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PREFACE

The last decade has seen an explosion in integrated circuit technology.
Improved manufacturing processes have led to ever smaller device sizes.
Chips with over a hundred thousand transistors have become common and
performance has improved dramatically. Alongside this explosion in
manufacturing technology has been a much-less-heralded explosion of
design tool capability that has enabled designers to build those large,
complex devices. The tools have allowed designers to build chips in less
time, reducing the cost and risk. Without the design tools, we would not
now be seeing the full benefits of the advanced manufacturing technology.

The Scope of This Book

This book describes the implementation of several tools that are commonly
used to design integrated circuits. The tools are the most common ones
used for computer aided design and represent the mainstay of design tools
in use in the industry today. This book describes proven techniques. It is
not a survey of the newest and most exotic design tools, but rather an
introduction to the most common, most heavily-used tools. It does not
describe how to use computer aided design tools, but rather how to write
them. It is a view behind the screen, describing data structures, algorithms
and code organization.

This book covers a broad range of design tools for Computer Aided Design
(CAD) and Computer Aided Engineering (CAE). The focus of the
discussion is on tools for transistor-level physical design and analysis.
These tools are applicable across many design disciplines and across all
phases of the design process. They comprise a minimum set of tools needed
to design working chips consistently.
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This book does not describe every tool or type of tool for integrated circuit
design. Some topics are omitted because of limited space and time, because
they are not sufficiently different from tools that are described in the book,
because they are too new and have not proven their worth or because they
comprise a large and separate body of knowledge that requires a more
thorough treatment than would fit into this book. I have attempted, at
least, to mention in context the tools I have omitted to allow the reader to
pursue them separately.

This book is the book I wish I could have read when I got started. It
introduces tools across the whole spectrum of design tasks. It describes the
most successful algorithms and techniques in a form that is comfortable to
a novice in the field. I am somewhat disappointed with how little actually
fits into this book. Readers should be warned that it is, as it says in the
title, an introduction. There is much to computer aided design that is not
here, but here is a starting point.

The Intended Audience

This book is intended to tell a programmer how to write software for
computer aided design of integrated circuits. It does not discuss theoretical
results or describe algorithms in rigorous mathematical terms. It describes
computer software and does so in a language that should be comfortable to
programmers. As a secondary goal, this book gives the rationale behind
decisions made when developing CAD software to give the reader the
ability to make these design decisions himself with consideration of his
problem. These decisions can make the difference between a tool that is
widely useful and one that is a simple experimental toy.

This book assumes a solid knowledge of programming and that the reader
has had an introduction to data structures and algorithms. Although no
integrated circuit design experience is required, the whole exercise of writing
tools for integrated circuit design is pointless without some knowledge of
the target domain. A programmer could learn to write design tools without
the integrated circuit design expertise, but some knowledge is needed to
understand the design tradeofls.

Although this book is suitable as a textbook for advanced undergraduates,
1t is more suited to early graduate students in computer science who have
the programming experience and have been exposed to integrated circuit
design issues. This book is also useful in an industry setting where there is
interest in developing or interfacing computer aided design tools. A
programmer in such an environment should find the discussion in this book
revealing about the software with which he is working.
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Current practitioners of CAD programming are often very knowledgeable
in their specific domain, but somewhat ignorant of techniques in other
areas. This book will round out their breadth of knowledge of CAD tools
across the range of integrated circuit design.

Overview of the Book

The book adopts an informal style. Where precision is necessary, it is in
the form of pieces of code. Ideas are motivated and developed from simple
solutions to more complex ones. Later chapters build on earlier ones, but
each chapter i1s understandable and complete on its own.

The book starts with an overview of the design process and of CAD tools
and proceeds to summaries of parsing and interactive graphics techniques.
The goals of these introductory chapters are to provide background
material and to emphasize the parts of those fields that are applicable to
CAD. If the reader is familiar with these fields, he may safely skip the
introductory chapters. Integrated circuit design, parsing asé computer
graphics are fields of study in their own right and the stumrifr given in
this book do not cover those fields in great depth. x

Later sections of the book describe graphical technique§, rocedural
techniques and analysis; each chapter is dedicated to one type of tool. Each
introduces the tool and describes its implementation in a developmental
way. Simple options are discussed and their drawbacks aré used to provide
the rationale for the complexity of the final system. These chapters are
intended not only to give the reader the knowledge of the methods and
techniques of building tools, but the reasons for the complexity of those
tools. It is hoped that the reader will be able not only to implement these
tools, but to make the decisions necessary to further develop the tools
described in this book.

At the end of each chapter I briefly discuss related tools. The assignments
at the end of the chapter serve two purposes: first, to focus the reader’s
thinking to issues that he should consider during the design and second, to
give the reader experience developing CAD code in a reasonable framework.
Every chapter has a categorized bibliography to direct further investigation
of the topics discussed in the chapter.

I have attempted to provide all the information necessary for a reader who
is unfamiliar with CAD to understand all the tools. Some readers,
especially those who are already practicing CAD programmers, may find
the presentation tedious and overly-detailed in places. I deemed it better to
include the detail and allow the advanced reader to skim, rather than to
leave out the detail and force the novice to dig.
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CHAPTER 1

INTEGRATED CIRCUIT DESIGN

We begin our investigation of design tools with a short discussion of
integrated circuit design and the design process. We discuss the kinds of
data that users manipulate and the tools they need during the design
process.

Introduction to Integrated Circuit Design

Integrated circuit manufacturing consists of a series of steps, each of which
adds or removes material from an area on a flat surface, typically of silicon.
A designer describes a circuit as set of two-dimensional patterns on different
mask layers, each of which represents one of the manufacturing steps.
Other processing steps affect the entire wafer and the actual masks that are
used in manufacturing may be combinations of the designer’s mask layers,
but we will take the design point of view and ignore these manufacturing
details. We will consider only the layers that the designer uses to specify
the chip.

In this section, we discuss the fundamentals of integrated circuit design.
The purpose of this section is not to enable you to design circuits, but to
provide you with an understanding of the basic tasks for which we develop
tools. For more detail on design and manufacturing issues, see Mead and
Conway (1980) or Mukherjee (1986). For a further discussion of design
methodology, see Lattin (1979), vanCleemput (1979), Trimberger et al.
(1981) or Niessen (1983).
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Mask Layers

We describe the layers in a dual-well CMOS (Complementary Metal Oxide
Semiconductor) manufacturing process. Different CMOS processes may use
different layers, but the design issues are the same.

1.
2.

Metal. The primary wiring layer, typically aluminum.

Polysilicon. Poly-crystalline silicon, usually abbreviated poly, forms
the gates of transistors. It is also a conductor and used for wiring.
N+ Diffusion. Silicon diffused with impurities to create a large
excess of Negative charge carriers (electrons). It forms the source
and drain of MOS N-channel transistors. It is a conductor and is
used for wiring.

P+ Diffusion. Silicon diffused with impurities to create a large
excess of Positive charge carriers (electron holes). It forms the
source and drain of MOS P-channel transistors. It is a conductor
and is used for wiring.

N-Well. A region of the silicon that has been doped to have a small
excess of Negative charge carriers. It surrounds P-channel
transistors.

P-Well. A region of the silicon that has been doped to have a small
excess of Positive charge carriers. It surrounds N-channel
transistors.

Contact Cut. A hole cut in the insulating oxide to allow metal to
connect electrically to polysilicon and the diffusions.

Overglass Cut. A hole cut in the protective overglass layer to allow
bonding wires to connect to metal bonding pads.

Designers use colors to distinguish the different layers, but there is no
standard color scheme. Throughout this book, we will show pictures of
circuit layouts in black and white using different patterns to represent
different layers.

£ o
1. METAL fi,;?,,,;’ 5. N WELL ﬁg
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2. POLYSILICON || .

3. N DIFFUSION m 7. CONTACT Cut -
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Wires

We can make wires in metal, polysilicon or the diffusions. Metal is
preferred, because it has lower resistance and capacitance than the others,
but polysilicon and diffusion may be used as well. We form a contact
between metal and polysilicon with a contact cut. The structure including
the metal, the contact cut and the polysilicon or diffusion is called a
contact. An integrated circuit manufacturing process may have two or
more metal layers separated by an insulating oxide. Designers have
additional masks corresponding to the additional metal layers and
connections between them, called vias.

Transistors

A polysilicon wire cuts a diffusion wire where they cross forming a MOS
transistor. The polysilicon becomes the gate of the transistor and breaks
the diffusion into two electrical nodes, the transistor source and drain.
There are two kinds of transistors in CMOS. If we form a transistor on
P-diffusion in an N-well, we get a P-channel transistor. When we form a
transistor on N-diffusion in a P well, we get an N-channel transistor.

A MOS transistor acts like a switch. When there is a high voltage on the
gate of an N-channel transistor, the switch is closed, making the connection
between the source and drain. When there is a low voltage on the gate, the
switch is open and source and drain are separated. A P-channel transistor
works the same way except that a high voltage opens the switch and a low
voltage closes it. In NMOS, there is a third kind of transistor, a depletion
transistor. A depletion transistor is always closed, but has high resistance
and is used as a resistor.

nooq A

N CHANNEL P CHANNEL DEPLETION
TRANSISTOR ~ TRANSISTOR TRANSISTOR

Electrical Details

An N-channel transistor turns on when there is a high voltage on its gate
with respect to the substrate under the transistor. During design, a
designer must connect the area under the N-transistors to VSS and the area
under the P-transistors to VDD to provide the reference voltage for the
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transistors. These connections are called substrate contacts or well ties and
not only allow transistors to operate correctly, but also prevent a
catastrophic failure of CMOS circuits called latchup. Integrated circuit
designers will certainly notice the absence of substrate contacts in all
examples in this book. They have been intentionally omitted to enhance
the clarity of the presentation of the tools.

Logic Gates

In MOS technologies, the high voltage power supply is called VDD, the low
voltage is VSS or rarely, GROUND. We build logic gates in CMOS by
making a pullup structure with transistor switches that connect the output
to VDD when we want the output to go high and a pulldown structure that
connects the output to VSS when we want it to go low. We make a CMOS
inverter like the following figure.

Y0OD

VDD is connected to the metal wire on top, VSS is connected to the wire on
the bottom. The input signal enters in polysilicon on the left and forms the
gate of two transistors, an N-transistor on the bottom and a P-transistor
on the top. The bottom N-transistor turns on when IN is high, connecting
OUT to VSS. The top P-transistor turns on when IN is low, connecting
OUT to VDD.

Connections in series make AND-type connections, connections in parallel
make OR-type connections. To connect the output to VSS when two
signals are both high, we connect two N-transistors in series to VSS. To
connect the output to VSS when either of two signals are high, we connect
two N-transistors in parallel to the output.



