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Thls book is one of several remltmg from a recent revision of the
“‘lectncal Engmeermg Course at The Massachiusetts Institute of Tech-
nology. The books have the general format’ of texts and are' being .
used ‘as such However, they might well be described as reports on
& research program .aimed &t the evolution of an undergraduate core
curriculum .in , Electrical Engineering’ that will-ferm a basis for a

-contmumg career in a field that is ever-changmgr

The development of an educational program ‘in Electrical Engi- |
neering to keep pace with the changes in technology is not a new
‘epdeavor at The Massachusetts Institute of Technology. In the early.
1930’s, the Facu]ty of the Department tndertook & major review &nd
~re<a.5ﬂesm1cnt of its program. By 1940, a series of new courses had .

~been evolved, and resulted in the. publication of four.re_latcd books. .
- ‘The new technology that appeared during World War 11 brought
great change to the field of Electrical Lnglneermg In recogmtlon of
this fact; the Faculty of the Depqrtment undertook another reassess-
“ment of its program. By about 1952, a pattern for a curriciilum had '
been evolved and its implementation was mxtlated thh a hlgh d!gx;ee ,
. of enthusiasm and vigor. | !

The new curriculum subordinates optmn structures buxlt “around
.areas of industrial practice in favor of a'comraon core that provides a
broad base for the epgineeririg applications of the sciences. This core

_structure includes 2 newly developed laboratory program which stresses .
.the role of experimentation and its relation to theoretical model-makmg
in the solution of engineering problems. Faced with the time limita-
~ tion of 9 four-yeax program for the Bachelor’s degree, the entire core

‘curricuium gives priority to bakic principles and methods of analysxs e

rather than to the presentatxon of current technology. . s
J A q’mamx :



The, importance of electronic devices, eireuits, and systems 1r
modern technology is apparent to most electrlcal engineering students;
many have acquired practical experience with circuits before they
begin formal study of the subject. Electronie circuit theory can be
introduced to the student in & variety of ways: In view of the many.
“devices available and the numerous applications of eleetronic eircuits,
it is important in any plan of presentation to seek unifying prmuploa.

Such prineiples permit the ttudent. toex tend his know ledge ina rapmlv_
advancing ficld. - . :

We have organized our approach to electronics around cirenit models
.and methods-of circuit analysis in order to reduce the number of
separate ideds  and -comcepts. The many functions performed by
electronic systems can be understood in ferms of a few fundamental -
circuits if similarities are sought. 2 ! :

This-book ‘deals with electronic devices, moduxs basic’ cu'cultﬂ and
circuit functions. Many of the interesting properties of electronic

“devices are a consegusnce of nonlipeority sccompanied bj regional «
‘linearity.  As a result, plehew ise-linear circuit models can be used
to eonvert a nonlinear circuit problem to a number of related linear
problems. Thus, the mathematics of linear eircuit theory can be
applied to a broad class of ph; yaical eircuits and systems operating in
" a nonlinear manner. ; :
-The model concept emphasizes the need for making approxunatlom

‘as part of~the process of analyzing a physical problem. ‘The student -

is thus encouraged ‘to exercise judgment in order to arrive at the
‘ s=mplest sircuit madels that will aive ar adequate r'eault Extxemely
¢ TR v
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simple models can be. used to explain the general mode of operation

of electronic circuits. - Simple resistive models together with one major

energy-stotege element suffice to explain the behavior of most basie

circuits. - Refinements in the resistive model and one or two additional

ehergy-storage elements provide adequate accuracy for nearly all”

design purposes. Sinusbidgl or rectangular-wave circuit response illus-
~ trates basic operations such as waveform generation, wave shaping,.

amplification and modulation. A companion volume presents methods

of linear and quasi-lineat analysis pertinent to more complicated elec-
- tronic circuits, signals and systems. b :

‘The emphasis on general methods illustrated by epecific examples -
is in keeping with the present trend in engineering _education. The
emphasis on fundamentals is the inevitable conseqixe’nce‘of rapid
development, particularly in such fields as electronics, communications,
and computation, which have literally .exploded in the past decade.
In today’s technology, a specialized education becomes obsolete ‘too
soon after graduation. We do not mean to say that real probiems
and applications should be avoided. However, too much specialization, -
either in fact or in attitude, deprives the student of ‘the background -
and the confidence that will enable him to enter new fields. More-
over, technical problems often span several disciplines so that breadth
.+ of understanding becomes more important in the long run than detailed

_ knowledge. e : :

Some of the material presented in this book evolved from a '
graduate subject on pulée circuits, and some was developed during
the revision of the introductory undergraduate subject on electronic
- circuits '(par‘t of the core curriculum for all electrical engineering
- students at M.IT.). - With minor variations, portions of the material
in this book have been used for five years in this core subject.

The development of this presentation of electronic-circuit theory
was influenced by the early work of Godirey T. Coate. Contributions -
have also been made by other colleagues on the teaching staff; in
particular, many of the problemns were prepared by section instruetors, *
Ideas have ceme from staff members of the Research Laboratory of -
Electronics' or have resulted from .the stimulation of the research’
environment. The inspiring leadership of Professor Ernst A. Guillemin
in circuit theory research and teaching has had both tangible and
intangible effects on the project. Many worth-while suggestions have-
been made by our students. ‘ - S

During the final stages of the book, we had the invaluable aid of
Professor Campbell L. Searle, whose critieal technical edting con-
tributed greatly to the improvement of the manuseript. In addition,
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he gave his time and effort unsparingly to galley reading in order .
to help us meet publication deadlines. - As in any other book, a -
‘number of errors inevitably remain.- The number would have been
greater had it not been for the perceptive checking and page proofing
done by Professor Rlchardl D. Thornton, w he also took major respon-
' sibility for organizing the index.

We are most grateful to Professor Goxdon Brown for creatmg

Larcey departmental environment in which academlc ~experiments- are the

rule rather than the exception. His constant encouragement has
provided a real stimulus throughout the subject revision, note wntmg,
manuseript, and production stages of this project. . o

Our acknowledgements would be incomplete without an expression
of thanks to the secretaries who typed rough draft, notes, and
manuscript: They are Bertha Hornby, Rosemarie Connell Dorothea
Scanlon, Mar]orm D’Amato, and Louise Juliano.

¥ R e : Henry J. ZIMMERMANN
e : : Samuen J. Mason

-

Cambridge, Massachusetts
January, 1959
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P

Electromc devices such as dmdes, triodes, and transistors operate ag
switches or valves to control or modulate-the flow of electric current. 5
Electronic switches and valves aire useful because of their sensitivity and |
speed of operation, which exceed the sensmwty and speed of mechanical
or eleciromechanical devices. x

Electronie circuit theory is the mathematical study of circuits.con- °
- taining electronje devices.” The ultimate purpose of electronic circuit

theory ig to provide a basis for the design of electronic systems. Such
. systems are combinations of electric and electronic devices assembled

-and connected tq perform some desired operation on an electrical signal.
“These systems may also be associated with nonelectnca.l devxces as in
servoisechanisms or industrial process control. 4»
Like any other body of theory, electronic eircuit theory deals with
models. A model is a simple, idealized abstraction which approximates
the behavior of a physical system.” A model is.always a compromise

between. simplicity and reality. The three phases of electxomc clrcmt
v theory are, therefore, as follows: -

1. Development of suitable circust models for electronic devices. Model
makmg is fa\,lhtated by a knowledge of the theoretleal models” for the
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underlymg physical - ‘processes which determine the externally ob%erved

_electrical behavior of a given device.

- 2. Development of analysis methods applicable to electronic circuits.
A natural and useful approach is the extension -of elementary electric
circutt theory so that familiar techmques can be brought to bear upon
electronic circuits.

3. Accumulation of a store of ideas fr om working with the models
and analyzing the circuits. A knowledge of device and circuit capabilities
and limitations provides specific criteria and general technieal mtmtmn

. for the design of electronic systems.

This book emphasizes the first two phases of electronic circ: ut theory
namely, model making and methods of circuit analysis. Desigu informa-
tion accumulates, as we proceed, from illustrative examples, problems, -
and mterpretatmns of basic results.

1.2~v Ideal Circuit Elemenfs‘ g -

In general, electromc circuits are not linear and do not obey reuprocxt,y

* This means that we cannot make satisfactory circuit models from the
familiar R, L, and C bulldmg blocks of linear circuit theory. However,

the difficulty can be overcome with only two additional circuit elements.
These are the ideal diode and the controlled source. :

T |

@ A )

‘Fig. 1.1. The ideal dlode (@) Circuit symbol- () Current versus voltage curve.

As mdlcaued in Fig. 1.1, the ideal dlode isa eelf—operated switch that -
opens when the terminal voltage is negative and closes when the current is
positive. The ideal diode, sometimes called an ideal rectiﬁer, is a non-

linear circuit element. It is an idealized approximation of the class of

electronic devices known as diodes or rectifiers.
A controllea source is shown in Fig. 1.2, The control variable and the
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source variable may each be either a eurrent or a voltage, but only the
currentscontrolled current source is shown here. The controlied source
is & linear three-terminal cireuit element. It is described by the linear
two-terminal-pair relations between its input variables &; and 7; and its
output variables e, and vp. The conirolled source is a bastc unilateral
circuit element. “Unilateral” means that a signal at the input has an

» vz
fgp=3 2 1 et =2
: Voo b iy
: STL | bz
i . 9—“-‘-» e : l ' } |
2 2 !‘-2a el 0. ja 2 ;
e 2 e Y e e i o
/ i : | {
2 1 |_ 1
_ 1 = fietal %
{ i Juiay
| { L
! - iy ;
oERia RCR
(a)

tig. 1.2. The éontrolléd source. '(a) Circuit symbol for s current-controlled current
~source; (b) Output curve (v vs. is) showing the effect of the control signal.

2

effect on the output but a signal applied at the output has no influence

on the input. Thus in Fig, 1.2, the input current controls the position -

of the line relating vy and 45. Varying % from +2 to —2 Bweeps the
‘vg V8.3 line across the plane from left to right. Conversely, vy and 4,

are independent of vg and 4;. Such performance iximpossible to achieve . £

with resistance, capacitance, or inductance (including mutual induct-
ance). Coupling between two terminal-pairs due to any of’ these ele-
ments is “bilateral”’ or “retiprocal” (two-way coupling).

Y Coe

1.3 | Gircuit Models

The ideal diode allows us to make piecewise-linear models of nonlinear
devices. From the current-versus-voltage curve for & typi€el vacuurs
diode [Fig. 1.3(a)], we see the general character of diode curves' thai
suggests the ideal-iectifier approximation. By combining just a single
resistance with an idea! diode, as in Fig. 1.3(5), wé have a piecewise-
. linear model that matchec the actuzl curve veiv closely.
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- Inclasion of a controlled (or dependent)

‘source allows us to devise
models that-approximate the o

utput curve of a control valve (suchas a

1
i

OF & et A S e
Fig. 1.3. Diode curve and'piecewise-lineat approximation, :

.iz

fg. 1.4, Controi valve curve and plecewise-linsar approximation. @) i3 vs. 1 for
a1 Py .
vy = =-5; (b) Approximation.

vacuum triode or transisior). A %.yi)ical triode curve is shown in Fig.
1.4(a) and (s.@mjule piecewise-linear approximation is indicated in ().

Many nonlinear electronie devices are fairly linear in certain regions of
operation, with rather abrupt transitions connecting the differs=i re-
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gions. -In other words, a piecewise-linear model is often a very realistic
representation. "

1.4 Analysis Methods

From the analysis standpoint, piecewise-linear models lead to linear

equations with restricted ranges of validity. A piecewise-linear analysis

problem consists of a number of linear problems, each one pertinent to a

separate “‘piece” or “range” of the variables involved. The convenience
of the piecewise-linear approach lies in the ease of solution of linear

equations. e ' :

) J i

41 : aiy '
— ——e
L s T Bt 5
| + /. s
Uy R - . : b E
l,- N : A Gl

e §

. vy = Ri;( - q)

v Al
Rinput='.-‘l‘=R(1 -a)

Fig. 1.5. [Effect of controlled source on apparent resistance.

Background gained in the study of linear RLC circuits is useful since it
applies directly to nonlinear electronic circuit problems when the devii?es
are represented by piecewise-linear models. The very” fact that piece- .
wise-linear approximations provide a facility for handling nonlinear
problems provides a strong stimulus for further study of linear circuit

theory. The more we know about linear circuit theory, the better our -

preparation for handling electronic circuit problems. .

The controlled source, though linear, introduces effects not treated in
elementary circuit theory. Figure 1.5 offers a specific example. The.
controlled source. dictates the current through R, thereby establishing
vy and determining the apparent input resistance. If we_apply The-

1

2

venin’s theorem and caleulate the effective resistance betweep terminals . -

. by “short~circuiting the internal voltage sources and open-circuiting the -
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current sources,” we obtain the value R, which ig incorrect. The error
ariges from an incorrect use of Thevenin’s theorem. Only tndependent

sources may be open-cireuited or short-circuited to find effective resist- = -

ance, since only independent sources contribute to the constant A
(open-cn‘cmt voltage) in the general linear termmal relation z

LB | (L)

Controlled sources are dependeni on the control signal.  Since they

. change when the control signal changes, they contribute to the constant -

B (effective resistance).  Thus, controlled sources do not violate the
laws.of elementary linear circuit theory but they do require us to under-

o - stand the. laws, rules, and theorems in order to apply them properly.

% In this'book we shall deseribe certain conduction processes, from these
deduce the terminal behavior of various electronic devices, make circuit,
.models for the devices, and use the models to study the operatlon of
basic electromc circuits. Abtention is given to the important functions
performed by each class of circuits. As we proceed, it ‘will become clear
that a relatively small number of fundamental ideas, properly inter-
preted, permit one to understand the operation of a very large variety of
electronic devices, circuits, functions, and systems. Av. integration of
such ideas is the basis for circuit aud system design.

- ! .

*
'

PROBI.EMS

1.1 Whlch of the followmg terms apply to the ideal diode?, (a) hnear,
{b) capacitive, (¢) registive, (d) mductwe, (&) nonhneab €))] lossless. (@) bz-
directional, (k) reactjve, (7) passive, (j) active. ‘

~

1.2, Do the following relations between instantaneous current and voltage i

; qpeclfy the behavmr of the ideal diode completely?
‘ B iSO
v20
Cvi=0
13, Compare vhe followmg relations with those of ProBlem 1.2.
W et s fori>0. o
1t =0 for v, < 0

L.4. What is'the circuit model M for s drmng—pomt curve llke that shc:wn
irf Fig. P1.1?

1.5. Sketch the output curve s vs. “vg for the voltagé-controlled \oltagc

'souroe shown in Flg; PY. 2 Wha.t are the dlmenswns of u?
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‘.l.'a. Sketeh the output curve 1y vs. #y for the volidge~controlled current -
. Source shown in Fig. P1.3. What are the dimensios of o7 ! y

~ '

3
L iy A ¥ oy 5
u H=0 1 R ‘2
—e, : | e
+ 4 8N 4 i
4y !
s 3 i /
) vy gb;)f "2
' .
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! Fig. P1.3

1:7.’ Skétch"tizi_é output cu!"VS s vs. 43 for the currenf-controlled ,volte;ge
. Bource shown in Fig. Pi.4. What are the dimensions of 77 el
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