A Capture-Safe Test Generation Scheme for At-Speed Scan Testing
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Abstract
Capture-safety, defined as the avoidance of any timing error
due to unduly high launch switching activity in capture mode
during at-speed scan testing, is critical for avoiding test-
induced yield loss. Although point techniques are available
for reducing capture IR-drop, there is a lack of complete
capture-safe test generation flows. The paper addresses this
problem by proposing a novel and practical capture-safe
test generation scheme, featuring (1) reliable capture-safety
checking and (2) effective capture-safety improvement by
combining X-bit identification & X-filling with low launch-
switching-activity test generation. This scheme is compatible
with existing ATPG flows, and achieves capture-safety with
no changes in the circuit-under-test or the clocking scheme.

1. Introduction

1.1 Background

Scan testing has been the most widely adopted test strategy,
which uses the full-scan methodology for circuit design,
automatic test pattern generation (ATPG) for test data
creation, and automatic test equipment (ATE) for test
execution. Recently, at-speed scan testing has become
mandatory in achieving high test quality for deep submicron
(DSM) circuits by detecting timing-related defects [1].

Fig. 1 shows the concept of at-speed scan testing based on
the launch-off-capture (LOC) clocking scheme [1]. In shift
mode (SE = 1), a test vector is applied by operating scan
chains as shift registers over multiple shift clock pulses, with
S; as the last shift clock pulse. In capture mode (SE = 0), two
capture pulses are applied: C, (launch -capture) for
launching a transition at the start-point of a path and C,
(response capture) for capturing the circuit response to the
launched transition at the end-point of the path. Note that the
test cycle is equal to the rated clock cycle in at-speed scan
testing, which is very short for a high-speed design.
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Fig. 1 Importance of Capture-Safety in At-Speed Scan Testing.

Conventionally, high quality and low cost have been two
basic requirements for scan test vectors. Test quality can be
improved by increasing fault coverage, using realistic fault
models, and testing for small-delay defects; while test cost
can be reduced by test compression. Over the past decade,
low test power, especially in the context of heat dissipation,
has also become an important requirement [2, 3].

Recently, a new requirement, called capture-safety, has
emerged and is rapidly becoming mandatory for at-speed
scan test vectors. It is also referred to as supply-voltage-
noise-safety [4] or power-safety [5]. As shown in Fig. 1, the
launch capture (C;) may cause high launch switching
activity (LSA). This may lead to excessive IR-drop, which
significantly increases path delay so that timing errors occur
at C, only during at-speed scan testing [6]. Such test-induced
yield loss is rapidly worsening [7] due to shrinking feature
sizes, growing gate counts, increasing clock frequencies, and
decreasing supply voltages. Therefore, the capture-safety of
an at-speed scan test vector v needs to be guaranteed, i.e., the
delay increased in the test cycle by the IR-drop due to the
LSA of v at C, should not cause any timing error at C,.

1.2 Related Previous Work

Two basic tasks, capture-safety checking and capture-
safety improvement, are needed to guarantee capture-safety
for at-speed scan test vectors. The former is for judging
whether a test vector is capture-safe, and the latter is for
making a capture-unsafe test vector capture-safe. Previous
methods related to the basic tasks are summarized as follows:

1.2.1 Capture-Safety Checking Methods

The ultimate capture-safety checking should be based on the
path delay increase in the test cycle during at-speed scan
testing [8]. Since the cost of directly analyzing path delay
impact is prohibitive, realistic capture-safety checking often
uses indirect metrics to estimate IR-drop [4] or launch
switching activity [5]. For example, the average capture
power can be estimated using switching cycle average power
(SCAP) metric [4], which has a good correlation with the
actual IR-drop. However, SCAP calculation is computation-
expensive since physical design information is needed. On
the other hand, launch switching activity can be estimated by
toggle constraint metrics, such as global toggle constraint
(GTC), global instantaneous toggle constraint (GITC), and
regional instantaneous toggle constraint (RITC) [5]. These
gate-level metrics are computation-efficient, but correlation
with IR-drop and path delay impact may be weak.



1.2.2 Capture-Safety Improvement Methods

There are several techniques for alleviating problems that
make a test vector capture-unsafe. Most of them try to reduce
launch switching activity (i.e. LSA in Fig. 1), through circuit
modification [9] or test data manipulation [5,10-12].

e Circuit Modification

The number of simultaneously-switching flip-flops (FF’s)
can be reduced through partial capture by modifying scan
chains, clock control, or FF design [9]. However, this
approach may suffer from possible fault coverage loss, test
data increase, and/or physical design difficulty.

e Test Data Manipulation

Launch switching activity can also be reduced by using the
following techniques to manipulate the content of test data.
This approach has no impact on design or performance.

® LCP (Low-Capture-Power) ATPG

These techniques reduce launch switching activity through
carefully determining logic values (0 or 1) for fault detection
during test generation, by adding more constraints to
conventional ATPG algorithms [4] or by employing new
ATPG algorithms [5, 10]. However, these techniques may
result in significant test data increase.

@ LCP (Low-Capture-Power) X-Filling

These techniques reduce launch switching activity through
properly assigning logic values to don’t-care bits (X-bits) [11,
12], which are left out from test generation or identified from
a fully-specified test set by X-identification [13, 14]. The
advantage of LCP X-filling is that it improves capture-safety
without design change, fault coverage loss, and test data
increase if used together with X-identification.

® LSP (Low-Shift-Power) X-Filling

Some LSP X-filling techniques may accidentally reduce
launch switching activity in capture mode [4, 15], although
they are originally intended for reducing switching activity in
shift mode. For example, “0-fill” increases 0's in a test vector,
which helps block switching activity in a circuit mostly
composed of AND-type gates. However, it is obvious that the
effect of LSP X-filling for capture-safety improvement may
be unpredictable and insignificant.

@ Target Fault Restriction

It is observed that the launch switching activity of a test
vector increases with the number of faults it detects. Thus,
launch switching activity can be reduced by restricting
ATPG to target faults in a limited number of blocks each time
[4]. This technique is easily applicable to any ATPG flow,
but may increase the number of final test vectors.

1.2.3 Limitations

It is clear that the capture-safety of at-speed scan test vectors
can only be guaranteed by properly combining capture-safety
checking and capture-safety improvement into a tightly
integrated test generation flow. However, previous schemes
proposed for achieving capture-safety generally suffer from
the following two major limitations:

Limitation-1: Unsatisfactory Capture-Safety Checking
Previous metrics for capture-safety checking are either too
computation-costly to be practical or too simplistic to have
good correlation with actual IR-drop. Clearly, this limitation
affects the validity of capture-safe test generation [4, 5].

Limitation-2: Insufficient Capture-Safety Improvement
There are very few test generation schemes proposed for
achieving capture-safety. All of them first conduct capture-
safety checking to identify capture-unsafe vectors and from
which further identify faults detected only by these vectors.
Then, such techniques as LCP ATPG [5], LSP X-filling [4,
15], and target fault restriction [4] are used to improve the
chance for a vector to become capture-safe. However, the
effectiveness of these techniques may be insufficient, in
terms of fault coverage loss or test data inflation.

1.3 Contributions and Paper Organization

Therefore, there is a strong need for better capture-safety
checking metrics and better capture-safety improvement
flows. These issues are addressed in this paper by a novel and
practical capture-safe test generation scheme, with the
following technical contributions as illustrated in Fig. 2:

(1) Metrics for Capture-Safety Checking

Four gate-level easy-to-compute metrics are proposed to
estimate the launch switching activity (LSA) of a test vector
in both temporal (total / instantaneous) and spatial (global /
regional) manners. This set of metrics is a super-set of the
one used in [5], and provides a more accurate LSA-profile.
(2) Hybrid Capture-Safety Improvement

Capture-safety is first improved by X-identification & low-
LSA X-filling so as to reduce launch-switching activity
without test data increase. If capture-unsafe vectors still
remain, direct low-LSA test generation is then conducted so
as to effectively improve capture-safety deterministically.
(3) Focused X-Identification

X-identification is focused, in that it is conducted exactly on
capture-unsafe initial test vectors. This greatly improves the
effectiveness and efficiency of the follow-up X-filling.

(4) LSA-Based Dynamic Compaction

Any ATPG system can be readily extended for low-LSA test
generation by introducing LSA-guided dynamic compaction.
This new technique features (a) capture-safety checking for
each test cube and (b) secondary fault selection based on the
LSA-profile of the current test cube. This greatly increases
the chance for one capture-safe test vector to detect a larger
number of faults, thus minimizing test data inflation, if any.
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Fig. 2 Technical Contributions.

The paper is organized as follows: Section 2 outlines the new
scheme. Section 3, 4, and 5 present capture-safety checking,
X-identification & X-filling, and low-LSA test generation for
capture-safety improvement, respectively. Section 6 shows
experimental results, and Section 7 concludes the paper.



2. Capture-Safe Test Generation Scheme

The new capture-safe test generation scheme is outlined in
Fig. 3. Its goal is to achieve capture-safety with no fault
coverage loss after excluding capture-undetectable faults,
less test data inflation if any, and minimal ATPG change.
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Fig. 3 Overview of Capture-Safe Test Generation Scheme.

e Phase-1: First, a compact initial test set, V., 1 generated
by any ATPG with maximum dynamic compaction and
random-fill (A). Then, capture-safety checking (B) identifies
the capture-unsafe vectors ( Vulmfe ), and thus the faults
( Foln,y ) detected only by the vectors. Details on new metrics
for capture-safety checking are presented in Section 3.

e Phase-2: If ), is not empty, the flow proceeds to Phase-2,
where capmre-safety is improved without test data inflation
or fault coverage loss. This is achieved as follow: [Step-1:
Focused X-identification (C) is conducted on the capture-
unsafe test set (Vulnsafe) to extract don’t-care bits (X-bits)
while guaranteeing that all faults in Folnly are still detected by
specified logic bits.] [Step-2: The identified X-bits are re-
filled with proper logic values so that launch-switching-
activity (LSA) is lowered (D).] Then, capture-safety checking
(E) is conducted to identify the set of capture-unsafe vectors
(Vu%wafe ), and from which the set of faults (Faznly) detected
only by the vectors. Details of focused X-identification and
low-LSA X-filling are presented in Section 4.

e Phase-3: If Foznly is not empty, the flow proceeds to Phase-3,
where capture-safety is improved by direct low-LSA test
generation (F). LSA-guided dynamic compaction, featuring
(1) capture-safety checking on test cubes and (2) LSA-
profile-based secondary fault selection, is introduced so as to
detect a larger number of faults by one capture-safe vector.
Details of this new technique are presented in Section 5.

3. Capture-Safety Checking

As shown in Fig. 1, the capture-safety of an at-speed scan test
vector depends on its launch switching activity (LSA). In this
section, we first describe the power grid and circuit model,
then define new metrics for LSA-profiling, and finally
present their application in capture-safety checking.

3.1 Power Grid and Circuit Model

A popular model for expressing the relation between the
nodes (FF’s and gates) in a circuit with its power grid is
shown in Fig. 4. A similar model is used in [5]. In such a
model, a feed-region is a group of nodes that share the same
power via, and a circuit is composed of such feed-regions.
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Fig. 4 Power Grid and Circuit Model.

It is evident that spatial (not only the whole circuit but also
each feed-region) and temporal (not only the whole test
cycle but also each time instant in the test cycle) requirements
must be considered so as to obtain a good profile of launch
switching activity (LSA). This makes it reasonable to use
four metrics (O~® in Fig. 4) for capture-safety checking.



3.2 Metrics for LSA-Profiling

Let v be an input vector for a circuit with n feed-regions (R,
R,, ..., R,), and suppose that a total of m time instants (77, 7>, ..
T,)) are used in timing-based logic simulation for v. The
launch switching activity of v for feed-region R; at time T,
denoted by LSA(v, R;, T)), is defined as follows:

P
LA, R, T) = 3 (e + 1) xs(T))
k=1
where p is the number of nodes in feed-region R;, f; is the
number of fanout branches from node k (k= 1, 2, ..., p), and
si(T;) is the transition probability of the output of node & at
time 7} due to the launch capture (i.e. C; in Fig. 1).

Note that s,(7}) can be easily obtained by 2-valued logic
simulation for a fully-specified test vector. For a partially-
specified test cube with X-bits, 50% is assigned as the 0/1
probability of each X-bit and probability propagation [11] is
conducted to efficiently obtain transition probability si(T}).
Once LSA(v, R;, T)) for each feed-region R; (i =1, 2, ..., n) at
each time instant 7; (j = 1, 2, ..., m) is obtained, four new
metrics for profiling the LSA (Launch Switching Activity) of
the at-speed scan test vector v can be defined as follows:
@ Global Total LSA (LSAg1(v))

LSAGH(v) =D > LSA(v,RiT))

=l j=1

@ Global Peak LSA (LSAgp(v))

LSAGH(v) = max( ) LSA(, R, T1), ..., ) LA, Ri,Tm))
i=1 i=1
® Regional Total LSA (LSAg(v, R}))

LSApi(v, R) = ZLSA(V,R,-,T,-)
Jj=1
@ Regional Peak LSA (LSAgp(v, R)))
LSARP(va Rl) = max(LSA(Va Ria Tl)y eeey LSA(Va Ria Tm))

LSAg(v) and LSAgp(v) are for profiling the LSA in the whole
circuit accumulatively and instantaneously, respectively;
while LSAg(v, R;) and LSAgp(v, R;) are for profiling the LSA
in each feed-region R; accumulatively and instantaneously,
respectively. They have the following characteristics:

(1) Efficiency: Only gate-level information and unit-delay
logic simulation are needed.

(2) Accuracy: The weight of a node is introduced to better
approximate the capacitive load at its output.

(3) Completeness: The total LSA in a feed-region is also
profiled by a new metric, i.e. LSAz(v, R;), in contrast
with the metrics proposed in [5].

(4) Flexibility: The LSA of a partially-specified test cube
can also be profiled. This makes the new metrics useful
in guiding secondary fault selection for a test cube during
dynamic compaction. Section 5.2 provides more details.

3.3 Capture-Safety Checking

Definition 1: A fully-specified test vector v is said to be
capture-safe if the following criteria are satisfied:

i)

LSAg(v) < Limit LSAgr

LSAgp(v) < Limit LSAgp

LSAg{(v, R) < Limit LSAr/(R)) (i=1,...,n)

LSAgp(v, R;)) < Limit LSAzp(R;)) (=1, ..., n)
where Limit LSAgr,Limit LSAgp, Limit LSAr#(R;),and Limit
LSARp(R;) are limits for corresponding metrics (i = 1, ..., n).

Clearly,LimitﬁLSAGT,LimitﬁLSAGp,LimithSARz(R,-),andLimitﬁ
LSARp(R;) (i=1, ..., n)need to be properly set in order to make
capture-safety checking neither over-optimistic nor over-
pessimistic. Limit setting depends on what type of testing is
intended. Generally, the manufacturing test power limits are
allowed to be 2X functional power limits, while field test
power is required to be as low as worst-case functional power
[7]. Based on power characteristics, the limits for capture-
safety metrics can be readily obtained [4], by assuming a
functional toggle rate or simulating functional vectors. Test
vectors may also be used for this purpose, but appropriate
adjustment needs to be conducted accordingly [5].

4. Capture-Safety Improvement by X-ldentification
& Low-LSA X-Filling

As shown in Fig. 3, capture-safety checking conducted on the
initial test set identifies a set of capture-unsafe test vectors
( Vulnsafg) , and thus the set of faults (Fol,,]y ) detected only by
the vectors. If Foln,y # (J, capture-safety improvement is
conducted in Phase-2, featuring (A) focused X-identification
followed by low-LSA (Launch-Switching-Activity) X-filling
and (B) multi-round execution, as illustrated in Fig. 5.
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Fig. 5 Focused X-ldentification and Multi-Round Execution.

4.1 Focused X-ldentification and Low-LSA X-filling

X-identification is to identify don’t-care bits (X-bits) from a
set of fully-specified test vectors, while maintaining such
properties as fault coverage [13, 14], small-delay-defect
detecting capability [12], etc. Phase-2 uses focused
X-identification, which (1) targets the capture-unsafe test set
(Vulmfe) , instead of the initial test set (V. ), and (2)
guarantees the detection of the faults ( Foln i) detected only by
Vulmfe, instead of all faults ( F; ). Since Vulmfe Vil
and Foln,y c F,,; , focused X-identification results in more
X-bits from capture-unsafe test vectors, thus increasing the

chance of making them capture-safe by low-LSA X-filling.

targeting

Repeat N Times
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Low-LSA X-filling is used to assign proper logic values for
X-bits in a partially-specified test cube so as to create a
fully-specified test vector with low launch switching activity.
Many LCP (Low-Capture-Power) X-filling methods, such as
preferred-fill [11] and JP-fill [12], can serve this purpose.

4.2 Multi-Round Execution

The major advantage of X-identification and low-LSA
X-filling in Phase-2 is that capture-safety is improved
without test data inflation. Thus, it is beneficial to repeat
Phase-2 as long as capture-safety can still be significantly
improved. This is because the next phase (Phase-3) is based
on direct test generation, which is time-consuming and may
result in more test vectors. This “multi-round execution”, as
illustrated in Fig. 5, helps improve capture-safety more
efficiently and with less test data inflation, if any.

5. Capture-Safety Improvement by Direct Low-LSA
Test Generation

If capture-safety can no longer be significantly improved in

Phase-2 by repeating X-identification & X-filling, Phase-3 is

then conducted to further improve capture-safety by direct

low- LSA (Launch Switching Activity) test generation.

5.1 Overview of Low-LSA Test Generation
Fig. 6 illustrates the overall flow of low-LSA test generation.
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Fig. 6 Overview of Low-LSA Test Generation.

Low-LSA test generation is similar to conventional ATPG,
except that it uses LSA-guided dynamic compaction. That is,
capture-safety checking is conducted for intermediate test
cubes (@), and secondary fault selection is based on the
LSA-profile of the current test cube (@). This unique
dynamic compaction technique increases the chance for a
capture-safe test vector to detect a larger number of faults.

5.2 LSA-Guided Dynamic Compaction
5.2.1 Capture-Safety Checking for Test Cubes

In LSA-guided dynamic compaction, capture-safety checking
needs to be conducted for partially-specified test cubes with
X-bits. This is made possible by the following definition:

Definition 2: A partially-specified test cube c is said to be
conditionally capture-safe, denoted by c-capture-safe, if the
fully-specified test vector obtained by conducting low-LSA
X-filling on c is capture-safe.

That is, a c-capture-safe test cube can be converted into a
fully-specified capture-safe test vector by low-LSA X-filling.
For such a test cube, dynamic compaction is continued to
check whether it can be extended to detect more faults.

5.2.2 LSA-Profile-Based Secondary Fault Selection

In LSA-guided dynamic compaction, once a test cube c; is
found to be c-capture-safe, a secondary fault f; is selected for
further test generation trial. Suppose that ¢, is extended to ¢,
for detecting f;. Obviously, this trial fails if ¢, is found to be
c-capture-unsafe. In order to increase the chance of ¢, being
c-capture-safe so as to detect more faults by extending ¢y, the
secondary fault f; is selected by using a unique technique
based on the LSA-profile of the current test cube c;.

The LSA-profile of the test cube ¢;, with respected to the four
metrics defined in Section 3.2, can be expressed as:
LSA_Profile(c,) = <LSAg{(c)),

LSAgp(cy),

<LSAR7(C'1, Rl), ceey LSAR](CI, R,,)>,

<LSARP(01, Rl), ceey LSARP(CI, R,,)>>

From the capture-safety limits (Limit LSAgy, Limit LSAgp,
Limit LSAg{(R,), ..., Limit LSAr{(R,), Limit LSAgp(R)), ...,
Limit LSArp(R,)), the slack of an entry e in LSA_Profile(c,)
can be calculated by slack(e)=(/—e)*100//, where [ is the
capture-safety limit for e. Clearly, the LSA-profile entry with
the least slack, called the risky entry, should be considered
with the highest priority in secondary fault selection.

Generally, there are four types of risky entry: global-total,
global-peak, regional-total, and regional-peak, and they
necessitate different strategies for secondary fault selection.
Due to page limitation, only the basic selection idea for the
regional-total type is described in the following:

Suppose that the risky entry is the regional total launch
switching activity of the feed-region R, i.e. LSAg(cy, R)). As
illustrated in Fig. 7, it is preferable to select such a secondary
fault f; that its activation and propagation cones do not
overlap with R;. Clearly, this reduces the possibility of new
switching activity in R; when ¢, is extended to detect f;.

RiskylEm‘ry
— —>
_)\ Ty Ri —

T T
Activation Cone Propagation Cone

Fig. 7 LSA-Profile-Based Secondary Fault Selection.



6. Experimental Results

6.1 Validation of Capture-Safety Metrics

First, layout was conducted on an industrial circuit (90nm /
1.2V / 50K gates), and Vpp IR-drop was analyzed by
RedHawk™ for three different transition delay test sets, each
with 318 vectors. A typical core Vpp IR-drop budget of 1.5%,
i.e. 0.018V VppIR-drop limit [16], was used to determine the
capture-safety of each test vector. Fig. 8 shows the results.
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Fig. 8 Launch-Induced IR-Drop and Capture-Safety Checking.

Next, capture-safety was checked by the new metrics. It was
verified that no capture-unsafe vector determined by IR-drop
analysis was wrongly declared to be capture-safe by metric-
based analysis. However, metric-based analysis made 0.3%
~ 16.0% over-pessimistic calls. This indicates that the
accuracy of the metrics still needs to be improved.

6.2 Evaluation of Capture-Safe Test Generation Flow
Experiments were conducted using a workstation (2.9GHz
CPU / 16GB memory) on 10 largest benchmark circuits (5
from ISCAS’89 and 5 from ITC’99) to evaluate the proposed
capture-safe test generation flow. In capture-safety checking,
each feed-region was assumed to have 20 gates, LSA-
profiling metrics were calculated with unit-delay simulation,
and the metric limits were set to 90% of peak values of the
initial test sets [5]. The transition delay fault model was used.

Table 1 Results of Capture-Safe Test Generation

'30, Init. Test Set | pi, | XID & X-Fill | Test Gen. C#aof ) ijl_ % ;| Finat
Q«io & | Safe UnsafdlE ault Unsafel CPU | New | CPU Ungéz, Test |Fault
%\ Vec. | Vec. | €V | Vec. | (sec)) | Vec. | (sec)|Fauits| Vec. | €0
s13207| 312 | 11 |79.5 0 30 0 22 0| 323|795
s15850| 195 | 26 |70.2 0 24 0 28 0| 221 70.2
535932 331 6 1825 0 97 0 [ 168 0| 337|825
s38417| 201 69 [98.0] 20 | 125 25 | 216 3| 2701 98.0
538584 241 [ 171 [83.9] 131 | 258 [ 189 [1954 | 218 | 470 | 83.4
b15 |1115| 26 [89.8 4 | 203 9 90 1 | 1146 | 89.8
b17 1231 19 [92.6 4 | 682 8 | 642 0 | 1254 ] 92.6
b20 | 966 23 [89.8 5] 203 8 | 110 15 | 992] 89.8
b21 885 | 38 [89.9 4 | 176 9 93 2| 9281899
b22 |1086 [ 37 [89.9| 15 | 446 25 | 308 41 (1133 ] 89.8

Table 1 shows the results. The capture-safety breakdown of
initial test vectors is shown in “Safe Vec.” and “Unsafe Vec.”
under “Init. Test Set”. First, focused X-identification & low-
LSA X-filling was repeated 3 times on the initial capture-
unsafe vectors, and the number of remaining capture-unsafe
vectors is shown in “Unsafe Vec.” under “XID & X-Filling”.
Then, low-LSA test generation was conducted for the faults
detected only by the remaining capture-unsafe vectors, and
the number of newly generated test vectors is shown in “New

Vec.” under “Test Gen.”. Finally, the information on
capture-undetectable faults, final test vectors, and final fault
coverage are shown under “# of Cap.-Undet. Faults”, “# of
Final Test Vec.”, and “Final Fault Cov.”, respectively.

A capture-undetectable (CU) fault is a fault that none of its
test vectors is capture-safe. In the experiments, the average
percentage of CU faults was 0.1%. Note that the average test
size increased by 1.7% due to low-LSA test generation, and
that there was no fault coverage loss excluding CU faults.

7. Conclusions

Capture-safety is required for at-speed scan test vectors to
avoid test-induced yield loss. This paper proposed a novel
and practical capture-safe test generation scheme, featuring
(1) a set of metrics for reliable capture-safety checking and
(2) a hybrid flow for effective capture-safety improvement.
Its major advantage is that no circuit modification or
clocking change is needed. Experiments have validated the
metrics and demonstrated the effectiveness of the flow.

Experiments on more industrial circuits are being conducted
to fully quantify the correlation between capture-safety and
the new metrics. This also helps in reducing over-pessimistic
calls in metric-based capture-safety checking.

References

[1]  L.-T. Wang, et al., (Editors), VLSI Test Principles and Architectures:
Design for Testability, Elsevier, 2006.

[2] P. Girard, “Survey of Low-Power Testing of VLSI Circuits,” IEEE
Design & Test of Computers, Vol. 19, No. 3, pp. 82-92, 2002.

[3] N. Nicolici, et al., Power-Constrained Testing of VLSI Circuits,
Kluwer Academic Publishers, 2003.

[4] N. Ahmed, et al., “Transition Delay Fault Test Pattern Generation
Considering Supply Voltage Noise in a SOC Design,” Proc. Design
Automation Conf., pp. 533-538, 2007.

[5] V. R. Devanathan, et al., “A Stochastic Pattern Generation and
Optimization Framework for Variation-Tolerant, Power-Safe Scan
Test,” Proc. Intl. Test Conf., Paper 13.1, 2007.

[6] J. Saxena, et al., “A Case Study of IR-Drop in Structured At-Speed
Testing,” Proc. Int’l Test Conf., pp. 1098-1104, 2003.

[7]  S. Ravi, “Power-Aware Test: Challenges and Solutions,” Proc. Intl.
Test Conf., Lecture 2.2, 2007.

[8] J. Wang, et al., “Power Supply Noise in Delay Testing,” Proc. Int’l
Test Conf., Paper 17.3, 2006.

[91 S. Wang, et al., “A Technique to Reduce Peak Current and Average
Power Dissipation in Scan Designs by Limited Capture,” Proc. Asian
and South-Pacific Design Automation Conf., pp. 810-816, 2007.

[10] X.Wen,etal, “ANewATPG Method for Efficient Capture Power Red-
duction During Scan Testing,” Proc. VLSI TestSymp.,pp.58-63,2006.

[11] S. Remersaro, et al., “Preferred Fill: A Scalable Method to Reduce
Capture Power for Scan Based Designs,” Proc. Int’l Test Conf.,
Paper 32.2, 2006.

[12] X.Wen, et. Al., “A Novel Scheme to Reduce Power Supply Noise for
High-Quality At-Speed Scan Testing,” Proc. Int’l Test Conf., Paper
25.1,2007.

[13] K. Miyase, et al., “XID: Don't Care Identification of Test Patterns for
Combinational Circuits,” IEEE Trans. on Computer-Aided Design,
Vol. 23, No. 2, pp. 321-326, Feb. 2004.

[14] A. H. El-Maleh, et al., “An Efficient Test Relaxation Technique for
Synchronous Sequential Circuits,” I[EEE Trans. on Computer-Aided
Design, Vol. 23, No. 6, pp. 933-940, June 2004.

[15] J. Saxena, et al., “A Scheme to Reduce Power Consumption during
Scan Testing,” Proc. Intl. Test Conf., pp. 670-677,2001.

[16] R. Bhooshan, “Novel and Efficient IR-Drop Models for Designing

Power Distribution Network for Sub-100nm Integrated Circuits,”
Proc. Intl. Symp. On Quality Electronic Design, pp. 26-28, 2007.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF00540068006500730065002000730065007400740069006e00670073002000610072006500200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200036002e003000200061006e00640020006d0061007400630068002000740068006500200022005200650071007500690072006500640022002000730065007400740069006e0067002000660069006c0065007300200066006f00720020005000440046002000730070006500630069006600690063006100740069006f006e002000760065007200730069006f006e00200034002e0030002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


