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PREFACE

This book was written with the express purpose of making it
possible (and easy) for anyone in the electronics fiecld to
start using SPICE to analyze electric or electronic circuits
in a very short time. SPICE is simple to use when you have
learned its rules and syntax. Learning those things was chal-
lenging for me and for others I spoke with, since a text on
the topic didn’t exist. My engineering  technology students
have been using SPICE on a mainframe computer for years; they
were able to master its use by following examples which they
received in class. Each example contained a schematic dia-
gram of the circuit to be analyzed, the input file which de-
scribed the circuit to SPICE, and the output file created by
SPICE with a discussion of its contents. After making a few
of the classical errors (e.g. typing a letter "O" when the
digit "0" (zero) was intended), most students were quite com-
fortable doing analyses completely on their own.

During what was to be a leisurely one-semester sabbatical
leave, I had planned to write a small manua' on SPICE for use
by students at Ward College of Technology of the University
of Hartford. Discussions with Greg Burnell, Editor-in-Chief,
Electronic Technology, at Prentice-Hall convinced me that
there was a need for a text on circuit analysis using SPICE
that would appeal to two types of readers.
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Preface_'

The first type 1is engineering and engineering technology
students, for whom this book could be a supplemental text for
any circuits or electronics course. In addition to learning
- classical methods of circuit analysis and design., they also
need to learn how to perform circuit analysis on computers in
order to be prepared for industry. One added beneflit of simu-
lating circuit behavior on a computer is that students can
gain great insight” into circuit behavior which would be other-
wise unattainable due to the sheer tedium of the mathematical
operations necessary. ~ For example. a student having spent
the better part of an hour analyzing a transistor amplifier
with a BJT whose beta is 80 is not likely to recpeat the exer-
cise with the beta changed to 40 just to satisfy intellectual
curiosity. With SPICE, repeating the analysis would take on-
ly a few scconds. Also, by using computer simulations to
check the work they do by hand students gain confidence in
thcir own analytical abilities.

The second type includes practicing engineers, technolo-
gists and technicians who are already competent at circuit
analysis and design and want to lecarn how to use SPICE. This
book will help them to use the computer to confirm results ob-
taincd by hand, to save time in the laboratory and to go from
a concept to a working prototype with minimum dclay. Al-
though SPICE (or wvariations of it) can be found in a largc
number of universities and industrics, it is still not easy
to learn to use it due to the lack of a text with sufficient
clear examples.

Thus, to answer a clear neced, the book you are looking at
was developed (the sabbatical was not altogether leisurely).
It has a large number of examples which illustrate nearly all
the capabilitics of SPICE. A first year student may be able
to use only the DC and AC analysis c¢xamples at first As
that student’s knowledge of electronics advances, more and
more of the book will be appropriate and useful. Conversely,
a practicing engineer, technologist or technician may wish to
jump to the more advanced topics right away. It is advisable
for that reader at least to skim through the preliminary chap-
ters to see first the pitfalls (not many, but potentially fa-
tal) and second the extensive capabilities of SPICE.

Chapter 1 is an introduction to computer-aided circuit
analysis, including a brief history and some insight into how
it is donc by a computer. The history of SPICE is covered in
Chapter 2, emphasizing why such a tool was needed for integra-
ted circuit development.
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The specific steps needed to run SPICE are presented in
Chapter 3, including the pitfalls you may encounter when cre-
ating input files. Chapter 3 also shows how to ‘describe re-
sistors, capacitors, self and mutual inductors, and indepen-
dent voltage and current sources to SPICE. The actual "how
to do it" process is shown in Chapter 4, which includes four
example analyses which illustrate the capabilities of SPICE.
After reading Chapter 4 the reader should be able to begin us-
ing SPICE (assuming you have access to a mainframe computer
with SPICE on it, or to a personal computer and a PC version
of SPICE).

Linear dependent (controlled) sources arec explained in
Chapter 5. Chapter 6 is an examination of ten kinds of ana-
lysis of which SPICE is capable, containing examples of DC,
AC, transient, operating point, transfer f{unction, secnsi-
tivity, distortion, noise, Fourier and temperature analysis.
How to convince SPICE to make graphs and tables of analysis
results is covered in Chapter 7.

The large topic of semiconductors and their SPICE models
is sharcd between two chapters. How to describe semiconduc-
tors to SPICE 1is covered in Chapter 8, while an introduction
to changing semiconductor models follows in Chapter 11.

Chapter 9 presents the use of subcircuits in SPICE input
files. Transmission lines arc examined in Chapter 10, includ-
ing examples showing time-domain reflectometry and steady-
statc AC analysis.

The part of the book that ties it all together, Chapter
12, presents 30 examples of SPICE analysis. Each ecxample con-
tains a schematic diagram of a circuit to be analyzed, an in-
put file submitted to SPICE for analysis, the results in an
output file crcated by SPICE and a discussion of key points
illustrated by the example.

Five appendices present other SPICE fecatures, how to
model transformers and switches, nonlinear (polynomial)
dependent sources, a bibliography and sources of SPICE-based
circuit analysis software.

Each example in the text can be considered to be a prac-
tice problem, and it is expected that readers will have no
shortage of circuits to analyze from courses being taken (if
students) or from daily work (if engincers, technologists or
technicians). Only by applying SPICE to your own circuits
will you achieve a mastery of SPICE for your purposes.

I am grateful to aH those at the University of Hartford
who supported this effort and helped make it happen. This
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certainly includes my students from whom I learn so much
about " learning. Greg Burnell and Mary Carnis of Prentice
Hall have earned my respect and gratitude for their gentle
but effective guidance throughout the writing of the text.
The comments provided by James Morris of T.J.. Watson School
of S.U.N.Y., David O’Brien of Wentworth Institute of Techno-
logy, and Carl Zimmer of Arizona State University were most
helpful. Without the patience and help of my wife, Mattie
(an eagle-eyed proofreader), and my children Amy and Jeremy I
could not have written this book. Thank you all.

Walter Banzhaf

Ward College of Technology
University of Hart ford

West Hartford, Connecticut
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Chapter 1

INTRODUCTION
TO COMPUTER-AIDED
CIRCUIT ANALYSIS

1.1 THE NEED FOR COMPUTER-AIDED
CIRCUIT ANALYSIS

Circuit analysis is a necéssary part of circuit design. Once
a design for a circuit has been determined, the soundness of
the design must be tested to- ensure that the circuit does in-
deed perform as required. Often this involves testing for DC
operating point and performance with signal applied, over a
range of DC supply voltages, input signal levels, and tempera-

tures. The time-honored way to do this was to build a proto- -

type of the circuit, send it off to the laboratory, and in-
vest large amounts of time and money in putting the circuit
through its paces, in the hope that it would perform as de-
sired.

Even if it did, one did not know how the circuit would
perform with active devices whose parameters ranged consid-
erably from a nominal value. For example, a small signal
transistor typically has a DC current gain, or beta, around
100. The values of beta one might encounter in a lot of ac-
ceptable transistors shipped by a reputable manufacturer
could range from 40 to 250. A prudent circuit designer would

o



2 Introduction to Computer-Aided Circuit Analysis  Chap. 1

have to test the circuit operation by building many test cir-
cuits, using transistors at both ends of the beta  range, and
putting all of them through their paces. If there were a way
to simulate accurately and with confidence the performance of
electronic circuits without having to build them, the devel-
opment cost and time to bring a new circuit into production
could be reduced. This is why a great deal of effort was put
into simulation of circuit performance by computers.

1.2 ECAP IS DEVELOPED

Computer-aided circuit analysis first became popular in the
mid 1960s when the computer program ECAP (Electric Circuit
Analysis Program) was devecloped and made available. This
software for mainframe computers (since that’s all there were
at the time) made it possible for an engineer to analyze an
electronic circuit without having to write equations defining
the circuit. ECAP was a major accomplishment by programmers
at IBM Corpordtion. Once the program user described the cir-
cuit using nodal notation, the program itself wrote - the cir-
cuit equations and solved them.

Prior to the development of ECAP, digital computers had
been in use for years for solving circuit equations. But the
tedium involved in writing those equations for all but the
most simple circuits was substantial. And once the equations
were written by an engineer and solved by a computer, any
change to the original circuit design necessitated the re-
writing of the circuit equations.

1.3 AFTER ECAP

ECAP was followed by several similar programs, which offered
a variety of improvements to ECAP. Among these were SPECTRE,
TRAC, NET and CIRCUS. This book is about SPICE, which is the
most popular computer program in the world today for predict-
ing the behavior of electronic circuits.

It is not necessary to understand the algorithms and math-
ematical techniques that are utilized by SPICE to analyze cir-
cuits in order to be successful at solving circuit problems
with SPICE, any more than one must have a working knowledge
of internal combustion engines  to drive a car. However, it
is vitally important for anyone using SPICE (or any other com-
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puter analysis/design program) to be a competent practitioner
in the field. -Only in that way can one check the correctness
and reasonableness of the answers by c¢stimation using sound
engineering judgement and/or by working a sample problem
through by conventional means.

Also, for some of the trickier kinds of circuit analysis
involving circuits which have positive feedback (oscillators,
Schmitt triggers) or when non-linear circuit elements are
present, a little insight into how SPICE does things can be
useful,

1.4 HOWIT'S DONE

If you do want to know how circuit analysis is performed by a
computer, a brief look at some of the techniques used by
SPICE may give you some insight into the process. A vastly’
more detailed reference is L. Nagel's thesis, "SPICE2: A Com-
puter Program to Simulate Semiconductor Circuits." Informa-
tion on ordering a copy can be found in Appendix E. A con-
densed explanation of how SPICE works is nicely presented by
W. Blume in an article in BYTE magazine, referenced in Appen-
dix D. -

Circuits are described to SPICE by use of an input file,
which lists each circuit element (resistor, capacitor, induc-
tor, voltage and/or current source, semiconductor device) and
indicates how each is connected using node numbers. In addi-
tion, there are lines in the input file which designate the
frequency of sources, temperature, the types of analyses to
be done and how the analysis results are to be presented. .

SPICE reads the input file and figures out all the cir-
cuit elements connected to each node. It then uses Kirch-
hoff’s current law to create a system of equations for the
circuit, where the voltages at each node are the unknowns,
and the admittance (inverse of impedance) of each branch con-
necting two nodes are the known quantities. This is a form
of nodal analysis. Of course, before this can be accomplish-
ed SPICE has to know the model for each semiconductor in the
circuit (it does)” and determine the specific values for each
parameter in the model.

What then results is a system of simultaneous equations,
whose size is determined by the number of nodes and circuit
elements in the circuit; this group of equations is made into
an admittance matrix. In order to solve this matrix, a tech-
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nique cailed the Newton-Raphson method is used. Nagel’s the-
sis not only describes how all the algorithms of SPICE work
but also explains alternate methods which were considered,

tried and ultimately rejected. While it makes for interest--

ing reading, as stated earlier it is not necessary to have a
particle of insight into the analysis methods wused, especial-
ly for the person just learning SPICE.

CHAPTER SUMMARY

Computer-aided circuit analysis saves time and money in the
process of circuit design. :

ECAP, developed by IBM Corporation, was the first widely-
available computer program for analyzing electronic circuits.
It wrote and solved the equations for a circuit described to
it by nodal notation. ECAP ran on mainframe computers, since
personal computers did not exist.

A large number of programs ‘were devclor;ed after ECAP; the
most popular is SPICE.

You can use SPICE to predict circuit behavior without having
an understanding of how the algorithms in the program func-
tion. However, it is important to be competent in electronic
circuit analysis in order to verify results of SPICE.

L]



Chapter 2

HISTORY OF
AND INTRODUCTION
TO SPICE

21 ACKNOWLEDGMENT
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2.2 THE NEED FOR CAD
WITH INTEGRATED CIRCUITS

During the early 1970s, the number of active devices on
integrated circuits (JCs) being developed grew dramatically;
SSI (small-scale integration, characterized by about 20 tran-
sistors on each IC) led to MSI (medium-scale integration,

with about 100 transistors per IC). (Specific quantitative
definitions of SSI, MSI, LSI and VLSI vary, the transistor
counts shown here are representative.) Later came LSI

(large-scale integration) and VLSI (very large-scale integra-
tion), in which there were literally thousands of transistors
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