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=v, reject ratiox fault coverages} yield®] 3t
Folt}. F3 yieldoll W& reject ratio®} fault
coverage Alo]9] AMFAAAE ¥ 2 el Y
13} zc} o] e veh glKo] &S fault cov-
erages Z= test patternol &s] 73A}= chipe
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FRAE 32 22279 test patterng A
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2o Frlsle Ae2 42 BIST (built-in self
test)2t &ch e 3 2o ¥rbHal circuitryE
F7VetAl gell we} chipd] 2717} AR T &57F =
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AMAE 2HEC2 test patterng A= Zlo)
t}. 3271 Fo4x"d ATPG (automatic test
pattern generation) programe] test patterng
TE}. ATPGE 32d 27 circuitry s 3
7Hd Zert ¢g& B ooplel, ®& fault
coverage® Zh: test patterng tH¥-39] 79 wl
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sequential 3] 2ol viste] ujAlgqe 7psAle] =
t}. webA sequential ATPGr} ulAd4A-dd 73S
ool gl Rk oz full scan design techniques
o]4-3l%] sequential 325 Z7}2] combinational
322 W3 ¥ combinational ATPGE A-£3
o & 329 2 flip-flopE sht = 2 749
shift register2 <dZ3%F ¥, combinational logic
of tH¥ test pattern< combinational ATPGE
o]8-3lo] AAstH flip-flope valuei= ©] shift
registerE 53¢ sacn in, scan out g}, o] Wb
Y2 vl Ao industryelA] o] AMEH
32 led, BISTe whariAz 32 ok
overhead”} &a0§to. 24 chipe] =717} ARA 2 &
=7 =8 A =5 -] gk #HIZdde full
scan design techniqueg 7R43ted sequential 3]
2E 23] combinational 328 wWilkslz] o,
@3] sequential depth®t 7}4:A)%1 ¥ sequential
ATPGE °]43h= partial scan design technique])
s 3 e FAelrh. o] wyE r]&9 full
scan design techniqueedl H]sle] 3 2o 3+
overhead”} #H& 29t op2} sequential ATPG)
FHE Hels] o2 3A FEL vkw g}
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Fault simulate
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Discard detected faults

I8 2, Structure of ATPG system
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ATPG+ fault simulators} TPG(test pattern
generator) 2 A=Y (2™ 2 Fx). TPGe
o7 target faultE detectd: test patterns
A ste], fault simulator® ] test patterno|
detectd = ol L ZE faults: Ztopiich o]
7o) 3led TPGol Foixl& faultd] & A3}
ZHage}, o) FdxE gate level? single stuck-
at fault model 3}olA sequential 325 %3+
ATPGel hate] &3led g} [ AelAe Fault
models} fault simulatorel]l wisle] 7}2kalA| AF
3k, AN+ TPG(test pattern generation)
algorithmel] disle] A wAct zelm VA=
et 73S ATPGel Hid v& 9y 2 Ay 3
e aNEln wpAlR ez Valdxe HEL 7143

.

I. Fault Modelx} Fault Simulator

o] Aellxl= fault model® fault simulatorell
thste] 7143t} Fault simulation® TPG-E $)3)
A= WA fault seto] Ael=Eojo} 3= dH|, fault
modeldl| whe} ciefdt fault seto] £ 4 ok
Fault simulator& F¢]Z test patternell 23}
o] fault?’} detect¥ g =71 AAS)e] fault
coverages T}

1. Fault Model

Faultg} 32 Z=a3}= physical defectol] Wit
logical modele]t}. Physical defect3t 24 Ak¢]
AFEer A FH2 o EAste Aoz, &
€9 metal line? opens short’} ek 3E W
o= ©loFdt physical defect’} &:j3d}w, ol
physical defect= 329 2%¥3hg ofr] A1t}
Physical defecte thefsiAl ZAslmz AA
analysis 3l= ®le B2 oj#{fol wEch wepy
logical fault modele] B13%F 7lolct t}ekil fault
modele] 2z1& 4= gl oem, o fault model& A}
48 AW AA] Helde oY F oM &
o] meis|efo} g}, AR fault modele] dwt
1} physical defect® % ubdst=rlolr}, EA4+
fault modeld] 23 F13l fault set®] =277} A
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Fault levele]l wtZ fault model2AM+= switch
level fault, gate level fault, 22|53 high level
fault’} gt} Switch level faultdh MOS transistor
Arell 2] stuck-open, stuck-short®& =&r},
Switch level fault model& 3]2¢] physical
defectd 2 wbddicls AHS 23 AR, fault
seto] Zrhe whAo] ¢} Fault modeld 329
models} Z-& A} glon, digital 2= ¥E
logic gateE9] AZdA ez 7|&Hc), qa2lA] logic
gateS2] AZAANe W& 12%F gate leveld line
stuck-at fault modelo] ¢lt}. 322 EE lined
X Z89 stuck-at fault(stuck-at 0, stuck-at
)& Z=v}. Stuck-at 0(1) fault®t linee] logic
0(D) ol 324 (stuck) " AL 2|ulglcl. Gate leveld]
stuck-at fault model2 % 22] physical defect=
Zh kel sl 3 fault setel 27|15 A7) wEd] 7}
2} wro] A2}t High level faulti= gate level
9] line stuck-at 7§'d& RTL(register transfer
language) o4 W429] stuck-at oz FAF
model24], fault set® =77} Ak AGe] glA|
7h, 3122 physical defect+ & wldslz] Fal=
el it

Fault % o2 fault modelZ24 = single
fault model®} multiple fault modele] 2lt}. 4
wbg oz ol 7|9 faultz} 32 el FAlol &4
gk webx] n Y lined ze =2 ¥ 31
789 line stuck-at fault Zge] 71sslch o=t
fault model& multiple fault modelo]2} &tc},
Single fault model$ 3|2 Wd 23 3h}e] fault
tro] EANckE M%) webd n Al lined Z
= 329 A% 2n 789 line stuck-at fault’} 9l
t}. Multiple fault model$- ¥]& no| =& Fo]&}
sitizlE fault sete] @77} e & 4 ek
& Ee] no] 1002 7% single fault 4=+ 200°]
2%, multiple fault $& 10701y =t} webA
multiple fault model& A-434e]x] E3}c}
Single fault& detectdl= test pattern< ¥
°] multiple fault& detect®ciz g} ¥ wehA
single fault modele] F2 AR&-3ic},

Jubd e 2 industryell4l= gate level®] single
stuck-at fault model& AH-3ch o= o} fault
modele] 3]22] physical defect® & wkads}laA

i

fault sete] =7|x H@s}lr] wfolr}, AFHE] o]

T ZoA] Faultel §& gate level?] single stuck-

(1256)
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2, Fault Simulator

Fault simulators 141 test pattern$ good
machine® faulty machined] 17}3c}, ¢37]14
good machineo]® fault-free 32 & w3lH,-
faulty machinee| fault7} EAsl= 328 43
t}. oJ¥ faulty machine?] output value’} good
machine®] output value®} o}-& dl, = faulty
machine?] fault+ detect¥liciz et

¥ 1& fault simulatory] taskE uepdch 7z
32 test patternell, Z+ €& machined H-&=
t}. n 709 test pattern®} (m+l) 719 machine
(B} good machine® 7t7] o} faultel] a3}
= msl9 faulty machine), z2lx (m+l)n 7}
machine®] valueZ} Yeht glel. Fault simulator]
taske (m+l)n 7§ machine® output valued 2
32, oJ¥ faulty machine®] output valueZ} good
machine®] output value®} 2 2|& A}
o] tableg o1 orderel| &#f A-$-2-vkoll ule} ok
% fault simulator®] algorithme] 7jut=le] 4+
d), 7 BEA<]] Ze] concurrent fault simulation ©

olch

¥ 1, Task of fault simultor
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Faultj F Fj i:i n

Concurrent fault simulation2 good machine
3} faulty machineg 5ol Simulationdh= ¥
o2, oA AuiF tabled 9FAAHE] £EF
o2 AHYzte}. Concurrent fault simulation
z}zte] faultel] slwéke faulty machined W=
Simulation3}”] ®-Foll 883 event7} 2AHA]
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=t wEb Al eventd] F71 A7) wlFo
7129 o2 fault simulation algorithmXc} w2
o}, sA|% 7} gatex active faulty machine9]
faulty vlue® A3tz gloloks)r] wlfoll @2
memory AHE-E & F]kc}

Concurrent fault simulatorX3 event WA
348513, memory AH->- A & 7] PROOFS
¥ fault simulation algorithmeic}, PROOFS+:
good machine®] value®} state node (flip-flope}
1} latch) 9 faulty value & o]83}e fault
simulationg & 4= 917 w&el AH$-5E memory
o} ofo] AA3}A AHrl, Primary outputo 23
depth-first searchd} ordering¥ fault listZ%
] 32 719 fault® ¥ group2Z injections}o]
parallel ® 8}7] simulation®tch. e} =¥ 33 3
€ inactive faultE %7]) identify3dle] injection
312 2o gH 45% AXQ fault simulation A
7He 7aA17e), ISCAS89 benchmark 32l o
3 A Ao 98 PROOFS+E concurrent
fault simulation®c} 6 - 67 vj7} w27 memory A}
42 HF 6 vy} M}, ¥
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a2 3 Inactive fault classes
(@ Unexcited fault
(b) Excited fault but not propagated 1 level
{© Excited fault but not propagated 2 levels

PROOFS?} synchronous sequential 3 Z.l|qt
A 45 d "ksle], general sequential 32l A
L7P531=E g 7o) SuperFault fault simulatore]
o}, AAAR(F) ASICAFH-9] in-house fault

BEFLEER
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simulatord! SuperFault+ PROOFS2] algorithmel|
712319 AEEg e, asynchronous sequential
3 2o A8 7153EE AN2E cell modeling ¥
& E9l3lgic}, zelx logic simulationA] wHAEH
eventE analysisdle] event’} A8z 42 gate
7} &3l= 9d99] fault: injection3}®] -go2x
fault simulation] event A& #As}slgict,
=3 ¥ potential detect=ldd® faultE-g A
groupingdled 32 bitE ZEHoz Agieo =y
event WAL 17% AE F2aAZc}h =3 fault
propagation® $I3l*] maultiple LIFO(last in
first out) stackg A2 23 priority queue®
AHEE de] Eake O log n)& O(n) 22 FHaA|
Atk @ 4714 n fault propagation ®3%el| &
g gate®] 5 viehdch

A=
=2

Il. TPG(test pattern generation) algorithm

o] Zo| 4= sequential 3 Z2E 37 ATPG?] 7]
£ a3 A Ao AMgEl= HHEA]] sequen-
tial ATPGQ Gentest ™ ¢} HITEC® 2] algorithmel|
ated Absi @ A}

1. Background

Seugential TPG algorithme t32-2] 5 model

AHg-31o combintional TPG algorithm- D-
algorithm ¥, =+ PODEM " -& g3 A43te
24 7Fs8A "l ¥ model sequential 3
Z model#®} iterative logic array modele|t}
Sequential # 2 modele]3 sequential 3 =&
clockel &3 Frlsle 3 =Zete 7FA3lel com-

X(n)
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{a) Sequential 2|2 model (b)Iterative logic array model

8| 4, Sequential 32 model#} iterative
logic array model
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binational logic blocks} memory (flip-flop) block2.
2 AR (29 4 (a) #£3) Combinational
logic blockellAl $1% input primary input, °}
#Z& output primary output, €1%F input
pseudo-primary input, £8% output pseudo-
primary outputell sjggte},

28 4 (b)+ sequential 322] time-domain
Abol|4]2] behaviorg space-domain 4] behavior®
F83% Ao}, oA iterative logic array model
ojg} 3} ©l, ©] modelg E3}od sequential 325
=7}9] combintional 322 W3k} o] model-&
AH4-3to 23 combinational TPG algorithm&
sequential TPG algorithme 2 &3 A48 4 g
A =gl

a8y o} & sequential TPG2] o2]&-& gjch
(24 5 #x) RAAE fault effect?7} *2] time
frames 53 gk Aelvl. webr search
space’t Z7}8lz @& memory AHE-S 87s}A
), R fault effect”} of time frame? fault ¢
e Yeldcohs= Zo)t), whetA] single fault
model3}tell A4 = multiple fault7} zzjsojo} g},

* o fault site
* * r e

g— o — -
state justification fault effect propagation

a8 5, Fault effect in iterative logic array
model

Test patterng AAsl7] ¢3led fault effect
propagations} state justificatione] @gs}c}l =
gl 5% fault effect propagationg $lslix 4719
time framee], state justification® $jsllx] 371¢
time framee] AM&-®l olojrt. o] E& o= wEke
2 processingdle=rtd w2t forward time
processing, reverse time processingelg} ¥t}
HITEC fault effect propagation forward
time processing® &, state justification&
reverse time processing®® a3zl 2}
Gentest ©] E& reverse time processing®.2
3%},
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E 2 Five-valued and nine-valued logic model

5-valued 9-valued

logic model logic model
0 0/0
1 1/1
D 1/0
D 0/1
X X/X
D:good value 1 0/X
faulty value 0 X/0
D:good value 0 1/X
faulty value 1 | X/1

Fault effect propagationg $s]A+ sensitized
path A3} line value justificatione] #83}c}
Sensitized path® faulty valuedl sensitized®
(good value®} faulty value7} A= Hkci]l) gate
EE o]FoA= pathEg #¥tl Fault SiAaM &
wHalo] sensitizeds”] 4% gateES AHsly
primary output7}A| sensitized pathZ wtEo] u}
Zke}, Search spaced £°]7] #13te] oj2] path
(multiple path sensitization) =4l 3142 path
(single path sensitization)® fault effect&
propagationAl|zltl. 5-valued logic model ( 2
%ka1) 8}el| A single path sensitization®] complete3}*]
9t20] Z9=lglc} " HITECE 9-valued logic
model (£ 2 F3)& A-43}w, Gentestt 9-
valued logic model?] W3¥ el split value
model " & 243k}, Sensitized pathE &)
2l3le] sensitized=”] 42 gated A9 sty
(testability analysis® o]&38}¢] o] fanout-out
gate & IS A€) sensitized®# ¥& o} E
inputell= non-controlling valueE 3 (d& &
¢] 2-input AND gate®] 7% ¥ inputoz
sensitized value’} propagations& #$ o}
inputel] 1-& &) %l Inpute] 938 valued
W& A)7]7] $8}e] 1 fanin gate? input valued
w3k WEA Ak ), o]7E& line value justi-
ficationolg} &t} Sensitized path 742 $%
gate A=A w2 choice’} i, line value
justification® $J%t input value %A= B2
choice (415 ¢ OR gateg] output valuegs 1&
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7] el o= & inpute] 1o
ek w8 choicert Es}7] wjFol A o
e Fgo) LAY F glod, o]d A 23]
2 8o} 7tk g} ©]71& backtrackele}t ek
BacktrackAl®] 2% $i3te] = A9 siAvic} 3
29 statusE A Asio} g},

Fault effect propagationg $1& line value
justification primary input3 state nodeol
valueg #&93le 7Rz Bdr) o|Fd:= state
nodedl] 2= valueZ HEAI77] $3F state
g3}, State justification
primary inpute] value® &3}, state node’}
Folzl 2718 W& w7tx] Al Felx 27
o]# state noder} initial state(®% unknown
state}o] At ofy® o]v] AAF test patterndl
2% oix)gt stateolo]ok Friy Zlolr}. Test
pattern 5 Z9]3 state justification A7+ A
Ast7] flste] FHA 271 kS o]4-gt). State
justificatione] ¥u® 2E primary inputell

"eh st
deisl 7
‘1

]z

T

A

oy

O

justificatione]

valuerl &3sa o]7le] FAl faultd detectsdl
7] 913} test patterno] ¥ Zojc},

2, GenTest

Gentest= AT&TY sequential ATPG system
224, back algorithm " 3} split value model
of 71&s}e] ¥ sequential TPG%} PROOFS
algorithm< A]—%ﬁ} fault simulator@ FA =]
sltl, PROOFSe] tiaiAle o)nl [ AollA dgslad
3, 7]+ back algorithm3} split value
modelel] H3led AdwslAcl, Back algorithm
split value model-& fault effect propagation&
wl2 4 memory AHe] HEE i},

HEeAal fault effect propagation ¥ fault
2l 2e] Zwsled primary outputztz]
sensitized path& wWE¢] Yl forward time
processing ¥helctt, EBT ™ algorithm<& the
AR ol 7)z8b] A28 fault effect propagation
g yatslgict. Fault} detects”] $lsid=
Hk=A] oj= g primary outputel sensitized
value7} vehjof grhs Alalelel. Topology A X
E o)-23}e] sensitized® path& #=l2] A=9stz o]
A==l pathe] primary output224-E fault
A& sensitized pathE utEr} z2{v} topology

C

\_
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Y & 0] 83}e] sensitized path¥d A=3}7] d
ol AEd Adg A He A4 wol LAY
% 9lct, Back algorithm-e fault $1x2 %¥

primary output7}x] drivability (difficulty to
drive fault effect)E AAFsla, drivabilitye] we}
primary output®} ¢] primary output®] sensitized
value® Al®gte}, z22lw o] primary outputo®
HE] fault )2 sensitized valueZ propagationAl
#A ik, FFo] LAs k2 primary output
Aelsla, o o4 A&3 primary outpute] £
AskA] v 79 untestable fault® *2]3kc},
Line value justification& $3}¢d split value
model& A}-43t}, Split value model 9-
valued logic model?] & W#= 24 good
machine®] value$} faulty machine?] value®
w2 justify®d 4 =F 3 Helth 9-valued
logic model® good machine?] value$} faulty
machine®] value® EAle| justifyiic}, wlebs o]
~ 3} machined|A] FEo| TA3H F machine

KN

=

525 backtrackg dolslr] wlFell o] WA
94 machined] sl @o)7p 2=}, Split

value model& good machines} faulty machine
£ A2 =89 machine® & 7p3te] w2 justify
e}, gteld] good machine® faulty machineo]
A2 ke testability® AH-E ¢ ¢k 23ER
backtrack®] uHS HA-3le 4= i}, =¥ split
value model2 good machines} faulty machine
Ale]9] relationd A3l o] relation AXRE 9]
2-3}o] search spaceE £ F JY==2 3i5ict

3. HITEC

HITECS &#Aql state justification W=}
fault simulation A3}E o]4-3}¢] test patterng
AAsh= wpde AHEEE 2419 sequential ATPG
algorithme]t}. State justification& $£}s}ed
good machine®] state W9} single frame
reverse time processing & §A AREF
HITECX: fault simulation algorithm®=2+
Gentest2} v37}212 PROOFSE Al-&-3ic},

State justificationd #3}e] ol=] AWAIH test
patternel] 23t good machine?] state ABE &
gk, AA justifysior & stater} state % H.ol
E3se] glom o] stated W= test patterng A
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Test Resulting
Number State
Vi1 1XX
V2 0X1
V3 001
V4 011
V5 111
V4
X[+ 010 Targel
X X]1 State
X X| X
V3 V4
X\ = * 010
X X|1
X 11X
V2 V3 V4
X * * * 010
X 111
X 11X

213 6. Good machine?] state A H. o] &

V8 V9 VIO VII VI2 VI3
vool * ~] * * * *
N D\

(a) Fault simulation A=}

V11
x
V10 V11
* *
V9 VI0 V11
~* *D New PI
T ~] Assignment
V9 V10 Vi1
~—x_ _1* D|* *

(b) Test pattern ¥4

3% 7. Fault simulation 23} o).

voo

(1260)

43t FEL A wtw Ysk= stater}
Y, o)A test patternt-e] t}A H-L3ich o)
S U3k staterl @ w7bR]) AL (28 6 3
2) Justifyso}d stater} state HEol] AL} &
Zo| LAY Aol & time framew reverse
time processing®2 AFA justifyso}d stateZ
Zedh 292 ohA state ABE o437 state
Justification W& &-g3c}

A test patternell 93} fault simulationA]
oj= g fault?] faulty value’} state nodedl]
29 A5(2™ 7 (@) #3), WA state nodeo)
faulty value7} YehtxE o]A test patterng A
43lch. State nodedll faulty valuer} vieht}A| =
H, fault $12]7} o1 o] state nodeZ+E fault
effect® AL¥ 4 QJ=Z primary inputel value
S ¥k (¥ 7 (b) #F)

£ 2

V. SuperTest

SuperTesti= A A (F) ASICAIYH9 in-
house ATPG system2.24 Gentest®] back
algorithm®} split value modeloll 7]x3}e] 7|ty
At SuperTest: workstation Atell4 C
programming language® F¥%<¢c}l. Fault
simulator2+ in-house fault simulator<l
SuperFault& AH8-3tth SuperTest: Genteste]
fault effect propagation H2& Alg3to zx
fault effect propagationsl4le F& A%xe z=
31 9led, fault effect propagation®t} ¢ A7t
o] Zz]& processe! state justificationeA:= A
s 7N o427} gl slck. % HITECY state
justification ¥4, fault simulation A3} o]& u}t
H 59 =9 A =E heuristic ¥4 E3 A
Aol 87%ch shie] faultE detects}r] 95t
test patterng 3= © 2 CPU times &
T3t7] @] multi-phase strategy® AR&3ic},
AMA phasedA] detect=A] 9¥3td faultr} ok
faultE detectd}”] $isle] MAR test patterndl
o3 detectd 4 917] wFolck. RWA phasedlA]
CPU time limit& fault®d 2 2233, 2 2 W
FoiAl faultE detectdl= test patterng A3}
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Xl 23l A2 o] faultell ¥} test pattern A

& Zodsly, t}e phase(CPU time limite] o]
phase—4 CPU time limit®] 10 ) elA ©}A] A=
glcl,

E 30l SuperTestell gk A& Axprb Jepd gl
o} AYF 2EL M 327} ozl AlES
g AA I2ERA 329 o] 99 olFo=
E7)5183ct % 3004 no, of gatest 3 2E& Super-
Test primitive® #3314l w¢] primitive <
£ e}, No. of phases test pattern 44|
o] A|x% phase® 4% uehdith. Untestable
AE Brlsoz s fault olx, foof eff. &
Zyzt fault coverage$} efficiencyd viehdlic},
Efficiency¥ RZE faultell i3} detect=l5Avt
untestable2 #3% fault®] ¥]& vepdct

B 3 A¥dy

rame; no. of

phase

no. of
gacs

no. of | detect- | untest- | abior
patermn | od uble

335
674
m

circuit 1
| circuit 2
circuit 3

530 3
.

984
1101
1105

circuit 4
cireuit §
circuit &

130
149

1975

2855

2855

6863

circuit 8
circuin
circuil 10
crcuil 11
cireuit 12

| 11056

241

> All CPU times were measured on a2 SUN SPARC 2 workstation with 48 MB memory.

AP Aol vepd zz o] 10000 gate ©13}+2]
3] 2ol disted SuperTest= BlwA <3t efficiency
£ Jehgz i), #A circuit 129 #e & 3
2o dalAE efficiency”t ¢ 2o} %& CPU
timeo.2 13l o] 3|2 s FHA phase ¥
o] test pattern A& FEX|AFc) e AHA
phase7bA] APl fault coverage ¥ ohle}
efficiency = Z713S 7ol

&

V. &8

Seuqential 3 2¢ g ATPG7} 75314 = A
£ 289 o] o}i, commercial ATPG7} 53
g Ax 372 o). olAX sequential 3]
gk ATPGollE= %2 ol8lge] &A%}t Commercial
ATPGX% 10000 gate count(2 input NAND gate

(1261)
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71%) o)Ate) 32 YA scan designg S
8tz glch, Scan design methodologyell+= full
scan3} partial scane] gith. Full scand 329
BE flip-flop& scan flip-flop2 & w}ie] scan-
chaine 2 dAzdste Aoz wE AL W £
fault coverage® ZHE test patterng AT +
o)t Aol glA|wh, chipd] =717 ARZ £%01
A= “4@0] o)}, Partial scand 329 o
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