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Scan-Chain Intra-Cell Aware Testing

A. Touati, Student Member, IEEE, A. Bosio, Member, IEEE, P. Girard, Fellow, IEEE, A. Virazel,
Member, IEEE, P. Bernardi, Member, IEEE, M. Sonza Reorda, Fellow, IEEE, and E. Auvray

Abstract—This paper first presents an evaluation of the effectiveness of different test pattern sets in terms of ability to detect
possible intra-cell defects affecting the scan flip-flops. The analysis is then used to develop an effective test solution to improve
the overall test quality. As a major result, the paper demonstrates that by combining test vectors generated by a commercial
ATPG to detect stuck-at and delay faults, plus a fragment of extra test patterns generated to specifically target the escaped
defects, we can obtain a higher intra-cell defect coverage (i.e., 6.46% on average) and a shorter test time (i.e., 42.20% on
average) than by straightforwardly using an ATPG which directly targets these defects.

Index Terms— fault simulation, intra-cell defect, scan-chain testing, test quality.
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1 INTRODUCTION

HE endless advance of semiconductor technologies

results in an increasing complexity of digital circuits.
Designing and manufacturing smaller, faster, cheaper and
less power consuming devices are the main challenges in
semiconductor industry. The reduction of transistor size
and the latest packaging technology (i.e., System-On-a-
Chip, System-In-Package, Through Silicon Via 3D Inte-
grated Circuits) allow the semiconductor industry to satis-
fy the latest challenges. Although producing such ad-
vanced circuits can benefit users, the manufacturing pro-
cess is becoming finer and denser, making chips more
prone to defects. In modern deep submicron technolo-
gies, systematic defects are becoming more frequent than
random defects [1].

Today, systematic defects appear not only in the cell in-
terconnections, but also inside the cell itself (intra-cell
defects). In the literature, many works prove that these
defects can escape classical test solutions. In [2] a statis-
tic carried out over 1 million tested devices showed that a
significant number of defects appear inside standard cells
(i.e., intra-cell defects). In [3][3][5], it is shown that these
defects cannot be detected by using approaches based
on classical fault models (i.e., stuck-at, transition, bridg-
ing). Despite the fact that previous works already proved
that classical test sets lead to a low coverage of intra-cell
defects, none of them deeply investigated the issues
related to scan chain testing in the presence of intra-cell
defects.

Usually, scan chain testing is performed by applying a
so-called shift test [6]. A toggle sequence “00110011...” is
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shifted into the scan chain and values appearing at the
other extreme of the chain are checked. The applied se-
quence produces all possible transitions at the scan-input
of each scan flip-flop. In this way, the correctness of the
shift operations is verified and the presence of possible
stuck-at and transition faults in the scan flip-flop intercon-
nections can be detected. Moreover, the work in [7]
shows that the above sequence can only cover the intra-
cell defects affecting the scan-path of each scan flip-flops.

Despite the fact that the shift test is widely used in
practice, authors in [8] prove that some intra-cell defects
can escape because the scan chain test is applied only
when flip-flops are in test mode. The intra-cell defect cov-
erage is indeed too low. It is thus mandatory to analyze
and quantify the intra-cell defect escapes to eventually
develop meaningful test solutions.

Authors in [9] presented a Cell-Aware (CA) production
test results on a 130nm technology library composed of 216
cells. This work focused in the full application of the CA
methodology, which includes slow-speed and at-speed CA
tests for bridges, opens and transistor defects. Authors
showed that during different tests, at different temperatures,
CA tests detect unique failing parts.

In [3], authors evaluated the effectiveness and the
quality of the CA test patterns, which are generated to
reach the maximum achievable defect coverage, by com-
paring them with the state-of-the-art Stuck-at and Transi-
tions fault patterns defect coverage. This evaluation is
carried out on 10 industrial multi-million gate designs and
the defect coverage gain was estimated for the complete
design and for each standard cell type as well. In our
previous work [10], we presented a preliminary analysis of
intra-cell defects affecting the scan chain. In this paper,
we first show that the percentage of intra-cell defects
escaping the standard tests is indeed very high (up-to
60%). Then, conversely to [3] and [9] , we propose a high
quality test solution (based on combining different test
sets generated by a commercial ATPG targeting different
fault models) achieving high intra-cell defect coverage.
Finally, we compare the defect coverage of the proposed
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test solution with the one produced by an available com-
mercial tool when directly targeting intra-cell defects [3].
In fact, the novelty of our test solution is that the evalua-
tion of Stuck-at and Transitions fault test patterns is pro-
vided with respect of the overall defect database and not
only with respect to the Cell-Aware detectable defects as
mentioned in [3]. Experimental results show that on aver-
age our solution outperforms the latter in terms of both
defect coverage and test length. To the best of our
knowledge, this is the first work which explicitly targets
the intra-cell defects affecting the scan flip-flops. It aims at
improving the defect coverage by combining together
different test sets.

The paper is organized as follows. Section 2 presents
the basics of scan chain design and test, while Section 3
sketches the overall flow. The defect characterization is
briefly reviewed in Section 4. In Section 5 the methodolo-
gy for scan chain intra-cell aware test is presented. Ex-
perimental results and defect coverage analysis are pre-
sented in Section 0. Conclusions are given in Section 7.

2 ScAN CHAIN TEST

This section presents the basics of scan chain design &
test. Fig. 1 shows the well-known MUX-scan flip-flop [i-
brary cell architecture. It is composed of a D Flip-Flop
(DFF) plus a multiplexer. The input signal Scan Enable
(SE) allows to select between the scan mode (SE = ‘1’)
and the functional mode (SE = ‘0’). In scan mode, the
flip-flop stores the value coming from the Scan Input (Sl),
while in the functional mode it stores the value coming
from D.
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Fig. 1. MUX-scan flip-flop
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Fig. 2. Full Scan Architecture

Fig. 2 depicts the classical full scan architecture. Here,
each scan flip-flop corresponds to one element of the

scan chain (from SFFo to SFFn.1). The scan chain is con-
trolled by the SE signal and latched by the clock (CLK).

Scan designs are usually tested in two steps. First, a
Scan Chain Test is applied. A single test pattern com-
posed of a sequence of alternated 00 and 11 bits
(“00110011...") is shifted in and out of the scan chain.
This sequence produces all possible transitions on the
input of each scan flip-flop. In this way, the ability of the
scan chain to support the shift operations is verified and
the presence of possible stuck-at and transition faults in
the scan flip-flop interconnections is detected. If the scan
chain test succeeds, the scan design test goes through
the second step, corresponding to the Logic Test. It aims
at testing the combinational logic in between the scan
chains. It resorts to test patterns generated by an ATPG
tool targeting several fault models (e.g., Stuck-at Faults,
Transition Faults). Logic test is applied and the output of
the combinational blocks is latched by switching scan flip-
flops from test to functional mode [6].

As reported in [7], scan chain test is efficient in testing
intra-cell defects affecting the D flip-flops. However, since
the scan flip-flops always work in test mode during the
scan chain testing, some defects in the scan flip-flops
cannot be detected since they can be sensitized only in
functional mode. Experimental evidence of the correct-
ness of this hypothesis has been provided in [8], whose
authors show that some intra-cell defects actually escape.
Physical Failure Analysis proves that those defects affect
the multiplexer controlling the scan flip-flop input.

The main contribution of this work is the analysis of the
test quality w.r.t. intra-cell defects affecting the multiplexer
of scan flip-flops. We first evaluate the percentage of
intra-cell defects detected when scan chain test is per-
formed. Secondly, we compute the intra-cell defect cover-
age when logic test is performed. The latter is done by
applying three types of test sets, developed for the Stuck-
at fault model and for the Transition Delay Fault model,
adopting the Launch-Off-Capture (LOC) and the Launch-
Off-Shift (LOS) schemes [6]. Finally, we propose to merge
together the above test sets, thus achieving a high test
quality for the scan chain (intra-cell defect aware testing).

3 OVERALL FLow OF THE PROPOSED APPROACH

Fig. 3 sketches the overall flow of the proposed approach,
which is composed of four steps. The first one is the
technology library characterization (i.e., the dashed
line box). In this step, an automatic tool extracts all pos-
sible defect locations for every library cell. Then, for each
location, a defect injection campaign is executed. It ex-
ploits a transistor-level simulator to determine the faulty
behavior of the injected defect. The result is the Defect
Database. Please note that this step is applied only one
time for a given technology library.

The second step is the Logic Simulation Step. Two
inputs are required: (i) the circuit under evaluation and (ii)
the test sets generated by the ATPG. For each simulated
test set it stores the Flip-Flops activity.
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The third step is the Defect Coverage Estimator. Again
two inputs are used: (i) the previously computed defect
database and (ii) the Flip-Flops activity. For each test set,
it computes the defect coverage.

The last step is the Analysis & Learning. It aims at
merging together the graded test sets by applying an in-
depth analysis. The goal is to obtain a single high quality
test set. Two inputs are required: the test sets and the
defect coverage determined in the second step.

Please note that the main focus of this paper is on the
intra-cell defect grading and on the defect coverage anal-
ysis steps. The latters can be applied on any technology
library. However, for the sake of readability, we present in
the next section the main guidelines about the considered
defects and the location extraction performed during the
technology library characterization.

E Technology
i Library
1

i| Characterization } H
! H

Benchmark
Circuit

Logic
Simulator

Flip_Flops
Activity
GER oo
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Fig. 3. Overall Flow
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4 DEFeECT CHARACTERIZATION

The defect characterization for a given technology library
is done by means of a defect injection campaign. Several
papers described this process [3][4][5]. In this work we
exploit the approach published in [5]. In this section, we
recall the main concepts of [5] for the sake of readability.

For each library cell, we must determine all the possible
defect locations (i.e., where a defect can appear) and the
type of defect. In our work the location can be any cell
internal net. As already described in previous work [5],
cell layout analysis can be used to identify the realistic
defect locations. Then, for each realistic defect location,
defect injection is performed to evaluate if the behavior
induced by the injected defect is covered or not by the
applied set of stimuli. Finally, the defect database is cre-
ated. Note that any transistor-level simulator can be used
to perform this analysis.

Injected defects are modeled in the transistor-level do-
main as: (i) an unexpected connection between two nets
associated to a specific resistance value (resistive-short),
(i) an unexpected resistance value on a given net (resis-
tive-open) [11]. Injected defects can lead to either static
faults (i.e., stuck-at faults) or dynamic faults (i.e., delay
faults). To sensitize the static faults test patterns are made

with only one test vector, while for the dynamic ones we
have to apply test patterns that contain a couple of test
vectors in order to force a transition that actually sensitiz-
es and propagates the fault.

Since we target library cells, we can resort to an ex-
haustive test pattern generation in order to ensure that all
possible defects are sensitized and observed. As dis-
cussed above, we consider couples of test vectors in
order to be sure that even dynamic faults are sensitized.
We resort to the following notation, derived from [12]:

CO0: this symbol corresponds to the couple “007;
C1: this symbol corresponds to the couple “117;
R1: this symbol corresponds to the couple “01”;
FO: this symbol corresponds to the couple “10”.

Four symbols are used, thus for a given library cell hav-
ing n inputs, we have to simulate all possible 4" inputs
combinations. Once again, since we target library cells
the number of input signals is low (i.e., four on average,
up to 10 for the most complex cells) thus making the ex-
haustive generation and simulation feasible. The created
database is a simple table having one row per input pat-
tern. For each test pattern, the table stores the list of de-
tected defects as shown in Table 1.

TABLE 1
DEFECT DATABASE
IP Detected Defects
Pattern1 Defects list
PatternN Defects list

Let us resort to an example to show the process of li-
brary characterization. Fig. 4 gives the schematic view of
a two-ways multiplexer (MUX21) from an industrial 90nm
technology library.

Thanks to the layout analysis, we identify R10 as a re-
alistic defect location (red connection in Fig. 4). Then, as
a defect type we consider a resistive short, thus the re-
sistance value is set to 1Q. Finally, for each possible input
pattern we run a SPICE simulation. Simulations are done
by fixing the temperature at 25°C and the Vdd at 1V.

2168-6750 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more

information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/TETC.2016.2624311, IEEE Transactions on Emerging Topics in Computing

4 IEEE TRANSACTIONS ON EMERGING TOPICS IN COMPUTING, TETC-2016-02-0025.R1

Vdd

MMP15 | MMP14
8> = A S
nel102
MMP17 — MMP16 B
| P — |5 s 5 ) EE
MMP18 MMP12
net020 |
s | }
MMN16 | MMN1S | MMNTD
. L ks 1k

net098 net102

MMN12 MMN13

Fig. 4. Schematic view of a MUX21

TABLE 2
MULTIPLEXER DEFECT DATABASE EXAMPLE

Detected De-
fects

R10, ...
R10, ...

Input A, input B, input S

C1,C0,C1

R1,FO,R1

Results are collected in the defect database, as shown
in Table 2. Among all the possible 64 patterns (i.e., 4%)
only two of them detect the injected defect: “C1,C0,C1”
and “R1,FO,R1”. This happens because the injected de-
fect leads to a static fault, thus we can detect it either
when we apply stable values (“C1,C0,C1”) or when we
apply transitions (“R1,FO,R1”). In this example, we omit to
put in the table the remaining patterns and remaining
defects only for the sake of readability. The same process
should be repeated for all other defect types and defect
locations.

Please note that the proposed methodology is general
(scalable) and can be applied to any technology node.

5 INTRA-CELL DEFECT GRADING

This section describes the methodology followed during
the intra-cell defect grading process. Once again, the
target is the defect affecting the multiplexer of the scan
flip-flop. The intra-cell defect grading is performed by
exploiting a classical serial fault simulation technique [6].
After the library characterization, we identified 162 defects
affecting the multiplexer of the scan flip-flop cell. Knowing
the overall number of intra-cell defects affecting the multi-
plexers, we can define the Defect Coverage (DC) metric
as follows:

#DD
DC =

=—— (1)
162x#N

where:
e #DD: is the number of detected defects;

o #N: is the number of flip-flops in the target cir-
cuit.

For each circuit we simulate two types of test: scan
chain and logic tests (see Section 2). For each type of
test, different test sets are considered. The details are
given in the following subsections.

5.1 Scan Chain Test

The scan chain test set is composed of load and unload
operations. All scan flip-flops are set into scan mode (SE
= ‘1") and a single pattern is shifted-in (load) and shifted-
out (unload) through the scan chain.

In our work, we consider several test sets. Each set is
composed of a single test pattern to be applied through
load and unload operations. Applied patterns are the ones
generated by the commercial ATPG tool used for our
experiments: “0011”, “0101”, “1000” and “0111”. Please
note that patterns are repeated several times depending
on the scan chain length. Each pattern guarantees that
each scan flip-flop is tested under the application of the
same stimuli. For example, pattern “0011” produces the
following stimuli: “00”, “01”, “11” in all flip-flops. Those
values are applied through the Scan In (S/) input of each
scan cell. On the other hand, the logic value applied to
the input D depends on the combinational logic of the
circuit. Thus, this value can be different for every scan
cell. Since we are looking for the intra-cell defects affect-
ing the multiplexer, the knowledge of the value of the
input D is mandatory.

We define the activity of the scan flip-flop i (0 </ < N-1,
where N is the length of the scan chain) at a given clock
cycle j as the following 4-tuple:

ActiVityi, J= {Dy S]a SE: Q} (2)

where D, S/, SE are the inputs and Q is the output of
the flip-flop i. Please note that each element of the 4-tuple
is encoded by using the symbols of [12], as described in
Section 4. Thus, the activity at the clock cycle j encodes
the couple of logic values applied during the clock cycles
J1.J.

In Fig. 5, we show the basic principle. Since we apply
the scan chain test, all scan flip-flops are set to scan
mode (red connections in Fig. 5. Then, for each scan flip-
flop i and for each target defect we simulate a test pat-
tern. During the simulation, at each clock cycle j we ac-
cess the Defect Database by using the information stored
in the related activityi; tuple as defined by (2) in order to
determine if the target defect is sensitized or not. If yes,
the value stored in the flip-flop i is inverted. At the end of
the simulation, we compare the unloaded values with the
golden ones to determine if the target defect has been
detected or not. The simulation length is equal to 2*N
clock cycles. However, in practice, N+4 clock cycles are
sufficient to detect all possible detectable faults.
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Fig. 5. Scan chain test intra-cell defect grading

5.2 Logic Test

During the logic test, several test patterns are applied by
using the scan chain, which is repeatedly switched from
scan to functional mode. Logic test patterns are com-
posed of load, launch, capture and unload operations
(thus testing basically the combinational logic). The load
and unload operations correspsond to serial shift-in and -
out of a test vector (as described in the previous section),
while the launch and capture correspond to the applica-
tion of the vector to the combinational logic and to the
capture of the test response. Please note that the launch
operation is only exploited during the test of delay faults
(e.g., transition faults), while the capture is always used,
independently on the target fault model.

Since intra-cell defects can lead to both static and dy-
namic faults (see Section 4), we resort to three widely
used test sets: Stuck-at fault test set, Transition fault test
set under the Launch-Off-Capture (LOC) scheme and
Transition fault test set under the Launch-Off-Shift (LOS)
scheme [6]. In this case, we aim at quantifying the intra-
cell defects detected when the scan flip-flops are in scan
mode (SE = ‘1’) as well as in functional mode (SE = ‘0’).

Fig. 6. Logic test intra-cell defect grading

In Fig. 6 we show the principle of the logic test intra-
cell defect grading. In this case, we have to consider the

activityi; not only during the load and unload operations,
but also during the launch and capture (i.e., in functional
mode) phases. The latter depends on the simulated test
set, as depicted in Fig. 7.

The figure reports waveforms related to the application
of test sets: a) stuck-at test set, b) transition test set, fur-
ther divided into the one adopting the LOC scheme, and
the one adopting the LOS scheme. For each one we de-
fine the functional window as the time interval when SE =
‘0’. This includes the capture edge for stuck-at and LOS
test sets, while it includes both launch and capture edges
for the LOC test set. Except for the functional window, the
defect grading for the logic test is exactly the same as
described in the previous section. The simulation length is
equal to [(N + 1)*T +N] clock cycles for the stuck-at and
LOS test sets, where n is the number of flip-flops compos-
ing the scan chain and T is the number of patterns com-
posing the simulated test set. The term ‘+ 1’ is added to
include the capture clock cycle during the functional win-
dow. For the LOC test set, the simulation length is equal
to [(N + 2)*T+N] clock cycles because in this case the
functional window contains two clock cycles, correspond-
ing to the launch and the capture operations.

V@pplied Capture@dge

CLOCK
I I |
SABcan I—\—I/—
a)a Enablel : } :
| I |
| | |
| | |
. Launch@dge
Vi@pplied vaae Capture@dge
| | | |
CLOCK J \J' \J' |_|
I | | I
LOCBcan I—\—I/i—
b)& Enablell |

| |
| | |
LOSBcanB | | |
Enable@ | | |
| |

Fig. 7. Logic test “functional window”, corresponding to the period
when Scan Enable =0

6 RESULTS AND ANALYSIS

In this section, we present the results corresponding to
the intra-cell defect grading process. Then, we present
what it is possible to learn from the collected data in order
to obtain a meaningful test solution. Finally, we compare
the results achieved with the proposed test solution with
the one from a commercial tool.

6.1 Defect grading results

We performed several experiments on the full-scan ver-
sion of ITC’99 benchmark circuits. All circuits were syn-
thesized using an industrial 90nm technology library, and
for each circuit one scan chain was inserted during syn-
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TABLE 3
DEFeCT COVERAGE EVALUATION FOR LOGIC TEST
Ckt #Flip- Logic Test
Flops SAF TF-LOC TF-LOS
#p | FC% | DC% | #p | FC% | DC% | #p | FC% | DC%
b0 1 5 20 100 | 29.38 18| 69.91 | 53.21 24 | 7222 | 50.37
b02 4 14 100 | 19.60 13| 82.00| 4275 16 | 90.00 | 46.45
b03 30 26 100 | 40.08 32| 9299 | 4807 35| 89.29 | 55.66
b04 66 46 100 | 23.18 23| 65.85| 62.69 57 | 79.23| 65.29
b05 34 76 | 99.93 | 50.84 95| 5397 | 75.00 90| 60.53| 68.70
b06 8 14 100 | 25.54 12| 69.82 | 49.00 14 | 8829 | 2878
b07 41 52 100 | 23.56 89 | 8124 | 7647 76 | 90.01| 66.49
b08 21 51 100 | 24.37 33| 7273 67.40 53 | 78.33| 64.10
b09 28 33 100 | 23.24 27 | 87.90| 4585 40 | 96.11 | 54.01
b10 17 47 100 | 25.75 32| 66.63| 66.41 56 | 9157 | 65.00
b11 30| 113 100 | 3558 | 136 | 7769 | 77.98| 150| 91.10 | 68.35
b12 119 93 100 | 2349 | 260 | 8827 | 8047 | 157 | 92.04 | 68.66
b13 45 39| 99.94 | 2361 59 | 79.26| 61.70 46 | 9149 | 60.38
b14 215 | 305| 99.99 | 3966 | 284| 8487 | 8153 | 336| 9827 | 6896
b15 415 | 465 | 99.74| 67.15| 1,082 | 8041 | 81.89| 743 | 9346 | 69.14
b17 1311 | 433 | 97.83| 5113 | 1,062 | 83.84| 8188 | 861 | 9222| 69.08
b18 2,754 | 507 | 9823 | 64.10 | 1,814 | 80.90 | 81.90 | 1230 | 91.03 | 69.09
b20 429 | 305| 9997 | 5920| 587 | 91.36| 81.82| 391 | 9853 | 6896
b21 429 | 315| 99.92| 6585| 634| 91.80| 81.89| 397 | 9853 | 68.94
b22 611 | 279 | 99.89| 5757 | 571 | 90.61| 8210| 397 | 97.96| 6895
Average " 9777 | 3863 “| 7960 | 69.45 “| 89.00 | 62.27

thesis'. As mentioned in Section 5, during the library
characterization we identified 162 defects affecting the
multiplexer of the scan flip-flop cell. Thus, for each circuit
the total number of defects is 162*N, where N is the num-
ber of flip-flops.

Table 3 summarizes the defect grading results when
logic test patterns are evaluated: results related to SAF,
TF-LOC and TF-LOS patterns are reported in columns 3,
4 and 5, respectively. The first column reports the name of
the ITC’99 full-scan circuit. The corresponding number of
scan flip-flops is reported in column 2. For each test set
we report in the sub-columns the test length in terms of
number of patterns (#p), the achieved fault coverage
(FC%) and the intra-cell defect coverage (DC%).

As expected (and already mentioned and explained in
a previous work [10]), we obtained a large gap between
fault and defect coverage. In fact, the gap can reach up to
43% for the b09 circuit if we consider LOC patterns and
40% for b02 if we consider LOS patterns. More in detail,
we obtained that on average SAF patterns achieved
38.63% of defect coverage, while TF-LOC patterns
reached 69.45% and TF-LOS patterns reached 62.27%.

The difference in defect coverage between SAF and TF
test patterns can be easily explained. TF test patterns
(either LOC or LOS) lead to a greater number of signal
transitions compared to SAF ones. Thus, the number of

covered defects is higher because both static and dynam- Ckt | #Flip- Scan Chain Test
Flops | “0011” | “0101” | “1000” | “0111”
' Fault grading results would clearly be the same if multiple scan chains bo1 5 11.36 5.09 11.36 12.10

would have been adopted.

ic faults are detected. Conversely, SAF test patterns
mainly detect static faults, thus missing the dynamic ones.
Please note that this depends not only on the applied test
set, but also on the circuit structure and on how it propa-
gates the fault effects. An example is the circuit b15, for
which the defect coverage achieved by the SAF test pat-
terns is comparable than the one obtained by TF- LOS
patterns.

Table 4 summarizes defect grading results when scan
chain test patterns are applied. The first column reports
the name of the ITC'99 full-scan circuits. The correspond-
ing number of flip-flops is reported in column 2. For each
graded scan test pattern, we reported the achieved intra-
ell defect coverage (DC%) in columns 3, 4, 5 and 6, re-
spectively.

The first comment refers to the difference in defect
coverage average between scan chain test (i.e., by con-
sidering the average of all the scan chain tests defect
coverage) and logic test (i.e., by considering the average
of all the logic test defect coverage), which is about 47%.
The observed gap can be explained by the fact that in
logic test the scan chain works in both functional and
scan modes, thus leading to a higher defect coverage.

TABLE 4
DerFeCT COVERAGE EVALUATION FOR SCAN CHAIN TEST
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b02 4 9.88 11.11 9.88 11.11 The second comment is about the fact that the defect
b03 30 12.18 12.18 12.18 11.85 coverage varies depending on the circuit. This result is
b04 66 3.22 3.25 3.17 3.25 somewhat expected since during the shift in/fout opera-
b05 34 12.20 12.16 12.20 12.16 tions the output of each scan flip-flop is propagated
b06 8 10.34 0.88 10.80 9.72 through the combinational logic. In some cases, these
b07 41 12.35 12.35 12.35 12.20 propagations may prepare the right logic value on the D-
b08 21 12.35 12.35 12.35 12.22 input at the right moment to get the missed input combi-
b09 28 12.35 12.35 11.99 12.35 nations. Thus, for some circuits the above values can be
b10 17 12.06 12.35 118 1.76 effective for defect coverage (for example for the circuit
b11 30 12.18 1218 1152 1169 b15) while this does not happen for some others (circuit
b12 119 3.16 3.18 3.13 3.18 b18).

b13 45 12.15 12.13 12.15 12.10 Finally, results in Table 4 do not vary among the applied
b14 215 3.13 3.14 3.1 3.14 test patterns. Only few exceptions can be noted for the
b15 415 12.35 12.33 12.35 12.33 b01 and b18. Again, here it is a matter of circuit structure
b17 | 1,311 12.34 12.34 12.34 12.34 and how test patterns are propagated trough the combi-
b18 | 2,754 3.09| 1234 | 1234 1234 national logic.

b20 429 3.1 3.11 3.10 3.1 .

b21 429 3.1 3.1 3.10 3.1 6.2.Learn|ng . . -

b22 611 310 310 310 310 During the learning step, we aim at determining the capa-

Average 88 92 bility of one test set to cover a specific set of defects that

0 9.00 9.19 6 is actually uncovered by another test set. The goal of this
analysis is to merge together different sets of test patterns
to increase the overall defect coverage.

TABLE 5
Logic TEST OVERALL DEFECT COVERAGE

Ckt LT2 DC% LT&ST* DC%

b01 68.52 68.52

b02 51.85 51.85

b03 71.91 71.91

b04 76.52 76.52 LoSE

b05 81.70 81.70

b06 54.48 54.48 Fig. 5. Defect coverage capabilities of the different test sets

b07 79.66 79.66 call N | lts for the thr
First of all, we compute the cumulative results for the three

b08 73.66 73.66 logic test sets: SAF, TF-LOC and TF-LOS as qualitatively

b09 67.95 67.99 reported in Fig. 8. Then, we further consider the contribution

b10 76.72 76.72 of the scan chain test to the overall defect coverage.

b11 80.21 80.21 Table 5 quantifies the overall defect coverage by con-

b12 81.02 81.02 sidering the union among the three logic tgst sets (second
column). The obtained defect coverage increases for all

b13 68.68 68.70 the circuits; on average we detect about 26% more de-

b14 81.90 81.90 fects than considering a single te.st set. The third golumn
reports the defect coverage achieved when considering

b15 85.49 85.49 the contribution of the scan chain test. From the reported

b17 84.06 84.06 data, it is easy to see that the scan chain test contribution
is negligible (0.004% on average). This result is explained

b18 85.54 85.54 by the fact that in logic test, the scan chain works in both

b20 84.92 84.92 scan and functional modes. Therefore, most of defects
covered by the scan chain test are indeed already cov-

b2 85.64 85.64 ered by the logic test during the load, unload and capture

b22 84.74 84.74 operations.

Average 76.26 76.26 After the learning phase, we are able to propose a test

solution composed of different test sets. However, the
maximum value of the defect coverage (achieved for the
b21 circuit) is only 85.64%, which could not be enough.

2 | ogic Test Thus, we further investigate the possibility to eventually
3 Scan chain Test
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increase the defect coverage by generating a dedicated
test set. We exploit a commercial intra-cell aware ATPG
tool to generate a test pattern set able to detect escaped
defects. Each defect is defined with the following infor-
mation:

e Itis associated to a specific scan flip-flop i in the cir-
cuit under test;

e It requires the knowledge of the logic values to be
applied to the scan flip-flop inputs to sensitize the
faulty behavior;

e Itrequires the knowledge of the fault effect.

The above informations are extracted from the defect
database created during the technology library character-
ization. The intra-cell aware ATPG exploits the above
information to generate a test pattern able to sensitize the
defect (i.e., it applies the required logic values to the scan
flip-flop i inputs) and to propagate its fault effect to reach
an observable point (i.e., either a primary output or a scan
cell).

More in details, we opted for the User Defined Fault
Model (UDFM) [13], which basically extends the natively
supported faults models (e.g., stuck-at and transition faults)
by adding constrainted pins/nets of a given library cell.
One of the restrictions we could encounter when applying
the UDFM is that we have to target static and delay faults
separately since they cannot be handled together in one
pattern generation step.

Let us refer to a small example that tests a cell internal
bridge fault of the multiplexer considered in Fig. 1.

UDFM {
version : 1;
UdfmType ("Special_delay")
{
Cell ("MUX21")

{
Fault ("myFIt-D")

Test {
DelayFault {“Q” : 1;}
Conditions {"D" : 10; "SI" : 00; "SE" : 00;}

}
Fig. 6. Delay Fault UDFM Cell Example

Fig. 9 reports an example of UDFM modeling speci-
fies the defect of Fig. 1. The defect behavior corresponds
to a delay fault. The required activation conditions are
specified on the input pins ("D, Sl, SE"), the output pin
("Q") is used for observing the fault effect. It specifies the
requirements for the test where the "D" input transitions
from ’1’ to ’0’ while observing that the "Q" output is faulty if
it remains at ’'1’.

UDFM {
version : 1;
UdfmType ("Special_delay")
{

Instance ("\stato_reg[1]")
{
Fault ("myFlt-0")
{
Test {
DelayFault {"Q" : 1;}
Conditions {"D" : 10; "SI" : 00; "SE" : 00;}
}
}

Fig. 7. Delay Fault UDFM Instance Example

We can later target a specific scan flip-flop instance in
order to detect the same defect (referring to the same
example) by writing an equivalent UDFM file as shown in
Fig. 10. This example targets the scan flip-flop instance
called “\stato_reg[1]”. When the UDFM file is loaded, the
defined delay faults are applied to the specified instance.

Table 6 reports the contribution to the defect coverage
when adding extra patterns generated by the intra-cell
aware ATPG tool. Column 2 reports the initial defect cov-
erage by considering both logic tests & Scan chain Test.
Column 3 reports the obtained final defect coverage.
Again, we could actually increase the coverage for all the
circuits. On average, the coverage improvement is about
13.93%. The fourth column reports the overhead in terms
of the percentage of extra patterns that have to be applied
to improve the coverage, which is about 42%. Therefore,
a high quality test solution has to be composed of logic
tests plus a fragment of extra test patterns generated to
specifically target the escaped defects.

TABLE 6
INTRA-CELL AWARE ATPG CONTRIBUTION

Ckt |LT&STDC%| DC% Pa“e’"(f/)o‘)’e’head
b01 68.52 85.04 22.50
b02 51.85 72.36 29.50
b03 71.91 87.14 59.20
b04 76.52 88.79 67.70
b05 81.70 90.02 23.20
b06 54.48 8451 50.60
b07 79.66 88.69 33.80
b08 73.66 86.93 35.10
b09 67.99 84.40 49.50
b10 76.72 86.17 23.70
b1 80.21 89.38 16.20
b12 81.02 88.92 36.70
b13 68.70 84.65 54.00
b14 81.90 91.88 4150
b15 85.49 93.03 31.10
b17 84.06 92.36 59.20
b18 85.54 92.92 65.10
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b20 84.92 92.96 48.60 b18 | 92.92 {10,170 | 82.45 |49,369| 11.27 | 79.40
b21 85.64 92.93 40.60 b20 | 92.96 | 2,498 | 86.62 | 8,109 | 11.12 | 69.19
b22 84.74 92.64 56.20 b21 92.93 | 2,267 | 86.83 | 8,192 | 6.56 | 72.33
Average 76.26 88.29 42.20 b22 | 92.64 | 2,848 | 87.30 | 11,554 | 5.77 | 75.35
Aver- 88.29 | 1,607 | 82.63 | 5,992 | 6.46 | 46.64

We now compare the above results with those pro- |[29€

duced by a single test set targeting intra-cell defects.
Basically, we exploit a commercial intra-cell aware ATPG
tool to target the whole set of defects for each scan flip-
flop. The comparison is done in terms of achieved defect
coverage and test time (i.e., number of test patterns).

Table 7 reports the comparison results. Columns 6 and
7 summarize the efficiency of our proposed approach in
terms of defect coverage increase and test length de-
crease as compared to the intra-cell aware ATPG. It can
be noted that in most of the cases (17 out of 20 cases,
i.e., column 6) the coverage achieved by the proposed
solution is higher than the one achieved by the intra-cell
aware ATPG tool. Even if for the smaller circuits the dif-
ference is not so high, for the larger circuits the difference
is significantly high. For example, for b18 the proposed
test solution achieves 11.3% higher defect coverage than
the intra-cell ATPG. If we consider the test pattern length,
we lead to similar conclusions. In most of the cases the
number of patterns of the proposed solution is smaller
than the one of the intra-cell aware ATPG tool.

TABLE 7
INTRA-CELL AWARE ATPG COMPARISON

Proposed Test Intra-cell Comparison

Ckt Solution aware ATPG

#DC #p #DC #p | % Incr|% Decr|

(%) (%) in#DC| in #p
b01 | 85.04 80 88.52 72 -4.10 | -11.11
b02 | 72.36 61 73.77 45 -1.95 | -35.56
b03 | 87.14 | 228 | 84.96 | 550 2.50 | 58.55
b04 | 88.79 | 390 | 84.89 | 1,199 | 4.40 | 67.47
b05 | 90.02 | 340 | 83.42 | 576 7.33 | 40.97
b06 | 84.51 81 84.03 | 127 0.57 | 36.22
b07 | 88.69 | 328 | 80.86 | 657 8.83 | 50.08
b08 | 86.93 | 211 | 80.25 | 343 7.69 | 38.48
b09 | 84.40 | 198 | 85.38 | 446 | -1.16 | 55.61
b10 | 86.17 | 177 | 78.36 | 261 9.07 | 32.18
b11 | 89.38 | 476 | 80.41 | 484 | 10.03 | 1.65
b12 | 88.92 | 806 | 77.47 | 1,922 | 12.87 | 58.06
b13 | 84.65| 313 | 7551 | 639 | 10.80 | 51.02
b14 | 91.88 | 1,582 | 86.77 | 4,142 | 5.56 | 61.81
b15 | 93.03 | 3,322 | 82.24 | 7,471 | 11.60 | 55.53
b17 | 92.36 | 5,774 | 82.62 | 23,683 | 10.55 | 75.62

Once again, for the largest circuits the difference is ac-
tually higher. If we consider b18, the proposed approach
generates about 72% less patterns than the intra-cell
aware ATPG (10,170 vs. 49,369 test patterns). It is im-
portant to mention that all the test sets have been gener-
ated by using the same commercial ATPG tool with the
compaction option. The comparison results show that the
proposed test solution definitely achieves better defect
coverage with a lower test length.

7 CONCLUSION

Scan test is the most popular Design-for-Test technique.
Assuring the correct behavior of the scan chain is there-
fore mandatory to ensure a high-test quality. Moreover,
some of the defects affecting the scan cells may result in
an uncorrect behavior of the circuit even during the nor-
mal mode. In this paper we presented an intra-cell aware
testing approach for the scan chain. We first evaluated
the effectiveness of different test sets w.r.t. the intra-cell
defects affecting the scan flip-flops. This evaluation con-
sidered both scan chain test and functional test, and was
based on test patterns generated by a commercial ATPG.
Then, we analyzed the obtained results and we proposed
to combine together the test sets to achieve higher intra-
cell defect coverage. Finally, we compared the results
produced by the combined test sets with the ones ob-
tained by using a commercial ATPG tool directly targeting
intra-cell defects. The comparison shows that considering
different test sets is very effective in terms of test quality
and of test length. Future works will mainly focus on the
diagnosis of the addressed type of defects.
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