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FOREWORD

The rate of scientific discoveries and important engineering applica-
tions during and following World War II has presented a peculiar chal-
lenge to electrical engineering education. Though originally rooted in
the physical discoveries of Faraday and the embracing theory of Maxwell,
electrical engineering had for many years been absorbed in narrow and
specialized areas of this potentially most powerful field of engineering
endeavor. The linkage of network theory with the mathematical field of
functions of a complex variable, the successful monitoring of electron flow
in solids aided by the judicious implantation of impurities, and the per-
ception of the broad principles of controlled feedback for automatic
regulation of processes have enlarged the scope of electrical engineering
to the point where a fundamental reorientation of the entire undergradu-
ate curriculum appears necessary.

In fairness to students as well as to instructors, it is important to incor-
porate the practically inescapable emphasis on sound and rigorous engi-
neering science—as contrasted with the basic sciences of physics, chemis-
try, and mathematics—in measured steps and with careful evaluation of
the learning capacity on the one hand and the ability for constructive use
on the other hand. We have thus embarked at the Polytechnic Institute
of Brooklyn on a comprehensive program of revision of all the courses in
the electrical engineering program. Upon discussion with MeGraw-Hill
representatives, we conceived of a series of basic textbooks portraying the
essential concepts of the evolutionary process rather than detailed design
procedures still in the process of maturation. This series will carry in the
title the name of the Institute and will cover the fields of electronic cir-
cuits, communication theory, electromechanical transduction, digital
techniques, feedback principles, and others, jointly comprising the essence
of the undergraduate course program in electrical engineering.

The present volume by Professor E. J. Angelo, Jr. is the first tangible
result of this long-range planning started more than eight years ago. It
contains all the elements of the basic approach we have chosen. We hope
that it can serve as catalyst as well as a helpful guide for many who have
accepted the challenge of the new developments in technology, and in
particular the trend toward scientific engineering.

Ernst Weber






PREFACE

The study of electronics is currently considered to include studies of
physical electronics, solid-state physics, linear amplifiers, nonlinear
amplifiers, pulse circuits, rectifiers, and a variety of other related topics.
Any attempt to cover all these topics in detail in a single volume must
inevitably result in a large and unwieldy book. Partly for the purpose
of avoiding such a result, this book does not undertake a thorough
development of all these subjects; it does, however, attempt to establish
the fundamental concepts and techniques that are basic to all of them.
The subject matter of the book has served for several years as the basis
for a one-year first course in electronics for juniors in electrical engineer-
ing. The important topics not treated in detail in this course are studied
in a subsequent course.

The first half of the book is concerned primarily with the development
of linear and piecewise-linear circuit characterizations for tubes and
transistors and with examining the behavior of these devices in the basic
amplifier configurations; thus it is concerned with the properties of active
devices and with circuit representations for such devices. The techniques
employed are quite general and are used in a subsequent course to obtain
circuit representations for mechanical, electromechanical, and hydraulic
devices. The second half of the book is concerned almost solely with
linear tube and transistor circuits; thus it is an introduction to active-
circuit theory. This study is closely correlated with the study of pas-
sive-circuit theory; in fact, it is an extension of passive-circuit theory to
include active circuits. The methods employed in characterizing the
active devices make it both feasible and desirable to treat tubes and
transistors simultaneously. As implied above, these two devices are
seen to be special cases of a large class of amplifying devices.

Physical electronics and solid-state physics are presented in just
enough detail to give the student some understanding of the properties
of the devices and to acquaint him with the principal factors limiting the
performance that can be obtained. It is believed that the student is
better motivated and better equipped for a detailed study of these
subjects after he has studied the applications of the devices and has
learned of the annoying limitations on their performance. Similarly,

X
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nonlinear electronic circuits are treated only in an introductory manner
in this book; thus power amplifiers, pulse circuits, modulators, and
related circuits are not presented in detail.

Even with this restricted scope, the book contains more material than
can be covered comfortably in a one-year course. Thus it is appropriate
to mention certain sections that can be omitted without eliminating
material that is prerequisite to later portions of the text. Chapters 11
and 16 can be omitted entirely; however, if Chap. 16 is omitted it may be
necessary to present the Nyquist test of Chap. 17 without proof. The
following sections can also be omitted: 3-7, 3-8, 13-5, 15-8, 15-9, and
15-10. In addition, various sections in Chap. 2 can be omitted in
accordance with the desires of the instructor.

The author is indebted to many people among his colleagues and his
students for their contributions to this work. The course for which the
book was developed has been taught by more than 20 different instructors,
and each of these has aided the development of the subject matter in one
way or another. Special acknowledgment is due Professor Athanasios
Papoulis for the resonant-peaking circle of Sec. 15-7 and for the central
features in the analysis of the double-tuned amplifier.

E. J. Angelo, Jr.
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CHAPTER 1

INTRODUCTION

The manner in which electronic circuits are presented in this book is
the result of an effort to unify and systematize the study of such circuits
through the use of some of the elementary but powerful techniques of
modern network theory. The result is a somewhat unconventional treat-
ment of the subject matter. This introductory chapter presents a quali-
tative discussion of the principal objectives of the book.

1-1. Basic Premises. The variety of circuits using electronic devices
is so great that it is not possible, because of the limited time available,
to discuss each of them separately. Moreover, the study of electronics
on such a basis is unsatisfactory in many respects, for it tends to become
the study of a large collection of more or less unrelated circuits. A more
effective basis for the study is provided by certain fundamental concepts
and analytical techniques that are applicable to large classes of circuits
and that therefore bring unity into the study.

The unifying concepts that are the principal concern of this book apply
equally well to transistor and vacuum-tube circuits; hence it is feasible
to study these two types of circuits simultaneously. In fact, these con-
cepts are fundamental to linear networks in general; hence they are
currently used in the analysis of mechanical, electromechanical, hydraulic,
and thermal systems as well as electronic circuits. Of particular impor-
tance is the fact that these concepts provide a kind of insight and under-
standing that is especially useful in the design of electronic circuits.

Encyclopedias of electronic circuits and handbooks of factual infor-
mation have important uses in engineering work; however, as a rule they
do not provide the best guidance for an organized basic study. A text-
book should concentrate on the reasoning processes used in analysis and
design; when the reasoning processes are mastered, no special tutoring
is needed to utilize the factual information contained in handbooks.

The belief that learning proceeds from familiar things and specific cases
to new things and general cases dictates that new concepts be introduced
in terms of specific and, wherever possible, familiar circuits. This
practice has, in addition, the desirable properties of motivating the study
and of relating theoretical developments to engineering applications. A
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2 ELECTRONIC CIRCUITS

body of powerful theory has questionable value to the engineer (in con-
trast with the mathematician) unless he can interpret it in terms of a
physical system. This is not to say that an elegant theory must be
defiled by a diluted expression in practical terms; however, the physicist
and the engineer must go one step beyond the mathematician and relate
their theories to physical phenomena. This, in fact, is the chief function
of the physicist. The chief function of the engineer is to use these
relations to design systems which technicians then build. Most engineers
are part physicist and part technician, with altogether too little true
mathematical competence (as distinet from skill in manipulation and
computation).

In beginning the study of a new concept, the student is confronted
with two distinct difficulties, neither of which is necessarily serious. The
first of these is the difficulty of grasping the concept and understanding
its significance; the second is associated with the computational effort
required in the quantitative application of the concept. It is essential
that these two difficulties be separated; in particular, the purely com-
putational difficulties must not be permitted to obscure the concept.
As a general rule, the properly prepared student has less trouble with
the conceptual difficulties than with those of computational origin, even
though the new concept be quite abstract, provided that the concept is
clearly related to other concepts that are familiar from previous studies
or experiences. It is not necessary that these familiar concepts be
practical or physical; they can be completely abstract so long as they are
familiar. Thus a competent electrical-engineering student can in a very
few weeks become proficient in analyzing the dynamics of linear mechani-
cal systems, provided that he relates the mechanical system, which is
completely physical, to its electrical analog, which is quite abstract in its
electrical properties. If the new concept is truly fundamental, however,
the student is not likely to perceive all its implications at once. Com-
putational difficulties should be avoided whenever possible by judicious
choice of the method of analysis; however, in many cases laborious
computations cannot be avoided. Here the human propensity for error
takes a heavy toll. The principal cause of errors is not a lack of knowl-
edge, but carelessness. Nevertheless, the engineer must learn to face
computational difficulties and to carry out lengthy calculations with
accuracy. In this connection, a thorough understanding of the concepts
involved and a clear picture of the fundamental relations do much to
relieve the tedium of computation, to expose computational errors, and
to reveal the most efficient computational procedure.

For reasons stated above, problems intended to illustrate a basic
principle should be clearly formulated, and the principle should not be
obscured by computational difficulties or vague design consideration.
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Such problems may, however, be expressed in terms of carefully chosen
practical applications for the purpose of motivation and to provide
factual information. Having mastered the principle, the student should
advance to problems involving more computational effort and including
some aspects of design.

1-2. Analysis and Design. The problem of calculating the perform-
ance characteristics of a specified circuit is the problem of analysis. In
the case of linear circuits, both electronic and otherwise, there are
systematic methods for solving any analysis problem. These methods
of solution can be learned by rote, and with their aid the solution of
analysis problems does not necessarily require any imagination. Never-
theless, as is shown in the following paragraph, analysis is fundamental
in the more challenging problem of design, and in this connection it is
often desirable to discard the systematic methods of analysis mentioned
above.

The problem of specifying in detail a circuit to meet a given set of
performance specifications is the problem of design. In general, there
is no systematic method for solving this problem, and usually there are
many different solutions to any given design problem. (This latter fact
means that more conditions could have been included in the specifica-
tions.) Accordingly, the solution of the design problem requires imagi-
nation and is therefore stimulating to the mind. Systems are usually
designed by a cut-and-try procedure. First, a circuit is chosen tenta-
tively on the basis of factual knowledge and past experience. This
circuit is then analyzed, and its performance characteristics are compared
with the specifications that must be met. The comparison often shows
that the original circuit must be modified in some way, or it may even
show that the choice of a different basic circuit is necessary. After
these changes are made, the circuit is again analyzed, and the results
are compared with the specifications. This process is repeated until a
final design is selected. (Occasionally it is necessary to terminate the
process before the optimum design is reached in order to meet a produc-
tion deadline.) Thus efficiency in design depends upon a good store of
useful factual information to serve as a guide in making the initial
choice and upon skill in analysis to permit evaluation of the choice with
a minimum of labor. Of special importance is the kind of factual infor-
mation used to characterize various cireuits, for this consideration governs
to a large extent the effectiveness of the initial choice of a circuit and the
facility with which the initial choice can be modified to obtain improved
performance.

In view of these facts, analysis problems can be divided into two classes.
In the first class, the objective is to determine some specific quantity
such as the number of volts appearing at the output terminals of a given
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circuit. In this case the method of analysis is chosen to provide the
answer with the least effort and with the smallest probability of numerical
error; elementary systematic methods are usually satisfactory for the
solution of this problem. In the second class of analysis problem, the
objective is to examine the general properties of the circuit and to obtain
factual information about these properties that will subsequently be
useful in circuit design. In this case the method of analysis should be
chosen to give the greatest insight into the properties of the circuit and
to present the factual information in the form that is the most useful to
the designer. Elementary methods of analysis are usually not suitable
for this purpose, for they usually provide little insight. On the other
hand, the network theorems, for example, are particularly valuable tools
in this class of analysis. In this type of analysis, the method used for
characterizing the properties of the circuit is especially important. In
this connection, the logarithmic frequency characteristics and the pole-
zero patterns of network functions are particularly effective for char-
acterizing the dynamic properties of circuits.

1-3. Analysis of Physical Systems. It is shown in Sec. 1-2 that the
analysis of physical systems is an important part of the design of such
systems and that therefore the engineer, who is ultimately concerned
with design, should be a skilled analyst. The analysis of a physical
system usually consists of three steps: (1) A study of the physics of the
system, either theoretical or experimental, leading to a set of relations
that describe the behavior of the system. These relations, which may
take the form of a set of equations or a set of curves, constitute a mathe-
matical model for the system. In the case of electrical systems, this
study is usually accompanied by the formulation of an electric network
model corresponding to the mathematical model. (2) The mathematical
solution of the model. (3) The interpretation of the solution in terms of
the physical behavior of the system.

Approximately the first half of this book is concerned primarily with
the application of step 1 of the analysis procedure to vacuum-tube and
semiconductor devices of engineering importance. The analysis of cer-
tain simple but basic circuits is carried through to completion, however,
in order to show their characteristics and limitations. In formulating
network models for physical systems it is usually necessary to make
certain simplifying approximations; thus the models correspond approxi-
mately to the physical system over a restricted range of operating condi-
tions. This is true of the models developed for vacuum tubes and
transistors. For example, most of these models are valid only in a
restricted range of operating voltages and frequencies. These models,
which are electric-circuit representations for tubes and transistors, are
purposely called models rather than equivalent circuits to emphasize the
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fact that they are not exactly equivalent to the physical device but
that they represent the device approximately over a certain range of
operating conditions.

Passive, linear, bilateral, lumped-parameter circuits are commonly
characterized in terms of ideal resistance, inductance, and capacitance.
However, these ideal components are not sufficient for the character-
ization of systems containing transistors and vacuum tubes. The study
of these devices shows that in most of their important applications they
can be characterized in terms of ideal R, L, and C plus two additional
elements, the ideal diode and the ideal controlled source.

The second half of the book is concerned primarily with steps 2 and 3
of the analysis procedure. Most of this study is restricted to the case of
small-signal operation in which the circuits are linear and can be described
in terms of ideal R, L, C' and controlled sources. Thus the study is
concerned with the extension of passive-network theory to the analysis
of circuits containing controlled sources. The methods of analysis are
chosen to give the greatest insight into the important properties of the
circuits and therefore to be of the greatest help in circuit design. The
means used to characterize the properties of the circuits are also chosen
on the basis of utility in design.

In conclusion, it should be said that for the engineer there are no
problems of analysis that cannot be solved; he must obtain a solution by
one means or another. If the mathematics becomes too cumbersome to
be useful, he must make acceptable approximations to reduce the mathe-
matical complexity. If circuits are nonlinear, he must use linear or
piecewise-linear approximations, or he may be forced to use graphical
methods of analysis. In many circumstances he must be prepared to
use electronic computers in obtaining solutions to the more difficult
problems. In the worst cases he may be forced to use empirical methods.
In no case, however, should he abandon his theoretical knowledge; this
knowledge provides valuable guidance in obtaining a solution by any
means. When complete analytical solutions are not feasible, partial
solutions usually serve as valuable complements to experimental studies.

1-4. Summary. The study of electronic circuits presented in this
book has as its primary objective the development of certain fundamental,
unifying concepts that give useful insight into the properties of electronic
circuits and that serve as valuable guides in circuit design. The more
important phases of the study can be summarized as follows: (1) an
examination of the electrical characteristics of tubes and transistors;
(2) the formulation of network models for tubes and transistors and the
emergence of the ideal diode and the ideal controlled source as network
components; (3) the extension of passive-network theory to circuits con-
taining controlled sources; (4) the characterization of the dynamic
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properties of circuits in terms of the logarithmic frequency characteristics ;
(5) the characterization of the dynamic properties of circuits in terms of
the poles and zeros of the network functions ; (6) an examination of the
effect of feedback on circuit properties.

A secondary objective of the study is to provide the student with a
store of factual information about the more important electronic circuits.
There are several reasons for presenting this information, among which
are (1) motivating the study, (2) providing a nucleus of factual infor-
mation to serve as a basis for circuit design, and (3) strengthening the
grasp of basic concepts by expressing them quantitatively in a realistic
context. The factual information is kept subordinate to the basic
principles, however, and it is presented, for the most part, through the
illustrative examples in the text and through the problems included at
the end of each chapter.



CHAPTER 2

THE IDEAL DIODE

It is explained in Chap. 1 that the set of ideal elements consisting of
resistors, capacitors, inductors, and constant current or voltage sources
is not adequate for the representation of the electrical properties of
electronic circuits. However, the addition to the set of two new elements,
the ideal diode and the ideal controlled source, removes this limitation
and makes possible the network representation of most of the important
electronic circuits. The objective of this chapter is to introduce the
ideal diode as a circuit element and to investigate some of the useful
things that can be done with its aid.

The ideal diode is a nonlinear, two-terminal element; it is used to
represent the nonlinear properties of electronic devices such as vacuum
tubes and transistors. Circuits containing diodes are therefore non-
linear, and for this reason they can perform operations that cannot be
performed by circuits containing linear R’s, L’s, and C’s alone. Thus a
wide range of new and useful circuits is made possible by the diode.
Some of these circuits are analyzed in the pages that follow.

2-1. Characteristics of the Ideal Diode. The ideal diode is repre-
sented symbolically in Fig. 2-1a; its volt-ampere characteristic is given
by the heavy lines in Fig. 2-1b. This characteristic shows that the ideal
diode behaves in the following
way. When the diode current 7 | iah
14 is positive, the voltage drop e '@
across the diode is zero, regard-
less of the magnitude of the cur-
rent; that is, the diode behaves as
a short circuit to current in the
forward direction. On the other T
hand, when the voltage drop across fal : - )

Fic. 2-1. The ideal diode. (a) Symbol;
the diode is negative, the current (b) volt-ampere characteristic.
through the diode is zero, regard-
less of the magnitude of the voltage; that is, the diode behaves as
an open circuit to voltage in the reverse direction. The diode changes

7

€d
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from the open-circuit to the short-circuit condition at the point where
both the current through the diode and the voltage drop across it are
zero. Of course, no physical device has exactly these characteristics;
however, a number of devices have characteristics that approximate the
ideal very closely.

The upper terminal of the diode in Fig. 2-1a is called the anode terminal
because positive charge flows into the diode at that terminal. The lower
terminal is called the cathode terminal because positive charge flows out
of the diode at that terminal.

The most important feature of the ideal diode is the fact that its
volt-ampere characteristic is not a straight line; it consists of two straight-
line segments joined at right angles. The ideal diode is therefore a non-
linear device, and for this reason it can produce results that cannot be
obtained with the linear elements R, L, and C. The importance of the
diode lies in this fact.

{a) (b}
Fre. 2-2. A diode rectifier circuit with supply voltage e, = E, sin wd. (@) Circuit;
(b) waveforms.

Devices having volt-ampere characteristics consisting of straight-line
segments are called piecewise-linear devices because they are linear along
each separate piece of the characteristic. If the combinations of current
and voltage are restricted to values lying entirely on one piece of the
characteristic, the device behaves as a linear device. Its nonlinear
nature comes into consideration only if the ranges of current and voltage
involved extend across a break point in the characteristic.

2-2. The Half-wave Rectifier. A resistive half-wave rectifier circuit
is shown in Fig. 2-2a. The voltage source ¢, supplies a sinusoidal voltage
to the circuit; Ry represents a resistive load being supplied with power,
and E, represents the source resistance. When e, is positive it produces
a current in the positive direction indicated in the diagram. Since this
is the forward direction for the diode, it acts as a short circuit, and the
magnitude of the current is determined by e,, R,, and R;. When e, is
negative it acts to produce a current in the opposite direction. However,
since this is the reverse direction for the diode, it behaves as an open
circuit, and no current flows. The waveforms of supply voltage and
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load voltage, ez = Ririg, are shown in Fig. 2-2b. Under these conditions
the load voltage is

o = - Br

Rs + RL ¢

er =0 for e, negative (2-2)

for e, positive 2-1)

The load voltage pictured in Fig. 2-2b is periodic; therefore it can be
represented by a Fourier series. If the peak instantaneous value of e
is designated by Ez, the series is

ey = —1-EL+%ELSin wsl = 321‘]1, COS 2w,t - iEL COS 4wst+ v
™ T

157
(2-3)
Thus ez consists of a d-¢c component and sinusoidal components at the
fundamental radian frequency s and at integer multiples of w,. The
voltage across the load therefore contains components at frequencies not

€s

| E

1 | 1

N\ \
\/ |

(@) (b)

Fic. 2-3. A battery charger with supply voltage e, = B, sin wd. (a) Circuit; (b)
waveforms.

present in the voltage applied to the circuit. The appearance of these
new frequencies is a consequence of the nonlinearity of the diode. In
circuits consisting entirely of linear elements the only frequencies appear-
ing are those present in the applied voltages and currents. One of the
primary uses of the diode is the production of these new frequencies;
often the d-c component generated by the diode is the quantity of
interest. The action by which a diode generates a direct voltage from
an alternating supply voltage is called rectification.

The rectifier circuit shown in Fig. 2-3a is a battery charger. In order
for charge to be accumulated in the battery it is necessary that ¢4 have
some positive average value; that is, 7 must have a positive d-c com-
ponent. The action of the diode in generating a d-c component is there-
fore essential in the charging of a battery from an a-c supply. The action
of the circuit can be understood from the waveforms shown in Fig. 2-3b.
At those instants when the curve of e, lies below E (e, less than E) the
net voltage around the loop acts to send current in the reverse direction
through the diode. At such instants the diode therefore acts as an open
circuit, and no current flows. At those instants when the curve of e
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is above E (e, greater than E) the net voltage acts to send current in the
forward direction through the diode, the diode acts as a short circuit,
and current flows in the proper direction to charge the battery. The
variable resistance £ can be adjusted to give the desired value of charging
current. The charging current at each instant is given by

. E, sin wit — K
1a = w fOI' es > E (2—4:)

¢ =0 fore, < E (2-5)

An ideal diode can conduct any value of current in the forward direc-
tion, and it remains an open circuit for all values of inverse voltage.
This is not the case, however, with physical diodes. In general, there
is a limit to the peak instantaneous current that can be passed without
damage, and there is a limit to the peak instantaneous inverse voltage
that can be applied. It is therefore necessary to ensure that these two
quantities do not exceed the maximum permissible values.

No current flows in the circuit of Fig. 2-2a when an inverse voltage
exists across the diode; hence there is no voltage drop across the circuit
resistances, and the peak inverse voltage is simply E,. The peak forward
current occurs when e, has its maximum positive value; the magnitude
of this current is (¢a)max = E./(Rs + Ry1). Similarly, there is no current
in the circuit of Fig. 2-3a when an inverse voltage exists across the diode;
hence the peak inverse voltage occurs when ¢, = — E, (Fig. 2-3b), and its
value is E,; = E, 4+ E. The peak current occurs when e, has its maxi-
mum positive value, and it is given by (ie)mx = (B — E)/(R. + R).

It is clear from Fig. 2-3b that the diode in the battery-charging rectifier
conducts for somewhat less than half the cycle of e,. If E, is only slightly
larger than E, the diode will conduct for only a very small fraction of the
time. Under these conditions the average current, which measures the
charging rate, will be much smaller than the peak current, which must
be limited to a safe value. This operating condition corresponds to poor
utilization of the diode.

The calculation of instantaneous and average power in circuits in
which all currents and voltages are d-c or are sinusoids of the same
frequency is a relatively simple matter. In circuits such as those dis-
cussed above the currents and voltages have complex waveforms, and
computations of power must be made with care. In particular, it is
usually desirable to base power calculations on the fundamental law

P =cei (2-6)

If e is the instantaneous potential difference in volts across the terminals
of any two-terminal device, and if 7 is the current in amperes into the
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positive terminal at the same instant, then p is the power in watts
delivered to the pair of terminals at that instant. This relation is always
true; it comes directly from the definitions of potential difference and
current and is independent of the circuit. If ¢ and 7 are time-varying
quantities, p is a time-varying quantity. The average value of p over
any interval T is given by

1 (T
P = P = T et dt 2-7)
0

To find P this integral must be evaluated. If analytic expressions for
¢ and 7 as functions of time are known, then it may be possible to evaluate
the integral analytically. If analytic expressions for e and ¢ are not
known, or if they are too complicated for easy integration, the integral
can be evaluated by approximate methods such as Simpson’s rule or by
counting squares on a graphical plot. In any case it must be stated
most emphatically that, in general,

P+ 6oy (2-8)

In other words, the average of the product of any two time-varying
quantities x and y 7s not, in general, the product of the averages of x and
y; however, it reduces to the product of the averages in the special case
that either z or y or both are constant in the integration.

Example 2-1. In a diode rectifier circuit like that shown in Fig. 2-2 the supply
voltage is e, = 475 sin 377t volts, the load resistance is Rz = 1000 ohms, and the
source resistance is R; = 500 ohms. Determine (a) the d-¢ component of the load
voltage, (b) the peak instantaneous diode current, (c) the peak inverse voltage across
the diode, and (d) the average power absorbed by the load.

Solution. a. During the negative half cycle of e, the diode acts as an open circuit
and e; = 0. During the positive half cycle of e, the diode acts as a short circuit,
and the load voltage is

Ry 1000

eL=me.—15004755m0=3165m0 0<6<n

The d-¢c component of ez is the average value of the voltage over a full cycle of opera-
tion:
1 2w 316

Es = — eLd0=if13165in0d0=—leOvolts
27 Jo 2r Jo kg

b. The peak diode current occurs when ¢, has its maximum positive value; hence
(dmax = 55— = 7Ean = 0.316 amp
8
¢ The peak inverse voltage across the diode occurs when e, has its maximum nega-

tive value; hence
Ep: = (€s)max = 475 volts
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d. During the negative half cycle of e, the load absorbs no power. During the
positive half cycle of e, the power absorbed by the load at each instant is

er? _ 3162

=-L =22 4in2 g = in?
PL &y 1000 sin? @ 100 sin? @

The average power absorbed in one full cycle is
N b =100 [ 0 de =501 [T aine
P = 27r/‘; pr dé = o Jo Sin 6de = 501/; sin? 6 do
= 50 (sin? 0)ay = 50[14(1 — oS 20)ay]
But the average value of cos 26 in the interval 0 < 6 < 7 is zero. Hence
P = 25 watts

Ezample 2-2. The supply voltage in the battery charger of Fig. 2-3 is ¢, = 10 sin
377t volts, the battery voltage is E = 7 volts, and the total series resistance is R + R,
=1 ohm. Determine (a) the charge delivered to the battery in 1 hr, (b) the peak
diode current, and (c) the peak inverse voltage across the diode.

e

Er—A—em — — —

2 0=wt

Fia. 2-4. Waveform for the battery charger of Example 2-2.
Solution. a. The charge delivered to the battery in 1 hr is
Q = 3600(id)ay

When e, is less than E, the diode current is zero. When e, is greater than E (the
interval 6; < 6 < 9, in Fig. 2-4), the diode current is

j= &= E

‘"R, FR

The average diode current over a complete cycle is thus

. _ 1 [e[Hsin () —F
(Za)avy = % Jo, I: " ]do

Integrating and substituting the numerical value of R, + R yields
1
(ia)av = —[—E, cos (0) — E@I
2m
But 6, = # — 6;. Hence
(Gadev = o= [—E, cos (x — 0) — Blx — 62) + E cos (81) + E6s]

1
= 2_11' [2E, cos (al) + 2E6, — ‘IrE]
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When 6 = 04, ¢, = E, sin 6; = E; hence 6, = sin~! (E/E,) = sin™* 0.7, and 6, =
0.775 radian. Substituting numerical values in the above expression yields

(iadev = 5 [20 cos (61) + 1405 — 7x]

= 0.50 amp

The charge delivered to the battery in 1 hr is thus

Q = (3600)(0.478) = 1720 coulombs

b. The peak diode current occurs when e, has its positive maximum value and is

E,—EFE 10 -7

(d)max = RFE- 1 " 3 amp
The ratio of peak to average diode current is thus
('id)max . 3 6.3

Gaav 0478

¢. The peak inverse voltage across the diode occurs when ¢, has its maximum nega-~
tive value and is
E,, =E,+E =10 4+ 7 = 17 volts
2-3. The Diode Limiter. The circuit shown in Fig. 2-5a is a diode
limiter. It has the property that no matter how wide the range over

R €
— NV ¢ o
Ey———- '
|
+ Dy D i
-0 - |
0 -E, Jl
— + _ -
— e E e
By =— = E, 1 s
2
I I —
(a) (b)

Fria. 2-5. The diode limiter. (a) Circuit; (b) transfer characteristic.

which e, varies, the output voltage e, is restricted to the range between
the values of E; and —E;. The voltage transfer characteristic of Fig.
2-5b shows how the output voltage varies as a function of the input
voltage. When the input voltage is greater than E;, diode D, conducts,
and e, = E;. When the input voltage is less than (more negative than)
—E,, diode D; conducts, and e, = —E,. For values of ¢, between these
two limits both diodes are biased in the reverse direction and therefore
behave as open circuits; hence in this range the output voltage varies
with the input voltage as shown in Fig. 2-5b. If no load is connected
across the output terminals, e, = e, when ¢, is in the range between
—E, and E,. The diode limiter might be used to protect a circuit
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against the application of excessive voltage, or it might be used to alter
the waveform of the input voltage. For example, if E; = E,, and if e,
is a sinusoid with an amplitude much larger than E, then the output
will be very nearly a square wave of voltage.

The battery symbols are used in Fig. 2-5 to emphasize the fact that
E; and E, are direct voltages; they do not imply that batteries are
necessarily used to obtain these voltages. This practice will be followed
throughout this book. It is to be understood that the battery symbols
designate ideal sources of direct voltage.

2-4. The Peak Rectifier. The half-wave rectifier discussed in Sec. 2-2
delivers a pulsating, unidirectional current to the load. Such circuits
are satisfactory for many applications such as battery charging and
electrolytic processes. There are many other applications, however,
where it is desired to obtain a pure direct voltage from the standard a-c

A
VAAVAS

Fic. 2-6. A peak rectifier with supply voltage ¢, = E, sin w,t. (a) Circuit; (b) wave-
forms.

power mains. The peak rectifier circuit shown in Fig. 2-6a is often used
for this purpose when the load current ¢z is small, a few milliamperes or
less.

The operation of the circuit!* can be understood with the aid of the
waveforms in Fig. 2-6b. If C initially has no charge, and if e, is applied
at time ¢ = 0, then as e, increases from zero to its positive maximum,
current flows in the forward direction through the diode, and charge is
stored in the capacitor. If the source resistance R, is very small, the
voltage drop across it is negligibly small, and ez, the voltage across C,
is essentially equal to e, at every instant until e, reaches its maximum
positive value. Thus C charges to a voltage equal to the maximum
positive value of e, Now if ¢z = 0, there is no way for C to discharge,
for the diode does not conduct current in the reverse direction. Thus
the charge accumulated by C during the first quarter cycle is trapped and
cannot escape. This trapped charge maintains the voltage across the
capacitor at the value E,. The circuit of Fig. 2-6a is called a peak rectifier

* Superior numbers designate references listed at the end of the chapter.



THE IDEAL DIODE 15

because its output voltage is equal to the positive peak value of the
input voltage. ‘

If the load on the peak rectifier consists of a large resistance Rz, as
shown in Fig. 2-7a, then the capacitor can discharge slowly through Ry
while the diode is not conducting. Under these conditions the load
voltage and current will consist of a small ripple component superimposed
upon a large d-c component. As R is made smaller, the capacitor
discharges by a greater amount each cycle, and the ripple becomes greater

+o = e
Rs l-ked.‘ ir,
iq e
+
+
e, C=— e E, id
’ > ¢ A\ I\
- t
\/es \/
(a) {b)

Fic. 2-7. A peak rectifier with resistive load and supply voltage e, = E,sin wit. (@)
Circuit; (b) waveforms.

in magnitude. During a brief interval near the positive peak of e, in
each cycle a pulse of charging current flows through the diode; this pulse
restores to the capacitor the charge lost through Rz during the interval
when the diode is not conducting.

It follows from the discussion above and from Figs. 2-3b and 2-7b that
the peak rectifier acts, in some respects, like the battery charger. The
charge trapped on the capacitor
makes the capacitor behave some-
what like a battery. Asin the case
of the battery charger, current flows
through the diode in short pulses,
and the peak diode current is much
greater than the direct component
of (?urren?; dth.er.ed to the lo?d‘ Fia. 2-8. Voltage across the diode in the
Again, this condition represents in-  peak rectifier.
effective utilization of the diode.

If the voltage drop across R, is negligibly small, the voltage across the
diode is e; = e, — ez. The waveform of this voltage is shown in Fig. 2-8
for the case where the ripple component of e is very small. It is clear
from this waveform that the peak inverse voltage across the diode is 2E,.

2-5. The Diode Clamper. The circuit of a diode clamper? is shown in
Fig. 2-9a. This circuit is identical with that of the peak rectifier shown
in Fig. 2-6a except that the positions of the capacitor and the diode are

€q
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interchanged. Thus the operation of the clamper is like that of the
peak rectifier; however, the output voltage is taken from a different pair
of terminals. Accordingly, if the voltage drop across R, is negligibly
small, the capacitor charges to the positive peak value of e, as indicated
in Fig. 2-9a, and the output voltage, which in this case is the voltage
across the diode, is ez = ¢, — E,. Thus the waveform of the output

E T

€s

i
R AVAVA

eg= es—E;

{a) {b)

Fia. 2-9. A diode clamper with input voltage e, = E, sin wi. (@) Circuit; (b) wave-
forms.

1

€s
Eqf--
R E,
=+ )
Il :
C
+ + Ey—
e €d (b)
- J— e
(a)

(© ¢

F1c. 2-10. Another diode clamper. (a) Circuit; (b) input voltage; (c) output voltage.

voltage is the same as the waveform of the input voltage, but the wave
is shifted down by an amount equal to the positive peak value of the
input voltage as illustrated in Fig. 2-9b. Since the output voltage rises
just to the value zero when e, has its positive peak value, the circuit is
said to clamp the positive peak of ¢, at zero volts.

The diode clamper has a number of useful applications. For example,
in TV receivers it is necessary that the voltages appearing at certain
points in the circuit have fixed peak values. Clamping circuits are used
to meet this need. As another example, clamping circuits are often
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used in a-¢ vacuum-tube voltmeters; this application is discussed further
in Sec. 2-6.

Another form of the diode clamper is shown in Fig. 2-10a. This
circuit is like that of Fig. 2-9a except that the diode is reversed. For
variety, a rectangular waveform of input voltage, shown in Fig. 2-109, is
assumed. When e, is negative, the diode conducts and charges the
capacitor to the maximum negative value of e with the polarity shown.
Thus the voltage across the diode in this circuit is es = e, + K3, and,
as shown in Fig. 2-10¢, the waveform of the input voltage is shifted up by
an amount equal to its negative
peak value. This circuit clamps the
negative peak of the signal wave-
form at zero volts. N i

It is usually necessary to connect l
a large resistance across the output . 911 A diode cl.amper with a
terminals of a diode clamper asshown  resistive load.
in Tig. 2-11 so that the charge
trapped on the capacitor will not be trapped indefinitely. This resistance
usually draws negligible current and does not alter the analysis given
above.

9-6. The A-C Vacuum-tube Voltmeter. The a-c vacuum-tube volt-
meter? consists basically of two parts, a diode circuit to rectify the alter-
nating voltage and a d-c voltmeter to measure the rectified voltage. The
rectifier often consists of a diode clamper and an RC filter forming a circuit
like that shown in Fig. 2-12a. The resistances R, and R; are very large
and draw a negligible current; hence the diode and C; form a diode
clamper like that of Fig. 2-9a. If R is small, the waveform of e is clamped
with its positive peak at zero, as indicated by the waveform of e; in
Fig. 2-12b. This voltage consists of a sinusoidal component equal to e
and a d-c component equal to the positive peak value of e. The filter
capacitor C; is chosen so that it acts as a short circuit in comparison
with R, at the frequency of the voltage ¢ that is being measured; C» acts,
of course, as an open circuit to the d-c component. Hence the a-c compo-
nent of e; does not appear at the output terminals of the filter, and the volt-
age ¢, is equal to the d-¢ component of ez, which in turn isequal to the peak
value of e. If the voltage e, is measured with a d-¢ vacuum-tube volt-
meter, the value obtained will be the positive peak value of e. Such
voltmeters are called peak-above-average voltmeters.

Vacuum-tube voltmeters like the one described above are often cali-
brated to read the effective, or rms, value for sinusoidal voltages. This
result is accomplished by designing the scale to indicate the peak value
of the unknown voltage divided by +/2. When such an instrument is
used to measure nonsinusoidal voltages, the reading obtained is not the

+ Ry C +

ey R ¢
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rms value of the voltage, it is simply the positive peak value of the voltage
divided by 4/2. The peak value of the nonsinusoidal voltage, which is
usually the quantity of interest, is obtained by multiplying the voltmeter
reading by /2.

In the above discussion it is assumed that the resistance R in series
with the voltage being measured is small. If this resistance is large, as
often is the case, the current drawn by the voltmeter may cause an
appreciable voltage drop across R so that the voltage at the terminals of
the voltmeter is not the desired voltage. The result will be an appreciable
error in the measurement unless a correction is made for the loading effect

o II

R W gV

+ G 2
+ o, == +
e €y -Rl 2T €,
. B

\ / ~ S/
Clamper Filter
la)

(b
Fic. 2-12. A diode clamper with a filter. (a) Circuit; (b) waveforms.

of the instrument. For this reason it is important that the voltmeter
circuit be designed to draw the least possible current from the circuit
in which voltages are being measured.

2-7. The Voltage Doubler. The rectifier shown in Fig. 2-13 has the
interesting and useful property that it develops a direct voltage equal
to the peak-to-peak value of the input voltage.»* Hence, if the input
is sinusoidal, the direct voltage at the output is twice the peak value of
the sinusoid. The operation of the circuit can be explained as follows.
The peak rectifier consisting of D, and C, draws negligible current from
the diode clamper consisting of D; and C,. Therefore the clamper
operates like the one shown in Fig. 2-10a. Capacitor C; charges to E,
volts with the polarity shown, and the voltage across D is eq; = e, + E,.
The waveform of this voltage is shown in Fig. 2-13b; it constitutes the
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input voltage to the peak rectifier. The peak rectifier then charges C
to the peak value of es;, which is 2E, as indicated in Fig. 2-13b. This
voltage appears at the output terminals of the circuit.

By extending the basic ideas involved in the voltage doubler, diode
circuits can be devised to act as voltage triplers, quadruplers, . . .,
n-tuplers.l4 A voltage quadrupler, shown in I'ig. 2-14, consists of two
conventional voltage doublers. If another voltage doubler is added in
the same manner, the output voltage will be 6E,. Circuits giving odd

R O .
0

ZF 1\ 2E;
+ Es + eg1=es+E;
e edl T 02 By /‘\
V4 ‘
Clamper Peak

rectifier e,=E; sinwgt
(@) (b)
Fia. 2-13. A voltage doubler. (a) Circuit; (b) waveforms.

FGS'E‘”‘I

i ?
e:-Es ~ es+E =—2Es
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+ +1 Ji‘ :
e e+E, =2,
[ T |

Fig. 2-14. A voltage quadrupler with supply voltage e, = E; sin w,l.

multiples of E, are obtained by removing the capacitor ahd diode on the
left and continuing with voltage doublers as in Fig. 2-14.

2-8. The Full-wave Rectifier. A full-wave rectifier circuit supplying
power to a resistive load is shown in Fig. 2-15a. The circuit consists
basically of two half-wave rectifiers connected to a single load resistor
and supplied with sinusoidal input voltages that are equal in magnitude
but opposite in phase. During the positive half cycle of e,, D; acts as a
short circuit, D, acts as an open circuit, and er, = e¢,. During the nega-
tive half eycle of e,, D, acts as a short circuit, D, acts as an open circuit,
and e, = —e,. The waveform of ez, is shown in Fig. 2-156. The advan-
tage of full-wave rectification over half-wave rectification in this applica-
tion is that for a given peak diode current the average current in the load
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is twice as great. The full-wave rectifier offers additional advantages in
other applications that are discussed later.
The load voltage in the circuit of Fig. 2-15 can be expressed mathe-
matically as
erL = les| (2—9)
= |E, sin w,i| (2-10)

Alternatively, since e is periodic it can be expressed in the form of a
Fourier series:

2 4 4
e, = K, (; — 3, ¢os 2w, — 15 °08 dod — - - ) (2-11)

Thus the load voltage consists of a d-¢c component of magnitude (2/7)E,,
which is the average value of each half cycle of e,, and a set of sinusoidal

> ;
%‘ Y D (R ?
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Fic. 2-15. A full-wave rectifier with supply voltage e; = E, sin wi. (@) Circuit; (b)
waveforms.

components at frequencies that are even multiples of the frequency of e..
Thus if e, is a 60-cycle voltage with an rms value of 115 volts, ez will con-
tain a d-c component of (115)(2 v/2/x) = 103.5 volts plus sinusoidal com-
ponents at 120, 240, 360, . . . cps.

In the discussion above it is assumed that the center tap on the power
transformer in Fig. 2-15 is exactly at the center and that the voltages
across the two halves of the transformer are therefore equal. In practice
these two voltages are likely to be slightly unbalanced, with the result
that the successive peaks in the load-voltage waveform shown in Fig.
2-15b are not exactly equal. In this case the fundamental frequency of
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the periodic voltage across the load is 60 cps, and ez, contains components
at 60 cps and its harmonics.

The peak inverse voltage across the diodes in Fig. 2-15a can be deter-
mined in the following way. The sum of the voltages across the two
diodes is equal to the full secondary voltage of the transformer, 2e,.
However, at each instant of time one of the diodes acts as a short cir-
cuit and the other acts as an open circuit; hence the voltage 2e, appears
across the diode that acts as an open circuit, and the maximum inverse
voltage that appears across either diode is 2F,.

Another full-wave rectifier circuit is shown in Fig. 2-16. This circuit,
which is called the bridge rectifier, requires four diodes, but it has the
advantage that a center-tapped transformer
is not required. During the positive half
cycle of e; current flows through D,, By, and
D; and during the negative half cycle current ‘
flows through D, Rz, and D,. In both
cases current flows in the same direction
through Ry. During the positive half cycle .
Ry is connected across the transformer by D; Fia. 2-16. A bridge rectifier
and Dj;; during the negative half cycle it is Vg,ith. supply voltage e, =

s SIN w,l.
connected across the transformer by D, and
D, with the terminals reversed. It follows that the waveform of volt-
age across Ry is the same as that shown in Fig. 2-15b and that ez, is given
by Eqgs. (2-9) to (2-11).

The peak inverse voltage across the diodes can be determined by noting
that the sum of the voltages across D; and D, equals the supply voltage
e; and that likewise the sum of the voltages across D; and D; equals e,.
Thus during the positive half cycle of e,, when D, and Dj; act as short cir-
cuits, the voltage e, appears across both D, and D, in the inverse direc-
tion, and the peak inverse voltage is E, for each of these diodes. During
the negative half cycle D, and D, act as short circuits, the voltage e,
appears across both D, and D; in the inverse direction, and the peak
inverse voltage is E, for each of these diodes. Thus, for a specified d-c
component of voltage at the load, the diodes in the bridge rectifier need
withstand only half as much inverse voltage as those in the rectifier of
Fig. 2-15. Thisis an important consideration when semiconductor diodes
are used.

2-9. The Full-wave Rectifier with an Inductive Load. Figure 2-17a
shows a full-wave rectifier supplying power to a load consisting of a series
connection of resistance and inductance. Circuits of this type occur, for
example, when a full-wave rectifier is used to supply field current to a d-c
generator from an a-c source of power. The load current, shown in Fig.
2-17b, consists of a-d-c component and a time-varying component. The
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inductive part of the load tends to prevent any change in the load cur-
rent; hence the time-varying component of load current is smaller than
in the case of the full-wave rectifier with a resistive load. In particular,
the load current never drops to zero, and either one or the other of the
diodes conducts at every instant.

Since one or the other of the diodes conducts at every instant, the load
voltage has the form shown in Fig. 2-17b, and it can be expressed mathe-
matically by Eq. (2-11). This fact makes the calculation of the load cur-
rent a relatively simple matter. Each sinusoidal component of the load

é' T ir, T + L
. s ey, R
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Fie. 2-17. A full-wave rectifier with an inductive load and supply voltage e, =
E, sin ws. (@) Circuit; (b) waveforms.

voltage given by (2-11) can be treated separately by superposition, and
the impedance of the load at any frequency is Zr = R + jwL. Hence
the d-c component of 7z, is

_ 2E,

Idc = 1I'R

(2-12)

If the frequency of the supply voltage is 60 cps, then w, = 377 rps, and
the load reactance at the fundamental frequency of 7 is 2w.l; = 754L.
Thus the amplitude of the fundamental-frequency component of 4z is

— (34m)E,
I~ @y (oAl 1)

The amplitude of each sinusoidal component of iz can be evaluated in
this manner. It is clear that the inductive reactance increases as the
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order of the harmonic increases; hence the amplitudes of higher harmonics
are relatively small.

Figure 2-18 shows a circuit that is used to control the speed of a small
d-c motor such as might be used to drive a lathe, an application in which
close speed control is often required. The bridge rectifier R, supplies a
constant current to the shunt field. Its load consists of a series connec-
tion of the resistance and inductance of the shunt field ; hence the circuit
is a full-wave rectifier with an RL load, and the field current can be deter-
mined in the manner outlined in the preceding paragraph.

Transformer T, and rectifier R supply an adjustable direct voltage to
the armature of the motor; the rotational speed of the armature is roughly
proportional to this voltage. The load on rectifier R, consists of a series

009 D-c motor

Shunt
field

Tz

[o]

B

Fig. 2-18. An adjustable-speed d-c-motor circuit.

connection of the armature-circuit resistance, the armature-circuit induct-
ance, the series-field inductance, the added inductance L, and a voltage
source accounting for the back emf generated by the rotation of the arma-
ture. The inductance L is added to limit the alternating components of
armature current to small magnitudes, for these components generate
heat in the armature but do not produce any average torque.

The analysis of the armature circuit is complicated by the simultaneous
presence of an inductance and a voltage source in the load. If the induct-
ance were present alone, the armature current could be calculated in the
same way as the field current; if the voltage source were present alone,
the current could be caleulated by the method used in the analysis of the
battery charger of Example 2-2. The voltage source tends to restrict
the conducting interval of the diodes to a fraction of a cycle of the input
voltage, as in the case of the battery charger, whereas the inductance
tends to maintain a constant flow of current. The inductance prevails
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when the direct current in the load is large; the voltage source prevails
when the direct current in the load is small. This problem is studied in
greater detail in Sec. 2-11.

It is pointed out in Sec. 2-4 that there are many applications in which
it is desired to obtain a direct voltage (or current) with negligible ripple
from the standard a-c power mains. In that section it is shown that
when only a small direct current is required, the desired result can be
obtained by connecting a capacitor in parallel with the output terminals.
It follows from the discussion in the first part of this section that when
large direct currents are required the desired results can be obtained by
connecting an inductor in series with the output. Thus the circuit in
Fig. 2-17a can be viewed as a full-wave rectifier delivering a nearly pure
direct current to the resistor B. The inductor I, serves as a choke, or
filter choke, to limit the alternating components of current in the load.

(a) (8

Fic. 2-19. A full-wave rectifier with a eapacitor filter and supply voltage e. = E, sin wt.
(a) Circuit; (b) waveforms.

The alternating components cannot be made zero, but if the direct com-
ponent, which is limited only by R, is large, then the alternating compo-
nents, which are limited primarily by L, can be made relatively small.

The use of an inductor to reduce the ripple in the load current has the
advantage, compared with the use of a capacitor, that each diode con-
ducts for a full half cycle. Hence the ratio of average to peak diode
current is much larger than in the case of the capacitor filter, and better
use is made of the diodes. However, in many applications the d-c¢ out-
put current required is so small that suitable smoothing cannot be
obtained with an inductor of reasonable size. Hence it is often neces-
sary to use a capacitor for the smoothing or, in many cases, to use more
elaborate low-pass filters consisting of combinations of L and C.

2-10. The Full-wave Rectifier with a Capacitor Filter. Figure 2-19a
shows a full-wave rectifier with a smoothing capacitor connected across
its output terminals. This circuit is similar to the single-diode peak
rectifier discussed in Sec. 2-4; in this case, however, the capacitor
receives two charging pulses in each cycle of the input voltage instead of
one. Consequently, for the same values of Bz, and C, the full-wave peak
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rectifier has less ripple in its output voltage than does the half-wave
rectifier of Sec. 2-4.

When the ripple component of voltage is small compared with the d-c
component, the magnitude of the ripple can be estimated easily. The
peak value of ez is E;; hence ez can be written as

er = B, — e, (2-14)

where e, is the saw-tooth ripple voltage shown in Fig. 2-19b. The ripple
voltage results from the capacitor discharging through the load resistor
during the interval between charging pulses. During this interval, which
is approximately T,/2, half the period of e,, e;, is nearly constant at the
value E,. Hence the current discharging C is approximately constant

at the value
= L (2-15)
1L = RL -

The charge lost by C while the diodes are not conducting is, then,

Ag = L (2-16)
2
and the corresponding change in the capacitor voltage is
Aep = B, = Aq _ Tdr _ T.E, (2-17)

C 20  2CRg

where E, represents the peak-to-peak value of the ripple component of
er. The quantity CRy is the time constant ~ of the combination of load
resistor and filter capacitor; thus (2-17) can be written as

T,
E =3 K, (2-18)

The ratio of peak-to-peak ripple voltage to d-c output voltage is thus
approximately
Er Ts 1 m

E, 2 2rf, = wCRz

(2-19)

where f, = 1/T; = w,/2x is the frequency of the a-c supply.

Example 2-8. The half-wave peak rectifier of Fig. 2-20a is supplied with the square
wave of voltage shown in Fig. 2-20b. Determine the approximate values of the d-c
component and the ripple component of the load voltage.

Solution. When the capacitor is charging, the diode acts as a short circuit, and the
circuit connected to the capacitor can be replaced by a Thevenin equivalent as shown
in Fig. 2-20c. The time constant of the charging circuit is

T. = (99)(10-%) = 0.000099 sec
=~ (.1 msec
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F1g. 2-20. Diode rectifier for Example 2-3. (a) Circuit; (b) waveform, T = 0.5
millisecond; (c) charging circuit; (d) discharging circuit.

Since T is approximately T/5, C charges essentially to 49.5 volts during the positive
half cycle of e,.

When the capacitor is discharging, the diode acts as an open circuit and the load
voltage is given by the circuit of Fig. 2-20d. The time constant of the discharging
circuit is

Tq = (104)(107%) = 0.01 sec = 10 msec

Since Ty = 207, C discharges only a small amount, and ey remains nearly constant
during the negative half cycle of es.

The amplitude of the ripple voltage is given approximately by
Ag _ Tin _ Ter _ (5)(107%)(49.5)

B =2

¢ =C T 10iC = @010~ = 2.48 volts

As a first approximation, the d-¢c component of the output voltage can be taken as
49.5 volts. For a closer approximation,

o = 5, (49.5T +49.57 — Z287) < 49 volts

2-11. The Full-wave Rectifier with an LC Filter. The parallel-capaci-
tor filter of Sec. 2-10 gives satisfactory smoothing in applications where
the direct current required is less than a few milliamperes, and the series-
inductor filter of Sec. 2-9 is satisfactory in applications where the direct
current required is greater than a few amperes. In the host of appli-
cations where the direct current required lies between these two ranges,
a more elaborate filter circuit must be used. One filter circuit that is
widely used in these applications is shown in Fig. 2-21. This filter,
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which combines the series-inductor and shunt-capacitor actions, is known
as the choke-input filter.'—*

The inductor in the filter of Fig. 2-21 tends to maintain the input cur-
rent to the filter, ¢;, constant, and the capacitor tends to maintain the load
voltage e, constant. At noload, with Rz = « and iz = 0, the capacitor
charges to the peak value of ¢, as in the case of the peak rectifier. This
fact is indicated in Fig. 2-22a, where the d-c component of load voltage
is plotted against the d-c component of load current. ~As the load current

. Alian me
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Fra. 2-21. A full-wave rectifier with a choke-input filter and supply voltage e. =
E, sin w,t.
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Fre. 2-22. Characteristics of the full-wave rectifier with a choke-input filter. (a)
Output characteristic; (b) waveforms.

is increased from zero, the load voltage decreases rather rapidly and one
or the other of the diodes conducts during a portion of each half cycle
of ¢, When the d-c component of load current exceeds a certain value,
the diodes conduct for a full half cycle, and the input to the filter is
connected to the transformer at each instant through one diode or the
other. Under these conditions ey, the voltage at the input to the filter,
is a full-wave rectified sinusoid like that shown in Fig. 2-15b. These
conditions exist for all load currents greater than this value, and the d-c
component of load voltage remains constant at the average value of |eJ as
shown in Fig. 2-22a. (In actual rectifier circuits the load voltage
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decreases slightly with increasing load current because of the series
resistance associated with the inductor and the diodes.)

The minimum value of I, for which the diodes conduct during a full
half cycle can be determined rather easily, and the method of analysis
is basic in the study of a number of electronic circuits. When the diodes
conduct for a full half cycle, the input voltage to the filter ¢ is given by
the right-hand side of Eq. (2-11). The input current to the filter can
be calculated from this expression and the input impedance to the filter
by considering each sinusoidal component of applied voltage separately.
The input impedance at any frequency is

Ry

Zf = ij + 1—“-—‘—+ ijRL

(2-20)
As shown in Fig. 2-22b, the input current ¢; consists of the d-¢ load cur-
rent plus a time-varying component. Ordinarily the time-varying com-
ponent consists primarily of the fundamental-frequency component in
the Fourier series. In a well-designed filter, the capacitor C is so large
that at the frequency of this component the second term in Eq. (2-20) is
negligible compared with the first term; hence the time-varying com-
ponent of ¢; is approximately sinusoidal with an amplitude given by
2
I 1 = m Es (2-21)
This amplitude is independent of the load resistance and the load current.
It is clear from Fig. 2-22b that for all values of I4, greater than I, the
input current to the filter never drops to zero, and one or other of the
diodes must therefore conduct at all times. If I, is reduced to a value
equal to Iy, ¢y drops just to zero at its minimum value. The current i,
cannot have any negative values, for the diodes in Fig. 2-21 cannot
conduct in the reverse direction. Hence if /4 is less than I;, both diodes
become nonconducting during certain portions of the cycle, and neither
diode conducts for a full half cycle of the input voltage. Thus the
minimum value of I for which the diodes conduct for a full half cycle
corresponds to the condition
Io=1, = 3TiL E, 2-22)
But [s, = Ez./R., and in the range of load currents where both diodes
conduct for a full half cycle, E, = 2E,/= (Fig. 2-22a). Substituting
these relations in (2-22) yields
1

I de = 3—0);Z Edc (2—23)
and Ry = 3w,L (2-24)
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Equation (2-24) gives the maximum value of Ry for which both diodes
conduct for a full half cycle of the a-c supply voltage. In order to avoid
operating on the steeply rising portion of the volt-ampere characteristic
of Fig. 2-22q, it is common practice to connect a resistance of this value,
called a bleeder, across the output terminals of the filter. When the
frequency of the a-c supply is 60 cps, Eq. (2-24) becomes

R = 1130L (2-25)

where Ry, is in ohms, and L is in henrys.

When the d-c load current is greater than the critical value determined
above, both diodes conduct for a full half cycle, and the input voltage to
the filter is given by Eq. (2-11). The ripple voltage appearing at the
output of the filter can be calculated by considering each Fourier com-
ponent of the input voltage separately. In a well-designed filter the
ripple voltage at the output consists primarily of a sinusoidal component
at the fundamental ripple frequency. The fundamental-frequency

N

Fia. 2-23. The full-wave rectifier including diode and inductor resistances.

component of voltage at the input to the filter is given by Eq. (2-11) as
4FE,/3r, and its radian frequency is 2w,. It then follows from the circuit
shown in Fig. 2-21 that the complex amplitude of the fundamental-
frequency component of output voltage is

_ R1/(1 + j2w,CRy) 4E,
" j2wL + Rr/(1 + j20,CR1) 37
B R: 4,
T Rp(1 — 4w,2LC) + j2w,L 31

E, (2-26)

(2-27)

For good filtering, L and C should be chosen to make 4w,2LC much greater
than unity.

If there is a series resistance r; associated with each diode in the circuit
of Fig. 2-21, the input current to the filter must flow through 4, and the
input voltage to the filter is reduced accordingly. Since only one diode
conducts at any instant, the effect of the two diode resistances can be
accounted for conveniently by a single resistance at the input to the filter
as shown in Fig. 2-23. This circuit shows also a resistance R, that
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accounts for the resistance of the filter inductor. The d-¢ component of
the load voltage is reduced by the voltage divider action of 74, R, and Ry.

Example 2-4. The supply voltage for the circuit of Fig. 2-23 is e, = 550 sin 377¢
volts, and the circuit parameters are 74 = 400 ohms, R, = 100 ohms, Bz = 3000 ohims,
L = 10 henrys, and C = 16 uf. Determine the d-c component and the 120-cps
component of voltage across the load.

Solution. The d-c load current is limited by the resistance ra + R. + Rz = 3500
ohms. Since this resistance is less than 1130L = 11,300 ohms, both diodes conduct
for a full half cycle, and the voltage at the input to the filter (including r4) is

es = |550 sin 377¢|
The d-c¢ component of e; is therefore
(er)a: = (0.636)(550) = 350 volts
and the d-c load voltage is
Eaq:. = (350)(39094590) = 300 volts

Ignoring the small effect of 74 and R, on the 120-cps component of voltage, Eq.
(2-27) gives

B — 3000 (4) (550)
' = 30001 — 4(377)*(10)(16)(10-9)] + j2(3770)  3r
3000 234)

= @7 (109 F ;7540
Thus the amplitude of the 120-¢cps component of load voltage is
E, =~ 2.6 volts

2-12. The Full-wave Rectifier with a CLC Filter. The full-wave
rectifier with a CLC filter is shown in Fig. 2-24a. This is perhaps the
most widely used rectifier-filler combination. In comparison with the
LC filter, the CLC filter gives better filtering and higher output voltage
for a given supply voltage; however, the voltage regulation of the CLC
filter is not as good as that of the LC filter. A typical output volt-
ampere characteristic for a CLC, or capacitor-input, filter is shown in
Fig. 2-24b.

The action in this circuit is somewhat like the action in the full-wave
peak rectifier discussed in Sec. 2-10. A pulse of current flows through
one or the other of the diodes when e, is near its peak value in each half
cycle. Because the inductor L tends to hold its own current constant,
the pulses of current serve primarily to charge C;. When the load current
is small, C, is charged nearly to the peak value of e, The voltage across
C, has a saw-tooth waveform similar to that shown in Fig. 2-19b; the
combination of L and C; then acts like an LC filter to transmit the d-c
component, of voltage across C1 to the load.

The quantitative analysis® of the rectifier with a capacitor-input
filter is complicated by the fact that the diodes conduct for less than a
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Fre. 2-24. A full-wave rectifier with a capacitor-input filter and supply voltage e, =
E;sin wit. (@) Cireuit; (b) output characteristic.

half cycle of the supply voltage; thus the voltage at the input to the
filter is one of the unknowns that must be determined. An analysis can
be made with the aid of certain simplifying approximations; however, it
will not be undertaken here. The design of such rectifiers is usually
based on families of output characteristics, similar to that of Fig. 2-24b,
published by the tube manufacturer for the particular diode to be used.
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PROBLEMS

2-1. A battery charger like that shown in Fig. 2-3 is used to charge a 6.3-volt
automobile battery. The supply voltage is ¢, = 20 sin 377¢.

a. What value of B + R, is required to limit the peak diode current to 5 amp?

b. With the adjustment of part a, what is the direct current delivered to the battery?

¢. What is the average power delivered to the battery, the average power dissipated
in the resistors, and the average power delivered by the source?

d. What is the peak inverse voltage that appears across the diode?

2-2. The supply voltage for a peak rectifier like that shown in Fig. 2-7 is e, =
100 sin 3772. The capacitor and the load resistor are large so that there is no appreci-
able ripple voltage across the load, and ez is 90 volts. Under these conditions the
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action of the capacitor is similar to that of a 90-volt battery. What value of R, is

required to limit the peak diode current to 2 ma?

2-8. The periodic voltage shown in Fig. 2-25 is applied at the input of the diode
clamper shown in Fig. 2-11. The source re-
sistance R, is negligibly small, and R and C
volts are large so that the capacitor cannot dis-
100 charge appreciably through R during one

cycle of the signal voltage.

a. When the circuit is in the steady state,
what is the value of the voltage across the
capacitor?

t b. Sketch the waveform of the output volt-
age eq. Show on this sketch the values of all
significant voltages.

2-4. The field current for a d-c motor is supplied by a bridge rectifier like that
shown in Fig. 2-18. The a-c supply voltage at the secondary of T, is 115 volts, rms,
at 60 cps. The inductance of the field winding is 100 henrys, and its resistance is
75 ohms,

a. Determine the d-¢c component of the field current.

b. Determine the amplitude of the 120-cps component of the field current.

2-b. The load on a bridge rectifier like that in Fig. 2-16 is a parallel RC combination
like that shown in Fig. 2-19. The supply voltage is ¢, = 10 sin 200¢, the load capaci-
tance is 1 uf, and the load resistance is 3 megohms. Under these conditions the ripple
voltage across the load is small.

a. What is the average current in the load resistor?

b. What is the average current in each diode?

¢. What is the peak inverse voltage appearing across each diode?

2-6. In a peak rectifier like that shown in Fig. 2-19 the filter capacitance is 8 uf,
and the d-¢c component of the load current is 1 ma. The supply voltage is sinusoidal
with a frequency of 60 cps. Under these conditions the ripple voltage across the load
is small.

a. What value of supply voltage E, is required to give a d-c load voltage of 100 volts?
Give the rms value.

b. What is the peak-to-peak value of the ripple component in the load voltage?

¢. What is the peak inverse voltage appearing across the diodes?

2-7. The choke in a rectifier circuit like that shown in Fig. 2-23 has an inductance of
8 henrys and a resistance of 100 ohms. The filter capacitance is 32 uf, the series
resistance associated with each diode is 400 ohms, the load resistance is 4000 ohms,
and the supply voltage is sinusoidal with a frequency of 60 cps.

a. What must be the value of the supply voltage E, to give a d-c load voltage of
250 volts? Give the rms value.

b. Calculate the amplitude of the 120-cps component of the load voltage. (Neglect
the resistances of the choke and the diodes in this calculation.)

¢. What is the largest value of bleeder resistance that will ensure that the diodes
conduct for a full half cycle?

2-8. A certain rectifier is identical with the one analyzed in Example 2-4 except
that the diodes are reversed. What is the value of the d-¢c component of e for this
circuit?

2-9. The supply voltage for a rectifier like that shown in Fig. 2-17 is e, = 200 sin
800xt. The filter choke has an inductance of 10 henrys and a series resistance of
100 ohms. The load resistance is 1000 ohms. The diode resistance is negligible.

a. What is the d-c component of voltage across the load resistance?

€s
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Fig. 2-25. Waveform for Prob. 2-3.
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b. What are the amplitude and the frequency (in cycles per second) of the funda-
mental-frequency component of the ripple voltage at the load?

¢. What is the peak inverse voltage appearing across the diodes?

2-10. The voltage applied to the diode limiter of Fig. 2-5 is e, = 10 sin 2000xt.
The resistance R is 1000 ohms, and the battery voltages are E, = E; = 5 volts.

a. Sketch two full cycles of the supply voltage e, the output voltage e, and the
voltage drop across B. Mark on this sketch the values of all significant voltages.

b. What is the peak current through the diodes and the peak inverse voltage across
the diodes?

2-11. A full-wave rectifier like the one shown in Fig. 2-23 is supplied with a 400-cps
sinusoidal voltage. The inductance of the choke is 1 henry, its resistance is 25 ohms,
and the series resistance associated with the diodes is 200 ohms. What is the largest
value of bleeder resistance that will ensure that the diodes conduct for a full half cycle?

€1
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Fig. 2-26. Circuits and waveform for Prob. 2-12. (a) Voltage waveform; (b) first
circuit; (¢) second circuit.

2-12. The periodic voltage shown in Fig. 2-26a is applied to the two circuits shown
in Figs. 2-26b and ¢. The d-c microammeter M has negligible resistance, and it
indicates the average value of current.

a. Determine the steady-state meter reading in each case.

b. Sketch the waveform of e, for steady-state conditions in each circuit. Mark
the values of all significant voltages and time intervals.

2-13. Peak rectifiers like the one shown in Fig. 2-19 are sometimes supplied with
alternating voltages having the waveform
shown in Fig. 2-27. The filter capacitor

required in such cases is much smaller than  J\, | +—— 1000 usec
would be needed with a sinusoidal supply 10 usec —=|

voltage of the same frequency. 300+ |
a. Sketch the waveform of load voltage {
for C = 0. :
|

|

€s

b. If the d-c load current is 100 ma, and :
if the peak-to-peak value of ripple voltage \ ’
is to be less than 1 volt, what is the smallest I
value of C that can be used? Sketch the =300 ———==—"
waveform of the ripple voltage. T1c. 2-27. Supply-voltage waveform for

c. Using the fact that the current in a  the full-wave rectifier of Prob. 2-13.
capacitor is ¢ = Cde/dt, determine the peak
diode current. (In practice, a resistor in series with each diode would limit the diode
current to a much smaller value than this.)

d. Repeat part b for the case where e, is a 1000-cps sinusoid with an amplitude of
300 volts. Assume that the load voltage is approximately equal to the peak value
of e..



CHAPTER 3

PRACTICAL RECTIFIERS

It is shown in Chap. 2 that the addition of a nonlinear component, the
diode, to the collection of components used in electric circuits permits a
number of valuable results to be achieved, results that cannot be obtained
with the linear elements R, L, and C alone. The discussions of Chap. 2
are based on the assumption that ideal diodes are available. Before the
circuits of Chap. 2 can be built, however, it is necessary to devise some
physical component that behaves at least approximately like the ideal
diode. It is the purpose of this chapter to study several physical devices
that can be used in the construction of the circuits discussed in Chap. 2.
The physical laws governing these devices are examined so that, among
other things, it can be seen how and why the physical diodes do not
behave exactly like ideal diodes.

The properties of the ideal diode are given by the volt-ampere char-
acteristic of Fig. 2-1b; in fact, this characteristic can be looked upon as
the definition of the ideal diode. The extent to which any physical
device behaves like an ideal diode can be perceived by comparing its
volt-ampere characteristic with that of the ideal diode. Hence the
study of physical diodes is concerned largely with the study of their
volt-ampere characteristics and the physical laws underlying them.

3-1. The Vacuum Diode. A vacuum diode is shown schematically in
Fig. 3-1a. It consists of two active electrodes, an anode (or plate) and a
cathode, designated p and k, respectively, in Fig. 3-1, and a cathode
heater that does not enter directly into the action of the tube. These
elements are enclosed in an envelope of meétal or glass from which as much
air has been removed as is economically practical, leaving a very high
vacuum in the interelectrode space.

When the electrodes are at room temperature the current I is extremely
small, no matter how large F; is made and regardless of the polarity of
E, (assuming, of course, that the insulation of the wiring outside the
tube does not break down). If, however, sufficient power is applied to
the cathode heater to raise the cathode temperature to about 750°C (for
typical small diodes), the behavior of the diode changes. At this temper-
ature electrons escape from the cathode in large numbers in somewhat

34



PRACTICAL RECTIFIERS 35

the same way that water molecules evaporate from the surface of a con-
tainer of hot water. This phenomenon of electron emission is con-
sidered in greater detail in Sec. 3-6. The electrons issuing from the
cathode emerge with some kinetic energy; hence, if E; is zero, electrons
arrive at the anode at an appreciable rate, and the meter M in Fig. 3-1a
indicates an appreciable current. This phenomenon, first observed by
Edison in his studies of the incandescent lamp, is known as the Edison
effect. It isshown, somewhat exaggerated, in the volt-ampere character-
istic of Fig. 3-1b.

If the polarity of the battery in Fig. 3-1a is reversed, the plate of the
diode is held at a negative potential relative to the cathode, and there is
an electric field in the space between the plate and cathode that opposes
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Fia. 3-1. The vacuum diode. (a) Diode and supply voltages; (b) volt-ampere

characteristie.

the flow of electrons from cathode to anode. Moreover, since the plate
is at a relatively low temperature, it emits electrons at a negligible rate.
Hence there is no flow of electrons from plate to cathode, for there is no
source of free electrons at the plate. If the reverse voltage applied to
the diode is greater than about 14 volt, the diode current I3 is essentially
zero. Thus there can be no reverse current through the diode, and in
this respect it behaves as an ideal diode.

If the battery is connected in the circuit with the polarity shown in
Fig. 3-1a, the plate is held positive relative to the cathode, and the
electric field in the interelectrode space accelerates the electrons emitted
from the cathode toward the plate. The current I; therefore increases
with increasing E; as shown by the characteristic curve of Fig. 3-1b.
When E, reaches a sufficiently high value, about 10 volts for the con-
ditions pictured in Fig. 3-1, electrons are drawn to the plate as fast as
they are normally emitted from the cathode, and the diode current
increases relatively slowly with further increasesin E;. The slow increase
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in Ip in this region results from the fact that increasing E; increases
the emission from the cathode somewhat. In this region the diode
current is limited by the cathode emission. Prolonged operation in
this region usually results in permanent damage to the cathode; hence
vacuum diodes are normally operated on that part of the characteristic
curve lying below the knee. It is clear from a comparison of the volt-
ampere characteristics of Figs. 2-1b and 3-1b that the vacuum diode
differs from the ideal diode primarily in that there is a voltage drop
across the vacuum diode when it conducts in the forward direction; it
does not act as a short circuit to forward current.

The representation of the vacuum diode used in Fig. 3-1a is a symbolic,
or schematic, representation; it does not picture the physical structure of
the tube. The cathode of such tubes usually takes the form of a small
hollow nickel rod, coated on its outer surface with a thin layer of barium
and strontium oxides to increase the electronic emission. The heater is
a tungsten wire, like the filament of an ordinary incandescent lamp,
placed inside the hollow rod. The plate is usually a metal cylinder
surrounding and concentric with the cathode. When the heater power
is supplied through a transformer from an a-c source it is common practice
to provide the transformer with a center-tap connection. This center
tap is usually connected to the negative terminal of the plate power
supply, as shown in Fig. 3-1a, to fix the potential of the heater relative
to the cathode. Sometimes the heater is held 20 or 30 volts positive
relative to the cathode to prevent electrons emitted by the heater from
reaching the surrounding cathode and interfering with the operation of
the tube.

Another type of construction that is occasionally used does not employ
a separate filament to heat the cathode. The filament is made of nickel
wire or ribbon, and the oxides of barium and strontium are applied
directly to the surface of the filament. These are termed directly heated
cathodes in contrast to the indirectly heated cathodes described above.

Oxide-coated cathodes are not suitable in certain applications involving
voltages greater than about 1000 volts. Tubes built for these applica-
tions often employ an ordinary tungsten filament as the cathode. In
order to obtain sufficient emission from these filaments, the tungsten
must be raised to a much higher temperature than is required by oxide-
coated cathodes, usually about 2100°C. The emission from such fila-
ments can be increased by mixing thorium with the tungsten, giving rise
to thoriated-tungsten filaments. These more efficient filaments are
usually operated at about 1700°C.

3-2. Semiconductor Diodes. A semiconductor diode of the junction
type is shown pictorially in Fig. 3-2a and schematically in Fig. 3-2b.
The diode consists of two semiconducting materials having different
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electrical properties that are joined together along a common boundary
known as a junction. The volt-ampere characteristic for a typical
junction diode is shown in Tig. 3-2¢c. There is no obvious reason why
the device should have such a characteristic; hence no explanation will
be attempted until the physical laws governing the flow of electrons in
semiconductors have been examined. Nevertheless, it is clear from
Tig. 3-2c that the characteristics of the semiconductor diode are very
much like those of the ideal diode provided the inverse voltage does not
exceed a certain critical value. The inverse voltage at which the diode
breaks down is sometimes referred to as the Zener voltage. The char-
acteristic of the junction diode is so good that, in order to display clearly
the imperfections, it is necessary to plot the reverse voltage and current
to a different scale from that used for the forward voltage and current.
For many applications the characteristics of the junction diode are
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Fia. 3-2. The semiconductor diode. (a) Pictorial representation; (b) schematic
representation; (¢) volt-ampere characteristic.

superior to those of the vacuum diode. In addition, the junction diode
can be made much smaller than the vacuum diode, and it requires no heater
power. The principle disadvantage of the junction diode is that its
characteristics deteriorate rapidly when the junction temperature rises
above about 75°C for diodes made from germanium and about 200°C for
diodes made from silicon.

Semiconductor diodes can also be made in forms different from the
junction type described above. The point-contact diode consists of a
germanium or silicon crystal to which one of the two contacts is made by
the tip of a fine wire. The action that takes place at this contact leads
to a volt-ampere characteristic that is a good approximation to the ideal
diode characteristic, although it is not as good an approximation as is
provided by the junction diode. The point-contact diode is superior
to other diodes at high frequencies, however, for the parasitic capacitances
associated with it are extremely small. Such diodes are used primarily
in high-frequency, low-power applications.
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Another type of semiconductor diode that is of engineering importance
consists of a layer of semiconducting material in contact with a metal.
When this contact is formed in a certain way it behaves like the junction
of a junction diode and produces a diode characteristic. Diodes of this
type are usually referred to as metallic rectifiers. The semiconductors
commonly used in metallic rectifiers are selenium and cuprous oxide.
Although the metallic rectifier is a much poorer approximation to the
ideal diode than is the junction diode, it nevertheless finds wide applica-
tion in the field of power rectification.

The physical theory underlying semiconductor diodes is rather complex,
and little can be said quantitatively about their performance except in
the case of the junction diode. Therefore only the junction diode will
be treated in the pages that follow. The junction diode is simpler than
the other types because it is made of a single crystal; its structure is
therefore uniform and simple.

3-3. The Motion of Charged Particles in Electrostatic Fields. In
most vacuum-tube and semiconductor electronic devices the flow of
electric current is associated with the movement of charged particles
under the influence of forces exerted by electrostatic fields. A study of
the basic physical laws governing this motion aids in understanding the
volt-ampere characteristics of electronic devices. Complete quantita-
tive solutions can be obtained in only a few simple cases; however, a
valuable qualitative insight of wide applicability can be obtained from
this study.

Figure 3-3 shows a pair of metal electrodes that can be thought of as

representing symbolically the electrodes
;'h# | of a vacuum diode. A potential differ-
L Ep _I ence is established between these elec-
ds b trodes by a battery as shown in the
figure. If a small particle carrying a
Cathode Anode  charge of electricity is placed in the inter-
s electrode space, it experiences a force
that results from the action of the battery
and the electrodes. Since this force is
experienced at every point in the space,
a field of force is said to exist in the space;
since the force is electric in nature, the
field is called an electric field. If the strength of the force at all points
is independent of time, the field is a static field.

Certain important properties of the electrostatic field can be formulated
mathematically in terms of the charged particle mentioned above, pro-
vided that the particle is so small compared with the dimensions of the
electrodes that it can be considered to oceupy a point in space.! The

Fia. 3-3. A charged particle mov-
ing in an electrostatic field.
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magnitude of the charge is designated by ¢, as indicated in Fig. 3-3; it
is always a positive number. If the charge is negative electricity, a
minus sign is prefixed to the symbol. The force on the particle depends
on the position of the particle, the voltage applied between the electrodes,
and the magnitude of the charge; the direction of the force reverses when
the sign of the charge is reversed. Work must be done on the particle
by some external agent to move it against this force. In moving the
particle an infinitesimal distance ds the work done by the external agent
on the particle is :
dW = —F(cos 8) ds (3-1)

where, as indicated in Fig. 3-3, F is the magnitude of the force, ds is the
magnitude of the displacement, and 6 is the angle between the direction
of the force and the direction of the displacement. The quantity

~F(cos 6)

a b s
F16. 3-4. Electrostatic force versus distance along a path.

F(cos 6) is the component of the electric force in the direction of ds;
—F(cos 0) is the force applied by the external agent in the direction of
ds. When the particle moves against the electric field, cos 6 is negative
and dW is positive; that is, positive work is done by the external agent.

The total work that must be done by an external agent in moving the
charged particle along the path s from point @ to point b is found by
summing the increments of work required in each increment of distance.
Thus

W = — [ F(eos 6) ds (3-2)

The integral in (3-2) is called a line integral because the values of F(cos 6)
are taken along the specified path s in Fig. 3-3. This integral can be
interpreted in the usual sense with the aid of the diagram shown in
Fig. 3-4. Here the values of —F(cos 6) have been determined at various
points along the specified path and have been plotted as a function of
distance along the path. The value of the integral in (3-2) is equal to
the area under this curve between the points s = a and s = b.

In general, the values of F(cos 6) will not be the same along any two
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paths connecting @ and b in Fig. 3-3, and the curve in Fig. 3-4 will have a
different shape for each different path. It is a fundamental property of
the electrostatic field, however, that the net area under the curve between
s = a and s = b is the same for all paths between a and b. Thus the
value of the integral in Eq. (3-2) is independent of the path. This
remarkable property cannot be deduced from the discussion leading to
(3-2), but it can be shown by a further study, based on experimental
observations, of the nature of electrostatic forces. Line integrals arising
in the study of a number of physical phenomena possess this property.
For example, line integrals encountered in the study of the gravitational
field possess the property; however, those encountered in the study of
magnetic fields do not possess it unless the paths are chosen in a special
way. When this property exists it greatly simplifies the solution of field
problems.

Two possible paths between points ¢ and b are shown in Fig. 3-5. The
same amount of work must be done on a charge to move it from a to b
along either path. If the charge is moved in the reverse direction from
b to a along one of the paths, the integrand in Eq. (3-2) is the same at
each point as when the charge is moved in the forward direction except
for a 180° change in 6; thus the work done on the particle in moving it
from b to @ is the same as that done in moving it from a to b except for
a change in sign. Hence if a charged particle moves from @ to b and

then back to ¢ along s; in Fig. 3-5, the

ik net work done on the charge is zero.

l_ Ep J Moreover, since the work done in travers-

ing paths s; and s; is the same, the net

work done on the charge in moving it from

Cathode Anode @ to b along s; and then back to a along

s2 sy is zero. From these facts it follows

a that the net work required to move a

charged particle through one complete

Fic. 3-5. Alternative paths be- cireuit around any closed path in an elec-

tween two points. trostatic field is zero. Since no net work

is required, the particle neither gains nor

loses energy in making the circuit; that is, the energy of the particle is

conserved. Hence the electrostatic field is called a conservative field.

The gravitational field is also a conservative field; the magnetic field is
not conservative except in certain restricted regions.

If the size of the charge and the magnitude of the voltage applied
between the electrodes in Fig. 3-5 are fixed, then the work done in moving
the charge from point @ to point b depends only on the locations of the
two points; it is a property of the space in which the points lie. More-
over, the energy given to the particle in moving it from a to b can always
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be recovered by returning the particle to a. Therefore the work increases
the potential energy of the particle, just as lifting a mass against the
foree of gravity increases the potential energy of the mass. The quantity
W given by Eq. (3-2) is the increase in potential energy of the particle
as it moves from a to b.

At any point in an electrostatic field the force on a charged particle is
directly proportional to the magnitude of the charge. Hence the force
per unit charge, F/q, depends only on the location of the point if the
field is fixed. This ratio is the magnitude of the electric-field strength;
it is a property given to the point under discussion by the electric field.

From the above discussion it follows that the work done in moving a
fixed charge between two fixed points is directly proportional to the
magnitude of the charge. Therefore the work per unit charge done in
moving the charge between two given points,

b
By = Ve —1 / F(cos 0) ds (3-3)

q q Ja
is independent of the magnitude of the charge; it is a property given to
the space in which the points lie by the electric field. This quantity
E is the electric potential of point b with respect to point a. It is also
described as the potential difference between a and b, or the rise in
potential from @ to b, or the fall in potential from b to a. The value of
the integral in (3-3) is independent of the path taken between a and b.
Hence if point a is a fixed reference point and if b refers to any point in
space, then the potential E, has a unique (single) value for each point
in space. The concept of potential would not be useful if this were not
the case. In a uniform gravitational field, elevation corresponds to
potential. Since the magnetic field is not in general conservative, the
integral corresponding to that in KEq. (3-3) does not in general have a
unique value, and the notion of potential is not applicable except in

restricted regions.

Potential energy and electric potential are quantities relating conditions
at one point in space to those at another point. It is usually desirable
to pick one point as the reference point and to relate conditions at all
other points to conditions at the reference. The reference point is often
chosen as some point infinitely remote from the region of interest. In
vacuum-tube studies it is convenient, in most cases, to choose a point on
the cathode as the reference. Since the cathode (and also the anode)
is assumed to be a perfect conductor, no work is required to move a charge
from one point to another on its surface, and all points on the cathode
are at the same potential. The potential at the cathode is therefore
assigned the value zero, and the potential energy of a charge on the
cathode is likewise assigned the value zero.
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The potential energy gained by a charge ¢ in moving from the cathode
in Fig. 3-5 to any point in the interelectrode space, given by Eq. (3-3),
is W = ¢E, where E is the potential of the point relative to the cathode.
The potential energy gained by ¢ in moving from the cathode to the
anode is W = ¢E,. If the charge is released at the surface of the anode,
it is accelerated toward the cathode by the electric force, and it gains
kinetic energy as its velocity increases. When the only force acting on
a positively charged body at rest is an electrostatic force, the particle
must move toward points of lower electric potential, for it can gain
kinetic energy only by losing potential energy.

If a charged particle is placed in an electrie field, it has a certain amount
of potential energy by virtue of its position in the field. If no force
other than the electric-field force acts on the particle, it cannot lose any
of this energy, although all or part of its potential energy can be converted
to kinetic energy and vice versa. The sum of potential and kinetic
energies must remain constant. Denoting potential energy by W and
kinetic energy by 7T, this fact is expressed by

W + T = C = const (3-4)

If the cathode is taken as the reference for potential and potential energy,
then W = 0 when the particle is at the cathode, and if the kinetic
energy of the particle at the cathode is designated by T, then

T, =C

and WH+T=T: (3-5)

If a positively charged particle is at rest at the anode, it has zero kinetic
energy, and its potential energy relative to the cathode is ¢&,. Equation
(3-5), evaluated for the particle at the anode, gives

W="T,= qu (3‘6)
and, in general,
W+ T = qE, 3-7

If the particle is free to move, it moves to the cathode, and its kinetic
energy on reaching the cathode is T = T% = ¢F;. If the mass of the
particle is m and its velocity is v, then (3-7) can be written as
mv?  mu?

qE + o5 = Tk Sl (3-8)
where E is the potential of the point at which the particle happens to be.
If ¢, m, E;, and E are known, the magnitude of the velocity, », can be
found from this relation; the direction of the velocity remains unknown,
however. Equations (3-6) to (3-8) apply only to a particle that starts
from rest at the anode.
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Suppose that the charged particle under observation is an electron.
The mass of the electron is m., = 9.11 X 10-3! kg, and its charge is
—g. = —1.60 X 107 coulomb. The electron is charged with negative
electricity; therefore the force exerted on it by an electric field is opposite
in direction to that which the field would exert on a positive charge.
The equations in the preceding paragraphs apply to the electron when
the charge is written as —g¢.. It follows, therefore, that the electron
loses potential energy and gaing kinetic energy as it moves from a point
of low electric potential to a point of high electric potential. If its
potential energy is taken as zero at the cathode, then its potential energy
is negative at points of higher electric potential.

If an electron at rest at the cathode in Fig. 3-5 is released, it is acceler-
ated by the electric field toward points of higher potential; by this action
it loses potential energy and gains kinetic energy.? Since this electron
was at rest at the cathode, T = 0, and

W+T=0 (3-9)

holds at all times while the electron moves through the field. If the
potential at any point is E and the velocity of the electron at that point
is v, then (3-9) yields

2
T = gl (3-10)

If the electron goes to the anode, it arrives with a kinetic energy given by

M2

S = qub, (3-11)

where v, is the velocity of the electron when it reaches the anode. The
kinetic energy of the electron is converted to heat by the impact of the
electron on the anode.

Suppose that the path s shown in Tig. 3-6 lies in an electric field that
is directed along s (either forward or backward) at every point but varies
in strength from point to point along the path. If the potential at
point @ is taken as zero and the potential at each point along the path
is plotted versus distance from @, then a curve such as A or B in Fig. 3-6
might result. This curve shows the distribution of potential along path
s; potential-distribution curves are very helpful in studying the motion of
charged particles in electronic devices. If the potential along the path
to the right of a rises as indicated by either curve A or B, then an electron
released at a with no initial kinetic energy is accelerated along the path
toward b by the electric field. The ordinate to the curve at each point
is proportional to the potential energy lost and the kinetic energy gained
by an electron in moving from a to that point. Thus if curve B describes
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the potential along s, the potential and kinetic energies of the electron
at points where curve B crosses the axis have the same values as at
point a.

It follows from the definition of electric potential in Eq. (3-3) that the
slope of the potential-distribution curve is

dE _ 1dW
s ds (3-12)

Solving (3-1) for dW/ds and substituting the result in (3-12) yields

dE 1
y il §F cos 0 (3-13)

where F cos 0 is the component of electric force on the charge ¢ in the
positive s direction. If the path is chosen so that the total electric force
on the charge is in the positive s direction, then cos 8§ = 1, and

— =2 (3-14)

Thus the slope of the potential-distribution curve along this particular
b path, which is called the potential

E § i gradient, is the negative of the force
Byl ] per unit charge in the positive s
A % direction on a positively charged

| particle.
. { The electric field in Fig. 3-6 is spec-
~— . - ified to be directed along the path s,

either in the positive or the negative
s direction, at each point. Accord-
ingly, the force on an electron at any point on the path is given by (3-13)
as

Fic. 3-6. Potential-distribution curves.

Fcos b = qe%g (3-15)

where cos 6 is either 1 or —1. Since F is the magnitude of the force on
the electron, it is a positive quantity. Hence if dE/ds is negative, cos 8
is negative, and the force on the electron is in the negative s direction.
If dE /ds is positive, the force on the electron is in the positive s direction.
In short, the magnitude of the force on any electron at any point on
path s is proportional to the magnitude of the potential gradient at that
point, and it is directed toward the region of higher potential. The
force on a positive charge is also proportional to the potential gradient,
but it is directed toward the region of lower potential.
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If an electron starts from rest at point a in Fig. 3-6, it moves along
path s toward point b, and its velocity at each point, given by Eq. (3-10), is

v =4 /2—7—3:@’ =593 X 10°+/E m/sec (3-16)

where E is in volts. Thus the velocity at each point along the path is
proportional to the square root of the potential at that point, and it is
zero at points where the potential-distribution curve crosses the axis.
The velocity is imaginary at points where the curve lies below the axis;
an electron starting from rest at point a can never reach points of negative
potential. Equation (3-15) shows that the force on the electron is
directly proportional to the slope of the potential-distribution curve.
The force is to the right when the slope is positive and to the left when
the slope is negative; it is zero at points of maximum and minimum
potential (except when these occur at the end points). If the potential
distribution along s corresponds to curve B in Fig. 3-6, an electron starting
from rest at point a is accelerated along the path until it reaches the first
point of maximum potential. Beyond this point it slows down and comes
to a standstill where the potential-distribution curve crosses the axis.
There is a force on the electron at this point directed backward along
the path; hence the electron does not remain at this point but moves
back to point a. This electron oscillates back and forth indefinitely
along this segment of the path.

Suppose that the potential at the minimum point on curve B in Fig. 3-6
is —E.. The kinetic energy of an electron at this point is given by
(3-5) as

T=T,—W=T, — ¢.En (3-17)

where T, is in this case understood to represent the kinetic energy of the
electron at point a. If an electron is to pass the potential minimum and
continue to point b, its kinetic energy must always be greater than zero.
This is possible only if it leaves point a with an initial kinetic energy
T, that is greater than g.E..

When MKS units are used in the various equations developed above,
the unit of energy is the joule. The amounts of energy encountered in
the study of the motion of charged particles often are a very small
fraction of a joule. For this and other reasons of convenience it is
desirable to use a different unit of energy, the electron volt, given by

W (joules)

W (ev) = .

(3-18)

where ¢, is a dimensionless number equal to the magnitude of the charge
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on the electron. Thus the potential energy of a charge ¢ at a point where
the potential is ¥ given by

W = qF (joules) (3-19)
W = qiE (ev) (3-20)

For an electron, Eq. (3-20) becomes

W = ‘g,qu = —E (ev) (3-21)
Thus the potential energy of an electron at a point where the potential
is E, when expressed in electron volts, is numerically equal to E. The
change in potential energy experienced by an electron in moving through
a potential difference of E volts is E electron volts. Thus in moving
through a potential rise of 100 volts in going from cathode to anode, an
electron loses 100 electron volts of potential energy.

3.4. Electrical Conduction in Crystalline Solids. The quantitative
study of the conduction of electricity through solids is a broad field that
requires the use of some relatively advanced notions from physics and
mathematics. For this reason it is not feasible to discuss the topic in
detail here. It is possible, however, to give a semiquantitative picture
of the conduction mechanism that permits the important phenomena
involved to be understood in a superficial way;® that is, the results of
detailed theoretical and experimental studies conducted primarily by
physicists can be presented and described. In this way a useful insight
into the important properties of semiconductor devices can be gained.
Such knowledge is helpful to the engineer who is interested in using
semiconductor devices in electronic circuits; however, it is not likely to
enable him to develop new devices or to improve on those already in
existence.

Two crystalline solids that are important in electronics because of
their physical properties are germanium and silicon. The discussion
that follows is concerned primarily with germanium; however, it applies
equally well, in a qualitative sense, to silicon and other crystalline
materials.

The normal germanium atom consists of 32 electrons circulating in
orbits around a nucleus made up of 32 protons and 41 neutrons; since
it contains equal amounts of positive and negative charge it is electrically
neutral. Twenty-eight of the electrons are very closely bound to the
nucleus; however, the four electrons in the outermost orbits are relatively
loosely associated with the atom. These outer four electrons are the
valence electrons; they are primarily responsible for the chemical prop-
erties of the atom, and it is their presence that permits chemical com-
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pounds to be formed. They are required to make the atom electrically
neutral, but they represent an excess beyond a preferred chemical state.
By way of contrast, the oxygen atom is electrically neutral, but it is
deficient by two electrons from a preferred chemical state. If two oxygen
atoms and one germanium atom are brought together under favorable
conditions, the germanium atom will share

two of its excess electrons with each of the 0‘@3@
oxygen atoms, as illustrated schematically in
Fig. 3-7a. These three atoms are bound
together in a chemical compound called ger-
manium dioxide. This very stable com-
pound, a white powder, is the principal form
in which germanium occurs in nature. When
joined in this compound and sharing elec-
trons in the manner described, all three of
the atoms are closer to a preferred chemical
state than when they are separated. The
chemical bonds attaching the oxygen atoms
to the germanium atom are called electron-
pair bonds, or covalent bonds. ®)

If an aggregation of germanium atoms g, 37 Valence bonds be-
is brought together under favorable con- tween atoms. (a) Germa-
ditions, similar sharing of electrons among nium dioxide molecule; (b)
the germanium atoms will take place. Each f:;f;::::tl:éig;).r )s tal (schematic
atom will share two electrons in a covalent
bond with four of its neighbors in a manner diagramed schematically in
Fig. 3-7b. Under this condition each atom is closer to a preferred
chemical state than when there is no sharing. The covalent bonds hold
the atoms fixed in space relative to one another so that the aggregation
forms a regular structure, or lattice, in space. This lattice is, of course,
a three-dimensional structure; the two-dimensional representation in
Fig. 3-7b is intended only to represent schematically the relations among
the atoms. The entirety of such a regular lattice structure is a crystal.
Any particular piece of germanium may consist of a single crystal, or it
may consist of many separate crystals oriented in a random manner and
joined together at their boundaries. In the latter case the germanium
is said to be polycrystalline. The best electronic devices are made from
single crystals, although polycrystalline forms can also be used. For
example, metallic rectifiers employ polycrystalline forms of the semi-
conducting material.

If the valence electrons in the crystal of Fig. 3-7b are tightly bound in
“the covalent bonds, there are no free carriers of charge in the crystal and
it acts as an insulator. A perfect carbon crystal (diamond) behaves in

(a)




48 ELECTRONIC CIRCUITS

this manner. If, however, a very strong electric field is applied to such
an insulator, the electric forces will tear electrons out of the valence bonds,
thereby setting them free and providing mobile carriers of charge; that
is, the insulator will break down and become a conductor.

In some materials, such as copper and aluminum, the crystal structure
is of such a nature that some of the valence electrons are not bound to
any particular location in the crystal. These electrons are free to move
through the crystal, and the crystal therefore contains many free charge
carriers. Such materials are electrical conductors.

Semiconductors have properties lying between the two extremes
described above. At very low temperatures virtually all the valence
electrons are bound, and there are essentially no charge carriers present.
At room temperature, however, an appreciable number of carriers are
created somewhat artificially by thermal energy and similar agents in
a manner described below.

In a germanium crystal the valence electrons are not very tightly
held in the covalent bonds; only 0.75 electron volt of energy is required
to remove an electron from the bond. At room temperatures the particles
in the erystal are in constant motion by virtue of thermal energy, and as
a result of interactions among the particles, energy is continuously inter-
changed among them. As a result, many electrons acquire energies in
excess of 0.75 electron volt and thereby escape from their bonds. These
electrons are free charge carriers. Conditions existing in the crystal
when an electron escapes from its bond are pictured in Fig. 3-8. The
free electron is represented by the minus sign that is not associated with
a covalent bond. An electron is now missing from one of the bonds, and
an imperfection, or hole, exists in the regular lattice structure. Associ-
ated with this hole, or missing electron, is
an excess of positive charge, indicated in
Fig. 3-8 by the plus sign in one of the bonds.
It is a relatively easy matter for an electron
in a nearby valence bond to leave its position
and move into the hole left by the thermally
ejected electron. When this happens a hole
appears in the nearby valence bond just
vacated, and in this manner the hole can
move from point to point in the crystal,
carrying with it a positive charge. Thus

Fig. 3-8. Elect d hol . .
created by thjr;f;} :g“itati;’n‘f there are two carriers of electric charge that

are free to move about in the crystal, the free
electron with a negative charge and the hole with a positive charge. If
there are enough of these carriers present, the crystal may act as a
fairly good conductor.
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The free electron and the hole move in a random manner through the
crystal as a result of thermal energy and collisions with other particles.
The negative electron is not attracted to the positive hole for the following
reason. The bound electrons in the vicinity of the hole are attracted
by the positive charge of the hole, and the valence bonds are distorted
somewhat to permit them to move toward the hole. This negative
charge that is displaced toward the hole acts as a screen that masks the
presence of the positive hole. In a like manner, bound electrons in the
vicinity of the free electron recede somewhat from the free electron,
leaving in effect a screen of positive charge that masks the presence of
the negative electron. If in their random wandering the hole and
electron come close to each other, it is possible that the free electron
may move into the empty valence bond represented by the hole. The
electron and the hole cancel each other by this recombination process,
and charge carriers disappear from the scene in this way.

When the crystal is in thermal equilibrium, the density of the carriers
is such that they disappear by recombination just as fast as they are
generated by thermal agitation. From a study of the distribution of
thermal energy among the particles in the crystal it can be shown that
the density of charge carriers (holes plus electrons) is given by

—q.l,
25T

n = AT% exp (3-22)

where the symbolism used is to be read as exp z = ¢, and where T is
the absolute temperature, ¢. is the magnitude of the electronic charge,
E,; is the energy in electron volts required to break the covalent bond
(0.75 ev for germanium), % is the Boltzmann constant, and A is a constant
that characterizes the material from which the crystal is made. It can
be shown that the conductivity of the material is directly proportional
to the density of carriers, n; hence it follows from (3-22) that the con-
ductivity of a semiconductor depends strongly on temperature. This
fact has been put to useful application in some devices; however, it is
principally a source of trouble in semiconductor diodes and transistors
because it prevents them from functioning properly at high temperatures.

At room temperature the conductivity of the pure germanium crystal
described above is much smaller than the conductivity of an electrical
conductor like copper. It is possible, however, to make crystals having
a relatively high conductivity at room temperature by building into the
crystal lattice a few atoms of another element that differ in a certain
way from the basic atoms of germanium. These crystals have an inherent
supply of free charge carriers that does not depend on temperature; their
conductivity is built in. Crystals that have an inherent supply of free
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electrons are called N-type crystals because conduction occurs through
the flow of negative charge. Crystals that have an inherent supply of
holes are called P-type crystals. These two types of crystals provide
the basis for diode and transistor action.

A crystal of N-type germanium is illustrated in Fig. 3-9; the N char-
acter of this crystal results from the presence of a few arsenic atoms in
the crystal lattice. In a typical case
there is about one arsenic atom for
each 107 germanium atoms. One of
the ways in which the arsenic atom
is different from the germanium atom
is that it has five rather than four
valence electrons. When it enters
the lattice structure of the germanium
crystal, four of the valence electrons
form covalent bonds with adjacent
Fre. 3-9. A germanium crystal with germanium atoms. The fifth valence
arsenic impurity. electron is then only very lightly
attached to the parent atom; only 0.01 ev of energy is required to separate
it from the atom. Hence at temperatures greater than about 20°K
essentially all these excess electrons become free electrons, and the
crystal behaves somewhat as a conductor. The conductivity of the
crystal depends on the density of carriers, which in turn depends on the
density of impurity atoms. Since the normal arsenic atom is electrically
neutral, the loss of the free electron leaves a net positive charge associated
with the atomic nucleus. This positive charge cannot move through
the crystal because the atom is tightly bound in the lattice by the covalent
bonds; the circle around the plus
sign in Fig. 3-9 signifies that this
is a bound charge. The free elec-
tron is not attracted to the bound
positive charge because of the
shielding action described previ-
ously. Since the arsenic impurity
in the crystal contributes free elec-
trons for conduction, it is called a
donor material. Other pentavalent
atoms, such as those of antimony

Fie. 3-10. A germanium crystal with
and phosphorous, can also be used  indium impurity.

as donors.

A crystal of P-type germanium is shown in Fig. 3-10; the P character
of this erystal results from the presence of indium atoms in the crystal
lattice. One of the ways in which the indium atom differs from the
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germanium atom is that it has three rather than four valence electrons.
When it enters the lattice structure of the germanium crystal, its three
valence electrons enter covalent bonds with adjacent germanium atoms;
however, there is no electron to form the fourth bond of the normal
lattice structure, and therefore a hole exists. This hole is free to move
through the crystal in the manner described previously, carrying a
positive charge. When the hole moves away from the indium atom an
electron has moved into the empty valence bond associated with the
indium atom. As a result there is an excess of negative charge associated
with this atom; this bound negative charge is indicated in Fig. 3-10 by
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Fig. 3-11. The flow of charged particles in semiconductors. (a¢) Random motion;
(b) random motion plus drift; (c) flow in N-type crystal; (d) flow in P-type crystal.

the encircled minus sign. Since the indium impurity captures electrons
from the germanium atoms it is called an acceptor material. Other
trivalent atoms, such as those of aluminum, gallium, and boron, can
also be used as acceptors.

The type of path described by a free charge carrier in a crystal is
illustrated in Fig. 3-11a; on the average the particle goes nowhere. The
discontinuities in direction correspond to collisions with other particles.
If an electric field is applied to the crystal as indicated in Figs. 3-11¢ and
d, the particle moves under the influence of the field and describes a
path such as that shown in Fig. 3-116. The electric field superimposes a
drift on the random wanderings of the particle. Figures 3-11c¢ and d
indicate the net motion of charge through N and P types of germanium
under the influence of an applied field.
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Holes and electrons are created by thermal agitation in N- and P-type
crystals just as they are in the intrinsic (pure) crystal shown in Fig. 3-8.
In an N-type crystal, however, there are many free electrons present;
hence thermally generated holes quickly recombine with an electron, and
as a result there are very few holes present in N-type crystals. Electrons
are the majority carriers in an N-type crystal, and holes are the minority
carriers. The converse is true for P-type crystals; thermally generated
electrons quickly recombine with holes that are present in abundance.
Holes are the majority carriers in a P-type crystal, and electrons are
the minority carriers.

3-5. The P-N Junction Diode. The characteristics of semiconductor
diodes are described qualitatively in Seec. 3-2. The internal mechanism
of the P-N junction diode can be explained qualitatively in terms of the
properties of semiconductors presented in the preceding section. Two
forms of the P-N junction are illustrated in Fig. 3-12. In each case the
diode is formed from a single crystal of either silicon or germanium, one
section of which is P-type and one section of which is N-type.

The method of making germanium diodes of the two types shown in
Fig. 3-12 is first described briefly; similar methods are used in making

silicon diodes. The grown junction

diode is made by touching a single-

Indium P crystal seed of germanium to the

liquid surface of molten germanium

and then slowly withdrawing it. As

N the seed is withdrawn, the molten

germanium crystallizes onto the seed

in the form of additional lattice

layers, and the crystal grows. By

adding an acceptor impurity such as

indium to the melt, a P-type crystal

is obtained. When the P-type crys-

tal has attained a suitable size, a donor impurity such as arsenic is

added to the melt in quantity sufficient to neutralize and override the
acceptor, and the portion of the crystal grown thereafter is N-type.

The alloy junction diode is made* by placing a dot of indium on the
surface of a wafer of N-type germanium and heating the combination
to a temperature well above the melting point of indium. Germanium
then dissolves into the indium. When the combination is eooled, the
dissolved germanium recrystallizes on the original crystal, and the result
is again a single crystal of germanium. However, the recrystallized
volume is P-type germanium because of the presence of indium atoms
in the lattice structure.

Figure 3-13a shows a junction diode with no voltage applied; the free

(6)
Fi1g. 3-12. P-N junction diodes. (a)
Grown junction; (b) alloy junction.
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charge carriers are indicated by the plus and minus signs. Any hole
that wanders by diffusion into the N region is quickly canceled by recom-
bination with one of the many free electrons present; hence there are few
holes in this region, and the majority carriers are electrons. Similarly,
any electron that wanders by diffusion into the P region quickly recom-
bines with one of the many holes present; hence there are few electrons
in this region, and the majority carriers are holes. When this system is
in equilibrium there is no net flow of charge across the junction.

If a forward voltage is applied to the diode as shown in Fig. 3-13b,
holes in the P region move across the junction into the N region, and
electrons in the N region move across the junction into the P region.
These carriers recombine and cancel each other very quickly in the
vicinity of the junction so that neither carrier penetrates very deeply
into the domain of the other. The view can be taken that electrons flow
from the external circuit into the N region and holes flow from the
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F16. 3-13. Conduction through a P-N junction diode. (a) No voltage applied; (b)
forward voltage applied; (c) reverse voltage applied.

external circuit into the P region; these two carriers move through the
crystal to the vicinity of the junction where they cancel each other.
This is the condition of easy conduction; it corresponds to the portion
of the volt-ampere characteristic in the first quadrant of Fig. 3-2c.

If a reverse voltage is applied to the diode as shown in Fig. 3-13c,
holes in the P region and electrons in the N region both move away from
~ the junction. Minority carriers cannot flow from the external circuit
into either the N or the P regions with normal applied voltage, for this
action requires the breaking of covalent bonds. Hence ideally there
would be no current flow with reverse voltage applied. However,
electron-hole pairs are generated continously by thermal agitation in
both the N and the P regions. A hole so generated in the N region
moves toward the junction, and the associated electron moves into the
external circuit. Similarly, a thermally generated electron in the P
region moves toward the junction, and the associated hole moves into
the external circuit. These thermally generated carriers thereby give
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rise to a small reverse current. Since this reverse current depends on
the rate at which carriers are generated thermally, it is strongly dependent,
on temperature and is essentially independent of the applied voltage.
This current is shown in the third quadrant of the diode characteristic
of Fig. 3-2c.

The foregoing discussion explains the behavior of an ideal P-N junction
diode. The characteristics of physical diodes often differ appreciably
from those of the ideal P-N junction, especially for reverse currents and
voltages. These differences result to a large extent from leakage currents
on the external surface of the diode and from other more complicated
surface phenomena that are not fully understood. Usually the reverse
current, called the saturation current, is observed to increase slowly with
increasing reverse voltage until the breakdown voltage is reached.

The equation of the volt-ampere characteristic for an ideal junction
diode (exclusive of the breakdown region) is simple and can be developed
from a consideration of the potential distribution inside the diode.?
Figure 3-14a shows a diode with its external terminals short-circuited;
the potential distribution inside the crystal under conditions of thermal
equilibrium is shown by the curve beneath the diode. The shape of the
potential-distribution curve can be explained in the following way.
Holes diffusing from right to left across the junction recombine with free
electrons just to the left of the junction, and electrons diffusing from left
to right across the junction recombine with holes just to the right of the
junction. Thus there are practically no free carriers in a small region
on either side of the junction. This region is called the carrier-depletion
region. The portion of the depletion region in the N-type crystal con-
tains bound positive charges that are not neutralized by negative carriers,
and the portion in the P-type crystal contains bound negative charges
that are not neutralized by positive carriers. These bound charges are
said to be uncovered. An electric field extends across the junction
between these uncovered charges, and its direction is such as to oppose
the diffusion of holes into the N region and of electrons into the P region.
Because of the field across the junction, the potential in the diode has the
distribution shown in Fig. 3-14a; the potential hill, or potential barrier,
in this curve is associated with the field between the uncovered charges.
Free positive charges in the crystal tend to move to points of lower
potential, and free negative charges tend to move to points of higher
potential.

The potential-distribution curves of Fig. 3-14 do not show what
happens to the potential at the metallic terminals through which external
connections are made with the diode. The nature of these connections
is not fully understood. However, negligible current flows in the external
circuit when no voltage is applied to the diode; hence there is negligible
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potential drop across the external circuit. Therefore the potential drops
at the metallic contacts with the crystal just compensate for the potential
difference across the P-N junction, and the metallic terminals are at
equal potentials. When the contacts are properly formed they do not
enter into the analysis of the diode behavior; the diode characteristic
depends only on the potential barrier at the P-N junction.

The height of the potential hill at the P-N junction is determined by
an equilibrium between two factors: (1) the generation of electron-hole
pairs on both sides of the junction by thermal agitation, and (2) the
diffusion of carriers across the junction against the potential barrier
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Fia. 3-14. Potential distribution in a junction diode. (a) No voltage applied; (b)
forward voltage applied.

by virtue of thermal energy. Under equilibrium conditions, with no cur-
rent in the external circuit, these two factors result in equal and opposite
currents across the junction as indicated in Fig. 3-14a. The thermally
generated electron-hole pairs result in a small stream of electrons from
the low to the high potential region and a similar small stream of holes
from the high to the low potential region. This current, which is also
the saturation current, is symbolized by I,. It depends on the density
of thermally generated carriers; hence it depends strongly on temperature
and is independent of the voltage applied to the diode.

The second component of current across the junction is associated
with those free electrons in the N region and holes in the P region that
gain enough kinetic energy from thermal agitation to climb the potential
hill. If the height of the potential hill is ¢, volts, the potential energy
gained by a hole in climbing the hill is, from Eq. (3-3),

Wo = gedo (3-23)
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Any hole having more than this amount of kinetic energy directed toward
the junction can move from the P region into the N region. A similar
condition applies to the electrons in the N region. From a more detailed
study of the random motion of such particles it can be shown that if n,
is the total number of carriers starting across the potential barrier per
second, then the number capable of getting all the way across in each
second is

n = M, eXp _k—z,v” = N, eXp %,}% (3-24)

where k is the Boltzmann constant and 7' is the absolute temperature.
Multiplying (3-24) by q. gives the amount of charge crossing the junetion
per second as a fraction of the total amount of charge that attempts the
crossing in each second; thus

I; =1, exp _kqj",% (3-25)

When no voltage is applied to the diode, negligible current flows in
the external circuit, and the two components of current across the junction
are equal in magnitude and opposite in direction. Thus

_ — _Qe¢'a
I,=1,=1, exp — 7 (3-26)
The value of I, is fixed by the rate at which electron-hole pairs are
generated by thermal agitation. Under thermal equilibrium with no
voltage applied, the height of the potential barrier adjusts itself so that
the current I; just equals the saturation current I,. If ¢, is too small,
more holes move into the N region and more electrons move into the
P region, more bound charges are uncovered, and the height of the barrier
is increased. If ¢, is too large, the converse occurs.

When a forward voltage is applied to the diode as shown in Fig. 3-14b,
the height of the potential hill is reduced by the amount of the applied
voltage, . Many more carriers have enough kinetic energy to cross
this reduced barrier, and I; increases accordingly. Under this condition
Eq. (3-25) becomes

= _QG(¢0 - E)
I, =1,exp —
—QePo eE
=7, (exp k%l’ ) (exp %T) (3-27)

Substituting (3-26) into (3-27) yields
I, =1, exp

%‘f,p (3-28)
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With E a positive number, I; is greater than [,, and the current in the
external circuit is the difference:

I=I,~—I,=Isexp<%°TE)—Is

-1 [exp (zf) - 1] (3-29)

When a reverse voltage is applied to the diode, the height of the
potential barrier is increased to ¢, — E, where F is now a negative
number. The number of carriers capable of crossing the barrier is thereby
reduced, I; becomes less than I,, and a reverse current flows through the
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Fia. 3-15. A junction-diode characteristic.

diode. The value of the reverse current is given by (3-29) when the
proper negative value is substituted for E.

Equation (3-29) gives the diode terminal current as a function of the
applied voltage; it is the equation of the diode volt-ampere character-
istic. The typical diode characteristic of Fig. 3-2 is repeated in Fig. 3-15;
for clarity the forward voltage and current are not plotted to the same
scale as the reverse voltage and current. Substituting numerical values
for ¢. and k and taking room temperature to be 300°K yields

I =1,(F — 1) (3-30)
When E is more positive than about 0.1 volt, (3-30) becomes
I = Ie%%F (3-31)

This is the equation for the forward-current portion of the volt-ampere
characteristic. When E is more negative than about —0.1 volt, (3-30)

becomes
I =~ —1I, (3-32)
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This is the equation for the reverse-current portion of the volt-ampere
characteristic up to the point of breakdown.

The equations developed above show the dependence of the diode
current on temperature. The effect of temperature on the reverse
current is of primary importance, for the reverse current represents a
departure from the ideal characteristic. The reverse current in a
germanium diode approximately doubles for each 10°C rise in tempera-
ture; the rectifying properties of these diodes is seriously impaired at
temperatures above 75°C. It is in this respect that silicon is far superior
to germanium. Although the reverse current in a silicon diode increases
with temperature at about the same rate, the value of the reverse
current is several orders of magnitude less than that in a germanium
diode. Hence the silicon diode retains its rectifying properties up to
temperatures as high as 200°C. The ratio of forward to reverse current,
which is a measure of the diode quality, is given by Eq. (3-29) as

I B\

The mechanism of the breakdown that occurs when excessive inverse
voltage is applied to the diode can also be explained in terms of the
potential distribution in the diode. "With a small inverse voltage applied
to the diode, a potential difference exists across the depletion region at
the junction; this potential difference is equal to the height of the potential
hill shown in Fig. 3-14. Thermally generated holes in the N region and
thermally generated electrons in the P region are accelerated across the
depletion region, and they gain kinetic energy in the process. These
carriers collide with bound particles in the depletion region and near its
boundaries, and they exchange energy with the bound particles. If the
reverse voltage applied to the diode is increased sufficiently, the thermally
generated carriers crossing the depletion region will gain enough kinetic
energy from the strong electric field to knock bound electrons out of the
covalent bonds. This process is called ionization. The free carriers
created by ionization are in turn accelerated by the field and may them-
selves have ionizing collisions, creating still more free carriers. Thus
the originally small saturation current is greatly multiplied by this process,
which is described as avalanche breakdown. When the reverse voltage
applied to the diode is sufficient to make efficient ionizing agents of the
free carriers, further increases in diode current require negligible increases
in reverse voltage; in fact, the voltage drop across the diode may decrease
slightly with further increases in current. The voltage at which break-
down occurs is often called the Zener voltage, for originally the break-
down was erroneously thought to result from the Zener effect, in which
electrons are torn out of covalent bonds by a strong electric field,
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When junction diodes are used in the circuits described in Chap. 2,
the peak inverse voltage appearing across the diodes must not exceed the
breakdown voltage. This fact limits the direct voltage that can be
obtained from rectifiers using junction diodes. On the other hand, how-
ever, if the current through the diode under breakdown conditions is
limited to a value giving a safe power dissipation, the diode is not dam-
aged in any way by operation in the breakdown region. This fact
suggests new applications for the diode. For example, a properly made
diode can be used to provide a constant voltage drop that is nearly
independent of diode current and temperature. The breakdown voltage
can be controlled over the range between one or two volts and several
hundred volts by controlling the appropriate factors in the manufacturing
process.

The abrupt change in the diode characteristic at the breakdown voltage
is similar to that occurring at the zero voltage point. Hence the device
can be operated as a diode about the breakdown point. When the
inverse voltage exceeds the breakdown value, the diode conducts readily;
when the inverse voltage is less than the breakdown value the diode
behaves essentially as an open circuit. This mode of operation has the
advantage that the diode can switch from the conducting to the non-
conducting state at the breakdown point much faster than it can at the
zero voltage point; thus the high-frequency performance of the diode is
improved greatly. It has the disadvantage that for safe power dissipation
the diode current must be limited to a relatively small value, for the
conducting voltage drop across the diode is relatively large.

When a forward voltage is applied to the junction diode, charges are
distributed in the diode as shown in Fig. 3-13b. Many holes cross the
junction and enter the N region as minority carriers, and many electrons
enter the P region as minority carriers. When the voltage applied to
the diode is reversed, the steady-state conditions are as pictured in
Fig. 3-13c. A depletion region exists in the vicinity of the junction, and
there is a very small flow of thermally generated carriers across the
junction. This new condition is not reached instantaneously, however.
When the applied voltage is reversed, a reverse current flows until the
minority carriers on each side of the junction either disappear by recom-
bination or return to their natural domain. This reverse current may
last for several microseconds. Thus the diode acts very much as a
capacitor that must be charged to a new voltage when the applied voltage
is reversed. The capacitance is associated with presence of minority
carriers on each side of the junction, and it is often referred to as the
junction storage capacitance. It is this capacitance that limits the
high-frequency performance of the diode when it is operated in the normal
mode. When the diode is operated in the breakdown region, the distri-
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bution of carriers is like that shown in Fig. 3-13¢ with the addition of
many carriers generated by ionization in the depletion region, which is a
region of high field strength. When the applied voltage is abruptly
reduced below the breakdown value, the carriers in the depletion region
are rapidly swept out by the strong field, and there is no reverse current.
As a result, the switching action is much faster than when the diode is
operated in the normal mode.

The junction diodes described above can be used in any of the circuits
presented in Chap. 2 provided the peak inverse voltage does not exceed
the breakdown voltage and provided the forward current does not cause
excessive heating. In many cases the forward voltage drop across the
diode and the reverse current through the diode are so small that they
can be neglected. In such cases the diode can be represented as an
ideal diode, and the circuits behave in the manner described in Chap. 2.

3-6. Conduction through Vacuum Diodes. The study of the conduc-
tion of electric current through vacuum diodes consists of two more or
less separate parts, a study of the emission of electrons from solids and a
study of the flow of current in a vacuum. Both of these parts have
features in common with the study of conduction through semiconductor
diodes.

In accordance with the discussion of Sec. 3-1, the action in a vacuum
diode depends on the copious emission of electrons from the cathode.
The cathode is made of a metallic conductor which, as described in
Sec. 3-4, consists of atoms bound in crystal lattices, valence electrons
bound in valence bonds, and free electrons that are not bound to any
particular place in the metal. Electronic emission is the process by

which the free electrons escape

| from the surface of the metal.
Figure 3-16a pictures symboli-
% ° cally a free electron in the process
of escaping from a metal. As
indicated in the figure, the escap-
ing ‘electron leaves behind an ex-
(@) ®) cess of positive charge associated
Fi1c. 3-16. Electron emission fromémetal. with the atomic nuclei in the
(@) An electron escaping from the surface metal. Since there is a force of
of a metal; (b) potential-distribution dia-  gttraction between these charges,

gram for the region near the surface of a

metal. work must be done on the electron
to move it away from the metal;
the electron therefore gains potential energy in leaving the metal. If
the potential energy of an electron at any point relative to the cathode
is W and the electric potential at that point is E, then W = —¢.E. If
the magnitude of the potential at points remote from the metal is desig-

Potential
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nated ¢, as indicated in Fig. 3-16b, the potential energy gained by an
electron in escaping completely from the metalis W, = ~gq.(— ¢o) = gedo.
The energy required for a complete escape is a property of the metal
and is called the work function of the metal; ¢, is the work function
expressed in electron volts.?

The potential barrier encountered by an escaping electron at the
surface of a metal is similar to the potential barrier at the junction of a
semiconductor diode. As in the case of the junction diode, only those
electrons having kinetic energies directed toward the barrier in excess of
¢, ev can surmount the barrier. The number of electrons capable of
crossing such a barrier in each second is given by Eq. (3-24). Hence the
emission current is

I, =1I,exp ‘k—VTV— = I exp — (3-34)

This equation has exactly the same form as (3-25), for the two equations
describe the same phenomenon. The factor 7,, which is the emission
current that would exist if ¢, were zero, can be evaluated from further
considerations of the motion of electrons inside the metal. The resulting
equation for the emission current per unit of cathode area is

I.= AT exp ‘kq;b" (3-35)

where A is a constant depending on the metal from which the cathode is
made.

The work functions of common materials range from 1 to 5 ev, and
the emission coefficients A range from values much less than unity up
to about 100 amp/(cm?) (°K?). It follows from these facts that emission
currents are extremely small at room temperatures; to obtain useful
emission currents, vacuum-tube cathodes must be heated to a suitable
temperature. The list of materials that can be used as thermionic
cathodes is quite restricted, for materials that have small work functions
tend to have low melting points, and vice versa. Almost all thermionic
cathodes are made of either nickel coated with barium and strontium
oxides, thoriated tungsten, or pure tungsten. The work functions of
these cathodes are, respectively, 1.0, 2.6, and 4.52 ev. The relatively
small differences in the work functions of these cathodes make very great
differences in emission current because of the exponential relationship
given by (3-35). The normal operating temperatures for these three
cathodes are, respectively, 750, 1700, and 2100°C. Since the oxide-
coated cathode is the most efficient, it is by far the most widely used.
It is not suitable for high-voltage applications, however; thoriated-



62 ELECTRONIC CIRCUITS

tungsten and pure-tungsten cathodes are used in such applications.
Tubes in which the current flow depends on the emission of electrons from
a hot cathode are called thermionic tubes.

A phenomenon related to the foregoing discussion, that of contact
potential difference,? is illustrated in Fig. 3-17. Figure 3-17a shows a
vacuum diode with its electrodes connected together by a short circuit.
Now suppose that the work function of the cathode is ¢.. = 1.0 ev. The
potential just outside the cathode is —1.0 volt relative to the cathode,
as shown in Fig. 3-17b. Suppose further that the work function of the

anode is ¢ = 4.0 ev. The po-
tential just outside the anode is
| —4.0 volts relative to the anode
T Poa & (and cathode), as also shown in
be —f_ Fig. 3-17b. It then follows that
there is a potential difference of
3.0 volts between a point just out-
side the cathode and one just out-
@ ®) side the anode and that there is an
Fia. 3-17. Contact potential difference, electric field in the interelectrode
(@) Avacuum diode with electrodesshort gpace. This electric field exerts a
cirm_lited; (b) potential distribution in force on electrons in the interelec-
the Interelectrode space. trode space and thereby affects
their motion. In the particular case described, the field resulting from
the contact potential difference opposes the flow of electrons from cathode
to anode.

If a battery is connected between the electrodes, making the potential
of the anode E, volts relative to the cathode, the apparent anode potential
in so far as an electron in the interelectrode space is concerned is

Anode

Cathode

E:; = Eb - ¢aa + ¢oc (3-36)

The contact potential is often small compared with the applied voltage,
and the usual practice is to ignore it, even in some cases where it is not
really negligible.

The factors regulating the flow of current through a diode can be
examined with the aid of the diagrams in Fig. 3-18. Figure 3-18a repre-
sents a diode in which the electrodes are parallel planes of infinite extent.
When there is no emission from the cathode in this simple geometry,
the electric force on a charged particle has the same strength at every
point in the interelectrode space, and its direction at every point is
perpendicular to the electrodes. Hence an electron starting from rest
at the cathode moves toward the anode along a straight path, such as s,
that is normal to the electrodes. The equation for the electric potential,
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% = ~_q—1 f F(cos 6) ds (3-37)

takes a simple form along this path because both F and @ are constant,
the latter being 180°. Thus

E’=E/ds=is {(3-38)
q q
Using the fact that E = E, when s = d yields

_ B

=37 (3-39)

The potential-distribution curve for the path s when there is no emission
from the cathode is thus a straight line as shown by curve 4 in Fig. 3-18c.
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Fi1a. 3-18. Conduction through a vacuum diode. (@) The diode; (b) the volt-ampere
characteristic; (¢) potential-distribution curves with and without space charge; (d)
potential-distribution curves for other plate voltages.

If the cathode is heated to normal operating temperature, the diode
exhibits a volt-ampere characteristic of the form shown in Fig. 3-18b.
The shape of this curve can be explained qualitatively in terms of the
potential distribution along path s. With the cathode at operating
temperature and the anode held positive relative to the cathode, elec-
trons issuing from the cathode move across the interelectrode space in
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large numbers, and the space contains many electrons in transit to the
anode. Since each electron carries a charge, there is a space charge in
the interelectrode space; this space charge alters the potential distribution
in the space. Consider the work required to move a small positive
charge from the cathode toward the anode when appreciable space charge
is present. Since the negative space charge exerts an attractive force
on the positive charge, less work is required to move the test charge away
from the cathode than would be required in the absence of negative
space charge. Hence the potential of points in the interelectrode space
is reduced by negative space charge, and the potential-distribution
curve is depressed as illustrated by curve B in Fig. 3-18c.

Equilibrium is reached under the conditions described above with the
potential-distribution curve depressed so that a potential minimum is
established a short distance in front of the cathode; the magnitude of
this potential minimum is indicated in Fig. 3-18¢ as E,. In this way a
potential barrier for electrons is established in front of the cathode, and
only those electrons having kinetic energies greater than E, ev directed
toward the barrier can pass the potential minimum and continue to the
anode; the remainder are stopped by the potential hill and return to the
cathode. Again, the number of electrons capable of crossing the barrier
is given by Eq. (3-24), and the current through the diode is

Iy =1, exp %ﬁl‘ (3-40)

If the current tends to increase from this value, the space charge becomes
greater, E,, increases, and I, is restored to the equilibrium value. If the
current tends to decrease, the converse action takes place. Since the
current is limited by the potential minimum, which in turn is established
by the space charge, the current is said to be space-charge-limited under
these conditions. The corresponding point on the diode volt-ampere
characteristic is shown at Ep; in Fig. 3-18b.

If the anode potential is increased, the potential-distribution curve
is raised, and a new equilibrium is reached at a larger value of anode
current. If the anode potential is made sufficiently great, however, a
point will be reached at which the potential minimum is fixed by the
work function of the cathode rather than by the space charge. The
potential-distribution curve for this condition has the form shown by
curve 4 in Fig. 3-18d; the corresponding point on the diode characteristic
is indicated at Ey;. Under these conditions the value of the minimum
potential is more or less firmly set by the properties of the cathode, and
all electrons with energies greater than the work function of the cathode
flow to the anode. Accordingly, the anode current is given by Eq. (3-34):
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Iy=1I,=1,exp ﬁﬁ (3-41)
To the extent that the potential minimum is fixed by the work function
of the cathode and is not influenced by the anode potential, I is inde-
pendent of E,. In the case of pure-tungsten cathodes the potential
minimum is very firmly fixed, and the diode current does not increase
very rapidly with further increases in E,; a pronounced saturation is
observed. As indicated by (3-41), however, I, increases rapidly with
temperature. Under these conditions the current is said to be tempera-
ture-limited. In the case of oxide-coated cathodes the potential mini-
mum is not firmly fixed, and no pronounced saturation occurs. However,
prolonged operation with the current limited by the cathode rather than
by space charge usually results in permanent damage to oxide-coated
cathodes. Vacuum tubes are normally operated in the space-charge-
limited regions of their characteristics.

As the anode potential is reduced under space-charge-limited con-
ditions, the potential minimum drops lower, and it moves toward the
anode. When E, is made sufficiently negative (a fraction of a volt), the
potential minimum occurs at the anode, as illustrated by curve B in
Fig. 3-18d. Under this condition, E,, = — Es, since E,, is the magnitude
of the potential minimum. It then follows from Eq. (3-40) that

T, = I, exp q];Eb (3-42)

A point on the diode characteristic corresponding to this condition is
shown at E; in Fig. 3-18b. In the region where (3-42) applies, Ej is
negative. In this range of E, the plate current is relatively small and
is an exponential function of the plate voltage. There are a few useful
applications for this exponential volt-ampere relation.

As mentioned above, vacuum tubes are usually operated with space-
charge-limited current. Under this condition the plate current is given
by Eq. (3-40). Equation (3-40) reveals the mechanism by which space
charge limits the flow of current in a vacuum diode, but it is not useful in
calculating the diode current, for the value of the potential at the mini-
mum is not known. Moreover, E,, depends in a complicated way on the
applied voltage, the cathode temperature, and the current I, that is to
be calculated. However, another approach to the problem which makes
use of certain reasonable approximations leads to the three-halves-power
law,

I, = KE* (3-43)

for the volt-ampere law of the vacuum diode.2® The perveance of the
tube, K, is a constant depending on the geometry of the electrodes, The
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derivation of (3-43) assumes, among other things, that the potential
minimum lies at the surface of the cathode, that the minimum potential
is zero, and that all electrons emerge from the cathode with zero initial
velocity. Itisshownin Sec. 3-9 that this equation is of very limited value
in the analysis and design of vacuum-tube circuits because it is a non-
linear relation between I and E,.

If a diode is in operation with E; volts applied and with I amp flowing,
it is clear that it absorbs energy at the rate of

Pb = Ebl b watts (3—44)

The effect of this power absorption may not be so clear; therefore it
merits further consideration. According to Eq. (3-11), an electron
emerging from the cathode with negligible initial velocity arrives at the
anode with a kinetic energy given by

Moo’

5 = 9B (3-45)

This energy is converted to thermal energy by the impact of the electron
on the anode. If the number of electrons reaching the anode each second
is n, then the rate at which heat is generated at the anode by electron
impacts is

P = nQeE'b (3"46)

But ng. is the amount of charge that arrives at the plate each second;
that is, it is the plate current I,. Hence

P =1LE, =P, (3-47)

Thus the electrical energy delivered to the diode is all converted to
thermal energy at the anode by electron impacts.

The thermal energy generated at the anode is associated with a rise
in temperature of the anode. Since the diode is in an evacuated envelope,
little heat is lost by conduction or convection. However, with the
temperature of the anode higher than that of surrounding objects, heat
energy is radiated from the plate to the environment at a rate depending
on the temperature difference. An equilibrium is established at that
temperature at which heat energy is radiated to the surroundings just as
fast as it is generated. (The total heat energy appearing at the anode
includes radiant heat from the cathode as well as heat generated by
electron impacts.) If heat is generated at too great a rate, the temper-
ature rise will be excessive, and the anode will vaporize or melt. Thus
there is a limit on the permissible power dissipation of a tube. For most
small tubes the maximum permissible plate dissipation, Ppm.s, is in the
range of 1 to 10 watts, average value.

In addition to the limitation on the permissible plate dissipation, there
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are separate limitations on the maximum permissible plate voltage and
current. The maximum instantaneous plate current must be limited to
a value that will not damage the cathode if the tube has an oxide-coated
cathode, and the maximum instantaneous plate voltage must not be
great enough to break down the insulation between the external leads
connecting to the electrodes. The maximum permissible plate current,
voltage, and power dissipation are specified by the manufacturer.

The foregoing discussion of the vacuum diode is concerned with static
conditions in which the currents and voltages do not vary with time.
When very-high-frequency voltages are applied to the diode, it is neces-
sary to take into account the fact that the plate and cathode serve as the
electrodes of a capacitor and that the total diode current is the sum of
the conduction current and the capacitive current. At high frequencies
the capacitive current may be comparable with the conduction current,
and since it flows equally well in both directions, it impairs the diode
characteristics. The nature of the interelectrode capacitance is rather
complicated, for it depends on the amount and distribution of the space
charge. It is customary to represent the capacitive effect approximately
by a fixed capacitance of a few micromicrofarads connected in parallel
with the diode.

The vacuum diode is discussed above in terms of the idealized case of
infinite, plane, parallel electrodes. Practical diodes cannot use such a
simple geometry. The details of electron flow in a practical geometry
are considerably more complicated; indeed, it is not possible to make a
complete study of the electron flow in any but the simplest geometries.
Nevertheless, the basic principles developed in terms of the idealized
diode apply equally well to diodes of all geometries.

3-7. Gas-filled Thermionic Diodes. When the anode of a vacuum
diode is made positive relative to its cathode, electrons move across the
interelectrode space from cathode to anode, and there is a negative space
charge in the interelectrode space. This negative space charge depresses
the potential-distribution curve in the interelectrode space and thereby
limits the current that flows with a given applied voltage. Larger cur-
rents can be obtained with a given applied voltage and tube size if the
negative space charge can be neutralized in some way. For example,
if a grid of fine wires is placed in the region of high negative space
charge and is held positive relative to the surrounding space, then the
negative space charge is partially neutralized by the positive charge
on the wires, the potential distribution curve is raised, and the anode
current increases. A few tubes using such a space-charge grid were
built in the early days of electronics. However, better results can be
obtained in rectifiers intended for low-frequency operation by the method
described below,
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If a small amount of liquid mercury is included inside the envelope of
a thermionic diode such as the one discussed in Sec. 3-6, the space inside
the envelope will contain mercury vapor, mereury atoms that have
evaporated from the surface of the liquid mercury. If the anode is then
made positive relative to the cathode, electrons move from the cathode
toward the anode, and many of them collide with mercury atoms on
the way. If the colliding electron has enough kinetic energy (10.39 ev
for mercury vapor), the collision may separate a valence electron from
its parent atom. Thus two new charged particles, a negatively charged
electron and an incomplete, positively charged mercury atom called a
positive ion, are created by ionization of a mercury atom that was origi-
nally neutral. The relatively light electron created by ionization moves
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Fia. 3-19. The gas-filled diode. (a) The diode; (b) the volt-ampere characteristic;
(c) the potential distribution in the interelectrode space.

rapidly to the anode, while the much heavier positive ion moves slowly
toward the cathode. If many positive ions are created in this way, they
neutralize the negative space charge of the electrons in most of the
interelectrode space, the potential-distribution curve inside the tube is
raised, and large currents flow with small impressed voltages.

There is very little recombination of electrons with positive ions in
the space inside the tube, for it turns out that it is highly improbable
that an electron and a positive ion will meet under conditions that will
allow them to recombine and at the same time conserve both momemtum
and energy. Recombination takes place primarily at the surfaces of the
electrodes and the surrounding envelope; the presence of the third body
permits both momentum and energy to be conserved when the recom-
bination takes place.

A gas-filled diode is represented schematically in Fig. 3-19a; Fig. 3-19b
shows a typical volt-ampere characteristic for such a diode, and Fig. 3-19¢
shows the potential distribution along a typical path between the cathode
and anode when the fube is conducting a normal current.? The volt-
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ampere characteristic shows that when the tube conducts, the voltage
drop across the tube is nearly independent of the plate current;it decreases
slightly with inereasing plate current, especially at low currents. This
characteristic is quite similar to that of the ideal diode except that it is
shifted to the right by about 10 volts, the conducting tube drop. The
potential distribution curve shows that throughout most of the interelec-
trode space, from the plate almost to the cathode, the potential gradient,
and hence the electric-field strength, is very small. In this region, called
the plasma, the electronic and the positive-ion space charges neutralize
each other, and the particles move in a random manner, colliding with
each other and exchanging energy, in much the same way that holes and
electrons move in a semiconductor. Superimposed on this random
motion is a drift of electrons toward the anode and of positive ions
toward the cathode. For a short distance in front of the cathode,
greatly exaggerated in Fig. 3-19¢, the potential distribution is much like
that in a vacuum diode with very small plate-to-cathode spacing; nearly
all the tube drop appears across this region. Positive ions flowing across
this cathode sheath tend to raise the potential-distribution curve and
prevent the potential minimum in front of the cathode from being very
large in spite of a large electron current flowing across the sheath into the
plasma. Any amount of current, up to the limit of emission from the
cathode, can flow across the tube if positive ions are generated in suflicient
numbers in the plasma.

The kinetic energy gained by an electron in moving across the cathode
sheath into the plasma is almost Ej ev. This energy is approximately
equal to the minimum energy that an electron must have in order to
ionize an atom of the gas in the tube, although, because of multiple-step
ionizations, it is often slightly less than this amount. It corresponds to
a tube drop of approximately 10 volts in mercury-vapor tubes and
between 10 and 20 volts for other gases that are commonly used. After
entering the plasma some of the electrons have ionizing collisions after
traveling a short distance, others must travel almost to the plate before
having such a collision, and still others reach the plate without having
a collision. Thus ions are generated in all parts of the plasma.

At small values of plate current there are few electrons in transit,
and the rate of ion production would drop to a low value were it not for
the fact that the tube drop rises somewhat, thereby increasing the
ionizing efficiency of the electrons and maintaining the rate of ion
production at the value needed to sustain the plasma. At very small
values of current, however, the plasma cannot be sustained, the ions
disappear by surface recombination, and the tube behaves somewhat
like a vacuum diode. The current flowing under this condition is too
small to show on the volt-ampere characteristic of Fig. 3-19b.
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Certain precautions that must be observed in the use of gas-filled tubes
can be explained in terms of the simple rectifier circuit shown in Fig. 3-20.
When the supply voltage e, is greater than the conducting tube drop E,,
the diode conducts, and as shown by the volt-ampere characteristic of
Fig. 3-19b, the voltage drop across the tube is approximately constant
at the value E, regardless of the value of the tube current. Thus the
circuit of Fig. 3-200 is approximately equivalent to the rectifier circuit
when e, is greater than E,. It is clear from this circuit that when e, is
greater than E,, the diode current is limited only by the resistance Ry.
If this resistance is too small, excessive current flows and the diode is
destroyed. It is always necessary to ensure that the current through
gas-filled rectifiers is limited to a safe value by an external impedance
in series with the tube.

Another precaution that must be observed in the use of gas-filled tubes
arises when power is applied to the circuit. When the circuit of Fig. 3-20a

L[k
Fl=
+ Eo
es Ry,

(a) ]
Fra. 3-20. A gas-diode rectifier. (@) Circuit; (b) an approximately equivalent ecir-
cuit for ¢, > E,.

is in normal operation, the load resistance limits the tube current to a safe
value. The voltage drop across the tube when it is conducting is about
10 volts, and the remainder of the applied voltage appears as an IR drop
across the load resistance. However, if the a-c supply is applied at the
same time that the cathode-heating power is turned on, the ensuing
sequence of events may lead to the destruction of the cathode. The
cathode temperature rises slowly after the heater power is applied, and
there is negligible electron emission until some time has elapsed. During
this time there is no current in R;, and the full voltage of the a-c source
appears across the diode. As the cathode approaches its operating
temperature a small temperature-limited current begins to flow during
the positive half cycles of the supply voltage, there is a small drop across
B, and the drop across the tube is still relatively large. Electrons
moving toward the plate of the tube ionize gas atoms, and the resulting
positive ions are accelerated toward the cathode by the electric field in
the interelectrode space. Since the drop across the tube is still relatively
large, some of these ions move through a large potential difference and
strike the cathode with correspondingly large kinetic energies. This
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positive-ion bombardment is very likely to destroy the delicate oxide
coating of the cathode. Experiment shows that the destructiveness of
positive-ion bombardment increases rapidly when the conducting tube
drop exceeds about 22 volts.2 In order to avoid cathode damage from
this source it is necessary to allow the cathodes of gas-filled rectifiers to
reach normal operating temperature, so that normal current can flow
and normal voltage drop can appear across the load, before applying
power to the plate circuit. The warm-up time required varies from
30 sec to 5 min, depending on the type of tube.

Circuits using gas-filled diodes must be designed so that the maximum
permissible instantaneous current and the maximum permissible inverse
voltage are not exceeded. As in the case of the vacuum diode, the maxi-
mum permissible current is limited by the emission capabilities of the
cathode; typical values range from a few hundred milliamperes to a few

I
amp
10+
5 -
10 E,
volts
(a) (b

Fig. 3-21. The thyratron. (a) The tube; (b) the volt-ampere characteristic.

hundred amperes. The maximum permissible inverse voltage is limited
by the possibility of an arc-over in the reverse direction through the gas
inside the tube; typical values range from a few hundred volts to several
thousand volts. Both the maximum current and the maximum inverse
voltage that the tube can tolerate depend rather strongly on the gas
pressure inside the tube, and hence on the temperature of the tube.

3-8. Gas-filled Thermionic Triodes. The gas-filled triode, or thyra-
tron, is a rectifier that behaves much like the gas-filled diode, but through
the action of a third electrode, or grid, it permits simple, efficient control
over the current that it conducts.? Therefore rectifier circuits using
thyratrons can be arranged to give an adjustable output voltage. The
thyratron is shown schematically in Fig. 3-21a. The anode and cathode
are similar to those of the gas-filled diode; the grid is a metal electrode
containing one or more holes that is placed between the cathode and
anode in the region occupied by the plasma when the tube is conducting.
When the tube conducts, electrons flow to the plate and positive ions
flow to the cathode through the holes in the grid. The volt-ampere
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characteristic for the plate-cathode terminals is shown in Fig. 3-21b; it
is similar to that of the gas diode. The potential distribution in the
thyratron when it is conducting is similar to that in the gas diode, shown
in Fig. 3-19¢, and the mechanism of conduction is the same as in the gas
diode. The thyratron differs from the gas diode primarily in the action
of the grid when the tube is not conducting,.

The utility of the grid lies in the fact that the grid-cathode voltage
can be used to control the potential that must be applied between the
plate and cathode to cause the gas to be ionized and a plasma to be formed.
If the grid is made negative relative to the cathode, it lowers the potential-
distribution curve in front of the cathode, and virtually no electrons
are able to pass the potential minimum and move to the anode, even
though the anode be positive relative to the cathode. Under these
conditions no current flows in the plate circuit. If the plate is now made
more positive, it raises the potential-distribution curve and may make
it possible for an appreciable number of electrons to pass the potential
minimum in front of the cathode and proceed to the anode. The
positive ions generated by these electrons in transit move toward the
grid, which is the most negative point in the tube. If positive ions are
generated fast enough, the negative charge on the grid is partially
shielded by the approaching positive ions, and the potential in front of
the cathode rises further. More electron flow to the plate results, more
lons are generated, and finally the grid is completely shielded by the
great number of positive ions surrounding and moving toward it. The
grid then has no further effect on the current, a plasma forms, and the
thyratron behaves like a gas diode.

The cumulative action described above that leads to the formation of
a plasma is known as ignition, or firing. The minimum plate-to-cathode
potential necessary for ignition depends on the grid-to-cathode potential;
the more negative the grid the more positive the plate must be for
ignition. Figure 3-22 shows the minimum plate voltage required for
ignition as a function of the grid potential for a typical thyratron; this
curve is the starting, or control, characteristic for the tube. Points lying
above this curve correspond to combinations of grid and plate potentials
that cause the-tube to fire. The time required for the formation of the
plasma, usually a few microseconds, is called the ionization time; it
limits the speed with which the tube can be turned on.

After the tube fires the grid is surrounded and neutralized by a sheath
of positive ions moving toward it. If the grid is made more negative,
it merely attracts more jons from the plasma and remains electrically
neutralized. Hence after the tube fires the grid has no further effect
on the current flowing between plate and cathode; in particular, the
plate current cannot be stopped by the application of any reasonable



PRACTICAL RECTIFIERS 73

voltage to the grid except in the case of certain small thyratrons con-
ducting currents of a few milliamperes or less. To extinguish the arc
and restore the tube to the nonconducting state it is usually necessary
to reduce the plate current to a value too low to maintain the plasma.
This is the extinction current; it is of the order of microamperes for small
thyratrons. If the current remains below this value long enough,
usually a few tens or hundreds of microseconds, the positive ions in the
tube disappear by surface recombination, the grid regains control, and
the tube does not conduct again until the plate voltage exceeds the
critical value given by the control characteristic. The time required
for the positive ions to disappear is the deionization time for the tube;
it places an upper limit on the speed at which the tube can be operated
in repetitive cyclic action.
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Fia. 3-22. Thyratron control characteristic.

The properties of a thyratron depend on the gas pressure inside the
tube. When the gas is mercury vapor obtained by evaporation from
liquid mercury in the tube, the gas pressure increases exponentially with
the temperature of the coldest spot in the tube; hence the properties of
mercury-vapor thyratrons are rather sensitive to the temperature of the
tube. In particular, the control characteristic may change appreciably
with the changes in temperature encountered in normal operation. This
factor must be taken into account in the design of circuits for mercury-
vapor thyratrons.

Temperature dependence is often avoided in small, low-power thyra-
trons through the use of a noble gas such as argon or neon in place of
mercury vapor. Since these gases are not derived by evaporation from a
liquid source, the density of gas atoms in the tube is independent of
temperature, and the tube characteristics are essentially unaffected by
changes in temperature. The density of gas atoms in the tube is a
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function of time, however, for the gas is slowly adsorbed by the electrodes
and the inner walls of the envelope. This action is called cleanup. As
a consequence of cleanup, the tube characteristics change slowly with
time, and eventually the tube is no longer able to perform properly.
This fact limits the life of tubes using inert gases. Cleanup is not a
factor in mercury-vapor tubes, for additional mercury vapor is always
available from the supply of liquid mercury in the tube. Large thyra-
trons intended for high-voltage, high-power applications almost always
use mercury vapor as the gas.

In certain applications, such as in the electronic flash lamps used in
high-speed photography and in high-power pulse generators for radar,
thyratrons having very short ionization and deionization times are
required. This need is met by a group of thyratrons in which hydrogen
is the gas used. The relatively light hydrogen ions diffuse through the
tube much more rapidly than the heavy mercury ions and give much
faster action in the tube.

As in the case of other rectifiers, the maximum instantaneous current
and the maximum inverse voltage ratings of the thyratron must be
respected. The current and voltage ratings for thyratrons lie in the
same ranges as those given for gas-filled diodes.

3-9. The Analysis of Diode Circuits. It is shown in the preceding
sections that several physical rectifiers behave very much as ideal diodes.
When these physical diodes are used in the circuits presented in Chap. 2,
it is often permissible to assume that the physical diodes are ideal. In
certain applications, however, especially where vacuum diodes are used,
it is necessary to take into account the actual diode characteristics. It
is therefore appropriate to examine certain techniques for the detailed
analysis of diode circuits. Of even greater importance is the fact that
the techniques to be devloped here in terms of relatively simple diode
circuits are of fundamental importance in the analysis of vacuum-tube
and semiconductor amplifier circuits to be considered later.

Figure 3-23a shows a vacuum diode in the half-wave rectifier circuit
of Sec. 2-2. (The cathode heater and its power supply are not shown;
in this and all subsequent circuits it is to be understood that all thermionic
tubes must have a cathode heater and a source of heating power.) The
usable part of the diode volt-ampere characteristic is shown in Fig. 3-23b.
The problem is to find the current and the load voltage as functions of
time when the value of E, is given.

The loop equation relating the current to the voltages in the circuit is

(Bs + Ro)to + e = e, (3-48)

In this form it contains two unknowns, e, and 4; it can be solved only
with the aid of an additional relation between ¢, and 4. The required
relation is the volt-ampere law for the diode given by Eq. (3-43); when
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(3-43) is substituted in (3-48) the result is
-\ %
(R: + Rr)ip + (;—2) = ¢, = E, sin ol (3-49)

This equation gives 7, implicitly in terms of the circuit parameters and
the applied voltage; however, it is nonlinear and cannot be solved analy-
tically for 4, without considerable difficulty. For this reason graphical
methods of solution are almost always used. The graphical solution is
based on the measured volt-ampere characteristic of the diode; this
characteristic is the counterpart of the three-halves-power law given by
Eq. (3-43). The measured characteristic will in general deviate some-
what from (3-43), and it will in general vary considerably for different
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Fra. 3-23. A half-wave rectifier with supply voltage e, = E, sin w. (a) Circuit;
(b) graphical analysis.

tubes of a given type. Therefore the results are approximate unless
the characteristic is measured for the particular diode to be used. How-
ever, the approximate solution obtained by using the average character-
istic for the type of diode employed (obtained from the manufacturer)
is satisfactory in practically all cases.
The diode characteristic shown in Fig. 3-23b represents a functional
relation between %, and e;:
’ib = f(e,,) (3-50)

A second relation between these variables is given by (3-48) ; this equation
can also be written as

(R, + RL)ib = €3 — ¢ (3-51)

. €s - [ 2
and as b= g7 TR, R TR (3-52)
= Io - —'—];“‘_ €y (3"53)
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For any fixed value of e,, I, is fixed, and (3-53) plots as a straight line
on the e, — % coordinates. This line, known as the load line, is shown
in Fig. 3-23b for one value of e,. Equation (3-50) is a relation between
1, and e, imposed by the tube; (3-53) is a relation imposed by the circuit
connected to the tube; both relations must be satisfied simultaneously.
The diode characteristic gives all combinations of 4, and e, that satisfy
(3-50), and the load line gives all combinations that satisfy (3-53) for
one value of e,. The intersection of these two curves gives the operating
point p; both (3-50) and (3-53) are satisfied simultaneously at this
point.

As time passes and e, goes through its cycle of values the load line
shifts horizontally in accordance with the value of e, at each instant, and
the operating point p moves along the diode characteristic as the load
line shifts. The corresponding values of ¢ can be read from the scale

iy

/ €y

(a) (b) (e)

Fr1a. 3-24. The piecewise-linear approximation for vacuum diodes. (a) Diode char-
acteristics; (b) model; (¢) model for rectifier circuit.

iy=0

of ordinates, and the waveform of 4, can be plotted if desired. The
load voltage can be calculated at each instant from the corresponding
value of 7.

The graphical analysis described above is somewhat tedious, and it
requires a considerable investment of time and labor, especially when
the circuit contains several diodes. As an alternative procedure, the
analysis of many diode circuits can be greatly simplified by approximating
the diode characteristic with two straight line segments. One such
approximation is shown in Fig. 3-24a superimposed on the actual diode
characteristic. Characteristics consisting of a series of linear segments
are called piecewise-linear characteristics; they are used in approximating
the characteristics of a wide variety of nonlinear devices. To be sure,
an analysis based on this idealized characteristic will not give exactly
the results that would be measured experimentally; however, in many
applications the results of the idealized analysis are quite close to the
experimental results in all important respects. The fact that individual
tubes may vary considerably from the published characteristics further
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justifies the use of idealized characteristics. The value of the idealized
characteristics resides in the fact that it greatly simplifies the analysis
of many diode circuits and gives results that are quite satisfactory in so
far as circuit performance is concerned.

When the behavior of the physical diode is to be represented approxi-
mately by the idealized characteristic, it is helpful to have some way
of symbolizing the fact in the circuit diagram, and it is desirable to do
so by the use of conventional parameters, ideal R, L, C, diodes, and
sources. It is readily seen that the volt-ampere characteristic of the
circuit in Fig. 3-24b corresponds exactly to the idealized characteristic
of Fig. 3-24a if the resistance 7, has the correct value. For negative
values of ¢ the ideal diode is an open circuit, and ¢, is zero; for positive
values of e, the ideal diode is a short circuit, and the volt-ampere char-
acteristic is a straight line with a slope depending on r,. If r, = 1/4,
the circuit will correspond to the piecewise-linear characteristic of Fig.
3-24q. The circuit of Fig. 3-24b is a network model for the physical
diode that behaves approximately like the physical diode. More specifi-
cally, the circuit is a piecewise-linear model for the physical diode. The
nonlinear nature of the circuit is concentrated at the break point in the
characteristic. The fact that the segments of the characteristic are
linear simplifies the analysis problem.

If the piecewise-linear model is substituted for the diode in the half-
wave rectifier of Fig. 3-23, the circuit of Fig. 3-24c results. It is clear
that this circuit can be analyzed by the simple procedure used in Sec. 2-2.
Thus the half-wave rectifier using a vacuum diode behaves essentially
as if the diode were ideal; the principal difference is that the circuit
resistance is increased by the diode resistance r,. In a like manner, when
vacuum diodes are used in any of the circuits presented in Chap. 2,
the behavior can be analyzed approximately by using piecewise-linear
models for the diodes. If the diode resistances are small, the results
of the analysis will be essentially the same as those obtained for ideal
diodes.

Figure 3-25 shows volt-ampere characteristics and piecewise-linear
approximations for two typical vacuum diodes. The 6AX5-GT is
intended primarily for use in power supplies for electronic equipment.
The piecewise-linear model corresponding to the piecewise-linear char-
acteristic shown in the figure consists of an ideal diode in series with a
resistance of 400 ohms. The 6AL5 is a small tube intended for low-
power applications such as AM detectors, diode clampers, and rectifiers
to supply small direct currents. The piecewise-linear model implied by
the approximating straight-line characteristic consists of an ideal diode
in series with a resistance of 200 ohms. Figure 3-26 shows the piecewise-
linear model for the 6AL5, including the interelectrode capacitance.
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All the preceding discussion regarding the analysis of circuits containing
vacuum diodes applies in a qualitative sense to circuits containing semi-
conductor diodes. If a semiconductor diode is used in the half-wave
rectifier of Fig. 3-23, the circuit can be analyzed by the same graphical
procedure as that used with the vacuum diode. Figure 3-27a shows the
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Fia. 3-25. Typical diode characteristics. (a) 6AX5-GT twin diode, peak permis-

sible inverse voltage 1250 volts, maximum permissible instantaneous plate current

375 ma; (b) 6AL5 twin diode, peak permissible inverse voltage 330 volts, maximum

permissible instantaneous plate current 54 ma, plate-to-cathode capacitance, 3 puf
(approximately).

volt-ampere characteristic for a typical silicon P-N junction diode and
the graphical construction appropriate to the analysis of the half-wave
rectifier. The scale of voltages would be suitable if the peak value of e,
it were less than about 10 volts. Fig-
il

3t ure 3-27b shows the same construc-
k tion for the case where the peak
po- NNN— ok value of e, is of the order of 100
_2009_ . volts. The scale of voltage and

Fia. 3-26. Piecewise-linear model for . .
the 6ALS, current required is such that the

diode characteristic cannot be dis-
tinguished from the axes; hence the performance of the diode cannot be
distinguished from that of an ideal diode in so far as the load voltage and
current are concerned.

In some circuits such as AM detectors and diode clampers, where small
currents and voltages are involved, it may not be desirable to treat the
semiconductor diode as ideal. On the other hand, the piecewise-linear
representation is often suitable. One approximation to the diode char-
acteristic is shown in Fig. 3-28a¢. The corresponding model is shown in
Fig. 3-28b. When e, is less than E,, a reverse voltage is applied to the
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ideal diode and it acts as an open circuit. When ¢, is greater than
E, a forward current flows through the ideal diode; its magnitude is
@ = (e — E,)/re. If m and E, are given suitable values, the model will
correspond to the characteristic in Fig. 3-28a. Figure 3-28¢ represents
the diode approximately at high frequencies; the capacitance C represents
the capacitance across the junction of the diode.

It is worthwhile to note that adding the source E, to the model has the
effect of shifting the piecewise-linear characteristic to the right by E,

173 i,
amp amp
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104 10+
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F1a. 3-27. Graphical analysis of a silicon-diode rectifier circuit. (¢) Low voltage;
(b) high voltage.
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F1c. 3-28. Piecewise-linear models for semiconductor diodes. (a) Piecewise-linear
characteristic; (b) low-frequency model; (c) high-frequency model.

volts when the source has the polarity shown in Fig. 3-28b. If the
polarity of the source is reversed, the characteristic is shifted to the left
by E, volts. These facts indicate that a variety of piecewise-linear
characteristics can be generated by various combinations of sources and
ideal diodes. For example, volt-ampere characteristics having several
linear segments can be generated by using several diodes and associated
voltage sources. This feature is useful in the formulation of models for
more complicated devices. It is also interesting to note that electronic
analog computers often use combinations of physical diodes, resistors,
and batteries to generate nonlinear relations between two variables.
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The volt-ampere characteristic for a gas-filled diode shown in Fig. 3-29a
is approximated satisfactorily by the piecewise-linear characteristic of
Fig. 3-29b. It is clear that the piecewise-linear model of Fig. 3-28b
corresponds to the characteristic of Fig. 3-29b if 7, is made zero. (Insome
instances it may be desirable to give r, a small negative value to account
for the slight decrease in tube drop with increasing tube current. The
apparent negative resistance associated with conduction through gases
finds useful applications.)

The thyratron can also be represented by a piecewise-linear model,
but the complications needed to account properly for the action of the
grid make the model unwieldy. Therefore it is usually simpler to repre-
sent the plate circuit of the thyratron by two separate models, an open
circuit when the tube is nonconducting and a constant voltage drop
(battery) when it is conducting. '

I, I,

-

0 E, E
(a) b

Fia. 3-29. Piecewise-linear approximation for gas-filled diodes. (a) Volt-ampere
characteristic; (b) piecewise-linear approximate characteristic.

E,

[

The use of grid control to provide an adjustable load voltage in a
thyratron rectifier is illustrated by the circuit shown in Fig. 3-30a.> The
a-c supply voltage is e;, and the control voltage for the grid is the series
combination of e; and e;. The voltage e; is an adjustable direct voltage
by means of which the load voltage is adjusted, and e is a fixed sinusoidal
voltage that lags 90° behind e,. The relations among these voltages
are pictured in Fig. 3-30b. The load resistance is Ry; as in the case of
the gas-filled diode, it must be large enough to limit the plate current
to a safe value. In addition, when the grid is positive relative to the
cathode by an amount greater than the conducting tube drop, the grid
and cathode act as a conducting diode. Therefore it is necessary to
include a resistance in series with the grid to limit the grid current to a
safe value; this resistance is R, in Fig. 3-30a.

Two simplifying assumptions are made to remove distracting second-
order effects from the analysis. They are (1) that the negative grid
potential needed to hold the tube nonconducting is negligibly small, and
(2) that the conducting tube drop is negligibly small. Thus if the tube
is nonconducting with a positive plate potential and a negative grid
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potential, as during the first portion of the cycle of operation shown in
Fig. 3-30b, then it cannot fire (begin conduction) as long as the grid
potential is negative. With the grid negative relative to the cathode,
electrons emitted by the cathode cannot go to the grid, and since there
are no positive ions in a nonconducting tube, there is no ion flow to the
grid. Hence the grid current is zero, there is no voltage drop across
R., and the grid voltage is e; 4+ ¢;. At the instant ¢; the grid potential,
e1 + es, changes from negative to positive, the grid is no longer able to
hold the tube nonconducting, and the tube fires. Since the conducting
tube drop is assumed to be zero, the tube acts as a short circuit and the
full supply voltage appears across the load during conduction. Since
ordinarily the grid cannot stop the flow of plate current, conduection
continues until the plate potential becomes negative, regardless of the
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Fig. 3-30. A half-wave thyratron rectifier with d-c plus a-c control. (g) Circuit,
es = B, sin w,t and e; = E; sin (wi¢ — 90°); (b) waveforms.

value of the grid potential. The corresponding waveform of load voltage
is shown in Fig. 3-30b.

The duration of the conducting interval, and hence the average and
effective values of the load voltage, can be controlled by the adjustable
direct voltage e;. If e; is adjusted over a range of positive and negative
values, the waveform of e; + e; shifts up or down, and the instant of
firing can be made to oceur at any point in the positive half cycle of e,.
For example, if e; is made zero, the tube fires when e, has its positive
peak value; if e; is made equal to E,, the tube fires at the beginning of
the cycle. The tube deionizes and the grid regains control during each
negative half cycle of ¢,, The average value, or d-¢ component, of the

load voltage is
1 [T

By = f (E, sin w,t) dt (3-54)
T Je

where T is the period of the supply voltage.
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A thyratron rectifier circuit of more practical importance is shown in
Fig. 3-31; it is the full-wave counterpart of the half-wave rectifier circuit
in Fig. 3-30. The a-¢c component of the control voltage e; lags 90° behind
the supply voltage e, and the d-¢ component of the control voltage e; is
adjustable. The primary of the transformer supplying e: is not shown
in Fig. 8-31. The firing of each thyratron is controlled separately in
the manner described in connection with Fig. 3-30; the two tubes con-
duct on alternate half cycles.

The load indicated in Fig. 3-31 is the armature of a d-¢ motor. The
voltage applied to the armature, and hence the speed of the motor, can
be controlled by controlling e;. If a magneto tachometer is connected
to the shaft of the motor as indicated in Fig. 3-31, it gives an output

Armature of
d-c motor

Tachometer
Fic. 3-31. A full-wave thyratron rectifier.

voltage e that is directly proportional to the speed of the motor. With
the aid of some additional circuitry this tachometer voltage can be used
to provide a control voltage e; that will automatically adjust the armature
voltage so as to keep the motor speed constant in the face of wide vari-
ations in load on the motor. Such systems have been used for the con-
trol of motors powering machine lathes and for other adjustable-speed
applications.

3-10. Summary. Semiconductor, vacuum, and gas-filled rectifiers
are satisfactory approximations to the ideal diode, at least over a certain
range of voltages and currents. Hence they can be used in the physical
realization of the circuits presented in Chap. 2. In the process of
examining these physical diodes, certain concepts of fundamental impor-
tance emerge. Now that the over-all picture is completed, it is desirable
to restate these basic ideas in a brief form.

Current flow in practical rectifiers can be studied in terms of the
potential distribution inside the devices. The amount of current flowing
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in each case depends on the number of carriers that have enough kinetic
energy to surmount a potential energy barrier that exists inside the
device. When the carriers are in random motion under conditions of
thermal equilibrium, the energies of the carriers can be determined from
probability theory. From this study the current crossing the potential
energy barrier is found to be

q
kT

I=1,exp

where ¢ = charge on carrier

E = height of barrier, ev

k = Boltzmann constant

T = absolute temperature

I, = current that would flow if E were zero
In the semiconductor diode, E is a direct function of the applied voltage;
hence the volt-ampere law is an exponential function. Under normal
operating conditions in the vacuum diode, the value of E depends in a
complicated way on the space charge and the applied voltage. It can
be shown that the current through the vacuum diode increases approxi-
mately as the applied voltage raised to the three-halves power. The
conduction process is even more complicated in gas-filled rectifiers.

It follows from the foregoing statements that the volt-ampere laws for
practical rectifiers are nonlinear relations between the voltage and current.
Indeed, the rectifying property of the diode depends entirely on this
nonlinearity; a linear device cannot rectify. However, as a result of
this nonlinearity the analysis of diode circuits is complicated, and exact
analytical solutions are not often attempted.

Circuits that are not too complicated can be analyzed by simple graphi-
cal methods. Alternatively, the analysis can often be simplified by
representing the diode approximately by a suitable piecewise-linear
model. The approximation of nonlinear devices by piecewise-linear
models is a general technique that has been applied to a wide variety of
devices in addition to diode rectifiers. The technique does not provide
a simple solution to all nonlinear problems, however. If the circuit is
very complicated, or if it contains several reactive elements, the piecewise-
linear model may be of little help.
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PROBLEMS

3-1. A certain vacuum diode has parallel-plane electrodes that are large compared
with the spacing between them. Hence when there is a negligible charge in the space
between the electrodes, the field in the interelectrode space is essentially uniform and
perpendicular to the electrodes. The potential-distribution curve for a straight path
between cathode and plate is thus a straight line. The total potential difference across
the interelectrode space is 100 volts, with the anode positive relative to the cathode.

a. If a single electron starts from rest at the cathode, what is its velocity when it
reaches the anode? Give the answer in millions of feet per second. The mass of the
electron is 9.11 X 10-31 kg, and the magnitude of its charge is 1.6 X 107 coulomb.

b. If the electrodes are separated by 1 em, how long is the electron in transit?
Note that the velocity of the electron is not constant.

8-2. The work functions of the cathode and anode of the diode of Prob. 3-1 are
1 and 2 ev, respectively.

a. What is the contact difference of potential between the electrodes?

b. An electron is emitted from the cathode with 1.5 ev of kinetic energy directed
toward the anode. What potential must be applied between the electrodes from an
external battery to prevent this electron from reaching the anode?

3-3. Electrons emitted from the cathode of the diode shown in Fig. 3-18a move
toward the anode along the path s shown in the diagram. The potential distribution
along the path is given by curve B in Fig. 3-18¢, and the value of the potential at the
minimum is —1 volt.

a. What is the minimum initial velocity directed along the path s that an electron
issuing from the cathode must have if it is to reach the anode?

b The number of electrons leaving the cathode each second with kinetic energies
greater than E ev directed along path s is given by n = 10'%¢%%,  What current flows
through the tube?

8-4. Circuits similar to that shown in Fig. 3-32 have been used as multipliers in
certain elementary types of electronic analog computers. The three identical silicon
diodes are operated so that their volt-ampere relations are given by Eq. (3-31). The
input voltages to the amplifier are e; and es; the input currents are zero. The output
voltage from the amplifier is e, = €1 + e;. Show that the output current %3 is propor-
tional to the product of the diode currents 7; and .

i3
—

>}
D3

Q=€

-0

. i‘lt T+ +0 - ?+ Liz
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Fic. 3-32. An electronic analog multiplier for Prob. 3-4.

8.5. One diode section of a 6AX5 twin diode is used in a half-wave reactifier like
that shown in Fig. 3-23. The supply voltage is e, = 120 sin 377¢ volts, and the circuit
resistances are R, = 0 and Rz = 200 ohms.
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a. Plot the diode characteristic on a suitable sheet of graph paper (Fig. 3-25).
Determine graphically the value of 4 for various values of €5, and plot one full cycle
of the waveform of 7.

b. Replace the tube by a piecewise-linear model consisting of a 400-ohm resistor in
series with an ideal diode. Plot one cycle of 4 for this model on the same coordinates
as those used for the waveform of part a.

¢. Would a different value of series resistance in the model give closer agreement
between the results of parts a and b?  If so, what value of r; would you recommend ?

3-6. A power supply to deliver 300 volts d-¢ to a load drawing 100 ma is required.
A 6AXS5 twin diode is to be used in a full-wave rectifier with a capacitor-input filter
(Fig. 2-24). The power source is a 115-volt 60-cps a~c line.

a. If the input capacitance is 10 xf, how much voltage must the transformer supply
on each side of the center tap? Refer to the tube manual for the 6AX5 rectifier
characteristics, and assume that the filter choke will have a resistance of 100 ohms.

b. In an alternative design, the same tube is to be used in a choke input filter (Fig.
2-21) with L = 10 henrys and C = 16 pf. Repeat the calculation of part ¢ and
compare,

c. At what frequency (in cycles per second) is w?LC = 1 for the filter of part b?
Is this a suitable design? Explain.

8-7. Twosilicon diodes are used in a full-wave rectifier to charge 6.3-volt automobile
batteries. The diode characteristics are given in Fig. 3-27a. Power is obtained from
a transformer delivering e, = 27 sin 377t volts on each side of the center tap, and a
resistor is connected in series with the battery to limit the charging current.

a. Give a circuit diagram for this battery charger showing the polarities of all
voltages.

b. The diodes are to be represented by piecewise-linear models like that shown
in Fig. 3-28b. From the diode characteristics determine suitable values for ry and E,.

c. What value must the series resistance have to limit the peak diode current to
20 amp? Would a serious error be made in this calculation by assuming the diodes
to be ideal?
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F1g. 3-33. A piecewise-linear device for Prob. 3-8. (a) Device; (b) volt-ampere
characteristic.

3-8. The measured volt-ampere characteristic of an unknown device, represented
symbolically in Fig. 3-33a, can be approximated closely by the piecewise-linear
characteristic shown in Fig. 3-33b.
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a. Find a piecewise-linear model for the unknown device that has the given piece-
wise-linear volt-ampere characteristic. The model may contain resistors, ideal
diodes, batteries, and d-c current sources.

b. Repeat part ¢ when 7 is replaced by e and e is replaced by 7 on the volt-ampere
characteristic.

8-9. Two gas-filled diodes are used in a full-wave rectifier to charge a 12.6-volt
storage battery. Power is obtained from a transformer that delivers e, = 35 sin 377¢
volts on each side of the center tap. The voltage drop across each diode when it is
conducting is approximately 10 volts for all values of current. The charger is con-
nected to the battery by a long pair of leads having a resistance of 2 ohms.

a. Give a circuit diagram for this battery charger showing the polarities of all
voltages

b. Give a piecewise-linear model for the circuit showing the numerical values of all
circuit parameters.

¢. What is the peak instantaneous current through each diode?

d. During what fraction of each half cycle does current flow into the battery?

e. If the leads connecting the charges to the battery are shortened to one-quarter
of their original length, what is the peak instantaneous current through each diode?
The leads are of uniform cross section throughout their length.

3-10. The supply voltage for the thyratron rectifier of Fig. 3-30 is e, = 300 sin w.f
volts, the supply frequency is fo = 400 cps, and the a-c component of grid voltage is
e = —50 cos wst volts. For all positive values of plate-to-cathode voltage the tube
fires when the grid becomes positive relative to the cathode; that is, the critical grid
voltage is zero for all positive values of plate voltage. The tube drop is negligible
when the tube is conducting.

a. What value of control voltage e; causes the tube to fire when w,t = 45°?

b. What is the value of the d-c component of load voltage under the conditions of
part a? .

c. What value of e; just reduces the load voltage to zero?

8-11. The load on a full-wave thyratron rectifier like the one shown in Fig 3-31 is
the resistance heating element of an oven in which the temperature is controlled
automatically. The control voltage e; is obtained from a thermocouple and an
amplifier in such a way that if the temperature in the oven rises, ¢; decreases, and the
rms value of the voltage applied to the heating element decreases. If the tempera-
ture in the oven drops, the opposite action takes place. In this way the temperature
in the oven can be held nearly constant, or it can be caused to vary in some desired
way.

The supply voltage for the rectifier is e, = 200 sin o, volts, and the a-c component
of the grid voltage is ez = —50 cos w.t volts. For all positive values of plate voltage,
the tube fires when the grid voltage becomes positive; that is, the critical grid voltage
is zero for all positive values of plate voltage. The voltage drop across the tube is
negligible when the tube is conducting.

a. What value of e; will cause each tube to conduct for one-quarter of a cycle of the
supply voltage?

b. What is the rms value of the load voltage under the condition of part a?

¢. An increase in oven temperature of one degree causes e; to decrease by 10 volts.
If the temperature increases by one degree from the value corresponding to the condi~
tions of part a, what is the new rms value of voltage applied to the load?



CHAPTER 4

IDEAL AMPLIFIERS

In Chap. 2 a new circuit component, the ideal diode, is introduced,
and it is shown that circuits containing ideal diodes can perform certain
useful functions that are not possible when only ideal R, L, and C are
employed. The principal objective of this present chapter is to introduce
another circuit component, the ideal amplifier, and to examine some of
its useful functions. In this connection certain fundamental ideas related
to amplification are presented.

The study of amplifiers is initiated with an examination of the prop-
erties of ideal amplifiers, for in this way attention can be focused on the
process of amplifications without the distractions imposed by physical
reality. By concentrating first on the process of amplification, one is
conditioned to accept any kind of physical device that may be proposed
as an amplifier. Of equal importance, having established the properties
of the ideal amplifier, a basis exists for perceiving and evaluating the
good and bad features of any physical amplifier and thus, perhaps, for
improving the physical amplifier.

The need for power amplification in the field of electric communication
is obvious. A telephone instrument delivers a few milliwatts of power
to a pair of wires, but only a fraction of this power reaches the receiving
end because of losses in the line. For telephone communication over
long distances it is necessary to amplify the signal power at more or less
regular intervals along the line. In some transcontinental communi-
cation circuits the signal power is amplified billions of billions of times
in transit from the sending end to the receiving end. A radio transmitter
may radiate many kilowatts of power into space, but only a microscopic
amount of this power is intercepted by any particular radio receiver.
This power must be amplified greatly to give a suitable volume of sound
from a loudspeaker. The need for power amplification is equally great
in many other fields, as, for example, in electrical instrumentation and
in the automatic control machinery.

4-1. The Ideal Voltage Amplifier. One form of ideal electric amplifier
is shown enclosed in dotted lines in Fig. 4-1¢; it consists simply of a volt-
age source whose output voltage is at every instant directly proportional

87
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to its input voltage. For each value of e, the output voltage has the
value pe, and is independent of the output current. The output volt-
ampere characteristic is shown in Fig. 4-1b; it consists of a family of
vertical straight lines, one for each value of the input voltage. If the
values of e; corresponding to the curves are separated by 1 volt, then the
curves are separated by u volts on the output-voltage axis. Since this
ideal amplifier consists of a source whose output voltage is controlled by
the input voltage to the amplifier, it is called a controlled source, or a
voltage-controlled source.

If the input voltage e; is specified, then the output voltage ex = pey is
fixed and is independent of the load current. Hence any amount of power
can be drawn from the output terminals by the proper choice of Er
(assuming, of course, that e; % 0). The input current to the amplifier
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Fia. 4-1. The ideal voltage amplifier. (a) Circuit diagram; (b) output volt-ampere
characteristic.

is zero regardless of the value of ey; hence the input power is zero under
all conditions. From these facts it follows that the power gain, which
is the ratio of the output power to the input power, is infinite. The
output power from the amplifier at any instant is

_ (#31)2
=Ry (4-1)

Equation (4-1) shows that with a fixed load resistance the output power
depends on the input voltage e:; the greater ei, the greater the output
power. With a given value of amplification factor u, the small voltage
received from a telephone line (for example) may not be great enough to
give the required power output. This difficulty can be overcome by
amplifying the signal voltage before applying it to the power-output
amplifier. It is clear that the ideal amplifier of Fig. 4-la can be used
as a voltage amplifier provided g is greater than unity. Figure 4-2 shows
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a cascade of three amplifier stages for use in this situation. The input
and the output power in the first
two stages are zero, but the output

el (] 83 e
voltage from each is greater than the + +
input voltage; hence these stages aie toes tzes Ry,
are voltage amplifiers. The third - -

+
stage gives the required power out- C_L_
put; hence it is a power amplifier. i 4.2 Cascaded voltage amplifiers.
The third stage may or may not give
voltage amplification also, depending on the value of us. The output
voltage is

€4 = U1M2M4361 (4'2)
and the output power is
2
p = (#1#&#361) 4-3)
L

Vacuum-tube amplifiers are conveniently characterized as voltage-con-
trolled amplifiers like those described above, although they fall somewhat

i
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F1e. 4-3. The ideal current amplifier. (a) Circuit diagram; (b) output volt-ampere
characteristic.

short of being ideal. A typical vacuum-tube radio may employ a cascade
of five stages similar to those in Fig. 4-2. The first four of these are
voltage amplifiers and are designed to give the greatest possible voltage
amplification. The fifth stage is a power amplifier and is designed to
give the greatest possible power output.

4-2. The Ideal Current Amplifier. Another form of ideal electric
amplifier is shown in Fig. 4-3a. This amplifier is a current-controlled
current source; its output volt-ampere characteristic is shown in Fig. 4-3b.
For each value of input current 7; the output current has the value aiy
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and is independent of the value of the load voltage. The ideal current
amplifier is thus the dual of the ideal voltage amplifier.

Since the output current is independent of the load voltage, any amount
of power can be drawn from the output terminals by the proper choice
of Ry, provided 7, % 0. Moreover, the input voltage is zero regardless
of the value of the input current; hence the input power is zero under
all conditions. It follows from these facts that the power gain of the
ideal current amplifier is infinite. The power output from the amplifier
at any instant is

p = (ai1)?Ry, (4-4)

For a given value of & the input signal current may not be great
enough to give the required power in a specified load resistance Ry ; thus
the need for current amplification arises. The amplifier of Fig. 4-3a
can be used for current amplification provided « is greater than unity.
A cascade of three current-controlled amplifier stages is shown in Fig.
4-4. The first two stages are current amplifiers; the input and output
powers in these stages are zero. The third stage provides the required
power output; it is a power amplifier. This cascade of current amplifiers
is the dual of the cascade of voltage amplifiers shown in Fig. 4-2.

i1 i2 i3 ig i
T 1 .
, . 1.RL €1 Ry
ally alp oa3l3 —_
F1a. 4-4. Cascaded current amplifiers. Fig. 4-5. A nonideal amplifier.

Transistor amplifiers are conveniently characterized as current-con-
trolled amplifiers, although they fall somewhat short of being ideal. A
typical transistor radio may employ a cascade of five amplifier stages.
The first four of these are current amplifiers and are designed to give
the greatest possible current amplification. The fifth stage is a power
amplifier and is designed to give the greatest possible power output.

4-3. Gain and Amplification in Decibels. Figure 4-5 shows a voltage
amplifier that is not ideal; its input resistance is Bi, not infinity, and its
output resistance is Ri, not zero. The power input to this amplifier
at any instant is p, = e;2/R;, and the output power at any instant is
pr = e:?/Rz. The power gain in this case, pr/ps, is finite, and it serves
as a measure of the effectiveness of the amplifier. Another measure that
proves to be more useful in many respects is the power gain in decibels
(db), defined by

G = 10 log P% (4-5)
D1
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where log is understood to designate the common logarithm. Thus if
pr is 500 watts and p, is 5 watts, the power gain is 20 db. The power
gain of the circuit in Fig. 4-5 can also be written as

€ R1

G = 10 log g Rrest

= 20 log + 10 logg (4-6)

If R, = Ry, as often is the case in communication circuits, log R1/E. = 0;
in this case, and only in this case, the power gain of the amplifier becomes

G =20 logZ—i when R; = R 4-7)

The logarithm of the voltage amplification proves to be useful in
several respects, regardless of whether R; = Ry or not. For this purpose
Eq. (4-7) is appropriated, and the voltage amplification in db is defined as

A =20 logz—2 (4-8)
1

Thus if By = Ry, the voltage amplification in decibels is equal to the
power gain in decibels. These two quantities are not equal, however,
~when R, # Ry1; Eq. (4-6) shows that in general the power gain in decibels
and the voltage amplification in decibels differ by the amount 10 log
Ri/Rr. In order to emphasize the distinction between the quantities
given by (4-6) and (4-8), several distinguishing names have been proposed
for the logarithmic unit of amplification; among these are decibels of
voltage amplification (dbv), and dectlog, although the multiplier of 20
in (4-8) renders the prefix deci- somewhat incongruous. Nevertheless,
common practice is to use decibel as the name for the logarithmic unit
of amplification as well as gain. The logarithmic unit of current amplifi-
cation is defined in a manner similar to that of voltage amplification.

The standard definitions designate the ratio of two powers, or its
logarithm, as power gain, and they designate the ratio of two voltages
or two currents, or their logarithms, as voltage or current amplification.
However, standards to the contrary notwithstanding, it is common
practice to use the term gain to designate current, voltage, and power
ratios and their logarithms. The standard definitions will be followed
in this book except in a few special cases where it is desirable to con-
form to well-established usage. Since according to the standard defi-
nitions gain and amplification refer to both a numerical ratio and the
logarithm of that ratio, an ambiguity exists unless a clarifying statement
is appended. In this book these terms will refer to the numerical ratio
unless decibels are specified.

When the output power and voltage of an amplifier are greater than
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the input power and voltage, the gain and the voltage amplification in
decibels are positive numbers. When the output power and voltage are
smaller than the input power and voltage, the gain and the voltage
amplification in decibels are negative numbers. When the output power
and voltage are equal to the input power and voltage, the gain and the
voltage amplification in decibels are zero. It is, of course, possible for
the gain in decibels to be positive while the amplification in decibels is
negative, and vice versa, if R; and R are not equal.

The decibel is a convenient measure of voltage, current, and power
ratios for a number of reasons. One of the most important of these is
the fact that the frequency characteristics of electric networks, both
electronic and otherwise, have especially simple forms when the response
in decibels is plotted against frequency on a logarithmic scale. In
addition, the over-all response of a cascade of stages such as those
discussed in the preceding section is obtained by a simple addition of the

e; (1+u)C

(@ (B)
F1G. 4-6. An application of the ideal amplifier. (a) Circuit; (b) an equivalent circuit.

responses of the individual stages when the response is expressed in
decibels.

4-4. Other Applications for Voltage and Current Amplifiers. Ideal
amplifiers are capable of a number of interesting and useful operations
that seem at first glance to bear little relation to signal amplification.
Consider, for example, the combination of capacitor and voltage-con-
trolled voltage source shown in Fig. 4-6a. The input current to this
circuit is
dey

dt (4-9)

’l:l = O% (61 + yel) = (1 + p)C
Thus the input current is the same as the current that flows into a
capacitor of capacitance (1 4 p) C having the voltage e, impressed across
its terminals; that is, the circuit of Fig. 4-6b is equivalent to that of
Fig. 4-6a in so far as the input terminals are concerned. Circuits of
this type are used to obtain the effect of very large capacitors in certain
engineering applications.
As another example, consider the combination of resistor and current-
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controlled current source shown in Fig. 4-7a. The current through the
resistor is (1 — )71, and the voltage drop across the resistor is

€1 = (1 - a)ilR

Since this voltage is also the voltage across the input terminals, the
apparent resistance at the input terminals is (1 — «)R; that is, the circuit
of Fig. 4-7b is equivalent to that of Fig. 4-7q in so far as the input ter-
minals are concerned. Thus the current source acts as a resistance con-
verter, for it converts a given resistance to a different value. In particu-
lar, if « is greater than unity, a positive resistance is converted to a
negative resistance. If R is replaced by a complex impedance, the
impedance can be converted to a negative impedance. In this case the
current-controlled current source is called a negative impedance con-
verter. Negative impedance converters realized with the aid of tran-
sistors are important in the design of certain types of electrical filters.

(1—aliy i1

i i
£ '_j%) . f
e lail RS e=ll-ai;R @ (1-a)R
&:—
(a)

-

(b)
Fic. 4-7. An impedance converter. (a) Circuit; (b) an equivalent circuit.

It should be noted that the circuit of Fig. 4-6 can also be viewed as an
impedance converter.

4-5. Summary. The fundamental notions of voltage, current, and
power amplification are presented in the preceding sections, and the
concepts of ideal voltage and current amplifiers are established. The
basic features of these latter concepts can be summarized as follows.

The ideal voltage amplifier is a voltage-controlled voltage source. Its
input impedance is infinite, and its output impedance is zero. Since
infinite input impedance permits the greatest possible input voltage to be
developed, and since zero output impedance permits the greatest possible
output voltage to be developed across any given load, the ideal voltage
amplifier provides the greatest possible voltage amplification (for a given
amplification factor, u). The input voltage is independent of the load
connected to the output terminals; that is, the input circuit is isolated
from the output circuit. Signals can be transmitted through an ideal
voltage amplifier in one direction only, from the input to the output.

The ideal current amplifier is the dual of the ideal voltage amplifier.
It is a current-controlled current source having zero input impedance
and infinite output impedance; these conditions permit the greatest
possible current amplification for a given amplification factor, a. As
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in the case of the voltage amplifier, the input circuit is isolated from the
output circuit, and signals can be transmitted in one direction only.
There are many physical devices that are capable of amplifying signals;
of special importance among these are the vacuum tube and the transistor.
To a certain extent the merits of a physical amplifier can be evaluated by
comparing its properties with those of either the ideal voltage amplifier
or the ideal current amplifier. Such a comparison may also indicate
how the physical device should be modified in order to obtain improved

performance.
PROBLEMS

4-1. A three-stage amplifier is shown in Fig. 4-8. The symbol K designates
kilohms, and the symbol M designates megohms.

a. Find the voltage amplification and the power gain of each stage in decibels.

b. Find the over-all voltage amplification and power gain in decibels.

€ 7] e3 €4

M 100e; 21Mm 50e; 50K 2e3 100
‘ + + +

O O
O

7

-
F1a. 4-8. Amplifier for Prob. 4-1.

4-2. A certain phonograph pickup delivers a sinusoidal voltage of 10 mv, rms value,
on open circuit, and it has an internal resistance of 500 ohms. This pickup is to
deliver a signal to a loudspeaker having a resistance of 10 ohms.

a. If the pickup is connected directly to the loudspeaker, how much power does it
deliver to the speaker?

b. A cascade of amplifier stages similar to that shown in Fig. 4-2 is to be used to
amplify the signal from the pickup and deliver 10 watts to the loudspeaker. Two
types of amplifiers, shown in Fig. 4-9, are available for the cascade connection. These

10K 109

+ + + +
ey 5061 e; 1.061
e I

(@) (b)
F1a. 4-9. Amplifiers for Prob. 4-2. (a) Type 1; (b) type 2.

are not ideal voltage amplifiers, for they do not have zero output impedance. Which
of these amplifiers can deliver 10 watts to the loudspeaker with the smallest input
voltage?

¢. Which of the amplifiers in Fig. 4-9 gives the greatest no-load voltage amplifica-
tion?

d. Give the circuit diagram for a cascade of stages like those in Fig. 4-9 that will
meet the specifications of part b, Use the smallest possible number of stages, and
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show the exact number of stages in the diagram. Show how a l-megohm poten-
tiometer can be used in the first stage as a volume control.

4-3. The capacitor in the circuit of Fig. 4-6 is replaced by a resistor with B =
1000 ohms, and the amplification factor is u = 20.

a. Determine the input resistance, R, = e1/7:.

b. What is the value of R, if the polarity of the controlled source is reversed? Give
the correct algebraic sign.

4-4. A 10-mh inductor is to be simulated with a 1-mh inductor and a voltage-
controlled voltage source.

a. Prove that the desired result can be accomplished by a circuit similar to that
shown in Fig. 4-6.

b. What value of amplification factor is required?

4-5. In a certain series resonant circuit the parameters are L = 10 mh, ¢ = 0.01 4f,
and B = 100 ohms. The resonant @ of the circuit is w.L/R, where w, is the resonant
frequency in radians per second.

a. Determine the resonant @ of the circuit.

b Show how the negative impedance converter of Fig. 4-7 can be used with a
resistance R’ to increase the resonant Q of the circuit to 100. If the amplification
factor of the negative impedance converter is « = 2, what value of R’ is required?

4-6. The circuit shown in Fig. 4-10 is the idealized form of a type of voltage regula-
tor that is commonly used in electronic power supplies. The function of the regulator
8, among other things, to hold the output voltage constant in the face of changes in
a-c line voltage and changes in load connected across E;. Any change in the output
voltage is amplified and causes a change in the voltage 6E;s that tends to compensate
for the initial change in E,. By taking E; from a potentiometer instead of the fixed
voltage divider shown in Fig. 4-10, the output voltage can be made adjustable.

a. Let E, be 350 volts, d-c. Starting with the relation E, = E, + 6E;, find the
value of E;. (Be careful with the signs.)

?
R,
o—l 250K
Rectifier E3 +
of E;
Fig. 2-19 -
o— By
50K
- 5

Fr1a. 4-10. An idealized voltage regulator for Prob. 4-6.

b. If E; increases by 50 volts, what is the new value of E,?

¢. What is the value of the ratio AE./AE,?

d. If the peak-to-peak ripple in E| is 25 volts, what is the peak-to-peak value of the
ripple in E,? The results of the previous parts can be used in this calculation. On
the basis of these results, would you say that the rectifier of Fig. 2-19 can use a smaller
filter capacitor when it is used with a voltage regulator than when it is used alone?

4-7. Control of the output voltage from the regulator of Prob. 4-6 by means of the
output voltage-divider ratio is to be studied. The sum of the voltage-divider resist-
ances is to remain fixed at 300 kilohms, but the tap is to be moved. These conditions
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correspond to the case in which a potentiometer is used for the voltage divider. The
input voltage to the regulator is constant at E; = 400 volts, d-c.

a. Starting with the relation 6E; = E, — E;, find the values of R. and R required
to make E; = 300 volts. (Be careful with the signs.)

b. Repeat part a for E; = 200 volts.

c. The output voltage has its smallest possible value when R, = 0, Ry = 300
kilohms, and E; = E,. Starting with the relation E; = E; - 6E;, determine the
smallest value to which E; can be adjusted.



CHAPTER 5

THE BASIC VACUUM-TRIODE AMPLIFIER

The concept of the ideal amplifier is presented and some of the useful
things that can be done with such a device are discussed in Chap. 4. The
next step is to consider what physical devices might be used as amplifiers.
There are a great many devices that can amplify, each one deviating in
certain ways from the ideal. For example, the d-c generator is capable of
amplification; a small amount of power applied to the field winding can
control a large amount of power in the armature circuit. Therefore the
d-c generator is used as a power amplifier in certain applications. One
of the principal limitations on the d-c generator as an amplifier is the
slowness with which it responds to input signals; one of its advantages
is the relatively large output power that it can deliver. The vacuum
tube is a better amplifier for many applications because its response to
input signals is extremely fast.

The first objective of this chapter is to examine the vacuum triode as
an amplifier and to compare its characteristics with those of the ideal
amplifier. The physical laws governing the behavior of the triode are
studied qualitatively so that the reasons for departure from the ideal
characteristics can be perceived and so that the limitations on the use of
the triode can be understood. Finally, an introduction to the analysis
and design of elementary triode circuits is presented. In this latter
phase of the study, the vacuum tube is the specific amplifier involved.
The methods are quite general, however, and apply equally well, with
minor modifications, to other amplifiers, both electrical and nonelectrical.

6-1. The Vacuum Triode as an Amplifier. The vacuum triode is
shown schematically in a simple amplifier circuit in Fig. 5-1. The
cathode and anode in small triodes intended for low-power applications
are usually similar to those described in Sec. 3-1 for the vacuum diode.
The grid is usually a spiral of wire surrounding the cathode and lying
in the space between the cathode and anode. When the plate of the
tube is held at a suitable positive potential relative to the cathode,
electrons flow from the cathode to the anode through the space between
the grid wires. If e, is always negative so that the grid is negative rela-
tive to the cathode by half of a volt or more, very few electrons have

97
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enough kinetic energy to reach the grid wires and the grid current is
essentially zero. Thus there is negligible power input to the grid-cathode
terminal pair, and the first requirement of a good amplifier is met. How-
ever, the grid is able to control the relatively large amount of power
delivered to the load resistance R;.

If the grid is made more negative in the circuit of Fig. 5-1, the potential-
distribution curve in the space between the grid and cathode is lowered,
and as a consequence the plate cur-
rent, the load current, the load volt-
age, and the load power are all
decreased. The tube acts as a valve
for current in the plate circuit. For
this reason the British use the term
“valve” instead of “vacuum tube”
in referring to electron tubes. In a
typical circuit a 1-volt change in e,
causes 7%, to change by 0.3 ma and
causes the load voltage to change by 15 volts. Thus there is both voltage
and power amplification.

The performance of the triode as an amplifier can be examined further
by comparing its input and output volt-ampere characteristics with the
characteristics of the ideal voltage amplifier presented in Chap. 4. A
typical set of experimentally measured triode characteristics is shown in
Fig. 5-2; the symbols used on these characteristics are defined in the
circuit diagram of Fig. 5-1. If the grid and plate voltages, e, and e, are
specified, the input current to the triode, 4, is fixed. Similarly, if e, and
e, are specified, the plate current 7 is also fixed; that is,

F1a. 5-1. The basic triode amplifier
circuit.

%6 = fo(es,e0) and @ = fo(es,ec)

The input and output characteristics of Fig. 5-2 are graphs of these
functional relations. The input characteristic is a family of curves of
1, versus e, for various fixed values of e; the output characteristic is a
family of curves of 4 versus e, for various fixed values of e,. These
two families of curves contain complete information as to the relations
between the tube voltages and currents.

The input, or grid, characteristic shows that the input current and
power are negligibly small provided the grid is kept sufficiently negative
relative to the cathode. In this respect the triode behaves like the ideal
voltage amplifier. Vacuum-tube amplifiers are operated with negative
grid voltage in the great majority of their applications.

The output, or plate, characteristic shows that the plate current
depends strongly on the grid voltage when the plate voltage is sufficiently
positive; this fact is the basis for amplifier action in the triode. As in
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the case of the vacuum diode, the plate current can never be negative;
hence the plate characteristic shows the plate current different from
zero only in the first quadrant. These characteristics are quite similar
in certain important respects to the output characteristic of the ideal
voltage amplifier shown in Fig. 4-1b. The triode characteristics form a
useful family only in the first quadrant, and compared with the ideal
characteristics, they are rotated clockwise so that they are not vertical.
This rotation is evidence of the fact that the triode does not have zero
internal resistance. The triode differs from the ideal voltage amplifier
further in that its characteristics are not straight lines and they are not
exactly uniformly spaced for equal increments in grid voltage. These
facts mean that the plate current does not vary linearly with the grid and
plate voltages; hence the waveform of variations in input voltage is not

ic ib }
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% 401 / 2
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301 -2
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(a) {6)

Fie. 5-2. Static triode characteristics. (a) Input characteristic, 7. = f.(ese) ;5 @)
output characteristic, 7 = fy(esec).

reproduced exactly in the plate circuit. This nonlinearity may result
in appreciable distortion of the signal waveform. A minor difference
between the triode and the ideal amplifier of Fig. 4-1 is that a positive
increment of input voltage shifts the triode characteristic to the left
rather than to the right.

6-2. Current Flow in Vacuum Triodes. The flow of current in the
triode and its control by the grid potential can be studied with the aid of
potential-distribution curves for the space between the plate and cathode.
Figure 5-3a represents a triode whose plate and cathode are infinite
parallel planes; the grid is a set of parallel wires located in a plane parallel
to and between the plate and cathode. Figure 5-3b shows the potential
distribution along two paths between the plate and cathode for typical
operating conditions with the grid at a small negative potential and the
plate at a larger positive potential relative to the cathode. Path A
passes midway between two grid wires, and path B passes through one
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of the grid wires. Both of these paths are lines of geometric symmetry;
hence the electric field, and the force on an electron at all points on each
path, is directed along the path either toward the plate or toward the
cathode.

Under conditions of space-charge-limited current, the potential along
path A has a minimum value just in front of the cathode; those electrons
emitted from the cathode with enough kinetic energy pass the potential
minimum and proceed to the plate. Along path B the minimum potential
occurs at the grid and is equal to the applied grid voltage. Very few
electrons leave the cathode with enough kinetic energy to reach the
grid; hence the grid current is negligible. If the grid is made more
negative, the potential-distribution curve between the grid and the
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Fic. 5-3. Potential distribution in a triode. (&) The triode; (b) the potential dis-
tribution.

cathode is lowered, fewer electrons are able to pass the potential mini-
mum, and the plate current is decreased. If the grid is made sufficiently
negative, practically no electrons are able to pass the potential minimum,
and the plate current is essentially zero; this condition is called plate-
current cutoff.

With the grid voltage held constant, the plate current varies with the
plate voltage in much the same manner as in the vacuum diode; thus
the individual characteristic curves in Fig. 5-2b are similar in shape to
the diode characteristic. As the grid is made more negative, the plate
must be made more positive to give the same plate current; hence the
curves in Fig. 5-2b are shifted to the right for more negative grid volt-
ages. Since the grid is more effective than the plate in controlling the
potential in the grid-cathode space, a large change in plate voltage is
required to counteract the effect of a small change in grid voltage.

Figure 5-4a shows the potential distribution in a triode when the grid
is positive, but less positive than the plate. The space-charge-limited
current that flows is relatively large under these conditions. Since the
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grid is positive relative to the cathode, any electron leaving the cathode
can reach the grid, and there is an appreciable grid current as indicated
in Fig. 5-2a. However, most of the electrons pass between the grid
wires and continue to the plate. Figure 5-4b shows the kind of potential
distribution that can exist when the grid is more positive than the plate.
Electrons corresponding to a large plate current move relatively slowly
across the interelectrode space, and a large space charge exists in the
space between the grid and plate. This space charge depresses the
potential in the grid-plate space and may cause a minimum to occur at
a small negative potential as shown at point b in Fig. 5-4b. This potential
minimum affects the electron flow in exactly the same way as the mini-
mum in front of the cathode at point a. Those electrons that leave the
cathode with sufficient kinetic energy pass the potential minimum at b

e
€

€y

(a) (b)
F1c. 5-4. Potential distribution in a triode with positive grid voltage. (a) e > e, > 0;
®) e. > e > 0.

and continue to the plate; the remainder are turned back and are ulti-
mately collected by the grid. Thus a virtual cathode exists at point b,
and the plate current varies with plate voltage much as it would in a
diode with its cathode at point b. This condition corresponds to that
portion of the plate characteristic in Fig. 5-2b at low plate voltage where
the characteristics for various grid voltages merge into a single curve.
This single curve is much like a diode characteristic. The points at
which the individual characteristic curves break away from the com-
mon curve correspond to plate voltages at which the virtual cathode
disappears.

In addition to the input and output characteristics of Fig. 5-2, there
are other triode characteristics that display the properties of the tube in
different ways. One of these is the constant-current voltage transfer
characteristic shown in Fig. 5-5. Each curve in this family shows the
combinations of grid and plate voltage that give a certain fixed value of
plate current. This family ean be plotted from the data contained in
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the plate characteristic of Fig. 5-2b, or it can be measured directly.
Since these characteristics are quite linear over a wide range of grid
voltage, it follows that a highly linear voltage amplifier could be built
by using a current source for the plate-circuit power supply in the ampli-
fier of Fig. 5-1. Unfortunately, practical considerations usually rule
this possibility out.
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Fic. 5-5. Static triode constant-current characteristic.

The constant-current characteristics are not only linear, but they are
also nearly parallel except at low values of plate current, and as shown
by Fig. 5-5, they are approximately equally spaced for equal increments
of ()%. Thus the equation for the straight portion of any one of the
curves is the equation of a straight line,

ey = A — M€ (5—1)

where A is the intercept on the ¢ axis and —p is the slope of the line.
It is shown later that the factor u is the voltage amplification factor of
the triode; it corresponds to the amplification factor of the ideal ampli-
fier in Sec. 4-1. Since the curve for 4, = 0 passes through the origin,
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and since the curves are approximately equally spaced for equal incre-
ments of (4)%, the intercept 4 is proportional to (3)%. Hence

A = Bip¥ (5-2)

and (5-1) takes the form
€y = B’L‘b% — M€
Solving for 7, gives
% = K(es + peo)* (5-3)

where K, the perveance of the triode, depends on the size and shape of
the electrodes. This is the three-halves-power law for the triode; it
holds reasonably well over the

range of voltages corresponding to %4

the linear portion of the constant- e5=200v, 150v| 100
. s . . v

current characteristic, including

both positive and negative values /

of grid voltage. However, it is of
limited value in the analysis and
design of triode circuits because it
is a nonlinear relation between the
current and the voltages.

"Another set of triode character-
istics, the constant-voltage transfer
characteristics, is shown in Fig. 5-6.
This set of curves is useful in the study of certain types of triode cir-
cuits; it can be constructed from the data contained in the plate charac-
teristics of Fig. 5-2b.

The discussion of the triode up to this point is concerned with static
conditions of voltage and current. When the tube is used to amplify
signals at frequencies greater than a few tens of kilocycles per second, it
is found that the capacitances between the electrodes may have an
important effect. For example, the capacitance between plate and
cathode is in parallel with the output terminals, and at sufficiently high
frequencies it tends to short-circuit the output terminals. The inter-
electrode capacitances are the primary factors limiting the high-frequency
performance of the tube. These capacitances are rather complicated in
nature, for they depend on the amount and location of the space charge
in the tube. It follows from this fact that the capacitance values depend
on the currents and voltages in the tube. It is customary to represent
the interelectrode capacitances approximately by three fixed capacitances,
one between grid and cathode, one between plate and cathode, and one
between grid and plate. In typical small triodes these capacitances are
roughly equal, and their values usually lie in the range between 1 and

€

Fia. 5-6. Static triode constant-voltage
characteristic.
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5 puf. However, the amplifying property of the tube has the effect of
magnifying the action of the grid-plate capacitance in the manner
discussed in connection with Fig. 4-6; this important matter is considered
in more detail in Sec. 14-3.

Another imperfection of the triode amplifier is the noise current that
is generated by the tube. The charge arriving at the plate of the tube
does not come as the smooth flow of a continuous medium; it is associated
with the flow of discrete electrons showering on the plate. Moreover,
the emission from the cathode is not exactly the same at every instant of
time, and the electrons arrive at the plate in clouds. The result is that
the plate current consists of an average value plus a very small time-
varying noise component.® The time variations of the noise component
of current are of a random nature, and they can be represented as the
summation of small sinusoidal currents with frequencies distributed con-
tinuously over a wide band from zero to very high frequencies. It is
customary to account for the noise component of current by assuming
the tube to be noiseless and connecting in series with the grid circuit a
noise-voltage source to give the noise component of plate current. It
is clear that the tube noise places a lower limit on the magnitude of
signal that can be amplified by the tube. If the signal magnitude is
less than the magnitude of the equivalent noise voltage, it is masked by
the noise.

As in the case of the diode, heat is generated at the plate of the triode
by the impact of electrons arriving from the cathode, and as in the case
of the diode, the rate at which heat energy is generated at any instant is

P = el (5-4)

For any tube there is a maximum rate at which heat can be generated at
the plate without an excessive

iy ' eem0 temperature rise. This is the
maximum permissible average plate

dissipation. Under static operat-

ing conditions, with ¢, and 7, con-

stant at the values Ej and I, the

average power dissipated at the

plate is P = Eyl,. Setting this

/ quantity equal to the maximum

permissible plate dissipation gives

a relation between E, and I, that
describes a hyperbola on the plate
characteristic. The general form
of this maximum-plate-dissipation hyperbola is shown in Fig. 5-7.
Under static operating conditions, combinations of E, and I; correspond-

€p

F1c. 5-7. Static plate-dissipation hyper-
bola.
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ing to points lying above this curve give excessive plate dissipation and
will damage the tube. Under dynamic operating conditions, the plate
dissipation depends on the waveforms of e, and 4. Analyses of typical
dynamic operating conditions yield operating constraints similar to the
static dissipation hyperbola shown in Fig. 5-7. Typical values of maxi-
mum permissible plate dissipation for small triodes range roughly from
1 to 15 watts.

The cathodes used in small vacuum triodes are like those used in small
diodes, and, as in the case of the diode, there is a limit to the amount of
current that can be drawn from the cathode without damage to the oxide
coating. The tube manufacturer usually specifies the maximum per-
missible cathode current. In addition, maximum permissible values of
electrode voltages are usually specified.

Fig. 5-8. The basic triode amplifier.

6-3. Graphical Analysis. The basic triode amplifier is shown in Fig.
5-8. The signal to be amplified, e,(t), is in general a time-varying voltage;
indeed, there would be no point in amplifying a voltage that remains
constant for all time. Furthermore, e, usually has no d-¢ component
(its average value is zero); if the average value of ¢, is not zero in any
particular case, the d-¢ component will be associated with the direct
voltage ... In the most common mode of operation the grid-bias volt-
age E. is negative and of such magnitude that the signal can never make
the grid positive relative to the cathode; hence no grid current flows, and
no power is drawn from the signal source. The plate supply voltage
Ey, is chosen so that with no signal applied, the plate voltage e, and the
plate current ¢ correspond to a point in the useful region of the plate-
characteristic curves; such a point is indicated at @ in Fig. 5-9. Thus
the grid-bias and the plate-supply voltages shift the operating point for
the tube from the origin of the plate characteristic to a more suitable
location. In all four quadrants surrounding this shifted operating point,
the tube characteristics are much like the characteristics of the ideal
voltage amplifier, except for a rotation.

The circuit of Fig. 5-8 can be used either as a power amplifier or as a
voltage amplifier. When it is used as a power amplifier the resistance
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Ry is usually the load. When it is used as a voltage amplifier the volt-
age between plate and ground is usually taken as the output voltage e..
The variations in ¢, are amplified and reproduced approximately as vari-
ations in voltage drop across Rr. It is interesting to view Kz and Ej as
an approximation to a current source for the plate-circuit power supply;
the larger the Rz, the better the approximation and the more linear the
amplifier, provided ¢, is not too small. The resistance B, in Fig. 5-8
accounts for any resistance associated with the signal source.

The analysis problem consists of finding the power delivered to the
load or the voltage delivered to the output terminals when the tube, the
circuit resistances, and the applied voltages are specified. The plate
current is given by Eq. (5-3) as a nonlinear function of the plate and
grid voltages; hence an algebraic solution is difficult. For this reason
it is customary to resort to a graphical solution'? as is done in the case
of the vacuum diode. In the analysis of simple circuits like that of
Fig. 5-8 it is also customary to follow certain conventions regarding the
symbols used. These conventions are listed as follows:

E,. = grid-bias voltage
¢, = instantaneous potential of the grid relative to the cathode
¢, = instantaneous value of the time-varying component of e,
E. = average value of ¢,
1, = instantaneous value of the grid current
i, = instantaneous value of the time-varying component of <.
I, = average value of Z,
Ey, = plate-supply voltage
e, = instantaneous potential of the plate relative to the cathode
e, = instantaneous value of the time-varying component of e,
E, = average value of ¢
4 = instantaneous value of the plate current
i, = instantaneous value of the time-varying component of
I, = average value of 7,

Certain additional symbols will be introduced as the need for them arises.

The circuit of Fig. 5-8 has two loops; the voltage-law equations for
these loops are

e = E, + e, — R, (5-5)

and €y = Ebb - RLib (5‘6)

These two equations contain four unknowns, e, 7., e, and 4; two addi-

tional relations among these variables are needed to obtain a solution.

The necessary additional relations are given by the input and output
characteristics of the tube; they represent graphically the relations

7:4: = fc(eb;ec) and ’L.b = ﬁ’(eb’ec) (5-7)
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These four relations can be solved simultaneously by graphical construc-
tions on the tube characteristics.

Consider first the case in which ., is chosen so that the grid is always
negative relative to the cathode and the grid current is always zero.
The grid voltage is then given by (5-5) in terms of the known applied
voltages, and only two unknowns,

% and e, remain to be found. The " e, =0

plate-characteristic family gives a
relation between these two variables Zo7 slope = =
that is imposed by the tube. For

any given value of e, the relation

Rr
ec=E
P
between 4, and e, is one curve of p | Q

the family. Equation (5-6) gives / |
another relation between 7, and e; !
this relation is imposed by the exter- el

nal circuit connected to the tube.
The fact that these two relations
must be satisfied simultaneously
fixes 1, and ey; the graphical solution is shown in Fig. 5-9. This construe-
tion can be interpreted by writing (5-6) as

Load line
1

¢ Ep By ¢
Fre. 5-9. Graphical analysis of the
triode amplifier.

. __E'bb—eb

b= =g =L p (59

TR

This is the equation of the load line. Only those combinations of 7, and
e that lie on this line are permitted by the external circuit connected to
the tube. When e, = 0, the grid voltage is K., and only those combina-
tions of 7, and e, that lie on the plate characteristic for e, = E,, are per-
mitted by the tube. Hence the intersection of these two lines at @ gives
the simultaneous solution for e, = 0.

The operating point of the tube is at @ when there is no signal input;
thus it is called the quiescent operating point, and I, and E,, are the
quiescent plate current and voltage. If a signal is applied so that e,
varies with time, the operating point must move along the load line,
occupying at each instant the point at which the load line intersects the
appropriate plate-characteristic curve. One such point is designated P
in Fig. 5-9. The path covered by the operating point while the input
signal varies is called the operating path; for many amplifier circuits it
never extends into the positive-grid region and never reaches the ¢, = 0
point. If e, is given as a function of time, waveforms of ¢ and e, can
be constructed by this graphical process, the load voltage and load power
can be evaluated, and the waveform distortion introduced by the non-
linearity of the tube can be studied.
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If the combination of e, and E., is such that grid current flows during
part or all of the time, the analysis is slightly more complicated, for in
this case e, and 7, are also un-
i knowns. However, the grid circuit
can be solved graphically for e, in
exactly the same manner as the
) plate circuit is solved for ¢;. The

Load line . . .
slope==L ?,pprf)prlate cor.lstructlon 18 sho.wn
B, in Fig. 5-10 with the assumption
e that the input characteristic can
| be represented with suitable accu-
Eee E,, +e, racy by a single curve for all values
F1a. 5-10. Grid-circuit analysis. of plate voltage. Having deter-
mined e, by this construction, the
plate current and voltage can be determined by the construction shown

in Fig. 5-9.

The construction shown in Fig. 5-10 is typical when R, is a few hundred
ohms. If R, is 10,000 or 100,000 ohms, as often is the case, the grid-
circuit load line is almost horizontal, and e, remains essentially zero for
all reasonable positive values of ¢, Thus if ¢, has occasional peaks that
tend to drive the grid positive, these peaks do not appear in the grid
voltage e,; they are clipped off by the action of the grid. Such clipping
is sometimes used deliberately.

Example §-1. A triode amplifier is shown in Fig. 5-11a; the input and output volt-
ampere characteristics of the tube are shown in Figs. 5-11b and ¢. The maximum
permissible plate dissipation is 1.5 watts, and the maximum permissible grid dissipa-
tion is 0.5 watt.

a. Find the quiescent tube voltages and currents.

b. Is the maximum permissible plate dissipation exceeded?

c. Is the maximum permissible grid dissipation exceeded?

Solution. a. Under quiescent conditions the grid-circuit load line is given by Eq.
(5-5) with e, = 0. This line crosses the grid-voltage axis at ¢. = E.. = 10 volts,
and it crosses the grid-current axis at 7, = E./Rs = 19{ = 10 ma. The correspond-
ing load line is shown in Fig. 5-11b. The load line intersects all the grid-characteristic
curves at approximately the same point; hence the quiescent grid voltage is approxi-
mately 3 volts, and the quiescent grid current is approximately 7 ma.

The plate-circuit load line is given by Eq. (5-6). It crosses the plate-voltage axis
at e = Ew = 300 volts, and it crosses the plate-current axis at ¢, = Eu/Rz = 309 =
30 ma. This load line is shown in Fig. 5-11c. The grid voltage, determined above,
is 3 volts; hence the operating point for the plate circuit is at the intersection of the
load line with the plate characteristic for e. = 3 volts. This point is appreximately
midway between the characteristics for e, = 2 volts and e, = 4 volts; it is shown
at @ in Fig. 5-11c. Thus the quiescent plate voltage is approximately 60 volts, and
the quiescent plate current is approximately 25 ma.

b. The plate dissipation is

Py, = E,I, = (60)(25)(10)~3 = 1.5 watts
This is exactly the maximum permissible plate dissipation,
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N ¢. The grid dissipation is
P, = E. 1. = (3)(7)(10)7% = 0.021 watt
Thus the maximum permissible value of 0.5 watt is not exceeded.

The signal transmission properties of the triode amplifier are summar-
ized and conveniently displayed by the voltage transfer characteristic
shown in Fig. 5-12. This characteristic shows the output voltage e, as
a function of the input-signal voltage e, for a particular circuit. It is

(a)

ic
ma
25v
407 50v
30t e, >100v
201
10
0 5 10 e O 100 200 300 e
volts volts
(b) (c)

Fie. 5-11. Graphical analysis of a triode amplifier. (a) Circuit; (b) grid-circuit
relations; (¢) plate-cireuit relations.

constructed by reading values of e, = ¢ from the load line on the plate
characteristic for values of e, chosen over a wide range from the positive
grid region to plate-current cutoff. In the positive grid region, e. as well
as ¢, must be determined graphically. For large negative values of e, the
plate current is cut off, and e, is constant at the value Ey. For positive
values of e, grid current flows and e, remains approximately constant
at zero volts. The most common mode of operation is on the steep,
linear part of the curve where a relatively small change in e, gives a large
change in ¢, The ratio of the change in e, to the change in e, is the
voltage amplification of the circuit; thus the small-signal amplification
is equal to the slope of the transfer characteristic at the operating point.
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It is interesting to compare the voltage transfer characteristic of the
amplifier with the constant-current transfer characteristics of the tube
given in Fig. 5-5.

If the voltage transfer characteristic were perfectly linear in the oper-
ating region, the variations in e, would be a magnified copy of the vari-
ations in e, and the amplification would be distortionless. Over the

eO
volts
300=
Plate 00=Ey,
current cutoff -
€, 7140+ 63 sin wt volts
200 T
Type 6SN7 triode
Ebb—=300 v 1&_0_
E,=-5vy ¢
R;=100K
Rp=50K Tio0
—= Grid current flows
20 -15 -10 -5 5= 10 e
I 1= Eee volts
1
|
I
I
D
< eg =4 sin wt volts
t

F16. 5-12. Voltage transfer characteristic for the triode amplifier.

large-signal range, unfortunately, the curve is not linear because the
plate characteristics for equal increments of grid voltage do not intersect
the load line at equal intervals. Thus the waveform of e, is not exactly
duplicated in e,, The worst distortion occurs at small plate currents
where the plate characteristics are quite crowded; this fact appears in
Fig. 5-12 as the rounding of the upper knee of the characteristic. The
construction in Fig. 5-12 shows how the voltage transfer characteristic
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can be used to determine the waveform of the output e, when the wave-
form of the input e, is given. It is clear from the type of curvature in
the characteristic that the peaks in the output voltage are somewhat
flattened and the valleys are somewhat exaggerated.

When the voltages applied to an amplifier are chosen so that the plate
current is never cut off, the mode of operation is designated Class A.
Class B designates the mode of operation in which E.. and Ey are chosen
so that the plate current is just cut off when no signal is applied. When
the tube is biased beyond the Class B condition, the operation is desig-
nated Class C. In addition, the term Class AB is used to describe
operating conditions that are intermediate between Classes A and B.
When no grid current flows, the fact is signified by adding the subseript
1 to the class letter; the subsecript 2 indicates that grid current flows.
Voltage amplifiers of all types almost always operate in the Class A,
mode. Power amplifiers for audio frequencies usually operate in either
the Class A; or the Class AB; mode. Power amplifiers for radio fre-
quencies usually operate in the Class Cy mode.

The distortion resulting from the nonlinear properties of the triode is
a matter of basic importance, for it often limits the performance obtain-
able from the tube. Therefore it is necessary to examine more closely
some of the consequences of distortion.!:® One aspect of distortion is
illustrated in Fig. 5-13. The input signal to the basic amplifier is
assumed to be a square wave with an amplitude of 5 volts; the grid
bias is assumed to be —5 volts. The resulting current and voltage
relations are revealed by the graphical construction on the plate char-
acteristics. With no signal applied, the plate current is constant at the
value I, = 6.5 ma. When the signal is applied, the plate current
increases by 5.5 ma during the positive half cycle of e,, and it decreases
by 4.5 ma during the negative half cycle. Thus equal positive and
negative swings in e, do not give equal swings in 7, and e,. As a result,
the average current increases from [, = 6.5 ma with no signal to I, = 7.0
ma with signal applied. This change in I, results from the distortion
introduced by the tube; it is often used as an indication that distortion
is occurring, and it is occasionally used as a rough measure of the amount
of distortion.

Another aspect of signal distortion can be examined by assuming a
sinusoidal input signal like that pictured in Fig. 5-12. The output volt-
age is periodic, but is not sinusoidal; therefore it can be represented by a
Fourier series of the form

€ = Eo + E1 COS (wlt + 01) + E2 COS (wgt + 02) + M (5-9)

The second and higher-order harmonic terms represent distortion, for
they are not present in the input. In the usual power amplifier intended
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for the amplification of sound, the rms value of the distortion components
is of the order of 1 to 5 per cent of the rms signal component when the
amplifier is delivering rated output with a sinusoidal signal. In voltage
amplifiers, where the signal voltages may be quite small, the distortion
is much smaller and is ordinarily neglected.

In the practical case where the signals are not sinusoidal, a type of
distortion appears that is not contained in Eq. (5-9). Suppose, for
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F1a. 5-13. Nonlinearity in triode amplifiers. (@) Input signal; (b) graphical analysis;
(c) plate-current waveform.

example, that the signal voltage consists of two sinusoids that are not
harmonically related:

es = E,; cos (wit) + Esz cos (wal) (5-10)

The problem is to find the distortion components that appear in the out-
put. Since the voltage transfer characteristic of Fig. 5-12 is not linear,
e, cannot be expressed as a linear function of e,; it must depend also on
higher powers of ;. In fact, e, can be expressed as a power series in e,
over a range of ¢;; hence

€ = Qo + a16; + ase,2 + ¢+ ¢ ¢ (5-11)

These three terms are enough to illustrate the nature of the distortion.
The first term is a constant, the second term is an undistorted reproduc-
tion of the signal, and the third term is all distortion. From (5-10),
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6,2 = E,ﬂ_z (}OS2 (O.)1t) + E322 GOS2 (O.)zt) + 2E31E32(COS wlt) (COS wzt) (5-12)

But cos? wit = 14(1 + cos 2wit) (5-13)
cos? wet = 14(1 + cos 2wst) (5-14)

and  (cos wif)(cos wat) = 14 cos (w1 + we)t + 14 cos (wy — wa)t  (5-15)

Thus the distortion not only produces harmonics of the input sinusoids,
but it also produces components at the sum and difference frequencies.
The higher-order terms in (5-11) produce similar distortion components.
The mechanism by which the sum and difference frequencies are gen-
erated is called intermodulation. Since it results in components that
are not harmonically related to the signal, it is one of the most objection-
able types of distortion in audio amplifiers. On the other hand, however,
it has many useful engineering applications.

5-4. Power Relations in the Triode Amplifier. The plate current in
the triode amplifier can be expressed as

=1Iy+ % (5-16)

where T is the average value of the current, and 4, is the time-varying
component having zero average value. Similarly,

e =By + e (5-17)

where B, is the average value of the voltage, and e, is the time-varying
component having zero average value. The power drawn from the plate
supply in the basic amplifier circuit at each instant is thus

Py = Ebb’L.b = Ebeb + Ebb?:p (5-18)

Since Ey is constant and 7, has zero average value, the average value of
Ewi, is zero; hence the average power drawn from the plate supply is

Puw = Ewls (5-19)

If the distortion in the amplifier is negligible, and if the input signal has
zero average value, then I, is equal to the quiescent current Is and is
independent of the signal amplitude. Under these conditions the power
drawn from the plate supply is also independent of the signal level.

The power absorbed by the load at each instant is

pr = Rii? (5-20)
The average power absorbed by thé load is
Pr = Ri(6)ar = BRIy rw)? = Rils? + Rr(lp rms)’ (5-21)
The power dissipated at the plate of the tube at each instant is
m = ey = (Bw — R = Ewis — Bris’ (5-22)



114 ELECTRONIC CIRCUITS
But from (5-18), pw = Ents, and from (5-20), pr, = Riis? ; hence

Do = Pw — PL (5-23)
and the average power dissipated at the plate is

Py = Py — Py, (5-24)

Since Py, and Py, are always positive, and since Py, has its minimum value
when no signal is applied, it follows from (5-24) that the power dissipated
by the tube has its maximum value under no-signal conditions. When
signal is applied, Pz increases, and P, decreases by exactly the same
amount; the power drawn from the plate supply remains constant as
long as the distortion is negligible.

It follows from these relations that in designing an amplifier to operate
with low distortion, the circuit parameters must be chosen so that the
quiescent point on the plate characteristic lies on or below the hyperbola
of maximum permissible plate dissipation shown in Fig. 5-7. Then, for
signals of any magnitude or waveform, it is ensured that the plate
dissipation will not exceed the permissible value, provided that distortion
does not cause a change in the average value of the current.

The currents and voltages in electronic circuits usually consist of a
d-¢c component plus a time-varying component, and the time-varying
components may have a wide variety of waveforms. Therefore compu-
tations of average power must be made with care. If ¢ is the potential
difference between any pair of terminals, and if ¢ is the current from the
high- to the low-potential terminal, then the power delivered to the
terminals at any instant is

P =et (5-25)

This relation is always true; it results directly from the definitions of
voltage and current. The average power delivered to the terminals,
which is often the quantity of most interest, is accordingly

P = (61:)&‘, (5—26)

The average of the product e; must be found by proper means. In
general,

The average power equals the product e..ga, only in the special cases
where either e or ¢ or both do not vary with time. If ¢ = E + ¢, and
t = I + 4, where E and I are d-c components and e, and 7, are time-
varying components with zero average value, then the instantaneous
power is

p=(E+e)I +1i) = EI + Ei, + e,] + e, (5-28)
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Since ¢, and 7, have zero average value and E and I do not vary with time,
the average power is

P = EI 4+ (ess)av (5-29)

Thus the signal power and the d-c power can be calculated separately if
it is convenient or otherwise desirable to do so. If the current ¢ flows
through a resistance R, the instantaneous power absorbed by the resistor
is

p = R + i) = R(I* + 2Ii; + 4.%) (5-30)

and the average power absorbed is
P = RI* + R(5,®)a = RI? + R(I; 1ms)® (5-31)
where I, ... is the effective value of the signal component of current 7,.

Example 5-2. The plate characteristics for the triode in the amplifier of Fig. 5-14
are shown in Fig. 5-13b, and the graphical construction for determining the plate
current and voltage is superimposed on
the characteristics.

a. Determine the average power drawn
from the plate supply, the average plate
dissipation, and the average power ab-
sorbed by the load under quiescent operat-
ing conditions.

b. Determine the quantities listed in
part a under the condition that the square =
wave of signal voltage shown in Fig. 5-13¢  Fic. 5-14. Triode amplifier for Example
is applied at the input. 5-2.

Solution. a. The quiescent operating
point for the amplifier is the point labeled @ in Fig. 5-13b. Accordingly, the quies-
cent average power drawn from the plate supply is

Puvo = Enlne = (250)(6.5)(10)~2 = 1.62 watts
The quiescent average plate dissipation is
Py = Eyolvo = (190)(6.5)(10)73 = 1.23 watts
The quiescent average power absorbed by the load is
Pro = Psyo — Pbo = 0.39 watt

b. With the specified signal applied, the plate current is 12 ma during the positive
balf cycle of ¢, and it is 2 ma during the negative half cycle of e,, Hence the average
plate current is

I, = %12 +2) = 7.0 ma

The average plate current with signal applied is larger than the quiescent plate current
because of tube nonlinearities. From Eq. (5-19), the average power drawn from the
plate supply with signal applied is

Py = Enly = (250)(7.0)(10)~8 = 1.75 watts
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This value is larger than the quiescent power drawn from the plate supply because of
the increase in average plate current when the signal is applied.

Because of the fact that the plate current and voltage are square waves, the average
plate dissipation with signal applied can be determined in a simple manner. The
power dissipated in the tube is constant during each half cycle; during the positive

half ¢ycle of e, it is
pe1 = (140)(12)(10)~3 = 1.68 watts

and during the negative half cycle it is
o2 = (232)(2)(10)% = 0.464 watt
The average plate dissipation is the average of these two values,
Py, = 14(1.68 4 0.464) = 1.07 watts

Thus the average plate dissipation with signal applied is less than the quiescent plate
dissipation, even though the average plate current increases somewhat when signal
is applied.
The average power absorbed by the load with signal applied is
Py, = Py, — Py, = 0.68 watt

Example 5-8. The input signal to the amplifier of Fig. 5-14 is adjusted so that the
plate current is ¢ = I 44, = 7 4 5 cos 2000xt ma. Determine the average power
drawn from the plate supply, the average power absorbed by the load, and the average
power dissipated at the plate of the tube.

Solution. The average power drawn from the plate supply is given by Eq. (5-19) as

Py, = EpIy = (250)(7.0)(10)~% = 1.75 watts
The average power absorbed by the load is given by Eq. (5-21) as
Py, = RpI? + Ri(I, rms)?
In this case I, = 7 ma, I, rms = 5/4/2 ma, and Rz, = 9200 ohms; thus

Pr = (9.2)(49)(10)73 + (9.2)(25/2)(10)~3
= 0.565 watt

The average power dissipated in the tube is
Py, = Py — Pr, = 1.18 watts

The maximum and minimum values of plate current in this example have the same
values as in Example 5-2. However, the values of the various powers in this example
are different from the values of the corresponding powers in Example 5-2 because the
waveforms of current and voltage are different.

5-b. Piecewise-linear Analysis. The graphical analysis of triode cir-
cuits is likely to prove tedious and time-consuming, especially if there
are two or more tubes in the circuit. In many cases the problem of
analysis can be greatly simplified by using an approximate representation
of the tube that eliminates the need for graphical procedures.

Figure 5-15 shows the input and output characteristics for a typical
triode voltage-amplifier tube; superimposed upon these is a set of piece-
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wise-linear characteristics that match the tube characteristics quite
well except at small values of plate current or plate voltage. The piece-
wise-linear grid characteristic is very much like that of the vacuum diode
shown in Fig. 3-24a. The piecewise-linear plate characteristic consists
of a family of straight lines in the first quadrant that are parallel and
equally spaced for equal increments of grid voltage.

The piecewise-linear approximation simplifies the analysis of many
circuits by making possible the use of algebraic rather than graphical
methods. The accuracy of such analyses is quite satisfactory for most
needs. In this connection it is pertinent to note that the characteristics
of any particular tube may deviate by 10 or 20 per cent from the published
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Fra. 5-15. Piecewise-linear approximations for vacuum triodes. (@) Grid charac-
teristics; (b) plate characteristics.

characteristics for that tube type. Therefore the accuracy of the graph-
ical solution is, in most respects, unlikely to be much better than that of
the piecewise-linear solution. The piecewise-linear characteristics, how-
ever, give no indication of distortion if the path of operation is restricted
to the central portion of the characteristics. In the piecewise-linear
representation the nonlinearities of the tube are accounted for only by
the breaks in the characteristics.

It is possible to devise a network composed of ideal resistances, diodes,
and sources that has a volt-ampere characteristic identical with the
piecewise-linear approximate characteristics of the triode. This net-
work is a piecewise-linear model for the triode; it provides additional
insight into the behavior of triode amplifiers, and it aids in simplifying
the analysis of many triode circuits. The piecewise-linear grid char-
acteristic of Fig. 5-15a is like that for the vacuum diode shown in
Fig. 3-24a. This fact implies that the grid circuit can be represented
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approximately by an ideal diode in series with an appropriate resistance,
as shown in Fig. 5-16a.

The piecewise-linear plate characteristic for e, = 0 is also similar to
that for the vacuum diode; therefore for e, = 0 the plate circuit can also
be represented approximately by an ideal diode in series with a suitable
resistance. For other values of e, the characteristic is shifted to the
right or the left, depending on the polarity of e, by an amount propor-
tional to e,. As in the case of the semiconductor diode shown in Fig.
3-28, this shift can be accounted for by adding a voltage source in series
with the circuit as shown in Fig. 5-16b; the voltage of this source is
directly proportional to e, and of such polarity that the plate character-
istic is shifted to the right when e, is negative.

Since the grid and plate currents both flow out of the tube at the
cathode terminal, the circuits of Figs. 5-16a and b can be combined as
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F1c. 5-16. The piecewise-linear model for the vacuum triode, valid for positive e,
provided e, > 2¢.. (a) Grid circuit; (b) plate circuit; {c) combined circuit.
shown in Fig. 5-16¢ to give a complete model for the triode. It is
instruective to compare this model with the ideal voltage amplifier shown
in Fig. 4-1. When the grid is negative relative to the cathode, the
diode in the grid circuit acts as an open circuit; in this respect the model
behaves as the ideal amplifier. When the grid is positive relative to the
cathode, the grid diode conducts, and the model is quite different from
the ideal amplifier. When the plate voltage e, is greater than — ue,, the
plate diode conducts, and the model behaves as the ideal amplifier
except for the series resistance r,, which is rarely negligible. The plate
resistance is a measure of the amount by which the plate characteristics
are rotated from the ideal, vertical position. When e, is less than — pe,,
the plate diode is an open circuit, the plate current is eut off, and the
model does not behave at all like the ideal amplifier.

As noted in Fig. 5-16, the models in that figure are valid for positive
e. only for values of e, lying well to the right of the region where the
plate characteristics merge into a single diode-like curve. For the char-
acteristics shown in Fig. 5-15b, this condition is met if e, > 2e,.
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The parameters g, s, and r. of the model must be given numerical
values that will make the volt-ampere characteristics of the model
coincide as closely as possible with those of the triode. One of several
possible procedures for determining these values is the following. To
determine r,, choose a suitable straight line on the grid characteristic.
The equation of this line is

e = Tcle (5-32)

if the line passes through the origin of the coordinates. By substituting
values of e, and i, for one point on this line (such as the point at which
the line crosses the grid characteristic) in (5-32) the value or r, can be
found. It is usually adequate to specify r. with one or two significant
figures.

The horizontal separation between the plate-characteristic curves is
usually quite uniform for equal increments of grid voltage except at
small values of plate current or plate voltage, a fact which is evident
from the characteristics of Fig. 5-15b. Thus an average value for the
horizontal separation of the curves can be determined easily. The inter-
cepts on the plate-voltage axis ue, for the piecewise-linear plate character-
istics can then be located. These intercepts are, of course, equally
spaced for equal increments of e,. If the piecewise-linear characteristic
for a particular grid voltage e, intersects the plate-voltage axis at the
plate voltage ey, then the amplification factor u can be calculated from
the relation ey = — pee.

The slope of the family of piecewise-linear plate characteristics is
adjusted graphically (with the aid of a straightedge and a triangle) to
give the best fit in the region of greatest interest. All curves of the
family must have the same slope. The value of the resistance r in the
model can then be determined from the piecewise-linear characteristic
for e, = 0. The equation for this curve,

e = Tulp (5-33)

yields the value of r, when the values of e; and 4 for one point on the
characteristic are inserted.

The nature of the fit obtained by the piecewise-linear approximation
can be modified by adjusting the values of u and r.; hence, since the
procedure outlined above can be completed in a short time, it may be
desirable to try several different values for the parameters. It is often
possible to adjust the approximation so that the parameter values can
be expressed with one or two significant figures.

The parameter values for triodes of various types are spread over a
considerable range. For typical small triodes the grid resistance r. lies
in the range between 100 and 1000 ohms, the plate resistance r, lies in
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the range between 1000 and 100,000 ohms, and the amplification factor
p lies between 1 and 100. The approximate values of the parameters
corresponding to the piecewise-linear characteristics in Fig. 5-15 are
7, = 0.9 kilohm, r, = 10 kilohms, and g = 20.

When the tube is operated in the Class A; mode, the grid-circuit diode
always acts as an open circuit and the plate-circuit diode always acts as
a short circuit. In this case the diodes can be eliminated from the circuit,
and the model takes the simple form shown in Fig. 5-17a¢. This model
should be compared with the ideal voltage amplifier of Fig. 4-1. At high
frequencies the interelectrode capacitances cannot be ignored, and at low
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Fia. 5-17. Triode models for Class A; operation. (a) Basic model; (b) model account-
ing for noise and interelectrode capacitance.
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Fia. 5-18. Model for the basic triode amplifier.

signal levels the noise generated by the tube cannot be ignored. The
model in Fig. 5-17b includes a set of capacitances and a noise-voltage
source to account for these effects. It is customary to omit these ele-
ments from the model when they have negligible effects on the perform-
ance of the circuit.

When the tube in the basic amplifier circuit of Fig. 5-8 is replaced by
its piecewise-linear model, the result is the circuit shown in Fig. 5-18.
This representation is appropriate when the signal lies in a range of
frequencies where the parasitic capacitances are negligible, such as the
band of audio frequencies, for example. The analysis of this circuit
when the parameters and the applied voltages are known is perfectly
straightforward; when the mode of operation is Class A, so that the
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grid and plate diodes act respectively as an open circuit and a short
circuit, the analysis can be done by inspection.
In general, the grid voltage is given by

€ = Ecc + €s — Rsic (5‘34)

When the sum E,. + e, is negative, however, the grid diode acts as an
open circuit, and ¢, is zero. For this condition

e. = E. + e (5-35)

When the sum E,, + e, is positive, the grid diode acts as a short circuit,
and

8 = Tele = (5-36)
Having found e, from (5-36) or (5-35), whichever is appropriate, the
plate circuit can be analyzed. The plate voltage is given by

€p = Ebb - RL’ib (5-37)

This is also the output voltage e,, When —pue. is greater than Ew, a
reversed voltage is impressed across the plate diode, and it acts as an
open circuit. Thus the plate current is cut off and 4 = 0. For this

condition
e = B (5-38)

When the grid is not sufficiently negative to cut the tube off, the plate
current is

i = By + pec

Ry +m

The output voltage can be found by substituting (5-39) into (5-37); it is

Ebb + Mec
Br+m

(5-39)

€y = €p = By — RL (5-40)

Further understanding of the way in which the piecewise-linear model
approximates the triode amplifier can be obtained by comparing the
voltage transfer characteristic of the model with that of the amplifier
determined by graphical analysis. A typical transfer characteristic
obtained by graphical analysis is shown in Fig. 5-12; a typical transfer
characteristic for the piecewise-linear model of Fig. 5-18 is shown in
Fig. 5-19. The circuit is linear except for the diodes, which are either
open or short circuits; therefore the characteristic consists of a set of
straight-line segments. The breaks in the characteristic occur where
one or the other of the diodes changes from a short circuit to an open
circuit. It is a simple matter to calculate the coordinates of the break
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points; the characteristic can then be completed by adding appropriate
straight lines.

The break on the left is the point of plate-current cutoff. At this
point the plate diode changes from a short circuit to an open circuit as
e, becomes more negative; hence at this point there is no eurrent through
and no voltage across the plate diode. It is clear from the circuit in
Fig. 5-18 that with no current through the plate diode, the output
voltage is e, = Ew. It also follows from Fig. 5-18 that with no voltage

€y

Plate diode acts as
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F1a. 5-19. Voltage transfer characteristic for the piecewise-linear model of a triode
amplifier.

across the plate diode and 7 = 0, —pe. = Ew. Since Ey is positive,
e. is negative at this break, and the grid diode acts as an open circuit.
Under these conditions ¢, = e, + E., and the value of ¢, at the break is
e = — Bw _ E., (5-41)
"
At all values of e, lying to the left of this point the plate diode acts as an
open circuit, and e, is constant at the value Ey,.

The break on the right is the point at which grid current begins to flow.
At this point the grid diode changes from an open circuit to a short
circuit as e, becomes more positive; hence at this point there is no current
through and no voltage across the grid diode. It is clear from the circuit
that under these conditions ¢, = 0 and e, = e, + E.,; hence e, = — K., at
this break point. It also follows from the circuit that when e, = 0,
pe. = 0, and
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1)

eo=7'b+RL

Ey (5-42)

Both break points are now located, and they can be joined by a straight
line. For values of e, greater than —FE,, grid current flows. In this
region e, is given by Eq. (5-36); when e, has been found, e, is given by
(5-40). The right-hand segment of the characteristic can be completed
by calculating one point for any convenient e, greater than —E,. It
follows from Fig. 5-18 that if R, is much greater than r., e, is essentially
zero for all reasonable values of ¢, greater than —E,.. In this case the
right-hand segment of the characteristic is essentially horizontal.

Example 5-4. The triode amplifier shown in Fig. 5-20a can be represented approxi-
mately by the piecewise-linear model shown in Fig. 5-20b. A vol