Simple March Tests for PSF Detection in RAM
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Abstract value after some time. This faultis caused by a broken pull-

up resistor. Neighborhood Pattern Sensitive Fault (NPSF):

Previous research has outlined that the only march testsa typical neighborhood pattern sensitive faults preventin
can be in use now to test modern memory chips. Their trans-the base cell from being transited to a certain value isdalle
parent versions are very efficient for the simple fault test- 'static’ NPSF, and an NPSF is called 'dynamic’ when a tran-
ing and diagnoses. In the case of Pattern Sensitive Faultssition on the neighborhood cells triggers a transition @ th
(PSF), they are not such efficient. Conventional memory base cell. The neighborhood pattern sensitive fault (NPSF)
tests based on only one run march test have constant andnodel is not new, but it is still widely discussed in the lit-
low faults coverage for PSF. To increase the probability of erature of memory testing, and becoming more and more
the detection of such type of faults, multiple run March test important for memory testing. The problems with testing
sessions can be used. As shown earlier, the key elememf semiconductor memories are very different from test-
of multiple run March test algorithms are memory back- ing logic. The main reason is that the fault behaviour of
grounds. Only in the case of optimal set of backgrounds thememories is inherently analog, while the used fault mod-
high fault coverage can be achieved. There are many differ-els have a digital (logical) nature. Traditional March algo
ent march tests which we can use in multiplying test schemerithms [1] have been widely used in RAM testing because of
However according to weighted fault coverage measure for their linear time complexity, high fault coverage, and ease
march tests, it is not necessary to use complex tests tan built-in self-test (BIST) implementation. It is knownah
achieve high fault coverage in multibackground tests. Thethe traditional March algorithms do not generate all neigh-
high fault coverage (espesially for PSF) we can achieve us-borhood patterns that are required for testing the NPSFs,
ing the simplest tests. Efficiency of mulibackground test however, they can be modified to get detection abilities for
sessions based on two simplest march tests (MATS+ andNPSFs. Based on traditional March algorithms, different
MPS(3N)) and optimal selected backgrounds is the mainapproaches have been proposed to detect NPSFs, such as
subject of this paper. All of the analytical calculationgar the tiling method [1, 4], two-group method [1], row-March
confirmed and validated by adequate experiments. algorithm [4] and transparent testing [3, 5, 6].

2 Transparent memory testing

1 Introduction

March tests are superior in terms of test time and sim-

Faults modeled from the memory defects can be sum-plicity of hardware implementation and consisting of se-

marized as follows [1, 2]; Stuck-at-Fault (SF): Either d cel quences of March elements. The March element includes
or a line is stuck to logicab or 1. Transition Fault (TF):  sequences of read/write (r/w) operations, which are all ap-
The0 — 1 (or 1 — 0) transition is impossible on a cell plied to a given cell, before proceeding to the next cell. The
or a line. Coupling Fault (CF): When in a cell there is a way of moving to the next cell is determined by the address
transition0 — 1 (or 1 — 0), the content of the other cellis sequence order. During the testing, March tests make use of
changed. CF is generalized t&-aoupling fault wherk — 1 address sequences called "up” and "down” sequences, de-
cells are changed and is classified into Inversion or Idempo-noted asft and{} . The notation means don't care the
tent coupling faults depending upon what content changeddirection of address order. It should be mentioned that the
[3]. Retention Faults (RF): A cell fails to retain its logic address sequences do not necessarily have to be counting



sequences. As an example of the standard memory testthat implementation of MPS(3N) in some cases do not need
MATS+ test{{f (w0); 1 (r0,wl);{ (r1,w0)} can be con-  the value of fault free signature, and the MPS(3N) testing
sidered, which includes just three phases. The first phase igprocedure can be interrupt by the system at any time due
memory initialization (writing all zero background), whil  to the preserving the initial memory contents at any stage
the other two phases are sets of read and write operation®f testing. In a case of MATS+ test initial contents will be
allow detecting target faults. The MATS+ test detects all at the end of test procedure. The main advantage of the
stuck-at faults, address faults, some transition faultd an transparent memory testing is the test pattern flexibibty t
some coupling faults, as well as small portion of NPSF [1]. initialize the memory with the desired background to cover
The transparent technique is a well known memory testing specific fault models not covered by standard March tests.
approach that retrieves the initial contents of the memory

once the test phase has been finished. It is therefore suit3  MATS+ and MPS(3N) memory tests effi-
able for periodic field testing while allowing preservingth ciency analyses

memory content. A transparent BIST is based on a trans-
parent March test that uses the memory initial data to derive . .
the test patterns. The write data can be either the read value To mves_tlgate the memory marc_h tgsts, Ie_t us suppose
or its opposite value. A transparent test algorithm ensuresthat NPSK includes memory cells with increasing order of
that the last write data is always equal to the first read valyedddresses:(0), a(1), a(2), ..., a(k — 1), such a way that
in order to satisfy the transparency property. The proaedur ©(0) < a(1) < a(2) < ... < a(k —1) and base cell has
to derive a transparent test algorithm from a non transp)arenthe address(i), where0 < < k — 1.

; ; . Let us focus on the Passive NHSEPNPSK) as the
one (see [6]) can be summarized by the following steps:
(see (6] su 'z y wing steps most difficult faults to be detected. First of all, it should

1. Remove the initial sequence (initialization sequence). be emphasized that due to scrambling information, as well
In most cases, removing such a sequence allows to re-as specific optimization techniques, there is a huge amount
duce the test length, without affecting the fault cover- of such type of faults. Any: arbitrary memory cells out of
age. all N memory cells can be involved into the PNRSHhis

notation means thakt arbitrary cells are involved into the

2. Add read operations at the beginning of all sequencespNPSHK and one of the cells is a base c@l) and the rest
starting with write operations. k — 1 cells are the neighbo(s,). Any arbitrary cell out of

, SO there 8k distinct PNPSEk depending on the
base cell positioni positions). For neighborhood pattern
4. Derive the prediction algorithm. This is done by delet- there aret~! different patterns. Then the exact number of
ing all write operations from the test sequences, there-ll PNPSHK within the N'memory cells is determined ac-
after the resulted sequences are appended at the begirzording to the following equation [9]:
ning of the test algorithm.
’ ’ Li(PNPSFK) = 2-2’f—1k( ]IZ ) = k2* ( ]IZ ) (1)
The transparent version of the MATS+ test has the next no-
tation {} (ra,wa); (ra,wa)} [6], wherea € {0,1} and
@ is the negation of the value af Transparent tests are
particularly suitable for Built-In Self-Test.
A (pure) Transparent March memory BIST should im- N
plement the test algorithm issued from the above proce- Qum+(PNPSFK) =k ( k > (@)
dure. However, step is mandatory only if an in-situ sig- i
nature comparison capability is required. In this case, theAnd the fault coverage FC for MATS+ is:
signature _resulting from the_p_rediction sequences and the Qw4 (PNPSFE) 1
one resulting form the remaining test sequences are com-  F'Cu4 = = (PNPSFE) 100% = 2—kl()O% )
pared against each other to produce the test's status. In !
some cases like Adaptive Signature Analyses [7] and Sym-The exact values of fault coverage for differéntnd for
metric Memory Tests [8] this step should be avoided. For MATS+ test are presented in Table 1.
further discussions, let us focus on two March memory Inthe case of MPS(3N) test we can do the same investi-
tests, namely MATSA: (ra, wa); |} (ra,wa)}, which al- gation in some other way. Anfyarbitrary memory cells out
low to avoid prediction phases based on Symmetric mem-of all N memory cells can be involved into the PNRSF
ory testing [8], and modified PS(3N) test - MPS(3N) It means that any arbitrary — 1 cells out of N may be
(ra,wa, ra,wa, ra)} [9)]. Itis quite importantto emphasize the neighborhood cells and one arbitrary cell out of rest

The numbeQ ;. (PN PSFK) of detectable faults during
the one MATS+ memory test run is:




Table 1. PNPSFk fault coverage for MATS+
test

k
FCuy

125|625 | 3.12| 1.56 | 0.8 | 0.4 | 0.2

N — k + 1 may be a base cell. Because in base cell two
transitions can be considered, so thereNs— k + 1) dis-
tinct PNPSI for chosen neighborhood cells. In neighbor-
hood cells, there arg*~! possible patterns. Therefore the
number of all PNPSkwhich was determined by (1) can be
determined by (4) too.

(4)

N

Lo(PNPSFk) =2 x (N —k+1) x 281 x ( B 1

)

It is easy to show thatL,(PNPSFk)
L2(PNPSFE). Now, the number) sy (PNPSFK) of
detectable faults during the one MPS(3N) memery test run
is (5):

N

— 9k _
=2 » (N k;+1)(k1

Qusn(PNPSFE) =2 x (N —k+1) ( kjfl > (5)

And the fault coverage FC for MPS(3N) is:

_ Qusn(PNPSFE)
~ " Ly(PNPSFk)

1

FCusn T

(6)

The exact values of fault coverage for differénaind for
MPS(3N) test are presented in Table 2.

Table 2. PNPSFk fault coverage for MPS(3N)
test

k
FCuysn

3
25

4
12.5

5
6.25

6
3.125

7
1.6

8
0.8

9
0.4

There are some solutions which allow to increase the val-
ues of 'Cy;4 shown in Table 1 and Table 2. Among those
the most promising is the multiple run memory testing. The
key idea behind this approach is the different background
selection for increasing the fault coverage. Let us analyze
the efficiency of this approach for different number of back-

4 Background selection

To achieve high fault coverage of PNR&Br multi-run
memory testing, it is quite important to choose appropriate
backgrounds. In the case of tests which allow to generate
only one pattern (like MATS+, MPS(3N)), the selection al-
gorithm for optimal background selection can be based on
the following statements [10].

Statement 1 In the case ofm runs of the memory test
which allow to generate only one pattern within neigh-
boring cells based on backgrounds, a1, as, ..., a;,_1, an
optimal set of such type of backgrounds should have the
maximal Hamming distancH D(ay, a;) between any pair
(ak,aj),wherek,j € {0,1,2,...,m — 1}.

There are not known efficient algorithms to generate
more then four backgrounds which satisfied statement 1.
For the case of four runs of memory test, taking into account
Statement 1, we have to estimate the maximum minimal
possible Hamming distance between any p&iBs, B;),
(BivBl)' (BivBT)’ (ijBl>' (BjaB?”) and (BlvBT> out
of four background$B;, B;, B;, By} i # j # 1 # r €
{1,2,...,2N}. Mathematically this problem can be formu-
lated as [11]:

MAX
VigtjAl#re{1,2,...,.2N}

(7)

MMHD(B;, Bj, B, By)

MIN]|
HD(BlvBJ>aHD(BZaBl>aHD(BlvBT)7
HD(BjaBl)vHD(BjaB?”)aHD(BlvBT)
I}

Let we have got three first arbitrary backgroutdtis 5;
and B; with optimal value of M M HD(B;, B;, B;). As
shown earlier, for largéV this value can be regarded as in-
teger numbe2N/3, thenHD(B;, B;) = HD(B;,B;) =
HD(B;, B;) = 2N/3. We have to emphasize that in the
case of three backgrounds, it is impossible to get greater
value of M M HD(B;, B;j, B;), that is why in the case of
four backgroundsM M HD(B;, B;, B, B,) also can not
be greater tha?N/3. It means that in the case of four
backgrounds, the best solution will be obtained when dis-
tances between the fourth background and the first three
backgrounds are equall D(B,, B;) = HD(B,,B;) =
HD(B,,B;) = 2N/3. Due to the fact that backgrounds
B; and Bj have SOI(Bi;Bj) + SlO(Bi7Bj) = 2N/3
different bits, the third backgroun®; have been gener-

grounds. In the case of two backgrounds the fault coverageated by the selection of part of its bits from background

will be twice as high as when the second background is in-
verse version of the first one. More complicated problems
arise for three and four runs of memory test with the differ-
ent backgrounds.

B; and the another part fron;, as well as inversion
of all S()()(Bi,Bj> + Sll(Bi,Bj> = N/3 equal bits for
B; and B;. In the case when we create the next back-
groundB, as the selection of another parts%f (B;, B; )+



S10(B;, Bjy = 2N/3 different bits from backgrounds;
andB; and inversion of allSoy(B;, B;) + S11(Bi, B;) =

N/3 bits, this background can be regarded as the third Br = bubizbizbisbisbishizbishig = 000000000
background compared withs; and B;. It follows from By = baibagbazbaabasbagbarbagbag = 111111000
the conclusion that the backgrouit} has the same dis- Bz = b31b32b33b34b35b36b37b33b39 = 000111111
tancest D(B,, B;) = HD(B, B;) = 2N/3 as the back- By = ba1basbazbaabasbagbarbagbag = 111000111

groundB; HD(B;, B;) = HD(B;,B;) = 2N/3. From

the procedure of generation @&, and B,, we can con-

clude that in theSo,(B;, B;) + Sio(Bi, B;) = 2N/3 This set of backgrounds will be used in the next section
positions with the different bits for3; and B; back- to calculate four runs of MATS+ and MPS(3N) test effi-
grounds, B; and B, have inverse value of bits. Then ciency especially in terms of PSF.

HD(B;,B,) = 2N/3. To summerize it is easy to show

that HD(B;,B;) = HD(B;,B)) = HD(B;,B;) = 5 Four runs of MATS+ and MPS(3N) mem-
HD(Bi, By) = HD(B;, B,) = HD(Bi, Br) = 2N/3. ory test efficiency analyses

For the previous example, in the case of two back- o _
groundsB; = 011100, B; = 010011 the third back- Let assume thaV is divisible by3. Let's start our inves-
groundB; = by1biabisbiabisbis = 101111 have been gener-  tigation with MATS+ test.
ated to satisfy the equalitf D(B;, B;) = HD(B;, B)) = For the first background B Qum+(B1) =

HD(B;, B;) = 2N/3. To generate new fourth background @ar+(PNPSFk). Backgrounds; generates

B,, its first and second bits have to be inverse value com-

pared withB; andB;, namelyb,; = 1, due tob;; = b;; = k-1

0 andb,, = 0, becausé;z = bj» = 1. Then another Qum+(B2) = k(( 2]\2/3 ) +Z( i]\i/? ) ( Ni/3 ))
part (compared with the case of tli# generation) of the i=1

bits (two bits) with opposite value i#; andB; should take ~ new patterns and backgrouj due to its structure allows
the value from one background, let it i (for example,  to generate the additional portion of patterns calculaged a

b3 = b4 = 0) and the second part the values from back-
groundB; (for examplep,5 = b, = 0). The final result is

B, = boibrabrabrabysbys — 100000 which is satisfy to the Q. (Bs) = k;(( Nk/?’ ) +Z ( 2N/3 ) ( N/3 )

next statement: L
() ()

Statement 2 In the case of four runs of the memory test ~ Full amount of the patterns generated after three runs of
which allows to generate only one pattern within neigh- the MATS+ test based oR1, Bz, B3 patterns equals to:
boring cells based on four backgrounds,B;,B; and B,

(i #j#1#re{l,2,..,2Y} whenN is one bit-wide N N/3 2N/3
memory size), an optimal set of such type of backt‘:]roundsQJWr(B1 23) =k )T k + k
should satisfy the following equality : k—1
) 2N/3 N/3
T ; k—1 )
k—1
HD(B;,B;) = HD(B;,B))=HD(B;,B)) = +Z( é\z?’z ) ( NZ/3 ))
= HD(B;,B,)= HD(B;,B,) = =t
HD(B,, B,) ~ 2N/3 (8)

BackgroundB, due to its structure allows to generate
the additional portion of patterns calculated as

According to algorithm presented in [11], we can gener- k-1 IN/3 N/3
ate the set of four optimal backgrounds. As an example of Qr+(By) =k <Z ( X ) ( / )
. k—1 )
such type of optimal backgrounds for the case of transpar- i=1
ent four runs of memory testing the following set of back- k-1 N/3 N/3
grounds can be chosen fof = 9 and all bits of first back- + ( ) ( ))

)
ground are zero: i=1



Full amount of the patterns generated after four runs of theto generate the additional portion of patterns calculated a

MATS+ test based on the set &f;, B,, B3, B, patterns
equals to:

Qi (Biosa) = << >+<Nk/3><2]\1£/3)

+31 1(?’/? ) ( NZ/3)
23 (1))

Taking into account that for real applicatior$,is a big

integer numberk << N andN* >> N*~! |ast equation
in the case of eveV can be simplified to

1+ 2k

Qr+(B12.3.4) NkiNk<k' + = ]

Then the fault coverageFCyars. ((Bi, Ba, Bs,
By), k) for the four runs of the MATS+ test with investi-
gated backgrounds can be estimated as [12]:

1 1

+

FCuyars+((Bi, Bz, By, Ba), k) = <2k 1

1 1 k=i [ F
— izt t gigaeT 22 ( ) ))100% (9)

Quran (Bs) Q(Nkn)<( N/a )
+Z<2N13)<NZ/3>
)

(11)

Full amount of the patterns generated after three runs of the
MPS(3N) test equals to:

v w1
+

()57

BackgroundB, due to its structure allows to generate
the additional portion of patterns calculated as:

Qums3n(Bg) =2(N — kn)(gj( l?Nng ) ( NZ/S )
2 (25) ()
(13)

Full amount of the patterns generated after four runs of
the MPS(3N) test based on the seti®yf, B, B3, By back-

In the case of MPS(3N) for the first all zero bit back- grounds equals to

ground 61) QIVISNBI = QMJN(PNPSFIC) Now letk,,
means the number of neighbourhood cells & k& — 1).
Then the backgroun®; generates:

('

S (R ()
(10)

new patterns and backgrousd due to their structure allow

SR
+3k§1< ;Nﬁ ) ( NZ/S >

23 (28 (7))

(14)



According to the same assumptions foland N defined

earlier: Table 4. Experimental results: 4rMATS+ and
4rMPS(3N) fault coverage for PNPSF3 and
PNPSF5

1 1+ 2k}n

FauN | 9 [ 33 | 66 | 129
MATS+
Faml ki ) PNPSF3[ 49.11%] 47.73%| 47.48%] 47.29%

Qrsn(Biosa) & (

kn—1
2

1 3
3 ; (kn — )0 % ! T3k = (ky — i)l x il
(15)

+

PNPSF5| 12.50% | 12.46%)| 12.44%)| 12.43%
MPS(3N)
PNPSF3[ 87.50%| 84.38%)] 83.85%)] 83.38%
PNPSF5| 25.00% | 24.70%)| 24.65%)| 24.58%

Then the fault coverag&'Cipssn ((B1, Bz, B3, Bs), k)
for the four runs of MPS(3N) test with the investigated
backgrounds can be estimated as:

7 Conclusions

1 1
FCypssn((Bi, Ba, B3, By), k) ~ <2Tn + 31
1 1 kn—1 ok In this paper, the fault coverage of the test sessions based
T Dk gRnd + kT Z 2kn ( i" ) on simple march algorithm; (MATS+ and MPS(3N)) was
i=1 presented. In one test session, the same test had been run-

(16) ning four times on different background each time. The
background was selected according to algorithm which al-
6 Experimental results lows to generate optimal (for MATS+ and MPS(3N) tests)
set of backgrounds. The main attention in this paper was
focused on the efficiency of PSF detection. We can see that
both of the simple tests can be successfully used in multi-
backgrounds test scheme. If we compare the efficiency of
the MATS+ and MPS(3N) test sessions, we can say that
from point of view of PSF detection, MPS(3N) gives us
better results than MATS+. For MPS(3N) test and optimal
set of backgrounds, we have received very high fault cover-
age (for 4rMPS(3N) and PNPSF3 the fault coverage equal
to 83.38%). Moreover, in transparent version of MPS(3N),
Testk 3 4 5 7 testing procedure can be interrupted by the system at any

MATS+ | 47.23% | 24.54%| 12.42%| 3.12% time due to the preserving the initial memory contents at

MPS(3N) | 83.33% 47.23%| 24.54%| 6.24% any stage of testing. In the case of MATS+ test, the initial
' ' ' ' contents will be at the end of test procedure. However the

) _ big drawback of MPS(3N) test is that it doesn’t allow to de-

To validate analytical results from Table 3, many ex- (ot address decoder faults which are detectable by MATS+
periments have been done. The experiments was done fOfoqt  The simple solution of this problem is to add to the
PNPSF3 and PNPSFS faults, different sizes of memory andyeqt session, which is based on MPS(3N) test, one iteration
selected optimal backgrounds from section 4. In each casesy \aTS+ test or another very short test which can detect
all PNPSF3 and then PNPSF5 faults were generated. It a"address decoder faults.
lowed to obtain exact number of activated by 4rMATS+ and
4rMPS(3N) test session faults. So, each time we could cal-
culate exact value of fault coverage of this test sessiolis. A
experimental results are presented in Tables 4.

As presented in the Table 4 fault coverage confirmed
the analytical results obtained according to (9) and (16).
It should be noticed that in such type of memory testing,  This work was supported by the Rector of Bialystok Uni-
the fault coverage minimally depends &h The especially  versity of Technology and the Dean of Faculty of Computer
high influence on the fault coverage can be observed forScience at Bialystok University of Technology (grant num-
very smallN what in real applications has no matter. ber: S/WI/6/08).

In this section, we want to confirm the analytical results
by adequate experiments. In Table 3 the fault coverage
of 4rMATS+ and 4rMPS(3N) are presented. These results
have been calculated according to (9) and (16).

Table 3. Analytical results: 4rMATS+ and
4rMPS(3N) fault coverage for PNPSFk
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