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FOREWORD

Moore's Law,:which observes that semiconductor technology advances expo-
nentially, has been valid for over three decades. Experts predict it will continue
to hold for at least one more. When integrated circuits were introduced, logic
packages had a dozen or so transistors. Today, with exponential increases in
circuit density, microprocessor chips have passed the 10-million-transistor
mark. In less than another decade they will reach 100 million transistors per
chip.

To keep up with Moore's Law, design techniques have changed drastically.
Hand-crafted logic circuits were once the norm. Now designers generate circuits
from high-level descriptions. Connections on printed-circuit boards have been
absorbed withingchips. With progrjnmable logic, on-chip logic functions and
connections can be updated within the user environment.

How does éducation keep up with Moore's Law? What can we do to enable
students to practice their skills today and adapt them tomorrow to new genera-

}ions of devices? This is the challenge John Wakerly faced when he began this
"work.

His approach is multifaceted. It is grounded in basic principles of digital
design that do not change with technology, such as combinational logic, sequen-
tial logic, and state machines. Wakerly weds these principles with tools and
practical techniques that teach how to design for today's technology. These
includeshow to use the ABEL and VHDL design languages, how to structure
designs with large building blocks, and how to implement designs with
programmable logic devices. These techniques are essential for successful

_design.

f The most difficult goal is to help the student adapt to the inevitable changes
to come. Wakerly does this by revealing what is happening underneath the logic.
For example, he gives transistor models of gates and uses them to expose issues
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related to timing and noise. Gates may become faster and denser and may use
different control voltages, but how to assure correct and reliable operation will
be a continuing concern. We learn the characteristics, constraints, and failure
modes and how to design to them. We learn through examples of alternate
designs how to judge design quality and evaluate tradeoffs. As new technology-
emerges, we will be able to design to it. )

Wakerly enhances the approach with presentation skills that are rare in col-
lege texts. The reader will quickly appreciate the effective graphics, entertdfing
writing style, and instructive exercises.

Moore's Law condemns textbooks in this field to short lives. Nevertheless,
Wakerly's text is a classic.

" Harold S. Stone
" Princeton, New Jersey



PREFACE

This book is f\or everyone who wants to design and build real digital circuits. It
is based on the idea that, in order to do this, you have to grasp the fundamentals,
but at the same time you need to understand how things work in the real world.
Hence, the “principles and practices” theme.

The material in this book is appropriate for introductory courses on digital
logic design in electrical or computer engineering or computer science curricula.
Computer science students who are unfamiliar with basic electronics concepts
or who just aren't interested in the electrical behavior of digital devices may wish
to skip Chapter 3; the rest of the book is written to be independent of this
material as much as possible. On the other hand, anyone with a basic electronics
background whe wants to get up tb speed on digital electronics can do so by
reading Chapter 3. In addition, students with no electronics background can get
the basics by reading Bruce M. Fleischer’s “Electrical Circuits Review,” a freely
reproducible 20-page electronics tutorial available on this book’s Web site,
www.ddpp. com.

Although this book's level is introductory, it contains much more material
than can be taught in a typical introductory course. Once I started writing, I
found that I had many important things to say that wouldn't fit into a one-quarter
course at Stanford or a 400-page book. Therefore, I have followed my usual
practice of including everything that I think is at least moderately important, and
leaving it up to the instructor or reader to decide what is most important in a
particular environment. To help these decisions along, though, I've marked the
headings of optional sections with an asterisk. In general, these sections can be

) skfpped without any loss of continuity in the non-optional sections that follow.

Undoubtedly, some people will use this book in advanced courses and in
laboratory courses. Advanced students will want to skip the basics and get right
into the fun stuff. Once you know the basics, the most important and fun stuff in

introductory courses

electronics concep

optional sections

advanced courses
laboratory courses

fun stuff

ts
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XVili Preface

working digital
designers

marginal notes
marginal pun

this book is in the sections on hardware description languages ABEL and
VHDL, where you'll discover that your programming courses actually helped
prepare you to design hardware.

Another use of this book is as a self-study reference for a working digital
designer, who may be either of two kinds:

Novice If you're just getting started as a working digital designer, and you took
a very “theoretical” logic design course in school, you should ceacen-
trate on Chapters 3, 5, 6, and 8-11 to get prepared for the real world.

Old pro If you're experienced, you may not need all of the “practices” material
in this book, but the principles in Chapters 2, 4, and 7 can help you
organize your thinking, and the discussions there of what's important
and what's not might relieve the guilt you feel for not having used a
Karnaugh map in 10 years. The examples in Chapters 6, 8, and 9
should give you additional insights into and appreciation for a variety
of design methods. Finally, the ABEL and VHDL language descrip-
tions and examples sprinkled throughout Chapters 4 through 9 may
serve as your first organized introdugtion to HDL-basedidesign.

All readers should make good use of th4e comprehensive index and of the
marginal notes throughout the text that call attention to definitions and impor-
tant topics. Maybe the highlighted topics in this section were more marginal than
important, but I just wanted to show off my text formatting system.

Chapter Descriptions

What follows is a list of short descriptions of this book's eleven chapters
and appendix. This may remind you of the section in software guides, “For
People Who Hate Reading Manuals.” If you read this list, then maybe you don't
havé to read the rest of the book.

» Chapter 1 gives a few basic definitions and lays down the ground rules for
what we think is and is not important in this book.

« Chapter 2 is an introduction to binary number systems and codes. Readers
who are already familiar with binary number systems from a software
course should still read. Sections 2.10-2.13 to get an idea of how binary
codes are used by hardware. Advanced students can get a nice introduction
to error-detecting codes by reading Sections 2.14 and 2.15. The material in
Section 2.16.1 should be read by everyone; it is used in some design exam-
ples in Chapter 8.

» Chapter 3 describes “everything you ever wanted to know about” digital
circuit operation, placing primary emphasis on the external electrical char-
acteristics of logic devices. The starting point is a basic electronics
background including voltage, current, and Ohm's law; readers unfamiliar



with these concepts may wish to consult the “Electrical Circuits Review”
mentioned earlier. This chapter may be omitted by readers who aren't
interested in how to make real circuits work, or who have the luxury of
having someone else to do the dirty work.

Chapter 4 teaches combinational logic design principles, including
switching algebra and combinational-circuit analysis, synthesis, and
minimization. Introductions to ABEL and VHDL appear at the end of
this chapter.

Chapter 5 begins with a discussion of digital-system documentation
standards, probably the most important practice for aspiring designers to
start practicing. Next, this chapter introduces programmable logic devices
(PLDs), focusing on their capability to realize combinational logic func-
tions. The rest of the chapter describes commonly used combinational
logic functions and applications. For each function, it describes standard
MSI building blocks, ABEL programs for PLD realizations, and VHDL
models. *

Chapter 6 is a collection of larger combinational-circuit design examples.
For each example, it shows how the design can be carried out with MSI
building blocks (if appropriate), ABEL and PLDs, or VHDL that can be
targeted to a CPLD or FPGA.

Chapter 7 teaches sequential logic design principles, starting with latches
and flip-flops. The main emphasis in this chapter is on the analysis and
design of clocked synchronous state machines. However, for the brave and
daring, the chapter includes an }ntroduction to fundamental-mode circuits
and the analysis and design of/feedback sequential circuits. The chapter
ends with sections on ABEL and VHDL features that support sequential-
circuit design.

Chapter 8 is all about the practical design of sequential circuits. Like
Chapter 5 before it, this chapter focuses on commonly used functions and
gives examples using MSI building blocks, ABEL and PLDs, and VHDL.
Sections 8.8 and 8.9 discuss the inevitable impediments to the ideal of fully
synchronous design and address the important problem of how to live
synchronously in an asynchronous world.

Chapter 9 is a collection of state-machine and larger sequential-circuit
déSign examples. Each example is carried out both using ABEL for a PLD
and using VHDL that can be targeted to a CPLD or FPGA.

‘Chapter 10 is an introduction to memory devices, CPLDs, and FPGAs.
Memory coverage includes read-only memory and static and dynamic
read-write memories from the points of view of both internal circuitry and
functional behavior. The last two sections introduce CPLD and FPGA
architecture.

Preface

XiX



XXii Preface

Errors

Waming: This book may contain errors. The guthor assumes no liability for
any damage—incidental, brain, or otherwise—caused by errors.

There, that should make the lawyers happy. Now, to make you happy, let A
me assure you that a great deal of care has gone into the preparation of this
manuscript to make it as error free as possible. I am anxious to learn of the
remaining errors so that they may be fixed in future printings, editioss, and
spin-offs. Therefore I will pay $5 to the first finder of each undiscovered error,
be it technical, typographical, or otherwise. Please email your comments by
using the link on the Web site, or by writing to me at john@wakerly.com.

Any reader can obtain an up-to-date list of discovered errors using the link
at the book’s Web site. It will be a very short file transfer, I hope.
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