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Abstract—Test resources can be embedded on the chip to reduce
required external tester channels. In order to obtain the maximal
reduction of tester channels, a single-output encoder based on the
check matrix of the (n, n − 1, m, 3) convolutional code is presented. When the five proposed theorems are satisfied, the encoder
can avoid two and any odd erroneous bit cancellations, handle one
unknown bit (X-bit), and diagnose one erroneous bit. Two types
of encoders are proposed to implement the check matrix of the
convolutional code. A large number of X-bits can be tolerated by
choosing a proper memory size and weight of the check matrix,
which can also be obtained by an optimized input assignment
algorithm. In order to get the full diagnostic capability, the proposed encoder can be reconfigured into a simple linear-code-based
encoder by adding some additional gates. Experimental results
show that the proposed encoder has an acceptable level of X-bits
tolerance and a low aliasing probability.
Index Terms—Automatic test equipment, convolutional code,
diagnosis, error cancellation, masking, unknown bits (X-bits).

I. I NTRODUCTION

T

ESTING a digital circuit accounts for a large part of
the cost to design, manufacture, and service an electric
system—a trend that is projected to continue and accelerate
[1]. With the increasing device complexity and performance requirements, the “big-iron” test approach requires even more expensive high-performance testers with expensive test resources,
such as a large number of test channels, a large volume of
vector memory, a high frequency, etc. These testers, which cost
more than $3 500 000 apiece for a 512-pin 400-MHz version,
represent a large and significant contribution to the overall cost
of a chip. Embedded test resources can help mitigate the need
for more complex testers. A scan-based circuit demands a large
number of inputs and outputs to transfer test patterns. In the
conventional way, a tester with a high bandwidth is required.
However, this problem can be solved through an embedded test
resource, an on-chip test response encoder, which is inserted
between the scan chains and the external pins as shown in
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Fig. 1. Encoder design for single-core test response compaction.

Fig. 1. In this circuit, the large-scale scan-out information (high
bandwidth) is encoded into a small-scale code (low bandwidth)
by the encoder. The encoded code words are stored in memory
buffers of automatic test equipment (ATE) and compared during
online testing. Thus, only a small number of tester channels are
needed to monitor the core during testing.
In the multicore system, the test-access-mechanism (TAM)
width is an important resource to optimize the test time. In the
conventional design, the input TAM width is equal to the output
TAM width. However, if an encoder is embedded to compact
test responses as shown in Fig. 2(a) and (b), the output TAM
width can be reduced. Thus, the fewer channels are required to
test the system. It is obvious that an embedded resource enables
the use of lower performance testers to test a complex systemon-a-chip (SoC).
The encoder designed as on-chip test resource is a verywell-researched topic, and a number of techniques have
been presented in literature [2]–[16]. These techniques can
be divided into two categories: circuit-function specific and
circuit-function independent. The techniques based on the first
category are discussed in [3]–[5]. The techniques based on the
second category use encoders based on the coding theory. The
technique presented in [6] first constructs a linear-code encoder
and discusses the bounds of some parameters for the proposed
encoder. An encoder (X-Compact) that can correct one error
based on the Hamming code is presented in [7] and is then
extended to detect any number of odd errors. The encoder
presented in [8] and [9] is based on linear block codes to
tolerate some unknown bits (X-bits) in the test response. The
encoders in [7]–[9] are all implemented using XOR gates. A
sequential encoder to implement a linear block code is presented in [10]. The schemes proposed in [11] and [12] present
an encoder based on the parity check matrix of a convolutional
code. Several issues on aliasing probability, X-masking, and
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Fig. 3. Distribution of erroneous bits in the test response of defects in an
industrial chip.

the convolutional code Hm -based encoder to a linear-codebased encoder to achieve the enhanced diagnosis capability.
Experimental results on the aliasing probability are reported
in Section VII.
II. B ACKGROUND OF C ONVOLUTIONAL C ODES

Fig. 2. Encoder designs for TAM width reduction in SoC. (a) Encoder per
core. (b) Shared encoder.

diagnosis of the convolutional compactor [11] and the quotient
(q)-compactor [12] are discussed.
In this paper, we will develop and extend the study presented
in [12], [31], and [32]. This paper can be considered as an
extension of the convolutional compactor in [12] by relating it
with the convolutional-code theory and the linear-code matrixbased encoder [6]. We conducted a study on the behavior of
defects in an actual chip, and the results are reported in Fig. 3.
From Fig. 3, we observe that the numbers of erroneous bits
(86.8%) in major patterns are less than 4. No pattern produced
ten or more errors. This study shows that the proposed encoder,
which provides zero-aliasing when the number of errors is
small, is very efficient since the number of errors is small in
practical test cases.
The rest of this paper is organized as follows. Section II
introduces the background of convolutional codes. Section III
presents some design theorems to construct the single-output
encoder. The two styles of implementations of the proposed
encoder are presented in Section IV. In Section V, the theoretical analysis and an input assignment algorithm are presented
to handle a large number of X-bits. Section VI reconfigures

The convolutional code was first introduced by Elias [17]
in 1955 and is widely applied today in telecommunication systems, e.g., radio, satellite links, and mobile communication [21] and [24].
We review the convolutional code and its related definitions
first. A convolutional code can be denoted as (n, k, m, d), where
n is the number of parallel output information bits, k is the
number of parallel input information bits at one time interval
(cycle), m is the maximum number of memory elements in the
encoder, and d is the minimum distance between code words.
The distance between two code words is the Hamming distance.
The minimum distance d is the minimum Hamming distance
between all pairs of complete convolutional code words and can
be calculated as
d = min {d(y1, y2)|y1 = y2, and y1, y2 are code words}
= min {w(y)|y = 0, y is a code word}
where d(•, •) is the Hamming distance between a pair of convolutional code words, and w(•) is the weight of a convolutional
code word, which is equal to the number of ones (1’s) in it.
The convolutional code can be characterized by an arbitrarily
large generator matrix G∞ . Each k-input information during
∞ cycles can be mapped into ∞ k-tuple polynomials: I =
{I0 (x), I1 (x), . . . , I∞ (x)}, and Ii (x) is a k-degree polynomial.
Then, the “code word” C = {C0 (x), C1 (x), . . . , C∞ (x)},
where Ci (x) is an n-tuple polynomial, is defined as
C = I • G∞ .
The dot in this formulation denotes vector–matrix multiplication.
An example of generator matrix G∞ is shown in Fig. 4. In
G∞ , each entry gi is a (k, n) submatrix.
We mentioned that the degree of generator matrix G∞ can
be arbitrarily large in principle if the degree of the input
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Polynomial generator matrix of a convolutional code (shaded area = all 0’s).

Fig. 5.

Truncation matrix Gm of G∞ .

Fig. 6.

Check matrix Hm of Gm .

polynomial is arbitrarily large. However, in any constrainedlength m cycles, the relation of affected code words are
the same. This leads us to define an m-truncation of a
polynomial matrix. The inside information polynomial Im =
{I0 (x), I1 (x), . . . , Im (x)} contains m × k binary bits, and the
code word Cm contains m × n bits. The encoding mapping
from I to C can be represented as
Cm = Im • Gm
where the submatrix Gm is a truncation of the generator matrix
of G∞ . Gm is described in Fig. 5. It is an (m × k, m × n)
matrix, where m × k is the number of rows and m × n is the
number of columns.
The check matrix H∞ of a convolutional code is defined as
T
= 0. If the m-truncation generator matrix is used,
G∞ • H∞
T
= 0,
the corresponding truncation check matrix is Gm • Hm
T
where Hm is an (m × (n − k), m × n) matrix. In Hm
(Fig. 6), each entry hi is an (n − k, n) matrix. Hm is determined by the first n columns since the other columns can be
looked at as a shift version of the first n columns. We define the
T
T
T T
matrix H = {hT
1 , h2 , h3 , . . . , hm } as the basic check matrix.
III. C ONSTRUCTION OF AN A DVANCED (n, n − 1, m, d)
C ONVOLUTIONAL C ODE
As explained in the previous section, the convolutional code
can be looked at as a linear code of which the generator matrix

is Gm ; therefore, some design theorems of other linear codes
can be used to construct the convolutional code. The (2m,
2m − 1, m) WA code [25] is presented when referring to the
construction procedure of a Hamming code. A WA code can
correct one error. Massey et al. [18] and Justesen [20] construct
some convolutional codes based on design theorems of cyclic
codes and Reed–Solomon codes. Recently, relations between
convolutional and MDS codes [23] were used to construct
convolutional codes.
Saluja and Karpovsky [6], Mitra and Kim [7], and
Patel et al. [8] give some theorems on the relations between
the linear codes and H-based encoders. We review these
theorems first.
Lemma 1 (Saluja and Karpovsky [6]): If H is a check matrix
of (n, n − k, d) linear codes, the implementation of H (also
denoted as an H-based encoder) can be used as a response
encoder. No test responses closer than distance d can produce
the same check words by this encoder. This encoder has n
inputs and k outputs.
Lemma 2 (Patel et al. [8] and Mitra and Kim [7]): To a
linear code (n, n − k, d), H(k × n) is the check matrix of
this code. The following relations between errors detectability,
X-masking, and diagnose capability of H-based encoders
exist.
1) H-based encoder can detect up to d − 1 erroneous bits in
the input information.
2) H-based encoder can detect up to e errors in the presence
of u unknown bits, where e + u ≤ d − 1.
3) H-based encoder can diagnose up to e errors in the
presence of u unknown bits, where 2e + u ≤ d − 1.
4) H-based encoder can detect any odd errors if the weight
of each row in H is odd [7].
Lemma 3 [22]: The linear code (n, n − k, d) has the minimum distance d iff any d − 1 columns in the check matrix
H(k × n) are linearly independent.
Lemma 4 [22]: The convolutional code (n, k, m, d) can be
looked at as a linear code of which the generator matrix is Gm ,
and the check matrix is Hm .
It is mentioned that 2) and 3) in Lemma 2 are true only
when the off-line compare is used, which is presented in
Patel et al. [8]. Since the convolutional code is a linear code
from Lemma 4, Lemmas 1–3 can be directly applied to the
construction of the encoder based on the convolutional code.
In this paper, we aim to present a single-output encoder,
which means that we need to construct an (n, n − 1, m, d)
convolutional code. Some theorems to construct such codes
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have been presented in [18]–[20], and [25]. The (2m, 2m − 1,
m) WA code [25] is presented, referring to the design of a Hamming code. Justesen [20] presents a code with the rate 4/5 in
which the distance can reach 6. Other details are also discussed
in [18] and [19]. However, the design and implementation of
these convolutional codes are complicated. At the same time, a
large d is not necessary since the erroneous bits in the response
are often less than four. The distance of 3 is sufficient. In the
following paragraphs, we will present a simple convolutional
code of which the Hamming distance is 3.
Some definitions are introduced first.
Deﬁnition 1: To two m-tuple polynomials R1 (x) and R2 (x)
with the relation
R1 (x) ∼
= R2 (x) iff
1) ∃σ|R1 (x) = xσ ×R2 (x), (0 ≤ σ ≤ m − 1 − deg(R2 (x)) or
2) ∃σ|R2 (x) = xσ ×R1 (x), (0 ≤ σ ≤ m − 1 − deg(R1 (x))
is an equivalent relation in GF(2), and where deg(•) is the
maximum degree of nonzero coefficient in a polynomial.
Deﬁnition 2: “Equivalent class” and “characteristic polynomial.” We define a set as an equivalent class in which each
pair of polynomials is equivalent. If all equivalent polynomials
are contained in an equivalent class, there is one and only
one polynomial whose maximum degree of nonzero coefficient
is m − 1. This (m − 1)-degree polynomial is defined as a
characteristic polynomial of this equivalent class.
Based on the definitions of equivalent class and characteristic
polynomial, we derive the following corollary.
Corollary 1: The complete set of m-tuple polynomials with
ω
elements; the number of equivalent
the weight ω contains Cm
ω−1
.
classes in this set is Cm−1
Proof: The first conclusion can be directly deduced from
the combination theory. To the second conclusion, the number
of equivalent classes is equal to the number of characteristic
polynomials. Since the weight of a characteristic polynomial
is ω besides the fixed nonzero coefficient in the (m − 1)th
degree, there are other ω − 1 nonzero coefficients, and they
are needed to be located. The degrees corresponding to these
nonzero coefficients can be looked at as (ω − 1) combinations
ω−1
.

from {0, 1, . . . , m − 2}, and their number is Cm−1
Theorem 1: To the convolutional code (n, n − 1, m, d), in
the basic check matrix H, if no two column polynomials are
equivalent, then the minimum distance of this code is d ≥ 3.
Proof: In the (n, n − 1, m, d) code, the basic check
matrix H can be represented by a set of n column
polynomials: H = {C1 (x), C2 (x), C3 (x), . . . , Cn (x)}. Ci (x)
is an (m−1)-degree polynomial. Then, the check matrix of
this code is Hm = {C1 (x), C2 (x), C3 (x), . . . , Cn (x), xC1 (x),
xC2 (x), . . . , xCn (x), x2 C1 (x), x2 C2 (x), . . . , x2 Cn (x), . . . ,
xm−1 C1 (x), xm−1 C2 (x), . . . , xm−1 Cn (x)}. The product
xi Cj (x) should be a polynomial with a maximum degree
(m − 1). The degree higher than (m − 1) must be truncated.
From the definition of equivalent class, if there are no
equivalent polynomials in {C1 (x), C2 (x), C3 (x), . . . , Cn (x)},
then there are no two the same column polynomials in Hm .
Thus, any two columns in Hm are linearly independent. From
the Lemma 3, the distance of the code will be larger than 2. 

Corollary 2: If the check matrix Hm is constructed based
on Theorem 1, the memory size m must be bounded as m ≥
log2 (n) + 1.
Proof: The weights of nonequivalent column polynomials
can be varied from 1 to m. Based on Corollary 1, the total
number of nonequivalent polynomials is bounded as
1
2
3
4
m−1
n ≤ 1 + Cm−1
+ Cm−1
+ Cm−1
+ Cm−1
+ . . . + Cm−1

= 2m−1
∴ m ≥ log2 (n) + 1.

Theorem 2: To the convolutional code (n, n − 1, m, d), if
the basic check matrix H is constructed based on Theorem 1
and the weight of each column polynomial is odd, then the
Hm -based encoder can guarantee to detect two and any odd
errors in the test response within m cycles.
Proof: Theorem 2 can be obtained from the 1) and 4) of
Lemma 2.

Corollary 3: If the check matrix Hm is constructed based on
Theorem 2, the memory size m must be bounded as
m ≥ log2 (n) + 2.
Proof: An odd number can be selected from 1 to m as
the weight of a column polynomial. Thus, the total number of
nonequivalent polynomials with odd weights is bounded as
2
4
6
m−1
n ≤ 1 + Cm−1
+ Cm−1
+ Cm−1
+ . . . + Cm−1
(m is odd)

or
2
4
6
m−2
n ≤ 1 + Cm−1
+ Cm−1
+ Cm−1
+ . . . + Cm−1
(m is even).

Then
n ≤ 2m−2
∴ m ≥ log2 (n) + 2.

Corollary 4: If the check matrix Hm is constructed based on
Theorem 2 and each column polynomial has a same weight ω,
then the bound on the maximum number of inputs of Hm -based
encoder is
ω−1
n = Cm−1
.

Proof: It can be obtained from Corollary 1.

Theorem 3: One error with an X-bit produced in the test
response is guaranteed to be detected by the Hm -based encoder
if Theorem 1 is satisfied and the weight of each column polynomial is equal.
Proof: It can be obtained from 2) of Lemma 2.

Theorem 4: The Hm -based encoder can locate one error
from the output slices of scan chains if Theorem 1 is satisfied.
Proof: It can be obtained from 3) of Lemma 2.

Theorems 2–4 can be looked as extensions of the three
properties presented in [11]. They are also the extensions of our
study presented in [12]. Although Theorems 3 and 4 provide
the capacity of handling the X-bits and diagnosis, they are
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Example of the basic check matrix H.

Fig. 9. Type II intrusive implementation of an encoder.

Fig. 8.

Type I nonintrusive implementation of an encoder.

inefficient for practical cases and need to be extended. All of
these will be discussed in the following sections of this paper.
IV. I MPLEMENTATIONS OF Hm -B ASED E NCODER
The implementation of check matrix Hm of an (n, n − 1,
m, d) convolutional code can be constructed by using
modulo-2 adders and shift registers. Two styles of encoders can
implement this check matrix. The type-I encoder is nonintrusive
in which the inputs of the encoder are only connected to the
outputs of scan chains. The type-II encoder is intrusive, where
the inputs of the encoder must be connected to several internalscan-cell outputs of the scan chains. The terms “intrusive” and
“nonintrusive” indicate whether the encoder is connected to the
internal scan cells or not. An “intrusive” decoder is connected
to the internal scan cells and a “nonintrusive” decoder is independent of the internal scan cells. The basic check matrix H
of these two encoders is shown in Fig. 7. Figs. 8 and 9 show
examples of intrusive and nonintrusive styles.
Fig. 8 shows the nonintrusive implementation of Hm . It
consists of some XOR gates and registers. The XOR gates
compose an XOR tree. An XOR tree is synthesized based on
m H. Each row in H represents an output in the XOR tree, and
each column represents an input. In type I, only the outputs
of scan chains are connected to the encoder. It is suitable for
the core-based design since it does not need to depend on the
internal DFT structures of the third-part cores.
Fig. 9 shows the intrusive implementation of an encoder.
The inputs of the encoder are connected to the last m stages
of scan chains. The connection of m stages of scan cells in
a scan chain corresponds to a column in H. Because this
implementation reuses the memory elements of scan chains, it
is a linear combinational compactor.
The advantages of type I are obvious to the integrators. It
does not require a redesign of the circuit under test, which is
the case with the IP hard cores. The encoder can be inserted

as a separate logic core. It can be easily integrated into the test
environment as shown in Fig. 2. The type-II encoder can be
embedded in the core as shown in Fig. 1. Since the type II
encoder uses only a small number of XOR gates, the area
overhead is small, and some other merits, such as smaller delay
and better wire placement, can be obtained.
Area Overhead: We use a program written by C language
to automatically generate the Verilog netlist of the proposed
encoder. These Verilog netlists are used to evaluate the area
overhead. To a 200-input Type-I encoder with r = 5, when k is
30, the area is 2050 equivalent NAND gates; when k is 100, the
area is 3100 equivalent NAND gates. As the technology feature
size plunged to the nanometer range, the concern about the area
overhead has been eased. Currently, allocating 10 000 gates to
the proposed encoder has become acceptable.
V. D ESIGN FOR X-B ITS T OLERANCE
There are some undetermined states in the scan chains of
which the outputs are not known during the simulation. These
are also called unknown bits or X-bits (X’s) [7], [14], [28].
Typical potential X generators include nonscan flip-flops,
RAMs and central access memories, combinational loops,
undriven primary inputs, bus contention, and violation on a
wired gate. In a discrete Fourier transform (DFT), potential X
generators can be identified by a design rule checker and may
be fixed by some additional logic. However, the area and delay
overhead of fixing a logic circuit is large. Thus, an encoder with
high X-bits tolerance is very attractive.
Theorem 3 guarantees to handle one X-bit. However, this is
not sufficient for real-life circuits. Finding an efficient convolutional code can help us improve this capability. However, as
shown in [8], it is not always necessary. This paper proposes
to “tolerate X-bits” rather than “eliminate X-bits.” This means
that we can improve the detection probability of errors with
X-masking through other simple methods. The detection probability P is proposed in [8], and we redefine it as the detection
probability of one error in the presence of X-bits.
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An analysis of the detection probability of an Hm -based
encoder using a stochastic theory is presented in the following
paragraph. The check matrix Hm of (n, n − 1, m, d) is an
(m, m × n) matrix. The weight of each column polynomial
is the same and is equal to ω. We assume that each entry in
Hm assigned as 1 is of an equal probability and is equal to
P1 = ω/m (though 1’s are not randomly distributed when they
are constrained by Theorems 1 and 2). The input information
(response data of scan chains) is I, the check word of the output
is C, and C = Hm × I T , where I is an m × n-bit word and
C is a m-bit check word. One error is injected in the first n
bits of I. Assuming the density of X-bits in the response data
is PX , if the X-bits are randomly distributed, then PX is the
probability of one bit assigned as X in the response data. We
use P j to denote the undetection probability of injected error
only through observing the jth bit Cj in C. Cj can be calculated as

Fig. 10.

Detection probability versus weight and X-density.

Fig. 11.

Detection probability versus memory size and X-density.

Cj = [h1 , . . . , hj , 0, . . . , 0] × I T
where [h1 , . . . , hj , 0, . . . , 0] is the jth row in Hm . Thus, only
the X-bits that locate in the first j ∗ n − 1 bits can mask
an injected error in the calculation of Cj . The P j can be
calculated as


P j = P1 × 1 − [PX ×(1 − P1 )+(1 −PX )]j×n−1 +(1 − P1 ).
It can be reduced as
P j = 1 − P1 × (1 − P1 × PX )j×n−1 .
Thus, the probability of an error when it is not detected through
observing all m bits of the check word is
P =

m




1 − P1 × (1 − P1 × PX )j×n−1 .

j=1

Then, the detection probability of the single error is


m




P =1−
1 − P1 × (1 − P1 × PX )j×n−1
.


j=1

If Pu represents “the detection probability of one error with
u X-bits,” then combining P1 = ω/m, PX = (u/mn), and the
formulation of P , Pu can be calculated as



m

ω
u j×n−1 
ω
× 1−
×
Pu = 1 −
1−
.


m
m mn
j=1

If there are e errors, then the detection probability of these
errors in the presence of u X-bits is
Pue = 1 −


m



j=1


e

j×n−1
ω
u
ω
× 1−
×
.
1−

m
m mn

Although we cannot get the further form of this equation,
we can see that the detection probability is closely related with
the memory size and the weight. Their relations are shown in
Figs. 10 and 11. In Fig. 10, four cases are presented. In the
first three case designs, the detection probabilities of encoders
increase with an increase in weight. However, a large weight
is not always a good choice. In the fourth case, the P of the
encoder reaches the maximum point (71.5%) when weight is
equal to 9. The analysis of Fig. 10 shows that the weight must
be picked up carefully, which affects the detection probability
significantly. To the four cases in Fig. 10, the weight in the
range of 7–13 is appreciated.
The curves in Fig. 10 also indicate which times a DFT
technique needs to be used to bound X generates. When the
X-density is about 0.15% (u = 10), if we select the proper
weight, the X-masking probability can be reduced to 0.01%.
This can be accepted in the practical scene. However, when
the X-density increases to 0.78% (u = 50), the minimal
X-masking should reach 29%. This is too large to accept. At
this time, some DFT logic must be augmented to reduce the
X-density to an acceptable level.
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Fig. 11 shows the relation between the detection probability
and the memory size. This relation is simple and monotonic.
The larger memory size is always good.
In the above analysis procedure, we assume that the distribution of X-bits is random. However, many observations of X-bits
in industrial chips show that the X-bits in the test response are
largely clustered. This means that the majority of X-bits are
produced by only a small number of scan chains. The detailed
experimental results are reported in [13].
The probability of one error masked by X-bits is also related
with the time that the X-bits reside in the memory elements.
This time is determined by the column polynomial of the
basic check matrix. Let us examine the type-I encoder. If one
X-bit is propagated into the registers that are near the output, the time of X-bits in memory elements are short. These
X-bits have little force to the erroneous signature. Seeing an
example, if one X-bit is produced in scan-out pin Ii and it is
propagated into the zeroth, the first, and the second registers,
the column polynomial of Ii in H is Ci (x) = x0 + x1 + x2 .
Thus, these propagated X-bits will be shifted out during three
cycles (the zeroth register is nearest to the output). If the
column polynomial of Ii is Ci (x) = x3 + x4 + x5 , then the
propagated X-bits needs six cycles to shift out. It is obvious
that Ci is superior to Ci (x). We define the “force” of an input
Ii as τi to denote the maximum shift-out time when a single
X-bit is injected in this input. It is calculated as
τi =

l=m−1




(d) Cil xd |Cil = 1

l=0

where CIl is the coefficient of degree l in the ith column polynomial Ci , and τi represents the sum of a nonzero coefficient
degree in Ci . Thus, the input with a smaller τi can help us
reduce the X-masking probability when its X-density is large.
Based the above discussions, the following columnpolynomial-generating input assignment algorithm is presented
to achieve a low X-masking probability.
H Synthesis and Input Assignment Algorithm
1) Order the outputs of scan chains based on the X-density
produced in these outputs. Then, get the ordered-output
set S.
2) Divide S into two subsets S1 and S2 . The sum of the
X-densities of outputs in S1 exceed a threshold (such as
80%). The other outputs are in S2 .
3) Select a small ω (such as 3 or 5). Generate the column
polynomials with a small τ . Order these polynomials and
connect inputs corresponding to these polynomials with
outputs in S1 .
4) Select a large ω (such as 9, 11, or larger). Generate the
column polynomials at random. Order these polynomials
and connect inputs corresponding to these polynomials
with the outputs in S2 .
Some experimental results using this algorithm are listed in
Table I. To S1 , we select 3 as ω. To S2 , we select 11 as ω.
Cases 1 and 2 have fewer X-bits, cases 5 and 6 have massive
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X-bits, and cases 3 and 4 are between them. A total of 108
erroneous bits are randomly injected and the number of masked
erroneous bits are reported in the table. In these cases, the X-bits
are clustered in some inputs of the encoder. Two measurements
are conducted for each case. For cases 1, 3, and 5, main
X-bits are clustered in one input, and we find that the
X-masking probability can be reduced drastically when using the proposed algorithm. In cases 2, 4, 6, the X-masking
probability is also reduced. For the worst case (case 6), the
X-masking probability is reduced from 3% to 0.05%. It is now
acceptable.
VI. D ESIGN FOR D IAGNOSIS
The diagnosis capability is needed in prototype or validation testing. If the yield is low in production testing, the
designer and the foundry need to analyze the reasons. Thus,
the diagnosis is required. Therefore, the diagnosis capacity
is important and can help us reduce development costs and
debug times. These are especially important when the chip is
not mature.
To make the failure diagnosis of the failing gate possible,
the exact data for every erroneous bit unloaded from the scan
chains must be known to recreate the actual fail information.
Theorem 4 brings the primary capability of diagnosis. One
error from any scan chain can be identified by comparing
the code word with the expected result. Since no two column
polynomials in H are equivalent, we can match the column of
the matrix with the erroneous bits in the code-word sequence to
identify the syndrome. For example, if there are errors in first,
third, and fifth bits of a five-bit fraction in failing data, we can
try to match it in H and find the second column matched. Then,
we confirm that the second scan chain has produced an error.
However, this matching operation is not always true if we can
not confirm that the only one error is produced.
To extend the diagnostic capability of a convolutional-code
Hm -based encoder, some modifications must be added into
the encoder. The encoder can be reconfigured into a mixture
of a simple-linear-code and a convolutional-code Hm -based
encoder. An example of an extended encoder is shown as in
Fig. 12.
As compared to Fig. 8, the block diagram presented in Fig. 12
has additional AND gates and control signals. The control signal
CM can gate the outputs of an XOR tree and freeze the internal
scan chains when it is set to 0. In the normal operation, CM
is set to 1. When diagnosing, the procedure can be divided into
two phases. For the first phase, CM = 1, and the information of
scan outputs are captured into memory elements. In the second
phase, CM is set to 0, and outputs of the XOR tree are gated. The
content in the memory elements is shifted to the ATE cycle-bycycle. An off-line software can compare the code word with the
expected results and locate the error. From the above procedure,
we can see that the proposed encoder has been configured into
a simple-linear-code H-based encoder when diagnosing.
Lemma 5: The extended convolutional-code Hm -based encoder can be configured into a simple-linear-code H-based
encoder when CM = 0. The check matrix of the new encoder
is the basic matrix of a convolutional code H.

Authorized licensed use limited to: INSTITUTE OF COMPUTING TECHNOLOGY CAS. Downloaded on February 10, 2009 at 02:57 from IEEE Xplore. Restrictions apply.

396

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 55, NO. 2, APRIL 2006

TABLE I
X-MASKING PROBABILITY REDUCTION AFTER THE PROPER INPUT ASSIGNMENT

a possibility to get the full information of scan chains. The
following theorem will change the possibility to a reality.
Theorem 5: The extended convolutional-code Hm -based encoder can identify any error, which can be produced by any scan
chain at any time, if the design of basic check matrix follows
Rank(H) = n

Fig. 12. Extended convolutional-code Hm -based encoder to diagnose.

Since the design of H is far easier than Hm , the extended
encoder can enhance the diagnostic capability by increasing
the distance in H. This can be implemented by selecting a
large memory size of m. Extending this principle, we have

where Rank(H) = n is the rank of the check matrix H.
Proof: From Lemma 5, if the outputs information from
scan chains at the t cycle is It and the state of memory elements
is St , we get


H × ItT ⊕ St−1 = St
⇒ H × ItT = St ⊕ St−1t
where St−1 can be derived through the preunloading of memory
elements. The capability of getting the full input information is
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equivalent to solving this equation and getting a unique solution
of It . Thus, Theorem 6 can be concluded from Cramer’s
Law [26].
As an example, for the encoder in Fig. 12, if we found that
the errors occur at the t cycle, unloading intervals are inserted,
and we get the symptomatic states StE = [1 1 0 1 0]; it is
different with the expected state St = [1 0 0 0 0]. Assuming that
St−1 = [0 0 0 0 0], we can calculate the output of scan chains
at the t cycle.
A Gauss–Jordan elimination can be used to solve this equation and get the erroneous input vector ItE = [1 1 0 0 1].
Compared to the expected input vector It = [1 0 1 0 1], we
can confirm that the second and the third scan chains have
produced the errors. Given the number of scan chains, the
minimal number of memory elements satisfying Theorem 5 is
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TABLE II
ANALYSIS OF THE ALIASING PROBABILITY

m ≥ n.
This equation can be directly concluded from Theorem 5 and
the definition of the rank of matrix.
The diagnostic operation of an extended encoder is simply
described as follows.
1) Seed the memory cells in the encoder to 0: CM = 0.
2) Capture the outputs of scan chains to memory cells in the
encoder: CM = 1.
3) Freeze the clock of scan chains and unload out the contents of memory cells and seed the memory cells to 0:
CM = 0.
This diagnostic operation can be rerun on the tester to collect
the successive failing data. It may be written as a test protocol in
an Standard Test Interface Language (STIL) format, which can
be automatically executed in the tester [29] and [30]. After the
interval data is collected, a linear equation is set up to determine
the values of scan chains. Then, a diagnostic tool can be used
to determine faults that best explain the failing scan cells. 
VII. E XPERIMENTAL R ESULTS OF A LIASING
The aliasing of a convolutional-code Hm -based encoder is
derived from the error cancellation in the XOR network and
memory elements. Because the convolutional code is also a
linear code, the aliasing analysis method in [6] is also suited
for it. The compaction procedure of the proposed encoder can
be looked at as an m × n bit space mapped into m bit space.
If the erroneous bits are distributed in inputs of the encoder
with an equal probability, then the aliasing probability can be
expressed as
P (aliasing) =

The number of elements in one m bit space−1
The number of elements in an m × n bits space

2n×m−m − 1
2(n−1)×m − 1
=
2n×m
2n×m
 (n−1) m
2
≈
= 2−m .
2n

=

We can see that the aliasing probability of the proposed
encoder is only related with the memory size and independent
with the compaction ratio. This is a good property. It means
that we can design an arbitrary compaction ratio, and we do not
need to consider the aliasing probability.
When the memory size is not large enough, the aliasing
probability is also related with the weight ω. Some extensive
experiments are conducted to evaluate this relation. Table II lists
the results. Four errors were randomly inserted in an m-depth
pattern to evaluate the aliasing probability. Every measurement
was done by 108 simulations. Observing the data in Table II,
when the memory size is small, the large weight leads a small
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TABLE III
ALIASING PROBABILITY OF ACTUAL STUCK-AT FAULTS

VIII. C ONCLUSION
In this paper, we presented a test response compaction
technique based on a convolutional-code Hm -based encoder.
The proposed encoder is a single-output encoder; therefore, the
maximum compaction ratio can be obtained. If the design theorems presented are satisfied, the encoder can benefit from the
aliasing resistance, diagnosis, and handling of massive X-bits.
The proposed encoder is suited for SoC designs where a small
area-overhead penalty can greatly enhance handling of X-bits
and avoid a full diagnostic capability.
The experimental results show that the weight and the memory size of a code are two very important parameters to optimize
the performance of the encoder. The large memory size is always better without considering the area overhead. If optimized
weights and memory sizes are selected, the X-masking probability can be drastically reduced to an acceptable level. The
experimental results also show that the aliasing probability of
this encoder is low enough to be ignored for practical designs.
The proposed encoder enables low-cost testers with a small
vector memory and a small number of test channels to have the
capacity to test complex chips. This means low cost per hour
in production testing. Moreover, the response compaction can
be used to reduce the test application time under the physical
pin count limitation. Since only one pin is used for outputting
a test response in our proposed encoder, shorter scan chains
can be achieved by more input pins compared to other response
compaction, such as X-compact. The shorter scan chains mean
that we can get the benefit of the test cost due to the shorter test
application time in production testing.
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