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Abstract

We have developed an accurate and efficient
methodology to perform static timing analysis (STA) in
combinational logic blocks in the presence of multiple
crosstalk-induced noise effects. The crosstalk model used
is more accurate because it considers skew, input transition
times, and driver strengths. This crosstalk model is
enhanced to handle timing ranges for performing STA.
The methodology also uses more accurate delay models
for gates. The presence of one or more coupling
capacitances can create cyclic timing dependencies, even
in an otherwise acyclic circuit. We have developed an
approach to partition the circuit into minimal timing-
iterative subcircuits (TISs) that encapsulate the cyclic
timing dependencies. When used in conjunction with our
levelization procedure, iterative timing analysis is confined
within individual TISs. We have demonstrated that the
maximum arrival time values computed by the proposed
STA using integrated delay models are much closer to
detailed circuit simulation results than an STA that uses
the 3C, delay model.

1 Introduction

In recent years, crosstalk noise between adjacent
interconnects has become an important concern as feature
sizes in CMOS VLSI circuits continue to shrink. Crosstalk
gives rise to three types of noise effects, namely pulses,
reduction in the arrival and rise/fall times of signal
transitions (speed-up), and increase in the arrival and
rise/fall times of signal transitions (slow-down). Failure to
consider crosstalk effects during timing analysis (TA) may
produce delay estimates that are far from the reality.
Hence, developing accurate TA tools that consider
crosstalk is increasingly important for high performance
designs.

Accuracy of static timing analysis (STA) depends upon
the delay models used for gates and crosstalk sites. All
previous approaches [1][6][7][9] use the less accurate pin-
to-pin delay model for gates. Furthermore, as detailed in
Section 2, some of these approaches [6][7] use the
simplistic 0-C.-3C, delay model for crosstalk sites. Other
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approaches [1][9] use the more accurate AWE [5]
approach, but use it in a manner that may cause them to
compute optimistic values of worst-case delays. In
constrast, the proposed approach uses more accurate
models for gates [4] as well as crosstalk sites [12].

The efficiency of an STA approach that considers
crosstalk depends a great deal on how it performs TA
iteratively to take into account the cyclic dependencies
created by the presence of coupling capacitances at
crosstalk sites. Previous approaches [3][11] partition a
circuit into clusters, where each cluster corresponds to a
strongly connected component (SCC) in a graph
representation of the circuit. The idea behind identification
of clusters is that each cluster captures cyclic timing
dependencies that are considered via iterative timing
analysis within the cluster. We present an approach to
order (or, levelize) the clusters in such a manner that all
cyclic timing dependencies are completely contained
within individual clusters. Furthermore, we identify
clusters that are smaller than SCCs. Both these
enhancements help enhance the efficiency of STA by
reducing the amount of iteration.

The paper is organized as follows. In Section 2, the
implementation and integration of two delay models is
discussed. In Section 3, the proposed methodology to
perform STA and the algorithms used to partition the
circuit into smallest TISs and to perform TA within each
TIS are presented. The experimental setup and results are
described in Section 4. Finally, the future work and
conclusions are presented in Section 5.

2 Integration of Delay Models

Two delay models are used in our approach, one for
gates and another for crosstalk sites. The accuracy and the
integration of both models are illustrated and the
enhancement of Chen’s model to handle timing ranges is
described.

2.1 Gate Delay Model

The gate delay model proposed in [4] has been
demonstrated as being more accurate than the pin-to-pin
delay models currently used for STA. This delay model
has also been compared with many other recent models
and is shown to be more accurate over wide ranges of



device sizes, loads, and transition times and skews
associated with transitions at gate inputs. It also captures
the effects of more variables than table lookup methods
can handle. In particular, considering the same input
variables as [14], this gate delay model has been shown in
[4] to be more accurate than those presented in [15][16].

In addition, given ranges of arrival and transition times
at each of its inputs, this model facilitates the computation
of the minimum and maximum values of arrival and
transition times at the output.

2.2 Chen’s Crosstalk Model

An analytic model for crosstalk delay analysis was
developed and used in [12] to characterize cases where
inputs to one or both coupled lines have transitions with
arbitrary transition times and directions. The equation
describing the voltage of the victim line is shown below.
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The parameters x and y are the transition times (i.e.,
rise/fall times) parameters at the inputs of the drivers of the
affecting (4) and victim (V) lines, and z is the skew
between these two arrival times at the inputs. If fixed-
values are given for parameters x, y, and z, V(?) is simply
a function of time, and the timing information at ¥ can be
easily calculated by using a numerical method. For
example, a method such as the Newton-Raphson method
can be used to obtain the values of ¢ for which V(?) is
equal to 0.5 for computation of the delay time, and 0.1 and
0.9 (or 0.2 and 0.8) for the transition time. Computing the
minimum or maximum delay from the equation becomes
complicated if min-max ranges are given for x, y, and z, as
is the case in TA. We will describe in Section 2.4 a
numerical approach that enables the use of Chen’s model
in conjunction with timing ranges.
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2.3 Motivation for Using Chen’s Model

The 0-C.-2C. delay model has been used in previous
approaches to perform STA when crosstalk effects are to
be considered [10]. Let us consider the crosstalk site
shown in Figure 1(a). In this approach the coupling
capacitance C. is first considered as extra wire load at 4
and ¥, which corresponds to a = 1 in Figure 1(b), and the
minimum and maximum values of arrival times are
computed by performing STA for the whole circuit. The
ranges of arrival time computed above are now analyzed to
incorporate the effect of crosstalk delay. For example, if

the arrival time ranges for rising transition at 4 and falling
transition at 7 overlap, then a = k, where k£ = 2 for 0-C.-
2C, model and £ = 3 for 0-C.-3C, model, is used to
recompute the maximum values of the timing ranges at 4
and V. Also, if arrival time ranges for rising transitions at
A and V overlap, then a = 0 is used to recompute the
minimum values of the ranges at 4 and V. This is repeated
for all possible slow-down and speed-up that can occur at
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Figure 1. (a) A model of a crosstalk site where C, and
C, consist of the line capacitance and the gate
capacitance in fanouts of A and V, respectively, and C.

is the coupling capacitance between the lines. (b) The
model used in 0-C.-kC. approaches.

The complexity of applying 0-C.-2C, or 0-C.-3C, delay
models to perform TA is low. At most crosstalk sites and
for most values of x, y, and z, these models are very
pessimistic. However, even the 0-C.-3C.-delay model is
sometimes optimistic because the delay introduced by
crosstalk effect can change by a factor of four or more
based on the formulas derived in [2][13].
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Figure 2. The example circuit for the demonstration of
TA accuracy.

We use the circuit in Figure 2 to compare the 0-C.-2C,
delay model, the 0-C.-3C. delay model, and the crosstalk
model used in this paper is shown. The HSPICE results
using 0.5um technology are shown in Figure 3. We present
the data for three different combinations of driver sizes.
For each combination, we assume zero skew and five
different values of transition times (in each case, the
transition times for 4 and V are equal). Recall that in the
kC.-delay model, o = 1 (see Figure 1) is used to compute
maximum delay for both lines if the necessary transitions
cannot occur at the same time, i.e., the timing ranges are
not overlapped. Otherwise, the min-max values are
recomputed using o = 0 or k (see Figure 1).

Figure 3 shows the delay trends of these crosstalk
models with different driver ratios. Both 0-C.-2C_-delay
and 0-C.-3C.-delay models compute the same delay for a
particular transition time at V, independent of the driver
sizes of A4, since these parameters are not considered in
these models. Hence one can conclude that neither of these



models is suitable for universal use at all crosstalk sites in
a circuit, since different sites are driven by gates with
different combinations of driver strengths.

With different ratio of strengths of drivers at the
crosstalk site, the 0-C.-3C. delay model usually has the
most pessimistic results and the error varies from 4.1% to
56% as shown in Figure 3. However, it is more suitable
than the 0-C.-2C, delay model when the driver size of A4 is
relatively higher. In contrast, the 0-C.-2C. delay model
seems to be less pessimistic (from 28% to -15%) and
achieves a better result than the 0-C.-3C. delay model
when the driver sizes of both lines are comparable.
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Figure 3. The delays at line V for different crosstalk

delay models with different driver ratios and zero skew.

The above experiments might prompt one to conclude
that one might use the 0-C.-2C. model at crosstalk sites
with drivers with nearly equal sizes and use the 0-C.-3C,
model at sites with much stronger affecting line drivers.
However, the 0-C.-3C, model can give very pessimistic or
optimistic results when the transition times of 4 and V are
different or the skew is not close to zero. Table 1 clearly
shows that the 0-C.-3C, model at sites with much stronger
affecting line drivers are too optimistic (-26%) when the
skew between 4 and V'is —50ps and the transition times are
200ps.

Skew (ps) z=-50 z=0 z=50
Transition Time (ps) | 100 | 200 100 | 200 100 200
HSPICE (ps) 305 | 321 298 | 317 | 290 | 296
Chen’s Crosstalk
Model (ps) 309 | 299 || 309 | 300 | 308 | 298

Error percentage (%) | 1.3 -6.8 3.7 -5.4 6.2 0.7
0-C.-3C, Model (ps) || 2407 | 237" | 322 | 356 | 240" | 2379
Error percentage (%) | -21 -26 8.1 12 -17 -20

Table 1. Comparison of crosstalk slow-down
computed by Chen’s crosstalk model and 0-C.-3C.-
delay model for different skew values.

o In this model, slow-down occurs only for zero skew. For all other cases,
o =1 in Figure 1.(b) is used.

In summary, the above models often over-estimate
crosstalk delay. Also, at most typical crosstalk sites,
significant slow-down/speed-up can occur even when their
appropriate arrival time ranges do not overlap, provided
they can have skew values that are within a few gate
delays. (In some cases, even the peak slow-down occurs at
a small skew.) Completely ignoring slow-down/speed-up if
the corresponding arrival time ranges do not overlap can
underestimate the worst-case delay.

In contrast, Chen’s model gives delay values that are
consistently close to the HSPICE results with small error
percentages (from —6.8% to 6.2%), over the entire range of
skews and input transition times.

2.4 Chen’s Crosstalk Model for Timing Ranges

Chen’s crosstalk model [12] can be used to obtain the
arrival and transition times at the far end of 4 and 7 only
when fixed values of transition times and arrival times are
provided at the inputs of the drivers of 4 and V. However,
in STA, ranges at the far end of crosstalk site must be
computed considering crosstalk speed-up and slow-down,
given timing ranges at the inputs of the drivers of the site.
Next we describe a numerical approach that we have
developed that uses gradient methods [8] to find the
minimum and maximum values of arrival and transition
times to take into account the worst-case delay due to
crosstalk slow-down and the best-case delay due to
crosstalk speed-up, given the timing ranges at the inputs of
the drivers. Our two-part approach is described next.

First, since we are given ranges of values of x, y, and z,
we must identify specific combinations of values of these
parameters that can give minimum and maximum values of
arrival and transition times.
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Figure 4. The arrival time of the victim line (Vsq(f) = 0.5)
is bitonic or monotonic for different y values (a) y = 130
(b) y =90 (c) y =50 (d) y = 10.



Figure 4 illustrates the following observations that we
use to simplify this process. (1) The delay at V is bitonic
(first increasing and then decreasing) or monotonic with
respect to skew z when the timing parameter y is fixed.
(This dependence is called DTvygg~o0s(x, 2z).) (2) The
maximum and minimum delays at /" occur when maximum
Y (Vmax) and minimum y (y,,;,) are used, respectively. (3) If
the range of the skew is infinite, the maximum delay at V'
occurs when x,,;, and y,.. are used. However, for a finite
range of z, appropriate x and z values must be identified.
(4) The minimum delay at V" occurs when y = y,,;, and at
one of combinations of extreme values of x and z, namely
(xmim Zmin)’ (xmaxy Zmin)’ (xmaxy Zmin)» and (xmaxs mec)-

The above observations are used to perform TA for
crosstalk sites. To deal with input timing parameter ranges
at the crosstalk site, we use numerical methods to
approximate the arrival time (measured when Vgd(7) = 0.5)
and the transition time (measured from Vgd(?) = 0.1 to
Vsd(® = 0.9; or 0.2 to 0.8). We use the observation that
the function DTyq=0.5(x, 2) is bitonic or monotonic when
one of the parameters, says y, is a fixed value. One of the
four combinations, (X, Zmin)s (Xmaxs Zmin)> Kmaxs Zmin), and
(Xmax>s Zmax), yields the minimum arrival time when y is
fixed at y,;, because of the bitonic or monotonic
characteristics. Now, due to the monotonicity with respect
to y, the maximum arrival time at V' is obtained by fixing y
as Vma (the maximum value of y) and iteratively changing
the values x and z within their ranges. A similar method is
used to obtain the min-max values of the transition times
of Aand V.

Of special importance is the fact that if the skew z has
an infinite range, the maximum arrival time at V' can be
simply obtained by setting x at the minimum value x,,;, and
y at the maximum value y,,.. However, this combination
of x and y values does not provide the maximum arrival
time for any finite range of skew z. In Figure 4.(c) (y =
50), the maximum arrival time of ¥ occurs when x is equal
to 50 instead of 10 when the range of the skew (Z,n, Ziax)
is (-50, 0). In such a case, the approaches in [1][9][11]
compute erroneous values of slow-down. Therefore, the
above iterative method has to be used to obtain the
maximum arrival time of V. The other major observation is
that significant slow-down can occur even when the skew z
is not equal to zero. This shows that a significant amount
of slow-down caused by crosstalk can occur even when the
timing ranges of 4 and V" do not overlap. This causes the 0-
C.-kC. method to underestimate crosstalk slow-down at
some sites.

Once the appropriate fixed values of x, y, and z are
identified for a particular minimum and maximum values
calculation, in the second step Chen’s formula in Section
2.2 is used to obtain an expression of the voltage at the far
end of V (or A) as a function of time. Newton-Raphson’s
method is then used to compute the value of time for
which voltage is 0.5 (for arrival time computation) or
values of time at which the voltage becomes 0.1 and 0.9
(for transition time computation).

2.5 Integration of Gate and Crosstalk Models

The above two delay models are used to compute gate
delays and to perform STA with multiple crosstalk effects
as shown in Figure 5. The new gate delay model is used to
calculate the timing ranges at output of a gate (say D),
given the ranges at its inputs (D5 and D4 for D). Such a
model is used for all gates except the drivers of crosstalk
sites. The crosstalk model deals with the timing range
calculations from inputs (say D; and D3) of 4 and ¥ to the
far ends of the two lines (D, and D, for the crosstalk site
shown).
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Figure 5. The demonstration of the model integration.
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2.6 Acyclic and Cyclic Cases

In a block of combinational logic, the existence of one
or more crosstalk sites can give rise to cyclic dependency
between the delay values at circuit lines. For example, a
single crosstalk site whose one line is in transitive fanout
of the other, such as the crosstalk site with lines 20 and 22
in Figure 6, can cause cyclic timing dependency. In
general, multiple crosstalk sites can cause cyclic timing
dependency, even when none of the crosstalk sites has the
above characteristic. For example, in the circuit in Figure
6, the crosstalk with lines 10 and 11 and the crosstalk site
with lines 8 and 23 collectively cause cyclic timing
dependency. This is the case because the delay value at
line 8 cannot be computed without the knowledge of the
arrival time range at line 23. The arrival time at line 10
depends on that at line 8, the arrival time at line 11
depends on that at line 10, and the arrival time at line 23
depends upon that at line 11.

Figure 6. A circuit with multiple crosstalk sites.

3 The Proposed Approach for STA



3.1 Preprocessing and Initialization

We now describe the proposed approach for STA. Our
TA begins with the combinational circuit without any
coupling capacitance. This circuit is represented as a graph
where edges correspond to circuit gates or fanout stems
and vertices correspond to circuit lines as shown in Figure
7. This graph can be levelized and classical STA
techniques used to compute an initial timing range for each
transition (i.e., rising and falling) at each line.

Once the initial timing ranges are computed, a bi-
directional edge is added corresponding to the coupling
capacitance at each crosstalk site. In general, the resulting
graph has cyclic timing dependencies and hence is cyclic.
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e

Figure 7. The directed graph for the circuit in Figure 6
with two TISs before re-levelization.

3.2 Timing-Iterative Subcircuit (TIS)

The circuit is partitioned into smallest possible
subcircuits, that we call timing-iterative subcircuits (TISs).
Each TIS is similar to a strongly connected component
(SCC), except that the crosstalk sites that constitute a leaf
vertex of SCC are not included in TIS. Hence, the size of
TIS is smaller than that of corresponding SCC in [3].

For example, in Figure 7 vertex 5 is not included in
TIS,, since it is not necessary to re-compute the timing
ranges of vertex 5 ( which represent the timing at input of
the driver of a crosstalk site) whenever the timing ranges
of vertex 19’s inputs (vertex 15 and vertex 7) are updated.
The timing ranges at the crosstalk site depend only on the
timing ranges of the inputs of the drivers of 4 and V. The
computation of the timing ranges of vertex 5 only need to
be performed once if an appropriate levelization is
adopted, i.e., the timing computation at vertex 5 is
performed after that for TIS,. Hence, vertex 5 is assigned a
level greater than TIS;.

Each TIS encapsulates cyclic timing dependencies and
is subsequently viewed as a single multi-input multi-output
gate. In the macroscopic view of the circuit obtained in
this manner (see Figure 9 for this view for the circuit in
Figure 6 and directed graph in Figure 7), all cyclic timing
dependenies are encapsulated within individual TISs.
Hence, we only need one pass to perform STA at the
macroscopic level if the modified levelization is applied.

3.3 Identification of TISs and Levelization

Our approach, shown in Figure 8§, is to partition the
circuit into subcircuits such that if each subcircuit is
viewed as a single multi-input, multi-output gate, then at
the macroscopic level the overall circuit seems acyclic. In
other words, all cyclic timing dependencies are
encapsulated within individual TISs. To reduce the
complexity of iterative timing calculations, it is desirable
to find TISs of minimal sizes.

We have developed a modified version of depth-first-
search to partition the given circuit into TISs of minimal
sizes. This algorithm partitions the circuit into TISs of
minimal sizes that are smaller than SCCs.

Before performing the modified depth-first-search
(DFS), all vertices are marked unvisited and all primary
outputs are marked as the stop points (SP). During DFS, a
vertex is marked as a stop point (SP) if all possible paths
beyond this vertex have been searched. (This reduces the
complexity of DFS.) DFS is executed starting at each
primary input; each DFS backtracks when it reaches one of
the primary outputs or a SP.

During the search, a cyclic path is found if the current
vertex is found as having been visited earlier. All the
vertices from the current vertex back to the repeated vertex
along this path are examined. If any of these vertices is
already assigned to a TIS, then all these vertices are
assigned to the same TIS. Otherwise, they are all assigned
to a new TIS. In this manner, the procedure identifies
minimal TISs. The complexity of the search procedure is
O(V+E), where V and E are the number of vertices and
edges respectively.

Perform static timing analysis without
crosstalk effects as the initial timing
information of the line

3 Preprocess and
initialize the circuit

‘ Add all potential crosstalk sites

v

Construct the directed graph for the
circuit
T
v
Perform DFS to find the possible
cyclic loops and group them into
minimum size of timing-iterative

Timing analysis is done

the last line in the

Relevelize the line along with the TISs and
last level

perform static timing analysis with
crosstalk effects, level by level

the line is not in a TIS Nl:line isina TIS
1 stable

Perform regular static timing Iterative approach to compute the ranges
analysis with crosstalk effects in the presences of cyclic timing
(No iterations required) dependencies within the TIS

the timing information is
not stable in a TIS

Figure 8. Proposed approach for STA with crosstalk
effects.

For example, in the graph shown in Figure 7 all
primary outputs, namely vertices 24 and 26, are marked as
SP. One of the primary inputs, say vertex 1, is first
selected to start the search. Therefore, the path 1 -> 10 ->



22 -> 20 -> 22 is found that revisits vertex 22. A new TIS
number is assigned to vertices 20 and 22, since vertex 20
is examined and it does not belong to any TIS. Vertex 22
is marked as SP because no more paths need to be
searched. The search continues in this manner until all
vertices are marked as SP.
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Figure 9. The macroscopic view of the circuit in Figure
7, after each TIS is replaced by a multi-input, multi-
output block.
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Once the TISs are identified, each TIS is viewed as a
single multi-input, multi-output gate to obtain a
macroscopic view of the circuit. Subsequently, our
levelization is applied to relevelize the circuit to obtain the
macroscopic view and levels. One key difference in our
levelization of the macroscopic view of a circuit occurs at
crosstalk sites that are not contained within any TIS. In
such cases, once the levels at the drivers of 4 and V lines
are known, the maximum of these two values plus 1 is
assigned as the level of 4 as well as V. This ensures that
the timing ranges of both input drivers of a crosstalk site
are computed before the timing ranges at the crosstalk site
are computed. Therefore, one iteration for performing
STA at the macroscopic level is guaranteed if the above
technique is applied. The directed graph of the circuit and
TISs shown in Figure 7 obtained in this manner is shown
in Figure 9.

At the macroscopic level illustrated in Figure 9, only
one iteration is needed for TA. Multiple iterations may be
required within each TIS, however. For each TIS, the
original levels of the vertices are used to perform event-
driven TA level-by-level.

3.4 Iterative Timing Analysis

When STA with crosstalk effects is performed, the
intra-TIS timing simulation is triggered if the timing range
at one of the lines in the TIS is updated. TA in the TIS will
follow the levels assigned to the lines in the original
circuit. When the second iteration of TA begins, the
change in arrival time at lines can only change the skew
calculation (i.e., parameter z in the equation) for a
crosstalk site, and the previous timing range is updated
only if the result being changed in skew yields a new
maximum or minimum arrival time. The analysis stops

when min-max values of all lines in the current level do
not change, i.e., when timing ranges of all lines in the TIS
are stable.

3.5 Convergence

The proof of convergence of our approach depends
primarily upon bitonic or monotonic characteristics
illustrated in Figure 4. The iterative timing analysis
approach to compute the timing ranges of lines within TISs
only changes/updates the skew for the crosstalk site, and
keeps the transition time unchanged after the first run of
TA within the TIS. Hence, the only variable after the first
pass is skew z. Note that, in any useful circuit, each line
has a finite range of arrival time. Since the arrival times
are only updated when the computed value is larger
(smaller) than the current maximum (minimum),
eventually the finite maximum arrival time within this
range of the skew will be reached. Once the arrival times
become stable, the range of z becomes stable, and TA is
terminated.

4 Experimental Results

In this section, TA is performed for ISCASS85
benchmark circuits. All gates in the benchmark circuits are
assumed to be minimum-size transistors, i.e., with width
3, except the drivers of the crosstalk sites, where the N
and P transistors have widths 16A. The resistance and
capacitance of the gates are computed based on the
parameters in 0.5pm technology, and the coupling
capacitances are extracted from layouts.

In the first experiment, STA without crosstalk is
performed to obtain the timing ranges as shown in the first
three columns of Table 3. The proposed methodology is
then used to find TISs of minimal sizes for the circuit.
Table 2 shows the number of TISs found and the
corresponding numbers of fanins, fanouts, the number of
coupled lines included in TIS; (LC;), the number of extra
lines included in TIS; (EL;), and internal nodes in TIS; (L;).
The proposed approach for TA needs less than five
iterations to compute the timing ranges for most TISs.
However, it takes 12 iterations to compute the timing
ranges for one of the TISs in C1355, because 568 lines are
encapsulated within this TIS. The iteration overhead (/OH)
for computing timing ranges considering crosstalks is
defined as
K OW, + LCX OW, + 3 (LC, OW, ON, + LK, OW, ON,)

10H = -1,

KOW, +5 (L, D),
where K is the number of the lines not included in any TIS,
LCX is the number of the coupling lines outside TISs, and
N; is the number of iterations performed in TIS;.

If the average computation complexities at crosstalk
and non-crosstalk lines are five and one units, respectively,
1OH, 43, = ((38*5+151)*5+(2*5+1)*2+216+ 34*5)/432-1
= 3.86 for the circuit C432, and only 0.16 for C2670. IOH



depends mainly on the number of lines in the TIS and the
number of iterations. Therefore, /JOH can be reduced by
reducing the number of lines in the TIS, the number of
iterations for each TIS, and even the number of TISs.

Number Number | Number
ISCAS -
85 of Number | of Fanins |of Fanouts IRANAN;
Circuits Cro§stalk of TISs | for Each | for Each ! B
Sites TIS TIS
C17 2 0 0 0 0 0f(1]0
53 30 18938 | 5
C432 25 2 7 5 3 > 12 0
40 45 83 |19 | 3
C880 36 3 4 3 5 3 12| 2
1 9 3 2|2
99 70 568 (11012
C1355 88 3 7 6 3121
3 2 3 2 |2
C1908 34 0 0 0 0 0 (1] 0
C2670 48 1 11 21 200 5 |2 1
C3540 71 0 0 0 0 0|[1]0
C5315 105 0 0 0 0 0|1 0
36 127 98 |36 |5
C7552 151 2 5 10 5 2 13 4
Table 2. Details of the TISs obtained for benchmark
circuits.

Table 3 illustrates that the min-max timing ranges of
the circuit with crosstalk effects are wider than those
without crosstalk effects. For example, C880 contains four
significant coupling capacitances along a critical path with
capacitances between 12.8fF and 5.7fF. (A total of 36
crosstalk sites are considered for this circuit.) This
increases the range on the arrival time (i.e., the difference
between maximum and minimum arrival times) from 9.373
to 10.327ns, and the maximum arrival time by (12.093-
11.139)/11.139 = 8.56%. As can be seen, the increased
percentage of the maximum arrival time is very small in
C1908. This is because only one coupling capacitance is
located on a critical path. For some circuits, the minimum
arrival time with crosstalk effects is slightly larger than
that without crosstalk effects. This is because the extra
load is added at the crosstalk site when the coupling
capacitance is added.

Timing ranges using the 3C.-delay model are also
shown in Table 3. For the circuit C880, 3C -delay model
compute maximum arrival time at the primary output that
is 8.4% higher than the proposed approach with integrated
model. In cases where several crosstalk sites are located
along critical paths and have larger coupling capacitance
values, the 0-C.-3C, model overestimates the maximum
delay by a large percentage. For example, it overestimates
this value by 44.6% for C17, which has coupling
capacitance 73fF. In contrast, the overestimate is only
0.3% for C1908, since in this circuit only one crosstalk site
with a coupling capacitance 17.7fF along a critical path.

The difference between the maximum arrival time
computed for the 3C.-delay model and the crosstalk model
that we use can be negative, because only 1C.-delay is
considered for 3C.-delay model if the arrival timing

windows of 4 and V" do not overlap. In that case, 3C_-delay
model will under-estimate the maximum arrival time.
However, this was not observed in the experiments
reported here.

3C.-Delay Model | The Over-

With Crosstalk | estimate of
the

Minimum | Maximum | Minimum | Maximum | Minimum Maximum| Maximum
arrival time | arrival time | arrival time | arrival time | arrival time | arrival tim¢ arrival time

(ns) (ns) (ns) (ns) (ns) (ns) (%)

ISCASS5 | Static Timing Analysis | Integrated Model
Circuits | Without Crosstalk With Crosstalk

Cc17 0.228 0.760 0.285 1.844 0.454 2.667 44.6
C432 | 0.530 11305 | 0530 | 12.875 | 0.530 13.929 82
C880 1.766 11139 | 1.766 | 12.093 | 1.766 13.111 8.4
C1355 | 0.707 13.144 | 0720 | 15427 | 0.707 16.848 9.2
C1908 | 0.946 15907 | 0.946 16.192 | 0.946 16.248 0.3
C2670 | 1.986 18294 | 1.986 | 18.630 | 2.084 19.149 2.8
C3540 | 2.425 21917 | 2425 21.943 | 2425 22.349 1.9
C5315 | 1.622 19308 | 1.621 | 20.051 | 1.643 20.191 0.7
C7552 | 23816 16022 | 2816 17.556 | 2.837 19.202 9.4

Table 3. The results of STA.

The last experiment was performed to illustrate the
tightness of the delay computed by our approach. The 36
crosstalk sites used in STA reported in Table 2 (whose
coupling capacitances vary from 16.1fF to 1.5fF) are
inserted into C880. A critical path is selected and a
partially specified pair of patterns that satisfy the necessary
conditions to sensitize this path is generated. Then we
generate and assign random values to PIs with completely
specified values, to obtain either 00, 01, 10, or 11 at each
input. This process is then repeated for several critical
paths. 1,024 such pairs of patterns are generated in this
manner, each of which causes a transition along a critical
path. HSPICE simulation as well as timing simulation
using our integrated model are performed for each pair of
patterns.
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Figure 10. The maximum of arrival time for C880 with
and without crosstalk effects.

Figure 10 shows the maximum arrival time obtained by
HSPICE simulation for the above 1024 vectors for C880.
We also use a version of our program that performs timing



simulation using our integrated delay models. The
maximum arrival times computed by the two simulations
are fairly close. This shows that the integrated delay model
is reasonably accurate. On the same graph, we also show
the maximum arrival time computed by using STA that
uses our gate model but does not consider crosstalk, uses
our integrated model and considers crosstalk, and uses our
gate model in conjuction with the 3C, model and considers
crosstalk.

Figure 10 also shows the results of our simple heuristic
dynamic timing analysis (DTA) and random pattern
simulations (RPS) using our integrated model. 565,000
fully specified pairs of patterns are randomly generated
and simulated for both cases. The heuristic DTA obtains a
higher delay (11.842ns) than RPS (11.588ns) for the same
number of random patterns.

In summary, Figure 10 shows that the STA
methodology described in this paper is significantly more
accurate that the previous STA methodologies that
consider crosstalk. Also, they provide motivation for our
ongoing work on DTA.

5 Conclusion

We have developed an accurate and efficient
methodology to perform STA in combinational circuits in
the presence of multiple crosstalk-induced noise effects.
The crosstalk model used in this paper is more accurate
because it considers skew, input transition times, and
driver strengths. This crosstalk model is enhanced to
handle timing ranges for performing STA. The
methodology also uses more accurate delay models for
gates. Our methodology efficiently performs STA when
multiple crosstalk effects exist that create cyclic timing
dependencies. Our STA approach partitions the circuit into
TISs of minimum size. Each TIS encapsulates cyclic
timing dependencies and all cyclic timing dependencies
are completely encapsulated within individual TISs. We
use a levelized approach to process gates as well as TISs
during STA, where TISs, in general, require multiple
iterations.

To further reduce complexity, a bi-directional edge
introduced by a coupling capacitance can be replaced by a
uni-directional edge, if the driver of one line of a crosstalk
site is much stronger than that of the other line in the site.
The direction will be from the line with the stronger driver
to the line with the weaker driver. This is due to the fact
that for crosstalk sites with such asymmetric drivers, the
timing changes very little at the line driven by the stronger
driver. By doing this, the size of TISs and the complexity
of TA are both reduced. In some cases, this also reduces
the number of TISs.

We have demonstrated that the maximum arrival time
values computed by the proposed STA using integrated
delay models are much closer to detailed -circuit
simulations than STA that uses 3C. delay model. We also
demonstrate the need for performing DTA to obtain tight

upper bounds on delay values, especially when crosstalk is
considered.
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