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Abstract 

Testing is essential to VLSI circuit production. In the case of memory circuits. the 

cost of testing often exceeds the cost of manufacture. Current memory testing methods 

rely on fault models that are inadequate to accurately represent potential defects that 

occur in modern. often specialized, memories. 

\\'e present a formal framework for modeling and testing memories. Simple fault 

models are created. based on potential circuit-le,·el defects in a gi,·en memory. This 

framework is demonstrated using a content-addressable memory ( CA.wl) as an example. 

C'Al\Is are used in integrated circuits where searching is a key operation. 

A C..\.l\il cell 1s analyzed at the transistor-network, event-sequence and finite-state 

machine levels. A fault model is defined: it comprises input stuck-at, transistor and 

bridging faults. \Ve show that functional tests can reliably detect all input stuck-at faults. 

most transistor faults ( including all stuck-open faults), and about 50°o of bridging faults. 

The remaining faults are detectable by parametric tests. A test. of length 7n + '21 -.- 9. 

that detects all the reliably testable faults in an n-word by /-bit CAM was designed. 

OFT suggestions that reduce the length of this test to 2/ + 11 are proposed. Two CAM 

tests, by Giles & Hunter and by Kornachuk et al., are evaluated with respect to the input 

stuck-at faults. It is shown that the former test fails to detect certain faults: it can be 

modified to achie,·e full coverage at the cost of increased length. 

To demonstrate the general applicability of our framework. an input stuck-at fault 

model of a word-oriented. static random-access memory (SRAl\I) is also given. Several 

commonly known tests are evaluated: some fail to detect close to 50e,o of faults in this 

model. 
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Chapter 1 

Introduction 

··[f you don't test it. it won't work! Guaranteed." [54] 

This adage embodies the undisputed necessity of testing. Particularly, in the realm of 

VLSI circuits where millions of devices are located in an area of approximately l cm::? and 

no fabrication method. no matter how meticulous. can guarantee perfect results. testing 

is an essential and integral part of the production process. There are numerous re.a.sons 

for VLSI circuit failure. During chip fabrication. defective silicon substrate. improper 

doping. mask misalignments or imperfections, contamination with dust particles. or etch­

ing flaws may result in outright faulty devices. or devices which fail soon after bein~ put 

into operation. Even correctly operating chips may. in time, fail due to electro-migration. 

oxidation. corrosion. or mechanical stress. :Moreover. such aging processes can be accel­

erated by extreme environmental conditions. It is. therefore, necessary to test integrated 

circuits throughout their life-cycle. from fabrication to in-service maintenance. 

:Memory circuits constitute a large part of all integrated circuit production. High 

bit-densities of modern memory chips render them particularly prone to failure, thus 

magnifying the need for thorough testing methods that are efficient enough to be eco-

1 



CHA.PTER 1. INTRODUCTION 2 

nomically justifiable. Not surprisingly. a substantial research effort has been devoted 

to testing random-access memories ( R.-\~ls). The development and utilization of fault 

models for RA11s has led to qualitative comparisons among existing testing methods. It 

also facilitated the construction of more efficient testing methods and the establishment 

of lower bounds on the lengths of test sequences for various faults. 

As technologies and cell designs change and as the circuits become smaller. it is 

no longer clear if fault models designed some ten years ago are still applicable to the 

memories of today. This is particularly true for special-purpose memories that incorporate 

additional. non-standard circuitry. Although new tests for these memories are being 

developed [21]. the approach taken is still rather ad-hoc. and results in an ever increasing 

number of highly abstract fault models. completely detached from the design and the 

technology for which they were developed. 

In this thesis we demonstrate the need for establishing simple formal fault models 

that are created for specific memory cell designs. As a representative of a special-purpose 

memory we chose a CAM. a word-oriented storage device that is being utilized increasingly 

often in digital designs for its parallel search abilities. Although CA.Ms ha,·e been known 

since the sixties. their higher complexity and cost effectively excluded them from use by 

the digital systems industry. By the same token. research devoted to testing CA.Ms has 

also been limited. Today. due to the never-ending quest for increased processing power 

and advancement in VLSI technology. C..\Ms are usually found embedded in various high 

performance application-specific integrated circuits ( AS I Cs). 

\\'e have developed a cell-specific fault model based on a transistor circuit of a static 

CMOS CAM cell utilized by Nortel Corporation in their telecommunication ASICs. \Ve 

have found that only a fraction of the faults that can occur in the CAM cell do, indeed. 

correspond to the well-established fault types such as cell stuck-at faults. 

Our fault model provides a basis for comparisons among test methods currently used 
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for testing CAl\ls in terms of coverage of faults that are specific to a particular CAM cell 

circuit design. It provides a precise mathematical foundation for determining shortest test 

sequences for various faults in the model. Short test sequences are particularly relevant to 

embedded memories. where testing is accomplished by built-in self test ( 81ST) schemes. 

By applying our formal framework for fault modeling, test generation and evaluation 

to an SRA.l\l cell we demonstrate that our approach can be easily applied to any type of 

1nemory. 

The remainder of this thesis is organized as follows: General issues regarding testing 

are discussed in Chapter 2. Chapter ~~ is devoted to common methodologies used for 

testing random access memories. Formal memory models are described in Section 4. 

CA1I fundamentals are the topic of Section 5. A survey of existing CAM tests is given 

in Chapter 6. Section 7 presents the formal model of the three types of faults contained 

in our fault model. The development of an efficient CAM test is described in Chapter 8. 

An evaluation of some of the CA.l\l tests of Chapter 6 is presented in Chapter 9. An 

application of the framework to an SRAM circuit is given in Chapter 10. Chapter 11 

contains concluding remarks and future areas of investigation. 



Chapter 2 

Testing 

The goal of testing is to distinguish good circuits from malfunctioning ones. A more de­

tailed analysis leading to localization of the cause of a malfunction is known as diagnosis: 

hence. testing is only a part of a diagnostic process. 

Digital electronic circuits may be tested in several ways. The analysis of various 

electrical properties. such as voltages. currents. noise. power dissipation. etc. is called 

parametric testing. Another approach to testing digital integrated circuits relies on a 

comparison of the behavior of the circuit to its functional specification without any regard 

for the structural implementation of the circuit. This type of analysis is referred to as 

functional testing. The study of how deviations in the structural implementation of a 

circuit may affect its logical functionality is called logical testing. Our efforts concentrate 

on the last approach. 

2.1 Logical Testing 

Any time a circuit's behavior deviates from that prescribed by its specification, we say 

that the circuit is malfunctioning, or that an error has occurred. Every error is the 

4 



CH . .\PTER 2. TESTING 5 

result of some physical defect or design miscalculation. A variety of different physical 

defects may occur in a circuit. Severed connections. shorts to ground or to supply voltage 

i :u. any flaws caused by improper masking, or poor semiconductor doping during the 

manufacturing process. even an incorrect design, are all considered defects. 

The large number of diverse physical defects renders any circuit analysis in terms of 

these defects impractical. It is much easier to analyze circuits in terms of faults. A fault is 

a term used to describe a group of physical defects which manifest themselves in the same 

way. For example. let us consider a group of defects that cause a node in a circuit to be 

permanently connected to a high \·oltage. Such a node can be referred to as being subject 

to a stuck-at-1 fault. Stuck-at-I and stuck-at-0 faults are the best known and the most 

commonly analyzed faults. If under certain input conditions a fault causes an erroneous 

output mlue, the given fault is called detectable. Some faults are not detectable. which 

means that there are physical defects that do not cause a circuit to malfunction. but 

affect its performance. Other faults manifest themselves only if the circuit is tested at 

speeds approaching its design extrema; they are referred to as dynamic faults. 

Logical testing of digital circuits is performed by applying a sequence of logical values 

to the circuit ·s input ports and observing the resulting output. If the output differs from 

the expected one. a fault is detected. 

The nature of a fault determines the fault model; in case of stuck-at faults, the stuck­

at fault model. In order to reflect faults of a different nature - for example, transistor 

stuck-on(open) or bridging faults - appropriate fault models have to be defined. This is 

particularly important in the case of C:MOS circuits where certain defects may convert a 

combinational circuit into a sequential one or may cause the circuit to generate logically 

indeterminate output. Sequential behavior of a faulty combinational circuit can be de­

tected by an application of an appropriate sequence of test patterns. Faults that cause 

logically indeterminate output, on the other hand, are often detectable by parametric 
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tests. 

One well known fault model is the external stuck-at fault model. It describes faults that 

may cause inputs as well as outputs of a gate to be permanently set to logic O or logic l. 

The definition of this fault model has facilitated reasoning about forks as separate entities 

within the circuit, with their own respective faults [25]. Figure 2.1 depicts locations of 

faults for the external stuck-at fault model. 

i11 1 _x 

iHJ[ X 

(a) 

X olLf IU X 
X OtLf l 

• 
X t11Lf_y 

(b) 

Figure 2.1: External stuck-at fault model for: (a) gate, (b) fork. 

A simpler, output stuck-at fault model considers only those faults that occur on outputs 

of gates. thus effectively. on inputs of forks. Locations of faults for the output stuck-at 

fault model are presented in Fig. 2.2. 

X ollf l1l 

I Tl .\I 

( a) 

X • 
OILf l 

OILf .Y 

(b) 

Figure 2.2: Output stuck-at fault model for: (a) gate. (b) fork. 

It is clear that digital circuits need to be tested in terms of an appropriate fault model. 

The fact that not all faults (for a given fault model) are detectable in a particular circuit 

brings about the issue of testability. A circuit is completely testable if every fault in a 

given fault model can be detected. Detection of a fault requires that it be activated and 

the resulting error propagated. Consider the circuit in Fig. 2.3. The fault Z = Sa-1 is said 

A 
0 

Z=Sa-1 
X 

F 

Figure 2.3: Activation and propagation of faults. 
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to be activated when input .-1. of the circuit is set to logic l. Consequently, node Z is set 

to logic O in a fault-free circuit. This process is often referred to as fault sensiti=ation. In 

effect an erroneous input value is presented on the upper input to the AND gate. This 

error will be propagated to the output F when input B is set to logic l. Therefore. 

fault Z= Sa-1 is detectable because. for the input vector .4B = 11. a fault-free circuit 

would produce a O on the output. whereas the faulty circuit yields a l. In this case it 

can be said that the node Z can be controlled and observed. Clearly, testability of a 

circuit is determined by the observability and controllability of all its internal nodes. A 

comprehensive study of these issues can be found in [lj. 

Let us now look at the testability of circuits under the stuck-at fault model. 

Digital circuits are classified as either combinational or sequential. The issue of testing 

combinational circuits is a well studied one [l. 17]. The simplest circuits to test are the 

fan-out free circuits. such as the one presented in Fig. 2.3. The reason for this simplicity 

can be explained by following Theorem [8]: 

··[n fanout-free circuits (i.e .. circuits where each primary input and each gate 

output are inputs to at most one gate). there exists a single stuck fault test 

set of minimal cardinality which detects all multiple stuck faults." 

Fnfortunately, most combinational circuits contain reconuergent fan-out. which means 

that an arbitrary fault could be activated. and the resulting error propagated through 

multiple paths. It may also be the case that coherent input values can be determined 

for detection of a particular fault only for a subset of possible paths. The selection of 

appropriate paths is done algorithmically. 1\-lany such algorithms have been developed for 

testing for stuck-at faults. These algorithms include the D-algorithm. Podem, Fan. etc. 

Testing of sequential circuits is a different matter. Consider the circuit of Fig. 2.4. 

The next state of this sequential circuit depends on the present input values and on the 
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Iupnt.,- C,11111,iuat.i,,ual 
L,,t::ic 

Figure 2.4: Sequential circuit overview. 

8 

current internal state of the circuit. A common way of testing a sequential circuit is to 

visualize it as testing a series of combinational circuits which in addition to inputs and 

outputs from the sequential circuit, have additional inputs denoting the current state. 

and additional outputs denoting the next state of the sequential circuit. Unfortunately, 

the internal state is often not observable and its controllability is limited. In order to 

determine a sequential circuit's adherence to its specification. a sequence of input values 

has to be applied from a known initial state. This implies that the circuit has to be 

somehow initialized. Unless the circuit has a resetting capability. an initializing sequence 

of input \·alues has to be applied beforehand. This sequence is also known as a homing 

sequence. It has been shown that input sequences for determining the internal state of a 

sequential circuit are in the worst case exponential in length [29]. In general. exhaustive 

testing of sequential circuits is an NP-hard problem [17]. 

As stated earlier. the testability of a circuit is determined by its controllability and 

observability. By introducing circuit design modifications that improve either of these two 

factors. the complexity of necessary tests can be greatly reduced. To date, a substantial 

research effort has been dedicated to design for testability (DFT). Scan test design is a 

popular method of DFT. 
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2.2 Scan Test 

Scan design is a method of increasing sequential circuit testability. To illustrate it. we 

present the sequential circuit of Fig. 2.5. It consists of five registers interleaved with some 

combinational logic. The only inputs that are directly controllable are those attached to 

- CL l - CL'.! - -

CL 3 ◄ 

Figure 2.5: Arbitrary sequential circuit. 

register RI. and the only outputs that are directly observable are those from register R4. 

The remaining three registers are internal and. therefore, practically inaccessible. 

- CL l - CL'.! - -

R3◄ CL 3 ◄ 

Siu Sont 

Figure 2.6: Scan Test design. 

Now, suppose that all the registers are scan registers ( which are similar to shift regis-
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ters) and are connected together with a serial line to form a single scan path. as depicted 

iu Fig. 2.6. Through this path arbitrary values can be scanned in and out of every regis­

ter. In this manner all the registers are made fully controllable and also fully observable. 

Since every register can be now loaded with useful test vectors. the hard problem of 

testing sequential circuits has been reduced to that of testing combinational circuits. 

In the above example every register is made scannable. which constitutes a full scan 

test design. Circuits designed in this manner are fully testable. This ability. however. 

comes at a price. Scan registers are slower and more complex than their non-shiftable 

counterparts. Additional serial and control lines are also required. Consequently. fully 

scannable circuits are larger. more complex. slower. and use more energy than their 

non-scannable counterparts. Furthermore, full scan designs entail extensive scan paths 

resulting in prohibitively long scan-in/scan-out times. 

Limiting the number of registers included in the scan path in order to reduce overhead 

constitutes a partial scan test design. These registers must be selected in a way that does 

not impede the circuit ·s testability. Significant amount of research has been devoted to 

establishing optimal partial scan tests [6. 12. 23. 27. 51]. 

Scan path techniques are not limited to intra-chip testing. At the system level. test 

sequences can be provided to individual chips on a circuit board via a serial path line. 

This method. called boundary scan. has proven so useful that it has been standardized 

by the IEEE 1 [54]. 

Scan path techniques. although very useful in improving the testability of a sequential 

circuit. have the disadvantage of being serial in nature. This imposes a practical upper 

bound on the length of the test vectors. Hence the goal is to obtain maximal fault 

coverage with shortest possible tests. 

I IEEE 11-t!) 1301m,l.u·y Snu1 ;u·dut.c•c·t1u·r. 



CHAPTER 2. TESTING 11 

2.3 Suuunary 

Fundamental aspects of testing digital circuits have been described using the most com-

111011 fault model. the stuck-at fault model. as an example. This fault model is insufficient 

to describe all possible faulty behaviors of a digital circuit, particularly one implemented 

in CMOS technology. Other fault models are required and appropriate tests have to 

be devised. Moreover. due to the existence of non-logical faults. logic tests have to be 

complemented with parametric tests. 

Logic testing. in itself is a complex issue, particularly when applied to sequential 

circuits. Exhaustive testing is an NP-hard problem in general. so fault models have to be 

tailored to the circuits under test in order to be accurate, and for the respecti\·e tests to 

be short enough to be useful. 

Although circuits should be designed to include features that improve testability, 

such as scan paths (DFT), test lengths should be minimal while providing optimal fault 

coverage m the fault model. 



Chapter 3 

Meniory Testing 

i\lemory-based products make up a significant percentage of the total production of inte­

grated circuits. As technologies change and bit densities continue to increase. new causes 

of failure emerge: defects that were of no consequence in earlier generations have to be 

dealt with now. Consequently. testing methods have to evolve continuously in order to 

maintain the expected levels of quality control with efficiency. 

Testing of random-access memories (RAl\1s) has been the topic of extensive research. 

The content of this chapter is a summary of fundamental aspects of functional RAM 

testing. based on the comprehensive studies on testing RAMs presented in [20. 42]. 

3 .1 RAM Test Classification 

RAl\ls are large sequential circuits used for storing binary information. Their large state 

space and regular structure has led to the development of memory-specific testing method­

ologies. Testing methodologies can be divided into two categories: traditional and modern: 

the latter is also known as re.duced. 

Traditional tests such as ·Zero-One', 'Checkerboard', 'GALPAT', '\\lalking 1/0'. 'Slid-

12 



CHA.PTER 3. .\!EMORY TESTING 13 

mg Diagonal" and 'Butterfly' were not designed on the basis of any fault model. Fault 

co\·erage of these tests could net be determined and qualitative comparisons between 

these tests were difficult. r..,loreover. these tests were often O(n'.!) in length. where n is 

the number of bits stored in the chip. Since modern memory chip capacities reach the 

1Gb range. any tests of such length are unacceptable. 

:\lodern functional memory testing techniques define their coverage in terms of faults. 

such as: ( cell) stuck-at. toggling. coupling and pattern-sensiti,·ity. Examples of modem 

tests are: ·1IA.TS", 'MA.TS+'. 'MATS+-r-', 'March C-'. etc. These tests are also known 

as march tests. They derive their name from the fact that memory cells are analyzed one 

by one in ascending or descending order. The sequence of operations that are performed 

on each consecutive cell is referred to as the march element. Nlarch tests can be easily 

generated and thus are often used in built-in self-test designs. 

Van de Goor presents a study of several march tests in terms of their fault coverage 

and complexity, followed by a qualitative comparison to traditional ones [20]. These 

results are summarized in Table 3.1. This table contains the fault coverages of several 

tests. The listed faults include both those of the memory array (i.e .. cell stuck-at faults. 

transition faults and coupling faults) and those of the peripheral circuitry (i.e .. address 

decoder faults. refresh faults, sense amplifier recovery faults and write recovery faults). 

The latter three faults are dynamic. as they occur when the memory is operated at speeds 

approaching its design extrema. For instance. a slow sense amplifier may fail to read a 0 

after reading several consecutive ls, or a slow address decoder may fail to access a correct 

memory location in time for a subsequent operation. It should be noted that traditional 

tests not only detect faults, but also locate them within the memory array; however. this 

diagnostic ability comes at a substantial increase in test time and is usually not required. 

since a faulty chip will often be discarded. 

Two types of storage mechanisms are used in current RA.Ms. \Vhen data is stored 
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Table 3.1: Comparison of memory tests for n-bit RAMs [20]. 
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as a charge on a capacitor the RAM is called a dynamic RAM (DRAM). This charge 

dissipates in time due to leakage currents. and ha.s to be dynamically refreshed: hence 

the name. In fact DRAl\Is are largely analog devices. On the other hand. data can also 

be stored in a latch - a digital device. In this case. as long as power is supplied to the 

chip. the data is retained indefinitely. For this reason such a RA!vl is called a static RAM 

(SRAM). 

Defects 111 memory circuits can be partitioned into two categories: global and local. 

Global defects are often related to the manufacturing process. They include incorrect 

thickness of polysilicon or gate oxide that may result from variations of oven tempera­

ture. and affect a large area of a wafer. These defects are readily detectable by various 

parametric tests. Local or spot defects, such as dust particles on the chip or gate oxide 

pinholes. manifest themselves mostly as functional faults. They are interpreted at the 
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layout level as broken wires. shorts between wires, missing contacts. extra contacts and 

newly created transistors. Spot defects are mapped into the following functional classes: 

• A stuck-at fault in a cell. 

• A stuck-open fault m a cell. 1.e. the cell cannot be accessed by read or write 

operations. 

• A multiple cell access fault. 

• A data retention fault. where a cell changes its state spontaneously. 

• A coupling fault. 

state coupling (SRAMs only), where the coupled cell is driven to some state 

only when the coupling cell is in a particular state. 

idempotent coupling, where the coupled cell is driven to some state due to a 

change of state in a coupling cell. 

dynamic coupling (ORA.Ms only). where the coupled cell ts driven to some 

state when the coupling cell is being accessed. 

• A transition fault (SRA.Ms only), where a cell's state can change only in one direc­

tion ( e.g .. from O to 1. but not from I to O), 

• A pattern-sensitivity fault (DRAMs only), where a celrs state is influenced by the 

state. or change of state of the neighboring cells. The cell's neighborhood may be 

defined by physical adjacency. a common row or column. 

It is clear that due to the fundamental differences in the data storage mechanism. 

different fault models apply to ORAl\ls and SRA1ls. A comprehensive survey of defect­

based fault models for ORA.Ms and SRA.Ms is given in [5. 42]. 
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Experimental studies have indicated that traditional and pattem-sensiti\·ity fault tests 

are ill-suited for testing SRA.Ms. as the fault coverage of these tests falls in the 50°c - 70°o 

range [~O]. An inductive fault analysis method. described in [20. 43], re\·ealed that stuck­

at faults constitute about 50°c of faults occurring in SRAMs and data retention faults 

constitute up to 18°o. 

On the basis of these observations special SRAM tests. such as IFA-9 and IFA-13. 

have been designed [20]. The [FA-9 test is an extension of the March C- test, allowing it 

to detect data retention faults. IFA-13 (a further extension of IFA-9) has been designed to 

deal with the sequential behavior of sense amplifiers in the presence of stuck-open faults. 

These tests are more efficient and yield higher fault coverage than general functional tests 

that detect coupling faults, such as MARCH A. B, or C'. 

3.2 Design-Oriented Fault Modeling 

Defect-oriented fault modeling and inductive fault analysis techniques allow for the gener­

ation of tests that are more efficient than traditional tests. Howe\·er. with the development 

of special-purpose memories. such as multi-port-RAMs. CA.Ms and FLASH memories. the 

number of fault models is growing at an alarming rate [4, 20, 21. 33]. making them in­

creasingly difficult to track. Vnfortunately, many fault models also fail to specify the 

design details and the underlying technology (Bipolar. NMOS. CMOS, BiCMOS) of the 

circuit for which they were designed. As a result, tests designed to detect faults for a given 

fault model may inadvertently be used to test functionally similar memories for which 

that fault model may not apply. This confusing situation often forces industrial test en­

gineers to use the old, well known fault models and tests. regardless of how inefficient or 

unreliable they may be. 

In order to remedy this situation. we postulate the following guidelines for design-
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oru:nt€.d fault modeling: 

• The circuit and the underlying technology should be specified to avoid confusion. 

• Faults should be labeled in terms of defective circuit components, not in terms of 

functional behavior ( e.g. transistor stuck-on fault. not transition fault). 

• Particular attention should be paid to application-specific aspects of the design. 

These guidelines are in agreement with the concept of logical testing, described in the 

previous chapter. Howe\·er, in this thesis we will show that by following these guidelines 

simpler and more accurate fault models and logical tests can be developed. 

3.3 Sununary 

An overview of memory testing topics has been presented. Traditional and modern tests 

have been described and compared in terms of their lengths and fault coverage. Faults 

indigenous to static and dynamic memories have been described. This characterization 

is a result of defect-based fault modeling techniques. We have also listed tests designed 

exclusively for SRA.Ms. These tests are more efficient and yield higher fault coverage than 

general functional tests . .-\ design-oriented approach to fault modeling has been proposed. 

Its purpose is to categorize faults in terms of defects in the cell circuit and not in the celrs 

functional behavior. This approach should result in more accurate fault models that take 

into account the cell design, implementation technology. and design-specific functionality 

of a memory. 
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Forrnal Models 

In order to reason about memory faults a proper formalism is required. \\'e adopt a 

formalism developed by Brzozowski and Jiirgensen [11] for sequential circuit testing and 

diagnosis. 

Finite-state automata are used to describe possible behavior!:! of a sequential cir­

cuit. The correct behavior of the circuit is modeled by a Mealy automaton .-\11 = 
{Q". X. Y".J",,,\ 11

) called the good machine typ€. Here. Q" is the set of states.Xis the 

input alphabet. Y" is the output alphabet. J" : Q" • X -+ Q11 is the transition function. 

and ,\'' : Q" X _,. }"0 is the output function. :\. good machine type initialized to some 

state q"-= Q". is referred to as a good machine (.-l0
• q"). Similarly. any incorrect behavior. 

referred to as a fault type is also a Mealy automaton .-l; = (Q;. X. yi. Ji.,\;). Fault types 

have the same input alphabet as A". but differ from it in the set of states. the output 

alphabet. transition and output functions. By the same token, a fault type initialized 

to some state is called a fault. The good machine type .4°. together with a finite family 

of fault types .--1 1 .... , A"' and a set of potential initial states pi '~ Q; for i = 0 .... , m 

constitute a fault model for A'' denoted as .:F_.,,_ ... 

Since random-access memories are in fact sequential circuits (i.e., the output depends 

18 



CHAPTER 4. FORMAL l\IODELS 19 

on the input and the internal state of the circuit). we shall use a sample RA.M to illustrate 

a summary of the above formalism. 

4.1 Me1nory Models 

We define a model of a bit-addressable RAM of size n. A fault-free n-cdl RAM type is a 

l\lealy automaton [11] 

where Q = {0.1}". X = U;'.::i X; with X; = {r;, w{., wi}, Y = {0. 1.8}. and the transition 

function J and the output function .,\ are defined by 

<>((qi.•• .. qi, .... q,,). r;) 

<>((qi ..... q; ... .. q,,). w[,) 

<>((qi,•• .. q;. • • .. q,.), wi) 

,\((qi, .... q; ... .. q,.), r') 

,\((qi, .... q;, .. .. q,,). w;,) 

,\((q1, · · ·• q;, .. . ,q,,), IL'~) 

(q1, .... q; ..... q,.). 

(qi,••··O, .... q,,). 

(qi . .... 1 ..... q,, ) . 

q;, 

S. 

S. 

Inputs r;. u·:,, w{ denote a ·read'. ·write O' and 'write 1 • operations on cell i. respectively. 

Output $ is merely a formal symbol denoting lack of output during ·write' operations. 

Similarly. a model for an n-word by /-bit memory has been developed [15]. It is 

specified as an n-tuple automaton 

1.\1,..1 = (Q,,_1. X,,_1, Y;. J,,_1. ,\,._t). 
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where 

Q 11 .I = { 0. 1. .... 2' - l } " . 

,~ { 1 1 1 l 11 ,, 11 11 } 
,'I.,,_/= r ,lL',.,U'1·····W'.!1-1,··--r .u•,..lL'1·····lL''.!t-1. 

and 

ti = { 0. 1. .... 21 
- 1. $}. 

The transition function J,,_, and the output function >..,,_f are defined by 

,\ (( 1 ; ") ) u,,_/ q ..... q ..... q , X = 

and 

(ql • ... •qi, ... • q"). 

( q l • ... ' Q .... • q" ) • 

( ql .... • l. .... q"). 

(ql .... ,2 ..... q"). 

( q l ..... 3 ..... q"). 

( l •)I 1 " ) q ... ··- - ... .. q . 

if X = r'. 

if X = u•:1• 

if X = IL'~. 

if X = W~. 

otherwise. 

20 

Inputs r;. and w; denote a 'read' and ·write j' operations on word i. respectively. where 

j-= {O. 1. 2. 3 ..... 21 - l}. Symbol$ is used as hefore to denote lack of output. 

4.2 Classic Fault Models 

Classic memory faults. described in the previous chapter, can be formalized as follows [11]: 
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• ..\ stuck-at-a fault type is denoted as: 

where the set of states is 

the input alphabet X and the output alphabet 1· remain unchanged. and the tran­

sition function Ji=,, is a restriction of c5 to Qi=,, • X. except for the transitions under 

input w:, where ii is the complement of a. In this case the next state function takes 

the form: 

• ..\ transition fault type is denoted as: 

In this Mealy automaton Ji~,, is identical to c5 with the exception of the transition 

resulting from the input w:,, when cell i is in the state a: 

• ..\ coupling fault type involves two separate cells i and j, respectively. Cell i is 

referred to as the coupling cell, and cell j is the coupled cell. This fault is also 
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defined as a Mealy automaton: 

where t5i,,=• JI, differs from J in the transition resulting from the input IL';,, when cell 

i is in the state ii and cell j is in the state b: 

4. 3 0 bserver 

The goal of testing is to determine whether a circuit .-l' under test can be classified as 

a good machine type .-111 or some other fault type _.ti (1 :S i ::: m). on the basis of its 

input and output sequences. Initially .-1' is in some unknown state p. This is denoted by 

a machine ( .-1'. p). One step in the process of this classification consists of applying a test 

input to .-l'. obtaining its response. and then comparing both input and output to possible 

behaviors of .-1" through .-l"'. This comparison will divide the set of machine types into 

two sets: one with outputs identical to that of .-l'. and one with outputs different from 

that of .-l'. Machine types belonging to the latter set may be discarded as .-1' does not 

belong to them. Successive and successful repetition of this step will result in the first 

set to become a singleton (.-1' = .-l;), or an empty set. which means that .-l' belongs to 

some other. unspecified fault type. This process of fault detection can be accomplished by 

means of a (deterministic) observer, which is an initialized deterministic semi-automaton 

~ = ~(.-l".F) = (D.X • Y.«5.d1i). defined as follows [10. 11]. 

For i = 0.1, ... ,m. let .-1; = (Q;.X,Y;.J;,,\;) and let Cji Q; 1_1 {,.,;}where..,,; 1s a 
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new state symbol denoting the discarded machine types. Furthermore. for q -= Q; and 

( .i-. y) -= X • }';. let the transition function be defined as 

-· { Ji(q. x). 
J' ( q. ( .l.". y)) = ..,,; . 

if >.i(q. x) = y. 

if ,,\;(q,x) = y. 

and let c5'(....:. (x. y)) = ,..;_ Each state of the observer's state set d -:: D is a tuple with 

components <I'.i for i = 0. 1. .... m and q -:: pi (set of potential initial states). Therefore 

the set D is defined as 

D = { d I cf., -:: cY. i = 0. 1. .... m , q -:: pi}. 

The observer's initial state d11 is denoted by [d0 t = q which includes all possible initial 

states of all fault models and the good machine. Its transition function J(d. (x. y)) equals 

c if and only if each component of e is e;, = Ji ( d;r ( x, y)) for all i and q. 

The maximum amount of information about an arbitrary sequential circuit A.' obtain­

able from a test is: the initial state q, the current state q', and the value of the index i 

indicating the machine type. All possible outcomes of such identification can be described 

by the set 

A complete deterministic observer can easily become unmanageably large as demon­

strated in [10]. However. since we are only interested in establishing whether .-l' is a 

good machine or not, the observer can be substantially reduced. This is accomplished 

by extracting, out of the set of observer's states D, a partition BF where the affiliation 

to either the good machine type or to the faulty machine types, but not both. has been 

established. 
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The partition BF = ( Bo. B:o) called a fault partition consists of two disjoint sets 

of states B11 = {(O.q.q') I q-:: P'. q'-:: Q"} and B:11 = {(i.q.q') ! i = 1. .... m. q-:: 

pi. q' -= Q;} which uniquely determine whether the circuit under test is modeled by the 

good machine type or not. In other words. these states are BF-decided. 

The fault partition BF is one of a number of other useful partitions. referred to in 

general as B-partitions. An input word which results in a transition to a 8-partition, 

consisting of sets of 8-decided states. is said to B-diagnose the circuit .--\' [10. 11}. 

4.4 Diagnosing Languages 

An observer a can be modified in the following manner: 

l. The output part }·' from the input alphabet X · }-' is removed. thereby introducing 

nondeterminism. 

•) A set F of 8-decided states is introduced as a set of final or accepting states. 

As a result a nondetenninistic B-acceptor a (.--\0• ~ •• B) = ( D. X. 8. {d11 }. F) is obtained. 

where 

J(d.z) = {d' I :ly-= }' : J(d(z.y)) = d'}. 

Any word w is said to B-diagnose if and only if it always results in a ending up in 

an accepting state. The set of all 8-diagnosing words for the fault model :F constitute a 

regular language La(.:F) [ll]. This observation has led to several useful properties: 

• If LB ( :Fi) '~ La ( .:F"J) then a fault model .:F1 is said to B-cover a fault model :F"l for 

a diagnosis goal B. This is particularly m,eful in determining whether tests for one 

type of fault are applicable to testing for another type of fault. i.e. establishing the 

fault coverage of a particular test [55]. 
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• Gi\·en several sets of B-diagnosing words for different fault models that constitute 

a family F. a single set of B-diagnosing words can be obtained for the entire set of 

these fault models by the following formula [55]: 

La LYF F) = n Ls (.F). 
F-::F 

4.5 Lower Bounds 

One of the early papers on lower bounds for the detection of coupling faults in RAMs 

was presented by Brzozowski and Cockburn [9]. Due to the recent rapid increase in 

memory sizes. efficient detection of faults is the subject of extensive research. Cockburn 

and Brzozm•.rski [14] have presented a summary of known lower bounds and test sequence 

lengths for detecting various faults in RAMs. These bounds have been established using 

language theoretic tools and are shown in Table 4.1. 

Table 4.1: 

:.:•·u,·r:a.l t, ,:.:,:.:;liu:.:. 

:?-li111it,·, l r, -~:.::liu:.: 

-l-li111it.,·d ,·,,11(,liu~ 

3-li111it,·,i ,·,,11pli11:.: 

t, •~:.:::I• -fr,.,. ··•·••••liu:.:: 

Lower bounds and known test lengths for faults in n-bit RA.Ms. 

! :?".; + ,, :?,,.; + " .. pti1ual f.,r ,, ~ :?. 

r,ll"~.;(" - l lJ + J" -1,,ri .. :.:.; ul +" uptiuaal f,,r" = :?: 

I 

lC. f.,1·" = :?: 
:?11:.:. + 3,,. f,,r 11 >:? 

ull,.:.::0 (,, - llj + ,,, 
~" - :? 

I '.),, - '.! 

-1,, rt .. :.::,,, l + 1,,, 

1-ltt - l'.! 

l'.!u - 8 

!Ott - -I 

1:;,, - 1-1 

,,1,tin1al f,,r u = :?: 
.-,,11j,·1·t111·,·d ,,pti111al f.,1·,, :...- 3. 

~1a,,1·t,·:--t ku,,wu f,,r,, > l:i. 

••()ti1ual f,,r H = :?: 
~I,, ,1·t,·:-.t ku, ,tA·u f, ,r ,, .._, 7. 

, ,r,tiaua.l f.,r ,, = :? : 
,•,,uj,-,·t1u1 • 1 l ,,r,ti111:LI f, 01·" > 3. 

.. 1,ti111a.l f.,r ,, == :?: 
,·.,11j,·,·t11P·d .. ,,ri111:..I f. ,r ,, ~· .3. 

, ••Jti111a.l f .. r " == :?: 
:--h,,rt,·:--t. ku,,wu f,,1·,, _, --l. 
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4.6 Sununary 

\\'e have presented an o\·en·iew of a formalism developed by Brzozowski and .J iirgensen for 

sequential circuit testing and diagnosis [11]. \Ve utilize this formalism in our behavioral 

analysis of memory cells. It prO\·ides the means to distinguish faulty beha\·iors from the 

fault free ones and to derive shortest input sequences with which that distinction can be 

made. 



Chapter 5 

CAM Fundamentals 

In a typical random-access memory (RA.l\l) stored data is accessed by specifying the 

address of the location in memory where data resides. On the other hand. a content­

addressable memory (CAM), as the name suggests. allows access to stored data on the 

basis of a simultaneous comparison of the content of all memory locations with a particu­

lar datum, called the s£arch key. This ability lends itself naturally to applications where 

simultaneous comparison is a principal operation. Chisvin and Duckworth [13] pro\·ide an 

extensive list of such applications: ··file maintenance, pattern recognition. symbolic repre­

sentation of information. data retrieval. parallel arithmetic algorithms. data correlation. 

speech recognition. radar analysis. connectivity testing, spelling checking, list and string 

processing. air traffic control, relaxation problems, language translations and intelligent 

network routing systems." 

Some authors [7, 13. 26. 41] use the terms content-addr€ssable m£mory and assocw­

ti1•€ memory interchangeably. However. as pointed out in [30]. the proper meaning of 

associatiuity applies to the more abstract concept of links between the meanings of data 

items - for example, associating the word "fire" with the word "hot"' - as opposed to 

a particular organization of storage elements that facilitate a simultaneous bit-pattern 
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matching operation: consequently, we will use only the term conlEnt-addressablE. 

The potential utility of C'AMs has been recognized by the computer industry at least 

since the late sixties [30. 40]: however. the implementation of such memories has been 

hindered by the following factors reported by Chisvin and Duckworth in 1989 [13]: 

• functional and design complexity. 

• relatively high cost of storage capacity. 

• poor storage density compared to conventional memory. 

• slow access time. 

• lack of software to properly utilize CAM's capabilities. 

Since then. implementation methods have improved dramatically, but because of the 

inherent higher complexity of a CAM cell (exceeding that of static RAM). CAMs are 

unlikely to replace RA:Ms as general purpose memories. although general purpose CAM 

designs have been investigated [2]. 

l\lost CA:'.\[s manufactured today can be found in custom designs. and are often em­

bedded in larger circuits. Many application-specific CAM configurations have been re­

ported [3. ,. 18. 24. 26, 28. 31. 32. 36. 41. 45, 50}. The most significant functional differ­

ences between these configurations include the accessibility by address as well as content, 

match-and-update, resolution of multiple hits, synchronous or asynchronous operation, 

etc .. resulting in diverse implementations of CA.M's peripheral circuitry. However. the 

design of the storage element of a core cell. in most cases, is similar and consists of a cross­

coupled inverter circuit, such as those found in static RAMs [2. 3. i. 18. 26. 31. 40, 41. 45]. 

Different designs of the core cell's comparison circuitry represent attempts to address var­

ious electrical pitfalls such as data-dependent bit line loads, or charge sharing problems 

[44]. 
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Figure 5.1: CAM: a block diagram. 

Notable exceptions to the static CAM schema are dynamic implementations of the 

core cell [35. 38. 53. 56]. They are more complex than those of a typical high-density 

dynamic RA.1-1. due to the necessity of charge retention during the simultaneous data 

comparison process. Like all dynamic memory implementations. these CA.Ms have to 

incorporate additional refresh circuitry. 

Embedded memories of AS[Cs are usually static. as they are considered to be less 

troublesome [54]. easier to build. and are generally faster than dynamic configurations. 

Hence. the analysis in this thesis is limited to static memories. 

5.1 Overview of CAM Architecture 

As mentioned earlier. most of the CA.Ms manufactured today are designed with a specific 

application in mind. Before analyzing some of these various implementations. we take 

a brief look at general components of a CAM. A generic architecture of a CAM and its 

basic cell are depicted in Fig. 5.1. 

.-\II CAM implementations consist of the following functional blocks: 
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• data and mask register. which stores a particular word according to which mem­

ory is to be accessed. Since it is possible that a part of data word may be irrele\·ant 

to the search criteria. the ability to mask irrelevant parts is usually provided. The 

search key is. therefore, composed of the parts of the word stored in the data register 

that have not been masked out. 

• response processing and word access unit, which determines the functionality 

of the CAM. The implementation of this functional block is the main source of 

differences between various CAM designs. This block handles resolution of multiple 

hits. keeps track of unused locations for use during write operations. and with other 

application specific operations. The unit also often contains an address register for 

reading and writing in RAl\l mode. 

• output data register, which incorporates sensing circuitry that retrieves and 

holds words picked up from bit lines during a read operation. 

• CAM array, which stores the data. It consists of a homogeneous matrix of core 

cells. A number of existing designs will be considered in the next section. 

• Control unit, which is used to coordinate the operation of the aforementioned 

blocks. 

5.2 Static CAM Cell Circuits 

A common CMOS implementation of a CAM cell is depicted in Fig. 5.2 (a). It is composed 

of a typical six-transistor SRAM cell ( storage section) and a three-transistor matching 

circuitry ( comparison section), which brings the transistor count of this CAM cell to nine. 

Various special-purpose CAM circuits have been developed using this design [4. 18, 22, 26]. 
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Figure 5.~: CMOS implementations of a single-port static CAM cell. 

·Read' and ·write" operations are identical to to those in a SRAo·I cell. During a 'write' 

operation. the bit and bit lines are driven to complementary logic values representing the 

bit to be stored. Next. by raising and then lowering the word line lFL the bit is stored 

by forcing the inverter outputs to coincide with the values on the bit and bit lines. Unlike 

SR..\~[s. C..\1[s have one more ·write' operation - ·write • •. which preserves the previous 

state of the cell. It is used for bit-masking purposes. where only a part of the word is to 

be overwritten. During a 'write · • both bit and bit are driven to high voltage . 

..\ ·read• operation is performed by pre-charging both bit and bit lines. and then raising 

the word line lVL. thus causing one of the bit lines to discharge. The resultant voltage 

differential between the bit and bit lines is detected by sense amplifiers that recreate the 

content of the accessed word. 

The process of searching is unique to the CAM, and is performed in the comparison 

section of the cell. In Fig. 5.2 (a). this section consists of the bottom three transistors of 

the cell's circuit. The match line ML together with the bottom-most transistor constitute 

a wired-AND for all the cells in the memory word. This means that the AIL line will 
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remain isolated from ground as long as all the transistors connecting it to ground are 

not conducting. The remaining two transistors implement an XOR function bet\veen the 

bit and bit lines and values stored on the outputs of the inverters. Note that only one 

of these transistors conducts at any given time. The compare operation is a two-step 

process. Initially. both bit lines are grounded and the ML line in the CAM cell is pre-­

charged. Next. bit lines are driven according to the search key. If a mismatch occurs. 

the bottom-most transistor will be forced to conduct, thus discharging the i\IL line. Note 

that if a particular bit in the search word is masked out. both corresponding bit and bit 

lines remain grounded. thus preventing any influence on the i\IL line. Such masking is 

called a ·compare • • operation. 

This design has a few shortcomings. In order to discharge the .\IL line. a logical 

1 has to appear on the gate of the bottom-most transistor. This value is supplied by 

one of the bit. bit lines \·ia a conducting n-MOS transistor. which causes a voltage drop 

of approximately 0.iV. A ·weak' l appears on the gate of the bottom-most transistor. 

effectively excluding this design from low power applications. Moreover. these n-MOS 

pass transistors constitute variable loads for the differential bit lines. This results in 

unpredictable delays during 'read' and ·write' operations and. in effect. slower worst-case 

operation [44]. 

Another problem with this implementation is the fact that the state of the match line 

is affected by non-compare operations. Therefore. both bit/bit lines have to be discharged. 

and the match line has to be pre-charged before an actual compare operation, causing 

additional delays. 

A ten-transistor CAM cell design has been reported in [28. 34]. It differs slightly from 

the previous cell in its implementation of the matching section, as shown in Fig. 5.2 (b ) . 

.-\s before. it contains two transistors controlled by the storage section: however, here. each 

of the bit. bit lines drives the gate of a dedicated transistor. Since the loads on bit/ bit lines 
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Figure 5.3: Dual-port static CAM c~II. 

are no longer data-dependent and the discharge path is gated directly by the bit/bit lines. 

this design could yield itself to low power. high speed applications. linfortunately. this 

design. as well as the one proposed by Mc.-\uley and Cotton [36], are prone to accidental 

match-line discharge due to charge-sharing across stray capacitances on the dedicated 

transistors as described in [44]. This problem has been addressed by reversing the order 

of the transistors between the match line and ground [44. 5~]-

Although also ill-suited for low power. a dual-port implementation of a C'Al\l cell 

presented in Fig. 5.3. is free from the shortcomings of the previous cells [,. 31. 44. 45]. 

Separate pairs of differential lines are used: bd1 bit lines for reading and writing data. and 

compare bit lines ( cbl/ cbl) for performing matching operations. Constant loads on the 

bit .. bit lines precisely define delays during reads and writes. The match line is not affected 

by non-compare operations and. therefore, can be kept pre-charged by default. resulting 

in faster ·compare· operations. The separation of differential lines also facilitates effi­

cient match-and-update operations required, for example. in real-time image processing 

applications [45]. 
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Figure 5.4: Dynamic C'A.M cell designs. (a) Wade. (b) Yamagata. 

5.3 Dyna111ic CAM Cell Circuits 

The CAM cell implementations presented so far were all static. For applications where 

speed and robustness are not as critical as high storage capacity. a dynamic CAM cell 

implementation has been considered [35. 38. 53. 56]. The increase of bit density has been 

accomplished by reduction of the number of transistors in each cell. Two such designs: 

by Wade and Sodini [53], and Yamagata et al. [56]. are shown in Fig. 5.4 (a) and (b), 

respectively. 

The ability to compare the entire cell array contents against a search key reqmres 

that DCAl\l cells retain their charge even in an event of a mismatch. This constraint 

precludes the use of destructive ·read' techniques. dominant in DRAM designs. 

In the circuit presented by in Fig. 5.4 (a), data is stored as an electric charge on 

the gate capacitance of a storage transistor. Cross-coupling of the bit lines facilitates 

higher storage charges due to the presence of an inversion layer caused by a substantial 

gate-to-source voltage V, ... thus overcoming problems encountered in earlier designs [38]. 
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This cross-coupling scheme requires inverted values on the bit and bit lines during a write 

operation. 

A ·write operation im·olves driving both bit lines to O during a write operation: 

this action results in no charge being stored on either transistor. In effect. such a cell 

stores no value and the AIL line is truly isolated at that. location. The ability of storing 

no \·alue is indigenous solely to dynamic cells. in contrast to static ones which always 

hold some \·alue. 

Compare operations are performed by first pre-charging both bit/bit lines then the 

match line .\IL. and finally driving the bit/bit lines to values reflecting the search key in a 

non-inverted manner. A mismatch will discharge ,\IL through the bit line set to 0. Unlike 

in their static counterparts. ·compare • ' operations in dynamic CA.M cells entail keeping 

the bit. lines at 1. thus preventing UL from discharging. 

The above-mentioned design is limited by the physical dimensions of the storage tran­

sistors in the circuit. since charge stored on the gate of a transistor is directly proportional 

to its size. A minimum storage capacitance of 30/F is required in order to preserve data 

integrity from alpha-particle-induced soft errors. Capacitances of this magnitude are 

difficult to obtain in transistors developed using sub-micron processes. In the circuit 

presented in Fig. 5.4 (b) this issue has been addressed by augmenting the gate capac­

itances of the storage transistors with stacked capacitors, thus facilitating a successful 

utilization of a 0.8µn process. The capacitors are configured differentially to a reference 

rnltage \ :.1, equal to half of the supply voltage. The utilization of stacked capacitors as 

a means of increasing storage charge is superior to the cross-coupling schema presented 

above. !1.Ioreover, the absence of cross-coupling makes this design closely related to that 

presented by Mundy [38]. The ·write' and ·compare· operations of this dynamic C'Al\l cell 

are performed identically to those presented above for \\'ade's CAM design, Fig. 5.4 (a), 

except that the bit line values need not be inverted during the write operation. The 



CH . ..\PTER .5. C..\.AI FFNDAMENT . .\.LS 36 

approach taken by Yamagata, Fig. 5.4 ( b). has the potential to achieve the highest bit 

packing density. akin to that of ORA.Ms. though at the expense of performance. 

5.4 Suuuuary 

In this chapter we have given an overview of a C..\11
..,[ architecture. \Ve have presented 

several different CAM cell designs. both static and dynamic. and commented on their 

strengths and weaknesses. It is important to note that although all CA.Ms will perform 

the same operations, the way these operations are implemented varies among cell designs. 

For this reason it is reasonable to expect that these cells will exhibit different faulty 

behaviors in the presence of similar faults ( e.g .. bit-line stuck-at O). 



Chapter 6 

Survey of CAM Tests 

..\II memory circuits require extensive testing and CAlVls are no exception. Unfortunately. 

the literature concerning testing of CAMs is very sparse. Giles and Hunter [19] present 

a simple methodology for testing for (cell) stuck-at-faults. A scheme for the detection 

of pattern-sensiti\·ity faults along with stuck-at faults has been presented by Mazumder 

et al. [34. 35]. A built-in self test (81ST) algorithm called Sl\lARCH [39]. originally 

designed for testing embedded RAMs. has been extended by Kornachuk et al. [31] to 

testing embedded CAMs. Al-Assadi et al. [4] have proposed a functional fault model for 

a C'..\11 architecture: this model is based on a fault model developed for a single cell. This 

fault model has been expanded and an appropriate test has been developed by Lin and 

\\"u [33]. 

Algorithms reported in [19, 31. 33], are applicable to CAM designs which incorporate 

an explicit word addressing scheme of the type found in conventional RAi\ls. They are 

not applicable to designs with implicit entry addressing, such as the design presented by 

l\lc..\uley and Cotton [36]. The algorithm in [34] uses a special addressing mode which 

requires additional design for testability circuitry. The following sections describe these 

algorithms. 

37 
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6.1 Giles and Hunter ( 1985) 

One of the first tests for C'Al\ls was presented by Giles and Hunter [19]: we refer to this 

test as T GfiH• The following eight steps of this test are quoted from [19]; we have re­

labeled the array dimension symbols to be consistent with our notation. where n is the 

number of words (rows) and I is the number of bits per word (columns): 

l. Proceeding from top to bottom of the array, write the entry·s position number into 

each entry. 

•) Then from the bottom up. compare for each number and observe each entry hit. 

At this point. the C'Al\l is in a known initial state. 

3. Repeat steps ( 1) and (2) but with the entry numbers complemented. 

4. From bottom up. write the entry number into each entry. 

:J. From top down. compare for each entry number and observe each entry hit. 

(5. Fill the entire CAM array with O's. 

7. Do I compares walking a 1 through a field of O's. Each of these I compares should 

llllSS. 

8. Repeat steps (6) and (7) except fill with l's. and compare walking a 0 through a 

field of 1 ·s. 

To illustrate this algorithm we consider a CAM array of four 2-bit words: thus n = 4. 

l = 2. C'A11 array"s contents and test sequences for each steps is presented in Table 6.1. 

The authors claim that this test detects all single stuck-at-faults in the CAl\l array 

found in the Motorola MC'68851 Paged Memory .Management Unit, but give no proof 

that this indeed is the case. The transistor circuit for this CAM cell was not provided. 
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Table 6.1: Example of test algorithm by Giles and Hunter. 
j St, I' I j St,,.'.! St•·,, 3 i St, I' 4 I St,,.:-. I 
I An-a~· ! 5 .. , 111•·11•·· • I Array I S, ·• 111, 11• ·, • I Anay I S,·,111•·11•·•· 

I 

I I 14 I 11.111.111.1111 ~ 11 . I HI I.Ill .l• ,.11 l (ft) i 111,.111.111.11 

L Ill ! Ill ; "I 

L l" i Ill t 111 

! II t 00 I t 11 

St,·(• G St,·1, 7 St,,, s 

A1Tay S,·,11t•·11,·,· AtTay S,·,111,·u•·•· 

1111 10.lll 11 Ol.111 

1111 11 

1111 ll 

H(I ll 

The C'.-\..M array described in [19] has a single primary output called HIT -'l\IISS. which 

is a distributed OR of all the match lines. The complexity of this algorithm is 8n + 2/. 

Certain hardware enhancements aimed at decrec&Sing this complexity have also been 

proposed [19]: 

• Augmenting the address decoder hardware with a ··bulk load'" ability can reduce 

the complexity of this algorithm to 6n + 21 7 2. 

• ..\n ··all-hit" detector (an AND operation on all match lines) will allow for algorithm 

modifications resulting in reduction of its complexity to 21 + 6 . 

..\ detailed analysis of this test is presented in Chapter 9. 

6.2 Mazu111der et al. (1987) 

:\lazumder et al. [34] propose a test that can detect pattern-sensitivity faults as well 

as stuck-at faults. In general. faults are considered to be ·pattern-sensitive· if a faulty 

behavior of a cell is manifested only when the remaining cells hold specific values. In their 
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II 

Figure 6.1: Cell number assignment [34]. 

analysis. the authors make assumptions about the effect of certain operations on the state 

of the accessed memory cells. and define a restricted pattern-sensitive fault model ( PSF): 

• ·\Vrite • operations which cause a cell to change state are called ·transition write' 

operations. 

• Only ·write' operations may be pattern-sensitive. 

• ·Read· operations do not alter a cell's state. 

• :\ base cell together with four additional cells immediately to the ·north". ·south·. 

·east· and ·west' of it constitute a 'von Neumann' neighborhood. 

• :\ PSF occurs when a ·transition write· operation to the base cell fails due to a fixed 

pattern in the neighborhood. 

The testing scheme presented in [34] requires incorporation of special circuitry in the 

match sensing periphery that allows simultaneous comparisons of every fifth match line. 

This requirement is imposed by partitioning the CAM array into a .. mosaic"' of adjacent 

von Neumann neighborhoods, which repeats itself every fifth row as shown in Fig. 6.1. 

Binary sequences are repeatedly written to the CAM array. in a manner that only one 

cell per neighborhood changes state. These binary patterns are established on the basis 

of a graph-theoretic analysis and are presented in Table 6.2. 
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Table 6.2: Test patterns used in the algorithm by Mazumder et al. [34j. 
llp. _ .. I·•~·"' ;••t ... ,, 
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The algorithm presented by Mazumder et al. [34] is described below: we have re­

labeled the array dimension variables to be consistent with our notation. where n is the 

number of words (rows) and / is the number of bits per word (columns): 

1. Write O into every cell of CAM. 

•) Do I compares walking a 1 through a field of O's. (This is identical to steps 6 and 

, in the Giles and Hunter algorithm.) 

3. Load the first of 32 patterns into the array1 . 

4. A search for the loaded pattern should result in n mod 5 matches. 

5. If the 21st pattern has been loaded (all 1 's), do L compares walking a O through a 

field of 1 ·s. 

6. Load the next pattern. Repeat the previous two steps until all 32 patterns have 

been used. 

This algorithm has a computational complexity of 33n + 2/ + 160. As stated in [34], 

this complexity of this algorithm can be reduced to 2/ + 325 by implementing changes 

1 Tl1i:- i:- ;u·r.11ally t!ow· tiv,· t.iuw:-. ,·v,·ry tifth liw·. S,·,· [3-t] for d,·ta.il:-. 
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proposed by Giles and Hunter [19] to the decoder circuitry. 

This test imposes extra requirements on the addressing scheme which are not available 

in most C'A~ls. Also. the test's correctness is based on the assumption that ·read' oper­

ations do not affect the state of a cell: in the next chapter we show that this assumption 

is \·iolated by some possible faults in our circuit-based fault model. For these reasons we 

exclude this test from further consideration. 

6.3 Kornachuk et al. ( 1994) 

The test presented by Kornachuk et al. [31] is a built-in self test. ( BIST) for embedded 

C'.-\.;\ls that use the cell of Fig. 5.3. \Ve refer to this test as T C-S~U· It is an adaptation 

of the Sl\IARCH test. of length 24nl. originally developed for testing embedded SRA.Ms 

[39]. SMARCH has been shown to detect stuck-at and coupling faults. In fact, SMARCH 

is a serialized version of the ·March C-• test [20]. The serialization was done in order to 

utilize a scan-path circuit of the embedded SRAM. 

The S.MARCH test consists of six steps (elements) [39]. \Ve have re-labeled the array 

dimension symbols to be consistent with the notation used in this thesis. where i and 

j are row and column indices. respectively. The memory array consists of n rows and / 

columns. An r,\i.ji denotes a ·read' of the cell (i.j) expecting a Oas output. An u·)/•Ji 

denotes a ·write O' to the cell ( i, j). Operations rii.jl and Wii.jl are similarly defined. The 

superscript ( )11 - 11 -
11 indicates l column-wise repetitions, starting from left to right. The 

reader should be familiar with [31. 39]. 

The ·compare' operations are implied. and performed simultaneously with every 'read' 

and ·write· operation. Since multiple matches can be expected, a priority encoder is used 

to produce the highest address where a match was obtained. 
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{ this step initializes the CAM with o·s } 

{ read o·s and replace with l's} 

{ read l's and replace with O's} 

{ read O's and replace with 1 ·s} 

5. FOR address i = n to 1: 

{ read 1 ·sand replace with O"s} 

{ only the first read is important. Final state is selectable.} 

The subscript ' - ' indicates an arbitrary binary value read during the initialization 

step of the test. (Note that these ·read' and ·write' operations are applied to indi\·idual 

cells.) 

The adaptation of the SMARCH test to the CAM circuit was possible due to the dual­

port nature of this particular C'Al\I design. where one set of differential lines (bit/bit) 

is used only for the ·read' and ·write• operations. and a second set of differential lines 

( cbl cbl) is dedicated solely to the ·compare· operations. Table 6.3 illustrates the execution 

of the second march element for the CAM 81ST for a 3 · 3 sample CAM; after the first 

march element. all cells are 0. During T C-SJf• ·compare' operations occur in the same 

clock cycle as the 'read' and ·write' operations and thus are perceived to be executed 
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Table 6.3: CAM BIST March Element [3lj. 
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m parallel. To be precise. 'compare' operations are indeed performed concurrently with 

the ·read· operations. but they occur immediately after the completion of the ·write 

operations: thus the newly stored value ts the subject of the comparison. Since these 

operations are performed in parallel. the length of T C-5.\! remains 24n/. although twice 

as many operations are actually executed. A detailed analysis of this test is presented in 

Chapter 9. 
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6.4 Al-Assadi et al. (1994) 

So far. the fault co\·erage of testing algorithms has been established on the basis of fault 

models originally created for random-access memories . ..\1-..\ssadi et al. [-t] produced a 

fault model of a C..\l\,[ cell by performing a study of possible faults that may occur in the 

static. nine-transistor C:MOS C..\1\1 cell circuit depicted in Fig. 5.2(a). 

The behavior of a faulty C..\1\1 cell. under a single fault assumption. has been defined 

a.s follows [4]: 

l. The cell's state is determined by the logic value of the node S. 

•1 The cell is always matched if the match operation always yields B JI = 0 regardless 

of the celrs state. 

:3. The cell is always mismatched if the match operation always yields B JI = 1 regard­

less of the cell ·s state. 

-L The cell is partly matched if the match operation always yields B ;.\I = 1 when S = .r. 

and B JI = 0 when S = z regardless of the search key. 

;J. The cell is conditionally matched if the match operation yields proper result when 

S = .r. but not for S = z. 

6. Some faults may cause spontaneous changes of the cell's state. resulting in improper 

match results. Such beha\·ior is referred to as complex, indeto·minate. 

A summary of faults and corresponding behaviors is listed in Table 6.4 and Table 6.5. 

The impact of all possible faults has been mapped onto the state of the match line 

resulting in a description of a functional fault model of a CAM cell. This fault model is 

presented in Table 6.6. It was also established that many faults in the peripheral circuitry 
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Table 6.4: Behavior of the CAM cell under storage cell faults [4]. 
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Table 6.5: Faults in the comparison logic of a CAM cell [4]. 
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can be mapped to equivalent faults in the CA:r-.l array. 

The study presented by Al-Assadi et al. [4] is not without flaws. In Table 6.4. for 

example. a ·match o• operation in the presence of the ·Tt stuck-on· fault is reported as 

proper. \Ve will show that this is not the case. 

Suppose that the initial state of the cell is S = l. \Vhen transistor Tl is ·stuck-on• the 

cell is always affected by the state of the bit line. At the beginning of a ·match O' operation 

both bit lines must be grounded to allow for a match line pre-charge. As a result of a 

grounded bit line. S becomes O and transistor TS stops conducting. Although bit line 

is raised high to represent a O during the comparison process, the B ,\I line remains low 

and. consequently, ,\f L is not discharged. In effect, the operation produces an erroneous 

result. To further support this argument, the listing for the symmetric 'T6 stuck-on• fault 

in Table 6.4 correctly states that both 'match O' and 'match l' are improper. 



CHAPTER 6. SURVEY OF C.-UI TESTS 48 

Table 6.6: Functional fault model for the CAl\l cell [4]. 
Etf,·,·t . •II CAM 

,·di :.Iw:,y,- 111at,·(..-.( 

,·,·II alway,- 111at,·l,,·,l 

,·, 0 111,liu:.:; i111.r.,l,riu:.:; w,,r,1 liu,· with 

/,it liw· .. ,. wit(, 11 .. ,(,· S 

,·,,111,liu:.: iu,..,1[vi11:.:: w,,r.f liu•· witla 

lrit liu,· ,,1· with u,,d,· S ,·,,u,liti,,ual 111:Lt•·l,-tt 

,·,,11pli11:.:: iuv,,lviu:.:; fr,-t .S.: l,it I ,·,·II a.lw:,y:,,; 111i:--1u:,r.,·la,·,{ 

~a-1 I •·• ,w liti, ,11al mat,·h-1 

~t,..-k-.. 11 ... ,,..11 i11 XOR ( .. :::i,· I ,·,.uditi .. 11:.I 111at,·h 

l,it-111at,·h tr:u1:,;i:,;t,,1· ~tn•·k-,,u •·•·11 alway:,,; n1i:--a11at,·l,,·,I 
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l\Iore flaws can be found in Table 6.5. For example. in the presence of the fault 

·Short:\~ ... - Bjf" a ·match O' operation is reported as proper. However. when the state of 

the cell is S = I this operation will result in an erroneous match. This fact is confirmed 

by a comment in [4]. 

The results presented m [ 4] are the first systematic fault analysis of a single-port 

C'A!--1. They indicate that the effects of defects found in a CAM cell can be detected by 

improper ·compare' operations. Unfortunately. this work is plagued with typographical 

errors. hence the detailed results require careful re-evaluation. 

6.5 Lin and Wu ( 1998) 

Lin and \Vu [33] continue the work of AI-Assadi et al. [4] described in the previous section. 

They expand the fault model for the cell in Fig. 5.2(a) to include faults that affect valid 
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bits. set by the ·write' operations and reset by special ·erase' operations. These bits 

indicate which words should be included in ·compare· operations. and are used in many 

C'.-\:\1 designs. The additional CAM-specific faults are: 

l. The stuck-valid fault. caused when a word's valid bit is always set. 

•) The stuck-invalid fault. caused when a word's valid bit can never be set. 

3. The cross-match fault, caused by a short between bit and bit which belong to two 

neighboring cells of the same word. 

The alu·ays matche.d and always mismatched faults have been renamed as stuck matched 

and stuck mismatched faults. respectively. 

Lin and \Vu also introduce the Tc.-ur test. of length 9n + 51. that detects all faults in 

their model. The Tc . .ur test consists of five steps (march elements). \Ve have re-labeled 

the array dimension symbols to be consistent with the notation used in this thesis. 

( i ; ) l 
u·1. .. l c1. .. 1 u·11 __ _., • 

( ; ) t [ , 1-l u· 1 ___ 1 • c . 1 - , 11 . 1 - 1 l 

( i) l f 1 l-l e ·,c.1-1 1 .1-1J 

( 
; ; ) t u1, 1 ___ ,,co ... 11U'1 ... 1 • • 

where ( w,i, ___ ,,)! denotes the writing of all-0 words in order either from n to 1 or from 1 

ton. - j-io. l-j is the /-bit word with O in position j and • in ~very other position. the 

symbol [ c. 1 _, 11 . 1- 1 ]1-1 represents a sequence of l ·compare· operations to words of the 

form - j- 10 - l-j. where j varies from 1 to l, and e is the 'erase' operation. The remaining 
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symbols are similarly defined. 

This work has several shortcomings. 

• Faults associated with the transistors that comprise the cross-coupled inverters in 

Fig. 5.2(a) are not considered. 

• Shorts between bit and GND or betweens and bit do not constitute a stuck-matched 

fault. By definition of a stuck-matched fault. the result of a 'compare• operation is 

an unconditional match regardless of the state of the cell. 

\\'hen a short between bit and GND exists. a 6-transistor CMOS storage element 

can be in either of the two stable states at power-up. A ·write O' works correctly. 

However. a ·write 1 • operation causes the cell to become metastable: hence the out­

put is not reliable. Since the resolution of the metastable state is non-deterministic. 

there is no guarantee that the cell will not end up in state 1 again. \Vhen the faulty 

cell is in state 1. a ·compare O' results in a mismatch. and a ·compare 1 • results in 

a match. Only in state 0. all ·compare' operations result in a match. Analogous 

argument applies to the bit-GND fault and the ·write o· operation. 

If a short between s and bit exists and the cell is in state O. then s = 1 and T3 is on. 

During a ·compare 1 •. after the match line is floated-high. the bit line becomes high. 

causing T-:. to conduct. This event will also cause the cell to change its state to 1. 

However. this change of state will be slower than that during a ·write l' operation. 

Since not until s becomes 0. will T3 stop conducting. there is no guarantee that the 

match line will not discharge sufficiently to be interpreted as a mismatch. 

In view of these inconsistencies. the validity of the fault model presented requires re­

examination. 
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6.6 Sunuuary 

\\"e ha\·e described three tests developed explicitly for C'..\Ms. The fault models used 

for these tests are often not sufficient to describe various faults indigenous to C'Al\ls . 

.-\.1-Assadi et al. [4] were first to develop a fault model specifically for a CAM. Lin and 

\\'u (33] expanded on that work. defined additional faults and designed a test for their 

fault model. Yet their fault model is still inadequate. and some of the fault analysis is 

flawed. :'.'..loreO\·er. this fault model pertains only to single-port CA.Ms. Due to the \·ariety 

of C'.-\.1\[ cell designs a more general approach is necessary. one that can establish fault 

models that reflect defects that occur in a given CAM cell design. 



Chapter 7 

CAM Model 

In this chapter we present behavioral models for a fault-free CAM cell. input stuck-at. 

state stuck-at. transistor stuck-(on/open) and bridging faults. These fault models have 

been developed under the single fault assumption. The first four fault models ha\·e been 

previously reported [47. 48]. \\'e have developed these cell-specific fault models based on a 

transistor circuit of a static CMOS C.-\..M cell. shown in Fig. 7.1. that is utilized by Nortel 

Corporation in their telecommunication ASICs and previously described in Chapter 5. 

The circuit of this cell can be divided on the basis of its functionality into a storagt:. 

sf.Ction and a comparison section. 

The storage section has two cross-coupled Cl\lOS im·erters ( T1 - T.d, differential bit 

lines ( bit bit) used for reading and writing data into a column of cells, and a word select 

line ( U-L) that enables these operations in a row of cells via transistors T,;, and T,:,. In 

a quiescent state 1-VL is driven low. the bit/ bit lines are driven high and the cell stores 

either 0 or l. During a ·write l' or a ·write O' operation. the bit/ bit lines are driven to 

a true I complementary representation of the desired bit value. Raising and then lowering 

ll"L stores the bit in the cell. Changes of the celrs state (e.g. during a ·write 1 • when 

s = 0) are a result of the dominant influence of stronger pull-down transistors. \\'eaker 

52 
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.. /,[ /,it 

Figure 7.1: Dual-port static C..\.1\1 cell with dedicated compare lines. 

pull-up transistors maintain quiescent states of the cell. The ·write • • operation preserves 

the state of the cell. This operation can be implemented in two ways. One implementation 

requires both of the biU bit lines to be driven high: proper margining of transistors T1 

- T4 assures the preservation of the cell's state. The other implementation is exactly 

like a ·read· operation described below. except that any output is disregarded. \Ve have 

analyzed the former implementation. and drawn conclusions on the latter by studying 

the ·read" operation itself. 

.-\. ·read· operation is done by isolating both bit/bit lines. and then raising lVL. thus 

causing one of the bit/bit lines to discharge. The voltage differential between the bit,1 bit 

lines is detected giving the cell's content. 

The comparison section consists of transistors T,, Ts and T'J, the differential compare 

bit lines ( cbl,- cbl) for matching operations. and the match line ( AfL). In a quiescent state 

cbl cbl are driven low. ~\TL is driven high and either T, or Ts conducts. depending on the 

state of the cell. During a ·compare· operation 1\fL is first isolated. Next. cbl/cbl are 

dri\·en according to the desired search key. If a mismatch occurs. transistor T'J is forced 

to conduct. thus discharging .UL In the case of a 'compare · • operation. both of cbl/cbl 
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Figure 7 .2: Two neighboring CAM cells. 

remain low. resulting in an unconditional match. 

54 

-,-,,,, ,I,/' 

Altogether seven operations can be performed on this cell: 'read'. ·write o·. ·write 1·. 

·write ·'.·compare 0'. 'compare l' and 'compare 

In this chapter we also consider two adjacent CAM cells. that comprise a part of a 

single memory word. as depicted in Fig. 7.2. Since the two neighboring cells share the 

WL and .\IL lines. only the same type of operation can be performed on both cells at 

any time. i.e. ·read'. ·write·. or ·compare·. Hence nineteen operations are possible on two 

cells: a ·read· operation. which returns a 00. 01. 10 or 11. ·write 00'. ·write 01 •. ·write O · •. 

·write 10·. ·write 11'. ·write l •','write · O'. ·write · l'. ·write • •'.·compare 00'. ·com­

pare 01·. ·compare O •·.·compare 10'. 'compare 11'. 'compare 1 •'.·compare · o·. ·com­

pare • 1 •. ·compare • • •. The output generated by 'compare' operations, i.e .. the JIL. 

will indicate a match only if both cells store values that are compatible with the search 

key. 
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7 .1 Fault-free Cell 

Since no clock signal is supplied to individual cells. a single CAM cell can be viewed a.s 

an asynchronous sequential circuit. whose behavior can be modeled by the block diagram 

of Fig. ,.3. 

,,, .. -,,, 

,· I, I, ,­

f ' ' ' 

' ' ' ' --;: f, I, ,. 

Figure ,.3: Model of the CAM cell of Fig. ,.l. 

7 .1.1 Event-Sequence Model 

Since bit bit lines and ;.\[ L are used for both input and output in the circuit. they are 

represented by separate variables in the model. For bre,·ity we use b. b. u·. etc .. for bit.I bit. 

H"L. etc. l'\ow. b. b and m are inputs, and b, b. and mare outputs. Although WL and 

cbl,cbl are not usually meant to pro,·ide any output, monitoring the state of these lines. if 

possible. might improve the CAM's testability. For this reason. we generalize our model 

to include these lines; w, c. c for input. and ii:. c. E for output. 

The total state of the cell is defined by the values present on the input and output 

lines of the cell. and by its internal state s. It is represented by the 13-tuple: 

CT = (w, b, b. c. c. m. s. ii:. b, b. C, c. m). 

However, it turns out that in the correct cell, as well as in the presence of the considered 



CHAPTER , . C..\M MODEL 56 

faults. the output values are identical to those of the inputs: hence. we omit them for 

simplicity. The .. reduced" total state is symbolically represented by 

C = w bb cc m • s. 

where the input variables have been separated by spaces to show their functional separa­

tion and the symbol • has been inserted to separate the input variables from the internal 

state. 

The domain of each variable in state C is the set}" = {O. l, 0. i}. The values O and 

represent lines driven to the logic values O and l respectively. while O and i denote 

lines that were first discharged and then isolated (floated low) or pre-charged and then 

isolated (floated high). The CAM cell has two possible initial states: C = 0 11 00 l · 0 

and C = 0 11 00 1 • 1. 

The behavior of a cell is represented by sequences of events that take place during the 

seven operations. Table 7.1 lists events that occur during these operations. By events 

we mean changes in the value of the total state C. The occurrences of these events are 

ordered from top to bottom. Note that. for every operation. the top and bottom entries 

in each column are initial states. 

Exa1nple: ·\Vrite o· operation from state 1. 

Initial state of the cell: 0 11 00 1 • 1. First. b is lowered: 0 01 00 1 • 1. Then w 

is raised: 1 01 00 1 · l. As a result. the state s changes: 1 01 00 0 • 0. Next. w is 

lowered: 0 01 00 0 • 0. Finally. both band bare raised: 0 11 00 0 • 0. 

It should be noted that the analyses presented in Table 7.1 are done under the as­

sumption that operations occur one at a time. However, 'compare' operations utilize a 

separate set of differential lines and thus some concurrent executions are feasible. For 
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Table 7.1: Read. write and compare operations in a fault-free C.-\:\1 cell. 
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ti 11 I II I I· 1 I 11 11 1111 I· I 
ti 111 I /I I I· 1 II 11 1111 I· I 
1 ltt 1tt1 1·1 I 11 1 tit I· I 
I lot 1111 I ·I I 11 1111 I· I 
ti ltt t1tt I· I II 11 I ttl 1 • l 
II 11 lllt 1-1 : 11 11 1111 1-1 

'·"' = 1 I 

I ··1 i ,. 
,,. IJ, .. ,. ,,,._., i ,,. IJ, ,.,. 111•.<f 

I 

I 

ti 11 I II I I· 1 II I I 1111 1 • l 

11 1111 i-1 11 1111 i I 
I 

II ti 

II 11 ltt 1-1 II 11 111 t i-1 

II 11 I t1 i • I II 11 1111 i-1 

ti 11 1111 1-1 II 11 11t1 i · I 
ft 11 "" 1·1 fl 11 111t 1 I 

example. a ·compare' operation can be performed in parallel with a ·read" operation. 

but it cannot be performed until a ·write operation 1s completed. :Modeling concurrent 

operations is an open research topic. 

For bridging faults, we create a model for the two neighboring cells. \Ve represent 

two neighboring cells of Fig. 7 .2 as the block diagram of Fig. 7.4. where. for notational 

simplicity. input lines b'. b'. c'. c' denote input lines of cell j + 1. and b. b, c. c denote 

those of cell j. Output lines are similarly represented. The total state of the two cells is 

1 Th,•r,· j,. a ,·111u 11 ·,·t.i1111 from /, t.11 V.1,1 wlu·u .• = 0 au,I frou1 /, t.o \.~"' wh,·u .• = 1. Ilnr. t.[i.i,.. ro111u·,·ti011 

1:- tlu-1111:.:li a w,·ak p-t.r,u1:-i:-t.11r au,I ,u1 u-t.nu1.-..i,-t.or. awl driv,·r:- f111· tlw /,;/, ,u·•· uor. 11,-,,,l. H,•un·. w,· ,-till 

1·t·pn·.:--Pl1t t.lu·:--•• ca.,P:-- ~L ... tiuatiu~ vahu•:--. 

I 
I 

I 
I 
I 

I 
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formally represented by the 22-tuple: 

, I - I I -I - - I - -, "::;I -./ --::_I - -=- - ,-::::- -
CT = ( u·. b. b . c. c. b. b. c. c. m. s. s. u•. b . b. c, c. b. b. c. c. m ). 

but for notational simplicity. we represent it symbolically as 

C = tl' b'b' c'c' b. b cc m. s. 

where the input variables have been separated by spaces for readability. and the • has 

been inserted to separate the input variables from the internal state 5 = I s. s . 

,· , /,' I,' I, I, ,. ,. 

' ' ' ' ' ' ' ' 
,,, - ► ,; 

S= 
, 

·"" ··""· ~,-;, -111. 

' ' ' ' ' ' ' ' -. ,;, I, ~ - I, I, ,. ,· ,. ,· 

Figure 7.4: Model of two neighboring C,H.I cells . 

.-\ fault-free pair of cells has four possible initial states: 0 11 00 11 00 1 • 00. 

0 11 00 11 00 1 • 01. 0 11 00 11 00 1 • 10. 0 11 00 11 00 1 · 11. The beha\·ior of 

these cells is also represented by sequences of events that take place during the nineteen 

operations. 

\Ve recognize that at this level of detail. where any input can be controlled and any 

output observed. testing is a trivial process. It would suffice to compare the state of 

each line with its expected value: any disagreement would signify a presence of a fault. 

Fnfortunately. this detail of monitoring is not feasible in any real circuit and. thus. a 

more abstract CA.M cell model is necessary. 
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7 .1.2 FSM Model 

l\lost testing algorithms utilize sequences of ·read·. ·write' and ·compare' operations as 

input. and observe the resulting output. Accordingly. we introduce an FSM model of a 

C'A:\l cell. This model is deri,·ed from the event-sequence model of Section 7.1.l. 

We represent the behavior of a fault-free CAM cell as a simplified block diagram. 

which is shown in Figure 7.5(a). 

,..,/1.,· 1 ;'0.,-.:l ,·., fl.,- 1 1.,·./1 
,.----..__ 

r -D - !I 

' • 11•1 ' 

r/0 :::~~--- ----~ r/1 
. \ ,,,., \ 

,, .... ,,, . "'1.u•. 

( a) (b) 

Figure 7.5: (a) Simplified behavioral model (b) Behavior of a fault-free cell. 

The input z of this FSM comprises all seven operations of a CAM cell. and the output 

y comprises the responses to these operations without regard to the output's origin. i.e .. 

the bit: bit lines or JIL. State s represents the value stored by the cell. Formally. a 

fault-fr€€ CA..\[ cell is a l\lealy automaton 

,\f = (Q. X. Y. J. ,\). 

where Q = {O. 1} is the set of states. X = {r. w 11 • w 1 . w .. cu. c 1 , c.} is the set of input 

symbols. Y = {O, L $} is the set of output symbols. where $ is a formal symbol denoting 

lack of output during ·write· operations. and the transition function '5 and the output 

function ,\ are defined by 

0. if .I: = lL'o, 

J(q.z)= 

q. otherwise 
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and 

q. if l: = r. 

l. if 1: = c1, and q = p. 

0. if 1: = c1, and q = p. 

l. if l: = C . . 

$ 
' 

otherwise. 

This automaton is depicted m Figure 7 .5(b), where the symbol $ has been omitted for 

clarity. 

Example: For ·write l' in state 0. J(0. wi) 

state 0. J(0. ci) = 0 and ,,\(0. ci) = 0. 

1 and ,,\(0. u·i) $. For ·compare l' m 

In a faulty C.4.\f cell FSM. the faulty set of states Q' is Q U {I} and the faulty 

set of 0utput symbols Y' is }'' U { /}. State I can be interpreted in two ways. From 

an '·asynchronous" point of view it represents a temporary. meta.stable state. where the 

cell holds some indeterminate logic value. This interpretation is important due to the 

possibility of simultaneous operations in this type of C.-\M. From the "synchronous" 

perspective it represents the loss of information regarding the current state of the cell 

due to the non-deterministic resolution of a metastable state. In either case. state I is not 

considered as an initial state. Output symbol I stands for an intermediate logic value. 

which is caused in a faulty CMOS circuit when both pull-up and pull-down transistors 

simultaneously conduct. 

- ") ' . _, Input Stuck-at Faults 

Input stuck-at faults are all stuck-at-0 and stuck-at-1 faults that appear on input lines 

of a memory cell. Accordingly, we define the input stuck-at fault model to comprise 

these faults. under the single fault assumption. In order to model input stuck-at faults. 
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their effect on the internal operation of the cell had to be determined. An event-sequence 

beha,·ioral analysis has been performed for every input stuck-at fault: these analyses have 

been reported in [48] are presented in Appendix ..\.1.1. Subsequently. FSl\l models for 

each of these faults have been developed. The resulting faulty C.-L\l ct::lls are presented 

in Figs. 7 .6 and 7. 7. where incorrect operations and outputs are in boldface. 

Table 7.2: A ·write o• operation in a correct and faulty CAM cell. 
\\·1·it,· c, ••p•·r:,ti,,11 t.• = 1 I I 

C,,rr,·,·t 

I 
I,- ... ,,.o 

D,·:--•·ri1)ti,,11 rt• /,I, .. ,. ,,, .... "'/,I,,.,.,,, .... 

iuiti:LI :--tat•· II 11 f)tt 1-1 II 10 1111 1-1 
~,-t /,/ I, fl 111 1111 l • l IJ 00 1111 1-1 
r:,1:--•· II' 1 ti 1 lltl l • l 1110 CHI l·l 
ll•·W :--t:1.t•· 1 t11 1111 1-11 l ct0 CHI 1-1 
I,,w,·r I II II l lltl 1-CI IJ 110 CICJ l -1 II' I 

r:,1:,-., ,.,.,,, I " 11 I It I L -11 ,, 
10 "" 1011 

Example: ·\\'rite O' from state 1 in a correct cell and in the presence of the b-sa-0 fault. 

Initial state: 0 11 00 1 • 1 (correct). 0 10 00 1 • 1 (faulty). First. b is lowered: 

0 01 00 1 · l (correct). 0 00 00 1-1 (faulty). Then tL· is raised: 1 01 00 l · l (correct). 

1 00 00 1 • 1 (faulty). In the correct cell s changes: 1 01 00 1 · 0. Since in the 

faulty cell both b and b are low. s becomes indeterminate: 1 00 00 1 -1. Next. w is 

lowered: 0 01 00 1-0 (correct). 0 00 00 1-1 (faulty). Finally. both band bare raised: 

0 11 00 1 · 0 (correct), 0 10 00 1 • Oil (faulty), and in the faulty cell s eventually 

becomes either O or 1. This sequence is summarized in Table 7.2. 

From the event-sequence model we construct an FSM. In the presence of this fault. 

only operations w,., w. and r are incorrect. all others are correct: hence we get 

Fig. 7.6(c). 

As the example indicates the b-sa-0 and b-sa-0 faults increase the state set Q by the 

"indeterminate" state I. 
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•·u, l.•·1, 11.•·. l •·u i1,_,·1 l.•·. I 

' ,,., ' 
r.1·J:0~ r'l 

" " 
"'"· ,,, . ,, .... ,, .. 

(a) (b) 

•·11(l.•·1/II .• • . .'l •·11/U.•·1 'l.,·., l .-. 

Wo.co/1.ctfl.r., 1 11•11 .W1.u•. WQ.11'1·"'• 

(c) (d) 

r I ;@ 
' " 

ll'o • l\,"1 •fl'• 

( e) 

Figure 7.6: FSl\l models for faults: (a) b-sa-0. (b) b-sa-1. (c) b-sa-0. (d) b-sa-1. (e) w-sa-0. 

For the two implementations of the ·write • ' operation. described at the beginning 

of this chapter. the reader may verify that in the presence of input stuck-at faults both 

·read· and ·write • operations affect the cell in a similar manner (when the output is 

ignored). The FS1l model presented here is. therefore, appropriate regardless of how the 

·write • • operation has been implemented. 

The comparison of each of the faulty machines to the fault-free CAM cell has led to 

the derivation of simple tests for each fault. \Ve refer to the shortest tests that. detect a 

particular fault in a single cell as elt:mentary tests: these tests are essential to the detection 

of the associated faults. Table 7 .3 lists all the shortest tests that end in either a ·compare' 
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•·u/l.C't/1.,·. 'l •·u/f).,·, /1.,·. /1 

ll'u .11'. "'t-"'· ll'u- ll'. "'1. "'· 

(a) ( b) 

. ,, .,., ' 
r,11 ,{:;)~. r/l 

:~ ll'u '-

u•u.11'. u• 1 .u•. rt•u. u•. 

(c) ( d) 

c 0 /0.,· 1/11.c./O ,·.,/11.c 11·0.c._-o •·.,,'l.c111.,·. /1 co_, J.,·,./1.,·. 'l 
------- /-

rll-~~r/1 
' ,. ,,,, ' 

rll:~:rl 
_,., "'" .,., 

,, .... r,•. "'1-"'· ,, ... _,,,_ 
"'• ·"'· 

(e) (f) 

Figure 7. 7: FSM models for faults: (a) c-sa-0. ( b) c-sa-1. ( c) c-sa-0. ( d) c-sa-1. ( e) m-sa-0. 
(f) m-sa-1. 

or a ·read' operation. These tests have been generated by the OBSERVER:? program for all 

input stuck-at faults except the w-sa-1 fault. \\·e refer to the faults that are detectable 

in a single cell as independently testable. The use of w. and ·compare' operations rather 

than ·read· operations for the purpose of propagating faulty responses is dictated by the 

unreliable output of the ·read' operation for four faults related to the storage section of 

the cell: b-sa-1. b-sa-1. w-sa-0 and w-sa-1. In the last example a w11 w. forces the faulty 

cell to state 1. whereas a good cell would be in state 0. A w11 alone is not enough to force 

the faulty cell to the erroneous state. 

The w-sa-1 fault automaton is identical to that of the fault-free CAl\,J cell: therefore. 

"< >11-.1 I:\ 1-.1: i,- a p1·11~"1·,uu for ,lia~•uo,-iu~ mu! t.,·,-r.iu::; ,-,•qn,·ut.ial 111aduu,·,-. It. j,- l,,L••·cl 1111 r.111' r.i!l'ory 
cl,·vd11p.-.l iu [10] awl w,L- w1ir.r.,·u at. r.lJI' U1uv,-1-,.ir.y of War.,·rloo l,y C.-.J. Siu: acl,litioual f<-ar.,u·,•,- w,·n· 
lar.n add,·d l,y P. Kwiat.kuw,-ki ;uul P. n. Sidorowicz. 
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Table 7.3: Summary of input stuck-at faults. 

I ,,_ .. ,,-fl 

I 
Wt W. Ct 

I " I I I 

i 11•1 u•.•·u I I 

" i I 

I "'Ir : " 
; I 

I 
,,_ .. ,,-1 11 w1 Woco 

I 
" I 

I I 

I 
11 '1 ll'o•·1 I " I l I I 

" '''I "'or I ' I 

i ,,_ .. ,,-IJ 

I 
wow .co I " I 

I 
I I ! 

" i "'"'''. ··1 ! I 

! 1t•ur I i " 
I I,- .. ,,-1 WoW1C1 I II I I 

! 
i 

I I I II l ru0 r,, 1 ,·0 I ! '''11"'1 r I " I 
,,._ .. ,,-0 W1C1 WoCo ' 1 If ••t· II I I I 

" " ,,, .. , ... ,, .. ,., 
11•1•'0"'0 1 ·1 " II II 

I I 
u,.,,.,,,.,, ... " I " 

ll'- ,,,- J 7 :--•··· Sq•ti .. 11 8.:?.l I 
, . ... ,,-ti I WoCt I I I " 

woco " 
"'o•·. " 
W1Co " 
W1C1 " 11•1•·. " 
CtCO II II I t1 ,,r fl l 
.... , .. 

" 
m--.,-1 II C'(CO l I I II •11· ll I 

•·11•·1 

no test exists for a single cell. Consequently. this is the only input stuck-at fault that is 

not independently testable. However. this fault is detectable in conjunction with other 

words. and will be considered in Chapter 8. 

i.3 State Stuck-at Faults 

Staff. stuck-at faults are stuck-at-0 and stuck-at-I faults of nodes s and s in Fig. 7.1. 

Accordingly. we define the state stuck-at fault model to comprise these faults. under 

the single fault assumption. State stuck-at faults are often referred to in the literature 

as cell stuck-at faults. An event-sequence behavioral analysis has been performed for 



CHA.PTER , . C . ..\M MODEL 65 

every state stuck-at fault; these analyses have been reported in [48] and are presented in 

Appendix .-\.1.2. 

Exa1nple: ·\Vrite 1' from state O in a correct cell and in the presence of the s-sa-0 fault. 

Initial state: 0 11 00 1 • 0. First. b is lowered: 0 10 00 1 • 0. Then w is raised: 

1 10 00 1 • 0. In the correct cell s changes: 1 10 00 1 • l. In the faulty cell. this 

transition does not occur: 1 10 00 1 · 0. Next. w is lowered: 0 10 00 1 · 1 (correct). 

0 10 00 1 • 0 (faulty). Finally, both b and b are raised: 0 11 00 1 • 1 (correct). 

O 11 00 1 · O (faulty). 

FSM models for all the state stuck-at faults have been constructed. as shown in Fig. i.9. 

The model associated with this example is shown in Fig. i .8. 

ru :1.,·1 /0 .. r. /1 
------

r i II 

,,, .... "'. 

(a) 

r.,/11.ri fl.,·. /1 
------

"'1. ,,, . ,,,., . "'"1. ,, •. 

(b) 

Figure i.8: Ce!I behavior: (a) correct. (b) s-sa-0. 

, • ., .'IJ .•• , ," l., •. i 1 

' w._ r/1 

, " 

(a) (b) 

Figure i.9: FSM models for faults: (a) s-sa-0 and s-sa-1. (b) s-sa-1 and s-sa-0. 

One important characteristic of state stuck-at faults is that. although the cell can only 

be in one state, 'compare' and ·read' operations in that state generate determinate and 

correct output. \Ve have generated elementary tests for every state stuck-at fault, using 
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the OBSERVER program. \Ve have determined that. in a single cell, every state stuck-at 

fault can be detected by tests of length 2. Examples of elementary tests for these faults 

in our fault model are shown in Table 7.4 

Table 7.4: Summary of state stuck-at faults. 

... .. ,1-IJ II "'1··1 " ... ... ,t-1 !' "'11•·11 II 

... - ... ,,-11 ! U!11f"o l) 

I .•• .. ,.J ii "'1•·1 II 

7.4 Thansistor On/Open Faults 

Transistor faults constitute an important class of faults that occm· in static memory cells. 

They are a result of defects that render transistors inoperable. in the sense that these 

transistors either always conduct or never conduct. These two types of transistor faults 

are known as stuck-on and stuck-opt::n faults. respectively. Depending on the location of 

the faulty transistor. such faults may cause spontaneous changes of the cell's state that 

are slow enough not to be detected by typical testing algorithms and thus are classified 

as data retention faults. Transistor stuck-on faults are more readily testable. as they 

result in an increase in the quiescent supply current I DD(J; hence they are detectable by 

parametric tests. This is not the case with transistor stuck-open faults: several testing 

methods for transistor stuck-open faults in SRA.Ms have been proposed [20, 37]. The 

transistor fault model comprises all the transistor stuck-on and stuck-open faults of the 

C'A.11 cell. under the single fault assumption. An event-sequence behavioral analysis has 

been performed for every transistor fault: these analyses have been reported in [47] and 

are presented in Appendix A.1.3. 
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Table 7.5: A 'compare l' operation in a correct and faulty CA.M cell. 

D1 ·=--•Tipti••ll ,,. /,I, .••• Ill ·:if 11· l,I, , ... 111· .. 

iuiti:a.l ~tat,· " 11 lltl 1-1 " 11 1111 1-1 
H .. at m " 11 IJlf i -1 " 11 OtJ i-1 
:,,;,·t ··:·· " 11 Ill i -1 " 11 11 I i-1 

"' ,li!'•·li:,r~•·=-- II 11 111 1-1 " 11 111 0-1 

r•·a1l rn& ~r1 ,1111, I ,· / ,. II 11 I I( I i-1 " 11 1111 0-1 
r:,1:--•· ,,. II 11 1111 1-1 " 11 1111 l I 

Example: ·Compare l' from state l in a correct cell ( Fig. 7. l) and in the presence of 

the T7 -on fault. Initial state: 0 11 00 l • l. First. m is floated: 0 11 00 i - l. 

Note that both transistors T-; and T8 in the faulty cell are on. Then c is raised: 

0 11 10 i - l. Since in the correct cell T-; is off. T'J does not conduct and m remains 

floating: 0 11 10 i · l. In the faulty celL the conducting transistors T-; and T8 act 

like a voltage divider. and hence, the voltage on the gate of T'J will rise high enough 

to discharge m: 0 11 10 • l. Next. c is lowered: 0 11 00 i · l (correct). 0 11 00 0 • l 

(faulty). Finally. m is raised: 0 11 00 l • l. These sequences are summarized in 

Table 7.5. 

FSl\l models for all transistor faults have been constructed. as shown in Figs. 7.11 and 7.12. 

The model associated with this example is shown in Fig. 7.10. 

,·.,. l.,·,/11.,,. :1 ,·.,/0.,-,,,1.,-. /1 co/0.,·, /0.c. /0 ,·,. /0. C1 /0. ,·. / l 
,,.--.. --

,...___~----'''• -------¼--
r II -~ _ _ _ _ ___ -=-~---- _., r / l 

\ 11•,. : \ 

"'"· ,, .. "'•· ,,, . "'"· "'· ,,,, ·"'· 

(a) (b) 

Figure 7.10: Cell behavior: (a) correct, (b) T-;-on. 
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.-\s expected. faults affecting transistors T 1-T~. cause data-retention failures. modeled 

but the indeterminate state I. Also. stuck-open faults of pass transistors T-:, and Tc result 

111 indeterminate output from 'read' operations. 

In a single cell. every fault. except T3 -on and T~-on. can be detected by tests of length 

at most 3. Examples of elementary tests for the reliably testable faults in our fault model 

are shown in Table 7.6. The results presented in this table indicate that transistor-open 

faults affect a cell's data retention capabilities are easily detectable by functional tests. 

due to the availability of the 'write • ' operation. However. in order to obtain full fault 

coverage with respect to this fault model. parametric tests are necessary. 

Table 7.6: Summary of transistor faults. 
Fault Ii T,·,-t 5•·•11..-w·•· Faulty R,·"l'"""'. F:,11lt-Fr•·•· (l •• ,., .. ,11,.,· 

T, _,,,, II rt• I ft' . •· I II I 

u•., ,,, . •·u II I 
ll'u 11' . •·o " I 
1/'1"'·•·1 II I 

,,.,.,, .•·1 II 

T-_.,,,, i! 
T-.·"I'',, ii ,, ... ,,., .. , I 

" 1 i I 

T,;•"" I "'t ,·, ! II 1 

r.~ •HJ" fl I ,,., ,,·u•·u : II 1 ! 

I T-;-on ! ,,., ... I II 1 

i T-;•oJWfl I 11111•·1 1 
I 

" i I 

I 
T. _,,,, I ,,,., .. ., I It I 1 

! T .... ,,p,-11 I 11•1•·u I 1 II 
I 

' r.. _,,,, ! ,,,,,., I II I 1 i 
: T-,•HJ'f"(I I i 11 

I 111 .... 111 
I •·1 •·u / •·0•·1 I 
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r II 

r I 

ll'u. II'. 

\\'o. ,,, . 

Co/ I. C1 /1. , •. ,' 1 

(a) 

,· .. /11.,·, /1.,·. / 1 

II'(. II'. 

(c) 

,·11 /1 J. ,· 1 . 1. ,· . ,1 l 
,,.--. 

(e) 

•·o / I J. •·1 / 1. •· .. 1 ,-, 
' ' r I x,J)___(Sf,_, r··i 

' 11'11.W • ' ' 

H'n.Wt. 11 ' • "'• 
(g) 

Wo 

(b) 

(d) 

•·o/ l.•·1 ,'•J.,·. / 1 
,-

' r,11 ~ 

r1•u.W1.11•. 

(f) 

(h) 

Wo.rt•1-"'· 

l:i9 

Figure 7 .11: FSM models for faults: ( a) Ti -on. T1 -open and T 3 -open. ( b) Ti -open. T"!.-on 

and T 3 -on. (c) T 3 -on. (d) T-i-on. (e) T:;-on. (f) Tc-on. (g) T:;-opcn. (h) T,:,-oprn. 
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co/0 . .- 1 'O.,·., l 

!l'u. II'. 11''1 . ,, •. ,, • .,. 11•. "'1.11·. 

(a) ( b) 

,·11 / 1. Cl , 1 . r . / 1 ,·.,; o. ,· 1 , 1. ,· . / l r,,/l.r1 /0.,·., 1 

,,, ... ,,, . ll'J •II'. 11•11. II'. "'•·"'. 

(c) (d) 

co10.,·,.10.c./O ,·.,/11. C1 . .'0.c. /0 

,,,.,. ,,, . "'I• II'. ,,, ... ,,, . 11•1. ,,, . 

(e) (f) 

Figure 7.12: FSM models for faults: (a) T,-on. (b) T8 -on. (c) T-;-opEn. (d) T8 -opEn, (e) 
Tron. (f) T'J-oprn. 

7 .5 Bridging Faults 

Unintentional shorts between lines or nodes within modern VLSI circuits are a common 

occurrence. Such defects are of particular concern because depending on the resistance of 

a given short. its presence may or may not manifest itself as a logical fault. \Ve consider 

two types of bridging faults: those that occur between input lines of a CAM cell. i.e .. 

intra-all bridging faults and those that occur between adjacent input lines of neighboring 

cells. i.e .. zntEr-cdl bridging faults. These faults can be further categorized into those that 

are a result of non-resistivE ( hard) shorts. and those due to resistive shorts. \Ve define 

the bridging fault model for the CA.M in order to establish which faults within the model 

are detectable reliably by functional tests. The bridging fault model comprises all the 
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bridging faults between input lines of the CAM cell. as well as between adjacent lines of 

two neighboring cells. under the single fault assumption. An event-sequence behavioral 

analysis has been performed for every bridging fault: these analyses are presented in 

Appendix A..1.4. 

7.5.1 Intra-cell Bridging Faults 

Here we consider bridging faults that occur within a single cell. 

Exa1nple: ·Compare l' from state O in a correct cell and in the presence of the c-c-hrd 

fault. Initial state: 0 11 00 1 • 0. First, m is floated: 0 11 00 i · 0. Then c is raised: 

0 11 10 i · 0 (correct). Since in the faulty cell c and c are shorted together. c remains 

grounded3 : 0 11 00 i • 0 (faulty). In the correct cell c = 1 which switches on T'J 

(T;- conducts). This causes m to discharge: 0 11 10 0 • 0 (correct). [n the faulty 

cell c = 0. and hence. m will not discharge: 0 11 00 i • 0 (faulty). Next. m is read 

and c is lowered: 0 11 00 0 • 0 (correct), 0 11 00 i · 0 (faulty). Finally. mis raised: 

0 11 00 1 • 0. Table T.T lists events that occur during a ·compare l' operation in a 

correct and a faulty cell when s = 0. 

Table 7.7: A ·compare l' operation in a correct and faulty CAM cell. 
! c .. ,upar,· 1 up,-r:,tiuu ~ ·"' = o I j 

iuitial ~tat,· 
tf,,:a.t ,,, 

~•·t ,· .• 

m ,li:-.•·liar~•·:--
r,·a•l ,,, k ;!T•••111,I ,·,1,· 

C,,1-i-,·,·t 

11' /,I, ,·,· ,,, .... 

" 11 110 l .IJ 

" 11 1111 l ·" 
II 11 111 i ·" ,, 11 l" I' •II 

" 11 I II I I J -~ J 

" 11 "" I ·" 

,-.,-./,r,l 
,,, l,l, ,.,. ,,,._,. 

" 11 1141 1-11 

" 11 "" l -11 

" 11 011 i-11 
II 11 011 i .If 

" II 011 j -11 

" 11 I II I l ·•' 

The FSM model associated with this example is shown in Fig. 7.13. 

'P111l-dow11 .-irrn.itry clomilliLt.,•,- pnll-11p dr,·1t.itry. 
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,· .. ,'l.,·1 /0.,·. /1 ,·.,/0.,·,/1.,·. 11 ,·.,/11. Ct/ l.,·. / l co I l. ,· 1 / l. ,· , , l 

r·O r'O 

t1•11.II'. ,, .... "'· 11'1• "'· 

(a) (b) 

Figure 7.13: Cell behavior: (a) correct. (b) c-c-hrd. 

7.5.2 Inter-cell Bridging Faults 

We now consider bridging faults between adjacent lines of two neighboring cells. i.e .. the 

b' -b-hrd. b' -b-rt:s. c' -c-hrd and c' -c-res faults. Since. in this CAM circuit layout. b_ b are 

implemented on a different layer of metal than c/ c Jines. faults c' -b-hrd. c' -b-rt:s b' -c-hrd 

and b' -c-rt:s are unlikely to occur. and hence these faults are not being considered here. 

Exa1nple: 'Compare , l' from state 00 in a correct cell pair and in the presence of the 

c' -c-hrd fault. Initial state of the cell pair: 0 11 00 11 00 1 • 00. First. m is floated: 

0 11 00 11 00 i • 00. Then c is raised: 0 11 00 11 10 i · 00 (correct). In a faulty 

cell pair c remains at O as it is grounded by c': 0 11 00 11 00 i · 00 (faulty). In 

the correct cell pair m to discharges: 0 11 00 11 10 0 • 00 (correct). and in the 

faulty one it does not: 0 11 00 11 00 i · 00 (faulty). Next. m is read and c is 

lowered:O 1100 1100 0-00(correct).0 1100 1100 i-OO(faulty).Finally.mis 

raised: 0 11 00 11 00 1 • 00. Table 7.8 lists events that occur during a ·compare 1' 

operation in a correct and a faulty cell when s = 0. 

The FSl\l model associated with this example is shown in Fig. 7.14. 

FSl\l models for the remaining intra- and inter-cell bridging faults are shown in 

Figs. 7.15 and 7.16. respectively. In Fig. 7.16 all compare operations have been omit­

ted for clarity. as their output from states 00. 01, 10 and 11 is correct (see Fig. 7.14(a)). 
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Figure 7.14: Beha\·ior of two adjacent C.-Uv[ cells: (a) correct. (b) c'-c-hrd. 
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Figure 7.15: FSl'vl models for faults: (a) b-b-hrd. (b) b-w-hrd, (c) b-hrd, (d) b-m-hrd. (e) 
b-m-hrd. (f) c-c-hrd. (g) c-w-hrd. (h) c-w-hrd, (i) c-m-hrd and c-m-r€s, (j) c-m-hrd and 
c-m-res, (k) m-w-hrd and m-w-res. (l) s-s-hrd. 
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Table i.8: .-\ ·compare • 1 • operation in a correct and faulty C.-U,11 cell pair. 
c. ,111p:u·,· • 1 . ,p,·r:..ti, ,u IS = 1111 t I 

I 
I 

c .. n-,·,·r .. ' -•·-l11·.f 
I 0,·:-,.,•ripti, ,u II' ,,,,,, ··',·' /J, .. ,. ,,, .s ,,. l,'I,' .. ',·' IJ, .•.. ,,,.s 

iuitial :,..t:a.t, • I II II 110 11 1111 1-1111 II 11 HIJ 11 flO 1-1111 

ti, ,at 
"' I II 11 110 11 1111 1-1111 II 11 IHI 11 t HI 1-1111 

.... ,-t ,-_:,· I II II on 11 111 1-111, " 11 110 11 Ott i till 

Iii I li:--1·ft:..1·:,:r:-,. I II 11 1111 11 111 11-0fl II I I 1111 11011 j -1111 

r,·:a.,I ,,,~ :.::ruuud ,.,, ,· I II 11 I It I 11 1111 11-111 I II 11 1111 11 tlfl i-1111 

I ra.1:,,.•· "' ! II 11 1111 111111 1-t U I I II 11 tllt 11 11(1 1-1111 

The output of ·compare' and 'read' operations from the indeterminate states IO. Of. LI 

and fl is indeterminate. 

In a single cell. every hard bridging fault. except b-b-hrd. c-w-hrd and c-w-hrd can 

be detected by tests of length at most 3. In an adjacent cell pair, both inter-cell hard 

bridging faults can also be detected by tests of length at most 3. 

Resistive bridging faults. on the other hand. are not as easily testable. Only c-m-res. 

c-m-rcs and m-w-res are detectable by functional tests. The remaining faults do not alter 

the functional behavior of the ce!l. however they do increase loo or loD<! and. hence. 

are readily detectable by parametric tests. 

Examples of elementary tests for the reliably testable faults in our fault model are 

shown in Table i.9. 

7 .6 S unuuary 

l:sing a particular static CMOS CAM as an example. we have developed a fault mod­

eling methodology. The modeling steps include circuit analysis. asynchronous behavior 

analysis. and FSl\l representation of the fault-free and faulty circuits. Four fault models 

for an n-word by /-bit static CMOS CAM have been defined: input stuck-at, state stuck­

at. transistor stuck-( on/open). and bridging. It has been found that some of the faults 
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Figure 7 .16: FSM model: inter-cell b' -b-hrd bridging fault. 

described resemble well known fault categories: cell stuck-at. transition. coupling, etc. 

Howe\·er. many of the faults presented here have a distinct behavior and do not cleanly 

fit these categories . .-\ systematic behavioral analysis produced the following results: 

• .-\II input and state stuck-at faults are reliably detectable by functional tests. al­

t hough some faults are not independently testable and have to be considered in 

conjunction with other cells. as shown in Chapter 8. 

• ".!1'~
1 

• l00°o ( approx. 11 D:c,) of transistor faults are not detectable by functional CAl\l 

tests: howe\·er all transistor-open faults that compromise data retention in static 

memory cells can be reliably detected. due to the enhanced functionality of this 

type of memory. 

'J,.f-"-,I-".! 1000:- ( -ocr- -) f'" 1 • l b "d • d 1 1· bl • 18,,1.,.. 81 +".!u--t • o approx. ::> o o ,au ts m t 1e n gmg mo e are not re 1a y 

detectable by functional tests. 
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Table ,.9: Summary of intra- and inter-cell bridging faults. 
Fa11lt 

/,.1,.,r/,./, ,,[ II N .. t t,·,-t:.I ,(.• r-·lial ,ly. Par:uu,·t1·i,· t,·,-t 1·•·• p1ir•·• I. 

l,-w-1',,{ I! " 
,,_,,,_,,, .. 1 ,, ... ,,,, .-. ., I ,_ _____ ,._ ___ ....:_....:_ _ _;. ________ ....._ _________ _ 
,,_,,,_,,,,1 11 ,,...... 1 • l 

! 
u, 1 ,- 1 11 1 

m - u•-1, ,·,L " I 

/,_,,,.,.,. .. 
/,_,,,_It ... 

,·-•·-r,·., 

,._,,,_ ,., ... 
··- ,,._ ,., ... 
,-_ ,,, - ,., ... I 11 

•·-111-rt _ .. ,, ... ,,,, ... II I 

'" - u,- r,· .. 

f,' ... 1,-1, ,-,l j/ ll'itull'. u•·uu II 

,.• .,·.J, r,[ , ... , .. ,., . 1,1 II . 11 '11•·0. 

• Faults that are not detectable by functional tests cause an increase of I DD or I DDQ; 

hence they are detectable through parametric testing. 

• ·Read' operations are inadequate sources of output for testing static CMOS CA.Ms; 

·compare' operations are a more reliable choice. 

• Elementary tests, of length at most 3, have been determined: these tests are neces­

sary to detect reliably testable faults in an arbitrary CAl\l cell. 



Chapter 8 

Development of a CAM Test 

In the previous chapter we ha,·e developed four fault models under the single fault as­

sumption. \Ve have found that not all faults are reliably detectable by functional tests; 

however. for those that are. elementary tests have been generated. \Ve have also found 

faults that can only be detected in conjunction with tests on other cells. Table 8.1 lists 

all the n~cessary elementary tests to detect the reliably testable faults. [n this chapter 

we develop an overall test that will detect these faults in an n-word by /-bit CAM array. 

This process consists of four steps: 

1 . .-\ test for a single cell is developed. 

•) This test is extended to an n-word by 1-bit CAM (bit-oriented memory). 

:3. It then is extended to a 1-word by /-bit CAM (single I-bit word). 

4. On the basis of the two extensions. a test for an n-word by /-bit CAM is generated. 

78 
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Table 8.1: Summary of elementary tests for a CAM. 

"'I,, •. ··1 ,,_,,,-IJ. T, _,,,,_ T~-"I" "· T:-"J'' u 

"'I,,....... ,,_ ... ,,./. T..- 0 ,,,.,,_ /,.,,,.J,,,L 

"'11"'. •·11 /,_ .. ,,.,,. Ti-"J" "· T:.-""· T,.,,1,, ,, 

rt'11"'1•·1 /, ..... ,,./. T-.·"l""· ''•ll•-hrif. •·-rn-rr·., 

11•11•·11 , .... ,, ... J ...... ,,.J. _.,,_,,,.11. T-.-011. T-.-1111., -tn-hr,l. ,·-111-r,·, 

u• 1 ,... ,._ .. ,,-tJ. T ... ... ,,,,,·n. 

'''1 •·1 ••-•qt-I. ,_,,,-II ........ ,,..J. T..-11rJ. T-:-011. T,, ... ,,n. ,·-111-hr·,l. 111-w-hnl. 111-ur-rr .. 

•·1 •·o ,,, .. _ .. ,,.fi. ,,,_,,,.[. T.,-op,·n .. , .. c.hnl 

,, .... ,,, •• 11 ,-,.11 1/-1,-h,-,f 

11 '1 I ' 0 11 . ••' -•·-/, r,[ 

8.1 Test for a Single Cell 

Partly with the aid of the OBSERVER program. we have found tests 

and 

of length 9 that detect all independently testable faults. It has been shown that for every 

independently testable fault. there exists a test that is included in Tce.ll (T~e.ll). The 

details are presented in Appendix A.2. Moreover. these two tests are irre.dundant. since 

the removal of any of the input symbols in the test will result in some fault becoming 

undetectable. Tests for individual faults that are included in Tee.fl are indicated in Ta­

ble 8.1. \\'ith the exception of tests u• 1c11 and w.,c1 . these tests have been chosen because 

their response in a fault-free cell is a match, and in a faulty cell, a mismatch. Tlrns. the 

CAl\I's implicit-AND match property, i.e .. that a match line discharges in the presence 

of even a single bit mismatch, can be efficiently utilized to test cells in parallel. 
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8.2 Extension to n-word by 1-bit CAM 

\\'e now consider an n-bit CAM where each word consists of a single cell. At this point. 

some assumptions must be made about the functionality of the peripheral circuitry in a 

fault-free C'Al\L 

1. The address decoder can raise at most a single write line. Consequently. only one 

word can be written to or read from at any given time. 

•) Match detection is done through a hit line (high when at least one match is de­

tected). a multi-hit line (high when multiple matches are detected). and an encoder 

that returns the address k of the highest priority match line 1 . 

We model the correct behavior of an n-word by 1-bit word CAM as an FSl\[ 

Al = (Q. X. Y, '5. ,\). 

}" = {O. 1. S. q, where O :::_ k :.:_ n. and the transition function J and the output function.,\ 

are defined by 

(q 1 ..... 0, .... q"). if X = wt,. 

J ( ( q l • ... • q; • ... • q")' X) = (q1 .... , l. .... q"). if X = wi. 

( 1 ; ") q ..... q ... .. q . otherwise. 

1 I3y .-1111v,·11riou. a, ldn•,-,- l !t,L, r.1..- l1i~h,·,-t.. ,u1tl ,ul,h·,•,-,- 11 r.1..- luwc•,-t. priurir.y. 
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and 

\( ( 1 ; ,. ) ) _ r 
, q ••••• q , •••• q .r -1 

q' . 

min(k). 

o. 
1. 

$ . 

• f d ,.. 
1 ;r = c1, an q = p, 

if ;r = c1, and -3/.: : q1
•• = p. 

if ;r = C . • 

otherwise . 
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The inputs r;. w/,. w1. w;. denote the 'read', ·write o·. ·write 1' and ·write ··operations on 

word i. respectively. The inputs c, 1, c 1. c. denote compare operations with the contents of 

every cell in the CA.l\l. The output $ is merely a formal symbol denoting lack of output 

during ·\•.-rite· operations. 

The test Tall is modified into a march test 

T ( i)'(;; )"Jl (;; )"Jl n-bit = W 11 • U't W. Ct C11 W 11 W. Co c1 

for the n-word by 1-bit CAM. The symbol I )"• 1 denotes the direction of the march 

elements: from n to 1. This direction is dictated by the priority scheme used in the 

match line encoder and always follows from the lowest to the highest priority. First. all 

the words are initialized to 0. Then. in the fault-free CAM. for each u·1 u/. in a march 

element. the subsequent Ct input should produce a value of k: k = i. Multiple hits 

during this test are expected: thus the status of the multi-hit line must be ignored. The 

mismatching Co is performed once per march element. on a CAM uniformly filled with ls. 

and should produce a value k = 0. indicating a global mismatch. Any hit. i.e .. any k ::- 0, 

indicates a fault. The rest of the test sequence is similar. with O and 1 interchanged. 
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8.2.1 Testing the w-sa-1 fault 

As indicated in Section 7.2. u·-sa-1 is not independently testable and affects all the cells 

along the faulty u•. However. this fault is detectable in the following manner: 

Assume u-;-sa-1. Since word i is always accessed, a 'read' or 'write' operation may 

be applied to two words simultaneously. Note that if the two accessed words contain 

opposing values. ·read' operations will yield unreliable results . .-\ possible test is: 

where 1 -· i :_:: n and 1 :S u < n. The symbol ( 1! denotes n operations. These can be 

done in order either from n to l or from l to n: hence the t- Initially. Os are written into 

every word. If word u is the faulty word. u === n. then w1' will write ls to both u and 

n. The first c1 will generate a multiple hit and the returned value of k will indicate the 

address of the faulty word. as the faulty word has a higher priority than word n. If word 

n is the faulty word, then word u is not, so u·,•: restores the initial state of the CAM. 

u·1' will write 1 to words u and n. and the second c1 will generate a multiple hit. Here 

the value of k is ignored. as the location of the faulty word is known to be n. Thus. the 

occurrence of a multiple hit indicates the w-sa-1 fault. 

8.2.2 Complete Test for 11-wo1·d by 1-bit CAM 

To achie,·e 100cc, fault coverage under our fault model. we combine T n-bit with T w-sa-1: 

\Ve remind the reader that we are using the single-fault assumption. Note that the 

initial ( u·/,) ! of the T w-sa-1 test has been dropped. as the CAM is expected to hold only 
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Os at the end of T n-bit· Note also that w. is not needed in the last part of the test. 

because the faults which require w. would have been detected by the first part of the 

test. 

The T n-bit-compl test has of 5n + 3 'write' operations and 2n + 4 ·compare· operations 

and has an overall length of in+ 7. 

8.3 Extension to a 1-word by l-bit CAM 

\\"e now consider a single row of cells comprising a CAM word. Recall that a match line 

is a •wired AND' of match responses of all cells in a word. 

Let B = {O. l} and T = {O, 1. • }. To handle masking of selected bits we define a 

function : T • B-'- B. where 

0 0 = o. 

1 0 = 1, 

0 = 0. 

0 1 = 0. 

1 1 = 1. 

1 = 1. 

In this manner. for .r _ T and y -= B . .r y returns the value of y if .r = · . or the value 

of ;r otherwise. 

\\'e extend this function to /-bit words as a bit-by-bit operation. Let V = 8 1 and 

P = T 1 and let t-= P and t' .'.: V. Then t = (t 1 , ... ,tt) and t' = (t~ ..... tD. where l; ~ T. 

t; -= B for 1 :S i :S I. and 

The behavior of a 1-word by /-bit CAM can be specified by the automaton 

.\l = (Q. X. }".'5, .,\) 
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where Q = V. X = {r} '-' (LJ,.~-P w1,) U (LJ,.~-P c1,). and Y =VU {O. 1. $}. For q-: V. ;r-: X 

the transition function J and the output function .X are defined by 

and 

J(q. ;r) = J q. if ;r = r or ;r = c1,. P-= P, 

l 

,\(q. z) = 

p q. if ;r = w, .. P-= P. 

q. if z = r. 

1. if z = c1, for some p -:: P and p q = q, 

0. if z = c1, for some p -:: P and p q == q, 

$, otherwise . 

.-\.II faults. except for cJ-sa-0, ci -sa-0. Tf-open. Tt-open. b-i-m-hrd, &.i-m-hrd, c-1 -cJ -

hrd and c1j+ll_d-hrd are detectable by performing the respective tests on all cells m 

parallel since these faults manifest themselves with a mismatch. Detection of each of 

the remaining faults. where 1 :::: j ~ L. is more complex. Their respective tests have 

a mismatch as a fault-free response and a match as a faulty one: thus. they cannot be 

applied to all the cells in parallel. as no faulty response would e\·er be propagated along 

ni. To propagate a faulty response along m. a mismatch must be attempted on each 

cell j individually. while simultaneously applying a c. to the remaining l - 1 cells. Let 

· r IO • l-J be the /-bit word with O in position j and • in every other position. The 

word • J-
1 1 • l-j is similarly defined. The symbol [c. ,-1 11 . ,_, J- represents a sequence of L 

·compare· operations to words of the form • j-to • l-J. where j \·aries from l to Lor from 

I to 1. In this manner one c .. and l - 1 c. are performed on each cell. Also. each pair of 

cells undergoes a c11 .• necessary for the detection of the cU+ 11 -cj -hrd faults. 

The inter-cell fault c1j+ll_d-hrd requires a special pattern to be used during a 'write' 

operation. \Ve address this issue by inserting a w. 11 .... 11c11 ___ 11 followed by a w11 • .. .1,. c11 .. .1, 
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to detect all possible c1j+l 1-d-hrdfaults. 

The extension of the Teel! test to the I-word by /-bit CAM takes the form 

Tword W11 ... 11tL'1. .. 1tL1 , .... Ct. .. t[C. 1-111, t-, 1-

w,, ___ 11tL' ..... c., ___ 11[c. ,-1 1 . ,_, ]-

where w11 ___ 11 denotes the writing of an all-0 word. w. "···. 11 denotes writing Os to odd bits 

within a word and masking the even bits, etc. 

The T word test consists of 7 'write' operations and 21 + 4 'compare· operations and 

has an overall length of 2/ + 11. 

8.4 Extension to n-word by l-hit CAM 

The combination of both extensions described above yields the specification for the be­

havior of a n-word by /-bit CAM. 

Let V. P and be defined as before. The correct behavior of a n-word by /-bit CA~[ 

is denoted by an FSM 

M = (Q.X. Y.J.,\). 

where Q = V". X = (Ui'= 1 .-l;) UC with .-1; = {r;} U (Ur,-=-P w;,), C = Ur•-=-P Cr,· }-" = 

V 1_, {O ..... n. $}. For 1 ~ i :::_ n and for q; -:: V . .r -:: X. p -:: P. the transition function J 

and the output function ..\ are defined by 

l _ { (ql .... ,qi ..... q"), 
J((q ..... q' ..... q") . .r) = 

( I ' ") q .... ,p q, .... q . 

if .r = r' or .r = Cr,· 

•f I 
I .r = U'I'• 
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and 

,\((qr, .... / ..... q") . .r) = 

q'. if .r = ,.; . 1 ::._ i :5_ n 

min( k). if .r = cr, and p q',. = q'··. 

0. if .r = cr, and -,"3,k : p ,/ = q1,.. 

$, otherwise. 
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The following test detects all reliably detectable faults under the input stuck-at. state 

stuck-at. transistor stuck-( on1 open) and bridging fault models: 

( lL,i )! 
tt .. J I 

( ; ; )"Hf i-W1._.1 lL' . .... Cr. .. I ,c. 1-1 11 . t-1 

( i ,i ")"ii[ i-tL·11 ... tlu ..... C11 .. .11 C. 1 -11. t- 1 

( " ,. ) 
IL'. 11 .... 11C11 ... llu.•11 ... .II• C11 ... II 

( 
,, ,, u ) 

Wr. .. I Ct...l Wll ... 11 lL·1...1 Ct...l • 

This test consists of two parts. analogous to those of the T n-bit-compl test. The first part 

consists of an initialization which sets all words to 0 ... 0. and two march elements. For 

a fault-free CA~I. each of the march elements should result in n hits with I..· = i. followed 

by / mismatches at k = 0. Any other response indicates a fault. In the second part (last 

two lines). two hits are expected with I.: = 1. after which multiple hits are monitored. 

since they indicate faults. 

The T 5e_.-:a test consists of 5n+5 ·write· operations and 2n+2/+4 ·compare· operations. 

Therefore. the length of our test for all the reliably detectable faults in an n-word by /-bit 

C'A:\I is Tn + 21 + 9. 
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Add.n·:-:­

Ad,lr,•:-:- • 
D,·c·od,·r 

....... __ .,,. 

I3it S,-11,.... / Lar..-lt 

CAM Array 

Data- h1 Latd1 

Mat.di 

Lat.cit 

,Jl-ltit / m- ••l-1 Ii 

Figure 8.1: OFT suggestions. 

8.5 DFT Suggestions 

87 

The length of the T S€:1B test is linear in the number of bits in the CAl\l. Certain OFT 

hardware enhancements. if implementable:?. can substantially reduce this test length. 

Depicted as logic gates in Figure 8.1 they target faults that contribute most to the length 

of the test: these enhancements are described below. 

• An all-hit output. indicating that a match has not been detected on e\·ery word in 

the CA.l\l simultaneously. Note that this output directly detects the m-sa-0 fault. 

Given this additional output. test Tsf?B can be modified to 

; t 
( w ) • 

11 ... 11 

( ; ; )"'1 r ,_ 
W1.._1W . ... • ~ C1. .. 1CC,1-•11.l-1j 

(w" c u," c ) • IJ. .. • II U .• JJ t) • .. .fl• 11. •• 11 

( " ,, u ) 
«•1 ... 1C1 ... l w,, .. .11li'1 ... 1C1 ... l • 

"Tlw .-o:-t. of DFT mn.,t. lw a.-n•ptahl,·. i.,· .. ad,litioual ;u·,·a. compl,·xit.y. p,·rfon11a11n· cl,·:..,•radat.iou . .-t.r. 
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the length of which is reduced to 5n + 2/ + 11. 

• .-\. u•-high output. indicating that at least one write line is active. This output can 

directly detect any w-sa-1 fault. as well as w-sa-0 faults during 'write· operations: 

hence. the suffix of the test T'sen. (wi'_ __ 1 c1... 1 w;; ___ 11 u•1' ... 1c1...d. can be omitted. If. 

however. the u·-high output is unavailable. the w-sa-1 fault can still be detected 

by reducing the above-mentioned suffix to ([l/ = 0 ... 0Jc1...d. where [ii = 0 ... O] 

represents setting all the bit lines to ground - like the first step in the ·write O' 

operation - without actually raising any of the Wls. This will result in the word 

affected by the w-sa-1 fault having 1 ... 1 written into it. A match resulting from a 

subsequent c1... 1 operation indicates a presence of this fault. 

• The ability to perform a bulk-writ€ operation to all words in the memory simultane­

ously. together with the all-hit output. will result in a test length that is independent 

of the number of words in the CAM. For example. the length of T'sf:,B would be 

reduced to 2/ + 16. If used with the w-high output. the length of the test would be 

further reduced to 2/ + 11 

8.6 Suuunary 

\\'e have presented the construction of the T Sf:; B test which detects all reliably testable 

faults under the input stuck-at. state stuck-at. transistor stuck-(on1open) and bridging 

fault models. The construction process consists of the development of a test for a single 

cell. extension of that test first to an n-word by 1-bit CAM (bit-oriented memory}. then 

to a 1-word by /-bit C.-Uv[ (single /-bit word). and by combining the two, the generation 

of a linear-time test for an n-word by /-bit CAM. In addition, some OFT enhancements 

that reduce the test length have been suggested. 



Chapter 9 

Evaluation of CAM Tests 

Several algorithms for testing CAMs have been reported [19. 31. 33. 34. 48]. The tests 

in [19. 31. 33. 48] are applicable to CAM designs which incorporate an explicit word 

addressing scheme of the type found in conventional RAMs. The test of [34] imposes 

extra requirements on the addressing scheme which are not available in most CAlvls. It 

also assumes that ·read' operations do not affect the state of a cell: this assumption is 

violated by some faults in our fault model. For these reasons we exclude this test from 

further consideration. 

In this chapter we show how our framework can be used to determine fault coverage 

with respect to a particular fault model. \Ve will illustrate this by establishing the fault 

coverage of the tests reported in [19] and [31] with respect to the input stuck-at fault 

model of the CAM circuit of Fig. 7.1. under the single-fault assumption. The process of 

establishing the fault coverage. previously reported in [49]. consists of three steps: 

1. representation of the test from the perspective of an arbitrary single cell in the 

array. 

-1 verification of the existence of elementary tests in the above representation, 

89 
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3. determination of detection of non-independently testable faults. 

9.1 Giles and Hunter Test 

\\'e represent this test using our notation. Since we index the words in our C.-\M from 1 

to n. (the former being the top. and the latter the bottom of the C.-\M array) the value 

of l· written into each word i is equal to i - 1; k denotes the l's complement of I.:. 

( i)l-l-"( )"tl w,.. c,.. 

The T Gf:·B test is limited to CAM arrays where n :.:. ·i in order to ensure that a distinct 

bit pattern is written into every word of the array. In arrays where n ;, 21. duplicate 

bit patterns would be unavoidable. These duplicates would cause multiple hits. thus 

precluding the verification of individual match lines, and also precluding the detection of 

the u·-sa-1 faults. 

For the sake of simplicity we assume an n-word by /-bit CAM where n = 21. In this 

manner. the address of word (row index) is used as the unique bit-pattern. \\'henever 

necessary. we comment on C.-\.Nls where n -~ 21. as the unique bit-pattern constraint is 

also satisfied in this case. 

\Ve can represent T Gff H from the perspective of an arbitrary cell located at coordi­

nates ( i, j) in the array where 1 :::: i ~ n and O :=:: j ::: / - 1. Variable p is a row index 
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(and. coincidently. the decimal representation of the word content). 

i.j [d. ]l-l 
W1 1-l[f'.j] !'=II 

where f'. ] is a n , I identity matrix. 
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(0.1) 

(9.2) 

(9.3) 

(9.4) 

(9.5) 

\\'e have shown in Section 7 .2 that 'compare· operations. even when faulty, do not 

affect the state of the cell, so interleaving 'write· operations with arbitrary number of 

·compare· operations will not influence any state transitions resulting from "write' op­

erations. Each cell (i.j). therefore. is subject to one of the following two sequences of 

write operations: w.,w 1 w 11 w0 w1 or w 1 w11 w 1 W11tL'1- In the case of n = 21. each of the initial 

three ·write· operations a.re followed by n/2 ·compare 0' operations and n/2 'compare 

1 • operations. The order of ·compare· operations depends on the column j in which the 

given cell is located. but can be treated as arbitrary. If n < 21. in the worst case. each 

of the initial three ·write' operations will only be followed by a sequence of ··matching" 

·compare' operations, i.e., aw.'/ would precede a sequence of c/,'s or a w;·j would precede 

a sequence of <; 's. The la.st two 'write' operations a.re always followed by I - 1 ''mis­

matching" ·compare' operations. where a W11 precedes a c1 and vice-versa. and a single 

"matching·· ·compare· operation. for all possible values of n and /. The order of occur­

rence of the single "matching" ·compare' operation depends on the column j in which 

the given cell is located. 

\\'e now verify the presence of elementary tests for input stuck-at faults: 
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b-sa-0 According to Table 7.3. a test that detects this fault is w 1 w. c 1 . The sequence 

w~·j uJ_-j does not occur in TcJf:-: H· Since after the initial u{j the cell finds itself in 

an indeterminate state. none of the subsequent 'compare' operations can result in 

a dependable output. 

The reader can verify that a similar reasoning holds for the symmetric fault b-sa-0. 

b-sa-1 According to Table i.3. a test that detects this fault is w 1 W11C11. The sequence 

u·~•Ju·,'/ occurs during the execution of (9.1) and (9.2). or (9.2) and (9.3) in TGf./H" 

Each w,'/ is guaranteed to be followed by at least one c-(,. 

A similar reasoning holds for the symmetric fault b-sa-1. 

w-sa-0 According to Table 7.3. a test that detects this fault is u· 1 c 1 w.,c". The sequence 

u{j u·,\j occurs during the execution of (9.2) and (9.3). or (9.3) and (9.4) in TcJf..-ifl" 

Each u{j is guaranteed to be followed by at least one S: each w,'/ is guaranteed to 

be followed by at least one c-(,. 

c-sa-0 According to Table 7.3. a test that detects this fault is u·,,c1 . This test occurs in 

(9.4) of Tcft?H' as thew;/ is guaranteed to be followed by a S· 

A similar reasoning holds for the symmetric fault c-sa-0. 

c-sa-1 According to Table 7.3. a test that detects this fault is w 0 c., . .-\ w,'/ occurs in 

either (9.1) or (9.2) of TGf:iH• Each u·,'/ is guaranteed to be followed by at least 

one c-(,. 

A similar reasoning holds for the symmetric fault c-sa-1. 

m-sa-0 and m-sa-1 Assume that there are no duplicate words in the array. According 

to Table i .3. tests that detect these faults are C1 C11 or Ct1C1. Either s C-:, or c;',s 

occurs in (9.4) or (9.5) of TJf:iH after w;;J or w/, respectively. In the presence of 
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a duplicate word. however. any m-sa-0 fault would be masked by a match on the 

fault-free duplicate. 

\\"e now focus on the non-independently testable faults: 

w-sa-1 Assume that there are no duplicate words in the array. Then there exists a 

column j where two distinct cells (i'.j) and (i".j) will have complementary values 

written to them. Suppose that cell ( i'. j) is written to first. [f row i' is faulty, 

then during the ·write' operation to cell ( i". j), the cell ( i'. j) will be overwritten 

to a complementary and erroneous value. The erroneous value will be detected by 

subsequent ·compare' operations. This reasoning is symmetric, as ·write' operations 

in Tct_:,y are performed in both descending and ascending order. 

The above analysis of the T Gf:·:y test shows that. in the cell of Fig. 7.1. T Gf:,H does 

not reliably detect the b-sa-0 and b-sa-0 faults. There are 2/ b-sa-0 and b-sa-0 faults in 

an n-word by /-bit CAM. Since there are 4n + 8/ possible single faults in our fault model. 

T GE:·B detects only ( l - '.!n~--1/) • lOO°o of faults in the input stuck-at fault model. For 

example [3lj. for n = 32. I= 29 only 83.89co of faults are detected. 

\Ve can modify the T Gf_.-:H test to achieve lOO°o fault coverage. under the assumption 

that n ::_ 21. Since in the presence of the b-sa-0 and b-sa-0 faults. a w. forces the cell 

to a determinate but erroneous state. judicious insertion of u·. into T Gf:•:H will assure 

detection of these faults. This augmented test, presented below. has length lln + 2/. 

( u·[, .. .1,)l [ c,µ-1 1,,,-J 1-
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9.2 Kornachuk et al. Test 

T C-S:\l presented in [31] can be represented using our notation. In this case. ·read·. ·write• 

and 'compare· operations are performed on entire words. The subscripts of ·write· and 

·compare· operations represent the decimal equi\·alent of an /-bit binary number. The 

subscripts of ·read' operations represent the expected output of the operation. In this 

case. the subscript • - • indicates an arbitrary decimal value read or used as a comparison 

key during the initialization step of the test. The concurrent 'compare· operations are 

listed directly below the ·read· and 'write' operations. 

Tc-SM ( [ :~ :~· L, _, [ ::.::'.· ])' '" 

( [ 
r; 1 ,_ 1 u+11 1 

ct:?'-111 

( [ 

r;:?•1-11-11 u·;:?1-11 

Cl '.! 1 - I ) C( '.!J - l 1 

( [ 

r' u·; 
t'.!'-:?U-rll i ('.!'-'.!JI 

C11 1-111 c,1 1-111 

( [ r;:::~~•,~nc~:'.:,~11 L,_, [ :•,:'.• ff" 
( [ :·.::'.· L,_, [ :·.::'.· i r I 
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Since multiple matches can be expected. a priority encoder is used to produce the 

hig;hest address where a match wa-s obtained. We can represent TC-SM from the per­

spective of an arbitrary cell located at coordinates ( i. j) in the array where 1 :.:_: i n 

and O :__ j :.:_ l - 1. The subscripts of ·write' and 'compare' operations represent single bit 

,·alues. where • - • stands for an arbitrary value used during initialization. The subscripts 

of ·read· operations denote the expected output of the operation. 

[ 
1.J i.j r/-11-il 

[ 
,.j '•J 

l [ 
i.j i.j 

rll 

T'ts.\l 
r _ u·,, r _ u,,, r,, u,,, 

(9.6) 
c-'_ c-'_ c-'_ c-'_ c/, c/, 

[ 
1.J '·J r-11-il [ '•J '•J 

l [ 
1.J '·J 

r+II r,, IL'11 r 11 IL'l rl ll'1 
(9.7) 

c/, c/, c-f c-f c-f c-f 

[ 
i.j i.j 

r-11-jl [ '•J ·'•J 

l [ 
1.J '·J 

rll 
rl W1 rl IL·o r,, w,, 

(9.8) 

c-f c-f c/, c/, c/, <!,, 

[ 
i.j i.j r-11-jl [ ,.j '·J 

l [ 
I.J I.J 

rll 
r,, u·,, r 11 w 1 rl U'l 

(9.9) 
c-{, <!,, c-{ c-{ c-f s 

[ 
'·J '·J r-11-jl [ i.j i.j 

l [ 
'·J '·J 

rll 
rl IL'l rl u•,i r 11 U' 11 

(9.10) 

c-f c-f c/, c-{) C:, <!,, 

[ 
i.J i.j 

r-11-il [ 1.J '·J 

l [ 
1.J 1.J 

r+II r,, u,1 , r" W 0 r 11 U\, 
(9.11) 

c-/, c-/, c/, C:i c-/, c/, 

\Ve now verify the presence of elementary tests for input stuck-at faults: 

b-sa-0 According to Table 7.3, a test that detects this fault is w 1 r. The w/r~.j sequence 

occurs in (9.7) of T'd-SJI. Although after the initial w~•J the cell's state is indeter-

mina.te, the subsequent '•J 
rl forces the cell to a determinate, erroneous state O and 
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returns this erroneous value. 

The reader can verify that a similar reasoning holds for the 5ymmetric fault b-sa-0. 

b-sa-1 According to Table 7 .3. a test that detects this fault is u· 1 1L·.,r. In the presence 

of this fault. ·read' operations do not affect the celrs state. The sequence IL'~.j w;/ 
occurs during the execution of (9.7) and (9.8) in T'd-SA/" Each u·,'/ is guaranteed 

to be followed by at least one r;/. 

A similar reasoning holds for the symmetric fault b-sa-1. 

w-sa-0 In the presence of this fault 'read' operations do not provide a reliable output: 

they do not. however. affect the cell's state. According to Table 7.3. a test that 

detects this fault is IL" 1 c1 «'0C11- The sequence w~·j w;/ occurs during the execution of 

(9.7) and (9.8) in T/_sM· Although c{d. is performed "in parallel''. these ·compare· 

operations actually occur after the 'write' is completed, and thus they are applied 

to the newly written value: hence the required test occurs in T'c{sJt· 

c-sa-0 According to Table 7 .3. a test that detects this fault is w11c 1 . This test occurs 

during the execution of (9.6) and (9.7) in Tc(Sjf" before the first w/. During (9.6) 

the cell is subject to a w;/. During (9.7). a cf occurs concurrently with the r,\l_ 

that precedes the first w~·J. Since in the presence of this fault 'read' operations do 

not affect the state of the cell. the required test occurs in Tc{s~u-

.-\ similar reasoning holds for the symmetric fault c-sa-0. 

c-sa-1 According to Table 7 .3. a test that detects this fault is w, ,c,,. A w,'/ is certain 

to occur in (9.6). (9.8). (9.10) and (9.11) of TC-SM· Each w;/ is guaranteed to be 

followed by one <!,, during the same clock cycle. 

A similar reasoning holds for the symmetric fault c-sa-1. 
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m-sa-0 and m-sa-1 Since the array is ··filled" serially. each of the rows in the array 

holds a unique value some point during the execution of a march element. A com­

parison with an identical key-word that results a single match is performed (See 

Table 6.3). According to Table 7.3. tests that detect these faults are c 1c11 or c11c 1 

while the state of the cell remains unchanged. The sequence c;',c-f occurs during the 

execution of (9.6) and (9.7). and during the execution of (9.8) and (9.9) in T/_SJ[ 

concurrently with w;/ r;/ that immediately precedes a u.·~·j. Symmetrically, the se­

quence c-f c;', occurs during the execution of (9.7) and (9.8) and during the execution 

of ( 9) and ( 10) in TC-SA[ concurrently with w~•J ,.~-J that immediately precedes a 

\Ve now focus on the non-independently testable faults: 

w-sa-1 Since the array is .. filled'. serially. there exists a column j where two distinct 

cells ( i'. j) and ( i". j) will hold complementary values at some point during each 

march element. Suppose that i' < i" and a march element is being executed in the 

ascending order. The cell ( i'. j) is written to first. [f row i" is faulty. then during 

the ·write· operation to cell (i'.j). the cell (i".j) will be o\·erwritten prematurely 

to a complementary and erroneous value. Since all march elements begin with a 

·read' operation. the value obtained from cell (i",j) during that initial ·read' will 

differ from the expected value. This reasoning is symmetric. as march elements in 

T C-S.\f are performed in both descending and ascending order. 

The anal_vsis of the T C-Si\l test in our FSM model of input stuck-at faults shows that 

T C-5.\f detects all the faults in the model. 
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9.3 Sunnuary 

\\·e have sho\•;n how e\·aluation or verification of tests can be conducted within our frame­

work. by e\·aluating two C.-\r-.1 tests with respect to the input stuck-at fault model of a 

C.-\:\1 cell of Fig. 7.1. as examples. We have demonstrated that the T Gf:·:n test originally 

developed for a different C.-\M cell [19], does not reliably detect the b-sa-0 and b-sa-O 

faults and requires a modest restriction on the size of the CA.l\I. This test can be modi­

fied to achieve lOOCTj, fault coverage at the cost of increased length. \Ve have also shown 

that the T C-Sjf test [31] provides 100% fault coverage with no restrictions on the size of 

the C'.-\M: however. it is significantly longer. This length is dictated by the requirements 

of BIST . 

.-\!though not all fault models were considered. this exercise clearly indicates the 

necessity of creating custom fault mode!s that reflect the idiosyncrasies of a particular 

cell design. 



Chapter 10 

SRAM Testing 

\Vord-oriented static random-access memories are well-known storage de~·ices. Though 

their bit densities are not nearly as great as those of DRAMs. their speed and reliability 

makes them currently the most common choice for embedding in larger ASICs. One 

application of this type of memory is the implementation of the data field in caches. 

In this chapter we investigate the testability properties of a word-oriented SRAl\ls 

based on the cell shown in Figure 10.l(a). In Chapter 7 we introduced the input stuck-at 

fault modd which consists of any stuck-at fault which affects the input lines of a memory 

cell: here this model has been developed for the SRAM cell. The focus of this chapter 

is the evaluation of well-known tests. MATS+, MATS++. MARCH Y and .MARCH C-. 

with respect to the input stuck-at fault model of an n-word by /-bit SRA.M. Here. we 

demonstrate that any test that uses ·read' and ·write' operations can reliably detect at 

most 50cc, of the faults in our fault model. \Ve also show that ~[ATS+ has even worse 

fault coverage. These results have been previously reported in [46] 

99 
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10.1 Analysis of an SRAM Cell 

The following behavioral analysis has been applied to a C..\..M in Chapter ,. Since an 

SR..\.11 cell constitutes only the storage section of a C'..\.nl cell. a simplified analysis is 

presented here. 

10.1.1 SRAM Cell Circuit 

,.,, lul 

,,, .. 

(a) 

I, I, 

' ' 

' I, ' -I, 
(b) 

Figure 10.1: (a) SRAM cell, (b) its model. 

.. ,,. 

The circuit of the cell is shown in Figure 10.l(a). It consists of two cross-coupled CMOS 

inverters. differential bit lines (bit/bit) used for reading and writing data into a column 

of cells. and a word select line ( lFL) that enables these operations in a row of cells. In 

a quiescent state WL is driven low, the bit,:bit lines are driven high and the cell stores 

either O or l. During a ·write l' or a ·write o· operation, the bit/bit lines are driven to 

a true complementary representation of the desired bit value. Raising and then lowering 

H"L stores the bit in the cell. Changes of the celrs state. when writing a 1 to a cell 

containing a 0. for example, are a result of the dominant influence of stronger pull-down 

transistors. ( \Veaker pull-up transistors maintain quiescent states of the cell.) A 'read' 

operation is performed by isolating both bit/ bit lines, and then raising J,VL. thus causing 

one of the bit/bit lines to discharge. The resultant voltage differential between the bit/bit 
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lines is detected by sense amplifiers that re-create the contents of the accessed word . 

.-\!together. three operations can be performed on a SR.-\l\l cell: ·write O'. ·write 1' 

and ·read·. 

10.1.2 Event-Sequence Model 

To model input stuck-at faults. we ha\·e to understand how they affect the internal opera­

tion of the cell. A single SRAM cell is an asynchronous sequential circuit whose behavior 

can be modeled by the block diagram of Figure 10.l(b). Since bit/bit lines are used for 

both input and output in the circuit. they are represented by separate variables in the 

model. For brevity we use b. b. w for bit/bit. WL. Now. band b are inputs and band b 
are outputs. Although i·FL is not usually meant to provide any output. monitoring the 

state of this line. if possible. might improve the SRA.M's testability (potential source of 

DFT suggestions). For this reason. we generalize our model to include this line: IL' for 

input. and w for output. 

The total state of the cell is defined by the values present on the input and output 

lines of the cell. and by its internal state s. It is represented by the 7-tuple: 

Cr= (w. b. b. s. iii. b. b). 

However. it turns out that in the correct cell. as well as in the presence of input stuck-at 

faults. the output values are identical to those of the inputs: hence. we omit them for 

simplicity. The simplified total state is symbolically represented by C = IL' bb • s. where 

the input variables have been separated by a space for readability and the symbol • has 

been inserted to separate the input \·ariables from the internal state. 

The domain of each variable in state C is the set Y = {O, 1. 6. i}. The values O and 

1 represent lines driven to the logic values O and 1 respectively, while 6 and i denote 
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lines that were first discharged and then isolated (fioatEd low) or pre-charged and then 

isolated (floatEd high). The SRAM cell has two possible initial states: C = 0 11 • 0 and 

C'=Oll-1. 

Table 10.1: Read and write operations in a fault-free SR.-\M cell. 
R,·:L,I ••Jwrati,,11:-- \\.rit,· , •[J•·r:1.t1• ,11:--

I , ... = fl} i ( .• = l I ,_,. = llf t-• = l I 

i 
'''u "'1 "'11 I "'1 

D,·:--•·ri1•ti,,11 r,, fJ, .. c ,,, IJ, .... 0,-:,;.,•ripti,,u ,,, 1,1,._.,, ,,, IJ, .. c "' IJ, .... ! ,,, 1,1,., .. 

I i11iti:1.I :-t:Lt•· " 11·1! (I 11·1 iuitia.l ~tat•· II 11-o I II 11.11 II 11 · l II 11 · L 
H,,at ,.,,. II 11 ·• I II 11-1 :,.f'l 1,/1, 11111-11 ,, 111-11 II 111·1 II 111· l 
r:1.1:--•· "' l i i-t1 1 11-1 r:1.1!'1 • 

"' 
l 11 l -It l 111-11 l 111-1 l I• 1· l 

I, , ,r I, , li~•·lia1·::•·:-. 1 l I I l -1/ 

I 
1 i11-l u•·w :,;.tat•· l 11l-11 I 111-1 l I I l -11 l 111-1 

n·a,l 1,,1, & I, •'A·•·r "' II 111-11 It lH-1 1,,w,~r 
"' 

II II l ... II 111- l II I /l -t I It 111-1 
1·:1.i:-- 1 • ,. 

,. II 11-tl II 11·1 r:u:--•· l,1 I, " 11 ·• • II 11-1 II l l -1 I II 11-1 
I 

The behavior of a cell is represented by sequences of events that take place during the 

three operations. Table 10.l lists events that occur during these operations. By events 

we mean changes in the value of the total state C. The occurrences of these events are 

ordered from top to bottom. Note that each operation starts in (top entry) and returns 

to (bottom entry) an initial state. 

Exa1uple: ·\\'rite O' operation from state 1. 

lnitial state of the cell: 0 11 • 1. First. b is lowered: 0 01 • 1. Then w is raised: 

1 01 · 1. As a result, the state s changes: 1 01 • 0. Next. w is lowered: 0 01 · 0. 

Finally. both b and b are raised: 0 11 • 0. 

lf it were possible to control any input and observe any output, testing would be 

a trivial process: if a simple comparison of the state of each line to its expected value 

were made. detection of any disagreement would indicate a fault. Unfortunately. it is 

1 Tlll'n· j,. ii ,·111111,·•·t.iuu fru111 /,it t.o V1,1 w! ... u .• = II .u,tl fru111 /,it to \-:,,, wlwu .• = 1. Ilut. thi,- c·o1u11•c·tio11 

1,- rhrrn1:_:l1 " w,·ak p-t.r,u,,-i,-t.or .u,.J ,u, 11-t.r.u1,-.i,-r.or .• uul ,u;-..-.. ,-,.. ti,r ti ... 1,it/1,it .u·,· uot. 11,-,•,l. H,·un·. w,· 
:--t.ill rc·pr,·~••rur. r.ltt·:-.P , • .,L,c~ ~L .... tioat.iu~ v;Jnc·:--. 
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not possible to monitor any real circuit at this level of detail and, tlms, a more abstract 

model of an SRAl\l cell is needed. 

10.1.3 FSM Model 

:'-.lost testing algorithms utilize sequences of ·read" and ·write' operations as input. and 

observe the resulting output. Accordingly. we introdui:e an FSM model of an SRAl\l cell. 

This model is derived from the event-sequence model of Section 10.1.2. 

We represent the behavior of a fault-free SRAl\l cell as a simplified block diagram. 

which is shown in Figure 10.2(a). The input z of this FSM comprises all three operations 

J. -D - !I 

(a) (b) 

Figure 10.2: ( a) Simplified behavioral model (b) Beha,·ior of a fault-free SRAM cell. 

of a SRAM cell. and the output y comprises the responses to these operations. State 

s represents the value stored by the cell. Formally. a fault-frt:.e SRAM cdl is a Mealy 

automaton ;.\/ = (Q, X. Y. 6, ,\), where Q = {O, 1} is the set of states, X = {r, w11 • wt} is 

the set of input symbols. Y = {O. 1. $} is the set of output symbols, where $ is a formal 

symbol denoting lack of output during ·write' operations, and the transition function J 

and the output function ,\ are defined by 

- f 0. 
a(q,z)= l 1. 

q. 

if z = w.,. 

if Z = Wt, 

otherwise, 

and ,\(q, z) = 
{ 

q, 

$, 

if z = r. 
otherwise. 

This FSl\l is depicted in Figure 10.2(b). where the symbol$ has been omitted for clarity. 
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Exan1ple: For 'write 1 • in state 0. J(O. u·i) = l and ..\.(0. u·i) = $. 

In an faulty SRA JI cdl FSM. the faulty set of states Q' is Q ,_1 {/} and the faulty set 

of output symbols Y' is }" 1_1 {/}. where l represents an •'indeterminate" logic value. as 

defined in Chapter 7. 

10.2 Input Stuck-at Faults in an SRAM Cell 

..\ e\·ent-sequence analysis has been performed for all six input stuck-at faults under a 

single-fault assumption; these analyses are presented in Appendix B.l. Subsequently. 

FS11 models for each of these faults have been developed. The resulting faulty SRA."-1 

cdls are presented in Figure 10.3. where incorrect operations and outputs are in bold 

type. 

Exa1nple: ·\Vrite O' operation from state l in the pre:sence of the b-sa-0 fault. Initial 

state: 0 10 • l. First. b is lowered: 0 00 • l. Then w is raised: l 00 • l. Since both 

b and b are low. s becomes indeterminate: l 00 • I. Next. u· is lowered: 0 00 • I. 

Finally. both b and b are raised: 0 10 • Oj 1. and e\·entually s becomes either O or l. 

From the event-sequence model we construct an FSM. In this example. operations 

u·o and rare incorrect. but w 1 is correct: hence we get Figure 10.3(c). 

Just as for the CAM cell of Chapter 7, the b-sa-0 and b-sa-0 faults increase the state 

set Q by the "•indeterminate" state I. 

The comparison of each of the faulty machines to the fault-free SRA!\1 cell has led to 

the derivation of simple tests for four out of six possible faults. \Ve refer to the shortest 

test that detects a particular fault in a single cell as an dementary test; these tests are 

essential to the detection of the associated faults. Table 10.2 lists all the elementary tests 

for an SR..\11 cell. 
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fl'I 

,. ,o 
r, I r 'I 

"'u 

(a) (b) 

r,' 1 

Wo 

(c) (d) 

(e) 

Figure 10.3: Faulty behaviors of an SRAM cell: (a) b-sa-0, (b) b-sa-1. (c) b-sa-0. (d) b­
sa-1. ( e) u·-sa-0. 

These tests have been generated by the OBSERVER program for all input stuck-at 

faults except the w-sa-1 and the w-sa-0 faults. \Ve refer to the faults that are detectable 

in a single cell as independently testable. 

The reader should note that in the presence of b-sa-1. b-sa-1 and w-sa-0 faults the 

·read' operation produces an unreliable output. and also that in the presence of the b-sa-0 

and b-sa-0 faults this operation changes the state of the cell. For instance. in the last 

example a faulty W11 forces the cell to an indeterminate state I. whereas a good cell would 

remain in state 0. This means that a faulty W11 does not necessarily sensitize this fault. 

Fortunately. the faulty r forces the cell to state 1 and provides a reliable faulty output l. 
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Table 10.2: Summary of input stuck-at faults and elementary tests. 

' Fanlr El,·Ull'lltiLr}" T,•,-t. I Fa11lr.y [l.-,-pou,-,· I F,uilr.-Fro·•· !1,·,-1, .. 11,-,· j ! I 

! I,-.,u-fl I II 1 
I 

' 
II' I,- i 

i 1,-.,u- J II' l 11'11 ,- ! 1 0 
I ' 

I 1,-.,u-fJ ' 1 l/111,. 
I 0 I I I 

i 1,-.'fl- I ! 0 
I 1 ' I ll',t ll't r I 

j //'-.'fl-II II< ,r. t.,-,-t.al,[,· r,·liahly l 
l 11•-.•11- l ,_,.,. S,·ctiou 10.2.1 I 

I 

The u·-sa-0 fault is an instance of an address decoder fault .·l [20] or a stuck-open fault 

(16]. Also. when started in state O (state 1) the w-sa-0 fault is superficially similar to a cell 

stuck-at-0 (stuck-at-1) fault, however, the key difference between these faults is that in 

the case of the w-sa-0 fault the ·read' operations produce an indeterminate faulty output 

I. Memory designers often claim that this indeterminate output is resolved preferentiall}­

due to inherently unequal bias of sense amplifiers. and that this fault should manifest 

itself as one of the cell stuck-at faults: we. nevertheless. regard this input stuck-at fault 

as generally not testable. Detectability of this fault by parametric tests depends on the 

associated physical defect and how it affects the peripheral circuitry. which is outside the 

scope of this thesis. 

The u,-sa-1 fault FS~I, is identical to that of the fault-free SRAl\-1 cell: therefore. no 

test exists for a single cell. This fault, however. is a generalization of an address decode-r­

fault D [20j ( a multiple coupling fault), where operations on any other word in the memor)­

will affect the faulty word. Therefore. this fault is detectable in conjunction with other 

words [20j: this will be considered later. Consequently, the w-sa-1 fault is the only input 

stuck-at fault that is not independently testable. 
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The b-sa-1 (b-sa-1) fault is similar to a cell unable to undergo the l -:- 0 (0 -:- 1) 

transition. This fault is detected by u, 1 u·11 r (u·,.u· 1 r). 

10.2.1 Extension to u-word by 1-bit SRAM 

\\'e now consider an n-bit SR.-\1\,f where each word consists of a single cell (a bit-oriented 

memory) . .-\.t this point. an assumption must be made about the functionality of the 

peripheral circuitry in a fault-free SR.-\.M. 

• The address decoder can raise at most a single word line. Consequently. only one 

word can be written to or read from at any time. 

\Ve model the correct behavior of an n-word by 1-bit SR.-\.M as a Mealy sequential 

machine U = (Q. X. Y. 8. ,\), where Q = {0. l}", X = (Ui'= 1 .-1;) with .4; = {r;. w{,. u·i}, 

}' = {O. 1. $} and the transition function 8 and the output function ,\ are defined by 

&((q' ..... q' .... ,q").,) = ! 
and 

(ql ..... 0 ..... q"). 

(qI • .... 1. ... • q"). 

(ql ..... qi ..... q"), 

if z = u·i · 

otherwise. 

A((q' ..... q' ..... q" ). ,) = { 
q'. 

otherwise . 

.-\.s before, the inputs r;. w:., u,i denote the ·read'. 'write O' and ·write l' operations on 

word i. respectively. and the output $ is merely a formal symbol denoting lack of output. 

The w; -sa-0 Fault 

.-\.s stated before. in the presence of a w;-sa-0 fault none of the cells along the faulty word 

line can be written to. or reliably read. Moreover, no operation on any of the remaining 
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n - 1 fault-free words can sensitize the cells along the faulty word line such that this 

fault could be detected. Therefore. in an n-word by 1-bit SRAM. there are n possible 

u.i-sa-0 faults that cannot be reliably detected by any combination of ·read' and ·write· 

operations. 

Testing the w'-sa-1 fault 

As indicated earlier. TL,i -sa-1 is not independently testable and affects all the cells along 

the faulty IFL. However. this fault is detectable in conjunction with another memory 

word in the following manner: 

Assume w; -sa-1. Since word i is always accessed. a 'read• or ·write• operation may be 

applied to two words simultaneously. In this case, a 'write· operation is always successful 

for both words. On the other hand, the result of a ·read' operation will be unreliable 

if the two accessed words contain opposing values: this will not. however, disrupt the 

contents of either word. 

A possible test is: 

T ( i ·)t "( i)tu-1 l~l 1 ,, w-sa-1 = TL'o ·w1 r w .. r . 

where 1 • i :.::_ n. The symbol 1 1! denotes n operations. These can be done in order 

either from n to 1 or from l ton; hence the t. The symbol ( l"'- 11 H denotes tlte direction 

of the march element: from n - 1 to l. Initially. Os are written into every word. If word 

u, where 1 ::_ 11 < n is the faulty word. then w1' will write ls to both 11 and n. Thus r;_ 

when i = u. will generate a l. Now, let 11 = 1. If word n is the faulty word. then word 1 is 

not. so u·,\ will write 0 to words 1 and n. and the subsequent r" will generate a 0. Tints. 

the occurrence of a 1 during any of the first n - 1 ·read· operations and an occurrence of 

a 0 due to the last ·read·. indicates the w-sa-1 fault. 
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10.2.2 Extension to a 1-word by /-bit SRAM 

\\'e now consider a single row of cells comprising an SRA.l\l word. 

Let B = {0.1}. and to extend this set to represent /-bit words. let V = !31. The 

behavior of a I-word by /-bit SRAM can be specified by a Mealy sequential machine 

.U = (Q.X.Y.'5,,\) where Q = V. X = {r}u (LJ,,-=vw,,). and Y = V 1_ 1 {$}. For q-= V . 

.r -= X the transition function t5 and the output function ,\ are defined by 

• { q. t)(q . .r)= 
p. 

if .r = r, 

if .r = w1,. p -= V. 
and 

f q. if .r = r. 
,\(q • .r' = l 

$. otherwise. 

Faults affecting the bit,'bit lines of each of the l cells are detectable by performing 

the respecti\·e tests on all cells in parallel since t.hese faults manifest themselves with 

an erroneous /-bit output of the 'read" operation. Detection of the ui-sa-0 fault is not 

possible. as this fault affects the entire word the same manner. 

10.2.3 Extension to 11-word by /-bit SRAM 

The combination of both extensions described above yields the specification for the be­

havior of a n-word by /-bit SRAM. 

Let V be defined as before. The correct behavior of an-word by /-bit SRA.1\1 is denoted 

by a l\lealy sequential machine 1\l = ( Q. X. Y. '5. ,\), where Q = V", X = (LJ;~ 1 A.;) with 

A;= {r;} 1_: (U,,-=v u·;,), Y = V 1_: {$}. For 1 -_:: i ::._ n and for q;-= V . .r-= X. p-= V, the 

transition function J and the output function ,\ are defined by 

{ 

( 1 ; ") . q ..... q ..... q . 
J((q1 ..... q' ..... q"),.r) = 

( q 1 ..... p . .... q" ) . if .r = u/ ,,. 
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and 

A((q1 ... .. q" ... .. q").,) = { 
q'. 

s. 

if z = ,.i_ 1 

otherwise. 

i 

110 

n. 

From the combined fault analysis we conclude that. for the input stuck-at fault model. 

only the u•' -sa-0 faults cannot be tested reliably. Since in a n-word by /-bit SRAM. n 

such faults may exist. the best possible fault coverage of any test under our fault model 

is ;;,:_~1 • 100~. which for an 8k-word by 8-bit SRAM [16] is 50.1 ~- but for a 32-word by 

73-bit SRA.M [31] is 91.01 ~-

10.3 Evaluation of Tests 

In this section we analyze well-known tests with respect to the input stuck-at fault model. 

A complete evaluation of the ~lATs+ test is given here. The same approach has been 

applied to ~lATs++, ~IARCH Y and MARCH C- and the summaries of these evaluations 

are given. The complete analyses of the latter three tests can be found in Appendix 8.2. 

10.3.1 Evaluation of the !\[ATS-:- test 

The ;\IATS+ test [20] for an-word by 1-bit SRAM. is of length 5n, and is presented below: 

First. all the words are initialized to 0. Then. in the fault-free SRAM. each w1 in the 

second march element is preceded by an ri which should produce a 0. This march element 

is performed in the direction from n to 1. The rest of the test sequence is similar. with 0 

and 1 interchanged and the march element direction reversed. 
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Evaluation of the MATS+ test for a single cell 

First. we restrict the abo\·e test to a single cell. Each cell m this test is subject to the 

following sequence of operations: u·11 rw 1 rw11. Table 10.3 provides the comparison of the 

fault-free response with the faulty responses of all independently testable faults. The 

deviations from the fault-free response are indicated in boldface. Tests for individual 

faults that are included in MATS-:- are also given. From this table it is clear that the b-

Table 10.3: Evaluation of the MATS+ test for a single cell. 

Fanlt. 

fault-free cell 

I 
l,-.w,-0 
l,-.~11- l 
l,-.~11-fl 

.I I,-.~n- I 

MATS-t-

ll',, r ti' 1,. rr11 

- II - l -
-11-0-
-1-1-
- 1 - l -
-0-0-

EJ,·11w11r.ary r.,-,;t.,- for iupnt. :<tltck-at. 

fanJr.,_ wir.liiu MATS+ 

u·,,rw1rrt',, 

111i:--::--.it1!! t.,~r.: ,,,1,,,,,,­
wor 11•1 ru',, 
w0 \\"i r,r,, 

sa-1 fault \•,ill not be detected reliably. as the elementary test for this fault is not present in 

the ~IA TS+ sequence for a single cell. The reader can \'erify that for an inverted l\lATS + 

test u· 1 ru·,,ru· 1 . where each cell undergoes the complementary sequence of operations. it 

is the b-sa-1 fault that will not be reliably detected. 

Evaluation of the MATS+ test for n-word by 1-hit SRAM 

\Ve verify that MATS+ detects w; -sa-1 faults by showing that it contains the Tw-sa-1 

test. Given 

\\·e expand the latter two march elements and get 
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\Ye can disregard the (u·~) 1"-liH_ (u·/,ftl"- 11 and w;; operations as. for any given word. 

they occur after a ·read'. and they are not required to sensitize the faulty word. The 

sensitization is accomplished first by the wi' and then by the w,~- \Ve can also disregard 

tlte r". r 1 and (r'f~ 1"- 11 operations. as they do not corrupt the contents of the cells'.! 

and thus we get 

which completes our proof. 

\\'e have shown that MATS+ is unable to detect b-sa-1 and w; -sa-0 3 faults. \Ve thus 

conclude that in a n-word by 1-bit SRA.M. under the single-fault assumption. this test 

can reliably detect ;;;~_34 • 100~ possible input stuck-at faults. which is roughly 50cc, of 

faults (for large n) in the input stuck-at model. 

Evaluation of the MATS+ test for n-word by /-bit SRAM 

The word-oriented extension of the l\lATS+ test for a n-word by /-bit SRAM takes the 

form: 

'I ~' ( j )t( ; i )"tl( i ,i )li11 
l\ AT:s 7 = U'11 .. JI r U'1. .. 1 r w,J ... 11 • 

where w11 .. 0 denotes the writing of an all-0 word. etc. This is often referred to as a data 

background [16]. The reader should note that. for input stuck-at faults. this extended 

test detects the same faults per cell as the test for a single cell. Changing the data 

background does not affect the relative number of faults that may be undetected; it 

does. however. affect the type of the undetectable faults. There are l possible bJ-sa-1 

faults. where 1 -- j ::; I in a I-word by /-bit SRAM, and therefore, under the single­

fault assumption. this word-oriented extension of the l\lATS+ test will reliably detect 

'S,·,· S,·,·t.iou 111.'.!.l 
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;;;~__3J1 • lOO°c. of faults under the input stuck-at fault model. Thus. for the previously 

mentioned (Sk · 8 )-bit SRA.M. the coverage is 50.05cc - a decrease of 0.05~ from the 

optimal coverage of Section L0.2.3. However. for memories with long words. such as the 

(3:.:! · ,3)-bit SRAM the coverage is only 70.5cc - a decrease of 20.51 ~-

10.3.2 Evaluation of the MATS++ test 

The l\[ATS+, test [20] is a well-known. bit-oriented test. of length 6n. One possible 

word-oriented extension of this test for an n-word by /-bit SRAM is: 

1\1 , , ( ; ) t ( i i ) ,. L1 ( i i i ) l i,. . • ATS,, = w 11 ___ 11 r wl. .. l r w11 ___ 0 r . 

As shown in Appendix B.2. this word-oriented extension of the MATS++ test will 

reliably detect all the detectable input stuck-at faults. which constitute ;:.~ ... ~/ • 100% of 

all the faults in the fault model; hence for large n the fault coverage is roughly 50<0. 

10.3.3 Evaluation of the :MARCH Y test 

Another well-known. bit-oriented test is the !I.IARCH Y test [20). of length 8n. A word­

oriented extension of this test is presented below: 

"I ~- ( ; )t( ; ; ;),._j_l( ; ; i)l fr,( ;)1 Iv ARCH 1 = W11 __ _., r tl.'1. .. l r r w 11 __ .1,r r . 

This extension of the l\lARCH Y test will also reliably detect all the detectable input 

stuck-at faults. i.e. ;;;:_~1 • lO0co of all the faults in the fault model. This coverage is 

identical to that of the 1\IATs++. yet the .MARCH Y is longer. as it contains redundant 

elements with respect to the detection of input stuck-at faults. 
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SRAM Array 

writ.,· 
Oat.,l-IU Lat.ch 

w-low 
( 11•-sa-fJ) 

Figure 10.4: DFT suggestions. 

10.3.4 Evaluation of the MARCH C- test 

The :\IARCH C- test [20}. of length 10n. is also a well-known. bit-oriented test. A word­

oriented extension of this test is presented below: 

'I C' - ( ,i ) : ( i ,i ) ,. il ( i ; ) rt.j. l ( i i ) l i II ( ; i ) l i" ( ; ) ! .. , ARCH - - u,. ___ 11 r u 1. .. l r w11 ___ 11 r wl. .. l r w,, __ .1, r . 

This extension of the MARCH C- test will also reliably detect all the detectable input 

stuck-at faults. This coverage of input stuck-at faults is identical to that of the J.\,[ATS + + 

and MARCH Y. yet the l\:[ARCH C'- is longer than either of these two tests. 

10.4 DFT Suggestions 

Earlier we have shown that the u/ -sa-0 faults cannot be tested reliably by any combination 

of ·read' and ·write' operations. These faults constitute '.!,,:41 • l00°o of faults in our fault 

model. In Section 10.1.2 we mentioned that considering word select lines as a source 

of output -(i_;i could improve the SRAM's testability. By providing an additional output 
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u·-lou· = SOR( w1 ..... u-"). depicted as a logic gate in Figure 10.4. the fault coverage can 

be improved significantly. This simple OFT enhancement, by indicating that none of the 

word lines is active. can directly detect any ui-sa-0 fault. increasing the fault coverage 

of the :\IATS+~. MARCH Y and MARCH C'- tests to l00°o with respect to the input 

stuck-at fault model. 

10.5 Su1nmary 

l~sing an-word by /-bit static CMOS SRAl'vl as a basis. we have e,·aluated some commonly 

known tests with respect to a simple class of faults: the input stuck-at faults. \Ve have 

demonstrated that these tests may fail to detect close to 50°o of faults ( for large n) in our 

fault model. This poor performance is attributed to the fact that 'read' operations are 

insufficient for the detection of all the input stuck-at faults in this type of static CMOS 

SRA~l. In order to provide lO0°o fault coverage some DFT enhancement, such as the one 

that has been suggested. is necessary. \Ve have shown that tests lVIATS + ~, MARCH Y 

and l\lARCH C- have the same fault coverage despite their different. lengths. and that the 

0-[ATS + test has an inferior fault coverage in comparison to the previous three. \Ve have 

also demonstrated that if a column-wise fault ( e.g. a bit line fault) is not detectable by 

a particular bit-oriented test. then complementing the data values in the test will result 

in a complementary fault not being detected. This property is magnified when such a 

test is modified to word-oriented memories, because different data backgrounds will have 

a different combination of complementary types of faults being undetected. 
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Conclusions 

In this thesis we have presented a formal framework for modeling and testing memories. 

Our goal was to standardize fault models and to associate them with the specific design, 

functionality and the underlying technology of memories. This is particularly important in 

\·iew of the increasing number of application-specific memories that are being developed. 

\Ve strove to systematize the process of fault modeling. test development. evaluation and 

verification. 

Our framework expands on the concept of defect-based fault modeling and inductive 

fault analysis. \Ve present it using a CAM cell as an example. A brief re\·iew of the 

obtained results are given below. 

11.1 Review 

In Chapter 2 fundamental aspects of testing digital circuits have been described using 

the most common fault model. the stuck-at fault model. as an example. This fault model 

is insufficient to describe all possible faulty behaviors of a digital circuit, particularly one 

implemented in CtlOS technology. Other fault models are required and appropriate tests 

116 
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have to be de\·ised. Moreover. due to the existence of non-logical faults. logic tests have 

to be complemented with parametric tests. 

Logic testing in itself is a complex issue. particularly when applied to sequential 

circuits. Exhausti\·e testing. in general, is an NP-hard problem. so fault models have to 

be tailored to the circuits under test in order to be accurate. and for the respective tests 

to be short enough to be useful. 

Although circuits should be designed to include features that improve testability. 

such as scan paths (OFT), test lengths should be minimal while providing optimal fault 

coverage in the fault model. 

[n Chapter 3 an overview of memory testing topics has been presented. Traditional 

and modern tests have been described and compared in terms of their lengths and fault 

co\·erage. Faults indigenous to static and dynamic memories have been described. This 

characterization is a result of defect-based fault modeling techniques. \Ve have also listed 

tests designed exclusively for SRA.Ms. These tests are more efficient and yield higher fault 

coverage than general functional tests. A design-oriented approach to fault modeling has 

been proposed. Its purpose is to categorize faults in terms of defects in the cell circuit and 

not in the celrs functional behavior. This approach should result in more accurate fault 

models that take into account the cell design. implementation technology. and design­

specific functionality of a memory. 

In Chapter 4 we have presented an overview of a formalism developed by Brzozowski 

and Jiirgensen for sequential circuit testing and diagnosis [11]. We utilize this formalism 

in our behavioral analysis of memory cells. It provides the means to distinguish faulty 

behaviors from the fault free ones and to derive shortest input sequences with which that 

distinction can be made. 

[n Chapter 5 we have given an overview of a CAl\[ architecture. \Ve have presented 

several different CAM cell designs, both static and dynamic. and commented on their 
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strengths and weaknesses. It is important to note that although all CAl\-ls will perform 

the same operations. the way these operations are implemented varies among cell designs. 

For this reason it is reasonable to expect that these cells will exhibit different faulty 

beha\·iors in the presence of similar faults. 

In Chapter 6 we have described several tests developed explicitly for CAl\ls. The fault 

models used for these tests are often not sufficient to describe various faults indigenous 

to CA.Ms. AI-Assadi et al. were first to de\·elop a fault model specifically for a CAM. Lin 

and \Vu expanded on that work. defined additional faults and designed a test for their 

fault model. Yet their fault model is still inadequate. ad dome of the fault analysis is 

flawed. Moreover. this fault model pertains only to single-port CA.l\Is. Due to the variety 

of CAl\I cell designs a r,10re general approach is necessary: one that can establish fault 

models that reflect defects that occur in a given CAM cell design. 

In Chapter 7 we have developed a fault modeling methodology. using a particular 

static CMOS CAM as an example. The modeling steps included circuit analysis. asyn­

chronous behavior analysis. and a FS1[ representation of the fault-free and faulty circuits. 

Four fault models for an n-word by I-bit static CMOS CAM have been defined: input 

stuck-at. state stuck-at, transistor stuck-(on1open). and bridging. It has been found that 

some of the described faults resemble well known fault categories: cell stuck-at. transi­

tion. coupling. etc. However. many of the faults presented here have a distinct behavior 

and do not cleanly fit these categories. A systematic behavioral analysis produced the 

following results: 

• All input and state stuck-at faults are reliably detectable by functional tests. al­

though some faults are not independently testable and have to be considered in 

conjunction with other cells, as shown in Chapter 8. 

• ~1'~
1 l 00°o ( approx. 11 °o) of transistor faults are not detectable by functional CAM 
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tests: however all transistor-open faults that con1promise data retention in static 

memory cells can be reliably detected. due to the enhanced functionality of this 

type of memory. 

• 18,:;~~1~;,~--t • 100~ (approx. 50°c) of faults in the bridging model are not reliably 

detectable by functional tests. 

• Faults that are not detectable by functional tests cause an increase of loo or looq: 

hence they are detectable through parametric testing. 

• ·Read· operations are inadequate sources of output for testing static CMOS CA.Ms: 

·compare· operations are a more reliable choice. 

• Elementary tests, of length at most 3, have been determined; these tests are neces­

sary to detect reliably testable faults in an arbitrary CAM cell. 

In Chapter 8 we have presented the construction of the T 5f:-:B test which detects all 

reliably testable faults under the input stuck-at. state stuck-at. transistor stuck-( on:' open) 

and bridging fault models. The construction process consists of the development of a test 

for a single cell. extension of that test first to an n-word by 1-bit C'Al\I (bit-oriented 

memory). then to a 1-word by I-bit C'Al\l (single I-bit word), and by combining the two. 

the generation of a linear-time test for an n-word by /-bit CAM. In addition, some OFT 

enhancements that reduce the test length have been suggested. \\·ith a bulk-write the 

test will be linear in the word length. 

In Chapter 9 we have shown how evaluation or verification of tests can be conducted 

within our framework. by evaluating two CAl\l tests with respect to the input stuck-at 

fault model of a CAM cell of Fig. i.l, as examples. \Ve have demonstrated that the T Gf:iH 

test originally developed for a different CAM cell [19], does not reliably detect the b-sa-0 

and b-sa-0 faults and requires a modest restriction on the size of the CA!11L This test 
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can be modified to achieve lOO°c, fault coverage at the cost of increased length. \Ve have 

also shown that the T C-S;.\[ test [31] provides l00°o fault coverage with no restrictions 

on the size of the CA.M: howe\·er. it is significantly longer. This length is dictated by the 

requirements of 81ST. 

Although not all fault models were considered. this exercise clearly indicates the 

necessity of creating custom fault models that reflect the idiosyncrasies of a particular 

cell design. 

In Chapter 10 we have evaluated some commonly known tests with respect to the 

input stuck-at fault model. using a n-word by I-bit static CMOS SR.-\M as a basis. We 

have demonstrated that these tests may fail to detect close to 50°o of faults (for large n) 

in our fault model. This poor performance is attributed to the fact that ·read• operations 

are insufficient for the detection of all the input stuck-at faults in this type of static CMOS 

SRA.Ms. In order to provide lO0°o fault coverage some OFT enhancement. such as the 

one that has been suggested. is necessary. \Ve have shown that tests l\lATS++. MARCH 

Y and l\lARCH C- have the same fault coverage despite their different lengths. and that 

the l\lATS ...!.. test has an inferior fault coverage in comparison to the previous three. \Ve 

have also demonstrated that if a column-wise fault (e.g. a bit line fault) is not detectable 

by a particular bit-oriented test. then complementing the data values in the test will 

result in a complementary fault not being detected. This property is magnified when 

such a test is modified to word-oriented memories. because different data backgrounds 

will ha\·e a different combination of complementary types of faults being undetected. 

11.2 Contributions 

The two major contributions of this research are: 
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• The systematization of the fault modeling, test generation and test evaluation pro­

cesses. Our approach has led to the identification of cell behaviors that are not 

co\·ered by the traditional fault models. It has simplified and organized tasks that 

have previously been done mostly in an ad hoc manner. 

• The design-oriented fault modeling postulate. Our guidelines help prevent the mis­

application of tests to functionally similar, but technologically different circuits. 

Also. if fault models are representative of the architecture and technology of a cir­

cuit. fault coverage will be easier to ascertain. which may result in more efficient 

tests. 

11.3 Future Work 

The research presented in this thesis has opened numerous venues for future study. The 

most obvious ones are listed below: 

• C'Al\l tests evaluated with respect to the input stuck-at fault model should also be 

ernluated in terms of the transistor and bridging fault models. 

• Transistor and bridging fault models have to be developed for the SRAM cell. 

• Fault models should be developed for other type of memories: single-port static and 

dynamic C..\.Ms. multi-port SR..\.MS, DR..\.Ms. and FLASH memories. 

• Commonly used tests should be e,·aluated with respect to these fault models. 

• A more efficient version of the OBSERVER program should be developed. 

• The feasibility of automatic fault extraction from circuit simulations should be 

investigated. 



Appendix A 

CAM Fault Analysis and Test 

Verification 

A.I CAM Fault Analysis 

Here. \Ve discuss operations observably affected by input stuck-at. state stuck-at. transis­

tor stuck-(on 'open) and bridging faults. The behaviors of operations not listed here may 

differ slightly from their fault-free counterparts in the e\·ent-sequence model: however in 

the FSl\-1 model these differences cannot be observed. \Ve also assume that any output 

from state I is unreliable. Such operations are also omitted for clarity. unless they affect 

the state of the cell. Deviations from the fault-free behavior are indicaated by bold type. 

122 
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A.1.1 Input Stuck-at Faults 

b-sa-0 fault. This fault does not affect operations where the bit lines are not used. 

or those where b is normally driven to 0, 1.e .. c.,. c 1 . c . . u·.,. and r when s = 0. 

Table A.1 describes the faulty behaviors. During an r when s = 1. the grounded 

Table A.l: Faulty C'AM cell behavior due to the b-sa-0 fault. 
!I 

,_ .. = l) "'1 f .• = 111 I "'I f -· = l I I ,,._ , ... = 1) 

D,·:--,Ti1,ti,,11 ,,. ,,,, ,.,. ,,, ._ .. ,I D1 ·:-.•·ri1,ti, ,u ,,, /,I,,.,. 11; .... I II' /,I, ,.,. ,,,._ .. ! 11 1 l,I, ,.,. ru•."" 
jl 

iuitial :--tat,· II 01 1111 1-1 

I 
iuitial :--t:,t,· II 01 1111 l -11 II 01 Ill I 1-1 II 01 OU 1-1 

ti, ,:,t I,.' I, II Oi 1111 1-1 ~.-t /,//, II 011 1111 l-11 II 0111111 1-1 II 01 1111 1-1 

l":Ll:--1· II' l oi I U I 1-1 r:u:--,· rt• l 011 1111 l -11 l 011 1111 1-1 l 01 1111 1-1 

I, , ,,· I, , li:-.,·liar~•-~ l oi 1111 1-0 u,·w :--tat,· l 011 1111 1-1 l 011 Ill I 1-1 l 01 1111 1-0 

i-•·a,I /,·I,& l,.w,·r u• II Oi 1111 1-0 l,,w,-1· ,,. II 011 1111 1-1 ti 01, 1111 1-1 II 01 1111 1-0 

tai:-.,· I, I, II 01 on 1-0 I 1·:1.i:--•· /,/I, II 01 1111 1-011 II 01 I If I 1-011 II 01 "" 1-0 I 

b drives s to ground. causing s to change before b has a chance to discharge. As 

a result. a O is always detected. During a u· 1 . when w is asserted. both b, b are 

0 causing both T3 and T-i to conduct which. results in a metastable state. Once 

u· is de-asserted either T 1 or T1 dominates over the other and the cell eventually 

reverts back to one of the two quiescent states. Since the state of the cell cannot be 

predicted after a w 1 , this operation must be followed immediately by a w. or an r 

which forces the cell into a determinate faulty state. The w. changes s to 0, thus 

resembling the behavior of a w 11 • Analogous behavior is exhibited in the presence 

of the b-sa-0 fault. 

b-sa-1 fault. Only r when s = 0 and w11 when s = 1 are affected by this fault. as they 

rely on b being O for proper operation. Table A.2 describes these faulty behaviors. 

An r when s = 0 is misinterpreted by the sense amplifiers because both bib remain 
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Table A.:!: Faulty CAM cell beha\·ior due to the b-sa-1 fault. 

n,-a,I .. 1..-rari .. 11 ii \\",·it,· .. ,,..rati .. 11 

I' 
D,·,-,-ii1,ti .. 11 ,,, :;, :.' ::, -.• 1! D,-,-,·1·ipti .. 11 ,;:·~.,.' :~.-~,: 

1

--~ 

iuiti:.I ,tat,· Ii 11 1 u I l-11 iuiti:.I ,tat• II 11 1111 1-1 'I 
tt .. at I, 1 I, II I i 1111 l -11 ~• • r I,;' I, 11 11 1111 I -1 

11 t 111 I.,, 11,·w :--t:,t, • 

II Ii 1111 l-11 ii ( .. w,·1· rt• 

I II 11 111 1 l -It I I rai,, • I, : I, 

11 1111 1-1 

11 1111 1-1 

II ll •1111-1 

II 111111 1-1 
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high: hence. r is not a reliable source of output. (Since c11 • c 1 and c. are not 

affected by this fault. they are more suitable for fault detection.) \\'hen s = 1. W11 

fails. because the state transition does not occur. Analogous behavior is exhibited 

in the prest:nce of the b-sa-1 fault. 

w-sa-0 fault. This fault alters the behavior of r. W11. when s = l. and w 1 when s = 0. 

Table A.3 describes the faulty behaviors. Since w is not asserted. r results in an 

Table A.3: Faulty CAM cell behavior due to the u·-sa-0 fault. 
I 

I I 

I 

I 
I-• = 111 I i.1 = l; 

ii 
"'I I.•= Ill "'o j.• = l I 

I I D•-~•·ri1,ti,,11 u• IJ, ,.,. ,,, .... ! ,,, /,I,,.,. ,,, •.'4 D,·:--,·1·i1,ti,,11 ,,, l,I, .. ,. ,,, .... u• l,I, ,.,. ,,, .... 

! i111t1al :--t:,t,· " 11 IHI 
I 

l -11 " 11 fJf I 1-1 initial !'tat,· " 11 1111 l ·11 II 11 IJ11 1-1 
.. 

I H,,ar 1,/1, IJ ii 11(1 l -11 II 11 1111 1-1 :,.,·t I,/ I, II 1111111 l-11 11 11 l 1111 1-1 

I ii flf I 0 
.. 

n1.i:,.,· u· 0 Ill 1111 1-•J 0 Ill 1111 1-1 r:u:,.,· 11• 0 l -11 11 1111 1-1 

I 
I I, . ,r /, , li:--,·lia1·:.:::,·:-- 0 ii 1111 l -11 0 ii 011 1-1 11,·w :--tat,· 0 1111111 1-0 0 111 "'' l I 
I 

I 
r-·:.,,11, ;.~ l,,w,·r It' II ii 1111 l-11 II ii (Ill 1-1 ( .. w,·1 ,,. " llJllll[-0 II IJ I 110 1-1 I 

' rai:,.,· 1,,:1, I i i-:,i:--,· I, ,if, II 11 1111 I -11 II 11 11(1 1-1 II 11 1111 1-0 II 11 llil l 1 

unreliable output. as neither b/b is allowed to discharge. Operations w 1 whens= 0 

and w 11 when s = 1 also fail. as a state transition does not occur. 
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w-sa-1 fault. The reader can verify using Table i.l, that despite mmor differences in 

the event-sequence model for this fault. all operations are correct in the FSM model 

of a single cell. 

c-sa-0 fault. Again. this fault has no effect on r. w.,, u· 1 and u· . . As indicated 111 Ta-

Table A.4: Faulty C'.-\M cell behavior due to the c-sa-0 fault. 

•·1 ( .• ::: II I 

initial ,-tat,· II 11 1111 1-11 

tf.,:,t Ill I I 11 I It I I ·II 
:-.-t •·/•' (I 11 011 1-11 

,,, di:--,·har:.::,·:-- 1, 11 Ot I i ., 1 

r,·a•l "' S.: :.:t·,,1111•1 •·/·· ,, 111111 i-11 

rat:--•· ,,, 1, 11 1 u 1 1-1 J 

ble A.4. this fault affects only c1 whens = 0. The fault prevents m from discharging 

resulting in an erroneous match. Analogous behavior is exhibited in the presence 

of the c-sa-0 fault. 

c-sa-1 fault. As shown m Table A.5, this fault only affects c11 and c. when s 0. In 

Table A.5: Faulty CAM cell behavior due to the c-sa-1 fault. 

,•11 t-• = 11; ••. I·• = "I 
D,·:--,-ri1,ti, ,11 II' IJ, ,.,. "' .... rt• IJ, ,.,. '" .... 

i111tial ,-t:,t,· II 11 }II (-11 11 11 Ill (-IJ 

t{ .. :,t "' II 11 Jo 0-11 11 11 Ill 0-11 
,,-t •·/•· II 11 11 0-11 11 11 Ill 0-11 
t11 ,lj,-,•l,ar:.:•·,- II 11 11 0-ll II 11 }II 0-11 
r•·ad 111 .!.: :.:;r .. 1111,I ,·(,· 11 11 111 0-11 11 11 111 0-11 
r:,1:-•·ru tJlllll(-11 llllJIIJ-11 

this state the initial value of the m 1s I due to a conducting T'J when m is driven 
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high by the peripheral circuitry. This fault also causes an increase in I DD<!· Once 

m 1s floated. it is immediately discharged by the faulty line. Analogous behavior is 

exhibited m the presence of the c-sa-1 fault. 

m-sa-0 fault. Table A.ti describes the faulty behaviors of a CA~·[ cell in the presence 

of a m-sa-0 fault. This fault only affects c11 when s = 0. c 1 when s = 1. and c. by 

Table A.6: Faulty CAM cell behavior due to the m-sa-0 fault. 

: I 

" I.• = 11) ,. I.◄ = 11) ,·, (.• = l I ,·, I.•= l I 

I i D,•:,,.4•1·i1 ,ti, •II ! 11' /,I, ,•,• rfl •.'C u• IJ, ,.,. ,,, .... "' IJ, , •.. ,,, .... rt• /,I,,.,. ru•.<C 

! 
iuitial st:,t,· I II 11 1111 0-11 11 111111 0-11 II ll 1111 0-1 (J 111111 0-1 : 
ti, ,:1,t ,,, I 111111110-11 II 11 1111 0-11 1111110-1 (J 11 1111 0-1 i 

II 
I ~•·t •· 1 •• I II 11 Ill 0-11 111111110-11 (J 11 111 0-1 (J 11 1111 0-1 

,,, ,fi:--,·har:.::•·~ 

I 
II 11 Ill 0-11 I II 11 1111 0-11 II 11 111 0-1 II 111111 0-1 

I i 
r•·a,I 11, S.: :.::r,,1111,l ,·/•· 11 11 1111 0-11 II 11 1111 0-11 II 11 1111 0-1 111111110-1 

ra1s,· "' 111111110.11 I II 11 1111 0·11 II 11 (J(J 0-1 II 11 1111 0-1 

returning an unconditional mismatch. 

m-sa-1 fault. Table A.7 describes the faulty behaviors of a CAM cell in the presence 

of a m-sa-1 fault. As expected. this fault only affects c 1 when s = 0 and C11 when 

s = L by returning an unconditional match. 

Table A.7: Faulty CAM cell behavior due to the m-sa-1 fault. 

,·, (.◄ =II) •·o I.• = I I 
u• /,I,,.,. ru ·.• "'/,I,,-.• ,,, .... 

11 11IJ111-11 II 11 I II I l · l 

ti, ,at ,,, II 11 1111 I -II II 11 1111 1-1 

II 11 111 1-11 1111111 I -1 

" 11 111 1-11 II 11 Ill 1-1 

" 11 1111 I -II (J 111111 1-1 

11 11 1111 1-11 "111111 l·l 
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A.1.2 State Stuck-at Faults 

.-.-sa-0 fault. Table A.8 describes the faulty behavior. Since s is permanently grounded. 

the cell can only only be in state. 0. As the \·oltages on s -- s are fixed. r. c, ,. c1 

Table A.8: Faulty CA.M cell behavior due to the s-sa-0 fault. 

,, •• , ... =11) 

o,~,-ripci• .u u· 1,1, "·~- ,,, ·~ 

111itial ,-tat,· 11 11 1111 l-o 

,-,·t f,/ h 11 111 1111 1-o 

r:~1:-.,· w l 111 I u I l •4 I 

11'"W ,-t:,t•· I 111 1111 l -0 

1 .. w,·1· 11• 11 111 1111 l -O 

rai:..,· I, l i: 1 t 11 tu 1 1 -0 

and c. provide det.ermin~te. correct output. The only operation that fails 1s u• 1 . 

Identical behavior is exhibited by the s-sa-1 fault. 

s-sa-1 fault. Analogously to the previous fault. the cell has only one state. 1. and the 

only operation that fails is w,,. Since the voltages on s,'s are also fixed. r. c.,, c1 

and c. provide determinate and correct output. Table A.9 describes the faulty 

beha\·ior. Identical beha\·ior is exhibited by the s-sa-0 fault. 

Table A.9: Faulty CAM cell behavior due to the s-sa-1 fault. 

u·u f ... = l) 

D,·~•·Tipti• •ll ,,. /,/, .•.• ,,, .... 

iuitial ,.rat•· 1 I 11 1111 l -1 

~•·t I,/ r, 0 I 11 I It, 1- 1 

r:u:--,· "' l tJl ,u, l·l 

11"W ,-t:,t,· I II l I II I l -1 

1 .. w,-1· 11• II II l 1111 l -1 

rai:--,. /, 1 I, 11 11 1111 l. J 
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A. 1.3 Transistor Faults 

T1 -on fault. Although similar to the s-sa-0 fault. the cell may temporarily remain m 

state /. and switch to state O after some time. In state / both T1 and T3 conduct: 

hence this fault is also detectable by loo tests. Table A.10 describes the faulty 

behm·iors. During w1. when s = 0. T1 stays on after w has been asserted and 

Table A.10: Faulty CAM cell behavior due to the T1 -on fault. 

1·a1:--,· 11 1 

u,·w :,;t:Lt•· 

l,,w,·1· u• 

1·:li.:-:,· /,_; I, 

"' IJ, ,.,. ,,, ._.,, 

II 11 I II I l ·IJ 

II 11111,1 l-11 

I l" 1111 I ·" 

I 111 IHI 1-1 

,11111111 1-1 

II 11 1111 l. I 10 

"'• t-• = l I 
,,. /,I, ,.,. ,,, .... 

11 11 flfl 1-1 

1111111111-1 

l l 11 11(1 l -1 

1 111 flll 1-1 

II 1111111 1-1 

" 11 llfl 1-110 

I 
"'. I-◄ = l I I 
,,. '"' .... ,,, ._.. l 
"1111111-1 I 
"11 1111 1-1 I 

l 11 1111 l -1 

l 11 1111 1-0 

II 11 1111 1-0 

II 11 1111 1-0 

s driven to 0. Since T3 is on and b is high at the same time. the voltage at s 

is intermediate. Once w is de-asserted the voltage at node s eventually becomes 

0 again. as T 1 dominates T3 . The w. accelerates this transition. by temporarily 

disabling T3 and T-1. therefore allowing the faulty T1 to discharge s. Analogous 

beha\·ior is exhibited by the T"!.-on fault. 

Ti -open fault. In the presence of this fault. the cell cannot maintain state O and will flip 

to state 1. It may. howe\·er, remain in state / for a long time: hence this fault is a 

data rdention fault. During w11 , s is pulled down solely by the bit-line driver. After 

w has been de-asserted, s floats: thus the T"!.-T-1 inverter acts like a voltage divider. 

In effect. both s/ s are in state /. A w. forces both nodes to 1. which activates only 

T"!. ( Ti is open); hence s becomes O as soon as w is de-asserted. Table A .11 describes 
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Table A.11: Faulty CAM cell behavior due to the T 1 -opt:n fault. 

i 
,,.,. I.• ="I ,,._ i .• = 111 ,, ... , .• = 1 I 

D 0 ·:--,Ti1,ti,111 ,,. f,I, ,.,. ,,, ._ .. ,,. fJ, .... ,u- ... rt' /,I, .. ,. ,,,._.., 

iuittal :,;tat,· " 11 1111 1-1 " 111111 1-1 " 11 I II I 1-1 

!'<l•·t I,, I, ti II 1 tlO 1-1 ,, 11 1111 1-1 11 Hl lltt 1-1 

ra1:-• ,,. 1 I I 1 1)11 1-1 1 11 no 1-1 1 I J l 1111 1-1 

u,·w ~rat•· 1 II 1 11(1 1-1 1 11 11ft 1-1 1 Ill I I( I 1-1 

1,,w,·r ,,, II II 1 (111 1-1 IJ 11 Ill I 1-1 I' Ill IJCJ 1-1 

r:1.i~•- f,:' I, II ll 0 1 1 1-llI II 11 lltJ 1-1 't 111111 I-Ill 

the faulty behaviors. Analogous behavior is exhibited by the T'!.-opt:n fault. 

T3-on fault. In this case the cell exhibits anomalous behavior in what should be state 

0, i.e .. when Ta does not normally conduct. Since Ta is always on. the resulting 

state is I. which is detectable by fooq tests. Because T3 is usually weaker than T1 . 

the voltage on node s may be close to O immediately following a u·u- \Ve assume, 

that the resistance of the faulty transistor is too large for this fault to be modeled 

by the s-sa-1 fault. and the voltage on s will rise and remain at I. Since r in state 

I is unreliable. this fault is also a data retention fault. Table A.12 describes the 

faulty behaviors of a CAM cell in the presence of a Ta-on fault. During r. when 

Table A.12: Faulty CAM cell behavior due to the Ta-on fault. 

iuiti:1.I :--tat,· 

:--,·t I,. I, 

II 11 11ft 1-1 

II Ill 1111 1-f 
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1 II 1 IJI J l ·11 I I 
II Ill lJIJ 1·1111 

II 11 (Ill 1-f 

.,.., (.• = 11 

u• l,I, , •.• ru·."' 

111111111-1 

II I' 1 I I( I 1 · l 

1 Ill I Ill 1-1 

1 Ill (Ill 1-1111 

II IJi IJ11 l•llif 

11 1111111-I 
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s = I. the differential voltages on the b/b lines will be smaller in magnitude: hence. 

depending on the sensiti,·ity of the sense circuitry. r may yield an unpredictable 

response. Analogous behm·ior is exhibited by the T4 -on fault. 

T3 -open fault. In the presence of this fault. the cell cannot maintain state l and will 

change to state 0. Since it may remain in state I for a long time. this is also a 

data retention fault. During w 1 . s is pulled up by the bit-line driver. Since T3 is 

Table ..\.13: Faulty C'.-\M cell behavior due to the T3 -open fault. 

iuitial =--tat,· 

r:1.1:,;,· ,,. 

11,·w !'tat,· 

f.,w,·r ,,, 

rai .... ,· I, 'I, 
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l 1111111 l·l 

II 111 1111 l·l 

, 1 11 , 11 I l - I i0 
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II ll 1111 1-1 

II 111 1111 1-1 

l 111 lltl l·l 

l 111 1111 1-1 

IJ 111 1111 l·l 

IJ 11 1111 1-110 
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., •• 1.• = 11 1· 

,,. /,I, ...• ,,, .... 

II 11 1111 1-1 II 

111111111-I 
I 

l 11 I It I 1-1 

l 11 I It I 1-1 

11111111 1-0 

II 11 1111 1-0 

open. T1 acts like a DR..\~-1 cell: the charge stored at node s is dissipated due to 

leakage currents. Once the voltage on s drops below a certain threshold T.i begins 

to conduct. raising the potential on s. In turn. T 1 begins to conduct. and grounds s . 

.-\ u·. forces both nodes to l. After w is de-asserted, s will discharge more readily 

than s due to the fault: hence s = 0. Table ..\.13 describes the faulty behaviors. 

Analogous beha,·ior is exhibited by the T4 -open fault. 

T:;-on fault. This fault is similar to a s-sa-1 fault. In a quiescent state bis driven high. 

Since T-:, is on. b is always connected to s: hence the cell always reverts to state l. 

as indicated in Table ..\.14. However, the cell can temporarily find itself in state 0. 

which may affect any concurrent C11 or c 1 . This fault may also affect r of other cells 
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Table ..\.L4: Faulty C..\M cell behavior due to the T:;-on fault. 

11•11 ( .• = I) 

,,ti,,/, ttllllHll-1 

ra.1:--•· rt• 1 f~l IUJ l·l 

rai,-,· I,_!/, II 11 1111 l • 1 

connected to the same b / b lines but different w lines. since b cannot be --floated" 

due to this fault. Analogous behavior is exhibited by the T.::,-on fault. 

T:;-open fault. Here. s is permanently isolated from b. ..\n r. when s = 0. will yield 

unreliable results, as b cannot discharge through s. \Vhen s = 0, w1 also fails since 

Table ..\.15: Faulty C..\.M cell behavior due to the T:;-open fault. 
n.-a1l ··1,•-rati,,11~ ii \\·ritr· ,,p,·r:Lti,,11:-- I 

D,·~•·ri1,ti,,11 

(.• = "' i' ,,., (.• = "' 
,,, I.I,,.,. ,,, -.• 11 D,-,,.,·,·ii,ti, ,11 11• IJ, ,.,. ,,, ..• 

11 11 1111 1-ci , I i11itial ,-t:,t,· 

II 11 1111 l-11 , ,,.,.t /,;/, 

11 I)() 1 ·C t r:Ll:O-• • 11' 

j i 1111 1-11 

II j i I II I l -II 

11 11 1111 l -11 

11111,111-11 

l 11 1111 l -11 

1111111 1-1 

I) 111 1)11 1-1 

II 11 I Ill 1-0 

,,, . I.• == l I 

"' /,I, .•.. ,,, .... 

II 11 till 1-1 

1t 11 1111 1-1 

11 1111 1-1 

11 1111 1-0 

II 11 1111 1-0 

11 11 1111 1-0 

s 1s not driven high by b. Despite the conducting T3. the change of state does not 

occur. However, w . . when s = 1 will cause the state to change, since a conducting 

T 1 will drive s to 0. These events are described in Table ..\.15. Analogous behavior 

is exhibited by the T.::,-open fault. 
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T-;-on fault. This fault affects c1 when s = 1, i.e .. when T-; would normally be open. 

Table A.16 describes this behavior. As both T-; and T8 are on. they act as a voltage 

divider between c: c. \Vhen the C' care driven to 11 0. the gate of T'J is at potential 

I. roughly equal to \ :u_ 12. Since the threshold voltage Fr of T'J is about \ :u 1 6. we 

assume that T'J is on: hence. m will discharge. Analogous behavior is exhibited by 

the T8 -on fault. 

Table A.16: Faulty CAM cell behavior due to the T7 -on fault. 

•·1 1-• = l i 

initial ~tat,· II l l llll l -l 

ti, ,:it ,,, II ll OIi i · l 

,.-c ,·/•· II ll to l-l 

"' di,-,·liar:.::,·:- " l l lll 0-l 

ra.1:..,· ,,, 11 l l , u t 1-1 

T-;-open fault. This fault affects c 1 in state 0. when T 7 would normally be on. Table .-\.17 

describes the faulty behavior. Since T-; is open. T-::> cannot be switched on when 

Table A.17: Faulty CAM cell behavior due to the T7 -opt:.n fault. 
l c. ,111par•· • •1>•·r:,ti, •11:-. I 

II ··1 1-• = II) I 
u• l,1, ,.,. ,11-.-c j 

r,·a,l ,,, ~ :.:T1 11111tl ,·_,',· 

1 ra.i:--,· "' 

II ll 1111 l-11 I 
'I 11 '" I l ., I 

II l l l II i -11 

II l l l II j -11 

It I l 111 I j -t I 

II l l 1111 l-t1 
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c = 1. hence m 1s not discharged. Analogous behavior is exhibited by the T8 -op€.n 

fault. 

T'J-on fault. This fault affects c" when s 0. c1 whens 1. and c . . Since T-:> is always 

Table A.18: Faulty CAM cell behm·ior due to the Tron fault. 
C, •111p:Lr•· , ,1wr:Lti, ,11:-, 

I , . ., (.Of= II l •·, (.•=•ti ··1 (.• = I l I ,. l ·• = I l 

D.-,.·ripti,,u ,,, IJ, ,.,. ,,,._,. u• f,I, ,.,. ,,.._. ,,. IJ, ,.,. ,,,.~ I 
II' /,/, •·•• Ill•.• ! 

iuitial ~tar.,· II 11 "" 0-11 IJ 11 tlll 0-11 IJ 11 1111 0-1 II 11 1111 0-1 

tf, 1;Lt 111 II 11 I Ill 0,11 IJ 1111110,11 II 11 110 0-1 II 11 1111 0-1 

~•·t •·, ,· " 11 II I 0-11 II 11 1111 0-11 II 11 Ill 0-1 II 11 1111 0-1 

,,, ,li:.;,·l1:1r:.::,·=-- II 11 II l 0-11 II II 1111 0-11 fl 11 111 0-1 II 11 1111 0-1 

r•·:,,l ,,, .\.:: :.!T••llll•I ··/·· II 11 1111 0-11 II 11 110 0-0 II 11 1111 0-1 II 11 1111 0· l 

1·:u.:--,· rr, II 11 flll 0,fl I II 111111 0-11 II 11 1111 0-1 II 11 1111 0-1 

on. m 1s always connected to ground resulting m an unconditional mismatch. as 

shown m Table A.18. Also. in a quiescent state m is driven high; hence. this fault 

causes an increase in / DDC! • 

T,:,,-open fault. Here. c11 and c 1 are affected. as shown in Table A.19. Since T-:> is open. 

m never discharges; hence. an unconditional match occurs. 

Table A.19: Faulty CAM cell behavior due to the Tropen fault. 

! 
··1 l-• = II l 

u• l,I, , ... ,,, -.• 

I 
111111111.11 

I I I 11 I 111 1 -11 

II 11 I 11 1 •II 

IJ II Ill 1-11 

IJ 11 I II I l -11 

II ll 1111 1·11 

.... I .• = 11 

,,, IJ, ,.,. tll·:' 

11 11 1111 l·l 

11 II 1111 l·l 

11 11 II! l·l 

II 11 Ill 1-1 

11 II 1111 l·l 

t1 11 1111 1-1 
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A.1.4 Bridging Faults 

Hard Bridging Faults 

b-b-hrd fault. As indicated m Table A.20. this fault affects r. 11·11 and u· 1 in a manner 

that no reliable rest exists. During r both b. bare discharged. hence sense amplifiers 

return an unreliable output. Moreover. since s and s become shorted during this 

operation, the cell is forced into a metastable state. Since w 11 and w 1 also force the 

Table A.20: Faulty CAM cell behavior due to the b-b-hrd fault. 

D,·,.,·,q,ti,,11 

iuiti:d :-,.tat,· 

:,,.,·t I, I I, 

r:a.1:--,· u• 

11,·v; !">tat,· 

I, ,1,\•,·i- ,,. 

1:a.i:-- 0 • l,;I, 

iuiti:J :,;tat,· 11 11 llf I 

11 11 f If I 

l 11 f If I 

l 110 llfl 

,,1·,01111 

l •fl 

l •f I 

1-f I 

1-1 

1-1 

,,, l,I, .. ,. Ill·.◄ 

It ll 1111 1-1 

111111111-1 

l 11 I II I 1-1 

101111111-1 

II Oi°t 1111 1-1 

I 

r,·:a.d l,/1, & i,,w,-1· 1,. 

rai:--,· f,1I, 11 11 f II I 1-110 II 11 1111 l -110 

\\·1·it,· .,1u·rati,,11:--

fl'o ( ·"' = 11, U'J I.• = "' ,, ... 1-"' = 11 ,,., I·• = l I 

,,. /,I, •• ,. ,,, ·.◄ rt• IJ, ,.,. lfl•.◄ ,,. /,I, •• ,.,,,._ .. fl' f,I, •••• Ill._.,. 

II 11 UIJ l ·11 fl 11 1111 1-11 II 1111111-1 II 11 1111 1-11 

111101111 l -11 II 011 llfl 1-11 II 110 1111 1-1 fJ OtJ IJ(I 1-11 

l 110 flll 1-11 l 011 Clfl l _,, l 110 1111 l · l l Of I 1111 1-11 

l 110 1111 1-1 l 011 tit I 1-1 l 110 1111 1-1 l 011 1111 1-1 

II 110 1111 1-1 fl o,, 1111 1-1 II 110 IJII 1-1 1101,1111 1-1 

II 11 1111 1-110 II 111111 1-110 II 11 1111 l 110 II 11 1111 1-110 

cell to a metastable state, there is no way to establish the next state of the cell. As 

a result. although w . . c.,. c1 and c. work correctly, it is impossible to generate a 

reliable faulty output. and hence this fault is not testable reliably. This fault causes 

an increase in [DD during r, w., and w 1 : hence it is detectable by parametric tests. 
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b-w-hrd fault. Table A.21 describes the faulty behaviors. \Vhen s 0, r will output a 

Table ..\.21: Faulty C'..\l\l cell behavior due to the b-w-hrd fault. 

fl,-, .. 1 .. p,-rari .. 11,- Ii \\'rit,· "l"·1·aci .. 11,-. 

I .• = II l II "'" I.• = 11 
D,·:-,,•i-i1,ti,,u 11• /,I,,.,.,,,._.,, j 0,-:--,·ripri.,u ,,. l,I, ,.,. ,,,._.,, 

iuitial :,.t:Lt,· 11 01 1111 1-CJ iuitial :-it:,t,· 11 01 110 I ·II 
j 

tf,,at l,;I, " oi IICJ l·CJ ~•·t /,,1/, ;i 11 I IHI 1-11 
ra1!-r 11· I Ii 1111 1-11 1·a1:-,· 11· 0 111 Ill I l -11 
/, ,,r I, di:-,·h:,r~•·:-,. l 10 1111 l·I 1u·w ~tat•· 0 ttl lltl 1-1 
r,-ad /,//, &: l,,w,·r r,, 0001111 1-1 l,,w,-1· II' " o l "" 1-1 

I rai=--•· 1,/1, II 01 1111 1-1 rai:--,· 1,/1, II 01 I Ill 1-1 

1 and the cell will change its state to l. This behavior is the result of b being driven 

by w. instead of being floated high. \Vhen s = L w11 will fail to change the state of 

the cell since 1c is grounded through b and the cell is never accessed. The b-w-hrd 

fault exhibits analogous behavior. 

b-m-hrd fault. This fault alters the behavior of r. c1 when s = 0. and c11 when s = 1. 

Table ..\.22 describes the faulty beha,·iors. During r. b is driven through m to l:L.J 

Table ..\.22: Faulty C'Al\l cell behm·ior due to the b-m-hrd fault. 

' 
n,-:,,1 ••(••·n,ti,,11:,. 11 C, ,1111,ar,· . •(>•·i-:,ti, ,u:--

I 

I 
(.• = 11) 

ii 
f .• = 111 (.• = 11 

I 
··1 •·o 

O,·:--,-i-ipti, ,11 I ,,. f ,I, ,.,. ,,, .... D,•:-,i1•1·ipti,,11 ,,, /,I, ,.,. ,,, .... ,,, /,I, •..• ,,, .... 

I i11itial :-.t:Lt•· I " 11 1111 1-11 iuitial !'t:Lt,- t) 11 lltl l -1 I II 11 1111 1-1 I 
I 

I 
i H, ,at 1,11, CJ Ii 1111 I ·II tt .. at ,,, " 11 110 1-11 11 11 tHI 1·1 I 

ra1~•- II' l 11 1111 l -II I :--,·t ,· / ,· II 11 111 1-11 II 11 .,,, 1-1 
I, ,,r I, ,li:--,·l,ai-~•-~ I 10 1111 1-1 I .• ,li:--,·l1ar~•-~ II 11 111 I ·11 II 11 IU I 1-1 
r,-ad 1,/1, & l, 0w•·1· u· " 10 1111 1-1 

11 

r•·a•I "' ,I.: ;:1 .. 1111,I •• / ,. 11 11 1111 I ·II II 11 1111 I· I 
r:1.i~•· t,/1, II 11 1111 1-1 r:..1:--r· ,,, II 11 00 1-11 II II (JI' 1-1 

instead of being floated high: hence the output 1s l, and the cell changes its state 
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from O to l. During either mismatching 'compare' operation. m 1s driven to i:u 

through b. and to ground through the conducting T'J. However. since the strength 

of the bit line driver is much greater than that of T,:i. the output of m is assumed 

to be l. Analogous behavior is exhibited by the b-m-hrd fault. 

c-c-hrd fault. Table A.23 describes the faulty beha\·iors. As expected. this fault has 

Table A.23: Faulty CAM cell behavior due to the c-c-hrd fault. 
c .. u1p:a.i-,· upr·ratiuu:-- ! 

··1 ( .• = 01 •·o i .• = l I I 

D,·:--1Tipti• •ll "'/,I,, •.. ,,, -.~ ,,. f,I, ,.,. ,,, __ .,, 

iuitial stat,· II 11 1111 I ·II II 11111, 1-1 

H, ,:,t Ill " 11 1111 I •II II 11 1111 i · I 
sr•t ,. /,· " II 011 i-11 ,, 11 110 I I 

Ill ,li~•·lia1·~•.,. II 11 011 i-11 II 11 110 i-1 

r,•:,,l Ill ~ ;.::r••llltd ,·/•· II 11 f)t) i .(I II 11 1111 i -1 

1·a1:,,;,· ,,, II 11 tltt I ·II II 11 1111 1-1 

no bearing on r. W11. w 1 and «· .. but it affects c1 when s = 0 and c 11 when s = l. 

During either mismatching ·compare· operation. both c and care shorted to ground. 

hence m is not discharged. 

rn-w-hrd fault. Table A.24 describes the faulty behaviors of a C'A.11 cell in the presence 

of a m-u·-hrd fault. This fault does not affect the behavior of r. w0 • u• 1 or u· . . smce 

during their execution m is high and w can be raised. During c11 when s = 0. c 1 

when s = 1. and c .. m is always driven to ground through w: hence a match can 

never occur. 

c-w-hrd fault. Table A.25 describes the faulty behaviors of a CAM cell in the presence 

of a c-w-hrd fault. From this table, we see that b / b remain floating high during 

r: hence the output is /. A w 1 when s = 0 and W11 when s = 1 are affected as 
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Table A.24: Faulty CAM cell behavior due to the m-w-hrd fault. 

i11itial ~tat,· 

ti, ,at ,,, 

~•·t .• ,. 

C, •tll( ,:u·•· ••I .. Tati, ,u:--

··o I.• = "' , .. ( .• = II I 
,,, IJ, ,.,. ,,,._,. ,,. /,I, .• ,. ,,, ·.• 

" 11 I Ill 0-11 II 11 IJII 0-11 

II 11 1111 0-11 II 11 IHI 0·11 

II 11 111 0-11 II 11 110 0-11 

II 11 111 0-11 II 111111 0-11 

II 11 "" 0-11 II I l 1111 0-11 

" 11 Otl 0-0 II 11 "" 0-11 

··1 ( ... = l I .. , ... = 1, 

,,, IJ,,·,· ru-.• 11' 1,1, .... ,,, . _ .. 

II 11 , Ill 0-1 II l l 111, 0-1 

II II '"' 0-1 II 11 llt I 0-1 

II II 111 0- l " 1111110-1 

" II 111 0-1 " 11 1111 0-1 

" 11 1111 0-1 " 11 "" 0-1 

II II 1111 0-1 (I 11 I• I 0-1 

1
-:,­
o.JI 

,velL since the state transitions do not occur .. ..\ c 1 when s = 0 also fails .. since c is 

grounded by w and fails to discharge m through T'J. This fault causes an increase 

if I DD during r. W11, w 1 • w. and c1 ; hence is detectable by parametric tests. The 

c-w-hrd fault manifests analogous behavior. 

c-m-hrd fault. Table A.26 describes the faulty behaviors of a CAM cell in the presence 

of a c-m-hrd fault. This fault affects the behavior of c, 1 when s = 0 and c . . during 

which mis erroneously discharged. Analogous behavior is exhibited by the c-m-hrd 

fault. 

s-s-hrd fault. This fault affects all operations except c .. Since nodes sands are shorted 

together the expected voltage on these nodes is about C/.i / 2. denoted by the sole 

state I. .-\n r generates an indeterminate output I, as b, b equally discharge to 

i:u 2. All ·write' operations also fail. Since nodes sand s are at potential i,:u/2. 

transistors T7 and T8 conduct. as theit threshold voltage Vi,, = \ :L,J G. Consequently. 

c,, and c 1 always return a mismatch. Table A.27 describes the faulty behaviors. 

b'-b-hrd fault. Note that for notational simplicity we use b'. b'. c'. c' to denote input 

lines of cell j + l. and b. b, c, c to denote those of cell j. 



APPENDIX A. CAM F . ..\ULT AN.-\LYSIS AND TEST VERIFICATION 

; 
I 

I 
I 

! 

I 
I 
I 

: 

Table A.25: Faulty CAr-1 cell beha\·ior due to the c-w-hrd fault. 

tt .. :.t /,I/, 

Writ•· • •p•·rati, ,11:--

I I "'' t-• =III 
I 

D,·,-,·ri1,ti,,11 I ,,.u,,-,.,,,.,:c 
I 

iuitial !'>tat,· 

I 
ti 11 I JI I 1-ll 

""t /,/ ,. " 111 I JI I l•ll 

1·:u~•· u· 0 111 1111 l ·• I 

llP\V -"'t:,t,· 0 111 I JI I 1-0 

I, ,.,,,•,.r u• ti l" Oil 1-0 

r:1.i:--,· I,: I, I II 11 1 II 1 1-0 
I 

I.◄ = ti I 

,,, IJ, ,.,. ,,,._.,_ 

11 11 110 l -II 

II 11 110 l ·II 

0 11 I IC I l -1 I 

0 j i 1111 l -11 

ll i i 110 l -II 

If 11 • II I l -II I 
' 

: 
I 

1-• = 11 ! 
,,. 1,1, .... ,,, ._.. I 

,1 11 "" 1-1 l 
II ii 1111 l·l 

0 111111 1-1 

0 ii 1111 1-1 

ti ii 110 1-1 

II ll 1111 l·l 

I C, ,111p:,1·,· • •p•·rati, ,u:--
I i "'11 (.◄ = l I I 

,., 1-• =III 

,,, (,I, ,.,. rtJ .... I 0,~,·ripti••ll I "' IJ, ,.,. "' •.◄ 
I 

II 11 IIIJ l • l I i1utial :--tat•· 
I 

II 11 I JI I 1-o 

II Ill 110 l • l H, ,at ,,, II 11 tllt l·O 

0 Ill 1111 l • l ,-,·t ··I,· ,, 11 lltl 1-o 

0 Ill 1111 1-1 ,,, ,li~,-la:1.r:.::••:-,. II 11 I II I j ·ti 

I 
j _,, 11111 IIIJ l • l r,·a, 1 ,,, ~ :::i-••1111•1 ··/·· " 11 "" 

II 11 IIIJ l·l I II 11 110 1-11 rat:-.•· ,,, 
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I 

This inter-cell fault manifests itself during r. when the two neighboring cells store 

the same value. i.e .. their composite state 5 = 00 or S = l l. Suppose S = 00. 

During r. b' should remain floating high. while b is driven to ground. Due to 

the hard short. bothlines discharge, hence the sense amplifier for cell j ...._ 1 will 

return an unreliable output I. as both b'ib' are 0. An r when 5 = 11 exhibits 

analogous behavior. Table A.28 describes the faulty ·read· operations. This fault 

also exhibits erroneous behavior during W1111 and u·11 from any possible state. as 

described in Table A.29. Here. the arbitrary state is denoted as 5 = For 

each of these operations their respective final state is always the same. Table A.30 

describes ·write' operations whose faulty behaviors occur only in specific states. 

These operations are: w. 11 when S = 00 or S = 01 and w1 . when S = 01 or 
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Table A.26: Faulty CAM cell behavior due to the c-m-hrd fault. 

iuiti:d :--tat,· 

ti, ,at "' 

,... t ,· ',· 

,,, , li!'-•·l,:u·:.::,~~ 

p•ad ,,, ..\.:: :.::r .. nu.f •·/ ,· 

•·u I.• = Ill 

,,. IJ, ,·,· llt -.<( 

111111110-11 

II 11 1111 0·11 

II 11 II! 0·11 

II 11 111 0-11 

II 11 I It I 0-tl 

11 11 1111 O·IJ 

•·. ( .• = II I 

"' IJ, ,.,. ,,,._ .. 

t1 11 1111 0-11 

111111110-11 

II!! 1111 0·11 

II 11 1111 0-11 

I I 11 I II I 0-tl 

II 11 ltt/ 0-11 

•·. I.• = I I 

,,, /,I,,.,. ,u-.-c 

II I I 1111 0-1 

11 II 1111 0-1 

11 II 1111 0-1 

II !l 1111 0-! 

11 II 1111 0-1 

II II 1111 0-1 

S = 11. This fault does not affect any of the ·compare• operations. 

139 

c' -c-hrd fault. This inter-cell fault manifests itself only when the discharging of m de-

pends on the two bridged lines. i.e .. in states S 00. S = 11 and 5 = 10. When 

S = 00 c. 1 fails. when S = 11 C11. • and when S = 10 C1111, c 11 . c,.. and c. 1- In 

each case a faulty match is produced. Table A.31 describes the faulty operations. 

'.';ote that for notational simplicity we use b'. b'. c'. c' to denote input lines of cell 

j--:- 1. and b. b. c. c to denote those of cell j. AC. 1 when S = 00 fails. because c is 

grounded by c': hence m is not discharged. The other ·compare· operations fail in 

a similar manner. 
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Table ..\.:2'i: Faulty C'..\M cell behavior due to the s-s-hrd fault. 

II c,.uq,:u·,· ·•1wrati 0 ,11:--

II D,·~•·ripti, •ll 

11,iti:..I :--tat,· 

I 
iuitial :--tar,· 
tt. ,:,t ,,, 

I =--•·t •• / ,· 

I ,. ,li:-.,·har:.:•·~ 
r,·a.f 1,/1, & J •• w,·r ,,, 

r:u:--,· I, ·I, 

11 11 1111 1-1 

ti ii 1111 1-1 

l ii 1111 1-1 

l ii 1111 1-1 

"ii 1111 1-1 
II 11 ltl 1 1-1 I 

r,·:,,I ru .!,.: ~r,,1111,l ,·/•· 

r:u:,.r· ru 

\\:"'1-it•· , ,rwr:,ti• •11~ 

ll'u "'I 

D,•:,..,·rir ,ti, •ll ,,, /,I, ,.,. ,,, •:of ,,, /,I, •••• ,,, .... 

iuitial :,..tat,· II 11 1111 1-1 ' ti 11 1111 1-1 
:--,·t I,//, 11 Ill OIi 1-1 II Ii I Ill I 1-1 
r:,i:--r· ,,, l IJI 1111 1-1 I 111 I II I 1-1 

u•·w :-,tat.,· I I I I Ill I 1-1 I Ill I II I 1-1 
J,,w,·r u• 11111 1111 1-1 II l I' I Ill 1-1 

r:U:--,· /,//, fl 11 "' 1 1-1 II 11 IJtJ 1-1 

Resistive Bridging Faults 

··, 
,,. ,,,, , ... ,,, ._ .. 
0 11 1111 1-1 

IJ 11 1111 i-I 

II 11 111 i-I 

II 11 Ii I 0-1 

II 11 llf I 0-1 
,, 11 OH 1-1 

,,._ 
,,. /,I,,.,. ,,, .... 

II 11 110 1-1 

II 11 1111 1-1 

I 11 1111 1-1 

I I I 1111 1-1 

ti 11 1111 1-1 

II 11 1,11 1-1 

··,, 
,,. l,I, .. ,. ,,, ._., 

ti 1111111-1 

II 111111 i-I 

II 11 11 l i I 
II 11 111 0-1 
II 11 IJIJ 0-1 

" 11 1111 1-1 
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b-b-res fault. This fault has no functional effect on ·read'. ·write· or ·compare· opera­

tions . ..\n example of how marginally the behavior of a ·read• is affected is given in 

Table ..\.32. \\'hen u· is asserted b is driven to an opposite logical value than b. as 

they are connected to s_ s. respectively. The potential difference between these two 

lines is dissipated on the resistive bridge. which allows the b;'b to be read correctly. 

After bib are read and w lowered, b begins to discharge, but that has no functional 

significance. During r, w 11 and w 1 , as bib are driven to opposite logical values, there 

will be an increase in I DD that is inversely proportional to the resistance of the 

bridge: hence this fault can be detected with parametric tests. 

b-w-res fau)t. Just as the fault discussed above. this fault also does not affect the func­

tional beha\·ior of the C..\M cell and hence, is not detectable by functional tests. 
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Table .-\.28: Faulty ·read· beha,·ior due to the h' -b-hrd fault. 
n,-: •. 1 .. 1,.-,·a.ti.,11!", 

t5 = ""' (5 = 11 I 

D,·:-,.4•i-i1,ti, •ll II' /,I,,.,. /,I, ,.,. Ill .s ,,. /,I, ,., . /,I, .... ,u-S 

iuitial :--t:1t•· fl 11 "" 11 1111 HIit II 11 111 I 11 "" 1-11 

ti, ,:it I, I I, fl 11 IJt I 11 1111 1-ott II 11 1111 11 I It I l • 11 

r:u:,..•· "' 11 1111 ii tltl Hilt 11 I IC I 11 1111 l ·11 

I, , . .- 1, • li:-,·liar:.::•·:-- 110 IJII 111 1111 l-1111 l 111 1111 011 1111 1·11 

r•·ad l,/1, ~ 11,w,-r ,,. fl 1.11) I JI I 11 l Ill I I -flt I II 1111111 o,·1 1111 l • 11 

ra.i=--•· I, l l, IJ 11 IJ(I 11 (IIJ 1-111 J II 111111 11 1111 1·11 

Table A.29: State-independent faulty ·write' beha,·ior due to the ll-b-hrd fault. 
I \\'"1·it,· "l'•·t·ati .. u,-

I "'110 (S = ' • J 

1 D•·!°"•·ripti,,11 "' IJ, ,.,. /,I,,.,. 111-S 

iuiti:,1,-tat,· ,, 111111 11 1111 l· • 

11 110 tttt tt l 110 

110 1111 ttl IHI 

110 (Ill Ill tltl 

f fl 110 1111 ti l 1111 

j fl 111111 111111 

l · . . 

l · . . 

1-lt 1 

1-lt 1 

1-01111 

"'II 

,,. /,I, ,.,. 

II 11 I JI I 

ti l II I It I 

111 IJtl 

l II 1111 

II lll lltl 

fl 11 I ltl 

I 
(5 = • I I 
/,I, .•.• ,,,.s I 
11 II( I l · . 

011 1111 I· . 

Ott 1111 I·. 

011 "" 1-11 

O•• IUI l • 11 
11 II( I I !Oil 
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Increased I DD can be observed during operations where b and u· are at different 

voltage potential. i.e .. during r when s = 0. and during u·11- An increase in / DDcJ 

can also be observed. The b-w-res fault exhibits analogous behavior. 

b-m-res fault. This fault does not alter the functional behavior of the cell. Increased 

I DD is expected when b and m have opposing logical values. i.e .. during r. c 1 when 

s = 0. c,. when s = 1 and w11 . Analogous behavior is exhibited by the b-m-res fault. 

c-c-res fault. This fault does not affect any operations on the cell. smce due to the 

bridging resistance. it is possible to drive c/ c to opposite logical values. This implies 

that this fault is not detectable by means of functional tests. However. the increase 

in / DD- during c 1 when s = 0 and c11 when s = I make this fault detectable by 
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Table ..\.30: State-specific faulty ·write· behavior due to the b' -b-hrd fault. 

I 
D,·~•·ripti, ,11 I 
initial :--tat,· 

!'>•·t l,f I, 

r:,1~•· "' 

11,·w ::-:t:,t,· 

1, •\\"•·r u• 

i-ai:--,· l,,'l, I 
I 

I 

D,·~••1·ipti,,u 
i 
I 

iuitial :--t:,t,· I ~•·t /,ii, 
I 

ra.1:--,· ,,, I 11,•\\" ~t:,t,· 
i l,,w,·1 "' 

parametric tests. 

w· I l"tt,· ••Ju-ratl••II~ 

"'. 0 (S = 11111 I ,,., iS = 111 

II' 1,1, ,.,. /,/, ,.,. ,,,.s I ,,. /,I,,.,. /,I,,.,. ,,, .5 
I 

II 11 "'' 11 1111 1-1111 " 11 IJH 11 1111 l • 11 

II 10 HI I 11 I I Ill 1-1111 II Ill 1111 01 1111 1·11 

1 10 1111 I 11 1111 I·• II I 1 Ill 1111 01 1111 I· I I 

1 10 1111 I JI I II I I· JI I 1 111 1111 011111 1·10 

II 10 il(J I 11 I II I I· JI I II I II I II I 01 1111 l ·10 

II 11 IJIJ 11 1111 1-Jll I II 11 1111 111111 1·10 

\\trit,· , •(wr:,ti, ,11:-: 

II'. u 1S = 1111 

,,. /,I,,.,. /,I,,.,. ,,,.s 
ti 11 1111 11 1111 1-111 

II 10 1111 I 11 1111 1-111 

I 10 Ill I q I 1111 I·• t ! 

1 10 1111 111 1111 1-111 

II 10 tlll II! 1111 !-JII 

II 111111 11 tlll 1-JII 

I "'I (.• = 111 I 

I ,,. /,I,,.,. I.I,,·,· 

" I I 1111 11 I JI I 

" 111 1111 01 llfl 

I Ill fll I 01 llfl 

1 1111111 0 I 1111 

I lf 1tf ,11, 01 lltf 

I II 11 1111 111111 
I 

,,,.s 
l ·111 

1-111 

l ·• 11 

1·10 

l-10 

1·10 

I 

i 

I 
I 
I 
I 

I 

: 

1-12 

m-w-res fault. Table ..\.33 describes the faulty behaviors of a C..\M cell in the presence 

of a m-w-r£s fault. This fault does not affect the behavior of r. w,.. w 1 or w . . as 

the resistive bridge allows m and w to be at different voltage levels ath the cost if 

higher loo- During c11 when s = 0, c1 when s = l. and c .. m is always discharged 

to ground through the bridging resistance: hence a match can never occur. 

c-w-res fault. In the presence of this fault it is possible to drive c and w to opposite 

logical values and hence any operation where such a condition occurs will be func­

tionally correct. This implies that this fault is not detectable by means of functional 

tests. However. the increase in I DD during r. W11. w1 . w. and c1 makes this fault 

detec:table by parametric tests. The c-w-res fault manifests analogous behavior. 
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Table A.31: Faulty C'Al\l cell pair behavior due to the c'-c-hrd fault. 

I 
.. 

• I 15 = lltl) •·11. I·• = 11 l I 
I 

D,·:--c-ri1,ti, •t1 ,,. /,I, •••• /,I, .... ,,,.s /,I,,.,. /,I,,.,. ,,,.s I ,,. I 

I 
i11iti:1.l :--tat•· II l l 1111 l l 1111 l·tlll II l l 110 l l IIU 1-11 I 

I H,,:,t Ill II l l 1111 ll 110 l -1111 II l l 110 l l I IC I i-11 

!"'f"t ··/ ,· II l l 111 I ll 011 l -1111 II l l 110 l l 1111 1-11 

Ill , Ii:--, ·h:ff:.:::• ·=' (I l l I II I ll 0o i-110 II ll 110 11 1111 i-11 

r,·:1.d Ill .\.: :.:i-, ,1111, l ,. , ,· II 11 I Ill l l 1111 i ·I It I I II 11 1111 11 1111 i-11 

r:1,1::..;,- ,,. II ll 1111 ll 1111 l -1111 i II L l lltl 11 tttl L L 1 I 

I 
•·011 1.5 = 1111 •·o. I-• = 1111 ! 

I 
O.--:,;,·ri1,ti,,11 

I 
,,, /,I,,.,. /,I,,.,. ,,,.5 

"' 
/,I, .. ,. /,I,,·,· ,,,.5 

I 

iuitial :--tat,· ti L l 1111 11 1111 L-111 II L l 1111 L l 1111 L-111 I 

H,,at 
'" 

ti l l t 111 ll 1111 i -111 ti L 1 1111 L l t1t1 l-111 

:--,·t ··/ •• II LL 110 ll Ill l • lll ti Ll 110 11 tltl l-ltt 

I rr, , li:--,·h:1.r:.:::•·::0- II l L 110 ll Ill i • 111 ti l l 110 11 1111 j · LIi 

I i--·a,l ,,, .\.: :.:-ruuud ,-; ,. II L l t II I ll 1111 i -111 II 11 1111 11 tltl i-111 I ! 
i ra.1:--•· "' ti L l 1111 ll 1111 l • l t1 II L l IICI 11 1111 l -111 i 
I 

··11 15 = 1111 .. • J 1-• = 111) I 
I D•'.~rripti• •ll ,,. 1,1,,.,. /,I, ,.,. ,11-S ,,. /,I,,.,. /,I,,.,. ,,,.s : 
I iuitia.l ~tat•· II l l llll ll 1111 L -111 II L l 1111 11 IJO l-ltt i 

tt .. :,t ,,, II 
ll "" 

ll 1111 l -lto II L 1 IIC) ll 1111 l-111 i i 
I ~--t ··/·· ti 11 l t1 11 011 l • 111 II l l 1111 11 oo l-111 
i i I ,,, ,li:--,·l1a1·:.::•·:-- II ll 111 l l 011 i · 111 II l l lltl ll 011 i-111 

i p-: .. ,1,,, .\.: :.::1-.. uud •· / ·• I II 11 1111 l L 1111 i • 111 " ! l Ill I 11 till i 11 I 

I I 

I 
i rat:,.•·,,, 

I 
II l l 1111 ll 1111 l-111 ti l l 1111 L l 110 l -111 

c-m-res fault. Table A.34 describes the faulty behaviors of a CAM cell m the presence 

of a c-m-r£s fault. This fault affects the behavior of c11 when s = 0 and c . . during 

which m is erroneously discharged. In the initial state. m is driven to \ :l,l and c is 

driven to ground. hence there is a potential drop of i:ld across the resistive bridge. 

indicating an increase in I DDC/ · However. sa soon as m is disconnected from its 

driver. it begins to discharge through the bridging resistance: the rate of discharge is 

dependent on the bridging resistance and the capacitance of m. Analogous behavior 

is exhibited by the c-m-r£s fault. 
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I 

Table A.32: Faulty CAM cell behavior due to the b-b-res fault. 

iuiti:,l :--tat,· 

ti• ,at /,,- I, 

I, .. r I, di:-,••lt: .. 1·:.:::•·~ 

r,·:1d 1,/1, ...\.: 1 .. w,·r rt• 

f .• = I) 

:1• I ,I, •• ,. '" · ... r, r /,I, ,., • ,,, · ... 

t1 11 (II, l -11 t1 11 t Jtl 1-1 

1 t 11 t II t l -1 t It 11 111 t l • l 

l 11 1111 l ·" 11 t t1; I· I 

l Ill ltlt 1-11 lit 1111 l·l 

It 1-,. , II I I •It I I i1-, I II I l · l 

11 11 (tit [-It II ll (Ill l I 

Table A.33: Faulty CAM cell behavior due to the m-w-rcs fault. 
C,,111p:u·,· ,,r,,-rati,,11:--

I ,·o t .• = 111 ,·. (.• = 11) 

! 
··1 , .• = l I I .. t-• = l I 

I 
D,-~,-ri1 ,ti, ,11 I ,,, IJ, ,.,. "' ._., "' /,I, .• ,. ,,, .... ,,, f,I, •• ,. '""·"' I ,,, l,I, .. ,. 111 •.C 

I 

iuitial ~t:,t•· II 11 1111 0-•1 (J 11 "" 0-11 ti 11 1111 0·l II 11 1111 0- l 

H,,at ,,, ti 11 1111 (-ti It 111111 (-ti II 111111(-1 I) 11 041 1-1 

:-,,•t •"/•" " 11 111 0-11 II 11 It( I 0-11 II 11 lt1 0-l II 11 lttl 0-1 

'" ,li=--•·11:1.r:.:::•·~ II 11 ti! 0-11 I) l l 1111 0-tl (I 11 111 0-1 I) 11 1111 0-1 

r,·a•l "' .!..: ~T• ,1111, l •·/ ,. II 11 1111 0-tJ II 11 1111 0-11 II 11 ()ti 0-1 " 11 1111 0-1 

rat="•·,,, II 11 1 ltt 0-1 I I) l l 1111 0-11 " 11 1111 0-1 " 11 1111 O· I 
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s-s-res fault. This fault does not affect the functional behavior of any of the operations. 

Since nodes s and s are connected together by a resistive bridge. the potential 

difference between the two nodes is dissipated across this resistive bridge. which 

results m an increase m / DD<J. 

b'-b-res fault. Note that for notational simplicity we use b'. b'. c'. c' to denote input 

lines of cell j ....- 1. and b, b. c. c to denote those of cell j. 

This inter-cell fault does not manifest itself during any of the nineteen operations_ 

\\'hen b' and b are driven to opposite logical values. the potential difference between 

the two nodes is dissipated across this resistive bridge. Hence an increased IDD can 

be observed during r when 5 = 00 or 5 = 11, w 111 ,. tL'.11, wi 1 and W1 .• 
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Table A.34: Faulty CAl\[ cell behavior due to the c-m-rrs fault. 

•·11 .... = 0) ,· ( .• = ti) ,·. c -• = l I 
,,. f,I, ,.,. ,,, ._ .. r,• /,I, •••• UI • IC ,,. f,I, .. ,. ,,, ..... 

iuitial ~tac,- 11 11 1111 0-tl Cl 1 ! 1111 0-11 II 11 1111 0-1 

II 11 1111 (.IJ 11111111(.,1 II 11 1111 (-1 

11 11 o 1 0-IJ 1111,1110-11 11 11 1111 0-1 

"' , li:,,.,•liar~,-~ II 11111 0-IJ II 11 I It I 0-IJ 1111rn10-l 

r,·:L•l "' S.: :.:::r,,1111cl ,.;,. If 11 IHI 0-11 II 11 CH I 0-11 111111110-1 

II 11 I It I 0-11 II 11 1111 0 II II 11 IJI> 0-1 

c' -c-res fault. This inter-cell fault does not alter the functional behavior of any of the 

operations. It will result in an increase in I DD during c 110 • C11., c11 and c. 1; hence. 

this fault can be detected by parametric tests. 

A.2 CAM Test Verification 

In this section the Tedi test for a single cell is verified. In Table ..\.35 the fault-free 

response is provided for comparison with the faulty responses of all independently testable 

faults. The de\·iations from the fault-free response are indicated in boldface. Tests for 

individual faults that are included in Tedi are also given. In all cases except w-sa-0 the 

initial state of the cell is not important because. after the execution of the first three 

write operations w0 u· 1 tL'. , the initial state is forgotten. Tests for some of the faults ( ex. 

b-sa-1: w 1 w 11c11) appear separated by other operations. These interleaved operations are 

combinations of w. , c., and c 1 which. for these faults, do not change the intended state 

of the cell and. therefore, do not invalidate these tests. 

The Tedi test is irr£dundant. which means that the removal of any one of the opera­

tions that make up Teel! will prevent some fault from being detected. 

Example: If the first w11 is dropped, then b-sa-1 fault is no longer detectable. 
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Table A.35: Verification of the Tall test. 

T__,11 I T,·,-t S,·,t1t•·11•·1 f .. , Fa11lt,-

I Fault ,, ... ,,., ,,, • ··1•·1111•1111· • •·0··1 within T,., II 

rault-free cell Ill Ill ! /,- ... ,,-II 01 Ill "'0"'·1 •· . Ct •·u "'ull'. •·0•·1 

,,_ ... ,,-1 111 01 rt•uY."1 rt• - •·1 •"11""-"011•. Co•·1 

,,_ .. ,, ... ,, 111 01 11•11 "'I ,,, • ··1 ··,, Wo "" · Co•·1 

/, ... ,.J 01 Ill Wo Wt rt•. Ct ••o ll'u 11•. •·0•·1 

,,, ..... ,,-0 (:--=tit 01 I" 11 1uW1 ,, •. C1•·0WQII'. Co•·, 

Ill- ,,t•IJ 1,-=ll Ill OJ 
,·- .. ,,-Ii Ill !) ,,,0 ,,, 1 ,,,. ,· 1 ,·,.w0 u,. ••oCt 

,· ... ,.I 111 tlO ff'o "'I"', •·1 •·uWO rt•. Co•·1 

,·- ... ,,-fl 11 Ill ,,, .. .,., 11•. •·1 cou1u 11•. •·11•·1 

, .. .,,. I 011 I" 11•,.111,•111•. C1•·111t•u1t•. •·0•·1 

! 
,,, - .. ,,-11 011 011 11•0 "'I"' . Ct Co "'11 u•. •·0•·1 

,,,- .. ,,-1 11 11 11-'0 II'( 11' • Ct Co 11'11 r,, · •·11•·1 

...... ... ,,_IJ 01 Ill u•u V1-' 11P . C1 •·u 11•1111• • •·11•·1 

•·.,,.I Ill OJ u•u"'I "'. •·1 •·uWou•. Co•·• 

.-c-,,,-0 111 01 "'""'• 11•. •·• •·owou•. co•·• 

.-c- .... ,_ J 01 111 rt•11W1 rt•. C1•·11rt'11U•. •·11•·1 

T1 -"" 01 I" ll'uWt "-" • Ct•"oll'uU•. •·11•·1 

T1 •flJ't"II Ill 01 rt•urt'1 "'. •·1•·11WoW. Co••1 

T~-"" Ill 01 ,,,., ,,,, "' - ··1 •·o ",.ow. co•·1 

T:;-up,·rJ 01 Ill u•uWt "-". C1•·uu•.,u•. •·11•·1 

T!-01u·" 01 II! '''11Wt '11,'. C1••,1rt'o"'. •·11•·1 

T,-"l",, 111 01 ,,,.,,,,, ,,, . •·1 •·owow. Co•·• 

T-.-,,n Ill 01 ,,, .. ,,., ,,, . ··1•·uwou,.co•·1 

T-. _,,,.,.,J 01 111 wo•·111•. C1•·ort'11"'. •·11•·1 

T.~ _,,,, 01 111 u•uW1 ,,, . C1•·11U'11"'. •·11•·1 

T.. -opr·r, 111 01 u•uw 1 ,,, . •·1 •·11",.ou·. co•·, 

T--or1 011 111 11•11••1 u•. C1•·urt•u11•. •·11•·1 

T:-••IJWIJ 11 I 11 rt'u rt'1 rt•, •·1 •·o Wo r,,. •·oCt 

T-.-1111 111 011 "'""'I"'.,·, •·o"'·ou•. co•·, 

T-..-OJWII 11 I" r,•11 W1 u•. •·1 cou•u ,,, . •·11•·1 

T,, -011 011 011 "-'u 'M' l ''' , Ct •·11 U•o 11'. •·11•·1 

T-. _,,,,,.,, 11 II rt'n"'I "'. CtCOU'ull'. •·u•"t 

/,_ w-1, ,-,l 111 01 u•uw 1 ,,. . ,·, ,·uWou•. Co•·1 

/,_,,, .. /, nl 01 111 WoW1 ,,, . C1•"0U'o "'. •·11•·1 

I, ... ,11-h nl 1,) II ,,, .. u•1 "' • •·1 •·u Wo "'. ,·,.c1 

I,- u,-h nl 111 I J fl't• "'I 11' • •·1 •·o Wo fl", 1·0C1 

...... /,,·,l I II 11 ,, ... "'• ,,, • •·• •·11 "''o u•. •·11c1 

,-- ,,,_1, nl [11 01, u•u u• 1 "' . •·1 •·11 ",.o u• . co•·, 

,._,,,_,, ,-,J 011 11 I 11•11 '11,'t"'. C't•"oll'o"' - •·11•·1 

,,,_,,,_J,,,l On 011 ll'u W l ti' , Ct •·u lt•o II'. •·u•"t 

....... -c .. J,,.,J 011 011 11'1111'1 II'· Ct CO "'11 II'· •·11•·1 

,._,,,_ ,.t .... 111 011 "'11"'1 r,•. ••1•·0"'"011•. Co•·1 

··- ,,,_ ,-, ... 011 Ill tt•u Wt rt'. C1 •·u "'1111 1 • •·0•·1 

Ill• Ill• IT-' 011 011 "'••"'"t"'· C1•·11U'11ll'.•"11•·1 



Appendix B 

SRAM Fault Analysis and Test 

Evaluation 

B.1 SRAM Fault Analysis 

In this section operations observably affected by input stuck-at faults will be discussed. 

The behaviors of operations not listed here may differ slightly from their fault-free coun­

terparts in the event-sequence model; however in the FS.M model these differences cannot 

he observed. 

b-sa-0 fault. This fault does not affect operations where b is normally driven to 0. This 

includes w0 and r when s = 0. Table B.1 describes the faulty behaviors in the 

presence of this fault. Deviations from the fault-free behavior are indicated by bold 

type. 

During r when s = 1, the grounded b forces s to ground ( and hence node s to 

i:,,L). causing the cell's state to change before b has a chance to fully discharge. 

Afterwards s drives b through the pass transistor. Since b is already 0, the sense 

14, 
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Table 8.1: Faulty SRAM cell behavior due to the b-sa-0 fault. 

i fl,·a,l ··1,,·1·ati,,11 \\i\·it,· , •(1•·1·:1.ti• •ll~ i 
I 

I 
(.• = II u•1 f.• = ,,, 

! 
,,., (.• = I I I 

i I 
D,·::-,•Tit,ti, •ll ,,. IJ, ..• Dc:,,;••ri1,ti,,11 u• IJ, ..• r,• /,1, .. c ! 

I 
initial :--tat,· I II 01-1 initial :--tat,· 11 01-0 11 01-1 

ti,,at l,,1I, I II Oi-1 ~•·t I,//, II 011·0 11 011-1 I 

1·:u:.-..,· 11 1 I I Oi-1 r:u:,,;,· 11• I 011-CI 1 011-1 

I, , ,r I, • li:i•·laar:.::::•·:.. I 1 oi-o u,·w :..ta.t• 1 011-( 1 011-( 

! 
r,·a.f 1,//, ~ l,,w,·r ,,. 

I 
,, oi-o J.,w,·r ,p I II 011- ( II 011-( 

i r:1.i!'r l,/l, o 01-0 t·ai:..r: 1,/l., I 1101-0!J i II 01-0IJ 

amplifiers will always detect a 0. During u· 1 , when w is asserted. both b lb are 0. 

causing both pull-up transistors to conduct which. in turn. results in a metastable 

state. Once w is de-asserted one of the pull-down transistors dominates over the 

other and the cell eventually reverts back to one of the two quiescent states. Since 

the state of the cell cannot be predicted after w 1 • this operation must be followed 

immediately by r which will force the cell into a determinate but faulty state. 

Analogous behavior is exhibited in the presence of the b-sa-0 fault. 

b-sa-1 fault. The reader can verify that only r and w11 are affected by this fault. This 

is because either b is always l by definition. as in the case of w 1 or as in the case 

of w 11 in state 0. when the fact that the b line is stuck-at 1 does not alter the cell's 

state. Table 8.2 describes the faulty behaviors of an SRAM cell affected by the 

b-sa-1 fault. 

An r when s = 0 will be misinterpreted by the sense circuitry because both b • b 

remain high: therefore. r is not a reliable source of output. \\'hen s = l. u•., fails. 

because b does not force s to ground to initiate the state transition. 

Analogous behavior is exhibited in the presence of the b-sa- 1 fault. 
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Table B.2: Faulty SR.-\.M cell behavior due to the b-sa-1 fault. 
n,-a,I ••(••·t·ati••ll II \\11·it,· ••(wt":1.ti,,11 

I·• = "I ,, ... I.• = I I 

D,·:--,·ripti,,11 ,,. 1,1, ..• D,·!",•·ri1,ti,,11 ,,. f,I,._ .. 

i11it1al :-,[a,t,· " I I •ti iuitial !'>t:,t,· " ll·l 
ti, ,at I,, I, " I i-o :-,t•[ l,/I, 

" 11-1 

1·:s.1:--•· ,,. 1 Ii·•, r:a.t!">•· 11• 1 11 ·1 ,. , ,i- I, •li!'•·liar:.:,·:-- 1 11 ·• 1 11,.,....,. !°"tat,- I 11-1 

r•·ad 1,/1, & l,,WtT ,,. 
" 11-11 

I 
l11\Vt•l" fl" II 11 • 1 

r:,i~,- I, !I, " 11-n I r:a.i~,- f, 1 I, 
I 

" 11 • 1 i 

w-sa-0 fault. Since this fault affects w. it alters the behavior of all operations. Table B.3 

describes the faulty behaviors of an SRAM cell in the presence of a w-sa-0 fault. 

From this table, we see that r will fail. since neither b / b line is allowed to discharge. 

Table B.3: Faulty SRAM cell behavior due to the w-sa-0 fault. 
R,·:,. I , ,p,·rati, ,u:,,. I \Vrit,· , ,1,,·1·ati, ,11.:--; I 

I I 

I 

l I 
I 

i 
I.•= ,q 

I 

11 I ( .• = Ill ( .. = I "'1 ll'o , ... = 
I 

! 
I 

I D,·:-,••ri1,ti,,u ! ,,, /,I,._ .. r,• /,./,._ .. D,·:,,;,Tipti,,11 
I 

u· /,1, .. -c ,,, IJ, .... 

i iuiti:J :-;t:1.t•· ' 11-41 11 I I iuiti:1.l :--tat•· 
I 

! ! -1 I 

I 
11 • 1 

i 
II II II II 

- . I ti,,at 1,11, II ii •I I " 11-1 I :-,.r[ 1, ,. 
I II 111-11 II 11!-! 

.. - - I 
i-a1:--,· ,,. 0 11-1 l 0 11 • 1 1·:u:--•· ,,, 0 111-11 I 0 Ill -I , ... , I, , li~•·liar:.::•·:-- 0 j i-t I 0 ii· l I u,•y.,• :,.tat,· 0 111-0 I 0 111-1 

I 
r,-a.{ /,,/,~ l,,w,·ru• I II j i-t j II ii· I 

I 
l 0 ,w,·r ,,. II 111-0 I ll ll!-1 

I 

f,/1, I 
11-11 11 · 1 1·:1.i:--,· I,/ I, 11 • 1 1 :1.1:-- 1 I II II II 11·0 i " I 

Lack of differential voltages on bib yields an unpredictable response of the sense 

circuitry. Hence. r is not a reliable source of output. Since w is never asserted. w1 

when s = 0 and W11 when s = 1 are faulty. as they do not result in a transition to 

the desired state. A w 11 when s = 0 and w 1 when s = 1 are not affected. as they 

effectively ··do nothing". 
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w-sa-1 fault. As the reader can ,·erify using Table 10.1. in the presence of this fa.ult, 

despite minor differences in the event-sequence model. a.II operations a.re correct in 

the FSl\l model of a. single cell. 

B.2 SRAM Test Evaluation 

Here we present the complete analyses of the MATS,+. MARCH Y a.nd l\lARCH C­

tests. The reader is reminded that these analyses were performed under the single-fault 

assumption. 

B.2.1 Evaluation of the MATS++ test 

The l'vlATS+-:- test [20] for an-word by 1-bit SRAM. is of length 6n, and is presented 

below: 

First. a.II the words a.re initialized to 0. Then. in the fault-free SRAM. each u•{ in the 

second march element is preceded by an r; which should produce a. 0. This march element 

is performed in the direction from n to 1. In the third march element the first r; should 

produce a 1. It is followed by a w:, and a second r; producing a. 0. The third march 

element is performed in the direction from 1 to n. 

Evaluation of the NIATs++ test for a single cell 

Each cell in this test is subject to the following sequence of operations: woru• 1 ru•,.r. 

Table B.4 provides the comparison of the fault-free response with the faulty responses 

of all independently testable faults. The deviations from the fault-free response, a.s well 

as the elementary tests within l\·IATS + + are indicated in boldface. From this table it 

is clear that all independently testable faults will be detected reliably. The reader can 
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Table 8.4: Evaluation of the MATS++ test for a single cell. 

Ii 
:I.IATS++ 

I EI,·1111·11t.ary t.,•,.:t.,- fur iup11t. ,.:t.1u-k-at. I 
i I I ! Fanlt. 1r1 ,r ,r 1 r 1r11 r fault.,- wit.hiu 1\-IATs++ I 

fault-free cell I - II - 1 - II 
I I,-.,a-lJ -11-0-11 fl'1,rw 1 r,r,,,· 

I,-.-,z-1 -(- 1 - l 11•,.rw 1 ,-w0 r 
h-.,a-lJ - l - 1 - l worw11·\\·or 

' 
I,-.,a- I -11-0-11 w 0 r\\· 1 r-11•.,r 

verify that for an inverted MATS++ test where each cell undergoes the complementary 

sequence of operations w 1rw11 ru· 1 r. all independently testable faults will also be detected. 

Evaluation of the l\IATs++ test for n-word by 1-bit SRAM 

It is easy to verify that MATS++ detects wi.sa-1 faults by noting that !vlATs...:.....:.. is an 

extension of :tvlATS +. Since lVlATS + has been shown to detect w; -sa-1 faults. and since 

\Ve can insert any number of 'read· operations. as they do not corrupt the contents of the 

cells. we conclude that l\lATS + + also detects these faults. 

Given that the u.i -sa-0 faults are not reliably detectable 1 . we conclude that in a n­

word by 1-bit SR..\M this test can reliably detect ;;;:_~ • lOO°o possible input stuck-at 

faults. which is roughly 50°o of faults (for large n) in the input stuck-at model. 

Evaluation of the l\lATs++ test for n-word by /-bit SRAM 

The 11.IATs + + test can be extended for a n-word by /-bit SR.-\1\f in the following manner: 

1\{ , , ( i )!( i i )" !-1 ( i i i )l l11 
n ATS,- = «·11 ... 11 r «•1. .. 1 ,. U'11 ... 11r • 

IS,-,. S1•f"t.i1111 10.::!.l 
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where u•., ___ ., denotes the writing of an all-0 data background. etc. Since. this extended 

test detects the same faults per cell, as the test for a single cell and that changing the 

data background does not affect fault coverage. 

From the above analyses we conclude that a word-oriented extension of the ~lATS-l-+ 

test will reliably detect all the detectable input stuck-at faults. which constitute ;;,~~/ • 

100~ of all the faults in the fault model: thus for large n the fault coverage is roughly 

50'-'o. 

B.2.2 Evaluation of the MARCH Y test 

The ~!ARCH Y test [20] for a n-word by 1-bit SRAM. is of length Sn. and is presented 

below: 

First. all the words are initialized to 0. Then, in the fault-free SRAM. each tt·i 111 the 

second march element is preceded and succeeded by an r; where the former should produce 

a O and the latter a 1. This march element is performed in the direction from n to 1. 

The third march element is similar, with O and 1 interchanged and the march element 

direction reversed. In the last march element each r; should produce a 0. 

Evaluation of the MARCH Y test for a single cell 

Each cell in this test is subject to the following sequence of operations: wuru· 1 rrw11rr. 

Table B.5 provides the comparison of the fault-free response with the faulty responses of 

all independently testable faults. As before. the deviations from the fault-free response. 

as well as the elementary tests within l\lATS++ are indicated in boldface. From this 

table it is clear that all independently testable faults will be detected reliably. It is worth 

noting that for our fault model MARCH Y is a redundant test, as the additional ·read' 
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Table 8.5: Evaluation of the :\!ARCH Y test for a single cell. 

11 
!\IARCH y El,·1w·11t.ill"Y r.,-,-t.,- fur iupnt. ,-r.n,·k-;Lt. 

Fanlt. i! ,r,,r,r 11·r1r, 1rr fanlt.,- wit.l1i11 .\IARCH y 
I fault-free cell - II - 11 - 1111 

I f, __ ,fl-11 - 11- 00 -1111 ,r0 r"'·1 rr·u,,,,.,-
I 

1,-.,a-1 - I - 11 - 11 tr11rW1 ,-rworr I 

1,-.,a-ll - l - 11 - 11 w 0 rru,1rw0 rr I 
I 

f, __ ,a-1 - II - 00 - 1111 ""o rw1 rr11•,,1-r I 
I 

operations (in comparison with MATS++) do not increase the fault coverage and their 

removal would not decrease the existing coverage. The reader also can verify that for 

an inverted l\:(ARCH Y test where each cell undergoes the complementary sequence of 

operations w 1rw 11 rrw 1rr. all independently testable faults will also be detected. 

Evaluation of the MARCH Y test for n-word by 1-bit SRAM 

It is easy to verify that lvlARCH Y detects wi-sa-1 faults by noting that l\lARCH Y is an 

extension of .:VIATS+. Since l\lATS+ has been shown to detect w;_sa-1 faults. and since 

we can insert any number of ·read' operations. as they do not corrupt the contents of the 

cells. we conclude that MARCH Y also detects these faults. 

Given that w; -sa-0 faults are not reliably detectable. we conclude that in a n-word 

by 1-bit SRAl\l this test can reliably detect ;;,:~ - 1000':ii possible input stuck-at faults. 

Evaluation of the MARCH Y test for n-word by /-bit SRAM 

The combination of the two extensions yield a possible 1\-(ARCH Y test for a n-word by 

/-bit SRAM is presented below: 

"-{ \r { i )~( i i i)r,.j.l( i i i)lt"( i)j ~v ARCH = w 11 __ _. 1 r wl. .. l r r w 11 __ .1,r r •. 
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where lL'11 ... 11 denotes the writing of an all-0 data background, etc. As before. this extended 

test detects the same faults per cell. a!5 the test for a single cell and that changing the 

data background does not affect fault coverage. 

The results of the above analyses indicate that a word-oriented extension of the 

~lARCH Y test will reliably detect all the detectable input stuck-at faults. which con­

stitute ;;,:~r - lOO°o of all the faults in the fault model. This coverage is identical to that 

of the MATS++. yet the MARCH Y is longer, as it contains redundant elements (for our 

fault model). 

B.2.3 Evaluation of the :MARCH C- test 

The l\lARCH C- test [~O] for a n-word by 1-bit SRA.l\L is of length !On. and is presented 

below: 

First. all the words are initialized to 0. Then. in the fault-free SRAM. each wi in the 

second march element is preceded by an r; where it should produce a 0. This march 

element is performed in the direction from n to 1. The next three march elements are 

similar. with O and 1 interchanged and_.·or the march element direction reversed. In the 

last march element each ,.; should produce a 0. 

Evaluation of the 1\-IARCH C- test for a single cell 

Each cell in this test is subject to the following sequence of operations: W11rw1 rw,irw1 ru:11 r. 

Table B.6 provides the comparison of the fault-free response with the faulty responses 

of all independently testable faults. From this table it is clear that all independently 

testable faults will be detected reliably. It is worth noting that for our fault model 

r-.IARCH C'- is also a redundant test. as every elementary test is repeated at least twice. 
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Table 8.6: E•.aluation of the t-,:[ARCH C'- test for a single cell. 

Fault 

fault-free cell 
I,-.,u-ll 
/, __ ,,,-1 
/1-.'IL-IJ 

I,-.,u-1 

MARCH C- El,·uwut.;Lry t.,-,..t.,- for i11p11t. ,-t.1wk-;Lt. 

111.,1·11•1rt1•.,r11• 1 r11•.,r fault:-- witliiu ~IARCH C-

-11-1-11-1-11 
- II - 0 - II - 0 - II 11,.,,."· 1 r11•.,rw 1 rw,,r 
- I - 1 - 1 - 1 - 1 w.,rw 1 ,·w0 rw 1 rwor 
- l - 1 - 1 - 1 - l w 0 rrr 1r·w0rw 1rwor 
- 11 - 0 - II - 0 - 11 worw 1 rworw 1 r1r,.r 
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The reader also can \·erify that for an inverted l\lARCH C- test where each cell undergoes 

the complementary sequence of operations u· 1 rw.,rw 1 rw11 rw 1 r. all independently testable 

faults will also be detected. 

Evaluation of the MARCH C- test for n-word by 1-bit SRAM 

It is easy to verify that MARCH C- detects w; -sa-1 faults by noting that MARCH C- is 

an extension of l\lATS+. In fact. the first. second and fifth match element of .!\:!ARCH C'­

constit ute l\lATS +. It suffices to show that the removal of march elements three and four 

from !\[ARCH C- is possible. 

After the second march element the memory is filled with ls. The third march element 

fills the memory with 0, and the fourth fills it back with ls again. Since the effects of 

march elements three and four cancel each other, i.e. the contents of the memory cells 

after the fourth march element in l\·IARCH C- is in the same as it was after the second 

march element. march elements three and four can be removed. By removing these 

two march elements. as well as the sixth one. from l\IARCH C'-, we obtain .!\,[ATS+. Since 

~IATS~ has been shown to detect u./-sa-1 faults we conclude that rvIARCH C- also detects 

these faults. 

Since .!\[ARCH C- test cannot reliably detect u·; -sa-0 faults, we conclude that m a 
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n-word by 1-bit SRA.:M. this test can reliably detect ;;,:~ • 10o<'o possible input stuck-at 

faults. which is roughly 50<0 of faults (for large n) in the input stuck-at model. 

Evaluation of the ~IARCH C- test for n-word by /-bit SRAM 

The combination of the two extensions yield a possible MARCH C'- test for a n-word by 

/-bit SRA~,;[ is presented below: 

where u·,,··-'' denotes the writing of an all-0 data background. etc. The reader should note 

that. for input stuck-at faults. this extended test detects the same faults per cell. as the 

test for a single cell and that changing the data background does not affect fault coverage. 

The results of the above analyses indicate that a word-oriented extension of the 

:\IARCH C- test will also reliably detect all the detectable input stuck-at faults. which 

constitute ~•~4!1 • 100e,G of all the faults in the fault model. This coverage of input stuck-at _,,-r, 

faults is identical to that of the MATS+-:- and MARCH Y. yet the MARCH C- is longer 

than either of these two tests. 
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