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Abstract

This paper presents a novel BIST (Built-In Self Test)
scheme with scan chain segmentation. In the scheme, a com-
bination of pseudo random patterns and single-weight pat-
terns have been applied to CUT (Circuit Under Test). Scan
chain is partitioned into multiple segments delimited by in-
verters. When a single weighted pattern is applied to a seg-
mented scan chain, successive segments receive bit patterns
with complementary weights. Several segment configura-
tions may be required to achieve full fault coverage. In this
scheme the control logic is inside the scan path and built-in
self test can be implemented without compromising timing
performance of CUT. Experiments show that our scheme
can obtain very good fault coverage. Hardware implemen-
tation is simple and straightforward.

1. Introduction

Built-in self test [1][2] has been widely adopted for its
simple hardware implementation and small design effort. In
BIST mode, linear feedback shift register (LFSR) or cel-
lular automaton (CA) can be used for both pseudo-random
pattern generation and test response compaction. However,
there are random resistant designs for which high fault cov-
erage is hard to achieve with reasonable test length. To over-
come this random resistance, two types of techniques have
been proposed. One is to modify CUT with test point inser-
tion [3]–[6]. Test point insertion improves random testabil-
ity by inserting control points and observation points into
core logic. However, timing performance of CUT may be
compromised by test point insertion.

The other type of techniques involve modification of the
pattern generator. This includes WRPT (Weighted Random
Pattern Testing) [7]–[17], reseeding [18][19] and pattern
mapping [20]–[22]. In reseeding, deterministic test patterns
are compressed into cubes and encoded as seeds of a PRPG

(Pseudo Random Pattern Generator); WRPT applies varied
signal probability to primary inputs or scan cells to reduce
test length; while in pattern mapping, ineffective pseudo-
random patterns are mapped to effective deterministic pat-
terns through mapping logic. Techniques that modify the
pattern generator are able to improve fault coverage with-
out test point insertion. However, they usually incur con-
siderable memory or logic overhead. In reseeding, explicit
on-chip memory has to be dedicated to store multiple seeds;
in pattern mapping, mapping logic would be unacceptably
large for designs with large number of scan cells; while in
WRPT, additional logic is required for multiple weight gen-
eration and large memory for storing multiple weight distri-
butions.

In this paper, we propose a novel BIST scheme called
scan chain segmentation. The scheme combines pseudo
random patterns with single-weight weighted patterns.
Pseudo random patterns are employed first and they are fol-
lowed by single-weight weighted patterns. Pseudo ran-
dom testing is performed using the normal unmodified
scan chain. During single-weight weighted random test-
ing, a scan chain is partitioned into multiple segments
delimited by inverters. Assume single-weight weighted pat-
terns with weight � are loaded into the scan chain, then
after segmentation the scan chain is divided into seg-
ments with alternating weights � and

��� � . Since
control logic for scan chain segmentation are invert-
ers along scan path, it poses no timing influence on core
logic in both BIST mode and operational mode. Usu-
ally more than one segment configuration is required to ob-
tain reasonable fault coverage for BIST application. Scan
chain order is taken as is and there is no need to perform re-
ordering to do segmentation.

Generally speaking, our BIST scheme can be catego-
rized as a special form of weighted random pattern testing.
It distinguishes itself from previous work in several ways.
Traditionally, people tend to apply WRPT on the basis of
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one weight per primary input or scan cell. There are many
methods [9][10][14] which are dedicated to weight distri-
bution optimization. Usually the optimization is based ei-
ther on detection probability [9] or on deterministic test set
[10][11][12] [13][14]. The method of deriving weight dis-
tribution from deterministic test set is more promising since
it has the potential to obtain complete fault coverage with
a small number of patterns. However, with ever-evolving
design methodology, fully scannable design has become a
common practice and large number of scan cells are very
common for industrial designs. It is therefore too expen-
sive to apply WRPT on a one-weight-per-cell basis and the
hardware to store multiple weight distributions becomes un-
acceptably high. As a result, the idea of employing differ-
ent weights to each scan channel is proposed in [15] which
solves the problem of large storage requirement for multi-
ple weight distributions. A method of approximating weight
sets by Markov sources [16] was also proposed. In con-
trast to all previous work, we examine weight distribution
of scan cells in a segment-based way or inside scan channel,
which stands somewhere between analysis of one weight
per input or scan cell and analysis of one weight per scan
channel. Single-weight weighted patterns are fed into scan
chains and it greatly simplifies the logic for weight genera-
tion. In this work, we look into the possibility of partition-
ing a scan chain into multiple segments such that neighbor-
ing segments have complementary weights. Unlike many
previous WRPT-based BIST, reordering of the scan chain is
not necessary in order to perform segmentation with accept-
able inverters. It is noticed that STAR-BIST [23] also intro-
duced inverters in its BIST implementation. The key idea
of STAR-BIST is to cover hard-to-detect faults with par-
ent vector and child vectors of certain Hamming distance to
the parent. Inverters and scan chain reordering are used to
encode multiple deterministic parent vectors after regular-
ity analysis.

The effectiveness of combining pseudo random pat-
terns with weighted patterns has been shown by many
[11][12][14]. Our BIST scheme inherits this combina-
tion and is divided into multiple phases. In phase 0,
pseudo random patterns are applied to CUT such that most
easy-to-test faults are picked up in the phase. For each
of the following phases, scan chain segmentation is per-
formed with single-weight weighted patterns feeding
into scan chain. As a result, a subset of random resis-
tant faults is detected by each segment configuration.
A simulated annealing algorithm is developed to deter-
mine a good segment configuration. Cost function of an-
nealing schedule is evaluated by fault simulation and
thus no structural analysis on netlist is required. Exper-
imental results show that our scheme is able to achieve
very good fault coverage with small hardware over-

Figure 1: Circuit Diagram of Motivation Example

head.
The remaining paper is organized as follows. Section 2

gives a motivation example for our proposed scheme. It is
followed by hardware implementation in section 3. BIST al-
gorithm is described in section 4. Experimental results are
presented and analyzed in section 5 and section 6 concludes
the paper.

2. Motivation Example

In this section, we’d like to illustrate the basic idea of
scan chain segmentation through a simple example. The cir-
cuit diagram of this example is shown in Figure 1. It is com-
posed of an 8-input AND gate and an 8-input OR gate with
their outputs ORed together. The big AND/OR gates form
a typical random resistant structure. Assume boundary scan
has been applied on the circuit and the scan chain is or-
dered by � � to � ��� and then � . As shown in Table 1 the
size of the collapsed fault list is 18. Test vectors for each
fault are listed under left column and they, as a whole, con-
stitute the complete test set for the circuit. It is easy to tell
that faults ��� to ���	� s-a-0 are more random detectable than
faults ��� to ��
 s-a-1, � s-a-1 and � s-a-0, which are ran-
dom resistant.

To target this structure, conventional WRPT would ap-
ply different weights at each input. In this case, extreme
high weight (for example, weight 15/16) would be em-
ployed at inputs � � though ��
 ; while extreme low weight
(for example, weight 1/16) at inputs ��� to � ��� . In con-
trast, our scheme is trying to detect easy-to-test faults first
and then target random resistant faults with scan chain seg-
mentation. As a result, pseudo random patterns are applied
first to the circuit such that faults � � to � ��� s-a-0 are de-
tected. Scan chain segmentation is used to target the re-
maining faults � � to � 
 s-a-1, � s-a-0 and � s-a-1. In
Table 1 � � through � � are test vectors for the remaining
faults. They have some similar characteristics. That is, in-
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Table 1: Complete Test Set and Collapsed Fault List of Fig.
1

Complete Test Set ( ��� to ����� ) Collapsed Fault List� � ................. � ���
� � : 0 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0

� � s-a-1, � s-a-1
�
	 : 1 0 1 1 1 1 1 1 0 0 0 0 0 0 0 0

� 	 s-a-1
��� : 1 1 0 1 1 1 1 1 0 0 0 0 0 0 0 0

� � s-a-1
��
 : 1 1 1 0 1 1 1 1 0 0 0 0 0 0 0 0

� 
 s-a-1
�
� : 1 1 1 1 0 1 1 1 0 0 0 0 0 0 0 0

� � s-a-1
� � : 1 1 1 1 1 0 1 1 0 0 0 0 0 0 0 0

� � s-a-1
�
� : 1 1 1 1 1 1 0 1 0 0 0 0 0 0 0 0

� � s-a-1
��� : 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0

� � s-a-1
��� : 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 � s-a-0
� ��� : 0 x x x x x x x 1 0 0 0 0 0 0 0

� � s-a-0
����� : 0 x x x x x x x 0 1 0 0 0 0 0 0

� ��� s-a-0
��� 	 : 0 x x x x x x x 0 0 1 0 0 0 0 0

� ��� s-a-0
� ��� : 0 x x x x x x x 0 0 0 1 0 0 0 0

� � 	 s-a-0
����
 : 0 x x x x x x x 0 0 0 0 1 0 0 0

� ��� s-a-0
��� � : 0 x x x x x x x 0 0 0 0 0 1 0 0

� ��
 s-a-0
����� : 0 x x x x x x x 0 0 0 0 0 0 1 0

� � � s-a-0
� ��� : 0 x x x x x x x 0 0 0 0 0 0 0 1

� ��� s-a-0

puts � � to � 
 are highly biased to 1 while inputs � � to � ���
are biased toward 0. In order to cover these faults by seg-
mentation, an inverter is placed between � 
 and � � while
a highly weighted bit stream is fed into scan chain. As-
sume weighted patterns with weight 15/16 are loaded into
scan chain. Because of segmentation, inputs from � � to
� 
 have weight 15/16 while inputs from � � to ���	� have
weight 1/16. Test vectors � � through ��
 have probability of� ����� � ��� ����� � ��� �����! #"%$ "�&('*)

to be covered and � � with
probability

� ����� ����� �	�  +",$ '�� � �
. On average, total number

of
�-�-"%$ "�&('�). 0/�'

weighted patterns are required to cover
� � through � � and thus the remaining faults.

For this simple example, one segment configuration is
able to cover all remaining faults in the circuit. For big de-
signs, usually more than one segment configuration is re-
quired to detect different types of random resistant faults.
Since there is usually more than one way to detect a fault,
a specific deterministic test set is too restrictive to derive
a good segment configuration and therefore it is preferable
to rely on more accurate information such as fault simula-
tion.

3. Hardware Implementation

The effectiveness of combining uniform and weighted
patterns in random testing has been shown by many. Our
proposed BIST scheme keeps this combination and assumes
test-per-scan configuration for CUT. Of course, the scheme
can also be applied to designs with many internal scan
chains. Figure 2 presents the hardware implementation for a
3-phase test where a weight of 1/16 is used for all weighted

Figure 2: Hareware Implementation of Scan Chain Segmen-
tation

Figure 3: Waveform of Control Signals of Proposed Scheme

patterns. To simplify discussion, a scan chain with length 9
is drawn and the number of each scan cell is marked inside.
MISR (Multiple Inputs Signature Register) is not shown
in the figure. The decoder takes the outputs of the pattern
counter as inputs and produces signals Wsel, phase control
signals Ph1 and Ph2. As illustrated in Figure 3 the three
outputs of the decoder are non-overlapping signals. Wsel
is used for weight selection. In phase 0, Wsel is high such
that pseudo random patterns are employed; After that, Wsel
switches to low and bit streams with weight 1/16 are ap-
plied afterwards. In this figure, a bit stream of weight 1/16
can be produced by simply taking an ANDing of four dif-
ferent taps from LFSR. However, care should be taken to
minimize autocorrelation of weighted patterns.

Scan chain segmentation takes place for phases other
than 0. To do scan chain segmentation, inversion elements
are inserted at each position selected as segment boundary.
An inversion element is simply an XOR gate as shown in
the dashed rounded rectangle. It is noticed that inversion el-
ements are placed along the scan path and thus they do not
impose timing degradation on the core logic. Depending on
the phase control signal, the XOR can selectively invert the
weight of the bit stream or simply keep it. As we can see,
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in phase 1 the scan chain is partitioned into two segments,
namely cells 1-6 and cells 7-9 such that bits at scan cells
1-6 assume weight 1/16 and those at scan cells 7-9 assume
15/16. Similarly, in phase 2 three segments are obtained by
scan chain segmentation and they are cells 1-3, 4-7 and 8-9
with weights 1/16, 15/16 and 1/16 respectively. If an inver-
sion element is used in several phases, corresponding phase
control signals have to be ORed together to control the in-
version element.

In short, the working mechanism of our proposed BIST
scheme can be summarized as follows. In phase 0, pseudo
random patterns are applied to detect most easy-to-test
faults. A bit stream with single weight w is loaded into the
scan chain thereafter. For each of the following phases, scan
chain segmentation takes place such that only two weights
� and

� � � can be asserted at any one of the segments.
Each segment configuration is used to target a subset of ran-
dom resistant faults.

To minimize the size of hardware for the control logic,
we could keep patterns per phase the same and let it be
power of 2. For instance, if patterns per phase for above
scheme are 1024, then the decoder only needs to check
the first two MSBs (Most Significant Bits) of the pattern
counter to generate control signals. As a result, the decoder
can be synthesized with minimal hardware. On the other
hand, since the phase control signals have to be routed along
scan chain, they would inevitably introduce global routing.
Care should be taken to minimize the number of phases as
well as the number of inversion elements in each segment
configuration. It should be noted that phase control signals
are not timing critical with respect to scan clock and hence
can be routed with slow speed routing.

One minor side effect of our scheme is that when scan-
in and scan-out are overlapped, the scan-out is also affected
by the inversions. One must use the transformed output re-
sponse when computing the MISR signature. However, this
has no influence on the effectiveness of MISR in any way.

4. BIST Algorithm

The main flow of BIST algorithm is presented in Figure
4. First redundant faults are excluded from the fault list with
ATPG tools. Then pseudo random patterns for phase 0 are
computed and fault simulated to detect easy-to-test faults. If
target FC (fault coverage) is achieved, the algorithm termi-
nates; otherwise, it goes into scan chain segmentation from
phase 1 to � . To perform scan chain segmentation for phase
� , the weighted random patterns for the phase are com-
puted first. Given the weighted random patterns and a target
fault list, the segmentation algorithm gives a segment con-
figuration. Once the segment configuration for phase � is
obtained, fault simulation is performed again using trans-

Figure 4: Main Flow of BIST Algorithm

formed weighted random patterns under the segment con-
figuration. The iteration continues until the target fault cov-
erage is achieved or phase limit is reached.

In our BIST algorithm, the key component is the algo-
rithm for scan chain segmentation. The objective of scan
chain segmentation is to obtain a segment configuration
such that the transformed random pattern set under the con-
figuration can detect as many target faults as possible while
the number of inversion elements is minimized. A simu-
lated annealing based algorithm is developed to compute
the segment configuration for a given pattern set and tar-
get fault list. Fault simulation is performed to evaluate the
benefit of each segment configuration. The remaining sec-
tions are dedicated to introducing some background knowl-
edge on simulated annealing as well as describing its appli-
cation on the segmentation problem.

4.1. Background On Simulated Annealing

Simulated annealing (SA)[24] is a probabilistic opti-
mization technique used to solve problems without poly-
nomial time solution. It exploits the analogy between the
process that occurs when metal or crystal cools down and
resorts to a minimum-energy state and the search for mini-
mum in a general solution space. SA has been successfully
applied in various VLSI design problems such as placement
and routing [24].

The implementation of SA algorithm is surprisingly sim-
ple. It starts from an initial solution ��� and initial tempera-
ture ��� . As long as the stopping criterion is not satisfied, a
neighbor solution is obtained by a random movement op-
eration. Cost difference �	� is computed based on a cost
function. If the cost decreases, the neighbor solution is ac-
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cepted; otherwise it is accepted with probability ��� �����	� .
Temperature � is updated at the last iteration of each tem-
perature. By allowing solutions with higher cost to be ac-
cepted with certain probabilities, SA is able to perform up-
hill movement during minimum search procedure and thus
avoid being trapped in local minimal regions.

Even though the generic SA algorithm is very simple and
straightforward, there is no general rule to determine ini-
tial temperature, design cost function, derive neighbor so-
lutions and update temperature, etc. All these steps are cru-
cial to the success of a SA algorithm and usually they, as
a whole, are called annealing schedule. Annealing schedule
is very problem-specific. We will show the annealing sched-
ule for scan chain segmentation in next subsection.

4.2. Annealing Schedule for Segmentation

Before we take a detailed look at the annealing schedule,
let’s first go through several definitions and terminologies.

4.2.1. Solution Vector : A segment configuration is rep-
resented by a solution vector. A solution vector is a 
 "�� ��

cube with the same length as the scan chain. Whenever there
is a
��� "

or
"�� �

transition in solution vector, an inver-
sion element must be inserted into the scan chain. A dummy
bit 0 is assumed right before the first bit of the scan chain.
For example, as shown in Figure 5(a), considering a scan
chain with length 8, a solution vector

" "�" " "�" "�"
means the

untouched, original scan chain and
" " "�" � � � �

denotes that
one inversion element is placed between scan cell 4 and 5;
while

� � ��" " " � �
denotes three inversion elements, the first

is right before scan cell 1, the second between scan cell 3
and 4 and the last between cell 6 and 7. As a result, a so-
lution vector contains the information of the position and
number of inversion elements.

By scan chain segmentation, a scan chain is divided into
several segments and they are represented by consecutive
1’s or 0’s in corresponding solution vectors. The 1’s or 0’s
denotes the segment’s polarity. If a segment consists of con-
secutive 1’s, it’s said to have negative polarity; while a seg-
ment with consecutive 0’s assumes positive polarity. A seg-
ment with negative polarity is going to invert the bits during
scan chain loading; A segment with positive polarity keeps
the same bit values as the original scan chain.

4.2.2. Transformed Patterns : Given a solution vector
(namely a segment configuration) and a random pattern set,
we could easily compute the transformed patterns under the
solution vector. For example, as shown in Figure 5(b), the
original random pattern set is listed at the left and these vec-
tors are loaded into the unmodified scan chain. Under solu-
tion vector

" " "�" � � � �
, the vectors that loaded into the scan

chain becomes the set in the middle of Figure 5(b); likewise,
the pattern set corresponding to solution vector

� � ��" "�" � �
is

the one at the right of Figure 5(b). The transformed patterns
are obtained by simply XORing every vector in the origi-
nal pattern set with the solution vector.

4.2.3. Pairwise Movement : In simulated annealing, it
is essential to define a good movement operator such that
neighbor solution is not too “far away” from current solu-
tion but “far enough” to allow the annealing procedure to
quickly converge to an optimal solution. For our problem,
pairwise movement is defined to disturb a small segment
of the scan chain each time. Pairwise movement consists
of two operators. One is to remove a pair of inversion el-
ements; the other is to insert a pair of inversion elements.
Let’s show how these two operators work through a sim-
ple example in Figure 6. First, let’s take a look at the opera-
tor for inserting a pair of inversion elements in Figure 6(a).
A symbol of inverter is used to represent an inversion el-
ement. For a scan chain of length 8,

"�" " " � � � �
is the ini-

tial solution vector with an inversion element in the middle
of the scan chain. A pair of inversion elements with dis-
tance randomly generated are placed into scan chain ran-
domly. The distance of a pair of inversion elements is de-
fined as the number of scan cells between them. And exist-
ing inversion element may lie between the newly-inserted
pair as shown in option 1 or may lie outside, as in option
2. The distance of the new pair is made variable such that
the annealing schedule can choose the appropriate distance
as the annealing process goes on. If one of the inversion el-
ements happens to fall onto the position of an existing in-
version element, the two inversions cancel out and the num-
ber of inversion elements remains the same. The scenario
when both inversion elements fall onto existing ones is not
allowed and it is considered as part of the options in the pro-
cedure of removing a pair.

Figure 6(b) describes the operator for removing a pair
of inversion elements. Here

� � ��" " " � �
is the initial solu-

tion vector. The basic idea is to invert the polarity of a seg-
ment in the solution vector. The segment whose polarity
is inverted is randomly selected. In most cases it will re-
sult in removal of a pair of adjacent inversion elements as
shown in Figure 6(b) option 1. If the segment is at the end
of scan chain, it may just remove a single inversion element
as shown in option 2.

The net effect of both inserting and removing a pair is
to flip a portion of consecutive bits in the solution vector.
But they have opposite effect on the number of inversion el-
ements. In short, pairwise movement is performed by se-
lectively inserting or removing a pair with certain probabil-
ity. In our application,

",$ �
is selected as the probability for

pair insertion and removal. In pair insertion, the distance be-
tween the inserted inversion element pair is randomly cho-
sen from 1 to 1/10 of scan chain length.
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(a) Solution Vector (b) Transformed Patterns

Figure 5: Example of Solution Vector and Transformed Patterns

(a) Insert A Pair (b) Remove A Pair

Figure 6: Example of Pairwise Movement

4.2.4. Cost Function : Cost function is another crucial el-
ement in the annealing procedure. For our problem, it is re-
quired that the cost function should not only reflect the num-
ber of undetected faults under a segment configuration but
also the number of inversion elements. The more faults de-
tected by a segment configuration, the lower the cost. For
two configurations that detect the same number of faults,
fewer inversion elements lead to lower cost. As a result,
given a random pattern set � and target fault list � , the cost
function of a solution vector ��� is defined as:

�
�
��� �  

# of undetected faults by �����
	��
�
��� � � ���
 ��� ���������

�
��� �

where �����
	��
�
��� � � � denotes the transformed pattern set

under solution vector ��� . Fault simulation is performed with
respect to target fault list � . � ���������

�
��� � is the number of

newly introduced inversion elements by solution vector ���
and



is a user-defined coefficient to weight � ���������

�
��� � . A


value of 1.0 is used in our application. For the inversion el-
ements used by each solution vector, some of them already

exist in previous phases and they are called reused inver-
sion elements; others are newly introduced and named by
new inversion elements. Only new inversion elements con-
tribute to cost function such that annealing procedure is bi-
ased to choose more reused inversion elements than new in-
version elements. As a result, the total number of inversion
elements through all phases should be minimized. In order
to reuse an inversion element, the corresponding phase con-
trol signals are ORed together and connected to the phase
control signal pin of the inversion element.

4.2.5. Initial Solution : In most cases, a random initial so-
lution is sufficient to lead the annealing procedure to an op-
timal solution. But it may take many iterations. This is espe-
cially true when the target fault list is very small or the scan
chain is very long. In order to help the simulated anneal-
ing algorithm quickly converge to an optimal solution, we
provide annealing procedure with the option of using a ran-
dom initial solution or an initial solution derived from de-
terministic test set.

For an initial solution based on test set, the test set is gen-
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erated by a ATPG tool with random fill turned off. Test vec-
tors with similar characteristics are grouped together. For
example, for the test set in Table 1, test vectors � � to � � and
� � � to � ��� are grouped together. The group with the largest
number of vectors are selected. Bit weights are computed
based on the vectors in the group. Scan cells are traversed
along the scan chain. Whenever there is a weight change
from lower than 0.5 to higher than 0.5 or vice versus, an in-
version element is inserted. An initial segment configura-
tion is generated in this way.

4.2.6. Initial Temperature and Temperature Updating
: In our annealing schedule, initial temperature is user de-
fined. Temperature is updated by


 � � � at the last itera-
tion of each temperature, where


 � is temperature decreas-
ing coefficient.

Based on all the above definitions and terminologies, the
problem of scan chain segmentation can be formalized as
follows.

Formulation 1 Given a set of weighted random patterns �
and target fault list � , find a solution vector ��� such that the
transformed pattern set ��� �
	��

�
��� � � � can detect as many

target faults as possible while the number of new inversion
elements � ��� �����

�
��� � is minimal.

The annealing algorithm for scan chain segmentation is
presented in Figure 7. The parameters in the algorithm are
listed as follows:

� : target faultlist.
� : random pattern set without segmentation.
� : current temperature of annealing procedure.
��� ����� : initial temperature.
���
	 � : lower bound temperature.
��� : current solution vector.
���

�
: neighbor solution vector.� � � : iterations per temperature.
 � : temperature decreasing coefficient.

The algorithm starts from an initial solution vector that
is randomly generated or derived from deterministic test set.
The initial temperature ��� ����� is given as an input to the algo-
rithm. At each temperature, � � � iterations are tried to ex-
plore the solution space. The temperature is updated with
an decreasing coefficient


 � until lower bound tempera-
ture � ��	 � is reached or no cost reduction in the last � � �
iterations. In our application, �
� �����  �,$ "

, � ��	 �  ",$ �
,
 �  ",$ � ) , � � �  � " "

.

5. Experimental Results

We conducted all experiments on a Linux PC with an
Athlon 900MHz processor and 256MB memory. Our pro-
posed algorithm has been applied to ISCAS-85 [25] and

INPUT : faultlist � , random pattern set � , ��������� ,
��� ��� , IPT, ��� , etc.

OUTPUT : solution vector

������� �!� � ;
if (fault list size less than a criterion)"$# = solution vector based on test set
else"$# = random solution vector;
Compute cost %'& "(#*) � # of undet. faults by sv+ �-,/.�021 ��3 � & "$#*) ;
while ( �546��� ��� ) 7

if (no cost reduction in the last IPT iterations) break;
for ( 8��:9 ; 8
;<.��=� ; 8 +>+

) 7"$#�? �A@CB�8ED�FG8 "IH JLKM#�H(JNH(OQP & "$#*) ;
Compute cost %'& "(#�?
) ;R %5�S%'& "$# ? )�T %'& "$#*) ;
if (

R %U;�9 ) 7"$# � "$#�? ;V
else 7
@W� HYXCZ�[]\ � ;
if ( DMB O]^�K�J &E9*_$` ) ;a@ ) "$# � "$# ? ;V

V
���S���cbW� ;V

Export the solution with lowest cost.

Figure 7: SIMULATED ANNEALING FOR SCAN CHAIN

SEGMENTATION

ISCAS-89 [26] benchmark circuits. Parameters of anneal-
ing schedule were given at the end of Section 4.2. Full scan
has been assumed. All fault coverage results are based on
single stuck-at fault model and fault coverage is defined as
the percentage of irredundant faults. To simplify hardware
implementation, the number of patterns used in each phase
are forced to be equal. That is, the same number of patterns
are used in pseudo-random testing and weighted test for
each segmentation. The used numbers of patterns per phase
are 1024, 2048, 4096 or 8192 etc. A type I 32-bit LFSR
is used for pseudo random pattern generator and the taps
come from [2]. The single weight used for scan chain seg-
mentation is listed under column weight. Experiments are
performed on the effect of different weights on scan chain
segmentation. It was discovered that in most cases weight
1/16 seems to generate best results and is used in all the fol-
lowing experiments.

Weighted patterns are generated in a way that autocor-
relation between bits is minimized. A phase shifter [27] is
inserted between LFSR and CUT and it generates multiple
bit streams with interscan channel distance over 1,000,000.
Weight 1/16 is simply produced by ANDing four channel
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outputs of the phase shifter. ATOM[28] is used to identify
redundant faults and a parallel pattern single fault simula-
tor [29] is implemented for fault simulation. It should be
noticed that we do not pose any restriction on scan chain or-
dering and the scan chain is taken as is.

Experimental results on ISCAS 85 benchmark circuits
are presented in Table 2. The upper bound of total patterns
is set to be

'�& 

. If a circuit is fully tested in one phase, then

only pseudo random patterns are applied and no segmenta-
tion is required. The meaning of each column in Table 2 is
listed below.

- Circuit : name of circuit.
- Irred. Faults : number of irredundant faults in col-

lapsed fault list.
- Red. Faults : number of redundant faults.
- # of PI’s : number of primary inputs.
- # of PO’s : number of primary outputs.
- weight : weight applied in segmentation.
- Pat. Per Phase : number of patterns per phase.
- Phases : total number of phases.
- Inv. Elements : total number of inversion elements in-

serted for scan chain segmentation.
- Total Patterns : total number of patterns applied.
- Run Time : run time for segmentation procedure.

As shown in the table, all ISCAS 85 circuits can be com-
pletely tested within four phases. It is essential that the
smallest number of phases and inversion elements are em-
ployed since this way hardware overhead is minimal (es-
pecially the global routing of phase control signals). In ad-
dition, we present the experimental results of several well-
known random resistant circuits in Table 3. For all these cir-
cuits, weight 1/16 has been applied in scan chain segmen-
tation. The meaning of each column is as before except the
following new columns.

- Num. of SCs : number of scan cells which is computed
as the sum of primary inputs and flip-flops.

- Cov. (Det.faults) : fault coverage and number of de-
tected faults obtained by proposed BIST scheme.

- Cov. by 32k rand. (Det.faults) : fault coverage and
number of detected faults by 32k pseudo random pat-
terns.

- Equivalent Gates : number of additional gates required
to implement segmentation scheme in addtion to com-
mon BIST hardware.

As shown in Table 3 our proposed BIST scheme is able
to improve random pattern fault coverage by 2% to 12%
with very few inversion elements and phases. The number
of equvalent gates is computed as the number of equiva-
lent 2-input NAND gates. It includes the logic for gener-
ating phase control signals and inversion elements. A 2-
input XOR gate is calculated as 2.5 equivalent gates and

an inverter is 0.5. It is noticed that for large circuit such
as s38417 SA algorithm takes very long to run and there-
fore needs improvement. One way to speedup the SA algo-
rithm is to use sampled fault simulation in the cost evalua-
tion phase.

For comparison, results obtained by [9] and [13] are
given in Table 4. [9] employs multiple weight distributions
to obtain complete fault coverage. The number of weight
distributions is listed under column weight distr.s It should
be noticed that for each weight distribution every primary
input has been assigned a distinct weight and the actual
weights are not given in [9]. In fact many weights computed
by [9] may not be feasible or too expensive to implement.
In addition the number of patterns for each weight distri-
bution is the smallest pattern count unlike a fixed power of
2 as in most practical implementations. Nevertheless, our
method requires far fewer patterns for most random resis-
tant circuits.

In [13] a 3-weight random testing scheme is developed.
An expanded test in [13] is a test session when a set of pri-
mary inputs are constrained to 0 or 1 by 3-gate modules.
In the first expanded test no input is constrained. The num-
ber of patterns in each expanded test is the same. As a re-
sult, the number of expanded tests under column exp. tests
could be compared with the number of phases in our pro-
posed method. The number of 3-gate modules under col-
umn 3-gate Modules is compared to that of inversion el-
ements employed in our method. It should be noted that
the 3-gate modules are on the functional path and timing of
CUT is affected. For each circuit the result with the fewest
expanded tests is selected and listed under column [13]. In
most cases our method is able to achieve the same com-
plete coverage with far fewer phases and lower gate count.
It is especially true for the two well-known random resis-
tant circuits c2670 and c7552.

6. Conclusion

A novel BIST scheme with scan chain segmentation is
described in this paper. Scan chain segmentation presents
a unique method of employing weighted random patterns.
Based on the observation that deterministic test patterns of
random resistant faults tend to cluster with extremely high
or low weight in different regions of scan chain, a scan chain
is partitioned into multiple segments delimited by inver-
sion elements while the scan chain input is fed by a single-
weight bit stream. Our BIST scheme works by combining
pseudo random patterns with single-weight weighted pat-
terns. Pseudo random patterns are used to cover easy-to-test
faults. Several segment configurations are usually required
to achieve reasonable fault coverage for BIST application.
Complete fault coverage is possible with our BIST scheme.
However, many more inversion elements and phases may be
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Table 2: Experimental Results of Complete Coverage for ISCAS 85 Benchmarks.

Circuit Irred. Red. # of PI’s # of PO’s weight Pat. Per Phases Inv. Total Run
Faults Faults Phase Elements Patterns Time (s)

c432 520 4 36 7 – 1024 1 0 1024 –
c499 750 8 41 32 – 1024 1 0 1024 –
c880 942 0 60 26 1/16 1024 2 2 2048 1.1

2048 2 2 4096 5.9
c1355 1566 8 41 32 1/16 1024 2 1 2048 4.9

2048 2 0 4096 9.7
c1908 1870 9 33 25 1/16 1024 6 16 6144 19.8

2048 4 7 8192 20.5
4096 2 2 8192 9.1
8192 2 2 16384 18.3

c2670 2630 117 233 140 1/16 1024 4 4 4096 98.5
2048 3 3 6144 91.6
4096 3 8 12288 301.9
8192 3 3 24576 381.9

c3540 3291 137 50 22 1/16 1024 9 24 9216 189.5
2048 7 19 14336 236.3
4096 6 18 24576 303.6
8192 4 14 32768 664.2

c5315 5291 59 178 123 – 4096 1 0 4096 –
c6288 7710 34 32 32 – 1024 1 0 1024 –
c7552 7419 131 207 108 1/16 1024 7 28 7168 423.9

2048 8 30 16384 975.1
4096 5 15 20480 846.5
8192 4 13 32768 2446.8

Table 3: Experimental Results for Random Resistant Circuits.

Circuit Irred. Num. of SCs phases Total Inv. Cov. Cov. by 32k rand. Equivalent Run
Faults Patterns Elements (Det.faults) (Det.faults) Gates time (s)

c2670 2630 233 3 6k 3 100.0% (2630) 88.52% (2328) 11.5 91.6
c7552 7419 207 4 32k 13 100.0% (7419) 96.98% (7195) 38.5 2446.8
s9234 6475 247 4 32k 20 98.07% (6350) 93.00% (6022) 60.5 10488.5
s15850 11336 611 4 32k 16 99.25% (11251) 95.57% (10834) 46 11251.5
s38417 31015 1664 4 32k 105 98.72% (30619) 95.51% (29624) 283.5 18561.9

required to achieve complete coverage in random resitant
circuits. A simulated annealing algorithm is developed to
perform scan chain segmentation. Fault simulation is used
to do cost function evaluation.

Experiments on ISCAS benchmark circuits show our
method is able to achieve high fault coverage with small
number of phases and low hardware overhead. The concept
of segmentation could be easily expanded to designs with
multiple scan chains.
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