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ABSTRACT

This paper presents an efficient approach to perform global
interconnect sizing and spacing (GISS) for multiple nets to
minimize interconnect delays with consideration of coupling
capacitance, in addition to area and fringing capacitances.
We introduce the formulation of symmetric and asymmetric
wire sizing and spacing. We prove two important results on
the symmetric and asymmetric effective-fringing properties
which lead to a very effective bound computation algorithm
to compute the upper and lower bounds of the optimal wire
sizing and spacing solution for all nets under consideration.
Our experiments show that in most cases the upper and
lower bounds meet quickly after a few iterations and we ac-
tually obtain the optimal solution. To our knowledge, this
is the first in-depth study of global wire sizing and spac-
ing for multiple nets with consideration of coupling capac-
itance. Experimental results show that our GISS solutions
lead to substantial delay reduction than existing single net
wire-sizing solutions without consideration of coupling ca-
pacitance.

1. INTRODUCTION

Since the formulation of the optimal wire-sizing problem [1],
there have been extensive studies in recent years on optimal
wire-sizing algorithm. Most early works used Elmore delay
model [2] for interconnects and study the discrete wire siz-
ing [1, 3, 4] and continuous wire shaping or sizing {5, 6]. The
wire-sizing problem is also studied under high-order delay
model in {7, 8]. A comprehensive survey of these optimiza-
tion techniques can be found in [9]. These works showed
that significant delay reduction can be achieved by optimal
wire-sizing in submicron designs. However, none of them
explicitly considered the coupling capacitance.

As VLSI technology continues to push toward deep sub-
micron, the coupling capacitance between adjacent wires
has become the dominating component in the total inter-
connect capacitance, due to the decreasing spacing between
adjacent wires and the increasing wire aspect ratio for deep
submicron processes. Therefore, it is unlikely that an opti-
mal wire-sizing solution which considers only the area and
fringing capacitances would remain optimal when the cou-
pling capacitance is considered.

High coupling capacitance in deep submicron design re-
sults in both noise (capacitive crosstalk) and additional de-
lay. In this paper, we study the global interconnect sizing
and spacing (GISS) problem for delay minimization with
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consideration of the coupling capacitance, in addition to
the area and fringing capacitances. In Section 2, we in-
troduce the problem formulation for symmetric and asym-
metric wire sizing and spacing for both single and multiple
nets. In Section 3, we present a dynamic programming
based algorithm for single net optimization. Then in Sec-
tion 4, we reveal two effective-fringing properties for both
symmetric and asymmetric wire-sizing, and propose a very
efficient bound computation algorithm to compute the up-
per and lower bounds of the optimal wire sizing and spac-
ing solution for all nets, not just one net, under consid-
eration. Experimental results in Section 5 show that the
algorithm often leads to identical lower and upper bounds,
and therefore achieves optimal solutions. It gives substan-
tial improvement over the single net wire-sizing algorithm
without coupling capacitance consideration. Discussion and
Future work will be given in Section 6.

2. PROBLEM FORMULATION

2.1. Symmetric and Asymmetric Wire Sizing

Given a layout of n nets, denoted N; for i = 1..n. Net
Ni consists of n; + 1 terminals {s3,---,sy,} connected by
a routing tree, denoted 7;. s} is the source of NV, and the
driver D; at the source has an effective output resistance
of R;. The rest of the terminals are sinks. The terminals
(source and sinks) of T; are at fixed locations, and T; con-
sists of m; wire segments denoted by {Ej,---, E};;}. The
center-line of a wire segment divides the original wire seg-
ment evenly. In Figure 1(a), for example, two horizontal
wire segments E; and E» are shown with their center-lines.
We assume that the center-line for each wire segment is
fixed during wire sizing and spacing.

Each wire segment has a set of discrete choices of wire
widths {Wy = Whin, W2,---,W,}. We use wg to denote
the width of the wire segment E. All previous works implic-
itly assumed symmetric wire-sizing, which widens or nar-
rows each wire segment in a symmetric way above and be-
low the center-line of the original wire segment. An example
of symmetric wire-sizing of the two wire segments Ey and
E; with a neighboring net is shown in Figure 1(b).

However, symmetric wire-sizing may be too restrictive
for interconnect sizing and spacing, especially when cou-
pling capacitance is considered. In this paper, we propose
an asymmetric wire-3izing scheme where we may widen or
narrow above and below the center-line of the original wire
segment asymmetrically. Using the same example as in Fig-
ure 1(b), we would like £ to be farther away from its neigh-
boring wire. As a result, we grow only the bottom half of
the wire segment, keeping the top half intact, as shown in
Figure 1(c). Let w} (w}) represent the width of the wire
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(b) Symmetric wire-sizing
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Figure 1. (a) Wire segments with center-lines. (b)
Symmetric wire-sizing. (¢) Asymmetric wire-sizing.

below (above) a horizontal line segment. The new wire
width is defined as wg = w}; + wg. An asymmetric wire-
sizing solution is valid if w}g > Whin/2 and w}; > Whin/2.
Note that for symmetric wire-sizing, wg = w}; = wE/2. To
avoid introducing additional notation, we also use w} g and

E to denote the asymmetric wire widths for the left and
right parts of a vertical wire segment, respectively.

2.2. Interconnect Sizing and Spacing for Single

Net
Given a layout of n routing trees T;’s, the interconnect siz-
ing and spacing problem for a single net is to find a symmet-
ric wire assignment W = {wy;, -+, wg; } or an asymmet-
1 m;

ric wire assignment W = {ij = (w;j,w;:j),-n =
1
E’ Ef,

m;
to optumze the following weighted delay objective (as used
in [1]) with consideration of the area, fringing and coupling
capacitances:

my
tr, (W) = Y M- tr(sh, W),
k=1

where Al is the criticality of sink s] in net Aj, and
tr; (sk, W) is the sink delay with wire-sizing solution W.

We model the routing tree of each net by an RC tree and
use the distributed Elmore delay model [2] to measure the
interconnect delays. The formulations used in this section
are similar to those in [1]. For clarity of presentation, we
assume that 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. Nonetheless,
the results presented in this paper can be extended easily to
the case where the wire segments are of non-uniform lengths
in the same way as in [1].

Assume that the sheet resistance is r, the unit wire area
capacitance coefficient c,, the unit wire fringing capacitance
coefficient ¢y, and the unit wire lateral capacitance cz, then
the wire resistance rg and wire capacitance cg for any grid
edge E can be written as follows:

ij

(w'; ,w', )}forarouting tree of interest, say T}, in order

(1)

and cE Ca-wp +cp +ca(ws, sh, sL)

Note that c,;(wE,s};,s};) depends on the spacings s} and
sl between E and its lower and upper (or left and right)
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neighboring wire segments, respectively, whereas ¢, and ¢y
are assumed constants depending only the technology *

Note that we focus on the objective of minimizing the
weighted sum of sink delays as in [1]. A previous work [10]
showed that by assigning appropriate criticality /weight of
each sink based on Lagrangian relaxation, the weighted-sum
formulation can be used iteratively to meet the required
arrival times.

2.3. Global Interconnect Sizing and Spacing for

Multiple Nets

In the global interconnect sizing and spacing problem for
multiple nets, again, we assume that an initial layout
of n routing trees T;’s is given. With consideration of
the area, fringing and coupling capacitances, the GISS
problem for multiple nets is to find a symmetric wire

assignment W = {wE}»“‘er},,lr o-,wE;-,---,wE;;‘u}

or an asymmetric wire assignment W = {wgp =
1

i 1 -

(wEl, El) o wE; (w ,wE}nl) cwgp =

(wE,.,wEn) - wEp, (wE.. ,wE,. )} for all Ti’s such
that the summatlon of the wexghted performance measure

of all nets, i.e.,

2)

= Y &tr;(W)
=1

is minimized, where §; indicates the criticality of net j.

2.4. 2D Capacitance Model

A table-based 2.5D capacitance model suitable for lay-
out optimization was presented in [11] recently, where the
lumped capacitance for a wire contains the following com-
ponents: area and fringing capacitances, lateral coupling
capacitance, and cross-over and cross-under capacitances.
Based on this model, we consider only area, fringing and
lateral coupling capacitances in this paper, since they are
the major part of the lumped capacitance. That is, we use
a 2D capacitance model simplified from the original 2.5D
model. We first use 3D field solver to build tables for area,
fringing and lateral coupling capacitances under different
width and spacing combinations. During layout optimiza-
tion, we generate area, fringing and lateral coupling capac-
itances from pre-built tables. Details and justification of
this method can be found in [11].

OPTIMAL SIZING AND SPACING FOR
SINGLE NET

The optimal wire sizing and spacing problem for a single
net with fixed surrounding wire segments can be solved by
adapting the bottom-up dynamic programming(DP)-based
buffer insertion and wire-sizing algorithm proposed by [3].
Note that in [3], the objective function is to minimize the
maximum delay or to meet arrival time requirements, while

3.

In fact, in deep sub-micron designs, ca and c; are no
longer constants. Their values depend on the wxdth and spac-
ings. A more general notation should be c4(wg, s} S E) and
cplwg, s £ S E) Our GISS algorithm for single-net optimization
(Section 3) is able to handle this general capacitance model. The
optimality of our bound computation algorithm for multiple nets
(Section 4), however, assumes that both c, and cy are constants.
Its extension for more general 2D capacitance model is discussed
in Section 4.3.



our objective is to minimize the weighted sum of all sink de-
lays, which is similar to that in [12]. The major differences
of the bottom-up dynamic programming part between this
paper and {[12] are: (1) we include lateral coupling capaci-
tance between neighboring wires for delay calculation; (2)
for the more general asymmetric wire sizing and spacing for-
mulation, we keep two-piece (w}, and w}) information for
each grid edge while performing bottom-up accumulation
and top-down pruning. Other details about the DP-based
algorithm can be found in [3} and [12].

The single net wire-sizing and spacing can be used for
the post-layout optimization for a single critical net (e.g.,
the clock net). However, this optimization will largely de-
pend on the previous layout of other neighboring nets. And
also since many critical nets may share the limited routing
resource, just optimizing one net may indeed sacrifice the
performance of other critical nets. In the next section, we
will look into the global layout optimization for multiple
nets.

GLOBAL INTERCONNECT SIZING AND
SPACING FOR MULTIPLE NETS

The difficulty of the GISS problem for multiple nets arises
from the fact that the lateral coupling capacitance coeffi-
cient for each wire segment changes with the width and
spacings. Moreover, there is no closed form representa-
tion for lateral coupling capacitance. The key to solving
the multiple-net wire sizing and spacing problem is the
effective-fringing property of wire-sizing solutions under dif-
ferent spacing conditions. The beauty of this property is
that we are able to reduce the GISS problem with vari-
able lateral coupling capacitance to an optimal wire-sizing
problem with consideration of only constant area capaci-
tance coefficient and different effective-fringing capacitance
coefficients for different wire segments. Such a reduction
allows us to compute global upper and lower bounds of the
optimal wire sizing and spacing solution for all nets. In
the following, we first state the symmetric and asymmetric
effective-fringing properties and discuss their implications.
Then, we will describe the bound computation algorithm,
followed by a refinement algorithm to obtain the final global
interconnect sizing and spacing solution when the lower and
upper bounds computed as above do not meet. Extensions
to more general 2D capacitance models will then be dis-
cussed.

4.

4.1. Effective-Fringing Property: Theorems and

Implications
First, we consider the case of symmetric GISS. We define
the dominance relation between symmetric wire-sizing so-
lutions of a routing tree in the same way as in [1}:

Definition 1 Symmetric Dominance Relation: Given
two wire width assignments W and W', let wg be the width
assignment of edge E in W and w}y be the wire width of
E in W. Then, W dominates W (W > W') if for any

segment E, wg > wg.

In the following, we consider an optimization problem
called optimal wire-sizing under variable effective-fringing
coefficients (OWS-EF). While we still assume a constant
area capacitance coefficient c,, we now define for each
wire segment E the effective-fringing capacitance coefficient
ces(E) = ¢5 + cut(wE, 85, sL) which incorporates the lat-
eral coupling capacitance. It shall be clear later on that this
set of effective-fringing capacitance coefficients for all edges
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allows us to capture the lateral coupling capacitance effec-
tively. The performance measure that we aim at optimizing
for OWS-EF problem is the same as in Eqn. (1) except that
cy is replaced by cef(F) and cqi disappears. Let C.; denote
the set of effective—fringing capacitance coefficients Ccf(E)
for all edges in T. We define Coy > C; if c.s(E) 2 c.j(E)
for every £ in T. Then the symmetric effective-fringing
property can be stated as follows:

Theorem 1 Symmetric Effective-Fringing Property:
For the same routing tree T and a constant c,, let
W(ca,Ces) be an optimal wire-sizing solution to the OWS-
EF problem under a set of variable effective-fringing capac-
itance coefficients Cey = {c.s(F) | E € T}, and W(ca,C;!)
be an optimal sizing solution under a different set of C;f =
{ct;(E) | E € T}. Then Ces 2> C.; implies that W(ca, Cey)
dominates W(ca,Cl).

The proof of this theorem can be found at [13]. The
theorem can be used very effectively to determine the upper
and lower bounds of the original optimal GISS problem.
Suppose W* denotes the global optimal wire-sizing solution
optimizing ¢tr. Let S'* and ST‘ denote the spacing obtained
based on W”*, and ca(wg, sE ,sE) be the lateral coupling
capacitance coefficient for each edge E based on W*, S'*,
and S™. Let W'Y and W'Y be upper bounds of W!* and
W', and S'% and S’ be lower bounds of S** and S'*,
respectively. Then c,;(wE,sgL,sEL) > ea(wh, 85, 95), as
the lateral coupling capacitance coefficient decreases when
the width of E decreases and the spacings between F and
its neighbors increases.

Now consider two instances of the OWS-EF problem. In
the first instance, the effective-fringing capacitance coef-
ficient of edge E is ces(E) = cf + ca(w, sk, s5F). In
the second instance, the effective-fringing capacitance coef-
ficient of edge E is c,/(E) = ¢5 + ca(wh, 35, s5). Clearly,
Ces > C. ¢- From the symmetric effective-fringing property,
the optimal solution W(ca,Ccf) dominates the optimal so-
lution W(ca,C.,). Note that W(ca,CL;) = W*. Therefore,
W(ca,Cef) is also an upper bound of the optimal solution
W*. This procedure can be applied to compute wire width
upper bounds (equivalently, lower bounds of spacings) for
all nets.

Similarly, suppose we are given a lower bound of the
optimal wire-sizing solutlon, denoted W%, From W%, we
can calculate a spacing upper bound 8Y. Now, apply-
ing the optimization process for the OWS—EF problem as
in the above discussion, W(ca,Ces) will be dominated by
W(ca,CLs) = W*, since Cey < CLy. In other words, we have
computed a lower bound of the optlma.l solution.

For asymmetric GISS, we can define

Definition 2 Asymmetric Dominance Relation:
Given two wire width assignments W = (W} W') and
W = (Wl',WT'), let wg = (wh, wl) be the width assign-
ment of edge E in W and wi = (wé’, w{_:,) be the wire width
of E in W’. Then, W dominates W’ if for any segment E,
t
w}g > wg and w}; > wg' for any edge E, respectively.
Then, the asymmetric effective-fringing property can be
stated as follows:

Theorem 2 Asymmetric Effective-Fringing Prop-
erty: For the same routing tree and a constant c,, let



W'(ca,Cef,Wl) be an optimal asymmetric wire-sizing so-
lution to the OWS-EF problem with a fized W' and a
set of effective-fringing capacitance coefficients C.y, and
WT(CQ,C;,,W“) be an optimal sizing solution under an-
other fized W and a different set of C.;. Then, wt >
WY and C.; > Cer imply Wl(ca,Cey, W) dominates
W(ca,Chy, WH).

Again, the proof of this theorem can be found at
[13]. We can also apply the asymmetric effective-fringing
property to compute global upper and lower bounds of
the optimal wire sizing and spacing solution by solving
asymmetric OWS-EF problem. From an upper bound
(WHY, Ww), we can again compute lower bound spacings
S'L and ST, and set of lateral coupling capacitance coef-
ficients cui{(wh ,wgv sg‘,sg‘) s. Similarly, we can com-
pute another set of latera.l coupling capacitance coefficients,
ca((wh, wh), s4, s5)’s from an optimal wire-sizing solu-
tion W* = (W wi*) .

We denote c.f(E) = ¢y + c;;((wE , wh Uy, sg ,sbF) and
cef(E) = cf + ca((wh, wh), sb', sL) as before. By the
asymmetric effective-fringing property, W Yeq, Cep, WHY)
dominates W1(cq,Cls, W**) = W', and therefore, it is
still an upper bound of W'*, the optimal wire-sizing for the
top or right portion of each edge. Similar argument applies
for the lower bounds and for the bottom (or left) portion of
each edge.

4.2.

Algorithm for Upper and Lower Bound Com-
putation

The effective-fringing properties (both symmetric and
asymmetric) lead to a very effective algorithm to compute
the upper and lower bounds of the optimal wire sizing and
spacing solution for all nets under consideration. The fol-
lowing presentation considers asymmetric wire sizing and
spacing in general. Symmetric wire sizing and spacing can
be achieved by simply enforcing wg = wg for all edges.

Upper Bound Computation

t—0
(Wl( ), W[TJ( )) — Initialize Wire Width Upper Bound

do
ﬂ(t) ~— Compute Lateral Coefficzent(Wl( £), WU( ))
(c « Compute Effective-Fringing Coeff:uent(c A0)]
wl (i +1) — DPR(W](i),CT, (i) /# for all nets +/
( ) — Compute Lateral Coeff1czent(W i+ 1), WU( 1))
( )} —~ Compute Effect1ve-Fr1ng1ng Coefflcxent(
w{,(z +1) — DPH(W[(i +1),€Y,(4)) /* for all nets ./
t—i+1
while (W}, (:), W}, () # (W (i = 1), Wl (i - 1))

L ()

Figure 2. Algorithm to compute an upper bound of
the global optimal wire-sizing.

The algorithm to compute an upper bound of the optimal
solution is illustrated in Figure 2. The algorithm starts at
the iteration i = 0. First we initialize upper bounds of all
wire widths specified by the layout constraints. A sample
initialization is shown in Figure 3. Let E; and E, be two
parallel horizontal edges, with E; below E,. Let Wnin be
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min-width

Win/ 2% center-line

min-spacing
S min

d = center-line distance

~width for wl = wi
max-wh (Y E] E“

S min
min-width
Wmin/ 2

min-spacing i

center-line

Figure 3. Initialization of upper-bound wire widths.

the minimum wire width, and Smin be the minimum spac-
ing between two parallel wires from the layout constraints.
If the distance between the center-lines of F; and E\, is d,
then the maximum width (i.e., the initial upper bound) for

wé (the side closer to Eu) and wE (the side closer to Ei)
is d Wm;n/z - mln )

From the upper bound (W},,Wt’,), we compute the up-
per bound effective-fringing capacitance coefficients. Again,

consider E; and E, which are of distance d. Let wg;’ be
the w1dth of E;in WU, and w U the width of E, in WU
Ifd- wE - w};] < Smin, then, the upper bound wire
widths overlap and we assign the lower bound spacing be-

tween Fi and E, to be Smin, ie., sg’ = sp. = Smin.
Otherwise, the lower bound spacings sg‘ and 3151; are

1‘U v

d — wy' — wg,. Similarly, for £ and its lower neigh-

bor we compute sg‘ From sg‘

pute c,;((wEl ,wE' ),3%5,3,5,) Let C5 denote such set
of lateral coupling capacitance coefficients obtained from
(W4, W];). We then compute the effective-fringing coefhi-
cient c.f(E1) = ¢y +c,z((wgl ’“’E. ),sg‘,sEl) Similarly we
can calculate the upper bound c.s(Evu). We refer to the set
of upper bound ces(E) for all edges based on CJ as C:Jf

We then perform the following iterative process to update
the wire width upper bounds. To compute W},(i+1), we ap-
ply the bottom-up dynamic programming-based wire-sizing
(DPW) a.lgorithm outlined in Section 3 to each net with
fixed W} (i) and C !(i), without explicitly dealing with lat-
eral coupling capacitance. Then, we can similarly compute
WU(3+ 1) for each net using WJ;(i), and updated W} (i+1)
and CY'(i). The process is iterated until (W}, (i), W} (i) is
identical to (W} (i + 1), W) (i +1)).

For the lower bound computation, we start with the min-
imum allowable width for each wire (W}(0), W](0)), and
compute C5(0), a set of lateral capacitance coefficients ob-
tained under lower bound wire widths. Subsequently C(0)
is computed from C%(0). Then, we apply the iterative pro-
cess as in the upper bound computation.

Our experiments show that in most cases, the lower and
upper bounds computed as above will meet after a few itera-
tions and we actually obtain the optimal solution from the
bound computations. When the upper and lower bounds
do not meet, we will use the following refinement algo-
rithm to obtain the final wire sizing and spacing solution
for each net: We first take the lower bound of each side

and s , we can com-



for each wire segment as our initial layout. Then we will
iteratively perform single net wire sizing and spacing opti-
mization method presented in Section 3 to obtain the final
GISS solution following the order of each net’s priority. We
call the overall bound computations and final refinement al-
gorithm GISS/FAF, where FAF denotes the fixed area and
fringing capacitance coeflicients.

Extension to Variable Area and Fringing Ca-
pacitance Coefficients

The optimality of bound computation in the above
GISS/FAF algorithm is based on the effective-fringing prop-
erties which assume the area capacitance coefficient ¢, and
the fringing capacitance coefficient ¢y are constants inde-
pendent of wire widths and spacings. However, in deep
submicron designs, ¢, and ¢y are dependent on wire widths
and spacings (e.g., there are about 30% variations on cq
and cy values in our 2D capacitance tables). Nevertheless,
the GISS algorithm can still be used in this case simply
by computing the area and fringing capacitances from the
general 2D model directly during the bottom up dynamic
programming optimization. However, the effective-fringing
properties cannot be used to guarantee that the optimal
solution is always within the upper and lower bounds com-
puted by the GISS algorithm. We call the algorithm using
variable c, and c¢;’s as GISS/VAF. Experimental results in
Section 5.2 show that GISS/VAF often achieves better re-
sults when compared with GISS/FAF.

4.3.

5. EXPERIMENTAL RESULTS

We have implemented GISS using C+4+ under the Sun
SPARC station environment. In this section, we present
the experimental results. The parameters used in our ex-
periments are based on the 0.18um technology specified in
the SIA roadmap [14]. The sheet resistance is 0.0638 (/0.
The minimum wire sizing Wysin is 0.224m and minimum
spacing Smin between neighboring wires is 0.33um. Then,
pitch spacing, defined as the sum of minimum spacing and
minimum wire size, is equal to 0.55um. The allowable wire
widths for each side along the center line are from 0.11 to
1.1 pm, with the incremental step to be 0.11 ym. The area,
fringing and lateral coupling capacitances are obtained by
a look-up table obtained through the 2D capacitance ex-
traction model [11]. The driver effective resistance is 119
2. The input capacitance for each sink is set to be 12.0{F.

5.1.

We perform experiments for the optimal single-net sizing
and spacing algorithm on 5 nets provided by Intel. The
routing trees are the same as used in {4]. These trees orig-
inally have multiple sources and we randomly assign one
as the unique single source. We assign equal criticality for
each sink so the weighted delay becomes the average delay.
Given the initial layout of these five nets, we randomly as-
sign some surrounding wire segments with spacing from the
net being 1 to 5 x pitch.

In Table 1, we summarize the average and maximum
HSPICE delays from different algorithms: minimum wire
sizing (MIN); symmetric optimal wire-sizing (OWS-S) al-
gorithm without considering the coupling capacitance (but
coupling capacitance through the 2D model is included in
its final HSPICE simulation); symmetric GISS algorithm
(GISS-S) and asymmetric GISS algorithm (GISS-A). In the
parentheses under OWS-§, GISS-S and GISS-A, we list the
percentage of improvement over MIN. From the table, we

Optimal Sizing and Spacing for a Single Net
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can see that GISS-A consistently outperforms all other algo-
rithms. In terms of its average delay, which is our objective
function, the reduction is up to 52.4% compared with the
MIN solution (Net4), and 29.4% with OWS-S (Net5) and
29.4% with GISS-S (Net5).

Although the average delay is our objective, experimen-
tal results show that this formulation reduces the maximum
delays as well. From the table, we can see that GISS-A out-
perform MIN, OWS-S and GISS-S by up to 45.2% (Net2),
21.2% and 22.0% (Net5) compared with MIN, OWS-S and
GISS-S respectively.

5.2. Optimal Sizing and Spacing for Multiple Nets

To demonstrate the effectiveness of GISS algorithm, we
perform experiments for global optimal wire sizing and
spacing for multiple nets on a 16-bit parallel bus structure
of 10 mm long with the center distance between adjacent
bus line set to be {2, 3, 4, 5, 6} xpitch respectively.

In Table 2, we give the average delays (maximum delays
are the same due to the symmetry of the bus structure) from
HSPICE simulations and normalized wire widths (ratio of
average wire size to Wi ). We still list in the parentheses
the percentage of delay reduction over MIN. In the table,
colummn GISS/FAF uses the GISS algorithm with fixed c,
and ¢y {obtained through the 2D table-look-up with 3-Wp,i,
width and 5 - Smin spacing) to guide the layout optimiza-
tion, whereas GISS/VAF directly uses the 2D model with
variable area and fringing capacitance coefficients during
the layout optimization. All these algorithms use the 2D
model for final HSPICE simulations.

We cobserve that the upper and lower bounds often meet
quickly after just a few iterations for both GISS/FAF
and GISS/VAF. For GISS/FAF, from the effective fring-
ing property, we indeed obtain the optimal solution under
the given constant cs and cy.

From the table, we can see that the average delays of
GISS/FAF outperform those of MIN by up to 56.6%, and
outperform those of OWS by up to 43.4% respectively. Al-
though GISS/VAF cannot guarantee optimality, our exper-
iments do show that it outperforms GISS/FAF by up to
26.9%. This is due to that: (i) ca and ¢y are no longer con-
stants for deep submicron design, (ii) we use the 2D model
with variable ¢, and cy’s for both HSPICE simulations,
which GISS/VAF also uses during GISS optimization. It
actually suggests that our GISS algorithm may indeed have
the capability to handle more general capacitance models.

The normalized width from GISS is larger than that from
OWS since the effective fringing capacitance coefficients for
GISS are larger than those for OWS, which confirms our
effective-fringing properties.

6. DISCUSSIONS AND FUTURE WORK

Our study has shown convincingly that it is very important
to consider coupling capacitance into VLSI interconnect op-
timization for deep submicron designs. We have proposed
two general formulations, symmetric and asymmetric, for
the global interconnect sizing and spacing problem and re-
vealed the effective-fringing properties for both symmetric
and asymmetric scenarios. We develop an effective algo-
rithm to compute the lower and upper bounds for the global
optimal sizing and spacing solution. Our experiments show
that in most cases, the upper and lower bounds meet in a
few iterations so we will get the optimal GISS solution for
fixed area and fringing capacitance coefficients.

We prove the effective-fringing properties and derive the
GISS algorithm under the assumption of fixed ¢, and cy.



length Average Delay (ns) Maximum Delay (ns)

{(mm) [ MIN OWS-5 GISS-S GISS-A MIN OWS-5 GISS-5 GISS-A
Netl 3.6 0.08 | 0.08 (-0.00%) | 0.08 (-0.00%) | 0.08 (-0.00%) || 0.13 | 0.13 (-0.00%) | 0.13 (-0.00%) | 0.13 (-0.00%)
Net2 | 6.6 0.29 | 0.17 (-41.4%) | 0.16 (-44.8%) | 0.14 (-51.7%) || 0.31 | 0.19 (-38.7%) | 0.19 {-38.7%) | 0.17 (-45.2%)
Net3 | 10.07 | 0.62 | 0.49 (-21.0%) | 0.49 (-21.0%) | 0.47 (-24.2%) || 0.81 | 0.66 (-18.5%) | 0.66 (-18.5%) | 0.64 (-21.0%)
Netd4 | 10.57 | 0.42 | 0.22 (-47.6%) | 0.21 (-50.0%) | 0.20 (-52.4%) || 0.56 | 0.37 (-33.9%) | 0.33 (-41.1%) | 0.31 (-44.6%)
Net5 | 31.98 | 2.17 | 1.80 (-17.1%) [ 1.80 (-17.1%) | 1.27 (-41.5%) || 3.52 | 3.11 (-11.6%) | 3.14 (-10.8%) | 2.45 (-30.4%)

Table 1. Comparison of the average and maximum delays using different algorithms.

Average Delay (ns) Normalized wire width
center spacing [ MIN OWS GISS/FAF GISS/VAF MIN T OWS [ GISS/FAT [ GISS/VAF
2 X pitch 1.75 | 1.5 (-17.1%) | 0.82 (-53.1%) | 0.82 (-53.1%) || 1.00 | 1.75 7.60 7.99
3 x pitch 1.51 | 0.83 (-45.0%) | 0.63 {-58.3%) | 0.56 (-62.9%) 1.00 2.40 2.64 3.56
4 x pitch 1.29 | 0.66 (-48.8%) | 0.56 (-56.6%) | 0.45 (-65.1%) 1.00 2.50 2.64 3.70
5 x pitch 1.21 | 0.60 (-50.4%) | 0.53 (-56.2%) | 0.42 (-65.3%) 1.00 2.50 2.64 3.75
6 X pitch 1.16 | 0.56 (-51.7%) | 0.52 (-55.2%) | 0.38 (-67.2%) 1.00 2.50 2.59 4.06

Table 2. Comparison of average delays and normalized wire widths for a 16-bit parallel bus structure under

5 different pitch spacings using different algorithms.

Our experiments indeed show that it is also very effective
under variable c, and cy’s. It suggests that the GISS algo-
rithm actually have the capability to handle more general
capacitance models. Further validation is planned as a fu-
ture work.

An alternative for computing lower and upper bounds
is to use the local refinement method based on dominance
property similar to those used in [1, 12, 15]. In particular,
the GISS problem under variable ¢, and ¢s’s may be formu-
lated as a general CH-posynomial program [15]. Therefore,
a local refinement based algorithm similar to that used in
[15] may be used to compute the lower and upper bounds
of the global optimal solution under variable ¢, and c¢y’s.
According to our experience, the local refinement based al-
gorithm can be much faster than the dynamic-programming
based algorithm used in this paper. We plan to implement
it in the future. Also, we plan to develop efficient noise
models and extend our GISS algorithm for noise control
and minimization.

ACKNOWLEDGMENTS

The authors would like to thank Mosur K. Mohan, Krish-
namurthy Soumyanath, Ganapati Srinivasa from Intel for
their input and support of this project, and Kei-Yong Khoo,
Patrick Madden at UCLA for their helpful discussions.

REFERENCES

[1] J. Cong and K. S. Leung, “Optimal wiresizing under the dis-
tributed Elmore delay model,” IEEE Trans. on Computer-
Aided Design, vol. 14, no. 3, pp. 321-336, Mar. 1995.

2] W. C. Elmore, “The transient response of damped linear
networks with particular regard to wide-band amplifiers,”
Journal of Applied Physics, vol. 19, no. 1, pp. 55-63, Jan.
1948.

[3] J. Lillis, C. K. Cheng, and T. T. Y. Lin, “Simultaneous

routing and buffer insertion for high performance intercon-
nect,” in Proc. the Sizth Great Lakes Symp. on VLSI, 1996.

{4] J. Cong and L. He, “Optimal wiresizing for interconnects
with multiple sources,” ACM Trans. on Design Automation
of Electronic Systems, vol. 1, pp. 478-511, Oct. 1996.

[5] J. P. Fishburn and C. A. Schevon, “Shaping a distributed-
RC line to minimize elmore delay,” IEEE Trans. on Cir-
cuits and Systems-I: Fundamental Theory and Applice-
tions, vol. 42, pp. 1020-1022, Dec., 1995.

[6] C. P. Chen, Y. P. Chen, and D. F. Wong, “Optimal wire-
sizing formula under the Elmore delay model,” in Proc. De-
sign Automation Conf., pp. 487-490, 1996.

{7] N. Menezes, S. Pullela, F. Dartu, and L. Pillage, “RC in-
terconnect synthesis — a moment fitting appraoch,” in Proc.
Int. Conf. Computer Aided Design, pp. 418-425, 1994.

(8] T. Xue, E. Kuh, and Q. Yu, “A sensitivity-based wiresizing
approach to interconnect optimization of lossy transmission
line topologies,” in Proc. IEEE Multi-Chip Module Conf.,
pp- 117-121, 1996.

[9] J. Cong, L. He, C.-K. Koh, and P. H. Madden, “Perfor-
mance optimization of VLSI interconnect layout,” Integra-
tion, the VLSI Journal, vol. 21, pp. 1-94, 1996.

C. P. Chen, Y. W. Chang, and D. F. Wong, “Fast
performance-driven optimization for buffered clock trees
based on Lagrangian relaxation,” in Proc. Design Automa-
tion Conf., pp. 405-408, 1996.

J. Cong, L. He, A. B. Kahng, D. Noice, N. Shirali, and
S. H.-C. Yen, “Analysis and justification of a simple, prac-
tical 2 1/2-d capacitance extraction methodology,” in Proc.
ACM/IEEE Design Automation Conf., pp. 40.1.1-40.1.6,
June, 1997.

J. Cong, C.-K. Koh, and K.-S: Leung, “Simultaneous buffer
and wire sizing for performance and power optimization,”
in Proc. Int. Symp. on Low Power Electronics and Design,
PDP- 271-276, Aug. 1996.

J. Cong, L. He, C.-K. Koh and Z. Pan, “Global interconnect
sizing and spacing with coupling capacitance,” Tech. Rep.
970031, UCLA CS Dept, 1997.

[14] Semiconductor Industry Association, National Technology
Roadmap for Semicondictors. 1994,

(10]

(1]

(12

(13]

[15] J. Cong and L. He, “An efficient approach to simultaneous
transistor and interconnect sizing,” in Proc. Int. Conf. on
Computer Aided Design, pp. 181-186, Nov. 1996.

633



