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ABSTRACT

Existing statistical static timing analysis (SSTA) techniques
suffer from limited modeling capability by using a linear
delay model with Gaussian distribution, or have scalabil-
ity problems due to expensive operations involved to han-
dle non-Gaussian variation sources or non-linear delays. To
overcome these limitations, we propose a novel SSTA tech-
nique to handle both nonlinear delay dependency and non-
Gaussian variation sources simultaneously. We develop ef-
ficient algorithms to perform all statistical atomic opera-
tions (such as max and add) efficiently via either closed-
form formulas or one-dimensional lookup tables. The re-
sulting timing quantity provably preserves the correlation
with variation sources to the third-order. We prove that
the complexity of our algorithm is linear in both variation
sources and circuit sizes, hence our algorithm scales well for
large designs. Compared to Monte Carlo simulation for non-
Gaussian variation sources and nonlinear delay models, our
approach predicts all timing characteristics of circuit delay
with less than 2% error.

1. INTRODUCTION

For the CMOS technology scaling, process variation has
become a potential show-stopper if not appropriately han-
dled. Statistical static timing analysis (SSTA), in particu-
lar, block-based parameterized SSTA [1, 2, 3, 4, 5, 6], has
thus become the frontier research topic in recent years in
combating such variation effects. The goal of SSTA is to
parameterize timing characteristics of the timing graph as
a function of the underlying sources of process parameters
that are modeled as random variables. By performing SSTA,
designers can obtain the timing distribution (yield) and its
sensitivity to various process parameters. Such information
is of tremendous value for both timing sign-off and design
optimization for robustness and high profit margins.
Although many studies have been done on SSTA in recent
years, the problem is far from being solved completely. For
example, [1, 2] assumed that all variation sources are Gaus-
sian and independent of one another. Based on a linear
delay model, [2] proposed a linear-time algorithm for SSTA,
in which all atomic operations (such as max and add) can be
performed efficiently via the concept of tightness probability.
Because all variation sources are assumed to be Gaussian,
so is the delay distribution under the linear delay model.
Such a Gaussian assumption is, however, no longer toler-
able as more complicated or large-scale variation sources are
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taken into account in the nanometer manufacturing regime.
For example, via resistance is known to be non-Gaussian
with asymmetric distribution [7], and dopant concentration
is more suitably modeled as a Poisson distribution [6]. In
addition, the linear dependency of delay on the variation
sources is also not accurate, especially when variation sources
become large [8]. For example, gate delay is inherently a
nonlinear function of channel length and Vth [7, 3], which
are two common sources of variation. Similarly, interconnect
delay is also a nonlinear function of interconnect geometries
[3, 4], which vary because of chemical-mechanical polishing.
These combined non-Gaussian nonlinear variation effects in-
validate the linear delay model with Gaussian assumption
in the existing SSTA.

Recently, non-Gaussian variation sources were addressed
in [6], where independent component analysis (ICA) was
used to find a set of independent components (not necessary
Gaussian) to approximate the correlated non-Gaussian ran-
dom variables. To do this, however, a complicated moment
matching algorithm has to be used to make those atomic
statistical operations feasible. Moreover, it is still based on
a linear delay model, which cannot capture the nonlinear
dependency of delays on process parameters. To capture
these nonlinear dependency effects, [3, 4] proposed to use a
quadratic delay model for SSTA. But to contain the com-
plexity, they had to assume that all variation sources must
follow a Gaussian distribution, even though the delay D it-
self may not be Gaussian. To compute maz(D1, D2), [3]
first developed closed formulas to compute the mean and
variance of the quadratic form. It then treats D1 and Ds
as a Gaussian distribution to obtain the tightness probabil-
ity. There is, however, no justification on why the tight-
ness probability formula developed for Gaussian distribu-
tions can be applied for non-Gaussian distributions. [4] tried
to re-construct maz(D1, D2) through moment matching. To
obtain those moments, however, many expensive numerical
integration (two-dimensional) operations have to be applied.

[5] and [7] are the only only existing studies that try
to handle both nonlinear and non-Gaussian effects simul-
taneously. However, [5] computes maz(D1, D2), by regres-
sion based on Monte Carlo simulation, which is slow; and
there is no guarantee that the correlation between the re-
gression result and variation sources could be kept. To re-
duce the complexity, [7] proposes to separate the variation
sources into two camps: the first camp is Gaussian varia-
tion with linear timing dependency, and the second camp is



non-Gaussian variation with non-linear timing dependency.
This dichotomy of variation sources, however, is somehow
artificial. The max operation is also through tightness prob-
ability, which is computed via expensive numerical multi-
dimensional integration. Hence its scalability to handle a
large number of non-Gaussian variation sources is limited.

In this work, we propose a novel nonlinear and non-Gaussian

SSTA technique (n*SSTA). The major contributions of this
work are multi-fold. (1) Both nonlinear dependency and
non-Gaussian variation sources are handled simultaneously
for timing analysis. (2) All statistical atomic operations
are performed efficiently via either closed-form formulas or
one-dimensional lookup tables. (3) The resulting parameter-
ized timing quantities provably preserve the correlation with
variation sources to the third-order. (4) The complexity of
the n2SSTA algorithm is linear in both variation sources and
circuit sizes. Compared to Monte Carlo simulation for non-
Gaussian variation sources and nonlinear delay models, our
approach predicts all timing characteristics of circuit delay
with less than 2% error.

The rest of the paper is organized as follows. Section 2
presents our nonlinear and non-Gaussian delay modeling.
Section 3 discuss our n2SSTA technique with focus on the
max and add atomic operations. We present experiments in
Section 4, and conclude in Section 5.

2. PRELIMINARIESAND MODELING

In general, device or interconnect delays of a design are a
complicated nonlinear function of the underlying process pa-
rameters and it can be described as

D=F(X1,Xa,...,X;,...), (1)

where the process parameters (such as channel length and
Vth) are modeled as a random variable X;. In reality, the
exact form of function F' is not known, and X; are not neces-
sarily Gaussian. In practice, however, we can employ Taylor
expansion as an approximation to the function F'.

The simplest approximation is the first- and second-order
Taylor expansion as shown below

D =~ do+ ZaiXiy (2
D & dot Y aiXit Y biXTHD D binXiXs, (3)

where dy is the nominal value of D; a; and b; are the first-
and second-order sensitivities of D to X, respectively; and
b; i are the sensitivity to the joint variation of X; and Xj.
When all X; are assumed to be Gaussian, (2) is called the
first-order canonical form, and is widely used for SSTA [2,
1]; whereas (3) is called the quadratic delay model, and has
been studied in [8, 3, 4, 5]. These models based on Gaus-
sian assumptions are limited in their modeling capability to
reflect the reality. For example, not all variation sources
are Gaussian, and results after max are also not Gaussian.
While some may appear to be Gaussian, in reality, their
variation cannot vary from —oo to +o0o as a Gaussian dis-
tribution does.

Therefore, we propose a different quadratic model to rep-
resent all timing quantities in a timing graph as follows:

D=do+ Y (a:iXi+bX])+arX, +b. X7, (4)
where X; represents global sources of variation, and X, rep-

resents purely independent random variation. Unlike previ-
ous work, we allow X; to follow arbitrary random distribu-

tions with bounded Valuesl7 ie., —w; < X; <w;. We refer
to the delay model (4) as general canonical form in this pa-
per. Compared to existing work [5, 3, 4, 6], our model is
unique in the sense that we capture the nonlinearity of tim-
ing dependence on variation sources, and handle the non-
Gaussian distribution of variation sources at the same time.

For simplicity, we ignore cross terms (X;Xy) in (4) and as-
sume independence between X;. The reasons are the timing
dependency on cross terms is usually weak. When X; and
X, are Gaussian, cross terms can be replaced by non-cross
terms through orthogonalization [4]. When X; are corre-
lated, techniques like ICA may be used to generate a set of
new independent components [6]. Without loss of general-
ity, we assume that all variation sources are centered with
zero mean values, i.e., F[X;] = 0. We denote the proba-
bility density function (PDF) of X; as gi(z;), which can be
given as either a closed formula or an empirical lookup table.
Knowing the PDF of X;, we can easily compute its ¢t!*-order
raw moments, i.e., m;+ = E(X!). We can also compute the
raw moments of D, i.e., My = E(D"), by using the Bino-
mial moment evaluation technique [8]. With raw moments,
central moments can be computed easily. For example, the
first three central moments of D are

Ui = M, (5)
U2 = M2 - M127 (6)
Us = Ms+2M; — 3M; M. (7)

Note that the first- and second-order central moments U;
are essentially D’s mean (u = Uy) and variance (0® = Us),
respectively. The skewness of D is Ug/a'?’.

3. ATOMIC OPERATIONSFOR SSTA

To compute the arrival time and required arrival time in
a block-based SSTA framework, four atomic operations are
sufficient, i.e., addition, subtraction, maximum, and mini-
mum, provided that we can represent all timing results af-
ter each operation back to the same general canonical form
(4). Because of the symmetry between addition and sub-
traction (similarly maximum and minimum) operations, in
the following, we will only discuss operations on addition
and maximum. It is understood that similar discussion ap-
plies to subtraction and minimum operations, as well. That
is, given Dy and D3 in the form of (4),

D1 =do1 + Z(ailXi + bile) +am X 4 b X2, (8)
Do = dp2 + Z(aiZXi + bi2X1‘2) + aroXr2 + bra X7, 9)

we want to compute D = Dy + Dy or D = maxz(D1, D>)
such that the resulting D can be represented as (4).

Denote ADy = D1 — p1 and ADy = Dy — puz with s
and po as mean values of D; and Do, respectively. As both
D and D2 model timing quantities in a timing graph, their
values are physically lower- and upper-bounded:

—I<ADy <1, —h <ADy <h. (10)

For a practical problem, the size of the bound, [ or h, can
be easily determined by relating to either its minimum and
maximum delays, or its sigma-sample values.

1Fo]r Gaussian variables, whose lower and upper bound can be rea-
sonably set as its k-sigma values to bound its variation in reality. For
example, w; = 40; or 50; with k =4 or 5.



Input: D; and Ds in format of (8) and (9)
Output: D &= max(D1, D2) in format of (4)

1. Compute (D1, D2)’s JPDF g(D1, D2) via Fourier series;

2. Compute raw moments of maz(D1, D2): M; = E[max(D1, D2)"];
3. Compute E[Xfmax(Dl, D5)] for t=1,2;

4. Compute a; and b; in (4) by matching E[Xfmax(D1, D2))

for t=1,2;
5. Compute a, and b, in (4) by matching maxz(D1, D2)’s
279 _ and 3"%-order moments;
6. Compute do in (4) by matching maxz (D1, D2)’s 1°*-order moment.
Figure 1: Overall algorithm for computing
maz(D1,D-2).

3.1 Max Operation

The max operation is the hardest operation for block-based
SSTA. In this work, we propose a novel technique to ef-
ficiently compute the max of two general canonical forms,
i.e., D = max(D1, D2), and the result D will still be in the
form of (4). With respect to the overall flow in Fig. 1, we
first compute the joint PDF (JPDF) of Dy and D,, which is
achieved via an efficient algorithm based on Fourier series.
Knowing JPDF of D; and D2, we can compute the raw mo-
ments of maz (D1, D2) to arbitrary orders efficiently. Sim-
ilarly, the joint moments (related to correlation) between
max (D1, D2) and variation sources X; can also be com-
puted efficiently. With the above computation ready, we
re-construct the general canonical form of D =~ maz(D1, D2)
by matching the joint moments between max (D1, D2) and
X, the first three order moments of maz (D1, D2). In the
following, we discuss the details of our approach.

3.1.1 JPDF viaFourier Series

Computing JPDF is an essential step for max operation.
In [2], because both D; and Dy are Gaussian distribution in
linear canonical form (2), their JPDF can be easily obtained
by computing the covariance between D; and Dz. When
D, and D3 are non-Gaussian, however, no closed form can
be easily derived to compute their JPDF. For example, [4]
resorted to expensive numerical integration to obtain JPDF
of two non-Gaussian distributions in quadratic form.

In the following approach, we propose a novel method to
efficiently compute JPDF of D; and D in general canonical
form. Denote JPDF of AD; and AD; in (10) as f(v1,v2),
and JPDF of D; and D3 as g(vi,v2). It is easy to show that:

g(v1,v2) = f(v1 — pa,v2 — pa2). (11)
Hence knowing f(v1,v2) is equivalent to knowing g(v1, v2).
To compute JPDF f(v1,v2) in the region [—I,1; —h, h],

we approximate it via its first K orders of Fourier series as
follows:

K
f(v1,v2) = Z Qpq - efrortnavz, (12)

p,g=—K

where (, = jpr/l and ng = jgr/h with j = +/—1. The
Fourier coefficients g is given by

! h
Qpg = L/ / eicpulinqw-f(vl,vz)dvldvz.(13)
alth J_; J_4

Because JPDF f(v1, v2) is zero outside the valid region, (13)

can be further simplified as

Gpg = g BleAPTAR)
— 1 *Yc,pq 7Y7‘1,pq7 rz,quz Y'L,pq

where Y., 54 = (p(dor — p1) + ng(doz — p2); Yipg = (Gpan +
1g0i2) X + (Cpbir +Mgbiz) XZ5 Vi1, pg = Cpar1 X1 + Cpbr X2
and Yr2pq = ngar2Xr2 + nqbrng.Q. Because all X;’s are
independent, so are all Y; pq’S, Yr1,pq, and Yr2 pq. Then apg
can be further simplified as:

1 _ _ _v,
Qpq = me YC””’E[@ Y”*P‘I]E[e YTZ*P"] H Ele Y“Pq]. (15)
As both Y; pq, Yr1,pq and Yio g can be written as a general
formasY = c1 X; +02Xi2 with ¢; and c2 being two constant
values, in the following, we discuss how to compute E[e™" ]
in its general form. By definition,

Ele™] = / ety )da, (16)

—w;

where g;(z;) is PDF of X;, whose range is given by —w; <
Xi S Ws .

For arbitrary g;(z;), we can also build a two-dimensional
(2D) table indexed by c1 and c2 to speed-up computing (16).
But the size of 2D-table may be very large. In the following,
we present an effective solution that requires only 1D-table
lookup. We divide X;’s range into M number of small sub-
regions, Si...Sy. Within each small sub-region, we ap-
proximate z? by its first-order Taylor expansion around the
sub-region’s center point x;, i.e.,

LE? ~ 117?0 =+ 21’20(1’1 — l’io) = 2x;Ti0 — LE?O. (17)

By substituting (17) into (16), we obtain

M 2
— o 2x:mi—x2
S [ et e,
i=17 5
M

> e 0 Fi(—jer — Zjeaio), (18)
i=1

E[efy]

Q

where F;(-) is the Fourier transformation of g;(z;) in the
sub-region S;. So we can pre-calculate all F;(-) for all pre-
determined sub-regions for each variation source, and store
these results into a 1D lookup table for SSTA. In this work,
we uniformly divide the valid region of each variation source
into twelve (M = 12) sub-regions.

do a; b; a,. | b,
Dy | 0 | 121,327 | {4344} | 1 | 2
D, | 0 | {1,2,2,1Y [ 13433} | T | 2

Table 1: Experiment setting to verify max(D1, D2).

To validate our computing of JPDF of two general canoni-
cal equations, we compare our computed JPDF with Monte-
Carlo simulated JPDF. One of the examples is shown in
Fig. 2 with four sources of random variables (i.e., X; for
i = 1,2,3,4) that all follow a uniform distribution in the
range of [—0.5,0.5], as shown in Table 1, which will be used
for the rest of this section for verification. The order of
Fourier series to approximate JPDF is four (K = 4). Fig 2
convincingly shows that our approach is accurate in predict-
ing the exact JPDF.
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Figure 2: Joint PDF comparison.

3.1.2 Raw Moments of Maz(D,, D2)

In this section, we present a technique to compute raw mo-
ments M; = E[maz(D1,D2)"] for Max(D1, D). By defi-
nition, knowing (D1,D2)’ JPDF g(v1,v2), M¢ can be com-
puted by

M, = // vig(vl,vg)dvldvg—l—// v5g(v1, va)dvrdva. (19)
v1>v2 v2>v1
According to (11) and (12), M; can be further written as

k
M, = Z O‘pQ'L(tapaqalahnuhM?)a (20)

p,q=—k

where L(t,p,q,l, h, i1, p2) is defined as follows:

L = // vieip(vl*M1)+ﬂq(v2*u2)dvld02+
v >v9

// ,UgeCp(vl*M1)+77q(112*u2)dvldvz‘ (21)
v >v1

It is easy to see that (21) can be evaluated via closed form
formulas efficiently. For example, in the case of pu1 —1 < p2—
h, we have L=t (e7"4"2 J(t, Gy + g, iz — h, pi2 + h)-
(—l)qJ(t, Cp, 2 — h, po + h))+ ée*ﬁzﬂ@ (e*CpM J(tycp +
Ngs 2 = hy iz + h)- (=1)PJ(t, 14, pi2 — h, p2 + b)), where the

T2

function J(¢,vy,71,72) = [ z'e’"dz and can be computed by
T1

integration by parts, i.e.,

; .
1 —i ! o i i
7= s > (1) Z(nW— z')l(';Y 'y —eltm). (22)
i=0 ’

Similar equations can be derived for other cases, as well. In
the interest of space, we omit the details and refer readers
to our technical report to be cited upon publication.

We compare our approach to Monte Carlo simulation to
validate (20) in computing the raw moments. Based on the
same setting as in Table 1, Table 2 compares the first three-
order raw moments of max(D1,D2). Our computation is
accurate, and the relative error is less than 5%.

3.1.3 Computation of F[X}! - Max(D1, Ds)]

To compute Ec;; = E[X! - max(D1, D2)], we first obtain
JPDF of X;, AD;, and ADs by using a technique similar

Raw Moment 1% -order | 2"%-order | 3**-order
This work (20) 3.62 15.31 72.68
Monte Carlo 3.65 15.61 75.33
Error 0.90% 1.92% 3.52%

Table 2: Raw moment computation.

to that developed in Section 3.1.1. JPDF f(z;,v1,v2) is
approximated by the first K-order Fourier series as follows:

K
fasvv)m 3 By - foertanime - (g3)
P,q,8=—K

where ;s = jsm/w;, and coefficients (3,5 are given by

eYCan

~Y,1, ~Y,o, Y -V,
mE[e vea]Blem V2w BleYirva) [ Ele™ ]

ki

ﬁ;qs =

where Vi pq=(Cpai1 +nqai2 — &i.s) Xi+(Cpbir +1gbi2) X7. The
above expectation has the same form as (16), hence they
can be easily evaluated, as well.

After obtaining JPDF f(x;,v1,v2) of X;, AD1, and ADs>,
JPDF of X;, D1, and D2 can be obtained as g(x;, v1, v2)=f(z;,v1—
u1,v2 — p2). Hence Ec;+ can be computed by

Ec;t = /// :cifvlf(:ci,ful — p1,v2 — p2)dz;dvidus +
vl >v2

/// vazf(xi7v1 — p1,v2 — p2)dzidvidvs.
v >v1

As f(zi,v1,v2) is known from (23), we finally obtain

K
Eci,t = Z B;qu(t7 §i,87_wivwi)L(lvpaqalahaulau2)7(24)

p,q,s=—K

using functions L and J in (21) and (22), respectively.

Table 3 compares our computed Ec¢; 1 and and Ec; 2 with
Monte-Carlo simulation based on the same settings in Table
1. We see that our approach is accurate with less than 6%
error compared to Monte Carlo simulation.

Variation X1 Xo X3 X4
Eci Ours (24) | 0.152 | 0.098 | 0.166 | 0.155
MC 0.158 | 0.095 | 0.168 | 0.159

Error 3.8% | 29% | 0.8% | 2.4%
Ec; 2 Ours (24) | 0.355 | 0.362 | 0.356 | 0.366
MC 0.338 | 0.345 | 0.338 | 0.347
Error 50% | 52% | 5.3% | 5.3%

Table 3: Computation of Ec¢;; and Ec; .

3.1.4 General Canonical Formfor D = maz (D, D2)
To reconstruct D = max (D1, D2) into the general canonical
form in (4), we need to determine do, ai, bi, ar and b,. For
computational efficiency, we rewrite D in (4) as follows:

D = dy+ Z Zi+ 2y, (25)
Zi = aiXi+bi(X] —mia), (26)
Zr = arXr+ br(X,% — Mr2), (27)
dy = do+bemen+ Y bimio, (28)

where m;; is the t*"_order moment of X;. Because X;’s

are independent with zero means, so are the Z;’s and Z,.
Therefore, according to (25), the first three-order central



moments of D can be evaluated as

Uy = dy, (29)
U, = Z,uzi,z + pzr,2, (30)
Us = Z zi,3 + tar3, (31)

where pi;+ and p.r+ are the " _order central moment of Z;
and Z,, respectively. According to the definition of Z, (or
Z;), we compute -2 (Or p1z;2) by

Wer2 = (Mpa — mig)bz + 2m, 3a,b, + mzyzaz. (32)
Similarly, pi.r3 (or p.s,3) is computed by

Mzr,3 = (mr,G - 3mr,4mr,2 + mig)bi + m'r,3a::- +

3(mya — mf.yz)af.br + 3(mys — mngmr’z)arbf(?ﬁ)
By equating (29) to (31) with (5) to (7) correspondingly, we
match D in (4) with the first three-order central moments of
the exact max (D1, D2). Moreover, we also strive to match
the joint moments of X; and max(D1,D2) to the third-order,
as the latter are closely related to the correlation between
X; and max(D1,D2). This is achieved by determining a;
and b; as follows:

Ecii = aimia+bimigs, (34)
Ecio = pmsz+ aimis+bi(msa — m?,z)- (35)

As Ec;;; and Ec¢; > are known from (24) and the moments
mg,¢+, we solve for a; and b; from (34) and (35), which form a
linear system of equations with two unknowns. Knowing all
a; and b;, we determine a, and b, by plugging p.,2 of (32),
tzr,3 of (33), Uz of (6), and Us of (7) into (30) and (31) and
solving these system of equations. Then the only unknown
left for D in (4) is do can be obtained by equating (29) to
(5).

To verify that our constructed D is accurate in approx-
imating maxz (D1, D2), we compare our results with Monte
Carlo simulation. Based on the settings in Table 1, Fig. 3
shows that our approach matches Monte Carlo simulation
accurately and it captures not only mean and variance, but
also the skewness. In contrast, the Gaussian approximation
that matches only mean and variance is very different from
Monte Carlo simulation.
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Figure 3: Comparison of PDF after max operation.

3.2 Add Operation

To compute D = D; + Dy and put it back in (4), it can
be done straight-forwardly for both the nominal value and
global random variables’ coefficients, as we only need to add

up the corresponding terms, i.e., do = do1 + do2, a; = a;1 +
a;2, and b; = b;1 + bia.

For the uncorrelated random variable, one approach is to
keep the correlation between the addition result with the
two input uncorrelated random variables (X,1 and X,2).
This is achieved by promoting these two variables into global
random variables after addition, thus their coefficients are
the same as before. The downside of this approach is that it
causes the length of our general canonical form to be longer
after each addition. An alternative way is to combine the
two input uncorrelated random variables (X1 and X,2) into
a new uncorrelated random variables X, by matching both
the second- and third-order central moments of the exact
addition operation. This is similar to solving a, and b, for
maxz (D1, D2), hence we omit the details in the interest of
space. The drawback of this approach is that the correlation
between D and X,1 and X,» is lost.

We see that the above two approaches complement each
other. Following a similar idea as [9], we choose the first
approach when the coefficient of X;1 and X2 is larger than
a pre-defined threshold so we do not lose correlation, and
choose the second approach when the coefficient of X,; and
X2 is small so we can keep the form compact. But either
way, the result after addition will be still in the form of (4).

3.3 Complexity Analysis

For the max operation as shown in Fig. 1, the complexity
is low because all computation involved is based on either
closed-form formulas or one-dimensional lookup tables. The
complexity of one max operation is thus O{K*N}, where K
is the highest order for Fourier series, and N is the number
of variation sources. In another words, our max operation
is linear with respect to variation sources. In practice, both
K and N are small numbers compared to circuit size, so
the complexity of maximum operation is constant. Similar
arguments hold for the add operation. Since both max and
add can be done in constant time, our block-based SSTA
can be done in linear time in circuit sizes.

4. EXPERIMENTAL RESULTS

We have implemented our n2SSTA algorithm in C, and ap-
plied it to the ISCAS89 suite of benchmarks obtained from
[10]. Because there is no variation information in the orig-
inal benchmark, as a proof of concept, we randomly gener-
ate such information in this work. For each benchmark, the
number of variation sources ranges from 5 to 20 depending
on circuit sizes. The total variation amount ranges from 5%
to 20% of its nominal value. For each variation source, it
follows either a Gaussian distribution, uniform distribution,
or tri-angle distribution obtained from uniform-sum distri-
bution of degree two. For easy comparison, the final circuit
delay is normalized with respect to its nominal delay, thus
results reported here are unit-less. We compare the solution
quality of n?SSTA with the golden Monte Carlo simulation
of 100,000 runs.

Similar to the experiment setting in [11], Table 4 com-
pares n>SSTA and Monte Carlo simulation in terms of the
ratio between sigma and mean, the 95% yield timing, and
runtime in second. In the first (or second) set of experi-
ments, all variation sources follow a uniform (or a tri-angle)
distribution. According to the six benchmarks reported, we
see that our n?SSTA algorithm can accurately predict all
timing metrics with, on average, less than 2% error com-



Bench Monte Carlo n?SSTA
mark [ o/p | 95% run o/u 95% run
% ‘ yield | time (s) % yield ‘ time (s)
Uniform Variation Sources
s27 14.7 1.41 3.4 14.8 1.41 0.80
s386 14.9 1.41 61 14.9 1.41 2.00
s444 15.1 1.42 44 14.8 1.42 3.07
s832 15.0 | 1.41 91 14.5 1.41 5.24
s1494 | 154 | 1.41 285 15.6 1.41 7.97
s5378 15.3 1.42 855 14.9 1.42 27.1
Avg - - - 1.37% | 0.01% 1/22.3
Tri-angle Variation Sources
s27 13.6 | 1.44 4.3 13.8 1.44 0.80
s386 13.6 | 1.45 61 13.7 1.45 1.88
s444 14.2 1.47 57 14.3 1.47 2.99
s832 15.0 1.48 115 15.0 1.48 6.81
s1494 | 14.1 1.45 284 14.3 1.45 7.60
s5378 13.9 | 1.45 903 14.0 1.45 25.6
Avg - - - 0.73% | 0.01% 1/24.4

Table 4: Experiments for non-Gaussian variations
and nonlinear delay. The number in a circuit name
is the number of gates in the circuit.

pared to Monte Carlo simulation, while achieving about 25x
speedup. The runtime of n?SSTA roughly grows linearly as
the circuit size grows. We also show the PDF comparison
result in Fig 4. We see that our n2SSTA algorithm obtains
almost the same PDF as Monte Carlo simulation. This con-
vincingly shows the validity and accuracy of our n?SSTA
algorithm in predicting timing distribution.

Uniform Variation Sources Triangle Variation Sources

0.8 0.9

12 13 0.9 12 13

11
Normalized Delay

1 11
Normalized Delay
Figure 4: PDF comparison for s5378 with non-
Gaussian variations and nonlinear delay

We also compare n?SSTA with our implementation of [2]
(denoted as linSSTA) by assuming Gaussian variations and
linear delay model for both. From Table 5, we see that in
predicting o/, n*SSTA matches Monte Carlo simulation
well with about 5.5% error, while [inSSTA has about 11%
error. 2 This clearly shows that n?SSTA is not only more
general, but also more accurate than linSSTA. Interestingly,
we find that both approaches predict the 95% yield point
well. This partially explains why linSSTA algorithm is still
useful for timing analysis, provided the variations are indeed
Gaussian. The PDF comparison of the three approaches is
shown in Fig. 5. We see that our n>SSTA predicts the PDF
almost the same as Monte Carlo simulation, while the PDF
from linSSTA deviates from that of Monte Carlo simulation.

5. CONCLUSIONS

A novel SSTA technique n?SSTA has been presented to
handle both nonlinear delay dependency and non-Gaussian
variation sources simultaneously. We have shown that all

2Note that n2SSTA has a larger error for Gaussian variation
sources in Table 5 than for uniform or triangle variation
sources in Table 4. This is because n?SSTA needs to use
bigger bounds defined in (10) for Gaussian variations than
for uniform or triangle variations.

Gaussian Variation Sources
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0.9 1 11 1.2 13

Normalized Delay
Figure 5: PDF comparison for s5378 with Gaussian
variations and linear delay

Bench Monte Carlo n2SSTA 1inSSTA
mark o/u% | 95% o/u % 95% o/u % 95%
s27 15.9 1.50 14.9 1.48 13.9 1.47
$386 15.7 1.50 14.9 1.48 14.1 1.46
s444 15.7 1.49 14.9 1.47 14.2 1.46
s832 15.7 1.49 14.8 1.46 14.1 1.45
$1494 16.1 1.50 15.5 1.47 14.4 1.46
s5378 15.8 1.48 14.6 1.46 14.0 1.46
Avg Error - - 5.5% 1.61% 10.9% | 1.88%

Table 5: Results for Gaussian variation sources.

statistical atomic operations (such as max and add) can
be performed efficiently via either closed-form formulas or
one-dimensional lookup table. It has been proved that the
complexity of n?SSTA is linear in both variation sources
and circuit sizes. Compared to Monte Carlo simulation for
non-Gaussian variations and nonlinear delay models, our
approach predicts all timing characteristics of circuit delay
with less than 2% error. In the future, we will extend our
work to consider more general delay models, such as non-
polynomial delays and/or dependency on variations’ cross
terms.

6. REFERENCES

[1] H. Chang and S. Sapatnekar, “Statistical timing analysis
considering spatial correlations using a single PERT-like
traversal,” in ICCAD, pp. 621 — 625, Nov. 2003.

[2] C. Visweswariah, K. Ravindran, K. Kalafala, S. Walker, and
S. Narayan, “First-order incremental block-based statistical
timing analysis,” in DAC 04, June 2004.

[3] L. Zhang, W. Chen, Y. Hu, J. A. Gubner, and C. C.-P. Chen,
“Correlation-preserved non-gaussian statistical timing analysis
with quadratic timing model,” in DAC, pp. 83 — 88, June 2005.

[4] Y. Zhan, A. J. Strojwas, X. Li, and L. T. Pileggi,
“Correlation-aware statistical timing analysis with
non-gaussian delay distribution,” in DAC, pp. 77-82, June
2005. Anaheim, CA.

[5] V. Khandelwal and A. Srivastava, “A general framework for
accurate statistical timing analysis considering correlations,” in
DAC, pp. 89 — 94, June 2005.

[6] J. Singh and S. Sapatnekar, “Statistical timing analysis with
correlated non-gaussian parameters using independent
componenet analysis,” in ACM/IEEEFE International Workshop
on Timing Issues, pp. 143-148, Feb. 2006.

[7] H. Chang, V. Zolotov, C. Visweswariah, and S. Narayan,
“Parameterized block-based statistical timing analysis with
non-Gaussian and nonlinear parameters,” in DAC, pp. 71-76,
June 2005. Anaheim, CA.

[8] X. Li, J. Le, and P. Pileggi, “Asymptotic probability extraction
for non-normal distributions of circuit performance,” in
ICCAD, Nov 2004.



19l

(10]

(11]

L. Zhang, W. Chen, Y. Hu, J. A. Gubner, and C. C.-P. Chen,
“Statistical timing analysis with extended pseudo-canonical
timing model,” in Proc. Design Automation and Test in
Europe, pp. 952 — 957, March 2005.

C. Lin and H. Zhou, “Optimal wire retiming without binary
search,” TCAD, vol. 25, pp. 1577-1588, Sept. 2006.

D. Sinha, N. V. Shenoy, and H. Zhou, “Statistical timing yield
optimization by gate sizing,” TCAD, vol. 25, pp. 1140-1146,
Oct. 2006.



