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Robust shift vector determination for importance

sampling and its application to SRAM yield analysis

TAKANORI DATE,™ SHino HAaGIwARrA,™ Kazuya Masuf!
and TAKASHI SATO'?

Monte Carlo simulations have been widely adopted for analyzing circuit prop-
erties, such as SRAM yield, under strong influence of process variations. Enor-
mous calculation time is required in such a simulation due to the low defect
probabilities. In this paper, we propose a robust shift vector determination for
mean shift importance sampling, by which efficiency and stability of the Monte
Carlo simulation is improved. In the proposed technique, the sampling region is
developed to find the optimal shift-vector autonomously. The sampling is also
limited to the regions where meaningful contribution to the yield is recognized.
Simulation examples reveal that the proposed technique stably and efficiently
estimates yield the failure probability of 10719, the number of calculation trials
has been reduced by six orders magnitude compared with a conventional Monte
Carlo simulation.
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Algorithm 1 Find the optimal shift vector and run IS
M: number of dimensions 15: g=1
k = ko 16:

while fail samples exist do

W N

: while no fail samples found do 17: Cq = (V(Ls,) —V(Ls, —tm)) N Qrail
A =V(k)-V(k—-1) 18: calculate I(x) for Vo € Cq4
5: calculate I(x) for Va € Ay 19: N (8) + norms of fail samples
6: increment k 20: Lp, < min N(s)
7: end while 21: increment ¢
8: N(s) < norms of the fail samples 22: end while
9: L4 + min N(s) 23: end if
10: B=V(Ly)— V(L — tm) 24: s;g = arg min A/(s)
11: calculate T(x) for Ve € B 25: while p > pg do
12: if fail sample found then 26: run 1S with a shift vector sys
13: N(s) < norms of the fail samples 27: end while
14: L, + min N (s); Define Qy.i;
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Fig.2 Decremental hypersphere sampling
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Fig.1 Incremental hypersphere sampling.
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Fig.4 Result of the minimum norm in RNM
simulation at Vdd = 500 mV.
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Fig.3 Decremental hypersphere sampling
(in determined important quadrants).

0000 (1) 00000000 00 DHSO0O0Q, OOO0OOO0O0OOO0O0O00DOO
0000 0O0O000DOO00OO0 bHSOOOODOODOODODODODOODOO
Cq = (V(Lp,) — V(Ls, — tm)) N Qfail- (14)
0000¢D0000D00Lg, 000 BOOODODOOOOOO min M(s) 00000 300
00¢ 00000000 C 000000000 (1)Dooooooooooooooo
ooooOoOoOOOO0O0ODOO0OO00000000 OO0 Cg+ 00O Lp,, 000 Cc, 000
000000000000000 000000 s;s 0DHSOOOOOOOO min N(s)
oooo
s1s = arg min N(s). (15)

3.3 ISsOO0OO00O
O000000000000000000 ISO0AIlgorithm 10 250000 27000
O00 ISOU000000 p(P)000O poD0OOOO0OODOODOOOOO ppoOOOoooO
000000000000 uoO p(P)y0oooood

p(P) = e\/log(l) = M. (16)

) P
4. SRAM OO0O0ODOO

00000 e6000000000O0O0OOO SRAMUOOOOODOOOOOOOOOOOO

Vo0l.2009-SLDM-142 No.14
2009/12/3

0000000000000 0D0000000D0DD00000000DDoDoo0oOo
ODO0O0®™0 0000000000032 PTIMOOO™ 00000 0000000
0000000000000000000000000 0000003000000000
0000000000 THS O DHS (00 B) 0000000000 ns =60x2°000
ko=10000000 DHS (OO C,) 0000000000 ns=60xn(Qyeu) 0000
000 n(Qpeu) 0 Qpeq DOODDODOOOOY, O DHSOOOOD 0.1 0000
4.1 0000000000
SRAMOOODOO0OO0OD0OO0O0OD0000ODOOOODORead Noise Margin (RNM) 000
00?0 RNMOOOO SRAMOOOOOOO0O0OOOOOOOOSPICEODOOOOOOO
000000000000 SPICEODDOOOOOOODDOOODDODOOOOOOOOOO
00000000 SPICEOOOOOOOOOOOOOO
000000000 &= (AVy,...,AV,) 0000 (1) 0 f(z) DOO0OODO
f(x) = RNM = min(RNMp, RNMRg). (17)
000 RNM,ORNMr O SRAMOOOOOOOOOOOOOODOOOOODOOOOOO
O0DOOORNM, O RNMrOOODOO RNMOOODOOOO fob=0000000 SRAM
0000000000000 00 P(F)ODOOOOODOO
P(F) = P(F, UFR) = P(F) 4+ P(Fr) — P(F1, N FR)
~ P(FL)+ P(Fr) = 2P(Fr) = 2P(Fgr). (18)
000 P(F)O P(FR) DODDODO0OOODO0ODO0OOO0OOOP(FLNFR)~0000%0
ISO0000000000000ORNM,O0RNMODOOOODOOOOOO0ODODOOO (9)
0200000000000000000000000000000O0
010000000000MCOOODOOOO (Vdd) 500 mV O 700 mV O 200
00000000000000 p=005000000Vdd=700mV 00 MCOOOO
000000000000 4) 000000000000 000 “Ny,,” 00000000
000000 “speed-up” D MCOOOODOOOO0O0O0O0O0DOOODODODO “st.” 0000
0000 “0equir” 0000000000000 0000000000000%90 “E,(0eq)”
O0OMCOODODO0 oequio 0000000000000000 “min.” 0 “max.” 00
000000000 30000000000000000000000 00O00O00Vdd
=500mV O0002x10°00 MCODOOOOOOO 71 000000000000
0000 032% 00000 “d/p” 00 3000000000000000000000
U0000D00000000sd/p 00000000000000D000000000

(© 2009 Information Processing Society of Japan



oooooooooo
IPSJ SIG Technical Report

01 00 MCUOOOoooooooog.
Table 1 Comparison of conventional MC and proposed technique.

Read noise margin (RNM) Static noise margin (SNM)
Vdd =500 mV p = 0.05 Vdd = 700 mV p = 0.05 Vdd = 300 mV p = 0.1
MC Proposed Technique MC Proposed Technique MC Proposed Technique
ave.(p)| min. | max. [sd/u ave.(u)[ min. max. [sd/p ave.(p)| min. | max. [sd/un
minN(s) 3.80 3.74 3.86 |0.83 6.29 6.20 6.44 [1.06 4.80 4.72 4.93 |[1.05
Ngim [2-0E+6[3.0E+4[2.2E+6(|5.1E+6| 25 |4.2E+11|4.7TE+4(3.5E+4| 7.1E+4| 18 |2.2E+7|3.4E+3(2.4E+3|7.5E+3| 35
speed-up 71 40 95 21 9.3E+6(6.0E46|1.2E47| 16 720 300 920 24
est. 2.0E-4|2.0E-4|1.7E-4|2.3E-4| 6.2 - 9.6E-10|8.8E-10[ 1.1E-9 | 5.1 |4.5E-6|3.8E-6|3.1E-6|4.6E-6| 11
Tequiv 3.55 3.55 3.50 3.59 |0.47 - 6.00 5.99 6.02 [0.14| 4.44 4.48 4.43 4.52 [0.53
Er(oeq) 0.32 0.027 1.27 - - - 0.81 0.15 1.73
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