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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

1063-8210/94304.00 © 1994 IEEE



CONG et al.: SIMULTANEOUS DRIVER AND WIRE SIZING

Ny

Wey

k / Sinks

Fig. I. A k-stage cascaded drivers driving an interconnect tree 7' with
sinks { N1, Na, ..., ! Nm }. wg; denotes the width of the wire segment E;,
i =1-.n and d, denotes the size of driver D, at ith-stage, ¢t = 1-- - k.
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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 1° implementating
a signal net which consists of a source N4, and a set of m
sinks { N1, Na,..., Ny, }. A node in T refers to the source, or
a sink, or a Steiner node, and a segment connects two nodes
in T. Assume that {E1, Es, ..., E,} is the set of segments
forming the tree 7', where n is the total number of segments
in the tree. Each wire segment has a set of discrete choices
of wire widths {Wy, Ws,... W,.} (W1 < Wy < -« < W, ).
We use wg, to denote the width of the wire segment E;,
i=1---m

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 = {d1,ds,...,d,} to denote a driver sizing
solution, where d; denotes the size of driver D; at ¢-th stage
(4 =1---k). We assume that driver D; 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 7', the SDWS problem
for delay minimization (SDWS-D) is to determine the number
of stages k, a driver sizing solution D, and a wiresizing

tofk,D)

i »—D—b—b

Driver: Dy
c, Cq
R,

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.
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solution W on 7, such that the performance measure ¢
(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, 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, k,D,W) = tp(k,D) + t;(T,k,D,V) (1)

where the first term ¢p(k, D) measures the delay due to
the drivers and the second term t;(7T,k,D,W) measures
the interconnect delay. We estimate tp(k,D) based on a
switch-level RC model of drivers. The interconnect delay
t;(T,k,D,W) is measured by the distributed Elmore delay
model [14].

RC Delay Model 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, = Rmia. Let C, denote the gate capacitance
and Cy 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 k
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:

len

7

d;
(Cadi+Cydit1) = Runin Cat- Rinin-Co- =+ ()
The total delay up to gate of the last driver t p(k, D) (excluding
the last driver) can be expressed as follows:

k-1

Rmm C dz+l
tp(k,D) = (k — 1) - Rmin-Ca + ; d—i
k=1
i+1
=Nh+T- ; 4; 3)
where J1 = (k — 1) - Ruin - Cg¢, and Jo = Rpyin - C,y. 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 Ns. (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 7 and two capacitors of 5,{& 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, 7" 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 m-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 c¢g and wire fringing capacitance c;, then rg and
cg for any grid edge E can be defined as follows:

To
TR = —
WE
CE =Co-WE t €1 4

Note that previous formulations in [11] and [12] did not
consider fringing effect. Also, ¢; 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 N4 via an additional segment with
resistance Ry = Rpin/di and capacitance Cpr = 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(E) to denote the set of grid
edges in the subtree rooted at E (excluding F), 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(E) to denote the set of sinks in the
subtree rooted at F, and Cg to denote the rotal capacitance in

"In (1] 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 E (including both the wire capacitances
and the sink capacitances):
) 2. a6

Z cy +co-
u€sink(E) E’eDes(E) E’€Des(E)

Cg = wgr +

Furthermore, we use sink(7") to denote the set of sinks in 7'
and P(u,v) to denote the unique path from u to » 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:

>

E€P(Ny,N;)

HN) = re- (5 +Cx) ©)

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 NN, in the net. Let R4 and
Cpr be the resistance and diffusion capacitance of the last
driver in the driver chain, respectively, i.e., Ry = Ruin/dk,
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 (:Z+(:0-ZwE+Zc1

u€sink(T) EeT EcT

Z r:i+co-ZwE+n~c1 ()

u€sink(T) EeT

Ci(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 ¢;(T, R4, W) at N, under a given
wiresizing solution W is:

ti(T, Ry, W)
= Ry - (Cpr + Ci(T, W))
CE
+ Z B (7 + CE)
E€P(N,.N;)
=Rq-Cpr+ Ry Z ol
u€sink(T)

+ Ry-co- E wg+Rg-n-¢;
EeT

To-Co To-C1 1
LD D e D D
E€P(N4,N;) EeP(N4,N,)
> 2

WEg
EE€P(N.,N,) E'€Des(E)

> Y -

+T‘0-Co-

wWEg
+ ro-cy-
wWE

E€P(N4,N;) E'€Des(E)

Z - L (8)

w
E€P(Ny,N;) vesink(E) E

+ ro-

2 In this paper, detailed derivation of (8), (12), (23), and (24) arc omitted.
The details can be found in the technical report [9].
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Let
’Cé:Rd-CDR-I-Rd- Z ¢ +Ry-n-cy
u€sink(T)
P
+ 0-Co
EeP(Ny Ny)
K:l = Rd < Cp
K2 =r9-co
Ks=r19 01
K:4 =T9
=104 ©)

2

Note that given a fixed Rq, K} is a constant with respect to
the timing-critical sink IV;, and X; 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:

: n _ J1 if E € P(N4 N;)and E' € Des(E)
f(E,E') = {0 otherwise
] _ Euesi K(E) c; if E€ P(Ny N;)
9:(E) = {0 " otherwise
1 if E € P(N, N))

0 otherwise

hi(E) = {

Rearranging, we can rewrite (8) as follows:

ti(T,Re,W) =K{ + K1+ Y wg

EeT w
-
+Ks - E%:GT (BB =
1
+ K- E;L;Tfi(Ea E'). P
+Ke LaE). -
+Ks - EZGThi(E) : fé (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:

t(T,Ra, W)=

N;€sink(T)

)\,”ti(T,Rd,W) (1)

where J; is the weight of the delay penalty to sink NV; [3], [12].
The larger A; is, the more critical sink /NV; is. We normalize
Ai’s such that 30y ooy A = 1. We can rewrite (11) as
follows:
T, Ra, W) =Ko+ K1 - Y we
E€eT

+ K- F(E,E"). —

E,E'€T

> F(E,E) —

E,E’'eT

+K;5-

411

1
+Ka- ) G(E)- —
EET e
1
+Ks- ) H(E)- — (12)
E€T
where
Ko = PYRY ¢4
N; €sink(T)
F(E,E') = i fi(E,E")
N:€sink(T)
GE)= Y.  Xi-gl(E)
N;€esink(T)
HE)= ) X h(E) (13)
N;€sink(T")
Using a similar argument as in [13], we have
F(E.,E;) > F(E1,E}) if Ey € Des(E})
F(El,EQ) > F( i,Ez) if £ € AI’IS(E{)
G(E1) > G(E) if E; € Ans(E})  (14)

H(E,) > H(EY) if £y € Ans(E1)

H(El) > F(El,Ez) if By € Des(El)
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)
=tp(k, D)+ t1(T,k,D, W)
k-1
d;
={Jl+32'2j%}+{no+fcl.2ws
i=1 EeT
+Kao Y FEE) “E+Ks- S F(EE)
E.E€T we EEer
1 1 1
—+Ke- S GE) — +Ks- S H(E) —
o+ O G T3}
(15)

where Ko, 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 7', 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 7, such that the objective
function obj(7', k, D, W) defined below is minimized:

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

+7-UT,k,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 « and v 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 D 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 Cr,, we can write the capacitive
and short-circuit dissipation of a single driver as follows [21]:

Powerea, = f - Cr -V amn

Poweree = f - 75+ (Vaa = 2V2)” - tur (18)
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;(i = 1---k—1),
the capacitive load of the driver is assumed to be the sum of its
diffusion capacitance Cjy - d; and the gate capacitance Cy - d;.1
of the next driver D, ;. The last driver Dy has a capacitive
load of Cy - di, + Ci.(T, W). Hence the capacitive power of
the cascaded drivers is

Powerc.p(k, D, Ci. (T, W))

k-1
=f-Viy- (Cd + Z(dz -Cq+diy1-Cy)

=2

+ dp - Cq+ CIL(T, W))

Ci(T, W
=Lo+ L1 (Zd + (I:L+cd))

where Lo = f- V2 -Cqand £, = f-VE - (Cy + Ca).

Let SBmin be the gain factor of a minimum-size driver. The
gain factor of a driver of size d can be defined as d - Syin-
Hence, we can write the short-circuit power of the cascaded
drivers as follows [21]:

19

Power,.(k, D, CiL(T, W)) - (Viaa — 2‘/}) .

,Hmm )
Z

=£2+£2'Zdi

i=1

(20)

where L2 = f»ﬁ’l"é“
this simplified formulation is that it assumes ¢,¢ t0 be constant

-(Vaa—Vt)®-t:1. Note that one limitation of

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) = Powercap(k, D, Crr.(T, W))

+ Powers.(k, D, Ci (7. W))
:{co+cl- (Zi + ngg:))}
{.c2+c2 Zd}

i=2

@n

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)
_ Ci(T, W)
_{a (£g+£1 Cg+Cd

k
+£2+(£1+£2)'Zdi)}

7=2
k—1 ds
+{7-<71+(72' Ko+ Ky Y we
— (;
=1 EeT
- ’ ) 'U}E/
+Kao Y F(EE) wr
E.E'eT
1
> F(E.E) —
E.ECT WE
Ki- Y G(E)- —+ICr~ZH )}(22)
EeT EecT

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 toad Cy(T, W). Suppose
a wire-width assignment W is given for a routing tree T', the
capacitive load Ci(T, W) can be computed. Eliminating the
constant terms, the drivers are sized to minimize the following:
i=2
k-1

+7-Jz-((IL(l +Z‘ )(23)
9 i=1

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

k
ObjT,k,W(D) =a-(L1+ L) Z d;
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delay after eliminating the constant terms:

. 1
ObJT.k,D(W) = (fY Ly - C. 10 -cot+ v }Cl) : Z wWE
‘9 T Eer
WEg
+v-Ky- Y F(EE) —
E.E'e€T wE
1
+v-Ks Y F(BEE) —
E.E€T WE
1
+v-Ka Y G(E)- —
EeT WE
1
+y-Ks- Y H(E) — (24)
EeT We

The formulation is similar to (12) except with difference in
constant coefficients, which implies that the wiresizing results
for delay minimization can also be applied to simultaneous
power and performance optimization.

Since Power(T, k, D, W) and (T, k,D,W) are usually of
different orders of magnitude. The choice of « and v in (22)
might be difficult. We fine in our study that it is convenient
to optimize the following objective:

Power(T, &k, D, W)

Power p;, (T)
t(T,k,D,W)
tmin(T7 D-, W)
where Powerpy;,(T) is the minimum power required for
driving an interconnect tree 7 and tmin(7, D, W) is the
minimum delay achievable by a chain of drivers driving an
interconnect tree 7.

Note that given a SDWS-DP problem, Power,,(T') can
be computed easily by assuming a single driver driving an
interconnect tree where all interconnect grid edges are assigned
with minimum wire width. On the other hand, ¢,;n(T, D, W)
can be computed using the algorithms to be presented in
Section III. Therefore, they can be treated as constants.

Let k. D?, and W} denote the optimal stage number and
the optimal driver and sizing solution, respectively for a given
«. Note that as « increases from 0 to 1, Power(7T', k%, DX, W)
will decrease monotonically and ¢(T, k), D}, W) will in-
crease monotonically’. Therefore, we can easily adjust param-
eter «v between 0 and 1 to achieve smooth trade-off between
performance and power.

obj, (T, k. DW) = a -

+(1-a)- (25)

III. SIMULTANEOUS DRIVER AND WIRE SIZING FOR
PERFORMANCE OPTIMIZATION (SDWS-D PROBLEM)

A. Properties of Optimal SDWS-D Solutions

We consider the simultaneous driver and wire sizing prob-
lem for performance optimization which minimizes the perfor-
mance measure (7', k, D, W) specified by (15). The lemmas
and theorems in this subsection are used to prove the correct-
ness of the bound computation algorithm and optimality of

}Otherwise, we can swap the optional SDWS-DP solutions for « and o/ (#
«) and show that either obj. (T.4%,. D%, . W2,) < ohju (T k3. D5 W)
or obj,,/(T. k5. D W, L) < obj (T, kY, D7, . WZ,.) to obtain a contra-
diction.
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the optimal algorithm to the SDWS-P problem. If the reader
is only interested to learn the algorithms, one may proceed
directly to Section III-B.

Properties of Optimal Driver Sizing Solutions for Performance
Optimization:

Theorem 1: [17], [21] Given the loading capacitance Cyr,
a chain of k drivers and the minimum gate capacitance C,,
the optimal stage ratio is s = (%1;-‘ l/k. |

Note that Theorem 1 assumes that the interconnect capac-

itances between drivers are negligible. We also assume that
the loading capacitance Cfy, is larger than the minimum gate
capacitance C,. Otherwise, a single minimum size driver is
enough to drive the load.
Properties of Optimal Wire Sizing Solutions for Performance
Optimization: The results in [12] showed several interesting
properties of optimal wiresizing solutions for performance
optimization, including the separability, the monotone prop-
erty, and the dominance property. But they did not model the
driver capacitance and interconnect fringing capacitance. Our
study shows that these results still hold after we model the
driver capacitance and fringing capacitance in the interconnect
delay formulation specified by (12). Proofs of these theorems
can be found in [9]. They are similar to the proofs of these
properties in [13], except that our proofs can handle the driver
capacitance and fringing capacitance of the interconnects.

Theorem 2 (separability). If the wire width assignment of
a path P originated from the source is given, the optimal wire
width assignment for each subtree branching off from P can
be carried out independently. O

Definition 1: Given a routing tree 7', a wiresizing solution
W on T is a monotone assignment if wg > wg for any pair
of segments E and E’ such that E € Ans(E").

Theorem 3 (Monotone Property): For any given tree 7,
there exists a monotone optimal wire width assignment W*.

0

Definition 2: Given two wire width assignments W and
W', W dominates W' if for any segment F, the width as-
signment of £ in W is greater than or equal to that of E in
W',

Definition 3: Given a routing tree 7', a wire width assign-
ment W of T, and any particular segment £ € T, a local
refinement on F is the operation to optimize the width of K
based on the objective function in (12), without changing the
widths of other segments specified by W.

Theorem 4 (Dominance Property): Given a routing tree 7,
let W* be an optimal wire width assignment. If a wire width
assignment W dominates W*, then a local refinement of W on
any edge F is T still dominates WW*. Similarly, if a wire width
assignment W is dominated by W*, then a local refinement
of W on any edge E in 7 is dominated by W*. Od
Relation Between Driver Sizing and Optimal Wire Sizing for
Performance Optimization: Given a routing tree 1’ with one
or more critical sinks. Let R  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 R}, is the resistance of the last driver and
W™ is the optimal wire width assignment. We shall show the
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following result that Ry < R} implies that W* dominates
W’ (Theorem S5):

Lemma 1: If Ry < R}, then area (W*) > area(W"™),
where area (W) denotes the total wire width used in wire
width assignment W,

Proof: Let At(T,R4,WW — W) denote the differ-
ence t(T,Rqy,W') — t(T, Ry, W’). Clearly, A¢(T, Ry, W*
— W*) < 0 and AT, R, W* — W*) < 0 since W*
and W' are the optimal wiresizing solutions for R, and
R, respectively. We can write At(T, Ry, W* — W"™) and
AT, R, W”* — W*) as follows according to (12):

AY(T, Rg, W* — W)

=Ry co- Z(w*E_
EeT
Z F(E,E)- ("”E' _ w’%)
/%
E,E'€T YE
- Y F(E,E): (i - 1,)
EECT Wg Wg
1
+ Ko Y68 (5 - o)
EeT UJIE
1
+Ks- Y H(E ( ,*) <0
EeT wE
AHT, Ry, W™ — W)
=Ry co- Y (wh - wh)
EeT
- Y F(E.E) ("’E' - ﬂf—)
E.E'€T et 2
1 1
+Ks- Y F(E,E’)-( _— )
E.E'€T wE W
1 1
+ K:4‘ G(E)‘ (_‘;—'—T)
Eze:T wg Wk
Ks- 3 H(E)- ( ) <0
E€T W

Summing up the above two inequalities, we obtain
At(T, Rg, W* - W™} + At(T, Rj, W™ — W*)

=co-(Ra—Ry)- Y (wp—w'p) O
EeT
Since Rq < Ry, we have 3 g (wg — wg) > 0, ie.
area(W*) > area(W'™). 0O
Lemma 2: Consider an edge E in the routing tree. Let wg
and w} be the width of the edge in assignments W* and W',
respectively. If wh < wpg, then

1
> #E) (g - o7
E'€Ans(E) E E
——wH (i) > (uh - wh)
E TE preDes(E)

>0

(26)
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Proof: Rewrite t(T, Rg, W
follows:

) in (12) with respect to E as

t(T, Ry, W)

=’Co+{Rd~CO-

2

wg 4+ Rq-co-wg
E'eT—{E}

wE,,

F(E/ E”) .

D

+ ¢ Ks-
E'.E"e€T—{E)}

+Ks -
E'€Ans(E)

+ Ky
E’€Des(E)

Y. F(E.E)-

F(E,E)-

wWE
wge
wEe

WEg
WE

1
+{Ks- > F(E' E"). —
E'€T—{E},E"€T we

+ K-

E'€Des(E)
; {@.

+ {’Cs'

Let W/E :

E'eT-{E}

>

E'€T—{E}

F(E,E')

1
WE

> GE)- w—lE- + K4 G(E) -

1
WE

1 1
H(E’)~w—E+IC5-H(E)-E}

wg — wp denote the wire .sizing solution

obtained by replacing wg with w% in W. The difference
AT, Ry, W*/E : wy — wh), ie, t(T,Rq, W*) — t(T,
Ry, W*/E: w}, — wh) is given by:

At(T,Rq, W*|E : wy — wh

* 7
=Ry ¢ (Wg —wg

* %
+ K, Z F(E',E)- (_'ULE_T'_”_Q)
E‘'eAns(E) Ye
1 1
+Ky Y F(E,E’)'w*E,-(—'—T)
E'€Des(E) Wg Vg
1 1
+ K3 - Z F(EvE,)'( - ‘T)
E’€Des(E) YE YE
1 1
+k4-6B) (2 - o )
Wg Wg

+ K5

<0

10 (52 - 3)

Similarly, we can obtain AT, R}, W™*/E : wg — w};) and
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deduce the following:
AT, Ry, W | E:wg — wp
+ AHT, Ry, W™ JE: v — wi)
=(Rqg— R} -co- (wh —wh)

+Ky- > F(E'E) (w —wp)
E'€Ans(E)
(5 =)
X T T
’U)E, ’ll)E,
+Ky Y F(E,E)-(wh —wp)
E'€Des(E)
(5 5)
X * Ix
U)E 'UJE
<0

Since wy — wh < 0 and F(E,,E;) = H(FE,)if E; €
Des(E1),

. 1 1
e Reo Ko 00 (G o)

E'€Ans(E)
. 1
+’C2~ Z H (?I}E: U)E:)' (W)
E'€Des(E) E "E
>0
Since Ry — R, < 0 and Ky > 0, the result follows. O

As defined in [11] and [12], a single-stem tree is a tree
with only one segment (called the stem segment of that tree)
incident on its root.

Lemma 3: Consider a single stem tree 7. Let F be the stem
segment of tree 7. If Rd < R’, then wy > wi.

Proof: Suppose w}, < w'g, we obtain the following from
(26) in Lemma 2:

_H(E) Z (W —wh) >0

Wp - W
E E E'e€Des(E)

This implies that }°piepess) W > 2 prepes() WE'-
Hence, area(W"™) > area(W*). However, this contradicts
Lemma I. O

Lemma 4: If wp < wyp and wg, > wh, for all £/ €
Ans(FE), then

S (i —wi) >0 27)
E’'e€Des(E)
Proof: Since 3 g anspy H(E') - (& - = ,. ) <0, it

follows directly from (26) in Lemma 2 thabt the followmg is
true:

HE)- Y (wp -wg)>0

E’€Des(E)

Since H(E) > 0 (A;s are non-negative), it implies that
H(E) > 0and 3 p ¢ peg gy (WE — W) > 0. O
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Lemma 5: Let E be an edge in the routing tree T'. Let Pg
denote the edges E’ € Ans(E) and T denote the single-stem
subtree rooted at E (including E). Given R; and the wire
widths of edges in Pg, optimizing the wire width assignment
of edges in T — Pg implies that the following objective
function is minimized:

tpg(Te, Ra, W)

:Rd.co. Z wE,+]C2. Z F(EI E“)-WE”
E'€Tg E'€Py,E"€Ts wE'
t iy WE”
+Ky- Y F(ELE) o
E' E"eTy
1
+K;- F(E'E"y. —
E'\E"€eTy WEg
1
a0 Y G(E): —+1c5 > H(E) —
E'€Ts E'eTy WE'
(28)

Proof: Let Tg U Pg denote the edges not in Tg U Pg.
We define:

tp, (Pe, Ry, W)

= Z K:l'wE"'K:Z' z F(E E’) wEr
EcPz E,EcPs wE
1
+Ks Y. F(EFE) —
E€Pg,E'eT we
1
Ki > G(E) —
EcPy WE
1
+Kso Y H(E) —
E€Pp we
tpy (Te U Pg, R, W)
= ’Cl . Z wWg
E'€TgUPg
+ Ky x > F(E,E)- &
wes
E'ePg ,E"eTgUPg E
+ K- Y F(E.EM-ZE
wer
E' E'"e€TgUPE E
+Ks- Y F(E',E”)-w—,
E'\E"cTgUPs E
1
!/
+Ke Y G(E)-—UT;
E'€TpUPg
L1
+ K5 Y H(E') —
E'e€eTpUPg E

Hence, we can rewrite objectives function specified by (12) as

t(T, Ry, W) =Ko + lpr(PE7 Ry, W)
+tpp (TE U Pg, Rq, W) +tp, (TE, Rd,W)
Given the wire width assignment of Pg,Ky and

tp, (P, Rq,W) are both constants. Since the variables
(widths of edges in Tg) in tp,(Tr, R4, W) do not appear
in tp,(Tp U Pg, Ry, W), optimizing ¢(T, Ry, W) implies
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optimizing ¢ p, (Tr, R4, W). (Note that the proof of Lemma 5 Z G(E)- ( 1 )
essentially proves the separability property in [9] and [13]). O Erete ‘o w}g,
Lemma 6: If T is a single stem tree, then Ry < R!, implies 1 1
W* dominates W'*, + K5 - Z H(E')- (T _ _*)
Proof: Sort all edges in T according to a topological E'€TE Wer Wer
order staring from the stem. Let E be the first edge in this order <0

such that w}, < wp. Then, for all £/ € Ans(E), wf, > wg.
We use Pg to denote the edges £’ € Ans(E). By Lemma Summing up the above two inequalities, we have:
3, Pg is not an empty set. Let Tr denote the subtree rooted

at E (including E). Lemma 5 implies that the wire width (Ry—R))-co- Z (wh — wi)
assignment W* of edges in Tg, denoted as W*(Tg), is an BeTs
optimal wire width assignment of Tr under the objective
function (28), assuming that the wire widths of edges in Pg + Ky Z {(wE” wi Z F(E',E")
are fixed as specified by W*. E'eTs E'€Ps
Let W*/Tg : W* — W’ denote the wire width assignment 1 1
obtained by replacing the wire width assignment W*(Tg) of X ( vy | wh, ) }

Tg with W*(Tg), i.e., ( W*~W*(Tg))UW™(Tg). Similarly,
let W*/Tg : W* — W* denote the wire width assignment
obtained by replacing the wire width assignment W*(Tg) of A , , "
Ty with W*(Tg), ie., (Wu ~ W*(Tg)) UW*(Tg). Com- Since F(E ,E") = H(E) for £/ € Pg and E” € Tg, we
paring tpE(TE,Rd,W*) with tp, (TE,Rd,W*/TE W — have:
W'™), we obtain the following inequality:

<0

(Ry — R)) - Z (wh — wh)
tpg (TE, Rd,W*) ~tpg (TE,Rd,W*/TE W — W) E'€Te 1
=Ra-co- Y (wh —w) 20 Y, H(E): ( w)
E'€Tg E'ePg E’ E
whe  wge X Z (wgn — wp) <0
+Ks - F(E',E")- (—E— - —E) ‘ .
E’EP&EENETE w*E’ 'LUE, EVeTy
+K,- Z F(E',E"). (E@i w’é,,) From Lemma 4, )5 cp (wg) < O [negation of (27)]. In
B ETeTs wp  wg addition, we know that Ry — R/, < 0 and Ky > 0. Therefore,
1 1 we can deduce that
Ks- F(E',E")-
+ K3 Z ( ’ ) ('w%: wg‘ )

E' . E'eTy

1
) > H(E)- (w ,*)>o
i Wer
w3 o (- ) S
=

et 1 This contradicts the assumption that wg, > wi for all
+’C5‘ Z HE’ ( /*) E,EPE. 0
E'€Ts wE' According to the separability, we can decompose T into
<0 several single-stem trees and optimize each single-stem tree
independently. Applying Lemma 6 to each single-stem tree,

Similarly, comparing tp, (Tr, Ry, W'™) with we have:
tp (Te, Ry W™ [Tg : W™ — W*), we obtain the Theorem 5: (DS/WS Relation) For any tree T with one or
following inequality: more critical sinks, Rq < R, implies W* dominates W™*. (J

This result reveals the relation between driver sizing and

tp, (Te, Ry W'™) — tp, (Tg, Ry, W* JTe : W* — W* wiresizing, and it plays as important role in determining the
P (T5, By W) =t (T, Ra /Te ) lower and upper bounds of the optimal k-SDWS-D solutions

=Ry-co- Z (wg — wk) in next subsection.
E'€Tg
W Whe
+Ka - Z F(E'.E")- (‘H/L* - 'w_i“) B. Lower and Upper Bound Computation
E'€Pg,E"€Tg E E for Optimal k-SDWS-D Solutions
*
+ Ky - Z F(E' E")- (wE” - w_._lf“) We first present an algorithm called the k-SDWS/D LU-
E'.EeTy e YE Bound algorithm for computing the upper and lower bounds
, 1 1 of an optimal k-SDWS-D solution for a given number of
+ K3 - Z F(E' \E")- (w’* - w_*) stage k: Starting with an initial wire width assignment (say,
E E

E',E"€TE all segments have the minimum width), we compute the
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k-SDWS/D LU-Bound Algorithm

Function k-SDWS/D LU-Bound (7, Bomin, k)

/* Given a tree T, the width i resi Rmin, and the
stage number k, return the upper and lower bounds of the optimal k-SDWS-D
solution. */

W, — Min Wire Width;

while true
Compute capacitive load: C;(T,W;);
Compute optimal driver stage ratio: s; +— (Qungvm)l/*;
Compute the k-th driver resistance: Ry «— :'E‘gmﬁ;

W « Delay Optimal Wiresizing(Rq4,T);
if W > W, then
W, =W
else break;
end while
Output s; as the stage ratio of the lower bound of driver sizing solution
and W, as the lower bound of wire sizing solution;
W, « Max WNire Width;
while true
Compute capacitive load: Cr (T, W,);
Compute optimal driver stage ratio: s, — (Qu%l)l/k;
Compute the k-th driver resistance: Ry +— ;’Pp_ﬂﬁ;
W « Delay Optimal Wiresizing(Rqy T); -
if W < W, then
W, =W
else break;
end while
Output s, as the stage ratio of the upper bound of driver sizing solution
and W, as the upper bound of wire sizing solution;
end Function;

Fig. 4. The A-SDWS/D LU-Bound algorithm for computing lower and upper
bounds of optimal SDWS solution for a given stage number k.

capacitive load of the routing tree. Based on Theorem 1, the
optimal stage ratio, denoted by s, of the k-stage cascaded
drivers can be computed and a driver sizing solution is
obtained. Now, we perform delay optimal wiresizing [12] on
the routing tree 7" based on the resistance of the k-th driver.
If the wire width assignment changes, the capacitive load
changes. A new driver stage ratio is computed 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 Fig. 4.

Let W, be the initial minimum width assignment and W;
denote the optimal wire width assignment obtained in iteration
7. Similarly, let Rfi denote the resistance of the k-th driver at
the beginning of iteration i. During iteration i (¢ > 1), R, is
computed based on the capacitive load Crp,(7, W,_1) and W;
is obtained based on R}. It is obvious that in the first iteration,
the wire widths in W, is an upward revision of the wire
width in Wy (since W, is the minimum-width assignment).
Hence, the capacitive load can only increase which implies
an increase in the stage ratio and a decrease in the resistance
of the k-th driver, i.e., R3 < R} According to Theorem 5,
W, dominates W,. In general, we can show by mathematical
induction that R;*? < R}, (since W; dominates W;_1) and in
turn W, dominates W; (according to Theorem 5). Hence, the
algorithm will terminate (since there is an upper bound on the
maximum wire width) and indeed computes the lower bound
of driver and wire sizes of the optimal k-SDWS-D solution.
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Similarly, we start with a maximum wire width assignment
and compute the upper bound of driver and wire sizes of the
optimal k-SDWS-D solution. Therefore, we have the following
result:

Theorem 6: 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.

Proof: We give the proof for the lower bound computa-
tion only. The proof for upper bound can be derived similarly.
Let (D*, W*) be the optimal SDWS-D solution for a chain of
k drivers and dj, be the optimal size of driver . Let (D;, W;)
denote the driver and wiresizing solution computed in iteration
i and di be the size of driver & in iteration 5. We first show
that (D, W,) is dominated by (D*, W*).

Since W is dominated by W*, we have Ci,(T, W) <
Ci(T, W*). By Theorem 1,

i = (Ol wo))““”“ < (Gl W*>)"°‘”/’° _
k=T~ S\ = G
Cy Cy

By Theorem 5, we conclude that W, (which is computed
based on Rj}) is dominated by W* since R} = Rupin/d} >
Ruin/d; = R} where R} is the resistance of driver k in the
optimal solution.

Assuming that (D;, W;) is dominated by (D*, W*), we can
follow the same arguments and deduce that (D; 1, W;11) is
also dominated by (D*, W*). Hence, the solution computed is
a lower bound of the optimal solution for a given stage number
k. O

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

C. Optimal Algorithm for the SDWS-D Problem

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
algorithm for the k-th driver. For each driver size, we can
compute the optimal wiresizing solution using the algorithm
in [12] and use Theorem 1 to compute the sizes of driver
D, -+ Dy_; using dy - Cy as the capacitive load that (k — 1)-
stage drivers have to drive. The k-SDWS/D Optimal algorithm
is given in Fig. 5.

Theorem 7: Given a chain of k drivers and p possible sizes
for the last driver and a routing tree with n segments and
T possible wire widths, the worst case time complexity to
compute the optimal driver and wire sizes for the k-SDWS-D
problem is Op - n"). ]

Note that p is usually very small since the lower and upper
bounds computed in Section III-B are very tight (in fact, they
meet for almost all test cases). The factor O(n") is the worst
case complexity of optimal wiresizing algorithm which in fact
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k-SDWS/D Optimal Algorithm

Function k-SDWS/D 0ptinal(T, R, k)

/* Given a tree T, the minimum width transistor resistance Rpis, and a
stage number k, return the optimal stage ratio s, and the optimal wire width
assignment W. */

Compute the upper and lower bounds:
{84> 51, Wa, Wi} — k-5DWS/D LU-Bound(T, Rmin, k);
if W, > Wi (upper and lower bounds do not meet) then
Best_Delay « oo;
Discretize possible driver sizes of the k-th driver in the interval
[0, (5"
for each driver size d, in [(s:)57%,(s,)*"!] do
dy — dp;
Compute k-th driver resistance: Ry +— %-:n
W « Delay Optimal Wiresizing(R4, T);
Compute driver sizes for Dy -1 according to Theorem 1;
Current Delay « (T, k, D,W);
if Current Delay < Best Delay then
Solution « {D,W};
Best_Delay + Current Delay;
end for
else [* W, =Wand s, = 51 */
Construct Solution from {sq,s;, Wy, Wi};
Best Delay « (T,k,D,W);
end if
return Solution;
end Function;

Fig. 5. The k-SDWS/D Optimal algorithm for computing the optimal SDWS
solution for a given stage number k.

SDWS/D Optimal Algorithm

Function SDWS/D Optimal(T, Rumin)

/* Given a tree T, and the width t Roin, retUIR
the optimal number of stages k, the optimal stage ratio s, and the optimal
wire width assignment W. */

Compute k§ ox;
Best_Delay « oc;
for k « | to kfj,x do
Compute optimal driver and wire sizing solution for k:
{D,W} « k~SDWS/D Optimal(7 Rpmin, k);
Current Delay « (T, k, D, W);
if Current Delay < Best_Delay then
Best Solution « {k,D,W};
end for
return Best Solution;
end Function;

Fig. 6. The SDWS/D Optimal algorithm.

run in O(n® - 7) time based on effective lower and upper
bound computation using the dominance property (Details of
the wiresizing algorithm can be found in [12]). Therefore,
the k-SDWS/D Optimal algorithm runs in O(n? - ) time in
practice.

To compute the optimal stage number k7, for the SDWS-
D problem, our SDWS/D Optimal algorithm performs a linear
search for 1 < k < kD, y = | 2T Wuax)/Cy
is the optimal stage ratio to be defined later in Lemma 8.
The algorithm is given in Fig. 6. Optimality of the SDWS/D
Optimal algorithm is justified by the following results:

Lemma 7: Given a routing tree T with a fixed wire width
assignment W, the performance measure ¢(7, k, D, W) in (15)
is a concave function with respect to k for k& > 0 (assuming
k 1s continuous).

] where s*

Proof: We can rewrite the performance measure
t(T, k,D,W) in (15) as
=1
HT,k,D.W) = k- R - Ca + Rnin - Cy - Y~
i M
O (T,
+ Runin - —‘—Li}-@ FHT, W) (29)
k
where
To - Co
HrT = P
(T\W) Z Xioo Y 5
Niesink(T)  E€P(N4,Ni)

+hpe Y F(EE)

E,E'€T wE

1 1

+ K- F(E.E) —+Ks- Y G(E)-—

EEeT we EeT we

1

+Ks5- Y H(E) —

EET YE

Note that ¢(T, W) is a constant for a fixed wire width
assignment.

Given a fixed wire width assignment W, we can compute
Ci.(T,W). Using Theorem 1, ¢(T,k,D,W) is minimized
when the stage ratio is s = (g-liigq"—w))l/’C for a given k. Let
M= (w) we can rewrite the minimized performance
measure as

HT,k,D,W) = k- Rupin- Ca+ k- Runin - Cy - MY* +1(T, W)

Taking the second derivative of ¢(7', k, D, W) with respect to
k, we obtain

d24(T, k L
w:Rmin.Cq-ﬁ‘M”k-lnM>0

dk?
Note that M > 1 since Ci (T, W) is assumed to be larger
than C,. Hence, t(T', k, D, W) is a concave function. O

Since (7', W) is a constant in (29) for a fixed wire width
assignment, the following result holds:

Lemma 8: [21] Given a routing tree with a fixed wire width
assignment W, the optimal stage ratio s* is given by the
expression

§* = glta/s’

where a = Cy/C, and e is the base of the natural logarithm.
The corresponding optimal stage number &3,,, which may not
be an integer, is

k* _ ln CIL(T, W)/Cy

w In s*

Note that s* depends only on the process parameters and
not the loading capacitance whereas k;,, depends on both the
process parameters and wire width assignment. Moreover, in
our SDWS/D Optimal algorithm, ki, x = [k, . -

Theorem 8: (Optimality of SDWS/D Optimal Algorithm):
Given a routing tree T, the optimal stage number k7, is less

than or equal to k%, .
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Proof: Suppose not, i.e., kj > k& x. Let W* denote
the wiresizing solution of the optimal SDWS-D problem. Since
W* is dominated by Whax. CIL(T, WMAX) > CIL(T, W*)
Therefore,

* D * * *
kD > kyiax = [kivgax | 2 [Ey-1 2 Ejy-
From Lemmas 7 and 8, ¢(7",k,D,W) is a concave function
and it is strictly monotonically increasing for k > kj;,. This
contradicts the assumption that &7, is the optimal stage number
since kp, > [k§y. | > k.. O

IV. SIMULTANEOUS DRIVER AND WIRE SIZING FOR BOTH
DELAY AND POWER OPTIMIZATION (SDWS-DP PROBLEM)

In the SDWS-DP problem formulated in Section II-B, the
drivers and wires are sized to minimize the following objective
function (22):

obj(T', k,D,W) = « - Power(T, k, D, W) + v - (T, k, D, W)

We can adjust parameters « and -y to achieve smooth trade-off
between performance and power. By choosing the parameters
carefully, we can compute a driver and wire sizing solu-
tion to meet a delay constraint while minimizing the power
dissipation.

In this section, we shall first study the properties of the
optimal SDWS-DP solutions and then present an efficient
algorithm for computing the optimal SDWS-DP solution.

A. Properties of Optimal SDWS Solutions for
Both Delay and Power Optimization

The lemmas and theorems in this subsection are used to
prove the correctness and optimality of the bound computation
and optimal algorithm to the SDWS-DP problem. If the reader
is only interested to learn the SDWS/DP algorithms, one may
proceed directly to Section IV-B.

First, we define the monotone property and the dominance
relation* for the driver sizing solutions.

Definition 4: Given a chain of & cascaded drivers D;’s, a
driver sizing solution D is a monotone assignment if d; 11 > d;
forall s = 1,2,...,k— 1.

Definition 5: Given two driver sizing solutions D =
{d1,d2,...,dc} and D' = {di,d5,...,d,}, D dominates
Difd; > d forl <i <k

The following theorem defines a set of equations which will
be used for optimal driver sizing solution computation for a
fixed loading capacitance Cr.,(T, W) in Section IV-B.

Theorem 9: Given a fixed loading capacitance Ci.(T, W),
the optimal driver size assignment D for a chain of k drivers
satisfies the following equations when v > ();

1 dit1
- =0
dioy  df )

0'(£1+52)+7-.72'(

foralle=2...k-1

1 Cn(r,w)
. - 1 =0
o (Li+ L)+ T <dk—1 & C,

(30)

41t has been shown in [9) that the dominance property for driver sizing
solutions, which can be defined in a similar manner as the dominance property
for wiresizing solution in Theorem 4, holds.
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Proof: The optimal driver sizing solution minimizes the
objective function specified by (23):

k
Objy o w(P) = a- (L1 +L2) - Y d;
i=2

(C‘IL(T W) & 1d1+1)

i=1

+v- 7

Differentiating objr ; (D) with respect to d; for 2 < i < £,
we obtain
a"bjT,k,w(D)

8dl :a~(51+£2)

1 di+1
+’Y'\72'(di-l d?)
foralli=2---k—-1

dobjr . w(D)
&, (L
*“—adk a-(L1+ Ly)
1 Cun (T W)
+7- T2 (dk—l &G,
By setting —JT#W(D-Z = 0 for 2 < ¢ < k, we obtain the

system of equations given in (30). O

Note that there are many solutions to the set of nonlinear
equations specified by (30) and they may assign drivers with
sizes smaller than the minimum driver size. The following
result allows us to consider only monotone drive sizing
solution.

Theorem 10: (Monotone Property) For any given capacitive
load Cir,(T, W), any optimal driver sizing solution to the
SDWS-DP problem under the combined delay and power
optimization objective function specified by (23) is monotone.

Proof: Let D be the nonmonotone optimal driver size
assignment. Suppose j is the smallest index such that d; <
d;_1. Let D—{d;} be the assignment obtained after discarding
driver D; in the nonmonotone optimal driver chain. For
convenience, we use diy; to denote %T__Vﬂ According to
objective function defined in (23), we have

k
objr (D) = @ (Li+L2) - Y di
=2
k
d;
+v-T2- —il
i=1 d;i
objg 1 w(D — {di}) = a- (L1 + L2)
k
Z di+7v- T2
1=21#j
24 d
1+1 3-+1
g ('L=1 dL " dj_l
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Therefore,
A= objT,k'W(D) — ObjT,k—l,W(D -{d:})

d; d;
=a-(1:1+.c2)-dj+v-J2-( iy G

i1 _ ia_f_l)
dj_l dj d]‘__l
Since El} - Zj‘l‘_—l > 0, we have A > 0, which contradicts the
assumption that D is optimal.

We shall show the following result which allows us to apply
a similar approach as that in Section III to solve the SDWS-DP
problem:

Theorem 11: (WS/DS Relation) Given two wire width as-
signments W and W for a routing tree 7" driven by a chain of
k drivers. Let D and D’ be the optimal driver sizing solutions
for W and W, respectively. If Ci,(T,W) > Cu (T, W),
then D dominates D’.

Proof: Let D =

{d},ds,..

ObjT,k,W(D) - °bjT,k,w(D')

{d1,d3,...,d;} and D' =
.,d},}. First we show that di > dj.

k
=o-(L1+L)- Y (di—d))+7- T

=2

« OIL(TsW)' 1 1 +k_l di+1_@
'\ g, oo 4) & \d T

<0
ObjT,k,W’(Dl) = objz  w (D)

k
:a‘(ﬁl+£2)'2(d2_di)+7'\72

i=2

Cu(@W) (1 1Y\, 5 (% _din
"( 7 & +§ & 4

C, ‘

<0
Summing up the above two inequalities, we obtain:

@) - Wy (3 - ) <0
k k

Since CiL(T, W) > Ci.(T,W'), we conclude that d;. > dj.

Given 1 < j < k, suppose d; > d] for j < i < k.
We want to show that d;_; > dj_; and hence prove the
dominance relation by induction. Let D/d;...j—; — d;,,_j_l
denote the driver size assignment by replacing the sizes of
drivers D;..;_; in D by the corresponding sizes in 7.
Similarly, we define D’/d..;_; — d1...j—1 to be the driver
size assignment by replacing the sizes of drivers D;...;_; in
D’ by the corresponding sizes in D.

objr k. w(D) — ObjT,k,w(D/dl---j—l - dll---j—l)

j—1
=a-(Li+Ls) Y (di—d)+v- T
=2
j—2 ’
dip1 _ dipa d; d;
e — <
8 {;( d; d; - dj-1 iy =0
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ObjT,k,W'(D’) - ObjT,k,W’(D,/dll---j—l —dij-1)
j—1

=a-(Lr+La) Y (d—di)+7v- T

=2
j=2 ' 7 /
diy1 di+l) d; d;
X - + -] ¢ <0
{;( d;  d diy di-r )T

Summing up the above two inequalities, we obtain:

1 1
—d) | — - —— | <
(d; = d;) (dj—l di_l)—o

since d; — d;- >0, we have d; 1 > d}_;. O

Furthermore, one can see that Formulation (24) implies that
Theorems 2 through 5 in Sections ITI-A-2 and III-A-3 still
apply to the optimal wiresizing solution under the combined
delay and power optimization objective as defined in (24).
Therefore, the same optimal wiresizing solution algorithm in
[12] can be used to optimize objr . p(W) in (24).

B. Bound Computation and Optimal Algorithm
for SDWS-DP Problem

For a given stage number &, we taken the same approach
as in solving the k-SDWS-D problem to compute the optimal
solutions to the k-SDWS-DP problem: we first compute the
upper and lower bounds of the optimal k-SDWS-DP solution.
To compute the lower bound, we start with an initial wire width
assignment in which all segments have minimum width wire.
Based on the capacitive load of the routing tree, we compute a
driver sizing solution using (30). Then, the optimal wiresizing
solution based on the current driver sizing solution is computed
using the algorithm in [12]. The process of alternative driver
sizing and wiresizing is repeated until the wire sizing solutions
do not change in consecutive iterations. The upper bound
is computed similarly by starting with maximum wire width
assignment. The algorithm outlined above is referred to as
the k-SDWS/DP LU-Bound algorithm. Note that the driver
sizing solution given by k-SDWS/DP LU-Bound algorithm
is computed by solving (30) while the driver sizing solution
given by k-SDWS/D LU-Bound algorithm is computed based
on Theorem 1. We have the following result (similar to the
SDWS-D problem):

Theorem 12: Given a chain of k drivers, the k-SDWS/DP
LU-Bound algorithm computes the lower and upper bounds of
an optimal k-SDWS-DP solution.

Proof: We use the same notations introduced in the proof
of Theorem 6. Again, we prove the lower bound case only.
We first show that (D, W) is dominated by (D*, W*).

Since Wy is dominated by W*, we have Ci.(T, W) <
Cr(T,W*). By Theorem 11 (instead of Theorem 1), D, is
dominated by D*, which implies that d} < d}. According to
Theorem 5, W, (computed based on R}) is dominated by W*
since R} = Rmin/d} > Rumin/d} = R, where R} is the
resistance of driver k in the optimal solution.

Assuming that (D;,W;) is dominated by (D*,W*), we
can show similarly that (D;y1, W;31) is also dominated by
(D*, W*). Hence, according to mathematical induction, the
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solution computed is a lower bound of the optimal solution
for a given drive stage number k. O

Given the lower and upper bounds [d} , d¥] of the k-th driver,
the k-SDWS/DP Optimal algorithm tries every possible driver
size in [dfc, d}] for the k-th driver size. Again, (30) (instead of
Theroem 1) is used to compute the sizes of driver Dy - - - Dy _;
using dy - C, as the capacitive load that the (k — 1)-stage drivers
have to drive. For each possible dj, the optimal wiresizing
solution can still be computed using the algorithm in [12]. As
in the SDWS-D problem, we have di = d¥ for most cases
and a very small interval [d}, d¥] when d} # d¥. We establish
the following result which is similar to Theorem 7:

Theorem 13: Given a chain of k drivers and p possible sizes
for the last driver and a routing tree with n segments and r
possible wire widths, let T'(k) be the time taken to compute
the sizes of drivers Dy --- Dy_; given the sizes of Dj by
solving the systems of equations in (30). Then, the worst case
time complexity to compute the optimal driver and wire sizes
is O(p - (n" + T(k))). a

Again, the factor O(n") is the worst case time complexity
for computing an optimal wiresizing solution. In practice,
when dominance property is used to compute the lower and
upper bounds of the optimal wiresizing solution, this term is
reduced to O(n® - r) for almost all designs.

Due to the similarity between (15) and (24), optimal wire-
sizing solution under the combined objective of performance
and power dissipation can be computed using the algorithm
in {12]. However, computing an optimal driver sizing solution
for a given capacitive load Cy (T, W) is more difficult. In
the SDWS-D algorithms, the driver sizing solution is obtained
according to Theorem 1 by computing a fixed stage ratio. In the
SDWS-DP algorithms, we have to solve the set of equations
specified in (30). In our implementation, these equations are
solved using MAPLE, a mathematical software for symbolic
computation developed by University of Waterloo.

To obtain the optimal stage number kpjp, the SDWS/DP
Optimal algorithm performs a search for 1 < k < kDB
where kDf, « is the smallest stage number such that capacitive
load C1,(T, Wumax) for a routing tree 7' with maximum wire
width assignment Wy ax does not have a monotone optimal
solution for a chain of kL& x drivers. The following results
prove the correctness of the SDWS-DP Optimal algorithm.

Lemma 9: For a given capacitive load Cyp, driven by a
chain of k£ > 2 drivers, if there exists a monotone optimal k-
SDWS-DP driver sizing solution, then there exists a monotone
optimal £-SDWS-DP driver sizing solution for any capacitive
load Cj; > Cr.. Equivalently, if there exists no monotone
optimal k-stage driver sizing solution to the k-SDWS-DP
problem for capacitive load Cyy, then there exists no monotone
optimal k-SDWS-DP driver sizing solution for any capacitive
load C};, > Crr.

Proof: 1t is trivially true for & = 2 (Theorem 11).
Suppose this is true for & = [. Now, consider k = [ + 1.
Let diy; and d] +1 be the optimal driver size for driver Dy41
driving Cyp, and Cjj, respectively. According to Theorem 11,
diy1 < d; e By hypothesis, there exists a monotone optimal
driver solution for a chain of [ drivers driving a capacitive load
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of d, - Cy. We only have to show that dj _, > dj. By (30),

a-(E1+[,2)~d'_
i = (di_y 'd;+1)/( v To = +1)

<dy-digy

Since d; > dj_,, we can conclude that dj _, > dj. Hence, there
exists a monotone optimal driver sizing solution for a chain
of k drivers. The other result follows directly. O

Lemma 10: For a given capacitive load Cr, (T, W), if there
exists no monotone optimal driver sizing solution for a chain
of k drivers, then there exists no monotone optimal driver
sizing solution for a chain of k + 1 drivers.

Proof: Suppose there exists a monotone optimal driver
sizing solution for a chain of k+1 drivers. Let D and D’ denote
the optimal driver sizing solution for the chain of & drivers
and k+ 1 drivers, respectively. Note that D is a nonmonotone
solution whereas D’ is a monotone solution. First we show
that di . ; < Ci(gg'_W) According to (30),

: Cu(T : 4
dk2+l=(d/k- IL(C;W))/("‘ (c;iéi’) d’°+1)

Cu(T, W
<dj- ———————IL(Cg )

Since d}, < d},,, we conclude that d} |, < %cl;_ﬁl Since
di’s for 1 < i < k+ 1 are monotone, there exists a monotone
optimal solution for a chain of % drivers driving any capacitive
load larger than d} , , - Cy (according to Lemma 9). However,
this contradicts the assumption that there exists no monotone
optimal solution for a chain of &k drivers driving capacitive
load CIL(T7 W) d

Theorem 14: (Optimality of SDWS/DP Optimal Algo-
rithm): Let kD y be the smallest stage number such that
capacitive load Cip(T, Wymax) for a routing tree T with
maximum wire width assignment Wyiax does not have a
monotone optimal solution for a chain of kD&, drivers.
There exists no monotone optimal driver sizing solution
for any k > kDL cascaded drivers given any wire width
assignments.

Proof: By Lemma 10, there exists no monotone
optimal k-stage driver sizing solution for capacitive load
CiL(T, Wymax) for any &k > Kl\[/)lgx Since C1L.(T, WMmax) >
Ci(T, W) for any wire width assignment W, we can conclude
from Lemma 9 that there exists no monotone optimal k-stage
driver sizing solution for k > kDfy given any wiresizing
solution (including the optimal wiresizing solution). a

To compute kD& ., we perform a linear search starting with
stage number k£ = 2. By solving the system of equations
given in (30) at each stage, we can verify if a monotone
solution exists for the current stage number.’ We define k5
to be the first £ such that the monotone property does not
hold. By Lemma 10, there exists no monotone k-SDWS-DP
optimal driver sizing solution for any k > kDL cascaded -
drivers driving the capacitive load Crp(T, Wyax). Since all
possible wire width assignments are dominated by Wyax,

5By using the k-monotone property defined in {9], we can speed up the
verification process.



422 IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRATION (VLSI) SYSTEMS, VOL. 2, NO. 4, DECEMBER 1994

SDWS/DP Optimal Algorithm

Function SDWS/DP COptimal(T, Roin, o, 7)

/* Given a tree T, the mini width t Roin, and the
parameters « and +, return the optimal number of stages k, the optimal
driver sizing solution D, and the optimal wire width assignment W. */

if a = 0 then
return SDWS/D Optimal(T, R;.); /* Delay Optimization */
if vy =0 then
return k = L, dy = 1, W = Wyn; /* Minimum Power Dissipation */

Compute kffx:
Best.Combined Dbjective « oo;
for k «— 1 to ki — 1 do
Compute optimal driver and wire sizing solution for k:
{D,W} — k-SDWS/DP Optimal(T, Rmin, k\,7);
Current Combined Objective « obj(T, k, D, W);
if Current Combined Objective < Best _Combined Dbjective then
Best_Solution « {k,D,W};

end for
return Best_Solution;
end Functioen;
Fig. 7. The SDWS/DP Optimal algorithm.
TABLE 1
TECHNOLOGY PARAMETERS FOR CAZM 0.5 gm CMOS DrIvers [18]
Min Driver Resistance (2) | 13598
Min Gate Capacitance (fF) | 2.6802
Min Diffusion Capacitance (fF) | 1.0403

TABLE 1T
TECHNOLOGY PARAMETERS BASED ON (a) MCMI10
TECHNOLOGY [5] AND (b) CAZM 0.5 pm CMOS MobkE [18]

Parameters | MCM | IC
Min Loading Capacitance (fF¥) | 1000 | 2.6802
Wire Resistance (2/0) | 0.02 | 0.044
Wire Capacitance (area) (aF/pm?) | 3.46 | 41.3
Fringing Capacitance (2 sides) (aF/pm) | 50.4 150

there exists no monotone optimal driver sizing solution for
any k > kDL cascaded drivers given any wire width
assignments. Therefore, it is sufficient for the SDWS/DP
Optimal algorithm to compute, for each 1 < k < kL, the
optimal wire and driver sizing solution (using the k-SDWS/DP
Optimal algorithm). The best among the kDL . — 1 solutions
is the optimal SDWS-DP solution. The SDWS/DP Optimal
algorithm is given in Fig. 7.

V. EXPERIMENTAL RESULTS

‘We have implemented the optimal SDWS/D and SDWS/DP
algorithms in ANSI C for the Sun SPARC station environment.
The algorithm is tested on a number of MCM and IC design
examples consisting of a chain of cascaded drivers driving 1)
a single sink net through a long interconnect and 2) a multiple-
sink net through a tree-structure interconnect. HSPICE is
used to simulate the circuit for accurate timing and power
simulation to verify both our models and algorithms. The
technology parameters used by HSPICE are summarized in
Table I and II

The parameters for the driver are based on the CAZM 0.5
pm CMOS process model [18]. The minimum driver resistance

is obtained for a minimum size transistor (width = 1.0 pm,
length = 0.5 pm) through HSPICE simulation of the drain-to-
source current available when the drain-to-source voltage for a
n-device is 0.95 xVyq (Vgq = 5.0 V). The minimum gate and
diffusion capacitance is the gate and diffusion capacitance of a
minimum size n-transistor. We assume in the experiments that
drivers in all design examples (MCM and IC) are cascaded on-
chip CMOS drivers. The minimum driver resistance, gate and
diffusion capacitance are used to guide the design of drivers.

The minimum loading capacitance on a MCM substrate,
which is the pad capacitance, is 1000 fF whereas the minimum
loading capacitance on an IC chip is the minimum gate
capacitance. The interconnect parameters are obtained from
MCM10 model [5] and CAZM 0.5 pm CMOS process model
[18].

A. Performance of SDWS/D Algorithm

In our experiments, we compare our SDWS/D solutions with
the solutions obtained using a) driver sizing with constant
stage ratio s = e and minimum-wire-width (CDSMIN), b)
optimal driver sizing based on Theorem | and minimum-
wire-width (ODSMIN), and c¢) independent driver and wire
sizing algorithm (DWSA), i.e., it performs driver sizing with
constant stage ratio s = e and optimal wiresizing [8]. The
set of wire width allowed is {Wy, 2W1,3W;,4W;}, where
W1 is the minimum width (10 #m in MCM10 technology and
0.95 pm in IC technology). Hence, every wire segment in
CDSMIN and ODSMIN has width Wj.

For the experiment on MCM design examples, we assume
that in each test net, the cascaded drivers are driving a) a sink
through a 5 cm long interconnect, b) a 4-sink net randomly
placed on 10 cm x 10 cm substrate, and ¢) a 8-sink net
randomly placed on 10 cm x 10 cm substrate. In each case, the
interconnect is divided into wire segments, each of length 100
wm and modeled by a 7-type RC circuit, in order to model the
distributed nature of interconnect. For each test circuit in b)
and c), we performed two sets of experiments. In the first set
of experiments, we let the farthest sink from the source be the
critical sink. In the second set of experiments, we randomly
generate two critical sinks for each 4-sink net and four critical
sinks for each 8-sink net. The first driver in the chain is in
turn driven by an ideal voltage source and the input signal is
a square wave with rise and fall time of 1 ns and a period of
40 ns (25 MHz).

Table III summarizes the signal delays by the four algo-
rithms. In both sets of experiments, our SDWS/D algorithm
consistently outperforms the other three methods. Compared
with the traditional methods of constant-ratio driver sizing or
optimal driver sizing with uniform wire width (CDSMIN and
ODSMIN), our SDWS/D solutions achieved an improvement
of up to 49% in both cases. Compared with the recently
reported DWSA method [8], our SDWS/D algorithm can
reduce the delay by up to 11%.

We perform the same set of experiments on the following IC
design examples: a) a sink through a 1 cm long interconnect, b)
a 4-sink net randomly placed on 1 cm x 1 cm IC chip, and ¢) a
8-sink net randomly placed on 1 cm x | cm IC chip. In the IC



CONG et al.: SIMULTANEOUS DRIVER AND WIRE SIZING

TABLE III
AVERAGE SIGNAL DELAY (ns) FOR (a) 1-CRITICAL-SINK NET AND
(b) MULTICRITICAL-SINKS NET UNDER THE MCM 1{) TECHNOLOGY

Single Critical Sink Multiple Critical Sinks ]

Net [ CDSMIN TODSMIN | DWSA [ SDWS/D [ CDSMIN [ ODSMIN | DWSA | SDWS/D |

T-sink 131 ] Ti7| 113 1.02 same as single critical sink '

4-sink 4.36 4.38 2.41 2.26 4.35 4.43 2.45 231 ‘

K-sink 5.54 5.53 2.82 2.80 4.05 3.63 2.24 214 |
TABLE IV

AVERAGE SIGNAL DELAY (ns) FOR (a) 1-CRITICAL-SINK NET AND (b)
MULTICRITICAL-SINK NETS UNDER THE CAZM 0.5 pym CMOS TECHNOLOGY

Single Critical Sink Multiple Critical Sinks
Net [CDSMIN | ODSMIN | DWSA | SDWS/D | CDSMIN [ ODSMIN [ DWSA [ SDWS/D
Tsink [E1] Tas| 105 0.95 same as single critical sink
4-sink 2.21 2.13 1.35 1.19 214 205 | 1.28 LT
S-sink 2.53 2.47 1.44 1.30 1.91 1.83 | 1.22 1.09
TABLE V

Power DissiPATION (mW) AND DELAY (ns) FOR
DiFFERENT ’s UNDER THE MCM 10 TECHNOLOGY

k=2 k=3 k=4 k=35

a | Power [ Delay | Power | Delay | Power | Delay | Power | Delay

0 [ 3142 | 9.075| 81.08 | 3.787 | 128.5 | 2.785 | 174.9 | 2.488
0.1] 2889 | 9.076 | 69.56 | 3.863 | 100.3 { 2.808 { 109.2 | 2.525
0.2| 28.07| 9.077 | 51.66 | 4.156 | 74.31 | 3.010 | 95.02 | 2.648
03| 27.79 | 9.121 { 47.90 | 4.448 | 65.18 | 3.212 | 76.79 | 2.772
0.4 2702 | 9.352| 43.43 | 4.750 | 58.11 | 3.444 | 65.87 | 3148
0.5| 26.00 | 9.756 | 39.49 | 5.298 | 50.71 | 3.870 | 59.70 | 3.278
0.6 ] 25.03 | 10.085 | 36.30 | 5.751 | 45.25 | 4.439 | 51.19 | 3.852
0.7) 23.29 110.929 | 33.44 | 6.407 | 40.09 | 5.100 | 45.39 | 4.256
0.8 2022 {13.178 | 29.08 | 7.724 | 36.70 | 5.478 | 39.81 [ 5190
0.9 16.64 | 16.696 | 25.63 | 9.103 | 33.63 | 6.244 | 33.63 | 6.505

k=6
Power | Delay
211.0 | 2.411
113.2 | 2.417
97.09 | 2.545
78.14 |. 2.761
66.92 | 3.186
59.32 | 3.449
51.39 | 3.938
45.82 | 4.498
40.05 | 5.218
34.74 | 6.601

design, we segment the interconnect into grid edges of length
10 pm and the sink capacitance is 10 times the minimum
loading capacitance. The results are summarized in Table IV.
Again, our SDWS/D algorithm consistently outperforms the
other three methods. Compared with the CDSMIN, ODSMIN
and DWSA methods, our SDWS/D solutions achieved an
improvement of up to 49, 47, and 12%, respectively.

B. Performance of SDWS/DP Algorithm

We have studied the trade-off between power dissipation
and delay using our SDWS/DP algorithm. For the same
set of MCM 4-sink nets (with two critical sinks) in the
previous experiment, we compute for each stage number k =
2 to 6, a driver and wire sizing solution optimizing the
objo (T, k, D, W) for different o in (25). Table V summarizes
the results for a set of o parameters. For each «, the table lists
the power dissipation (mW) and delay (ns) of the driver and
wire sizing solution for each stage number £ = 2 to 6. As one
can see, by adjusting the value of « in objective function (25),
one can achieve smooth trade-off between power dissipation
and performance.

In Fig. 8(a), the trade-off between delay and power dissi-
pation for different k’s is depicted by a set of curves. We
can obtain a contour named D/P-curve which is dominated
by the set of curves from above. Clearly, the D/P-curve
represents best power and delay trade-off achieved by the
optimal solutions of the SDWS/DP solutions. In Fig. 8(b),
we compare the solutions obtained by CDSMIN, ODSMIN
and DWSA with the D/P-curve by the SDWS/DP algorithm.
We can observe that the D/P-curve is dominated by the
curves representing the solution sets by CDSMIN, ODSMIN
and DWSA. One can always select a SDWS solution from
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TABLE VI
COMPARISONS OF POWER REQUIREMENT (mW) OF VARIOUS SOLUTIONS
MEETING THE DELAY SPECIFICATION (ns) FOR MCM DESIGN

Delay CDSMIN ODSMIN DWSA SDWS-DP |
Congtraint (ns) [Power | Delay | & | Power | Delay | k | Power | Delay | & | Power [ Delay [ K
297 7675 2] 30| 7315 26] 9103

5 4497 4] 54| 38 |6{ 43| 4743

4 E - 54| 386 [6] 50| 3.87)4

3 86| 269 |7| 17| 2775

25 139 | 245[8| 13| 2416

TABLE VI
COMPARISONS OF POWER REQUIREMENT (mW) OF VARIOUS
SOLUTIONS MEETING THE DELAY SPECIFICATION (ns) FOR IC DESIGN

Delay CDSMIN ODSMIN [ DWSA SDWS-DP
Constraint (ns) | Power | Delay | k[ Power [ Delay [ % | Power | Delay | ¥ | Power | Delay | &
77| 369 |4 83| 4112 80| 3664 66| 447(2
4 77| 3.69 (4 15.0 | 2483 80| 3.66 |4 70| 4003
3 1.9 | 23175 150] 2483 138 18715 88| 276 |3
2 - - 323 205|6| 138| 1.87(5| 11.8| 200 4
1.5 - - 23.2| 137|6| 168 14714

the D/P-curve to meet a delay target with minimum power
dissipation or to meet a power budget with best performance.

In Table VI, we compare the power requirement of the test
circuit under different design methods (CDSMIN, ODSMIN,
DWSA, and SDWS-DP) in order for the net to meet the delay
specification. The table list a set of target delays that the net is
expected to achieve and the most power economical solution
by each design method under the performance requirement.
An empty entry implies that the solution cannot meet the delay
specification. We can observe that our SDWS solutions require
least power while meeting the delay specification. Our SDWS
solutions achieved an reduction in power dissipation by up to
10, 48, and 19% reduction, respectively, when compared with
the CDSMIN, ODSMIN and DWSA methods. In addition,
our SDWS solutions always require fewer stages of drivers
(smaller k) which results in simpler layout design in practice.

We also evaluate the performance of our SDWS/DP algo-
rithms on 4-sink nets (with two critical sinks) in IC routing
used in the previous subsection. Table VII compares the power
requirement of the test circuits under different design methods
(CDSMIN, ODSMIN, DWSA and SDWS-DP) in order for the
net to meet the delay specification. Our SDWS/DP algorithms
can achieve up to 26, 63, and 36% reduction in power as
compared to the CDSMIN, ODSMIN and DWSA methods,
respectively.

We can observe that by selecting « carefully, we can
minimize power dissipation while meeting the delay constraint.
This suggests an approach to solve the following optimization
problem which was raised in [8]: Given a routing tree T
and a performance specification B, determine the number of
stages k, the set of driver sizes D, and a wiresizing solution
W on T, such that the performance measure ¢(7,k,D, W)
is bounded by B, ie., t{(T,k,D,W) < B and the power
dissipation Power(T', k, D, W) is minimized. We can solve the
above problem by performing a binary search on « in (25)
where 0 < a < 1.

VI. CONCLUSION AND FUTURE WORK

To the best of our knowledge, this is the first paper which
presents in-depth study of the simultaneous driver and wire
sizing problem and its effects on performance and power op-
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Fig. 8. (a) D/P-curve containing the optimal SDWS/DP solutions. (b) Com-
parisons between CDSMIN, ODSMIN, DWSA and SDWS/DP solutions under
the MCMI10 technology.

timization. The results in this paper have shown convincingly
that simultaneous driver and wire sizing can lead to significant
reduction in the interconnect delay and power dissipation. In
high performance systems where the delays due to long on-
chip interconnect and chip-to-chip interconnects are critical,
our optimal solutions allow smaller driver size and/or fewer
number of cascaded drivers required to drive long interconnect
with proper wiresizing. As a result, our SDWS solutions

provide a low power interconnect design for high performance
circuits.

One of the limitations of our formulation is the simplicity of
the RC model for drivers. It has been shown that the RC delay
model may have error up to 25% [19]. We would like to use a
more accurate model, such as the slope model or the PR-slope
model proposed in [19]. In addition, we would like to extend
the short-circuit power formulation (20) to model the rise/fall
time of the input signal to individual driver along the chain
and investigate if the monotone and dominance properties, the
WS/DS relation, and the optimality of the SDWS/DP Optimal
algorithm still hold under such model.

We would also like to generalize the driver sizing and
wiresizing problem such that long interconnect lines can be
segmented and interleaved with optimal size repeaters. Also,
as mentioned in Section I, interconnect topology optimization
is another effective approach to reduce signal delay. A long
term goal is to include wiresizing, driver sizing and also
interconnect topology in the formulation of the power and
performance optimization problem.
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