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Thorough Testing of Any Multiport Memory With
Linear Tests

Said HamdiouiMember, IEEEand Ad J. van de GooFellow, IEEE

Abstract—The quality of tests, in terms of fault coverage and not practical. In[11], portinterferences in 2P memories vesre
test length, is strongly dependent on the used fault models. This perimentallyanalyzed, based on an industrial design and SPICE
paper presents realistic fault models for multiport memories with - g 1ation; however, the analysis was restricted to only the in-
P ports, based on defect injection and SPICE simulation. The re- terference between the bit lines and the word lines of the two
sults show that the fault models forp-port memories consist of p - " i -
classes: single-port faults, two-port faults,... p-port faults. In ad- ~ Ports. A similar, but theoretical work, has been reported in [12].
dition, the paper discusses the test procedure for such memories;it It can be seen from the above that litheperimentatesearch
shows that the time complexity of the required tests is not exponen- has been done on testing MP memories. Experimental research
tial proportionally with p, as published by different authors, butit s required in order to develapalistic fault models and, there-
is linear, irrespective of the number of ports of which the multiport . . :
memory consists. after, op_tlmal tests. In_ this paper, a complete anglys_ls of s_pt_)t

defects in MP memories will be presented, resulting in realistic
fault models. The paper is organized as follows. Section Il es-
tablishes an inventory of all possible spot defects in the memory
cell array. Section Ill gives a description of the simulation model
I. INTRODUCTION and methodology. Section IV derives the functional fault models
Aased on the simulation results, which will be presented in Sec-

AST and efficient testing is an important step in any ma ; o
ufacturing process. The cost of testing such memories fion V. Section VI analyzes the probabilities of occurrence of

creases rapidly with every generation [1]. Precise and realistﬂfl?se faults. Se(;tlon Vil dls_cusses the test procedure, while Sec-
fault modeling in order to design efficient tests, while keepinfe V!l ends with conclusions.
test cost and time within economically acceptable limits, are
therefore essential.

A novel characteristic of today’s memories is the presence of

multiple ports to allow the two common operations (read and/or \Many faults in the memory circuit are caused by undesired
write) to be performed simultaneously. Testing of smalitiport  particles calledspot defects (SDsPepending on their conduc-

(MP) memories requires special tests since the multiple and §ity, they can cause undesired connections or disconnections
multaneous access can sensitize faults that are different fromithéhe memory. They can be divided into three groups:

conventionakingle-port (SP)memory faults.

In spite of the growing use of MP memories, litéxperi-
mentalwork has been published. In [2], ad hoctest with
no specific fault model was described. In [3], a built-in-self-test
(BIST) circuit, based on a serial interfacing technique for em-
beddedtwo-port (2P) memories, was reported. However, the
used fault models were vegimplistig and the proposed BIST tions. which are nov... or V... The resistor value called
requires a modification of the design. For the same fault models, R i; given by0 < éc < OS;
modified march tests and BIST circuits were reported in [4]—[6?. R = T S .
In [7]-[10] it has been showtheoreticallythat the conventional I this paper, a complete analysis of the above SDs will be done
tests for SP memories airesufficientfor MP memories. More- for @ differential accegs-port (pP) memory cell shown in Fig. 1.
over,theoreticalfault models, together with their tests, were delt order to do that, all possible SDs in the memory cell have
veloped. However, the introduced fault modelsrastbased on 10 be defined and located. o
any experimental/industrial analysis. In addition, the proposedSDPS can occur in any subcircuit of the memory circuit. In
tests have a time complexity which is exponentially proportion&ls paper, we will restrict ourselves to SDs in the memory cell

with the number of ports of the MP memory; that makes the@{ray- Fig. 2 gives an overview ofemory cell array spot defects
(MCASDs) It should be noted that the discussion of SDs in this

. . _ section will be done for a memory cell with any number of
Manuscript received March 19, 2001. This work was supported by Intel Cor-
poration, USA, via grants and internships. This paper was recommendedﬁgrts p . » .
Associate Editor R. Aitken. Many SDs can be identified in gP memory. However, due

The authors are with the Laboratory of Computer Engineering, Delft Unin the Symmemc structure of the cell, 0n|y a subset needs to

Index Terms—Fault coverage, fault models, multiport/single-
port memories, spot defects, weak faults.

Il. CLASSIFICATION OF SPOT DEFECTS

¢ Open an extra resistance within a connection. The resistor
value calledR,, is given by0 < R,, < oo.

¢ Short an undesired resistive path between a nodeland
or V,,. The resistor value calle®,;, is given by0 <
Ry, < oc.

» Bridge an undesired resistive path between two connec-

versity of Technology, 2628 CD Delft, The Netherlands (e-mail: said@ce.et. . . . .
tudelft.nl; vdGoor@carit.et.tudelft.nl). be smulated. For |dent|_fy|ng.the not-to-be simulated SDs, the
Publisher Item Identifier S 0278-0070(02)01047-3. following terminology will be introduced:
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Fig. 1. A differentialp-port memory cell.
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Fig. 2. Classification of MCASDs.

 Similar behavior:A spot defect SD1 (i.e., open, short, or the cell where the fault appears, while the aggressor cell

bridge) shows a similar behavior to SD2 if SD1 and SD2 s the cell to which the sensitizing operation (state) should
present the same defect, but belong to different ports; e.g., be applied.

a bridge between bit lind3 L, and word lineW L, has * Interchanged complementary behaviBD1 shows an in-
a similar behavior to a bridge between bit lisd.;, and terchanged complementary behavior to SD2 if SD1 shows
word lineW L. a complementary and interchanged behavior to SD2.

Complementary behavio6D1 shows a complementary

behayior tp SD2 if SD1 and SD2 present defgcts in whic& Definition and Location of Opens

locations in the memory cell are symmetrical to each

other; e.g., a bridge between the bit linB4., and BL, Opens in the memory cell can be classifiedoagns within

at the true side has a complementary behavior to a bridgeell (denoted a®©C) and opens at bit linesOB) and at word
betweenBL, andBL, at the false side. In this case, thdines OW).

functional fault behavior of SD1 is similar to that of SD2, 1) Opens Within a Cell:In this case, the-port memory cell
with the only difference being that all 1s are replacedill be considered without bit lines and word lines to which it
with Os and vice versa. E.g., if due to the presence of S connected. In order to define all possible opens, the cell will
the operation read 0 (r0) causes an up transition in the considered as a graph in which all branches can show such
cell, then in the presence of SD2 the r1 operation causeslefect. Fig. 3 shows all possible locations of opens within a
a down transition in the cell. memory cell. Note that cells that belong to adjacent rows share
An SD1 (involving two cells) shows anterchanged be- the saméV... or V,, line and that the opens at such lines are
havior to an SD2 (involving the same two cells) if theconsidered as opens within a cell. Opens at locations &t
fault behavior of SD1 is similar to that that of SD2, withOCxc will show complementarfault behaviors due to the sym-
the only difference being that theggressor celand the metric structure of the memory cell, while opens at locations
victim cell are interchanged; whereby, the victim cell iOCx and OGs will showsimilar fault behaviors due to the fact
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that the cell hag similar ports. For that reason, one can be lim- TABLE |
ited to simulate opens OConly. From these, the behavior of LIST OF OPENS
the opens O& and OGs can be derived. The first block of Sy S
Table | shows the OCs. The first column lists thexagpens, Open | Description : # i
which are the minimal set that needs to be simulated, the th OC1 SO“?Ce ‘;f Pllllll-up at true ?(lide g ggg
column gives the number of opens within one group. A group 883 grafn °f pzn'gg;l: ;rt“:rlsl; :ide 5 || MFD
a set of defects having a similar and/or a complementary fa S;?rzeoofppull- down at true side 9 MFD
behavior (e.g., opens at the source of the pull-up transistor Gate of pull-up at true side 2 SFD
the true side consist of two opens, OCll and QClc). Note tt 56 | Cross coupling at true side 9 SFD
the total number_ of opens within a ce_II (including open¥at  oc7 | Gate of pull-down at true side 2 || SFD
and opens a¥,) is 20 + 6p, wherebyp is the number of ports; OC8 | Connection of the pass transistors 2 SFD
note also that each port will add six possible opens to the list QC9 | Pass transistor connection to T 2p || SFD
opens (e.g., 0OC9, OC10, OC11, OC9c, OC10c, and OC11c) OC10 | Pass transistor connection to bit line | 2p || SFD
The fourth column in Table | classifies the opens int OC11 | Gate of pass transistor at true side | 2p || SFD

single-port fault defects (SFDsjnd multiport fault defects OC12 | Ve path of the cell broken 1 || SFD
(MFDs). The SFDs are spot defects thanly can cause ©OC13 | Vis path of the cell broken } ggg
single-port (SP) faults; thegannotcause special faults for MP ggi“ “fc Pa'g‘l Sllllare‘; Zy ag!acen: Ceﬁs 1 |l sFD
memories. The SP faults are faults that can be sensitized us-O<1% | Yes Path shared by acjacent ce’s
a single port. The MFDs are defects that can cause SP faulte OBw | the bit ;f“e gii at tte W“fie ?(‘ide gp ggg
well as MP faults; such faults require the use of multiple por 8‘?‘,’ :Ee bit (;nl'? . u‘lzt the read side P SFD
simultaneously in order to be sensitized. This classification S worc d P

based on the simulation results done for a differential two-port

(2P) memory [13], [16]; the SDs causing only SP faults in 2€ell, in the presence of OC3 (or OC4), a resistor divider will

memories are considered SFDs, while SDs causing SP falllesformed by the pass transistor and the pull-down transistor
as well as two-port faults (i.e., faults requiring the use of twtngether with OC3. If the resistance value of the defect is high
ports simultaneously in order to be sensitized) are considembugh, the voltage of the cell’s node (during a read operation)
MFDs. Note that only OC3 and OC4 from Table | are MFDswill increase above the threshold voltage, and consequently the
The fact that these two opens are MPDs can be explainesll will flip. If two (or more) simultaneous read operations
as follows: when a single read operation is performed to tlaee performed, then two voltage dividers will be formed which
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have an additive effect on the cell’'s node. That means that the TABLE I

voltage on the node, in the presence of OC3, depends on the LIST OF SHORTS

number of simultaneous read operations. Therefore OC3 is an Shorts Co. behavior || # | Olass
MFD. Note that given the results for a 2P memory, then in :

; SC1 T-Vee F-Ve. 2 SFD
order to examine @-port memory, only the two MFDs (OC3 STV T 5T MFD
and OC4) need to be resimulated. This eliminates a lot of L AL
simulation work. SB1  BLi-Vee || BLi-Vec 2p | SFD

2) Opens at Bit Lines and Word Line®it lines and word SB2 _BLi-Vss BLi-Vss 2p | SFD
lines are connected to many cells. Therefore, an open at a bit _SW1 WLi-Vee p_| SFD
line or a word line can influence the behavior of the operations ~ _SW2 WLi-Vs, p | SFD

applied to all these cells. In the following, first opens at bit lines
will be discussed and thereafter at word lines. . ) . . . .
Opens at Bit Lines:If we consider that the memory cell Each short is defined as a pair of nodes in which one notg.is
array is located between the read and the write circuit, then {ffeV»»- The first block of Table Il lists the possible SCs; shorts
opens at bit lines can occur in the following locations: at F show complementary behaviors to shorts at T; see Fig. 1.
Note that the number of shorts within a cell is 4, irrespective of

* an open between the cell and the write circuits (denoted[%% number of portp. In addition, and based on the simulation

. OB,); bet th Il and th d circuits (denot esults of 2P memories [13], [16], SC1 can only cause SP faults,
grjgog)en etween the cell and the read circuits (denote le SC2 can cause SP faults as well as special MP faults. Note

that in the presence of SC2, a voltage divider will be formed
Since there arp pairs of bit lines connected to each cely 4 during the read operations; the fault effect is then similar to that
opens at bit lines can existpdpens at the side of the writegf OC3 and OCA4.
circuits and p opens at the side of the read circuits. However, 2) Shorts at Bit Lines and at Word Lineghe cells be-
one only needs to simulate two opens (e@,, andOB, at |onging to the same column or the same row are connected
BL;) because the behavior of the other opens (e.g, opens@the same bit lines and word lines, respectively. Therefore,
BL;, BL;, BL;, etc.) can be derived @nd; denote any two shorts at bit lines (SBs) and at word lines (SWs) can affect
different ports). This is because opens at bit lines belongingtge behavior of all operations performed to these cells. Shorts
different ports and to the true side (e.@L; and BL,) have at bit line BL; and at word line L; have similar behaviors
similar behaviors, while opens at the false side (€., and to shorts atBL; and atV L, respectively; and shorts &L;
BL;) have complementary behaviors to opens at the true sidgaye complementary behaviors to short&f;, whereby:
Opens at Word LinesThe word lines are only driven by andj can be any two different ports. The second and the third
the row decoder. Since the opens at the pass transistor gates B of Table I list the possible SBs and SWs; shorts with
already been defined as opens within a cell, the only remainiggmplementary behavior are grouped together in the same row.
opens are those in the common word lines. The influence Phe number of shorts within each group is also given in the
such opens is the same for all cells along the word lines. Wahle. The total number of SBs and SWs for an MP. cell waith
will define OWas an open at the word liri¢’ L;; note that the ports is g; while one needs to simulate only four. Note that all
total number of opens at word linespsand that they all have SBs and SWs are SFDs, since the fault effects of such defects
similar behaviors (e.g., an openiatL; has a similar behavior can only impact the operation applied via the port to which the

to an open atV' L;). SD belongs [13], [16].
The second block in Table 1 lists the OBs and the OWs; the
minimal set of opens at bit lines and at word lines that has to be pefinition and Location of Bridges
simulated consists of three opens while theggssible opens A bridae in ap-port memory cell array can connect an
at bit lines and word lines. Note that all these opens can caus%. g€ PP y Y ) y
rbitrary pair of nodes. However, the following assumptions are

only SP faults and no special faults for MP memories since tRE
fault effects of such defects can only impact the operation made: 1) the nodes have to be located close to each other, such

: . . . at the bridge can occur only within a singe cell or between
lied via the port to which the SD belongs [13], [16]; e.g., & . : .
gpen at the V\[/)OI‘d line of poi(P,) can onl)g/]irr[lpa]ct[thg opgra— physically adjacent cells, and 2) the defect can involve two

. . nodesat the mostThese two assumptions are verified, based on
tions performed vief’. the real data found usingductive fault analysis (IFA)which
o ) shows that the occurrence probability of defects involving more
B. Definition and Location of Shorts than two nodes is very small ( 3.4% on the average), since they
The shorts are classified aborts within a cel{denoted as require that a defect has to be very large [13], [16]. The bridges
SQ andshorts at bit lines (SBand atword lines (SW)Power in the memory cell array can be divided into two groups:
shorts (i.e., shorts betweéf. andV,,) are excluded, sincethey « Bridges within a cell (BCs)AIl bridges connecting two
do not belong to the class of memory cell array faults; they im-  nodes of the same cell, including thepairs of bit lines
pact the behavior of the whole circuit. and thep word lines to which it is connected.
1) Shorts Within a Cell: To define shorts withina cell (SCs), ¢ Bridges between cells (BCCsAIl bridges connecting
acellhasto be considered as a graph in which all nodes can show nodes of an adjacent cells, including the bit lines and the
a short. The cell is considered without bit lines and word lines.  word lines to which the cells are connected.
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TABLE Il = |:‘“|:Q<_\.'Q o |ﬁ“’|‘_\?
LIST OF BRIDGESWITHIN A CELL (BCs) m m mmmm m |0
Bridge T Comp. behavior || # T Class e ey —r
BCL _T-F 1 SFD C1 C3
BC2 T-BL; F-BL; 2p SFD WLl [T (T |
BC3  T-BL; F-BL; 2% SFD p
BC4 T-WL; F-WL; 2p SFD W|_2a : | I
BC5 _ BL.-BL; p SFD el e T
BC6 BL;-BL; BL;-BL; p(p—1) MFD WL2 - = L] ~4]1 |
BCG7 _ BL, BL, p(p—1) || MFD p T
BC8 BL;-WL; BL;-WL; 2p SFD
BCO  BLiWL; | BLi-WL; 2p(p T 1) || SFD Fig. 4. Four cell configuration.
BC10 WL;-WL; B p2— SFD

together in the same row. The total number of bridges within

) . i ) ) one group is given in the fifth column of the table. Note that the

.1). Bridges Within a Cell: To define all poss@ldandges 4p? + 8p + 4 possible bridges are grouped in only eight groups.
within a cell (BCs) the cell has to be considered as gpg class of rBCCs is also given based on the simulation results

graph in which each node can be connected to anothgyng for 2P memories [13]. Note that all rBCCs can cause
by a bridge. Eachp-port cell consists of3p + 2 nodes special faults in MP memories.

ni(n; € {T, F, BL;, BL;,WL;}): atrue and a fal§e node (T, * py Bridges Between Cells in Same Colurin: order to
F), 2pbitlines (BL;, BL;), andp word lines (VL;); whereby finq 4|l possible bridges between adjacent cells in the same

LIS Or?‘,igf thep ports ¢ < {a,b,c,...,p}). Tr;erefore, there column (cBCCs), only?, and C, have to be considered:; see
are C; = Gp+2)l/2IGpY) = (9" +9+2)/2  Fig 4. BothC; andC, consist of2 + 3p nodesiC; consists of
bridges. Table Il shows all possible bridges within a cellry 1 11, BL1,, andWL1;, while C, consists of T2, F2,
Note that bridges with similar or complementary behaviors ai@; 1. BL1, andW L2;: i € {a.b,...,p}. Note that the two
grouped together in the same row, such that one can restrict th@s share the same bit lines. Therefore, therdsep) = (2+
simulation to only one bridge of each row; e.g., only the fir% — p? +4p+4 possible bridgesy; —n2, betweerC,; andCy;
column of the table. The total number of bridges within ONGherebyn; € {T1,F1,WL;} andn, € {T2, F2,WL2;}. A
group is given in the third column of the table; the class of BGigge between the bit lines and the nodes T2 or F2 is excluded
is also given based on the simulation results for 2P memoriggce it belongs to bridges within a cell, which are already con-
[13], [16]. Note that only BC6 and BC7 can cause speciglgered in Section II-C1. The second block of Table 1V lists the
faults in MP memories since they involve bit lines belonging tg2 | 4, 4 4 possible cBCCs; they are grouped into five groups.

different ports [13], [16]. _ Note that only three cBCC groups can cause special faults in
2) Bridges Between CellsBridges between cells (BCCs) pmp memories.

consist of BCCs in thesame row (rBCCs)BCCs in thesame c) Bridges Between Diagonal Cellsthe possible

column (cBCCs)and BCCs on theame diagonal (dBCCsJo bridges between cells belonging to the same diagonal, dBCCs
e;tabllsh all 'p035|ble BCC;, the configuration shown in F|g.(ﬁe_'c1 andC, of Fig. 4 ), consist only of four bridges; see the
will be considered. It consists of four cells, namely, Cs,  hird block of Table IV. All other bridges between the nodes of
Cs, andCy. Note that the adjacent cells can belong to the Sarpe and the nodes of, are already considered in rBCCs and

column, the same row, or to the same diagonal. The ¢glls cBCCs: this is becaus@, has the same word lines &% and
andCs, as well as the cell§; andCy, are adjacent in the sameine same bit lines asls.

row and therefore have common word lines, while the délls
andC, (as well as the cell€’; andC,) are adjacent in the same
column and therefore have common bit lines.

a) Bridges Between Cells in Same Roim: order to find In this section, the simulation model as well as the simulation
all possible bridges between adjacent cells in the same ro¥ethodology will be discussed.
(rBCCs), onlyC; and C5 have to be considered; see Fig. 4. ) ]
Both ¢, and C; consist of2 + 3p nodes:C; consists of T1, A. Simulation Model
F1, BL1;, BL1;, and WL1;, while C3 consists of T3, F3,  The SPICE-likecircuit simulation environmeht(CSE)has
BL2;, BL2;, andWL1;; i € {a,b,...,p}. Since both cells been used for the simulation. Since CSE requires too much sim-
have a common word line, only the true or false node (T1, Fijlation time for a complete memory, an appropriate simulation
of C1 and itsp pairs of bit lines can form a bridge with themode| has to be built, which will both accurately describe the
true/false node or with the pairs of bit I2|nes ofCs. Therefore, pehavior of the memory while requiring only a reasonable sim-
there are(2 + 2p) * (2 + 2p) = 4p~ + 8p + 4 possible jation time. The accuracy of the simulation model determines
bridges;n, — n2, between the two cells; whereby, is anode e gccuracy of the results, which implies that the model has to
of Cy(ny € {T1,F1,BLL;, BL1;,}) andny is @ node of o5 imate the actual memory structure as close as possible.
Cs(nz € {13, 13, BL2;, BL2;}). Thefirst block of Table IV "0 ginulation model consists of a2 memory cell array;

shows all possible rBCCs; portsand j indicate any two :
differentports. Bridges with a complementary, an interchangeﬁ\i‘?‘ch port can be accessed usingpfforts of the memory. In

or an interchanged complementary (I.C.) behavior are groupeéintel internal electrical circuit simulator

lll. SIMULATION MODEL/METHODOLOGY
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TABLE IV

LIST OF BRIDGES BETWEEN ADJACENT CELLS (BCCs)

NO. 2, FEBRUARY 2002

Bridge BCC Complementary behavior || Interchanged beh. || 1.C. behavior || # of bridges || Class
rBCC1 Ti1-T3 F1-F3 2 MFD
rBCC2 TI1-F3 F1-F3 2 MFD
rBCC3 T1-BL2; F1-BL2; BL1;-T3 BL1;-F3 4p MFD
rBCC4 TI1-BL2; F1-BL2; BL1;-T3 BL1;-F3 4p MFD
rBCC5 BL1; — BL2; BL1; — BL2; 2p MFD
rBCC6 BL1; — BL2; BL1; — BL2; 2p(p— 1) MFD
rBCC7 BL1; — BL2; BL1; — BL2; 2p MFD
tBCC8 _ BLL, — BL2; BL1, — BL2, 2p(p — 1) MFD
¢cBCC1I TI11T2 F1.F2 2 MFD
¢BCC2 TI-F2 F1-T2 2 MFD
c¢cBCC3 TI1-WL2; F1-WL2; T2-WL1; F2-WL1; 4p MFD
¢cBCC4 WL1;-WL2; p SFD
¢BCC5 WL, -WL2, P —1) SFD
dBCCIL _ T1-T4 F1.F4 P) MFD
dBCC2 T1-F4 F1-T4 2 MFD

addition, all cells of the memory cell array sharing the same k
lines or the same word lines (with the<2 model) are added to

the simulation model such that their loading can be taken in
account. The model also contaipgiuplicated read and write

[MCAFs in 3P memories]

circuits (i.e., precharge circuits, write drivers, sense amplifier

etc). Moreover, the model also includes the resistance of t
interconnections as well as the coupling between the adjacc

I

(1PF1s] (1PFas)

(2pF1s) (2PFas)

(3PF1s) ((3PFas)

cells. The model has been built for a differential 2P memory ®R).5. Classification of MCAFs in 3P memories.
well as for differential three-port (3P) memory, using Intel real
designs.

B. Simulation Methodology

erations in the to be simulatg® memory, for all opens, shorts
and bridges, by examining the resistance range for each SD fr

02 tooo 2.

For a 2P memory, the methodology has to verify in addition

IV. FUNCTIONAL FAULT MODELS

The simulation has been done for all opens, shorts, and
. . . bridges by examining the resistance range fratt0 oo €2, for
The simulation methodology has to examine all allowed OB >p SRAM design as well as for a 3P SRAM design [13], [16].

'Each faulty behavior is reported in terms ofalt primitive
); i.e., a compact notation describing the faulty behavior. It

should be noted that after the simulation has been done for 2P

RAMSs, the simulation has been redone only for MFDs (i.e.,

SP operations (i.e., read and write), all allowed 2P operation% causing 1PFs as well as 2PFs) for the 3P SRAM design.

the considered 2P memory design; they consist of the followirg

‘ome simulation results will be given in Section V.

Two simultaneous read operations to the same location, asn, order to design memory tests for detecting faults, the elec-

well as to different locations.

Simultaneous read and write to different locations.

write operation has a high priority.

trical faults caused by the SDs (expressed in terms of FPs) have
Two simultaneous write operations to different locationgg pe translated intéunctional fault models (FEMs)whereby,

an FFM is defined as a nonempty set of FPs. For example, a
Simultaneous read and write to the same location. Howpck-at fault (SAF) is an FFM, while the MATS+ [17] test has
ever, in that case the read data will be discarded; i.e., th@en designed to detect SAFs. The FFMs for 2P SRAMSs, which
can be considered as a subset of the FFMs for 3P SRAMSs, are

For the 3P memory, the methodology has to verify all S@escribed in [13] and [14]. In this section, first the FFMs for a
operations, all allowed 2P operations (which are the samedifferential 3P SRAM will be presented, based on the simula-
above), as well as all allowed 3P operations. The latter consifits results; thereafter, the results will be extended for any MP
of the following simultaneous operations. memory withp ports.

» Three operations (read and/or write) to different locations. )

« Three read operations to the same and/or different loca- FFMs for 3P Memories
tion(s). Based on the number of ports required in order to sensitize the

» Three write operations to different locations. faults, FFMs for memory cell array faults (MCAFs) in 3P mem-

» Two reads to the same location and a write to another lories can be classified intingle-port faults (1PFs)two-port
cation. faults (2PFs)andthree-port faults (3PFs)kee Fig. 5. The 1PFs

» Two reads and write to the same location. However, @re faults that can be sensitized using SP operations. They are
that case the read data will be discarded; i.e., the writkvided into 1PFs involving a single cell (1PF1s) and 1PFs in-
operation has a high priority. volving two cells (1PF2s). The 2PFs are faults that cannot be
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Fig. 6. Classification of 1PFs.

sensitized using SP operations; they require the use of the two TABLE V
ports of the memory simultaneously and are also divided into LiST OF1PFS; z € {0,1}
2PFs involving a single cell (2PF1s) and 2PFs involving two
cells (2PF2s). On the other hand, 3PFs are faults that cannot be

sensitized using SP operations or 2P operations; they require the ,%;F Z Z)/?//;/’: V</1u/;-¢>/1/->
use of the three ports of the memory simultaneously. The 3PFs RDF <10/ 1 /1 >” <ri/1/0>
can be also divided into 3PFs involving a single cell (3PF1s) DRDF | <r0/1/0>, <ri/4/1>
and 3PFs involving two cells (3PF2s). In the following the three IRF <r0/0/1>, <ri/1/0 >

FFM Fault primitives

classes will be discussed in detail. RRF <r0/0/7 >, <ri/i]7 >
1) Single-Port Faults : 1PFsare divided into faults in- DRF | <ir/l/>,<0r/t />, <zr/?]->
volving a single-cell (1PF1s)and faults involvingtwo-cells NAF <w?t /0/->, <wl/1/->, <rz/z/? >

(1PF2s) see Fig. 6. The 1PF1s consist of single-cell FPs; they  USF <wzf?/->, <rz/[?[? >
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: (a) the application of a single-port operation (solid  then no data will appear at the memory output, and for

arrow in Fig. 6) to theaggressor cellc,), (b) the state of the that reasorit is replaced by a—".
cell ¢, (dashed arrow in the figure), or (c) the application of * < Sa;Su/F/R > (or < S.;S,/F/R >,.): denotes an
a single-port operation tthe victim cell(c,) with cell ¢, in FP involving two cells (a 1PF2)5, describes the sen-
certain state, has as a consequence that a fault will be sensitized Sitizing operation or state of theggressor cell (a-cell)
in the cellc,,. while S, describes the sensitizing operation or state of

To denote the 1PFs faults, the following precise compact no-  the victim cell (v-cell) The a-cell &) is the cell sensi-
tation referred as fault primitive (FP) which will prevent am- tizing a fault in an other cell called the v-ce#,(. The
biguities and misunderstandings, will be used. setS; is defined ass; € {0,1,wl, w0, w T,w |, 71,70}

« < S§/F/R> (or< S/F/R >,): denotes an FP involving (@ € {a,v}).

a single-cell (a 1PF1); the cetl, (victim cell) used to The 1PF1 Fault SubclassThe 1PF1 faults are FFMs

sensitize a fault is the same as where the fault appedf@nsisting of single-port, single-cell FPs. They consist of
S describes the value/operatisansitizinghe fault;s ¢~ Nine FFMs [13], [15]; see Table V. The first column gives the
{0,1,w0,wl,w T,w |,70,71,¥}, whereby 0 (1) denotes abbreviation of the FFM, while the second column shows the

azero(one value,w0 (w1) denotes a write 0 (1) operation FPs the FFM consists of (see also the sixth column of Table IX
w T (w |) denotes an up (down) transition write OperaWhich shows the FFM to which each FP, sensitized in the

tion, 70 (1) denotes a read 0 (1) operation, ahdenotes Presence of a certain defect, belongs):

any operation{ € {0,1,wl,w0,w T,w |,71,70}). If 1) Stuck-at fault (SAE)the logic value of a cell is always
the fault effect ofS appears after a time, then the sen- '0" or '1". The SAF consists of two FPsx< V/0/— >,
sitizing operation is given a§r. I describes the value and< v/1/— >; see Table V;

of the faulty cell (v-cell); F € {0,1,7,|,?}, whereby] 2) Transition fault (TF)

(1) denotes an up (down) transition, ahdenotes an un-  3) Read destructive fault (RDH20];

defined state of the cell (e.g., the true and the false node4) Deceptive read destructive fault (DRDE20];

of the cell have the same voltagé}.describes the log-  5) Incorrect read fault (IRF)

ical value which appears at the output of the SRAM if the 6) Random read fault (RRF)

sensitizing operation applied to the v-cell isead oper- 7) Data retention fault (DRFJ21];

ation: R € {0,1,?, -}, whereby? denotes an undefined 8) No access fault (NAF)

or random logical value. An undefined logical value can 9) Undefined state fault (USF)

occur if the voltage difference between the bit lines (used The 1PF2 Fault Fault SubclassThe 1PF2 faults are FFMs
by the sense amplifier) is very small. A" in R means consisting of single-port FPs, which involve two cells. They
that the output data is not applicable; e.g.Sif= w0, consist of seven FFMs [13], [15]; see Table VI.
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TABLE VI

o < fault; > & < faults > --- & < fault, >: denotes
LisT oF 1PFZ; « € {0,1}

a pPF consisting ofp weak faults; ‘&’ denotes the fact
that thep faultsin parallel (i.e., simultaneously) form the

p PF. E.g., the WRDF&WRDF denote a 2PFs based on two
weak RDFs.

Two-port faults (2PFs) cannot be sensitized using SP operations;
they require the use of the two ports simultaneously. The 2PFs
can be considered as a combinatiotvad weak faultsThey can
be divided intdfaults involving a single cell (2PF1gndfaults
involving two cells (2PF29)13], [14]; see Fig. 7. A taxonomy
of all realistic 2PFs is given also in the same figure.

Table VII shows the FPs of which each 2PF is composed.
The FP notation used to describe the 2PF1s and 2PF2s is given
as follows.

FFM
CFds

Fault primitives

<wz; 0/ 1 /=>, <wz; 1/ 1 /->,
<rz; 0/t /->,<rz;1/ ) [—>
<1, 1/0/->, < 1, 0/1/= >,
<0;1/0/->, < 0; 0/1/— >

< 0; 70/0/1 >, < 0; r1/1/0 >,

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

<0; r0/0/7 >, < 0; r1/1/7 >,
<1;r0/0/? >, < 1; r1/1/7 >
<0;70/1/0>,<0;7r1/ ) /1>,
<1;70/1t/0>,<1;r1/ 1 /1>
<0;r70/1/1>,<0;r1/ 1 /0>,
<Lr0/t/1> <171/ /0>
<O;w~l‘/1/- >)<O;wT/O/_ >,
<lLwl/l/[—> <Lwt/0/—>

CFst

CFir

CFrr

CFdr

CFrd

CF, e < S5 : 5/F/R >, : denotes a two-port FP involving
a single cell (v-cell); a 2PF1. This FP requires the use
of the two portssimultaneouslyS; and.S; describe the

sensitizing operations or states of the v-cell; “:” denotes

1) Disturb Coupling Fault(C Fy,) [19]: a disturb coupling
fault is defined as a fault whereby the v-cell undergoes
a transition due to a write or a read operation applied to
the a-cell. It consists of eight FPs< wxz;0/ T /— >,
<wz;l/ | /— > <rz;0/ T /— > and< rz;1/ |
/— >, wherebyz € {0,1}.

2) State coupling faul(C F;) [21].

3) Incorrect read coupling faul(C F;,.).

4) Random read coupling fau{C'F.,.).

5) Deceptive read destructive coupling fa(dt£y,.).

6) Read destructive coupling fallf'£;.q).

7) Transition coupling faul{C £}..).

2) Two-Port Faults (2PFs):In order to represent MP faults
(e.g., two-port faults), the following terminology will be (re)in-

troduced [7]-[10].

« Strong fault:This is a memory fault that can lielly sen-
sitizedby an operation; e.g., an SP write or read opera-
tion fails, two simultaneous read operations fail, etc. That

* < Sa; S

the fact thatS; andS» are appliedsimultaneouslyia the

two ports. £ describes the value of the v-cell. Note that
the sensitizing operations are applied to the same cell as
where the fault appear® is the read result of; (and/of

Ss) if it is a read operation.

For 2PF2s, three notations can be identified, based on the cell(s)
to which the twosimultaneoussensitizing operations are ap-
plied, either to the aggressor cell and/or to the victim cell; see
Fig. 7.

e <8,:5:,;5,/F/R >,, denotes a 2PE2an FP where-

by both sensitizing operationss,, are applied to the
a-cell. S, denotes the state of the v-cell.

: Sy/F/R >,. denotes a 2PF2 an FP
whereby both sensitizing operations,, are applied to
the v-cell.S,, describes the state of the a-cell.

e <8, :8,/F/R >,, denotes a 2PE2: an FP whereby

one sensitizing operatiors,, is applied to the a-cell, and
the other sensitizing operatiofi,, is applied to the v-cell.

means that the state of the v-cell is incorrectly changed,|n the above notationg; denotes the value of the faulty cell
cannot be changed, or that the sense amplifier(s) return{s) andr denotes the value which appears at the memory output

an incorrect result(s).

e o . N if S, is a read operation. The above notation can be extended
* Weak faultThis is a fault which ipartially sensitized by {5 describe anyp-port fault PF); e.g.,< S, : S.

: Sa;

an operation; e.g., due to a defect that creates a small disy /g >, , denotes a FP whereby three simultaneous sensi-

turbance of the voltage of the true node of the cell. Howizing operationss,,, are applied to the a-cell; whilg, denotes
ever, a fault can btully sensitizedi.e., becomes strong) the state of the v-cell: etc.

when two (or more) weak faults are sensitized simultane-

The 2PF1 Fault SubclassThe 2PF1s are based on a

ously, since their fault effects can be additive. This mayombination ofwo single-cell weak faultdn addition, the two
occur when @P operation is applied. Note thatin the presy_ce|is are the same as the v-cell; see Fig. 7. In order to sensitize
ence of a weak fault, all SP (read and write) operatioRsypF1, the same cell has to be acted upon simultaneously via
pass correctly, and that thE® operations may pass COrthe two ports. The 2PF1 consists of three FFMs [13], [14], and
rectly. The latter will be the case if the fault effects of thye isted together with their FPs in Table VII (see also 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.

» I’ denotes atrong faultF’, while w' denotes theveak
fault F'. For exampleRDF denotes a strong read destruc-
tive fault, while wRDF denotes a weak read destructive
fault.

sixth column of Table 1X).

WDRDF&WDRDF: Applying two simultaneous read op-
erations to a single cell causes the cell to flip, while the
sense amplifiers return theorrect values

» WRDF&WRDF: Applying two simultaneous read opera-

tions to a single cell causes the cell to flip and the sense
amplifiers returnincorrectvalues.
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wDRDF&wDRDF l wCFds&wCFds wCFdr&wDRDF wCFds&wRDF
wRDF&wWRDF wCFrd&wRDF wCFds&wIRF

WRDF&WTF wCFds&wRRF

Fig. 7. Classification and taxonomy of 2PFs.

TABLE VI ‘ read value is irrelevant/(= don't care); the read operation is
LIST OF2PFS; « € {0,1} AND d = Don't Care used to sensitize the fault. Note also thatz : r;0/ 1 /— >
— denotes two FPs sineee {0, 1}. The 2PF2 can be caused by
FFM Fault primitives . - :
S DRDTESDRDF | <5070/ 1 oS ST TS bridges between nodes of adjacent cells belonging to the same
“RDFGwRDF <0 70/ TS <rlri/ 1 /0> row (rBCC;, rBCC2), to the same column (cBCC1, cBCC2), or
WRDF&WTE <0 wi/0j->, <rlwl /-5 on same diagonal (dBCC1, dBCC2). They can also be caused
wCF 4, &wCFgq, <w0:rd;0/ 1 /- >, <w0:rd;1/ } /— >, Dyabridge between anode of a cell and a bit line of an adjacent
<wl:rd;0/t/->,<wl:rd;1/ L /—>, cellinthe same row (rBCC3, rBCC4) [13], [16].
<rz:irz;0/t/-> <rz:rz;lfl/-> The 2PF2: This fault is sensitized in cetl, by applying
wCF4,&wDRDF | <0;70:70/1/0>, <0;rl:r1/1/1>, two simultaneous operations to the same egl(solid arrows
SLir0:ir0/1/0> <Lirlirl/d /1>, in the figure), while the a-cell has to be in certain state (dashed
wCF, 4&wRDF <0;r0:70/1/1>,<0;rl:71/1 /0>, _g 7 . . .
<1,70:70/1 /1>, <1;rl:r1/ /0> arrow in Fig. 7). Note that this fault is a combination of two
wCF 4, &wRDF <wd:r0/ 1 /1>, <w0:r1/ /0>, weak faults: a single-cell weak fault and a weak weak fault in-
<wl:r0/1/1> <wl:rl/{/0> volving two cells, whereby the operation has to be performed to
WCF 4, &wIRF : w(IJ : Tg;gﬁ ;, : w? : T;ﬁ;g ;» the v-cell while the a-cell has to be in a certain state. The 2PF2
wl 7 ,<wl:r . . ;
wOT . GwREF w0 T0/0/T 5o < w0 TTI/IT S, consists of two FFMs; each W|th two FPs (see Table ViII).
<wl:r0/0/? >, <wl:r1/1/? > « wCFu.&wRDF": Applying two simultaneous read oper-

ations to celk,, will cause the cell to flip if celk, is in a

certain state. The read operations rettorrectvalues.

» WRDF&WTF:A cell fails to undergo a write transitionifa  * wCF,.,&wDRDF": Applying two simultaneous read op-
read operation is applied to the same cell simultaneously. erations to celk, will cause the cell to flip if cellc, is

It should be noted that the WDRDF&WDRDF and in a certain state. The read operations than retvnong

WRDF&WRDF can be caused by the following defects, Values.
but with different resistance values of the defect [13], [16]: Such faults can be caused by bridges between nodes of ad-
(a) drain/source of the pull-down transistor of the cell brokdacent cells belonging to the same row, the same column, or on
(OC3, OC4), (b) true or false node shortedig (SC2), and (c) the same diagonal [13], [16].
short between a cell's node and a word line of an adjacent cell The 2PF2,: This fault is sensitized by applying two si-
(cBCC3). The WRDF & WTF can be caused by bridges betwe&hultaneous operations: one to cell and one to celk,; see
bit lines belonging to the same column, to different ports and fdg. 7. Itis a combination of a single-cell weak fault and a weak
different sides (i.e., true side and false side) of the cell. fault involving two cells, and can be caused by bridges between

The 2PF2 Fault SubclassThe 2PF2s are based on a combit lines of different ports belonging to the same or to adjacent
bination of weak single-cell faults and weak faults involving twg§olumns (BC6, BC7, rBCC6, rBCC8). The 2RFonsists of
cells. Depending on to which cells the two simultaneous opdhree FFMs, each with four FPs.
ations are applied (to the a-cell and/or to the v-cell), the 2PF2s » wCFy,&wRDF: Aread operation applied to cell flips

are divided into three types (see Fig. 7): the 2PRe 2PF2, the cell and the sense amplifier returns an incorrect value
and the 2PFg,. if a write operation is applied to cell, simultaneously

The 2PF2: This fault is sensitized in cetl, by applying « wCFy &wlRF: A read operation applied to cel|, re-
two simultaneous operations to the saareell ¢, (solid arrows turns an incorrect valué a write operation is applied to

in Fig. 7). Note that in this case, the 2PF is a combination of  cell ¢, simultaneouslylt should be noted that the state of
two weak faults involving two cells; both weak faults have the  cell ¢, does not change.

same a-cell as well as the same v-cell. The 2P&éhsists of » wCFy,&wRRF" A read operation applied to cel], re-
one FFM:awC Fy &wC Fy,, with eight FPs; see Table VII. Note turns a random valui a write operation is applied to cell
that the< w0 : rd;1/ | /— > denotes only one FP since the cq Simultaneously
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!
wDRDF8&wDRDF&WDRDF [ WCFds&WCFds&wWCFds ] wCFdr&wDRDF&wWDRDF )
wRDF&wWRDF&WRDF | WCFrd&wRDF&wRDF

Fig. 8. Classification and taxonomy of 3PFs.

It should be noted that the above 2PFs are valid for memories TABLE VIl

which support simultaneous reading and writing of the same lo- LIST OF 3PFS; € {0,1} AND d = Don't Care
cation, whereby the read data is discarded. If this is not sup- —
ported, then the FFM wRDF&WTF will not be realistic. In ad- FrM | Fault primitives
dition, the FFMwCF,;,&wC F,, will consist only of the FPs wDRDF&wDRDF&wDRDE 2:(1) :(1) :(1); I ;2 ;
sensitized by simultaneous read operations to the same location. ZRDF&wRDF&ZWRDF <r0:70:70/ 1 /1>,

3) Three-Port Faults (3PFs)Three-port faults (3PFs) <rl:rl:rl/ | /0>
cannot be sensitized using SP operations or by using 2P oper- wCFq;&WCF 45&wCF 4, <wl:rd:rd;0/ 1 /- >,
ations; they require the use of the three ports simultaneously. 23‘1’ : :Z : :gf (l)f * ;: ;
The 3PFs can be considered as a combinatiothiefe weak <wlirdirdil) | /= >,
faults The 3PFs can be divided into faults involving a single <rz:re:rz;0/ T /- >,
cell (3PF1s) and faults involving two cells (3PF2s); see Fig. 8. <recreirel/d/- >

A taxonomy of all realistic 3PFs is given in the same figure, =~ WCFar&WDRDF&wDRDF | <0;70:70:r0/1 /0>,

. K f H : : 1>,
while Table VIII shows the FPs of which each 3PF is com- :(1): :(1, . :(1) . :(1)5 * ;0 ;

posed. These 3PFs will be explained in detail in the following <lyrl:rl:rl/ L /1>
subsections. wCF 4 &WwRDF&WRDF <0;7r0:70:70/ T /1>,

The 3PF1s: The 3PF1s are based on a combination of Z‘l’f :(1) : :(1) : :(l)ﬂﬁ i
three single-cell weak fault$n order to sensitize a 3PF1, the < 1; rlirl:rl/ L /0 >’

same cell has to be acted upon simultaneously via the three
ports. It consists of two FFMs: wDRDF&WDRDF&WDRDF

and WRDF&WRDF&WRDF; each with two FPs (seg e, cellc, flips. Note that this FFM consists of eight FPs; see
Table VIII). They can be caused by the same defects as thqsgle VIII. The 3PF2 can be caused by the same SDs as those
causing the 2PF1s: wWDRDF&wWDRDF and wRDF&WRDF; butausing the 2PF2, but having a different resistance value; see
with a different resistance value of the defect. also Table IX.

The 3PF2s: The 3PF2s are based on a combination of The 3PF2: In this case, the 3PF is a combination
single-cell weak faults and weak faults involving two cells. Desf three weak faults: a weak fault involving two cells and
pending on which cells the three simultaneous operations & single-cell weak faults. The weak fault involving two
applied to (to the a-cell or to the v-cell), the 3PF2s are dividaxlls requires that the operation be performed to the v-cell
into two types (see Fig. 8). Based on the FPs found by simarhile the a-cell has to be in certain state (dashed arrow in
lating MFDs, the following 3PF2s have been derived (see alfte Fig. 8). In order to sensitize the fault, three simultaneous
the sixth column of Table [X). operations have to be applied to cell, and cell ¢, has

The 3PF2: Inthis case, the 3PF is a combination of threto be in certain state. Reading cell will detect the fault.
weak faults involving two cells; they all have the same a-cell ds consists of two FFMs:wCFy.&wDRDF&wDRDF
well as the same v-cell (see Fig. 8). In order to sensitize tagd wCF.q&wRDF&wRDF, each with two FPs (see
fault in cell ¢, three simultaneous operations have to be apable VIII). It can be caused by the same SDs as those causing
plied to the same cell, (solid arrows in the figure), while in the 2PF2s but having a different resistance value; see also
order to detect the fault cell, has to be read. It consists ofTable IX.
only one FFM:wCF ,&wC Fy,8&wCFy,. Applying three si- It should be noted that the 3PFs discussed above are valid for
multaneous operations to cel) will sensitize a fault in celt,; memories allowing for two simultaneous reads and a write of the
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OVERVIEW OF THE SIMULATION RESULTS FORSOME MFDs; d = Don't Care Value

Label Rgs region Fault primitive Compl. fault primitive [l Class || Fault model
0C3 Region 1 wF wF - -

Region II <r0:r0:70/ 1 /0>, <rl:rl:rl/ ] /1>y 3PF1 || wDRDF&wDRDF&wDRDF

Region IIT <r0:70:70/ 1 /1>, <rl:irl:rl/ [ /0>y 3PF1 || wRDF&wRDF&wRDF

Region IV <r0:70/170>, <rl:71/1 /1>, 2PF1 || wDRDF&wDRDF

Region V <r0:70/ 1 /1>, <rl:r1/}1 /0>, 2PF1 || wRDF&wRDF

Region VI <r0/1 /0>y <ri/1 /1>y 1PF1 || DRDF

Region VII <r0/1 /1>y <ri/ 1 /0>, 1PF1 [| RDF

Region VIII || <70/ T /1 >v <1/ 1 /0 >, 1PF1 || RDF

— | <01/t /= > <Ir/i/=>» IPFL || DRF
SC2 Region I < V/1/— >y < V/0/= >y 1PF1 || SAF

Region IT <rl/ 1 /0>y <r0/1 /1>y 1PF1 || RDF

Region IIT <rl/1/1>, <710/t /0>y 1PF1 || DRDF

Region IV <rl:rl/ 1 /0>, <r0:70/ 1 /1>y 2PF1 || wRDF&wRDF

Region V <rirl/ 1 /1>, <1070/ /0 >y 2PF1 || wDRDF&wWDRDF

Region VI <rl:rl:r1/{ /0>, <r0:70:70/ 1 /1>, 3PF1 || wRDF&wWRDF&wWRDF

Region VII <rl:rl:rl/ L /1>, <r0:70:70/1/0 >y 3PF1 || wDRDF&wDRDF&wDRDF

Region VIII || wF wkF - -

BCé6 Region I <wl:rl/ | /0>aq <wl:r0/1/1 >0 2PF2 || wCF;,&wRDF

Region II <w0:71/1/0 >40 <wl:r0/0/1 >4, 2PF2 || wCFy,&wIRF

Region III <w0:rl/1/? >a0 <wl:r0/0/7 >av 2PF2 || wCF ,&wRRF

Region IV wF wE - -

BC7 Region I <r0:wt /0/ >y 2PF1 || wRDF&wTF
<L wi /1] >y 9PF1 || wRDF&wWTE
<wl:r1/] /0>, 2PF2 || wCF4,&wRDF
<w0:70/ 1 /1>40 2PF2 || wCF4,&wRDF

Region II <wl:r1/ ] /0 >4, 2PF2 || wCF ,&wRDF
<w0:r0/ 1T /1 >a0 2PF2 || wCF4,&wRDF

Region IIT <wl:71/1/0 >4,v 2PF2 || wCF4,&wIRF
w0 10/0/1 Sa,v 3PF2 || WCF 4, &wIRF

Region IV <wl:rl/1/? >q. 2PF2 || wCF ,&wRRF
w0 70/0/7 San 2PF2 || wCF 4, &wRRF

Region V wF - -

tBCC1 | Region I <0;1/0/— >an <15,0/1/- Sanw 1PF2 || CFs:

Region 11 20,71/ 170 >0 <L,r0/ T /1 Sam 1PF2 || CF,q
<r0;1/ 1l /—>anv <rL,0/1 /- >av 1PF2 || CFy,

Region III <0;rl:rl/ L /0 >a0 <1;70:70/ 1 /1 >4 2PF2 || wCF,;&wDRDF
<r0:70; 1/} /= >a,v <rl:tL;0/t/—>40 2PF2 || CF4,&wCFqy,
<w0:rL;1/ ) /— >apw <wl:r0;0/1/— >a,v 2PF2 || wCF4s&wCFg4,
<w0:70;1/ 1 /— Saw <wl:rL;0/t /- >aw 2PF2 || wCF4,&wCFy,

Region IV <0;rl:rl/ ) /1 >0 <1;70:70/1/0 >4 2PF2 [[ wCF;,&wDRDF
<r0:70;1/ 1l /— >aw <rl:r1;0/ 1t /— >an 2PF2 || wCF ,&wCFg4,
<w0:rL;1/ 1 /= >a,0 <wl:r0;0/1 /= >a,v 2PF2 || wCF4,&wCF 4,
<w0:70;1/{ /— >aw <wl:rL;0/1/— >aw 2PF2 || wCF4,&wCFy,

Region V <0;rl:rl:rl/ )] /0 >a,0 <L;r0:r0:70/1 /1 >a0 3PF2 || wCF,&wRDF&wWRDF
<r0:70:70;1/ 1 /- >an <rl:rl:7L;0/ 1t /= >aw 3PF2 [[ wCF4,&wCF4,&wCFy,
<w0:rd:rd;1/ ] [—>an | <wl:rd:rd;0/ 1 /= >av || 3PF2 || wCF4,&WCF 4, &wWCF g,

Region VI <0;rl:rl:rl/ 1 /1>a,0 <1;r0:70:70/1 /0 >a,0 3PF2 || wCF4,.&wDRDF&wDRDF
<r0:70:70;1/ ] /—>a0 | <7l:rl:rL;0/t/— >aw 2PF2 || wCF 4, &wWCF 4, &wCF g,
<w0:rd:rd;1/ 1 [—>a0 | <wl:rd:rd;0/1 /= >aqv || 3PF2 || wCFg,&WCF45&wWCFg4,

Region VII wF wk - -

c¢BCC1 | Region I <0;1/0/— >a,v <1;0/1/— >a 1PF2 || CF

Region 11 <0;71/ 1 /0 >aw <L;r0/1 /1 >an 1PF2 || CF,4

Region ITI <0;rl/ 1/l >a0 <110/ 1 /0 >a0 1PF2 || CF4,

Region IV <0;rl:rl/ ] /0>e0 <L;r0:70/ 1 /1 >4 2PF2 || wCF,;&wRDF

Region V <0;rl:rl/ ] /1 >4 <L;70:r0/ 1 /0 >a,v 2PF2 || wCF,;,&wDRDF

Region VI <0;rl:rl:r1/ 0] /0 >0 <L;r0:r0:70/ 1 /1 >a0 3PF2 || wCF, ;&wRDF&WRDF

Region VII <0;rl:rl:rl/ 1 /1 >4, <1;r0:70:70/1 /0 >4 .4 3PF2 || wCF4,&wDRDF&wWDRDF

Region VIII || wF wF - -

same location (i.e. bz, : ry. : ry.'). If this is not supported, B. FFMs for pP Memories

then the FFM:wC Fy, &wC Fy,&wC Fy, will consist only of
the FPs sensitized by three simultaneous read operations to thia this section a classification @PFs will be given; it will

same location; i.e., < rz :

rax 2 rx;0/ T /= >4, and’

<rz:irz:rz;l) | /— >0 (2 €{0,1}).

be based on extending the class of 2PFs and 3PFs, which are

derived based on the simulation results.
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EIICAFS in pP memorieﬂ

|
..........................

(1pris) (1PFas) (2pFis) (2PFas) (aPF1s) (spras)

Fig. 9. Classification of MCAFs ipP memories.

wDRDF&wDRDF...&wDRDF [wCFds&wCFds....&wCFdsJ wCFdr&wDRDF...&wDRDF‘
wDRF&wRDF....&wRDF wCFrd&wRDF...&wRDF

Fig. 10. Classification and taxonomy of piPFs.

The 3PFs are divided into 3PF1s and 3PF2s. Such faultsThe pPFs are faults that can only be sensitizedptsimul-
can be considered as an extension of the 2PFs; see Figsarkous operations; they are divided into faults involving a
and 8. The 3PF1ls, which consist of two FFMs, can hengle-cell (pPF1s) and faults involving two cellpPF2s); see
considered as an extension of the 2PF1s. For instance, Hig 10. ThepPF1s are based on a combinatiorpddingle-cell
3PF1 wRDF&WRDF&WRDF is an extension of the 2PFlwveak faults while the pPF2s are based on a combination of
WRDF&WRDF. On the other side, the introduced 3PF2s agmingle-cell weak faults and weak faults involving two cells.
divided into the fault types 3PE2and 3PF2, which are They are divided into two types (see Fig. 10): $feF2, and
extensions of the 2PE2respectively, the 2PE2By inspecting the pPF2,. The pPF2, is sensitized in celk, by applying
the two figures, one can see that there is no 3PF that can be gosimultaneous operations to the same egll(solid arrows
sidered as an extension of the 2PF1 wRDF&WTF neither of tie the figure); while thepPF2, is sensitized by applying
2PF2,, (i.e., 2PF2 sensitized by applying the two simultaneowsmultaneous operations to cell, and cell ¢, has to be in
sensitizing operations to two different cells: a-cell and v-cellpertain state. A taxonomy of all realistpfPFs is also given in
Such faults are caused by bridges between bit lines belongindrig. 10. A similar explanation can be given as that given for
two different ports [13], [16]. It has been shown with inductiv8PFs.
fault analysis that a bridge only occurs between physically
adjacent lines and that the occurrence probability of bridges
involving at the mosttwo nodes is very large (96.6% on the
average) compared with bridges involving more than two nodesThe simulation has been done first for SDs in 2P SRAMs.
[13]. Therefore, the assumption can be made that the QPFZ hereafter, the simulation has been redone only for MFDs (
can only be caused by bridges involving at most two bit lines., SD causing 1PFs as well as 2PFs) in 3P SRAM design for
(belonging to different ports) that are physically adjacent twne SD from each group (a group is a set of SDs which has a
each other. That means that irrespective of the number of pasiilar and/or complementary and/or interchanged, and/or in-
the MP memory consists of, the bridges between two bit linésrchanged complementary behavior; see Section Il). The be-
belonging to any two different ports can only cause a 2RF2 havior of the other SDs within a group has been derived based
Therefore, this is a unique 2PF that cannot be extended.oAthe found results. For the opens, the first simulation has been
similar explanation can given for the 2PF1 wRDF&WTF. done for the case that,, = oo; while for shorts (bridges),

Based on the above discussion, the FFMs for any MRe first simulation has been done for the case #hat = 0
memory can be derived. Such faults can be divided, based(@h,. = 0). If no fault occurs in these cases, then it does not
the number of ports required in order to be sensitized, inibake sense to simulate other cases for smaller valuég,of
p-classes: single-port faults (1PFs), two-port faults (2PF®)r bigger values of2,;, (R;.-). If the fault occurs, then the sim-
three-port faults (3PFs),..prport faults (pPFs); see Fig. 9. ulation has been repeated for smaller value®gf and bigger

V. SIMULATION RESULTS
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values ofR,;, (R;,.)- The boundary between the different behav- TABLE X

iors of the cell (i.e., proper operation, strong fault, weak fault) PROBABILITIES OF FFMS FOR2P SRAMS
is searched _by _stepping through the resistor vglu_e. range. E_ach SOV SDEL. | IFA ML | IFA WL
faulty behawqr is repqrted in terms of a fault. primitive (FP); if SAT 25931 | 99636 0737
a strong fault is sensitized, then the FP notation introduced Sec- % 10697 | 16513 | 94.035
tion 1V is used to describe it. If a fault is only partially sensitized RDF 5.418 11.561 13.041
(e.g., weak fault) then the fault is denotedwaB’. DRDF 0.623 0.141 0.048
In order to save space, only simulation results of some SDs ~ 1RE 7517 | 11.264 | 25.336
; RRF 2.606 1.275 1.667
for the 3P SRAM will be presented here; the results of other SDs NAF 1048 1795 6.460
are given in [13]. Table IX lists the simulation results for one USE 0.944 9.071 5.785
open, one short, two bridges within a cell, and two bridges be- DRF 0.598 n.a n.a
tween cells. The first column in the table gives the name of the Total 1PF1s [ 59.372 ] 81.256 87.109
simulated SD; see also Table s | though V. The second column CFq, 6.819 5.227 5.661
gives the resistance regidrrdered in an increasing values; the CFiy 3.758 5.657 3.051
third and the fourth columns list the FP sensitized by the simu- gg" lg‘gg; g'ggg iig;
lated SD and the derived complementary FP (if applicable), re-  —Go 0453 T 0.002 0.089
spectively. Remember that SDs with an interchanged behavior ~CFy, 0.101 0.001 0.015
cause similar FPs, while SDs with an interchanged comple- Total 1PF2s [ 24.456 13.153 | 11.504
mentary behavior cause complementary FPs. The fifth column Total 1PFs 83.828 | 94.409 98.613
gives the class of the sensitized fault; i.e., single-port faults in- wRDF&wWRDF 0.554 2.835 0.969
volving a single cell (1PF1s), single-port faults involving two wDRDF&wDRDF 1.573 0.944 0.323
cells (1PF2s), two-port faults involving a single cell (2PF1s), WRDF&wTF 0.371 0.704 0.000
two-port faults involving two cell (2PF2s), three-port faults in- Total 2PF1s 2498 | 4483 1.292
volving a single-cell (3PF1s), and three-port faults involving ngd-’ﬁwlf‘ﬁf 2'322 g';;g g'ggg
two cells (3PF2s). The tableshows clearly that the sensitized ::CFZ: &xRRF 1485 0336 0.000
fault is strongly dependerdn the resistance value of the SD; WOF 1, &wCF 4, 2.234 0.000 0.000
e.g., the SC2 can sensitize seven different FPs. wCF,q&wRDF 0.132 0.001 0.076
wCF 4, &wDRDF 0.617 0.001 0.019
VI. EAULT PROBABILITIES Total 2PF2s | 13.674 1.108 | 0.095
Total 2PFs [ 16.172 5.591 |  1.387

In order to determine the importance of each FFM, their prob-
abilities of occurrence have been calculated for an industrial 2P
SRAM and a 3P SRAM. For the 2P SRAM, the probabilitiegapie X|. The table shows that the occurrence probability of

have been calculated by using two approaches [13], [16]: firffbFs is 80.333%, that of 2PFs is 15.791%, and that of 3PFs is
by assuming that all SDs are equal likely (E.L.) to occur anglg7605. That means that if only conventional SP tests are used
then by usingnductive fault analysis (IFA)IFA has been per- 15 test 3P memories, the fault coverage cannot be more than
formed for two different layouts ML and WL, with sizes of 320 3339, which is not acceptable. Therefore, the 2PFs as well
Kbits and 64 Kbits, respectively. The two layouts implement thes the 3pFs have to be considered. That requires (in addition to

same electrical memory circuit of Fig. 1 fpr= 2. The results gp tests) 2P tests as well as 3P tests which will detect the 2PFs
are shown in Table X. It should be noted that the used IFA togh the 3PFs, respectively.

does not deal with partial opens; i.e., opens with a resistance

value R, < oo; therefore, only shorts and bridges (see Sec-

tion Il) have been considered with IFA. Since DRFs are caused VII. TESTPROCEDURE

only by ngns,_thelr_probabllltles ca‘l‘nnot be c_Jetermlned fPr ML As mentioned in Section V, memory cell array faults
and WL, it is given in the table as “not applicable (n.a).” It i  a poort MP memorv are divided inton classes:
clear from the table that the probability of occurrence of a FF P-p Y Wi intop '

) o . 1PFs, 2PFs, 3PFs, ..., apBFs.

is layout dependent. An FFM which is not realistic for a certai For the detecti £ 1PEs. which ist of th tional
layout can have a considerable probability for another one; e.%,lfr € aef ecllorég S, whic tco?ssr:) &Z_?_ré\fnw:onah
the wCF,.&wIRF has a probability of 0.725% for ML and ults oceurring in memories, a test such as » Marc

of 0% for WL (using IFA). That means that in order to reach g etc. [15], [17]-{19] can be used. The test has to be applied

very high fault coverage, a test algorithm designer has to ta'fgethe worst case fimes, once via each port.

all FFMs into consideration. Note that for ML, 94.409% of the Fo_r tlhte (1etection OPPZS I;Vit.hp - 1t_(i.e., ZPFS’t3ZFS' zt_c.)
faults are 1PFs and 5.591% are 2PFs; while for WL, 2PFs cc%?—ec.'a e\s/ls.are re(tq)uwe ) yhmspec l':nlgmgis n rod u;le: n
sists of 1.387% (that is: 4 times smaller than 2PFs for ML). >¢ction VI, it can be seen that tp®F1, pPF2,, andpPF2,

For the 3P SRAM, the probabilities have been calculatéﬁu”s requirep simultaneous operations to the same location in
only by assuming th'e all SDs are equal likely to occur; Sé)éderto be sensitized; therefore, the required tests for such faults
" ~will be single addressing (i.e., all ports use the same address).

2The exact resistance values for each region are process specific and Hrgye aSSL!me that the memory cell array .ConSiSbs tefcations,
proprietary. then the time complexity of such tests will Bén).
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TABLE XI p > 2. Therefore, a test detectiqgPF1s will also detect all
PROBABILITIES OF THE FFMS FOR3P SRAM (p — 1)PF1s,..., 3PF1s, and 2PF1s; except WRDF&WTF. That
Class ['FFM [ Prob. % fault, caused by briplges between bit Iines_ belongi.ng to the same
SAT 39315 colgmn and tawo different ports{l3]., [16], is sensitized py ap-
TR 10.312 plying a simultaneous read and write to the same location using
DRDF 0.448 the two ports; the write operation will fail due to the defect. The
ﬁng ‘;;g‘;’ first assumption is to apply a test for such fauitimes. How-
RRF 5507 ever, this can be reduced onlypdimes as follows.
1PFs DRF 0.575 1. Apply a test detecting WRDF&WTF by performing a
(80.333%) | NAF 1.008 write operation via the first port#,) and read operations
USF 0.908 . .
CF . 6466 via the other § — 1) ports. In that case, the fault will be
CF ¢ 11.355 detected if it is caused by a bridge between bit line£pf
CFir 3.373 and portP; # P,.
gl}:" é‘gg 2. Apply a test detecting wRDF&WTF by performing a
CFf; 0435 write operation viaF, and read operations via the other
CFyr 0.806 (p — 1) ports. In that case, the fault will be detected if it
wRDF&wRDF 0.944 is caused by a bridge between bit lines of prtand port
wDRDF&wDRDF 0.926 P, # P,
wRDF&WTF 0.357
2PFs wCF 4, &wCF 4, 2.536 - . .
(15.791%) | wCF,, &wDRDF 0.197 p. Apply a test detecting wWRDF&WTF by performing a
wCF,4&wRDF 0.593 write operation viaF, and read operations via the other
wCF g, &wRDF 3.105 (p — 1) ports. In that case, the fault will be detected if it
WOl g, &wIRE 3.775 is caused by a bridge between bit lines of pBtand port
wOF 3, &wRRF 1.428 y 9 Partand p
wDRDF&wDRDF&wDRDF 0.814 b # Dy . i
3PFs wWRDF&wRDFLZwWRDE 0.172 On the other hanhPF2s forp > 2 are divided intopPF2,
(3.876%) wcgds&"UCFda&WCFds 2.142 andpPF2,; both are extensions of 2PEand 2PF2; see Figs. 7
wCF 4, &wDRDF&wDRDF 0.574 oot i icati
wOF - GwRDFGwRDF 5157 and 10. The sensitization of tF, requires the application of

p simultaneous operations to the a-cell. This will also sensitize

2PF2,3PF2, ..., and(p — 1)PR2,. A similar explanation can

be given forpPF2,. Therefore, a test detectind’F2, will also

detect all(p — 1)PR2,, ..., 3PF2,, and2PF2,s; while a test
etectingpPF2, will also detect all(p — 1)PR2,,... , 3PR2,,

On the other hand , the 2PE2faults are the only faults re-
quiring the access of two different locations at a time in ord

to be sensitized (i.e., one operation to a-cell and one to v-ce d2PE2,. Since the?PF2,,, faults have no extension fpPFs

therefore, the test for such faults requires double address do Figs. 7 and 10), they are unique 2PFs and require being

(e., it accesses two different addresses at a time). It hqs b Rsidered separately for their testing. Such faults are caused
shown with IFA that the SDs can only occur between adjac bridges between bit lines belongingtiwo different ports

cells [13], [16]. Therefore, for a given v-cell, the test has to %5 the same (or adjacent) column(s) [13], [16]. Their detection

cess only the limited number of v-cell's neighbors which are ”}% uires the application of a write operation to the a-cell and a

POSS'ble a—cel_ls. As a consequence, the required test has an%%& operation to the v-cell simultaneously. In order to detect
time complexity ofé(n).

. ; . . the 2PR2,,, faults in ap-port memory, the first assumption is
The question that arises now is the following: In order to te P Y P

q q I X & apply a test for such fauli€? times. However, this can be
ap-port memory, do we need to test equF class (i.e., 1PF, reduced top times; this can be done in a similar way as for

2PF, 3PF, etc) separately? That is, apply the following. WRDE&WTE.
1) Test(s) to detect 1PFstimes. Based on the above, one can conclude that testipgart
2) Test(s) to detect 2PRs} = (p? — p)/2 times. memory can be done by applying the following.
3) Test(s) to detect 3PKS times. 1) Test(s) to detect 1PRstimes.
2) Test(s) to deteqiPFs withp > 1 one time; this includes
p. Test(s) to deteqPFs once. pPF1s (except WRDF&WTFRPF2,s andpPF2,s.

The answer to the above questionng”. The above testpro-  3) Test(s) to detect the WRDF&WTF faulpstimes
cedure can be optimized by taking into consideration the nature4) Test(s) to detect the 2PE2faults p times.

of eachpPF class; this \_Ni” be discussed below. It should be clear from the above that the test procedure for
The pPF class consists @dPF1 andpPF2. ThepPF1s for an MP memory has a time complexity @fp.n), wherebyp is

p > 2 consists of two FFMs that are extensions of two FFMgq \ymper of ports and is the size of the memory cell array.
of 2PF1s; see Figs. 7 and 10. The sensitization ofpfPEls

for p > 2 requires the application gf simultaneous read op-

erations to the same location. This will also sensitize 2PF1s,
3PFl1s,...,andd—1) PF1s; exceptthe 2PF1 WRDF&WTF, since In this paper a complete analysis of all spot defects in a
that fault is a unique 2PF and has no extensionpfFs with p—port SRAM design has been performed, based on circuit

VIII. CONCLUSIONS
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simulation and IFA. The simulation has been done for two-port[g]
and three-port SRAMs. The transformation of the electrical
faults, caused by the defects, into realistic functional fault g
models (FFMs) has been presented. It has been shown that the
FFM is strongly dependent on the resistance value of the defec{'&.0
The results show that the fault models f@fport memories
consist ofp classes: single-port fault (1PFs), two-port faults
(2PFs),.. ., p-port faults pPFs). The 1PFs are faults that can [11]
be sensitized using single-port operations. On the other hanﬁQ]
pPFs are faults thatannot be sensitized using single-port
operations; they require the use of th@orts of the memory

! . . [13]
simultaneously A precise notation for all faults has been
presented, such that ambiguities and misunderstanding will be
prevented.

Furthermore, the probability of occurrence of such faultd™
has been determined for two-port memories by using two
approaches, first by assuming that all defects are equal IikeIHS]
to occur and then by performing IFA to two different layouts
implementing the same circuit function. The probabilities have
been also calculated for a three-port memory, while assuminig®!
that all defects are equal likely to occur. The results show
that a high fault coverage can not be reached with single-port
tests; special tests for multiport faults (i.e., 2PFs, 3PFs, etc) afé’]
required. Therefore, a test algorithm designer has to take all
realistic faults into consideration in order to obtain a hight fault[1g]
coverage.

Finally, the test procedure fgrport memories has been dis-
cussed. The time complexity of the tests required for the de-
tection of the introduced realistfgPFs is off(n) in the worst  [20]
case, and that of the test procedure required to test any multiport
memory isé(n.p); wherebyn is the size of the memory, irre- [21]
spective of the number of ports of which the multiport memory
consists. This is very attractive industrially.

[19]
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