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Annomayua — Ilpemyiaraercas BapHaHT  JIOTHYECKOIo
3JIEMEHTa CpaBHEHHA st KMOII-cenexkropoB
acCOIMATHBHBIX 3aMOMUHAIOIINX YCTPOICTB, CO3IAHHBIH HA
ocHoBe siyeek mamsatn DICE ¢ pa3genennbiMm Ha [Be
rpynnbl TPaH3MCTOPAMH, Pa3HECEHHBIMM Ha KpHCTalle.
DJIeMeHT cpaBHEeHMsI C MOBbIIIEHHOH OMeX0yCTOIYHBOCTbIO
npeJHa3’HA4YeH JUISl  ACCOHMATHBHBIX  3aNMOMHHAIOIIMX
YCTPOHCTB MO MNPOEKTHbIM HopMaM s 65-um KMOII-
TEXHOJIOTHH HAa 00beMHOM KPEMHHH. .

KiioueBble c10Ba — JIOTHYECKHI dJIeMEHT, siueiika maMsTH,
3alM0OMHUHAIOIIee  YCTPOHCTBO, TOMOJIOTHS, OJXMHOYHAs
silepHast 4YaCcTHIIA, IOMEX0YCTOHYUBOCTh

|.  BBEJEHUE

OcCHOBOM  3JIEMEHTOB  CpaBHEHUS i1  OJOKOB
PETHCTPOB-CEIEKTOPOB aCCOIMATHBHBIX 3alIOMUHAIOIINX
yerpoiicte (wiam translation lookaside buffer — TLB)
SBJIAIOTCS ~ KOMOWHAIIMOHHBIE  JIOTHYECKUE  3JIEMEHTHI
“Uckmountenbaoe  WJIMN” w 31eMeHTH MaMATH, B
KauyecTBe KOTOPBIX OOBIYHO wmcnonb3ytotcs KMOIL 6-
TpaH3UCTOpHble sueliku mamatu [1]. Ilpu ymeHblieHun
MPOEKTHO-TeXHONOTHYeckux HopM g0 KMOII 65 M un
HIDKE CHU3WJIACh HAJEeXKHOCTh pabOThl acCONMAaTHUBHBIX
3alIOMHMHAIOMUX YCTPOHUCTB (A3Y), BBINOIHEHHBIX IO
TaKUM IPOCKTHBIM HOPMAaM, HMCHOJB3YyEMBIX B YCIOBHSIX
BO3AEHCTBHS OJJMTHOYHBIX SACPHBIX YaCTHUIL.

[pocras 3amMeHa 6-TPaH3UCTOPHOM SYCHKH MAMATH HA
SUElKy IaMATH C MOBBIIIEHHON YCTOHYMBOCTBIO K
OJIMHOYHBIM 3(phexTam, KOTOPOH SIBIISIETCS STUEHKa aMsITH
DICE (Dual Interlocked Storage Cell) [2], ve pemaer
npoOyieMy  TOBBIIIEHWS  YCTOMYMBOCTH  3JIEMEHTOB
cpaBHerna a1 KMOII-cenekropoB. XapakTepHoe Ui
HaHOPa3MEPHBIX IPOEKTHBIX HOPM CHHKEHHE PaCCTOSHUH
MEXy YyBCTBUTEIBHBIMH MTapaMH y3JIOB B TPATUIIMOHHOM
BapuanTe staeek DICE mpu macmtabupoBaHUM TOMTOIOTHA
ux sueiiku DICE  compoBoxiaercs mortepeid  ee
NPEeUMYIIECTB 10 yCTOHYMBOCTH OTHOCHUTENBHO  6-
TpaH3ucTopHbIX staeek [3], [4]. DkcmepuMmeHTambHBIC
uccnenoanus [5] HoBeIX 65-HM KMOII-s4eex mamstu
STG DICE [6], [7] ¢ Tpau3ucTtopamu, pa3neiIecHHBIME Ha
JIB€ TPYNIBI, MOKA3ald UX BBICOKYI YCTOHYHMBOCTH MO
CPaBHEHHIO C 6-TPaH3UCTOPHBIMU SYEHKaMU MAMSITH.

Llens maHHOW pabOTHI — JHaTh aHAIM3 JIOTHYECKOTO
3JIEMEHTa CpaBHEHHUS JUISL KMOII-cenexropos

ACCOIMATUBHBIX 3allOMUHAIONIMX YCTPOWCTB Ha OCHOBE
saeek mamsatd STG  DICE, kortopele obGecriednBaioT
MOTCHIMATBHO  TIOBBIIICHHYID  IOMEXOYCTOWYHBOCTH
JIOTUYECKOTO DIIEMEHTa CPABHEHHSI.

1. HOBBI BAPUAHT JIOTUYECKOI'O BJIEMEHTA
CPABHEHNSI HA OCHOBE SIYEVKU ITAMSITU STG DICE

Ha puc. 1 mpuBeneHa cxema JIOTHYECKOTO 3JIEMEHTa
cpaBHeHHa i KMOII-cenekTopoB  acconMaTHBHBIX
3alOMHHAIONIMX YCTpoWcTB Ha ocHoBe Tpurrepa DICE,
naszBanHoro kak Spaced Transistor Groups DICE (STG
DICE). Tpurrep STG DICE wu3o6paxkeH coCTOSAIINUM U3
JBYX TPYIIl TPaH3WUCTOPOB, KaXJgas W3 KOTOPHIX HMEET
HOCJIE/IOBATEIbHO PACIIONIOKEHHBIE Mapbl OTKPHITHIX N- H
PMOII-tpan3uctopos u 3akpeiteix N- uw  PMOII-
TpansuctopoB [6], [7]. KomOuHanmoHHas JOruyueckast
4acTh 3JE€MEHTa Ha pHC. | BBHINOJHEHa Ha JJIEMEHTE
“UckmountensHoe UJIN”, ob6o3HaueHHOM Ha puc. 1 kak
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Puc. 1. Cxema JIOTHYeCKOTI0 J1eMeHTa CPABHEHHsI HA OCHOBe
Tpurrepa STG DICE c¢ pa3geieHHbIMH Ha JABe TpPYyNNbI
TpaH3uCTOPaMu M KOMOMHAHOHHOT0 Y1emeHTa XOR
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Ha pumc. 2 mnpuBeneHsl fABa BapuaHTa CXEMBI
Joruyeckoro snementa “Uckmounrensuoe NN (XOR).
IlepBeIii BapriaHT Ha pHC. 2a BBIMOJIHEH HA OCHOBE JIBYX
MHBEPTOPOB C TPETBUM COCTOSHHEM; BTOPOW BapHaHT Ha
puc. 20 — Ha OCHOBE TPaJUIMOHHBIX HHBEPTOPOB U
npoxoaHbIX Kiroyed Ha mapax N- u PMOII-Tpan3ucTopos.
Cxema Ha puc. 20 mpuBeieHa B HETPAIUIHOHHOM
M300paKeHUH, 4YTOOBI  MOAYEPKHYTH MaKCHMAJIbHOE
CXEMHOE CXOJCTBO OOOHMX BAapHaHTOB, T'I€ BHYTPEHHHC
mapet  N-  u  PMOII-TpaH3ucTopoB  Kaxaod U3
CHMMETpHYHBIX MonoBHH 3i1eMeHTa XOR  BhIMOmHSIOT
OJIOKMpOBaHME TIepefiaun CUTHAJIOB ¢ BXojaoB Input 1 mim
Input 2 Ha BEIXOI.
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Puc. 2. Cxembl BapHaHTOB JIOTHYECKOro 3JIeMEHTa

“Uckmouuteabioe NJIN” (XOR): (a) Ha ocHOBe ABYX
HHBEPTOPOB ¢ TpeTbUM coOcTOsiHMeM; (0) Ha oOcCHOBe
TPaAWIMOHHBIX WHBEPTOPOB M TPOXOAHBIX KJI0Yeld Ha
napax N- u PMOII Tpan3uctopoB

Jlornueckuii 371eMeHT cpaBHEHHUS paboTaeT B OTHOM M3
JIByX pEXHUMOB. Bo-I1epBbIX, 3allUCh OAHOI NEPEMEHHON B
tpurrep STG DICE wu, BO-BTOpBIX, CpaBHEHHWE C 3TOH
MepeMeHHOW (1 CEeNeKIUH JaHHBIX) JaHHBIX U3
MIOCJIC/IOBATEIbHOCTH, IOCTYIAIOIIEl HAa HOPMaJILHBIA |
MHBEPCHBIH BX0/bI Jlorndyeckoro anementa XOR Input 1 u
Input 2 ¢ mepBoit m Bropoil InNput 2 BXOAHBIX IIMH
anementa XOR cmp u ncmp.

3amuce panHeix B STG DICE ocymectisieTcs B
yerslpe y3na Tpurrepa A, B, C, D uepe3 mpoxojHbie
kimoud Nywa, Nwe, Nwe, Nwp. Ilpu 3amucu naHHBIX Ha
OWTOBBIE JIMHUM TIOJAIOT 3allMChIBa€MbIe JaHHbBIE B
muddepernmansHoi hopme, a UMeHHO, Ha JmHHKA BL1,

BL2 B nHopmanpHOM Buze, a Ha jauHud NBL1, nBL2 B
WHBEPCHOM. YCTaHOBKAa aKTHBHOTO YpPOBHS Ha JIHHHUIO
BBIOOpPKH WL OTKpBIBacT MPOXOMHBIC KIIFOYH, 3aIHCHIBas
JaHHbIC (IEPBYIO M3 JBYX MEPEMCHHBIX) Ha YCTHIPE y3Jia
tpurrepa A, B, C, D. Jlorndueckuii ypoBeHb 3aIMCaHHON
MIEPEMCHHOW B TPUITEP COOTBETCTBYET YPOBHSM Ha y3IllaX
A u C 1ByX Tpymnn TpaH3UCTOPOB.

B pexxume cpaBHeHUsI (CENEKIMK) HA BXOHBIC ITUHBI
cmp, NCMp  sJeMeHTa  MOJAITCS  CHHXPOHHO
MOCJICIOBATEIFHOCTH CUTHAJIOB B HOPMAJILHOM (BXOJIHAS
muHAa CMP) ¥ WHBEPCHOM (BXOJHAs ITMHA NCMP) BHIE,
JOTUYECKHE  YPOBHHM  KOTOPBIX  CpPaBHUBAIOTCS  C
JIOTHYECKMMHU YPOBHSMH JaHHBIX, 3alMCAaHHBIX B YETHIPE
y371a IByX TpYII TPaH3UCTOPOB TPHUITEPa, U, B UTOTE, HA
BBIXOJHYIO IIHHY CMatch smemenTa cpaBHEHUs C BBIXO/A
(Output) snemenra XOR moctymaer mociie0BaTeNbHOCTh
JIOTUYECKUX  CUTHAJIOB,  SBIISIOMIMXCS  PE3YNIbTaTOM
CpaBHCHHMS. [[TUTETPHOCT HHTEPBAIa BPEMEHH CPaBHCHUS
(cemexiyu) JAHHBIX  OMNPENENSIeTCS  JAIMTEIBHOCTHIO
3aJJaHHOM MOCIENOBAaTeIbHOCTH JAaHHBIX (CHTHAJIOB),
MOCTYMAIOIIUX HAa BXOJHBIC MIMHBI CMP, NCMP 3JIEMEHTA.
COOTBETCTBEHHO, B HHTEpBaJe BPEMEHH CPaBHEHUS
(cemexiyu) JaHHBIX HENOMYCTHMAa TOTEPS JaHHBIX,
XPaHUMBIX TPUITEPOM, TO €CTh COOW €ro JIOrHYecKOro
COCTOSIHUSI W3-32 BO3ACUCTBHS OJMHOYHBIX SACPHBIX
YACTHIL.

Jlornueckuii snement cpaBHeHusi XOR onuceiBaeTcs
JOTUYECKOH (DyHKIMEH ClleayIonero Buaa:

Yout = Xine'Xep + Xinz'Xac,

rae Xac = Xa = X¢ — normdeckue ypoBHHU Ha y3max A u C,
UMEIOIINE  OAMHAKOBBIE HOpPMalbHble 3HA4YCHHS B
crannoHapHoM coctossHun Tpurrepa STG DICE; Xgp = Xp
= Xp — Joruueckue ypoBHM Ha y3iaax B u D, umeromiue
OJMIHAKOBBIC HHBEPCHBIC 3HAYECHHS B CTAllMOHAPHOM
COCTOSTHMM Tpurrepa; Xy — HOPMalbHBIN (TIPsIMONA)
JIOTUYECKUH YPOBEHb CHTHaJIa Ha BxoJe Input 1 snemenra;
Xinz = NX Ny — UHBEPCHBINM JIOTUYECKUN YPOBEHb CHUTHAJIA
Ha BXoxe Input 2 smemeHTa; Yoyt - JIOTHYECKUH YPOBECHB
Ha BbIxojie anemenTa XOR.

I1l.  XAPAKTEPUCTHKHU TPUITEPA STG DICE B
HECTALIMOHAPHOM COCTOSIHUU

B craumonapHom cocrosHuu  tpurrepa DICE
JIOTUYECKHEe ypOBHHM BHYyTpeHHHX y370B (A u C) obeux
TPYNII OMNPEACNSAIOT JIOTHYECKOE COCTOSHHE TpHUITEpa.
BoznaeiicTBre 9acTHIBI JMIIH HA OHY W3 TPYIN TPHUITEpa
STG DICE =e BbI3bIBacT €005, a MEPEBOJUT TPHUITEP BO
BPEMEHHOE HECTallMOHAPHOE COCTOSHHE BCJEJCTBHE
nepexojuoro mnpoiecca (Single Event Transient — SET).

Co6oii (Single Event Upset — SEU) tpurrepa STG
DICE 3aBucHT OT TpOIODKUTENBHOCTH cOOpa 3apsaa
niepBoit rpymmoi tcoL gri ¥ OTHOBPEMEHHO OT 3aJIEPKKHU
MEePEKITIOUEHUs] BTOPOM rpynisbl tpg sw.ere Tpurrepa STG
DICE [8]. Tlonaraercs, uto omsa u3 rpymn (mepsas)
Ompke K TpeKy 4YacTHIBl M cpa3y IOJBepraercs
BO3ZCUCTBHIO 3apsiia, YTO MPHBOAUT K H3MEHECHHUIO
JIOTUYECKOTO COCTOSIHUSI €€ Y3JIOB, a Ha BTOPYIO TpYIILY
3apsi cobupaeTcs B BHIIE HMITYJIbCA TOKa, 0OPa30BAaHHOTO



mabdy3ueit  3apsma ¢ Tpeka. 3HAYeHWSA  3apsja,
coOpaHHOro NepBo# rpymnmoii, kak u 'y uasepropa [9], [10],
He Oonmee 1mKn, a Bpems ero cbopa tcoLgrr HE
npeBbimaer 0.4 —1Hc, 4TO oOmpenenseT UIUTEIBHOCTH
3¢ dexTa BO3AEHCTBHSA, KOTIa BO3MOXKCH COO.

Ha puc. 3 npuesneH mpumep pa3BHTHS NEPEXOIHOTO
mpouecca B TPUITEpPe TIPH  BO3ACHCTBHH  YACTHIIBL.
Hcxomnoe cocrosHue y3noB tpurrepa ABCD = 1010;
TPaH3UCTOPHI TIepBo Tpymmbl Ny 1 Pg 3amepTsl, 3amepTs
u tpamsuctopel N, Pp Bropoit rpymmel.  Ilepsoe
BO3ICHCTBHE OKAa3hIBACTCS Ha 3allepThI TpaH3ucTop Pg
nepBoit rpynnsl (y3en B cpasy moBbimaeT moteHuuan Jao
HanpspKeHUsI TUTaHus Vpp, TpaH3ucTop N OTKpBIBaeTCs 1
NOTeHIMAN y371a A HayMHAeT CHWKaTbes). MHTepBan
BpeMeHH 250mc Ha puc.3 COOTBETCTBYET CIIydalo
BO3JIEHCTBHS ~ TOJABKO Ha  oAHy rIpymmy. Ecmm
JOTIOJTHUTENIFHOTO BO3JEHCTBHS Ha BTOPYIO TPYMILy HET,
TO TOCJIEe OKOHYaHWS BO3JCHCTBUS Ha IEPBYIO IPYIITY
TPHUITEP BO3BpAIAeTCs B HCXOHOE cocTostaue [8].

Ecnu BO3nelicTBHE 4YacTHLBI 3aTParvBacT U BTOPYIO
TPYIITy TPAaH3UCTOPOB, a B paccMaTpHUBAeMOM IIpHMepe
3TO MPOMCXOAUT uepe3 BpeMs 3a7epkku tpg ¢ = 250 me
OpA  JONOJHUATENFHOM  BO3JCHCTBMM HAa  3alepTHIA
TpaH3ucTop Nc BTOpOH TpPYyNIBI, TO 3TO BHI3BIBACT
cHIKeHue noteHiuana ysna C u uepes 0.15 HC OTKpBIBaeT

TPAH3UCTOP Po, CTUMYJIHPYS BO3HUKHOBEHHUE
TIOJIOKUTENILHOM 0OpaTHOW CBsI3M 4epe3 TpaH3UCTop Pa U
nepexirodeHne  cocrosHus — sueiiku DICE. Ecmm

BO3JICIICTBHE 3apsifa C TpeKa YacTHUIIbl MPEKpaTUTCS 0
OKOHYaHUS nHTEepBama {pg sw.cr2.THR, TO COOS HE OyzeT.
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Puc. 3. 3aBucumocTn HanpsikeHHi Ha y3iaax siueiiku DICE
(Wp=Wy=120 uM) BO BpeMeHH B HECTAIMOHAPHOM
coctostHuu PANg1001 ¢ 10moTHHTEILHBIM BO3AelCTBHEM Ha
tpamsuctop Ng BTOpOii rpynmmel MMOmyJabcoM Toka ¢
NOCTOAHHBIMH Tcy = 0.1 He, Ty = 7Tcp/9, amMmanTyaa
ummnyibcea ly = 2.5 MmxA; b =0.3-0.4

IToporopoe 3Ha4YeHHE 3aACPKKU  MEPEKIFOYCHHS
BTOPO# TPYIIIIBI ONPeeIsIeTCs BeIpakeHueMm [8]:

toeL.sw.er2 TR = 0.01(100 MxA/ly;) 0.25(3+162) (uc),

rie ly — aMmmmTyna uMIysnbca TOKa, OOpa30BaHHOTO
T yHANPYIOMNM OT TpeKa YacTHIBI 3apsiioM (B MKA).

Orto BeIpaxeHWe cnpaBemmBo s tpurrepa DICE ¢
TPaH3UCTOPaMU MUHUMAaJIbHOW MMpUHBL. Eciau Bpems
coopa 3apsma TepBOM TPYMIor lco .gri MEHBIIE
TOPOTOBOT0 3HAYCHUS 3aJEPKKU TEPEKIIOUEHUsT BTOPOH
TPYIIIIBL tCOLL.GRl < tDEL.SW.GRZ.THRy TO cOOM HEBO3MOJXCH, a
npu  tcolLert = IpeLsweratHr  COOH BeposTeH.
BeposTHOCTE c0OsI MajaeT C yBEIHICHHEM PACCTOSHUS
MEXIy TpyMIaMH, MOCKOJIbKY CYIIECTBEHHO YMEHBIIIAETCS
IONST dYacTUI C OONBIIMMH JIMHEHHBIMH IIOTEPSIMU
SHEPTUH, UMEIOIUX TPEKH B 3TOM BECbMa OTPaHHMYEHHOM
HaIpaBJICHIH IPOCTPAHCTBA.

1V. JIOrMYECKHUI DJIEMEHT CPABHEHUS C
PA3JIEJIEHHBIMU HA JIBA BJIOKA TPAH3UCTOPAMU

Ha puc.4 mnpuBeneH 5CKU3 TOMOJOTHH OJHOTO
JOTUYECKOTO 3JEMEHTa CpaBHEHWS M CeleKTopa
accouuatuBHOro 3Y, BBINOJHEHHOTO B BHAE [IBYX
OIMHAKOBBIX OJOKOB TpaH3UCTOPOB. OOMH 0a30BEIA OIOK
COZEPKUT OJHYy TIpYINIy TPAaH3UCTOPOB  TPHITEpA
STG DICE, Bximo4as COOTBETCTBYIOIIHE IPOXOIHBIC
KJIIOYH 3allUCH JIAaHHBIX, a TAKKe TPAH3UCTOPHI HHBEPTOpa
C TPETBUM COCTOSTHHEM (TIOJIOBHHBI JIOTHYECKOTO 3JIEMEHTA
XOR). [Ige rpynnsl TpanzucropoB tpurrepa STG DICE
TOIOJIOTHYECKH COCAMHEHBl JBYMsS IPOBOJAMH, HYTO
CHIDKAeT M3JEpPKKM M0 IUIOWAn INpH pa3HECEHUH
6a30BbIX OJOKOB Ha KpUCTAUIE MHKpPOCXeMbl. B
aorudeckoMm coctosiaun ABCD = 1010 Tpan3uctopHas
mapa NaPg 1eBoii rpyrmst STG DICE tpurrepa (cM. puc. 1
U 4) HaXOOUTCS B 3aKPBITOM cOCTOsHUH, a nmapa NpPa — B
OTKpBITOM. B mpaBoii rpymnmne B 3aKpbITOM COCTOSIHUM Hapa
NcPp, a B otkpsiTom — NgPc.

1 Output
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—

P-noAanoXka

BL1 nBL2 Input 2

Puc. 4. Dcku3 TOMOJIOTMM 3jIeMEHTa CPaBHEHHMsI HAa OCHOBe
Tpam3ucTopoB Jormueckoro 3iemeHta XOR m Tpurrepa
STG DICE, pa3geieHHbIX Ha [Ba 0a30BbIX 0JI0OKa
TPaH3UCTOPOB

KupupiM mpudTom Ha puc. 4 OTMEUEHBI TPAaH3UCTOPHI
Tpurrepa B cOCTOsTHMM y370B Tpurrepa 1010, paccrostaus
MEXIy OOpaTHO CMEIIEHHBIMH PN TIepexoJaMHu CTOK-
HOJUTOKKA KOTOPBIX OTIPEIENISAIOT ero
MIOMEX0YCTONYHUBOCTb. B IpyroM COCTOSSHMM pacCTOSIHUS
OyayT Te ke, HO MEXIy APYTMMH IapaMH 3aKphITHIX
TPaH3HCTOPOB, OTMEUYEHHBIX OOBYHBIM mipupTOM. Ha
puc. 4 Bapuant cxembl XOR, npejicraBineHHblit Ha puc. 20,
peanusyeTcss  JONOJIHUTENBHONM  INPOBOJHOM  CBA3BIO
mnddy3noHHBIX 0obmacteit mexxay 3atBopamu N- m PMOIIT
TPaH3HCTOPOB Yy OOOMX HWHBEPTOPOB C  TPETbUM
coctosiHueM. bazoBbie OJIOKM TPAaH3UCTOPOB B TOIOJIOTHU



perucTpa-cenekTopa 00pa3yloT IOCIEA0BATEIBHOCTD, B
KOTOpO# /1Ba 0a30BBIX OJIOKa KOHKPETHOTO JIOTMYECKOI'O
3JIEMEHTA CPAaBHEHHUS Pa3/IeJICHbl OJHOM MM HECKOJIbKUMHU
ONOKaMM ~ TPaH3HCTOPOB  JIPYTHX  DJIEMEHTOB,  4YTO
MO3BOJSIET  ()OPMHUPOBATH  JJIEMEHTHI  CPABHEHUS  C
OOJIBIIUMHU PACCTOSIHUSMH MEXIYy WX YYBCTBUTEIbHBIMH
y37IaMu.

V. TIAPAMETPBI 65-HM DJIEMEHTA CPABHEHIS

B T1abn. 1 mnpuBeneHsl mapameTpbl  JIOTHYECKOTO
anementa cpaBHeHus, rae Hg, Wg m Nigr — BbICOTa,
MIMpUHa OmHOro 0a3oBOro OJIOka M KOJMYECTBO
TPAH3UCTOPOB B HeM; louTeak — TOK YTEUKH Ha BBIXOXE
MHBEPTOpPa C TPETBUM COCTOSIHUEM; tpg p — 3ajepikka
pacripoctpaneHus curHana 3neMenTa XOR mpu eMkocTn
Harpy3ku 3¢®. Pazmeps! TpansuctopoB B XOR-anemenre:
mmpraa NMOIT 1 PMOIT tpanzuctopoB Wy = 300 HM 1
Wp =360 uMm.

Tabiuma 1

Hapamempuol 65-um KMOII 6az06020 6.10ka rocuueckoo
9leMeHma CpagHeHuUs.

[apametper | Ntg W, He, loutLeak, | ToELp,
MKM | MKM nA Ic

3HaueHus 10 2.4 2.45 30-33 20-25

B Tabm. 2 mpuBeeHBI PACCTOSIHHS MEXIY IapaMu
B3aMIMHO UYYBCTBHUTEJBHBIX Y3JIOB JIOTHUECKUX 3JIEMEHTOB
cpaueHusa [t KMOII 65-HM sneMeHTa B cOCTaBe
(hparMeHTa perucTpa u3 YyeThipex 0a30BBIX OJIOKOB.

Tabuuna 2

Paccmosnus M@Of(‘()y uyecmeumelbHbiMu napamu
mpan3ucmopoe 6 O0OHOM JIO2UHECKOM DIeMeHme

Iapsr y310B | Na—Nc Ps—Pp Pe—N¢ | Na—Pp
Paccrostaus 4.55 4.55 4.15 5.15
VI. 3AKJIIOYEHUE
PaccmoTpeH  BapuaHT  JIOTUYECKOTO  3JIEMEHTa
CpaBHEHHUS TS CEJIEKTOPOB aCCOIMATUBHBIX
3allOMUHAIOIIUX  YCTPOMCTB € IPOEKTHOM HOPMOH

o0semublii KMOIT 65 HM Ha OCHOBE COOCYCTOHYHBOTO
tpurrepa STG DICE ¢ pasjeneHHbIMM Ha J(BE TPYIIIbI
TpaH3UCTOpaMH. TONOJIOTMYECKH JIOTHYECKUI 3JIeMEHT
CpaBHEHMS BBINIOJHEH B BHJE JBYX OJMHAKOBBIX OJIOKOB

TPAaH3UCTOPOB,  KOTOpBIE B  COCTaBE  PETHCTPOB
ACCOLMATHBHOIO 3aIIOMHHAIOLIIETO ycTpoiicTBa
YepeaylTcss ¢ MOJOOHBIMH  OJIOKAMH  CMEXHBIX

JIOTHYECKUX JJIEMEHTOB, YTO IIO3BOJIMJIO YBEIHYHUTh
PacCTOSIHUSI MEX]ly B3aMMHO YyBCTBHTENIBHBIMU K COOSIM
y3JaMH  JIOTHYECKOTO OJIEMEHTa NPH MHUHHUMAIBHBIX
U3/IepXKKAaX Ha IUIOMIA/Ib MEKCOEIUHEHHH, XapaKTepPHBIX
st TpurrepoB STG DICE. Oro nenaer mepcrieKTHBHBIM
JIAHHOE TEXHWYECKOE pEUIeHHE JUIsl KCHOJIb30BaHHUS B
MHKPOIPOLIECCOPHBIX ~ CHUCTEMaX  C  IIOBBIIICHHOM

yCTOfI‘HdBOCTLIO K BO3JICUCTBHUSAM TSKEIIBIX 3apAKCHHBIX
HacTul.

Pabora BBIMONHEHA TIpU TOAMEpKKe Poccuiickoro
¢dboHma GyHIAMEHTANBHBIX UCCICIOBaHUH, mMpoekT Ne 14-
29-09284.
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ABSTRACT

The basic comparison elements for registers-selectors
of associative memory (or translation lookaside buffer —
TLB) are combinational logic elements “Exclusive OR”
and the memory cell, which typically is CMOS 6-transistor
cell [1]. Decreasing the design rules to the CMOS 65-nm
and below has decreased the reliability of the associative
memory developed according to such design rules and
used in conditions of exposure to single nuclear particles.

Simple replacement of the 6-transistor cell in the
memory cell with high resistance to single effects, which is
a memory cell DICE (Dual Interlocked Storage Cell) [2],
does not solve the problem of increasing the hardness of
comparison elements for CMOS registers-selectors of
associative memory units. Characteristic of nano-scale
design rules, the reduction of distances between pairs of
sensitive nodes in the traditional version of the DICE cells
when scaling the layout of their DICE cell is accompanied
by loss of its advantages in terms of hardness relative to a
6-transistor cell [3], [4]. Experimental studies [5] of the
new 65-nm CMOS memory cells STG DICE [6], [7] with
the transistors spaced into two groups showed their high
noise resistance compared with 6-transistor memory cells.

The aim of this paper is to present the analysis of the
logic comparison element compared to CMOS selectors
associative memory units based on STG DICE memory
cells that provide potentially high noise immunity of this
logic comparison gate.

The element of comparison to CMOS selectors was
created using Spaced Transistor Groups DICE (STG
DICE) trigger. STG DICE trigger consists of two groups of
transistors each group has the opened and closed pairs of
N- and PMOS-transistors [6], [7]. The combinational logic
of the comparison element is the logical element
“Exclusive OR”, denoted as XOR.

We consider two variants of the logical element
“Exclusive OR” (XOR) circuit. The first option is
implemented on two tristate inverters; the second on
traditional inverters and pass gates on pairs of N - and
PMOS-transistors.

Writing data to STG DICE is carried out in four nodes
of the trigger A, B, C, D through the pass gates. When you
write the data to the trigger the bit line gets the data written
in the differential form - in normal form and in inverted.
The active level on the sampling line opens the gates
recording data (first two variables) on the four nodes of the
trigger A, B, C, D.

In compare mode (selection) of data on two intputs
serves a sequences of signals in normal and inverse form.
On the output of the XOR-element we get the result of a
comparison of the data. The logical element comparison
has the function in the following form:

Yout = Xine'Xep + Xinz X ac

Xac = Xa = Xc — logic values of nodes A and C that have
the same normal value in the stationary state of the trigger
STG DICE; Xgp = Xg = Xp — logic values of nodes B and
D that have the inverse value in the stationary state of the
trigger. X;y1 — normal (direct) logic level at the Input 1 of
the element; X;n» = nXny — inverted logic level of the
signal at the Input 2 of the element; Yoyt is the logical
level at the output of the XOR-element.

The impact of the particle on one of the STG DICE
trigger groups does not cause a failure, and puts the trigger
in a temporary unsteady state due to a transient (Single
Event Transient — SET).

The fault (Single Event Upset — SEU) of the STG
DICE trigger depends on the duration of charge collection
on the first group and at the same time from the delay time
switching on of the second group of STG DICE trigger
transistors [8]. After exposure on the first group if the
impact on the second group was small the trigger returns to
its original state. The value of charge collected to the first
group is just the same as that of the inverter [9], [10] (less,
then 1 pC), and the time of its collection tcop L gri does not
exceed 0.4-1 ns. This value determines the duration of the
effect of the impact when crashing.

To protect against the latch-up during the impact of
single nuclear particles we have used n+ and p+ guard
rings in the form of ohmic contacts at the boundaries of the
areas of P-substrate and the N-wells. Using separated
ohmic contacts distributed on P-substrate has increased the
rate of passing the induced charge from the bulk of
semiconductor to the power buses and ground buses.
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The basic transistors block contains one group of the
STG DICE-trigger transistors, and the tristate inverter (half
part the transistors of a logic gate XOR). Two groups of
transistors of the trigger-STG DICE connected by two
wires. The separaton of the basic blocks on the chip
reduces costs in comparison with the traditional DICE
layout.

Schematics and layout of basic transistors blocks of the
CMOS units were designed in CAD Schematic Cadence
Virtuoso Editor and Cadence Virtuoso Layout Editor.
Verification of the layout was carried out using CAD
packages from Mentor Graphics: Calibre nmDRC and
Calibre nmLVS.

The basic blocks in the register-selector layout form a
sequence in which two basic blocks of the specific logical
element are spaced by several blocks of other elements
(two or four, for example). This allows forming logic
comparison elements with the large distances between
mutually sensitive nodes of the two such blocks of each
logic comparison element. This increases the noise
immunity of the logical comparison elements because
significantly decreases the fraction of nuclear particles
with large linear energy losses with the tracks in this very
limited space of directions.

The parameters of comparison elements based on 65-
nm bulk CMOS design rules are the next. The width of
NMOS and PMOS-transistors channels are Wy = 300 nm
and Wp = 360 nm. The height and the width of the basic
block are Hg = 2.45 pm, and Wg = 2.4 um, respectively; a
leakage current of the output of A tristate inverter is
loutLeak = 30-33 pA; the XOR propagation delay is
toeLprop = 20-25 ps (C. = 3 fF). Distances between pairs
of the mutually sensitive logical nodes of two blocks of the
comparison element for the CMOS 65-nm implementation
are the next: LNA-NC =455 pm, LPB-PD =455 nm, LPB-NC =
415 um, LNA—PD =5.15 um.

The parameters of comparison elements implemented
with 28-nm bulk CMOS design rules are the next. The
width of NMOS and PMOS-transistors are Wy = 200 nm
and W, = 240 nm; the height and the width of the basic
group are Hgr = 1.4 um, and Wgg = 1.2 um; a leakage
current on the XOR-element output is loytieak = 15—
17 pA,; the XOR propagation delay is tpe. prop = 25 ps (C.
= 3 fF). Distances between pairs of the mutually sensitive
logical nodes of two groups of the comparison element for
the CMOS 28-nm block of the eight basic groups are the
next: LNA—NC = 4.65 um, LPB—PD = 4.65 um, LPB—NC =
4.45 um, L NA-PD — 4,95 um.

The distances between the sensitive nodes in the
comparison elements with CMOS 65-nm and 28-nm
design rules are almost the same due to the corresponding
spacing between the basic groups of transistors within
blocks of four (CMOS 65-nm) and eight (CMOS 28-nm)
groups of transistors.

It was conducted the analysis of logical elements of
comparison for the 65 nm CMOS selectors of associative
memory. New logical elements of comparison were
designed on the STG DICE trigger with the transistors

spaced in two groups on distance four micrometers and
showed their high noise resistance compared with normal
6-transistors memory cells.

This work supported in part by the Russian Foundation
for Basic Research under grant no. 14-29-09284.

REFERENCES

[1] Patterson D.A.; Hennessy J.L. Computer organization and
design. Hardware/Software interface. Forth edition.
Burlington, MA 01803, USA: Morgan Kaufmann
Publishers, 2009. p. 503.

[2] Calin T. Nicolaidis M., Velazco R. Upset hardened memory
design for submicron CMOS technology // IEEE
Transactions on Nuclear Science. 1996. V. 43. Ne 6. P.
2874-2878.

[3] Seifert N.P., Ambrose V., Gill B., Shi Q., Allmon R.,
Recchia C., Mukherjee S., Nassif N., Krause J., Pickholtz J.,
Balasubramanian A. On the radiation-induced soft error
performance of hardened sequential elements in advanced
bulk CMOS technologies // Proceedings of IEEE
International Reliability Physics Symposium. 2010. P.
188-197.

[4] Loveless T.D., Jagannathan S., Reece T., Chetia J., Bhuva
B.L., McCurdy M.W., Massengill L.W., Wen S.-J., Wong
R., Rennie D. Neutron— and proton-induced single event
upsets for D- and DICE-flip/flop designs at a 40 nm
technology node // IEEE Transactions on Nuclear Science.
2011.V.58. Ne 3. P. 1008-1014.

[5] Katunin, Yu.V., Savchenkov D.V., Stenin V.Ya., Stepanov,
P.V. Research of 65-nm CMOS one-port and multiport
blocks of static RAM on DICE memory cells to influence of
laser radiation pulses. Voprosy atomnoj nauki i tehniki.
Serija: Fizika radiacionnogo vozdejstvija na
radiojelektronnuju apparaturu - Questions of atomic science
and technics. Series: Physics of radiation effects on radio-
electronic equipment, 2015, Issue 3, C. 1-8 (In Russian).

[6] Stenin V.Ya., Katunin Yu.V., Stepanov P.V. Specific
design aspects of 65-nm CMOS DICE cells subject to
single-event multi-node charge collection, Vestnik of
NRNU MEPhI - MEPhI Transactions, 2013, vol. 2, no. 3,
pp. 363-370 (in Russian).

[7] Stenin V.Ya., Katunin Yu.V., Stepanov P.V. The memory
cell of complementary metal-oxide-semiconductor structure
of the RAM, RF Patent 2554849, Byull. 1zobret — Bulletin
of Invention, 2015, no. 18 (in Russian).

[8] Stenin V.Ya. Simulation of the characteristics of the DICE
28-nm CMOS cells in unsteady states caused by the effect
of single nuclear particles // Russian Microelectronics.
2015. V. 44. Ne 5. P. 324-334.

[9] Ferlet-Cavrois V., Paillet P., Gaillardin M., Lambert D.,
Baggio J., Schwank R., Vizkelethy G., Shaneyfelt M.R.,
Hirose K., Blackmore E.W., Faynot O., Jahan C., Tosti L.
Statistical analysis of the charge collected in SOI and bulk
devices under heavy ion and proton irradiation -
implications for digital SETs // IEEE Transactions on
Nuclear Science. 2006. V. 53. Ne 6. P. 3242-3252,

[10] Gadlage M. J., Ahlbin J. R., Narasimham B., Bhuva B. L.,
L. W. Massengill L. W., Reed R. A., Schrimpf R. D., and
Vizkelethy G. Scaling trends in SET pulse widths in sub-
100 nm bulk CMOS processes // IEEE Transactions on
Nuclear Science. 2010. V. 57. Ne 6. P. 3336-3341.



