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PREFACE

Why This Book?

Welcome to “Digital Integrated Circuits: A Design Perspective.” When you get this book
in your hands, your first question very well might be, “With the already abundant number
of text and reference books in'the digital circuit and VLSI arenas, what is the value of this
entry?”’ The answer is that a review of the existing material in the realm of digital circuit
design reveals a major instructional gap between the circuit and system visions on digital
design. This book merges both and provides a bridge between the top-down and bottom-
up design approaches.

While starting from a solid understanding of the operation of electronic devices and
an in-depth analysis of the nucleus of digital design—the inverter—we will gradually
channel this knowledge into the design of more complex modules such as gates, adders,
multipliers, registers, controllers, and memories. While doing so, we will identify the
compelling questions that face the designer of today’s complex circuits: What are the
dominant design parameters, what section of the design should he focus on and what
details could she ignore. Simplification is clearly the only approach to address the increas-
ing complexity of the digital systems. However, oversimplification can lead to circuit fail-
ure since global circuit effects such as timing, interconnect, and power consumption are
ignored. To avoid this pitfall it is important to design digital circuits with both a circuits
and a systems perspective in mind. This is exactly the approach taken in this book, which
brings the reader the knowledge and expertise needed to deal with complexity, using both
analytical and experimental techniques.

Design from a System and a Circuit Perspective

The complexity of digital integrated circuits has grown dramatically over the past decades.
Circuits with more than 1 million gates clocked at multiple 100 MHz combined with giga-
bit memories will emerge in the very near future. The sheer complexity of the design pro-
cess has prompted the design community to respond with a dual solution: design
automation and design abstraction. While the former helps the digital circuit designer in
circuit generation, synthesis, analysis, and verification, the latter is the most important way
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to deal with the complexity issue. A design can be envisioned as a hierarchical composi-
tion of modules rather than a chaotic collection of transistors. At each design level, the
complex, internal details of each of the composing modules are abstracted away and
replaced by a black box view, or model. Examples of modeling levels are the transistor,
gate, arithmetic operator, datapath, processor, and system levels. The impact of this divide
and conquer approach is dramatic. Instead of having to deal with a myriad of elements,
the designer considers only a handful of components, each characterized in performance
and cost by a smiall number of parameters.

This design methodology, combined with an ever-increasing level of automation,
suggests that the breed of digital circuit designers is soon to become extinct. This impres-
sion is reflected in the VLSI design instructional approach that addresses design in a top-
down fashion, hiding the complex behavior of semiconductor devices.

Nothing is less true. While the top-down approach might work for a large number of
circuits, the abstraction model suffers from major pitfalls and works only to a certain
degree. In a high-performance circuit, for instance, the connection of one module to
another influences the performance of both. The interconnect wire and associated parasit-
ics become dominant factors in the circuit performance. The increasing power dissipation
of high performance design translates into reduced reliability and increased packaging
cost. Ensuring that the circuit operates correctly under these high clock frequencies is
another challenge that faces the designer of advanced digital circuits. To address any of
these issues requires an in-depth understanding of the underlying electrical concepts and
constructs. This textbook covers these crucial concepts in detail and provides insights into
factors that have a profound impact on reliability and performance.

In the bottom-up design philosophy, advocated in traditional digital circuit text-
books, the behavioral and performance model of a digital component is built starting from
the transistor with all its peculiarities. While this approach results in an in-depth under-
standing of the component operation, it fails to translate this knowledge into a compact
and simple model that can percolate upwards to help construct more complex modules.
The prime talent of a good digital designer is to know when simplification is appropriate
and when it is not. Acquiring this skill requires design experimentation and expertise. By
taking a design-experimental dpproach, this book provides the student and professional
the kind of hands-on experience that helps build that expertise.

It is my belief that bringing both circuit and systems views on design together
results in a profound understanding of the design of complex digital circuits, while prepar-
ing the designer for new challenges that might be waiting around the comer. Only time
will tell how successful this undertaking was.

Other Features This Rook Offers

It is worth summarizing some other unique features we deem essential to accomplish the
aforementioned goal and that form the underpinning of this textbook.

* Design-oriented perspectives are advocated throughout. Design challenges and
guidelines are highlighted. Techniques introduced in the text are illustrated with real
designs and complete SPICE analysis.



PREFACE

vii

* It is the only current textbook that shows how to use the latest techniques to design
complex high-performance, or low-power circuits.

It covers crucial real-world system design issues such as signal integrity, power dis-
sipation, interconnect, packaging, timing, and synchronization.

* It not only covers MOS but also addresses other high-performance technologies
such as bipolar, BICMOS, GaAs, and superconducting.

* It provides unique coverage of the latest design methodologies and tools, with a dis-
cussion of how to use them from a designers’ perspective.

* It offers perspectives on how digital circujt technology might evolve in the future.

* The book features outstanding illustrations and a usable design-oriented four-color
insert.

* An extensive instructional package is available over the internet from the author’s
web site at U.C. Berkeley. It includes design software, transparency masters, design
problems, actuai layouts, and hardware and software laboratories.

How to Use This Book

The core of the text is intended for use in a senior-level digital circuit design class.
Around this kernel, we have included chapters and sections covering the more advanced
topics. In the course of developing this book, it became obvious quickly that it is hard to
define a subset of the digital circuit design domain that covers everyone’s needs. On the
one hand, a newcomer to the field needs detailed coverage of the basic concepts. On the
other hand, feedback from early readers and reviewers indicated that an in-depth and
extensive coverage of advanced topics and current issues is desirable and necessary. Pro-
viding this complete vision resulted in a text that exceeds the scope of a single-semester
class. The more advanced material can be used as the basis for a graduate class. The wide
coverage and the inclusion of state-of-the-art topics also makes the text useful as a refer-
ence work for professional engineers.

The organization of the material is such that the chapters can be taught or read in a
great many ways, as long as a number of precedence relations are adhered to. An overview
of these interdependencies is pictured in the chart below. The core of the text consists of
Chapters 3, 4, 6, and 11. Chapters 1 and 2 can be considered as introductory. Students with
a prior introduction to semiconductors can traverse quickly through Chapter 2. We urge

MOS B . .
SEendEnl {‘E'
~ oo — R b

Bipolar

@ : Introductory D: Core Material . : Advanced
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everyone to do at least that, as a number of important notations and foundaﬁ(?r_ls are intro-
duced in that chapter. It is assumed that students taking this course are familiar with the
basics of logic design. ]

Chapters 5, 7, 8, 9, and 10 are of a more advanced nature and can be used to provide
a certain focus to the course. A course with a fociis on the circuit aspects, for example, can
supplement the core material with Chapters 5 and 10. A course focused on the digital sys-
tem design should rather consider adding (parts of) Chapters 7, 8, and 9. All of these
advanced chapters can be used to form the core of a graduate or a follow-on course. Other
ordering options are possible. For instance, one might prefer to cover first the MOS parts
of Chapters 2 and 3 before tackling the bipolar devices and gates. Sections considered
advanced are marked with an asterisk in the text.

A number of possible paths through the material for a senior-level class are enumer-
ated below. Many other variations are feasible. In the instructor documentation, provided
with this book, we have included a number of complete syllabi similar to those used in
school tests.

Basic circuit class (with minor prior device knowledge):
1,2.1-3,3.1-3,4,2.4-6,34-5,5.1-5.3, 6, 11.
Somewhat more advanced circuit coverage:
1,(2),3.1-3,4,2.4-6,3.4-5,5.1-5.4, 6, 10, 11.
Course with systems focus:
1,(2.1-2.3),3.1-3,4,6, 7, 8,9, (10), 11.

We have chosen to separate layout-oriented discussions from the main text flow and
to intersperse them through the text as appendices. Appendices A, C, and E cover design
rules, cell layout, and datapath layout, respectively and are by preference covered in con-
currence with the chapter they are attached to.

It was (and is) our inteation to maintain a consistent flow through each of the chap-
ters. The topics addressed in the chapter are introduced first, followed by a detailed and in-
depth discussion of the ideas. A Perspective section discusses how the introduced con-
cepts relate to real world designs and how they might be impacted by future evolutions.
Each chapter finishes with a Summary, which briefly enumerates the topics covered in the
text, followed by To Probe Further and Reference sections. These provide ample refer-
ences and pointers for a reader interested in further details on some of the material. Each
chapter ends with exercises and design projects, which range from the simple to the chal-
lenging. Solutions to the problem sets are provided in the instructor’s manual. A world-
wide web companion provides fully worked-out design problems and a complete set of
overhead transparencies, extracting the most important figures and graphs from the text. A
laboratory book with worked-out hardware and software experiments is in the making.

Problems, Exercises, and Design Projects

As the title of the book implies, one of the goals of this book is to stress the design aspect
of digital circuits. To achieve this more practical viewpoint and to provide a real perspec-
tive, we have interspersed actual design examples and layouts throughout the text. These
case studies help to answer questions, such as “How much area or speed or power is really
saved by applying this technique?”
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To mimic the real design process, we are making extensive use of design tools such
as circuit- and switch-level simulation as well as layout editing and extraction. Computer
analysis is used throughout to. verify manual results, to illustrate new concepts, or to exam-
ine complex behavjor beyond the reach of manual analysis, . .

Open-ended design problems, included at the end of most chapters, help to gain the
all-important insight into design optimization and trade-off. The use of design editing, ver-
ification and analysis tools is recommended when attempting these design problems. Fully
worked out versions of the problems can be found in the world-wide web page.

Finally, to facilitate the learning process, there are numerous examples included in
the text. Each chapter contains a number of problems or brain-teasers (answers for which
can be found in the back of the book), that provoke thinking and understanding while
reading. Numerous challenging exercises (more than 200 of them) are included at the end
of each chapter. Their goal is to provide the individual reader an independent gauge for his
understanding of the material and to provide practice in the use of some of the design
tools. Each problem is keyed to the text sections it refers to (e.g. <1.3>), the design tools
that must be used when solving the problem (e.g., SPICE) and a rating, ranking the prob-
lems on difficulty: (E) easy; (M) moderate and (C) challenging. Problems marked with a
(D) include a design or research elements.

The Worldwide Web Page — A Dynamic Companion

With the advent of modern networking technology, a textbook does not have to be a static
entity anymore, but can become a dynamically evolving document. For this reason, we
have established a worldwide web page for the book that contains the latest updates, hew
problem sets and design projects as well as extensive instructor material. Downloadable
postscript files are available for complete transparency sets, covering all the material. Even
more, we have provided a library of downloadable software tools useful in the context of
this book (SPICE, MAGIC, IRSIM). It is our hope that this-home page will become a
forum for digital circuit design. Instructor contributions in terms of new problem sets or
design projects are greatly welcomed and can help to keep your course more attractive and
interesting for the students. We already received extra slide sets, addressing more
advanced topics even before going to press. Please have a look at the following address:
http://infopad.eecs.berkeley.edu/~icdesign. Comments and feedback are appreciated.

The Contents at a Glance

A quick scan of the table-of-contents shows how the ordering of chapters and the material
covered are consistent with the advocated design methodology. Starting from a model of
the semiconductor devices, we will gradually progress upwards, covering the inverter, the
complex logic gate (NAND, EXOR, Flip-Flop), the functional (adder, multiplier, shifter,
register) and the system module (datapath, controller, memory) levels of abstraction. For
each of these layers, the dominant design parameters are identified and simplified models
are constructed, abstracting away the nonessential details. While this layered modeling
approach is the designer’s best handle on complexity, it has some pitfalls. This is illus-
trated in Chapters 8 and 9, where topics with a global impact, such as interconnect parasit-
ics and chip timing, are discussed. To further express the dichotomy between circuit and
system design visions, we have divided the book contents into two parts: Part I (Chapters
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2-6) addresses mostly the circuit perspective of digital circuit design, while Part II (Chap-
ters 7-11) presents a more system oriented vision. - S

Chapter 1 serves as a global introduction. After a historical overview of digital cir-
cuit design, the concepts of hierarchical design and the different abstraction layers are
introduced.

Chapter 2 contains a summary of the primary design building blocks, the semicon-
ductor devices. The main goal of this chapter is to provide an intuitive understanding of
the operation of the MOS and bipolar silicon transistors as well as to introduce the device
models, which will be used extensively in the later chapters. Some of the artifacts of mod-
emn submicron devices are also discussed. Readers with prior device knowledge can
traverse this material rather quickly.

Chapter 3 deals with the nucleus of digital design, the inverter. First, a number of
fundamental properties of digital gates are introduced. These parameters, which help to
quantify the performance and reliability of a gate, are derived in detail for two representa-
tive inverter structures: the static complementary CMOS and the bipolar ECL inverter. The
techniques and approaches introduced in this chapter are of crucial importance, as they are
repeated over and over again in the analysis of other gate structures and more complex
gate structures.

This fundamental knowledge is extended in Chapter 4 to address the design of sim-
ple digital CMOS gates, such as NOR and NAND structures. It is demonstrated that,
depending upon the dominant design constraint (reliability, area, performance, or power),
other CMOS gate structures besides the complementary static gate can be attractive. The
properties of a number of contemporary gate-logic families are analyzed and compared.
Techniques to optimize the performance and power consumption of complex gates are
introduced.

While CMOS gates are acﬁieving ever higher speeds, other technologies are a neces-
sity when even higher performance is required; for cxample, BiCMOS, GaAs, and super-
conducting technologies. While circuits, implemented in one of these processes, represent
only a small portion of the total digital design market, an analysis of some representative
gates for each technology is definitely worthwhile. Design automation is likely to turn the
design of low- to medium-performance circuits into a chore rather than a challenge. The
contributions of the digital designer will, rightly so, be focused on the implementation of
the highest-performance components of the design. A large number of issues, currently
raised in the design of high performance bipolar or GaAs circuits, might soon carry over to
CMOS as well. Finally, the analysis of how the choice of a different device affects the
nature and the performance of a gate structure is revealing and is instrumental in the build-
ing of a fundamental understanding of digital circuit design. High-speed gate design is the
topic of Chapter 5 (which is optional for undergraduate courses).

All chapters prior to Chapter 6 deal exclusively with combinational circuits, that is
circuits without a sense of the past history of the system. Sequential logic circuits, in con-
trast, can remember and store the past state. Chapter 6 discusses how this memory func-
tion can be accomplished using either positive feedback or charge storage. Besides
analyzing the traditional bistable flip-flops, other sequential circuits such as the mono- and
astable multivibrators are also introduced.

All previous chapters present a circuit-oriented approach towards digital design. The
analysis and optimization process has been constrained to the individual gate. Starting
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from Chapter 7, we take our approach one step further and analyze how gates can be con-
nected together to form the building blocks of a system. The design of a variety of com-
plex arithmetic building blocks such as adders, multipliers, and shifters, is discussed first.
This chapter is crucial because it demonstrates how the design techniques introduced in
chapters 3 and 4 are extended to the next abstraction layer. The concept of the critical path
is introduced and used extensively in the performance analysis and optimization. Higher-
level performance models are derived. These help the designer to get a fundamental
insight into the operation and quality of a design module, without having to resort to an in-
depth and detailed analysis of the underlying circuitry.

Chapter 8 discusses the impact of interconnect wiring on the functionality and per-
formance of a digital gate. A wire introduces parasitic capacitive, resistive, and inductive
effects, which are becoming ever more important with the scaling of the technology. Tech-
niques to efficiently model these parasitic effects are presented. Approaches to minimize
the impact of the interconnect parasitics on both performance and circuit reliability are
introduced. The impact of packaging technology on circuit operation and performance is
discussed.

In order to operate sequential circuits correctly, a strict ordering of the switching
events has to be imposed. Without these timing constraints, wrong data might be written
into the memory cells. Most digital circuits use a synchronous, clocked approach to
impose this ordering. In Chapter 9, the different approaches to digital circuit timing and
clocking are discussed. The impact of important effects such as clock skew on the behav-
ior of digital synchronous circuits is analyzed. The synchronous approach is contrasted
with alternative techniques, such as self-timed circuits. The chapter concludes with a short
introduction to synchronization and clock-generation circuits.

Whenever large amounts of data storage are needed, the digital designer resorts to
special circuit modules, called memories. Semiconductor memories achieve very high
storage density by compromising on some of the fundamental properties of digital gates.
Chapter 10 discusses in depth the different memory classes and their implementation.
Instrumental in the design of reliable and fast memories is the implementation of the
peripheral circuitry, such as the decoders, sense amplifiers, drivers, and control circuitry,
which are extensively covered. Finally, as the primary issue in memory design is to ensure
that the device works consistently under all operating circumstances, the chapter con-
cludes with a detailed discussion of memory reliability. This chapter as well as the previ-
ous one are optional for undergraduate courses.

The book concludes with a discussion of design methodologies. Design automation
is the only way to cope with the ever-increasing complexity of digital designs. In Chapter
11, the prominent ways of producing large designs in a limited time are discussed. The
chapter presents the common design representation and analysis approaches as well as the
different implementation methodologies. The chapter ends with a short discussion of man-
ufacturing tests, an often overlooked component of the digital design process.
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