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Abstract

Functional scan chains are scan chains that have scan
paths through a circuit’'s functional logic and flip-flops.
Establishing functional scan paths by test point insertion
(TPI) has been shown to be an effective techniqueto reduce
the scan overhead. However oncethescan chainisallowed
to go through functional logic, the traditional alternating
test sequence isno longer enough to ensure the correctness
of the scan chain. We identify the faults that affect the
functional scan chain, and show a methodology to find
tests for these faults. Our results have the number of
undetected faults at only 0.006% of the total number of
faults, or 0.022% of the faults affecting the scan chain.

1 Introduction

Automatictest pattern generation (ATPG) for sequential
circuits is in genera a difficult problem. Design-for-test
(DFT) techniques, such as full scan [11] and partia scan
[1, 3, 5], have been proposed to reduce the search space
to help ATPG software perform more efficiently. These
techniques facilitate the testing of a sequentia circuit
by interconnecting selected flip-flops into a shift register
during test mode. However the area and delay overhead
from conventiona scan can be significant due to the extra
scan multiplexers in the scan flip-flops, and the extra
routing for the scan chain.

Functional scan paths can be used to reduce the scan
overhead by using mission functional logic and mission
flip-flopsto establish a scan path. Establishing scan paths
through functiona logic has been used to reduce scan
overhead for control paths [6, 9], for data paths [8], and
also for built-in self-test [2]. Note that functional scan
paths not only reduce the scan overhead in terms of area,
but by using functional scan on the critical path, it can aso
eliminate or reduce the scan performance overhead [7].

Functiona scan paths can be established by test point
insertion (TPI) [7]. TPl establishes a functiona scan
path between two flip-flops by finding a combinational
path between them and forcing the side-inputs to this
path to non-controlling values during scan mode. Thisis
done by inserting test points and using the primary input
assignments to force nets to 0 or 1 during scan mode. A
single test point may help establish severa scan paths,
and therefore the TPl method can be more area efficient
than the conventional MUXed-scan flip-flop substitution.
Furthermore, the dedicated scan wiring is saved by using
sensitized functiona scan paths. TPl has been shown to
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Figure1: (a) conventional full scan; (b) test point insertion
to reduce scan overhead.

be an effective techniqueto establish functional scan paths
thereby reducing scan overhead [7].

Using TPI to establish functiona scan pathsisillustrated
by an example in Figure 1. Figure 1(a) gives a portion
of a sequential circuit using the conventional full scan
methodology, which needs four scan flip-flops and extra
scan chain wiring (thick lines). By inserting a test point
and applying O at the primary input P during scan mode
(scan_mode = 1), as shown in Figure 1(b), afunctional scan
path is established and the scan overhead is reduced.

Oneimportant issuethat has not been fully addressed by
the previous research work is the testing of the functiona
scan chain itself. Thisis critica because the subsequent
testing procedures assume that the scan chain is fault-free.
The traditional method of testing a dedicated scan chain
is to apply an aternating sequence of Os and 1s (eg.,
00110011...). This is sufficient to detect faults when
using atraditional scan chain with dedicated scan wiring
sinceastuck-at 1 (s-a-1) or astuck-at-0 (s-a-0) fault on the
dedicated scan wiring will cause the scan output to have
atail of 1s (0s). Subsequent testing of the circuit logic
is then performed with the assumption that the scan chain
is fault-free. However the aternating sequence may not
be enough to test a functional scan chain. For example,



Figure2: (a) Alternating sequence detect faultswhen using
dedicated scan chain, but (b) will not detect fault A s-a0
when using functional scan chain

Figure 2a shows a sequentia circuit using the traditional
scan design, and Figure 2b shows a sequential circuit using
a functional scan path (shown by thick dashed lines). In
Figure 2a any s-a1 (0) fault on the scan chain (shown by
thick lines) can be detected by the alternating sequence,
and any fault in the functional logic will not affect the scan
chain. However in Figure 2b a stuck-at-0 fault on net A in
the functional logic will affect the functional scan chain.
Under the presence of this fault, the functional scan path
changes from the thick dashed line to the thin dashed line.
The length of the scan chain is reduced by four. However
sincethealternating sequence (00110011. . .) repestsevery
four clock cycles, the aternating sequence will not detect
this fault. Thus in addition to the aternating sequence
we propose to perform additional testing to ensure the
correctness of the scan chain.

In this paper we study the problem of functional scan
chain testing. This problem is to find test vectors to
detect faults in the combinationa logic that affect the
functional scan chain. These test vectorsare applied during
the scan chain testing phase (i.e, the circuit is strictly
kept in scan mode). Since the testing of the functiona
scan chains detects some faults in the combinational logic,
these detected faults can be dropped from the fault list for
the subsequent phase of testing the combinational logic
through the use of the fault-free scan chain.

In section 2 we give a brief overview of our approach.
In section 3 we discuss how to find the faultsthat affect the
scan chain. Insection 4, we giveaprocedurefor finding test
vectors for the faults that affect the scan chain. In section
5, we give another procedure to find testsfor the faults not
yet detected. In section 6 we give the experimental results.
Finaly, in section 7 we give the conclusion.

2 Overview of our approach

Our approach is to start with the circuit model in scan
mode. This is the circuit with test points inserted, and
with primary inputs assigned to values according to TPI
(including setting scan_mode = 1). Also during TPI, the
netsinthe scan chain areidentified. Then thefaults f;. that
may affect the scan chain areidentified. A straight-forward
method to find test vectorsto detect f;. isto use sequential
ATPG on the scan mode circuit model. However, even
though the scan mode circuit model is much smpler than
theoriginal circuit, in large circuits, this could still involve
a significant amount of CPU time. We thus attempt to
reduce the number of faults that need to be detected using
sequential ATPG by using a three step screening process.
Each step will detect some faults, and |eave the remaining
undetected faults for the next step. Sequential ATPG will
only be used in the final step.

1. Thefirst step is to identify the faults f.,,, that cause
a net on the scan chain to be s-a0 or ssal. These
faults will be detected by the aternating sequence,
which will be the first test sequence to be applied to
thecircuit. Theremaining faults, frara = fse — feasy
areinput to step two.

2. Combinationa ATPG with fault list f5,..¢ isapplied
to the scan-mode circuit model to get a set of test
vectors. However, even if combinational ATPG finds
atest vector to detect afault, thisvector may not really
detect that fault. Thisis because to apply atest vector
from combinational ATPG, the scan chain should be
fault-freewhich may not betrue. Thuswe must follow
combinational ATPG by sequential fault ssimulationto
determine which faults are really detected. Note that
the circuit is fixed in the scan mode during the entire
sequence (including the combinational test). Sincewe
are using combinational ATPG to generate atest set,
thisapproach isapplicableto afull scan environment.
However, in apartial scan environment, we can use a
test set of random vectors. The remaining undetected
faults, fremaining areinput to step 3.

3. The faultsin f,cmaining @€ examined to determine
where they affect the scan chain. If a fault could
reach the scan chaininlocationsi;, {; 41, - . ., {;, where
li < liy1 < --- < I, then the scan chain before [;
is fault-free and controllable, while the scan chain
after {; is fault-free and observable (assuming single
stuck-at fault model). This increased controllability
and observability isused along with sequential ATPG
to find testsfor the faultsin frcmaining.

In the following sections we discuss each of the above
stepsin greater detail.

3 Find Faults Affecting the Scan Chain
Faults that affect the scan chain are found by the fol-
lowing procedure. First find the forward implication cone
of each fault. Under the presence of the fault, nets in
the forward implication cone can change from any of the
vaues {0, 1, X} to any of {0, 1, X}. For example in
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Figure 3: Finding the forward implication of afault

Figure 3 under the s-a-0 fault at P/ shown, the value at
net A is changed from 1 to O, net B from X to 0, net C
from O to 1, net D from X to 1, and net E from O to X.
Note that the forward implication cone indicates not only
whether afault affects the scan chain, but aso where (i.e.,
between which pair of flip-flops) it affects the scan chain.
Furthermore, afault may affect the scan chain in morethan
one location. After computing the new net assignments
due to the forward implications of the fault, each fault
is categorized into one of three types depending on the
last location it affects the scan chain. The last location is
used because afault captured in that flip-flopis guaranteed
observable at the scan-out. The three categories are:

1. Under the presence of thefault, anet onthe scan chain
isassignedtoaloral(i.e, netissal or sa0).

2. Under the presence of the fault, a side-input to the
scan chain is assigned an unknown value (X).

3. neither 1 nor 2.

Some examples of faults in category 1 for the circuit
shown in Figure 2 are net B s-a1, net C s-a0, or net D
sal (causes E to be s-a1). An example of category 2
is Figure 2, net A s-a0, which causes net D to have an
unknown vaue. The fault net A s-a-0 could also be placed
in category 1 because net F, which is on the scan chainis
s-a0 under the presence of this fault. However we give
category 2 priority over category 1. This means that any
fault that is in both category 1 and 2 is placed in category
2. Thisis because faultsin category 1 can be detected by
the aternating sequence, and thus are easy to detect, while
faultsin category 2 may not be detected by the aternating
sequence. An example of afault in category 3isFigure 2,
net A s-a1.

An example of a fault affecting multiple locations is
thes-a0 fault a P/ shown in Figure 3. The fault affects
the scan chain between flip-flops FF1 and FF2 because it
affects net B and D which are on the scan chain (category
1). It also affects the scan chain between flip-flops FF2 and
FF3 because it affects net E, which is a side-input to the
scan chain (category 2). This fault is placed into category
2 because thelast placeit affects the scan chain is between
FF2 and FF3.

Any fault that falls into category 3 will not affect the
scan chain. This is because the scan chain can only be
affected by faults on netsin the scan chain or by faultsthat
affect the chain’s side-input nets. The former faults are
covered by category 1. For the latter faults, there are three

possibilities. A side-input gets a controlling value, which
causes anet in the scan chain to be s-a-1 or s-a-0 (category
1), or aside-input gets an unknown val ue (category 2), or a
side-input becomes a non-controlling value, which means
the scan chain is not affected by the fault (category 3).
The faultsin category 1 can be detected by the alternating
sequence and the faultsin category 3 do not affect the scan
chain. Thus we now concentrate on the faultsin category

2 (fhard)-

4 Combinational ATPG & Sequential Fault

Simulation

For each fault f € frqrq, @ SEQuence of test vectors to
detect f must be generated, or it must be shown that f is
sequentially undetectable (in scan mode), in which case f
does not affect the scan chain. Thisis under the constraint
that the circuit is strictly kept in scan mode. For functional
scan, some primary inputs may be set to constant values
in scan mode to establish the scan chain. However, the
primary inputsthat are not used to establish the functional
scan chain can be used to detect the fault. Also, in addition
to the scan-out, al the primary outputs can be used to
observe the fault effect.

To find test vectors to detect the faults in f,4.4 We
could apply random test vectors or use sequential ATPG.
However random test vectors will be unable to identify
sequentially undetectable faults. Sequential ATPG, on the
other hand, isableto identify undetectablefaults, butisvery
time-consuming. We thus choose to apply combinationa
ATPG targeting the faults in fr.-¢ On the combinationa
portion of the scan-mode circuit. The test vectors returned
by combinational ATPG are then modified to be applied
to the sequentia circuit. In this modification scan-in
and scan-out sequences are added before and after the
combinationa vector similar to traditional scan sequence
conversion. However, it should be stressed again that the
combinational vector is aso applied in scan mode.

The test sequences created above may fail to detect
faults because the target fault may damage the scan chain,
and mask the fault effect during the scan out phase. Thus
we need to apply sequential fault simulation using the
test sequence created above to find which faultsin fi,q-4
are redly detected. After fault smulation the remain
undetected faults, f;cmaining, ae targeted.

Note that this step can possibly identify some unde-
tectable faults since any fault found to be combinationally
undetectable (by the combinational ATPG), must aso be
sequentially undetectable.

5 Targeting the Remaining Faults

After the above step, the remaining faults fremaining
are either sequentially undetectable or just hard to detect.
To find test vectors for these faults we must use the fault
locationinformation. Thiswill allow usto usethefault-free
sections of the scan chain to get increased controllability
and/or observabhility for test generation. Given afault we
can determine the location(s) where it affects the scan
chain as described in section 3 above. Then, assuming the
single stuck-at fault model, the scan chain ahead of the
first fault location is guaranteed fault-free and therefore
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Figure 4: Even if afault affects the scan chain, part of the
chain can still be used.

can be assumed to be fully controllable (i.e., treated as
primary inputs during test generation). Similarly the scan
chain after the last fault location is fully observable. The
scan chain ahead of the fault can be used to scan-in values,
and similarly the scan chain after the fault can be used
to scan-out values. This is shown in Figure 4a, where a
fault affects the scan chain between FF1 and FF2 and also
between FF5 and FF6. However FF1 is still controllable,
and FF6 and FF7 are still observable. We will cal this
circuit 1-1.C,6-7.0 to indicate that flip-flip 1 to flip-flop 1
arecontrollable, and flip-flip6 to flip-flip 7 are observable.
This controllability and observability can be used to help
sequential ATPG detect the fault. Although in genera
sequential ATPG is time-consuming, in this case we find
that it is quite effective. This is because the scan-mode
circuit is much simpler than the operation-mode circuit.
The fault-free scan-mode circuit is simply a shift register.
Also using the increased controllability and observability
reduces the length of the scan chain and the size of the
scan-modecircuit. Thussequential ATPG canbeefficiently
applied in this instance. For each fault f, € fremaining,
amaximally controllable/observablecircuit can be created
as described above. Then sequential ATPG with fault
list {f-} can be applied to the created circuit model to
detect f,. However if |f,cmaining| 1S large, this may be
inefficient since sequential ATPG would haveto berunin
the worst case | fremaining| times. Instead we propose to
divide up the faults into three groups. The basic ideawith
these groups is to let the sequential ATPG have enough

controllability and observability to be able to detect the
faultsin itsfault list, but to minimize the number of times
that sequential ATPG hasto be run.

Groups 1 and 2 only contain faults that affect the
scan chain in multiplelocations ({1, 2, . . ., 1,). Addition-
aly, the faults in group 1 have max(l;) — min(l;) >
LARGE_DIST, where LARGE_DIST is a user
parameter.  Similarly, the faults in group 2 have
LARGE_DIST > max(l;) — min({;) > MED_DIST,
where M ED_DIST isauser parameter. All other faults
go into group 3. Group 1 faults have only a little addi-
tional controllability/observability. Group 2 faults have
some more controllability/observability. Group 3 faults
have considerable controllability/observability. For ex-
ample, given the 8 faults that affect the scan chain as
shown in Figure 4a-c, and given LARGE _DIST = 4,
MED_DIST = 3, then faultl isin group 1, fault2 isin
group 2, and al other faultsarein group 3.

All faults in group 1 are treated individudly, i.e. a
maximally controllable/observable circuit will be created
for each fault and sequential ATPG will be applied to
detect the fault. For example, for faultl in Figure 4a,
the circuit 1-1.C,6-7.0 will be created. Sequentia ATPG
with the fault list {fault1} will be applied to the modified
scan-mode circuit model to test for faultl.

A maximally controllable/observablecircuit, n-m.C,o-
p.O will be created for each fault f in group 2 as well.
However, the fault list for sequentiadd ATPG includes f
and aso any faultswhose min(/;) > m and max(l;) < o.
These faults can aso be detected in n-m.C,0-p.O. For
example for fault2 in Figure 4b, the circuit 1-2.C,6-7.0
will be crested. Sequentiad ATPG with fault list {fault2,
fault3, fault4} will be applied to this circuit to test for
fault2, fault3, and fault4. Finaly, the group 3 faults are
divided into the minimal number of groups such that for
each group, min(/;) — max(l;) < DIST, where DIST is
auser parameter. For example, inFigure4c, if DIST = 2
thenthecircuit 1-1.C,3-7.0 will be created to test for fault5
and fault6, and the circuit 1-5.C,7-7.0 will be cresated to
test for fault7 and fault8.

After the above procedure, if there are still undetected
faults, we target each of these final faults (fnq:) individ-
ually (as done to group 1). In thislast step, we give the
sequential ATPG program additional time to try to find a
test for these faults. In the case where a circuit is divided
into multiple scan chains, if a fault does not affect al of
the scan chains, then the flip-flops in the unaffected scan
chains are both observable and controllable. All faults that
affect more than one scan chain are placed into group 1.

6 Experimental results

Weimplemented the abovefunctional scan chaintesting
technique, and tested it on the 12 largest ISCAS’ 89 bench-
marks. The circuits in our test suite were optimized by
the SIS script, script.algebraic [10], and mapped for min-
imal area using the technology libraries nand-nor.genlib
and menc_latch.genlib. Our technigque uses combinational
ATPG, sequentid simulation, and sequential ATPG. We
usethe stg3 program [4] to do all of these. Our experiments
were performed on a SPARCstation 4.



Table 1: Test suite.
name | #gates | #FFs | #faults | #chains

51196 562 18 2110
51238 589 18 2293
51423 812 74 2854
51488 588 6 2388
51494 604 6 2434

s5378 1587 | 162 5722
9234 1282 | 135 4598

gl 0 | N[N R P R k| R k| -

sI3207 | 2755 | 453 | 10172
sI5850 | 4450 | 540 | 16236
35032 | 14382 | 1728 | 48844
38417 | 13757 | 1463 | 51968
38584 | 12678 | 1294 | 47821
[fota | 54046 | 5897 | 107440 | 27 |

Table 2: Finding easy and hard faults.

faults affecting scan chain
name #easy (%) | #hard (%) | CPU
51196 94 (5%) 21 (1%) 3s
51238 117 (5%) 39 (2%) 3s
s1423 587 (21%) | 138 (5%) 12s
51488 102 (4%) 64 (3%) 4s
s1494 116 (5%) 42 (2%) 5s
s5378 698 (12%) 72 (1%) 27s
9234 975 (21%) | 257 (6%) 26s
s13207 | 2452 (24%) | 514 (5%) 65s
s15850 | 3640(22%) | 599 (4%) | 196s
s35932 | 16803 (34%) | 879 (2%) | 1913s
s38417 | 4978 (10%) | 791 (2%) | 448s
s38584 | 12034 (25%) | 2875 (6%) | 1074s

fotal | 42596 (229) | 6291 (3%) | 37765 |

We first used TPI [7] to create scan paths through the
functional logic. We then take advantage of the functional
scan paths to create a functional scan chain. Except
where functional scan paths are established, the ordering
of the scan chain is arbitrary. This is important because
different orderings will lead to faults affecting the scan
chain indifferent locations, and thus potentialy increasing
or decreasing the fault coverage. We do not take advantage
of this, but instead alow the designer to usethisflexibility.

In Table1 weshow our test suite. Thefirst three columns
give the name of the circuit, the number of mapped gates
in the circuit, and the number of flip-flipsin the circuits.
Column 4 contains the total number of considered faults
in the circuit. Column 5 contains the number of scan
chains in the circuit. We use multiple scan chains for the
larger circuits to reduce the length of the scan chain to a
reasonablesize. In Table 2 we show theresultsof our initia
step where we identify the faults affecting the scan chain
and the faults that can be detected with the aternating
sequence.  Column 2(3) contains the number of faults
that affect the scan chain and can (may not) be detected
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Figure 5: Number of simulated test vectors versus number
of detected faults for s38584.

by the aternating sequence. Within the parenthesis is
the percentage of those faults as compared to the total
number of faults. As can be seen by the total figures, the
(42596 + 6291)/197440 = 24.8% of the faults affect the
scan chain. However, only 6291/197440 = 3.2% of the
faults may not be detected by the alternating sequence.

In Table 3, in columns 2-4 we show the number of
detected faults, undetectable faults, and undetected faults
after the combinational ATPG/sequentia fault simulation
step. The sum of these three equals | 44| Which is
given in Table 2, column 3. Column 6 contains the
number of increased controllability/observability circuits
created for sequential ATPG. Thefirst number istheinitia
number of circuits created from groups 1-3. The second
number is the number of circuits created to target the
fina faults (ffinar). In our experiment, we set the user
parameters LARGE _DIST = max(0.6 * mawxsize, 50),
MED_DIST = max(0.25*maxsize, 25),and DIST =
max(0.15 x maxsize, 20), where mazsize is the length
of the longest scan chain in the circuit. In columns 7-
9, we show the number of detected faults, undetectable
faults, and undetected faults after sequential ATPG. The
sum of these three equals column 4. As can be seen by
thetotal figures, after the combinational ATPG/seguentia
fault simulation the number of undetected faultsis reduced
to 314/197440 = 0.159% of the total number of faults
and 314/(42596 + 6291) = 0.642% of the number of
faults affecting the scan chain. After sequential ATPG, the
number of undetected faults is reduced to 11/197440 =
0.006% of the total number of faults and 11/(42596 +
6291) = 0.022% of the number of faults affecting the scan
chain.

If we look at the CPU times given in Table 2 column 4
and Table 3 columns 5 and 10, we can see that the majority
of CPU timeisspent inthe combinational ATPG/sequential
fault simulation step. In fact, it is the sequential fault
simulation which is using most of the CPU time. This
however can easily be reduced by reducing the size of the
test vector set. In our experiments, it was observed that
the large majority of detected faults are detected by the
beginning part of the test sequence, thus the test set can
be reduced with only a smal increase in the number of



Table 3: Detecting the faultsin f,4q.

Combinational ATPG / Seq Fault Sm Sequential ATPG
name #det | #undetectable | #undetected CPU | #circ | #det | #undetectable | #undetected CPU
s1196 15 6 0 1s| N/A | N/A N/A N/A N/A
s1238 38 1 0 1s| N/A | N/A N/A N/A N/A
s1423 96 29 13 15s| 3,0 0 13 0 7s
51488 61 2 1 1s 1,0 0 1 0 1s
s1494 29 4 9 1s 1,0 9 0 0 1s
5378 57 5 10 31s| 6,3 2 7 1| 1245s
9234 227 3 27 8ls| 8.2 2 21 4| 3724s
s13207 | 473 15 26 467s| 8,0 4 22 0 72s
s15850 | 531 12 56| 2612s| 10,1 0 56 0 380s
s35932 | 799 0 80| 26174s| 13,0| 80 0 0| 5553s
s38417 | 691 46 54 110275s| 15,2 1 47 6| 3516s
s38584 | 2558 279 38| 51491s| 13,2 5 33 0| 1054s
|total [ 5575] 402 ] 314]91150s] 78,10 103 ] 200 | 11 [ 15553s]

undetected faults. For example, the test set created for
the circuit s38584 has 73641 vectors. However as shown
in Figure 5, most of the detect faults are detected by the
first 30000 vectors. Thusit is possible to reduce the size
of the test set with only a small increase in the number
of undetected faults. These undetected faults then become
input to the sequential ATPG step.

7 Conclusion

We have presented an effective method of testing scan
paths through functional logic. This is critical because
the subsequent testing procedures assume that the scan
chain isfault-free. Our method requires that the circuit be
placed in scan mode, and the nets in the scan chain are
identified. Then a three step screening process is used to
detect thefaultsthat affect the scan chain. Weimplemented
our functional scan chain testing method to test functional
scan paths created by TPI. In our experimental results, the
number of undetected faults remaining is only 0.006% of
thetotal number of faults, or 0.022% of the faults affecting
the scan chain.
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