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Design and Implementation of 1 Fault Simulation System for
Mixed-level Combinational Logic Circuits

Young Ho Park' - Jin Woo Sohn' - Eun Sei Park 't

ABSTRACT

This paper presents a fast fault simulation systern for detecting stuck-at faults in tixed-level combinational
logic circuits with gate level and switch-level primitives. For a practical fault simulator, the circuit types are not
restricted to static switch-level and/or gate-level circuits, but include dynamic switch-level cirenits. To efficiently
handle the multiple signal contention problems at wired logic clements, we propose a six-valued logic system and
its logic calculus which are used together with signal strength information. As a basic algorithm for the fault
simulation process, a well-known gate-level parallel pattern single fanlt propagation(PPSFP) technique is ex-
tended to switch-level circuits in order to handle pass-transistor circuits and prechaged logic circuits as well as
static CMOS circuits, Finally, we demonstrate the efficiency of our system through the experimental results for
switch-level ISCASS5 benchmark combinational circuits and various industrial mixed-level circuits,
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X0 [|[X0 |[X1|X | Z X0 [X1 719 2L FH9 B 29K d¥ A EF o) M
xifxo!x1lxlz {xoiIx1 A AR A FARBIG R @ = AT AR A0

2] AR08 FAHYE HI2ONL Ao E e vA



316 SZFERE|ESE =2 M4 H 1= (97.1)

MEH IR E FAH g agu diFge
253 A9 4 B 2dA A% HUE s
Goed 3 JEge Fh 4L 298 ¢ ok
mbA, & drdxe a2 4 xxd g A%
TE =, A2AZ)S T ez xPG

2.5 Precharged =5 A2{A] &Y #l=2 %z|

(29 5)2] precharged CMOS 3] 29| A f& prech-
arge clocke]® 2] =gl gke] 091 ¢t 29 ghol 12
precharge=] 77 f7} 19 v} precharge transistor?} off
ZE7E Hof 1€ IN9 ghe] whel £38 oUTH =3
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8 =1 1JoJol1]1fo
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32 HOIE i t=a] AX}e| ¢1A}

APl #Y =2 25 U ¥E nE dae
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& AHEste] A S vk £4, 7, X0, X19] =2
g 2he AIEL dolE 9 A2gNE =g
°] 2P HA] gL Adolug 7 NF ge X2 B

FAG Fof ANg YT 2L v AP
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e BF 3709 32 HE Y== Jedir OR &
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(2-input AND 22}9] B =g d4)

Step 1:IN1 =+ IN2¢] =&l gte] Z, X0, X1e]HW X
2 ¥E8G=dg Z, X0, X1+ 9=29¢) vjEs}
Ie]22 =1, 2,39 & H|EE 0oz ¥
i)
obel o] Ao A} IN1[]}H IN2[iJ -] 32 ]
E =& 9u3m masks 32 ¥|E g==
X0 2 X1 Zt& v E9] YA 2 Loh)7] 9
3t ALR-go)
mask = IN1[2]

IN1[0]=1IN1[0] & (fmask)
INM1]=1INI[1] & (tmask)
IN1[2]=1IN1[2] & (tmask)

Step 2: ¥ A
OUT[0]=IN1[0] & IN2[0]
QUTI]=INI[] | IN2[1]

OUT{2]=1N1[2] & IN2[2]

33 AR A =B8] AXfe| HM

NMOS 2513 4219 =7 FBL Ao|E 2359
=dgkd wel (F 2)d] o5 uE A4 743
< 495 PMOSS CMOS9) =7 dax
g o Aol ¢ gk =g da
WHE A8l7] 93te] Y (sonree) A5
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AEZE GATEEZ ¥7|319 o)5 7} AEx 3
el 2 ¥E Y= Yehan)
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24
maskl = GATE[2]
GATEI0]= GATE[0] & (‘mask1)
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Zt mask2, mask3 0 2 7230}
mask2 = (IGATE[0]) & GATE[1]
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Step 3: 59 @2 =gt AFGoE A5} 0o
9 29 3 20 §3 109 4 gro] &9
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22 a2 53k gk Ao Al
E AF7F X ¥ Ed] thile] mask3oz =
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QUT[0]=INI[0] | mask2
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(NMOS 91| 249 ¥ 2 =g A4 <)
A e HolE 8ty fug] =V E 1 ¥EHD
73813 IN=0, GATE=X?] 794} IN=1, GATE
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oluf, Al|E AF7} Xo|BE maskic= &
H e =2lgs RPIAL. F,

WEAKO ~— ——
stronet | e
(@
WEAKOD —
weaki ¥ —-
(b)

QUT[2]=0UT{2] | mask3=0| 1=1
mebA, E8d OUTS] HlE 933 (=0,
H=1L HED=(, 1, o] Ho] =3t X0 Y

¢4 9ok

3.4 Wired ~Ate] H4 2 AMSHI7[E TI{Bt oipt

7I2H o2 2input wired =8 AR g uE
= A4k oo} ot

OUT{0] =IN1{0] & IN2[0]

QUT[1]=INI1[1] & IN2[1]

QUTI2]=INI[2] & IN2[2]

Wired =8] 4= £ ghe] X B Z9 Ao
WEAK T CHARGE®] 43 A7]d) 23 =a)g:
EFol gaos A7t 2AY ¢ Uch Wired =17 £
78] 29 gho] 7o)X wired 3] A#e] ¥ o] pre-
charges| ¢] 93-& o] precharge® =] 2to] CHARGE
AT A7E 7HEE glenz 22 39l ZE prech-
arge®™ =g gte= ujFch

WEAK 4% A 7|¢] 48 =23t 23 Yy g8
7k Wired =2 279 £9 gho] Xeolz ¢F
AE FolA4 WEAK A& 7|7} 818 39 =gk
BAL A=dT. 24 wired =¢8] 2242 9 g F
4] Az} A7]7F WEAKS] A5 E =g Z2 9
T F =2 448 g4 #@i oldg &9 ghe] Z2 1}
29 wired 2749 RE HEo] WEAK Al7]olH
FAd =z 03 18 FHA 3 Sl FHolmz 2
e X2 84 BAANAD (29 8)2 wired £ &
4 A3 & Ho] F}

L— STRONG 1

7 e

2 — —

Z ———

(22 8) MZ MI71E T2t wire 2X12] =2] 24t
_— (Fig. 8) The logical operation of a wire gate with signal strength



4. 0% AlZd0ld AlA- 1y

2 A7AA AdE 1 AFH A A2dey 7
=€ (29 99} 2} ¢4, EDIFZ X34 3 =8
YACC ¥ LEXE FEE WEd2E B47E8 £§
o vixz] e ol 728 F4dc. a2z A
e FH o= WA fault collapsing2 33t =
Z A2EE FP8 o vhE 294 #Y untestable
IAE AEoh 295 Y untestable ¥ F-L power
V& 798 231 22 L ground AF 9 730
37 T34 NMOS € PMOS 293 4z}e] Holx=
@atel 7148 23H0 ¥ w1 ZRTL oo|sie
o, oj2ig ZFEL CMOS 520 33 373 v
M= A&l Brbse7) WEd AAg] =g
A ug] dEsle 24 2B AATozH 2
Z ANEHE A" 52 =Y F ok 2§
3L precharge 3|29 7 o= 228 A 9 7] pre-
charge clock N EE22H precharge™ = =9} 7 3=
g AR gehll 2 A B ol 43 Fd) o
4314 "t

PPSFP 9325 32 WS WER =g A5y
oldg stz ¢ §H 9 31} fanout stem 2L

EEEREE
- fault ¢ollapsi HAE |
- % e
- utestable 2% P& - 7% Ad
- precharged node ¥& = random pattern

\ pd

PPSFP

-3 A3 PY =7 A Eeld
- fanout stem fault propagation
— fanout~[ree region analysis

2E H&A o|ye 2y (f 1 )
i A DES dzi!ztgonary

(32! 9) DF ABYO[M A|AE pMG
* - ~(Fig. 9) Overall structure of fault simulation system

ERY T IR TF ASHOMM AASL] MH = T3 319

FEY GOE ABNA Fo2H 3 H2 1} o
FE |G} oln, TEFAH o (fanoul-free 1o
gicn)oll A o) o) Fg2 BM = AEa g A}
8t 1% 33 ABYolRL A s,
16). & A7l Agd 23 AEgolMs] dunE
< 7|€9 PPSFP ¢33 &3 BUd}7) 2o 7u
Z gl PPSFP 7] digt 49e Agsir=z g
T, 2% A B ol dd] A4 HAE juEe A}
A7 FAE 7% Y = Qe HE 2o A
9% 5 A He Ark. 33 A B¥ o)) ARz
< HAE Hd, v@E 2% faE, 2% 32 27
AE R I AR Fol Mg}

s

5 & 2o

€ TEAAM AGE 27 ABHeld Aade C
Aoj2 FAHALY o2 7kA Y] ISCASSS 7l
°lE Y ARN7]% A4 HEE 7Y =, 2
A A EFY 2§ B2 Ustd HPTI0E
Z| 32Mb) Y= 2B ol 4 o)A A4 ¢t} ISCASES
HEAqM Alele #dz} 29K WY H=7ie] vE
€ d7A 788 2% AEH o4 45 L H
ZIE FAO 73 2 weo) FARL Bo)7) 9
@ Zoltt. ¥H, 44 ERY g2 gE AP B
EEA AUE 294 G 2249 2] Q4 9y
o AEAAE B Fo JE9 A FY Yeo) THB
HE Ex 290K #d =24 23 A g0l why
{8, 11]42) AEAP e 8ol 20}

5.1 HIOIE 3l 15CASS5 3| =0 Ta AlS28|o]M
f=inly

(& 5 A= Y ISCASS5 flX|vl= 8] 2o o]
¥ 49 Zztolth HPoA A4 HAE Hue
492 4% AP (random pattern)o|n} T 4096
7ol Hde] Fie] 218 WHE AEY A g
o AMEE FFH 71F 2 Y 59 ojr) 97) W
T (E 5] 23 NEH ol ARE 7@ &
X9 PPSFP ¥¢ 33 AEFolHSe) A4,
1519 AAHA vizEe & 4 A0} A= v
@ FEN H5L ZE JoE ARAY, (K 5N
2 AL EL(RAEP 27 /A4 24 )X 100%
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{E 5) HlO|E 3|¥ ISCAS85=] 22| & AlEE|o|M B
{Table 5) Fault simulation results for gate-level ISCASE5

circuits
cki. #of |#ofl #of | #of |# random| fault CP
neme | gates | Pls| POs | faulis| patterns| cov.(%)| seconds
432 211 36 17 524 4096 99.2 0.4
€830 469 60 26 942 4056 100 1.0
(1355 627 41 32 1574 4096 2.5 1.8
{1908 990 38 25 1879 4096 95.3 3.0
2670 1575 233 | 140 | 2747 4096 B4.4 6.5
(3840 ) . 1775 50 22 3428 4056 95.8 16.2
(5315 2631 1781 123 | 5350 4096 98.6 7.3
(6288 2480 32 32 7744 4096 99.6 26.5
Cra52 3883 207 | 108 7550 40896 83.6 16.2
Z A =jsigh

5.2 29|&| 2% ISCASSs & 22| 1IE A[Zd0[H
E=i)

(F 6)e 241z wd= WEe ISCASES 2o
g 24 NEd o] Aol 29X g H=2
22 HEE HAsty 74 ACE H4d AAE FEE
7152 2+ fullycomplemented static CMOS2} 49
g 22 g A (X 6)d A 2 272
T 293 WY 2210 g 428 Asdd gy
23 23 UL AT H AE 4 HEdM
ZH& fault collapsing 7]'8-S H &3t 4+&% AHelr].
(Z 6) A & & 5ol 294 4l H29 28 3
] 5 TYE 71548 AE #d H2d HFo
A ged, 2 ofeE 244 2AdqME fault
equivalence 713 o] &85 ¢k7] o £ole}.

(B 6)8] A=E (X 5)9] AlolE #Y H=9] F

et v of 24 FZE-E(fault coverage)d] A8
Aetel CPU N ZHe] 2718 & & 9 27 425 ¢
2 Agle 244 Y FHRAMe 9 zi&d 17
DA EE FEo] 27153 untestable 7o) B o
2ot} o]&E untestable X A& YHEE power A F
o 718" 231 2% 2 ground A58 70 32
S5} NMOS 2 PMOS 285 &719] A o] E @aje|
HEE 230 2 3] 3FS 354 33 vy
8tell A= untestable 22Zol| tlgh HZ o] E715317]
dEo S 2FL 37 Ageelde AN 7
B vlE] A& 17 LB AAAY £
Utk (F 6)dllAe AAE FFNA HEF untest-
able 22739 8 ¥ T glon 33 AL 7
Bitd H4E 588 [(AE&¥ 134 +untestable
AR AR TAS]X100% 2 B o).

CPU Aj7te} F71E 4337 13t 295 =4
=z Aele Y = e 7 F 44F
= FE CPU A 7vg) ¥ &2 (=¥ 1009 el it
o] Bl & (X 6)8] HA L7 F oA untestable 273
S AE 2ZATL 2 AolnZ AN 1F3L ¥
et 2913 #HY 2] 45| FA 53
B = QlAE Qo) 23 Al H A A
FSUte v 2 3d7] 95t untestable ALA2 A & 51%
t} o]} Z+e] unfestable Fo] B A& 1% 713
o S mg o] CMOS HZ2AX g 3L gt
Hoz ndHY 4 ¢S HF oo g &
Ao 2+ 2730 7= bigt Zo] Iddq €A
A AE 2 2] F Lol ¥ gl 2

{E 6y 2R 2ll'd ISCASSSE]| 2| 0E Algo{M Hi
{Table 6) Fault simulation results for switch-level ISCAS85 circuits

ckt. # # # # untest # # fault test CPU
name of of | of of -zble | target | random cov. effect— | seconds
switches| PIs | POs | faults| faults| faults | patterns| (%) iveness
(%)
432 896 36 | 17 | 5428 | 3356 2072 4096 36.4 96.4 7.3
(880 1802 60 | 26 | 11354 | 6812 4542 4096 37.6 100.0 16.1
(1355 2308 41 | 32 | 14170 | 8652 5518 4096 35.4 95.4 16.5
1908 3446 33| 25 ] 21720 | 12844 | 8876 4006 35.9 95.9 136.2
C2670 5668 233 | 140 | 36614 | 21247 | 15367 4096 31.6 91.6 240.7
3540 7504 50 | 22 | 47552 { 28302 | 19250 4096 36.5 96.5 421.3
(5315 11262 | 178 | 123 | 70878 | 42345 | 28553 4096 37.8 97.8 332.4
C6288 10112 32 | 32 | 61316 | 38066 | 23250 4006 37.7 97.7 163.2
T | C7552 15400 | 207 | 108 | 97722 | 57916 | 39806 4096 36.7 95.7 568.1




Ay, AEE 37 FE AolE 3y ISCASSS 32
A &8 23L = F T2 Aok =8, {{1]9)
A A5 ISCASES 291X 34l 52 ojst
of 23 34 AAZ AE Y 3% 339
ks =0

(29 1090M & = %o HaHez ~9]3 g
9 F29] Fge] 2.0~9.6u) FEe] A7) o] 48
HuA, ol 299K #4d H251 $9 2159 A
o|E ' 3 2o 83l 9~144] O] BE A2 ¥
etz I diALcR ny A Edolde £57)
AA 279 Ard A TS 244 o, =2
d7elA AdE T AEHelde £x7 249
£ 45T ¥ Ut o3 F IS5 2F A B
¢]4d o] 7HEdt olfE A4, 71& PPSFP &2 59
TFEE E 5 UL EF, 2 A794 =g HE
A=Y 3 ¥ = ¥4 Wgol PPSFP ¢z 5o
oz ALy 5 A7) wolE Bagc}

1 1 1 . 1 I

(432 (8B0 C1355 C1908 (2670 (3540 (5315 (6288 C7552

(38! 10) A2 % HO|E Y ISCASES & Z0llA SH4
o| nFE 425 = E AIZ3|0[M cpu AlTE
Hlg
(Fig. 10) CPU time ratio per fault between switch-level and
gate-level ISCASSS circuits

(¥ 6)9) A48 Bk AEsA Forstad 7189
Byd A3} vastelop A ¢ £ HHF
A ¥zt He 9F A7 28 E o] gl 7t
F 2E T A FE Hwangl8)e o <& Ao}, 215
9 49 AP AA 295 99 ISCASSS FHzo
g A3st obiet vnE e 279 = T
g Asteln] |3 458 28 2 g 2
A EH o] ol AR HZ2E 5T 73R L
o2 A7 dEd AF vt odd. a2y,
CPU 4% et 214E Y 4% v 2g sade

ZYUY T SIZZ TF AR AATE| 47 2 T8 321

(8]e] A4+ SUN3/110 AL%), 2 d3te) Ay} B
THOE 34| o]} wEL & 4 AU}

53 E&E 3|2 nE AEHo|M A}

uRlgo s A EFE =% A2 izt nF
A EH AL FHBAT (B oA 3= As 5
29X ¥4 3|22 F29 o] precharged busel] 4
ZA=0] 3l wlolg A2 B2 5 =gtol 12 prech-
arge¥| o] glo] F&H @A 0/Z2 £= Z/07) Aoy
A 2 P&o] 715t 2 BY Cx EYY =
d], 53] 3= Be Y¥ £9X7 WEAK 435 A
718 7HA 2 ed ALU 71%S 0. &9, 5=z C
= 29X A9 327} pass transistorz A= o] 9]
& barrel shifter B2 0|t} 2a 2 2 DE 24 7
°lE ¥ FZely PLA Fxolt} o] AFX=
dele] HAL S AN TF AEH| AT o,
AHGE2X5=160 S E) A 2 7 4L
€54 X v 1 N EdH oL P934 sy
B8] JF8 AL precharge® 3291 Ad)A] untest-
ableq]l F3o] GO I A B olH Fo Fe
AREE TF H2EJ 71535t AY redundantdt 3
el 282 3= DE PLA F30)7] & ¢
o] HPe H2E7} & ¢hE]o] T & 2o vty
e ¢} CPU A7bo] ®o] St}

ol 432 AAZ & F Y= RS B AT A
¢ 2 AEH M0l 53 ERY 27 A2 oA
TrE AeE Ho F3 9l ol A A7 2
64 =z]gt A2=d & PPSFP ¥z 5o £l glo
255} A% JG9 ma] dito] sHssly] fEo)
2y wad.

6.2 E

2 =EdAE EYE 2% =dM9 z 33
= FE57] A% 2 NSl gste] F&st
Stk AllE #id Z A& AEdo|ddA] Qg
A+ 3 %1+ PPSFP(parallel pattern single fault pro-
pagation) 7|'§-& 29X @ 320 3 ALy
on, =% 29X ¥ 329 THE B 295
A sz 3R ¥ precharged 5 21} pass
fransistor® T E F3 293 #d FI=EE A
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{E7) 42 =¢tg g[=0| 0F A|Egold Aot
{Table 7> Fault simulation results for practical circuit examples

ckt.| # of #of |#of|#of| #of | untesta| # of # of | fault| test | CPU
namef logic swit~| Pls | POs | faults -ble target | random | cov, | eff. | (sec)
elements| ches faults | faults{ patts. | (&) | (%)
A 1256 1256 | 36 17 5428 0 5428 736 87.5 | 87.51 13.7
B 5878 338 | 535 | 368 | 11724 265 11459 | 4096 | 83.9 | 50.0| 49.6
C 1381 508 | 182 | 113 | 4205 976 3229 1120 | 78.8 | 98.81 28.9
D 924 0 23 29 9359 0 9359 ]:1968 67.6 | 67.6 | 366.7

g 5 UAEF sl 44FA &d FFE wxH 7
2o x FHEo| AF=E ) of2, e 4l
7t FE8h wired =8 Aol o] 283 =g
of &% 28 AlEdo]AS ¥xEr] e 4
2E 6% =ETE Hsty AF Mrs) Aug g
7 ALt ok

ISCASSS WX vlal 3=} AA 44 2o g
HY e B350 A= =9 6X =g A2 o
QA4 g 2 AEdelHe] Wi S5 A
98 5 UL ¢ 5 AU 53, FA 3%
A B el A2]37] «2 R precharged CMOS
5|2 W pass-transistor2 o|F oW F& A9 9
B=2e)M o B o)At 221}, ISCASSS 9]
R € 2= 2} 37 F LeEE HF AEHA
Aol T4 7159 AelE dY FFf ¥t 2~9.
o) F7Ve-E & o fled, ol i HE P
A%FE deoly F25 4= 2 U 314 AEdH
old ¢uE]Fe NEE F F Aok F, Lo A
St AXTE 294 HY=z ¥dss Uolx 24
EL ACE HYR TEste AN 270 £5 Fa
AGe2N 313 AEdelde] £ 8 T A
Ao AL Ao AdEd =3, 1% 24 vy
HAY + gle 29X 428 AOE HAxse] 373
e 4P o= iddg AF A2 Ad AP 37
H28 7159 71 2 H2E dde] 48 Fol7
A& compaction 71 N 52 FL F Utk
LS |

=]
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