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Abstract

IR-drop has become a major source of delay defects in
deep sub-micron VLSI designs. In this work, we analyze the
effect of IR-drop in path-delay test and how to obtain more
accurate delay information of critical paths. For possible
regions with IR-drop, we perform timing analysis on these
nodes such that a certain amount of voltage drop can be
associated with extra delays on victim nodes. Power analy-
sis is conducted to determine the occurrence probability of
a certain voltage drop. These probability values are used
to weigh the extra delays caused by IR-drop of all victim
nodes, which are then accumulated along each path. Ex-
perimental results show that such a process can effectively
take the small delays caused by IR-drop into consideration
and can have a significant impact on the identification and
analysis of critical paths.

1 Introduction
In deep submicron designs, power dissipation has be-

come an increasingly critical issue. Excessive power den-
sity can cause ”hot spots” that require a large amount of
current to be delivered to. Such non-uniform pattern of
power consumption (or current distribution) can cause a
non-uniform voltage drop, or IR-drop, on the power grid,
along with many other signal integrity issues [10, 13]. As
designs approach to 90nm and deeper, the problem caused
by IR-drop has become one of the top culprits of defects [7].

Since IR-drop leads to lower instantaneous supply power
voltage, an immediate impact is the increased delay on the
affected gates. It’s been reported that 10-15% drop on
power voltage can account for 20-30% increase on gate de-
lay [3]. This represents a critical issue in path delay test-
ing. First, affected gates apply extra delay on paths that
run through these gates (or so-called victims), which can di-
rectly change the path delays. As a result, previously non-
critical paths may become critical. Second, if path delay
ATPG does not consider IR-drop, the test pattern may not
cover these newly produced critical paths, causing possible
failure escape.

Although extensive work has been conducted on path de-
lay test [11, 12], little has been done with the consideration

of IR-drop effect. Prior work on IR drop analysis either
does not address path delay test, or has been computation-
ally intensive [4, 6, 9]. Timing analysis tool should be able
to handle the IR-drop delay and transfer the information to
ATPG. It is also preferable that the flow of IR-drop calcula-
tion can be either pre-layout, where estimated voltage drop
can be used, or post-layout, where accurate physical design
information is used. The former is not accurate but can be
used to predict possible critical paths to guide physical de-
sign.

In this paper, we use statistical method to analyze the
delays caused by IR-drop. We first conduct timing analysis
on possible victim gates so that a certain amount of voltage
drop on these gates can be associated with a specific extra
delay. Power analysis tool is then used to estimate the oc-
currence probabilities of 1 or 0 on related nodes, which are
then used to calculate an extra delay value weighed by oc-
currence probabilities. Extra IR-drop delays are then accu-
mulated over all affected victim gates and along each criti-
cal path to constitute an ”expected extra path delay” caused
by IR-drop. This flow is suitable for both pre- and post-
layout analysis. Experimental results show that the appli-
cation of IR-drop delays can substantially affect the critical
paths.

Note that in this work we do not attempt to target IR-
drop faults by modifying ATPG, as previous work has
done [2, 4, 6, 9]. Rather, the goal is to show that our method
can be applied on top of the timing analysis results earlier
in the design/test flow, such that not only ATPG, but other
processes can also benefit from this method.

The rest of the paper is organized as follows. Section 2
lists some related prior work on IR-drop analysis. Section 3
presents the model and analysis techniques. In Section 4,
we show experimental results on some ITC’99 benchmark
circuits. Section 5 concludes this paper.

2 Related Work
Prior work has addressed the problems associated with

IR-drop in several aspects. In [8], IR-drop effect is miti-
gated by layout enhancement through redundant metal fills.
In [1, 14], monitoring/sensing circuits are embedded into



the design to identify and localize the areas where IR-drop
occurs. The impact of IR-drop on delay faults is modeled
and analyzed in [13].

To handle possible IR-drop failures in manufacture test-
ing, a majority of work has resorted to test pattern genera-
tion, manipulation or validation [2, 4, 5, 6, 9, 10]. In [2],
a method to measure the average power of at-speed test
patterns was proposed. Meanwhile, a pattern generation
method was also proposed to generate supply noise tolerant
delay test patterns. In [4, 6], input patterns are generated
such that the voltage drop is maximized, through which path
delay is maximized, to capture possible delay failure caused
by IR-drop. Genetic algorithm is used for patterns selection,
hence these techniques are computational intensive and cor-
respond to a worst case analysis. Another problem is that in
testing, switching activities can be much higher than normal
functioning. As a result, some IR-drop may occur in testing
but not in normal functional mode, causing over-test and
yield loss. This is addressed in [5] through a pattern valida-
tion process to remove the misleading test patterns. In [10],
manufacture failures caused by IR-drop are analyzed.

More recently, the problem is targeted in ATPG [9]. It
adapts an ATPG process for stuck-at faults to detecting volt-
age drop faults and uses an abstract model to simplify the
process. The method sets a threshold voltage drop. If the
accumulative voltage drop on a victim gate is higher than
the threshold, a slow-to-rise or slow-to-fall failure is said to
occur. A process is then used to generate patterns from ex-
isting patterns for stuck-at faults to excite the targeted gates
and detect possible voltage drop faults. It reports a high
coverage on such faults as well as the stuck-at faults.

3 IR-drop Calculation Based on Statistical
Analysis

In this section, we present our method of calculating
voltage drop based on a statistical analysis. We first illus-
trate the overall flow in 3.1. We then explain the simplified
model based on which we establish the analysis in 3.2. Fi-
nally we show the procedure of statistical calculation of the
extra delay caused by IR-drop in 3.3.

3.1 Overall Flow
The overall flow of the method is shown in Figure 1. We

assume the design is given in gate-level netlist with other
necessary information such as technology library, design
rules, etc. In practice extensive simulation is required to
obtain timing and current profile for standard cells, so that
with physical information, the delay characteristics caused
by excessive current drawn from power grid can be accu-
rately calculated. In this paper, since we don’t have phys-
ical design information and the timing/current characteris-
tics, we use hypothetical data. However, we should note

Figure 1. Overall flow.

that if these data are available, they can be easily applied to
our approach without any modification of the flow.

We first apply power analysis to the design, which has
two purposes. First, power analysis can estimate the switch-
ing activity of the design to identify potential ”hot spots”
that could have IR-drop problem. Second, power analyzer
can estimate the 1/0 probability of each node, which can
be used to calculate IR-drop delay in the subsequent pro-
cess. With physical information and functional patterns,
these two estimation can be made more accurate.

In static timing analysis, we identify critical paths in the
design. These paths will be evaluated in the next step by
calculating extra delays caused by IR-drop. Both can be
more accurate with layout information and timing/current
profile. After this analysis, the critical paths will be reeval-
uated and IR-drop can cause new paths to become critical.
Finally, path list is targeted by path-delay ATPG.

Note that in this paper most of our work has focused on
the delay calculation part. This will be depicted in the sub-
sequent sections.

3.2 A Simplified Model
The aggressor/victim model we used in this paper is sim-

ilar to the one used in [9, 13]. We assume that a gate is
directly connected to its nearest M2-M3Vdd andVss vias.
More than one gates can be connected to a via. EachVdd

via (or Vss via) I has a listFI of gates in physical proxim-
ity whose switching activities contribute to the voltage drop
or surge atI. As in [9], we assume such voltage drop and
surge is symmetric and consider onlyVdd drop. Simulta-
neous 0−→ 1 switching of some gates inFI may cause a
local voltage drop onI, which can then lead to an amount
of extra delay on one or more gates directly connected to
via I.

The gates that contribute to the voltage drop atI are de-
fined asaggressors, and the gates that are affected by the
drop to have an extra delay when they switch are defined



Figure 2. Power grid and aggressor/victim gates.

asvictims. Note that a victim may be an aggressor itself,
but not necessarily.FI is defined asfeed region. The feed
regions that may incur high voltage drop can be identified
in power analysis with physical information. It is reported
in [13] that the number of such ”targeted” regions is usually
small and the number of gates inFI is on average only 6.
Hence the simplified model is practical in terms of compu-
tational complexity. In this work, we randomly select such
regions for analysis, as done in [9], due to the lack of phys-
ical design information. In reality, they may be identified
using various power analysis tools.

Figure 2 shows power grid, feed region, two aggressor
gatesa1, a2 and victim gatev1. Note that victim itself may
be an aggressor. Also note that gates in a feed region are in
physical proximity but not necessarily logic proximity. The
extra delay caused by IR-drop on the victim gate can cause
any path that run through it to have increased path delay.

3.3 Expected Path Delay Method
Since voltage drop causes extra delay on victim gates,

the associated path delay will increase. However, the ex-
act delay is hard to determine due to several reasons. E.g.,
physical information and the timing/current profile can not
be completely accurate. Moreover, various input patterns
can cause different switching activities at aggressors, which
may lead to different voltage drops, and hence different ex-
tra path delays. Functional patterns can better capture the
behavior of such extra delays, but they are extremely ex-
pensive for manufacture testing purpose and therefore im-
practical for path-delay test, especially when the number of
critical paths is large.

This problem is not well addressed in prior work, which
has mostly focused on the worst case delay. In this scenario,
the goal is to find a set of input patterns such that the corre-
sponding transitions launched at aggressors can maximize
the voltage drop, and hence the worst delay. However, in
functional mode the transition is generally much lower and
IR-drop is not as high as in the testing mode. Based on the
worst case delay, chips will be over-tested, which causes
yield loss. Functional patterns can give more accurate re-
sult, but are extremely expensive.

Figure 3. Two feed regions on a critical paths.

Here we propose the use of a statistical method for cal-
culating the extra delay caused by voltage drop. We as-
sume that using physical information, we have already ob-
tained a set of feed regions, each containing a set of aggres-
sors/victims. We also assume that static timing analysis has
yielded a list of targeted critical paths. An example is given
in Figure 3, which shows two feed regions on a critical path
(in solid bold face) and two victims (shaded gates).

First, we use power analysis tool to obtain the probabil-
ity of each aggressor node being logic 1/0. Without func-
tional patterns and/or design information, tools will usually
assume random values on inputs and then traverse the topol-
ogy to calculate the probability for each node. If such in-
formation is available, the estimated probability can more
accurately reflect the functioning behavior.

For a feed regionFi, let us assume aggressor set isAi=
{ai1

, ai2
, ..., aij

}, and the corresponding probabilities of
being 0/1 are{p0

ai1
, p0

ai2
, ..., p0

aij
} and{p1

ai1
, p1

ai2
, ..., p1

aij
}

respectively.
With these probabilities, we can calculate the probabil-

ity that a specific switching activity occur on the aggres-
sors. Consider the feed region 1 in Figure 3 as an exam-
ple. Since we only considerVdd drop, if both aggressors
have 0−→ 1 switch, the voltage drop is maximized and
so is the extra delay. E.g., ifp0

a11

= 0.4, p1

a11

= 0.6

and p0

a12

= 0.2, p1

a12

= 0.8, then the probabilityP to
maximize the delay caused byVdd drop in feed region 1 is
P1 = (0.4∗0.6)∗(0.2∗0.8) = 0.0384. (It can be easily seen
that if we considerVss surge, the same probability can be
obtained.) Similarly, ifa1 switches buta2 doesn’t, the prob-
ability is P2 = (0.4∗0.6)∗ (0.2∗0.2+0.8∗0.8) = 0.1632.
Other probabilities can be correspondingly calculated. Note
that we have assumed switching activities on two nodes are
independent, which is a simplified assumption when func-
tional behavior is not available. In practice, they could be
logically dependent, which needs more complex calcula-
tion.

It can be seen that each probability corresponds to a spe-
cific Vdd drop. Since in this work we don’t have physical
design information and timing/current profile, we use hy-
pothetical data. In practice, this can be obtained from the
timing/current profile. TheVdd drop can then be simulated
in static timing tool to determine an extra delayD. Some
sample data are shown in Table 1 for illustration. Each row
in the table represents a combination of values on the ag-
gressors, i.e. a pattern. We use↑ and - to denote 0−→



Table 1. Sample data of switching probability and extra
delay.

Activity Vdd Prob Extra delay Weighted delay
ona1, a2 drop (V) Pk Dk (ns) WDk (ns)

↑↑ 0.6 0.038 1.2 0.0456
↑- 0.3 0.163 0.8 0.1304
-↑ 0.2 0.083 0.6 0.0498
- - 0 0.354 0 0

1 switching and no switching, respectively. Note that now
each switching probabilityPk is associated directly to a spe-
cific extra delayDk. Also note that the sum of the probabil-
ities is not 1, because we considered onlyVdd drop without
Vss surge.

The last column of the Table represents the key to the
method. It is given byWDk = Pk ∗ Dk, which is the
delay weighted by occurrence probability. If we accumu-
late all the weighted delay values, it becomes the form of
an expected valueED =

∑
m

k=1
Pk ∗ Dk, which we de-

fined as anexpected extra delay. Herem is the total num-
ber of different combinations of input switching, i.e. the
number of rows in Table 1. TheED parameter evaluates
the extra delay caused by IR-drop in a statistical manner. If
there are several feed regions on a path, as shown in Fig-
ure 3, they will be accumulated to form the path’s expected
extra delay caused by IR-drop,PED =

∑
n

r=1
EDr =∑

n

r=1

∑
m

k=1
Pk ∗ Dk.

The method has advantages over both using functional
patterns and using structure ATPG to target the IR-drop de-
fect. On one hand, as we have discussed early, using func-
tional patterns can be either computationally impracticalor
extremely expensive. It may not guarantee to find the pat-
tern(s) that leads to the worst extra delay. On the other hand,
using structural path-delay ATPG can not guarantee that ei-
ther, causing possible failure escape, or under-test. Mean-
while, the pattern(s) found by ATPG could cause over-test
and hence yield loss. The proposed statistical method does
not require intensive computation for functional patterns. It
can capture all possible types of switching, mitigating the
under-test problem. Meanwhile, if a pattern excites a false
path, it is likely that the probability of the corresponding
switching pattern is very low, or even 0, hence the delay is
not exaggerated. Therefore, thePED is a useful measure.
It can be used to reevaluate the critical paths reported by
static timing analysis under the consideration of IR-drop.

Finally, we show a partial result by applying the pro-
posed flow and the statistical method to one of the ITC’99
benchmark circuits, namely b14. We pick one of the many
paths under simulation and show the results in Table 2.
There are two feed regions on the path, each has four ag-
gressors and one victim, which is one of the aggressors.
Column 1 gives the number of aggressors that switch si-

Table 2. Results of two feed regions on a path of b14.

# of Probability Extra delay Weighted delay Expected
switch delay (ns) delay (ns) delay (ns)

feed region 1
4 0.0004 1.95 0.0007
3 0.008 1.46 0.011
2 0.06 0.98 0.059 0.174
1 0.21 0.49 0.10
0 0.27 0 0

feed region 2
4 0.0004 3.19 0.0012
3 0.008 2.39 0.019
2 0.06 1.6 0.097 0.282
1 0.21 0.79 0.165
0 0.27 0 0

Table 3. Results of a path delay in b14.

Original path New path Increase Worst path Increase
delay (ns) delay (ns) by (%) delay (ns) by (%)

7.4 7.86 6.2 12.54 69.5

multaneously under certain inputs. Column 2 gives the cor-
responding probability. Column 3 gives the extra delay in-
curred on the victim, and Column 4 shows the correspond-
ing weighted delayWD. Column 5 gives the sum of the
weighted delays, which is the expected extra delayED.

In Table 3, we show the results of IR-drop on the path
delay. It can be seen that the expected path delay gives rise
to a 6.2% increase to the original path delay. If we only con-
sider the worst case (maximum voltage drop) without being
weighted by the probability, the path delay can increase by
69.5%. However, from the probabilities shown in Table 2,
we can see this worst case is unlikely to be reached. With
the help of functional information, we can further determine
if the worst case is indeed possible.

4 Experimental Results
In this section, we present some experimental results on

several ITC’99 benchmark circuits. We use commercial
tools to perform power analysis, static timing analysis and
path-delay ATPG. We use hypothetical data due to the lack
of physical design information. Results are presented in Ta-
bles 4 and 5, respectively. All delays are shown in ns.

For each circuit, we randomly select some feed regions
that could cause IR-drop on the corresponding victim gates.
We also select a number of paths that have least slack times
(false paths are removed). For each path that runs through
any feed region, we perform the IR-drop analysis proposed
above, and examine the corresponding increase of path de-
lay and decrease of slack time.

In Tables 4, we show the path delay and slack time



Table 4. Results of path delays for ITC’99 cir-
cuits.

Before IR-drop analysis After IR-drop analysis
Path Slack Path Worst Slack Worst slack
delay time delay path delay time slack

Circuit b12, 100 paths
0.727 5.272 0.913 8.418 5.087 3.372

(25.58%)(1057.91%)(-3.51%)(-36.04%)
Circuit b14, 31 paths

2.855 26.54 3.339 10.207 26.056 21.862
(16.95%)(257.51%)(-1.82%)(-17.63%)

Circuit b15, 200 paths
2.525 16.805 2.668 14.248 16.662 15.604

(5.66%) (464.28%)(-0.85%) (-7.15%)
Circuit b17, 200 paths

13.068 39.061 13.26 54.655 38.869 4.734
(1.47%) (318.24%)(-0.49%)(-87.88%)

changes before our IR-drop analysis and after the analysis.
In Columns 1 and 2, we show the average (over all paths
considered) path delay and slack time before the IR-drop
analysis, respectively. Corresponding results after analysis
are shown in Columns 3 and 5, respectively. We also show
the percentage of increase on path delay and decrease on
slack time. In columns 4 and 6, we show the worst case
path delay and slack time (on average), when a maximum
number of aggressors are switching simultaneously in each
feed region. It can be seen that the consideration of IR-drop
using the proposed method can lead to a rather discernible
increase on path delay. The decrease on slack time is not as
discernible, though. However, we have observed that some
paths’ slack time become negative after the process, indi-
cating that timing closure will most probably fail on these
paths, which may need redesign. Worst case changes in
both cases are significant. We expect a much higher impact
on delays when physical design information is available, as
reported by earlier work.

In Tables 5, we show the number of critical paths be-
fore and after the IR-drop analysis for a given threshold.
In practice, a threshold is often used to determine if a path
can be viewed as ”critical”. The threshold can be either
set for path delay, or slack time. I.e., the paths whose de-
lay exceed the path threshold will be considered. Similarly
the paths whose slack time is less than the slack threshold
will be considered.. We present these results, with thresh-
old values in the table. It can be seen that after adding the
delay caused by IR-drop, there is a significant increase on
the number of critical paths. This indicates that some paths
that are not originally identified as critical paths are now
captured, hence possible under-test is avoided. This result
also has an impact on path-delay ATPG, which is not shown
in the table. We have observed that in most cases, the test

Table 5. Number of critical paths under
threshold for ITC’99 circuits

Path delay threshold Slack time threshold
Before After Before After
b12, Slack threshold: 5.9, Delay threshold: 0.5

85 100 53 100
b14, Slack threshold:27, Delay threshold: 3.0

13 18 19 23
b15, Slack threshold:17, Delay threshold: 2.5
169 179 172 184

b17, Slack threshold:54, Delay threshold: 12.5
100 129 174 180

patterns targeting original critical paths will have a much
lower coverage when new paths are added due to the IR-
drop analysis.

5 Conclusions
In this paper, we have analyzed the effect of IR-drop in

selecting the critical paths for delay testing. We proposeda
method to analyze the delay caused by power grid voltage
drop. The method is based on statistical analysis and the
calculation of the expected value of delay. Experimental
results on ITC’99 benchmark circuits have shown that the
proposed method can effectively capture the IR-drop effects
in the path delay and can have a significant impact on the
identification and analysis of critical paths.
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