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Abstract

Growing ASIC design sizes and advanced deep sub-
micron technologies require new fault models and more
test vectors to meet high test quality goals. To realize these
goals within given test resources and cost constraints, new
DFT techniques must be used. This paper reports test qual-
ity metrics and the test cost of industrial designs for differ-
ent fault models using three DFT techniques: ATPG for
deterministic patterns, Logic BIST for pseudo-random pat-
terns, and EDT for compressed deterministic patterns. It is
shown how these techniques can be used to achieve the
high quality goals within the test resources currently avail-
able for stuck-at tests.

1. INTRODUCTION

Manufacturing test programs include a number of test
sets designed to effectively screen defective parts. The tests
typically include functional tests, parametric tests, Iddqg,
logic test, and memory built-in self test (MBIST). Logic
test is predominant in terms of tester memory and time
requirements, and will be the focus of this paper.

Shrinking geometries make new types of defects, such
as resistive vias and bridges between signal lines, more
common [1,2]. This creates the need for additional tests
targeting new fault models. At-speed tests targeting transi-
tion delay faults are effective at screening defects that
affect design performance. Multiple-detect patterns, where
multiple tests are generated for each fault, have also been
proven in silicon to be effective at screening out bridging
defects and unmodeled defects [3].

The ever-growing design sizes continue to increase the
volume of test data and test time required to achieve high
quality goals. The need for additional tests targeting the
new fault models exacerbate the problem. Transition delay
tests have been observed to contain at least two to five
times as many test patterns as those required for stuck-at
tests. Multiple-detect patterns can additionally multiply the
scan data volume depending on the number of targeted
detects.

In general, it is impossible to apply all aforementioned
tests given test resource limitations. At-speed and multiple-
detect test sets are often truncated or not applied at all,
which may negatively impact quality.
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This paper introduces a test generation flow that uses a
combination of several DFT techniques: Logic Built-In
Self Test (LBIST) for pseudo-random test and Embedded
Deterministic Test (EDT) for compressed deterministic test
[4,5]. An incremental ATPG approach with coverage gradi-
ent analysis for test vector distributions among all test sets
is also presented to improve the efficient tester resource
usage. Multiple-detect concept and the test quality metrics
are applied to both stuck-at and transition fault models to
achieve high test quality. It is shown that tester resource
saving due to the use of the compressed deterministic test
makes it possible to target new test models, such as at-
speed transition faults and bridging faults within the avail-
able test resource constraints.

The paper is organized as follows: Section II covers the
fault models used beyond stuck-at for high-quality tests.
Section III presents the metrics which will be used to
assess the quality of test sets. Section IV describes the test
generation flow for different test and fault models such that
the pattern count is optimized. Section V reports the exper-
imental results.

2. FAULT MODELS FOR HIGH-QUALITY
TESTS

2.1 Delay fault models

Research has shown that the traditional stuck-at fault
test is no longer sufficient to maintain low DPM (defects
per million) goals at deep sub-micron geometries as defects
which require at-speed tests become more prevalent [1,6].
At-speed testing therefore becomes a necessity to achieve
high test qualities for such deep sub-micron processes. Two
fault models are commonly used for at-speed testing: the
path delay fault model and the transition delay fault model.
When using the path delay fault model, the user is required
to specify paths to be targeted, usually a subset of critical
paths derived from a static timing analysis tool. Path delay
test is typically used for design performance characteriza-
tion and speed binning [7,8]. Today’s high-frequency
designs involve aggressive optimization by the synthesis
and layout tools to maximize the operating frequency. Con-
sequently, a large portion of the design is in the critical-
path domain. A subset of these paths is provided to ATPG
as it is not practical to target all paths. Since the paths
derived from static timing analysis may not be testable,
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iterations between the static timing analysis tool and the
ATPG tool may be required to generate a path delay test
set.

On the other hand, the transition fault model is more
robust and easier to use since no path information needs to
be provided. The ATPG tool targets each pin in the circuit
and ensures that the pin is tested for slow-to-fall and slow-
to-rise transitions that are observed by at least one observa-
tion point. The main drawback of the transition fault model
compared to the path delay model is that it provides far
more flexibility in choosing the fault propagation path, and
does not guarantee that the path is long enough to detect a
speed-related defect.

2.2 Beyond traditional fault models

In general, there are two directions to improve the test
quality beyond the fault models described above. One
direction is to enhance the fault model by describing the
defect behavior and presenting it in a suitable form to an
ATPG tool. In this case, the faults can be modeled more
precisely, but the additional complexity may result in a
much larger fault list. Advanced fault models, e.g. bridging
faults and crosstalk effects, use physical layout information
to compile a targeted fault list. A complete example of this
approach is given in [9]. The possible bridges are identified
by layout analysis using weighted critical areas, and their
behavior is modeled by different types of faults and a spe-
cial netlist. The experimental results show that patterns cre-
ated using this approach detected unique defective parts
that were not detected by a high-coverage stuck-at test set.
This approach, however, requires substantial infrastructure
and it is difficult to target all the bridging defects. In [9],
only 10% of the top 400K bridges were targeted, achieving
approximately 27% coverage of the node-to-node bridges.
In addition, such a test generation approach creates depen-
dency on the physical design and may cause additional
delay before the design is taped out. The ATPG algorithms
for such advanced fault models may be complex and may
increase the test generation time significantly. Furthermore,
the exact mechanism of various defects is very often
unknown, which makes the modeling itself a challenging
task. In the worst case, the ATPG tool may have very pre-
cise but insufficiently robust targets to work with.

An alternative approach is to utilize conventional fault
models, such as stuck-at and transition delay fault models,
and apply the same ATPG algorithm to generate different
patterns to detect the same faults multiple times. This will
increase the probability of detecting other unmodeled
defects without using layout information. This approach is
referred to as multiple-detect ATPG. There are several pro-
posed methods that target stuck-at faults multiple times
[10,11,12,13]. Multiple-detect test sets using the stuck-at
fault model have been proven in silicon production to be
effective at detecting defects that other tests, e.g., func-
tional and Iddq tests, did not detect [3]. The study shows
that the defects uniquely detected by the multiple-detect
stuck-at test set are typically static bridging defects which
require additional conditions to be activated.
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2.3 Multiple-detect for at-speed testing

Multiple-detect ATPG can be extended to the at-speed
transition delay model. By using random decision order
during ATPG, a fault targeted multiple times will likely be
observed through different paths. Timing-related defects
caused by high resistance bridging faults or dynamic bridg-
ing faults can therefore benefit from multiple-detect ATPG.
Figure 1. illustrates, as an example, the importance of using
multiple-detect ATPG for at-speed testing. In this case, the
faulty site f; has 5 observation points Oi, Oz, O3, O+, and
Os, where only Os has enough delay to observe the fault
effect. For single-detect pattern generation of transition
faults, the test generator only ensures that the fault effect
propagates to a single observation point. If the selected
observation point is not on a sufficiently delayed path, the
fault effect will escape detection. Multiple-detect of at-
speed transition delay fault testing increases the detection
probability.

B R B at-speed
fault observation point

Figure 1: Using multiple-detect ATPG for delay faults

3. MEASURING THE QUALITY OF A TEST
SET

Traditional ATPG test quality is measured by test cov-
erage, or 1-detect test coverage. When multiple-detect test
patterns are used, the number of detections should also be
measured as part of the test quality. To correlate the test
coverage and the number of detections to some fault mod-
els other than stuck-at and transition fault models, several
metrics are introduced. They are Bridging Coverage Esti-
mate (BCE) and Fault Observation Coverage (FOC) [3]. In
[3], only BCE was used directly to compare the quality of
test sets. The calculation of FOC is very time-consuming.
It is only used to demonstrate that the multiple-detect test
set generated using the random decision order ATPG can
propagate a fault through different observation paths for
each detection. For pseudo-random pattern fault simula-
tion, where the number of patterns is very large, the calcu-
lation of FOC becomes a performance bottleneck.

In this paper, the quality of a test set is measured by
BCE and FOEF as described below, in addition to the tradi-
tional test coverage for a given fault model.



3.1 Metric for bridging defects

The first metric, BCE, is used for static defects as well
as for at-speed defects. We assume that each defect has
50% probability of correlating a defect to a fault model to
be used with multiple-detect pattern generation. It can be
adjusted if the probability of the defect activation condition
is known.

Definition: Given a test set 7 and target fault list F, the
Bridging Coverage Estimate (BCE) is calculated as fol-
lows:

BCE:2|fF"|-(l—2")

where fiis the number of faults detected i times by 7, and
|F] is the total number of faults in the target fault list F. n is
the maximum number of times that a fault can be detected
by 7. In practice, n is the maximum number of detections
that an ATPG tool keeps track of. Once a fault is detected n
times, it will be dropped from the target fault list. The cal-
culated BCF could vary depending on the actual number of
detections. For example, if n is 5, the upper bound of the
BCE is 96.875%. if n is 10, the upper bound of the BCE
becomes 99.9%, which should be accurate enough to judge
the quality of the test set.

3.2 Metric for at-speed defects

Definition: Given a test set 7, the Fault Observation Cov-
erage (FOC) is defined as follows:

FOC= ((fEZF% /IF1)

where op(f) is the number of observation points utilized by
T to observe a fault £, and op,,..(f) is the maximum number
of possible observation points for fault f.

Example: Consider a circuit containing three faults fi, f2,
and f3, and each fault has five possible observation points.
Suppose that faults fi, f>, and f; are detected at 5, 3, and 2
observation points respectively. The corresponding FOC is
calculated as below:

FOC = (5/5+3/5+2/5)/ 3 =66.67%

The problem with this model is that the calculation of
Opwa(f) 18 time consuming. Therefore, a new model called
Fault Observation Estimate (FOE) is proposed to measure
the observation quality for a test set. FOE can be derived
from the multiple-detect coverage profile after fault simu-
lation.

Definition: Given a test set 7, the Fault Observation Esti-
mate (FOE) is defined as follows:

FOE= ¥ (1 7(1 7$1—m)")/|F|

f- cF max

where n is the number of times the fault f'is detected by 7,
and op,.(f) is the maximum number of possible observa-
tion points for fault f.

Take the same example shown in figure 1, where fault
/7 has 5 observation points and only one of them has
enough delay to observe the fault effect. If the test genera-
tor propagates the fault effect randomly, FOE assumes that
it has a 20% chance to propagate the fault to the at-speed
detectable observation point when f; is detected once. If f;
is detected four times with random propagation, the proba-
bility of propagating the fault effect to the right observation
point is (1-(1—1/5)4), or 59%. FOE is especially suitable for
high-speed deep-submicron design where the combina-
tional logic is shallow and the delays are dominated by wir-
ing, which makes the probability of fault detection among
the different paths more equal. In such design, FOE more
accurately represents the average of the at-speed observa-
tion probability for all faults in the design. For at-speed
deterministic test generation, where the timing information
is not available, random decision order is used to propagate
the fault effect through different observation points for the
different detections to maximize FOE. FOE gives an indi-
cation of the average percentage of the observation points
that are used by the test set. Note that the maximum FOE
coverage may not be 1 since op,,,(f) is computed from the
structural analysis of all reachable observation points of a
fault site. A fault may not have a sensitization path to a
reachable observation point. In general, a higher FOE
number indicates better at-speed test quality.

4. A GENERAL TEST GENERATION FLOW

A good test pattern generation flow determines the test
quality, the effectiveness of the test pattern set, and the effi-
ciency of the test pattern generation run-time. Depending
on design requirements, design limitations and available
test resources, we can customize a test generation flow
from a general flow. Listed in the following is a set of items
that could affect this process:

1. Maximum number of test patterns that can be installed
on a tester.

2. Test quality goal for standard logic: stuck-at test cov-
erage and the number of detections, transition test cov-
erage and the number of detections, number of paths
and test coverage for path delay test.

3. Number of clock domains for transition test and path
delay test.

4. Clock frequency requirement for transition test and
path delay test of each clock domain.

5. Quality requirement for on-system test.

The tester memory size and the test quality goals deter-
mine if on-chip test compression technique is required.
When more than one clock domain is required to have tran-
sition and/or path delay test coverage, we need to deter-
mine the tester memory distribution among these domains.
We also need to decide the tester memory distribution
between stuck-at test, transition test, and path delay test.
On-system test is a feature that allows an ASIC to be tested
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after it has been integrated on a PCB board. The applica-
tion is useful for system level test, diagnosis, and in-field
test. Logic BIST [9] needs to be implemented when this
feature is required.

From the test generation flow point of view, we need to
make sure that the desired test quality is met with given
available tester memory. Several concepts will be used to
describe the test generation flow. A coverage gradient of a
test vector set is defined as an additional test coverage gain
obtained from each additional test vector added to the
existing test vector set. The optimum tester memory distri-
bution should keep the coverage gradient among all test
vector sets equal, and the sum of all test vector sets within
the tester memory limit. In order to meet this optimum
tester memory distribution, an initial ATPG run or test cov-
erage estimation is required to determine the number of
vectors for each test set. This does not affect the design
schedule since the average number of ATPG iterations dur-
ing the whole design cycle is typically around 30~50. The
coverage gradient obtained from each ATPG run is used to
determine the pattern size of each vector set in the follow-
ing ATPG run. The coverage gradients tend to stabilize as
the design cycle proceeds towards the final release.

Each test vector set is generated to target the different
fault lists--transition faults, path-delay faults or stuck-at
faults. The vector sets also target another fault list(s). For
example, test vectors for path-delay faults also detect some
transition faults and stuck-at faults. To improve the tester
memory usage, an incremental ATPG approach is used
[14]. The incremental ATPG run only targets the remaining
faults which were not detected by other ATPG runs. In the
case where multiple-detect is required, each ATPG run
only targets those faults that have not reached the number
of required detections. Both path-delay and transition
ATPG runs may cross-detect faults in the other fault list,
i.e., the path-delay test set may also detect transition faults,
and the transition test set may also detect path-delay faults.
Since transition ATPG tends to use short paths to propagate
fault effect, the selected critical paths are unlikely to be
detected by the transition test vectors. Therefore, we only
use the path-delay test set to evaluate transition fault detec-
tion, but not vice versa. When logic BIST is used, all deter-
ministic ATPG runs will only target the remaining faults
not detected by the logic BIST run.

To summarize the incremental ATPG procedure,
assume the initial fault lists for path-delay faults, transition
faults, and stuck-at faults are Fp, F, and Fg, respectively.
When multiple-detection is required, we can duplicate the
faults in the fault lists Fp, Fp, or Fg with the number of
times equal to the number of detections required. Each time
a fault is detected, it will be removed from the fault lists
once. Another approach is to attach a number equal to the
number of detections required to each fault as an attribute.
Each fault detection will decrement this number until it
becomes zero. The logic BIST run detects Fp_ygisT F1
LeisT> and Fq | pist faults from the path-delay, transition
and stuck-at fault lists, respectively. The path-delay ATPG
run detects Fp_pagh, Frpath, and Fgpae faults from the
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path-delay, transition and stuck-at fault lists, respectively.
Transition ATPG run detects Frpirans and Fg_¢rans faults
from the transition and stuck-at fault lists, respectively.
Finally, stuck-at ATPG run detects Fg_g,cx faults from the
stuck-at fault list. In general, the multiple-detect ATPG is
applied for the transition and stuck-at fault models, but not
for the path delay fault model.

1. Initial fault lists: ( Fp, F, Fg)

2. Logic BIST run detects path-delay, transition and
stuck-at faults FP-LBIST’ FT—LBIST and FS-LBIST’
respectively.

3. Remaining fault lists:

({Fp-Fp_Lpist}> {Fr-Fropist): {Fs-FsLpist})
4. Path-delay ATPG targets fault list: {Fp - Fp_r gisT}>
and also detects path-delay, transition and stuck-at
faults Fp_path, Frpath and Fg_paen, respectively.
5. Remaining fault lists:
( {Fp - Fp.LBisT - Fp_patn}>
{Fr - FrList - Frpawm!
{Fs - Fs_1pisT - Fs_patn} )
6. Multiple-detect ATPG targets the transition fault list:
{Fr - FrLpist - Frpat}
and also detects transition and stuck-at faults Fr_¢rans
and Fg_¢yans. respectively
7. Remaining fault lists:
( {Fp - Fp_LpisT - Fp-path}>
{Fr - FrLBisT - Frpath - Frtrans}
{Fs - Fs_LBisT - Fs-path - Fs-trans} )
8. Multiple-detect ATPG targets stuck-at faults {Fg - Fg_
LBIST - Fs.path - Fs.trans}» and also detects stuck-at

faults Fg_tuck
9. Final undetected fault lists:

( {Fp - Fp_LpisT - Fp-patn}
{F1 - FrLBIST - Frpath - Fr-trans}
{FS - FS-LBIST - FS-path - FS-trans - FS-stuck} )

From this ATPG flow, we can see that stuck-at faults
can be detected by LBIST, path-delay test, transition test,
and stuck-at test.

Multiple system clock-domains are often used in ASIC
designs. These system clocks can be asynchronous to each
other and running at different frequencies. The latencies
and skews of these clocks can also be different. Since path-
delay test and transition test are applied at-speed, it is criti-
cal to make sure that test timing is correct. A separate test
vector set is generated for each clock domain with a unique
timing template. Test vectors may still fail at some flip-
flops during timing simulation due to multi-cycle paths in a
design. One common approach to handle this situation is to
mask these flip-flops that failed in timing simulation, so
that captured data in these flip-flops are never compared.
This loss in test coverage may be considerable, since these
flip-flops not only capture the faults on multi-cycle paths,
but also capture many faults on other single-cycle paths,



which will not cause timing simulation failure. The
approach used in our design is to mask these flip-flops only
in the test vectors that capture faults from the multi-cycle
paths, i.e. each test vector masks a different set of failing
flip-flops.

5. EXPERIMENTAL RESULTS

The design used to evaluate the three different DFT
techniques contains 925K gates and 77K scan cells. The
design includes a Logic BIST implementation required for
system-level test, where a chip tester environment is not
available. To simplify design timing closure and reduce
hardware overhead, no test points were inserted in the
design [15].

Table I shows the scan design information for three dif-
ferent DFT techniques used: ATPG for deterministic pat-
terns (ATPG), EDT configured for up to 10X compression
of deterministic patterns (EDT10X), and logic BIST for
pseudo-random patterns (LBIST). The columns in the table
provide the following data for each technique: a) the num-
ber of external scan chains to be connected to a tester, b)
the number of internal scan chains within the design that
can be loaded/unloaded in parallel, c) the number of shift
cycles to fully load all scan chains, and d) the additional
hardware cost to implement the techniques. Note that the
number of internal scan chains used for EDT/0X and
LBIST are ten times as many as the chains used for ATPG.
Consequently, they require about 10 times fewer cycles
than ATPG to load/unload each test pattern. Due to the ini-
tialization of the hardware decompressor, EDT10X requires
4 extra shift cycles per pattern.

Table I: Scan design characteristics

DFT #external | # internal | # shift | overhead
method chains chains cycles (K gate)
ATPG 10 10 8530 None
EDT10X 10 100 780 2.5
LBIST None 100 776 10

5.1 DFT techniques comparison

The test results of these three DFT techniques are
reported in this section. Table II contains the stuck-at fault
test results for the three DFT techniques. For uncom-
pressed (ATPG) and compressed (EDT10X) deterministic
test, multiple-detect up to S-detect ATPG runs are shown.
Note that for ATPG patterns, all available software com-
pression techniques were used; the compression mentioned
refers to the hardware decompression and compaction used
by EDT but not by traditional ATPG.

The first column in the table indicates the DFT tech-
nique used. The second column shows the number of mul-
tiple-detect targeted. For logic BIST, only the test coverage
results are listed for various numbers of pseudo-random
patterns. The multiple-detect results will be discussed later
in Figure 4. The third column shows the total number of

test patterns, and the fourth column shows the total number
of test cycles, which is a metric for test volume and test
application time. Note that the test cycles for logic BIST
only relates to test application time since there is no need to
store the test data on a tester. The fifth, sixth, and seventh
columns show three test quality measurements: test cover-
age, bridging coverage estimate (BCE), and fault observa-
tion estimate (FOFE), respectively.

For ATPG and EDTI0X, each additional multiple-
detect run shows an increase in test quality measured by
BCE and FOE, at the expense of increased test volume and
test application time. Multiple-detect for both ATPG and
EDTI10X requires multiple times the corresponding single-
detect test data volume to be stored on a tester. The relation
is almost linear. For LBIST, the test quality increases with
the increased number of pseudo-random patterns, at the
expense of increased test application time. But the test
quality that can be achieved by LBIST alone is limited.
With 128K pseudo-random patterns, LBIST can achieve
92.39% test coverage. The ATPG and EDT10X tests with
single-detect can achieve higher test coverage, 98.75%.
Similarly, the ATPG and EDTI0X test sets also achieved
higher BCE and FOE. The reasons for the limited test qual-
ity that LBIST can achieve is the random pattern resistant
faults, and that as mentioned earlier, no test points were
added to the design.

A uniform distribution of multiple-detect throughout
the fault population is also important to achieve high BCE
and FOE. The large number of pseudo-random patterns
applied by LBIST results in more detections for pseudo-
random testable faults, while the pseudo-random resistant
faults have few or no detection. The deterministic test pat-
tern sets for both ATPG and EDT distribute the multiple
detections across more testable fault sites. This can be
reflected by BCE, FOE and test coverage numbers. These
results show that when LBIST is used, it is necessary to use
deterministic patterns (ATPG or EDT) to increase the test
quality.

Table II: Stuck-at fault test results

n- # test test
det. # pat. cycles cov. BCE FOE
~ [ 1 [ 2138 | I83M [ 38.T5% | 96.23% | 011
p |2 %0% | 3aam[98.76% [ 97.70% | 60.02%
3 [ 35847 | 49.9M | 98.76% | 98.24% | 60.43%
P 7638 [ 65.6M [ 98.76% [ 98.47% | 60.69%
G |5 19498 | ST.0M|98.76% | 98.58% | 60.86%
T 2277 T TRM | O8.73% [ 96.16% [ 39.09%
7 14190 | 33M|98.74% [ 97.64% | 59.91%
EDT | ——— e T27M [ 98.74% [ 98.20% | 60.33%
10X |71 925 | 6.2M | 98.75% | 98.44% [ 60.59%
519832 | 7.7M| 98.75% | 98.56% | 60.78%
T K CaM 80777 [ R3.29% [ 36.36%
B ToK | 12.7M | 90.64% | 89.62% | 57.22%
K | 25.4M | 9136% [ 90.49% | 57.78%
I 64K | 50.0M | 91.94% | 91.20% | 58.29%
S 96K | 763M | 92.21% | 91.54% | 58.55%
T T28K | TO1.8M | 92.39% | 91.76% | 58.71%
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When comparing the different deterministic techniques,
both ATPG and EDTI10X give the same level of high test
quality across the same multiple-detect test set. However,
due to hardware compression, the test data volume and test
application time are significantly less for EDT10X, as indi-
cated by the lower number of test cycles in the table. For
example, to achieve the test quality of 5-detect, the test
data volume for EDT]0X is less than one tenth that of 5-
detect ATPG, and less than half that of 1-detect ATPG. This
implies that much higher test quality can be achieved by
using compressed multiple-detect patterns when tester
resources cannot accommodate uncompressed multiple-
detect ATPG patterns.

One interesting observation for the deterministic test
sets is that the test coverage grows slightly (less than
0.02% from 1-detect to S5-detect) when the multiple-detect
test sets are applied. One might expect that the test cover-
age should remain the same since there is no credit for test
coverage beyond the 1-detect. In practice, the slight
increase in test coverage is due to random effects on some
aborted faults. When targeting these aborted faults multiple
times by ATPG using the random decision order, some of
them are detected, causing a slight increase in test cover-
age.

Figure 2 depicts the BCE and FOE coverages as a func-
tion of test cycles for the three different DFT techniques,
using the stuck-at fault model. Note that the x-axis display-
ing the test cycles has logarithmic scale. EDTI10X has the
same scan configuration as LBIST. 5-detect ATPG runs
were used to display the curves. The BCE and FOE curves
reveal the test quality that can be achieved with the number
of test cycles used. The cost for ATPG and EDTI0X is
tester memory to accommodate the test cycles, as well as
the test application time for applying the test cycles. For
LBIST, the cost is only test application time, since tester
resources for LBIST are negligible. Figure 2 demonstrates
that the compression technology can achieve the highest
test quality at a low cost. Note that LBIST initially has a
higher test quality than ATPG for the same number of test
cycles, but as the number of test cycles increases, ATPG
prevails. This is because the scan chains for LBIST are ten
times shorter than for ATPG, which means that LBIST
applies ten times more test patterns than ATPG for the
same number of test cycles. The test coverage that LBIST
can achieve levels out around 90%.

The same tests are performed on the transition fault
model for the three DFT techniques. The same conclusions
as for the stuck-at tests are obtained for the transition tests
as shown in table III and figure 3. All three test quality
measurements (test coverage, BCE, and FOE) indicate that
EDTI0X achieves the highest test quality with low test
cost. Because the deterministic transition test set is more
than two times larger than the deterministic stuck-at test
set, it becomes even more important to apply compression
technique to reduce the test cost.

Figure 4 shows the multiple-detect test coverage profile
for EDT10X with single-detect, EDT10X with five-detect,
and LBIST with 128K pseudo-random patterns. The bars in
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Figure 2: BCE and FOE comparison of different techniques
for stuck-at faults

Table III: Transition fault test results

n- # test test
det. | pat. cycles cov. BCE FOE
[T [ 5082 | 433M[970%% | 9491% | 5763%
T [Z[9%00 [ S02M[9803% [96.74% | 58.52%
3 113396 | 1143M | 98.06% | 9741% | 59.38%
P 17354 [ 148.0M [ 98.07% | 97.71% [ 59.73%
G 5 [ 21221 [ IST.0M | 98.08% [ 97.85% | 59.97%
T 3657 T 22N 07370, T 04 S0% [ 37 45%,
7 [ 10867 | 8.5M| 97.98% | 96.64% | 58.62%
EDT e 2.4V [ 98.01% [ 9733% | 59.20%
10X 21750678 | 16.1M | 98.00% | 97.65% | 59.55%
5 125396 | 19.8M| 98.04% | 97.80% | 59.83%
T KT G AM 335000, T3 800 3301,
B T6K | 12.7M | 87.60% | 85.89% | 54.18%
; 30K | 25.4M | 88.88% [ 87.53% [ 55.10%
64K | 50.0M | 89.91% | 88.78% | 55.58%
S 96K | 763M | 90.48% | 89.43% | 56.31%
T 128K | T01.8M | 90.84% | 89.84% | 56.59%

the figure indicate the test coverage, i.e. the percentage of
testable faults that are detected at least n times, where » has
a range from 1 to 10 on the x-axis. Most of the faults,
which are easy to detect, are detected 10 times or more by
both the 1-detect EDT10X test set and the LBIST test set.
This phenomenon has been observed for many full scan
designs. The major difference between the 1-detect deter-
ministic test patterns and the LBIST test set is that the
deterministic test can achieve high test coverage within the
targeted number of detects. LBIST does not achieve very
high coverage. However, the coverage is fairly stable with
a gradual drop off for higher numbers of multiple-detect.

In Figure 4, the number of faults detected at least 5
times by LBIST is higher than that by 1-detect determinis-
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Figure 3: BCE and FOE comparison of different techniques
for transition faults

tic test due to the large number of pseudo-random patterns
used. On the other hand, the 1-detect deterministic test set
has a larger number of faults detected for 1, 2, 3, and 4
times.
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Figure 4: Multiple-detect test coverage comparison between
LBIST and EDT patterns for stuck-at faults

5.2 Incremental ATPG flow

Experiments were also performed to evaluate the cost
saving when an incremental ATPG generation flow is used.
In the incremental ATPG generation flow, transition test

ATPG was performed for the fault list within which the
faults that have been already detected by LBIST are
excluded. Similarly, the stuck-at ATPG was performed for
the fault list within which the faults that are detected by
LBIST and the transition test sets are excluded. The exper-
iment with pseudo-random patterns uses an LBIST imple-
mentation with 32K patterns and two at-speed capture
pulses. The test quality criteria is to achieve 5-detect for all
testable stuck-at and transition faults. P, and P, represent
the test patterns sets for the transition and stuck-at tests,
respectively. As shown in table IV, the incremental ATPG
flow without any pseudo-random pattern reduces the test
data volume by 19.0%. If 32K pseudo-random patterns are
applied initially before the incremental ATPG flow, it fur-
ther reduces the test data volume to 21.1% as compared to
the basic flow.

Table IV: Test results for incremental ATPG flow
1-det |2-det 3-det 4-det | 5-det

. # Py | 5,082 9,400 13,396| 17,354 21,221
Basic [7rp T2 144 4,036] 5,847 7,688 9,498
flow Total pattern count | 30,719
inc. #Pg| 5,082 9,400 13,396 17,354 21,221
ATPG |FP.| 78T 1483 2219 2,925] 3,659
without Total pattern count | 24,880
LBIST Test data reduction | 19.0%

inc. #P,| 5,007 9,185 13,043 16,873 20,612
ATPG |#Py 773 1,498 2,208 2918 3,622
with Total pattern count | 24,234

LBIST Test data reduction | 21.1%

5.3 Industrial design case analysis

An industrial design case will be presented in this sec-
tion. The design contains 10.4 million standard logic gates,
432K flip-flops and more than 100 clock domains. The
main clock domain is running at 250 MHz. Logic BIST
was implemented in this design. No test points were
inserted in the design. In the scan test, there are 15 external
scan chains that can be connected to the tester. In the
LBIST test mode, there are 1,005 internal scan chains that
can be loaded in parallel with pseudo-random patterns gen-
erated internally. When the EDT deterministic test is used,
the 15 external scan chains are connected to the tester. The
EDT decompressor will decompress 15 bits scan test data
obtained from the tester via 15 external scan chains to
1,005 bits scan test data and feed into 1,005 internal scan
chains in one cycle. The longest scan chain for scan test has
29,563 flip-flops, and the longest scan chain for LBIST and
EDT has 442 flip-flops. It is obvious that the number of test
cycles needed for each normal scan pattern is much larger
than that for each LBIST or EDT test patterns.

Table V lists 1-detect ATPG results with no EDT deter-
ministic logic and non-incremental ATPG. With 24,512
pseudo-random patterns, LBIST can achieve 93.65%
stuck-at test coverage and 77.62% transition test coverage.
The total number of test cycles used in LBIST test is
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10,834K. Transition ATPG and stuck-at ATPG are per-
formed separately and their coverages are 83.68% and
99.09%, respectively. Transition test ATPG is only per-
formed for one clock domain, the 250MHz major clock
domain. The actual numbers of test cycles for transition
test and stuck-at test are much larger for ATPG than for
LBIST. This is due to the maximum scan chain length in
LBIST mode being much shorter than that for normal scan
mode.

Table VI lists 1-detect pattern generation results using
EDT instead of traditional ATPG, and using the incremen-
tal pattern generation flow. LBIST results are the same as
listed in table V. The last two columns report the compres-
sion in tester cycles and tester memory, respectively, com-
pared to the results in Table V. Transition pattern
generation achieved 83.54% test coverage with 7,340 test
vectors. The transition test vector set also detected many
stuck-at faults. In this case, it achieved 85.38% stuck-at test
coverage. On top of that, we ran stuck-at pattern generation
and got 98.83% stuck-at test coverage. From this design,
we observed that the compressed deterministic ATPG with
the incremental pattern generation flow achieved slightly
lower test coverage compared to the non-compressed
deterministic ATPG and non-incremental pattern genera-
tion flow. However, that coverage difference is mainly due
to additional constrains added during the EDT run which
artificially gives up credit for faults which will be detected
in reality. For example, a stuck-in-system-mode fault on
the first scan cell of every chain is reported as being untest-
able in EDT. However, a fault on that line would be
detected since it prevents scan loading from working (the
scan chain would no longer be sensitized in the presence of
this fault). Secondly, the EDT pattern count is higher than
that of normal ATPG. However, due to the test cycle reduc-
tion for scan loading, the final number of test cycles for
EDT is still much lower than that of normal scan test. Thus
it saves tester memory and tester time. The total reduction
in the number of tester cycles is 23x (508,201/22,031),
which includes LBIST and deterministic patterns. The
tester scan volume reduction is 44x (the ratio of the test
cycles of ATPG vs. EDT).

Table V: 1-detect with no EDT and non-incremental

flow
Trans |Stuck-at 4 Pattern # Test cyc.
cov. cov. (K)
LBIST | 77.62% | 93.65% 24,512 10,834
Trans. o
ATPG 83.68% - 4,889 | 144,533
Stuck-at 0
ATPG - 99.09% 11,935 | 352,834
Total | 83.68% | 99.09% 41,336 | 508,201
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Table VI: 1-detect with EDT and incremental flow

Trans (Stuck-at # Test cyc. | Compression
# Pattern
cov. cov. (K) [Cycles| Mem.
LBIST | 77.62% | 93.65% | 24,512 10,834 Ix | N/A
Trans. o o
EDT 83.54% | 85.38% | 7,340 3,244 | 44x | 44x
Stuck- o
EpTl T 98.83% | 17,994 7,953 | 44x | 44x
83.54 | 98.83
Total % % 49,846 | 22,031 | 23x | 44x

6. CONCLUSIONS

Test methods beyond the traditional stuck-at fault
model are needed to address new types of defects for
design processes at 130nm and below. In this paper, multi-
ple-detect for both stuck-at and transition faults was used
to increase the test quality for advanced deep-submicron
designs. Two statistical metrics (BCE and FOE) were used
to assess the quality of the different test sets considered.

The introduction of multiple-detect for stuck-at and
transition tests dramatically increases the test data volume
and test application time of scan patterns. Hence, applying
the higher-quality test sets may be infeasible due to test
resource constraints. This paper presented two techniques
to reduce test data volume. Using Embedded Deterministic
Test (EDT) to apply compressed deterministic patterns can
reduce the test data volume and tester time by 10X or more
as compared to traditional ATPG. The incremental test flow
when generating patterns for multiple fault models can
reduce the test set size further. Logic BIST, which is com-
monly used for system test, can be applied to increase mul-
tiple-detect coverage for detections beyond those targeted
by the deterministic patterns.

Using the discussed techniques has been shown to
allow the higher quality test sets, including transition tests
and multiple-detect, to be applied within the tester con-
straints currently available for stuck-at tests.
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