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 Memory built-in self-test (MBIST) has become an essential design-for-

testability technique for ensuring the reliability and quality of embedded 

memories in modern integrated circuits. The effectiveness of an MBIST 

implementation is largely determined by its test algorithm, which defines the 

sequence of memory operations, directly influencing both test complexity 

and fault coverage. Designing an efficient test algorithm requires balancing 

low test complexity with comprehensive fault detection. This paper presents 

a comprehensive review of MBIST test algorithms for static fault detection 

in static random-access memory (SRAM). The review first summarizes the 

characteristics of major SRAM static faults and their corresponding 

detection requirements. It then compares representative test algorithms in 

terms of test sequence, computational complexity, fault coverage, and design 

methodology. Furthermore, the evolution of MBIST test algorithm 

development is discussed, ranging from conventional ad hoc approaches to 

enhanced algorithms derived from existing March tests. The comparative 

analysis indicates that an 18N-complexity test algorithm is generally 

required to achieve complete detection of all unlinked static faults in SRAM, 

whereas optimized 14N-complexity algorithms provide an effective trade-off 

between test time and fault coverage. Finally, the review identifies current 

research challenges, including efficient detection of dynamic and linked 

memory faults and the development of MBIST algorithms for emerging 

memory technologies such as magnetic random-access memory (MRAM), 

highlighting promising directions for future research. 
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1. INTRODUCTION 

Memory built-in self-test (BIST) or MBIST is commonly adopted by the semiconductor industry to 

perform on-chip memory testing [1]. It reduces reliance on expensive external testers and, thus, produces a 

lower cost and faster memory test, owing to its capability to execute tests and then verify the test responses 

independently [2]–[5]. It is a vital technique since the chips are mainly occupied by memories nowadays, 

consuming up to 94% of the total chip area [6], [7]. Subsequently, the quality of the on-chip memories plays 

a vital role in modern chips’ manufacturing yield, which may contribute up to 90% of overall faults in the 

chip [8]–[10]. A test using MBIST is conducted by performing a series of test operations called the test 

sequences, defined by the applied test algorithm [11]. It typically consists of a controller to generate the test 

https://creativecommons.org/licenses/by-sa/4.0/
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patterns to be written to the memory under test and the expected results, which are then compared to the 

output read from the memory to detect any failure [12]–[14]. Hence, the built-in MBIST circuitry provides 

faster memory testing than using external testers as it eliminates their test latency [4], [15], [16]. Different 

test algorithms consist of dissimilar test operation sequences, offering different fault coverage and test 

complexity. 

The fault coverage determines the number of faulty behaviors that may occur in memory, such as 

static random-access memory (SRAM) during a test, which subsequently defines the quality of the test. 

Meanwhile, the complexity of a test indicates its length, which directly influences its cost: the higher the 

complexity, the longer the test length, and the higher the test cost [17], [18]. The complexity of a test 

algorithm can be either linear or non-linear [11], [19]. It can be expressed as mNp, where m is the number of 

test operations in the sequence, and N is the size of the memory under test (usually defined in the number of 

word cells). A test algorithm is said to have a non-linear complexity when p is greater than 1. Two examples 

of non-linear test algorithms are the Galloping Pattern (GALPAT) and the Walking Pattern (WALPAT) 

algorithms, with a complexity of 4N2 and 2N2, respectively [11], [12], [20]. On the other hand, a test 

algorithm’s complexity is considered linear when p equals 1. A linear-complexity test algorithm typically 

produces a significantly shorter test time than a non-linear complexity test algorithm. As shown in Table 1, a 

test using a linear-complexity algorithm on a 1 MB memory requires only 102.4 ms. In contrast, a test on the 

same memory may require up to 1 day to be completed when a non-linear complexity algorithm is  

used [8], [11], [21]. 

 

 

Table 1. The test completion time on a 1-MB memory for various test complexities 
Test complexity 

N N3/2 N 

102.4 ms 1.8 minutes 1.3 day 

 

 

For this reason, the industry prefers a linear-complexity test algorithm like the March-series test 

algorithms [19], [22]. A March test algorithm consists of a certain number of test operations that must be 

applied on every cell of the memory under test. Its test sequence combines the following four possible 

operations: write the cell to 0 (w0), write the cell to 1 (w1), read from the cell and expecting a 0 (r0), and 

read from the cell and expecting a 1 (r1) [11]. Additionally, these test operations may be carried out either in 

the ascending (⇑) or descending (⇓) memory address order. In the former case, the test operations will first be 

carried out on the cell with the base address [23]–[25]. A March algorithm is generally broken down into 

multiple smaller groups called the test elements; all the test operations that belong to a test element must be 

executed to all memory cells first before moving on to the following test elements. 

For instance, the March X algorithm [26] has the following test sequence: ⇕(w0); ⇑(r0, w1); ⇓(r1, 

w0); ⇕(r0). In this notation, the test elements are separated by semicolons. So, it has 4 test elements, starting 

from TE0 to TE3. In TE0 (⇕(w0)), all cells will be set to 0 regardless of the memory address direction. Next, 

in TE1 (⇑(r0, w1)), all cells (starting from the cell with the base memory address) will be read (expecting a 0 

at the output) and set to 1. After that, in TE2 (⇓(r1, w0)), all cells will be read (expecting a 1 at the output) 

and set to 1, starting from the cell with the final memory address. Finally, all cells will be read (expecting a 0 

at the output) in any address direction in TE3 (⇕(r0)). These test operations are illustrated in Table 2 using a 

simple 3-cell memory. 
 

 

Table 2. An illustration of the March X algorithm test operations 
Test element Test sequence Illustration 

TE0 ⇕(w0) 

 
TE1 ⇑(r0, w1)  

TE2 ⇓(r1, w0)  
 

TE3 ⇕(r0) 
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Selecting an appropriate test algorithm for an MBIST controller is one of the most critical design 

decisions because it directly affects both test quality and production cost. Test algorithms with high 

complexity (e.g., exceeding 18N) generally achieve excellent fault coverage but require longer execution 

time, thereby increasing manufacturing cost. Conversely, low-complexity algorithms significantly reduce test 

time but may fail to detect certain memory fault models, resulting in inadequate test quality [27], [28]. 

Consequently, an effective MBIST test algorithm must achieve a suitable balance between fault coverage and 

test complexity. 

Over the past several decades, numerous March-based test algorithms have been proposed to 

improve fault coverage while minimizing test complexity. These algorithms differ in their test  

sequences, detectable fault models, implementation complexity, and suitability for MBIST architectures. 

Although several surveys have discussed memory testing, a comprehensive comparison focusing on  

the evolution of March algorithms, their complexity, fault coverage, and design methodologies remains 

limited. 

Therefore, this paper presents a comprehensive review of March test algorithms for SRAM static 

fault detection in MBIST applications. First, the characteristics and detection requirements of common static 

SRAM fault models are discussed. Next, representative March algorithms are systematically compared in 

terms of their test sequences, computational complexity, and fault coverage. Subsequently, the methods used 

to develop and optimize these algorithms, including modifications of existing March tests and newly 

proposed approaches, are reviewed and analyzed. Finally, current research challenges and future research 

directions are highlighted to support the development of more efficient MBIST algorithms for emerging 

memory technologies. 

 

 

2. STATIC FAULT MODELS IN SRAM 

Memory faults are generally classified into static faults and dynamic faults according to the number 

of test operations required to activate the faulty behavior. A static fault can be sensitized and detected using a 

single memory operation, whereas a dynamic fault requires a sequence of two or more memory operations 

for activation and observation [10], [29]. Because static faults constitute the majority of manufacturing-

related defects and can be detected using relatively simple test sequences, they have been extensively 

investigated in the development of MBIST algorithms. Memory faults can also be categorized as unlinked or 

linked faults. An unlinked fault occurs independently, where the faulty behavior of one memory cell is 

unaffected by other faults present in the memory array. In contrast, a linked fault arises when two or more 

faults coexist and interact with one another. Such interactions may alter, mask, or even compensate for the 

observable behavior of individual faults, making fault detection considerably more challenging [30]. 

Consequently, test algorithms capable of detecting linked faults generally require more comprehensive test 

sequences than those designed solely for unlinked faults. 

This paper considers 9 types of unlinked static faults, as described in Table 3. Single-cell faults 

(SCF), TF, RDF, IRF, DRDF, and WDF are SCF whose fault behaviors only affect a single victim cell.  

In contrast, CFtr, CFdrd, and CFwd are the Double-Cell faults (DCF), where the faulty behavior observed in 

a victim cell (v) depends on the state or the operations done in its aggressor cell (a) [2], [31]–[35].  

In addition, each SCF consists of 2 fault primitives (FP), which indicates its faulty characteristics using the 

<S / V / O> notation, where S shows the fault’s sensitizing operations, V represents the observed faulty state 

at the v cell, and O the read value to be observed at the output [36]–[38]. O can have ‘-’ as a value if it is 

irrelevant or is expected to be identical to V. Meanwhile, a DCF has 8 FPs since it depends on two possible 

states of the a cell (low or high state) and the location of the a cell can be either before (a<v) or after  

(a>v) the v cell within the memory. Therefore, the FP notation for a DCF is <Sa;Sv / V / O>a>v or <Sa;Sv / V / 

O>a<v. 

The FP of each fault also indicates its detection requirement, as in the necessary test operation 

sequence to sensitize and detect it. An SAF <x/x’/-> can be sensitized by setting all memory cells to x, where 

x ∈ {0, 1}. Then, its faulty behavior can be detected when a read operation from the affected v cell returns its 

complement x’. A TF <x’wx/x’/-> sensitization and detection is almost identical to SAF <x/x’/->, but all 

cells’ states must be initialized to x’ before performing the wx operation. RDF <rx/x’/x’> and IRF <rx/x/x’> 

can be sensitized and detected by reading from all memory cells that are set to x-state. They have  

identical detection requirements as the SAF <x/x’/-> [34]. Meanwhile, a DRDF <rx/x’/x> can be detected  

by performing the read operation twice consecutively on every memory cell; the first read will sensitize  

its faulty behavior while the second will detect it at the output. Finally, a WDF <xwx/x’/-> can be sensitized 

by writing an x logic to memory cells containing x; a read operation that follows can detect its faulty 

behavior. 
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Table 3. An SRAM’s unlinked static fault models’ descriptions 
Fault FP SCF/DCF Description Illustration 

Stuck-at fault 
(SAF) 

<0/1/->, 
 <1/0/-> 

SCF Regardless of the new 
written value, a v cell’s 

state remains low or 

high. 

 

Transition fault 

(TF) 

<0w1/0/->, 

<1w0/1/-> 

SCF A v cell fails to change a 

state (from low to high or 

high to low). 
 

Read 

Destructive 

fault (RDF) 

<r0/1/1>,  

<r1/0/0> 

SCF A read from a v cell 

unwantedly changes its 

state and returns 
incorrect output. 

 

Incorrect read 

fault (IRF) 

<r0/0/1>,  

<r1/1/0> 

SCF A read from a v cell 

returns incorrect output. 
 

Deceptive read 

destructive fault 

(DRDF) 

<r0/1/0>,  

<r1/0/1> 

SCF A read from a v cell 

unwantedly changes its 

state but returns the 

correct output. 

 

Write disturb 
fault (WDF) 

<0w0/1/->, 
<1w1/0/-> 

SCF A non-transition write to 
a v cell unexpectedly 

changes its state.  

Transition 
coupling fault 

(CFtr) 

<0;0w1/0/->a>v, 
<0;0w1/0/->a<v, 

<1;0w1/0/->a>v, 

<1;0w1/0/->a<v, 
<0;1w0/1/->a>v, 

<0;1w0/1/->a<v, 

<1;1w0/1/->a>v, 
<1;1w0/1/->a<v 

DCF A v cell fails to change a 
state (from low to high or 

high to low) every time 

its a cell is in a specific 
state. 

 
or 

 

Deceptive read 

destructive 
coupling fault 

(CFdrd) 

<0;r0/1/0>a>v, 

<0;r0/1/0>a<v, 
<1;r0/1/0>a>v, 

<1;r0/1/0>a<v, 

<0;r1/0/1>a>v, 

<0;r1/0/1>a<v, 

<1;r1/0/1>a>v, 

<1;r1/0/1>a<v 

DCF A read from a v cell 

unwantedly changes its 
state but returns the 

correct output every time 

its a cell is in a specific 

state. 

 
or 

 

Write disturb 

coupling fault 

(CFwd) 

<0;0w0/1/->a>v, 

<0;0w0/1/->a<v, 

<1;0w0/1/->a>v, 
<1;0w0/1/->a<v, 

<0;1w1/0/->a>v, 

<0;1w1/0/->a<v, 
<1;1w1/0/->a>v, 

<1;1w1/0/->a<v 

DCF A non-transition write to 

a v cell unexpectedly 

changes its state every 
time its a cell is in a 

specific state. 

 
or 

 

 

 

In contrast, since a DCF involves two coupling cells, their detection requirements are more complex 

than SCFs. CFtr, CFdrd, and CFwd occurrences can be sensitized and detected by following the same rules as 

TF, DRDF, and WDF, respectively. However, the identical test sequences must be carried out in both address 

directions to cover both a>v and a<v cases. Table 4 summarizes the required test sequences to sensitize and 

detect these faults [27], [34]. In this table, the necessary test operations to detect RDF and IRF are 

represented by SAF since their detection requirements are similar. F(x) represents any operation(s) to cause 

the memory cells to be in the x-state. 

Consider the following test sequence: ⇕(w0); ⇑(r0, w1, w1); ⇓(r1, w0, w0); ⇕(r0). This test sequence 

shall allow the MBIST operation to detect the following faults: 

− SAF, RDF, and IRF since it includes necessary the read operations (r0 in TE1 and TE3, and r1 in TE2). 

− WDF since it performs non-transition write operations (w1w1 in TE1 and w0w0 in TE2), which are 

immediately followed by a read operation.  

− Half of CFtr (CFtr <0;0w1/0/->a>v, CFtr <1;0w1/0/->a<v, CFtr <0;1w0/1/-> a>v, and CFtr <1;1w0/1/-> a>v). 

− Half of CFwd (CFwd <0;1w1/0/->a>v, CFwd <1;1w1/0/->a<v, CFwd <0;0w0/1/->a>v, and CFwd 

<1;0w0/1/->a<v). 

− It cannot detect DRDF and CFdrd since it has no consecutive double-read operations. 
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Table 4. Necessary test operation sequences to detect each unlinked static fault 
Fault Description 

SAF ⇕(...,wx, rx, …); or ⇕(...,wx); ⇕(rx, …); 

TF ⇕(F(x’), wx, rx, …); or ⇕(F(x’), wx); ⇕(rx, …); 

DRDF ⇕(F(x), rx, rx, …); or ⇕(F(x), rx); ⇕(rx, …); or ⇕(..., F(x)); ⇕(rx, rx, …); 

WDF 
⇕(..., F(x), wx, rx, …); or ⇕(..., F(x), wx); ⇕(rx, …);  or ⇕(..., F(x)); ⇕(wx, rx, …); or ⇕(..., F(x)); ⇕(wx); 

⇕(rx, …); 

CFtr 

 
To detect CFtr <x;xwx’/x/->a>v: 

⇕(F(x)); ⇑(F(x), wx’, rx’, F(x’));  or ⇕(F(x)); ⇑(F(x), wx’); ⇕(rx’, …);  or ⇕(F(x));  ⇕(wx’, rx’, F(x’), 

F(x)); 

Required test sequences for CFtr <x;xwx’/x/->a<v detection are obtained by reversing the address orders 
in the test sequence. 

 

To detect CFtr <x’;xwx’/x/->a>v: 

⇕(F(x); ⇓(F(x), wx’, rx’, F(x’)); or ⇕(F(x); ⇓(F(x), wx’); ⇕(rx’, …); or ⇕(F(x’));  ⇕(F(x), wx’, rx’, F(x’)); 

or ⇕(F(x’));  ⇕(F(x), wx’); ⇕(rx’, …); 

Required test sequences for CFtr <x’;xwx’/x/->a<v detection are obtained by reversing the address 
orders in the test sequence. 

 

CFdrd 

To detect CFdrd <x;rx/x’/x>a>v: 

⇕(F(x); ⇑(F(x), rx, rx, F(x’)); or ⇕(F(x’); ⇓(F(x), rx, rx, F(x)); or ⇕(F(x’); ⇓(F(x), rx); ⇕(rx, …); or  

⇕(F(x); ⇕(F(x), rx, rx, F(x)); or ⇕(F(x); ⇕(F(x), rx); ⇕(rx, …); or ⇕(F(x)); ⇕(rx, rx, F(x’), F(x)); or 

⇕(F(x)); ⇕(F(x’), wx, rx, rx, F(x)); or ⇕(F(x)); ⇕(F(x’), wx, rx); ⇕(rx, …); 

Required test sequences for CFdrd <x;rx/x’/x>a<v detection are obtained by reversing the address orders 
in the test sequence. 

 

To detect CFdrd <x’;rx/x’/x>a>v: 

⇕(F(x); ⇓(F(x), rx, rx, F(x’)); or ⇕(F(x’); ⇑(F(x), rx, rx, F(x)); or ⇕(F(x’); ⇑(F(x), rx); ⇕(rx, …); or  

⇕(F(x’); ⇕(F(x), rx, rx, F(x’)); 

Required test sequences for CFdrd <x’;rx/x’/x>a<v detection are obtained by reversing the address 
orders in the test sequence. 

 

CFwd 

To detect CFwd <x;xwx/x’/->a>v: 

⇕(F(x)); ⇑(F(x), wx, rx, F(x’)); or ⇕(F(x’)); ⇑(F(x), wx, rx, F(x)); or ⇕(F(x’)); ⇑(F(x), wx); ⇕(rx, …); or  

⇕(F(x)); ⇕(wx, rx, F(x’), F(x)); or ⇕(F(x)); ⇕(F(x’), wx, rx, F(x)); or ⇕(F(x)); ⇕(F(x’), wx); ⇕(rx, …); or 

⇕(F(x)); ⇕(wx, rx, F(x)); or ⇕(F(x)); ⇕(wx); ⇕(rx, …); 

Required test sequences for CFwd <x;xwx/x’/->a<v detection are obtained by reversing the address 

orders in the test sequence.  
 

To detect CFwd <x’;xwx/x’/->a>v: 

⇕(F(x)); ⇓(F(x), wx, rx, F(x’)); or ⇕(F(x’)); ⇓(F(x), wx, rx, F(x)); or ⇕(F(x’)); ⇓(F(x), wx); ⇕(rx, …); or  

⇕(F(x’)); ⇓(F(x), wx, rx, F(x’)); 

Required test sequences for CFwd <x’;xwx/x’/->a<v detection are obtained by reversing the address 
orders in the test sequence. 

 

 

3. REVIEW OF MBIST TEST ALGORITHMS 

As mentioned in section 1, a test algorithm is indispensable in the MBIST implementation to define 

the test operation sequence to be executed onto the memory under test. Therefore, it influences two main 

criteria in a memory test: fault coverage and test complexity. A fault coverage (FC) defines the test quality in 

terms of the number of possible faults to be detected during a test. It can be calculated by dividing the 

number of detectable faults by the total faults, as written in (1). In this section, the coverage of each fault is 

calculated in the following manners: the FC of each SCF is calculated by dividing the number of detectable 

FPs over 2 (since each SCF consists of 2 FPs), while the FC of each DCF is obtained by dividing the number 

of detectable FPs over 8. Meanwhile, the test complexity determines the test duration; the higher the 

complexity, the longer it takes for a test to complete. A linear-complexity test algorithm's complexity equals 

the total number of test operations within its test sequence multiplied by the size of the memory or N. For 

example, the complexity of the March X algorithm [26] equals 6N since it consists of 6 read or write 

operations in its test sequence: ⇕(w0); ⇑(r0, w1); ⇓(r1, w0); ⇕(r0). 

 

𝐹𝐶 =
𝑛𝑜 𝑜𝑓 𝑑𝑒𝑡𝑒𝑐𝑡𝑎𝑏𝑙𝑒 𝑓𝑎𝑢𝑙𝑡𝑠

𝑡𝑜𝑡𝑎𝑙 𝑓𝑎𝑢𝑙𝑡𝑠
  (1) 

 

Based on the literature, the classical zero-one is the algorithm with the lowest complexity (4N), with 

the ⇓(w0); ⇑(r0); ⇑(w1); ⇓(r1) test sequence. Despite its low complexity, it has the poorest fault coverage 

among all existing test algorithms, where it can only detect SAF, RDF, IRF, half of TF, and 25% of CFtr. 

Meanwhile, the Checkerboard algorithm offers minor improvement in TF and some CFs detections.  
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Figure 1 illustrates the data background patterns used by the Zero-One and Checkerboard algorithms. The 

Zero-One algorithm uses a solid data background, as shown in Figure 1(a). Meanwhile, the Checkerboard 

algorithm uses a checkerboard data background, where logic 0s and 1s are alternated between consecutive 

cells, as shown in Figure 1(b). 

 

 

  
(a) (b) 

 

Figure 1. Data background patterns used in the Zero-One and Checkerboard algorithms: (a) solid data 

background and (b) checkerboard data background 

 

 

The March X algorithm [26] and the MATS++ algorithm (test sequence: ⇕(w0); ⇑(r0, w1);  

⇓(r1, w0, r0)) [39] have 6N complexity. Unlike the Zero-One and Checkerboard algorithms, both of these 

algorithms provide full coverage of TF and 50% coverage of CFtr [30]. The March C algorithm, with 11N 

complexity, has the following test sequence: ⇕(w0); ⇑(r0, w1); ⇑(r1, w0); ⇕(r0); ⇓(r0, w1); ⇓(r1, w0); ⇕(r0) 

[40]. Later, a read operation within the test sequence was considered unnecessary and hence removed to 

create a new March C- algorithm with 10N complexity and the following test sequence: ⇕(w0); ⇑(r0, w1); 

⇑(r1, w0); ⇓(r0, w1); ⇓(r1, w0); ⇕(r0) [41]. For years, both the March C and March C- algorithms have 

proven to provide complete coverage of SAF, TF, RDF, IRF, CFtr, and conventional CFs such as the Static 

CF (CFst), Idempotent CF (Cfid), and Inversion CF (Cfin). However, due to technology scaling towards 

Very-Deep Submicron and nanometer processes, newer faults like DRDF, WDF, CFdrd, and CFwd have 

emerged and become more relevant in modern memories [42]. Consequently, these test algorithms are no 

longer adequate in memory testing to detect these new faults [43]. 

Many March test algorithms with complexities higher than 10N were created and can detect some of 

these faults, either fully or partially. The March CL algorithm, with 12N complexity, has the following test 

sequence: ⇕(w0); ⇑(r0, w1); ⇕(r1); ⇑(r1, w0); ⇓(r0, w1); ⇕(r1); ⇓(r1, w0); ⇕(r0) [44]. It can fully detect CFtr 

and partially detect DRDF and CFdrd, but it cannot be used to detect WDF and CFwd. Meanwhile, the 

March LR algorithm, with 14N complexity, was initially proposed to cover several linked and unlinked static 

faults [45]. It has the following test sequence: ⇕(w0); ⇓(r0, w1); ⇑(r1, w0, r0, w1); ⇑(r1, w0); ⇑(r0, w1, r1, 

w0); ⇑(r0). A researcher claims it fully covers all unlinked static SCFs and DCFs [15]. However, it is unable 

to detect these new faults (WDF, DRDF, CFwd, and CFdrd); its test sequence includes neither double read 

operations to enable DRDF and CFdrd detections nor the non-transition operations to detect WDF and CFwd 

[46]. Several 14N-complexity test algorithms exist and are preferred by the industry to balance fault coverage 

and test complexity [33]. The March SR algorithm, with ⇕(w0); ⇑(r0, w1, r1, w0); ⇑(r0, r0); ⇑(w1); ⇓(r1, w0, 

r0, w1); ⇓(r1, r1) test sequence, provides complete coverage of DRDF but only half of CFdrd [47]. A work 

was carried out in [33] to modify the data background bits used in the March SR test sequence to establish 

the modified March SR algorithm with the following test sequence: ⇕(w0); ⇑(r0, w0, r0, w1); ⇑(r1, r1); 

⇑(w1); ⇓(r1, w0, r0, w0); ⇓(r0, r0). The newly modified test sequence completely detects all SCF, 50% CFtr 

and CFwd, and 62.5% coverage of CFdrd. Meanwhile, the March C+ algorithm was an improvement from 

the March C- algorithm by adding 4 read operations into the latter’s test sequence to become ⇕(w0); ⇑(r0, 

w1, r1); ⇑(r1, w0, r0); ⇓(r0, w1, r1); ⇓(r1, w0, r0); ⇕(r0) [48]. Compared to the latter, the former offers 

complete detection of DRDF and CFdrd. Similar to the March SR algorithm, it does not provide any 

detection of WDF and CFwd. The March AZ2 algorithm, with 14N complexity, has the following test 

sequence: ⇕(w0); ⇓(w0, r0); ⇑(r0, w1, w1, r1); ⇑(r1, w0); ⇓(r0, w1, w1, r1); ⇑(r1). It balances test fault 

coverage and complexity by covering 100% of all SCFs and 75% of all DCFs [27]. Meanwhile, the March 

AZ1 algorithm, with 13N complexity, is a lower complexity alternative to the March AZ2 algorithm, offering 

a slightly lower CFtr coverage (62.5%) compared to the latter [27]. It has the following test sequence: ⇕(w0); 

⇓(w1); ⇑(w1, r1, r1, w0); ⇑(w0, r0); ⇑(r0, w1, w1, r1); ⇑(r1).  

The March-sift algorithm is a 17N-complexity test algorithm that is composed by ⇕(w0); ⇑(r0, w1); 

⇓(r1, w0, r0); ⇑(r0, w1); ⇑(r1, w0); ⇓(r0, w0, r0); ⇑(r0, w1, r1); ⇕(r0) test sequence [31]. Despite its test 

complexity that is higher than a 14N-complexity like the March AZ2 algorithm, it offers a lower overall fault 

coverage since it can only detect half of the WDF, 5 out of 8 FPs of CFdrd (63%), and 2 out of 8 FPs of 

CFwd (25%). Through observation, its test sequence includes a non-transition write operation on logic 0 

(0w0) at its TE5. Consequently, it is unable to detect WDF <1w1/0/->, CFwd <X;1w1/0/->a>v, and CFwd 
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<X;1w1/0/->a<v (where X represents any logic value). Meanwhile, an 18N-complexity test algorithm called 

the March-ee was established with the following test sequence: ⇑(w0); ⇑(r0, w1, r1); ⇑(r1, w0, r0); ⇑(r0, w1); 

⇓(r1, w0, r0); ⇑(r0, w0); ⇓(r0, w1, r1); ⇑(r1) [49]. It provides a better overall fault coverage than the March-

sift algorithm, but it can only detect 50% of the WDF and 25% of the CFwd due to the same weakness found 

in the latter. Another 18N-complexity algorithm called the March LV, with ⇕(w0); ⇑(r0, w1, w1, r1); ⇑(r1, 

w0, w0, r0); ⇓(r0, r0, w1, r1); ⇓(r1, r1, w0, r0); ⇓(r0) test sequence, provides better fault coverage through a 

full detection of WDF and 50% detection of CFwd [32]. 

The March MSS algorithm, also with 18N complexity, has been proven to include a minimal test 

sequence to completely cover all unlinked static faults in SRAM: ⇕(w0); ⇑(r0, r0, w1, w1); ⇑(r1, r1, w0, w0); 

⇓(r0, r0, w1, w1); ⇓(r1, r1, w0, w0); ⇕(r0) [34]. It certainly provides faster memory testing than other test 

algorithms like: 

− the March CS, a 20N-complexity algorithm with ⇕(w0); ⇑(w0, r0, w1, r1); ⇕(w1); ⇑(w1, r1, w0, r0); 

⇓(w0, r0, w1, r1); ⇓(w1, r1, w0, r0); ⇕(w0, r0) test sequence [50],  

− the March SS, a 22N-complexity algorithm with ⇕(w0); ⇑(r0, r0, w0, r0, w1); ⇑(r1, r1, w1, r1, w0); ⇓(r0, 

r0, w0, r0, w1); ⇓(r1, r1, w1, r1, w0); ⇕(w0) test sequence [51],  

− the improved March C+, a 22N-complexity algorithm with ⇕(w0); ⇑(w0, r0, w1, w1, r1); ⇑(w1, r1, w0, 

w0, r0); ⇓(r0, w0, w1, w1, r1); ⇓(r1, w1, w0, w0, r0); ⇕(r0) test sequence [52], 

− the improved March LR, a 22N-complexity algorithm with ⇕(w0); ⇓(r0, w1); ⇑(r1, r1, w0, w0, r0, r0, w1, 

w1); ⇑(r1, w0); ⇑(r0, r0, w1, w1, r1, r1, w0, w0); ⇑(r0) test sequence [46], and 

− the March RAW, a 26N-complexity algorithm with ⇕(w0); ⇑(r0, w0, r0, r0, w1, r1); ⇑(r1, w1, r1, r1, w0, 

r0); ⇓(r0, w0, r0, r0, w1, r1); ⇓(r1, w1, r1, r1, w0, r0); ⇕(r0) test sequence [53]. 

A reduced version of the March RAW algorithm, called the March RAW1 algorithm, is also 

available with the following test sequence: ⇕(w0); ⇕(w0, r0); ⇕(r0); ⇕(w1, r1); ⇕(r1); ⇕(w1, r1); ⇕(r1); ⇕(w0, 

r0); ⇕(r0) [53]. With only 13N complexity, it only focuses on detecting all SCFs. 

Table 5 summarizes all test algorithms reviewed in this section: F designates that a fault is 100% or 

fully covered, H specifies a 50% coverage, while ‘-’ represents the non-detectability of a fault. This table 

shows that a minimum of 18N complexity is required for a test algorithm to fully cover all unlinked static 

faults. In contrast, it also demonstrates that test algorithms with complexities below 10N have poor fault 

coverages and cannot detect those new faults introduced by the nanometer process technology. In between, 

some test algorithms provide good coverage in many faults but are notably unable to detect WDF and CFwd. 

For example, the March C+ algorithm offers excellent detections of all faults except WDF and CFwd. 

Meanwhile, the March AZ2 algorithm, with 14N complexity, delivers the best coverage of all targeted faults 

among all below 18N-complexity test algorithms (with 83.3% of the overall fault coverage), thus offering the 

best balance between the memory testing’s complexity and fault coverage. 
 
 

Table 5. MBIST test algorithms’ complexities and fault coverages 

Test algorithm Complexity 
Fault coverage 

SAF TF RDF IRF DRDF WDF CFtr CFdrd CFwd Total 

Zero-One 4N F H F F - - 25% - - 25% 

MATS++ 6N F F F F - - H - - 33% 

March X 6N F F F F - - H - - 33% 

March C- 10N F F F F - - F - - 44% 

March CL 12N F F F F H - F H - 58% 

March AZ1 13N F F F F F F 63% 75% 75% 81% 

March LR 14N F F F F - - F - - 44% 

March SR 14N F F F F F - F H - 61% 

Modified March SR 14N F F F F F F H 63% H 69% 

March C+ 14N F F F F F - F F - 72% 

March AZ2 14N F F F F F F 75% 75% 75% 83% 

March-sift 17N F F F F F H 75% 63% 25% 67% 

March-ee 18N F F F F F H F F 25% 81% 

March LV 18N F F F F F F F F H 89% 

March MSS 18N F F F F F F F F F 100% 

March CS 20N F F F F F F F F F 100% 

March SS 22N F F F F F F F F F 100% 

Improved March C+ 22N F F F F F F F F F 100% 

Improved March LR 22N F F F F F F F F F 100% 

March RAW 26N F F F F F F F F F 100% 
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4. REVIEW OF TEST ALGORITHM GENERATION METHODS 

Based on the literature review, various ways can be utilized to create a new test algorithm. In 

memory testing’s early days, classical test algorithms like the Zero-One, Checkerboard, GALPAT, and 

WALPAT were considered the ad-hoc tests since no formal fault models were established at that period [42]. 

As mentioned earlier, Zero-One and Checkerboard algorithms produce short memory testing with very poor 

fault coverages, whereas GALPAT and WALPAT algorithms offer higher fault coverage but require an 

extensive test duration due to their non-linear complexity, which causes the test cost to arise as well. 

Many March test algorithms, e.g., the March C and MATS++, were created based on the test 

algorithm generation by simulation (TAGS) technique, owing to the establishment of memory fault models in 

the 1980s [42]. This technique creates multiple templates containing all possible combinations of read and 

write operations at various stages; it starts at the first stage with a 1N-complexity template containing a write 

operation. After that, the complexities of the templates will gradually increase at each stage. Each template’s 

fault coverage is determined at each stage through analyses using a fault simulator like the RAM simulator 

for error screening (RAMSES). Additionally, all analyzed templates that do not show any fault coverage 

improvement from the previous stage are removed from further analysis. The process is repeated until a 

template containing the test sequence providing 100% coverage of the targeted faults is produced or the 

maximum test length is reached [11]. The TAGS process flow is depicted in Figure 2. 
 

 

 
 

Figure 2. A new March test algorithm generation flow using TAGS 
 

 

Another way to create a new test algorithm is the FP-based generation method, which was 

successfully used to establish the March SS and the March MSS algorithms [34], [42], [51]. In this method, 

all required test operation sequences to detect intended faults are identified based on their FPs. From here, a 

new test sequence is developed to provide optimum detection of these faults. For example, six propositions 

were established when creating the March MSS algorithm to guarantee its complete detection of all unlinked 

static faults in SRAM. For instance, to ensure its coverage of DRDF and CFdrd, its test sequence must 

include at least two (r0, r0) sequences and two (r1, r1) sequences, one of each must have an address order 

that is the opposite of the other: it must contain at least one ⇑(…, rx, rx, …) and one ⇓(…, rx, rx, …). An 

automation tool was used to develop 49 new test sequences containing 18 read or write operations, among 

which the March MSS algorithm test sequence was recognized to provide the best fault coverage, detecting 

all unlinked static faults in SRAM [34]. 

Furthermore, many test algorithms were generated from improving another existing test algorithm. 

On one hand, many of these algorithms were created by extending their initial test sequences through 

additional test operations. For example, the March C+ algorithm resulted from adding four read operations 

into the March C- algorithms, as illustrated in Figure 3, thus enabling the DRDF and CFdrd detections [48]. 

Meanwhile, the improved March LR was created by adding 8 new test operations into the March LR 
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algorithm’s test sequence, resulting in the complete detection of DRDF, CFdrd, WDF, and CFwd, which are 

undetectable by the March LR algorithm [46]. Despite enhancing the fault coverage, this method has a 

drawback: it undoubtedly increases the test complexity since extra test operations are involved in detecting 

more faults. 

On the other hand, a work proposed in [33] optimizes the data background used in the March SR 

algorithm’s test sequence while keeping its complexity unchanged, as shown in Figure 4. Compared to the 

March SR’s test sequence, the modified March SR’s test sequence includes non-transition write operations in 

its TE1 and TE3 to enable the detections of WDF and CFwd, which are undetectable by the former. 

However, it has several limitations: it focuses only on enabling SCF detection and can enable WDF 

and CFwd detections only when the input test sequence includes double-read operations [54]. Therefore, the 

work done in [27] improved it by adding several more steps to rearrange the test operations and optimizing 

the test addresses to enable and remove redundancies in DCF detections. It resulted in the March AZ2 

algorithm, with 14N complexity, derived by modifying the existing March LR algorithm’s test sequence, as 

depicted in Figure 5. After adjusting the latter’s data background, the address orders are optimized by 

reversing its TE4’s address direction (from ⇑ to ⇓) to eliminate duplicated test element and DCF detection 

redundancies. Finally, several test operations are rearranged to enable WDF and CFwd detections. The 

March AZ2 algorithm delivers the best coverage of the targeted faults among all test algorithms with a 

complexity lower than 18N. 
 
 

 
 

Figure 3. The March C+ creation by adding four read operations into the March C- algorithm’s test sequence 
 
 

 
 

Figure 4. The modified March SR algorithm that is derived from the March SR algorithm’s data background 

optimization 
 

 

 
 

Figure 5. The creation of the March AZ2 algorithm from the modification of the March LR algorithm 
 

 

Despite the significant progress in balancing test complexity and static fault coverage, considerable 

opportunities remain to improve the efficiency and capability of memory testing. Existing March algorithms, 

such as March AZ2 (14N) and March MSS (18N), provide excellent coverage of unlinked static faults but are 

generally insufficient for detecting more complex fault types, including linked static faults and dynamic 

faults. According to the literature, comprehensive dynamic fault detection typically requires substantially 

higher test complexity, as demonstrated by algorithms such as March SL24 (24N) [55], March FRDD (38N) 
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[2], and March LSD (75N) [55]. Consequently, future research should focus on developing low-complexity 

test algorithms capable of detecting dynamic faults while maintaining high fault coverage and short test 

execution time. Promising directions include optimizing existing March algorithms through redundancy 

reduction, operation reordering, or hybrid test strategies, as demonstrated in recent studies [56], [57]. 

In addition to improving SRAM testing, further research is needed to establish fault models and 

MBIST algorithms for emerging memory technologies. Advanced non-volatile memories, such as 

Magnetoresistive RAM (MRAM), resistive RAM (RRAM), phase-change memory (PCM), and Ferroelectric 

RAM (FeRAM), exhibit operating principles and failure mechanisms that differ fundamentally from those of 

conventional SRAM. For example, MRAM stores information using magnetic tunnel junctions instead of 

charge, resulting in unique fault behaviors that cannot be adequately represented by conventional SRAM 

fault models. As a result, the development of comprehensive fault models, efficient test algorithms, and 

dedicated MBIST architectures for these emerging memories remains an important research direction. 

Furthermore, integrating adaptive testing techniques, machine learning, or artificial intelligence into MBIST 

design may provide additional opportunities to optimize test generation, improve fault diagnosis, and reduce 

overall testing cost for future high-density memory systems. 

 

 
5. CONCLUSION 

This paper presented a comprehensive review of MBIST algorithms for detecting unlinked static 

faults in SRAM. The review examined the characteristics and detection requirements of major static fault 

models and analyzed representative March test algorithms in terms of their test sequences, computational 

complexity, and fault coverage. The comparison demonstrates that the effectiveness of an MBIST 

implementation is largely determined by the selected test algorithm, which directly influences test quality, 

execution time, and manufacturing cost. The reviewed literature indicates that low-complexity March 

algorithms (10N or below) provide fast testing but are unable to detect several important static fault models. 

Conversely, complete detection of all unlinked static faults generally requires a minimum test complexity of 

18N, as achieved by algorithms such as March MSS. To bridge the gap between testing efficiency and fault 

coverage, numerous optimized March algorithms with complexities ranging from 10N to 18N have been 

proposed. Among these, the March AZ2 algorithm provides one of the most effective trade-offs by achieving 

14N complexity while detecting all state coupling faults (SCFs) and approximately 75% of dynamic coupling 

faults (DCFs), making it an attractive candidate for practical MBIST implementations.  

Although significant progress has been achieved in SRAM testing, several research challenges 

remain. Future studies should focus on developing low-complexity algorithms capable of detecting both 

static and dynamic fault models without substantially increasing test time. In addition, the emergence of 

advanced memory technologies, including MRAM, RRAM, PCM, and FeRAM, necessitates the 

development of new fault models and corresponding MBIST algorithms tailored to their unique failure 

mechanisms. Furthermore, integrating intelligent optimization techniques and adaptive test strategies into 

MBIST architectures represents a promising direction for achieving higher fault coverage, shorter test 

duration, and improved testing efficiency in next-generation memory systems. 
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