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Foreword

Since the invention of integrated circuits thirty years ago, manufacturing of
electronic systems has taken rapid strides in improvement in speed, size, and
cost. For today’s integrated circuit chips, switching time is on the order of
nanoseconds, minimum feature size is on the order of sub-microns, transistor
count is on the order of millions, and cost is on the order of a few dollars.
In fact, it was estimated that the performance/cost ratio of integrated circuit
chips has been increasing at the rate of one thousand-fold every ten years,
yielding a total of 10° for the last three decades. A combination of high product
performance and low per-unit cost leads to the very pervasive introduction of
integrated circuit chips to many aspects of modern engineering and scientific
endeavors including computations, telecommunications, aeronautics, genetics,
bioengineering, manufacturing, factory automation, and so on. It is clear that
the integrated circuit chip will play the role of a key building block in the
information society of the twenty-first century.

The manufacture of integrated circuit chips is similar to the manufacture
of other highly sophisticated engineering products in many ways. The three
major steps are designing the product, fabricating the product, and festing the
fabricated product. In the design step, a large number of components are to
be designed or selected, specifications on how these components should be as-
sembled are to be made, and verification steps are to be carried out to assure
the correctness of the design. In the manufacturing step, a great deal of man-
power, and a large collection of expensive equipment, together with painstaking
care are needed to assemble the product according to the design specification.
Finally, the fabricated product must be tested to check its physical function-
ality. As in all engineering problems, there are conflicting requirements in all
these steps. In the design step, we want to obtain an optimal product design,
and yet we also want the design cycle to be short. In the fabrication step, we
want the product yield to be high, and yet we also need to be able to produce
a large volume of the product and get them to market in time. In the testing
step, we want the product to be tested thoroughly and yet we also want to be
able to do so quickly.

The title of this book reveals how the issue of enormous design complexity
is to be handled so that high quality designs can be obtained in a reason-
able amount of design time: We use muscles (automation) and we use brain



XViii

(algorithms). Professor Sherwani has written an excellent book to introduce
students in computer science and electrical engineering as well as CAD engi-
neers to the subject of physical design of VLSI circuits. Physical design is a
key step in the design process. Research and development efforts in the last
twenty years have led us to some very good understanding on many of the
important problems in physical design. Professor Sherwani’s book provides a
timely, up-to-date integration of the results in the field and will be most useful
both as a graduate level textbook and as a reference for professionals in the
field. All aspects of the physical design process are covered in a meticulous
and comprehensive manner. The treatment is enlightening and enticing. Fur-
thermore, topics related to some of the latest technology developments such as
Field Programmable Gate Arrays (FPGA) and Multi-Chip Modules (MCM)
are also included. A strong emphasis is placed on the algorithmic aspect of
the design process. Algorithms are presented in an intuitive manner without
the obscurity of unnecessary formalism. Both theoretical and practical aspects
of algorithmic design are stressed. Neither the elegance of optimal algorithms
nor the usefulness of heuristic algorithms are overlooked. ;From a pedagogical
point of view, the chapters on electronic devices and on data structures and ba-
sic algorithms provide useful background material for students from computer
science, computer engineering, and electrical engineering. The many exercises
included in the book are also most helpful teaching aids.

This is a book on physical design algorithms. Yet, this is a book that
goes beyond physical design algorithms. There are other important design
steps of which our understanding is still quite limited. Furthermore, develop-
ment of new materials, devices, and technologies will unquestionably create new
problems and new avenues of research and development in the design process.
An algorithmic outlook on design problem and the algorithmic techniques for
solving complex design problems, which a reader learns through the examples
drawn from physical design in this book, will transcend the confine of physical
design and will undoubtedly prepare the reader for many of the activities in
the field of computer-aided design of VLSI circuits. I expect to hear from many
students and CAD professionals in the years to come that they have learned a
great deal about physical design, computer-aided design, and scientific research
from Professor Sherwani’s book. I also expect to hear from many of them that
Professor Sherwani’s book is a source of information as well as a source of in-
spiration.

Urbana-Champaign, September 1992 C. L. Liu



Preface

From its humble beginning in the early 1950’s to the manufacture of circuits
with millions of components today, VLSI design has brought the power of the
mainframe computer to the laptop. Of course, this tremendous growth in the
area of VLSI design is made possible by the development of sophisticated design
tools and software. To deal with the complexity of millions of components and
to achieve a turn around time of a couple of months, VLSI design tools must
not only be computationally fast but also perform close to optimal.

The future growth of VLSI systems depends critically on the research and
development of Physical Design (PD) Automation tools. In the last two decades,
the research in physical design automation has been very intense, and literally
thousands of research articles covering all phases of physical design automation
have been published. The development of VLSI physical design automation also
depends on availability of trained manpower. We have two types of students
studying VLSI physical design: students preparing for a research career and
students preparing for a career in industry. Both types of students need to
build a solid background. However, currently we lack courses and text books
which give students a comprehensive background. It is common to find stu-
dents doing research in placement, but are unaware of the latest developments
in compaction. Those students seeking careers in industry will find that the
VLSI physical design industry is very fast paced. They are expected to be con-
versant with existing tools and algorithms for all the stages of the design cycle
of a VLSI chip. In industry, it is usual to find CAD engineers who work on one
aspect of physical design and lack knowledge of other aspects. For example,
a CAD engineer working in the development of detailed routers may not be
knowledgeable about partitioning algorithms. This is again due to the lack
of comprehensive textbooks which cover background material in all aspects of
VLSI physical design.

Providing a comprehensive background in one textbook in VLSI physical
design is indeed difficult. This is due to the fact that physical design automa-
tion requires a mix of backgrounds. Some electrical engineering and a solid
undergraduate computer science background is necessary to grasp the funda-
mentals. In addition, some background in graph theory and combinatorics is
also needed, since many of the algorithms are graph theoretic or use other
combinatorial optimization techniques. This mix of backgrounds has perhaps
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restricted the development of courses and textbooks in this very area.

This book is an attempt to provide a comprehensive background in the
principles and algorithms of VLSI physical design. The goal of this book is to
serve as a basis for the development of introductory level graduate courses in
VLSI physical design automation. It is hoped that the book provides self con-
tained material for teaching and learning algorithms of physical design. All
algorithms which are considered basic have been included. The algorithms are
presented in an intuitive manner, so that the reader can concentrate on the
basic idea of the algorithms. Yet, at the same time, enough detail is provided
so that readers can actually implement the algorithms given in the text and
use them.

This book grew out of a graduate level class in VLSI physical design au-
tomation at Western Michigan University. Initially written as a set of class
notes, the book took form as it was refined over a period of three years.

Overview of the Book

This book covers all aspects of physical design. The first three chapters
provide the background material, while the focus of each chapter of the rest
of the book is on each phase of the physical design cycle. In addition, newer
topics like physical design automation of FPGAs and MCMs have also been
included.

In Chapter 1, we give an overview of the VLSI physical design automation
field. Topics include the VLSI design cycle, physical design cycle, design styles
and packaging styles. The chapter concludes with a brief historical review of
thefield.

Chapter 2 discusses the fabrication process for VLSI devices. It is important
to understand the fabrication technology in order to correctly formulate the
problems. In addition, it is important for one to understand, what is doable
and what is not! Chapter 2 presents fundamentals of MOS and TTL transistors.
It then describes simple NAND and NOR gates in nMOS and CMOS.

Chapter 3 presents the status of fabrication process, as well as, process
innovations on the horizons and studies its impact on physical design. We also
discuss several other factors such as design rules, yield, delay, and fabrication
costs involved in the VLSI process.

Basic material on data structures and algorithms involved in the physical
design is presented in Chapter 4. Several different data structures for layout
have been discussed. Graphs which are used to model several different problems
in VLSI design are defined and basic algorithms for these graphs are presented.

Chapter 5 deals with partitioning algorithms. An attempt has been made
to explain all the possible factors that must be considered in partitioning the
VLSI circuits. Group migration, simulated annealing and simulated evolution
algorithms have been presented in detail. The issue of performance driven
partitioning is also discussed.

In Chapter 6, we discuss basic algorithms for floorplanning and pin assign-
ment. Several different techniques for placement such as, simulated annealing,
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simulated evolution, and force-directed are discussed in Chapter 7.

Chapter 8 deals with global routing. It covers simple routing algorithms,
such as maze routing, and more advanced integer programming based methods.
It also discusses Steiner tree algorithms for routing of multiterminal nets.

Chapter 9 is the longest chapter in the book and represents the depth
of knowledge that has been gained in the detailed routing area in the last
decade. Algorithms are classified according to the number of layers allowed for
routing. In single layer routing, we discuss general river routing and the single
row routing problem. All major two-layer channel and switch box routers are
also presented. The chapter also discusses three-layer and multilayer routing
algorithms.

Chapter 10 discusses two ways of improving layouts after detailed routing,
namely, via minimization and over-the-cell routing. Basic algorithms for via
minimization are presented. Over-the-cell routing is a relatively new technique
for reducing routing areas. We present the two latest algorithms for over-the-
cell routing.

The problems of routing clock and power/ground nets are discussed in
Chapter 11. These topics play a key role in determining the layout of high
performance systems. Circuit compaction is discussed in Chapter 12. One di-
mensional compaction, as well as two dimensional compaction algorithms are
presented.

Field Programmable Gate Arrays (FPGAs) are rapidly gaining ground in
many applications, such as system prototyping. In Chapter 13, we discuss
physical design automation problems and algorithms for FPGAs. In particular,
we discuss the partitioning and routing problems in FPGAs. Both of these
problems are significantly different from problems in VLSI. Many aspects of
physical design of FPGAs remain a topic of current research.

Multi-Chip Modules (MCMs) are replacing conventional printed circuit
boards in many applications. MCMs promise high performance systems at
a lower cost. In Chapter 14, we explore the physical design issues in MCMs. In
particular, the routing problem of MCMs is a true three dimensional problem.
MCMs are currently a topic of intense research.

At the end of each chapter, a list of exercises is provided, which range in
complexity from simple to research level. Unmarked problems and algorithms
are the simplest. The exercises marked with () are harder and algorithms in
these exercises may take a significant effort to implement. The exercises and
algorithms marked with (f) are the hardest. In fact, some of these problems
are research problems.

Bibliographic notes can be found at the end of each chapter. In these notes,
we give pointers to the readers for advanced topics. An extensive bibliography
is presented at the end of the text. This bibliography is complete, to the best
of our knowledge, up to the September of 1998. An attempt has been made to
include all papers which are appropriate for the targeted readers of this text.
The readers may also find the author and the subject index at the back of the
text.
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Overview of the Second Edition

In 1992, when this book was originally published, the largest microprocessor
had one million transistors and fabrication process had three metal layers. We
have now moved into a six metal layer process and 15 million transistor micro-
processors are already in advanced stages of design. The designs are moving
towards a 500 to 700 Mhz frequency goal. This challenging frequency goal, as
well as, the additional metal layers have significantly altered the VLSI field.
Many issues such as three dimensional routing, Over-the-Cell routing, early
floorplanning have now taken a central place in the microprocessor physical
design flow. This changes in the VLSI design prompted us to reflect these in
the book. That gave birth to the idea of the second edition.

The basic purpose of the second edition is to introduce a more realistic
picture to the reader exposing the concerns facing the VLSI industry while
maintaining the theoretical flavor of the book. New material has been added
to all the chapters. Several new sections have been added to many chapters.
Few chapters have been completely rewritten. New figures have been added to
supplement the new material and clarify the existing material.

In summary, I have made an attempt to capture the physical design flow
used in the industry and present it in the second addition. I hope that readers
will find that information both useful and interesting.

Overview of the Third Edition

In 1995, when we prepared the 2nd edition of this book, a six metal layer
process and 15 million transistor microprocessors were in advanced stages of
design. In 1998, six metal process and 20 million transistor designs are in pro-
duction. Several manufacturers have moved to 0.18 micron process and copper
interconnect. One company has announced plans for 0.10 micron process and
plans to integrate 200 to 400 million transistors on a chip. Operating frequency
has moved from 266 Mhz (in 1995) to 650 Mhz and several Ghz experimental
chips have been demonstrated. Interconnect delay has far exceeded device de-
lay and has become a dominant theme in physical design. Process innovations
such as copper, low k dielectrics, multiple threshold devices, local interconnect
are once again poised to change physical design once again.

The basic purpose of the third edition is to investigate the new challenges
presented by interconnect and process innovations. In particular, we wanted to
identify key problems and research areas that physical design community needs
to invest in order to meet the challenges. We took a task of presenting those
ideas while maintaining the flavor of the book. As a result, we have added two
new chapters and new material has been added to most of the chapters. A new
chapter on process innovation and its impact on physical design has been added.
Another focus of the book has been to promote use of Internet as a resource,
so wherever possible URLs has been provided for further investigation.

Chapters 1 and 2 have been updated. Chapter 3 is a new chapter on the
fabrication process and its impact. Chapter 4 (algorithms) and Chapter 5
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(partitioning) have been edited for clarity. Chapter on Floorplanning, Place-
ment and Pin Assignment has been split into Chapter 6 (Floorplanning) and
Chapter 7 (Placement) to bring sharper focus to floorplanning. New sequence
pair algorithms have been added to Chapter 7 (Placement) Chapter 8 and 9
have been edited for clarity and references have been updated as appropriate.
New sections have been added to Chapter 10, Chapter 11 and Chapter 12. In
Chapter 10, we have added material related to performance driven routing. In
Chapter 11, DME algorithm has been added. In Chapter 12, we have added
new compaction algorithms. Chapters 13 (FPGAs) and 14 (MCMs) have been
updated. We have made an attempt to update the bibliography quite exten-
sively and many new items have been added.

In summary, I have made an attempt to capture the impact of interconnect
and process innovations on physical design flow. I have attempted to balance
material on new innovations with the classical content of the 2nd edition. I
hope that readers will find that information both useful and interesting.

To the Teacher

This book has been written for introductory level graduate students. It
presents concepts and algorithms in an intuitive manner. Each chapter contains
3 to 4 algorithms that have been discussed in detail. This has been done so as
to assist students in implementing the algorithms. Other algorithms have been
presented in a somewhat shorter format. References to advanced algorithms
have been presented at the end of each chapter. Effort has been made to make
the book self contained.

This book has been developed for a one-semester or a two-semester course
in VLSI physical design automation. In a one-semester course, it is recom-
mended that chapters 8, 9, 11, and 12 be omitted. A half-semester algorithm
development project is highly recommended. Implementation of algorithms is
an important tool in making students understand algorithms. In physical de-
sign, the majority of the algorithms are heuristic in nature and testing of these
algorithms on benchmarks should be stressed. In addition, the development of
practical algorithms must be stressed, that is, students must be very aware of
the complexity of the algorithms. An optimal O(n3) algorithm may be imprac-
tical for an input of size 10 million. Several () marked problems at the end of
each chapter may serve as mini-projects.

In a two-semester class, it is recommended that all the chapters be included.
Reading state-of-art papers must be an integral part of this class. In particular,
students may be assigned papers from proceedings of DAC and ICCAD or
from IEEE Transactions on CAD. Papers from Transactions typically require
a little more mathematical maturity than the papers in DAC and ICCAD. An
important part of this class should be a two-semester project, which may be
the development of a new algorithm for some problem in physical design. A
typical first part of the project may involve modifying an existing algorithm
for a special application. Some (i) problems may serve as projects.

In both the courses, a good background in hand layout is critical. It is
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expected that students will have access to a layout editor, such as MAGIC or
LEDIT. It is very important that students actually layout a few small circuits.
For examples see exercises at the end of Chapter 2.

For faculty members, a teaching aid package, consisting of a set of 400 over-
heads (foils) is available from the author. These are quite helpful in teaching
the class, as all the important points have been summarized on section by sec-
tion basis. In order to obtain these foils, please send an email (or a mail) to
the author, at the address below.

To the Student

First and foremost, I hope that you will enjoy reading this book. Every
effort has been made to make this book easy to read. The algorithms have
been explained in an intuitive manner. The idea is to get you to develop new
algorithms at the end of the semester. The book has been balanced to give
a practical as well as a theoretical background. In that sense, you will find
it useful, if you are thinking about a career in industry or if you are thinking
about physical design as a possible graduate research topic.

What do you need to start reading this book? Some maturity in general
algorithm techniques and data structures is assumed. Some electrical engi-
neering background and mathematics background will be helpful, although not
necessary. The book is self-contained to a great extent and does not need any
supporting text or reference text.

If you are considering a career in this field, I have one important piece of
advise for you. Research in this field moves very fast. As a result, no textbook
can replace state-of-the-art papers. It is recommended that you read papers
to keep you abreast of latest developments. A list of conference proceedings
and journals appears in the bibliographic notes of Chapter 1. I also recom-
mend attending DAC and ICCAD conferences every year and a membership in
ACM/SIGDA, IEEE/DATC and IEEE/TC-VLSI.

To the CAD Professional

This book provides a detailed description of all aspects of physical design
and I hope you have picked up this book to review your basics of physical de-
sign. While it concentrates on basic algorithms, pointers are given to advanced
algorithms as well. The text has been written with a balance of theory and
practice in mind. You will also find the extensive bibliography useful for finding
advanced material on a topic.

Errors and Omissions

No book is free of errors and omissions. Despite our best attempt, this
text may contain some errors. If you find any errors or have any constructive
suggestions, I would appreciate receiving your comments and suggestions. In
particular, new exercises would certainly be very helpful. You can mail your
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comments to:

Naveed Sherwani

Intel Corporation, Mail Stop: JFT-104
2111 N. E. 25th Avenue

Hillsboro, OR 97124-5961

or email them to sherwaan@ichips.intel.com.

A concentrated effort has been made to include all pertinent references to
papers and books that we could find. If you find omissions in the book, please
feel free to remind me.

This book was typeset in Latex. Figures were made using ‘xfig’ and in-
serted directly into the text as .ps files using ‘transfig’. The bibliography was
generated using Bibtex and the index was generated with a program written
by Siddharth Bhingarde.

Portland, March, 1998 Naveed A. Sherwani
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Chapter 1

VLSI Physical Design
Automation

The information revolution has transformed our lives. It has changed our
perspective of work, life at home and provided new tools for entertainment. The
internet has emerged as a medium to distribute information, communication,
event planning, and conducting E-commerce. The revolution is based on com-
puting technology and communication technology, both of which are driven by
a revolution in Integrated Circuit (IC) technology. ICs are used in computers
for microprocessor, memory, and interface chips. ICs are also used in computer
networking, switching systems, communication systems, cars, airplanes, even
microwave ovens. ICs are now even used in toys, hearing aids and implants
for human body. MEMs technology promises to develop mechanical devices
on ICs thereby enabling integration of mechanical and electronic devices on a
miniature scale. Many sensors, such as acceleration sensors for auto air bags,
along with conversion circuitry are built on a chip. This revolutionary devel-
opment and widespread use of ICs has been one of the greatest achievements
of humankind.

IC technology has evolved in the 1960s from the integration of a few transis-
tors (referred to as Small Scale Integration (SSI))o the integration of millions
of transistors in Very Large Scale Integration (VLSI) chips currently in use.
Early ICs were simple and only had a couple of gates or a flip-flop. Some ICs
were simply a single transistor, along with a resistor network, performing a
logic function. In a period of four decades there have been four generations
of ICs with the number of transistors on a single chip growing from a few to
over 20 million. It is clear that in the next decade, we will be able to build
chips with billions of transistors running at several Ghz. We will also be able
to build MEM chips with millions of electrical and mechanical devices. Such
chips will enable a new era of devices which will make such exotic applications,
such as tele-presence, augumented reality and implantable and wearable com-
puters, possible. Cost effective world wide point-to-point communication will
be common and available to all.
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This rapid growth in integration technology has been (and continues to be)
made possible by the automation of various steps involved in the design and
fabrication of VLSI chips. Integrated circuits consist of a number of electronic
components, built by layering several different materials in a well-defined fash-
ion on a silicon base called a wafer. The designer of an IC transforms a circuit
description into a geometric description, called the layout. A layout consists
of a set of planar geometric shapes in several layers. The layout is checked
to ensure that it meets all the design requirements. The result is a set of de-
sign files that describes the layout. An optical pattern generator is used to
convert the design files into pattern generator files. These files are used to
produce patterns called masks. During fabrication, these masks are used to
pattern a silicon wafer using a sequence of photo-lithographic steps. The com-
ponent formation requires very exacting details about geometric patterns and
the separation between them. The process of converting the specification of
an electrical circuit into a layout is called the physical design process. Due to
the tight tolerance requirements and the extremely small size of the individual
components, physical design is an extremely tedious and error prone process.
Currently, the smallest geometric feature of a component can be as small as
0.25 micron (one micron, written as um is equal to 1.0 x 10~%m). For the sake
of comparison, a human hair is 75 gym in diameter. It is expected that the
feature size can be reduced below 0.1 micron within five years. This small fea-
ture size allows fabrication of as many as 200 million transistors on a 25 mm X
25 mm chip. Due to the large number of components, and the exacting details
required by the fabrication process, physical design is not practical without the
help of computers. As a result, almost all phases of physical design extensively
use Computer Aided Design (CAD) tools, and many phases have already been
partially or fully automated.

VLSI Physical Design Automation is essentially the research, development
and productization of algorithms and data structures related to the physical
design process. The objective is to investigate optimal arrangements of devices
on a plane (or in three dimensions) and efficient interconnection schemes be-
tween these devices to obtain the desired functionality and performance. Since
space on a wafer is very expensive real estate, algorithms must use the space
very efficiently to lower costs and improve yield. In addition, the arrangement
of devices plays a key role in determining the performance of a chip. Algo-
rithms for physical design must also ensure that the layout generated abides
by all the rules required by the fabrication process. Fabrication rules establish
the tolerance limits of the fabrication process. Finally, algorithms must be effi-
cient and should be able to handle very large designs. Efficient algorithms not
only lead to fast turn-around time, but also permit designers to make iterative
improvements to the layouts. The VLSI physical design process manipulates
very simple geometric objects, such as polygons and lines. As a result, physi-
cal design algorithms tend to be very intuitive in nature, and have significant
overlap with graph algorithms and combinatorial optimization algorithms. In
view of this observation, many consider physical design automation the study
of graph theoretic and combinatorial algorithms for manipulation of geometric
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objects in two and three dimensions. However, a pure geometric point of view
ignores the electrical (both digital and analog) aspect of the physical design
problem. In a VLSI circuit, polygons and lines have inter-related electrical
properties, which exhibit a very complex behavior and depend on a host of
variables. Therefore, it is necessary to keep the electrical aspects of the ge-
ometric objects in perspective while developing algorithms for VLSI physical
design automation. With the introduction of Very Deep Sub-Micron (VDSM),
which provides very small features and allows dramatic increases in the clock
frequency, the effect of electrical parameters on physical design will play a more
dominant role in the design and development of new algorithms.

In this chapter, we present an overview of the fundamental concepts of
VLSI physical design automation. Section 1.1 discusses the design cycle of a
VLSI circuit. New trends in the VLSI design cycle are discussed in Section 1.2.
In Section 1.3, different steps of the physical design cycle are discussed. New
trends in the physical design cycle are discussed in Section 1.4. Different design
styles are discussed in Section 1.5 and Section 1.6 presents different packaging
styles. Section 1.7 presents a brief history of physical design automation and
Section 1.8 lists some existing design tools.

1.1  VLSI Design Cycle

The VLSI design cycle starts with a formal specification of a VLSI chip,
follows a series of steps, and eventually produces a packaged chip. A typical
design cycle may be represented by the flow chart shown in Figure 1.1. Our
emphasis is on the physical design step of the VLSI design cycle. However, to
gain a global perspective, we briefly outline all the steps of the VLSI design
cycle.

1. System Specification: The first step of any design process is to lay down
the specifications of the system. System specification is a high level rep-
resentation of the system. The factors to be considered in this process
include: performance, functionality, and physical dimensions (size of the
die (chip)). The fabrication technology and design techniques are also
considered. The specification of a system is a compromise between mar-
ket requirements, technology and economical viability. The end results
are specifications for the size, speed, power, and functionality of the VLSI
system.

2. Architectural Design: The basic architecture of the system is designed
in this step. This includes, such decisions as RISC (Reduced Instruction
Set Computer) versus CISC (Complex Instruction Set Computer), num-
ber of ALUs, Floating Point units, number and structure of pipelines,
and size of caches among others. The outcome of architectural design
is a Micro-Architectural Specification (MAS). While MAS is a textual
(English like) description, architects can accurately predict the perfor-
mance, power and die size of the design based on such a description.



4 Chapter 1. VLSI Physical Design Automation

Such estimates are based on the scaling of existing design or components
of existing designs. Since many designs (especially microprocessors) are
based on modifications or extensions to existing designs, such a method
can provide fairly accurate early estimates. These early estimates are
critical to determine the viability of a product for a market segment. For
example, for mobile computing (such as lap top computer), low power
consumption is a critical factor, due to limited battery life. Early esti-
mates based on architecture can be used to determine if the design is
likely to meet its power spec.

3. Behavioral or Functional Design: In this step, main functional units
of the system are identified. This also identifies the interconnect re-
quirements between the units. The area, power, and other parameters
of each unit are estimated. The behavioral aspects of the system are
considered without implementation specific information. For example, it
may specify that a multiplication is required, but exactly in which mode
such multiplication may be executed is not specified. We may use a va-
riety of multiplication hardware depending on the speed and word size
requirements. The key idea is to specify behavior, in terms of input,
output and timing of each unit, without specifying its internal structure.
The outcome of functional design is usually a timing diagram or other
relationships between units. This information leads to improvement of
the overall design process and reduction of the complexity of subsequent
phases. Functional or behavioral design provides quick emulation of the
system and allows fast debugging of the full system. Behavioral design is
largely a manual step with little or no automation help available.

4. Logic Design: In this step the control flow, word widths, register allo-
cation, arithmetic operations, and logic operations of the design that
represent the functional design are derived and tested. This description
is called Register Transfer Level (RTL) description. RTL is expressed
in a Hardware Description Language (HDL), such as VHDL or Verilog.
This description can be used in simulation and verification. This de-
scription consists of Boolean expressions and timing information. The
Boolean expressions are minimized to achieve the smallest logic design
which conforms to the functional design. This logic design of the system
is simulated and tested to verify its correctness. In some special cases,
logic design can be automated using high level synthesis tools. These tools
produce a RTL description from a behavioral description of the design.

5. Circuit Design: The purpose of circuit design is to develop a circuit rep-
resentation based on the logic design. The Boolean expressions are con-
verted into a circuit representation by taking into consideration the speed
and power requirements of the original design. Circuit Simulation is used
to verify the correctness and timing of each component. The circuit design
is usually expressed in a detailed circuit diagram. This diagram shows
the circuit elements (cells, macros, gates, transistors) and interconnec-
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Figure 1.1: A simple VLSI design cycle.
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tion between these elements. This representation is also called a netlist.
Tools used to manually enter such description are called schematic cap-
ture tools. In many cases, a netlist can be created automatically from
logic (RTL) description by using logic synthesis tools.

6. Physical Design: In this step the circuit representation (or netlist) is
converted into a geometric representation. As stated earlier, this geo-
metric representation of a circuit is called a layout. Layout is created by
converting each logic component (cells, macros, gates, transistors) into a
geometric representation (specific shapes in multiple layers), which per-
form the intended logic function of the corresponding component. Con-
nections between different components are also expressed as geometric
patterns typically lines in multiple layers. The exact details of the layout
also depend on design rules, which are guidelines based on the limitations
of the fabrication process and the electrical properties of the fabrication
materials. Physical design is a very complex process and therefore it is
usually broken down into various sub-steps. Various verification and val-
idation checks are performed on the layout during physical design. In
many cases, physical design can be completely or partially automated
and layout can be generated directly from netlist by Layout Synthesis
tools. Most of the layout of a high performance design (such as a micro-
processor) may be done using manual design, while many low to medium
performance design or designs which need faster time-to-market may be
done automatically. Layout synthesis tools, while fast, do have an area
and performance penalty, which limit their use to some designs. Man-
ual layout, while slow and manually intensive, does have better area and
performance as compared to synthesized layout. However this advan-
tage may dissipate as larger and larger designs may undermine human
capability to comprehend and obtain globally optimized solutions.

7. Fabrication: After layout and verification, the design is ready for fabri-
cation. Since layout data is typically sent to fabrication on a tape, the
event of release of data is called Tape Out. Layout data is converted (or
fractured) into photo-lithographic masks, one for each layer. Masks iden-
tify spaces on the wafer, where certain materials need to be deposited,
diffused or even removed. Silicon crystals are grown and sliced to pro-
duce wafers. Extremely small dimensions of VLSI devices require that the
wafers be polished to near perfection. The fabrication process consists of
several steps involving deposition, and diffusion of various materials on
the wafer. During each step one mask is used. Several dozen masks may
be used to complete the fabrication process. A large wafer is 20 cm (8
inch) in diameter and can be used to produce hundreds of chips, depend-
ing of the size of the chip. Before the chip is mass produced, a prototype
is made and tested. Industry is rapidly moving towards a 30 cm (12 inch)
wafer allowing even more chips per wafer leading to lower cost per chip.
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8. Packaging, Testing and Debugging: Finally, the wafer is fabricated
and diced into individual chips in a fabrication facility. Each chip is then
packaged and tested to ensure that it meets all the design specifications
and that it functions properly. Chips used in Printed Circuit Boards
(PCBs) are packaged in Dual In-line Package (DIP), Pin Grid Array
(PGA), Ball Grid Array (BGA), and Quad Flat Package (QFP). Chips
used in Multi-Chip Modules (MCM) are not packaged, since MCMs use
bare or naked chips.

It is important to note that design of a complex VLSI chip is a complex
human power management project as well. Several hundred engineers may
work on a large design project for two to three years. This includes architecture
designers, circuit designers, physical design specialists, and design automation
engineers. As a result, design is usually partitioned along functionality, and
different units are designed by different teams. At any given time, each unit
may not be at the same level of design. While one unit may be in logic design
phase, another unit may be completing its physical design phase. This imposes
a serious problem for chip level design tools, since these tools must work with
partial data at the chip level.

The VLSI design cycle involves iterations, both within a step and between
different steps. The entire design cycle may be viewed as transformations of
representations in various steps. In each step, a new representation of the
system is created and analyzed. The representation is iteratively improved to
meet system specifications. For example, a layout is iteratively improved so
that it meets the timing specifications of the system. Another example may be
detection of design rule violations during design verification. If such violations
are detected, the physical design step needs to be repeated to correct the error.
The objectives of VLSI CAD tools are to minimize the time for each iteration
and the total number of iterations, thus reducing time-to-market.

1.2 New Trends in VLSI Design Cycle

The design flow described in the previous section is conceptually simple and
illustrates the basic ideas of the VLSI design cycle. However, there are many
new trends in the industry, which seek to significantly alter this flow. The
major contributing factors are:

1. Increasing interconnect delay: As the fabrication process improves,
the interconnect is not scaling at the same rate as the devices. Devices are
becoming smaller and faster, and interconnect has not kept up with that
pace. As aresult, almost 60% of a path delay may be due to interconnect.
One solution to interconnect delay and signal integrity issue is insertion
of repeaters in long wires. In fact, repeaters are now necessary for most
chip level nets. This techniques requires advanced planning since area for
repeaters must be allocated upfront.
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. Increasing interconnect area: It has been estimated that a micropro-
cessor die has only 60%-70% of its area covered with active devices. The
rest of the area is needed to accommodate the interconnect. This area
also leads to performance degradation. In early ICs, a few hundred tran-
sistors were interconnected using one layer of metal. As the number of
transistors grew, the interconnect area increased. However, with the in-
troduction of a second metal layer, the interconnect area decreased. This
has been the trend between design complexity and the number of metal
layers. In current designs, with approximately ten million transistors and
four to six layers of metal, one finds about 40% of the chips real estate
dedicated to its interconnect. While more metal layers help in reducing
the die size, it should be noted that more metal layers (after a certain
number of layers) do not necessarily mean less interconnect area. This is
due to the space taken up by the vias on the lower layers.

. Increasing number of metal layers: To meet the increasing needs
of interconnect, the number of metal layers available for interconnect is
increasing. Currently, a three layer process is commonly used for most
designs, while four layer and five layer processes are used mainly for
microprocessors. As a result, a three dimensional view of the interconnect
is necessary.

. Increasing planning requirements: The most important implication
of increasing interconnect delay, area of the die dedicated to interconnect,
and a large number of metal layers is that the relative location of devices is
very important. Physical design considerations have to enter into design
at a much earlier phase. In fact, functional design should include chip
planning. This includes two new key steps; block planning and signal
planning. Block planning assigns shapes and locations to main functional
blocks. Signal planning refers to assignment of the three dimensional
regions through which major busses and signals will be routed. Timing
should be estimated to verify the validity of the chip plan. This plan
should be used to create timing constraints for later stages of design.

. Synthesis: The time required to design any block can be reduced if
layout can be directly generated or synthesized from a higher level de-
scription. This not only reduces design time, it also eliminates human
errors. The biggest disadvantage is the area used by synthesized blocks.
Such blocks take larger areas than hand crafted blocks. Depending upon
the level of design on which synthesis is introduced, we have two types of
synthesis.

Logic Synthesis: This process converts an HDL description of a
block into schematics (circuit description) and then produces its layout.
Logic synthesis is an established technology for blocks in a chip design,
and for complete Application Specific Integrated Circuits (ASICs). Logic
synthesis is not applicable for large regular blocks, such as RAMs, ROMs,
PLAs and Datapaths, and complete microprocessor chips for two reasons;
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speed and area. Logic synthesis tools are too slow and too area inefficient
to deal with such blocks.

High Level Synthesis: This process converts a functional or micro-
architectural description into a layout or RTL description. In high level
synthesis, input is a description which captures only the behavioral as-
pects of the system. The synthesis tools form a spectrum. The syn-
thesis system described above can be called general synthesis. A more
restricted type synthesizes some constrained architectures. For exam-
ple, Digital Signal Processing (DSP) architectures have been successfully
synthesized. These synthesis systems are sometimes called Silicon Com-
pilers. An even more restricted type of synthesis tools are called Module
Generators, which work on smaller size problems. The basic idea is to
simplify the synthesis task, either by restricting the architecture or re-
stricting the size of the problem. Silicon compilers sometimes use the
output of module generators. High level synthesis is an area of current
research and is not used in actual chip development [GDWL92]. In sum-
mary, high level synthesis systems provide very good implementations for
specialized classes of systems, and they will continue to gain acceptance
as they become more generalized.

In order to accommodate the factors discussed above, the VLSI design cycle
is changing. In Figure 1.2, we show a VLSI design flow which is closer to reality.
Due to increasing interconnect delay, the physical design starts very early in
the design cycle to get improved estimates of the performance of the chip, The
early floor physical design activities lead to increasingly improved chip layout
as each block is refined. This also allows better utilization of the chip area
to distribute the interconnect in three dimensions. This distribution helps in
reducing the die size, improving yield and reducing cost. Essentially, the VLSI
design cycle produces increasingly better defined descriptions of the given chip.
Each description is verified and, if it fails to meet the specification, the step is
repeated.

1.3 Physical Design Cycle

The input to the physical design cycle is a circuit diagram and the output
is the layout of the circuit. This is accomplished in several stages such as
partitioning, floorplanning, placement, routing, and compaction. The different
stages of physical design cycle are shown in Figure 1.3. Each of these stages will
be discussed in detail in various chapters; however, to give a global perspective,
we present a brief description of all the stages here.

1. Partitioning: A chip may contain several million transistors. Due to the
limitations of memory space and computation power available it may
not be possible to layout the entire chip (or generically speaking any
large circuit) in the same step. Therefore, the chip (circuit) is normally
partitioned into sub-chips (sub-circuits). These sub-partitions are called
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blocks. The actual partitioning process considers many factors such as
the size of the blocks, number of blocks, and number of interconnections
between the blocks. The output of partitioning is a set of blocks and
the interconnections required between blocks. Figure 1.3(a) shows that
the input circuit has been partitioned into three blocks. In large circuits,
the partitioning process is hierarchical and at the topmost level a chip
may have 5 to 25 blocks. Each block is then partitioned recursively into
smaller blocks.

2. Floorplanning and Placement: This step is concerned with selecting
good layout alternatives for each block, as well as the entire chip. The
area of each block can be estimated after partitioning and is based ap-
proximately on the number and the type of components in that block. In
addition, interconnect area required within the block must be considered.
The actual rectangular shape of the block, which is determined by the
aspect ratio may, however, be varied within a pre-specified range. Many
blocks may have more general rectilinear shapes. Floorplanning is a crit-
ical step, as it sets up the ground work for a good layout. However, it is
computationally quite hard. Very often the task of floorplanning is done
by a design engineer, rather than a CAD tool. This is due to the fact that
a human is better at ‘visualizing’ the entire floorplan and taking into ac-
count the information flow. Manual floorplanning is sometimes necessary
as the major components of an IC need to be placed in accordance with
the signal flow of the chip. In addition, certain components are often
required to be located at specific positions on the chip.

During placement, the blocks are exactly positioned on the chip. The
goal of placement is to find a minimum area arrangement for the blocks
that allows completion of interconnections between the blocks, while
meeting the performance constraints. That is, we want to avoid a place-
ment which is routable but does not allow certain nets to meet their
timing goals. Placement is typically done in two phases. In the first
phase an initial placement is created. In the second phase, the initial
placement is evaluated and iterative improvements are made until the
layout has minimum area or best performance and conforms to design
specifications. Figure 1.3(b) shows that three blocks have been placed.
It should be noted that some space between the blocks is intentionally
left empty to allow interconnections between blocks.

The quality of the placement will not be evident until the routing phase
has been completed. Placement may lead to an unroutable design, i.e.,
routing may not be possible in the space provided. In that case, another
iteration of placement is necessary. To limit the number of iterations
of the placement algorithm, an estimate of the required routing space is
used during the placement phase. Good routing and circuit performance
depend heavily on a good placement algorithm. This is due to the fact
that once the position of each block is fixed, very little can be done to
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improve the routing and the overall circuit performance. Late placement
changes lead to increased die size and lower quality designs.

3. Routing: The objective of the routing phase is to complete the intercon-
nections between blocks according to the specified netlist. First, the space
not occupied by the blocks (called the routing space) is partitioned into
rectangular regions called channels and switchboxes. This includes the
space between the blocks as well the as the space on top of the blocks.
The goal of a router is to complete all circuit connections using the short-
est possible wire length and using only the channel and switch boxes.
This is usually done in two phases, referred to as the Global Routing and
Detailed Routing phases. In global routing, connections are completed
between the proper blocks of the circuit disregarding the exact geometric
details of each wire and pin. For each wire, the global router finds a list of
channels and switchboxes which are to be used as a passageway for that
wire. In other words, global routing specifies the different regions in the
routing space through which a wire should be routed. Global routing is
followed by detailed routing which completes point-to-point connections
between pins on the blocks. Global routing is converted into exact routing
by specifying geometric information such as the location and spacing of
wires and their layer assignments. Detailed routing includes channel rout-
ing and switchbox routing, and is done for each channel and switchbox.
Routing is a very well studied problem, and several hundred articles have
been published about all its aspects. Since almost all problems in routing
are computationally hard, the researchers have focused on heuristic algo-
rithms. As a result, experimental evaluation has become an integral part
of all algorithms and several benchmarks have been standardized. Due
to the very nature of the routing algorithms, complete routing of all the
connections cannot be guaranteed in many cases. As a result, a technique
called rip-up and re-route is used, which basically removes troublesome
connections and reroutes them in a different order. The routing phase of
Figure 1.3(c) shows that all the interconnections between the three blocks
have been routed.

4. Compaction: Compaction is simply the task of compressing the layout
in all directions such that the total area is reduced. By making the
chip smaller, wire lengths are reduced, which in turn reduces the signal
delay between components of the circuit. At the same time, a smaller
area may imply more chips can be produced on a wafer, which in turn
reduces the cost of manufacturing. However, the expense of computing
time mandates that extensive compaction is used only for large volume
applications, such as microprocessors. Compaction must ensure that no
rules regarding the design and fabrication process are violated during the
process. Figure 1.3(d) shows the compacted layout.

5. Extraction and Verification: Design Rule Checking (DRC) is a process
which verifies that all geometric patterns meet the design rules imposed
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by the fabrication process. For example, one typical design rule is the
wire separation rule. That is, the fabrication process requires a specific
separation (in microns) between two adjacent wires. DRC must check
such separation for millions of wires on the chip. There may be several
dozen design rules, some of them are quite complicated to check. After
checking the layout for design rule violations and removing the design
rule violations, the functionality of the layout is verified by Circuit Ex-
traction. This is a reverse engineering process, and generates the circuit
representation from the layout. The extracted description is compared
with the circuit description to verify its correctness. This process is called
Layout Versus Schematics (LVS) verification. Geometric information is
extracted to compute Resistance and Capacitance. This allows accurate
calculation of the timing of each component, including interconnect. This
process is called Performance Verification. The extracted information is
also used to check the reliability aspects of the layout. This process is
called Reliability Verification and it ensures that layout will not fail due
to electro-migration, self-heat and other effects [Bak90].

Physical design, like VLSI design, is iterative in nature and many steps, such
as global routing and channel routing, are repeated several times to obtain a
better layout. In addition, the quality of results obtained in a step depends
on the quality of the solution obtained in earlier steps. For example, a poor
quality placement cannot be ‘cured’ by high quality routing. As a result, earlier
steps have more influence on the overall quality of the solution. In this sense,
partitioning, floorplanning, and placement problems play a more important
role in determining the area and chip performance, as compared to routing
and compaction. Since placement may produce an ‘unroutable’ layout, the
chip might need to be re-placed or re-partitioned before another routing is
attempted. In general, the whole design cycle may be repeated several times to
accomplish the design objectives. The complexity of each step varies, depending
on the design constraints as well as the design style used. Each step of the
design cycle will be discussed in greater detail in a later chapter.

1.4 New Trends in Physical Design Cycle

As fabrication technology improves and process enters the deep sub-micron
range, it is clear that interconnect delay is not scaling at the same rate as the
gate delay. Therefore, interconnect delay is a more significant part of overall
delay. As a result, in high performance chips, interconnect delay must be
considered from very early design stages. In order to reduce interconnect delay
several methods can be employed.

1. Chip level signal planning: At the chip level, routing of major signals
and buses must be planned from early design stages, so that interconnect
distances can be minimized. In addition, these global signals must be
routed in the top metal layers, which have low delay per unit length.
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2. OTC routing: Over-the-Cell (OTC) routing is a term used to describe
routing over blocks and active areas. This is a departure from conven-
tional channel and switchbox routing approach. Actually, chip level sig-
nal planning is OTC routing on the entire chip. The OTC approach
can also be used within a block to reduce area and improve performance.
The OTC routing approach essentially makes routing a three dimensional
problem. Another effect of the OTC routing approach is that the pins
are not brought to the block boundaries for connections to other blocks.
Instead, pins are brought to the top of the block as a sea-of-pins. This
concept, technically called the Arbitrary Terminal Model (ATM), will be
discussed in a later chapter.

The conventional decomposition of physical design into partitioning, place-
ment and routing phases is conceptually simple. However, it is increasingly
clear that each phase is interdependent on other phases, and an integrated
approach to partitioning, placement, and routing is required.

Figure 1.4 shows the physical design cycle with emphasis on timing. The
figure shows that timing is estimated after floorplaning and placement, and
these steps are iterated if some connections fail to meet the timing require-
ments. After the layout is complete, resistance and capacitance effects of one
component on another can be extracted and accurate timing for each compo-
nent can be calculated. If some connections or components fail to meet their
timing requirements, or fail due to the effect of one component on another,
then some or all phases of physical design need to be repeated. Typically,
these ‘repeat-or-not-to-repeat’ decisions are made by experts rather than tools.
This is due to the complex nature of these decisions, as they depend on a host
of parameters.

1.5 Design Styles

Physical design is an extremely complex process. Even after breaking the
entire process into several conceptually easier steps, it has been shown that
each step is computationally very hard. However, market requirements demand
quick time-to-market and high yield. As a result, restricted models and design
styles are used in order to reduce the complexity of physical design. This
practice began in the late 1960s and led to the development of several restricted
design styles [Feu83]. The design styles can be broadly classified as either full-
custom or semi-custom. In a full-custom layout, different blocks of a circuit can
be placed at any location on a silicon wafer as long as all the blocks are non-
overlapping. On the other hand, in semi-custom layout, some parts of a circuit
are predesigned and placed on some specific place on the silicon wafer. Selection
of a layout style depends on many factors including the type of chip, cost, and
time-to-market. Full-custom layout is a preferred style for mass produced chips,
since the time required to produce a highly optimized layout can be justified.
On the other hand, to design an Application Specific Integrated Circuit (ASIC),
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a semi-custom layout style is usually preferred. On a large chip, each block may
use a different layout design style.

1.5.1 Full-Custom

In its most general form of design style, the circuit is partitioned into a
collection of sub-circuits according to some criteria such as functionality of each
sub-circuit. The process is done hierarchically and thus full-custom designs
have several levels of hierarchy. The chip is organized in clusters, clusters
consist of units, and units are composed of functional blocks (in short, blocks).
For sake of simplicity, we use the term blocks for units, blocks, and clusters. The
full-custom design style allows functional blocks to be of any size. Figure 1.5
shows an example of a very simple circuit with few blocks. Other levels of
hierarchy are not shown for this simple example. Internal routing in each block
is not shown for the sake of clarity. In the full-custom design style, blocks
can be placed at any location on the chip surface without any restrictions. In
other words, this style is characterized by the absence of any constraints on
the physical design process. This design style allows for very compact designs.
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However, the process of automating a full-custom design style has a much higher
complexity than other restricted models. For this reason it is used only when
the final design must have minimum area and design time is less of a factor.
The automation process for a full-custom layout is still a topic of intensive
research. Some phases of physical design of a full-custom chip may be done
manually to optimize the layout. Layout compaction is a very important aspect
in full-custom design. The rectangular solid boxes around the boundary of the
circuit are called I/O pads. Pads are used to complete interconnections between
different chips or interconnections between the chip and the board. The spaces
not occupied by blocks are used for routing of interconnecting wires. Initially
all the blocks are placed within the chip area with the objective of minimizing
the total area. However, there must be enough space left between the blocks
so that routing can be completed using this space and the space on top of the
blocks. Usually several metal layers are used for routing of interconnections.
Currently, three metal layers are common for routing. A four metal layer
process is being used for microprocessors, and a six layer process is gaining
acceptance, as fabrication costs become more feasible. In Figure 1.5, note that
width of the M1 wire is smaller than the width of the M2 wire. Also note
that the size of the via between M1 and M2 is smaller than the size of the
via between higher layers. Typically, metal widths and via sizes are larger for
higher layers. The figure also shows that some routing has been completed
on top of the blocks. The routing area needed between the blocks is becoming
smaller and smaller as more routing layers are used. This is due to the fact that
more routing is done on top of the transistors in the additional metal layers.
If all the routing can be done on top of the transistors, the total chip area is
determined by the area of the transistors. However, as circuits become more
complex and interconnect requirements increase, the die size is determined by
the interconnect area and the total transistor area serves as a lower bound on
the die size of the chip.

In a hierarchical design of a circuit, each block in a full-custom design may
be very complex and may consist of several sub-blocks, which in turn may be
designed using the full-custom design style or other design styles. It is easy
to see that since any block is allowed to be placed anywhere on the chip, the
problem of optimizing area and the interconnection of wires becomes difficult.
Full custom design is very time consuming; thus the method is inappropriate for
very large circuits, unless performance or chip size is of utmost importance. Full
custom is usually used for the layout of microprocessors and other performance
and cost sensitive designs.

1.5.2 Standard Cell

The design process in the standard cell design style is somewhat simpler
than full-custom design style. Standard cell architecture considers the layout to
consist of rectangular cells of the same height. Initially, a circuit is partitioned
into several smaller blocks, each of which is equivalent to some predefined
subcircuit (cell). The functionality and the electrical characteristics of each
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predefined cell are tested, analyzed, and specified. A collection of these cells is
called a cell library. Usually a cell library consists of 500-1200 cells. Terminals
on cells may be located either on the boundary or distributed throughout the
cell area. Cells are placed in rows and the space between two rows is called
a channel. These channels and the space above and between cells is used to
perform interconnections between cells. If two cells to be interconnected lie in
the same row or in adjacent rows, then the channel between the rows is used for
interconnection. However, if two cells to be connected lie in two non-adjacent
rows, then their interconnection wire passes through empty space between any
two cells or passes on top of the cells. This empty space between cells in a row
is called a feedthrough. The interconnections are done in two steps. In the first
step, the feedthroughs are assigned for the interconnections of non-adjacent
cells. Feedthrough assignment is followed by routing. The cells typically use
only one metal layer for connections inside the cells. As a result, in a two metal
process, the second metal layer can be used for routing in over-the-cell regions.
In a three metal layer process, almost all the channels can be removed and
all routing can be completed over the cells. However, this is a function of the
density of cells and distribution of pins on the cells. It is difficult to obtain a
channelless layout for chips which use highly packed dense cells with poor pin
distribution. Figure 1.6 shows an example of a standard cell layout. A cell
library is shown, along with the complete circuit with all the interconnections,
feedthroughs, and power and ground routing. In the figure, the library consists
of four logic cells and one feedthrough cell. The layout shown consists of
several instances of cells in the library. Note that representation of a layout
in the standard cell design style is greatly simplified as it is not necessary to
duplicate the cell information.

The standard cell layout is inherently non-hierarchical. The hierarchical
circuits, therefore, have to undergo some transformation before this design
style can be used. This design style is well-suited for moderate size circuits and
medium production volumes. Physical design using standard cells is somewhat
simpler as compared to full-custom, and is efficient using modern design tools.
The standard cell design style is also widely used to implement the ‘random or
control logic’ part of the full-custom design as shown in Figure 1.5.

Logic Synthesis usually uses the standard cell design style. The synthesized
circuit is mapped to cell circuits. Then cells are placed and routed.

While standard cell designs are quicker to develop, a substantial initial
investment is needed in the development of the cell library, which may consist of
several hundred cells. Each cell in the cell library is ‘hand crafted’ and requires
highly skilled physical design specialists. Each type of cell must be created
with several transistor sizes. Each cell must then be tested by simulation and
its performance must be characterized. Cell library development is a significant
project with enormous manpower and financial resource requirements.

A standard cell design usually takes more area than a full-custom or a hand-
crafted design. However, as more and more metal layers become available for
routing and design tools improve, the difference in area between the two design
styles will gradually reduce.
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1.5.3 Gate Arrays

This design style is a simplification of standard cell design. Unlike standard
cell design, all the cells in gate array are identical. Each chip is an array of iden-
tical gates or cells. These cells are separated by both vertical and horizontal
spaces called vertical and horizontal channels. The circuit design is modified
such that it can be partitioned into a number of identical blocks. Each block
must be logically equivalent to a cell on the gate array. The name ‘gate array’
signifies the fact that each cell may simply be a gate, such as a three input
NAND gate. Each block in design is mapped or placed onto a prefabricated
cell on the chip during the partitioning/placement phase, which is reduced to
a block to cell assignment problem. The number of partitioned blocks must be
less than or equal to the total number of cells on the chip. Once the circuit



1.5. Design Styles 21

S EE R R S P S FE EE R R R N )
R R E R SR SRR SRR R R R SRRy
R R E R E R R R R R R R R}
Préfdbddddbidbbbbbbibbbrddbbbdbt
SRR E PR E R SR SR R S A S RS Ry
R R e R R R SR SR R R R R R R )
R R S e R S S S S S SRR )
I EERERER R R eSS R SRR R L )

Figure 1.7: A conceptual uncommitted gate array.

is partitioned into identical blocks, the task is to make the interconnections
between the prefabricated cells on the chip using horizontal and vertical chan-
nels to form the actual circuit. Figure 1.7 shows an ‘uncommitted’ gate array,
which is simply a term used for a prefabricated chip. The gate array wafer is
taken into a fabrication facility and routing layers are fabricated on top of the
wafer. The completed wafer is also called a ‘customized wafer’. It should be
noted that the number of tracks allowed for routing in each channel is fixed.
As aresult, the purpose of the routing phase is simply to complete the connec-
tions rather than minimize the area. Two layers of interconnections are most
common; though one and three layers are also used. Figure 1.8 illustrates a
committed gate array design. Like standard cell designs, synthesis can also use
the gate array style. In gate array design the entire wafer, consisting of several
dozen chips, is prefabricated.

This simplicity of gate array design is gained at the cost of rigidity imposed
upon the circuit both by the technology and the prefabricated wafers. The
advantage of gate arrays is that the steps involved for creating any prefabricated
wafer are the same and only the last few steps in the fabrication process actually
depend on the application for which the design will be used. Hence gate arrays
are cheaper and easier to produce than full-custom or standard cell. Similar to
standard cell design, gate array is also a non-hierarchical structure.

The gate array architecture is the most restricted form of layout. This also
means that it is the simplest for algorithms to work with. For example, the
task of routing in gate array is to determine if a given placement is routable.
The routability problem is conceptually simpler as compared to the routing
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Figure 1.8: A conceptual gate array.

problem in standard cell and full-custom design styles.

1.5.4 Field Programmable Gate Arrays

The Field Programmable Gate Array (FPGA) is a new approach to ASIC
design that can dramatically reduce manufacturing turn-around time and cost
for low volume manufacturing [Gam89, Hse88, Won89]. In FPGAs, cells and
interconnect are prefabricated. The user simply ‘programs’ the interconnect.
FPGA designs provide large scale integration and user programmability. A
FPGA consists of horizontal rows of programmable logic blocks which can be
interconnected by a programmable routing network. FPGA cells are more com-
plex than standard cells. However, almost all the cells have the same layout.
In its simplistic form, a logic block is simply a memory block which can be pro-
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Figure 1.9: A committed FPGA.
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grammed to remember the logic table of a function. Given a certain input, the
logic block ‘looks up’ the corresponding output from the logic table and sets its
output line accordingly. Thus by loading different look-up tables, a logic block
can be programmed to perform different functions. It is clear that 2% bits are
required in a logic block to represent a K-bit input, 1-bit output combinational
logic function. Obviously, logic blocks are only feasible for small values of K.
Typically, the value of K is 5 or 6. For multiple outputs and sequential cir-
cuits the value of K is even less. The rows of logic blocks are separated by
horizontal routing channels. The channels are not simply empty areas in which
metal lines can be arranged for a specific design. Rather, they contain prede-
fined wiring ‘segments’ of fixed lengths. Each input and output of a logic block
is connected to a dedicated vertical segment. Other vertical segments merely
pass through the blocks, serving as feedthroughs between channels. Connec-
tion between horizontal segments is provided through antifuses, whereas the
connection between a horizontal segment and a vertical segment is provided
through a cross fuse. Figure 1.9(c) shows the general architecture of a FPGA,
which consists of four rows of logic blocks. The cross fuses are shown as circles,
while antifuses are shown as rectangles. One disadvantage of fuse based FPGAs
is that they are not reprogrammable. There are other types of FPGAs which
allow re-programming, and use pass gates rather than programmable fuses.

Since there are no user specific fabrication steps in a FPGA, the fabrica-
tion process can be set up in a cost effective manner to produce large quan-
tities of generic (unprogrammed) FPGAs. The customization (programming)
of a FPGA is rather simple. Given a circuit, it is decomposed into smaller
subcircuits, such that each subcircuit can be mapped to a logic block. The
interconnections between any two subcircuits is achieved by programming the
FPGA interconnects between their corresponding logic blocks. Programming
(blowing) one of the fuses (antifuse or cross fuse) provides a low resistance bidi-
rectional connection between two segments. When blown, antifuses connect the
two segments to form a longer one. In order to program a fuse, a high voltage is
applied across it. FPGAs have special circuitry to program the fuses. The cir-
cuitry consists of the wiring segments and control logic at the periphery of the
chip. Fuse addresses are shifted into the fuse programming circuitry serially.
Figure 1.9(a) shows a circuit partitioned into four subcircuits, Py, Py, P3, and
Py4. Note that each of these four subcircuits have two inputs and one output.
The truth table for each of the subcircuits is shown in Figure 1.9(b). In Fig-
ure 1.9(c), Py, P, P3, and P, are mapped to logic blocks By, By, By, and Bjg
respectively and appropriate antifuses and cross fuses are programmed (burnt)
to implement the entire circuit. The programmed fuses are shown as filled
circles and rectangles. We have described the ‘once-program’ type of FPGAs.
Many FPGAs allow the user to re-program the interconnect, as many times as
needed. These FPGAs use non-destructive methods of programming, such as
pass-transistors.

The programmable nature of these FPGAs requires new CAD algorithms
to make effective use of logic and routing resources. The problems involved in
customization of a FPGA are somewhat different from those of other design
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styles; however, many steps are common. For example, the partition problem
of FPGAs is different than partitioning the problem in all design style while the
placement and the routing is similar to gate array approach. These problems
will be discussed in detail in Chapter 11.

1.5.5 Sea of Gates

The sea of gates is an improved gate array in which the master is filled com-
pletely with transistors. The master of the sea-of-gates has a much higher
density of logic implemented on the chip, and allows a designer to fabricate
complex circuits, such as RAMs, to be built. In the absence of routing chan-
nels, interconnects have to be completed either by routing through gates, or by
adding more metal or polysilicon interconnection layers. There are problems
associated with either solution. The former reduces the gate utilization; the
latter increases the mask count and increases fabrication time and cost.

1.5.6 Comparison of Different Design Styles

The choice of design style depends on the intended functionality of the chip,
time-to-market and total number of chips to be manufactured. It is common to
use full-custom design style for microprocessors and other complex high volume
applications, while FPGAs may be used for simple and low volume applications.
However, there are several chips which have been manufactured by using a mix
of design styles. For large circuits, it is common to partition the circuit into
several small circuits which are then designed by different teams. Each team
may use a different design style or a number of design styles. Another factor
complicating the issue of design style is re-usability of existing designs. It is
a common practice to re-use complete or partial layout from existing chips for
new chips to reduce the cost of a new design. It is quite typical to use standard
cell and gate array design styles for smaller and less complex Application Spe-
cific ICs (ASICs), while microprocessors are typically full-custom with several
standard cell blocks. Standard cell blocks can be laid out using logic synthesis
tools.

Design styles can be seen as a continuum from very flexible (full-custom)
to a rather rigid design style (FPGA) to cater to differing needs. Table 1.1
summarizes the differences in cell size, cell type, cell placement and intercon-
nections in full-custom, standard cell, gate array and FPGA design styles.
Another comparison may be on the basis of area, performance, and the num-
ber of fabrication layers needed. (See Table 1.2). As can be seen from the
table, full-custom provides compact layouts for high performance designs but
requires a considerable fabrication effort. On the other hand, a FPGA is com-
pletely pre-fabricated and does not require any user specific fabrication steps.
However, FPGAs can only be used for small, general purpose designs.
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style
full-custom | standard cell | gate array FPGA
cell size variable fixed height* fixed fixed
cell type variable variable fixed programmable
cell placement variable in row fixed fixed
interconnections variable variable variable | programmable
design cost high medium medium low

Table 1.1: Comparison of different design styles.
* uneven height cells are also used.

style
full-custom | standard cell gate array FPGA
Area compact compact moderate large
to moderate
Performance high high moderate low
to moderate
Fabricate All layers All layers Routing layers only | No layers

Table 1.2: Area, Performance and Fabrication layers for different design styles.

1.6 System Packaging Styles

The increasing complexity and density of semiconductor devices are the key
driving forces behind the development of more advanced VLSI packaging and
interconnection approaches. Two key packaging technologies being used cur-
rently are Printed Circuit Boards (PCB) and Multi-Chip Modules (MCMs).
Let us first start with die packaging techniques.

1.6.1 Die Packaging and Attachment Styles

Dies can be packaged in a variety of styles depending on cost, performance
and area requirements. Other considerations include heat removal, testing and
repair.

1.6.1.1 Die Package Styles

ICs are packaged into ceramic or plastic carriers called Dual In-Line Pack-
ages (DIPs), then mounted on a PCB. These packages have leads on 2.54 mm
centers on two sides of a rectangular package. PGA (Pin Grid Array) is a pack-
age in which pins are organized in several concentric rectangular rows. DIPs
and PGAs require large thru-holes to mount them on boards. As a result, thru-
hole assemblies were replaced by Surface Mount Assemblies (SMAs). In SMA,
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pins of the device do not go through the board, they are soldered to the surface
of the board. As a result, devices can be placed on both sides of the board.
There are two types of SMAs; leaded and leadless. Both are available in quad
packages with leads on 1.27, 1.00, or 0.635 mm centers. Yet another variation
of SMA is the Ball Grid Array (BGA), which is an array of solder balls. The
balls are pressed on to the PCB. When a BGA device is placed and pressed
the balls melt forming a connection to the PCB. All the packages discussed
above suffer from performance degradation due to delays in the package. In
some applications, a naked die is used directly to avoid package delays.

1.6.1.2 Package and Die Attachment Styles

The chips need to be attached to the next level of packaging, called system
level packaging. The leads of pin based packages are bent down and are soldered
into plated holes which go inside the printed circuit board. (see Figure 1.10).
SMAs such as BGA do not need thru holes but still require a relatively large
footprint.

In the case of naked dies, die to board connections are made by attaching
wires from the I/O pads on the edge of the die to the board. This is called the
wire bond method, and uses a robotic wire bonding machine. The active side
of the die faces away from the board. Although package delays are avoided in
wire bonded dies, the delay in the wires is still significant as compared to the
interconnect delay on the chip.

Controlled Collapsed Chip Connection (C4) is another method of attaching
a naked die. This method aims to eliminate the delays associated with the
wires in the wire bond method. The 1/O pins are distributed over the die
(ATM style) and a solder ball is placed over the I/O pad. The die is then
turned over, such that the active side is facing the board, then pressure is
applied to fuse the balls to the board.

The exact layout of chips on PCBs and MCMs is somewhat equivalent to
the layout of various components in a VLSI chip. As a result, many layout
problems such as partitioning, placement, and routing are similar in VLSI and
packaging. In this section, we briefly outline the two commonly used packaging
styles and the layout problems with these styles.

1.6.2 Printed Circuit Boards

A Printed Circuit Board (PCB) is a multi-layer sandwich of routing layers.
Current PCB technology offers as many as 30 or more routing layers. Via
specifications are also very flexible and vary, such that a wide variety of com-
binations is possible. For example, a set of layers can be connected by a single
via called the stacked via. The traditional approach of single chip packages on a
PCB have intrinsic limitations in terms of silicon density, system size, and con-
tribution to propagation delay. For example, the typical inner lead bond pitch
on VLSI chips is 0.0152 cm. The finest pitch for a leaded chip carrier is 0.0635
cm. The ratio of the area of the silicon inside the package to the package area
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Figure 1.10: Chip placement on a printed circuit board.

is about 6%. If a PCB were completely covered with chip carriers, the board
would only have at most a 6% efficiency of holding silicon. In other words,
94% or more of the board area would be wasted space, unavailable to active
silicon and contributing to increased propagation delays. Thru-hole assemblies
gave way to Surface Mount Assemblies (SMAs). SMAs eliminated the need for
large diameter plated-thru-holes, allowing finer pitch packages and increasing
routing density. SMAs reduce the package footprint and improve performance.

The SMA structure reduces package footprints, decreases chip-to-chip dis-
tances and permits higher pin count ICs. A 64 pin leadless chip carrier requires
only a 12.7 mm x 12.7 mm footprint with a 0.635 mm pitch. This space con-
servation represents a twelve fold density improvement, or a four fold reduction
in interconnection distances, over DIP assemblies.

The basic package selection parameter is the pin count. DIPs are used for
chips with no more than 48 pins. PGAs are used for higher pin count chips.
BGAs are used for even higher pin count chips. Other parameters include
power consumption, heat dissipation and size of the system desired.

The layout problems for printed circuit boards are similar to layout prob-
lems in VLSI design, although printed circuit boards offer more flexibility and
a wider variety of technologies. The routing problem is much easier for PCBs
due to the availability of many routing layers. The planarity of wires in each
layer is a requirement in a PCB as it is in a chip. There is little distinction
between global routing and detailed routing in the case of circuit boards. In
fact, due to the availability of many layers, the routing algorithm has to be
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modified to adapt to this three dimensional problem. Compaction has no place
in PCB layout due to the constraints caused by the fixed location of the pins
on packages.

For more complex VLSI devices, with 120 to 196 I/Os, even the surface
mounted approach becomes inefficient and begins to limit system performance.
A 132 pin device in a 635 pum pitch carrier requires a 25.4 to 38.1 mm? foot-
print. This represents a four to six fold density loss, and a two fold increase in
interconnect distances as opposed to a 64 pin device. It has been shown that
the interconnect density for current packaging technology is at least one order
of magnitude lower than the interconnect density at the chip level. This trans-
lates into long interconnection lengths between devices and a corresponding
increase in propagation delay. For high performance systems, the propagation
delay is unacceptable. It can be reduced to a great extent by using SMAs
such as BGAs. However, a higher performance packaging and interconnection
approach is necessary to achieve the performance improvements promised by
VLSI technologies. This has led to the development of multi-chip modules.

1.6.3 Multichip Modules

Current packaging and interconnection technology is not complementing the
advances taking place in the IC. The key to semiconductor device improvements
is the shrinking feature size, i.e., the minimum gate or line width on a device.
The shrinking feature size provides increased gate density, increased gates per
chip and increased clock rates. These benefits are offset by an increase in
the number of I/Os and an increase in chip power dissipation. The increased
clock rate is directly related to device feature size. With reduced feature sizes
each on-chip device is smaller, thereby having reduced parasitics, allowing for
faster switching. Furthermore, the scaling has reduced on-chip gate distances
and, consequently, interconnect delays. However, much of the improvement
in system performance promised by the ever increasing semiconductor device
performance has not been realized. This is due to the performance barriers
imposed by todays packaging and interconnection technologies.

Increasingly more complex and dense semiconductor devices are driving
the development of advanced VLSI packaging and interconnection technology
to meet increasingly more demanding system performance requirements. The
alternative approach to the interconnect and packaging limits of conventional
chip carrier/PCB assemblies is to eliminate packaging levels between the chip
and PCB. One such approach uses MCMs. The MCM approach eliminates
the single chip package and, instead, mounts and interconnects the chips di-
rectly onto a higher density, fine pitch interconnection substrate. Dies are wire
bonded to the substrate or use a C4 bonding. In some MCM technologies, the
substrate is simply a silicon wafer, on which layers of metal lines have been pat-
terned. This substrate provides all of the chip-to-chip interconnections within
the MCM. Since the chips are only one tenth of the area of the packages, they
can be placed closer together on an MCM. This provides for both higher den-
sity assemblies, as well as shorter and faster interconnects. Figure 1.11 shows
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Figure 1.11: A multi-chip module with wire bonded dies.

diagram of an MCM package with wire bonded dies. One significant problem
with MCMs is heat dissipation. Due to close placement of potentially several
hundred chips, a large amount of heat needs to be dissipated. This may require
special, and potentially expensive heat removal methods.

At first glance, it appears that it is easy to place bare chips closer and
closer together. There are, however, limits to how close the chips can be placed
together on the substrate. There is, for example, a certain peripheral area
around the chip which is normally required for bonding, engineering change
pads, and chip removal and replacement.

It is predicted that multichip modules will have a major impact on all
aspects of electronic system design. Multichip module technology offers ad-
vantages for all types of electronic assemblies. Mainframes will need to inter-
connect the high numbers of custom chips needed for the new systems. Cost-
performance systems will use the high density interconnect to assemble new
chips with a collection of currently available chips, to achieve high performance
without time-consuming custom design, allowing quick time-to-market.

In the long term, the significant benefits of multichip modules are: reduc-
tion in size, reduction in number of packaging levels, reduced complexity of
the interconnection interfaces and the fact that the assemblies will clearly be
cheaper and more efficient. However, MCMs are currently expensive to man-
ufacture due to immature technology. As a result, MCMs are only used in
high performance applications. The multichip revolution in the 1990s will have
an impact on electronics as great or greater than the impact of surface mount
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technology in the 1980s.

The layout problems in MCMs are essentially performance driven. The par-
titioning problem minimizes the delay in the longest wire. Although placement
in MCM is simple as compared to VLSI, global routing and detailed routing
are more complex in MCM because of the large number of layers present in
MCM. The critical issues in routing include the effect of cross-talk, and delay
modeling of long interconnect wires. These problems will be discussed in more
detail in Chapter 12.

1.6.4 Wafer Scale Integration

MCM packaging technology does not completely remove all the barriers of
the IC packaging technology. Wafer Scale Integration (WSI) is considered as
the next major step, bringing with it the removal of a large number of barriers.
In WSI, the entire wafer is fabricated with several types of circuits, the circuits
are tested, and the defect-free circuits are interconnected to realize the entire
system on the wafer.

The attractiveness of WSI lies in its promise of greatly reduced cost, high
performance, high level of integration, greatly increased reliability, and signifi-
cant application potential. However, there are still major problems with WSI
technology, such as redundancy and yield, that are unlikely to be solved in the
near future. Another significant disadvantage of the WSI approach is its inabil-
ity to mix and match dies from different fabrication processes. The fabrication
process for microprocessors is significantly different than the one for memories.
WSI would force a microprocessor and the system memory to be fabricated on
the same process. This is significant sacrifice in microprocessor performance or
memory density, depending on the process chosen.

1.6.5 Comparison of Different Packaging Styles

In this section, we compare different packaging styles which are either being
used today or might be used in future. In [Sag89] a figure of merit has been
derived for various technologies, using the product of the propagation speed
(inches/10~%sec) and the interconnection density (inches/sq. in). The typical
figures are reproduced here in Table 1.3. The figure of merit for VLSI will need
to be partially adjusted (downward) to account for line resistance and capaci-
tance. This effect is not significant in MCMs due to higher line conductivity,
lower drive currents, and lower output capacitance from the drivers.

MCM technology provides a density, performance, and cost comparable to
or better than, WSI. State-of-the-art chips can be multiple-sourced and tech-
nologies can be mixed on the same substrate in MCM technology. Another
advantage of MCM technology is that all chips are pretestable and replaceable.
Furthermore, the substrate interconnection matrix itself can be pretested and
repaired before chip assembly; and test, repair, and engineering changes are
possible even after final assembly. However, MCM technology is not free of all
problems. The large number of required metallurgical bonds and heat removal
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Technology Figure of Merit
(inches/psec . density inches/sq in)
WSI 28.0
MCM 14.6
PCB 2.2

Table 1.3: Figure of merit speed-density.

are two of the existing problems. While WSI has higher density than MCM, its
yield problem makes it currently unfeasible. The principal conclusion that can
be drawn from this comparison is that WSI cannot easily compete with tech-
nology already more or less well established in terms of performance, density,
and cost.

1.7 Historical Perspectives

During the 1950s the photolithographic process was commonly used in the
design of circuits. With this technology, an IC was created by fabricating
transistors on crystalline silicon. The design process was completely manual.
An engineer would create a circuit on paper and assemble it on a breadboard
to check the validity of the design. The design was then given to a layout
designer, who would draw the silicon-level implementation. This drawing was
cut out on rubylith plastic, and carefully inspected for compliance with the
original design. Photolithographic masks were produced by optically reducing
the rubylith design and these masks were used to fabricate the circuit [Feu83].

In the 1970s there was a tremendous growth in circuit design needs. The
commonly used rubylith patterns became too large for the laboratories. This
technology was no longer useful. Numerically controlled pattern generation
machinery was implemented to replace the rubylith patterns. This was the
first major step towards design automation. The layouts were transferred to
data tapes and for the first time, design rule checking could be successfully
automated [Feu83].

By the 1970s a few large companies developed interactive layout software
which portrayed the designs graphically. Soon thereafter commercial layout
systems became available. This interactive graphics capability provided rapid
layout of IC designs because components could quickly be replicated and edited,
rather than redrawn as in the past [Feu83]. For example, L-Edit is one such
circuit layout editor commercially available. In the next phase, the role of com-
puters was explored to help perform the manually tedious layout process. As
the layout was already in the computer, routing tools were developed initially
to help perform the connections on this layout, subject to the design rules
specified for that particular design.

As the technology and tools are improving, the VLSI physical design is
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moving towards high performance circuit design. The high-performance circuit
design is of highest priority in physical design. Current technology allows us
to interconnect over the cells/blocks to reduce the total chip area, thereby
reducing the signal delay for high performance circuits. Research on parallel
algorithms for physical design has also drawn great interest since the mid 80s.
The emergence of parallel computers promises the feasibility of automating
many time consuming steps of physical design.

In the early decades, most aspects of VLSI design were done manually. This
elongated the design process, since any changes to improve any design step
would require a revamping of the previously performed steps, thus resulting in
a very inefficient design. The introduction of computers in this area accelerated
some aspects of design, and increased efficiency and accuracy. However, many
other parts could not be done using computers, due to the lack of high speed
computers or faster algorithms. The emergence of workstations led to the de-
velopment of CAD tools which made designers more productive by providing
the designers with ‘what if” scenarios. As a result, the designers could analyze
various options for a specific design and choose the optimal one. But there
are some features of the design process which are not only expensive, but also
too difficult to automate. In these cases the use of certain knowledge based
systems is being considered. VLSI design became interactive with the avail-
ability of faster workstations with larger storage and high-resolution graphics,
thus breaking away from the traditional batch processing environment. The
workstations also have helped in the advancement of integrated circuit tech-
nology by providing the capabilities to create complex designs. Table 1.4 lists
the development of design tools over the years.

1.8 Existing Design Tools

Design tools are essential for the correct-by-construction approach, that is get
the design right the very first time. Any design tool should have the following
capabilities.

¢ layout the physical design for which the tool should provide some means
of schematic capture of the information. For this either a textual or
interactive graphic mode should be provided.

e physical verification which means that the tool should have design rule
checking capability.

¢ some form of simulation to verify the behavior of the design.

There are tools available with some of the above mentioned capabilities. For
example, BELLE (Basic Embedded Layout Language) is a language embedded
in PASCAL in which the layout can be designed by textual entry. ABCD (A
Better Circuit Description) is also a language for CMOS and nMOS designs.
The graphical entry tools, on the other hand, are very convenient for the de-
signers, since such tools operate mostly through menus. KIC, developed at
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Year Design Tools
1950-1965 Manual design
1965-1975 Layout editors

Automatic routers (for PCB)
Efficient partitioning algorithm

1975-1985 Automatic placement tools
Well defined phases of design of circuits
Significant theoretical development in all phases

1985-1990 Performance driven placement and routing tools
Parallel algorithms for physical design

Significant development in underlying graph theory
Combinatorial optimization problems for layout

1990-1995 Over-the-Cell Routing tools
Three dimensional interconnect based physical design
Synthesis tools mature and gain widespread acceptance

1995 - Present | Interconnect design and Modelling dominates physical design
Process related tools (reliability, Electro-migration)

Table 1.4: Design Tools Development.

the University of California, Berkeley and PLAN, developed at the University
of Adelaide, are examples of such tools. Along with the workstations came
peripherals, such as plotters and printers with high-resolution graphics output
facilities which gave the designer the ability to translate the designs generated
on the workstation into hardcopies.

The rapid development of design automation has led to the proliferation
of CAD tools for this purpose. Some tools are oriented towards the teaching
of design automation to the educational community, while the majority are
designed for actual design work. Some of the commercially available software is
also available in educational versions, to encourage research and development
in the academic community. Some of the design automation CAD software
available for educational purposes are L-Edit, MAGIC, SPICE etc. We shall
briefly discuss some of the features of L-Edit and MAGIC.

L-Edit is a graphical layout editor that allows the creation and modification
of IC mask geometry. It runs on most PC-family computers with a Graphics
adapter. It supports files, cells, instances, and mask primitives. A file in L-
Edit is made up of cells. An independent cell may contain any number of
combinations of mask primitives and instances of other cells. An instance is a
copy of a cell. If a change is made in an instanced cell, the change is reflected in



1.9.  Summary 35

all instances of that cell. There may be any number of levels in the hierarchy.

In L-Edit files are self-contained, which means that all references made in
a file relate only to that file. Designs made by L-Edit are only limited by the
memory of the machine used. Portability of designs is facilitated by giving a
facility to convert designs to CIF (Caltech Intermediate Format) and vice versa.
L-Edit itself uses a SLY (Stack Layout Format) which can be used if working
within the L-Edit domain. The SLY is like the CIF with more information
about the last cell edited, last view and so on. L-edit exists at two levels, as a
low-level full-custom mask editor and a high-level floor planning tool.

MAGIC is an interactive VLSI layout design software developed at the
University of California, Berkeley. It is now available on a number of systems,
including personal computers. It is based on the Mead and Conway design
style. MAGIC is a fairly advanced editor. MAGIC allows automatic routing,
stretching and compacting cells, and circuit extraction to name a few. All
these functions are executed, as well as concurrent design rule checking which
identifies violations of design rules when any change is made to the circuit
layout. This reduces design time as design rule checking is done as an event
based checking rather than doing it as a lengthy post-layout operation as in
other editors. This carries along with it an overhead of time to check after every
operation, but this is certainly very useful when a small change is introduced
in a large layout and it can be known immediately if this change introduces
errors in the layout rather than performing a design rule check for the whole
layout.

MAGIC is based on the corner stitched data structure proposed by Ouster-
hout [SO84]. This data structure greatly reduces the complexity of many edit-
ing functions, including design rule checking. Because of the ease of design
using MAGIC, the resulting circuits are 5-10% denser than those using conven-
tional layout editors. This density tradeoff is a result of the improved layout
editing which results in a lesser design time. MAGIC permits only Manhattan
designs and only rectilinear paths in designing circuits. It has a built-in hier-
archical circuit extractor which can be used to verify the design, and has an
on-line help feature.

1.9 Summary

The sheer size of the VLSI circuit, the complexity of the overall design pro-
cess, the desired performance of the circuit and the cost of designing a chip
dictate that CAD tools should be developed for all the phases. Also, the de-
sign process must be divided into different stages because of the complexity of
entire process. Physical design is one of the steps in the VLSI design cycle. In
this step, each component of a circuit is converted into a set of geometric pat-
terns which achieves the functionality of the component. The physical design
step can further be divided into several substeps. All the substeps of physical
design step are interrelated. Efficient and effective algorithms are required to
solve different problems in each of the substeps. Good solutions at each step
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are required, since a poor solution at an earlier stage prevents a good solution
at a later stage. Despite significant research efforts in this field, CAD tools
still lag behind the technological advances in fabrication. This calls for the
development of efficient algorithms for physical design automation.
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with all aspects physical design automation in several different technologies.
Just like in other fields, the Internet is playing a key role in Physical design
research and development. We will indicate the URL of all key conferences,
journals and bodies in the following to faciliate the search for information.
The key conference for physical design is International Symposium on Phys-
ical Design (ISPD), held annually in April. ISPD covers all aspects of physical
design. The most prominent conference is EDA is the ACM/IEEE Design Au-
tomation Conference (DAC), (www.dac.com) which has been held annually for
the last thirtyfive years. In addition to a very extensive technical program,
this conference features an exhibit program consisting of the latest design tools
from leading companies in VLSI design automation. The International Con-
ference on Computer Aided Design (ICCAD) (www.iccad.com) is held yearly
in Santa Clara and is more theoretical in nature than DAC. Several other
conferences, such as the IEEE International Symposium on Circuits and Sys-
tems (ISCAS) (www.iscas.nps.navy.mil) and the International Conference on
Computer Design (ICCD), include significant developments in physical design
automation in their technical programs. Several regional conferences have been
introduced to further this field in different regions of the world. These include
the IEEE Midwest Symposium on Circuits and Systems (MSCAS), the IEEE
Great Lakes Symposium on VLSI (GLSVLSI) (www.eecs.umich.edu/glsvlsi/)
the European Design Automation Conference (EDAC), and the International
Conference on VLSI Design (vcapp.csee.usf.edu/vlsi99/) in India. There are
several journals which are dedicated to the field of VLSI Design Automa-
tion which include broad coverage of all topics in physical design. The pre-
mier journal is the IEEE Transactions on CAD of Circuits and Systems (ake-
bono.stanford.edu/users/nanni/tcad). Other journals such as, Integration, the
IEEE Transactions on Circuits and Systems, and the Journal of Circuits, Sys-
tems and Computers also publish significant papers in physical design automa-
tion. Many other journals occasionally publish articles of interest to physical
design. These journals include Algorithmica, Networks, the SIAM journal of
Discrete and Applied Mathematics, and the IEEE Transactions on Computers.
The access to literature in Design automation has been recently enhanced by
the availability of the Design Automation Library (DAL), which is developed
by the ACM Special interest Group on Design Automation (SIGDA). This
library is available on CDs and contains all papers published in DAC, ICCAD,
ICCD, and IEEE Transactions on CAD of Circuits and Systems.
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An important role of the Internet is through the forum of newsgroups,
comp. Isi. cadis anewsgroup dedicated to CAD issues, while specialized groups
such as comp. Isi. testing and comp. cad. synthesis discuss testing and syn-
thesis topics. Since there are very large number of newsgroups and they keep
evolving, the reader is encouraged to search the Internet for the latest topics.

Several online newslines and magazines have been started in last few years.
EE Times (www.eet.com) provides news about EDA industry in general. In-
tegrated system design (www.isdmag.com) provides articles on EDA tools in
general, but covers physical design as well.

ACM SIGDA (www.acm.org/sigda/) and Design Automation Technical Com-
mittee (DATC) (www.computer.org/tab/DATC) of IEEE Computer Society
are two representative societies dealing with professional development of the
people involved, and technical aspects of the design automation field. These
committees hold conferences, publish journals, develop standards, and support
research in VLSI design automation.
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Chapter 2

Design and Fabrication of
VLSI Devices

VLSI chips are manufactured in a fabrication facility usually referred to as a
“fab”. A fab is a collection of manufacturing facilities and “clean rooms”, where
wafers are processed through a variety of cutting, sizing, polishing, deposition,
etching and cleaning operations. Clean room is a term used to describe a closed
environment where air quality must be strictly regulated. The number and
size of dust particles allowed per unit volume is specified by the classification
standard of the clean room. Usually space-suit like overalls and other dress
gear is required for humans, so they do not contaminate the clean room. The
cleanliness of air in a fab is a critical factor, since dust particles cause major
damage to chips, and thereby affect the overall yield of the fabrication process.
The key factor which describes the fab in terms of technology is the minimum
feature size it is capable of manufacturing. For example, a fab which runs a
0.25 micron fabrication process is simply referred to as a 0.25 micron fab.

A chip consists of several layers of different materials on a silicon wafer. The
shape, size and location of material in each layer must be accurately specified
for proper fabrication. A mask is a specification of geometric shapes that need
to be created on a certain layer. Several masks must be created, one for each
layer. The actual fabrication process starts with the creation of a silicon wafer
by crystal growth. The wafer is then processed for size and shape with proper
tolerance. The wafer’s size is typically large enough to fabricate several dozen
identical/different chips. Masks are used to create specific patterns of each
material in a sequential manner, and create a complex pattern of several layers.
The order in which each layer is defined, or ‘patterned’ is very important.
Devices are formed by overlapping a material of certain shape in one layer by
another material and shape in another layer. After patterning all the layers,
the wafer is cut into individual chips and packaged. Thus, the VLSI physical
design is a process of creating all the necessary masks that define the sizes and
location of the various devices and the interconnections between them.

The complex process of creating the masks requires a good understanding
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of the functionality of the devices to be formed, and the rigid rules imposed by
the fabrication process. The manufacturing tolerances in the VLSI fabrication
process are so tight that misalignment of a shape in a layer by a few microns can
render the entire chip useless. Therefore, shapes and sizes of all the materials
on all the layers of a wafer must conform to strict design rules to ensure proper
fabrication. These rules play a key role in defining the physical design problems,
and they depend rather heavily on the materials, equipment used and maturity
of the fabrication process. The understanding of limitations imposed by the
fabrication process is very important in the development of efficient algorithms
for VLSI physical design.

In this chapter we will study the basic properties of the materials used in
the fabrication of VLSI chips, and details of the actual fabrication process. We
will also discuss the layout of several elementary VLSI devices, and how such
elementary layouts can be used to construct the layout of larger circuits.

2.1 Fabrication Materials

The electrical characteristics of a material depend on the number of ‘avail-
able’ electrons in its atoms. Within each atom electrons are organized in con-
centric shells, each capable of holding a certain number of electrons. In order
to balance the nuclear charge, the inner shells are first filled by electrons and
these electrons may become inaccessible. However, the outermost shell may or
may not be complete, depending on the number of electrons available. Atoms
organize themselves into molecules, crystals, or form other solids to completely
fill their outermost shells by sharing electrons. When two or more atoms hav-
ing incomplete outer shells approach close enough, their accessible outermost
or valence electrons can be shared to complete all shells. This process leads
to the formation of covalent bonds between atoms. Full removal of electrons
from an atom leaves the atom with a net positive charge, of course, while the
addition of electrons leaves it with a net negative charge. Such electrically
unbalanced atoms are called ions.

The current carrying capacity of a material depends on the distribution
of electrons within the material. In order to carry electrical current, some
‘free’ electrons must be available. The resistance to the flow of electricity is
measured in terms of the amount of resistance in ohms (2) per unit length or
resistivity. On the basis of resistivity, there are three types of materials, as
described below:

1. Insulators: Materials which have high electrical resistance are called
insulators. The high electric resistance is due to strong covalent bonds
which do not permit free movement of electrons. The electrons can be
set free only by large forces and generally only from the surface of the
solid. Electrons within the solids cannot move and the surface of the
stripped insulator remains charged until new electrons are reintroduced.
Insulators have electrical resistivity greater than millions of GQ-cm. The
principle insulator used in VLSI fabrication is silicon dioxide. It is used to
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electrically isolate different devices, and different parts of a single device
to satisfy design requirements.

. Conductors: Materials with low electrical resistance are referred to

as conductors. Low resistance in conductors is due to the existence of
valence electrons. These electrons can be easily separated from their
atoms. If electrons are separated from their atoms, they move freely at
high speeds in all directions in the conductor, and frequently collide with
each other. If some extra electrons are introduced into this conductor,
they quickly disperse themselves throughout the material. If an escape
path is provided by an electrical circuit, then electrons will move in the
direction of the flow of electricity. The movement of electrons, in terms of
the number of electrons pushed along per second, depends on how hard
they are being pushed, the cross-sectional area of the conductive corridor,
and finally the electron mobility factor of the conductor. Conductors can
have resistivity as low as 1 uf}-cm, and are used to make connections
between different devices on a chip. Examples of conductors used in VLSI
fabrication include aluminum and gold. A material that has almost no
resistance, i.e., close to zero resistance, is called a superconductor. Several
materials have been shown to act as superconductors and promise faster
VLSI chips. Unfortunately, all existing superconductors work at very
low temperatures, and therefore cannot be used for VLSI chips without
specialized refrigeration equipment.

. Semiconductors:  Materials with electrical resistivity at room tem-

perature ranging from 10 mQ-cm to 1 GQ-cm are called semiconductors.
The most important property of a semiconductor is its mode of carrying
electric current. Current conduction in semiconductors occurs due to two
types of carriers, namely, holes and free electrons. Let us explain these
concepts by using the example of semiconductor silicon, which is widely
used in VLSI fabrication. A silicon atom has four valence electrons which
can be readily bonded with four neighboring atoms. At room tempera-
tures the bonds in silicon atoms break randomly and release electrons,
which are called free electrons. These electrons make bonds with bond
deficient ionized sites. These bond deficiencies are known as holes. Since
the breaking of any bond releases exactly one hole and one free electron,
while the opposite process involves the capture of one free electron by
one hole, the number of holes is always equal to number of free electrons
in pure silicon crystals (see Figure 2.1). Holes move about and repel one
another, just as electrons do, and each moving hole momentarily defines
a positive ion which inhibits the intrusion of other holes into its vicinity.
In silicon crystals, the mobility of such holes is about one third that of
free electrons, but charge can be ‘carried’ by either or both. Since these
charge carriers are very few in number, ‘pure’ silicon crystal will conduct
weakly. Although there is no such thing as completely pure crystalline
silicon, it appears that, as pure crystals, semiconductors seem to have no
electrical properties of great utility.
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Figure 2.1: Electrons and Holes.

Semiconductor crystals can be enriched either in holes or electrons by
embedding some atoms of certain other elements. This fact makes it
possible to build useful devices. An atom of phosphorus has five valence
electrons, whereas an atom of boron has three valence electrons. Atoms
of either kind can be locked into the silicon lattice, and even a few atoms
can make a dominant contribution. Once placed into a silicon lattice, the
fifth valence electron of each phosphorus atom is promptly freed. On the
other hand, if a boron atom is placed into a silicon lattice, the covalence
deficit of a boron atom is no less promptly covered by a neighborly silicon
atom, which takes a hole in exchange and passes it on. With enough
phosphorus (or boron) atoms per crystal, the number of free electrons or
holes in general circulation can be increased a million fold.

This process of substituting other atoms for some of the semiconductor
atoms is called doping. Semiconductors doped with electron donors such
as phosphorus are said to be of the n-fype, while boron doping, which re-
sults in extra holes, produces p-fype semiconductors. Though the doping
elements give semiconductors desirable characteristics, they are referred
to as impurities. Doping of silicon is easily accomplished by adding just
the right amount of the doping element to molten silicon and allowing
the result to cool and crystallize. Silicon is also doped by diffusing the
dopant as a vapor through the surface of the crystalline solid at high
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temperature. At such temperatures all atoms are vibrating significantly
in all directions. As a result, the dopant atoms can find accommodations
in minor lattice defects without greatly upsetting the overall structure.
The conductivity is directly related to the level of doping. The heavily
doped material is referred to as n* or p*. Heavier doping leads to higher
conductivity of the semiconductor.

In VLSI fabrication, both silicon and germanium are used as semicon-
ductors. However, silicon is the dominant semiconductor due to its ease
of handling and large availability. A significant processing advantage of
silicon lies in its capability of forming a thermally grown silicon dioxide
layer which is used to isolate devices from metal layers.

2.2 Transistor Fundamentals

In digital circuits, a ‘transistor’ primarily means a ‘switch’- a device that
either conducts charge to the best of its ability or does not conduct any charge
at all, depending on whether it is ‘on’ or ‘off’. Transistors can be built in a
variety of ways, exploiting different phenomenon. Each transistor type gives
rise to a circuit family. There are many different circuit families. A partial
list would include TTL (Transistor-Transistor Logic), MOS (Metal-Oxide-
Semiconductor), and CMOS (Complimentary MOS) families, as well as the
CCD (Charge-Coupled Device), ECL (Emitter-Coupled Logic), and I2L (Inte-
grated Injection Logic) families. Some of these families come in either p or n
flavor (in CMOS both at once), and some in both high-power and low-power
versions. In addition, some families are also available in both high and low
speed versions. We restrict our discussion to TTL and MOS (and CMOS), and
start with basic device structures for these types of transistors.

2.2.1 Basic Semiconductor Junction

If two blocks, one of n-type and another of p-type semiconductor are joined
together to form a semiconductor junction, electrons and holes immediately
start moving across the interface. Electrons from the n-region leave behind a
region which is rich in positively charged immobile phosphorus ions. On the
other hand, holes entering the interface from the p-region leave behind a re-
gion with a high concentration of uncompensated negative boron ions. Thus
we have three different regions as shown in Figure 2.2. These regions establish
a device with a remarkable one-way-flow property. Electrons cannot be intro-
duced in the p-region, due to its strong repulsion by the negatively charged
ions. Similarly, holes cannot be introduced in the n-region. Thus, no flow of
electrons is possible in the p-to-n direction. On the other hand, if electrons are
introduced in the n-region, they are passed along towards the middle region.
Similarly, holes introduced from the other side flow towards the middle, thus
establishing a p-to-p flow of holes.

The one-way-flow property of a semiconductor junction is the principle of
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the diode, and it can be used to develop two types of devices: unipolar and
bipolar. Unipolar devices are created by using the semiconductor junction,
under suitable external conditions, to modulate the flow of charge between two
regions of opposite polarity. On the other hand, bipolar devices are created,
under suitable external conditions, by isolating one semiconductor region from
another of opposite majority-carrier polarity, thus permitting a charge to flow
within the one without escaping into the other.

Great numbers of both types of devices can be made rather easily by doping
a silicon wafer with diffusion of either phosphorus or boron. The silicon wafer
is pre-doped with boron and covered with silicon dioxide. Diffused regions are
created near the surface by cutting windows into a covering layer of silicon diox-
ide to permit entry of the vapor, as shown in Figure 2.3. Phosphorus vapor, for
example, will then form a bounded n-region in a boron doped substrate wafer
if introduced in sufficient quantity to overwhelm the contribution of the boron
ions in silicon. All types of regions, with differing polarities, can be formed
by changing the diffusion times and diffusing vapor compositions, therefore
creating more complex layered structures. The exact location of regions is
determined by the mask that is used to cut windows in the oxide layer.
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In the following, we will discuss how the semi-conductor junction is used
in the formation of both TTL and MOS transistors. TTL is discussed rather
briefly to enable more detailed discussion of the simpler, unipolar MOS tech-
nology.

2.2.2 TTL Transistors

A TTL transistor is an n-p-n device embedded in the surface of p-type semi-
conductor substrate (see Figure 2.4(a), the p-substrate is not shown). There
are three regions in a TTL transistor, namely the emitter, the base, and the
collector. The main idea is to control the flow of current between collector
(n-region) and emitter (n*-region) by using the base (p-region). The basic
construction of a TTL transistor, both in its ‘on‘ state and ‘off’ state, along
with its symbol is shown in Figure 2.4. In order to understand the operation
of a TTL transistor, consider what happens if the regions of the transistor are
connected to a battery Bj as shown in Figure 2.4(a). A few charge carriers
are removed from both base and collector; however, the depletion zones at the
emitter-base and base-collector interfaces prevent the flow of currents of sig-
nificant size along any pathway. Now if another battery with a small voltage
B is connected as shown in Figure 2.4(b), then two different currents begin to
flow. Holes are introduced into the base by B, while electrons are sent into
the emitter by both By and B;. The electrons in the emitter cross over into
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the base region. Some of these electrons are neutralized by some holes, and
since the base region is rather thin, most of the electrons pass through the base
and move into the collector. Thus a flow of current is established from emitter
to collector. If B, is disconnected from the circuit, holes in the base cause the
flow to stop. Thus the flow of a very small current in the Bs-loop modulates
the flow of a current many times its size in the Bj-loop.

2.2.3 MOS Transistors

MOS transistors were invented before bipolar transistors. The basic princi-
ple of a MOS transistor was discovered by J. Lilienfeld in 1925, and O. Heil
proposed a structure closely resembling the modern MOS transistor. How-
ever, material problems failed these early attempts. These attempts actually
led to the development of the bipolar transistor. Since the bipolar transistor
was quite successful, interest in MOS transistors declined. It was not until
1967 that the fabrication and material problems were solved, and MOS gained
some commercial success. In 1971, nMOS technology was developed and MOS
started getting wider attention.

MOS transistors are unipolar and simple. The field-induced junction pro-
vides the basic unipolar control mechanism of all MOS integrated circuits. Let
us consider the n-channel MOS transistor shown in Figure 2.5(a). A p-type
semiconductor substrate is covered with an insulating layer of silicon dioxide
or simply oxide. Windows are cut into oxide to allow diffusion. Two sep-
arate n-regions, the source and the drain, are diffused into the surface of a
p-substrate through windows in the oxide. Notice that source and drain are
insulated from each other by a p-type region of the substrate. A conductive
material (polysilicon or simply poly) is laid on top of the gate.

If a battery is connected to this transistor as shown in Figure 2.5(b), the poly
acquires a net positive charge, as some of its free electrons are conducted away
to the battery. Due to this positive charge, the holes in the substrate beneath
the oxide are forced to move away from the oxide. As a result, electrons begin
to accumulate beneath the oxide and form an n-type channel if the battery
pressure, or more precisely the gate voltage V;, is increased beyond a threshold
value V;. As shown in Figure 2.5(b), this channel provides a pathway for the
flow of electrons from source to drain. The actual direction of flow depends
on the source voltage (V;) and the drain voltage (V). If the battery is now
disconnected, the charge on the poly disappears. As a result, the channel
disappears and the flow stops. Thus a small voltage on the gate can be used to
control the flow of current from source to drain. The symbols of an n-channel
MOS gate are shown in Figure 2.5(c). A p-channel MOS transistor is a device
complementary to the n-channel transistor, and can be formed by using an
n-type substrate and forming two p-type regions.

Integrated systems in metal-oxide semiconductor (MOS) actually contain
three or more layers of conducting materials, separated by intervening layers
of insulating material. As many as four (or more) additional layers of metal
are used for interconnection and are called metall, metal2, metal3 and so on.
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Figure 2.5: A nMOS transistor.

Different patterns for paths on different levels, and the locations for contact
cuts through the insulating material to connect certain points between levels,
are transferred into the levels during the fabrication process from masks. Paths
on the metal level can cross poly or diffusion levels in the absence of contact
cuts with no functional effects other than a parasitic capacitance. However,
when a path on the poly level crosses a path on the diffusion level, a transistor
is formed.

The nMOS transistor is currently the preferred form of unipolar integra-
tion technology. The name MOS survives the earlier period in which gates were
made of metal (instead of poly). Aluminum is the metal of choice for all conduc-
tivity pathways, although unlike the aluminum/oxide/semiconductor sandwich
that provides only fwo topological levels on which to make interconnections,
the basic silicon-gate structures provide three levels, and are therefore more
compact and correspondingly faster. Recent advances in fabrication have al-
lowed the use of up to four (or more) layers of metal. However, that process is
expensive and is only used for special chips, such as microprocessors. Two or
three metal technology is more commonly used for general purpose chips.

The transistors that are non-conducting with zero gate bias (gate to source
voltage) are called enhancement mode transistors. Most MOS integrated cir-
cuits use transistors of the enhancement type. The transistors that conduct
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with zero gate bias are called depletion mode transistors. For a depletion mode
transistor to turn off, its gate voltage V, must be more negative than its thresh-
old voltage (see Figure 2.6). The channel is enriched in electrons by an implant
step; and thus an n-channel is created between the source and the drain. This
channel allows the flow of electrons, hence the transistor is normally in its
‘on’ state. This type of transistor is used in nMOS as a resistor due to poor
conductivity of the channel as shown in Figure 2.6(d).

The MOS circuits dissipate DC power i.e., they dissipate power even when
the output is low. The heat generated is hard to remove and impedes the
performance of these circuits. For nMOS transistors, as the voltage at the gate
increases, the conductivity of the transistor increases. For pMOS transistors,
the p-channel works in the reverse, i.e., as the voltage on the gate increases,
the conductivity of the transistor decreases. The combination of pMOS and
nMOS transistors can be used in building structures which dissipate power
only while switching. This type of structure is called CMOS (Complementary
Metal-Oxide Semiconductor). The actual design of CMOS devices is discussed
in Section 2.5.

CMOS technology was invented in the mid 1960’s. In 1962, P. K. Weimer
discovered the basic elements of CMOS flip-flops and independently in 1963, F.
Wanlass discovered the CMOS concept and presented three basic gate struc-
tures. CMOS technology is widely used in current VLSI systems. CMOS is an
inherently low power circuit technology, with the capability of providing a lower
power-delay product comparable in design rules to nMOS and pMOS technolo-
gies. For all inputs, there is always a path from ‘1’ or ‘0’ to the output and
the full supply voltage appears at the output. This ‘fully restored’ condition
simplifies circuit design considerably. Hence the transistors in the CMOS gate
do not have to be ‘ratioed’, unlike the MOS gate where the lengths of load and
driver transistors have to be adjusted to provide proper voltage at the output.
Another advantage of CMOS is that there is no direct path between VDD and
GND for any combination of inputs. This is the basis for the low static power
dissipation in CMOS. Table 2.1 illustrates the main differences between nMOS
and CMOS technology. As shown in the table, the major drawback of CMOS
circuits is that they require more transistors than nMOS circuits. In addition,
the CMOS process is more complicated and expensive. On the other hand,
power consumption is critical in nMOS and bipolar circuits, while it is less of a
concern in CMOS circuits. Driver sizes can be increased in order to reduce net
delay in CMOS circuits without any major concern of power. This difference
in power consumption makes CMOS technology superior to nMOS and bipolar
technologies in VLSI design.

2.3 Fabrication of VLSI Circuits

Design and Layout of VLSI circuits is greatly influenced by the fabrication
process; hence a good understanding of the fabrication cycle helps in designing
efficient layouts. In this section, we review the details of fabrication.
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Figure 2.6: A depletion mode transistor.
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CMOS

MOS

Zero static power dissipation

Power is dissipated in the circuit
with output of gate at ‘0’

Power dissipated during logic | Power dissipated during logic
transition transition

Requires 2N devices for N inputs for | Requires (N+1) devices for N
complementary static gates inputs

CMOS encourages regular layout
styles

Depletion, load and different driver
transistors create irregularity in

layout

Table 2.1: Comparison of CMOS and MOS characteristics.

Fabrication of a VLSI chip starts by growing a large silicon crystal ingot

about 20 centimeters in diameter. The ingot is sliced into several wafers, each
about a third of a millimeter thick. Under various atmospheric conditions,
phosphorus is diffused, oxide is grown, and polysilicon and aluminum are each
deposited in different steps of the process. A complex VLSI circuit is defined
by 6 to 12 separate layer patterns. Each layer pattern is defined by a mask.
The complete fabrication process, which is a repetition of the basic three-step
process (shown in Figure 2.7), may involve up to 200 steps.

1. Create: This step creates material on or in the surface of the silicon wafer

using a variety of methods. Deposition and thermal growth are used to
create materials on the wafer, while ion implantation and diffusion are
used to create material (actually they alter the characteristics of existing
material) in the wafer.

. Define: In this step, the entire surface is coated with a thin layer of light

sensitive material called photoresist. Photoresist has a very useful prop-
erty. The ultraviolet light causes molecular breakdown of the photoresist
in the area where the photoresist is exposed. A chemical agent is used to
remove the dis-integrated photoresist. This process leaves some regions
of the wafer covered with photoresist. Since exposure of the photoresist
occurred while using the mask, the pattern of exposed parts on the wafer
is exactly the same as in the mask. This process of transferring a pattern
from a mask onto a wafer is called photolithography and it is illustrated
in Figure 2.8.

. Etch: Wafers are immersed in acid or some other strong chemical agent

to etch away either the exposed or the unexposed part of the pattern,
depending on whether positive or negative photoresist has been used.
The photoresist is then removed to complete the pattern transfer process.

This three step process is repeated for all the masks. The number of masks

and actual details of each step depend on the manufacturer as well as the
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technology. In the following analysis, we will briefly review the basic steps in
nMOS and CMOS fabrication processes.

2.3.1 nMOS Fabrication Process

The first step in the n-channel process is to grow an oxide layer on lightly
doped p-type substrate (wafer). The oxide is etched away (using the diffu-
sion mask) to expose the active regions, such as the sources and drains of all
transistors. The entire surface is covered with poly. The etching process us-
ing the poly mask removes all the poly except where it is necessary to define
gates. Phosphorus is then diffused into all uncovered silicon, which leads to
the formation of source and drain regions. Poly (and the oxide underneath it)
stops diffusion into any other part of the substrate except in source and drain
areas. The wafer is then heated, to cover the entire surface with a thin layer of
oxide. This layer insulates the bare semiconductor areas from the pathways to
be formed on top. Oxide is patterned to provide access to the gate, source, and
drain regions as required. It should be noted that the task of aligning the poly
and diffusion masks is rather easy, because it is only their intersections that
define transistor boundaries. This self-alignment feature is largely responsible
for the success of silicon-gate technology. The formation of a depletion mode
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Figure 2.8: Photholithographic process.

transistor requires an additional step of ion implantation.

A thin covering of aluminum is deposited over the surface of the oxide,
which now has ‘hills’ and ‘valleys’ in its structure. Etching then removes all
but the requisite wires and contacts. Additional metal layers may be laid on
top if necessary. It is quite common to use two layers of metal. At places
where connections are to be made, areas are enlarged somewhat to assure good
interlevel contact even when masks are not in perfect alignment. All pathways
are otherwise made as small as possible, in order to conserve area. In addition
to normal contacts, an additional contact is needed in nMOS devices. The
gate of a depletion mode transistor needs to be connected to its source. This
is accomplished by using a buried contact, which is a contact between diffusion
and poly.

The final steps involve covering the surface with oxide to provide mechanical
and chemical protection for the circuit. This oxide is patterned to form windows
which allow access to the aluminum bonding pads, to which gold wires will be
attached for connection to the chip carrier. The windows and pads are very



2.3. Fabrication of VLSI Circuits 53

Figure 2.9: A p-well CMOS transistor.

large as compared to the devices.

2.3.2 CMOS Fabrication Process

CMOS transistors require both a p-channel and an n-channel device. How-
ever, these two types of devices require two different substrates. nMOS tran-
sistors require a p-type substrate, while pMOS transistors require a n-type
substrate. CMOS transistors are created by diffusing or implanting an n-type
well in the original p-substrate. The well is also called a fub or an island. The
p-channel devices are placed in the n-well. This is called the n-well CMOS pro-
cess. A complementary process of p-well CMOS starts with an n-type substrate
for pMOS devices, and creates a p-well for nMOS devices. The structure of a
CMOS transistor is shown in Figure 2.9 (p-substrate is not shown). A twin-tub
CMOS process starts with a lightly doped substrate and creates both a n-well
and a p-well.

As compared to the nMOS process, the CMOS process requires a additional
mask for ion implanting to create the deep p-wells, n-wells, or both.

2.3.3 Details of Fabrication Processes

The complete fabrication cycle consists of the following steps: crystal growth
and wafer preparation, epitaxy, dielectric and polysilicon film deposition, oxi-
dation, diffusion, ion implantation, lithography and dry etching. These steps
are used in a generic silicon process, however they are similar to those of other
technologies. Below, we discuss details of specific fabrication processes.

1. Crystal Growth and Wafer Preparation: Growing crystals es-
sentially involves a phase change from solid, liquid, or gas phases to a
crystalline solid phase. The predominant method of crystal growth is
Czochralski (CZ) growth, which consists of crystalline solidification of
atoms from the liquid phase. In this method, single-crystal ingots are
pulled from molten silicon contained in a fused silica crucible.

Electronic-grade silicon, which is a polycrystalline material of high purity,
is used as the raw material for the preparation of a single crystal. The
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conditions and the parameters during the crystal-pulling operation de-
fine many properties of the wafer, such as dopant uniformity and oxygen
concentration. The ingots are ground to a cylindrical shape of precisely
controlled diameter and one or more flats are ground along its length.
The silicon slices are sawed from the ingot with an exact crystallographic
orientation. Crystal defects adversely affect the performance of the de-
vice. These defects may be present originally in the substrate or may be
caused by subsequent process steps. The harmful impurities and defects
are removed by careful management of the thermal processes.

. Epitaxy: This is the process of depositing a thin single-crystal layer

on the surface of a single-crystal substrate. The word epitaxy is derived
from two Greek words: epi, meaning ‘upon’, and faxis, meaning ‘ordered’.
Epitaxy is a Chemical Vapor Deposition (CVD) process in which a batch
of wafers is placed in a heated chamber. At high temperatures (900° to
1250°C), deposition takes place when process gases react at the wafer
surface. A typical film growth rate is about 1 gm/min. The thickness
and doping concentration of the epitaxial layer is accurately controlled
and, unlike the underlying substrate, the layer can be made oxygen- and
carbon-free. A limitation of epitaxy is that the degree of crystal perfection
of the deposited layer cannot be any better than that of the substrate.
Other process-related defects, such as slip or impurity precipitates from
contamination can be minimized.

In bipolar device technology, an epi-layer is commonly used to provide a
high-resistivity region above a low-resistivity buried layer, which has been
formed by a previous diffusion or ‘implant and drive-in’ process. The
heavily doped buried layer serves as a low-resistance collector contact,
but an additional complication arises when epitaxial layers are grown
over patterned buried layer regions. To align the subsequent layers in
relation to the pattern of the buried layer, a step is produced in the
pre-epitaxial processing.

. Dielectric and Polysilicon film deposition: The choice of a par-

ticular reaction is often determined by the deposition temperature(which
must be compatible with the device materials), the properties, and certain
engineering aspects of deposition (wafer throughput, safety, and reactor
maintenance).

The most common reactions for depositing silicon dioxide for VLSI cir-
cuits are:

¢ Oxidizing silane (silicon hydrate) with oxygen at 400°-450°C.

¢ Decomposing tetra-ethoxysilane at 650° to 750°C, and reacting
dichlorosilane with nitrous oxide at 850° to 900°C.

Doped oxides are prepared by adding a dopant to the deposition reaction.
The hydrides arsine, phosphine, or diborane are often used because they
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are readily available gases. However, halides and organic compounds can
also be used. Polysilicon is prepared by pyrolyzing silane at 600° to
650°C.

Oxidation: The process of oxidizing silicon is carried out during the
entire process of fabricating integrated circuits. The production of high-
quality IC’s requires not only an understanding of the basic oxidization
mechanism, but also the electrical properties of the oxide. Silicon dioxide
has several properties:

e Serves as a mask against implant or diffusion of dopant into silicon.
e Provides surface passivation.

o Isolates one device from another.

e Acts as a component in MOS structures.

e Provides electrical isolation of multilevel metalization systems.

Several techniques such as thermal oxidation, wet anodization, CVD etc.
are used for forming the oxide layers.

When a low charge density level is required between the oxide and the
silicon, Thermal oxidation is preferred over other techniques. In the ther-
mal oxidation process, the surface of the wafer is exposed to an oxidizing
ambient of Og or HO at elevated temperatures, usually at an ambient
pressure of one atmosphere.

. Diffusion: The process in which impurity atoms move into the crystal

lattice in the presence of a chemical gradient is called diffusion. Various
techniques to introduce dopants into silicon by diffusion have been studied
with the goals of controlling the dopant concentration, uniformity, and
reproducibility, and of processing a large number of device wafers in a
batch to reduce the manufacturing costs. Diffusion is used to form bases,
emitters, and resistors in bipolar device technology, source and drain
regions, and to dope polysilicon in MOS device technology. Dopant atoms
which span a wide range of concentrations can be introduced into silicon
wafers in the following ways:

¢ Diffusion from a chemical source in vapor form at high temperatures.
¢ Diffusion from doped oxide source.

e Diffusion and annealing from an ion implanted layer.

. Ion Implantation: Ion implantation is the introduction of ionized

projectile atoms into targets with enough energy to penetrate beyond
surface regions. The most common application is the doping of silicon
during device fabrication. The use of 3-keV to 500-keV energy for doping
of boron, phosphorus, or arsenic dopant ions is sufficient to implant the
ions from about 100 to 10,000A° below the silicon surface. These depths
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place the atoms beyond any surface layers of 30A° native SiO2, and there-
fore any barrier effect of the surface oxides during impurity introduction
is avoided. The depth of implantation, which is nearly proportional to
the ion energy, can be selected to meet a particular application.

With ion implantation technology it is possible to precisely control the
number of implanted dopants. This method is a low-temperature process
and is compatible with other processes, such as photoresist masking.

. Lithography:  As explained earlier, lithography is the process delin-

eating the patterns on the wafers to fabricate the circuit elements and
provide for component interconnections. Because the polymeric materials
resist the etching process they are called resists and, since light is used
to expose the IC pattern, they are called photoresists.

The wafer is first spin-coated with a photoresist. The material proper-
ties of the resist include (1) mechanical and chemical properties such as
flow characteristics, thickness, adhesion and thermal stability, (2) optical
characteristics such as photosensitivity, contrast and resolution and (3)
processing properties such as metal content and safety considerations.
Different applications require more emphasis on some properties than on
others. The mask is then placed very close to the wafer surface so that it
faces the wafer. With the proper geometrical patterns, the silicon wafer is
then exposed to ultraviolet (UV) light or radiation, through a photomask.
The radiation breaks down the molecular structure of areas of exposed
photoresist into smaller molecules. The photoresist from these areas is
then removed using a solvent in which the molecules of the photoresist
dissolve so that the pattern on the mask now exists on the wafer in the
form of the photoresist. After exposure, the wafer is soaked in a solution
that develops the images in the photosensitive material. Depending on
the type of polymer used, either exposed or nonexposed areas of film are
removed in the developing process. The wafer is then placed in an ambi-
ent that etches surface areas not protected by polymer patterns. Resists
are made of materials that are sensitive to UV light, electron beams, X-
rays, or ion beams. The type of resist used in VLSI lithography depends
on the type of exposure tool used to expose the silicon wafer.

. Metallization: Metal is deposited on the wafer with a mechanism sim-

ilar to spray painting. Motel metal is sprayed via a nozzle. Like spray
painting, the process aims for an even application of metal. Unlike spray
painting, process aims to control the thickness within few nanometers.
An uneven metal application may require more CMP. Higher metal lay-
ers which are thick may require several application of the process get
the desired height. Copper, which has better interconnect properties is
increasing becoming popular as the choice material for interconnect. Cop-
per does require special handling since a liner material must be provide
between copper and other layers, since copper atoms may migrate into
other layers due to electr-migration and cause faults.
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9. Etching: Etching is the process of transferring patterns by selectively
removing unmasked portions of a layer. Dry etching techniques have
become the method of choice because of their superior ability to control
critical dimensions reproducibly. Wet etching techniques are generally
not suitable since the etching is isotropic, i.e., the etching proceeds at the
same rate in all directions, and the pattern in the photoresist is undercut.
Dry etching is synonymous with plasma-assisted etching, which denotes
several techniques that use plasmas in the form of low pressure gaseous
discharges. The dominant systems used for plasma-assisted etching are
constructed in either of two configurations: parallel electrode (planar)
reactors or cylindrical batch (hexode) reactors. Components common to
both of these include electrodes arranged inside a chamber maintained
at low pressures, pumping systems for maintaining proper vacuum levels,
power supplies to maintain a plasma, and systems for controlling and
monitoring process parameters, such as operating pressure and gas flow.

10. Planarization: The Chemical Mechanical Planarization (CMP) of sili-
con wafers is an important development in IC manufacturing. Before the
advent of CMP, each layer on the wafer was more un-even then the lower
layer, as a result, it was not possible to icrease the number of metal layers.
CMP provides a smooth surface after each metalization step. CMP has
allowed essentially unlimited number of layers of interconnect. The CMP
process is like “Wet Sanding” down the surface until it is even. Contact
and via layers are filled with tungsten plugs and planarized by CMP. ILD
layers are also planarized by CMP.

11. Packaging:  VLSI fabrication is a very complicated and error prone
process. As a result, finished wafers are never perfect and contain many
‘bad’ chips. Flawed chips are visually identified and marked on the wafers.
Wafers are then diced or cut into chips and the marked chips are dis-
carded. ‘Good’ chips are packaged by mounting each chip in a small
plastic or ceramic case. Pads on the chip are connected to the legs on
the case by tiny gold wires with the help of a microscope, and the case is
sealed to protect it from the environment. The finished package is tested
and the error prone packages are discarded. Chips which are to be used
in an MCM are not packaged, since MCM uses unpackaged chips.

The VLSI fabrication process is an enormous scientific and engineering
achievement. The manufacturing tolerances maintained throughout the pro-
cess are phenomenal. Mask alignment is routinely held to 1 micron in 10
centimeters, an accuracy of one part in 105, which is without precedent in in-
dustrial practice. For comparison, note that a human hair is 75 microns in
diameter.
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2.4 Design Rules

The constraints imposed on the geometry of an integrated circuit layout, in
order to guarantee that the circuit can be fabricated with an acceptable yield,
are called design rules. The purpose of design rules is to prevent unreliable, or
hard-to-fabricate (or unworkable) layouts. More specifically, layout rules are
introduced to preserve the integrity of topological features on the chip and to
prevent separate, isolated features from accidentally short circuiting with each
other. Design rules must also ensure thin features from breaking, and contact
cuts from slipping outside the area to be contacted. Usually, design rules need
to be re-established when a new process is being created, or when a process is
upgraded from one generation to the next. The establishment of new design
rules is normally a compromise between circuit design engineers and process
engineers. Circuit designers want smaller and tighter design rules to improve
performance and decrease chip area, while process engineers want design rules
that lead to controllable and reproducible fabrication. The result is a set of
design rules that yields a competitive circuit designed and fabricated in a cost
effective manner.

Design rules must be simple, constant in time, applicable in many pro-
cesses and standardized among many fabrication facilities. Design rules are
formulated by observing the interactions between features in different layers
and limitations in the design process. For example, consider a contact window
between a metal wire and a polysilicon wire. If the window misses the polysili-
con wire, it might etch some lower level or the circuit substrate, creating a fatal
fabrication defect. One should, undoubtedly, take care of basic width, spacing,
enclosure, and extension rules. These basic rules are necessary parts of every
set of design rules. Some conditional rules depend on electrical connectivity
information. If, for instance, two metal wires are part of the same electrical
node, then a short between them would not affect the operation of circuit.
Therefore, the spacing requirement between electrically connected wires can
be smaller than that between disconnected wires.

The design rules are specified in terms of microns. However, there is a key
disadvantage of expressing design rules in microns. A chip is likely to remain
in production for several years; however newer processes may be developed.
It is important to produce the chip on the newer processes to improve yield
and profits. This requires modifying or shrinking the layout to obey the newer
design rules. This leads to smaller die sizes and the operation is called process
shifting. If the layout is specified in microns, it may be necessary to rework the
entire layout for process shifting. To overcome this scaling problem, Mead and
Conway [MC79] suggested the use of a single parameter to design the entire
layout. The basic idea is to characterize the process with a single scalable
parameter called lambda (), defined as the maximum distance by which a
geometrical feature on any one layer can stray from another feature, due to over-
etching, misalignment, distortion, over or underexposure, etc, with a suitable
safety factor included. A is thus equal to the maximum misalignment of a
feature from its intended position in the wafer. One can think of A as either
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Diffusion Region Width 2\
Polysilicon Region Width 2\
Diffusion-Diffusion Spacing | 3\

Poly-Poly Spacing 2\
Polysilicon Gate Extension | 2A
Contact Extension A

Metal Width 3

Table 2.2: Basic nMOS design rules.

some multiple of the standard deviation of the process or as the resolution of
the process. Currently, A is approximately 0.25 x 10~¢ m (0.25 pm). In order
to simplify our presentation, we will use lambda.

Design rules used by two different fabrication facilities may be different due
to the availability of different equipment. Some facilities may not allow use of
a fourth or a fifth metal layer, or they may not allow a ‘stacked via’. Usually,
design rules are very conservative (devices take larger areas) when a fabrication
process is new and tend to become tighter when the process matures. Design
rules are also conservative for topmost layers (metal4 and metal5 layers) since
they run over the roughest terrain.

The actual list of design rules for any particular process may be very long.
Our purpose is to present basic ideas behind design rules, therefore, we will
analyze simplified nMOS design rules. Table 2.2 lists basic nMOS design rules.
We have omitted several design rules dealing with buried contact, implant, and
others to simply our discussion.

As stated earlier, design rules are specified in fractions of microns. For
example, separation for five metal layers may be 0.35 um, 0.65 pm, 0.65 um,
1.25 pm, and 1.85 pm respectively. Similar numbers are specified for each rule.
Such rules do make presentation rather difficult, explaining our motivation
to use the simpler lambda system. Although the lambda system is simple,
sometimes it can become over-simplifying or even misleading. At such places
we will indicate the problems caused by our simplified design rules.

In order to analyze design rules it is helpful to envision the design rules as
a set of constraints imposed on the geometry of the circuit layout. We classify
the rules in three types.

1. Size Rules: The minimum feature size of a device or an interconnect
line is determined by the line patterning capability of lithographic equip-
ment used in the IC fabrication. In 1998, the minimum feature size is
0.25 pm. Interconnect lines usually run over a rough surface, unlike the
smooth surface over which active devices are patterned. Consequently,
the minimum feature size used for interconnects is somewhat larger than
the one used for active devices, based on patternability considerations.
However, due to advances in planarization techniques, roughness problem
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Figure 2.10: Size and separation rules.

of higher layers is essentially a solved problem.

The design rule must specify the minimum feature sizes on different layers
to ensure a valid design of a circuit. Figure 2.10 shows different size rules
for feature sizes in different layers.

. Separation Rules: Different features on the same layer or in different

layers must have some separation from each other. In ICs, the intercon-
nect line separation is similar to the size rule. The primary motivation is
to maintain good interconnect density. Most IC processes have a spacing
rule for each layer and overlap rules for vias and contacts. Figure 2.10
also shows the different separation rules in terms of A.

. Overlap Rules: Design rules must protect against fatal errors such as

a short-circuited channel caused by the mismigration of poly and diffu-
sion, or the formation of an enhancement-mode FET in parallel with a
depletion-mode device, due to the misregistration of the ion-implant area
and the source/drain diffusion as shown in Figure 2.11. The overlap rules
are very important for the formation of transistors and contact cuts or
vias.

Figure 2.12 shows the overlap design rules involved in the formation of a
contact cut.

In addition to the rules discussed above, there are other rules which do not

scale. Therefore they cannot be reported in terms of lambda and are reported
in terms of microns. Such rules include:
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Figure 2.12: overlap rules for contact cuts.

1. The size of bonding pads, determined by the diameter of bonding wire
and accuracy of the bonding machine.

2. The size of cut in overglass (final oxide covering) for contacts with pads.

3. The scribe line width (The line between two chips, which is cut by a
diamond knife).

4. The feature distance from the scribe line to avoid damage during scribing.

5. The feature distance from the bonding pad, to avoid damage to the de-
vices during bonding.

6. The bonding pitch, determined by the accuracy of bonding machine.

We have presented a simple overview of design rules. One must study
actual design rules provided by the fabrication facility rather carefully before
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one starts the layout. CMOS designs rules are more complicated than nMOS
design rules, since additional rules are needed for tubs and pMOS devices.

The entire layout of a chip is rarely created by minimum design rules as
discussed above. For performance and/or reliability reasons devices are de-
signed with wider poly, diffusion or metal lines. For example, long metal lines
are sometimes drawn using using two or even three times the minimum design
rule widths. Some metal lines are even tapered for performance reasons. The
purpose of these examples is to illustrate the fact that layout in reality is much
more complex. Although we will maintain the simple rules for clarity of pre-
sentation, we will indicate the implications of complexity of layout as and when
appropriate.

2.5 Layout of Basic Devices

Layout is a process of translating schematic symbols into their physical rep-
resentations. The first step is to create a plan for the chip by understanding the
relationships between the large blocks of the architecture. The layout designer
partitions the chip into relatively smaller subcircuits (blocks) based on some
criteria. The relative sizes of blocks and wiring between the blocks are both es-
timated and blocks are arranged to minimize area and maximize performance.
The layout designer estimates the size of the blocks by computing the number
of transistors times the area per transistor. After the top level ‘floorplan’ has
been decided, each block is individually designed. In very simple terms, layout
of a circuit is a matter of picking the layout of each subcircuit and arranging it
on a plane. In order to design a large circuit, it is necessary to understand the
layout of simple gates, which are the basic building blocks of any circuit. In
this section, we will discuss the structure of various VLSI devices such as the
Inverter, NAND and NOR gates in both MOS and CMOS technologies.

2.5.1 Inverters

The basic function of an inverter is to produce an output that is complement
of its input. The logic table and logic symbol of a basic inverter are shown in
Figure 2.13(a) and (d) respectively. If the inverter input voltage A is less
than the transistor threshold voltage V; then the transistor is switched off and
the output is pulled up to the positive supply voltage VDD. In this case the
output is the complement of the input. If A is greater than V4, the transistor
is switched on and current flows from the supply voltage through the resistor
R to GND. If R is large, Vout could be pulled down well below V4, thus again
complementing the input.

The main problem in the design of an inverter layout is the creation of
the resistor. Using a sufficiently large resistor R would require a very large
area compared to the area occupied by the transistor. This problem of large
resistor can be solved by using a depletion mode transistor. The depletion mode
transistor has a threshold voltage which is less than zero. Negative voltage is
required to turn off a depletion mode transistor. Otherwise the gate is always
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Figure 2.13: An nMOS inverter.

turned on. The circuit diagram of an inverter is shown in Figure 2.13(c). The
basic inverter layout on the silicon surface in MOS is given in Figure 2.13(b).
It consists of two polysilicon (poly) regions overhanging a path in the diffusion
level that runs between VDD and GND. This forms the two MOS transistors of
the inverter. The transistors are shown by hatched regions in Figure 2.13(b).
The upper transistor is called pull-up transistor, as it pulls up the output to 1.
Similarly, the lower transistor is called the pull-down transistor as it is used to
pull-down the output to zero. The inverter input A is connected to the poly
that forms the gate of the lower of the two transistors. The pull-up is formed by
connecting the gate of the upper transistor to its drain using a buried contact.
The output of the inverter is on the diffusion level, between the drain of the
pull-down and the source of the pull-up. The pull-up is the depletion mode
transistor, and it is usually several times longer than the pull-down in order
to achieve the proper inverter logic threshold. VDD and GND are laid out in
metall and contact cuts or vias are used to connect metall and diffusion.

The CMOS inverter is conceptually very simple. It can be created by con-
necting a p-channel and a n-channel transistor. The n-channel transistor acts
as a pull-down transistor and the p-channel acts as a pull-up transistor. Fig-
ure 2.14 shows the layout of a CMOS inverter. Depending on the input, only
one of two transistors conduct. When the input is low, the p-channel transistor
between VDD and output is in its “on” state and output is pulled-up to VDD,
thus inverting the input. During this state, the n-channel transistor does not
conduct. When input is high, the output goes low. This happens due to the
“on” state of the n-channel transistor between GND and output. This pulls the
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Figure 2.14: A CMOS inverter.

output down to GND, thus inverting the input. During this state, p-channel
transistor does not conduct. The design rules for CMOS are essentially same
as far as poly, diffusion, and metal layers are concerned. Additional CMOS
rules deal with tub formation.

2.5.2 NAND and NOR Gates

NAND and NOR logic circuits may be constructed in MOS systems as a
simple extension of the basic inverter circuit. The circuit layout in nMOS, truth
tables, and logic symbols of a two-input NAND gate are shown in Figure 2.15
and NOR gate is shown in Figure 2.16.

In the NAND circuit, the output will be high only when both of the inputs
A and B are high. The NAND gate simply consists of a basic inverter with an
additional enhancement mode transistor in series with the pull-down transis-
tor (see Figure 2.15). NAND gates with more inputs may be constructed by
adding more transistors in series with the pull-down path. In the NOR circuit,
the output is low if either of the inputs, A and B is high or both are high. The
layout (Figure 2.16) of a two-input NOR gate shows a basic inverter with an
additional enhancement mode transistor in parallel with the pull-down transis-
tor. To construct additional inputs, more transistors can be placed in parallel
on the pull-down path. The logic threshold voltage of an n-input NOR circuit
decreases as a function of the number of active inputs (inputs moving together
from logic-0 to logic-1). The delay time of the NOR gate with one input active
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Figure 2.16: A nMOS NOR gate.
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Figure 2.17: A CMOS NAND gate.

is the same as that of an inverter of equal transistor geometries, except for
added stray capacitance. In designing such simple combined circuits, a single
pull-up resistor must be fixed above the point of output.

The layouts of CMOS NAND and NOR gates are shown in Figure 2.17 and
Figure 2.18 respectively. It is clear from Figure 2.17, that both inputs must be
high in order for the output to be pulled down. In all other cases, the output
will be high and therefore the gate will function as a NAND. The CMOS NOR
gate can be pulled up only if both of the inputs are low. In all other cases,
the output is pulled down by the two n-channel transistors, thus enabling this
device to work as a NOR gate.

2.5.3 Memory Cells

Electronic memory in digital systems ranges from fewer than 100 bits from a
simple four-function pocket calculator, to 10%—107 bits for a personal computer.
Circuit designers usually speak of memory capacities in terms of bits since a
unit circuit (for example a filp-flop) is used to store each bit. System designers
in the other hand state memory capacities in the terms of bytes (typically 8-9
bits) or words representing alpha-numeric characters, or scientific numbers. A
key characteristic of memory systems is that only a single byte or word is stored



2.5. Layout of Basic Devices 67

VDD

VDD

p-channel

pull-ups

A

& B

n-channel

pull-downs

GND

GND

Figure 2.18: A CMOS NOR gate.

or retrieved during each cycle of memory operation. Memories which can be
accessed to store or retrieve data at a fixed rate, independent of the physical
location of the memory address are called Random Access Memories or RAMs.
A typical RAM cell is shown in Figure 2.19.

2.5.3.1 Static Random Access Memory (SRAM)

SRAMs use static CMOS circuits to store data. A common CMOS SRAM
is built using cross-coupled inverters to form a bi-stable latch as shown in
Figure 2.20. The memory cell can be accessed using the pass transistors P1 and
P2 which are connected to the BIT and the BIT’ lines respectively. Consider
the read operation. The n-MOS transistors are poor at passing a one and the
p-transistors are generally quite small (large load resistors). To overcome this
problem, the BIT and the BIT' lines are precharged to a n-threshold below
VDD before the pass transistors are switched on. When the SELECT lines
(word line) are asserted, the RAM cell will try to pull down either the BIT
or the BIT' depending on the data stored. In the write operation, data and
it’s complement are fed to the BIT and the BIT' lines respectively. The word
line is then asserted and the RAM cell is charged to store the data. A low
on the SELECT lines, decouples the cell from the data lines and corresponds
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Figure 2.19: Block diagram of a generic RAM cell.
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Figure 2.20: A CMOS Static RAM cell.

to a hold state. The key aspect of the precharged RAM read cycle is the
timing relationship between the RAM addresses, the precharge pulse and the
row decoder (SELECT line). A word line assertion preceding the precharge
cycle may cause the RAM cell to flip state. On the other hand, if the address
changes after the precharge cycle has finished, more than one RAM cell will be
accessed at the same time, leading to erroneous read data.

The electrical considerations in such a RAM are simple to understand as
they directly follow the CMOS Inverter characteristics. The switching time of
the cell is determined by the output capacitance and the feedback network.
The time constants which control the charging and discharging are

T = CL

"~ B,(VDD — V)
CL

Tdis =

Bn(VDD — Vrn)

where Cpis the total load capacitance on the output nodes and B, and Bp
are the transconductance parameters for the n and p transistors respectively.
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Figure 2.21: A CMOS Dynamic RAM cell.

Minimizing the time constants within the constraints of the static noise margin
requirements gives a reasonable criterion for the initial design of such cells.

2.5.3.2 Dynamic Random Access Memory (DRAM)

A DRAM cell uses a dynamic charge storage node to hold data. Figure 2.21
shows a basic 1-Transistor cell consisting of an access nMOS MEM, a storage
capacitor Cgore and the input capacitance at the bit line Ciipe.

When the Select is set to high, Csiore gets charged up to the bit line voltage
according to the formula,

t/T
Veap(t) = Vmaz[ﬁ/t/c:_—h]
C

where Ten = 2Cstore/BnVimas is the charging time constant. The 90% voltage
point {0.9V},,) is reached in a low-high time of ¢L g = 97, and is the minimum
logic 1 loading interval. Thus a logic one is stored into the capacitor. When a
logic zero needs to be stored, the Select is again set to high and the charge on
Cstore decays according to the formula,

et/ Tais

Veap(t) = Vinaz [m

where 7gis = Cstore/BnVmaz is discharge time constant. The 10% voltage point
(0.1V,,142) requires a high-low time of tgy, = 2.9474;5. Thus it takes longer to
load a logic 1 (t1z = 6.11ty) than to load a logic 0. This is due to the fact
that the gate-source potential difference decreases during a logic 1 transfer.
The read operation for a dynamic RAM cell corresponds to a charge sharing
event. The charge on Cgspre is partly transferred onto Ciine. Suppose Casiore
has an initial voltage of V. The bit line capacitance Cline is initially charged
to a voltage Vpre (typically 3V). The total system charge is thus given by
Q1 = VoCstore + VpreCline. When the SELECT is set to a high voltage, M



70 Chapter 2. Design and Fabrication of VLSI Devices

Poly word line
/ﬁ/@hit line
——  Access Transistor
| - - L
. Word line
8i0,

Trench Capacitor

' e

Bitline

VvDD2

Figure 2.22: A deep trench CMOS Dynamic RAM cell.

becomes active and conducts current. After the transients have decayed, the
capacitors are in parallel and equilibrate to the same final voltage V; such that

— VCCstore + Vprecline

V.
d Cstore + Cline
Defining the capacitance ratio r = Cine/Cstore yields the final voltage Vy as

_ VC+7'Vpre
T l4r

If a logic 1, is initially stored in the cell, then Vo = V,,,,, and

Vs

Vimaz + Tvpre

= 1+r
Similarly for Vo = 0 volts,
rV;
Vo = 2=,
T 1+r
Thus the difference between a logic 1 and a logic 0 is
AV — Vmaz
1+7

The above equation clearly shows that a small r is desirable. In typical 16 Mb
designs, Csiore = 30fF and Cyine = 250f F giving r ~ 8.

Dynamic RAM cells are subject to charge leakage, and to ensure data in-
tegrity, the capacitor must be refreshed periodically. Typically a dynamic re-
fresh operation takes place at the interval of a few milliseconds where the
peripheral logic circuit reads the cell and re-writes the bit to ensure integrity
of the stored data.

High-value/area capacitors are required for dynamic memory cells. Recent
processes use three dimensions to increase the capacitance/area. One such
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Figure 2.23: Circuit 1.

structure is the trench capacitor shown in Figure 2.22. The sides of the trench
are doped nt and coated with a thin 10 nm oxide. Sometimes a thin oxynitride
is used because its high dielectric constant increases the capacitance. The cell
is filled with a polysilicon plug which forms the bottom plate of the cell storage
capacitor. This is held at VDD/2 via a metal connection at the edge of the
array. The sidewall nT forms the other side of the capacitor and one side of
the pass transistor that is used to enable data onto the bit lines. The bottom
of the trench has a p* plug that forms a channel-stop region to isolate adjacent
capacitors.

2.6 Summary

The fabrication cycle of VLSI chips consists of a sequential set of basic steps
which are crystal growth and wafer preparation, epitaxy, dielectric and polysil-
icon film deposition, oxidation, lithography, and dry etching. During the fab-
rication process, the devices are created on the chip. When some fixed size
material crosses another material, devices are formed. While designing the de-
vices, a set of design rules has to be followed to ensure proper function of the
circuit.

2.7 Exercises

1. Draw the layout using nMOS gates with minimum area for the circuit
shown in Figure 2.23. For two input nMOS NAND gates, assume the
length of pull-up transistor to be eight times the length of either pull-
down. (Unless stated otherwise, use two metal layers for routing and
ignore delays in vias).

2. Compute the change in area if CMOS gates are used in a minimum area
layout of the circuit in Figure 2.23.

3. For the circuit shown in Figure 2.24, generate a layout in which the
longest wire does not have a delay more than 0.5 psec. Assume that the
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Figure 2.24: A 4-bit comparator.
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Figure 2.25: A D flip-flop.

width of the wire is 2 ym, the height is 0.5 pm, the thickness of the oxide
below the wire is 1.0 pm. €, = 3.9 and €, = 8.845 x10~* F/cm.

Layout the circuit given in Figure 2.23 so that the delay in the longest
path from input to output is minimized. Assume 2 pm CMOS process
and assume each gate delay to be 2 nsec.

In order to implement a memory, one needs a circuit element, which can
store a bit value. This can be done using flip-flops. A D flip-flop is shown
in Figure 2.25. Memories can be implemented using D flip-flops as shown
in Figure 2.26. A 2 x 2 bit memory is shown in the figure. The top two
flip-flops store word 0, while the bottom two flip flops store the word 1.
A indicates the address line, if A = 0 the top two bits consisting of top
word 0 are selected, otherwise the bottom word is selected. CS, RD and
OE indicate chip select, read and output enable signals, respectively, Iy
and I; are two input lines, while Op and O, indicate output lines.

(a) Layout the 4 bit memory shown in Figure 2.26.

(b) Calculate the read and write times for this memory in 2 um CMOS
process. Assume gate delay to be 2 nsec.

(c) Estimate the total area (in microns) for a 256 KByte memory using
2 pm CMOS process.
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Figure 2.26: A 2x2 bit memory.
(a) Draw the circuit diagram of a half-adder.

(b) Draw the layout of the of the half-adder with minimum area.

73

(c) How many such chips may be fabricated on a wafer of diameter
10 cm ? (Assume scrap edge distance, a@ = 5 mm.)

. For the function F = ABC + ABC + ABC + ABC

(a) Draw the logic circuit diagram.

(b) Generate a minimum area layout for the circuit.

. Estimate the number of transistors needed to layout a k-bit full adder.
Compute the area required to layout such a chip in nMOS and CMOS.

. Skew is defined as the difference in the signal arrival times at two differ-
ence devices. Skew arises in the interconnection of devices and in routing
of a clock signal. Skew must be minimized if the system performance is to
be maximized. Figure 2.27 shows a partial layout of a chip. Complete the
layout of chip by connecting signal source to all the terminals as shown
in the Figure 2.27. All paths from the source to the terminals must be of

equal Iength so as to have zero skew.

design rules would be needed ?

Suppose a new metal layer is added using present design rules. How many
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_ Entry point

Figure 2.27: Routing with Minimum skew.

11. Compute the number of masks needed to produce a full custom chip using
k-metal layer CMOS technology.
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and CMOS VLSI devices are discussed in [Muk86].



Chapter 3

Fabrication Process and its
Impact on Physical Design

The biggest driving force behind growth in the semiconductor, computer,
networking, consumer electronics, and software industries in the last half cen-
tury has been the continuous scaling, or miniaturization, of the transistor.
Computers and other electronic devices have become smaller, more portable,
cheaper, easier to use, and more accessible to everyone. As long as we can make
the transistor faster and smaller, make the wires that interconnect them less
resistive to electrical current, and make each chip denser, the digital revolution
will continue.

The manufacture of ICs, like any other high volume manufacturing business,
is very cost sensitive. The yield of the fab must be very high to be profitable.
So in any given process generation, semiconductor manufacturers use process
equipment and critical dimensions that allow them acceptable yields. As more
and more chips are manufactured and tested in a process, the process matures
and the yield of the process increases. When the yield increases, more aggressive
(that is, smaller) critical dimensions can be used to shrink the layout. This
process of shrinking the layout, in which every dimension is reduced by a factor
is called scaling. In general, scaling refers to making the transistors, and the
technology that connects them, smaller. As a transistor becomes smaller, it
becomes faster, conducts more electricity, and uses less power, the cost of
producing each transistor goes down, and more of them can be packed on a
chip.

If a chip is scaled, it leads to a smaller die size, increased yield, and increased
performance. Suppose a chip in 0.25 micron process generation is x microns
wide and x microns high. Assume a shrink factor of 0.7 from 0.25 to 0.18
micron process. Therefore, on 0.18 process, we can essentially produce a 0.7x
micron wide and 0.7x micron high chip. That is, the scaled chip is half the size
of the original chip, in terms of area. It will have better yield, due to smaller
die size and it will have better performance due to faster transistors and shorter
interconnect.
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As transistors are scaled, their characteristics (such a delay, leakage current,
threshold voltage, etc) also scale but not uniformly. For example, power may
not scale with device size. In particular, by middle of next decade, it is expected
that the leakage current of a transistor will be of the same value whether the
transistor is on or off.

The biggest concern in scaling, is the mismatch in the scaling of devices and
interconnect. Interconnect delay is not scaling at the same rate as the device
delay. As a result, it has become a more dominant factor in overall delay. This
has fundamentally changed the perspective of physical design. Earlier it was
possible to lay down the devices and interconnect them and be sure that the
design would work. It was possible to ignore the delay in the interconnect, as it
was 5 — 10% of the overall delay. As interconnect has now become 50— 70% of
the overall delay, it was necessary to find optimal locations for devices so that
interconnect delay is as small as possible. This has led to the consideration
of physical design (in particular interconnect planning) at very early stages
of design (even at architectural level), as well as throughout the VLSI design
cycle.

As aresult of the potential side effects, it is important to be aware of process
technology and innovations, so as to understand the impact on physical design.
The purpose of this chapter is to explain the process scaling, process innova-
tions, process side-effects and their impact on physical design. Our focus is to
identify potential future physical design problems due to process. Section 3.1
discusses the scaling methods, Section 3.2 presents the status of fabrication
process (circa 1998). Section 3.3 is dedicated to issues with the process such
as the parasitics effects, interconnect delay and noise, power dissipation, and
yield, among others. In Section 3.4, we discuss the future of the process and
innovations that might solve the current and future process related problems.
Section 3.5 discusses the solutions and options for interconnect problems. Fi-
nally, Section 3.6 discusses CAD tools needed to help in process development.

3.1 Scaling Methods

There are two basic types of scaling to consider. One is full scaling, in which
all device dimensions, both surface and vertical, and all voltages are reduced
by the same factor. Other type is called the constant-voltage scaling, wherein
only device dimensions are scaled, while maintaining voltage levels. These two
methods are compared in Table 3.1, where the scaling factor is specified as S.

In full scaling, devices improve in speed, dissipate less power and can be
packed closer together. As a result, high speed chips that integrate large num-
bers of transistors are made possible. However, devices cannot be scaled down
beyond a certain limit. This limit is imposed by a number of second order
effects which arise due to simple scaling technique.

In constant voltage scaling, ICs can be used in existing systems without
multiple power supplies. In addition, the gate delay is reduced by an additional
factor of S. On the other hand, constant voltage scaling leads to higher power
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[ Parameter Full scaling | CV scaling |
Dimensions: width, length, oxide thickness 1/8 1/8
Voltages: Power, threshold 1/S 1
Gate capacitance 1/S 1/8
Current 1/S S
Propagation delay 1/S 1/5%

Table 3.1: Scaling effect on device parameters.

dissipation density, and increments in electric fields, which may lead to oxide
breakdown problems.

Except for features related to bonding pads and scribe lines, all other fea-
tures can be scaled. If the design is not limited by the pad-size, the layout
can be scaled and then pads of original size can be placed around the shrunken
layout.

3.2 Status of Fabrication Process

In 1998, the standard production fabrication process is the 0.25 micron
CMOS process. It has a 1.8V VDD and 4.2 nm oxide. Transistors use com-
plementary doped poly and Shallow Trench Isolation (STI). In terms of inter-
connect, process supports 5-6 layers of aluminum interconnect using (typically)
a Ti/Al-Cu/Ti/TiN stack. Some manufacturers provide a local interconnect
layer as well. The key feature of interconnect is the high aspect ratio metal lines
for improved resistance and electro-migration. Contact and via layers are filled
with tungsten plugs and planarized by CMP. ILD layers are also planarized by
CMP. New processes support copper layers for interconnect.

3.2.1 Comparison of Fabrication Processes

In this section, we compare 0.25 micron processes of leading manufactur-
ers. Table 3.2 shows the key features of production fabrication processes of
five leading semiconductor manufacturers. The five processes are listed from
IBM (International Business Machines), AMD (Advanced Micro Devices), DEC
(Digital Equipment Corporation, which is now part of Intel and Compaq), TI
(Texas Instruments) and Intel Corporation.

Several interesting observations can be made about the processes.

1. Synergy between Metal Layers: Some manufacturers have syngerized the
metal layers. For example, DEC’s CMOS-7 process has (1:2) ratio be-
tween two lower metal layers and three higher metal layers. Similarly,
TI's CO7 has (1:3) ratio between first four layers and the last layer.
While Intel’s process favors syngergy between M2 and M3 and there is
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Company IBM AMD DEC TI Intel
Process CMOS-6x | CS-44 | CMOS-7 | C07 | P856
No. of metal

layers 6 5 6 5 5
MO Yes Yes No No No
Stacked Vias Yes Yes Yes Yes | Yes

Voltage 1.8V 2.5V 1.8V 1.8V | 1.8V

M1 0.7 0.88 0.84 0.85 | 0.64

M2 0.9 0.88 0.84 0.85 | 0.93

M3 0.9 0.88 1 0.85 | 0.93

M4 0.9 1.13 1.7 0.85 1.6

M5 0.9 3.0 1.7 2.5 2.56

Table 3.2: Comparison of Fabrication Processes.

no obvious relationship between these layers and higher layers. The other
other extreme is IBM’s essentially gridded approach for four higher lay-
ers. Only M1 is os smaller pitch, possibly to help cell density. Metal
synergy may help in routing, as routes are on certain tracks and vias can
be only on the routing grids. The importance of routing grid is related to
methodology for wire sizing. In particular, the method, by which routers
provide wide wire and tapering capability.

. Local interconnect: While some manufacturers have provided local inter-

connect for better cell density (50%), other have opted to forego it since
it may cost almost as much as a full layer but provides limited routing
capability.

. Use of higher metal layers: Table 3.2 clearly shows a divergence in the

width of the higher metal layers. Note that AMD, TI, and Intel use very
wide wires on higher metal layers. These layers provide high performance
for long global interconnect. While IBM and DEC provide smaller width
lines, possibly leaving the option for the designer to use a wider than
minimum width wire, if necessary. However, this does allow process to
provide optimal performance from wires in higher layers.

Table 3.3 shows details about the spacing between interconnect and aspect

ratio of the interconnect for Intel’s P856 process. First note that the thickness
of metal lines varies widely. M1 is quite narrow at 0.48 um, while M5 is quite
thick at 19 um. Aspect ratio of a wire is the ratio of its thickness to its
width. Note that the interconnect aspect ratio is almost as high as 2.0 for
some layers. That is, M2 (and M3) is twice as thick as it is wide. Higher
aspect ratio provides better interconnect performance on smaller widths but
also introduces the wall-to-wall capacitance.



3.3. Issues related to the Fabrication Process 79

[ Layer | Pitch(um) | Thickness(um) | Aspect Ratio
M1 0.64 0.48 1.5
M2 0.93 0.89 1.9
M3 0.93 0.89 1.9
M4 1.60 1.33 ) 74
M5 2.56 1.90 1.5

Table 3.3: Intel’s P856 Interconnect dimensions

3.3 Issues related to the Fabrication Process

Process scaling has allowed a high level of integration, better yields (for a
constant die size), lower costs and allowed larger die sizes (for a constant yield).
As a result, process has also introduced several problems and issues that need
to be addressed. In this section, we will discuss these process related issues.

The first set of issues is related to parasitics effects, such as stray capac-
itances. The second set of issues is related to interconnect, which poses two
type of problems, delay/noise and signal integrity which may limit maximum
frequency. Other interconnect problems are associated with size and complex-
ity of interconnect. The amount of interconnect needed to connect millions
of transistors runs into hundreds of thousands of global signals and millions
of local and mid-distance signals. The sheer size of interconnect needs to be
addressed, otherwise the die size grows to accommodate the interconnect. This
larger die size may make the design project more costly or even infeasible.
This is due to that fact that larger die may have longer interconnect and may
not allow the chip to reach its targeted frequency. Other issues include power
dissipation and yield.

3.3.1 Parasitic Effects

The proximity of circuit elements in VLSI allows the inter-component ca-
pacitances to play a major role in the performance of these circuits. The stray
capacitance and the capacitance between the signal paths and ground are two
major parasitic capacitances. Another parasitic capacitance is the inherent ca-
pacitance of the MOS transistor. This capacitance has to be accounted for,
as it has more effect than the parasitic capacitance to the ground. All MOS
transistors have a parasitic capacitance between the drain edge of the gate and
drain node. In an inverter, this capacitance will be charged in one direction for
one polarity input and in the opposite direction for the opposite polarity input.
Thus, on a gross scale its effect on the system is twice that of an equivalent
parasitic capacitance to ground. Therefore, gate-to-drain capacitances should
be doubled, and added to the gate capacitance and the stray capacitances, to
account for the total capacitance of the node and thus for the effective delay
of the inverter.
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Interconnect capacitance is of two types; between wires across layers and
between wires within layers. The former is more significant than the later.
The interconnect capacitance within layers can be reduced by increasing the
wire spacing and by using power lines shielding. Whereas, the interconnect
capacitance across layers can be reduced by connecting wires in adjacent layers
perpendicular to each other.

3.3.2 Interconnect Delay

The calculation of delay in a layout depends on a variety of parameters. The
delays in a circuit can be classified as gate delay and interconnect delay. Both
the gate and the interconnect delay depend on parameters such as the width
and length of poly, thickness of oxide, width and length of metal lines, etc.
Details on this topic can be found in [Bak90]. The process of extracting these
parameters is called extraction. The tool that computes the delay using these
parameters and a suitable delay model is often referred as an RC-extractor. We
will restrict this discussion to the calculation of interconnect delays.

Historically, interconnect delay was considered to be electrically negligible.
Currently interconnections are becoming a major concern in high performance
ICs and the RC delay due to interconnect is the key factor in determining the
performance of a chip. The resistance of wires increases rapidly as chip size
grows larger and minimum feature size reduces. Resistance plays a vital role
in determining RC delay of the interconnection.

The relative resistance values of metal, diffusion, poly, and drain-to-source
paths of transistors are quite different. Diffused layers and polysilicon layers
have more than one hundred times the resistance per square area of the metal
layer. The resistance of a uniform slab of conducting material is given by:

where p is the resistivity, and w., h., andl. are the width, thickness, and
length of the conductor. The empirical formula for the interconnection capac-
itance is given by:

o

+ [0.06 (%) + 166 () —0.14 (%)O'm] (5:)1'34] & € Le

where, C is the capacitance of the conductor, w;. is the spacing of chip
interconnections, t, is the thickness of the oxide, ¢, = 3.9 is the dielectric
constant of the insulator, and €, = 8.854 x 10~!* F/cm is the permittivity
of free space. Various analytical models for two-dimensional interconnection
capacitance calculations can be found in [Cha76, ST83]. Path capacitance could
be computed by adding via capacitances to the net capacitances.

C= {1.15 () +280 ()"
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The expressions given above show that the interconnect delay is the more
dominant delay in current technology. Consider a 2 cm long, 0.5 pm thick wire,
having a 1.0 um thick oxide beneath it in an chip fabricated using 2 gm technol-
ogy. The resistance of such a wire is 600  and its capacitance is approximately
4.0 pF. As a result, it has a distributed RC constant of 2.4 nsec. This delay
is equivalent to a typical gate delay of 1 to 2 nsec in 2 um technology. In this
technology, the maximum die size was limited to 1 cm X 1 cm and therefore
the gate delays dominated the interconnect delays. On the other hand, a sim-
ilar calculation for 0.5-0.7 um technology shows that if only sub-nanosecond
delays are allowed, the maximum wire length can be at most 0.5 cm. Since, the
gate delays are sub-nanosecond and the die size is 2.5 cm x 2.5 cm, it is clear
that interconnect delays started dominating the gate delay in 0.5 pgm process
generation.

The delay problem is more significant for signals which are global in nature,
such as clock signals. A detailed analysis of delay for clock lines is presented
in Chapter 11.

3.3.3 Noise and Crosstalk

When feature sizes and signal magnitudes are reduced, circuits become more
susceptible to outside disturbances, resulting in noise. Noise principally stems
from resistive and capacitive coupling. Smaller feature sizes result in reduced
node capacitances. This helps to improve circuit delays; however, these nodes
also become more vulnerable to external noise, especially if they are dynami-
cally charged. The coupling between neighboring circuits and interconnections
and the inductive noise generated by simultaneous switching of circuits are
most prevalent forms of internal noise. As chip dimensions and clock frequency
increase, the wavelengths of the signals become comparable to interconnection
lengths, and this makes interconnections better ‘antennas.’

Noise generated by off-chip drivers and on-chip circuitry is a major problem
in package and IC design for high-speed systems. The noise performance of a
VLSI chip has three variables: noise margin, impedance levels, and charac-
teristics of noise sources. Noise margin is a parameter closely related to the
input-output voltage characteristics. This is a measure of the allowable noise
voltage in the input of a gate such that the output will not be affected. Noise
margin is defined in terms of two parameters: Low Noise Margin(LNM) and
High Noise Margin(HNM). The LNM and HNM are given by:

LNM = max(VIL) - maX(VOL)

HNM = min(VOH) - min(VIH)

Where Vip and Vig are low and high input voltages and Vo and Vog are low
and high output voltages respectively.

One of the forms of noise is crosstalk, which is a result of mutual capacitance
and inductance between neighboring lines. The amount of coupling between
two lines depends on these factors. The closeness of lines, how far they are
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from the ground plane, and the distance they run close to each other. As a
result of crosstalk, propagation delay increases and logic faults occur. The
delay increases because the overall capacitance of the line increases which in
turn augments the RC delay of the line.

3.3.4 Interconnect Size and Complexity

The number of nets on a chip increases as the number of transistors are in-
creased. Rent’s rule is typically used to estimated the number of pins in a block
(unit, cluster, or chip) and number of transistors in that block (unit, cluster
or chip). Rent’s rule state that the number of I/Os needed are proportional to
the number of transistors N and a constant K, which depends on the ability
to share signals. Rent’s rule is expressed as:

C=KN"

where C is the average number of signal and control I/Os. K is typically 2.5
for high performance systems, and n is a constant in the range of 1.5 to 3.0.
Originally, Rent’s rule was observed by plotting I/Os versus transistors count
of real systems. Since that time, several stochastic and geometric arguments
have also been proposed that support Rent’s rule.

It is quite clear from Rent’s rule that the signal complexity at all levels of
the chip stays ahead of the integration level (number of transistors, sub-circuits,
etc).

3.3.5 Other Issues in Interconnect

Several other issues in interconnect may also cause some problems. Higher
aspect ratio wires that are used to provide better performance for higher layers
also cause more cross (wall to wall) capacitance. As a result, signals that may
conflict need to be routed spaced from each other. Another issue is inductance
modeling and design. As chip frequency reaches GHz and beyond, wires start
acting like transmission lines and circuits behave like RLC circuits. In addition,
use of different dielectrics, that are used on different layers complicates the
delay, noise and inductance modeling.

3.3.6 Power Dissipation

Heat generation and its removal from a VLSI chip is a very serious concern.
Heat generated is removed from the chip by heat transfer. The heat sources
in a chip are the individual transistors. The heat removal system must be
efficient and must keep the junction temperature below a certain value, which
is determined by reliability constraints. With higher levels of integration, more
and more transistors are being packed into smaller and smaller areas. As a
result, for high levels of integration heat removal may become the dominant
design factor. If all the generated heat is not removed, the chip temperature
will rise and the chip may have a thermal breakdown. In addition, chips must
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be designed to avoid hotspots, that is, the temperature must be as uniform as
possible over the entire chip surface.

CMOS technology is known for using low power at low frequency with
high integration density. There are two main components that determine the
power dissipation of a CMOS gate. The first component is the static power
dissipation due to leakage current and the second component is dynamic power
dissipation due to switching transient current and charging/discharging of load
capacitances. A CMOS gate uses 0.003 mW/MHz/gate in ‘off state and 0.8
mW/MHz/gate during its operation. It is easy to see that with one million
gates, the chip will produce less than a watt of heat. In order to accurately
determine the heat produced in a chip, one must determine the power dissipated
by the number of gates and the number of off chip drivers and receivers. For
CMOS circuits, one must also determine the average percent of gates active at
any given time, since heat generation in the ‘off’ state is different than that
of ‘on’ state. In ECL systems, power consumption is typically 25 mW/gate
irrespective of state and operating frequency. Current heat removal system
can easily handle 25 to 100W in a high performance package. Recently, MCM
systems have developed, which can dissipate as much as 600W per module.

Power dissipation has become a topic of intense research and development.
A major reason is the development of lap-top computers. In lap-top computers,
the battery life is limited and low power systems are required. Another reason
is the development of massively parallel computers, where hundreds (or even
thousands) of microprocessors are used. In such systems, power dissipation and
corresponding heat removal can become a major concern if each chip dissipates
a large amount of power.

In recent years, significant progress has been in made in development of low
power circuits and several research projects have now demonstrated practical
lower power chips operating at 0.5 V. In some microprocessors, 25-35% power
is dissipated in the clock circuitry, so low power dissipation can be achieved
by literally ‘switching-off’ blocks which are not needed for computation in any
particular step.

3.3.7 Yield and Fabrication Costs

The cost of fabrication depends on the yield. Fabrication is a very compli-
cated combination of chemical, mechanical and electrical processes. Fabrication
process requires very strict tolerances and as a result, it is very rare that all the
chips on a wafer are correctly fabricated. In fact, sometimes an entire wafer
may turn out to be non-functional. If a fabrication process is new, its yield is
typically low and design rules are relaxed to improve yield. As the fabrication
process matures, design rules are also improved, which leads to higher density.
In order to ensure that a certain number of chips per wafer will work, an up-
per limit is imposed on the chip dimension X. Technically speaking, an entire
wafer can be a chip (wafer scale integration). The yield of such a process would
however be very low, in fact it might be very close to zero.

Wafer yield accounts for wafers that are completely bad and need not be
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tested. The prediction of the number of good chips per wafer can be made on
the basis of how many dies (chips) fit into a wafer {(Ng4) and the probability of
a die being functional after processing (Y). The cost of an untested die Cyq is
given by

Cu
Nd xY
where, C,, is the cost of wafer fabrication. The number of dies per wafer
depends on wafer diameter and the maximum dimension of the chip. It should
be noted that product NgxY is equal to total number of “good” dies per wafer
Ny. The number of dies of a wafer Ny is given by

Cud =

_ (D-w)?
X

where D is the diameter of the wafer (usually 10 cm), and « is the useless scrap
edge width of a wafer (mm). The yield is given by:

Ng

Y = (1~ Ab/c)*

where, A is the area of a single chip, ¢ is the defect density, that is, the defects
per square millimeter, and c is a parameter that indicates defect clustering.

The cost of packaging depends on the material used, the number of pins,
and the die area. The ability to dissipate the power generated by the die is the
main factor which determines the cost of material used.

Die size depends on technology and gates required by the function and
maximum number of dies on the chip, but it is also limited by the number of
pins that can be placed on the border of a square die.

The number of gates N, in a single IC is given by:

(X2 "'P*Aia)

Ng = ry

where, P is the total number of pads on the chip surface, A;, is the area of
an I/O cell and A, is the area of a logic gate. It should be noted that a gate
is a group of transistors and depending on the architecture and technology,
the number of transistors required to form a gate will vary. However, on the
average there are 3 to 4 transistors per gate.

The number of pads required to connect the chip to the next level of in-
terconnect, assuming that pads are only located at the periphery of the chip
is

P=4X/S-1)

where, S is the minimum pad to pad pitch.

An optimal design should have the necessary number of gates well dis-
tributed about the chip’s surface. In addition, it must have minimum size, so
as to improve yield.

The total fabrication cost for a VLSI chip includes costs for wafer prepa-
ration, lithography, die packaging and part testing. Again, two key factors
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determine the cost: the maturity of process and the size of the die. If the
process is new, it is likely to have a low yield. As a result, price per chip will
be higher. Similarly, if a chip has a large size, the yield is likely to be low due
to uniform defect density, with corresponding increase in cost.

Fabrication facilities can be classified into three categories, prototyping fa-
cilities (fewer than 100 dies per lot), moderate size facilities (1,000 to 20,000
dies per lot) and large scale facilities, geared towards manufacturing 100,000+
parts per lot.

Prototyping facilities such as MOSIS, cost about $150 for tiny chips (2.22 mm
x 2.26 mm) in a lot of 4, using 2.0 um CMOS process. For bigger die sizes
(7.9 mm x 9.2 mm) the cost is around $380 per die, including packaging. The
process is significantly more expensive for 0.8 um CMOS. The total cost for
this process is around $600 per square mm. MOSIS accepts designs in CIF
and GDS-II among other formats, and layouts may be submitted via electronic
mail. For moderate lot sizes (1,000 to 20,000) the cost for tiny chips (2 mm X
2 mm) is about $27 in a lot size of 1,000. For large chips (7 mm x 7 mm), the
cost averages $65 per chip in a lot of 1000. In addition, there is a lithography
charge of $30,000 and a charge of $5,000 for second poly (if needed). These
estimates are based on a 1.2 gm, two metal, single poly CMOS process and
include the cost of packaging using a 132 Pin Grid Array (PGA) and the cost
of testing. The large scale facilities are usually inexpensive and cost between
$5 to $20 per part depending on yield and die size. The costs are included
here to give the reader a real world perspective of VLSI fabrication. These cost
estimates should not be used for actual budget analysis.

3.4 Future of Fabrication Process

In this section, we discuss the projected future for fabrication process. We
also discuss several innovations in lithography, interconnect and devices.

3.4.1 SIA Roadmap

Fabrication process is very costly to develop and deploy. A production fab
costs upwards of two billion dollars (circa 1998). In the early 1990’s, it became
clear that process innovations would require joint collaboration and innova-
tions from all the semiconductor manufacturers. This was partly due to the
cost of the process equipment and partly due to the long time it takes to in-
novate, complete research and development and use the developed equipment
or methodologies in a real fab. Semiconductor Industry Association (SIA) and
SRC started several projects to further research and development in fabrication
process.

In 1994, SIA started publishing the National Technology Roadmap for Semi-
conductors. The roadmap provides a vision for process future. In 1997, it was
revised and key features are listed in table 3.4. (note that 1000 nanometers =
1 micron).
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Feature Size (nm) 250 180 130 100
Time Frame 1997 1999 2003 2006
Logic Transistors per area
(Millions/sq. cm.) 3.7 6.2 18 39
Chip Frequency (MHz):
Cost /Perf designs > 300 > 400 > 500 > 650
Chip Frequency (MHz):
High Perf designs > 500 > 750 > 1100 | > 1500
Chip Size (sq. mm) 300 360 430 520
Wiring Levels 6 6-7 7 7-8
Package Pins per Chip 512 512 768 768
Power Supply Voltage
(desktop) 2.5 1.8 1.5 1.2
Power Supply Voltage
(portable) 1.8-2.5 | 09-1.8 0.9 0.9
Interconnect planar planar planar planar
Min. Interconnect CD (nm) 250 180 130 100
Min. Contacted
Interconnect Pitch (logic) nm 640 460 340 260
Contact/Via
Critical Dimension(nm) 280/400 | 200/280 | 140/200 | 110/140
Via Aspect Ratio : Logic 2.0 2.0 2.3 2.7
Metal Aspect Ratio 1.8 1.8 2.1 2.4
Max. Interconnect
Length (meters/chip) 820 1480 2840 5140

Table 3.4: Feature Size and Integrated Circuit Capability, 1997-2006. National
Technology Roadmap for Semiconductors, 1997

3.4.2 Advances in Lithography

Currently, it is possible to integrate about 20 million transistors on a chip.
Advances in X-ray lithography and electron-beam technology indicate that
these technologies may soon replace photolithography. For features larger than
0.020 pm, X-ray beam lithography can be used. For smaller devices, a scanning
tunneling electron microscope may be used. It has been shown that this tech-
nique has the possibility of constructing devices by moving individual atoms.
However, such fabrication methods are very slow. Just based on X-ray lithogra-
phy, there seems to be no fundamental obstacle to the fabrication of one billion
transistor integrated circuits. For higher levels of integration there are some
limits. These limits are set by practical and fundamental barriers. Consider
a MOS transistor with a square gate 0.1 gm on a side and 0.005 pm oxide
layer thickness. At 1V voltage, there are only 300 electrons under the gate,
therefore, a fluctuation of only 30 electrons changes the voltage by 0.1 V. In
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addition, the wave nature of electrons poses problems. When device features
reach 0.005 um, electrons start behaving more like waves than particles. For
such small devices, the wave nature as well as the particle nature of electrons
has to be taken into account.

3.4.3 Innovations in Interconnect

As discussed earlier, interconnect poses a serious problem as we attempt to
achieve higher levels of integration. As a result, several process innovations are
targeted towards solution of the interconnect problems, such as delay, noise,
and size/complexity.

3.4.3.1 More Layers of Metal

Due to planarization achieved by CMP, from a pure technology point of view,
any number of metal layers is possible. Hence, it is purely a cost/benefit trade-
off which limits addition of layers. An increasing number of metal layers has a
significant impact on the physical design tools. In particular, large numbers of
layers stresses the need for signal planning tools.

3.4.3.2 Local Interconnect

The polysilicon layer used for the gates of the transistor is commonly used as
an interconnect layer. However the resistance of doped polysilicon is quite high.
If used as a long distance conductor, a polysilicon wire can represent significant
delay. One method to improve this, that requires no extra mask levels, is to
reduce the polysilicon resistance by combining it with a refractory metal. In
this approach a Sillicide (silicon and tantalum) is used as the gate material. The
sillicide itself can be used as a local interconnect layer for connections within
the cells. Local interconnect allows a direct connection between polysilicon and
diffusion, thus alleviating the need for area intensive contacts and metal. Also
known as Metal 0, local interconnect is not a true metal layer. Cell layout can
be improved by 25 to 50% by using local interconnect. However, CAD tools
need to comprehend restrictions to use MO effectively.

3.4.3.3 Copper Interconnect

Aluminum has long been the conductor of choice for interconnect, but as the
chip size shrinks it is contributing to interconnect delay problem, due to its high
resistance. Although Copper is a superior conductor of electricity, it was not
being used earlier for interconnect because not only does copper rapidly diffuse
into silicon, it also changes the electrical properties of silicon in such a way as
to prevent the transistors from functioning. However, one by one, the hurdles
standing in the way of this technology have been overcome. These ranged
from a means of depositing copper on silicon, to the development of an ultra
thin barrier to isolate copper wires from silicon. Several manufacturers have
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introduced a technology that allows chip makers to use copper wires, rather
than the traditional aluminum interconnects, to link transistors in chips.

This technique has several advantages. Copper wires conduct electricity
with about 40 percent less resistance than aluminum which translates into
a speedup of as much as 15 percent in microprocessors that contain copper
wires. Copper wires are also far less vulnerable than those made of aluminum
to electro-migration, the movement of individual atoms through a wire, caused
by high electrical currents, which creates voids and ultimately breaks the wires.
Another advantage of copper becomes apparent when interconnect is scaled
down. At small dimensions, the conventional aluminum alloys can’t conduct
electricity well enough, or withstand the higher current densities needed to
make these circuits switch faster. Copper also has a significant problem of
electro-migration. Without suitable barriers, copper atoms migrate into silicon
and corrupt the whole chip.

Some manufacturers claim that the chips using Copper interconnects are less
expensive than aluminum versions, partly because copper is slightly cheaper,
but mainly because the process is simpler and the machinery needed to make
the semiconductors is less expensive. However other chip manufacturing com-
panies are continuing with aluminum for the time being. They believe that the
newer dual Damascene process with copper requires newer, and more expensive
equipment. The equipment is required to put down the barrier layer - typically
tantalum or tantalum nitride - then a copper-seed layer, and the electroplating
of the copper fill.

There a several possible impacts of copper on physical design. One impact
could be to reduce the impact of interconnect on design. However, most de-
signers feel that copper only postpones the interconnect problem by two years.
Copper interconnect also may lead to reduction in total number of repeaters
thereby reducing the impact on floorplan and overall convergence flow of the
chip.

3.4.3.4 Unlanded Vias

The concept of unlanded via is quite simple. The via enclosures were required
since wires were quite narrow and alignment methods were not accurate. For
higher layers, where wire widths are wider, it is now possible to have via enclo-
sure within the wire and, as a result, there is no need for an extended landing
pad for vias. This simplifies the routing and related algorithms.

3.4.4 Innovations/Issues in Devices

In addition to performance gains in devices due to scaling, several new in-
novations are in store for devices as well. One notable innovation is Multi-
Threshold devices. It is well known that the leakage current is inversely pro-
portionate to the threshold voltage. As operating voltage drops, leakage current
(as a ratio to operating voltage) increases. At the same time, lower V; devices
do have better performance, as a result these can be used to improve speed. In
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Process Technology 0.1u
Transistors 200 M
Logic Transistors 40 M
Size 520 mm®
Clock frequency 2 - 3.5 GHz
Chip I/0O’s 4,000
Wiring levels (metals) 7-8
Voltage 09-12
Power 160 W
Supply current 160 Amps

Table 3.5: Aggressive projections for a chip in 2006.

critical paths, which might be limiting to design frequency, devices of lower V;
can be used. Process allows dual V; devices. This is accomplished by multiple
implant passes to create different implant densities. Most manufacturers plan
to provide dual V; rather than full adjustable multiple V;, although techniques
for such devices are now known.

3.4.5 Aggressive Projections for the Process

Several manufacturers have released roadmaps, which are far more aggressive
than the SIA roadmap. In this section, we discuss two such projections.

Several manufacturers have indicated that the frequency projections of SIA
are too conservative. Considering that several chips are already available at
600-650 MHz range and some experimental chips have been demonstrated in
the one Gigahertz frequency range. It is quite possible that frequencies in
the range of 2-3.5 Ghz may be possible by year the 2006. A more aggressive
projection based on similar considerations is presented in Table 3.5.

Texas Instruments has recently announced a 0.10 micron process well ahead
of the SIA roadmap. Drawn using 0.10-micron rules, the transistors feature an
effective channel length of just 0.07-micron and will be able to pack more than
400 million transistors on a single chip, interconnected with up to seven 1 ayers
of wiring. Operating frequencies exceeding 1 gigahertz (GHz), internal voltages
as low as 1 V and below. The process uses copper and low K dielectrics. TI
has also developed a series of ball grid array (BGA) packages that use fine
pitch wire bond and flip chip interconnects and have pin counts ranging from
352 to 1300 pins. Packages are capable of high frequency operations in the
range of 200 megahertz through more than one gigahertz. Power dissipation in
these packages ranges from four watts to 150 watts. TI plans to initiate designs
in the new 0.07-micron CMOS process starting in the year 2000, with volume
production beginning in 2001.
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3.4.6 Other Process Innovations

The slowing rate of progress in CMOS technology has made process tech-
nologists investigate its variants. The variants discussed below have little or
no impact on physical design. These are being discussed here to provide a
perspective on new process developments.

3.4.6.1 Silicon On Insulator

One important variant is Silicon On Insulator (SOI) technology. The key
difference in SOI as compared to bulk CMOS process is the wafer preparation.
In SOI process, oxygen is implanted on the wafer in very heavy doses, and then
the wafer is annealed at a high temperature until a thin layer of SOI film is
formed. It has been shown that there is no difference in yield between bulk and
SOI wafers. Once the SOI film is made on the wafer, putting the transistor on
the SOI film is straightforward. It basically goes through the same process as
a similar bulk CMOS wafer. There are minor differences in the details of the
process, but it uses the exact same lithography, tool set, and metalization.

There are two key benefits of SOI chips: Performance and power.

1. Performance: SOI-based chips have 20 to 25% cycle time and 25 to 35%
improvement over equivalent bulk CMOS technology. This is equivalent
to about two years of progress in bulk CMOS technology. The sources of
increased SOI performance are elimination of area junction capacitance
and elimination of “body effect” in bulk CMOS technology.

2. Low power: The ability of SOI as a low-power source originates from the
fact that SOI circuits can operate at low voltage with the same perfor-
mance as a bulk technology at high voltage.

Recently, fully-functional microprocessors and large static random access
memory chips utilizing SOI have been developed. SOI allows designers to
achieve a two-year performance gain over conventional bulk silicon technology.

3.4.6.2 Silicon Germaniun

Wireless consumer products have revolutionized the communications market-
place. In order to service this new high-volume market, faster, more powerful
integrated circuit chips have been required. For many of these applications,
silicon semiconductors have been pushed to the 1 to 2 GHz frequency domain.
However, many new RF applications require circuit operation at frequencies
up to 30 GHz, a regime well out of the realm of ordinary silicon materials.
Compound II-V semiconductors (those made from elements from groups III
and V in the periodic table) such as GaAs have been used successfully for such
chips. These materials, however, are very expensive. Moreover, silicon technol-
ogy has long proven to be very high-yielding by comparison to devices made
with GaAs materials. So the chip manufacturers have chosen to enhance the
performance of silicon to capitalize on the cost advantages and compete with
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III-V compound semiconductor products. One such enhancement technique is
to add small amounts of germanium to silicon in order to create a new ma-
terial (SiGe) with very interesting semiconducting properties. Unfortunately,
the germanium atom is 4% larger than the silicon atom; as a result, growing
this material has been very tricky. A technique of using ultra-high vacuum
chemical vapor deposition (UHV-CVD) to grow these films has proven to be
key in overcoming these difficulties. The result has been the ability to produce
high-performance SiGe heterojunction bipolar transistors. Conventional silicon
devices have a fixed band gap of 1.12 eV (electron-Volt) which limits switching
speed, compared to III-V compound materials such as GaAs. However, with
the addition of germanium to the base region of a bipolar junction transistor
(BJT) and grading the Ge concentration across the transistor base region, it is
possible to modify the band gap to enhance performance of the silicon transis-
tor. The potential benefits of SiGe technology are significant. One key benefit
is that Silicon Germanium chips are made with the same tools as silicon chips.
This means millions of dollars won’t have to be invested in new semiconduc-
tor tools, as is typically the case when a shift is made from one generation
of chip technology to the next. A number of circuit designs have been fabri-
cated with SiGe technology in order to demonstrate its capability for RF chips.
Among the circuits that have been measured are: voltage-controlled oscillators
(VCOs), low-noise amplifiers (LNAs), power amplifiers, mixers, digital delay
lines.

3.5 Solutions for Interconnect Issues

In this section, we briefly review possible options for the solution of inter-
connect problems.

1. Solutions for Delay and Noise: Several solutions exist for delay and
noise problems. These include use of better interconnect material, such
as copper, better planning to reduce long interconnect and use of wire
size and repeaters.

(a) Better interconnect materials: Table 3.6 gives the values of [, at dif-
ferent w, for two different materials when the value of R is 1000 €.
The resistivity values for aluminum and polysilicon are 3 uf-cm
and 1000 pQ-cm respectively. From this table, it is clear that as
compared to poly, aluminum is a far superior material for routing.
Interconnect delays could also be reduced by using wider wires and
inserting buffers. There is a wide range of possible values of polysil-
icon resistance (as shown above) for different commercial purposes.
If a chip is to be run on a variety of fabrication lines, it is desirable
for the circuit to be designed so that no appreciable current is drawn
through a long thin line of polysilicon.

As stated earlier, copper is the best option in terms of delay and
incorporation into the leading processes.
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We Aluminum | Polysilicon
2.00 pm 44 0.13

1.00 pm 11 3.33 x10™2
0.75 pm 6.2 1.87 x107?2
0.50 pm 2.8 8.33 x10~°
0.25 pm 0.69 2.08 x107°

Table 3.6: Comparison of wire length [, (mm).

(b) Early Planning/Estimation: If interconnects needs are comprehended
at an early stage, it is possible to avoid long interconnect and chan-
nels. Interconnect planning should plan all major busses and identify
areas of congestion.

(c) Interconnect Sizing: Typically minimum size wire for a given layer
(especially higher layer) are not capable of meeting the performance
needs and they needs to be sized. Lower metal layers need to be
sized typically for reliability (current carrying capacity) reasons.
Several algorithms have now been proposed to optimally size (or
taper) wires. Some router can size and taper on the fly.

Repeater Insertion and design: If interconnect is too long, repeaters
have to be inserted to meet delay or signal shape constraints. Typ-
ically, repeaters need to be planned, since they need to placed.

(d)

(e) Shielding and Cross Talk avoidance: Crosstalk, and hence noise, can
be reduced by making sure that no two conflicting lines are laid out
parallel for longer than a fixed length. The other method to reduce
crosstalk is to place grounded lines between signals. The effect of
crosstalk and noise in MCMs is discussed in Chapter 14.

2. Solutions for size and complexity of Interconnect There are fun-
damentally three ways to deal with the sheer amount of interconnect.

(a) More metal layers: Industry has steadily increased number of rout-
ing layers. Due to CMP, it is virtually possible to add as many layers
as needed. Addition of a new layer is purely a cost/benefit trade-off
question and not a technology question. Addition more layers have
a negative effect on the lower layers, as vias cause obstacles in lower
layers. In general, benefit of each additional layer decreases, as more
and more layers are added.

Local interconnect: As pointed out earlier, cell density can be im-
proved by providing local interconnect layer. Local interconnect still
remain questionable due to the routing limitations. Many manufac-
turers prefer to add lower layers for routing.

(b)
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(c) Metal Synergy: To improve utilization of metal system, metal grids
may be aligned and strictly enforced. This will allow maximum
number of wires routable in a given die area. However, this scheme
is applicable to lower frequency designs, where performance or reli-
ability needs do not dictate wide ranges of wire sizes.

In addition to these ideas, one may consider more exotic ideas:

(a) Pre-Routed Grids: If all the wiring is pre-assigned on a six or eight
layer substrate and routing problems is reduced to selection of appro-
priate tracks (and routes), then we can optimize placement to maxi-
mize usage of routing resources. This is akin to programmable MCM
discussed in Chapter 14. However, unlike programmable MCM, such
a routing grid will be used for planning and detailing the layout and
only the used part of the grid will be actually fabricated.

(b) Encoding of signals: We can encode a signal in less number of bits
for long busses. This will reduce the number of bits in long busses at
the cost of time to transmit the message and overhead for encoding
and decoding.

(c) Optical Interconnect: Although not feasible in the near future, opti-
cal interconnect may one day provide reliable means for distributing
clock, thereby freeing up routing resources.

3.6 Tools for Process Development

In earlier sections of this chapter, we have discussed the impact of process
innovations on CAD tools (in particular physical design tools). However, an
emerging area of research and development is related to tools that help in design
of the process. Given the complexity of choices and range of possibilities that
technology offers, process decisions are very complex.

Currently, process decisions are made by a set of experts based on extra-
polations from previous process generations. This extra-polation methods has
worked up to this point mainly because the technology did not offer too many
choices. It is significantly easier to decide if we want to migrate to a four layer
process from a three layer process, if the bonding method, type of vias and
dielectrics are not changing.

In general, two types of tools are needed.

1. Tools for Interconnect Design: The key decisions that need to be made
for any process interconnect include: number of metal layers, line widths,
spacing and thickness for each layer, type and thickness of ILD, type of
vias, and bonding method. CAD tools are needed that can re-layout (or
estimate re-layout of) a design, based on the options listed above. For
example, should we have a seven layer process or a better designed six
metal layer process can only be answered if a CAD tool can re-layout a
target design with six and seven metal layers and compare the results.
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2. Tools for Transistor design: Complex parameters are involved in tran-
sistor design. Lack of tools to help design the transistor may lead to
non-optimal design. CAD tools are needed which can simulate the oper-
ation of a transistor by changing the settings of these parameters. Such
tools may allow use of less efficient transistors for better area utilization.

3.7 Summary

Physical design is deeply impacted by the fabrication process. For example,
chip size is limited by a consideration of yield: the larger the chip, the greater
the probability of surface flaws and therefore the slimmer the chances of finding
enough good chips per wafer to make batch production profitable. A good deal
of physical design effort thus goes into the development of efficient structures
that lead to high packing densities. As a result, physical designer must be very
educated about the fabrication process. A designer must take into account
many factors, including the total number of gates, the maximum size of die,
number of I/O pads and power dissipation, in order to develop chips with good
yield.

The fabrication process has made tremendous strides in the past few decades
and it is continuing to reduce feature size and increase both the chip size and
performance. While the SIA roadmap calls for 0.01 micron process in the year
2006, many feel that it may happen much sooner. Such aggressive approaches
have kept the semi-conductor industry innovating for the last three decades
and promise to continue to motivate them in the next decade.

In this chapter, we have reviewed scaling methods, innovations in fabri-
cations process, parasitic effects, and the future of fabrication process. In-
terconnect is the most significant problem that needs to be solved. We need
faster interconnect and more interconnect to complete all the wiring required
by millions of transistors. In this direction, we have noted that innovations like
copper interconnect, unlanded vias, and local interconnect have a significant
effect on physical design.

3.8 Exercises

. Given a die of size 25 mm x 25 mm and A = 0.7 um, estimate the total
number of transistors that can be fabricated on the die to form a circuit.

2. Estimate the maximum number of transistors that can be fabricated on
a die of size 25 mm x 25 mm when A = 0.1 pm.

3. Estimate the total power required (and therefore heat that needs to be
removed) by a maximally packed 19 mm x 23 mm chip in 0.75 pm CMOS
technology. (Allow 10% area for routing and assume 500 MHz clock
frequency).
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4. Assuming that the heat removal systems can only remove 80 watts from
a 19 mm x 23 mm chip, compute the total number of CMOS transistors
possible on such a chip, and compute the value of A for such a level of
integration. (Assume 500 MHz clock frequency.)

5. Assuming a 15 mm x 15 mm chip in 0.25 micron process where intercon-
nect delay is 50% of the total delay, consider a net that traverses the full
length of the chip diagonally. What is maximum frequency this chip can
operate on ?

6. What will happen to the frequency of the chip in problem 3 if we migrate
(process shift) it to 0.18 micron process? (assume 0.7 shrink factor and
discuss assumptions made about the bonding pads and scribe lines which
do not scale).

7. What will happen to the frequency of the chip in problem 3 if we migrate
(process shift) it to 0.18 process?
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Chapter 4

Data Structures and Basic
Algorithms

VLSI chip design process can be viewed as transformation of data from HDL
code in logic design, to schematics in circuit design, to layout data in physi-
cal design. In fact, VLSI design is a significant database management prob-
lem. The layout information is captured in a symbolic database or a polygon
database. In order to fabricate a VLSI chip, it needs to be represented as a
collection of several layers of planar geometric elements or polygons. These ele-
ments are usually limited to Manhattan features (vertical and horizontal edges)
and are not allowed to overlap within the same layer. Each element must be
specified with great precision. This precision is necessary since this information
has to be communicated to output devices such as plotters, video displays, and
pattern-generating machines. Most importantly, the layout information must
be specific enough so that it can be sent to the fab for fabrication. Symbolic
database captures net and transistor attributes. It allows a designer to rapidly
navigate throughout the database and make quick edits while working at a
higher level. The symbolic database is converted into a polygon database prior
to tapeout. In the polygon database, the higher level relationship between the
objects is somewhat lost. This process is analogous to conversion of a higher
level programming language (say FORTRAN) code to a lower level program-
ming language (say Assembly) code. While it is easier to work at symbolic
level, it cannot be used by the fab directly. In some cases, at late stages of the
chip design process, some edits have to be made in the polygon database. The
major motivation for use of the symbolic database is technology independence.
Since physical dimensions in the symbolic database are only relative, the de-
sign can be implemented using any process. However, in practice, complete
technology independence has never be reached.

The layouts have historically been drawn by human layout designers to
conform to the design rules and to perform the specified functions. A physical
design specialist typically converted a small circuit into layout consisting of a
set of polygons. These manipulations were time consuming and error prone,
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even for small layouts. Rapid advances in fabrication technology in recent
years have dramatically increased the size and complexity of VLSI circuits. As
a result, a single chip may include several million transistors. These techno-
logical advances have made it impossible for layout designers to manipulate
the layout databases without sophisticated CAD tools. Several physical design
CAD tools have been developed for this purpose, and this field is referred to
as Physical Design Automation. Physical design CAD tools require highly spe-
cialized algorithms and data structures to effectively manage and manipulate
layout information. These tools fall in three categories. The first type of tools
help a human designer to manipulate a layout. For example, a layout editor
allows designers to add transistors or nets to a layout. The second type of tools
are designed to perform some task on the layout automatically. Example of
such tools include channel routers and placement tools. It is also possible to
invoke a tool of second type from the layout editor. The third type of tools
are used for checking and verification. Example of such tools include; DRC
(design rule checker) and LVS verifier (layout versus schematics verifier). The
bulk of the research of physical design automation has focused on tools of the
last two types. However, due to broad range and significant impact the tools of
second type have received the most attention. The major accomplishment in
that area has been decomposition of the physical design problem into several
smaller (and conceptually easier) problems. Unfortunately, even these prob-
lems are still computationally very hard. As a result, the major focus has been
on development on design and analysis of heuristic algorithms for partitioning,
placement, routing and compaction. Many of these algorithms are based on
graph theory and computational geometry. As a result, it is important to have
a basic understanding of these two fields. In addition, several special classes
of graphs are used in physical design. It is important to understand properties
and algorithms about these classes of graphs to develop effective algorithms in
physical design.

This chapter consists of three parts. First we discuss the basic algorithms
and mathematical methods used in VLSI physical design. These algorithms
form the basis for many of the algorithms presented later in this book. In the
second part of this chapter, we shall study the data structures used in layout
editors and the algorithms used to manipulate these data structures. We also
discuss the formats used to represent VLSI layouts. In the third part of this
chapter, we will focus on special classes of graphs, which play a fundamental
role in development of these algorithms. Since most of the algorithms in VLSI
physical design are graph theoretic in nature, we devote a large portion of
this chapter to graph algorithms. In the following, we will review basic graph
theoretic and computation geometry algorithms which play a significant role
in many different VLSI design algorithms. Before we discuss the algorithms,
we shall review the basic terminology.
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4.1 Basic Terminology

A graph is a pair of sets G = (V, E), where V is a set of vertices, and E is
a set of pairs of distinct vertices called edges. We will use V(G) and E(G) to
refer to the vertex and edge set of a graph G if it is not clear from the context.
A vertex u is adjacent to a vertex v if (u,v) is an edge, i.e., (u,v) € E. The
set of vertices adjacent to v is Adj(v). An edge e = (u,v) is incident on the
vertices u and v, which are the ends of e. The degree of a vertex u is the
number of edges incident with the vertex u.

A complete graph on n vertices is a graph in which each vertex is adjacent
to every other vertex. We use K, to denote such a graph. A graph H is called
the complement of graph G = (V, E) if H = (V, F), where, F = E(Ky|) - E.

A graph G' = (V' E') is a subgraph of a graph G if and only if V! C V' and
E'CE. IfE' = {(u,v) | (u,v) € E and u,v C V'} then G' is a vertex induced
subgraph of G. Unless otherwise stated, by subgraph we mean vertex induced
subgraph.

A walk P of a graph G is defined as a finite alternating sequence P =
vg, €1, - - - , €k, Vg Of vertices and edges, beginning and ending with vertices, such
that each edge is incident with the vertices preceding and following it.

A tour is a walk in which all edges are distinct. A walk is called an open
walk if the terminal vertices are distinct. A path is a open walk in which no
vertex appears more than once.

The length of a path is the number of edges in it. A path is a (u,v) path if
vg =u and vg = v. A cycle is a path of length k, k > 2 where vp = vg. A cycle
is called odd if it's length k is odd, otherwise it is an even cycle. Two vertices u
and v in G are connected if G has a(u,v) path. A graph is connected if all pairs
of vertices are connected. A connected component of G is a maximal connected
subgraph of G. An edge e € F is called an cut edge in G if its removal from G
increases the number of connected components of G by at least one. A tree is
a connected graph with no cycles. A complete subgraph of a graph is called a
clique.

A directed graph is a pair of sets (V, E), where V is a set of vertices and E
is a set of ordered pairs of distinct vertices, called directed edges. We use the
notation G for a directed graph, unless it is clear from the context. A directed
edge € = (u,v) is incident on u and v and the vertices u and v are called the
head and tail of €, respectively. € is an in-edge of v and an our-edge of u.
The in-degree of u denoted by d~(u) is equal to the number of in-edges of u,
similarly the out-degree of u denoted by d*(u) is equal to the number of out-
edges of u. An orientation for a graph G = (V, E) is an assignment of direction
for each edge. An orientation is called transitive if, for each pair of edges (u,v)
and (v,w), there exists an edge (u,w). If such a transitive orientation exists
for a graph G, then G is called a transitively orientable graph. Definitions of
subgraph, path, walk are easily extended to directed graphs. A directed acyclic
graph is a directed graph with no directed cycles. A vertex u is an ancestor
of v (and v is a descendent of u) if there is a (u,v) directed path in G. A
rooted tree (or directed tree) is a directed acyclic graph in which all vertices
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have in-degree 1 except the roof, which has in-degree 0. The root of a rooted
tree T is denoted by root(T). The subtree of tree T rooted at v is the subtree
of T induced by the descendents of v. A leafis a vertex in a directed acyclic
graph with no descendents.

A hypergraph is a pair (V, E), where V is a set of vertices and E is a family
of sets of vertices. A hyperpath is a sequence P = vg, €3, ..., Vk—1, €k, Uk Of
distinct vertices and distinct edges, such that vertices v;—; and v; are elements
of the edge ¢;,1 < ¢ < k. Two vertices u and v are connected in a hypergraph
if the hypergraph has a (u,v) hyperpath. A hypergraph is connected if every
pair of vertices are connected.

A bipartite graph is a graph G whose vertex set can be partitioned into two
subsets X and Y, so that each edge has one end in X and one end in Y; such a
partition (X, Y) is called bipartition of the graph. A complete bipartite graph is
a bipartite graph with bipartition (X, ¥) in which each vertex of X is adjacent
to each vertex of ¥; if IXI =mand IYI = n, such a graph is denoted by Ky, 5.
An important characterization of bipartite graphs is in terms of odd cycles. A
graph is bipartite if and only if it does not contain an odd cycle.

A graph is called planar if it can be drawn in the plane without any two
edges crossing. Notice that there are many different ways of ‘drawing’ a planar
graph. A drawing may be obtained by mapping a vertex to a point in the
plane and mapping edges to paths in the plane. Each such drawing is called
an embedding of G. An embedding divides the plane into finite number of
regions. The edges which bound a region define a face. The unbounded region
is called the external or outside face. A face is called an odd face if it has odd
number of edges. Similarly a face with even number of edges is called an even
face. The dual of a planar embedding T is a graph Gr = (Vr, Er), such the
Vr = {v| v is a face in T} and two vertices share an edge if their corresponding
faces share an edge in 7.

4.2 Complexity Issues and NP-hardness

Several general algorithms and mathematical techniques are frequently used
to develop algorithms for physical design. While the list of mathemat-
ical and algorithmic techniques is quite extensive, we will only mention the
basic techniques. One should be very familiar with the following techniques to
appreciate various algorithms in physical design.

1. Greedy Algorithms

2. Divide and Conquer Algorithms

3. Dynamic Programming Algorithms
4. Network Flow Algorithms

5. Linear/Integer Programming Techniques
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Since these techniques and algorithms may be found in a good computer
science or graph algorithms text, we omit the discussion of these techniques
and refer the reader to an excellent text on this subject by Cormen, Leiserson
and Rivest [CLR90].

The algorithmic techniques mentioned above have been applied to various
problems in physical design with varying degrees of success. Due to the very
large number of components that we must deal with in VLSI physical design
automation, all algorithms must have low time and space complexities. For
algorithms which must operate on the entire layout (n > 10°%), even quadratic
algorithms may be intolerable. Another issue of great concern is the constants
in the time complexity of algorithms. In physical design, the key idea is to
develop practical algorithms, not just polynomial time complexity algorithms.
As a result, many linear and quadratic algorithms are infeasible in physical
design due to large constants in their complexity.

The major cause of concern is absence of polynomial time algorithms for
majority of the problems encountered in physical design automation. In fact,
there is evidence that suggests that no polynomial time algorithm may exist for
many of these problems. The class of solvable problems can be partitioned into
two general classes, P and NP. The class P consists of all problems that can be
solved by a deterministic turing machine in polynomial time. A conventional
computer may be viewed as such a machine. Minimum cost spanning tree,
single source shortest path, and graph matching problems belong to class P.
The other class called NP, consists of problems that can be solved in polyno-
mial time by a nondeterministic turing machine. This type of turing machine
may be viewed as a parallel computer with as many processors as we may
need. Essentially, whenever a decision has several different outcomes, several
new processors are started up, each pursuing the solution for one of the out-
comes. Obviously, such a model is not very realistic. If every problem in class
NP can be reduced to a problem P, then problem P is in class NP-complete.
Several thousand problems in computer science, graph theory, combinatorics,
operations research, and computational geometry have been proven to be NP-
complete. We will not discuss the concept of NP-completeness in detail, in-
stead, we refer the reader to the excellent text by Garey and Johnson on this
subject [GJ79]. A problem may be stated in two different versions. For ex-
ample, we may ask does there exist a subgraph H of a graph G, which has a
specific property and has size k or bigger? Or we may simply ask for the largest
subgraph of G with a specific property. The former type is the decision version
while the latter type is called the optimization version of the problem. The
optimization version of a problem P, is called NP-hard if the decision version
of the problem P is NP-complete.

4.2.1 Algorithms for NP-hard Problems

Most optimization problems in physical design are NP-hard. If a problem
is known to be NP-complete or NP-hard, then it is unlikely that a polynomial
time algorithm exists for that problem. However, due to practical nature of the
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physical design automation field, there is an urgent need to solve the problem
even if it cannot be solved optimally. In such cases, algorithm designers are
left with the following four choices.

4.2.1.1 Exponential Algorithms

If the size of the input is small, then algorithms with exponential time com-
plexity may be feasible. In many cases, the solution of a certain problem be
critical to the performance of the chip and therefore it is practical to spend
extra resources to solve that problem optimally. One such exponential method
is integer programming, which has been very successfully used to solve many
physical design problems. Algorithms for solving integer programs do not have
polynomial time complexity, however they work very efficiently on moderate
size problems, while worst case is still exponential. For large problems, algo-
rithms with exponential time complexity may be used to solve small sub-cases,
which are then combined using other algorithmic techniques to obtain the global
solution.

4.2.1.2 Special Case Algorithms

It may be possible to simplify a general problem by applying some restrictions
to the problem. In many cases, the restricted problem may be solvable in
polynomial time. For example, the graph coloring problem is NP-complete for
general graphs, however it is solvable in polynomial time for many classes of
graphs which are pertinent to physical design.

Layout problems are easier for simplified VLSI design styles such as stan-
dard cell, which allow usage of special case algorithms. Conceptually, it is
much easier to place cells of equal heights in rows, rather than placing arbi-
trary sized rectangles in a plane. The clock routing problem, which is rather
hard for full-custom designs, can be solved in Q(n) time for symmetric struc-
tures such as gate arrays. Another example may be the Steiner tree problem
(see Section 4.3.1.6). Although the general Steiner tree problem is NP-hard,
a special case of the Steiner tree problem, called the single trunk steiner tree
problem (see exercise 4.7), can be solved in O(n) time.

4.2.1.3 Approximation Algorithms

When exponential algorithms are computationally infeasible due to the size
of the input and special case algorithms are ruled out due to absence of any
restriction that may be used, designers face a real challenge. If optimality is not
necessary and near-optimality is sufficient, then designers attempt to develop an
approximation algorithm. Often in physical design algorithms, near-optimality
is good enough. Approximation algorithms produce results with a guarantee.
That is, while they may not produce an optimal result, they guarantee that the
result would never be worse than a lower bound determined by the performance
ratio of the algorithm. The performance ratio v of an algorithm is defined as

q?. , where @ is the solution produced by the algorithm and ®* is the optimal
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Algorithm AVC

begin
S = ¢;
E' = E;
R = ¢;

while E' # ¢ do
(* Select an arbitrary edge e = (u,v) from E' *)
e = Select(E');
S =5SU{u,v};
R = RUe;
E'=E'~{(p,q) | (p=worv)or (g =uorv)};
end.

Figure 4.1: Algorithm AVC.

solution for the problem. Recently, many algorithms have been developed with
v very close to 1. We will use vertex cover as an example to explain the concept
of an approximation algorithm.

Vertex cover is basically a problem of covering all edges by using as few
vertices as possible. In other words, given an undirected graph G = (V,E),
select a subset V! C V, such that for each edge (u,v) € E, either u or v or
both are in V' and V' has minimum size among all such sets. The vertex cover
problem is known to be NP-complete for general graphs. However, the simple
algorithm given in Figure 4.1 achieves near optimal results. The basic idea is
to select an arbitrary edge (u,v) and delete it and all edges incident on u and
v. Add v and v to the vertex cover set S. Repeat this process on the new
graph until all edges are deleted. The selected edges are kept in a set R.

Since no edge is checked more than once, it is easy to see that the algorithm
AVC runs in O(| El) time.

Theorem 1 Algorithm AVC produces a solution with a performance ratio of
0.5.

Proof: Note that no two edges in R have a vertex in common, and IS| = 2 xIRI.
However, since R is set of vertex disjoint edges, at least | R | vertices are needed
to cover all the edges. Thus vy > —2%% = 0.5.

In Section 4.5.6.2, we will present an approximation algorithm for finding
maximum k-partite (k > 2) subgraph in circle graphs. That algorithm is used
in topological routing, over-the-cell routing,via minimization and several other
physical design problems.

4.2.1.4 Heuristic Algorithms

Faced with NP-complete problems, heuristic algorithms are frequently the
answer. A heuristic algorithm does produce a solution but does not guaran-
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tee the optimality of the solution. Such algorithms must be tested on vari-
ous benchmark examples to verify their effectiveness. The bulk of research in
physical design has concentrated on heuristic algorithms. An effective heuris-
tic algorithm must have low time and space complexity and must produce an
optimal or near optimal solution in most realistic problem instances. Such algo-
rithms must also have good average case complexities. Usually good heuristic
algorithms are based on optimal algorithms for special cases and are capable of
producing optimal solutions in a significant number of cases. A good example
of such algorithms are the channel routing algorithms (discussed in chapter 7),
which can solve most channel routing problems using one or two tracks more
than the optimal solution. Although the channel routing problem in general is
NP-complete, from a practical perspective, we can consider the channel routing
problem as solved.

In many cases, an O(n) time complexity heuristic algorithm has been devel-
oped, even if an optimal O(n®) or O(n?) time complexity algorithm is known
for the problem. One must keep in mind that optimal solutions may be hard
to obtain and may be practically insignificant if a solution close to optimal can
be produced in a reasonable time. Thus the major focus in physical design has
been on the development of practical heuristic algorithms which can produce
close to optimal solutions on real world examples.

4.3 Basic Algorithms

Basic algorithms which are frequently used in physical design as subalgo-
rithms can be categorized as: graph algorithms and computational geometry
based algorithms. In the following, we review some of the basic algorithms in
both of these categories.

4.3.1 Graph Algorithms

Many real-life problems, including VLSI physical design problems, can be
modeled using graphs. One significant advantage of using graphs to formulate
problems is that the graph problems are well-studied and well-understood.
Problems related to graphs include graph search, shortest path, and minimum
spanning tree, among others.

4.3.1.1 Graph Search Algorithms

Since many problems in physical design are modeled using graphs, it is im-
portant to understand efficient methods for searching graphs. In the following,
we briefly discuss the three main search techniques.

1. Depth-First Search: In this graph search strategy, graph is searched
‘as deeply as possible’. In Depth-First Search (DFS), an edge is selected
for further exploration from the most recently visited vertex v. When
all the edges of v have been explored, the algorithm back tracks to the
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Figure 4.2: Examples of graph search algorithms.
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Figure 4.3: Example of the topological search.

previous vertex, which may have an unexplored edge. Figure 4.4 is an
outline of a depth-first search algorithm. The algorithm uses an array
MARKED (%) which is initialized to zero before calling the algorithm to
keep track of all the visited vertices.

It is easy to see that the time complexity of depth-first search is O(I VI +
IEl). Figure 4.2(c) shows an example of the depth first search for the
graph shown in Figure 4.2(a).

2. Breadth-First Search: The basic idea of Breadth-First Search (BFS)
is to explore all vertices adjacent to a vertex before exploring any other
vertex. Starting with a source vertex v, the BFS first explores all edges
of v, puts the reachable vertices in a queue, and marks the vertex v as
visited. If a vertex is already marked visited then it is not enqueued. This
process is repeated for each vertex in the queue. This process of visiting
edges produces a BEFS tree. The BFS algorithm can be used to search
both directed and undirected graphs. Note that the main difference be-
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Algorithm DEPTH-FIRST-SEARCH(v)
begin
MARKED(v) = 1;
for each vertex u, such that (u,v) € E do
if MARKED(u) = 0 then
DEPTH-FIRST-SEARCH(u);
end.

Figure 4.4: Algorithm DEPTH-FIRST-SEARCH.

tween the DFS and the BFS is that the DFS uses a stack (recursion is
implemented using stacks), while the BFS uses a queue as its data struc-
ture. The time complexity of breadth first search is also O(IVI + IEI).
Figure 4.2(b) shows an example of the BFS of the graph shown in Fig-
ure 4.2(a).

Topological Search: In a directed acyclic graph, it is very natural
to visit the parents, before visiting the children. Thus, if we list the
vertices in the topological order, if G contains a directed edge (u,v),
then u appears before v in the topological order. Topological search can
be done using depth first search and hence it has a time complexity of
O(IVI + |El). Figure 4.3 shows an example of the topological search.
Figure 4.3(a) shows an entire graph. First vertex A will be visited since
it has no parent. After visiting A, it is deleted (see Figure 4.3(b)) and
we get vertices B and C as two new vertices to visit. Thus, one possible
topological order would be A, B, C, D, E, F.

4.3.1.2 Spanning Tree Algorithms

Many graph problems are subset selection problems, that is, given a graph

G =

(V,E), select a subset V' C V, such that V' has property P. Some

problems are defined in terms of selection of edges rather than vertices. One
frequently solved graph problem is that of finding a set of edges which spans
all the vertices. The Minimum Spanning Tree (MST) is an edge selection
problem. More precisely, given an edge-weighted graph G = (V, E), select
a subset of edges E' C E such that E’ induces a tree and the total cost of
edges Ee‘,eE, wt(e;), is minimum over all such trees, where wt(e;) is the cost
or weight of the edge e;.

There are basically three algorithms for finding a MST:

1. Boruvka’s Algorithm

2. Kruskal’s Algorithm

3. Prim’s Algorithm.
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Figure 4.5: Kruskal’s algorithm used to find a MST.

We will briefly explain Kruskal’s algorithm [Kru56], whereas the details of other
algorithms can be found in [Tar83]. Kruskal’s algorithm starts by sorting the
edges by nondecreasing weight. Each vertex is assigned to a set. Thus at
the start, for a graph with n vertices, we have n sets. Each set represents a
partial spanning tree, and all the sets together form a spanning forest. For
each edge (u,v) from the sorted list, if u and v belong to the same set, the
edge is discarded. On the other hand, ifu and v belong to disjoint sets, a
new set is created by union of these two sets. This edge is added to the
spanning tree. In this way, algorithm constructs partial spanning trees and
connects them whenever an edge is added to the spanning tree. The running
time of Kruskal’s algorithm in O(| El log |El). Figure 4.5 shows an example of
Kruskal’s algorithm. First edge (D, F) is selected since it has the lowest weight
(See Figure 4.5(b)). In the next step, there are two choices since there are two
edges with weight equal to 2. Since ties are broken arbitrarily, edge (D, E) is
selected. The final tree is shown in Figure 4.5(f).
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4.3.1.3 Shortest Path Algorithms

Many routing problems in VLSI physical design are in essence shortest path
problems in special graphs. Shortest path problems, therefore, play a significant
role in global and detailed routing algorithms.

1. Single Pair Shortest Path: This problem may be viewed as a vertex
or edge selection problem. Precisely stated, given an edge-weighted graph
G = (V, E) and two vertices u,v € V, select a set of vertices P C V
including ¢, v such that P induces a path of minimum cost in G. Let
wt(p, q) be the weight of edge (p, q), we assume that wt(p,q) > 0 for each
(pg) € E.

Dijkstra [Dij59] developed an O(n?) algorithm for single pair shortest
path, where n is the number of vertices in the graph. In fact, Dijkstra’s
algorithm finds shortest paths from a given vertex to all the vertices in
the graph. See Figure 4.6 for a description of the shortest path algorithm.
Figure 4.7(a) shows an edge weighted graph while Figure 4.7(b) shows the
shortest path between vertices B and F found by Dijkstra’s algorithm.

2. All Pairs Shortest Paths: This problem is a variant of SPSP, in which
the shortest path is required for all possible pairs in the graph. There are
a few variations of all pairs shortest path algorithms for directed graphs.
Here we discuss the Floyd-Warshall algorithm which runs in O(|V|?) time
and is based on a dynamic programming technique.

The algorithm is based on the following observation. Given a directed
graph G = (V, E), let V = {vy,vs,...,up}. Consider a subset V' =
{vi,v2,...,v} C V for some k. For any pair of vertices v;,v; € V,
consider all paths from v; to v; with intermediate vertices from V! and
let p be the the one with minimum weight (an intermediate vertex of
a path p = (vy,vs,...,u) is any vertex of p other than v; and ).
The Floyd-Warshall algorithm exploits the relationship between path
p and the shortest path from wv; to v; with intermediate vertices from

{v1,va,...,vp-1}. Let dg.c) be the weight of a shortest path from v; to
vj with all intermediate vertices from {vy,va,...,v4}. For k=0, a path
from wv; to v;is one with no intermediate vertices, thus having at most
one edge, hence dg?) = wt(vi,v;). A recursive formulation of all pairs
shortest path problem can therefore be given as:

PO wt(v;, v;) ifk=0
U7 min{dy Y, df Y +dE V) ik > 1
The all pairs shortest path problem allows many paths to share an edge.
If we restrict the number of paths that can use a particular edge, then the
all pairs shortest path problem becomes NP-hard. The all pairs shortest
path problem plays a key role in the global routing phase of physical
design.
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Algorithm SHORTEST-PATH (u)
begin
for i =1tondo
if ((u,i) € E) then D[i] = wt(u,i);
else D[i] = +oc;
P[i] = u;
V'=V —u; Du] = 0;
while (|V'| > 0) do
Select v such that D[v] = miney: D{w];
Vi=V—v
for w € V' do
if (D[w] > D[v] + wt(v,w)) then
Dw] = D[v] + wt(v, w);
(* D[w] is the length of the shortest path from u to w. *)

Plw] = v;
(* P[w] is the parent of w. *)
for we V do
(* print the shortest path from w to u. ¥)
7w
print g;
while (g # u) do
q = P[g];
print q;
print q;
end.

Figure 4.6: Algorithm SHORTEST-PATH.

(@) (b}

Figure 4.7: Single pair shortest path between vertices B and F.
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Figure 4.8: Matching.

4.3.1.4 Matching Algorithms

Given an undirected graph G = (V, E), a matching is a subset of edges
E’ C F such that for all vertices v € V, at most one edge of E’ is incident on
v. A vertex is said to be matched by matching E' if some edge in E’ isincident
on v; otherwise v is unmatched. A maximum matching is a matching with
maximum cardinality among all matchings of a graph, i.e., if E' is a maximum
matching in G, then for any other matching E” in G, |E'| > |E"|. Figure 4.8
shows an example of matching. A matching is called a bipartite matching if the
underlying graph is a bipartite graph. Both matching and bipartite matching
have many important applications in VLSI physical design. The details of
different matching algorithms may be found in [PS82].

4.3.1.5 Min-Cut and Max-Cut Algorithms

Min-cut and Max-cut are two frequently used graph problems which are
related to partitioning the vertex set of a graph.

The simplest Min-cut problem can be defined as follows: Given a graph
G = (V, E), partition V into subsets V; and V2 of equal sizes, such that the
number of edges E' = {(u,v)|u € Vi,v € V,} is minimized. The set E' is also
referred to as a cut. A more general min-cut problem may specify the sizes of
subsets, or it may require partitioning V into k& different subsets. The min-cut
problem is NP-complete [GJ79]. Min-cut and many of its variants have several
applications in physical design, including partitioning and placement.

The Max-cut problem can be defined as follows: Given a graph G = (V, E),
find the maximum bipartite graph of G. Let G' = (V, E') be the maximum
bipartite of G, which is obtained by deleting K edges of G, then G has a
max-cut of size |El — K.

Max-cut problem is NP-complete [GJ79]. Hadlock [Had75] presented an
algorithm which finds max-cut of a planar graph. The algorithm is formally
presented in Figure 4.9. Procedure PLANAR-EMBED finds a planar embed-
ding of G, and CONSTRUCT-DUAL creates a dual graph for the embedding.
Procedure CONSTRUCT-WT-GRAPH constructs a complete weighted graph
by using only vertices corresponding to odd faces. The weight on the edge
(u,v) indicates the length of the shortest path between vertices v« and v in GF.
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Algorithm MAXCUT
begin
F = PLANAR-EMBED(G);
Let f1, f2,..., fr be the faces of the F,
Gr = CONSTRUCT-DUAL(F);
Let R be the set of vertices of odd degree in G and let
@ be the set of all pairs consisting of vertices in R;
Gw = CONSTRUCT-WT-GRAPH(R, Q);
M = MIN-WT-MATCHING(Gw);
Using M find a set of paths, one for each of the matched pairs
in G;
Each path determines a set of edges whose deletion leaves the
graph G bipartite;
end.

Figure 4.9: Algorithm MAXCUT.

Note that the number of odd faces in any planar graph is even. Procedure
MIN-WT-MATCHING pairs up the vertices in R. Each edge in matching rep-
resents a path in G. This path actually passes through even faces and connects
two odd faces. All edges on the path are deleted. Notice that this operation
creates a large even face. This edge deletion procedure is repeated for each
matched edge in M. In this way, all odd faces are removed. The resulting
graph is bipartite.

Consider the example graph shown in Figure 4.10(a). The dual of the graph
is shown in Figure 4.10(b). The minimum weight matching of cost 4 is (3, 13)
and (5, 10). The edges on the paths corresponding to the matched edges, in M,
have been deleted and the resultant bipartite graph is shown in Figure 4.10(d).

4.3.1.6 Steiner Tree Algorithms

Minimum cost spanning trees and single pair shortest paths are two edge
selection problems which can be solved in polynomial time. Surprisingly, a
simple variant of these two problems, called the Steiner minimum tree problem,
is computationally hard.

The Steiner Minimum Tree (SMT) problem can be defined as follows: Given

an edge weighted graph G = (V, E) and a subset D C V, select a subset V' C V,
such that D C V' and V' induces a tree of minimum cost over all such trees.
The set D is referred to as the set of demand points and the set V' — D is
referred to as Steiner points. In terms of VLSI routing the demand points are
the net terminals. It is easy to see that if D = V, then SMT is equivalent to
MST, on the other hand, if IDI = 2 then SMT is equivalent to SPSP. Unlike
MST and SPSP, SMT and many of its variants are NP-complete [GJ77]. In
view of the NP-completeness of the problem, several heuristic algorithms have
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Figure 4.10: An example of finding a max-cut for a planar graph.

been developed.

Steiner trees arise in VLSI physical design in routing of multi-terminal nets.
Consider the problem of interconnecting two points in a plane using the shortest
path. This problem is similar to the routing problem of a two terminal net.
If the net has more than two terminals then the problem is to interconnect
all the terminals using minimum amount of wire, which corresponds to the
minimization of the total cost of edges in the Steiner tree. The global and
detailed routing of multi-terminal nets is an important problem in the layout
of VLSI circuits. This problem has traditionally been viewed as a Steiner
tree problem [CSW89, HVWS85]. Due to their important applications, Steiner
trees have been a subject of intensive research [CSW89, GJ77, Han76, HVW85,
HVW89, Hwa76b, Hwa79, LSL80, SW90]. Figure 4.11(b) shows a Steiner tree
connecting vertices A, I, F, E, and G of Figure 4.11 (a).

The underlying grid graph is the graph defined by the intersections of the
horizontal and vertical lines drawn through the demand points. The problem
is then to connect terminals of a net using the edges of the underlying grid
graph. Figure 4.12 shows the underlying grid graph for a set of four points.
Therefore Steiner tree problems are defined in the Cartesian plane and edges
are restricted to be rectilinear. A Steiner tree whose edges are constrained
to rectilinear shapes is called a Rectilinear Steiner Tree (RST). A Rectilinear
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Figure 4.11: A Steiner tree.

Figure 4.12: The formation of the underlying grid.

Steiner Minimum Tree (RSMT) is an RST with minimum cost among all RSTs.
In fact, the MST and RSMT have an interesting relationship. In the MST, the
cost of the edges are evaluated in the rectilinear metric. The following theorem
was proved by Hwang [Hwa76b].

Theorem 2 Let COSTprst and COSTrsmT be the costs of a minimum cost
rectilinear spanning tree and rectilinear Steiner minimum tree, respectively.

Then
COSTysT

LOSTysr 3
COSTRSMT -2

As a result, many heuristic algorithms use MST as a starting point and
apply local modifications to obtain an RST. In this way, these algorithms can
guarantee that weight of the RST is at most % of the weight of the optimal
tree [HVWS85, Hwa76a, Hwa79, LSL80]. Consider the example shown in Fig-
ure 4.13. In Figure 4.13(a), we show a minimum spanning tree for the set of
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Figure 4.13: Example of different Steiner trees constructed from a minimum
cost spanning.
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four points. Figure 4.13(b), (c), (d), and (e) show different Steiner trees that
can be obtained by using different layouts of edges of spanning tree. Layout
of edges should be selected so as to maximize the overlap between layouts and
hence minimize the total length of the tree. Figure 4.13(e) shows a minimum
cost Steiner tree.

4.3.2 Computational Geometry Algorithms

One of the basic tasks in computational geometry is the computation of the
line segment intersections. Investigations to solve this problem have continued
for several decades, with the domain expanding from simple segment inter-
sections to intersections between geometric figures. The problem of detecting
these types of intersections has practical applications in several areas, including
VLSI physical design and motion-planning in robotics.

4.3.2.1 Line Sweep Method

The detailed description of line sweep method and its many variations can
be found in [PS85]. A brief description of the line sweep method is given in
this section. The n line segments are represented by their 2n endpoints, which
are sorted by increasing x-coordinate values. An imaginary vertical sweep line
traverses the endpoint set from left to right, halting at each x-coordinate in
the sorted list. This sweep line represents a listing of segments at a given x-
coordinate, ordered according to their y-coordinate value. If the point is a left
endpoint, the segment is inserted into a data structure which keeps track of the
ordering of the segment with respect to the vertical line. The inserted segment
is checked with its immediate top and bottom neighbors for an intersection.
An intersection is detected when two segments are consecutive in order. If
the point is a right endpoint, a check is made to determine if the segments
immediately above and below it intersect; then this segment is deleted from
the ordering. This algorithm halts when it detects one intersection, or has
traversed the entire set of endpoints and no intersection exists. Consider the
example shown in Figure 4.15. The intersection between segments A and C will
be detected when segment B is deleted and A and C will become consecutive.
A description of the line sweep algorithm is given in Figure 4.14.

The sorting of 2n endpoints can be done in O(nlogn) time. A balanced
tree structure is used for T, which keeps the y-order of the active segments;
this allows the operations INSERT, DELETE, ABOVE, and BELOW to be
performed in O(nlogn) time. Since the for loop executes at most 2n times, the
time complexity of the algorithm is O(nlogn).

4.3.2.2 Extended Line Sweep Method

The line sweep algorithm can be extended to report all K intersecting pairs
found among 7 line segments. The extended line sweep method performs the
line sweep with the vertical line, inserting and deleting the segments in the
tree R; but when a segment intersection is detected, the point of intersection
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Algorithm LINE-SWEEP
begin
Sort the endpoints lexicographically on
z-coordinates so that Point[1] is leftmost and
Point[2n] is rightmost;
for i =1 to 2n do
(* Let S be the segment of which P is an endpoint *)
P = Point]i];
if P is the left endpoint of S then
INSERT (S,T);
A = ABOVE(S,T);
B = BELOW(S,T);
if A intersects S then return (A4, S);
if B intersects S then return (B, S);
else (* P is the right endpoint of S *)
A = ABOVE(S, T);
B = BELOW(S,T);
if A intersects B then return (A, B);
Delete(S, T);

end.

Figure 4.14: Algorithm LINE-SWEEP.
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Figure 4.15: Line sweep example.
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is inserted into the heap () of sorted endpoints, in its proper x-coordinate
value order. The sweep line will then also halt at this point, the intersection
is reported, and the order of the intersecting segments in R is swapped. New
intersections between these swapped segments and their nearest neighbors are
checked and points inserted into @ if this intersection occurs. This algorithm
halts when all endpoints and intersections in @ have traversed by the sweep
line, and all intersecting pairs are reported.

The special case in which the line segments are either all horizontal or ver-
tical lines was also discussed. A horizontal line is specified by its y-coordinate
and by the x-coordinates of its left and right endpoints. Each vertical line is
specified by its x-coordinate and by the y-coordinates of its upper and lower
endpoints. These points are sorted in ascending x-coordinates and stored in Q.

The line sweep proceeds from left to right; when it encounters the left
endpoint of a horizontal segment S, it inserts the left endpoint into the data
structure B. When a vertical line is encountered, we check for intersections
with any horizontal segments in R, which lie within the y-interval defined by
the vertical line segment.

4.4 Basic Data Structures

A layout editor is a CAD tool which allows a human designer to create
and edit a VLSI layout. It may have some semi-automatic features to speed
up the layout process. Since layout editors are interactive, their underlying
data structures should enable editing operations to be performed within an
acceptable response time. The data structures should also have an acceptable
space complexity, as the memory on workstations is limited.

A layout can be represented easily if partitioned into a collection of tiles. A
tile is a rectangular section of the layout within a single layer. The tiles are not
allowed to overlap within a layer. The elements of a layout are referred to as
block tiles. A block tile can be used to represent p-diffusion, n-diffusion, poly
segment, etc. For ease of presentation, we will refer to a block tile simply as
a block. The area within a layout that does not contain a block is referred to
as vacant space. Figure 4.16 shows a simple layout containing several blocks.
Later, in the chapter we will introduce a method that partitions the vacant
space into a series of vacant tiles.

4.4.1 Atomic Operations for Layout Editors

The basic set of operations that give a designer the freedom to fully manipu-
late a layout, is referred to as the Atomic Operations. The following is the list
of atomic operations that a layout editor must support.

1. Point Finding: Given the coordinate of a point p = (z,y), determine
whether p lies within a block and, if so, identify that block.

2. Neighbor Finding: This operation is used to determine all blocks
touching a given block B.
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|~ Vacant space

Block tile (block)

Figure 4.16: Block tile (block) representation in a layout.

. Block Visibility: This operation is used to determine all blocks visible,

in the z and ¥ direction, from a given block B. Note that this operation
is different from the neighbor finding operation.

. Area Searching: Given a fixed area A, defined by its upper left corner

(z,y), the length [, and the width w, determine whether A intersects with
any blocks B . This operation is very useful in the placement of blocks.
Given a block to be placed in a particular area, we need to check if other
blocks are currently residing in that area.

Directed Area Enumeration: Given a fixed area A, defined by its
upper left corner (z,y), length [, and width w, visit each block intersecting
A exactly once in sorted order according to its distance from a given side
(top, bottom, left, or right) of A.

. Block Insertion: Block insertion refers to the act of inserting a new

block B into the layout such that B does not intersect with any existing
block.

Block Deletion: This operation is used to remove an existing block B
from the layout. In an iterative approach to placement, blocks are moved
from one location to another. This is done by inserting the block into a
new location and then deleting the block at its previous location.

. Plowing: Given an area A and a direction d, remove all blocks B; from

A by shifting each B; in direction d while preserving ordering between
the blocks.

Compaction: Compaction refers to plowing or “compressing” of the
entire layout. If compaction is along the x-axis or y-axis then the com-
paction is called I-dimensional compaction. When the compaction is
carried out in both x- and y-direction then it is called 2-dimensional
compaction.

Channel Generation: This operation refers to determining the vacant
space in the layout and partitioning it into tiles.
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Figure 4.17: Linked list representation.

4.4.2 Linked List of Blocks

The simplest data structure used to store the components of a layout is a
linked list, where each node in the list represents a block. The linked list
representation is shown in Figure 4.17. Notice that the blocks are not stored
in any particular order, as none was specified in the original description of
the data structure; however, it is clear that a sorted or self-organizing list will
improve average algorithmic complexity for some of the atomic operations. The
space complexity of the linked list method is O(n) where n is the number of
blocks in the layout.

For illustration purpose, we now present an algorithm for neighbor finding
using the linked list data structure. Given a block B, the neighbors of B are
all the blocks that share a side with B. Each block is represented in the list
by its location (coordinate of upper left corner), height, width, text to describe
the block, and a pointer to the next node (block) in the list. The algorithm
finds the neighbors on the right side of the given block, however, the algorithm
can be easily modified to find all the neighbors of a given block. The input to
the algorithm is a specific block B, and the linked list L of all blocks. A formal
description of the algorithm for neighbor finding is shown in Figure 4.18.

Linked list data structures are suitable for a hierarchical system since each
level of hierarchy contains few blocks. However, this data structure is not
suitable for non-hierarchical systems and for hierarchical systems with a large
number of blocks in each level. The major disadvantage of this structure is that
it does not explicitly represent the vacant space. However, the data structure
can be altered to form a new representation of the layout in which the vacant
space is stored as a collection of vacant tiles. A vacant tile maintains the same
geometric restrictions that are implied by the definition of a tile. Converting
the vacant space into a collection vacant tiles can be done by extending the
upper and lower boundaries of each block horizontally to the left and to the
right until it encounters another block or the boundary of the layout as shown
in figure 4.19. This partitions the entire area into a collection of tiles (block
and vacant), organizing the vacant tiles into maximal horizontal strips, thus
allowing the entire area of the layout to be represented in the linked list data
structure. We call this data structure the modified linked list.
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Algorithm NEIGHBOR-FIND1(B, L)
begin
neighbor-list = ¢;
rl = B.xz + B.width;
yll = B.y;
y12 = B.y + B.height,;
for each block R € L such that R # B do
y21 = R.y;
y22 = R.y + R.height;
if (z1 = R.z and (y11 < 321 < yl2 or
yll < y22 <yl2 or
y21 < y11 < y12 < y22)) then
INSERT(R, neighbor-list);
return neighbor-list;
end.

Figure 4.18: Algorithm NEIGHBOR-FINDL1.

|~ Vacant tile
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Figure 4.19: Vacant tile creation.

4.4.3 Bin-Based Method

The bin-based data structure does not keep information pertaining to the
vacant space and does not create vacant tiles. In the bin-based system, a
virtual grid is superimposed on the layout area as shown in Figure 4.20. The
grid divides the area into a series of bins which can be represented using a
two-dimensional array. Each element in the array (B(row,col)) contains all
the blocks that intersect with the corresponding bin. In Figure 4.20, B(2,3)
contain blocks D,E,F,G, and H while B(2,4) contain blocks G and H. The
space complexity for the bin-based data structure is O(bn), where b denotes
the total number of bins and n is the number of blocks.

Clearly, the bin-based data structure can be viewed as an augmented ver-
sion of the linked list data structure in which a time-space compromise has
been made to improve the average case performance on several of the atomic



4.4. Basic Data Structures 121

Figure 4.20: Bin-based representation.

operations. However, it is easy to construct pathological examples which cause
the worst-case performance of the bin-based structure to degenerate to that of
the linked list. This is possible since the bin size is fixed, while the block size
may vary. If we insertn blocks into the layout such that all the blocks fall in the
same bin, the performance of the bin-based data structure is equivalent to that
of the linked list for most atomic operations, and worse than the linked list in
the neighbor finding, area searching, and directed area enumeration operations,
since bins containing no blocks must be tested. The worst case complexity for
these operations is O(b + n).

As in the linked list data structure, we now present an algorithm to find the
neighbors of a given block. This algorithm finds the neighbors on the right side
of the given block. However, the algorithm can easily be extended to find all
the neighbors of a given block. The input to the algorithm is a specific block
A and the set of bins B. A formal description of the algorithm is shown in
Figure 4.21.

In general, the bin-based data structure is highly sensitive to the time-space
tradeoff. For instance, if the bins are small with respect to the average size
of a block, the blocks are likely to intersect with more than one bin, thereby
increasing storage requirements. Furthermore, many bins may remain empty,
creating wasted storage space. If the bins are too large the average case per-
formance will be reduced since the linked lists used to store blocks in each bin
will be very long. Obviously, the best case is when each bin contains exactly
blocks, and no block is stored in more than one bin.

Even though the bin-based method can be used to locate all blocks within an
area (bin), it does not allow for any representation of locality. In order to find
the block closest to another, it may be necessary to search other surrounding
bins, and in the worst case all the bins. Because the bin-based data structure
does not represent the vacant space, operations such as compaction are tedious
and time consuming.
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Algorithm NEIGHBOR-FIND2(A, B)
begin
neighbor-list = ¢;
rl = A.x + A.width;
yll = Ay;
y12 = A.y + A.height;
let B' C B be set of bins which contain A;
for all bins X € B' do
for each block R € X do
y21 = R.y;
y22 = R.y + R.height;
if (z1 = R.xz and (y11 < y21 < yl2 or
yll1 < y22 <yl2 or
y21 < y11 < y12 < y22)) then
INSERT (R, neighbor-list);
return neighbor-list;
end.

Figure 4.21: Algorithm NEIGHBOR-FIND2.

4.4.4 Neighbor Pointers

Most operations in a layout system require local block information to perform
efficiently. Both the linked list and bin-based data structures do not keep
local information, such as neighboring blocks. To overcome this limitation,
the neighbor pointer data structure was developed. The neighbor pointer data
structure represents each block by its size (upper left hand corner, length, and
width) as well as the pointers to all of its neighbors. The space complexity
of the data structure is bounded by O(n?). Figure 4.22 shows how neighbor
pointers are maintained for Block A.

The neighbor pointer data structure is designed to perform well on plowing
and compaction operations, unlike the linked list and bin-based structures.
Plowing operation can be performed easily since each block directly stores
information about its neighbors. In other words, for any block B;, all blocks
affected by moving B; can be referenced directly. Since compaction is a form
of plowing, it can also be performed easily using the neighbor pointer data
structure. Figure 4.23, shows how the neighbor pointers of block A are updated
when block B is moved.

The primary disadvantage of neighbor pointers is that the data structure is
difficult to maintain. A simple modification to the layout may require all the
pointers in the data structure be updated. For instance, a plow operation may
modify the neighbors of each block B;, and, in this case, updating the pointers
could take as much as O(n?) time. Furthermore, block insertion and deletion
operations each take O(n) time. Since vacant space is not explicitly represented,
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Figure 4.23: Update of neighbor pointers.

channel generation cannot be performed without extensive modification to the
data structure.

4.4.5 Corner Stitching

Corner stitching is a radically different data structure used for IC layout
editing [Ous84]. Corner stitching is novel in the sense that it is the first data
structure to represent both vacant and block tiles in the design. As in the
neighbor pointer structure, information about the relative locations of blocks
is stored; however, unlike neighbor pointers, the corner stitch data structure
can be updated rapidly.

The corner-stitch data structuring technique provides various powerful op-
erations such as stretching, compaction, neighbor-finding, and channel finding.
These operations are possible in the order of the number of neighbors, which
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Figure 4.24: Corner stitches.

in the worst case would be the order of the size of the layout; i.e., the number
of objects in the layout. The advantage of corner stitch data structure is that
it permits easy modification to the layout.

The two main features of the corner stitch data structure pertain to the
way in which it keeps track of vacant tiles and how the tiles are linked. To
partition the vacant space into a collection of vacant tiles, the vacant space
must be divided into maximal horizontal strips (as discussed in section 4.4.2).
Hence the whole layout is represented as tiles (vacant and block).

Tiles are linked by a set of pointers called corner stitches. Each tile contains
four stitches, two at its top right corner and two at the bottom left corner as
shown in Figure 4.24. The pointers at these two corners are sufficient to perform
all operations. The corner stitch method stores both the vertical and horizontal
pointers. Each tile also stores the same number of pointers, irrespective of the
number of neighbors it has. In this structure, vacant tiles can assume any
size, and this helps in naturally adapting to the variations in the size of the
blocks. In other words, a new block, created over a set of a vacant tiles, will
result in a number of vacant tiles to be split, thus enabling the layout to be
updated easily. The pointers in each of the four directions provide a type of
sorting similar to that of the neighbor pointers. Figure 4.25, shows how corner
stitches link the tiles of a layout. The stitches exceeding the boundary of the
layout have been omitted in the figure, but the data structure represents them
as NULL pointers.

The record structure used in this section to represent a tile is the same as
the one shown in Figure 4.17 with the exception that the single pointer used
to link the tiles will be replaced with the corner stitch pointers (rt, tr, bl, 1b).
It should also be noted that we define the upper left corner of the layout to be
point (0,0).

In the following we present the various operations that can be performed
on a layout using the corner stitch data structure.

1. Point Finding: a point p2, the following sequence of steps finds a path
through the corner stitches from the current point p; to p; traversing the
minimum number of tiles.

(1) The first step is to move up or down, using rt and Ib pointers until
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Figure 4.25: An example of the corner stitch layout.

Algorithm POINT-FIND(B, z, y)
begin
do
while (y < B.y) or (y > B.y + B.height) do
if y < B.y then B = B.rt; else B = B.lb;
while (z < B.z) or (z > B.x + B.width) do
if z < B.x then B = B.bl; else B = B.tr;
while (y < B.y) or (y > B.y + B.height);
end.

Figure 4.26: Algorithm POINT-FIND.

a tile is found whose vertical range contains the destination point.

(2) Then, atile is found whose horizontal range contains the destination
point by moving left or right using tr or bl pointers.

(3) Whenever there is a misalignment (the search goes out of the vertical
range of the tile that contains the destination point) due to the above
operations, steps 1 and 2 has to be iterated several times to locate
the tile containing the point.

This operation is illustrated in Figure 4.27. In worst case, this algorithm
traverses all the tiles in the layout. On an average though, v/N tiles will
be visited. This algorithm handles the inherent asymmetry in designs by
readjusting the misalignments that occur during the search.

Figure 4.26 shows a formal description of the algorithm for point finding.
The input to the algorithm is a specific block B, and the coordinates of
the desired point (z,y).
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Figure 4.27: Point finding using corner stitches.

2. Neighbor Finding: Following algorithm finds all the tiles that touch
a given side of a given tile. This is also illustrated in Figure 4.28.

(1) From the tr pointer of the given tile the algorithm starts traversing
using the lb pointer downwards until it reaches a tile which does not
completely lie within the vertical range of the given tile.

3. Area Search: Given an area, the following algorithm reports if there
are any blocks in the area. This is illustrated in Figure 4.29.

(1) First the tile in which the upper left corner of the given area is
located.

(2) If the tile corresponding to this corner is a space tile, then if its right
edge is within the area of interest, the adjacent tile must be a block.

(3) If a block was found in step 2, then the search is complete. If no
block was found, then the next tile touching the right edge of the
area of interest is found, by traversing the lb stitches down and then
traversing right using the tr stitches.

(4) Steps 2 and 3 are repeated until either the area has been searched
or a block has been found.

4. Enumerate all Tiles: Given an area, the following algorithm reports
all tiles intersecting that area. This is illustrated in Figure 4.30.

(1) The algorithm first finds the tile in which the upper left corner of
the given area is located. Then it steps down through all the tiles
along the left edge, using the same technique as in area searching.
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Figure 4.28: Neighbor finding using corner stitches.

(2) The algorithm enumerates all the tiles found in step 1 recursively
(one tile at a time) using the procedure given in lines (R1) through
(RYS).

(R1) Number the current tile (this will generally involve some appli-
cation specific processing).

(R2) If the right edge of the tile is outside of the search area, then
the algorithm returns from the R procedure.

(R3) Otherwise, the algorithm uses the neighbor-finding algorithm to
locate all the tiles that touch the right side of the current tile
and also intersect the search area.

(R4) For each of these neighbors, if the bottom left corner of the
neighbor touches the current tile then it calls R to enumerate
the neighbor recursively (for example, this occurs in Figure 4.30
when tile 1 is the current tile and tile 2 is the neighbor).

(R5) Or, if the bottom edge of the search area cuts both the current
tile and the neighbor, then it calls R to enumerate the neighbor
recursively (in Figure 4.30, this occurs when tile 8 is the current
tile and tile 9 is the neighbor).

5. Block Creation: The algorithm given below creates a block of given
height and width on a certain given location in the plane. An illustration
of how the vacant tiles will change when block E is added to the layout
is given in Figure 4.31. Notice that the vacant tiles remain in maximal
horizontal strips after the block has been added.

(1) First of all the algorithm checks if a block already exists by using
the area search algorithm.
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Figure 4.29: Area search using corner stitches.

It then finds the vacant tile containing the top edge of the area
occupied by new tile.

The tile found in step (2) is split using the horizontal line along the
top edge of the new tile. In addition, the corner stitches of the tiles
adjoining the new tile are updated.

The vacant tile containing the bottom edge of the new block is found
and split in the same fashion as in step (3) and corner stitches of
the tiles adjoining adjoining the new tile are updated.

The algorithm traverses down along the left side and right side of
the area of the new tile respectively, using the same technique in
step (3) and updates corner stitches of the tiles as necessary.

6. Block Deletion: The following algorithm deletes a block at a given
location in the plane. An illustration of how the vacant tiles will change
when block C is deleted from the layout is given in Figure 4.32. Notice
that the vacant tiles remain in maximal horizontal strips after the block
has been deleted.

M
@

©)

First, the block to be deleted is changed to a vacant tile.

Second, using the neighbor finding algorithm for the right edge of
the deleted tile find all the neighbors. For each vacant tile neighbor,
the algorithm either splits the deleted tile or the neighbor tile so
that the two tiles have the same vertical span and then merges them
horizontally.

Third, find all the neighbors for the left edge of the deleted tile. For
each vacant tile neighbor the algorithm either splits the deleted tile
or the neighbor tile so that the two tiles have the same vertical span
and then merges them horizontally. After each horizontal merge, it
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Figure 4.30: Enumerate all tiles using corner stitches.

Figure 4.31: Block creation using corner stitches.

Figure 4.32: Block deletion using corner stitches.
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Figure 4.33: A simple two-layer layout.

B Polysilicon [[1 N-diffusion Transistor

Figure 4.34: Simple two-layer layout plowed along the x-axis.

performs a vertical merge if possible with the tiles above and below
it.

4.4.6 Multi-layer Operations

Thus far, the operations have been limited to those that concern only a single
layer. It is important to realize that layouts contain many layers. More im-
portantly, the functionality of the layout depends on the relationship between
the position of the blocks on different layers. For instance, Figure 4.33 shows
a simple transistor formed on two layers (polysilicon and n-diffusion) accom-
panied by a separate segment on the n-diffusion layer. If each layer is plowed
along the positive z-axis, as shown in Figure 4.34, the original function of the
layout has been altered as a transistor has been created on another part of the
layout.

Design rule checking is also multilayer operation. In Figure 4.34, an illegal
transistor has been formed. Even though the design rules were maintained
while plowing on a single layer, the overall layout has an obvious design flaw.
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If proper design rule checking is to take place, then the position of the blocks
on each layer must be taken into consideration.

4.4.7 Limitations of Existing Data Structures

When examining the different data structures described in this chapter, it is
easy to see that there is no single data structure that performs all operations
with good space and time complexity. For example, the linked list and bin-
based data structures are not suitable for use in a system in which a large
database needs to be updated very frequently. Although the simpler data
structures, like the linked list, are easy to understand, they are not suitable for
most layout editors. On the other hand, more advanced data structures, such
as the corner stitch, perform well where the simpler data structures become
inefficient. Yet, they do not allow for the full flexibility needed in managing
complicated layouts.

A limitation that all the data structures discussed share, is that they only
work on rectangular objects. For example, the data structures do not support
objects that are circular or L-shaped. New data structures, therefore, need to
be developed that handle non-rectangular objects. Also as parallel computation
is becoming more popular, new data structures need to be developed that can
adapt to a parallel computation environment.

4.4.8 Layout Specification Languages

A common and simple method of producing system layouts is to draw them
manually using a layout editor. This is done on one lambda grid using familiar
color codes to identify various systems layers. Once the layout has been drawn,
it can then be digitized or translated into machine-readable form by encoding
it into a symbolic layout language. The function of a symbolic layout language,
in its simplest form, is similar to that of macro-assembler. The user defines
symbols (macros) that describe the layout of basic system cells. The function
of the assembler for such a language is to scan and decode the statements and
translate them into design files in intermediate form. The effectiveness of such
languages could be further increased by constructing an assembler capable of
handling nested symbols. Through the use of nested symbols, system layouts
may be described in a hierarchical manner, leading to very compact descriptions
of structured designs.

Caltech Intermediate Form (CIF) is one of the popular intermediate forms
of layout description. Its purpose is to serve as a standard machine-readable
representation from which other forms can be constructed for specific output
devices such as plotters, video displays, and pattern-generation machines. CIF
provides participating design groups easy access to output devices other than
their own, enables the sharing of designs, and allows combining several designs
to form a larger chip. A CIF file is composed of a sequence of commands, each
being separated by a semi-colon (;). Each command is made up of a sequence
of characters which are from a fixed character set. Table 4.1 lists the command
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Command Representation

B length width center direction | A Box of length and width(specified by integers)
with center and direction(specified by points). De-
fault direction is (1,0)

C symbol transformation Call symbol(specified by integers)

DD symbol Delete definition denoted by symbol(specified by
integers)

DF Finish definition

DS symbol index-1 index-2 Start definition denoted by Symbol with index-1
and index-2(specified by integers)

E End of CIF marker

L shortname Layer name

P path Polygon with path

R diameter center Circle of diameter(specified by integer) with cen-
ter(specified by a point)

W width path Wire with width(specified by integer) and path

(comments) comments enclosed in parenthesis

number usercommand user extension

Table 4.1: Command symbols and their representations.

symbols and their forms.

A more formal listing of the commands is given in Figure 4.35. The syntax
for CIF is specified using a recursive language definition as proposed by [Wir77].
The notation used is similar to the one used to express rules in programming
languages and is as follows: the production rules use equals (=) to relate identi-
fiers to expressions; vertical bar (I) for or; double quotes (““ ) around terminal
characters; curly braces ({ }) indicate repetition any number of times including
zero; square brackets ([ ]) indicate optional factors (i.e., zero or one repetition);
parentheses ( ) are used for grouping; rules are terminated by a period (.).

The number of objects in a design and the representation of the primitive
elements make the size of the CIF file very large. Symbolic definition is a way
of reducing the file size by equating a commonly used command to a symbol.
Layer names have to be unique, which will ensure the integrity of the design
while combining several layers which represent one design.

CIF uses a right-handed coordinate system where T increases to the right
and ¥ increases upward. CIF represents the entire layout in the first quadrant.
The unit of measurement of the distance is usually a micrometer(um). Be-
low are several examples of geometric shapes expressed in CIF. Note that the
corresponding example correspond to the respective shape in Figure 4.36.

(a) Boxes: A box of length 30, width 50, and which is centered at (15,25),
in CIF is B 30 50 15 25; (See Figure 4.36(a))

In this form the length of the box is the measurement of the side that is
parallel to the z-axis and the width of the box is the measurement of the
side that is parallel to the y-axis.

(b) Polygons: Polygon with vertices at (0,0), (20,50), (50,30), and (40,0) in



4.4. Basic Data Structures

Alphabet Rules

cifFile = {{blank}[command]semi} endCommand{blank}

command = primCommmand | defDeleteCommand | defStart Com-
mand
semi{{blank}[primCommand]semi}defFinishCommand.

primCommand = polygonCommand | boxCommand | roundFlashCom-
mand | wireCommand | layerCommand | callCommand |
userExtensionCommand | commentCommand.

polygonCommand = “P” path

boxCommand = “B” integer sep integer sep point [sep point]

roundFlashCommand = “R” integer sep point

wireCommand = “W” integer sep path

layerCommand = “L” {blank} shortname

defStartCommand = “D" {blank} “S" integer [sep integer sep integer|

defFinishCommand = “D” {blank} “F”

defDeleteCommand = “D” {blank} “D” integer

callCommand = “C" integer transformation

userExtensionCommand = digit userText

commentCommand = “("comment Text*)"

endCommand = “E”

transformation = {{blank} (“T" point | “M" {blank}“X"|*M" {blank}
“'Y“ | NR“ point)}

path = point {sep point}

point = sInteger sep sinteger

sInteger = {sep}[“-"] integerD

integer = {sep} integerD

integerD = digit {digit}

shortname = clc][c]c]

c = digit | upperChar

userText = {userChar}

commentText = {commentChar} | commentText
“("commentText*)” comment Text

semi = {blank} *”{blank}

sep = upperChar | blank

dlgit - uouf “1“' 112:!] n13!|| n4!i| ustll “ﬁ”l n?nl “8"| ugn

upperchar - “A!!| liB},| “C"| IlD“I “E‘!l ﬂF“I HG“| “H”| “I!?| “J‘!l “K"l
“L!|| HM!\| E(N\!| 110"! “Pn| “QH| IER!‘| “S"l IIT?SI IlU"[ “V”|
“W“| “X“| I{Y“| HZ“

blank = any ASCII character except digit, upperChar, “", (",
il)“' Dril;"

userChar = any ASCII character except “;"

commentChar = any ASCII character except “(” or “)”

Figure 4.35: Formal list of commands and their protocols.
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Figure 4.36: CIF terminologies for different geometric shapes.

CIF is P 0 0 20 50 50 30 40 00; (See Figure 4.36(b))

For a polygon with n sides, the coordinates of n vertices must be specified
through the path of the edges.

(c) Wires: A wire with width 20 and which follows the path specified by
the coordinates (0,10), (30,10), (30,30), (80,30) in CIF is W 20 0 10 30
10 30 30 80 30; (See Figure 4.36(c))

For a wire, the width must be given first and then the path of the wire
is specified by giving the coordinates of the path along its center. For an
object to qualify as a wire, it must have a uniform width.

As shown by the representation of a polygon, CIF will describe shapes
that do not have Manhattan or rectilinear features. It is actually possible to
represent a box that does not have Manhattan features. This is done using
a direction vector. This eliminates the need for any trigonometric functions
such as sin, cos, tan, etc. It is also easy to incorporate in the box description.
The direction vector is made up two integer components, the first being the
component of the direction vector along the z-axis, and the second being the
same along the y-axis. The direction vector (I 1) will rotate the box 45°
counterclockwise as will (2 2), (50 50), etc. The direction vector pointing to
the z-axis can be represented as direction (10). With this new information a
new descriptor can be added to box called the direction. Figure 4.37 shows a
box with length 25, width 60, center 80,40 and direction -20, 20. When using
direction, the length is the measure of the side parallel to the direction vector,
and width is the measure of the side perpendicular to the direction vector. The
direction vector is optional and if not used defaults to the positive z-axis.

B 25 60 80 40 -20 20;

To maintain the integrity of the layers for these geometric objects they
must be labeled with the exact name of the fabrication mask (layer) on which
it belongs. Rather than repeating the layers specified for each object, it is
specified once and all objects defined after it belong to the same layer.
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Center 80,40

201

Figure 4.37: Box representation in CIF format.

Using CIF, a cell can be defined as a symbol by using the DS and DF
commands. If an instance of a cell is required, the call command for that cell
is used. The entire circuit is usually described as a group of nested symbols.
A final call command is used to instantiate the circuit.

One of the popular layout description language used in the industry is
GDSIL

4.5 Graph Algorithms for Physical design

The basic objects in VLSI design are rectangles and the basic problems in
physical design deal with arrangement of these rectangles in a two or three
dimensional space. The relationships between these objects, such as overlap
and distances, are very critical in development of physical design algorithms.
Graphs are a well developed tool used to study relationships between objects.
Naturally, graphs are used to model many VLSI physical design problems and
they play a very pivotal role in almost all VLSI design algorithms. In this
section, we will define various graphs which are used in modeling of physical
design problems.

4.5.1 Classes of Graphs in Physical Design

A layout is a collection of rectangles. Rectangles, which are used for routing,
are thin and long and the width of these rectangles can be ignored for the sake
of simplicity. In VLSI routing problems, such simple models are frequently
used where the routing wires are represented as lines. In such cases, one needs
to optimally arrange lines in two and three dimensional space. As a result,
there are several different graphs which have been defined on lines and their
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relationships. Rectangles, which do not allow simplifying assumptions about
the width, must also be modeled. For placement and compaction problems,
it is common to use a graph which represents a layout as a set of rectangles
and their adjacencies and relationships. As a result, a graph may be defined to
represent the relationships between the rectangles. Thus we have two types of
graphs dealing with lines and rectangles. Complex layouts with non-rectilinear
objects require more involved modeling techniques and will not be discussed.

4.5.1.1 Graphs Related to a Set of Lines

Lines can be classified into two types depending upon the alignment with
axis. We prefer to use the terminology of line interval or simply interval for
lines which are aligned to axis. An interval I, is represented by its left and
right endpoints, denoted by I; and r;, respectively. Given a set of intervals Z =
{I,I,...,I,}, we define three graphs on the basis of the different relationships
between them.

We define an overlap graph Go = (V, Ep), as

V = {v; | v; represents interval I; }

EO = {(’Ui,’l)j) I li < lj <r < 'I‘j}

In other words, each vertex in the graph corresponds to an interval and an
edge is defined between v; and v; if and only if the interval I; overlaps with I
but does not completely contain or reside within ;.

We define a containment graph G¢o = (V, E¢), where the vertex set V is
the same as defined above and E¢ a set of edges defined below:

Ec = {(vi,v;) | li <lj,ri > 15}

In other words an edge is defined between v; and v; if and only if the interval
I; completely contains the interval I;.

We also define an interval graph Gy = (V, E;) where the vertex set V is
the same as above, and two vertices are joined by an edge if and only if their
corresponding intervals have a non-empty intersection. It is easy to see that
Er = Eo U Ec. An example of the overlap graph for the intervals in Fig-
ure 4.38(a) is shown in Figure 4.38(b) while the containment graph and the
interval graph are shown in Figure 4.38(c) and Figure 4.38(d) respectively.
Interval graphs form a well known class of graphs and have been studied ex-
tensively [Gol80].

Overlap, containment and interval graphs arise in many routing problems,
including channel routing, single row routing and over-the-cell routing.

If lines are non-aligned, then it is usually assumed (for example, in channel
routing) that all the lines originate at a specific ¥-location and terminate at a
specific y-location. An instance of such a set of lines is shown in Figure 4.39(a).
This type of diagram is sometimes called a matching diagram.

Permutation graphs are frequently used in routing and can be defined by
matching diagram. We define a permutation graph Gp = (V, Ep), where the
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Figure 4.39: Matching diagram and permutation graph.

vertex set V is the same as defined above and Ep a set of edges defined below:
Ep = {(v;,v;) | if line ¢ intersects line j }

An example of permutation graph for the matching diagram in Figure 4.39(a) is
shown in Figure 4.39(b). It is well known that the class of containment graphs
is equivalent to the class of permutation graphs [Gol80].

Two sided box defined above is called a channel. The channel routing prob-
lem, which arises rather frequently in VLSI design, uses permutation graphs to
model the problem. A more general type of routing problem, called the switch-
box routing problem, uses a four-sided box (see Figure 4.40(a)). The graph
defined by the intersection of lines in a switchbox is equivalent to a circle graph
shown in Figure 4.40(b). Overlap graphs are equivalent to circle graphs. Circle
graphs were originally defined as the intersection graph of chords of a circle,
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(a) (b)

Figure 4.40: Switchbox and its circle graph.

can be recognized in polynomial time [GHSS86].

4.5.1.2 Graphs Related to Set of Rectangles

As mentioned before, rectangles are used to represent circuit blocks in a
layout design. Note that no two rectangles in a plane are allowed to overlap.
Rectangles may share edges, i.e., two rectangles may be neighbors to each other.
Given a set of rectangles R = {R;, R, ..., Ry} corresponding to a layout in a
plane, a neighborhood graph is a graph G = (V, E), where

V = {v;|v; represents the rectangle R; and}

E = {(vi,v;)| R; and R; are neighbors}

The neighborhood graph is useful in the global routing phase of the design
automation cycle where each channel is defined as a rectangle, and two channels
are neighbors if they share a boundary. Figure 4.41 gives an example of a
neighborhood graph, where for example, rectangles A and B are neighbors in
Figure 4.41 (a), and as a result there is an edge between vertices A and B in
the corresponding neighborhood graph shown in Figure 4.41 (b).

Similarly, given a graph G = (V, E), a rectangular dual of the graph is a set
of rectangles R = {R;, Ra,..., Ry} where each vertex v; € V corresponds to
the rectangle R; € R and two rectangles share an edge if their corresponding
vertices are adjacent. Figure 4.42(b) shows an example of a rectangular dual
of a graph shown in Figure 4.42(a). This graph is particularly important in
floorplanning phase of physical design automation. It is important to note that
not all graphs have a rectangular dual.

4.5.2 Relationship Between Graph Classes

The classes of graphs used in physical design are related to several well known
classes of graphs, such as triangulated graphs, comparability graphs, and co-
comparability graphs, which are defined below.
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Figure 4.41: Neighborhood graphs.
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Figure 4.42: Rectangular duals.
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Figure 4.43: Relationship between different classes of graphs.

An interesting class of graphs based on the notion of cycle length is triangu-
lated graphs. If C = vo,e1,...,ek—1,V 1S a cycle in G, a chord of C is an edge
e in E(G) connecting vertices v; and v; such that e # e; forany i = 1,..., k.
A graph is chordal if every cycle containing at least four vertices has a chord.
Chordal graphs are also known as triangulated graphs. A graph G = (V, E)
is a comparability graph if it is transitively orientable. A graph is called a
co-comparability graph if the complement of G is transitively orientable.

Triangulated and comparability graphs can be used to characterize interval
graphs. A graph G is called an interval graph if and only if G is triangulated
and the complement of G is a comparability graph. Similarly, comparability
and co-comparability graphs can be used to characterize permutation graphs.
A graph G is called a permutation graph if and only if G is a comparability
graph and the complement of G is also a comparability graph.

The classes of graphs mentioned above are not unrelated, in fact, interval
graphs and permutation graphs have a non-empty intersection. Similarly the
classes of permutation and bipartite graphs have a non-empty intersection. On
the other hand, the class of circle graphs properly contains the class of permu-
tation graphs. In Figure 4.43 shows the relationship between these classes.

4.5.3 Graph Problems in Physical Design

Several interesting problems related to classes of graphs discussed above arise
in VLSI physical design. We will briefly state the definitions of these problems.
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An extensive list of problems and related results may be found in [GJ79].

Independent Set Problem

Instance: Graph G = (V, E), positive integer K < |V|.

Question: Does G contain an independent set of size K or more, i.e., a subset
V' C V such that |V’/| > K and such that no two vertices in V' are joined by
an edge in E ?

Maximum Independent Set (MIS) problem is the optimization version of the
Independent Set problem. The problem is NP-complete for general graphs and
remains NP-complete for many special classes of graphs [GJ79, GIS76, MS77,
Pol74, YG78]. The problem is solvable in polynomial time for interval graphs,
permutation graphs and circle graphs. Algorithms for maximum independent
set for these classes are presented later in this chapter.

An interesting variant of the MIS problem, called the k-MIS, arises in var-
ious routing problems. The objective of the k-MIS is to select a subset of
vertices, which can be partitioned into ¥ independent sets. That is, the se-
lected subset is k-colorable.

Clique Problem

Instance: Graph G = (V, E), positive integer K < |V].

Question: Does G contain a clique of size K or more, i.e., a subset V' C V
such that [V'| > K and such that every two vertices in V' are joined by an
edge in E ?

Maximum clique problem is the optimization version of the clique problem.
The problem is NP-complete for general graphs and for many special classes

of graphs. However, the problem is solvable in polynomial time for chordal
graphs [Gav72] and therefore also for interval graphs, comparability graphs [EPL72],
and circle graphs [Gav73], and therefore for permutation graphs.

The maximum clique problem for interval graphs arises in the channel rout-
ing problem.

Graph K-Colorability

Instance: Graph G = (V, E), positive integer K < |V/|.

Question: Is G K-colorable, i.e., does there exist afunction f : V — {1, 2,
..., K} such that f(u) # f(v) whenever {u,v} € E?

The minimization of the above problem is more frequently used in physical
design of VLSI. The minimization version asks for the minimum number of
colors needed to properly color a given graph. The minimum number of colors
needed to color a graph is called the chromatic number of the graph. The
problem is NP-complete for general graphs and remain so for all fixed K > 3. It
is polynomial for K = 2, since that is equivalent to bipartite graph recognition.
It also remains NP-complete for K = 3 if G is the intersection graph for straight
line segments in the plane [EET89]. For arbitrary K, the problem is NP-
complete for circle graphs. The general problem can be solved in polynomial
time for comparability graphs [EPL72], and for chordal graphs [Gav72].
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As discussed earlier, many problems in physical design can be transformed
into the problems discussed above. Most commonly, these problems serve as
sub-problems and as a result, it is important to understand how these problems
are solved. We will review the algorithms for solving these problems for several
classes of graphs in the subsequent subsections.

It should be noted that most of the problems have polynomial time complex-
ity algorithms for comparability, co-comparability, and triangulated graphs.
This is due to the fact these graphs are perfect graphs [Gol80]. A graph
G = (V, E) is called perfect, if the size of the maximum clique in G is equal
to the chromatic number of G and this is true for all subgraphs H of G. Per-
fect graphs admit polynomial time complexity algorithms for maximum clique,
maximum independent set, among other problems. Note that chromatic num-
ber and maximum clique problems are equivalent for perfect graphs.

Interval graphs and permutation graphs are defined by the intersection of
different classes of perfect graphs, and are therefore themselves perfect graphs.
As a result, many problems which are NP-hard for general graphs are poly-
nomial time solvable for these graphs. On the other hand, circle graphs are
not perfect and generally speaking are much harder to deal with as compared
to interval and permutation graphs. To see that circle graphs are not perfect,
note that an odd cycle of five or more vertices is a circle graph, but it does not
satisfy the definition of a perfect graph.

4.5.4 Algorithms for Interval Graphs

Among all classes of graphs defined on a set of lines, interval graphs are
perhaps the most well known. It is very structured class of graphs and many
algorithms which are NP-hard for general graphs are polynomial for interval
graphs [Gol77]. Linear time complexity algorithms are known for recognition,
maximum clique, and maximum independent set problems among others for
this class of graphs [Gol80]. The maximal cliques of an interval graph can be
linearly ordered such that for every vertex v € V, the cliques containing v
occur consecutively [GH64]. Such an ordering of maximal cliques is called a
consecutive linear ordering. An O(l V| + | E |) algorithm for interval graph
recognition that produces a consecutive linear ordering of maximal cliques is
presented in [BL76]. In this section, we review algorithms for finding maximum
independent set and maximum clique in an interval graph.

4.5.4.1 Maximum Independent Set

An optimal algorithm for computing maximum independent set of an interval
graph was developed by Gupta, Lee, and Leung [GLL82]. The algorithm they
presented is greedy in nature and is described below in an informal fashion.
The algorithm first sorts the 2n end points in ascending order of their values.
It then scans this list from left to right (i.e., in ascending order of their values)
until it first encounters a right endpoint. It then outputs the interval having
this right endpoint as a member of a maximum independent set and deletes
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Algorithm MAX-CLIQUE(Z)

begin
SORT-INTERVAL(Z, A);
elig = 0;

maz_clig = 0;
for i =1 to 2n do
if A[i] = L then clig = clig + 1;
if clig > maz_clig then maz_cliq = clig;
else cliqg = cliqg — 1;
return maz_clig;
end.

Figure 4.44: Algorithm MAX-CLIQUE.

all intervals containing this point. This process is repeated until there is no
interval left in the list. It can be easily shown that the algorithm produces a
maximum independent set in a interval graph and the time complexity of the
algorithm is dominated by sorting the intervals that is O(nlogn). The time
complexity of the algorithm is thus O(n logn), where n is the total number of
intervals.

Theorem 3 Given an interval graph, the MIS can be found in O(nlogn) time,
where n is the total number vertices in the graph.

In [YGS87], an optimal algorithm for finding the maximum k-colorable sub-
graph in an interval graph has been presented. We present an outline of that
algorithm.

The set of the interval is processed from left to right in increasing order
of endpoints. For a vertex v; let I; denote its corresponding interval, having
a maximum k-colorable subgraph G(U’) for a set of nodes already processed.
The next node v is added to U’ if G(U’ U {v}) contains no clique with more
than k nodes, and is discarded otherwise.

It can be easily shown that this greedy algorithm indeed finds the optimal
k-colorable independent set in an interval graph. For details, refer to [YGS87].

4.5.4.2 Maximum Clique and Minimum Coloring

Since interval graphs are perfect, the cardinality of a minimum coloring is
the same as that of maximum clique in interval graphs. The algorithm shown
in Figure 4.44 finds a maximum clique in a given interval graph. The input to
the algorithm is a set of intervals Z = {I, Is,...,I,} representing an interval
graph. Each interval I; is represented by its left end point /; and right end
point ;.

In the algorithm shown in Figure 4.44, SORT-INTERVAL sorts the list of
end points of all the intervals and generates an array A[i] to denote whether
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the endpoint at the position i in the sorted list is a left endpoint or right
endpoint. A[i] = L if the corresponding end point is a left endpoint. Note that
the algorithm finds the size of the maximum clique in a given interval graph.
However, the algorithm can easily be extended to find the maximum clique. It
is easy to see that the worst case complexity of the algorithm is O(n?), where
n is the total number of intervals. The time complexity of the algorithm can
be reduced to O(nlogn) by keeping track of the minimum of the right end
points of all the intervals. The left edge algorithm (LEA) described in detailed
routing (chapter 7) is a simple variation of the algorithm in Figure 4.44.

4.5.5 Algorithms for Permutation Graphs

The class of permutation graphs was introduced by Pnnueli, Lempel, and
Even [PLE71]. They also showed that the class of permutation graphs is tran-
sitive and introduced an O(n?) algorithm to find the maximum clique [EPL72].
In [Gol80], Golumbic showed an O(nlogn) time complexity algorithm for find-
ing the chromatic number x in a permutation graph.

Permutation graphs are also a structured class of graphs similar to interval
graphs. Most problems, which are polynomial for permutation graphs, are also
polynomial for interval graphs. In this section, we present an outline of several
important algorithms related to permutation graphs.

4.5.5.1 Maximum Independent Set

The maximum independent set in a permutation graph can be found in
O(nlogn) time [Kim90]. As mentioned before, permutation graphs can be
represented using matching diagrams as shown in Figure 4.39.

The binary insertion technique can be used on a matching diagram to find a
maximum independent set in a permutation graph. Given a permutation P =
(P, Py,...,P,) of n numbers N = (1, 2,..., n) corresponding to a permutation
graph, note that an increasing subsequence of P represents an independent set
in the permutation graph. Similarly, a decreasing subsequence of P represents
a clique in the permutation graph. Therefore, to find a maximum independent
set, we need to find a maximum increasing subsequence of P. It is necessary
to know the the relations of the positions of numbers in the permutation. A
stack is used to keep track of the relations. The algorithm works as follows:

The sequence N is scanned in increasing order. In the jth iteration, j is
placed on the top of the stack i whenever j does not intersect with the front
entries of the stack g, but intersects with the front entry of stack r, where
l1<i<jand i < r <m, and m is the total number of stacks during jth
iteration. If j does not intersect with any of the front entries of the stacks
1,2,...,m, then the stack m + 1 is created and j is placed on top stack m + 1.
It is easy to see that the stack search and insertion can be done using binary
search in O(log n) time.

Once the numbers are placed in stacks, stacks can be scanned from bottom
up to get a maximum increasing subsequence. We illustrate the algorithm by
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Figure 4.45: Example of Maximum independent set in permutation graph.

means of an example shown in Figure 4.45(a). Initially, the permutation P is
given as (10,5, 1, 3, 12, 11,4, 7, 6, 9, 2, 8). The top row is processed from left to
right. First 1 is placed on the stack 1. Then 2 is placed on stack 2, because
2 does not intersect with 1. After that the 3 goes on top of stack 2, since it
intersects with 2 but does not intersect with 1 on top of stack 1. The 4 is
placed in front of a new stack 3. Then the 5 intersects with all of the front
entries of all the stacks, thus 5 is placed in front of the stack 1. In this way, all
the numbers are placed in 5 stacks as shown Figure 4.45(b). Now the stacks
are scanned starting from stack 5 to stack 1. One number from each stack is
selected so that the numbers are in decreasing order. If 9 from stack 5, 7 from
stack 4, 4 from stack 3, 3 from stack 2, and 1 from stack 1 is selected then the
generated set {9, 7,4, 3, 1} is a maximum independent set of the corresponding
permutation graph. Note the total number of stacks is equal to the chromatic
number of the permutation graph.

In [LSL90], Lou, Sarrafzadeh, and Lee presented a @(nlogn) time com-
plexity algorithm for finding a maximum two-independent set in permutation
graphs. Cong and Liu [CL91] presented an O(n?logn + nm) time complexity
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algorithm to compute a maximum weighted k-independent set in permutation
graphs where m is bounded by n2. In fact, their algorithm is very general and
applicable to any comparability graph.

4.5.5.2 Maximum k-Independent Set

The complement of a permutation graph is a permutation graph. Hence,
MKIS problem in graph G is equivalent to maximum k-clique problem in G.
In this section, we discuss an O(kn?) time algorithm for finding the maximum
k-clique in a permutation graph presented by Gavril [Gav87]. In fact, this
algorithm is very general and applicable to any comparability graph.

The basic idea of the algorithm is to convert the maximum k-clique prob-
lem in a comparability graph into network flow problem. (See [Tar83] for an
excellent survey of network flow algorithms.) First a transitive orientation
is constructed for a comparability graph G = (V, E), resulting in a directed
graph G = (V,E). A directed path in G is also called as a chain. Note
that each chain in G corresponds to a clique in G since G is a comparabil-
ity graph. Next, each vertex in V is split into two vertices. Assume that
V = {v1,v2,...,us}. Then each vertex v; corresponds to two vertices z; and
yi in a new directed graph @1 = (Vl,E'l). There is a directed edge between
z; and y; forall 1 <i <n. A cost of -1 and capacity of 1 are assigned to the
edge (z;,y;) for all 1 < i < n. In addition, there is a directed edge between y;
and z; if there exists a directed edge (v;,v;) in G. A cost of 0 and capacity
of 1 are assigned to the edge (y;,z;). Four new vertices s (source), ¢ (sink),
s’ and t' are introduced as well as the directed edges (s',z;) and (y;,t') for all
1€V, (s,¢), and (t',¢) are added. A cost of 0 and capacity of 1 are assigned
to the edge (s',v;) and (v, t'). A cost of O and capacity of k are assigned to
the edges (s,s') and (¢,t). The graph G1 = (V4, E}) so constructed is called a
network where Vi = {z;,y;]1 <i <n}U{s,&,t',t} and E; = {(z;,1:)|1 <i <
TL} U {(yiamj)l(vi’vj) € E} U {(s'7$i)’ (ytvtl)ll S ? S TL} U {(3731)’ (tl7t)}

Then the maximum k-clique problem in the graph G is equivalent to the
min-cost max-flow problem in the network Gi1. The flow in a directed graph
has to satisfy the following.

1. The flow f{e) associated with each edge of the graph, can be assigned a
value no more than the capacity of the edge.

2. The net flow that enters a vertex is equal to the net flow that leaves the
vertex.

The absolute value of flow that leaves the source, e.g. |f(s,s’)|, is called
the flow of G1. The min-cost max-flow problem in the directed graph G is
to find the assignment of fie) for each edge e € E) such that the flow of G;
is maximum and the total cost on the edges that the flows pass is minimum.
Notice that the capacity on the directed edge (s,s’) is k. Thus, the maximum
flow of Gy is k. In addition, flow that passes x; or y; has value 1, since the
capacity on the directed edge (z;,y;) is one for each of 1 < ¢ < n. Note
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Figure 4.46: (a) Matching diagram (b) Permutation graph (c¢) Transitive ori-
entation of the graph (d) Network flow graph

that a flow in dl corresponds to a chain in G. The maximum flow in 671 is
k, thus the maximum number of the chains in G is k, and vice versa. The
absolute value of the cost on each flow is equal to the number of vertices on the
chain corresponding to the flow. Thus the minimum cost on all flows results in
maximum number of vertices in the chains in C_}", and hence maximum number
of vertices in the cliques in G.

An example of a permutation graph G is given in Figure 4.46(b). The
transitive orientation of G is given in Figure 4.46(c) while the network G, is
shown in Figure 4.46(d). The min-cost max-flow while k = 2 is highlighted
in Figure 4.46(d). The chains corresponding to the min-cost max-flow are
highlighted in Figure 4.46(c). The maximum 2-clique is {5, 6, 7} and {2, 4]}.

The time complexity of the algorithm is dominated by the time complexity
of the algorithm to find the min-cost max-flow in a network which is O(kn?)
where n is the number of vertices in the graph [Law76]. The weighted version
of the MKIS problem can be solved by O(kn?) algorithm presented in [SL93].
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4.5.6 Algorithms for Circle Graphs

Circle graphs are used for solving certain problems in channel routing and
switchbox routing. Circle graphs are not prefect and less structured than in-
terval and permutation graphs. Many problems, such as the maximum bi-
partite subgraph problem, which are polynomial for interval and permutation
graphs are NP-complete for circle graphs. However, there are still many prob-
lems that can be solved in polynomial time for circle graphs which are NP-
complete for general graphs. For example, polynomial time complexity algo-
rithms are known for maximum clique and maximum independent set prob-
lems on circle graphs [Gav73], as well as for the weighted maximum clique
problem [Hsu85], but the chromatic number problem for circle graphs remains
NP-complete [GIMP78]. In the following, we review the circle graph algorithms
used in VLSI design.

4.5.6.1 Maximum Independent Set

The problem of finding maximum independent set in a circle graph can also
be solved in polynomial time. In [Sup87], Supowit presented a dynamic pro-
gramming algorithm of time complexity O(n?) for finding maximum indepen-
dent set in a circle graph.

Given is a set C of n chords of a circle, without loss of generality, it is
assumed that no two chords share the same endpoint. Number these endpoints
of the chords from 0 to 2n — 1 clockwise around the circle. Let G = (V, E)
denote a circle graph where V = {vap|a < b, ab is a chord}. Let G;; denote the
subgraph of the circle graph G = (V, E), induced by the set of vertices

{vab €V :i<a,b< g}

Let M(i, j) denote a maximum independent set of Gy;. If ¢ > 4, then Gy
is the empty graph and, hence M(%,5) = ¢. The algorithm is an application
of dynamic programming. In particular, M(i, j) is computed for each pair i, j;
M(i,71) is computed before M (3, j2) if 71 < jo. To compute M(i, j), let k be
the unique number such that kj € C or jk € C. If k is not in the range [i, j —1],
then G;; = G j—1 and hence M(i,j) = M(i, j — 1). If k is in the range [i,j — 1],
then there are two cases to consider:

1. Ifvg; € M(Z,5), then by definition of an independent set, M(i, j) contains
no vertices vqp such that @ € [i,k — 1) and b€ [k + 1, j].

Therefore, M(i,5) = M(i,k - 1) U {v;} U M(k+ 1,5 - 1).
2. If vg; ¢ M(3,5), then

Thus M(i, j) is set to the larger of the two sets M(i,j — 1) and M(z,k—-1) U
{vk;} U M(k+1,j—1). The algorithm is more formally stated in Figure 4.47.
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Algorithm MIS(V)
begin
for j =0to 2N —1do
find k such that kj € C or jk € C;
fori=0toj—1do
ifi<k<j-1land |[M(@ik-1)+1+
|M(k+1,7-1)] > |M(i,7 — 1)| then
M@G,5)=M@GE,k-—1U {’Ukj}U
Mk+1,j-1);
else M(i,j) = M(i,j - 1)
end.

Figure 4.47: Algorithm MIS.

Theorem 4 The algorithm MIS finds a maximum independent set in a circle
graph in time O(n?).

4.5.6.2 Maximum k-Independent Set

In general a k-independent set can be defined as a set consisting of k disjoint
independent sets, and a maximum k-independent set (k-MIS) has the maximum
number of vertices among all such k-independent sets. Although, a MIS in
circle graphs can be found in polynomial time, the problem of finding a k-MIS
is NP-complete even for k = 2 [SL89a]. Since the problem has many important
applications in routing and via minimization described in the later chapters,
it is required to develop some provably good approximation algorithm for this
problem.

In [CHS93], Cong, Hossain, and Sherwani present an approximation al-
gorithm for a maximum k-independent set in the context of planar routing
problem in an arbitrary routing region. The problem is equivalent to finding a
maximum k-independent set in a circle graph. The approximation algorithm
for k = 2, was first presented by Holmes, Sherwani and Sarrafzadeh [HSS93]
and later extended to the case of k = 4 in [HSS91]. In this section, we present
the approximation result in the context of a circle graph.

Given a graph G; = (Vi, E1), the algorithm finds k independent sets one
after another denoted by S1,Sa,..., Sk, such that S; is a maximum indepen-
dent set in G, and S; is a maximum independent set in G;, for2 < ¢ < k,
where G; = (Vi, E;) is inductively defined as:

V, =V,_.1 -8 and E; = E;_{ — {(vl,v2)|v1 € S; and v, Q’ S; and
(v1,v2) € E;—1}

Clearly, the algorithm reduces the problem of k-MIS to a series compu-
tations of MIS in a circle graph. Since in circle graphs, the complexity of
computing 1-MIS is O(n?), the total time complexity of this approximation
algorithm is O(kn?).
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2 4 1 3 3

Figure 4.48: Example to show non-optimality of K-MIS algorithm.

Algorithm MKIS (G(V, E), k)
begin
1. V! =V,
2. for i =1to k do
S; = MIS(V');
Vi=V' -8
3. return S; USy U ... U Sg;
end.

Figure 4.49: Algorithm MKIS.

Consider the circle graph shown in Figure 4.48. Clearly, the 2-MIS of
the graph is {(1,3),(2,4)}. The maximum independent sets in the graph are
{(1,3),(2,4),(2,3)}. In the MKIS algorithm, the MIS is chosen randomly, and a
bad selection of a MIS ({(2, 3)} in this case) may not lead to an optimal 2-MIS
for the graph. If {(2,3)} is chosen then either we can choose 1 or 4. Thus,
the total number of nets chosen is three while the optimal has four nets. A
similar reasoning would show that the algorithm is non-optimal for the k-MIS
problem.

The algorithm is formally stated in Figure 4.49.

For any heuristic algorithm Hj for k-MIS, the performance ratio of Hy is
defined to be %2-, where ¥y is the size of the k-independent set obtained by
the algorithm H; and ¥ is the k-MIS in the same graph. The lower bound
on the performance ratio is established based on the following theorem.

Theorem 5 Let v be the performance ratio of the algorithm MKIS for k-MIS.
Then,

1
>1—(1- )
e >1—( k)

Corollary 1 Given a circle graph G, MKIS can be used to approximate a
maximum bipartite set of G with a performance bound of at least 0.75.
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It is easy to see that the function f(z) = 1 — (1 — 1)® is a decreasing

function. Moreover,

r—00

1
lim[1-(1-=)%]=1-¢""
T

where e = 2.718. Therefore, we have

Corollary 2 For any integer k, the performance ratio of the algorithm MKIS
for k-MIS is at least

e >1—e ! x63.2%

Although the approximation result presented above is for circle graphs, this
equally applicable to any class of graphs where the problem of finding MIS is
polynomial time solvable.

Another variation of the MIS problem in circle graphs is called k-density
MIS. Given a set of intervals, the objective of k-density MIS is to find an
independent set of intervals with respect to overlap property such that the
interval graph corresponding to that set has a clique of size at most k.

4.5.6.3 Maximum Clique

Given a circle graph G = (V, E), it is easy to show that for every vertex
v € V, the induced subgraph G, = (V,, E,) is a permutation graph, where,

V, = {v} U {Adj(v)}
E, = {{(u,v)|u € Vy}

For each G, maximum clique can be found using the algorithm presented for
maximum clique in a permutation graph. Let C, be the maximum clique in
Gy, then the maximum clique in G is given by max{C,}, forall v € V. It is
easy to see that the time complexity of this algorithm is O(n? logn).

4.6 Summary

A VLSI layout is represented as a collection of tiles on several layers. A cir-
cuit may consists of millions of such tiles. Since layout editors are interactive,
their underlying data structures should enable editing operations to be per-
formed within an acceptable response time. Several data structures have been
proposed for layout systems. The most popular data structure among these is
corner stitch. However, none of the data structures is equally good for all the
operations. The main limitation of all the existing data structures is that they
only work on rectangular objects. In other words, the data structures do not
support any other shaped objects such as circular, L-shaped. Therefore, de-
velopment of new data structure is needed to handle different shaped objects.
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Also, as parallel computation becomes practical, new data structures need to
be developed to adapt to the parallel computation environment.

Due to sheer size of VLSI circuits, low time complexity is necessary for
algorithms to be practical. In addition, due to NP-hardness of many problems,
heuristic and approximation algorithms play a very important role in physical
design automation.

Several special graphs are used to represent VLSI layouts. The study of
algorithms of these graphs is essential to development of efficient algorithms
for various phases in VLSI physical design cycle.

4.7 Exercises

1. Design an algorithm to insert a block in a given area using the modified
linked list data structure. Note that you need to use area searching
operation to insert a block and a modified linked list to keep track of the
vacant tiles.

2. Design an algorithm to delete a given block from a given set of blocks
using modified linked list data structure. Note that once a block is deleted
the area occupied by that block becomes vacant tile and the linked list
must be updated to take care of this situation.

3. Design algorithms using a linked list data structure to perform the plow-
ing and compaction operations.

4. Solve the problem 3 using a modified linked list.

5. The problem of connectivity extraction is very important in circuit ex-
traction phase of physical design. It is defined as follows. Given a set of
blocks B = {By, By, ..., B, }in an area, let us assume that there is
a type associated to each circuit. For example, all the blocks can of one
type and all the vacant tiles could be of another type. Two blocks B; and
B; are called connected if there is a sequence of k (k < n) distinct blocks
of the same type Br(1), Br(2), - - - » Br(x), such that 7(i) < n, By = B;,
Bty = Bj, and Br(y) is a neighbor of By sy, Br(2) is a neighbor of By,
and so on and findBlyx_1) is a neighbor of By 4.

(a) Design an algorithm using a modified linked list data structure to
extract the connectivity of two blocks.

(b) Design an algorithm using a corner stitch data structure to find the
connectivity of two blocks.

16. The existing data structure can be modified to handle layouts in a mul-
tilayer environment. Consider the following data items associated to a
tiles in a multilayer environment:

record Tile =
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Figure 4.50: A set of intervals.

coordinate;
height;
width;
type;

text;

layer;

end record

(a) Design an algorithm to move the entire layout in one direction.

(b) Following problem 5, find the connectivity of any two blocks in a
multilayer environment using corner stitch data structure.

7. Modify algorithm NEIGHBOR-FINDI to find all the neighbors of a given
block using a linked list data structure.

8. Modify algorithm NEIGHBOR-FIND?2 to find all the neighbors of a given
block using bin-based data structure.

19. Assume a layout system that allows 45° segments, i.e., the blocks could
be 45° angled parallelogram as well as rectangular. Modify the corner
stitch data structure to handle this layout system. Are four pointers still
sufficient in this situation ?

10. Given a family of sets of segments S = {S1,S2,...,Sn}, where S; is the
set of segments belonging to net IV; on a layer.

Determine if there is a connectivity violation by developing an algorithm
which finds all such violations.

11. For the set of intervals shown in Figure 4.50, find maximum independent
set, maximum clique, and maximum bipartite subgraph in the interval
graph defined by the intervals.

12. For the matching diagram shown in Figure 4.51, find its permutation
graph. Find maximum independent set, minimum number of colors re-
quired to color it, and maximum bipartite subgraph in this permutation
graph.
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Figure 4.51: Channel problem.
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Figure 4.52: Switchbox problem.

13. For the switchbox shown in Figure 4.52, find maximum independent set,
maximum clique, and maximum bipartite subgraph in the permutation
graph defined by the matching diagram.

+14. Prove that the algorithm MAX-CLIQUE correctly finds the size of the
maximum clique in an interval graph.

+15. Improve the time complexity of the algorithm MAX-CLIQUE to O(r log n).
The algorithm should also be able to report a maximum clique.

16, Prove that the algorithm MIS for finding a maximum independent set in
circle graphs does indeed find the optimal solution.

17. Develop a heuristic algorithm for finding a maximum bipartite subgraph
in circle graphs.

118. Implement the approximation algorithm for finding a k-independent set in
circle graphs. Experimentally evaluate the performance of the algorithm
by implementing an exponential time complexity algorithm for finding a
k-independent set.

19. Develop an efficient algorithm to find a k-density MIS in circle graphs.
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Figure 4.53: A single trunk Steiner tree.

X

Figure 4.54: A two-trunk Steiner tree.

Steiner trees play a key role in global and detail routing problems. Con-
sider the following Single Trunk Steiner Tree problem. A single trunk
Steiner tree consists of a single horizontal line segment and all the points
are joined by short vertical line segments. An example of a single trunk
Steiner tree is shown in Figure 4.53.

Given a set of n points in a plane, develop an O(n) algorithm for the
minimum cost single trunk Steiner tree.

Prove that for n = 3, single trunk Steiner tree is indeed an optimal
rectilinear Steiner tree.

For n = 4, give an example which shows that single trunk Steiner tree is
not an optimal rectilinear Steiner tree.

Single trunk Steiner tree can be easily generalized to k-trunk Steiner
tree problem, which consists of k non-overlapping horizontal trunks. An
example of a two trunk Steiner tree is shown in Figure 4.54.

Develop an efficient algorithm for 2-trunk Steiner tree problem.

Does there exist an O(n°*) algorithm for the k-trunk Steiner tree problem,
for a small constant c?
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+25. Implement Hadlock’s Algorithm for finding max-cut in a planar graph.

126. Prove that Hadlock’s algorithm is optimal by showing it deletes minimum
number of edges.

27. Given a set of rectangles in a plane, develop an efficient algorithm to
detect if any two rectangles intersect or contain each other.

128. Given a switch box, develop an efficient algorithm to find the minimum
diameter of rectilinear Steiner trees. The diameter of a tree is the maxi-
mum distance between any two of its vertices.
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Chapter 5

Partitioning

Efficient designing of any complex system necessitates decomposition of the
same into a set of smaller subsystems. Subsequently, each subsystem can be
designed independently and simultaneously to speed up the design process.
The process of decomposition is called partitioning. Partitioning efficiency can
be enhanced within three broad parameters. First of all, the system must be
decomposed carefully so that the original functionality of the system remains
intact. Secondly, an interface specification is generated during the decomposi-
tion, which is used to connect all the subsystems. The system decomposition
should ensure minimization of the interface interconnections between any two
subsystems. Finally, the decomposition process should be simple and efficient
so that the time required for the decomposition is a small fraction of the total
design time.

Further partitioning may be required in the events where the size of a sub-
system remains too large to be designed efficiently. Thus, partitioning can be
used in a hierarchical manner until each subsystem created has a manageable
size. Partitioning is a general technique and finds application in diverse areas.
For example, in algorithm design, the divide and conquer approach is routinely
used to partition complex problems into smaller and simpler problems. The
increasing popularity of the parallel computation techniques brings in its fold
promises in terms of provision of innovative tools for solution of complex prob-
lems, by combining partitioning and parallel processing techniques.

Partitioning plays a key role in the design of a computer system in general,
and VLSI chips in particular. A computer system is comprised of tens of
millions of transistors. It is partitioned into several smaller modules/blocks
for facilitation of the design process. Each block has terminals located at the
periphery that are used to connect the blocks. The connection is specified by
a netlist, which is a collection of nets. A net is a set of terminals which have to
be made electrically equivalent. Figure 5.1 (a) shows a circuit, which has been
partitioned into three subcircuits. Note that the number of interconnections
between any two partitions is four (as shown in Figure 5.1(b)).

A VLSI system is partitioned at several levels due to its complexity. At
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the highest level, it is partitioned into a set of sub-systems whereby each sub-
system can be designed and fabricated independently on a single PCB. High
performance systems use MCMs instead of PCBs. At this level, the criterion
for partitioning is the functionality and each PCB serves a specific task within
a system. Consequently, a system consists of I/O (input /output) boards,
memory boards, mother board (which hosts the microprocessor and its asso-
ciated circuitry), and networking boards. Partitioning of a system into PCBs
enhances the design efficiency of individual PCBs. Due to clear definition of
the interface specified by the net list between the subsystems, all the PCBs
can be designed simultaneously. Hence, significantly speeding up the design
process.

If the circuit assigned to a PCB remains too large to be fabricated as a
single unit, it is further partitioned into subcircuits such that each subcircuit
can be fabricated as a VLSI chip. However, the layout process can be simplified
and expedited by partitioning the circuit assigned to a chip into even smaller
subcircuits. The partitioning process of a process into PCBs and an PCB into
VLSI chips is physical in nature. That is, this partitioning is mandated by the
limitations of fabrication process. In contrast, the partitioning of the circuit
on a chip is carried out to reduce the computational complexity arising due to
the sheer number of components on the chip. The hierarchical partitioning of
a computer system is shown in Figure 5.2.

The partitioning of a system into a group of PCBs is called the system level
partitioning. The partitioning of a PCB into chips is called the board level
partitioning while the partitioning of a chip into smaller subcircuits is called
the chip level partitioning. At each level, the constraints and objectives of the
partitioning process are different as discussed below.

o System Level Partitioning: The circuit assigned to a PCB must sat-
isfy certain constraints. Each PCB usually has a fixed area, and a fixed
number of terminals to connect with other boards. The number of ter-
minals available in one board (component) to connect to other boards
(components) is called the terminal count of the board (component). For
example, a typical board has dimensions 32 cmx15 cm and its terminal
count is 64. Therefore, the subcircuit allocated to a board must be man-
ufacturable within the dimensions of the board. In addition, the number
of nets used to connect this board to the other boards must be within
the terminal count of the board.

The reliability of the system is inversely proportional to the number of
boards in the system. Hence, one of the objectives of partitioning is to
minimize the number of boards. Another important objective is the op-
timization of the system performance. Partitioning must minimize any
degradation of the performance caused by the delay due to the connec-
tions between components on different boards. The signal carried by a
net that is cut by partitioning at this level has to travel from one board
to another board through the system bus. The system bus is very slow
as the bus has to adhere to some strict specifications so that a variety
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(b)

Figure 5.1: Partitioning of a circuit.

of different boards can share the same bus. The delay caused by signals
traveling between PCBs (off-board delay) plays a major role in determin-
ing the system performance as this delay is much larger than the on-board
or the on-chip delay.

¢ Board Level Partitioning: The board level partitioning faces a differ-
ent set of constraints and fulfills a different set of objectives as opposed
to system level partitioning. Unlike boards, chips can have different sizes
and can accommodate different number of terminals. Typically the di-
mensions of a chip range from 2 mmx2 mm to 25 mmx25 mm. The
terminal count of a chip depends on the package of the chip. A Dual
In-line Package (DIP) allows only 64 pins while a Pin Grid Array (PGA)
package may allow as many as 300 pins.

While system level partitioning is geared towards satisfying the area and
the terminal constraints of each partition, board level partitioning ven-
tures to minimize the area of each chip. The shift of emphasis is at-
tributable to the cost of manufacturing a chip that is proportional to its
area. In addition, it is expedient that the number of chips used for each
board be minimized for enhanced board reliability. Minimization of the
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Figure 5.2: System hierarchy.
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number of chips is another important determinant of performance because
the off-chip delay is much larger than the on-chip delay. This differential
in delay arises because the distance between two adjacent transistors on
a chip is afew pm while the distance between two adjacent chips is in
mm. In addition to traversing a longer distance, the signal has to travel
between chips, and through the connector. The connector used to attach
the chip to the board typically has a high resistance and contributes sig-
nificantly to the signal delay. Figure 5.3 shows the different kinds of delay
in a computer system. In Figure 5.3(b), the off-board delay is compared
with the on-board delay while the off-chip delay is compared with the
on-chip delay in Figure 5.3(c).

Chip Level Partitioning: The circuit assigned to a chip can be fabri-
cated as a single unit, therefore, partitioning at this level is necessary. A
chip can accommodate as many as three million or more transistors. The
fundamental objective of chip level partitioning is to facilitate efficient
design of the chip.

After partitioning, each subcircuit, which is also called a block, can be
designed independently using either full custom or standard cell design
style. Since partitioning is not constrained by physical dimensions, there
is no area constraint for any partition. However, the partitions may be
restrained by user specified area constraints for optimization of the design
process.

The terminal count for a partition is given by the ratio of the perimeter
of the partition to the terminal pitch. The minimum spacing between
two adjacent terminals is called ferminal pitch and is determined by the
design rules. The number of nets which connect a partition to other
partitions cannot be greater than the terminal count of the partition. In
addition, the number of nets cut by partitioning should be minimized to
simplify the routing task. The minimization of the number of nets cut
by partitioning is one of the most important objectives in partitioning.

A disadvantage of the partitioning process is that it may degrade the
performance of the final design. Figure 5.4(a) shows two components A
and B which are critical to the chip performance, and therefore, must be
placed close together. However, due to partitioning, components A and B
may be assigned to different partitions and may appear in the final layout
as shown in Figure 5.4(b). It is easy to see that the connection between
A and B is very long, leading to a very large delay and degraded perfor-
mance. Thus, during partitioning, these critical components should be
assigned to the same partition. If such an assignment is not possible, then
appropriate timing constraints must be generated to keep the two critical
components close together. Chip performance is determined by several
components forming a critical path. Assignment of these components to
different partitions extends the length of the critical path. Thus, a major
challenge for improvement of system performance is minimization of the
length of critical path.
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Figure 5.3: Different delays in a computer system.
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(a) (b)

Figure 5.4: Bad partitioning increases the delay of circuit.

After a chip has been partitioned, each of the subcircuits has to be placed
on a fixed plane and the nets between all the partitions have to be in-
terconnected. The placement of the subcircuits is done by the placement
algorithms and the nets are routed by using routing algorithms.

At any level of partitioning, the input to the partitioning algorithm is a
set of components and a netlist. The output is a set of subcircuits which
when connected, function as the original circuit and terminals required for each
subcircuit to connect it to the other subcircuits. In addition to maintaining
the original functionality, partitioning process optimizes certain parameters
subject to certain constraints. The constraints for the partitioning problem
include area constraints and terminal constraints. The objective functions for
a partitioning problem include the minimization of the number of nets that
cross the partition boundaries, and the minimization of the maximum number
of times a path crosses the partition boundaries. The constraints and the
objective functions used in the partitioning problem vary depending upon the
partitioning level and the design style used. The actual objective function and
constraints chosen for the partitioning problem may also depend on the specific
problem.

5.1 Problem Formulation

The partitioning problem can be expressed more naturally in graph theo-
retic terms. A hypergraph G = (V, E) representing a partitioning problem can
be constructed as follows. Let V = {vi,va,...,v,} be a set of vertices and
E = {e1,€2,...,en} be a set of hyperedges. Each vertex represents a com-
ponent. There is a hyperedge joining the vertices whenever the components
corresponding to these vertices are to be connected. Thus, each hyperedge is
a subset of the vertex seti.e., e; C V, i = 1,2,...,m. In other words, each
net is represented by a hyperedge. The area of each component is denoted
as a{v;),1 < 7 < n. The modeling of partitioning problem into hypergraphs
allows us to represent the circuit partitioning problem completely as a hyper-
graph partitioning problem. The partitioning problem is to partition V into
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V1, Va, ..., Vi, where
Vinvi=g, i#j
Uf:l‘/izv

Partition is also referred to as a cut. The cost of partition is called the cut-
size, which is the number of hyperedges crossing the cut. Let ¢;; be the cut-
size between partitions V; and V;. Each partition V; has an area Area(V;) =
Y vev, a(v), and a terminal count Count(V;). The maximum and the mini-
mum areas, that a partition V; can occupy, are denoted as AP®* and AM?,
respectively. The maximum number of terminals that a partition V; can have
is denoted as T;. Let P = {p1,p2,...,Pm} be a set of hyperpaths. Let H(p;)
be the number of times a hyperpath p; is cut, and let K,;, and Knax represent
the minimum and the maximum number of partitions that are allowed for a
given subcircuit.

The constraints and the objective functions for the partitioning algorithms
vary for each level of partitioning and each of the different design styles used.
This makes it very difficult to state a general partitioning problem which is
applicable to all levels of partitioning or all design styles used. Hence in this
section we will list all the constraints and the objective functions and the level
to which they are applicable. The partitioning problem at any level or design
style deals with one or more of the following parameters.

1. Interconnections between partitions: The number of interconnec-
tions at any level of partitioning have to be minimized. Reducing the
interconnections not only reduces the delay but also reduces the interface
between the partitions making it easier for independent design and fab-
rication. A large number of interconnections increase the design area as
well as complicate the task of the placement and routing algorithms. Min-
imization of the number of interconnections between partitions is called
the mincut problem. The minimization of the cut is a very important
objective function for partitioning algorithms for any level or any style of
design. This function can be stated as:

k k
Objy, = Y _ Y cij, (i #4) isminimized

i=1 j=1

o

2. Delay due to partitioning: The partitioning of a circuit might cause
a critical path to go in between partitions a number of times. As the
delay between partitions is significantly larger than the delay within a
partition, this is an important factor which has to be considered while
partitioning high performance circuits. This is an objective function for
partitioning algorithms for all levels of design. This objective function
can be stated mathematically as:

Obj, : max(H(p;)) is minimized
pi€P
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. Number of terminals: Partitioning algorithms at any level must

partition the circuit so that the number of nets required to connect a
subcircuit to other subcircuits does not exceed the terminal count of the
subcircuit. In case of system level partitioning, this limit is decided by
the maximum number of terminals available on a PCB connector which
connects the PCB to the system bus. In case of board level partitioning,
this limit is decided by the pin count of the package used for the chips.
In case of chip level partitioning, the number of terminals of a subcircuit
is determined by the perimeter of the area used by the subcircuit. At
any level, the number of terminals for a partition is a constraint for the
partitioning algorithm and can be stated as:

Consy : Count(V;) <T;, 1<i<k

. Area of each partition: In case of system level partitioning, the

area of each partition (board) is fixed and hence this factor appears as
a constraint for the system level partitioning problem. In case of board
level partitioning, although it is important to reduce the area of each
partition (chip) to a minimum to reduce the cost of fabrication, there is
also an upper bound on the area of a chip, Hence, in this case also, the
area appears as a constraint for the partitioning problem. At chip level,
the size of each partition is not so important as long as the partitions are
balanced. The area constraint can be stated as:

Consy : AT™ < Area(Vi) < AP, i=1,2,...,k

. Number of partitions: The number of partitions appears as a con-

straint in the partitioning problem at system level and board level par-
titioning. This prevents a system from having too many PCBs and a
PCB from having too many chips. A large number of partitions may ease
the design of individual partitions but they may also increase the cost of
fabrication and the number of interconnections between the partitions.
At the same time, if the number of partitions is small, the design of these
partitions might still be too complex to be handled efficiently. At chip
level, the number of partitions is determined, in part, by the capability
of the placement algorithm. The constraint on the number of partitions
can be stated as,

Consz : Kpin < k < Kmax

Multiway partitioning is normally reduced to a series of two-way or bipar-
titioning problem. Each component is hierarchically bipartitioned until
the desired number of components is achieved. In this chapter, we will re-
strict ourselves to bipartitioning. When the two partitions have the same
size, the partitioning process is called bisectioning and the partitions are
called bisections.
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(a) (b)

Figure 5.5: A net represented as a clique and a spanning tree.

An actual model representing the partitioning problem to be solved at sys-
tem level or board level requires that the area constraint, interconnection con-
straint and constraint on the number of partitions be satisfied. Therefore,
constraints Cons;, Consz, and Conss apply. If the performance of the system
is also a criterion, then the objective function Obj, is also applicable. At chip
level, the partitioning algorithms usually have Obj; as an objective function.
In case of high performance circuits, objective function Obj, is also applicable.

An important factor, not discussed above, is modeling of a net. So far, we
have assumed that a net is modeled as a hyperedge. However, hyperedges are
hard to handle and the model is sometimes simplified. One way of simplifying
the model is to represent each hyperedge by a clique of its vertices. However
using this method increases the number of times the edges cross boundaries
substantially as shown in Figure 5.5(a). There are other ways to represent
hyperedges. For example, we can use a tree to represent a hyperedge as shown
in Figure 5.5(b), but doing this destroys the symmetric property of the clique
model. In general, net modeling is a hard problem and no satisfactory solution
has been proposed.

5.1.1 Design Style Specific Partitioning Problems

The problems formulated above represent a general approach to partition-
ing. However, partitioning algorithms for different design styles have different
objectives. In this section, we will discuss the partitioning problems for each
design style. Partitioning problems for FPGAs and MCM will be discussed in
Chapters 11 and 12, respectively.

1. Full custom design style: In a full custom design style, partitions
can be of different sizes and hence there are no area constraints for the
partitioning algorithms. Thus, the partitioning in full custom design
style has the most flexibility. During chip level partitioning, the number
of terminals allowed for each partition is determined by the perimeter
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of the block corresponding to a partition. Thus, the estimated terminal
count for a partition 7 is given by

pi
Ea
where, p; is the perimeter of the block corresponding to the partition ¢
and d is the terminal pitch. Since, the cost of manufacturing a circuit is
directly proportional to the layout size, it is essential to keep the area of
the layout to a minimum. The area of circuit layout is the sum of the areas
occupied by components, areas used for routing the nets, and the unused
areas. Since the areas occupied by the components are fixed, it is only
possible to minimize the routing areas and unused areas. The routing
area will be largely used by the nets that go across the boundaries of the
blocks. The amount of unused areas will be determined by the placement.
Therefore in addition to the terminal constraints, partitioning algorithms
have to minimize the total number of nets that cross the partition bound-
aries. A partitioning algorithm for full custom design has objective func-
tion Obj, subject to the constraints Cons; and Consy. The full custom
design style is typically used for the design of high-performance circuits,
e.g., design of microprocessors. The delay for high-performance circuits is
of critical importance. Therefore, an additional objective function Obj,
is added to the partitioning problem for the full custom design style.

T, = i=1,2,....k

2. Standard cell design style: The primary objective of the partitioning
algorithms in standard cell design style is to partition the circuit into a
set of disjoint subcircuits such that each subcircuit corresponds to a cell
in a standard cell library. In addition, the partitioning procedure is non-
hierarchical. The complexity of partitioning depends on the type of the
standard cells available in the standard cell library. If the library has only
a few simple cell types available, there are few options for the partitioning
procedure and the partitioning problem has to satisfy constraints Cons;
and Conss. However, if there are many cell types available, some of
which are complex, then the partitioning problem is rather complicated.
The objective function to be optimized by the partitioning algorithms for
standard cell design is Obj;. For high performance circuits, Obj; and
Obj, are used as combined objective functions.

3. Gate array design style: The circuit is bipartitioned recursively until
each resulting partition corresponds to a gate on the gate array. The
objective for each bipartitioning is to minimize the number of nets that
cross the partition boundaries.

In future VLSI chips, the terminals may be on top of the chip and there-
fore terminal counts have to be computed accordingly. In addition, due to
ever-reducing routing areas, the transistors will get packed closer together and
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thermal constraints may become dominant, as they are in MCM partitioning
problems.

5.2  Classification of Partitioning Algorithms

The mincut problem is NP-complete, it follows that general partitioning
problem is also NP-complete [GJ79]. As aresult, variety of heuristic algorithms
for partitioning have been developed. Partitioning algorithms can be classified
in three ways. The first method of classification depends on availability of
initial partitioning. There are two classes of partitioning algorithms under this
classification scheme:

1. Constructive algorithms and

2. Tterative algorithms.

The input to a constructive algorithms is the circuit components and the
netlist. The output is a set of partitions and the new netlist. Constructive
algorithms are typically used to form some initial partitions which can be im-
proved by using other algorithms. In that sense, constructive algorithms are
used as preprocessing algorithms for partitioning. They are usually fast, but
the partitions generated by these algorithms may be far from optimal.

Iterative algorithms, on the other hand, accept a set of partitions and the
netlist as input and generate an improved set of partitions with the modified
netlist. These algorithms iterate continuously until the partitions cannot be
improved further.

The partitioning algorithms can also be classified based on the nature of
the algorithms. There are two types of algorithms:

1. Deterministic algorithms and

2. Probabilistic algorithms.

Deterministic algorithms produce repeatable or deterministic solutions. For
example, an algorithm which makes use of deterministic functions, will always
generate the same solution for a given problem. On the other hand, the prob-
abilistic algorithms are capable of producing a different solution for the same
problem each time they are used, as they make use of some random functions.

The partitioning algorithms can also be classified on the basis of the process
used for partitioning. Thus we have the following categories:

1. Group Migration algorithms,
2. Simulated Annealing and Evolution based algorithms and

3. Other partitioning algorithms.
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The group migration algorithms [FMS82, KL70] start with some partitions,
usually generated randomly, and then move components between partitions to
improve the partitioning. The group migration algorithms are quite efficient.
However, the number of partitions has to be specified which is usually not
known when the partitioning process starts. In addition, the partitioning of
an entire system is a multi-level operation and the evaluation of the partitions
obtained by the partitioning depends on the final integration of partitions at
all levels, from the basic subcircuits to the whole system. An algorithm used
to find a minimum cut at one level may sacrifice the quality of cuts for the
following levels. The group migration method is a deterministic method which
is often trapped at a local optimum and can not proceed further.

The simulated annealing/evolution [CH90, GS84, KGV83, RVS8§4] algo-
rithms carry out the partitioning process by using a cost function, which clas-
sifies any feasible solution, and a set of moves, which allows movement from
solution to solution. Unlike deterministic algorithms, these algorithms accept
moves which may adversely effect the solution. The algorithm starts with a ran-
dom solution and as it progresses, the proportion of adverse moves decreases.
These degenerate moves act as a safeguard against entrapment in local min-
ima. These algorithms are computationally intensive as compared to group
migration and other methods.

Among all the partitioning algorithms, the group migration and simulated
annealing or evolution have been the most successful heuristics for partitioning
problems. The use of both these types of algorithms is ubiquitous and extensive
research has been carried out on them. The following sections include a detailed
discussion of these algorithms. The remaining methods will be discussed briefly
later in the chapter.

5.3 Group Migration Algorithms

The group migration algorithms belong to a class of iterative improvement
algorithms. These algorithms start with some initial partitions, formed by us-
ing a constructive algorithm. Local changes are then applied to the partitions
to reduce the cutsize. This process is repeated until no further improvement
is possible. Kernighan and Lin (K-L) [KL70] proposed a graph bisectioning
algorithm for a graph which starts with a random initial partition and then
uses pairwise swapping of vertices between partitions, until no improvement is
possible. Schweikert and Kernighan [SK72] proposed the use of a net model so
that the algorithm can handle hypergraphs. Fiduccia and Mattheyses [FM82]
reduced time complexity of K-L algorithm to O(t), where ¢ is the number of ter-
minals. An algorithm using vertex-replication technique to reduce the number
of nets that cross the partitions was presented by Kring and Newton [KNO91].
Goldberg and Burstein [GB83] suggested an algorithm which improves upon
the original K-L algorithm using graph matchings. One of the problems with
the K-L algorithm is the requirement of prespecified sizes of partitions. Wei
and Cheng [WC89] proposed a ratio-cut model in which the sizes of the par-
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(a) Initial Bisections (b) Final Bisections

Figure 5.6: A graph bisected by K-L algorithm.

titions do not need to be specified. The algorithms based on group migration
are used extensively in partitioning VLSI circuits. In the following sections,
these algorithms are discussed in detail.

5.3.1 Kernighan-Lin Algorithm

The K-L algorithm is a bisectioning algorithm. It starts by initially par-
titioning the graph G = (V, E) into two subsets of equal sizes. Vertex pairs
are exchanged across the bisection if the exchange improves the cutsize. The
above procedure is carried out iteratively until no further improvement can be
achieved.

Let us illustrate the basic idea of the K-L algorithm with the help of an
example before presenting the algorithm formally. Consider the example given
in Figure 5.6(a). The initial partitions are

A=1{1,2,3,4}
B={5,6,7,8}

Notice that the initial cutsize is 9. The next step of K-L algorithm is
to choose a pair of vertices whose exchange results in the largest decrease of
the cutsize or results in the smallest increase, if no decrease is possible. The
decrease of the cutsize is computed using gain values D(i) of vertices v;. The
gain of a vertex v; is defined as

D(7) = inedge(i) — outedge(i)

where inedge(i) is the number of edges of vertex i that do not cross the bisection
boundary and outedge(?) is the number of edges that cross the boundary. The
amount by which the cutsize decreases, if vertex v; changes over to the other
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partition, is represented by D(i). If v; and v; are exchanged, the decrease of
cutsize is D(i) + D(j). In the example given in Figure 5.6, a suitable vertex
pair is (3, 5) which decreases the cutsize by 3. A tentative exchange of this pair
is made. These two vertices are then locked. This lock on the vertices prohibits
them from taking part in any further tentative exchanges. The above procedure
is applied to the new partitions, which gives a second vertex pair of (4, 6). This
procedure is continued until all the vertices are locked. During this process,
a log of all tentative exchanges and the resulting cutsizes is stored. Table 5.1
shows the log of vertex exchanges for the given example. Note that the partial
sum of cutsize decrease g(7) over the exchanges of first ¢ vertex pairs is given in
the table e.g.,g(7)= 3 and g(2) = 8. The value of & for which g(k) gives the
maximum value of all ¢(¢) is determined from the table. In this example, k = 2
and g(2) = 8 is the maximum partial sum. The first k£ pairs of vertices are
actually exchanged. In the example, the first two vertex pairs (3, 5) and (4, 6)
are actually exchanged, resulting in the bisection shown in Figure 5.6(b). This
completes an iteration and a new iteration starts. However, if no decrease of
cutsize is possible during an iteration, the algorithm stops. Figure 5.7 presents
the formal description of the K-L algorithm.

The procedure INITIALIZE finds initial bisections and initializes the pa-
rameters in the algorithm. The procedure IMPROVE tests if any improvement
has been made during the last iteration, while the procedure UNLOCK checks
if any vertex is unlocked. Each vertex has a status of either locked or unlocked.
Only those vertices whose status is unlocked are candidates for the next tenta-
tive exchanges. The procedure TENT-EXCHGE tentatively exchanges a pair
of vertices. The procedure LOCK locks the vertex pair, while the procedure
LOG stores the log table. The procedure ACTUAL-EXCHGE determines the
maximum partial sum of g(i), selects the vertex pairs to be exchanged and
fulfills the actual exchange of these vertex pairs.

The time complexity of Kernighan-Lin algorithm is O(n®). The Kernighan-
Lin algorithm is, however, quite robust. It can accommodate additional con-
straints, such as a group of vertices requiring to be in a specified partition. This
feature is very important in layout because some blocks of the circuit are to be
kept together due to the functionality. For example, it is important to keep all
components of an adder together. However, there are several disadvantages of
K-L algorithm. For example, the algorithm is not applicable for hypergraphs,
it cannot handle arbitrarily weighted graphs and the partition sizes have to
be specified before partitioning. Finally, the complexity of the algorithm is
considered too high even for moderate size problems.

5.3.2 Extensions of Kernighan-Lin Algorithm

In order to overcome the disadvantages of Kernighan-Lin Algorithm, several
algorithms have been developed. In the following, we discuss several extensions
of K-L algorithm.
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Algorithm KL
begin
INITIALIZE();
while( IMPROVE(table) = TRUE ) do
(* if an improvement has been made during last iteration,
the process is carried out again. *)
while ( UNLOCK(A) = TRUE ) do
(* if there exists any unlocked vertex in A4,
more tentative exchanges are carried out. *)
for (eacha € A) do
if (a = unlocked) then
for(eachb € B) do
if (b = unlocked) then
if (Dmax < D(a) + D(b)) then
D= D(ﬂ') & D(b)i
Qmax = G;
bmax = b;
TENT-EXCHGE (amax, bmax);
LOCK(@max; bmax);
LOG(table);
Dmax = =00
ACTUAL-EXCHGE(table);
end.

Figure 5.7: Algorithm K-L

i | Vertex Pair | g(i) | 3°i_, g(i) | Cutsize
0 - - - 9
1 (3,5) 3 3 6
2 (4,6) 5 8 1
3 (1,7) -6 2 7
4 (2.8) 2 0 9

Table 5.1: The log of the vertex exchanges.
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5.3.2.1 Fiduccia-Mattheyses Algorithm

Fiduccia and Mattheyses [FM82] developed a modified version of Kernighan-
Lin algorithm. The first modification is that only a single vertex is moved across
the cut in a single move. This permits the handling of unbalanced partitions
and nonuniform vertex weights. The other modification is the extension of the
concept of cutsize to hypergraphs. Finally, the vertices to be moved across
the cut are selected in such a way so that the algorithm runs much faster. As
in Kernighan-Lin algorithm, a vertex is locked when it is tentatively moved.
When no moves are possible, only those moves which give the best cutsize are
actually carried out.

The data structure used for choosing the next vertex to be moved is shown
in Figure 5.8. Each component is represented as a vertex. The vertex (com-
ponent) gain is an integer and each vertex has its gain in the range —pmax to
+pmaz where pmax is the maximum vertex degree in the hypergraph. Since
vertex gains have restricted values, ‘bucket’ sorting can be used to maintain a
sorted list of vertex gains. This is done using an array BUCKET [-pmax, ...,
pmax], whose kth entry contains a doubly-linked list of free vertices with gains
currently equal to k. Two such arrays are needed, one for each block. Each
array is maintained by moving a vertex to the appropriate bucket whenever its
gain changes due to the movement of one of its neighbors. Direct access to each
vertex, from a separate field in the VERTEX array, allows removal of a vertex
from its current list and its movement to the head of its new bucket list in con-
stant time. As only free vertices are allowed to move, therefore, only their gains
are updated. Whenever a base vertex is moved, it is locked, removed from its
bucket list, and placed on a FREE VERTEX LIST, which is later used to reini-
tialize the BUCKET array for the next pass. The FREE VERTEX LIST saves
a great deal of work when a large number of vertices (components) have per-
manent block assignments and are thus not free to move. For each BUCKET
array, a MAXGAIN index is maintained which is used to keep track of the
bucket having a vertex of highest gain. This index is updated by decrementing
it whenever its bucket is found to be empty and resetting it to a higher bucket
whenever a vertex moves to a bucket above MAXGAIN. Experimental results
on real circuits have shown that gains tend to cluster sharply around the ori-
gin and that MAXGAIN moves very little, making the above implementation
exceptionally fast and simple.

The total run time taken to update the gain values in one pass of the above
algorithm is O(n), where 7 is the number of terminals in the graph G. The F-M
algorithm is much faster than Kernighan-Lin algorithm. A significant weakness
of F-M algorithm is that the gain models the effect of a vertex move upon the
size of the net cutsize, but not upon the gain of the neighboring vertices. Thus
the gain does not differentiate between moves that may increase the probability
of finding a better partition by improving the gains of other vertices and moves
that reduce the gains of neighboring vertices. Krishnamurthy [Kri84] has
proposed an extension to the F-M algorithm that accounts for high-order gains
to get better results and a lower dependence upon the initial partition.
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Figure 5.8: The data structure for choosing vertices.

5.3.2.2 Goldberg and Burstein Algorithm

Experimental results have shown that the quality of the final bisection ob-
tained by iterative bisection algorithms, such as K-L algorithm, depends heavily
on the ratio of the number of edges to the number of vertices [GB83]. The K-
L algorithm yields good bisection if the ratio is higher than 5. However, if
the ratio is less than 3, the algorithm performs poorly. The ratio in a typical
problem of VLSI design is between 1.8 and 2.5. As a result, Goldberg and
Burstein suggested an improvement to the original K-L algorithm or other bi-
section algorithms by using a technique of contracting edges to increase that
ratio.

The basic idea of Goldberg-Burstein algorithm is to find a matching M
in graph G, as shown in Figure 5.9(a). The thick lines indicate the edges
which form matching. Each edge in the matching is contracted (and forms a
vertex) to increase the density of graph. Contraction of edges in M is shown
in Figure 5.9(b). Any bisection algorithm is applied to the modified graph and
finally, edges are uncontracted within each partition.

5.3.2.3 Component Replication

Recall that the partitioning problem is to partition V into V4, V5,...,V), such
that
VinVi=¢, i#j
Uf:l‘/i =V

In component (vertex) replication technique, the condition that
VinVi=9, i#j

is dropped. That is, some vertices are allowed to be duplicated in two or more
partitions. The vertex replication technique, presented by Kring and New-
ton [KNO91], can substantially reduce the number of nets that cross boundaries
of partitions. Figure 5.10(a) shows a partitioning of a circuit without vertex
replication. However, when the inverters are replicated, as in Figure 5.10(b),
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Figure 5.9: Matching and edge contraction in graph.

the cutsize is reduced. When a component is replicated, it is copied into both
subcircuits and its output are generated locally and do not contribute to the
cutsize. Replication does require the inputs to the component to be available on
both sides of the partition. If inputs are not available on both sides, the inputs
must be propagated across the partition and will contribute to the cutsize.

Once a vertex has been replicated, it tends to remain so and nets connected
to the components remain in both subcircuits. Thus, while vertex replication
does reduce the cutsize, it tends to reduce the ability to further improve the
partition. To achieve good results with this technique, it is critical to limit
component replication to where it is most useful by actively limiting the number
of replicated components.

The replications of vertices must be done very carefully as in some situa-
tions, vertex replication may outweigh the benefit of a reduced cutsize. For
example, the added redundancy may increase the circuit area, fault rate and
testing. Also, vertex replication cannot be adopted by an arbitrary algorithm.
Only those algorithms which carry out partitioning at component level can
combine vertex replication techniques to reduce the cutsize. When vertex repli-
cation is used in algorithms which deal with more than one components at a
time [Kri84], the vertex replication technique can actually increase the cutsize.
However, there are cases, especially at the system level, where vertex repli-
cation is of great advantage. The algorithm has been tested for two types of
circuits, combinational circuits and industrial circuits. The results are summa-
rized in Table 5.2 in which the net cutsize reduction is the percentage reduction
in the total number of partitioned nets when compared to partitions obtained
without component replication. The component replication is the percentage
of the total number of replicated components to the total number of compo-
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Figure 5.10: Component replication to reduce the cutsize.

nents. Table 5.2 clearly shows that vertex replication can substantially reduce
the number of partitioned nets without significantly increasing the size of the
circuit.

5.3.2.4 Ratio Cut

The Kernighan-Lin algorithm yields partitions of comparable sizes, but these
sizes are predefined before partitioning. Since, there are natural clustering
structures in the circuit, predefining the partition size may not be well suited
for partitioning circuits, since there is no way to know the cluster size in circuits
before partitioning. To remedy this situation, Wei and Cheng proposed the
ratio cut as a new metric in order to locate natural clusters in the circuit and
at the same time force the partitions to be of equal sizes [WC89]. Given a
hypergraph G = (V, E), let ¢;; be the capacity of an edge connecting node
i and node j. Let (V1,V52) be a cut that separates a set of nodes Vj from its
complement Vowhere Vo = V —V). The capacity of this cut is equal to Cy,y, =

. . . . _ Cwyv.
Eie% Zj€V2 ¢ij. The ratio of this cut Ry,y, is defined as Ry,v, = m’

where |V3| and |V2| denote the cardinalities of subsets Vj and Vs respectively.
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Circuit Type | Maximum Circuit | Net Cutset | Component
Expansion Reduction | Replication
Combinational 10% 41% 3.2%
30% 43% 3.9%
Industrial 10% 15% 0.7%
30% 9% 0.3%

Table 5.2: Comparison of different design styles.

The ratio cut is the cut that generates the minimum ratio. The maximum
flow minimum cut method [FF62] prefers very uneven subsets which naturally
give the lowest cost. Instead of minimizing the cost Cy, v, the ratio cut based
approach minimizes the ratio Ry,y, to alleviate this hidden size effect. Cuts
that go through weakly connected groups and groups of similar sizes correspond
to smaller ratios. In this way, the minimization of all cuts according to their
corresponding ratios balances the effect of minimizing the cost and the effect
of keeping the resulting partitions of similar sizes.

Like many other partitioning problems, finding the ratio cut in a hyper-
graph belongs to the class of NP-complete problems [MS86]. Therefore, a good
and fast heuristic algorithm is needed. A heuristic based on Fiduccia and
Mattheyses algorithm was proposed in [WC89].

5.4 Simulated Annealing and Evolution

Simulated annealing and evolution belong to the probabilistic and iterative
class of algorithms. The simulated annealing algorithm for partitioning is the
simulation of the annealing process used for metals. As in the actual annealing
process, the value of temperature is decreased slowly till it approaches the
freezing point. The simulated evolution algorithm, simulates the biological
process of evolution. Each solution is called a generation. The generations
are improved in each iteration by using operators which simulate the biological
events in the evolution process.

5.4.1 Simulated Annealing

Simulated Annealing is a special class of randomized local search algorithms.
The optimization of a circuit partitioning with a very large number of compo-
nents is analogous to the process of annealing, in which a material is melted
and cooled down so that it will crystallize into highly ordered state. The en-
ergy within the material corresponds to the partitioning score. In an annealing
process, the solid-state material is heated to a high temperature until it reaches
an amorphous liquid state. It is then cooled very slowly according to a spe-
cific schedule. If the initial temperature is high enough to ensure a sufficiently
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Algorithm SA
begin
t = to;
cur_part = ini_part;
cur_score = SCORE(cur_part);
repeat
repeat
compl = SELECT (partl);
comp2 = SELECT(part2);
trial_part = EXCHANGE(compl, comp2, cur_part);
trial_score = SCORE(trial_part);
ds = trial_score — cur_score;
if (6s < 0) then
cur_score = trial_score;
cur_part = MOVE(compl, comp2);
else
r = RANDOM(0, 1);
if (r < e~ %) then
cur_score = trial_score;
cur_part = MOVE(compl, comp2 );
until (equilibrium at ¢ is reached)
t=at (*0<a<l?)
until (freezing point is reached)
end.

Figure 5.11: Algorithm SA.

random state, and if the cooling is slow enough to ensure that thermal equilib-
rium is reached at each temperature, then the atoms will arrange themselves
in a pattern that closely resembles the global energy minimum of the perfect
crystal.

Early work on simulated annealing used Metropolis algorithm [MRRS53].
Since then, much work has been done in this field [CH90, GS84, KGV&3,
RVS84]. Simulated annealing process starts with a random initial partition-
ing. An altered partitioning is generated by exchanging some elements between
partition. The resulting change in score, ds, is calculated. If és < O (repre-
senting lower energy), then the move is accepted. If s > 0 then the move is
accepted with probability e=*. The probability of accepting an increased score
decreases with the increase in temperature . This allows the simulated anneal-
ing algorithm to climb out of local optimums in search for a global minimum.
This idea is presented as a formal algorithm given by Figure 5.11.

The SELECT function is used to select two random components, one from
each partition. These components are considered for exchange between the two
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partitions. The EXCHANGE function is used to generate a trial partioning and
does not actually move the components. The SCORE function calculates the
cost for the new partitioning generated. If the cost is reduced, this move is
accepted and the components are actually moved using the MOVE function.
The cost evaluated by the SCORE function can be either the cutsize or a
combination of cutsize and other factors which need to be optimized. If the
cost is greater than the cost for the partitioning before the component was
considered for the move, the probability to accept this move is calculated using
the RANDOM function. If the move is accepted, the MOVE function is used
to actually move the components in between the partitions.

Simulated annealing is an important algorithm in the class of iterative,
probabilistic algorithms. The quality of the solution generated by the simulated
annealing algorithm depends on the initial value of temperature used and the
cooling schedule. Temperature decrement, defined above as at, is a geometric
progression where « is typically 0.95. Performance can be improved by using
the temperature decrementfunction, ¢ = te~%7t. However, initial temperature
and cooling schedule are parameters that are experimentally determined. The
higher the initial temperature and the slower the cooling schedule the better
is the result but time required to generate this solution is proportional to the
steps in which the temperature is decreased.

5.4.2 Simulated Evolution

Simulated Evolution is in a class of iterative probabilistic methods for com-
binatorial optimization that exploits an analogy between biological evolution
and combinatorial optimization.

In biological processes, species become better as they evolve from one gen-
eration to the next generation. The evolution process generally eliminates
the “bad” genes and maintains the “good” genes of the old generation to
produce “better” new generation. This concept has been exploited in iter-
ative improvement techniques for some combinatorial optimization problems
[CP86, KB89, SR90, SR89]. In this kind of approach, each feasible solution to
the problem is considered as a generation. The bad genes of the solution are
identified and eliminated to generate a new feasible solution.

In the following discussion, we present a simulated evolution method, Stochas-
tic Evolution (SE) developed by Saab and Rao [SR90]. SE is introduced as a
general-purpose iterative stochastic algorithm that can be used to solve any
combinatorial optimization problems whose states fit the certain state model
given below.

The state model is defined as follows. Given a finite set M of movable ele-
ments and a finite set L of locations, a state is defined as afunction S: M — L
satisfying certain state-constraints. Also, each state S has an associated cost
given by COST(S). The SE algorithm retains the state of lowest cost among
those produced by a procedure called PERTURB, thereby generating a new
generation. Each time a state is found which has a lower cost than the best
state so far, SE decrements the counter by R, thereby increasing the number
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of its iterations before termination. The general outline of the SE algorithm is
given in Figure 5.12.

PERTURB Procedure: In the biological processes, each gene of a specie in
the current generation has to prove its suitability under the existing environ-
mental conditions in order to remain unchanged in the next generation. The
PERTURB procedure implements this feature by requiring that each movable
element m € M in the current state S has to prove that its location S(m)
is suitable to remain unchanged in the next state of the algorithm. Using
the state function model described above, the moves are described as follows.
Given § and m € M, a move from S with respect to m is just a change in the
value of S(m), i.e., a move generates a new function S’ : M — L such that
S'(m) # S(m) while S'(m') = S(m') forall m # m' € M. A move from a
state 5 generates a function S’ : M — L which may not be a state since it may
violate certain state-constraints. This function has to be converted into a state
before next iteration begins. The cost function should be suitably extended
to include such functions. During each call to PERTURB, the elements of the
set M of movable elements are scanned in some ordering. The choice of this
ordering is problem-specific.

When element m € M is being scanned, we assume S : M — L be the
existing function that may or may not satisfy the state-constraints. A unique
sub-move, which is a move from §, is associated with m that generates a
new function $’ : M — L such that S'(m) # S(m). The details of the sub-
move associated with m will be given in below for the partitioning problem.
Define Gain(m) = COST(S) - COST(S’) as the reduction in cost after the
sub-move is performed. The procedure PERTURB decides whether or not
to accept the sub-move associated with the element m. This decision is made
stochastically by using a non-positive control parameter p as follows. The value
of Gain{m) is compared to a integer r randomly generated in the interval [p, 0].
If Gain{m) > r,then the sub-move toS'is accep