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Abstract

In this paper, we study the simultaneous driver and wire sizing
(SDWS) problem under two objective functions: (i) delay min-
imization only, or (i) combined delay and power dissipation
minimization. We present general formulations of the SDWS
problem under these two objectives based on the distributed Fi-
more delay model with consideration of both capacitive power
dissipation and short-circuit power dissipation. We show sev-
eral interesting properties of the optimal SDWS solutions under
the two objectives, including an important result (Theorem 3)
which reveals the relationship between driver sizing and optimal
wire sizing. These results lead to polynomial time alyorithms
for computing the lower and upper bounds of optimal SDWS
solutions under the two objectives, and efficient algorithms for
computing optimal SDWS solutions under the two objectives.
We have implemented these algorithms and compared them with
existing design methods for driver sizing only or independent
driver and wire sizing. Accurate SPICE simulation shows that
our methods reduce the delay by up to 11%—-47% and power dis-
sipation by 26%—63% compared with ezisting design methods.

1 Introduction

Delay minimization and power dissipation minimization are
two important objectives in the design of the high-performance,
portable, and wireless computing and commaunication systems.
We believe that both device design (i.e. transistor/cell design)
and interconnect design have to be considered and optimized
simultaneously in order to achieve these two objectives. The
objective of this paper is to study the simultaneous driver and
wire sizing problem for both delay and power optimization.

In the past, two methods are commonly used to improve
the performance of long interconnect lines. One method is
driver sizing, which uscs a large driver or a series of cascaded
drivers of increasing sizes to drive long interconnect lines [2].
Another method is to break long interconnect lines into shorter
segments by inserting repeaters. These repeaters can also be
sized properly for further reduction in interconnect delay [2].
Both methods are effective for interconnect delay reduction but
with substantial increase in power consumption.

Recent studies show that interconnect delay can also be re-
duced by interconnect topology optimization and wiresizing
optimization. A number of interconnect topologies have been
proposed for interconnect performance optimization, including
bounded-radius bounded-cost trees [6], AHHK trees [1], maxi-
mum performance trees [5], A-trees [9], low-delay trees [3], and
IDW/CFD trees [12]. Moreover, the wiresizing algorithm in
[9, 10] can further minimize interconnect delay by optimally
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assigning different wire width to each wire segment in the in-
terconnect design.

Very recently, Cong, Koh and Leung [7] explored the possi-
bility of both driver sizing and wire sizing. A simple heuristic
algorithm was used to size drivers according to a fixed constani
ratio, and an independent wire sizing optimization is performed
for each driver sizing solution. Although encouraging experi-
mental results were reported, it is not difficult to see that this
method often produces sub-optimal solutions since driver sizing
and wire sizing were carried out independently.

In this paper, we study the simultaneous driver and wire siz-
ing (SDWS) problem under two objective functions: (i) delay
minimization only, or (ii) combined delay and power dissipation
minimization. In Section 2, we present the general formulation
of the simultaneous driver sizing and wiresizing problems under
the two objective functions. In Section 3, we present results on
optimal SDWS solutions for delay minimization. In Section 4,
we present results on optimal SDWS solutions under the com-
bined delay and power minimization objective. Section 5 shows
the experimental results obtained by our SDWS algorithms and
the comparative study with other existing methods. Section 6
concludes the paper. Due to page limitation, proofs of the re-
sults are omitted. Details are available in technical report [8].
The reader is also strongly recommended to be familiar with
the results in [10], which are referred to several times in this
paper.

2 Problem Formulation
2.1 Performance Optimization
Assume that we are given a routing tree T implementing a
signal net which consists of a source N4, and a set of m sinks
{N1,N2,---,Nn}. A nodein T refers to the source, or a sink,
or a Steiner node, and a segment connects two nodes in 7.
Assume that {Fy, Es,---, E,} is the set of segments forming
the tree T, where n is the total number of segments in the tree.
Fach wire segment has a set of discrete choices of wire widths
{Wl,Wg,-~~,W,~}$(W1 < W < -+ < Wr) We use wg,; to
denote the width of the wire segment £, 2 = 1..n.
Furthermore, we assume that the signal net is driven by a
chain of cascaded drivers of k stages at the source as shown
in Figure 1. We use D = {dy,d>,---,dx} to denote a driver
sizing solution, where d; denotes the size of driver D; at i-th
stage (i = 1..k). We assume that driver Dy is of minimum size,
i.e. d1 = 1 (after normalization). Given the above definitions,
the problem of simultaneous driver and wire sizing (SDWS) for
performance optimization can be defined as follows:

Formulation 1 Given a routing tree T, the SDWS problem for
delay minimization (SDWS-D) is to determine the number of
stages k, a driver sizing solution D, and a wiresizing solution
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Figure 1: A k-stage cascaded drivers driving an interconnect tree
T with sinks {N1,N2,---,Npn}. wg, denotes the width of the wire
segment E;, ¢ = 1..n and d; denotes the size of driver D; at i-th

stage, t = 1..k.
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Figure 2: (a) A switch-level RC model of a driver (b) Inter-stage
delay of a k-stage cascaded drivers until the gate of the k-th driver.

W on T, such that the performance measure t(T,k, D, W) is
optimized.

If we fix the number of stages k, a restricted version of the
SDWS-D problem called the k-SDWS-D problem can be defined
as follows: Given a routing tree 7" and a chain of k drivers, the
k-SDWS-D problem is to determine the optimal driver and wire
sizing solution D and W, such that the performance measure
t(T, k, D, W) is optimized.

The performance measure t(7,k, D, W) approximates the
delay of the signal net from the source to one or several critical
sinks, and it can be decomposed as follows:

T, k5, D, W) = tp(k,D)+t:(T,k,D,W) (1)
where the first term tp(k, D) measures the delay due to the
drivers and the second term (7, k, D, W) measures the inter-
connect delay. We estimate tp(k, D) based on a switch-level
RC model of drivers. The interconnect delay ¢;(7, k, D, W) is
measured by the distributed Elmore delay model [11].

2.1.1 RC Delay Model for Drivers
We estimate the delay of a driver based on a switch-level RC
model of driver. Figure 2(a) shows a minimum-size inverter
(driver) with a p-transistor resistance R, and a n-transistor
resistance R,. We assume that R, = R, = Rmin. Let G
denote the gate capacitance and Cq4 denote the capacitance due
to the source and drain diffusion of the minimum-size driver.
Figure 2(b) illustrates the delay due to a sequence of k cas-
caded drivers D. The delay from driver Di to Diy1 (1 €1 <
k — 1) is the product of the resistance of D; and its capacitive
load:

Roin d;
7% (Ca - di+ Cy - dig1) = Rmin - Ca+ Rpin - Cg - =

The total delay up to the gate of the last driver tp(k, D) (ex-
cluding the last driver) can be expressed as follows:

k-1
d;
FHi+Te Y dtl (2)

=1

tp(k, D) =

where J1 = (k— 1) - Rmin - Cq, and Jo = Rynin - Cy. Notice
that delay throngh the k-th driver will be counted as part of
interconnect delay in Section 2.1.2.

2.1.2 Distributed Elmore Delay Model for Inter-
connect

We use the distributed Elmore delay model [11] for interconnect
delay measure. The formulations used in this section are based
on those in [10]. The reader is strongly recommended to be
familiar with the notations defined in [10]. In order to model
a routing tree as a distributed RC circuit accurately, each wire
segment in the routing plane is divided into a sequence of wires
of unit length. In this case, T' consists of a set of unit-length
wire segments, each may have a different width.

Given an grid edge E, we use wg, g and cg to denote
the width, the interconnect resistance and capacitance, respec-
tively, of the grid edge E. Assume that a unit-width unit-grid-
length wire has wire resistance ro, wire area capacitance cg and
wire fringing capacitance ¢i, then rgp = 5‘2— and ¢g = corwp+c
for any grid edge E. l

Let R4 and Cpr be the resistance and diffusion capacitance
of the last driver in the driver chain respectively, i.e. Rg =
Roinf/dx, Cor = Ca - di. Following a similar derivations in
[10], the distributed Elmore delay t;(T, R4, W) at N; under a
given wiresizing solution W is:

t;(T, Ra, W)
= Ko+Ki-Y wp+Keo Y SiBE) 4
EeT E,E'eT £

Koo D SUBE) o+ Ka Y gi(B) o=t

E,E'eT EeT

K5~Zh,-(E)~wl—E

EeT

®3)

where, }C(t) =Rg- CDR + Ra- ZuEsink(T) Cf,, + Ra- EEGT ¢+
ZEGP(N+:N;') H5e, Ky = Ra-co, Ky = 1o - co, Ks = 10 - ca,
Ky = 1o, Ks = "2, and the functions fi(E, E'), gi(E) and
hi(E) are defined as follows:

v N 1if £ € P(N4,N;) and E’ € Des(F)
f(EE) = { 0 otherwise
G(E) = Yveoinkm S0 i B € P(Ny, Ni)
' 0 otherwise
‘ _ 1if B € PNy, Ny)
hi(E) = { 0 otherwise

Let sink(T) denote the set of sinks in 7. When there are
several critical sinks of different priorities in the routing tree,
the previous formulation can be generalized as follows:

2.

N Esink(T)

(T, Ra, W) = Ai - (T, Ra, W) (4)
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where A; is the weight of the delay penalty to sink N; [3, 10).
The larger A; is, the more critical sink N; is. We normalize
Ai’s such that EN,-esink(T) Ai = 1. We can rewrite Eqn. (4) as
follows:

t(T) Rd; W)
= Ko+Ki- Y wp+Ks Y F(E,E’)-%)ﬂ+
EeT BB ET B
w1 1
Kaw Y F(E,E)-E+K4-ZG(E)-—J;+
E,E'eT EeT
1
Ko D HB): o )
EeT

where Ko =37y c,imigry N Ko F(E,E') = 3 ¢ inpiry M-
fi(E,E"), G(E) = ZN,’Esink(T) Ai - gi(E), and H(E)
ZNiesink(T) Ai - hi(E).

2.1.3 SDWS-D Performance Measure

Let t:(T,k,D,W) = #(T,Ra,W). Hence, the performance
measure on both driver and interconnect delay (T, k, D, W)
in Eqn. (1) can be written as

{1, k, D, W)
k=1 i
= {;714—.72' :;;1}+{/C0+K1-Zw1«)+
i=1 EeT
1 wpt
Ka - Z F(E,E)'E+
EB,B'eT
, 1 1
Koo 3 FBE): (oK 3 CB) oot
E\E'€T EET
1
SHWICES 0
EeT

2.2 Performance and Power Optimization

Driver and wire sizing are effective approaches to reduce in-
terconnect delay. However, larger driver size and additional
routing capacitance also increases the power dissipation. In
practice, high-speed circuit design requires a careful tradeoff
between performance and power. We define the SDWS problem
for both delay and power optimization (SDWS-DP) as follows:

Formulation 2 Given a routing tree T, the SDWS problem
for both delay and power optimization (SDWS-DP) is to deter-
mine the number of stages k, a driver sizing solution D, and a
wiresizing solution W on T, such that the performance measure
obj (T, k, D, W) defined below is minimized:

obj (T, k, D, W) = a- Power(T,k, D, W) + ~v-t(T, k, D, W) (7)

where Power(T,k,D,W) is the power dissipation and
t(T,k, D,W) is the performance measure, o and v are ad-
Justable non-negative parameters controlling the trade-off be-
tween performance and power dissipation.

The k-SDWS-DP problem is similarly defined (as the k-
SDWS-D problem) if we fix the number of stages k.

2.2.1 Power Dissipation Formulation

There are two components that determine the amount of power
dissipated in a CMOS circuit, namely, static dissipation due
to leakage current, and dynamic dissipation due to switching
transient current (short-circuit dissipation) and charging and
discharging of load capacitances (capacitive dissipation) [14].
We consider only dynamic dissipation in our formulation since
static dissipation is usually 2 to 3 order of magnitude smaller.
Given a loading capacitance Cr, we can write the capacitive
and short-circuit dissipation of a single driver as follows [14):

f-CL-Vi
s
f’ﬁ'(vdd”‘2‘/t)3‘trf

Powercap

Powers.

where f is the switching frequency of the input signal, 2 is the
MOS transistor gain factor, V; is the threshold voltage and ¢,
is the rise and fall time of the input signal which are assumed
to be equal.

Consider a chain of k drivers. For driver D; (¢ = 1.k — 1),
the capacitive load of the driver is assumed to be the sum of its
diffusion capacitance Cy-d; and the gate capacitance Cy-dit1 of
the next driver Diy1. The last driver Dy has a capacitive load
of C4-di +Cr1(T, W) where C11(T, W) is the total capacitance
of interconnect tree T" (including the loading capacitance at the
sinks):

C]L(T,W)‘: Z CZ—FCO'ZU)E‘FZQ

u€sink(T) BeT EET
Hence the capacitive power of the cascaded drivers is

Cr(T, W)

k
Powercap(k, D, C10(T,W)) = Lo+L1- (E di + Cy+Ca
g

=2

where Lo = f- V3 -Cqand L1 = f- V2 - (Cy + Ca).
Let Bmin be the gain factor of a minimum-size driver. The
gain factor of a driver of size d can be defined as d-fnin. Hence,

we can write the short-circuit power of the cascaded drivers as
follows [14]:

Powersc(k, D, Crr(T, W))

k
L2+ Lo - Z di
=2
where Lo = f- E’f’é‘-& . (Vdd - W)a ctrg.
Summing up the capacitive and short-circuit power, the dy-
namic power dissipation of the circuit can be written as:
Power(T, k, D, W)

Cr(T, W)
Cy+Ca

k
+ Lot (L +L2)- Y di (8)

=2

Lo+ Ly -

2.2.2 Trade-Off Between Performance and Power
Eaqn. (7) formulates the trade-off between performance
and power. Substituting the terms Power(T,k, D, W) and
t(T,k, P, W) in Eqn. (7) with Eqns. (8) and (6), respectively,
we can observe that there are two terms that links the driver
chain and the interconnect in both the power formula and de-
lay formula, namely the last driver dx and the capacitive load
Cri(T,W). Suppose a wire-width assignment W is given for
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a routing tree T, the capacitive load Crz(T, W) can be com-
puted. Eliminating the constant terms, the drivers are sized to
minimize the following:

k
a-(cl+zz)-2di+

Given a driver size assignment, the wires are sized to mini-
mize the following tradeoff between routing area and intercon-
nect delay after eliminating the constant terms:

objrrw(D) =

objr,k,p (W)
1
= (a'Cl’m’CO+7"C1)‘EwE+
¢ EeT
N Z F(E,E').L‘KE_’
E,B'€T we
1 Ks Y F(EE) —
E,E'€T B
1 1
IC4-ZG(E)-E;+7-IC5-ZH(E)-—JE(IO)
EeT EEeT

This formulation is similar to Eqn. (5) except with differ-
ence in constant coefficients, which implies that the wiresizing
results for delay minimization can also be applied to simulta-
neous power and performance optimization.

Since Power(T,k, D, W) and ¢(T, k, D, W) are usually of dif-
ferent orders of magnitude. The choice of o and v in Eqn. (7)
might be difficult. We find in our study that it is convenient
to optimize the following objective:

ob3 (T, k, D, W)
_ Power(T,k, D, W) . HTk,D,W)
= Powermin(T) +(-a) tmin(T, D, W) (11)

where Powermin(T') is the minimum power required for driving
an interconnect tree T and {pmin (T, D, W) is the minimum delay
achievable by a chain of drivers driving an interconnect tree T

Note that given a SDWS-DP problem, Powermin(T) can be
computed easily by assuming a single driver driving an inter-
connect tree where all interconnect grid edges are assigned with
minimum wire width. On the other hand, tmin(T, D, W) can
be computed using the algorithms to be presented in Section
3. Therefore, they can be treated as constants. In this case,
we can easily adjust parameter o between 0 and 1 to achieve
smooth trade-off between performance and power. By choos-
ing the parameters carefully, we can compute a driver and wire
sizing solution to meet a delay constraint while minimizing the
power dissipation.

3 Simultaneous Driver and Wire Sizing
for Performance Optimization
3.1 Optimal SDWS-D Solutions

We consider the simultaneous driver and wire sizing problem
for performance optimization which minimizes the performance
measure (7, k, D, W) specified by Eqn. (6).

Theorem 1 [14] Given the loading capacitance Cr, the num-
ber of stages k and the minimum gate capacitance Cy, the op-
timal stage ratio is s = (%I;)l/k. O

Theorem 2 [10] Given a routing tree, the optimal wiresizing
solution satisfies the separability, the monotone property and
the dominance property. 0o

The three properties still hold after we model the driver ca-
pacitance and fringing capacitance in interconnect delay for-
mulation.

Given a routing tree T with one or more critical sinks. Let
R4 be the resistance of the last driver driving the routing tree
and W* be the corresponding optimal wire width assignment.
Consider another chain of cascaded drivers such that Rl is the
resistance of the last driver and W'" is the optimal wire width
assignment. We have shown in this work the following result
that

Theorem 3 (DS/WS Relation): For any tree T with one
or more critical sinks, Rq < Rl implies W* dominates W'*. O

This result reveals the relation between driver sizing and
wiresizing, and it plays an important role in determining the
lower and upper bounds of the optimal k-SDWS-D solutions in
next subsection.

3.2 Lower and Upper Bound Computation

for Optimal k-SDWS-D Solutions
We first present an algorithm called the k-SDWS/D LU-Bound
algorithm for computing the upper and lower bounds of an opti-
mal k-SDWS-D solution for a given number of stage k: Starting
with an initial wire width assignment (say, all segments have
the minimum width), we compute the capacitive load of the
routing tree. Based on Theorem 1, the optimal stage ratio, de-
noted by s, of the cascaded driver of k stage can be computed
and a driver sizing solution is obtained. Now, we perform delay
optimal wiresizing [10] on the routing tree 7" based on the resis-
tance of the k-th driver. If the wire width assignment changes,
the capacitive load changes. A new driver stage ratio is com-
puted to yield a new optimal driver sizing solution. Then, the
optimal wiresizing solution will be computed again based on
the new driver size of the k-th driver. The process is repeated
until the wire width assignment does not change in consecutive
iterations. The algorithm is described formally in Table 1. We
have shown that

Theorem 4 Given a chain of k drivers, the k-SDWS/D LU-
Bound algorithm computes the lower and upper bounds of an
optimal k-SDWS-D solution. ]

Experimental results show that the algorithm terminates af-
ter three or four iterations in most cases. In addition, the upper
and lower bounds meet for most msta.nceu, which implies that
the optimal k-SDWS-D solution is obtained. Note that the
upper and lower bounds include both the driver and wire sizes.

3.3 Optimal SDWS-D Algorithm

For a given stage number k, we compute the optimal driver
and wire sizing solution as follows: we compute the upper and
lower bounds of the k-SDWS-D optimal solutions using the k-
SDWS/D LU-Bound algorithm. In the case where the bounds
do not meet, we can obtain a set of discrete driver sizes defined
by the bounds computed by the k-SDWS/D LU-Bound algo-
rithm for the k-th driver. For each driver size, we can compute
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