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Abstract—The conventional method of testing during wafer
sort using an Automatic Test Equipment (ATE) is to provide
fixed clock period to the circuit under test (CUT). This may
lead to longer test times owing to large number of sequential
elements in the design. Under such scenario, it is observed that
the dynamic power dissipated during each test cycle varies based
on the amount of signal transitions in the CUT. We propose
an asynchronous test methodology to reduce test time, where
each clock cycle is customized to dissipate the same amount
of power. Simulation results using this methodology shows upto
45% reduction in test time with ISCAS‘89 benchmark circuits. To
establish the test programming feasibility of the new methodology
the Advantest T2000GS ATE of Auburn University Test Lab was
used. Test time reduction of 38% was demonstrated for scan test
of a circuit.

I. I NTRODUCTION

Most digital VLSI circuits today are tested using the scan
based method [5]. This reduces the complexity of testing
sequential circuits to that of testing combinational circuits. In
the scan method, flip-flops are loaded and unloaded through a
shift register mechanism for testing faults in the combinational
logic. Test power dissipation is known to be2× to 4× the
functional power dissipation [11]. If the power dissipated
during tests go beyond the rated power of the device then
it is possible for a good device to fail or even be damaged.
This necessitates the need for wider clock periods. In the era
of low power devices that contain more than a billion gates,
long test times has become a critical concern. Custom SOC
designs containing microprocessors, digital signal processors
and memories uses large number of clock cycles during scan
based tests. This directly impacts the final cost of the chip [5].

Earlier approaches to reduce test time used pattern over-
lapping [6], [7] and reusable scan chains [9] to eliminate
unwanted scan chain operations by using similar patterns
to reduce scan shift process. Reduction in test time is
shown on the availability of such patterns. Venkataramani
and Agrawal [16] [17] analytically finds an optimum voltage
that is used in scan test for stuck at faults to improve
test time in power constrained circuits without violating any
timing constraints at reduced voltage, it considers the power
dissipated in both shift and capture cycles. Work has also been
proposed in reducing test time in SoC designs using reduced
supply voltage and varying clock rates by optimizing the test
scheduling using integer linear programming. [14], [15].

Shanmugasundaram and Agrawal [12] [13] proposed a
technique to reduce the test time in power constrained builtin
self test (BIST) circuits. It implements an activity monitor that
increases the scan clock frequency if the monitor observes a
low activity in the chain, otherwise it decreases the frequency.

The method achieves20−50% reduction in test time in BIST
circuits with a little area overhead. Hashempour et. al [8]
implements both BIST and ATE in an effort to reduce test
time on the ATE. The methodology identifies all “easy-to-
detect” faults using BIST and then uses ATE to identify all
the “hard-to-detect” faults.

In this work we aim to reduce the test time for scan based
circuits during wafer sort using ATE by employing cycle by
cycle clock variation based on the energy dissipated by each
pattern during that cycle. The work is initially investigated
mathematically to obtain dependencies that would enable us
to reach our goal.

II. T EST TIME REDUCTION

During stuck-at fault tests the CUT is synchronously tested
at a fixed clock period which is determined by the amount
of power dissipated by the CUT during test and the structural
delay of the CUT. The time taken to test a CUT is proportional
to the product of the number of clock cycles and the test clock
period. In our work the dynamic energy consumed during test,
which is a function of the signal transitions (logic activity and
glitches) and short circuit power, is assumed to dominate the
total power dissipation during test.

Theorem 1. The total test time (TT ) for a synchronous test
is the ratio of the total energy ETOTAL, to the average power
of the entire test PAVG.

TT =
ETOTAL

PAVG

(1)

Proof: As per the definition of test time, the total test
time can be written as;

TT = N × Ttest (2)

where N is the number of clock cycles andTtest is the
fixed/synchronous test clock period. If the energy consumed
by cycle i is Ei, then the total energy consumed during the
entire test is

ETOTAL =

N∑

i

Ei =
TT

N

N∑

i

Ei

Ttest

= TT ×
1

N

N∑

i

Pi (3)

wherePi is the power dissipated per test cycle. The average
power during test is given by

PAVG =
1

N

N∑

i

Pi



hence equation (3) can be written as

ETOTAL = TT × PAVG (4)

which proves the theorem.

For a given set of test patterns generated by an automated test
pattern generator (ATPG), the total energy dissipated during
test is an unchanging component and hence the total test time
is dependent only upon the average power consumed. In order
to reduce the test time, it is required that the test be run at
the smallest clock period possible while dissipating powerless
than the rated power. Since the minimum period is limited by
the critical path delay of the CUT, test time is dependent on
both the rated power and the structural delay of the circuit.
The two constraints that determine the minimum test clock
period can be defined as follows,

1) Power Constraint - A test is power constrained, if the
minimum test clock period is limited by the maxi-
mum rated power for the circuit. We define this pe-
riod as Tpower = EMAX(test)/PMAX(rated) where
PMAX(rated) is the maximum power dissipated during
functional operation or the rated maximum for the CUT
and EMAX(test) is the maximum energy dissipated
during any test cycle.

2) Structure Constraint - A test is structure constrained
if the minimum test clock period is limited by the
structural delay of the CUT. We define the fastest clock
as fstructure = 1/Tstructure whereTstructure is the
structure constrained clock period.

Based on the above definitions, the minimum test clock period
would have to satisfy both power and structure constraints,i.e.

Ttest = max{ Tstructure, Tpower} (5)

In a power constrained test, the test clock period isTpower >
Tstructure, that is,

Ttest = Tpower =
EMAX(test)

PMAX(rated)
(6)

Substituting equation (6) in equation (2) we get the total test
time for power constrained test as;

TT = N ×
EMAX(test)

PMAX(rated)
(7)

At a constant power supply, the energy consumed during
any cycle is a function of the amount of signal transitions in
the CUT caused by the pattern applied. It is observed that,
for a given set of combinational ATPG patterns the amount
of energy dissipated during each clock cycle is not constant.
This scenario, illustrated in Figure 1, indicates that keeping the
clock cycle fixed during the entire test the power dissipated
during each cycle may not reach the maximum rated power.
Therefore, the cycles during which the circuit dissipates lower
than rated power could be squeezed such that the power
dissipated during that cycle is closer to the rated power of
the device. Figure 2 illustrates an example where each cycle

Fig. 1. Example of a test using fixed clock period [4].

Fig. 2. Example of a test using varying clock period [4].

period is adjusted based on the energy dissipated during that
cycle. This is achieved by usingasynchronous test.

In an asynchronous test the amount of power dissipated
during each cycle is closer to the rated powerPMAX(rated).
Assuming that every cycle dissipates the same amount of
powerPMAX(rated), from theorem 1 we can say that during
asynchronous test the test energyETOTAL is dissipated at a
constant rate ofPMAX(rated). This can be written as,

TT =
ETOTAL

PMAX(rated)
(8)

Hence the test time for anasynchronous test can be written
as,

TT =

N∑

i

Ei

PMAX(rated)
(9)

whereEi is the energy dissipated atith test cycle andN is
the number of test cycles.
If Ttest(i) is the test clock period forith cycle, then

TT =

N∑

i

Ttest(i) (10)

where,

Ttest(i) =
Ei

PMAX(rated)
(11)

When the CUT structure constraint then
Tstrucuture > Tpower, therefore the lower bound of
test clock period in asynchronous test is

Ttest(i) = N × Tstructure (12)

Hence we can conclude that the clock period customized for
ith cycle is determined by

Ttest(i) = max{ Tstructure,
Ei

PMAX(rated)
} (13)



Equation (13) suggest that each test cycle during
asynchronous test is either structure constrained, where
Ei ≤ Tstructure ×PMAX(rated), or power constrained, where
Ei > Tstructure × PMAX(rated).

Hence all cycles that are structure constrained will be
synchronously clocked at a period equal toTstructure and
all the cycles that are power constrained will be adjusted
asynchronously to dissipate power close toPMAX(rated).
Therefore, the test time forasynchronous test is bounded
by,

N ×max{Tstructure,
Ei

PMAX(rated)
} ≤ TTasynch

TTasynch <
Ei

PMAX(rated)
(14)

III. A NALYSIS

We examine the theory put forth in the previous section
using an ISCAS’89 sequential benchmark circuit. To maintain
simplicity, we choose s298 benchmark circuit that contains
14 flip-flops, 3 primary inputs and 6 primary outputs. We
synthesize the circuit using Mentor Graphics Leonardo Spec-
trum [3] with TSMC 180nm technology. The spectrum tool
also provides the critical path delay through static timing
analysis (STA) of the circuit. Though a more accurate critical
path delay information can be obtained after the routing of the
circuit with the inserted scan chains. All flip-flops in the circuit
are daisy chained to form a full scan chain, using Mentor
Graphics DFT advisor. Once the scan chain is inserted a set
of deterministic ATPG test vector patterns for stuct-at faults
are generated using Mentor Graphics Tessent Fastscan [2].
A transistor level simulation is performed using Synopsys
Nanosim [1] at the nominal voltage of 1.8V. The transistor
level description of the netlist is generated using Mentor
graphics design architect and the Spice file is imported into
Nanosim. Using Nanosim we measure the energy dissipated
per cycle during the entire test. Based on the report obtained
through transistor level simulation, we determine the test
period for each cycle. For each cycle the test period will
be constrained both by structure as given by STA and by
maximum rated power. The maximum rated power depends on
the functional characteristics, physical design, packaging, etc.,
and is part of the specification of the circuit. In the absence
of available data, for our analysis we measured the maximum
power in functional mode through simulation of 100 random
vectors, which was around 1.23mW. Once the time period for
each cycle is obtained the netlist is simulated again to calculate
the power dissipated during each test cycle.

Figure 3 shows the simulation results of s298 benchmark
circuit. The plot compares the test performed using syn-
chronous (fixed) and asynchronous(varying) test clock periods.
The x-axis shows each test cycle and the y-axis shows the
power dissipated during the corresponding test cycles. As

Fig. 3. Synchronous and asynchronous simulation of 450-cycle scan test
of ISCAS’89 benchmark circuit s298. Synchronous test clock frequency is
240MHz and test time is 1.87µs. Asynchronous test time is 1.31µs.

observed from the figure, when a synchronous clock period
is used the power dissipated during each cycle does not reach
the maximum rated power at every cycle. Hence the test clock
period for cycles dissipating less power can be safely reduced
such that the cycle power is close to the rated power. This
effect is seen in the simulation results using asynchronous
clock. When the particular cycle dissipates low power the
period is reduced such that the power for that cycle increases
to a value closer to the rated power. However, by doing so if
the period becomes shorter than the critical path delay thenthe
period is set to the value of the critical path delay. Therefore
it ensures that the power constrained period is minimum
without violating any timing constraints. This limitationto the
minimum period will let the circuit to dissipate power still
significantly lower than the rated power and hence the “dips”
in the asynchronous plot. In this particular example, the total
test time when using synchronous clock was1.87µs and the
test time using asynchronous clock was≈ 1.3µs. This results
in a reduction of30% using this method.

IV. RESULTS

A. Simulation

The procedure explained in Section III is repeated for
several ISCAS’89 benchmark circuits. All circuits were syn-
thesized using TSMC 180nm technology. The nominal supply
voltage for this technology is 1.8V. The results are shown in
Table I. Column 2 shows the number of scan test clock cycles
used for each circuit. It is determined by the number of flip-
flops in the scan chain and the total number of vectors along
with one cycle for capture. Since the vectors were generated
for stuck at faults, only one capture cycle is used for response
capture at the end of each test. The rated power shown in
column 3 is normally given in the circuit datasheet. However,
in the case of benchmark circuits used we obtain this value by
simulating the CUT in functional mode at its fastest frequency
for 100 random vectors. Though in some cases the power value



TABLE I
SCAN TEST TIME FORISCAS‘89 CIRCUITS IN TSMC 180NM TECHNOLOGY.

Circuit Total Per cycle Synchronous clock Asynchronous clock Test time
name scan test peak power Frequency Test time test time reduction

clock cycles (mW) (MHz) (µs) (µs) %

s298 450 0.00123 240 1.87 1.31 30
s298 540 0.00123 205 2.63 1.39 47.5
s382 703 0.00290 388 1.81 1.32 27
s713 809 0.00270 283 2.48 1.82 27
s1423 6975 0.00450 135 51.5 42.06 18
s1423 7724 0.00450 103 74.8 46.50 37
s13207 41119 0.02130 130 314.3 266.26 15
s15850 101707 0.06780 160 534.7 385.07 28
s384584 224112 0.11060 190 1393.7 1213 13

thus obtained might be closer to the power calculated during
test, employing asynchronous clock to reduce test time can
still be shown. Column 4 shows the test frequency when a
synchronous clock is used for the entire test obtained from
equation (6). The total test time for synchronous clock is
shown in column 5 calculated using equation (2) and the test
frequency in column 4. Column 6 shows the total test time
taken when an asynchronous clock is used. The table shows
considerable reduction in test time when we use asynchronous
clocking. An interesting observation made here is the test time
reduction is proportional to the ratio of maximum energy to
the average energy. This means that, for a set of low power
deterministic test patterns if every cycle consumes significantly
low energy compared to one cycle that consumes very high
energy, then it is possible to achieve very high reduction intest
time. This effect is seen in Table I for circuitss298 ands1423.
When a set of vectors chosen with one test pattern has high
energy consuming cycles and the rest of the vectors consuming
low energy consuming cycles, the test time reduction improved
from 30% to 47.5% in s298 and from18% to 37% in s1423.

Fig. 4. Asynchronous clock periods for 540-cycle scan test of s298 for a
power budget of 1.23mW. Horizontal broken lines indicate four test clock
periods available from the T2000GS ATE. Period used for a test cycle was
the nearest higher ATE clock period.

B. External Test Using ATE

The proposed method was applied by the ATE to the s298
benchmark circuit configured on the Xilinx FPGA. The FPGA
is configured on the run by the ATE using the bit file generated
by the Xilinx ISE tool [10]. The clock period required for
the scan based functional test is determined prior to the
external testing. Certain limitations of the tester framework
sets few margins in the clock periods and the granularity in
its variations. The limitations are as follows,

1) The latency due to the analog measurement module puts
additional delay overhead.

2) Only 4 unique clock periods can be provided for each
testflow.

Hence, the periods for each test cycle is obtained through
simulations is split into 4 groups. The latency of the analog
measurement modules is included in the selected period. The
longest cycle period corresponds to the pulse width determined
by the cycle during which we achieve maximum switching.
The shortest period corresponds to the lowest test period using
which we achieve significant reduction in test time. Each test
cycle is assigned to a period that is closer to, but not less than,
the required period for that cycle.

We simulated 36 deterministic combinational ATPG patterns
used for simulation of s298 circuit in Table I row 2. The cycle
times required for each period was obtained through aperl
script based on the energy consumption per cycle reported by
Nanosim. Due to the latency and settling time of the analog
measurement modules, the minimum clock period that can be
used with the CUT was 100ns. For clarity of our experiment,
the clock periods obtained through simulation were multiplied
by 100. Four unique clock periods were then obtained such that
we achieve significant reduction in test time. Figure 4 shows
the test clock periods on y-axis for each corresponding test
cycles on x-axis. The horizontal broken (red) lines show the4
unique test cycle periods. A test cycle will use the test clock
just above the period shown in Figure 4. For a synchronous
test the maximum period in Figure 4 will be used as the fixed
clock period.

The waveforms for ATE tests are shown in Figures 5 and 6,
as viewed in the logic analyzer of the Advantest T2000GS
system. Two figures have the same time scale. Figures 5 shows
33 cycles (13 to 46) which account for 2 scan sequences of



Fig. 5. Synchronous test: ATE result for 540-cycle scan testof s298 benchmark circuit. Waveforms show 33 test cycles (cycles 13 through 46) of 500ns
clock. Signals shown are scan-out, scan-in, scan enable, three primary outputs and clock. Green triangles under scan-out waveform are matching strobes.

Fig. 6. Asynchronous test: ATE result for 540-cycle scan test of s298 benchmark circuit. Waveforms shows 58 test cycles (cycles 13 through 71) taking the
same time as taken by 46 cycles of synchronous test in Figure 5. Clock periods used were 200, 300, 410 and 500 ns as shown in Figure 4. Signals shown
are scan-out, scan-in, scan enable, three primary outputs and clock. Green triangles under scan-out waveform are matching strobes.

the synchronous test using a 500ns clock. The cycle number
is indicated in the first row, followed by the period for each
cycle as indicated above the first waveform. The labels on
the left side of each waveform correspond to the pins, scan
out, scan in, scan enable, 3 primary inputs and clock. The
value expected at the scan out signals are indicated by X, L
or H, at the beginning of each period and the strobe instants
at which the output response is verified are indicated by
downward/upward triangles, placed at the end of each period.
The strobe points are located such that there is enough time
for the signal to settle after a clock pulse is applied. The input
waveforms are indicated along with the pattern that is applied
at the start of that period. A‘1′ pattern for the clock during
each period indicates that the clock is turned on and based
on the50% duty cycle for the clock during that period, the
corresponding waveform is generated by the frame processor.
For the synchronous test of Figures 5, which used a fixed
clock period of500ns for the entire test, the total time for
540 cycles was270µs.

Figure 6 shows the ATE waveforms using asynchronous
clock periods, 500, 410, 300 and 200 ns as selected for each
cycle based on the corresponding activity it produces in CUT.
The test clock period is determined from Figure 4. Thus, the
peak activity in CUT is the same for both synchronous and
asynchronous tests. Both figures 5 and 6 show the waveforms
for a time interval of16.5µs. Because asynchronous test runs
at varying clock period more cycles are run in this time. Hence
in Figure 6 we observe 58 cycles (13 to 71) within the same
timescale as 33 cycles (13 to 46) for the synchronous test.
The total test time for 540 cycles is now157.7µs, which

corresponds to a reduction of≈ 38% over the synchronous
test time.

This test time reduction is dependent on the relative clock
schedules between synchronous and asynchronous tests and
hence can be compared with 47.5% reduction reported for
the 540 cycle test of s298 in Table I, even though a faster
205MHz (4.88ns period) clock was used there. There are two
reasons for ATE time saving being lower. First, the granularity
of clocks, four ATE clocks versus individual clock for each
vector. Second. our selection of the four ATE frequencies was
ad-hoc and we believe a better selection can improve the test
time reduction.

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 (13), 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. Results have shown reduction up to 47%
is attainable. Maximum reduction in test time is observed
when the peak energy dissipated by the circuit is significantly
greater than the average energy dissipated. We demonstrated
the feasibility of the proposed method on an ATE, though
certain limitations of the ATE hindered the granularity of



our method, significant test time can be achieved on proper
selection of periods for the vector set.
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