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Abstract— Meeting the tight performance specifications mandated by
the customer is critical for contract manufactured ASICs. To address
this, at speed test has been employed to detect subtle delagildres
in manufacturing. However, the increasing process spreadni advanced
nanometer ASICs poses considerable challenges to preding hardware
performance from timing models. Performance verification n the pres-
ence of process variation is difficult because the critical @th is no longer
unique. Different paths become frequency limiting in diffeent process
corners. In this paper, we present a novel variation-aware rathod based
on statistical timing to select critical paths for structural test. Node
criticalities are computed to determine the probabilities of different
circuit nodes being on the critical path across process vaaition. Moreover,
path delays are projected into different process corners uag their linear
delay function forms. Experimental results for three multimillion gate
ASICs demonstrate the effectiveness of our methods.

. INTRODUCTION

In contract manufacturing of application-specific integdacircuits
(ASICs), the customer exclusively contracts the ASIC maciwirer

random variable [4]. However, testing paths through eaatuttigate
is economically infeasible. Current 90 nm ASICs can have asym
as 25 million gates, potentially having billions of pathsetklods
based on worst case slacks or modeling delay defect sizeaamlam
variable do not consider process and environmental paesmet
Overall, there is a pressing need for an integrated appraach
variation-aware performance verification combined withow-tost
at-speed test methodology. Furthermore, the approach awlgsess
a wide variety of ASIC designs.

In this paper, we present an integrated approach to at-sgiaec
tural test (ASST) for performance verification, explicitgnsidering
a multidimensional process space. The first objective of tindrk
is to uncover performance violations in a defect-free chiigirag
from the systematic aggregation of very small delay changes
interconnects and gates affected by the same processivasiaDne
set of applications is for speed sorting to cull high-parfance

for a product. The ASIC netlist is owned and designed by the cuproducts for high-value customers. The second objectihisfwork

tomer, implemented in the manufacturer’s cell libraries] fabricated
and tested by the manufacturer. Satisfying the strict perdoce
specifications mandated by the customer while meeting theaed
test cost is critical.

However, achieving the specified performance requiremémts
advanced nanometer ASICs poses considerable challengesefT
fects of process and environmental variation are incrgasith each
new technology generation [1]. The number of significantrses
of variation is also increasing, leading to a variationahc of
very high dimensionality and a wide distribution in ASIC foer
mance [1]. Delay measurements of simple test structureh, &siring
oscillators, can no longer guarantee adequate timing fesdiace.
Certain process and environmental parameters may in fieattdhe
ASIC logic differently than its test structures. Moreovien, contract
manufactured ASICs, expert knowledge of the design’s fanatity
is not available. The performance verification methodolagyst
therefore be applicable to a wide variety of designs. Funtlioee,
the test cost must adhere to customer-established budgets.

is to enrich the transition fault test suite with a few patHage
test patterns targeting minute delay defects on criticdhgaThe
third objective of this work is to provide performance feadk
from manufacturing to reduce pessimism in timing models tnd
drive design changes based on observed performance. Thid ve
used to increase the parametric yield. This paper repeseatfirst
reported successful integration of an industrial staétiiming tool
with a proven low-cost at-speed test methodology that idicaige
to a wide variety of contract manufactured ASICs.

This paper is organized as follows. In Section Il, we revielated
prior work. In Section Ill, we introduce the integrated memance
verification methodology. In Section IV, we describe thespeed
test architecture on which the integrated methodology setaln
Section V, we review parameterized statistical timing. éct®n VI,
we describe the computation of critical probabilities faths and
nodes. In Section VII, we present the proposed method tatifglen
paths in the design that are critical across the entire psoead
environmental parameter space. A method to avoid falsespiath

At-speed test has become a popular low-cost approach tetdetescribed. Finally, in Section VIII, we present experinanesults

subtle delay failures in manufacturing [2], [3]. Howevet;speed
test for catastrophic defects does not address the probiatalays

caused by process variation [4]. In advanced nanometer faanu

turing, systematic delays owing to unpredictable procdsanges

for three multimillion gate ASICs.

Il. PRIOR WORK
At-speed test for delay faults is being widely carried outtlie

have assumed a greater share of customer fails than catastroindustry. In [10], methods for at-speed deterministic testreported.

defects [5]. Moreover, at-speed transition fault test isqu@aranteed
to exercise critical paths required to measure performéice
Path delay test has been proposed to verify performancd7g],
However, path selection based on deterministic timing cainapture
shifts in the critical path caused by process variation. eRtyg,
several methods for critical path identification based atisttcal

In [3], the authors describe at-speed test for Freescaf®® eore.
In [2], an ASST methodology for contract manufactured ASIEs
presented. The new methods for performance verificatiosepted
in this paper are based on [2]. In general, the existing amives are
targeted at gross defect detection, and use the transdidhrhodel
for test generation. Critical paths are not guaranteed texikecised.

modeling of delays have been proposed. These are eithed loase For performance verification, testing the critical pathsniportant

enumerating long paths through each gate [8], using woset skacks
to identify critical nodes [9], or modeling delay defect esias a

to determine whether the manufactured ASICs meet the peaioce
requirements.



Path selection for delay test has been rigorously investija

In [11], a method based on graph traversal to identify thgésh path
through a gate is reported. In [6], critical path selectignrénking

endpoints in order of slack is studied. In [7], the authormpare
the delays of the longest sequential and combinationadltspaths
through each gate. In general, the prior work based on datistin

timing is not variation-aware. Hence, shifts in the critipath with

process variation cannot be captured.

The delays of different paths on a chip have been observedrio ¢

relate if the paths pass through the same gates and inteasnd].
Hence, recent methods for critical path selection have deduon
statistical modeling of delays. In [8], a statistical fazdtverage metric
based on identifying the longest path per gate is presehimaever,

this would lead to an explosion in the number of paths tested f

large circuits. Testing a large number of paths would excened
test cost budget established by the customer. In [9], faddb-aware
statistical timing is used to select critical paths. The hodtuses
worst case slacks to identify critical nodes and does nosiden
process or environmental parameters. Next, in [4], a methododel
delay defects as random variables is presented. Perfoevémiation
due to process variation in defect-free circuits is not stigated. In
both [9] and [4], Monte-Carlo simulation is used to identdsitical
paths. This is inefficient for large circuits. Finally, indJl a method to
identify the longest paths through every gate under procasation
is described. However, testing paths through each gatéeiadible in
terms of test data volume and testing time for current 90 nnCAS
that can have millions of gates.

In timing analysis of advanced nanometer ASICs, it is imgauirt
to consider process and environmental parameters suclresstor
channel length, supply voltage, and metal thickness [13tiSical
timing has been proposed to compute the statistical craistits of
arrival times (ATSs), required arrival times (RATS), andcila as a
function of the process [13].

Research in statistical timing has also resulted in the egnof
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Performance verification methodology.

To solve Problem 1, we propose the integrated methodology

illustrated in Figure 1. The process begins by reading indibsign
netlist, timing models for library cells, and related timgiassertions
and constraints. We then run statistical timing in a spedi@ST
mode to compute the signal arrival times as functions of eand
variables. Since we use a low-cost tester to satisfy thet@nson

test cost inProblem 1, at-speed patterns cannot be applied to chip

criticality [13]. The criticality of a node is the probability that this I0s from tester pins. Hence, only flop-to-flop paths are tirimethis

node lies on the critical path over the entire process splslcee
recently, an efficient algorithm to compute node criti¢edithas been
presented [14].

In this paper, we use block-based statistical timing based o
detailed statistical model of gate delays, taking into aotonultiple
process parameters exhibiting chip-to-chip and intr@-clariation
with possible spatial correlation. We propose an efficidgor@thm
for computing the criticalities of circuit nodes using thesults of
statistical timing. Our performance verification methadpl is based
on testing critical paths passing through nodes of higticality. To
the best of our knowledge, this paper represents the firsiroegb
successful integration of an industrial statistical tignitool with a
low-cost test architecture applicable to a wide variety &l@s.

The performance verification problem that we address in ghjzer
can be formally expressed as follows.

I NTEGRATED METHODOLOGY

special mode. Moreover, certain timing constraints, susttlack-

gating setup and hold cannot be tested by ASST. Hence, thesks
are disabled for ASST timing. From the statistical disttibns of

the random variables, we can predict the probability of &ligeing
correct at the flip-flops for a given clock frequency. Thistdea us to
compute the criticality of every node in the design. Theudtroodes
having the highest criticalities are selected and statiBi-critical

paths are traced through them. After tracing the criticdhpawe

perform test generation to obtain the test patterns to béeapfor

performance verification.

After path test generation, the test patterns obtained adeld
into the tester. For ASST, the low-cost tester scans eadhrp&ahto
the chip at a low tester frequency and then hands over cawatrible
on-chip functional clock generation logic. The phase-tmtkoops
(PLLs) on the chip are activated to begin a launch—captujaesee,
such that the path-under-test is clocked at-speed. The Eahsbe
programmed to run faster or slower to determine the failregdency

Problem 1: Givenan ASIC netlist, timing models for library cells, aof each path. After each pattern has been applied at-speedest

frequency requirement for each clock domain, and a comtdatest
cost budget,

responses are scanned out at a low tester frequency and reshipa
the expected results. In the following sections, we deecegifich step

Create a methodology in which the performance of each clocks the integrated methodology in detail.
domain is verified for chips from across the entire process an

environmental parameter variational space,

IV. AT-SPEED STRUCTURAL TEST

Such thatthe test cost budget is not exceeded, and any hardwadere, we introduce the ASST architecture [2] used for penéorce

overhead and design-for-test (DFT) changes to the netistrani-
mized.

verification in our integrated methodology. ASST, illus¢chin Fig-
ure 2,

is used to exercise each clock domain of the ASIC at its
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Fig. 2. lllustration of ASST architecture. min, addition and subtraction operations for delays, ATe RATS.

By Monte Carlo simulation and hardware correlation, thisthod

specified performance while using a low-cost tester. We ficsin has been shown to be efficient and accurate.

the functional programming values in to the PLL frequencytoa
flip-flops and lock the PLLs for correct operation. Once thé-&bare
operational, an asynchronous GO signal is asserted by sher e In this section, we explain how statistical timing and theeept of
begin an at-speed (or faster) functional clock sequence. criticality are used to identify circuit nodes that lie orethritical

The approach is highly scalable to any number of logic dosrainpath.
under-test. Any number of on-chip PLLs can be accommodated.The objective of our work is to verify the performance of man-
Moreover, PLL frequency programming is separated fromueste- ufactured ASICs over the entire process space. To do this, we
form generation; hence, PLLs can easily be reprogrammedirio rmust test the delays of critical paths. However, differesithp may
faster or slower than at-speed to determine when the dripgths become frequency-limiting in different parts of the pracepace.
fail. This is important to provide feedback on how accuratile For example, Figure 3(a) illustrates a circuit having twodggaths
timing models match the manufactured performance. Thidlfiaek labeled P1 and P2. The delays of paths P1 and P2 are funcfibms o
allows us to tweak timing models to account for observed ggsec process parameters X1 and X2, e.g., transistor channethlemgtal
variation. Any functional clock waveform forn clock cycles can thickness, etc. The two-dimensional process space for Xil X
be derived from the PLL to be applied to different clock damsai is illustrated in Figure 3(b). Path P1 has the longer delagmthe
The method uses a low-cost tester, requires no functionsigle values of X1 and X2 lie in the area in the upper-left quadrdrthe
changes by the customer, and imposes little hardware cagrileus process space. However, Path P2 is the critical path whewathes
satisfying the constraints imposed B®roblem 1 Moreover, each of X1 and X2 lie in the area in the lower-right quadrant. Hertbe
clock domain on the ASIC has its own deskewer. Critical path@oblem of variation-aware performance verification beesrthat of
between synchronous clock domains can therefore be testedutv testing the paths that have the highest probability of beiritical
the need to use functional clock generation logic (custolRenot over the entire process space.
made available to contract manufacturers—see Figure 2). To identify critical paths more efficiently, we introduceetimetric
of node criticality. We definenode criticality as the probability that
a certain node will lie on the critical path among all mantidiaed

In this section, we introduce parameterized statisticaing and its chips, In this section, we show that there exists an efficigarithm
application to path selection for ASST. Deterministic tigimodels to compute node criticalities.

delays, ATs and RATs as simple scalar numbers. On the othef, statistical timing, a circuit is modeled as a timing graph
hand, statistical timing models all time quantities as din&inction G(N, E, ny,ny), whereN is a set of nodes ang is a set of edges

. . . . . b bl s 1
canonical forms of variational parameters. For exampleimng \yeighted by delays of gates and wires. Figure 4 shows an dgamp
quantity D in statistical timing may be expressed as combinational circuit and its timing graph. Graggh has a virtual

VI. CRITICALITY PROBABILITIES

V. STATISTICAL TIMING

" » source noden, connected to all the primary inputs (PIs) by virtual
D=do+Y diXi+ ds; X +dnX,. (1) edges. The delays on these edges are the ATs at the respRigtive
i=1 i=1 The virtual sink nodeny is connected to all the primary outputs

Here, do is the mean value of timing quantity; d; are D's (POs) by virtual edges. The delays of these edges are théveegh
sensitivities to random variable$; that represent globally correlatedthe RATSs of the respective POs.
chip-to-chip process variationi, ; are D’s sensitivities to random  For any edgee of interest, we divide all the paths of the timing
variablesX,; that model intra-chip spatial variation; adg is D’s  graph into the subse§. passing through edge and the subse§.
sensitivity to X, that models uncorrelated random variation. Withoutot passing through edge The criticality of edge: is the probability
loss of generality, in this work, we assume all sources ofatian that the maximum path delay over all the pathsSinis larger than
follow the Gaussian distribution. However, our approaahaslimited the maximum path delay over all the pathsSp. The maximum
to any particular variation model and can be easily exteridedore delay d(G.) of the paths passing through edge= (i,t) (see
general models [15]. Figure 5) is called edge slack and is expressed as

Once delays are modeled in the canonical form of Equation (1)
statistical timing is performed using statistical equivat of the max, d(Ge) = dso +d(e) + dsrom- @
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the mean and variance d{G.) and d(G.), respectively;d is the
Here, d¢, is the maximum delay from the source node to néde covariance betweed(G.) andd(G_e).
d(e) is the delay of edge, anddy,.n, is the maximum delay from
nodet to the sink node. Using ATs and RATs, Equation (2) can be VII. STATISTICAL PATH TRACING
rewritten as Having identified the critical timing nodes in the circuit$ection VI,

d(G.) = AT () + d(e) — RAT(t). 3) the next step is to trace the critical paths that pass thr@agih of

these nodes.
Here, AT (¢) is the AT at nodel and RAT (¢) is the RAT at node.
Edge slack computation is illustrated in Figure 5. Stat#ttiming
provides us with all ATs and RATSs in parameterized canorficah. The variation-aware method for critical path identificatits pre-
Therefore, we can compute the maximum path delay over afialies sented in the form of pseudocode in Figure 6. Here, we firgtries
passing though any edge in parameterized canonical fornebsTo Lines 1-10 of Figure 6 that are related to identifying catipaths.
calculate the maximum delay of the paths not passing thredgee, In Line 1 of Figure 6, we initialize the se® of paths to empty.
we construct a mimimal cutséf. containing edge and separating AS critical paths are progressively identified, they areeatithP. To

nodesn, andn; from the timing graph. Each path from ton; has Mmeet the strict test cost budget established .by the custameetse
only one common edge with a miminmal cutset. This constonds low-cost testers. ASST operates at the functional speedeoASIC,

illustrated in Figure 5. however, low-cost testers are unable to apply test patterrehip
Let C= = C. — {e} be a set of all cutset edges excepfThen the 10s at functional speeds. Hence, only internal flop-to-flaghp are
set of paths passing through the edgesfincludes all the paths tested by ASST. Moreover, timing relationships betweerctional
of the timing graph except the paths passing through the eggeclock edges belonging to asynchronous PLLs cannot be peedic
which is exactly the set of pathS.. The maximum delay of the Test across asynchronous clock domains is therefore nethbp@sTo

A. Critical paths

paths passing through the set of ed@gsis expressed as address this issue, we test only intra-domain critical pé&bn which
the launch and capture flip-flops are clocked by the same deske
d(Ce) = maxd(Gr)- (4)  Critical path selection therefore begins in Line 2 of Figareith the

Here, d(G) is the maximum path delay over all paths alssinidentification of the ASST-testable clock domains.
’ k P y p P 9 Not all the statistical timing tests are testable by ASSTr Fo

through thek** edge of the setCz. The value ofd(G) can . A
be computed in canonical form by Equation (3). Therefore thexample, functional clock gating is disabled for ASST. Hifere,

maximum delay of the paths not passing through edgan also be we enhance the t|m|n.g t.00| with a special t|m|pg WOF’E thatyaes

. . o : . only ASST-testable timing tests. In our special timing motfeee
computed in canonical form. In [14], it is shown that this garation .

- : timing test types are enabled, namely, setup, hold, ancoéuaglele.

can be performed in linear time. In Line 4 of Figure 6, we perform statistical timing in thisespal

Knowing the canonical forms of the maximum delagéG.) 9 ’ P g Eas

— e o —— ASST mode.
andd(G.), the edge criticality is the probability af(G.) > d(G.), In Line 5, we compute the criticalities for all the nodes in a
or thetightness probabilityT. expressed as '

given clock domain, as described in Section VI. We then seec
Se.0 — S50 set of nodes ranked most critical in Line 6. In Lines 7-8, facte
T.=9 — " (5)  selected critical nodéV;, we identify all the capture flops; at the

Voz+oz—20 endpoints of paths that pass throutyh. The rationale behind using
Here, @ is the cumulative probability distribution function of anode criticalities is that node criticality is a measurehsf probability
standard normal distributions.,oc and sz, and ag and og are that the most critical path passes through this node. Héraresitions



on all the paths that pass through this node must be captyredé

of the flip-flops represented b¥;. By tracing paths in this manner,
we select the most probable critical paths over the enticegss

space. Finally, in Line 10, for each such capture flgp we trace a
number of flop-to-flop paths that pass through nddeand end at

flip-flop Fj;.

Path tracing is achieved by a depth-first traversal of thenim
graph. As the traversal proceeds, a tree data structureirgaimed,
and the most promising side branch is explored at each nookel@r
to list paths in slack order. Since slacks in statisticalingnare
probability distributions, a projected slack measure ipleged to
determine which side branch is most promising. Projectmmpgutes
the value of a canonical form at some point of the processtian
space by substituting the coordinates of this point intodfiqa (1).

For example, timing slaclo can be projected onto its worst process

corner by

D =do— Y kldi| = 3" klds ;| — Kldy|. 6)
i=1 =1

A : SI|LssD
! | A L Latch-pair
SST- i ; D
C ! ¢ L2
SE ! B
B |
AssT—oL_/ thsipieieaitireimsitions blocked
Fig. 7. Flip-flops that are shut down for ASST.
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Fig. 8.

Reconvergent logic segment.

Here, k is the deviation of process parameters expressed in sigmas.

In order to avoid paths that start at Pls or terminate at P@&hare
not testable by ASST, we find all the flip-flops feeding the noéle
interest or all the flip-flops fed by the node of interest, amehtiterate
over such flops while listing paths that either originate emtinate
at the flip-flop and also pass through the critical node ofregte
The number of critical nodes chosen, and the number of pestes |
through each of these nodes is user-selected.

We next describe Lines 11-13 of Figure 6 that are related
avoiding false paths.

B. Avoiding false paths

An inherent problem in selecting critical paths from timiigythat
a large number of the paths identified by timing tools areefaad
cannot be sensitized. False paths can be classified as Bagltae
paths and functional false paths [6]. Boolean untruepath is an
impossible propagation path that cannot be exercisedreitneng
functional operation or test, while functional falsepath has no
importance for functional operation, however, it may beresed
in test.

In an early implementation of our path tracing method, saver

functional false paths were found that included flip-flops altowed
to launch or capture in ASST. Such flip-flops are shut down iSRS
for several reasons: (i) PLL control flip-flops (see Figure a2
not allowed to be disturbed, (ii) DFT logic, e.g., boundacars is
not designed to operate at-speed, and (iii) certain flipsfittyat are

example, the path illustrated in Figure 8 passes througiDtita 1
input of a multiplexer, whose select pin is set to 0 to sersithe
path at the downstream AND gate. The timing tool does notoperf
logic simulation, and hence cannot identify this logic segimas
untestable. Moreover, in several instances, a large nuwibeodes
within the same reconvergent logic segment, such as ardwenohtix
and AND gate in Figure 8, were deemed critical by the timing;to
fiénce a large number of paths having the same reconverggnt lo
segment appeared in det

To minimize the number of Boolean untrue paths, in Lines B1-1
of Figure 6, we add a new path to $&bnly if each node or flip-flop
in the new path has appeared no more thdimes already in se®.
This filtering mechanism has two advantages. Firstly, iuess that
the set of critical paths identified is not dominated by a fepeating
untestable logic segments. Secondly, the topologicalregesof the
critical path set is improved by spreading the critical patht over a
larger number of nodes and flip-flops. Moreover, a node offiftip-is
not filtered out until- paths including it have been identified. Hence,
the path coverage per critical node remains high. The numbser
user-selected.

VIIl. EXPERIMENTAL RESULTS

In this Section, we present experimental results on thegiated

clocked by customer IP cores instead of PLLs may be shut d@jvn [performance verification methodology for three multinoitli gate

These flip-flops are shut down for ASST by using 8&STsignal

ASICs called Chip S, Chip SCR and Chip MCR. A description of

(of Figure ??) to gate off their C (capture) clocks at the inputdhe ASICs is provided in Table I. Chip S is a 130 nm ASIC and
of the clock splitter as shown in Figure 7. In level-sensitscan has 8 asynchronous clock domains ranging in frequency fraf 1
design (LSSD), a clock splitter is used to select betweenctesks 312 MHz. It has 24.7 M internal nodes and approximately 8.1 M
(A, B and C) and the functional clock (OSC) shown in Figure 7. Ajates. Chips SCR and MCR are 90 nm ASICs. Chip SCR has 5
combination ofASSTand the scan enable (SE) signal is used to gasésynchronous clock domains ranging in frequency from 125-3
off the B (shift) clocks so that the flip-flops can still be soad [2]. MHz. It has 31.9 M internal nodes and approximately 11 M gates

To avoid these functional false paths, we use the methodraftant Chip MCR has 3 asynchronous clock domains ranging in freguen
propagation to perform statistical timing in the specialS¥Smode from 125-281 MHz. It has 23.5 M internal nodes and approxatyat
(Line 4 of Figure 6). In this mode, signals such ASSTthat have 8.1 M gates. From the large number of internal nodes in eadiCAS
special values are asserted so that only the ASST-testapie is it is clear that methods proposed in the literature to testltimgest
timed. Hence, flip-flops that are not clocked during ASST db ngath through each node would be economically infeasibleifouits
appear in the critical paths identified. of this size. The EncounterTest tool from Cadence [16] wasl us

A large number of identified critical paths were also founcbe® perform test generation for all the experiments in this papae
Boolean untrue because they pass through reconvergemt IBgi maximum frequency of the low-cost tester used is 250 MHz.



TABLE | TABLE il

ASIC CHIPSS, SCRAND MCR. CRITICAL PATH IDENTIFICATION FOR CHIP SCR.
Circuit data Chip S | Chip SCR| Chip MCR Clock Frequency Node Number | Average path
Primary inputs 26 97 28 domain (Mhz) criticalities | of paths | length (gates)
Primary outputs 1 74 36 1 250 0.0003-1.0 36 34
Bidirectional 10s | 475 85 192 2 166 0.003-0.905| 144 36
Internal nodes | 247 M | 31.9M 235 M 3 156 0.0001-1.0 8 47
Flip-flops 548 K 633 K 938 K 4 312 0.0001-1.0 56 25
Gates (approx.) | 8.1 M 11 M 8.1M 5 125 0.01-1.0 91 37
Clock domains 8 5 3
TABLE IV
CRITICAL PATH IDENTIFICATION FOR CHIP MCR.
TABLE 1l
QUALITY OF DETERMINISTIC PATHS. Clock Frequency Node Number | Average path
domain (Mhz) criticalities | of paths | length (gates)
Specified | Observed maximum frequency (MHz) 1 125 0.05567-1.0{ 48 60
Clock | frequency [ Transition Deterministic path 2 281 0.0006-1.0 57 35
domain (Mhz) fault patterns test patterns 3 250 0.0005-0.5 80 30
1 125 250 340
2 250 464 712
3 156 312 400
4 312 878 800 B. Variation-aware critical paths
5 156 310 370 i
6 312 784 830 Next, we present results on the integrated methodology for
7 166 211 300 ASICs SCR and MCR from Table I. An in-house statistical tignin
8 125 250 250 tool called Einstat enhanced with our methods for criticality com-

putation and path tracing was used for all the experiments.
In Table 1ll, we present results on criticality computatiamd
critical path identification for the 5 asynchronous clockmdins
A. Worst case deterministic paths in Chip SCR. In Columns 1 and 2, we list the domains and their
clock frequencies. For each domain, 400 nodes having theekig
criticalities were chosen for critical path tracing. In Goin 3, we
present the range in criticalities for these 400 nodes foh eémmain.
Note that for Domains 1, 3, 4 and 5, we were able to identify ssom
nodes having a criticality of.0; these nodes lie on the critical path
across the entire process space. Hence, it is importarsttthee paths
passing through these nodes. In Columns 4 and 5, for eachigloma
we show the number of critical paths identified and the awerag
length in gates of these critical paths. Note that Domain vinga
the highest clock frequency of 312 MHz, has the shortestageer
critical path length. The converse is not true, howevertHerslowest
clock domain, Domain 5. Path length measured in number afsgat
does not always correspond to delay. Hence, methods prbgose
test the topologically-longest path through each gate nmhalways
be testing critical paths.
] In Table IV, we present results for the 3 clock domains in
For 6 of the 8 clock domains, the path delay patterns coufghip MCR. As for the clock domains in Chip SCR, the 400 nodes
be applied at a higher frequency than the transition faultepas. paying the highest criticality in each domain were choser. Wére
This clearly demonstrates that the worst case paths obtdmen  4qain aple to identify some nodes having @ criticality. The average
deter_rr_nnlstlc timing are I_ess critical than even the pabhma_sed by critical path length for Domain 1 (125 MHz) is exactly twicket
transition fault tests, which are generated with no comaiiten of average critical path length for Domain 3 (250 MHz). From thé
long paths. node criticalities in Column 3 of Tables Ill and IV, we seettiar
The patterns run faster than the specified frequency beaafusemethod is indeed identifying the most critical nodes in tlesigns.
the inherent pessimism in timing closure. Timing closuteainto Finally, in Figures 9 and 10, we compare the critical paths
account several effects, such as negative bias tempeiatfability, identified using the new methodology with critical paths adtéed
hot carrier degradation, and worst case noise; hence ASEinaed from single-corner deterministic timing. In Figure 9, weamine the
to operate faster than their specified frequency. Morem&moted critical paths for Domain 1 of Chip SCR. We compare 108 woeste,
in [6], we find that a large number of the least-slack pathemepd least-slack paths from deterministic timing with 108 stadally-
by timing are Boolean untrue and cannot be sensitized foumally. critical paths identified using the integrated methodologiie 108
However, the timing tool does not perform logic simulatiamdas paths in each list were sorted in order of increasing slaak pair-
unaware of false paths. Hence, the timing for these pathseis mvise datapoints for the two paths in the same position in diath
during timing closure. This also results in a large amountimfng  were plotted against their respective slacks. The Y-axiBigure 9
pessimism, and as demonstrated in Table I, manufactur@us ctshows the 3 slack of the paths identified from statistical timing.
operate significantly faster than their specified frequency The X-axis shows the slack of the paths from deterministitrtg.

To motivate the use of variation-aware statistical timingiden-
tify critical paths, we first investigate the quality of dical paths
obtained from standard deterministic timing. Chip S wasdufse
this experiment. We first generated a suite of 30 K transifarit
test patterns for Chip S; these patterns have 78% transitioh
coverage. No use of long paths or timing information was nmfade
test generation. Next, for each clock domain in Chip S, 5 Kstvor
case least-slack paths were obtained from deterministimg. Path
delay test generation was performed on these paths to abtsoond
test suite. Both test suites were applied to Chip S on thertdsor
both test suites, the frequency of the PLLs used was pragedss
increased until the first failing pattern was observed. Ibl&dl, we
compare the resulting maximum frequencies that the testrpatin
each test suite could be run at for each clock domain.



/// ASICs arising from the aggregation of very small delay clesng
4r s Stat 3-0 Slack vs Det Slack 7 caused by process variation. We have described paransetesiatis-
a5l R tical timing that accounts for timing relationships in thecait across
' . the entire process and environmental parameter space oigreve
% 3 o e have shown how circuit nodes that are critical across thega®
‘—U‘; o space can be identified. We have presented a novel method to
® 257 7 statistically trace the critical paths passing throughseéheodes.
® 7 In our experiments, the critical paths identified by the gné¢ed
% 2r methodology are significantly more critical than those wiatd from
15k deterministic timing. Finally, the proposed methodologys Hbeen
R integrated with a low-cost at-speed structural test agchire that
1r ; is used to verify the performance of the identified criticaths.
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Fig. 9. Statistically-critical paths vs. deterministictips for Domain 1 of ology.

Chip SCR. REFERENCES

a5l p [1] P. S. Zuchowski, P. A. Habitz, J. D. Hayes, and J. H. Opptidocess

' .7 and environmental variation impacts on ASIC timing3foc. Int. Conf.

= Stat 3-0 Slack vs Det Slack e Computer Aided Desigrpp. 336342, 2004.

’ [2] V. lyengar, T. Yokota, K. Yamada, T. Anemikos, R. Basséft De-
P gregorio, R. Farmer, G. Grise, M. Johnson, D. Milton, M. Taayland

- F. Woytowich, “At-speed structural test for high-perfomesa ASICs,”

P Proc. Int. Test Conf.pp. 2.4:1-10, 2006.

[3] N. Tendolkar, D. Belete, A. Razdan, H. Reyes, B. Schwamd
M. Sullivan, “Test methodology for Freescale’s high penfi@ance e600
core based on PowerPC instruction set architectuRagc. Int. Test

A L Conf, pp. 1-9, 2005.

15- p [4] L.-C. Wang, J.-J. Liou, and K.-T. Cheng, “Critical patlelaction for

. delay fault testing based upon a statistical timing mod&tEE Trans.

e Computer-Aided Design of Integrated Circuits and Systgups 1550—

1565, Nov. 2004.
[5] K.-T. Cheng, S. Dey, M. Rodgers, and K. Roy, “Test challes for deep

sub-micron technologies Proc. Design Automation Conpp. 142—-149,

2000.

[6] A. Crouch, J. Potter, and J. Doege, “AC scan path seledtio physical

debugging,” |IEEE Design & Test of Computersol. 20, pp. 34-40,

Sept.-Oct. 2003.

W. Qiu, J. Wang, D. Walker, D. Reddy, X. Lu, Z. Li, W. Shi, é&n

H. Balachandran, “K longest paths per gate (KLPG) test grtiogr for

scan-based sequential circuit®foc. Int. Test Conf.pp. 223-231, 2004.

W. Qiu, X. Lu, J. Wang, Z. Li, D. Walker, and W. Shi, “A statical fault

N
&)
T
N
&

Stat 3-0 Slack
N

r
osp . & ‘

1.5 2 25 3
Deterministic Slack

3.5

Fig. 10. Statistically-critical paths vs. deterministiatips for Domain 5 of

.
Chip SCR. [7]

(8]

Each datapoint in Figure 9 therefore represents two slatkesa
of the same path, one obtained from deterministic timingl e
other identified by the integrated methodology. All the gatats in
Figure 9 lie below the 45-degree diagonal. Hence the Sack of
the paths identified from statistical timing is less than sheck of
the paths obtained from single-corner deterministic tgniRigure 9
therefore demonstrates that the paths identified usingntiegriated

methodology are indeed more critical than those obtainedn fr

deterministic timing.

coverage metric for realistic path delay fault®foc. VLSI Test Symp.
pp. 37-42, 2004.
[9] J.-J. Liou, A. Krstic, L.-C. Wang, and K.-T. Cheng, “Falpath-aware
statistical timing analysis and efficient path selection delay testing
and timing validation,”Proc. Design Automation Confpp. 566-569,
2002.
B. Bailey, A. Metayer, B. Svrcek, N. Tendolkar, E. WoE,. Fiene,
M. Alexander, R. Woltenberg, and R. Raina, “Test methodpléor
Motorola’s high-performance e500 core based on PowerPtougi®n
set architecture,Proc. Int. Test Conf.pp. 574-583, 2002.
M. Sharma and J. Patel, “Finding a small set of longestatde paths
that cover every gate,Proc. Int. Test Conf.pp. 974-982, 2002.

[10]

[11]

In Figure 10, we examine critical paths for Domain 5 of ChipR6C

We compare 180 worst-case, least-slack paths from detistinin [12] X. Lu, Z. Li, W. Qiu, D. Walker, and W. Shi, “Longest patlelsction

for delay test under process variatiorRfoc. Asia South Pacific Design

timing with 180 statistically-critical paths identified ing the inte-

grated methodology. Again, theaslack of the paths identified from [13]

statistical timing is less than the slack of the paths olehifrom
single-corner deterministic timing. Hence, the paths famain 5
of Chip SCR identified using the integrated methodology adeéd
more critical than those from deterministic timing.

IX. CONCLUSIONS

We have described a novel variation-aware methodology dofop
mance verification of contract manufactured ASICs. Thishoebl-
ogy is targeted at uncovering performance violations iredefree

Automation Conf.pp. 98-103, 2004.
C. Visweswariah, K. Ravindran, K. Kalafala, S. Walk&, Narayan,

D. Beece, J. Piaget, N. Venkateswaran, and J. Hemmett, t-‘Firs

order incremental block-based statistical timing analysiEEE Trans.
Computer-Aided Design of Integrated Circuits and Systemt 25,

pp. 2170-2180, Oct. 2006.

J. Xiong, V. Zolotov, N. Venkateswaran, and C. Viswegel, “Crit-

icality computation in parameterized statistical timihd@roc. Design
Automation Conf.pp. 63-68, 2006.

H. Chang, V. Zolotov, C. Visweswariah, and S. NaraydParameterized
block-based statistical timing analysis with hon-Gaussiad nonlinear
parameters,’Proc. Design Automation Confpp. 71-76, 2005.

[16] Cadence Design Systentstp://www.cadence.com/products/digitial

[14]

[15]



