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Abstract

The analysis of linked faults has proven to be a source
for new memory tests, characterized by an increased fault
coverage. The paper gives a set of five new tests to target
all possible linked faults. The tests are merged into a single
test, March SL, detecting all faults in the linked fault space.
The preliminary test results of an experiment done at Intel
will be reported; they show that March SL scores high and
detects some unique faults.
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1 Introduction

Semiconductor memories are an integral part of any
VLSI System. Their testing is becoming a major cost fac-
tor in the production of the modern VLSIs. Precise fault
modeling and efficient test design, in order to keep test cost
within acceptable limits, is therefore essential.

One interesting fault modeling tool for memory devices
is the concept of linked faults, which studies the effect fault
models have on each other. Their importance has been vali-
dated experimentally by [16], which describes the results of
testing 800 DRAM chips with different march tests. March
LA [15], designed specifically for detecting linked faults,
had a higher fault coverage than the other march tests. How-
ever, the design of March LA was based on the fault mod-
els which were known at that time. Experimental work
[2, 3, 7, 8, 10] has shown the existence of several new fault
models.

This paper gives test algorithms for all possible linked
faults presented in our previous work [4]; the fault models
are validated based on defect injection and circuit simula-
tion. The paper is organized as follows. Section 2 starts with
a definition of the linked fault concept. Section 3 briefly dis-

cusses the space of linked faults. Section 4 gives the tests.
Section 5 presents a theoretical and an industrial evaluation
of the newly introduced tests. Section 6 ends with the con-
clusions.

2 Linked fault concept and definition

Depending on the way faults manifest themselves, they
can be divided into simple faults and linked faults.

Simple faults: These are faults which cannot influence
the behavior of each other. That means that the behavior of
a simple fault cannot change the behavior of another one;
therefore masking cannot occur. All traditional memory
fault models are simple faults; e.g., Transition Faults, Read
Destructive Faults, Coupling Faults, etc.

Linked faults: These are faults that do influence the be-
havior of each other; i.e., the behavior of a certain fault can
change the behavior of another one such that masking can
occur [13, 17]. Note that linked faults consist of two or
more simple faults. Due to masking, testing of linked faults
is more complicated than testing of simple faults.

Linked faults (LFs) describe an interesting type of faulty
behavior that takes place when more than one fault primitive
(FP) is sensitized. A FP is a mathematical notation describ-
ing a single fault [14]; it is represented as � ����� �,
where � sensitizing operation sequence (e.g., read 0 from
a cell containing 0 (0r0)) that sensitizes a fault � (e.g., cell
flips from 0 to 1) in the victim cell (v-cell) �� , and � de-
scribes the logic output level (e.g., 1) in case � is a read
operation applied to the faulty cell �� (e.g., a read 0 de-
structive fault is presented as � ������� �).

Assume that the faulty behavior of a memory con-
tains two FPs that share the same v-cell. then FP� =
���������� linked to FP� =���������� is denoted as
FP�� FP�. This means that the linked fault consists of FP�
linked to FP�. If the sensitizing operation sequence (S�) of
FP� is applied first, it sensitizes a fault �� in the v-cell, and
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Figure 1. Classification of linked faults

when the S� of FP� is applied next, it sensitizes a fault �� in
the same v-cell, but with a fault effect opposite to that of the
S� of FP�. The net result is that the fault effect of FP� masks
the fault effect of FP�. A FP� = ���������� is linked to
FP� = ���������� if the following three conditions are
satisfied [4, 9]:

1. Read operations of FP� and FP� do not detect a
fault. This condition guarantees that both FP� and FP�
are not detectable by read operations that S� or S� may
contain.

2. 2. FP� masks FP�. This means that �� = ��. This
condition ensures that the faulty behavior of FP� hides
the faulty behavior sensitized by FP� by masking it.

3. 3. FP� is compatible with FP�. This condition applies
only in the case S� of the FP� is applied immediately
after �� to the same cell as the a-cell or the v-cell of
FP�. In that case, the final state of the a-cell (or of the
v-cell) after performing S�, should be the same as the
initial state required by S� of FP�.

3 Linked fault space

This section gives a short description of the linked fault
space; for more details see [4, 9].

Figure 1 shows the three classes of the LFs based on a
combination of two simple FPs. The considered simple FPs
are single-cell and two-cell (i.e., coupling) faults. Because
the ‘linked to’ relationship is not commutative, the classifi-
cation also takes the order in which the two FPs are sensi-
tized into consideration.

1. The LFs involving a single cell (LF1s): They are
based on a combination of two single-cell FPs. The LF is
sensitized by sensitizing the two FPs sequentially in time to
the same cell (i.e., v-cell).

2. The LFs involving two cells (LF2s): These are based
on a combination of two two-cell FPs, or on a combination
of a single-cell FP and a two-cell FP. They are therefore
divided into three types:

a. The LF2��: This LF is based on a combination of two
two-cell FPs; both FPs have the same aggressor cell

(a-cell) �� as well as the same v-cell. The a-cell is
the cell to which the sensitizing operation (or state)
should be applied in order to sensitize the fault, while
the v-cell is the cell where the fault appears; or alterna-
tively, the operation applied to the v-cell will sensitize
the fault in the v-cell, provided that the a-cell is in a
given state.

b. The LF2��: This LF is based on a combination of
one two-cell FP� and one single-cell FP�; whereby the
two-cell FP is sensitized first.

c. The LF2��: This LF is similar to LF2��. However, in
this case, first the single-cell FP should be sensitized;
thereafter the two-cell FP.

3. The LFs involving three cells (LF3s): They are
based on a combination of two two-cell FPs which have dif-
ferent a-cells, but the same v-cell.

The single-cell and the two-cell FPs of Figure 1 can be
any possible simple single-cell FPs, respectively any possi-
ble simple two-cell FP.

4 Tests for linked faults

This section gives tests for LFs; see Figure 1. The tests
for each class have been derived in such a way that first the
test conditions have been established, which thereafter have
been used to develop test algorithms. A detail description
of such tests is given in [9]. Due to lack of space, only the
tests of each fault (sub)class will be listed.

4.1 March Tests for LF (sub)classes

The LF space based on two different simple faults is di-
vided into five (sub)classes; see Figure 1. Table 1 lists the
march test for each fault (sub)class together with their test
lengths (T.L.) as presented in [9].

4.2 Test for all linked faults

Table 2 summarizes the fault coverage of all tests pre-
sented in Table 1 [9]. It also shows their required test length
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Table 1. March tests for the different linked faults (sub)classes
LF class March test Test description T.L

LF1 March LF1 �� ������ ���� ��� ��� ��� ����� ���� ��� ��� ��� ���� 11n
LF2�� March LF2�� �� ������ ���� ��� ��� ��� ��� ��� ��� ��� ��� ����� ���� ��� ��� ��� ��� ��� ��� ��� ��� ���� 41n

� ���� ��� ��� ��� ��� ��� ��� ��� ��� ����� ���� ��� ��� ��� ��� ��� ��� ��� ��� ����
LF2�� March LF2�� �� ������ ���� ��� ��� ��� ����� ���� ��� ��� ��� ���� 11n
LF2�� March LF2�� �� ������ ���� ��� ��� ��� ����� ���� ��� ��� ����� ���� ��� ��� ��� ����� ���� ��� ��� ���� 19n
LF3 March LF3 �� ������ ���� ��� ��� ��� ��� ��� ��� ��� ����� ���� ��� ��� ��� ��� ��� ��� ��� ���� 38n

� ������ ���� ��� ��� ��� ��� ��� ��� ��� ����� ���� ��� ��� ��� ��� ��� ��� ��� ����

(T.L.), including the initialization. In the table ‘+’ indicates
that the test detects the corresponding LF, and ‘-’ indicates
that the test does not cover, or only partially covers, the cor-
responding LFs. For example, March LF1 detects all LF1
faults and LF2�� faults; however, it does not detect (all)
LF3 faults. The evaluation of each test is done by verifying
whether the test satisfies the detection condition(s) of the
corresponding linked fault (sub)class [9].

Table 2. Summary of linked faults tests
Tests T.L. LF1 LF2aa LF2av LF2va LF3

March LF1 ��� + - + - -
March LF2aa ��� + + + + +
March LF2av ��� + - + - -
March LF2va ��� + - - + -
March LF3 ��� + - + + +

The table clearly shows that March LF2�� detects all
considered linked faults. March LF2�� will be referred from
now on as March SL: a test for all static linked faults, based
on two simple faults.

5 Evaluation of March SL

This section first gives a quantitative analysis of the tradi-
tional tests regarding their capability of detecting the linked
faults discussed in this paper [9]. Thereafter, the prelimi-
nary test results of an experiment done on Intel advanced
high speed caches will be presented.

5.1 Analytical evaluation

Table 3 summarizes the fault coverage of the most known
memory tests for linked faults. The test length of each test
is given; � denotes the size of the memory, � denotes the
number of rows and � denotes the number of columns. The
description of the tests of Table 3 are given below:

1. Scan [1]: �� ������ ������ ������ �����

2. MATS+ [12]: �� ������ ���� ����� ���� ����

3. MATS++ [5]: �� ������ ���� ����� ���� ��� ����

4. March C- [11, 17]: �� ����; � ���� ���; � ���� ���;
� ���� ���; � ���� ���; � �����

5. PMOVI [6]: �� ����; � ���� ��� ���; � ���� ��� ���;
� ���� ��� ���; � ���� ��� ����

6. March SR [8]: �� ����; � ���� ��� ��� ���;
� ���� ���; � ����; � ���� ��� ��� ���; � ���� ����

7. Galpat [5]: �� ����; �� ����, ��� ���� ����, ����;
� ����; �� ����, ��� ���� ����, �����

Galpat has a time complexity of �����, where � is
the size the memory cell array. It starts with initializ-
ing the memory cell array to a known data-background
(e.g., � ����). During the test, the base cell, which
walks through the memory cell array, is written with
the data complement value (i.e., ���). Thereafter all
other cells (i.e., target cells) are read, but after read-
ing each target cell also the base cell is read (i.e.,
�
�� ���� ����). The base cell is finally written to

the initial data-background (e.g., ���) This whole se-
quence is then repeated with inverted data.

8. Walking 1/0 [17]:
�� ������� ������� ����� ���� ����;
� ����; �� ������� ����� ���� �����

Walking 1/0 is similar to Galpat; the difference is in
reading the base cell. With Walking 1/0, after each
step, all cells are read with the base cell last.

In the table, e.g., March C- detects 10 of 12 LF1 possible
faults, 10 of 24 LF2�� faults, 11 of 16 LF2�� faults, 9 of 18
LF2�� faults, and 10 of 24 LF3 faults [9]. The total number
of linked faults detected by March C- is then 50 from 94.
The table clearly shows that a test with a higher test length
does not necessarily have a higher fault coverage for linked
faults, and that none of the tests can cover all considered
linked faults. Even with all traditional tests of Table 3, a
100� FC of LFs can not be reached.

5.2 Industrial evaluation

The tests shown in Table 3 have been used in an experi-
ment at Intel, and applied to advanced SRAMs chips. The
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Table 3. Analytical comparison of the memory tests
# Tests Test Length LF1 LF2�� LF2�� LF2�� LF3 Total FC

1 Scan 4n 8/12 4/24 8/16 3/18 4/24 27/94
2 Mats+ 5n 8/12 0/24 8/16 1/18 0/24 17/94
3 Mats++ 6n 10/12 0/24 8/16 4/18 0/24 22/94
4 March C- 10n 10/12 10/24 11/16 9/18 10/24 50/94
5 PMOVI 13n 10/12 15/24 11/16 12/18 15/24 63/94
6 March SR 14n 10/12 16/24 13/16 15/18 18/24 72/94

7 Galpat 6n+4nRC 10/12 13/24 9/16 14/18 13/24 59/94
8 Walking 1/0 8n+2nRC 8/12 12/24 9/16 10/18 12/24 51/94
9 March SL 41n 12/12 24/24 16/16 18/18 24/24 94/94

SRAM memory considered in this experiment has a size of
512KBytes, with a word size of � � �� bits, and is tested
at 200 MHz.

5.2.1 Used stress combinations

Each test has been applied using different stress combina-
tions. The used stresses are the address orders and the data-
backgrounds. The used addressing stresses consist of two
type of addressing:

1. Fast X (fx): Fast X addressing is simply incrementing
or decrementing the address in such a way that each step
goes to the next row.

2. Fast Y (fy): Fast Y addressing is simply incrementing
or decrementing the address in such a way that each step
goes to the next column.

A data-background (DB) is the pattern of ones and zeros
as seen in an array of memory cells. The most common
types of data-background are four:

1. Solid (s): All 0s, all 1s.
2. Checkerboard (c): 010101.../ 101010
3. Column strip (cs): 000000.../ 111111
4. Row strip (rs): 010101...

5.2.2 Test results

Table 4 lists the 40 total number of tests applied. A test
consists of a base test (BT) (e.g., March C-) applied using a
particular stress combination (SC). The total number of tests
is 40; that is the number of BTs (i.e., 11) multiplied with the
corresponding number of SCs. Note that Galpat and Walk-
ing 1/0 are each implemented two times in their ���

�
��

versions, which restrict the read operation actions only to
the same column (e.g., GalColumn), to the same row, or to
the same diagonal as the base cell. The column ‘�SC’ gives
the number of SCs each BTs is used with. A ‘+’ in the table
indicates that the corresponding SC is implemented, and a
‘-’ denoted that it is not. E.g., Mats+ is implemented using
’fx-s’ and ’fy-s’ SCs.

All SCs have been implemented at high power supply
voltage because generally testing at high voltage scores bet-

ter than at low voltage. From the large volume of SRAM
chips tested at wafer level and low temperature, 1577 chips
failed; 1343 chips do fail all SCs (i.e., 40) while 201 chips
do not. From now on, we will only concentrate on SRAM
chips that do not fail all SCs since they are the most impor-
tant.
Since the data base of the test results is very large, it has to
be simplified for analysis purposes. Therefore we will first
consider the fault coverage of each BT. The fault coverage
of a BT is the union of the fault coverages of its correspond-
ing SCs. A die belongs to the union if at least one SC of that
BT found the die to be faulty. For example, Mats+ is imple-
mented using fx-s and fy-s; the fault is considered detected
if at least one of the two implementations of Mats+ detects
the fault.

Table 5 shows the intersections and the union of the 11
BTs. A die belongs to the intersection of two BTs if both
BTs found the die to be faulty, and belongs to the union
of two BTs if at least one of the two BTs found the die
to be faulty. The first column in each table gives the BT
number; the second the column name of the BT. The column
‘FC’ lists the fault coverage of the corresponding BT; the
column ‘UFs’ gives number of unique faults (UFs) each BT
detects. Unique faults are faults that are only detected once
with a single test; e.g., GalRow detects 9 unique faults that
are not detected with any other test. The intersection and the
union of each pair of BTs is shown in the rest of the table.
The numbers on the diagonal give the fault coverage (FC)
of the BTs, which are also listed in the column ‘FC’. The
part above the main diagonal shows the intersection for each
BT pair, while the part under the diagonal lists the union of
each BT pair; for example, the intersection of March C- and
PMOVI is 179 and their union is 185. Based on the data of
the table, one can conclude the following:

� Total number of faulty chips detected: 201.

� The best BT, in terms of FC, is March SL. However,
this is a strong conclusion since not all BTs used the
same SCs.

� There are 15 unique faults, detected by 5 tests listed in
Table 6 with their FC.
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Table 4. List of used stress combinations
� Base Test � Stress combination

(BT) SCs fx fy
s c cs rs s c cs rs

1 GalColumn 1 + - - - - - - -
2 GalRow 1 - - - - + - - -
3 March C- 4 + - + - + - + -
4 Mats+ 2 + - - - + - - -
5 Mats++ 2 + - - - + - - -
6 PMOVI 8 + + + + + + + +
7 Scan 4 - + + + - + - -
8 March SL 8 + + + + + + + +
9 March SR 8 + + + + + + + +
10 WalkColumn 1 + - - - - - - -
11 WalkRow 1 - - - - + - - -

Table 5. Intersection and unions of BTs
� Test FC UFs 1 2 3 4 5 6 7 8 9 10 11

1 GalColumn 164 0 164 152 164 159 163 162 155 153 153 160 151
2 GalRow 176 9 188 176 167 162 165 167 154 166 154 148 166
3 March C- 183 0 183 192 183 174 177 179 165 182 166 160 168
4 MATS+ 175 0 180 189 184 175 173 173 162 175 160 156 162
5 MATS++ 177 0 178 188 183 179 177 175 164 176 162 160 164
6 PMOVI 181 1 183 190 185 183 183 181 164 179 164 158 168
7 Scan 168 1 177 190 186 181 181 185 168 165 160 155 155
8 March SL 185 3 186 195 186 185 186 187 188 185 167 159 167
9 March SR 170 1 181 192 187 185 185 187 178 188 170 152 154
10 WalkColumn 160 0 164 188 183 179 177 183 173 186 178 160 147
11 WalkRow 168 0 181 178 183 181 181 181 181 186 184 181 168

Table 6. BTs detecting unique faults
BT FC � UFs

GalRow 176 9
PMOVI 181 1
Scan 168 1
March SL 185 3
March SR 170 1

It has been shown that linked faults can not be covered
with any of the traditional tests, therefore March SL
has been designed to target linked faults. The detected
UFs by March SL are (probably) linked faults. Other
BTs detecting UFs need more detailed analysis. These
BTs detect faults that can not be explained using the
well-known fault models. This means that additional
fault models and/or fault classes exist. By analyzing
each failed test for UFs, new fault models will be in-
troduced; Failure analysis can also be used for better
understanding of the underlying defect causing such
SF behavior. A new test(s) with a shorter test length,
targeting the detected UFs and replacing the non-linear
empirical tests, can be constructed and used for further
test purposes, instead of expensive ones. Note that the
best test in terms of detecting UFs is GalRow. How-
ever it detects considerably fewer faults.

� Some BTs detect supersets of faults of other BTs. For
example: GalColumn detects a superset of WalkCol-
umn. Table 7 summarizes the BTs detecting supersets
of faults of other ones. The initial 11 BTs of Table 4
can therefore be reduced to 7 BTs while achieving the
same fault coverage; that means that the BTs covered
by other ones can be removed.

Table 7. List of BTs detecting supersets of
other ones

BT Covered BTs

GalColumn WalkColumn
March C- GalColumn, Mats++, WalkColumn, WalkRow
MATS++ WalkColumn
PMOVI WalkRow
March SL Mats+

� The best union pair of BTs, in terms of FC, is the union
of March SL and GalRow with FC=195.

5.2.3 Effect of stresses on March SL

Table 8 shows the effect of SCs on March SL. The first col-
umn lists the uses SC; e.g., (fx,c) denotes ‘fast x’ addressing
and ‘checkerboard data-background’. The rest of the table
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prints the effect of the impact of the stresses on the FC. The
main diagonal, which is printed in bold, gives the FC of
each SC; the part above the main diagonal lists the intersec-
tion of each pair of SCs; while the part below the diagonal
lists the unionof each pair of SCs. Remember that the max-
imal FC that have been achieved with all SCs for March SL
is FC=185.

Table 8. SCs intersections and unions for
March SL

SC fx-c fx-cs fx-rs fx-s fy-c fy-cs fy-rs fy-s

(fx,c) 175 173 172 172 173 174 173 172
(fx,cs) 178 176 173 172 173 175 173 172
(fx,rs) 176 176 173 172 171 172 172 172
(fx,s) 177 178 175 174 171 173 171 172
(fy,c) 181 182 181 182 179 179 178 177
(fy,cs) 183 183 183 183 182 182 178 178
(fy,rs) 182 183 181 183 181 184 180 178
(fy,s) 182 183 180 181 181 183 181 179

Based on the data of Table 8, the following can be con-
cluded:

� The (fy,cs) is the most effective SC detecting 182/185.

� The union of (fy,cs) and (fy,rs) is the most effective SC
pair union detecting 184/185 faults.

� The (fx,cs) covers the superset of (fx,rs); and the (fy,cs)
covers that of (fy,c).

� An analysis (not shown here) reveals that a least
three SCs are required in order to detect 185/185
faults; these can be one of the following three triple
of SCs: [(fx,cs),(fx,s),(fy,rs)], [(fx,cs),(fx,s),(fy,s)], or
[(fx,s),(fy,cs),(fy,rs)],

6 Conclusions

In this paper a brief description of linked fault has been
presented. This space has been divided, based on the num-
ber of cells required in the LF, into five different fault
(sub)classes. Thereafter,a set of five linear march tests, each
for each fault (sub)class, has been presented. An analytical
evaluation of these tests reveals that one of the tests has also
the capability to detect all other linked fault (sub)classes.
This test, which is named as March SL, can be thus used to
cover all single-port, static, linked faults in RAMs.

Finally, March SL has been evaluated analytically as
well as industrially. The preliminary test results show that
it has a high fault coverage as compared with the other tra-
ditional tests. In addition, they show that March SL detects
unique faults (probably linked faults) that can not be de-
tected with any other tests, which indicates the existence of
linked faults and the superiority of March SL. Moreover, the
test results show that there are some detected unique faults

which can not be explained with the traditional fault mod-
els. Such faults remain still to be explained; this will allow
eliminating the non-linear algorithms that detect such faults
with linear optimized tests for specific faults.
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