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Abstract— The main thesis of this paper is to perform a
reliability based performance analysis for a shared latch inserted
global interconnect under uncertainty. We first put forward a
novel delay metric named DMA for estimation of interconnect
delay probability density function considering process variations.
Without considerable loss in accuracy, DMA can achieve high com-
putational efficiency even in a large space of random variables.
We then propose a comprehensive probabilistic methodology for
sampling transfers, on a shared latch inserted global interconnect,
that highly improves the reliability of the interconnect. Improve-
ments up to 125% are observed in the reliability when compared
to deterministic sampling approach. It is also shown that dual
phase clocking scheme for pipelined global interconnect is able to
meet more stringent timing constraints due to its lower latency.

I. INTRODUCTION

In multi-gigahertz system-on-chip designs, global intercon-
nect wire proves to be a major bottleneck to the continual
increase in clock frequency as it requires several clock periods
of time to propagate a signal from source to sink. Extensive
amount of work has been done in recent past to alleviate the
global interconnect from the clock frequency constraints. And,
it is an accepted fact that pipelining of global interconnects
offers a promising solution to this problem [1], [2].

Although pipelining increases the throughput of intercon-
nect, it comes with practical difficulties like the cycle level
behavior changes in the RTL level which requires a lot of
manual rework in design. Scheffer in [3] listed the challenges
faced by the designer while pipelining an interconnect. In [4]
Cong et al addressed the problem of automatic interconnect
pipelining at RTL level by proposing a RDR-pipe(Regular
Distributed Register) approach to efficiently support the multi-
cycle on chip communication with interconnect pipelining.

For instance, consider a scheme where a single pipelined
interconnect is shared between 3 computational units that need
to transfer the data to another computational block. In a real-
time system operated at a clock period of 285ps, let the arrival
time set of these 3 transfers to be (170, 350, 690)ps; each
having a corresponding deadline. Now, if these transfers are
scheduled to be sent on the interconnect such that at most one
transfer is issued per clock cycle, then they can share the same
interconnect, provided their respective deadlines are met.

Howeyver, it should be noted that the uncertainties in the
arrival times and interconnect delay due to manufacturing
variations causes considerable bit error rate (BER) on the
global interconnect. For the above example, we observe that
deterministic sampling of transfers at the p or (u + 30)
values, can give an error rate as high as 59%, which is highly
undesirable. However, there may exist other set of sampling
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times which can yield much higher reliability (as high as 99%).
Hence, there is a need of a formal methodology that can find
such sampling sets to address the problem of increasing error
rates on shared global interconnects.

To this purpose, we propose a comprehensive probabilistic
methodology for sampling transfers, to increase the reliability
of shared latch inserted global interconnect under process vari-
ations. The proposed technique meets the timing constraints
of the global interconnect with a much higher reliability com-
pared to the deterministic sampling approach. Note that the
overall reliability of each transfer depends upon its sampling
reliability and transmission reliability. The latter depends upon
the BER encountered by transfer on the pipelined interconnect.
In order to compute the BER , we perform the statistical timing
analysis on the interconnect. While doing so, we support
a simple dual phase clocking scheme for pipelined global
interconnect, as it proves to be robust in noisy environment.
We also propose a novel delay metric based on ANOVA
(DMA) for estimating the probability density function of the
interconnect delay. It is an efficient and accurate metric when
compared to other variational delay metrics and provides the
designer with an explicit polynomial approximate expansion
for the delay response.

To begin, we explain the new delay metric for interconnect
and providing the results to prove its efficiency compared to
other delay metrics in Section II. A probabilistic methodology
for sampling transfers, to reliably transmit the data on a shared
global interconnect is presented in Section III. The results of
our technique are listed in Section IV and Section V concludes
our paper.

II. DELAY METRIC BASED ON ANOVA (DMA)

DMA serves as an efficient metric for finding the pdf of
the global interconnect delay considering process variations.
Given the uncertainty in parameters and degree p of the
required model, the prototype DMA returns the p'" degree
polynomial for the delay of the global interconnect along with
its mean and variance.

In our formulation, we first approximate the delay response
of a single RC model of an interconnect as a function of
uncertainty in geometric parameters such as wire width(w),
spacing(s), thickness(¢) and inter-layer dielectric thickness(h).
Our aim is to find a computationally efficient approximation
7y of actual output (y = f(w,s,t, h)), with a very small error
margin.
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where f is a finite order polynomial function that approximates
the behavior of the model and w, s, t, h are random variables
that can be expressed in terms of zero mean and unit variance

vector & = (&1, &9, €3,&4) such that
W= Uy t Uu;fl S = Hs +O's£2
t = g+ 03 h = pp +opéy

In this work, we assume the pdf of geometric variations to be
gaussian. Thus,without the loss of generality, this delay metric
can be used for any random distribution, and hence we can
approximate the output using a set of hermite polynomials [5].
Thus equation 1 can be written as

N —
)= augi (§) 2)
=0

where g(£) is a set of hermite polynomials, @ represents a
coefficient vector, N is the order of approximation. To compute
@ we use probabilistic collocation method (PCM) proposed in
[6].

The polynomial constructed in (2) is expressed in terms of
the input parameters and their interactions, not all of them
may be significant in the approximation of the response. In
fact, considering a large space of random parameters there
may be certain parameters that have negligible effect on the
response. Therefore we advocate that by detecting and elim-
inating such parameters from our design, we can reduce the
computational complexity involved in evaluating the response
without significant loss of accuracy.

We apply a technique named ANOVA (Analysis of
Variance)[7] on this RC model to quantify the importance
of variables on the variability of the response. As its name
suggests, ANOVA analyzes the variances to test for significant
differences between means by partitioning the total variability
into component parts. The proportion of variance due to each
input (or its correlation) towards the total variance can be used
as a statistical significance parameter (F) of that particular
1nput.

A. Overview of ANOVA

The statistical significance parameter (F) can be computed
by applying the underlying notion of ANOVA. We explain the
notation and implementation details by considering a simple
model with single uncertain input £ and response y = f(&).
As the input is random, let us assume that we consider 'm’
different values for the input variable at which we will observe
the response. Then the observed response ‘y;;’ represents the

h observation taken under i instance of . The observation
can be described by the linear statistical model as

yij:,quTiquij 2:1,2,...,m (3)
i=12....n

1 is the overall mean, 7; is called it" instance effect and is
unique to that instance, and ¢;; is the error component. The
basic idea in ANOVA is the comparison of the variance in the
response due to intra-instance and inter-instance Variability
The null hypothesis defined as inter-instance variability (o?)
is zero, implies that the response means are same for different
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instances.
Hy:02=0 “)
Hy:02>0 5)

where oy is variance of 7;. oy > 0 implies that the variability
exists between ‘m’ instances.

In order to calculate variance, we define between-instance
sum of squares(SSF) and within-instance sum of squares (SSE)
such that:

SSF nz Toi — (6)
i=1
SSE = > > (yij — Vi) @
i=1 j=1
Tei > i |/ ©)
j=1
m n
o= | DD wi| /N )
i=1 j=1
Here N = mn is the total number of observations. ¥,;

represents the average of the observations taken under i*"
instance whereas ¥, represents the average of observations
taken under all instances. The significance of SSF is that it
explains the variability in response due to difference in mean
of instances whereas SSE is referred to as error variance. The
variance or the mean square for between and within instance
is defined as:

MSF =
MSE

SSF/(m — 1) (10)
SSE/(N —m) (11)

To test the null hypothesis Hy, a F-ratio is defined as F =
MSF/MSE. If the null hypothesis is true, then both MSF and
MSE estimate the same quantity and thus F-ratio must be 1.
Assuming the observations are normally distributed, it can be
shown that SSF/o? and SSE/o? are independently distributed
chi-square random variables [8]. Thus, if null-hypothesis is
true then the F-ratio must also be chi-square distributed with
(m — 1,N — m) number of samples. We can find this F-
ratio (Fp) using a look up table [7] for a given significance
level (o). The probability P of obtaining the computed F-
ratio (MSF/MSE) greater than F{, is used as a significance
parameter such that the null hypothesis is rejected if P is lower
than « (set here as 0.05). Another important quantity that is
used in determining the proportion of variability in response
explained by the model is defined as R? = SSF/SST.

B. Reduction using ANOVA

We apply ANOVA technique on the polynomial generated
by PCM in equation (2) to find the insignificant terms in the
model. The analytical expression for the delay of single RC
segment, generated by PCM is given as:

19.65 — 2,286, — 0.9¢5 — 1.8265 — 0.326,
0.28(67 — 1) +0.1(€2 — 1) + 0.12(€2 - 1)
+0.05(6F — 1) + 0.17(&182) + 0.03(&164)
+0.2(£283) — 0.17(£284) + 0.17(&3&4) ps

delay =

12)
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TABLE I
COMPARISON OF MONTE CARLO(MC),PCM AND DMA RESULTS

Number Mean delay Delay Variation Number of Error%
of (ps) (ps) Spice Runs

segments MC PCM DMA MC PCM DMA MC PCM | DMA " o
2 40.06 39.92 40.11 3.59 3.45 3.63 | 10000 45 383 | 0.12 | I.11
4 163.67 163.94 164.04 9.24 9.37 9.42 | 15000 153 8 | 022 | 1.94
8 496.36 496.66 494.62 | 26.59 | 26.36 | 27.16 | 20000 561 261 | 0.35 | 2.15
16 1616.29 | 1617.15 | 1625.82 | 43.45 | 42.81 | 44.86 | 25000 | 2145 | 912 | 0.59 | 3.26

The mean and standard deviation of the delay are 19.62ps Block B s AT AT ST

and 3.15ps respectively. At first, we apply a primary level of
screening to determine the individual effect of each &; on the
delay. Figure 1 shows the individual significance of w, s, ¢, h
in the delay of a RC segment which is used in primary level of
screening. We then compute the delay gradient of individual
effects of &;. The set of &;, for which the delay gradient
is below a certain threshold, is used in secondary level of
screening. For example, it is noted that i has negligible effect
on delay compared to other parameters. And thus, i will be
passed on to secondary level of screening.

We use ANOVA on the Equation (12) in the secondary level
of screening to remove insignificant terms. Removing the in-
significant terms({2), we generate a reduced analytical equation
such that its R? value is at least 98.5%. In this case ANOVA
gives us that the terms {&4, 3, €3, 162, 6163, 6164, §06a, §36a}
are insignificant and the ANOVA table for the corresponding
reduced model is given in Table II. The reduced analytical
equation is of the form

19.65 — 2.28¢; — 0.9&, — 1.82€3 + 0.28(£7 — 1)
+012(§§ — 1) + 02(5253) pSs

delay =

(13)
which has a mean and standard deviation of 19.64ps and
3.13ps respectively, there by giving a mere error of 0.02%
in mean value and 1.2% in standard deviation. The definitions
of the terms in Table II can be found in Section II-A.

w s
0.1%6
0.194 4
0192 e
o=
© 0190
A
CAGRER
Spem
) 01782 00000 00732 -00732 00000 0732
[ t h
| 01%
@
= 01944 \
0192 | —_
0.190 \
0.188

-0.1732 0.0000 0.1732 -0.1732 0.0000 0.1732

Fig. 1. Significance of geometric parameters on delay

C. DMA Implementation

To begin our DMA analysis, we divide the global intercon-
nect into smaller identical modules (Figure 2) where each
smaller module has n random variables. To find the delay
equation for interconnect, we use PCM technique in which, the
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Fig. 2. RC tree Model for Global Interconnect

TABLE I
ANALYSIS OF VARIANCE FOR DELAY

Sum of Mean F
Source T p
Squares Squares value
Model 7 1454 x 10=9] 76 x 10~% [8059.65] 0.0
Residual Error| 8 | 12 x 10~9 {26 x 10~19| 5.28
Total 15
R? =99.73%

YT —Degree of Freedom

collocation points are computed for these n random variables,
for a given degree p.

An important step in DMA is analysis of this smaller blocks
using ANOVA to determine the parameters that have insignifi-
cant effect on the variability of the response. This is performed
by the technique outlined in Section II-B. As all the segments
of the macro-model (Block B) are identical we can extrapolate
the information about insignificant parameters of the other
smaller blocks based on the ANOVA results of the first block.
A set of all insignificant parameters I' = {Q; UQy ... UQ,}
is then used in evaluation of response of larger block. It
should be noted that DMA preserves significant correlations
among the design parameters. Since we know from [9] that
the computational complexity is directly proportional to the
number of significant terms in the model, the information
in I' can be used to decrease the complexity. Hence, we
perform the model runs on only those input sampling points
that correspond to the significant parameters in Block B. In this
way, by hierarchically removing the insignificant terms and
thus reducing the model runs, the computational complexity
of DMA is decreased. A comparison of delay values of Monte
Carlo, PCM and DMA is done in Table I.

ITII. RELTABILITY AWARE GLOBAL
INTERCONNECT SHARING

The latch inserted global interconnect can be shared be-
tween two computational units in order to achieve higher
levels of resource utilization. As shown in Figure III, the three
transfers from different computational units in Block A can be
transferred to Block B using a shared pipelined interconnect.
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Each block has a sampler (multiplexer) that sends the transfers
on the interconnect according to a priori sampling times such
that at most one transfer is issued per clock cycle on the
interconnect.

A feasible schedule would be the one in which each transfer
starts after its arrival time and completes before the specified
deadline. While constructing such a schedule of transfers
on the interconnect, it is also necessary to keep the BER
below a minimum allowable value, to ensure correct signal
transmission in the presence of uncertainty in the arrival
times and global interconnect delay. Hence, in this section
we formalize a probabilistic methodology to reliably transmit
the data on the interconnect with the consideration of process
variations. Before discussing our approach, the basic notation

Block A Block B
= =
-

= Computational Unit

[] Sampler

D Latch

Fig. 3. Global Interconnect Sharing Stage

and terminology is presented.
e X : Arrival Times— N(fi ,54)
e [i, : Mean
e 04 : Standard Deviation
e ) : Deadline Time Vector
e clk : Clock period of Global Interconnect
o n : Number of Pipelined stages
o ( : Sampling Times
o D : Delivery Times
p : Standard Deviation of Sampler
: Bit Error Rate
s - Sampling Confidence
p - Transmission Confidence = (1 — @)
e ), : Total Confidence Level = 1, * 1,
e U; : Root Mean Square (v,)

We assume that each arrival time vector is associated with a
given deadline time vector where deadline time is defined as
the latest time by which the data must be received by the other
end of the interconnect. The sampling time vector is the time
when the data is sent over interconnect by the sampler. The
sum of sampling time and the interconnect latency is termed
as delivery time.

Definition 1: (Sampling Confidence = t)5): The Sampling
Confidence level v of x is defined as

[ ]
Q

L]
<< gl

Ty

/ f(z)dx

— 0o

¥ =100 * (14)

where f(x) is the pdf of x and 7y, (or my(z)) is 1" percentile
of X, meaning that a designer can be ¥% assured that the
random parameter x will be less than 7y, (or my(z)).

Transmission confidence (1/;) gives us the reliability of trans-
mitting data over pipelined interconnect considering the effect
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Algorithm 1 probabilistic Scheduling (clk, X, \, Wmin, 0p)

T MOD(ﬁA,Clk) —0.5xclk 7« N(?,EA)
p «— LUT(clk, op) a «— quorent(t 4, clk)
{anew,g} — COMPUTESLACK((UmZ‘n, Oé)
if 37 such that §; < O then
B — F]NDSAMPLINGCYCLE(anew,3)
if 3 (4,7, # j) such that §; = §; then
for i =1to N do
if o; = 3; then
if ﬂgg(’yi) < P then
k3
else if 750(7;) < p then
k «— Sowe(r; + ko; = p)
else
k‘ — SOLVEFORMAXMUM(wti (k’))
end if
G« i + ko
else
G ((8; = 0.5) * clk + p)
end if
end for
O« Lut(clk, )
v F < COMPUTECONFIDENCE(Z, W)
else
print
Violation’
end if
else
print
possible’
end if
return (¥, ()

‘Abort: Deadline Constraint

‘Error: No feasible schedule

of process variations. It is computed using BER encountered
while transferring data over interconnect. We calculate the root
mean square confidence (¥ ¢) and choose it as an optimization
criteria because it maximizes both sampling confidence and
transmission confidence (which in-turn means BER (w) is
minimal).

A. Problem Statement

Given a set of n arrival times X = {X1,X2,---sXn}s
their corresponding deadlines A = {1, A2,...,\,}, and a
global interconnect clock period clk, the sampling time set
¢={¢,Ca,...,C} is found such that the ¥ is maximized.
The problem can thus be formulated as formulated as:

max Uy
subject to: w; < Wmin VIEN
Vs, > 50% Vien

Our goal is to maximize the total confidence W, so that the
timing constraints are met with some guaranteed probability
in the presence of process variations. In order to maximize
U ¢, we have to optimize sampling confidence ;.

It is evident from the third constraint (15, > 50%) that we
want the sampling confidence of each arrival time to be higher
than 50%. For simplicity, we hereafter refer to each arrival
time as an event to be scheduled on the interconnect. Note
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that the overall reliability of each transfer depends upon its
sampling reliability and transmission reliability. The sampling
reliability is evaluated using the confidence level at which the
sampler selects the arrival times. The latter depends upon the
BER encountered by transfer on the pipelined interconnect. In
order to compute the BER associated with each event, we need
to perform the statistical timing analysis on the interconnect
which is found using the following section.

B. Bit Error Rate Computation

The statistical timing analysis is performed on the latch
inserted global interconnect for computation of BER as for-
mulated in [10]. The notations which are used in section are
also kept same. For a given latch of stage ¢, the opaque region
(Ropaque) 1s defined as the time at which clock to the latch is
low. And the region of high-clock where data can be sampled
correctly by latch is termed as transparent Region (Rirqn)-
All the other region of clock apart from R,pqq and Ripqp is
termed as faulty region (f2f4uity). Based on the region where
the propagation delay of previous stage lies, the propagation
delay of stage ¢ is written as:

-]

Using, the pdf of propagation delays the total probability of
correct transmission and thereby the BER on the pipelined
interconnect can be found using the following equation:

Twire + Tdata — Lcik pi € Ropaque

15
Pi—1 + Twire + Tprop — Tclk pi € Rtran ( )

N
BER=1-qq2...qn = 1_1—[%’

where ¢; is the probability that stage ¢ of the pipeline will

transmit the data correctly.The details for the notation and

analysis can be found in [10].

With the use of single phase clocking in latches, the
flexibility in timing provided by latch based methodology is
not fully utilized. A dual-phase clock system can be used
instead of single phase clocking. The advantages of using such
a scheme are reduced latency, clock skew tolerance and higher
performance. Nevertheless, these advantages come along with
area overhead for generating two different clocks.

C. Estimation of Interconnect Reliability

Once the BER is computed, we build a Look-up table (LUT)
for a given clock frequency of the pipelined global intercon-
nect and the delay variation of the sampler (o). The inputs
to our algorithm are the pdf of the events, their deadlines,

o =7.5%
p1

c_=10%

693:1 5%

Bit Error Rate ()

p1
p3

o1
clk=285ps
o =

0 EIE
Mean Arrival time (1)

Fig. 4. Graph showing maximum allowable arrival time

and the maximum clock frequency at which the pipelined
interconnect can be operated for a given BER (w,i). At this
clock frequency, and for a particular sampler delay variation
(0s), we find the value p using LUT (figure 4, where p is the
mean arrival time beyond which BER starts increasing and
approaches one. Thus, it is important to select an optimum
value of p for obtaining minimum BER.

The throughput of pipelined interconnect is one event per
clock cycle for a single phase clocking scheme. Hence, we
must find a sampling clock number for each event such that
there is at least one clock period difference between any two
events in the set to guarantee no overlap in pipelined stages.
We define a« = quotient(fiy, clk) as the earliest sampling
clock number for an event. If w; > wy,y, for this o;, we assign
Qnew,i = 0y + 1. Based on the deadline (M) and number of
pipelined stages, we compute slack § which is defined as:

Definition 2: (Slack = §): It is the difference between the
deadline time and the delivery time,that is,the absolute time
at which the event reaches the other end of interconnect.

0= (X —Qpew — n*clk) (16)
The foremost requirement for any event to be eligible for
scheduling is that the J must be non-negative because it
otherwise violates the deadline constraint. We then compute
the actual sampling clock number [ using available slack for
each event, such that there is no overlap in clock number
among any two events. If there is an overlap of actual sampling
clock numbers, we conclude that there cannot be a feasible
schedule that meets the constraint of minimum BER (w;,iy).
Now, for this sampling clock number (8) we want to find
an optimum sampling time (z);) for each event in order to
maximize V. It is assumed that the sampler that is used can
select these 15 from the continuous arrival time pdf.

If «; remains unmodified (o; = f3;), then we calculate the
sampling time { = 7i4 + ko4, where k is found on the basis
of 50" and 99*" percentile values of pdf of event set and
p. The value of k is computed for the three cases as shown
in the algorithm. For instance, when 50th% > p, we solve
for k using LUT for finding transmission confidence (v,) and
sampling confidence simultaneously, until ; is maximized.
And in case « is modified (provided there is slack available),
¢ is found using sampling clock number () and mean arrival
time (p). Once the sampling time (Z) is computed, we check
for the BER (w) at these sampling times. The total root mean
square confidence is finally computed using sampling times
and BER.

IV. RESULTS

We perform our analysis on global interconnect based on the
0.18um technology parameters given by Berkeley PTM model
[11]. There are 8 pipelined stages and the length of wire in
each stage is taken to be 1.4um. The mean and variance of
delays are computed using DMA and are listed in Table IV.

Next, we use Section III-B to find the maximum operable
clock clk so that w; < wpin. We proceed in our analysis
using this clock period and assuming that w,,;, = 2%. For
comparison of deterministic sampling and our approach, we
consider three cases of 4 randomly generated events that
needs to be transferred between two blocks. The 3 cases
correspond to § > 0, 6 = 0 and § < 0. Without the loss
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TABLE III
COMPARISON OF DETERMINISTIC AND PROBABILISTIC SCHEDULING

oo A [} ¢ 7 Gain %
" w+ 30 probabilistic " w—+ 30
Sampling Sampling Sampling Sampling Sampling
ps ps | SP | DP SP DP | SP [ DP SP [ DP SP [ DP SP [ DP SP [ DP
Case 1
El 70 | 2850 1 1 385 | 650
E2 | 395 [ 3700 3 1| 1240 | TT10
B3 690 1 3450 i > T 955 11570 44.64 | 43.13 | 69.99 | 70.62 | 99.47 | 99.79 | 122.77 | 131.37 | 42.09 | 41.29
E4 | 1020 | 4100 2 2 [ 1810 | 2030
Case 2
El 70 | 2600 | 0 0 90 90
E2 | 395[2900 ] O 0| 405 | 650 | 49.47 | 40.65 0 81.54 | 73.52 | 99.74 | 48.62 | 145.36 - 22.30
E3 | 690 | 3150 | O 1 695 | 1110
Case 3
El 70 | 2600 | 0 0 - 90
o oL 2L 2L - IR o« aas| x| 0 | x |se3s| - 10723 ] - -
E4 [ 1020 | 3100 | -2 0 - 1165
SP — Single Phase clocking DP — Dual Phase clocking X — Deadline Constraint Violation

1 1
Hos Single £ o=Blos2159%
o Phase o
ﬁo,g Clocking ém bual
Soa c=15% So. Phase
5 o=12% i~ Clockin:
s 6=10% @ 9
@ f— 6 =05% 5

0
O'lq:requgr‘%cv/Lalt)esncv [é’ﬁlzl o7 O'F—'requé"r‘:cv/La?'eSncv [Cgﬁlz] o7

Fig. 5. Effects of o, on BER Fig. 6. Effects of o, on BER

for single phase scheme for dual phase scheme

of generality, the events are selected such that they cover
all possible regions (opaque, transparent, faulty) of sampling
within a clock period. The results are tabulated in Table III. We
consider two types of deterministic samplings which are 50%
and 99% sampling. 50% and 99% samplings corresponds to
sampling at ¢ and 430 values respectively. For deterministic
and probabilistic sampling, we show the results when either
single phase or dual phase clocking is used. It should be
noted in Case 3 that for the same set of arrival times and
deadlines, the single phase clocking succumbs because the
deadline constraint does not meet. However, its dual phase
clocking counterpart gives a feasible schedule with a much
higher confidence than mean sampling value. This is possible
because the latency of shared global interconnect in dual phase
clocking scheme is lower than that of single phase clocking.
Thus that more stringent timing constraints can be met with
dual phase clocking yielding a low error rate. Furthermore a
comparison of dual and single phase clocking, in Figure 5 and
6, for various values of o proves that dual phase is more
robust in noisy environments.

TABLE IV
DELAY VALUES USED FOR 0.18uM TECHNOLOGY

DMA Delay
14(ps) [ a(ps)
Twire 109.12 9.13
Taata 119.60 13.19
Tprop 115.42 13.62
Toctup 119 3
Teik He 22

V. CONCLUSIONS

The major contribution of this work is two-fold. First,
we provided an efficient and accurate delay metric DMA for
estimating the delay pdf of an interconnect under process
variations. This delay metric uses ANOVA technique to reduce
its computational complexity. Then, a probabilistic method-
ology for sampling events to reliably transmit the data on
the shared latch inserted global interconnect was presented.
Using our approach, the error rates are dramatically reduced
and significant improvements are observed in total confidence
compared to 50" or 99*" percentile deterministic sampling
approach.

REFERENCES

[11 R. Mclnerney, K. Leeper, T. Hill, H. Chan, B. Basaran, and L. Mc-
Quiddy, “Methodology for repeater insertion management in the rtl
layout, floorplan and fullchip timing databases of the itanium micropro-
cessor,” in Proc. of 2000 International Symposium on Physical Design,
2000.

[2] “Semiconductor industry association,”
Roadmap for Semiconductors, 2004.

[3] L.Scheffer, “Methodologies and tools for pipelined on-chip intercon-
nect,” in Proc. of International Conference on Computer Design, 2002,
pp. 152-157.

[4] J. Cong, Y. Fan, X. Yang, and Z. Zhang, “Architecture and synthesis
for multi-cycle communication,” in ISPD ’03: Proceedings of the 2003
international symposium on Physical design, 2003.

[5] J. M. Wang, P. Ghanta, and S. Vrudhula, “Stochastic analysis of
interconnect performance in the presence of process variations,” in
ICCAD, 2004, p. 880.

[6] M. Webster, M. A. Tatang, and G. J. McRae, “Application of the
probabilistic collocation method for an uncertainty analysis of a simple
ocean modeltesting multivariate uniformity and its applications,” MIT
Joint Program on the Science and Policy of Global Change, 1996.

[7]1 D. C. Montgomery, Design and Analysis of Experiments. John Wiley
and Sons, 1997.

[8] Cochran, G. William, and G. M.Cox, Experimental Designs, 2nd ed.
John Wiley Sons, Inc., 1957.

[9] Y.S. Kumar, J. Li, C. Talarico, and J. Wang, “A probabilistic collocation

method based statistical gate delay model considering process variations

and multiple input switching.” in DATE, 2005.

L. Zhang, Y. Hu, and C. C. Chen, “Statistical timing analysis in

sequential circuit for on-chip global interconnect pipelining,” in Proc.

Design Automation Conf., 2004, pp. 904-907.

“Berkeley ptm-interconnect.” [Online]. Available: www-device.eecs.

berkeley.edu/~ptm/interconnect.html

International ~ Technology

[10]

(11]

729




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


