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Abstract: This paper presents realistic fault models for
multi-port memories with p ports, based on defect injec-
tion and SPICE simulation. The results show that the fault
models for p-port memories consist of p classes: single-
port faults, two-port faults,..., p-port faults. In addition, the
paper discusses the test procedure for such memories. It
shows that the time complexity of the required tests is not
exponentially proportional with p, as published by different
authors, but it is linear; irrespective of the number of ports
the multi-port memory consists of-

1 Introduction

In spite of the growing use of Multi-port (MP) memories,
little experimental work has been published about their fault
modeling and tests. In [1], an ad hoc test with no specific
fault model was described. In [2], a BIST circuit for embed-
ded rwo-port (2P) memories based on a very simplistic fault
models was reported. For the same fault models, modified
march tests and BIST circuits were reported in 3, 4, 5]. In
[6, 7, 8, 9] theoretical fault models, together with their tests
were developed. However, the introduced models are nor
based on any experimental/industrial analysis, and the pro-
posed tests have a time complexity which is exponentially
proportional with the number of ports; that makes them not
practical. In [10], port interferences in 2P memories were
experimentally analyzed, based on SPICE simulation; how-
ever, the analysis was restricted to only the interference be-
tween the bit lines and the word lines of the two ports. A
similar, but theoretical work, has been reported in [11].

It can be seen from the above that little experimental re-
search has been done on testing MP memories. In this pa-
per, a complete analysis of spot defects in MP memories
will be presented, resulting in realistic fault models requir-
ing only linear tests. The paper is organized as follows. Sec-
tion 2 establishes an inventory of all possible spot defects in
the memory cell array. Section 3 derives the functional fault
models based on the simulation results. Section 4 discusses
the test procedure; while Section 5 ends with conclusions.
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2 Classification of spot defects

Many faults in memory circuits are caused by undesired par-
ticles called spot defects (SDs). A SD is thus a randomly oc-
curring region of an extra or missing material in the layers
used for the fabrication process. Since this work concerns
with electrical simulation, the physical SDs should be elec-
trically modeled. The missing material will be modeled as
disconnections, while the extra material will be modeled as
undesired connections. These disconnections and undesired
connections can be electrically divided into three groups:
opens, shorts and bridges; whereby an open is an extra re-
sistance within a connection, a short is an undesired resis-
tive path between a node and V. or Vs, while a bridge is
an undesired resistive path between two connections, which
are not V.. or V5. From now on, the term SD will used to
mention an open, a shorts or a bridge.

Figure 1 shows a differential access p-port (pP) memory
cell with p read-write ports, that will be the subject of this
paper.
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Figure 1. A differential p-port memory cell

In [12], all opens, shorts and bridges have been defined
and located for a differential pP memory, similar to [14] for
a single-port (SP) memory. The results show that there are
Qﬁg_”ﬂ possible SDs: 11p + 20 opens, 6p + 4 shorts,
and 1_9_&33&26 bridges. For the bridges, the assumption is
made that the nodes have to be located close to each other,
such that a bridge only can occur within a singe cell or be-



tween adjacent cells. The SPICE simulation of all possi-
ble SDs will require a significantly long time due the total
number of SDs that needs to be simulated. However, the
total of H2E-+87+71 Sy can be placed into 49 groups [12],
whereby onlynone SD from each group needs to be simu-
lated; the behavior of other SDs within a group can be de-
rived from the simulated one. The grouping is based on the
fact that the memory cell has a symmetrical structure with
p similar ports.

Table 1 shows the minimal set of opens that needs to be
simulated [12] (see also Figure 1). They are divided into
opens within a cell (OC), opens at bit lines (OB), and opens
at word lines (OW). The third column in the table classifies
the opens into Single-port Fault Defects (SFDs) and Multi-
port Fault Defects (MFDs). The SFDs are SDs that only
can cause SP faults; i.e., faults that can be sensitized using a
single port. The MFDs are defects that can cause SP faults
as well as MP faults; the latter requires the use of multiple
ports simultaneously in order to be sensitized. This classifi-
cation is based on the simulation results done for a differen-
tial 2P memory [12, 15]: the SDs causing only SP faults are
considered as SFDs, while SDs causing SP faults as well
as two-port faults (i.e., faults requiring the use of two ports
simultaneously in order to be sensitized) are considered as

MFDs.
Table 1. List of opens

{[ Open | Description [ Class )
OCl Source of pull-up at true side SFD
oc2 Drain of pull-up at true side SFD
0cC3 Drain of pull-down at true side MFD
OC4 Source of pull-down at true side MFD
OCs Gate of pull-up at true side SFD
0cCe Cross coupling at true side SFD
[eley) Gate of pull-down at true side SFD
oC8 Connection of the pass transistors SFD
oC9 Pass transistor connection to T SFD
OCI10 | Pass transistor connection to bit line SFD
OC11 | Gate of pass transistor at true side SFD
OC12 | Vg path of the cell SFD
OCl13 | Vi, path of the cell SFD
OCl4 | V. path shared by adjacent cells SFD
OC15 | Vi, path shared by adjacent cells SFD
OBy the bit line BL; at the write side SFD
OB, the bit line BL; at the read side SFD
oW the word line W L; SFD

The shorts are divided into shorts within a cell (SC),
shorts at bit lines (SB) and at word lines (SW). The min-
imal set of shorts required for the simulation is shown in the
first column of Table 2 [12]. Each short is defined as a pair
of nodes in which one node is V.. or V. In the table, the
shorts which are MFDs are given in bold; i.e, SC2 is the
only MFD.

On the other hand, the bridges have been divided into
two groups:

e Bridges within a cell (BC): All bridges connecting two
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nodes of the same cell, including the two pairs of bit lines
and the two word lines to which it is connected. The second
column of Table 2 gives the minimal set of BCs required for
the simulation [12]; see also Figure 1. Note that BC6 and
BC7 are MFDs.

® Bridges between cells (BCC): All bridges connecting
nodes of adjacent cells, including the bit lines and the word
lines to which the cells are connected. For establishing all
possible BCCs, the configuration shown in Figure 2 has
to be considered. Note that the adjacent cells can belong
to the same column, the same row, or to the same diagonal.
Therefore, the BCCs are further divided into BCCs between
cells in the same row (rBCCs), BCCs between cells in the
column (¢BCCs), and BCCs between cells in the same di-
agonal (dBCCs). The third, the fourth and the fifth column
of Table 2 show the minimal set of BCCs that needs to be
simulated [12]. In the table, e.g., T1 (F1) denotes the true
(false) node of cell Cy, see also Figure 2. Note that all BCCs
are MFDs, except cBCC4 and ¢cBCCS.
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Figure 2. Four cell configuration

3 Functional Fault Models

The simulation has been done for all 49 SDs, which rep-
resent all possible SDs, by examining the resistance range
from 09 to oof?, for a 2P SRAM as well as for a 3P SRAM
using Intel designs. Each faulty behavior is reported in
terms of a fault primitive (FP); i.e., a compact notation de-
scribing the faulty behavior. It should be noted that after the
simulation has been done for 2P SRAMs [12, 15], the sim-
ulation has been redone only for MFDs for the 3P SRAM
design [12].

In order to design memory tests for detecting faults,
the electrical faults caused by the SDs (expressed in terms
of FPs) have to be translated into functional fault models
(FFMs), whereby a FFM is defined as a non empty set of
FPs. The FFMs for 2P SRAMs, which can be considered
as a subset of the FFMs for pP SRAMs, are described in
[12, 13, 15]. In this section, the FFMs for a differential pP
SRAM will be presented based on: a) the simulation results



Table 2. Minimal set of shorts and bridges to be simulated

{I_Shorts ~ || Bridges  BCs [[ Bridges  BCC ~[[ Bridges _ ¢BCCs ] Bridges  dBCCs ]
SC1 T-Vee BCl T-F rBCC1 TI-T3 cBCC1 TI1-T2 dBCC1 T1-T4
SC2 T-V,, BC2 T-BL, rBCC2 TI-F3 ¢BCC2 TI-F2 dBCC2 TI-F4
SB1 BL,-V.. BC3 T-BL, rBCC3 T1-BL2, ¢BCC3 TI-WL2,

SB2 BL,-V,, BC4 T-WL, rBCC4 TI1-BL2, ¢BCC4 WLl.,-WL2,
SW1 WL,V BCS BL.-BL, rBCCS BLl1, — BL2, cBCCS WL1,-WL2,
SW2 WL,-V,, BC6 BL.-BL, rBCCé BLloa — BL2y

BC7 BLa-BL, BCC7  BLl, — BL2.

BCS BL,- WL, BCC8 Bl, — BLZ,

BC9 BL.-WLy

BCIO WL, Wi,

for 2P SRAM and 3P SRAM, and b) the extension of the
results for any MP memory with p ports.

Based on the number of ports required in order to sensitize
the faults, FFMs for memory cell array faults (MCAFs) in
pP memories can be classified into p classes: single-port
faults (1PFs), nwo-port faults (2PFs), and three-port faults
(3PFs), ..., and p-port faults (pPFs); see Figure 3. The 1PFs
are faults that can be sensitized using SP operations; they
are divided into 1PFs involving a single cell (1PFl1s) and
1PFs involving 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 simuitaneously. On the
other hand, pPFs are faults that can only be sensitized by
acting on the p ports of the memory simultaneously. In the
following, the classes will be discussed in detail.

MCAFs in pP memories

Figure 3. Classification of MCAFs in pP memories

3.1 Single-port faults (1PFs)

Single-port faults (LPF's) are divided into faults involving a
single-cell (1PFIs) and faults involving rwo-cells (1PF2s);
see Figure 4. The 1PFls consist of single-cell FPs; they
have the property that the cell used for sensitizing the fault is
the same cell as where the fault appears. The 1PF2s have the
property that: (a) the application of a single-port operation
(solid arrow in Figure 4) to the aggressor cell (¢,), (b) the
state of the cell ¢, (dashed arrow in the figure), or (c) the
application of a single-port operation to the victim cell (¢ ,)
with cell ¢, in certain state, has as a consequence that a fault
will be sensitized in the cell ¢,.

3.1.1 The 1PF1 fault subclass

To denote a 1PF1 fault, the following precise compact nota-
tion, referred to as a fault primitive (FP), which will prevent
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ambiguities and misunderstandings, will be used:

< S/F/R > (or < S/F/R >,): denotes an FP in-
volving a single-cell (a 1PF1); the cell ¢, (victim cell)
used to sensitize a fault is the same as where the fault ap-
pears. S describes the value/operation sensitizing the fault;
S e {0,1,w0,wl,w T.w {,70,71,V}, whereby 0 (1) de-
notes a zero (one) value, w0 (w1) denotes a write O (1) oper-
ation, w 1 (w {) denotes an up (down) transition write oper-
ation, 70 (1) denotes a read 0 (1) operation, and V denotes
any operation (V € {0, 1,wl, w0, w t,w |,r1,70}). If the
fault effect of S appears after a time 7', then the sensitizing
operation is given as St. F' describes the value of the faulty
cell (v-cell); F € {0,1,1.4.7}, whereby 1 (}) denotes an
up (down) transition, and ? denotes an undefined state of
the cell (e.g., the true and the false node of the cell have
the same voltage). R describes the logical value which ap-
pears at the output of the SRAM if the sensitizing operation
applied to the v-cell is a read operation: R € {0,1,7, -},
whereby ? denotes a random logical value (e.g., 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; e.g., it S = w0, then no data will appear at the
memory output, and for that reason R is replaced by a’—’.

The 1PFs consist of nine FFMs [12, 14]; see Table 3. The
first column gives the abbreviation of the FFM, while the
second column shows the FPs the FFM consists of:

1. Stuck-at Fault (SAF): the logic value of a cell is always
0’ (< V/0/->)or 1" (< V/1/->); see Table 3.

2. Transition Fault (TF).

3. Read Destructive Fault (RDF) [19].

4. Deceptive Read Destructive Fault (DRDF) [19].

5. Incorrect Read Fault (IRF).



6. Random Read Fault (RRF).

7. Data Retention Fault (DRF) [20].
8. No Access Fault (NAF).

9. Undefined State Fault (USF).

Table 3. List of 1PF1s; « € {0.1}

FFM Fault primitives

SAF < V/0/->, <V/1[->

TF <wt/0/-> <wl/l/->

RDF <r0/t/1> <rl/L /0>

DRDF | <r0/1/0>.<ri/ /1>

IRF <r0/0/1>,<r1/1/0 >

RRE | <70/0/7 > <r1/1]7 >

DRF <lp/l /> <0/t /> <zp/?/->
NAF <w?T/0/-> <wl /1/-> <rzx/z]? >
USF <wx/?/— >, <rz/[?/7 >

3.1.2 The 1PF2 fault fault subclass

The IPF2 faults are FFMs consisting of single-port FPs
which involve two cells. To denote such faults, the follow-
ing FP notation is used:

< Sa;Sy/F/R > (or < 8,;Sy/F/R >,.,): denotes an
FP involving two cells (a 1PF2); S, describes the sensitiz-
ing operation or state of the aggressor cell (a-cell); while
S, describes the sensitizing operation or state of the victim
cell (v-cell). The a-cell (¢,) is the cell sensitizing a fault in
an other cell called the v-cell (¢,). The set S, is defined as:
S, €{0.1, wl, w0, wt,wl,rl,r0} (i € {a,v}).

The 1PF2s consist of seven FFMs [12, 14]; see Table 4.

1. Disturb Coupling Fault (CF4;) [18]: a Disturb Cou-
pling Faulr is defined as a fault whereby the v-cell
undergoes a transition due to a write or a read oper-
ation applied to the a-cell. It consists of eight FPs : <
wz; 0/t /- > <wwx;1/ ) [— >, <rz;0/ t /- >,
and < rwx;1/ | /— >, whereby x € {0.1}.

. State Coupling Fault (CFg) [20].

. Incorrect Read Coupling Fault (CF;,.).

. Random Read Coupling Fault (CF,,).

. Deceptive Read Destructive Coupling Fault (CFy,.).

. Read Destructive Coupling Fault (CF,y).

. Transition Coupling Fault (CF},).

~EON AW

3.2 Two-port faults (2PFs)
To represent MP faults (e.g., two-port faults), the following
terminology will be (re)introduced [6, 7, 8, 91:

e Strong fault: This is a memory fault that can be fully
sensitized by an operation; e.g., an SP write or read opera-
tion fails, two simultaneous read operations fail, etc. That
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Table 4. List of 1PF2s; = € {0,1}

FFM Fault primitives

CFys | <wz; 0/ T /—> <wx:il/ | /- >,
<rz: 0/t /—>.<rz;1/ L /- >

CFs¢ | <1:1/0/->, < 1;0/1/— >.
<0:1/0/->,<0:0/1/— >

CF;r | <0;70/0/1 >, <0;71/1/0 >,
<1:70/0/1 >, < 1;71/1/0 >

CF.r | <0:70/0/7 >, <0;71/1/7 >,
<1;70/0/7 >, < L;r1/1/7 >

CFqr | <0;70/1/0>,<0;71/4 /1 >,
<Lr0/1 /0> <171/ | /1>

CFq | <0:70/ 1 /1>,<0;71/ 1 /0 >,
<Lt/ 1t /1>, <1;71/ 4 /0 >

CFtyp | <Oiwl/1/—> < 0wt /0/->,
<Lwl/l/—> <Lwt/0/—>

means that the state of the v-cell is incorrectly changed, can
not be changed, or that the sense amplifier(s) return(s) an
incorrect 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 celi. How-
ever, a fault can be fully sensitized (i.e., becomes strong)
when two (or more) weak faults are sensitized simultane-
ously, since their fault effects can be additive. This may
occur when a pP operation is applied. Note that in the pres-
ence of a weak fault, all SP (read and write) operations pass
correctly, and that the pP operations may pass correctly if
the fault effects of the weak faults are not sufficient to fully
sensitize a fault.

The terminology of weak and strong faults is used in repre-
senting the MP faults as follows:

e F'denotes a strong fault F, while wF denotes the weak
Sfault F. For example, RDF' denotes a strong Read Destruc-
tive Fault, while wRDF denotes a weak Read Destructive
Fault.

o < faulty > & < fault; > ..& < fault, >: de-
notes a pPF consisting of p weak faults; *&’ denotes the
fact that the p faults in parallel (i.e., simultaneously) form
the pPF. E.g., the wRDF&wRDF denote a 2PFs based on
two weak RDFs.

Two-port faults (2PFs) can be considered as a combina-
tion of rwo weak faults, and divided into faults involving
a single cell (2PFIs) and faults involving two cells (2PF2s)
[12, 13, 15]; see Figure 5. A taxonomy of all realistic 2PFs
is given also in the same figure; while Table 5 shows the FPs
of which each 2PF is composed. They will be explained be-
low.

3.2.1 The 2PF1 fault subclass

The 2PF1s are based on a combination of two single-cell
weak faults. In addition, the two a-cells are the same as the
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v-cell; see Figure 5. In order to sensitize a 2PF1, the same
cell has to be acted upon simultaneously via the two ports.
The following FP notation will be used for 2PF1s:

< 81 : 8:/F/R >,. It denotes a two-port FP involv-
ing a single cell (v-cell). This FP requires the use of the
two ports simultaneously. S, and S, describe the sensitiz-
ing operations or states of the cell; “:” denotes the fact that
S, and S, are applied simultaneously through the two ports.
F describes the value of the v-cell. R is the read result of
S: (and/or S3) if it is a read operation.

The 2PF1 fault subclass consists of single-cell FPs, involv-
ing two simultaneous operations in order to be sensitized.
They consist of three FFMs [12, 15]; see Table 5.

e wDRDF&wDRDF: Applying two simultaneous
read operations to a single cell causes the cell to flip, while
the sense amplifiers return the correct values; see Figure
5. This is because the flipping of the cell happens rela-
tively slowly. The wDRDF&wDRDF consists of two FPs:
< 70 : 70/ 1 /0 >, (ie., applying two simultaneous r0
operations to cell ¢,, will flip the cell to 1, and the sense am-
plifiers return the correct values), and < r1: 71/} /1 >,.
It can be caused by the following defects: OC3, OC4, SC2,
and cBCC3; see Table 1 and Table 2.

e wRDF&wRDF: Applying two simultaneous read
operations to a single cell causes the cell to flip and the sense
amplifiers return incorrect values. The WRDF&wRDF con-
sists of two FPs (see Table 5) and can be caused by the
same defects as those causing the wDRDF&wDRDF, but
with different resistance values of the defect.

e wRDF&wTF: A cell fails to undergo a write transi-
tion if a read operation is applied to the same cell simulta-
neously. The wRDF&WwTF consists of two FPs (see Table
5) and can be caused by BC6; see Table 2.

3.2.2 The 2PF2 fault subclass

The 2PF2s are based on a combination of weak single-cell
faults and weak faults involving two cells. Depending on to
which celis the two simultaneous operations are applied (to
the a-cell and/or to the v-cell), the 2PF2s are divided into
three types (see Figure 5).
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The 2PF2, faults (the subscript a indicates that the sen-
sitizing operations has to be applied to the a-cell): These
faults are sensitized in cell ¢, by applying two simultaneous
operations to the same a-cell ¢, (solid arrows in the Fig-
ure 5). The following FP notation is used to denote 2PF2,
faults:

< 8ot 843 Sy/F/R >,,. It denotes an FP whereby
both sensitizing operations, S,, are applied simultaneously
to the a-cell. .S, denotes the state of the v-cell. F denotes
the value of the faulty cell ¢,,. Note that in that case R will
be replaced with *—’ since S, can not be a read operation.

The 2PF2, consists only of one FFM: wC Fy,&wC Fy;
with eight FPs (see Table 5): < w0 :ixd; 0/ t /— >,
<wliud;, 1/ | /= > <wliad; 0/ T /= >, < wl rd;
1/ /—> <rzaz;0/ 1t /= > and <rz rz; 1/ L /— >;
whereby « € {0,1}, and d denotes the don't care value.
Note that the < w0 :xd; 1/ | /— > denotes only one
FP since the read value is irrelevant; the read operation,
rather than the read value, is used to sensitize the fault.
Note also that <rz :rz; 0/ T /— > denotes two FPs since
x € {0,1}. The 2PF2, can be caused by rBCC1, 1BCC2,
rBCC3, rBCC4, rBCCS5, rBCC6, rBCC7, and rBCCS; see
Table 2.

The 2PF2, faults: These faults are sensitized in cell ¢, by
applying two simultaneous operations to the same cell ¢,
(solid arrows in the Figure 5), while the a-cell has to be in
certain state (dashed arrow in the figure). The following FP
notation is used for 2PF2,, faults:

< S84 Sy 1 Sy/F/R >4,. It denotes an FP whereby
both sensitizing operations, S,, are applied simultaneously
to the v-cell. S, describes the state of the a-cell.

The 2PF2,, which can be caused by rBCCl, rBCC2,
¢BCCl, ¢BCC2, dBCC1, and dBCC2 (see Tabie 2), con-
sists of two FFMs:

o wCFy4.&wDRDF': Applying two simultaneous read
operations to cell ¢, will cause the cell to flip if cell ¢, is
in a certain state. The read operations return correct values.
The wCF 4, & WDRDF consists of four FPs; see Table 5.

e wCF,,&wRDF: Applying two simultaneous read
operations to cell ¢, will cause the cell to flip if cell ¢, is
in a certain state. The read operations than return wrong
values. This FFM consists of four FPs; see Table 5.

The 2PF2,, faults: This fault type is sensitized by apply-
ing two simultaneous operations: one to cell ¢, and one to
cell ¢,; see Figure 5. The following FP notation is used to
denote the 2PF2,,: :

< So : Sy/F[R >4, It denotes an FP whereby the
sensitizing operation S, is applied to the a-cell, and the sen-
sitizing operation S, is applied to the v-cell.



The 2PF2,,, caused by BC6, BC7, rBCC6, and rBCC8,
consists of three FFMs; see Table 5.

o wCFys&wRDF with four FPs: A read operation ap-
plied to cell ¢, flips the cell and the sense amplifier returns
an incorrect value if a write operation is applied to cell ¢,
simultaneously.

o wCFy&wIRF with four FPs: A read operation ap-
plied to cell ¢, returns an incorrect value if a write operation
is applied to cell ¢, simultaneously. It should be noted that
the state of cell ¢,, does not change.

o wCFys&wRRF with four FPs: A read operation ap-
plied to cell ¢, returns a random value if a write operation
is applied to cell ¢, simultaneously.

Table 5. List of 2PFs; « € {0,1}, d = don't care

{[_ FFM [ Fault primitives Il
wDRDF&WDRDF | < r0:r0/1/0 >, <rl:7r1/ 1 /1>
WRDFEWRDF 0 0/ T /1>, <rlirl/ L /0>
wRDF&wWTF <r0:wt/o/—><rliwl/1/—>
wCFq, &wCFq, <w0:rd;0/ 1T /=—> <w0:rd;1/ | /— >,

<wl:rd;0/ 1t /=> <wl:rd;l/ L /— >,
<rzc:rz;0/ 1T /—-><rz:rz;1/ 1 /- >
WCF4, &wDRDE | < 0:70 70/ F J0 >, < Oirl:rl/ L /1>
<Lir0:r0/ 1 /0> <Lirl:7l/{ /1>
wCF, 4 &wWRDF <0:r0:70/ 1 /1>, <0;r1:71/ ] /0>
<1;r0:r0/1 /1> <1;rl:r1/] /0>
wCF 4, &wRDF <w0:r0/ T /1>, <wld:r1/ /0>,
<wl:r0/ 1T /1> <wl:rl/L/0>
wCFq, &WIRF <w0:r0/0/1 >, < wl:71/1/0 >
<wl:70/0/1 >, < wl:7r1/1/0>
wCFq, &WRRF < w0 :r0/0/7 >, < w0 :rl/1/? >,
< wl:7r0/0/7 > < wl:rl/1/?7 >

It should be noted that the above 2PFs are valid for 2P mem-
ories which support simultaneous reading and writing of the
same location, whereby the read data is discarded. If this is
not supported, then the FFM: wRDF&wTF will not be re-
alistic. In addition, the FFM: wCF4,&wCF 4, will consist
only of the FPs sensitized by simultaneous read operations
to the same location.

3.3 Three-port faults

The simulation results found for 3P SRAMs show that in
addition to 1PFs and 2PFs, three-port faults (3PFs) can also
be sensitized; the latter requires the use of the three ports
simultaneously. The 3PFs can be considered as a combina-
tion of three weak faults; they divided into faults involving
a single cell (3PF1s) and faults involving two cells (3PF2s)
(see Figure 6). A taxonomy of all realistic 3PFs is given
in the same figure; while Table 6 shows the FPs of which
each 3PF is composed. The FP notation for 3PFs is similar
(but extended) to that for 2PFs; see Section 3.2. A similar
explanation can be given for 3PFs as that for 2PFs; see also
Figure 5 and Table 5.

It should be noted that the 3PFs discussed above are
valid for memories allowing for two simultaneous reads
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Figure 6. Classification and taxonomy of 3PFs

and a write of the same location (i.e., ‘Wz ry.ry.’,
z,y € {0,1}). If this is not supported, then the FFM:
wCFy&wCFy,&wCFy; will consist only of the FPs
sensitized by three simultaneous read operations to the
same location; i.e., ‘<rz iz :xz;0/ t /- >,," and
‘<reorz a1/ L f— >e
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The 3PFs, which are divided into 3PFl1s and 3PF2s, can
be considered as an extension of the 2PFs; see Figure 5
and Figure 6. The 3PFls, which consist of two FFMs,
can be considered as an extension of the 2PFls. For in-
stance, the 3PF1, wRDF&wRDF&wRDF, is an extension of
the 2PF1 wRDF&wRDF. On the other hand, the introduced
3PF2s are divided into the fault types 3PF2, and 3PF2,,
which are extensions of the 2PF2,, respectively, the 2PF2,,.
By inspecting the two figures, one can see that there is no
3PF that can be considered as an extension of the 2PF1,
wRDF&wWTF, neither of the 2PF2,, (i.e., 2PF2 sensitized
by applying the two simultaneous sensitizing operations to
two different cells: a-cell and v-cell). Such faults are caused
by bridges between bit lines belonging to two different ports
[12, 15]. It has been shown with Inductive Fault Analy-
sis that a bridge only occurs between physically adjacent
lines, and that the occurrence probability of bridges involv-
ing at the most two nodes is very large (96.6% on the aver-
age) compared with bridges involving more than two nodes



[12, 15]. Therefore the assumption can be made that the
2PF2,, can only be caused by bridges involving at most
two bit lines (belonging to different ports) that are physi-
cally adjacent to each other. That means that, irrespective of
the number of ports the MP memory consists of, the bridges
between two bit lines belonging to any two different ports
can only cause a 2PF2,,. Therefore, this is a unique 2PF
that can not be extended. A similar explanation can given
for the 2PF1: wRDF&wWTF.

Based on the above discussion, the pPFs (p > 2) can be
derived, and are described below.

3.4 p-port faults (pPFs)

The pPFs are faults that can only be sensitized by applying
p simultaneous operations; they are divided into faults in-
volving a single-cell (pPF1s) and faults involving two cells
(pPF2s); see Figure 7.

The pPFls are based on a combination of p single-cell
weak faults. The pPF2s are divided into two types: (a) The
pPF2, which is based on a combination of p weak faults
involving two cells; i.e., a fault is sensitized in cell ¢, by
applying p simultaneous operations to the same cell ¢,,; and
(b) The pPF2, which is based on a combination of (p — 1)
single-cell weak faults and one weak fault involving two
cells, that requires the operation to be performed to the v-
cell while the a-cell is in a certain state; i.e., the fault is
sensitized by applying p simultaneous operations to the v-
cell and the a-cell is in a certain state. A taxonomy of all
realistic pPFs is also given in Figure 7; a simtlar explanation
can be given for pPFs as that given for 2PFs and 3PFs.
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Figure 7. Classification and taxonomy of pPFs

pPF2,,

4 Test procedure

As mentioned in Section 3, memory cell array faults for a p-
port memory are divided into p classes: 1PFs, 2PFs, 3PFs,
..., and pPFs.

For the detection of 1PFs (i.e., conventional faults occur-
ring in SP memories), a test such as MATS+, March C-, etc.
[14, 16, 17, 18] can be used. The test has to be applied in
the worst case p times: once via each port.
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For the detection of pPFs with p > 1 (i.e., 2PFs, 3PFs,
etc.) special tests are required. By inspecting the pPFs in-
troduced in Section 3, it can be seen that the pPF1, pPF2,
and pPF2, faults require p simultaneous operations to the
same location in order to be sensitized; therefore the re-
quired tests for such faults will be single addressing (i.e.,
both ports use the same address). If we assume that the
memory cell array consists of n locations, then the time
complexity of such tests will be §(n).

On the other hand, the 2PF2,, fauits require the access
of two different locations at a time in order to be sensitized
(i.e., one operation to the a-cell and one to the v-cell); there-
fore the test for such faults requires double addressing (i.e.,
it accesses two different addresses at a time). It has been
shown with IFA that the SDs can only occur between physi-
cal adjacent cells [12, 15]). Therefore, for a given v-cell, the
test only has to access the limited number of v-cell’s neigh-
bors, which are the possible a-cells. As a consequence, the
required test has a worst time complexity of 6(n). However,
the test requires the use of topological addressing, rather
than logical addressing.

The question that arises now is the following: In order to
test a p-port memory, do we need to test each pPF class
(i.e., 1PF, 2PF, 3PF, etc) separately? That is apply:

1. Test(s) to detect 1PFs p times.n

2. Test(s) to detect 2PFs C§ = E=2 times.

3. Test(s) to detect 3PFs C¥ times.

p. Test(s) to detect pPFs once.

The answer to the above question is “no”. The above test
procedure can be optimized by taking into consideration the
nature of each pPF class; this will be discussed below.

The pPF class consists of pPF1 and pPF2. The pPFls
for p > 2 consists of two FFMs that are extensions of two
FFMs of 2PFls; see Figure 5 and Figure 7. The sensiti-
zation of the pPF1s for p > 2 requires the application of p
simultaneous read operations to the same location. This will
also sensitize 2PF1s, 3PFls, ... , and (p—1)PF1s; except the
2PF1, wRDF&wTF, since that fault is a unique 2PF and has
no extension for pPFs with p > 2. Therefore, a test detect-
ing pPF1s will also detect all (p — 1)PFls, ..., 3PFls, and
2PF1s; except WRDF&wWTF. That fault, caused by bridges
between bit lines belonging to the same column and to two
different ports [12, 15].is sensitized by applying a simul-
taneous read and write to the same location using the two
ports; the write operation will fail due to the defect. The
first assumption is to apply a test for such faults C? times.
However, this can be reduced to only p times as follows:

1. Apply a test detecting wRDF&WTF by performing a
write operation via the first port (P,), and read opera-
tions via the other (p — 1) ports. In that case, the fault



will be detected if it is caused by a bridge between the
bit lines of port P, and P;; P; # P,.

2. Apply a test detecting wRDF&WTF by performing a
write operation via Py, and read operations via the
other (p — 1) ports. In that case, the fault will be de-
tected if it is caused by a bridge between the bit lines
of Pyand P;; P; # Py.

p. Apply a test detecting wRDF&WTF by performing a
write operation via P,, and read operations via the
other (p — 1) ports. In that case, the fault will be de-
tected if it is caused by a bridge between the bit lines
of P, and P;; P; # P,.

On the other hand, pPF2s for p > 2 are divided into
pPF2, and pPF2,; both are extensions of 2PF2, and 2PF2,
(see Figure 5 and Figure 7). The sensitization of the pPF,
requires the application of p simultaneous operations to
the a-cell. This will also sensitize 2PF2,, 3PF2,, ... ,
and (p — 1)PF2,. A similar explanation can be given for
pPF2,. Therefore, a test detecting pPF2, will also detect
all (p — 1)PF2,, ..., 3PF2,, and 2PF2,s; while a test detect-
ing pPF2, will also detect all (p — 1)PF2,, ..., 3PF2,, and
2PF2,,. Since the 2PF2,, faults have no extension for pPFs
(see Figure 5 and Figure 7); they are unique 2PFs and for
testing they have to be considered separately . Such faults
are caused by bridges between bit lines belonging to nvo
different ports, to the same (or adjacent) column(s) [12, 15].
Their detection requires the application of a write operation
to the a-cell and a read operation to the v-cell simultane-
ously [13]. In order to detect the 2PF2,,, faults in a p-port
memory, the first assumption is to apply a test for such faults
CP? times. However, this can be reduced to p times; this can
be done in a similar way as for WRDF&wTF.

Based on the above, one can conclude that testing a p-port
memory can be done by applying:
1. A test(s) to detect |PFs p times.
2. A test(s) to detect pPFs (p > 1) one time; this include
pPF1s (except WRDF&WTF), pPF2,s and pPF2,s.
3. Atest(s) to detect the wRDF&wTF faults p times
4. A test(s) to detect the 2PF2,, faults p times.

1t should be clear from the above that the tests for a MP
memory have a time complexity of 8(p.n), whereby p is the
number of ports and 7 is the size of the memory cell array.

5 Conclusions

In this paper a complete analysis of all spot defects in an
p—port SRAM design has been performed, based on cir-
cuit simulation, resulting in realistic functional fault models
(FFMs). The results show that the fault models for p-port
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memories consist of p classes: single-port faults (1PFs),
two-port faults (2PFs), ..., p-port faults (pPFs). The 1PFs
are faults that can be sensitized using single-port operations.
On the other hand, pPFs are faults that can not be sensitized
using single-port operations; they require the use of the p
ports of the memory simultaneously. A precise notation for
all faults has been presented, such that ambiguities and mis-
understandings will be prevented.

The test procedure for p-port memories has been pre-
sented. The time complexity of the tests required for the
detection of the introduced realistic pPFs are of 8(n) in the
worst case, whereby 7 is the size of the memory; irrespec-
tively the number of ports the multi-port memory consists
of. This is very attractive industrially.
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