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To My Wife, Children, and Grandchildren



PREFACE

Digital design is concerned with the design of digital electronic circuits. Digital circuits are
employed in the design and construction of systems such as digital computers, data com-
munication, digital recording, and many other applications that require digital hardware.
This book presents the basic tools for the design of digital circuits and provides the funda-
mental concepts used in the design of digital systems. It is suitable for use as a textbook in
an introductory course in an electrical engineering, computer engineering, or computer
science curriculum.

Many of the features in this third edition remain the same as those of the previous editions
except for rearrangement of the material or changes in emphasis due to changes in the tech-
nology. Combinational circuits are covered in one chapter instead of two, as in the previous edi-
tion. The sequential circuit chapter emphasizes design with D flip-flops instead of JK and SR
flip-flops. The material on memory and programmable logic are combined in one chapter.
Chapter 8 has been revised to include register transfer level (RTL) design procedures.

The main revision in the third edition is the inclusion of sections on Verilog Hardware De-
scription Language (HDL). The HDL material is inserted in separate sections so it can be cov-
ered or skipped as desired. The presentation is at a suitable level for beginning students that are
learning digital circuits and a hardware description language at the same time.

* Digital circuits are introduced in Chapters 1 through 3 with an introduction to Verilog
HDL in Section 3-9.

 Further discussion of HDL occurs in Section 4-11 following the study of combination-
al circuits.

* Sequential circuits are covered in Chapters 5 and 6 with corresponding HDL examples
in Sections 5-5 and 6-6.

e The HDL description of memory is presented in Section 7-2.
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* The RTL symbols used in Verilog HDL are introduced in Sections 8-2.

» Examples of HDL descriptions in the RTL and structural levels are provided in Sections
8-5 and 8-8.

» Section 10-10 covers switch-level modeling corresponding to CMOS circuits.

» Section 11-19 supplements the hardware experiments of Chapter 11 with HDL experi-
ments. Now the circuits designed in the laboratory can be checked by means of hardware
components and/or by HDL simulation.

The CD-ROM in the back of the book contains the Verilog HDL source code files for the
examples in the book and two simulators provided by SynaptiCAD. The first simulator is Ver-
iLogger Pro, a traditional Verilog simulator that can be used to simulate the HDL examples in
the book and to verify the solutions of HDL problems. The second is a new type of simulation
technology, called an Interactive Simulator. This simulator allows engineers to simulate and an-
alyze design ideas before a complete simulation model or schematic is available. This tech-
nology is particularly useful for students, because they can quickly enter Boolean and D flip-flop
or latch input equations to check equivalency or to experiment with flip-flops and latch de-
signs. Tutorials are available as HTML files in the CD-ROM Flash display and as MS Word
files in the SynaptiCAD installed directory under Book Tutorials.

Additional resources are available in a companion Website at http//www. prenhall.com/mano.
It includes all the Verilog HDL examples from the book for downloading, all of the figures
and tables in the book in PDF format, tutorials on the use of the Verilog software in the
CD-ROM, and more.

The following is a brief description of the topics that are covered in each chapter with em-
phasis on the revisions that were made for the third edition.

Chapter 1 presents the various binary systems suitable for representing information in dig-
ital systems. The binary number system is explained and binary codes are illustrated. Exam-
ples are given for addition and subtraction of signed binary numbers and decimal numbers in
BCD.

Chapter 2 introduces the basic postulawes of Boolean algebra and shows the correlation be-
tween Boolean expressions and their corresponding logic diagrams. All possible logic opera-
tions for two variables are investigated and from that, the most useful logic gates used in the
design of digital systems are determined. The characteristics of integrated circuit gates are
mentioned in this chapter but a more detailed analysis of the electronic circuits of the gates is
done in Chapter 10.

Chapter 3 covers the map method for simplifying Boolean expressions. The map method
is also used to simplify digital circuits constructed with AND-OR, NAND, or NOR gates. All
other possible two-level gate circuits are considered and their method of implementation is ex-
plained. Verilog HDL is introduced together with simple gate-level modeling examples.

Chapter 4 outlines the formal procedures for the analysis and design of combinational cir-
cuits. Some basic components used in the design of digital systems, such as adders and code
converters, are introduced as design examples. Frequently used digital logic functions such as
parallel adder and subtractor, decoders, encoders, and multiplexers are explained, and their use
in the design of combinational circuits is illustrated. HDL examples are given in the gate-level,
dataflow, and behavioral modeling to show the alternative ways available for describing com-
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binational circuits in Verilog HDL. The procedure for writing a simple test bench to provide
stimulus to an HDL design is presented.

Chapter 5 outlines the formal procedures for the analysis and design of clocked synchro-
nous sequential circuits. The gate structure of several types of flip-flops is presented together
with a discussion on the difference between level and edge triggering. Specific examples are
used to show the derivation of the state table and state diagram when analyzing a sequential cir-
cuit. A number of design examples are presented with emphasis on sequential circuits that use
D-type flip-flops. Behavioral modeling in Verilog HDL for sequential circuits is explained.
HDL Examples are given to illustrate Mealy and Moore models of sequential circuits.

Chapter 6 deals with various sequential circuits components such as registers, shift regis-
ters, and counters. These digital components are the basic building blocks from which more
complex digital systems are constructed. HDL descriptions of shift registers and counter are
presented.

Chapter 7 deals with random access memory (RAM) and programmable logic devices.
Memory decoding and error correction schemes are discussed. Combinational and sequential
programmable devices are presented such as ROM, PAL, CPLD, and FPGA.

Chapter 8 deals with the register transfer level (RTL) representation of digital systems.
The algorithmic state machine (ASM) chart is introduced. A number of examples demonstrate
the use of the ASM chart, RTL representation, and HDL description in the design of digital sys-
tems. This chapter is the most important chapter in the book as it prepares the student for more
advanced design projects.

Chapter 9 presents formal procedures for the analysis and design of asynchronous se-
quential circuits. Methods are outlined to show how an asynchronous sequential circuit can be
implemented as a combinational circuit with feedback. An alternate implementation is also de-
scribed that uses SR latches as the storage elements in asynchronous sequential circuits.

Chapter 10 presents the most common integrated circuit digital logic families. The electronic
circuits of the common gate in each family is analyzed using electrical circuit theory. A basic
knowledge of electronic circuits is necessary to fully understand the material in this chapter.
Examples of Verilog switch-level descriptions demonstrate the ability to simulate circuits con-
structed with MOS and CMOS transistors.

Chapter 11 outlines experiments that can be performed in the laboratory with hardware
that is readily available commercially. The operation of the integrated circuits used in the ex-
periments is explained by referring to diagrams of similar components introduced in previous
chapters. Each experiment is presented informally and the student is expected to produce the
circuit diagram and formulate a procedure for checking the operation of the circuit in the lab-
oratory. The last section supplements the experiments with corresponding HDL experiments.
Instead of, or in addition to, the hardware construction, the student can use the Verilog HDL
software provided on the CD-ROM to simulate and check the design.

Chapter 12 presents the standard graphic symbols for logic functions recommended by an
ANSI/IEEE standard. These graphic symbols have been developed for SSI and MSI compo-
nents so that the user can recognize each function from the unique graphic symbol assigned.
The chapter shows the standard graphic symbols of the integrated circuits used in the labora-
tory experiments. The various digital components that are represented throughout the book are
similar to commercial integrated circuits. However, the text does not mention specific integrated
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circuits except in Chapters 11 and 12. The practical application of digital design will be en-
hanced by doing the suggested experiments in Chapter 11 while studying the theory present-
ed in the text.

Each chapter has a list of references and a set of problems. Answers to selected problems
appear in at the end of the book to aid the student and to help the independent reader. A solu-
tions manual is available for the instructor from the publisher.

I would like to thank Charles Kime for introducing me to Verilog. My greatest thanks go to
Jack Levine for guiding me and checking the sections, examples, and problem solutions to all
Verilog HDL material. Thanks go to Tom Robbins for helping me decide to write the third edi-
tion and my editor Eric Frank for his patience throughout the revision. Appreciation goes to Gary
Covington and Donna Mitchell for providing the CD-ROM from SynaptiCad. Thanks also to
those who reviewed the third edition: Thomas G. Johnson, California State University; Umit
Uyar, City University of New York; Thomas L. Drake, Clemson University; and Richard Molyet,
University of Toledo. Finally, I am grateful to my wife Sandra for encouraging me to pursue
this project.

M. MORRIS MANO
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Binary Systems

1-1 DIGITAL SYSTEMS

Digital systems have such a prominent role in everyday life that we refer to the present tech-
nological period as the digital age. Digital systems are used in communication, business trans-
actions, traffic control, space guidance, medical treatment, weather monitoring, the Internet, and
many other commercial, industrial, and scientific enterprises. We have digital telephones, dig-
ital television, digital versatile discs, digital cameras, and of course, digital computers. The
most striking property of the digital computer is its generality. It can follow a sequence of in-
structions, called a program, that operates on given data. The user can specify and change the
program or the data according to the specific need. Because of this flexibility, general-purpose
digital computers can perform a variety of information processing tasks that range over a wide
spectrum of applications.

One characteristic of digital systems is their ability to manipulate discrete elements of in-
formation. Any set that is restricted to a finite number of elements contains discrete informa-
tion. Examples of discrete sets are the 10 decimal digits, the 26 letters of the alphabet, the 52
playing cards, and the 64 squares of a chessboard. Early digital computers were used for nu-
meric computations. In this case, the discrete elements used were the digits. From this appli-
cation, the term digital computer emerged. Discrete elements of information are represented
in a digital system by physical quantities called signals. Electrical signals such as voltages and
currents are the most common. Electronic devices called transistors predominate in the cir-
cuitry that implements these signals. The signals in most present-day electronic digital sys-
tems use just two discrete values and are therefore said to be binary. A binary digit, called a
bit, has two values: 0 and 1. Discrete elements of information are represented with groups of
bits called binary codes. For example, the decimal digits O through 9 are represented in a dig-
ital system with a code of four bits. By using various techniques, groups of bits can be made
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to represent discrete symbols, which are then used to develop the system in a digital format.
Thus, a digital system is a system that manipulates discrete elements of information that is
represented internally in binary form.

Discrete quantities of information either emerge from the nature of the data being processed
or may be quantized from a continuous process. For example, a payroll schedule is an inher-
ently discrete process that contains employee names, social security numbers, weekly salaries,
income taxes, and so on. An employee’s paycheck is processed using discrete data values such
as letters of the alphabet (names), digits (salary), and special symbols (such as $). On the other
hand, a research scientist may observe a continuous process, but record only specific quanti-
ties in tabular form. The scientist is thus quantizing his continuous data, making each number
in his table a discrete quantity. In many cases, the quantization of a process can be performed
automatically by an analog-to-digital converter.

The general-purpose digital computer is the best-known example of a digital system. The
major parts of a computer are a memory unit, a central processing unit, and input-output units.
The memory unit stores programs as well as input, output, and intermediate data. The central
processing unit performs arithmetic and other data processing operations as specified by the pro-
gram. The program and data prepared by a user are transferred into memory by means of an
input device such as a keyboard. An output device, such as a printer, receives the results of the
computations and the printed results are presented to the user. A digital computer can accom-
modate many input and output devices. One very useful device is a communication unit that
provides interaction with other users through the Internet. A digital computer is a powerful in-
strument and can perform not only arithmetic computations, but also logical operations. In ad-
dition, it can be programmed to make decisions based on internal and external conditions.

There are fundamental reasons why commercial products are made with digital circuits.
Like a digital computer, most digital devices are programmable. By changing the program in
a programmable device, the same underlying hardware can be used for many different appli-
cations. Dramatic cost reductions in digital devices have come about because of the advances
in digital integrated circuit technology. As the number of transistors that can be put on a piece
of silicon increases to produce complex functions, the cost per unit decreases and digital de-
vices can be bought at an increasingly reduced price. Equipment built with digital integrated
circuits can perform at a speed of hundreds of millions of.operations per second. Digital sys-
tems can be made to operate with extreme reliability by using error-correcting codes. An ex-
ample of this is the digital versatile disk (DVD) in which digital information representing video,
audio, and other data is recorded without a loss of a single item. Digital information on a DVD
is recorded in such a way that by examining the code in each digital sample before it is played
back, any error can be automatically identified and corrected.

A digital system is an interconnection of digital modules. To understand the operation of each
digital module, it is necessary to have a basic knowledge of digital circuits and their logical func-
tion. The first seven chapters of this book present the basic tools of digital design such as logic
gate structures, combinational and sequential circuits, and programmable logic devices. Chap-
ter 8 introduces digital design at the register transfer level (RTL). Chapters 9 and 10 deal with
asynchronous sequential circuits and the various integrated digital logic families. Chapters 11
and 12 introduce commercial integrated circuits and show how they can be connected in the
laboratory to perform experiments with digital circuits.
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An important trend in digital design is the use of hardware description language (HDL).
HDL resembles a programming language and is suitable for describing digital circuits in tex-
tual form. It is used to simulate a digital system to verify its operation before hardware is built
in. It is also used in conjunction with logic synthesis tools to automate the design. HDL de-
scriptions of digital circuits are presented throughout the book.

As previously stated, digital systems manipulate discrete quantities of information that are
represented in binary form. Operands used for calculations may be expressed in the binary
number system. Other discrete elements, including the decimal digits, are represented in binary
codes. Data processing is carried out by means of binary logic elements using binary signals.
Quantities are stored in binary storage elements. The purpose of this chapter is to introduce the
various binary concepts as a frame of reference for further study in the succeeding chapters.

1-2 BINARY NUMBERS

A decimal number such as 7,392 represents a quantity equal to 7 thousands plus 3 hundreds,
plus 9 tens, plus 2 units. The thousands, hundreds, etc. are powers of 10 implied by the posi-
tion of the coqfﬁcients. To be more exact, 7,392 should be written as
L2 3 2 I 0

T7X100+3X10°+9 X 10" +2 X 10

However, the convention is to write only the coefficients and from their position deduce the
necessary powers of 10. In general, a number with a decimal point is represented by a series
of coefficients as follows:

asaaasa,a,ap* d—ja,a_3

The a; coefficients are any of the 10 digits (0, 1, 2,...,9), and the subscript value j gives the
place value and, hence, the power of 10 by which the coefficient must be multiplied. This can
be expressed as

10%as + 10%a, + 10%a; + 10%a, + 10'a, + 10%, + 10'a_, + 10%a_, + 10 a4

The decimal number system is said to be of base, or radix, 10 because it uses 10 digits and
the coefficients are multiplied by powers of 10. The binary system is a different number sys-
tem. The coefficients of the binary numbers system have only two possible values: O or 1. Each
coefficient a, is multiplied by 2’. For example, the decimal equivalent of the binary number
11010.11 is 26.75, as shown from the multiplication of the coefficients by powers of 2:

IX22+1X24+0%x22+1%x2'+0x2°+1X2"+1%x2?%=2675
In general, a number expressed in a base-r system has coefficients multiplied by powers of r:

_ _ 2 .
a, r"+a, - '+.. ta-r*+a-cr+ata,cr'+asri+. . ta,,r”

-m

The coefficients a; range in value from O to » — 1. To distinguish between numbers of differ-
ent bases, we enclose the coefficients in parentheses and write a subscript equal to the base used
(except sometimes for decimal numbers, where the content makes it obvious that it is deci-
mal). An example of a base-5 number is



