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11 0000

O00000000000000O0O, LSI (Large Scale Integrated circuit, [ [0 00 0 0O O
HhoOoooooobooooboooboobobooobooboboobooobooobog
(1. 0000b0000boboooboo 22am0dgn,000o0oboooo 1000
ooooob.0bobooobooooboooo,LsIoboo0 -boooboobo.ooo
OoobooboobobobobOoboboooooooooooo,LsIcooooooo
ooobobooooooo.ooboooboboooboo,0boboboobobooooo
OLSIiodbogoooooobooo R.00o0o0oboobobooooobooobooo
ooodbobooboobobooobuooboboooboo,boooDbooobooo
Oooooo0.0boobooobooboobooboobooooboobooog
OO00,SRAMO0OO0O0O0O0O0O0O0O0O0O0O0OO0OLOODO.0000o0oooobooooon
OoobOoooo.0obogoobobobooobobooooboboo,booDooo
goobob R oooobobobobobobbooo,lSIigooooooobbbooogo
0@ bbb ooboobobobobboboboog.
goob2000000b0b000obbooobbooobbooobboo,bogoobo
gooooobobogo Lsigoboboooobobuooobobboobob 4l.obboo
OO000o0obobooobooooboboooboooooooboboooboooon
O, 000dggobobbooogo sjoobobobbooooo Lsigg,oooboog
O0000O0oooooobo0oboobo.odbooooboobooboooooboooo
goobobboooooobobbtooooobobbbooooobo elooobobobog
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gobbobbouooooooobbboobo,bbodgooooobbboobbbogd
obooboobo,0boobobuoobooboboobob.ooboboobooLLsIcogon
gboboboooobbooogboog.
gobobooboboooooooobbboobboodg,bbuggoaoooboboodad
gbobogoboodbbuoo.gobooobbooobooa,bogbboogbn
obooooo,Lsigbgoboboooboooboobooboo.coobooboon
oooLSigogoooogbobobouobooooobobobobooooobooDo.
gobobbodoogooboobooogo,bbbogo.boo,oooooboobod
gboooobooboboobobooboooob LwSiIcboobobooo,boobbooo
gbobboggilibboboogbbooogbooorobobuoooboboooobn
gbobuogobooggbboob,gbbuogobboobbuooobobooo.gooo
goboboogobbboooobbbooooobobooo.
gobobboobbooooooooobboobbbboooooooob,bboboboo
Ob0oooboboooob,SRAMOOODOOOODO ECC (Error Checking and Collection
000 Error Check Code) U O 0O 8. DO UODOODOOOOOOOOODOODLOODLODODO
gobo,bogggobobbodooogobobobooo.obob,ooooboboobog
goobbil1oooooboobbododoooooo,ooobbbobobbboo
.ECCOU0DU0gogonb sRAMOUOOOoooOoo,goobooooooobog
gboboboobobobooboo.boboobobobobooboboo,bogb
gboobbooboobbooboo,bboobboooboobbooboLLsIo
gbooboobbooboobooboob.bobboobooboobboob
gboobobobobgobobuooooboboboboboboooobobobo.
gbbogoboodgbo,obbuoobboobbooobboog,uoooo
gboboboboboooobobobobobooboe-11ooboooooob
gbbuogobo,0bboodbboodgbbuoobbooobbooo.obooobon
gobbbbooooobobbbbouooodoobbobb.bboooooobbbood
gobbbuooogobobbbbbooooobbobobbooooobobobob.bbobo
gbbogdgbbboooobbuoobbboobbbuooobboobbbooobb
go.
oboboboob,oboobobboboobooboa,Lsigobgoboobon
gobbobbbouogoooobbbbodu.goooobobboooooobboobo
gt bobbbb. oodoooooooogo,uguouaaaad
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gobobbougo.gobobobbuooooobbbouoooobobobood
goboo,bbugobbogboboodgbbog,buogobbooobbooboo
gbobogoboogobooobboo.gobobobboobbooobooa,d
goboboobbooooogobbbobbbooooooo,goobobbobbboodgo
gboobogboooggbb.buogbobooobboogobooobobo,bogoooo
gobobboooooobb.obbooogobbbouoooobobobood
gbooboodgobobodg,bbbdooooboooobbbooooobboan.
ooobobobooboo.120b0boooLsiboboooooo. 1300040 o
gobbobobboogoooob,obbobbbdgoooobbobboooooad
gobob.14000000000bbobbodoooo,bbbogooobobogad
oooboboooboobobooooo.sbgoooboboooobobuoobooon
obo.0boobgoobgo,oonooobrelbbbobbg.

1.2 0000 LSIoooognd

DoOoboLSIbgooooooo3g0oooogn u2].

OO0O00OD0O0OD0O0O00O (SEE : Single EventEffect) DO OO0 0O0ODOOO LSIOOO
ooo,b00b0o0oobooLSiIggbooboobooboob.obooog
gboooobodgbbuogbboogbboobbuoo.obobooobboon
gbobobbuoooooboboboooogb,bbuoooooboboog.obo
gbobooobodgbbuogboboogbboobbuoobobooob.booogn
Dooooboooob 3.ooobobgoboboooobobuoooon
gbobobobuogooob,buouogoobbbouooobboobbooog.bo
oboboooobooobooboobob ibgo.boobooboobooon
gbooboodgbbogbobooooboobo.bogbbobbooobooobbodon
gbooogdgboboggbbogbbodgbb.booobboogobooobboon
gobobbooogobobo,ggobbbbouoooobob.ooobobo
gbhogbogbogbadgboogbuogbugbuogboooboobobon
gboooggboggbboobbogbbo.ogobooobooobboon
gbobogobbooobboobobobo.ooubbuooobbooboboon
gboboobogobboggbbuoobbogooboo,buogboboodon
oboooboooo,boobgoLsSibgobooboooboon.
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gboboodgbboobboobbogbbuooboboooboo.boobbogon
gbooboboooboboboobobuobooobobuoooob 4. ocooob
oboooodLsSIo Sicogbouoooboooo,gbbooboobo.gogooon
oooboboooboob,booboboboobooboboobobon 2o
obobobooboooboobuoobuoobobbooboob 12000,

Ooboooboobbool1ooobooLsiggoooobooobuoooobo
godgdgd. guuuououououooouooooooooooooooooooon
g.0bogooobbobouooooboboboooga,bbobboooooobo
ooobobooooLrwSigoogobogbobooobobobooboobo.oon
gbobuogobobooboogbbuoobbuoobobooobo,bbboogon
oLSiocggogobooooobooon.

000000000 (TID : Total Ionizing Dose Effect) 0 0 O 0 LSIDOOOOOOO
OO0o00oo00oo0ooOOob,0000b0b0b0bOobobO.boboobooooo
O00O00DoOo0,0b00b00bObo0obO0o0ob00obOo0ooDOoooooDOooDOoon
O00. 0000000000000 DOO0DO0ODODbODODO0OO0DDbDODOoOoDbDObOO
[12].00000000000DODDO0O0ODOO0O0ODOO0O0ODO0O0DOO0O0O, DRAM
OOobO00obOOooOooOOo,LsIgobdooo0.0oop0booooobooooo,o
OO00DO0DOO0ODOO0OO0OLSID000oo0ooDooDooDoobOoboooooog.

obobobogbogLsibgbogobobgobooboboob,boboob
oobobooboboboogboooobo.boboobooboboobo,ob
obooboboboboogboboboboobobob.oboboboobooob
oboo,goboobooboobbobbobbo.boobooboobd
oboboooboobobooobooboobobo,ooboboobooLLsSIgon
oboboooboooboobgooobo.

OO0O0D000000 (DDD : Displacement Damage Dose Effect) D 00040 Qodno,
gooodbobooobooobboobbuooobooobbooobob.booo
goobooooobobboooobobbooooobobbooooooboooo.
MGyOOOOOOoooooOooooooooooo [12].

gbogobuogbbodgboooboobobuoobbooboooboooboan,
gobbobboooooobbobbodg.oggbobobbuooooobbobobogao



1.2. OJOOoOoLSIogoogn

heavy ion

ouT

ouT

Current

Time

p

Uln:oooboobgoobobbob.

secondary
neutron ouT ion

\ , 777
\ v/ o

nuclear
reaction

O12:.00000000000000000DOO0DO0ODO.

gboo,gbboodgbboobobbodgbbooobboobboobo.booboo
DbooboooobooLrwSiogoooooogobobooboboobooobon
oo M4,7. 0000000000000 0O00DbO0O0bO0O00bbOOoObD.00bOoOon

gboggbobobobobobobobbobbo,bogbooboboboboboboboon
gbbobuoooobbbuooobbod.
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1.3 U0odododogodooooon

gdoooooooooooboouoooono 975000000000 o00 LS
Ooo0oogs.oooooooooooodoobb0d -HeOOOOOOoOooooOn
odod.doooooooouooooooooouoooooooooooon
ooooodao.

doooooobooooobooooooooo 978 gooooooooo
dobodoooooooooboooobooboooobodo e, DRAMO OO
Od0oooooooooooooonel.toobobooooobooo,bbooo -oo
ooooooooooooooon,cdobooobooooooobooooa.

19900000 000000000000 DO0O0O00O0OOO. 199900000 IBM
godoudodooooudooobooouoooonooouooooooouot,
doddodobooobooboobooo 7. 0000000 ooooobooon
dodbodooooooooooodooo. ooooooog LsIooo sigooo
goddooobooooo,goobooboooo.m99subououooouoan
0000000 BPSG (borophosphosilicate glass) D0 D000 YBOO0 0000000
Ool00000000OO00OO0,0000000000O000O0000OA03 [18]. 20000 O
ogoooo,BpSGUOO0OO0O0O0OOOOOOOOOOOO, CMP (Chemical Mechanical
Polishing) 0 000 O00OO0O0O0O0OODODOOOOOOOOO0OoOobOOOoO.BpSGOUOO
gbdooouoo, oot oooooouoonooouo.oouoodgo
00 BO0O0O0O000,000000000000000O0000O0O00O0O00OO0 [19].

1.31 0JO0oddoooooood

gobobboboodoooooobbobbbboogooooobbooobo,bbobo
gobbobboooooobobobbooooooboobb.boooooobobobooa
gob SRAM 100o0oooooobobobobobbobobobobooboboon 2,31 000
0.18umUI OO0 OODODO,SRAMIDDOUOO0O0OODOOOO0ODLODOOOOU0boobODOn
gobooo[20]. SRAMOUOOgooooooooooooboooooboobogo
go.gooboobb sRAMUOO00ooobooobooogo,ggooboboobobood
goboboooooobooo.

gbooboobooboobbooobooboobbobo Euoboboobod
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ooboooooobooo. ob 2100 130nemd SOnmO0000ooooon
obooooooobo,SsRAMOO00D0Ogooooobuoobooboobobooobon.
SRAMUOOUOOOOoOOoooooooooooboboboobobuoboooboono
gboobodgg.

14 000000000 O0OOOg

OO000000O00O00bO0o0obO0obOO0o0obOoooobOOoooooo22000000
O0O. 0000000000000 SET(Single Event Transient) 1, SRAM O O 0O O U
OO000D0OD0ODO SEU(Single Event Upset) I O 0. 10000000000 0O0OODOO SET
OSEUD0O0O0O0O00O0OO. OO0 SETODODODOOOO SEMT(Single Event Multiple
Transient) OO ,000 SEUO OO OO OO MCUMultiple Cell Upset) U O [J .

000000000000 bOo0ooO,00b00b0b0o0ob0bOOoo0bOo0oDDbOon
gooooo.00o0oobobbbooooooobobobo0ooooo, SETO SEUO
gooooo,0bo0o00oboboooooooo.

14.1 SET

gboboodgbbog,buoggbbuoobbooobbuoobobbooboo,obbd
gbobodgbboo.ggobogdbbuooobooobbooo,oobbogooo
gboboboboooooobbbbbooooobbbobuog.goooobbobodao
gbobod,boggbbdoobboogbboobobo.ooobbuoobbooobb
OoOOooo0bDg SETOO00.SETOO0D000bOobOo0booobooboobooon
gbbobuoooobbobouodobobbooog,buoobobboooobbobogn.

SETOUOO0OD0O0O0DO0O0bOO0booboooobooobuooboobobooo.ogo
obhobobooboboobbooboob SEThhoobooboobobboboboo,ooon
ooOoboboobooo.ob SEThgobgooobobooboos3spoobooonooon
goo.

00000 (egicalmasking) SETOU 00D O0O0O0O0OOOOOOOO,0000000
D000 SETOO000000D000000b00b00b00. 00000000004
OoOogoSET0ogobgobobooo,SEThodooboo.oboooobgls
OO00200 NANDOOOODO.NANDODOOOOODoODOOOO,0000¢0
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ObOO0SETUDUOO0OODOOOoboooboobooobooo.

OO0000 (electricalmasking) OO0 SETOUO0O0ODOOO0O0OO0O0OO0OO0OOOODOO
oooooo,bobobgbob SEThooboooooooboobobobab
gbodg.ggoo,boobobudgbbodboobbuoobboo.oboob
b0 14000.0 140 NANDOOODOO SETUODOODDOO,000 SET
Oo0ogob,000NANDODODOODDOODD.DDOOSETODOOO0DOO
oooboboboooobobobuoboobo,d140000 NANDOOD
ooopooobobD.bOobO,SETUDDOODONANDDODOODODOOD
obo.0o00booobooboobooboooboo,SEThogboooooog
gooboo.

O0O0O0D00O00O0O (datching window maskinig) D00 00000000 0OOO0OOO
oboboooboooboobooboobobo.boobobobooboo son
Oo.01s500b0b0booboooooboboboooboon,200booooon
obobooboooooboo.olsoboooboobuooboboboobDoobnoon
000 SETO, 0000000000000 0DbO0O0b0O0On SETODbOoOonog
O0o0o0obo0oboobboooboob0.oobOo SEThoooboooobg
000 SETOOOOO v, 00000000 w, 000000011/ cO00D0OD00OO.
D000 SETOO000000000O0O0 (Soft Error Rate : SER) 0 O (1.1) I O
O [22].

SERsr = f AN(t)édt (1.1)

ANHDOUOGOGQ «O SETOOOO0OOODOOO.Oanpoboooog,obooo
gobobooognb SsEeTdgobooboooon.

oboobooboobo SETdoobgobobboboobooboo,ooob300
gobbobboooooobob.bogooobobobbouooooobbobbodao
obooboboboobo.0oobobobob LSIgobobobooogb. SETU D
oboobobobooboob,0obooboobobob SETooboobooobooo
gboob.00boSEThgboooooboboobobooooboboooobooobg,
gboobobboobbooboobo SETobOobobooobooobooobon.
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JL ATe

=D R NE
A
n iE

SETg} — o |,

0 1.3: 00000 (logical masking) U O .

P o~ ]|<

radiation

strike m U - B
e el =

IN

voltage

\/

N

| b ouT

time

\/

O 1.4: 00000 (electrical masking) [ [J .

14.2 SEU

SRAMUOOOOOOOOOOoDOoOOobDoOoOobooboobL.obooboobooon
gobboobbooooooobbobbboooooooobobo,bbbbogd
ooooooboobobg. b lebboobOoobooob QU “Iruubooon
OSEUD000O0000.00dboobogINvVIOaMOSOOODOODOODOooo
oboooboobooo,N2000 ‘1’00 or0gbboo.N20b00“1rgbogo
INV2OOOO0ODOO0oO,INV1IOO0ODoOoOgNIODOoooooogo. N20O “0°, N1 O
“"ooboo,0boobgbooQububb.oobuoboobobbooboobo
O, 0bo0buooboobobboobooboobooboobob SEuogo.
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latching
window

SET pulse

masked

captured E
pulses :

015000000000 (latching window masking).

SEUDO SETOO0O00O0,00b000bodbobooboboobo.obbooboon
gobobbobobbouoooooobobboobb.bbbbbbbuoooooobooo
gbobodgbboodbbooobo,gobbuooobbuooobbuooob,oboo
oo LSiggogoogoogoog.

gboodobbuogobboooboogbboobbooobooob.bbaa,o
ooooobogboboboboboboboboobobobobobOon SEvg o
O0.000000000000000000b0D000b0bL0O0b0ObDOl Qe (critical
charge) U OO [23]. DO OO0DOOO0OOOO0OoOO,0b0booboooboooog
oooo.obdb o 00000oood.SEUD SETOOO0O0O0O00OOoOg,gon
ooobobobooboobobog SRAMUOOO LSIooogoooogb.2008000
gbooobOSEgbgooooooooLsigbooonoaon [24].

143 SEMT [ MCU

MCUD 10000000000 0O0O0OOO SRAMOOOODODODODODODOOOOOO
00O000. MBE (Multiple Bit Error) 1 SEMU (Single Event Multiple Upset) [J [0 [0 [0 U
O0.000 SEMTO 1000000000000 0ooooooooobooooooa
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DATA E_ — E_
.
| B I
3% SEUNVE U & HikBhriisk
N1 rcJ| N2

4

INV1

O l6:SEUDO0ODOO0ODOO0OOO0OODOOnDO.

oo, 00b00dbouoooooocoobobooobo.MCud SEMTOOOOOOOO,00
0000000 (parasitic bipolar effect) J O 00 0 O (charge sharing), 0 00 O O (successive
hits) DO O O0OO0.000ooooooon.

O000000D0O0O0 (parasitic bipolareffect) D OO0 DD ODODO0OOO MCUDDO 1.7
(000. 0000000000000 O0DOODO0O0ODO, 0000000000
0000000000 00.000b000O000D00o0-00-00000D000bO0O0d
OO000000o0boooobobooboooboooNOUODb.Ooobuooooo
O0O000booooooboooooboo,MCUlO SEMTODOO [25]. 0O0O0DOO
OO0O0000ooO0o0oooobooobOoobooboobooooooda o).

0000 (chargesharing) D 0O OO0O0 MCUOD 1.7M0O000. 00000000
oboooob,0bo0booboobbobboboo.bobobooboobd
ooobob,bbodboboobobuobobooboboobobuoooab
oboooboobo.bogob,obuooboobboobbobbooboobd
Oo0O,MCUO SEMTUOOOOD. 00000 O0O0DOO0ODOO0.000000000
oboboobooboobooboobooboobg.

O0O0O0 (successive hits) J U DD OO0 MCUUD 1.7c)U00. 000b0O00OOoO
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gobbobooooobbbbooooobobob.ooooobobogo,on
gbooodbbogbboobbogbbuoobobooo.obbodobbogon
gobobooooon.

gbobooboobobooboo.booboooMcuboooobo,oobgooo
gobbbbbouooooobb,bbbbbbodudgoooobobbbbooogo
Uboobobooob [26]l. U0DDOODLOOODODODOODOOMCUD SEMTOOODODO
gbbogbob.bboobobooobbuoobobooobboobbooo,oooo
gbobobooMcubgopoooooboboooo.MCud SEMTUOOUOOOOD
gboooooboo,MCUld SEMTOOOOODODOODODOOoooOobOooooboboooon
go.

MCUO SRAMUOOOODO,SRAMUOODOOODOOOOOO0DOo0booooboooon
obobgooobod.MCUO SRAMOUOOOOOOOooooboooooobo,oboooon
ooooooboogooo o 11 Mcuooggoooo SRAMOOgogooono.
goobbbobobbbobouodooooooobobbbobboooog,uooobobooo
oMCcUbDOoooooooo.goboboboboboboboobooooboobooon
Mcudoog,2000booooooooooooboboooobo,obobuobobgoo
opbooboobooo.bbobboobooMcvbobogoooooboo,Mcuogdoo
gbobobobooooobooaod.

1.5 0000

gobbooboboboooooooobbboob,bbuogooooobbboobood
gbobogd.gobbuoogbboogbbooobbbooobbooob,onb
gbboboboggbbuogbobooobb.oo,bboooboboogbbooobn
gbooboogo.

151 OJdddooooooooobobbobobooboboood

gboboobobooboboobobobooboboobobuoobobod
obobooboobob200000.00000LSIo0b00booo0obo,00on
gobbbbbuooooobobbbbbouooo.oobbbbooooobbobobo
gobbbbboooooobbbbuooooobobbbbooooobbbob.bobo
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(a) parasitic bipolar effect

” |
tap-cell n n n n /
@ @ f
~WA WA @egﬁz
p-bulk particle hit

(b) charge sharing

| n | 4@n@$ne|n|
é@EB @
&®
x> %9

particle hit

(c) successive hits

- n | n | n
o3 08 o0 GRS

Ul7:000000000000D000DO00.

oo LSIbggoogooboo.bogboobooLnsigobogoboobboon
gobbbbbooooooobbbb,bbbboddgoooobobbbbbooodo
gbboboodgobbbooooon.
gbodgbdgudbudgbuodgbuodgbudgbog,gbbobbobbobbobb
Doobobobobobobooo,bobobobbooobobobgb [27-30].
OO0 @E1bobgbooobobobooobooboboboobobobooboobon
ooooboooo.0ore29]00gbugoogobooobooobog,oooogo
ooOoboOoOSETOUDOOODOO0OOO0bOOoobOoboobD.boboobooboon
obobobooboobooboo,goboobobbobboboob ssgoogo
gboobo,gbbbuogobbbuogbobobooooboboboooobobag.
OO0 R7100000000000DO0O00O0O0DbObLDOO0bO0ObOobLDOobObOObOn
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gobbobb.ooooobbobbouoooobbobboooooonoboboboogo
ooooo [30].
gboboggbobogobbuooobbooobboboobobbuooobbooon
b, 0b0b00bboobobobboobdf23,32,33]. 00 23,3210 00000000
googdgbbooboooobbooobbooobbuooobbooobboooboo
oboooob.00o @B3uuoboobogoboooobooooboboooboooo.
gbobogobbogobboogbbooobobbogobbooobboooobn
gobboobb.bdgogoobbooboooooooboboobbooooooboobooo
goobboobbood,ddgogooobbbbbuooooobboobobbooggo
go.0obbobogooobobbodgooobobobbooooobbooboog
gbobobbooogo,gguobbouggo Lnsiggoboooooobon.

152 ODOO0O0O0boooooboooobobooon

obobooboobooboboobo,oobgoob SsRAMOOOOoOooDOon
0o0d[1o,11,20,25,34-36]. U O [10] 000000000 SEUOD MCUDOOO,00
oMCcCUOUODOOOOOoooboobuooboobuoobuooboob. b 2510 SEU
oMcUOOoboboooobooboboooboboobo,ooboboMcugoogno
gboobooobobobobobobobobb.bonoboobooboobooon
MCUO SEUD0OO0O0OO0OO0OO,0bogooMcudonbDg MCU/SEU)Odon
Oboo0o.6SnmUO000 SRAMOOODOOOOMCUOUOODODOOODOOOOO 80%U
gbobog,0ogboboob220b0boobd.cogbooMcubbogoogn
obgRojooobgooobo,MCUd SRAMOOOODoooooooooooboo.

SRAMUOOOOOoDooooobooboooboboobooooboobo,bbooboo
goboboobobobooooooobobobobobobonbg21,37,38]. 00
oboMcuboogoooog22011obog B39ojoobooboboog,onogogo
gboogSRAMOO Mcudobodoooobobooobooo.oooobooboog,
gobooobooboobboooMcuboboooooboob.booooboogn Mcu
goobobobob,boboboobobooboobobooboboboMCcuooogo
gobo.oggobuogbbobobooobobooobbooobboooobooa,o
oboobobooboobooMcuboboonoooboooog.

obobooobbooobobooobbooob SETogooboooobobood
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[4044]. 00000 [45]00 SETULDOOODOO0O0OOOO0ODOobouoDooooon
gboobobobodgbuogbooboboo.gbugbobboboobogboon
oooubobooboooooo,SEThoouooooobobobobonog. SETO
oooboooooobogooob,SEThogboobobobooboooboobuoobon.
U0 el 200000000Db0O0DDbO0ObDOODbOObODbOObOObbDOOD
OoOooooobogob,100ps000 SETUHODODOODOODODOODODOODODOODOODO.
OOO00[M4ej00 100ps0 00 SETHODOOODDODDOOODOODOODOO.

153 ODOOOO0oDoood

gbbuogobbuogobbdoobbboobbooobbboobobobooboo
DoobO(@EcOUibgnuobon 47-501. 000000 SRAMOUO ECCOUOOO
ooobobog.ooobdb SRAMOO MCUDODOODOOooOoooo,MCU
oooboodSrRAMOOOO,MCUODOODOOooOOOOECCOOObDOODOoOon
O[g 5l 0obgbgbobobobobobboobooboboobobobobob
oboboboobooobo.ogp2jbooobog20bcoboobooobooboon
oooobo.0b @47,53]00DICED 00000 ooooooboboun.DICEDO
obobooboobooboboobooboobo2b00400b00DOOD
obobo,obbgbboobboobbo.bICEDb00bDoobooobooboonboon
(24]. 00,00 4]j00b0ooboboobobouoboboboobobooboobo
gbooboooobobooogoobo.

SRAMOO MCUDOOOOoooooooooobobobooo. oooooooobooboo
McCUOOoooooooooobobobooo z4,50,MCubogboobonogon
ooooobogoboooboooboob.oobooboooMMcuboooo
O, j0boobooboobooboobooboobooooboo.4onmonoogn
OoOOooODICEbdDboboooooobooobooboobooboos3pnogo
OoOooooooboogoss].od 4]0 DICEDDODDOObDOoobobooon
oooooilobobobobobda,blIcCEDdunoooooonoooonod 1.1 pymO
goboobbougo.gobobobuogooobbobboooooobobobood
gbo,ggdobbbooggbobobooogoboboooobobooon.
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1.6 UOogooood

goboboobobboooooooobboobotodgo,ggoooboboboboog
gobbobboooooobobobbodooo.ggobobobbuooooobobobobooo
goobobobboboooooooobobb,bbbbbodooooobbobbboooo
googogooboo ecoboobuooboobbobbooboobooboo,o
goooooooooooooooog.eobobobobobobobobobob
gboboboobobgDpICE0boboboobobooboboobobd [24].

gobgboboboboboooo,obobobobooooboboboood
oboobooboogb.SEu0 SETODOO0o0booboobog,bbobboon
oboboMcuobogbooobo.Mcubooogooboboooobobboboob
godddgooooobbbbbbooboo,ooooodod. goguoaaaadg
MCUO SETOOUOOO0OO0DOOO0ODODOOO0bOO0oO0bOo0b.0bboobooobg
gbbboooobbboduoda,buoooobbbuooobobboooobbobod.

161 ODO0O0O0OOOOOOO

02000,000000000000000O000O00O00O0O0O0O0O0O0O0O0O0O0
gobogoboodbbogob.boogbbuooobooobboooobooa,o
gobbobobboogoooobbobbooooobobobboooo.ooobobooobo
oobooobooboobooboobo,obboobooboMcubdoboobooon.
gboobooboobooMcuogbooooog,SEuD SETOO0DOoonooon
gobbobbod.gogbobbobodgooobobbooooooobobboogo
gobobooogo.

g3boou,buoggggooobbobodogoooooooboobobboood
goboooboo.Mcuobooooogo,bbboogobbobuoooooboboboon
gMcutlogoooooooogobboo.ggbboo SETddonbooob,oon
goboogdob Seudggobooogoooo,SeTodooboooobbooooon
g.gooMcubogouooooooooboobboboobboooboonoboobo
gooboogg.

4000, 000000000000 DOO00O0ODDbDOOOoOoLbDDO.bDbDO?2
gbo3bogobogbobooboooboobboobobooob,boobboon
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gbobogobobogobooo.gpboooobboobboobooob,oboo
cooboboboooboboobo.obobuoob,boboboboo oogon
gboobooogbobooggobo.
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120

Jdotdddodddddtdddd
Jooobobon

gobobobobbodogooooobbobobboooooooooboobobo,bbboogd
oboboobobooboboobobobobooobobo.esnmbOOoobonoOon
gobbooooboboooobobbooooboboooooooboobog.

21 0O0OO0OO

gobogoboogobobooobobbooobboooboboboobobooon
gobbobbooooob2000ooboboboodo.odgoooooboooboa
gobobobboooooobobbobbodoooobobbobbooo 28).0ooog
gooboobobooooooobobobobboog, oo boobobboogo
oboobooboboobodo @l ooobbooboobooobooboobn
Dbooboboobo.0bobobobobobobbdbd GEANT40DODOOO0ODO
obooboboobooboobboobo,ooboobboobbooboonbn
OoOogooisel. obbooboobooboobbooboooboobboob
gbobbbbboooooobbbbbooo.ogobbbooooobbbbood
gboo,gbobbbooodgbbboooobbbood.

gbodbdooboobodgbogbogbodgbogbogobog,gboaobo
gbbobbouooog.gobbbbougoobbbbbbouoooobbbbood
godd,djddddudoddogodoooooooooooooo.bbbbooo
gbobobbbougooobobbbboduoooooooob,obbbobbbogd
gbobbobboooooobbbbuooood.gbbbobbouoooobbbbodgo
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gobobodg,bbobbuogobbodoooobbbuoooobobooooobn.

gboogbboooobdabogbogbboobuoobooobogobooo,uan
gbobodgbobbogobbooobbuooobbooobbooobbooaboo
gobobo.bugoobbooogbobuoooobboooobobooooobn,
gooooooboboooMcudbogooooooooouoboooooo.oboboo
Oo0eSnmUi000o0oobooboobobobobobobobobobobobo.o
oooboooboboo,0b0bbobo0b0obob0obo0obong SEU (Single Event
Upsey U, 00000000 0OOOOO MCU (Multiple Cell Upset) D 0 O OO 0O. SEUD
Mcuoooooooboboo,oobdbuoboobobobobooobobobooon
O.000000000D0000Db00b0boOoOgbO SET (Single Event Transient) [ [
gboboboooggobobooogboboood.

gboogobodgbbooobo.g220d0bbooboobboobooboboon
gbobogobogobogbboobbooobbo.g23p000obooboogn
gobodbbobbooboobboobboobboobbo SEubo Mcudoo
oboobobooboobo,022400000000 SETHODODODODOODOO.O2500
goobbobboogooobobobbbbodogooooobooobo,bbbood
goo.

22 UOoooooooougooouooouooao
good

gobbobbboooogooboboboooogobob.bboooooooboboobobo
goboboooobbbooooboboooobboao.

221 OUO00OODOOOOODOOOODObOO

O0O0O Sid0Doooooooobooboo,ooo0oboooboooboobon
0000000000000 000O000O0000.00000ODO0000O00OoO0gd
OO0o0bO0o0obOoooooobooboobooboooooooboobooo. o
O0,000000000000bO00O0o0oooog.

O000000o0o0oboobobobooooooooo?20000. 00 [32,57,58]
000 2.1)0o0odbodgon (double exponentail model), U O [22,23,59,60] 0 0 O (2.2)
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OO0O0O00000 (single exponentail model) D O OO OO OO.

10 = 0-"2 (exp(~ar) - exp (1) @.1)
B—a
20 [T
1 = FoFee 22)

O@RHO«00DOO00ODO0O0ODOO0ODOO,p0000D000DO00O00DOO0O0.O R2OT
O0O000000bO00bO0O000DbO00,0b000b000o0bO0o0ooDbOOoOobOooOoon
O00000 [23].0 2.1),0 22)0r=000r=0o0000000 @OODO.0O00O
000000000000 DOO0OD0DDLOODDOODOOO0.0b0O00oDOOoOobOOoOooDOoOoo
O0000DO0000O00O0000DOo0o0oo0bOO0oOooDDOo0oD,D @n,0000 2.2)
O0O000000Db00bOOO0O0bOO00bDoO,00b0b0o0bO0o0DbOOoo0boOoOooDO
OO00000.000SEUDO00DO0OD00O0DOODO0O0ODOO0O0DO0ODOO0DbOoDoOOn
oooobobo,0oboobuooboobuo oo,
ooboboboboobobib owbO00b0ob0oob0obnoO @3)00000 [23].
chit)
QOs
Oe3)ubobooogooboboo.KkbObooooo,bo 3jcoboooooob
00000022x10°000.FOOOOO (NewronFlux) D00, 000000000
000 10MeVOOOODODOOODODO0OOODO0D0OO0O0O0O0OO0OD 0.00565cm™2s™! 0
OO0 R3l.A0D00D00OD00O0DOOO0O0bO0ObOObDOoobOoooooMoOSOUbDoon
DDDDDDDDDDDDDD,DDDcmZDDD.QSDDDDDDD(chargecollection
efficency) U0 U0, 000 QOO COOO. QUO000OODO0O0OOOODOOO0O
O, 0000000000000 00b000b0o0oboobg [23].
OO0O0b0ooboboboobouooboobD21b0b000.0oobgonbo o, 00n 2310
O00oodb o0035umd 00000000 35CH,0.1ymO0000O000O0O0O 13fC
DoOoboooooeSsnmUib00d00ooboOooO0.Oob0 [3joboboooboog,gooon
o000 osO0nMOSOODOOOOOpMOSOODOOODDOOO,0lwmOODOO0OO
nMOSODOOOOoooo 13fc,pMOSO0Dngooooefcood. pMmOSOOonog
OO0 o0nMOSOOOD0O0ODOODOOODO12000000,pMOSOODOOODOOOO
Ooobobooobo.0o0oboboobobobobooooboog,pMOSOO
OO0o0oooooboooboobo0oboob0ooDbooboooooobooooo.

Nspu(Quit) = FXAXK Xexp (— (2.3)
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021:000000000000000 2300000000,

ooooo | O |
0000 K 2.2 %107
ooo0ag F 0.00565 cm 25!
000000 o, 10 fC

222 JO00OOOOOOOOOOOO0O0OO0OOOOn

ooooo enob e2ooobooobooo,0oboooboboboboooobooon
ooooooooooooooobooooobooooooooboobooooo.ooDoo
goboboooboooooboooobooogoobobooooobooooboboobog
oobooooob,0b00booobooobobobooobooboobooboooboo.obo
000D O0000ddn Synopsys U O Sentaurus U OO O. OO O0OOO (twin-well) O
OOp0O0O0 (p-welhO 2000000 nMOSOODODOOOODOODOOOOODOODOO
0000, LET(Linear Energy Transfer) J 20MeV-cm/mg U 0 000000000000
Ooboooooooel.0coooboboboaMOSOOOOOOODOODODODOO
ogobooooooooo.0obobooboooooo,000bDooboobooboon,
oobooboobooooooobooboboboooooon.

Oobooboooooooobooooooobo 2, 0enhooboooo 21000,
ooboobooooboooooooo,0 eyoooobooooboobobooboo
oooobo.ooooobobooboooobob,0eyoo ehoboboooog
oboooboobbgoboogo.spsobooobooogoboob. bbb
oboobob SETODO0bOoobobobooboo, 0 2yuboboboobobon
oboooSEThoooobobobooboobooboooboonDo.

Ooboobobobobooooobooooboboo,oboroboooDo 22000 22
ooooobo eeybobobobooooon.

20 t —t
I(r) = 0.55 —exp(—
® 5ps+/r \ Sps P (Sps)
2 t -t
+0.45 Q exp (=—) (2.4)

70ps v/ \ 70ps 70ps

gbobboooobbbuoooobbobuo,bbboooobbboooobbod.
gbbogdgbbboooobbuooobbbooobbooobboobbbooobb
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'! double exp. model =--—-- -
] .
i single exp. model =----
1.6 fii
_ i
2
L2
c : \
o i b
—_ : "“
=]
O o8¢ :‘“
l-‘
\|
o
L
04f G
>,
NN
‘\:_x\
0 ~SNftt————,—————ee—meemee—e———ee————————r———
0 100 200 300

Time [ps]

g21:g0bbogobooobbdooboboobbobbbooobbuogbooon
gooboooon.

ooo.0e4yboobobooboobobuobbobooboboo22b00.
goodgbooboobogbogboobb,buogboobbobobodgooooon
O 120ps 00 140ps D OO0, 000000000000 0O0 400D O0ODOODO
gbo.0bobodooogobobodoooobobobbooooobobobboooon
gboogbboboobudg,ggbogbbogboobbooboobbooobon
Dooobog.ogbb,120ps00 140psU 000D O0ODO0ODODO0ODOODOOODO
cooboboooboooobob.beeoybobbobooboboobobooo
obhodbobooboobobooboob2300b0.0 240 O 3sfcod, 100ps
ooooobobgobobooobooobuoobbooboo.b230b0booon
Oohooboboobooobbooobobuooboboooboog. 2s0psboogn
obooopMOSOOOODOOODOOOLDOOODOODOODDOODDODDbDODOO,On
Doobooobobooboboooboboo.gobg2s0psooob,ooboon
gboobuoooobooda,bbobuogggooboad.
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F Circuit sim.

1.2 j‘ Device sim. —— 1
<
é 0.8
—
c
[¢D)
=
>
@)

04+t ‘

0
0 200 400

Time [ps]

0220000000000 00b0b0oo0boobooboobo ey o
goboo.
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gbbogdgbboodobbooobboodobbooobbboobboobbb
gobb,bbbuoooooooobbbobbbuodoooooobobbbbboodgn
gbbogbboodbbuogbbo.oodbbuoobbooobboobo,obo
gbobbbuoogobbb.bbouooooobbobbbouoooooobbbobod
gobbobbooooobobbbbouoooobbob.bbooooobobbbodao
gobbbobbouooooobbbbbbuoooooobb,obbbbbodad
gbobbooogbbbuooogbbbuoooobbbuoooobbboooooboobn.

gobbbobbbouooooooob,obbbbbbbupbbbbOOd
gb.ggggbbobtooggbbbboooobobb,ntbogdpudgbbbopbO
(psub) 0O OOODO.0O0,0000000000000D0DO0O0aMOSODOOOOO
gbobbooogbbobuooobbbuoooboobob.bobod,pbboooobboo
oboo.gboogobpbobbOo0bb0o0ob24000000.02umx02um0O0O0O
obopUbbUOd,400000000DOO0DODO400000000.0D0n000
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25 25
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05} 1-05
1 | . . . -1
0 100 200 300 400 500
Time [ps]

0230 4H00000000000O00O0O00OO0O0OOO0OOOODODOOODbO0ODbOd
oooo.

gbbudnb0O0O00ooobbDpubooobooobb.n00bbO0O0o0On
OpUlbOobooboo,40000000000DO0ODO400000,n0000 p0OO
gbbobogoobbooogobobi1bbbooogboboooobn.
gboodbpbbuodbobobobboobuogbooboboobogbo.g
oooboobobooboboo240b0b.pdb00boboboooboooon
ooovoooooooo,00boooboboobooboboobpboboboon
ooooobogoboobo. 02400000000 0O0O0ODO0ODLDDOODDOODOD
g,0ggdgbpbbbiooobbbooogobobogd.
gobobobouoggoobobo-gg-bbuoogobobbogooobobobogon
gbo,dggobboboogobobooggbooboooobobooooboobog.
gobobboggooboobbodoooobobboooooooboobo.oog
gooboooobobdogobbooooobobo,be4ybbooobbboonooboobg
gobobobobooooobboobboooooobobbooo.goooboboboog
goog200goboog,bgoboboobuodbbupbbboobboobn
Ooooo22500b0.0000b0aMOSOO0D0OOO 300 p0O0OODOOO
oooooooo,oeum0d0000O002000000000000O0O0OO0O
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022:.0000000000000000000DOO0OO0DOO0O0OODODODOOOODO
gbpdd.00RO0O24002umUO0 p00O0OO0O0O0O00OROOOODO.

DDDDD\ D\
00 R 1300 Q
ooooo g 50

0000.00000p00000000000000C0O0000C0O00000000
000000.00000000000000000000000000000000
000000 LWOOOO0OOOODO,0000000000000000000000
00000000.000000000000000000000000000000
000 p0O0O0D0OOOCOOOCOLMOOOD,0000000000000000OO
0. LOO0LMOO240000000000.

00000000000 000000000000000000000000003Z8
0000000000 22000.00000000000000000000000
00000000000000 12v0 65nmO000000000.000 65nmO0
0000000000000.0000000000000000000 800000
0000000000 0000000.pMOSOOOOOCOOOOOCOOOD OV, 000
0000 12v000000,0000007v0008Vv000000000AOODOO
00000000000000000.00000n0000 p000O00000O0O
spice 00000000000.

224 OJO0OODODDOOOODOOOOOO

gbbogbbooobbuooobbooobbuooobbbooobbooobn
gbbogbbog,buoubboodgbb.buooobboobbooobboann
gobbobbooooobobbbbuoooobbobbooooobob.obbbod
goobboobob,bbbouoogobbbbbodouooooobbbbbbodoogo
gboooogd.

g0 LSigoogoooooboobooobobooboboboboobooboo. LSy
gbooboboobooobboobboooboob,boobooLLsIgoboooon
gbboodbogbodbuobodobboobboobboobboobboobn.
gobobbobobbouoooooobbbo,bbbbbuoooobbobobboogo
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0.2um
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S p-well
[qV} .
o (unit)
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>
< n-well
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1 5
= =
I p-well 3
o =
y ()
< =
0.8um

O24:p00000000.02um0O0 pO00D00O4000000,00000000O
gobobobbopbbb0O000ooUb.ndbb0b0ODLOO0O0,n000nDb0ODbOOn0
pUO00400000,n0000p000000O01000O00DO0O0ODO.

gbobbobbbouoooobbbbb.ooooubbbbooooobbbobobod
oboboobooboobooLnsibogogoobg.

gbbogbbooobbuooobboodobbuooobbboobobbooobb
gbobbbboooooobbbbooooobbb.bbbuooooobbbbodao
gobbobbo,bugoogobbbobbbodogoooobbbobboooooon
gbobodg.ugob,gbbuoobobbodobbuoobbooobbogbbooobo
obooboobooooo,Mcubuogobooobooobooboobo,bboobogn
gb.ggobbbbbbtboddoooooobbbbbbouooooooobbobooo
gbboboogobbooooon.
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23 OU00ooououoooooooouooouooao
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gobobbboooooooooobb,bbbbboooooobbobbbood
obo,000b0daMOSO0OOO0OO0OOOOOpOODbDOODOODODDOD.
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Master Latch Slave Latch
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000000000000 SmO000000.00000000000000000
000000000000000000 p,00000.20000000000000
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ooOoooO00ooOoooooog.
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000000000 (40000000000000.0000000000000C0
00000 Qg0 0000000000000000000 QuewDO0000.00,0
00000000000 nMOSOOOO000O0O0OOO00OOON00OO0ONONOONONOnO
O000000000000000000.0000,000000000000000
ooooooooooooo.
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(a) 0.66 617 110 17.8
(b) 0.5 631 148 23.4
(c) 1.3 654 91 13.9
(d) 0.66 498 1 0.2

mMcuboogooobooooooooooob,MCU/SEUDOOO 234%0000. 65nm
oboobooboobuooboobobooboobooboobooMcuboono
gobobbouoooo.obobboooooobobouoooobbobood
ooooooo,0bbodbboobbooobooobuoobboobuoob 400
gboooboooooobogd.
goooouoooboobboobobobobobobobobobo oo MCcud
ooooboobD1000,MCU/SEUL 02%0000000. 00000000000
ooobobooobobob @booboo,Mcubdgooo o oo.oooo
Doooboboobobooboobboobog 9% Mcuoooooooo.goo
D000 (@Ubboboboobogob MCUl 99%00000000000000
obhoobooobooobooboobboo.b02b000b0bo0oboobboOoon
oooboooboboboooboboboboobooboboo,o2330b0oooo
oobooboo,jogbobooboboboboobobobooobooboboMMCcuogo
ooooobooob.opoobob@bouobobooo1oMcuooooooooo,
goboogbuogbogobboooboo.Mcuugoboooobogoooogoo
gbobobooogbbobooooboboooon.

gbooooogn

SEUO MCUUOUODOOOooooodooos32003300b.0bo00o0oag “or
goboboogooboodog.b 3200 SEugd Mcugodogoooog,ds3300d
gboobooggbbobuogoobb.o23200b00gooobogog3.30d
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032:.000000000000SEU000O0MCUDDOOOOOOOOOO. O
gooobog*“orbobogoboboobobob.obogobo*orboobog2900

O0000000000,000000“”00000510000000000000.
]DDDDD HDDDDDDD SEUDDOO |MCcuOOD

ALLO (a) 60 0
(Nts =0) (b) 78 0
(c) 79 0
(d) 91 0
ALL1 (a) 254 15
(Nts =1) (b) 283 10
(c) 259 33
(d) 165 0

g.000bgooboobobbobbobiud @boobooobgo.

oooooo“ o260 Ns=0000000,00000000000 SEUO MCU
obobooobo. ogbobbooobbbooMcubogoooobooobobo,bb
gobog*“orboMcuboboboooobob.obobob 2232000000000
gobbbbbodgdo,goooobbbbbbdoooooobbobboooooan
ob.00b000bo0bo,MCUld 9%0 00000000000 00b0000b0000
gb.ggbgboobg«rboboo,oboobobooboooobobogn
oboobobooboobbooboobobooob.bobev»d MCUDDUOODODO
gbobo,Mcubodoogooboobuooboobboob.oobbob “orbogo
SEUD0OOO00OO0D0O,0b00b0o0boobooboobooboobooboo
gb,ggbbuodgbboobbuodobbuooobboobbo.boobboooboo
gbobobooboobooboobo SEugoos3sgoooooooo,oobooon
gboo.Mcuogoooobooobooobboobog,booboboo<orobogn
gbobboooobbbuoooobbboooooboo.

ooooobgo«“orboobbdobbobb @-(cubboMcuboog,s%%d p
gbgoboogbodgboobogbbuoobbo.ptboobboobboobb
gboboboobooobobooboobobuooo,Mcuboobooboooooo
O.00000p0dbobOoboboobOobDICENODODO0DOOonDobOonDg [s0]
goboboooooobooo.
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033: 000000000000 SEU000O0MCUODDDOOOoOOOoOooOon. O
obobbogo«“orboobgobgobgbbogb.

SEUO OO | MCuOOO

00000 |0bOo0obOon [FIT/Mbit] [FIT/Mbit]
ALLO (a) 132 0
(N1s =0) (b) 171 0
(c) 173 0

(d) 200 0

sim. 64 0

ALL1 (a) 559 33
(Nts =1) (b) 622 22
(©) 570 72

(d) 363 0

sim. 204 2.0

MCU/SEUDOOD0ODOOOOOOGd

MCU/SEUODOUOO0D0O0000000380039000. Ng=000 MCUOUODO
obobod,g38003900000d.

MCU/SEUDOOO0O0OO00ooooobooboboooboobobooboo.oobno39
Doooo0,3umi000o00oooooooooo,obooooooooooon.
oobobobobobooMcubboboobobobg,obobobooobobob
O.MCU/SEUO 1200000000 3umd000000. 00026000000
g,ggbbbbduooggoobobbbbouodouooobbbbobbboododaoao
gbobbobboooooobbbbb.oooooobbbouoooooobbobod
Dboboobobooboobobo.MCU/SEUDDODO0bOooooobooboon
Doobobobooooboo.bogireelu,0bdbobobobooooobon
gbobobobboooooobbbbuooooobbbobouooooobbobbo.bog
obobobobooboobo.goosrRAMUOODOOOOO0ODOOODODOD [36].

oboooboboobooobooobobo3pbo.gbboobbooobod
oboooogMCU/SEUDOOOD,00004000000.0000000D0O0O
gobo,buogodgobbobuoo.obbboooobobob,oooobbbobogao
oboMcuogoooogoo.opbooboo,boboobooboobooboon
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100
Master latch (NTM = 1) +
. Slave latch (NTs=1) O
S,
o 10¢
L
0p) -1.6
-~ f(d) =10.5«+ d
)
O
= 1|
_~0O
MCUM 1D IFHE
0.1 -
0.3 1 5

Latch Distance [um]

038 000b000boooboboMCU/SEUD0onooooogon.

g.ouoggobbobboooobobbbbooooobbbooooob.oo,bboo
gboobooQubu,obuobgbuobuoo,ooobobbobobobobobd
gboboboooao.

JpgooooMcuonon

03200000000 (a-«(cbO300000000000O0OMCULDDOODO.O
obooboogo3iotngbo.goboobuoobibd a-(cboobog,bogoo
03100000.

3pogooboMcubogonD SEubDoggo09s%0non. 3000000000
Mcuboogoooooobbooobuoooboobbooooboooobb. bo
obobooboobobooboboobooobs3spboboobobboboon
gob.bbobbuooooobbobbooooobbobooooobobbobobogao
gbo,000bgoobobooboobooMcubbgoooboob.ooboon
gobooogbobobooboboboboboobobobooobobo,3bgon
obooMcubooobooooooo.os3904midoMCUNDUOOD 1%000
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0.1

MCU / SEU

001t Simulation

0001 1 1 1 1 1 1 1 1
1 2 3 4 5

Latch Distance [um]

g30000000b000bOoboboMCU/SEUDOODOoonooon.

obobbobooboobooMcugobogooobooobo.

325 0J0O00OO0OOOOOOOOO0O00d0oooooooooobobnb

g320400000b0b000gbobuoooobobooobobobogod.

e OSnmU 00000000 DOO0ODOOOOMCUDDUOODOD,000DbDOOoOoO
SEUODO0O0O23%000. 000000 ooobodoooobouoonooon
gbooogobog,bboggbbogdgbbuogobbooboboobboon
4A000000b00bOoboobOon.

e SEUU MCUUDUODOUODOOUODOO.ODOO0OODLOLOO0DLObOODLOn
ooboboo<«“oroboobMcunDbooooO,SEUDDODO 1/500000.

e MCUDUUODUOODOODUOODUOUODUOO.OODLOODLOODLOODLOOD
Dbhobboobooboobuoobuoob MCU/SEUD 0.2%000.

e MCUL pODOIDOODOOOOOOOOODODOO%%O MCULLDDUODO,pdd
obooboooboooooMcuboobouoobooooon.
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3bit

x1 X2
'
7bit

0 310:3000000 MCuUOOO.

e MCULDDUODOODOOODDOODDOODOODOODO.MCU/SEUU 1%0
obooboog,goboobob3miboooooo.

e 3OO MCUDDDUOOOOLOOLOOOODLDODOOOO.

gbobbooooMcubobouodoooboogoo.ooboMcubgoooooobooon
goo,0bogbbuogobboobbooobboobb.bboogbboooobon
gobobooogbobbuooogbbbooooboobooa.

33 Jodgoooboboooobooboboouoooboo
[]

ooobobobobobobobooboobobobo SETObOoboobonod
gboboboogogn.
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331 0000O0OoobooOoO

O0o0odbobooobobooboboobobooo SETbogoboooo 200000
Oo0.100 SETOOO0OODOOOO0O0000bObobo0ooooooobobobooo
OSETOO0O0O0OODODO0O0O0OOODOOOO 7. 0000oobobobooooooobooo
OSETOOO SEUDODOO000O00ooooobboooooooo 3a1oog.og
0000000000 0o0bO0o0ooOoobOOoOooD,bo0ob0o00oooboDooooDoooon
O000o0dboooOo XorROOooooooboooobooo.oobboooboooooo
O0000o00obooooboo0o.0oboooo (targetcircuity OO OOOO SETOO
OO0, XoRO00O0OOO0OODDOO0O0O0O0ODODODODDODOO0OO0O0O0OOOO. SETOOO
000000000000 bO000bO0o0ooO, 000000000 bOoobOoooon
oooooooo.0bo0dbbo0booobboooob,0boo0bbooooo
O00o0b0o000ooooobobobbo0oo0.ogobobbb0o0ooooooobobogoo
OO0,SETOO00000D0OO0O00OoooO.

000000 SETO0000D0DDO0OD0O,0b000b0b0obob0ooo SEugooo
000000, oo0d0d,SEUD0D0O0O0OO DICEDODO00oogooogg
O0oooooooooDo. SETOOO0O0O0O0O000000000000,00004d
o000 1000b0bbbbodo0ooooobobobo000.ogogoooboboog
0000 SETO000D0O0O00O0DDODDOO0O000DoObOOo0o0oooobooooo,og
O0o00o0b0oo0ooooooob.bo0bb0o0obobboooobobooobooboo,d
OOooboboooboobobo SEuboboooboooobuoobobo.bobooo
SETOO0O0OO0ODOO0DOO0,00b0 SETOO0DOOO0DbOO0ODbDO.O00DDO SETO
Oooooobooobogoon.

OO0 100 SETOUOUOOO TDC(Time to Digital Converter) 0 [0 0 00 SET O 0O 0O 0O 0O
o000, 000000b00b0b0b0b0obob0o.00M2joboboboooon SET
OO0000boobOob3.12000.0000000 (targetcircuit) U0 OOO0OO0OOO
OoooboOooo,000b000bo0obgob SETOb0Dbooboooboooboooo
OO0SROODOODO0OOOOOOOODOODO0OObO.00obOobOobOoboOooDooobooo
Ooo.

e SRUDODODDOOODOODOODOODDODOODLOODD.OO0DLOODO
gbobooboodgobooo.

e DO DOODO (targetcircuit) b SETULOOOUOODOOOOOO,DO0D00000DOO.
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ooOoooSETUO0LOOOoOOobooobooon.

e SETUODOODODOUODO (delayyUDDODDOO SRODODOOOOOOO,SROODO
gboboboob1o0b0.SRO0boobg SETobooooogogd.

e SRUOODOOOD I10O0ODODO,00DbOO0ODDOODLDbDOO,O0ODbDOO.
SETOO0O0O0O0O000O0OO0O0OoobobuobooOg,SEThonooooooonog
gboboboogobobobood.

e JOOODODOODODODIOODODLOOD SETHLOOODODOODO.

SETO000000000O0O000OO00DOON0NOONONONONONONOONONoooooon
O0Ooooo [44].
SETO00O0O0SEUDOOODOOODOONONOOD,00000000000000
0000000000000000000000.00 [68]00 10000,00 [69]100
330,0000 0 0000000000000000000000.00000 4510000
0000000000000 000000000000000000000.0000
0000000000000 000000,000 SETO000000O0O0SETOO
0000000000000 0000000000000000000000.000
O009nmOI000000000 10000 lps0000000000 [45],100000
00000000000000 1ns00000000.00 (6810000000000
00 SETO0O0O000O000 14ns00000,000 1ns0000000000000
0000000000000000.100000000000000000000000
000000O0000,SETO0000000000000000000.000000
00000000000000000,00 46000000000000200000
00.0000([70]00OROO00O00O0O00O00O0O00000O00000 1000
00000000000.SET000000000000000000000,0000
00000000000000.0000[46000000000000000000
0000,0000000000000000000000.000000000000
0000000,000000000000000000.
0000000000000000000000,0000000000000000
020000000.000000000000000000 SETOO00O0OOOOO
000000000000000.000000000003.120000000000
000000000000000000000000000000000000000



33. bOoobooboobooboboboboobooboon 59

FF

FF s —
1° Q?th’ QTJD* """"""" —D Q?Dfo 0

target circuit target circuit target circuit

I: I: I: target circuit

O311: SETUDOO0D00O0DO0O0Db00bOobDboobooobooobooooDg rer).

stage 1
Ta.trge.t > stage 2 — — —final stage
Circuit pass
(inverter
chain) hold

I—delay :)o—s 9 >o_{>o_!>o@
R O > [> [> hold

2X 4x 8x

Reset

031200000000000SETODOOOLOODDOO [42].

gbo.0bobobbodgoogobbougoobboobooooooobobooboga
g,0gggooobogoon.

332 UJO0bObOooobbooobooboon

gboodbgbgboboobuodgbuooboobbboobobobuogoboobo.g
pBgoogoosoboooooboo1bb@mo)yboobboobboobooboob
gboogbobobubouoboogbbo.uooogbbodgbooobaobbogogn
Dboobo0booboobdbl dege WODOODOODOODOOODOdeyUDoon
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Joddoodo.doboddoooooooboooooddndge 0Oooooon
cO,nMOSOO0OOOOOODOOO0O0OO0OOOOO g OOOOODODODOOOOOO
0 [711.
dyise = kc
8mn
kODD0OD0000.00000000000D0DD0D0D00DO0O000 dign0DO0OO pMOS
goooodobooooodooodd geodooodaoooaoooon.

C
ditan ® k— (3.2)

8mp

3.

00000000000000000000000C,00000,died de0000
nooooooon.

dian 4 Ce +Qxﬂ (3.3)
0.58mp &mn

drise = k( Ce +O'5Cg) (3.4)
0.5gmn 8mp

010000005x0000000000000,0200000 1x00000O0O0O0O
00000000.0000000000000000000 AWDOO 31300000
Ddy0dy 0000000000000,0@3)00@4H000000000000
oo.

3 1 1
AW = dpy — dijse = _kCg (_ - ) 3.5
2 " \8mp  &mn

O@s5ubpMOSOOUOOODOnMOSOODOOOOOODODOODOODODOO
oolooooooooooodgAwoooooooooodd. o0 gnd gmpd 0.9
ooooo,b G50l AWD—%kg—ipDDD.DDDDD(3.2)DDDDDDDDDD
01400000, 00b0bobouobooobobgbiopsdonon =25ps.

oboobuooboboobooobuoobboAwd,pMOSOOODDOOO nMOS
guboobooboobodobooobodooogodoog c,uuooaooaoaon.d
gobbobboogooobbobbtooooooboboooooobob.bobobo
goobbobobuooooobbobbAawibbooboboooooooogobooboo,n
goooobAwdobobobobobobobouo.ooobobooboobobob Aaw
obobooobobo,0bobooocAwdboobobooob.AwWOooooooono
goooogad.
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N
FEET%' dm'}

"W aw’
=W + (dfall - drise)

033 go0bgbooobooboobgon.

gbooboogobobbooogbbobuooooobooo

obooobooboboobobooboboobbooboboob,bbod 100ps U
obobooboobobooboobobbobooboobobboboobon
Dbobooboo.0ooboo314000b.03.140000000000000¢0,
gbbboodbobboooobbooodob.obbboodobbboooboboog,
OO0 x00000000b0o0bobooboobobb.obboob44opsbOnn
oooboboobobobobooboboboboooo,1iooboboooob
lpsU00O0.00040ps00D0000O0O00O0ODOODOO0OOODOOOO.O00OO0O0OOO
gbbobbbbouoooooobbbbbo,bougdoooobobbbobbboogd
gboboooodn.

gbgdbugbogbooboboto,obbobbooboobuooboobbob
obobooboobooboboboboob.boboo SEThboobooboon
O,0g0boobooboboobooboobobobooboobbooobob,obborn
DoOooboobooooboobdg SETogoobooboobooboboo.1bggon
obobobobobob,0buo0boobgobgo SErToogoooboobogn
gbooooogn.
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120

100

Output Pulse Width[ps]

0 1IO 2IO ?;O ziO 5IO 60
Number of Propagated Buffers

0314 00000000000 bbooobobooboobobooob.ooboooon
googbbda,bbugobbuoogbb.booobuooobuoogbboogobo
gbooog.

333 0J0UOOoooooooboooo SETOO0ODOOOOg

OoobOobooobobOob SETODoobooboboos31soob.oobonboon
go,SETO00gooboboogobooboooobbobogo SETuggooon
goboboooobbobuooo.ogoboboooobob SEToboboooobon
googobodoboo,booobodbobobooboboboobobbooboon
gbooboob.oobooboobbobboobooboboobooboobn
gbobooboboobobgobob.SETdboooobobobooobobg, SET
gboboboobooboboboboboo SEToobobobobobuooogn
gbog,0boobooboboobbgo.obb SETOhogobooobogobon
gbobobobobobobobboobooboo,o0b SETOhoDoobooboon
gbbboooobbbuoooobbod.

gbobbobooboobooboobobboobooboslebbod.obon
gboooboobo«oro,gbboobooboobo«“<1»robobboob.b 31600 3
gbouodgbobodgbobobboobuodoboobobob,obodoboabboob
gboogbooob.booboobdubbobobbobbodoboobboobab
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240 buffers

<< <K&
DT Per e
—<K<K<KI=<K
DD DD DerbierE

0315 00000000000 SETOODOOOOO0.

A
A

i
i
0

ik
F
ik

350rows

F
ik

OO0 SETOOOOO,SETOODOOO 316D 00Db0O0DbO0DbOO0DbDOoO.ogo
googodggbodFrFoodboogboogobuogbo,bbudgbodgb SETO
gobbobbooggooobobodooo.gbob200bbbbuodgoogn SET
gobobooooobob.obobodg20000bbbdoooobboboogg SETO
gooboogo,bogogooboogd.

0315003100000 bo0,0bgobooboooboboobobooobon
oo SEud MCUOUOOgooooooooo.

SETOO0ODO0O0OO0OO0OO0OO0

O3.1200000000000000 SETOOOOODOOO,D31500000000
gobobooSETOO000goodoboboobbougoooo 340obo,oobood
gbooboooooooo.

obob 0331000000000, b00bgobuooboob SETOoonoogn
gbobobuooggbbbuooobbbuooogbbobuoooobobbooon.
Dooo,000b0obogboSErTogobobooobg.SETOodgogoon
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030 ODbhobooboobooboobobobobod

store0  store 1l =

FF | FF | FF %%% FF T

7%7%7% ’%747
AEE s = B
FF | FF | FF FF

7
44 | 44 | 44 =E|
N )

FF | FF | FF

,,,,,,, 1 7 OUT
44 | 34 | 34 [A47 j 44 | 44 /%%%

O

wwww%ﬁ BEE;

LB

=

G, i, At

44 | 44

0316 SETUOOODOOODOOODOO0ODOO0.

gobobobooooobboboooo,bbobbooooo.bboooooobo
oboobobooobooobooboo SETboooooboooboooboon
oboooboooboo,SETdobooboobob.oboobooboooog
gooo,g0boboodd.

gobobo bobodbbogobbooobboooboobo,bbugobboobn

ooobboogoooobobbooog. eSnmb0oo0ogooooooboog
I0psOODO0OO, 0042100 9%nmO0000O 100psOD 00 0ODOODOOODOODO.
gbobobooogobbboooobobobbooooob,ooobobbbooogro
oboobobooobooboAawdboo.go@dsuooooooo,Awn pMosSo O
gbooddaMOSOOOOO0OOOODOODOOOOUOOLDO,b00b0o0n
goo lpsDO0ogg.

gobobooodgob gbooobboobbooobbooo,oobbooooo

oboobooboobobobobobobboobooboobuoon. 65SnmO
Oboobogbo4opsOb0.0000O0DO0ODODOOODODODOODOOD,DO0OO
ooooboboo.o3eoobooboboboboooo200o00oooon
gooSETU0noooogogooo.obog,bboog200bbooodgn
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034 00000000000000000000000O00O00O0DOO0O0O.O000 65nm
gbobooboogoogon.

00000000000 |0000000000000
ooooooo 0o 0o
000000000 0 0o
alalsls 0o 0o
alalsls alslsls 0ooo0o0ooo
oooo00 (>10ps) < 1ps
0000000000 |000000000000 000000000
0000000000
SEU,MCUO OO 0o 0o
alalsls 0 0

OoOOooodgSETOoooboooo.ob,boboo0boobobooobogoon
gboobogboboooboogbbuoobo,gobbuoogbbuogoboobodan
gboooogooobogd.

SEUMCULO OO OO0 SETOO0OOO0OOO0OOOO0O0O0OO0O0oO0ooobooooDo,
SEUO0OO00OO0o0oo.Ssungogooooooobooboboboobgobo
oogob.obbooboobuooboobooboobboobobuogb, SEU
gbbogbbodg.ugobboobbobbuoobbooobuooobboon
oboo,0ogbogboobooMcubgooooooon.

bbb 0bdSETUbogboogobodougboboogoboogsrRogogon
gobobo,dgggob.boggoobbobbouooonoobooooobon
gboogoboobogoboobog,bogogbb.bboooobboo,oooboon
goobooooboboooobobooogooboao.

ooboobobogbobgoobobooob,SEuoMcuodoooogoooobod
oo.gboboboboboboboboboooooboob,Sseggnoooooogon
gbobobuoogobboooobboboog,buoooobbouoooobboon.
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334 J00O0OO0OOOOOOOOSETOOODDOOOOO

obooooboo SETdbogboobooboboobooboo.boobon
obooobooobooo SErToogooooooog.

obooboboooboobobooboobo SEThonooobobooobo 3a7ooo. o
gobob70000000bbobobbodoooooobbooo,bbbobbbogd
ooobobOobooboo,SEThoouonoooboobognooboob ANDODOOnogno
goob.0booooooog.

e JODOODOODOODLOODOODODDO SETHLOOODLOODLD,ANDDOD
gboboboboobobuoobobUdNANDDOODODO “1700000.
oboobobgbooboboboobob,SETinoooooobooboooan
oboboo.0bg SETdbogobgobooboboobooboon.

e 0D DOODLDOODLDOUODLDOUOUODLDLUO.OLODOODLDDOUODLDOO
ONANDOOOOOODOODOeUOOOobOooo/oboboboooboboboo
gob.ddooooooboboobobbboboudgooooon SEtTgoobooo
goobog,bbbdg SEThoouggoboooog.

e JODOODUODOOOOOSETHLODLODLODODO,SETOUODOOODODOOO
ooobobobobo.SEThobogooobobobooobobouoooon
I A A O A 6
obooboboboobooboo,oobuoobuoobuoobooboonbno3sb
O0.0000000000NANDOODOODOODODOOODbOoobbooDg
oo,0b0o01ggoogo70bogboooboobo.obooobooobg
gboboboooobbobodud,NANDUOODDODUOoo. gggooboooon
oooboboboboboob,bobobobooos3s0obo0 4ouooogo
ooo.cobooobobobobobooos3souooooligbgobo14o0o
obooboo.obgooboobuobbooboooob,bobooboboi1boob 140
gbobogobobogoboo.boobboobobooobbloobbooon
OO0 SETUODUOODOOODOO.

e 3170000010 SETOUOOLOOOLOODODODOOOOOLOOD SETOOO
ooooobobo,obogbobob  ANDOLOODODODODbD.00ogob
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7-stage ring oscillator reset
Target Cir. 8-bit
(INV.chain)y [ | 2N~ o1 M| ™71 ~~ " ""~"""°"°° — Counter
latch latch latch latch
1 2 6 7
ouT ’[\ °<} lclk Lclk N Lclk [k

03.17:.00000000000000 SETOO0OOODOO.000O0bDbObObOOd
googbodooboo.gbogbobobuogb @wohoob)obboobooboo
gbooboogoooog.

oboboobooboobooboboooboo,SEThbgbooboboobobo.ooog
obobobooboobooboo Sseudboobooobuoobooog.
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