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Abstract— With increasing process fluctuations in nano-scale method, referred askewed-loadielay testing, transition in the
technology, testing for delay faults is becoming essential in state inputs is induced by shifting the scan values by one bit
manufacturing test to complement stuck-at-fault testing. Design- position. However, design requirement fekewed-loadcase

for-testability techniques, such as enhanced scan are typically b tv b f fast itchi ble si |
associated with considerable overhead in die-area, circuit per- can be costly because of 1ast switching scan enabie signa

formance, and power during normal mode of operation. This [6]. Moreover, since the second pattern (launching pattern) is
paper presents a novel test technique, which can be used ashighly correlated to the first one (initialization pattern), the test
an alternative to the enhanced scan based delay fault testing generation for high fault coverage can be difficult [11]. The
method, with significantly less design overhead. Instead of using third approach, referred amhanced scamethod, allows easy

an extra latch as in the enhanced scan method, we propose using licati fat i d bles det ‘nistic choi f
supply gating at the first level of logic gates to hold the state of a application of a transiion and enab'es deterministic choice o

combinational circuit. Experimental results on a set of ISCAS89 any launching pattern in the scan flip-flops for best possible
benchmarks show an average reduction of 33% in area overhead fault coverage [2] [11].
with an average improvement of 71% in delay overhead and 90%  Although enhanced scan method has high combinational
in power overhead during normal mode of operation, compared 41k testability, it, however, involves high DFT overhead since
to the enhanced scan implementation. o
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

Delay faults in a circuit occur when a net functions properlgind the combinational logic (as shown in Fig. 1) and can
but fails to meet timing requirement. Delay faults are someensiderably affect circuit performance during normal mode
times caused by defects that are not large enough to caussf aperation. Adding to the overhead, the latch takes up
stuck-at failure by changing logic level, but affect the signalignificant amount of die-area and consumes power in normal
propagation time. However, an emerging cause of delay failureode. Fig. 1 (b) also shows a multiplexer-based holding logic
is the uncertainty in circuit design due to process fluctuatiorss proposed in [13]. Although the authors’ objective in [13]
limitation of timing models and static timing analysis toolss not delay testing, we have observed that a multiplexer can
etc. With growing impact of process variation in sub-100nme used (as shown in Fig. 1 (b)) in place of a hold latch to
technology regime, designers face more uncertainty in circugtain the state of a scan flip-flop during scan shifting. There
design [1] and delay faults become more likely. Therefore, it fsave been a large number of investigations to devise alternative
becoming mandatory for manufacturing test to include delalelay fault testing strategies with reduced DFT overhead and
testing along with stuck-at tests [7] [8]. acceptable coverage [3] [4] [5] [6]. However, these techniques

Scan architectures provide an efficient way to test for delaye either not as efficient as enhanced scan method with respect
faults with good fault coverage. Scan-based structural delayfault coverage and required number of test patterns, or they
testing not only helps detection but also diagnosis of delapmplicate the test generation/application considerably.
faults [7] and, hence, is a popular choice for delay fault testing.In this paper, we propose a delay fault testing technique,
However, testing for delay faults usually require launching which allows enhanced scan-like test application, but comes
transition at the input for the circuit under test (CUT), andt a much lower hardware overhead. The technique, referred
capturing the response of the circuit at rated clock. Althoughas First Level Hold (FLH) employs the principle of “supply
is easier to apply a transition at the primary inputs of the CUJating”, in a novel way, to hold the state of combinational
by the tester, it is not straight-forward to make a transition &gic. Instead of holding the initialization pattern at the scan-
the state inputs. Based on test application procedure, therelaokl latch as done in the case of enhanced scan [11], we hold
three prevalent techniques for scan-based delay testing. In the state of the combinational circuit in response to the first
first one, calledbroad-sidedelay test, no transition is appliedpattern by gating the VDD and GND of the first level logic
to the state inputs. State portion of the second pattern is derigades. Test application remains as in enhanced scan approach,
as the combinational circuit's response to the first patterexcept that the control for holding state is now moved from
Although, the testing process is simple and it does not requttee hold latches to the gating control of the first level of logic.
any additional Design-For-Testability (DFT) logic, tbeoad- FLH does not require any extra control signals and does
sidecase can suffer from poor fault coverage [6]. In the secomapt 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
- VDD . . . e e
lad - N block by holding its output state in response to the initial pat-
¥ 1dd1 y 1dd2 y 1dd3 . . )
sLeer — tern before applying the second pattern. This can be achieved
by adding a hold latch as in the enhanced scan or a MUX
—d —d at the input of the combinational circuit (Fig. 1). We have
N ouTL our2 | ouTs 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
Se= 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)
< anpo mode, logic gates in their fanout cones can also retain their
1 d
Stege e . 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

unlike enhanced scan test, it does not introduce extra levelaiPlied. When the SLEEP signal is “1', the node OUT1 is
logic in the timing path of a circuit and hence, the delay ovefloated since there is no path to VDD or GND from this node.
head reduces greatly compared to the enhanced scan. We WIS case, the voltage of OUT1 can remain at ‘1" due to
compared FLH technique with enhanced scan method and'§ charge that is held in that node. However, since OUT1
possible MUX-based alternative [13]. Experiments performéd floated, the charge held in OUT1 node can leak due to
on a set of ISCAS89 benchmarks show superior results wigfkage of transistors connected to that node, which can result
FLH in terms of area, delay and power overhead comparEHa change_ in the state of OUTl node. This is particularly
to the alternative methods. It is worth noting that FLH alsB99ravated if IN switches to ‘1" in the sleep mode and stays
maintains the power-saving advantage of enhanced scar@inl’ for a long enough time. This scenario is simulated in
the test mode, since it prevents redundant switching in thiSPicefor the circuit shown in Fig. 2 using the 70nm Berkeley

combinational block by isolating it from the activity in scarf redictive Technology Models [14]. We have observed that
register. the voltage of OUT1 falls below 600mV in less than 100ns.

The rest of the paper is organized as follows: Section ASSUming a scan chain with a length 1000 flip-flops and a
iilustrates the proposed gating technique for delay testingf@n frequency of 1GHz, the scan time jsslwhich is much
Section I1l presents experimental results in terms of area, de[§)9€r than 100ns. As OUT1 slowly decays belbd —Vin,
and power for a set of benchmark circuits. Section IV describlsthe second inverter (Fig. 2), both the PMOS and NMOS
important test issues associated with the proposed techniig@?sstors get turned ON causing static short circuit current

d

Section V describes ways to further reduce DFT overhead low through the second inverter. Consequently, the output
section VI concludes the paper. 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.
The requirement of enhanced scan based delay fault testingaddition to leakage, crosstalk noise or transient effects
is to apply a transition at the state inputs of a combinationdlie to soft error can also easily change the voltage of a

Fig. 2. Supply gating applied to first level gate

II. FIRSTLEVEL HOLD FORDELAY FAULT TEST
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Fig. 4. Simulated waveforms of proposed supply gating scheme applied to
circuit in Fig. 2 Fig. 5. (a) Modified scan architecture with holding logic at first level gates;
. ) . (b) Timing diagram for delay testing with FLH

floated output. Crosstalk noise can particularly occur in this
circuit because the switching of input (IN) can couple tand the transmission gate can use minimum-sized transistors
OUT1 through the gate-to-drain capacitances of both PMQ@& minimize their impact on area, circuit delay, and power
and NMOS transistors of the first level gate. Moreover, thduring normal mode of operation. Minimum sized inverters
switching of the inputs can result in charge sharing betweare large enough to be able to hold the state of the output
the floated output node and intermediate nodes of the NM®@8de in the hold mode despite the presence of leakage and
or PMOS network in complex gates resulting in change of thwise. Use of minimum sized transistors for the latch element
output voltage. reduces loading on the outputs of first level gates, resulting in

In order to avoid floated nodes in the sleep mode and ensummimal delay and power penalty. The size of the supply gating
hold capability, the outputs of the first level gates need teansistors can be optimized for delay under the given area
be forced to VDD or GND, depending on their initial logicconstraint. Fig. 4 shows the simulated waveforms of the FLH
state. This can be achieved by adding a latch element (crossheme applied to the inverter chain in Fig. 2. As observed
coupled inverters) at the output node. The latch element nedéasn the waveforms, the circuit can strongly hold its state
to be enabled only in the sleep mode to hold the output st§@UT1, OUT2, and OUT3) despite the switching at the input
of the first level gate. The general scheme of the proposgil).
supply gating scheme is shown in Fig. 3. The two inverters, . )
INV1 and INV2, form a cross-coupled inverter loop if the® Scan Design Using FLH
transmission gate is closed. In the sleep mode (TC='0’), theFig. 5 shows the proposed FLH technique applied to a
transmission gate is closed and the inverter loop holds the stgémeral sequential circuit. FLH does not require any extra
of the output node. In the normal mode (TC="1"), however, thiéming control signals. It only uses the test control (TC)
transmission gate is open and the gate can control its outmignal, that is used in conventional scan-based testing, and
Therefore, in this scheme, the output of the gate never géts complement TC). Enhanced scan method requires two
floated and there cannot be any static short circuit curresuntrol signals, TC and HOLD. The timing diagram during
on the next stage gates in the sleep mode. The proposest application is shown in Fig. 5 (b). During scan-in, TC is
scheme is called “First Level Hold (FLH)” since only the firsset to ‘0’ to prevent activity in the scan chain affecting the
stage is set in the hold mode. The inverters (INV1 and INVZombinational circuit. Once scan-shifting is completed for the



fan-out for state inputs, such as s838, the area overhead in the
FLH technigue 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
Fig. 6. Customized latch and MUX cells used in our simulation: (a) LatcBgntrol signals. Therefore, FLH is expected to have no area
ireuit (b) MUX circuit penalty over enhanced scan due to routing of test controls.

first pattern (V1), it is applied to the combinational circuit by Table Il shows comparison of impact on circuit delay for
turning the gating transistors on, while the primary input (Pgifferent benchmark circuits. As observed from Table II, the
bits are applied to PI. After the combinational circuit stabilize®roposed technique has the least impact (minimal increase)
the second pattern (V2) is scanned-in while V1 is held sin@ circuit delay. The MUX-based method shows the largest
the gating transistors in the first level gates are turned officrease. FLH exhibits reduction of up to 10% in overall circuit
Next, the transition is launched by activating TC and applyiréglay compared to enhanced scan approach. It is worth noting

the PI bits and the results are latched after one rated cldbit the logic depth for the test circuits is fairly high (column
period. 2). Since the original delay of the critical path is very large, the

percentage improvement in circuit delay in FLH compared to
Ill. EXPERIMENTAL RESULTS AND COMPARISONS the others is not very high. However, comparing the percentage
To estimate the effectiveness of the FLH scheme, weduction in delay overhead in FLH with that in enhanced
simulated a set of ISCAS89 benchmark circuits and obtainedan method, an average improvement of 71% is observed. As
area, power, and performance overhead in case of FLiHe logic depth decreases for better performance in sequential
enhanced scan, and MUX-based approaches. The simulaticinsuit, the proposed FLH scheme will show much less delay
were performed using the 70nm BPTM models [14] to olbverhead as compared to enhanced scan.
serve the effect of gating in a sub-100nm scaled technology.Table 11l shows comparison of power in the normal mode of
For the latch and mux circuitry, we have used optimizedperation. Significant power savings are observed for all the
implementation obtained from the LEDA library, as showbenchmark circuits. In fact, for most benchmark circuits the
in the schematic in Fig. 6. The gate-level netlists were firpobwer dissipations of the FLH circuits are close to the power
technology-mapped ta.EDA 0.25:m standard cell library dissipations of the original circuits. This is because in the
using Synopsys design compiler by setting the mapping effgntoposed technique, the supply gating transistors do not switch
to medium. The library contains complex gate types e.g. “adii the normal mode. The only source of power overhead is due
(and-or-invert) and “mux”, and hence, the total number @b switching of the minimum-sized inverters and the diffusion
logic gates is reduced from that in original benchmark. Theapacitance added to the outputs of the first level gates due
benchmark circuits are then translatedHspice netlists and to the transmission gate. It is interesting to notice that for a
scaled to 70nm. We assumed full-scan implementation of tle#ge benchmark circuit such as s13207, the power of the FLH
benchmarks. Power is measuredNanoSimby applying 100 circuit is even less than the power of the original circuit. This
random vectors to the inputs and delay is measureddpice can be attributed to two facts: a) the sleep transistor results
simulation of the critical path of a circuit. in active leakage reduction (due to stacking [9]) for the idle
Table | shows comparisons of these techniques in termsgzftes b) reduced number of switching at the outputs of first
area overhead. Since the layout rules for the 70nm node Breel gates compared to the number of switching at scan flip-
not available, the measure used for area is the total transidtop outputs. For a large circuit, at each time instant, there are
active area i « L for a transistor). Enhanced scan circuimany idle first level gates during scan shifting. Saving leakage
has the largest area overhead followed by the MUX-basadthose gates, hence, reduces overall power. FLH shows an
technique. FLH exhibits the smallest area overhead for m@sterage reduction of 44% overall circuit power compared to
benchmark circuits. In both enhanced scan and MUX-bastt enhanced scan method. However, the percentage reduction
methods, the holding elements (latch and MUX) are insert@d power overhead compared to the enhanced scan is 90% on
at the state inputs of the circuit. This means that there is oae average.
gating element per scan flip-flop (Fig. 1 (a)). However, in FLH, Larger-sized sleep transistors for gates in the critical path
gating logic is inserted in all first level gates (Fig. 5), thean be used to further reduce the delay penalty. It increases
number of which depends on the number of unique fanotlte area overhead but does not affect the switching power of
gates of the scan flip-flops. Therefore, for a circuit with largihe gates. However, upsizing the hold latch and MUX does




TABLE |
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 scar
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
515850 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 Il
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 sca
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
51196 16 7.60 11.96 2.18 81.75 71.26
51423 46 2.90 4.70 1.28 72.74 55.83
s5378 13 8.66 11.44 3.01 73.65 65.21
$9234 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
s$35932 14 15.85 24.03 4.52 81.19 71.49
TABLE Il

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 scal

298 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 teean and FLH for a given test set remain unchanged.

scan flip-flop. Moreover, it comes at the cost of increase in, 5 conventional scan-based circuit, combinational logic
both area and power overhead. Area a_nd_ power overhead S@fters from redundant switching in response to changing scan
be further reduced by local fanout optimization under delg)es during the entire period of scan-shifting. Gerstendrfer
constraint, as explained in section V. 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
Fault coverage and fault models remain unaffected withates at the output of scan flip-flops. It is worth noting that
the insertion of FLH logic. During normal mode of operatioran enhanced scan flip-flop embeds a blocking gate, and thus,
the gating transistors are turned ON, hence the conventioislates combinational logic from activity in the scan register
stuck-at fault model, transition and path delay fault modetkiring shift operation. Although FLH does not insert any
remain valid. FLH does not require any change in test vectdskcking logic at the output of scan flip-flops, supply gating
generated by ATPG tools. Hence, fault coverage for enhancadthe first level logic gates holds the previous output state

IV. TESTCONSIDERATIONS



TABLE IV
COMPARISON OF AREA POWER IN NORMAL MODE BEFORE AND AFTER
FANOUT OPTIMIZATION

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-basedkt. T # Frs Fanout Area Combinational
test-per-scan BIST (Built-In Self Test) [11] circuits. A circuit overhead power (W)
designed with BIST has weighted random pattern generatorgzc—i—s, (b%fgre) (aggr) e (gelf'%f) (fggrl)
and output response analyzer built into the circuit. The pattensitos 18 23 18 10.05 37.82 | 37.26
are applied to both primary inputs and scan cells. If tests1423 74 160 86 13.82 61.93 68.81
patterns are applied to the primary inputs serially, as in thes2378 || 179 | 280 163 | 11.43 | 120.96 | 126.30

: . ,.59234 || 211 | 445 199 | 2898 | 14599 | 15462
scan chain, FLH technique proposed for scan path can b&35571 638 759 589 500 T 32260 | 32473

equally used to the fanout logic gates for the primary inputS$I5850|| 534 837 519 1431 | 343.32 | 336.34
to provide a transition. Scan insertion with FLH can be easilys35932| 1728 | 2692 | 1728 | 26.51 | 1080.98| 1040.12
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 tr_ansistorg_nhanced scan approach of delay fault testing. The proposed
and the embedded latch) does not require to modify a logiG-hnique does not affect test generation, test application and
gate. Hence, it is not necessary to change the standard ggll; coverage. FLH does not require any extra test control
library in case of a cell-based design. However, integrating tagyna|. 1t maintains the power-saving advantage of the en-
gating logic into the layout of a standard-cell element allowg,nced scan method in test mode by suppressing activity in the
more efficient routing and hence, can reduce the area overhggghpinational logic during scan shifting. FLH is more suitable
in physical implementation. for high-speed applications since it induces significantly less
V. FURTHER REDUCTION OF AREA/POWER OVERHEAD delay in critical path of a circuit. At the same time, it
Transistor downsizing can be applied to all the method@fo"ides the benefit of lower overhead in die-area and power

including FLH, to reduce the area and power overhead. EBtR"SUmption in normal mode of circuit operation.
narrowing transistor width usually trades off circuit perfor- ACKNOWLEDGMENT
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This paper presents First Level Hold (FLH), a novel tech-
nigue based on supply gating, as a low-cost alternative to
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