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Abstract— This paper presents a fundamental re-
sult on buffer sizing. Given an interconnection wire
with n buffers evenly spaced along the wire, we would
like to size all buffers such that the Elmore delay is
minimized. It is well known that the problem can be
solved by an iterative algorithm which sizes one buffer
at a time. However, no closed form solution has ever
been reported. In this paper, we derive a closed form
buffer sizing function f(z) where f(z) gives the opti-
mal buffer size for the buffer at position x. We show
that f(x) can be expressed in terms of the Weierstrass
elliptic function p(z) and its derivative p'(z).

I. INTRODUCTION

Buffer insertion, buffer sizing and wire sizing have been
shown to be effective techniques in reducing interconnect
delay [1]. This paper focuses on the buffer sizing problem
under the Elmore delay model [2]. Suppose we only have
one buffer size and we want to insert a fixed number of
buffers into an interconnection wire for delay minimiza-
tion, it is well known that the buffers will be uniformly
spaced in the optimal solution [3, 4]. Provided that only
buffers of identical size are allowed, closed-form solutions
for the optimal number of buffers [5, 3] and their uniform
size [5] have already been reported. Clearly if we allow to
size the buffers, the overall delay will be further reduced.
Therefore, this paper considers the following buffer sizing
problem:

Given an interconnection wire with n buffers evenly
spaced along the wire, we would like to size all buffers such
that the Elmore delay is minimized. It is well known that
the problem can be solved by an iterative algorithm which
sizes one buffer at a time [6]. Chu and Wong [7] even con-
sidered a more general problem than ours and described
an algorithm running in polynomial time. However, no
closed form solution has ever been reported.

In this paper, we present a closed form solution to the
buffer sizing problem. Without loss of generality, we may
assume that the interconnection wire is of unit length rep-
resented by the interval [0, 1] with source (driver) at 0 and
sink (load) at 1. Let z; = n#“ be the position of buffer
i, for 1 < i < n. We derive a continuous function f(z)
such that f(z;) gives the optimal buffer size for buffer i,
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for all i. The buffer sizing function f(x) can be expressed
in terms of the Weierstrass elliptic function p(z) and its
derivative p’(x) as follows:

b/ (2) + cp(x) + d
T T @ ez

where a, b, ¢, d, and e are constants.

f(z)=a (1)

The reminder of the paper is organized as follows. Sec-
tion II presents our circuit model and derives a recurrence
relation for optimal buffer sizing. Section III shows that
the recurrence relation for optimal buffer sizing implies
an ordinary differential equation. In Section IV, we give
a brief overview of the Weierstrass p(z) function and its
fundamental difference equation that will be used in Sec-
tion V to give our closed form expression (1). Section VI
briefly discusses an integration constant that arose during
our derivations and in Section VII, we show our experi-
mental results. Finally we conclude the paper in Section
VIII.

II. THE RECURRENCE RELATION

This section introduces our circuit model of an inter-
connect with several equally spaced buffers. We derive a
recurrence relation for the buffer sizes and show that it is
both a necessary and sufficient condition to minimize the
Elmore delay on the wire.

Consider an interconnect of length L that has a total
resistance of R and capacitance of C. The interconnect
has a driver resistance Rp at the source and a load ca-
pacitance Cp, at the sink. To minimize the propagation
delay on the interconnect, we want to insert n buffers at
equally spaced locations, thus we split the interconnect
into n + 1 segments; each segment has a length of nL_H

We have Rg = % and Cg = HLH being the segment
resistance and capacitance, respectively. (Since we do not
perform wire sizing, we can include the fringing capaci-
tance into the unit capacitance of our wire model and can
thus avoid limitations that occurred, for example, in [8]).
Each wire segment is modeled as a w-type RC-circuit.

A buffer of size b is represented by a switch-level RC-
circuit as shown in Fig. 1, where Rp /b denotes its output
resistance, Cgb denotes its input capacitance and Cpb
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Fig. 1. RC switch-level model of a buffer of size b.
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Fig. 2. RC switch level interconnect between buffers ¢ and 7 + 1.

denotes its output capacitance. For the ease of presen-
tation, we also model the driver and the load as buffers
of fixed sizes by = A and b,4+1 = p, respectively, so that
Rp = Rp/by and Cp, = Cpb,y1. The Elmore delay be-
tween buffer ¢ and buffer ¢ + 1 is, as shown in Fig. 2,

ED;
b;

C
(CDbi+Cs+CBbi+1)+R5(75+03bi+1) (2)

and the total delay from the driver to the load is

n

ED = Z ED;. (3)
=0

Clearly, (3) is only a function of by, ba, ..., by, since all
other parameters depend on the physical device character-
istics. As it was stated above, by = A and b,4+1 = p define
boundary conditions because the driver and the load are
fixed. The problem therefore consists in finding positive

T, b5, ..., bY that minimize (3).

A neccessary condition is that the partial derivatives of
E D with respect to all b; are equal to zero, i. e.,

0
0b;

ED=0 VYi=1.n. (4)

Since b; only appears in the expressions of ED; ; and
ED;, we get

biy1

RsCp + RpCp bT
7

1
—RBCS?—RBCB =0. (5)

1
bi—1 i
Solving for b; yields our basic recurrence relation for op-
timal buffer sizing,

po— wntCs/Os g (6)
bi_lJrRs/RB

To simplify the notation in the following sections, we de-
fine

o Cs c 5 Rs R

n+tl Cp (n+1)Cg’'n+1 Ry (n+1)Rp’
(7)

Then (6) becomes

2> _ biyi+a/(n+1)
b 48/t 1)

(8)

Note that (8) gives a recurrence relation for the buffer
sizes with b; expressed as a function of b;_; and ;41 with
boundary values by = A and b, 41 = pu. Furthermore, it is
both a necessary and sufficient condition to minimize the
Elmore delay expression (3). To see this, we note that (3)
is of the form

where the a; are non-negative, b; are positive and c;;
are real numbers. Equation (9) is a posynomial with T
terms and n variables. Under a change of variables b; =
edi. ED(dy, ..., d,) is a convex function of (dy, ..., dy).
Therefore, the local optimum determined by (8) is simul-
taneously a global optimum.

III. ODE FORMULATION

In the following sections, we derive our closed form ex-
pression f(z). First, we show that the recurrence relation
for optimal buffer sizing (8) implies a second order ordi-
nary differential equation. We will use this ODE then in
Section V to find the buffer sizing function f(x).

In a first step, we replace b; in (8) by f(z;) and have

f@ip) +a/(n+1)
f@io)='+B/(n+1)

fla)? = (10)

Next we set z; = x and Ax = —L.
n+1

T+ Az, z;_1 = x — Az, and n%_l -1~ Az?. Equation
(10) becomes

We have z;11 =

flz + Az) + Az’na

fa)* = flz — Az)~1 4+ AzZng’

(11)

To show that the RHS of (11) effectively defines a second
order ordinary differential equation, it is useful to substi-
tute f(z) = e9*) and to perform a Taylor expansion of
the resulting exponential terms on the RHS, so we have

eg(.’r+Am) —

eI 4 Axg'ed + %Am%g(g” +¢?) +0(Az?) (12)

for the numerator and a similar expression for the denomi-
nator. Collecting terms, (11) becomes the quotient of two
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polynomials in Ax,

f(2)? =) =
e9(1+ Azg + Ax? (192 + 19" + ane™9)) + O(Az?)
e 9(1+ Azg' + Az?(39”2 — 1¢” + Bned)) + O(Az?)
P(Ax)
= = A(Ax).
Q(ar) — 187
It is now our goal to find A(Az) = ag + a1 Ax + asAx? +
O(Az3) so that f(z)? = A(Ax). The a; are determined
by

(13)

(ag + a1 Az + agAx? + ) (qo + 1 Az + @ Az? + ..)

= po + p1Az + p2Az® + O(Az?).  (14)
and we simply have to compare coefficients to get
ao = @ = 629 (15)
q0
1
ar = —(p1—aoq) =e€*g' —e*g =0  (16)
q0
1
az = —(p2—aoqz — a1q1)
q0
g"e? + ane? — fne®?
= e¥(¢" + ane 9 — fne?). (17)

Hence, (13) becomes

A(Az) = e*9(1 + Az?(g”
=) = f(2)?

— Bne?)) + O(Ax?)
(18)

+ ane™9

For the last step, we drop the terms of third and higher
order and require that g(z) satisfies the differential equa-
tion g”" = Bne? — ane 9.

An intermediate result is that the buffer sizing function
f(x) must satisfy

1
n+1

flo)=e?@, 2= Vi=0,..,n+1  (19)
where g(z) is a solution to the second-order ordinary dif-

ferential equation

" = Bned — ane™? (20)
with the boundary conditions
9(0) = In(A) and g(1) = In(z). (21)

IV. WEIERSTRASS ELLIPTIC FUNCTION

Our buffer sizing function f(z) will be obtained by solv-
ing an elliptic integral and has the form of a rational func-
tion in terms of the Weierstrass gp-function and its deriva-
tive ’. Before we solve the ODE from the last section,
we briefly state important properties of the Weierstrass
elliptic function. Due to space constraints, we refer to the
excellent presentation in [9] for further details.
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Apart from being a prototype for all elliptic functions,
the Weierstrass p-function has the fundamental property
that it satisfies the differential equation

(¢ (2))* = 4p*(2)

p(x) and its derivative p'(x) have two parameters, go
and g3, which are called invariants. We will use the
shorter notation p(z) and @'(z) instead of p(x; g2, g3)
and p'(x; g2, g3) in this paper.

The elliptic integral

— g2p(x) — g3. (22)

T = / (4% — gat — g3) "2 dt (23)

Y

implicitely defines y as a function of x and cannot be
solved using elementary functions. However, differentiat-

ing leads to
dy

(ﬁ)2 =4y® — goy — g3

which is of the same form as (22). The solution is then
given by y = p(z) with g, g3 as parameters [9]. This
relationship can be used to solve elliptic integrals of the

form
/ Yvoodt
T = ,
vo V()

where h(t) is a cubic or quartic polynomial. Provided that
Yo is a root of h(t), the solution to (25) is given by [9]

b (o)
p(x) — 550" (yo)”

where p(x) is dependent on the invariants go and gz of
the polynomial h(t). However, for our purposes, the more
general formula given by Weierstrass [9] allows the lower
bound yo of the integral (25) to be any constant a, not
necessarily a root of h(t). The solution is then slightly
more complex, but it is still only a rational function in-
volving p(x), p’'(x) and some constants,

Vh(a)¢' (x

(24)

(25)

Y =yo+ (26)

Y @) - Hh(a )~ % (@)h (a)
() (p(x) — 5 1"(a)) + 5 h(a)h"(a)
T o) - 1h~< Ve - Zh(@he@ 2

Given the invariants g, and g3 of h(t) as parameters, o
and ' can be calculated using standard mathematical
software such as Mathematica. The derivations of (26)
and (27) are rather lengthy and therefore omitted from
this paper.

In the rest of this paper, we derive an elliptic integral
similar to (25) from the set of recurrence relations (8). Its
explicit solution f(x) is our optimal buffer sizing expres-
sion and has the same form as (27).

V. CLOSED FORM SOLUTION

In this section, we give the closed form expression f(z)
for optimal buffer sizing which has the form of a rational
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function in terms of the Weierstrass functions p(x) and
©'(x). We have found so far that f(z) = €9, where
g(x) satisfies the ODE (20). We will now derive an ODE
in f which finally can be solved using the Weierstrass -
function.

As a first step, we multiply both sides of (20) by 2¢’ and
apply the chain rule of differentiation backwards. Hence,

29'g" = 2¢'(nBe! —nae9) (28)

i 2y — i 9 _ e 9
L) = mt(ger—acn) ()
d? = 2n(Be! —ae™9) +ec, (30)

where c is a constant of integration that has to be deter-
mined numerically. We briefly deal with this problem in
Section VI.

We now undo the substitution made in (13) so that
g(z) = In f(x) and therefore ¢’ = f'(z)- f( 5~ The desired
buffer sizing function f(z) is now given as the solution to
the differential equation

2
f12 _ (df> = 2n/6’f3 + Cf2 + 2naf.

. (31)

Moving all terms with f to one side and integrating gives
an elliptic integral

J(z) dt
/d:z: =z = / (32)
F0) £+/2npt3 + ct? + 2nat

which essentially has the same form as (25). It only re-
mains to find the invariants go and g3 in order to apply
(27) to get a solution for f(z). This can be done by a
simple transform of variables

2 ,__c
ng 6np

n (32). This changes the expression under the radical
sign 28nt3 + ct? + 2ant into

t' = (33)

4¢3 (02 afn®)t — (— ! afn’c ¢ )
12 12 216
so that the invariants become
2 3
c 9 2, c
== — - — 4
g2 12 afn®, gz = 5 216 (3 )

This leads to our central result. The buffer sizing function
f(z) for optimal buffer sizing at equally spaced points

T =z = 7, 1=0..n+1, is given by
e Y@
T =2 5ot — 2OV
+3h (N (p(x) — 557" (V) + 5.h(N)R" (A)

, (35)
2(p(x) — 570" (V)

where h(t) = 206nt3 +ct? +2ant and the Weierstrass func-
tion has the invariants (34) as parameters. f(z) fulfills the
boundary values f(0) = A and f(1) =

VI. INTEGRATION CONSTANT

In the last section, we did not give a description of
the integration constant c. For completeness, this section
shows that one can distinguish four non-trivial cases for
the behavior of f(z). Each case has its different expres-
sion that determines c.

1. From (20), g’ can be either purely non-negative, then
g(z) and consequently f(z) = ¢9(*) are convex func-
tions and f(z) has the shape of a U, limited by the
boundary values. Setting ¢’ = 0, we find that all b;,
including bg = A and b, 41 = A, must be larger than
MVE = \/% The slope f’ from (31) must consist
of a decreasing part from A to a minimum buffer and
an increasing part from the minimum to . It is not
hard to see that the value of this minimum is given
by the zero of (31) that lies to the right of \/% which
is

—c+ 4/ — 16afBn?
45n

We then have a simple condition that the constant ¢

must fulfill: integrating and summing the two parts

of the slope must be equal to one,

b?nin (C) - (36)

1 = / ’ dy
boin () /208y + cy? + 2nay

(37)

+ .
bmin(c) V/200Y° + cy? + 2nay

2. Conversely, if ¢” is strictly non-positive, f(z) is con-
cave and all b; are below % This case is analog to

the first one and leads to a similar condition.

3. Also, f’ can have only one monotonic part and is
strictly increasing on the whole interval [A; u], then

A<

slope f’ from A to p and have a simpler condition for
C7

G and p > /5. We integrate the (positive)
dy
V2nBy3 + cy? + 2nay

4. The case that f is strictly decreasing and thus A >
\@ and p < \/% can be handled in a similar manner

as the previous one.
\/7 follows

For the cases 1-4, one can construct simple procedures to
find c¢. For case 3, for example, one can interpret (38) as
a function

(38)

5. Note that if f’ is equal to zero, f(z

as a trivial case.

dy
V/2nBy3 + ey + 2nay

1 (39)

It is not hard to show that d(c) is monotonic with re-
spect to ¢ and has a unique root which can be determined
efficiently by bisection, for example.
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Fig. 3. n = 50, by = 20, bs1 = 10.
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Fig. 4. n =12, by = 35, b1z = 40.
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Fig. 5. n = 25, by = 15, byg = 35.

TABLE 1
PHYSICAL PARAMETERS FOR UNIT BUFFER AND WIRE

Buffer Wire
Output res. [kQ] 4.5 resistance [%] 620
Input cap. [fF] 0.425 | capacitance [%] 58.5
intrinsic delay [ps] | 45.8 length [mm)] 1

VII. EXPERIMENTAL RESULTS

In this section, we show that our solution performs very
well in practice. We compare buffer sizes obtained by an
iterative method [7, 6] with values calculated by evaluat-
ing (35) at equally spaced points on the interval [0, 1].

For the physical parameters, we rely on values given
in [1]. More specifically, we consider a copper wire (p =
2.2u8 - em) with a width of 130 nm, a length of 1 mm

3C-3

and an aspect ratio of 2.1:1. We add unit-length area
and fringing capacitance. These values are summarized
in table I. Applying (7), we have o = 137.65 and 8 =
0.1378. The following Fig. 3 - 5 plot iteratively obtained
buffer sizes (dots) and those calculated by applying (35)
(straight curve) for several combinations of by, b,4+1 and
n. We observed that our closed form expression shows
a very good agreement with iteratively calculated buffer
sizes.

VIII. CONCLUSION

In this paper we addressed the problem of sizing n uni-
formly spaced buffers on an interconnection wire to min-
imize Elmore delay.

Previously there was no known closed form solution to
this problem. We presented a closed-form buffer sizing
function f(z), expressed in terms of the Weierstrass ellip-
tic function p(z) and its derivative @’ (x), such that f(x;)
gives the optimal buffer size for buffer i (at position z;),
1<i<n.

We showed that the buffer sizes obtained by our closed
form expression matched very well with those obtained by
the iterative method [7, 6].

Clearly, our approach has some limitations, some of
which we would like to address in the future: First, our
solution is restricted to non-branch lines, however most
interconnects have a line topology. Second, the derivation
in Section III relies on the assumption of equally spaced
buffers with continuous size. In practice, obstacles and
area constraints require a different setup. Currently, one
has to resort to iterative procedures such as in [7].
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