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As chip integration continues to increase and technology scaling is forcing the operating voltage to
decrease, modern designs have become more susceptible to supply voltage noise. However, even
with a well designed power distribution network, modern at-speed test pattern generation techniques
do not consider the maximum current throughput the network will be able to provide. As a result,
conventional transition delay fault pattern generation tends to create a number of patterns that
cause higher-than-average functional switching, which may cause timing and/or functional failures
during test. In this paper, we propose a ﬂow that incorporates the layout information and the locality
of the switching activity during pattern generation to provide insight into the amount of tolerable
switching. This will prevent both IR-drop related hot-spots and under-utilization of the chip since
the switching activity can be evenly spread across the design. The results presented in this paper
show signiﬁcant improvement over our previous ﬂow without negatively impacting fault coverage
and pattern count.
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1. INTRODUCTION
The complexity of modern designs continues to increase
signiﬁcantly as the feature size continues to shrink due to
advances in process technologies. In order to reduce power
consumption in these complex devices, the supply voltage
has also been scaled appropriately, which make the circuit less tolerable to supply noise that can cause performance degradation or even logic failure. In order to counter
the reduced noise immunity, designers must create robust
power distribution networks (PDN), which are expected, in
practice, to handle approximately 15–20% switching activity in the chip.1 Designing PDNs for today’s technology
have become a signiﬁcant portion of the die area and is not
a trivial task.
In addition to decreasing supply voltage, process
variations, and parasitic effects are also becoming more
apparent. Each of these variables are increasing the probability of timing-related defects, making high-quality,
at-speed tests a necessity. Transition delay fault (TDF)
patterns have become widely used in practice to detect
these timing-related failures and ensure the design correctly
functions at the speciﬁed frequency.2–5
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Current ATPGs attempt to achieve the highest TDF test
coverage while maintaining an adequate pattern volume.
To accomplish this, unﬁlled (don’t-care) bits in the pattern are either randomly ﬁlled to increase coverage and
fortuitously detect unmodeled faults or ﬁlled based on a
compression algorithm to decrease pattern volume. However, since current ATPGs often ignore timing- and powerrelated issues, both techniques are known to increase the
switching activity beyond the expected average functional
switching.6 7 This will potentially generate IR-drop hotspots from excessive supply noise, leading to chip failure
during test, impacting yield loss since the chip could still
function correctly in the ﬁeld.
Chip designers cannot be expected to design PDNs that
would be able to handle at-speed test, especially considering the large area overhead already needed for functional operation. If required to design the PDN for at-speed
test, an even larger portion of each metal layer would be
dedicated to the PDN making routing congestion almost
intractable. Also, since the high switching in test mode will
not likely occur during functional operation, there would
be a lot of wasted area.
There is a clear need for low-switching TDF pattern
generation methods that will prevent patterns from exceeding the power demand of the distribution network of the
chip during test. However, it is possible to under-utilize the
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chip with the low-switching patterns since modern designs
often have multiple supply pins, which in the case of ﬂipchip designs can count into the hundreds. Current layoutunaware low switching pattern generation techniques may
isolate switching activity to a small portion of the chip,
leaving other areas quiescent while it could actually tolerate additional switching due to the existing additional
power supplies.

occurs during the launch-to-capture window of TDF pattern application. Additionally, the capture-to-scan window
can be extended with dead-cycles to reduce the potential
impact of IR-drop before test mode resumes.
In general, most of the previously proposed methods
are layout unaware and, as a result, the approaches that
propose low-power pattern sets could still lead to IR-drop
hot-spots and under utilization during test.

1.1. Related Works

1.2. Contribution and Paper Organization

Previous approaches to reduce power during test have
focused on reducing the switching activity during TDF pattern application. The power consumed during test depends
on the switching activity, which is generally characterized
by the number of cells switching or weighted switching
activity (WSA).8–10
A pattern post-processing technique (i.e., pattern validation) to verify TDF patterns that cause excessive IR-drop
was proposed in Ref. [7]. Attempting to address this veriﬁcation in dynamic simulation will force the use of circuit
simulation or mixed-level simulation techniques, which
are expensive in terms of run time. Also, a method of
measuring average power called switching cycle average
power (SCAP) was proposed to produce supply noise tolerant TDF patterns.11 12 SCAP considers both simultaneous
switching and affected long paths. The method requires pattern delay information which may make it computationally
intensive.
Additionally, a vector-based compaction solution to
reduce overkill and power supply noise induced delay has
been proposed in Refs. [13] and [14]. The authors developed a vector-dependent power supply noise analysis solution that models the voltage drop based on the layout of
the chip. The preferred-ﬁll technique attempts to reduce the
Hamming distance between the initialized, launched, and
captured patterns during TDF testing, which would ideally reduce switching activity on the chip.15 16 In Ref. [17],
the authors propose a low-capture-power (LCP) X-ﬁlling
method for assigning 0’s and 1’s to the X-bits in a test
cube so that the number of transitions at the outputs of scan
ﬂip-ﬂops in capture mode for the resulting fully-speciﬁed
test vector is reduced. The authors in Ref. [18] propose
another method, called capture-aware (CA) test cube generation, for deterministically generating test cubes not only
for fault detection but also for capture power reduction. In
Ref. [19], the authors modify fully speciﬁed at-speed test
patterns to reduce switching activity in the circuit. An additional approach has proposed gating the clock to the scan
ﬂip-ﬂops and limiting which chain segments capture.20
Most previously proposed power reduction methods have
focused on power during shift operation either through pattern modiﬁcation or design changes.21–24 However, in this
work, we only focus on launch-to-capture power during
TDF test since a higher percentage of switching activity

In this paper, we propose a transition delay fault pattern
generation procedure that considers the potential excessive
power supply noise that can arise during test. The proposed
procedure:
• monitors the switching gates created by all patterns;
• localizes the switching activity to a particular location
in the layout;
• and compacts the patterns using this information to prevent both IR-drop hot-spots and underutilization during
at-speed test.
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This will allow the pattern set to still detect a high percentage of faults without exceeding the power budget set
by the designer during test. Also, the procedure is easily
integrated into existing DFT ﬂows.
In addition to the work proposed in Ref. [25], we have
extended this work to:
• implement and compare multiple compaction
algorithms;
• improve the threshold checking algorithm to signiﬁcantly reduce the procedure run time;
• present more detailed experimental results;
• and propose a modiﬁed ﬂow for large pattern sets that
are indicative of industrial designs.
The performance improvement and modiﬁed ﬂow
makes applying the proposed procedure towards industrial
designs more feasible.
The paper is organized as follows. In Section 2, we
introduce the importance of considering the layout of the
chip during pattern generation. We present our layoutaware pattern generation ﬂow in Section 3. Section 4 discusses our results and compares them to our previous work
from Ref. [25]. Finally, we make some concluding remarks
in Section 5.

2. SWITCHING LOCALITY
Locality of the switching activity can play as much of
a role as the number of gates switching and the timing
of transitions in determining power supply noise. Suppose
there are two simultaneous transitions after applying a test
pattern to the chip. The transition that occurs in one corner
of the chip may have little impact on the transition occurring in another corner due mainly to the presence of parasitic elements (resistance and capacitance) on supply lines
J. Low Power Electronics 4, 1–12, 2008
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between the two switching gates likely drawing a majority
of their current from the nearest power pads. Traditional
approaches generally consider the global switching activity, which considers switching activity in chip as equally
drawing from all supplies regardless of the proximity to
the power supply. However, with current and future technologies, switching activity on opposite corners or even
a few hundred microns away, can be considered isolated
from one another depending on the PDN. As a result, the
local switching activity or switching activity in the immediate vicinity becomes more signiﬁcant.
Previous approaches to power reduction during TDF
pattern generation have focused on the quantitative and
temporal relation by reducing the overall chip switching
activity induced by the patterns. These approaches have
reduced the global switching activity. While these seem to
be effective approaches at reducing power, they also could
entail a signiﬁcant increase in pattern count. As a trivial example, a pattern that induces switching in multiple
gates will be modiﬁed to only allow a small subset of the
switching activity. If these gates are all located near one
another, it may be wise to change the pattern to reduce the
switching activity. However, if they are evenly distributed
across the chip and likely drawing current from different
power supply pads, the noise induced by one switching
gate may have little effect on the power supply network of
the other switching gates. As a result, the local switching
activity would be very low. Changing the pattern would
result in a loss of coverage, requiring a second pattern to
recover the faults that were omitted from the ﬁrst modiﬁed
pattern. As a result, little is gained in terms of generating
less noise on the power supply network.
Reducing the transitions in the chip too much in a
layout-unaware approach is not the only potential sideeffect of such methods. These approaches can still allow
IR-drop hot-spots in the chip to arise. Although the switching activity in the chip has been reduced to average functional activity (low global switching), the potential for all
of the switching to occur in a centralized area rather than
distributed across the entire chip still remains (high local
switching). This will not only still cause excessive delay
due to IR-drop but also potentially damage the chip due
to the high current demand.
An approach that considers the location of switching
activity in relation to both the power supply network and
other switching gates would avoid both problems. If the
switching activity of a pattern is proﬁled against the layout
during pattern generation, it can be determined if the entire
chip is being effectively exercised and no one location is
being over-tested.

3. OVERVIEW OF PATTERN
GENERATION FLOW
The proposed pattern generation ﬂow can be divided
into four distinct operations: (i) Unﬁlled TDF Pattern
J. Low Power Electronics 4, 1–12, 2008

Fig. 1. The IR-drop tolerant pattern generation ﬂow. The ﬂow utilizes
the physical layout of the design to monitor where switching activity
will occur with each pattern in the transition delay fault pattern set and
compact the patterns to prevent hot-spots and under-utilization of the
chip.

Generation; (ii) Pattern Transition Monitoring; (iii) Layoutaware Proﬁling; and (iv) Compaction. Each of these steps,
including the physical design information needed, are
shown in Figure 1. The overall ﬂow is similar to our solution proposed in Ref. [25]. However, further optimizations
and new threshold checking mechanism during compaction
have been added.
3.1. Unﬁlled TDF Pattern Generation
ATPG is performed on the post-layout gate netlist to create
an initial pattern for TDF detection. A post-layout netlist
is used since layout synthesis may change the gate netlist.
Note that the compaction will be dependent on the physical
location of the gates since it considers switching locality.
In order to improve compaction later in the ﬂow, the ATPG
engine is set to leave don’t-care states unﬁlled.
The ATPG engine is set to leave any don’t-care states
unﬁlled while it is targeting transition delay faults. This
may cause a slight reduction in fault coverage due to missing some faults that may have only been detected incidentally with random patterns, but it will allow for more
effective compaction later in the ﬂow and patterns created
will generally have little to no switching activity except in
the logic cones of the detected fault.
3.2. Pattern Transition Monitoring
After pattern generation, the patterns are analyzed to determine which gates are switching during application of the
3
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3.3. Layout-Aware Proﬁling

Fig. 2. Transition faults detected by patterns are not a good indication
of switching activity. Long fan-out paths that have a lot of switching
may be blocked and transitions at those fault sites would be undetectable
with the given pattern. Simulation must be performed to determine all
switching activity.

transition delay fault patterns. Although it is possible to
use the detected transition delay faults to obtain a broad
idea of switching activity, it does not fully characterize
all switching created by a TDF pattern; including glitches.
As shown in Figure 2, it is possible for multiple fan-out
branches to hold a steady value during test and block the
observation of many toggling gates, the fault list may provide a rough estimate for some patterns but other patterns
may have a signiﬁcant number of transitions that simply
cannot be propagated to an observation point due to such
masking. Therefore, a simulation-based approach must be
used to determine which gates are switching during the
launch-to-capture cycle.
Since this is a simulation-based approach, some manner of retrieving the transition information from the simulator is necessary. A Value-Change Dump (VCD) ﬁle can
be used, but this would be only acceptable for small pattern sets. The Verilog Programming Language Interface
(PLI),26 on the other hand, allows direct access to internal
data while simulating. This eliminates the need for large
VCD ﬁles and the exorbitant post-processing time required
to parse such a large VCD ﬁle, while requiring little additional overhead by the simulator. Our results have shown
that using PLI routines have signiﬁcantly reduced the CPU
run time.
The Verilog PLI subroutines were utilized to monitor
which gates switched during the launch-to-capture cycle.
To determine peak and average power, back-annotated
simulation based on the physical layout is performed to
detect glitches and approximate arrival times.
Since fan-out of a switching gate can affect the current
drawn, the PLI is also used to determine the number of
fan-outs for each switching gate. So, when a transition
occurs, both the gate information and the load from the
fan-outs will be stored as the pattern transition proﬁle set.
With the knowledge of which gates are switching and the
load being drawn, the physical location of the switching
activity is the last piece that must be determined to perform
the compaction.
4

To determine where the switching gates are located, layout information is extracted directly from a DEF (Design
Exchange Format) ﬁle. In addition to the gate placement
information, the power supply network is also extracted.
The network is then used to create the switching matrix
and threshold matrix. Both matrices are two-dimensional
arrays that divide the layout into smaller regions, which
will allow us to determine the local switching activity in
the circuit.
Region or cell granularity in the matrices can vary
depending on the number of power straps/pads/C4 bumps
in the design. In this paper, regions refer to the layout
while cells refer to the respective region in the switching
or threshold matrix. Figure 3 illustrates, how a physical
design can be divided based on the power supply network.
In the example, there are four (4) straps vertically across
the chip, four (4) straps horizontally across the chip, and
power/ground rings around the periphery of the design,
which will correspond to the layout being divided into
thirty-six (36) regions and a threshold matrix and switching matrix with thirty-six cells. Using the straps/rings as
midpoints for each cell in the matrices, the chip will then
be divided into six (6) columns and six (6) rows for a total
of thirty-six (36) cells in both the switching and transition
weight matrices. In cases when there are only straps either
vertically or horizontally, the direction with the straps will
be divided in the same manner as before, while the strapless direction is divided evenly by the same number of
cells as the direction with straps. So, if a design has only
4 vertical straps but no horizontal straps, there will be

Fig. 3. An example of the power grid straps being used to partition the
layout into regions that map to the cells of the switching and threshold
matrices.
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both six (6) columns and rows in the switching matrix and
threshold matrix.
Each pattern will have a respective switching matrix,
which will map the switching activity monitored during
transition monitoring to a region on the layout. The threshold matrix only needs to be created once for each design.
Again, each cell of the matrix will map directly to a region
in the layout and store the switching threshold for that
region. Since the number of tolerable switching gates in
each region is dependent upon the PDN design, the threshold for both average and peak switching will be dependent
upon the PDN design too.
Threshold calculation. The switching threshold for each
region of the layout relies heavily on the maximum tolerable current through a region of the PDN. To reduce
computational complexity, we focus on determining the
maximum allowed peak switching in a cell based on the
number of gates in each cell of the threshold matrix and
the average functional switching deﬁned by designer. This
value will be based on the amount of switching activity
required to create signiﬁcant IR-drop in the cell and cause
performance degradation and functional failure, which we
assume to be approximately 20% switching activity during
functional mode.
To calculate the threshold matrix, the maximum
weighted switching activity (WSAmaxij  for each cell is
calculated using Eq. (1).

WSAmaxij = k + k fk 
(1)
k

Each gate, k, in cell (i j) of the WSAmax matrix will
be dependent on the weight of a switching gate, k , the
number of fan-out of each gate, fk , and the fan-out load
weight, k . Since each cell stores the total weight of all
the gates in a particular region switching, it will be possible to determine a local switching threshold for compaction that is closer to the average functional switching
activity for the region. Assuming a uniform PDN, the cell
with the highest WSAmax will determine the threshold for
all cells of the design since the PDN was designed to
maintain good performance given that cell had maximum
functional switching. This assumption will also allow us
to reduce the number of regions that are checked during
compaction. Since some regions will have a WSAmax less
than the threshold, no matter the applied pattern, the region
cannot experience enough switching that will exceed the
threshold.
Therefore, these cells can be excluded during compaction. With the knowledge of both the physical location
of all the gates in the layout and which gates are switching, including the fan-out load, a proﬁle of the switching
behavior can be generated. This proﬁle for each pattern is
stored in the switching matrix. The rising and falling transitions that were recorded during transition monitoring are
matched to a physical location in the layout and mapped to
J. Low Power Electronics 4, 1–12, 2008

the appropriate cell of the matrix. The transitions and fanouts in each region of the layout are weighted, summed,
and stored in the respective cell of the switching matrix.
The total weight of the transitions occurring at cell (i j)
can be summarized by Eq. (2).

WSAij = Dk k + k fk 
Dk =


 1
 0

k

Transition Occurs

(2)

No Transition

Equation (2) is similar to Eq. (1) except variable Dk is
added to account for rising and falling transitions, that are
caused during application of the unﬁlled TDF patterns and
to exclude any steady-state signals.
After all switching gates and fan-out loads have been
summed and mapped to the switching matrix, a picture
of the current demand for each pattern can be realized.
Figure 4 shows a hypothetical example of a pattern that
has passed through the transition monitoring and layoutaware transition proﬁling stages of the IR-drop tolerant
pattern generation ﬂow. This switching matrix represents
the switching weights of a hypothetical single pattern during the launch-to-capture cycle. Each of these matrices will
be used to determine those patterns that can be compacted
in the following step of the IR-drop tolerant ﬂow.
3.4. Compaction
Conventional pattern compaction does not consider the
location of the switching activity, which could impair
chip performance during test. The proposed layout-aware
compaction algorithm utilizes the switching and threshold
matrices from the previous stage of the ﬂow. This will

Fig. 4. A hypothetical pattern that has been monitored during simulation and mapped into the switching matrix for any transitions occurring
during the launch-to-capture cycle.
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Fig. 5. An example of conventional pattern compaction. Patterns P1 and
P3 both share the same care-bits for compaction to be possible.

generate patterns that prevent hot-spots while also utilizing
the entire chip.
During conventional compaction, test patterns would
generally only be compacted based on the condition of
bit compatibility as shown in Figure 5. In this example,
P1 and P2 cannot be compacted since the 7th bit of the
respective patterns conﬂict. However, P1 and P3 either
have common care-bits in the same bit positions or carebits that is unique to one pattern. This will allow P1 and
P3 to combine without causing any loss in coverage. After
compaction, P’1 becomes the resulting pattern using this
simple compaction method. This manner of compaction
would continue over the entire pattern set.
Although this method may give us the minimum number of patterns for testing, it does not consider the global
nor local switching activity, which can cause excessive
IR-drop occurring over the circuit due to the number of
gates simultaneously switching within the same proximity.
Knowing of the location of each gate in the chip/region,
after identifying the gates switching, we can infer how a
single pattern will affect the current drawn. This data will
be used to moderate the amount of IR-drop, which will be
used to decide whether to compact the patterns or reject it
based on the switching compatibility or number of switching gates allowed in a matrix cell. We refer to this number
as the switching threshold. The switching matrix created
earlier contains the switching information about the pattern
needed for IR-drop aware compaction. The compaction
can be done in such a way so as to keep the switching
gates as evenly distributed as possible without exceeding
the switching threshold.
An example of compaction based on switching compatibility is shown in Figure 6. Assuming a 25% switching
threshold for each cell, patterns P1 and P3 can be combined as their matrices indicate that upon compaction, the
switching activity would still remain below threshold since
moderate to high switching activity created by the two
patterns do not coincide across the chip. Note that upon
compaction, since not all switching activity is necessarily unique to each pattern, there may be some common
transitions created by the two patterns and, as a result,
the combined switching activity is not simply the sum of
switching between the two patterns. Since compaction of
patterns P1 and P3 would not create excess switching, an
6

Fig. 6. The result of compacting two patterns that individually create
switching activity in different corners of the chip. Upon compaction, the
new pattern does not cause the switching activity to exceed the threshold
(25%).

IR-drop hot-spot will not be created and the patterns are
switching compatible.
The example in Figure 7 shows that P’1, which is
obtained by compacting P1 and P3, can be also be compacted with P4 but causes a lot of localized switching
activity, exceeding the user-deﬁned 25% threshold. This
can be seen in the upper-left region of their combined
switching matrix. The excessive switching could put too
much burden on the power supply grid, drawing much
more current than expected during design (may create hotspots) and would not be switching compatible.
During compaction, it is important to note that when
switching matrices are merged, if there is a transition
common to both patterns, it is only counted once. So,
the lower limit of switching activity after compaction is
SWT = SW1 ∪ SW2  − SW1 ∩ SW2 . There is potential
for a small increase in switching activity upon compaction,
including glitches. However, the user-deﬁned threshold can
be set to compensate for the potential increase, but the
likelihood for signiﬁcant increase will be small since the
two patterns either affect different logic cones with little
overlap or the same logic cones with few unique care-bits.
Also, if two patterns create transitions on the same net but
in opposite direction, these patterns will not be switching

Fig. 7. The result of compaction P’1 and P4 has resulted in higher than
threshold switching in the upper half of the design. This compaction
result would be rejected.
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Fig. 8. A ﬂow diagram of the layout-aware compaction algorithm used
to compact the initial pattern set into a new pattern set that is tolerant of
IR-drop by using the switching activity as a metric. (a) Initial division.
(b) Staged compaction and merging.

compatible and more than likely not bit compatible since
care-bits have been set to affect the logic cone differently.
3.4.1. Compaction Algorithm
A summary of the compaction algorithm used to generate
IR-drop tolerant patterns is shown in Figure 8. In addition
to ensuring the patterns can be compacted, it also uses the
pattern switching data, i.e., the switching matrix for each
pattern and threshold matrix, to ensure the newly compacted pattern does not cause local switching to exceed
the switching threshold, preventing hot-spots. At the same
time, it may allow higher-than-average functional switching globally across the chip due to switching locality, preventing under-utilization during test.
The algorithm chooses a pattern and then will attempt to
perform a trial compaction with the next pattern in the set.
This trial compaction will ensure that the next pattern in
the set is a good candidate for compaction before checking
the switching threshold. If it is bit compatible, the algorithm proceeds to checking switching compatibility.
The switching threshold is based on the average functional switching of the design deﬁned by designer. Since
the maximum switching activity for each cell, WSAmaxij ,
is known from the WSAmax matrix, an appropriate threshold can be obtained by using a percentage of the highest
maximum. This maximum can be assumed to be a safe
estimate for all regions since the power supply network is
generally uniformly designed based on the region with the
highest current demand. As two patterns are compacted,
J. Low Power Electronics 4, 1–12, 2008

the sum of unique transitions are added together to create a
new switching matrix for the compacted pattern. Each cell
of the layout matrix of the compacted pattern must meet
one of two criteria. First, compacted patterns cannot cause
any cell of the switching matrix to exceed the switching
threshold of the chip. If the compacted pattern cannot meet
the ﬁrst criteria due to one pattern alone exceeding the
threshold in a cell, then as long as the offending cell does
not experience an increase in switching activity after compaction, the newly compacted pattern passes.
If either the patterns are neither bit nor switching compatible, the pattern original is restored and compaction continues with the next pattern in the set. Trial compaction will
continue with the remainder of the pattern set. Any patterns that successfully pass trial compaction and meet the
threshold criteria are ﬁnalized and used as the new current
pattern. Once the entire pattern set has been exhausted, the
compacted pattern will be placed into the IR-drop tolerant
pattern set and the next unﬁlled TDF pattern will proceed
through the same algorithm. Once the entire pattern set
has been ﬁnalized, the remaining don’t-care states in each
pattern are ﬁlled with zeros since it will not signiﬁcantly
increase the switching activity as much as performing a
random ﬁll on the remaining don’t-care states.
We have implemented our compaction algorithm in three
different ways based on different pattern sorting and the
results are shown in Table I. Column 2 shows the number
of patterns from unﬁlled TDF pattern generation. Columns
3–5 show the results of compacting the pattern set in-order,
reverse-order, and reverse-order after sorting based on
number of don’t-care states in the pattern. As the table
shows, each of these compaction techniques are able to
generate a compacted pattern set with approximately the
same compaction ratio. Since the unsorted, reverse-order
compaction yields a better result for the larger benchmarks, we will use it during compaction when incorporating the threshold calculation. As will be shown in Section 4,
especially for the larger benchmarks, we will be able to
approach the ratios shown in Column 4 of Table I, so more
complex compaction algorithms may not be needed as they
may increase run time signiﬁcantly.27
Table I. Comparison of various compaction techniques w/o considering
switching compatibility.
Compaction technique

Benchmarks
s9234
s13207
s15850
s35932
s38584
s38417

Uncompacted
pattern
count

Unsorted
in-order
(%)

Unsorted
reverse
order (%)

X-sorted
reverseorder (%)

1068
2125
2532
6010
10023
12082

72.3
92.9
93.7
99.4
92.7
96.0

71.9
93.8
94.0
99.5
93.1
96.3

70.9
93.6
93.2
99.4
92.7
96.0
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(a) Initial division

The compaction performance will vary depending on the
value set for the threshold. The lower the threshold set,
the more patterns that will have to be compacted in later
compaction rounds. As a result, if the threshold is set low
enough that no two patterns will be switching compatible
or no two patterns are bit compatible, the worst possible
performance would be O(n2) since a comparison of each
pattern with all other patterns would have to be made.
However, each round will remove several patterns from
the unﬁlled TDF pattern set and fewer comparisons will
need to be made in later rounds. As a result, the average
performance will be O(n log n).
3.5. Application to Large Pattern Sets and
Industrial Designs
For industrial designs, the base TDF pattern generation
step of the proposed ﬂow will likely generate a very large
pattern set due to the low coverage each pattern individually generates since such each pattern will likely have
a high percentage of bits left unﬁlled. Even with access
to high-powered computers with a lot of memory, which
would be available to those in industry, simulating and
monitoring the test pattern set in a single pass is not
possible.
In order to avoid this computing limitation, dividing the
pattern set into subsets and continuing the ﬂow in consecutive passes would eventually compact all patterns together
as shown in Figure 9. First the pattern set with M-patterns,
where M is very large, is divided into subsets of M/Kpatterns each, where K divides the unﬁlled TDF pattern set
based on available computing resources. Each subset then
passes through the remainder of the proposed ﬂow (Pattern Transition Monitoring, Layout-Aware Proﬁling, and
Layout-Aware Compaction) creating as many power supply noise tolerant (PSNT) pattern subsets as shown in
Figure 9(a). The PSNT subsets then can be combined and
passed through the ﬂow again for further layout-aware
compaction as shown in Figure 9(b). At most, the ﬂow will
have log2 K + 1 stages to compact the entire pattern set.
Although this divide-and-conquer strategy for large pattern sets will make the ﬂow more manageable when faced
with limited computing resources, there is a potential
reduction in the compaction ratio. Without switching compatibility, when K = 4, the compaction ratio for the pattern
set of s38417 drops slightly from 96.3% to 95.7%. However, this technique affords the opportunity for parallelism
of the layout-aware ﬂow, since each pattern subset can
be processed separately. Assuming each compaction stage
can be run in parallel when K = 4, compaction run time
without switching compatibility will decrease by 70%. So,
there will be a signiﬁcant speed increase with little compromise in compaction ratio.
8

(b) Staged compaction and merging

Fig. 9. A divide-and-conquer approach for large pattern sets created
during Unﬁlled TDF Pattern Generation for industrial designs. (a) The
initial division of the pattern set in to K-subsets. (b) Compaction and
merging of subsets, which will require log2 K stages to merge into
the ﬁnal supply noise tolerant pattern set. (a) 20% WSAmax Threshold,
(b) 25% WSAmax Threshold, (c) 30% WSAmax Threshold.

4. EXPERIMENTAL RESULTS
We ran our proposed IR-drop tolerant, layout-aware pattern generation ﬂow on a Linux-based x86 architecture
with 3-GHz processors and 32 GB of RAM. Each of the
J. Low Power Electronics 4, 1–12, 2008
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Table II. Identiﬁed high-switching cells.

Benchmarks
s9234
s13207
s15850
s35932
s38584
s38417

Table IV.

CPU run time.

# of identiﬁed highswitching cells

# of
straps (n)

Matrix size
n + 2 × n + 2

20%

25%

30%

5
5
5
5
5
6

49
49
49
49
49
64

33
35
40
40
49
62

28
33
39
36
49
57

26
24
36
35
46
52

synthesis steps and unﬁlled pattern generation were implemented with commercially available tools widely used in
industry. The Verilog PLI calls and ﬁnal two phases of the
pattern generation ﬂow, layout-aware proﬁling and compaction, were all integrated and implemented in C.
The improved ﬂow, including low-switching cell exclusion, was implemented on the largest ISCAS’89 benchmarks, which are listed in Column 1 of Table II. The PDN
generated after physical synthesis was used to divide the
layout into cells for the switching and threshold matrices.
Due to the relatively small size of the benchmarks, only
vertical straps were used. The number of straps used is
shown in Column 2 along with the number of cells created, in Column 3, with respect to the number of straps.
The number of cells kept after low-switching cell exclusion have been listed for 20%, 25%, and 30% thresholds
are shown in Columns 4–6. This shows the number of
cells that are checked during each compaction round. As
the threshold increases, the number of cells with WSAmax
above the threshold decreases, which partially contributes
to run time reduction.
Table III reports the size comparison between a random
TDF pattern set and the post-layout-aware compaction set.
Columns 2 and 3 show the number of random-ﬁlled and
unﬁlled TDF patterns generated, respectively. Column 4
has the average percentage of don’t-care bits for each
unﬁlled pattern set. In Columns 5–7, the compaction ratio
while considering threshold are shown for 20%, 25%, and
30%. Column 8 shows the compaction ratio without considering switching compatibility. Finally, as a value for
comparison, Column 9 reports the size difference between
the random and unﬁlled TDF pattern sets.

Compaction time
Previous25
Benchmarks
s9234
s13207
s15850
s35932
s38584
s38417

20%

25%

Current
30%

146 s
138 s
96 s
184 s
194 s
168 s
370 s
275 s
215 s
786 s
728 s
727 s
1 hr 54 min 1 hr 49 min 1 hr 47 min
4 hr 37 min 2 hr 1 min 1 hr 40 min

20%
19 s
31 s
46 s
92 s
928 s
2127 s

25% 30%
11 s
17 s
23 s
72 s
714 s
949 s

9s
12 s
15 s
58 s
694 s
722 s

As the threshold is increased, more patterns are switching compatible and the compaction ratio increases, reducing the post-compaction pattern set size. In a majority of
the cases, a 30% threshold brought the compaction ratio
very close to the upper-limit ratio. This can be attributed
to a combination of the high average value of don’t-care
states and relatively low switching created by the unﬁlled
TDF pattern sets. Comparing the post-layout-aware compaction ratios with the size comparison in Column 9 of
Table III, for a majority of the benchmarks, even with
a threshold of 20%, the ratios are within 5%. So, even
though the unﬁlled pattern set started off much larger than
the random TDF pattern set, after compaction, the layoutaware, IR-drop tolerant pattern generation ﬂow does not
signiﬁcantly increase the pattern count in an effort to prevent high localized switching. As a result, pattern inﬂation
is contained while maintaining tolerable IR-drop levels.
Benchmark s9234 represents an exception in terms of
reaching the upper-limit ratio and the random TDF ratio.
This is likely due to the fairly small size of the circuit
and the robust PDN designed for it. Since there were so
many straps, each region was divided to include a relatively small number of gates. So, although the thresholds
used were 20–30%, due to the existing network, a higher
threshold possibly would have been tolerated.
Table IV shows the layout-aware compaction run times
for the three different WSAmax thresholds of the current
method compared to the compaction run time presented
in Ref. [25]. While there was improvement in run time,
there was little difference between the compaction ratios
of Ref. [25] and the results shown in Table III. Columns
2–4 show the compaction run times of our previous
algorithm and the current compaction run times as listed

Table III. Comparison of layout-aware, IR-drop tolerant pattern generation and random ﬁll TDF.

Benchmarks
s9234
s13207
s15850
s35932
s38584
s38417

Compaction ratio

Random ﬁll TDF
pattern count

Unﬁlled TDF
pattern count

% of X’s

20%

25%

30%

Compaction ratio
upper limit

Random to unﬁlled
ratio (1 − R/U)

165
132
118
40
202
276

1068
2125
2532
6010
10023
12082

85.5
98.3
97.4
99.5
98.9
98.8

.519
.908
.905
.992
.927
.946

.597
.923
.936
.994
.930
.958

.653
.926
.940
.995
.930
.962

.719
.938
.940
.995
.931
.963

.846
.938
.953
.993
.980
.977
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in Columns 5–7. When comparing the run times, as the
threshold value increases, compaction run time decreases.
This can be attributed to more patterns being compacted in
earlier iterations, leaving fewer patterns to check later.
(a) 20% WSAmax threshold

Lee and Tehranipoor

In addition to low-switching cell exclusion, further program
optimizations were made, which signiﬁcantly beneﬁted
compaction time. The worst case compaction run time for
s38417 has now been reduced to about 30 minutes from
what was over 4 hours earlier. The overall compaction run
time depends on the pattern set size, threshold value, and
number of cells not excluded from the switching matrix.
Since the layout-aware compaction run time decreases
as threshold decreases, compaction becomes a smaller
fraction of the overall ﬂow run time since transition monitoring and proﬁling is essentially a constant in the overall
ﬂow run time. Figure 10 breaks down the pattern generation ﬂow run time by compaction time and simulation
(transition monitoring) and layout proﬁling. The percentage of time for layout-aware compaction on s35932 for a
30% threshold in Figure 10(c) is clearly less than the percentage of time for the 20% threshold in Figure 10(a) and
the 25% threshold in Figure 10(b).
4.1. Effects on Fault Coverage

(b) 25% WSAmax threshold

(c) 30% WSAmax threshold

Fault coverage of the proposed pattern generation ﬂow is
not signiﬁcantly affected. Table V shows the results of conventional random-ﬁll TDF ATPG in Column 2, the unﬁlled
TDF ATPG used as the initial pattern set in Column 3, and
the fault simulation results of the IR-drop tolerant patterns
in Columns 4–6.
When comparing the results of the fault simulation of the
IR-drop tolerant patterns against the pre-compacted pattern
set, fault coverage slightly increases due to the zero-ﬁll of
any remaining don’t-care bits and some additional faults
that are now observable due to the compaction itself. However, for most of the benchmarks, there is not a signiﬁcant
increase of fault coverage from the pre-compaction pattern
set to the post-compaction pattern sets. This can imply that
the switching activity was not increased since we are not
randomly detecting many new faults.
Although the fault coverage for the layout-aware pattern
sets is lower than the random TDF pattern set, four of
the layout-aware sets retain coverage within 1% of the
respective random pattern set while a ﬁfth set is within
4% of its respective randomly generated pattern set. This
demonstrates the utility of the layout-aware ﬂow in both
Table V. Comparison of random-ﬁll TDF pattern and layout-aware
IR-drop tolerant pattern fault coverage.

Benchmark

Fig. 10. Bar graphs representing the overall IR-drop tolerant, layoutaware TDF pattern generation ﬂow divided into fractions of time
taken for layout-aware compaction and time to perform simulation and
proﬁling.
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s9234
s13207
s15850
s35932
s38584
s38417

Post-compact.
fault coverage (%)

Random TDF
fault cov. (%)

Pre-compact.
fault cov. (%)

20%

25%

30%

86.20
78.69
70.45
81.96
79.11
97.27

84.70
69.80
68.80
81.04
78.30
92.60

85.78
70.93
69.69
81.23
78.63
94.19

85.78
70.92
69.61
81.27
78.65
94.18

85.78
71.01
69.61
81.26
78.67
94.21
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obtaining adequate fault coverage while also maintaining
IR-drop within acceptable levels. However, s13207 shows
that the coverage obtained by the post-compacted set can
only reach a little higher than the coverage of the precompacted set.

5. CONCLUSIONS
We have introduced our novel layout-aware, IR-drop tolerant transition delay fault pattern generation ﬂow. The
ﬂow targets even distribution of switching activity across
the entire design to avoid IR-drop hot-spots and underutilization during test. We have been able to greatly
improve the performance of the ﬂow by targeting only
those regions that have a possibility of exceeding the
user-deﬁned WSA threshold, while safely ignoring those
regions that fall below the threshold. The ﬂow is ﬂexible and can be easily integrated in to existing DFT ﬂows,
which eases adoption.
The results show that the ﬂow is able to generate pattern
sets with pattern counts close to that of conventional TDF
pattern generation with random ﬁlling. Also, the fault coverage of the layout-aware, IR-drop tolerant sets approaches
that of the random-ﬁlled sets. The impact on pattern generation run time is ﬂexible and dependent upon the userdeﬁned threshold.
Future directions for this work include considering
ground bounce (L di/dt effects) as inductance becomes a
more signiﬁcant issue in the PDNs of new technologies.
Also, application to larger benchmarks and industrial-sized
designs will be investigated. Since the presented ﬂow relies
heavily on don’t-care bits, it is not compatible with compression tools that make use of those care bits to reduce
pattern count. Further research must be done to determine
appropriate use of the ﬂow when compression techniques
are utilized in the design during test.
Acknowledgments: This work was supported in part
by Semiconductor Research Corporation under contracts
No. 1455 and 1587 and National Science Foundation grant
CCF-0811632.
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