B AFHEHM — BT L£ 47 (FPK)

SN 5K AL B i
— S5t
(S53hR)

INTERNATIONAL EDITION

Analysis gnd Design

Sung-Mo Kaog
Yusuf Leblebici

McGRAW-HILL

AIERFHIR




B SN KFHT HAM — MO F £ 45

CMOSZR = 5k Rl s IR

— o5&t
I CMOS Digital Integrated (SR3hR)

Circuits Sung-Mo Kang

Analysis and Design c
(Third Edition) | Yusuf Leblebici

ARtk

b3



Sung-Mo Kang, Yusuf Leblebici

CMOS Digital Integrated Circuits: Analysis and Design, 3¢
EISBN: 0-07-119644-7

Copyright © 2003 by The McGraw-Hill Companies, Inc.

Original language published by The McGraw-Hill Companies, Inc. All Rights reserved. No part of this

publication may be reproduced or distributed by any means, or stored in a database or retrieval system, without
the prior written permission of the publisher.

Authorized English language edition jointly published by McGraw-Hill Education (Asia) Co. and Tsinghua
University Press. This edition is authorized for sale only to the educational and training institutions, and within
the territory of the People’s Republic of China (excluding Hong Kong, Macao SAR and Taiwan). Unauthorized

export of this edition is a violation of the Copyright Act. Violation of this Law is subject to Civil and Criminal
Penalties.

AASTICYED AR v R AL RS B 248 57 - B R BOE AR () AR S AE R . BLRRA (L FR7E S 42
ABRSEHESRA NEREFEES. W TR &+ EEGEHX) #8E RSN HE. REWF
AZ WO, WAEREEE, RREERT S,

AREHRETCBEFA, AR RIS RE B .

ERAHEBREERAFRZLS BF: 01-2004-3592

REAERA, #BENW 9T, #E4RAIE: 010-62782989 13901104297 13801310933
ABEHTEME McGraw-Hill 2B HFEE, TREERBHEE.

B R4 B (CIP) #iiE
CMOS $=FsE k. 75 ¥+ = CMOS Digital Integrated Circuits: Analysis and Design: 5 3 iR: 330/ ()
8 (Kany, S.M.), (Hi-t) FEMAFKLLIT (Leblebici, Y.) Z. —FEHA. —IbIX: BHEAZHR, 2004.8

(ESRERT B —RERTERS] CEERED)
ISBN 7-302-09060-2

[.Co M. OF @ I OBFHEMEE— BB —RELR—EM - R0 QBFHERRKE
— BB —REER —HM - V. TN431.2

H E R AR B BE CIP H3E&F (2004) 5 070985 5

W ORE & EEKREER o fb JEEFEERFEMAE
http://www.tup.com.cn B 4R: 100084
#HEM: (010) 62770175 EPRE: (010) 6277 6969

HfEmiB: HEH
ED Bl & JtRFTEERIHERAR
% 9T & ZAmHREITERAA

% 1T &: FHEPEREESRITH

7 A 188X%231 EP3K: 40.25

B MR: 2004458 HE 1AR 2004 5 8 A% 1 KEIRI
H#  B: ISBN 7-302-09060-2/TN * 199

Ep #: 1~3000

E i 59.00 T

APWAFESCFARE. WK, B0, BRZENERERE, BS5EERZE DR BERBT R
., BERAIE: (010) 62770175-3103 B, (010) 62795704



iR Bl S

T HEARRE BRERARNRORARZ —, BT LR AR EH AR LRI
ORGP EFRER. REERRESRIEES . REE (FE~L “+R” TRIAE)
R R EERR, HRAIFR A0S, ER UER BB EAR A
BERIERLMZOBAR, REREEEZMIAARILE. KBREMBBEARKIR
e —REFRAEREFINERAT

TR R ERE, WEAEHRR, MREMRTSHLEAYED, BARTERALS
e RBH R REIKF, DREMERFALHER, Ak, RIOIRGEHET —HEIER
MBI EE, ARSRHR. BPEFRNINERENR: EFTURNZXM, &
RREWS:; WARBREHBH KRR FTRNERFSBROFANL: RENGREE
WIEERERBER, ENRAMETHEREERER. AELABEMNETHRTHER
RUSERIYE, AT —RERA BT A TR, R ey N A TR
FEAFBMUBEE AKX REN BB ESE S, WD TREARA R K 8552,

AT WAL, XEABRMEARRITE. TREARANZULBIHIA G KM
TR, Xz RERMRBEIRBEF{EE. MR OHEE KEENRI—W
BEAE MR PRASRY, BREAMMRCES . EHHE S,

RPN T

BT AR A
2003.9



CMOS Digital Integrated Circuits
Analysis and Design

® W F

(CMOS ¥ 74 B #— 7 5% 71 )(CMOS Digital Integrated Circuits: Analysis and
Design)—¥5, 2% E E#7T# T %¥B% Sung-Mo (Steve) Kang #H % 3 LB T#Pt Yusef
Leblebici ##%3E K —4iTid CMOS HFRBBB AT E R NEM . &ZBT 1995 F5
AR, 1998 FEHIRE 2 M, ARBEEKFZHRALGIBER 2002 FHRKEE 3 . %ZEH
WAAMH, ERERENW, BANARER, BEEABHRZEIEMERH. TS
) RE RN RRRITRKPAARBFAFTHREE X

ZIRBENHENELFER, EEERZHRENART, FANZBEHTTHBIT.
BITEMZERORERRFETERNEHIAE. BEEANNRBEERSH MOS &
AR (Measurement of Parameters, RAR 3.4 FHRFMH/HNE). BHBERHA (Voltage
Bootstrapping, BRI 9.3 %) M B (Adiabatic Logic Circuits, JRAR 11.6 ¥1) %X}
EPEBUEATERAEMNLOBENE. WJLHEE, IERRBHREEREMRACHT
BUEHE M A UL R AE CMOS LR BB R TN ITRFSRER MM

EXEDh
2004 £ 4 B
FTHRERE



Sung-Mo “Steve” Kang received the Ph.D. degree in electrical engineering from
the University of California at Berkeley. He has worked on CMOS VLSI design at
AT&T Bell Laboratories at Murray Hill, NJ as supervisor and member of technical
staff of high-end CMOS VLSI microprocessor design until 1985. Previously, he was
department head and professor of electrical and computer engineering department at
the University of Illinois at Urbana-Champaign. Currently, he is dean of the Baskin
School of Engineering and professor of electrical engineering at the University of
California at Santa Cruz. He was the founding editor-in-chief of the IEEE Transac-
tions on Very Large Scale Integration (VLSI) Systems and has served on editorial
boards of several IEEE and international journals. He is Fellow of IEEE, ACM, and
AAAS and recipient of IEEE Third Millennium Medal, IEEE Graduate Teaching
Technical Field Award, UC Berkeley Distinguished Alumnus Award, SRC Technical
Excellence Award, IEEE Circuits and Systems Society Technical Achievement
Award, Alexander von Humboldt U.S. Senior Scientist Award, IEEE CAS Darlington
Prize Paper Award, KBS Award, and several other best paper awards.

Yusuf Leblebicl received the Ph.D. degree in electrical and computer engineer-
ing from the University of Illinois at Urbana-Champaign. He was a visiting assistant
professor of electrical and computer engineering at the University of Illinois at
Urbana-Champaign, associate professor of electrical and electronics engineering at
Istanbul Technical University, and associate professor of electrical and computer en-
gineering at Worcester Polytechnic Institute. He also served as the microelectronics
program coordinator at Sabanci University. Currently, he is full (chair) professor at
the Swiss Federal Institute of Technology in Lausanne, Switzerland and director of
the Microelectronic Systems Laboratory. His research interests include design of
high-performance CMOS digital and mixed-signal integrated circuits, computer-
aided design of VLSI systems, intelligent sensor interfaces, modeling and simula-
tion of semiconductor devices, and VLSI reliability analysis. He is a Senior
Member of IEEE, and recipient of the NATO Science Fellowship Award, the Young
Scientist Award of the Turkish Scientific and Technological Research Council, and

the Joseph Samuel Satin Distinguished Fellow Award of the Worcester Polytechnic
Institute.



cuits are the enabling technology for the modern information age. Because

of their intrinsic features in low-power consumption, large noise margins,
and ease of design, CMOS integrated circuits have been widely used to develop ran-
dom access memory (RAM) chips, microprocessor chips, digital signal processor
(DSP) chips, and application-specific integrated circuit (ASIC) chips. The popular
use of CMOS circuits continues to grow with the increasing demands for low-power,
low-noise integrated electronic systems in the development of portable computers,
personal digital assistants (PDAs), portable phones, and multimedia agents.

Since the field of CMOS integrated circuits is very broad, it is conventionally di-
vided into digital CMOS circuits and analog CMOS circuits. This book is focused on
the CMOS digital integrated circuits. However, it should be noted that the boundary
between classical digital and analog CMOS design is becoming increasingly blurred,
especially with the challenges presented by very deep sub-micron (VDSM) fabrica-
tion technologies, very low operating voltages, and operating frequencies extending
well into the GHz range. Therefore, we attempt to present the analysis and design of
digital CMOS integrated circuits from an “analog” point-of-view, i.e., taking into
account the analog, non-discrete nature of the devices and circuits that are used to
implement digital functions.

The origins of this textbook date back to the early 1990s when both authors were
intensively involved in undergraduate and graduate level teaching of digital IC fun-
damentals. At the University of Illinois at Urbana-Champaign, where both of us were
teaching at the time, we tried some of the available textbooks on digital MOS inte-
grated circuits for our senior-level technical elective course, ECE382—Large Scale
Integrated Circuit Design. Students and instructors alike realized, however, that
there was a need for a new book with more comprehensive treatment of CMOS dig-
ital circuits. Thus, our textbook project was initiated several years ago by assembling
our own lecture notes. Since 1993, we have used evolving versions of this material at
the University of Illinois at Urbana-Champaign, at Istanbul Technical University, at
Worcester Polytechnic Institute, and at the Swiss Federal Institute of Technology in
Lausanne. Both authors were very much encouraged by comments from their students,
colleagues, and reviewers. The first edition of CMOS Digital Integrated Circuits:
Analysis and Design was published in late 1995.

Soon after publishing the first edition, we saw the need for updating it to reflect
many constructive comments we were receiving from instructors and students who
used the textbook. We intended to include and update important topics such as low-
power circuit design, interconnects in high-speed circuit design, as well as the deep
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sub-micron circuit design issues, and to provide more rigorous treatment of new
developments in memory circuits. We also felt that in a very rapidly developing field
such as CMOS digital circuits, the quality of a textbook can only be preserved by
timely updates reflecting the current state-of-the-art. This realization has led us to
embark on the extensive and continuous revision of our work, with the Second Edi-
tion appearing in 1998 and the Third Edition in 2002, to reflect recent advances in
technology and in circuit design practices.

This book, CMOS Digital Integrated Circuits: Analysis and Design, is primarily
intended as a comprehensive textbook at the senior level and first-year graduate
level, as well as a reference for practicing engineers in the areas of integrated circuit
design, digital design, and VLSI. Recognizing that the area of digital integrated cir-
cuit design is evolving at an increasingly faster pace, we have made our best effort to
present up-to-date materials on all subjects covered. This book contains fifteen chap-
ters; and we recognize that it would not be possible to cover rigorously all of this ma-
terial in one semester. Thus, we would propose the following based on our teaching
experience: At the undergraduate level, coverage of the first ten chapters would con-
stitute sufficient material for a one-semester course on CMOS digital integrated cir-
cuits. Time permitting, some selected topics in Chapter 11, Low-Power CMOS Logic
Circuits, Chapter 12, BiCMOS Logic Circuits, and Chapter 13, Chip Input and Out-
put (I/0O) Circuits can also be covered. Alternatively, this book can be used for a two-
semester course, allowing a more detailed treatment of advanced issues, which are
presented in the later chapters. At the graduate level, selected topics from the first ten
chapters plus the last five chapters can be covered in one semester.

The first eight chapters of this book are devoted to a detailed treatment of the
MOS transistor with all its relevant aspects; to the static and dynamic operation prin-
ciples, analysis, and design of basic inverter circuits; and to the structure and opera-
tion of combinational and sequential logic gates. Note that the introduction chapter
has been significantly expanded to include a detailed presentation of VLSI design
methodologies. Since the digital IC design techniques discussed in the first half of
this book are directly relevant for digital VLSI and ASIC design, we felt that the con-
text should be presented at the very beginning of the book. The issues of on-chip in-
terconnect modeling and interconnect delay calculation are covered extensively in
Chapter 6, which provides a complete view of switching characteristics in digital in-
tegrated circuits. A separate chapter (Chapter 9) has been reserved for the treatment
of dynamic logic circuits, which are used in state-of-the-art VLSI chips. Chapter 10
has been completely revised in both content and presentation; it offers an in-depth
presentation of many state-of-the-art semiconductor memory circuits.

Recognizing the increasing importance of low-power circuit design, we dedicate
one chapter (Chapter 11) to low-power CMOS logic circuits, which provides a com-
prehensive coverage of methodologies and design practices that are used to reduce
the power dissipation of large-scale digital integrated circuits. BICMOS digital cir-
cuit design is examined in Chapter 12, with a thorough coverage of bipolar transistor
basics. In view of the continuing use of bipolar and BiCMOS circuits in very high-
speed designs, we believe that at least one chapter should be allocated to cover the ba-
sics of bipolar transistors. Next, Chapter 13 provides a clear insight into the important
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subject of chip I/O design. Critical issues such as ESD protection, clock distribution,
clock buffering, and latch-up phenomena are discussed in detail. Finally, the more ad-
vanced but very important topics of design for manufacturability and design for test-
ability are covered in Chapters 14 and 15, respectively.

The authors have long debated the coverage of nMOS circuits in this book. We
have concluded that some coverage should be provided for pedagogical reasons.
Studying nMOS circuits will better prepare readers for analysis of other field effect
transistor (FET) circuits such as GaAs circuits, the topology of which is quite simi-
lar to that of depletion-load nMOS circuits. Thus, to emphasize the load concept,
which is still widely used in many areas in digital circuit design, we present basic
depletion-load nMOS circuits along with their CMOS counterparts in several places
throughout the book.

Although an immense amount of effort and attention to detail were expended to
prepare the camera-ready manuscript, this book may still have some flaws and mis-
takes due to erring human nature. The authors would welcome and greatly appreci-

ate suggestions and corrections from the readers, for the improvement of technical
content as well as the presentation style.
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Introduction

1.1 Historical Perspective

The electronics industry has achieved a phenomenal growth over the last few decades,
mainly due to the rapid advances in integration technologies and large-scale systems
design. The use of integrated circuits in high-performance computing, telecommuni-
cations, and consumer electronics has been growing at a very fast pace. Typically, the
required computational and information processing power of these applications is the
driving force for the fast development of this field. Figure 1.1 gives an overview of
the prominent trends in information technologies over the next decade. The current
leading-edge technologies (such as low bit-rate video and cellular communications)
already provide the end-users a certain amount of processing power and portability.
This trend is expected to continue, with very important implications for VLSI and
systems design. One of the most important characteristics of information services is
their increasing need for very high processing power and bandwidth (in order to han-
dle real-time video, for example). The other important characteristic is that the infor-
mation services tend to become more personalized, which means that the information
processing devices must be more intelligent and also be portable to allow more mo-
bility. This trend towards portable, distributed system architectures is one of the main
driving forces for system integration, even though it does not preclude a concurrent
and equally important trend towards centralized, highly powerful information sys-
tems such as those required for network computing (NC) and video services.

As more and more complex functions are required in various data processing
and telecommunications devices, the need to integrate these functions in a small
package is also increasing. The level of integration as measured by the number of
logic gates in a monolithic chip has been steadily rising for almost three decades,
mainly due to the rapid progress in processing technology and interconnect technol-
ogy. Table 1.1 shows the evolution of logic complexity in integrated circuits over the
last three decades, and marks the milestones of each era. Here, the numbers for cir-
cuit complexity should be viewed only as representative measures to indicate the
order-of-magnitude. A logic block can contain anywhere from 10 to 100 transistors,
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Table 1.1 Evolution of logic complexity in integrated circuits

, Complexity
Era Date (# of logic blocks per chip)
Single transistor 1958 <1
Unit logic (one gate) 1960 1
Multi-function 1962 24
Complex function 1964 5-20
Medium Scale Integration (MSI) 1967 20-200
Large Scale Integration (LSI) 1972 200-2,000
Very Large Scale Integration (VLSI) 1978 2,000-20,000
Ultra Large Scale Integration (ULSI) 1989 20,000-?
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8
]
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[
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Figure 1.1 Prominent “driving” trends in information service technologies.

depending on the function. State-of-the-art ULSI chips, such as the DEC Alpha or the
INTEL Pentium, contain 10 to 100 million transistors. Note that the term VLSI has
been used continuously even for chips in the ULSI (Ultra Large Scale Integration)
category, not necessarily abiding by the distinction in Table 1.1.

The monolithic integration of a large number of functions on a single chip usu-

ally provides:

Less power consumption
Less testing requirements at system level

Significant cost savings

Less area/volume and therefore, compactness

Higher reliability, mainly due to improved on-chip interconnects
Higher speed, due to significantly reduced interconnection length



