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Abstract

Capacitance coupling can have a significant impact
on gate delay in today's deep submicron circuits. In this pa-
per we present a static timing analysis tool that calculates
the longest path of synchronous circuits taking the impact
of crosstalk on gate delays into account. We show that pas-
sive modeling of the coupling capacitance can significantly
underestimate the delay and that an assumption of perma-
nent worst-case coupling unnecessarily overestimates it.
Our method is validated by comparison to Spice simula-
tions.

1. Introduction

Due to the decrease in IC dimensions coupling effects
become increasingly important. Apart from the functional
impact [1][2], e.g. the generation of glitches, capacitance
coupling can have a significant influence on gate delays [3]
when adjacent wires switch in opposite direction. See
Fig. 1 for an illustration of the problem.

In this paper we discuss the problem not only for one
gate but for a complete synchronous circuit. Although cou-
pling is a dynamic phenomenon our intention is to provide
a timing analysis tool that can handle the delay impact of

crosstalk statically. This is motivated by the fact that timin
simulations cannot guarantee an upper bound for the de
since exhaustive simulation is impossible.

This article is organized as follows: At first, we discus
the gate model for delay calculation under coupling influ
ence. Secondly, we describe our method of transistor-le
static timing analysis. Subsequently, we present two alg
rithms that make use of the fact, that many lines are qu
during a clock cycle and therefore coupling does not occ
This lowers the upper delay bound of the longest path. F
nally, we present layouted and extracted circuits to sho
the usefulness of our method. The comparison to Sp
simulations of the longest path demonstrate the accuracy
our transistor-level static timing analysis.
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Fig. 1: Illustration of the problem
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2. The Coupling Delay Model

Although various delay models for classical delay cal-
culation (see e.g. [4]) have been published few of them deal
with the impact of coupling on gate delays.

The simplest and most often used approach is to double
the value of the coupling capacitance and regard it as
grounded. This is motivated by the fact that due to opposite
switching the doubled charge flows through the coupling
capacitance. This model ignores the active nature of cou-
pling.

The coupling model presented in [3] describes gates as
linear sources with constant resistance but variable slopes
for the source voltages. The output situation is modeled by
an effective capacitance which includes resistive shielding.
Since all nonlinear effects are modeled linearly the cross
coupling effect reduces to a problem of superposition of
waveforms.

Although this model covers the non-passive nature of
coupling there are some restrictions involved: The reduc-
tion to linear sources simplifies the behavior of MOS tran-
sistors, since in the saturation region they act as current
sources whereas in the linear region they act as resistors.
Another problem is that superimposing of waveforms
means that they first have to be calculated. This is problem-
atic since the actual aggressor waveforms depend on the
coupling.

Spice simulations show that maximum delay is
achieved when the aggressor voltage has a short ramp time.
We get worst-case delay for an instantaneous voltage drop
on the aggressor line. Another problem iswhenthe cou-
pling must occur to obtain worst-case delays. We suggest
as a solution the following model, that consists of three
steps. The discussion is made for a rising ramp on the vic-
tim line.

First, the aggressor line is quiet, i.e. the coupling capac-
itance is passive. When the victim voltage reaches a value
of

coupling occurs with an instantaneous voltage drop of VDD
on the aggressor line. The voltage on the victim line there-
fore drops to the value of Vth. After that drop the coupling
capacitance gets and remains passive again. Note, that this
model is a capacitive voltage divider.

For delay calculation the waveform before the occur-
rence of the coupling is completely ignored, i.e. the wave-
forms start with the value of Vth. This is motivated by the
fact that the small glitch that is generated by coupling van-

ishes after one or two following gates. The impact of co
pling then occurs only as an extra delay. It also keeps
waveforms monotonously rising or falling.

The natural choice of Vth as the threshold voltage of the
transistors is not sufficient since it ignores the sub-thres
old region. Certainly, a Vth that has no impact on the delay
calculation has to be chosen. In our case the chosen va
is 0.2 Volts while having a transistor threshold voltage o
0.6 Volts.

An advantage of this model is that the actual wavefor
on the aggressor line needs not to be calculated. It is su
cient to know whether or not there is activity. This make
the model particularly useful for static timing analysis.

A disadvantage of the model is that it is restricted
lumped capacitances. Wire delays are modeled by
widely used Elmore model. This model is known to ove
estimate the delay for long wires. In the worst-case sen
this is acceptable. Note that in a timing-driven layout env
ronment (e.g. [5]) the wire delays are not the major sour
of path delays.

3. The Gate Delay Model

Since our aim is to show the impact of coupling w
chose a transistor-level approach for delay calculation
obtain best accuracy. As in [6] the DC behavior of the tra
sistors is modeled by tables. Our approach differs in the
eration method since it uses the classical Newt
approximation instead of the successive chord method p
posed in [6]. Due to the fine discretization of the tables w
do not get convergence problems. As shown in the resu
transistor-level timing analysis provides very accurate d
lay predictions compared to Spice.

4. Static Timing Analysis

Static timing analysis (STA) is a method to verify th
timing of synchronous circuits. See e.g. [7][8][9][10] an
references therein for a discussion of algorithms.

In short terms, the circuit is translated into a directe
acyclic graph. The edges and vertices of the graph hol
delay. The task is to find the longest path through the gra
which is usually done by a breadth-first-search (BFS). Th
algorithm allows to visit each vertex only once, i.e. it ha
linear complexity with respect to the number of edges a
vertices. At each vertex only the worst-case waveform
propagated to the following stage. As mentioned in [1
static timing analysis is an exhaustive timing simulatio
during one clock cycle and therefore guarantees an up
bound for the delay of the complete synchronous circu
Moreover, it also guarantees an upper delay bound for a
event on each line. We make use of this fact later on.
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5. STA and Capacitance Coupling

As mentioned above STA provides an upper time bound
for the last event on each line. In other words, after this
time the line is quiet to the end of the clock cycle. This
leads to the following simple but efficient idea: We take
into account if there can be an opposite transition on adja-
cent wires. If this is possible, we perform a waveform cal-
culation according to the proposed coupling model. If not,
we can regard the coupling capacitance connected to
ground (or VDD).

Assume a sample situation in which the aggressor line is
quiet. The waveform on the victim line is to be calculated.
To maintain the worst case we have to compare the latest
activity on the aggressor line with the earliest possible ac-
tivity of the current waveform on the victim line. There-
fore, thresholds have to be defined. A safe and conservative
choice is to take the same threshold voltages as chosen for
the coupling model.

5.1 One Step Calculation

This algorithm is an extension to the normal BFS-algo-
rithm. Since we have to compare the worst-case (last activ-
ity) on the aggressor line to the best-case on the victim line
(first activity) we at first perform a calculation of the victim
waveform assuming no coupling. This provides the lower
time bound for the current waveform. Strictly speaking,
this is not the lower bound since switching in the same di-
rection may occur, but this is not within the scope of this
discussion.

As an example we assume a rising transition on the out-
put. The pseudo code is as follows:
w_bcs:=calculate waveform for best-case,

i.e. all adjacent wires are quiet;
t_bcs:=time when w_bcs reaches V th ;
t a,i :=time when adjacent wire i is quiet

for falling transition;
foreach(t a,t a,i )

if((t a > t_bcs) or (line i is not calculat-
ed))

Ccoupling,i  is coupling capacitance
according to the proposed model;

else
Ccoupling,i  is a grounded capacitance;

w_wcs:=calculate_waveform();
insert w_wcs rising_event_queue of

the victim line;

We stress that this algorithm still guarantees the worst-
case delay. The experimental results show that it lowers the
delay bound compared to a calculation in which permanent
crosstalk is assumed.

This algorithm does not increase the complexity. Th
BFS is still performed in linear time. Compared to the no
mal BFS the waveform calculation is performed twice fo
each timing arc. It has the disadvantage that possibly
adjacent wires are not calculated and worst-case assu
tions, i.e. coupling, about the activity on them must be ta
en. To overcome this restriction we propose the followin
extension.

5.2 Iterative calculation

The goal of this algorithm is to guarantee that a wav
form calculation can be performed without the existence
uncalculated lines. Therefore, we call the one-step alg
rithm at least twice. After the first call (and any following
call, too) the quiescent times are stored. From the seco
call on there are no more uncalculated adjacent wir
Hence, no worst-case assumptions about these wires m
be made. The waveform calculation is iteratively refine
In pseudo code:
delay:=default;
do

delay_old:=delay;
delay:=do one-step sta;
store quiescent times for each wire;

while(delay<delay_old);

The refinement is done at the expense of CPU time,
course. With no iterative improvement, a full STA is per
formed twice, with improvement it is performed at leas
three times. This algorithm can be sped up by using a me
od calledEsperanceintroduced by Benkoski et. al. [11]. In
this case only those wires that belong to long paths are
calculated.

Note, that this algorithm still guarantees an upper bou
for the delay.

6. Experimental results

The following results are based on circuits of th
ISCAS89 sequential benchmarks routed in a 0.5µm pro-
cess technology with two metal layers. The gates are siz
and there is a clock buffer tree added. We compare:
1. Best case: All coupling capacitances are grounded w

unchanged values, i.e. the effect of coupling is com
pletely ignored. This is just a comparison value to em
phasize the importance of taking coupling into accoun

2. Static doubled: All coupling capacitances are ground
with doubled value. This is the classical approach
cope with the crosstalk impact on gate delays. No
that permanent coupling of all adjacent wires is a
sumed.

3. Worst case: All cross capacitances couple according
the proposed model.
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4. One step algorithm
5. Iterative algorithm

The following tables show the worst-case delay of the
longest path of each circuit and the runtime of the STA pro-
gram on a Sun Ultrasparc workstation.

The best-case line compared to worst-case and the fol-
lowing new algorithms show that the delay impact of cou-
pling certainly cannot be ignored.

Line two (static with doubled value) and three aim at the
same goal, i.e. to provide a delay value when coupling is
possible at any time. The difference between them is the
model of coupling capacitances. The values show that the

passive model obviously provides better results than ign
ing coupling. However, the static model cannot cope wi
the active nature of coupling.

The two proposed algorithms lower the worst-cas
bound for the delay of the longest path making use of t
fact that many lines are quiet most of the cycle time. Th
one-step calculation maintains the linear complexity of th
breadth-first-search STA. The delay estimation is signi
cantly more accurate. The iterative calculation improv
the delay estimation further. Its main disadvantage is t
increased runtime.

The Spice simulations of the longest paths were do
with lumped resistances and capacitances extracted fr
the layout. Note the accuracy of the estimated delay valu
in comparison to the Spice simulations of the longest pat
Especially the worst-case coupling shows the accur
modeling of coupling since for the Spice runs piecewis
linear sources had to be iteratively adjusted to obtain wor
case path delays at every coupling capacitance.

One could argue that a timing analysis with grounde
coupling capacitances and doubled value provides alm
the same delay values as the iterative refinement algorit
and therefore is a sufficient method. This assumption
wrong! The first method assumes permanent coupling
all wires but uses a model that does not necessarily prov
the worst case [3]. The iterative refinement algorithm a
plies a more physical coupling model and exploits the fa
that some lines cannot switch in opposite directions sim
taneously.

Note that the impact of coupling is larger than the im
pact of wire resistance in these cases: The circuits s359
and s38417 have a wire delay of about 0.2ns, the s385
has a wire delay of 0.5ns. The impact of coupling is sign
icantly larger (1.4ns, 2.8ns and 2.7ns, respectively).

7. Conclusions

A static timing analysis tool that can handle the effect
crosstalk on the delay of the longest path of synchrono
circuits was presented. It makes use of a transistor-le
waveform-based gate delay model. We demonstrated t
ignoring or modeling coupling capacitances passively c
lead to a significant underestimation of the delay even in
0.5µ technology.

Due to the fact that many wires are quiet most of the c
cle time, the assumption that all wires permanently coup
can overestimate the delay. Therefore, we integrated t
new algorithms that take into account if the adjacent wir
can have an opposite transition during the transition on t
current output.

Table 1: s35932 (17900 cells)

Delay/ns
STA

Delay/ns
Spice

CPU sec.
STA

Best case 13.62 13.47 168

Static doubled 14.70 14.53 168

Worst case 15.02 14.98 168

One step 14.63 317

Iterative 14.42 589

Table 2: s 38417 (23922 cells)

Delay/ns
STA

Delay/ns
Spice

CPU sec.
STA

Best case 24.73 24.67 195

Static doubled 26.89 26.80 195

Worst case 27.61 27.50 195

One step 26.93 358

Iterative 25.98 484

Table 3: s 38584 (20812 cells)

Delay/ns
STA

Delay/ns
Spice

CPU sec.
STA

Best case 25.03 25.20 222

Static doubled 26.94 27.05 222

Worst case 27.75 27.81 222

One step 27.05 443

Iterative 26.70 524
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The comparison to Spice simulations with extracted
parasitics of the longest paths show the accuracy of our
coupling model and the accuracy of transistor-level timing
analysis in general.

To the best of our knowledge this is the first static tim-
ing analysis tool that takes the delay impact of coupling
into account. Especially in comparison to Spice simula-
tions the results demonstrate the importance of this effect.
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