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Preface

=» The Need for This Book

This text has been developed from a previous work, An Introduction to
Computer Logic (1974) by Nagle, Carroll. and Irwin, which was a widely
adopted text on the fundamentals of combinational and sequential logic circuit
analysis and synthesis. The original book was praised for its clarity and teach-
ing effectiveness, and despite rapid changes in the field in the late 70's and
carly 80’s, the book continued to enjoy wide use many years after its original
publication date, underscoring the interesting fact that during most of the pe-
riod since the publication of that book, the mainstream educalionai‘approach
to introductory-level courses in digital design evolved quite slowly, even while
major technological changes were rapidly being adopted in industry.

How things have changed! Recently. the astronomical proliferation of
digital circuit applications and phenomenal increases in digital circuit com-
plexity have prompted significant changes in the methods and tools used in
digital design. Very Large Scale Integrated (VLSI) circuit chips.now routinely
contain millions of transistors; computer-aided design (CAD) methods, stan-
dard cells, programmable logic devices, and gate arrays have made possible
rapid turnaround from concept to finished circuit, supported by increased em-
phasis on hierarchical, modular designs utilizing libraries of standard cells and
other predesigned circuit modules. We have developed a text which supports
those changes, but we have also worked carefully to preserve the strong cov-
erage of theory and fundamentals.

An effective digital design engineer requires a solid background in fun-
damental theory coupled with knowledge of practical real-world design prin-
ciples. This text contains both. It retains its predecessor’s strong coverage of
fundamental theory. To address practical design issues, over half of the text is
new material that reflects the many changes that have occurred in recent years,
including modular design, CAD methods, and the use of programmable logic,

as well as such practical issues as device timing characteristics and standard
logic symbols.
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B Intended Audience

This book is intended for sophomore, junior, and senior-level courses in digi-
tal logic circuits and digital systems for engineers and scientists who may be
involved with the design of VLSI circuits, printed circuit boards, multi-chip
modules, and computer circuits.

No particular background in electronic circuits or computer systems is
assumed or required, and thus the text is suitable for a first course in digital
systems. However, the book contains sufficient advanced material and depth
to support the needs of more advanced students. This text has been designed
to allow each instructor the flexibility to select topics according to the needs
of his or her specific course.

This text is also suitable for the reader who wishes to use the self-study
approach to learn digital design, and is useful as a reference for practicing en-
gineers.

®» Significant Features

This book is a unique work representing the combined efforts of the four au-
thors at three universities. In addition to extensive publisher-sponsored re-
viewing, the manuscript was used in courses at all three schools during its de-
velopment, with feedback from students and instructors incorporated into the
book.

Noteworthy features include:

+ Solid coverage of fundamental concepts and theory coupled with practical
real-world design methods

« A strong emphasis on developing and using systematic problem solving and
design methodologies, abundantly supported by over 250 numbered. worked
examples

« Heavy emphasis on visualization, supported by over 600 two-color illustra-
tions

+  Numerous problems with a wide range of difficulty levels at the ends of the
chapters

» CAD issues integrated in-depth throughout the text without relying heavily on
CAD products from specific vendors

« Coverage of hierarchical modular design and standard digital circuit modules

« A chapter containing comprehensive design projects

« Two chapters describing programmable logic devices and their applications in
implementing digital circuits

»  An in-depth introduction to testing and design for testability

+  Support of both breadboarding labs and CAD-based modeling and simulation
labs

+  An Instructors’ Manual with fully worked solutions to each problem
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B Coverage of Computer-Aided Design

Most modern digital circuit design projects require the use of computer-aided
design methods and tools. For this reason, CAD is covered throughout the text
at the end of each chapter, allowing CAD methods to be applied to the basic
fundamental concepts and design principles presented in that chapter.

The coverage of CAD methods and tools was designed to be generic in
nature, rather than specific to any particular vendor’s tools. This will allow
students to apply these concepts to whichever CAD tools may be available, in-
cluding comprehensive packages running on engineering workstations from
such vendors as Mentor Graphics, Cadence, and Viewlogic, and lower-end
tools designed for use on personal computers. A number of the latter are avail- ,
able at nominal pricing for students and educators.

The CAD coverage in the chapters
is as follows:

Chapter 2 introduces the computer-aided design process as used in the design
and analysis of digital logic circuits and systems. Topics covered include de-
sign representation with schematic diagrams and hardware description lan-
guages, schematic capture, and logic simulation for design verification and
timing analysis.

Chapter 3 discusses CAD methods for simplification and optimization
of combinational logic circuits. Chapter 4 extends the CAD coverage to sup-
port of hierarchical. modular combinational logic circuit designs. Chapter 5
describes CAD tools for designing and modeling circuits to be implemented in
programmable logic devices. including hardware description languages.

In the sequential circuit section of the book, Chapter 8§ discusses CAD
methods used in the design and analysis of sequential logic circuits, including
timing analysis and detection of timing constraint violations. Chapter 11 ex-
tends this discussion to methods used for modeling sequential logic circuits to
be implemented in programmable logic devices.

® Laboratory Support

Courses in digital design often utilize laboratory experiments to reinforce con-
cepts presented in class. In some cases, schematic capture or other CAD tools
are used to model circuits of varying degrees of complexity, and simulation
tools are used to study the operation of these circuits. This text supports both
CAD-based and traditional breadboarding laboratories.

The traditional breadboarding lab usually involves the construction of
digital circuits with standard TTL small scale integrated (SSi) and medium
scale integrated (MSI) circuit modules. Many examples of such modules are
covered throughout the book, discussing the design and operation of each
module and the design of higher-level circuits using these modules.
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In addition to short laboratory exercises, it is often desirable to use com-
prehensive design projects to have students assimilate the different concepts
learned in a course. To illustrate the planning and design steps in such projects,
the final chapter of this text presents four case studies based on projects done
by students at North Carolina State University and Auburn University.

B Chapter Descriptions

The material in this text has been organized into several sections. In each sec-
tion, fundamental concepts and theory are first developed to provide a solid
foundation. Then the theory is applied to the design and analysis of simple cir-
cuits, and extended to the design of optimal circuits. Finally, practical design
issues and methods are discussed, including the use of modular design meth-
ods, computer-aided design techniques, and programmable logic devices.
Extensive examples are presented throughout each section to illustrate and re-
inforce the concepts presented in that section.

Background

Since no particular prerequisites are assumed, the first two chapters present
background material that will aid in the understanding of digital circuit design.

Chapter 0 introduces digital circuits and digital computers. including
the primary software and hardware components of a computer.

Chapter 1 presents number systems and representation of information,
with emphasis on binary codes used to represent numbers and other informa-
tion in digital computers and other circuits. Arithmetic with binary numbers is
also discussed, as a prelude to the design of digital computer circuits that per-
form such operations.

Combinational Logic Circuits

The analysis and design of combinational logic circuits is the topic of the next
section of the book, beginning with fundamentals in chapter 2, and progreés—
ing through optimization in Chapter 3, modular design in Chapter 4, and de-
sign with programmable logic in Chapter 5.

Chapter 2 begins with a presentation of Boolean and switching alge-
bras, which form the basis of logic circuit design. Digital logic gates are in-
troduced next, followed by coverage of analysis techniques for circuits con-
structed with basic gates. The synthesis and design of logic circuits from
various types of specifications are presented next. The chapter concludes with
an introduction to computer-aided design of digital logic circuits.

Chapter 3 presents algorithms and methods for simplifying combina-
tional logic circuits. The use of Karmaugh maps and the tabular Quine-
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McCluskey method are presented in detail, and then computer-aided methods
for simplification of combinational logic circuits are discussed.

Chapter 4 discusses hierarchical, modular design of digital circuits. The
design and use of various modules in such designs are described, including de-
coders, multiplexers, and arithmetic circuits. CAD tool support of hierarchical,
modular design activities is presented to conclude the discussion.

Chapter 5 describes the basic operation of programmable logic devices,
and the implementation of combinational logic circuits with programmable ar-
rays. The three basic device architectures, PLA, PROM, and PAL, are de-
scribed, along with examples of commercially-available modules. CAD tools
to support the modeling of combinational logic circuits to be implemented
with programmable devices are presented.

Sequential Logic Circuits

Sequential logic circuits, which involve memory, are discussed in the next sec-
tion of the book. Chapter 6 describes the memory elements used in sequential
circuits and Chapter 7 examines the design and operation of a number of stan-
dard circuit modules based on these memory elements. Chapter 8 presents the
fundamentals of synchronous circuit analysis and design, with Chapter 9 dis-
cussing methods for optimizing these circuits. Chapter 10 discusses the unique
problems associated with the analysis and design of asynchronous sequential
circuits. Finally, Chapter 11 describes the use of programmable logic devices
in sequential circuit design.

Chapter 6 begins by introducing sequential logic circuits. including the
role played by memory elements in these circuits. The design and operation of
the two basic types of memory devices, latches and flip-flops. are then dis-
cussed, and the features of a number of commercially-available modules con-
taining such devices are described.

Chapter 7 describes the design and operation of a number of standard
sequential logic circuit modules, including registers, shift registers, and coun-
ters. For each module type, the basic design and theory of operation are pre-
sented, and then the features and use of a number of representative standard
TTL modules are described.

Chapter 8 presents fundamentals and techniques for analysis and syn-
thesis of synchronous sequential logic circuits, including timing diagrams,
state tables, and flip-flop excitation tables. The chapter concludes with an
overview of CAD methods for modéling and simulating the operation of syn-

chronous sequential circuits and for analyzing the unique timing characteris-
tics of such circuits.

Chapter 9 discusses optimization of synchronous sequential logic cir-
cuits. Methods are presented for eliminating redundant states to reduce the
number of memory elements needed to implement a design. and methods for
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optimal assignment of state variables to minimize the number of required
combinational logic gates.

Chapter 10 discusses pulse mode and fundamental mode asynchronous
sequential circuits. Methods for analysis and synthesis of each type of circuit
are presented, including the identification of races in fundamental mode cir-
cuits and methods for preventing critical races.

Chapter 11 concludes the sequential circuit section by describing pro-
grammable logic devices used to implement synchronous and asynchronous
sequential circuits, including registered PALs and PLAs, and flexible macro-
cell-based devices. Also covered are field programmable gate arrays. The
chapter includes an overview of CAD methods for modeling sequential cir-
cuits to be synthesized with programmabile logic devices.

Testing and Design for Testability

Chapter 12 provides an introduction to faults in digital logic circuits and test-
ing methods, including the process of deriving test sets for logic circuits.
Testing of a digital circuit represents a significant cost, especially as circuits
grow in size. To facilitate testing and minimize testing cost, design for test-
ability is critical. Therefore, this chapter discusses a number of digital circuit
design techniques that can improve testability at the gate and circuit board lev-
els, including the use of built-in testing circuits.

Digital Design Case Studies

Chapter 13 concludes the text by presenting four case studies based on actual
comprehensive digital design projects done by students at North Carolina
State University and Auburn University: a slot machine game, an automobile
keyless entry system, a traffic controller to coordinate two-way traffic on a sin-
gle-lane road, and a cash register controller.

— Suggested Course Outlines

The material in this course may be used in a quarter or semester course, or may
be extended to two quarters. A 10-week quarter course might use the follow-
ing outline.

Chapter 0: General introduction

Chapter 1: Binary number codes and binary arithmetic

Chapter 2: Boolean algebra and switching functions, logic gates. combina-
tional circuit analysis and design

Chapter 3: Minimization—one method (typically K-maps)
Chapter 4: Modular, hierarchical design and standard circuit modules
Chapter 6: Basic operation and design of flip-flops and latches
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4** We are living in an age thar sociologists
have called the computer revolution. Like

any true revolution, it is widespread and all-
pervasive and will have a lasting impact on so-
ciety. It is as fundamental to our present economic
and social order as was the industrial revolution in
the nineteenth century. It will affect the thinking pat-
terns and life-styles of every individual. Whereas the
major effect of the industrial revolution was to aug-
ment our physical powers, the computer revolution is
extending our mental powers.

Computers are composed of electronic, mechan-
ical, and/or optical elements known as the hardware
and of programs and data known as the software. This
book introduces the subject of computer hardware. In
particular, we will study the analysis and design of logic
circuits that form the basis for most computer electronic
hardware. But first, let’s take a closer look at the history
and the organization of the digital computer.
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