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A LOW OVERHEAD, HIGH COVERAGE. BUILT-IN SELF-TEST PLA DESIGN

R. Treuer, H. Fujiwara® and V.K. Agarwal

Dept. Electrical Engineering, McGill University
3480 University 5L, Montreal, Canada H3A 2ZA7

Absiract
This paper presents a new design [or a Built-ln

Self -Test PLA, that has a lower area overhead and
higher multiple laull coverage (ol all three 1ypes of
faults: crosspoint, stuck and bridging) than any
existing scheme. In addition to generating and using
function independent test input patterns. this new
scheme compresses the oulpul responses into a
function independent string of parity bits, whose
fauli-free expected values can be generated on-line
with a simple circuit. The enlire response 1o Lhe lest
pailerns can be eflectively compressed into only TWO
bits (representing the number of 0-to-0 and 1-to-1
transitions, with a fault free expected value of zero for
both}, and vet this scheme detects all single faults and
more than “_2--l'm*2nl} of all multiple faults. where
m and n represent the number of product lerms and
input variables, respectively.

L. Introduction

Since the introduction of programmable logic
arrays (PLAs) in 1975, many researchers have
worked on the problem of testing such devices, largely
because of the increasing use of PLAs in VLSI chips,
such as in BELLMAC-32A [LS82] which has eight PLAs
(the largest with 50 inputs, 67 outputs and 190
product terms).

Designs of easily Lesiable PLAs [DM&1, FKE1, HOBO,
HMB3, SKF83, YABI1] take advantage of the PLA's
regular structure to modily it in a manner which
allows the use of simple input test patterns. The
various approaches suggesied provide different
choices [or the number of tesi patterns, delay per test,
* Dr. H. Fujiwara was a Yisiling Professor while this
research was carried out. He is with the Depl
Electrical & Communications Eng. Meiji University,
Japan. This research was supporied by a fellowship to
R. Trever, and by a Strategic Grant from the Natural
Sciences and Engineering Research Council of Canada.
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fault coverage, additional hardware, etc[RT84]

Recently, in order to further simplify the testing of
PLAs, there have been attempts o design a buill-in
sell-test (BIST) PLA with high faull coverage and little
extra hardware. The tesi patterns are generaled (on
chip) by part of the PLA decoder circuil, the output
responses are compressed (on chip) into a small
number of bits, and the comparison with the laull free
compressed response is also done on chip.

In this paper, we provide the theory of a new
approach to design BIST PLAs with the lowesi
overhead reporied thus far, and the highest proven
coverage which consists of all single faults, and almost
all multiple faults of all types (crosspoint, stuck,
bridging). A companion paper [TFABS5] describes an
nMOS implemenitation of our design.

2. Review

A PLA is characlerized by three paramelers: the
number of inputs, n; the number of product terms, m,
and the number of outputs, p. Each input "x" is
"decoded” into 2 bit lines (x & -~1), and each output is
the inverse of a sum line. Despite the appellations
"AND" and "OR" arrays, the actual operation done in
each array depends on the technology. In aMOS for
instance, each product line in the AND array performs
a NOR operation on the bil lines "connected” Lo that
product line. Each such “connection” (called a device)
i$ a transistor whose gate is the bit line. Similarly,
each sum line performs a NOR on those product lines
which have devices on the sum line. It is well known
that any sums of products boolean expressions can be
implemented on such NOR-NOR PLAs.

The Tault model of interest in PLAs consisis of
single and multiple presence or absence of erronecus
devices in the two arrays (“crosspoint faults”), of
various stuck laplts on any of the lines, and of short
circuils between any two neighboring lines (“bridging
faults”). It is known [ARD.OH79.RT83579] that a test
sel that detects all single crosspoint faulls also detects
most multiple crosspoint, stuck and bridging laults as
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well. In designing BIST PLAs, a major requirement is

that the test set be independent of the funciions

realized by the PLA 10 permit the test generation

circuitry to be universal. Another BIST PLA

requirement is that fault coverage remain high even

after the compression of output data into a few bits.
The table below compares several schemes:

BIST Delay Output Number of
Scheme per Test  Response Test Patterns
[DM&1] oi1) Dependent Oin+mep)
[HM&3) ol1) Dependent 0(21)

[SKF83] o(1) Dependent Olnm)
[YAB1] 0O{m) Independent  Ofn-m)
IFK&1] O{m) Independent Oln+m)
"NEW* Oip) Independent nm}

The two most important criteria for comparing
BIST PLA designs, (1) area overhead and (2) fault
coverage, are nol in the above table because the NEW
scheme has a lower area overhead and a higher fault
coverage than each of the other 5 schemes (due to
limited space, this claim is proven elsewhere [T85]).
Since minimizing area overhead and maximizing fault
coverage are contradiclory goals, it is natural to ask
how the new scheme obtained improvements in both
fault coverage and overhead. The answer (1) less
exlra area was needed because a |ong test sequence
was used and the compressed output is function
independent, and {2) higher fault coverage was gained
by exploiting all of the parity information.

Figure | shows a PLA augmented by adding a shift
register, 2 control lines, | product line, and | sum line.
The shift register can disable all product lines but one,
to allow the effect of a single product line on the
outputs to be observed (eg., to observe only product
line i, set S; to 0, and all other Si'sto 1). When either

of the control lines CI or Ezis gset to |, then all -x's or

X's, respectively, are forced to 0. The extra product
line is used to make the number of devices (ie.
transistors) and non-devices (ie., lack of a transistor)
on €ach bit line odd. I the original number of product
lines is odd, then | extra line (total m is even) suffices:
otherwise 2 extra lines are needed. Likewise, the extra
sum line forces every product line (OR array part
only) to have an odd number of devices.

The PLA’s area is increased in two more places notl
indicated in Figure 1. (1.) We augment the input
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must be odd

number of devices

extra
must be odd _EW_'DO‘FP
Elgure 1: Augmented PLA

decoder so thatl it can directly generate the function
independent test input sequence. (2.) A cascade of
exclusive-NOR gates put after the output decoders
determines the parity of the output vector. Unlike the
schemes of [FK81 HO80YA81], we do not use a second
parily circuit on the product lines, which not only
saves area but also reduces delay per test.
The augmented PLA is tested with these patierns:

--------------------------------------------------------

s .0me 0t 01, 1 1I )
Izi- Cwe  ak hey o B R R R
|3i|.,.111|ﬂz1...1n|1
Py 8. 0L 0 diei. to1.)
LR SRR e T

We apply these test patterns in the following order.
called the "Universal Test Sequence™
m n m m n m
the maZpe m matpe nade n nady
i=1 i=1 j=1 j=1 i=1 j=1

Every new output veclor is compressed into a
single parity bit, and then this bit is exclusive-ORed
with a bit representing the cumulative parity of all
previous oulput vectors, 1o oblain a new cumulative
parily bit. By examining the cumulative parity bit at
only 2n + 2m + 1 specilic times, we can detect all
single faults and almost all multiple faults.
Definition: Let the term Cumulative Parity Comparison
refer to the comparison scheme shown in figure 2. The
asterisks indicate the (2n + 2m +1) limes when the
cumulative parity bit is compared to its expected
value. Note that the Cumulative Parity Comparison
scheme is Tunction independent (ie. wvalid for all
PLAs). The expecied parity bits of the Output Vectors
were derived as follows (using Figure 3):



: | : _— devices. Thus, the parity of each outpul vector is |,
Figure 2: Cumul, Parfty Comparison scheme (Similarly for 13- }
Expected Parity Bits(],

s _s_ Output vector  Cumulative 14“ Assume the PLA to be fault-free. For simplicity,
! |! :"ﬂ Q P consider the partial test pattern T, (1 ll} with i being
: | | e constant, which activates the m‘map-amts on bit line 1
[Ej o |L m I's #jm'pd 2 only. If the crosspoint (x;j) has a device, then the
1.1 0f ) * O=m med 2 product line j is pulled down 1o 0, which produces an
output of all zeroes, and thus a parity bit of zero. If
: A {since m the crosspoint (x;j) has NO device, then the product
@odd < i line | stays at llwhich produces an outpul with an
e e 1-{m*]}mud 2 odd number of ones, and Lthus a parity bit of 1. Recall
- : o * {m+1}mod 2 from Figure | that the number of non-devices of each
1 1 times | . bit line is odd, therefore an odd number of 1's ﬂnt',r
| O odd * L {m +ﬂ?n1crd Z bits are created for each bit line. (Similarly for I “
ks ¥ =nmeod2 Interestingly, the cumul. parily bit sequence of
length (2n+2m+1) is simply an allerpating sequence of
1 . # (n+l)mod 2 0's and 1's (this sequence can be [urther compressed
e % (nvj)med 2 into only TWO bits: the first bit giving the number of
1 * (n+m)mod 2 0-to-0 transitions, and the second the number of
£ " i I-to-1 transitions; for a fault [ree PLA, both bits have
:) odd # the value 0). Hence the fault free cumul. parity bil
('J of I's % (n+1)mod 2 sequence can be generated on-line by a simple circuit,
. : and thus does not have to be stored in (20+2m+1] bits.
timea{' * {n+i)mod 2 | mplementation details are in [TFABS].
(1) odd # : 2
of 1's - {p+ndmed 2 4. Fault Coverage .
¥* -0 This ae-:tmn proves the following theorem.
eTheorem All single and almost all multiple
HEJ.ILS_T_ELM mﬁwm faults are detected by
1° o 0 the Cumulative Parity Comparison scheme when the
0 Universal Tesl Sequence
[I;ﬂ 0 m n m m n m
0 tenaZpen nudpenaden na3
A A j=1 i=1 j=1 i i=1 j=1
W is applied. Fewer than 2° -(m+2n) of the multiple faults
0 remain undetectable by this function independent
0 scheme. The proof is presented by a sequence of 10
.,1 lemmas and a second theorem. The first 5 lemmas
[>o- deal with crosspoint laults. i
ij T eLemma 1 All single and almost all of the multiple v
>o- crosspoint faults in the AND arrny can I:e detected by
Bl oj 1! n m b
the test patterns T 11 (1) and - (). a
11 If the PLA is fauli-free, then the output vector is a i=1 jul i=1 j=1 S
string of all zeroes, whose parity is zero. Proof A crosspoint fault at (x;j) inverts the expected

IZI-. If the PLA is fault-free, then each of the m oulpul  yajye of the product line 4} hence lhr. parity of the
veciors has an odd number of 1's because each  oulput is also inverted. 1% and 17, i activate all m
product line in the OR array has an odd number of  crosspoints of a bit lme to produce ope new
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cumulative parity bil; thus, if the total number of
laults on a bil line is even, the cumulative parity bit
indicates no lault since the numbers of devices and
non-devices for the line remain odd. Thus, the only
multiple fauits thal are nol detecled are those which
have an even number of laults (or zero faults) on each
bit line. The total number of possible multiple
crosspoint faults in the AND array is 2/20)(m) The
number of possible even laulls (including zero faults)
for a single bit line is 2'™° 1) Thus, the fraction of
undetectable laults in the AND array is: Ezm'|12“ !
s2nm _ 5-2n

(A way to improve the fault coverage indicated in
Lemma | is by increasing the number of comparisons
of cumul. parity bits during I"‘ii and IEI]- from n times
10 nm times, but this has the seripus disadvantage of
rendering the cumul parily bil comparison scheme
function dependent, which requires very much extra
hardware Lo slore the expected cumul parity bits for
the individual crosspoints of the AND array.)
slemma 2 All single and almost all of the multiple
crosspoint faults in the OR array can be detected by

m

m
applying either Tl iIEji or T :1311_
=1 i=1

Proof If the product line segment circled in Figure 3
containg a single crosspoint fault, then the parity of
the output is changed. As in Lemma 1, undeileciable
multiple faults have an even (or zero) number of
faults per product line. The fraction of undetectable
faults in the OR array is: (2P-1)®@ / 2Pm . -m

(The fault coverage of Lemma 2 could be improved
by adding a second shifl register so that the
crosspoints in the OR array can be individually
activated (ie. equivaleni to replacing Ile]I and

m. [I ]' by ﬂjﬂk{[ jk} and T, l‘lklil ;I:'-' where k varies

from | to pl. In addition to the extra shilt register
area, this proposal also makes the output response
comparisons [unction dependent. thereby requiring an
impractical amount of e¥tra hardware to sitore the
expected output for each crosspoint in the OR array.)
elemma 3 All single and almost all multiple extra
device faults in the input decoder are detected

n m n m
when T H[l'!jj3 and T IHISH} are applied.

i=1 j=1I i=1 j=1
Proof An exira device atl the intersection of ':I and I

causes the bit line x; 1o be constantly 0 while I“lj

applied. In the fault free case, I-{ [ ij] with i constant,
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causes an odd number of product lines (o have Lhe
value 1, but with the fault, all product lines (an even
number) have the value 1. The odd number oo many
I's produced by the product lines, causes an odd
number times an odd number too many |'s at the
outputs, and thus a wrong parity. Similarly, ISji

detects when the extra device 15 at lCZ_-zll.

slemma 4 All single and almost all multiple missine
device faults in the input decoder are detected

m m
when either T '[lzj} or T fIE’j]' 15 applied

=1 =1
Proof When the device at [C'r"'li] is missing, the bit
line =1 has the value 1. Hence, an odd number oo few

product lines have the wvalue 1. which causes the
output parity to be wrong an odd number of times.
Similarly for a missing device at (C;.1;).

sLemma 5 Undetectable multiple crosspomnt faults in
the OR array cannot mask detectable multiple
crosspoint faults in the AND array.

Proof The ability of the 14;; and 17

detect AND array faulis hinges upon the assumption
that the OR array pari of every product line has an
odd number of devices. Undetectable OR array faulis
cause an even number of devices in each product line
to appear or disappear. hence the total number of
devices per product line remains odd, and therefore
no AND array [aults are masked.
sTheorem 2 Almost all multiple crosspoint faults are
detected by the Cumulative Parity Comparison
scheme. More exactly, only 22" of the multiple faults
in the AND array are undetectable, and only 2°™ of
the multiple faults in the OR array are undelectable.
Proof Lemmas 1 to 5, inclusive.

Single and multiple gtuck fauits are considered in
the [ollowing two lemmas.
elemma & All single stuck faults are detected by the
Cumulative Parity Comparison scheme. Further, almost
all single stuck faults are indistinguishable at the
output from detectable multiple crosspoint favlts, and
therefore can be detected by the same Lest patlerns.
Proof There are siz cases to consider:

lest patierns o

sum line stuck (a)at0 (b)atl
product line stuck (cjat0 (d)atl
bit line stuck (edatd (flatl

(a.) sum line s-a-0: This fault is cbviously detected by
1! 1t is also the only stuck fault which is not output
indistinguishable from some multiple crosspoint fault.
(b.) sum line s-a-1: This fault is indistinguishable from



having all devices on the sum line missing, which is a
mulliple crosspoint fault detectable (since any product
line has ai most one Fault) by Iz-r tor [Jj_._

{e.) product line ¢ a 0 Since the s a 0 product hne has
no effect upon the sum lines. this laull s
indistinguishable [rom having all the devices in the OR
array part of the product line missing This multiple

crosspoint fault is delectable isince all devices
missing. means an odd number of devices missing) by

{d.) product line s-a-1: This faull is indistinguishable
from having all devices in the AND arrav part of the
product line missing, which 15 4 multiple crosspoint
[ault delectable (since any bil line has at most one
fault} bv ]4” and [5”

le.) bit line s-a-0- Since the s-a-0 bit line has no elfect
upon the product lines. this [ault is indistinguishable
from having all the devices on the bil line missing.
This multiple crosspomnt faull is detectable [since all
devices missing. means an odd number missing) by
14” and 55”

([} bat line s-a-1: Since all the product lines which the
s-a- 1 bit line connects with are [orced 1o 0, this Tault
is equivalent to having all the affected product lines

s-a-0, and thus can be detecied by Izj Lor I3j i

slemma 7 Almost all multiple gtuck faults can be
detected by the Cumulative Parity Comparison
scheme. More exactly, fewer Lhan 2-lmeen} o
multiple stuck faults are undetectable.

Proof The three faull types: product line s-a-0, bit line
s-a-0 and bit line s-a-1. when combined into multiple
stuck faults always remain deteciable because the
multiple crosspoint  faults, which are ouiput
indistinguishable from these multiple stuck faults, are
deteclable gince neither bit lines nor the OR array part
of product lines can have an even number of faulis
irecall from cases c. e and [ "since all devices missing,

means an odd number missing”). When sum line s-a-1

and mg,_hn_e_s_Ll( are part of multiple stuck

faults, then about 27 m+20) of them are output
indistinguishable  [rom undeleciable multiple
crosspoint faults (recall from cases b and d: "since any
product/bit line has at most one fault’) When sum
ling s-a-0 faulis are part of multiple stuck faults, il
detects only an odd number of such faulty sum lines.
To detect an even number of sum line s-a-0 faults, the
following observation is used: when [zl- (or I-”jJ is

applied then each s-a-0 sum line behaves as il it had
an extra device al the crosspoint with the currently
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aclive product line. Hence, in the context of lzi lor ljl-j

the sum line s-a-0 fault is output indistinguishable
from a multiple extra device lault where each laulty
sum line has m devices lie, a device al each of its
crosspoints), only 2°™ of such OR array multiple
crosspoint faults cannot be detected by 12] {or I3j].

The last three lemmas consider bridging faults.
slemma 8 All single and multiple product line
brideing faulis are detecled by the Cumulative Parity
Comparison scheme.

Proof Since a bridging fault (in nMOS) causes both
lines to be 0 when at least one of them is 0, bridged
product lines would remain at 0 when Izi- or 131- try

o give them a value of 1. and thus a fault revealing
parity bit would be produced.

elemma? All single and almost all multiple sum line
bridping faults are detected by the Cumulative Parity
Comparison scheme.

Proof 1f two sum lines A and B are bridged, then their
common bridged value V is the logical AND of the

values of A and B. While the test sequence IEJ- for 15!1

is being applied. V has the value | poly when neither
line A nor B has a device on the currently active
product line. Hence, this bridging fault is oulput
indistinguishable from a multiple crosspoint [ault
where bolth A and B have exira devices everywhere
excepl along the product lines where bolh A and B
were originally without devices, as shown in figure 4.

Therefore, Izl- {or ]31} allows us o detect all single

bridging faults, and almost all multiple bridging faults
{about 2 ™ of them remain undetectable).

sLemma 10 All single and multiple bit line bridging
[auits are detected by the Cumulative Parity
Comparison sche me,

Proof Since a bridging fault causes both lines to be 0
when at least one of them is 0. bridged bit lines would
remain al 0 when I{j]- and liii iry o give them a

value of 1. A fault free bil line produces an odd
number of 1's parity bits, while a bridged bit line
produces m (an even number) 1's parity biis, and
hence a faull revealing cumulative parity bit.

These lemmas compleie the prool of Theorem 1.
The proven lault coverage of other BIST schemes does
nol encompass both single and multiple faults of all
three types, as considered above,

3. Conclusion

A new approach to design low overhead and high
fault coverage PLAs has been presented. The fault
coverage is proven to consist of all single faults and



Figure 4: sum line bridging fault equivalence
prodtittines

imy

output indistinguishable from
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sum
lines

bridging
fault

no bridging
fault

&~ A
extra devices for multiple crosspoint fault

almost all multiple faults of crosspoint, stuck and
bridging types. A companion paper [TFAR3| describes
the implementation details of this approach and
compares it with the other schemes. Due to the regular
nature of the cumulative parity scheme used in our
approach, the additional overhead requirements are
quite small compared to all existing schemes. Table |
lists the percentage overhead for various PLAs. For
large PLAs, the overhead can be as small as 15% of the
total PLA area, which may be acceptable in such cases.
This overhead includes all exira testing circuitry, and
is based on actual nMOS layouts [TFABS].

Our approach provides better fault coverage than
all known BIST schemes. In terms of the area
overhead, a comparison (see Table 1) can be made
only with [H)AB4], where the overhead is calculated
with respect to actual layouts. All other schemes
report overhead in terms of the number of additional
logic gates, which does not reflect the actual area
overhead. However, by simply comparing the various
components used in each scheme, it easily follows that
the new scheme uses less area.
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