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CTATUYECKAA ONEPATUBHAA NAMATDb
HA OCHOBE OTKA30YCTONYMBOMN AYENKN
BA30OBOIo MATPUHYHOI'O KPUCTAIJIA

Bonblioe 3HayYeHne Ana pelueHns NpobnemMbl co3aaHNst OTEYECTBEHHON 3MEKTPOHHON KOMMO-
HeHTHoW 6a3bl MMeeT co3aaHve Tak HasbiBaeMblX Mosy3akasHbIX LMdPOBbIX MHTErpanbHbIX MUKPOCXEM
Ha ocHoBe 6a30Bbix MaTpu4HbIX kpuctannos — BMK. U3secTHbl BMK cepuit 5503, 5507, 5521,5528,
5529, npnyeM nx 0CHOBOWN ABNSAIOTCHA TaK Ha3biBaeMble SHENKU.

[na pagnaurMoHHO-CTOWMKON, HAAEXKHOW, OTKA30yCTOMYMBON SMEKTPOHHON KOMMOHEHTHOW Gasbl
HeobxoanMa n3bbITOYHOCTL — pe3epBUPOBaHHbIE CTPYKTYpPbI. [TpUMEHSI0T Tak HasbiBaeMoe TpompoBa-
HVe — TpW KaHana umMdgpoBoro aBTomaTa, GUToBbIE BbIXOAbI KOTOPLIX MOCTYNAT Ha TPY BXOA4A MaXopu-
TaApHOro 3neMeHTa, peanu3yloLlero MaXxopuTapHylo yHKUMIO Unn yHKUMIO ronocoBaHus no 6onb-
LLUMHCTBY ronocoB (BblGOp «aBa M3 Tpex» 22). Takoi MaXopUTapHbIA 3MIEMEHT LUMPOKO MPUMEHSIETCS
anst obecneyvyeHusi NacCUBHOM OTKA30YCTOMYMBOCTU LMAPOBLIX YCTPOMCTB U cuctem. WM3BecTHO, yTO
pe3epBupoBaHNe C Lienblo 0becneyeHnst NaccMBHOWM OTKa30yCTONYMBOCTM obecneymBaeT BbIUMPbILL He
Ha BCEM BPeMeHHOM MHTepBare Al HEKOTOPOro MHTepBarna BeposiTHOCTE.

B kayecTBe anbTepHaTVBbI paHee NpeasiokeHbl TPAH3NCTOPHbIE CTPYKTYPbI, NapupytoLimne oT-
Ka3sbl (cOou) YacTn TPaH3NCTOPOB, BO3HMKAOLLME B pe3ynbTaTe BO3AENCTBUS paguauum n Apyrx Hera-
TUBHbIX (DaKTOPOB.

CHavana oHM paccmaTpuBanucb B KayecTBe Tak HasblBaeMblX (PYHKLMOHANbHO-MOMHbIX Toe-
paHTHbIX (PMT) anemeHToB (PMTI), coxpaHsOWMX NpU OTKasax NMBO PyHKUMOHANBbHYK MOMHOTY
(PNT B cnabom cmbicne), nubo peanuayemyto norudeckyto yHkuuo (PMNT B cUNbHOM cMmbiche).
B panbHeiwem nogobHoe pesepBupoBaHMe TpaH3UCTOPHbIX CTPYKTyp (TC) — ®MTTC B cunbHOM
cmbicnie n ®MNTTC aBTOpbl NpeanoXxwunu ucnonb3oBaTb He Torbko B KMOIMM (KMAM) anemeHTax, Ho
1 B BuAe nepefaroLlmnx TpaH3MCTOpoB. B oTnnyme oT kaHanbHOro pesepsupoBaHmns Ldgposoi annapa-
Typbl Takoe pe3epBMpPOBaHNE Ha3BaHO NOTPAH3UCTOPHBLIM, YTO 06ecrneynBaeT No CPaBHEHWIO C TPOMPO-
BaHWEM 3HaYUTENbHbIA BbIMIPbIL B BEPOSTHOCTU Ge30TkasHoW paboTbl NacCMBHO OTKa30yCTOMYMBOM
CXeMbl NMpaKTUYeckn ANnsi BCero BpeMeHHOro AvanasoHa.

OpHako getarnbHoOe vccnegoBaHue Mo co3naHuio N3bbITouHbIX sueek BMK B JocTaTouHOM mepe
He npoBoAMNock. PaccMoTpeHo cosfaHve Takol pe3epBrPOBaHHON SYEViKWM B PasnUyHbIX BapuaHTax,
B TOM YuCre C pe3epBMpoBaHMEM CBsA3el. Ha ocHoBe pa3paboTaHHOWM OTKa30yCTONYMBOM SYENKM CTPO-
ATCA NOrMyeckme aneMeHTbl U OLEHUBAIOTCS NO BEPOSiTHOCTU 6e30Tka3HoW paboTbl C TpoMpoBaHWEM
Takux anemMeHToB. Ha 3Ton ocHOBe npefnaraeTcs oTka3oycTonumBas sdvenka namsatv SRAM c ydet-
BepeHvem TpaH3uctopoB — QSRAM. NokasbiBaeTcs NpeanovTUTENbHOCTb TAaKOro TEXHUYECKOro peLue-
HWA NO psdy nokasaTenei B CPaBHEHWWM C TPoOMpoBaHMEM — WU3BEeCTHbIM BapuaHtom TMR (Triple
Modular Redundancy).

KnioueBble cnoBa: TpaH3uUCTOp, pe3epBUpoBaHUE, Ga30BbIN MaTPUYHBIA KpUCTanm, siYeika,
TNOTMYECKUIA 3NEMEHT, BEPOSITHOCTb 6€30TKa3HON paboThbl, MaXOpPUTAPHLIA 3NEMEHT s4elika namsitu
SRAM, SRAM c y4yeTBepeHuem TpaH3ucTtopoB — QSRAM, TpoupoBaHue — TMR (Triple Modular
Redundancy).
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SRAM WITH A REDUDANCY CELL GATE ARRAY

The problem of creation of the Russian electronic components currently in connection with certain
events even more aggravated. Of great importance in this regard is the creation of so-called semicustom
digital integrated circuits based on the gate array — GA. Standard cell GA is 4 cell transistor CMOS transis-
tors. To create a radiation-resistant, reliable, fault-tolerant electronic components needed redundancy.
Used triple redundancy with a majority vote by a majority vote (the choice 22). It is known that in order to
ensure redundancy passive resiliency provides no gain at all time slot for a certain range of probabilities.
As an alternative, the authors have previously proposed transistor structures, parrying the refusal of some
transistors, resulting from exposure to radiation and other negative factors. First, they were considered as
so-called functionally-complete tolerance (FCT) elements (FCTE) preserving the case of failure or func-
tional completeness (FCT in the weak sense), or realized logic function (FCT in the strong sense). Subse-
quently, similar redundancy transistor structures (TC) — FCTTS in the strong sense FCTTS authors pro-
posed the use not only in CMOS element but also as a transmission transistor. In contrast to the backup
channels of digital equipment, such reservations may be termed redundant transistor. To parry a refusal
must be 4 transistor and the so-called "quadrupling” at the transistor level. This redundancy in principle
require and link redundancy, and comes up against a significant limitation in the number of transistors
connected in series, as a rule, the default value is equal to four. However, there is information that modern
technology is a lower limit to five or even six series-connected transistors. However, a detailed study on
the creation of redundant cell GA not adequately performed. On the basis of the developed fault-tolerant
cell gates are built and evaluated by the probability of failure-free operation with triple redundancy of such
elements. It shows the benefits of transistor redundancy.

Keywords: Transistor, logic functions, gate array, redundancy, functional complete tolerant el-
ement, failure resistance, triple redundancy, quadrupling, redundant cell gate array.

Beenenne. [IpoOnema co3maHus OTEYECTBEHHOUM 3JEMEHTHON 0a3bl
B MOCJICJIHUE TOJIBI elie Oosiee obocTpuiack [1]. BaxkHoe 3HaueHHe IS pe-
HIEHUs] 3TON IpoOJieMbl UMEEeT MHHOBAIMOHHBIN KOMIUIEKC MOCKOBCKOIO
UHCTUTYTA AJeKTpoHHOM TexHukH (MUDT) [2], B KOTOpOM 3HAYUTEIILHOE
BHUMaHUE YJEISIETCSl CO3/IaHUI0 TaK HAa3bIBAEMbBIX TONYy3aKa3HBIX MHQPPO-
BbIX MHTErPaJbHBIX MUKPOCXEM Ha OCHOBE 0a30BbIX MATPUYHBIX KpHCTaj-
108 — BMK [3-6].

Ucnonszyemas B8 BMK KMOII cxemoTexHuKa UMEET OTHOCHUTEIBHO
HeBbICOKOe ObicTpozeiicTBue, 3anepkku KMOII BeHTHiieli Ha TOPSIOK
oosneire, yeM i DCJI. Bmecte ¢ tem nocromuctBamu KMOII cxemorex-
HUKHU SBJISIIOTCS Majiasi moTpebiisieMas MOITHOCTh M BBICOKAsl IOMEXOYCTOM-
yuBOCTh [4]. HecMoTpsi Ha 3HAUUTENILHOE OTCTABAaHHE B TEXHOJOTHMUYECKUX
HOpMax IO CPaBHEHUIO C MEpelOBBIMU 3amaJHbIMU (UpMaMH, Halla 3JIeK-
TPOHHAsl MPOMBIIIJIEHHOCTH B IEJIOM ITOKa MO3BOJIAET CO3/1aBaTh LHU(POBYIO
anmaparypy AJis ClieluaIbHBIX MPUIIOKEHUH, B TOM YHCIIE U TaKHe MPOoIlec-
COpBI, KaK «ap0pyc», «Komaus» u ap. [7-9].
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B HacTosIee BpeMsi OTKpPBIThIE HCTOYHHUKHU coolmaroT o BMK cepuii
5503, 5507,5521,5528,5529 [3]ueiika nonst BMK npencrasnsier coboi
4-TpaH3UCTOPHYIO STUEHKY KOMIUTMMEHTApHBIX Tpan3uctopos [3] (puc. 1).
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Puc. 1. Sluetika mosnst 6a30BOr0 MaTpUIHOTO KprcTaiuia — BMK:
a —coaepkuMoe 4-TpaH3UCTOPHON SYCUKH KOMILTUMECHTAPHBIX
TPAH3UCTOPOB; 6 — YCIOBHOE rpaduaeckoe 0003HAUCHUE TICHKHI

[Tunbl muTanus ¥ «Hob BOJIBT MOAKIIOYEHBI K TOI0KKAM TPAH3H-
CTOpPOB M HE yKazaHwl Ha puc. 1, VT1, VT2 — tuna p, VT3, VT4 —tuma n.
W3 Takux siueek CTPOSATCS JIOTHUECKHE 3JeMeHThI, Hampumep [7]. Boiee
noipoOHo apxuTekTypa stueiiku mosis BMK [3] nzo0pakena Ha puc. 2.
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Puc. 2. ApxuTekTypa ssueiku 1ot 6a30BOro
MarpuyHoro kpucramia BMK
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Jns co3maHMs paJualMOHHO-CTOMKON ammaparypbl [10—11] panee
NPEITI0KEHO PACUSTBEPEHUE OTICIbHBIX TPAH3UCTOPOB JIOTMYECKUX 3JIe-
MEHTOB, YTO OOECIICUYMBAET 0 CPABHEHHUIO C PE3EPBHPOBAHHMEM KaHAJIOB
(G poBOIi armapaTypsl 3HAUNTEIBHBIN BBIUTPHIII B BEPOSITHOCTH 0€30TKAa3-
HOU pabOThI ACCUBHO OTKA30yCTOWYMBON CXEMbI MPAKTUUYECKU IS BCETO
BpeMeHHoro auana3ona [12—15]. OnHako IeTajabHOrO HMCCIIEIOBAHUS BO3-
MOKHOCTH CO3[aHUSI TaKMX HM30BITOYHBIX S4YEEK B JIOCTATOUYHOW Mepe He
MPOBOAUIIOCH. PaccMOTpUM co3aHue TaKOW pe3epBUPOBAHHON SYEHMKH HA
OCHOBE SYeHKH, N300pakeHHOH Ha puc. 1, 2.

1. Orka3zoycroituuBas siueiika nmoasas BMK. [[ng storo napy siueek
(cm. puc. 1) koHDUTYpHpYEM UIS pealn3aliid OJHOTO Pe3ePBHPOBAHHOTO
TPaH3UCTOpa p-THIIA W OJHOTO PE3ePBHPOBAHHOTO TpPaH3UCTOpa N-THIA.
[Moxyaum sueiiky (puc. 3).
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Puc. 3. OTka3zoycToiunBas siueiika mosst 0a30BOro MaTPUIHOIO
kpuctaina BMK s peanuzauun f1,2 =X X; UXX; oxHoro

TPpaH3UuCTOpPA p-TUINA U OJHOI'0 TPAH3UCTOpA N-TUIIA

Takast siueiika coxpaHseT pabOTOCHOCOOHOCTh MpPHU OTKa3e OJHOTO
1r000r0 TPaH3UCTOPa p-TUMA U OJHOrO JHOOOr0 TPaH3UCTOPA N-TUMA LIEHOH
YeThIPEXKPAaTHON H30BITOUHOCTH.

Ecnu peanuzoBarh (GyHKIHIO f, =(x, Ox,)(x, Ox,), T.6. IEPEMBIUKY

1o Toukam 5, 6, To mosryuum stuckky (puc. 4).
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P-cTpyKTypa N-CTpyKTypa
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Puc. 4. OtkazoycToiiumBas siaeika mosst 6a30Boro MaTpuaHoro kpuctamia BMK
s peanmmsanmu = (X, Ox,;)(X; OX;) oaHoro rpaHsucropa p-Tuiia

M OJHOI0 TpaH3UCTOpa N-TUIIA C HepeMLI‘lKOﬁ 110 TOYKaM 5, 6

IIpu 3TOM Ka)KOblil TPaH3UCTOP YIpaBISIETCS CBOUM cUrHasioMm [1-14
(3, 7), koTOpBIEC MONAIOTCS C IBYX CTOPOH STUEHKH, YTO TpeOyeT pacueTBepe-
Hus cBs3eil. Eciin 00beAMHNUTE BXO/IBI, OIYYHM ssueiky (puc. 5).
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Puc. 5. OtkazoycToiiunBas siaeiika moyst 6a30Boro MaTpuaHoro kpuctamia BMK
it peanusanuu f,, =(x; 0x,)(x; 0x;) OXHOr0 TpaH3UCTOpa p-TUINA

¥ OJJHOTO TpaH3UCTOpa N-TUIIA C 06”I)GL[I/IHCHI/IGM BXOJOB X
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Hakonen, ecnu Bxon X mpoayOoaupoBaTh ¢ APYrod CTOPOHBI STYCHKH,
noay4yuM sueiiky (puc. 6).
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Puc. 6. OTka3zoycToiunBas siueiika mosst 0a30BOro MaTpUIHOIo KpucTamia BMK
st peanmmsanud f, =(x, Ox;)(x; 0X;) OXHOTO TPaH3UCTOPA p-TUIIA U OJHOTO

TpaH3uCTOpa N-THNA C 06’])6,HI/IH€HI/I€M BXOJ0B " Zly6J'II/Ip0BaHI/I€M X

2. Peaqu3anus JJOrM4ecKUX 3J1€MEeHTOB HA OCHOBE OTKAa30YyCTOIi-
yupoii syeiikn moass BMK. [loctpouM 0TKa30ycTOMYUBBIN HHBEPTOP
[16—19], nanipumep, 1151 OTKA30yCTONYNBOM SUYCHKH ONIEPATUBHOMN MaMSATH
SRAM (puc. 7).
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Puc. 7.Otka30ycTOWYNBBIA HHBEPTOP AJIS TUCHKH
ornepatuBHOU nmamsatu SRAM
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Tornma siueiika omneparuBHoit namstu SRAM [17-19], cocTosmast u3
JIByX UHBEPTOPOB, OY/JET BBITJISIETh TaK, KaK [MOKa3aHo Ha puc. 8.
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Puc. 8. OtkasoycroiiunBas siueiika onepatuBHoi mamsatd SRAM-QSRAM

B mepcnextuBe 1enecooOpa3HO NMPOBECTH HCCIEAOBAHHS C Y4ETOM
OCOGGHHOCTGI\/'I TOITOJIOTUH KPUCTAJJIa U UTHTCHCUBHOCTHU OTKAa30B CBSI3EH.

BoIBOaBI

Takum 00pa3zom, Ha OCHOBE JBYX 4-TPaH3MCTOPHBIX CTaHAAPTHBIX
sgeek pa3zpaboTaHa oTkazoycTolunBas sueirika mons bBMK, xotopas mpen-
CTaBJIIET COOOM JIBE PE3EPBUPOBAHHBIX CTPYKTYPHI AJIs pealii3aliy OJHOTO
TpPaH3UCTOpa p-TUMA, U OJHOTO TpaH3HCTOpa N-Tuna. B yactHOCTH, TUHUN
yIpaBiIeHUs 3aTBOPAMHU BCEX TPAaH3UCTOPOB MOTYT ObITh 0ObeauHEeHbI. Ta-
KHe S4YeKU 1enecoo0pa3Ho HCIONb30BaTh ISl MPOSKTHPOBAHUS BBICOKO-
HaJIe’)KHOM anmapaTypbl Ha ocHoBe BMK. AHain3 1oka3bIBaeT CyIeCTBEHHO
OOJIBIIHI BBIMTPHIII B BEPOATHOCTH Oe30TKa3HO# (OeccOoitHOiT) paboThI 1O
CPaBHEHHUIO C TPOUPOBAHHEM 3JIEMEHTOB Ha JIOCTATOYHO OOJILIIOM BPEMEH-
HOM [Mara3oHe, MPUYeM BBIUTPHIII TeM OOJbIle, YeM CJIOXKHEE 3JIEMEHT.
[Ipemyoxennas syeiika cratuueckord omepatuBHor mamsatn QSRAM
C y4eTBEpEHHUEM TPaH3UCTOPOB Ha ocHoBe siueek BMK mapupyer oTkassl
tuna SEU (Single Event Upset) SEE (Single Event Effect{CpaBuenue
MOKa3bIBAET CYIIECTBEHHO OOJIBIINIA BHIMTPHIII B BEPOATHOCTH O0€30TKa3HON
paboThI IO CPAaBHEHUIO C TPOUPOBAHUEM, IPUUEM 3aTPAThl HA TPOUPOBAHUE
OJTHOM SYEHKU IPU OJJTHOM Ma)KOpHTape OoJIbIle.

B mepcnektuBe peKOMEHAyeTCsi MPOBECTU HCCIEAOBAHUS C YU4E€TOM
O0COOCHHOCTEH TOMOJOTMH KpUCTAJIa U MHTEHCUBHOCTH OTKAa30B CBS3EH.

22



Cmamuueckas onepamusrasl namsams Ha OCHOBe OWIKCIS’OyCWlOlZUMGOL‘Z AyelKu

OmnurcaHHOE Pe3epPBUPOBAHIE HATATKMBAETCS HA OTPAHUYEHHE B KOJIMYECTBE
MI0CJIEI0BATEIFHO COCMHEHHBIX TPaH3MCTOPOB (He Oomee uetnipex) [20],
HO YK€ UMEIOTCS COOOIIEHus 0 ero ocnadiaenuu [21].
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