
xi

Contents

Preface iii

Contents ix

� CHAPTER 1
Introduction 1
1.1 Digital Systems in the World Around Us 1
1.2 The World of Digital Systems 4
1.3 Implementing Digital Systems: Programming 

Microprocessors versus Designing Digital 
Circuits 17

1.4 About this Book 23
1.5 Exercises 24

� CHAPTER 2
Combinational Logic Design 30
2.1 Introduction 30
2.2 Switches 30
2.3 The CMOS Transistor 35
2.4 Boolean Logic Gates—Building Blocks for 

Digital Circuits 38
2.5 Boolean Algebra 47
2.6 Representations of Boolean Functions 55
2.7 Combinational Logic Design Process 67
2.8 More Gates 73
2.9 Decoders and Muxes 77
2.10 Additional Considerations 83
2.11 Combinational Logic Optimizations

and Tradeoffs (See Section 6.2) 86
2.12 Combinational Logic Description using

Hardware Description Languages
(See Section 9.2) 86

2.13 Chapter Summary 86
2.14 Exercises 87

� CHAPTER 3
Sequential Logic Design—Controllers 95

3.1 Introduction 95
3.2 Storing One Bit—Flip-Flops 96

3.3 Finite-State Machines (FSMs) and
Controllers 111

3.4 Controller Design 120
3.5 More on Flip-Flops and Controllers 130
3.6 Sequential Logic Optimizations and Tradeoffs

(See Section 6.3) 137
3.7 Sequential Logic Description using 

Hardware Description Languages 
(See Section 9.3) 137

3.8 Product Profile—Pacemaker 137
3.9 Chapter Summary 140
3.10 Exercises 140

� CHAPTER 4
Datapath Components 150
4.1 Introduction 150
4.2 Registers 151
4.3 Adders 165
4.4 Shifters 173
4.5 Comparators 177
4.6 Counters 181
4.7 Multiplier—Array Style 189
4.8 Subtractors 190
4.9 Arithmetic-Logic Units—ALUs 201
4.10 Register Files 204
4.11 Datapath Component Tradeoffs 

(See Section 6.4) 209
4.12 Datapath Component Description using

Hardware Description Languages
(See Section 9.4) 209

4.13 Chapter Summary 216
4.14 Exercises 217

� CHAPTER 5
Register-Transfer Level (RTL) Design 225
5.1 Introduction 225
5.2 RTL Design Method 226
5.3 RTL Design Examples and Issues 238
5.4 Determining Clock Frequency 251



xii � Contents

5.5 Behavioral-Level Design: C to Gates 
(Optional) 254

5.6 Memory Components 258
5.7 Queues (FIFOs) 271
5.8 Hierarchy—A Key Design Concept 275
5.9 RTL Design Optimizations and Tradeoffs (See 

Section 6.5) 278
5.10 RTL Design using Hardware Description 

Languages (See Section 9.5) 279
5.11 Product Profile: Cell Phone 279
5.12 Chapter Summary 285
5.13 Exercises 285

� CHAPTER 6
Optimizations and Tradeoffs 294
6.1 Introduction 294
6.2 Combinational Logic Optimizations and 

Tradeoffs 296
6.3 Sequential Logic Optimizations and

Tradeoffs 317
6.4 Datapath Component Tradeoffs 333
6.5 RTL Design Optimizations and 

Tradeoffs 345
6.6 More on Optimizations and Tradeoffs 354
6.7 Product Profile: Digital Video Player/

Recorder 361
6.8 Chapter Summary 370
6.9 Exercises 370

� CHAPTER 7
Physical Implementation 379
7.1 Introduction 379
7.2 Manufactured IC Technologies 379
7.3 Programmable IC Technology—FPGA 388
7.4 Other Technologies 401
7.5 IC Technology Comparisons 409
7.6 Product Profile: Giant Video Display 412
7.7 Chapter Summary 416
7.8 Exercises 417

� CHAPTER 8
Programmable Processors 421
8.1 Introduction 421
8.2 Basic Architecture 422
8.3 A Three-Instruction Programmable 

Processor 428

8.4 A Six-Instruction Programmable 
Processor 434

8.5 Example Assembly and Machine 
Programs 438

8.6 Further Extensions to the Programmable 
Processor 439

8.7 Chapter Summary 441
8.8 Exercises 442

� CHAPTER 9
Hardware Description Languages 445
9.1 Introduction 445
9.2 Combinational Logic Description Using

Hardware Description Languages 447
9.3 Sequential Logic Description Using

Hardware Description Languages 459
9.4 Datapath Component Description Using 

Hardware Description Languages 467
9.5 RTL Design Using Hardware Description 

Languages 475
9.6 Chapter Summary 492
9.7 Exercises 492

� APPENDIX A
Boolean Algebras 496
A.1 Boolean Algebra 496
A.2 Switching Algebra 497
A.3 Important Theorems in Boolean Algebra 498
A.4 Other Examples of Boolean Algebras 504
A.5 Further Readings 504

� APPENDIX B
Additional Topics in Binary Number Systems 505
B.1 Introduction 505
B.2 Real Number Representation 505
B.3 Fixed Point Arithmetic 508
B.4 Floating Point Representation 509
B.5 Exercises 514

� APPENDIX C
Extended RTL Design Example 515
C.1 Introduction 515
C.2 Designing the Soda Dispenser 

Controller 516
C.3 Understanding the Behavior of the Soda 

Dispenser Controller and Datapath 519
Index 526


