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Abstract

It is a well-known phenomenon that test power
consumption may exceed that of functional operation.
ICs have been observed to fail at specified minimum
operating voltages during structured at-speed testing
while passing all other forms of test. Methods exist to
reduce power without dramatically increasing pattern
volume for a given coverage. We present case study
information on ATPG- and DFT-based solutions for
test power reduction.

1 Introduction

In recent years structural (mostly scan-based)
tests have come to be the dominant mechanism for
volume IC manufacturing. At first, low-speed scan
tests measured against the stuck-at coverage metric
were considered adequate. But, in recent technolo-
gies, at-speed test has become a requirement in order
to maintain sufficient levels of outgoing quality [1]-[8].

Adding at-speed structural tests to the standard
suite of production tests presents an array of new
problems. What are the design for test (DFT) re-
quirements that must be met in order to be able to
generate high quality at-speed scan tests? What are
the tester limitations that must be comprehended? If
low cost testers are to be used, what additional con-
straints do they place on the problem? Many of the
practical issues associated with structural at-speed
tests were addressed by the authors and others in re-
cent publications [7], [9]-[14].

One of these new problems is associated with
switching power consumption during test. It is well-
known that power consumption during the test mode
of operation can exceed that during normal functional
or “mission mode” operation [15], [8]. This fact is true
even for relatively slow speed scan operation. In the
case of structural at-speed testing such as for tran-
sition or path delay faults, power consumption is a
concern not only from the standpoint of scan shifting
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but also for the high speed capture operation. Very
high power demands during test can cause unneces-
sary yield loss as well as exacerbate already trouble-
some issues associated with IR-drop and crosstalk [8].
Excessive power consumption can also induce unac-
ceptably high stress-related failures.

Excessive switching power consumption during
test can be tackled in multiple ways. Test pat-
terns can be generated to reduce switching activity
while possibly increasing pattern volume [16]-[18], [8].
Power grid design can be made to comprehend in-
creased test power demands. Logical DFT techniques
can be devised to reduce power; these typically involve
clock gating or design partitioning. A prior publica-
tion gives a longer list of references in this area [15].

In this paper, we will begin by presenting pattern
generation approaches to minimize power consump-
tion that would be used if power-related problems
were discovered after design completion. We inves-
tigate various heuristics for modifying test content to
address power concerns. These techniques require no
modifications to the basic design nor its test logic.
We compare the heuristics in terms of the amount of
switching reduction, and also the increase in pattern
volume and decrease in coverage for a given fault cov-
erage figure of merit.

We will then present a DFT approach based on
partitioning a module-based design to reduce overall
power consumption in the design. The advantage of
this approach is that it is very simple to implement
and does not involve clock gating as in previous ap-
proaches [15]. For both power reduction approaches,
we provide case study data from their application to
actual production devices implemented in a .13 mi-
cron ASIC library.

2 Power Consumption During Test

In order to analyze power consumption during
test, it is best to break test operation into its two
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sub-functions, scan shift and scan capture. During
scan shifting, due to the large amount of simultane-
ous switching, power consumption can be excessive.
Power can be kept in check by reducing shift frequency
or by modifying the scan architecture in any of a num-
ber of different ways, a few examples of which we cite
here [15], [19]-[21]. Scan power problems can also be
mitigated by modifying the content of the patterns
themselves, which will be the subject of this portion
of the paper.

During scan capture, especially at high speed,
new problems become apparent. IR-drop and
crosstalk effects which would normally not be ob-
served at low speed suddenly materialize [8]. Also,
due to the high demands on the clock tree during the
high speed captures, unintentional wave shaping and
cycle stretching may occur on the clock pulses, with
the net effect of either slowing the effective clock fre-
quency [22] or suppressing the clock pulse(s) entirely.
To solve this latter problem, it is possible to intro-
duce clock gating to minimize the amount of logic
switching during the capture cycle. However, doing
so complicates timing closure and is thus undesirable.

Just as in the case of scan shift, pattern content
can be modified in such a way as to minimize simul-
taneous switching, and thus power consumption, dur-
ing scan capture events. Previous work by the au-
thors in investigating IR-drop and crosstalk showed
that if most of the scan-in data were made the same,
e.g., all 0’s or all 1’s, but particularly all 0’s, then
the post-capture data is often similar, thus suggesting
that switching activity had been reduced. Power sim-
ulations performed in the authors’ earlier work cor-
roborated this hypothesis. This procedure has been
referred to by others as “pattern scrubbing” [23] and
similar ideas have appeared in earlier work [16]—[18].
Depending on the exact procedure used, reductions
occur during scan shift as well as scan capture. The
difficulty lies in identifying which bits to modify, and
doing it while minimizing any other effects.

It is risky, however, to assume that modifying
pattern content will be an adequate solution in ev-
ery case. It could be such that power consumption
is so high that pattern modifications will be excessive
and thus pattern volume high as well. Or, it could be
that there is a great deal of variation in the amount
of bits to be modified across the span of patterns in
the test set, which will be discussed in the following
section. In such cases, it is better to estimate power
early in the design cycle, and plan and implement a
design for test approach that maintains an acceptable
level of switching activity while minimizing overall de-
sign impact. We will discuss such an approach later
in this paper.
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3 Power Reduction by Pattern Modi-
fication

The approach presented in this section discusses
different options to create patterns that cause reduced
switching activity. No additional DFT features are
required to implement this solution.

3.1 Don’t Care Bits
Scan Patterns

in Deterministic

One obvious place to look for bits to “unify” in
the pattern data is the so-called “don’t care bits”.
When a deterministic test pattern is generated, the
automatic test pattern generation (ATPG) algorithm
will place ‘0’ and ‘1’ values on scan cells and device
pins as required to create test patterns for the tar-
geted faults. These values are sometimes referred to
as the “care bits”. When dynamic compaction tech-
niques are applied, multiple faults are targeted in a
single test generation session, and the number of care
bits increases. Scan cells and device pins not assigned
as part of deterministic pattern creation are referred
to as the “don’t care bits”.

In conventional ATPG, the don’t care bits are
filled in randomly, and then the resulting completely-
specified pattern is simulated to confirm detection of
all targeted faults and to measure the amount of “for-
tuitous detection” - Faults which were not explicitly
targeted during pattern generation but were detected
anyway. Clearly, it is desirable to maintain a rate
of fortuitous detections that is as high as possible,
though the rate naturally drops off as test generation
proceeds, the coverage increases, and the remaining
faults become increasingly random-pattern-resistant
(harder to detect).

It is interesting, though somewhat non-intuitive,
to note that the fraction of don’t care bits in a given
pattern is nearly always a very large fraction of the to-
tal available bits [24]. This observation remains true
despite the application of state-of-the-art dynamic
and static test pattern compaction techniques. These
arguments apply to various types of target faults, in-
cluding for example stuck-at and transition faults.
However, it is conjectured that the average rate for
don’t care bits in deterministic patterns would in gen-
eral be higher for transition faults than for stuck-at
faults due to the increased difficulty of dynamic com-
paction in transition fault test generation, at least
when launch-from-capture (sequential) test genera-
tion is used for the latter.

Figures 1 and 2 examine the properties of care
bits for one of the modules used in this study. De-
terministic ATPG was applied to the design using a



commercial tool. Launch-from-capture patterns were
generated, with the further restrictions of a common
clock pin for launch and capture, masked primary out-
puts, and constant-per-pattern primary inputs - The
same low-cost-tester-compatible constraints proposed
in an earlier publication [7]. However, the tool was in-
structed not to randomly fill in the don’t care values
so that they could be counted.
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Figure 1: A histogram of the fraction of care bits in

deterministic scan patterns for Module M.

Figure 1 shows the proportions of the entire pat-
tern set with 1% or fewer care bits, 1-2%, and so
forth. It is clear that the vast majority of patterns
have very few care bits. Figure 2 shows good agree-
ment with Wohl et. al that the first few patterns have
larger fractions of care bits, but the numbers of care
bits rapidly decline as ATPG progresses [24].
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Figure 2: A plot of the fraction of care bits in deter-
ministic scan patterns as a function of pattern number
for Module M.

The presence of this significant fraction of don’t
care bits presents an opportunity that can be ex-
ploited for power minimization. We address that fact
in the following sections.

3.2 Low Power ATPG Fill Data

Since the rate of don’t care values in deterministic
patterns is typically high, perhaps one may consider
other techniques besides pseudo-random for filling in
the don’t care bits. And it follows that differing tech-
niques will result in patterns with differing properties,
as measured by several important metrics:

e Pattern volume
e Fault coverage
e Power consumption (both shift and capture)

Pattern volume is impacted because poor choices
for fill data can limit the number of fortuitous de-
tections. Having fewer fortuitous detections per pat-
tern naturally causes the overall pattern volume to
increase. Fault coverage can similarly be impacted -
If the pattern volume increases to the point that pat-
terns must be truncated on the tester, then the real-
izable coverage may be limited. Furthermore, it could
be the case that hard-to-detect faults that might have
been fortuitously detected with random fill data are
aborted when they must be targeted for deterministic
pattern generation when non-random filling is used,
thus lowering the final coverage figure even when no
truncation is done.

Finally, it has been shown that certain non-
random fill schemes can minimize power [16]-[18],
[23]. As mentioned previously, the authors’ prior work
showed that constant fill data tended to dramatically
reduce switching activity and power, especially when
the number of care bits was very small, and that power
consumption tended to track well with the number of
don’t care bits filled randomly [8].

It is of course the goal of this work to minimize
power consumption and pattern volume while at the
same time maximizing fault coverage. We explore var-
ious heuristics for fill data generation which attempt
to perform this optimization.

3.3 Experimental Process

This work was an outgrowth of manufacturing sit-
uations where power problems were observed during
scan-based at-speed testing. For the same devices,
stuck-at testing did not manifest any power-related
issues. Furthermore, pattern volume is typically far
more troublesome for transition tests than it is for
stuck-at, even if the stuck-at coverage exceeds the
transition coverage by 20% or more. So, all of the
results presented hereafter will be given for launch-
from-capture transition tests only.
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In order to explore various fill heuristics, it was
desired to produce results on industrial circuits, and
to do so using existing commercial ATPG setups. Un-
fortunately, at the time this work was done, neither
of the two commercial ATPG tools to which we had
access had all of the features necessary to complete
the analysis. So, the resulting experimental flow was
as follows:

1. Generate conventional transition patterns for the
target device to provide baseline metrics.

2. Generate transition patterns in ATPG Tool ‘A’
where the tool is not allowed to fill in the don’t
care bits (they are left as ‘X’). Write out these
unfilled patterns in a format that can be read
back into ATPG later.

3. Post-process the patterns using varying heuristics
to produce the fill data.

4. Read the patterns into ATPG Tool ‘B’. Perform
fault simulation and static compaction to find the
final pattern volume and coverage.

Logic simulation was used to measure switching
activity, but the run time to simulate all the pat-
terns across multiple fill heuristics was prohibitive.
Therefore, a simpler metric was implemented to esti-
mate the overall impact of the various fill techniques.
In each case, the post-static-compaction pattern files
were read by a script which would compare the scan-
in and scan-out data in each scan cell. If the scan-in
and scan-out data differed, it was known that capture
clocking must have caused the scan cell to switch at
least once. If the data were the same, no determina-
tion could be made. In this way, a lower bound could
be placed on the number of scan cells switching dur-
ing the capture operation. Comparisons of the lower
bounds across differing heuristics allows one to assess
the relative merits of each one.

Note that this metric provides no information
about switching activity during scan shifting. How-
ever, our experiences have been that problems are far
more likely to arise during capture than shift due to
the higher frequency of the capture cycles, and thus
our focus for this work is limited to only the cap-
ture cycles. We should note that we have since added
more conventional power measurements which will be
described in a later section.

3.4 Modified Pattern Results

The data presented below was collected using two
modules that are components of a larger ASIC de-
sign. Module D is comprised of approximately 600K
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2-input NAND equivalent gates, and Module M is ap-
proximately 800K gates. The ASIC is implemented in
TI's SR40 (130 nm) ASIC library. Module M has a
single clock and eight scan chains of length 2970 scan
cells. Module D has three clocks and eight scan chains
of length 3271 scan cells. ATPG was performed us-
ing all of the constraints for compatibility with low
cost test equipment as set forth in a prior publication
[7]. Both netlists are the versions that existed prior to
physical optimization and clock tree synthesis so that
the switching properties of the logic can be examined
separately from the clock tree. In the case of Module
D, the three clocks were made equivalent so that all
captures were occur simultaneously on all portions of
the logic. This modification was again done to permit
study of the logic’s properties as a unit, and to avoid
the difficulties of having to perform multiple observa-
tions on each clock domain separately.

In the results below, the “fill adjacent” technique
will recur several times. It therefore merits explana-
tion [25]. This random fill heuristic uses information
about the care bits to fill in values for the don’t care
bits, but this is done on a care-bit-by-care-bit basis,
working left to right (chain order of scan-out to scan-
in in most pattern formats). When applying the fill
adjacent heuristic, the most recent care bit value is
used to replace each ‘X’ value. When a new care bit
is encountered, it’s value will be used for the adjacent
X’s. This technique is very similar to the “MT-Fill”
technique of Sankaralingam et. al [18].

So, for example, consider a simple scan pattern
that looks like the following: 0XXX0XX1XX0XX. If
we apply the fill adjacent heuristic, the resulting filled
pattern would be 0000000111000. This is a “com-
plete” fill adjacent application in that all of the X’s
were filled in according to the heuristic.

Descriptions of each of the heuristics are given in
Table 1. The initial experimental results are given in
Tables 2 and 3 below. The leftmost column names
the heuristic used to generate the fill data.

The coverages are simply transition fault cover-
ages of the modules. The “Volume” column is the
pattern volume required to reach the fault coverage
figure in the preceding column. The “Increase” col-
umn gives the ratio of pattern volume to the “Baseline
A” pattern volume. The “inzout” column gives the
fraction of scan cells for which the scan-in and scan-
out data differ. As stated previously, this is a lower
bound on the number of scan cells switching during
the capture cycles, which is a crude measure of overall
switching activity.

Finally, the “%switch” columns are a more direct
measure of switching activity. The technique is very
similar to that reported in an earlier publication by



Baseline | Unmodified ATPG run to determine
A baseline pattern volume and coverage
using ATPG Tool ‘A’.

Don’t ATPG Tool ‘A’ results in which the
care ‘X’ | tool leaves all don’t care bits as ‘X’.
Such patterns would not be used in
production testing and are given for
information purposes only.
Don’t ATPG Tool ‘A’ results in which the
care ‘0’ | tool sets all don’t care bits to ‘0’.
Don’t ATPG Tool ‘A’ results in which the
care ‘1’ | tool sets all don’t care bits to ‘1’.
1000 ‘0’, | Post-compaction results where ‘X’
1000 ‘1’, | values are filled with all 0’s in the first
repeat 1000 patterns, then all 1’s in the next
1000, then all 0’s again, and so forth.
Rand. 4 | Post-compaction results where, for
chns, all | each pattern, 4 chains are selected

‘1 randomly and filled with all 1’s, and
the remaining 4 are filled randomly.

Rand. 4 | Post-compaction results where, for

chns, each pattern, 4 chains are selected

Fill adj. | randomly and filled using complete

comp. fill adjacent, and the remaining 4 are
filled randomly.

Fill adj. | Post-compaction results where all

comp. chains are filled using complete fill

adjacent.

Table 1: A table containing descriptions of heuristics
for filling don’t care values in scan tests.

the authors [8]. For the data in the “%switch 1K” col-
umn, three patterns were selected from within the first
one thousand patterns from the sets of patterns for
each of the fill heuristics (the highest switching activ-
ity is likely in the earlier patterns based on Wohl et. al
[24] and the data in Figure 2). Zero-delay parallel-
load scan simulations (with the capture cycle preceded
by the simulation of five shift cycles) were performed
for the samples in a commercial logic simulation tool,
and the simulator was instructed to output files which
give the toggle counts for each of the cells in the design
for the time period beginning just before the launch
clock pulse and continuing until just before the cap-
ture clock pulse. This procedure gives the fraction of
gates switching during that critical launch-to-capture
cycle. The averages of those samples were calculated
and reported in the “%switch 1K” column. It should
be noted however, that the simulator is not able to
count X-to-0, X-to-1, 1-to-X, and 0-to-X events, so
the Don’t care ‘X’ number will be lower than it would

actually be on silicon and there are similar, but much
smaller errors in the other numbers. The “%switch
all” column is similar to the “%switch 1K” column,
except that it represents averages of samples of eleven
patterns evenly distributed across the length of each
respective pattern sets to provide views of the overall
switching activity for the pattern sets.

Some time after this study was first completed,
one commercial tool became available which per-
mits fill adjacent pattern filling while simultaneously
supporting dynamic compaction of patterns. When
run against these same designs, we observed similar
amounts of switching reduction, but also some reduc-
tions in overall pattern volume. These results are
included, but it should be noted that we are com-
paring fill adjacent results arrived at with (superior)
dynamic compaction versus the other results, which
arise only from static compaction. If the other fill
heuristics could be applied while dynamic compaction
were used, the resulting pattern volumes would be ex-
pected to decrease from what are reported here.

Using these two design modules as examples, the
data seems to indicate that the fill adjacent technique
does an excellent job of lowering overall switching ac-
tivity while still maintaining a reasonably low pat-
tern volume. It should be noted that, in all cases,
when fill data is non-random, the final coverage num-
ber degrades. The drop in coverage is doubly trou-
bling since it means that some true defect coverage is
also lost due to the lowered likelihood of “fortuitous
detections” (e. g., transition patterns detecting non-
explicitly-modeled delay defects). Depending on the
amount of coverage loss, this trade-off for coverage
versus power may be unattractive.

Finally, this work has focused only on conven-
tional deterministic ATPG. However, there are a vari-
ety of ATPG-like solutions which exploit the availabil-
ity of don’t care bits to permit on-chip hardware com-
pression of otherwise deterministic patterns. It seems
likely that the fill heuristics proposed here would not
map directly into any of these applications. However,
it is conjectured that the on-chip compressors could
be modified to generate fill data which simultaneously
compresses the data stream and reduces switching
power somewhat. The remainder of the of the paper
now addresses power reduction via design.

4 Power Reduction via Design Parti-
tioning

In this section, a DFT technique will be presented
that reduces switching activity in portions of the cir-
cuit not being tested. We will illustrate the technique
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| Fill heuristic | Covg. | Volume | Increase | %switch 1K | %switch all | in#out
Baseline A 77.26% 6825 N/A 17.34% 10.37% | 34.05%
Don’t care ‘X’ 76.38% 10874 1.59 6.34% 1.71% | 4.38%
Don’t care ‘0’ 72.00% 10015 1.47 11.01% 3.42% | 2.04%
Don’t care ‘1’ 74.50% 9228 1.35 17.04% 9.58% | 27.13%
1000 0, 1000 1, repeat 73.83% 9220 1.35 12.28% 4.45% | 13.11%
Rand. 4 chns, all ‘1’ 76.35% 7174 1.05 19.60% 12.79% | 34.35%
Rand. 4 chns, Fill adj. comp. | 76.56% 6893 1.01 15.45% 8.15% | 19.48%
Fill adj. comp. 77.10% 5740 0.84 14.58% 6.99% | 22.43%

Table 2: A table comparing fault coverage, pattern volume, and switching activity for transition patterns with

varying fill heuristics for Module D.

| Fill heuristic | Covg. | Volume | Increase | %switch 1K | %switch all | in#out |
Baseline A 92.13% 2261 N/A 26.26% 24.98% | 37.60%
Don’t care ‘X’ 91.89% 6140 2.72 11.02% 3.00% | 30.89%
Don’t care ‘0’ 91.89% 5689 2.52 18.53% 3.88% | 4.35%
Don’t care ‘1’ 92.04% 5602 2.48 26.27% 10.48% | 26.48%
1000 0, 1000 1, repeat 92.04% 5453 2.41 17.73% 8.04% | 15.68%
Rand. 4 chns, all ‘1’ 92.20% 3809 1.68 24.86% 20.19% | 30.64%
Rand. 4 chns, Fill adj. comp. | 92.20% 3291 1.46 21.64% 18.01% | 26.00%
Fill adj. comp. 92.04% 2212 0.98 17.13% 11.18% | 27.36%

Table 3: A table comparing fault coverage, pattern volume, and switching activity for transition patterns with

varying fill heuristics for Module M.

diagramatically and give results from its implementa-
tion on a recent ASIC design.

4.1 Module-based Designs

It is common for large ASIC designs to be sub-
divided into modules to enable a hierarchical ATPG
strategy. Figure 3 depicts one such partitioning.

Scan pins are shared between scan chains belong-
ing to different cores or modules as shown in Figure
3. Scan chain A belongs to Module A and scan chain
B to Module B. The signal scan_in is the scan input
signal connected to both scan chain inputs. The sig-
nal scan_out is the scan output signal for both chains
and is driven either by chain A or B depending on the
value of the “select” signal. This configuration can be
generalized to multiple chains per core or module.

Power consumption can be high even if cores
are tested independently due to the fact that the
shared scan configuration causes scan data as well
clock pulses to be sent to all modules, including those
not under test. Clock gating to turn off the clocks of
the modules not being tested is one possible solution,
but may not be preferred due to added complexity,
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such as in clock tree synthesis and/or timing closure
flows.

The technique described in this paper provides
a method of reducing power consumption in designs
with shared scan configuration without adding any
clock gating circuitry [26]. The technique relies on
providing constant data to scan inputs of chains not
used in testing by adding muxes and tie logic to
scan inputs of all chains as shown in Figure 4. It
includes logic to ensure all modules other than the
module being tested are always in scan shift mode
(scan_enable=1) to avoid capturing arbitrary data
that overwrites the otherwise constant data being
scanned in. The design changes required to permit
this mode of operation are shown in Figure 4.

When “select” is 0, Module A in Figure 4 is ready
to be tested, scan chain A in Module A is selected,
while scan chain B in Module B is setup to receive a
constant ‘0’ data. During the shift of scan chain A,
the clock of Module B is not gated off, but because
of the constant input at the scan in of chain B, signal
transitions in the circuit are minimized thus reduc-
ing power. This condition requires Module B not to



Module A

scan_in

scan_enable

scan_out

select

Figure 3: A diagram illustrating the hierarchical scan
implementation.

capture from the combinational logic when the cap-
ture clock is applied to Module A with scan_enable=0.
The scan_enable of Module B has to be maintained at
a ‘1’ value when “select” is 0 to achieve this behavior.

When “select” is 1, Module B is tested using scan
chain B, while the input to scan chain A is held con-
stant thus reducing power. The scan-out path is not
affected - When “select” is 0, Module A is scanned
out, else Module B is scanned out. This example can
be generalized to designs that use multiple scan chains
to test each core or module.

It should be noted that, for most practical design
situations, the coverages achievable in a modular test
approach may be deemed insufficient due to the likely
poor coverage of any glue logic between the modules.
So, most hierarchical scan situations will also include
a “full chip” scan mode where all scan chains are con-
catenated and accessible simultaneously. Obviously,
power again can be a concern for this mode of oper-
ation. However, experience shows that the number
of patterns required in this mode is frequently a very
small fraction of the total pattern set, and the shift
frequency can be modulated downward to compensate
for additional power consumption as required.

4.2 Experimental Results

The power reduction scheme was implemented on
a .13 micron 5M gate ASIC. There were four sub-
modules in the design and a “pwr_mode” signal con-
trolled whether conventional scan was performed as
in Figure 3 or a power-conscious scan was performed
as in Figure 4. For this design, the shift and capture

select

Module A

Scan Chain A

Combinational
Logic

scal

scan_in

scan_out

Scan Chain B

Combinational
Logic

Figure 4: A diagram illustrating the hierarchical scan
implementation with constant data inputs.

select

frequencies were the same (60 MHz). Power estima-
tion via simulation was performed for power-conscious
scan with “pwr_mode” = 1. When “pwr_mode” = 1,
the sub-modules not being tested are receiving con-
stant data as in Figure 4. The following procedure
was used to estimate power for “pwr_mode” = 1:

o Serially simulate scan chain test (001100..) for
the sub-module with the longest scan chain.

e At the end of the serial simulation, the circuit is
assumed to be adequately initialized.

e After complete simulation of chain test, simulate
a few additional (ten) cycles still applying the
0011 pattern.

e Measure toggle activity for these few cycles using
simulation with timing SDF.

e Provide toggle activity information to a power
estimation tool.

e Provide load information for the nets in the de-
sign to the power estimation tool.

e Estimate average power

Simulation results revealed that with “pwr_mode”
= 1, the average power is 1.2W. The simulations were
not performed for the whole chip with “pwr_mode”
= 0, but simulations were performed for one module
by itself. This module is roughly %th the size of the
entire design. Based on the power estimated for this
module, the overall rough estimate for power was ex-
pected to be about 2.5W-3W. It should be noted that
the power estimations may vary significantly based
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on whether load information for nets is used or not.
This information is typically not available until after
layout.

4.3 Silicon Observations

Two types of patterns were generated for com-
parison per sub-module. One set of patterns (con-
taining about 700 scan patterns) held “pwr_mode” at
1. The second set was a replica of the first except
“pwr_mode” was set to 0 and one additional flip-flop
masked. The additional masking was to account for
a mismatch caused by a functional flip-flop that was
fed by the functional pin shared as “pwr_mode” in
test mode.

Vinin, the minimum voltage at which the scan pat-
terns pass on the tester, was recorded for both sets
of sub-chips. Vi, is an indication of the switching
activity during the test [8]. The larger the switch-
ing activity, the higher the V,,;,. The expectation
was that the V,,;, for patterns with “pwr_mode” =
0 would be higher than those with “pwr_mode” = 1.
The results indicate that this is true as shown in Table
4 for a subset of patterns, especially for the stuck-at
patterns. This data represents averages for samples
taken from 24 wafers across split lot material. Tester
accuracy for these voltage measurements is reported
to be +/- 15 mV.

Module and test pwr_mode | pwr_mode
1 0
Module 1 Stuck-at 1.18V 1.39V
Module 1 Trans. fault 1.25V 1.33V
Module 2 Stuck-at 1.23V 1.39V
Module 2 Trans. fault 1.27V 1.29V

Table 4: A table of V,,,;,, values for two modules with
and without power conscious test.

A much later sample of material was examined,
but this time only using two units. The variations ob-
served between “pwr_mode” on/off were in the range
of 60-100 mV for stuck-at tests for the two modules in
Table 4. In this latter case, the differences for tran-
sition testing were almost negligible. We note that
this design is atypical in that its shift and capture
frequencies are the same, whereas most designs shift
is significantly slower than capture. It should also
be pointed out that the transition patterns contain
dummy cycles between the completion of shift and
the launch event, which is not true for the stuck-at
patterns.
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5 Future Work

The results shown here are promising, but more
work remains to identify further heuristics which re-
duce switching power but add minimal test length.
Furthermore, as the industry moves from stored de-
terministic pattern testing towards BIST techniques,
a new class of low-power BIST pattern generators will
be needed. Some work has been done in this area,
such as the recent work by Rosinger et al. [27], but
more is needed.

Reliable power estimates are also required early
on in the design cycle to be able to architect power
reduction schemes. More work remains to be done to
obtain initial power estimates effectively.

In addition, in order to get most effective delay
defect screening from the test, the switching activ-
ity should resemble as closely as possible functional
switching activity and, more importantly, must not
be significantly lower. One example might be that re-
duced switching activity increases the available slack
on many/most paths in the design, limiting (increas-
ing) the sizes of defects that are detectable. The
process of “training” DFT and ATPG to produce a
test which matches the functional operating condi-
tions is not well-understood, and thus requires further
research. The work we have presented here represents
only a small step towards a more comprehensive so-
lution to power management.

6 Conclusions

In this paper we have presented case study data
on power issues during test, with emphasis on at-
speed test power concerns. We analyzed various
heuristics for creating lower power scan-based de-
terministic ATPG patterns which can reduce overall
switching activity and thus power while minimizing
the increase in pattern volume to maintain coverage.
Of the various heuristics which could be considered
practical, the fill adjacent technique seems to hold
the most promise as far as lowering switching activity
while keeping pattern volume in check.

The DFT technique for reduced power scan also
seems to be effective and is relatively simple to im-
plement due to the the complete avoidance of clock
gating. The challenges that remain are in identifying
further design techniques which can address areas of
the design which have intense switching activity, and
the difficulty in matching functional and test activity
levels, neither of which this technique addresses.
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