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Preface

Purpose of the Text

This text is written for a first course in the logic design of digital systems. It is writ-

ten on the premise that the student should understand and learn thoroughly certain 

fundamental concepts in a first course. Examples of such fundamental concepts are 

the use of Boolean algebra to describe the signals and interconnections in a logic 

circuit, use of systematic techniques for simplification of a logic circuit, interconnec-

tion of simple components to perform a more complex logic function, analysis of a 

sequential logic circuit in terms of timing charts or state graphs, and use of a control 

circuit to control the sequence of events in a digital system.

The text attempts to achieve a balance between theory and application. For this 

reason, the text does not overemphasize the mathematics of switching theory; how-

ever, it does present the theory that is necessary for understanding the fundamental 

concepts of logic design. After completing this text, the student should be prepared 

for a more advanced digital systems design course that stresses more intuitive con-

cepts like the development of algorithms for digital processes, partitioning of digi-

tal systems into subsystems, and implementation of digital systems using currently 

available hardware. Alternatively, the student should be prepared to go on to a more 

advanced course in switching theory that further develops the theoretical concepts 

that have been introduced here.

Contents of the Text

After studying this text, students should be able to apply switching theory to the 

solution of logic design problems. They will learn both the basic theory of switch-

ing circuits and how to apply it. After a brief introduction to number systems, they 

will study switching algebra, a special case of Boolean algebra, which is the basic 

mathematical tool needed to analyze and synthesize an important class of switching 
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circuits. Starting from a problem statement, they will learn to design circuits of logic 

gates that have a specified relationship between signals at the input and output ter-

minals. Then they will study the logical properties of flip-flops, which serve as mem-

ory devices in sequential switching circuits. By combining flip-flops with circuits of 

logic gates, they will learn to design counters, adders, sequence detectors, and simi-

lar circuits. They will also study the VHDL hardware description language and its 

application to the design of combinational logic, sequential logic, and simple digital 

systems.

As integrated circuit technology continues to improve to allow more components 

on a chip, digital systems continue to grow in complexity. Design of such complex 

systems is facilitated by the use of a hardware description language such as VHDL. 

This text introduces the use of VHDL in logic design and emphasizes the relation-

ship between VHDL statements and the corresponding digital hardware. VHDL 

allows digital hardware to be described and simulated at a higher level before it is 

implemented with logic components. Computer programs for synthesis can convert 

a VHDL description of a digital system to a corresponding set of logic components 

and their interconnections. Even though use of such computer-aided design tools 

helps to automate the logic design process, we believe that it is important to under-

stand the underlying logic components and their timing before writing VHDL code. 

By first implementing the digital logic manually, students can more fully appreciate 

the power and limitations of VHDL.

Although the technology used to implement digital systems has changed signifi-

cantly since the first edition of this text was published, the fundamental principles of 

logic design have not. Truth tables and state tables still are used to specify the behav-

ior of logic circuits, and Boolean algebra is still a basic mathematical tool for logic 

design. Even when programmable logic devices (PLDs) are used instead of indi-

vidual gates and flip-flops, reduction of logic equations is still desirable in order to fit 

the equations into smaller PLDs. Making a good state assignment is still desirable, 

because without a good assignment, the logic equations may require larger PLDs.

Strengths of the Text

Although many texts are available in the areas of switching theory and logic design, 

this text is designed so that it can be used in either a standard lecture course or in a 

self-paced course. In addition to the standard reading material and problems, study 

guides and other aids for self-study are included in the text. The content of the text 

is divided into 20 study units. These units form a logical sequence so that mastery of 

the material in one unit is generally a prerequisite to the study of succeeding units. 

Each unit consists of four parts. First, a list of objectives states precisely what you 

are expected to learn by studying the unit. Next, the study guide contains reading 

assignments and study questions. As you work through the unit, you should write out  

the answers to these study questions. The text material and problem set that  follow 
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are similar to a conventional textbook. When you complete a unit, you should 

review the objectives and make sure that you have met them. Each of the units has 

 undergone extensive class testing in a self-paced environment and has been revised 

based on student feedback.

The study units are divided into three main groups. The first 9 units treat Boolean 

algebra and the design of combinational logic circuits. Units 11 through 16, 18 and 

19 are mainly concerned with the analysis and design of clocked sequential logic 

circuits, including circuits for arithmetic operations. Units 10, 17, and 20 introduce the 

VHDL hardware description language and its application to logic design.

The text is suitable for both computer science and engineering students. Material 

relating to circuit aspects of logic gates is contained in Appendix A so that this mate-

rial can conveniently be omitted by computer science students or other students 

with no background in electronic circuits. The text is organized so that Unit 6 on the 

Quine-McCluskey procedure may be omitted without loss of continuity. The three 

units on VHDL can be studied in the normal sequence, studied together after the 

other units, or omitted entirely.

Supplements and Resources

This book comes with support materials for both the instructor and the student. The 

supplements are housed on the book’s companion website. To access the additional 

course materials, please visit www.cengagebrain.com. At the cengagebrain.com 

home page, search for the ISBN of your title (from the back cover of your book) 

using the search box at the top of the page. This will take you to the product page 

where these resources can be found.

Instructor Resources
An instructor’s solution manual (ISM) is available that includes suggestions for 

using the text in a standard or self-paced course, quizzes on each of the units, and 

suggestions for laboratory equipment and procedures. The instructor’s manual also 

contains solutions to problems, to unit quizzes, and to lab exercises.

The ISM is available in both print and digital formats. The digital version is avail-

able to registered instructors at the publisher’s website. This website also includes 

both a full set of PowerPoint slides containing all graphical images and tables in the 

text, and a set of Lecture Builder PowerPoint slides of all equations and example 

problems.

Student Resources
Since the computer plays an important role in the logic design process, integration of 

computer usage into the first logic design course is very important. A  computer-aided 

logic design program, called LogicAid, is included on the CD that accompanies this 
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text. LogicAid allows the student to easily derive simplified logic equations from 

minterms, truth tables, and state tables. This relieves the student of some of the more 

tedious computations and permits the solution of more complex design problems in 

a shorter time. LogicAid also provides tutorial help for Karnaugh maps and deriva-

tion of state graphs.

Several of the units include simulation or laboratory exercises. These exercises 

provide an opportunity to design a logic circuit and then test its operation. The 

SimUaid logic simulator, also available on the book’s accompanying CD, may be used 

to verify the logic designs. The lab equipment required for testing either can be a 

breadboard with integrated circuit flip-flops and logic gates or a circuit board with 

a programmable logic device. If such equipment is not available, the lab exercises 

can be simulated with SimUaid or just assigned as design problems. This is especially 

important for Units 8, 16, and 20 because the comprehensive design problems in these 

units help to review and tie together the material in several of the preceding units.

The DirectVHDL software on the CD provides a quick way to check and simu-

late VHDL descriptions of hardware. This software checks the syntax of the VHDL 

code as it is typed in so that most syntax errors can be corrected before the simula-

tion phase.

Changes from Previous Editions

The text has evolved considerably since the fifth edition. Programmable logic and 

the VHDL hardware description language were added, and an emphasis was placed 

on the role of simulation and computer-aided design of logic circuits. The discussion 

of VHDL, hazards, latches and one-hot state assignments was expanded. Numerous 

problems were added. Several additional changes have been made for the seventh 

edition. The discussion of number systems was reorganized so that one’s comple-

ment number systems can be easily omitted. In the unit on Boolean algebra, the 

laws of switching algebra are first derived using switch networks and truth tables; 

these are used to define Boolean algebra and, then, further theorems of Boolean 

algebra are derived that are useful in simplifying switching algebra expressions. 

The discussion of adders is expanded to include carry-lookahead adders. Alterna-

tive implementations of multiplexers are included and also a discussion of active 

high and active low signals. Other types of gated latches are discussed, and a brief 

introduction to asynchronous sequential circuits is included. There is more discus-

sion of incompletely specified state tables and how they may occur, and reducing 

incompletely specified state tables is briefly discussed. Problems have been added 

throughout the book with an emphasis on more challenging problems than the typi-

cal exercises. In addition, the logic design and simulation software that accompanies 

the text has been updated and improved.
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If you wish to learn all of the material in this text to mastery level, the following 

study procedures are recommended for each unit:

1. Read the Objectives of the unit. These objectives provide a concise summary of 

what you should be able to do when you complete studying the unit.

2. Work through the Study Guide. After reading each section of the text, write out 

the answers to the corresponding study guide questions. In many cases, blank 

spaces are left in the study guide so that you can write your answers directly in 

this book. By doing this, you will have the answers conveniently available for 

later review. The study guide questions generally will help emphasize some of 

the important points in each section or will guide you to a better understanding 

of some of the more difficult points. If you cannot answer some of the study 

guide questions, this indicates that you need to study the corresponding section 

in the text more before proceeding. The answers to selected study guide ques-

tions are given in the back of this book; answers to the remaining questions 

generally can be found within the text.

3. Several of the units (Units 3, 5, 6, 11, 13, 14, and 18) contain one or more pro-

grammed exercises. Each programmed exercise will guide you step-by-step 

through the solution of one of the more difficult types of problems encountered 

in this text. When working through a programmed exercise, be sure to write 

down your answer for each part in the space provided before looking at the 

answer and continuing with the next part of the exercise.

4. Work the assigned Problems at the end of the unit. Check your answers against 

those at the end of the book and rework any problems that you missed.

5. Reread the Objectives of the unit to make sure that you can meet all of them. If 

in doubt, review the appropriate sections of the text.

6. If you are using this text in a self-paced course, you will need to pass a readi-

ness test on each unit before proceeding with the next unit. The purpose of the 

readiness test is to make sure that you have mastered the objectives of one unit 

before moving on to the next unit. The questions on the test will relate directly 

to the objectives of the unit, so that if you have worked through the study guide 

and written out answers to all of the study guide questions and to the problems 

assigned in the study guide, you should have no difficulty passing the test.

How to Use This Book 
for Self-Study
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1

Introduction 
Number Systems and Conversion

U N I T

1

Objectives
1. Introduction

The first part of this unit introduces the material to be studied later. In addition 

to getting an overview of the material in the first part of the course, you should 

be able to explain

a. The difference between analog and digital systems and why digital systems 

are capable of greater accuracy

b. The difference between combinational and sequential circuits

c. Why two-valued signals and binary numbers are commonly used in digital 

systems

2. Number systems and conversion

When you complete this unit, you should be able to solve the following types 

of problems:

a. Given a positive integer, fraction, or mixed number in any base (2 through 16); 

convert to any other base. Justify the procedure used by using a power series 

expansion for the number.

b. Add, subtract, multiply, and divide positive binary numbers. Explain the 

addition and subtraction process in terms of carries and borrows.

c. Write negative binary numbers in sign and magnitude, 1’s complement, and 

2’s complement forms. Add signed binary numbers using 1’s complement 

and 2’s complement arithmetic. Justify the methods used. State when an 

overflow occurs.

d. Represent a decimal number in binary-coded-decimal (BCD), 6-3-1-1 code, 

excess-3 code, etc. Given a set of weights, construct a weighted code.



2 Unit 1

Study Guide
1. Study Section 1.1, Digital Systems and Switching Circuits, and answer the follow-

ing study questions:

(a) What is the basic difference between analog and digital systems?

(b) Why are digital systems capable of greater accuracy than analog systems?

(c) Explain the difference between combinational and sequential switching 

circuits.

(d) What common characteristic do most switching devices used in digital 

 systems have?

(e) Why are binary numbers used in digital systems?

2. Study Section 1.2, Number Systems and Conversion. Answer the following study 

questions as you go along:

(a) Is the frst remainder obtained in the division method for base conversion 

the most or least signifcant digit?

(b) Work through all of the examples in the text as you encounter them and 

make sure that you understand all of the steps.

(c) An easy method for conversion between binary and hexadecimal is illus-

trated in Equation (1-1). Why should you start forming the groups of four 

bits at the binary point instead of the left end of the number?

(d) Why is it impossible to convert a decimal number to binary on a digit-by-digit 

basis as can be done for hexadecimal?
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(e) Complete the following conversion table.

Binary 
(base 2)

Octal 
(base 8)

Decimal 
(base 10)

Hexadecimal 
(base 16)

0   0   0   0
1

10
11

100
101
110
111

1000
1001
1010
1011
1100
1101
1110
1111

10000 20 16 10

(f  ) Work Problems 1.1, 1.2, 1.3, and 1.4.

3. Study Section 1.3, Binary Arithmetic.

(a) Make sure that you can follow all of the examples, especially the propaga-

tion of borrows in the subtraction process.

(b) To make sure that you understand the borrowing process, work out a 

detailed analysis in terms of powers of 2 for the following example:
1100

− 101

111

4. Work Problems 1.5, 1.6, and 1.17(a).

5. Study Section 1.4, Representation of Negative Numbers.

(a) In digital systems, why are 1’s complement and 2’s complement commonly 

used to represent negative numbers instead of sign and magnitude?
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(b) State two different ways of forming the 1’s complement of an n-bit binary 

number.

(c) State three different ways of forming the 2’s complement of an n-bit binary 

number.

(d) If the word length is n = 4 bits (including sign), what decimal number does 

10002 represent in sign and magnitude?

In 2’s complement?

In 1’s complement?

(e) Given a negative number represented in 2’s complement, how do you fnd 

its magnitude?

Given a negative number represented in 1’s complement, how do you fnd 

its magnitude?

(f  ) If the word length is 6 bits (including sign), what decimal number does 

1000002 represent in sign and magnitude?

In 2’s complement?

In 1’s complement?

(g) What is meant by an overfow? How can you tell that an overfow has 

occurred when performing 1’s or 2’s complement addition?

Does a carry out of the last bit position indicate that an overfow has 

occurred?
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(h) Work out some examples of 1’s and 2’s complement addition for various 

combinations of positive and negative numbers.

(i) What is the justifcation for using the end-around carry in 1’s complement 

addition?

(j) The one thing that causes the most trouble with 2’s complement numbers 

is the special case of the negative number which consists of a 1 followed 

by all 0’s (1000 . . . 000). If this number is n bits long, what number does it 

represent and why? (It is not negative zero.)

(k) Work Problems 1.7 and 1.8.

6. Study Section 1.5, Binary Codes.

(a) Represent 187 in BCD code, excess-3 code, 6-3-1-1 code, and 2-out-of-5 code.

(b) Verify that the 6-3-1-1 code is a weighted code. Note that for some decimal 

digits, two different code combinations could have been used. For example, 

either 0101 or 0110 could represent 4. In each case the combination with 

the smaller binary value has been used.

(c) How is the excess-3 code obtained?

(d) How are the ASCII codes for the decimal digits obtained? What is the rela-

tion between the ASCII codes for the capital letters and lowercase letters?

(e) Work Problem 1.9.

7. If you are taking this course on a self-paced basis, you will need to pass a readi-

ness test on this unit before going on to the next unit. The purpose of the readi-

ness test is to determine if you have mastered the material in this unit and are 

ready to go on to the next unit. Before you take the readiness test:

(a) Check your answers to the problems against those provided at the end of 

this book. If you missed any of the problems, make sure that you under-

stand why your answer is wrong and correct your solution.

(b) Make sure that you can meet all of the objectives listed at the beginning 

of this unit.
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1.1 Digital Systems and Switching Circuits

Digital systems are used extensively in computation and data processing, control 

systems, communications, and measurement. Because digital systems are capable of 

greater accuracy and reliability than analog systems, many tasks formerly done by 

analog systems are now being performed digitally.

In a digital system, the physical quantities or signals can assume only discrete 

values, while in analog systems the physical quantities or signals may vary continu-

ously over a specifed range. For example, the output voltage of a digital system 

might be constrained to take on only two values such as 0 volts and 5 volts, while the 

output voltage from an analog system might be allowed to assume any value in the 

range −10 volts to +10 volts.

Because digital systems work with discrete quantities, in many cases they can be 

designed so that for a given input, the output is exactly correct. For example, if we 

multiply two 5-digit numbers using a digital multiplier, the 10-digit product will be 

correct in all 10 digits. On the other hand, the output of an analog multiplier might 

have an error ranging from a fraction of one percent to a few percent depending on 

the accuracy of the components used in construction of the multiplier. Furthermore, 

if we need a product which is correct to 20 digits rather than 10, we can redesign the 

digital multiplier to process more digits and add more digits to its input. A similar 

improvement in the accuracy of an analog multiplier would not be possible because 

of limitations on the accuracy of the components.

The design of digital systems may be divided roughly into three parts—system 

design, logic design, and circuit design. System design involves breaking the overall 

system into subsystems and specifying the characteristics of each subsystem. For 

example, the system design of a digital computer could involve specifying the num-

ber and type of memory units, arithmetic units, and input-output devices as well as 

the interconnection and control of these subsystems. Logic design involves deter-

mining how to interconnect basic logic building blocks to perform a specifc func-

tion. An example of logic design is determining the interconnection of logic gates 

and fip-fops required to perform binary addition. Circuit design involves specifying 

the interconnection of specifc components such as resistors, diodes, and transistors 

Introduction 
Number Systems and Conversion



Number Systems and Conversion 7

to form a gate, fip-fop, or other logic building block. Most contemporary circuit 

design is done in integrated circuit form using appropriate computer-aided design 

tools to lay out and interconnect the components on a chip of silicon. This book is 

largely devoted to a study of logic design and the theory necessary for understand-

ing the logic design process. Some aspects of system design are treated in Units 18 

and 20. Circuit design of logic gates is discussed briefy in Appendix A.

Many of a digital system’s subsystems take the form of a switching circuit 

(Figure 1-1). A switching circuit has one or more inputs and one or more outputs 

which take on discrete values. In this text, we will study two types of switching 

 circuits—combinational and sequential. In a combinational circuit, the output values 

depend only on the present value of the inputs and not on past values. In a sequential 

circuit, the outputs depend on both the present and past input values. In other words, 

in order to determine the output of a sequential circuit, a sequence of input values 

must be specifed. The sequential circuit is said to have memory because it must 

“remember” something about the past sequence of inputs, while a combinational cir-

cuit has no memory. In general, a sequential circuit is composed of a combinational 

circuit with added memory elements. Combinational circuits are easier to design 

than sequential circuits and will be studied frst.

FIGURE 1-1
Switching Circuit
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The basic building blocks used to construct combinational circuits are logic 

gates. The logic designer must determine how to interconnect these gates in order 

to convert the circuit input signals into the desired output signals. The relationship 

between these input and output signals can be described mathematically using 

Boolean  algebra. Units 2 and 3 of this text introduce the basic laws and theorems of 

Boolean algebra and show how they can be used to describe the behavior of circuits 

of logic gates.

Starting from a given problem statement, the frst step in designing a combina-

tional logic circuit is to derive a table or the algebraic logic equations which describe 

the circuit outputs as a function of the circuit inputs (Unit 4). In order to design 

an economical circuit to realize these output functions, the logic equations which 

describe the circuit outputs generally must be simplifed. Algebraic methods for this 

simplifcation are described in Unit 3, and other simplifcation methods (Karnaugh 

map and Quine-McCluskey procedure) are introduced in Units 5 and 6. Implemen-

tation of the simplifed logic equations using several types of gates is described in 

Unit 7, and alternative design procedures using programmable logic devices are 

developed in Unit 9.

The basic memory elements used in the design of sequential circuits are called 

fip-fops (Unit 11). These fip-fops can be interconnected with gates to form coun-

ters and registers (Unit 12). Analysis of more general sequential circuits using timing 
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diagrams, state tables, and graphs is presented in Unit 13. The frst step in designing 

a sequential switching circuit is to construct a state table or graph which describes 

the relationship between the input and output sequences (Unit 14). Methods for 

going from a state table or graph to a circuit of gates and fip-fops are developed 

in Unit 15. Methods of implementing sequential circuits using programmable logic 

are discussed in Unit 16. In Unit 18, combinational and sequential design techniques 

are applied to the realization of systems for performing binary addition, multiplica-

tion, and division. The sequential circuits designed in this text are called synchro-

nous sequential circuits because they use a common timing signal, called a clock,  to 

 synchronize the operation of the memory elements.

Use of a hardware description language, VHDL, in the design of combinational 

logic, sequential logic, and digital systems is introduced in Units 10, 17, and 20. 

VHDL is used to describe, simulate, and synthesize digital hardware. After writing 

VHDL code, the designer can use computer-aided design software to compile the 

hardware description and complete the design of the digital logic. This allows the 

completion of complex designs without having to manually work out detailed circuit 

descriptions in terms of gates and fip-fops.

The switching devices used in digital systems are generally two-state devices, that 

is, the output can assume only two different discrete values. Examples of switching 

devices are relays, diodes, and transistors. A relay can assume two states—closed or 

open—depending on whether power is applied to the coil or not. A diode can be in 

a conducting state or a nonconducting state. A transistor can be in a cut-off or satu-

rated state with a corresponding high or low output voltage. Of course, transistors 

can also be operated as linear amplifers with a continuous range of output voltages, 

but in digital applications greater reliability is obtained by operating them as two-

state devices. Because the outputs of most switching devices assume only two differ-

ent values, it is natural to use binary numbers internally in digital systems. For this 

reason binary numbers and number systems will be discussed frst before proceeding 

to the design of switching circuits.

1.2 Number Systems and Conversion

When we write decimal (base 10) numbers, we use a positional notation; each digit 

is multiplied by an appropriate power of 10 depending on its position in the number. 

For example,

953.7810 = 9 × 102 + 5 × 101 + 3 × 100 + 7 × 10−1 + 8 × 10−2

Similarly, for binary (base 2) numbers, each binary digit is multiplied by the appro-

priate power of 2:

1011.112 = 1 × 23 + 0 × 22 + 1 × 21 + 1 × 20 + 1 × 2−1 + 1 × 2−2

 = 8 + 0 + 2 + 1 + 1
2

+ 1
4

= 113
4

= 11.7510
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Note that the binary point separates the positive and negative powers of 2 just 

as the decimal point separates the positive and negative powers of 10 for decimal 

numbers.

Any positive integer R (R > 1) can be chosen as the radix or base of a num-

ber system. If the base is R, then R digits (0, 1, . . . , R − 1) are used. For example, if 

R = 8, then the required digits are 0, 1, 2, 3, 4, 5, 6, and 7. A number written in posi-

tional notation can be expanded in a power series in R. For example,

N = (a4 
a3 

a2 
a1a0 

. a−1a−2 
a−3)R

= a4 × R4 + a3 × R3 + a2 × R2 + a1 × R1 + a0 × R0

       + a−1 × R−1 + a−2 × R−2 + a−3 × R−3

where ai is the coeffcient of Ri and 0 ≤ ai ≤ R − 1. If the arithmetic indicated in the 

power series expansion is done in base 10, then the result is the decimal equivalent 

of N. For example,

147.38  = 1 × 82 + 4 × 81 + 7 × 80 + 3 × 8−1 = 64 + 32 + 7 + 3
8

  =  103.37510

The power series expansion can be used to convert to any base. For example, 

converting 14710 to base 3 would be written as

14710 = 1 × (101)2 + (11) × (101)1 + (21) × (101)0

where all the numbers on the right-hand side are base 3 numbers. (Note: In  

base 3, 10 is 101, 7 is 21, etc.) To complete the conversion, base 3 arithmetic would  

be used. Of course, this is not very convenient if the arithmetic is being done by 

hand.  Similarly, if 14710 is being converted to binary, the calculation would be

14710 = 1 × (1010)2 + (100) × (1010)1 + (111) × (1010)0

Again this is not convenient for hand calculation but it could be done easily in a 

computer where the arithmetic is done in binary. For hand calculation, use the power 

series expansion when converting from some base into base 10.

For bases greater than 10, more than 10 symbols are needed to represent the 

digits. In this case, letters are usually used to represent digits greater than 9. For 

example, in hexadecimal (base 16), A represents 1010, B represents 1110, C represents 

1210, D represents 1310, E represents 1410, and F represents 1510. Thus,

A2F16 = 10 × 162 + 2 × 161 + 15 × 160 = 2560 + 32 + 15 = 260710

Next, we will discuss conversion of a decimal integer to base R using the division 

method. The base R equivalent of a decimal integer N can be represented as

N = (an 
an−1 · · · a2 

a1 
a0)R = an 

Rn + an−1R
n−1 + · · · + a2R

2 + a1R
1 + a0




