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We present a design method (called STD architecture) to design large memories so that the test time does not
increase with the increasing size of memory. Large memories can be constructed by using several small blocks
of memory. The memory address decoder is divided into two or more levels and designed such that during the
test mode all small memory blocks are accessed together. With the help of modified decoder, all small memory
blocks are tested in parallel using any standard test algorithm. In this design, time to test the whole memory is
equal to the time required to test one small block. The proposed design is highly structured and hardware overhead
is negligible. The basic idea is to exploit internal hardware for testing purpose. With the proposed method a
constant test time can be achieved irrespective of the memory size. STD architecture is applicable to memory
chips as well as memory boards, and the design is suitable for fault detection as well as for fault diagnosis.
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emory is a very important part of a computer
system. Significant amount of work has been
done in the recent years to obtain fast and very large
memory systems. As a result, the density of semiconductor memory chips has increased dramatically
[1]. With the increasing complexity, it has been recognized that the efficient testing of such memories
is a difficult problem. A multi-mega bit random access memory requires excessively large time just to
test all cell stuck-at faults. To overcome this problem,
researchers have sought to develop innovative test
generation algorithms and on-chip built-in self-test
methods.
Several innovative test algorithms for random access memories have been reported [2-17]. These algorithms can be categorized into two classes. One
set of algorithms is based on the memory fault model
as given by Nair, Thatte and Abraham [3]. The representative papers are [3-11]. A second class of test
algorithms is based on the pattern sensitive neighborhood cell fault model of Hayes [12-13]. The representative papers are [12-17]. The best known algorithms in both the classes are polynominal in time.

Because the complexity of memories is quadrupling
in every 2-3 years, even a linear increase in test time
becomes undesirable for large memories [1].
To overcome the prOblem of large test time, builtin self-test (BIST) methods have been developed.
One set of papers use extra hardware for on-chip test
generation and response evaluation (using a parallel
signature analyzer) [18-22]. The second approach
[23-30], uses extra hardware to partition the whole
memory into small blocks and test them in parallel
(using external test generation). Jarwala and Pradhan [25], showed that using partitioning methods, a
significant saving in the test time can be achieved for
large memories. However, Jarwala and Pradhan [25]
have pointed out that if a 1M-bit memory is partitioned into 16 blocks (64K-bit modules) using H-tree,
the percentage increase in area is about 30%. Such
a large overhead in hardware is unaffordable. It decreases the manufacturing yield significantly as well
as causes performance degradation.
Because of large test time requirements, memory
testing problems cannot be solved alone by clever
test algorithms. We present a structured testable de-
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sign method (STD architecture), to build (design)
large memories using small blocks. The design allows
testing of small blocks in parallel in a manner that
testing time for the whole chip remains constant irrespective of the memory size. Because small memory blocks are used to build big modules, the concept
is directly applicable to memory board design. In the
following section, we have commented on memory
fault model and test generation algorithm. The section after that presents the STD architecture.

FAULT MODEL AND TEST
GENERATION

cycles is kept to a minimum. The algorithm requires
only 9n read/write operations where n is the number
of bits. This algorithm covers all cell stuck-at-i/0
faults, 1-to-0 and 0-to-1 state transition faults, state
coupling faults between two cells, data retention
faults and decoder faults. In this paper, we assume
the fault model and test algorithm as given in [5].
Due to space limitation, test algorithm has not been
reproduced here, readers are referred to [5]. It
should be noted that STD Architecture as given in
section 3, is not limited to any specific fault model
or test algorithm. Depending upon objectivity, any
fault model and test algorithm can be used with STD
Architecture.

A general method to test a system is to assume a STD ARCHITECTURE
fault model and to generate input vectors to cover
these faults. A widely used fault model for RAM
devices is the fault model of Nair, Thatte and Abraham [3]. In this model, a circuit is divided into three
blocks, i.e., memory cell array, decoder circuit and
the sense amplifier or read/write circuit. In memory
array, a cell may have a stuck-at-I/0 fault or a cell
may have a coupling fault with other cells. In the
decoder circuit, a decoder may not access the addressed cell, it may access a non-addressed cell or it
may access multiple cells. The read/write circuit may
have stuck-at-i/0 faults which appear as memory cell
stuck-at faults. Physical fault mechanisms in memory
devices have been investigated [5], and it was found
that all faults in memory could be covered by the
fault model given by Nair et al. [3] with the addition
of state transition faults and data retention faults. A
more general fault model would thus include the fol-

lowing:
1. Memory cell stuck-at-1/0 fault.
2. Memory cell state transition 1-to-0 and 0-to-1
fault.
3. Memory cell bridging with other cell (state cou-

pling).
4. Stuck-at, multiple access or wrong addressing
faults in decoder.
5. Data retention fault.

For simplicity, for the test approach presented in
section 3, we have assumed the fault model as given
in [5]. It should be noted that any fault model can
be used with an appropriate test generation algorithm.
Ref. [5] also presents a RAM test algorithm of
linear time complexity to cover 100% faults under
single fault assumption. The number of read/write

The basic philosophy behind the proposed architecture is to divide an entire memory into several
small blocks and test the blocks in parallel. This partitioning is done during the design phase itself. The
main idea is topartition the memory address decoder
into multi-levels and design the memory accordingly
[27-28]. This partitioning method does not need
large hardware overhead and only requires a modified decoder for the most significant address lines to
ensure testability. As will be demonstrated, the proposed decoder modification does not cause large
hardware overhead. The basic difference between

the proposed scheme and that of Jarwala and Pradhan [25], is that the latter partitions memory using
extra hardware (making H-tree) after the design. The
access to the partitioned blocks was obtained by extra
hardware. In the proposed STD architecture, partitioning is achieved through memory address decoder.
Below, we have used four examples to illustrate
the proposed scheme. These examples cover both 1bit and m-bit word size memories, and allow memory
size to increase by a factor of 2x. To express the
memory size, we have used the notation nxm, where
n represents the number of words and rn represents
the word size. For example, 16K x i represents 16Kbits and 16K x 8 represents 16K-bytes.

Example 1 8K x 1 Memory
This memory requires a 13-to-8K decoder which can
be implemented at two levels, using 10-to-lK decoder and a 3-to-8 decoder. Thus, the memory can
be designed by eight blocks of 1K-bits (each associated with 10-to-lK decoder) and a 3-to-8 decoder.
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FIGURE

Circuit diagram of modified 2-to-4 decoder with an external control c.

The design is made testable by modifying the 3to-8 decoder, which contains the most significant address lines A10-A12. The modification is done by
adding one extra control signal to the decoder. To
illustrate the concept, design of 2-to-4 decoder is
given in Figure 1. Also, a parity circuit is added at
the outputs of the 1K-bits blocks. The testable design
is given in Figure 2. The control signal added to the
3-to-8 decoder makes it possible to select all of the
decoder output lines when control signal C 1 (this
is done during the test mode). When C
0, the
decoder is in its normal mode and selects only one
of its output.
To test this memory, the control signal C is kept
at ’1.’ Thus, same data read/write operations can be
done to all eight memory blocks using address lines
A0-A9. During this mode, all eight block are tested
in parallel. It should be noted that in case of a fault
in any block, the output of the parity circuit would
be ’1’ and hence, fault is detected. Using the algorithm as given in [5], all eight blocks can be tested
by 9K read/write operations.
After the testing of memory blocks, the control C
is switched to ’0’, converting the 3-to-8 decoder into
normal mode. Under this situation, eight input combinations are needed to test the 3-to-8 decoder. It
should be noted that if 1K 1 blocks are tested by
the algorithm given in [5], all cells contain ’0’ after
the conclusion of test. Hence, for each combination
of address lines A10-A12, we can detect decoder
faults by writing a ’1’ in a cell and reading it. However, to test the next combination, the cell should
contain ’0’. Thus, 24 read/write operations are required (last write is not necessary, thus, 23 opera-

tions are enough). These eight possible combinations
are applied at the address lines A10-A12, while
keeping A0-A9 to a fixed value (preferable, all 0s
or all ls). The response is observed at Dou, line. Thus,
the whole 8K-bits memory can be tested in a test
time necessary to test 1K-bits memory, (9K + 24)
read/write operations to be accurate. The hardware
overhead in this design is one control signal, 4 XOR

10
A0-A9
Din

Test Out

FIGURE 2 Testable design of 8K

memory for example 1.
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gates and 1 OR gate. Because the control line is
limited to the 3-to-8 decoder and does not extend to
the memory blocks, the routing area is neglible for
the control signal. The 10-to-lK decoders within the
memory blocks can also be implemented in two- or
multi-level. However, these decoders need no modification because partition size is 1K-bits.
It should also be noted that this design does not
cause any performance penalty. Breaking down a
single stage large decoder into multi-level decoder is
in fact desirable, because total delay of multi-level
decoder is small due to smaller capacitances.
Extension in

Memory Size

The memory size can be extended in this architecture
with minimal effort. For example, consider the design given in example 1 is required to be extended
to 32K-bits memory. This can be done easily by using
four blocks of 8K-bits memories each equivalent to
Example 1, and an additional 2-to-4 decoder. This
2-to-4 decoder contains the most significant address
lines and hence, it is modified by a control signal.
The control signal used in the 3-to-8 decoder in Fig.
3 can be used in 2-to-4 decoder as shown in Figure
3. During the test mode, the four 8K 1 blocks are
selected using the control signal (C 1) and all eight
1K 1 blocks are selected for each 8K 1 block.
Therefore, by setting C 1, all 32 blocks of 1K 1
memory are selected. These 32 blocks are tested in
parallel by 9K read/write operations using address
lines A0-A9.
After testing of the memory blocks, the control
signal is switched to ’0’. Under this condition, the 2to-4 decoder and four 3-to-8 decoders are tested by
32 combinations (96 read/write operations). Hence,
A0-A12
Din

,Dout

Test Out

FIGURE 3 Testable design of 32K x memory. Each 8K x 1
block is equivalent to Figure 2, producing 1-bit outout. Output
lines of 2-to-4 decoder behave as chip select signal for 3-to-8
decoder inside 8K x blocks.

whole 32K-bits memory is tested as 1K-bits memory
using (9K + 96) vectors. If the control signals to 2to-4 decoder and 3-to-8 decoders are different, then
all four 3-to-8 decoders can also be tested in parallel.
In that case, total number of test vectors is (9K +

36).
Extra hardware required in this 32K 1 design is
four parity circuits, each having 4 XOR gates and 1
OR gate, another OR gate and a control signal. The
routing area of the control signal is again negligible.
Effectively, hardware overhead in this case is 16
XOR gates and 5 OR gates.
The above discussion is restricted to bit-oriented
memory where the data line is only one bit wide and
observability is poor. When the word size is m-bits,
m data lines are observable. Therefore, we can easily
divide the whole memory into m blocks and test them
in parallel.
Extension to Memory Word Size
The STD architecture allows the extension in memory word size in a straight forward fashion. For example, consider that we need to extend the design
of example 1 into byte format. This 8K x 8 memory
can be designed by using eight blocks of 8K x 1 memory (Figure 4). In this design, each block of 8K x 1
memory is equivalent to the circuit given in Fig. 2.
All eight blocks of 8K 1 memory can be tested
in parallel by making Dino
D
Din7.
Effectively, this testing procedure is the same as in
Example 1. The number of memory operations is
(9K / 24). Because each test output is separately
observable, any fault can be detected and faulty
block can be uniquely identified. After testing of
memory blocks, eight additonal write and read operations (16 operations) are used to test the coupling
among D lines or among Do,t lines. This is achieved
by keeping one Din line at ’1’ while all the others are
at ’0’, for a fixed value of A0-A12. Thus, the whole
8K x 8 memory is tested by (9K + 40) vectors.
The hardware overhead in this case is eight parity
trees each having 4 XOR gates and 1 OR gate (total
32 XOR gates and 8 OR gates), and one control
signal. I-t should be noted that modification in the
test algorithm to byte-oriented memory using technique such as given in [5] is not desirable. The
amount of hardware overhead will remain the same,
however, the number of test vectors will increase to

(27K + 24).
The following example uses this concept and illustrates the case when an extension in numbers of
words as well as in word size is required.
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memory can be tested by (9K + 96 + 12) vectors.
The hardware overhead is one control signal and
[8 (16 XOR + 5 OR) 80 XOR + 40 OR] gates.
In both the approaches, the hardware overhead
and test time is comparable. The amount of hardware
overhead can be reduced significantly by using bigger blocks of memory arrays instead of 1K 1 arrays. However with the larger blocks, memory test
time will increase. For example, if 8K 1 memory
blocks are used, the whole memory can be tested by
(72K + 12) vectors, while only (16 XOR + 8 OR)
gates are required (see Figure 5). It should be noted
that equivalently, 256K 1 memory can be designed
by four additional 3-to-8 decoders, and can be tested

D

by (72K + 48) read/write operations.
The above examples show that various size and
word length memories can be designed such that the
test time remains constant in all the cases. From
Example 1 for total capacity of 8K-bits, to Example
2 for total capacity of 256K-bits the test time is constant (approximately 9K vectors).

A0-A12

C

D

T1

D2
T2

D

.D6
T6

T7
FIGURE 4 Testable design of 8K8 memory.
Each 8K
block is equivalent to Figure 2.

FAULT DIAGNOSIS AND
RECONFIGURATION
With slight modifications in the designs given in the
preceding section, memory can be designed for fault
diagnosis. The basic idea is to use a register instead
of a parity circuit to obtain better observability. Consider the design of 8K 1 memory as given in Example 1. The modified design is shown in Figure 6.
The design given in Figure 6 is basically same as given
in Figure 2, except the OR gate in parity circuit of

Example 2 32K x 8 Memory

l)Oin

D7in

A0-A12

This memory can be built by using four blocks of
8K 8 memory and a 2-to-4 decoder. The concept
is similar to Example 2. In this case, each block of
8K 8 memory is equivalent to Fig. 4. The additional
2-to-4 decoder, which contains the most significant
address lines, is modified by adding a control signal.
If we consider a separate control signal than used in
8K 8 blocks, the memory can be tested by (9K +
48 + 12) vectors or read/write operations. The hardware overhead in this case is two control signals and
[4x(32XOR + 8OR) + 8OR 128XOR + 40

OR] gates.
Another possibility is to design this memory by
using eight blocks of 32K x 1 memory. The concept
is similar to the previous 8K-bytes example. However, in this case, each block of 32K 1 memory is
equivalent to Fig. 3. With this design, a 32K-bytes

TO

DOout

D7out

FIGURE 5 Testable design of 32K8 memory using 8Kx
blocks.
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A0-A9
Din

decoder to Gnd or Vdd. For example, four blocks
(each 1K 1) can be disconnected in Figure 6 by
connecting the corresponding address line (A10A12) to Gnd/Vdd. In comparison to the existing
schemes [29-36], reconfiguration in STD architecture is extremely simple and does not require special
hardware such as laser programmable switches.

CONCLUDING REMARKS
A1
A1

FIGURE 6 8K x memory for fault diagnosis and reconfiguration.

Figure 2 has been replaced by a 4-bit register. The
test method is same as given in section 3. However,
instead of looking one bit parity output, collective
response of two blocks (each 1K 1) is observable.
Observability can be further enhanced if the whole
parity circuit is replaced by an 8-bit register. In that
case, a faulty 1K 1 block can be uniquely identified.
In the design of a 32K 1 memory (Figure 3), a
four bit register can be used at the output lines of
8K 1 blocks instead of the OR gate. In this case, a
faulty 8K 1 block can be identified. If a detailed
fault diagnosis is required, four registers can be used
within the 8K 1 blocks instead of parity trees. Another possibility is to use a single 32-bits long register
in which each bit represents the Dout line of 1K 1
memory block. In both the cases, a faulty 1K 1
block can be identified. In general, if only fault detection is required, parity circuits are recommended
because the area required by the registers is more
compared to the XOR and OR gates.
After locating a faulty block, proposed STD architecture also allows an easy reconfiguration of the
memory into 3/4, 1/2 or 1/4 of the original capacity.
The idea is to permanently connect the corresponding address line of the most significant part of address

The main advantage of the proposed scheme is that
very small test time can be achieved for any size of
memory. The test time can be kept almost constant
irrespective of the memory size. The design procedure is highly structured and test vectors need not
to be calculated for different memories having same
size of partitions (except the additonal vectors
needed to test decoders). The design uses existing
memory blocks of small size and hence large memories can be designed by this method in significantly
small design time. It should also be noted that the
architecture is not limited to the chip design. The
architecture is directly applicable to memory board
design (without any modification).
As discussed with a slight modification, fault diagnosis can also be achieved at module level in this
design. Fault diagnosis is extremely important from
reliability point of view. In case of memory board,
this is highly desirable. By identifying a faulty memory block (memory chip in case of a board), it can
be replaced by a good block if redundancy is available. If redundancy is not available, the faulty block
can be disconnected and the most significant decoder
is modified so that good memory blocks can still be
used. The memory can subsequently be configured
into 3/4, 1/2 or 1/4 capacity of the original size.
The only negative aspect of the proposed STD
architecture is the requirement of extra hardware to
observe the test response. For very large memories
if the test time is kept extremely small (for example,
a 4M-bits memory partitioned into 1K-bits blocks),
the hardware overhead becomes significant. The
hardware overhead is inversely proportional to the
partition size. This trade-off for various memories is
shown in Figure 7. It should be noted that in Figure
7, we measure the overhead in the number of gates.
Although, this measure is not very accurate, we feel
that this is the best representation, because the percentage overhead is negligible. It should be noted
that the routing overhead for the control signal is
very small in the proposed STD architecture as explained in section 4. The area overhead due to ad-

32K

16K
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[7] A. Birolini, W. Buchel and D. Heavner, "Test and screening
strategies for large memories," Proc. European Test Conf.,

288K

pp. 276-283, 1989.

[8] T. Fuja, C. Heegard and R. Goodman, "Linear sum codes
[9]
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[10]
[11]
[12]
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[13]
Extra Hardware (# of gates)

FIGURE 7 Trade-off in partition size vs extra hardware. Dotted
lines represent constant test time.

[14]

[15]
ditional transistors associated with the control signal "[16]
inside decoder is also extremely small, if the decoder
is designed with complex gates as shown in Figure
1. Partitioning and implementation of a decoder into [17]
two or multi-level in fact can result in a reduction in
transistor count. This fact can be visualized by con- [18]
sidering a small example, a 4-to-16 decoder. One
level implementation of 4-to-16 decoder using 4-input gates requires 128 transistors (64 nMOS and 64 [19]
pMOS transistors). The same decoder can be imple- [20]
mented at two levels using five 2-to-4 decoders. In
this case, the total number of transistors is (5 16
80). Partitioning of the decoder in this manner also [21]
results in the decrease in signal propagation delay
[37], due to small capacitances. Therefore, such par- [22]
titioning is desirable to improve the performance.
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