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Abstract

This paper studies interconnect delay and area esti-
mation for multiple-pin nets with consideration of in-
terconnect optimizations, including optimal wire sizing
(OWS), and simultaneous buffer insertion/sizing and
wire sizing (BISWS), under two types of optimization
objectives: one is to minimize delay to a single critical
sink, and the other is to minimize the maximum delay to
all critical sinks. Our estimation models are accurate,
yet an order of ten thousand times faster when com-
pared with running corresponding complex optimization
algorithms directly. Therefore, they are expected to be
very useful to guide the interconnect-centric synthesis
and planning for deep submicron circuit designs.

1 Introduction

As VLSI technology moves to deep submicron (DSM)
dimensions and giga-hertz clock frequencies, intercon-
nects play a dominant role in determining the over-
all chip performance. Recently, many interconnect op-
timization techniques, including optimal wire sizing,
buffer insertion and sizing, etc., have been proposed and
shown to be very effective in reducing interconnect de-
lays (e.g., by a factor of 5 to 6 times, as shown in a recent
survey [1]). However, in the conventional VLSI design
flow, interconnect optimization is usually performed at
late stages during the design process. Consequently,
accurate interconnect delay and area, especially those
for global interconnects are not known to synthesis and
planning tools. Without proper modeling of the impact
of interconnect optimization, these tools are less likely
to make correct high level decisions.

The problem in this study is to develop efficient yet
accurate interconnect estimation models that are suit-
able for high level synthesis/planning tools with con-
sideration of physical level interconnect optimizations.
These estimation models provide exactly an enabling
mechanism to effectively couple the synthesis/planning
tools with layout optimizations, and to assure the de-
sign convergence.

So far, there has been very limited work on inter-
connect estimation that considers interconnect layout
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optimization. [2] provides the first systematic study on
interconnect delay estimation with interconnect opti-
mization. It derived a set of simple delay estimation
models (DEM) under various optimization techniques,
e.g., optimal wire sizing (OWS), simultaneous driver
and wire sizing (SDWS), and simultaneous buffer inser-
tion/sizing and wire sizing (BISWS). These DEM’s are
shown to have about 90% accuracy when compared with
running corresponding complex interconnect optimiza-
tion algorithms, e.g., those from UCLA Tree-Repeater-
Interconnect-Optimization (TRIO) package [1] directly.
However, the DEM’s in [2] are developed for 2-pin
nets. They cannot be applied directly for multiple-pin
nets with possibly many critical sinks. Moreover, [2]
does not have wire area estimation, which shall also be
planned beforehand at high levels to make sure that the
planned interconnect optimization will be realizable at
the layout level.

In this paper, we study interconnect delay and area
estimations for multiple-pin nets with tree topologies,
under two types of optimization objectives: (i) mini-
mize the delay to a single critical sink, (ii) minimize the
maximum delay for all critical sinks (i.e, the tree delay,
as defined in [3]). Other objectives such as weighted
delay are possible, but not in the scope of our current
study. For each objective, we perform OWS or BISWS
for performance optimization. Qur main contributions
include the following:

e Under objective (i), we formulate the original
problem into a single-line-multiple-load (SLML)
problem. We then transform SLML into an equiv-
alent single-line-single-load (SLSL) problem, and
obtain the delay and area estimation.

¢ Under objective (ii), we obtain a lower bound de-
lay estimation for the optimal tree delay and show
that in practice, this delay can be used to approx-
imate the optimal tree delay.

The rest of the paper will be organized as follows.
Section 2 formulates the problem and states some pre-
liminaries. Section 3 studies delay and area estima-
tion for a single critical sink, i.e., under objective (i).
Section 4 studies delay estimation for multiple critical
sinks, i.e., under objective (ii). The concluding remarks
follow in Section 5.



2 Problem Formulation and Preliminaries

Given a multiple-pin interconnect network of tree struc-
ture with driver G and a set of sinks Si,S5s,...,Sn,
as shown in Figure 1, our problem is to seek efficient
yet accurate delay/area estimations with consideration
of various interconnect optimizations, such as OWS or
BISWS. In Figure 1, G’s input waveform is generated
by a nominal gate Gy connected with an ideal voltage
source. Each sink S; has loading capacitance Cy;. The
delay to be minimized is from the input of Gy, while
the delay to be estimated is the stage delay from the
input of G to a single or multiple critical sinks. The
input stage delay is included during the optimization
such that it acts as a constraint not to over-size G dur-
ing the interconnect optimization. For OWS, the driver
G'’s size is fixed; for BISWS, G’s size is not fixed and will
be determined optimally. In our study, we use the fol-
lowing two performance-driven optimization objectives:
(i) minimizing delay from source to a single critical sink,
(i) minimizing maximum delay of all critical sinks, i.e.,
minimizing the tree delay.
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Figure 1: Problem formulation.

To derive efficient and accurate interconnect estima-
tion models, we need simple but reasonably accurate
delay computation models, as well as a set of key in-
terconnect and device parameters. We model each gate
(or buffer) as a switch-level RC circuit [1] and use the
well-known Elmore delay model [4]for delay computa-
tion. Although Elmore delay model is not very accu-
rate in DSM design, especially for delay calculation of
near-source nodes due to the resistive shielding [5], it is
still a proper metric for our delay estimation purpose to
provide guidance to high-level design planning. The fol-
lowing are the key interconnect and device parameters
for our study.

o W in: the minimum wire width, in ym
® S,in: the minimum wire spacing in pum
o r: the sheet resistance, in /0

e c,: the unit area capacitance, in fF/um?

e c;: the unit effective-fringing capacitance', in in
fF/pm

e t,: the intrinsic device delay in ps

® c,: input capacitance of a minimum device, in fF

e r4: output resistance of a minimum device, in kQ

We derive these parameters based on 1997 National
Technology Roadmap for Semiconductors (NTRS’97) [6]
(see [7] for details of these parameters).

3 Estimation for Single Critical Sink (SCS)

In this section, we study interconnect delay and area
estimation under single critical sink (SCS) formula-
tion, with consideration of two interconnect optimiza-
tion techniques, OWS and BISWS.

3.1 Optimal Wire Sizing for SCS

For delay minimization to a single critical sink S, OWS
will only size wire segments along the critical path (i.e.,
the path from G to Si), and use minimum width for
all other wire segments not on the critical path, so
that the wire load from non-critical sinks is minimum.
Since the wire load at each branch from the critical path
can be pre-computed before performing OWS, we can
transform the original OWS problem with tree topol-
ogy into an equivalent single-line-multiple-load (SLML)
problem, as shown in Figure 2. In the figure, R, is the
effective resistance of the driver G, and Sy, is the single
critical sink. At each branch i on the critical path, C;
is the total effective downstream capacitance (excluding
that from the critical path).
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Figure 2: The single-line-multiple-load (SLML) problem for
critical sink Sg. 1 +1la+ ...+l = 1.

In [7], it was shown that a simple wire sizing scheme
that uses the best single width (i.e., the optimal 1-
WS solution) can approximate the delay and area of
an OWS solution with many wire width selections rea-
sonably well. So we will first start with a single-width
sizing. Under 1-WS, We can transform the SLML prob-
lem into a much simpler problem with only two loading
capacitances, one is at the source and the other is at the
critical sink. The transformation is formally described
by the following theorem:

11t is defined as the sum of fringing and coupling capacitances.



Theorem 1 Under the Elmore delay model, SLML in
Figure 3 (a) is equivalent to SLDL in Figure 3 (b) for
any wire width w, with
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Figure 3: (a) single-line-multiple-load (SLML) under uniform
wire sizing w is equivalent to (b) single-line-double-load (SLDL)
under the Elmore delay model, where Cy and C, is obtained from
Theorem 1 and I1 +1l2 + ...+l = 1.

Proof: For the j-th wire segment, denote ¢; = (cqw +
cg) -l and r; = & -1;. The Elmore delay of SLML

problem in Figure 3 (a) can be written as
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Therefore, it is equivalent to the Elmore delay of SLDL
in Figure 3 (b). O

Intuitively, Theorem 1 transforms SLML into SLDL
by redistributing any internal loading capacitance C;
into two parts. One part of C; goes to Cf, at the sink

Sk based on the ratio of C;’s upstream wire resistance to
total resistance on the critical path. And the other part
of C; goes to Cy at the source to preserve the constant
term R4C;. For the SLDL problem, since R;Cy is con-
stant regardless of different wire sizes, we can further
take it out without affecting wire-sizing solution and
reduce SLDL to a single-line-single-load (SLSL) prob-
lem. Note that Theorem 1 holds for any wire width w.
From (3), we can compute the best single-width w* that
minimizes the Elmore delay for (3).

« _ [r(csl+2CL)
2Rdca

And the optimal Elmore delays for SLML and SLSL
using w* are the same,

g
|
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Tvws/simr = Tiws/srsi

1
= R4Co+ Rd(cfl +CL)+ 57‘cal2

+2\/er0(1(%@1+62) -1 (5)

As mentioned earlier, we have observed in [7] that
Tyws/spsr is a reasonable estimation for T,,s/515L,
as T,yus/spsp is usually between 0.8 to 0.95 times
Tvws/spsp- Similarly, T,y,s/s0mr is also found to be
about 0.8 to 0.95 times les/SLML- Since Tl'ws/SLSL =
Tvws/smr from (5), we can then use T,y,5 5051 tO es-
timate T,ys/s00mr, With at most (0.95-0.8)/0.8=18%
error?>. Note that in practice, the estimation error is
usually much smaller than the maximum error because
OWS for SLSL and SLML tends to reduce the delay in
a similar manner.

Tows/srsr is available from the previous work of 2-
pin nets in [2]. Using [2]’s model, and taking the con-
stant term R4;Cp into consideration, we have the fol-
lowing delay estimation model for the critical path of a
multiple-pin net using OWS optimization.

Tows = RqCo+ [all/W2(C¥21) + 20&11/W(O&21)

+Racs + \/Rarcacyl] - 1 (6)

where a; = irca, ay = % RZC(‘;L, and W(z) is Lam-

bert’s W function defined as the value of w that satisfies
we" = x.

For the wire area estimation, it was shown in [7]
that the average wire width of OWS can be estimated
accurately from the best single-width w* in (4). Then,
we use the following simple formula to estimate the total
wire area on the critical path.

r(csl +2CL) y

QRdCa (7)

Aows = Waug 1=

2This estimation is especially robust when wire length is shorter
than the critical length for buffer insertion [2].



Figure 4 summarizes the delay and area estimation
procedure for a single critical sink using optimal wire
sizing. Figures 5 and 6 show the delay and average wire
width comparisons from our model and from those by
running OWS algorithm in TRIO package. For ease of
illustration, we show the case with one branching ca-
pacitance C1, located at different positions along the
critical path. Three critical paths of lengths [ = 5mm,
10mm, and 20mm are shown for the comparison, with
I3 from 0.11 to 0.91. We can see that for all (I,1;) combi-
nations, the delay and area estimations from our model
match those from TRIO very well.

Input: Interconnect network with tree structure,
and certain critical sink Sy
1. Compute C1, Cs, ..., Cy at each branch,
using minimum wire width;
2. Compute C, and Cy using (1) and (2);
3. Estimate critical path delay using (6);
4. Estimate critical path area using (7).

Figure 4: The delay and area estimation for SCS with OWS.
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Figure 5: Delay comparison of our model with TRIO, using
0.18um technology. Rqy = 18002, C; = 100fF, and Cy = 10fF.
TRIO uses 20 discrete wire width choices with maximum width
of 20X Wpin, and wire segmentation of every 10um (same for
Figure 6).

In terms of run time, since we have the closed-form
formula for the delay and area estimations, the run time
for our model is constant. In fact, our estimation model
is so fast that we have to call the estimation procedure
many times using a loop to collect a measurable CPU
time. The CPU time to run the estimation model 10,000
times (or equivalently, to estimate 10,000 nets) is just
0.8 second on a SUN UltraSPARC 1. However, using
the efficient local refinement based OWS algorithm in
TRIO for one net will take about 1 second. Therefore,
our estimation model is an order of 10* faster! Note
that this does not mean TRIO or other interconnect
optimization algorithms are no longer needed. Our es-
timation model only gives the optimal delay and area
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Figure 6: Average wire width comparison of our model with
TRIO.

estimation to be used for high level synthesis and de-
sign planning (e.g., to screen out floorplanning candi-
dates that cannot meet timing target even considering
interconnect optimization), but not the sizing solution
itself. TRIO or other interconnect optimization algo-
rithms will still be needed to obtain the final optimal
interconnect solution.

3.2 Buffer Insertion/Sizing and Wire Sizing for SCS

Optimizing single critical sink delay with BISWS can be
formulated as a special case of the SLML problem by
inserting minimum buffer at every branch on the criti-
cal path to shield all the downstream interconnect and
device capacitances, as shown in Figure 7. For DSM de-
signs, the gate capacitance ¢4 for minimum buffer is only
about 0.1 to 0.5 fF, less than the interconnect capaci-
tance of a 10um short wire. Therefore, we can simply
ignore these c,’s for our delay estimation, and reduce
the SLML problem into a SLSL problem, for which we
can use the linear delay estimation model for BISWS
developed in [2] to estimate the delay.

Tbisws = Thisws * l + tg (8)

where Tyis,5 18 the linear slope (see [2] for details). Note
that this simple approach can also be used to estimate
the best possible delay to any sink using BISWS. It will
be useful to evaluate and screen out floorplanning and
placement candidates.

Figure 8 shows the delay comparison using our model
with running BISWS algorithm in TRIO package di-
rectly. The critical sink is 5mm to 20mm from the
source. Our model has very accurate delay estimation.
In terms of run time, our model is again extremely fast.
The CPU time to run the model for 10,000 nets is just
8 seconds. However, using the bottom-up dynamic pro-
gramming approach based BISWS in TRIO for one net
will take about 14 seconds, using 10 different wire and
buffer choices and wire segmentation in every 500um.
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Figure 7: To estimate the best delay from source to sink Sy,
we insert the mininum buffer at every branch on the critical path
from source to sink S to shield the downstream capacitance at
each branch.

So our estimation model is again an order of 10* times
faster.
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Figure 8: Delay comparison of our model with TRIO, using
0.18um technology. Rgo = 74/10, Cs, = 10cg. TRIO uses 10 dis-
crete wire width choices with maximum width being 20X Wy,in,
10 buffer choices with maximum buffer size being 400x min, and
wire segmentation in every 500um.

4 Estimation for Multiple Critical Sinks (MCS)

In this section, we study interconnect delay estimation
for multiple critical sinks under the optimization ob-
jective of minimizing the maximum delay of all criti-
cal sinks (i.e., the tree delay using [3]’s definition). To
minimize the tree delay, [3] formulated it into a convex
optimization problem and developed a sensitivity-based
algorithm to solve it. The tree delay minimization can
also be solved using weighted delay formulation through
Lagrangian relaxation [8], or solved directly through
bottom-up dynamic programming [9, 10]. In this work,
we use the dynamic programming approach [10] imple-
mented in TRIO package for the comparison with our
estimation models.

4.1 Optimal Wire Sizing for MCS

Given a routing tree connecting multiple critical sinks,
we have the following definitions.

Definition 1 An internal critical sink is a critical
sink that is on the path from the source to another crit-
ical sink.

Definition 2 A leaf critical sink is a sink that is not
on a path from the source to all other critical sinks.

The estimation for the optimal tree delay (i.e., the
minimized maximum delay of all critical sinks) with
MCS is much more difficult than the delay estimation
with SCS because when we optimize the delay for one
critical sink, it may affect all other critical sinks as well.
That is why all optimization algorithms in [3, 8, 9, 10]
used iterative-based approaches. However, we notice
that there are some simple but very useful characteris-
tics for the optimal tree delay. First, under the Elmore
delay model, it can be easily shown that

Lemma 1 The critical sink that has the mazimum de-
lay from the source must be a leaf critical sink.

Now suppose we had performed OWS to a net min-
imizing the tree delay, then the pin-to-pin delay from
source to any sink S must be larger than that by mak-
ing Sk to be the single critical sink, and all other sinks
to be non-critical (i.e., the SCS formulation). Since the
tree delay is defined to be the maximum delay of all
source-to-sink delays, we have the following theorem.

Theorem 2 The optimal delay to any critical sink un-
der SCS formulation is a lower bound for the optimal
tree delay.

From Theorem 2, we can obtain a lower bound esti-
mation for the optimal tree delay by taking the maxi-
mum of all single critical sink delays, as shown in Fig-
ure 9.

Input: Interconnect network with tree structure,
and a set of critical sinks
1. Initialize Tipound — +00;
2. For each leaf critical sink S},
- make Sy, the only critical sink;
- T + Eqn. (6);
- if (leound > T) { Tibound < T }
3. Return Tjpound-

Figure 9: The lower bound delay estimation for the optimal tree
delay using OWS.

Our experiments show that this lower bound delay
estimation is indeed fairly tight and we can just use
Tibouna to estimate the optimal tree delay. The expla-
nation is as follows. Since our objective is to minimize
the maximum delay, i.e., the delay to the most criti-
cal sink, we shall keep the wire load from less critical
sinks as small as possible (but may not be too small;
otherwise, they may become the most critical sink). To
the most critical sink, the main difference between our
model and the real optimal solution is that the former
uses the minimum wire width to compute wire load
while the latter uses ‘as small as possible’ widths to
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Figure 10: Comparison of our model with TRIO for optimal
tree delay using OWS, under the 0.18 um technology. R; =
18092, Cs = 10fF. The length from source to the maximum
delay sink ranges from lmm to 20mm. TRIO uses 10 discrete
wire width choices with maximum width of 20x W,,,;,,, and wire
segmentation in every 500um.

compute wire load for non-critical paths. Meanwhile,
for DSM designs, the area capacitance is usually dom-
inated by effective-fringing capacitance [1]. Therefore,
the two wire loads will not have much difference. Fig-
ure 10 shows the delay comparison of our model and
TRIO for some random 4-pin nets using some typical
parameters from 0.18um technology. Our delay esti-
mations match those from TRIO well. Note that for
some lengths (e.g., > 10,000um), our model, supposed
to provide a tight lower bound, has slightly larger delay
than that from TRIO. This is because our delay esti-
mation model in (6) tends to have slightly more conser-
vative delay estimation.

4.2 Buffer Insertion/Sizing and Wire Sizing for MCS

Similar to OWS, we find that the optimal tree delay
under BISWS can be estimated by a tight lower bound
delay from the leaf critical sink that has the maximum
delay under the SCS formulation. Therefore, we can
use our result in Section 3.2 to estimate the delay. Fig-
ure 11 shows the comparison of our model and TRIO.
Again, our simple model gives accurate estimation for
the optimal tree delay.

5 Concluding Remarks

This paper has developed fairly accurate yet extremely
efficient interconnect delay/area estimation models for
multiple-pin nets with consideration of two commonly
used interconnect optimization techniques, OWS and
BISWS, and under two optimization objectives, namely
minimizing delay to single critical sink and minimizing
the maximum delay to multiple critical sinks. Similar to
[2], our OWS estimation model can be easily combined
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Figure 11: Comparison of our model with TRIO for optimal
tree delay using BISWS, under the 0.18 um technology. Ry =
rg/10, Cs = 10cg. TRIO uses 10 discrete wire width choices
with maximum width being 20XW,;n, 10 buffer choices with
maximum buffer size being 400X min, and wire segmentation in
every 500um.

with optimal driver size selection to perform simultane-
ous driver and wire sizing (SDWS) estimation.

We expect that these models will be very useful
for interconnect-centric synthesis and design planning,
e.g., performance-driven floorplanning, placement-
driven synthesis and technology mapping, and intercon-
nect planning.
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