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Abstract— The paper describes a An ATPG 
technique is proposed that reduces heat 
dissipation during testing of sequential circuits 
that have full-scan. The technique increases the 
correlation between successive states, during 
shifting in test vectors and shifting out test 
responses by reducing spurious transitions 
during test application. The reduction is 
achieved by freezing the primary input part of 
the test vector until the smallest transition 
count is obtained which leads to lower power 
dissipation. The paper presents a new 
algorithm which determines the primary input 
change time, such that maximum saving in 
transition count is achieved with respect to a 
given test vector and scan latch order. It is 
shown how combining the proposed technique 
with the recently reported scan latch and test 
vector ordering yields further reductions in 
power dissipation during test application.  
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I. Introduction		

It is important to minimize the power dissipation 
in VLSI circuits to improve the reliability and 
reduce packaging costs. There are many 
techniques to reduce the power dissipation during 
the normal (functional) mode of operation [2, 4, 8, 
12, 13, 17–19], but it is essential to examine and 
reduce the power dissipation during the test mode 
of operation due to the following two reasons. 
Firstly, because the power dissipated during test 

application is substantially higher than power 
dissipated during functional operation which can 
decrease the reliability of the circuit under test 
due to higher temperature and current density. 
Secondly, the excessive power/ground noise 
caused by the high rate of current flowing in 
power and ground lines can erroneously change 
the logic state of circuit lines causing some good 
dies to fall the test [21] leading to yield loss. 
Depending on level of abstraction and circuit 
type, high power dissipation during test 
application is due to the following: 

 
a. The systems which comprise modern memory 

systems and multichip modules (MCMs) 
employ power-conscious architectural 
decisions where blocks are not simultaneously 
activated under functional operation [7]. 
Hence, inactive blocks do not contribute to 
power dissipation during the functional 
operation. However, when the system is in the 
test mode of operation, concurrent execution 
of tests in many blocks will result in 
substantially higher power dissipation when 
compared to functional operation.  

 
b. Low power combinational circuits are 

synthesized by algorithms [2, 12, 17, 18] 
which seek to optimize the signal or transition 
probability of circuit nodes using only the 
spatial dependencies inside the circuit 
assuming the transition probabilities of 
primary inputs to be given. However, the 
complex correlations which occur at the 
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primary inputs must be considered [16]. The 
low correlation between consecutive test 
vectors during test application leads to 
substantially higher power dissipation when 
compared to functional operation. 

 
c. Low power sequential circuits are synthesized 

by state assignment algorithms which use 
state transition probabilities [4, 8, 17, 19]. The 
state transition probabilities are computed 
assuming input probability distribution and 
state transition graph which is valid during 
functional operation. These two assumptions 
are not valid during the test mode of operation 
when scan design for testability (DFT) 
technique is employed. Furthermore, in the 
test mode scan registers are assigned 
uncorrelated values which are never reached 
during functional operation leading to 
substantially higher power dissipation.  

 
To overcome the problem of high power 
dissipation during test application at the system 
level, a power-constrained test scheduling 
algorithm has been proposed for high performance 
memories and multichip modules [7]. The 
algorithm is based on a resource graph 
formulation for the test problem and tests are 
scheduled concurrently without exceeding their 
power ratings during test application. A new 
ATPG tool [21] was proposed to overcome the 
low correlation between consecutive test vectors 
during test application in combinational circuits. 
A different approach for minimizing power 
dissipation during test application in 
combinational circuits is based on test vector 
ordering [9]. To minimize power dissipation in 
scan sequential circuits during test application two 
techniques have been proposed [9, 10]. In [10], 
the modules and modes with the highest power 
dissipation are identified, and gating logic to 
reduce power dissipation has been proposed. 
Despite substantial savings in power dissipation 
gating logic introduces not only supplementary 
area overhead but also performance degradation. 
The technique in [9] is based on test vector and 
scan latch ordering increases the correlation 
between consecutive states during shifting in 

present state part of the test vector and shifting out 
test responses. However, the technique proposed 
in [9] is test vector and scan latch order dependent 
and cannot significantly reduce power dissipation 
despite a large computational time required to 
explore the large design space. Furthermore, for 
circuits with large number of scan latches the 
technique pro-posed in [9] is infeasible since 
computational time required to compute the cost 
function of each solution in the large design space, 
is unacceptably large.  
The aim of this paper is to introduce a new 
technique for power minimization during test 
application in full scan sequential circuits which 
eliminates the computational overhead associated 
with test vector and scan latch ordering [9]. The 
technique is based on partitioning scan latches 
into multiple scan chains and applying an extra 
test vector to primary inputs while shifting out test 
responses for each scan chain. This paper shows 
that with low test area and test data overhead high 
savings in power dissipation during test 
application in large full scan sequential circuits 
are achieved in low computational time. 

I. The	Previous	work		
To reduce the switching activity during scan shift, 
automatic test pattern generation (ATPG)-based 
approach and DFT-based approach were used. 
The advantage of the ATPG based solutions is that 
they do not modify the original design and the 
scan architecture, but modification is done on test 
vectors and there by power reduction can be 
obtained. DFT-based solutions require one to 
either partition the conventional scan chain 
architecture or insert additional hardware into the 
design.  In Minimized power consumption for 
scan based Bist, extra logics are inserted to hold 
the outputs of all the scan cells at constant values 
during scan shifting. This method not only 
minimizes the average scan shift power, but also 
avoids peak power hazards during scan shifting. 
The main disadvantage of these approaches is the 
large area overhead, since additional logics are 
added to all the scan cells. Moreover, it may 
degrade circuit performance due to extra logics 
added between scan cell outputs and functional 
logics. To reduce the area overhead due to 
additional gates, supply gating transistors for the 
first-level gates at the outputs of scan cells are 
proposed in Low power scan design using first 
level supply gating. An alternative implementation 
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to hold the scan cell outputs by using dynamic 
logic was proposed in Techniques for minimizing 
power dissipation in scan and combinational 
circuit during test application. The method 
proposed in Inserting test points to control peak 
power during scan testing, inserts test points at 
selected scan cell outputs to keep the peak shift 
power at every shift cycle below a specified limit. 
Given a set of test patterns, logic simulation is 
carried out to identify the shift cycles in which 
peak power violations occur. Those cycles are 
called violating cycles. By using integer linear 
programming (ILP) techniques, the optimization 
problem is solved to select as few test points as 
possible such that all violating cycles can be 
eliminated. In Partial gating optimization for 
power reduction during test application, random 
vector simulation was used to guide partial test 
point selection. When simulating a random vector, 
the primary inputs and the pseudo primary inputs 
are changed to value X with pre-specified 
probabilities, and the number of gates becoming X 
after the change is used as a cost function to 
identify the logic value assigned at the primary 
inputs and the pseudo primary inputs, as well as to 
select scan cells to be held during scan shifting. 
To explore several hundred thousands of scan 
cells in an industrial circuit, a significant number 
of random vectors need to be simulated in order to 
choose good test points. Motivated by the test 
point insertion approach along with multiple scan 
chain, scan shift power can be reduced to a larger 
extend. Some scan cells have a much larger 
impact on toggle rates at the internal signal lines 
than other scan cells. These scan cells are called 
power sensitive scan cells. Objective is to quickly 
identify power sensitive scan cells and their 
preferred frozen values during scan shifting. By 
freezing a small percentage of scan cells that are 
the most power sensitive, reduction in scan shift 
power can be achieved, while minimizing the 
additional area overhead. Compared with the 
previous approaches, this approach has less area 
overhead and can avoid modifying scan cells at 
critical paths by not selecting them to freeze. This 
approach also provides a practical way to handle 
large industrial designs and since both freezing 
power sensitive scan cells and multiple scan chain 
approach is used, power can be reduced to a larger 
extend. 
 

II. Power	Dissipation	Model		

Power dissipation in CMOS circuits can be 
divided into static, short-circuit, leakage and 
dynamic power dissipation. The static power 
dissipation is negligible for correctly designed 
circuit, short-circuit power dissipation caused by 
short-circuit current during switching and power 
dissipated by leakage currents, contribute up to 
20% of the total power dissipation. The remaining 
80% is attributed to dynamic power dissipation 
caused by switching of the gate outputs [12]. If the 
gate is part of a synchronous digital circuit 
controlled by a global clock, it follows that the 
dynamic power Pd required to charge and 
discharge the output capacitance load of every 
gate is given by 

 
Pd  = 0.5 × Cload × (VDD

2 / Tcyc)                                  
…(1) 

 
where Cload is the load capacitance, VDD is the 
supply voltage, Tcyc is the global clock period and 
NG is the total number of gate output transitions (0 
 1 or 1  0). The vast majority of power 
reduction techniques concentrate on minimizing 
the dynamic power dissipation by reducing one or 
more variables of Pd. The supply voltage VDD is 
usually not under designer control and global 
clock period Tcyc or more generally, the system 
throughput is a constraint rather than a design 
variable. Thus, node transition count (NTC)  

  
NTC 
= ∑

NG × 
Cload  …(2)

   for all gates G    

 
a 
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b 
Fig.1Example circuit (s27 from [13]) 
illustrating factors which lead to spurious 
transitions during test application a Primary 
inputs change as soon as possible(ASAP) at 
t0 b Primary inputs change at t1 

 
a 

 
b 

Fig. 2 Example circuit (s27 from [13]) 
illustrating factors which lead to spurious 
transitions during test application a Primary   
inputs change as late as possible (ALAP) at t3 
b Primary inputs change at t2 
 
is used as a quantitative measure for power 
dissipation throughout the paper. It has been 
assumed that load capacitance for each gate is 
equal to the number of fan-outs. The node 
transition count in scan latches NSL is considered 
as in [11], where it was shown that, for input 
changes 00 and 11, NSLmin =2, while, for input 
changes 01 and 10, NSLmax =6 

 
III. Minimization	of	Power	Dissipation	

During	Test	Application	By	
Controlling	Primary	Input	Change	

Time	
To motivate the need for a new test application 
strategy for power minimization, an overview of 
testing scan sequential circuits is provided. For a 
scan sequential circuit, each test vector Vi = xi@yi 
applied to the circuit under test is composed of 
primary input part xi and pseudo input yi, where @ 
denotes concatenation. Given m scan cells, for 
each test vector Vi = xi@yi the present state part yi 
is shifted in m clock cycles t0 to tm-1. In the case of 
partial scan sequential circuits, the non-scan cells 
preserve their value during clock cycles t0 to tm-1. 
In the next clock cycle tm the entire test vector Vi 
= xi@yi is applied to the circuit under test. A scan 
cycle represents the m+1 clock cycles t0 to tm 
required to shift in the present state part of the test 
vector and apply the entire test vector to the 
circuit under test. In the following m clock cycles 
of the next scan cycle the test response y0 i is 
shifted out simultaneously with shifting in the 
present state part of the next test vector Vj = x j@y 

j. The values of the primary inputs are important 
only at tm when the entire test vector is applied. 
Therefore the primary inputs can be changed at 
clock cycles t0 to tm-1 without affecting test 
efficiency. The transitions which occur in the 
circuit combinational part, without any influence 
on test efficiency or test data, are defined as 
follows. 

         
(a) Primary inputs change as soon as possible 

(ASAP) at t0 
Figure 3.6: Example circuit (s27 from [23]) 
illustrating factors which lead to spurious 
transitions during test application 
Definition 3.1 A spurious transition during test 
application in scan sequential circuits is a 
transition which occurs in the combinational part 
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of the circuit under test while shifting out the test 
response and shifting in the present state part of 
the next test vector. These transitions do not have 
any influence on test efficiency since the values at 
the input and output of the combinational part are 
not useful test data.  
Definition 3.2 The test application strategy where 
primary inputs change at t0 is called as soon as 
possible (ASAP). 
Definition 3.3 The test application strategy where 
primary inputs change at tm is called as late as 
possible (ALAP), where m is the number of 
sequential elements converted to 
scan cells. 

 (b) 
Primary inputs change at t1 
Figure 3.6: Example circuit (s27 from [23]) 
illustrating factors which lead to spurious 
transitions during test application 
Definition 3.4 The best primary input change time 
of test vector Vj is the time when the primary input 
part xi of the previous test vector Vi changes to the 
primary input part x j of 
the actual test vector Vj, leading to the smallest 
value of node transition count during the scan 
cycle when test vector Vj is applied after test 
vector Vi. Finding the best primary input change 
time will lead to higher correlation between 
consecutive values on the input lines of the 
combinational part of the circuit. This leads to 
minimum value of NTC during the scan cycle, and 
yields savings in power dissipation. 

 

 (a) Interface to ATE 

 (b) 
Different primary input change times 

Figure 3.7: Interface to ATE for different test 
application strategies. 
Definition 3.5 The test application strategy where 
best primary input change time for each test vector 
Vi, with i = 0,…,n-1, is determined such that the 
minimum value of node 
transition count over the entire test application 
period is achieved, is referred to as best primary 
input change (BPIC) test application strategy. 

II. Algorithm	 for	 Minimizing	 Power	
Dissipation	During	Test	Application	

This section introduces a new and exact algorithm 
which computes best primary input change time 
for each test vector with respect to a given test 
vector and scan cell order. We will also discuss 
the proposed test application strategy with the 
recently introduced scan cell and test vector 
ordering using a simulated annealing-based design 
space exploration leads to further  reductions in 
power dissipation during test application. 
 

A. 	Best	Primary	Input	Change	(BPIC)	
Algorithm		

Spurious transitions induced by fixed primary 
input changes are solved by changing the primary 
inputs of each test vector such that the minimum 
number of transitions is achieved. For a given 
scan cell order with m scan cells, the total number 
of primary input change times is (m+1). 
Considering n test vectors, in a given test vector 
order, the total number of configurations of 
primary input changing for all the test vectors is 
(m+1)n. Best Primary Input Change Algorithm 
(BPIC-ALG) computes the best primary input 
change time for each test vector for a given scan 
cell order and test vector order. The pseudocode 
of the proposed BPICALG algorithm  is given 
below. The function accepts as input, a test set S 
and a circuit C. The outer loop represents the 
traversal of all the test vectors from test set S. All 
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the m+1 primary input change times for test vector 
Vi are then considered in the inner loop. For each 
primary input change time t j, circuit C is 
simulated and the node transition count NTCi, j is 
registered. After the completion of the inner loop 
the best primary input change time tBi, for which 
NTCi,Bi is minimum, is retained and the outer loop 
continues until the entire test set is examined. The 
algorithm computes the best solution in a 
computational time which is polynomial in the 
number of test vectors n, the number of scan cells 
m, and the circuit size |C|. It should be noted that 
BPIC-ALG is test set dependent and hence it is 
applicable only to to small to medium sized 
sequential circuits.  
ALGORITHM: BPIC-ALG 
INPUT: Test Set S, Circuit C 
OUTPUT: Best primary input change times{tB0, 
tB1,……., tBn-1} 
Node transition count over the entire test 
application period NTC 

1. NTC  0 
2. for every test vector Vi from S with i = 0 

,……, n-1 { 
3. for every primary change time tVi = t j with 

j = 0,……,m 
4. compute NTCi, j by simulating C during the 

scan cycle when applying Vi using the 
scan cell order {S0,……,Sm-1} 

5. get best primary input change time tBi for 
test vector Vi such that NTCi,Bi is minimum 

6. NTC  NTC+NTCi,Bi 
7. } 
8. return {tB0, tB1,……., tBn-1}, NTC 

 

III. Conclusion	
This paper has proposed a new technique for 
minimizing power dissipation in full-scan 
sequential circuits during test application. The 
technique is based on increasing the correlation 
between successive states, during shifting in test 
vectors and shifting out test responses, by freezing 
the primary inputs until the smallest number of 
transitions is achieved. A new algorithm which 
computes best primary input change time for each 
test vector has been presented. It has been shown 
that combining the described technique with the 
recently reported scan latch and test vector 
ordering, using a simulated annealing-based 
design space exploration, yields substantial 

reductions in power dissipation during test 
application. Exhaustive experimental results using 
both compact and noncompact test sets have 
shown that compact test sets have similar power 
dissipation during test application, with 
substantial reduction in test application and 
computational time when compared to 
noncompact test sets. 

While this paper has shown how BPIC 
minimizes power dissipation in full scan 
sequential circuits, current research underway by 
the authors investigates the applicability of BPIC 
to partial scan and the identication of the best 
design for test method in terms of power 
dissipation during test application. 
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