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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 within chips. With programmable logic, on-chip logic functions and
connections can be updated within the user environment.

How does education 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-
tions 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
include how 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.

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, entertaining
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 for 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 who wants to get up to speed on digital electronics can do so by
reading Chapter 3. In addition, students with ro 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, [
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
skipped 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 stuft in

introductory courses

electronics concepts

optional sections

advanced courses
laboratory courses

fun stuff

xvii
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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 1f you're just getting started as a working digital designer, and you took
a very “theoretical™ logic design course in school. you should concen-
trate on Chapters 3. 5, 6, and 8—11 to get prepared for the real world.

Old pro 1f 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 vartety
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 introduction to HDL-based design.

All readers should make good use of the 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.
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 have to read the
rest of the book.

« Chapter | 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; itis 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 introduction 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 MSt 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 scquential-circuit
design examples. Each example is carried out both using ABEL fora 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
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* Chapter 11 discusses several miscellaneous real-world topics that are of
interest to digital designers. When I started writing what I thought would
be a 300-page book, I included this chapter in the outline to pad out the
“core” material to a more impressive length. Well, the book is obviously
long enough without it, but this material is useful just the same.

Most of the chapters contain references, drill problems, and exercises. Drill
problems are typically short-answer or turn-the-crank questions that can be
answered directly based on the text material, while exercises may require alittle
more thinking. The drill problems in Chapter 3 are particularly extensive and are
designed to allow non-EE types to ease into this material.

Xilinx Foundation Tools

Xilinx, Inc. (San Jose, CA 95124) has kindly allowed us to package their
Foundation Express digital-design tools on two CD-ROMs with this book
(in most domestic and international printings). These tools are quite
comprehensive, including an ABEL compiler, VHDL and Verilog language
processors, a schematic drawing package, and a simulator. Much of the software
in the package is based on the popular Active-CAD"™" and Active-HDL" tools
from Aldec, Inc. The package also includes FPGA Express' " software from
Synopsys. which allows ABEL, VHDL, and Verilog designs to be targeted to
CPLDs and FPGAs; popular Xilinx parts are supported by the included version.

The Foundation tools were very useful to me as an author. Using them. 1
was able to write and test all of the example programs in the text. | trust that the
tools will be even more useful to the students who use the text. They will allow
you to write and test your own hardware designs and download them into Xilinx
CPLDs and FPGAs in a lab environment. The student package support designs
with up to 20,000 gates that fit into a single device. For a nominal fee. you can
access a comprehensive set of Xilinx tutorials and two excellent Xilinx lab
books online at www. prenhall.com/xilinx. These and other resources at this
website will help you get the most out of the Foundation tools.

Even if you're not ready to do your own original designs, you can use the
Foundation tools to try out and modify any of the examples in the text. since the
source code for all of them is available at the book’s Web site, discussed next.

www.ddpp.com

Support materials for this book are available at the book’s own dedicated Web
site, www.ddpp . com. A key resource for students is the set of source listings for
all of the example C, ABEL, and VHDL programs in the book. Also available
are ZIP’ed Foundation project directories. including not only ABEL and VHDL
source files but also schematics that are set up to use and simulate some of the
example designs.



During the preparation of this edition, I was surprised and delighted to see
how much digital design reference material is available on the Web, especially
from device manufacturers. The DDPP Web site contains a “living” references
section with links to many useful sites that you can use as a jumping-off point for
your own independent study.

A couple of appendices from previous editions are available on the Web
site—“Electrical Circuits Review” by Bruce M. Fleischer and “IEEE Standard
Symbols.” Students taking lab courses may also appreciate the four pages of
handy IC pinout guides, which appeared on the inside-cover pages of previous
editions.

One thing that students may or may not like is a collection of new exercises
that I expect to build up as I continue to teach digital design at Stanford and as I
receive contributions from others.

For Instructors

The DDPP Web site has additional materials for instructors only. This part of the
site is password protected; if you plan to use it, please allow up to a week to
obtain a login name and password via the procedure published there.

The instructors’ area contains files with all of the figures and tables in the
book. You can use these files to make presentation slides directly, or you can
insert selected materials into your own customized presentations.

The site also contains answers to selected exercises—more than half of the
exercises in the book, equivalent to over 200 printed pages. There are also sever-
al sample exams and solutions.

Another important resource for instructors is Xilinx’ University Program
(www.xilinx.com/programs/univ). The site offers a variety of product
materials, course materials, and discounts on chips and boards that you can use
in digital-design lab courses.

How This Book Was Prepared

The text of the third edition of this book was converted from the original
second-edition TEX version into Adobe FrameMaker®. Figures from previous
editions were converted from Cricket Draw into Adobe [ustrator® EPS files.

All of the writing, editing, drawing, and circuit designing was done on a
PC running Windows 95 or 98 with 384 Mbytes of memory, which, regrettably,
would still crash if too many programs or files were open at once. The good news
s that this edition’s use of standard programs and tools has allowed me to pro-
vide readers and instructors with a large collection of useful materials on the
book’s Web site, as described earlier.

Preface
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Errors

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

There, that should make the lawyers happy. Now, to make your happy. let
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. [ am anxious to learn of the
remaining errors so that they may be fixed in future printings, editions. 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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