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Research conducted over the years has shown that the application of single input change (SIC) pairs of
test patterns for sequential, i.e. stuck-open and delay fault testing is extremely efficient. In this paper, a
novel architecture for the generation of SIC pairs is presented. The implementation of the proposed
architecture is based on Ling adders that are commonly utilized in current data paths due to their high-
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1. Introduction

While every VLSI design project has its own unique set of goals,
there is a universal need for reliability in the finished product.
Built-in self test (BIST) [1] techniques constitute an attractive and
practical solution. Advantages of BIST include the possibility of
performing at-speed testing, very high-fault coverage, elimination
of test generation effort and less reliance on expensive external
testing equipment for applying and monitoring test patterns.
Therefore, BIST can drive down the cost of testing.

It is widely known that a large class of physical defects cannot
be modeled as stuck-at faults. For example, a transistor stuck-
open fault in a CMOS circuit can convert a combinational circuit
under test (CUT) into a sequential one [2], while a delay fault may
cause circuit malfunction at clock speed, although it does not
affect the steady-state operation [3]. Detection of such faults
requires two-pattern tests.

In the literature, two types of two-pattern tests have been
investigated, multiple input change (MIC) and single input change
(SIC) pairs. In SIC pairs the first pattern differs from the second in
exactly one bit. The utilization of SIC pairs for the detection of
stuck-open and delay faults holds some very interesting proper-
ties and has been studied by a number of researchers [4-15].
Smith [4] proved that SIC tests are sufficient to detect all robustly
detectable path delay faults; Wang and Gupta [5] proved that SIC
pairs provide higher pseudorandom robust path delay fault
coverage than MIC pairs. In other words, if a certain number of
pairs is applied to the inputs of a circuit under test, the achieved
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fault coverage is higher if the pairs are SIC, than if the pairs are
MIC. Furthermore, a number of related works [6-17] indicate that
the utilization of SIC pairs for testing delay and stuck-open faults
compares favorably to the utilization of MIC pairs. Experimental
data indicate the effectiveness of SIC pairs in identifying path
delay faults in some of the well-known ISCAS 89 benchmarks [18].
In the field of RAM testing, Gizdarski utilized SIC pairs in order to
test delay faults in the address decoders of RAM memories [19].

Accumulator structures composed of an adder and a register
module commonly exist in current VLSI circuits, e.g. in the data
path of embedded processors, or in digital signal processing (DSP)
chips [20,21]. The utilization of such structures for compression of
the CUT responses [22-25], or generation of test patterns [26-29]
in BIST results in low hardware overhead and low impact on the
circuit normal operating speed. Accumulator-based techniques
that target the detection of stuck-at faults have been presented in
[26-28]; generation of MIC two-pattern tests has been achieved
in [29]. In [30,31] the generation of SIC pairs based on an
accumulator whose inputs are driven by a barrel shifter was
proposed. Such structures are commonly found in typical DSP
cores.

In the data paths of the modern processors, binary adders are
typically implemented using parallel-prefix architectures based
on conventional [32-34] or Ling carries [35-37], in order to
increase the operating speed.

In this paper, we propose an accumulator-based SIC-pair
generator where the adder of the accumulator is based on a
properly modified Ling adder. One of the most important
advantages of the proposed scheme is that the modifications
imposed on the Ling adder do not alter its timing characteristics.

The paper is organized as follows. In Section 2, the algorithm
utilized for the generation of SIC pairs is reviewed and the
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implemented architecture is presented; in Section 3, the hardware
implementation is presented. In Section 4, the techniques
presented in the literature for the generation of SIC pairs are
compared. Finally, in Section 5 we conclude the paper.

2. Algorithm and BIST architecture

Let V=v,_1vn_s...v1V9 be an n-bit binary vector. We denote
with V' the binary vector that differs from V in the i-th bit
(0<n<n-1). For example, if V = 010 then V° = 011, V! =000 and
V2 = 110. Furthermore, we denote with V the vector that differs
from V in all n bits. For example, for V=010 and V = 101.

Definition 1:. The S-sequence (or SIC-sequence) of V is the
sequence of n vectors {Vp, V;...V,_1}, where

v Ve ifi=0
TV, else

For example, for V = 000, S-sequence (V) = {001, 011, 111}. It is
easy to note that the S-sequence (V) always ends to V.

Definition 2:. The double-SIC sequence (DS-sequence ) of V is the
sequence of (2n+1)—vectors comprised of V, the S-sequence of V,
and the S-sequence of V.

For example, for V = 000, DS-sequence (V) = {000, 001, 011, 111,
110, 100, 000}. It is easy to note that the DS-sequence (V) always
ends with V.

In Fig. 1, we present the algorithm utilized to generate the SIC
pairs. According to the theory proposed in [31], the algorithm
generates all n-bit SIC pairs within (n+1/2) x 2" cycles.

As an example, the patterns generated by the algorithm of
Fig. 1 for n = 3 are presented in Table 1.

The algorithm of Fig. 1 can be implemented with a (properly
modified) accumulator whose inputs are driven by a barrel shifter.
The modified accumulator, shown in Fig. 2, consists of a modified
n-bit adder (denoted as S-adder) and a register, and takes as

ARN (int n)
{ n=27;
for (V=0; V<N/2; V++)
{
apply (V) ;
S-sequence (V) ;

S-sequence (V) ;

}

S-sequence (X)

{
for (i=0; i<n; i++)
{x=x*; apply(X);}
i

Fig. 1. SIC-pair generation algorithm.

Table 1
Patterns generated for n = 3.

V=0 V=1 V=2 V=3
000 001 010 011
001 000 011 010
011 010 001 000
111 110 101 100
110 1m 100 101
100 101 110 111
000 001 010 011

bt - by by
o ll ]
out S-Adder 1
t — in
! |
ck —» Register
....................... 4
-1 I To

Fig. 2. Accumulator utilized for the implementation of the proposed scheme.

inputs an n-bit vector B, a carry-in c;; and a clock input, clk. The
output of the accumulator is a vector R and a carry-out signal coy;.
The S-adder has an additional test input, t and operates as follows:
when t = 0, the S-adder operates as an ordinary n-bit adder; when
t = 1, the S-adder operates as a series of n two-input XOR gates,
i.e. each output of the S-adder is the eXclusive-OR (XOR) of the
corresponding inputs.

The n-bit SIC pair generator implemented in this work is
presented in Fig. 3. The control inputs {fix_1,....fifo}=F
(k = logy n7) of the barrel shifter are driven by a k-bit counter
that counts modulo n.

The module presented in Fig. 3 operates as follows. Initially,
the binary vector 00...01 is driven to the inputs of the barrel
shifter and the outputs of the Accumulator r,_1,/,_», ... Io are set
to 0. The counter is initially set to 0 and increments in every clock
cycle. During the first n clock cycles, the vectors {00...01,
00...010, ...,10...0} are applied to the inputs of the accumulator
and the S-sequence (0) is generated. At this time, the output of the
accumulator is 11...1. Then the counter starts counting from 1 to
n—1 again, and the S-sequence (2"—1) is generated and applied to
the CUT. Then, the t signal is disabled by the control module, the
accumulator accumulates the vector 00...01and the DS-sequence
(1) commences.

The control unit of the proposed architecture is given in Fig. 4.
Initially, the flip-flop is set to ‘0’. The “F = n—1" signal indicates
that the counter has reached the value n—1.

The operation of the module of Fig. 3 is analyzed in Table 2 for
n = 3. The first column of Table 2 presents the number of the
cycle, the second column presents the value of the t signal, the
third column presents the output of the counter that are driven to
the f; inputs of the shifter, the fourth column presents the output
of the shifter and the sixth column the output of the accumulator.
The fifth column presents the operation of the accumulator, either
eXclusive-OR (@) or addition (ADD), which depends on the value
of the t signal. For the first six cycles, the next value of the
accumulator is calculated as the bit-by-bit eXclusive-OR of
the current value of the accumulator and the value of the shifter.

At clock cycle 7, the signal t is disabled, the accumulator
operates normally, and the pattern 001 is generated at the outputs
of the accumulator. The same holds for clock cycles 14, 21 and 28.

3. Hardware implementation

In the sequel, we shall present an implementation of the
scheme based on a modified Ling adder [37]. Prior to presenting
the modifications of a Ling adder to implement the S-adder, we
revise some introductory concepts on parallel-prefix addition.

Let A=a,_10,_3...a1ag and B = b,_1b,_>...b1bg be two n-bit
numbers to be added and let S =s5,_15S,_>...51Sg be their sum.
A CLA adder can be considered as a three-stage circuit. The first-
stage computes the carry generate g; = a; b;, the carry propagate
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Fig. 3. n-bit SIC pair generator.
0<i<n-1. The symbols e, +, & denote the logic AND, OR, and
eXclusive-OR operations, respectively. The second stage of the
(D 0 adder computes the carry bits ¢; using the carry generate and
propagate bits, while the final stage computes the sum bits s;.
— A large variety of carry computation algorithms has been
5 proposed [32-34]. Among them, parallel-prefix architectures are
t more suitable for VLSI implementation, since they rely on the use
F nl ° of simple cells and maintain regular connections. Carry computa-

tion is transformed into a prefix problem using the associate
operator o, which associates pairs of propagate and generate bits
according to the relation

Fig. 4. The control unit.

Table 2
Operation of 3-bit SIC pair generation.

(i Pi) o (&j,D)) = (8 +Di - &-Pi - b))

In a sequence of consecutive associations of (g, p) terms the

Cycle t F B Oper R X R
notation (g.j, Pk;;j) is used to denote the group generate and the
1 1 00 001 ® 000 group propagate terms for the bits k, k—1, ...,j. That is,
2 1 01 010 @ 001
3 1 10 100 ® 011 (8k.j» Pij) = (8k>Pi) © (&> Pr) © (8_1k>Pr—1) © - - - © (&j» Px)
4 1 00 001 ® 111 . .
5 1 o1 010 o 110 Each carry bit ¢; is equal to g;.o. Parallel-prefix adder architec-
6 1 10 100 ® 100 tures are based on the use of tree structures for the computation
7 0 00 001 ADD 000 of carry bits. The sum bits are implemented as s; = d;®c;_1.
8 1 00 001 ® 001
9 1 01 010 ® 000
10 1 10 100 ® 010 3.1. S-adder architecture based on Ling carries
1 1 00 001 ® 110
12 1 01 010 111 . . .
13 1 10 100 : 101 A_varlant of tt}e carry look-ahead computatlon is bas_ed on L_mg
14 0 00 001 ADD 001 carries [35], leading to faster adder architectures. The Ling carries,
5 1 00 001 ® 010 defined in [35] as H; = c¢;j+c;_1, can easily be derived for the case of
16 1 01 010 ® 011 the inclusive-OR adders as follows. Since the carry propagate
}; } ég (1)8? 2 ?8} functions are defined for these adders as p; = a;+b; the relation
19 1 01 010 ® 100  Di=&i-piholds and we have
20 1 10 100 ® 110
21 0 00 001 ADD 010 Ci = 8i +Pigi—1 + PiPi-18i—2 + - -+ PiPi-1 - - - P1Po
22 L o i ® on = Di(8i +8i-1 + Pi-18i-2 + -+ Pi_1---P1Po)
23 1 01 010 ® 010 = pH;
24 1 10 100 ® 000 A
25 1 00 001 ® 100 where H; = gi+g;_1+Dpi_18i_2+---+Di_1...PiPo are the Ling carries.
26 1 01 010 ® 101 An effici ol . f th bi . h
= " b 50 ® 111 n efficient implementation of the sum bits using the
28 0 00 001 ADD 011 Ling carries is derived according to the relation s; = H;_d; +

H;_1(d; ® p;_1) given in [38] (X denotes the inverse of x).
Parallel-prefix adder architectures based on Ling carries
are introduced in [36] and high-speed implementations are

pi = a;i+b;, and half-sum d; = a;®b; bits for the case of inclusive-OR
adders or the carry generate g;=a; b; and carry propagate
pi = d; = a;®b; bits, for the case of exclusive-OR adders, where

proposed in [37]. Two consecutive Ling carries are computed in
parallel-prefix form [37] as H;= Gio and Hyq = Gj.q.p for i
even, where (Gi.o,Pi—1:-1) = (GiPi—1)°(Gi_2,Pi_3)-...o(Go,P_1) and
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(Gi+1:0.Pi:0) = (Gis1,Pi)o(Gi—1,Pi_2)°...o(G1,Po), for G;=gi+gi—1 and
Pi=p;-pi_1, Wwithg 1 =0,p_1=1,G_y=0and P_; =1.

For example, the parallel-prefix expressions for the Ling carries
of an 8-bit adder are as follows:

Ho = (Go,P-1)

Hy = (G1,Po)

Hy = (G2,P1) 0 (Go, P_1)

H3 = (G3,P3) o (G1,Po)

Hy = (G4,P3) 0 (G2, P1) 0 (Go, P_1)

Hs = (Gs,P4) 0 (G3,P2) 0 (G1, Po)

Hg = (Gg, Ps) 0 (G4, P3) 0 (G2, P1) 0 (Go, P_1)
H7 = (G7,Pg) 0 (Gs, P4) 0 (G3,P3) 0 (G1,Po)

The carry-in bit ¢; can be included in the adder architecture,
either by adding a fast carry increment stage, or by treating c;, as
an extra bit in the preprocessing stage of the adder [37]. For the
case of carry increment stage the two consecutive Ling carries are
computed as H; = Gj.o+P;_1._1c_1 and Hj1 = Gjsq1:.1+P;.oc_q for i
even. The second case is derived by setting g_; = Cin.

The efficiency of the architecture in [37] relies on the use of
AND-OR and OR-AND complex gates to implement the
G; = ajbj+a;_1b;_1 and P; = (a;j+b;)(a;_1+b;_1) terms, which mini-
mizes the in-series transistors in the critical path. In addition, the
computation of the sum bits according to the relation s; =
H;_id; + Hi_1(d; ® p;_;) is implemented using a multiplexer
that selects either d; or di®p;_;. This circuit introduces the
same delay as the XOR gate that computes the s; bits of
conventional adders. The carry output bit of the adder is derived
using an extra AND gate to implement the relation ¢, ;=
pn—lHn—l-

The modification of the g; terms to convert the Ling adders to
S-adders proposed in [31] leads to modification of the terms
Gi=g*gi 1 = aibita; 1bi 1 to Gf =gf +g; | = aibit +a; 1b; 4, or
equivalently to Gj = (a;b; + a;_1b;_1)t. It is evident that the G
terms are more complicated than their corresponding G; terms
and can alter the timing characteristics of the adder.

In the following, an alternative methodology is proposed that
leads to S-adder architectures that operate at the same speed
as their corresponding parallel-prefix adders based on Ling
carries. According to the definition of the S-adders in [31], their
carries can be expressed as cf = tc; = tp;H; where H; are the Ling
carries. Using this relation and following a methodology similar to
that in [35] the sum bits of the S-adder can be computed as
follows:

si=di@ct, =d@tpHi,
=d; = tp;_Hi_1 +di(Ep;_Hi_1) = ditp;_Hi_y + di(tp;_y) + diHi 1
= ditp;_1Hi_1 + di@p;_)(Hi_y +Hip) + diHi g
= ditp;_1Hi_1 + di(tp;_1)Hi_1 + di(tp;_Hi_1 + diHi-y

or

si = (d; @ (tp;_1)Hi_1 + diH;_;

The additional hardware required for the implementation of the
s; terms according to the derived relation is a series n two-input
AND gates which implement the fp;_; functions. No extra delay is
imposed by the proposed modification.

The proposed architecture of an 8-bit S-adder based on Ling
carries is shown in Fig. 5. The parallel-prefix computation of the
Ling carries is derived according to the Lander-Fischer algorithm
[39]. It is trivial to see that, ¢,y = p7H7.

The logic-level implementations of the basic cells used in the
proposed architecture are shown in Fig. 6.

in

Fig. 5. Modified 8-bit Ling adder.

3.2. S-adder architectures based on conventional carries

The proposed methodology is also applicable to the case of
S-adder architectures based on conventional CLA or parallel-prefix
carry computation. As noted earlier, the architecture of the
S-adder in [31] is based on the modification of the generate
functions from g; = a;b; to g; = a;b;t, where t is the test input. The
proposed S-adder architecture is derived as follows. According to
the definition of the S-adder [31] the carries can be expressed as
the logical AND of the conventional carries and the inverted test
signal, that is, ¢; = tc;. Instead of modifying the g; terms the sum
bits are computed, following a methodology similar to that for the
S-adders based on Ling carries, as s; = ¢;_1d; + ¢;_1(d; @ t). Accord-
ing to this relation each s; term can be implemented using a 2-to-1
multiplexer controlled by c;_,. Since the multiplexer is of almost
equal delay to an XOR gate and the signals d; and d;®f are
computed in fewer logic levels than c;_1, the timing characteristics
of the adder are not changed by the proposed modification.

3.3. Calculation of the hardware overhead

The S-adder architecture proposed here, instead of modifying
the G; terms, introduces the test line t in the last stage of the
adder, which computes the s; bits. The additional hardware
required is a series of n 2-input AND gates, where n is the number
of bits of the accumulator-shifter. Since the G; terms are not
modified and the introduced AND gates are not in the critical path,
no extra delay is imposed by the proposed architecture and the
derived S-adders operate at the same speed as their corresponding
ordinary adders.

The proposed S-adder architecture based on conventional
carries does not modify the g; terms. Since no extra delay is
imposed by the proposed computation of the sum bits, these
S-adders operate at the same speed as the original Ling adders.

4. Comparisons

In this section, the proposed scheme will be compared with the
techniques proposed in [5-8,16,30,31], in terms of hardware
overhead and time required to generate the entire sequence of SIC
pairs.
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Fig. 6. Cells implemented in the proposed scheme.

For the comparisons, we shall assume that an n-bit register
(consisting of n flip-flops) exists at the inputs of the n-input CUT
for the case of [5-8,16], and we shall calculate the overhead
imposed on these flip-flops. For the case of the schemes proposed
in [30,31] and in this work, we shall assume the existence of the
accumulator whose inputs are driven by a barrel shifter.

Wang and Gupta [5] utilized a (2n+1)-bit shift register, an n-bit
LFSR and n 2-input XOR gates in order to generate the n-bit SIC
pairs within n x 2™ clock cycles. Thereby, 2n+1 scan flip-flops
and n 2-input XOR gates are implemented.

In PEAT [6], an n-bit NFSR, an n-bit shift register and an n-bit
shift registers with flip capability are utilized to generate the SIC
pairs within (n+1) x 2" clock cycles. To implement the technique
the NFSR and n scan flip-flops with flip capability are implemen-
ted. Furthermore, the n flip-flops of the existing register are
substituted by scan flip-flops.

Girard et al. [7] proposed an optimization of [5] that saves n
stages of the shift register substituting them with n 2-input AND
gates. The time required to generate the SIC pairs is the same as
in [6].

In [8] a different approach was presented that utilizes a (n—1)-
bit counter, an n-bit shift register and a series of n 2-input XOR
gates in order to generate the SIC pairs within (n+1/2) x 2" clock
cycles. The hardware overhead of the technique is n flip-flops and
n 2-input XOR gates.

In [16], Das et al. presented an optimal solution to the problem
of generating SIC pairs, in the sense that the pairs are generated
within time equal to the theoretical minimum, i.e. nx 2"™+1.
However, the hardware overhead of [16] is rather high, thus the
value of the scheme lies mainly on its high theoretical signifi-
cance. The hardware overhead of the scheme is, according to [16],
3n+2 flip-flops, n XOR gates (2-input), (2n—1)OR gates (2-input),
(n+1) AND gates (2-input) and 1 NOT gate.

In [30] an accumulator-based generator was presented,
that requires the transformation of the adder to an S-adder; it
also requires the implementation of a counter whose inputs
drive the shift control inputs of the shifter; the time required
to generate the SIC pairs is (n+2)x2". Two implementations
were presented, based on a ripple carry adder (RCA) and a CLA
adder, respectively. The ripple carry implementation forces
no overhead on the adder, while the implementation based
on a CLA adder affects the adder timing characteristics, since

the modification is performed on the critical path of the
module, hence it will not be taken into account in the
comparisons.

The scheme proposed in [31] utilizes an accumulator-based
architecture and generates the SIC pairs within (2n+1) x 2" ! =
(n+1/2) x 2" cycles. Two implementations were also proposed
there, based on a ripple carry adder and on a CLA adder. With a
reasoning similar to the one followed for [30], the CLA adder-
based implementation will not be taken into account in the
comparisons, since it affects the adder timing characteristics.

For the comparisons, the following are taken into account [40].
A 2-input NAND/NOR gate requires 4 MOS transistors; a 2-input
AND requires 6 transistors and a 2-input XOR gate can be
implemented using 6 transistors. The memory elements used
are considered to have set/reset capability. Thereby, the flip-flop
requires 26 transistors, the scan flip-flop requires 34 transistors
and the scan flip-flop with flip capability [5] requires 46
transistors. All techniques, except from the schemes proposed in
[30,31] and in this work, require that the n flip-flops at the inputs
of the CUT be transformed into scan flip-flops.

In Table 3 we present, for each one of the SIC-pair generation
techniques (first column) the time required to generate the SIC
pairs (in clock cycles, second column) the formulas used for the
calculation of the hardware overhead (third column) and the
hardware overhead (in transistors, fourth column).

In order to perform a quantitative comparison of the
techniques, we define the following metrics. Let SG can be any
one of the techniques proposed in [5-8,16,30,31] and the
proposed. Let ho,(SG) denote the hardware overhead of SG and
t,(SG) denote the time required by SG to generate all n-bit SIC
pairs. Since the hardware overhead is of the order O(n), we define
the effective hardware overhead, e_ho,(SG) as a metric of the
hardware overhead as follows:

e_ho,(5G) =

ho,(SG)
n

Similarly, since the time in clock cycles is of the order O(n x 2m),
we define the effective time, e_t,(SG)

tn(SG)

e_tn(5G) = X
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Table 3
SIC pair generation techniques: Comparison technique.

Technique Time cycles x 2" Hardware overhead
Modules Transistors
Peat [6] n+1 n x (DFF+NOR)+n x DFFscanwithfiipt1 x (DFFscan—DFF) 84xn
Wang [5] 2n (2n+1) x DFF+n x XOR+n x (DFFscan—DFF) 66 x n+26
Girard [7] 2n (n+1) x DFF+n x AND+n x XOR+n x (DFFscan—DFF) 42 xn
[8] n+1/2 n x DFF+n x XOR+n x (DFFscan—DFF) 40 xn
[16] n (2n+2) x DFF+n x XOR +(2n—1) x ORy+(n+1) x AND,+NOT 76 x n+52
[30] (Ripple Carry Adder) 2n+2 n x AND+2 x DFF+([log, n1+2) x DFF+AND+OR 12 x n+65
[31] (Ripple Carry Adder) n+1/2 n x AND+([log,n]+2) x DFF+control 6 x n+36 x [log,n]+86
Proposed scheme (Ling Adders) n+1/2 1 x AND+n x (MUX;_o_1)*+([logon]+2) x DFF+control 4 x n+36 x [logon]+30

3.50
= PEAT [6]
3.00 {— Wang[5]
Girard [7] /
——[8]
o 2070
o [31]
§ 2.00 1~ ——Proposed //
g 150
w
1.00
0.50
0.00

8 10 12 14 16

Fig. 7. SIC-pair generators: comparison.

We integrate the above two metrics into the effectiveness E,(SG)

1 1
e_hon(SG) x e_ta(SG) ~ (hon(SG)/n) x (tn(SG)/n x 2™)
_ n? x 2"
"~ (hon(SG)) x (tr(SG))

Since it is desirable that both ho,(SG) and t,(SG) be as low as
possible, the higher the value of E,(SG), the more effective is SG. In
Fig. 7, E,(SG) is presented for each one of the techniques for
various values of the inputs of the CUT. From Fig. 7 it is derived
that the proposed implementation is the most effective of the
techniques that have been presented in the literature for the
generation of SIC pairs with respect to the hardware overhead and
the time required to complete the test.

En(SG) =

5. Conclusions

A novel implementation of a SIC two-pattern generator
based on Ling adders has been proposed. Ling adders are typically
used in current systems, since they have been proved to be
faster than competitive architectures. The proposed scheme
generates the SIC pairs within (n+1/2) x 2" cycles without altering
the timing characteristics of the adder. Comparisons with the
techniques that have been proposed in the literature for the
generation of Sic pairs revealed that the proposed implementation
is more effective in terms of hardware overhead and time required
to generate the Sic pairs when accumulators and barrel shifters
are available.
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