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Preface

This book is an experiment. Shortly after completing the third edition of Modern
VLSI Design, I came to realize that an increasing number of digital designs that used
to be built in custom silicon are now implemented in field programmable gate arrays
(FPGAs). While traditional VLSI system design won’t go away any time soon, an
increasing number of designers will work with FPGAs and many of them will never
design a custom chip.

However, designers of large FPGA-based systems really do need to understand the
fundamentals of VLSI in order to make best use of their FPGAs. While it is true that
many system designers simply treat the FPGA as a black box, that approach makes
the system designer miss many opportunities to optimize the design to fit within the
FPGA. The architecture of FPGAs is largely determined by VLSI constraints: logic
element structures, programmable interconnect structures, interconnection networks,
configuration, pinout, etc. Understanding how the characteristics of VLSI devices
influence the design of FPGA fabrics helps the designer better understand how to take
advantage of the FPGA’s best characteristics and to minimize the influence of its
limitations.

Consider, for example, the interconnection networks in FPGAs. Most modern FPGA
architectures provide designers with several different types of wires: local, general-
purpose, and global. Why do all these different types of connections exist? Because
wires become harder to drive as they grow in length; the extra circuitry required to
drive long wires makes them more expensive. Understanding how these different
types of interconnect work helps a designer decide whether a particular logic
connection requires one of the more expensive types of wires.

Today’s FPGAs are truly amazing. High-end FPGAs can hold several million gates.
Several FPGAs incorporate one or more CPUs on-chip to provide a complete
embedded computing platform. Many of the techniques for designing such large
systems are the same whether they are built using FPGAs or custom silicon. This is
particularly true when we want to make best use of the silicon characteristics of VLSI
structures.

As a result of these advances in VLSI systems, 1 decided to use Modern VLSI Design
as a starting point for a new book on FPGA-based system design. Readers of Modern
VLSI Design will recognize material from most of the chapters in that book. I have
extracted material on VLSI characteristics, circuits, combinational and sequential
logic design, and system architectures. However, I have also added quite a bit of new
material, some of which is specific to FPGAs and some of which is simply a new (and
I hope better) look at digital system design.



viii Preface

One of my major goals in writing this book was to provide a useful text for both
designers interested in VLSI and those who simply want to use FPGASs to build big
systems. Chapter 2 of this book is devoted to a review of VLSI: fabrication, circuits,
interconnect characteristics, etc. Throughout the rest of the book, I have tried to break
out most details of VLSI design into separate sections that can be skipped by the
reader who is not interested in VLSL. However, those who want to understand more
about the design of FPGAs as VLSI devices can read this material at their leisure.

Chapter 3 is devoted to a survey of FPGA fabrics—the basic programmable structures
of FPGAs. The commercial offerings of companies change all the time, so this
chapter is not meant to be a replacement for a data book. Its goal is to introduce some
basic concepts in FPGAs and to compare different approaches to solving the basic
problems in programmable logic. What to do with these FPGA structures is the
subject of the rest of the book.

Chapters 4 and 5 go into detail about combinational and sequential logic design,
respectively. They describe methods for the specification and optimization of digital
logic to meet the major goals in most design efforts: size, speed, and power
consumption. We introduce both Verilog and VHDL in this book. While this book is
not intended as a definitive reference on either language, hardware description
languages are the medium of choice today for designing digital systems. A basic
understanding of these languages, as well as of the fundamentals of hardware
description languages, is essential to success in digital system design. We also study
the tools for optimizing logic and sequential machine designs in order to understand
how to best make use of logic and physical synthesis.

Chapter 6 looks at the structure of large digital systems. This chapter introduces
register-transfer design as a methodology for structuring digital designs. It uses a
simple DSP as a design example. This DSP is not intended as a state-of-the-art CPU
design, but it does allow us to consider a large number of different design problems in
a single example.

Chapter 7 caps off the book by studying large-scale systems built with FPGAs.
Platform FPGAs that include CPUs and FPGA fabrics allow designers to mix
hardware and software on a single chip to solve difficult design problems. Multi-
FPGA systems can be used to implement very large designs; a single multi-FPGA
system can be programmed to implement many different logic designs.

So what will happen to ASIC design? I don’t think it will g0 away—people will still
need the high density and high performance that only custom silicon provides. But 1
think that FPGAs will become one of the major modes of implementation for digital
systems.
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Preface

Xilinx has graciously allowed us to include CDs that contain the Xilinx Student
Edition (XSE) tools. The examples in this book were prepared with these tools and
you can follow along with the examples using the tools. You can also use them to
create your own examples. Having a working set of tools makes it much easier to
practice concepts and I greatly appreciate Xilinx’s help with including these books.

You can find additional materials for the book at the Web site:

http://www.princeton.edu/~wolf/fpga-book

The Web site includes overheads for the chapters, pointer to additional Web materials,
some sample labs, and errata. Properly accredited instructors can obtain a copy of the
instructor’s manual by contacting the publisher. I hope you enjoy this book; please
feel free to email me at wolf@princeton.edu.

I’d like to thank the students of ELE 462 in the spring of 2003, who were patient with
my experimentation on the traditional VLSI course. I'd also like to thank Jiang Xu
and Li Shang, my teaching assistants that semester, who improved our infrastructure
for FPGA design and helped me debug the DSP design. Mike Butts and Mohammed
Khalid gave valuable advice on partitioning algorithms. Steven Brown, Jonathan
Rose, Zvonko Vranesic, and William Yu provided figures from their papers to be put
directly into the book, providing data straight from the source for the reader as well as
simplifying my life as a typesetter. I greatly appreciate the thorough review of a draft
of this manuscript given by Andre De Hon, Carl Ebeling, Yankin Tanurhan, and Steve
Trimberger; they all made many excellent suggestions on how to improve this book. I
greatly appreciate the efforts of Ivo Bolsens, Anna Acevedo, and Jeff Weintraub for
access to the knowledge of Xilinx in general and permission to include the Xilinx ISE
disks with this book in particular. And, of course, I’d like to thank my editor Bernard
Goodwin for his tireless efforts on behalf of this book. All the problems remaining in
the book, both small and large, are of course my responsibility.

Wayne Wolf

Princeton, New Jersey
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1.1

1.2

1.2.1

combinational logic
functions

FPGA-Based
Systems

Introduction

This chapter will set the stage for the rest of the book. The next section talks
about some basic concepts in Boolean algebra and schematics. Section 1.3 intro-
duces FPGAs and describes their importance. Section 1.4 describes how we use
FPGAs to design complex digital systems.

Basic Concepts

This section introduces some basic concepts in logic design. If this material is
review for you it will help to establish some terminology that we will use
throughout the rest of the book. If the material is not review then it should be of
use for the rest of the book.

Boolean Algebra

We use Boolean algebra to represent the logical functions of digital circuits.
Shannon [Sha38] showed that networks of switches (such as light switches)



Figure 1-1 Symbols for
functions in logical

expressions.

notation
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could be modeled by Boolean functions. Today’s logic gates are usually
not built from switches but we still consider Boolean algebra to be a
fundamental representation. We use Boolean algebra to describe combi-
national (not combinatorial) logic functions. Our Boolean functions
describe combinations of inputs; we do not use functions with existen-

tial ( 3x f{x) ) or universal ( Vx g(x) ) quantification.

name symbol

NOT ‘o~

AND N
NAND |

OR + o, v
NOR NOR

XOR @

XNOR XNOR

We will use fairly standard notation for logic expressions: if a and b are
variables, then @’ (or a) is the complement of a, a- b (or ab) is the
AND of the variables, and a + b is the OR of the variables. In addition,
for the NAND function (ab)’ we will use the | symbol ! for the NOR
function (@ + b)° we will use @ NOR b, and for exclusive-or
(a XOR b = ab'+d'b) we will use the ® symbol. (Students of alge-
bra know that XOR and AND form a ring.) Figure 1-1 summarizes the
names and symbols for common logic functions.

We use the term literal for either the true form (a) or complemented
form (a’) of a variable. Understanding the relationship between logical
expressions and gates lets us study problems in the model that is sim-
plest for that problem, then transfer the results.

1. The Scheffer stroke is a dot with a negation line through it. C
programmers should note that this character is used as OR in the C
language.



Basic Concepts

algebraic rules

completeness and
irredundancy

completeness

Let’s review some basic rules of algebra that we can use to transform
expressions. Some are similar to the rules of arithmetic while others are
particular to Boolean algebra:

¢ idempotency: a-a =a,a+a = a.

« inversion: a+d =1,a-a =0.

+ identity elements: ¢+0 = a,a 1 = a.

* commutativity: a+b = b+a,a-b=b-a.

« nullelements: -0 =0,a+1 = 1.

* involution: (d) = a.

» absorption: a+ab = a.

+  associativity: a+ (b+c) = (a+b)+c,a-(b-c) = (a-b)-c.
o distributivity: a-(b+c) = ab+ac, a+bec = (a+b)a+c).
e DeMorgan’slaws: (a+5b) =a' b, (a-b)Y =a+¥.

Although Boolean algebra may seem abstract, some of the mathematical
results it provides directly relate to the physical properties of logic cir-
cuits. Two problems in Boolean algebra that are of importance to logic
design are completeness and irredundancy.

A set of logical functions is complete if we can generate every possible
Boolean expression using that set of functions—that is, if for every pos-
sible function built from arbitrary combinations of +, -, and °, an equiva-
lent formula exists written in terms of the functions we are trying to test.
We generally test whether a set of functions is complete by inductively
testing whether those functions can be used to generate all logic formu-
las. It is easy to show that the NAND function is complete, starting with
the most basic formulas:

e l:alala) = ala’= 1.

e 0: {al(dla)}{al(ala)} =111 = 0.
e a:dla=a’.

ab: (alb)l(alb) = ab.

s a+b(ala)iblb)y=a’lb’ =a+b.

From these basic formulas we can generate all the formulas. So the set
of functions {I} can be used to generate any logic function. Similarly,
any formula can be written solely in terms of NORs.



