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PREFACE

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 random access
memory (RAM) chips, microprocessor chips, digital signal processor (DSP) chips,
and application-specific integrated circuit (ASIC) chips. The popular use of CMOS cir-
cuits continues to grow with the increasing demands for low-power, low-noise inte-
grated electronic systems in the development of mobile computing platforms, wearable
communication devices, smart phones, and multimedia systems.

Since the field of CMOS integrated circuits is broad, it is conventionally divided
into digital CMOS circuits and analog CMOS circuits. This textbook 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 nanometer-scale fabrication technolo-
gies, very low operating voltages, and operating frequencies extending well into the
multi-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 the first two
authors were intensively involved in undergraduate- and graduate-level teaching of
digital IC fundamentals. 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 integrated 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 digital
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. We are both encouraged by comments from our students, colleagues, and re-
viewers. 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 the
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 and interconnects in high-speed circuit design, as well as the deep sub-
micron circuit design issues, and to provide more rigorous treatment of new develop-
ments in memory circuits. We also felt that in a rapidly developing field such as CMOS

C omplementary metal oxide semiconductor (CMOS) digital integrated circuits



digital circuits, the quality of a textbook can only be preserved by timely updates re-
flecting the state of the art. This realization has led us to embark on the successive revi-
sions of our work, with the second edition appearing in 1998 and the third edition in
2002, to reflect the advances in technology and in circuit design practices.

During the 11 years that have passed since the publication of the third edition in
2002, the domain of CMOS digital integrated circuits has continued to grow and
develop at an ever-increasing pace. The advent of nanometer-scale technologies and
the widespread use of system-on-chip architectures combining a large number of
functional blocks on chip have ushered in dramatic changes in the way digital CMOS
integrated circuit design has to be treated. Thus, we came to the conclusion that in-
cremental revisions would no longer do justice for the next edition of this textbook,
and that we needed a comprehensive rewriting of virtually all chapters. The author
team was expanded by the valuable addition of Professor Chulwoo Kim of Korea
University, and an extensive revision was embarked upon. The fourth edition is the
outcome of this intensive effort.

CMOS Digital Integrated Circuits: Analysis and Design is intended primarily
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, digi-
tal design, and VLSI. Recognizing that the area of digital integrated circuit 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 textbook contains 15 chapters; we
recognize that it would not be possible to cover rigorously all of this material in one
semester. Thus, we would propose the following based on our teaching experience:
At the undergraduate level, coverage of the first 10 chapters would constitute suffi-
cient material for a one-semester course on CMOS digital integrated circuits.

Time permitting, some selected topics in Chapter 11, “Low-Power CMOS Logic
Circuits,” Chapter 12, “Arithmetic Building Blocks,” and Chapter 13, “Clock and
/O Circuits” could also be covered. Alternatively, this book could 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
10 chapters plus the last 5 chapters can be covered in one semester.

The first 8 chapters of this textbook 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 integrated circuit design techniques discussed in the
first half of this textbook are directly relevant for digital VLSI and ASIC design, we
felt that the context should be presented at the beginning of the book. The issues of
on-chip interconnect modeling and interconnect delay calculation are covered exten-
sively in Chapter 6, which provides a complete view of switching characteristics in
digital integrated 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. Key arithmetic build-
ing blocks are presented in Chapter 12, with an emphasis on high-performance multi-
bit adders and multipliers.

Next, Chapter 13 provides a clear insight into the important subjects of clocking
and chip /O design. Critical issues such as ESD protection, clock distribution, clock
buffering, and latch-up phenomena are discussed in detail. Finally, the more advanced
but important topics of design for manufacturability and design for testability are
covered in Chapters 14 and 15, respectively.

We have long debated the coverage of nMOS circuits in this textbook. We have
concluded that some coverage should be provided for pedagogical reasons. Thus, to
emphasize the load concept, which is still widely used in many areas in digital circuit
design, we present basic resistive-load and pseudo-nMOS inverter circuits along
with their CMOS counterparts in Chapter 5, while we present pseudo-nMOS logic
gates (NAND/NOR) in Chapter 7.

The Online Learning Center for this edition (www.mhhe.com/kang) also contains:

An Instructors Manual

Lecture Slides (PowerPoint and PDF)
Cadence™ Design Tutorial

Color Plates.

Cou rse This text 1is available as an eBook at

www.CourseSmart.com. At CourseSmart you can take

advantage of significant savings off the cost of a print
textbook, reduce their impact on the environment, and gain access to powerful web
tools for learning. CourseSmart eBooks can be viewed online or downloaded to a com-
puter. The eBooks allow readers to do full text searches, add highlighting and notes,
and share notes with others. CourseSmart has the largest selection of eBooks available
anywhere. Visit www.CourseSmart.com to learn more and to try a sample chapter.

creale” with McGraw-Hill Create™, you can easily rearrange chapters, com-
bine material from other content sources, and quickly upload content you have writ-
ten, like your course syllabus or teaching notes. Find the content you need in Create
by searching through thousands of leading McGraw-Hill textbooks. Arrange your
book to fit your teaching style. Create even allows you to personalize your book’s ap-
pearance by selecting the cover and adding your name, school, and course informa-
tion. Order a Create book and you'll receive a complimentary print review copy in
3-5 business days or a complimentary electronic review copy (eComp) via e-mail in
minutes. Go to www.mcgrawhillcreate.com today and register to experience how
McGraw-Hill Create empowers you to teach your students your way.

Although an immense amount of effort and attention to detail were expended to
prepare the camera-ready manuscript, this textbook may still have some flaws and
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and corrections from readers for the improvement of technical content as well as the
presentation style.

ACKNOWLEDGMENTS TO THE FIRST EDITION

Our colleagues have provided many constructive comments and encouragement for
the completion of the first edition. Professor Timothy N. Trick, former head of the
department of electrical and computer engineering at the University of Illinois at
Urbana-Champaign, has strongly supported our efforts from the very beginning. The
appointment of Sung-Mo Kang as an associate in the Center for Advanced Study at
the University of Illinois at Urbana-Champaign helped to start the process. Yusuf
Leblebici acknowledges the full support and encouragement from the department of
electrical and electronics engineering at Istanbul Technical University, where he
introduced a new digital integrated circuits course based on the early version of this
book and received very valuable feedback from his students.

Yusuf Leblebici also thanks the ETA advanced Electronics Technologies Re-
search and Development Foundation at Istanbul Technical University for their gen-
erous support. Professor Elyse Rosenbaum and Professor Resve Saleh used the early
versions of the manuscript as the textbook for ECE382 at Illinois and provided many
helpful comments and corrections, which have been fully incorporated with deep
appreciation. Professor Elizabeth Brauer, currently at Northern Arizona University,
has also done the same at the University of Kentucky.

The authors would like to express sincere gratitude to Professor Janak Patel of
the University of Illinois at Urbana-Champaign for generously mentoring the authors
in writing Chapter 15, “Design for Testability.” Professor Patel has provided many
constructive comments, and many of his expert views on the subject are reflected in
this chapter. Professor Prith Banerjee of Northwestern University and Professor
Farid Najm of the University of Illinois at Urbana-Champaign also provided many
good comments. We would also like to thank Dr. Abhijit Dharchoudhury for his in-
valuable contribution to Chapter 14, “Design for Manufacturability.”

Professor Duran Leblebici of Istanbul Technical University, who is the father of
the second author, reviewed the entire manuscript in its early development phase, and
provided very extensive and constructive comments, many of which are reflected in
the final version. Both authors gratefully acknowledge his support during all stages of
this venture. We also thank Professor Cem Goknar of Istanbul Technical University,
who offered very detailed and valuable comments on “Design for Testability,” and
Professor Ugur Cilingiroglu of the same university, who offered many excellent
suggestions for improving the manuscript, especially the chapter on semiconductor
memories.

Many of the authors’ former and current students at the University of Illinois at
Urbana-Champaign also helped in the preparation of figures and verification of circuits
using SPICE simulations. In particular, Dr. James Morikuni, Dr. Weishi Sun, Dr. Pablo
Mena, Dr. Jaewon Kim, Mr. Steve Ho, and Mr. Sueng-Yong Park deserve recognition.
Ms. Lilian Beck and the staff members of the Publications Office in the department of



electrical and computer engineering at the University of Illinois at Urbana-Champaign
read the entire manuscript and provided excellent editorial comments.

The authors would also like to thank Dr. Masakazu Shoji of AT&T Bell Labora-
tories, Professor Gerold W. Neudeck of Purdue University, Professor Chin-Long
Wey of Michigan State University, Professor Andrew T. Yang of the University of
Washington, Professor Marwan M. Hassoun of Towa State University, Professor
Charles E. Stroud of the University of Kentucky, Professor Lawrence Pileggi of the
University of Texas at Austin, and Professor Yu Hen Hu of the University of
Wisconsin at Madison, who read all or parts of the manuscript and provided many
valuable comments and encouragement.

The editorial staff of McGraw-Hill has been an excellent source of strong support
from the beginning of this textbook project. The venture was originally initiated with
the enthusiastic encouragement from the previous electrical engineering editor,
Ms. Anne (Brown) Akay. Mr. George Hoffman, in spite of his relatively short associ-
ation, was extremely effective and helped settle the details of the publication planning.

During the last stage, the new electrical engineering editor, Ms. Lynn Cox, and
Mr. John Morriss, Mr. David Damstra, and Mr. Norman Pedersen of the editing
department were superbly effective and we enjoyed dashing with them to finish the
last mile.

ACKNOWLEDGMENTS TO THE SECOND EDITION

The authors are truly indebted to many individuals who, with their efforts and their
help, made the second edition possible. We would like to thank Dr. Wolfgang Fichtner,
President and CEO of ISE Integrated Systems Engineering, Inc., and the technical staff
of ISE in Zurich, Switzerland, for providing computer-generated cross-sectional color
graphics of MOS transistors and CMOS inverters, which are featured in the color
. plates. The first author acknowledges the support provided by the U.S. Senior Scientist
Research Award from the Alexander von Humbold Stiftung in Germany, which was
very helpful for the second edition. The appointments of the second author as Associ-
ate Professor at Worcester Polytechnic Institute and as Visiting Professor at the Swiss
Federal Institute of Technology in Lausanne, Switzerland have provided excellent en-
vironments for the completion of the revision project. The second author also thanks
Professor Daniel Mlynek of the Swiss Federal Institute of Technology in Lausanne for
his continuous encouragement and support. Many of the authors’ former and current
students at the University of Illinois at Urbana-Champaign, at the Swiss Federal Insti-
tute of Technology in Lausanne, and at Worcester Polytechnic Institute also helped in
the preparation of figures and verification of circuits using SPICE simulations. In par-
ticular, Dr. James Stroming and Mr. Frank K. Giirkaynak deserve special recognition
for their extensive and valuable efforts.

The authors would also like to thank Professor Charles Kime of the University of
Wisconsin at Madison, Professor Gerold W. Neudeck of Purdue University, Professor
D. E. Ioannou of George Mason University, Professor Subramanya Kalkur of the Uni-
versity of Colorado, Professor Jeffrey L. Gray of Purdue University, Professor Jacob
Abraham of the University of Texas at Austin, Professor Hisham Z. Massoud of Duke



.12.

University, Professor Norman C. Tien of Cornell University, Professor Rod Beresford
of Brown University, Professor Elizabeth J. Brauer of Northern Arizona University,
Professor Reginald J. Perry of Florida State University, and Professor Cem Goknar
of Istanbul Technical University who read all or parts of the revised manuscript and
provided their valuable comments and encouragement.

The editorial staff of McGraw-Hill has, as always, been wonderfully supportive
from the beginning of the revision project. We thankfully recognize the contributions
of our previous electrical engineering editor, Ms. Lynn Cox, and we appreciate the
extensive efforts of Ms. Nina Kreiden, who helped the project get off the ground in
its early stages. During the final stages of this project, Ms. Kelley Butcher, Ms. Karen
Nelson, and Mr. Francis Owens were extremely effective and helpful, and we
enjoyed sharing this experience with them.

ACKNOWLEDGMENTS TO THE THIRD EDITION

Several individuals have contributed their time and efforts to the third edition of our
textbook. The authors would like to acknowledge the invaluable contribution of
Dr. Seung-Moon Yoo who was instrumental in the extensive revision of the Memory
chapter (Chapter 10). His technical insight, his meticulous attention to detail, and his very
productive work are truly appreciated. The first author acknowledges the University of
California at Santa Cruz for valuable support in his new position as Dean of the School of
Engineering, and for enabling him to concentrate on the revision of the manuscript. The
appointment of the second author as Full Professor at the Swiss Federal Institute of Tech-
nology in Lausanne, Switzerland, has also provided an excellent environment for the
completion of the project. The second author gratefully acknowledges Mme. Séverine
Eggli for her valuable assistance in revisions, and for typing sections of the text. The au-
thors thank Mr. Tom Vernier and the technical staff of the MOSIS organization for gener-
ously providing the SPICE BSIM parameters for the TSMC 0.18 wm process that were
extracted by MOSIS. The authors also acknowledge Dr. Michael W. Davidson of the
Florida State University National High Magnetic Field Laboratory, for providing the DEC
Alpha chip microphotographs that appear on the cover.

The authors would like to thank the following individuals who read all or parts
of the revised manuscript and provided their valuable comments and encouragement.

Professor Massoud Pedram, University of Southern California

Professor Eby G. Friedman, University of Rochester

Professor Chien-In Henry Chen, Wright State University

Professor Ivan Kourtev, University of Pittsburgh

Professor Dimitris E. Ioannou, George Mason University

Professor Thottam S. Kalkur, University of Colorado at Colorado Springs

Professor Yong-Bin Kim, Northeastern University

Professor Pratapa Reddy, Rochester Institute of Technology

Professor Hisham Z. Massoud, Duke University

Professor Resve A. Saleh, University of British Columbia



Professor Simon Foo, Florida State University

Professor David W. Parent, San Jose State University

Professor Jaime Ramirez-Angulo, New Mexico State University
Professor Nur Touba, University of Texas at Austin

Professor Nicholas C. Rumin, McGill University

The editorial staff of McGraw-Hill has again been very helpful and supportive through-
out the entire revision project. This project started with the insightful initiative of Mr. Tom
Casson, our publisher at McGraw-Hill. We would like to acknowledge his valuable sup-
port and encouragement. We thankfully recognize the contributions of Ms. Michelle
Flomenhoft, Ms. Betsy Jones, and Ms. Rose Koos. We especially thank them for their
helpful assistance during all stages of this complex project, and for their patience and per-
sistence. We also acknowledge Mr. Rick Noel for creating the cover design of the third
edition. We truly enjoyed sharing this experience with the entire McGraw-Hill team.

ACKNOWLEDGMENTS TO THE FOURTH EDITION

Perhaps more pronounced than in the previous editions, this fourth edition has bene-
fited from the valuable contributions of a number of colleagues and co-workers. As in
the third edition, Dr. Seung-Moon Yoo has played a key role in the extensive revision
of the Memory chapter (Chapter 10). His technical insight, his meticulous attention to
detail, and his productive work are truly appreciated. The first author acknowledges
the University of California system for its support for administrative leave, which en-
abled focused effort for the revision, and many colleagues in the Department of Elec-
trical Engineering at the Korea Advanced Institute of Science and Technology
(KAIST) who encouraged and supported the final phase of this revision.

The second author acknowledges the Swiss Federal Institute of Technology in
Lausanne, Switzerland, for providing an excellent environment for the completion of
the project. The third author acknowledges the Korea University in Seoul, Korea, for
enabling him to finish the revision.

A number of students at Korea University helped in the preparation of figures,
SPICE simulations, and layout. Special recognition goes to Dr. Young-Ho Kwak,
Dr. Phi-Hung Pham, Dr. Moo-Young Kim, Dr. Inhwa Jung, Dr. Minyoung Song,
Mr. Hokyu Lee, Mr. Jungmoon Kim, Mr. Junyoung Song, and Mr. Sewook Hwang.

The authors thank Professor Rhett Davis at North Carolina State University for let-
ting us use freePDK45™ for layout and Professor Yu Cao at Arizona State University
for PTM SPICE BSIM parameters for 65-nm process (http://ptm.asu.edu/). We devel-
oped our own parameters based on that and used it for simulations in this textbook.

The authors would like to thank the following individuals who read all or parts
of the revised manuscript and provided their valuable comments and encouragement.

Khalid H. Abed, Jackson State University

Erik Cheever, Swarthmore College

Frank T. Duda Jr., Grove City College
Kaliappan Gopalan, Purdue University—Calumet

.13.



Yong-Bin Kim, Northeastern University

Selahattin Sayil, Lamar University

Nur Touba, University of Texas—Austin

Syed Kamrul Islam, University of Tennessee

Simon Y. Foo, Florida State University

Rizwan Bashirullah, University of Florida

Wagdy Mahmoud, University of the District of Columbia
Azadeh Davoodi, University of Wisconsin

John Loomis, University of Dayton

The editorial staff of McGraw-Hill has again been helpful and supportive throughout
the entire revision project. We especially acknowledge the contributions of Mr. Raghu
Srinivasan, Ms. Darlene Schuller, Ms. Lisa Bruflodt, and Mr. Vincent Bradshaw, for
their valuable assistance during all stages of this complex project, and for their
patience and persistence. We truly enjoyed sharing this experience with the entire
McGraw-Hill team.

Finally, we would like to acknowledge the support from our families, Myoung-A
(Mia), Jennifer, and Jeffrey Kang and Victoria Tung, Anil and Ebru Leblebici, and
Mi-Soon Choi, Minjin, and Doyeon Kim, for tolerating many of our physical and
mental absences while we worked on the fourth edition of this textbook, and for pro-
viding us invaluable encouragement throughout the project.

Sung-Mo (Steve) Kang Yusuf Leblebici Chluwoo Kim
Daejeon, Korea Lausanne, Switzerland Seoul, Korea
August 2013 August 2013 August 2013



% a

[i[]] =

AN BB LSk (CMOS) BUrd i ik i 445 B AR —Fp e iR, BT A
HACTHEE . Ao 2 PR UL A 5 TV v 25 [ A f % s, CMOS B2 il HRLU I TE T R BT 1) B ATL A ik
B2 (RAM) . kbFREs . $rv(s ST (DSP) FiE MR HEE (ASIC) &R THMAE T
PE RN . BEEERSHE TS, ATERRE. RTINS EERGES T RITH
S TARThEE. (ME R i 7 248 H 28 K A7 5K, CMOS HU 1) 72 REATR RS K .

CMOS 4 % L B8 4 e [ A AR 3 132, 8% 4 N CMOS Hi i AL 4Ll CMOS L
P, AT S CMOS B R R . AR B R BEE K HIE T
S WA T4 B R A GHz 2 TAES R 1k sk, 4% CMOS L BRI TH 541
CMOS HL 4 ¥ FLBR E A faksom . TRk, VR BB “RERL” 1 f BESR 7 B A e v 4
¥ CMOS LB, 15111 P 28 e 1 e i PO R0 R 3% S M Sk SE IR B AL Th RE

VEZAE 20 14T 90 4EARVIARITHRIBE S A, 4 P47 32 BEE & IEAE N FE AR AT 5T
A B R SR . 7 26 R R U KR B B - B AR S RAT O R, FE R
TR AREEE (B ECE382—— KMUBISE R L % i) #eEP R o 2iE H A 1 #
B, SR 2 0T AN ) S5 A0 — B0 i 7 B — AR A BT 8 CMOS 3248 i 1 4 Bk, BRI A
F3 T B R S AR R U ST A TS . M 1993 4R, {EHEEEFREHR KRR
Y- FREA B EH AR A R B 26 EAR IR B T AR Hn LI A B i
TIXEH R . WK BT R B AR, BRI B TR E ISR
T 1995 [EEHR T (CMOS %74 il FL g TS B — R

TES— R REARA, FHARMRZIIARD THEZ@REHERER, EFEaY)EE
KB EEIT . VEE SHEThFE RIS 8t o B8 o i B R R R IR LK L%
V45 1) AT TS SORI AN TS, T A7 G H s T R R T Ak 2 B R 1 A Ak 2
J5i. fF CMOS 7 i X A K @ 7 s U b, — AREEHS RGBS AWHZIT,
Jo I R W A AR R R, A B RIE A m AR K. BTN, fEEXN A
AW H AT BT, 2o)5 T 1998 4F. 2002 4F HR 158 —ROAEE =R, DARBREEAR K- FIH
PR AT S B (1) OB AR

M 2002 4EA A S IRATBIILA 0 11 4EHL, CMOS $7 52 il Hi 2% 45— B DUBOR R
PRI P R R . AR 0 H T LA R S K B RE AL B B RS2 M 45 CMOS
$h 7 A LB T B A Sk T B B 7 AT A AR . PRI ERATTIA R ASOR 9 2 2R AT 1S n
BT CAARRET EASBM F—RARERT, MEFRENILTFHARENTHTEmES. &
AT BN T — 7 B A 51, 2K E 86 E & U0 K 2% 1) Chulwoo Kim #dZ. ATk

.15.



XIARBM AT T KEBIT. A ERENURA T HRES S EHET .

KAAE R S ER AR ER—FERF T E R, ] (N FE R BB, ek
ity VLSI &4UR Y TN S % . $rL s i it IEfE RS mst R g, fFE R4
FIXE A BT ieR 5 1 N BRI B R R B R

A5 15 B, KIBIEHEWBELR, £ FWAHAREABRE NSRS R,
Bl HERE I R Rt R R fEm I ARE I #EeE T, R sk e 1 &%
10 FEA K CMOS $ 78 S I N 28 . Wit (8] o F, B mT A e HZ 25 11 &2 “fi%
DI#E CMOS AR LK | 55 12 38 “BOR A A% 13 8 “mheh B % 540 A\ % 4 e g ”
I A AR ZHEON P E AR, AT LA S I 22 55 b (0 397 o] B AT Vel iRt . e T
IR FCAE BB, AR A BB 351 Al 22 HEFE — A2 W 2

AFHIEE 1 HAEE 18 T MOS SR M A 4 . A FIBh A T/F JE r
50 M CA SR AS SOAH 2% B BRI i A& B e R B R e R AR S TR, 4
PORRES 1 BN AR KEY 78, BN VLSI 8t ik, BT AR Rk
FEEW BRI 587 VLSI & ASIC WitAH3RH— ¥ F IC Wit 7k, (EEIANNE LEE
AR IMAUE . 55 6 FIRNGTHE R | B R AR &% %48 | [ ZE 3R i [a) 14,
HAG e AN BECF BB T SRR . 25 9 25 B A28 87 B T IA BI4T 4 /K F /Y VST s
R ERBhAZHEK. 10 RAENFMEE R T EEBM T 2mESR, wABAN GG
ZIEF) B4 WK T 1 SR G . TR ThE B R T R B 25, (R
5 11 BB TRIIFE CMOS 45 Bk (03HE, T 6 TR IhEE A AR R 7 4 i e BR
BB IR RIS 55 12 A HRBE RSB, I E SN A RE 2 ANk 22 Ak
R4S o 5 13 BT B el B RS 1 /O BEH LR 2H o X ESD A4 B B B 40
I 2 o 2 BN 56 — R A AN T R e Rt 4t T YRR T8 . RS, 8 14 R
55 15 B 53 )0 1 FL B 1 A o3 P e A AT R R X B A .

fE& Bl A4 4 ) nMOS HLERHEAT T KA IR I 8. IWECEM M BERE, %t nMOS
HLERBEAT — SN R A M. N T SRIE 2N T RO R I IR RS, S &)
97 HEA Y HL R A £ RO nMOS [ AH 8% B % DL K 5 H 6 R [ CMOS B, JE7Ess 7 &
484 nMOS 41 (53 / 83E) .

A5 ) T G PR LTS 3] RRAR A PPT, 224k % U 045 Cadence Wit #iE A H i E . ©

@© HIHHIRHEMEA: te_service@phei.com.cn. 22 B A 7E www.mhhe.com/kang BAE(S 2 %M (www.hxedu.com.cn) #Ho

.16.



