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Abstract—Power switches are used as part of power-gating
technique to reduce leakage power of a design. To the best
of our knowledge, this is the first work in open-literature to
show a systematic diagnosis method for accurately diagnosj
power switches. The proposed diagnosis method utilizes rewatly
proposed DFT solution for efficient testing of power switche
in the presence of PVT variation. It divides power switches
into segments such that any faulty power switch is detectabl
thereby achieving high diagnosis accuracy. The proposed di
agnosis method has been validated through SPICE simulation
using a number of ISCAS benchmarks synthesized with a 90-nm
gate library. Simulation results show that when considerig the
influence of process variation, the worst case loss of accum is
less than 4.5%; and the worst case loss of accuracy is less tha
12% when considering VT (Voltage and Temperature) variations.

Index Terms—Sleep transistor, diagnosis, power gating, leakage
power management, design for test (DFT).

I. INTRODUCTION AND RELATED WORK

practice and is the focus of this work. Power-switches are
implemented in two power-modes that provide a trade-off
between leakage power saving and wake-up time. These in-
clude: complete power-off mode (higher leakage power ggvin
and intermediate power-off mode (lower wake-up time). DFT
solutions for power switches with intermediate power-offda
have been recently proposed [3], [4]. Therefore, this work
focuses on power-switches with complete power-off mode.
Diagnosis is a systematic method to uniquely identify the
defect causing malfunction in the circuit. It is criticalgdicon
debugging, yield analysis and for improving subsequentunan
facturing cycle [6]—[8]. Recent research has reported abarm
of DFT solutions to test power-switches when considerirgg th
two possible type of faults: stuck-open and stuck-short [5]
[9]-[11]. Stuck-open fault models a physical scenario, rghe
the drain or source of a transistor is disconnected leadirgy t
faulty transistor behavior. Testing such faults require test

POWER gating is a low-power design technique to reducgectors. The first test vector drives the output of a traasist
leakage power. It has gained popularity in sub 100-nMq |ogic high or low, while the second test vector complinsent
CMOS designs, where leakage power is a major contributor tghe output logic value using each transistor in the pull-up o

the overall power consumption [1]. It utilizes power-swiés
(also called sleep transistors) to power-down the logickdo

pull-down network [7]. Stuck-short faults produce a cortthug
ath between Y¥; and ground and may be detected by a test

during idle mode to reduce leakage power consumption [Zkechnique calleddoq testing, that monitors the current flow
Power switches are implemented as header switches or foolg{iring steady-state condition [7]. The first DFT solution is
switches. This paper analyzes headers in detail but thdztsesureported in [9], and is used to test power switches in both fine
are equally applicable to footer power switches as well. &ow grain and coarse-grain designs. However, it was highlijhte
switches are usually implemented in either *fine grain” orin [10] that this DFT solution suffers from long dischargmé
“coarse-grain” design styles. Fine-grain style incorpesaa \ynen power switches are turned off. This leads to long test
power-switch within each standard logic cell with a controltjme due to the necessity of applying slower test clock and
signal to switch on/off the power supply of the cell. In c@ars may |ead to false test (false-fail or false-pass). This b
grain design style, a number of power-switches are combinegas addressed in [5] through an effective DFT solution, Whic
to feed a block of logic. When comparing the two design styles;qded a low-leakage (high,)) discharge transistor segment
fine-grain design simplifies the incorporation of powertw@t g the DFT. This is because discharge transistor is switched
through existing EDA tools, but it has higher area overheags during normal operation of the design, therefore high
and it is more vulnerable to voltage drop fluctuations dueperformance and leaky (low )/ or standard V},) transistors

to process, voltage and temperature variations [2]. Thezef 5. unnecessary. This is why a high,\(low performance
coarse-grain design style is a more popular design choice ighd |ess leaky) NMOS transistor is used as a discharge

Manuscript received 28 Mar, 2012; revised 10 Oct, 2012; accepted 80
Dec, 2012. The authors would like to acknowledge Engingeaind Physical
Sciences Research Council (EPSRC, UK) for funding this worller grant
no. EP/H011420/1.

S. Khursheed, B. M. Al-Hashimi and P. R. Wilson are with théd&xt of
Electronics and Computer Science, University of SouthampUK. (email:
ssk@ecs.soton.ac.uk, bmah@ecs.soton.ac.uk, prw@eosasouk)

K. Shi is with the Electrical and Electronics Engineeringoaement at
Imperial College London, UK. (email: k.shill@imperialidg

K. Chakrabarty is with the department of Electrical and Catap Engi-
neering, Duke University, USA. (email: krish@ee.duke)edu

transistor. It is designed such tha, lis maximum, and J; ¢

is minimum to ensure low-leakage through virtual rail DFT
during normal operation of the design. See [5] (Sec. IlI-A
and Fig. 4) for more details about discharge transistorgtesi
including SPICE simulation results. This DFT solution is
shown in Fig. 1, where Fig. (1a) shows the DFT for a fine-grain
design and Fig. (1b) shows that for a coarse-grain desiga. Th
DFT proposed in [5] achieves fast test time through balanced
charge and discharge time and eliminates the possibility of
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Fig. 1: DFT for testing power-switches [5]

false test. In [11], test and diagnosis of power switches igating design along with its DFT [5]. The DFT consists of
proposed through delay test by simulating circuit delayhat t a control logic for controlling the test sequence, a muitkelr
outputs of functional unit of the design. It is motivated byto enable the test mode, an AND gate to control the dis-
the fact that the circuit delay increases with higher nundfer charge transistor segment, and an output NAND gate where
faulty (stuck-open) power switches. The drawback of such #ault effect is observed. For this analysis, the logic block
technique is that it is not possible to locate the exact cafise consists of ISCAS benchmark designs that are synthesized
additional delay leading to IC timing violation, and themef  using a 90-nm ST-Microelectronics gate library. The netlis
it is not possible to distinguish between delay fault causeds converted to SPICE format using Synopsys STAR-RCXT to
by power switches, logic gates or interconnects on theyfaultallow detailed HSPICE analysis. The operating voltage used
paths, and overall negatively affects diagnosis accurBleis  in this experiment is 1-V and operating temperature i85
clearly motivates the need for an accurate and efficientoteth Power switches used in this experiment are high PMOS
for diagnosing power-switches. transistors, where each power-switch has a width of i

This paper proposes an efficient delay test based diagnosisd length of 150-nm. See [2] for more details on power switch
method for power switches. Using coarse-grain design styldesign. Table | shows three benchmarks along with the number
(Fig. 1b), it demonstrates how to divide power switches intoof power switches needed for each design. The number of
segments to achieve high diagnosis accuracy with minimurpower switches used for each design varies to achiesb
possible hardware overhead. In this paper, the number dR-drop target [2], [12]. IR-drop is determined in active teo
power switches per segment is referred as segment size. Hay simulating the voltage at 4, while feeding transition
each design, segment size is determined through detailgullses (high-to-low and low-to-high) to the primary inpuofs
trade-off analysis between test frequency and segment sizach design. The number of discharge transistors are chosen
using HSPICE simulations. The proposed diagnosis methoi achieve a balanced charge/discharge time at thg; When
capitalizes on optimal segment sizes (per design) to daterm only transistors of one segment are turned on. The charge tim
the number of faulty power switches in a design. Experimentts defined as the time it takes the voltage level to reach 90%
are conducted on a 90-nm gate library, and the proposeaf V4 and the discharge time is the time it takes the voltage
method is analyzed in nominal operating conditions and unddevel to reach 10% of ¥, see [5] for more details on designing
the influence of process, voltage and temperature varmtion discharge transistors.
is shown that in the worst-case, loss of diagnosis acCusCy i | coarse-grain design style, power switches are divides in
less than 12%. To the best of our knowledge, this is the firSlogments and the number of power switches per segment has
work on diagnosis of power switches that shows a systematig (e off between area overhead, test time and precision
diagnosis method for accurately diagnosing power—swﬁ_ch_e in identifying faulty transistors [5], [9], [10]. This is sfwn
the presence of process, voltage and temperature variation j, Tapje | where for each design, we varied segment size

The paper is organized as follows: Section Il describegom 5 tg 30, and evaluated diagnosis accuracy using a fixed
how segment sizing can be exploited for higher diagnosigagt frequency. For a design shown in Fig. 1b, with 5 power
accuracy. The proposed diagnosis algorithm is presented Wyjitches per segment, we first simulated the test frequency.
Sectlon Il. .Slmulatlon results are reported in Section®id e signal “TE” (Test Enable) is set to 1, “D” (control signal
finally Section V concludes the paper. for Discharge Transistors) is set to 0, the power switch is
turned-on (“§” = 0) and fall-time at the output of NAND
gate is observed when it reaches 20% @f ¥0.2-V). This fall-

In this section, we analyze two important parameters thaime is used to determine the test frequency. Using the same
affect diagnosis accuracy of power switches: segment side atest frequency, we determined the maximum number of faulty
test frequency. Fig. 1b shows a typical coarse-grain pows(stuck-open) power switches per segment, where segment siz

II. ANALYSIS OF SEGMENT SIZE AND TEST FREQUENCY
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TABLE I: Trade-off: Diagnosis Accuracy vs. Segment Size rggqyits are shown in Table Il. As expected, for each segment

Total Segment Dectectable Diagnosis size, it is possible to achieve 100% diagnosis accuracy at a

Design | # of PS Size Power Switches | Accuracy certain test frequency. Note that using very high test feaxgy

Ca32 30 5 5 100% can potentially lead to yield loss due to excessive power
10 9 90.00% consumption [13], [14]. This is why, in this work we optimize
15 12 80.00% segment size using rated frequency of each design to be ssed a
30 22 73.30% test frequency. For each design, rated frequency is detedni

C1908 120 5 5 100% through Synopsys design compiler under timing constraints
10 9 90.00% This also minimizes the overhead of additional DFT clock
15 13 86.70% only for diagnosis. For each design, using its rated frequen
30 24 80.00% the optimal segment size is shown in Table lll, where each

C2670 180 5 5 100% design is synthesized using 90-nm STMicroelectronics gate
10 10 100% library. Second column shows critical path length, for thes
15 14 93.30% designs the number of gates in critical path varies from 9
30 25 83.30% to 18 gates as in case of C2670 and C3540 respectively.

] . Third column shows the operating frequency of each design
varies from 5 to 30. The numbe_r of de_tectable power switchegs determined by Synopsys Design Compiler. Fourth column
are then used to calculate diagnosis accuracy. Results &Rqys the total number of power switches needed for each
shown in Table |, as expected, for each design, the number @fsign 1o achieves 5% IR-drop target. Fifth column shows
un-detected faulty power switches increases with segmeit s the segment size to achieve 100% diagnosis accuracy using
leading to_ reduced diagnosis accuracy. With higher number Qhe operating frequency as test frequency. It is calculated
power switches per segment (for example, 10 or more in cas@rough an iterative algorithm that increases the number of
of C432 and C1908), test time and hardware to control POWe&gqyer switches per segment until diagnosis accuracy remain
switches reduce; but it also reduces dlagn95|s accuraisyisTh |\ qaffected at nominal operating conditions {25 1-V and
because, with higher number of power switches per segmenft, oyt considering process variation). Fig. 2 shows a shap
the voltage on virtual rail gets to 90% ofuy within specified ¢ Sp|CE simulation as in case of C432 benchmark design.
time hiding faulty power switches. This clearly shows th@t f |; a1 pe seen that using 6 power switches per segment with
a given design, number of power switches and test frequency,q faulty (stuck-open) power switch, it is not possible to
there i_s an optimal_segmgnt size, which has to be determingglearentiate between faulty and fault-free design, tisisvihy
to achieve 100% diagnosis accuracy. 5 power switches per segment is selected, where it is still
Second important parameter that affects diagnosis acgguragossiple to determine single faulty power switch. The last
of power switches is test frequency, which is discussed nexg|umn shows total number of segments for each design. In
through HSPICE simulation. For example, C432 benchmarkis work, we assumed voltage level ef 0.2-V as logic-0,
design, requires 30 power switches to achieve targeté%  anq voltage> 0.8-V as logic-1. This is because delay faults
IR-drop. For C432, we considered three different segmen{an he computed using signal capture time and logic thréshol
sizes: 5, 10, and 15. For each segment size, we determinggjtage of observation point (in this case output of NAND
the falling delay at the output of NAND gate (din fault-  gate) shown in Fig. 1. When considering process variation
free design, and used that to determine test frequency., NeXith +34 variation effects, logic threshold voltages of all gates
we inserted stuck-open faults in each segment and increasgfly gate library are within 20%-80% of Vdd [15]. This means
test frequency (starting from—— and step size is 10% of for 4 rising transition, logic-1 is guareenteed a)V> 0.8-V.
dif) until 100% diagnosis accuracy is achieved. That is theSimilarly, logic-0 is guareenteed ato\ < 0.2-V. Note, when
test frequency at which even a single faulty power switch igated frequency is lower than maximum achievable frequency
detectable. Test frequency step size is increased frghy- it may increase the number of segments and a multiplexer is
as an illustration, as that showed good correlation betweemneeded for each additional segment (Fig. 1b). For example in
test frequency and segment size in case of C432 design. Tkase of C432 design, last row of Table Il, shows 6.4 GHz as
maximum frequency to detect 15 power switches per segment,

TABLE II: Trade-off: Diagnosis Accuracy vs. Test FrequencyWhiCh is significantly higher than the rated frequency of

Segment |  Falling Test Diagnosis 1.69 GHz (Table Ill). Therefore, an overhead of additional
Design | Size | Delay df (ns) | Freq (GHz) | Accuracy multiplexer per segment is preferred over additional Idigic
Ca32 150 (?;017 ;471‘5" 9%088/3/ higher than rated clock frequency generation.
’ 4 1(')0%0 This setup (described above) allows us to detect each seg-
15 0.143 5 80.00% ment with one or more faulty power switches in it. However,
5.8 93.30% it is not possible to determine the number of faulty power
6.4 100% switches per segment. For example, as shown in Table llI,
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o | TABLE 1V: Slower than rated test frequency to determine the
| " . number of faulty power switches per segment
Segment | Prop. Segment # of Test
* Design Size Size Faulty PS | Freq (GHz)

C432 5 50% 3 0.63
‘"s’ C1908 9 50% 5 0.52
“© 75% 4 1.65
C2670 17 50% 8 0.95
— ) 25% 12 0.53
. . . . . . 75% 4 0.81
Fig. 2: HSPICE simulation to determine optimal segment.size C3540 18 50% 9 0.49
C7552 benchmark design requires 703 power switches, which 25% 13 0.23
are divided into 19 segments, where each segment contains 37 75% 9 1.25
power switches. In case, there are 12 faulty power switches c7552 37 50% 18 0.72
in one segment, this setup allows us to identify that segment 25% 27 03

but it is not possible to determine the number of faulty power

switches. _This issue is addressed by exploi_ting test frecig®  \iqeq into segments using their corresponding rated friegye

to determine the number of faulty power switches per segment, ., yhat even a single faulty power switch per segment is
This is achieved by using slower than rated test frequenCyeacrable. The number of faulty power switches per segment
such that it is possible to charge virtual raib by using e jgentified by using 3 additional test frequencies peigdes
Igss numb_er of power switches, i.e., by Pro"'d'“g extraghar pe rateq frequency and additional test frequencies pégmles
time by using slower test frequency. In this work, we haveduse 5 e shown in Table i1l and Table IV respectively. The aldurit

3 additional test frequencies, to charge_ V|rtual_ rail byngsi (Fig. 1) takes as input the netlist, number of segments and
25%, 50% and 75%_°f total power switches In a segmenteg frequencies and returns diagnosis information ctingis
Slower test freque_nues can be used to d_etgrmme the range,,ation and number of faulty power switches per segment
of faulty power switches in a segment. This is demonstrateg1 a design. The algorithm activates one segment<D

in Fig. 3, fi denotes the rated frequency, whereas fs ;11 1) during each test cycle, while all others segments
and f4 are slower frequencies, and are meant for 75%, 50%¢ gyitched off. Diagnosis is carried out through capttire

anc_i 25% of total power switches per segment resp_ectwe_l;gignal at the output of NAND gate (signal “OUT" in Fig. 1b).
Using the same example of C7552 benchmark design Wit qqjthmic steps to test each segment are shown in lines 6-
12 faulty power switches in one segment, it is possible tchG, where starting from the first segmerit £ 1), highest

diagnose the range of faulty power switches with addit.iona{est frequency fu) is applied first and response is observed
clock frequencies, i.e., between 9 and 18 faulty power $weic at “OUT". In case ‘OUT +# 0", the segment is identified as

as shown in Fig. 3. Note, it is possible to further narrowg, 1 and lower test frequencies are then used to determine
diagnosis accuracy using additional test fre_quenuesle'nab _the number of faulty power switches for segmentOnce
shows the slower than rated test frequenmes for each de5|gcrﬁe number (range) of faulty power switches are identified,
In case of C7552 benchmark design, the rated test frequengyis information is stored on stack as shown by line 12.
is 1.89 GHz (last row of Table Ill), and slower than ratedryoqe steps (lines 6-16) are repeated for all segments and
frequencies with proportional segment are 1.25 GHz for 75%,

0.72 GHz for 50%, and 0.3 GHz for 25% segment size. fi>6>16>1f Faulty Power Switch
(FPS) per Segment

100% Segment Size

I1l. DIAGNOSIS ALGORITHM fi >
Algorithm 1 shows the proposed diagnosis algorithm. As f 75% Segment Size >
discussed in Sec. Il, it is assumed that power switches are di _
.. X i £ 50% Segment Size >l
TABLE l1I: Optimized Segment Sizes at rated operating Fre- ! ,
| 25% Segment Size
guency | ‘.
Critical Path Freq Total Segment Total | |
Design | Length (ns) | (GHz.) | # of PS Size Segments 4 | |
C432 0.59 1.69 30 5 6
C1908 0.71 141 | 126 9 12 0 9 v 18 27 37
C2670 0.43 2.33 187 17 11 9<FPS<18
C3540 0.83 1.2 216 18 12 Fig. 3: Slower test frequencies are used to detect the number
C7552 0.53 1.89 703 37 19 of faulty power switches
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Algorithm 1 Diagnosis Algorithm
Input: (Netlist, m, f1, f2, f3, fa)

TABLE V: Test patterns for testing power-switches and dis-
charge transistors using the proposed DFT (Fig. 4) assuming

Il Set f1 to f4, to test frequencies corresponding to 100%,fW0 segmentsn = 2

75%, 50% and 25% segment size Test | TE =1 out
1 _diagnosis (Fig. 3). “m” is total number of segments cycle | S D | Vyaa | Fault free | Fauly | Justification
(Fig. 1b) ) 1. 10111 0 1 0 Discharge
Output: Faulty segments with number of faulty power Seg. 1 Open
switches in each segment 2. ol 110 1 0 1 *DT Short
1. TE = _1 _ Discharge
/I TE is Test Enable (Fig. 1b) 3. 11111 0 1 0 DT Open
2. FFy = f1; FFy = fo Seg. 2 Open
/I FF is Frequency at which a segment fails, and used to , 110l o 1 0 1 DT Short
determine number of faulty power switches Discharge
3 D=1 5. | 1] 1|1 0 1 0 DT Open
/I Enable discharge transistor *PS Short
4 S;=1,1¢€(1,M) 6. | 1| 1]0] o 1 0 | Tum-off DFT
/I m is total number of segments (Fig. 1b). Next, turn-o

*DT — Discharge Transistor; PSy Power Switch

all power switch segments. and assuming two segmenis= 2. The first test cycle turns-

> jlf.,,l ints to first i off both power switch segments (Segment 1 and Segment 2)
. ! ptoms 0 first segmen and turns-on the discharge transistors to discharge thagel

3‘ repj)?; s at Vi 4q. The second test cycle turns-on all power switches in
. = J1

segment 1 while power switches in segment 2 and discharge
transistors are switched-off. This charges up the virtuppty
node (M, 4q) through power switches in segment 1 and is used
to test stuck-open on transistors of segment 1 and stuait-sho
on discharge transistors. The third test cycle turns-othbo
power switch segments and turns-on the discharge trarsisto
to discharge the voltage aty\y that was charged up in the
: . previous test cycle. It is also used to test stuck-open fault
determine the nu_mbe_r of faulty power switches on the discharge transistors. Fourth test cycle is usedsto te
i/ Stuck-open exists In; SNumber of faully power stuck-open on power switches in segment 2 by turning off
switches are located by’ Fy and F'F; power switches in segment 1 and discharge transistorshwhic
12 ZUSh(’hFFl’FFQ& tailed dth b is followed up test cycle # 3 to discharge virtual rail. Figal
fali?;po?/\r/]ersg\i/vcitcha:alse segment and the number Othe last test cycle_turns-oﬁ‘ the discharge t_ransistorsem t
for stuck-short at either of the two power switch segmemts. |

Il TF is Test Frequency
8: S;=0,D=0
/l Turn-on only one segment at a time
9: if Out == 0 then
/I' S; is fault-free; Discharge virtual rail
10: else
11: Use Lower Test Frequenciesfa( f3 and fy) to

13: enq i _ general,’ (2 x m) + 2" test cycles are needed to test a design
14f SZ =1.Db=1 with m power switch segments and a discharge segment using
izj unZtiIJri+< m the proposed DFT (Fig. 1b). For designs with > 2 power

17: return switch segments, first test cycle (Table V) should be repeate

after applying stuck-open test at each segment, to diseharg
the voltage at V44 and to prepare for the next test cycle.

B. Control Logic

the algorithm terminates with complete diagnosis infoiiorat
stored on stack. Fig. 4 shows control logic implementation of a generic
design with “m” power switch segments. Control logic im-
plementation is based on three observations from test rgecto
For the proposed DFT, it is necessary to test the dischargeet shown in Table V. First, note that consecutive odd test
transistors and the power switches for two possible faultscycles (1, 3, 5) are repeated. Second, note that the input to
stuck-open and stuck-short. This is because a stuck-opdn fadischarge transistor segment “D” toggles between logiad a
(transistor drain-source open) in a discharge transistitir w logic-0 in each consecutive test cycle. Finally, note thhew

result in long discharge time of the power switch leading tatesting power switch segments (S1 and S2), consecutive even

A. Test set for power gated design

a false test, while a stuck-short fault (transistor draiorse
short) will lead to a stuck-at 0 fault aty,. Table V shows

test cycles (2, 4, 6) shift logic-0 to right, starting fronetfirst
segment, while all other segment inputs are at logic-1. fal to

the test vectors to test a design using the DFT shown in Fig. 1tinere aré’(2xm) + 2" test cycles, which can be implemented
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= Fig. 5: Effect of VT variations on diagnosis of power switshe
! . ) p
@_ TABLE VI. Potential Diagnosis Escapes

L Discharge Transistor Logic
Segment IIEZI # of Diag. Acc.
I, Test Undetected PS at PDE

Fig. 4: Hardware Implementation of Control Logic of a design | Frea. | Segment L1V Vaa

with “m” power switch segments. Design | (GHz) | Size | -25°C | 25°C || -25°C | 25°C
c432 | 169 5 0 0 || 100% | 100%

by a state machine consisting of 8 * m + 2) flip-flops. €1908 | 141 9 L 1 | 88.9%) 88.9%

The first two observations are realized through a flip-flog (C | ©2670 | 233 17 2 2 || 88.2% | 88.2%

that toggles between logic-0 and logic-1 in consecutive tes| €3540 | 12 18 2 1 |[88.9%| 94.4%

cycles, and its inverted output is used to control the diggha [ €7552 | 1.89 37 4 2 || 89.2% | 94.6%

transistor segment throggh 5|gna|_ D ] The _Iast_ observ_ano results shown in Fig. 5 are generated using three operating
can be realized by a simple m-bit wide shift right register.

. S voltage (0.9-V, 1.0-V, 1.1-V; 10% variation of hominal;y)
]ESGI;I?I In Plarallel OtUIt)II It_?c gls;ngwsh 1t3/ef[weten f?ulty ﬁmdand at each operating voltage, the delay is simulated at five
am i rt?]e va;hue?, r;otet a llr t(f *IItan + les .cyt(r:]es @ operating temperatures (-25 to 125C, with step size of
other than the last test cycle), fault-free value is the same ;5o\ ising 432 benchmark design (Table 111). Fall delay is
input “D”, and only for the last test cycle fault-free valu® i

P " . . . simulated at the output of NAND gate (“OUT", Fig. 1b) using
fDII Thlsdofbseltr\]/(atmn C?n bp} eprmt;le? totdlffelrennate_ IJeIwe HSPICE. It can be seen (Fig. 5) that the fall delay is minimum
aulty and fault-iree values for each test cycle requiniBiV o (1 1.y _25°C) and maximum at (0.9-V, 125C). This

;rlrclzélthartzware doverhead, VI;hICth ISCIUde.S OIIIha X|OF§ tga'ie, or|1ig because the transistor delay reduces as operating &oltag
gate, and a comparator to determin€ the 1ast test CyClg, - o 4505 and it reduces further at lower temperatures [16]
Therefore, total hardware cost of control logic implemé&nta This means when operating at 1.1-V and low temperatures, it

is (1+ m + log(2 « m + 2)) flip-flops, a comparatorm ;¢ possible that fault effect is masked out by reduction gmal

Nand gates, one myerter, one XOR Qnd one XNOR ga_te. TIﬁ't‘?ansition delay leading to what is called “Diagnosis E&fap
proposed SO.IUtIOI’I IS _scalable and it can be parallelized tgimilarly, when operating at 0.9-V and high temperatures, i
reduce test time, as different power domains can be tested 0 possible that the diagnosis algorithm incorrectly di

parallel. (“False Diagnosis”) a design as faulty, when it is actuadlylf-
IV. SIMULATION RESULTS free, due to slow signal transition at this operating point.

In this section, we first ana|yze the proposed diagnosis aﬁhOUId be noted that the segment size of each design, shown in
gorithm in nominal scenario (without considering the effec ~ Table Ill, is calculated at a given test frequency, when afieg
process variation) and then under the influence of process vaat 1.0V and 25°C. This is why the diagnosis accuracy is
ation. In particular, we investigate the effect of two opieg ~ 100% for all designs, when operating at 1.0V and 25
points that can potentially lead to loss of diagnosis aagyra When considering both stuck-open and stuck-short faults. W
referred as Potential Diagnosis Escape (PDE) and Potentigpnducted two sets of experiments to analyze the effect of
False Diagnosis (PFD). These two operating points are showHocess, voltage and temperature variations on the agcofac
in Fig. 5. PDE refers to the operating point, where due teefast Proposed diagnosis algorithm, which are discussed next.
signal transition (than at 1.0V, 26), it is possible that a faulty A- Nominal Scenario under VT variations
power switch remains undetected by the diagnosis algorithm When considering nominal scenario (without process vari-
PFD refers to the operating point, where due to slower signaltion), we evaluate the proposed algorithm at two operating
transition (than at 1.0V, 2%), it appears as if there is a points PDE (Potential Diagnosis Escapes) and PFD (Potentia
defective power switch in a segment, when it is fault-frelee T False Diagnosis) respectively, as shown in Fig. 5. To etalua
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90-nm STMicro. SPICE Netlist of Transistor Model
Gate Library Benchmark Design Card

Process Variation
Fault Site Generator

diagnosis accuracy at PDE, HSPICE simulations are conducte
at 1.1-V V,,, at two different operating temperatures: €5

and 25C. These points are selected because they are likely
to show the highest number of diagnosis escapes (Fig. 5).
To determine diagnosis accuracy, we inserted faulty (stuck

Permutation Generator

open) power switches per segment, and the number of faulty o, L("ig'}“; ﬁai'gl)/ »
power switches is increased until the fault is detectabte. F - -

each of the two temperature settings, we report the number of L SPICE Circuit J
undetectable power switches and resulting diagnosis acgur Instance Generator

The results are shown in Table VI. It can be seen that there are {

no escapes for one design (C432) leading to 100% diagnosis |

accuracy. Diagnosis accuracy reduces with higher number of || Dragnosis Algorithm 1,

power switches per segment as in case of other designs, and : T(Algorithm 1) ¢ i

C7552 has the highest number of diagnosis escapes as it has || SPICE Simulation Diagnosis
the largest segment size. As expected, when operating at 1.1 |L__Delay Anaysis || Engine

V V44, reduction in accuracy is higher at <25 (up to 12%)
than at 25C.

Potential false diagnosis (PFD) is simulated next by chang-
ing the operating point to take into account the effect ofvslo Fig. 6: Simulation setup to analyze the effect of process
signal transition on diagnosis accuracy. In these opeyatim-  Variation on diagnosis accuracy of the proposed algorithm.
ditions, accuracy of diagnosis algorithm is evaluated etith ] ) ] .
using any faulty power switch in the design. In this case,W'th m power svyltch.segments and a discharge segment using
the design is operating at 0.9-V,y and we have considered the DFT shown in Fig. 1b.
two operating temperatures: G and 128C. These selected B. Process Variation

points are likely to show the effect of false diagnosis (. Fig. 6 shows the simulation setup for analyzing the effect

The results are shown in Table VII. As expected, diagnosig¢ nrqcess variation on diagnosis escapes and false disgnos
accuracy reduces at higher temperature, when comparing tr&ging the proposed diagnosis algorithm (Algorithm 1). ke
results for all designs at these two temperature settings,

i ; ) _ _ das input transistor model card and SPICE netlist of eachizenc
agnosis accuracy is better at°tbthan at 125C. D|agn05|s mark design, generated through Synopsys design compiter an
accuracy is affected by the number of power switches pegynqnsys STAR-RCXT using 90-nm ST-Microelectornics gate
segment, and it reduces with higher number of power switch&g, a1y The output of simulation flow is marked as “diagrsosi

per segment, as in case of C7552, where 2 power-switches algy ¢ which specifies the location and number of faulty
incorrectly diagnosed to be faulty. These results (TableM 1, er_switches. The simulation engine has four main blasks

Table VII) clearly show that diagnosis accuracy is affedgd o in Fig. 6. The effect of process variation is incorpeda
the combined effect of voltage and temperature variatioms a by the process variation permutation generator, which trees

designs with higher number of power switches per segmenfg its' reported in a recent study to incorporate the effect
(17 or more) are more likely to be affected than designs withy¢ ocess variation [17]. This study has recognized three
smaller segment sizes. This means higher diagnosis ageuragansistor parameters as leading sources of processioariat

across all these operating conditions and designs is pessi,1.-h include: gate length (L), threshold voltage(), and
by reducing segment size (10 or less), but that will increas‘éffective mobilit

, N : . Y (uesr)t. These parameters follow Gaussian
diagnosis time due to increase in total number of segmentgyribytion (-3 variation) with standard deviations of 4%

(per design), where only one segment is tested at a time_. R, L, 5% for Vi, and 21% for u.ss. Negligible spatial
general,”(2 + m) + 2" test cycles are needed to test & design.,re|ation is found between these parameters, i.e., taay c

TABLE VII: Potential False Diagnosis b_e tr_eat(_ed as independent random variables_following Gauss
distribution [17]. Note the parameter fluctuations (ccatet! or
# of Faulty Diag. Acc. otherwise) do not imply that these parameters are indemende

Test PS at PFD at PFD for example as L decreases;;Valso decreases, this effect is

Freq. | Segment 0.9-V Vgq also known as YV, roll-off [16]. In total 600 permutations
Design | (GHz) | Size | 75°C | 128C || 75°C | 125°C per design are generated through Monte-Carlo simulation.
C432 | 1.69 5 0 0 100% | 100% The number of permutations are based on a recent study,
C1008 | 1.41 9 0 0 100% | 100% which shows that the probability of generating a uniquedogi
C2670 | 2.33 17 1 1 94.1% | 94.1%
C3540 1.2 18 0 0 100% | 100% IMobility varies due to variation in effective strain in a atred silicon
C7552 | 1.89 37 1 2 97.3% | 94.6% process [17].




8 KHURSHEEDet al. DELAY TEST FOR DIAGNOSIS OF POWER SWITCHES

TABLE VIII: Effect of Process Variation on False Diagnosis TABLE IX: Effect of Process Variation on Diagnosis Escapes

Nominal Process Variation Nominal Process Variation

Scenario Voltage (mV) % False Scenario Voltage (mV) % Diagnosis
Design | Voltage (mV) | Max | Min Avg Diagnosis Design | Voltage (mV) | Max Min Avg Escapes
C432 48.9 84.7 | 31.2 | 49.8 0% C432 293.3 827.4 | 181.7 | 484.7 0.2%
C1908 66.9 123 48 68 0% C1908 304.1 840.2 | 236.5| 476.7 0%
C2670 99.2 206 58.3 | 102.8 0.3% C2670 279.7 817.3 | 162.6 | 453.3 0.5%
C3540 112.7 230.1| 774 | 1181 0.17% C3540 202.1 629.8 | 171.9 | 398.4 4.5%
C7552 120.3 267.6 | 76.6 | 124.8 1.2% C7552 226.2 775.9 | 198.5 | 505.7 0.3%

fault follows the law of diminishing returns, as it reducesfayits in a randomly selected segment, in each of 600 circuit
significantly after 500 permutations [15]. Fault-site g@er  instances of each design generated to simulate the effect of
is used to insert a faulty power-switch at a random '0cat'0’brocess variation (Fig. 6). The results are shown in Table 1X
in the design. This randomly inserted (power-switch) fauliynere for each design, second column shows the observed
and process variation permutation (generated through ‘Momvoltage at the output of NAND gate (“Out”, Fig. 1b) in nominal
Carlo) is used to create a transistor-level spice circiitance, scenario, without considering the effect of process viariat
which is fed to the diagnosis algorithm (Algorithm 1), which Third column shows the maximum, minimum and average
in turn provides the number and location of faulty power-ygitage values observed at the output of NAND gate, when
switches, as shown in Fig. 6. considering the effect of process variation. The last colum
We used this setup to conduct two experiments to analyzghows the percentage of diagnosis escape for each design ove
the effect of process variation on false diagnosis and disign 600 permutation instances. It can be seen that this pegenta
escapes by simulating transition delay at the output of NANQs small (up to 4.5% as in case of C3540) and in rest of the
gate (“Out”, Fig. 1b) for all benchmark designs. In case &fda  cases it is less than 1%. Fig. 8 shows detailed simulation
diagnosis, we simulated fault-free transition delay untderin-  results of C7552 benchmark design under the influence of
fluence of+3c parameter variation, i.e., without inserting any process variation. It can be seen that only in very few (0.3%)
fault. In case of diagnosis escapes, we inserted one sf@k-0 instances, the voltage is below 0.2-V, which is marked as
fault randomly per circuit instance to determine the accyira diagnosis escape. In general, when considering all designs
of the proposed diagnosis algorithm. One stuck-open faa#t W those with smaller segment sizes (0; Table Ill) as in case
inserted, as that s likely to show highest percentage @friia  of C432 and C1908, show minimum diagnosis escapes and
sis escapes. Both experiments are conducted at 1.0V &@i 25 fa|se diagnosis, when considering the effect of procestaye
Table VIl shows the results of simulating false diagnosider  and temperature variation. This observation can be exgloit
the influence of process variation, without inserting anyltfa to further reduce the effect of process, Vo|tage and tenﬂma
in the design. First column lists the benchmark design®rsec yariations on diagnosis escapes and false diagnosis. Friesm t
column shows the voltage at the output of NAND gate (“Out”,experiment, we conclude that process variation has liffece
Fig. 1b) in nominal scenario (without process variatioh)id  on diagnosis accuracy of the proposed method. This is becaus
column shows the maximum, minimum and average voltagef two reasons. Firstly, power switches are designed toaedu
values at the output of NAND gate, when considering thqeakage power, which is why these are long channel tramsisto

effect of process variation. The last column shows the diverayith W=1.1-um and L=150-nm. It is well-known that the effect
percentage of false diagnosis observed. It can be seen that

the percentage of false diagnosis is negligible for majait 500
designs and its contribution is up to 1.2%, when considering | #°
all designs. Fig. 7 shows detailed simulation results of 5275 e

benchmark design under the influence of process variat®n, a
C7552 has the highest number of false diagnosis. It can lve see
that only in 7 out of 600 instances, the voltage is above 0.2-V
which is marked as false diagnosis. In this work, we assumed
voltage level of< 0.2-V as logic-0, and voltage 0.8-V as
logic-1. The proposed diagnosis method can be easily adjust
to match other voltage levels to correspond to logic (higth an °, o o I oo I oo
|OW) levels (for example, VOItagg 0.1-V as |OgiC-0), through Circuitinstances due to process variation
segment size adjustment of each design. . . -
In the second experiment, to evaluate the effect of procedgd- 7: Instances of false diagnosis in case of C7552 benghma
variation on diagnosis escapes, we insered5% stuck-open design over 600 process variation permutations.




KHURSHEEDet al. DELAY TEST FOR DIAGNOSIS OF POWER SWITCHES

(6]
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9]
(10]

0 100 200 300 400

Circuit instances due to process variation

500 600

(11]

Fig. 8: Instances of diagnosis escapes in case of C7552,
benchmark design over 600 process variation permutations.
(13]
of process variation is smaller on long-channel devices.[3f
for details. Secondly, the DFT setup shown in Fig. 1b aIIowéM]
explicit testing of power switches, and it is further faeited
by dividing power switches into segments and testing oné'°l
segment at a time. This approach is different from available
techniques that simulate logic circuit delay at primarypoiis — [16]
or scan outputs (implicit testing) to test and diagnose powe
switches using high switching activity test patterns. [17]

V. CONCLUSION

This work has demonstrated an efficient diagnosis method
to identify the location and number of faulty power switclires
a design. It utilizes an efficient DFT solution for testingyeo
switches; the proposed method divides power switches into
segments and uses transition delay test to achieve very high
diagnosis accuracy. The diagnosis method is validatedigitro
SPICE simulation using a number of ISCAS benchmarks
synthesized with a 90-nm gate library. Experimental result
show that under nominal operating conditions (at 1.0-V@25
and without considering process variation), it achievesrlye
100% accuracy. In case of VT (Moltage and Temperature’
variations, the worst-case loss of accuracy is less than, 12%
and finally under the influence of process variation, the tvors
case loss of accuracy is less than 4.5%. Our continued wor ~
on this topic includes a low-cost online test strategy fomgo
switches including discharge transistors to improve tlimir
field reliability.
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