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Fault Diagnosis for RAMs Using Walsh Spectrum

Atsumu ISENO†, Student Member, Yukihiro IGUCHI†, and Tsutomu SASAO††,†††, Members

SUMMARY In this paper, we show a method to locate a single stuck-
at fault of a random access memory (RAM). From the fail-bitmaps of the
RAM, we obtain their Walsh spectrum. For a single stuck-at fault, we
show that the fault can be identified and located by using only the 0-th and
1-st coefficients of the spectrum. We also show a circuit to compute these
coefficients. The computation time is O(2n), where n is the number of bits
in the address of the RAM. The computation time is much shorter than one
that uses a logic minimization method.
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1. Introduction

Random access memories (RAMs) are extensively used in
various electronic systems. RAMs are used not only in
storage-units for computer systems, but also in logic de-
vices, such as FPGAs. Many RAMs are integrated into one
chip SoC (System on Chip), so enhancing the test method
for RAMs is very important.

Fail-bitmaps are two-dimensional arrays showing the
locations of the faulty cells of a RAM. Each map has the
same size as the RAM under test. The map has ‘0’s for the
cells whose responses are the same as the expected values,
and ‘1’s otherwise.

The patterns in fail-bitmaps depend on the locations
and types of faults in RAMs. We use this property to di-
agnose RAMs. A straightforward method is to store the
fail-bitmaps for each fault. However, such a method is in-
efficient. We consider a fail-bitmap as a logic function, and
represent it by a sum-of-products expression (SOP). Differ-
ent faults corresponds to different SOPs. Unfortunately, the
computation time for converting fail-bitmap into an SOP
is sometimes very long. So, we have to use an alternative
method.

In this paper, we show a diagnosis method of RAMs us-
ing the Walsh spectrum. From the fail-bitmaps of the RAM,
we obtain their Walsh spectrum. For a single stuck-at fault,
we show that the fault can be identified and located by us-
ing only the 0-th and 1-st coefficients of the spectrum. In
this paper, identify is to say which type of faults, while lo-
cate is to say where is the faults. We also show a method
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to compute these coefficients. The computation time of the
proposed method is shorter than the method using an SOP
minimizer. The rest of the paper is organized as follows:
Section 2 shows the structure and a test method of RAMs.
Section 3 discusses the Walsh transform and the Walsh spec-
trum, and proposes a diagnosis method using the 0-th and
1-st coefficients of the Walsh spectrum. Section 4 shows
a circuit to compute the 0-th and 1-st coefficients of the
Walsh spectrum. Section 5 shows an experimental result,
and Sect. 6 concludes the paper.

2. Structure and Test of RAMs

In this section, we show the structure of RAMs, their fault
model, and their test patterns.

2.1 Structure of RAMs and Their Fault Model

Figure 1 shows a RAM, which has a two dimensional struc-
ture of memory cells. A RAM consisting of single big array
is slow and dissipates much power, so RAMs are typically
built using a hierarchical structure. Cells are grouped to
form a sub-block, sub-blocks are grouped to form a block,
and blocks are grouped to form a RAM. A sub-block con-
sists of horizontal word-lines and vertical bit-lines, and
each memory cell is located at an intersection of two lines.

In this paper, we consider the fault model in Table 1,
and use a memory model in Fig. 2 for the RAM shown in
Fig. 1. This memory has four blocks: A block has two sub-
blocks; a row decoder selects a word in the block; a sub-
block has four bit-lines; a Y-switch selects one out of four
bit-lines; a sense amplifier (SA) is connected to a Y-switch;
and a block·sub-block selection multiplexer selects one

Fig. 1 Structure of memory.
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Table 1 Type of faults and fault model.

Type of faults Fault model
Cell SA-0(1) on a cell.
Row Decoder SA-0(1) on a input of Row decoder.
Bit-line SA-0(1) on a bit-line
Sense Amplifier SA-0(1) on an output of sense amplifier.
I/O SA-0(1) on I/O data line.
Block·Sub-block SA-0(1) on a selection input for
Selection MUX block·sub-block selection multiplexer.
Y-Switch SA-0(1) on a selection input of Y-switch.
Address-line SA-0(1) on an address-line.

Fig. 2 Memory model.

from four blocks, or eight sub-blocks. We consider eight
types of single stuck-at faults shown in Table 1.

2.2 Test Method for RAM

We apply test patterns to RAMs to detect faults. Various
classes of test patterns for RAMs are known: N, N1.5, and
N2 [3]. Each denotes the length of the test, where N = 2n

is the size of a RAM, and n is the number of bits in the
address. Testing time for N is the shortest, and for N2 is the
longest. Normally, test patterns with the length N are used to
test large-scale RAMs. The march pattern is the typical test
pattern of length N. Various march patterns exists. In this
paper, we use the shortest march pattern, called MATS+ [4].
When we test a RAM using MATS+ shown in Fig. 3, we
write values, read values, and test cells as follows:

1. Step M0: Write 0 (0W: Zero Write) to all the cells.
2. Step M1: Read values from cells from the address 0

to N − 1 in the ascending order. When the output is
equal to the expected value, we produce 0 which shows
that the value of the output is the same as the expected
value. When the output is different from the expected
value, then we produce 1 which shows the value is in-
correct. After reading a value from the cell, we write 1

Fig. 3 Test pattern: MATS+.

to the cell. We do this to all cells.
3. Step M2: We read a value from each cell in the de-

scending order. In this case, the expected value of the
cell is 1. After reading a value from the cell, we write
0 to the cells. We do this to all cells.

We obtain fail-bitmap 1 in Step M1, and fail-bitmap 2 in
Step M2. With these fail-bitmaps, we can identify and locate
all types of single stuck-at faults shown in Table 1.

Example 2.1: Figure 4 (a)–(d) show examples of fail-
bitmaps for the RAM shown in Fig. 2.

• Figure 4 (a) shows the fail-bitmap 2 for the RAM where
one cell has a stuck-at 0 fault in the sub-block Sub#2 in
Block0R. In this case, we read expected value 0 from
the faulty cell in Step M1. Thus, the fail-bitmap 1 has
all 0’s, while the fail-bitmap 2 has one 1.
• Figure 4 (b) and (c) show fail-bitmaps 1 and 2 for

the RAM where the input x1 of the row decoder in
Block0L has a stuck-at 0 fault. In this case, we can
only access one half of the cells in Sub#0 and Sub#1
of Block0L. For example, we read the expected value 0
from the cell in the address 0 in Step M1, and then write
1 to the same cell. When we read the value from the ad-
dress 1, the stuck-at 0 fault makes the row decoder to
read the value from the cell in the address 0 again. At
this time, the cell has the value 1. The value 1 that in-
dicates this inconsistency is written in fail-bitmap 1. It
appears that all the cells with the odd addresses num-
bers are faulty. When the addresses are accessed in de-
scending order in Step M2, it appears that all the cells
at even addresses numbers are faulty.
• Figure 4 (d) shows the fail-bitmap 2 for the RAM

where the bit-line 1 has a stuck-at 0 fault in Sub#2 of
Block1R. In this case, fail-bitmap 1 has all 0’s.

By analyzing the fault model and the memory model,
we have the following:

1. A single fault often creates multiple 1’s in fail-bitmaps.
2. Different faults produce different fail-bitmaps.
3. In many cases, fail-bitmaps 1 and 2 are different.
4. By using fail-bitmaps, we can identify and locate the

fault in the RAM.

From these, we have

Theorem 2.1: Given the memory model in Fig. 2 and the
fault model shown in Table 1, a single stuck-at fault can be
identified and located using two fail-bitmaps produced by
MATS+.
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Fig. 4 Examples of fail-bitmaps.

3. Fault Diagnosis Using Walsh Spectrum

In Sect. 2, we showed that different faults produce different
fail-bitmaps. In this section, we propose a method to iden-
tify and locate a single stuck-at fault by using the Walsh
spectrum. In Sect. 3.1, we survey the Walsh transform. In
Sect. 3.2, we show a property of fail-bitmaps for a single
stuck-at fault. In Sect. 3.3, we propose a fault diagnosis
method for RAMs by using the Walsh spectrum.

3.1 Walsh Transform and Walsh Spectrum [7], [12], [14]

Let W(n) be the Walsh transform matrix defined by

W(n) =
n⊗

i=1

W(1), (1)

W(1) =

[
1 1
1 −1

]
, (2)

where
⊗

denotes the Kronecker product. The matrix W(1)
is called the basic Walsh transform matrix. In a symbolic
representation, we have

W(1) =
[

1 1 − 2x
]
. (3)

In (3), x = 0 denotes the first row of the matrix, while
x = 1 denotes the second row of the matrix.

Definition 3.1: For a function f given by the truth-vector
F, the Walsh spectrum S( f ) = [w0, . . . ,w2n−1]t is

S( f ) = 2−nW(n)F. (4)

The Walsh transform matrix is self-inverse up to the
constant 2n. Therefore, the inverse Walsh transform is de-
fined by

f = XwS( f ), (5)

Xw =

n⊗
i=1

[
1 1 − 2xi

]
. (6)
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Example 3.1: Consider the function f (x1, x2) = x̄1 ∨ x2.
The truth vector is F = [1, 0,1, 1]t. The Walsh spectrum is

S( f ) = 2−nW(n)F

= 2−2


1 1 1 1
1 −1 1 −1
1 1 −1 −1
1 −1 −1 1




1
0
1
1



= 2−2


3
1
−1

1

 .

Xw = [1, 1 − 2x1, 1 − 2x2, (1 − 2x1)(1 − 2x2)]. (7)

In (7), assigning x2 = 0 and x1 = 0, yields the first row of
the matrix: [1, 1, 1, 1].
Assigning x2 = 0 and x1 = 1, yields the second row of the
matrix: [1,−1, 1,−1].
Assigning x2 = 1 and x1 = 0, yields the third row of the
matrix: [1, 1,−1,−1].
Assigning x2 = 1 and x1 = 1, yields the last row of the
matrix: [1,−1,−1,1].

f is represented by

f = XwS( f )

=
1
4

[1, 1 − 2x1, 1 − 2x2, (1 − 2x1)(1 − 2x2)]


3
1
−1

1


=

1
4

[3 + (1 − 2x1) − (1 − 2x2) + (1 − 2x1)(1 − 2x2)].

3.2 Properties of Fail-Bitmaps for a Single Stuck-at Fault

As shown in Sect. 2, a single stuck-at fault can be detected
and located by the fail-bitmaps.

Most methods diagnose RAMs by classifying the fail
patterns or shapes in fail-bitmaps [9], [10], [15], [16]. Since
we need huge storage to store fail-bitmaps, most meth-
ods compress the fail-bitmap data. Vollrath et al. com-
pressed them using graphical method with simple hardware,
and they could compress a 64 M-bit fail-bitmap into 2k-
bit allowing classification of 13 fail patterns [15]. Iseno et
al. compressed them by using a hardware-compressor [9].
Chen et al. proposed a “stripped-down” compressor [1],
which overcomes the loss of data. It compresses by strip-
ping row data and column data of the fail-bitmap, and per-
forming OR operation to each segment. Their diagnosing
system decompresses the compressed data, and can handle
the decompressed fail-bitmaps with X’s, where X denotes
unknown 0 or 1 [2]. The compression ratio is the width of a
fail-vector divided by two, e.g., when the word width is 32,
the compression ratio is 16.

In this paper, we consider automatic diagnosis for sin-
gle stuck-at faults by using fail-bitmaps. The simplest

Table 2 Relation of stuck-at faults and map functions.

Type SA-0 SA-1
of faults Map function Weight Map function weight

Cell 0 0 x̄8 x7 x̄6 x5 x̄4 x3x2 x̄1 1
x̄8 x7 x̄6 x5 x̄4 x3 x2 x̄1 1 0 0

Row Decoder x̄8 x̄7 x1 32 x̄8 x̄7 x1 32
x̄8 x̄7 x̄1 32 x̄8 x̄7 x̄1 32

Bit-line 0 0 x8 x7 x̄6 x5 x̄4 8
x8 x7 x̄6 x5 x̄4 8 0 0

Sense 0 0 x̄8 x7 x̄6 32
Amplifier x̄8 x7 x̄6 32 0 0

I/O 0 0 1 256
1 256 0 0

Y-Switch x̄8 x7 x̄6 x4 16 x̄8 x7 x̄6 x4 16
x̄8 x7 x̄6 x̄4 16 x̄8 x7 x̄6 x̄4 16

Address- x4 128 x4 128
line x̄4 128 x̄4 128

method is computing the weight of the map function, i.e,
counting the number of 1’s in the fail-bitmaps. For ex-
ample, when a single stuck-at fault occurs in a cell, the
weight of either fail-bitmap 1 or 2 becomes 1. However,
this method does not distinguish different faults that produce
fail-bitmaps with the same weights. Let the map function
denote the Boolean function associated with the fail-bitmap.
The map functions for a single stuck-at fault can be repre-
sented by a product term or a constant function. For ex-
ample, map functions for Fig. 4 (a)–(d) are represented by
product terms or constants, as shown in Table 2. Where the
map function 1 is shown in the upper part, and the map func-
tion 2 is shown in the lower part. Consider the example in
Fig. 4 (b). The input x1 of the row decoder has a stuck-at 0
fault, and map function 1 is expressed by the product term
x̄8 x̄7 x1. Map functions corresponding to other faults are also
represented by product terms or constants, as shown in Ta-
ble 2. The product term and the weight of the map function 1
(2) are shown in the upper (lower) row. For example, when
the input x1 of the row decoder has a stuck-at 0 fault, the
weight of the map function 1 (2) is 32, and the product term
is x̄8 x̄7x1 (x̄8 x̄7 x̄1). Note that stuck-at faults in the inputs of
block·sub-block selection MUX are missing in Table 2, but
they appear in Table 1. This is because faults in the address-
lines produce the same error as the faults in the inputs of the
block.

As shown in Table 2, weights of the map function 1 and
2 are distinct for different faults. Thus, we can locate the
faulty unit. In this particular example, different faults pro-
duce different map functions with distinct weights. How-
ever, as shown in Appendix, in a different RAM, different
faults may produce fail-bitmaps with the same weights. In
this case, we can locate the faults by checking literals of the
product. In this way, we can identify and locate the faults.
By inspecting all possible single stuck-at faults, we have the
next theorem.

Theorem 3.1: With the fault model in Table 1, each map
function for single stuck-at faults of the RAM shown in
Fig. 2 can be represented by a constant or a product term.
We can identify and locate the fault by using these expres-
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sions.

3.3 Diagnosis of Single Stuck-at Fault by Walsh Spectrum

In this section, we show a method to diagnose a single stuck-
at fault using the Walsh spectrum. We also show that only
the 0-th and 1-st coefficients of the spectrum are necessary
to locate and identify single stuck-at fault.

Example 3.2: Table 3 shows five map functions, x̄3 x̄2x1,
x3x2, x3 x̄2, x3 x̄1, and x3. Table 4 shows their Walsh spec-
trum S(x̄3 x̄2x1), S(x3x2), S(x3 x̄2), S(x3 x̄1), and S(x3).

Definition 3.2: Let j-th component of the Walsh spectrum
be wj. Let the binary representation of j be (kn, kn−1, . . . , k1),
and let R ⊆ {1, 2, . . . , n} be a set of integers {l} such that
kl = 1. In this case, sR = wj. sφ shows the 0-th coefficient,
si shows the 1-st coefficient, si j shows the 2-nd coefficient,
and si jk shows the 3-rd coefficient.

Definition 3.3: Let | f | denote the weight of function f , i.e.,
the number of binary vectors �a such that f (�a) = 1.

Example 3.3: Consider the universe of three variables x1,
x2, x3. Then, |x2x3| = 2 and |x1 ∨ x2 ∨ x3| = 7.

Lemma 3.1: Let sφ be the 0-th coefficient, and si be the 1-
st coefficient of the Walsh spectrum for a function f . Then,
sφ = | f |, and si = |x̄i f | − |xi f |.
Example 3.4: In Table 4, we can verify the followings:
sφ = | f |. s1 = |x̄1 f | − |x1 f |, s2 = |x̄2 f | − |x2 f |, and s3 =

|x̄3 f | − |x3 f |.
Example 3.5: 1. Construct the original logical function

from the Walsh spectrum S(x̄3 x̄2x1) shown in Table 4:
2−3[1− (1− 2x1)+ (1− 2x2)+ (1− 2x3)− (1− 2x2)(1−
2x1) − (1 − 2x3)(1 − 2x1) + (1 − 2x3)(1 − 2x2) − (1 −
2x3)(1 − 2x2)(1 − 2x1)] = x1 − x1x2 − x1x3 + x1x2 x3.

Table 3 Example of map functions.

x3 x2 x1 x̄3 x̄2 x1 x3x2 x3 x̄2 x3 x̄1 x3

0 0 0 0 0 0 0 0
0 0 1 1 0 0 0 0
0 1 0 0 0 0 0 0
1 0 0 0 0 1 1 1
0 1 1 0 0 0 0 0
1 0 1 0 0 1 0 1
1 1 0 0 1 0 1 1
1 1 1 0 1 0 0 1

Table 4 Example of Walsh spectrum.

S S S S S S
(x̄3 x̄2 x1) (x3 x2) (x3 x̄2) (x3 x̄1) (x3)

sφ 1 2 2 2 4
s1 −1 0 0 2 0
s2 1 −2 2 0 0
s3 1 −2 −2 −2 −4
s12 −1 0 0 0 0
s13 −1 0 0 −2 0
s23 1 2 −2 0 0
s123 −1 0 0 0 0

2. Construct the original logical function from the Walsh
spectrum S(x3x2) shown in Table 4:
2−3[2− 2(1− 2x2)− 2(1− 2x3)+ 2(1− 2x3)(1− 2x2)] =
x2x3.

When we consider the Walsh spectrum, the factor 2−n

is often omitted.

Lemma 3.2: The absolute value of a coefficient of the
Walsh spectrum for the n-variable logic function f (x1,
x2, . . . , xn) = x1 x2 · · · xn−t is either 2t or 0. Non-zero coeffi-
cients correspond to the entries for xn−t+1 = xn−t+2 = · · · =
xn = 0.

(Proof) The expression representing the Walsh spectrum
for x1x2 · · · xn is

∧n
j=1(1 − 2x j). The expression for

x1x2 · · · xn−1 x̄n is
∧n−1

j=1 (1 − 2x j). Thus, the expression for

x1x2 · · · xn−1 is
∧n

j=1(1−2x j)+
∧n−1

j=1(1−2x j) = 2x̄n
∧n−1

j=1(1−
2x j). In this way, we can show that the expression for
x1x2 · · · xn−t is 2t x̄n x̄n−1 · · · x̄n−t+1

∧n−t
j=1(1 − 2x j). This ex-

pression shows that the absolute values of the coefficients
for xn = xn−1 = · · · = xn−t+1 = 0 are either 2t or 0. (Q.E.D.)

Example 3.6: Consider the Walsh spectrum for the logic
function x2x3. In this case, n = 3 and t = 1 in Lemma 3.2.
We see that the only coefficients corresponding to x1 = 0
take non-zero values, and absolute values of them are 2. We
can verify this from the column of S(x3x2) in Table 4.

Consider the Walsh spectrum for the logic function x3.
In this case, n = 3 and t = 2 in Lemma 3.2. We see that
only coefficients corresponding to x1 = x2 = 0 take non-
zero values, and their absolute values of are 22 = 4. We can
verify this from the column of S(x3) in Table 4.

Lemma 3.3: [7, pp.89–97]. Let α be a product term. Let
β be the product term in which some literals in α are per-
mutated and/or negated. Let Sα and Sβ be the Walsh spectra
for the functions represented by the product terms α and β,
respectively. Then Sβ is obtained by permuting coefficients
and/or changing the sign of coefficients of Sα.

Lemma 3.4: Let Sα be the Walsh spectrum of a function f .
Let si be the 1-st order coefficient of Sα, then si = | f |−2|xi f |.
(Proof) si is given by

|x̄i f | − |xi f | = |(1 − xi) f | − |xi f | = | f | − 2|xi f |.
Thus, we have the Theorem. (Q.E.D.)

Lemma 3.5: Consider the Walsh spectrum of a product
term p = x̂1 x̂2 · · · x̂n−t, where 0 ≤ t ≤ n. If si = 0, then
p has no literal of xi, if si > 0, then p has a literal x̄i, and if
si < 0, then p has a literal xi, where x̂ j represents a variable
x j or its complement.

(Proof) For f = x̂1 x̂2 · · · x̂n−t, where i > n − t, we have

si = | f | − 2|xi f |
= |x̂1 x̂2 · · · x̂n−t| − 2|x̂1 x̂2 · · · x̂n−t x̂i|
= |x̂1 x̂2 · · · x̂n−t x̄i| + |x̂1 x̂2 · · · x̂n−t xi|
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− 2|x̂1 x̂2 · · · x̂n−t x̄i|
= 0.

For f = x̂1 x̂2 · · · x̂t, where i ≤ n − t, if x̂i = xi then, we
have

si = | f | − 2|xi f |
= |x̂1 x̂2 · · · x̂n−t| − 2|x̂1 x̂2 · · · x̂n−t|
= −|x̂1 x̂2 · · · x̂n−t| = −2t < 0.

If x̂i = x̄i then, we have

si = | f | − 2|xi f |
= |x̂1 x̂2 · · · x̂n−t| − 0 = 2t > 0.

(Q.E.D.)
By Theorem 3.1 and Lemma 3.5, we have

Theorem 3.2: By using the 0-th and 1-st coefficients
(sφ; s1, s2, . . . , sn), we can identify and locate a single stuck-
at fault of the RAM shown in Fig. 2 using the fault model in
Table 1.

In fault diagnosis using the Walsh spectrum, we only
use the 0-th and 1-st coefficients (sφ; s1, s2, . . . , sn). The
number of the 0-th and 1-st coefficients are 1 and n, respec-
tively. Since we use two map functions, we need 2n + 2
coefficients to diagnose the fault.

We construct a fault dictionary represented by the
Walsh spectrum. Different fail-bitmaps correspond to dif-
ferent faults. Theorem 3.2 shows that the values of all non-
zero coefficients of the Walsh spectrum are the same. For
example, if a bit-line has a stuck-at 0 fault, then coefficients
sφ, s4, s5, s6, s7, and s8 take values 8, and others take value
0. In this case, we write the coefficient as (sφ; s1, s2, . . . , s8)
= (8; 0,0, 0, 8, 8, 8, 8, 8), or 8(1; 0, 0, 0, 1, 1,1, 1, 1) as shown
in Table 5.

Example 3.7: Consider three functions x3x2, x3 x̄2, and
x3 x̄1 shown in Tables 3 and 4. x3 x̄2 is derived from the prod-
uct x3x2 where the literal x2 is negated. x3 x̄1 is derived from
the product x3 x̄2 where the literal x2 and x1 are replaced.

1. Non-zero coefficients of S(x3x2) are sφ, s2, s3, s23.
Since s2 < 0 and s3 < 0, we can see that the product
has two literals x2 and x3.

2. Non-zero coefficients of S(x3 x̄2) are sφ, s2, s3, s23.
Since s2 > 0 and s3 < 0, we can see that the product
has two literals x̄2 and x3.

3. Non-zero coefficients of S(x3 x̄1) are sφ, s1, s3, s13.
Since s1 > 0 and s3 < 0, we see that the product has
two literals x̄1 and x3.

Thus, we have the following diagnosis method.

Algorithm 3.1: (Generation a Diagnosis Program)

1. Generate the Fault Dictionary
Derive fail-bitmaps from the RAM model by inspec-

tion. Then, compute the Walsh spectrum, and construct
the fault dictionary, as shown in Table 5. Note that only
the 0-th and 1-st coefficients are necessary.

2. Construct a Multi-Terminal Multi-valued Decision
Tree

a. Decide the condition of branching in each node
by the absolute values of the coefficient, |si, j| (i =
φ, 1, . . . , n, j = 1, 2), where si, j denotes the coeffi-
cient si of spectra of map function j.

b. According to the faults in the fault dictionary, con-
struct the tree, and enter the type of faults in the
terminal nodes. In this case, the number of termi-
nal nodes is 14, and the number of edges of each
non-terminal nodes is larger than three. Thus, the
tree obtained by this method is an MTMDT(multi-
terminal multi-valued decision tree).

3. Generate a Diagnosing Program
Reduce the MTMDT, and generate the branching pro-
gram from the reduced MTMDT.

Algorithm 3.2: (Diagnosis of Faults of a RAM)

1. Obtain map functions 1 and 2 by applying MATS+ to
the RAM.

2. Compute the 0-th and 1-st coefficients of the Walsh
spectrum 1 and 2.

3. By using absolute values of coefficients, run the diag-
nosing program, and identify the type of the fault.

Table 5 Fault dictionary for Fig. 2 by using Walsh spectrum.

Type SA-0 SA-1
of faults Spectrum 1 Spectrum 1

Spectrum 2 Spectrum 2
Cell 1(0; 0, 0, 0, 0, 0, 0, 0, 0) 1(1; 1, 1, 1, 1, 1, 1, 1, 1)

1(1; 1, 1, 1, 1, 1, 1, 1, 1) 1(0; 0, 0, 0, 0, 0, 0, 0, 0)
Row 32(1; 1, 0, 0, 0, 0, 0, 1, 1) 32(1; 1, 0, 0, 0, 0, 0, 1, 1)

Decoder1 32(1; 1, 0, 0, 0, 0, 0, 1, 1) 32(1; 1, 0, 0, 0, 0, 0, 1, 1)
Row 32(1; 0, 1, 0, 0, 0, 0, 1, 1) 32(1; 0, 1, 0, 0, 0, 0, 1, 1)

Decoder2 32(1; 0, 1, 0, 0, 0, 0, 1, 1) 32(1; 0, 1, 0, 0, 0, 0, 1, 1)
Row 32(1; 0, 0, 1, 0, 0, 0, 1, 1) 32(1; 0, 0, 1, 0, 0, 0, 1, 1)

Decoder3 32(1; 0, 0, 1, 0, 0, 0, 1, 1) 32(1; 0, 0, 1, 0, 0, 0, 1, 1)
Bit-line 1(0; 0, 0, 0, 0, 0, 0, 0, 0) 8(1; 0, 0, 0, 1, 1, 1, 1, 1)

8(1; 0, 0, 0, 1, 1, 1, 1, 1) 1(0; 0, 0, 0, 0, 0, 0, 0, 0)
Sense 1(0; 0, 0, 0, 0, 0, 0, 0, 0) 32(1; 0, 0, 0, 0, 0, 1, 1, 1)

Amplifier 32(1; 0, 0, 0, 0, 0, 1, 1, 1) 1(0; 0, 0, 0, 0, 0, 0, 0, 0)
I/O 1(0; 0, 0, 0, 0, 0, 0, 0, 0) 256(1; 0, 0, 0, 0, 0, 0, 0, 0)

256(1; 0, 0, 0, 0, 0, 0, 0, 0) 1(0; 0, 0, 0, 0, 0, 0, 0, 0)
Y-Switch1 16(1; 0, 0, 0, 1, 0, 1, 1, 1) 16(1; 0, 0, 0, 1, 0, 1, 1, 1)

16(1; 0, 0, 0, 1, 0, 1, 1, 1) 16(1; 0, 0, 0, 1, 0, 1, 1, 1)
Y-Switch2 16(1; 0, 0, 0, 0, 1, 1, 1, 1) 16(1; 0, 0, 0, 0, 1, 1, 1, 1)

16(1; 0, 0, 0, 0, 1, 1, 1, 1) 16(1; 0, 0, 0, 0, 1, 1, 1, 1)
Address- 128(1; 1, 0, 0, 0, 0, 0, 0, 0) 128(1; 1, 0, 0, 0, 0, 0, 0, 0)

line1 128(1; 1, 0, 0, 0, 0, 0, 0, 0) 128(1; 1, 0, 0, 0, 0, 0, 0, 0)
Address- 128(1; 0, 1, 0, 0, 0, 0, 0, 0) 128(1; 0, 1, 0, 0, 0, 0, 0, 0)

line2 128(1; 0, 1, 0, 0, 0, 0, 0, 0) 128(1; 0, 1, 0, 0, 0, 0, 0, 0)
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.

Address- 128(1; 0, 0, 0, 0, 0, 0, 0, 1) 128(1; 0, 0, 0, 0, 0, 0, 0, 1)
line8 128(1; 0, 0, 0, 0, 0, 0, 0, 1) 128(1; 0, 0, 0, 0, 0, 0, 0, 1)
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Fig. 5 A multi-terminal multi-valued decision tree for diagnosis pro-
gram.

4. Locate the fault by checking the signs of the coeffi-
cients.

Example 3.8: Figure 5 shows the MTMDT for the RAM
shown in Fig. 2. In this example, by using only the 0-th
coefficients sφ,1 and sφ,2, we can identify all types of faults.
However, in general, we also need the 1-st coefficients to
identify faults.

4. Circuit to Compute Walsh Spectrum

In this section, we present a circuit to compute the 0-th and
1-st coefficients of the Walsh spectrum.

The 0-th coefficient sφ is equal to the number of 1’s
in the map function f . The 1-st coefficient si is computed
from | f | and |xi · f | by using Lemma 3.4. We can compute
the coefficients of the Walsh spectrum by a circuit shown in
Fig. 6. We use n + 1 registers to compute and store the 0-th
and 1-st coefficients. First, set all the registers to zero. Next,
compute the fail-bitmap function f . For every address, com-
pute the EXOR of the value in the memory and the expected
value to make f . If f = 1 then increment Reg#φ. Also, from
xi · f , increment Reg#i if xi · f = 1. Finally, compute the
value of si from Reg#φ and Reg#i by using Lemma 3.1.

Do this computation for spectra 1 and 2. Since Reg#0
shows the value of | f | and Reg#i shows the value of |xi · f |,
we can compute the value of si from the values of Reg#0 and
Reg#i. The values of Reg#0 and Reg#i can be obtained by
immediately after the MATS+ patterns to the memory. Note
that the length of MATS+ is O(2n). Similarly, the calcula-
tion of si can be done in O(2n) steps. Also the diagnosis by
using sφ and si can be done in O(n) steps. Thus, the diagno-
sis of a RAM with single stuck-at fault can be done in O(2n)
step, where is n is the number of bits in the address.

Fig. 6 Circuit for computing Walsh spectrum.

5. Experimental Results

To evaluate the performance, we applied our proposed
method to a 1M × 4-bit SRAM. We developed a fault sim-
ulator for a RAM, and measured the time needed diagnose
various single stuck-at fault.

We used ESPRESSO MV to minimize the SOPs of
map functions. We used a computer utilizing PentiumIII
(1.13 GHz), 384 MByte RAM, and WindowsXP. Mini-
mization time for the SOP of the map function for sin-
gle stuck-at fault of a cell, an address-line, and I/O, were
28 msec, 21 sec, and 23 sec, respectively. For some cases,
ESPRESSO MV took too long time to be practical. We also
designed a circuit to compute the 0-th and 1-st coefficients
of the Walsh spectrum by using Xilinx SpartanII-XC2S200-
5fg456. The simulation result shows that it works with the
clock of 101.9 MHz. From this result, we can see that the
circuit requires computation time 2n+1×1/(101.9×109) [sec]
for any types of faults. We can evaluate the 0-th and 1-st co-
efficients of the Walsh spectrum in 213 [µsec] for 1M×4-bits
SRAM. Thus, by using our proposed circuit, we can diag-
nose faults much faster than using a logic minimizer.

6. Conclusions

In this paper, we considered a method to identify and lo-
cate a single stuck-at fault of a RAM from the fail-bitmaps
generated by MATS+. We consider fail-bitmaps as logic
functions. Different faults produce different map functions.
We also showed that the map function for single stuck-at
fault can be represented by a product term or a constant.
In the fault dictionary, logical expressions are a straightfor-
ward method to represent the map functions. To convert
the truth table of the map function into the product term, an
SOP minimizer is necessary. Especially, when the RAM has
multiple-faults, SOPs for the map functions tend to be very
complex. In such cases, the logic minimization may take
excessive computation time. Such a property is undesirable
for the memory tester in the production line. To overcome
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this problem, we propose the new diagnosis method by us-
ing only the 0-th and 1-st coefficients of the Walsh spectrum
of the fail-bitmaps. We also presented a simple circuit to
compute them. The computation time is O(2n), where n is
the number of bits in the address. It is much faster than the
method using a logic minimizer.
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Appendix

This appendix shows a different memory model where the
weights of fail-bitmaps are not sufficient to distinguish dif-
ferent faults. Figure A· 1 shows a structure of the memory
model. It has four blocks: A row decoder selects a word in
the block; a block has four bit-lines; a Y-switch selects one
out of four bit-lines; a sense amplifier (SA) is connected to a
Y-switch; and a block selection multiplexer selects one from
four blocks.

Figure A· 2 (a) and (b) show examples of fail-bitmaps
for the RAM shown in Fig. A· 1. In this memory model, we
cannot distinguish these faults using only 0-th coefficients
of the spectrum. Figure A· 2 (a) shows fail-bitmap 1 for the
RAM where the input x1 of the row decoder in Block0L has
a stuck-at 0 fault. Figure A· 2 (b) shows fail-bitmap 1 for the
RAM where the input x3 of the Y-Switch in Block0L has a
stuck-at 0 fault.

Table A· 1 shows the fault dictionary for Fig. A· 1 by
using the Walsh spectrum. In this memory model, four
faults cannot be distinguished using only 0-th coefficients
of the spectrum. All the weights of spectrum1 and spec-
trum2 of the 0-th coefficients for faults of Row Decoder1,
Row Decoder2, Y-Switch1 and Y-Switch2 are 8. In such
a memory model, the 1-st coefficients are indispensable to
distinguish different faults. As shown in this example, 1-st
coefficients of the spectrum are often necessary for diagno-
sis and location.

Fig. A· 1 Another memory model.
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Fig. A· 2 Example of fail-bitmaps for Fig. A· 1.
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Table A· 1 Fault dictionary for Fig. A· 1 by using Walsh spectrum.

Type SA-0 SA-1
of faults Spectrum 1 Spectrum 1

Spectrum 2 Spectrum 2
Cell 1(0; 0, 0, 0, 0, 0, 0) 1(1; 1, 1, 1, 1, 1, 1)

1(1; 1, 1, 1, 1, 1, 1) 1(0; 0, 0, 0, 0, 0, 0)
Row 8(1; 1, 0, 0, 0, 1, 1) 8(1; 1, 0, 0, 0, 1, 1)

Decoder1 8(1; 1, 0, 0, 0, 1, 1) 8(1; 1, 0, 0, 0, 1, 1)
Row 8(1; 0, 1, 0, 0, 1, 1) 8(1; 0, 1, 0, 0, 1, 1)

Decoder2 8(1; 0, 1, 0, 0, 1, 1) 8(1; 0, 1, 0, 0, 1, 1)
Bit-line 1(0; 0, 0, 0, 0, 0, 0) 4(1; 0, 0, 1, 1, 1, 1)

4(1; 0, 0, 1, 1, 1, 1) 1(0; 0, 0, 0, 0, 0, 0)
Sense 1(0; 0, 0, 0, 0, 0, 0) 16(1; 0, 0, 0, 0, 1, 1)

Amplifier 16(1; 0, 0, 0, 0, 1, 1) 1(0; 0, 0, 0, 0, 0, 0)
I/O 1(0; 0, 0, 0, 0, 0, 0) 64(1; 0, 0, 0, 0, 0, 0)

64(1; 0, 0, 0, 0, 0, 0) 1(0; 0, 0, 0, 0, 0, 0)

Y-Switch1 8(1; 0, 0, 1, 0, 1, 1) 8(1; 0, 0, 1, 0, 1, 1)
8(1; 0, 0, 1, 0, 1, 1) 8(1; 0, 0, 1, 0, 1, 1)

Y-Switch2 8(1; 0, 0, 0, 1, 1, 1) 8(1; 0, 0, 0, 1, 1, 1)
8(1; 0, 0, 0, 1, 1, 1) 8(1; 0, 0, 0, 1, 1, 1)

Address- 32(1; 1, 0, 0, 0, 0, 0) 32(1; 1, 0, 0, 0, 0, 0)
line1 32(1; 1, 0, 0, 0, 0, 0) 32(1; 1, 0, 0, 0, 0, 0)

Address- 32(1; 0, 1, 0, 0, 0, 0) 32(1; 0, 1, 0, 0, 0, 0)
line2 32(1; 0, 1, 0, 0, 0, 0) 32(1; 0, 1, 0, 0, 0, 0)
.
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.

Address- 32(1; 0, 0, 0, 0, 0, 1) 32(1; 0, 0, 0, 0, 0, 1)
line6 32(1; 0, 0, 0, 0, 0, 1) 32(1; 0, 0, 0, 0, 0, 1)
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