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omplementary metal oxide semiconductor (CMOS) digital integrated circuits

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
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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
I/0 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.
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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 I/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.

create” 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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mistakes due to erring human nature. We welcome and greatly appreciate suggestions
and corrections from readers for the improvement of technical content as well as the
presentation style.
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