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Abstract

Due to technology scaling and increasing clock
frequency, problems due to noise effects lead to an
increase in design/debugging efforts and a decrease in
circuit performance. This paper shows how crosstalk
coupling between lines can affect the propagation delay
of signalsin integrated circuits. A mode is presented to
evaluate the effect of paradtic coupling crosstalk.
Conditions for the creation of the worst-case coupling
and propagation of a delayed signd are presented. A test
pattern generation agorithm utilizing the above
conditions is presented and applied to several example
circuits.

I. Introduction

With the scaling of VLS| circuits, the increase
in switching speeds, and the mixing of devices with
different driving strengths in the same integrated circuit,
crosstalk effects are induced between some circuit
dements|[1 - 4]. These effects can induce faulty behavior
and hence become an important problem in testing.

Crosstalk effects can be categorized into two
types. crosstalk induced pulses and crosstalk induced
delay. The firg manifests as a pulse on aline, called the
victim line, which should remain in a static state when
one or more neighboring lines, called affecting lines,
have a transition. Depending on their amplitude and
width, these pulses can have an important impact on
circuit performance [5]. The second effect, crosstalk
delay, is produced when both the affecting and victim
lines have smultaneous or near smultaneous transitions.
If both lines trandt in the same direction, their transition
times are reduced, hence the effective delay is said to be
reduced. We refer to this phenomenon as crosstalk
speedup. If the affecting and victim lines trangt in the
opposite direction, then there will be an increase in
delay, which is called crosstak sowdown. These
unexpected changes in signal propagation delays can
cause faulty behaviors. For example, many high
performance circuits make extensive use of pipelines,
shallow logic blocks between storage e ements, dynamic
gates, latches instead of flip-flops, single phase clocking,
and performance based logic design.  The net resultis
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that the timing margins between clocked eements are
small. Hence delay must be wel controlled and
budgeted. Because crosstalk can adversdly affect signal
delay, coupling effects must be correctly handled to
guarantee correct circuit operation. Thus the delay time
for each combinational block and setup and hold times
for latch elements must include the signal or clock skews
due to crosstalk. Current trends in integrated circuit
design indicate that signal noise and skew due to
crosstalk can create severe design and test problems.
These problems are further aggravated by variations in
the fabrication process [22]. If it were not for process
varigtions and dringent area and  performance
congtraints, an error due to crosstalk observed during
validation could be eiminated by re-routing signals or
redesign. However, redesign may be very expensive in
terms of design effort and its impact on a product’s
schedule. In addition, with process variations and
aggressive design goals, it may not always be possible to
diminate al noise effects at all worst case design and
fabrication corners. The other alternative is to develop
techniques to generate tests for crosstalk. For different
process corners atest (or a set of tests) can be generated
to detect the presence of errors caused by crosstalk. The
resulting tests can be applied to each manufactured chip,
and chips in which crosstalk does not cause any error
will pass and be shipped to customers, while chips where
crosstalk causes an error will be discarded. In other
words, a designer can either choose to eliminate potential
errors caused by crosstalk via redesign or ignore them
until post-manufacturing testing. Such a choice is often
made in favor of living with the flaw when there is a
time-to-market issue; design changes can be made in a
future release. By providing such an dternative, test
generation for crosstalk will enable more aggressive
design, decrease re-design effort, and/or enable more
comprehensive post-manufacturing testing.

Although coupling effects, namely crosstalk,
between interconnects have been previously analyzed [5-
9], these works focused primarily on the crosstalk-
induced pulses and related test pattern generation
techniques [3, 10-13]. Crosstalk—induced delay has
received less attention. In this paper we first show how
the crosstalk effect between signals with concurrent
transitions can create a significant increase or decrease in
the propagation delay. Then a mixed-signa test



generation process is introduced, where characteristics of
crosstalk induced noise are accurately modeled. In
addition to traditional logic values, the mixed-signa test
generator also includes computation for analog
properties such as noise strength (delay) and signa
timings (such as arrival time and rise/fall times). New
timing conditions are also proposed so that a crosstalk
effect, E, is first generated, and then other constraints
employed so as to propagate the maximum effect of E,
namely delay for slowdown or speedup, or amplitude and
width for pulses, to an output or aflip-flop.

The paper is organized as follows. In Section 11
amode for capacitive coupling is presented to evaluate
crosstalk effects with respect to circuit parameters and
signal timing properties. In Section |11 various conditions
for the creation of the worst-case coupling and
propagation of the crosstalk signal are presented. These
conditions are then incorporated into a test generation
algorithm to generate tests for crosstalk—induced delay
errors. Section 1V shows experimental results of the
proposed test generation algorithm. Finaly, in Section V
we present our conclusions.

[I. The Crosstalk Effect and its Characterization
2.1  Crosstalk Effects

Crosstalk is caused by paradtic couplings
between adjacent wires that indude inductive and
capacitive effects. There is a low inductance value that
becomes significant at very high frequency in certain
lines, such as VDD and GND global buses, which are
very long and wide (so R is comparable to wL) and may
conduct large switching current. For signal interconnects
the capacitive coupling tends to dominate and it is still
feasble to accurately modd crosstalk  without
considering inductance because of the voltage-controlled
nature of MOS devices, as detailed in [14]. Fig. 1 shows
a simple circuit with coupling capacitance C,, between
two signa lines A and V. The value of the parasitic
capacitance Cp,, can be determined as described in [15-

17].

Fig. 1 Smple circuit showing source of crosstak due
to capacitive coupling.

For the purpose of delay calculations the
coupling capacitance is commonly modeled as an
effective load capacitance. Due to this assumption, the
actual signa delay may exceed the amount predicted. For
example, consider two coupled lines, as shown in Figure
2. If oneline (A) gtartsa falling transtion while the other

(V) ishaving arising transition, the waveform on line V
may be distorted and the delay increased. The optimism
in the commonly used model can be explained in the
following way.

Assuming the switching time of the signal on
the line A ist;, and that of the signal on the line V ist,,.
While the line A is switching, the current going through
the coupling capacitance is Cy(1+ t., /ti))Vool/ty, for the
period of time when both lines are switching. For the
remaining portions of the switching time of line V, the
coupling capacitance is Cp,, since the other line finished
its switching. Hence there exists a period of time in
which the effective coupling capacitance is quite large,
namely C(1+ t., /t;y), and for the remaining portion of
timeis C,. Therefore the average coupling capacitance is
larger than the expected value of C,, and the signal delay
isincreased.
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Fig. 2 Two coupled lines.

If two lines are switching in the same direction,
by a similar reasoning one can deduce that the signa
delay will be decreased. As we scale to deep submicron
technologies and multiple layer interconnects, most of
the coupling will be between signal lines, and the impact
of coupling on signal delay will become increasingly
more important and lead to the testing of the crosstalk
induced delay.

2.2 A Modd for the Evaluation of Crosstalk Effects

To obtain ingght into the detailed nature of
crosstalk and its dependence on the circuit parameters
associated with the coupled lines, consider the lumped
model of capacitive coupling shown in Fig. 3.
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Fig. 3 Capacitive coupling model.

In this model each pulling resistance, Ry, and
Rp2, is composed of the line resistance and the on-
channel resistance associated with the line driver, where
we assume the complementary device turns off
immediately after the trangtions are applied at inputs. In
[19, 2Q] it is shown that the impact of neglecting the
short circuit current is small provided that the transition



timeis short. The load capacitances, C, and C,, consist of
the line capacitance and the gate capacitance of the load
driven by the line. Thustheline driver is equivalent to a
pulling resistance, and the coupling network can be
viewed as a network of capacitors (Cy,, C, C,). This
mode allows for a somewhat general description of the
signals A, and Vi, nhot only in terms of their switching
rates but also their relative skew. By using Laplace
transformations, we can obtain an expression for
crosstalk in the s-domain, which we can transform back
to the time domain. The analytic response we derive is
based on the first order model of MOS device behavior,
commonly referred as the LEVEL 1 modd, assuming
that the channe modulation is negligible. This model
was sel ected because more sophisticated models that take
into account higher order effects are intractable for
analytic manipulation. The indghts gained from the
results obtained using this ssimple model are of value in
the development of our ATPG system.

From these analytical expressions, we can
analyze effects such as when both signals A and V
change simultaneoudy or with a rdative timing skew so
that the interference between signa pairs causes
digtortion on the sgnal waveforms. Full detail of the
derivation of these expressions can be found in [18]. The
expressions show that the severity of the crosstalk effect
is directly proportional to the coupling capacitance and
the ratios of the strengths of the drivers driving the two
lines. Also, it was found that the faster the transition at
A, the greater is the dowdown at V. In addition, the
amount of speedup is maximized if the transition on the
victim line begins when the pulse induced on this line
due to the affecting line reaches its peak. Thus the victim
trangition lags the affection transition. The amount of
crosstalk dowdown is maximum when both signas
switch simultaneously. Another important result of
the analytic model is that signals on the affecting and
victim lines can be skewed up to one or two gate delay
and dill result in a crosstalk speedup/sowdown
effect.

[11. Test Generation for Crosstalk-Induced Delay

In this section we present an ATPG algorithm to
generate tests for crosstalk delay. We focus on
combinational logic circuits whose outputs are ether
primary outputs or pseudo primary outputs, which are
data or clock inputs to storage devices. This algorithm
incorporates crosstalk by employing new logic values
and corresponding analog information, such as signal
arrival times, rise/fall times, and input arrival skews, and
searches the space of all possible pairs of input patterns
using a dgnificant modified version of backtrace
procedure [24]. A dgna value in our test generation
system contains not only a symbal for itslogic value, but
also a set of parameters for its corresponding anaog
properties. For a specific target crosstalk coupling in a

circuit, that can be considered to be analogous to a faullt,
which we refer to as a c-fault, the objective of this test
generator isto generate, under given timing assumptions
and requirements, a pair of vectors (a test) that create a
crosstalk effect at thetarget and either alogic error or the
maximum noise effect at a primary output. For example,
in the case of crosstalk dowdown, given the timing of a
clock-edge, the test generator may generate tests that
cause a signa to slowdown, and propagate the delayed
signal in such a way so as to violate the given timing
requirement at a D input to a flip-flop. The symbols and
value system shown in Table 1 are used. The anaytic
models for the computation of the associated parameters
are discussed in [13], and the symbols for pulses will not
be discussed since the focus here is on crosstalk delay
effects.

Table 1 Symbols and parameters used for test generation.

Symbols Associated Description
parameters

1 - constant 1

0 - constant O

P, ta H, ty, th, tg positive pulse

P. ta H, ty, th, tg negative pulse

Ty ta tr rising trangition

Ty ta tf falling transition
ST, ta tr speedup rising trangition
STy ta tf speedup falling transition
SiTy ta tr dowdown rising trangition
SiTq ta tf slowdown falling transition

X - unknown

Description of parameters.
ta- arrival time, H, ty, tp, tyasin [13], t; - risetime, t; - fall time

3.1 Deay Modelsand Calculations

To excite a target effect at a specific time (or
within a timing window), we first need to obtain some
delay information about the gates and paths in the circuit.
We associate with each signal line that has a trangtion a
timing window, such as those shown in Fig. 4. The
window is defined (bounded) by the minimal arrival (tl)
and maximal arriva (t2) times of the transition. Within
this window the trangitions with the minimum (t3) and
maximum (t4) transition times can occur in either order,
i.e, (t3) before (t4) or (t4) before (t3). The window
consists of these four transitions. Assuming that the
device sizes and output loads of all gates are given, the
delay of a gate (assuming one input is switching and
other inputs have non-controlling values) can be
estimated using standard delay format (SDF) [21]. For a
gate g, assuming atiming window is given at an input of
the gate, by using SDF and additional computations one
can derive the corresponding timing window (four
transitions) at the output of the gate. Fig 4. shows an
example where input x has a falling transition and output
z has a rising transition. Timing windows for various
combinations of transitions (rising or falling) at the input
and output of the gate can be derived in the same



manner. Full detail of the derivation for these equations
can befoundin [23].

ape\e e AL

4 2-tuples similar to input x y [

1 transition with min. arrival time
12 transition with max. arrival time
3 transition with min. transition time
4 transition with max. transition time

Fig. 4 Computation of timing windows for a gate.
311 Forward Delay Calculation
The forward delay calculation actually performs
a static timing analysis of the circuit. Given arrival and
transition times for signals at primary inputs, one can
traverse the circuit starting from Pls in a breadth-first
manner to compute timing windows for each line. During
the computations for timing windows, in addition to the
timing information associated with each line, we aso
obtained min. and max. input-to-output delays for each
input of the gate. For example, for the gate g in Fig. 4
with rising output transitions and falling input transitions
at input x, in addition to those four transitions
comprising the timing window for each line (input x or
output z), there are also two delay values, min. and max.
delays (indicating the minimum and maximum delays for
propagating a transition from input x to output z),
associated with the gate. Similar information is also
obtained for input y.

If we would like a Sgnal transition a a specific
circuit node to occur near a specific time, these values
provide directions and/or choices for a backtrace
procedure.

3.1.2 Backward Delay Calculation
The backward delay calculation computes
signal required times. Required times are timing

windows in which signals are required to appear. Given
required times of signals a primary outputs, the
calculation process starts at POs and pseudo POs and
traverses backward through the circuit to caculate
required times by subtracting proper gate delays, which
are obtained in the forward delay calculation process.
Full detail of the derivation for these equations can also
be found in [23].

From these required times, for a given node k,
we can find the shortest and longest paths in terms of
time to POs by using require times of POs in the fanout
cone of node k. In addition, if a signa isto arrive a a
specific time a a PO, we can use these parameters to
direct the search process in an attempt to satisfy this
congtraint.

3.2  Timing-Oriented ATPG
With the static timing analysis performed, the
timing window of transitions on the affecting line (A)

and victim line (V) can be obtained, as shown in Fig. 5,
where a and b (p and ) represents the shortest and
longest timing path from the PIs to the affecting (victim)
line, and y and x are the shortest and longest timing paths
from the victim lineto a PO.

Therefore atransition on A can occur no earlier
than time a and no later than time b. Similarly, the
timing window for line V is within [p, g]. Also for any
signal trandtion on the victim line to occur in the time
interval [T-x, T-y], there is a chance that this signa (on
V) will reach a PO at or after the time T, which will
result in a possible timing violation, say, a setup time
violation. Hence the targeted timing window is the
intersected time interval [T-x, ] in which both
trangitions on A and V can occur to have an effect that
may create a timing violation at an output. Note that if
this interval [T-x, q] is null, no crosstalk effect for this
target can cause a problem at a PO.

Affecti
k. fecting

time =0 time =T
arrival times at A
timing window of possible crosstalk

/ effect to occur and cause an error

ata PO

T-y
. range of crosstalk noise on V to

P iming violation on P
arrival times at V cause timing violation on POs

Fig. 5 Timing window of transitions on the affecting
(A) and victim (V) lines.
3.21 Objectivesfor Crosstalk Delay
There are two types of crosstak delay:
sowdown and speedup. For the rest of this section we
will consider only the case of crosstalk slowdown to
illugtrate the procedures. There are five important
objectives in creating a crosstalk slowdown effect of
large severity at a specific time.
Objective 1: alatetrandtion on the affecting line
Objective 2: astrong driver on the affecting line,
Objective 3: atransition (opposite direction to that of the
affecting ling) on the victim ling with a
skew bounded by * o time units
Objective 4: aweak driver on the victim line,
Objective 5: a propagation path that delays the target
dowdown-signal as much as possible until
it reaches a PO or aflip-flop.



These objectives are used to determine
conditions to be satisfied for maximizing the observed
crosstalk noise.

Objective 2 and 4 determine conditions that a
two-pattern test must satisfy to generate a crosstalk effect
of maximal severity, which were presented in [13] using
the expressions developed in [18]. Objective 3 provides
the maximum acceptable skew between affecting and
victim line such that the crosstalk effect is significant. As
stated in Section 2.2, the crosstalk dowdown effect is
maximum if both the affecting and victim lines switch at
the same time, as shown in Fig. 6. We can also see that
signals on the affecting and victim lines can be skewed
and ill result in a crosstalk speedup/d owdown effect.
The circuit that is used to derive expressions for Fig. 6
has a typical gate delay of 100ps. If the skew between
the affecting and victim line signalsis one gate delay and
the affecting line sgnal arrives earlier, then we till have
23/46 = 50% of the maximum crosstalk slowdown effect.

Or—T T T T T T T T 1
slowdown
100% 4 _
Delay (%) Le--
30— N —
50 % %
speedup |
Al
15[~ N
7% oo , |
[ |1 [

Skew (ps) 9300*260*2202*180*140*1100 60 20,20 60 100
Gate delay | | | | |

Fig. 6 Amount of speedup and slowdown on the victim
line V vs. skew z: anegative zimpliesA leads V.

Although some amount of skew is acceptable to
have a significant owdown effect, initially we attempt
to have the victim and affecting lines change at the same
timein order to achieve a maximum slowdown effect. If
this is not achievable, then a skew, say, up to one gate
delay, is allowed for the victim line signa, and we target
the arrival time of the victim line signal to be within the
window as the arrival time of the affecting line signal
plus the alowed skew. Then this timing requirement is
trandated into the timing-oriented backtrace procedure,
described in the next section, to find a test to achieve the
desired trangtion on the victim line.

In summary, together with objective 1 and 5, we
try to create on the victim line a late trangtion, which is
dowed down as much as possible due to crosstalk, and
propagates through a long path to a PO to cause a timing
violation.

3.2.2  Timing-Oriented Backtrace Procedure

In our test generation process, each objective is
a 3-tuples in the form of obj(value, timing, condition),
where value is the desired signa value, namely a

trangtion or datic value; timing is the target timing
requirement which can be specified as earliest, latet, a
window or a specific value; and condition is the
constraint that specifies whether we want a fast or dow
transition, or strong or weak static value.

When an objective is processed, first we check
for the existence of a compatible and incompl ete pattern
at gate inputs. For example, an objective is to have a
falling transition at the output of gate g as shown in Fig.
7. We check if the desired timing window [z, zp]
overlaps with the timing windows [As min, Atmax] that we
obtained from the timing analysis described in section
3.1, where A min/Armax denote the minimum/maximum
arrival times for falling transitions. If not, then the
desired objective cannot be achieved within the desired
timing requirement and a new objective must be selected.
Next we check whether existing input signas a gate
inputs violate the desired output value. For example, as
shown in Fig.7, for a desired falling transition at the
output, only rising transitions or static 0's are alowed at
inputs. If during previous implication process a falling
trangition has been assigned to one of the inputs, then
this objective cannot be achieved and a new objective
must be sel ected.

[Af,min, Af,max]
— [z1, z2]

\%1
I
vz_ L= obvake T
v, A)
vi=0or -

Fig. 7 Check for the existence of a compatible and
incompl ete pattern at gate inputs in processing objectives.

If the objective seems to be achievable, then for
inputs having unknown value “X”, we backtrace and
search for a pattern to achieve the objective. For the
input on which we sdlect to backtrace, we compute the
new target timing window [2z;-Omax, Z2-Onin], Where
Omax/drin @re the max/min gate delays from that input to
the gat€'s output under the desired transition (falling
transition in this case), as shown in Fig.8. The dmg/dmin
delays are obtained from the gatic timing analysis
described in Section 3.1. Then the new target timing
window is inserted into the new objective for the input
we selected to backtrace, and we continue the backtrace
process recursively.

) delayd
~

D. —l_ [Af,minv Af,max]

q

new target timing window = [21-pmax, Z2-0min]  target timing window = [z;, z5]

Ar‘min(p): Ar‘ max(p
Pls

Fig. 8 Recursive execution of the backtrace process.

The third parameter in our objective is the
condition that is used for sde-fanin assignments. There



are many patterns that can achieve a desired trangtion on
a line with different transition times. For example, to
create a falling trandtion at the output of a two-input
NOR gate, both inputs having arising transition will lead
to a shorter gate delay than when one input has a rising
trangtion and the other is held a constant 0. These
conditions for side-fan-in assignments that help to create
a faster trangtion were identified in [13]. Table 2 shows
conditions for creating a fast transition at the output of a
NAND gate. The procedure for side-fan-assignments is
similar to the one described in the above subsection.

Table 2 Conditions creating afast transition at the output of a
NAND gate.

Target Necessary Preferred Sufficient
valueat the | Condition condition condition
gate's onside onside
output fan-in fan-in
Ty Tqat one All T4 Tqorl
input
Tq T, at one All 1 lor T,
input

However, not only a transition is required, but
also the arrival time of the trandtion is important. It is
necessary to check the timing of the ddefan-in
assignments so that they won’t invalidate the transitions
aready established. For example, assume that we would
liketo create arising trandtion at the output of a 2-input
NAND gate. According to the conditions in [13] we
would prefer having both inputs as falling transitions.
But if two falling transitions are applied to a 2-input
NAND gate, then the earlier trangition is the one that
contrals the timing of the output transition. Hence if we
aready had a falling transition with the required timing
on oneinput to this NAND gate and the new input has a
trangition with an earlier trandtion time, then we may
want to discard thistransition and try to set thisinput at a
constant “1”. Thus, conditions for setting arrival times
have higher priority than conditions for switching times.

3.2.3  Dynamic timing refinement

Static timing analysis provides a min-max range
for possible transitions on each line. The min-max range
is dueto unspecified input values. At each ATPG step, as
more primary inputs get assigned values, more internal
lines have known values and min-max timing ranges
shrink due to recalculation of arrival, transition and
required times. Hence as we dynamicaly update the
timing information of signals, min/max timing ranges are
refined to provide better timing information.
3.24  Sdection of Propagation Paths
Once the trangtion signal is created on the
victim line and is dowed down by the coupling effect
from the affecting line, we want to find a path to further
delay the signal as much as possible until it reaches a

PO. There are two situations for sowing down a signal:
by sidefan-in assignments and by fan-out branch
sdections. For example, consider a late (slowdown)
rising transition at one input of a 2-input NAND gate. To
sensitize the gate to this slowdown signal, the other input
of the NAND gate can be ether a “1” or a rising
trangition no later than the sowdown signal. Note that if
the side fan-in trandtion occurs much earlier than the
dowdown signa then the side fan-in transition can be
regarded as a static “1". However, if the side fan-in
trangition switches at the same time as the dowdown
signal, then the output trandtion time will be further
delayed [13]. The other adternative for a dowdown signal
to reach a PO late is to select a longer propagation path.
Since we have already performed timing analysis of the
circuit as described in Section 3.1.2, the longest delay
path from a node to a PO can be easily found. We can
also dow down a signal via pulses or hazards on side-
fan-ins. Such effects are not dealt with in this paper.

3.3 Conflict between Objectives and Backtracking

In an attempt to achieve the above objectives,
there may be some occasions where some decisions
made for earlier objectives block the chance of satisfying
new objectives. Whenever these situations occur,
backtracks are preformed until al objectives are
achieved. For example, we may be able to achieve a fast
affecting line transition by having all side fan-ins
properly assigned, but this may make the desired
transition on the victim line impossible to achieve. Hence
an immediate backtracking is required to make an
adjustment to the Pl assignments for creating the
affecting line transition so that the victim line transition
can be created. Backtracks may affect the quality of the
resulting test, for example, they may lead to a stronger
victim line driver. The agorithm employed will explore
al possible Pl combinations so that the best test, if one
exists, will be eventually found. So, unlike PODEM
which employs a constraint satisfaction search process,
our algorithm attempts to maximize an objective, such as
maximizing the delay (sowdown) of a signa trangtion.
In the next section we describe a branch and bound
technique that evaluates the quality of a partia vector
obtained during the TG process, and tries to limit our
exploration in the search space.

3.4  Branch and Bound Process to Reduce the Search
Space

The order and procedures for processing the
objectives provide a way to create a significant crosstalk
effect at a PO. They help to find a good solution in an
efficient way but they do not guarantee finding an
optimum solution. Since there are usually data
dependencies between the objectives, it ishard to find an
optimum solution without considering more of the
circuit's eectrical and topological properties. Our



algorithm searches all possible Pl assignments to achieve
the objectives. To reduce the time complexity of the
algorithm we propose to use a branch and bound process.

Firg, we associate with each gate G a variable
Q(G). Thisvariable is used to record information about
that crosstalk effect that has passed through gate G and
has produced the largest amount of owdown. The initia
value of this variable is zero for dl gates. Assume the
test generation process begins and all the objectives are
achieved one by one. When atest vector is found, that is,
a crosstalk dowdown signal is propagated to a PO at
time T (hence a timing violation occurs), we record
information about the crosstalk sowdown signa on all
gates dong the propagation path starting from the victim
lineto the PO.

Via backtracking, the test generation continues
in order to find a “better” test. If another crosstalk effect
reaches gate G, where Q(G) # 0, then we check whether
it is possible that this new crosstalk sgnal will reach a
PO later than the recorded Q value. For anode k in the
circuit, the longest path delay from k to a PO reachable
from Kk is (Rmax — Bmin), Where B, iS the min. required
time of line k and R is the max. required time of POs
reachable from k. Required times are timing windows in
which signals are required to appear. Hence we can
easily predict the worst case arrival timeat aPO as o =
{the arrival time of the crosstalk effect at G + delay of
gate G + (Ryax — Bmin)} - If @ is greater than Q, then we
continue because the test constructed may potentially be
better than the one we found previoudy. If not, then we
drop this gate from the noise frontier and try another gate
in the noise frontier. Thus the Q variables serve as a
bound to limit our search process. If we actualy find a
new test, then we process the gates a ong the propagation
path and update their Q values accordingly. We can
prune the space more by only considering paths from G
to POs that are potentially sensitizable, i.e., have not
been blocked by previoudy assigned PI values.

As the test generation process continues and
tests are generated, more gates will be assigned non zero
values for the Q variable and the search space will be
further limited. The efficiency is expected to improve
significantly by this branch and bound process.

35  Test Generation Algorithm

The algorithm consigs of five major steps to
achieve the objectives. When a test is found, then it is
recorded and relevant signal information aong the
propagation path is stored in the Q variable to be used
for branch-and-bound. Backtrack is performed to explore
the search space until al Pl combinations have been
implicitly tried. The flowchart of the algorithm is shown
in Fig. 9.

The outline of the algorithm is as follows.

1) Perform timing analysis of the circuit as described in
Section 3.1.

2) Upon START, check the timing window for when
transitions on the affecting and victim lines should
occur, determine if it is possible to create a timing
violation at a PO, and initially target the latest time
that both transitions can occur.

3) Theinitia objectives are to set up desired values on
the affecting and victim lines. Conditions and
recursive procedures discussed in Section 3.2 are
used to guide the timing-oriented backtracing
direction so that a weak victim line driver and a fast
transition on the affecting line can be satisfied under
the desired timing requirements.

4) Once these assgnments are made, forward imply
and evaluate the actual trandtion rate on every line.
Then create the crosstalk signa on the victim line.
The analytic models used for creation of crosstalk
effect are presented in [18].

5) We utilize the path delay information from timing
anaysis of the circuit to select a path to propagate
the crosstalk signa to a PO. The path delay is
obtained by utilizing required times obtained in the
backward delay calculation. We sdlect a path from
the current ste with the longest path delay for the
dowdown case (shortest for the speedup case).
When propagating a dowdown signal through a
gate, and side fan-ins of the gate are properly
assigned to seeif they can further delay the crosstalk
signal.

6) If the noise effect (crosstalk slowdown) has not
reached a PO, then one of the interna sgna lines
that has a “noise signd” value is used as an
objective. If the noise effect reaches a PO, then the
Pl assignments are recorded as the test. The values
of the Q variables of all gates along the propagation
path are updated.

7) Because we desire a test that creates the maximum
dowdown at an output, we continue to backtrack so
that all possible Pl assignments are explored. By the
branch and bound process we expect to generate
better tests as we continue processing and the search
space continues to bereduced in size.

8) Onlythesigna valueO, 1, T,, or T4 can be assigned
to primary inputs. Whenever aPl is set to avalue the
implication procedure is performed and the analog
timing information, i.e., riseffall times and/or arrival
times, of some signals are re-computed.

The test generation process including
objectives, conditions and procedures for crosstalk
speedup is smilar to that of the crosstalk slowdown
process discussed above, except that we want to excite a
speedup signa as early as possible and propagate it to a
PO through a path with the shortest path delay.
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Fig. 9 Fowchart of the agorithm.

V. Experimental Results

In this section we illusrate the proposed
algorithm. Consider the circuit shown in Fig. 10. The
channel length of each device is 0.35um and under each
gate we indicate the ratio of widths of the PMOS and
NMOS FETs The gain factor ratio of the NMOS to
PMOS FETs in the technology file (MOSIS 0.35um)
used is 3.5. Assume that the sub-circuit on the left side
of the dash line is separated by 1000um from the sub-
circuit on the right side of the dash line. Hence lines 14,
24 and 13 are assumed to be about 1000um long and 4
um wide. In addition, assume that line 13 is the affecting
line in meta2, line 24 is the victim line in meta 3, and
they are overlapped so that there is a significant coupling
between them (C, = 280 fF). The gate driving the
affecting line 13 is assumed to be a buffer that has a
strong driving strength. Gate sizes are computed to
achieve signad transition times of 100ps. Primary inputs
are assumed to have signal transition times of 100ps. All
wire and gate capacitance correspond to a redigic
layout, and gate delay is estimated as 110 ps for each
gate.
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Fig. 10 Example circuit toillustrate the al gorithm.
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There are six levels of gates from PI to PO.
Assume that a 25 ps margin is allowed for each gate and
in an aggressive design the clock period is set as (110 +
25) x 6 = 810 ps. Assume that we would like to create a
crosstalk dowdown (falling transition) on the victim line
24. Firg we examine the timing windows for the
affecting and victim line trandtions. Both the affecting
and victim line transitions can occur in time interval
[220, 440]. Therefore the transitions for the affecting and
victim line are first targeted at 440 ps, i.e., the latest time
of the intersection of above time intervals. By
backtracing apossible Pl assignment can be found where
lines1, 2,6, and9aresetto 1; lines3, 10 set to O; line 8
set to arising trangtion; and lines 4 and 11 set to a
falling transition. All conditions for side fan-in
assignments are met to have the affecting line trangtion
fast and the victim line transition as slow as possible.

By implication the affecting line starts to transit
at time 437 ps with arise time of 136 ps, and the victim
line starts to transit at time 454 ps. We then calculate the
crosstalk noise waveform according to the equations in
[18]". The crosstalk slowdown signal on the victim line
has an overshoot and a fall time of 370 ps. The
waveforms for the affecting and victim line signds are
shown in Fig. 11, with the time when the affecting line
starts to trandt set to zero. Because of the crosstalk
effect, there is an increase of 142 ps on the signd delay
(50% input to 50% output). This increase is due to both
the changein signal slope and the overshoot.

To propagate this dlowdown signa, the
propagation path has to be sensitized and hence line 5 is
set to 0. The dowdown signal propagatesto line 17 at a
very late time of 811 ps, which violates the timing
requirements.

Continuing the test generation process by
backtracking in order to explore all PI combinations, we
try to find the best test that creates the worst case delay.
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Fig. 11 Waveforms on the victim and affecting lines.

* Notethat thisis not part of our algorithm. It is shown here only to aid
thereader.



However, since the test we found already creates the
fastest affecting line transition and dowest victim line
transition under the timing requirements, the branch-and-
bound process keeps on pruning the search space and the
test we found eventualy declares as the worst case
vector.

The test generation algorithm described was
implemented in the C programming language and
applied to several ISCAS '85 benchmark circuits. The
program was run on a Pentium 1l 400 MHz desktop.
Since no circuit information, such as crosstalk fault
locations, polarity of trangitions causing crosstalk fault,
coupling capacitance, and layout information, is
currently available to us for these circuits, the affecting
and victim lines driver strength and coupling
capacitance value are assumed to be sufficient to excite a
significant crosstalk noise a a fault site. We assume all
transigors are 0.35um in length, the affecting line is
driven by alarge driver (28um PMOS/8um NMOS), the
victim line is driven by a smal driver (7um PMOS/2um
NMOS), and they run parallel to each other for 1000um
distance. All other gates and wires are assumed to have
default device sizes and load capacitances.

Two sets of experiments were performed. In the
first experiment a single crosstalk delay fault is targeted
and the proposed algorithm used to generate all possible
tests for the target fault. Tests associated with
corresponding crosstalk delay that cause timing
violations at POs arerecorded so that the test creating the
worst case timing violation at a PO can be identified. The
results are shown in Table 3. All units are in pico
second. The results correlate well with SPICE
simulations. Thetiming criteriain Table 3 is the longest
path delay of the circuit plus an extra delay dack of one
gate delay. In Table 3 we can see that if there is no
crosstalk effect (Cy, = 0), then there isno timing violation
at any primary output. As we increase the coupling
capacitance, the victim line signal become more delayed
and its transition time increases. Also more test vectors
can propagate the crosstalk delay signal to POs. Thisis
because the delay dack is equivalently reduced and some
vectors that could not cause timing violation before can
do so now. Dueto limitation of space, only the result for
a small circuit is shown. Similar experiments have been
performed on other ISCAS circuits with larger number of
nodes.

In the second experiment, for each circuit, 500
pairs of affecting and victim lines are selected at random
without considering the circuit gtructure. The proposed
algorithm is applied to generate one test for each fault.
Timing criterion and bounding are not used in this
experiment. The maximum number of backtracks per
fault is limited to 1000. Results of the experiments are
shown in Table 4. Column 2 shows the percentage of
faults for which tests can be successfully generated.
Column 3 shows the number of faults for which an

appropriate test does not exist to propagate a crosstalk
delay to a PO and cause a timing violation, and Column
4 shows the number faults for which the number of
backtracks exceeds the maximum setting and the TG
process was aborted. Column 5 indicates the TG
efficiency (Column 2 plus Column 3 divided by 500),
and Column 6 isthe total CPU time in seconds.

Although in the above experiments the device
sizes, coupling capacitance, and related information are
artificially inserted, the results in Table 4 demonstrate
that the proposed a gorithm can generate tests for circuits
of reasonable sizes, such as a single functiona block,
within an acceptable amount of time. That is, if all
appropriate circuit and layout information is available,
our algorithm can identify whether a significant crosstalk
fault can be created and propagated to POs and generate
an appropriate test.

It is certainly not feasible to apply this
algorithm to al pairs of signd lines in a circuit. Only
selected pairs of lines should be targeted. The selection
of these pairs of lines should be based on the circuit
configuration, manufacturing process information,
layout, designer’s knowledge and other relevant
information. This information is typically known in
advance to the TG process, and should enable exclusion
of some sites that cannot possibly cause errors a outputs.

Table 3 Results of Experiment 1: all tests for asingle fault.
Circuit C17: affecting node 10 with a rising transition, victim
node 16 with afalling transition.

Tests Arrival time Transition Arrival
of the crosstdk | time of the time of the
signal at the crosstalk of crosstalk
fault Site signal atthe | signal ata
(x100ps) fault site PO

(x100ps) (x100ps)

Cm=0fF

0 test found

Timing criteria= 335

No slowdown timing violation at POs

Cm=200fF

8 tests found

Timing criteria= 335

T4lT410 213 283 335

TalTelTy 213 283 335

TyT 1T 214 287 339

ToT1TaTa 214 287 339

T411T,0 214 287 339

T4l1T4Ty 214 287 339

117410 214 287 339

11T 1T, 214 287 339

Cm =300 fF

16 tests found

Timing criteria= 335

TaT,TeT0 | 251 \ 318 | 386

: (14 vectors del eted)
UTATy | 255 \ 324 | 394




Table 4 Results of Experiment 2: (one test for each fault)
number of faults: 500, no timing criteria.

Circuit Successful TG TG ATPG | TG
name (%) Aborted | Effici- | time
Detect- |Undetec- (%) ency (9
ed table (%)

C432 56.8 24 40.8 59.2 713
€880 86.6 14 12.0 88.0 208
C1355 40.8 0.6 58.6 414 | 2768
C1908 67.6 3.0 29.4 70.6 | 1680
C2670 66.4 3.6 30.0 70.0 960
C3540 43.6 10 46.4 536 | 3814
C5315 88.8 14 9.8 90.2 | 1008
C7552 74.0 3.0 23.0 77.0 | 1801

V. Conclusions

Crosstalk effects can have a significant impact
on signa delays. To ensure correct circuit operation,
coupling effects, such as crosstalk induced signa
dowdown and speedup, should have been taken into
consideration in estimating the timing of critical paths.

An ATPG algorithm is described to generate
tests for crosstalk-induced signa delay, i.e., c-faults. The
algorithm models crosstalk delay using new logic values,
and utilizes conditions that help excite the maximum
crosstalk effect and propagate the crosstalk signa to POs
under desired timing requirements. In addition, this
ATPG dgorithm includes the concept of gate delay,
signa arrival time, signal strength and riseffall times. By
using the path delay information obtained by circuit
preprocessing, preferred paths can be selected during the
backtrace as well as and propagation processes. Because
the proposed algorithm implicitly explores al Pl
combinations, it is necessary to limit the search space to
improve efficiency. A branch-and-bound technique is
proposed to reduce the search effort. Finaly, while most
ATPG dgorithms attempt to only satisfy a set of logical
constraints, this algorithm also maximizes an objective
function. Experimenta results show that the method can
be applied to sdlected crosstalk faults in circuit of
reasonable sizes.

In our TG process the trangtion on the victim
lineis created and propagated along a possible long path,
and receives the largest amount of crosstalk effect under
certain timing requirements. From the point of view of
both crosstalk effect and signa propagation, the amount
of delay imposed on the victim line signal is maximized
with respect to the given constraints. Hence the test
vectors generated can be considered as a complementary
set of tests for the purpose of delay testing.
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