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Abstract— With increasing process fluctuations in nano-scale
technology, testing for delay faults is becoming essential in
manufacturing test to complement stuck-at-fault testing. Design-
for-testability techniques, such as enhanced scan are typically
associated with considerable overhead in die-area, circuit per-
formance, and power during normal mode of operation. This
paper presents a novel test technique, which can be used as
an alternative to the enhanced scan based delay fault testing
method, with significantly less design overhead. Instead of using
an extra latch as in the enhanced scan method, we propose using
supply gating at the first level of logic gates to hold the state of a
combinational circuit. Experimental results on a set of ISCAS89
benchmarks show an average reduction of 33% in area overhead
with an average improvement of 71% in delay overhead and 90%
in power overhead during normal mode of operation, compared
to the enhanced scan implementation.

I. I NTRODUCTION

Delay faults in a circuit occur when a net functions properly
but fails to meet timing requirement. Delay faults are some-
times caused by defects that are not large enough to cause a
stuck-at failure by changing logic level, but affect the signal
propagation time. However, an emerging cause of delay failure
is the uncertainty in circuit design due to process fluctuations,
limitation of timing models and static timing analysis tools
etc. With growing impact of process variation in sub-100nm
technology regime, designers face more uncertainty in circuit
design [1] and delay faults become more likely. Therefore, it is
becoming mandatory for manufacturing test to include delay
testing along with stuck-at tests [7] [8].

Scan architectures provide an efficient way to test for delay
faults with good fault coverage. Scan-based structural delay
testing not only helps detection but also diagnosis of delay
faults [7] and, hence, is a popular choice for delay fault testing.
However, testing for delay faults usually require launching a
transition at the input for the circuit under test (CUT), and
capturing the response of the circuit at rated clock. Although it
is easier to apply a transition at the primary inputs of the CUT
by the tester, it is not straight-forward to make a transition at
the state inputs. Based on test application procedure, there are
three prevalent techniques for scan-based delay testing. In the
first one, calledbroad-sidedelay test, no transition is applied
to the state inputs. State portion of the second pattern is derived
as the combinational circuit’s response to the first pattern.
Although, the testing process is simple and it does not require
any additional Design-For-Testability (DFT) logic, thebroad-
sidecase can suffer from poor fault coverage [6]. In the second

method, referred asskewed-loaddelay testing, transition in the
state inputs is induced by shifting the scan values by one bit
position. However, design requirement forskewed-loadcase
can be costly because of fast switching scan enable signal
[6]. Moreover, since the second pattern (launching pattern) is
highly correlated to the first one (initialization pattern), the test
generation for high fault coverage can be difficult [11]. The
third approach, referred asenhanced scanmethod, allows easy
application of a transition and enables deterministic choice of
any launching pattern in the scan flip-flops for best possible
fault coverage [2] [11].

Although enhanced scan method has high combinational
path testability, it, however, involves high DFT overhead since
it introduces an extra latch, named as hold latch, at the output
of a scan flip-flop to hold the initialization pattern [11]. The
latch resides in the stimulus path between the scan flip-flops
and the combinational logic (as shown in Fig. 1) and can
considerably affect circuit performance during normal mode
of operation. Adding to the overhead, the latch takes up
significant amount of die-area and consumes power in normal
mode. Fig. 1 (b) also shows a multiplexer-based holding logic
as proposed in [13]. Although the authors’ objective in [13]
is not delay testing, we have observed that a multiplexer can
be used (as shown in Fig. 1 (b)) in place of a hold latch to
retain the state of a scan flip-flop during scan shifting. There
have been a large number of investigations to devise alternative
delay fault testing strategies with reduced DFT overhead and
acceptable coverage [3] [4] [5] [6]. However, these techniques
are either not as efficient as enhanced scan method with respect
to fault coverage and required number of test patterns, or they
complicate the test generation/application considerably.

In this paper, we propose a delay fault testing technique,
which allows enhanced scan-like test application, but comes
at a much lower hardware overhead. The technique, referred
asFirst Level Hold (FLH ) employs the principle of “supply
gating”, in a novel way, to hold the state of combinational
logic. Instead of holding the initialization pattern at the scan-
hold latch as done in the case of enhanced scan [11], we hold
the state of the combinational circuit in response to the first
pattern by gating the VDD and GND of the first level logic
gates. Test application remains as in enhanced scan approach,
except that the control for holding state is now moved from
the hold latches to the gating control of the first level of logic.

FLH does not require any extra control signals and does
not change the test generation/application process. Moreover,
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Fig. 1. (a) Scan architecture with additional logic for delay fault test; (b) Holding logic
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Fig. 2. Supply gating applied to first level gate

unlike enhanced scan test, it does not introduce extra level of
logic in the timing path of a circuit and hence, the delay over-
head reduces greatly compared to the enhanced scan. We have
compared FLH technique with enhanced scan method and a
possible MUX-based alternative [13]. Experiments performed
on a set of ISCAS89 benchmarks show superior results with
FLH in terms of area, delay and power overhead compared
to the alternative methods. It is worth noting that FLH also
maintains the power-saving advantage of enhanced scan in
the test mode, since it prevents redundant switching in the
combinational block by isolating it from the activity in scan
register.

The rest of the paper is organized as follows: Section II
illustrates the proposed gating technique for delay testing.
Section III presents experimental results in terms of area, delay
and power for a set of benchmark circuits. Section IV describes
important test issues associated with the proposed technique.
Section V describes ways to further reduce DFT overhead and
section VI concludes the paper.

II. FIRST LEVEL HOLD FOR DELAY FAULT TEST

The requirement of enhanced scan based delay fault testing
is to apply a transition at the state inputs of a combinational

block by holding its output state in response to the initial pat-
tern before applying the second pattern. This can be achieved
by adding a hold latch as in the enhanced scan or a MUX
at the input of the combinational circuit (Fig. 1). We have
observed that, interestingly, we can achieve holding the state
of the combinational logic by ”gating” the supply lines of the
first level logic gates. Fig. 2 shows first level supply gating
for an inverter chain. If the output of the first level logic gates
(OUT1 in Fig. 2) can hold their state in the sleep (i.e. gated)
mode, logic gates in their fanout cones can also retain their
states.

Let us consider the circuit in Fig. 2 with IN at ‘0’ and
OUT1 at ‘1’ when the gating control or SLEEP signal is
applied. When the SLEEP signal is ‘1’, the node OUT1 is
floated since there is no path to VDD or GND from this node.
In this case, the voltage of OUT1 can remain at ‘1’ due to
the charge that is held in that node. However, since OUT1
is floated, the charge held in OUT1 node can leak due to
leakage of transistors connected to that node, which can result
in a change in the state of OUT1 node. This is particularly
aggravated if IN switches to ‘1’ in the sleep mode and stays
at ‘1’ for a long enough time. This scenario is simulated in
Hspicefor the circuit shown in Fig. 2 using the 70nm Berkeley
Predictive Technology Models [14]. We have observed that
the voltage of OUT1 falls below 600mV in less than 100ns.
Assuming a scan chain with a length 1000 flip-flops and a
scan frequency of 1GHz, the scan time is 1µs which is much
longer than 100ns. As OUT1 slowly decays belowV dd−V th,
in the second inverter (Fig. 2), both the PMOS and NMOS
transistors get turned ON causing static short circuit current
to flow through the second inverter. Consequently, the output
of the second inverter (OUT2) rises resulting in static current
on the third inverter (Idd3). If OUT1 decays below the trip
point of the second gate, a switching occurs in the second
gate, which results in a change in the state of the circuit.
In addition to leakage, crosstalk noise or transient effects
due to soft error can also easily change the voltage of a
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Fig. 3. Proposed supply gating scheme with output hold capability

Fig. 4. Simulated waveforms of proposed supply gating scheme applied to
circuit in Fig. 2

floated output. Crosstalk noise can particularly occur in this
circuit because the switching of input (IN) can couple to
OUT1 through the gate-to-drain capacitances of both PMOS
and NMOS transistors of the first level gate. Moreover, the
switching of the inputs can result in charge sharing between
the floated output node and intermediate nodes of the NMOS
or PMOS network in complex gates resulting in change of the
output voltage.

In order to avoid floated nodes in the sleep mode and ensure
hold capability, the outputs of the first level gates need to
be forced to VDD or GND, depending on their initial logic
state. This can be achieved by adding a latch element (cross-
coupled inverters) at the output node. The latch element needs
to be enabled only in the sleep mode to hold the output state
of the first level gate. The general scheme of the proposed
supply gating scheme is shown in Fig. 3. The two inverters,
INV1 and INV2, form a cross-coupled inverter loop if the
transmission gate is closed. In the sleep mode (TC=‘0’), the
transmission gate is closed and the inverter loop holds the state
of the output node. In the normal mode (TC=‘1’), however, the
transmission gate is open and the gate can control its output.
Therefore, in this scheme, the output of the gate never gets
floated and there cannot be any static short circuit current
on the next stage gates in the sleep mode. The proposed
scheme is called “First Level Hold (FLH)” since only the first
stage is set in the hold mode. The inverters (INV1 and INV2)
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Fig. 5. (a) Modified scan architecture with holding logic at first level gates;
(b) Timing diagram for delay testing with FLH

and the transmission gate can use minimum-sized transistors
to minimize their impact on area, circuit delay, and power
during normal mode of operation. Minimum sized inverters
are large enough to be able to hold the state of the output
node in the hold mode despite the presence of leakage and
noise. Use of minimum sized transistors for the latch element
reduces loading on the outputs of first level gates, resulting in
minimal delay and power penalty. The size of the supply gating
transistors can be optimized for delay under the given area
constraint. Fig. 4 shows the simulated waveforms of the FLH
scheme applied to the inverter chain in Fig. 2. As observed
from the waveforms, the circuit can strongly hold its state
(OUT1, OUT2, and OUT3) despite the switching at the input
(IN).

A. Scan Design Using FLH

Fig. 5 shows the proposed FLH technique applied to a
general sequential circuit. FLH does not require any extra
timing control signals. It only uses the test control (TC)
signal, that is used in conventional scan-based testing, and
its complement (̄TC). Enhanced scan method requires two
control signals, TC and HOLD. The timing diagram during
test application is shown in Fig. 5 (b). During scan-in, TC is
set to ‘0’ to prevent activity in the scan chain affecting the
combinational circuit. Once scan-shifting is completed for the



CKBCLK

��
��
��
��

�
�
�
�

CLK

CKB

CLK

CKB

D Q

�� ��
��
��
��

SBS 

QD0

D1

S

SB

(a) (b)

Fig. 6. Customized latch and MUX cells used in our simulation: (a) Latch
circuit (b) MUX circuit

first pattern (V1), it is applied to the combinational circuit by
turning the gating transistors on, while the primary input (PI)
bits are applied to PI. After the combinational circuit stabilizes,
the second pattern (V2) is scanned-in while V1 is held since
the gating transistors in the first level gates are turned off.
Next, the transition is launched by activating TC and applying
the PI bits and the results are latched after one rated clock
period.

III. E XPERIMENTAL RESULTS AND COMPARISONS

To estimate the effectiveness of the FLH scheme, we
simulated a set of ISCAS89 benchmark circuits and obtained
area, power, and performance overhead in case of FLH,
enhanced scan, and MUX-based approaches. The simulations
were performed using the 70nm BPTM models [14] to ob-
serve the effect of gating in a sub-100nm scaled technology.
For the latch and mux circuitry, we have used optimized
implementation obtained from the LEDA library, as shown
in the schematic in Fig. 6. The gate-level netlists were first
technology-mapped toLEDA 0.25µm standard cell library
using Synopsys design compiler by setting the mapping effort
to medium. The library contains complex gate types e.g. “aoi”
(and-or-invert) and “mux”, and hence, the total number of
logic gates is reduced from that in original benchmark. The
benchmark circuits are then translated toHspicenetlists and
scaled to 70nm. We assumed full-scan implementation of the
benchmarks. Power is measured inNanoSimby applying 100
random vectors to the inputs and delay is measured byHspice
simulation of the critical path of a circuit.

Table I shows comparisons of these techniques in terms of
area overhead. Since the layout rules for the 70nm node are
not available, the measure used for area is the total transistor
active area (W ∗ L for a transistor). Enhanced scan circuit
has the largest area overhead followed by the MUX-based
technique. FLH exhibits the smallest area overhead for most
benchmark circuits. In both enhanced scan and MUX-based
methods, the holding elements (latch and MUX) are inserted
at the state inputs of the circuit. This means that there is one
gating element per scan flip-flop (Fig. 1 (a)). However, in FLH,
gating logic is inserted in all first level gates (Fig. 5), the
number of which depends on the number of unique fanout
gates of the scan flip-flops. Therefore, for a circuit with large

fan-out for state inputs, such as s838, the area overhead in the
FLH technique can be more than the others. However, number
of fanouts in a circuit are usually not high (2.3 on average per
scan flip-flop as can be obtained from column 2 and 3) to
satisfy delay constraint of a circuit, since higher fanout means
higher load at the output of a gate and hence, higher delay.
Number of unique fanouts, i.e. the first level gates (as shown
in column 4) is further less (1.8 on average per scan flip-
flop) due to overlapping of fanout cones. FLH shows 33% and
26% reduction in area overhead on an average as compared to
the enhanced scan and MUX-based techniques, respectively.
It is worth noting that FLH does not introduce additional test
control signals. Therefore, FLH is expected to have no area
penalty over enhanced scan due to routing of test controls.

Table II shows comparison of impact on circuit delay for
different benchmark circuits. As observed from Table II, the
proposed technique has the least impact (minimal increase)
on circuit delay. The MUX-based method shows the largest
increase. FLH exhibits reduction of up to 10% in overall circuit
delay compared to enhanced scan approach. It is worth noting
that the logic depth for the test circuits is fairly high (column
2). Since the original delay of the critical path is very large, the
percentage improvement in circuit delay in FLH compared to
the others is not very high. However, comparing the percentage
reduction in delay overhead in FLH with that in enhanced
scan method, an average improvement of 71% is observed. As
the logic depth decreases for better performance in sequential
circuit, the proposed FLH scheme will show much less delay
overhead as compared to enhanced scan.

Table III shows comparison of power in the normal mode of
operation. Significant power savings are observed for all the
benchmark circuits. In fact, for most benchmark circuits the
power dissipations of the FLH circuits are close to the power
dissipations of the original circuits. This is because in the
proposed technique, the supply gating transistors do not switch
in the normal mode. The only source of power overhead is due
to switching of the minimum-sized inverters and the diffusion
capacitance added to the outputs of the first level gates due
to the transmission gate. It is interesting to notice that for a
large benchmark circuit such as s13207, the power of the FLH
circuit is even less than the power of the original circuit. This
can be attributed to two facts: a) the sleep transistor results
in active leakage reduction (due to stacking [9]) for the idle
gates b) reduced number of switching at the outputs of first
level gates compared to the number of switching at scan flip-
flop outputs. For a large circuit, at each time instant, there are
many idle first level gates during scan shifting. Saving leakage
in those gates, hence, reduces overall power. FLH shows an
average reduction of 44% overall circuit power compared to
the enhanced scan method. However, the percentage reduction
in power overhead compared to the enhanced scan is 90% on
an average.

Larger-sized sleep transistors for gates in the critical path
can be used to further reduce the delay penalty. It increases
the area overhead but does not affect the switching power of
the gates. However, upsizing the hold latch and MUX does



TABLE I

COMPARISON OF PERCENTAGE AREA INCREASE

% of area increase with
ISCAS89 # Flip- Total Unique Enhanced MUX-based FLH % Improve- % Improve-

Ckt flops fanouts fanouts scan method method ment over ment over
(Ratio*) method MUX enhanced scan

S298 14 46 35 (2.5) 15.10 13.74 14.00 -1.93 7.28
S344 15 36 32 (2.1) 14.83 13.49 11.73 13.02 20.88
S641 19 19 19 (1.0) 14.24 12.95 5.28 59.23 62.91
S838 32 128 96 (3.0) 14.35 13.05 15.97 -22.31 -11.27
S1196 18 24 23 (1.3) 8.17 7.43 3.87 47.90 52.61
S1423 74 185 160 (2.2) 15.07 13.71 12.08 11.85 19.81
S5378 179 410 280 (1.6) 15.67 14.25 9.09 36.22 41.98
S9234 211 635 445 (2.1) 14.98 13.62 11.71 14.01 21.78
s13207 638 1166 729 (1.14) 26.75 24.33 11.34 53.41 57.62
s15850 534 1152 837 (1.57 22.65 20.61 13.17 36.09 41.87
S35932 1728 4272 2692 (1.6) 16.80 15.28 9.71 36.48 42.22

*Ratio = Ratio of the unique fanouts to number of flip-flops

TABLE II

COMPARISON OF DELAY OVERHEAD

% of delay increase with
ISCAS89 Crit-path Enhanced- Mux FLH % Improve- % Improve-

Ckt logic scan based method ment over ment over
levels method MUX enhanced scan

s298 8 15.11 21.99 5.05 77.01 66.54
s344 11 10.63 14.43 5.03 65.15 52.67
s641 22 5.88 9.17 2.89 68.54 50.92
s838 20 4.62 5.86 1.69 71.25 63.52
s1196 16 7.60 11.96 2.18 81.75 71.26
s1423 46 2.90 4.70 1.28 72.74 55.83
s5378 13 8.66 11.44 3.01 73.65 65.21
s9234 16 4.95 9.05 1.57 82.70 68.39
s13207 21 5.12 8.13 1.12 86.27 78.18
s15850 28 4.04 4.90 0.95 80.64 76.47
s35932 14 15.85 24.03 4.52 81.19 71.49

TABLE III

COMPARISON OF POWER OVERHEAD DURING NORMAL MODE

% of power increase with
ISCAS89 Enhanced- Mux FLH % Improv % Improve-

Ckt scan based method over ment over
method MUX enhanced scan

s298 92.23 68.00 21.29 68.69 76.92
s344 81.52 56.58 11.38 79.90 86.05
s641 136.36 100.83 13.17 86.94 90.34
s838 152.56 111.55 44.55 60.06 70.80
s1196 31.37 24.24 1.27 94.78 95.96
s1423 80.47 64.19 2.68 95.83 96.68
s5378 91.60 65.43 6.00 90.83 93.45
s9234 111.18 75.26 12.37 83.56 88.87
s13207 120.72 86.75 -5.25 106.05 104.35
s15850 110.44 81.41 11.34 86.06 89.73
s35932 98.61 66.49 5.49 91.75 94.44

not help much to improve delay since it increases load on the
scan flip-flop. Moreover, it comes at the cost of increase in
both area and power overhead. Area and power overhead can
be further reduced by local fanout optimization under delay
constraint, as explained in section V.

IV. T EST CONSIDERATIONS

Fault coverage and fault models remain unaffected with
the insertion of FLH logic. During normal mode of operation
the gating transistors are turned ON, hence the conventional
stuck-at fault model, transition and path delay fault models
remain valid. FLH does not require any change in test vectors
generated by ATPG tools. Hence, fault coverage for enhanced

scan and FLH for a given test set remain unchanged.

In a conventional scan-based circuit, combinational logic
suffers from redundant switching in response to changing scan
values during the entire period of scan-shifting. Gerstendrfer
and Wunderlich [12] have shown that on an average about
78% of energy in the test mode can be saved by preventing
redundant switching in combinational logic by using blocking
gates at the output of scan flip-flops. It is worth noting that
an enhanced scan flip-flop embeds a blocking gate, and thus,
isolates combinational logic from activity in the scan register
during shift operation. Although FLH does not insert any
blocking logic at the output of scan flip-flops, supply gating
at the first level logic gates holds the previous output state



of the gate and prevents propagation of switching. FLH is,
thus, equally effective in completely eliminating redundant
switching power in the combinational logic.

The proposed technique can be easily applied to scan-based
test-per-scan BIST (Built-In Self Test) [11] circuits. A circuit
designed with BIST has weighted random pattern generator
and output response analyzer built into the circuit. The patterns
are applied to both primary inputs and scan cells. If test
patterns are applied to the primary inputs serially, as in the
scan chain, FLH technique proposed for scan path can be
equally used to the fanout logic gates for the primary inputs
to provide a transition. Scan insertion with FLH can be easily
automated by test synthesis tools by inserting the gating logic
of FLH for each scan cell to each of its first level fanout gates.
It can be noted that additional logic for FLH (gating transistors
and the embedded latch) does not require to modify a logic
gate. Hence, it is not necessary to change the standard cell
library in case of a cell-based design. However, integrating the
gating logic into the layout of a standard-cell element allows
more efficient routing and hence, can reduce the area overhead
in physical implementation.

V. FURTHER REDUCTION OFAREA/POWER OVERHEAD

Transistor downsizing can be applied to all the methods,
including FLH, to reduce the area and power overhead. But
narrowing transistor width usually trades off circuit perfor-
mance by affecting critical path delay. FLH, however, has po-
tential to reduce the area penalty further without compromising
delay. We designed a low-complexity local fanout reduction
algorithm which targets minimization of first level gates under
constraint on critical path time. The algorithm is based on
identifying the scan flip flops with higher fanouts and then
adding two inverters in cascade between output of the scan
flip-flops and their fanout gates. No inverter is added in the
critical path of the circuits and maximum circuit delay is kept
unaltered. We then try to re-synthesize the second inverter with
its fanout gates to reduce area penalty due to the additional
inverters. If a scan flip-flop already has an inverter connected
to it, we do not need the second inverter. The algorithm
utilizes the timing slack available in the non-critical paths. We
implemented the algorithm applied it on a set of benchmarks
with higher number of scan flip-flops. The result is presented
in Table IV. It can be observed that we can get as high as
37% improvement (with an average of 18%) in area overhead
with fanout optimization under delay constraint. The power
in normal mode remains comparable. It is interesting to note
that, for some cases (e.g. s5378), the number of first level
gates becomes even lower than the number of scan flip-slops.
This is because for these benchmarks, most of the high-fanout
scan flip-flops have largely reduced fanouts (1 or 2) after the
fanout optimization, while overlap among the fanout cones of
the other flip-flops is maintained. It results in total number of
first level gates lower than the number of flip-flops.

VI. CONCLUSIONS

This paper presents First Level Hold (FLH), a novel tech-
nique based on supply gating, as a low-cost alternative to

TABLE IV

COMPARISON OF AREA, POWER IN NORMAL MODE BEFORE AND AFTER

FANOUT OPTIMIZATION

Ckt. # FFs Fanout Area Combinational
overhead power (µW)

(before) (after) improv. (before) (after)
s838 32 96 36 36.86 21.66 19.01
s1196 18 23 18 10.05 37.82 37.26
s1423 74 160 86 13.82 61.93 68.81
s5378 179 280 163 11.43 120.96 126.30
s9234 211 445 199 28.98 145.99 154.62
s13207 638 729 589 2.09 322.69 324.73
s15850 534 837 519 14.31 343.32 336.34
s35932 1728 2692 1728 26.51 1080.98 1040.12

enhanced scan approach of delay fault testing. The proposed
technique does not affect test generation, test application and
fault coverage. FLH does not require any extra test control
signal. It maintains the power-saving advantage of the en-
hanced scan method in test mode by suppressing activity in the
combinational logic during scan shifting. FLH is more suitable
for high-speed applications since it induces significantly less
delay in critical path of a circuit. At the same time, it
provides the benefit of lower overhead in die-area and power
consumption in normal mode of circuit operation.
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