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Abstract
The Multiple On-chip Signature Checking architec-

ture proposed in [l] is an effective BIST architecture
for testing the finctional units in modern VLSI cir-
cuits. It is characterized by low aliasing, low area
overhead and low test ing time. However, a straight
forward application of this architecture in testing the
embedded RAMs will result in excessive area over-
heads. In this paper we propose a scheme to apply this
architecture to embedded static RAMs with no signif-
icant increase in area. The scheme is applicable to
testing chips that have multiple embedded RAMs of
various sizes (e.g., ASIC chips in telecommunication
applications).

Keywords: Memory-testing, multiple signature
comparison, overheads of BIST.

1 Introduction
A number of modern-day VLSI chips include em-

bedded RAMs of various sizes. Built-in self test
(BIST) is the test strategy of choice in such chips since
embedded memories suffer from poor controllability
and observability. Pseudorandom self testing of em-
bedded memories is commonly used for this purpose
because of its simplicity [2, 31.

1.1 Pseudo-random Test Procedure
A pseudorandom single signature checking test pro-

cedure for a RAM consists of several test cycles [3]. In
each test cycle, data is written into each word of the
memory, followed by a data read and compaction. The
test output responses of the RAMs under test are usu-
ally compacted in a signature register such as MER.
At the end of the last test cycle, the final signature is
scanned out and compared with a stored known good
signature [3].

100% fault coverage before compaction of the test
data does not ensure the same coverage after data
compaction. This loss in fault coverage stems from
the aliasing problem. Besides the aliasing problem,
the conventional RAM BIST suffers from the follow-
ing limitations. Firstly, a large number of clock cycles
are lost at the end of each test session in scanning
out the signatures. Secondly, a large number of test
data, (50 to 200 test cycles [3]), are required to pro-
vide adequate fault coverage. This will lead to long
detection latency and a large wastage of clock cycles
when the memory is faulty, where in reality a fault

may get detected due to a faulty response much ear-
lier in the test process. Thirdly, carrying out the exact
fault simulation with single signature checking scheme
is a computationally intensive process. Fault coverage
is usually estimated indirectly from a knowledge of the
aliasing probability [l].
1.2 Multiple On-chip Signature Checking

One of the strategies to reduce the fault detec-
tion latency and its associated problems is to com-
pare K > 1 intermediate signatures. There are prac-
tical difficulties in implementing multiple signature
checking scheme. If intermediate signatures are to be
scanned out during the test process and compared off-
chip, there is a sharp rise in testing time. On-chip
comparison of intermediate signatures require exces-
sive hardware for storing the K golden signatures, and
such a multiple signature comparison scheme requires
complex test controller [43.

In [l], we presented a practical implementation of
multiple signature checking. We allow testing and sig-
nature comparison of a set of intermediate signatures
to occur concurrently. We also presented a mathemat-
ical analysis of the aliasing probability in our Multiple
On-chip Signature Checking (MOSC) testing scheme.
It was shown that comparing K m-bit signatures is as
effective as a conventional BIST with a K m-bit MISR,
and that the asymptotic values of the aliasing prob-
abilities of the final signature in conventional BIST
and MOSC are & and jk^ respectively [l]. Figure
I shows the principles of the MOSC scheme.

Let Si and Gi be the ith intermediate signatures of
the module under test and a fault-free module, respec-
tively. Let rj and rt be the ith test output response
of the module under test and the fault-free module,
respectively. Given a binary string A, let the notation
A refer to the rotation of A by 1 bit to the right. Let
II be a Boolean function which maps an m-bit input
to an %bit output by flipping 0 or more bits of the
inputs. Our scheme is based on the observation that
there are several instances i such that

F(rf) = &_x

for a given function, say F. We refer to such an in-
stance i as a check point or a comparison point. See
Figure l(a). A check point is called a faulty check point
if F(ri) # 3i- l. There must be at least one faulty
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Figure 1: (a) Check point instance (F(ri) = Gi-1) in
two test cycles. (b) Test architecture.

check point to declare that the module under test is
faulty. The test controller "remembers" the locations
of the check points for a module under test through
the use of a Test Control PLA (TC-PLA). During test-
ing, the output of the TC-PLA is activated at the time
instance of a check point and the error signal can be
sampled by the controller as shown in Figure l(b).

The error signal F(ri) # 3i-l can be easily imple-
mented through a simple modification to the BILBO
register [l]. The modified register is called a "Con-
current Intermediate signature Comparison Register"
(CIC) [l]. During test operation, a CIC can be config-
ured as multiple-input signature register (MISR) and
concurrently as a signature comparator circuit.

In this paper, we discuss how MOSC approach can
be used to test embedded RAMs and present an ap-
proach to minimize test hardware for chips with mul-
tiple embedded RAMs. The paper is organized as
follows. The applicability of the MOSC scheme for
RAMs and the memory fault models are described in
Section 2. In Section 3, we explain the memory par-
titioning technique and in Section 4, we explain the
synchronizing technique for optimizing test area over-
head. We also quantify the fault coverage of the RAM
under these testing techniques. In Section 5, we an-
alyze the area overhead of the test architectures for
several selected telecommunication ASICs. Section 6
presents our conclusions.

2 MOSC Scheme for RAMs
2.1 Applying MOSC To RAMs

The proposed MOSC test architecture is depicted
in Figure 2. The number of the check points observed
when the seed of the CIC register or the Function F
were changed are large. For example, for 1K X 8 RAM
tested with 8 test cycles, a simulation using character-
istic polynomial 1 + z + z 5 +z 7 +z 8 and seed 00100001
shows that the average number of check points is 73
when different functions F were considered. The num-
ber of the check points obtained using the Identity

To dominating
DM. Line. momoiy circuitry

Figure 2: MOSC test architecture for RAMs.

2.2 Optimizing MOSC Architecture for
RAMs

Though we have free check points, the area of the
test control PLA form the main area overhead in the
MOSC scheme [l]. In [5], we proposed efficient opti-
mizing algorithms to reduce the area overhead of the
test control PLA for data path having logic functional
modules. The above algorithms are not directly ap-
plicable to chips with multiple embedded memories
of different sizes. Testing of memories with identi-

l (b) . ( or identical memories), is much easier than
testing of non identical memories. When two mem-
ories are identical, the following advantages exist in
terms of testing these memories : (a) since the same
set of check points can be shared by the two memories,
there is a saving in the size of the test control PLA
(b) the same test pattern generator and address gen-
erator can be shared by the two memories (c) there is
a saving in the fault simulation effort. The test archi-
tecture proposed in this paper permits sharing of test
resources among memories even when the memories
are non-identical. The basic idea is that multiple em-
bedded memories of various sizes are tested as if they
were virtually identical, through two transformations,
namely, partitioning and test cycle synchronization.
As all the embedded memories becomes virtually iden-
tical, a single error signal line need to be routed to the
test controller and a single set of check point needs to
be stored in the test control PLA. Besides, the reduc-
tion in aliasing probability and the test area overhead,
the proposed architecture enables us to carry the ex-
act fault simulation, since in this case it is enough to
perform fault simulation for a single memory alone.

2.3 Memory Fault Models
In this paper, we confine ourselves to static,

random-access read/write memories (SRAM). An
SRAM is laid out in the form of a row x col array
of memory cells. We distinguish between the logical
and physical layout of a memory. Let B be the base
cell i.e. the memory cell being tested. Let the cells
which lie to the north, south, east, and west of B in
the physical layout be called the neighbor cells to B.
The fault model used in this paper includes the fol-
lowing faults [3]:
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Won-Pattern sensitive faults (NPSF) : which
include the fault types; Cell Stuck-at/Stuck- Open fault
occurs when the logic value of a cell B cannot be
changed or the cell can not be accessed. Cell Tran-
sition fault occurs when the cell B fails to undergo
either the 0 —+ 1 —+ 0 or the 1 —+ 0 —+ 1 transition.
Line Stuck-at/Stuck-Open fault is the stuck-at/stuck-
Open fault in the amplifier or driver logic output lines.
Interword bridging fault occurs when a read or write
causes multiple words to be accessed.

Pattern sensitive faults (PSF): The value of the
cell B gets altered as a result of certain pattern of Os
and Is, 0 —+ 1 transitions, or 1 —+ 0 transitions in the
neighbor cells to B. State-Coupling fault occurs when
a cell B is forced to a certain value, only if another
neighbor cell is in a given state. Capacitive 2-Coupling
fault occurs when a 0 — + 1 or 1 --+0 transition in
a neighbor cell changes the state of the memory cell
B. Intra-word bridging fault is a bridging between two
logically adjacent memory cells of the same memory
word.

3 Partitioning Memories
3.1 Motivation for partitioning

We first consider testing memories of equal number
of words but varying word widths. It is easier to find
a good set of check points when the memory under
test has a small word width [5]. For the purpose of
testing, the logical layout of the row; x coli memory
under test can be partitioned into several smaller seg-
ments of size ~owi x [ % I . • This amounts to slicing the
memory into smaller segments along the column. Each
segment requires a smaller test pattern generator and
a smaller CIC. The segments can be tested separately
and simultaneously using the same test patterns. In
addition, all segments which are identical can share
test hardware as explained above. Figure 3 shows an
example of partitioning a memory. In Figure 3(a),
the partitions are balanced in terms of size. In Figure
3(b), the segments are unequal in size. In general, im-
balanced partitioning is required when the word size
col, of the memory under test is not a multiple of the
number of segments k. In such a case, we restrict that
the first k — 1 segments are identical and the kth seg-
ment is smaller than the remaining segments in terms
of memory width.

3.2 Effect on Fault Coverage
The fault coverage of the partitioned memory is dis-

cussed here. The cell stuck-at, stuck-open, or transi-
tion fault in a cell B can be detected by considering the
cell B alone, without regarding the contents of the re-
maining cells. Line stuck-at/stuck-open faults can be
visualized as cell stuck-at/stuck-open faults [3]. The
interword bridging fault f occurs between two cells
B1 and Bz in the same column and can be detected
by covering the two situations B1 = 0; Bz = 1 and
B1 = 1; Bz = 0. The fault f depends on the test bits
applied to the same column, irrespective of the test
patterns applied to other columns. Thus the following
theorem is true.

Tests

Memory

Under
nes.

Responses

(a) (b)

Figure 3: Memory Partitioning. (a) Partitioning a
large memory into two equal segments. (b) Into two
unequal segments.

Theorem 3.1 The memory partitioning technique
preserves the detectability of the non pattern sensitive
faults in both the balanced and the imbalanced parti-
tioning schemes.

If all the cells which are physically adjacent to a
base cell also belong to the same segment as the base
cell, we call the base cell an internal cell. With a
(W x k.m) memory M segmented into k segments, it
becomes obvious that a test T which cover x% fault
coverage w.r.t. the pattern sensitive faults in the in-
ternal cells of a small segment will also yields the same
coverage for the whole memory.

4 Synchronizing Test Cycles
We now describe a technique to test memories

which have different number of words but have the
same word width. In this scheme, the test process is
divided into two consecutive phases in order to cover
all the pattern sensitive faults. The memory addresses
are generated in ascending order during Phase 1 and
in descending order during Phase 2. A control signal
dir indicates the phase which is currently active.

We call the embedded memory with highest number
of words as the dominating memory. Let Wd and
rwd respectively indicate the number of words and the
read/write control signal of the dominating memory.

In this scheme, four states are defined for any mem-
ory other than the dominating one. Memory-Write
(MW): AH memory words are written with the test
data from the test pattern generator. The clock to
the CIC register is disabled so that there is no further
data compression. Memory-Read (MR): The test
data stored in the memory is read and compressed in
the CIC register. The test pattern generator is frozen
in its last state. Bypass-Read (BR): The test data
generated by the pattern generator is directly fed to
the CIC, bypassing the memory. The output lines of
the memory are tristated. And Halt (HL): Both the
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pattern generator and the CIC registers are disabled
and the output lines of the memory are tristated.

The dominating memory can only be in the
Memory-Read and Memory-Write modes. A non-
dominating memory can be in any of the above test
modes. The various control signals of a non domi-
nating memory is shown in Figure 2. The wi and
rwi respectively indicate the number of words and the
read/write control signal of the non-dominating mem-
ory. Twd is the read/write control signal of the nearest
dominating memory to the memory Mi.

4.1 Test Session
The concurrent testing of a non-dominating mem-

ory Mi and the dominating memory Md, is carried
out as follows: rwi and Twd signals are set to Low
so that both the memories enter the MW mode. The
pattern generators of both RAMs, both identical, are
advanced, and the same test data is written in corre-
sponding locations of both Mi and kfd. After the first
set of wi test patterns has been applied, the address
generator of Mi is initialized to 0, and the signal rwi is
set to HIGH. When the remaining wd—wi test patterns
are being written in in Md, the memory M, enters the
test mode HL. When all wd words in Md have been
written, the address generator for Md is initialized to
0 and the signal Twd is set to HIGH. Both memo-
ries then enter test mode MR, and the data stored in
Mi and Md are read into their CIC registers. After
all the wi words of Mi have been read, control signal
rwi is set to LOW and Mi enters the test mode BR.
Thus, when the remaining wd — wi data words in the
dominating memory are being read out into the CIC
register, the same data is generated by the test pat-
tern generator of Mi and feed to its CIC register. The
next cycle is initiated in the same manner. Figure 4
illustrates the direction of the data flow in the test
process of the RAMs Mi and Md during the different
test modes. After all the cycles of Phase 1 have been
completed, Phase 2 is initiated. Phase 2 is identical
to Phase 1, except that the addresses are generated in
the descending order.

Let h be the number of memories tested in c test
cycles. Let wd be the number of words of the domi-
nating memory. Our synchronization scheme ensures
that the same responses will be compacted in all the
CIC registers. In addition, the ith partial signature
is generated in all the CIC register at the same time,
1 5 i 5 c.wd. Therefore, a single set of check points
can be used for memories tested concurrently.

The synchronization scheme allows the sharing of a
single test address counter (TAC) and some function-
ality of the BIST controller BC among the memories.
The size of it is set to the length of the dominating
memory kfd. The address bits for a non-dominating
memory Mi can be tapped off from the least signifi-
cant bits of the common address lines. This sharing is
beneficial if the memories are placed physically close
together or if they share an address bus. We broad-
cast the log, Wd-bit address line a from the dominating
memory TAC along with the rw& and dir control sig-
nals from the BC of Md to the non-dominating mem-
ories which must be tested along with kid.

PRPG CIC

| Bypass-Read '
: B R !

Memory-Write
MW

Memory-Read
I MR

Momory Under Ted

Cycle j

V I 2L

Cycle i + 1 .

Figure 4: Synchronization scheme. Mi is a non-
dominating memory and Md is the dominating mem-
ory.

4.2 Fault Simulation Time
We now show that it is enough to perform fault

simulation for the dominating memory alone and the
fault coverage of each non dominating memory can be
directly extracted from the results of this simulation.
Consider the testing of a non dominating (wz x m)
memory Mi with a dominating memory Md. Let X
be the set of the NPSF faults which are detected in the
first wi words of Md during Phase 1. Let Y be the set
of the NPSF faults which are detected in the last wi
words of Md during Phase 2. Let fn,g be a NPSF fault
in the cell located at the nth column of the qth mem-
ory word. Let 2 be the set of pairs (fn,g,fn,wd-w,+g),
such that {fn,g} E X and {fn,wa -ur,+g} E X.

Theorem 4.1 The total number of the detectable
NPSF faults in a non dominating memory is
\X\ + IYI - IZI

For the pattern sensitive faults (PSF) the time slot
of the fault detection has no effect on calculating the
coverage of a non dominating memory. We will use the
same symbols for defining the set of detected faults.
Let X be the set of the PSF faults in the first wi
words of kfd which are detected in Phase 1. Let Y be
the set of the PSF faults in the last wi words which
are detected during Phase 2. Let Cntg be the nth
cell of the qth memory word. Let f(n, n') be a PSF
fault between the cells Cn,g and Cn<ti< where Cn,g can
change the state of Cnr,qt. The PSF fault coverage of
a non dominating memory Mi can be found from the
next Theorem.

Theorem 4.2 The total number of the detectable
PSF faults in a non dominating memory is 1x1 + IYI
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A special case of the PSF faults is the intra-word
bridging fault which is like the NPSF fault can be de-
tected in both the test phases and hence the Theorem
4.1 is also directly applicable for this fault class.

5 Test Area Overhead
5.1 Optimizing TC-PLA Area

Consider a chip with h embedded RAMs, each of
which has a dedicated set of check point locations that
must be stored in the test control PLA. Let c be the
number of test cycles of the dominating memory. The
number of inputs to the TC-PLA is ~Zog~T!~+l, where
T,,, = c • wd represents the length of the longest
test session. The number of outputs of TC-PLA is
rlogz(h+1)1. Let Pi be the number of check points to
be observed to test memory Mi. There are CiEh Pi
check points to test all memories; this is also the num-
ber of product lines in the TC-PLA since each product
line corresponds to a unique check point. The total
area of the TC-PLA is proportional to

Table 1: TC-PLA area parameters in various test
schemes for some selected ASIC chips .

(2.pog2c. I)]) x (1)

based on the fact that the area of a PLA is propor-
tional to (2 x in + out) x prod, where in is the number
of inputs, out is the number of outputs, and prod is
the number of product lines in the PLA.

The partitioning technique can unified the word
width of all the embedded memories. Let 8 be the
set of the embedded memories which are of different
number of words. Then, the area of the TC-PLA can
be calculated by replacing h in Equation 1 by 101. The
synchronized test technique virtually unified the num-
ber of words of all the embedded memories. Let /3 be
the set of the embedded memories which are of dif-
ferent word width. The area of the TC-PLA, in this
case, can be calculated by replacing h in Equation 1
by IpI. In implementing both the techniques, a single
set of check points can be used for all the embedded
memories, irrespective to their sizes. Let 4 = (1) be
an area parameter set which represent this case and
the value of h in Equation 1 become 1.

Table 1 gives the values for the area parameters
for some selected telecommunication ASIC chips. Ta-
ble 2 shows the area occupied by the TC-PLA for
MOSC scheme for several ASIC telecommunication
chips, using 1 pm CMOS technology. The percentage
of the saving in the area of the corresponding scheme
is compared to that without the optimization tech-
niques. The number of testing cycles was assumed to
be 50. As shown in Tables 1 and 2, the MOSC test
architecture for RAMs (column 6) yields the largest
saving in the area overhead. Up to 80% saving can be
obtained for some chips with large number of embed-
ded RAMs. The partitioning technique alone (column
4) is applicable when 1/31 < lhl, while the synchro-
nizing test technique alone (column 5) is applicable
when 181 < [hi. When |/3| = (61, both the techniques
will give rise to similar savings. In some cases e.g. the
AENT chip, though the partitioning technique alone
is not applicable, incorporating this technique along

Chip

AELT [3]

AENT [3]

Hitach [6]

ChiPl [7]

Chip2 [7]

Embedded memories
(38 X 8),(16X 30)

(i43 x 3i j :(26x35)
(16 x 32), (208 x 32)

(130 X 6)
(208 ; 8), (23b x 8)
(64 x 8), (676 x 32)
(1K x 48),(64x 16)

4(512 X 16)
(512 X 5),(512 X 10)

2 x (64 x 8)
2 x (512 x 8)
2 x (512 x 161

h

6

5

6

2

6

101

5

5

3

1

2

1*1

3

3

2

2

2

1

1

1

1

1

Table 2: TC-PLA areas for some selected ASIC chips.

chip

AELT

AENT

Hitach

Chipi

Chip2

#
CP

10
20
30
10
20
30
10
20
30
10
20
30
10
20
30

Area
( pm2 )
181,450
343,750
506,050
154,400
289,650
424,900
181,450
343.750
506,050
71,400
124,200
177,000
181,450
343,750
506,050

% Area saving
Par.
15
16
16
-
-
-
45
47
48
37
43
45
181
64
65

Sy.

46
49
49
37
39
39
61
64
65
—
-
-
181
64
65

ParfSy
76
79
81
72
76
78
76
79
81
39
44
46
76
79
81

with the synchronizing test technique will significantly
improve the area overhead.

5.2 CIC Registers Area Overhead
The BILBO registers which are used in the RAM

BIST circuitry in the conventional single signature
checking (SSCS) scheme have to be converted into
CIC registers in our MOSC scheme. The area over-
head to convert an m-bit BILBO register to an m-bit
CIC register is less than 3%. Where, the area over-
head for constructing a BILBO and CIC registers as
obtained by using the Tanner layout tool to generate
actual layouts of these registers are 203,000 pm2 and
207,550 pm2, respectively, with lpm technology.

There is a trade-off between the test application
time and the test area overhead. Using a separate CIC
register for each memory in the chip increase the chip
area but enable us to test all the memories simultane-
ously in the same time slot. However, the sharing some
CIC registers between the memories test embeddings
reduces the total test area overhead but increases the
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testing time. Inorder to illustrate our proposed tech-
niques we assume the simultaneous testing of all the
embedded memories in the same test slot and the im-
plementation of a separate CIC register for each RAM
BIST circuitry. However, the partitioning and the syn-
chronizing techniques are still applicable even if two
or more memory test embeddings sharing a CIC regis-
ter. For example, let a dominating memory Md and a
non dominating memory Mi share a single CIC reis-
ter and therefore, they should could only be testeIf in
different test slots. Here, the dominating memory can
be tested in the first test session. While in testing the
non dominating memory Mi, the BIST circuitry and
the address generator of the dominating memory Md
are activited to generate the dir and rwd signals re-
quired in implementing the synchronizing between Md
and M;, without the actual applying the test patterns
or compact the responses of Md.

Table 3: Test area overheads for some selected ASIC
chips. (—),and(+) signs stand for larger and smaller
area overheads compare to the SSCS scheme, respec-
tively.

Chip
AELT
AENT
Hitach
Chipi
Chipi

Basic sscs
Area (pna2)

9,326,800
4,163,200
7,685,760
1,629,840
4,346,240

% Test area overhead saving
MOSC

- 2
- 3
- 2
- 4
- 3

Shl

+31
+27
+25

+9
+7

Shz

N/A
N/A

+7
+9

+17

Sh1 ,2
N/A
N/A
+34
+21
+27

Table 3 shows the total area overhead of the RAM
BIST circuitry for conventional SSCS scheme and the
MOSC scheme when both the memory partitioning
and the synchronizing techniques are implemented for
several ASIC telecommunication chips, using 1 pm
CMOS technology. As shown in column 3, the per-
centage of the test area overhead of the MOSC scheme
come to be around 2 to 5% compare to the test area
overhead of the SSCS scheme. Comparing to the total
area of the chip which include the area of the memories
cells and the associated logic, the test area overhead
of the MOSC scheme is much smaller. Besides, as the
size of the memory increases, the test area overhead
become less, e.g. doubling the word width or the num-
ber of words implies almost doubling the memory size,
while the test circuitry remains almost the same and
only the test registers or the TAC become larger [8].
All the segments of a partitioned memory can share
a small pattern generator. These sharing reduces the
overall area overhead. Column 4 shows the percent-
age of saving Shl in the area overhead compare to the
area of the SSCS scheme. Another saving Shz come
from the implementation of the synchronizing tech-
nique where the non dominating memory can share
the Test Address Counter (TAC) with the dominating
memory. These sharing is beneficial if the size of both
the memories are of power of 2. Implementing both
the sharing s can reduce the total area overhead for
more than 20% compare to that of the SSCS scheme,

(column 6).

6 Conclusions
We have proposed a scheme to implement the mul-

tiple on-chip signature checking scheme, MOSC, for
testing Static-RAMS. It is based on the partition-
ing and test cycles synchronization. This architec-
ture reduces the total BIST area overhead and the
total fault simulation time, by treating all the em-
bedded RAMs virtually as identical memories and by
sharing the BIST hardware. This test technique is
particularly powerful for testing chips which have a
multiple embedded small RAMs with different sizes
as the telecommunications ASICs chips. Up to 80%
savings in control area overhead were observed when
using the MOSC scheme for several telecommunica-
tions ASICs chips. The test area overhead of the ba-
sic RAM MOSC scheme is less than 5% of that of the
conventional SSCS scheme. This ratio becomes very
low compared to the total area of the chip. The test
hardware sharing approach can drastically reduces the
test area overhead to reach less than 25% of the area
required to implement SSCS scheme.
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