TA-PSV - Timing Analysisfor Partially Specified Vectors*

LIANG-CHI CHEN, SANDEEP K. GUPTA, and MELVIN A. BREUER

Department of Electrical Engineering - Systems, University of Southern California, Los Angeles, CA 90089-2562
{lichen, sandeep, mb} @poisson.usc.edu

Received May 22, 2001; Revised July 11, 2001
Editor: Chauchin Su

Abstract. We propose a hew concept - timing analysis for partially specified vectors (TA-PSV) that enables the
computation of tight timing windows. At one extreme, when the vectors are completely unspecified, TA-PSV
reduces to static timing analysis (STA). At the other extreme, when the vectors are completely specified, TA-PSV
performs timing simulation (TS). We present a systematic approach to construct a computationally feasible TA-
PSV framework using a delay model that captures simultaneous to-controlling switching effects. We also
demonstrate how TA-PSV can improve timing validation and also that TA-PSV significantly improves efficiency of
timing-oriented test generation by reducing the search space.
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1. Introduction

Existing approachesfor estimating delaysin acom-
binational logic block generally fall into categories. At
one extreme are static timing analysis (STA) tech-
niques [1] that compute the minimum and maximum
valuesof arrival and transition timesfor rising and fall-
ing transitions at each circuit line. These values are
computed without considering any specific input vec-
tor and thus implicitly capture the minimum and max-
imum values over the universe of all possible vectors.

At the other extreme are a broad range of timing
simulators that compute arrival and transition times
with respect to a given pair of completely specified
vectors [2][3][4]. These approaches provide different
levels of accuracies at different computational com-
plexities.
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This research was motivated by the needs that arise
during timing-oriented test generation [5][6]. Such test
generators start with a pair of completely unspecified
vectors. The min-max arrival and transition times for
the universe of all possible pairs of vectors are com-
puted via STA.

At an intermediate stage during timing-oriented test
generation, specific values are assigned to some of the
inputs while the values at other inputs remain unspec-
ified. Thisissimilar to what occurs when one executes
the PODEM ATPG algorithm [7]. To reduce the
amount of search required during such test generation,
it is desirable that the min-max values of arrival and
transition times be updated to capture tighter bounds
associated with the subset of all possible vectors
described by the partially-specified pair of vectors.
This task, which cannot be performed using existing
STA or timing simulation techniques, is called timing
analysis for partially specified vectors (TA-PSV).

When the input vectors are incrementally specified
during test generation, only the timing information at
the lines in the transitive fanouts of the refined input
may need to be modified. In such cases, TA-PSV can



be performed in an event-driven to refine the timing
information. The event-driven version of TA-PSV is
caled incremental timing refinement (ITR) in
[61[8][9][10] .

We will present anew framework for TA-PSV. The
development of such a framework employs a delay
model asitsbasis. In addition, the delay model should
have certain characteristics that enable identification
of the combinations of transition and arrival times at a
gate'sinputsthat lead to aparticular extreme value of a
timing range at its output. We will briefly describe a
delay model [10] that has these characteristics and al so
captures the delay effect due to simultaneous switch-
ing. Thisisfollowed by the description of a STA using
the delay model. Then we demonstrate a systematic
approach to construct a TA-PSV framework. We show
the application of TA-PSV on timing oriented ATPG
and timing validation. Experimental results showing
the extent to which TA-PSV improvesthe efficiency of
timing-oriented test generation are provided.

2. Notation

e A/T/Q: arrival time, transition time, and required
time, respectively (Section 5)

* RJ/F/tr: transition direction - rising, falling, and
tri{R, F} (Section 4)

e S/L: smallest and largest (Section 5)

o Time'™ _oqreme: atiming information entity at a
line, where Time(l{ A, T}, line is an index repre-
senting theline, tri{ R, F}, extremel{ S, L, max};
max will only be used in some special cases of this
general form and explained later (Section 5). So
AiR,S is the smallest (S) value of the arrival time
(A) at linei of arising (R) transition.

° dgate output, <a gate input>tr(<|i$ of Input vari-
ables>): a delay function of a gate where tr is the
transition direction of the gate output
(Section 4.2). For example, d“*g(T*p) is the pin-
to-pin delay (d) of gate Z whose output is having a
rising (R) transition due to a falling (F) transition
at input line X with transition time T.

o tgatecutput <agateinput> (<jist of input variables>):
an output transition time function of agate, similar
to d above (Section 4.2)

o TiNe o adways appear as input varigbles of
delay functions; the transition time on the line line
that maximizes the delay function (used in
Section 5.3 and referring Figure 4 (a), (b))

o T!ine : always appear as input variables of timing
functions; the transition time on the line line that
maximizes the delay function for the given timing
range (Section 5.3)

o plinel, line2: the skew between transitions at linel
and line2 (Section 4)

o 3t'inelline2: the skew between to-controlling tran-

sitions at two inputs of a gate that minimizes the

output transition time of the gate, given fixed input

transition times (Section 5.3)

o 3qinel, line2: the skew between two to-controlling
transitions at two inputs of a gate that minimizes
this gate's delay, for the given input transition time
ranges (Appendix A)

e &, stateof atransition tr on line Z (Section 6.1)

3. Motivation for TA-PSV

Using a delay model, static timing analysis (STA)
[1] provides vector-independent min-max ranges of
arrival and transition times for rising and falling tran-
sitions on each line in a circuit. Since STA considers
the input vectors as being fully unspecified, thetiming
ranges are narrower when the input vectors are par-
tially/fully specified. Timing analysis for partially
specified vectors (TA-PSV) computes the ranges when
input vectors are partially specified.

To perform STA given a gate delay model, we need
to (a) handle both input and output timing as ranges,
and (b) identify the worst case combinations, i.e., cor-
ners, over all possible combinations of possible logic
values and arrival and transition times. This is needed
so that, in forward calculations, values at the output of
a gate can be calculated based on the ranges at its
inputs.

An example of TA-PSV is illustrated in Figure 1
wherelogic valuesare shown astwo timeframes. Each
line at each time frame can be 0, 1, or x. Timing ranges
are shown as (minimal arrival time, maximal arrival
time) for arising or faling transition. (We also com-
pute ranges of transition times at circuit lines. These
values are not shown in Figure 1 just for avoiding
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Fig. 1. An example of crosstalk test generation.
details.) We want to know if we can excite transitions
in opposite directions at line 9 and 10 with a small
skew (say, less than 3). Assume the target transitions
arerising at line 9 and falling at line 10. Only timing
ranges for the transitions of interest are shown.

All linesareinitially xx with timing ranges obtained
from static timing analysis. The initial arrival time
ranges of the transitions at lines 9 and 10 are (15, 39)
and (20, 30), respectively. The overlap of their timing
ranges suggeststhat there may exist atest satisfying the
desired condition.

After line 2 and line 3 are set to 01 and x1 (using a
PODEM-like search [7]), using TA-PSV we find that
therising transition on line 9 has atiming range of (15,
15), i.e. at thetime 15, and thefalling transition on line
10 has atiming range of (20, 30). Thusthe skew is not
smaller than 3. Hence we can stop searching the sub-
space described by the above two assignments and
backtrack, since no pair of vectorsin this subspace can
cause a significant slowdown effect due to capacitive
coupling between lines 9 and 10 [11].

Without TA-PSV, this timing contradiction will not
be found until the logic and timing values at lines 0, 6,
7, and 8 are fully specified, which might have required
assignment of values to all five input lines, and there-
fore significantly increase the search time.

Without fully exploiting timing information, tradi-
tional STA and TS cannot find such contradictions
early in the search process. As logic values become
specified at additional primary inputs, the timing
ranges at some lines shrink. A range may even disap-

Fig. 2. Single vs. multiple to-controlling-value transitions
at gate inputs.

pear if the corresponding transitions cannot occur. A
gate's output timing range shrinks dueto (a) the shrink-
age of an input’s timing range, or (b) the further spec-
ification of some input's logic values. New timing
information for case (a) iscomputed by performing the
same timing analysis on the new input timing ranges.
New timing analysis methods are required to find the
new worst case corners for (b) to extend STA to TA-
PSV.

The proposed incremental timing analysis (TA-
PSV) can be used to find tight bound for any given
logic and timing information. It can therefore identify
contradictions as early as possible and hence signifi-
cantly reduce search complexity.

4. Proposed Delay Model

We use the delay model proposed in [10] to handle
simultaneous to-controlling transitions. Using the
same input variables as [12], this model gives more
accurate empirical formulae than those presented in
[13][14], for many cases that result in significant
errors. The model has been validated using arbitrary
skews over a typical range of input transition times
[10].

A NAND gate, with output Z and two inputs X and
Y (Figure 2), is used to illustrate the definitions. Here
Z representsthe gate output and al so the gate. The con-

trolling value of a multi-input gate Z, CV 4, is that
value, when applied to any of the gate's inputs, com-
pletely determines the value at its output. In the two-
value logic system the non-controlling value of agate
Z, CV 4, is the complement of its controlling value.
The to-controlling transition at an input of Z is
denoted as a sequence of values <CV Z cV%s. If to-
controlling transitions occur at one or more inputs of a
gate, and the gate's non-controlling value is applied to
its remaining inputs, then the transition at the gate out-
put is called a to-controlling response. To-non-con-
trolling transition and response are defined similarly.
Thetransition time(T*,,) of atransition tr, wheretr [J
{R, F}, online X isthetimerequired for arising tran-
sition (R) to go from 0.1Vdd to 0.9Vdd, and from
0.9vdd to 0.1vdd for a faling transition (F). The
arrival time (A%;) of atransition tr on line X is the
time when the voltage at X reaches 0.5V y4. The skew,

5%, between transitions on lines X and Y is A, -



A%, . The to-controlling gate delay function d?, ,
defined as A%, - min(AXg , A"), is the gate delay of
Z, where the output transition tr 00 { R, F} isato-con-
trolling response, and R = F and F = R. The pin-to-pin
delay from X to Z is the gate delay of Z when Y is
steady at the non-controlling value and a transition is

applied at X. d%%,, is the pin-to-pin delay function
from X to Z, where the output transition is tr. The to-
non-controlling gate delay function is defined as

AZ, - max(A%g , A'), wheretr = F for NAND gates.
Here A%, , the latest output arrival time computed

through pin-to-pin delay, is max(A%Xg + d%X, , A g +

d%Y,,). For simplicity, for the following presentation

we assuming that the first (last) input transition of a
gate determines to-controlling (to-non-controlling)
response for a gate. Although this is not always true,
the required modification to the equations presented to
correct for this approximation is straightforward. To-

controlling transition time function t%,, and to-non-

controlling transition time function t%%, are
defined similarly.

4.1 Delay Phenomena - Smultaneous Switching

Standard delay format (SDF) [15], which is com-
monly used for STA, uses pin-to-pin delays, i.e., delay
from one input pin to the output pin, assuming all side-
inputs are steady, and hence is not accurate for model -
ing simultaneous transitions with small skew values.

Smultaneous to-controlling transitions at inputs of
aprimitive gate decrease gate delay dueto activation of
multiple charge/discharge paths (Figure 2) [13]. Smul-
taneous to-non-controlling transitions at inputs of a
primitive gate increase gate delay due to Miller effect
[16]. Theformer isafirst-order effect and thelater isa
second-order effect.

The delay model presented here captures the delay
due to simultaneous to-controlling transitions. The
pin-to-pin delay model isstill used for simultaneousto-
non-controlling transitions. Given the input skews and
transition times of agate, thismodel computes the gate
delay and output transition time by formulating timing
functions using empirical results.

To explain the speed-up caused by simultaneous
falling transitions in Figure 2, we plot the to-control-

ling gate delay asafunction of &Y for afixed valueof
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Fig. 3. Rising delay of two-input NAND gate as a function

of &Y and its linear approximation.
T cand TY £, where %Y = AY - - AX (Figure 3). The
speed-up caused by the simultaneous switches is sig-
nificant only when | %Y |issmall. When | 5% |islarge,
the delay is the same as the pin-to-pin delay. A linear
approximation isalso shown in Figure 3 along with the
coordinators of the three points (SYR, DYR), (SOR,
DOR), and (SXR, DXR) that define this approxima-
tion. Two transitionsin the same direction on X and Y

are called 3-simultaneousif SYR < " < SXR. The
time that output transition occurs is affected by multi-
ple input transitions if input transitions are d-simulta-
NEeous.

4.2 Timing Functions (for a Two-input NAND)

During test generation, al circuit parameters (e.g.,
device sizes and loads) remain fixed. In contrast, tim-
ing parameters (e.g., arrival times, transition times)
may change from vector to vector. So the delay and
transition timesfor atwo-input NAND gate can berep-
resented by functions of timing variables.

Giventhearrival timesand transition times of tran-
sitions at a gate's inputs, we compute the gate delay
and output transition time. The output arrival time of a
gate is computed using the input arrival times and gate
delay.

Reconsider only the caseswhere all inputs of agate
have either non-controlling values or transitions to the
same value. The reason is that the non-trivial output
response caused by input transitions to opposite values
at gate inputs are either (a) two separate transitions in
opposite directions that can be processed separately
using the method to be described, or (b) hazardswhere
gate delay and output transition timeare usually not the
parameters of concern. The gate delay and output tran-
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Fig. 5. (a) Fall delay function and (b) rise delay function.
sition time of atwo-input NAND gate are represented
by the following timing functions (Figure 5): (a) fall
delay function (frominput pin X), d?* X(TXR); (b) fall
transition time function (from input pin X),
t% XF(TXR); (c) rise delay function for two simulta-
neous input switching, d“g(TXg, T g, &Y); and (d)
risetransition timefunction for two simultaneousinput
switching, t“g(TXg, TYg, 8°).
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4.3 Trends with Respect to Single Variables

The relations between output variables and each
input variable for a two-input NAND gate (Figure 2)
are further detailed in Figure 4.

Based on extensive simulations[10], we have iden-

tified that for fixed 8" and T, , the gate delay as a

function of TXtr (Figure 4 (a), (b)) may be either (a)
monotonically increasing or (b) bi-tonic (monotoni-
cally increasing and then monotonically decreasing in
thiscase). In case (b), the pin-to-pin delay may become
negative for large TXtr . In such a case, this bi-tonicity
is due to the fact that the input transition starts to pull
the output voltage up (down) before the actual arrival
time of the input transition, i.e., the time it reaches
0.5Vdd. The effective Bn/pp ratio determines which
shapethe T - d“X,, curvestake. Below weonly treat
case (b), because (a) is a specia case of (b) with the

curve's peak at Txg = infinity. The output transition

time will always increase as TXtr increases (Figure 4
(d), (e)). Delay and output transition times have similar
shapes with respect to skew (Figure 4 (c), (f)). The
minimal delay always occursat &Y = 0, but the min-
imal transition time does not.

In the egquations shown in the rest of the paper, we

treat these four timing functions (0% X, t# X¢, d%g,

and tZR) as known functions that capture the trends

shown in Figure 4. Here we ignore the details of the
delay model which can be found in [10].

5. Satic Timing Analysis

We revisit STA for two reasons. First, the accuracy
of STA depends heavily on the delay model used. Our
delay model captures simultaneousto-controlling tran-
sitions and therefore improves STA accuracy. Second,
TA-PSV is a generalization of STA. Many worst case
corners and equations of TA-PSV are the same as that
in STA. So when we discuss TA-PSV later, we can
focus on the issues that do not exist in STA.

The three timing values considered in STA are
arrival times (A), transition times (T), and required
times (Q). Assumethat primary input transitions occur
at time 0. A primary output transition that occurs after
atimelater than T, or not within awindow [T4, T5], is
said to cause a timing violation. Given an internal
node (line) X within a circuit, there is a minimum and
maximum amount of delay that exists between X and a
specific output. So, for atransition at X to avoid creat-
ing atiming violation at an output, the transition at X
must occur within some range, referred to as the
required time.

Static timing analysis provides min-max timing
rangesfor each lineinacircuit for both rising and fall-
ing transitions. The ranges represent bounds on mini-
mum and maximum delay values over all possible
pairs of vectors. In timing analysis (Figure 6) arrival

Combinationa Block

Given: arrival —|
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times at inputs |

Calculate arrival and
transition times

T
“Cacuae

required times

Given:
I required times
— at outputs

Fig. 6. Overal structure of timing analysis.



« Arrival time (A) and transition time (T) -- Fall (F) Smallest (S)/Largest (L)

> < 4—p LineX

\X X X X
Ats T'es TeL  A'RL

* Required arrival time (Q) for timing analysis-- Fall Smallest/L argest
[ N N
QXF,S QXF,L
Fig. 7. Timing information used in our method.

times (A) and transition times (T) at agate’ soutput are
calculated based on these corresponding values at the
gate'sinputs. These values are computed viaaforward
traversal starting at the primary inputs. Subsequently,
the required times (Q) are computed via a backward
traversal starting at the primary outputs. If the arrival
time range does not overlap with the required time
range for therising/falling transitions at aline, then the
given timing requirements cannot be satisfied. The
min-max ranges in the proposed timing analysis are
due to the unspecified input values, pulses, as well as
approximations that ignore data dependencies caused
by fanouts and reconverges. If all input val ues are spec-
ified, timing ranges become poaints.

5.1 Time Information

We use timing windows to represent min-max
ranges, as shown in Figure 7. The smallest (S)/ largest
(L) arrival times and the shortest (S)/ longest (L) tran-
sition times of rise/fall transitions are recorded for cal-
culating the timing information for the next stage. The
smallest (largest) arrival time of falling (rising) transi-
tion online X isrepresented as AX g (A% | ). Transi-
tion and required times are represented similarly.

5.2 Worst Case Analysis - One View

A two-input NAND gate is used to demonstrate
STA on our delay model. The key issue of min-max
timing calculation is to identify the worst case combi-

nations of A%, , T, , and Q% , where tr O {R, F},

based on the characteristics of the delay model, given
the min-max timing ranges of X, Y, and Z. Note that

AZ,, represents asingle value in Section 4, but now it
is extended to atiming range [A%; 5, A% 1.

In Figure 8 weillustrate how AZR,L is computed. In
terms of logic values, there are three ways to justify a
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Fig. 8. Worst case analysis for latest output arrival time.
rising transition at the output. Thesethreejustifications
are analyzed separately and the results are combined to
find the worst case.

Inthefirst justification, AZR’L occurswhen both the
input arrival time and the gate delay are maximal. The
maximal gate delay may occur when the input transi-
tion time is either (a) maximal, (b) minimal, or (c) at
some values in between. These three scenarios corre-
spond, respectively, to the three cases shown in TXR-
delay curvein Figure 8, where the min-max rangeisto
the left of the peak (Case 1), right of the peak (Case 2),
and contains the peak (Case 3), respectively. The out-
put response for the third justification needsto be com-

puted by applying the proper TX,:, TY,:, and skew
values to delay function for simultaneous switching
d’g .

5.3 Calculating Arrival and Transition Times

Given the arrival and transition times at a gate's
inputs, we calculate the corresponding quantities for
the gate's outputs. To reduce computation effort,
instead of trying all possible input combinations and
taking the union to obtain the ranges of the output
response, we perform the same operations only on all
possible worst case corners. For example, for comput-

oo
R

Fig. 9. Possible input combinations for output rising
transition.
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ing AZR,L in Section 5.2, the third justification will
never result in an Ay larger than the first two, since

simultaneous switching can only reduce the delay. So
we only need to consider the first two justifications for
computing AZR’L .

The relations between output variables and input
variablesin Section 4.3 help identify theinput A and T
combinationsthat possibly induce worst casevalueson
the computed output quantities. Calculationof Aand T
for output rising transition (Figure 9) using the pro-
posed delay model is explained next.

Ars=min[A%gs, A¥ed
+ . yrg'{na 0 [ Ty ATrs-A%e9] (D)
AZrp =max [AXg +[d* XR(TR] AVe +[d* YR(TYRT ()
T maxs 1f T max 0 (T TXEL):
where TX; = { Teg,  dseif d2Xg(TX 9 > d4 XR(TX L)
T, otherwise.

TXgmax IS the value of TXp tha maximizes
dZX(TXR). TY is defined similarly to TXg.

“R(Mes TEs Sf)iY) B
if (AXeg+ SO, A% + &1Y)
N (Aes AR # 0 3)
min [t“r(Mes TV Es A rs - AXEL),
t“R(MEs T s AR - A%EQ,

z _
TRs=

otherwise.

Here, 8t XY is the value of skew & that mini-
mizest?g(TXg, TV g, &Y) for given T and T"f.
TR = max[t® Xg(TXe ), 5 X (MY e )

In Equation (1), for an output rising transition to
arrive as early as possible, we expect al input transi-
tions to arrive as early as possible because an earlier
arrival transition helps pull up the output earlier, com-
pared with a later one, assuming both have the same
transition times. The transition times at both X and Y
should be either minimal or maximal, depending on
which one causes shorter pin-to-pin delay on X and Y,
since the shortest delay may be caused by the shortest

or longest transition time (Figure 8), but not at any
other timein between. Equation (2) has been explained
in Section 5.2 and earlier in this section.

In Equation (3), although minima gate delay

always occurs when Y =0 (Figure 10 (@), the min-
imal output rising transition time may occur when &Y
=8t%Y 20 (Figure 10 (b)). 3" (=AY g - AXp) may be
equal to 3t XY if (AXpg+ &Y, AKX + 3 XY) n
(AVgg AYg) # 0. Otherwise, either the minimal or
maximal " closest to 3t XY will cause a minimal

output transition time. A minimal output transition
time occurs when both input transition times are mini-

mal since it monotonically increases with TX¢ and
Y.

Calculation of A and T for an output falling transi-
tion employs a pin-to-pin delay as shown below.

AZgg=min[A%gs+min {d?X (T R ), d> X(T'r D}, (5)
A'g s+ min {d_Z’YF(TYR,s)v dZ'YF(TIR,L)}]-
AZg =max [AXg +dZX(TXR), AV p +d2YEe(TRD (6)

TR mac: If T*R max 0 (T*r s TR L)
where T = { Trs  dseif d®X((TX g g > d* X (TR L)
gL, otherwise.
Here, TXg 1max isthe value of TX that maximizes

d% X(TXR). TV R, max isdefined similarly. Thetransi-
tion time can be computed as

T ks = min {t* *(T¥r 9), t* Ve(TYR 9} )
T4 = max {t4 X((TXg ), t% Ye(TYR )} (8)

Calculation of the required times for STA can be
found in Appendix A.

6. Timing Analysisfor Partially Specified Vectors

After partially specific values are assigned to some
circuit lines, worst case cornersidentified by STA may
no longer occur. Timing analysisfor partially speci-
fied vectors (TA-PSV) identifies worst case corners
and computes timing information for any given par-
tially specified input values. We will demonstrate how
to perform TA-PSV for the proposed delay model.

6.1 Logic Value System

For timing simul ation and test generation, two-vec-
tor testsare needed to create transitions carrying timing
information. In addition to the timing information, a
sequence of two values, (vq, V), is used to record the



11

time time

frame 1 frame 2
0|1
10

00

Fig. 11. Refinement of logic values ([C]: X, _ : 0, and

T,
logic information for each line. Theline valuesin each
timeframe can be O, 1, or x, where X represents the
unspecified value for a primary input, and the
unknown value for any other line. The possible refine-
ments of logic values are shown in Figure 11. As the
value at aline is further specified, forward and back-
ward logic implications may refine the values at other
lines. The required implication procedure can be
obtained by extending a basic implication method
([17]) to two time frames.

Amongtheninelogicvalues, { 00, 01, 0x, 10, 11, 1x,

X0, x1, xx}, for two-frame logic, 01 specifiesarising
transition, and 0x, x1, and xx specify a potential rising
transition. The remaining five values indicate that Z
doesnot havearising transition. According to the anal -
ysis for transitions on the nine logic values, we define

the state of atransitiontr on lineZ, S, , asfollows:

1, iflineZ hasatransitiontr ;
S = { 0, if line Z potentially has atransition tr ;

-1, if line Z definitely does not have atransition tr.

S?, captures the characteristics we need. In our
analysis, for simplification, al possible partial speci-
fied values of input logic combinations will be classi-
fied according to the three possible values of S,
instead of the original nine possible logic values.

SZtlr can be computed given the logic value on Z.

When SZtr is-1, none of thetiming val ues pertaining to
thetransitiontr at line Z are meaningful; each such tim-
ing value must hence be considered asundefined. (Ver-
ifying the state of aline before using thisline'stiming
values will avoid these undefined values from being
used incorrectly.) In the other two cases (SZtr =1or0),

the timing parameters are identical to those in STA.
STA is a special case of TA-PSV where S, =0 for

Input x [ x O B x [
vaIu&YED YI:D YD_

—jﬂﬁl _n—%%ﬂfﬂ_ X"X

Fig. 12. An example of timing refinement.
every line. A method to calculate the timing values at
each lineisillustrated next.

6.2 Timing Refinement

An example of TA-PSV for an output falling transi-
tion is shown in Figure 12. Initially both inputs X and
Y are unspecified, and the ranges are the same as those
in STA, where the minima output arrival time is
caused by the earlier of therising transitionsat X or Y,
and the maximal output arrival time is caused by the
later of thetransitionsat X or Y. When X isspecified as
1x, no rising transition can occur at X, so the minimal
output arrival time depends only on the rising transi-
tionat Y. If Y islater specified as x0, then no output
falling transition is possible. When rising (falling)
transitions on some lines definitely occur or definitely
do not occur, the output timing ranges may shrink from
theranges computed in static timing analysisto smaller
ranges or even disappear.

6.3 Proposed Approach

We have proposed a delay model where, given the
input logic values and timing ranges at a gate'sinputs,
we can compute the gate's output response. But since
the model itself is not capable of handling potential
transition (SZtr = 0), similarly to what we did in STA,
we need to (a) find al possible input state combina-
tionsthat may produce aworst case valuefor the output
entity, (b) apply all these corners, and (c) select the
appropriate oneto obtain the output’sworst case value.

The main difficulty of implementing such an TA-
PSV isthe enumeration of all possible casesto abtain
the general solution. In STA, each line has the same
logic value xx. But in TA-PSV, each of the nine logic
values listed in Section 6.1 may be the current line

value. For an n-input gate, there are 9" input logic com-
binationsin TA-PSV, compared with only onein STA.

In our approach (Figure 13), wefirst reducethe nine
logic values to three possible states (Section 6.1).
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Fig. 13. Problem reduction in TA-PSV.
Focusing on worst case corner identification, we again
convert the three states to two collapsed states
(Section 6.4.2).
Formulation for TA-PSV is performed on a two-
input NAND gate, in away that can be easily extended
to ninputs. Since each input may have one of thesetwo

collapsed states, only 22 possible combinations need to
be analyzed, and then extended to the general case.

After the classification for TA-PSV, werepresent all
possible cases by the three origina states
(Section 6.4.3) since they can be computed directly
from the logic values. State collapsing (Section 6.4.2)
is performed only once in the pre-characterization
stage and not in any TA-PSV computation.

6.4 Calculating Arrival and Transition Times

6.4.1 Concepts for Sate Collapsing

When an input of a gate has a potential transition
(5,=0), the worst case value of computed output

response entity (e.g., AZR,S) may occur either when
thisinput has atransition (set S, to 1) or not (set S, to

-1). Wewill definetherulesto set the zero-value states
at inputs of a gate to either 1 or -1, to obtain the input
corners that are candidates for exciting the worst case
value at the gate output. So the three original input
states (1, O, -1) will be converted to two collapsed
input states (1, -1). The conversion is shown in Table
1 that will be explained in Section 6.4.2.

Setting S;; to 1 means specifying a line to have a
desired transition. Setting S, to -1 means that this line
is specified to have no transition, i.e., a both time
frames it has a non-controlling value to alow the
desired transition to be propagated.

If two distinct original input states can be converted
to the same collapsed states, then they will have the
same worst case value and can share the same equa-
tions for TA-PSV. For example, in Table 1, for optimi-
zation target AZF,L’ original input states (SXR, SYR) =
(0,0) and (0, 1) have the same collapsed input states (1,
1). We will classify all possible cases of input combi-
nations based on these two collapsed states.

6.4.2 Identifying Worst Case Input Corners

AgainaNAND gatewith output Z and two inputs X
and Y is used for illustrating TA-PSV. An optimiza-
tion target (OPT%, extreme) IS @n assignment of OPT
to line Z whose extreme value is desired for transition
tr, where OPT O {T, A}, tr O{R, F} and extreme I {S,
L}. S isonly related to S*; and S'5, where ir is
R(F) whentr isF(R). In the following, thismapping is
always assumed if we do not specify the transition
direction.

If the output Z has arising transition, then the first
frame of X and Y should each be 1. During TA-PSV,
we temporarily perform backward implication to
reduce the number of combinations considered at the
gate inputs and hence to capture tighter timing ranges.

To find the extreme value for an optimization target
on Z, we need to determine (a) if this extreme value
prefers single or multiple input transitions, (b) given
the current logic values on X and Y (we lose some

choices at X if SX;; = 1 or -1, similarly for Y), do we
prefer to have transitions on X and Y if S, = 0
(SYtr =0), and (c) for theinputswith transitions, which
corner to select (minimal, maximal, or peak) for A and

T to excite the extreme value on the optimization tar-
get.

Rules for changing the zero value of SX;; for mini-

mizing the arrival timeat Z (for both rising and falling
transitions) are shown below:

1. S', =-1, wheretr is either ato-controlling transi-
tion or ato-non-controlling transition: set S, to 1
for creating atransition at Z.

2. SY, =1, wheretr isato-controlling transition: set
SX, to 1 because an additional input transition
may speed up the output transition.



Table 1. The implied values of S, for obtaining the extreme cases for optimization target.

Optimization target
original
inputstate| A“gs | A%gL | A%rs | AfRL Tes L T’rs | T%rL
S [S'tr | S¥R| SR | R[S R| |8k | K|Sk | ¥r | Sk | S¥F | SV | S¥R| SV | SR | SV
-1 1| -1 1| -1 1] -1 1| -1 1] -1 1] -1 1| -1
0 1| -1 1 1 1 1 1] -1 1| -1 1] -1 1 1 1| -1
-1 1 -1 1] -1 1| -1 1 1] -1| -1 1
-1 1
0 1 -1 1 1 1 1 1| -1 1 1 1 1 1 1 1 1 1
1 1 1 1] -1 1 1 1

3. SY, = 1, where tr is a to-non-controlling transi-

tion: set S¥;, to -1 because additional input transi-
tion may slow down the output transition.
SY, = 0, where tr is ato-controlling transition: set

(8%, S"¢) to (1, 1), because simultaneous switch-
ing in this direction reduces the gate delay.

SY, = 0, where tr is a to-non-controlling transi-
tion: try two possibilities, namely (S*, S") = (1,
-1) and (-1, 1), because simultaneous switching is
not desired, but at least one input transition is

required to create atransition at the output.
According to these five rules, we obtain the zero-

value setting of S¥;; and S", for the eight optimization

targets- minimal/maximal output arrival and transition
timesfor bothrising and falling transitions. The setting
for extreme values on optimization targetsis shown in

Table 1. Only the caseswhere SX, is 0 are shown. The
caseswhere S”, is0 are symmetric to the shown cases.
Non-zero SX,, and S", will not be changed, so the

cases with both SX |, and S", are non-zero are not
shown. There are cases where worst case corners can
not be covered by one set of zero-value setting. In these
cases, al input setting listed in Table 1 need to betried,
and the worst case values among them sel ected.

For worst case output arrival and transition timeson
agate Z with inputs X1 , X5 , ..., X, when S¥,.= 0,
there are three possible casesfor setting S¥I,, to-1or 1,
0j0{1, 2, .., n}. Thethree cases are (1) set al such

S¥,; to 1, (2) set all of them to -1, and (3) set one of
themto 1 and all othersto -1. After the worst case cor-

ners are found, A, T, and Q can be calculated by
directly extending the above techniques.

When the effect of input position is considered or
transistors of different sizes are used in the parallel
transistor, to-controlling delay should be redefined
with respect to the dominating input. Here dominating

input, DI%, , of gate Z with inputs X1 , X5, ... X, , is
the gate input X; that the transition on X; minimizes
(maximizes) (AXiy, +d?%i,) forj 0{1,2, ..., n}, when
tr is a to-controlling (to-non-controlling) response.
Here trl equals tr for non-inverting gates, and tr for
inverting gates. The output arrival time becomes the

sum of the dominating input arrival time plus gate
delay.

6.4.3 TA-PSV Computation Examples - AZR, sand
AR L

Based on the TA-PSV approach proposed, we
develop the formulafor each optimization target. Two
of them, AZR’ s and AZR, L, are shown below to illus-
trate the form of these formulae. According to original
input states, the formulation of A%z gand A% g | is
classified into three and six cases respectively. For
most cases, the formulae arethe same asthat in STA or
that according to pin-to-pin delay model. Some cases
share the same formulae or use formulae symmetric to
other cases. The increase in the complexity and the
number of cases is controlled quite well. This makes
TA-PSV computationally feasible.
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For AZg

Case 1. S*# -1and S' # —1: Use the equations for
STA.

Case 2. SY,: = -1 only afaling transition at X may
cause arising transition at Z. For this case,

A%g 5= AXgg + min[ d* Xg(T g9, d* XR(TXEL) 1. (©)

Case 3. S\ = -1: similar to Case 2.

For A%g |

Case1. SXr = 0 and S"¢ = 0: Use the equations for
STA.

Case2. S =1and S'¢ = 1: Both inputs have falling
transitions. For this case,

AZg L=min(A%g , AYg)) +d?R(T4E, TVE, AVE -AXEL). (10)
Here T is as defined in equation (2).
Case3.S"g = -1 and S*¢ = 0 or 1: Only the falling

transition at X may cause arising transition at
Z. For this case,

Afg L=ASg + dO XM (11)
Here T is as defined in equation (2).
Case 4. S*r=1and S' = 0: Sameequationsasthat in
Case 3.
Case5. SXp=-1and S'r= 0 or 1: similar to Case 3.

Case 6. S'r = 1 and S = 0: same as Case 5.

When SY¢ = S¥¢ = 1, the extreme value occurs
when both input transitions arrive as late as possible.
The proper values of TX and TY for maximizi ng the
delay need to be explored. Here T and T have

three possible values as that for A% rL INSTA. Butin
STA, TXrmax Maximizes d?g(T%, TVg, AV, -
AXe) only for fixed T r and &Y. We use numerical
method to iteratively calculate TX g g and TY £
until the pair (TX,:, max » TY,:, max) that maximizes the
delay function is found for a fixed Y. If the gate
delay functionin Figure 4 (b) ismonotonic, then TX,: =
T and T r =T , S0A% g | can be identified
without numerical computation.

6.4.4 TA-PSV on Pin-to-pin Delay Model

Using a pin-to-pin delay model, the equations for
TA-PSV is simpler since in each case the output
response will be determined by only one input. The
output falling response is listed below.

min [A%g g+ min {d**e(TXg 9), d* X£(T*r )},
AVrs+min{d*Y(TYRg), d® V(T g )}
if rising transitions can occur at both X and Y, but
no definite rising transition is specified.
max [AXg s + min {dZX(TXg o), dZ X(TXg )},
z )
ATrs= AVrs+min{d*Ye(TVrg), d*" (T g )} (12)
if definite rising transitions occur at both X and Y.

A rg*min{d*Ye(T g9, d* (T g )}
if adefiniterising transition at Y, or no possible
rising transition at X.
AXg g+ min{d**(TXg o), d**(TXR )}
symmetric to the case above.

max [A%g | +d?Xe(T¥R), AR +d*YE(TYR)]
if rising transitions can occur at both X and Y
AVgy +d*Ye(T"R)
if adefiniterising transition at Y, or no possible (13)
rising transition at X.
AXgy +d5 X (T¥R)
symmetric to the case above.

z _
A%FL=

For T%cg and T, , the three cases are analyzed
similarly asthat for A%, .

6.5 Comparison with STA

A comparison between STA and TA-PSV is shown
in Table 2.

For a delay model to be compatible with TA-PSV,
worst case corners for partial specified input logic val-
ueswithtiming ranges need to beidentifiable. One suf-
ficient condition is that all timing functions be
monotonic or bi-tonic with respect to each input vari-
able.

Table 2. STA vs. TA-PSV.

Satic Timing Analysis Timing Analysisfor Partially
(STA) Specified Vectors (TA-PSV)
Vector independent Takes advantage of Togic/timing
information - timing ranges shrink
as more values are specified
Rising and falling transitions | Logic valueson linesmay exclude
on each lineis aways possible| or force other transitions

A special case of TA-PSV A generalization of STA

11



7. Applications of TA-PSV

7.1 Timing Oriented ATPG

A “crosstalk delay fault” is used to illustrate how
our delay model, along with STA and TA-PSV, can be
used in atiming oriented ATPG system.

During test generation, a crosstalk target consisting
of avictim line (V) and an affecting line (A) are first
selected (see Figure 14). If (a) there existsan input vec-
tor pair that causes oppositetransitionson each of these
two lines, (b) the skew between thesetwo transitionsis
small, e.g., within one or two gate delays, and (c) there
isasignificant coupling capacitance between thesetwo
lines, then both signals will experience a slowdown
effect. That is, their transition times and effective
arrival timeswill increase.

To excite a crosstalk effect between a pair of lines,
atest needsto satisfy both logic ((a) above) and timing
((b) above) constraints. Then traditional two-vector
ATPG methodsand TA-PSV can be used to determineif
there exists a test that can excite the fault effects and
propagate its effect to a primary output or a flip-flop
with a setup time violation.

During test generation, logic constraints are pro-
cessed using techniques such as forward/backward
implications [17]. In time-oriented ATPG, timing con-
straints can also be processed to further reduce the
search space.

Our timing-oriented ATPG [9] contains (a) a delay
model including timing ranges, (b) fault excitation
conditionsat thefault sites, and propagation conditions
at fault-free sites, (¢) asearch engineto implicitly enu-
merate the logic search space, and (d) ITR (incremen-
tal timing refinement, an event-driven version of TA-
PSV) that computes accurate timing ranges when logic
values or timing ranges at lines are further specified.
Timing violation should be checked after new timing
ranges are calculated.

crosstalllksite
Sifu I SN D:—I‘D

O

the rest of the circuit ™’

Fig. 14. A view of the circuit during crosstalk test
generation.

OP code
¢ 4
32
operand A —<—p-
N 33
32-bit
4~ output C
3 ALU P
operand B —4 |

Fig. 15. An ALU example.
7.2 Timing Validation

There are several other applications for using the
proposed delay model and TA-PSV. For example, dur-
ing timing validation of a circuit one may pre-specify
some input values and desire to know the correspond-
ing worst case timing windows.

Figure 15 shows the diagram of an ALU with two
32-hit operandsand ten possible operations (e.g. ADD,
SUB, reverse SUB, AND, OR, XOR, shift left, shift
right, pass A, pass B). The ten operations, represented
by decimal 0 to 9, are encoded as four-bit operation
codes (OP codes) to control the ALU.

STA can be used to identify the maximal delay of
this ALU. If the longest true path is excitable only by
the OP codethat is not used, then STA would report an
overly pessimistic value for delay. This unused long
path need not to be optimized during the design cycle,
since it will not affect the actual performance of this
ALU. But STA cannot cal culate the output timing with
all unused OP codes excluded.

TA-PSV can employ a minimal Boolean cover of
the input space of the actual OP codes. The union of
timing ranges computed by this cover represents a
more realistic estimation of the output timing ranges.

8. Experimental Results

As a simple example, TA-PSV was performed on
benchmark C17 (Figure 16) to observe how timing
ranges shrink, where, in each step an input value
becomes more specified. The result is shown in Table
3. HereV meanslogic value; FSisthearrival timefor
the earliest falling transition; FL isthe arrival time for
latest falling transition; RSisthe arrival time for earli-
estrisingtransition; and RL isthearrival timefor latest
rising transition. Thetime unit is0.01ns. All inputsare
initially unspecified. At this point, the timing informa-
tionisthe sameasthat in statictiming analysis. At each

12



Table 3. An TA-PSV example on C17.

0|1]|2|3|4]|5 6 7 8 9 10
V|{V|V|V|V|V]|V|FS|FL|RS|RL|V |FS|FL|RS|RL|V |FS|FL|RS|RL|V |FS|FL|RS|RL|V |FS|FL|RS|RL
XX | XX | XX [ XX [ XX [ XX [ XX | 7 | 7 |13 |15 |xx| 7 | 22|13 |26 |xx| 7 [22|13|26|xx|20|33|23|39|xx|20|33|23|41
00 | XX | XX | XX | XX | 11 | XX 13| 15| xx 22 13|26 |xx| 7 |22|13|26|xx|20{33|23|39|xx|[20(33|23|41
00|12 | xx | XX | xx |11 | XX 13| 13| xx 2013 |26 |xx| 7 |20|13|26|xx|20{33|23|36|xx|20(33|23|39
00| 11|10 | xx [ xx | 11|01 13|13 |1x| 20|20 1x | 20| 20 Ox 36|36 | Ox 3739
00{11|10|01 |xx | 11|01 13|13(10|20|20 1x | 20| 20 01 36 (36|01 3739
00{11|10|01|x0| 11|01 13|13(10|20| 20 1 01 36 (36|01 3939
2 timin
0 5 rangesg
9 (in %)
1 1.
6 c3540
2
3 0.8 |
4 - 10 06 |
Fig. 16. Benchmark circuit C17. 04 A
step, going from row to row, the value at one primary 02
input becomes more specific and the timing ranges are “
updated. Timing windows naturally shrink. If thelogic 0

value on a line implies no rising (falling) transition,
then the timing information for thistransition becomes
meaningless, and is denoted by ‘-’ in the table. After
the values of the first three inputs are fully specified,
the arrival time of a rising transition on output 9 has
shrunk from (23, 39) to (36, 36), afixed value.

TA-PSV was also performed on ISCAS85 circuits
by randomly specifying valuesat inputs. Thefractional
amount of total timing range shrinkage for all linesin
acircuit asafunction of the percent of the inputs spec-
ified is shown in Figure 17. These results demonstrate
that timing ranges shrink appreciably even when only
asmall fraction of thevaluesare specified. Thisiswhy
TA-PSV isvery helpful in reducing the search required
in timing oriented test generation [19].

Performance of a crosstalk test generator [18] with
(w/) and without (w/0) TA-PSV isshownin Table 4. A
target is aborted if the number of backtracks exceeds
1000. With TA-PSV, the average ATPG efficiency
increased from 40% to 83%, because many objectives
that do not meet the timing criteria are identified early
in the test generation process and lead to a backtrack.
Hence the search space is reduced. Using TA-PSV,
CPU time increases by a factor of from 10 to 20. In
Table 5 test generation results with and without TA-
PSV are shown for comparable run times. As can be
seen, by increasing test generation time of an ATPG

0 10 20 30 40 50 60 70 80 90 100
% of inputs specified
Fig. 17. Total timing range shrink as more inputs are
specified.
without TA-PSV by a factor of 10 only improves the
efficiency by avery small amount. This clearly shows
that TA-PSV isessential for efficiency improvement of
timing oriented ATPG,

Compared with traditional ATPGs that handle only
logic conditions, timing oriented ATPGs require larger
runtime due to the computation of timing information.
However, it is still computationally feasible to carry
out timing oriented AT PG on extremely large circuits.

Thereason isthat for single stuck-at fault, test gen-

eration may deal with more than 10° faults. Normally

there are less than 10° crosstalk sites to be addressed.
Another application where a timing oriented ATPG
system is of value is in the generation of vectors for
dynamic timing analysis. Here one may desire to gen-
erate only one test that produces the maximum delay
through ablock of combinational logic, given atiming
model for the gates and interconnect.

Hence even if the run time for each fault is three
order larger than that for single stuck-at fault, our
ATPG isstill practical dueto much fewer fault targets
in these applications. We are developing hybrid logic
and timing implication techniques that are not reported
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Table 4. Comparison of ATPG efficiency for crosstalk
delay with and without TA-PSV for the same backtrack

number.
ATPG TG
Efficiency (%) Time(s)

Circuit w/o w/ w/o w/
Name TA-PSV | TA-PSV | TA-PSV | TA-PSV
C432 37 83 138 1167
C880 49 85 112 1664
C1355 28 77 423 3403
C1908 43 85 354 2555
C2670 43 85 277 4870
C3540 33 76 539 4661
C5315 49 85 441 7745
C7552 35 86 627 8651
AVE. 39.63 82.75 406 4406

Table 5. Comparison of ATPG efficiency for crosstalk
delay with and without TA-PSV for similar run times.

ATPG TG
Efficiency (%) Time(s)
Circuit w/o w/ w/o w/
Name TA-PSV | TA-PSV | TA-PSV | TA-PSV
C432 38 83 2199 1167
C880 50 85 1771 1664
C1355 29 7 3409 3403
C1908 45 85 8476 2555
C2670 43 85 5620 4870
C3540 33 76 6013 4661
C5315 49 85 7515 7745
C7552 35 86 10032 8651
AVE. 40.25 82.75 5628 4406

here. That will further speed up the above test genera-
tion process.

9. Conclusions

We propose anew concept - timing analysisfor par-
tially specified vectors (TA-PSV) - that enables the
computation of tight timing windows when input vec-
tors are partially specified. Using a more accurate
delay model, we propose amethod to identify the worst
case corners and compute more accurate timing
ranges.

We describe a systematic approach to determine the
main characteristic used in TA-PSV, namely states of
transitions. We reduce the numbers of states by col-
lapsing together states that have the same worst case
corners. We extend our TA-PSV method to handle
gates with more than two inputs.

We show the differences between STA and TA-PSV.
Worst case corners need to be identifiable for this new
delay model to enable the use of TA-PSV in conjunc-
tion with this model. A sufficient condition for adopt-
ing our method for worst case corner identification is
reported.

TA-PSV can be used to bound timing ranges and
hence reduce the search space for timing-oriented test
generation. TA-PSV can also provide more accurate
timing ranges during timing validation. We show how
TA-PSV significantly reduces timing windows on the
ISCAS85 benchmark circuits. We also demonstrate
how ATPG efficiency is significantly improved by TA-
PSV.

Appendix A

Calculation of required timesin static timing analysis.
Qrs=Q%s-d* *e(TR),
TR macs If TR max 0 (T"rs T'RL);
where TXg = {TXR,S . dseif d2 X (TR 9 > d& X(TXR | );
TXgL,  otherwise.
TXR, max: TR that maximizes d% *(TXg).
QR = Q%L - min[d* Xe(TXR 9), d* Xe(TXR L.

Qks=Q%Rs-d* *r(T),
TXF, max» it TXF, max U (TXF,Sv TXF,L);
where TXF={ Tes,  dseif d& Xg(TXEg) > d% XR(TXEL);
e, otherwise.
TXE max: TXp that maximizes d% Xg(TXp).

min -
QR - B.yO(S 1} [d%R(T¥E ., TV gy, 80XV
QL= if (AXeg+3d %Y, AXE +8d%Y)
N (Ars AYp) %0
Ve min s % v y y
- d T ’T ,A A ,
re B.yO{S L}[ R TRy ATRs-ATRL)
dZr(Mep T ey AV EL-A%ES]
otherwise.
8d XY &Y that minimizes d“g(Tg 5, TV, , 847);
By SLk
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	1. Introduction
	Existing approaches for estimating delays in a combinational logic block generally fall into cate...
	At the other extreme are a broad range of timing simulators that compute arrival and transition t...
	This research was motivated by the needs that arise during timing-oriented test generation [5][6]...
	At an intermediate stage during timing-oriented test generation, specific values are assigned to ...
	When the input vectors are incrementally specified during test generation, only the timing inform...
	We will present a new framework for TA-PSV. The development of such a framework employs a delay m...
	2. Notation

	• A/T/Q: arrival time, transition time, and required time, respectively (Section�5)
	• R/F/tr: transition direction - rising, falling, and trŒ{R, F} (Section�4)
	• S/L: smallest and largest (Section�5)
	• Timelinetr,<extreme>: a timing information entity at a line, where TimeŒ{A, T}, line is an inde...
	• dgate output, <a gate input>tr(<list of input variables>): a delay function of a gate where tr ...
	• tgate output, <a gate input>tr(<list of input variables>): an output transition time function o...
	• Tlinetr,max: always appear as input variables of delay functions; the transition time on the li...
	• T linetr: always appear as input variables of timing functions; the transition time on the line...
	• dline1, line2: the skew between transitions at line1 and line2 (Section�4)
	• dt line1, line2: the skew between to-controlling transitions at two inputs of a gate that minim...
	• dd line1, line2: the skew between two to-controlling transitions at two inputs of a gate that m...
	• SZtr: state of a transition tr on line Z (Section�6.1)
	3. Motivation for TA-PSV

	Using a delay model, static timing analysis (STA) [1] provides vector-independent min-max ranges ...
	To perform STA given a gate delay model, we need to (a) handle both input and output timing as ra...
	Fig. 1. An example of crosstalk test generation.
	An example of TA-PSV is illustrated in Figure 1 where logic values are shown as two time frames. ...
	All lines are initially xx with timing ranges obtained from static timing analysis. The initial a...
	After line 2 and line 3 are set to 01 and x1 (using a PODEM-like search [7]), using TA-PSV we fin...
	Without TA-PSV, this timing contradiction will not be found until the logic and timing values at ...
	Without fully exploiting timing information, traditional STA and TS cannot find such contradictio...
	Fig. 2. Single vs. multiple to-controlling-value transitions at gate inputs.
	The proposed incremental timing analysis (TA- PSV) can be used to find tight bound for any given ...
	4. Proposed Delay Model

	We use the delay model proposed in [10] to handle simultaneous to-controlling transitions. Using ...
	A NAND gate, with output Z and two inputs X and Y (Figure 2), is used to illustrate the definitio...
	4.1 Delay Phenomena - Simultaneous Switching

	Standard delay format (SDF) [15], which is commonly used for STA, uses pin-to-pin delays, i.e., d...
	Simultaneous to-controlling transitions at inputs of a primitive gate decrease gate delay due to ...
	Fig. 3. Rising delay of two-input NAND gate as a function of dX,Y and its linear approximation.
	The delay model presented here captures the delay due to simultaneous to-controlling transitions....
	To explain the speed-up caused by simultaneous falling transitions in Figure 2, we plot the to-co...
	4.2 Timing Functions (for a Two-input NAND)

	During test generation, all circuit parameters (e.g., device sizes and loads) remain fixed. In co...
	Given the arrival times and transition times of transitions at a gate’s inputs, we compute the ga...
	Fig. 4. Timing functions vs. input variables.
	Reconsider only the cases where all inputs of a gate have either non-controlling values or transi...
	Fig. 5. (a) Fall delay function and (b) rise delay function.
	4.3 Trends with Respect to Single Variables

	The relations between output variables and each input variable for a two-input NAND gate (Figure ...
	Based on extensive simulations [10], we have identified that for fixed dX,Y and TYtr , the gate d...
	In the equations shown in the rest of the paper, we treat these four timing functions (dZ,�XF�, t...
	5. Static Timing Analysis

	We revisit STA for two reasons. First, the accuracy of STA depends heavily on the delay model use...
	The three timing values considered in STA are arrival times (A), transition times (T), and requir...
	Static timing analysis provides min-max timing ranges for each line in a circuit for both rising ...
	Fig. 6. Overall structure of timing analysis.
	Fig. 7. Timing information used in our method.
	5.1 Time Information

	We use timing windows to represent min-max ranges, as shown in Figure 7. The smallest (S)/ larges...
	5.2 Worst Case Analysis - One View

	Fig. 8. Worst case analysis for latest output arrival time.
	A two-input NAND gate is used to demonstrate STA on our delay model. The key issue of min-max tim...
	In Figure 8 we illustrate how AZR,L is computed. In terms of logic values, there are three ways t...
	In the first justification, AZR,L occurs when both the input arrival time and the gate delay are ...
	5.3 Calculating Arrival and Transition Times

	Given the arrival and transition times at a gate’s inputs, we calculate the corresponding quantit...
	Fig. 9. Possible input combinations for output rising transition.
	Fig. 10. (a) Delay as a function of skew, and (b) transition time as a function of skew.
	The relations between output variables and input variables in Section�4.3 help identify the input...
	AZR,S = min [AXF,S , AYF,S]
	+ [dZR(TXF,b , TYF, g , AYF,S - AXF,S)] ��(1)
	AZR,L = max [AXF,L + [dZ, XR(TXF)], AYF,L + [dZ, YR(TYF)]] (2)
	TXF, max , if TXF,�max Œ (TXF,S, TXF,L);
	where �TXF �= TXF,S , else if dZ, XR(TXF,S) > dZ, XR(TXF,L);
	TXF,L , otherwise.
	TXF,max is the value of TXF that maximizes dZ,XR(TXF). TYF is defined similarly to TXF .
	tZR(TXF,S, TYF,S, dt X,Y) ���������������������������������������������� TZR,S =� if�(AXF,S�+� dt...
	���« (AYF,S,�AYF,L) ¹ Æ; (3)
	�min [tZR(TXF,S, TYF,S, AYF,S - AXF,L),
	������� �tZR(TXF,S, TYF,S, AYF,L - AXF,S)], �������otherwise.
	Here, dt X,Y is the value of skew dX,Y that minimizes tZR(TXF�, TYF , dX,Y) for given TXF� and TYF�.
	TZR,L = max[tZ, XR(TXF,L), tZ,�XR(TYF,L)]. (4)
	In Equation (1), for an output rising transition to arrive as early as possible, we expect all in...
	In Equation (3), although minimal gate delay always occurs when dX,Y = 0 (Figure 10 (a)), the min...
	Calculation of A and T for an output falling transition employs a pin-to-pin delay as shown below.
	AZF,S = min [AXR,S + min {dZ,XF(TXR,S), dZ, XF(TXR,L)}, � (5)
	AYR,S�+�min {dZ,YF(TYR,S), dZ,YF(TYR,L)}].
	AZF,L = max [AXR,L + dZ,XF(TXR), AYR,L + dZ,YF(TYR)] (6)
	TXR, max , if TXR, max Œ (TXR,S, TXR,L);����������� where �TXR �= TXR,S,� else if dZ, XF(TXR,S) >...
	Here, TXR, max is the value of TXR that maximizes dZ, XF(TXR). TYR,�max is defined similarly. The...
	TZF,S = min {tZ, XF(TXR,S), tZ, YF(TYR,S)}. (7)
	TZF,L = max {tZ, XF(TXR,L), tZ, YF(TYR,L)}. (8)
	Calculation of the required times for STA can be found in Appendix A.
	6. Timing Analysis for Partially Specified Vectors

	After partially specific values are assigned to some circuit lines, worst case corners identified...
	Fig. 11. Refinement of logic values (: 0, and ).
	6.1 Logic Value System

	For timing simulation and test generation, two-vector tests are needed to create transitions carr...
	Among the nine logic values, {00, 01, 0x, 10, 11, 1x, x0, x1, xx}, for two-frame logic, 01 specif...
	SZtr captures the characteristics we need. In our analysis, for simplification, all possible part...
	SZtr can be computed given the logic value on Z. When SZtr is -1, none of the timing values perta...
	Fig. 12. An example of timing refinement.
	6.2 Timing Refinement

	An example of TA-PSV for an output falling transition is shown in Figure 12. Initially both input...
	6.3 Proposed Approach

	We have proposed a delay model where, given the input logic values and timing ranges at a gate’s ...
	The main difficulty of implementing such an TA- PSV is the enumeration of all possible cases to o...
	In our approach (Figure 13), we first reduce the nine logic values to three possible states (Sect...
	Fig. 13. Problem reduction in TA-PSV.
	Formulation for TA-PSV is performed on a two- input NAND gate, in a way that can be easily extend...
	After the classification for TA-PSV, we represent all possible cases by the three original states...
	6.4 Calculating Arrival and Transition Times
	6.4.1 Concepts for State Collapsing

	When an input of a gate has a potential transition (Str=0), the worst case value of computed outp...
	Setting Str to 1 means specifying a line to have a desired transition. Setting Str to -1 means th...
	If two distinct original input states can be converted to the same collapsed states, then they wi...
	6.4.2 Identifying Worst Case Input Corners

	Again a NAND gate with output Z and two inputs X and Y is used for illustrating TA-PSV. An optimi...
	If the output Z has a rising transition, then the first frame of X and Y should each be 1. During...
	To find the extreme value for an optimization target on Z, we need to determine (a) if this extre...
	Table 1. The implied values of Str for obtaining the extreme cases for optimization target.
	original input state
	Optimization target
	AZ F, S
	AZ F, L
	AZ R, S
	AZ R, L
	TZ F, S
	TZ F, L
	TZ R, S
	TZ R, L
	SXtr
	SYtr
	SXR
	SYR
	SXR
	SYR
	SXF
	SYF
	SXF
	SYF
	SXF
	SYF
	SXF
	SYF
	SXF
	SYF
	SXF
	SYF
	0
	-1
	1
	-1
	1
	-1
	1
	-1
	1
	-1
	1
	-1
	1
	-1
	1
	-1
	1
	-1
	0
	0
	1
	-1
	1
	1
	1
	1
	1
	-1
	1
	-1
	1
	-1
	1
	1
	1
	-1
	-1
	1
	-1
	1
	-1
	1
	-1
	1
	1
	-1
	-1
	1
	-1
	1
	0
	1
	-1
	1
	1
	1
	1
	1
	-1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	-1
	1
	-1
	1
	-1
	1
	-1
	1

	Rules for changing the zero value of SXtr for minimizing the arrival time at Z (for both rising a...
	1. SYtr = -1, where tr is either a to-controlling transition or a to-non-controlling transition: ...
	2. SYtr = 1, where tr is a to-controlling transition: set SXtr to 1 because an additional input t...
	3. SYtr = 1, where tr is a to-non-controlling transition: set SXtr to -1 because additional input...
	4. SYtr = 0, where tr is a to-controlling transition: set (SXtr, SYtr) to (1, 1), because simulta...
	5. SYtr = 0, where tr is a to-non-controlling transition: try two possibilities, namely (SXtr, SY...
	According to these five rules, we obtain the zero- value setting of SXtr and SYtr for the eight o...
	For worst case output arrival and transition times on a gate Z with inputs X1 , X2 , ..., Xn, whe...
	When the effect of input position is considered or transistors of different sizes are used in the...
	6.4.3 TA-PSV Computation Examples - AZR, S and AZR, L

	Based on the TA-PSV approach proposed, we develop the formula for each optimization target. Two o...
	For AZ R, S
	Case 1. SXF ¹ -1 and SYF ¹ -1: Use the equations for STA.
	Case 2. SYF = -1: only a falling transition at X may cause a rising transition at Z. For this case,

	AZ R, S = AXF,S �+ �min [ dZ, XR( TXF,S) , dZ, XR( TXF,L ) ]. (9)
	Case 3. SXF = -1: similar to Case 2.

	For AZ R, L
	Case 1. SXF = 0 and SYF = 0: Use the equations for STA.
	Case 2. SXF = 1 and SYF = 1: Both inputs have falling transitions. For this case,

	AZ R, L = min (AXF,L�,�AYF,L) + dZR(TXF�,�TYF�,�AYF,L - AXF,L). (10)
	Here TXF is as defined in equation (2).
	Case 3. SYF = -1 and SXF = 0 or 1: Only the falling transition at X may cause a rising transition...

	AZ R, L = AXF,L �+ �dZ, XR(TXF). (11)
	Here TXF is as defined in equation (2).
	Case 4. SXF = 1 and SYF = 0: Same equations as that in Case 3.
	Case 5. SXF = -1 and SYF = 0 or 1: similar to Case 3.
	Case 6. SYF = 1 and SXF = 0: same as Case 5.

	When SYF = SXF = 1, the extreme value occurs when both input transitions arrive as late as possib...
	6.4.4 TA-PSV on Pin-to-pin Delay Model

	Using a pin-to-pin delay model, the equations for TA-PSV is simpler since in each case the output...
	For TZF,S and TZF,L , the three cases are analyzed similarly as that for AZF,L.
	6.5 Comparison with STA

	A comparison between STA and TA-PSV is shown in Table 2.
	For a delay model to be compatible with TA-PSV, worst case corners for partial specified input lo...
	Table 2. STA vs. TA-PSV.
	Static Timing Analysis �(STA)
	Timing Analysis for Partially Specified Vectors (TA-PSV)
	Vector independent
	Takes advantage of logic/timing information - timing ranges shrink as more values are specified
	Rising and falling transitions on each line is always possible
	Logic values on lines may exclude or force other transitions
	A special case of TA-PSV
	A generalization of STA
	7. Applications of TA-PSV
	7.1 Timing Oriented ATPG



	A “crosstalk delay fault” is used to illustrate how our delay model, along with STA and TA-PSV, c...
	During test generation, a crosstalk target consisting of a victim line (V) and an affecting line ...
	To excite a crosstalk effect between a pair of lines, a test needs to satisfy both logic ((a) abo...
	During test generation, logic constraints are processed using techniques such as forward/backward...
	Our timing-oriented ATPG [9] contains (a) a delay model including timing ranges, (b) fault excita...
	Fig. 14. A view of the circuit during crosstalk test generation.
	Fig. 15. An ALU example.
	7.2 Timing Validation

	There are several other applications for using the proposed delay model and TA-PSV. For example, ...
	Figure 15 shows the diagram of an ALU with two 32-bit operands and ten possible operations (e.g. ...
	STA can be used to identify the maximal delay of this ALU. If the longest true path is excitable ...
	Table 3. An TA-PSV example on C17.
	0
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	V
	V
	V
	V
	V
	V
	V
	FS
	FL
	RS
	RL
	V
	FS
	FL
	RS
	RL
	V
	FS
	FL
	RS
	RL
	V
	FS
	FL
	RS
	RL
	V
	FS
	FL
	RS
	RL
	xx
	xx
	xx
	xx
	xx
	xx
	xx
	7
	7
	13
	15
	xx
	7
	22
	13
	26
	xx
	7
	22
	13
	26
	xx
	20
	33
	23
	39
	xx
	20
	33
	23
	41
	00
	xx
	xx
	xx
	xx
	11
	xx
	7
	7
	13
	15
	xx
	7
	22
	13
	26
	xx
	7
	22
	13
	26
	xx
	20
	33
	23
	39
	xx
	20
	33
	23
	41
	00
	11
	xx
	xx
	xx
	11
	xx
	7
	7
	13
	13
	xx
	7
	20
	13
	26
	xx
	7
	20
	13
	26
	xx
	20
	33
	23
	36
	xx
	20
	33
	23
	39
	00
	11
	10
	xx
	xx
	11
	01
	-
	-
	13
	13
	1x
	20
	20
	-
	-
	1x
	20
	20
	-
	-
	0x
	-
	-
	36
	36
	0x
	-
	-
	37
	39
	00
	11
	10
	01
	xx
	11
	01
	-
	-
	13
	13
	10
	20
	20
	-
	-
	1x
	20
	20
	-
	-
	01
	-
	-
	36
	36
	01
	-
	-
	37
	39
	00
	11
	10
	01
	x0
	11
	01
	-
	-
	13
	13
	10
	20
	20
	-
	-
	11
	-
	-
	-
	-
	01
	-
	-
	36
	36
	01
	-
	-
	39
	39

	TA-PSV can employ a minimal Boolean cover of the input space of the actual OP codes. The union of...
	8. Experimental Results

	As a simple example, TA-PSV was performed on benchmark C17 (Figure 16) to observe how timing rang...
	Fig. 16. Benchmark circuit C17.
	TA-PSV was also performed on ISCAS85 circuits by randomly specifying values at inputs. The fracti...
	Fig. 17. Total timing range shrink as more inputs are specified.
	Performance of a crosstalk test generator [18] with (w/) and without (w/o) TA-PSV is shown in Tab...
	Compared with traditional ATPGs that handle only logic conditions, timing oriented ATPGs require ...
	Table 4. Comparison of ATPG efficiency for crosstalk delay with and without TA-PSV for the same b...
	Circuit
	Name
	ATPG
	Efficiency (%)
	TG
	Time (s)
	w/o
	TA-PSV
	w/
	TA-PSV
	w/o
	TA-PSV
	w/
	TA-PSV
	C432
	37
	83
	138
	1167
	C880
	49
	85
	112
	1664
	C1355
	28
	77
	423
	3403
	C1908
	43
	85
	354
	2555
	C2670
	43
	85
	277
	4870
	C3540
	33
	76
	539
	4661
	C5315
	49
	85
	441
	7745
	C7552
	35
	86
	627
	8651
	AVE.
	39.63
	82.75
	406
	4406

	Table 5. Comparison of ATPG efficiency for crosstalk delay with and without TA-PSV for similar ru...
	Circuit
	Name
	ATPG
	Efficiency (%)
	TG
	Time (s)
	w/o
	TA-PSV
	w/
	TA-PSV
	w/o
	TA-PSV
	w/
	TA-PSV
	C432
	38
	83
	2199
	1167
	C880
	50
	85
	1771
	1664
	C1355
	29
	77
	3409
	3403
	C1908
	45
	85
	8476
	2555
	C2670
	43
	85
	5620
	4870
	C3540
	33
	76
	6013
	4661
	C5315
	49
	85
	7515
	7745
	C7552
	35
	86
	10032
	8651
	AVE.
	40.25
	82.75
	5628
	4406

	The reason is that for single stuck-at fault, test generation may deal with more than 106 faults....
	Hence even if the run time for each fault is three order larger than that for single stuck-at fau...
	9. Conclusions

	We propose a new concept - timing analysis for partially specified vectors (TA-PSV) - that enable...
	We describe a systematic approach to determine the main characteristic used in TA-PSV, namely sta...
	We show the differences between STA and TA-PSV. Worst case corners need to be identifiable for th...
	TA-PSV can be used to bound timing ranges and hence reduce the search space for timing-oriented t...
	Appendix A

	Calculation of required times in static timing analysis.
	QXR,S = QZF,S - dZ, XF(TXR),
	TXR, max , if TXR, max Œ (TXR,S, TXR,L);
	����where TXR = TXR,S , else if dZ, XF(TXR,S) > dZ, XF(TXR,L);
	TXR,L , otherwise.
	������������������TXR, max : TXR that maximizes dZ, XF(TXR).
	QXR,L = QZF,L - min [dZ, XF(TXR,S), dZ, XF(TXR,L)].
	QXF,S = QZR,S - dZ, XR(TXF),
	TXF, max , if TXF, max Œ (TXF,S, TXF,L);
	����where �TXF = TXF,S , else if dZ, XR(TXF,S) > dZ, XR(TXF,L);
	TXF,L , otherwise.
	TXF, max : TXF that maximizes dZ, XR(TXF).
	������������������QZR,L - [dZR(TXF, b , TYF,g , dd X,Y)]
	QXF,L = � if (AXF,S + dd X,Y , AXF,L + dd X,Y)
	« (AYF,S , AYF,L) ¹ Æ;
	������������������QZR,L - [dZR(TXF,b , TYF,g , AYF,S - AXF,L),
	��������������������������������������������������������dZR(TXF,b , TYF,g , AYF,L - AXF,S)] �����...
	������������������dd X,Y: dX,Y that minimizes dZR(TXF, b , TYF,g , dX,Y);
	����" b, g Œ {S, L}.
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