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Abstract—In this work we aim to reduce the test time on the
ATE (Automatic Test Equipment) by taking advantage of the
peak power limit. We determine the clock period for each test
cycle based on the energy dissipated per cycle to generate an
asynchronous clock. This increases the power per cycle of the
test with a reduction in the total test time. The methodology is
verified using ISCAS’89 sequential benchmark circuits. Results
show about 50% reduction in ATE test time for s713 and about
39% for s1423.

Index Terms—Asynchronous clock, Test time reduction, Auto-
mated Test Equipment, Adaptive clocking.

I. I NTRODUCTION

The technological advancements in sub-micron and the
nanometer CMOS circuits enabled us to implement circuits
with increased complexity over a small area. The caveat in the
multi-million gate design is its high power dissipation during
test. This necessitates the generation of low power tests that
produces more test patterns with reduced switching activity,
to meet the same fault coverage. Also, sensitive applications
that require high fault coverage need a test that uses a larger
set of test patterns. Both these scenarios increase the testtime.
The time taken to complete a single test is proportional to the
length of the scan chain. There are several ways to reduce
test time; the two easiest ways would be either to partition the
scan chain into multiple chains or to increase the test clock
frequency. Several DFT (Design For Test) designs, such as
multiple scan chains and at-speed BIST (Built In Self Test)
embedded testing, involve loading vectors simultaneouslyinto
a group of scan chains at the same time thereby reducing the
test application time [6].

An ATE is used to verify circuits for their correctness in
operation post fabrication and check for any manufacturing
defects. The downside of using ATE is the high cost [3]. In
addition testing cost using an ATE is directly related to the
time spent, this adds to the final cost of the chip. In order to
minimize the extensive time spent on the tester, it is critical
to find new methods that are quick and efficient. In this paper
we propose a methodology that reduces test time on the ATE.

Earlier works include test time reduction using scan chain
rearrangement [5], where selective scanning and reusable scan
chains eliminate unwanted scan operations during scan shifts
from a given tests. However, the reusable scan chains described
in this work, need the next test pattern scanned in to be similar
or closely identical to the pattern that exist in the scan chain.

Shanmugasundaram et al. [8] suggested BIST methodology
that monitors the activity in the scan chain and dynamically
increases the frequency of the clock when the activity is low.
Although this method eliminates testing in ATE, the reduction
is limited to 20% and produces an area overhead.

Hashempour et al. [4] suggest a switch over technique that
uses advantages of both BIST and ATE. It uses the randomness
in BIST techniques to find the easy to detect faults and then
uses the deterministic ATE patterns to find those hard to detect
faults. The time spent is then the sum of the total time used by
each technique. The downside of this method is that the time
spent on ATE is proportional to the testability of the circuit.
The lower the testability, the higher the time spent on ATE
and vice versa.

The work presented in this paper uses asynchronous clock-
ing methodology that benefits testing on an ATE and is capable
of reducing the time up to 50% for some designs. The paper
is organized as follows, section II describes the approach and
idea, section IV presents supporting data obtained throughsim-
ulations on ISCAS’89 sequential benchmark circuits, finally
section V concludes the work.

II. I MPLEMENTATION

The total power dissipated in a CMOS circuit is the sum of
static and dynamic power. However the dominant component
is the dynamic power dissipation caused due to signal transi-
tions in the internal nodes of the circuit [7]. Thus, the energy
dissipated by a circuit is directly proportional to the activity
within the circuit.

The activity within a circuit is the number of signal transi-
tions within the circuit under test caused by each scan input
bit. In this paper we mention a vector as each input bit and
a test pattern as a collection of vectors. Vector period is the
asynchronous test clock period during which the scan vector
is applied.

For a given activity caused by a test pattern the energy
dissipated remains constant, however the average power will
change with the time period used for measurement. Therefore
in asynchronous clocking it is ensured that the power measured
with the shortest possible vector period does not exceed the
peak power of the given circuit.

In the following paragraphs we state three theorems [2] that
are used as basis for the work presented in this paper. These
theorems quantify the total test time taken by the synchronous,



where the time period of the clock is constant for all cycles,
and asynchronous clocking, where the time period for the
clock varies depending on the vector, and provide a lower
bound for the reduced test time spent on the ATE using
asynchronous clock.

In synchronous clocking, the clock time periodTPS remains
constant, i.e.,TP1 = TP2 = · · · = TPn = TPS equation (1)
becomes

Theorem 1. Minimum Test time in synchronous test is the
ratio of total energy to average power of the test

Proof: Let ‘TT’ be the total test time taken by the ATE
to test the circuit, it can be written that

TT =

n∑

i=1

TPi
(1)

noindent where,n is the total number of test clock cycles
andTPi

is the Test clock time period.

TTS =
n∑

i=1

TPS = n× TPS (2)

andn can be written asETOTAL

EAV G
,

TTS =
ETOTAL

EAVG

× TPS

⇒ TTS =
ETOTAL

PAVG

(3)

whereTTS is the total test time using synchronous clocking.
Equation (3) proves the stated theorem.

Theorem 2. The minimum test time for asynchronous test is
the ratio of total energy to peak power of the test.

Proof: If TTA is the test time taken by the ATE to test a
circuit using asynchronous clocking and ‘vector period’TPAi

is the time period when the scan flip flops are triggered, then
equation (1) can be re-written as

TTA =
n∑

i=1

TPAi
(4)

if Ea(i) is the energy dissipated by each vector, andPa(i) is
the resultant power dissipation, then

Vector PeriodTPAi
=

Ea(i)

Pa(i)

In asynchronous clocking, we ensure that by reducing the time
period the power dissipation per vector period does not exceed
the peak power. Hence,

TPAi
=

Ea(i)

Pmax

(5)

Next, substituting equation (5) into equation (4) we get,

TTA =
n∑

i=1

Ea(i)

Pmax

(6)

⇒ TTA =
ETOTAL

Pmax

(7)

Equation (7) proves the stated theorem.

Definition 1. For a given circuit the ratio of the maximum
energy dissipated in any test clock cycle to the average energy
by all clock cycles is a constant, called the reduction ratio,
represented as β, which is always ≥ 1.

If the reduction in test time can be represented as the ratio
of the two test times,

Reduction β =
TTS

TTA

Using equations (2) and (7), the above equation becomes,

β =
n× TPS

ETOTAL

Pmax

=
n×Emax

Pmax

n×Eavg

Pmax

⇒ β =
Emax

Eavg

(8)

Using the above equation we can now obtain a lower bound
on the test time reduction.

Theorem 3. For a given peak power, Pmax, the shortest test
time is achieved when every clock cycle consumes Pmax. This
is achieved by the asynchronous test.

Proof: For convenience equation (3) is written below,

TTS =
ETOTAL

PAVG

TTS =
ETOTAL

EAV G

TPS

since in the synchronous clock, the clock period is set so
that the maximum power dissipated does not exceed the peak
power,TPS can be written asTPS = Emax

Pmax
,

TTS =
ETOTAL

EAVG

×
Emax

Pmax

Rearranging the equation,

TTS =
Emax

EAVG

×
ETOTAL

Pmax

Substituting values from equations (8) and (7) we have,

TTS = β × TTA

⇒ TTA =
TTS

β
(9)

Equation (9) shows that the time spent on the ATE using
the asynchronous clocking will be reduced by the factorβ.
Hence, the lower bound of asynchronous clock time is limited
by the ratio of maximum energy to the average energy.

Based on the above theorems, a script was written is Perl
to execute a test methodology.



III. E XTERNAL TEST USING ATE

Current ability of the ATE is to provide a constant clock to
the circuit under test. Work is in progress to implement the
proposed methodology at ATE level. Modifications are done
such that the ATE is capable of generating asynchronous clock.
This can be achieved by modifying the test program such that
the ATE recognizes the vector period needed for each vector,
either through an additional bit that divide the fastest frequency
or by hard coding the range of frequencies for each test pattern.
On chip hardware can be designed to change the frequency
of the fastest clock by a factor sent through the ATE during
test. This method will eliminate the need for saving the vector
period within the ATE and the extensive programming. Ability
to customize the ATE for asynchronous clocking will enable
testing on ATE more efficient in terms of time and cost.

IV. EXPERIMENTAL RESULTS

The Verilog netlist of the ISCAS’89 benchmark circuits
were synthesized using tsmc 350nm technology. All flip flops
were converted into mux scan type flip flops and were daisy
chained to form a single scan chain. The length of one test
cycle equals the total number of flip flops plus one cycle to
apply the primary inputs and for capturing the circuit response.

Mentor Graphics’ Leonardo spectrum was used to synthe-
size the Verilog behavioral model. The synthesized netlistwas
used for scan insertion in DFT Advisor. The Fastscan ATPG
tool was used to generate test patterns for stuck-at faults.

To demonstrate the test time reduction using asynchronous
clocking, we first simulated the s298 sequential benchmark
circuit with and without asynchronous clocking. The simu-
lation was performed on Mentor Graphics’ ADiT (Analog
and Digital Turbo) simulator. The vectors used for simulation
consists of 33 ATPG test patterns, including one for scan chain
test- done prior to the normal test. Also, two additional test
patterns containing alternate 1’s and 0’s were added to invoke
the worst case power dissipation. The circuit consists of 14
flip flops with 3 PI’s (primary inputs) and 6 PO’s (primary
outputs). The test patterns were scanned in using test per scan,
i.e., only one test pattern for each test cycle (14 clock cycles).
The PI’s are set at the end of the scan shift cycle. The energy
calculated for each clock cycle is proportional to the total
activity in the circuit. By the same token, the energy will also
consider the activity caused during scan capture.

Figure 1 shows the simulation results for s298 sequen-
tial benchmark circuit. The x-axis indicates the test time in
microseconds and the y-axis indicates the power dissipated
for each clock cycle in milliwatts. As seen in the figure
the power dissipated by the circuit for each clock cycle
varies widely and only few vectors actually cause enough
activity in the circuit to dissipate the peak power. Using the
equation (5) the vector period is determined for each cycle.
This produces the asynchronous clock that reduces the total
test time but constrains the power to the maximum allowable
power. Figure 1(a) shows the simulation for a peak power of
0.71mW with a total test time of 21.01µs using synchronous

(a) Pmax = 0.71mW;Tmax = 40ns

(b) Pmax = 0.35mW;Tmax = 80ns

Fig. 1. Asynchronous clock simulation by Spice for s298 benchmark circuit.

clocking, by using asynchronous clocking the total test time
is reduced to 13.38µs a reduction of approximately 36%.

Figure 1(b) shows the simulation results when the test power
is reduced by half during synchronous clocking by doubling
the clock period used in 1(a) and hence the total test time
is now 42.021µs. Using asynchronous clocking, the total test
time becomes 26.9µs giving approximately 36% reduction,
which is same as in the previous case. This shows thatβ

remains constant as described by equation (8). Thus, the ratio
of synchronous test time to asynchronous test time remains
constant. Figure 2 shows this for various peak power limits.

Figures 3 and 4 show Spice simulation for s382 and s713,
respectively, for their scan test sequences when a synchronous
clock period of 40ns was used. A 30% reduction is obtained
for s382 and about 50% reduction is observed for s713. The
plots serve as a partial proof of Theorem 3 where it is indicated
that the test time of an asynchronous clock is limited byβ,
which is the ratio of maximum energy over average energy.
Quantitative comparison is made using following relation.

Emax(s382)

Eavg(s382)
<

Emax(s713)

Eavg(s713)

Hence, from equation (9),TTA(s382) > TTA(s713)



Fig. 2. Test time comparison between synchronous and asynchronous
clocking methods for various peak power limits.

Fig. 3. Spice simulation of s382:Pmax = 0.9mW,Pavg = 0.692mW.

The analysis shows that the reduction in test time directly
correlates to the ratio of maximum energy to the average
energy. Table I shows the simulation results for ISCAS’89
benchmark circuits designed using tsmc 180nm technology.
The simulations were carried out using Synopsys Nanosim
tool, which calculates the dynamic power almost 100 times
faster than spice with same accuracy [1].

TABLE I
TEST TIME RESULTS OFISCAS‘89 BENCHMARK CIRCUITS IN TSMC

180NM TECHNOLOGY.

Circuit Peak Power Test Time (µs) Reduction

name (mW) Synch. Asynch. %

s298 0.08 21.01 13.46 36

s382 0.24 29.94 19.90 33

s713 0.27 30.22 15.03 50

s1423 0.43 183.09 111.54 39

s13207 2.11 2220.0 1353.5 39

s384584 7.22 7422.6 5924.7 20

Fig. 4. Spice simulation of s713:Pmax = 1.03mW,Pavg = 0.530mW.

V. CONCLUSION

Advance technologies in CMOS VLSI designs for low
power applications require power constrained tests that could
result in longer test time and high testing costs. Newer methods
are required to reduce test time while conforming to the
allowable power. In this work we simulated the scan tests
for ISCAS’89 benchmark circuits and obtained the maximum
energy dissipated using synchronous clock period. Using the
relation in equation (5), we generated asynchronous clock with
varying clock periods. This enabled us to raise the power per
clock cycle to the peak power limit and in turn reduce the
test time. We have produced results that show reduction up to
50%. Maximum reduction in test time is observed when the
peak energy dissipated by the circuit is significantly greater
than the average energy dissipated. An implementation of this
work on an ATE is in progress.
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