn these electrodes causes an
clectric charge to flow into them, with the resulting production in the
dielectric of an electrostatic field that represents stored energy. The
amount of energy stored in this way depends upon the voltage that is
applied to the electrodes and upon the electrostatic ¢apacitance (or
capacity) of the combination. This capacitance is measured in farads,
which is a eapacitance of such a size that when 1 volt is applied between
the clectrodes a charge of 1 coulomb (equivalent to 1 amp. of current
flowing for 1 sec.) will be stored. Because of its large size the farad is
commonly divided into microfarads and micromicrofarads, abbreviated
uf and upf, respectively.  Where the condenser electrodes are parallel
plates having a constant spacing, the capacitance (neglecting edge effects)
is given by the equation

Capacitance in uuf = 0.08842K% 4)

where A is the area of the diclectric in square centimeters, d the spacing
between plates in centimeters, and K a constant called the dielectric
constant that depends upon the dielectric material and is substantially
independent of frequency.  Values of K for common dielectries are given
in Table III. .

Losses in Condensers.—A perfect condenser when discharged gives
up all the energy stored in it. This ideal is never completely realized,
however. The result is that when an alternating voltage is applied to
a condenser a certain amount of power is absorbed during each c¢ycle.
The power factor of the condenser current is a characteristic of the
dielectric (assuming the resistance of the electrodes and leads is negli-
gible) and is normally independent of the capacitance of the condenser,
the frequency, or the applied voltage. While the power factorof the
condenser is determined by the kind of dielectrie employed, it is also
affected by the conditions under which the dielectric operates. Thus
the power factor always becomes higher as the temperature is raised and
tends to be incrcased by absorbed moisture. Values of power factor
for typical dielectries are given in Table T11.

10
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TabLg [I[.—CHARACTERISTICS OF DIELECTRICS AT RADIO FREQUENCIES WITH NORMAL
RooM TEMPERATURE!

Dielectric

Material Power factor
constant

N 1.00 ! 0.000
Mica (electrical). . . .. ............. 5t09  [0.0001 to 0.0007
Hard rubber...... .. ............ .. [ 3tod 0.006 to 0.014
Glass (clectrical). .. .............. .. 4.90 to 7.00 | 0.004 to 0.016
Bakelite derivatives. . ... ... .. ... .. | 4.5t07.5 0.02 to 0.09
Celluloid ........... .. ... ........ 4.10 0.042
Fiber (dry).......... ... .. ... ... 4to 6 0.02 to 0.09
Wood (without special preparation)

Oak.....oooviiii i 3.3 0.039

Maple.......................... 4.4 0.033

Birch...... ... o 5.2 0.065
Myealex. ...l 8 0.002
Isolantite.......................... 6.1 0.0018
Porcelain (wet process).............. 6.5t07.0 | 0.006 to 0.008

1 These data were compiled from various sources and represent typical values that can be expected.

The losses of a diclectric are sometimes expressed in terms of the
angle by which the current flowing into the condenser fails to be 90° out
of phase with the voltage. This angle is called the phase angle of the
dielectric, and its value in radians is substantially equal to the power
factor. Thus a power factor of 0.01 represents a phase angle of 0.01
radian or 0.573°.

The effect of the dielectric losses on the behavior of a circuit containing
the condenser can be most conveniently expressed by considering the

R,
=SIUC _'_c c—— 3R,
(a) (b) (c)

Fia. 4—Representation of imperfect condenser by a perfect condenser of same capacitance,
with series resistance, and by a perfect condenser with shunt resistance.

actual condenser to consist of a perfect condenser associated with a shunt
resistance, as in Fig. 4c, or a series resistance as in Fig. 4b. The capaci-
tance of the perfect condenser is made the same as the capacitance of the
actual condenser, while the equivalent series or shunt resistance, as the
case may be, is so selected that the power factor formed by the combina-
tion of perfect condenser and resistance is the same as the power factor
of the actual condenser. The values of series and shunt resistances
required are given by the following equations:
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: - __ pbower factor
Series resistance = R, = onfC (5a)

1
(2xfC) X (power factor)

Shunt resistance = R, = (5b)

Examination of these equations shows that the series and shunt resist-
ances are inversely proportional to the frequency and the condenser
capacitance.

Types of Condensers.—Paper, mica, and air are the dielectrics most
frequently employed in condensers used in radio work. In addition,
electrolytic condensers find use for certain purposes. Paper dielectric is
inexpensive and gives a reasonably large capacitance in proportion to
volume, but has the disadvantage of fairly high electrical losses. A good
grade of mica has much lower losses than paper and so is particularly
suitable for condensers where low losses are important, but is quite
expensive. IPhotographs of typical paper and mica condensers are shown
in Fig. 5.

Air is an almost perfect dielectric, having practically no losses if
corona is avoided. The only losses of air condensers are then those
arising from the resistance of the electrodes, and the dielectric losses in
the mounting insulators. The result is a very low power factor when the
condenser is properly made. The disadvantages of the air condenser
are its low voltage rating and the large bulk required to obtain a reason-
able capacitance. The chief use of air condensers is for tuning resonant
circuits at radio frequencies, where a variable condenser having very low
losses is required. Air condensers for this purpose employ a series of
spaced fixed plates as one electrode and a series of similarly spaced rotat-
ing plates as the other electrode as shown in Fig. 5. The rotating plates
mesh with the fixed plates without touching, thus giving a capacitance
determined by the angle of rotation. Where several resonant circuits
are to be tuned simultaneously, as in the case of broadcast receivers, it is
customary to place all sets of rotating plates on a common shaft (see
Fig. 5).

The electrolytic condenser makes use of the fact that aluminum (and
certain other materials), when placed in a suitable solution and made the
positive electrode, will form a thin insulating surface film that will
withstand a considerable voltage and that at the same time will have a
high electrostatic capacitance per unit area of film. Electrolytic con-
densers are characterized by a high capacitance in proportion to volume,
and are the least expensive of all condensers. However, they have a
much higher leakage current than do other condensers, and their power
factor is high and dependent upon frequency. Furthermore, the capaci-
tance, power factor, leakage, ete., change with age, applied voltage, and
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Variable condenser Small mica
condenser

Large mica condenser

Paper condenser (cartridge type)
F16. 5.—Photographs of various types of condensers commonly used in radio work.
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temperature.  Electrolytic condensers are widely used in radio work for
filter and by-pass purposes. In these applications they are subjected to
a direet-current voltage, and are then called upon to short-circuit any
superimposed alternating potential. Under such conditions the losses
and the exact capacitance are unimportant. Pictures of typical
electrolytic condensers are given in Fig. 5.

Voltage Rating of Condensers.—The voltage that can be safely applied
to condensers having solid dielectrics such as paper and mica depends
upon the insulating strength of the dielectric used and upon the clectrical
losses in the diclectric. If the applied voltages exceed the dielectric
strength, the dielectric will spark through and the condenser will he
destroyed. However, if the losses in the condenser are sufficient to
cause a moderate amount of heating, the allowable voltage will be some-
thing less than the dielectric strength of the material. This is because
all dielectries deteriorate rapidly when heated. As the condenser current
and hence the losses are proportional to frequency, the voltage rating of a
particular condenser will be highest on dircet-current potentials, some-
what less at low frequencies, and increasingly lower as the frequency is
increased. It is therefore very important that condensers which must
withstand high radio-frequency voltages have low losses. The impor-
tance of losses in determining the voltage rating is illustrated by the
ratings of a particular 0.001 uf mica condenser given in Table IV,

TaBLE 1V

Rated Effective
Frequency, Ke Voltage
Direct current. . ... ... ... .. .. ... 15,000
D 10,000
100.. ... 5000
B00.. ... .. 3000
1000. ... e 1780
B000. . . ... 605
10,000, .. ... 178

The voltage limit of an air condenser is determined by either ccrona
or spark-over, whichever appears first. When high voltages are to be
handled, the plates must be widely spaced, and it is helpful to round off
sharp corners in order to reduce the tendency for corona to form. Air
condensers for high voltage service are very bulky in proportion to
capacitance and so are used only when small capacitances are required.

The voltage limit of an electrolytic condenser depends upon the thick-
ness of the insulating film at the positive aluminum electrode, and may
be as high as 500 volts. If the allowable voltage is exceeded the film
will puncture, but reforms when the excess voltage is removed. Elec-
trolytic condensers are consequently not destroyed by momentary
overvoltages as are paper and mica condensers.
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7. Inductance.—Whenever a current flows in an electrical cireuit,
there is produced magnetic flux that links with (z.e., encircles) the current.
The number of flux linkages actually present with a given current is
measured in terms of a property of the circuit called the inductance, and
depends upon the arrangement of the circuit and the presence or absence
of magnetic substances.

Inductance can be defined as the flux linkages per ampere of current
producing the flux. That is,

flux linkages
current producing flux

Inductance L in henries = 10-8 (6)
A flux linkage represents one flux line encircling the cireuit current once.
Thus in Fig. 6 flux line aa contributes eight flux linkages toward the coil
inductance because it circles the current
flowing in the coil eight times. On the
other hand, flux line b of the same coil
contributes only one-half a flux linkage
toward the coil Inductance because this
particular line encircles only one-half the
coil current.

The inductance of a coil is propor-  Fie. 6.—Flux and current dis-
tional to the square of the number of tribution i::“iu:t;,ff;cg;“‘s’"%lf;lacﬁif
turns if the dimensions such as length, rent density at radio frequencies is
diameter, depth of winding, etc., are kept e 7 (19 Gl ¢ ety
constant as the number of turns is altered. The reason for this
behavior lies in the fact that, if the coil dimensions are kept constant,
the amount of magnetic flux produced by a given coil current and the
number of times each flux line links with the coil current are both pro-
portional to the number of turns, so that the flux linkages per ampere
are proportional to the square of the number of turns.

The inductance of coils having the same number of turns and the
same shape is always proportional to the size (i.c., to a linear dimension,
such as length or radius) of the coil. Thus, if two coils have the same
number of turns but one is twice as big as the other in every dimension
(such as diameter, length, width, depth of winding, ete.), then the larger
coil will have twice the inductance of the smaller one.

Formulas for calculating the inductance of coils are found in every
radio or electrical handbook.

Incremental Inductance—In many communication circuits there are
iron-core coils that carry a large direct current upon which is super-
imposed a small alternating current. The inductance that such a coil
offers to the superimposed alternating magnetism is termed the incre-
mental inductance, i.e., the inductance to an increment of magnetization.
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Experiment shows that the incremental inductance inereases as the super-
imposed alternating magnetization is increased up to the point where
saturation begins, whereas increasing the direet-current magnetization
reduces the incremental inductance. This is illustrated in-Fig. 7.
Magnetic Materials.—Cores for such communication apparatus as
audio-frequency transformers, power transformers, and filter reactors are
most commonly of silicon-steel laminations. Special grades of such
laminations have been developed which have lower losses and higher
incremental permecability than ordinary silicon steel. In addition, a
number of alloys having unusual magnetic properties are coming into
increasing use in communication work. Chief among these are a series
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Fig. 7.—Curve giving incremental permeability of typical silicon steel as a function of
alternating-current magnetization superimposed upon several values of direct-current
magnetization, showing how the inductance decreases with increased direct-current and
reduced alternating-current magnetization.

of nickel-iron alloys characterized by extremely high permeability and
low hysteresis loss at low flux densities. Different compositions go under
such names as permalloy, mu-metal, hypernik, nicoloi (or electric
metal), etc. A related nickel-iron-cobalt alloy called perminvar, which
has a moderately high permeability at low flux densities, is remarkable
for a permeability that is practically constant for magnetomotive forces
up to about two ampere turns per centimeter, coupled with an extremely
low hysteresis loss. A wide variety of other alloys are available for other
special uses, such as permanent magnets, high permeability at high flux
densities, ete.

8. Mutual Inductance and Coefficient of Coupling.—When two
inductance coils are so placed in relation to each other that flux lines
produced by current in one of the coils link with the turns of the other
coil as shown in Fig. 8a, the two inductances are said to be inductively
coupled. The effects that this coupling produces can be expressed in
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terms of a property called the mutual inductance, that is defined by the
relation:

flux linkages in second
coil produced by current
in first coil

Mutual inductance M in henries = - : ~10-% (7a)
current in first coil

flux linkages in first
coil produced by current

in second coil .
o I A (7b)

Formulas (7a) and (7b) are equivalent and give the same value of mutual
inductance. The flux linkages produced in the coil that has no current
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Fi1g. 8.—Several simple methods of coupling two circuits.

in it are counted just as though there was a current in this coil. Hence
the number of times a flux line would encircle an imaginary coil current
is the number of linkages contributed by this particular line.

When two coils of inductance L; and L., between which a mutual
inductance M exists, are connected in series, the equivalent inductance
of the combination is Ly + L; + 2M. The term 2M takes into account
the flux linkages in each coil due to the current in the other coil. These
mutual linkages may add to or subtract from the self-linkages, depending
upon the relative direction in which the current passes through the two
coils. The maximum value of mutual inductance that ecan be obtained
between two coils having inductances L, and L, is /LL;. The ratio
of mutual inductance actually present to this maximum possible value
is called the coefficient of coupling. Hence

Coeflicient of coupling = k = — af (8)

\/LiL,
The coefficient of coupling is a convenient constant because it expresses
the extent to which the two inductances are coupled, independently of
the size of the inductances concerned. In air-core coils, as used in radio,




18 FUNDAMENTALS OF RADIO [CaaPp. IY

a coupling coefficient of 0.5 is considered high and is said to represent
“close” coupling, while coefficients of only a few hundredths represent
“loose” coupling.

Any_two circuits so arranged that energy-can be transferred from
one to the other are said to be coupled, even though this transfer of
energy takes place by some means such as a condenser, resistance, or
inductance common to the two cireuits, rather than by the aid of a mutual
inductance. Examples of various methods of coupling are shown in
Fig. 8.  Any two circuits that are coupled by a common impedance have «
coefficient of coupling that is equal to the ratio of the common impedance
to the square root of the product of the total impedances of the same kind as
the coupling impedances that are present in the two circuits. That is,

L
N ZZ;

where 7, is the common impedance and Z, and Z; are the total imped-
ances of the same kind as Z, in the primary and secondary circuits
respectively.  Thus with case b in Fig. 8, where the coupling is furnished
by the common inductance L., the total inductances of the two circuits
are Ly + L and Ly + L, and the coefficient of coupling is given by the
equation

Coefficient of coupling = k = 9)

Ln
'\/(Ll + Lm)(112 + Lm)

9. The Effective Resistance of Coils and Conductors at Radio Fre-
quencies.—The cffective resistance offered by conductors to radio
frequencies is considerably more than the resistance measured with
direct currents. This is the result of skin effect, which causes the current
to be concentrated in certain parts of the conductor and leaves the
remainder of the conductor to do little or nothing toward carrying the
current. As a result of this effect it is necessary to generalize the concept
of conductor resistance when dealing with radio frequencies by considering
the resistance to be that quantity which when multiplied by the square of the
current will give the energy dissipated in the conductor.

A simple example of skin effect is furnished by an isolated round wire.
When a current is flowing through such a conductor, the magnetic
flux that results ix in the form of concentric circles as shown in Fig. 9.
It is to be noted that some of this flux exists within the conductor and
therefore links with, 7.c., encircles, current near the center of the con-
ductor while not linking with current flowing near the surface. The
result is that the inductance of the central part of the conductor is
greater than the inductance of the part of the conductor near the surface.
At radio frequencies the reactance of this extra inductance is sufficiently

Cocfficient of coupling k for Fig. 86 = (10)
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great to affect seriously the flow of current. Most of the current then
flows along the surface of the eonductor where the impedance is low,
rather than near the center where the impedance is high. The center
part of the conductor therefore does not carry its share of the current
and the effective resistance is increased. The actual type of current
distribution obtained in the case of a round wire is as shown in Fig. 9.

Skin effect oceurs whenever some parts of a conductor have more flux
linkages than other parts. The result of skin ceffect is to cause a redistri-
bution of current over the conductor cross section of such a character
that most of the current flows where it is encireled by the smallest number
of flux lines. This is because those parts eneircled by the fewest flux
lines have the lowest inductance, and
hence offer the least impedance to the
current.

The ratio that the effective alternat-
ing-current resistance bears to the di-
rect-current resistance of a conductor
inereases with frequency and with the
conductivity of the conductor material.
This is beeause the higher frequency
increases the reactance produced by the
extra flux linkages, whereas a higher
conductivity causes slight differences of
inductance for different parts of the
conductor to have more effect on the Rodial Distance
current. distribution. F1u. 9.—Isolated round conductor,

The non-uniformity of current dis- i?i(;)w"-'g L% L) E GUE0 S

ution at radio frequencies. Note

tribution that results from skin effect that the current density is highest for

. parts of the conductor encircled by the
can be reduced by employing a conduetor g, .o i« lines.
consisting of a large number of small
insulated wires connected in parallel at the terminals and thoroughly
interwoven. If the interweaving is complete each conductor will
on the average link with the same number of flux lines as every other
conductor. This will give all the individual strands substantially the
same inductance, and will therefore cause the current to distribute
uniformly between the strands. A stranded cable of this type is called
a litz conductor and is very effective in reducing the radio-frequency
resistance at broadeast and lower frequencies.

Resistance of Coils at High Frequencies—The same principles that
govern the current distribution in an isolated conductor also determine
the distribution of current in the conductors of a coil. That is, the cur-
rent density is greatest in those parts of each coil conduetor encircled by
the smallest number of flux lines. The skin effect in coils is, however,

« Magnretie
Alux

-Distribution of
<7 current density
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much more complicated and much greater in magnitude than in isolated
conductors because each turn of the coil produces flux that causes non-
uniformity of current distribution in adjacent turns. The nature of the
current. distribution in the conduetors of a typical radio coil is indicated
by the shading in Fig. 6. This also shows the flux paths and brings out
the relation between current density and flux linkages.

The losses in a coil are most conveniently expressed in terms of the
ratio of the coil reactance wl to the effective coil resistance B. This ratio
approximates the reciprocal of the coil power factor. It is so important

220 T T T T T T T T
200 =
180
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100 L 1 coil pata -
_3:|m 80 C(?il No.l No2 No3 No4
‘ Lin uH 185 185 185 185
60 [Diam. Inches 3 31875 15
40 |-Length inches 3 3 180 3.875 -

20t No.of turns 60 60 75122
0 Wire 'Size 24 28 28 28
1 ! L 1 ! ! I\ 1
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Frequency - Kilocycles

F16. 10.—Curves showing Q as a function of frequency for a number of coils having the
same inductance but different dimensions, different proportions, and different wire
sizes.

in the theory of resonant circuits as to be considered a fundamental coil
property, and is usually referred to by the symbol Q. That is,

coil reactance _ wL (1)
coil resistance = R

Q=

The effective coil resistance R includes any dielectric loss that the coil
may have.

It is convenient to express the characteristics of a coil in terms of the
ratio Q, because this quantity is approximately constant for the same coil
over its usual working range of frequencies. Furthermore, the value of
Q for equally well-designed coils intended for use at different frequencies
is approximately the same. That is, a value of @ denoting an efficient
coil of a size suitable for use at 100 ke also represents the @ of an efficient
coil for 1000-ke service. The values of Q actually obtained with coils
used in receiving equipment range from thirty to several hundred, with
still greater values frequently encountered in transmitter inductances.

The actual value of Q depends in a complicated way upon the coil
construction and the frequency. However, there are certain general
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trends that can be expected to hold. Thus the larger the physical size
of the coil the higher tends to be the Q. The @ varies much more slowly
than does the size, however, so very small coils are still reasonably
efficient. Also, for any given induectance and physical size there is a best
wire diameter that is often, although not always, the largest conductor
that can be wound in the available space. For any given inductance
and volume there is also a best shape, which for single layer solenoids is
usually when the length of the coil is about the same as the diameter.
The arrangement of the winding affects the @, and it is often found that
multilayer constructions are superior to single-layer coils having the
same physical dimensions and inductance. The type of conductor is
also important, as indicated below. The influence of some of these
factors on coil Q is illustrated in Fig. 10.

10. Coils for Radio-frequency Circuits. Coils for Tuned Circuits of
Radio Receivers—Coils used in the resonant circuits of radio receivers
must have low losses (high @), must be physically small, and must have
low distributed capacitance. The type of coil used to meet these
requirements depends upon the frequency. Above 1500 ke, single-layer
solenoids space wound with solid wire on a thin form are customary.
At broadcast frequencies both single-layer solenoids and multilayer
coils are used. Solid wire is employed where cost is an important factor
although litz wire properly used will usually result in an increased value
of @ at broadcast frequencies.

At frequencies below the broadeast range (below 550 ke) multilayer
coils are best. Both solid and litz conductors are used, although litz is
decidedly preferable in this frequency range. Coils for frequencies
below 500 ke are often provided with magnetic cores of the type described
below.

Typical coils used in commercial radio receivers are shown in
Fig. 11.

Coils for Tuned Circuits of Transmitters.—Coils used in the resonant
circuits of transmitters differ from the corresponding coils for receivers
in that the current that must be carried and the voltage that is developed
across the terminals are much greater. The constructional details
depend upon the frequency and the power involved. In general, how-
ever, the coils are provided with spaced turns in order to withstand the
voltage satisfactorily, and ordinarily employ large conductors in order to
carry the heavy currents with Jow losses. At high radio frequencies,
where only a small inductance is required, solid wire space wound on a
single-layer ceramic form is typical for low and medium powers, while
self-supporting coils constructed from copper tubing are used for high
power. Coils for broadcast frequencies generally employ either single-
layer solenoid or pancake construction, and use solid wire, tubing, strip,
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FiG. 11.—Photographs of typical coils used in tuned circuits of radio receivers.
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or edgewise-wound strip.  Coils for lower radio frequencies are usually of
multilayer construction, preferably using litz wire.

Typical transmitter coils are shown in Fig. 12.

Distributed Capacitance of Cails with Particular Reference to M ultilayer
Coils.—In an inductance coil there are capacitances between adjacent
turns, capacitances between turns that are not
adjacent, and capacitances between terminal leads.
i In addition there can be capacitances to ground from

L 505 S0 each turn. Some of the different capacitances that
m may exist in a typical coil are shown in Fig. 13.

Fie. 13.—Some of Faop of these capacitances stores a quantity of
the coil capacitances N X
that contribute to the electrostatic energy that is determined by the
distributed eapaci- o5pa0itance and the fraction of the total coil voltage
tance of a single-layer .
coil. that appears across the turns involved. The total

effect that the numerous small coil capacitances have
can ordinarily be represented to a high degree of accuracy by assum-
ing that these many capacitances can be replaced by a single condenser
of appropriate size shunted across the coil terminals. This equivalent
capacitance is called the distributed capacitance of the coil.

In multilayer coils the distributed capacitance tends to be high
because the layer arrangement of the wind-
ing causes turns from different parts of the
winding to be located near each other.
Thus in the two-layer winding shown at
Fig. 14a, in which the turns are numbered
in order, the first and last turns are
adjacent, which greatly increases the shunt-
ing capacitance. The distributed capaci-
tance of multilayer coils can be kept low by
expedients such as illustrated in Fig. 14.
Here the turns associated with the two ends
of the coil are kept apart by a narrow e
winding form as at ¢ and d, or by arranging oo e i
the sequence of turns to form a bank wind- oo
ing as illustrated at b (also sce Fig. 11). Deep Narrow () Spaced Layer
The “universal” (or honeycomb) coil illus- "2 Winding
trated in Figs. 11 and 15 is also often used ©'¢ 4" I;,Syeov,e:.‘ilnff,-’,?::.()f multi-
for multilayer coils. This is a self-support-
ing winding with relatively few turns per layer, arranged so that the
turns of adjacent layers have appreciable air separation except at the
cross-over points.

Radio-frequency Choke Coils.—The term radio-frequency choke is
applied to coils that are designed to provide a high impedance over an

(@)Layer Winding (b} Bank Winding
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appreciable frequency band. Such coils are used in receiver and trans-
mitter circuits to carry direct current while preventing the flow of radio-
frequency currents. Radio-frequency choke coils must have a high
inductance so that very little radio-frequeney current will flow through
the winding. At the same time the coil must have low distributed
capacitance so that there will be a minimum of radio-frequency current
by-passed around the coil. Typical methods of constructing radio-
frequency choke coils are illustrated in Fig. 15. The resistance of a

i

f—= e

. .
Fic. 15—Photographs of different types of radio-frequency choke coils. All of these are
of the *‘universal-wound” type.

radio-frequency choke coil is relatively unimportant, and the wire size is
chosen on the basis of current-carrying eapacity.

Radio-frequency Coils Having Magnetic Cores—The usefulness of
magnetic materials at high frequencies is limited by eddy-current losses.
It has been found, however, that by suitably subdividing the core
material the eddy-current losses can be reduced to low values even at
radio frequencies. The required degree of subdivision is obtained by
producing the magnetic material as a very fine dust that is mixed with
an insulating binder and then formed under pressure to the desired shape.
Coils employing such cores have reasonably low losses up to frequencies
of 1000 ke, and are used to a considerable extent at frequeneies below
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500 ke. Such cores make it possible to reduce the physical dimensiom
while maintaining the coil Q at a reasonable value.

11. Shielding of Magnetic and Electrostatic Fields.—Circumstances
often arise where it is necessary to confine electrostatic and inagnetic
fields to a limited space. Thus, in radio receivers having several coils
associated with different tuned eireuits, it is commonly necessary to
shield these coils from cach other to eliminate ecouplings that would trans-
fer energy between the tuned cireuits.

Electrostatie fields ean be confined to a limited space by enclosing the
space with a condueting shield upon which clectrostatie flux lines termi-

nate. If the shield material does not

o /_\\\ have excessive clectrical resistivity
\L%,LMM\ oo the flux lines are virtually short-cir-
e ] | —=—=="_| cuited, and the shielding is practically

RO \‘ \'”" 5;”’/ perfect.
——— N / High-frequency magnetie fields are
Neognetic, Flux- Electrostatic ordinarily controlled by conducting

Flux - No Shield 0 o 5 0
shields.  When alternating magnetie

flux attempts to pass through such a

-focbaGongnaody ) . . 5
~ shield, the magnetie flux induces a
> ) voltage in cutting through the con-
’ = luet This voltage produces edd
2 ductor. S s i s
Magnetic Flux- Electrostatic Flux With ! . . g1 y
Non-Mognetic Shield Conducting Shield currents which in large measure pre-

ammEnE vent the magnetic flux from pene-

ks, | trating through the shield. If the

resistance of the conducting shield to

L ) the eddy currents is made low by

m:g:::l'g gL‘{:;d employing a thick shield of low-

Fia. 16.— Paths of clectrostatic and resistance material, the shielding is
magnetic flux lines about the same coil practically perfect.

with and without magnetic and non- .. . . .
magnetic shields. Coils used for tuned circuits in

radio receivers are commonly placed
in aluminum or copper shield cans to obtain both magnetic and clectro-
static shielding. This reduces the inductance of the coil by restricting
the flux paths to the space within the shicld as shown in Fig. 16 and
thereby increasing the reluctance of the magnetic circuit. The shield
likewise inereases the effective coil resistance because the cnergy losses
represented by the eddy currents in the shield are supplied by the coil.
However, if the shield is large enough so that the spacing between coil
and shield is everywhere at least equal to the coil radius, these effects
on the coil propertics are not serious,
Low frequency and direct-current magnetie fields require the use of a
shield of magnetic material. Conducting shields are not effective because
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the induced voltage produced by the flux is zero in the case of direct
fields and small at low frequencies. A magnetic shield acts as a short
cireuit to the flux lines as a result of the fact that its magnetic permeabil-
ity is higher than that of the surrounding space. This is illustrated in
Fig. 16. In order to be effective, magnetic shields must have high
permeability at low flux densities and so should be made of permalloy
or other high permeability alloy.

Problems

1. A variable eondenser with air dieleetric is to have a total eapacitance of 150 uuf.
If the spacing between plates is 0.07 em, ealculate the total area of dicleetrie required.
If the rotating plates are semieireular with a radius of 3 em, ealeulate the number of
rotating plates required, assuming that both sides of every plate are aetive. Negleet
the loss in areca caused by the shaft.

2. A condenser employs a dieleetric eonsisting of a glass plate having a thiekness
of 0.15 em, a dielectric constant of 5, and a power faetor of 0.008, Caleulate the area
of active dielectric required to obtain a eapaeitanee of 0.002 uf.

3. In the condenser of Prob. 2, ealeulate:

a. The phase angle of the dieleetrie.

b. The equivalent series resistanee at 1,000,000 eycles.

¢. The power lost in the condenser when a potential of 250 volts effective of fre-
queney 1,000,000 cyeles is applicd to the eondenser.

4. A miea eondenser with power factor 0.0005 has a eapacitance of 0.001 uf.

a. What are its equivalent series and shunt resistances at frequencies of 1000,
100,000, and 10,000,000 eyeles?

b. What are its phase angles at these same frequencies?

6. Derive an exaet formula for the power factor of a eondenser in terms of the
phase angle, and demonstrate that when the phase angle is small the power factor is
substantially equal to the phase angle expressed in radians.

6. A certain miea eondenser is found by measurements at 500,000 eyeles to have a
series rosistance of 0.35 ohm, and a capaeitance of 510 puf.

a. What is the power faetor of the diclectric?

b. What would the series resistance be at 1,200,000 cycles?

7. A certain variable condenser having air diclectric with bakelite supports obtains
10 uuf of its capacitance through the bakelite dicleetric having a power factor of 4 per
cent and the remainder of its capacitance from the air, which has no losses.

a. What is the equivalent shunt resistanee of the combination when the total
eapacitance is 100 puf (90 puf from air and 10 uef from bakelite) and the frequeney
is 750,000 cycles?

b. What is the equivalent series resistanec under the same eonditions?

8. The condenser of Prob. 4 is able to stand an effective alternating-eurrent
potential of 2000 volts at very low frequencies without sparking through and is able
to dissipate 14 watt of heat safely.

a. What is the highest frequency at whieh it is permissible to apply a potential of
2000 volts effective, assuming that the only losses are dielectric losses?

b. If the only losses are dielectrie losses (eleetrode resistance neglected) what is
the voltage rating at frequencies of 1, 100, and 10,000 kiloeycles?

9. If in Fig. 6 the flux shown is produeed by a current of 0.2 amp., estimate the
coil inductance. (Assume that Fig. 6 gives a two-dimensional representation of the
flux lines in the three-dimensional coil.)
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10. Coil 1 in Fig. 10 is a single-layer solenoid with a 60-turn winding 3 in. long and
3in. in diameter. How many turns would be required to obtain the same inductance
if the coil were 2 in. in diameter and 2 in. long?

11. In an iron-core coil it is found that the introduction of a small air gap in the
magnetie circuit of the core will inerease tho ingremental induetance when there is_
appreciable direct-current magnetization present, but will reduce the incremental
inductance if the direct-current magnetization is zero or very small. Explain.

12. Suggest a method by which mutual inductance might be measured, using a
bridge capable of measuring only inductance.

13. Demonstrate that two coils which have their axes respectively parallel to and
at right angles with the line joining the coil centers will have zero mutual inductance.

14. Derive a formula for the coeflicient of coupling for the circuit of Fig. 8c.

16. Explain how skin effect makes the induetance of an isolated conductor slightly
less at radio frequencies than at low frequencies.

16. Derive an equation giving the exact relation between the Q of a coil and the
coil power factor, and from this calculate the error in the approximate relation:
Power factor = 1/(), when @ = 50.

17. In Fig. 10, calculate and plot: (a) the resistance as a function of frequency
for the No. 24 wire case; (b) the ratio of alternating-current to direct-current resistance
for the same coil.

18. Explain why the distributed capacitance of a coil is always increased by the
wax or other coating used for protection against moisture.

19. Explain the reason that moisture in the insulation is very detrimental to the
propertics of a coil.

20. In transmitter inductances explain why copper tubing gives a resistance just
as low as solid copper conductor of the same diameter.

21. Transmitter inductances wound with bare copper tubing are sometimes plated
to prevent corrosion and improve the appearance. Discuss the relationship between
resistivity and thickness of the plated layer and the radio-frequency resistance of the
coil.

22. It is observed in a non-magnetic shield surrounding a solenoidal coil that the
effectiveness of the shiclding is not affected appreciably by a joint in the shield, pro-
vided this joint is in a plane perpendicular to the axis of the coil, but is very seriously
reduced if the joint is in a plane that contains the axis of the coil. Explain.

23. Discuss the effect upon the distributed capacitance of a coil of : (@) a conducting
shield, (b) a magnetic shield.

24. When low-frequency fields are shielded by a magnctic shield, what effect
does the presence of the shield have on: (@) the coil inductance, (b) the effective coil
resistance?



CHAPTER 111

RESONANT CIRCUITS AND CIRCUIT ANALYSIS

12. Series Resonance.—When a constant voltage of varying fre-
quency is applied to a circuit consisting of an inductance, a capacitance,
and a resistance all in series, the current varies with frequency in the
manner shown in Fig. 17. At low frequencies the reactance of the con-
denser is large and the reactance of the inductance small. The circuit
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Fia. 17.—Series resonant circuit and typical resonance curves for different values of
circuit Q.

then has a high impedance, and only a small current flows. Similarly
at high frequencies, the reactance of the inductance is high and the react-
ance of the capacitance small, so that the impedance is again large and
the current small. In between these extremes there is a frequency, called
the resonant frequency, at which the inductive and capacitive reactances
are exactly equal, and being of opposite sign consequently neutralize
each other. At this resonant frequency there is accordingly only the
resistance to oppose the flow of current, and if the resistance is low the
current at resonance will be large.

The resonant frequency is the frequency at which the inductive and
capacitive reactances are equal, and so is given by the relation

1
or
Resonant frequency = 1 (12b)

2r\/LC

29
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Equation (12b) shows that the resonant frequency depends only upon the
product LC.

A nalysis of Resonance Curves.—Curves such as shown in Fig. 17, giving
the variation of current with frequency, are called resonance curves.
The shape of these curves can be calculated by the usual method of
analyzing alternating-current circuits. This analysis will now be carried
out using the following symbols:

E = voltage applied to cireuit

I = magnitude of current flowing in circuit

J = frequency in eycles

w = 2nf

Q = wL/R

It = effective series resistance of tuned circuit, including both coil
resistance and equivalent series resistance of condenser.

L = inductance in henries

C = capacitance in farads

z = magnitude of impedance of series circuit

6 = phase angle of impedance of series circuit

Z = z/0 = vector impedance of cireuit

The reactance formed by the inductance and capacitance of the series

circult is (wL —o0) The impedance formed by this reactance in series
with the resistance R of the circuit is therefore

[ -/ 2
Circuit impedance z = \ /2 4 (oL — 1 (13a)
A wC/

<wL - w_%) (13b)

Phase angle 6 of impedance = tan—! R

The current I that flows is the voltage divided by the impedance, or

E E
. = 7 R (14)

= \/ i =
2 _
R? 4+ (w], wC)

This current lags behind the voltage by the angle 6 given by Eq. (13b).
For the special case of resonance, wL = 1/wC, and Iqgs. (13a) and (14)
become

(15a)
(15b)

Series impedance at resonance = R
E
i/

Current at resonance =
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The current at resonance is in phase with the applied voltage because the
impedance is resistive.

Shape of Resonance Curves. Unaversal Resonance Curve.—The sharp-
ness of the resonance curve in the immediate vieinity of resonance is
determined by the @ of the resonant eircuit.! This is apparent from
Iig. 17, and can be explained as follows. At resonance the current is
inversely proportional to resistance, and so directly proportional to the
circuit . At the same time, the current that flows for frequencies differ-
ing appreciably from the resonant frequency is substantially independent
of the circuit resistance. This is because at such frequencies the react-
ance of the circuit is greater than the resistance and so controls the circuit
impedance. The result is that increasing the circuit resistance (i.e.,
lowering Q) flattens the resonance curve by reducing the response at
resonance without affecting the response at frequencies appreciably
different from resonance. This action is apparent in the curves of Fig. 17.

The resonance curve of a series circuit is for all praectical purposes
symmetrical about the resonant frequency, provided the cireuit Q is at
least moderately high.

The shape of the resonance curve can be conveniently expressed in
terms of the universal resonance curve of Fig. 18. This curve gives the
ratio of actual current to current at resonance, in terms of the circuit Q
and the fractional deviation of the frequency from the resonant frequency.
The universal resonance curve can be calculated from Eqgs. (12), (14),
and (150).2 It makes no approximations except the assumption that the
cireuit @ is constant over the range of frequencies involved. The uni-
versal resonance curve is particularly useful because it applies to all
resonant cireuits irrespective of cireuit constants.

The use of the universal resonance curve in practical calculations is
illustrated by the following examples:

Example 1.—It is desired to know how many c¢ycles one must be off resonance to
reduce the current to one-half the value at resonance when the circuit has a @ of 125
and is resonant at 1000 ke.

Reference to Fig. 18 shows that the response is reduced to 0.5 when a = 0.86.
Hence

Cycles off resonance = Ui X,IOOO = 6.88 k¢
125
The phase angle of the current as obtained from the curve is 60° lagging, or leading,
as the case may be.

1 The term Q of the circuit used in this connection means wL/R, where R includes
the series resistance of the condenser as well as the eoil resistance. The circuit @
will accordingly be less than the coil Q, but the difference is normally small because
condenser losses are ordinarily much less than coil losses.

2 The actual derivation is given on p. 54 of the author’s book ‘ Radio Engineering,”
2d ed.
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Example 2.—With the same circuit as in the preceding example, it is desired to
know what the response will be at a frequency 10,000 cycles below resonance.
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F1c. 18.—Universal resonance curve from which the exact ratio of actual current to
current at resonance, as well as exact phase angle, can be determined for any series circuit
in terms of the detuning from resonance. This curve can also be applied to the parallel
resonant circuit by considering the vertical scale to represent the ratio of actual parallel
impedance to the parallel impedance at resonance. When applied to parallel circuits, angles
shown in the figure as leading are lagging, and vice versa.

To solve this problem it is first necessary to determine a.
a = (1%000) X 125 = 1.25

Reference to Fig. 18 shows that for @ = 1.25 the responsc is reduced by a factor 0.36
and that the phase of the current is 68° leading.

o] lio Histor
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The sharpness of the resonance curve in any particular case can be
readily estimated by making use of the following rules that can be deduced
from the equations of the resonant circuit.

Rule 1. When the frequency of the applied voltage deviates from the
resonant frequency by an amount that is 1/2Q times the resonant frequency,
the current that flows is reduced to 70.7 per cent times the resonant current,
and the current is 45° out of phase with the applied voltage.

Rule 2. When the frequency of the applied voltage deviates from the
resonant frequency by an amount that is 1/Q of the resonant frequency, the

. .
current that flows is reduced to 44.7 per cent of the resonant current, and
the current is 6314° out of phase with the applied voltage.

Thus in the circuit considered in the above examples, the current would
be reduced to 70.7 per cent of the value at resonance when the frequency
is 1450 of 1000 ke, or 4000 cycles off resonance, and to 44.7 per cent of the
resonant current for a frequency deviation of {95 of 1000 ke, or 8000
cycles.

Voltage across Reactance of a Series Circuit.—The voltage developed
across the inductance or capacitance of a series resonant circuit is equal
to the product of current and the inductive (or capacitive) reactance.
The resulting eurve of voltage across the reactance as a function of fre-
quency for constant applied voltage has substantially the same shape as
the resonance curve. This is beeause the resonance phenomenon takes
place in such a limited frequency range that the reactance across which
the voltage is developed is substantially constant in the region about
resonance. The product of current and reactance hence varies with
frequency in practically the same manner as the current.

The voltages across the condenser and the inductance will both be
very much greater than the applied voltage when the frequency is in
the vicinity of resonance. This situation is possible because the voltages
across the condenser and inductance are nearly 180° out of phase with
each other and so add up to a value that is much smaller than either
voltage alone. Since the current at resonance is E/R, the voltage across
the inductance at resonance, which is wL times the current, is

Voltage across L at resonance = E‘%{]—’ = EQ (16)

The voltage across the condenser also has this same value, since at reso-
nance, wL = 1/wC. FEquation (16) shows that at resonance the voltage
across the inductance (or condenser) is Q times the applied voltage (i.e., there
is a resonant rise of voltage in the circuit amounting to Q times). Since Q
can be expected to have a value in the neighborhood of 100, a series
resonant circuit will develop a high voltage even with small applied
potentials.
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Practical Calculation of Resonance Curves.—In the caleulation of reso-
nance curves, the use of Eqs. (13) and (14) involves practical difficulties.
This is because the inductive and capacitive reactances oL and 1/wC,
respectively, are both large, but in the vicinity of resonance very nearly
equal to each other. Consequently any slight error in calculating either
reactance, such as would result from the use of a slide rule, introduces a
very large error in their difference, and hence in the caleulated impedance
and current.  In view of this, the most satisfactory procedure for deter-
mining resonance curves is as follows: First, caleulate the response at
resonance by Iq. (I5b) or (16). Second, use the working rules given
above, together with the universal resonance curve, to obtain points on
the resonance curve in the immediate vieinity of resonance.  Finally,
neglect the circuit resistance when ecaleulating the response at frequencies
farther off resonance than the range covered by the universal resonance
curve. This procedure gives results at least as acceurate as obtainable
with four-place logarithms and involves mueh less work than using a slide
rule.

13. Parallel Resonance.—\When a resonant circuit is arranged so that
the voltage is applied to the induetance and eapacitance in parallel, the
resulting impedance varies with frequency in the manner shown in Fig. 19.
At very low frequencies the induetive braneh draws a large lagging current
while the leading current of the capacitive branch is small, resulting in a
large line current and a low circuit impedance that is induetive. At high
frequencies the induetance has a high reactance compared with the
capacitance, resulting again in a large line current and a correspondingly
low ecircuit impedance that is now capacitive. In between these two
extremes there is a frequency at which the lagging current taken by the
induetive branch and the leading, current entering the eapacitive branch
are substantially equal, and, being nearly 180° out of phase, these cur-
rents tend to neutralize each other. The line current is then quite small,
and the circuit impedance is high, as apparent in Fig. 19. This resonant
impedance is much greater than the impedance of either the induetive or
capacitive branch of the circuit, and represents one of the most valuable
properties of the parallel resonant cirecuit.

The shape of the impedance curve of the parallel resonant circuit is
practically identical with the shape of the resonance curve of the same
circuit arranged for series resonance, provided only that the @ of the
cireuit is not too low. With values of @ ordinarily used in radio work
the approximation is extremely close. The resonant frequency is hence
the same for a given circuit irrespective of whether the connections are
such as to give series or parallel resonance. The sharpness of the imped-
ance curve also depends similarly upon the @ of the circuit. In
particular, a low Q broadens the curve by reducing the impedance in the
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immediate vicinity of resonance while having very little effect on the
impedance at frequencies appreciably different from resonance, as seen

in Fig. 19.

Line

current —-HighQ

Re R,
z =C

Impedance Z

Frequency

Fic. 19.—Parallel resonant circuit and typical curves of parallel impedance for different

values of circuit Q. Note the similarity to Fig. 17.

Analysis of Parallel Resonance.—The following notation will he used
in the analysis of parallel resonant circuits.

K

e =

.
YA

wWo

Q
R

Line current

= voltage applied to parallel eircuit

VR:2 + (1/wC)? = magnitude of impedance of capaci-
tive branch
_ (1/eC)
1 i —_
tan R.

= — t = phase angle of capacitive hranch

= z,/0, = vector impedance of capacitive branch
= VR + (wL)? = magnitude of impedance of inductive

branch
1 wL . .
= tan R, = phase angle of inductive branch
L

= 2,40, = veetor impedance of inductive branch
= Z., + Z. = scries impedance formed by capacitive and

inductive branches in series (vector value)

= 27 times frequency

= 2 times resonant frequency

= wl./R

= R, + R, = total resistance of circuit considered as a

series eircuit

= current flowing into circuit as result of the applied volt-

age F.

The quantities L, C, R, and R, refer to the inductance, capacitance, and
resistance components of the circuit as indicated in Fig. 19.
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The resonant frequency of a parallel circuit is normally considered to
be the frequency at which wL = 1/wC. With this definition the parallel
resonant frequency of a tuned cireuit is exactly the same as the series
resonant frequency of the same circuit, and so is given by Eq. (12b).

The impedance of the parallel circuit is the impedance formed by the
capacitive and inductive branches connected in parallel :!

Z,Z[, _ ZcZL

Parallel impedance = 7. v 7. Z

(17)

It will be noted that the denominator of this expression is the impedance
that the same circuit offers when connected in series, as given by Igs.
(13a) and (13b). Equation (17) is the fundamental cquation of the
parallel circuit and applies for all conditions, irrespective of the circuit Q,
the frequency, or the division of resistance between the branches.

When the circuit @ is reasonably high, as is nearly always the case in
actual practice, the exact expression of Eq. (17) can be simplified by
neglecting the resistance components of the impedances Z, and Z. in
the numerator. When this is done,?

Parallel impedance = Gk (18)
Zs
At resonance the series impedance is simply the total resistance R. The
parallel impedance then becomes a resistance having a magnitude

Parallel iinpedance] (wol)?
at resonance {~ R, ~ woLQ (19)

The error involved in Eqgs. (18) and (19) depends upon the Q of the circuit
and the division of resistance hetween the branches. Under the most
unfavorable condition, which is when all the resistance is in one branch,
the magnitude of the parallel impedance as calculated by Eq. (19) has
an error of 1 part in 2Q* while the error in phase angle is tan—! (1/Q).
These errors are entirely negligible for ordinary caleulations if the circuit
Q is at all high. Thus for Q = 100 the error in magnitude is 1409 of
1 per cent, and the error in phase is 0.6°.

! Equation (17) is merely the mathematical statement of the rule that the imped-
ance formed by two parallel branches is the product of the branch impedances divided
by the sum of the branch impedances.

* This transformation is carried out as follows: If the resistance conmponents are
neglected. the produet Z;Z. becomes wL/w(' = L/C. One can now eliminate the
capaeitance C in this expression by multiplying both numerator and denominator by
wo and then noting that 1/we(" = weL. That is,

wolL

7y L
LL/JC = 6 = :’D_C' = ((mJL)2
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Examination of IXq. (18) shows that the impedance of a parallel circuit
is equal to a constant divided by the series impedance of the same circuit.
A consideration of Eq. (14) shows that the current in a series circuit is
likewise equal to a constant (i.e., the voltage) divided by the series imped-
ance of the circuit. Hence the resonance curve of impedance in a parallel
circutl has exactly the same shape as the resonance curve of current for the
same circuit connected for series resonance. Consequently the universal
resonance curve and the working rules that were given for estimating the
sharpness of resonance of the series circuit also apply to the case of parallel
resonance. The only difference is that the signs of the phase angles are
now reversed, the phase of the current now being leading at frequencies
higher than resonance and lagging at frequencies below resonance.

The line current that flows when a voltage is applied to a parallel
circuit is relatively small at the resonant frequency because of the high
circuit impedance. However, as the frequency departs from resonance

Impedance Relations Current Relations

Q
b +
<3 Paralle/ S
15 impedance. I
g “Covaci; duclive 3
E | bt L peh
Frequency Frequency

Fi1a. 20.—Curves showing line and branch currents and circuit impedance of a parallel
circuit in the vicinity of resonance. The line current is not zero, where the branch currents
have equal magnitude, because of the phase shifts produced by the circuit resistance.

the current becomes rapidly larger as the result of the lowered circuit
impedance. The currents in the individual branches do not go through
any resonance action, however. This is because the current in a branch
is equal to the applied voltage divided by the branch impedance, and this
impedance varies only slowly with frequency. The resonance phenom-
enon arises from the fact that at the resonant frequency both capacitive
and inductive branches draw large currents, but these currents are largely
reactive and add up to a very small resultant. This means that at
resonance there is a large current circulating between the inductance and
capacitance, with the line current being just large enough to supply the
circuit losses. Inasmuch as the resistance of a tuned circuit is low, the
energy losses and hence the line current will be correspondingly small at
resonance. At frequencies off resonance, the line current increases
because the reactive currents drawn by the capacitive and inductive
branches are not equal, which makes it necessary for the line to supply
considerable reactive current along with the power component of current.
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These relations between line and branch currents are illustrated in
Fig. 20.

Practical Calculation of Parallel Impedance Curves—The proper pro-
cedure for calculating the impedance of a parallel resonant circuit is
similar to that given above for ealculating thie resvnance curve of a series
circuit. The detailed steps are: First, calculate the impedance at reso-
nance by Eq. (19). Second, use the working rules together with the
universal resonance curve, to obtain points on the impedance curve in
the immediate vieinity of resonance, keeping in mind that the sign of the
phase angle of the line current for parallel impedance is reversed from
the sign for series resonance.  Finally, negleet the circuit resistanee when
calculating magnitude of impedance at frequencies farther off resonance
than the range covered by the universal resonance curves.

Miscellaneous.—When the circuit Q is low, the approximations made
in deriving Kq. (18) will introduce an error that depends on the division
of resistance between the inductive and capacitive branches. If the
resistances are divided so that oL/R. and 1/wCR, are approximately
equal, the error is at a minimum. The parallel impedance then very
accurately follows the behavior discussed above. If, on the other hand,
the resistances in the two branches are decidedly unequal, as is commonly
the case since the losses are usually concentrated in the inductive branch,
then Eq. (18) and the discussion based upon it are only approximately
true, as mentioned above. The principal modification produced under
such conditions is that the frequency at which the parallel circuit has
maximum impedance is not the frequeney for which it has unity power
factor. With the resistance largely concentrated in one branch this
behavior begins to be apparent when the circuit Q drops below 10. The
exact behavior for low ecircuit @’s can be calculated from Eq. (17) by
using the exact expressions for Z, and Z, in determining the numerator.

The distributed capacitance associated with an inductance coil is in
shunt with the coil inductance and thus makes the coil equivalent to a
parallel resonant circuit. The result is that the impedance of the coil as
observed at the terminals varies as shown in Fig. 19 in the region where
the inductance is in resonance with the distributed capaecitance. In
particular, at frequencies greater than resonance the coil has a capacitive’
reactance and hence acts as a condenser. At frequencies below resonance
the presence of the distributed capacitance causes the apparent induc-
tance and resistance of the coil, as measured between coil terminals, to
be greater than the trues-alues that would be obtained in the absence of
distributed capacitance.

14. Inductively Coupled Circuits. Theory.—When mutual induc-
tance exists between coils that are in separate circuits, these circuits are
said to be inductively coupled. The effect of the mutual inductance is
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to make possible the transfer of energy from one circuit to the other by
transformer action. That is, an alternating current flowing in one circuit
produces magnetic flux which induces a voltage in the coupled ecircuit,
resulting in induced currents and a transfer of energy from the first or
primary cireuit to the coupled or secondary circuit.

The behavior of inductively coupled circuits is somewhat complex, but
can be readily calculated with the aid of the following rules:

Rule 1. As far as the primary circuit is concerned, the effect of the
presence of the coupled secondary circuit is exactly as though an impedance
(wM)2/Z, had been added in series with the primary,' where

M = mutual inductance

w = 2nf
Z, = series impedance of secondary circuit when considered by itself
(vector value).

Rule 2. The voltage induced in the secondary circuil by a primary
current of I, has a magnitude of wMI, and is 90° out of phase with the
primary current.

Rule 3. The secondary current is exactly the same current that would
flow if the induced voltage were applied in series with the secondary and the
primary were absent.?

Calculations of Coupled Circuits—The three rules given above for
determining the hehavior of coupled circuits hold for all frequencies and
for all types of primary and secondary circuits, both tunzd and untuned.
The procedure to follow in using these rules to compute the behavior of a
coupled circuit is: first, determine the primary current with the aid of
Rule 1; second, compute the voltage induced in the secondary, knowing
the primary current and using Rule 2; and finally, calculate the secondary
current from the induced voltage by means of Rule 3. The following set
of formulas will enable these operations to be carried out systematically.

1 This can he demonstrated as follows. The actual effect produced by the presence
of the secondary is a back voltage induced in the primary by the secondary current.
This secondary current is a result of the voltage induced in the secondary by the
primary current I,. The secondary induced voltage is wMI,, and is 90° out of
phase with I,. The resulting secondary current is wMI,/Z,. This current then
induces a voltage [(wM ) ,/ZJwM = [(wM)?/Zs)l, in the primary. This voltage is
90 + 90 = 180° out of phase with I, and hence is a back voltage. The voltage drop
corresponding tu the back voltage is hence (w/)?/Z, times the primary current, so
that the effect of the secondary on the primary is equivalent to adding an impedance
(wd)?/Z, to the primary.

2 [t might be wondered why, although the secondary couples an impedance into
the primary, the primary is not considered as coupling an impedance into the second-
ary. The reason is that the impedance coupled into the primary takes into account
the voltage induced in the primary by the secondary current, as explained in the
preceding footnote. The corresponding effect of the voltage induced in the secondary
by the primary current is taken care of by Rule 3.
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Impedance coupled into primary circuit| _ (wM)?

by presence of the secondary [ - Z, (20)
. . . (wM)?
Equivalent primary impedance = Z, + 7 (21)
7 Primal:y curriong =1, = B
’ (wM)? (22)
Lt =7

Voltage induced in secondary = wM1I,/ +90° (23)

Secondary current = Induce; pialtake
wMI,/ £90° owME/+90° >
Z. L+ @My @)

In these equations
M = mutual inductance between primary and sccondary
w = 2nf

Z, = scries impedance of secondary circuit considered as though

primary were removed (a vector)

Zp = serics impedance of primary circuit considered as though second-

ary were removed (a vector)

E = applied voltage.

The /£90° indicates either a lead or lag of 90° according to the sense of
the mutual inductance. In making use of Egs. (20) to (24) it is to be
kept in mind that Z, and Z, are vector quantities.

Coupled Impedance.—The impedance (wM)?/Z, that the presence of
the secondary adds to the primary circuit is called the coupled impedance.
This quantity is a vector having resistance and reactance components
that are given by the expressions:

Resistance componentl _ (wM)?R,

of coupled impedance ] T R2ZF X2 (250)
Reactance component| _ (wM)X, (25b)
of coupled impedance § =~  R,2 + X,2

Here R, and X, are the resistance and reactance components of the second-
ary impedance Z,, with a positive reactance being inductive. The
encrgy represented by the primary current flowing through the coupled
resistance is the energy that is transferred to the secondary circuit. Simi-
larly, the volt-amperes represented by the primary current flowing
through the reactive component of the coupled impedance represents
the reactive volt-amperes consumed by the secondary eireuit.

Many of the important properties of a coupled circuit can be deduced
by examining the nature of the coupled impedance. When the mutual
inductance M is small, or when the secondary impedance Z, is large, the
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impedance coupled into the primary by the presence of the secondary is
small. The action in the primary circuit is then influenced only very
slightly by the presence of the secondary. On the other hand, when
the mutual inductance is large and the secondary impedance small, the
coupled impedance will be large. The presence of the secondary will
then have a very pronounced effect upon the behavior of the primary
circuit. A particularly important case is when the secondary is a reso-
nant circuit. Here the secondary impedance is small at resonance and
comparatively large at frequencies appreciably different from resonance.
Since the coupled impedance is inversely proportional to the secondary
impedance, the effect produced by such a secondary on the primary
circuit is large in the immediate vicinity of resonance, and small at other
frequencies.

(@) Untuned (b) Tuned Secondoary (¢)Tuned Primary and
Secondary Tured Secondary
Rp . Rp Rs Co R Rs

A

QU0

—ANA— —AAAA— AR —AAAN
g é % sk g
Lpg L Rs Lpéé‘-s "Lcs LpZgLs Cs
S A -

F1a. 21.—Common types of inductively coupled circuits.

Ly

15. Typical Examples of Inductively Coupled Circuits.—Some of the
most commonly encountered and more important types of inductively
coupled circuits, together with their principal properties, are eonsidered
below.

Coupled Circuit with Untuned Secondary Consisting of a Resistance and
Inductance—This circuit is illustrated in Fig. 2la, and is important
because a metal mass such as a shield, metal panel, etc., near a coil acts
as a secondary consisting of an inductance in series with a resistance.
The impedance that such a secondary couples into the primary is seen
from Eq. (25) to consist of a resistance and a capacitive reactance. The
coupled resistance takes into account the energy losses in the metal
mass, and increases the effective resistance of the primary coil. The
coupled reactance neutralizes a portion of the inductive reactance of the
coil, and hence is equivalent to reducing the effective inductance of
the coil.?

Coupled Circuits with Untuned Primary and Tuned Secondary.—This
circuit is shown on Fig. 21b and is of importance because it is the equiva-
lent circuit of the tuned radio-frequency amplifier. As the circuit is
ordinarily encountered the primary resistance R, represents the plate
resistance of a tube and is much larger than the reactance wL, of the

1Tt will be noted that these are the same effects arrived at by a different method
in Sec. 11 for the case of a conducting shield surrounding a coil.
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primary inductance. The most important characteristie of this cireuit
is the way in which the sccondary current (or the voltage across the
secondary condenser) varies with frequency for constant applied voltage.
The behavior in a typical ecase is shown in Fig. 22 and is seen to result
in a curve having a shape similar to that of a resonance curve. Close
examination, however, shows that the @ corresponding to the curve of
sccondary current is lower than the actual @ of the sccondary cireuit.

Two Resonant Circuits Tuned to the Same Frequency and Coupled
Together —This circuit is illustrated in Fig. 21c and is the basie ecireuit
of the band-pass filter commonly used in radio receivers. The most
important characteristic of such a circuit is the variation of secondary

+
: R
£
S Q of secondary=100
> Resonant frequency
s =1000 ke.
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Fia. 22.—Curve of secondary current as a function of frequency for the cireuit of Fig. 215
in the typical casc where K, >> wl,. This curve has the shape of a resonance curve corre-
sponding to a  lower than the actual secondary (.

current (or voltage across the secondary condenser) as a funetion of fre-
quency when a constant voltage is applied in series with the primary.

Typical results are shown in Fig. 23.  When the coefficient of coupling
k between primary and secondary is low the secondary current is quite
small and the curve is very peaked (A = 0.002 in Fig. 23).  As the coeffi-
cient of coupling is increased, the secondary current becomes greater and
there is some reduetion in the relative sharpness of the peak (K = 0.005 in
Fig. 23). This effect continues with incerease in coupling until the resist-
ance that the secondary couples into the primary cireuit at resonance is
equal to the resistance of the primary. The coefficient of coupling
required for this condition is termed the critical coupling and gives the
maximum secondary current that it is possible to obtain.  With critical
coupling the curve of secondary current also tends to be flat at the very
top with relatively steep sides (& = 0.01in Fig. 23).  When the coefficient
of coupling is appreciably greater than the eritical value, the secondary
current at resonance becomes less than with eritical coupling, and peaks
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of secondary current appear at frequencies on either side of resonance
(k = 0.015, 0.03, and 0.05 in I'ig. 23). The spacing between these peaks
of secondary current is directly proportional to the coefficient of coupling.
The current at these peaks is substantially the same as the peak current
with critical coupling.

The reason for the behavior illustrated in Fig. 23 rests in the nature
of the coupled impedance produced by a resonant secondary eireuit.
When the coupling is small the induced voltage and hence the secondary
current will naturalty be small. At the same time the shape of the second-
ary-current curve will be sharper than the resonance eurve of the second-
ary circuit because of the fact that the induced voltage tends to be
proportional to primary current and is therefore greatest at resonance.

l | I '
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F16. 23.—Curves for two circuits separately tuned to the same frequency and coupled
together, showing variation of sccondary current with frequency, for a number of coeffi-
cients of coupling,

On the other hand, when the coefficient of coupling is large, the coupled
impedance at resonance is likewise large. This reduces the primary
current at resonance to a small value and results in a low induced velt-
age and hence low secondary current. The humps that appear on the
response curve with large coupling result from the fact that, with a tuned
sccondary circuit, the reactance coupled into the primary is inductive
at frequencies below resonance and capacitive at frequencies above reso-
nance. Since the sign of this coupled reactance is the opposite of the
sign of the reactance of the primary circuit at the same frequencies,
the presence of the secondary reduces the equivalent impedance that the
primary offers to the applied voltage. This raises the primary current
and hence increases the induced voltage at frequencies slightly off reso-
nance. When the coupling exceeds the critical value this action is suffi-
cient to introauce new resonant frequencies corresponding to the humps
of secondary current.
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The ecritical coefficient of coupling corresponds to the condition which
gives the maximum possible transfer of energy to the secondary at the res-
onant frequency. This occurs when the coupled resistance at resonance
equals the resistance of the primary circuit, i.e., when (03M)?/R, = R,.
Hence for critical coupling

wM = \/R,R, (26a)

Introducing the ratios @, = wL,/R,, and @, = «L,/R,, and noting that
k = M/\/L,L,, gives

* Critical coupling k = — (26b)

VQ,Q.
The ecritical coefficient of coupling is usually very small. Thus if the
circuit Q’s are 100, the corresponding coefficient is only 0.01.

16. Band-pass Filters.—When two tuned circuits that are resonant
at the same frequency are coupled with a coefficient of coupling slightly
greater than the critical value, the secondary current (and hence the
voltage across the secondary condenser) is substantially constant in the
limited frequency range around the resonant frequency, but falls off
very rapidly for frequencies appreciably removed from resonance. Such
a characteristic is exhibited by the curve for ¥ = 0.015in Fig. 23. When
this result is obtained one is said to have a band-pass filter. Such a
band-pass characteristic is particularly desirable in handling modulated
waves because it can be designed to give substantially the same response
to all side-band frequencies contained in the wave. In contrast with
this, ordinary resonant circuits have a rounded top and so discriminate
against the higher side-band frequencies.

The most important properties of a band-pass filter are the width
of the band of frequencies that is transmitted, and the uniformity of the
response within this band. The width is given approximately by the
relation

Width of pass band

Resonant frequency of tuned circuits k @7

The uniformity of response within the pass band of frequencies depends
upon the circuit Q in relation to the coefficient of coupling. If the circuit
Q’s are too high, pronounced double humps appear, and if too low the top
of the response curve is rounded off instead of being flat (see Fig. 24).
Experiments indicate that the best value of Q is about 50 per cent greater
than that corresponding to critical coupling. Hence for uniform trans-
mission within the pass band

VO = (28)
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where @, and @, are the @’s for the primary and secondary circuits,
respectively.

In the design of band-pass filters, the proper procedure is first to
select, with the aid of Eq. (27), a coefficient of coupling that will give the
required band width. After this the appropriate circuit @’s for uniform
transmission within the pass band are determined with the aid of 1q. (28).

From an examination of Egs. (27) and (28) it is seen that, when a
wide pass band is required, the coefficient of coupling must be large and
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Fi1c. 24.—Characteristics of band-pass filter, showing (a) effect of circuit @ on uni-
formity of response within the pass band and (b) effect of coefficient of coupling upon the
width of the pass band and the response within the pass band when the proper circuit @ is
used.

the circuit @'s low. With low circuit Q’s, the secondary current, and
hence the response in terms of voltage developed across the secondary
condenser, will be low. Hence the wider the pass band the less will he
the output voltage. These properties are illustrated in Fig. 24, which
shows the necessity of having the proper @ and also indicates how the
band width and secondary response vary with coefficient of coupling
when the circuit @ is always kept at the value given by Eq. (28).
Band-pass Filters with Parallel Excitation.—Band-pass circuits are
very often arranged as in Fig. 25, where the voltage is applied in parallel
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with the primary through a high resistance R,. This particular arrange-
ment is especially important since it represents the equivalent eircuit of
the band-pass amplifier.

The circuit of I'ig. 25a having parallel exeitation can be reduced to
the scries-excited eireuit of Fig. 256 by the method described in Sec. 18.
The primary current that flows through the inductance of this equivalent
circuit is exactly the same as the current through the inductance of the

(a) Band-pass Circuit with (b) Circuit of (a) after Reduction
Parallel Excitotion to Equivalent Circuit, Assuming

R»1/wCp
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F16. 25.—Band-pass circuit with parallel excitation together with cquivalent series-excited
circuit for the usual case where R >> 1/w(,.

actual circuit, and the secondary currents are likewise identical in the
two cases.  The only essential difference in the behavior of the band-pass
circuit with parallel excitation, and the behavior of the same circuit with
series excitation, is that the presence of the resistance R has an effect that
1s equivalent to reducing the Q of the primary circuit.

17. Miscellaneous Coupling Methods.-—Energy can be transferred
between two circuits by means other than simple inductive coupling such

(a) (b) ) E‘quiv_?leni-
¢ L L, G, C ||VCUI‘VI
AT - — = }——
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Fra. 26.—Circuits with complex coupling together with equivalent circuit that can be used
to represent any coupled circuit.

as discussed in Secs. 15 and 16. Thus in Fig. 8 the transfer is accom-
plished by means of an inductance L., common to the two circuits, giving
what is commonly termed direct coupling. Likewise in Tig. 8¢ the
energy transfer occurs as a result of a common capacitance C., giving
capacitive coupling. It is also possible to combine capacitive and indue-
tive couplings in various manners to give still more complicated methods
of energy transfer. Examples of such complex coupling arrangements
are shown in Figs. 26a and 26b.
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These more complex coupling methods are often employed because
they can be designed in such a manner that the energy transfer (or the
equivalent coefficient of coupling) varies with frequency. Thus in the
arrangement of Fig. 26a the coupling is zero at the frequency for which
the mutual eapacitance C,, and inductance L, are in series resonance,
while the coefficient of coupling is inductive and increases as the frequency
becomes greater than the resonant frequency, and is capacitive and
likewise increasing as the frequency becomes lower than resonance.

18. Thévenin’s Theorem.—According to Thévenin’s theorem, any
linear network containing one or more sources of voltage and having two
terminals behaves, insofar as a load impedance connected across these ter-
minals s concerned, as though the network and its generators were equivalent
to a generator having an internal impedance Z and a generated voltage E,
where E is the voltage that appears across the terminals upon open circuit, and

(a)Actual Arrangement  (b) Equivalent Arrangement

S 4
AAAA———
Network with —} Er 3
generators ' jl ood $tood
+ L . 5

Fig. 27.—Schematic diagram illustrating how Thévenin’s theorem can be used to simplify
a complicated network containing generators.

Z is the impedance thal is measured between the terminals when all sources of
voltage in the network are short-circuited.! This theorem means that any
network and its generators, represented schematieally by the block in
Fig. 27a, can be replaced by the equivalent circuit shown in Fig. 27b.
The only limitation to the validity of Thévenin’s theorem encountered in
ordinary practice is that the circuit elements of the network must be
linear, 7.e., the voltage developed must always be proportional to current.

Thévenin’s theorem offers a very powerful means of simplifying net-
works as demonstrated by the following example.

Example.—Reduce the parallel-excited band-pass circuit of Fig. 25a to an equiva-
lent series-excited circuit of the type illustrated in Fig. 23.

This is accomplished by opening the primary cireuit of Fig. 25a at zz and replacing
the network to the left of zz (.e., the network in the dotted rectangle) by an equivalent
series circuit using Thévenin’s theorem. With the source of voltage short-circuited,
the impedance seen when looking to the left from zz is a condenser C, shunted by a
resistance R. This gives the impedance of the equivalent series circuit a magnitude

1 When the sources of energy in the network are constant-current generators
instead of constant-voltage generatcrs, the internal impedance Z is the impedance
that is measured between the terminals when all constant-current generators are
open-ctrcuiled. This is due to the fact that a constant-current generator is equivalent
to an infinite voltage source having an infinite internal impedance, so that short-
circuiting the ultimate source of voltage of the constant-current generator still leaves
an infinite impedance in the circuit.
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1/wC
Ve “? _ » and a phase angle 8 such that tan ¢ = —1 wRC,. The voltage
V1 + (1/RaCy)?
appcaring across points xz on open cireuit is the equivalent voltage that may be
considered as acting in the equivalent series circuit. This voltage has a magnitude
E (‘.:C',,\/R’_-ij (1/wCp)?), and a phase angle corresponding to the phase of ihe

voltage across C, as compared with the phase of E.

When B > > 1/wC,, as is normally the case when the circuit of Fig. 25a is encoun-
tered in practice, the equivalent scries voltage E., has a magnitude E/wC,R, and acts
in scries with a capacitance C, and a resistance 1/[R(wC;)?, as shown by the dotted
rectangle in Fig. 25b.

19, Circuits with Distributed Constants.—When the inductance,
capacitance, and resistance of a eir-
cuit are mixed together, rather than
being separate lumps as in the case
of the simple series and parallel cir-
cuits that have been considered, the
circuit is said to have distributed
constants. Examples of such circuits
include telephone, telegraph, and
power lines, as well as most types of
radio antennas.

Voltage and Current Distribution.
When a potential is applied to one
end of a transmission line, the result-
ing voltage and current distribution
depend upon the load impedance
and the length of the line. Results
(c) Receiver Terminals Closed Through  in typical cases are illustrated in Fig.
SRS el e 28, and can be most readily explained

(o) Receiver Terminols Open lCi revited

Distance Yo Receiver in Wave Lengths

~-~‘__i1—---_— when the length of the transmission
line is expressed in wave lengths.

STEN 5 Py One wave length corresponds to a
Distance to Receiver in Wove Lengths distance over which the voltage (or

F1a. 28.—Typical voltage and current current) shifts in phase by exactly

distributions for circuit with distributed ° T q g
constants, showing conditions existing 360°. When the losses in the line

with different receiver-end eonditions.  are small, as is usually the case, then
Distance along circuit correspondingl — 1 (29)
to one wave length f  fVILC

where L and C are the series induetance and shunt capacitance, respec-
tively, per unit length of circuit, and f is the frequency of the applied
voltage. Where the circuit consists of one or more straight wires in
space, as is the case with an antenna or a 60-cycle power line, the distance
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corresponding to one wave length found from Eq. (29) will always be
almost exactly the same as the wave length of radio waves of the same
frequency.

Examination of Fig. 28a shows that when the recciver terminals are
open-cireuited, the voltage and current go through cyeclic variations as
the distance from the receiver is increased.! The voltage is high at the
recciver and at distances from the receiver that are even multiples of a
quarter-wave length, and goes through minima at distances from the
receiver that are an odd number of quarter-wavelengths from the receiver.
The current distribution is the inverse of the voltage distribution. the
current being a maximum where the volt-
age is minimum, and vice versa.

When the receiving-end terminals are
short-circuited, the voltage and current
again vary cyclically with distances to the
recciver, as shown in Fig. 28b. How-
ever, the voltage and current distribution

are seen to be interchanged from their
behavior with an open-circuited receiver.

When the load impedance at the
receiving end of the line is a resistance
equal to \/L/C ohms, the voltage and
current distribution are as shown at Fig.
28¢c. The voltage and current now

Distonce Yo Receiver in Wave Lengths

Fic. 29.—Schematie method of
representing voltage and current
distribution of Fig. 28a. This dia-
gram indicates the 180° phase shift
on opposite sides of the minima and
is an aecurate representation of the
econditions existing along the eircuit
exeept where the voltage and current

" are shown going through zero.
decrease exponentially as the receiver 1s

approached, and there are no cyclic space fluctuations such as
exhibited by the open- and short-circuited receiver cases. The load
resistance \/L/C corresponding to the condition in Fig. 28¢ is termed the
characteristic impedance and is an important characteristic of the line.

Load impedances other than open circuit, short cireuit, and charac-
teristic impedance also give a cyclic distribution. The exact character
of this depends upon the load impedance, with the fluctuations becoming
greater as the load departs farther from the characteristic impedance
in either magnitude or phase.

When the resonance effects are large, as in the case of an open- or
short-circuited receiver, the voltage and current at the minima are quite
small, and the phase shifts through nearly 180° from one side of a mini-
mum to the other side. In order to show this change of phase, the voltage
and current distributions in circuits with distributed constants are fre-
quently drawn as shown in Fig. 29. This corresponds to a of Fig. 28

11n a transmission line, the term ““sending end’’ means the end of the line to which
the generator is connected. The term ‘“‘receiving end” is the opposite end, i.e., the
end at which the load is connected.
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except that adjacent maxima are shown on opposite sides of the base
line to indicate the reversal of phase. It will be noted that, although
this method of representation gives the distribution along most of
the line accurately, it fails to show the conditions actually existing at the
minima. This is because the curves of Fig. 29 go through zero where the
axis is crossed, whereas in reality the minima never reach zero. Also
the 180° phase shift does not take place all at one point as indicated by
Fig. 20. However, for many purposes these inaccuracies are unimpor-
tant, and the method of representation of Fig. 29 is often very convenient.

Transmission Lines as Resonant Circuits.—Transmission lines that
are either open- or short-circuited at the receiving end have many of the
properties of ordinary resonant circuits. Thus, if the line is open at the
receiver and is an odd number of quarter-wave lengths long, the receiving
voltage is much higher than the sending-end voltage, giving a resonant
rise of voltage similar to that obtained with a series circuit.  Also, if the
line is an odd number of quarter-wave lengths long and is shorted at the
receiver, the sending-end current is low and the line acts very much as a
parallel resonant circuit when viewed from the sending end. When
properly designed, resonant transmission lines have very high effective
Q’s at high frequencies, and at such frequencies are superior to tuned
circuits consisting of an ordinary coil and condenser.

Problems

1. A variable condenser having a maximum capacitance of 350 puf and 2 minimum
capaeitance of 20 puf is used for tuning in a broadeast receiver.

a. What coil inductance is required to make the lowest resonant frequeney 530 ke,
assuming that the coil and circuit wiring contribute an additional eapacitance of
20 puf to the circuit capacitance?

b. Calculate the exact range of resonant frequencics that can be covered with the
induetance sclected.

2. It is desired to cover the short-wave bands by the use of additional coils to
whieh the condenser of Prob. 1 can be switched.  Assuming that the coil and wiring
capacitance are the same as in Prob. 1, (a) determine the number of coils required to
cover frequencies from 530 ke to 30,000 ke, (b) speeify a suitable inductance value for
each coil, and (¢) ealeulate the exaet tuning range for each coil chosen.

3. A particular coil of 150 gzh inductance has Q@ = 85 at 1000 ke.

a. Calculate the condenser capacitance that is required for resonance at 1000 ke.

b. Calculate the circuit Q if the tuning condenser has a power factor of 0.0001,

¢c. Repeat (b) for a condenser with a power factor of 0.01.

4. A series circuit resonant at 800 ke has an inductance of 160 ph and # circuit
Q of 75.

a. Caleulate and plot the current that flows when 1 volt is applicd to the eircuit,
carrying the curves up to 40 ke on cach side of resonance.  In making these caleula-
tions usc the universal resonance curve in the range near resonance and negleet the
circuit resistance when caleulating points too far off resonance to be within the range
of the universal resonance curve.
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6. Assume that a series resonant circuit employs the coil of No. 24 wire in Fig. 10,
and that the tuning condenser has negligible losses.

a. Calculate and plot the width of the frequeney band, for which the tuned circuit
response is at least 70.7 per cent of the response at resonance, as a function of resonant
frequency from 550 to 1500 ke.

b. Discuss the results obtained in (a) with respect to the reception of broadeast
signals having side-band frequencies extending up to 5000 cycles on each side of the
carrier frequency. Consider both the uniformity of response to the different side-
band frequencies, and the ability of the circuit to diseriminate against undesired
signals of other frequencies.

6. In a series circuit that is resonant at 1150 ke it is found that when the frequeney
differs from resonance by 15 ke, the current drops to 0.53 of the current at resonance
for constant applied voltage. IFrom this information determine the Q of the cireuit.

7. A voltage of constant but unknown value is applied to a series circuit resonant
at the frequency of this voltage. The cireuit current is observed to be fo. A known
resistance Ry is then added to the circuit, and it is found that, with the same applied
voltage as before, the current is now reduced to 7, Derive a formula for the eircuit
resistance in terms of o, 1,, and R,

8. Diseuss the difference in magnitude of cireuit Q desired when a resonant cireuit
is required to: (a) Diseriminate as strongly as possible against all frequencies other
than the resonant frequeney, (b) respond to a modulated carrier wave with very little
discrimination against the higher side-band frequencies.

9. In variable condensers used to tune the resonant eircuits of radio receivers, it is
customary to shape the plates so that the eapacitance varies more slowly with angle
of rotation at small capacitance settings than at high capacitance settings. Explain
why this makes the resonant frequency more nearly linear with respect to angle of
rotation than if semicircular plates were employed.

10. a. A tuned cireuit having an inductanee of 150 gh and a Q of 70 is adjusted
to resonanee at 1100 ke. If the circuit is connected for parallel resonance, calculate
and plot the magnitude of the parallel impedance as a function of frequency up to
60 ke on each side of resonance. Use the universal resonanee curve in the region
about resonance and negleet the circuit resistance when caleulating the impedance
at frequencies too far off resonance to be within range of the universal resonance
curve,

b. Repeat (a) for a circuit @ of 40.

11. Calculate and plot the resonant impedance when the coil of No. 24 wire in
Fig. 10 is conneeted as a parallel resonant eircuit, and the resonant frequency is varied
from 550 ke to 1500 ke.

12. Using the same tuned circuit as in Prob. 10a, caleulate and plot the following
eurves as a function of frequency, from 1075 to 1125 ke.

(a) Magnitude and phase angle of parallel impedance; (b) line current, and current
in each branch, when the applied potential is 10 volts (assuming all the circuit resist-
ance is in the induetive braneh), and (c) reactance and resistance components of the
impedance of (a).

13. A tuned circuit in a vacuum-tube power amplifier is required to have a parallel
impedance of 6000 ohms with a Q of 12. If the resonant frequency is 3000 ke:

a. determine the inductance, capacitance, and resistance that the circuit must
have.

b. determine the losses in the tuning eondenser, assuming this to be a mica con-
denser with a power factor of 0.0004, when the crest voltage applied to the tuned
eircuit is 850 volts,
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14. A particular coil has an inductance of 180 xh and a distributed capacitance of
10 uuf. Neglecting the coil resistance, calculate the inductive reactance across the
coil terminals at frequencies of 500 ke and 2000 ke and from this determine the appar-
ent inductance of the coil at these frequencies. o

16. a. Prove that when o parallel resonant cireult is shunted by a high resistance,
the impedance of the combination in the vicinity of resonance varies with frequency
in a manner that is for all practical purposes still the same as the impedance variation
of a parallel cireuit.

b. If the shunting resistance in (a) is Ry, and the parallel resonant impedance of
the unshunted circuit is Bo, prove that the shunt resistance R, reduces the cquivalent
Q of the circuit by the factor R,/(R, + R,).

16. Demonstrate that when the secondary of a coupled circuit is a resonant eireuit,
the curve of coupled impedance as a function of frequency has the same shape as the
impedance curve of a parallel resonant circuit if the frequency range being considered
is so small that )/ may be considered as substantially constant.

17. Two identical coils, each having an inductance of 160 uh and a Q of 50, are
coupled together with a coefficient of coupling of 0.05. If a potential of 1 volt at 500
ke is applied to the primary, caleulate the voltage induced in the secondary when the
secondary is open-circuited.

18. In the coupled arrangement of Prob. 17 the secondary coil is short-circuited.
Caleulate: (a) the eoupled resistance and reactance at a frequency of 600 ke, (b) the
total resistance and reactanee of the primary cireuit at 600 ke, including the effect of
the secondary, and (c¢) the effective @ of the primary cireuit, taking into aceount the
coupled impedance.

19. The eoil of No. 24 wire in Fig. 10 is coupled to a primary coil with a mutual
inductance of 50 ph. If the secondary coil is tuned to resonance with a condenser
having negligible loss, caleulate and plot the coupled impedance at the resonant
frequency of the secondary as this resonant frequency is varied from 550 ke to
1500 ke.

20. Two identical circuits resonant at 1000 ke, having @ = 80, and inductances
of 140 uh, are coupled together.

a. Caleulate the eritical coefficient of coupling.

b. Calculate and plot the sccondary current at the resonant frequency for 1 volt
applied to the primary, as the mutual inductance is varied from zero to twice the
critical value.

21. The coupling between the circuits of Prob. 20 is adjusted to make the eoeffici-
ent of coupling have a value 0.02, and 1 volt is applied in series with the primary.

a. What will be the approximate frequencies at which the secondary current peaks
will oceur?

b. What will be the approximate height of these peaks of secondary current?

¢. What will be the secondary current at the resonant frequency?

d. With the information obtained above, sketch the approximate shape of the
secondary current curve as a function of frequency.

22. The two circuits of Proh. 20 are coupled with a mutual inductance of 3 uh.

a. Calculate and plot the resistance and reactance components of the coupled
impedance up to 40 ke on each side of resonance.

b. Caleulate and plot the resistance and reaetance components of the primary
circuit when the secondary is removed.

¢. Add (a) and (b) to obtain the curve of total primary circuit resistance and
reactance, and convert the results into curves giving the magnitude and phase of the
primary impedance.
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d. Calculate and plot magnitude of primary current and of secondary induced
voltage.

e. Calculate and plot the secondary current curve,

Plot the curves for the various parts above each other.

23. Derive a formula for the coefficient of coupling of the circuit of Fig. 26a.

24. A particular band-pass filter to be used in the intermediate-frequency amplifier
of a radio receiver must have a pass band 7000 cycles wide centering about a frequency
of 456 ke.  If the primary and secondary inductances are both 2 mh, specify the tuning
capacitances, the proper coefficient of coupling, and the proper circuit Q.

26. Signals in the frequency range of 550 to 1500 ke are to be tuned by means of a
band-pass filter. If the circuits are assumed to have @ = 100 over this frequency
range, and the adjustment is such that k& = 0.015 at 550 ke, discuss how the width
and shape of the pass band will vary with resonant frequency when the tuning is
obtained by varying the primary and secondary condensers simultaneously and when
the coupling is: (a) inductive as shown at Fig. 8a or 8b, and (b) capacitive as shown at
Fig. 8c. Illustrate the discussion with the aid of sketches showing types of response
curves to be expected under various conditions.

268. a. Derive a formula for the secondary current of the circuit of Fig. 21b, by
(1) replacing the network to the left of the terminals of the secondary condenser by
an equivalent network and generator, using Thévenin’s theorem, and (2), using this
network to derive an equation for secondary current.

b. From the results of (a) show that the curve of secondary current as a function
of frequency has substantially the same shape as a resonance curve. Discuss the
factors that determine the effective Q corresponding to the secondary current curve,
and also consider the factors that cause the peak of the curve of secondary current to
uceur at a frequency differing from the resonant frequency of the secondary.



CHAPTER 1V

FUNDAMENTAL PROPERTIES OF VACUUM TUBES

20. Electron Tubes, Electrons, and Ions.—A vacuum tube includes a
cathode capable of emitting electrons when heated, and an anode (often
called the plate) that is normally operated at a positive potential and
attracts these eleetrons.  In most tubes there are also one or more addi-
tional electrodes for eontrolling the flow of cleetrons and influencing the
characteristics. The eathode and other cleetrodes are enclosed in a
gas-tight envelope, usually glass but sometimes metal.  Most tubes are
evacuated as completely as possible and are operated as high-vacuum
devices. In some cases, however, small quantities of gas are intentionally
introduced after the evacuation in order to modify the characteristics.

Tubes are classified as diodes, triodes, tetrodes, pentodes, cte., accord-
ing to whether there are two, three, four, five, ete., electrodes present.
Thus a tube with only cathode and anode is a diode, while the addition
of a control electrode {a grid) eonverts it into a triode.

Electrons and Tons.—Electrons may be considered as minute negatively
charged particles which are constituents of all matter. They have a
mass of 9 X .1072% gram, which is 1{g4¢ that of a hydrogen atom, and a
charge of 1.59 X 10~!® coulomb. They are also always identical irrespee-
tive of the source from which derived. Atoms are composed of one or
more such electrons associated with a much heavier nueleus which has a
positive charge equal to the number of electrons contained in the atom, so
that an atom with its full quota of electrons is electrically neutral.  The
differences between chemical elements arise from differences in the nucleus
and in the number of associated clectrons, but not from variations in the
character of the electron.

Positive ions represent atoms or molecules that have lost one or more
electrons. Positive ions are hence charged bodies having the weight of
the atom or molecule concerned, and a charge equal to that of the lost
electrons. Unlike clectrons, positive ions are not all alike and may differ
in charge or weight, or both. They are much heavier than clectrons
and resemble the molecule or atom from which derived. lons are desig-
nated according to their origin, such as mereury ions, hydrogen ions, ete.

Methods by Which Free Electrons and Tons May Be Obtained.—FElectrons
may be separated from matter in a number of ways. Thus at very high
temperatures some electrons will escape from the surface of a solid,

54
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thereby giving free electrons by thermionic emission. This is the means
by which the cathode of an ordinary vacuum tube produces free electrons.
Electrons can also be obtained from solid materials as a result of the fact
that rapidly moving electrons or ions will knock out clectrons from a
surface when striking with sufficient velocity. This process is termed
secondary electron emission because it requires some primary source of
clectrons (or ions).  Light in striking certain types of surfaces will like-
wise cause electrons to be emitted.  Such emission is said to be caused
by the photuclectric effect, and is the hasis of the photoelectric cell. A
swiftly moving particle (commonly an electron or ion) colliding with a gas
molecule may knock one or more electrons out of the molecule and leave
a positive ion. This is termed donszation by collision, and ocecurs in
vacuum tubes in which gas is present.

The Motion of Electrons and Ions in an
Electrostatic Field.—Electrostatic ficlds exert
forees upon electrons and ions just as upon it
any other charged body. The eclectrons, arction

: . of trave/
being negatively charged, tend to travel
toward the positive or anode electrode. The
positive tons on the other hand travel in the
opposite direction toward the negative or :
A?qﬂe//a’
athode electrode. Teld
In moving between two points in the Fru. 30.—Path of electron

. . that is projected with high
clectrostatic field, the energy received by an  velocity into a magnetic feld.

clectron (or ion) equals the produet of its The moving clectron is deflected
Tsaae qndl O i s ial 1 : in a direction that is at right
charge and the difference in potential between 5006 to the magnetic field and
these points.  This energy is converted into at right angles to the direction
e er f . ) he he veloe in which the electron is travel-
metie energy of motion so that the veloeity 4, a¢ the moment.
that a particular charged body possesses is
commonly expressed in terms of volts. Thus when an electron
is said to have a velocity of 10 volts this means the veloeity that
the clectron would acquire in falling through a difference of potential
of 10 volts. Since the velocity that a charged particle gains in falling
through a difference of voltage is inversely proportional to the square
root of the weight of the particle, the velocity represented by a given
voltage will depend upon the weight of the charged body and will be
much greater with clectrons than ions, particularly the heavy ions.
Thus a mereury ion having a charge equal to that of an electron will
move less than one six-hundredth as fast as an electron in the same
clectrostatic field.

Effect of a Magnetic Field on a Moving Electron.—A magnetic field
exerts a force on a moving electron because of the fact that a moving
charge is an electrical current, and a magnetic field produces a force upon
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a current. This force produced by the magnetic field is at right angles
to both the magnetic field and the line of current flow (i.e., direction of
travel of electron or ion), as shown in Fig. 30. The foree is proportional
to the charge of the moving particle, to the magnetic flux density, and to
the component of the velocity that is at right angles to the magnetic field.

21. Thermionic Emission.—In order to escape from the surface of a
conductor, an electron must overcome restraining forces acting at the
surface of the metal. In the case of thermionic emission the energy
required to do this must come from the kinetic energy possessed by the
electron as a result of its motion within the conductor. The properties
of matter are such that it is only at high temperatures, where the average
kinetic energy possessed by the electrons is large, that an appreciable
number will have sufficient kinetic energy to eseape through the surface.

The process of electron emission from a solid substance is very similar
to the evaporation of vapor from the surface of a liquid. In the case
of the vapor the evaporated molecules represent molecules that obtained
sufficient kinetic energy to overcome the restraining forces at the surface
of the liquid, and the number of such molecules increases rapidly as the
temperature is raised. The thermionie emission of electrons from hot
bodies represents the same process, and may be considered as an evapora-
tion of electrons in which the energy the electron must give up in escaping
corresponds to the latent heat of vaporization of a liquid.

The number of electrons evaporated per unit area of emitting surface
is related to the absolute temperature T of the emitting material and a
quantity b that is a measure of the work an electron must perform in
escaping through the surface, according to the equation

N

I=AT% (30)

where I is the electron current in amperes per square centimeter and A is
a constant, the value of which may vary with the type of emitter. The
temperature at which the electron current becomes appreciable is deter-
mined almost solely by the quantity b, which is accordingly the most
important characteristic of an electron-emitting material. The value
of A is of secondary importance, for the effects of wide variations in A
can be compensated for by small temperature changes.

Eleetrons having more kinetic energy than that required to escape
into the surrounding space will leave the metal with a velocity correspond-
ing to their excess kinetie energy. This velocity is termed the velocity of
emission and will reach as much as 1 volt for a few of the emitted electrons.

Power Required to Heat Electron Emitters—The temperature required
for electron emission can be obtained by arranging the cathode in the
form of a filament which is brought to the desired temperature by passing
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current through it, or by forming the cathode into a cylinder that has an
internal heater consisting of a tungsten filament. These are termed
filament, and heater-type, cathodes, respectively.

Most of the power required to maintain the cathode at the proper
temperature for electron emission represents energy sent out from the
cathode in the form of radiant heat. In addition, there is a small loss
by heat energy conducted away from the cathode through the support
wires, and a further loss from the energy required to evaporate the
electrons from the surface of the cathode. The heat radiated from a
cathode that is at a considerably greater temperature than the surround-
ing objects is proportional to the fourth power of the absolute tempera-
ture. Hence, if other things are equal, the heating power will tend to be
low when the temperature required for emission is low [i.e., when the
constant b in Eq. (30) is siall].

22. Practical Emitters.—The properties desired in an electron emitter
are high emission in proportion to heating power, and long life. These
requirements are mutually conflieting, since a high emission in proportion
to heating power calls for operation at the highest possible tempera-
tures, and this reduces the life. The emitters that most satisfactorily
meet the requirements of efficiency and life are tungsten, thoriated-
tungsten, and oxide-coated cathodes.

Ozxide-coated Emitter—The oxide-coated emitter consists of a mixture
of barium and strontium oxides coated on the surface of a metal such as
platinum or nickel alloy. When properly prepared, such a surface will
emit large numbers of eleetrons at temperatures of the order of 1150°K.
This electron emission arises from a layer of alkaline-earth metal, i.e.,
metallic barium and strontium, which forms on the surface of the oxide
coating. The emission is maximum when this layer covers the entire
surface of the oxide to a depth of approximately one molecule.

The high thermionie activity of oxide-coated cathodes appears to be
caused by this surface layer becoming positively charged as a result of
losing electrons. The surface then aets as a positively charged grid
which covers the surface of the oxide coating and helps pull electrons
from its surface.

The life of an oxide-coated emitter under favorable conditions is
terminated by the exhaustion of the active material that maintains the
emitting layer. Carefully made and properly operated tubes employing
oxide-coated cathodes normally have a life of at least 5000 hr., and
20,000 hr. is not unusual. Under unfavorable conditions, or with
improperly prepared cathodes, the life is much less. Thus if the cathode
is operated at too high a temperature the electron emission in proportion
to heating power is correspondingly increased, but the life is greatly
shortened,
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The presence of small traces of gas within a tube having an oxide-
coated cathode produces an adverse effect on life.  This gas is ionized as
a result of collision with the cleetrons traveling to the anode, and the
resulting positive ions bombard the cathode.  This produces a meehanical
disintegration of the cathode that becomes inercasingly serious as the
anode voltage of the tube is raised.

The oxide-coated cathode is the most efficient emitter of electrons
that has been discovered. When operated under favorable conditions,
i.e., in tubes with low or moderate anode voltage and with a good vacuum,
the life is also greater than with other emitters. The principal use of
the oxide-coated emitter is in tubes where the anode potentials are small,
t.e., less than 500 volts, and where the total heat dissipated in the tube
is small. The low anode voltage minimizes the effect of the residual gas,
while low dissipation reduces the possibility of gas being released from
the metal and glass parts of the tube during operation. Heater-type
cathodes are always oxide-coated beeause this is the only emitter that
will operate at the temperatures obtainable with indireet heating,.

Tungsten.—Tungsten is a relatively poor emitter of electrons (z.e., an
electron must do considerable work to escape from a tungsten surface).
Because of its refractory character, however, tungsten can be operated
at very high temperatures. This, combined with its ruggedness, canses
tungsten to be used where other emitters are not satisfactory, i.e., where
the anode voltage is very high and the vacuum is not so perfect as might
be desired.

The life of a tungsten emitter is set by the evaporation of tungsten
from the hot filament. The rate of evaporation inereases rapidly with
temperature, so that the life deereases as the temperature is raised. At
the same time, raising the temperature increases the eleetron emission.
The best compromise in this situation corresponds to a temperature that
gives a life expectancy of 1000 to 3000 hr. This means a temperature
of 2450 to 2600°K. The higher temperatures are used with larger
diameter filaments, since then evaporation to a given depth reduces the
diameter by a smaller percentage.

Thoriated-tungsten Emitters.—A thoriated-tungsten emitter consists
of ordinary tungsten to which a small amount of thorium oxide and carbon
has been added. When properly treated, a layer of thorium one molecule
deep will be formed upon the surface of the emitter. This layer acts in
much the same way as the corresponding film of barium on the surface
of the oxide-coated emitter, and assists the clectrons in eseaping.  Profuse
emission is obtained at a temperature of about 1900°K., which is about
550 to 700° lower than the operating temperature of pure tungsten.

The mono-molecular film of thorium is formed by flashing the fila-
ment at a temperature of about 2700°K. for 1 or 2 min. and then glowing

'
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for some minutes at a temperature around 2150°K. The flashing raises
the temperature to the point where the impregnated carbon reduces
some of the thorium oxide to metallic thorium. The subsequent glowing
allows this thorium to diffuse to the surface where it forms a layer one
molecule deep that is the seat of the electron emission.

The best operating temperature for a thoriated tungsten filament is
approximately 1900°IX. At a higher temperature the thorium diffuses
very rapidly to the surface wherc the excess is evaporated, thereby
quickly exhausting the supply of this material. At lower temperatures,
on the other hand, the thorium diffuses so slowly to the surface that
thorium molecules are lost from the mono-molecular surface film through
evaporation and positive-ion bombardment more rapidly than they are
replaced by thorium from the interior of the cathode. At the proper
operating temperature, the life of a thoriated-tungsten filament can be
expected to be of the order of 5000 hr.

Cathode bombardment by positive ions has a very detrimental effect
upon thoriated-tungsten emitters.  Such hombardment strips the tung-
sten surface of the mono-molecular layer of thorium and thereby destroys
the high emission. It is accordingly necessary that tubes employing
thoriated-tungsten emitters be very thoroughly evacuated and so treated
that a minimum of gas will be released during the life of the tube.

The detrimental effects of gas can be reduced by carbonizing the
surface of the tungsten. This can be accomplished by glowing at about
1600°K. in a hydrocarbon vapor. The mono-molecular layer of thorium
clings much more tenaciously to such a tungsten-carbide surface than
it does to pure tungsten. This in turn permits operation at shghtly
higher cathode temperatures, thereby increasing the rate at which tho-
rium diffuses to the surface to replace the thorium lost through positive-
ion bombardment.

Thoriated-tungsten emitters are slightly less efficient than oxide-
coated emitters, but have much higher efficiency than pure tungsten.
At the same time, thoriated tungsten when carbonized is much more
resistant to positive-ion bombardment than is the oxide-coated cathode,
although less satisfactory from this point of view than pure tungsten.
As a conscquence, thoriated-tungsten emitters find their chief use in the
larger air-cooled tubes, particularly those operating at anode potentials
in excess of 500 volts.

23. Current Flow in a Two-electrode Tube. Space-charge Effects.—
When an electron-emitting cathode is surrounded by a positive anode
(.e., plate electrode) to form a two-electrode vacuum tube (or diode),
the relation between the plate current (i.e., the number of electrons
collected by the anode) and the plate potential has the character shown
in Fig. 31. When the plate is negative it repels the emitted electrons
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back into the cathode and the plate current is zero. On the other hand,
at high positive potentials the plate attracts electrons as fast as they are
emitted. The current is then given by liq. (30) and is determined largely
by the cathode temperature and is substantially independent of the
electrode voltage. This condition is termed vollage saturation.?

When the plate potential is positive but low, the plate current is
limited by the negative space charge produced by the electrons that are
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F1g. 31.—Anode current as a function of anode voltage in a two-electrode tube for
three cathode temperatures. The solid lines are the characteristics actually obtained using
an oxide-coated cathode, whereas the dotted lines show the type of curves given by tungsten
and thoriated-tungsten cathodes.

in transit between cathode and plate. This is because the number of
electrons in transit between electrodes at any instant cannot exceed
the number that will produce a negative space charge which completely
neutralizes the attraction of the positive plate upon the electrons just
leaving the cathode. All electrons in excess of the number necessary

1 The sharpness with which voltage-saturation effects appear differs greatly with
the type of emitter. Thus the anode current with cathodes of tungsten or thoriated
tungsten has a characteristic such as shown by the dotted lines in Fig. 31, in which
the saturation effect is almost complete. On the other hand, with emitters of the
oxide-coated type saturation takes place more gradually, as shown by the solid lines
of Fig. 31.
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to neutralize the effect of the plate voltage are repelled back into the
cathode by the negative space charge of the electrons in transit. Where
the plate current is limited in this way by space charge, the plate current
is determined by the plate potential, and is substantially independent
of the electron emission of the cathode.

When the cathode is an equipotential surface (heater cathode), the
total plate current for positive plate voltages with space-charge limita-
tion is given by the equation

Plate current = KE;* 31

Here K is a constant determined by the geometry of the tube, and E,
is the anode (plate) voltage with respect to the cathode.! For negative
plate voltages the plate current is zero.

In filament-type tubes the voltage drop produced in the cathode
by the heating current causes different parts of the filament to have
different potentials with respect to the anode. The space-charge-
limited current from each part of the filament is then proportional to the
34 power of the voltage with respect to that part, but the total current is
not exactly proportional to the 34 power of the potential of the anode.
When the anode potential is measured with reference to the negative
end of the filament, as is customary, the anode current varies as a power
of the anode potential that is 34 at low anode potentials and decreases
to 34 when E, > E|.

The energy that is delivered to the tube by the source of anode volt-
age is first expended in accelerating the electrons traveling from cathode
to anode and so is converted into kinetic energy. When these swiftly
moving electrons strike the anode, this kinetic energy is then trans-
formed into heat that must be radiated to the walls of the tube.

24. Action of the Grid.—The flow of electrons to the plate can be
controlled by placing a screenlike electrode, or grid, between the cathode
and plate. This gives a three-electrode or triode tube. The grid is
normally operated at a negative potential with respect to the cathode
and so attracts no clectrons. However, the extent to which it is negative
affects the electrostatic field in the vicinity of the cathode and so controls
the number of electrons that pass between the grid wires and on to the
plate.

The grid functions as an imperfect electrostatic shield that allows
some but not all of the electrostatic flux from the anode to leak between

! When the anode voltage is low and very precise results are required, the voltage
E; appearing in Eq. (31) must be interpreted to mean the actual anode voltage plus a
correction to take into account the contact potential existing between plate and
cathode and also the effective velocity of emission of the electrons. Each of these

corrections ordinarily amounts to less than 1 volt, and so can normally be neglected
where the anode voltage is moderately high.
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The commonest type of grid structure consists of a spiral

helix of circular or elliptical eross section, but any arrangement can be
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F1:. 32.—Grid, plate, and eathode structures of a number of tymoal tubes.

It will be

observed that in every ease the grid is a screenlike electrode that affects the electrostatic
field near the eathode while permitting electrons to flow to the plate.

employed in which the grid potential affects the electrostatic field at the
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Fic. 33.—S8chematic pieture of
eleetrostatic field produced between
plate and eathode with different grid
potentials, showing how the electro-
static field in the vicinity of the
cathode can be econtrolled by the
potential of the grid. These ecurves
take into aecount only those fields pro-
duced by the electrode potentials and
do not include the field developed by
the space charge of electrons whieh is
superimposed upon the fields shown.

:athode while allowing eleetrons to pass
on to the plate. A number of typical
grid structures used in  commereial
tubes are illustrated in Fig. 32,

The grid clectrode eontrols the flow
of electrons to the plate because the
deetrostatie field between the plate and
cathode, and particularly the field near
the eathode, is affected by the grid
potential.  This is shown in Fig. 33,
which gives a schematic picture of the

G oleetrostatie field that exists between

plate and ecathode for several values of
arid voltage (no space charge present).
When the grid is at zero potential with
respeet to the cathode, the positive
potential of the plate produces a stray
clectrostatie  field near the ecathode,
which, although somewhat weaker than
would be the ease with the grid removed,
is still not zero beeause the grid is not a
perfect shield. As the grid is made
negative, it produces an clectrostatic
ficld between cathode and grid that
opposes the stray field produced by the
plate potential and thereby weakens the
electrostatic field in the vieinity of
the cathode, as shown at b in Fig. 33.
When the grid is made sufficiently nega-

tive, the stray clectrostatic field produced at the cathode by the
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positive anode is entirely neutralized by the negative grid, as shown at
cin Fig. 33. In this last case there is no electrostatic field to draw the
emitted electrons away from the cathode, and the space current will be
zero.

The number of electrons that reach the anode is determined almost
solely by the electrostatic field near the cathode and is affected hardly
at all by the field in the rest of the interelectrode space. This is true
because the electrons near the cathode are moving very slowly compared
with the electrons that have traveled some distance toward the plate.
The volume density of eleetrons is hence large near the cathode and low
in the remainder of the interelectrode space. The total space charge
of the electrons in transit toward the plate is then made up largely of the
electrons in the immediate vicinity of the cathode. Once an electron has
traveled beyond this region, it reaches the plate so quickly as to contribute
to the space charge for only a brief additional time interval. The result
is that the space current in a threc-eleetrode vacuum tube is for all prac-
tical purposes determined by the electrostatic field that the combined
action of the grid and plate potentials produces near the cathode.

When the grid strueture is symmetrical, it can be shown that in the
absence of space charge the electrostatic field at the surface of the

cathode is proportional to the quantity (Ec + f), where E, and E,

are the grid and anode (plate) voltages, respectively, with respeet to the
cathode, and where u is a constant that is determined by the geometry
of the tube and is independent of the grid and plate voltages. The
constant u is known as the amplification factor of the tube and is a measure
of the relative effectiveness of grid and plate voltages in producing electro-
statie fields at the surface of the cathode.

Quantitative Effect of Grid Potential on Space Current.—The space
current in a perfectly symmetrical three-electrode tube varies with

Ey\ . .
(Ec + 7") in exaetly the same way that the space current in a two-

electrode tube varies with the plate voltage. This is true because in
hoth cases the current flow is determined by the electrostatic field near

E
the cathode, and this field is in turn proportional to (E,,. + f) when a

grid is present and to E, when there is only a plate. With a perfectly
symmetrical tube and no voltage drop in the cathode the space current

. . E\* L. .
is therefore proportional to (Ec + f) - When the grid is negative

all this current goes to the plate, so that for positive values of (E’c + Ib)
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and negative grid potentials

) B\%
Plate current = I\(Ec + ."> (32)
K

where K is a constant determined by the tube dimensions.! For negative
values of (Ec + %) the plate current is zero. It will be noted that this
cquation is analogous in all respeets to Eq. (31), and that by interpreting
(Ec + lj”) to be the effective anode voltage they are identical.

26. Characteristic Curves of Triodes..—The most important charac-
teristies of vacuum tubes with grid, plate, and cathode electrodes are the

|
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F1:. 34.—Relationship bet ween grid voltage and plate current for several values of plate
voltage in a typieal three-electrode tube. Note that the principal effeet of changing the
plate voltage is to displace the curves without changing the shape.

relationships between: (1) plate current and plate voltage with constant
grid voltage, and (2) plate current and grid voltage with constant plate
voltage. Examples of such curves are shown in Figs. 34, 35, and 36.

It will be noted that the various curves of any one family are all of
approximately the same shape. Furthermore, the curves of Fig. 34 have
the same shape as the curves of Fig. 35, and this is the same shape as the
part of Iig. 31 that is space-charge limited. These various properties
of the characteristic curves of a three-electrode tube result from the fact

E
that the plate current is determined only by (Ec + ﬂh) and not by the

particular combination of grid and plate voltages involved.

! For highest accuracy, the parenthesis on the right-hand side of Eq. (32) must be
corrected for contact potentials and velocity of emission, exactly as Eq. (31). This
correction ordinarily amounts to less than 1 volt, and so is unimportant unless the
value of the parenthesis is small.
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The range covered by Figs. 34 and 35 lies in the region where the
anode current is limited by space charge. Figure 36 shows the situation
that exists when the electron emission is sufficiently low to bring in volt-
age saturation. It is seen that the anode current is still a function of
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Fic. 35.—Relationship between plate voltage and plate current for several values of
grid voltage for the same tube asin Fig. 34. Note that the principal effect of changing the
grid voltage (provided the grid is at least slightly negative) is to displace the eurves without
changing the shape. Note also that these curves have the same shape as those of Fig. 34.

(Ec - 7”) exactly as in Fig. 34, but the shape of the curves is now differ-

ent as a result of voltage saturation. The curves of Figs. 34 and 35
would show similar saturation effects if extended to higher values of plate

current.
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Fic. 36.—Grid-voltage—plate-current curves differing from those of Fig. 34 only in that
the cathode temperature has been lowered to the point where voltage saturation begins to
appear at the larger plate currents, causing the tops of the curves to bend over.

The plate current of a three-electrode tube becomes zero when
Ey\ . . . E, .
E. + i is zero or negative. The condition { E. 4 ) 0 exists

when the grid is just sufficiently negative to neutralize the attracting
power of the plate at the cathode (see Fig. 33¢). This condition is known
as cut-off and corresponds to E, = —E/p.
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26. Constants of Triode Tubes.—The most important characteristics
of a triode tube can be expressed in terms of three coefficients, or con-
stants, termed the amplification factor y, the dynamic plate resistance °
R, (generally called plate resistance), and the mutual conductance G,
(also called transconductance).  With the aid of these constants it is
possible to make quantitative calculations of the tube performance under
many conditions without resort to the complete characteristic curves.

Amplification Factor—The amplification factor g has alrcady been
defined in Sec. 24 as the ratio of the effectiveness of the grid and plate
voltages in produeing electrostatic ficlds at the cathode surface. It is
determined by the geometry of the system comprising the grid, plate, and
cathode electrodes, and its ealculation in terms of the dimensions involved
is a problem of pure electrostatics. The amplification factor depends
primarily upon the grid structure and will be inereased by anything that
causes the grid to shield the cathode more completely from the plate.
Thus larger grid wires or a closer spacing of the grid wires will inerease
the amplification factor. The amplification factor of ordinary three-
clectrode tubes ranges from about 3 as the minimum to about 100 as the
practical maximum. The value in any particular case depends upon the
purpose for which the tube was designed.

If the relative effects of the grid and plate voltages in producing
electrostatic field at the cathode were the same for all parts of the cathode,
the amplification factor ¢ would be absolutely independent of plate, grid,
and filament voltages. In commereial tubes the necessity of supporting
wires and the inevitable imperfections in construction result in dis-
symmetries that causes different parts of the tube to have somewhat
different amplification factors. The over-all amplification factor of such
a combination will vary with plate, grid, and filament voltages and will
tend to become lower as cut-off is approached because, as the grid becomes
more negative, those parts having the highest value of u will reach cut-off
first, leaving only the low u parts of the tube contributing to the space
current,

In the practical case where the amplification factor is not a pure
geometrical constant, it is defined as the relative effectiveness of grid and
plate voltages upon the plate current and so is expressed by the following
mathematical relation:

1,/ de,
dip/de,

Amplification factor = p = (33a)

The amplification factor can also be defined in terms of voltage incre-
ments Ae, and Ae, to the grid and plate potentials, respectively, that
keep the plate current constant. That is,
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de,

"~ de

Ampliﬁ(-ation} —p= A (33b)

factor Ae,

ip constant ip constant

Plate Resistance.—The plate resistance (sometimes called dynamic
or a-c plate resistance) of a vacuum tube represents the resistance that
the plate cireuit offers to a small increment of plate voltage. Thus, when
an increment of plate voltage Ae, produces an increment in the plate
current of Az, the plate resistance is given by the relation

Plate resistance = R, = —L = =~ =
r Al]) 61,, ([Zp egconstant

B4)

The plate resistance is therefore the reciprocal of the slope of the plate-
current-plate-voltage characteristic shown in Fig. 35, and depends
upon the grid and plate voltages at the operating point under considera-
tion. It is important to remember that the plate resistance is not equal
to the ralio of total plate voltage to total plate current.

In any particular tube the plate resistance depends primarily upon
the plate current and only to a small extent upon the combination of grid
and plate voltages used to produce this current.  Furthermore, the plate
resistance becomes progressively lower as the plate current is increased
in the absenee of saturation.  This behavior is clearly apparent in Fig. 35.

The plate resistance of tubes differing only in grid structure decreases
as the amplification factor is lowered. This is because the change in
electrostatic ficld produced near the cathode by a given plate-voltage
inerement is inversely proportional to the amplification factor.

Mutual Conductance (or Transconductance).—The mutual conductance
G (or, as it is often called, the transconductance) is defined as the rate
of change of plate current with respect to a change in grid voltage. Thus,
if the grid voltage is changed by Ae,, the resulting plate-current change
A7, is related to the mutual conductance by the equation

Aty = AeGm
(35a)

Ae, Oe, de,

¢p constant

By combination of Lqs. (33), (34), and (35a) it is also found that the
mutual conductance is the ratio of amplification factor to plate resistance.
That is r

G = L

€

D

=

I
7, (35b)

=3

Q

The mutual conductance has the dimension of a conductance, and is
commonly expressed in micromhos, abbreviated umho.

The mutual conductance is a rough indication of the design merit of a
tube. This is because a low plate resistance and a high amplification
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factor are desired, and the mutual conductance measures the extent to
which this feature is attained.

In a particular tube the mutual conductance depends primarily upon
the plate current and to only a small extent upon the combination of grid
and plate voltages used to produce this current. The mutual conduct-
ance also increases as the plate current is increased, provided there is a
full space charge. Typical values of mutual conductance for normal
operating conditions range from 500 to 5000 ymho.

27. Pentodes.—A pentode can be thought of as an ordinary triode
tube to which two additional concentric grids have been added between
cathode and plate. This gives a total of three grids, which are arranged
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F16. 37.—Schematic diagrams of typieal pentode tubes showing the electrode arrange-
ment and how the eontrol grid is completely shielded from the plate in tubes intended for
use at high frequencies. Audio-frequency power pentodes are similar, except that the
shield is omitted.

as illustrated in Fig. 37. The inner grid is called the control grid and
corresponds to the grid of a triode tube. The next grid is termed the
screen grid, or screen, while the outer grid is called the suppressor. In
normal operation the control grid is maintained negative with respect to
the cathode, the screen grid is operated at a fixed positive potential, the
suppressor is connected directly to the cathode, and the plate is operated
at a positive potential.

The additional grids operated in this way modify the voltage and
current relations existing within the tube in a way that is desirable for
many purposes. The additional grids also provide cleetrostatic shielding
between the anode and the control grid, thereby eliminating electrostatic
coupling between circuits associated with the control grid and circuits
associated with the anode. This shielding is particularly important in
the case of radio-frequency amplifiers. Pentode tubes intended for such
service realize practically perfect shielding by arrangements such as
illustrated in Fig. 37.
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Voltage and Current Relations in Pentode Tubes.—The nature of the
voltage and current relations in a pentode tube can be derived by con-
sidering the potential distribution in the space between the plate and
cathode. This distribution is shown in Fig. 38a for a typical pentode
having a full space charge in the immediate vicinity of the cathode. The
number of electrons drawn from the cathode under conditions of space-
charge limitation is determined by the electrostatic field at the surface
of the cathode, exactly as in the case of the triode. This field in pentodes
depends upon the potential of the control and screen grids and the
geometry of the tube. It is not affected appreciably by the plate poten-
tial, because the sereen and suppressor effectively shield the cathode from
electrostatic fields produced by the plate.

(@) Normal  (b)Virtual Cathode Between
Suppressor and Screen
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Fie. 38.—DPotential distribution in pentode tubes with and without a virtual cathode
between suppressor and screen.

The electrons drawn from the space charge pass between the control-
grid wires and are accelerated to a high velocity as the screen grid is
approached. At this high velocity the electrons travel in substantially
straight lines, so very few except those which happen to be going directly
toward the screen-grid wires are intercepted by the screen. The remain-
ing electrons then pass through the screen grid and travel on toward the
suppressor. As the suppressor is approached, the electrons slow down
because of the retarding field between suppressor and screen, but if the
plate is reasonably positive they will pass on through the spaces between
the suppressor-grid wires and reach the plate. This is because the sup-
pressor, being only an imperfect electrostatic shield, does not prevent
the plate from attracting the electrons in the screen-suppressorspace.

However, if the plate potential is very low, the electrons will not be
attracted to the plate as fast as they approach the suppressor. A space
charge, called a virtual cathode, then forms between the suppressor and
screen as shown in Fig. 38b. As far as the suppressor and plate are
concerned, this virtual cathode acts as a real cathode, and the combination
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of virtual cathode, suppressor, and plate then behaves as an ordinary
triode tube. The plate current under such conditions tends to be inde-
pendent of the control-grid and sereen-grid potentials and to be deter-
mined solely by suppressor and plate voltages. The_excess electrons__
arriving at the virtual cathode above those drawn off to the plate turn
about and are collected by either the sereen-grid or the cathode.

The total space current in the absence of a virtual eathode is deter-
mined by the electrostatie field at the surface of the cathode, and, for a
perfectly symmetrical tube with an equipotential cathode, is given by the
equation!

Total space current = Iy + I, = K<Ec + &y (36)
31
where
I, and I,, = plate and screen currents, respectively

K and u,, = constants determined by the tube construction

E. and E,;, = control-grid and sercen-grid potentials, respectively.
The plate voltage has practically no effect on the space current and so
does not appear in the equation. It ix to be noted that this equation is .
strictly analogous to Iq. (32) for triodes, the only difference heing that
the sereen grid has taken the place of the plate in the triode equation.

The total space current given by Eq. (36) divides between the positive
electrodes, 7.c., between the sereen and the plate.  With plate voltages
that arce sufficient to prevent the formation of a virtual cathode in front
of the suppressor, the ratio of plate to screen currents is very nearly
equal to the ratio of the area of the spaces between the wires of the sereen-
grid structure to the projected arca of the wires themselves and is, to a
first approximation, independent of the plate and sereen potentials.  The
plate current then follows the same law as the total space current and so
is given by an equation of the same form as Iiq. (36). The plate current
normally constitutes the major part of the space current and is commonly
about 80 per cent of the total.

Characteristic Curves of Pentodes.—The actual voltage and current
relations existing in a pentode tube can be shown by means of charae-
teristic curves, of which those of Figs. 39 to 42 are typical. The total
space current in the absence of a virtual cathode is scen from Eq. (36) to
be independent of plate potential.  The plate current is likewise propor-
tional to the total space current under these conditions and varies with
control grid and scereen potentials in the same way that the plate current
of a triode varies with grid and plate voltages.

! For highest accuracy the quantity inside the parentheses on the right-hand side
of the equation must be corrected to take into account contact potential and veloeity
of emission, exactly as discussed in connection with Eq. (32) for the case of triodes.
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At plate voltages so low or suppressor potentials sufficiently negative
that an effective virtual cathode is formed between the sereen and sup-
pressor, the plate current tends to be independent of control-grid and
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Fig. 39.—Curves showing total space current of a pentode as a function of control-grid
potential for various screen potentials. Note the similarity of these curves to those of
Fig. 34 for triodes.
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FiG. 40.—Curves showing plate and screen currents and total space eurrent of a pentode
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F1G. 41.—Curves showing plate and sereen currents and total space current of a pentode

as a function of eontrol-grid voltage for various screen potentials.

Note that all these

curves are of the same general character as those of plate current of a triode (Fig, 34).
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plate is divided between the screen and cathode, so that the screen current
increases and the total net space current decreases as the plate voltage is
reduced. A virtual eathode can be formed even with high plate poten-
tials, provided the suppressor grid is made sufficiently negative. This is
illustrated in Fig. 42 and is made use of in certain circuits to give an
additional means of controlling the plate current.

28. Screen-grid Tubes.—The screen-grid tube can be thought of as a
pentode with the suppressor grid removed. This omission of the sup-
pressor grid makes it poussible for secondary electrons to flow between
screen and plate. When the plate is at a lower potential than the screen
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FiG. 43.—Typical curves showing the effect of electrode voltages on the total space
current (i, + 1,;) of a screen-grid tube. This total current is relatively independent of
the plate potential and varies with control- and screen-grid potentials in exactly the same
way as the plate current of a triode varies with grid and plate voltages, respectively.

grid, the secondary electrons produced at the surface of the plate by the
impact of the primary electrons from the cathode will tend to be drawn
to the screen. Similarly, when the plate is at a greater potential than
the sereen, the secondary electrons produced at the sereen will tend to
flow to the plate, while the secondary electrons produced at the plate
will be attracted back to the plate. This interchange of secondary
electrons between plate and screen is superimposed upon the flow of
primary electrons from the eathode, and so makes the voltage and current
relations of a sereen-grid tube differ from those existing in a pentode. In
the pentode there can be no such interchange of secondary electrons
because the suppressor grid lowers the potential of the space between the
screen and plate, as illustrated in Fig. 38, and makes each of these elec-
trodes the most positive thing in its vieinity.
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The number of secondary electrons produced at an electrode is pro-
portional to the number of arriving primary electrons, increases as the
voltage of the electrode becomes greater, and is particularly scnsitive
to the Secondary emission commonly  becomes
appreciable at potentials of 25 to 75 volts, and at these voltages it i¥ not
unusual for each primary electron to produce on the average one to two
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F1u. 44.— Variation of plate and scrcen-
grid currents, and of total space current, with
plate voltage (screen-grid voltage constant).
It will be noted that changing the eontrol-grid
voltage alters the magnitudg of the curves
without changing their shape (i.e., the
control-grid potential affects the total space

primarily by the control-grid and
screen-grid potentials and is sub-
stantially independent of the plate
potential, exactly as in the pentode.
This is a result of the fact that the

current but does not alter its division between

. screen grid serves as an clectrostatie
the plate and screen grid).

shield that prevents the plate from
producing appreciable electrostatic field at the surface of the cathode.
Furthermore, when the plate potential of a sereen-grid tube is greater
than the screen potential, the plate current is only slightly less than the
total space current and is substantially independent of plate potential.
The only essential difference between the charaeteristic curves of pentode
and screen-grid tubes oceurs when the plate potential is less than the
screen voltage. Under these conditions sccondary clectrons, produced
as a result of the primary eclectrons striking the surface of the
plate, are attracted to the screen grid in large numbers. The
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plate current is thereby reduced to a value less than it would other-
wise be.

The effects of secondary electron emission in a sereen-grid tube can
be understood by studying the way in which the plate and sereen currents
vary with plate potential, assuming that the screen and control-grid
voltages are constant. Such characteristics are shown in Figs. 44 and
45. When the plate is more positive than the screen, the plate receives,
in addition to the primary electrons emitted from the cathode, secondary
clectrons produced at the sereen grid. The number of such secondary
clectrons received by the plate is relatively small, however, since the
screen intercepts only a small fraction of the primary electrons and since
the secondaries are produced on the cathode side of the sereen and there-
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F1G. 45.—Characteristics of screen-grid and pentode tubes showing the effects of second-
ary emission. The power tetrode is a screen-grid tube in which the plate has a ribbed
structure and is treated to reduce the production of secondary electrons.

fore are not under the direct influence of the plate. When the plate
potential is reduced until it is less positive than the screen voltage, the
situation changes suddenly. Secondary electrons produced at the surface
of the plate are now attracted to the more positive screen, so that the
actual plate current represents the difference between the number of
primary electrons arriving and the number of secondary electrons lost.
Very commonly each primary produces on the average more than one
secondary electron, in which case the plate current reverses and becomes
negative. A still further lowering of the plate potential does not change
the number of primary electrons that strike the plate, but since the
velocity of impact is now less, the number of secondaries is reduced, and
the net plate current is increased accordingly. This increase in plate
current with reduction in plate voltage continues until the plate potential
becomes so low that a virtual cathode forms in front of the plate. Beyond

-,
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this point the plate current tends to decrease with reduction in the plate
potential.

During these variations of plate potential, the total space current
remains eonstant except-at very low plate potentials, when some of the
eleetrons return to the cathode. The variations in sereen current are
consequently the inverse of the variations in plate current, because the
screen tends to receive the current that does not go to the plate.

The actual shape of the plate-current—plate-voltage characteristic
of a screen-grid tube for plate potentials less than the sereen voltage is
dependent upon the tendency for secondary electrons to be produced .at
the plate. This is illustrated in Fig. 45, which shows characteristies for
three screen-grid tubes with different amounts of secondary emission
at the plate. The corresponding characteristic of a pentode tube is also
shown for comparison. It is seen that the addition of a suppressor grid
gives the same characteristic as would be obtained with a screen-grid
tube having no secondary emission at the plate.

Dynatron or Negative Resistance Characteristic of Screen-grid Tubes.—
It will be noted from an examination of Figs. 44 and 45 that when there
is appreciable secondary emission at the plate, there is a region where
the plate current increases as the plate voltage is reduced. This repre-
sents a negative resistance characteristie, and the tube when used in this
way as a negative resistance device is termed a dynatron.

29. Beam Tubes.—The beam tube is a special type of screen-grid
tube in which the action of a suppressor grid is obtained by aceentuating
the space-charge effect of the electrons in transit in the space between
scereen and plate.  The space charge required to do this can he obtained
by making the distance between screen and plate large, so that many
clectrons will be in this space at any one instant, and by confining the
electrons to a relatively narrow beam to increase their volume density.
The resulting potential distribution in the plate-sereen space under condi-
tions of large space-charge effect is illustrated in Fig. 46a. It will be
noted that this potential distribution is characterized by a minimum that
persists until the plate potential is very low. This potential minimum
arises as a result of the negative space charge being sufficient to bring the
potential of the space below the potential of the sereen and plate elec-
trodes themselves. The presence of this potential minimum makes each
electrode the most positive electrode in its vicinity and thereby prevents
secondary electrons from being interchanged between screen and plate.
As a consequence, the beam tube has characteristics that are essentially
similar to those of a pentode tube.

In the beam tube, however, the transition from the condition where
the plate current is independent of plate potential to the condition where
the plate current depends on plate voltage is more abrupt than in the
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pentode and occurs at a lower voltage, as indicated in Fig. 46b. The
gradual transition of the pentode characteristic arises from the fact that
the effect of the suppressor grid is greater next to the grid wires than
midway between them, thus giving rise to a form of variable-mu action
(see Sec. 31). On the other hand, no corresponding dissymmetry exists
in the beam tube because the space charge is uniformly distributed. The
beam tube hence realizes what might be termed the ideal pentode charac-
teristic, whereas the actual pentode tube fails to do so because of the
non-uniform action of the suppressor grid.

(a) Potential Distribution (b) Difference in Charac-
in Screen-plate Space for teristics of Beam ond
Various Plate Voltages Pentode Tubes

-~Beorn fube
Ibl - Pentode

Bearn-forming s
plate —---=- !

Cathode-.._

Fi1a. 46.—Characteristics and constructional features of beam power tube.

The construction of a practical beam tube is shown in Fig. 46¢c. The
beam-forming plates are internally connected to the cathode and serve
to concentrate the electrons in a beam as indicated. This increases the
space-charge effect sufficiently so that, with the large screen-plate dis-
tance, the space charge in the serecn-plate space will be enough to produce
the required potential minimum. 7The heam-forming plates also serve
to keep the electrons away from the edges of the control-grid structure
where pronounced dissymmetry exists. The control-grid and screen-grid
wires are preferably aligned so that the sereen-grid wires are in the shadow
cast by the control grid. This reduces to an unusually low value the
fraction of the total space current intercepted by the screen.

30. Coefficients of Screen-grid, Beam, and Pentode Tubes.—The
important coefficients of screen-grid, beam, and pentode tubes are the
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mutual conductance (or transconductance), plate resistance, and two
amplification factors. The first amplification factor of importance is
the constant p,, which appears in Eq. (36) and which represents the
relative effectiveness of the control and screen grids in producing electro-
static field at the surface of the cathode. A definition of this constant in
terms of the notation of Eq. (36) is

de,,

Heg = — 37)

d"u ip+1ie constant

The amplification factor u,, is analogous to the amplification factor
of triode tubes and can be termed the “ cut-off amplification factor” since
it determines the screen- and control-grid potentials giving plate current
cut-off. Numerical values of u,; commonly encountered are in the range
6 to 30.

The second amplification factor of importance in beam, pentode, and
screen-grid tubes measures the relative cffectiveness of control-grid and
plate potentials in controlling the plate current. This quantity is given
the symbol u, and is defined by the relation:

de,

d(’u ip constant

b= (38)
where e, and e, are plate and control-grid potentials, respectively, and
i, is the plate current. The amplification factor u is very high for operat-
ing conditions that make the plate current substantially independent of
plate voltage. Values ranging from 100 to over 1000 are common, with
the exact magnitude depending upon the eleetrode voltages and upon the
extent to which the electron stream in the vieinity of the cathode is
shiclded from stray electrostatic effeets of the plate electrode.

Plate Resistance—The plate resistance of beam, pentode, and sereen-
grid tubes is defined in the same way as for triodes, 4.e., it is the resistance
that the plate circuit offers to an increment of plate potential. Thus
it is defined by the equation

Plate resistance = R, = a—eif 39
7,

The plate resistance is seen to be the reciprocal of the slope of the plate-
voltage-plate-current curve. Under operating conditions for which the
plate current is substantially independent of plate potential the plate
resistance is very high, normally exceeding 1 megohm in pentodes that
have the plate completely shielded electrostatically from the eclectron
stream in the vicinity of the eathode.

Mutual Conductance (or Transconductance).—The mutual conductance

(or, as it is sometimes called. the transconductance) of heam, pentode, and
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screen-grid tubes is defined in the same way as in triodes and is given
by the equation
Mnutual conductance = ¢, = 9 _ » (40)
de, R,

where

i, = plate current

e, = control-grid voltage

» = amplification factor given by Eq. (38)

R, = plate resistance as given by Eq. (39).

The mutual conductance represents the rate of change of plate current
with control-grid voltage. The mutunal conductance is the most impor-
tant single constant of sereen-grid,
beam, and pentode tubes when
operated in the usual manner with
sufficient plate voltage to make the
plate current substantially inde-
pendent of plate voltage.

Miscellaneous Constants.
Screen-grid beam, and pentode T A0
tubes possess numerous other con- U éﬁ,{ro(_‘;ri A0 mge's
stants which may under special FiG. 47.—Characteristic curve of a typical
circumstances be useful in express- variable-mu tube compared with the charac-
ing propertics of the tube. Thus {efsie rurve of 4 corresponding serecri
cach positive electrode has its own
dynamie resistance defined in the same way as the plate resistance
except that the expression is in terms of the voltage and current of
the electrode involved. Likewise, cach electrode possesses a mutunal
conductance or transconductance with respect to every other electrode.
Finally, there are numerous amplification factors, each of which is defined
in terms of the relative effectiveness of some particular pair of electrodes
upon some current in the tube. Thus in the pentode tube one eould
define amplification factors giving the relative effectiveness of control-grid
and suppressor-grid potentials upon the plate current, upon the screen-
grid current, and upon the total space current I, + I,,.

31. Variable-mu Tubes.—Variable-mu tubes (also called remote
cut-off tubes and supercontrol tubes) are tubes in which the design has
been modified in such a way as to cause the total space current of the tube
to taper off at very negative control-grid potentials rather than to have
a well-defined cut-off point. The characteristic curve of a typical vari-
able-mu sereen-grid tube is shown in Fig. 47, together with the corre-
sponding characteristic of an ordinary sharp-cut-off sereen-grid tube.

A variable-mu characteristic is obtained by using a non-uniform con-
trol-grid structure so that the amplification factor is different for differ-

N W O
Plate Cyrrent- M.A,
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ent parts of the tube. Such an arrangement causes the various parts
of the tube to reach cut-off with different grid-bias voltages, so that
over-all cut-off comes gradually rather than abruptly. The usual method
of obtaining the variable-mu action is illustrated in Figr48 and ¢onsists in
varying the pitch of the control-grid structure.

The variable-mu principle may be applied to any tube. It is, how-
ever, normally used only in the small pentode and screen-grid tubes
designed for voltage amplifier service. In such cases it is the amplifica-
tion factor u,, that has the variable-mu

Griol---___ . 2
% = -~Cathode characteristic.
B Variable-mu tubes are used where it is
2 desired to control the amplification by
Outer fA--P/ate g g g
screen -->4 2 varying the control-grid potential. The
Uz prineipal advantage of such tubes for this
“nner.screen purpose over tubes having sharp cut-off

Fic. 48.—Cut-away illustration
of a variable-mu screen-grid tube,
showing the variable pitch of the
control-grid structure that gives the

is that by stretching out the part of the
characteristic having low mutual conduct-
ance, the rate of change of curvature in

rariable- h istic. . .
variable-mu characteristic this region, and hence the tendency to

produce cross-talk and distortion, is greatly reduced.

32. Effect of Positive Control Grid.—Throughout the discussion
given above for different types of tubes it has been assumed that the
control grid is operated at a negative potential. If the control grid
becomes positive, the total space current is still determined by the
strength of the electrostatic field at the surface of the cathode, just as
with the grid negative, but part of this current is diverted away from the
other positive electrodes to the control grid. Hence Egs. (32) and (36)
become

For triodes:

N E\%
L+1. = A(Ec + _"> (a1)
u
For sereen-grid, beam, and pentode tubes:
E. \3%
Ib+Isa+Ic=K(Ec+-w> (42)
Hsg

where I. is the control-grid current, and the remaining notation is the
same as before.

The division of this total space current between the control grid and
the remaining electrodes depends upon the type of tube and the electrode
potentials. With triodes the grid current ordinarily increases as the
control grid becomes more positive. The grid current is small, however,
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until the grid potential exceeds the plate voltage, when the control-grid
current rises abruptly as a result of secondary electrons captured from
the plate. The grid current also becomes greater the lower the plate
potential. This is particularly true when the plate voltage is so low that
there is a tendency for a virtual ecathode to form in front of the plate.
The characteristic curves of a typical triode tube in the positive-grid
region are shown in Fig, 49.

< 100—— T T T
2Rt 2

S SOt T T 11

t N+ §0, |-

8 \_T—V‘:*40610 | |

s g ||

o 0 500 1,001 1,500
© Plate Volts

Plate Current, M. A,

50

0

00 100
Plate Volts
Fi1G. 49.—Charaeteristics of a small power triode (Type 800) in the positive control-grid
region. It will be noted that the control-grid current tends to increase as the plate potential
is reduced.

33. Effect of Gas upon Tube Characteristics.—Lven very small traces
of gas within a tube will modify the characteristics and behavior mark-
edly. This is a result of positive ions produced by collision between
clectrons and the gas molecules. These positive ions are attracted toward
the cathode and bombard it with sufficient intensity to damage the
cathode unless the ion velocity is low.  Some of the positive ions are also
attracted to the negative grid, and cause power loss in the control-grid
circuit. The positive ions furthermore produce a positive space charge
that tends to neutralize the negative space charge of the electrons in the
vieinity of the cathode. This positive space-charge action is considerable
even when only small traces of gas are present, because the low velocity
of the positive ions resulting from their large mass causes each positive



82 FUNDAMENTALS OF RADIO [Cuap. IV

ion to spend a considerable length of time in the tube hefore being col-
lected by the cathode or grid.

Tubes in which gas effects are appreciable are commonly said to he
“soft.”  When the amount of gas present ix considerable (i.c., when the
tube is very soft) the ionization will produce a luminous glow in the gas.

Hot-cathode Gias Diodes.—When the gas pressure in a tube is of the
order of 1 to 30 times 1073 mm of mereury, as is the case when the tube
contains mercury vapor in equilibrium with liquid merecury at room tem-
peratures, the presence of the gas profoundly affects the characteristies.
In the case of a diode, the plate current starts to inerease with plate
voltage in exactly the same way as in the high-vacuum tube of Fig, 31, but

at some critical potential there is a

e oge sudden break and the current increases

X to the full cathode emission with little or

no inerease in the plate voltage, as

Characteristrc that

I would be ovtained Shown in Fig. 50, This occurs when the
I:;”‘:/Z/C;/ with mogas-, ) plate voltage reaches the ionizing poten-
| fonization P tial of the gas.  The space-charge effect
lg;,?gce/fwb_ /// of the resulting positive ions is then
‘ )" sufficient to necutralize completely the

- B space charge of the negative electrons
Eo around the cathode. The result is that

Fig. 50.-—Characteristic of hot- ..
eathode mercury-vapor diode showing the full emission current can be drawn

how the space-charge limitation on to the plate with just enough plate

the spaee current is removed as soon . .. .

as ionization begins. potential to keep the ionization process
functioning. This sort of characteristie

finds practical application in hot-cathode mercury-vapor rectifier tubes,

and is discussed in Sec. 86.

34. Constructional Features of Small Tubes.— The construction of
typical small glass-envelope tubes is shown in Ilig. 51. The electrode
assembly is supported by wires held in the glass stem by means of the
press.  ‘The individual electrodes, such as plate, grid, and cathode assem-
bly, are scparately fabricated and spot welded to these support wires.
Proper spacings are maintained by means of punched mica disks.  After
this stem assembly has been completed, the glass bulb is sealed to the
stem, evacuated, and based.

The metal-envelope tube differs from the glass tube primarily in that
the outer envelope consists of a metal shell rather than a glass bulb.  This
change alters the manufacturing technique in many important respeets,
but the internal assembly of eathode, grids, and plate is essentially the
same irrespecetive of the type of envelope employed. The prineipal
features of a metal-envelope tube are shown in Fig. 52. Instead of being
mounted upon the press, the various clectrodes ave supported from a metal
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“header,” as shown. The lead-in wires are brought out through glass
beads that are sealed to kovar eyelets, which in turn are welded to the
header.  Kovar is an alloy that has substantially the same coefficient
of expansion as the glass bead and so makes possible a vacuum-tight
joint. After the electrode structure has heen completely assembled
upon the header, the metal shell is welded to the header as indicated in
Fig. 52, after which the tube is evacuated, sealed off, and based.

Cathode
/j_,.,/.-: upport wire
vl for grid
i Mica spacer
3 ¢
Plate HER Heater
Support? | /__M/ca spacer
for plate . ‘
Heater lead -
Press
Glass
envelope——

F1i. 5la.-— An x-ray photograph of heater-type triode with glass envelope.

Evacuation of Tubes.—The exact details of the evacuation procedure
depend upon the type of tube. In the small tubes commonly used in
radio receivers a rough vacuum is obtained by means of a motor-driven
pump. The final vacuum is then produced by volatilizing a small quan-
tity of some substance, called a “getter,” inside the tube to remove the
residual gas either by chemical or by mechanical action. Magnesium
is widely used for this purpose, but other materials such as barium,
phosphorus, ete., can also be employed, as well as various mixtures. Just
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F1i. 51b.—Photographs showing constructional features of small glass-envelope pentode
tube, having heater cathode and variable-mu control grid,

~~Grid cap
- Jnsulator
Glass bead/---~ A s
Fernico _.--
eyelet =

-—-Shield for
N\ grio lead

insulating
sypport
\_.. Shell ro

header
we/d

\\
Header

Pinched seal._...
’ ~Exhaust tube

F1G. 52.—Cut-away drawing showing constructional features of a metal-envelope pentode
tube.
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before the getter is “‘flashed’’ the metal parts of the tube are brought to a
red heat to drive out absorbed and adsorbed gas. With glass tubes this
is usually accomplished with the aid of an induction furnace, while with
metal tubes a gas flame playing on the metal shell is employed.

In larger tubes such as used in radio transmitters, and in some types
of small tubes, notably many of those used in telephone work, the final
vacuum is obtained with the aid of a molecular pump backed up by the
motor-driven pump. The ‘“getter”” can then be omitted, making it
possible Lo operate at glass temperatures that would volatilize the *‘get-
ter” and destroy the vacuum. In such tubes the gas held by the glass
parts is removed during evacuation by haking the entire tube at a tem-
perature just below the softening point of glass.

TABLE V.—CHARACTERIsTIcS OF TypPicaAL Vacuum Tuses USED FOR VOLTAGE

AMPLIFICATION
1 1
Heater or filament x Normal electrode rating Properties
Equivalent —
Type *
| tubes Type Volt-| Cur- | Plate| Grid | Screen|Screen| Plate| G R M
[ " | age | rent I volte| volts | volts ma ma " »
Triode Tubes
56 76 Heater‘ 2.5 | l.OO' 250 —13.5] ..... I ... | 5.0 |1,450 9,500 | 13.8
30 Fila- | 2.0 | 0.06| 180 |—13.5 ..... ! 3.1 | o900l 10,300 [ 9.3
ment
246§ 75§ 6Q7§t | Heater| 2.5 | 0.8 | 250 |~ 2.0 ..... 0.8 |1,100{ 91,000 |100
6C5t ............ Heater | 6.3 | 0.3 | 250 |— 8.0 ..... . 8.0 2,000/ 10,000 | 20
6F5% ............ Heater | 6.3 | 0.3 l 250 |— 2.0] ..... 0.9 |1,500/ 66,000 |100
55§ 85§, 27 Heater| 2.5 | 1.0 | 250 —20.0| ..... 8.0 |1,100| 7,500 8.3
[ [ [ !
Screen-grid Tubes
P2 7:\ Heater | 2.5 | 1.75] 250 |—3 90 1.7 | 4.0 [1,050|0.6 meg. 630
32 ...l Fila- 2.0 | 0.06] 180 (—3 67.5 0.4 | 1.7 650(1.2 meg. 780
ment
1.5 4 [N Heater | 2.5 | 1.75] 250 |—3 90 2.5 | 6.5 |1,050{0.4 meg. 420
Radio-frequency Pentode Tubes
| l | | ' over |over
6C6{ 57,06J7t, 77 Heater | 6.3 | 0.3 | 2560 | —3 100 0.5 2.0 1,225/1.5 meg. (1,840
6D6Y 781, 6K71t, 581' Heater | 6.3 | 0.3 | 250 |—3 100 2.0 | 8.2 11,6()()‘0.8meg. 1,280
27 11 I Fila- 2.0 | 0.06 180 |~-3 67.5| 1.0 | 2.8 620/1.0 meg. 620
ment |
39/44f ............ Heater| 6.3 | 0.3 | 250 | -3 90 1.4 5.8 1,050‘1.0meg. 1,050
6B7§ 2B7§ | Heater' 6.3 0.3 | 250 | -3 125 2.3 9.0 1,125‘0.65 meg.i 730
i L I | | |

* These tubes have similar (but not necessarily identical) Normal Electrode Ratings and Properties,
and are suitable for performing the same functions.

t Metal envelope.

1 Variable mu.

§ Tube with diode sections.

{| Suppressor grid internally connected to cathode.
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35. Table of Tube Characteristics.—The essential characteristics of
different types of vacuum tubes in common use are given in Tables V,
IX, X, XIV, and XV. The first table covers tubes used for voltage
amplifieation and other similar purposes.  These tubes may be classified
as triodes, radio-frequency pentodes, and screen-grid tubes, and may be
either of the sharp-cut-off or variable-mwu type. Small power tubes such
as are used in radio receivers are listed in Table IX (Chap. V1), and large
power tubes, such as are used in radio transmitters, are covered in Table
X (Chap. VI). Rectifier tubes are given in Tables XIV and XV
(Chap. X).

36. The Mathematical Representation of Characteristic Curves of
Tubes.—In carrying out the analysis of circuits involving vacuum tubes,
it is often desirable to he able to express the characteristic curves of the
tubes by means of mathematical expressions. The principal methods
that have been employed to do this are the power-law method, and the
power-series method.

Power-law Method of Expressing Tube Characteristics.—This method of
representing tube characteristics has already been made use of in ligs.
(31), (32), (36), (41), and (42), which for the sake of convenience will be
rewritten below in slightly modified form.

For diodes:

Iy = KE&® (43)
For triodes:
o+ 1o = A<1 + ’;")" (49)
For sereen-grid and pentode tubes:
Io+ 1, + 1. = K<1«:n + ’y) (45)
84

In pentodes and sereen-grid tubes when the plate potential is sufficiently
high to make the plate current substantially independent of plate voltage,
the plate current is almost exactly proportional to the total space current,
so that for these conditions one has

I, — 1\<p + i)" (46)

The notation in Eqs. (43) to (46) is the same as that used when they
were first developed, with the addition that « is a constant, usually very
close to 33, hut which may vary somewhat with eleetrode voltages when
there are dissymmetries in the tube (i.c., when p and p,, are not true
geometrical constants).
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It is assumed in Eqgs. (43) to (46) that the veloeity with which the
electrons are emitted from the cathode, and also the contact potentials
in the grid and plate circuits, are negligibly small, and that there is no
voltage drop in the filament. It is also assumed that there is a full space
charge about the cathode and that an clectron which has onece been drawn
out of this space charge will not return to it. Hence the equations do
not necessarily hold when a virtual cathode is formed somewhere within
the tube.

Power-series Mcthod of Representing Characteristic Curves of Tubes.—
In the power-series method, the tube characteristics are expressed in
terms of a Taylor’s series, or power series. The details of this method
can he understood by applying it to the case of a triode with equipotential
cathode and assuming that over a limited range about an operating point
where the plate and grid voltages and plate current are E,, E., and I,
respectively, one can write

s = f(Eg + %) (47)

where I, is the change in plate current produced by changes E, and E,
in grid and plate voltages, respectively, and g is constant over the range
of variation represented by £, and E,. Expansion of Eq. (47) into a
Taylor’s series gives

E . E\? E\?
= a1<E,, + ﬂp) + a2<E‘, + —ﬂ—") + a;,(E,, +7”) + - - - (48)
where

= =~

ay = Gm = Rp
— la(;m N IR,

% = 313E, =~ T 9R,? 9E,
_ 1/3Gn

% = 3N\3E,:

Equation (48) expresses the characteristies of the vacuum tube about
the operating point K, E., and I, at which the a’s are evaluated and is
exact, provided the plate current is not cut off and is less than the satura-
tion value, and provided p may be considered constant over the range of
E, and E, involved. In actual practice, the series eonverges so rapidly
that one, two, or at most three terms are sufficient to explain many of the
important aspects of tube behavior.

Problems

1. In a two-electrode tube, the anode potential is 4200 volts and the anode current
i8 75 ma. How many electrons arrive at the anode each second?
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2. When the tube in Prob. 1 consists of plane cathode and plate electrodes, it is
found that when there is a strong magnetic field between the electrodes oriented so
that the flux lines are parallel with the plane electrodes, the anode current becomes
zero, but, if the flux lines are perpendicular to the plane electrodes, there is little or
no offeet on the plate current.—Explain.

3. In a certain water-cooled tube the cathode consists of a tungsten filament
19.5 in. long, and 0.025 in. in diameter. Calculate and plot the electron emission as
a function of temperature over the range 2200 to 2600°K., if the constants 4 and b
in Eq. (30) are 60.2 and 52,400, respectively.

4. Discuss the economic factors involved in selecting the cathode operating
temperature of a tube employing a tungsten cathode.

6. The useful life of a tungsten emitter is normally terminated by burnout of the
filament. This is not the case with thoriated-tungsten and oxide-coated cmitters,
however. Explain the reasons for the difference.

6. In tubes employing thoriated-tungsten emitters it is found that accidental
overloading of the tube may cause the filament emission to drop to a low value. The
emission lost in this way can often he restored by operating the filament for some time
at slightly above normal temperature. Explain, and also give the reasons that oxide-
coated and tungsten emitters do not act in this manner.

7. How much power is dissipated at the anode in the tube of Prob. 1?

8. In a two-clectrode tube it is found that at a plate voltage of +100 volts, the
plate current with full space charge is 90 ma.  What plate voltage will be required to
produce a plate current of 45 ma?

9. When full space-charge conditions exist in a two-electrode tube only those
electrons which have the highest velocities of emission reach the anode. Explain
how this comes about.

10. In a two-electrode tube a sine wave alternating voltage instead of a direct-
current voltage is applied to the plate.  Sketeh the resulting wave of plate current
as a function of time.

11. Using the plate-current—plate-voltage characteristic curve of a two-cleetrode
tube obtained from a tube manual (or assigned), check the extent to which Eq. (31)
holds by plotting I versus E, on logarithmie paper.

12. In a particular triode tube having an amplification factor of 8, the plate current
is 10 ma when £, = 250 volts and E. = —15 volts. What will be the current when
Ey, = 200 volts and E. = —35 volts, assuming that full space charge is maintained at
all times?

13. Explain how one could plot an entire family of grid-voltage—plate-current
curves such as shown in Fig. 34, knowing the amplification factor of the tube and
having available one curve of the family,

14. A triode tube has an amplification factor of 13 and is operated at a plate
potential of 275 volts. What grid potential is required to reduce the plate current
barely to zero?

16. In a particular tube it is found that the increase in plate current resulting from
40 volts increase in plate potential can be eliminated by making the grid 3 volts more
negative, What is the amplification factor of the tube?

16. What is the amplification factor of the tube of Figs. 34 and 35 for an operating
point in the region E. = —20, E; = 200?

17. What is the plate resistance for the tube of Figs. 34 and 35 for the operating
point E. = —20, E, = 200?

18. Describe how the mutual conductance of a tube at a particular operating
point can be deduced from characteristic curves such as those of Fig. 34.
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19. Two identical triode tubes are connected in parallel. How do the plate
resistance, amplification factor, and mutual conductance of the combination compare
with the values for the individual tubes?

20. Tt is desired to operate a direct-current relay in the plate cireuit of a triode
by the application of a small d-¢ voltage to the grid. Two tubes are available. One
has an amplification factor of 3 and a plate resistance of 2100 ohms, the other has an
amplification factor of 12 and a plate resistance of 9500 ohms. Which is preferable
from the standpoint of sensitivity if the resistance of the relay is negligible?

21, What will be the change in plate current through the relay with each tube in
Prob. 20 for a change in d-¢ grid voltage of 0.35 volt?

22. Show that the plate current of a triode with negative grid is proportional to
(By + wE*.

23. Fill in the blanks in the following table:

T

|
E, = 250 volts E, = 180 volts

M | — — —

' R, uhms’ " E.volts | Iyma | E.volts | T, ma

- B wmlios » . ]
| | |

Triode 1. .. I 3.5 | 12,125 | —50 | | —31.5 | 31
Triode 2.... ... ... .. 35 11,300 — 5.0 6.0 I — 6.5
Triode 3. ..o | 9,500 | 1,450 —13.5| 5.0 | 3.3
Triode 4. ... ... ... .... 1,600 | —22 12.6 | —16.5 | 12.6

24. In the usual pentode tube, the suppressor grid has a rather coarse mesh.
Discuss the effect of this on the tendeney to form a virtual eathode as compared with
a suppressor with fine mesh.

26. If the suppressor grid of a pentode were made positive so that it drew current,
how would it be necessary to modify Eq. (36)?

26. Why is it that the suppressor-grid potential does not appear in Eq. (36)?

27. What would be the effect on the curves of Figs. 40 and 41 if the filament tem-
perature were reduced to the point where saturation occurred at about 5 ma total
space current? In answering this question include a sketch indicating the behavior
when saturation exists.

28. a. In a screen-grid tube what would be the effect of treating the sereen-grid
surfaces in such & manner as to enhance greatly the secondary emission at the screen?

b. What would be the effect if the tube in (a) were a pentode?

29, Explain how the electrodes of a pentode tube could be connected so that the
resulting tube would have characteristics corresponding to: (a) a diode, (b) a triode,
and (c) a jereen-grid tube.

30. If you were given a tube that might be cither a pentode with the suppressor
internally connected to the cathode, or a screen-grid tube, but you did not know which.
what electrical tests could be made to determine which kind of tube it was?

31. Is it possible for a virtual cathode to form in the screen-anode space of a beam
tube?

32. Evaluate the cocfficients Gm, Ry, and g of the pentode tube of Figs. 40 and 41
in the vicinity of E. = —1.5, E,, = 100, E, = 150.

33. Evaluate g, for the tubes of Figs. 41 and 43.

34. The amplification factor u,, that expresses the relative effectiveness of screen
and control-grid potentials on the total space current of sereen-grid, beam, and pentode
tubes is a geometrical constant substantially independent of electrode voltages. The
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analogous amplification factor p that takes into account the relative effectiveness of
plate and control-grid potentials upon the plate current is not a geometrical constant,
however, but rather depends upon the electrode potentials. Explain why this is.

36. Evaluate the negative resistance in the tube of Fig. 44 when E, = 0, E,, = 83,
" and Ep =40. = = o = = _ I

36. There are no variable-mu triodes manufactured. Explain how to obtain a
tube having the characteristics of a variable-mu triode by a proper connection of the
electrodes of some standard tube that is manufactured.

37. Describe a construcetion other than that shown in Fig. 48 by which a variable-
mu characteristic could be obtained.

38. Under some conditions it is found that the current drawn by a positive control
grid is negative. Explain how this can happen in a high-vacuum tube and state the
conditions favorable to the production of a negative control-grid current.

39. Tubes are commonly tested for the presence of gas by observing the grid
current when the grid is negative and the plate (and also sercen in tubes having a
sereen) is positive.  Explain why this is a test for gas and why the grid current
observed will be proportional to the space current in the tube and to the gas pressure.

40. In evacuating a tube it is essential that all metal and glass parts be heated
during the exhaust period to temperatures higher than will be reached during normal
operation.  Explain the reason for this requirement.

41. a. If the plate current of a diode were exaetly proportional to the plate
voltage, what would be the value of the exponent a in Eq. (43)?

b. If the ecurve of plate current plot{ed as a funetion of anode voltage in a diode is
a seetion of a parabola, what value would the exponent a in Eq. (43) have?

42. Write Eq. (48) for the following special cases, omitting the a coeflicients that

are zero: (1) when the plate current I, is exactly proportional to (E, + —;") in the

vicinity of the operating point, and (2) when the plate eurrent I, in the vicinity of the
operating point varies in such a way that the curve of [, as a function of (E,, + —;—p)
is a section of a parabola.

43. Write an equation analogous to Eq. (48) but giving the relation between a
change E, in the plate voltage and the resulting change 7, in the plate current fora
diode about an operating point where the plate voltage and current are E, and [y,
respectively.




CHAPTER V

VACUUM-TUBE AMPLIFIERS

37. Vacuum-tube Amplifiers.—A vacuum tube is able to function
as an amplifier because of the fact that a voltage representing little or no
energy applied to the grid of the tube is able to control a comparatively
large plate current that represents appreciable energy in the plate circuit.

Classification of Amplifiers.—Amplifiers are classified in ways deserip-
tive of their uses and properties. Thus a voltage amplifier is an amplifier
arranged to develop the maximum possible amplified voltage. On the
other hand, a power amplifier has as its objective the development of as
much energy as possible without regard to voltage.

Another common basis of classifying amplifiers is according to the
frequency to be amplified. This leads to the broad divisions known as
audio-frequency, radio-frequency, video-frequency, and direet-current
amplifiers.  Audio-frequency amplifiers are intended for amplifying cur-
rents of audible frequeneies, d.e., from about 15 eyeles per second to
approximately 10,000 eycles.  Frequencies higher than 10,000 to 15,000
cycles per second are considered as radio frequencies, while video fre-
quencies are those contained in television signals, and commonly range
from 10 cycles up to over 1,000,000 cycles.

Amplifiers, particularly power amplifiers, are also designated as
Class A, Class AB, Class B, Class C, or linear amplifiers according to
the operating conditions. The term Class A is applied to an amplifier
adjusted so that the plate current flows continuously throughout the
cycle of the applied voltage.  This is the type of amplifier considered in
this chapter. The remaining types of amplifiers are adjusted so that the
plate current flows intermittently in a succession of pulses.  Amplifiers
of the latter types are considered in the next chapter.

38. Distortion in Amplifiers.—An ideal amplifier produces an output
wave form that exactly duplicates the input wave form in all respects
exeept magnitude. An actual amplifier can fall short of this ideal by
failing to amplify the different frequeney components of the input voltage
equally well, by introducing new frequency components not present in
the input voltage, or by making the relative phases of the different fre-
quency components in the output differ from the relative phase relations
existing in the input voltage. These effects are commonly referred to as
frequency, non-linear (or amplitude), and phase distortion, respectively.

91
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Frequency distortion limits the range of frequencies that a particular
amplifier can handle satisfactorily and so is one of the most important
factors that must be considered in connection with amplifier design. A
typical example of frequency distortion is shown in Fig. 53b, where the
high-frequency component of the original signal is diserininated against
as a result of being amplified less than is the low-frequency component.

Non-linear distortion limits the output voltage or power that it is
practicable to obtain from an amplifier by causing the output to contain
frequency components not present in
the input wave when the amplitude of
the signal is large. An example of
non-linear distortion is illustrated in
Fig. 53¢, where the negative half
cycles are amplified less than the
l positive half cycles.

Phase distortion results whenever
the different frequencies present in
the input wave are not passed through
the amplifier in the same amount of
time. It can be shown that phase
distortion exists if the phase shift of
the amplifier between input and out-

o) Oyiqinal
Sighal

b) Original Signal

After Suffering
Frequency Distortion

(<) Original Signa! After
Suffering Amplitude
Distortion

j() gri ngl "h“;sﬁﬂe'\/\/ | put when plotted as a funetion of fre-
Distortion quency 18 not a straight line that

passes through zero frequency at some
integral multiple of #.  When phase
distortion exists the input and output
wave shapes may appear quite differ-
| ent, as illustrated by Fig. 53d, even

F16. 53.—Series of waves showing the though the output contains the same
GG IOAEE) [ (GERCe 4 GO, frequeney components in the same
and phase distortion.

relative amplitude as the input.
Under many conditions the phase distortion encountered in amplifiers
is of no practical importanee. This is particularly true when the
ultimate amplified output is to be reproduced in the form of sound, sinee
the car is not sensitive to phase relations.

39. The Amplifier Circuit.—Typical amplifier circuits are shown in
Fig. 54. The signal voltage that is to be amplified is applied to the eon-
trol grid of the tube in series with a voltage E.. This voltage has a
polarity such as to make the grid negative with respeet to the cathode
in the absence of an applied signal, and is termed the grid-bias or C-volt-
age. The variations in the plate current caused by the signal voltage
flow through an impedance Z, that is in sceries with the plate-supply
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This impedance is commonly termed the load impedance, and

the energy dissipated in it by the variations in plate current represent

the amplified energy.

(@) Triode (b) Pentode
Load impedance .
e foodpeters,
energy is deliver energy is delivered
Signal fo be Signal fo be e
samplified amplified 2
'

{
[}
1
\

+
=03

b
esp Ey é, s = _.-Plate and
=" screen supply
vo =}
- Ec /_j | ]-__ voltage
- ’
—AH
A = D, i g
Grid-Eras Ffitament Grid-bras (By—pa&s
voltage supply voltage voltage condenser

Fie. 54.—Basic circuits of vacuum-tube amplifiers employing triode and pentode tubes.

In practical amplifiers it is usually desirable to obtain the bias voltage
from the plate-supply potential rather than from a separate battery.
This ean be accomplished as shown in Fig. 55, by connecting a resistance
between the cathode and ground and by-passing this resistance with a

Load impedance
(a) Triode = ) ‘o which ampli-
Filament | fied energy s
trans- Zﬂ delivered
former I_j <’
Ce infer E =
ap -~ 2
Signal tobe (£ 7 =5 e supply
amplified” | B, pass «-Bias =< voltage
condenser.” resistor |
Load impedance
1 _fowhichampli-
(b) Pentode . | fied energy /'s
Z, | aelivere
Bias L <’
ressstor. || ~ j_ +
. U = Plate and
S AT | e e,
By-pass ! Tw 24 voltage
condernser | N
: ~--By-poss

condernser
‘Heater supply voltage
Fje. 55.—Vacuum-tube amplifiers similar to those of Fig. 49 except that the control
rid 1s made negative with respect to the cathode by a self-bias resistance instead of a
attery.

condenser large enough to be an effective short circuit to alternating
currents of the lowest frequency to be amplified. Such an arrangement
places the cathode at a positive potential with respeet to the control grid
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and so gives the equivalent of a negative bias for the grid.  The amount
of bias obtained is the voltage drop of the total space current Howing
throngh the bias resistance and is controlled by the amount of resistance.
FFurther discussion of bias arrangements is given in See. 85,

40. Equivalent Circuit of Vacuum-tube Amplifier.—The variations
produced in the plate current of a vacuum tube by the application of a
signal voltage e, to the control grid arc exactly the same variations that
would be produced in the plate current by a generator developing a
voltage — pe, acting inside the tube from cathode toward the plate, where
p is the amplification factor as defined by Kq. (33) or (38). This voltage
acts in a circuit consisting of the plate resistance of the tube in series with
the load impedance. The effect on the plate current of applying a signal
voltage e, to the grid vs exactly as though the plate-cathode circuit of the tube
were a generator developing a voltage — pes and having an internal resistance
equal to the plate resistance of the tube.  This leads to the equivalent eircuit
of the vacuum-tube amplifier shown in Fig. 56b, which is the basis of most
amplifier designs and calculations.!

The plate current I, resulting from the application of a signal poten-
tial E, to the control grid, is found from the equivalent cireuit to be:?

_ —uk,
I, = R ¥ 7, (49a)
The voltage that this current develops across the load is
Voltage across load = 1,2, = %"ZZ'; (490)

The signs are such that a positive value for 7, means a current flowing in
opposition to the steady direct current present in the plate circuit when
no signal is applied.

It is sometimes convenient to rearrange Eqs. (49a¢) and (49b) by
dividing both numerator and denominator of the right-hand side by I,.
Doing this gives

_ T M Ea _ RP
I, = R, — 7 = GmE’R_,, iy (50a)
1+
R,
. - _ R,Z,
Voltage across load = G"'E’I——\’p 7. (505)

! A rigorous proof of the equivalent amplifier circuit of the vacuum tube is given
in Sec. 51.

2 [n Iiq. (49a) and other equations to follow, capitals are used to indicate vector
quantities, while small letters indicate either an instantaneous quantity, or a quantity
that may be either instantaneous or veetor as desired. Thus in Fig. 56, e, can be
either the instantaneous signal voltage or its vector, whichever is more convenient,
while in Eq. (49a) E, means the vector corresponding to the signal voltage.
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Here G, = u/R, is the mutual conductance of the tube. This form of
the tube equations shows that the effect of applying a signal vollage e, to
the control grid is also the same as though the tube generated a current —eGin
Sflowing from plate toward the cathode through an impedance formed by the
plate resistance in parallel with the load impedance.

This leads to an alternative form of equivalent circuit, which is shown
in Fig. 56¢ and which can be called the constant-current generator form of
the equivalent circuit, as contrasted with the constant-voltage generator
form shown in Fig. 56b. These two are equivalent, but the constant-
voltage generator form is commonly most convenient to use when triodes
are involved, while the constant-current generator form is preferable
for pentode, beam, and sereen-grid tubes (where the plate resistance is
much higher than the load resistance).

(b) Equivalent Amplifier (c) Equivalent Amplifier Circuit
e Circuit(Constant-voltoge {(Constant-curren
©) Actual AmplifierCircuit Generator form) Generator Form)
i==Gm eg

Rp

Fia. 56.—Equivalent eireuits of the vaeuum-tube amplifier. In the constant-voltage
form the effcet that is produeed in the plate circuit by the signal e, acting on the grid is
taken into aceount by postulating that the plate circuit can be replaced by an equivalent
generator of voltage —pue, acting from cathode toward the plate and having an internal
resistance equal to the plate resistanee Rp.  In the constant-current form the tube is coun-
sidered as generating a current —Gne, flowing from plate toward cathode through the
impedance formed by the plate resistance of the tube in parallel with the load resistance.

The equivalent circuits of the amplifier give only those currents and
those voltage drops that are produced as a result of the application of a
signal voltage to the amplifier grid. The actual currents and potentials
existing in the plate circuit are the sum of the currents and potentials
developed in the equivalent circuit and those existing in the amplifier
when no signal is applied.

The equivalent eircuits give the exact performance of the vacuum-
tube aimplifier to the extent that the plate resistance R, the amplification
factor m, and the mutual conductance G, which are used in setting up
the equivalent circuits, are constant over the range of variations produced
in control-grid and plate voltages by the signal voltage. Hence, when
the signal is small, the equivalent circuit is almost exactly correct because
the changes produced by the signal are so small that the tube coefficients
are substantially constant. As the signal voltage increases, the error
involved in the equivalent circuit becomes larger.  However, the effects
resulting from variations in the tube coefficients are second-order effects
even with rather large signal voltages, so that the equivalent circuit is
found useful for most practical conditions.
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41. Audio-frequency Voltage Amplifiers. Resistance Coupling.—
Voltage amplification is commonly obtained by placing a high resistance
in the plate circuit of the amplifier tube. Practical circuits for such
resistance-coupled amptlifiers are shown in Fig. 57, Herve R,, commonly
termed the coupling resistance, is the high resistance placed in the plate

(@) Actual Circuit of Resistance-coupled Amplifiers
Triode

Pen fode

b ———— ——.

A
%

N ~p. .
By-pass tondenser ~Bius resistance

Z =
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Constant-current Generator Circuit
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es = Signal voltage

e, = Amplified voltage

Rp= Tube plate resistance

Re = Coupling resistance

Rgl= Grid-leak resistance

Cc= Coupling or blocking aundenser
p= Amplification factorof tube
6= Mutualconductance of tube

Cb = Plate-cathode tube capacitance

plus stroy wiring capacitance

to left of coupling condenser
Cg = Stroy wiring capacifance to

right of coupling condenser

plus input capacitance of tube

or other load to which

voltage is delivered.
Cs = Cp+Cy=Total shunfing capacitance

F1:. 57.—Circuits of resistance-e-wupled amplifiers together with equivalent circuits and

simplifieations of the equivalent orcuits useful in making amplifier calculations. The
constant-voltage generator eireuit )8 used with the triode tube, and the constant-current
generator form of the equivalent c'rcuit is used for the pentode tube.

circuit. The alternating potential developed across this resistance by
the amplified signal currents is separated from the dircet-current voltage
drop across the resistance by means of a grid-leak resistance R,; and a
coupling condenser C..

The most important property of the resistance-coupled amplifier is
the way in which the amplification varies with frequency. Such a charac-
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teristic is shown in Fig. 58 for a representative case. This curve has as
its distinguishing feature an amplification that is substantially constant
over a wide range of frequencies, but which drops off at both very low and
very high frequencies. The falling off at very low frequencies is a result
of the fact that the high reactance which the coupling condenser C. offers
to low frequencies consumes some of the low-frequency voltage that
would otherwise be developed across the grid leak. The reduction in
amplification at high frequencies is caused by the tube and stray capaci-
tances which shunt the coupling and grid-leak resistances. These capaci-
tances have low enough reactance at high frequencies to lower the effective
load impedance, with a consequent reduction in the voltage developed
at the output.

100

0 unr

C5=

| 1 [ Rp=5r.nego/7ms_ '

L Gme gt eramios | | []]]
2045 100 1000 10000
Frequency

Fia. 58.—Variation of amplification with frequency in a typical resistance-coupled pentode
amplifier.

Analysis and Calculation of Amplification Characteristic.—The charac-
teristics of an amplifier are calculated by replacing the tube by its equiva-
lent circuit and then analyzing the resulting electrical network. Either
form of equivalent circuit can be employed, with the constant-voltage
arrangement more convenient for triode tubes and the constant-current
arrangement more satisfactory for pentode and other tubes having very
high plate resistances.

Equivalent circuits of a resistance-coupled amplifier showing all
essential circuit elements are given in Fig. 57b for both methods of repre-
senting the tube characteristics. The resulting circuits are quite com-
plicated, but can be simplified by considering onlty a limited range of
frequencies at a time. Thus in the middle range of frequencies the react-
ance of the coupling condenser C. in an ordinary amplifier will be so
small as to be the practical equivalent of a short circuit as compared with
the grid-leak resistance, whereas the reactance of the shunting capaci-
tances will still be so high as to be the practical equivalent of an open
circuit. Under such conditions the equivalent circuits take the form
shown in Fig. 57c. A very simple calculation based upon these circuits
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shows that the amplification i:i the middle range of frequencies is given
by the equations:
For constant-voltage generator circuit (most suitable for triodes):

Amplificatiomrin middle} _ e _ R. (51a)
range of frequencies  f T MR.HR,

For constant-current generator (most suitable for pentodes):
Amplification in l‘nid(llol _Co _ Gk, (51)
range of frequencies g

where
u = amplifieation factor as defined by Eq. (33) or (38)
G/, = mutual conductance as defined by Eq. (35) or (40)
Ry = Rch"li,ﬂl = resistance formed by coupling resistance R, and
grid-leak resistance R,; in parallel
R. . . .
R., = ¢ = cquivalent resistance formed by plate resist-

k. | R,
'R TR,
ance, grid-leak resistance, and coupling resistance, all in parallel.

At high frequencies it is necessary to take into account the effect of
the capacitances shunting the coupling and grid-leak resistances. This
leads to the equivalent circuit of IMig. 57d, which is applicable at high
frequencies.

For this circuit!

Actual amplification

at high frequencies } 1
Amplification inl V1 + (R../X))?
middle range f

(52a)

1 Equation (52a) is derived by applying Thévenin’s theorem to the network to the
left of the shunting capacity C, in Fig. 57d. According to Thévenin’s theorem this

Actual Circuit Equivalent Circurt
e
| [
" 1
IR i LC ! $Reqr L,
t T
ies ) i l
THEs . [y S—
" -e56m Rég

Fia. 59.—Simplification of the circuit ot Fig. 57d by the use of Thévenin’s theorem to
replace the portion of the actual circuit shown in the dotted rectangle by the simple network
in the dotted rectangle of the equivalent circuit.

network can be replaced by an equivalent generator in series with a resistance, as
shown in Fig. 27. The voltage of the generator is the voltage appearing across the
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where
1 . .
X, = 3fC., = reactance of total shunting capacitance C,

R., = resistance formed by plate, coupling, and grid-leak resistances,
all in parallel.

The extent to which the amplification falls off at high frequencies is therefore
determined by the ratio which the reactance of the shunting capacitance C,
bears to the equivalent resistance obtained by combining the plate resistance,
coupling resistance, and grid-leak resistance in parallel. This loss of
amplification at high frequencies ean be estimated by the fact that at the
frequency which makes the reactance of the shunting condenser C, equal
the equivalent resistance formed by E,, R, and R,;in parallel, the ampli-
fication drops to 70.7 per cent of its middle-{requency range value. The
amount of falling off at other frequencies as ealculated from Eq. (52a)
is given in the universal amplification curve of Fig. 60.

At low frequencies the shunting eapacitance C, has such a high react-
ance as to be equivalent to an open circuit, but the reactance of the
coupling condenser C. becomes sufficient to cause a falling off in the
amplification. The equivalent ecircuit under these conditions hence takes
the form shown in Fig. 57¢. A manipulation of the relations existing
in this eircuit shows that

Amplification at}

low frequencies § 1 59
Amplification in] ~ /1 + (X./R)? (52b)
middle range
where
X, = Qw}éc = reactance of coupling condenser C,
R =R, + BB, R, + ke resistance formed by grid
R.+ R, R,
1+ 7
p

leak in series with the combination of plate and eoupling resist-
ances in parallel.

condenser terminals when the condenser is open-circuited, and so is the output voltage
in the middle range of frequencies as given by Egs. (51a) and (51b). The internal
resistance of the generator is the resistance formed by plate, coupling, and grid-leak
resistances, all in parallel, and so is R.,. Referring to Fig. 59 it is apparent that the
amplification at high frequencies is
X 1

= GuRyy———r—— = Guley— i

“VXI+ R V1t Ra/X)

Dividing this by Eq. (51b) gives Eq. (52a).

High-frequency
amplification
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The extent to which the amplification falls off at low frequencies is therefore
determined by the ratio of the reactance of the coupling condenser to the equiva-
lent resistance obtained by combining the grid leak in series with the parallel
combination of coupling resistance and plate ressstance.  Tlis loss of ampli-
fication at low frequencies can be estimated by the fact that, at the
frequency that makes the reactance of the coupling condenser equal the
equivalent resistance R, the amplification falls to 70.7 per cent of its
value in the middle range of frequencies. The amount of falling off at
other frequencies as calculated from Eq. (52b) is given in the universal
amplification curve of Fig. 60.
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with combination of plate and and coupling resistances allin ponvaflel
coupling resistances in parallel

F1a. 60.—Universal amplification curve showing how the amplification of a resistance-
coupled amplifier falls off at high and low frequencies.

Universal Amplification Curve.—The curve of Fig. 60, which gives
the falling off in amplification at high and at low frequencies, can be
thought of as a universal amplification curve because it applies to all
resistance-coupled amplifiers.

The procedure for obtaining the amplification characteristic by using
the universal amplification curve is: first, calculate the amplification
in the middle-frequency range, using Iiq. (51a) or (51b); second, calculate
the frequencies that give X./R convenient values, and then use the
universal amplification curve to get the low-frequency falling off; and
Jinally, estimate the total shunting capacity Cj, calculate the frequencies
at which X,/R., has convenient values, and then get the high-frequency
response with the aid of the universal amplification curve.

Example.—If the above procedure is applied to the circuit constants of Fig. 58,
the amplification in the middle range of frequencies is found by substitution in Eqs.
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(51a) and (51b) to be

Amplification in

. % = Gnll,q = 114 X 1078 X 238,000 = 98.4
middle range

where
500,000
500,000 + 500,000

= = 238,000 ohms
1+ 550,000 T 5,000,000

Raq

At low frequencics, referring to Eq. (52b), the amplification falls to 70.7 per cent
of the middle-range value when the frequeney is such as to make the reactance of the

coupling condenser equal to R = Ry + RCR = 955,000 ohms. This is when
145
R,
f = 1/2zCR = 33.4 cycles. From Fig. 60 one finds that at frequencies of 66.8, 16.7,
and 6.7 eveles (which are, respectively, 2, 0.5, and 0.2 times 33.4 cycles) the amplifica-
tion is 0.90, 0.45, and 0.20 times the middle-frequency range value of 98.4, or 88, 44,
and 20, respectively.
At high frequencies the amplification falls to 70.7 per cent of its middie-range value
when the reactance of the shunting capacitance C, equals R [see Egs. (51b) and (52a)].
This is at a frequency f such that

1 1
S = 520 R., = 2r X 70 X 10717 X 238,000

By use of Fig. 60 it is found that at frequencies of 4,780, 19,120, and 47,800 cycles the
amplification is 0.90, 0.45, and 0.20 times the middle-frequency range value of 98.4,
or 88, 44, and 20, respectively.

= 9,560 cycles

Factors Affecting the Design and Performance of Resistance-coupled
Amplifiers.—Both triode and pentode tubes are employed in resistance-
coupled amplifiers, with the latter being generally preferred. Pentodes
used for this purpose are ordinarily small tubes having a sharp cut-off
(not a variable-mu characteristic). Triodes used in resistance-coupled
amplifiers usually have a high amplification factor.

The coupling resistance R. used with pentode resistance-coupled
amplifiers intended for audio-frequency amplification is normally 250,000
to 500,000 ohms. Lower values reduce the equivalent load resistance
R., in Eq. (51) and result in lower amplification, although there is a
corresponding improvement in the high-frequency response. Higher
values require that the plate current, and hence the mutual conductance,
be excessively low. This is because an excessive fraction of the plate-
supply voltage will otherwise be consumed as voltage drop in the very
large coupling resistance. Triodes having amplification factors of the
order of 100 call for coupling resistances that are about the same values
as those used with pentodes, whereas with triodes having lower amplifica-
tion factors the coupling resistance is reduced in proportion.

The grid-leak resistance should be as high as possible to minimize its
shunting effect upon the coupling resistance. At the same time, the
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grid-leak resistance is in series with the grid cireuit of the tube to which
the amplified voltage is delivered and so must not exceed the maximum
allowable value that ean be placed in series with the grid.!

- The coupling-condenser_capacitance is chosen to _give the desired
low-frequency response with the grid-leak and coupling resistances
employed. The low-frequency response will be better the larger the
coupling condenser, and there is no difficulty in obtaining substantially
constant response down to frequencies of a few cyeles per second. It is
undesirable, however, to make the low-frequency response any better
than actually required, even if this can be done without difficulty. This
is because the better the low-frequency response the greater will be the
difficulty from regeneration at low frequencies, as discussed in Sec. 47.

The coupling condenser must have low leakage to direct-current
potentials. This is because leakage in the coupling condenser allows a
direct current to flow through the grid leak, and the resulting voltage
drop in the grid leak biases the grid of the next tube positively. Low
leakage is especially important when the eireuit proportions are such as
to give an unusually good low-frequency response, for then the capaci-
tance and grid-leak resistance are both large.

The high-frequency response is determined by the equivalent load
resistance, R., in Iiq. (52a), and the shunting capacitances. With pen-
tode tubes and high-mu triodes using coupling resistances of the order of
250,000 to 500,000 ohms, the high-frequency response will usually be
satisfactory for high-fidelity audio-frequency systems. The only excep-
tion is when the amplified voltage is delivered to triode tubes which
have high input capacitance.

The expected high-frequency response of a resistance-coupled amplifier
can be calculated on the basis of an estimated shunt capacitance. This
capacitance consists of that due to wiring, which can normally be kept
to less than 10 wuf if care is taken, plus the output capacitance of the
amplifier tube and the input capacitance of the tube to which the ampli-

! With any particular tube the resistance that it is safe to place in series with the
grid is limited by the possibility of grid current from ionization of residual gas. The
polarity of this grid current is such as to produce a voltage drop in the grid-circuit
resistance that reduces the negative grid bias. If the grid-circuit resistance is too
high the reduetion in bias may increase the space current (and hence the ionization)
to the point where the process becomes cumulative and destruction of the tube
results.

With all small tubes, other than power tubes, the maximum resistance that can
be safely placed in series with the grid is usually of the order 1 megohm. With power
tubes the maximum allowable resistance varies with different types of tubes, and also
depends on whether or not self-bias is used. With self-bias the allowable resistance
is of the order of 250,000 to 1,000,000 ohms. With fixed bias the maximum per-
missible grid-circuit resistance is so low that resistance coupling to power tubes with
fixed bias is usually not recommended.
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fied voltage is delivered. This output capacitance commonly ranges
from 3 to 12 uuf, depending upon the design of the tube, while the input
capacitance will be about 4 to 7 uuf for pentodes and sereen-grid tubes,
and considerably larger for triodes.?

When the usual circuit proportions give an excessive falling off in
amplification at high frequencies, it is necessary to reduce the coupling
resistance in the case of pentode tubes.  With triodes it is possible either
to lower the coupling resistance or to use a tube having a lower plate
resistance. It will be noted that the use of any of these expedients to
improve the relative flatness of the amplification curve at high frequencies
is accompanied by a reduction in the mid-frequency amplification.

The electrode voltages of a resistance-coupled amplifier must be care-
fully selected to insure proper operation. The control grid should be
biased sufficiently negative to prevent the grid from drawing current at
any time. This requires a bias about 1 volt greater than the crest signal
voltage in order to overcome the velocity with which the electrons are
emitted, and to take care of contact potentials. The plate-supply volt-
age is preferably as high as possible, but practical circumstances place a
limit of 200 to 300 volts under ordinary conditions. In pentodes the
sereen-grid potential must be so chosen in relation to the grid bias that
the voltage drop of the resulting plate current in the coupling resistance
will not consume more than one-half to two-thirds of the plate-supply
voltage. If the adjustment is such as to give a larger plate current, the
drop in the coupling resistance is so great that the voltage left over for
the plate of the tube will be very nearly zero. A virtual cathode then
forms in front of the suppressor, and the amplifying action is largely lost.
It is hence necessary to reduce the plate current of a pentode as the
coupling resistance is increased, a point which inexperienced designers
commonly overlook.

Practical Designs of Resistance-coupled Amplifiers—A number of
designs of resistance-coupled amplifiers suitable for audio-frequency
serviee are given in Table VI. These indicate reasonable proportions
for amplifiers employing pentodes and high-mu triodes.

1To a first approximation the input capacitance of a triode tube is given by the
equation

Input capacitance = C,y + Cyp(1 + 4) (53)

where C,; is the grid-cathode capacitance, C,, is the grid-plate capacitance, and A
is the ratio of alternating voltage across the load impedance in the plate circuit of the
output tube to the signal voltage applied to the control grid. A cannot exceed the
amplification factor z of the tube and will normally be at least one-half the amplifi-
cation factor. Equation (53) is a simple form of Eq. (68) and is exact for the special
case where the load is a resistance.
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TaBLE VI.—TyricaL DEsiGNs OoF RESISTANCE-COUPLED AMPLIFIERS!

‘ Pentode 57,77, and 6C6 tubes | Triode section of 246 and 75 tubes
PR R _| — i _ —
Piate supply, volts............. | 100 l 180 | 250 100 180 250
Screen supply, volts. ........... 20 | 20 |30 | 30 | s0 52| | |
Control-grid bias, volts.......... |—1.05|—1.25—1.30(—1.55 —2.1|—2.3|—1.10/—1.05/—1.30/—1.30|—1.35(—1.35
Cathode resistor, ohms. .. ... 3,400 7,250| 2,600] 4,850(3,500/6,200|11,550/15,000, 5,450 9,000 3,380 5,600
Plate resistor, megohms..........| 0.25 | 0.50 [ 0.25 | 0.50 | 0.25 0.50/ 0.25 | 0.50 | 0.25 | 0.50 | 0.25 | 0.50
Grid resistor, megohms. . ........ 0.50 | 0.50 | 0.50 | 0.50 | 0.50/ 0.50| 0.50 | 0.50 1 0.50 | 0.50 | 0.50 { 0.50
Plate current, milliamperes. ..... . 0.23 | 0.13 | 0.38 | 0.24 | 0.48 0.30 0.09 I 007 024 |0.14 (040§ 0.24
Plate voltage as per cent of plate | | I
SUPPIY. oot | 42.5135.0 | 47.2 | 33.3 | 52.0/ 40.0( 77.5 | 65.0 | 66.6 | 61.1 | 60.0 | 52.0

Voliage amplification. ... .....| 54 | 8 | 92 | 93 | 100 10| 36 | 37 | 56 | 55 | 59 | 58
Qutput voltage {peak volts) with { I
only little distortion...........| 22 [

23 44‘48!65‘65'17]17 36 | 34 | 41 | 40
| | ! | S|

1 These designs represent recommendations of RCA Radiotron Company.

42. Audio-frequency Voltage Amplifiers. Transformer Coupling.—
In the transformer-coupled amplifier the primary of a step-up transformer
is connected in the plate eireuit of the tube as shown in Fig., 61a.  Com-
pared with the resistance-coupled amplifier, this arrangement has the
advantage of introducing negligible direct-current resistance in the grid
circuit of the tube to which the amplified voltage is delivered. The
transformer-coupled arrangement also adapts itself much more readily
to the excitation of push-pull amplifiers than does resistance coupling.

The most important characteristics of a transformer-coupled amplifier
are the amount of amplification and the way in which this amplification
varies with frequency. A typical amplification curve is shown in Fig. 62.
It has as its distinguishing features a relatively constant amplification in
the middle range of frequencies, a falling off at low frequencies, and a
falling off at high frequencies. The loss in amplification at low fre-
quencies results from the low reactance that the primary has at low
frequencies, whereas the behavior at high frequencies is a result of the
action of the leakage inductance and effective secondary capacitance of
the transformer. The useful frequency range depends largely upon the
design of the transformer and can be readily made to cover voice fre-
quencies. Difficulties are encountered in amplifying very low and very
high frequencies, however, and resistance coupling is accordingly pre-
ferred where very wide frequency bands are involved.

Analysis of Transformer-coupled Amplifiers Used with Triode Tubes.-
The behavior of a transformer-coupled amplifier can be determined by
replacing the tube and transformer by equivalent eleetrical eircuits and
analyzing the resulting network. The transformer itself is a complicated
combination of resistances, inductances and capacitances. For practical
amplifier analysis it can, however, be replaced by the simple unity-turn-
ratio network of Fig. 61b, in which the essential elements are the primary
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(a) Circuit of Transformer (b Practical Equivalent Circuit of

coupled Amplifier Transformer-coupled Amplifier
One stage trans- Reduced to Unity Turn Ratio
coupled amp.
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i Rp= T
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€s o) Rp*Rc Lp L& ;1%* '-:n’(CQ'Cs) {
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Y
(c) Simpflified Equivalent Circuit (d) Simplified Equivalent Circuit
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Notation
Rp = plate resistance of tube (', = secondary distributed capacitanee
Re = direct-current resistance of primary C’; = input capacitance of tube to which voltage
g primary leakage inductance o is delivered
incremental primary inductance n = ratio of secondary to primary turns
= resistance of secondary winding p = amplification factor of tube
's = secondary leakage inductance Cs = n¥(CJ + Cy')

'
Ly = fl-'—; + L'p = total leakage inductance re-
ferred to primary side
Fig. 61.—Actual circuit of a transformer-coupled amplifier, together with equivalent
cireuits.
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Fic. 62.—Variation of amplification with frequency in a typical transformer-coupled
amplifier.
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inductance, the total leakage inductance, the effcetive capacitance in
shunt with the secondary, the turn ratio, and the winding resistances.!

In the middle range of frequencies the reactances of the primary
inductance and of the secondary capacitance are so high as to-be sub-

stantially open circuits. The equivalent cireuit then reduces to the
simplified form of Fig. 61¢, from which

Amplification in middle} _ eo

range of frequencies [ ¢ = un (55)

At low frequencies the reactance of the primary inductance falls off, so
that this eircuit element can be no longer neglected.  This leads to the
equivalent circuit of Fig. 61d, which is applicable to low frequencies, and
from which a simple analysis shows

Amplification at 10\\'} €o 1 (56)

frequencies e MU (BT
Here wL,/R,’ is the ratio of the reactance of the primary inductance to
the resistance formed by the plate resistance of the tube plus the direct-
current resistance of the primary winding (i.e., the effective plate rosist-
ance).  Examination of this equation shows that the falling off in response
at low frequencies is determined only by the ratio,of primary reactance
to effective plate resistance, and that the response falls off to 70.7 per cent
of its mid-range value un at the frequency for which the reactance of the
primary inductance equals the effective plate resistance R,’. The results
of Eq. (56) are plotted in the low-frequency portion of Fig. 63, from which
one can obtain the falling off at other low frequencices.

1 For the greatest accuracy there should also be included a resistance K. shunted
across the primary inductance to represent cddy-current losses. This resistance is
so high as to have only a small shunting cffect, however, and so need not be considered
unless extreme aceuracy is required.

The effect of such a resistance shunted across the transformer can be readily
allowed for by considering the resistance to be part of the tube and then applying
Thévenin’s theorem to the network consisting of tube and shunting resistance.
Doing this shows that the effect of the eddy-current resistance R, can be taken into
account by using slightly reduced values of R,” and p in Fig. 61b and Eqs. (55), (56),
and (57), according to the relations:

Effective g when taking) _ actual g of tuli (54a)
into account R, R, =
 EELLE
1{6
Effective R, when taking _ actual value of R’ (54h)
into account R, R, 8

P+ 7,

where R, is defined as in Fig. 61.
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At high frequencies the reactance of the capacitance C, in shunt with
the secondary can no longer be neglected, and the effect of the leakage
inductance upon the current drawn by this capacitance must also be
considered. This leads to the equivalent circuit of Fig. 6le, which is
applicable to high frequencies and is essentially a series resonant circuit
having a high resistance. The behavior at high frequencies depends
upon the resonant frequeney of this series eireuit, and the @ at resonance.
An analysis shows that

Amplification at} _ e; _ 1/wC, -
high frequenciesf — e, e 1\ (£00)
\/(1\’,,’ + R)? + <wl,s = ,>
w(’y
1
= un (57b)
Vr/Q)+ (= 1)
where
. actual frequency )
7 = Series resonant frequency of C, and L,
wnL, [N T ,  frn s HN4m
Qo = R+ R, cireuit Q at the frequeney for which C, and L, are

in serics resonance.

The remaining symbols are as defined in Fig. 61.

The results of 1q. (57) are plotted in the high-frequeney portion of Fig.
63. It is seen from this figure that the most uniform response in the
high-frequency range is obtained when the @ of the series resonant cireuit
at the resonant frequency has a value of 0.85 to 0.90.  Lower values of
Q cause a falling off in the high-frequency response, while higher values
introduce a high-frequeney peak.

Universal Amplification Curve.—The curve of Fig. 63 can be thought
of as a universal amplification curve sinee it applies to all transformers,
The use of this curve in practical amplifier caleulations is indicated by the
following example.

Exampte.—Calculate the amplification curve of Fig. 62 from the circuit eonstants
given in the illustration.

The amplification in the middle range of frequencies is found by Eq. (55) to be
un = 8.5 X 3 = 25.5. At the low frequencies Eq. (56) shows that the amplification
falls to 70.7 per cent of un when wl, = R,’, or when f = 16,350 /2r X 40 = 65.2 cycles.
From the universal amplification curve, Fig. 63, it is found that the amplification at
frequencies of 0.2, 0.5, and 2.0 times this frequency is, respectively, 0.20, 0.45, and
0.90 times un. Therefore the amplification at frequencies of 13.0, 32.6, 65.2, and 130.4
cycles is 5.1, 11.5, 18.0, and 22.0, respectively. For caleulation of the high-frequency
response, the series resonant frequency of L. and C, is found to he

1 108

= — 6300 cycles.
@rvLC)  (2r/0.4 X 1600) K
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From Eq. (57), Qo = woL,/(R,’ + R,) = 2x6300 X 0.4/(16,350 + 944) = 0.914, where
R, = 8180/32 = 944. Refercnce to Fig. 63 for this value of @, shows that at
0.2, 0.5, 1.0, and 2.0 times the scries resonant frequency, the amplification is 1.0, 1.10,
0.914, and 0.27 respectively, times un. Therefore at frequencies of 1260, 3150, 6300,
and 12,600 oyelee, the amplification is 25.5, 28.1, 23.2, and 6.9 respectively.  From
these calculated values of amplification and the values previously obtained for low fre-
quencies, a curve of amplification as a function of frequency can be plotted as shown
in Fig. 62.

Driscussion of Amplifier Characteristics.—The low-frequency response
on a transformer-coupled amplifier is determined largely by the incre-
mental inductance of the transformer primary when the direct-current
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F16. 63.—Universal amplification curve of transformer-coupled amplifiers.

saturation is that produced by the plate current of the tube. This means
that for best low-frequency characteristies the transformer must have a
large number of primary turns. This calls either for a transformer that
is physically large or one in which most of the winding space is allotted
to the primary and which therefore has a low turn ratio.

A good high-frequency response requires that the resonant frequency
formed by the capacitance effectively shunting the secondary and the
leakage inductance should be as high as possible. This condition can be
realized by proper design of the windings and by keeping to a minimum the
capacitance of the load connected across the transformer secondary. The
capacitance of a tube connected across the transformer secondary is
often quite important, since with triode tubes the input capacitance is
commonly of the same order of magnitude as the distributed capacitance
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of the transformer. The best high-frequency response is obtained by
employing a low turn ratio, which means sacrifice in amplification, and
by keeping the physical size of the transformer small, which means poor
low-frequency response.  Actual transformers must therefore compromise
between good high-frequency response, high gain, and good low-frequency
response.

The frequency range of an audio transformer can be very materially
extended by improving the core material. Better core material makes it
possible to obtain a greater primary inductance without changing the
windings in any respect, and hence without changing the leakage induc-
tance and distributed capacitance. Conversely, better core material
makes it possible to obtain the same primary inductance with a trans-
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Fie. 64.—Effect of varying the effective plate resistance R, in a transformer-coupled
amplifier. Note that the best characteristic is obtained when the plate resistance is neither
too high nor too low but is rather properly matched to the transformer.

former that is physically smaller, and which hence has a higher series
resonant frequency.

There is always a proper plate resistance to use with any particular
transformer. This is the resistance which makes the effective Q at the
series resonant frequency of the secondary slightly less than unity. A
lower plate resistance improves the low-frequeney response but introduces
a high-frequency peak, whereas a higher plate resistance makes both
high- and low-frequency responses fall off more rapidly. This is shown
in Fig. 64.

It is apparent from the above discussion that the tube and transformer
must cooperate with each other to produce the desired result. Most
audio-frequency transformers are designed to operate in the plate circuits
of triodes having plate currents of 2 to 8 ma and plate resistances of the
order 8000 to 15,000 ohms at the operating point. These conditions



110 FUNDAMENTALS OF RADIO {[CHap. V

correspond to a general-purpose tube having an amplification factor of
8 to 20, and represent the situation that has been found to be most satis-
factory with transformer coupling. The plate current is then low enough
to prevent excessive direet-current saturation in the transformer primary,
the plate resistance is low enough to insure the possibility of 2 8atisfactory
low-frequency response, and large output voltages ecan be developed
without distortion.

Design of Transformer-coupled Amplifiers.—In practical transformer-
coupled amplifiers, stock commercial transformers are ordinarily pur-
chased.  The manufacturer normally gives the proper plate resistance
to use and the approximate frequency range that ean be expeceted.  About
the only thing that the amplifier designer can do is hence seleet a trans-
former suitable for his purposes and match to the tube by adjusting the
grid bias to get the optimum plate resistance.

In cases where specifications can be laid down for the transformer,
the design procedure consists in seleeting a tube, determining an incre-
mental primary inductance that will give the desired low-frequency
response when working with this plate resistance, speeifying a series
resonant frequency for the sccondary that will give the desired high-
frequency range, taking into account the fact that part of the capacitance
C, is supplied by the input capacitance to which the amplified voltage is
applied, and specifying the leakage inductance of the transformer when
reduced to unity turn ratio.  The turn ratio is then made as high as possi-
ble, but the exact value will generally be fixed by the other requirements.

Determination of Transformer Characteristics.—The incremental
inductance of the transformer primary can be determined by measuring
at a moderately low frequeney, using the appropriate direct-current
saturation. The leakage inductance reduced to unity turn ratio is the
inductive reactance between primary terminals observed at any con-
venient frequency, such as 1000 cyeles, when the secondary terminals
are short-cireuited. The resonant frequency of the secondary can be
obtained by applying a constant voltage of adjustable frequency to the
primary of the transformer while observing the potential across the
secondary with a vacuum-tube voltmeter or output tube. The series
resonant frequency will then be the frequency for which the secondary
voltage is maximum, and this together with a knowledge of the leakage
inductance will make it possible to calculate the sceondary distributed
capacitance C,/. The turn ratio can be measured by observing the
secondary voltage by a vacuum-tube voltmeter when a known voltage of
moderate frequency is applied to the primary. The effective shunting
resistance I, that takes into account eddy-current losses can be deter-
mined by measuring the effeetive impedance between primary terminals
at 1000 cycles, with the secondary open. If the resulting impedance
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is expressed as a reactance shunted by a resistance, the resistance will
represent R, with an accuracy sufficient for all ordinary purposes.

Transformer-coupled Amplifiers Using Pentode Tubes.—While trans-
former-coupled amplifiers ordinarily employ triode tubes, it is possible to
use pentode tubes, provided a resistance is shunted across the primary
as shown in Fig. 65. This resistance should equal the plate resistance
with which the transformer is designed to operate. When this is the
case, the frequency-response characteristic will be the same for triode
and pentode cases, and the amplifications will be in the ratio of the mutual
conductances for the tubes involved.

(@) Actuat Circuit (b) Equivalent Circuit

- i1 st
Shunting reS/s anee Req Re.m/ance formed by plafe

E é a1a’ shunting resisrances in paralle!

IlIl --m—m:%:

LTE T F -ecemd

F16. 65.—Clircuit of transformer-coupled amplifier using a pentode tube. The resist-
anee shunted across the primary of the transformer should equal the plate resistance that
would be used if the tube were a triode.

43. Audio-frequency Voltage Amplifiers. Miscellaneous Coupling
Methods.—While most audio-frequency voltage amplifiers employ either
resistance or transformer coupling, other coupling methods are occa-
sionally used. The most important of these are illustrated in Fig. 66,
and include the resistance-inductance-coupled amplifier, resistance
coupling with a grid choke, transformer coupling with shunt feed, imped-
ance coupling, and coupling with input transformer.

The resistance-inductance-coupled amplifier is the same as the resist-
ance-coupled amplifier except for the addition of a small inductance L,
in series with the coupling resistance, as shown in Fig. 66a. This induct-
ance has no effect at low frequencies, but when properly proportioned
will make the high-frequency response substantially constant up to
higher frequencies than would otherwise be the case. Analysis shows
that to obtain a flat response up to some particular frequency using
pentode tubes, the coupling resistance should equal the reactance of
the shunting capacitance at this frequeney, and the inductance in series
with the coupling resistance should at this same frequency have a react-
ance equal to half the coupling resistance. The grid-leak resistance
should be much higher than the coupling resistance. With these pro-
portions the amplification is substantially constant up to the desired
frequency with negligible phase distortion. Amplifiers using resistance-
inductance coupling find their chief use in television work.
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Resistance-coupled amplifiers employing a grid choke are used when
the amplified voltage is to be applied to a tube, such as a power tube, in
which the maximum direct-current resistance that it is permissible to
conneet in sories with the grid circuit is small. The low-frequency
response of such an amplifier is normally determined by the inductance
of the grid choke, the 70.7 per cent response point coming at the frequency
where the inductive reactance of the choke is equal to the resistance
formed by the plate and coupling resistances in parallel. It is possible,
however, to modify the response at low frequencies by using a coupling
condenser small enough to resonate with the grid choke at a moderately
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F1a. 66.—Miscellaneous coupling methods.

low frequency. In this way one may peak the response at moderately
low frequencies.

The transformer-coupled amplifier with shunt feed, illustrated in
Fig. 66c, is used where it is desired to avoid direct-current saturation
in the primary winding of the transformer. Such an arrangement is
frequently used when the transformer core is of permalloy or other similar
alloy, and is also sometimes used with output transformers. The shunt-
feed arrangement makes it possible to employ a core assembled in such a
way as to have negligible air gap. This gives a correspondingly high
primary inductance without affecting the leakage inductance or the
distributed capacitance of the transformer. The shunt-feed choke,
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though in parallel with the primary of the transformer, can be made
large enough to carry the d-c plate current and still have a high incre-
mental inductance. At the same time the choke contributes nothing to
the leakage inductance and secondary capacitance of the transformer, so
does not affect the high-frequency response.

The impedance-coupled amplifier illustrated in Fig. 66d is occasionally
employed. It has a frequency-response characteristic similar to that
obtained with resistance coupling, with the falling off at low frequencies
being caused by low reactance of the coupling inductance, and at high
frequencies by the effect of the shunting capacitance.

An input transformer is used when it is desired to couple the grid of a
tube to a transmission line or to a generator having a low internal imped-
ance, as shown in Fig. 66e. Such an arrangement is essentially equivalent
to au ordinary interstage coupling transformer as discussed above, with
the internal impedance of the line (or generator) taking the place of the
plate resistance of the tube. The only difference is that this generator
resistance is commonly much smaller than the plate resistance of ordinary
tubes.

The internal impedance of the generator supplying the power to an
input transformer is customarily termed the line tmpedance. Thus an
input transformer designed to operate with a microphone having an
internal impedance of 4 ohms would be said to be designed to operate
from a 4-ohm line, since a transmission line connecting the microphone
to the transformer would appear to the transformer primary to have 4
ohms impedance.

44. Tuned Voltage Amplifiers.—In a tuned amplifier the load imped-
ance is supplied by a resonant circuit, using parallel resonance to obtain
the necessary high impedance. Such amplifiers find their principal use
in the amplification of radio frequencies. Tuned radio-frequency voltage
amplifiers practically always employ radio-frequency pentode tubes.
These tubes provide complete electrostatic shielding between the plate
and control-grid clectrodes, and give more amplification than do other
tubes that might be employed.

Analysis of Typical Tuned-amplifier Circuits.—Typical tuned-ampli-
fier cireuits are illustrated in Fig. 67.  The simplest of these is the direct-
coupled arrangement shown at Fig. 67a and will be considered first
because it illustrates the prineipal properties of tuned amplifiers. The

“exact equivalent circuit of this amplifier is shown in Fig. 68b.! I'rom
this, the amplification can be written down at onec as

1Tt will be noted that the wiring capacitance, the plate-cathode capacitance of the
amplifier tube, and the capacitance between grid and ground of the tube to which
the amplified voltage is delivercd all assist in tuning the coil to parallel resonance
in Fig. 68, but otherwise have no effect.
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9

Amplification = %) =G.Z, (58)
8
where G, is the mutual conductance of the amplifier tube and Z, is the
impedance formed by the tuned circuit, the grid-leak resistance, and the
plate resistance, all in parallel.
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F1g. 67.—Typical tuned-amplifier circuits using pentode tubes.
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The results in a typical case are shown in Fig. 67¢ in the frequency
range around resonance.  lxamination of Fig. 67¢ and Eq. (58) shows
that the amplification curve has the shape of a resonance curve, with the
maximum amplification occurring at the frequency at which the tuned
cireuit is resonant when taking into account the stray shunting capaci-
tances. At this frequencey the parallel impedance of the resonant circuit
is wlQ, so that Kq. (58) becomes

Amplification at resonance] _ A wlQ a (59a)
for pentodes f 1+ wlQ n wlQ
I, Ry

The notation isx as illustrated in Fig. 68b, with Q being the actual Q of
the tuned eircuit.  With ordinary circuit proportions the grid-leak resist-
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Fia. 68.—Equivalent circuit and amplification curve of a tuned amplifier with direct
coupling. The amplification curve has the shape of a resonance curve but with an equiva-
lent Q less than the actual @ of the tuned cireuit.
ance is much higher than the parallel impedance of the resonant eireuit.
In the case of pentodes a further simplification is possible as a result of
the fact that the plate resistance may be considered as substantially
infinite.  Hence with pentode tubes Eq. (59a) can to a good approxima-
tion be rewritten as
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Approximate amplification| s
at resonance [ = GnalQ (59b)

The curve of amplification as a function of frequency will be found to
have a shape corresponding to an effective Q lower than the actual @ of
the resonant circuit. The ratio of this effective @ of the amplification
curve to the actual @ of the tuned circuit depends upon the grid-leak
and plate resistances associated with the tuned circuit. It is given by
the equation’

Effective @ of amplification curve 1

Actual Q of tuned circuit T wlQ
L ar R
P

: 0 (60)
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With pentode amplifiers the effective @ of the amplification curve is only

slightly less than the @ of the tuned circuit.  With triode tubes, however,
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F16. 69.—Actual and equivalent eireuits of tuned amplifier employing transformer coupling

the low plate resistance makes the effective Q normally much lower than
the actual @ of the tuned cireuit.

The transformer-coupled amplifier of Fig. 676 behaves in much the
same way as does the direct-coupled cireuit of Fig. 67q, although differing
in details of analysis. The equivalent cireuit can for all practical pur-
poses be reduced to that shown in Fig. 69b. This is a simple coupled
cireuit, and has already been mentioned in Sce. 15.  Following the usual
method of analyzing coupled eircuits, one obtains

Amplification at) _ wMQ
resonance f (wM)*/R,
R
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(61a)

In the special case of pentode tubes the plate resistance R, is so high that
to a good approximation liq. (61a) ean be rewritten as

Approximate amplification
at resonance for pentodes

} = GnoMQ (61b)

! This ratio is simply the ratio of the impedance formed by the combination of
tuned circuit, grid-leak resistance, and plate resistance, all in parallel, to the impedance
of the tuned circuit.
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With triode tubes the maximum amplification is obtained when the
coupled impedance (w)?/R, is equal to the plate resistance of the tube.
With such tubes the use of transformer coupling provides a means of
matching the tuned circuit to the tube in such a way as to give maximum
possible amplification. In contrast with this, the amplification with
pentodes becomes greater the higher the coupling, because the plate
resistance is so high that a match with the load impedance can never be
realized.

With transformer coupling the ratio of effective Q of the amplification

curve to the actual @ of the tuned circuit is given by

Effective @ amplification curve 1
Actual Q of tuned circuit (wM)?/R, (62)
1+ R,
14

With pentodes the plate resistance is so high that the effective Q of the
amplification curve is practically the same as the Q of the tuned circuit.
On the other hand, triode tubes have such a low plate resistance that the
anmplification curve normally has a Q that is appreciably lower than the
actual @ of the tuned circuit.

Practical Calculation of Amplification Characteristic—In calculating
the amplification characteristic of a tuned amplifier, the first step is to
obtain the amplification at the resonant frequency, using Eq. (59) or
(61). Next, the effective Q of the amplification curve is caleulated, using
Eq. (60) or Eq. (62). Finally, the falling off in amplification at fre-
quencies differing from resonance is determined by the aid of the universal
resonance curve of Fig. 18.

Tuned Amplifiers with Complex Coupling.—When the resonant fre-
quency of the tuned circuit is adjusted by varying the capacitance, the
direct- and transformer-coupled arrangements of Fig. 67 give an amplifica-
tion that is roughly proportional to the resonant frequency. This is
evident when the equations of amplification at resonance are examined
and it is remembered that @ is roughly independent of frequency. This
behavior can be overcome by coupling the amplifier tube to the tuned
circuit by a network that makes the equivalent coefficient of coupling
become less as the frequency is increased.

An example of complex coupling to accomplish this result is given in
Fig. 70. Here C; is a small coupling condenser, commonly only 2 or
3 wuf, and L, is a relatively large primary inductance not coupled to the
secondary. Thisinductance has a shunting capacitance C; that resonates
it to a frequency slightly below the lowest frequency to be amplified. In
such a circuit the equivalent mutual inductance becomes less as the
frequency is increased above the frequency at which L,C, are in parallel
resonance. With proper circuit proportions the effective coupling
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hetween the tube and the tuned circuit becomes just enough less as the
frequency is raised to make the amplification substantially constant over
an appreciable range of frequencies.

Band-pass Amplifiers—A band-pass characteristie such as shown in
Fig. 24 can be realized in an amplifier by the use of two resonant cireuits
tuned to the same frequoncy and coupled, as shown in Fig. 7la. This
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F1g. 70.—Tuned amplifier with complex coupling such that the coefficient of coupling

becomes less as the frequency is increased.
arrangement is very desirable for the amplification of modulated waves
because it can provide substantially constant amplification for all the
esscntial side-band frequencies contained in the wave, while discriminat-
ing sharply against other frequencies. In contrast with this, a tuned
amplifier employing a single resonant cireuit has a rounded-off response
curve, and so cannot discriminate against interfering frequencies just
outside the desired frequency band without at the same time diseriminat-
ing against the higher-frequency side-hand components.
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F1a. 71.—Actual circuit of band-pass amplifier together with equivalent circuit.

The equivalent circuit of a band-pass amplifier is shown in Fig. 71b.
This can be reduced to a band-pass circuit with series voltage by the
method described in connection with Fig. 25, with the result shown in
Fig. 7lc. 'This has already been discussed in Sec. 25 where it was shown
that in the practical case with R, much greater than the reactance of the
primary condenser C,, the equivalent series voltage is
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Itquivalent voltage that can 1
be considered acting inseries, = —E"G"'w—(j_ (63)
with the primary ’ r

The amplification can be caleulated from the equivalent circuit of
Fig. 71¢ by following the method of coupled-circeuit analysis discussed in
Sec. 14. At the common resonant frequency of the two circuits, the
amplification is

Amplifieation at resonant)' e ka\/E;L_,,
frequency | B 4 1
Qss

(64a)

where
(i, = mutual conductance of tube
k = coefficient of coupling between primary and secondary
inductances ‘
we = 27 times resonant frequency
Q, = wlL,/R, for primary circuit, taking into account any equiva-
lent series resistancee that may be added by the plate resist-
ance of the tube
Q. = wls/R, for secondary circuit
L,, L, = primary and secondary inductances, respectively.
This amplification has its maximum possible value when the coefficient
of coupling has the critical value k& = 1/4/Q,Q,. ax defined by Kq. (26b).
Substituting this value for critical coupling into Eq. (64a) gives

Maximum possible] _q. wO\/L,,L v Q,Q.

amplification f (64b)

Comparison of Eqgs. (64a) and (64b) shows that, when the primary and
secondary circuits are identical and the plate and grid-leak resistances
are very high, the gain obtained with the band-pass arrangement is
exactly half that which ix obtained when a single tuned circuit is employed.
With couplings greater than the critical value Iq. (64b) gives with satis-
factory accuracy the amplification at the peaks of the double humped
curve, while Iiq. (64a) still gives the amplification at the common resonant
frequency.

Selectivity and Selectivity Curves of Tuned Amplifiers—The ability
of a tuned amplifier to discriminate against interfering signals is often
fully as important as the gain of the amplifier at resonance. The effec-
tiveness of an amplifier in diseriminating against frequencies off resonance
can be most satisfactorily shown by plotting a curve of relative amplifica-
tion in the manner shown in Fig. 72. This figure gives the relative input
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required to maintain the output constant as the frequencey of the input
is varied. The input required to produce the output at the frequency
of maximum amplification is used as the reference value. Thus in the
band-pass case in Fig. 72, it takes an input signal 25 times as strong to
produce a given output when the carrier is 30 ke off resonance as it does
when the carrier is exactly at resonance. The superiority of the band-
pass amplifier in its ability to discriminate against frequencies appre-
ciably off resonance, and at the same time respond uniformly to a band of
frequencies about resonance, is elearly evident from Fig. 72.
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FiG. 72.—Selectivity curves of tuned amplifiers in which the ordinates show relative input
voltages required at different frequencies to maintain the output voltage constant.
45. Noise, Hum, and Microphonic Effects.—All amplifiers give some

output even when there is no input voltage. Such output is commonly

referred to as hum, noise, or microphonic action depending upon its
origin.

Hum.—The term hum is applied to voltages introduced into the
amplifier by the action of power circuits. The chief sources of hum are
stray electrostatic and magnetic fields, poor filtering in the rectifier-filter
system for supplying anode power, and the use of alternating current for
heating cathodes.

Hum from a cathode-heating current can be kept small by using
properly designed heater-type tubes, as discussed in See. 84. Hum
from the plate supply is readily controlled by the addition of a more
adequate filter.

Electrostatic fields cause trouble with parts of the amplifier having a
high impedance to ground, since any electrostatically induced current
flowing to ground will produce a hum voltage that is proportional to the
impedance between ground and the clectrode upon which the ficld ter-
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minates.  Trouble of this sort can he readily controlled by electrostatie
shielding of tubes and eritical parts of the cireuit (particularly grid leads)
and by proper circuit layout. It is also helpful to ground the metal
chassis of the amplifier. — — e —

Magnetie fields are the most troublesome sources of hum. Such
fields induce voltages in coupling transformers and sometimes also affeet
the flow of eleetrons in the tubes.  Hum from magnetie fields is minimized
by using resistance coupling in the low signal level part of the amplifier
and by providing adequate spacing between the input parts of the ampli-
fier and the power and filament transformers. Twisted filament leads
arc also advisable. When coupling transformers must be used at low-
level points, as to mateh a low-impedance line to the first tube, the trans-
former is preferably of a type in which the windings are arranged to
minimize hum pick-up and should also be provided with a magnetie shield.
Residual hum pick-up ean then he minimized by orientation of the trans-
former. Hum resulting from direet action of the magnetie ficld on the
clectron flow of the first tubes of an amplifier ean be kept under control
by using ample spacing, and by the use of tube shiclds of high-permea-
bility magnetie material.

Hum problems are most severe in high-gain audio-frequency ampli-
fiers, since here the hum voltages when onee introduced into one of the
carlier stages are efficiently amphified by the subsequent stages. Hum
troubles are also present to some extent in tuned amplifiers, however,
because the hum voltages superimposed upon the eleetrode voltages of
the tube will cause the amplification of a radio-frequency stage to vary
slightly at the hum frequeney, thereby modulating the hum upon the
radio-frequency voltages heing amplified.

Microphonic Notse—The term microphonie noise is applied to cffects
that result from mechanical vibration of the tube or other parts of the
circuit.  In audio-frequency amplifiers, these vibrations produce audio-
frequency variations in the plate current that are then amplified. In
radio-frequency amplifiers, vibrations modulate themselves up the high-
frequency voltages being amplified.

Microphonice action can be minimized by mounting the tube or other
part so that it is protected from mechanieal vibrations transmitted either
through the air or through the base. Individual tubes and tube types
vary greatly in their tendeney toward microphonie action, =o that where
this factor is a problem it is commonly desirable to seclect tubes indi-
vidually for low microphonic noise.

Thermal Agitation Noise—The random motion of free electrons in
conductors produces minute voltages across the terminals of the conductor
that are continually changing in character and amount. Since the motion
of the electrons is due to temperature, these potentials are said to be the
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result of thermal agilation. The voltages produced by thermal agitation
are of random character having energy uniformly distributed throughout
the entire frequency sp(‘('truin.

The magnitude of the voltages produced by thermal agitation can be
calculated by the formula

Square of effective value of voltage "
components lying between frequen-; = E* = 4kT A ‘Rdf  (65)
cies f1 and f,

where
k = Boltzmann’s constant = 1.374 X 102 joule per degree Kelvin
T = absolute temperature in degrees Kelvin
R = resistance component of impedance producing voltages of ther-
mal agitation (a function of frequency), when the impedance is
expressed as a resistance in series with a reactance
f = frequency.
In the special ease where the resistance component of the impedance is
constant over the range of frequencies from fi to fy, q. (65) reduces to
the much simpler form

E* = 4kTR(f. — f1) (66)

The noise voltages arising from thermal agitation set an ultimate limit
to the smallest potential that ean be amplified without being lost in a
background of noise. An idea as to the order of magnitude of this limit
can be obtained by noting that with a resistance of 14 megohm at 300°IKK.,
the noise voltage according to Eq. (66) for a frequeney band 5000 eyeles
wide is 6.4 uv. The noise level of most amplifiers is determined by the
thermal agitation of the resistance in the grid ecircuit of the first amplifier
tube.

Shot Effect and Related Phenomena.—The fact that the stream of
electrons flowing from cathode to plate is made up of a series of particles
rather than a continuous fluid causes minute irregularities in the plate
current of the vacuum tube. This results in the possibility of noise of a
kind termed shot effect.

The irregularities which shot effect give rise to depend upon the space
charge that is present, and become small when there is a complete space
charge. It is therefore important that the electron emission from the
cathode be sufficient to produce a complete space charge. The extent to
which the space charge is adequate can be readily observed by varying
the cathode heating current and noting whether the space cyrrent changes
appreciably.
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In some types of cathodes there ix a form of shot effect, termed flicker
effect, that arises as a result of random changes of emixsion over ~mall
cathode areas.  With oxide-coated cathodes the flicker effect is normally

greater than_the true shot effect.

Positive ions produced in the tube as a result of ionization of residual
gas, or as a result of the oceasional emission of positive ions by the cath-
ode, also give rize to a modified form of shot effeet. With tubes having a
good vacuum the noise introdueed in this way with ordinary space charges
is of the same order of magnitude as the thermal-agitation noise occurring
in the plate resistance of the tube.

Miscellaneous Sourees of Noise.—In addition to the factors discussed
above, there are a number of additional ways by which noise can he
ereated.  Thus poor contacts, leaky condensers, faulty resistances, ete.,
very commonly result in the introduction of noise.

Carbon resistors carrying direet current are also particularly trouble-
some sources of noize.  Such noise arises from fluetuations in the contact
resistance between adjacent granules and is similar in character to the
“hiss” occurring in carbon microphones.  The magnitude of the effeet
ix o great that carbon resistors cannot be used as plate-coupling resist-
ances in amplificrs that must amplify even moderately small voltages.

46. Input Admittance of Amplifiers and the Neutralization of Grid-
plate Capacitance.—7The input admittanee of an amplifier ix defined as
the admittance that is scen when looking toward the control-grid clectrode
of the tube. Thix is the admittance across which the voltage to he
amplified is applied.

With sereen-grid and pentode tubes arranged to have complete elece-
trostatic shiclding between control-grid and plate electrodes, the input
admittance is supplied by the sum of the grid-screen and grid-cathode
capacitances. Thix ix commonly 3 to 10 puf and is independent of the
conditions existing in the plate eireuit of the amplifier.

In tubes having direet capacitance between control grid and plate,
such as exists in triodes and also in sereen-grid and pentode tubes having
incomplete shiclding, the input admittance is also influenced by the
conditions in the plate circuit of the tube.  Thix is hecause the amount of
current that flows from the control-grid to the plate electrode through
the direct capacitance between these clectrodes i1s determined by the
potential difference between grid and plate, and this potential difference
obviously depends upon the amplified voltage developed across the load
impedance in the plate cireuit.  Sinee the amplified voltage developed
in the plate cireuit ix normally muech greater than the signal voltage, it is
apparent that the potential difference between grid and plate will be very
high as compared with the signal voltage actually applied to the grid.
This situation ecauses the current flowing from grid to plate to be unusually
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large. Dircet capacitance between grid and plate is hence of very great
importance in determining the input admittance.

When the load impedance in the plate circuit is a resistance, the
amplified voltage developed in the plate circuit is exactly 180° out of
phase with the signal voltage applied to the grid. Under these conditions
the voltage difference between grid and plate is E, + E, = E(1 + 4),
where A4 is the voltage amplification between the grid and plate electrodes
of the tube (but does not include any transformer step-up). The current
that flows from grid to plate is equal to this voltage divided by the capaci-
tive reactance of the grid-plate capacitance and so is E,(1 4+ A)wC,,.
Since this current is supplied by the signal voltage E,, it represents an
effective input capacitance of (1 4+ 4)C,,.

(o) Actual Circuit (b) Equivalent Circuit for
Analyzing Input 8dmittance
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Fia. 73.Equivalent ecireuit for analyzing amplifier input admittance. The input
admittanceis the ratio of current entering the grid electrode to the signal voltage applied
to the grid and depends upon the load impedance in the plate circuit.

When the load impedance in the plate cireuit is not a resistance, the
analysis must be modified to take into account this fact. If the tube is
considered as offering to the signal an input capacitance Cy shunted by a
resistance R,, as shown in Fig. 73, one then has

. 1/wC, -
Input resistance = R, = — A sin —’(; (67)
Input capacitance = C, = Cyy + C,,(1 4 A cos 6) (68)
where
C,, = grid-plate tube capacitanee
C,; = grid-cathode tube capacitance
A = ratio of voltage developed across load impedance in plate

circuit to applied signal (i.e., 4 is the amplification of tube
alone, not taking into account any step-up of voltage in the
load)

# = angle by which voltage across load impedance leads equivalent
voltage acting in plate circuit (8 positive for inductive load
impedance).

The input resistance in Eq. (67) takes into account the fact that when
8 is not zero, energy is transferred direetly between grid and plate circuits
through the grid-plate capacitance. When the plate load impedance
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has a capacitive component, the input resistance is positive, meaning
that the signal voltage transfers energy directly to the plate eircuit. On
the other hand, when the plate load impedance has an inductive com-
ponent, the input resistance is negative. The input_circuit then receives _
some of the amplified energy present in the plate circuit.  The magnitude
of the input resistance decreases as the frequency becomes greater, because
the higher the frequency the greater will be the current flowing through
the grid-plate capacitance with a given potential difference.  As a con-
sequence, the effects of the input resistance become more important as
the frequeney is raised.

In audio-frequency amplifiers the input capacitance tends to spoil
the high-frequeney response.  This is particularly the case with high-mu
triode tubes, since the large value of A obtained with such tubes makes
the input capacitance very high. The resistanee component of the input
admittance is ordinarily too high to be of much importance at audio
frequencies.

In radio-frequency amplifiers the resistance component of the input
admittance is particularly important. This is beeause the input resist-
ance of the tube is in shunt with the tuned circuit supplying the signal
voltage that ix applied to the tube.  In case the input resistance is posi-
tive, the effeetive Q of the tuned eireuit will be greatly reduced.  On the
other hand, if the input resistance is negative, energy will be supplied to
the tuned circuit, and oscillations can be expected. It is for this reason
that radio-frequency voltage amplifiers ordinarily employ pentode or
sereen-grid tubes so designed as to give practically perfeet cleetrostatie
shielding between grid and plate electrodes.  When triode tubes are
employed for radio-frequeney amplification, it is necessary to neutralize
the effect of the energy transfer through the grid-plate capacitance.

Neutralization of the Input Admittance of a Vacuum-tube Amplifier—
The cffeet of the current that flows through the grid-plate eapacitance
of a triode tube can be neutralized by arrangements that provide for the
flow of an equal and opposite current through an auxiliary (or neutraliz-
ing) condenser.  The most common methods of doing this are the Neutro-
dyne and Riee circuits illustrated in Iig. 74.  In the form of Neutrodyne
circuit shown in Fig. 74, the inductance Ly is closely coupled to the coil
Lp but is wound in the opposite direetion. The voltage developed by
Ly is accordingly proportional to the voltage developed in the plate eireuit
of the tube but is of opposite polarity. The neutralizing condenser Cy
is then adjusted so that the current that flows through it will just neutral-
ize the effect of the current flowing in the opposite direction through the
grid-plate capacitance of the tube.

In the Rice system of neutralization the input cireuit is split into two
parts. By properly adjusting the capacitance of the neutralizing con-
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denser, a voltage developed in the output between plate and ground sendx
currents into the two parts of the input circuit that cancel cach other’s
effects.

47. Multistage Amplifiers with Particular Reference to Regenera-
tion.—In a multistage amplifier it is possible for energy to be transferred
between stages by the grid-plate tube capacitanee as discussed above, by
stray couplings, or by an impedance common to more than one stage.
Such energy transfer is termed regeneration, and cither modifies the
amplification or when of sufficient magnitude will produce oseillations.

In resistance-coupled amplifiers such oscillations are of the multi-
vibrator type (see Sec. 67) and have sueh a low frequencey that when heard
in a loud speaker they produce a characteristic ‘“put-put’” sound that is
termed motorboating.

Regeneration in Audio-frequency Amplifiers—The most important
eause of regeneration in audio-frequency amplifiers is energy transfer

(@) Neutrodyne (or Hazeltine) (b) Rice System of
System of Neutralization Nevtralization
Cu

- i

F1G. 74.—Typical circuit arrangements for neutralizing the cffect of energy transfer
betwecen grid and plate circuits through the grid-plate tube capacitance by an equal and
opposite energy transfer through a neutralizing condenser (',.
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between stages as a result of impedance in the source of plate voltage.
Thus in Fig. 75a, amplified currents in the plate cireuit of the final tube
will produce a voltage drop in the internal impedanee of the plate-supply
system. This voltage then acts in the sereen and plate circuits of the
first tube, resulting in a transfer of energy that modifies the behavior.
The regeneration produced by a common plate impedance is of impor-
tance to the extent that the voltage transferred back to the plate and
sereen circuits of the first tube is of appreciable magnitude compared with
the output voltage developed by the first stage in the absence of regenera-
tion. It is not ordinarily necessary to consider regeneration between
other tubes than the first and last because of the smaller difference in
power levels involved. Regeneration arising from a common plate
impedance is most troublesome in amplifiers having very high gain,
because then the voltage drop produced in the common plate impedance
is largest in proportion to the output voltage of the first tube.
Regeneration from a common plate impedanee ean be minimized in
a number of ways. A large condenser in shunt with the power-supply
system will reduce the common impedance, particularly at radio fre-

!
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quencies and at the higher audio frequencies.  In addition, the plate and
sereen cireuits of low-level stages can be isolated by the use of series
impedances (resistances or inductances) and shunt condensers, as shown
in Fig. 75b.  Such arrangements are ealled filters, and serve to make the
voltage actually transferred to the plate and screen circuits of a low-
level stage less than the voltage developed aeross the common impedance.
In order to be effective, the series impedance of such a filter must be
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Fi1G. 75.—Multistage amplifier showing how the internal impedance of a common
power-supply system can transfer energy from the final stage to earlier stages, together
with same amplifier provided with filters for reducing this energy transfer.

much higher than the reactance of the shunt condenser at all frequencies
for which the filter is to be effective. The high series impedance then
prevents the voltage developed across the common impedance from
sending appreciable current toward the input stage, while the low shunt
impedance short-circuits substantially all of whatever current does flow.
The result is that the voltage actually introduced into the plate and
screen circuits of the input tube is very much less than the voltage
developed across the common impedance. The reduction is given
approximately by the equations!

! These equations assume that X is small compared with Z, and the plate and
coupling impedances of the input tube, and that Z, is much larger than the common
impedance. Under these conditions a voltage E, across the common impedance
causes a current £,/Z, to flow through Z, (IFig. 75b). The gr-ater vart of this current
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Reduction with one-stage filter = :,2—2 (69a)
1
. g . XX,
Reduction with two-stage filter = T I (69b)
141

where Z; and Z,’ are the serics impedances of the filter sections, and X,
and X, are the reactances of the shunting condensers.

The effectiveness of filters and shunting condensers becomes less the
lower the frequency, and trouble is practically always experienced in
avoiding regeneration in high-gain amplifiers that have a good low-fre-
quency response. This makes it desirable to design audio-frequency
amplifiers so that the low-frequency response is no better than actually
required. Even then it is often necessary to use a separate power-supply
system for different parts of the amplifier.

The principles involved in designing a filter system are illustrated by
ithe following example.

Example.—In the amplifier of Fig. 75b cach stage gives a voltage gain of 60 in the
middle-frequency range, and the filtering need not be effective below 40 cycles. The
internal impedance of the plate-supply system is the reactance formed by an 8-uf
shunting condenser. Assign values to the elements in the plate filter Fig. 75b, so
that the voltage acting in the plate circuit of the first tube will not exceed 10 per cent
of the voltage which this tube applies to the grid of the second tube.

On the assumption that the signal at the grid of the second tube is 1 mv, the voltage
developed across the coupling resistance in the output of the final tube is

60 X 60 X 0.001 = 3.6 volts.

The current through the coupling resistance is then 3.6/250,000 = 14.4 pa, and this
flowing through 8 uf will at 40 cyeles produce a voltage

14.4 X 1076/(2r X 40 X 8 X 107%) = 0.0072 volt.

The filter for the first stage is then required to reduce this to 0.0001 volt, or by a factor
of 145. A varicty of condenser-resistance combinations will do this satisfactorily.
Thus substitution in Eq. (69b) shows that if 14 uf shunting condensers are used, the
series resistances for a two-stage filter inust each be at least

A 72/(2x X 40 X 0.5 X 107%) = 68,000 ohms.

It will be noted that little or no filter is required for the middle stage. This is
hecause the voltage that this tube delivers to the grid at the final tube is 0.060 volt,
which is quite large compared with the 0.0072 volt developed across the comnion
impedance.

flows through X and so produces a voltage E.X./Z, across X2. In the case of a one-
stage filter, this is the voltage actually inserted in the plate cireuit of the input tube,
and is less than the voltage E, by the factor Xo/Z:. In the case of a two-stage filter,
there is a further reduction of Xy'/Z/’, giving a total reduction of X:X,'/Z,Z/, as in
Tig. (69b).
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The sereen-grid filter can ordinarily be taken care of by the voltage-
dropping resistance in the screen eireuit, provided the by-pass condenser
from screen to cathode is of reasonable size. Thus in Fig. 75b, if a
I-megohm series resistance is required to drop the supply voltage to the—
value needed for the sereen, and the screen-cathode condenser is 1 uf,
then the reduction at 40 cycles as calculated from Eq. (69a) is 251, which
is obviously adequate. However, with very high-gain amplifiers it is
sometimes necessary to provide a two-stage filter in the screen cireuit by
dividing the voltage-dropping resistance into two parts, and using two
by-pass condensers.

Audio-frequency amplifiers are also troubled by regeneration arising
from electrostatic and magnetic couplings. Electrostatic coupling
between unshielded tubes and leads, particularly grid leads of different
stages, often causes trouble. This coupling usually results in a high
audio-frequency oscillation, and the remedy consists in providing ade-
quate shiclding.  Magnetic coupling hetween stages can arise when there
i1s more than one coupling transformer employed. The usual remedy
consists in a change in relative orientation of the transformers involved,
or in increased spacing.

Regeneration in Radio-frequency Amplifiers.—At radio-frequencies a
common cause of regeneration is electrostatic and magnetie coupling
between tuned circuits of different stages. This cause of regencration is
ordinarily controlled by enclosing coils in copper or atuminum shielding
cans, and by shielding the sections of the tuning condenser from each
other. It is also necessary to employ sereen-grid or pentode tubes, or to
use neutralized triodes, in order to prevent encrgy transfer direetly
through the tube.  Care must likewise be used in placing the wiring,
particularly the grid and plate leads, so that these introduce no capacitive
coupling between stages.

Impedances common to two or more stages are particularly trouble-
some causes of regeneration in radio-frequency amplifiers.  This is
because at the high frequencies involved a wire only a few inches long
will often have sufficient reactance to provide an effective means of trans-
ferring energy.  Unavoidable common impedances, such as those from
common sources of electrode voltages, can be reduced to a low value by
shunting with by-pass condensers, and in addition filters may be placed
in the leads running to the individual amplifier stages. Indiseriminate
use of the chassis as a return eireuit often gives trouble, since the chassis,
when used in this way, provides an impedance common to all the circuits.

48. Feedback Amplifiers.—In the fecdback amplifier a certain amount
of regeneration ix deliberately introduced in such a way as to reduce the
amplifier gain. By properly carrying out this operation it is possible to
reduce the non-linear distortion and noise generated in the amplifier, to
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make the amplification substantially independent of electrode voltages
and tube constants, and to reduce greatly the phase and frequency
distortion.

The operation of a feedback amplifier can be understood by reference
to the schematic diagram of Fig. 76. Here A represents an amplifier
which has a gain A when used as an ordinary amplifier. Regeneration
is introduced by superimposing on the amplifier input a fraction 8 of the
output voltage E so that the actual input consists of a signal e, plus the
feedback voltage BE. The effective gain of the amplifier is then®

Gain, taking into} __ 4 (70)
account feedback 1 — AB

In this equation the assumption as to signs is such that when the feedback

voltage opposes the signal voltage, 8 is
negative. _ Sgnales |  Amplifler Output E_

. geinA
The quantity AB can be termed the pE
feedback factor, and 1'epresenfs the ampli- B
tude of the voltage superimposed upon e, Vi fecolbock or 3 e
X . ctual amplifier input = e BE
compared with the actual voltage applied Amplifier’ output =C.=A(€54/GE)
to the input terminals. Thus if A8 = 50, Fr.76.Schematic diagram of feed-
. .. back amplifier.
then for each millivolt existing between
the input terminals, the feedback voltage will be 50 mv. If the phase is
such as to give negative feedback, a signal of 51 mv will then be required
to produce 1 mv at the amplifier input terminals.
Examination of Eq. (70) shows that the amplification is reduced by
the presence of negative feedback. Furthermore, when A8>> 1, Eq. (70)
reduces to

Amplification w1th} _ -1 1)

large feedback B

Expressed in words, Eq. (71) states that, when the feedback factor AB
is large, the effective amplification depends only upon the fraction g of
the output voltage that is superimposed upon the amplifier input, and is
substantially independent of the gain actually produced by the amplifier
itself.

1 Equation (70) is derived as follows: If E is the output voltage, then the feedback
voltage is BE, and the actual input potential is (e, + 8E), This input amplified 4
times must equal E, t.e.,

(es + BEYA = E

Equation (72) then follows by solving for E/e,, which jg the actual gain.
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This remarkable behavior ix a result of the fact that, when the fecd-
back ix large, the voltage actually applied to the amplifier input terminals
represents a small difference between relatively large signal and feedback

—————voltages. A meoderate change in the amplification .1 therefore produces a

targe change in the difference between signal and feedback voltages, which
tends to correct for the alteration in amplification.  Thus in the amplifier
considered above, where 18 = 50, if the amplification 4 were halved by
a change in design, it would then take 2 mv aeross the input terminals to
deliver the same output as before.  With 8 unchanged, the feedback
voltage would still be 50 mv, so it would require a signal of 50 + 2 = 52
mv instead of the previous 51 mv to produce the same output. Thus a
2 per cent change in effeetive over-all amplification has resulted when
the gain A is altered by 50 per cent.

Inasmuch ax the quantity g depends upon cireuit elements sueh as
resistances that are permanent, the amplification with large feedback is
substantially independent of the tube characteristies and eleetrode volt-
ages.  Furthermore Eq. (71) shows that,the amplification with large
fecdback is inversely proportional to 8. Hence if the fraction 8 of the
output voltage that is superimposed upon the input is obtained by a
resistance network, the amplification will be substantially independent
of frequency and will have negligible phase shift.  On the other hand, if
it ix desired to have the amplification vary with frequency in some par-
ticular way, this can be readily accomplished by making the 8 (or feed-
back) circuit have the same transmission-loss characteristic as the desired
gain characteristie.

The presence of negative feedback also reduces the non-linear dis-
tortion produced in the amplifier, This happens because the distortion
‘components of the output voltage are fed back in such a polarity as to
produce amplified distortion voltages that tend to cancel the distortion
generated in the amplifier. It can be readily shown that as a result of
feedback, the distortion is reduced according to the relation.

Distortion in absence
Distortion with] of feedback
= (72)
feedback f 1 — A8

If 4B is made large by employing a large amount of feedback, the
result is a very great reduction in the ratio of distortion to desired
output.

The signal-to-noise ratio is also improved by feedback under certain
conditions. A comparison of the signal-to-noise ratios in amplifiers with
and without feedback, when the same noise voltage is introduced some
place in the amplifier and the signal outputs are the same, shows that
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Signal-to-noise ratio
with focdba(jk _ ays , (73)
Signal-to-noise ratio] ~ ao(l — A48)

without feedback f

where a; and «p are the amplification between the place at which the
noise is introduced and the output, with and without feedback, respec-
tively. Ixamination of this relation shows that feedback will greatly
reduce noises introduced in high-level parts of the amplifier, such as from
a poorly filtered power supply in the plate circuit of the final tube. Feed-
back does not, however, help reduce noise introduced at very low power
levels, such as thermal agitation, induced hum, microphonic noises, ete.

Feedback without Oscillations.—In order to realize the advantages of
feedback, the amplifier and its feedback must be so grranged that oscilla-
tions do not occur. This can be accomplished by making the feedback
voltage normally in phase opposition to the applied signal (i.e., AS nega-
tive and real) and by arranging the circuits so that there is no frequency
where AB is positive, real, and greater than

unity.! :
No trouble from oscillations need be ex- % Bt
pected when the feedback takes place between y

the plate and grid circuits of the same tube. 5

IFeedback can also be carried on from the ! +Ey -
plate circuit of one tube to the grid circuit of Fig. 77.—Typical feedback
the next preceding tube without trouble fmeiner Jirenit +";mw}:;fc e
except when a transformer-coupled stage is output voltage is superimposed
involved. However, with more than two °F the signal voltage Eu.
stages, oscillations ean generally be expected except when special design
procedures are employed.

The circuit of a practical feedback amplifier is illustrated in Fig. 77.
Here a pair of voltage-dividing resistors R; and R, are used to superimpose
a fraction Ro/(R, 4+ R,) of the output voltage upon the input voltage.
Other circuits, and general design procedures, are to be found in the
literature.?

49. Behavior of Vacuum Tubes at Ultra-high Frequencies.—In all
the discussion that has so far been devoted to amplification it has been
assumed that the time required for an clectron to travel from the cathode

1 This is a sufficient condition for avoiding oscillations. There are circumstances,
however, in which oscillations are not obtained even though this condition is not
satisfied.

 In particular see F. K. Terman, Feedback Amplifier Design, Electronics, vol. 10,
p. 12, January, 1937.
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to the plate is negligible compared with the length of time represented
by a cycle. At very high frequencies this assumption is no longer
permissible,

The result of a finite time for the transit of the electrons modifies the
tube characteristics in a number of important respects. In particular,
the tube constants such as the amplification factor, mutual conductance
{transconductance), and plate resistance become vector quantities with
a magnitude and a phase that vary with frequency. The mutual con-
ductance, for example, lags in phase because the finite transit time causes
changes in the plate current to lag behind changes in grid voltage. The
absolute magnitude of the mutual conductance is also modified slightly.
The amplification factor tends to decrease in magnitude and to have an
increasingly large phase angle as the frequency inereases, while the plate
resistance likewise depends upon the frequency.

Analysis shows that the usual equivalent circuits of the amplifier tube
still hold, provided the amplification factor, mutual conductance, and
plate resistance are given the appropriate values (including both magni-
tude and phase), which take into account the effect of the finite transit
time.

The finite transit time also causes power to be consumed by the grid
of the tube even when the grid is biased negatively and attraets no clee-
trons.  This comes about as a result of the interchange of energy between
the signal voltage acting on the grid and the electrons traveling to the
plate. The amount of power lost in this way can be expressed in terms
of an equivalent resistance shunted between the grid and eathode elec-
trodes of the tube. Analysis shows that this equivalent input resistance
in the case of Class A amplifiers is inverscly proportional to the square
of the physical size of the tube and inversely proportional to the square
of the frequency.

The grid loss oceasioned by finite transit time is negligible with stand-
ard tubes at broadceast frequencies but becomes increasingly important
at higher frequencies. Thus measurements upon a typical Type §7
pentode show that at 1000 ke the input resistance is approximately 21
megohms, but, since the input resistance is inversely proportional to the
square of the frequency. at 30 me it becomes approximately 23,000 ohms,
and at 100 me is only 2100 ohms!  As a result, the maximum possible
amplification obtainable from a §7 tube falls to less than unity at slightly
above 100 me.

50. Miscellaneous. Jethods of Volume Control.—In all practical
amplifiers it is necessary to provide some means of controlling the ampli-
fication so that the output voltage can be set at the desired level irrespee-
tive of the signal being amplified. The volume-control arrangement for
accomplishing this result should be such that the gain setting has litile
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or no effect upon the frequency response! and does not introduce ampli-
tude distortion.

In audio-frequency amplifiers the gain is normally controlled in a
resistance-coupled stage by the method shown in Fig. 78, where the grid
leak is supplied by a high-resistance potentiometer.  The only effect
produced upon the amplifier characteristic by such a volume control is a
slight improvement in high-frequency response at low volume settings.

The volume of tuned amplifiers using pentode tubes is practiecally
always controlled by varying the mutual conductance of the amplifier
tube, cither by changing the control-grid bias or the sereen-grid potential.
* This method of eontrolling volume does not affect the shape of the fre-
quency-response characteristie, and it has the advantage of permitting
the amplification of several stages to be controlled simultaneously.  Vari-
able-mu tubes are practically always employed when the gain of a tuned

15 T

Fia. 78 —Volume-control arrangement normally used in resistance-coupled amplifiers.

amplifier is to be controlled, since these tubes eliminate amplitude distor-
tion and cross-talk troubles at low volume settings (sece Sec. 51).

Automatic Volume Control.—Circumstances sometinies arise where it
is desired to maintain the output automatically constant irrespective of
the input to the amplifier. Thus in a radio receiver it is desirable to
maintain constant output when the radio wave being received fades
through wide ranges in amplitude.

Automatic volume control of this type is accomplished by rectifying
a portion of the amplified radio-frequency carrier voltage, passing the
rectified d-¢ current through a resistance, and utilizing the voltage thereby
developed across the resistance to control the volume in such a way as
to tend to maintain the output constant. Dectailed discussion of auto-
matic-volume-control arrangements used in radio receivers is given in
Scee. 99.

Equalization of Amplifier Gain.—Where several stages of amplification
are employed in cascade, the way in which the amplification of an indi-

1 The only exception to this is under conditions where it is desired to comnpensate
for the fact that the sensitivity of the ear to high and low pitches relative to the middle
range of frequencies is less for weak sounds than for loud sounds (see Sec. 135). This
means that for proper reproduction at low output levels, frequency distortion tending
to favor the high and low frequencies is desirable. Volume controls which provide
this sort of characteristic are said to be ‘“tone compensated.”
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vidual stage varies with frequency is not particularly important so long
as the individual stages combine to give the desired over-all result.  Thus
an excessive falling off of the high-frequency response of one stage can
he compensated for by introducing a corresponding high-frequency peak
in another stage of amplification, ax illustrated in Fig. 79.  This possi-
bility of compensating for the deficiencies in over-all frequencey response
of a number of stages by modifying the characteristies of only one of the
stages simplifies greatly the problem of obtaining a desired result.  In
particular, it avoids the cost and trouble involved in attempting to make
cach individual stage perfeet within itself.

Use of Decibels to Express Relative Amplification.—The variation of
amplification with frequency in audio-frequency amplifiers is often
expressed in deeibels referred to some arbitrary level taken as zero deei-

. . . by b
o | Characteristic @ Characteristic 2 Overall
5 of Ist Stage < of Znd Stage g{ Characteristie
Q
2 > 3
& g -
3 ¥ g
< 2 <
O E L =)L S
[ ] O
o Frequency o« Frequency & Frequency

Fie. 79.- -Curves illustrating how the deficiencies in the frequency response of one
stage of an amplifier may be compensated for by the charactoristic of another stage to give
a uniform over-all response.
bels.  The significance of such curves can be understood by considering
what a decibel means.  The decibel is a unit for expressing a power ratio,
and is given by the relation

pl
Decibels = db = 10 logo 5—,? (74)

where Py and P, are the two powers being compared.  The decibel has no
other significance.  If it is to be used in expressing relative amplification,
it therefore signifies relative power output.  Thus, if the output voltage
varies with frequeney as shown in Fig. 80a, one might replot this curve
in decibels by assuming some arbitrary power as the standard. This
might, for instance, be the power output obtained at 400 eycles. The
power output at any other frequency is then proportional to (E/FEjo)?
where K is the voltage output at the frequency in question, and Ko is
the output voltage at 400 cycles.  Sinee the power output under these
conditions is proportional to the square of the voltage, one can rewrite
2q. (74) as follows for this particular case:

P E Y E e
db = 10 log, 13? = 10 log, (E, ) = 20 logo <73'400> (75)

00
It is now possible to plot a curve giving relative amplification in terms
of decibels, as is done at Fig, 80b. The significance of the deecibel curve
can be seen by considering a speeifie case,  Thus the fact that the ampli-
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fication in Fig. 80b is 5 db lower at 45 cycles than at 400 cycles means
that the output power at 45 cycles is 0.316 times the power at 400 cycles.!

(a)
5% -
%25 , *
o bl I
£ / | il
M 10 //_ | 1] \
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F16. 80.—Illustration of how relative gain can be expressed in decibels.

51. Amplitude Distortion and Cross-modulation in Amplifiers.—In
an ideal amplifier the output wave is exactly the same shape as the input
signal. In actual amplifiers the output wave commonly contains har-
monies and other components not contained in the signal, particularly
when the signal voltage is large. The analysis of amplitude distorting

! When working with decibels it is desirable to memorize the following table of
approximate equivalents,

TapLe VII

Approximate
db Approximate | voltage ratio
power ratio for same
resistance
0 1 1
-1 0.8 0.9
-3 0.5 0.7
—10 0.1 0.3
—20 0.01 0.1
0.001 0.03

—30

1t will be noted that the 70.7 per cent point in amplifiers corresponds to a 3-db loss in
amplification.
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of this type ean be accomplished for the case of a sine-wave signal and a
resistance load by the aid of the dynamic characteristic as discussed in
Sec. 52. A more comprehensive picture of the distortion in amplifiers,
and one that is not limited to sinusoidal voltages and resistance loads, is,
however, obtainable with the aid of the power-scries method of expressing
tube characteristics.

It was shown in Sec. 36 that, for electrode voltages such that the
instantaneous plate current never beeame zero, the characteristics of a
tube could be expressed in terms of the following power series:

E, 18Gnf,. , E, 1 8%, :
= 6B+ ) + gy 5 (m + ) +avam B )
(76)
where

E, = signal voltage applied to grid .

E, = voltage acting on plate as result of voltage drop of I, in load

impedance

G, = mutual conductance at operating point

p = amplification factor

I, = plate current caused by the action of E, and E,.

Since the voltage E, appearing in Eq. (76) represents the voltage
arising from the current I, in flowing through the load impedance Z, one
can substitute the relation E, = —I,Z in Eq. (76). When this is done
and the series inverted to give an explicit expression for I, the result is!

! The transformation from Eq. (76) to Eq. (80) is carried out as follows: The
substitution of E, = —ZI,into Eq. (76) gives
_ Lz 1,2\
I,,—G(F >+§aﬁ,(5 “>+--- 77)
This gives I, as an implicit function of E,, whereas what is wanted is an explicit
solution for I, of the form

I, =aE; + 0B + B + - - - (78)

The inversion from Eq. (77) to Eq. (78) is accomplished by substituting the value of
I, in the form of Eq. (78) for I, in Eq. (77) and then equating the coefficients of like
powers of E; on hoth sides of the result to determine the values that the a’s must
have in Eq. (78) to satisfy Eq. (77). Doing this gives

o =—r
Rp + Zl
=)
R, + Z,
a mm. aF R, + Zs (79)
1 g_zG_'." “R ! — _1% “RP )( Z)
_ 3G, aE,z(R,, ¥ Z, G aE,,(lx’,, SN A

Ry + 7
Equation (80) now follows by substituting these values of « into Fq. (78).
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I _ l‘Eﬂ +_1_6Gm E12
P R, + 2, " 24G, 3E, R, ¥+ Z.
1 0%Gn 1 4G, )
E.E
(3v,ﬁG 3E, ) Fusti o o)
R, + Zs
where

R, = plate resistance at the operating point

Z = load impedance. The subscripts 1, 2, and 3 denote the imped-
ance offered to the first-, second-, and third-order components
of the plate current. When any one order of plate current
contains components of several frequencies, the appropriate
value of Z must be used for each component

E, = ;uEa( R ij Z—) = voltage drop produced in plate resistance by
1
first-order component of current

_ Z 1 4G
E, = (R,, +Z )2',‘(; oE, "“E* = voltage drop produced across the

load impedance Z. by the second-order component of current.
Study of Eq. (80) shows that the various eomponents of the plate
current may be considered as being produced by a series of equivalent

(0) Equivalent Circuit for (b) Equivalent Circuit for
First-order Effects Second-order Effects
Rp | Z RP Z
N i ! 96m E
-uEqy Q ] "M G 24 ' T
(d) Complete Equnvolen? Circuit
(c) Equrvalenf Circuit for Toking into Account First:
Third-order Effects Second;and Third-order Effec'rs
| 3 Gm 3 R f
77 E P
" 3Mu%6m OES O é z -u g é
s _ aGm E E -J _l__ me 1 ‘/L
Lle DEg 2|’qu aEg \,1 j
5 | meE | BG“‘EE’ R
T3 uT6m e - T HGm 9Eg 02

Fic. 81.—Equivalent circuits taking into account first-, second-, and third-order compo-
nents of the plate current.

voltages acting in a circuit consisting of the plate resistance of the tube
in series with the load impedance.  If the positive direction is taken as
from ‘cathode toward plate (the opposite of the positive direction in
Eq. (80)), these equivalent voltages and circuits are as shown in Fig. 81.

It will be noted that the first-order effects correspond to the equivalent
circuit of the amplifier discussed in Sec. 40. This is now seen to be the
first-order approximation that results when the characteristic curve of
the tube is considered to be a straight line. The equivalent second-order
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1 The second part of the third-order voltage is similar in character to the first-order part, although differing in detail,
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voltage takes into account, to a first approximation, the error involved
in the first-order equivalent circuit.  The first- and second-order cffects
taken together assume that the charaeteristic curves of the tube are
portions of a parabola. The third-order component of the equivalent.
voltage represents to a first approximation the error involved when only
the first- and second-order components are taken into account.

Practical Application to the Analysis of Amplifier Distortion.—The
nature of the distortion that occurs in Class A amplifiers can be deter-
mined by caleulating the equivalent voltage acting in the plate eircuit
of the tube for the particular signal involved, using the equivalent cireuit
of Fig. 81d. The first-order component of thiscquivalent voltage ismerely
an enlarged replica of the applied signal and =0 needs no comment. The
second-order component is obtained by writing down the voltage £, ax a
function of time, as determined trom the results of the first-order term,
and substituting this in the expression for the second-order voltage.  The
third-order equivalent voltage is similarly obtained by substituting
appropriate expressions for the applied signal, for the first-order result
Ky, and the second-order result £, all of which must be written as fune-
tions of time.  Thisis done in Table VI for signals consisting of a simple
sine wave, and of two sine waves of different frequencies.

The first-order effects given in Table VIII represent the undistorted
part of the amplifier output, and need no discussion. The second-order
cquivalent voltages are scen to give risc to sccond harmonies, to sum and
difference frequencies, and to a d-¢ (or rectified) current.

The third-order component of the equivalent voltage produces third
harmonices and third-order combination frequencies. There is also a
third-order component having the same wave shape as the applied signal,
but an amplitude proportional to the cube of the signal.  This component
combines with the first-order part of the output to introduce a lack of
proportionality between the signal and the amplitude of the undistorted
part of the output. Finally, when the applied signal consists of two
frequencies there is a third-order portion of the output having the same
frequency as one component of the signal, but an amplitude dependent
upon the amplitude of the other component.  This particular term gives
rise to cross-modulation, since it makes the output on one frequency
depend upon the presence or absence of other frequencies.

Problems

1. A Type 56 tube is to be used under conditions given in Table V, page 85,
Determine the bias resistance required.

2. Determine the bias resistance required when a 6C6 tube is to be used at operat-
ing conditions given in Table V, page 85.

3. a. An alternating potential of 2 volts effective of a frequency of 1000 cycles is
applied to the grid of a triode having ¢ = 14, B, = 10,000, and a resistance load o
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12,000 ohms. Calculate (1) alternating current in the load, (2) alternating voltage
across the load, (3) alternating power dissipated in the load, and (4) ratio of voltage
across load to the voltage applied to the grid.

b. Repeat the above for a load consisting of a 2-henry inductance.

4. Repeat Prob. 3; using the constant-current generator form of the equivalent
circuit.

6. One volt is applied to the grid of a 56 tube operating at the conditions listed in
Table V, page 85. Calculate and plot a curve giving voltage developed across the
load impedance as a function of load for resistance loads from 0 to 30,000 ohms.

6. Repeat Prob. 5 for the case of a 6C6 pentode operating under conditions listed
in Table V, page 85.

7. Calculate and plot the amplification characteristic that would result if the
anmiplifier of Fig. 58 had Ru = 1 megohm, C. = 0.01 f, and delivered its output
voltage to a tube having an input capacitance of 3 uuf (pentode tube). Assume that
the output capacitance of the amplifier is 4 puf and that the wiring capacitance is
10 uuf. Make use of the universal amplification curve in the caleulation.

8. A resistance-coupled amplifier employs a pentode tube operated under condi-
tions such that the mutual conductance is 300 gmho. If the coupling and grid-leak
resistances are 500,000 and 1,000,000 ohms, respectively, and the coupling and esti-
mated shunting capacitances are 0.005 uf and 35 puf, respectively, ealeulate and plot
the curve of amplification as a function of frequency. TUse the universal amplifica-
tion curve in the calculations, and assume the plate resistance is 3 megohms.

9. a. Design a resistance-coupled amplifier, using the pentode tube of Figs. 39 to
42, when the plate-supply potential is 275 volts and when only the audio-frequency
range is to be covered. In this design specify suitable values for coupling resistance,
grid-leak resistance, and coupling condenser. Select a grid-bias and sercen voltage
so that between one-third and one-half the plate-supply voltage will be actually
applied to the plate after allowing for voltage drop in the coupling resistance. Also
specify the grid-bias resistance and the capacitance of the bias by-pass condenser.

b. Calculate and plot the amplification as a function of frequency by making an
estimate of the mutual conductance and plate resistance at the operating point, and
assuming the total shunting capacitance to be 35 ppf.

10. a. Design a resistance-coupled amplifier to cover the frequency range 15 to
100,000 cycles with an amplification that is always at least 0.90 of the mid-frequency
value. Use a 6C6 tube with a plate-supply potential voltage of 250 volts, and assume
that the shunting capacitances amount to 15 puf. Specify in the design the coupling
and grid-leak resistance, the coupling-condenser capacitance, suitable grid-hias and
screen voltages, and the proper bias resistance. Use plain resistance coupling rather
than a resistance-inductance-coupled combination.

b. Calculate the amount of amplification that would be expected in the mid-
frequency range, assuming reasonable values of plate resistance and mutual con-
ductance for the operating point selected.

11. The direct-current leakage resistance of a condenser is inversely proportional
to the capacitance of the condenser, so that the product of leakage resistance and
capacitance is fixed for any given type of dieleetric, although dependent upon the
type of dielectric employed. Keeping this in mind, explain why: (a) trouble from
direct-current leakage in the coupling condenser increases as the low-frequency
response is made better, (b) the best low-frequency response that it is practicable to
obtain is determined primarily by the character of the dielectric of the coupling
condenser, and (¢) rearranging the proportions of grid-leak resistance and coupling-
condenser capacitance while maintaining the low-frequency response unchanged has
very little effect on trouble from coupling-condenser leakage.
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12. Using data from tube manuals, and assuming that the wiring adds a capaci-
tance of 15 puf, make an estimate of the total tapacitance shunting the output of a
resistance-coupled amplifier using a 6C6 pentode tube when the amplified voltage is
delivered to: (1) another 6C6 tube, (2) a 47 tube, (3) a 75 tube operating as a resistance-
coupled amplifier with a plate-supply potential of 250 volts, (4) a 56 tube operating as
a resistance-coupled amplifier, and (5) a 2A3 tube.

13. It is stated in the text that if conditions in a pentode resistance-coupled
amplifier are such that the direct-current voltage actually applied to. the plate (after
allowing for the voltage drop in the coupling resistance) is insufficient to prevent the
formation of a virtual cathode in front of the suppressor, the amplification becomes
small. Explain why this is the case.

14. A resistance-coupled amplifier is to he designed to use a pentode tube and to
have a given high-frequency response characteristic. Explain why the amplification
obtainable under these conditions first increases as the plate-supply potential is
increased and then becoines constant with still further increases of plate-supply
voltage,

16. Explain why in triode resistance-coupled amplifiers the amplification obtain-
able is roughly proportional to the amplification factor of the tube, while the high-
frequency limit is gencrally greater the lower the amplification factor.

16. Derive Eq. (52b). 1In doing this start by using Thévenin’s theorem to simplify
the network on the tube side of the coupling condenser.

17. A certain transformer has the following characteristics:

Primary inductance at rated primary current, 30 henries

Primary inductance with secondary shorted 0.15 heury

Ratio of transformation (voltage ratio at low frequencies) =3.0

Series resonant frequency of secondary (with no tube shunted across
the secondary)

R. so large as to be of no consequence

Primary direct-current resistance = 500 ohms

R, (actual value before reducing to unity-turn ratio) = 10,000 ohms

13,000 cycles

This transformer is to he used with a 56 tube having an amplification factor of 14 and
a plate resistance of 11,000 ohms, The input capacitance of the following tube is
estimated as 50 ppf. Calculate and plot the way in which the amplification would be
expected to vary with frequency. Make use of the universal amplification curve of
Fig. 63 in this calculation,

18. What would be the best value of plate resistance to use with the transformer
of Prob. 177

19. Derive Eqs. (56) and (57).

20. Assume that in Fig. 62 the eddy-current resistance R, that is actually in shunt
with the transformer primary is 250,000 ohms. Caleulate and plot the frequency-
response characteristic obtained when R, is taken into account and replot Fig. 62 on
the same curve sheet to show the error that resulted from neglect of R, in Fig. 62.

21. In a transformer-coupled amplifier it is found that the frequency-response
characteristic at high frequencies is different when the amplified voltage is applied
to the grid of a pentode tube than when it is applied to the grid of a triode tube.
Explain.

22. A resistance shunted across the primary terminals of the transformer in a
transformer-coupled amplifier tends to make the high-frequency response peaked,
extends the region of substantially constant response to lower frequencies, and
reduces the mid-frequency amplification. Explain, using Thévenin’s theorem to
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simplify the network consisting of tube and shunting resistance that is on the tube
side of the primary terminals.

23. A transformer-coupled amplifier is to cover the frequeney range 80 to 8000
cyeles with a response at least 70.7 per cent and not more than 110 per cent of the mid-
frequency value. [If the tube has a plate resistanee of 10,000~ ohina, speeify
the primary inductance, the leakage inductance reduced to unity-turn ratio, and the
frequeney of serics resonance (when the load capacitance is connected across the
sceondary). Assuming that the turn ratio will be 3.5 and that the input eapacitance
of the tube to which the amplified voltage is delivered is 50 ppf, how much distributed
capacitance should the secondary of the transformer have, and what is the series
resonance frequency desired in the transformer when the secondary is not conneeted
to the next tube?

24. A transformer is to couple a 500-ohm line to the grid of a tube. Assuming
that the turn ratio is to be 15, speeify the minimum allowable primary inductance,
the maximum allowable leakage inductance (referred to the primary), and the desired
scries resonance frequeney, if the response is not to fall to less than 70.7 per cent or to
rise above 110 per cent of the mid-frequeney response over the range 60 to 11,000
cycles.

“26. A dircet-coupled tuned amplifier uses coil No. 3 in Fig. 10.  Assuming that the
losses of the tuning capacitances are negligible, calenlate and plot the amplification
as a function of frequeney up to 30 ke on each side of resonance for a resonant fre-
quency of 1000 ke, when a 616 tube is used under conditions given in Table V, page
85, and the grid-leak resistance is 1 megohm.

26. Calculate and plot the amplification at resonance as a function of resonant
frequency over the range 550 to 1500 ke for the amplifier of Prob. 25.

27. In Prob. 26, ealeulate and plot the frequeney band for which the response is at
least 70.7 per cent of the response at resonancee, as a funetion of resenant frequeney
for the range 530 to 1500 ke.

28. The amplifier of Prob. 25 is changed to transformer coupling as shown in
Fig. 67b. It is desired to obtain an amplification of 50 at 1000 ke,  Assuming a
coefficient of coupling of 0.50 between primary and =econdary, caleulate the required
mutual induetance and primary inductance,  Assume [(wd)2/R./R, K 1.

29. In Prob. 28, if the amplification at resonance to be constant at 50 for the
frequency range 550 to 1500 ke, ealeulate and plot the way in which the required
mutual inductance must vary asa function of frequency.  Assume [(w))2/R.]/R, K 1.

30. a. In a typical intermediate-frequency amplifier of the band-pass type shown
in Tig. 7la, the primary and scecondary coils each have inductances of 4 mh and are
tuned to 260 ke. The coil ’s are 50 and the coupling is adjusted so that k = 0.03.
If a 6D6 amplifier tube is used, caleulate the amplification at the common resonant
frequency, and at the two peaks of the response curve. Determine the band width
between peaks, and then sketeh the shape of the amplification curve in the vieinity
of resonance.

b. Repeat (a) when &k = 0.05.

31. Derive the following cquations in the text: (a) Eq. (59a), (b) Eq. (61a), (o)
Eq. (64a), and (d) Eq. (60). In the last case start by deriving the equation of second-
ary eurrent, and from this deduce the equivalent @ of the seecondary-current curve.

32. Explain why a transformer in a shield of permalloy or similar alloy reduces
the hum pick-up as compared with a cast-iron shield.

83. What is the effective value of the noise voltage in the output of an amplifier
having an over-all voltage gain of 100,000 times, if the input resistance across the first
grid to filament is 100,000 ohms and the amplifier gives substantially constant gain
over the band 40 to 8000 eycles and very little gain outside this range?
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34. In a triode resistance-coupled amplifier:
= 100

n
R, = 125,000 ohms
R¢ = 250,000 ohms

Rgr = 500,000 ohms
Ce = 0.01 of

C, = 60 puf
Cpp = L7 puf
p”/ = 1.7 M[lf.

Calculate and plot the input capacitance and input resistance as a function of
frequency for the frequency range 1000 to 30,000 cyeles.

36. Discuss the way in which the magnitude of the input capacitance and input
resistance of an unneutralized tuned triode amplifier varies with frequency. Include
a sketch showing type of variations to be expected. :

36. a. Design filters for the first two stages in the example of Sec. 47 if the ampli-
fication per stage is increased to 110, and discuss the effect of the total amplification
upon the tendency to regenerate.

b. Repeat (a) when the lowest frequency for which the filters are to be effective
is 15 eycles, and the gain per stage is 60. Compare the results with those of the
example in the text and explain why it is important that the low-frequency response
be no better than actually required.

37. A three-stage resistance-coupled amplifier is to be constructed following the
first column in Table VI, page 104. Design suitable filter systems for the plate leads
of the first two stages so that the regeneration voltages acting in the plate circuits of
the first two tubes will not, at frequencies exeeeding 25 cyeles, be greater than 10 per
cent of the voltages which these tubes apply to the succeeding grids.  The common
plate impedance is an 8-uf condenser.

38. Regeneration in tuned radio-frequency amplifiers is normally most pronounced
at the high-frequency end of the tuning range. Explain.

39. Devise a circuit for applying negative feedback to a two-stage resistance-
coupled amplifier in which the feedback takes place from the output of the seeond
stage to the input of the first stage.

40, In the feedback circuit of Fig. 77, the use of feedback makes the voltage
developed across the load resistance fall off less at low frequencies than when there
is no feedback, but does not reduce the falling off at high frequencies, Explain.

41. Sketch the circuit diagram of a volume control suitable for use with an
impedance-coupled amplifier,

42. a. What would be the objections to varying the amplification in the resistance-
coupled amplificr of Fig. 58 by varying the grid-leak resistance?

b. What would be the disadvantage of controlling the amplification of a trans-
former-coupled amplifier by varying a resistance shunted across the secondary?

43. a. Plot the amplification curve of Fig. 58 in decibels, assuming that the gain
at 1000 cyeles is taken as zero decibels.

b. What is the gain in decibels corresponding to zero decibels in (a)?

44. Analvsis of the characteristic curves of a particular triode tube shows that at
the operating point x = 10, R, = 50,000, Gn = 200 pmho, 3G./0E, = 1075 and
9%Gn/dE,2 = —10~7. Calculate the exact currents that will flow in the plate eircuit
up to and including third-order effeets, when an alternating signal potential of 2 volts
crest value is applied to the grid of the tube and the load resistance is negligible.

46. The amount of second-harmonie distortion produced in an amplifier when the
applied signal is a sine wave is often estimated roughly by noting the change in d-c
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plate current produced by the presence of the signal. Demonstrate with the aid of
Table VIII that this rectified plate current is proportional to the amount of second
harmonie present even when all effects up to and including the third order are taken
into aecount.

46. An amplifier is overloaded so that the tube operates sufficiently far into the
curved part of its characteristic to make effects up to and including the third order
important. If the signal applied to the input consists of a 200-cycle wave and its
sixth harmonic, 1200 cycles, list the frequencies of the components present in the out-
put of the amplifier.



CHAPTER VI

POWER AMPLIFIERS

52. Class A Power Amplifiers Employing Triode Tubes.—In a power
amplifier the object is normally to develop as much power output as
possible without much regard to the signal voltage required to accomplish
this result or the voltage at which this power is obtained. This is in
contrast with the voltage amplifier, where the object is to increase a
relatively small signal voltage as much as possible. In the Class A
amplifier the tube is operated so that plate current flows at all times, and
so the output voltage will have as nearly as possible the same wave shape
as the signal voltage.

The problems involved in realizing the full possibilities of a triode
tube as a Class A power amplifier can be understood with the aid of
Fig. 82. Consider first the action in the circuit of Fig. 82a, in which the
load resistance is connected direetly in series with the plate cireuit of
the tube. The voltage actually at the plate of the tube in the absence
of an applied signal has a value Ej, and this together with the grid bias
E. and corresponding plate current I, determines an operating point such
as indicated by O in Fig. 82d. An alternating signal voltage applied to
the grid of the tube superimposed upon the grid bias then causes varia-
tions in the plate current and hence in the voltage drop in the load resist-
ance. The voltage at the plate of the tube then varies likewise, since this
voltage is the plate-supply potential minus the drop in the load resistance.
In particular, at the positive peak of the signal the instantancous plate
current tends to be large, and the instantaneous plate voltage hence is
lower than the voltage E, at the operating point. Similarly, at the
negative peak of the signal voltage the instantaneous plate current is
small, and the instantancous plate potential is larger than the voltage
Ey at the operating point.  The way in which the instantaneous operating
condition varies when the signal voltage is applied is given by the line
that is drawn through the operating point O and marked dynramzic charac-
teristic in Fig. 82d.

The dynamic characteristic gives the relation that exists between the
input voltage wave and the output voltage wave, as shown in Fig. 82d.
Thus with the operating point at E, = 160 volts, E. = —30 volts, and
I, = 21.5 ma, as shown, a signal having a crest amplitude of 30 volts
varies the instantancous plate current from a maximum value [, of
38.5 ma to a minimum value I, of 6.5 ma. At the same time the

145
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instantaneous plate potential varies from a minimum value E_; of about
95 volts to a maximum k__ of 217 volts, with the maximum coming
when the instantaneous current ix a minimum. The dynamie charae-
teristic does not follow the static characteristic curve of the tube because
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F1g. 82.— Circuits of power amplifier together with dynamic characteristic suitable for
Class A operation without driving the grid positive, and resulting input and output waves.

of the variation of instantaneous plate voltage that is produced by the
variations in signal voltage E, applied to the grid.

The ecireuit of Fig. 82a has the disadvantage that a considerable
amount of direet-current energy is dissipated in the load resistance.  This
-an be avoided by coupling the load into the plate circuit with the aid
of a transformer, as shown at Fig. 82b, or by usc of the shunt-feed eircuit

lorld Radio Histo
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of Fig. 82c. With these arrangements the plate-supply voltage differs
from the operating voltage K, only by the resistance drop in the choke
or transformer, which is quite small. The action insofar as the dynamie
characteristie is coneerned is, however, essentially the same as with the
arrangement of Fig. 82a.  This ix beeause of the action of the inductance
through which the plate current must low.  Thus if in Fig. 82b the grid
potential suddenly becomes sufficiently negative to reduce the plate
current to a small value, thiz change in current induces a voltage across
the primary inductance that adds to the plate-supply potential and
increases the instantancous plate potential above the operating value
and henee above the plate-supply voltage.  As long as the average or
d-c¢ plate eurrent does not change when the signal voltage is applied, the
same dynamie characteristic applies to cireuits a, b, and ¢ of Fig. 82,
provided the operating point is the same.!

In order for the output wave in Fig. 82d to have the same shape as the
signal, it is necessary to restrict the operating range to the portion of the
dynamic characteristie that is substantially linear. The practical limit-
ing factors are the excessive curvature of the dynamic characteristic at
low plate currents and the faet that, if the grid is driven positive, the
grid current that results tends to distort the input wave,

For proper operation it is necessary to have a eareful balance between
the operating point, signal voltage, and load resistance. Thus for a
given operating point there is a particular load resistance that will utilize
the amplifier possibilities to the best advantage.  This is illustrated in
Iigs. 83 and 84. For the operating point used in Fig. 83, the load resist-
ance giving optimum operation for the case of no grid current is marked
b. With this load resistance the dynamic characteristic is such that a
signal voltage that is just sufficient to bring the instantaneous grid poten-
tial to zero potential at the positive peaks of the signal cycle will at the
negative peaks bring the instantaneous grid potential to the point where

1 When the d-¢ current does change when a signal is applied, the dvnamic char-
acteristic of Fig. 82d is exactly correct only for circuit a.  With ecircuits b and ¢ any
change in d-c¢ current produces little or no change in d-¢ plate voltage, whereas the
dynamic characteristic of Fig. 824 assumes that the change in d-¢ current flows through
the load resistance. This results in an error which, however, is quite sinall unless the
distortion of the output wave is large. Thus in Fig. 82, the d-c component of plate
current for a signal of 30 volts crest is 13 ma, corresponding to a drop of only 1.9 volts
in the 3800-ohm resistance.

The error arising from the change in plate current caused by applying a signal
can be eliminated by drawing the dynamic characteristic as though the plate poten-
tial at the operating point was E, 4+ R A7 instead of K, where E, is the plate potential
actually at the operating point, and A7 is the increase in plate current caused by the
presence of the applied signal. Inasmuch as A7 depends on the way in which the
dynamic characteristic is drawn, it is necessary to locate the dynamic characteristic
by a trial-and-error process if an exact correction for A7 is to be obtained.
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the dynamic characteristic begins to be excessively curved. The dis-
tortion of the output wave is then small.  With a higher load resistance,
corresponding to the dynamic characteristic marked ¢, the same signal
will fail to reach the region of excessive curvature and the output power
will be less.  On the other hand, a low resistance, such as that eorrespond-
ing to the dynamic characteristic marked a, causes operation to extend
into the region of excessive curvature, even with signal voltages that do
not drive the grid positive, and results in high distortion.

Operation so that the grid is driven positive at the peak of each signal
cycle requires that the load resistance be increased to a value greater than
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F1G. 83.—Characteristic curves of power amplifier together with dynamic characteristics

for three different values of load resistance. The dotted lines show grid current. Note

that if the grid is driven positive the proper load resistance is greater than negative-grid
operation with the same operating point.

if the grid is maintained negative. This is apparent from Fig. 83, where,
for a signal of 50 volts erest (grid driven 20 volts positive) shown, the
optimum load resistance corresponds to dynamic characteristic c.

As the grid bias of the amplifier is made more negative without chang-
ing the operating plate voltage, the optimum load resistance becomes
greater, as shown in Fig. 84. This is irrespective of whether or not the
grid is driven positive, although for any given operating point, positive-
grid operation calls for a higher load resistance than when the grid must
be negative at all times.

Power Relations and Efficiency.—The alternating voltage developed
aeross the load resistance in the plate circuit of a power amplifier swings
the actual plate potential from a maximum value F,,, to a minimum
value E.;, as shown in Fig. 82d, while the current swings from a value
I... to I... The alternating components of voltage and current have
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peak amplitudes that are half these total swings. The power delivered

to the load is equal to half the produet of peak a-¢ voltage and peak a-c

current, and so is given by the equation:

(Emnx _> Ennun)(lnm{ __!min_)
8

The plate efficiency of a power amplifier is equal to the ratio of useful
power delivered to the load as given by Eq. (81), to the d-e power sup-

Power output = - (81)
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F16. 84.—Characteristic curves of power amplificr together with dynamic character-
istics for optimum load resistance for negative-grid operation with different operating
points. Note that, as the operating grid bias beeomes more negative, a higher load resist-
ance is required if the operating plate potential is unchanged.
plied the plate circuit. The latter is equal to the product of plate battery
voltage E, and plate current I,. The plate efficiency is hence

Plate efficiency = (Bnax — Egz?,,(ll,,m“ = L) (82)

This expression for cfficiency is correet even when moderate distortion
is present provided the d-c¢ plate current 7, used in Eq. (82) is taken to
mean the d-¢ plate current actually flowing when the signal is applied.
That is to say, the d-¢ plate current used in 1q. (82) should include the
plate current present in the absence of signal, plus whatever change in
d-e current is produced by the non-linear or rectifying action of the tube.

The maximum cfficiency that it is possible to obtain in a Class A
amplifier is 50 per cent. This is because E., and I, can never be
less than zero, while E,.. and I... cannot exceed twice the operating
voltage and current, respectively. The actual efficiency is always less
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than 50 per cent and depends upon the ratio of E,./ky and L oin/ I
These ratios depend upon operating conditions.  When the operation is
such that the grid ix not driven positive, the efficiency is commonly 15
to 25 per cent with small power tubes such as used in radio receivers and
may reach 40 per cent with tubes operated at higher plate voltage.
Operation so that the grid is driven positive usually results in increased
efficiency because it is then possible to draw the maximum plate current
I.... through the tube at the positive peaks of the cyele with a smaller
minimum plate potential E,; than is possible when the grid is not
positive.  The efficiencies realized under practical conditions with the
grid driven positive normally reach 30 to 40 per cent.

Selection of Operating Conditions.—The basis of adjusting a power
amplifier for best results varies with the type of operation desired. The
principal factors to be considered are whether or not the grid is to be
driven positive, the allowable plate dissipation of the tube, and the allow-
able plate voltage at the operating point.

The choice between operating a Class A amplifier with or without
grid current depends upon the cireumstances of the particular case.
When the grid ix not allowed to go positive, there is no distortion of the
exciting voltage, less exciting power is required, and the amplifier is less
difficult to design. At the same time, the plate efficiency and hence the
output power are generally less than with positive-grid operation.  The
cconomies of the situation are such that allowing the grid to go positive
beecomes inereasingly desirable as the power involved inereases, because
then the savings resulting from improved efficiency are of greater impor-
tance.  In addition, the development of negative feedback hax made it
possible to compensate for the distortion introduced by grid current and
thereby has reduced to some extent the advantages of negative-grid
operation.

In adjusting a power amplifier for positive-grid operation the grid bias
is selected so that the rated d-e plate current is obtained at normal plate
voltage. The amount the grid is to be driven positive is then decided
upon, and the proper load resistance for these conditions is seleeted.

When it is desired to operate without driving the grid positive, the
maximum “undistorted”” power output! is obtained when the load resist-
ance approximates twice the plate resistance.  This is the basis of adjust-
ment normally used with power tubes operating at plate voltages of
250 to 300 volts and gives plate efficiencies of 15 to 20 per cent.  Tubes
intended for operation at higher plate potentials are usually so designed

1 The term “undistorted” power output used in connection with audio amplifiers
means that the distortion is small enough so as not to be excessive.  In audio-fre-
quency power amplifiers the allowable distortion is commonly arbitrarily taken as
5 per cent, which approximates the value that is just noticeable to the ear.
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that, if the grid bias is the proper value for a load resistance twice the
plate resistance, the allowable plate current is exceeded. With such
tubes the negative grid bias must be increased until the rated plate current
is obtained. The proper load resistance is then greater than twice the
plate resistance. This raises the plate efficiency correspondingly, with
values of 30 to 40 per cent often being possible.

The final determination of load resistance, irrespective of whether or
not positive-grid operation is used, is preferably made by trying out
various values of load resistance and selecting the one giving the most
output with reasonable distortion. Graphical methods of doing this are
given below.

Calculation of Distortion.—The dynamic characteristic of a Class A
power amplifier gives the relation between instantaneous plate current
and instantaneous signal voltage on the grid, for the case of a resistance
load. The dynamic characteristic can hence be used to determine the
wave shape of the output voltage as illustrated in Fig. 82d. In an ideal
amplifier the dynamic characteristic would be a straight line over the
operating range, so that the output wave would exactly reproduce the
signal voltage. Actually, however, there is distortion because the charac-
teristic curves of the tubes are not straight lines.  Where the tube charac-
teristics do not have an inflection point over the operating range, the
prineipal distortion produced in the case of a sine-wave signal consists of a
second-harmonic component, which is accompanied by an increase in the
d-c plate current (commonly termed the ‘‘rectified’” plate current).
These second-harmonic and d-¢ components, as well as the fundamental
component of the output, can be evaluated from a knowledge of the
instantaneous plate current at the operating point, and at the maximum
and minimum points on the dynamic characteristie, according to the
relations!

Tows + Loin — 21,

Direct-current component = 4, = 3 (83a)
Fundamental = 4, = Lo — T (83b)

Second harmonic = 4, = Loe + Izi" — 20 (83c)

Sccond harmonic Ay Joax + Lo — 2/, (83d)

Fundamental ~ A4, 2(Jmax — i)

1 Equations (83) and (84) assume that the load offers the same resistance to the
“rectified” plate current as to the alternating components. In the usual case
the load is coupled to the plate circuit of the tube by an output transformer, and the
resistance of the load to the rectified current is accordingly zero. Under such circum-
stances IEqgs. (83) and (84) involve a slight error which is usually of a character such
as to make the calculated distortion higher than the actual distortion, and which car
if desired, be corrected for as indicated in the first fontnote of this section.



152 FUNDAMENTALS OF RADIO [CHar. VI

(EE’“ - _Emin) (In_nx___ Imi_n_)_

8 (83e)

Power output =
The notation is indicated in Fig. 82d.

When third- and fourth-harmonic components can be expected in the
output, as will be the case with pentodes and with badly overloaded
triodes, one can determine the components by obtaining from the dynamic
characteristic the instantaneous plate current when the applied voltage
wave is at zero, maximum, and minimum and at 0.707 of the maximum
and minimum values.  The formulas then are

Direct-current] Yollmesx + Tain) + 12+ 15 — 31,

component | Ao = 4 — (8
Fundamental = 4, = V2l — I 4+ Tuex = Toin (84b)
Second harmonic = 4, = Towe + I;'i" =20 (84¢)
Third harmonic = 4; = I"'r":flgi" = (84d)
Fourth harmonic = 4, = 2A°—r_‘7212 — I (84e)
Power output = AI;R" (84f)

The notation is indicated in Fig. 82d.

In using Egs. (83) and (84) one nceds only the plate current at certain
critical parts of the cycle and does not require the complete dynamic
characteristic.  These critical points can be obtained most readily by the
construction shown in Fig. 85, rather than by plotting out the entire
characteristic as in Fig. 82d. Here a straight line, called the load line, is
drawn through the operating point (Es, I,) with a slope such that it inter-
sects the zero plate-current axis at a plate voltage E, + I,R., where R,
1s the load resistance, as shown in Fig. 85. This load line is a dynamic
characteristic of the type shown in Fig. 82, but plotted on an E,-I,
coordinate system, as can be seen by comparing individual points. The
load line of Fig. 85 can be thought of as showing how the voltage at the
plate of the tube varies as variations in grid bias cause plate-current
variations. Since the change in plate voltage is proportional to the
change in plate current for a resistance load, the load line is straight.
This is in contrast with the curvature obtained when the dynamic charac-
teristic is plotted on the grid-voltage—plate-current coordinate system of
Fig. 82d, which arises because the plate current is not exactly proportional
to the grid voltage. The load line has a negative slope because the
potential at the plate decreases as the plate current increases. The load
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line also intersects the zero plate-current axis as indicated above, because
when the plate current is zero the change in plate current is — I, and this
flowing through the load resistance R, produces a drop — IR, that when
subtracted from the operating voltage E, makes the plate potential
E, + I,R,.

The use of load lines in determining power output and distortion for a
particular load resistance is illustrated by the following example.
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F1a. 85.—Load line drawn on plate-voltage—plate-current curves corresponding to
dynamic characteristic of Fig. 82, showing critical points used in Eqgs. (84) and (85) to
determine distortion.

Example.—Obtain data for drawing the load line of Fig. 85 for the operating point
shown and Rz = 3800 ohms, and from the load line caleulate the power output, plate
efficiency, and the distortion when the signal voltage is 30 volts crest (i.e., when the
signal has the maximum value that will not drive the grid positive).

The load line is obtained by drawing a straight line through the operating point
E, = 160 volts, I, = 21.5 ma, and interseeting the zero plate-current line at a plate
potential of 160 + 3800 X 0.0215 = 242 volts. This is the line shown in Fig. 85.

The distortion can be caleulated from Eq. (83) because the tube is a triode not
badly overloaded. Examination of Fig. 85 shows that when the instantaneous grid
potential is zero (positive crest of signal) Jmax = 38.5 ma, and En, = 95 volts.
Similarly, when the instantaneous grid potential is —60 volts (corresponding to the
negative peak of the signal), Emax = 217 volts, and [,y = 6.5 ma. Substituting
these values in Eq. (83) gives

(217 — 95)(0.0385 — 0.0065)

Power output = 3 = 0.48 watt
Second harmonic _ 385 + 6.5 — 2 X 21.5 _ 0.031
Fundamental 2(38.5 — 6.5) e )
Direct-current component = it ap () 04 28 2A) 0.5 ma

4
048

(0.0215 F 0.0005) X 100 = 13.6 per cent

Plate efficiency = 160
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In practical operation, if this distortion of 3.1 per cent is less than can be allowed,
more ‘“‘undistorted” power output can be obtained by using a lower load resistance.
In such circumstances load lines arc drawn for various resistances until the most
favorable conditions are found.

Equations (83) and (84) are limited to the case of sine-wave signals
and resistance loads. The behavior for this important case is particularly
significant, since it indicates what can be expected under all conditions.
However, when a more comprehensive picture of the amplifier behavior
is desired, as for exampie the behavior when there is a complex signal
wave, the analysis can be carried out by the power-series method dis-

{a) Wave Shape of Exciting Voltage Cll.\'SG(.l mn S_Gc' 5L. .
Distortion of the Signal Voltage

Zs 'lgm*l) L~Wave shape in absence

(Y ¢ of grid corrent Resulting from Grid Current.—When
. H:,;"A\\ ; an amplifier is operated so that the
Grid -, Es -Curve of instan- o g g
bias "} ¥ taneoys grid voifoge  grid goes positive at the positive
A

] peaks of the exciting voltage, the
Es . .
! resulting grid current causes a drop
in voltage that flattens off the posi-
) tive peaks of the exciting voltage.
PAETa The result is hence a distortion in
Fra. 86.—Wave shape of exciting volt- the wave shape of.the exmtm.g volt-
age when grid is driven positive, showing &€, as shown in Fig. 86. If 1ym TEP-
flattening of the positive peaks resulting resents the instantaneous grid
from grid current. .
current flowing at the peak of the
cycle and Z, represents the impedance that the grid of the tube
sees when looking back toward the source of exciting voltage (i.e.,
Z, 1s the source impedance), then the actual signal voltage applied to the
grid at the positive peak is less than it should be by an amount Llgm. It
is therefore apparent that, in order to keep the distortion small, the volt-
age drop Z,,, must be made small compared with the crest exciting
voltage E,, by making the source impedance Z, low or by not driving the
grid far enough positive to draw much grid current, or both. Assuming
that grid current flows for less than one-fourth the eycle, it can be found
from Eq. (84) that the distortion of the driving voltage produced by the
flattening of the positive peaks is

(b) Grid Current Curve

l(_

3

>

Second harmonic Zlgm Zigm
Fundamental ~— 4E, — Z,,,.  4E,
Third harmonic Zidym Zylgm
Fundamental ~ 4E, — Ziym ~ 4E, ()
. Fourth harmonic Zom Zgm

Fundamental ~ 8E, — 2Z,i,,  8E,

In these equations E, is the crest exciting voltage that would be obtained
if there were no flattening. The phase of the second harmonic is such
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as to tend to cancel the second harmonic generated by the curvature of
the dynamic characteristic. An idea of the amount of flattening per-
missible can be gained by noting that, if the voltage drop produced by
the grid current in flowing through the source impedance is 20 per cent
of the crest signal voltage, the second- and third-harmonie components
are each 5 per cent and the fourth is 2.5 per cent.

Tubes in which the grid is driven positive are preferably operated
from transformer-coupled amplifiers having a low voltage step-up, or even
a step-down. In this way the impedance Z, of the source, as viewed
by the grid of the power tube, will be low. The low transformation ratio
reduces the voltage gain of the driving amplifier, and this together with
the distortion of the exciting voltage is the price paid for the increased
output obtained with positive-grid operation. Resistance coupling to a
grid which is to be driven positive is not desirable (unless the grid leak
is replaced by a choke as in Fig. 66b), because the grid current in flowing
through the grid leak produces a bias on the grid of the power tube.

The proper use of negative feedback (see Sec. 48) is of considerable
assistance in reducing the distortion of the driving voltage resulting from
grid current.

Tubes for Class A Power Amplifiers.—The type of tube best suited for
use as a Class A power amplifier differs from the tube preferred for voltage
amplification. In particular, since the ‘“undistorted” power output
obtainable is commonly from 15 to 40 per cent of the direct-current power
supplied to the anode electrode, it is apparent that the allowable anode
dissipation must be proportional to the amount of output power desired.
Also, in order to obtain the direct-current input power required to develop
a reasonable output, it is necessary that the plate-supply voltage, or the
rated d-c plate current, or both, be high.

In small power tubes, such as those used in radio receivers, the plate-
supply voltage is limited by practical considerations of safety to about
250 to 300 volts. It is then necessary to employ tubes having a propor-
tionately large plate current in order to obtain the necessary plate input
power. In order that this large plate current may flow with a low plate
voltage, it is necessary in the case of triode tubes to have a low amplifica-
tion factor, commonly 2.5 to 5. In tubes designed for higher voltage
operation, the plate current can be smaller in proportion to plate voltage,
and amplification factors such as 8 to 20 are permissible.

The characteristics of typical Class A power-amplifier tubes of the
sizes used in radio receivers and small public-address systems are tabu-
lated in Table IX. The table includes triodes, double-grid tubes, triple-
grid tubes, and pentodes. The double- and triplegrid tubes can be
connected as Class A triode amplifiers by using the inner grid as the con-
trol electrode and connecting the remaining grid or grids to the plate.
Pentode tubes are considered in the following section. Data on large



TaBLE ] X.—CHARACTERISTICS OF REPRESENTATIVE SMALL PowER TUBES

Cathode data

Typical operating conditiona

| | T
Type | Description Use* Load Power
Ey, Iy, ’ T E,, E.u, Eeo,t Iy, I.q, Ry, Gm, resist~ D
volts | amp. | YES volts volts volts ma ma ohms & # mho | arce, put,
watts
| ohms
!
31 | Triode 2 0.13 | Filament | Class A 180 —30 12.3 3,600 | 3.8/ 1,050 | 5,700 | 0.375
| _ |
| | |
45 Triode 2.5 1.5 Filament | Class A 250 —50 34 1,610 3.5 2,175 3,900 1.60
Class AB, fixed bias 275 —68 b2 T I A R 3.200 | 18
Class AD, self-bias 275 7750 £ 2 I I I 00 5,060 | 12
2A3 | Triode 2.5 2.5 Filament | Class A 250 —45 60 800 4.2| 5,250 2,500 3.5
Class AR, fixed bias 300 —62 80 | ... | ceeiiis feenn, ' ..... 3,000 | 15
| Class AB, self-bias 300 780Q 80 | ... o e, 5,000 | 10
19 | Twin triode | 2 0.26 l Filament | Class B 135 0 10 | 300 || eescoos Lo 10,000 | 2.1
53 | Twin triode | 2.5 |2 Heater | Class B 300 0 35 | .. | .ol 35 | ..... | 10,000 | 10
46 Dual grid 2.5 1,75 | Filament ) Class B 400 0 ) I R O PR I 5,800 | 20
Class A, triode 250 -33 22 2,380 5.6| 2,350 6,400 1.25
| |
49 Dual grid 2 0.120 | Filament | Class A, triode 135 -20 6 l 4,175 4.7/ 1,125 ! 11,000 0.170
Class B 180 0 7 S A N N [ 12,000 | 3.5
59 Tripte grid 2.5 2 Heater Class A, triode 250 v —28 26 . 2,300 6 2,600 &,000 1.25
Class A, pentode 250 250 —18 35 9 40,000 (100 2,500 6,000 3
Class B, triode 400 0 L O e I €,000 | 20
| —
89 | Triple grid 6.3 0.4 I Heater Class A, triode 250 5900 -31 32 ce 2,600 4.7{ 1,800 5,500 0.90
Class A, pentode 250 250 —25 32 | 5.5| 70,000 |125 1,800 6,750 3.4
Clase B, triode 180 . 0 6 [.oof oveies liiiid] vuee, | 9,400 | 3.8
1

oIavy A0 STVINAWVANAA 9¢1

A "avHD]



Cathode data

Typical operating conditions

|
Type | Description Use* l Load Power
Ey, I Iy, Type Ep, Eis, Eeot Ip, T, Ry, [ Gm, resist- —
volts amp. B volts volts volts ma ma ohms 3 u mho | ance, output,
1 | watta
| ohms
[ |
33 Pentode 2.0 0.26 Filament | Class A 180 180 —18 22 5 55,000 | 90 . 1,700 6,000 1.4
| |
2A5 |Pentode 2.5 1,75 Heater Class A, triode 250 L —20 31 L 2,700 6 2/ 2,300 3,000 0.65
Class A, pentode 250 250 —16.5 34 6.5 80,000 (190 2,350 I 7,000 3
Class ADB, triode fixed 350 —38 45 000 || cooooao |lacs ol cocaso 6,000 | 18
bias t
Class AB, triode self-| 350 730Q 50 I N ] 10,000 | 15
| bias '
| | I
6F6 | Pentode 6.3 0.7 Heater [ Class A, triode 250 - —20 31 500 | 2,600 7 I 2,700 | 4,000 0.85
Class A, pentode 315 315 —-22 42 l 8 75,000 (200 2,650 ' 7,000 5
Class AB, pentode fixed 375 250 —26 34 5 | I PO [ ..... 10,000 | 19
bias | [
Class AB, pentode self-| 375 250 340Q 54 I 3 l ................. 10,000 | 19
bias I | |
{ 1
6L6 | Beam tube 6.3 0.9 Heater Class A 375 250 —-17.5 57 2.5 22,500 135 6,000 4,000 | 11.5
Class AB; (no Iy) 400 300 —25 102 [ J R PR I 6,600 | 34
Class AB; (with I,) 400 | 300 | —25 102 |6 | ... ... ... | 3.800 | 60
|
| i i | | |

Notg: Triode connection for pentode tubes with internally connected suppressor coneists in connecting screen and plate together. The resulting character-

istics are essentially those of a triode in spite of the suppressor grid.

* Where ' Use" is Class AB or Class B, the output given is for two tubes and the load resistance given is the proper value from plate to plate, while the plate

current is the zero-signal value for the two tubes.
t Where self-bias is used, the bias resistance is given.

SYATATdNY HAMOd [zg oag
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TABLE X.—CHARACTERISTICS OF REPRESENTATIVE TRANSMITTING POWER TUBES

Triode Tubes

t

] ] 1
Filament | I | Typical operating conditions as audio amplifier l Typical operating conditions as Class C amplifier
— — [ | - — e S P— - S—
Allow- | | | | ‘ |
' | Met{n od I | abe l l Con Ig)):;tlf-‘ ]t\:lx:l. | I ’ o Plate II Con- ‘ 1 Plate
™™ e 5, cotng | * | T | [, [Pate| ok | “ing P con. | Plate Lond | di | | piate | Gl Pk Plate Grd | Driv| oy | o
volts| amp. ‘ Type ‘ watts ' Use* | \:2:- I 5;;;1_ ‘ ‘f,ogl:' { rent, tg::ge lamlee | et !cnx’y-‘ ‘:3!‘2 | ‘lf;l‘g volt- | rent, | rent, |power,| ‘3::& !cn;rgy.
i | | [ I age pel:e ma | ‘1; obms  ohms wl:)ll::s‘ cent P age | ma ma  watts ' cent
tul mhos |
S| E—— | — l S l | | l S |—| | | I_ [—
204A 11 | 3.85 ’ljhn; Air i23 250/ Class B| 3,0000 —100 250, 80 ..... ..... 20,000 700 62.7 | 2,500 —200| 440 250 30 | 15 450 72
| | | 1at | | | | | | {
| | | | | | | | | | i | { i
207 | 22 [52 | Tung- |Water (20 | 7,500/ Class B|12,500/ —575 1,150/ 400 .....| .. .. !10,00022.500‘ 64.4 |12,000 —1,600 2,650 1,670 90 | 23.’:: 15,000 75
| | sten | { |
- B I I [ I | |
211 | 10 | 3.25 | Thor- | Air 12 | 100 Class Al 1,250 —80 75 60 3, 300' 3,600 9, 200 19.7/26.3 | 1,250 —225 375 150 18 | 7 130 69.3
I iated Clas B 1,250 —100 205 20 .....| . . .. 9,000 260 65 | | -’
800 75] 3.25 Tlrm:;-i Air 15 35 Class B L350 —70 150 30 ... ... 21,000, 106 65 | 1,000 —135 260 70 15 1 3 50 71.5
lat: | | | i | | | | | | ! |
- S | | I R I. | | { — 1 P
801 | 7.5/ 1.25 Thor- | Air 8 20 ClassA| 6000 —~55 50 30 1,840/ 4,300 7,800/ 3.8 21.2 | 600, —150 260 65 15 4 25 64
J iated | ClassB| 600/ —75 160 10,0001 45 57.7 ‘ 5 |
848 (22 52 | Tung- | Water |8 | 7,500 ClassA 8,000 —730 800 5,200 2,000 27.8 10,000 —2,000 2,900 1,450 100 | 31C. 10,000 69
l sten | | Class B/12,500/— 1,560/ 2,050 10,000(22,000, 62. 8 ]
851 | 11 [15.5  Thor- | Air [20.5/ 600/ ClassA| 2,500 —92/ 87 240 ..... | 1,600 5,000 160 26.7 | 2.500 —250 450/ 900/ 100 45 1,700 75.5
! iated | [ ClassB| 3,0000 —135 245 110{ .....| ..... 5,600 2,400 66.6 f | ! : :
S | | 2 _— o | (

852 | 10 | 3.25 | Thor- | Air 12 100/ Class B| 3,000 —250' 390 14 ... 41,000 320 66.5 3, oso. —600 850 85 15 12| 165) 64.8
O e | | I L
I | i | i I ! | .
862 | 33 l 207 Tung- | Water and|48 100,000/ Class B|12,000 0 1,000 3,000 .....| ... 1,800 90,000 57.5 18 000 —1,000 2,550 8, 333 900 | 2,400/100,000 66.7

| | stem ! forced air| | | | | | | 1
1 | . | 1. 1. . | , | !
HK | 5 [10 | Thor. |Air lu l 150 Class B 3,000 —205 315 65 ..... [ ... 122.000 665 71 | 3,500 —625 910/ 255! 50 | 43 740 83
354 | iated [ { [ { | | | | | | | | {
—— — ———— | e —— . [— 1. | | | | |
Fimac| 5 | 4 | Thor- | Air 30 | 35 ClassB| 1,250 —30 ... [l e, bl 9,600 200/ ... | 1,500 —120 ... | 100 30 | ... [ 120 80
35T | iated i l

* Where “ Use” is Class B, power output is for the two tubes in push-pull, load resistance from plate to plate, and plate current is zero-signal current for two tubes.
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Screen-grid and Pentode Tubes

Filament ‘ Typical operating conditions as Class C amplifier
Type | Description A“:ewfo:: s[:rl:z:z‘l!ble Connec R reen- | Control- .
| e [T S e | e,

‘ voltage | voltage | ma | B tage | watts

802 | Pentode 6.3 0.9 | Heater 10 6 Pentode 500 | —100 200 0 45 22 6 155 0.9 14 62.1
Tetrode 500 —60 100 45 15 6 90 0.5 12 33.3

803 | Pentode 10 5 Thoriated 125 30 Pentode 2,000 —9% 500 40 | 160 45 12 175 2 210 65.6

804 | Pentode 7.5 3 Thoriated 40 15 Pentode 1,250 | —100 300 45 l 92 27 7 150 0.9 80 69.5
Tetrode 1,250 | —100 180 92 23 8 160 1.2 80 69.5

860 | Screen grid | 10 3.25 | Thoriated 100 ' 10 | ........ 3,000 [ —150 300 i 85 15 7 165 64.7

861 | Screen grid | 11 10 Thoriated 400 ' 3 | ..l 3,500 | —250 500 | 300 40 725 30 700 66.7

805 |Boreengrid | 7.5 | 2 | Thoriated | 15 ‘ L 750 | —80 | 125 \ 40 5.5 1 16 | 53.4

) 1

SYATAITIINY HAMOd [gg oug

6S1



160 FUNDAMENTALS OF RADIO [Cuar. V1

triode tubes such as are sometimes used as Class A amplifiers in radio
transmitters are given in Table X, page 158.

63. Class A Power Amplifiers Using Pentode and Beam Tubes.—
Class A power amplifiers using pentode and beam tubes require special
consideration because the plate current of such tubes is substantially
independent of plate voltage except at low plate voltages. As a con-
sequence the dynamic characteristic is as shown in Fig. 87a and follows
the characteristic curves of the tube irrespective of the load resistance
except when the plate voltage becomes low. As‘compared with the cor-
responding characteristic of a triode shown in Fig. 82d, the dynamic
characteristic of Fig. 87a has much greater curvature and develops an
inflection point when the plate potential becomes so low that a virtual
cathode forms in the tube.

(@) (b)

300 T ® 360 ,
<- T <\4‘° b <: —
s l | Ep=d00.| % = I
4200 ——— W, Z4a8 £ 200 T
o | Dynamic .2 — o A
= chgrader/lsﬂcs By 5 -l ood lines
3 | | —T¢C Ev2) O %Y
O 100 ‘ o 100 =157
[1] l i + | | -
= . R -2
= ot | | , S

-30-25-20-15 =10 -5 0O +5 +i0 0 200 400 600

Grid Voltage Plate Voltage

Fig. 87.—Dynamic characteristic of beam tube and resulting output waves for several
~alues of load resistance, together with corresponding load lines. Note that the dynamic
characteristics follow the characteristic curves of the tube except when the plate voltage
becomes s0 low that a virtual cathode forms in the tube.

The voltages for the sereen and control-grid clectrodes of pentode
and beam power amplifiers should be so chosen that a signal, which at the
negative peak makes the instantaneous grid potential approach but not
quite reach cut-off, will at the positive peaks bring the instantancous
grid potential to zero or the desired amount positive, as the case may be.
At the same time the voltages must be such that the plate current at the
operating point approaches the rated value.

The load resistance used in a pentode or beam power tube should be
such that the minimum instantaneous plate potential reached at the
positive crest of the exciting voltage is as low as possible without a virtual
cathode forming. If this value of instantaneous potential is designated
as E.;, then the crest alternating-current voltage developed across the
load will be (Ey — Ean), and this must be produced by an alternating
current having a crest amplitude (7,... — 1), where I, is the plate current
at the operating point and /... is the instantancows plate current at the



SEc. 54] POWER AMPLIFIERS 161

positive crest of the cycle when the instantaneous plate potential is
E... Hence

Proper load resistance for pentodel  Ey — Enn (86)
or beam power amplifier Toax — Iy

If the load resistance is too high, the peaks of the output wave are flat-
tened, whereas if the load resistance is less, there is considerable loss in
output.

kxact determination of the load impedance that gives the maximum
output for a given allowable distortion can be carried out exactly as in
the case of triodes. The only difference is that, since there is normally
third-harmonic distortion in the output of pentode and beam tubes, Eq.
(84) must always be used.

Compared with triode power amplifiers, pentode and beam tubes have
the advantage that, with plate potentials below 500 volts, the plate
efficiency, and hence the output power, are greater. Pentode and beam
tubes also have the advantage of requiring a considerably smaller signal
voltage to develop full output. The chief disadvantage of such tubes is
that they have high distortion.  This is in fact so bad that it is necessary
to employ negative feedback if even reasonably low distortion is required.
Beam tubes are superior to pentodes with regard to distortion and
accordingly are rapidly displacing pentode tubes as power amplifiers.
Characteristics of typical pentode and beam power tubes are given in
Table I1X.

54. Output Transformers for Class A Amplifiers.—The load imped-
ance is usually coupled to the plate circuit of a Class A power amplifier
by means of a transformer as shown in Figs. 82b and 88a. This arrange-
ment avoids passing the d-¢ plate current through the load impedance and
also makes it possible by the use of the proper turn ratio to make any load
present the desired impedance to the tube.

The use of an output transformer causes the output of the amplifier
to fall off at high and low frequencies in the manner shown in Fig. 89.
The falling off at low frequencies is caused by the shunting action of the
transformer primary inductance, whereas the falling off at high fre-
quencies is caused by the voltage consumed in the leakage induectance.

Analysis of Frequency-response Characteristics—The equivalent cir-
cuit of an output transformer reduced to unity-turn ratio is shown in
Fig. 88b. In this circuit the tube and distributed coil capacitances have
been neglected, as have the core losses, since all of these factors have
relatively little effeet in a properly constructed output transformer.  The
essential elements in the equivalent ecircuit are seen to be the primary
inductance, the leakage inductanee, the turn ratio, and the direct-current
resistances of the windings,
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At moderate frequencies the reactance of the primary inductance is so
high as to have negligible shunting effect, while the reactance of the
leakage inductance is so low as to produce very little voltage drop. The

(a) ActualCircuit of Power Tube with
Qutput Transformer

(b) Practical Equivalent Circuit Reduced (c) Simplified Eguivalem Circuit Accurate
to Unity Turn Ratio for Middle Range of Frequencies
R L n®L, n?R,
"R I'\2 RZ
R :
P L n*REnE, 2 X un’Ry
e : n“R. nE =eg ROR
Mes ¥ Y Rp*Re
(d) Simplified Equivalent Circuit (e) Simplified Equivalent Circuit Accurate
Accurate for Low Frequencies for High Frequencies
Li=L,*n2L,
’ ’=N 2
RP= ) E: n“Ry n2R’2
R*R, pd ] _ S 2p
=2n%R, nE =eg n?R, nE,-e {fi_t 1
“Meg o v L) R’*RI v
= R NR)
= amplification factor of tube Lp = primary inductance with appropriate d-c
Rp= plate resistance of tube {in a push-pull saturation
amplifier Rp is twice the plate resistance L, = leakage inductance of primary winding
0 gfone f.ul;e S - L, = leakage inductance of secondary winding
| = d-c resistance of primary winding /2L 402l tot :
Rp= Rp*R,= effective plate resistance L 1L$ unni1L~)2: ’r:(:nav"o:?eic:)kage inductance reduced
Ry= drc resistance of secondary winding X =wLlp=reactance of transformer primary
R.= load resistance inductance
Rl =n?(R*Ry)=effective load resistance X' = Wl =reactance of transformer leakage
reduced to unity turn ratio inductance

R = R/ Ry'/(R '+ Rp)=resistance formed by
Rp'and R{ in parallel

R'= R/+Ry'=sum of effective load and EL= output voltage
effective plate resistances

n = step down voltage ratio=ratio of
primary to secondary turns

Fra. 88.—Actual eireuit of power amplifier with output transformer, together with equiva-

lent circuits used in determining the frequency response.

eg= input voltage

equivalent circuit for all practical purposes then reduces to that shown
in Fig. 88¢, and the output voltage becomes

Output voltage in middle-| _ _ pnRy -
frequency range (=Ee=e R, + R/ (87)

The notation is shown in Fig. 88.
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At low frequencies it is niot permissible to neglect the shunting react-
ance of the primary inductance, so that the equivalent circuit then takes
the form shown in Fig. 88d. Analysis of the voltage and eurrent relations
of this circuit shows that

{()utput voltage in middle-}
Output voltage atl_ frequen(y range
low frequencies V14 (R/X)?

kxamination of this equation shows that the falling off in response at
low frequencies is determined only by the ratio of the reactance X of the
primary inductance to the resistance R formed by the effective load
and the effective plate resistances in parallel.  The 70.7 per cent response

(88)

2= T TTTTT T
| (| . ‘
:4'0 L~ | (R - T_’ 1 -l T]
9 Ry = Rflmary resistance = 356.5 ohms i '
930 | R2= Secondary resistance = 121 ohms N
g : | Rp= Plate resistance = 1,700 ohms ‘ }
5 J RL= Load resistance = 18 ohms [ l [
S 20y T Lp= Primary inductance =111 henries “— L
+ l “= Equivalent leakage inductance = 0.219 henries
_,‘g 0 n = Turn ratio (s+ep-down ratio) =158 i
S M= 348 [ [ ] H
0 ) IJ le's ! 12i8 volts cres+ ] L (! ' | ' ' '
10 100 1,000 10000

Frequency in Cycles per Seconds

Way in which the amplification varies with frequency in a typical power amplifier
with output transformer.

Fig. 89.

point occurs when the, primary reactance equals this resistance, and the
response at other frequencies can be obtained from Fig. 90.

At high frequencies the shunting effect of the primary inductance is
negligible, but it is necessary to take into account the voltage drop in the
leakage inductance. This leads to the equivalent circuit of Fig. 88e,
whieh gives

fOutput voltage in middle-}
]frequen(-y range

V1 + (X'/R)?

An examination of this equation shows that the falling off in response at
high frequenecies depends upon the ratio of the reactanee of the leakage
inductance to the sum of the effective load and effective plate resistances.
The 70.7 per cent response point occurs, when the frequency is such that the
leakage reactance equals the sum of these resistances. The response at
other high frequencies can be obtained from Fig. 90.

Output voltage at} (89)

high frequencies
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The curve of Fig. 90 can he thought of as a universal amplification
curve, since it gives the relative high- and low-frequeney response for
any output transformer. The practical use of this universal amplifica-
tion curve of the output transformer can be understood by the following
example.

[ maee ,

Relative Amplification
000000 0 O
R WA Y N ™o O

2

or 02 05 10 2 5 02 0S i 2 5 0
X _Reactance of primary inductance )i'_ Reactance of leakage inductance
R Resistance formed by R, and R{ in parallel R Resistance formed by Rpand Ry in series
F1g. 90.—Universal amplification curve showing the way in whieh the amplification of an
output transformer falls off at high and low frequencies.

Example.—Calculate the frequency-response curve of the output transformer of
Fig. 89.
In the middle range of frequencies, Eq. (87) shows that the load voltage Ey is

3.48 X 15.8 X 18

1700 + 356.5 + 15.8%(18 + 1.21) ~ -1 volts

E, =28
At low frequencies the output according to Eq. (88) falls to 70.7 per cent of this value
when

15.8%(18 4 1.21) X (1700 + 356.5)

15.8:(18 + 1.21) + (1700 + 356.5) ~ 1435

2nf X 11.1 =
from which f = 20.6 cycles. Amplification at other frequencies is obtained from
Fig. 90, which shows that at 0.5, 1.0, 2, and 5, times the 70.7 per cent frequency of
20.6 cycles, the output voltage is 0.45, 0.707, 0.89, and 0.98 respeetively times the
mid-range value of 4.1 volts. Hence the output at 10.3, 20.6, 41.2, and 103 cycles is
1.85, 2.90, 3.65, and 4.02 volts respeetively.

The high-frequeney response is determined by Eq. (89), which shows that the
output drops to 70.7 per cent of the mid-range value when 21f X 0.219 = 4800 + 2056,
or f = 4,980 cycles.  Other high-frequeney points are obtained from Fig. 90, which
shows that at 0.2, 0.5, 1.0, and 2, times this frequency, the relative output voltage is
0.98, 0.89, 0.707, and 0.45 respectively. The actual output at 996, 2490, 4980, and
9960 cycles is therefore 4.02, 3.63, 2.90, and 1.85 volts.

These results are shown as a frequency-response curve in Fig. 89.

Examination of Kqs. (88) and (89), and also of Fig. 90, shows that
for the best frequency response, the leakage inductance should be low
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and the primary inductance high. It is also seen that the use of a high
load impedance improves the response at high frequencies, but makes the
response at.low frequencies worse,

Transformer Characteristics.—The turn ratio of the transformer should
be such that the load impedance that the plate of the tube sees when
looking toward the transformer primary is the value for proper amplifier
operation. If n is the ratio of primary to secondary turns, a load imped-
ance Z, connected across the secondary appears to have a value of n2Z,,
when viewed from the primary of the transformer. This fact deter-
mines the proper value of n to match a given load to a particular tube
requirement.

The primary inductance that is effective in an output transformer is
the ineremental induetance with the appropriate direct-current saturation,
and is commonly measured at about 500 eycles. The transformer leak-
age inductance can be determined by measuring the inductance across
the primary terminals when the secondary is short-circuited. The turn
ratio is obtained by measuring the voltage ratio at a moderate frequency
with the secondary open-circuited.

The power rating of an output transformer is determined by the
current-carrying capacity of the winding and the voltage that may be
developed across the primary without exeessive flux densities in the eore.
When the flux density in the core is high, the magnetizing current becomes
large and also has a wave shape that is seriously distorted. Since the
magnetizing current flows through the plate resistanee of the tube, a
distorted wave of magnetizing current causes the voltage across the
transformer primary likewise to be distorted. Distortion from core
saturation is greatest at the lowest frequency to be amplified, because
the flux density in the core is inversely proportional to frequency.

56. Push-pull Class A and Class AB Amplifiers.—In the push-pull
amplifier two tubes are arranged as shown in Fig. 91. The grids are
excited with equal voltages 180° out of phase, and the outputs of the two
tubes are combined by means of an output transformer having a center
tap. The advantages of the push-pull connection, assuming identical
tubes, are:

1. No direct-current saturation in the core of the output transformer and hence
higher incremental inductance with correspondingly better low-frequency response.
(The direct currents in the two halves of the primary magnetize the core in opposite
directions and so produce zero resultant magnetization.)

2. There is no current of signal frequency flowing through the source of plate
power. This means the push-pull power amplifier produces no regeneration even
when there is a plate impedance common to the power and other stages.

3. Hum effects produced by alternating-current voltages present in the source of
plate power are greatly reduced becausezthethumseurrents flowing in the two halves of
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4. There is less distortion for the same power output per tube, or more power
output per tube for the same distortion, as a result of cancellation of all even harmonics
and even-order combination frequencies.

These advantages are so-important that a push-pull arrangement
using two small tubes is preferable to a single larger tube capable of
developing the same total power output.

The reason for the elimination of the even harmonies in the push-pull
amplifier can be understood by reference to Fig. 91.  Assuming that the

a - Push-pull Circuit

Push-pull input Tube Nod Push-pull output
transforme . transformer
Z = Jy
4 |
+3E Lood
A B H,g;’ed.
Tube No.2 £ [ amee
J—

-

b- Output Wave Form of Individual Tubes

/_\ _ " Output, tube No./

"~—7 MOU/‘/)U/‘, fube No.2
L/ \_/
c-Wave Form inload Impedance -Equivalent Circuit
Affor Combbn'ning Output of Two d-Equivalent Circui
Tubes

t,‘/‘es

! Location of
A center fap

[« connection
)

*ples)=ues

Fi1c. 91.—Circuit diagram of push-pull amplifier, together with equivalent circuit and
wave shapes produced, showing how the push-pull conneetion makes the positive agd
negative halves of the output wave have the same shape even though this is not true of the
outputs of the individual tubes. The result is that the output wave contains no even
harmonics and hence suffers less distortion than do the outputs of the individual tubes.

amplifier is sufficiently overloaded so that some distortion occurs, the
individual tubes develop output waves as shown in Fig. 915. The sum
of these waves, which represents the amplified output, is shown in Fig. 91c.
It is seen that when the two tubes have identical characteristics, the
positive and negative half cycles of the sum differ only in sign but not in
shape. The output hence contains only odd harmonics. This similarity
in the shapes of the positive and negative half cycles in the combined
outputs results from the fact that at points one-half cycle apart the tubes
have merely interchanged functions, i.e., at the later time tube 2 is operat-
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ing under exactly the same conditions as was tube 1 a half cycle earlier,
and vice versa. A more complete analysis based upon the power-series
method shows that not only are the even-order harmonies eliminated
but also all even-order combination frequencies, particularly the sum
and difference frequencies,

Class AB Push-pull Amplifiers.—The elimination of the even har-
monics by the push-pull arrangement makes it possible to extend the
operating range into the shaded region of Fig. 82d, which represents high
distortion with single-tube operation. This can be carried to the point
where the plate current is actually cut off for a smallgportion of each
cyele without causing excessive distortion. This increases the power
output obtainable, particularly when the grid is driven positive, and
results in plate efficiencies that range from 40 to 50 per cent. A push-pull
amplifier operating in this way is tcrmed a Class AB amplifier.

—8 !

:

-I[Ill[lllhllr

For proper operation E¢=Fg
F1a. 92.—Push-pull amplifier excited with the aid of a phase-reversing tube.

The Class AB amplifier is characterized by a large “rectified’”” plate
current when the full signal voltage is applied. This is an advantage,
since it permits the direct-current power input to the plate to be increased
in the presence of an applied voltage to a value exceeding the allowable
direct-current plate power input with no signal. The large increase in
plate current caused by the signal in a Class AB amplifier makes it impos-
sible to realize the full possibilities of the tube when self-bias is used,
however, since, if the bias keeps the plate current within an allowable
value for no applied signal, the bias will be excessive when the “‘rectified”’
current flows.

The output transformer for a push-pull arrangement is an ordinary
output transformer provided with a center-tapped primary and with the
core assembled to give the smallest possible air gap. Examination of the
equivalent circuit of Fig. 91d shows that the proper turn ratio is such that
the plate-to-plate impedance presented by the transformer primary
corresponds to a value that is twice the proper load impedance for a
single-tube power amplifier. This is because, as far as the output is
concerned, the two tubes of the push-pull arrangement are in series.



168 FUNDAMENTALS OF RADIO [Cuar. VI

The excitation for a push-pull amplifier is ordinarily obtained from a
fransformer having a center-tapped sccondary. Resistance coupling
to a push-pull amplifier, however, can be employed by making use of an
auxiliary phase-reversing tube as shown in Fig. 92. This tube is

(a) Circuit

(b) Voitage Acting on Grid
Tube No.l

(c) Voltage Acting at Plate
Tube Nol

« /Emm
Tube No.2

(d) Plate Current in Individual Tubes

Tbepe!
AR TA YA U

RN NN\

(e) Output in Transformer Secondary

AR AR

Fig. 93.—Circuit diagram of Class B
amplifier together with oscillograms show-
ing how the half sine-wave pulses of plate
current in the individual tubes combine to
produce the output.

Fig. 93b.
waves, as shown at Fig. 93d.

arranged to excite the second tube
of the push-pull combination with
a voltage that is equal in magni-
tude and opposite in phase to
the exciting voltage of the first
tube.

56. Class B Audio-frequency
Power Amplifiers.—The Class B
audio-frequency amplifier is a push-
pull amplifier in which the tubes are
biased approximately to cut-off.
Operated in this manner, one of
the tubes amplifies the positive half
cycles of the signal voltage while
the other amplifies the negative half
cycles, with the output transformer
combining these in the load. Such
an amplifier is characterized by a
high plate efficicney. Also, when
the grid is driven positive, as is
normally the case, the output is also
unusually high in proportion to the
size of the tube.

Analysis of Class B Amplification.
The fundamental factors involved
in the operation of a Class B ampli-
fier can be understood with the aid of
oscillograms such as shown in Fig.
93. The potential applied to the
grid of the tubes consists of a bias
voltage approximating cut-off, upon
which the alternating exciting volt-
age is superimposed, as shown at

This causes pulses of plate current that are roughly half sine
When combined by the output transformer,

these pulses produce a substantially sinusoidal current in the load resist-
ance. The voltage actually at the plate of the tubes consists of the
direct-current plate-supply potential minus the voltage drop across half
the transformer primary. Since the voltage across the load is substan-
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tially sinusoidal, this drop is likewise sinusoidal, and the instantaneous
plate potential varies as shown in Fig. 93c.

The peak amplitude of the plate-current pulse is the eurrent that
flows when the grid potential is at its positive pcak value and the plate
potential is at its minimum value En,. In the usual ease, when the grid
is driven positive, the amplitude of the plate-current pulse is determined
primarily by the amount the grid is driven positive. The minimum
plate potential E,, is controlled mainly by the load resistance. This is
because a high load resistance develops more voltage with a given pulse
than does a low load resistance and so makes E,_;, smaller. In actual
operation the load resistance should be such that E.;, is small compared
with the plate-supply voltage, to insure good plate efficiency, but is at
the same time greater than the maximum positive potential reached by
the grid in order to prevent the grid current from being excessive.

The quantitative relations existing in a Class B audio amplifier can
be determined with an accuracy sufficient for ordinary purposes by assum-
ing that the pulses of plate current are half sine waves. This is equivalent
to assuming that the characteristic curves of the tube are substantially
straight lines, and that the bias is adjusted to cut-off. Analysis based
upon this simplifying assumption shows that!

Proper load resistance} R E, — E.
= L

from plate to plate = 4—Ir (90)

Power output from| _ Lumax(Ey — Eumin)
two tubes N 2

1 These equations are derived as follows: Since the plate-current pulse of each
individual tube flows through only one-half the transformer primary, the combined
output of the two tubes is equivalent to an a-c current having a crest value 2
flowing through the entire transformer primary. If Ry is the equivalent load resist-
ance between primary terminals of the output transformer, the alternating drop
produced between plate and cathode of a single tube is one-half the voltage drop of
the current I../2 in the resistance Ry or Rrlma:/4. The minimum instantaneous
plate potential is hence

1)

Enin = By — Fido

Solving this for Ry results in Eq. (90). The power output is one-half the square of
the load current times the load resistance, or

2
Power output = JLIZY

Equation (91) results when Ry, is eliminated by the use of Eq. (90). The d-c plate
current drawn by the individual tube assuming a sine-wave half cycle of current is
Imax/m, so that the total d-c plate current of the two tubes is 2/ max/7 and the power
input is 2/ me:Es/m. Dividing the output by this input gives the plate efficiency as in
Eq. (92).
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Plate efficiency = E(l — h) 92)

4 E,
Here I,,, is the peak plate current of the individual tube, E.. is the
minimum instantanceous plate potential reached during the eycle, and
E, is the plate-supply voltage. It will be noted that the maximum possi-
ble efficiency is w/4, or 78.5 per cent, and that the closeness with which
the actual efficiency approaches this theoretical maximum is determined
by the ratio E,;./E,.

Miscellaneous Considerations.—The non-linear distortion in the output
of a Class B amplifier operating with the proper load resistance depends
upon the curvature of the tube characteristics and upon the operating
point. With actual tubes experiment shows that the distortion is small
when the bias corresponds roughly to the bias that would be obtained if
the main part of the grid-voltage—plate-current curve were projeeted to
zero current as a straight line. This bias, which is eommonly called
projected cut-off, is somewhat less than actual cut-off. Such an operating
point lowers the efficiency slightly because it results in a small d-c plate
current in the ahsence of a signal but gives substantially distortionless
amplification if the two tubes have identical characteristics.

The frequency response of a Class B audio amplifier is determined
by the characteristics of the output transformer in much the same way
as for a Class A power amplifier. There is a falling off at low frequencies
as a result of low primary impedance at low frequencies, and a falling off
at high frequencies, as a result of leakage inductance. It is henee desir-
able that the primary inductance be high and the leakage inductance
small. The fact that the plate current in each half of the primary wind-
ing is not continuous also makes it very important that the leakage
inductance from one-half the primary to the other half be as low as
possible.

The same tubes employed for Class A and Class C power amplification
can also be used for Class B amplifiers. Where only a relatively few
watts are required and the plate-supply potential is limited to 300 or 400
volts, as in public-address systems and small radio transmitters, special
tubes are often used for Class B amplifiers. These are designed with an
amplification factor so high that projected cut-off corresponds approxi-
mately to zero grid bias, thereby greatly simplifying the bias problem.

The plate current of a Class B amplifier varies with the signal ampli-
tude, so that for best results the plate-supply system should have good
voltage regulation. This is particularly true when the operating point
is not zero grid bias, since then variations in the supply voltage seriously
alter the effective operating point.

The driving stage for a Class B amplifier must be designed to have a
low internal impedance in order to minimize the distortion resulting
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