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ABSTRACT

This paper proposes a scheme that captures diverse input wave-
forms of CMOS gates for static timing analysis. Conventionally
the latest arrival time and transition time are calculated from the
timings when a transient waveform goes across pre-determined
reference voltages. However, this method cannot accurately con-
sider the impact of waveform shape on gate delay, when crosstalk-
induced non-monotonic waveforms or inductance-dominant step-
wise waveforms are injected. We propose a new timing analysis
scheme called “equivalent waveform propagation”. The proposed
scheme calculates the equivalent waveform that makes the output
waveform close to the actual waveform, and uses the equivalent
waveform for timing calculation. The proposed scheme can cope
with various waveforms affected by resistive shielding, crosstalk
noise, wire inductance etc. In this paper, we devise a method to
calculate equivalent waveform. The proposed calculation method
is compatible with conventional methods in gate delay library and
characterization, and hence our method is easy to be implemented
with conventional static timing analysis tools.

1. INTRODUCTION

As circuit scale grows, static timing analysis (STA) becomes a
common approach to verify timing constraints, or rather it is cur-
rently the only way to perform full-chip timing analysis. In static
timing analysis, we propagate the latest arrival time and transition
time throughout a circuit and derive the longest/shortest path de-
lays. CMOS circuits consist of CMOS gates and interconnects,
and currently delay times of each part, i.e. the gate propagation
delay and the interconnect propagation delay, are separately calcu-
lated. As for interconnect delay, it is well known that PRIMA [1]
or other similar techniques can estimate accurate transition wave-
forms propagating through linear device networks. On the other
hand, CMOS gates are non-linear devices and the estimation of
gate delay is inherently more complicated. Therefore, delay cal-
culation based on look-up tables is widely used [2,3]. This ap-
proach usually requires a prior characterization process to build
look-up tables using a circuit simulator. Due to the limitation of
circuit simulation costs, gate characterization is usually performed
in two-dimensional space; output loading and transition time of in-
put waveform (slope). The parameter of slope aims to capture the
influence of waveform shape on gate delay.

Recently many factors make transition waveforms more di-
verse in nano-meter technologies, such as crosstalk noise, inter-
connect inductance and resistive shielding, and hence capturing
waveform shape by using a single parameter of slope is getting
harder. Nevertheless, the number of parameters to express wave-
form shapes does not increase because of gate characterization
costs.

This paper proposes a new propagation scheme of timing in-
formation in STA called “equivalent waveform propagation”. Our
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scheme aims to accurately capture the effects of diverse waveforms
on timing. The proposed scheme does not calculate the latest ar-
rival time and the slope from the timings when the waveform goes
across reference voltages. The proposed scheme derives an equiv-
alent input waveform with a standard shape such that the equiv-
alent input waveform produces an output that matches with the
actual output waveform. In equivalent waveform calculation, we
need to know which part of the input waveform dominantly de-
termines the output transition. We then devise a metric to point
out the important waveform region, and we develop an equivalent
waveform calculation method based on the least square fitting with
the devised metric. The proposed method does not change other
parts of delay calculation i.e. no library extension and no addi-
tional gate characterization are necessary, and hence our method is
easy to work with conventional STA methods. A preliminary eval-
uation result that this equivalent waveform scheme is effective in
crosstalk-induced waveform is reported in Ref. [4]. However resis-
tive shielding and inductive interconnects are not discussed. In ad-
dition, practical implementation issues, such as a tradeoff between
computational time and calculation accuracy, are not reported. In
this paper, we demonstrate that the proposed method can calculate
the equivalent waveform with the same procedure against various
waveforms, such as crosstalk-induced waveform and deteriorated
waveforms with overshoot and ringing due to inductance. We also
evaluate the computational costs and discuss the tradeoff between
accuracy and calculation costs. Throughout this paper, we assume
that the distorted input waveform applied to the gate can be ob-
tained by other methods such as Ref. [1], and focus on the problem
of finding the equivalent waveform from which we can derive the
latest arrival time and the slope for gate delay calculation.

The rest of this paper is organized as follows. Section 2 points
out the problem of conventional methods and proposes a concept
of equivalent waveform propagation. In Section 3, we describe the
method for deriving the equivalent waveform. Section 4 demon-
strates that the proposed method can handle various gate input
waveforms that appear in nano-meter technologies. Concluding
remarks are in Section 5.

2. NECESSITY OF EQUIVALENT WAVEFORM
PROPAGATION

Static timing analysis is a procedure to calculate the latest arrival
time (LAT) of signal transitions at each node in a circuit and prop-
agate it to the next gate [5]. Input waveform shape is an important
factor to gate delay. Static timing analysis is condensed into ac-
curate LAT and slope propagation. Conventionally LAT is defined
as the 0.5Vqq (or other threshold voltage) crossing timing. Slope
is also calculated as the time difference crossing between Vi1 and
Vine (e.g. 0.2V4q and 0.8Vyq). We hereafter refer these defini-
tions of LAT and slope as the conventional reference-voltage-base
approach.
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Figure 1: Diverse waveforms that have the same latest arrival time
and the same slope.

2.1. Motivation

Recently there are many factors that make transition waveforms
more diverse. One major factor is capacitive coupling noise, and
others are on-chip inductance and resistive shielding effect. As
these factors become significant, it is getting harder to capture
the impact of waveform shape on gate delay using only a sin-
gle parameter of slope. Even if two waveforms have the same
value of slope, the waveform shapes are sometimes totally differ-
ent, which results in a considerable gate delay difference. Figure 1
shows an example of waveform diversity; a crosstalk-induced non-
monotonic waveform, an inductance-dominant stepwise waveform
and a highly strained waveform by resistive shielding. As far as we
define the latest arrival time and the slope based on the reference
voltages, these three waveforms have the same latest arrival time
and the same transition time and hence these waveforms are re-
garded as the same waveform in static timing analysis whereas the
actual waveforms are much different. Needless to say, the output
waveforms are much different and a considerable error of timing
estimation occurs.

Gate delay calculation widely adopts table look-up models in
order to consider non-linear characteristics of CMOS transistors.
Typically, output load and slope of input waveform are parameters
of look-up tables, and then two-dimensional tables are prepared.
The tables are generated with a long process of huge amount of
circuit simulation. Therefore, even if we want to increase the num-
ber of waveform parameters to express diverse waveform shape, it
is prohibitively difficult to extend the table dimension due to char-
acterization cost. Moreover, it is essentially difficult to develop a
new waveform representation for such different waveforms shown
in Figure 1. Considering conformity to conventional STA tools and
managing characterization cost, it is highly desirable to keep the
number of waveform parameter just one. This paper aims to realize
accurate timing analysis while satisfying the above requirements.

From now, we demonstrate two examples that the conventional
LAT and slope propagation scheme based on reference-voltage-
base approach does not work well. Figure 2 shows a pair of fully-
coupled interconnects. The length is Imm. The transition wave-
form at the victim is affected by the transition at the aggressor.
Conventional methods (e.g. Ref. [6]) evaluate the final crossing
timing of 0.5V44 at Gate 2 input as LAT. The conventional meth-
ods propagate the slope of the noiseless waveform. The crosstalk-
induced delay variations are evaluated by circuit simulation. We
use the transistor parameters of an actual 0.13m CMOS technol-
ogy and the intermediate interconnect parameters in the 0.13um
process predicted in Ref. [7]. The wire parameters used for the
experiments are coupling capacitance C. = 0.058{F/um, ca-
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Figure 2: Experimental circuit for crosstalk-induced input wave-
form.
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Figure 3: Crosstalk-induced waveforms that conventional method
fails to handle (Gate 1, Gate 2 and Gate 3 are 4x, C1 and C2 are
1fF).

pacitance to ground Cy = 0.096fF/pm and resistance R
0.085€2/ um. The supply voltage is 1.2V.

Figure 3 shows an example of transition waveforms. A noise
is injected around 0.5Vgq. The transition waveform becomes non-
monotonic and crosses 0.5V3q multiple times. On the other hand,
the fall transition at Gate 2 output and the rise transition at Gate 3
output are so fast and the transition finishes before the final cross-
ing timing of 0.5V4q at Gate 2 input, since capacitances C; and
C5 are not large. The conventional methods define LAT as the fi-
nal crossing timing of 0.5V3q4. As long as we follow this definition
of LAT, we never obtain the accurate output transitions at Gate 2
and Gate 3. The adjustment of the transition time (slope) does
not help. In this case, output transitions of Gates 2 and 3 finish
before the LAT. While clinging to the crossing timing of 0.5V4q,
accuracy degradation is unavoidable. This implies that we have to
devise a new scheme to propagate timing information in STA.

We demonstrate another example of inductive wires. Figure 4
shows the experimental circuit. The cross section of the inductive
interconnect is also shown in Fig. 4. The interconnect between
Gate 1 and Gate 2 is inductive and its length is 3mm. The inter-
connect parameters of resistance, capacitance and inductance are
12Q/mm, 67fF /mm and 1.8nH/mm. With interconnect induc-
tance, transmission line effects appear, and the waveform becomes
stepwise like in Fig. 5. This case reveals that the conventional
reference-voltage-base method is incompetent. Suppose the upper
reference voltage for slope evaluation is below the firstly-rising
voltage like in Fig. 5. The conventional method approximates the
step-wise waveform neglecting the step-wise behavior above the
reference voltage. This ignorance causes the slope estimation er-
ror at Gate 2 and arrival time error at Gate 3. On the other hand,
if the upper reference voltage is just above the first step voltage,
the approximated waveform becomes much different. Though the
output waveforms corresponding to this approximation are not de-
scribed in Fig. 5 to avoid a too complicated figure, a considerable
timing estimation error occurs. The approximated waveform is
much sensitive to the reference voltage, and a little difference of
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Figure 5: An example of inductive interconnect (Gate 1 is 5x,
Gate 2 and Gate 3 are 4x, wire length is 3mm, and C1 and C2
are 200fF.).

reference voltage is confronted with the discontinuous waveform
approximation. As long as the reference-voltage-base method is
used, we cannot escape from this problem. Therefore, we have to
devise a new waveform propagation scheme that is independent of
reference voltage definitions.

2.2. Previous Work

Recently the problem of crosstalk noise discussed in Sec. 2.1 is
raised in Ref. [8]. Reference [8] estimates the output transitions
against noisy input waveforms using look-up tables. This look-up
table has two additional parameters of noise width and noise height
as well as load and input slope. This method requires a prior gate
characterization process and it is one of the disadvantages. But the
true problem is that this method can only cope with crosstalk noise
and it cannot provide accurate timing analysis against other types
of waveforms; such as a waveform with resistive shielding and a
waveform in an inductance-dominant interconnect. In addition,
it is not clear if this method can cope with multiple aggressors.
One solution is increasing another parameter to express waveform
shape. However, the cost of gate characterization increases ex-
ponentially according to parameter addition. Another method is
proposed in Ref. [9]. It basically evaluates delay variation by cir-
cuit simulation and hence it is not suitable for large circuits. As far
as we investigate, no methods provide a complete solution against
the waveform diversity problem in STA discussed in Sec. 2.1, and
this paper is a first attempt to tackle and solve this problem.

2.3. Equivalent Waveform Propagation and Its Goal

We propose a new scheme called “equivalent waveform propaga-
tion” so as to perform timing analysis overcoming the problems
discussed so far. The proposed scheme derives the equivalent
waveform such that the output waveforms of the gate match in
both cases that the equivalent and actual waveforms are given to
the gate input. This concept is shown in Figure 6. The big differ-
ence from the reference-voltage-base approach is that the 0.5V4q
crossing timing of the equivalent waveform is not necessary the
same with that of the actual waveform, whereas the conventional
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Figure 6: Proposed concept of equivalent waveform.

method clings to estimate the accurate 0.5V4q crossing timing.
Without the restriction of 0.5V4q, the expression freedom of the
equivalent waveform expands considerably, which enables the ac-
curate propagation of timing information. Here the issue is how to
derive the equivalent waveform.

In order to keep the compatibility with conventional STA
tools, we must avoid increasing table parameters. To cope with
various waveforms, we should devise a generic method that is in-
dependent of injected waveform shapes. The expression of the
equivalent waveform shape must be a typical waveform such that
a CMOS gate drives a capacitive load, because most of gates in
a circuit drive capacitive load and then gate characterization is
performed assuming the typical waveforms. In the following sec-
tion, we propose a waveform calculation method that can derive an
equivalent waveform with small computational cost while keeping
the compatibilities with conventional STA tools.

3. EQUIVALENT WAVEFORM CALCULATION

The previous section revealed that the conventional slope propa-
gation scheme based on reference voltages does not work against
diverse waveforms. We then proposed a concept of equivalent
waveform propagation that is potentially able to cope with diverse
waveforms. In this section, we propose a heuristic method to cal-
culate an equivalent waveform. Practical implementation issues,
such as integral calculation, are also discussed.

3.1. Least Square Method Focusing on Critical Waveform Re-
gion

The problem to derive the equivalent waveform is to find the arrival
time and the slope that produce an output waveform that matches
with the actual output waveform. The important thing is the equiv-
alent waveform depends not only on the input waveform shape but
also on the output behavior. Let us recall the example of Fig. 3.
The significant estimation error in this situation comes from the
fast output transitions at Gate 2 and Gate 3. When output load is
large or when gate driving strength is weak, the output transitions
become slow and the injected noise affects the output transition
waveform. The aspect of error occurrence is totally different. We
thus have to consider the output transitions.

One of straightforward methods to derive arrival time and
slope is the least square method (LSM). However, a simple LSM
just approximates the input waveform and it does not consider any
information on output transitions. Figure 7 shows a typical ex-
ample that the simple LSM fails. Although the output transition
almost finishes before noise injection, the LSM derives the ap-
proximated waveform that is close to the entire actual waveform.

The key issue of equivalent waveform derivation is how to
find a critical region that strongly affects the output waveform.
As an heuristic metric to extract a critical region, we propose to
use OUout /OVin, which is the output voltage (vout) gain subject
to input voltage (vin). The left figure in Fig. 8 shows the input
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waveform vi,, and the output waveform vqy¢ in time domain. The
right figure represents the relation between vi, and vout. The met-
ric Ovout/Ovin means the slope of the curve in the right figure.
When the metric is small, vi,, scarcely varies the output voltage.
Conversely, when the metric is large, slight change of v;, affects
Vout considerably. With this metric, we can effectively extract the
critical waveform region.
The metric Qvout /iy is transformed as follows:

avout _
8’Uin

8Uout . 8t _ avout . 1
ot  Ovin Ot  Ouv /Ot

(€]

We can calculate the value of Qvout /Ovin from vin (¢) and vous (¢).
Here the gain curve obtained by DC analysis is different with
Eq. (1), because DC analysis cannot consider the conditions of
output loading and driving strength. Static timing analysis meth-
ods usually have the waveforms of vin(¢) and vout(t) irrespec-
tive of gate delay models, e.g. k-factor (non-linear) model [2] or
Thevenin equivalent circuit model [3]. Rigidly speaking, vout (%)
can be built from the information on propagation delay and out-
put slope when k-factor (non-linear) model is used. Therefore, no
additional information is necessary to calculate the metric.

We then devise an improved objective function of the least
square method using the metric of Ovout /Ovin as

/ )
t1

where g(t) is the actual waveform of gate input and f(¢) is the
equivalent waveform. Times ¢; and ¢ are decided such that the
time region between ¢ and ¢o includes the input signal transi-
tion completely. We search the equivalent waveform that mini-
mizes Eq. (2) with two variables of arrival time and slope of f(¢).
Please note that the expression of f(¢) should be the same with the
waveform used in gate characterization, but the proposed method
does not limit the expression itself. We can use ramp, exponential
or their mixed expressions as far as a single parameter expresses
waveform shape.
The procedure of our method is summarized as follows.

avout
a’Um

{F(&) — g(t)} at, @)

vin=g(t)

1. Calculate the approximated input waveform by the conven-
tional reference-voltage-base approach. In this step, noise-
less transition waveform is used.

Calculate the output waveform corresponding the approxi-
mated input waveform using look-up tables. The metric of
OVout /Ovin is calculated using the input and output wave-
forms derived in Step 1 and Step 2.

Set the input waveform calculated in Step 1 as the initial
approximated waveform, and minimize Eq. (2).

The proposed method does not need any additional informa-
tion, and uses the only information that every STA tool already
has. Our method requires no library extension and no additional
gate characterization. Therefore, our method is easy to be imple-
mented into existing static timing analysis tools.

3.2. Integration Issues

In Step 3, we execute integration in the time range from ¢; to t».
When the functional expression both of f(¢) and of g(t) are known
and we use a series expansion technique, we can calculate Eq. (2)
without numerical integration. We think this situation is common.
Because when we calculate the actual waveforms by using PRIMA
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[1], or other similar techniques, the typical waveform expression
consists of several exponential and linear terms, which are easy to
be integrated. On the other hand, when f(¢) cannot be defined as
an expression, or when the series expansion of f(¢) is difficult, we
should perform numerical integration.

When we cannot avoid performing numerical integration,
tighter integral range without accuracy degradation is desirable
from the point of computational cost. As for ¢1, it is reasonable to
set ¢1 to the timing when the input transition starts. The problem
here is how to decide t2. Now we want to compute the equivalent
waveform to the actual input waveform, and hence we do not have
to pay much attention to the time region after the input transition
finishes. From another point of view, we want to match the output
waveforms corresponding to the actual and the equivalent input
waveforms. Therefore, the input waveform in the time region af-
ter the output transition finishes is also unimportant. Getting two
points of view together, we should choose the earlier timing from
(1) the input transition finishes and (2) the output transition fin-
ishes. When crosstalk noise is induced, we add the noise width
to t2, because the crosstalk-induced delay increase is at most the
noise width. The definition of noise width is found in Ref. [10].
We experimentally verify that this policy is reasonable and help-
ful to reduce computation cost on numerical integration in the next
section. We also discuss the number of split segments in numerical
integration.

4. EXPERIMENTAL RESULTS

We experimentally verify the proposed method on three condi-
tions; crosstalk noise is induced, resistive shielding is prominent,
and wire inductance is dominant.

We first explain the expression of equivalent waveform used
in the experiments. We use a waveform expression composed of a
linear function(0—-60%) and an exponential function (60%—) with
a single parameter of 72 [11]. The parameter of 772 is origi-
nally defined as the crossing time difference between 0.4V4q and
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0.6Vaq. The rise waveform frise is expressed as

0 0<t<t,
Frise = Vdd%lgtﬁ) ts <t <5+ 3112,
_ t—3T19—tg
Vdd(l — 0.4e 2T12 ) ts + 3112 < t,

©))
where Vg4 is the power supply voltage and ¢ is the offset time
when the voltage begins to rise. We experimentally verify that this
expression is close to actual transition waveforms as far as a sin-
gle parameter is used, and hence we adopt this expression as the
shape of the equivalent waveform. Please note that the proposed
scheme of equivalent waveform propagation is independent of the
waveform definition as explained in Sec. 3.1. Other waveform ex-
pressions also can be used as the equivalent waveform expression.

4.1. Capacitive Coupling

We first evaluate the accuracy of the proposed method against
crosstalk-induced noisy waveforms. Figure 2 shows the experi-
mental circuit. We assume that the accurate noise waveforms are
given by some existent methods. We suppose that the conven-
tional method propagates the final timing of crossing 0.5V4q and
the slope of the noiseless waveform in STA. We evaluate both the
proposed method and the conventional method. Figure 9 shows
the result in the same condition of Fig. 3. The derived equiva-
lent waveform and the actual waveform do not cross each other at
the final timing when the actual waveform crosses 0.5V4q, as we
expected. The proposed method focuses on the important region
before the fall transition at Gate 2 finishes. Thus, the proposed
method overcomes the drawback of the simple least-square fitting
shown in Fig. 7.

We next evaluate the crosstalk-induced variation of the prop-
agation delay from Gate 2 input to Gate 3 output, and we ver-
ify the estimation accuracy of delay variation. The transition tim-
ing of the aggressor(Gate 4) input is varied with 10ps time step.
This means that the timing of noise injection is changed with 10ps
time step. The transition time of the aggressor input is 100ps. We
change the timing of inducing noise waveform, driver strength of
each gate and the values of C, C> and Cs.

Figure 10 shows one of experimental results. The horizontal
axis is the timing of noise injection, and the vertical axis is the vari-
ation of delay time caused by crosstalk noise. The curve evaluated
by the conventional method changes drastically although the actual
curve changes smoothly. This drastic change comes from the con-
ventional definition of the latest arrival time. The latest arrival time
varies discontinuously even though the crosstalk-induced wave-
forms are almost the same. The conventional method thus has a
serious problem. On the other hand, the proposed method esti-
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mates the delay variation curve as we expected. The maximum
estimation error of delay variation is reduced from 32ps to 3ps.
Similar results are obtained under other configurations of exper-
iments. We can see that the proposed method can estimate the
impact of noisy input waveform on timing.

We also verify the effectiveness of the proposed method
against the interconnect with two aggressors. Figure 11 shows the
result. As you see, the proposed method works well in the same
procedure even when there are multiple aggressors.

4.2. Resistive Shielding

We examine the effectiveness of the proposed method in resistive
shielding. The experimental circuit is shown in Fig. 12. We as-
sume intermediate interconnects in the 0.10pm process predicted
by ITRS [7]. The interconnect parameters of resistance and capac-
itance are 0.74Q/pm and 0.20fF /um. The interconnect length
between Gate 1 and Gate 2 is 100pm. The length of the branch
part, i.e. the interconnect between Gate 1 and Gate 4, is var-
ied and the variations are 100, 500, 1000, 2000 and 3000pm. This
branch interconnect strains the input waveform of Gate 2. Gate 1
is 4x or 8x inverter. Gate 2 and Gate 3 are 1x or 4x inverters, and
the load capacitances C; and C are 1, 10, 50 or 100fF. The total
number of evaluation is 80. The maximum error of the proposed
method is 15ps, whereas that of the conventional method is 31ps.
The proposed method reduces the amount of error by more than
50%. Figure 13 shows an example that the conventional method
does not work well. As you see, the output waveform of Gate 3
using the proposed method is very close to the actual waveform.
However, the conventional reference-voltage-base method causes
16ps error. When resistive shielding is significant, the proposed
equivalent-waveform scheme provides more accurate timing anal-
ysis than the conventional method.
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Figure 13: Waveform example that proposed method well captures
input waveform (Gate 1 is 8x, Gate 2 and Gate 3 are 1x, C1 and
C2 are 50fF, branch length is 1mm).

4.3. Inductive Interconnects

Gate input waveforms become more complicated when intercon-
nect inductance is dominant. We experimentally verify the effec-
tiveness against inductive interconnects. The experimental con-
dition is the same with Sec. 2.1. The proposed method and the
conventional reference-voltage-base method are evaluated.

We show the result in Fig. 14. The gate input waveform is
bent after passing the reference voltage of 0.6Vq, so the reference-
voltage-base method cannot capture the stepwise waveform well.
On the other hand, thanks to the metric of Jvout /Ovin, the propose
method can capture the change of input waveform. The timing es-
timation error is reduced from 20ps to 2ps by the proposed method.

We vary the driving strength of Gate 1 and evaluate the ac-
curacy under several conditions. We confirm that the proposed
method provides accurate output waveforms. However, we find
a case that the accuracy of our method may be degraded slightly.
Figure 15 shows a typical case. There is an overshoot at Gate 2
input. The proposed method sets ¢2 in Eq. (2) as the first crossing
timing of Vyq and calculates the equivalent waveform. Since the
gate voltage becomes over Vyq after to, the fall output transition
of Gate 2 is accelerated, which results in a small error of timing
estimation at Gate 3 output.

4.4. Accuracy vs. #Segments in Integration

The calculation of Eq. (2) in equivalent waveform derivation can
be done analytically if waveform expressions are easy to be inte-
grated and/or we use a series expansion technique. However, in a
more generalized case, numerical integration is performed. In this
case, the integral region of Eq. (2), the number of segments used
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Figure 14: Equivalent waveform calculation against inductive inter-
connect (Gate 1 is 5x, Gate 2 and Gate 3 are 4x, wire length is
3mm, C1 and C2 are 200fF.).
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in numerical integration and the accuracy are tightly related. We
here examine this relationship. The relation between #segments
and computation costs is discussed in the next section.

Section 3 discusses the integral region of Eq. (2) and ex-
plains how to decide t2. We verify that this decision method is
proper. The proposed method determines t2 = min(tin, tout)
to integrate Eq. (2) in necessary and sufficient region, where pa-
rameter tin (tout) iS the timing when the input (output) volt-
age swings by 0.9V4qq. We evaluate the accuracy varying #seg-
ments used for integration. We also evaluate another candidate of
to = max(tin, tous) for comparison. We here assume a waveform
strained by resistive shielding. When #segments is three, the error
is reduced from 10ps to 3ps by choosing the earlier timing. When
the given error limit is below 3ps, six segments are necessary if we
do not select the earlier timing. The proposed decision method of
t2 thus helps to improve accuracy and to reduce calculation costs.

We next evaluate the number of required segments. We as-
sume two types of waveforms; output load is purely capacitive
and resistive shielding is significant. Table 1 shows the relation-
ship between the accuracy and #segments. The column “Con-
ventional” represents the error when the conventional reference-
voltage-base method is used. When resistive shielding is negligi-
ble, the required number of segments is only three. This is consis-
tent with the fact that the conventional reference-voltage-base ap-
proach worked well so far. However the effect of resistive shield-
ing becomes strong, the conventional method fails and the error
is over 10%. On the other hand, the proposed method with eight-
segment-integration achieves small error of 1%.

The above discussion supposes that crosstalk noise is not in-
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Table 1: Error[%] vs. #segments for waveforms w/ and w/o resis-
tive shielding.

Proposed(#segments) Conven-
3 5 8 10 | 40 tional
w/o res. shielding | 1.6 | 1.6 | 0.0 | 0.0 | 0.0 1.9
w/ res. shielding | 11.3 | 73 | 1.0 | 0.3 | 0.3 10.9

Table 2: Calculation costs of proposed method. Each value is nor-

malized by cost of conventional STA.
#segments 3 5

calculation costs | 1.12 | 1.17

10
1.27

20
1.48

40
1.71

duced. In order to capture the effect of crosstalk noise, we need
some evaluation points while noise is injected. We then decide
#segments according to the noise width. In our experiment, four
to five evaluation points are adequate. We have two requirements
of time step At in numerical integration; the time step decided by
the transition waveform without crosstalk noise At¢ran, and the
time step determined by the crosstalk noise width Atpoise. We
then choose At = min(Atiran, Atnoise)-

4.5. Computation Costs vs. #Segments in Integration

We implement the proposed method into a STA tool and evaluate
the calculation costs. Followings are the delay calculation proce-
dure of the implemented STA tool. Gate delay calculation is ex-
ecuted using Thevenin equivalent circuit model [3]. Interconnect
RC trees are once reduced into a 7 circuit [12], and it is used to cal-
culate effective capacitance [13] and gate output waveform. The
output waveforms of interconnects are calculated from gate output
waveform and quadratic transfer function. The transfer function is
calculated by Ref. [14]. In minimizing Eq.(2), three to five itera-
tions are needed.

We evaluate the computational costs of the proposed method.
Please note that in this evaluation we execute numerical integra-
tion of Eq. (2) as the worst case. When we can calculate Eq. (2)
analytically, the calculation cost increase is much less. The cir-
cuit used for the experiment is a simple circuit of inverter chain.
Table 2 shows the experimental results. The calculation cost is nor-
malized by that of the conventional reference-voltage-base imple-
mentation. We here evaluate the calculation time purely required
for timing propagation excluding the time of reading and writing
files and RC reduction. When resistive shielding is not significant
and crosstalk noise is not injected, the required number of seg-
ments is three and it corresponds to 12% increase of computation
costs. When resistive shielding is significant, the increase is about
25%. As far as we investigate, the required number of segments
for crosstalk-induced waveform is around ten to fifteen. We then
conclude that the proposed method can provides accurate timing
analysis with CPU time increase of 15 to 30% at most.

5. CONCLUSION

In this paper, we propose a new scheme called “equivalent wave-
form propagation” to capture diverse gate input waveforms in ac-
curate gate delay calculation. In order to realize the proposed
scheme, we develop an equivalent waveform calculation method
based on the least square method. With the metric developed to
extract critical region of a waveform shape, the proposed calcula-
tion method can derive the equivalent waveform successfully. The
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proposed method requires no library extension and no additional
characterization, which means the high conformity of our method
to conventional STA tools. We experimentally verify that the pro-
posed method is more accurate in delay calculation than conven-
tional reference-voltage-base approach under various conditions;
resistive shielding is significant, crosstalk noise is injected, and
interconnects are inductive. The proposed scheme of “equivalent
waveform propagation” is promising in nano-meter technologies.
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