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Abstract: This paper begins with a brief overview
of realistic fault models for multi-port SRAMs with p
ports, divided into p classes: single-port faults, two-port
faults,..., p-port faults. Ezcept for single-port faults, all

other fault classes cannot be detected with the conven- -

tional (single-port) memory tests; they require special
tests. Next, the paper presents a set of three linear
single-addressing tests for unique multi-port memory
faults (p > 2) that will be merged into a single test.

1 Introduction

Most of the published work on memory testing con-
centrated on single-port (SP) memories [1, 2, 3, 7, 14].
Testing of multi-port (MP) memories requires special
tests since the multiple and simultaneous access can
sensitize faults that are different from the conventional
SP memory faults. In spite of their growing use, lit-
tle work has been published on testing MP memories.
In addition, most of the published work concentrated
only on MP memories with two ports (i.e., two-port
(2P) memories). In [13], an ad hoc test with no spe-
cific fault model was described. In [11], a BIST circuit,
based on a serial interfacing technique for embedded
2P memories, was reported. For the same fault models,
modified march tests and BIST circuits were reported
in [10, 16, 17). In [4, 12, 15] theoretical fault models,
together with their tests were developed. However, the
introduced fault models are not based on any experi-
mental/industrial analysis. In addition, the proposed
tests have a time complexity which is exponential in the
number of ports of the MP memory; that makes them
impractical. In [5], port interferences in 2P memories
were ezperimentally analyzed, based on an industrial
design and SPICE simulation; however, the analysis
was restricted to only the interference between the two
ports. A similar, but theoretical work, has been re-
ported in [18].

In our previous work [6, 9], an experimental analy-
sis of all possible spot defects in 2P memories has been
done; realistic fault models (based on defect injection
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and circuit simulation), together with linear efficient
tests have been introduced; the industrial evaluation
of these tests shows that they are indispensable for ob-
taining an industrial quality level of fault coverage [9].
However, this analysis has only been restricted to 2P
memories. This paper will extend the previous work
to any p-port memory. It is organized as follows: Sec-
tion 2 gives a brief overview of realistic fault models
for p-port memory, as established by [8]. Section 3 de-
rives optimal march tests for such faults; while Section
4 ends with conclusions.

2 Fault Models for pP-SRAMs

Functional Fault Models (FFMs) for pP-SRAMs are
given in detail in [8]; they are derived based on de-
fect injection and circuit simulation. In this section a
brief overview will be given; for more detail see [8).

FFMs for pP memories

Figure 1: Classification of FFMs for pP memories

The FFMs for any MP memory can be divided into
p-classes: single-port faults (1PFs), two-port faults
(2PFs), three-port faults (3PFs), ..., p-port faults
(pPFs); see Figure 1. The 1PFs are faults that can be
sensitized using SP operations; they are divided into
1PF's involving a single cell (1PF1s) and 1PFs involv-
ing two cells (1PF2s). The 2PFs are faults that can
not be sensitized using SP operations; they require the
use of the two ports of the memory simultaneously.
They are also divided into 2PF's involving a single cell
(2PF1s) and 2PFs involving two cells (2PF2s). The
3PF's are faults that can not be sensitized using SP op-
erations, neither using 2P operations; they require the
use of the three ports of the memory simultaneously.
The 3PFs can be also divided into 3PF's involving a sin-



gle cell (3PF1s) and 3PFs involving two cells (3PF2s).
A similar explanation applies to pPF's.

A detail description of each class is given in [8]. In
the following, only a brief description of 3PFs will be
given. However, first a notation of MP faults will be
presented.

2.1 Notation of MP faults

In order to represent MP faults (e.g., three-port faults),
the following terminology will be (re)introduced [12, 4]:

e Strong fault: This is a memory fault that can be
fully sensitized by an operation; e.g., an SP write
or read operation fails, two simultaneous read op-
erations fail, etc. That means that the state of the
v-cell is incorrectly changed, can not be changed,
or that the sense amplifier(s) return(s) an incor-
rect result(s).

o Weak fault: This is a fault which is partially
sensitized by an operation; e.g., due to a defect
that creates a small disturbance of the voltage of
the true node of the cell. However, a fault can be
fully sensitized (i.e., becomes strong) when two (or
more) weak faults are sensitized simultaneously,
since their fault effects can be additive. This may
occur when a MP operation is applied.

The terminology of weak and strong faults is used in
representing the MP FFMs as follows:

e [ denotes a strong fault F, while wF denotes the
weak fault F. For example, RDF denotes a strong
Read Destructive Fault, while wRDF .denotes a
weak Read Destructive Fault.

o < faulty > & < faulty > ..& < fault, >: de-
notes a pPF consisting of p weak faults; ’&’ de-
notes the fact that the p faults in parallel (i.e.,
simultaneously) form the p-port fault (pPF). E.g.,
the wWRDF&wRDF&wRDF denote a 3PF based on
three weak RDF'’s.

2.2 Three-port faults

Three-port faults (3PFs) are divided into two sub-
classes; see Figure 2.

1. The 8PFs involving a single cell ($PF1s): They
are based on a combination of three SP operations
applied simultaneously via three ports to a single
cell, which is the same as the v-cell.
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3PF1s

1 i Ry
wDRDF&WDRDF&WDRDF WCFds&wCFds&wCFds wCFdr&wDRDF&wDRDF
wRDF&wRDFAWRDF wCFrd&wRDF&wRDF

Figure 2: Classification and taxonomy of 3PF's

2. The 3PFs involving two cells (3PF2s): Depend-
ing to which cells the three simultaneous opera-
tions are applied (to the a-cell or to the v-cell),
the 3PF2s are further divided into two types:

(a) The 3PF2,: this fault is sensitized in the v-
cell ¢, by applying three simultaneous oper-
ations to the same a-cell ¢,.

(b) The 3PF2,: this fault is sensitized in v-cell
by first putting the a-cell in a certain state
(dashed arrow in Figure 2), and thereafter ap-
plying three simultaneous operations to the
v-cell (solid arrows in the figure).

A taxonomy of all 3PFs is also given in Figure 2. In
the table:

e RDF: denotes Read Destructive Fault [2].

e DRDF': Deceptive Read Destructive Fault [2].
CF4s: Disturb Coupling Fault.

o CFy,: Deceptive Read Destructive Coupling Fault.
o CFg4: Read Destructive Coupling Fault (CF,4).

Table 1 lists the FFMs together with the Fault Prim-

_1tives (FPs) they consist of, whereby a FP is a compact

notation describing the fault. They are explained be-
low.

2.2.1 The 3PF1 fault subclass

To describe the 3PF1s, the following fault primitive
(FP) notation will be used: < S1:52:S3/F/R>,. It
denotes a three-port FP involving a single cell (v-cell).
This FP requires the use of the three ports simultane-
ously. S1, S2, and S3 describe the sensitizing opera-
tions of the cell; “” denotes the fact that S1, S2 and
S3 are applied simultaneously through the three ports.
Si € {w0,wl,w t,w {,r0,r1}, whereby 0 denotes a
zero value, 1 denotes a one value, w0 (wl) denotes a
write 0 (1) operation, w T (w |) denotes an up (down)



transition write operation, r0 (r1) denotes a read 0 (1)
operation.

F describes the value of the faulty cell (v-cell);
F e {0,1,1,],7}, whereby 1 (}) denotes an up (down)
transition, and ? denotes an undefined logical value.

R is the read result of S1, S2 and S3 in the case
they are the same read operation (i.e., 'r0 : 70 : 70’ or
'rl : 71 :71’). In the case one of the read operations
returns the expected value, while the others return
wrong values, then the wrong value is considered in
R. R € {0,1,7,—}, whereby ? denotes a random
logical value. A random logical value can occur if
the voltage difference between the bit lines (used
by the sense amplifier) is very small. A -’ in R
means that the output data is not applicable in that
case; e.g., if S w0, then no data will appear at
the memory output, and therefore R is replaced by a ’-’.

The 3PF1 consists of two FFMs [6, 8], each with four
FPs; see Table 1 and Figure 2:

1. wDRDF&wWDRDF&wDRDF: Applying three si-

multaneous read operations to the v-cell causes -

the v-cell to flip; and the sense amplifiers return
correct values.

2. wRDF&wRDF&wWRDF: Applying three simulta-
neous.read operations to the v-cell causes the v-cell
to flip; and the sense amplifiers return incorrect
values.

2.2.2 The 3PF2 fault subclass

The 3PF2s are divided into two types (see Figure 2):
the 3PF2, and the 3PF2,.

The 3PF2,: To denote this fault, the following FP
notation is used: < S1, : S2, : S3,; Sy/F/R >4..
It denotes an FP whereby the three sensitizing oper-
ations, S1,, $2, and S3, are applied simultaneously
to the a-cell. S, denotes the state of the v-cell; i.e.,
Sy € {0,1}. F denotes the value of the faulty cell c,.
Note that in that case R will be replaced with ’—’ since
S, can not be a read operation.

The 3PF2, consists of one FFM:
wCF3,&wCF,&wCFys, with eight FPs (see Ta-
ble 1): applying three simultaneous operations to the
a-cell will cause the v-cell to flip. Note that, e.g, the
< w0 wxdird; 1/ | /— > denotes only one FP since
the read values are irrelevant (d=don’t care); the read
operations are used to sensitize the fault. Note also
that <rz xz xz; 0/ T /~ > denotes two FPs since
z€ {0,1}.
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The 2PF2,: To denote this fault, the following FP
notation is used: < Su; S1, : S2, : S3,/F/R >,.
It denotes an FP whereby the three sensitizing opera-
tions, S1,, S2,, and S3,, are applied simultaneously
to the v-cell. S, describes the state of the a-cell; i.e.,
S, € {0,1}. '

The 3PF2, consists of two FFMs, each with two
FPs; see Figure 2 and Table 1.

1. wCF43,.&wDRDF&wDRDF: Applying three si-
multaneous read operations to the v-cell will cause
the v-cell to flip if the a-cell is in a certain state.
The read operations return correct values.

2. wCFq&wRDF&wRDF: Applying three simul-
taneous read operations to the v-cell will cause the
v-cell to flip if the a-cell is in a certain state. The
read operations return incorrect values.

and d = don’t care
[ Fault primitives I}

<r0:70:r0/ 1
<rl:rl:r1/}
<r0:70:70/ %
<rl:rl:rl/}
< w0:rd:rd;0
< wl:rd:
<wl:rd:
<wl:rd:
<rz:rz:rx;0
<rz:rr:rx;l
<0;r0:r0:
<0;rl:rl:
<1;70:70:
<1l;rl:rl:
<0;7r0:r0:
<O;rl:rl:
<1;r0:70:
<1l;rl:rl:

Table 1: List of 3PFs; z € {0,1}
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3 Tests for p-port SRAMs

This section presents first tests for 3PFs. Thereafter,
the tests will be extended for pPFs. However, first the
march notation used for SP tests will be extended in
order to specify MP tests. '

3.1 Notation for March tests

The extension will be done as follows:

e A complete march test is delimited by the ’{...}’
bracket pair; while a march element is delimited by the
’(...)" bracket pair. The march elements are separated
by semicolons, and the operations within a march ele-
ment are separated by commas.

¢ The operations applied in parallel to the ports are
separated using colons, and the port number to which
each of the parallel operations is applied is determined



implicitly. For example, the march element (70 : wl)
denotes two simultaneous operations: a r(0 operation
applied to the first port (P,), and a wl operation ap-
plied to the second port (P;). Port numbers can also
be specified explicitly, by super-scripting the operation
with the corresponding port number; e.g., 70% denotes
that a 70 operation is applied to P,.

e The character 'n’ denotes no operation, while the
character '—’ denotes any allowed operation. For ex-
ample, (r0 : n) denotes a r0 operation via P,, and no
operation on P,.

e { : denotes an up addressing (f}), or a down ad-
dressing () sequence.

3.2 Tests for three-port faults

The FFMs for 3P memories are divided into 1PFs,
2PFs and 3PFs. Therefore, the test procedure may
be divided into three parts:

1. Test(s) to detect 1PFs, for these tests see [1, 3, 7,
14].
2. Test(s) to detect 2PFs, for these tests see [6, 9].

3. Test(s) to detect 3PFs. Below, tests for detecting
3PFs will be developed.

3.2.1 Tests for the 3PF1s

The test shown in Figure 3, referred as March 3PF1,
detects all 3PF1 faults; it has a test length of 6n. The
first three simultaneous read operations, through the
three ports in each march element, sensitize and de-
tect the wRDF&WRDF&wRDF faults, and sensitize
the wDRDF&wDRDF&wDRDF faults; the latter will
be detected by the second single read operations (see
also Table 1).

{fwO0:n:n) ; F(0:70:70,70: —:~) ;
My M

Pwl:—:=); g@l:rl:rl,rl:—:-) }
Ma M3

Figure 3: March 3PF1

3.2.2 Tests for the 3PF2s

The 3PF2s are divided into two types: 3PF2, and
3PF2,; see Figure 2.

Tests for the 3PF2, faults

An optimal test detecting all 3PF2, faults is given in
Figure 4, and referred as March 3PF2,- (-’ is added
to denote the optimal version of March 3PF2, [8]). It

has a test length of 10n. The 3PF2, faults consists of
one FFM, with eight FPs; see Figure 2 and Table 1.

{f0:n:n); N (r0:70:70, wl:r0:70) ;
M, M

i 1
ft(ri:rl:rl,w0:7r1:71) 5 Y(r0:70:70, wl:70:70) ;
Mo M3
Y(lerl:irl,w0:rl:7l) 5 Y(r0:~:-) }

My Ms

Figure 4: March 3PF2,-

e The < 7r0:70:70;0/ 1 /— >4, and the
< wl xd xd;0/ t /— >4, will be sensitized and de-
tected by M; if the v-cell has a higher address than the
a-cell; i.e., v > a. If v < a, then these faults will be
sensitized and detected by Ms3.

e The <rl:rl:71;1/ | /— >, and the
< w0 :xd ixd;1/ | /— >4, will be sensitized and de-
tected by Ms if v > a. If v < a, then these faults will
be sensitized and detected by My.

e The <r0:70:70;1/ { /— >, and the
< wl xd:rd;1/ } /= >4, will be sensitized by M; and
detected by M if v < a; while the same faults will be
sensitized by M3 and detected by My if v > a.

e The <71:r1:71;0/ 1t /— >4, and the
< w0 ixd :xd; 0/ 1 /— >4, will be sensitized by M> and
detected by M3 if v < a; while the same faults will be
sensitized by My and detected by M; if v > a.

Tests for the 3PF2, faults

An optimal test detecting all 3PF2, faults is shown in

. Figure 5, and referred as March 3PF2,-; it has a. test

length of 13n.

{fwo:n:n) ;

Mo
N(E0:70:70,70: —: —,wl:—:—) ;
M,y
fr(rl:rl:rl,rl:—:—wl0:—:-);
M
Y@r0:r0:70,70: —: —wl:—:—) ;
M3
Y(r1:ri:rl,rl:—: —w0:—:-) }
My

Figure 5: March 3PF2,-

March 3PF2,- detects all 3PF2, faults . Table 2
shows the operations performed on two cells ¢; and ¢;
by march elements of Figure 5. The table contains a
column ’State’ which identifies the state S; ; of the two
cells (c;, ¢;) before the operation is performed, and
a column ’State S;;’ which identifies the state after
the operation. The table shows that all states of (c;,
¢;) (i.e., 00, 01, 11, 10) are generated, and in each



state three simultaneous read operations followed by
(at least) a single read operation are applied to cell ¢;
and ¢;. The three simultaneous read operations sen-
sitize and detect wCF,.4&wRDF&wRDF, and sensitize
wCF 4. &wDRDF&wDRDF. The latter will be detected
by the followed single read operations (see Table 1).

Table 2: State table for detecting 3PF2, faults

Step March State | Operation State S; ;
element
1 Mo _— 'wl:n:n’ toc; 0-
2 0— 'wO:n:n’toc; 00
3 M, 00 rO0: 70 : 70’ to c; 00
4 00 rO: —: —="to ¢; 00
5 00 wl: - ="to ¢; 10
6 10 'rO0:r0: 70’ to c; 10
7 10 70— =’ to ¢j 10
8 10 'wl:—:—"toc; 11
9 M, 11 rl:rl:71 toc; 11
10 11 Pl - =" to ¢; 11
11 11 ‘w0 : ~: =’ to ¢ 01
12 01 ‘rl:rl:rl’ toc; 01
13 01 rl:—: =7 to ¢j 01
14 01 ‘w0~ =" to ¢y 00
15 M3 00 r0:70: 70’ to cj 00
16 00 r0: —: =" to cj 00
17 00 'wl:—: —"to cj 01
18 01 rO:7r0: r0 to c; 01
19 01 r0: —: ="to ¢ 01
20 01 'wl: —:="to ¢; 11
21 My 11 rl:rl:rl’ toc; 11
22 i1 'rl:—:—="to c; 11
23 11 'wd: —: —'to cj 10
24 10 rl:rl:rl’ toc; 10
25 10 rl: —~: =" to ¢; 10
26 10 'wO: —: =" to ¢; 00

3.2.3 Test for all 3PF's

By inspecting the three introduced tests, March 3PF1,
March 3PF2,- and March 3PF2,-, we can see that all
these tests are single-addressing tests; i.e., they access
one cell at a time. This property makes it easy to
merge the three tests into a single test. The result is
shown in Figure 6, and referred as March s3PF- (’s’
stands for single-addressing). March s3PF- detects all
3PF1s, all 3PF2,s and all 3PF2,s [8]. It has a test
length of 14n; while the test lengths of March 3PF1,
March 3PF2,- and March 3PF2,- are 6n, 10n, and
13n, respectively. Therefore, in order to detect 3PF1,
3PF2, and 3PF2, faults, one can use March s3PF- iu-
stead of testing these faults separately. This will reduce
the total test length from 6n + 10n+ 13n = 29n to 14n.

It should be noted that for March s3PF- it is as-
sumed that two simultaneous reads and a write of the
same location (with the read data discarded) is allowed.
If this is not the case, then all operations ‘wz:ry:ry’ in
Figure 6 should be replaced with ‘wzx : n : n’; whereby
z,y € {0,1}.

{ f(wo:n:n) ;

Mp
H(@E0:70:70,70: —: —,wl :r0:70) ;
My
trlerl:rl,rl:—:—,w0:71:71) ;
M,
Y@0:70:70,70: — : —,wl:r0:70) ;
M3
Y@ri:rl:rl,rl:—:—,w0:rl:71) ;
My
Y(ro:—-:-) }
Ms

Figure 6: March s3PF-

3.3 Tests for pPF's

In a similar way as that followed for 3PFs, the tests can
be introduced for any MP memory with p ports. Since
the FFMs for pP memories are divided into p classes,
the test procedure may be divided into p parts:

1. Test(s) to detect 1PFs.

2. Test(s) to detect 2PFs.

p. Test(s) to detect pPFs.

In order to save space, only the optimal test detect-
ing all pPFs (i.e., pPF1s and pPF2s) will be given. The
test, referred as March spPF- (8], is given in Figure 7.
It has a test length of 14n, which is the same as that
of March s3PF-. Note that March spPF- is exactly an
extension of March s3PF-; this is due to the nature of
pPFs, which are extensions of 3PFs. In Figure 7, e.g.,
'r0% denotes a 70 operation via port P,.

{ § (w02 :nb:..:nP)) ;
My

(0% r0b ;0P 0% b L —P wle: r0? :r0P)
M,

fr(r1e:r1b e ortP e s b P w0l 1P r1P)
M,

Y (r0® 70t : L ir0P, 702 1 b : s —P 1% 0 1 r0P)
M3

NGRS LIRS T L O S O "L LIRS LE SRR L W
My

$(roe b -p) }

M5
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Figure 7: March spPF-

4 Conclusions

In this paper realistic fault models for p-port SRAMs
have been presented; they are divided into p classes:
single-port fault, two-port faults, ..., p-port faults.
Thereafter, linear tests for pPFs (p > 3) has been intro-
duced. The results show that each class of the p fault
classes can be detected with a linear march test having



a test length of 14n (n is the size of the memory). This
is very attractive industrially.
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