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PREFACE

The layout of an integrated circuit (IC) is the process of assigning geomeiric
shape, size and position to the components (wansistors and connections) used in its
fabrication. Since the number of components in modern ICs is enormous, compuier-
aided-design (CAD) programs are required to antomate the difficult layout process.
Prior CAD methods are.inexact or limited in scope, and produce layouts whose area,
and consequently manufacturing costs, are larger than necessary. This book addresses
the problem of minimizing exactly the layout area of an important class of basic IC
structures called CMOS cells.

First, we preciscly define the possible goals in area minimization for such cells,
namely width and height minimization, with allowance for area-reducing reordering of
transistors. We reformulate the laycut problem in terms of a graph model and
develop new graph-theoretic concepts that completely characterize the fundamental
area minimization problems. for series-parallel and nonseries-paraliel circuits. These
concepts lead to practical algorithms that solve all the basic layout minimization
problems exactly, both for a single cell and for a one-dimensional array of such cells.
Although a few of these layout problems have been solved or partially solved
previously, we present here the first complete sclutions to all the problems of
interest.

We have implemented our algorithms by means of computer programs, and
demonstrate that they efficiently generate minimum-area layouts for all possible cells
of practicz;i size. An analysis of these layouts permits us to make the first
comprehensive evaluation of the quality and scope of prior layout methods, We show
that most previcus layout optimization algorithms are limited in scope, and cannot
find optimal layouts for a large percentage of practical circuits, We also compare our
optimal layouts to those of nonoptimal heuristic methods, and demonstrate that our
exact algorithms produce significantly smaller cells.

This book will be of interest to designers of circuits or CAD tools, and others
concerned with generating highly compact layouts for ICs. Chapter 1 introduces the
subject of IC layout, and surveys traditional layout styles. Chapter 2 gives a brief
tutorial on the cell layout problem, and evaluates the effectiveness of prior cell layout

xi
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xii Layout Minimization of CMOS Cells

techniques at minimizing area. Chapter 3 develops our general theory of cell layout
and presents algorithms for generating minimum-width cells for series-parallel
circuits; Chapter 4 generalizes these results for the nonseries-parallel case. Chapter S
presents an algorithm that generates minimum-width and -height cells, and these
results are extended to an array of cells in Chapter 6. Chapter 7 summarizes the book
and suggests applications and extensions to¢ this work.

Most of the material in this book was developed over the past few years as part
of the first author's Ph.D. dissertation research at the University of Michigan. This
rescarch was supported by grants from the Office of Naval Research and the National
Science Foundation, and by fellowships from the Burroughs (now part of Unisys) and
Schilumberger Corporations. We wish to express our gratitude to these
organizations. We also thank William P. Birmingham, Richard B. Browsn, Philip J.
Hanlon and Ronald J. Lomax of the University of Michigan for their suggestions,
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CHAPTER 1
INTRODUCTION

We begin by discussing the general design problem for integrated circuits, and
the role of the cell layout problem in relation to it. Next, we survey the popular cell
layout styles for integrated circuits. The cell layout area minimization problem we
address is defined and prior work on it is evaluated. We conclude with a discussion of
our approach to exact layout optimization.

1.1 PROBLEM AND MOTIVATION

Since the introduction of the first commercial integrated circuit (IC) in 1961,
the capacity of digital integrated circuits has been increasing at a rapid pace.
Commercial IC chips in the 1960's had about 100 transistors. Through dramatic
improvements in fabrication technology, very large scale integrated (VLSI) circuits
with over ten million transistors are being fabricated at present, and the number of
wransistors per chip tends to double every year or two. The design of chips with such
huge numbers of transistors presents major problems in design effort and cost.
Computer-aided design (CAD) tools were developed to help designers cope with these
problems. Such tools now play a key role in managing design complexity and
improving designer productivity.

The design of a VLSI chip is a complicated process requiring many intermediate
steps. Typically, several hierarchical levels of representation are used in the design
process; see Fig. 1.1. One of the higher levels is the register transfer level, where
the variables and the data operators represent the hardware registers and functional
blocks of the data-processing section of a chip. The control section implements the
sequencing of operations implied by the register transfer description. Next comes the
logic level, at which the functional blocks are basic logic units called gates, such as
the AND and NOR gates shown in Fig. 1.1(b); these gates implement the carry
function of the adder in Fig. 1.1(a). At the transistor level, the logic gates are
decomposed into transistor circuits. The NOR gate of Fig. 1.1(b) is translated into
the transistor circuit of Fig. 1.1(c), where a transistor is a three-terminal device with

14
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Fig. 1.1. Levels of design: (a) register transfer level (16-bit binary adder);
{b) Logic level {(carry circuit of a 1-bit adder); (¢) transistor level (3-input NOR gate);
{d) layout level (NOR gate in the CMOS functional cell style).
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Fig. 1.2, Y chart representation of the integrated circuit design process [Ga82].
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Introduction 3

drain, source and gate terminals. The lowest design level is the layout level, where
transistors are represented as geometric figures with dimensions such as length, width
and position. The geometric representation or, lgyout of a basic logic unit is called a
gell., The layout of Fig. 1.1(d) is a cell implementing the NOR gate in Fig. 1.1{c).
A large circuit may be laid out in the form of a set of interconnected cells. Asin
Fig. 1.1(d), the individual cells of the entire circuit are usually rectangular in shape.
The layout design is transferred to mask-making facilities in this form for chip
fabrication.

Voo
3 Transistor
e —J :p—-—c
t —g p— ¢ Pullup
b —d E 45—-"‘"" subcircuit
h —g BP— 8
z Output
) terminal
c—l b-d J—a J—g
o—i b—f J—b Jb=h
Pulldown
G&D subcircuit
(@)
c d H e a b h g

Metal

] Polysilicon
F=] Diffusion

BB contact

T ; 5 GND

Diffusion gap Diffusion abutment

(b}
Fig. 1.3. A logic function implemented by a functional cell; (a) transistor circuit;
{b) layout.

Each of the above design levels has behavioral, structural and geometric aspects.
The Y chart in Fig. 1.2 illustrates these aspects, showing the order in which they are
considered in a typical hierarchical, top-down design process [Ga85]. At the higher

16



4 Layout Minimization of CMOS Cells

levels, the behavioral aspects are more prominent, and the structural and geomewic
aspects are less important and less well defined. For example, at the register transfer
level, the system is represented as registers and functicnal units such as an adder.
These parts and their interconnecticn constitute the structure of the system. The
behavior may be described by a register transfer language statement, such as

register A :=register_B -+ register_C.

Each of the functional units and interconnections at this level can be roughly sized,
shaped, placed and oriented in what is called a floor plan [MCR80]; see Fig. 1.2. At
the transistor level, all structure is explicit; the parts are low-level design
components, such as transistors and wires, and the logical behavior of each part is
quite simple. At the layout level, the geometric figures composing each transistor
and wire are assigned size and shape; each figure represents one of various materials
used in fabricating an IC, such as diffusion, polysilicon and metal shown by different
shadings in Fig. 1.3(b). Each of these materials occupies a different physical layer of
the IC. At the layout level, swucture and geometry are most prominent.

Each of the above design steps can be assisted or even be fully automated by
CAD tools. Hardware description languages are needed at each level of representation
to model the structure, behavior and geometry of the design as it is refined in top-
down fashion. Synthesis tools are needed to translate the design from a higher level
of representation, like the register transfer level, to a lower one, such as the layout
level. Analysis tools are useful at each level of representation (o analyze the quality
of the design in terms of correciness and performance. Examples of CAD tools that
aid IC designers are logic synthesizers, placement and routing programs, cell
generators and simulators. A logic synthesizer can take a design described at the
register transfer level and translate it into a set of logic (boolean) equations,
accounting to some exteat for speed, power and area requirements. These equations
can be mapped direcily into basic logic units such as AND, OR or NOT gates. A
cell generator can produce a cell for each logic unit. The cells can be placed and
routed on the chip by placement and routing tools. Simulation at the register
transfer, gate and ransistor levels can predict the performance of the design at each of
these intermediate levels. The designer can use this information to decide whether the
behavior of the design meets its specifications,

The layout style used in a chip design refers to the rules governing the transistor
circuit structure (the circuit type), and the rules for mapping the circuit into the
layout (the cell type), and has a profound effect on the amount of circuitry that fits
on a chip of a given size. There are two major layout styles, which we discuss in
detail in the next section. Semi-custom methods select manually designed cells from
a cell library; these cells are well characterized in advance for speed and power. In

17



Introduction 5

Sfull-custom methods, on the other hand, a new type of cell is designed as needed for
each logical unit. This can be done by human designers or by automatic cell
generators, and requires simulation to analyze the performance of the cell.

This book is concerned with the translation of a design from the transistor
circuit level to the lavout level. Figure 1.3 shows the main concepts involved in
this process. A transistor has three external terminals called the drain, source and
gate; Figs. 1.1(c) and (d) show the correspondence between the transistor terminals
and the layout. The conducting path between the drain and source terminals is open
or closed depending upon the voitage level on the transistor's gate terminal; thus a
transistor acts like an on-off swiich. The transistor circuit of Fig. 1.3(a) is of a type
called complementary MOS or CMOS, and uses two different types of transistors: p-
channel MOS transistors in the pullup subcircuit and n-channel MOS transistors in
the pulldown subcircuit. Each of these subcircuits has two designated terminals: the
pullup subcircuit, whose designated terminals are the logical high voltage, referred to
as Vpp or 1, and the output z; and the pulldown subcircuit, whose designated
terminals are the output z and the logical low voltage or ground, denoted as GND or
0. (The terminals to which the input signals a, b, ..., & are applied are not
considered designated terminals.} The transistors compaosing the pullup and pulldown
subcircuits create conducting paths connecting the output z either to Vpp or GND.
Thus z implements a logical function that maps each combination of the input
variables onto either 0 or 1.

JAn important layout task is to place and. orient the transistors on. the chip to
minimize the layout area of a circuit. Figure 1.3(b) shows a cell implementing the
transistor circuit of Fig. 1.3(a) in a very area-cfficient layout style called a functional
cell [Uv81]. The various types of shading indicate the materials used to fabricated the
transistor terminals and the interconnections between these terminals, The drain and
source terminals of a transistor are made from diffusion and the gate terminal is
polysilicon. The pullup transistors of the circuit in Fig. 1.3(a) are placed side-by-
side in the top diffusion row of the cell of Fig. 1.3¢b) such that their drain and source
terminals are adjacent, and the pulldown transistors are placed similarly in the lower
row. Transistors in the two subcircuits sharing a common gate signal are placed in
the same vertical column, which makes for easy routing of the signal between them
using a polysilicon column, If the transistors are placed and oriented appropriately,
the width of the cell can be reduced by arranging adjacent transistors to share the
same drain/source terminal via diffusion abutment, as shown in Fig. 1.3(b). This
obviates the need to have separate diffusion terminals which must be isolated by an
area-wasting diffusion gap, as also illustrated in Fig. 1.3(b). A judicious placement
and orientation of the transistors can result in fewer metal rows for interconnections,
thus reducing cell height. Therefore, it.is.a basic.goal of a.layout generation. tool to
lay out the transistors of a_circuit and their interconnections.to minimize cell area.

18
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We have chosen to address the topic of cell layout generasion because it is so
important in the overall chip design process. A significant reduction in the chip
area required for a given circuit can be achieved by using full-custom layout, and a
dramatic increase in productivity over hand layout can be realized by automatically
generating these layouts. Layout generators exist for several full-custom layout
styles; these styles are surveyed in the next section. Based on the level of recent
research activity, the most promising of these styles is the.functional_cellL
However, existing functional cell methods often produce layouts that have far from
optimal area. This is due to the fact that most use heuristic or approximate
approaches, rather than exact algorithms. An algorithmic layout methodology is
needed that achieves minimal area in the functional cell layout style.

Therefore, the general problem being addressed in this book is that of generating
minimume-area cell layouts of CMOS digital integrated circuits in the functional cell
style. We present a complete solution to the problem of exact layout-area
minimization under_precisely specified conditions. We.will demonstrate that exact

.area minimization of all practical-sized.static. CMOS._circuits in. the.functional. cell

style is both computationally feasible and produces significantly. smaller layouts than
previous methods. We analyze the properties of the important class of dual_planar,
complementary CMOS. circuits, and present efficient algorithms for obtaining the
optimal area layout of these circuits. These algorithms, which we have also
programmed, are based on a complete theory of cell layout, which significantly
extends prior work by Uehara and vanCleemput [(Jv81] and others.

1.2 LAYOUT STYLES

Digital integrated circuits are often classified according to their layout styles,
which are either semi-custom, such as gate arrays and standard cells, or full-custom.
In this section we survey both semi-custom methods and the following full-custom
styles: unstructured methods, programmable logic arrays, gate matrix methods, and
functional cells.

1.2.1 Semi-Custom Layouts

Gate arrays constitute a popular approach to the design and layout of digital
circuits [Ra80). A conventional gare array consists of rows and columns of cells
separated by routing areas for wires interconnecting the gates; see Fig. 1.4(a). These
cells are groups of unconnected transistors that can be wired together to form various
types of gates, such as AND (¥), OR (+), NOT (-=), NAND or NOR. Fig. 1.4(b)
shows the structure of a CMOS cell, which has pMOS and nMOS transistors that
are interconnected by metal wires (shown by the dotted lines) to form a two-input

19
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CHAPTER 11
FUNCTIONAL CELL LAYOUT METHODS

In this chapter, we discuss one-dimensional functional cell design in depth and
present a detailed survey and evaluation of all important prior methods for generating
layouis in this style.

2.1 FUNCTIONAL CELL DESIGN

First we discuss the general principles of functional cell design. We begin by
introducing the original set of assumptions defining this layout style, followed by an
extended illustration of these fundamental ideas. Uehara and vanCleemput originally
proposed the style of interest, which is illustrated by Fig. 1.3(b) (Uv78]. To
simplify the resulting design problem, they made various assumptions, which we
list explicitly in Fig. 2.1.

Static CMOS technology is used.

The pMOS and nMOS subcircuits are series-parallel connections of
transistors.

The pMOS and nMOS subcircuits are geometric duals of each other.

The circuit height 4 is limited to four for performance reasons.

Each cell consists of two horizontal diffusion rows for pMOS and nMOS
transistors. This implies that single p- and n-wells can be used.
Complementary pMOS and nMOS transistor pairs are vertically aligned.
This allows their gate terminals to be interconnected by vertical
polysilicon columns without use of crossovers.

7. Transistor drain and source terminals are connected by diffusion if the
terminals are physically adjacent in the layout, or by metal if they are not
adjacent. Only one metal layer is used.

QAR e

Fig. 2.1. The assumptions defining the Uehara-vanCleemput layout style.

Figure 2.2 illustrates the first four assumptions of Fig. 2.1. _A static CMOS
_Eate is a transistor circuit composed of two 2-terminal subcircuits of MGOS

27
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28 Layout Minimization of CMOS Cells

Aransistors, a pullup subcircuit of pMOS transistors, the designated terminals of
which are Vpp and the circuit's output z, and a_pulldown subcircuit of nMOS
transistors, whose terminals are z and GND. These subcircuits are functional duals,
meaning that when there is a conducting path between the terminals of one
subcircuit, there is not such 2 path between the terminals of the other subcircuit.
The circuit of Fig. 2.2 is often referred to as a static CMOS “complex” gate. A
pMOS transistor is shown in the pullup sabcircuit. The circnit between the source
and drain terminals of a pMOS transistor is closed, creating a path for current to
flow, if the voltage on the gate terminal is low {(at the logical G voltage, assuming
the positive convention); otherwise the circuit is open, preventing the flow of
current. Conversely, the circuit between the source and drain terminals of an nMOS
transistor in the pulldown circuit is closed, if the voltage on the gate terminal is high
(at the iogical 1 voltage); ctherwise the circuit is open. For example, if the signals ¢,
d, a and g are low, then the path through the pMOS transistors with these signals on
their gate terminals connects Vppy to the output terminal, and the output signal is
logical 1. Note that under these conditions, no path from the cutput z to GND can
be closed because the nMOS dual transistors labeled ¢, 4, a and g open all possible
paths to GND. If signals g and & are high, then the output is connected to GND
through transistors a and &, and all paths from Vpyp to the output are open resulting
in a logical O output. The source terminal of an nMOS transistor in Fig. 2.2 is the

pMOS
"‘ﬁz/transistor
‘p_—%—d\ Drain

P_‘E\ Puilup

p—9 subcircuit
z

Source

Drain
nMOS

transisior g
° o s Jb9
Source 1 J—b Jl—nh
T Pulidown
GND subcircuit

Fig. 2.2, A static CMOS complex gate.
one that is closer to GND, whereas the source terminal of a pMOS transistor is the

one closer to the Vpp terminal; these two cases are illustrated in Fig. 2.2 for the
transistors labeled ¢.
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Functional Cell Layout Methods 29

The second assumption of Fig. 2.1 is that the pullup and pulldown subcircuits
are series-parallel, The circuit of Fig. 2.2 is of this type, where every transistor in
either the pullup or pulldown subcircuit is either in series or in parallel with some
other transistor. Transistors a and &, for example, are in series in the pulldown
subcircuit and in parallel in the pullup subcircuit. The third assumption is that the
pullup and pulldown subcircuits of the circuit are geometric duals [Ha69}. .Dual
_subcircuits reverse the roles of the series and parallel operations; every transistor in
series (parallel) with another transistor in one subcircuit is in parallel (series) with iis
dual transistor in the other subcircuit. Furthermore, dual transistor pairs in the
subcircuits have the same signal label on their gate terminals. The pullup subcircuit
of Fig. 2.2 the geometric dual of the pulldown subcircuit. The height restriction of
the fourth assumption is illustrated by the longest path of wansistors ¢, d, @ and ¢ in
the pullup subcircuit, Since no path in either subcircuit is Ionger than this, the
circuit height is four,

The remaining three assumptions relate to the layout. of transistors in the
functional cell. First, we briefly discuss the role of the three layers: metal,
polysilicon and diffusion. Diffusion.and polysilicon.are primarily used for creating.
transistors, which occur. where these layers cross, as shown in Fig. 1.9. They can
also form interconnections, but they have higher resistance and capacitance than the.
metal layer, whose primary role is interconnection. The metal layer is on a different
plane than either the diffusion or polysilicon layer, and requires a contact to make an
electrical connection with these other layers. Two such contacts are shown in Fig.
2.3(b) along the bottom row of metal, interconnecting the diffusion regions of the
pulldown regions to GND. Although we only use one metal layer, some IC
manufacturing processes offer two or more layers.

The fifth assumption of two rows of transistors is illustrated in Fig. 2.3(b),
where the pMOS wransistors are placed in the upper row and the nMOS transistors in
the lower row. The sixth assumption about interconnecting the gate terminals of a
dual transistor pair with a vertical polysilicon column is illustrated in Fig. 2.3(a),
where the pMOS and nMOS dual iransistors labeled ¢ in Fig. 2.2 are vertically
aligned in the leftmost column also labeled ¢, and their gate terminals are connected.

Assumption 7 of Fig. 2.1 defines the methods of interconnecting those source
and drain terminals in the layout that are connected in the transistor circuit. First, we
outline how drain-source terminals of transistors are interconnected or electrically
isolated in the functional cell, and how this affects cell size. Terminals connected in
the transistor circuit are connected in the cell either by metal wires or diffusion
abutment; those not connected in the circuit are isolated either by not placing such
terminals adjacent to each other or, if placed adjacent, by inserting a diffusion gap
between them. The positicn and orientation of transistors in the cell determines
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which connection or isclation methods are used, and consequently determines the
width and height of the cell.
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Fig. 2.3. A functional cell: (@) with no diffusion abutment; (b) with diffusion
abutment.

The rules for the various interconnection methods allowed by the seventh
assumption are now given. Drain-source terminals that are connected in the
transistor circuit and that are also adjacent in the cell are connected by diffusion
abutment; this case is illustrated in Fig. 2.3(b), where transistors & and /4 are
connected in this way. Transistors connected in the circuit but nonadjacent in the
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cell are connected by horizontal metal wires; Fig. 2.3(b) shows a metal wire in the
pullup subcircuit connecting the diffusion region between columns & and f to the
region between columns 2 and 4. Drain or source terminals of two transistors not
connected in the circuit but adjacent in the cell are isclated by an area-wasting
diffusion gap. In Fig. 2.2, transistors ¢ and a are not connected in the pulldown
circuit, but are adjacent in the layout of Fig. 2.3(b); therefore, a diffusion gap is
required between them.

We illustrate the layout process with Fig. 2.3. Assume we choose to place the
dual transistor pairs in the cell in the left-to-right order of ¢,d,f, ¢, a, b, # and g.
Each transistor is oriented in one of two ways, such that its drain terminal is either
to the left or the right of its polysilicon gate terminal. First, let us consider the cell
of Fig. 2.3(a) which uses only the metal layer to interconnect drain-source transistor
terminals. A diffusion gap is placed between each pair of transistors, whether the
adjacent terminals are to be electrically connected or not. Note that if only metal
interconnections were used, all placements of transistors would result in a cell of the
same width W. Inthiscase, W =T+ G + 1 =8+ 7 + 1 = 16 units (columns).
However, by choosing a good placement and orientation of the transistor pairs, and
using diffusion abutment, the width of the cell can be reduced. Figure. 2.3(b) shows
a layout having the same transistor placement and orientation as that in Fig. 2.3(a),
but using abutment wherever applicable. The cell width W =8+ 1+1=10
columns. The height of the cell of Fig. 2.3(b) in terms of the number of metal rows
is seven.

The height minimization problem depends on the number of metal
interconnection layers used within a cell. Traditionally, one layer of metal is
provided for interconnection purposes by chip fabrication processes, although more
recently two or more layers have become available, Some layont styles use more
than cne metal layer for routing within a cell, whereas other styles employ only one
metal layer in the cell even when more are available, reserving the other layers of
metal for connections between cells. If more than one layer of metal is used within a
cell, then in some cases cell height can be made smaller than the height of a cell
using only one metal layer. The height problem is also affected by the number of
contacts required between a metal! layer and the other layers to ensure that a given
fabrication process produces a reasonable percentage of working chips and that the
total contact resistance is low enough for good circuit performance. For these
reasons,.multiple.contacts. become particularly important for submicron processes.
The height of a cell may be larger if muitiple contacts are required, when compared to
acell using single contacts. The vast majority of prior laycut methods use a single
layer of metal for cell interconnection; moreover, almost all of them use a single
contact between metal layers and the other layers.

24





