Adder | nFET Average nLoc | Time (s) | Average Width Critical Delay (ns)
min_width opt_width
2bit 66 6.82 0.22 2.030 0.6021 0.4597 (-23.7%)
4bit 130 7.55 1.23 1.923 1.3511 1.0592 (—21.6%)
8bit 258 7.90 4.40 1.868 2.8681 2.4440 (-14.8%)
16bit 514 8.07 19.78 1.840 5.8878 4.6227 (—21.5%)

Table 1. Critical delay comparison between the minimum-width solution and the optimal-width solution.

Total FET Area
min FET 4+ min Wire 828
opt FET 4+ min Wire 1119
STIS 1268
Table 2.
solution.
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the maximum number of the possible evaluations for any
z;(i = {1,---,n}), the LRA scheme will converge in the
polynomial time O(r - »%).

3.2. Implementation of the DP-slope model

We assume a DP-slope model of the most general form with
the only requirement to give the unit effective resistance ro
for each discrete transistor size and apply a table based
method in order to achieve the satisfactory trade-off be-
tween accuracy and complexity. In general, the effective
unit resistance ro of a transistor is a function of its size, the
input waveform slope and the capacitance loading. How-
ever, [17] proposed that all the three parameters could be
combined into one factor called slope ratio to solely de-
termine the unit effective resistance r¢ for the transistor.
Thus, a one-dimensional table can be used instead of a
three-dimensional table. We built a one-dimensional ta-
ble for every type of transistors based on SPICE simulation
results. Our implementation is similar to that in [16].

3.3. Overview of Near-Optimal STIS algorithm

The overall STIS algorithm includes three steps: to ini-
tialize the coefficient functions, to tighten lower and upper
bounds of the optimal solution and to search the optimal
solution between the LR-tight lower and upper bounds. Be-
sides, the coefficient functions will be updated during the
procedure to tighten lower and upper bounds because the
unit effective r¢ for the transistor under the DP-slope model
is a function of the current solution X.

In order to efficiently initialize and update the coefficient
functions, a circuit containing both transistors and inter-
connects is pre-partitioned into DCCs. Although the sizes
of coefficient function Fy and Fi are » X n, their operation
complexities are reduced greatly by DCC partitioning be-
cause these coefficients are only needed to be computed for
transistors and wires within a DCC.

It is worthwhile to mention that the LR-tight lower and
upper bounds have the zero sensitivity. In other words, the
sensitivity based method can not obtain a solution more
optimized than the LR-tight lower or upper bound. If the
LR-tight lower and upper bounds are identical for every
transistor/wire, the optimal solution is achieved immedi-
ately, which happens almost all cases in practice. Because
both the coefficient operations and the lower and upper
bound operations are completed in polynomial-time, the
optimal STIS solution is achieved by the polynomial-time
in practice.

When the LR-tight lower and upper bounds do not meet,
it is observed that the gap between the lower and upper
bounds are very small, often just of one width in our exper-
iments, and the percent of divergent transistors and wires
is also very small, thus enumeration can be carried out in
reasonable time.

4. EXPERIMENTAL RESULTS
We have implemented the STIS algorithm in ANSI C for the

Sun SPARC station environment. Preliminary experiments
will be presented in this section. The delays to be reported
are computed using HSPICE. The use of HSPICE simula-
tion results, instead of calculated Elmore delay values, not
only shows the quality of our STIS solutions, but also veri-
fies the validity of our transistor/interconnect modeling and
the correctness of our STIS problem formulation.

The MCNC 0.5um CMOS process technology is used.
The wire width choices are { Wi, 2Wi, 3W;, 4W;,
5W1}, where Wi is the minimum wire width (0.95pm)

in the technology. The allowed transistor widths are
{0.5um,0.6pm, ---,200.0um } with step of 0.1um, which
are determined by the design rules. Note that the local re-
finement operation does not depend on how feasible widths
are defined, thus our algorithms are applicable to any width
scheme for transistors and wires.

4.1. Transistor Sizing

The dominance property was only used for the optimal wire-
sizing problem in the past. In this experiment, the STIS
algorithm based on the dominance property is applied to
the transistor sizing problem. The full adders from 2-bit
to 16-bit implemented by complex gates are sized by as-
suming that all transistors are critical. Although we use an
extreme upper bound (200.0 pm) for each transistor, the
performance of the STIS algorithm is still quite good. In
Table 1, nFET is the total transistor number in a circuit,
average nloc is the average number of local refinement op-
erations for a transistor, tzme is the total CPU time to size
a circuit and average width is the average channel width for
all transistors after transistor sizing. A transistor on av-
erage reaches its optimal width after 6-8 local refinement
operations on it, and the time to size 514 transistors is just
19.78 seconds in a Sparc-10 workstation. The critical delay
reduction by the optimal transistor sizing is up to 23.7%.

4.2. Comparison between STIS and Other Sizing
Schemes

A 4-bit adder is used to driven a lcm wire in IC technology.
Three sizing schemes, i.e., minimum transistor/interconnect
width, transistor sizing only, and STIS are used (see Table
2). When compared with the minimum transistor and wire
sizing solution, transistor sizing only reduces the maximum
delay by 13.58% and STIS reduces the maximum delay by
27.56%. Clearly, more optimized solution is achieved by the
simultaneous transistor and wire sizing.

5. CONCLUSIONS
We formulated the STIS problem using a distributed RC

tree model with consideration of the waveform slope ef-
fect for transistors, and developed efficient STIS algorithm
based on recursive local refinement computations. The pre-
liminary experiments have shown that the STIS algorithm
produces the solution more optimized than that obtained
by optimal transistor sizing only. We plan to integrate our
STIS algorithm with a timing analysis tool like Crystal [16]
and test more circuits in the future.
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and eliminate those terms independent of X, Eqn. (5) be-
comes

{(X) (6)
.,z N |
= ZF0(1,1)~$—]_'1¢'1J + ZF1(1,1)~;~L‘~1;
1, ¢ 1,7 !
N b LB
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With respect to Eqn. (6), we define the following STIS
problem to minimize delay through multiple critical paths:

Formulation 1 Given a circuit and the lower and upper
bounds for the width of every transistor/wire, the STIS
problem is to determine the width for every transistor/wire
(or equivalently, a sizing solution X ) such that the weighted
delay through multiple critical paths given by Eqn. (6) is
minimized.

In practice, it is often the case that we want to size the
transistors and wires without increase in the layout area (us-
ing the free space in the current layout) or with bounded
increase in the layout area. Therefore, there is an upper
bound associated with each transistor and wire during the
optimization. On the other hand, there is a lower bound
associated with each transistor and wire due to the tech-
nology feature sizes and reliability concerns (like electro-
migration). Thus, the lower and upper bounds are used to
handle these constraints. It will be seen later on that the
lower and upper bounds are also the starting point for our

STIS algorithm.

2.3. Dominance Property for STIS Problems

Coefficient functions Fo, Fy, G and H; in Eqn. (6) are de-
termined by parameters ro, cgo, g0, cdo, co and ci. Since
we assume that the unit resistance rg for wires and all ca-
pacitance parameters are constants independent of X, the
property of these coefficients will be determined by the unit
effective resistance ro for the transistor.

The unit effective resistance rg for the transistor defined
in Section 2.1.A is a function of the input waveform slope.
The step model assumes that the input waveform is always
a step so that 7o is a constant independent of the sizing
solution X. As a result, all coeficients of Eqn. (6) are
positive constants independent of X. Thus, we have the
following theorem.

Theorem 2 The STIS problem under the step model is a
semple CH-posynomial program with the dominance prop-
erty.

The step model has been used in [9] for transistor sizing
and in wiresizing works [7, 12, 4] to model the driver. It
was also used in [5] for simultaneous driver and wire sizing.
However, the step input is just an ideal assumption and it
is well known that the delay under real waveforms will be
larger than that under the step input. In order to consider
the waveform slope effect on the unit effective resistance for
the transistor, we define the following DP-slope model for
the transistor.

Definition 6 The DP-slope model is a transistor model
where the unit effective resistance for the transistor is an
increasing function of its size.

We proved that the STIS problem under a DP-slope model
has the dominance property.

Theorem 3 The STIS problem under a DP-slope model
18 a general CH-posynomial program with the dominance

property.

An example of DP-slope model is the model developed in
[10]. For an inverter, let 7o be the delay under the step input
and 7 be the delay under the input with the transition time
of s, [10] derived the following relation

T = a-S$4+10 (7)

where o is a constant determined by the technology. Ac-
cording to Eqn. (7), the unit effective resistance of a transis-
tor is an increasing function of its input transition time. Be-
cause increasing the size of a transistor always increases the
gate capacitance of the transistor, the input waveform will
become slower due to a larger capacitance loading. Thus,
the unit effective resistance of a transistor is an increasing
function of its size.

Since Eqn. (7) is an accurate solution for the inverter
delay, we believe that at least most models to consider the
waveform slope effect are DP-slope models. It is worth-
while to mention that if Eqn. (7) is used to compute a
gate delay by assuming that the input switch time is twice
the Elmore delay in the previous stage, like the transistor
sizing formulation in [13], the path delay is a simple CH-
posynomial and the STIS problem to minimize the weighted
delay of all stages in multiple critical paths is also a sim-
ple CH-posynomial program with the dominance property.
However, Theorem 3 is much more general in the sense that
it is applicable to a DP-slope model of any form and even
without a closed form, as long as the effective unit resis-
tance is an increasing function of the transistor size. A
slope model without using a closed form will be discussed
in Section 3.2. We would like to emphasize that the STIS
algorithm will be developed for any DP-slope model which
satisfies Theorem 3.

3. ALGORITHMS

3.1. Generic Algorithms to Exploit Dominance
Property

For a CH-posynomial f(X), let X be the lower bound of its
definition domain and X the upper bound. Since its opti-
mal solution X* must be bounded by X and X, a simple
algorithm scheme, the Local Refinement Algorithm (LRA)
scheme, can be used to compute a set of tighter lower and
upper bounds for X* by applying the local refinement op-
erations beginning with either X or X. We introduce the
concept of LE-tight bound in the following.

Definition 7 A lower or upper bound is LR-tight if it can
not be tightened any more by a local refinement.

The LRA scheme is a greedy algorithm based on itera-
tive local refinement operations. If beginning with a solu-
tion X = X, the LRA scheme traverses every z; in certain
order to perform a local refinement operation on it. Be-
cause X is dominated by X*, its local refinement is still
dominated by X*. This process is repeated and X becomes
increasingly closer to and remains dominated by X*. This
process is stopped until no improvement is achieved on any
z; in the last round of traversal and we obtain a LR-tight
lower bound. A LR-tight upper bound can be obtained in
the similar way by performing local refinement operations
beginning with X = X.

In essence, the LRA scheme generalize the greedy wire-
sizing algorithm GWSA first developed in [7]. If r is
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Figure 2. For DCC; in Figure 1, (a) a stage from
the Vdd to the gate of transistor My; (b) a stage
from the Vdd to the gate of transistor Ms; (c) a
stage from the ground to the gate of transistor Ms.
Clearly, a transistor and a wire may belong to mul-
tiple stages.

a rising input drive an inverter with total capacitance load-
ing Cr. If the 50% delay is 7, we say that r = 7/Cy
is the effective resistance of the n-type transistor and the
unit effective resistance rg is given by r -z with z being the
size of the n-type transistor. The unit effective resistance of
the p-type transistor can be defined similarly by the delay
under the falling input waveform. If X = {xy,---,xn} is
the sizing solution for all transistors and wires, in general,
ro shall be a function of X. For simplicity of presentation,
we use 1o Instead of ro(X). However, it is worthwhile to
mention that the unit effective resistance can consider the
nonlinear characteristic of the transistor and the waveform
slope effect. High accuracy can be achieved when using a
table based method and more discussions will be given in
Section 2.3.

Under this transistor model, the gate part of a DCC be-
comes an RC network. Let PM(NS,NO) denote the path
corresponding to all transistors in a stage. When comput-
ing the delay through these transistors, we only consider
the effective resistances in path PM(NS,NO) and the ca-
pacitances connected to nodes in path PM (N, N,). Let cj
denote the total capacitance at node Ng due to source/drain
capacitances of all transistors linked to Ny and C, the
total capacitance due to the routing tree and its sinks.
If R(PM(NS,Nk)) is the total resistance of the partial
path from the source N: to node Ng in path PM(NS, Ni),
the Elmore delay through path P (N, Ny), denoted as
t(PM(N,, N,)), is

t(PM(N,, N,)) > R(PM(N,,Ny))-ci

NpePM(N,,No)

+ R(PM(N. No))-Co (2)

B. Delay through wires

A routing tree is modeled as a distribute RC tree, sim-
ilarly to [7, 4]. Each sink has an extra capacitance due
to the gate capacitance of a transistor in a gate driven by
the routing tree. Each wire segment is divided into a se-
quence of sub-segments. Each sub-segment is treated as a
7-type RC circuit. Since we assume that the wire width
is uniform within a sub-segment, a sub-segment is called a
uni-segment. Note that the segment division controls how
aggressively we perform wiresizing optimization. Clearly, if
the unit-width unit-length wire has wire resistance ro, wire
area capacitance co and wire fringing capacitance ci, the
resistance r and the capacitance ¢ for a uni-segment with

width z and length { are

r = ro-l/z

¢c = co-x-l4+cp-l

We treat node N, as the root of the routing tree. Con-
sider node Nj in the routing tree and let 7x denote the
subtree rooted at node N (including node Nk). We denote
the total capacitance within 7} as Ck, including the total
wire capacitances and the total sink capacitances within
Ty. Let rx be the resistance of the uni-segment Fj with
downstream node at Ng, the delay t(PI(NO, N¢)) along the

unique path PI(NO, N¢) between node N, and sink Ny is

(P (Noy N = Y

N ePI(N,,Ny)

rx - Ck (3)

C. Delay through a stage

With respect to Eqn. (2) and Eqn. (3), the delay
t(P(Ns, Nt),X) of stage P(N., Ni) can be written as the
following according to [19]:

t{(P(Ns, Ne), X) (4)
t(PM(Ne, No)) + t(P'(No, Ne))

DS ) Tl Y A il
0 z i z

St -8+ Y-

where z; is the width for a transistor M; or a wire uni-
segment F;, and [; is the length for a wire uni-segment E; or
I; = 1 for a transistor M;. The coeficients f§*, 5%, ¢°¢, hSt
and k¢ can be determined for stage P(N, N;) with respect
to the given ro, cq0, €50, Cdo, co and ¢y for either transistors
or wires.

2.2. STIS Formulation to Minimize Delay for Mul-
tiple Critical Paths

In order to simultaneously minimize delay along multiple
critical paths in a circuit, we propose to minimize the
weighted delay ¢(X) of all stages in these critical paths:

HX) = >

P(Ng,Ni)€Ecritical paths

AT 4(P(N,, Ny, X)(5)

where the penalty weight A*’ indicates the criticality of
stage P(Ng, Ny).

A simplified weight assignment scheme is used in this
paper. The weight of a stage is 1 if the stage is in a critical
path, otherwise, it is 0. Let

Fo(ij) = > A5G )

P(Ng,Ni)€Ecritical paths

Z )\St flSt(Z’])

P(Ng,Ni)€Ecritical paths

Gli) = > A% g% (0)

P(Ng,Ny)€Ecritical paths

Hi(i) = > A5t RSY(d).

P(Ng,Ni)€Ecritical paths

Fi(i, 5)



3. ¢p,i > 0only if by > 0 or apg,i; > 0 for any ¢ and j;

Following the notations in [8], we call the class of functions
as CH-posynomials.

Definition 1 Egn. (1) is a simple CH-posynomial if all
coefficients are constants independent of X.

Definition 2 Egn. (1) is a general CH-posynomial if co-
efficients are functions of ©; and z; satisfying the following
conditions: apq,i; monotonically increases with respect to z;
while monotonically decreases with respect to z;, and by ;
monotonically increases with respect to z; while cp; mono-
tonically decreases with respect to ;.

Furthermore, we call an optimization problem to minimize a
simple CH-posynomial as a simple CH-posynomial program,
and to minimize a general CH-posynomial a general CH-
posynomial program. We study the following dominance
property for CH-posynomial programs.

Definition 3 (Dominance Relation) For two vectors X
and X°, we say that X dominates X° (denoted as X > X')
if x; >z for all 1.

Definition 4 (Local Refinement Operation) The local
refinement operation of a solution vector X, with respect to
any particular variable z; and function f(X), is to minimize
f(X) subject to only evaluating z; while keeping the value

of any z;(j #1).

We say that the result solution vector is the local refinement
of X (with respect to z;). For simplicity of presentation,
we shall use solution instead of solution vector.

Definition 5 (Dominance Property) Let X* be the op-
timal solution to minimize f(X). If X dominates X*, a
local refinement of X still dominates X*; If X is dominated
by X*, a local refinement of X is still dominated by X*

We proved the following important Theorem 1 that will
lead to our STIS algorithm later on.

Theorem 1 The dominance property holds for both simple
and general CH-posynomial programs.

The authors of [7] first proposed the dominance prop-
erty for their single-source optimal wiresizing formulation.
Our results greatly generalize the concept of the dominance
property and reveal that the dominance property holds for
a large class of optimization problems instead of the sin-
gle optimization problem in [7], which is an instance of the
simple CH-posynomial program. The dominance property
leads to an efficient algorithm to compute a set of lower and
upper bounds of the optimal solution to a CH-posynomial
program by local refinement operations very efficiently (in
polynomial time). The algorithm has guaranteed conver-
gence and optimality and can be applied to many optimiza-
tion problems in VLSI CAD and other domains.

We will show that the STIS problem is CH-posynomial
programs when we use the RC tree model for interconnects
and the step or the slope model for transistors. Preliminary
experimental results show that in nearly all cases, the opti-
mal solution is achieved because the recursive application of
local refinement operations using the dominance property
leads to the identical lower and upper bounds. So the algo-
rithm is optimal in the practical sense. Besides, the STIS
algorithm produces the more optimized solution when com-
pared with optimal transistor sizing only.

Gate2

Gatel
Gate3

(@)

Figure 1. (a) the gate-level circuit diagram where
gate2 and gate3 are fanout of gatel. (b) the
transistor-level circuit diagram where gatel and the
routing tree linked to its output comprise a DC-
Connected-Component DCC,;. The output of gatel,
denoted as N,, is the root of the routing tree. The
inputs of gate2 and gate3 are sinks of the routing
tree.

2. FORMULATIONS

We consider the CMOS static logic in this paper. Since the
transistor channel length is usually fixed to the minimum
feature size, we only allow the channel width to change
during transistor sizing and shall use width to refer both
the channel width of a transistor and the wire width of an
interconnect. We will first formulate the delay as a function
of the transistor/wire widths, then show the STIS problem
for delay minimization is a CH-posynomial program.

2.1. Delay Formulation

Because an MOS transistor is a voltage-controlled device,
an MOS circuit can be partitioned into a number of DC-
Connected Components (DCCs) [18]. A DCC is a set of
transistors and wires that are connected by DC-current
paths containing only transistor channels or wires. The
DC current can not cross the boundary of a DCC. In most
cases, a DCC consists of a gate G and a routing tree con-
necting the output (denoted as N,) of G to the inputs of
all gates driven by G (see Figure 1).

Our delay computation is similar to that in the switch
level timing analysis tool Crystal [16]. The delay will be
computed based on a stage, which is a DC-current path
from a signal source (either the Vdd or the ground) to the
gate of a transistor, including both transistors and wires
(see Figure 2). The delay of a stage is the summary of
delays through all transistors and wires in the stage.

A. Delay through transistors

A transistor can be modeled by the source-drain effective
resistance r and the gate, source and drain capacitances
cg,Ce and cq. Let = be the transistor width, r, cg, c. and cq
can be written as the following:

r = ro/z
cg = Cgo-F
Cs = Cs0
Cd = Cqo-T

Where cgo, cso and cqo are the gate, source and drain capac-
itances for a unit-width transistor and can be viewed as con-
stants without loss much accuracy. In addition, ro is called
unit effective resistance that is defined in the following: Let
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ABSTRACT

We study the simultaneous transistor and interconnect siz-
ing (STIS) problem in this paper. We define a class of op-
timization problems named CH-posynomial programs and
show a general dominance property for all CH-posynomial
programs (Theorem 1). Based on this property, a set
of lower and upper bounds for the optimal solution of a
CH-posynomial program can be computed through local
refinement operations very efficiently (in polynomial time).
We show that the STIS problem under a number of tran-
sistor and interconnect models is CH-posynomial programs,
for example, when we use the RC tree model for intercon-
nects and the step or the slope model for transistors. Pre-
liminary experimental results show that in nearly all cases,
the optimal solution is achieved because the recursive appli-
cation of local refinement operations using the dominance
property leads to the identical lower and upper bounds.
Moreover, the STIS algorithm produces the more optimized
solution when compared with optimal transistor sizing only.

1. INTRODUCTION

It is well recognized that interconnect delay has become the
dominating factor in determining the circuit performance
in deep submicron designs. We believe that the most effec-
tive way for performance optimization in deep submicron
design is to consider both logic and interconnect designs
throughout the entire design process. As part of our effort
to develop a unified methodology and platform for simul-
taneous logic and interconnect design and optimization, we
study the simultaneous transistor and interconnect sizing
problem (STIS) for delay minimization in this paper.
Most previous works consider the device sizing and the
interconnect sizing problems separately. The device siz-
ing problem includes both gate sizing and transistor sizing
problems. In [9], the transistor sizing problem was formu-
lated as a posynomial programming problem under the El-
more delay formulation for the RC tree model and solved by
a sensitivity-based heuristics. Later, the authors of [13] ap-
plied the delay model developed in [10] for their transistor
sizing formulation and solved it by a convex programming
technique. The gate sizing problem usually assumes that
all transistor sizes within each gate scale isotropically [14]
(i.e., all transistor sizes increase or decrease by an uniform
factor), or each gate has a discrete set of implementations
(cells) with different driving capabilities pre-designed as a

*This work is partially supported by ARPA/CSTO under con-
tract J-FBI-93-112, the NSF Young Investigator Award MIP-
9357582 and a grant from Intel Corporation under the NYI
matching award program.

given cell library for performance optimization. Recent gate
sizing works can be found in [1, 2, 3]. However, all these
works ignored the sizing of interconnects.

The interconnect sizing problem, often called the wiresiz-
ing problem, was first introduced in [6, 7] where the authors
developed the first polynomial-time optimal wiresizing algo-
rithm to minimize the weighted Elmore delay between the
unique source and a set of critical sinks. Later on, the wire-
sizing problem to minimize the maximum delay along a RC
tree was formulated as a posynomial programming problem
and solved in [12] by the sensitivity-based algorithm similar
to that in [9]. In addition, the optimal wiresizing problem
for interconnects with multiple sources was formulated and
solved optimally in [4]. All these works, however, did not
consider the need to size the driving transistors again after
interconnects have been changed.

Several recent studies consider both gate and intercon-
nect sizing. The work in [5] formulated the simultaneous
driver and wire sizing problem to size a single routing tree
driven by a chain of cascaded drivers and developed an effi-
cient optimal algorithm for both delay and power optimiza-
tion. The authors of [11] studied the simultaneous wire
sizing and buffer insertion problem for a single RC tree and
solved it by a dynamic programming approach. Finally, the
concurrent gate and wire sizing problem was studied in [15]
using a sequential quadratic programming technique with
the assumption that all transistor sizes in a gate are scaled
isotropically.

However, if we assume that all transistor in a gate are
sized isotropically, it often leads to suboptimal designs, es-
pecially in the full-custom layout. In this paper, we shall
study the simultancous transistor and interconnect sizing
(STIS) problem, where the optimal size for each transis-
tor (instead of a gate or cell) and the optimal wire width
for each wire segment are computed independently in or-
der to achieve more optimized designs. We show that the
STIS problem under a number of transistor and intercon-
nect models has the objective functions of the following

form:
CL‘;Z 1 P
Xy = Z‘apq,ij'E‘Fpr,i'E‘cmp’i'zi
P,q,%,J P Py
where zi,z; € X = (21, ++,2n)
pg € (1,2,---,m),
Gpq,ij, bpi and cpi >0 (1)

and its coefficients have the following symmetry:

1. apg,i; > 01if and only if agp ;i > 0;

2. bp; >0 only if cpi > 0 or apg,:; > 0 for any ¢ and j;



