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Abstract—This paper shows that existing delay-based testing

. . e vdd Vd
techniques for power gating exhibit both fault coverage and 4% 4{ % b b v
yield loss due to deviations at the charging delay introduced | A8 ¢ fr- v
by the distributed nature of the power-distribution-networks i - H*#_ ”‘E'[_ ”JL
(PDNSs). To restore this test quality loss, which could reach up . - ) Viga
to 67.7% of false passes and 25% of false fails due to stuck- . Vvah |~ ! | !
open faults, we propose a design-for-testability (DFT) logic that ) P D,-E Lo

accounts for a distributed PDN. The proposed logic is optimized Y by 240 b L
by an algorithm that also handles uncertainty due to process Y _ —4{ —{TL —4ETL
variations and offers trade-off exibility between test-application- 4 . 4

(a)

time and area cost. A calibration process is proposed to bridge
model-to-hardware discrepancies and increase test quality when
considering systematic variations. Through SPICE simulations, Fig. 1 Ri . '

. .1 tyl d (b) grid styl t h .
we show complete recovery of the test quality lost due to PDNSs. ig. 1. (a) Ring style and (b) grid style power gating schemes
The proposed method is robust sustaining 80.3% to 98.6% of the

achieved test quality under high random and systematic process . - .
variations. To the best of our knowledge, this paper presents the EDA tools [6]. However, theoarse-graindesign style is more

rst analysis of the PDN impact on test quality and offers a Popular and the focus of this work, since it requires less silicon
uni ed test solution for both ring and grid power gating styles. and offers higher robustness against process variations.
Index Terms—power gating, dft, power-distribution-network, Coarse grain power gating is Implt-?‘mented in two different
test quality, grid style, ring style, systematic variations design styles by deploying either a ring or a grid network of
power switches. Iming style[6], power switches are placed at
l. INTRODUCTION aring externally to the ppwer-gated plogk (Figure 1(a)gtial
ingis al desi hni for i s%/le [6], [7], power switches are distributed throughout the
. Po_wer gating Is a low power esign tec nique for mtegratep wer-gated region (Figure 1(b)) forming a grid between the
circuits (ICs) that assures the viability of high performancﬁower-distribution-networks (PDNs): theupply voltageVyg
and energy ef cient electronic devices at sub-100-nm CMOgpy (SPDN) and thevirtual voltage \iyqg PDN (VPDN)
tec_hnologies [1]. It utilizes transistors as power-switches Qfi,o, comparing these two styles [6], the ring is the only
logic blocks S”pp'Y voltagg to redupe Iez_ak_age power anq pov‘fﬁftion for power gating IP blocks, while the grid style is the
consumptlonbldur|ngd F]’ce”OdS %f Egctlx!tyr.] Povx;gr SW't,Cheﬁnly one scalable to large designs and the only option that
are susceptible to defects and their high quality testing dBipports state retention. This paper considers both styles.
crucial for the efcient low power performance of power- Power switches may operate in two low power modes which

gated ICs, for silicon debugging, for yield analysis and a5, ije 4 trade-off between leakage power saving and wake-
improving subsequent manufacturing cycle [2]-[5]. Desig ip time: complete power-off mode (higher leakage power

for-testability (DFT) is a design technique for assuring thgaving) and intermediate power-off mode (lower wake-up

qua_llty of testing of ICs for_phy5|cal defects durm_g theIIEime). Recent research has reported a number of DFT solutions
lifetime from the manufacturing to the eld. It consists ofy, oy power switches when considering the stuck-open [8]-
fault modelsthat mimic the behavior of physical defects an 2] and the stuck-short [13], [14] fault models. Stuck-short
DFT logic structuresthat provide thg engineering means t aults produce a conducting path betweém and ground
apply the tes_ts and collegt back their responses. and testing against them is crucial to sustain the low power
F_>ower _swﬂ_ches are _|mplemented as hea_der or foo%nsumption bene ts of power gating. Stuck-shorts impact the
switches in eitherne-grain or coarse-graindesign styles. steady state current at power-off mode and could be detected

A ne-grain StY'e_ mcorporates. a power S,W'tCh within _ea,crﬂ)y anlppg based method. Digital-based DFT for monitoring
logic cell simplifying power gating synthesis through existing e voltage level of power switches at intermediate mode
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Fig. 2. (a) DFT with lumped PDNs [15] and (b) stuck-opens test process |* ¢jr * ‘suT

opens through measuring the power-off to power-on delay.

Although previous works have considerably advanced tl (b)
DFT techniques for power switches, they rely on lumped
RC models of the PDNs without considering their distributelg. 3. Setup for power gating segmentation: (a) ring style; (b) grid style.
nature. It was shown in [16] that, at the grid style power gating,

this simpli cation interacts with the test result and in [17] TABLE |
that could even in uence the diagnosis result. In Section 1I, RCELEMENTS FORLUMPED AND DISTRIBUTED PDN MODELS
. L ;
we consider a distributed model for the RC components ot e & model ~Forret ST
the supply VOltage_ PDN (SPDN), the ground voltage P_DN PDN virtual supply ground| virtual supply ground
(GPDN) and the virtual voltage PDN (VPDN). We examine [g R() [4.9E-08 1.6E-07 39E-O&4E-07 8.5E-07 9.8E-08
i i i in Ei S5 C(F) |94E-12 2.2E-12 1.8E-1R.4E-12 1.9E-13 5.5E-12
both the fng z?md the grid power gating styles, ShOW.” n F|gur_@> count| 90859 18741 10933027540 3136 39255
1(a) and in Figure 1(b), respectively. Based on this setup, il |5 R min | 0001 0001 0001 0001 0.001 0.001
Section Ill, we show that the lumped model shortcut use(f 3 () max| 191 1505 12034 6.8 138  338.0
= count| 52678 9332 91003 17158 1664 55333
by the state-of-the-ar_t [8], [9], [15] may lead to both fault 5 C min 56523 23090 4 1E-MP 1E23 2.0E19 4.3E.93
coverage loss and yleld loss that may reach up to 67.7%|©° (F) max |5.8E-15 3.2E-14 1.8E-1@.8E-14 2.7E-14 4.8E-14
and 25%, respectively, and we analyze the reasons of this g R() [64E-08 3.2E-08 4.9E-0®.8E-07 1.4E-07 19E-07
i i i S C() |9.7E-12 1.0E-11 1.7E-11.7E-12 1.5E-12 3.7E-12
test quahtylgss. To tackle th|§ problem., S.ectlon IV presents |2 A T LT L
a DFT architecture that cgn3|ders a distributed PDNs modéet g R min| 0001 0001 0001 0001 0001 0.001
and restores the test quality (fault coverage and yield) at low | 5 () max| 259 1454 760.7| 139 56 2942
cost. Its overhead is optimized by an algorithm that offer$®|S  count] 35294 = 55307 = 59454 14239 = 8720 33578
. N $ C min |3.7E-22 8.5E-23 3E-238.6E-23 10E-20 6E-23
trade-off exibility between test-application-time (TAT) and (F) max |6.1E-15 1.8E-14 1.2E-108E-14 2.1E-14 1.6E-14

area cost. In Section V we adapt the proposed DFT design
method to handle uncertainty and we propose a calibration

method from post-silicon measurements that also ha”"@%charges théy 49 Node by using the discharge transistors

systematic variations. Section VI evaluates the performangg During the application phase, a single SSiTis awakened
and presents the trade-offs of the proposed method and Sec '9”the control logic by deasserting thebeep signal. Upon

VIl concludes the paper. the capture moment, the NAND gate logic output is captured
at the “test result” ip- op by asserting the test clock [15],
Il. STATE-OF-THE-ART & DISTRIBUTED PDNs the frequency of which depends on the segment kiz&he

Figure 2(a) presents the state-of-the-art DFT architecturaptured value indicates whether the observation pdjng
for delay-based testing against stuck-open faults on heagers suf ciently charged at the capture moment. Test clock
power switches [8], [9], [15]. The power switches are clusterdtequency is selected based on tieservable charging delay
in m segments-under-test (SUTs) of segment-dizpower M of theWy y4q point, hereafter referred to abservable wake-
switches [9]. The test process, shown in Figure 2(b), starts wiip timeor simply observationM . This delay is the elapsed
the initialization phase, during which the control logic fullytime from the start of the application phase to tegpture
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Fig. 4. The observable charging deldic at observation poinD ¢ (right corner of the power domain marked with an arrow) for every SJTon ring
and grid power gating styles for three segmentation sdtupsm =128 16;32 64 and16 128

moment when the transient voltage at the NAND gate outpuither are assigned to the same SUT. Finally, we integrate 200
reaches logic-0 value under the fault-free scenario. The voltaggiformly scattered observation poinB; along the SUTSs,
level of 0.2W qq is used at the illustrations of the papershown as dots in Figure 3(a) and 3(b), for monitoring the
However, this point is within 20%-80% d&fyq [18]. Note that observable wake-up times during simulations.

based on the PDNs lumped models shown in Figure 2(a), thdn this distributed environment, the wake up time may be
observable charging delay is computed the same for all SUTseasured through any of the observation poidis on the
VPDN (markedD; nodes in Figure 1(a) and in Figure 1(b)),

We analyzed a large number of benchmarks from thg, o5tion not considered by the lumped model where the
IW_LS 05 benchmark suite [19] and selected three represegyiseryation point is unique. In Section Il we show that, when
tatives: theethernet the s38417and thes38584benchmark the distributed PDN model of Figure 3 is considered, the

circuits. T_hese circuit comprises_lS?.SK, 30.5K and 26.9Kpservable charging delayl; depends on the observation
gate equivalents, respectively, with a gate equivalent Corgﬁint D; and on the SUTS. The deviations introduced by

sponding to a two input NAND gate. To generate the R{yase factors negatively affect test quality with both fault
distributed model of SPDN, GPDN and VPDN, we Symhes'zt?overage and yield loss.

the circuits using a 90nm library and operational voltage of
Vaga = 1:2V for both ring and grid power gating styles using
header power switches. The constraint set during the physic
synthesis of the PDNs is to achieve 10% IR drop for the
ring and 5% for the grid style using 2048 power switche
for the ethernet and 512 power switches for the s38417 aR
s$38584 circuits. This leads to similar power rails size for the ] ]

two styles. Then, using Synopsys STAR-RCXT, we extract”x Dependence of charging delay on segment kize

SPICE model for each style, shown in Figure 3(a) for ring Firstly, we consider the observable charging delay through
and in Figure 3(b) for grid style, that includes both the nets single observation poirD¢, located at the corner of the
and the power distribution networks of the design. GPDN gesign and highlighted in Figure 3(a) and in Figure 3(b). Next,
omitted from the Figure for clarity. Table | shows the RGve simulate the test process for every SUT of each style and
elements information for the distributed and lumped modelge gather the delays through a single observation ot

of the ethernet and the s38417 circuits. For the distribut¥de obtain three sets of results for each style according to
model the number of R and C elements (count) and their rantpe following three segmentation setups of the 2048 power
of value ([min, max]) is shown. The R and C values of thewitches of the ethernet circuim L =16 12864 32
lumped model were computed assuming that the elementsaofi128 16. The results are presented in Figure 4 for both the
the PDNs are connected in parall€l € C; + C,+ :::+ Cy  ring (rst row) and the grid style (second row), for the three
and1=R=1=R; + 1=R, + :::+ 1=Ry ). Note that the high considered segmentation setups. A bar in each graph presents
number of distributed RC elements for the distributed PDNs tife observable charging deldyic through observation points

the ethernet (more than 350 thousands) imply that their spafia¢ when SUTS; is activated. When moving from the left-
effect should be considered for delay measurements. Thus, west segmentation setup to the right-most segmentation setup
cluster the power switches on both ring (Figure 3(a)) and gr{ffigure 4), the number of power switchiegper SUT decreases
(Figure 3(b)) power gating styles into SUTs according to and the observable deldyic increases. This result complies
layout-driven approach: power switches that are closer to eagith the ndings of previous works [8], [9], [15], since SUTs

I11. ANALYSIS OF PDNs IMPACT ON TEST QUALITY

a'll'hrough SPICE simulations of the distributed model pre-
Ssented in Section Il, we analyze the factors affecting the
laservable charging delay.
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TABLE I .
OBSERVABLE CHARGING DELAY DEVIATION FOR SYNTHESIZED DESIGI$ discharge
ethernet S38417 538584 sleep
setup | ring _grid setup| ring | grid | ring | grid -] fesfc/kf;jzlf-Peﬂod
L m|M % | M %L m|M %M %M %M % test clk
128 16| 5.9 21.425 2353128 4{1.4 5.1/0.511.2 0.6 5.6/0.6 9.3 LN — charging delay M—» _
64 32[20.1 14199 82[64 8[24 4.2[1 6713 3811 76 Ve Possible
16 128(35.1 11.919.7 4.6/32 16|4.5 2.7(1.9 4.8|2.34 3.22.2 4.1
. . deviated focal
Possible \.____moments NAND out
0.2V, False Pass SRS FAIL=Logic-1
P « - "~ PASS=logic-0
ufl,mv_“‘_ T 11 initialization pplication  capture J
'@ , o5 moment
£ l10
;f J L Fig. 6. Test quality degradation due to observafiép deviation.
e — 1 9
— 8.5 TABLE Il

| —
o TESTQUALITY RESULTSUSING A SINGLE CAPTURE MOMENT AND A

. . ) ) . SINGLE OBSERVATION POINT
Fig. 5. Observable charging delay from various observation points for

activated SUT: (a) at the corner and (a) at the middle of the design.

circuit ethernet s38417 s38584
style ring grid ring grid ring grid

L m 128 16 128 4 128 4
of smaller sizeL delay the wake-up timeConsequently, the false passes| 67.7 652 | 47.7 438 | 401 440
observable charging delayl; depends on the segment size false fails | 250 187 250 250 250 ~ 250
. . " TQ 73 161 | 273 312 | 349 310

Yet, from Figure 4 we derive thd#l; depends on additional m 3564 64 8 60 8
factors that are discussed next. false passes| 51.0 438 | 452 499 | 324 288
false fails | 21.9 156 | 250 125| 250 125
TQ 271 406 | 298 376 | 426 587

B. Dependence of charging delay on the activated SJT L m 16 128 32 16 32 16
. . . false passes| 21.9 8.6 35.9 234 | 321 18.2
In Figure 4, we observe that the charging delay varies even .o faiis 04 55 | 187 125| 125 6.3
for a single segmentation setup m. For the ethernet circuit TQ 68.7 859 | 454 641 | 554 755

and for segmentation setup bf M =128 16, the Mic

is in the ranges [3.57ns, 8.14ns] and [1.44ns, 3.59ns] for the

ring and grid styles, respectively. From these graphs note tivatthe range [8.3ns, 11.2ns] and the other one at the center

the charging delayc depends on the distance of the SUTFigure 5(b)) in the range [9.5ns, 10.5ns]. Note, as expected,

to the observation point, as expected. Particularly, it depentigt when observation points are closer to the activated SUT

on the RC components between the activated SJ&nd the the observable charging delay is low&hus, we conclude that

observation poinD;. The activation of a SUTS; closer to both the choice of the observation poldf and the activated

the observation poinD¢, causes faster observable wake-uBUT S; impact considerably the observable wake-up time.

time. The same trend is observed for the rest of segmentation

con gurations. Consequently, the observable charging delay Tegst quality degradation

depends on the specic SUS;. . . . .
Table Il presents the observable delay variations of t Two scenarios affe_ct the quahty_of power switches _testlng.

benchmarks for both styles. For each circuit, the rst colum’Eeau“'f.ree power switches may fail the test (false fails) and

shows the examined segmentation seétupm. The observable efective SW'tCheS.' may pass the_ test (fal_se passes). The rst

charging delay is presented with the average vBlubetween ones unnecessarily decrease yield, while the second ones

the minimum and maximum values of the range and tﬁgreaten the Te”ab"”y Of_ the die [4]. N_ote in Eigure 6 how
relative standard deviation. Note that for higher SUT sizes O hypothetlcal scenarios (dashed lines) W'th. observable
L, the charging delay variation increases. charging delay that deviates from the one of the ideal lumped

model (solid line) might affect test quality. The dashed line
. ] ] to the left reaches logic-0 too early and is susceptible to false
C. Dependence of charging delay on observation pbint  nasses, because it might mask faults. On the other hand, the
Similarly, the observable charging delay of a SW dashed line to the right might reach logic-0 too late and is
depends on the observation point through which it is observesdisceptible to false fails, because it might result to logic-1
In Figure 5 we present the observable charging delay when texen for a fault-free scenario. To evaluate the test quality
different SUTs are activated for the grid style segmentatiategradation, we de ne as test quality @) the quantity:
setup ofL m =64 32 The X' and 'y' axis are the (TQ = 100% false passes false faily. Then, through
location coordinates of the corresponding observation pointfewlt injections, we gather the false passes, the false fails
the die and the “Z' axis is the observable charging delay, whand TQ results, shown in Table lll, for all the investigated
a SUT is activated. The rst SUT (Figure 5(a)) is located at theegmentation setups of both styles, when a lumped VPDN
corner of the design and exhibits observable charging delayedel is used with a single observation point and a single
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I

Fig. 8. (a) Safe threshold computation through single stuck-open fault

remove every 5 compatible to Dy from S | injections. (b) Capture edges evaluation using the safe threshold.

inputs:
distributed SPICE model
safe threshold ST
system frequency f

While
|S|>0 OR
OP|<MOP-

2) Safe threshold computationtn Section Il the basic

777777777777777777777 STEP 4: TEST AND CONTROL DATA GENERATION scheme for testing power switches was described according to
{ teshggneration, ] testsat control data which the observation cell output is captured during capture
| assign every SUT S, | triplets | Run-Length | J|op_Reg]j]: successive SUTs # that use OP; : ;
| tOfJbsgrvatl.o}r: 5. 07, | compression [ |c_aegii): successive SUTs # that use C; moment by a ip- op (Figure 6). Due to the_ facto_rs_ that
ey affect an observation, the capture moment will exhibit some
)

deviation from the focal moment for at least some SUTs
Si. Recall from Section Il thafocal momentis the moment

when the output of the NAND gate reaches logic-0. However,
not all the deviations are harmful, if they do not affect test

capture moment. Th& Q is higher for small segment sizesduality. Therefore, we introduce tisafe thresholdST), a time
because the sensitivity of those setups (Table I1) to observatfgheshold that represents the maximum acceptable deviation
point selection is lower. Note that as the size of a Sultetween the focal moment for observatid and the capture
increases, the sensitivity of the delay to observation poiftoment. If ST is honored, neither false passes on single stuck
selection (Table I1) increases and & decreases (Table I11), 0Pen faults nor false fails are expected. The graph in Figure
rendering previous DFT methods inapplicable for high spe&§®) shows how ST can be identi ed. The data of this graph
testing of power switches. These results clearly motivate tR@rrespond to the ethernet circuit and the segmentation setup
importance of a DFT architecture that considers the distributgfl L.~ m = 128 16 of grid style (bottom-left graph of
PDNs nature. Therefore, Section IV presents a novel PDKigure 4). In Figure 8(a) the SU$, is observed through the

aware DFT architecture and a method to restore test qualigeservation poinDc¢ which is located very close to the SUT
S, in the layout. The single darked shaded line on the left of

this graph shows the transient voltage at the observation point
D¢ under fault-free scenario, while the other lines belong to
In this section we propose a PDN-aware DFT architectutke L single-stuck open fault scenarios for every power switch
that offers on-chip control of the parameters that affect thie S;. The results show that the observation of the fault-
deviations of the observable wake-up time in order to restdiree scenario is different from the faulty ones. Particularly,
test quality (TQ): the observation poirid; that observes the faulty scenarios, as expected, exhibit a higher delay. We
that delay and the SUTB;. To avoid the need for multiple refer to this additional delay eskewand we denote it abl .
clock frequencies, the proposed DFT utilizes clock gating fthe earlier faulty observation exhibits tHlewest skew”. That
generate variable capture moments. Practical heuristics bnwest skew is selected as tisafe thresholdST. To justify
proposed to scale the DFT design method to large circuitsis selection, three possible capture moments are examined in
and a compression scheme is proposed that reduces bothHigeire 8(b). The rst moment occurs before the focal moment
area cost of the DFT and the test application time (TAT). of the fault-free scenario arriving aftevl; delay and is
susceptible to false fails, because the output of the observation
. cell has not reached yet logic-0. Next, we examine the second
A. DFT Design Flow moment which occurs after the time momeévf; + ST and
In Figure 7 we present thigesign owof the proposed DFT is susceptible to fault coverage (FC) loss due to false passes,
architecture. It consists of four major steps described belowince faulty scenarios have already reached logic-0 in that
1) Physical synthesis and segmentation setlipis step range. Finally, we examine the third moment which occurs in
requires the power switches physical location, the distributedime window between the fault-free observatidy and the
SPICE netlist and the segmentation setup m. Then, the momentM; + ST. This capture moment selection does not
power switches are clustered in SUTs of slzedriven by imply any TQ loss, because the fault-free scenario has already
the layout, as described in Section Il and shown in Figureached logic-0 and the faulty scenarios arrive after the capture
3. Observation point®; of the VW 4q are injected following moment. Consequently, if a “logic-0" value is captured at the
layout driven evenly scattered intervals on the VPDN. ip- op, then the SUT is fault-free, while if a “logic-1' value

Fig. 7. DFT design ow of the proposed method.

IV. PROPOSEDPDN-AWARE DFT ARCHITECTURE
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It is worth noting that ST, which is the lowest delay skew LI—ILigJ
of single stuck-open faults from the fault-free scenario, varies
for every SUTS; and observation point selectidd; (ST ).

For large designs, fault simulating all the SUTs, even for 3) Observation points selectioheAlgorithm | in Figure
single stuck-open faults, might lead to a formidable number 3f selects a minimum observation points €3 so as for
fault simulations. Therefore, to reduce the number of requirestery SUTS; to be at least on®©P;, the safe threshold of
fault simulations for the safe threshold ST computation, thehich is honored. This condition is refered toasmpatibility
following heuristics are proposed: and discussed below. Thebservable charging delap; is
Heuristic hy: Fault simulate the farthest to the observatiotomputed for every pair of SUS; and candidate observation
point power switch as faultyrrom Figure 8(a) derives that thepoint D; through simulations of the distributed model. Also,
least skewed curve to the left belongs to the scenario whehe TQ is affected by the capture moment. Therefore, the
the faulty power switch is far from the observation point. proposed architecture offers control over the selection of the
Heuristic h,: Focus only at the observation point which issapture moment by using the rising edges of the system clock.
closer to a SUTS;. In Figure 9 the LH for two SUTs Hence, for every pairg;, D;) with observable charging delay
of the ethernet circuit at the grid style segmentation seti; , the system clock rising edges are evaluated for honoring
L m=32 64are presented for all possible single stuckhe ST. If at least one rising edge honors ST, then the Sair (
open faulty scenarios. One SUT is located at the corner of tbe) is marked asompatible The clock edges that honor the
design (Figure 9(a)) and the other one is located at the cer@ar are denoted askip cyclescj . Note that minimum set of

of the design (Figure 9(b)). The "x' and y' axes denote thebservation pointOP must contain at least one compatible
location of the observation point in the layout and the "z’ axioP; for every SUTS; to avoid TQ loss. This is guaranteed
the lowest skew. In both cases the lowest skew is observggliteratively applying the following two criteria that minimize
through the observation points closer to the activated SUT.the number of observation pointdPj (and consequently area
Heuristic hz: Fault simulate the SUTs at the areas witlcost) and TAT:

the lowest IR-dropEven with the two heuristich; andh,  C;: Select the set of observation poirily with the most
every SUT should be fault simulated. Consider the graphs édompatible SUTSs irS.

Figure 9. The absolute value of the observed skew at t3: Among thoseD; selected by criterioi€,, select the one
center (Figure 9(b)) SUT is lower compared to the SUT ahat requires the minimuraverage number of skip cycles

the corner (Figure 9(a)) for the grid style architecture. Thier all its compatible SUTS.

reason is that the SUT at the center is located at an area Wiy new observation point selection follows these criteria and
lower IR-drop and it is more tolerant on faulty power switchegs compatible SUTs are dropped from &t The algorithm
compared to another SUT at an area with higher IR-drop. F@rminates when the s&tis empty. If the designer has set the
the same reason, SUTs at areas with lower IR-drop (Figuteore observation pointparameterMOP , to a value greater
5(b)) exhibit less deviations on the observable charging delthan the minimum number of observation poif@®Pj, the
compared to those at areas with higher IR-drop (Figure 5(aglgorithm selectdOP number of observation points. This
In our experiments we used this heuristic to obtain a globptoperty offers a trade-off between area cost and TAT that
minimum ST for all SUTs and observation points. Note thatill be shown in Section VI.

this selection is pessimistic and a safe threshold per SUT a\?ﬁlample:Figure 10 presents a case of three SI$TsS, and

obser\{ation _poinSTij cou!d be used_ as an alternative, Whegx53 and three candidate observation poidts D, andDs. The

fault simulations number is not the issue. clock edges honoring the safe thresh8i@; between a SUT
Besides, we observe in Figure 9 that the lowest skeynq an observation point are shaded. Applying criteGgron

is exhibited very close to the SUT. A minimum distancenis example leads to the selection of both observation points

constraint, for example excluding an observation point to @l and D,, since these are compatible with all the SUTSs,

assigned to the SUT it belongs, between the observation pajjiile observation poinD 3 is compatible only withS,. Next,

and the selected SUT leadsiib to2 larger safe threshold criterion C, is applied according to which the observation

values. This feature bene ts the robustness of the propos‘%ﬁnt with the minimum average number of skip cycles per

method and reduces the observable charging delay deviatig$T is selected. This criterion targets the minimization of
due to random noise on the RC parasitics of the PDNs.  7AT. For D, that value isGy = (3 + 23 + 5) =3 = 10:3

. 10. Example for observation points selection crité€2igandC..
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DFT Controller o . configuration require the activation of observation poi@P;. Next note
SUT |ps Stat;j},'e':;fet ULt capture from Figure 10 that the skip cycles; that honor the safe
counter States: observe CRES | controller cEc threshold ST is not a unique value butange of compatible
' StaLe“w\h_, op-reG| Sprervalion Point | Jopselect successive skip cycles this example the skip cycleg =5
reset suf ce for testing all the SUTs. Therefore, each p&r,(OP; )
neaPon - VT T L, is assigned to the compatible skip cycle vadyewith the most

occurrences at all SUTs. In Section VI-E, we show that this
action favors the RL compression ef ciency. These control
data are stored at the register le C-REG. Each entry C-
REG[K] stores the skip cycleg and the number of successive
pairs that require the same skip cycles. In Section VI-E, we
demonstrate the compression ef ciency of this technique.

An alternative to reduce the compression scheme complex-
ity is to omit the compression of the observation points assign-
ment (OP-REG) and repeat every test from every observation
point with the cost of TAT. However, part of the TAT spend
could be restored after the post silicon calibration that is

Discharge Transistors
5 5

e e O
-
sisuesy ofiewsig__________

403

minimum selection

of observation points OP,
A

fmmm

OP-MUX opselect presented in Section V-B by reordering the observation points
hargii . . .
SPower swieh T —otur according to the number of their compatible SUTSs.
Observation tatchl | isystem Note that the above method requires the system clock fre-
Logic (TOL) || Result |test.¢! H clk . -
) observation cell guency to evaluate and select the observation points. However,
calibration Clock Gating Logic it is not affected by after speed-binning clock-frequency selec-
lPass/FaiI in test mode, OPopseiect0Utput in calibration . . . .
tion, because manufacturing testing is conducted before speed
Fig. 11. Proposed DFT architecture. binning and the testing is applied using a clock frequency

provided by the PLL generator of the die [21].

and forD; is Tz = (12 + 7 + 24) =3 = 14:3. Consequently,
D, is selected and added at $2P. Next, all compatible to
D, SUTs are dropped from s&. This action results in an  The proposed DFT architecture is shown in Figure 11. It
empty setS, since in this exampl® is compatible with all consists of four major blocks:
the SUTs. Consequently, the algorithm ends. If the parameTest Observation Logic (TOL): This block generates the
MOP was set taMOP =2, an additional observation pointcapture edge and activates an observation pOiRf out of
would be selected. In this examp[; would also be selected, a set of minimum observation poin®P. Each SUT requires
since it qualies for the rst criterion on the empty s& a different capture edge andP; for 100% TQ. This unit
and it requires the less average number of clock cycles patches system clock as long as ttapturesignal is zero and
compatible SUTSs, since it igz = 2=1 = 2. Now, SUTS, the multiplexer OP-MUX selects the appropriate observation
can be tested spending fewer skip cycles throbgh Thus, point OP; indicated by theopselectvalue. A ip- op stores
MOP offers a trade-off between area cost and TAT. the test result, whenaptureis asserted.

4) Test and Control Data GenerationAfter the selection TOL Controller (TOLC): This block is responsible for
of the setOP, thetest generatiorprocess assigns every SUTgenerating the control signatpselectandcapturefor the TOL
Si to acompatibleobservation poinOP;. Since a SUT may unit. First, the Observation Point Controller (OPC) generates
be compatible to more than one observation points from the-chip theopselectsignal to control the activation of a single
setOP, it selects the one with the minimum skip cyclgs observation point for a particular SU%;. The compressed
in order to reduce TAT. In the example of Figure 10 SUTdata for the pairsS; and OP; are stored in aegister le
S; and S; are assigned to observation pofdP; = D; and (OP-REG). Each register stores tbpselectvalue and the
SUT S, to observation poinfOP, = Dj. Note that each number of successive SUTs that use it. Secondly, the Capture
triplet of SUT S;, observation poinOP; and skip cycles;  Edge Controller (CEC) generates on-chip ttapture signal
is required to be stored on-chip in order to control the DFthat controls the clock gating of the system clock. A counter
logic. In Section VI-E we show that this area cost can beconseunts downg; clock rising edges, denoted by skip cycles,
overwhelming, especially for setups with large SUTs numbeefore assertingapture The skip cycless; correspondence
m. To limit this overhead, we apply the following process thdbr each pairS; and OP; is also stored compressed in a C-
compresses these data using the Run-Length (RL) compres$kitG register le. The C-REG contents are serially loaded
[20] and requires minimum decompression logic. The basidgth the skip cycles recomputed by the post-silicon calibration
idea is that many SUTS; require the activation of the sameprocess, which is presented in Section V.
OP; sinceOP set is selected to be minimum. We compresSbservation Cells (OCs): The NAND observation cells,
this correspondence (paig, OP;) using the RL code and we shown as an oval shape in Figure 11, are attached on a mini-
store it on-chip in a register le OP-REG. Speci cally, eachmum set of observation pointSP selected by the algorithm
entry OP-REG]j] stores the number of successive SUTs thaft Section IV-A3 that achieve 100% TQ. Voltage monitoring

B. Architecture



8 IEEE TRANSACTIONS ON COMPUTER-AIDED DESIGN OF INTEGRATED CIRCUITS AND SYSTEMS

alternatives like those reported in [22] can be deployed. = foult-free faulty = — fault-free PDF(0) faulty PDF(1)
Finite State Machine (FSM): An FSM that assures the ..

stuck-open faults test process coordination, according to I: 0 i | W30 i
application scheme described in Section II.

occurrei

1

15

V. HANDLING UNCERTAINTY AND CALIBRATION

Uncertainty on the observable charging delay of both fau —fault-free faulty = = fault-free PDF(0) faulty PDF(1)
free and faulty scenarios impacts test quality. Some uncertail “
sources, like device process variations, can be conS|dered‘”
the design, while others, like the inadequate analog charac
ization of digital technologies [23], [24], are not experience R 1,,||, |‘|,~.,~ 2] Lt e | L AT
before the circuit has been manufactured. In this section \  ESESEEERERERREEE

mmmmmmmmmmmmmmmmm
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propose practical solutions to handle modeled uncertair
during DFT design (Section V-A) and unmodeled uncertainty
during manufacturing testing with calibration from post-silicoifrig. 12. Variations-aware safe threshold. Y& > 0; (b) Vst < 0.
measurements (Section V-B). We also demonstrate a test

quality enhancement method (Section V-C) that c0n3|de S
systematic variations [25]-[27].

observable charging delay ranges

reholdST = Vst. Heuristicshy; h, andhs could be used
to identify the combination of observation poiDi and SUT
Si with the maximum j values forVst computation.
A. Handling uncertainty during DFT In Figure 12(b), the charging delays PDFs of the fault-free

We adapt the safe threshold computation and the obser@dd the faulty scenarios overlap. This is also indicated by
tion points selection to handle uncertainty. We assume 208 negativeVsy value. The overlapping region belongs to
threshold voltage \() and oxide thicknesstdy) variations fault-free scenarios, which exhibit high charging delay, due
for all CMOS devices of the circuit. In Figure 12, welO process variations, that masks single stuck-open faults with
present the result of four Monte Carlo simulations with 50@W charging delay. A possible ad-hoc solution to avoid the
permutations each, considering fault-free and single stuckerlapping region is the selection of a smaller segment size.
open fau|ty scenarios for two Segment sizess 8 (Figure However, a Iarge SUT could be considered tolerant to stuck-
12(a)) andL = 16 (Figure 12(b)) of the s38584 benchmarkopen faults, if a faulty switch does not induce a higher charging
circuit. The “x'-axis is Charg|ng de]ay ranges and the y aX|ge|ay than that of a fault-free SUT Therefore the fault-free
reports the number of occurrences (bar) and their probabilgparging delay is set avlj; = My i 3 . This way
denS|ty functions (PDFs) (lines). The dark-shaéddF (0) = Yield loss is avoided in exchange for fault coverage loss.
[mfj’ ; ] belongs to the fault-free scenarios and the lightiowever, a lower fault-free charging delay could be assigned
shadedPOF (1 = (M ]t tefaly ones Not % ice SUTS et s sty closr o e fongest et
RC_parasitics are con5|dered by the proposed PDN-awg, 0|nts selection algorithm (Section 1V-A3) is modi ed to select
e clock edge that is closer to thd; value. Next, we

DFT (Section IV) and that process variations could affe
both PDN parasitics and the CMOS devices. However, P . . .
parasitics variations have negligible impact on the chargn‘u) esent the proposed c_all_bratlon me.thod to handle uncertainty
delay compared to CMOS devices variations, especially wh € to unmodeled variations (Secgon V-B) an.d we presen.t
the minimum distance between the SUT and the assugn%n approach to enhance test quality by handling systematic
observation point is constrained. varlatlons whenVsy < 0 (Section V-C).

In Figure 12(a), theP DF (0) of the fault-free scenarios
charging delay and th® DF (1) of the faulty scenarios do B. Calibration for bridging model-to-silicon gaps
not overlap. This case Is identi ed by thearlatlons aware  The proposed DFT method relies on SPICE simulations in
safe thresholdvst = (M 3 I} (M ,(J) . order to estimate charging delays. However, due to model-
Since itisVst > 0, the overlap of the two PDFs is negligible.to-silicon discrepancies [23], [24], SPICE simulations might
Note that a SUT, although it may be free from stuck-opens,kie inaccurate compared to actual hardware measurements.
may suffer from parametric faults with charging delay similadnconsidered PDN parasitics is a possible model-to-silicon
to that of a stuck open scenario. However, we target stuakiscrepancy that could affect the PDN voltage level and
opens and we consider the variation of the process paramethes test quality. Therefore, we propose the post-silicat
as fault-free by selecting the fault free observable chargiftgration processshown in Figure 13. During this process,
delay to beM; = My +3 ” . Any parametric faults the calibration signal (Figure 11) exposes observation points
with higher charging delay thaM; are testable by this output to the oscilloscope of the Automated Test Equipment
selection and a lower fault-free charging deRiv;; (shown (ATE) that collects the charging delay measurements. After
in Figure 12) could be selected for parametric faults detectidhe collection of an zﬂe}quate measurements number, the post-
After setting the fault-free charging deldy; , the observation silicon PDF (0) = [M; ; 07 of the fault-free scenarios is

ijr
points selection algorithm (Section 1V-A3) is applied withcomputed through regression analysis. Next, the calibration
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: 'systematic variations decomposition I TABLE IV
L ot oy €10 edge cr center effects) i PROPOSEDDFT EVALUATION RESULTS
_: _exaﬂneﬂﬁes_ '—/:N_OT//:‘I— - _:_ ist(ﬂalic variations
| ___ [ | 3
charging delay] | SUTs clustering and setup  oemrraa Cost performance
}» | | ATE measurements collection ‘_r_eg_re_silo_n_arlal_yiis_' CiI'CUit ]OPJ OP‘REG C‘REG TAT (m ns) TQ
SUT|suT for every \ —— evilua‘? fa::;:ee L m R G|R G R G R G
I F SUTOP, [l ———= | | RO 16 1281 1|7 7 |110 30| 16972 10556
x ={SUT|SUT] || measure M, mensuromonts (per cluster) 32 64 |2 2|14 14 |153 16| 4812 2648
B = L ethernetl 64 32 | 6 10|36 66 |114 16| 1316 652
{ | Aot o 128 169 9|45 45| 30 10| 388 172
£ = . "
N | = to bo wsadn est mod o eonfgoration 8 64 12 277 28148 18] 524 498
16 32 |4 5|42 42|21 16| 174 176
s38417| 32 16 |2 3|10 14| 20 8| 54 56 | o
Fig. 13. Calibration method. 64 8 |3 1|20 3 |12 3 16 8 'C“)
128 4|2 2|4 4|2 2| 4 4 2
8 64 [4 28 1427 36| 572 527 3
con guration (CF), which is the set ofkip cyclesvariables  3g5g4 ég fé 2 181 IZ) %O E 154 14341 13%20
cj (Section IV-A3) for every group of SUTs is recomputed, by 64 8 |3 4|16 3|6 3| 12 8
deploying the observation points selection algorithm (Section 128 412 2]4 2 ]2 2] 4 4

IV-A3) with the available on-chip observation points. The DFT

is con gured with CF, when it is set at test mode. o ]
the distributed PDNs model (Figure 3 and Table |) for both

) . o ring and grid power gating styles and various power switches

C. Handling of systematic variation segmentation setups. Also, for various parameters of the

A practical approach is presented that increases the test (Figure 7), we show the available trade-offs on test-
quality of the proposed method under systematic variatioapplication-time (TAT) and area cost. The operating frequency
(SVs) for large segment sizes wita+ < 0. Spatial correlated of all benchmarks was set at= 1 GHz.
variations on the CMOS devices and parasitics of the PDNs
are common between both inter-die and intra-die variability Test quality and TAT evaluation
[25]-[27]. Systematic variations are explored by analysis of _.
variance (ANOVA) [26], [27], a random to systematic varia- Ewst, we preseqt the results of the propqsed methqd for
tion decomposition technique by ranking candidate effects yanous sggmentatlon setups  m for l?Oth ring and grid
possible sources of variation. For example, the wafer shoRRVe' gating styles for the threg exam_med _benchmarks. The
in Figure 13 is shaded according to tedge effecand the parameteNOP (More Opservaﬂon_l?omts) I set to zero n
center effec{27], two common sources of systematic spatiaﬁrder to trigger the selection of a minimum set of observation

variability. The ow of this process is shown with dashed line0!NtS- In Tablg l\./’ we presgnt Fhe.area cost, in number of
observation point$OPj, the size in ip- ops of the register

in Figure 13 together with the calibration ow. The calibration OP-REG that st the ob i int selecti trol
process jointly considers the collected measurements and e~ at stores the observation point Selection contro
ata and the size of the register le C-REG that stores the

systematic variations to evaluate the calibration con guration .
The systematic variations are used for clustering the SUTs p cycles control d_atg. The TAT and the TQ perforr_nance
ithout process variations) of the proposed method is also

a calibration con guration is computed per cluster accordin o - ) .
to the discrepancies between each cluster's charging de gsented. The columns R’ and "G’ belong to the ring and grid

: . - le, respectively. For the ethernet benchmark, the selected
mean. An example of this approach on spatial variations 3¥'¢ €S . i ’
P PP P observation points number is in the range [1, 10] and [1, 9]

the grid and ring styles, respectively. The register les size
-REG + C-REG) is also very low, in the range [30, 82] and
3, 167] ip- ops for the grid and ring style, respectively. For

demonstrated in Section VI-B.
Finally, note that the proposed method does not stress
chip at the corner cases of its thermal envelope [28] al

temperature variability during testing is expected very low! .
However, if systematic temperature variations are observ%l(!i benchmarks and segmentation setups, the proposed method

0 ) i
during manufacturing testing by temperature sensors, thra%t;)rer;s_'l'ﬁ_t%tlt(;]ot/ot\évhen processtvr?natmnstarte gmltte%UT
can be handled similarly to the case of systematic proce € fighlig at the power swilches are tested per

- . : . L number of power switches each and the TAT reported
I f ch I ) : ;
variations by conducting clustering of charging delays bas Table IV was computed using (segment size) discharge

on discrepancies between the means of temperature Vanatlélﬁashsistors of equal size with the power switches. Hence the
TAT of m number of SUTs and/l average charging time per
VI. SIMULATION RESULTS SUT is bounded byT AT = m 2 M, counting also for

In this section, we evaluate, through SPICE simulatiothe discharging time through the discharge transistors [8]. Note
the performance of the proposed DFT architecture (Figutieat for the ethernet, 8 discharge transistors, of equal size with
11). We analyzed a large number of benchmarks from tktee power switches, are enough to reduce the discharge time
IWLS'05 benchmark suite [19] and selected three representsr 95%. Thus, we conclude that a small amount of discharge
tives to present: thethernet(the largest of the IWLS'05), the transistors can ef ciently reduce the TAT for discharging the
s38417and thes38584circuits (the largest of the ISCAS'89 circuit. Note that discharge transistors are already considered
benchmarks included in the IWLS'05 suite). We considdsy practical solutions for testing power supplies [22].
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Fig. 15. Storage requirements for DFT control with and without compression.

[5%, 40.5%] whenRV = 20% based on the segment sike
Next we evaluate the ability of the proposed method to handle
systematic variations. The results for 20% systematic process
variation (case Figure 14(b)) are shown in Figure 14(c) with
label “SV=20% of3 RV=10%". The TQ loss (false passes)
for that case drops (from [5%, 40.5%)]) to the range of [1.4%,
. ~19.7%], which is attributed to the ef ciency of the calibration
Fig. 14. Fault coverage loss results for random and systematic varlatlonsmethod to handle systematic variations. The TQ improvement
compared to the PDN-unaware testing is in the range of 81.1%

) ) o to 90% based on the segment size even when the PDN-
B. Test quality evaluation under process variations unaware is evaluated with 0% process variations.

Next, we consider 5%, 10% and 20% process variations atNote that the presented results consider process variations
the Vi, andtoy, of the CMOS devices and we conduct Montélso at the NAND observation cells. Omitting the process vari-
Carlo simulation of 500 permutations each. The variatigfions only at the observation cells, decreases the deviations
for the Vi, is shown in Figure 14(a). We also considered §f the charging delays by 50%. Therefore, voltage monitoring
case of systematic variations, shown in Figure 14(b). In th@fernatives, like those reported in [22], could be deployed as
case we assume that the random variations of 20% has beBfervation cells for more robust measurements.
decomposed to three components of systematic varations with
10% random variation each which is a possible outcome of
analyzing, using ANOVA variation decomposition methodg storage requirements and compression evaluation
[26], [27], the spatial edge and center effects of wafer-to-
die variability [27]. The dies in the wafer in Figure 13 have Next, we evaluate the selection of RL compression for
been shaded according to these effects. Figure 14(c) depmspressing the tests (tripleSs, Dj, ¢ ). Figure 15 depicts
the test quality loss ((TQ loss) (false passes) (false fails)) the storage requirements in number of ip- ops for storing
of the examined cases after applying the calibration methtte tests of the ethernet benchmark in uncompressed (triplets
(Section V) on the ethernet benchmark for the examin&, D;, ¢; ) and compressed (register les size C-REG+OP-
segmentation setups m = 16 12832 64,64 32 REG) form for various setupt m. Note that although
and 128 16. When the impact of PDNs is ignored andnly the SUTs numbem is shown onx-axis, the size of
the testing is conducted through a random observation poinsegment is given byL = 2048=m. As the SUTs number
with a constant capture moment for all SUTs and withouh increases fromm = 8 to m = 128, the uncompressed
considering process variations, we obtain the results shostorage requirements increase from 80 to 1792 ip- ops.
with label “PDN-unaware with RV=0%". By comparing theseHowever, when RL compression is used, the compressed
results with those of the proposed method that consider procegwage requirements increase slowly from 30 to 82 ip-
variations, we conclude that the proposed PDN-aware DFdps in the rangem = 8 to m = 32. For higher SUTs
enables to minimize TQ loss even under process variatiomsimberm (m = 64 and m = 128), they decrease to 30
Especially, for SUTs with small segment sizethe proposed and 37 ip- ops, respectively. This is attributed to the higher
method is tolerant on process variations. However, as expecteliservable charging delay of smaller SUT sides(L =
while L increases, test quality loss increases as well. FR948=m) that increases the range of compatible successive
the case ofL = 128, the TQ loss reaches 40.5% for 20%skip cycles, introduced in Section IV-A4. Therefore for higher
process variations. However even in that case, the TQ I&8YTs numbem, it is more frequent to select the same skip
is 51.7% less than the TQ loss of the “PDN-unaware wittyclesc; between SUTSs, which results to higher compression
RV=0%" method (83.9%). We note that the PDN-unawanmatio. The achieved compression ratio of the RL compression
method is evaluated without considering process variatioRs = (uncompressed storage reggompressed storage req.)
(RV=0%). The proposed method does not suffer from yieid shown in Figure 15. Itis alwayR > 1 and increases from
loss due to the ef ciency of the calibration method (SectioR = 2:67 to R =48:43 less storage requirements, while
V) under process variations. The yield loss noticed was letfee SUTs number increases, clearly showing the ef ciency of
than 0.6%. However, it suffers from false passes in the rangetbé RL compression for this type of data.



TENENTES et al: DFT ARCHITECTURE WITH POWER-DISTRIBUTION-NETWORK CONSIDERATION FOR DELAY-BASED POWER GATING TEST 11

TABLE V
AREA COST RESULTS

size ring grid

(ge) |area (ge)area (%) area (ge)area (%)
ethernef157.5K| 1015 0.64 643 0.41
s$38417| 30.5K | 490 1.61 454 1.49
s$38584| 26.9K | 611 2.27 435 1.62

circuit

Fig. 16. TAT vs. storage requirements by selecting more observation points.

D. Area cost evaluation

The proposed DFT architecture has the following area coB@ints can be spared for less TAT, a trade-off observed in
area= (storage)+ (control logic)+ jOPj + jOPj 1MUX. all simulations. Finally, note in Figure 16, how the value of
Table V presents the area cost for both ring and grid styl®OP =10 is marked, as a pareto point, that minimizes the
for the setups of Table IV with the highest hardware costAT with the minimum additional storage requirements.

Area cost is given in gate equivalents in column “area (ge)”.

Column “area (%)” presents the relative area cost compared to VII. CONCLUSIONS

the area cost of the circuit which is reported in column “size We showed that delay-based testing of power switches
(ge)”. For example, for the ethernet benchmark of the griflust consider a distributed model for the PDNs in order
style, the maximum storage requirements after compressionavoid fault coverage loss and yield loss. To tackle this
(register les size OP-REG+C-REG) is obtained for the setugroblem, we proposed a new PDN-aware DFT architecture
L m =264 32anditis 82 ip-ops. Similarly, the (Figure 11), which is suitable for both ring and grid power
highest control logic hardware cost for the ethernet is 28&fting styles. The DFT design ow (Figure 7) consists of
gate equivalents. Speci cally, this cost includes 4 counters fpractical heuristics (Section IV-A2) for scaling fault simulation
RL-decompression (CEC+OPC blocks), the SUTs counter, thsquirements and an algorithm (Section IV-A3) that optimizes
FSM that coordinates the test application and a shift regist@ultiple objectives: test quality, TAT and area cost. The
of size m for asserting thesleep signal of the SUT. One proposed method handles uncertainty (Section V-A) and can be
counter is for addressing the C-REG register le and it is afalibrated (Section V-B) from post-silicon measurements. An
logz(C-REQ bits size. The other one is for counting dowrapproach to improve test quality when systematic variations
the successive SUTs that require the same skip cygjes are considered was also demonstrated (Section V-C). The
and its size is bounded Bgg,(m). Similarly, another counter simulation results show that the test quality which was lost
is required for addressing the OP-REG register le and it igue to PDNs is fully recovered (Table 1V) and that 83.3%
of logx(OP-REQ bits size. The last counter is for countingo 98.6% of the restored test quality is robust under process
down the successive SUTSs that require the same observatiariations (Figure 14). A trade-off between area cost and TAT
point OP; and its size is also bounded tbyg,(m). Finally, (Figure 16) has also been demonstrated. Finally, the proposed
the observation logic requirg®©Pj observation cells and it DFT requires minimum area cost (Table V) of less than 0.42%
is in the range [1, 10] NAND gates for the ethernet circuipercent for a design with 157.5K gate.

Therefore, for the case of the ethernet, the proposed method
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