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ABSTRACT 

Built-In Self Test (BIST) for Realistic Delay Defects. 

 (December 2010) 

Karthik Prabhu Tamilarasan, B.E., Anna University, India 

Co-Chairs of Advisory Committee: Dr. Duncan Moore Hank Walker 

                             Dr. Gwan Choi 

 

     Testing of delay defects is necessary in deep submicron (DSM) technologies. High 

coverage delay tests produced by automatic test pattern generation (ATPG) can be 

applied during wafer and package tests, but are difficult to apply during the board test, 

due to limited chip access. Delay testing at the board level is increasingly important to 

diagnose failures caused by supply noise or temperature in the board environment. An 

alternative to ATPG is the built-in self test (BIST). In combination with the insertion of 

test points, BIST is able to achieve high coverage of stuck-at and transition faults. The 

quality of BIST patterns on small delay defects is an open question. In this work we 

analyze the application of BIST to small delay defects using resistive short and open 

models in order to estimate the coverage and correlate the coverage to traditional delay 

fault models. 
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1. INTRODUCTION 

     A delay defect is an increase in delay caused by one or more of the following factors: 

a spot defect that causes a resistive open or short, process variations such as variations in 

transistor channel length or threshold voltage, and capacitive coupling between adjacent 

lines of a circuit. All these factors may result in an increase in circuit delay, which will 

cause timing failure if the increase exceeds the circuit timing margin. Delay defects in a 

manufactured circuit do not affect the logic functionality of the circuit; they change only 

the delay of some gates, thus altering the speed at which the circuit can operate. This 

increase in delay is especially critical for the longest paths of the circuit, which typically 

have the lowest slack (timing margin). The slack is defined as the difference between the 

arrival time of a data signal and its required arrival time, which is the active transition 

(edge) of the clock (minus the setup time). A delay increase that exceeds the slack 

causes a delay fault. Due to process variations, temperature, power supply noise, and 

capacitive coupling, long paths may become the longest (critical) paths, so a small delay 

defect test must cover all of these long paths. 

     Delay tests are readily generated with automatic test pattern generation (ATPG) 

software. These patterns may target different delay fault models, such as the transition, 

gate or path delay fault [1]. Test data volume (and so tester memory and test application 

time) can be greatly reduced by using compression [2]. 

 

___________ 

This thesis follows the style of IEEE Transactions on Computer-Aided Design of 

Integrated Circuits and Systems. 
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     Even if a chip passes wafer and package testing, it must still be tested once it has 

been placed on a board. Boards must be tested due to the different temperature and 

power supply noise environment that the chips may find themselves in. This different 

environment may cause delay failures. Chips that fail on the board must be identified, so 

that they can be replaced. This requires application of a delay test. Traditionally the 

delay test has been performed using system functional tests. High-coverage system tests 

are very difficult to create and apply, and can have long execution times. The ideal 

situation would be to apply ATPG-generated delay test patterns to chips in the board 

environment. 

     Even with compression, the volume of data that must be sent to and received from a 

chip during an ATPG-based delay test is substantial. This data volume can be readily 

handled during wafer and package testing, where multiple high-speed test channels can 

be connected to the chip. Once the chip is placed on the board, it will have at most a 

low-speed IEEE 1149 boundary scan interface. This interface is too slow to permit 

economical application of ATPG-generated delay test patterns. 

     An alternative to ATPG pattern application during board test is built-in self test 

(BIST). During BIST test, on-chip hardware generates delay test patterns, and stores the 

result syndrome. The BIST can operate at high speed while being controlled via the slow 

IEEE 1149.1 channel. The central challenge is achieving high-coverage patterns with 

low hardware overhead and test application time. 

     BIST is also very useful for providers of intellectual property (IP) cores [3]. 

Equipping the cores with BIST helps to hide the intellectual property of the design, as 
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less test information about the core has to be given to the user. In addition, BIST-based 

core test simplifies the system-on-chip (SOC) design problem. While internal clock 

frequencies have risen by 30% per year, the accuracy of external test equipment has 

improved at a rate of only 12% per year [4]. BIST can track the rising internal clock 

frequencies, but externally applying delay tests to a core is becoming very difficult. 

1.1 Previous Work 

     Defects that occur during manufacturing may cause logic circuits to malfunction at 

the desired clock rate and thus violate timing specifications. Such failures are modeled 

as delay faults. These faults may not show themselves at speeds lower than the desired 

clock speed. Special two-pattern test vectors (V1 and V2) are required for detecting 

delay faults [5]. Application of two vector patterns causes transitions to be propagated 

through the circuit and be captured at an observation point. These transitions are checked 

for excessive propagation delays beyond the functional clock period. Unfortunately, the 

structural limitations of scan circuits allow only two types of two-pattern delay tests to 

be applied in a scan design: Launch-on-Shift (LOS) and Launch-on-Capture (LOC) 

[6][7].  

     Launch-on-Capture (LOC) is also known as broad-side delay test. A broad-side delay 

test is a form of a scan-based delay test, where the first vector of the pair is scanned into 

the chain, and the second vector of the pair is the combinational circuit’s response to this 

first vector [7]. This delay test form is called “broad-side” since the second vector of the 

delay test pair is provided in a broad-side fashion, namely through the logic. Launch-on-

Shift (LOS) is also known as skewed-load transition test where both the first and second 
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vectors of the delay test pair are applied by the scan hardware [6], with the second vector 

being a one-bit shift of the first vector. 

     In [7], a number of methods of performing delay testing have been explored. In the 

first method, an independent set of random pattern pairs were applied to the circuit under 

test (CUT). The vectors were generated independently such that there was no correlation 

between V1 and V2. The second method was the broad-side test where V1 was a 

pseudorandom vector that was independently generated, and the V2 vector was the 

combinational circuit’s response to the first vector. The third method was the skewed-

load test where V2 was a one-bit-shift of its V1 predecessor. The transition fault 

coverage for skewed-load was considerably better than for broad-side.  

     In [7], a number of hybrid or extended methods were also explored. The fourth 

method was “Skewed + B-side” where first skewed-load patterns were applied and then 

broad-side patterns were applied. The fifth method applied skewed-load patterns when 

the latches in the scan path were reordered to enhance delay test performance. It is 

possible to reorder the position of the latches along the scan in order to minimize the 

shift dependency effect on the combinational logic. This re-ordering can substantially 

increase the transition fault coverage attainable by skewed-load, but at the cost of 

increased scan chain routing area and delay. The sixth method of delay test was using 

skewed-load patterns in combination with broad-side with reordered scan latches. 

     Though LOS tests display somewhat better coverage than LOC and generally achieve 

this coverage with significantly fewer test patterns, in practice, only LOC can be applied 
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to most circuits because LOS requires a high speed global scan enable signal, which is 

expensive to implement. 

     To address the requirement of a high speed global scan enable signal for LOS testing, 

a new scan flip-flop was presented in [8] that could support complete LOS testing 

without any need for a fast scan enable signal. Using the traditional slow scan enable and 

the clock signal already available in the flip-flop, the new Delay Test Scan Flip-flip 

(DTSFF) internally achieves a properly timed transition from the scan shift mode (at 

launch) to functional mode (for response capture) to support LOS tests. The new flip-

flop incorporates a small amount of additional hardware. 

     The basic DTSFF was further enhanced using some additional logic and a second 

slow speed control signal to allow a choice between the LOC and LOS modes, so that 

both types of tests can be applied. In [9], it was shown that simple retiming of the slow 

scan enable signal by the tester can allow the basic DTSFF to implement both LOS and 

LOC tests, eliminating the need for the extra logic and second global control signal 

required by [8]. In [9], an efficient implementation of the DTSFF was presented that 

requires only a single extra six-transistor AOI(1,2) gate beyond the traditional 

multiplexer-D flip-flop design. 

     The methods presented so far enable us to perform LOC and LOS tests by which only 

the first vector in a delay test pair needs to be generated by a source. A number of 

techniques have been proposed to improve delay fault coverage using BIST by which 

both vectors in a delay test pair can be generated by the BIST test pattern generator 

(TPG). The most popular among these is single input change (SIC) TPG where the first 
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vector is generated by a linear feedback shift register (LFSR) and the second vector 

which differs from the first vector by a single bit is generated using a shift register and 

XOR gates. To improve fault coverage, the first vector is weighted [10] using multiple 

sets of weights. However, the actual weights used are determined based on an ATPG 

generated test set. The area overhead of the SIC TPG design was reduced by reducing 

the number of shift register stages in [11]. The input cones of the output lines were 

identified and it was found that compatible inputs could be changed simultaneously 

without modifying the delay fault coverage.  Thus the length of the test sequence could 

be reduced without modifying the delay fault coverage [11]. The main disadvantage of 

all these methods is that since both vectors are generated by the BIST TPG, this 

approach requires hold scan cells [12] to preserve the first vector as the second vector is 

being scanned in. 

     A number of weighted random techniques have been presented in literature. The 

concept of weighted random test-pattern generation was introduced in [13] where a 

weighted pattern generation technique employing an LFSR and a combinational circuit 

was first described. The combinational circuit inserted between the output of the LFSR 

and the CUT is to increase the frequency of occurrence of one logic value while 

decreasing the other logic value. This approach may increase the probability of detecting 

those faults that are difficult to detect using the typical LFSR pattern generation 

technique. These faults are called random pattern resistant (RPR) faults. Several 

programmable probabilities or weight sets can be used to further increase each circuit’s 

fault coverage [14]. However, using programmable weights requires storing the values 
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of the control inputs on-chip. Use of several weights also increases the area overhead 

due to weighted random testing.  

     True and inverted outputs of k-input AND gates [15] were used to realize weights {2
-

k
, 0.5 and 1-2

-k
} for the stuck-at fault model. The input probability (the value of k) was 

decided based on an ATPG-generated deterministic test set for faults that were not 

detected by unweighted LFSR. A low hardware overhead scan based 3-weight weighted 

random BIST was proposed in [16] for the stuck-at fault model where only three 

weights, 0, 0.5 and 1 were assigned. Since only three weights were used, circuitry to 

generate weights was simple; weight 1 (0) was obtained by fixing a signal to 1 (0) and 

weight 0.5 by driving a signal by an output of an LFSR. ATPG was used to generate 

suitable test cubes from which weight sets were calculated for RPR faults. It was shown 

in [17] that using Markov sources as pseudo-random pattern generators in scan BIST 

results in tests that achieve 100% fault efficiency at much lower area overhead and 

reduced test lengths compared to the low area overhead method presented in [16]. These 

methods determine the weight sets by using ATPG generated deterministic patterns. This 

is essentially a mixed-mode approach. As will be described later, our approach of 

determining weights is not based on deterministic patterns. 
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2. BIST APPROACHES 

     BIST is divided into several types: BIST for memory arrays [18], data 

buses/networks and I/Os [19], and logic [20]. High-coverage tests for memories and data 

transfer circuits can be implemented in small state machines. In contrast, logic BIST 

(LBIST) typically cannot achieve high test coverage without significant design 

modification. There has been little work addressing small delay defects in logic. 

Therefore the rest of this paper focuses on LBIST. 

     LBIST consists of a test pattern generator (TPG) that applies tests to the circuit under 

test (CUT), and a test response analyzer (TRA) that compactly stores test responses for 

analysis. The TPG is most commonly a pseudo-random pattern generator (PRPG), 

usually implemented as a linear feedback shift register (LFSR). An example of an LFSR 

is shown in Figure 1. An n-bit LFSR implementing a primitive polynomial will have a 

sequence of 2
n
-1 before repeating. 

 

 

Figure 1. An n-stage LFSR [21] 

     The test patterns can be applied to the circuit directly on its inputs, or they can be 

scanned in via scan chains. Similarly, the output response can be taken directly from the 

circuit outputs, or scanned out via scan chains. 
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2.1 Test Patterns Directly Applied to CUT 

     The test patterns can be directly applied to the circuit by having an n-bit LFSR feed n 

circuit inputs. The circuit inputs are made up of both the primary inputs and the pseudo-

primary inputs (scan cell outputs). These circuits also form a Multiple Input Signature 

Register (MISR). A MISR is an LFSR with an additional XOR gate on each flip-flop 

input that superimposes the inputs on the LFSR value. At the end of testing, the value 

remaining in the MISR (the signature) is scanned out and compared to the good value. If 

the LFSR has a long sequence, then there is a very high probability than an error 

propagated to the MISR inputs will cause the MISR signature to be different than the 

correct value. 

     The Built-In Logic Block Observer (BILBO) technique [22] combines the LFSR and 

MISR into one circuit. The advantage of BILBO is that a test pattern can be applied on 

each clock cycle. At full functional clock speed, a large number of tests can be applied in 

a short period of time. One of the disadvantages of this approach is that all of the inputs 

and scan cells in the circuit must be routed together into an LFSR. A second 

disadvantage is that each scan cell must have both LFSR and MISR functionality, due to 

loops in the logic circuit. This adds area and delay overhead to the scan cells. 

2.2 STUMPS - Test Per Scan (TPS) 

     Self-Testing using MISR and parallel SRSG (STUMPS) [23] contains a parallel Shift 

Register Sequence Generator (SRSG) and a MISR, as shown in Figure 2 [1]. The 

Parallel SRSG (PRPG) is normally realized using an LFSR. The length of the LFSR is 

equal to the number of primary inputs and scan chain inputs, which is much smaller than 
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the number of pseudo-primary inputs. The LFSR, MISR and scan chain shift are all 

clocked at the same rate. The STUMPS architecture uses the same scan chains that are 

implemented for standard scan testing. The area overhead of the STUMPS approach is 

small, since there is only one LFSR bit at the input and one MISR bit at the output of 

each scan chain. 

 

 

 Figure 2. STUMPS configuration [1] 

     In the STUMPS - Test Per Scan (STUMPS-TPS) approach, the scan chains are 

shifted for their entire length, feeding in test data from the LFSR. Then the scan enable 

signal is turned off, a system clock is applied to capture the CUT outputs of the test 

pattern, and then the scan enable turned on, and the test results scanned into the MISR 

(while the next test pattern is scanned in). 

     A delay test requires transitions on the CUT inputs. There are three approaches that 

can be used. In the enhanced scan (ES) approach, the first test pattern is stored in latches 

on the outputs of the scan cells. Then the second test pattern is scanned in. When the 
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latches capture this second test pattern, transitions are generated where the first and 

second pattern differ. The area and delay overhead of the latches makes this approach 

infeasible. The second pattern can be generated by a one-bit shift of the first pattern, in 

an approach known as launch-on-shift (LOS). The advantage is that this is very simple. 

The disadvantage is that a high-speed scan enable signal must be distributed to all scan 

cells. In the launch-on-capture (LOC) approach, the test pattern is scanned in, then the 

scan enable is turned off, and the system clock is applied twice at full speed. The first 

clock causes the scan cells to capture the CUT response to the first pattern, generating 

transitions, and the second clock captures the delay test response. LOC has the 

advantage that it does not require a high-speed scan enable, and it operates the circuit in 

a functional mode. It has the disadvantage that more test patterns are required to achieve 

a given fault coverage. In LOC within STUMPS [24], the CUT only has to be modified 

at the input and output of the scan chains. 

2.3 STUMPS - Test Per Clock (TPC) 

     STUMPS - Test Per Clock (STUMPS-TPC) is a BIST scheme intermediate between 

BILBO and STUMPS-TPS. In this approach the scan chains shift only one bit between 

capture cycles. This also provides a form of LOS test. Because only one bit at a time is 

shifted out each scan chain before the result is overwritten, the scan chains must be 

configured as MISRs, rather than a MISR on the scan chain outputs. The advantage of 

STUMPS-TPC is that test patterns can be applied one per clock cycle, as in BILBO, and 

there is less area overhead since the LFSR is external to the scan chains. The 

disadvantage is the need to implement the large MISRs. 
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2.4 Weighted Random Patterns and Test Points 

     The basic LFSR provides pseudo-random test patterns that can detect many faults. 

However, faults whose detection requires many specific values in the circuit are unlikely 

to be detected. These are termed random pattern resistant (RPR) faults. Delay defects on 

the longest paths in the circuit are RPR, since the longer the path, the more necessary 

assignments to propagate along it.  

     Several approaches have been used to improve the coverage of RPR faults. The first 

approach is to reseed the LFSR. Essentially, the LFSR skips over a long sequence of 

states where it detects few or no faults [25]. Prior research on path delay faults [26] has 

shown that a test pattern that detects one hard-to-detect fault is very unlikely to detect 

another fault. As a result, the test process very quickly approaches the need to apply a 

new LFSR seed for each fault. 

     A second approach to detecting RPR faults is to insert test points. Test points are 

extra control or observation points in the circuit that increase the probability of detecting 

the RPR faults. Test point insertion algorithms balance improvement in fault coverage 

against area, power and delay increase [1]. We do not consider test points in this 

research since we are focused on coverage of small delay defects on critical paths. 

Because the paths are critical, test points cannot be inserted on them. 

     The third approach to improving RPR coverage is to use weighted random pattern 

(WRP) generation (WRPG). There are many WRP algorithms in the literature 

[10][13][14][15][16]. The LFSR is modified so that the distribution of the test patterns is 

not random, and are targeted at the undetected faults. Prior research on WRPG has 
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concentrated on testing stuck-at and transition faults, often in conjunction with test point 

insertion. True and inverted outputs of k-input AND gates [15] were used to realize 

weights {2
-k

, 0.5 and 1-2
-k

}. The input probability (the value of k) was decided based on 

an ATPG-generated deterministic test set for faults that were not detected by ordinary 

LFSR. 

     Prior research has been done on applying single input change (SIC) test patterns to 

transition faults. The single transition is produced by having all LFSR outputs feed XOR 

gates, and the side input of one XOR gate at a time is changed. To improve fault 

coverage, the first vector can be weighted [10] using several different weights. The 

weights used are determined based on an ATPG generated test set. The area overhead of 

the SIC TPG design was reduced by reducing the number of shift register stages in [11]. 

The input cones of the output lines were identified and it was found that compatible 

inputs could be changed simultaneously without modifying the delay fault coverage.  

Thus the length of the test sequence could be reduced without modifying the delay fault 

coverage [11]. The main disadvantage of all these methods is that since both vectors are 

generated by the BIST TPG, this approach requires hold scan cells [12] in a form of 

enhanced scan to preserve the first vector as the second vector is being scanned in. 

     Transition fault test results based on LOC have been reported in [7][9]. In this 

research we will focus on weighting the outputs of the LFSR to improve LOC delay fault 

coverage. 
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3. WEIGHTED RANDOM PATTERN GENERATION 

     Weighted random pattern generation biases the probability of an LFSR output being a 

0 or 1. These biases were implemented using two-, three- and four-input AND and 

NAND combinational gates separately to weight the output bits of the LFSR prior to 

shifting into the scan chain. The AND gates increase the probability of a 0 while NAND 

gates increase the probability of a 1. The hardware overhead is low since a single AND 

gate and an XOR gate are sufficient to realize either an AND or a NAND weight. Apart 

from these combinational gates, OA21 and OAI21 gates were also used to obtain other 

weights. The different weights considered in this research are listed in Tables 1 and 2. 

More combinations and higher and lower weight values did not provide any benefit. 

 

Table 1. Non-inverting gate weights 

NON-INVERTING COMBINATIONAL GATES 

 PR and2 and3 and4 oa21 

0 0.5 0.75 0.875 0.9375 0.625 

1 0.5 0.25 0.125 0.0625 0.375 

 

Table 2. Inverting gate weights 

INVERTING COMBINATIONAL GATES 

 PR nand2 nand3 nand4 oai21 

0 0.5 0.25 0.125 0.0625 0.375 

1 0.5 0.75 0.875 0.9375 0.625 
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     The probability of an output bit of an LFSR being 0 or 1 is 0.5. However, for hard to 

sensitize scenarios like setting the output of a 10-input AND gate to logic 1 requires 

setting all the 10 inputs to 1. With an ordinary LFSR, the probability that the output is 

set to logic 1 is (0.5)
10

 which is less than 1/1000. However, if we use a 4-input NAND 

gate to weight the outputs of an LFSR, there is a 0.9375 probability of generating logic 1 

at the output of the LFSR. For the 10-input AND gate, with the 4-input NAND weight 

the probability that the output is set to logic 1 is (0.9375)
10

 which is just more than 1/2. 

The probability of getting a logic 1 at the output of the 10-input AND gate increases by 

more than 500 times by using a 4-input NAND weight over an ordinary LFSR. Hence, to 

obtain an output probability close to 1, a multi-input NAND gate is to be used and to 

obtain an output probability close to 0, a multi-input AND gate is to be used. 

     For our experiments, a single scan chain is constructed by stitching together all the 

scan cells in the design. A single gate is sufficient at the output of the LFSR to weight 

the single bit that is being fed into the scan chain. Hence, if a 4-input AND gate is used 

to weight the bit that is fed into the scan chain, out of every 16 bits fed into the scan 

chain, there is a probability that 15 bits are of logic 0 and 1 bit is of logic 1. Hence, the 

result is that too many zeros are likely to be fed into the scan chain. When too many 

zeros are likely to get fed into the scan chain, the probability of sensitizing paths with 

gates such as AND and NAND which require the side-inputs to have a logic of 1 is low. 

These gates have logic 0 as controlling values and hence filling the scan chain with zeros 

results in blocking all these paths and hence the path delay fault coverage goes down. 

Similarly using a 4-input NAND gate to weight the bit that is being fed into the scan 
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chain results in the scan chain being filled with too many ones. This results in blocking 

paths composed of OR and NOR gates which have a controlling value of logic 1. The 4-

input AND and NAND gates bias the probability close to 0 and 1 respectively, thus 

providing a large bias from the usual probability of 0.5. 

     Thus, to avoid blocking of paths, gates which provide a small bias from 0.5 such as 3-

input and 2-input AND and NAND gates have been used to improve the fault coverage. 

This tells us intuitively that gates such as OA21 and OAI21 which provide an even 

smaller bias from 0.5 are likely to give better fault coverage than two- and three-input 

AND and NAND weights. Thus, OA21 and OAI21 weights have also been used in our 

experiments to weight the output bit of the LFSR. 

     The usual method used for realizing a weight (probability) of 1-2
-k

 is to invert the 

output of a k-input AND gate (a k-input NAND gate) [14][15]. For example, a 2-input 

NAND gate realizes a 0.25 probability for logic 0 and a 0.75 probability for logic 1. 

However, a probability of 1-2
-k

 can also be realized using a k-input OR gate. For 

example, a 2-input OR gate also realizes a 0.25 probability for logic 0 and a 0.75 

probability for logic 1. These two gates behave differently when used for improving 

fault coverage despite realizing the same probability. The reason for this can be 

determined by observing the truth table of 2-input NAND and OR gates which is given 

in Table 3. 
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Table 3. Truth table for two input NAND and OR gates 

IN A IN B NAND OUT OR OUT 

0 0 1 0 

0 1 1 1 

1 0 1 1 

1 1 0 1 

      

     For an input of 00, the NAND gate has an output of logic 1 whereas the OR gate has 

an output of logic 0. Similarly, for input 11, the NAND gate has an output of 0 whereas 

the OR gate has an output of 1. This results in different bits being fed into the scan chain 

when the NAND and OR gates have inputs of 00 and 11. The different bits fed into the 

scan chain result in detecting different faults. By the same reasoning a k-input NOR gate 

detects different faults when compared with a k-input AND gate in realizing a 

probability of 2
-k

 and ends up providing different fault coverage. 

3.1 Fault Models 

     This research considers both transition faults (TFs) and resistive opens and shorts. 

BIST for transition faults has been extensively studied. In this research, the TF coverage 

forms an upper bound on the delay fault coverage that can be achieved for a given BIST 

design. We are also interested in whether the TF coverage can be used as an estimate of 

the resistive open and short coverage. 
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3.1.1 Transition Faults 

     The transition fault model assumes that a gate input or output has a slow-to-rise or 

slow-to-fall fault [27]. These delays are assumed to be so large that any path through 

these fault sites is slow. To detect these delay faults, the corresponding slow transition 

must be generated and then propagated to an observation point.  In the context of BIST, 

sensitizing most transition faults is easy, since most lines have a significant chance of 

toggling. The challenge is that a propagation path may need many necessary 

assignments, which makes the probability of sensitization low. 

3.1.2 Resistive Open and Short Faults 

     The transition fault model is adequate for detecting gross delay defects. But it cannot 

detect small delay defects caused by resistive shorts or opens. Detecting these faults 

requires both propagating along the longest paths through them, but sensitizing the fault 

condition (e.g. setting the bridged node to the opposite value). If BIST cannot sensitize 

the longest paths in the circuit, it may have high transition fault coverage, but poor 

resistive short and open coverage. The longer the path sensitized, the smaller the open 

resistance detected. Similarly, the longer the path tested, the larger the short resistance 

detected. Detecting small open resistances and large short resistances is increasingly 

important, since circuit optimization makes the design increasingly susceptible to small 

delay defects (SDDs). 

3.2 Experimental Methodology 

     We evaluated a number of different BIST approaches on ten ISCAS89 benchmark 

circuits [28], using both the transition fault model and the resistive short and open 
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model. The CodSim fault simulator [29] was used to evaluate all three fault models. In 

this research, we assumed that there was no MISR fault masking, so the MISR was not 

considered in the analysis. Given the timing realities of modern circuits, LOC was used 

to generate the second test pattern in the tests. 

     The BIST methods considered were BILBO, STUMPS-TPS and STUMPS-TPC, 

along with different weighting methods. In the STUMPS techniques, a single scan chain 

was used, fed by the last bit of the LFSR. 

     Primitive polynomials have been used to realize the LFSR in the BILBO method. A 

type II 32-bit LFSR was used for STUMPS-TPS and STUMPS-TPC methods. For the 

weighting schemes, the last few bits of the LFSR were fed as inputs to the combinational 

gate realizing the weight. For example, for a 4-input NAND weight, the last four bits of 

the LFSR were given as inputs and the output of the NAND gate was fed into the single 

scan chain. 
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4. EXPERIMENTAL RESULTS AND ANALYSIS 

4.1 Comparison of Different BIST Approaches      

     The three different BIST approaches were applied using the transition fault (TF) 

model. For each method, 10,000 test patterns were applied. For the BILBO method, this 

corresponds to 10,000 clock cycles. For STUMPS-TPC, this corresponds to 10,000 one-

bit scan chain shifts. For STUMPS-TPS, this corresponds to 10,000 full scan shifts, 

which is slower by a factor of the scan chain length. Intuition suggests that BILBO and 

STUMPS-TPS should have comparable coverage, while STUMPS-TPC should be lower, 

due to the greater correlation between test patterns. However, the results in Table 4 show 

that all three methods have similar coverage. 

 

Table 4. Transition fault coverage 

ISCAS89 

Circuit 

Fault 

Count 

BILBO FC 

(%) 

STUMPS-TPC 

FC (%) 

STUMPS-TPS 

FC (%) 

s1423 2846 71.43 72.13 71.50 

s1488 2976 79.83 79.70 79.83 

s1494 2988 79.61 79.48 79.61 

s5378 10590 71.10 72.59 72.45 

s9234 18468 57.59 58.92 60.08 

s13207 26358 67.38 67.23 68.88 

s15850 31694 55.86 56.35 55.89 

s35932 71224 71.54 71.54 71.54 

s38417 76678 82.07 86.88 87.26 

s38584 76864 61.07 65.05 64.94 
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     The BILBO and STUMPS-TPC methods provide similar fault coverage (FC) to 

STUMPS-TPS with a much lower application time, but a much higher area, and 

potential impact on circuit delay. Given that the impact on the design is the most critical 

factor, it can be concluded that the STUMPS-TPS approach is the best one to use. In the 

following, we only consider STUMPS-TPS. 

4.2 Evaluation of WRPG 

     The different weights were evaluated for their impact on fault coverage. The 

unweighted STUMPS-TPS LFSR TF results are shown in Table 5 for reference. As in 

Table 4, the results are for 10,000 test patterns. 

 

Table 5. Unweighted LFSR coverage 

ISCAS89 

Circuit 

Total 

Faults 

Faults 

Detected 

Fault 

Coverage 

(%) 

s1423 2846 2035 71.5 

s1488 2976 2376 79.83 

s1494 2988 2379 79.61 

s5378 10590 7673 72.45 

s9234 18468 11096 60.08 

s13207 26358 18156 68.88 

s15850 31694 17715 55.89 

s35932 71224 50958 71.54 

s38417 76678 66913 87.26 

s38584 76864 49917 64.94 
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     The results for transition fault testing ISCAS89 circuits with LOC have already been 

reported elsewhere [7][9]. Table 6 compares our fault efficiency (STUMPS-TPS FE 

column) and fault coverage (STUMPS-TPS FC column) results along with their results 

(columns labeled Savir [7] and Gefu [9]). Our fault efficiency results are comparable to 

those in [7] and [9]. The slight difference in results can be attributed to different 

simulation environments. They used a simulation-based ATPG program to generate 

transition delay fault test patterns whereas we use a 32-bit type II LFSR based on a 

STUMPS-TPS approach to generate our results. They have used 100,000 pseudo-

random test vectors whereas our results are for 10,000 pseudo-random test vectors. We 

report only fault coverage results in the following sections for simplicity. 

 

Table 6. Comparison of LOC results 

ISCAS89 

Circuit 

Savir FE [7] 

100k 

Gefu FE [9] 

100k 

STUMPS-TPS FE 

10k 

STUMPS-TPS FC 

10k 

s1423 88.65 87.1 82.89 71.5 

s1488 91.3 87.4 87.18 79.83 

s1494 90.68 86.98 87.39 79.61 

s5378 95.82 89.61 78.55 72.45 

s9234 72.55 74.71 70.37 60.08 

s13207 82.86 82.38 77.22 68.88 

s15850 65.14 78.82 66.38 55.89 

s35932 85.98 NR 82.16 71.54 

s38417 NR NR 88.77 87.26 

s38594 NR NR 71.51 64.94 

NR implies that the results were not reported 
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4.2.1 The Best Single Weight 

     An experiment was carried out to find the weight which gives the highest TF delay 

fault coverage under the LOC approach. It is possible to design BIST circuits with 

multiple weights and multiplex among them, but for low BIST area overhead, one 

weight is desirable. The weights in Tables 1 and 2 were applied separately to the 

ISCAS89 circuits for 10,000 patterns. The weight was computed using the last bits of the 

LFSR. The additional faults detected beyond the 10,000 original LFSR patterns are 

shown in Table 7.  

 

Table 7. Additional faults detected by weights 

Circuit and2 nand2 and3 nand3 and4 nand4 oa21 oai21 

s1423 0 0 0 0 0 0 0 0 

s1488 0 0 0 0 0 0 0 0 

s1494 0 0 0 0 0 0 0 0 

s5378 41 134 4 81 0 76 0 76 

s9234 83 38 173 30 100 14 100 14 

s13207 1141 481 781 442 456 347 456 347 

s15850 525 577 460 263 267 131 267 131 

s35932 0 0 0 0 0 0 0 0 

s38417 1355 1984 758 1791 425 1315 425 1315 

s38594 1102 808 717 737 280 554 280 554 
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     The single best weight for each circuit is shown in Table 8 along with the additional 

faults detected by it. For comparison, the number of additional faults detected by 

applying 10,000 unweighted patterns is shown. 

 

Table 8. Best weight for each circuit 

ISCAS89 

Circuit 

Max. 

additional 

single 

weight 

faults 10k 

Best weight 

Additional 

LFSR faults 

10k 

s1423 0 none 32 

s1488 0 none 0 

s1494 0 none 0 

s5378 134 nand2 199 

s9234 173 and3 464 

s13207 1141 and2 584 

s15850 577 nand2 454 

s35932 0 none 0 

s38417 1984 nand2 1377 

s38584 1102 and2 1205 

 

 

     As can be seen in Table 8, the additional WRPG test patterns detect slightly more TFs 

than the unweighted patterns. This is especially true for large circuits. For example, for 

circuit s38417, 10,000 additional LFSR-generated patterns detect only 1377 additional 
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faults whereas 10,000 additional WRPG-generated patterns detect 1984 more faults. The 

particular weight that achieves the highest improvement in fault coverage for every 

circuit is also listed in Table 8. For most circuits, the AND2 or NAND2 weight achieved 

the highest fault coverage. This shows that for a constraint of choosing a single weight, 

two-input weights are more effective in improving fault coverage than more biased 

weights. 

4.2.2  Use of All Weights 

     With multiplexing, several weights can be used, with different numbers of test 

patterns per weight. After 10,000 unweighted patterns, 10,000 additional patterns were 

applied for each weight, and the number of additional TFs detected recorded. The 

number of additional faults detected by each weight is shown in Table 9. The weights 

were applied from left to right, and only the new faults detected by that weight given. 

 

Table 9. Additional faults detected by each weight applied sequentially 

Circuit and2 nand2 and3 nand3 and4 nand4 oa21 oai21 

s1423 27 11 0 0 0 0 9 6 

s1488 0 0 0 0 0 0 0 0 

s1494 0 0 0 0 0 0 0 0 

s5378 34 129 1 0 0 0 26 52 

s9234 249 583 48 39 7 0 108 55 

s13207 1135 437 92 31 2 0 104 29 

s15850 431 324 41 107 21 27 191 139 

s35932 0 0 0 0 0 0 0 0 

s38417 1265 1483 62 222 1 29 214 199 

s38584 1014 831 152 165 51 48 305 205 
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     Given that eight weights are applied, along with the unweighted patterns, a total of 

90,000 patterns is applied to each circuit. For example, for circuit s5378, 34 additional 

faults were detected by applying the AND2 weight, then 129 new faults were detected 

by the NAND2 weight, and so on. Note that these faults are in addition to the 7673 faults 

that were detected using the 10,000 test patterns generated by the unmodified LFSR. The 

fault coverage obtained when applying all weights is given in Table 10. 

 

Table 10. WRPG fault coverage 

ISCAS89 

Circuit 

Fault 

count 

Initial 

LFSR 

faults 

WRPG 

additional  

faults 

WRPG 

total 

faults 

WRPG 

FC 

(%) 

s1423 2846 2035 53 2088 73.36 

s1488 2976 2376 0 2376 79.83 

s1494 2988 2379 0 2379 79.61 

s5378 10590 7673 242 7915 74.74 

s9234 18468 11096 1089 12185 65.97 

s13207 26358 18156 1830 19986 75.82 

s15850 31694 17715 1281 18996 59.93 

s35932 71224 50958 0 50958 71.54 

s38417 76678 66913 3475 70388 91.79 

s38584 76864 49917 2771 52688 68.54 
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     From Table 10, it is clear that WRPG significantly improved the TF coverage under 

LOC test application. For example, the fault coverage for s38584 rose from 64.94% to 

68.54%. Circuit s35932 is a special case, where WRPG did not detect any additional 

faults. This is because it contains a set of faults that are relatively easy to detect (and 

were detected by the LFSR patterns), and a set of faults that are very hard to detect (and 

were not detected with the WRPG). 

     The number of faults detected as the number of test vectors is increased is given in 

Figures 3-12 for ISCAS89 benchmark circuits. The test vectors axis has been scaled 

down by a factor of 100. A value of 600 for the test vectors in the figures corresponds to 

a test vector count of 60,000. The first 10,000 vectors were generated using ordinary 

LFSR. The remaining 80,000 vectors were generated with 8 different weights using 

10,000 vectors for each weight. These figures show that the fault coverage quickly 

increases with applied test vector count and then plateaus. After that, the RPR faults 

were detected by applying weighted random patterns. 
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Figure 3. s1423 faults detected vs. test vectors 

 

 

Figure 4. s1488 faults detected vs. test vectors 
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Figure 5. s1494 faults detected vs. test vectors 

 

 

Figure 6. s5378 faults detected vs. test vectors 
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Figure 7. s9234 faults detected vs. test vectors 

 

 

Figure 8. s13207 faults detected vs. test vectors 
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Figure 9. s15850 faults detected vs. test vectors 

 

 

Figure 10. s35932 faults detected vs. test vectors 
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Figure 11. s38417 faults detected vs. test vectors 

 

 

Figure 12. s38584 faults detected vs. test vectors 

 

4.2.3 Dependence of Weight (Probability) on Gate Type 

     Experiments were conducted to determine the effectiveness of improving fault 

coverage when a 2-input OR gate was used over a 2-input NAND gate in realizing a 
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probability of 0.75 for logic 1. For the ISCAS89 circuit configurations used in these 

experiments, the 2-input OR gate weight detects more faults than the 2-input NAND 

gate. This is seen in Table 11, which lists the number of additional TF faults detected by 

each weight, applied separately with 10,000 patterns. Similarly, a 2-input NOR gate also 

results in higher fault coverage than a 2-input AND gate in realizing a probability of 

0.25 (for logic 1). These experiments were conducted with a starting seed of 

1111….1111 in the LFSR. These experiments clearly prove the dependence of weight 

(probability) realized on the type of gate used for realizing the weight, for the given 

starting seed. 

 

Table 11. Fault detection for different gate types 

ISCAS89 

Circuit 

Total 

faults 

Faults 

detected 
or2 nor2 nand2 and2 

s1423 2846 2035 16 13 11 27 

s1488 2976 2376 0 0 0 0 

s1494 2988 2379 0 0 0 0 

s5378 10590 7673 142 50 129 34 

s9234 18468 11096 582 178 583 249 

s13207 26358 18156 471 1147 437 1135 

s15850 31694 17715 315 562 324 431 

s35932 71224 50958 0 0 0 0 

s38417 76678 66913 1958 1307 1483 1265 

s38584 76864 49917 866 1104 831 1014 
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4.2.4 Impact of Care Bit Density on Effectiveness of Weighting BIST Test Patterns 

     CodGen [26] was used to generate ATPG patterns under a TF model for the ISCAS89 

circuits. The average number of care bits per fault was determined for each benchmark 

circuit and reported in Table 12. The number of care bits gives an indication of how 

effective a given number of unweighted or weighted random patterns will be in detecting 

faults for a given benchmark circuit. Circuits s1423, s1488 and s1494 have 24.80%, 

54.58% and 54.54% average care bit density per fault. These are very high care bit 

densities. The chance that a random pattern will set all of the care bits to their necessary 

values to detect a fault is low. Similarly, weighted random patterns will not help much, 

as can be seen in Tables 7 and 9. The other circuits (except s35932) have less than 10% 

average care bit density. Since the average number of care bits is relatively low, random 

and weighted random patterns will have more impact on the coverage. Circuit s35932 is 

an exception because it has on average only 6 care bits among 1763 input bits. The 

unweighted patterns will detect these average faults. However, these 6 care bits can be 

distributed anywhere within the 1763 input bits and therefore generating a test vector 

with bits which match the exact location of these care bits is very difficult. Therefore, 

these faults cannot be detected by unweighted or weighted patterns. Hence, weighting 

the random patterns does not provide any improvement in fault coverage for s35932. 

     These interpretations are based on only the average care bit percentages. The actual 

number of care bits can vary significantly per pattern. This analysis only provides an 

insight into the likely effectiveness of weighted random patterns for a given circuit. 
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Table 12. Effectiveness of WRPG based on average 

number of care bits in ATPG test vector set 

Circuit 
Total 

TFs 

No. 

input 
bits 

No. 

ATPG 
vectors 

Total 

no. care 
bits 

Total no. 

Bits 

care bit 

density 

% care 

bit 
density 

avg no. 
care bits 

per 

vector 

rounded 

avg no. 

care bits 
per 

vector 

STUMPS-

TPS FC 
10k 

WRPG 

FC 90k 

s1423 2846 91 1100 24827 100100 0.2480 24.80 22.57 23 71.5 73.36 

s1488 2976 14 1548 11829 21672 0.5458 54.58 7.64 8 79.83 79.83 

s1494 2988 14 1555 11874 21770 0.5454 54.54 7.63 8 79.61 79.61 

s5378 10590 214 3805 52342 814270 0.0642 6.42 13.75 14 72.45 74.74 

s9234 18468 247 4864 107255 1201408 0.0892 8.92 22.05 23 60.08 65.97 

s13207 26358 700 7552 92963 5286400 0.0175 1.75 12.30 13 68.88 75.82 

s15850 31694 611 8333 138542 5091463 0.0272 2.72 16.62 17 55.89 59.93 

s35932 71224 1763 28249 160165 49802987 0.0032 0.32 5.66 6 71.54 71.54 

s38417 76678 1664 27690 600879 46076160 0.0130 1.30 21.70 22 87.26 91.79 

s38584 76864 1464 32841 337964 48079224 0.0070 0.70 10.29 11 64.94 68.54 

 

 

     The distribution of care bit counts for all ISCAS89 benchmark circuits for the 

transition fault model is shown in Figures 13-22. 
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Figure 13. s1423 distribution of care bits 

 

 

Figure 14. s1488 distribution of care bits 
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Figure 15. s1494 distribution of care bits 

 

Figure 16. s5378 distribution of care bits 
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Figure 17. s9234 distribution of care bits 

 

Figure 18. s13207 distribution of care bits 
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Figure 19. s15850 distribution of care bits 

 

Figure 20. s35932 distribution of care bits 
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Figure 21. s38417 distribution of care bits 

 

Figure 22. s38584 distribution of care bits 
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5.  RESISTIVE OPEN AND BRIDGE FAULT MODELS 

5.1 Resistive Open Fault Model 

     An open in the transistors forming a logic gate manifests as a transistor stuck open 

fault. This can usually be detected by a transition fault test. Opens in wires are not 

necessarily hard opens i.e., they do not have infinite resistance.  

     Opens in wires interconnecting logic gates can be classified into strong opens (e.g. > 

10MΩ in 180 nm technology) and weak opens (e.g. <= 10MΩ) [30]. Strong opens cause 

stuck-at faults and therefore, can be detected by regular stuck-at test patterns. Weak 

opens cause delay faults and therefore require a delay fault test. In the resistive open 

fault model, a resistive open is represented by a resistor in a net at the location where the 

open defect may occur as shown in Figure 23 [31]. The open resistance is modeled by an 

increased delay in the net. The delay increases linearly with the open resistance, as 

shown in Figure 24 [31]. Above a certain value of open resistance, depending on the 

clock frequency of the circuit, the open becomes a stuck-open fault. The open resistance 

distribution is taken from [30] and it is assumed that 80% of the open faults have infinite 

resistance, while 20% are resistive with log(R) uniformly distributed, where R is the 

open resistance. 

 

 

 

Figure 23. Resistive open fault model [31] 
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Figure 24. Delay increases linearly with open resistance [31] 

 

     The transition fault coverage is the upper bound of resistive open fault coverage 

because it is only guaranteed to detect large delay increases. The transition fault 

coverage of a given test pattern set is calculated by determining its effectiveness in 

generating a transition for every gate in the CUT and propagating the transition to an 

observation point.  That is, transition fault coverage of 100% implies that a transition 

was generated for every gate in the CUT. In contrast, for the resistive open fault model, 

the effectiveness of a given test pattern depends on the length of the paths it sensitizes 

through the fault site. It is important to sensitize long paths because even a small 

increase in open resistance may cause a delay that exceeds the slack. Hence, the 

effectiveness of a test set to sensitize long paths can be determined from the resistive 

open fault coverage of the test set. For resistive open fault coverage, the transition is 

propagated under robust propagation conditions to an observation point. 

     The STUMPS-TPS architecture with a single scan chain was used for the following 

experiments. First, 10,000 unweighted test patterns were applied and the resistive open 

fault coverage determined. To these 10,000 patterns, an additional 10,000 weighted 
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random patterns were applied to further improve the coverage. The weighted patterns 

were weighted using different individual combinational gates such 2-input AND, 2-input 

NAND, 3-input AND, 3-input NAND, 4-input AND and 4-input NAND gates. An 

additional experiment was conducted in which to the 10,000 random patterns, an 

additional 20,000 test patterns were applied. 10,000 of these were obtained by an OA21 

weight and the remaining 10,000 were weighted by OAI21. A final experiment was 

conducted in which to the initial 10,000 random patterns, an additional 80,000 weighted 

random test patterns were applied, with 10,000 patterns per each of the weights listed in 

Tables 1 and 2. 

     Figures 25-32 show the transition fault coverage and resistive open fault coverage 

obtained for ISCAS89 benchmark circuits. TC (O) is the transition (open) fault 

coverage. OC (FS) is the resistive open fault coverage under full-speed, i.e. at the rated 

clock frequency. OC (SS) is the resistive open fault coverage under slow speed, i.e. at 

half clock frequency. The rated clock period is set to be 5% longer than the delay of the 

longest structural path. STUMPS-TPS is the coverage for 10,000 pseudo-random TPS 

patterns. AND2, NAND2, AND3, NAND3, AND4 and NAND4 is the coverage 

obtained using 10,000 pseudo-random TPS patterns and an additional 10,000 weighted 

random patterns weighted using these respective combinational gates. Thus, this is the 

coverage obtained using a total of 20,000 test patterns. OA21 & OAI21 is the coverage 

obtained using 30,000 test patterns. 10,000 of them were ordinary pseudo-random 

patterns, 10,000 were weighted using OA21 gate and the remaining 10,000 using OAI21 

gate. ALL WEIGHTS is the coverage obtained using 10,000 pseudo-random patterns 
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and 80,000 weighted random patterns weighted by the eight combinational gates 

mentioned above. This is the final coverage obtained using all weights. 

 

Figure 25. s1423 resistive open coverage for different weights 

 

 

 

 

Figure 26. s1488 resistive open coverage for different weights 



45 

 

 

Figure 27. s1494 resistive open coverage for different weights 

 

 

 

Figure 28. s5378 resistive open coverage for different weights 
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Figure 29. s13207 resistive open coverage for different weights 

 

 

Figure 30. s15850 resistive open coverage for different weights 
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Figure 31. s38417 resistive open coverage for different weights 

 

 

Figure 32. s38584 resistive open coverage for different weights 

 

     As can be observed from Figures 25-32, these experiments lead to one important 

conclusion. There is a strong correlation between transition fault coverage and resistive 
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open coverage. This is because a drop in transition fault coverage for a given test set was 

accompanied by a similar drop in resistive open fault coverage. This means that under 

both these fault models, a transition could not be created for certain lines in the circuit. It 

can be observed that the resistive open fault coverage is always less than and very close 

to transition fault coverage. The resistive open fault coverage gives an estimate of how 

good the given test set is in sensitizing long paths. The transition fault model only 

checks if a transition is created and propagated. Hence, the transition fault coverage is an 

upper bound on the resistive open fault coverage. The fact that the resistive open fault 

coverage follows very closely the transition fault model shows that the transition fault 

coverage is a good estimator of the obtainable resistive open fault coverage. That is, high 

transition fault coverage also implies high resistive open fault coverage. As mentioned 

above, OC (FS) is the resistive open coverage under full-speed and OC (SS) is the 

resistive open coverage under slow-speed. For ISCAS89 benchmark circuits, it can be 

observed from Figures 25-32 that there is a significant gap between resistive open 

coverage under full speed and slow speed. This is because small delay defect detection 

on long paths is high at full speed, but low at slow speed. 
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Table 13. WRPG for resistive open fault coverage

Circuit 

STUMPS-TPS BEST WEIGHT OA21 and OAI21 ALL-WEIGHTS 

TC (O) OC (FS) OC (SS) GATE TC (O) OC (FS) OC (SS) TC (O) OC (FS) OC (SS) TC (O) OC (FS) OC (SS) 

s1423 81.58 80.02 78.58 AND2 82.34 80.76 79.31 82.8 81.28 79.77 83.10 81.58 80.07 

s1488 88.51 88.23 85.57 NONE 88.51 88.23 85.57 88.51 88.23 85.57 88.51 88.23 85.57 

s1494 89.18 88.9 86.22 NONE 89.18 88.9 86.22 89.18 88.9 86.22 89.18 88.9 86.22 

s5378 76.39 76.07 73.94 NAND2 77.07 76.78 74.61 78.04 77.74 75.55 78.51 78.23 76.02 

s13207 73.77 73.46 72.05 AND2 77.7 77.32 75.81 77.61 77.27 75.77 79.73 79.37 77.8 

s15850 64.23 63.76 62.6 AND2 66.01 65.52 64.33 65.86 65.37 64.17 67.77 67.28 66.04 

s38417 89.31 89.16 87.25 NAND2 92.11 91.97 89.99 92.74 92.61 90.6 93.68 93.56 91.52 

s38584 69.78 69.6 68.34 AND2 70.78 70.6 69.31 71.58 71.4 70.09 72.37 72.19 70.87 

 

 

     Examination of Table 13 gives the following results. Column 5 gives the best weight 

that achieves highest improvement in fault coverage using 10,000 weighted random 

vectors topped over the 10,000 pseudo-random vectors. 2-input AND or 2-input NAND 

gate gives the highest improvement in fault coverage. 2-input AND gate gives a 0.75 

probability for logic 0 and a 0.25 probability for logic 1. Similarly, 2-input NAND gate 

gives a 0.75 probability for logic 1 and a 0.25 probability for logic 0. These gates bias 

the output probability of an LFSR from 0.5 to either 0.25 or 0.75. Increasing the number 

of inputs to the AND or NAND gate increases the bias of the output. For example, a 3-

input AND gate has a 0.875 probability for logic 0 and a 0.125 probability for logic 1. 

This probability closer to 0 increases the number of zeros that are fed into the scan chain. 

This results in the test vector being filled with too many zeros and hence decreases the 

probability of detecting a fault. On the other hand, 2-input AND gate biases the 



50 

 

probability only slightly to 0.75 and hence there is still a significant number of ones in 

the test vector. The same argument holds for a 2-input NAND gate. Thus, these results 

prove that high biasing of the output of the LFSR results in less improvement in fault 

coverage. Hence, it can be concluded that 2-input gates give better improvement in fault 

coverage over gates that have more inputs. This is because there is still a good 

distribution of both zeros and ones in the generated test vector. 

     The fault coverage obtained using both OA21 and OAI21 are given in Columns 9, 10 

and 11. These show that using these two weights gives a better improvement in fault 

coverage than using a single weight. These two weights were again chosen using the 

conclusion derived from observing Column 5 that a slight bias of the probability gives a 

better improvement in fault coverage over a large bias. Hence, gates OA21 and OAI21 

which provide a slight bias were used. For example OA21 biases logic 0 to have a 

probability of 0.625 and logic 1 to have a probability of 0.375. These are only slightly 

away the usual probability of 0.5 for an ordinary LFSR. Similar is the insight for using 

OAI21. Columns 12, 13 and 14 give the final fault coverage obtained using all weights. 

Using all the weights gives the highest fault coverage. Resistive open results obtained 

are pessimistic because the circuit clock period was set based on the delay of the longest 

structural path. That is, the length of the longest path is set to that of the longest 

structural path. However, the true longest path (the longest sensitizable path) can be 

smaller than the longest structural path. They are equal only when there are no false 

paths, i.e., all paths are functionally sensitizable. 
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5.2 Resistive Bridge Fault Model 

     The resistive bridge fault model is shown in Figure 33 [31]. 

 

 

Figure 33. Resistive bridge fault model [31] 

 

     Resistive bridges can cause an increase or decrease in delay, depending on the 

voltage of the bridged node. In this work we only consider delay increases. To test a 

short between two lines, the test pattern must generate a transition on one or both of the 

lines. If the initial and final values are the same in both lines, then no transition is created 

and the short between the two lines does not cause any increase in delay. On the other 

hand, if a transition is generated on one or both lines and the final values of both lines 

are different, then the short between the two lines may cause an increase in delay. 

Hence, the objective of the test vector pair is to generate transition on one or both lines 

and the final values of both lines must be different. If there is a transition on only one 

line, the other line has a stable logic value and hence the line with the transition may be 

subject to a delay and is the activating transition. If there are transitions on both lines, 

the line with the latest transition determines the delay due to this short and is the 

activating transition. An additional objective of the test vector is to propagate the 
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activating transition under robust propagation conditions to an observation point namely 

a primary output. 

     Four different cases of transitions can be subjected to increase in delay due to a 

resistive short between two nets Net1 and Net2. They are 1) Net1 rising 2) Net1 falling 

3) Net2 rising and 4) Net2 falling. The particular case for a test vector pair is determined 

by the activating transition. The transition fault coverage of a given test set tells us if a 

transition was created and propagated to an observation point or not. However, it does 

not take into account the length of the path through which the transition is propagated. 

The resistive bridge fault coverage gives us an estimate of the length of the path through 

which the transition is propagated under robust propagation conditions. This is because 

resistive bridge coverage determines the maximum detected resistance for every bridge 

in the CUT. The detected bridge resistance is maximized when the length of the robust 

path through which the activating transition is propagated is also maximized. Hence, the 

resistive bridge coverage determines the effectiveness of a given test set in propagating 

transition through the longest path for a gate driving the line which is shorted with 

another line (for the bridge under test). The longer the path through which the transition 

is propagated, the smaller the slack. With a smaller slack, even a small increase in delay 

might be sufficient to fail timing. The larger the increase in bridge resistance, the smaller 

the delay increase. Hence, it is necessary to propagate the transition through the longest 

paths (which have the smallest slacks) so that even the smallest increase in delay (caused 

by the largest bridge resistance) can be detected. Hence, resistive bridge coverage 



53 

 

determines the largest detectable resistance of all bridges which is determined by the 

length of the robust path through which the transition has been propagated. 

     The STUMPS architecture has been used for the experiments. Again TPS vectors 

were generated and fault coverage was determined. To improve this fault coverage, 

weighted random patterns weighted by 10 different weights were used. The 

combinational gates used for weighting are 2-input AND, NAND, OR and NOR gates, 

3-input AND and NAND gates, 4-input AND and NAND gates and OA21 and OAI21 

gates. As a final experiment, the effectiveness of all the weights put together in 

improving fault coverage was determined. These experiments were evaluated on 

ISCAS85 benchmark circuits [32]. ISCAS85 circuits have been used rather than 

ISCAS89 circuits because the ISCAS85 benchmarks had pull-up/pull-down resistances 

of all gates available. Random non-feedback shorts were used. The number of shorts is 

approximately twice the number of lines in the circuits. Shorts between lines feeding the 

same gate are not included. Shorts between the signal lines and power/ground grid are 

not considered because they are most likely to behave as stuck-at or transition faults. The 

bridge resistance is assumed to be uniformly distributed between 0Ω and 40kΩ [33]. 

     The results of these experiments on resistive bridge faults are shown in Figures 34-

41. 
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Figure 34. c432 resistive bridge coverage for different weights 

 

 

 

Figure 35. c499 resistive bridge coverage for different weights 
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Figure 36. c880 resistive bridge coverage for different weights 

 

 

Figure 37. c1355 resistive bridge coverage for different weights 
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Figure 38. c1908 resistive bridge coverage for different weights 

 

 

Figure 39. c3540 resistive bridge coverage for different weights 



57 

 

 

Figure 40. c5315 resistive bridge coverage for different weights 

 

 

Figure 41. c7552 resistive bridge coverage for different weights 

 

     Figures 34-41 show a strong correlation between transition fault coverage and 

resistive bridge fault coverage. This again indicates that high transition fault coverage 
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implies high resistive bridge fault coverage. The impact of using different weights on 

resistive bridge coverage is similar to that in resistive open coverage and has already 

been explained. Use of all weights gives the highest fault coverage under both models. 

BC (FS) is the resistive bridge coverage under full-speed. BC (SS) is the resistive bridge 

coverage under slow-speed. For ISCAS85 benchmark circuits, it can be observed from 

Figures 34-41 that the resistive bridge coverage under slow speed is very close to the 

resistive bridge coverage under full speed. This is because the clock period is set by a 

few long paths, so most sensitized paths have a large slack, even at full speed. 

 

Table 14. WRPG for resistive bridge fault coverage

CIRCUIT  STUMPS-TPS BEST WEIGHT ALL-WEIGHTS 

 TC (B) BC (FS) BC (SS) GATE TC (B) BC (FS) BC (SS) TC (B) BC (FS) BC (SS) 

c432 99.26 82.23 77.34 OA21 99.26 83.56 78.15 99.26 84.39 78.85 

c499 100 91.34 84.43 OA21 100 91.9 84.96 100 92.49 85.53 

c880 99.43 89.8 85.22 OAI21 99.64 91.97 86.88 99.64 92.34 87.06 

c1355 99.27 88.3 83.85 OAI21 99.51 90.36 85.77 99.59 92.01 87.28 

c1908 96.08 89.8 89.54 OA21 96.63 90.81 90.53 97.37 91.93 91.64 

c3540 93.86 82.56 82.3 OAI21 93.76 82.96 82.7 94.84 84.71 84.45 

c5315 97.22 92.6 92.32 OA21 97.77 94.08 93.79 99 96.06 95.76 

c7552 94.89 88.1 87.25 OAI21 95.75 90.01 89.15 97.36 93.04 92.18 
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     Analysis of Table 14 shows that either OA21 or OAI21 achieved the highest 

improvement in fault coverage for all ISCAS85 benchmark circuits. This proves that a 

slight bias of the outputs of an LFSR provides higher improvement in fault coverage 

over using weights which provides a large bias. That is, weights OA21 and OAI21 with 

probabilities 0.625 and 0.375 (which provide a slight bias from 0.5) are more effective in 

improving fault coverage than weights AND3,  NAND3, AND4, NAND4 etc (which 

provide a large bias from 0.5). This is a significant result in designing weighting 

schemes. These weights (OA21 or OAI21) provide the highest improvement in resistive 

bridge coverage when a single weight is used. The slight bias provided by OA21 or 

OAI21 weights prevents filling of scan chain with excessive zeros or ones and therefore 

achieves the highest fault coverage. Similarly, a combination of all weights also provides 

the highest achievable transition and bridge fault coverage.  
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6. CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

     Three BIST approaches namely BILBO, STUMPS-Test Per Clock (TPC) and 

STUMPS-Test Per Scan (TPS) were evaluated. It was found that STUMPS-TPS 

provides the highest delay fault coverage with the least impact on existing scan design. 

This STUMPS-TPS approach was used in all future experiments. Experiments were 

carried out to evaluate different weighted random pattern generation (WRPG) techniques 

by varying the weight. The experiment to find the best weight showed that 2-input gates 

were more effective than higher-input gates in improving transition fault coverage. It 

was found that hitherto unexplored gates like OA21 and OAI21 which biased the output 

of the LFSR only slightly provided a better improvement in realistic fault coverage over 

usual gates like AND and NAND. During our experiments, it was also found that the 

type of combinational gate used to realize a given probability determines the 

improvement in fault coverage obtained. Use of care bit density of ATPG test vector set 

to determine effectiveness of WRPG techniques was also studied. The effectiveness of 

WRPG in sensitizing long paths was evaluated using resistive open and resistive short 

fault models. It was found that the transition fault coverage was a good estimate 

(indicator) of the obtainable resistive open and resistive bridge fault coverage. 

6.2 Future Work 

     As explained above, transition fault coverage for opens tells us if an open was 

detected or not. Resistive open fault coverage gives an estimate of how good the given 

test set is in sensitizing long paths. Hence, to improve transition and resistive open 
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coverage, new opens must be detected. This can be achieved by inserting test points. 

However, test points cannot be added to critical paths (which have small slacks) because 

the added points themselves increase the delay of the critical path thus reducing the slack 

further. Hence, addition of test points on non-critical paths is a future topic of interest. 

This can boost both transition and resistive open coverage by detecting new opens. The 

added test points would also improve the resistive bridge fault coverage by detecting 

new bridges. 
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