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HanexHocTb M paguauMoHHasi CTOMKOCTb LM(bpPoBOro odbopynoBaHusl. [1si a9poKOCMUYECKMX KOMITBIOTEPHBIX CHCTEM KpaiiHe
HeoOXonMMOo pa3paboTaTh paaualiMOHHO-CTOKNE KOMIOHEHTBI. OXHUM M3 CIOCOOOB obecrieueHUsl paaIuallMOHHON CTOMKOCTH
sIBJISIeTCs co3aHue crienuanbHoii apxurekTypsl — RHBD (Radiation Hardened by Design). DToT noaxon BKJIo4aeT TPOMHYIO U30bI-
TouHocTh (Triple Modular Redundancy — TMR) ans yMeHbleHUs], BBI3BAHHOTO U3JYyYEHUEM TEPEKITIOUEHUS JOTMUECKUX e
MeHTOB (Single Event Transients — SET) u anemenrtoB mamsitu (Single Event Upset — SEU). TIJIMC u3-3a 60bII0TO KOJINYECTBA
KOH(MUTYPAIIMOHHBIX MOMYJIEH 2JIEMEHTOB HEYS3BUM ISl BO3NEUCTBUS U3NydeHUs. [109ToOMy MCTIONB3YIOTCS OMHOPA30BbIE MPO-
rpaMMUpyeMble YCTPOIICTBA C YTPOEHHUEM TPUITEPOB, Hampumep, KoMmranueir Actel. Tem He MeHee, B KOHMOUTYpUPYEeMOil TTaMSITH
SRAM ITJIMC komnanuum Virtex (Xilinx) ucrnonb3yercst TpoitHast M30bITOYHOCTh CO CXeMOI OOJIBIITMHCTBA TOJIOCOB HA OCHOBE TPU-
crabuiibHOrO Oy(hepa BMecto sjorndeckoro snemeHta LUT. Takoe rosocoBaHue nMeeT (yHKIIMU peainu3aluu, KOTOPbIe U3y4arTcs
B craThe. OMUH U3 BapMaHTOB OOJILIIMHCTBA roocoB Wit KOHTaKTOB [TJIMC ¢ ucnonb3oBaHrueM (PyHKIIMMA MEHBLIMHCTBA FOJIOCOB.
Tonbko B 3TOM ciiydyae HeT KOH(MJIMKTOB CUTHAJIOB Ha BbIxogax OydepoB. B craThe mpemiaraeTcst 0TKa3oycToMuMBasi peaansaius
KMOIT o cxeme 60JIbLIMHCTBA F'OJIOCOB M MEHBIIIMHCTBA C LIEJIbIO TTOBBILIEHUSI HAIEXKHOCTU U conpoTuBieHus usnydeHus [MNJINC.
Karouesvie crosa: mpoiinas uzdbimouHOCms,; cxema 60AbWUHCIGA 2010C08; MPUCMAOUAbHYILL Oydep; cxeMa MEeHbUUNHCINEA 2010C08

The paper deals with reliability means and radiation resistance of digital equipment. For aerospace computer systems it is urgent
to develop radiation-resistant components. One way to ensure the radiation resistance is the creation of a special architecture —
RHBD (Radiation Hardened by Design). This approach includes triple redundancy (Triple Modular Redundancy — TMR) to reduce
radiation-induced switching of logic elements (Single Event Transients — SET) and memory elements (Single Event Upset — SEU).
The FPGA due to the large number of elements configuration memory is not vulnerable to the effects of radiation. Therefore, one-
time programmable devices are used, for example, by Actel company, but flip-flops tripled too. Nevertheless, the SRAM configurable
FPGA Virtex (Xilinx) uses triple redundancy with Majority Vote Circuit based on a tristate buffer instead of LUT. Such Voter has
implementation features that are highlighted in the article. The use of minority votes is one of the variants of Majority Vote Circuit
for FPGA pins. Only in this case there is no conflict of signals at the outputs of buffers. The paper describes CMOS implementation
of the voters, as well as proposes a fault tolerant CMOS implementation of the Majority Voter and Minority Voter in order to improve I
reliability and FPGA radiation resistance.

Keywords: Triple Module Redundancy; Majority Vote Circuit; 3-State Buffer; Minority Vote Circuit.

BBEAEHUE

TTJIVC inpoKo UCTIOIb3YIOTCS B KOMITBIOTEPHBIX TEXHOJOTUSX [1—4].
CymrecTBytoT oTtKaszoycroituubeie [TJIMC nist asapoKocMUUeCKUX
KOMIIbIOTEpHBIX cucTeM. CriennasibHast apxutektypa RHBD Bkiio-
4yaeT B ce0s1 co3maHue U30bITOUHBIX CTPYKTYP, HATIPUMED, C UCTIONb-
30BaHMeM TPoitHOI u3dbsITouHOCTH (TMR) [5—7]. DTOT METON MOAACP-
xuBaetcs 1Jst apxutekTypsl Virtex nis [TJIWC Xilinx [8, 9]. O6bruHO
HCTOIB3YEeTCsl cXeMa OOJIbIIMHCTBA FOJOCOB, OCHOBaHHAsI Ha JIOTUYe-
ckux anemenTax KMOII, «<HE-W», <HE-UJIW» (1151 nHTEerpajbHbIX
cXeM crienajbHoro HazHaueHust — ASIC, 60JIbIIMX MHTETrpaJibHbIX
cxeM — BMK), LUT (ra6auua noucka — aist [IJIMC). Ucnonb3yroTest
CXeMbl OOJIBIIIMHCTBA IOJIOCOB Ha OcHOBe Tadsuil noucka (LUTS), Tpu-
crabusibHoro oydepa (BUFT) n Harpy3ouHoro pesucropa, a Takxe
cXeMbl OOJIBIIMHCTBA TOJIOCOB Ha OCHOBE TpUCTAaOMJIbHOTO Oydepa

CO CXeMaMM MEHBIITMHCTBA TOJIOCOB 0e3 Harpy304YHOro pe3ucTtopa [8]

CXEMA BOABIHINHCTBA TOAOCOB

TpoitHast U30BITOYHOCTb UCIOJB3YET TPU KOMUM OJHON M TOM
K€ CXEMBbl U BBIMOJHIET MOPa3psiIHOE «OOJBIIUHCTBO TOJOCOB»
Ha BBIXOJle TPOWHOU cxeMbl [4]. DyHKILUS OGOJBIUIMHCTBA FOJIOCOB
mpencTaBieHa B hopmyIe:

V=ABv BCv AC. (1)

Tabauna uctuHHocTHu (1) mokazaHa Ha puc. 1.
Dopwmyia (1) siBisieTcs caMOABOMCTBEHHOM (DYHKIIMEI, TOITOMY:

V=ABvBCv AC.

BoabmuucTBO TonocoB [MTJIMC ucnonb3yloT TabJUIIBl TTOUCKA
(LUTs).




Fr|lkRr|Rr|RP|O|lOo|Oo|Oo|>

RPlRr|lO|lO|(FR|P|O|lO|W

Rr|lo|lRr|O|FR|[O(FR|O|O
o|lo|lo|r|olr|r|r|L

Puc. 1. Tabauya ucmurnnocmu 60AbUWUHCMEA 2010C08
Fig. 1. Majority Vote Truth Table
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Puc. 3. [Ipedcmasaenue LUT 6oavuwiuncmea 2010cos
Fig. 3. LUT representation of the Majority Voter

V(ABC)=0-ABC~0-ABCv0-ABCv1-ABCv
v0-ABCv1-ABCv1-ABCv1-ABC
KMOIT npencrabieHme 6OIBIIMHCTBA FOJOCOB MMOKa3aHO Ha puc. 2.
TpencraBaenue LUT GobLIIMHCTBA TOJOCOB MOKA3aHO Ha pUC. 3.
OnHako 4 BxoaHbIx npeactaBieHuss LUT GobIIMHCTBA TOJOCOB
HCTOIB3YIOT TOJIBKO OHY OCTAHOBKY TPAH3UCTOPHOTO IepeBa.

INTRODUCTION

I/I3AEAI/IH MHUKPOSAEKTPOHUKH OBIIEIO N
CITETUAAN3HNPOBAHHOI'O HASHAYEHUA
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Puc. 2. KMOII npedcmasaenue no 601buuHcmey 2010¢08
Fig. 2. CMOS representation of the Majority Voter
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Puc. 4. Cxema 60abuwurncmea 2010c08, 0CHO8AHHAA HA MPUCNAOUNLHOM
Oyghepe be3 Haepy30uH020 pe3ucmopa
Fig. 4. Majority vote circuit based on 3-state buffer without pullup resistor

TPUCTABUABHASA CXEMA BOABIIINHCTBA
TOAOCOB

CxeMa 6oapbmrHcTBa rosiocoB VirtexTM (Xilinx), ocHoBaHHast Ha TpU-
cTabuibHOM Oydepe (Mcnonb3ys Virtex MpuMUTUBHY 0 OMOINOTEKY
BUFT) BmecTo Tabnui noucka (LUTs), mokazaHa Ha puc. 4.

AHanu3 paboThl YCTPOICTBA MO3BOJISIET YCTAHOBUTD CUTYaLlUK
KOH(JIMKTA CUTHAJIOB Ha BBIXOAE — PUC. 5.

MopenupoBaHue TpUcTabuabHOro 6ydepa cxeMbl OOJIbIIMH-
CTBa roJIocoB, BeIMoJTHeHHOEe B cucteMe NI Multisim 10 by National
Instruments Electronics Workbench Group, nokasbiBaeT HerpaBUIb-
HOCTH TaKOM CXEMBI — pHC. 6.

Tewm He MeHee, TOKyMEeHTAIIMST yKa3bIBaeT Ha UCTIOb30BaHMe Virtex
Horizontal Bus Logic (ropu3oHTa bHas JOTUKA MIUHBI) [5], KoTOpas
pemaet oty mpobaemy. OnuH BO3MOXHBIN CITOCOO TTOCTPOCHMUS ITpa-
BUJILHO¥ CXeMBI, TOJTyYeHHOI aBTOpaMu, IpeaCcTaBlIeH Ha puc. 7a, 0.

OcuuyiorpaMmma puc. 76 moaTBepxaaeT peaausaiuio GyHkuum (1).

FPGAs are widely used in computer tech-
nology [1—4]. There are fault tolerant FPGAs
for acrospace computer systems. Radiation
Hardened by Design (RHBD) architecture
includes the development of redundant struc-
tures, for example Triple Modular Redun-
dancy (TMR) [5—7]. This method is sup-
ported by the Virtex architecture of Xilinx
FPGAs [8, 9]. As a rule, Majority Vote Cir-
cuits based on CMOS, NAND, NOR (for
Application-Specific Integrated Circuit —
ASIC and Uncommitted Logic Array —
ULA) and LUT (Look Up Table — for
FPGASs) gates are used. It is common practice

to use Majority Vote Circuits based on Look-
Up Tables (LUTs), on 3-state buffers (BUFT)

and Pullup resistor, Majority Vote Circuits
based on 3-state buffers with Minority Vote
Circuits without Pullup [8].

MAJORITY VOTE CIRCUIT

Triple module redundancy uses three cop-
ies of the same circuit and performs a bit-wise
“majority vote” on the output of the triplicate
circuit [4]. The function of the majority voter
is:

V=ABv BCv AC. )

The Truth Table (1) is shown in Fig. 1:
Expression (1) is a self-dual function, so:

V =ABvBCv AC.

The FPGAs majority voters use Look-Up
Tables (LUTs).

V(ABC)=0-ABC~0-ABCv0-ABCv
v1-ABCv0-ABCv1-ABCv1-ABCv 1. ABC

Fig. 2 shows CMOS representation of the
Majority Voter.

Fig. 3 shows LUT representation of the
Majority Voter.

However, 4 input LUT representations
of the majority voter use only one halt of the
transistor tree.

STATE BUFFER MAJORITY VOTE
CIRCUIT

Fig. 4 shows VirtexT M majority vote circuit
(Xilinx) that is based on internal 3-state buffer
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Puc. 5. Kongauxm cuenanog na gvixode cxemut puc. 4
Fig. 5. Conflict of signals at the output of the circuit in Fig. 4
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Puc. 6. Henpasunvrnaa cxema 60abuwluHcmea 2040c08, 0CHOBAHHASA
Ha mpucmaburbHom Oygepe ¢ Hazpy304HbLM Pe3UCMOPOM
Fig. 6. The incorrect majority vote circuit based on 3-state buffer

with pullup resistor

and uses the Virtex primitive BUFT library
instead of Look-Up Tables (LUTSs).

An analysis of the device operation makes
it possible to establish situations of signal con-
flict at the output (see Fig. 5).

The simulation of the 3-State Buffer Major-
ity Voter, executed in the NI Multisim 10 sys-
tem by National Instruments Electronics
Workbench Group, shows the incorrectness
of such a scheme (see Fig. 6).

Nevertheless, the documentation indicates
the use of the so-called Virtex Horizontal Bus
Logic [5] that is solving the problem. Fig. 7a, b
shows one possible way of constructing the
correct scheme obtained by the authors.

The oscillogram in Fig. 7b confirms the
realization of the function (1).

616

Puc. 7. llpasunvhas cxema 60abuUHCMEA 2010C08, OCHOBAHHAS HA MPU-

cmabuavHom 6yghepe ¢ Haepy3ounbim pesucmopom (nabopur 111, 110, 101,
100, 011, 010, 001, 000)
Fig. 7. The correct majority vote circuit based on 3-state buffer with pullup

resistor (sets 111, 110, 101, 100, 011, 010, 001, 000)

STATE BUFFER MAJORITY VOTE
CIRCUIT WITH MINORITY VOTE
CIRCUIT
Avoiding the conflict of signals is also possi-
ble using the 3-State Buffer Majority Vote Cir-
cuit with Minority Vote Circuit [6], as seen
in Fig. 8.

What is Minority Vote Circuit? This func-
tion has the form represented by expression (4):

PRR,v PRR,. “)

The Truth Table (4) is shown in Fig. 9.

Let us make the notation in Fig. 10.

Fig. 11 describes the functioning of the
majority vote circuit with the use of Minority
Vote Circuit presented on Fig. 10.

M is output of the appropriate voting device
for the minority. We can conclude that the
channel, which differs from the other two,
is turned off by forming the corresponding
z-state buffer at the output (see Fig. 11). At the
output V, the conjunction Ol1, 02, O3 is real-
ized.

CMOS IMPLEMENTATION OF THE
MINORITY VOTE CIRCUIT
Let us visualize the CMOS implementation
of the minority vote function. Fig. 12 shows the
simplified CMOS implementation of Minority
Voter (as in expression (4) and Fig. 10).

Figs. 13 and 14 show the simulation of the
CMOS implementation (Fig. 12) of the Minor-
ity Voter.



TPUCTABUABHAS CXEMA BOABIIINMHCTBA
TOAOCOB CO CXEMOW MEHBIINHCTBA TOAOCOB

M3bexaHue KOHMIMKTAa CUTHAJIOB TaKXe BO3MOXHO IO TPUCTAOUTb-

HOIi cxeMe OOJIBIIMHCTBA TOJO0COB CO CXEMOIl MEHBIIMHCTBA TOJIOCOB
[6] — puc. 8.

YTo 3HAUYUT cXeMa MEHBIIMHCTBA TOJOCOB? DTa GYyHKIIMS UMEET
¢dopmy, peicTaBIEHHYIO B BbIpaxkeHUHU (4):
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Tabnuna ucTUHHOCTH (4) MpencTaBieHa Ha puc. 9.
Cnenaem o6o3HaueHune — puc. 10.

DyHKIIMOHUPOBAHKME CXEMbI OOJIBIIMHCTBA T'OJIOCOB CO CXE-
MO MEHBIIMHCTBA TOJIOCOB, MpeACTaBlIeHHOI Ha puc. 10, onucaHo
Ha puc. 11.

M-BBIXOl COOTBETCTBYIOLIETO YCTPOMCTBA JJIsI MEH bILIMHCTBA FOJIO-
coB. [les1aeM BbIBOJI, YTO KaHaJl, KOTOPbI OTJIMYAETCS OT ABYX APYTHUX,
OTKJ0UaeTcs nyreM (hopMUPOBaHUS HA BBIXOJE COOTBETCTBYOIIETO
oydepa cocrosinus z — puc. 11. Ha Beixone V peain3zoBaHa KOHBIOHK-
uus Ol, 02, O3.
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Puc. 8. Tpoiinas uz66imoyHocms, OCHOBAHHAS HA MPUCMAOUNbHOM Oyghepe cxembl boabuuncmea 2onocos: a) 8xodet 000, 001, 010, 011; 6) vixoder 100,

101, 110, 111

Fig. 8. Triple Module Redundancy based on 3-State Buffer and Minority Vote Circuit; a) inputs 000,001, 010,011; b) inputs 100, 101, 110, 111

A B C \%
0 0 0 0
0 0 1 0
0 1 0 0
0 1 1 1
1 0 0 1
1 0 1 0
1 1 0 0
1 1 1 0

Puc. 9. Tabauya ucmunHoCmMU MEHbUUHCMBA 2040C08
Fig. 9. Minority Vote Truth Table

A B C M1 | O1 | M2 | O2 | M3 | O3 \Y
0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 1 z 0
0 1 0 0 0 1 z 0 0 0
0 1 1 1 z 0 1 0 1 1
1 0 0 1 z 0 0 0 0 0
1 0 1 0 1 1 z 0 1 1
1 1 0 0 1 0 1 1 z 1
1 1 1 0 1 0 1 0 1 1

Puc. 11. Tabauya ucmunnocmu cxemvl 60AbUUHCIMBA 2040C08 CO CXEMOLL
MEHbULUHCMBA 2010C08
Fig. 11. Truth Table of the Majority Vote Circuit with Minority Vote Circuit
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Puc. 10. Tpucmabunvhblii Oygep cxembl GONLUUHCMBA 2010C08 CO CXEMOU
MEHbUUHCIMEA 2010C08

Fig. 10. 3-State Buffer Majority Vote Circuit with Minority Vote Circuit nota-
tions
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Puc. 12. KMOII peaauzayus cxemvl MEHbUUHCMBA 2040C08
Fig. 12. CMOS implementation of the Minority Vote Circuit
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Puc. 13. Modeauposarnue KMOII pearuzayuu cxemvl MEHbUUHCMBA 20~
10c06 Ha Habope 100

Fig. 13. Simulation of the CMOS implementation of the Minority Voter on the
set 100

Puc. 15. Tpucmabuavhuiii 6yghep 6e3 uzovimournocmu
Fig. 15. 3-State Buffer without redundancy

KMOII PEAAU3BAIINA CXEMbI MEHBIITMHCTBA
TOAOCOB
Hasaiite npeacraBum KMOII peanusanunio GYyHKIIUK CXEMbI MEHb-
muHCcTBa rojocoB. [IpennoxeHHas ynpomernHas KMOII peanusa-
1IMS1 MEHBIIMHCTBA TOJIOCOB B hopmyie (4) u puc. 10. npeacraBieHa
Ha puc. 12.

MopenupoBanue KMOIT peanuzanuu (puc. 12) cxeMbl MEHbIIUH-
CTBa roJIOCOB MoKa3aHa Ha puc. 13, 14.

MonenupoBaHue NoATBepxkaaeT 23(pGeKTUBHOCTD MpeaiaraeMoit
CXEMBI MEHBIITMHCTBA T'OJIOCOB.

CXEMA TOAOCOBAHMUSA C U3BBITOYHOCTBIO
N3BectHass KMOII peanuzanust ¢ TpuctabUIbHBIM Oydepom mpen-
cTaBJjieHa Ha puc. 15.

B mensix moBBIIIEHUST HAIEXKHOCTU CXEMBbI OOJTBIIMHCTBA TOJIO-
COB C TPUCTAOUIBHBIM Oy(epoM MBI MPEATOKUM CXEMY FOJOCOBAHUS
¢ u30bITOYHOCTBIO. [Ipeanaraemblii TpUCTaOUIbHBI Oydep ¢ n30bI-
TOYHOCTBIO MPEICTaBlIeH Ha puc. 16.

CpaBHeHUe TpUCTaOUIbHOTO Oy(depa ¢ U3OBITOYHOCTHIO U Oe3
usbpiTouHoctH [10] npeacrapieHo Ha puc. 17.

Boiurpsiir focturaetcsl B 3Ha4YMTEIbHOM JHMana3oHe BEpOsITHO-
cTeil, B OTIMYKME OT TPOMHOM CXeMBbI, KOTOpast CTAHOBHUTCS XyXe 0e3
pe3epBUpPOBaHUS yKe ¢ BeposiTHOCThIO nopsiaka 0,88. Tpeniaraemas
cxeMa MEHBITMHCTBA TOJIOCOB C M30BLITOYHOCTHIO C YYETOM OrpaHHUYe-

nus Muna u Konses [11] moka3zaHa Ha puc. 18
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Puc. 14. Modeauposarnue KMOII pearuzavyuu cxemvl MEHbULUHCMEA 20~
n0c06 Ha Habope 011

Fig. 14. Simulation of the CMOS implementation of the Minority Voter on the
set 011
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Puc. 16. Tpucmabunvhuiii 6ygep ¢ uzdvimounocmoio
Fig. 16. 3-State Buffer with redundancy
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Puc. 17. Bezomkasuas éeposmrHocms pabomos mpucmabduabHo2o 0y-
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M%) ¢ mpoiinoii uz6eimounocmuio P3(1),

¢epa 6e3 uzbbimounocmu (e
¢ npedaodcennolt uzbeimournocmoio P, (1), npu unmencusnocmu omka-
306 107 1/4

Fig. 17. Failure-free operation probabilities of 3-State Buffer without redun-
dancy (e™"), with triple redundancy P3(1), with proposed redundancy P,

at failure rate of 107 1/h
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Puc. 18. Cxema meHbUUHCMBA 201008 € U30bIMOUHOCTbIO
Fig. 18. Minority Voter with redundancy

CpaBHEHME CXEMbl MEHbIIIMHCTBA I'OJIOCOB C U30BITOYHOCTBIO U 6€3
M30BITOYHOCTH MPEACTaBICHO Ha puc. 19.

3AKAIOYEHUE

CxeMa, OCHOBaHHasl Ha IBYX3TalTHOM TPUCTaOUJIbHOM Oydepe, sBJsi-
eTCsl MPaBUJIbHOM U COOTBETCTBYET crnieuudukanum Virtex. B ctarse
mpeajaraercs otkazoyctoiiunBas peanuszanus KMOIT dbyHknmii
110 cXeMe MEHBIIMHCTBA U OOJBIIMHCTBA FOJIOCOB B KAUECTBE OTIEIb-
HBIX DJIEMEHTOB IJIsI TOBBIIIEHU ST 9 (HEKTUBHOCTU PE3EPBUPYEMBIX
cxeM 0e3 Mucrmob3oBaHus Jorndyeckux pecypcon [NJIMC. Monenu-
poBaHue KMOII cxeMbl MEHBIIMHCTBA TOJOCOB B CUCTEME MOJEI M-
poBanus National Instruments Electronics Workbench Group noa-
TBepXAaeT 2 dEeKTUBHOCTb MpeAaraeMoro 3JeMeHTa, U OLeHKa
BEPOSITHOCTU 0€30TKa3HOI paboThl MOKa3blBaeT BHICOKYIO 3(hdeK-
TUBHOCTb MPEATOXEHHON CXeMbl. YIyUYIIeHHbIE 3J1eMEHThl TOBbI-
AT pajiuallMOHHYI0 CTOMKOCTh a9POKOCMUYECKHUX KOMIIBIOTEP-
HBIX CCTEM.
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The simulation confirms the efficiency
of the proposed Minority Voter.

ers with redundancy. Fig. 16 shows the pro-

VOTERS WITH REDUNDANCY
Fig. 15 shows the known CMOS implementa-
tion of the 3-State Buffer.

I/I3AEAI/IH MHUKPOSAEKTPOHUKH OBIIEIO N
CITETUAAN3HNPOBAHHOI'O HASHAYEHUA

In order to improve reliability of the 3-State
Buffer Majority Vote Circuit we will offer vot-

posed 3-State Buffer with redundancy.

Fig. 17 presents the comparison of the 3-State
Buffer with redundancy and without it [10].
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Winning is achieved in a considerable range
of probabilities as opposed to triple scheme that
gets worse when unreserved already at the prob-
ability of the order of 0.88. Fig. 18 shows the pro-
posed Minority Voter with redundancy taking
into account Mead-Conway limitations [11].



AOKAAABI KOH®EPEHIIUU

Fig. 19 presents the comparison of the
Minority Voter with redundancy and with-
out it.

CONCLUSIONS

A circuit based on a two-stage 3-State Buf-
fer is correct and corresponds to Virtex
datasheet. The paper proposes a fault toler-
ant CMOS implementation of majority and
minority voting functions as separate ele-
ments in order to improve the performance
of redundant circuits without using FPGA
logic resources. The simulation of CMOS
Minority Vote Circuit within National
Instruments Electronics Workbench Group
system simulation confirms the efficiency
of the proposed element, and the evaluation
of the failure-free operation probability shows
its high efficiency. Advanced Voters improve
radiation hardening of the aerospace com-
puter systems.
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B kHure npencraeneH aHanua 0cobeHHocTeN paﬁom, METO/bl MPOEKTUPOBAHNA 1 OCHOBbI NPAKTUYECKOro

LleHa 636 py6.

NPUMEHEHMS LMDPOBBLIX MUKPOCXEM B COCTABE COBPEMEHHBIX MUKPOINEKTPOHHBIX YCTPOICTB, MPEASIOXEH

00nbLLON HABOP 3PDEKTUBHBIX CXEMOTEXHUYECKMX PELLEHNI Ba30BbIX ANIEMEHTOB [/ pean3aLm
TpebOoBaHMiA, NPEAbABNSEMbIX K MUKPOINEKTPOHHBIM YCTPOUCTBAM, NPUBEAEHO AETAIbHOE OMKCaHe
MPUHLMNOB PaboTbl M NpaBui NPUMEHEHIUS COBPEMEHHbIX a30BbIX ANIEMEHTOB B COCTAaBE MUKPOINEKTPOHHBIX

YCTPOWCTB.

/3naHre OpyeHTMPOBAHO Ha LUMPOKWIA KPYT MHXEHEPHO-TEXHUYECKNX PAOOTHUKOB, YYEHBIX,
CTYLIEHTOB M aCMMPaHTOB, CrELMaNM3NpyIoLLMXCs B 061aCTH pa3paboTki, opraHM3aLv NpoM3BOLCTRa
11 3KCyaTaLmy PafvO3NEKTPOHHON, OBITOBOM, MPOMBILLIEHHON W CNELMANbHOM TEXHWUKM, MHOPMALMOHHO-
KOMMYHUKALWMOHHbIX, TENEKOMMYHUKALIMOHHBIX U HABUIaLMOHHBIX MPUMEHEHWI, UCTONB3YIOLLMX COBPEMEHHbIE
MUKPO3NEKTPOHHbIE YCTPOICTBA.
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