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Abstract 
 
This article describes a novel approach to fault diag-

nosis suitable for at-speed testing of board-level intercon-
nect faults. The approach is based on a new parallel test 
pattern generator and a specific fault detecting sequence. 
The test sequence has tree major advantages. At first, it 
detects both static and dynamic faults upon interconnects. 
Secondly, it allows precise on-chip at-speed fault 
diagnosis of interconnect faults. Third, the hardware 
implementation of both the test generator and the 
response analyzer is very efficient in terms of silicon area.  
 
1. Introduction 
 

The problem of board level interconnect test has been 
thoroughly studied in the past. Most methodologies 
proposed during the last decade tend to rely on the 
Boundary Scan (BS) technique [1] as a powerful and 
universal test access mechanism. The related problem – 
the problem of Interconnect BIST (IBIST) is usually 
approached in the same way. The major difference 
between known methods of IBIST is usually defined by 
the manner they treat several important issues like: 
-  code used for test generation (e.g. Walking Sequence, 

Counting Sequence, True/Complement Code etc.) 
-  hardware implementation of both the test pattern 

generator (TPG) and the response analyzer (RA) 
-  covered defect types (fault models) - as a result of 

selected code and hardware implementation 
-  handling of the multiple driver contention problem  

There are also some other important issues like the po-
wer consumption level or the ground bounce problem [2]. 

The widely accepted interconnect fault model usually 
handles static defects like opens and shorts. The literature, 
however, agrees on the fact that the dynamic defects like 
transition (delay) faults, crosstalk, or switching noise are 
becoming very important due to higher clock speeds and 
lower supply voltages [3]. Unfortunately, these latter 
effects do not show up in practice at the testing 
frequencies or the frequencies the Boundary Scan 
operates on. The nature of this drawback originates from 
the fact that the Boundary Scan architecture was not 
designed for at-speed testing and diagnosis of timing-

related faults. For instance, the interval between the 
update of test stimulus and capture of the response data 
spans at least 2,5 test clock cycles. Another drawback, 
which also results from the Boundary Scan nature, is the 
need for a long shift operation between two consecutive 
test vectors. This shift operation depends on the BS chain 
length and may take hundreds of clock cycles to 
complete. These two facts together limit or totally prevent 
efficient testing of timing-related defects by standard 
interconnect test methods. Therefore, the conception of 
at-speed interconnect test and BIST has become very 
important lately [4], [5]. 

The simplest way to approach the problem is to place a 
standard LFSR (Linear Feedback Shift Register) as a test 
stimuli generator on one side of interconnect wires and a 
MISR (Multiple Input Shift Register) as a response comp-
actor on the other side. This approach has been success-
fully adopted by the industry due to its simplicity. How-
ever, such a solution cannot be easily standardized as, for 
example, the BS due to the following reasons. First, the 
LFSR as the TPG is not easily scalable since its efficiency 
depends on characteristic polynomials, which should be 
selected separately for each board configuration. The 
same hold for the MISR which fault signature also 
depends on the configuration. Secondly, there is the 
aliasing probability for MISR signatures, which might 
prevent fault detection.  It may also reduce the fault 
diagnosis resolution of the method. Third, there is always 
a question of how many pseudo-random test patterns 
would be enough to detect all possible static and timing-
related faults. Usually, the LFSR is set for generation of 
several thousands of patterns, which is usually considered 
as a good enough test length. Hence, this solution is not 
the most efficient one in terms of test application time. 

Another direction of research in this area is focused on 
modification of the standard BS cells so that the resulting 
architecture is capable of sending the test vector and 
capturing the response within a single clock cycle [6]. 
There are approaches for single as well as for multiple 
clock schemes. Such a solution complicates the test 
application mechanism of BS and brings additional silicon 
area. It should also be pointed out, that the test data is 
shifted serially into the BS chain. At first, the desired 
vector is shifted in, then it is applied to the nets and 



finally the response is shifted out and analyzed. This is 
repeated for each pattern and requires at least T • L clock 
cycles, where T is the test length and L is the length of the 
BS chain. At first, L is a large number usually ranging 
between 102 and 103, which results in very long test app-
lication times compared to the initial test length T. 
Secondly, this framework does not directly support the at-
speed testing of interconnect. 

The problem of long test application time has also been 
studied and some solutions have been proposed in 
literature [7]. The common idea, which bounds them, is 
the usage of limited shift operations between two patterns, 
that is, a one-bit shift in the best case. All of these 
solutions, however, suffer from the issue referred as a 
multiple driver contention problem when several drivers 
feed the same bus simultaneously with different values. 
This happens when test data, while being shifted, 
unintentionally activates conflicting drivers by setting up 
the corresponding values in control cells situated in the 
same scan chain and interleaved with data cells. 

All the mentioned problems resulted in the fact that 
there are still very few methodologies, which could be 
effectively used for at-speed testing of timing-related 
interconnect faults [3].  

This paper describes a novel approach to fault 
diagnosis suitable for at-speed testing of board-level 
interconnect faults. The approach is based on a new 
parallel test pattern generator and a specific fault 
detecting sequence called the Interleaved 
True/Complement code. The test sequence has tree major 
advantages. At first, it detects both static and dynamic 
faults upon interconnects. Secondly, it allows precise on-
chip at-speed fault diagnosis of interconnect faults 
without any aliasing or masking. Third, the fault signature 
needs to be shifted out from the RA just once per test 
session. Finally, the hardware implementation of both the 
test generator and the response analyzer is very efficient 
in terms of silicon area.  

The proposed framework also reduces the test 
application time from original T • L clock cycles to T 
clock cycles, plus less than L clock cycles needed for 
shifting out the final fault signature. 

The next section of the article gives an overview of kn-

own test generation methods for interconnect testing and 
describes a new sequence for testing timing-related faults 
called the Interleaved True/Complement code. Section 3 
gives an overview of widely accepted test application 
scheme for interconnect BIST and a new original hard-
ware implementation of the TPG and the RA for at-speed 
IBIST. Conclusions are given in the end of the article. 

 
2. Test generation algorithms 

 
In interconnect test it is of common practice to 

consider the following defects: a) shorts between multiple 
nets and b) opens upon single or multiple nets. Shorts are 
usually modeled by wired-AND (logic 0 dominates) or 
wired-OR (logic 1 dominates) faults while opens are 
represented by stuck-at-1 or stuck-at-0 faults. 

In 1974, Kautz showed that in order to test N 
independent nets for all possible shorts one needs 
log2(N)  test patterns [8]. The main idea was to assign a 
unique code word to each net. Then, in case of a wired-
OR (wired-AND) short between any two or more lines the 
number of 1s (0s) will be increased and the initial code 
will be distorted. The algorithm proposed by Kautz is 
called the Counting Sequence algorithm (Fig. 1a).  

It has been shown later [9] that stuck-open faults could 
also be tested by this algorithm but then the all-1 and all-0 
patterns should be avoided. This means that the counter 
should start from 1 rather than from 0 and it should finish 
before the all-1 pattern appears. Therefore, the number of 
required patterns increases in some cases (as it is shown 
in Fig. 1b) and becomes equal to log2(N+2). Such a test 
called the Modified Counting Sequence guarantees the 
detection of all possible opens and shorts with a minimal 
number of test patterns. However, it does not guarantee 
the accurate diagnosis due to aliasing problem. Aliasing 
appears when some faulty response is equal to some 
correct response. Then it is not clear if that wire yielding 
the correct response is also faulty or not. 

Later, Wagner [10] proposed an approach where the 
Counting Sequence is applied two times: once in its 
original form and then inverted. This algorithm is called 
the True/Complement algorithm and is illustrated in Fig. 
1c. The code words applied to each line contain equal 

Figure 1. Different test pattern generation algorithms 
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quantities of 0s and 1s. These quantities are always 
increased or decreased when nets are getting shorted or 
broken. The lost balance between the number of 0s and 1s 
unambiguously guarantees the diagnosis of all shorts and 
opens without aliasing. In this approach all-0 and all-1 
codes are not forbidden anymore, because they are getting 
complemented later, which makes the test length being 
equal to 2log2(N). 

It could be easily noted that if such a code is applied in 
a proper way, all the interconnect delay faults will be also 
captured. However, then the first and the last codes should 
still be avoided, since they do not produce both 1→0 and 
0→1 transitions needed to sensitize both transition faults 
[6]. In our framework we are going to use a new 
algorithm, which we call an Interleaved True/Complement 
sequence. In the interleaved sequence the complemented 
vector comes right after its true-valued counterpart. We 
call such pair of vectors the True/Complement Couple. In 
figure 1d they are shown in white and black colors respec-
tively. Such a code preserves all the diagnostic properties 
of its predecessor (the True/Complement code) but at the 
same time it has several additional useful features. 

Theorem 1. The Interleaved True/Complement 
sequence of length n ≥ 4 provides both 1→0 and 0→1 
transitions on the interconnect lines. 

Proof. At first, it is clear, that each true/complement 
couple always activates one of the two transitions upon 
any selected wire. Let this transition be 0→1. Then there 
are exactly two possible cases for the second couple at the 
same wire: 1→0 and 0→1, where the first case automatic-
ally yields the second required transition. In the second 
case, the required 1→0 transition appears between the two 
couples, i.e. 0→1→0→1. The same holds for the case, 
when the first transition is 1→0. For any sequence longer 
than 4, both required transitions are contained in the first 
4 vectors and then repeated with each additional couple■ 

In fact, all the four possible cases for the four-pattern 
Interleaved True/Complement sequence are illustrated in 
Figure 1d. 

The fact that each true/complement couple of vectors 
always drives a wire to both the 0 and the 1 values within 
two adjacent clock cycles allows efficient design of the 

response analyzer, which becomes independent and 
produces exact diagnosis being totally isolated of other 
wires (unlike it is in MISR for example). 

For crosstalk testing it might be important that there 
were both complemented values upon adjacent wires 
somewhere in the sequence, i.e. at least once the first wire 
should be set to 0 while the second was set to 1 and once - 
vice versa. 

Theorem 2. The Interleaved True/Complement 
sequence always guarantees that at least once both 
complemented values 0/1 and 1/0 appear upon any two 
pair of independent interconnect nets. 

Proof. For the Counting Sequence, it is known that the 
code words upon any two nets are different at least in one 
bit position. Let the difference be 0/1. In the 
True/Complement sequence each bit in the code word has 
its complemented counterpart. This yields the 
corresponding 1/0 pair of complemented values upon the 
same two nets■ 

It could be shown in a similar way that the Hamming 
distance between any two code words in the 
True/Complement code is at least 2. It is well known from 
the coding theory, that the larger the Hamming distance, 
the higher the probability of detection and diagnosis of 
faulty signals. This holds especially for the harmful 
influence exerted upon the interconnect wires by 
crosstalk, switching noise, or other electromagnetic 
phenomena. This is also important for such short faults 
where neither the 1 nor the 0 driver is dominant. 

The test length of the proposed Interleaved 
True/Complement sequence is the same as the original  
True/Complement one has, i.e. 2log2(N). 

There is another algorithm known to yield code words 
with a Hamming distance of at least 2, and at the same 
time requiring less test patterns [11]. It is called the LaMa 
algorithm and it generates the test of length log2(3N+2). 
This algorithm is similar to the Modified Counting one 
but increments by 3 rather than 1 (see Figure 1e). This 
algorithm, however, is not directly suitable neither for 
interconnect delay fault testing, nor for crosstalk. The 
former is true because the two required transitions (0→1 
and 1→0) upon an interconnect wire are not guaranteed. 

Table 1. Properties of TPG Algorithms 
 

 Counting 
Sequence 

Modified 
Counting 

True/Compl 
Algorithm 

Interleaved 
True/Compl 

LaMa 
Algorithm 

Walking 
Sequence 

Number of 
vectors log2(N) log2(N+2) 2 log2(N) 2 log2(N) log2(3N+2) N 

Hamming 
distance (min) 1 1 2 2 2 2 

Defect    
detection shorts shorts, opens shorts, opens, 

(delays) 
shorts, opens, 

delays shorts, opens shorts, opens, 
(delays) 

Diagnostic 
properties bad bad good good average best 

 



The testing of crosstalk is not guaranteed due to the fact 
that the two bit positions where the two code words are 
different could have the same difference, i.e. both 0/1 or 
both 1/0. This case is illustrated in Figure 1e where the 
code words upon the second and the third wire have only 
the 0/1 difference in both bit positions. The fault 
diagnosis properties of the LaMa algorithm are similar to 
the ones of the Modified Counting method with the only 
difference in the Hamming distance. 

Another algorithm - the Walking Sequence is probably 
the simplest one to automatically generate. There are two 
types – walking 0 and walking 1. The latter is illustrated 
in Figure 1f. In a slightly modified way, the walking 
sequence keeps most important diagnostic properties like 
the Hamming distance and the required transitions for 
delay fault testing. At the same time, however, it is one of 
the longest test sequences used in practice, since it 
features the length equal to N. 

The summary of properties of the discussed algorithms 
is given in Table 1. There are also other test sequences 
proposed by different authors (for example [7] and [15]) 
but they are mostly modifications to these basic ones.  

It is seen from the table that there are three algorithms 
with comparatively good fault detection and diagnostic 
properties. These are both True/Complement algorithms 
and the Walking Sequence. Two of them require 
additional vectors in order to be able to detect delays upon 
all the nets. This makes the Interleaved True/Complement 
code be the shortest sequence to detect also delay faults in 
addition to commonly considered shorts and opens. The 
diagnostic properties of the Walking Sequence are the 
best among these codes, but its length is the largest one. 

 
3. At-Speed Interconnect BIST Hardware 

 
Since the introduction of the IEEE 1149.1 Boundary 

Scan (BS) standard the powerful and universal BS 
architecture became the main mechanism of the 

interconnect test. There are quite a lot of publications 
[4,6,7,12-14] suggesting efficient combination of the BS 
and IBIST. In most cases, on-board TPGs are used for 
feeding the BS shift register with test patterns. In [7], for 
instance, authors extensively study the problem and 
suggest different IBIST hardware realizations for the 
True/Complement and the walking 1 sequence.  

Most of later works [12-14] consider the problem of 
multiple driver contention in the tri-state environment and 
on-board fault diagnosis. Usually they apply the 
True/Complement sequence modified in a certain way to 
avoid the contention. The test data then represents 
composite vectors [12] generated by two types of TPGs: 
C-TPG (for control signals) and D-TPG (for data signals) 
[13] (see Fig. 2a).  

The general structure of the D-TPG is given in Fig. 2b. 
It consists of two counters. The first one generates the 
Counting Sequence while the second one selects current 
bit (current vector). The vectors are then generated 
serially and fed into the Boundary Scan chain intermixed 
with control signals coming from the C-TPG. As it was 
previously discussed such a technique needs in general T • 
L clock cycles to complete, where T is the test length and 
L is the length of the BS chain. Moreover, it does not 
directly support the at-speed testing of interconnect. 

 Basically there are four key elements in a successful 
at-speed testing solution. The first is the selection of the 
test sequence, which should detect all the necessary tim-
ing-related faults. The second is the parallel test pattern 
generation, i.e. each new pattern should be formed in the 
TPG at each new clock cycle (like in LFSR) and without 
any intermediate shift operations. Third, the response 
analysis must also be made at-speed and in parallel. Final-
ly, the whole solution must be efficient in terms of silicon 
area. This section describes the hardware implementation 
of such a TPG for the Interleaved True/Complement code 
and the RA hardware used for fault diagnosis. The TPG 
forms test vectors right on chip (not on board) replacing 
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Figure 2. Partitioned serial TPG for BS based IBIST: a traditional approach 
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and enhancing the functionality of D-TPG. The control 
data should still be formed in C-TPG as it is done in [13]. 
The main idea of the TPG architecture is based on a 
circular shift register and its proper initialization. The 
fault diagnosis is made right on-chip and only shifted out 
at the end of the test session. Compared to other known 
techniques, current approach provides the minimal 
hardware cost at the shortest test application time. 

The main idea behind the TPG is illustrated in Fig. 3. 
Let us first consider the parallel generation of the 
Modified Counting Sequence. Fig. 3a illustrates the way it 
is generated by the counter in D-TPG. The arrow shows 
the direction of test generation, which is orthogonal to the 
direction of test application (Fig 3e). Therefore, each 
parallel test vector (the vector to be applied to the nets) 
needs to be generated bit by bit (Fig. 2b) each time before 
it is applied. Hence, the common counter-based approach 
(Fig. 2b) is not applicable here. 

It is well known that the fully configured LFSR 
generates exactly the same 2k different vectors except the 
all-zeros (see Fig. 3b). Since, all-zeros along with all-ones 
are forbidden code words in the Modified Counting Sequ-
ence, there is nothing to loose. However, as the code 
words coming from LFSR are of different order compared 
to the ones generated by counter, the all-ones code still 
might appear in the middle of the sequence and invalidate 
the test. Therefore the all-ones vector should be taken as 
the initial state that will be just skipped. In this case all the 

rest sequence will be valid (Fig. 3c). In this way, an 
LFSR, being cheaper in hardware can replace the counter 
for TPG purposes (also in BS based approaches). How-
ever, still it does not fit for parallel test pattern generation. 

When one examines the patterns (columns) in Fig. 3c, 
one may notice that the middle one is exactly the 
rightmost one, but shifted circularly by one bit upwards. 
The same holds for the leftmost pattern compared to the 
middle one. It can be proved that by placing the leftmost 
(or the rightmost) vector into the circular shift register 
(without additional feedbacks) and applying log2(N+2) 
clocks the resulting test sequence generated in parallel 
will be exactly the same as the orthogonal one, generated 
by the corresponding LFSR.  

In this way we achieve two goals: a) parallel test 
vector generation, b) reduction of TPG hardware cost 
compared to the counter-based approach. The resulting 
test maintains all the properties of the Modified Counting 
Sequence, which guarantees the detection of all the 
considered fault types except delay faults. Moreover, now 
it can be generated and applied at-speed.  

The IBIST TPG hardware realization for the Interleav-
ed True/Complement sequence is illustrated in Fig. 4. Fir-
st, the shift register gets initialized in the same way as it 
was discussed above. Then it works at half the frequency 
and holds each vector for two clocks. The outputs of the 
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register are connected to XOR gates where they get inver-
ted at each second clock by an external signal 010101… 
coming from an oscillator. The black and the white 
figures upon the interconnect lines represent the true and 
complemented values of the corresponding vector. In Fig. 
4, it can be clearly seen that the hardware complexity of 
the TPG is approximately the same as of the LFSR. 

Now we are ready to approach the main result of this 
work – the board configuration independent at-speed 
precise fault diagnosis. As it was discussed above, the 
True/Complement Couples always contain a pair of 0 and 
1 on each interconnect line. In case of a fault, some of 
such couples on a faulty line will be broken in such a way 
that they will contain either only 0-s or only 1-s. 
Therefore, for successful fault diagnosis it is enough to 
consider each couple separately of other couples. At the 
same time, each net can be considered independently. 

Figure 5a shows possible hardware implementation of 
such a separate response analyzer for a single net. It 
consists of two D flip-flops driven by two antiphased 
clock signals. In this way the first part of the couple is sto-
red in the first D flip-flop in order to be XOR-ed with the 
second part as soon as it comes along the interconnect 
line. The opposite values (the correct behavior) produce 
logic ‘1’ at the output of the XOR gate, which becomes 0 
after the inverter. At the same time the second D flip-flop 
becomes sensitive and that 0 will be captured inside. 

As soon as there will be equal values in a couple (the 
erroneous behavior) the first part of the circuit will 
generate the error signal, which is equal to logic ‘1’. This 
error signal will be then captured inside the second flip-
flop and it will be kept there until the end of the test se-
ssion. In such a way, each faulty interconnect line will be 
explicitly identified by logic ‘1’ in the corresponding RA 
cell. After the application of all the test patterns the final 
fault signature should be shifted out as shown in Fig 5b. 
 
4. Conclusions 

 
The main goal of this paper is to propose a new 

diagnostic solution for interconnect BIST, which is 
suitable for at-speed testing and for detection both static 
and dynamic faults. The idea is based on a new 
interconnect test sequence called the Interleaved 
True/Complement code and original hardware 
implementation of the TPG and the RA.  

The TPG is capable of generating test vectors in 
parallel similarly to the pseudorandom vectors formed in 
LFSR. The main idea behind it is based on using a circular 
shift register and its proper initialization. The major advantage 
of this TPG compared to LFSR is the test lengths and the 
fault detection and diagnosis properties originated from 
the Interleaved True/Complement code. At the same time 
the vectors are generated in parallel, which reduces the 
testing time from original T • L clock cycles to T clock 

cycles. This generator forms test vectors right on chip (not 
on board) replacing and enhancing the functionality of D-
TPG commonly used in IBIST.  

Presented framework guarantees detection and 
diagnosis of short, open, and delay faults on interconnect 
lines by at-speed generated and applied test sequence of 
length 2log2(N+1). The fault diagnosis is made right on-
chip and only shifted out at the end of the test session. 

The hardware implementation of both the test 
generator and the response analyzer is very efficient in 
terms of silicon area.  
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