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Simultaneous Driver and Wire Sizing for
Performance and Power Optimization

Jason Cong, Member, IEEE, and Cheng-Kok Koh

Abstract— In this paper, we study the simultaneous driver
and wire sizing (SDWS) problem under two objective functions:
i) delay minimization only, or ii) combined delay and power
dissipation minimization. We present general formulations of
the SDWS problem under these two objectives based on the
distributed Elmore delay model with consideration of both ca-
pacitive power dissipation and short-circuit power dissipation.
We show several interesting properties of the optimal SDWS
solutions under the two objectives, including an important result
(Theorem 5) which reveals the relationship between driver sizing
and optimal wire sizing. These results lead to polynomial time
algorithms 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 12%—49% and power
dissipation by 26%—63% compared with existing design methods.

I. INTRODUCTION

ELAY MINIMIZATION and power dissipation mini-
mization are two important objectives in the design of
the high-performance, portable, and wireless computing and
communication 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. This new design methodology is espe-
cially important as the VLSI fabrication technology advances
to submicron device dimension and gigahertz clock frequency.
In this case, interconnect delay becomes an important factor
in determining circuit speed, the distributed nature of the
interconnect structure must be considered, and the capacitive
power dissipation on charging/discharging interconnect struc-
tures takes a significant portion of overall system power. 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 uses 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].
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Both methods are effective for interconnect delay reduction
but with substantial increase in power consumption.

Recent studies show that interconnect delay can also be
reduced 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 [7], AHHK trees [1], max-
imum performance trees [6], A-trees [11], low-delay trees [3],
[4], and IDW/CFD trees [16]. Wiresizing optimization was
first proposed in [11], [12] to further minimize interconnect
delay by optimally assigning different wire width to each
wire segment in routing trees and substantial delay reduction
was achieved for submicron IC design and MCM design.
Follow-up work on wiresizing includes the use of convex
programming technique [20] and interleave of wiresizing with
routing tree construction [15]. Both interconnect topology
optimization and wiresizing optimization are effective when
resistance ratio, i.e., the driver resistance versus unit wire
resistance, is small in the design [11].

Very recently, Cong, Koh, and Leung [8] explored the
possibility of both driver sizing and wire sizing. A simple
heuristic algorithm was used to size drivers according to a
fixed constant ratio, and an independent wire sizing optimiza-
tion is performed for each driver sizing solution. Although
encouraging experimental results were reported, it is not
difficult to see that this method often produces suboptimal
solutions since diver sizing and wire sizing were carried out
independently.

In this paper, we study the simultaneous driver and wire
sizing (SDWS) problem under two objective functions: i)
delay minimization only, or ii) combined delay and power
dissipation minimization. We present general formulations of
the SDWS problem under these two objectives based on the
distributed Elmore delay model with consideration of both ca-
pacitive power dissipation and short-circuit power dissipation.
We show several interesting properties of the optimal SDWS
solutions under the two objectives, including an important
result (Theorem 5) which reveals the relationship between
driver sizing and optimal wire sizing. These results lead to
polynomial time algorithms for computing the lower and upper
bounds of the optimal SDWS solution under the two objec-
tives, 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 12%—49% and power dissipation
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Fig. I. A k-stage cascaded drivers driving an interconnect tree T' with
sinks {N'1,Na.....Nn}. wg, denotes the width of the wire segmem E;,
i=1---n and d; denotes the size of driver D, at ith-stage, i =1-- - k.

by 26%-63% compared with existing design methods. To the
best of our knowledge, this is the first work which presents in-
depth study of the SDWS problem for both delay and power
optimization.

The remainder of this paper is organized as follows. In
Section II, we present the general formulation of the simulta-
neous driver sizing and wiresizing problems under the delay
minimization objective and the combined delay and power
minimization objective. In Section III, we present results on
optimal SDWS solutions for delay minimization. In Section
IV, we present results on optimal SDWS solutions under the
combined delay and power minimization objective. Section
V shows the experimental results obtained by our SDWS
algorithms and the comparative study with other existing
methods. Section VI concludes the paper with discussions of
future work. An extended abstract of this paper was presented
in ICCAD’94 [10].

II. PROBLEM FORMULATION

A. Performance Optimization

Assume that we are given a routing tree 7" implementating
a signal net which consists of a source N4, and a set of m
sinks {N1, Na,..., N, }. A node in T refers to the source, or
a sink, or a Steiner node, and a segment connects two nodes
in 7. Assume that {E;, E,,..., E,} is the set of segments
forming the tree 7', where = is the total number of segments
in the tree. Each wire segment has a set of discrete choices
of wire widths {W,, W,, ... W,} (W < Wy < --- < W,).
We use wg, to denote the width of the wire segment E;,
i=1---7m

Furthermore, we assume that the signal net is driven by a
chain of cascaded drivers of k stages at the source as shown in
Fig. 1. We use D = {d;,ds,...,di} to denote a driver sizing
solution, where d; denotes the size of driver D; at i-th stage
(¢ =1---k). We assume that driver 1J; is of minimum size,
i.e., d; = 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

tplk,D)

i 4>—l>—4>—|>

Fig. 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.

Driver: Dy
Size: di= d2 diet du
Delay: an(Ca +% Q) Ruo/04d Lo+ 8,0, b Runfdy (9, C o diCq )

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

If we fix the number of stages %, 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, k, D, W) is optimized.

The performance measure ¢ (T, 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(Ta ka D-, W) = tD(ka)+tI(T7kstW) (1

where the first term ¢p(k,D) measures the delay due to
the drivers and the second term t;(T,k,D,W) measures
the interconnect delay. We estimate tp(k,D) based on a
switch-level RC model of drivers. The interconnect delay
t7(T,k, D, W) is measured by the distributed Elmore delay
model [14].

RC Delay Mode! for Drivers: We estimate the delay of a
driver based on a switch-level RC model of driver. Fig. 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, = Rp,.. Let C, denote the gate capacitance
and C, denote the capacitance due to the source and drain
diffusion of the minimum-size driver.

Fig. 2(b) illustrates the delay due to a sequence of &
cascaded drivers D. Ignoring the interconnect resistance and
capacitance between drivers (since cascaded drivers are placed
closed to each other), the delay from driver D; to D;1; (1 <
i < k — 1) is the product of the resistance of D; and its
capacitive load:

R .
—dm-]_n'(cd'di+cg'di+1)=

d;
BuinCa+ RuninCg- —7= (2)

The total delay up to gate of the last driver ¢ p(k, D) (excluding
the last driver) can be expressed as follows:

k— l

min C dz+1
tp(k,D) = (k—1) - Rmin-Ca + ; —T
k=l .
it
=h+J Yy == 7 3)
i=1
where J1 = (k — 1) - Ruin - Cq, and J2 = Ryyin - C,. Notice

that delay through the k-th driver will be counted as part of
interconnect delay in Section II-A-3.
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Fig. 3. A uniform grid structure for the distributed RC interconnect model.
(a) The layout of an interconnect tree T'with three sinks [N, N2 and N3. (b)
The corresponding distributed RC interconnect model of T'. Each grid edge
E in T connecting two adjacent nodes is modeled as a w-type RC circuit
containing a resistor of ¢ and two capacitors of <& each. Each sink has an
extra loading capacitance.

Distributed Elmore Delay Model for Interconnect: We use the
distributed Elmore delay model [14] for interconnect delay
measure. The formulations used in this section are based on
those in [12]. In order to model a routing tree as a distributed
RC circuit accurately, a uniform grid structure is superimposed
on the routing plane, and each wire segment in the routing
plane is divided into a sequence of wires of unit length as
shown in Fig. 3. In this case, T consists of a set of unit-length
wire segments, each may have a different width'.

For each edge F in the tree T, we use a 7-type RC circuit
to model E, where rg and cg are interconnect resistance and
capacitance, respectively. Given an edge E, we use wg to
denote the width of the grid edge E. Assume that a unit-
width unti-grid-length wire has wire resistance ry, wire area
capacitance ¢y and wire fringing capacitance c;, then rg and
cg for any grid edge E can be defined as follows:

To
rE = —
WE
CE =Cy-WEg +C1 (4)

Note that previous formulations in [11] and [12] did not
consider fringing effect. Also, c¢; can be used to represent
mutual capacitance between adjacent wires in the same layer
or adjacent layers, when it is known.

We use ¢, to denote the capacitance at sink «. To correctly
model the driver resistance, we introduce an additional node
Ny and connect Ny to N, via an additional segment with
resistance Ry = Ruin/di and capacitance Cpg = Cy- dy. (the
resistance and capacitance of the last driver in the cascaded
driver chain) in the later discussions.

Given a grid edge E, we use Des(F) to denote the set of grid
edges in the subtree rooted at E (excluding E), and Ans(E)
to denote the set of grid edges {E’|E €Des(E’)} (again,
excluding E). That is, Des(E) is the set of “descendant” grid
edges of E, and Ans(F) is the set of “ancestor” grid edges
of E. Also, we use sink(FE) to denote the set of sinks in the
subtree rooted at E, and Cg to denote the fotal capacitance in

"In (11] and [12], a segment in T is defined to be an edge in the rectilinear

Steiner tree. In that case, segments in 7" are of different lengths, and the wire
width is uniform within each segment.

the subtree rooted at £ (including both the wire capacitances

and the sink capacitances):
Z ¢ +eo- Z wgr + Z c1 (9)
E’€Des(E) E’€Des(E)

u€sink(E)

Cg=

Furthermore, we use sink(Z") to denote the set of sinks in T
and P(u,v) to denote the unique path from w to v for any
grid points u,v in the routing tree.

We use the Elmore delay model [14] as the objective
function for delay optimization. Given a distributed RC circuit
tree 7', the signal delay at a particular node N;, denoted as
t(N;), is computed as follows:

>

Ee€P(No,N;)

HN:) = re- (5 +C) ©6)

where the summation is taken over all the grid edges on the
path from the driver Ny to the node N;.

Single Critical Sink Formulation: We first study the case
where there is only one critical sink N; in the net. Let R; and
Cpr be the resistance and diffusion capacitance of the last
driver in the driver chain, respectively, i.e., Ry = Ryin/dy.
Cpr = Cq - di. Also, we use Ci.(T, W) to denote total
capacitance of interconnect tree 7" (including the loading
capacitance at the sinks). We define

Z ¢y +eo- Z wg + Z ¢

u€Esink(T) EeT EcT

Z (:Z+CD~Z'IUE+nvc] @)

u€sink(7T) EeT

Cw(T\W) =

Il

which is the total capacitance that the driver chain will drive.
According to (6) and following a similar derivation® in [11]
and [12], the signal delay ¢;(7, R4, W) at N, under a given
wiresizing solution W is:

ti(T,Rq, W)
= Rq- (Cpr + C1i (T, W))

e 2 (Fea)

EE€P(N,.N;)
=Rd'CDR+Rd' Z (:,i
u€Esink(T)
+ Rd-CU-ZwE+Rd-n-cl
FEeT
To " Co To - C1 1
_I_ a— ——— . -
Z 2 t 2 Z WE
E€P(N4,Ny) E€P(N,.N;)
W
e ¥ S
EcP(N.,N,) E'cDes(E) " E
1
trocen ) > s
EE€P(N+,N,) E'eDes(E) = T
To - . 8
+ 7o Z Z Cu wE ®)

EeP(N,,N;)vesink(E)

2 In this paper, detailed derivation of (8), (12), (23), and (24) are omitted.
The details can be found in the technical report [9].
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Let
Ko=Rq-Cor+Ra- Y. ch+Ran-c
u€sink(T)
N mo o
EeP(Ny Ni)

Ki=Rg-c
K2 =ro-co
K:g =Tp-C1
K:4 =To

To-C
Ko =5 ©

Note that given a fixed Rd,ICf) is a constant with respect to
the timing-critical sink N;, and KC; to K5 are all constants de-
pending only on the technology. Also, we define the functions
fi(E,E"),g:(E) and h;(E) as follows:

‘ ~ _ [1 if E€ P(N4 N;)and E' € Des(E)
filB,E) = {O otherwise
(- csiney €8 if E € P(Ny Ny)
gi(E) = {O otherwise
o J1 if E€ P(Ny N;)
hi(E) = {0 otherwise

Rearranging, we can rewrite (8) as follows:

ti(T, Ra,W) = K+ K1+ ) we
E€T
wWEg
+Ky Y f(EE) —
E.B'€T we
1
+Ks- Z fi(E,E)- P
E,E'€T

1
+ K- 3 w(E) —
zE': wE

1
+Ks- Y h,-(E)-;H—-
E€T E

(10)

Multiple Critical Sinks Formulation: 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:

ti(T,Re,W)= Y

N;€sink(T)

where ); is the weight of the delay penalty to sink N; [3], [12].
The larger A; is, the more critical sink V; is. We normalize
A;’s such that ZN;esink(T) X; = 1. We can rewrite (11) as
follows:
t(T,Rd,W) =Ko+ K- Z we
EET

S F(EE) —

E.E'eT

E F(E,E"Y. —

E,E'€T

+ Ko -

+ K-

411
+Ke- Y GEB)- wi
E€T E
1
+Ks- ) H(E)- — (12)
EeT we
where
Ko= > X-K§
N, €sink(T)
F(E,E)= Y X\ fi(E.E)
N;€sink(T)
GE)= Y x-g(BE)
N;€sink(T)
HE)= Y. X h(E) (13)
N;€sink(T)
Using a similar argument as in [13], we have
F(E;[, Ez) > F(El, Eé) if £y € Des(Eé)
F(E.,E;) > F(E},E;) if E; € Ans(E})
G(E,) > G(E}) if By € Ans(E])  (14)

H(El) > H(Ei) if £ € AnS(E{)

H(E)) > F(E1,Es) if E; € Des(E;)
Performance Optimization Objective of the SDWS Problem:
Let t;(T,k,D,W) = t(T, R4, W). Hence, the performance
measure on both driver and interconnect delay ¢(T', k, D, W)
in (1) can be written as

T, k, D, W)

= tD(k,D) + tI(T, k,D, W)

k-1
d;

= {J1+.72'Z d+l}+ {K:o-f—’cl' Z’u}E

i=1 EeT
+K2- S FEE)2E ks Y F(EE)
E.E'e€T wE EE'ET

1 1 1
— +Ke- Y G(E) —+K5- Y H(E) —
ke DO ke S ) )

(15)

where Koy, K1,K2,K3,K4, and K5 are constants defined in
(9) and (13).

B. Performance and Power Optimization

Driver and wire sizing are effective approaches to reduce
interconnect delay. However, larger driver size and additional
routing capacitance also increase the power dissipation. In
practice, high-speed circuit design requires a careful trade-
off 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
determine the number of stages k, a driver sizing solution
D, and a wiresizing solution W on T, such that the objective
function obj(T, k, D, W) defined below is minimized:

obj(T, k, D, W) = a - Power(T, k, D, W)

+7- 4Tk, D, W) (16
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where ¢(T,k,D,W) is the performance measure, Power
(T,k,D,W) is the power dissipation, and o« and ~y are
adjustable non-negative parameters controlling the trade-off
between performance and power dissipation.

Parameters « and +y can either be given by designer or higher
level synthesis program. Similarly, if we fix the number of
stages k, we can define the k-SDWS-DP problem as follows:
Given a routing tree 7" and a chain of & drivers, determine the
optimal driver and wire sizing solution 2 and W, such that the
combined objective function obj(T’, k, D, W) is minimized.

Power Dissipation Formulation: There are two compo-
nents 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) [21]. We consider
only dynamic dissipation in our formulation since static
dissipation is usually 2 to 3 order of magnitude smaller.
Given a loading capacitance Cy,, we can write the capacitive
and short-circuit dissipation of a single driver as follows [21]:

Powerca, = f - Cp - ded an

Powerse = f - — + (Vag ~ 2V;)* - ts (18)

12

where f is the switching frequency of the input signal, 3 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 Cj - d; and the gate capacitance Cg-d; 11
of the next driver D,.;. The last driver Dj, has a capacitive
load of Cy - di, + Ci(T, W). Hence the capacitive power of
the cascaded drivers is

Powerc., (K, D, Ci. (T, W))
k—1
=fViy- (Cd + 3 (di- Catdis1-Cy)

1=2

+ di - Cq+ Ci(T, W))

Ci(T, W
v (B )

where Lo = f- V2 - Cgand £; = 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 - Bin-
Hence, we can write the short-circuit power of the cascaded
drivers as follows [21]:

19

Powers (k. D, Ci(T, W))

k

=£2+£2-Zdi
=1

(20)

where £, = f-2 —V;)®-t:¢. Note that one limitation of
this simplified formulation is that it assumes ¢,¢ t0 be constant

Zﬂmm‘ 7 Vdd"‘2‘/t) . r

for all drivers along the chain. In reality, the rise and fall times
of the transition at the input to the gate depend on the driving
capability of the previous stage driver, the loading capacitance
of the gate concerned and the interconnect between the drivers.
Summing up the capacitive and short-circuit power, the
dynamic power dissipation of the circuit can be written as:

Power(T', k, D, W) = Powerc.,(k, D, Ci.(T, W))

+ Power, (%, D, C1(T. W))
_{co+£1 (Zl + c +Cd )}
k
+{cz+c2-Zdi}

=2
Ci(T, W)

=Lo+L-
N Ao

+ Ly

k
F (L4 L)Y i @n

=2

Trade-Off Between Performance and Power: We can now
write the trade-off between performance and power in (16) as
follows:

obj(T, k, D, W)
= a-Power(T,k,D,W)) +~ - (T, k, D, W)
_ Cui(T, W)
_{a <[,0+[,1- C, 1 C

k
+£2+(C1+‘C2)'Zdz)}

=2
+ {’Y' (\.71 +

k-1
d;
..72~Z ;1 + Ko+ Ky - Z'UE
i=1

EeT
+ K- S F(EE)ZE
E.EeT WE
1
> F(E.E) —
E.E'eT WE
+ Ky ZG —+IC5-ZH )}(22)
EcT EeT

There are two terms that links the driver chain and the inter-
connect in both the power formula and delay formula, namely
the last driver dj, and the capacitive load Cy.,(T, W). Suppose
a wire-width assignment W is given for a routing tree 7', the
capacitive load Cy,(T, W) can be computed. Eliminating the
constant terms, the drivers are sized to minimize the following:

k
objr (D) = a- (L1+ L2)- D d;

=2

Cr (T, W) dit1
+w-JQ-( i G, +Z{ (23)

i=1 1

Given a driver size assignment, the wires are sized to minimize
the following tradeoff between routing area and interconnect
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