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Abstract: For performance optimization such as placement,interconnect synthesis, and routing,an efficient and accurate

interconnect delay metric is critical,even in design tools development like design for yield (DFY) and design for manufac-

ture (DFM) . In the nanometer regime, the recently proposed delay models for RLC interconnects based on statistical

probability density function (PDF) interpretation such as PRIMO, H-gamma, WED and RLD bridge the gap between ac-

curacy and efficiency. However, these models always require table look-up when operating. In this paper,a novel delay

model based on the Birnbaum-Saunders distribution (BSD) is presented. BSD can accomplish interconnect delay estimation

fast and accurately without table look-up operations. Furthermore.it only needs the first two moments to match. Experi-

mental results in 90nm technology show that BSD is robust,easy to implement.,efficient,and accurate.
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1 Introduction

The effect of interconnect networks in signal
propagation delay and transition time degradation,
such as floorplanning, placement, and routing, has to
be considered in various physical design tools. As the
impact of manufacturing variation becomes increas-
ingly important to performance and yield, accurate
and efficient simulation for interconnects is critical to
DFY and DFM research''’.
nodes and below, an increase in integration density,

For 90nm technology

closer proximity of adjacent wires on the same layer,a
high aspect ratio, and the chip size result in an in-
crease in coupling capacitance and interconnect de-
lay. Improved technology nodes, such as copper and
low-k technology,and the dual damascene structure,
create challenges for calculating the interconnect de-
lay accurately. On the other hand.it needs higher effi-
ciency to simulate huge interconnect networks for
high performance SoC design in 90nm and below
technology. Although traditional methods (such as El-
more, AWE, D2ZM ) can be used to metric intercon-
nect in 90nm and below technology,the defects in ac-
curacy, efficiency, and complicacy prevent the popu-
larization of these methods for 90nm and below tech-
nology. A more accurate and efficient interconnect
delay model is crucial for a signal integrity verifica-
tion in 90nm and below technology.
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The Elmore model™ is the simplest interconnect
metric,only matching the first moment ED (Elmore
delay) = u = — m; which approximated the median
(the desired delay) by the mean value of the impulse
response. However, the disadvantage of the Elmore
model is its insufficient accuracy. There are two rea-
sons for the inaccuracy of the Elmore model: First, the
Elmore model only uses the first moment to estimate
the delay; Second, it approximates the median (the
desired delay) by the mean value. For the first draw-
back, AWE"™) and other co-generic models were im-
proved by computing and matching higher order mo-
ments of the impulse response. Nevertheless, AWE
cannot be expressed by a closed-form formula. It re-
quires the solution of a non-linear equation, which is
very accurate but computationally expensive to use
within a tight optimization loop. Alpert et al."* pro-
posed the D2M model, which is a simple function of
the first two circuit moments. But the DZM model can
not be used to compute 10/90 slew directly.

To satisfy higher technology node requirements,
many models based on PDF interpretation have been
proposed recently such as PRIMO"', H-gamma'®',
WED'" ( based Weibull distribution), and RLD™
(based Rayleigh distribution) , which have advantages
in both accuracy and efficient. These models directly
use the median value of the distribution to estimate
the RC’s delay, which efficiently avoids the differ-
ence between the median and mean values. In order to
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get the median of the distribution with varying pa-
rameters, these methods require a large 2-dimension
table lookup operation. A drawback of the table look-
up approach is that it requires large memory storage
to accommodate the 2-dimensional tables that are of-
ten necessary to obtain relatively high accuracy. So,in
this paper we propose a novel delay model based on
the Birnbaum-Saunders distribution™. For the distri-
bution characteristic, the method still approximates
the median (the desired delay) by the mean with the
first two moments of the impulse response, but effec-
tively avoids table lookup operations and retains satis-
factory accuracy compared with other delay models
based on PDF interpretation.

2  Background

Assume h (t) is the impulse response of a node
voltage in an RLC circuit. The Taylor expansion of
the Laplace transformation, H(s) ,is:
(= D*

k!

Hes) = [ e = 3 T encoar
0 k=0 0
@D)
Therefore, the circuit moments of the impulse re-
sponse are:
_ (_ 1)/( < k
m,;, = k! J( [h([)dta

i
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By path tracing-", the circuit moments m, can be
calculated efficiently as functions of the RCs. From
the characteristic of the impulse response, h (t) satis-

fies the following condition:

h(D) >Oandr h(ode = 1 (3)

0
The impulse response is a PDF based on probability
theory, but with an unknown underlying statistical
distribution. Consequently, the step response of the
same circuit is a cumulative density function (CDF).
Based on the characteristic, the impulse response of
the RLC circuit can be approximately interpreted by a
statistical probability method. The mean of the im-
pulse response is defined as:

"= J th(t)dr 1)

0
The kth central moments or moments about the mean
are defined as:

"0, =r<z—u>h<z>dt 5)

The relationship between the central moments and
the circuit moments listed in Eq. (2) is:
= - my
Y2 = 2my; — My
ps = —6my +6mim, — 2my (6)
According to probability theory,the variance and the
skewness of the impulse response can be expressed in

terms of the central moments and the circuit mo-

ments

o = pe = 2my — my

L; _ —6my +6mm, —ggmgl 7
4 VZm, = my, )"

The key idea behind delay metrics based on the PDF
interpretation is to match the mean, variance. and
skewness of the impulse response to those of the prob-
ability distributions which approximately accord with
the real curve of the impulse response of the RLC cir-

cuit.

y:

3 BSD:Birnbaum-Saunders delay

In this paper,a novel delay model based on the
Birnbaum-Saunders distribution (BSD) is presented.
The BSD model is more efficient than other PDF in-
terpretation models with comparable accuracy be-
cause it omits table-lookup operations. The simplicity
of the BSD model makes it suitable for 90nm and be-
low technology. To choose the appropriate distribu-
tion to match the impulse response,there are two cri-
terions:the first is that the PDF is unimodal or has a
bell shape;the second is that the CDF monotonically
ascends or has a nonnegative skewness. Figure 1 shows
the Birnbaum-Saunders distribution, which agrees
with the criterions and only has two parameters,y the
shape parameter and 4 the scale parameter, which can
be directly interpreted by the first two moments of
the RLC circuit.

The PDF of Birnbaum-Saunders is:

X 1 P —ut -1
f ( t ) = - - X e/
A A )
u t

The CDF of Birnbaum-Saunders is:

F(o) :@[%Q/uz—ﬁ)} 9

where @ is the standard normal CDF function.

)

(8

The mean and the variance of Birnbaum-Saun-

ders PDF are respectively given by:
_ Yy, _ o 57
E() = p(1+ %) and V(o) = (1)
(10)
To match the x and y by the circuit moment m, ,from

Eq. (8),we have:
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Fig.1 PDF and CDF of Bimbaum-Saunders
Then,
Gk -—Dy'+4k =Dy =4 =0 14
Solving Eqgs. (11) and (14),we have:
_ 2 _
yzzle k +/5k +3k,#: 1 -5k Xm,
ok =1 4k +/k* + 3k
(15)

Because the CDF of the Birnbaum-Saunders distribu-
tion is a normal standard distribution,we can directly
solve the delay of the RC circuit D (0) = 0.5. From
Eq. (9),the 50% delay t,5 = p. There is no perfect
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Fig. 2 A simple RC circuit to compare the accuracy of WED,
D2M, PRIMO, and H-gamma

distribution for moment matching. All the methods
based on PDF interpretation have one or more varia-
tions to reality, such as PRIMO. H-gamma, Weibull,
and LnD" . The BSD is not an exception. Particularly
in 90nm and below technology, increasing capaci-
tances due to higher wiring densities extend the mis-
matching. Therefore, we propose a revised algorithm
that can effectively improve the accuracy of BSD.
From experimental results, we found that the differ-
ent became smaller as k decreased. The revised algo-
rithm is:

taewy = #(R — k)° (16)
where R is a constant about 2. 1 and o is a coefficient
that varies from 0 to 1.

4 Experiment

To verify the BSD for the interconnect metric
and to compare it with other methods, we first apply
the BSD to a representative industrial example”*! as
shown in Fig. 2. The tests have been performed on
several nets from an industrial ASIC part in 0. 20pm
technology. The nets were identified as those with a
large Elmore error in order to provide a realistic, but
challenging set to the delay metrics. We use SPICE for
the golden result. Results are presented in Table 1. As
seen in Table 1, BSD produced more accurate delays
for near-end nl and n3,than D2M,and gave more ac-
curate results compared with other table look-up
methods at nodes:n2,n4,n5,n6,and n7.

To further verify the effectiveness of BSD,an ex-
periment has been demonstrated for a single intercon-
nect delay metric in a 90nm technology with dual
damascene structure by BSD.as shown in Fig. 3. The
parameters of the interconnect were extracted from

Table 1 Comparison between D2M, PRIMO, H-gamma WED

Node | Elmore | D2M | PRIMO| H-y | WED | RLD | BSD | SPICE/ps
nl 552 299 241 194 | 246 | 242 | 128 196
n2 804 514 498 486 | 485 | 474 | 469 476
n3 996 696 699 701 | 698 | 689 | 716 700
n4 1128 830 836 840 | 855 | 853 | 862 844
nS 936 905 909 912 | 943 | 949 | 896 919
n6 684 420 376 355 | 386 | 377 | 342 374
n7 756 492 450 431 | 470 | 460 | 470 453
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Fig.3 An interconnect metric in 90nm technology to demon-
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Fig.4 TCAD simulation for interconnect in 90nm technology

Silvaco TCAD by rigorous verified technology simula-
tion''*, as shown in Fig. 4.

Results are shown in Table 2. The DZM metric
became more accurate in this experiment than above,
but the WED metric became more inaccurate. Never-
theless,there is the same level of difference between
the two experiments’ BSD errors. The experiments
show BSD can get a satisfactory accuracy delay in dif-
ferent situations by adjusting the revisable parame-
ters.

5 Comparison

From the above two experiments and other refer-
ence experiments,we found that BSD always underes-
timates delay at near-end nodes and overestimates at
far-end nodes. This variation can be reduced by rectif-
ying revisable parameters in practical industrial appli-
cations. Compared with PRIMO, WED, H-gamma,
and RLD,BSD avoids complicated table lookup oper-
ations with comparable accuracy. Table 1 shows that
BSD can approach a more accurate metric at near-end

Table 2  Delay metric for interconnect of 90nm technology
compared with DZM, WED

Node DZ2M WED BSD SPICE/ps

nl 130 808 3 50

n2 323 270 145 202

n3 516 484 452 438

n4d 687 682 716 663

n5 823 843 870 821

n6 918 953 934 918

n7 966 1010 950 965

nodes and far-end nodes than DZM. Because of the
characteristics of the Birnbaum-Saunders distribution,
the 10/90 slew can be achieved directly by BSD. The
above two experiments show that the accuracy of all
other methods mentioned fluctuates with different
process technologies because of the imperfection
matching of the PDF and the response curve. Howev-
er,the parameters of these models are always invaria-
ble. BSD supplies a revisable step to solve the prob-
lem, which can rectify the metric for different process
technology.

6 Conclusion

In this paper, we proposed a novel interconnect
delay metric called BSD. Based on the Birnbaum-
Saunders distribution, it can quickly and accurately
accomplish interconnect delay estimation by the first
two moment matching without a table lookup opera-
tion. This method also integrates a revisable method
to rectify the metric with different process technolo-
gies. The accuracy and efficiency of BSD make it suit-
able for 90nm and below technology. Because of its
simplicity to implement, BSD can be a good choice for
DFY and DFM tools development.
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