L HGITAL
INTEGRATED (CIRCUATS

A DESIGN PERSPECTIVE
SECOND EDITION

JAN M. RABAEY
ANANTHA CHANDRAKASAN
BORIVOJE NIKOLIC

PRENTICE HALL ELECTRONICS AND VLSI SERIES
CHARLES G. SODINI, SERIES EDITOR



Library of Congress Cataloging-in-Publication Data on file.

Vice President and Editorial Director, ECS: Marcia J. Horton
Publisher: Tom Robbins

Editorial Assistant: Eric Van Ostenbridge

Vice President and Director of Production and Manufacturing, ESM: David W, Riccardi
Executive Managing Editor: Vince G'Brien

Managing Editor: David A. George

Production Editor: Daniel Sandin

Director of Creative Services: Paul Belfanti

Creative Director: Carole Anson

Ant and Cover Director: Jayne Conte

Art Editor: Greg Dulles

Manufacturing Manager: Trudy Pisciotti

Manufacturing Buyer: Lisa McDowell

Marketing Manager: Holly Stark

About the Cover: Detail of "Wet Orange," by Joan Mitchell (American, 1925-1992). Oil on canvas, 112 x 245 in.
(284.5 % 622.3 cm). Carnegic Museum of Arnt, Pittsburgh, PA. Gift of Kaufmann's Department Store and the
National Endowment for the Arts, 74.1 1. Photograph by Peter Harholdt, 1995.

© 2003, 1996 by Pearson Education, Inc.
all Pearson Education, Inc.
ol Upper Saddle River, NJ 07458

Prentice

The author and publisher of this book have used their best efforts in preparing this book. These efforts include the devel-
opment, research, and testing of the theories and programs to determine their effectiveness. The author and publisher
shall not be liable in any event for incidental and consequential damages in connection with, or arising out of, the fur-
nishing, performance, or use of these programs.

All rights reserved. No part of this book may be reproduced, in any form or by any means,
without permission in writing from the publisher.

Printed in the United States of America

10 9 87 6 5 4 3 2
ISBN 0-13-090996-3

Pearson Education Ltd., London

Pearson Education Australia Pty, Ltd., Sydney

Pearson Education Singapore, Pte. Ltd.

Pearson Education North Asia Ltd., Hong Kong

Pearson Education Canada Inc., Toronto

Pearson Educacion de Mexico, S.A. de C.V.

Pearson Education—Japan, Tokyo

Pearson Education Malaysia, Pte, Ltd.

Pearson Education Inc., Upper Saddle River, New Jersey



VALUES OF MATERIAL AND
PHYSICAL CONSTANTS

Name

Room temperature
Boltzman constant
Electron charge
Thermal voltage

Intrinsic Carrier
Concentration (Silicon)

Permittivity of Si
Permittivity of SiO,
Resistivity of Al
Resistivity of Cu

Magnetic permeability
of vacuum
(similar for Si0,)
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To Kathelijn, Karthiyayani, Krithivasan,
and our Parents

“Qu’est-ce que I’homme dans la nature?
Un néant a I'égard de l'infini,
un tout al I’égard du néant,
un milieu entre rien et tout.”

“What is man in nature?
Nothing in relation to the infinite,
everything in relation to nothing,

a mean between nothing and everything.”

Blaise Pascal, Pensées, n. 4, 1670.



Preface

What is New?

Welcome to second edition of “Digital Integrated Circuits: A Design Perspective.” In the six
years since the publication of the first, the field of digital integrated circuits has gone through
some dramatic evolutions and changes. IC manufacturing technology has continued to scale to
ever-smaller dimensions. Minimum feature sizes have scaled by a factor of almost ten since the
writing of the first edition, and now are approaching the 100 nm realm. This scaling has a double
impact on the design of digital integrated circuit. First of all, the complexity of the designs that
can be put on a single die has increased dramatically. Dealing with the challenges this poses has
led to new design methodologies and implementation strategies. At the same time, the plunge
into the deep-submicron space causes devices to behave differently, and brings to the forefront a
number of new issues that impact the reliability, cost, performance, and power dissipation of the
digital IC. Addressing these issues in-depth is what differentiates this edition from the first.

A glance through the table of contents reveals extended coverage of issues such as deep-
sub micron devices, circuit optimization, interconnect modeling and optimization, signal integ-
rity, clocking and timing, and power dissipation. All these topics are illustrated with state-of-the-
art design examples. Also, since MOS now represents more than 99% of the digital 1C market,
older technologies such as silicon bipolar and GaAs have been deleted (however, the interested
reader can find the old chapters on these technologies on the web site of the book). Given the
importance of methodology in today’s design process, we have included Design Methodology
Inserts throughout the text, each of which highlights one particular aspect of the design process.
This new edition represents a major reworking of the book. The biggest change is the addition of
two co-authors, Anantha and Bora, who have brought a broader insight into digital IC design and
its latest trends and challenges.

Maintaining the Spirit of the First Edition

While introducing these changes, our intent has been to preserve the spirit and goals of the first
edition—that is, to bridge the gap between the circuit and system visions on digital design.
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 gradually channel this knowledge
into the design of more complex modules such as gates, registers, controllers, adders, multipli-
ers, and memories. We identify the compelling questions facing the designers of today’s
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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 increasing complexity of the digital systems. However, oversimplification can lead
to circuit failure since global circuit effects such as timing, interconnect, and power consump-
tion 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 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.

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 quickly became obvious that it is difficult 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 read-
ers and reviewers indicated that an in-depth and extensive coverage of advanced topics and cur-
rent issues is desirable and necessary. Providing 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 reference work for professional engineers. It is assumed that students
taking this course are familiar with the basics of logic design.

The organization of the material is such that the chapters can be taught or read in many
ways, as long as a number of precedence relations are adhered to. The core of the text consists of
Chapters 5, 6, 7, and 8. Chapters 1 to 4 can be considered as introductory. In response to popular
demand, we have introduced a short treatise on semiconductor manufacturing in Chapter 2. Stu-
dents with a prior introduction to semiconductor devices can traverse quickly through Chapter 3.
We urge everyone to do at least that, as a number of important notations and foundations are
introduced in that chapter. In addition, an original approach to the modeling of deep-submicron
transistors enabling manual analysis, is introduced. To emphasize the importance of interconnect
in today’s digital design, we have moved the modeling of interconnect forward in the text to
Chapter 4.

Chapters 9 to 12 are of a more advanced nature and can be used to provide a certain focus
to the course. A course with a focus on the circuit aspects, for example, can supplement the core
material with Chapters 9 and 12. A course focused on the digital system design should consider
adding (parts of) Chapters 9, 10, and 11. All of these advanced chapters can be used to form the
core of a graduate or a follow-on course. 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 enumerated
below. In the instructor documentarion, provided on the book’s web site, we have included a
number of complete syllabi based on courses run at some academic institutions.
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Basic circuit class (with minor prior device knowledge):
1,2.1-3,3,4,5,6,7,8,(9.1-9.3, 12).

Somewhat more advanced circuit coverage:
1,(2,3),4,5,6,7,8,9,10.1-10.3, 10.5-10.6, 12.

Course with systems focus.
1,(2,3),4,5,6,7,8,9,10.1-104, 11, 12.1-12.2.

The design methodology inserts are, by preference, covered in concurrence with the chapter to
which they are attached.

In order to maintain a consistent flow through each of the chapters, the topics are intro-
duced first, followed by a detailed and in-depth discussion of the ideas. A Perspective section
discusses how the introduced concepts 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 pro-
vide ample references and pointers for a reader interested in further details on some of the
material.

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 perspective, 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?” 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 o examine
complex behavior beyond the reach of manual analysis.

Finally, to facilitate the learning process, there are numerous examples included in the
text. Bach 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.

The Worldwide Web Companion

A worldwide web companion (http://bwrc.eecs.berkeley.edu/IcBook/index.htm) provides fully
worked-out design problems and a complete set of overhead transparencies, extracting the most
important figures and graphs from the text.

In contrast to the first edition, we have chosen NOT to include problems sets and design
problems in the text. Instead we decided to make them available on the book’s web site. This
gives us the opportunity to dynamically upgrade and extend the problems, providing a more
effective tool for the instructor. More than 300 challenging exercises are currently provided. The
goal is to provide the individual reader an independent gauge for his understanding of the mate-
rial 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 prob-
lem (e.g., SPICE) and a rating, ranking the problems on difficulty: (E) easy, (M) moderate, and
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(C) challenging. Problems marked with a (D) include a design or research elements. Solutions to
the problem sets are available only to instructors of academic institutions that have chosen to
adopt our book for classroom use. They are available through the publisher on a password-
protected web site.

Open-ended design problems help to gain the all-important insight into design optimiza-
tion and trade-off. The use of design editing, verification and analysis tools is recommended
when attempting these design problems. Fully worked out versions of these problems can be
found on the web site.

In addition, the book’s web site also offers samples of hardware and software laboratories,
extra background information, and useful links.

Compelling Features of the Book

* Brings both circuit and systems views on design together. It offers a profound understand-
ing of the design of complex digital circuits, while preparing the designer for new chal-
lenges that might be waiting around the corner.

» 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.

« Is the first circuit design book that focuses solely on deep-submicron devices. To facilitate
this, a simple transistor model for manual analysis, called the unified MOS model, has
been developed.

* Unique in showing how to use the latest techniques to design complex high-performance
or low-power circuits. Speed and power treated as equal citizens throughout the text.

¢ Covers crucial real-world system design issues such as signal integrity, power dissipation,
interconnect, packaging, timing, and synchronization.

» Provides unique coverage of the latest design methodologies and tools, with a discussion
of how to use them from a designers’ perspective.

» Offers perspectives on how digital circuit technology might evolve in the future.

» Outstanding illustrations and a usable design-oriented four-color insert.

» To Probe Further and Reference sections provide ample references and pointers for a
reader interested in further details on some of the material.

» Extensive instructional package is available over the internet from the author’s web site.
Includes design software, transparency masters, problem sets, design problems, actual lay-
outs, and hardware and software laboratories.

The Contents at a Glance

A quick scan of the table of contents shows how the ordering of chapters and the material cov-
ered are consistent with the advocated design methodology. Starting from a model of the semi-
conductor devices, we will gradually progress upwards, covering the inverter, the complex logic
gate (NAND, NOR, XOR), the functional (adder, multiplier, shifter, register) and the system
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module (datapath, controller, memory) levels of abstraction. For each of these layers, the domi-
nant 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 illustrated in Chapters 9 and 10, where topics with a
global impact, such as interconnect parasitics and chip timing, are discussed. To further express
the dichotomy between circuit and system design visions, we have divided the book contents
into two major parts: Part IT (Chapters 4-7) addresses mostly the circuit perspective of digital
circuit design, while Part TII (Chapters 8-12) presents a more system oriented vision. Part 1
(Chapters 1-4) provides the necessary foundation (design metrics, the manufacturing process,
device and interconnect models).

Chapter 1 serves as a global introduction. After a historical overview of digital circuit
design, the concepts of hierarchical design and the different abstraction layers are introduced. A
number of fundamental metrics, which help to quantify cost, reliability, and performance of a
design, are introduced.

Chapter 2 provides a short and compact introduction to the MOS manufacturing
process. Understanding the basic steps in the process helps to create the three-dimensional
understanding of the MOS transistor, which is crucial when identifying the sources of the
device parasitics. Many of the variations in device parameters can also be attributed to the
manufacturing process as well. The chapter further introduces the concept of design rules,
which form the interface between the designer and the manufacturer. The chapter concludes
with an overview of the chip packaging process, an often-overlooked but crucial element of the
digital IC design cycle.

Chapter 3 contains a summary of the primary design building blocks, the semiconductor
devices. The main goal of this chapter is to provide an intuitive understanding of the operation of
the MOS as well as to introduce the device models, which are used extensively in the later chap-
ters. Major attention is paid to the artifacts of modern submicron devices, and the modeling
thereof. Readers with prior device knowledge can traverse this material rather quickly.

Chapter 4 contains a careful analysis of the wire, with interconnect and its accompanying
parasitics playing a major role. We visit each of the parasitics that come with a wire (capaci-
tance, resistance, and inductance) in turn. Models for both manual and computer analysis are
introduced.

Chapter 5 deals with the nucleus of digital design, the inverter. First, a number of funda-
mental 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 representative inverter struc-
tures: the static complementary CMOS. The techniques and approaches introduced in this chap-
ter are of crucial importance, as they are repeated over and over again in the analysis of other
gate structures and more complex gate structures.

In Chapter 6 this fundamental knowledge is extended to address the design of simple and
complex 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
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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 opti-
mize the performance and power consumption of complex gates are introduced.

Chapter 7 discusses how memory function 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 chapters prior to
Chapter 7 deal exclusively with combinational circuits, that is circuits without a sense of the past
history of the system. Sequential logic circuits, in contrast, can remember and store the
past state.

All chapters preceding Chapter 8 present a circuit-oriented approach towards digital
design. The analysis and optimization process has been constrained to the individual gate. In
this chapter, we take our approach one step further and analyze how gates can be connected
together to form the building blocks of a system. The system-level part of the book starts,
appropriately, with a discussion of design methodologies. Design automation is the only way
to cope with the ever-increasing complexity of digital designs. In Chapter 8, the prominent
ways of producing large designs in a limited time are discussed. The chapter spends consider-
able time on the different implementation methodologies available to today’s designer. Cus-
tom versus semi-custom, hardwired versus fixed, regular array versus ad-hoc are some of the
issues put forward.

Chapter 9 revisits the impact of interconnect wiring on the functionality and performance
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. Approaches to minimize the
impact of these interconnect parasitics on performance, power dissipation and circuit reliability
are introduced. The chapter also addresses some important issues such as supply-voltage distri-
bution, and input/output circuitry.

In Chapter 10 details how that in order to operate sequential circuits correctly, a strict
ordering of the switching events has to be imposed. Without these fiming constraints, wrong data
might be written into the memory cells. Most digital circuits use a synchronous, clocked
approach to impose this ordeting. In Chapter 10, the different approaches to digital circuit tim-
ing and clocking are discussed. The impact of important effects such as clock skew on the
behavior 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 intro-
duction to synchronization and clock-generation circuits.

In Chapter 11, the design of a variety of complex arithmetic building blocks such as
adders, multipliers, and shifters, is discussed. This chapter is crucial because it demonstrates
how the design techniques introduced in chapters 5 and 6 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.
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Chapter 12 discusses in depth the different memory classes and their implementation.
Whenever large amounts of data storage are needed, the digital designer resorts to special cir-
cuit modules, called memories. Semiconductor memories achieve very high storage density
by compromising on some of the fundamental properties of digital gates. 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 exiensively covered.
Finally, as the primary issue in memory design is to ensure that the device works consis-
tently under all operating circumstances, the chapter concludes with a detailed discussion of
memory reliability. This chapter as well as the previous one are optional for undergraduate
courses.
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