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ABSTRACT

This paper studies the problems of minimizing power dissipation
of an interconnect wire by simultaneously considering buffer in-
sertion/sizing and wire sizing (BISWS). We consider two cases,
namely minimizing power dissipation with optimal delay constrai-
nts, and minimizing power dissipation with a given delay penalty.
We derive closed form optimal solutions for both cases. These
closed form solutions can be used to efficiently estimate the power
dissipation in the early stages of the VVLSI designs. We observe that
the power dissipation can be much different even with the same
optimal delay.

1. INTRODUCTION

With the development of deep submicron (DSM) very large scale

integrated (VLSI) designs, the interconnect delay becomes the dom-

inant factor in the performance of these IC designs. In order to
reduce the interconnect delay, many methods have been proposed
such as parallel regeneration, driver and sink sizing, buffer inser-
tion, wire sizing and simultaneously buffer insertion/sizing and
wire sizing [1], [2], [3], [6], [7], [12], [14]. Some tutorials can
be found in [6], [10], [11]. Since the interconnect delay is quadrat-
ically proportional to its wire length, buffer insertion is one of the
most effective methods to decrease global interconnect delay. Af-
ter buffer insertion, the long wires are broken into a lot of short
wire segments and the optimal delay of a buffered wire is linear
in its length [1]. With the technology scaling, it is expected that
more and more buffers should be inserted for high-performance
VLSI designs ( about 800,000 for 50nm technology estimated in
[9]). The introduction of such a large number of buffers will in-
crease the power consumption which exacerbates the power dis-
sipation issue because of the technology scaling. A lot of refer-
ences address the power dissipation issue during the buffer inser-
tion. Lillis el al [15] presented optimal polynomial algorithms to
minimize dynamic power dissipation while satisfying given timing
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constraints for the wire sizing/buffer insertion problems. Turgis et
al [16] discussed the buffer insertion limits and the application to
the buffer design to satisfy minimum power delay product con-
straint. Zhou and Liu [19] considered the problem of minimiz-
ing the circuit area and power dissipation subject to delay con-
straints by buffer sizing. Nalamalpu and Burleson [17], and Adler
and Friedman [18] also addressed the issue of optimizing buffer
insertion and power dissipation. Banerjee and Mehrotra [4] dis-
cussed the power-optimal buffer insertion for global interconnects
in Nanometer designs. They developed a methodology to com-
pute the repeater size and interconnect length that minimizes the
total interconnect power dissipation for a given delay penalty for
a uniform long line. However, these discussions for the power
dissipation in the buffer insertion either ignore the leakage power
[15], [16], [19], [18], or ignore both the leakage and short-circuit
power [17], [18], [19], or only consider the buffer sizing for a uni-
form line ignoring the wire sizing [4], [16], [17], [18], [19]. Fur-
thermore most of these discussions were algorithmic, and did not
provide closed form solutions. Chu and Wong [6] derived elegant
closed form solutions to minimize the interconnect delay for si-
multaneous buffer insertion/sizing and wire sizing. They obtained
closed form solutions for three versions. The first version is wire
sizing (WS) without buffer insertion. The second version uses
fixed number of buffers (version BISWS/m), and the third ver-
sion uses the optimal number of buffers (version BISWS). They
mathematically proved some frequently used optimal results such
as the use of equal-length wire segments is optimal. But they did
not analyze the power dissipation during the simultaneous buffer
insertion/sizing and wire sizing. We notice that when the optimal
delay for BISWS (BISWS/m) is achieved, the optimal solution is
not unique. However, the power dissipation corresponding to dif-
ferent solutions which achieve the same optimal delay can be much
different. We simulate the power dissipation corresponding to dif-
ferent optimal delay solutions given by [6] using SPICE3 for a wire
with length=4000um, ten wire segments, and one buffer (version
BISWS/1). The driver and load are 50 times minimum device. The
result is shown in Figure 1, from which we can see the maximum
power dissipation is more than 3 times of its minimum with the
same optimal delay. Since power dissipation becomes a serious is-
sue in the DSM VLSI design, it is very important to minimize the
power dissipation while satisfying delay constraints.

In this paper, we study the problem of minimizing power dis-
sipation of an interconnect wire by simultaneously considering
buffer insertion/sizing and wiring sizing (BISWS). We consider
two cases, namely minimizing power dissipation with optimal de-
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Figure 1: Power dissipation variation with optimal delay simulated
by SPICE3 with 0.18um technology

lay constraints, and minimizing power dissipation with a given de-
lay penalty. Our main contributions are as follows, (1) we derive
closed form optimal solutions to the problem of minimizing power
dissipation while satisfying delay-optimal constraints for BISWS
and BISWS/m. These closed form solutions can be used to ef-
ficiently estimate the power dissipation in the early stages of the
VLSI designs. (2) we derive closed form optimal solutions to the
problem of minimizing power dissipation without delay-optimal
constraints but with delay penalty for BISWS and BISWS/m. This
is very important in the sense that it is believed that the total power
dissipation is excessive for the delay-optimal buffer insertion [4].
Our solutions provide efficient methods for the power-delay trade
off.

The rest of the paper is organized as follows. In section 2, we
give the preliminaries for BISWS (BISWS/m) and power dissipa-
tion. In section 3, we discuss the power dissipation minimization
problems for BISWS (BISWS/m) with optimum delay. In section
4, we consider the power dissipation minimization problems for
BISWS (BISWS/m) with delay penalty. Section 5 is the experi-
mental results. Section 6 gives conclusion.

2. PRELIMINARIES

In this paper, we use the following notations of parameters, some
of which are used in [6] or [4].

Rp: driver resistance

C'.: load capacitance

o’ UNit square wire resistance

co: unit area wire capacitance

r.. effective output resistance of a minimum device

cg: gate capacitance of a minimum device

cq: drain capacitance of a minimum device

Vb p: power supply voltage

f: clock frequency

Logs, (Iogy,): leakage current per unit NMOS (PMOS) transistor
width

Wamin Wp,.... ): width of the NMOS (PMOS) transistor in mini-
mum sized inverter
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Figure 2: Wire and Buffer model

We model a wire segment as a w-type RC circuit and a buffer
as switch-level RC circuit as shown in Figure 2. Elmore delay
model [13] is used to calculate the delay of a circuit.

2.1. Simultaneous Buffer Insertion/Sizing and Wire Sizing
Problem

The simultaneous Buffer Insertion/Sizing and Wire Sizing prob-
lem (BISWS) [6] is defined as follows: given wire length L, the
driver resistance Rp, the load capacitance C'r,, and the total num-
ber of segments n to be used, minimize the delay D from source to
sink over the number of used buffers m, the number of segments
n; (0 < 7 < m) between the jth buffer and the (j + 1)th buffer
(with ngo being the number of wire segments between the source
and the first buffer and n.,, being the number of segments between
the last buffer and sink), the length 7; and the width h; (1 < i < n)
of ith segment, and the size of jth buffer b; (0 < j < m), with
constraintsng +n1 + -+ nm,m =nandly +lo +---+1, = L.
For BISWS, Chu and Wong obtain closed form optimal solutions
(THEOREM 3 in [6]). By their results, when
m = the better one of || and [m],
where

e - N A\ 2 " ~
= (anDeCiB (1+ 58\ [sp+ (S—f) ) )/ln@

and (L)l/ﬁ = ecd/es

ep
(2.1)
nj; = an arbitrary nonnegative integer, for 0 < j <m,
such that no +n1 + - -+ +nm =n,
— o rea’d ;
b]_ ED 5j7f0r1S]Sm7

n’

o /roC Bm P .
h’l_ coRp an—1 3j ,fOT].SZS’/L,

with j being the index such that s; +1 <t <5541,

_ roegL?
S — ,(rfcgn)éa
ﬂ: Sa (2 2)
where
Si=mno+mn1+---+n;—1, (2.3)

and « is the unique root between 0 and 1 of

_ TeCqg (m+1)/2 _(n+m+1)/2 m+1 __
= [ L g —a- -0,
gle) = [ ez (1-a)

the optimum delay Doy is given by

rocol® n + 2(m+ 1o — na’

Dopt = mrecq + o T=a)
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The problem of simultaneous Buffer Insertion/Sizing and Wire
Sizing problem with m buffers (BISWS/m) is the same as BISWS
except m is a given input. The solutions for BISWS/m are in the
same forms as (2.2)-(2.5) except the value of m is given by input.
In the following we simplify the expression of h for the latter use.

Finding h, from (2.2), then substituting 8 and .S in (2.2) into
the expression of newly obtained k1, we have

hy = \/’"OcL (d—apm (2.6)

CORD an«kmfl Sm

From (2.4), we have,

Qrm—lgm _ RpCr(1 — )’  n?RpCr(l — )"

recga?S rocol?a?
(2.7)
substitute (2.7) into (2.6),
argL
hf=———. 2.8
! nRp(l— «) (2:8)

2.2. Power Dissipation

The power dissipation of a buffer consists of switching power,
leakage power and short-circuit power [5]. With the technology
scaling, the leakage power and short-circuit power occupy a large
percentage of total power dissipation. The total power dissipation
is computed using the similar formulae in [4]. For detail, please
see the reference.

3. OPTIMAL POWER DISSIPATIONWITH OPTIMUM
DELAY FOR BISWS (BISWS/M)

It is noticed that the optimal delay solution (2.1)-(2.5) for BISWS
has no further restriction over the parameters n;(0 < j < m)
except no + n1 + --- + n,, = n. However the different as-
signments of n; may affect the total power dissipation. As power
dissipation becomes a serious issue in DSM IC designs, it is im-
portant to maintain power dissipation minimum while satisfying
delay requirements. In the next, the power-optimal problems over
no, N1, -+ - T, Satisfying the delay-optimal constraint for simulta-
neous buffer insertion/sizing and wire sizing problems are consid-
ered. We formulate the power-optimal BISWS/m (BISWS) with
optimum delay problem named POBISWSOD/m (POBISWSOD)
as follows.

Power -optimal Simultaneous Buffer Insertion/Sizing and
Wire Sizing with m buffers satisfying Optimum Delay con-
straint problem (POBISWSOD/m): Given a BISWS/m prob-
lem, the objective is to minimize the total power dissipation over
n;(0 < j < m) satisfying (2.2)-(2.5).

Power -optimal Simultaneous Buffer Insertion/Sizing and
Wire Sizing with Optimum Delay problem (POBISWSOD):
Given a BISWS problem, the objective is to minimize the total
power dissipation over n;(0 < j < m) satisfying (2.1)-(2.5).

3.1. POBISWSOD/m Problem

For a given BISWS/m problem, we first find its optimal solutions
by (2.2)-(2.5), then compute the total power dissipation. The total
power dissipation is the sum of switching power (Pswitcn), Short-
circuit power (Pshort) and leakage power (Preakage), i€

Ptotal - Pswitch + Pshort + Pleakage-

In the following, we compute Pswitch, Pshort, AN Pleakage USING
the similar basic formulae in [5, 4].

3.1.1. Switching Power

The switching power is computed as following,

Pswitch = VIQ)Df(s[CO(llhl + l2h2 +---+ lslhsl) + Cgbl
+cabr + co(ls;+1hsy+1 + -+ + lsyhsy) + cgba
Jr ......
+Cdbm + CO(lsm+1hsm+1 + -+ lsm+1 hsm+1)
+Cr]

(3.1)
where § is the switching factor, which is the fraction of buffers on
a chip that are switched during an average clock cycle. § can be
0.15[5].

Substituting the parameters;, h; (1 <7 <mn)andb;(1 < j <
m) of (2.2) and h; of (2.8) into (3.1), we have,
2 2 s Sm
Pswiteh = %KTIJF%JP”JF Oém )
G SRR D)

2 s s Sm
I () ) (S + 27 4o 4+ 2

V3 férge aL? V3 féroc aL? a™ 2
+ 52DRD(270Q)2 - 52]3%]3((1)70@2 g T VopfoCr.
(3.2)
From (2.7) and the expression of 3 of (2.2), we obtain
a" _a™ms™ n’RpCr(l1—a)® (3.3)
g (1—a)2m rocoaL? ’
Substitute (3.3) into (3.2),
a®t o a’m
Pswich:k1_+ + o+ +k2, 3.4
¢ ( T Fm ) (3.4)
where
_ VBpfirecoaL®>(1-8) | VApfore(cgtea)
k= n?Rp(1-—q)? + o ’ (3.5)
ko — VngérgcgaLQ :
2= n2Rp(1—a)? °
3.1.2. Leakage Power
Assumethat Iosf, = lofp, and Wy, .. = 2W,, .. asin[4].
The leakage power is given by,
Pleakage - %VDDIoffn anin (bl + b2 +--+ bm) (3 6)

 3Vpploffo Wa, i Te [ a1 052 asm
— S min (B +B2_+...+_ﬁm)

3.1.3. Short-circuit Power

Under the same assumption as in [4] that the input waveform
is a single time-constant exponential and V;,, = Vi, = Vpp/4,
where V., and V;, are the threshold voltages. The short-circuit
power is given by,

Pshort_circuit - 5VDD anin Ishort_circuit fln?) (3 7)
(bito+ 4+ bnTm—1), ’

where 7;(0 < ¢ < m — 1) is the delay between the ith buffer and
(7 + 1)th buffer (with 7o being the delay between the source and
the first buffer). By Elmore delay [13] and Theorem 1 of [6],

T0 = Ano + Bo

7 = An; + B1, 1 <1 <m, (3.8)
where
T060L2(1 + ) arocoL?
_ % =— " Bi=r. By.
2n2(l—a) ’ 0 n2(1—a)?’ L= recat Do
(3.9)
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Substitute b;(1 < j < m)of (22) and 75(0 < ¢ < m — 1) of
(3.8) into (3.7),

eOVDDWn i Ishort_circuit fInd o5
Pshort_ci'rcuit = T pb m”lRDh = Jin [aﬁl (An()
+Bo) + %gz—(ATM + Bi) + - + %G (A1 + Bi)].

(3.10)
Combining (3.4), (3.6) and (3.10), we get,

a’l

Piotar = k3%+/§?ﬂ(%+~~+og—$)+k5( F 10
++ G nm-1) + k2,

(3.11)
where
ks = ki+ 3VDDI°f2f§ Wosnin e
Te‘sVDDani.n;gshorticircuitfln?’
- 2 Bos
3Vppl nin e
ko= ki + =22 °f2f1;:% — (3.12)
eOVppWn . Tshort circuit fIn3
+T DDWn in Ishort_ tfin Bi,
ke — reSVppWn i Ish’oDrticircuitfln?’A
5 = T .
By setting 2Ztetal = 0 (0 < i < m — 1), we have
1 —kq—kglno k4 + k3lna
Nm-2 = ———aq Falne — —— —— 3.13
m Blna kslna ( )

After some simplification from % =0(0<i<m-—1),the
following recursive relationships are obtained,

_ 1 ny _ kstkslna
o = Blnaa ﬁg;ln]?l ’
o _1 nit1 _ kstkalna : _
ng = Blna% " Ssima 1<i<m-—2, (3.14)
Nm—1 = — L TR

kslna

Note that (3.14) is the only critical point (at which all the partial
derivatives are 0) of function Pi.:q; and it is a peak point. In the
practice, ks is much smaller than k4. As « and 3 are both between
0 and 1 [6], the values of expressions of n;(0 < ¢ < m — 1) of
(3.14) are negative. However n; is the number of wire segments
between two buffers, it should be nonnegative integers between 0
and n. This means the maximum and minimum of P;,:4: can only
be achieved at the boundary points. It is easily seen that if ks <<
k4, all the partial derivatives of P;.tq; are negative in the feasible
region of n;(0 < 4 < n). Hence Piotq: decreases as any specific
ni(0 < i < m — 1) increases. Let p(no,ni, - ,Nm—1) =
Piotai- The following theorem is obtained,

Theorem 1. If 0 < n; <7 < n,andn;(0 < j < m—
1, j # 1) is fixed, then

p(n07' oy My 7nWL—1) > p(n07' Ce My 77nm—1)7

for 0<i<m-—1.
(3.15)

The following theorem can be derived under the assumption

that kg >> ks.

Theorem 2
p(n0,~~~ STyt Ty 7nm_1) >
p(no, -,y + 1, — 1, [ nm_1), (3.16)

for 0<i<j<m-—1.

Proof. From the expressionof p(no, -+ ,ms, -+ ,nj, -

7nm—1)1

and noticing (2.3), we have

P(no, -+ Miy- Mgy Mam1)—
p(nO,“‘ 7ni+17'“ ,TLj*l,"' 7nm*1)
Si41 Si4-2 Sj
=kl — ) (SF + S+ + 55)
Sq £ Sit1
+hs(1 = @) (nit1 Gis + -+ +ny-1%7) + ks S

oSitl

+[k5ni(1 — Oé) + kg — (k)4 + k5)a}w.

(3.17)
Since0 < v < landky >> ks >0, ksng(1 — ) + kg — (ka +
ks)a > 0, and all other terms in (3.17) are nonnegative. We have
proved Theorem 2.

Combining Theorem 1 and Theorem 2, we have

Theorem 3. Given a simultaneous buffer insertion/sizing and
wire sizing with m buffers (BISWS/m) problem, suppose its opti-
mal delay is achieved, i.e. (2.2)-(2.5) are satisfied, the maximum
and minimum power dissipation are at (no,n1, -+ ,Nm-1) =
(0,0,---,n) and (no,n1, -+ ,Nm-1) = (n,0,---,0), respec-
tively, where n is the total number of wire segments.

Theorem 3 tells us that when all the buffers are taped just be-
fore the load the power dissipation is optimal with the optimum
delay for BISWS/m. This is because of the special property of
BISWS. The wire size and buffer size are simultaneously changed
when the buffer position is changed. Our SPICE simulations in
section 5 also confirm this conclusion.

Remark

We need to point out that Theorem 3 provides us the optimal
solution from the theoretical aspect. In practice, there may have
some constraints such as the lower bounds for wire width of each
segment. But we always can find the optimal solution by Theorem
land2.

3.2. POBISWSOD Problem

For a given BISWS problem, we first find its optimal solutions
by (2.1)-(2.5). After the value of m is fixed, the POBISWSOD
problem becomes POBISWSOD/m problem which can be solved
by the method of last part.

4. OPTIMAL POWER DISSIPATION WITH DELAY
PENALTY FOR BISWS

As we mentioned before, to achieve the optimum delay, a large
number of buffers need to be inserted with the technology scal-
ing. It is believed that the total power dissipation of the optimum
buffer insertion scheme can be excessive [4]. It is very important
to study the optimum power dissipation with delay penalty dur-
ing the buffer insertion. [4] addressed this problem for a uniform
long line. In the next we consider the problems of optimizing total
power dissipation under given delay penalty for BISWS.

Power -optimal Simultaneous Buffer Insertion/Sizing and
Wire Sizingwith Delay Penalty problem (POBISWSDP): Given
a BISWS problem, and a delay penalty p(p > 1), the objective is
to minimize the total power dissipation satisfying that its delay is
pDopt, Where Doy, is the BISWS optimum delay given by (2.5).

To solve POBISWSDP, we first solve the BISWS problem to
find out the optimum delay D, of (2.5), then

D = pDops. (4.1)

From (2.4), we get
TeCq n_ (m+1) 4.9
Rpc, =TT (4.2)
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Figure 3: Power dissipation for different wire length with optimal
delay simulated by SPICE3 with 0.18um technology

Hence
1 T'eCg

—(l
5 " Rpcy
Substituting m of (4.3) into (2.5), after simplification we have

m =

+ nlna) — 1. (4.3)

. 20 \In(recy)—In(RpCL)
(reca + (21,@2 ) ; 2ln(1gfa)7ln(zéa§
i M — 2y = Dt reca,

(4.4)

where S is given in (2.2). We can obtain « by numerically solv-
ing equation (4.4) using Newton-Raphson iterative method. Then
substitute the value of « into (4.3), the value of m is obtained.

Once m and « are fixed, the POBISWSDP problem becomes
POBISWSOD/m which can be solved by using the method of last
section.

Similarly, we can solve the problem of Power-optimal Simul-
taneous Buffer Insertion/Sizing and Wire Sizing with m buffers
with Delay Penalty problem (POBISWSDP/m).

5. EXPERIMENTAL RESULTS

In order to verify our theoretical results, SPICE simulation is car-
ried out in this section. We use SPICE3 with the 0.18uum tech-
nology for all the simulations. The value of the circuit parameters
is from [4], which is based on ITRS [21] and FASTCAP [20] as
shown at Table 1. The source driver and load we used are 100X of
minimum device in the following simulations.

5.1. Simulation of POBISW SOD(POBISWSOD/m) problems

For the first simulation, we take m = 1, n = 10, and the total wire
length L = 1500um, 2500um, and 3500um, respectively. The
simulation result for power dissipation is shown in Figure 3, from
which, we can see that the minimum power dissipation is achieved
at the point (no,n1) = (10,0), and the maximum achieved at the
point (no,n1) = (0, 10). The maximum power dissipation can be
6 times of the minimum, and there is no much difference for the
minimum power dissipation for different wire lengths while the

35

x 10" the power dissipation by SPICE3 simulation for BISWS/2
T T T T

n0=0 4

The wire length L = 2500um
The number of wire segments n = 10
The number of buffers m = 2

N
o

the power dissipation(W)
N

no=3
g
15 \ 1
i
05 ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 7 8 9 10

the number of segments between the 1st and 2nd buffer n1, 0< nl < 10-n0

Figure 4: Power dissipation for BISWS with optimal delay simu-
lated by SPICE3 with 0.18m technology. The minimum power
is at (no,n1,n2) = (10,0, 0) labeled with **’

Table 2: Power Dissipation for a wire with length 15000pm, 10
segments

m | delay | max power | min power
(ns) (mW) (mW)

1 | 0817 20.701 1.712

2 | 0.767 65.248 2421

maximum power dissipation changes significantly. This indicates
optimizing the power dissipation for BISWS is very necessary.

The second simulation is for a wire with length L = 2500um,
10 segments and 2 buffers. When the number of wire segments be-
tween the source and the first buffer no = 0,1, - - - , 10, the power
dissipation curves over the number of wire segments between the
first buffer and the second buffer n, are shown in Figure 4. This
also verified our results of Theorem 1 and Theorem 2.

5.2. Simulation of POBISWSDP

We simulate a wire with length 15000.m, 10 segments. The num-
ber of buffers is m = 2 when the optimal delay is achieved. If the
delay penalty is p = 1.06, m = 1 is the optimal solution by
solving the POBISWSDP problem of section 4 and the minimum
power dissipation can be saved as much as 25%. The result is
shown at table 2.

5.3. Comparison with uniform buffer insertion

In order to show the advantages of the simultaneous buffer inser-
tion/sizing and wire sizing, we compare it with the traditional uni-
form buffer insertion (UBI) in which all the wire segments are with
the same width. We simulate a wire with one buffer, ten segments
for BISWS. For uniform buffer insertion the wire width is set to be
the average width of all the segments in BISWS. The same buffer
size is used for both UBI and BISWS. Table 3 shows the simu-
lation results for wire length L = 1000um, 2500um, 5000um.
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Table 1: Parameters for 0.18,. m technology from [4

which is based on ITRS ([21]) and FASTCAP([20])

ro(Q/0) | co(uF/m?) | re(kQ) | c,(fF) | ca(fF)

Vop (V) f(GHz) | Winin(um)

0.0419 232.9 8 19 4.8

Log g, (WA/pm)
0.2

1.8 12 0.18

Table 3: SPICE3 simulation for the comparison between the tradi-
tional uniform buffer insertion and BISWS for a wire with length
L=1000pm, 2500m and 5000umm and the number of segments is
10 for BISWS.

wire type buffer size delay | power
length(um) (X of min device) (ns) (mw)
1000 UBI 71.30 0.0977 | 0.540
BISWS 71.30 0.0954 | 0.439

2500 UBI 49.47 0.1568 | 0.621
BISWS 49.47 0.1432 | 0.409

5000 UBI 32.18 0.3160 | 0.986
BISWS 32.18 0.2409 | 0.598

From table 3, we can see the BISWS is better than UBI in terms of
delay and power dissipation.

6. CONCLUSION

We have analyzed the optimal power dissipation problems for si-
multaneous buffer insertion/sizing and wire sizing with delay con-
straints. The closed form solutions to minimize total power dis-
sipation with optimal delay or with delay penalty are derived for
BISWS. These closed form solutions can be used to efficiently es-
timate the power dissipation in the early stages of the VVLSI de-
signs. We observe that the power dissipation can be much different
even with the same optimal delay. SPICE simulations verify our
theoretical results. The simulation results also show that the si-
multaneous buffer insertion/sizing and wiring sizing is better than
traditional uniformed buffer insertion in terms of optimal delay and
optimal power dissipation.
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