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Abstract

This paper presents a new approach for performing logic
BIST Diagnosis exclusively using MISR signatures.
Unlike conventional logic BIST diagnosis approaches
which require either huge test time or complicated logic
BIST design and ATE flow, signature based diagnosis
does not require dynamically changing MISR operations
for each failing device. Our experimental data shows that
signature based diagnosis can achieve similar diagnosis
resolution with manageable diagnosis run time while
eliminating most of the complexity associated with the
traditional approach to logic BIST diagnostics.

1. Introduction

In VLSI circuit manufacturing, scan-based testing and
fault diagnosis play an important role. Testing screens out
chips with defects and then diagnosing those defects helps
to determine the exact location and probable cause of the
failure. The ability to diagnose failures directly from the
logic BIST patterns is important for several reasons. It is
necessary to identify failures that occur when logic BIST
fails during system test. It is also useful to identify fail-
ures that occur when logic BIST is used as part of the
manufacturing test sequence. Since logic BIST is based
on the application of a large number of pseudo-random
patterns, there is always some chance that a failure will be
detected during the logic BIST test that is not activated
using conventional ATPG vectors. In this case, the ability
to perform diagnostics directly from the logic BIST pat-
tern set is essential to identifying the cause of the failure.

Advances in scan diagnostics have led to tools capable of
identifying the defect types, such as bridges or opens, as
well as the potential defect location on the die [1]. These
tools are used to post process the tester fail information
that is captured after applying ATPG vectors. For ATPG
vectors, the tester fail information can be directly mapped
to failing scan cells. For logic BIST, single MISR signa-
ture is sufficient to identify failing devices [2][3]. How-
ever, the signature does not have enough information to
identify the locations of detected defects [4]. In order to
do diagnosis, some chose to unload the exact scan cell
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information in diagnostic mode and perform the same
diagnosis as regular scan ATPG [5]. But this method is
expensive since it requires special ATE interface. Others
chose to use multiple signatures obtained by applying the
same logic BIST pattern set many times with different
configurations [6][7][8][9]. These configurations can be
obtained either by reconfiguring programmable MISR in
different sessions [6] or by scan cell masking/partitioning
[71[8][9]- Normally a large number of logic BIST reruns
are required and it incurs excessive test application time
in diagnostic mode. Cycling registers [10][11] are also
used to help identify error bit information but the prob-
ability of diagnostic aliasing is pretty high. The authors in
[19] propose to observe a compacted MISR signature in
every test cycle for each pattern. This information can be
used to try to recover the failing flops. However, this
method requires significant change in the compactor
structure and test data volume overhead.

Traditional logic BIST diagnostics scheme are based on
the idea of unloading the exact scan cell information. It
relies on the signature to identify failing patterns, but then
reverts to direct scan chain access to unload the failing
scan cell data. This three-phase flow is described below:

1. Use the MISR to identify failing device (unload single
MISR value at end of test)

2. Use the MISR to identify failing patterns (unload and
reset MISR at end of each pattern, or perform binary
search)

3. Bypass the MISR to identify failing scan cells (To do
this phase effectively, only failing patterns are reapplied
at bypass mode to unload failing scan cells. Since failing
patterns are not the same for all Devices under Test
(DUT). Therefore, DUT specific test vectors are needed
to unload failing scan chain contents)

The uses of DUT specific test vectors in Phase 3, and a
binary search algorithm in Phase 2, require a tight link
between the tester, and the software that generates these
dynamic vectors. Traditional testers are designed for use
with ATPG vectors, and work well in batch oriented
flows. Automated support for dynamically generated test
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vectors requires modifications to the tester and the devel-
opment of the corresponding logic BIST software.

In contrast to traditional logic BIST diagnostics flow, our
new methodology, signature based diagnosis, identifies
potential fault candidates directly from the MISR signa-
tures available in Phase 2. This eliminates the need for
dynamic vector generation, and provides a diagnostics
flow that will work well with batch oriented testers with-
out requiring a special tester interface.

Recently, a new algorithm to diagnose compressed failing
data was proposed [12] and used successfully for circuits
with space compactors [13]. We extend this new algo-
rithm to MISR signatures. Here, we agree that one signa-
ture from all logic BIST patterns is not sufficient for diag-
nosis. However, if we can have one signature per pattern,
the information may be sufficient to do diagnosis. This
approach is called signature based diagnosis here. Using
signature based diagnosis, we do not have to bypass the
MISR to access all scan cell data which makes it possible
to acquire all the necessary failure data using a single set
of pre-computed test vectors.

To support signature based diagnosis, there are two
phases in our logic BIST test flow. In Phase 1, our logic
BIST operation is same as others. All test responses are
compacted into one MISR signature. At the end of this
phase, based on this final signature, we decide whether
the device is defective or not. For a non defective device,
test is complete. If this is a defective device, Phase 2 is
activated.

In Phase 2, logic BIST operation is similar to Phase 1,
except it will unload the MISR signature after each pat-
tern is finished. To ensure that the MISR signature of each
pattern is independent of other failing patterns, we reset
the MISR signature at the beginning of each pattern. In-
stead of resetting to constant values, during signature
unloading, we load the MISR with the expected good
machine signature. This way we ensure both phases have
the same good circuit simulation to save simulation time
and thus avoid the problem of salvaging test windows as
in [14]. The impact of Phase 2 on total tester runtime is
minimal, since it is only applied to failing devices which
are identified during Phase 1.

The rest of this paper is organized as follows. In Section 2
we describe the enhancements needed in logic BIST con-
trollers to enable per-pattern MISR signature collection in
a single run even using slow-speed ATEs. In Section 3,
we describe signature based diagnosis algorithm based on
these collected per-pattern MISR signatures. In Section 4,
two industrial circuits are used to validate signature based
diagnosis, followed by the conclusions in Section 5.
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2. Logic BIST Controller Architecture

Our logic BIST controller follows the STUMPS [15]
architecture and has a state machine that controls the logic
BIST session. Table 1 describes the basic components in
our logic BIST controller:

Table 1: Logic BIST Controller

PRPG Pseudo-random pattern generator
Load pattern data into scan chains

MISR Multiple Input Signature Register
Generate signature based data
unloaded from scan chains

Pattern Track total number of patterns that
counter have been applied

Shift Track number of shift cycles ap-
counter plied for this pattern

Controller | State machine controls sequencing
of test — transitions from shift to
capture, etc.

Clock Generate internal clock signal used

generator | during shift operations, and also
high speed clock pulses during
capture

Interface Control registers define parameters

logic of current run — includes initial
PROG value, number of patterns,
etc.

In order to support at-speed operation, our logic BIST
controller is driven by a single high-speed clock. This
high speed clock is used to generate a slower internal
clock that drives all of the logic (PRPG, MISR, etc.) dur-
ing shifting. During the capture window, we inject high
speed clock pulses into the core using the clock generator
circuit.

The logic BIST hardware includes several configuration
registers that are used to define parameters such as the
initial PRPG and MISR values, and the total number of
patterns to apply. One common scenario is to control the
logic BIST test via an 1149.1 compliant interface. This
means that our interfacing registers (including the current
MISR value) must be accessible via an asynchronous
interface that is driven from the clock signal named TCK
which is used by the 1149.1 interface. The control regis-
ters in the interface block are driven using TCK. Once a
new value has been loaded into these registers, a signal is
sent to the state machine. This signal triggers the transfer
of the stable value from the registers in the interface block
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(driven by TCK), into the appropriate internal registers
driven by the free running clock, as shown in Figure 1.

The internal sequencing of operations within the logic
BIST controller is driven from the state machine. In order

data cell with enable and parallel load(DCE) MISR cell with load signal
| load. bit |

‘ ‘ ! L K
L E CK

MISR with asynchronous (tck based) interface
parallel load of JTAG register from internal MISR when capturedr is high

NOTE: TAP interface must not attempt to read MISR (triggered
by capturedr) until LBIST controller is in wait state

serial load using tck and tdi

tdi | JTAG MISR register built with DCE cells | 10 i ot g

internal MISR value is loaded from stable values shortly after
updatedr goes high

Internal MISR — loaded from JTAG register
at positive edge of updatedr

Figure 1: Synchronization Logic

to provide a mechanism for unloading and re-loading the
MISR at the end of each pattern, we have modified the
state machine so that it will go into a wait state after per-
forming the capture operation. The interface logic (typi-
cally driven from TCK) will send a signal to the state
machine once the current MISR value has been unloaded,
and the “expected” MISR value has been re-loaded.
Given an architecture that already supports the use of an
asynchronous interface for accessing internal configura-
tion registers, the additional logic that is required to sup-
port diagnostics mode is minimal.

3. Diagnostics Algorithm

The signature based diagnosis algorithm identifies possi-
ble failing locations from a failing MISR signature for
each failing pattern without requiring any additional in-
formation. This algorithm is based on a new compactor
independent direct diagnosis [12] technique. It takes in as
input failing MISR signatures and the corresponding
failing patterns and produces suspect failing locations that
best describe the failing signatures. This is done in two
main steps:

1) Determine an error function that describes how errors
in the scan cell unload values affect the MISR signa-
ture.

Paper 8.3

2) Use this error function to perform compactor inde-
pendent direct diagnosis.

The next three sub-sections describe these two steps in
more detail. We first describe the meaning of the error
function. Then, we describe how to determine this error
function for a MISR compactor. Finally, we present how
the error function is used in diagnosis. In all the three
subsections we use an example circuit in which the num-
ber of scan chains is equal to the MISR size. This is just
done for the sake of simplifying the presentation. The
techniques described here easily extend to other logic
BIST configurations for example where an XOR-tree
space compactor is present between the scan chains and
the MISR.

The Error Functions

As mentioned before the error function describes how
failing scan cell unload values affect the MISR signature.
Initially, let us consider the case of a logic BIST control-
ler with a MISR connected directly to a number of scan
chains, one chain per MISR bit. We shall defer until later
the analysis involved for more complex logic BIST con-
trollers.

In order to describe the error function formally we first
introduce some terminology. Let SC,; denote a scan cell in
the design where idenotes the scan chain number

(i = 0 being the scan chain connected to the leftmost
MISR bit), and j denotes the scan cell number within the

chain ( j =0 being the scan cell closest to scan out). Let

e; be a Boolean variable which is equal to 1 if there is an
error in the scan unload value in scan cell SC; (i.c. the
unload value for scan cell SC; is not what is expected) for
some failing test pattern. Let € be the vector of all e; vari-

ables, i~e'e:[eooaeop"']~ In other words the

vector € describes the positions of all the scan cells which
have erroneous values for some failing test pattern.

Now the error function can be defined for each MISR bit
as a Boolean valued function in€ . For the k-th MISR bit

this function is denoted by €, (e) The error function is 1

for all those (and only those) values of € such that if the
corresponding failing test pattern is unloaded into the
MISR, the k-th MISR bit in the resulting signature will
have an erroneous value. Note that since the MISR is a
linear device, the location of failing MISR bits in the
MISR signature corresponding to a failing test pattern
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Figure 2: Symbolic Representation of MISR Emulation

does not depend on the actual scan unload values. It only
depends on which scan cells contain erroneous values for
the failing test pattern. This is the fact that allows us to
define the error function in the above manner.

Determining the Error Function

In order to determine the error function for each MISR bit
we first determine how an error in a single scan cell will
affect the MISR signature, or in other words the error
signature of a single scan cell error. Next, based on the
linearity of the MISR compactor, all such signatures can
be added for each MISR bit to obtain the corresponding
error function for each bit. The effect of an error in a

single scan cell, saySC;;, can be determined by emulating

ij>
the process of unloading the scan cell values into the
MISR. In order to do this the unload values for all scan

cells, exceptSc.., are set to 0. The unload value for cell

i
SC;; is set to the symbol ;. The MISR initial values are

also all set to 0. The MISR signature corresponding to the
above unload values is then determined by emulating the
process of unloading these values into the MISR. This
process is illustrated for an example logic BIST compac-
tor configuration in Figure 2. This circuit has four scan
chains with three cells each unloading into a four bit
MISR. The figure illustrates the emulation process for an

error in SC,, andSC,, . In a similar manner the error signa-

tures for all the scan cells in the design are obtained.
These error signatures are then added at all the MISR bits
to obtain the error function for each bit. For our example
circuit this is illustrated in Figure 3. In this figure, each

Paper 8.3

horizontal row of light squares beneath the MISR is an
error signature of some scan cell.
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Figure 3: Error Signatures for all Scan Cells

Hence in Figure 3 the Boolean sum of each vertical col-
umn gives the error function for the corresponding MISR
bit. The reader should note that, in this description, sym-
bolic simulation is used just for the sake of clarity. In
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actual implementation symbolic simulation is not required
and is not used.

A brute force implementation of the method described
above would result in the emulation of 7 -/scan shift
cycles, where n is the total number of scan cells in the
design and / is the number of shift cycles in one unload.
However, a simple observation allows us to make the
process much more efficient by avoiding repetitive work.
It can be seen in Figure 2 that the error signature for scan

cell SC,, is exactly the same as the error signature ob-
tained at the end of the second shift cycle while the signa-
ture for scan cell SC,, is being computed. In other words

the error signature for SC,, is also determined while we
are computing the error signature forSC,, . In general the

error signature for SC,(;, ) is determined within the proc-

Jj+x)
ess of computing the error signature for SC,; because the

former is just structurally shifted x time steps behind the
latter. So in order to compute the error signatures for all
the scan cells we just need to run the full emulation for the

zero-th scan cell, SC,, in each scan chain. This reduces the

number of shift cycles that need to be emulated to
m - [ where m is the number of scan chains in the design.

At this point the reader should note that the technique
described above extends to alternate logic BIST compac-
tor configurations, e.g. where there is a XOR-tree space
compactor preceding the MISR etc. Such additional logic,
between the scan chains and the MISR, is linear in nature
and hence the error function computation can be extended
to operate through it.

Using the Error Function in Diagnosis

So far we have described what the error function is and
how it can be efficiently determined. In this subsection we
present how this error function can be used for diagnosis.
At a high level, logic diagnosis follows the following
steps:

Step 1  For each failing pattern find failing locations that
explain the observed failure based on the single
location at a time paradigm [16].

Step 2 Analyze the suspect fail locations found in the
previous step to determine the most likely candi-
dates as well as check fault activation conditions
to further identify fail causes as bridges, opens
etc[17].
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The first step in the diagnosis process can also be divided
into two main steps which are performed for each failing
pattern:

Step 1.1 Determine a list of initial candidate fail loca-
tions, through critical-path based back cone tracing
[18], which can potentially explain the failing pattern.

Step 1.2 Perform fault simulation on the initial candi-
dates found above for the current failing pattern to ex-
actly determine which faults locations explain the ob-
served failing behaviour for the current pattern.

Now for a circuit without any compaction the fail infor-
mation tells us which scan cells are failing for each failing
pattern so that performing back cone tracing in Step 1.1
above is straightforward. However, for the case of logic

Initial fault candidates
for MISR bit 2

Initial candidates for
both MISR bits 1 and 2

Initial fault candidates
for MISR bit 1

Figure 4: Determining initial candidates fail locations
from MISR fail signature

BIST we only know the failing MISR signature for each
failing pattern, so we cannot directly perform the back
trace. This is where the error function is used. This is
illustrated using the following example. Consider again
the circuit in Figure 3. Let us say that for some failing
pattern, failures are observed in MISR bits one and two.
Using our previous analysis of error functions for this
circuit configuration, the error functions for MISR bit one
and two are:

£ =ep te, tey
£, =¢y, te,te,te, +e;y,

This tells us that in order for a failure to be observed in
MISR bit one, the fail location must lie in the union of the

critical-path back cone of flopssc,,, SC,, andScC,,.

Similarly, the fail locations that can potentially explain
the failure in MISR bit two must lie in the union of the
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critical-path back cone of flops SC,, SC,,, SC;y, SC,,

and SC,,. Now based on the single location at a time [16]

paradigm, the fail location that explains the observed
errors in both the MISR bits one and two must be in the
intersection of the fail locations found above for the indi-
vidual failing bits. This is illustrated in Figure 4.

Once the initial candidate location list has been deter-
mined as described above, fault simulation can be used to
determine the exact locations that describe the observed
failure. Again in this case the error function is used to
map the fault behaviour captured in the scan flops to the
failing MISR bits. This can be done by simply plugging in

the values of e;obtained from fault simulation in the

error functions €, (e)to get the corresponding failing
MISR bits.

Hence the entire signature based diagnosis process for
logic BIST can be summarized in the following steps:

Step 1 Determine the error functions for each MISR bit
in the design.

Step 2 Read in the failing test response for a failing chip
and record the failing MISR signatures for each
failing pattern.

Step3 For each failing pattern determine the initial
candidate fail locations using the error functions
of erroneous MISR bits in the failing pattern.

Step 4 Perform fault simulation on this initial list of
candidate locations to get the exact locations that
explain the erroneous MISR bits in the failing
pattern. The error functions are again used in this
step. Repeat for all failing patterns to get a list of
all fail locations that explain one or more failing
patterns.

Step 5 Analyze the list of fail locations determined in
Step 4 to identify the locations that are most
likely sites of the real defect in the faulty chip,
and, further classify the defect as being bridge,
open etc.

In the next section results of experiments using the above
described techniques are presented.

4. Experimental Results

Experiments were conducted to verify the effectiveness of
signature based diagnosis. The basic idea is to inject a
small set of stuck-at faults into the logic under test and
then perform fault diagnosis. To obtain the fault candi-
dates, first fault simulation is performed with one thou-
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sand random patterns generated by PRPG. The detected
fault list and the random pattern set are stored. About two
thousand faults are randomly sampled from the fault list
and these become the fault candidates. Each fault candi-
date is injected into the circuit and simulated with the
random pattern set to determine the faulty signature. The
simulation result is compared with the golden signature
from good machine simulation and a failure log is gener-
ated. Signature based diagnosis process is then performed
for each failure log with corresponding pattern set.

We also compare the signature based diagnosis with by-
pass mode diagnosis. In bypass mode, the scan cell values
are directly shifted out from scan chain outputs and full
observability for each scan cell is obtained. This is essen-
tially the scan pattern based diagnosis. The same fault list
and pattern set are utilized as in the case of signature
based diagnosis.

It is worth noting, that a more comprehensive cause-effect
analysis is possible [17] such that one can identify stuck,
bridge, open, or transition defects. However, the identifi-
cation of different defect behaviors is mainly based on the
good machine values at fault sites regardless using MISR
or not. Therefore we only use stuck-at-faults to simplify
the comparison. A diagnostic resolution is chosen as a
figure of merit and is defined here as a reciprocal of the
number of suspects. For example, if the call out has only
one suspect, the resolution is 100%. If the call out has two
suspects, the resolution drops to 50%.

Table 2: General Information of Two Industrial Cir-

cuits
circuit | Number scan Scan
of gates cells chains
CKT1 1.3M 64K 200
CKT2 1.9M 128K 260

Two industrial circuits are used for the experimental
purpose. The general design information on these two
circuits is described in Table 2. Both designs have over
one million gates. The number of scan cells and the num-
ber of scan chains present a rough picture of scan chain
configuration in logic BIST. It should be noted that in
logic BIST mode, all the X sources are bounded to avoid
signature corruption. The same X-bounded netlist is used
in bypass mode diagnosis.

Table 3 presents the results for signature based diagnosis
as well as bypass mode diagnosis. In signature based
diagnosis, a 64-bit MISR is used for both circuits. In
diagnostic process, the average diagnosis CPU time is
recorded as Ave. runtime. It should be pointed out that run
time is collected on a distributive computing environ-
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ment. Multiple diagnosis jobs are executed simultane-
ously on different processors in a heterogeneous grid
network of Linux machines. Due to variance of processor
speed, run time collected for diagnosis procedure is not
exactly comparable to each other. Nevertheless, the aver-
age run time can still give us some indication on how
performance is affected with signature based diagnosis.
Diagnostic resolution is computed for each case and then
average out through all cases in the row Ave. resolution.
Total fail pats. represent the total number of failing pat-
terns across all sampled faults.

Table 3: Diagnosis Results

circuit CKT1 CKT2
mode signature | bypass signature | bypass
Faults 2000 2000 2088 2088
Ave. 84.9s 30.4s 71.0s 37.5s
runtime
Total 20577 20581 23162 23162
Fail pats.
Ave. 73.6% 75.8% 80.7% 83.1%
resolution

For the experiments in Table 3, all the faults injected are
correctly diagnosed as the top candidate in suspects list.
On average, the resolution with signature based diagnosis
decreases by about 2-3% compared to that with bypass
mode diagnosis. And the average run time per fault diag-
nosis increases about 2 to 3 times. Considering the simpli-
fied flow of signature based diagnosis, the decrease in
performance and resolution is very moderate.

91-100%
81-90% ]
71-80% ]
61-70% ]
51-60% ]
41-50% ]

Resolution Difference

|
I
|
I
|
|
31-40% |1
21-30% 7|

I

11-20%

1-10% [
(O |

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Cases

Figure 5: Histogram of Resolution Difference for
CKT1
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Figure 6: Histogram of Resolution Difference for
CKT2

It is interesting to note that for all the sampled faults, the
total number of failing patterns is extremely similar for
both diagnosis schemes. This reveals the fact that the
aliasing probability of a MISR is very low. In Figure 5
and Figure 6, the histograms of resolution difference are
plotted for all the diagnosis cases in CKT1 and CKT2.
For each diagnosis case, resolution difference is com-
puted as the resolution with bypass mode diagnosis sub-
tracted by the resolution with signature based diagnosis.
In the plots, axis Y denotes the range of resolution differ-
ence; axis X is the number of cases whose resolution
difference falls into corresponding range. For the majority
of cases, the diagnosis resolution is the same for both
methods. But for a few of them, the resolution of signa-
ture based diagnosis may decrease up to 90%. This is
understandable due to the fact some information is lost
with MISR compaction.

In Table 4, the impact of MISR size is investigated on
CKT1. Eight different MISR sizes are experimented. A
simple design of space compactor is used. For example,
let us consider a logic BIST implementation with 8 scan
chains and 2-bit MISR. The space compactor is con-
structed such that scan chain outputs {2n+i} are XORed
together and connected to MISR bit i. That is, chains 1, 3,
5, 7 are XORed together and fed into MISR bit 1. Chains
2,4, 6, and 8 are XORed and connected to MISR bit 2.
Whenever a MISR with a different size is implemented,
the space compactor is adjusted according to the rule
described above. For the impact of MISR size, four num-
bers are compared. The first one is the total number of
failing patterns across all diagnostic cases. The second
one is the average resolution. The third one is the average
number of terms in error function (Recall from Section 3
that the number of terms in the error function of a MISR
bit is equal to the number of scan cells on which the
MISR bit depends on). The last one is the average run
time per diagnostic case. For comparison, the correspond-
ing results for bypass mode diagnosis are also listed. As
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far as resolution is concerned, there is no explicit conclu-
sion that can be drawn from the results. The difference is
very marginal. In fact, a 32 or 64-bit MISR serves pretty
well for million-gate designs. On the other hand, the av-
erage terms of error function tends to decrease with in-
creasing MISR size. This is mainly due to the fact that
fewer error bits are mapped to each MISR bit with in-
creasing MISR size. As is shown, a large number of terms
in error function do not have much impact on diagnostic
performance as is shown by average run time. The vari-
ance in the run time is mainly caused by the uncertainty
of our distributive computing environment.

Table 4: Impact of MISR Size (on CKT1)

MISR Total Average Average Average
size Failing Resolu- Terms in Run
Patterns tion Error Time
Function
16 20577 73.3% 33298 81.4s
32 20577 73.5% 25983 66.5s
48 20577 73.5% 26159 86.1s
64 20577 73.6% 19769 84.9s
80 20577 73.7% 15784 107.7s
96 20577 73.7% 15048 124.3s
112 20577 73.6% 8449 67.0s
128 20577 73.6% 6848 67.3s
bypass | 20581 75.8% 1 30.4s

5. Conclusion

Experimental results have shown that it is possible to
perform diagnostics directly from the failing MISR signa-
tures. This approach requires only two statically generated
vector sets (single MISR unload for Phase 1, and MISR
unload/reload for each pattern). This greatly simplifies
the logic BIST diagnostics flow by eliminating the need to
generate and apply DUT specific test vectors. Our results
show that this can be accomplished with a minimal impact
on diagnosis resolution.
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