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OJIEKTPOHUKA, PAJJTUOTEXHUKA U CBA3b

YIK 621.391

A. Anxapx XacaH, T.P. Fasu3oB

O630p nccnenoBaHMii N0 MoaanbHOMY pe3epBUPOBaHUIO

VYcnoxxHeHne paguo3IeKTPOHHBIX YCTPOUCTB U POCT UX KOJIMYECTBA MPUBOAAT K HEOOXOIMMOCTH UX 3alllUTHI U MOBBI-
MICHUIO UX HaZeKHOCTU. CyIIecTByeT MHOXKECTBO METOI0B 00ECTIEUEHHS 3TOT0, U OHH OTJIMYAIOTCS TI0 BO3MOKHOCTSIM,
sddexTrBHOCTH U Jerkocty peann3anuy. Cpean 3TUX METOAOB MOJalbHOE pedepBupoBanue (MP) sBisercs oqanM u3
Han6omee 3G HEeKTUBHBIX, HAJSKHBIX M HECIOKHBIX METOJIOB, IIPUMEHIEMBIX B HacTosIee BpeMs. Vcronap3oBaHme Me-
TOJa MIPU TPACCUPOBKE M MOHTAXKE IEYATHBIX IUIAT MTO3BOJISIET OOECTICUUTh KaK 3JIEKTPOMAarHUTHYIO COBMECTUMOCTH,
TaK U HaJIeXKHOCTh KOHEYHOI'0 3JIEKTPOHHOIO ycTpoiicTBa. [IpoBeieHbl MHOIOUUCICHHBIE UCCICIOBAHUS 110 U3YUCHUIO
u pazsutuio MP, Bkimtouas 18 matenToB Ha m300pereHus. OIHAKO A0 CHUX IOP HET IOJIHOTO M Pa3BepHYTOro ob3opa
nyOIuKanuii Mo MPUMEHEHUIO 3TOr0 METoJa Ul MPOBEACHHS HUCCIEeIOBaHUHA Ha ero ocHoBe. B maHHOI cTaThe mpen-
CTaBJICH 0030p HCTOPUH U HEJABHUX HcciefoBaHui Mo MP a7 BBIIBIEHHS BO3MOXKHOCTH M3TOTOBIEHHS Pa3IUUHBIX
MakeTOB CTPYKTYp ¢ MP nns skcriepuMeHTanbHBIX MCCIEJOBAHUN C LIENbIO OLIEHKH YPOBHS M3Iy4daeMbIX SMHUCCUH B
JIMaIia3oHe 4acTOT, B TOM YHCIIE B YCIOBUSX KPUTHUYHBIX TEMIIEpaTyp, IPU UCCIICIOBAaHUH BIIEPBbIe 0000IIEHB! OCHOB-
HBIE JocToMHCTBa MP.
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BeicokoHaziexxHas cucrema TpeOyeT OT HHKEHEPOB
MOBBIMICHUS] HAJEKHOCTH KOMIIOHEHTOB (HampuMmep,
W3MEHEHUs MaTepuaja, HCIONb3yeMOTro B IPOU3BOJI-
CTBE) WIM IPUMEHEHHS METONOB PE3EePBHPOBAHUS C
UCTIONIb30BaHWEM HMMEIOIINXCSI PecypcoB 0e3 Hapyle-
HUSI OTPaHMYECHUI 10 CTOMMOCTH, Macce U 00beMy CH-
cremsl [ 1, 2]. Bropoii BapuaHT nIpeanoYTUTEIbHEE U3-32
cBOEH MpocToThI [3], a ero nepBoe YNOMHHAHUE OTHO-
cutcst K 1956 r. [4]. PesepBupoBaHue, Kak INpaBuUiIo,
MIPUMEHSETCS B KPUTHYECKH BaXKHBIX CHCTEMax, I/
TpebyeTcsi HeTlpepbIBHAsE padoTa, a WX OOCITYy)KHBaHHE
CJIIO)KHO W JIOpOTO, HAIlpUMep B ciIydae OOpPTOBBIX pa-
JHOAIEKTPOHHBIX CHCTeM. B 3ToM ciryuae Bpems pabo-
THI CIIyTHUKOB CBSI3H MOXET IIUThest Oonee 10 met [5].
CucteMbl WM MOJCUCTEMBI MOTYT OBITH 3ape3epBUPO-
BaHbl B aKTMBHOM HWJIM HEAaKTHBHOM pEXHMe ¢ Ooiee
HHU3KOH BEpPOSTHOCTHIO OTKa3a, MOCKOJIBKY 3ape3epBH-
POBaHHBIE KOMIIOHEHTHI OyIyT HAaXOAWUTHCS B PEXHME
OXXHJIaHMSI 10 OTKa3a [6].

Kpome Toro, 3TH THITBI MOXHO KOMOMHHPOBATh, U
OHM TaKKe JeJATCS HA MOATHIBL TAapaiebHOE H
K-M3-N-akTHBHOE pE3epPBUPOBAHHE, a TAKKE XOJIOIHOE,
ropsdee M Teruioe pesepBuposanue [7, 8]. PesepBupo-
BaHHE MOXKET OBITH HCIIOIB30BAHO JJISI MOBBINICHUS HE
TOJIBKO HANIEKHOCTH, HO W 3(P(PEKTHBHOCTH CHCTEMBI
[9]. Bonee Toro, pe3epBUpPOBAHUE CUUTAETCS OBICTPBHIM
pemeHneM Ui JOCTIDKEHHS JII000TO JKelaeMoro ypoB-
HS HAJEXKHOCTH Ha paHHEH CTaJul NPOEKTUPOBAHUSA
[10]. ITockonbky pe3epBUPOBaHHE MOXKET OCYLIECTB-
JISITBCS. B PA3IMYHBIX (POpPMax, ONTHMU3UPOBAHHYIO MO-
JIeTb CUCTEMBl MOXKHO IOJYYHTh, JOCTHIHYB OainaHca
MEXJTy CTOUMOCTBIO M HAIEKHOCTHIO CHCTEMBI.

Heckonbko paboT MOCBAIIEHO pa3pabOTke MaTeMa-
TUYECKUX MOJENCH AJs OnpeesieHus] HaJIe)KHOCTH CH-
crembl [11-13] maxke B MPHIOKEHHSX PEaTbHOTO Bpe-
MenH [ 14]. PesepBupoBaHne BO BceX €ro BHAAX HCIOJb-
3yercs B pa3in4HBIX cepax. OHO MpUMEHSETCS B 3a-
mmre uHpopMmanuu [15], MeMpHCTOPHBIX yCTpoiicTBax
[16], a Taxxe B HelipoHHbIX ceTsax [17]. OHO npumeHs-

JIOCh JaKe B HAHOTEXHOJIOTHUAX, KOTOPbIE XapaKTepusy-
I0TCSL BBICOKMM ypoBHeM aedekros [18, 19]. Bonee To-
ro, OHO TaKKe MOMYJIApHO B KocMmuueckux [20, 21] u
ABHAIIMOHHBIX [22] NpUIOKEHHUAX, a TaKXKe B COBpe-
MEHHBIX CHCTEeMaX, KacaloIIHUXcs OCCIMIOTHBIX JeTa-
TENBHBIX allapaToB, HAIpUMeEp IS 3aIUTHl UX KaHala
nepenayy JaHHbIX [23].

PesepBupoBaHne Takke MCIOMB3YETCS B KOMMYHH-
KaLlMOHHBIX MPUIOKEHUAX [24]. OTKa3bl meYaTHBIX IIaT
(ITIT) MoryT mpuBEeCTH K KPUTHYCCKUM IpOoOIeMaM, H
OHM MMEIOT pa3WYHble MPUYHHBI, TaKHE KaK CTapeHue,
HarpeB U 3arpssHeHue [25]. UToObl OOpOTHCS ¢ ITUMU
OTKa3aMH{, OOBIYHO PEKOMEHIYeTCs HCIIOJIb30BaTh pe-
3epBupoBanue npu npoextupoBanHuu I1I1. Ero mucnonsb-
30BaHUIO B ATHX IEJIAX MOCBSIIEHBI paboThl [26, 27].

OnHaKo HWCTONB30BaHHE PE3CPBHPOBAHUS HE BCe-
IJa TPUHOCHT TIIONB3Y, HAlPpUMEp, €CIM CHCTeMa He
npucnocoOineHa it OOpbOBI ¢ MCKYCCTBEHHBIMHU WIIH
€CTECTBCHHBIMH 3JIEKTPOMarHUTHRIMA TIoMexamu (OMIT),
KOTOpBIE TaKKe€ MOTYT BO3HHKATh HM3-32 CaMOTO pe3ep-
BupoBanusa [28]. Takum oOpa3oM, obecriedeHHE SIICK-
TpoMarHUTHOH coBMecTuMocTH (OMC) mpH NpOeKTH-
poBanuu IIII, naxe ecnu KOHCTPYKIUSI BKJIFOYAET pe-
3epPBUPOBAHUE, SIBIISACTCS HEU30CIKHBIM IS OOpHOBI C
OMII [29, 30]. HexoTopsle HcCIeqOBAaTENN MBITATUCH
MOBBICUTH HazexHocTh [II1 ¢ momomipio pe3epBupoBa-
Hus ¢ yaeroM OMII [31], HO yHHMBepcambHOTO crocoba
I TOCTHXKeHUs: 3Toi uenu Her [32, 33]. B menom
MOXXHO CKa3zaTb, 4YTO BCE TPAJUIHOHHBIE CIIOCOOBI
ycrpanenust nocnenctsuii OMII HenocrarouHo >ddek-
THUBHBI, OCOOCHHO IPOTHUB CBEPXKOPOTKUX HMITYJIbCOB
(CKW) [34].

MopanbHoe pesepBupoBanue (MP), xotopoe pac-
CMaTpHuBaeTCsl B JaHHON paboTe, SBISETCS METOIOM,
KOTOPBIH MOXKET OJHOBPEMEHHO MOBBICUTH HAJIEKHOCTD
PaZNO3NEeKTPOHHBIX YCTPOUCTB C TIOMOIIBIO XOJIOJHOTO
pesepBupoBanus u obecreuntsh ux OMC 3a cuer wuc-
MOJIB30BaHMUs MojanbHOU ¢wisrparuu [35]. OHa mpu-
MEHseTCs AJIS 3aIUThl PaJUONIEKTPOHHBIX YCTPONCTB
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or CKM u B OECKOHTaKTHOM METOAE OOHAPYKECHUS U
JUAaTHOCTUKHU EKTPUYECKUX COETUHEHUH, CKPBITHIX B
creHax [36]. MP MoxeT HCIIONB30BaThCA B Pa3THIHBIX
MIPWIIOKEHUSIX, Hanbosiee BaXKHBIMH W3 KOTOPBIX SIBIIS-
I0TCS KPUTHYECKHE U OOpPTOBBIC DPAAMOIECKTPOHHBIE
ycrpoictBa. Hampumep, MP ucnons3oBanocs aias mo-
BEIICHU moMexoycroigmBocTi 111 Omoxa mmudpoBoit
o6pabotku curnanos [37] u [II1 cucremsr nmutarns [38]
AaBTOHOMHOI CHCTEMBI HaBHTaIllMM KOCMHMYECKOTO aIlna-
para. MP uMeeT HeCKONbKO THUIIOB: Ha OCHOBE KpPaTHO-
CTH pe3epBUpPOBaHMs (OIXHOKPATHOE, IBYKPATHOE, TPEX-
kpatHoe) [39], Ha OCHOBE CUMMETPUYHOCTH CTPYKTYPHI
(cummerpuuHas U acummerpuuHas) [40] u Ha ocHoBe
paccMaTtpuBaeMoro oObekTa (TUiara wid kabens) [41,
42]. BONBIIMHCTBO W3 3THX THUITIOB MHTEHCHUBHO HCCIIC-
JIOBAJIOCh B YacTH KOHIYKTHBHBIX 3MHCCHHA. YUTOOBI
MIOJTHOCTBIO MTPOSICHUTh MEXaHHW3M 3TOTO METOAA M IIpo-
aHAJIM3UPOBATh €TO CJIEACTBHSA, HEOOXOIMMO TaKxkKe
N3Y4YHTh €r0 XapaKTEPUCTHKH B YacTH H3Iy4aeMbIX
smuccuit (MD). D10 Ha4amy WCCIIe0BaTh JIMIIL B He-
CKONIBKHUX paboTax [43—46], HO TOJIBKO HA OCHOBE aHa-
JIU3a pe3y/bTaToB MOJAEIMPOBAaHUS U 0e3 ydeTa KiIuMa-
TUYECKOTO BO3ACUCTBUS.

[TosToMy 1EecO00pa3HO U HEOOXOOMMO TIPOBECTH
SKCTIIEPUMEHTAIIEHOE HCCIIeI0BaHUe AT OLeHKH D ot
cTpykryp ¢ MP mpu ydere KIMMaTH4EeCKUX BO3IEH-
ctBuid. HeoOxonuma mpopaboTka BO3MOXHOCTH H3TO-
TOBJICHHS Pa3JINUHBIX MaKETOB CTPYKTYpP C OIHO-, IBYX-
n TpéxkpaTHeiM MP 1 Oymyniux SKCIIepuMEHTANBHBIX
HCCIIENOBAHUM € LENbI0 OLUEHKU ypoBHS MO B auama-
30HE YacTOT, B TOM YHCJIC B YCIOBUSIX KPUTUYHBIX TEM-
nepatyp. [mns atoro Gymer paccMOTpeHa HCTOpHS pas-
Butus MP co cpaBHUTENBHON OLICHKOM TEXHOJIOTHYHO-
CTH, MPUMEHUMOCTH U 3(PPEKTUBHOCTH HCIOJIb30BAHUS
KOHCTPYKIIMM Ha OCHOBE pas3HbIX cmocoboB MP, uto
SIBIISIETCS LIENTBIO TAaHHOUM pabOThI.

B o0mem MP 3akmiogaercsi B Takoi TpaccHpOBKe
[II1, yTo pe3epBUpPYEMBI U PE3EPBUPYIOIIUNA MPOBOJ-
nuku [1I1 TpaccupyioTcs TakuM 00pa3oM, YTO MEXIY
HUMH JOCTHTHYTA CHJIbHAS 3JICKTPOMArHUTHAsl CBS3b B
HEOTHOPOJHOM AMANEKTPUUYECKON cpefie. DTO MO3BOJISET
UCTIONIb30BaTh NPEHMYIIECTBO MOJAIbHOW (DMIIBTpALIH
U IPUMEHATh MOAAJIBHOE PasjIoKEHUE IS MOJABICHUS
koHIyKTUBHBIX CKU, KOTOpBIE MMEIOT CHIBHYIO CIIO-
CcOOHOCTh MPOHUKHOBEHUS M3-32 UX KOPOTKOM JIUTEIb-
HOCTH, BBICOKOW MOITHOCTH U IIUPOKOTO CIEKTPa.

J1s mOCTIDKEHUST MOJAITBHOTO PasIoKEHHUs] HeoOo-
xoaumMo, 4To0bl miuurenbHocTh CKU Oblia mMeHbIe ad-
COJIIOTHOTO 3HAUEHMsI Pa3HOCTU 3aJepKEK UYETHOH U
HEUETHOH MOJ B CTPYKTYpE CO CBSI3aHHBIMU IPOBOJHU-
kamu. B pesynsrare storo CKU pasnaraercs Ha uM-
ITyNbChI, AMIUIMTYbl KOTOPBIX MEHBIIE, UeM aMIUTUTyAa
ucxomgnoro CKU. Ilo stoit npuumne ocHoBHas [1I1 Oy-
ner 3amuimeHa u ee OMC Oyner oGecneuena. bornee
Toro, eciu pesepsupyemas IIII ucneiTaer orkas, pe-
3epBHas [1I1 HemeneHHO Ha4yHET paboTy, HE BIUSSI Ha
(YHKIIMOHANBHOCTh ycTpoicTBa. Takum obpas3om, mo-
BBIMIACTCA HAIEKHOCTh YCTPOWCTBA, OIpenensemMas
KpPaTHOCTBIO PE3ePBHUPOBAHMSA M BEPOSTHOCTBIO OTKa3a
Kaxxnou pesepsHoi II1.

Hcropns MP

WUnes MP Obia BmepBble cdopMyaupoBaHa B
2015 ., a mepBBIe paboTHI O HEeW OBLTH OITyOIMKOBAHBI
B 2016 1. ITepBrIit maTeHT Ha CIIOCOO TPACCHPOBKH IIPO-
BOJHUKOB IEYaTHOM CXEMBI C PE3E€PBHUPOBAHHEM IIONY-
geH B 2016 . [47]. D1oT crmocoO, SBISAIONIMIACS CaMbIM
npocTeiM (puc. 1), MO3BOMMWI YMEHBUINTh AMILIHTYLY
CKMU B nBa pa3za. B Tom xe roxy B [48] npemnoxen apy-
roii crioco6 Tpaccupoku [1I1. AmMmmurynet CKU takxe
YMEHBIIAIOTCS B J[Ba pasa, HO OTIMYKE JAHHOTO CIIOCO-
0a ot mpeapaymero u3 [47] 3akiaroyaeTcs B TOM, YTO
3HAQYECHUE OTHOCHUTEJIBHOW JMAIEKTPUUECKON MpOHMIA-
eMocTH (gr) IHMAIEKTPUKA, KOTOPBIA 3aIlONHSIET 3a30D
MEXAY PE3EpPBHBIM M PE3EPBUPYEMBIM ITPOBOIHHKAMH,
Oouipllle, YyeM JUANIEKTPUKA, U3 KOTOPOTO W3TOTOBJIEHA
nomtoxka 1T (puc. 2).
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Puc. 1. [Tonepeunoe ceueHne CTPYKTYPHI I CrIocoda
TPAacCHUPOBKU IIEUaTHBIX IPOBOJHUKOB cxeM ¢ MP [47]
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Puc. 2. [TonepeuHoe ceueHne CTPYKTYPHI I CrIocoda
TPACCUPOBKH MEYATHBIX MPOBOJHUKOB C JIOTIOJHUTEIBHBIM
IIBJIEKTPUKOM 1uist cxem ¢ MP [48]

[Tockonbky U3MEHEHHE € MOXKET BIUATH HA Pa3HU-
1y MEKJy IOTOHHBIMU 33JI€p’KKaMU YETHOU U HEYETHOU
MOJI CHTHaJa, YBEJIMUCHNE & MOXKET OBITh MCIIOJIb30Ba-
HO JUI YBEJIMYEHHUS ATOHM pa3HUIIBI, TEM CaMbIM ITOBBI-
mast 3¢ PEeKTUBHOCTh MOJANIBHOM ¢uibTpaiuu. B cro-
co0e, mpeIokeHHOM B [49], pe3epBHBIN U pe3epBupye-
MBI TIPOBOJHUKHM PACIIONIATAIOTCS JIPYT IOA APYroM
CUMMETPHYHO OTHOCHTEJIBHO IMOJUIOKKH, a OCTabHbIE
9JIEKTPUYECKH COCAMHEHBI JAPYr ¢ apyrom (puc. 3).
YMmenpienne ammntyasl CKU taxoke ocyiecTBiasieTcs
B JIBa pa3a. AHAJIOTUYHOTO PE3yIbTaTa MOXKHO JTOCTHYb,
HCTIONB3YsS CHOC00, mpemiokeHHblit B [50], HO yMeHBb-
mmB 1 Maccy I1I1 3a cuer oTCyTCTBUS OJHOTO ONOPHOTO
MIPOBOAHMKA, OJHAKO 0€3 YMEHBIIECHHUS YPOBHS IIO/IaB-
nenust CKU (puc. 4).
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Puc. 3. [lonepeuHoe ceueHune CTpyKTyphl
IuIs crioco0a TpaccupoBku AByxctopoHHeit [111 ¢ MP [49]

B [51] mpemyoxken apyroit crnoco0, KOTOPBIA OTIIH-
gaeTcst oT cniocoba u3 [47]. Kaxaeie aBa poBOIHUKA B
CTpYKType (HOPMHUPYIOT BUTOK MEAHAPOBOW JIMHHH, a
BMECTE€ OHHM OOpa3ylT OTPE30K HEeTHIPEXIPOBOHOM
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muHUM nepepadn (puc. 5). IIpu 3ToM ymeHblIeHHE am-
mutynsl CKM Moxet noctuus 4 pas.
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Puc. 4. Ilonepeunoe cedenue CTpYKTYpHI Ul criocoda
TpaccupoBku aAByxcroponseii I1I1 ¢ MP 6e3 ogHoro
OIOPHOrO NpoBoAHUKA [50]
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Puc. 5. [lonepeuHoe ceueHne CTPYKTYPHI Ui criocoda OaHO-
kpatHoro MP BuTKOB MeaHApoBo#i uHUH [51]

OnHOMMEHHbIE IPOBOJHUKH PE3EPBUPYEMOH H pe-
3epBHOW IIeTie (OPMHUPYIOT CBA3aHHYIO JIMHHUIO IIepe-
Jla4d ¢ Pa3IMYHBIMU 3HAYCHHUSAMH HOTOHHBIX 3a/I€PXKEK.
IIpoBOJHUKM MOXHO IONAPHO COCAWHHUTH HAa OJHOM
KOHIIE Ha OJHOM cioe (TMpOBOAHUKHM 1-2 u 1*-2%* u3
puc. 5), Ha pa3HBIX CI0SX (MPOBOAHMKH 1-1* u 2-2%* u3
puc. 5) WM quaroHanbHo (MpoBomHHUKK 1-2% m 2-1%* u3
puc. 5). Ha ocHOBe MCTIONBb30BaHUS Pa3TUYHBIX JTUIJIEK-
TPUUECKUX MarepuanoB B [52, 53] mpennoxeHs! erie
nBa criocoba MP. Viyumenne B mepBoM crioco0e, OTHO-
CUTENBHO MPUBEAEHHBIX B [47—49], cocTOUT B NOBBIIIE-
HUM HaJEKHOCTH 3a CYET YBEJIMUYECHUS KPAaTHOCTH pe-
3epBHPOBAHUS M MOMEXOYCTOHYMBOCTH 3a CUET YBEJH-
yenust qurensHoctn CKH, pasnaraemMoro mosHOCTBIO
(puc. 6, e 000 NPOBOAHUK MOXKET OBITH AKTHUB-
HbIM). BTOpoii cioco6 rapaHTHpyeT TO ke caMoe, HO C
BO3MOKHOCTBIO TPACCHUPOBKHM II€YATHBIX ITPOBOJHHUKOB
Ha JIBYX CHrHalbHBIX cnosix [1I1: BHemIHeM M BHYTpEH-
HeM (puc. 7).
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Puc. 6. IlonepeyHoe ceueHue CTPyKTYpbI AJIs criocoda
TPaCCHPOBKH MMEYATHBIX MPOBOJAHMKOB C JOMOIHUTEIBHBIM

JIVDJIEKTPUKOM IS IByXKpaTHOTO MP [52]
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Puc. 7. [lonepednoe cedeHne CTPYKTYPHI VIS CIIOco0a
TPACCHPOBKH MEYATHBIX IPOBOJHUKOB Ha BHELIHEM («)
1 BHyTpeHHeM (6) curHaIBHBIX ciosax [1I1 ¢ MP [53]

Croco0, aHaJOTHYHBIM omucaHHbIM B [47, 51],
npeasioxkeH B [54]. B HEM TpaccupoBKa pe3epBUPYEMBIX
U pe3epBHbIX NpoBoAHUKOB III1 BeIMoOnHsETCA MonapHo
Ha KaXIOM M3 OCHOBHBIX IBYX cioeB (puc. 8). Ilpu
3TOM MPOBOJHUKH MMEIOT MHUHUMAJBHBIN JOIyCTUMBIH
3a30p Mexay HAMH. ONOpHBIE NPOBOJHUKH M IPOBO-
HUKW IIMTaHWS BBITOJHSIIOTCS B BUJIE OTACIBHBIX CIIOCB
W pacrojiarafoTcsi MeXIy CUTHAJIbHBIMHU cIosiMU. [Ipm
9TOM PE3ePBUPYIOTCS HE TONBKO CHUTHAJbHBIE NPOBOJ-
HUKU, HO ¥ IPOBOJHUKH MMUTaHUSI, KOTOPBIE BBIOIHEHEI
C IOMOUIBIO 3a30POB B OTOPHBIX NPOBOAHUKAX U 00pa-
3yIOT CBSI3aHHBIE JIMHUU. DTOT CIIOCOO MOXKET YMEHb-
HIMTh BOCHPUUMYUBOCTD PE3EPBUPYEMBIX MIPOBOIHHUKOB
MUTaHKUS K BHEIIHUM KOHIYKTUBHBIM DMHUCCHUSIM U CHU-
3UTh YPOBEHb KOHIYKTUBHBIX SMHCCHH OT HUX.
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Puc. 8. [Nonepeunoe ceyeHue CTPYKTYphI 471 criocoba Tpac-
CHPOBKH II€YaTHBIX IPOBOJHUKOB MuTaHus uerneil ¢ MP [54]

Crioco6 u3 [55] ocHOBaH Ha B3aMMHBIX PacCIOJIO-
JKeHUH, KOMIIOHOBKE U TPACCHUPOBKE PE3ePBUPYEMBIX H
pesepBHbIX I1I1. OTmgaeTcst OH BHIOJIHEHUEM OIIOPHO-
TO NMPOBOJIHHMKA B BUJIC OTJEIBHBIX CIOEB HA PE3EPBHUPY-
€MOH U pe3epBHOM IeyaTHHIX IUIaTaX, CKICCHHBIX -
NMEKTPUIECKUM CJI0EM C € OOJBIIEH, YeM y MOAJIOKEK
pesepBupyemoii u pesepsHoii [T (puc. 9). III1 pacmo-
JIOKCHBI TapaJuIesIbHO U JAPYT TOJ IPYTOM, a MX SJIEK-
TPOHHBIE KOMITOHEHTHI pa3MelIeHbl Ha IPOTHBOIOIOXK-
HeIX cTopoHax oTux [III. 3mece ammmuryma CKU
YMEHBIIIaeTcs B 2,5 pasa.
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Puc. 9. Ilonepedynoe ceueHne CTPYKTYphI Al METOAA KOMIIO-
HOBKH HE()OPMOBAHHBIX PaJNOIEKTPOHHBIX KOMIIOHEHTOB
Ha MEeYaTHBIX IUIaTax A Ienel ¢ pe3epBHpOBaHUEM [55]

Henocrarok cocTOoMT B pa3HUIE TPAaCCUPOBKU pe-
3epBupyemoii u pezepBHoi [1I1, 4To BbI3BaHO acuMMeT-
PUYHBIM PACIOJIOKEHUEM BBIBOJIOB JIEKTPOHHBIX KOM-
[IOHEHTOB OTHOCUTEJBHO JTUAJIEKTPUYECKOTO CJIOs, KO-
TOPBII CKICUBAET PE3EPBUPYEMYIO U PE3EPBHYIO IIATHI
TakuM 00pa3oM, 4TO OJHOMMEHHBIE BHIBOJIBI KOMITOHEH-
TOB HE HAXOJATCS APYT MOA APyroM. Beiencteue 3Toro
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YMEHBIIAETCS JUIMHA OTPE3KOB 3JIEKTPOMArHUTHO CBS-
3aHHBIX JIMHUH, (QOPMHUPYIOIIUXCS OJXHOUMEHHBIMU
TpaccaMu pe3epBUPYEMOM M PE3EPBHOM LENEH, YTO
CHIDKAET TTOJIE3HBIE CBS3H MEXLy HIMHU.

Crioco6 w3 [56], B oTiHMYHMe OT MPEOBIAYIIero u3
[55], ncnone3yer (hopMOBKY BBIBOJIOB PE3epBHUPYEMBIX
KOMIIOHEHTOB B OJHOM HAaIIPaBIEHHH OTHOCHUTEIHHO
KOpITyca KOMIIOHEHTa, a PE3EpPBHBIX — B IIPOTHUBOIO-
JIO)KHOM, ITPUYEM 3TH KOMIIOHEHTHI HAXOJATCS APYT MOA
apyroMm (puc. 10, 11). DTo MakcMMH3HMpPYET AJHMHY CBS-
3aHHBIX JIMHUH, IPUBOMS K JOMOJHUTEIBHOMY CHMKE-
HUIO KOHJYKTUBHBIX 3MHUCCHUH (K IU1aTe U OT Hee).

B [57] npennoxen apyroit cnocob. Ero ocoben-
HOCTb 3aKJIIOYaeTCs B PACIONIOKEHUH PE3EPBUPYEMBIX U
pe3epBHBIX KOMIIOHEHTOB Ha BHyTpeHHeH ctopone 111 B
CJIO€ CKJICMBAIOIETO JUIJIEKTPUKA, a HE HAa BHEIIHCH
(puc. 12). Ymensmenue ammmutyasl CKU ¢ moMotsio
3TOTO crocoba gocruraet 2,25 pasa.

PesepBupyemsiit
KOMIIOHEeHT Bepx

Brisox 1 Hus Brisog N

PesepBupyemas
U pe3epBHas ILIAThI

BLIBOHWOH 1

PezepBHBIN
P Bepx
KOMTIIOHEHT
a
PesepBupyemsliii
Bepx KOMTIOHEHT
Beiso 1 Hus Beisog N
PezepBupyemast

U pe3€pBHAasI 11J1aTbl

Brisog 1 Bepx Brisog N
Hus PesepBHBbIi
KOMTIOHECHT
]

Puc. 10. Cxemarnueckoe n3o0paxerne HOpMOBKH KOPITYCOB

PaIHo3IEKTPOHHBIX KOMIIOHEHTOB U B3aUMHOTO PaCIIOJIONKe-

HUS BBEIBOZIOB 0e3 (@) U ¢ (6) UCTIONB30BaHUEM CIIOCO0a, Tpe-
JIOX)KEHHOTO B [56]
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Puc. 11. [TomepeuHoe cedeHne CTPYKTYPHI I CIIOCO0a
KOMIIOHOBKH He()OPMOBAHHBIX PaHO3ICKTPOHHBIX
KOMITOHEHTOB Ha MevaTHbIX matax ¢ MP [56]
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Puc. 12. [Tonepeunoe ceyeHUE CTPYKTYPHI s CIOCO0a BHYT-
PeHHEl KOMIIOHOBKH N€YaTHBIX 1At A ueneid ¢ MP [57]

B [58] mpemnoxken crnoco0 it pe3epBUPOBAHMS
IUIOCKUX KaleJsiei, riie MpPOBOIHHMKU pe3epBUPYEMOTO
ka0eJs pacroyiaraloTcsa Ha OfHOM YPOBHE B JUAJIEKTPU-
YEeCKOM CJIO€, a COOTBETCTBYIOIIME ONHOUMEHHBIC pe-
3€pBHBIC TPOBOJAHUKY — I10J] HAMH Ha JPYroM YypOBHE
(puc. 13). Db heKTUBHOCTD HCIONB30BAHUS ITUX CIIO-
cO0OB B MPUJIOKCHUSX CBSI3H M YIPABJICHUS OLICHEHA B
[59, 60].

IlaccuBHBIH ITaccuBHBIH
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Puc. 13. [lonepeuHoe cedeHue CTPYKTyphl
st crtocooa MP utockux kabeneit [58]

s TpexxparHoro MP mepBrIit criocob mpencTas-
neH B [61]. Ero ommiune ot criocoda u3 [55] coctour B
JI00AaBICHUM [IBYX PE3EPBHBIX IENEH IS yBEITHUCHHS
KpaTHOCTU pe3epBupoBanust (puc. 14). Ha omnoit I1I1
pacrionaraloTcs pesepBupyemas M OfHa pe3epBHas Iie-
M, @ Ha BTOPOIl — ocTanbHble Be. C ITOMOIIBIO 3TOTO
cnocoba ammumuryga CKW Moxer OBITH yMEHbBIICHA
B 4 pa3a.
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Puc. 14. [TonepeuHoe cedeHue CTPYKTYpbI Jst criocoba
TpExkpaTHOr0o MP B MHOTOCTIOHHBIX eYaTHBIX IIaTax [61]

B [62] mpemnoxkeH apyroil cmoco0 TpeXKpaTHOTO
MP nemu. Ero otnuuue ot crioco6a u3 [49] 3akimodaet-
Csl B TOM, YTO CUTHaJIbHbIC MPOBOJHHUKU Pa3/IEISIOTCS
Ha /IBa OJIMHAKOBBIX IPOBOJHUKA C MUHHUMAaJIbHBIM 3a-
30poM Mexay HuMH (puc. 15). Taxke npoBeneHs! cpas-
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HUTEIbHBIE HUCCICAOBAHMS II0 MCIOIL30BAHUIO HTUX
CIoco00B.
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Puc. 15. Tlonepeynoe ceyeHne CTPyKTypHI Al cocoda Tpex-
kpatHOoro MP nmpoBoZHUKOB NeyaTHOM IIaThl [62]

Hanpumep, B [63] aBTOpHI H0Ka3anu, 9TO € MMOMO-
mpio criocoba MP u3 [49] moxHO yBennmuuTh k03¢ ¢du-
LIMEHT OCJIa0IeHus IOMEeX0BOro curnana no 12 nb. Onu
TaK)Ke CPAaBHWIN PE3YNIbTATHI, MOJYYCHHBIC C TTIOMOIIIBIO
3TOrO crocoba u cnoco6os u3 [47, 55]. Ilpumenus MP
B O/oke mu(ppoBor 00paOOTKU CHTHAIOB aBTOHOMHOM
HaBUTAIlMOHHOW CHCTEMBbl KOCMHYECKOTO ammapara,
aBTOPBI YIYUIIHIN €70 TIOMEXO0YCTOHYUBOCTb.

B ommume ot [47, 57], B [64] npeanoxeHn npyroi
crocod MP, obGecrnieunBaronuii B3aNMHBIE PACIIOIOMKE-
HHE, KOMIIOHOBKY M TPacCHPOBKY pe3epBHPYeMOH H
PE3epBHOI AT C 3eMJIei B BHIE OTHACIBHBIX JBYX IIc-
YaTHBIX IPOBOIHUKOB B TUIJICKTPHUECKOM CIIOE, CKIICH-
BaloOIIEeM 3TU ATkl (puc. 16). 910 0b6JerdaeT u3roTos-
nenue 111 1 MOHTaX ee KOMIIOHEHTOB U CHHUXAET BOC-
MIPUAMYHUBOCTh PE3CPBUPYEMON LEMH K BHEIIHUM KOH-
JYKTUBHBIM 3MHUCCHSIM.

Kommonentr 1 KommoneHt 2
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Kommonenr 3~ KomnoHeHt 4
Puc. 16. [lonepeynoe ceueHne CTPyKTypHI A CIIOc00a KOM-

TTOHOBKH TICYATHBIX MTPOBOJHUKOB € TPEXKpAaTHEIM MP [64]

Kpome Ttoro, B [65] mpemnoxen apyroil cmoco0
MP. On ornuuaetcs ot [55] Tem, 4T0 B HEM Hpeajiara-
€TCsI MCTIONIB30BAaTh JOMOIHUTENbHBIE CUTHATIBHBIE CIION
TakuM 00pa3oM, 4TOOBI PE3EepBHBIC U pe3epBUpPYEMbIE
IIPOBOJHMKH OJTHHUX U T€X JKe IeMeil TpacCupoBauCh Ha
BHEUTHUX M BHYTPEHHUX CUTHAIBHBIX ciosx IIII, co-
€IMHCHHBIX OTBEepCTUSAME (pHc. 17). 3emils BBHITOTHEHA
B BUJE OTJEJIbHBIX CJIOEB, IIPU 3TOM pe3epBUpyeMasl U
pe3epBHas I1I1 n3rotoBneHsl U3 IBYyX IUAIEKTPUUECKUX
CIIOEB.

ITockonbky OHOWM W3 TIIaBHBIX ocoOeHHOCTeH MP
SIBIISIETCSL HAJIEKHOCTh, HEOOXOAMMO H3Y4YHTh A hek-
TuBHOCTHL MP U mocne otkazos. [ToaTomy B [66] nccie-
noBaHa ycTtoWunBocTh K BosneicTeuio CKU ms TIT ¢
OJIHOKpAaTHBIM M TpexkparHeiM MP mnocne oTka3oB B
BHJIE KOPOTKOTO 3aMBIKaHMS U XosocToro xona. [Ipose-
JICHHBI aHaJIM3 I0Ka3aj, 4YTO IpU OJHOKpaTHOM MP
ocliabJIeHue MoCie OTKa3za YMEHbIIHIOCh ¢ 2,3 mo 1,7
pasza. [Ina tpexxpatHoro MP BbISBIEHO, UTO HOCHE OT-
Ka3za NpearoYTUTEIbHEE NEPEKITIOYaThCs Ha LEMb, JJIEK-
TPOMAarHUTHAasl CBA3b KOTOPOU C pe3epBUPYEMON LEMbIO
MeHbIIE. JTO OOBSICHAETCS TEM, YTO OTKIOHCHHE aM-

IUTATYT Pa3jIOKECHHBIX UMITYJIbCOB B Cllydac OTKa3a Ha
KOHIIE OJTHOTO M3 PE3CPBHBIX MPOBOJIHUKOB OT aMILTUTY/I
JI0 OTKa3a MUHUMAJbHO. DTU U JPYyrue pe3yabTarhl Obl-
1 0OCYXKJCHbl M MOATBEPIKICHBI Ui OJHOKPATHOTO
MP B [67] HE TOTBKO BO BPEMEHHOH, HO M B YAaCTOTHOM
obmactu 1o 2 I'T B [68], a Takxke mo 18 I'Tx ¢ ucmons-
30BaHUEM KBAa3HUCTATHYCCKOTO U AIIEKTPOANHAMHUYECKO-
ro aHajM3a Ui CPaBHEHUS C Pe3yJbTaTaMu, MOJIy4eH-
HBIMH JKCIIEPUMEHTAIBHO B [69].
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Puc. 17. [lonepevHoe ceyeHUe CTPYKTYPBI JJIsI Criocoba
KOMITOHOBKHM MHOT'OCJIOMHOM MeYaTHOMU I1aTel ¢ MP
BHYTPEHHHUX (@) ¥ BHEIIHUX (6) CUTHAIBHBIX CJIOEB [65]

ITopsinok mepextoueHus Mocae OTKa30B I ABYX-
kparHoro MP o6cyxnancs B [70]. [TompoOHO mccemo-
BaJICS TIOPSIIOK MTEPEKITFOUSHIS MOCIe 0TKa3a IS TPeX-
kpatHoro MP Bo BpemeHHoil [71] u uactoTHOU [72]
obmactax. Ha ocHOBe 3THX HCCIIEIOBaHWH IOTYYCHBI
JIBa TIATCHTa Ha CITIOCOOBI MEPEKITIOYCHUS TIOCIIe OTKa3a
Jua ByxkpatHoro [73] (puc. 18) u tpexkparHoro [74]
(puc. 19) MP.
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Puc. 18. [TonepeuHoe ceyeHue CTPyKTYpbI J1st criocoba
HEPEKITF0YEHHUS [eTiel ¢ IByKpaTHbIM MP mocie oTkazos [73]
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Puc. 19. [TonepeuHoe cedeHne CTPyKTYpbI 1J1st criocoba mepe-
KITFOUEHHS 1etielt ¢ TpexkpaTtHeiM MP mocie oTka3oB [74]
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Bornee Toro, uccnenoBanue Mokasano, YTO BEPOST-
HOCTh OTKa3a PE3epBHOM Tpacchl MPHU HCIOIb30BAHUH
MP HmIXKE, 9eM y pe3epBupyeMoil. ITo OBLIO TOKa3aHO B
[75, 76] nns omHOKpaTHOTO M B [77] I TPEXKPaTHOTO
MP ¢ nmomomsto st N-vHOpMm [34], KOTOpBIE MCIIONB-
3yIOTCA Uil OLeHKH omacHoctH BosneiictBus CKU Ha
PaAno3IEKTPOHHBIE YCTPOMCTBA.

HN3mepuresbHOe 00opyaoBaHue

COOTBETCTBYIOIINE YPOBHU ITOMEXOAMHUCCUH U T10-
MEXOYCTOWYMBOCTH YCTAHaBIMBAIOTCA TPEOOBaHUSIMHU
o OMC paauosnekTpoHHON ammaparypbl. CTaHAapThl
Ha nomexosmuccuu, takue kak |IEC 61967-2 u IEC
62132-2, conepxat MHGOPMAIHIO O TOPSIKE U3IMEpe-
HUH 3TUX YpOBHEH, HEOOXOJMMBIX MPUOOpax U OCHACT-
ke. [lo atum crannapram TEM-kamepa sBiIsieTCS OIHUM
W3 YCTPOWCTB, MPUMEHAEMBIX TIPH TAaKUX BHIAX HCCIIe-
JOBaHUH.

Takue TEM-kamepbl Ha OCHOBE KOAKCHAJIbHOU JIN-
HUHU TIepefadd MPSMOYTOJIHHOTO CCUCHHS IMTHUPOKO HC-
MTOTB3YIOTCS JJI1 TECTHPOBAHUS HAa TIOMEXOOMHUCCHH H
MIOMEX0YCTONYUBOCTh MHTErpajbHBIX cXeM. Korma re-
Heparop MoJaeT CUI'HaJl C 3apaHee 3aJaHHBIMH XapaKTe-
PHCTHKAaMH Ha BXOJl TECTHPYEMOIO YCTPOMCTBA, pacmo-
JIOKEHHOTO B PErYJIAPHOM 4acTH KaMephbl, MorepedHast
9NIEKTPOMArHUTHAS BOJIHA PACIpPOCTPaHsETCs] BO BHYT-
PEHHEM TPOCTpPAaHCTBE KaMephbl, 00pa3ys OIHOPOTHOE
AIIEKTPOMAarHUTHOE TOJe. 3aTeM CHTHAI MOXET OBITh
MOIJIOIIEH COIVIACOBAaHHOM HArpy3koW, pacnojOXEeHHON
Ha MPOTHUBONOJIOXKHOW cTOpoHE Kamephl. IlepBas peso-
HaHcHas vactora TEM-kamepbl onpeaensieTcs: ee reo-
METPUYECKIMH TapaMeTpaMH, KOTOpPHIe, B CBOIO OuUe-
pellb, ONpeNeNsioT BEpXHIOW rpaHuIly pabodero jauana-
30Ha gactoT TEM-kameps! [78)]. Mcnone3ys Takue ka-
MEPBI, MOXKHO OLICHUTH YPOBCHb U3TYyYaCMBIX IMHUCCUN
taxoke oT IIIl, NoCKONIBKY OH NPONOPLMOHAIEH aMILIU-
TyadaM HalpsHKEHUSA Ha KOHIAX HCHTPAJIbHOTO IMPOBO/I-
HHUKa KaMephbl.

B TYCYPe pazpabotansl u co3uaHbl aBa jadopa-
TopHbIX MakeTa TEM-kamepbl, OTJIMYAIOMIKXCS Juana-
30HOM pabounx dyactoT. IlepBas kamepa, Ha3bIBaeMas
MHUHHATIOpHOW MuHH- T EM-kamepoi#i, paboraer 1o
51T [79]. Eé BeIcoTa cocTaBmsieT 31 MM, a aimHA pe-
rymsapHod wactu 104 MM, mmpuHa €€ LEHTPaJIbHOTO
npoBogHuka 40 MM, a ero toimmua 1 MM (puc. 20).
Btopasi, HaspiBaemas kiaccudeckoi Oomnprioii TEM-
kamepo#, paboraer no 2 I'Ty [80]. E€ BricoTa cocras-
nger 120 MM, a mHa peryaspHod wactu 140 mwm, mm-
puHa e€ meHTpanbHOro mpoBomHuka 106,2 MM, a ero
tomummHa 2 MM (puc. 21). Hccnenyemoe ycTpoiHcTBO
(3necy IIIT) mpu MCHONB30BAaHUM 3THX KaMep IOJDKHO
umeth pazmepsl 100x100 mm. Taxke skenaTeabHO, 4To-
651 3emu1s [1I1 ObIIa CrUTONIHAS M COEUHSIIACH C KOPITY-
COM KaMephl JUIsl COXpaHeHUs! ero nesoctHoct. U mo-
CKOJIBKY Ba)KHO OLIEHHTH M3Tydaemblie smuccun ot [1I1 ¢
MP u npu pa3HBIX KIMMAaTHYECKUX YCIOBHSX, TO HEOO-
XOJIMMO HCIIOJIB30BAHNE CIEIHATBHON KaMephl sl KOH-
TPOJISI TEMIIEPATYPHI.

B TYCVYPe B Takux IensfX HCIOJIB3YeTCS KIHMa-
THYecKas (WCTBITarenbHas) KaMepa TeIlla-XoJoaa
ESPEC SU-262, B KOTOpO#i MOMEIIAETCS TOIBKO MUHH-

artopHasi TEM-kamepa. IloaToMy npu HCIIOIb30BaHUM
TAaKUX M3MEPUTENILHBIX NMPUOOPOB AJISI MPOBENEHUS Ta-
KOTO THIA SKCIIEPUMEHTOB HEOOXOAWMO YUYHUTHIBAThH
MHOTO (haKTOPOB, TAKHX KaK TEPMOCTOHKOCTH HCIOJIb-
3yeMbIX MarepuanoB B mirotoBieHus III1, rudkocts u
reoMeTpust cTpykTypbl camoil IIII, koropas sBisercs
OCHOBHBIM DPacCMaTpPHBAaEMbIM (AKTOPOM B JaHHOH
pabore.

Puc. 20. JIaboparopHblii MakeT MEHHATIOpHOH TEM-KaMepsr
C OTKPBITOH (a) 1 3aKpHITOH (6) anepTypoit

Puc. 21. JlaboparopHsIii MakeT kiaccuueckoit TEM-kamepsl
C OTKPBITO (@) 1 3aKpBITO# (6) anepTypoit
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Bu160p cTpyKTYp [UIs1 HCCJIeI0BAHUS IMHUCCHIT

Jns  mpopaboOTKM BO3MOXKHOCTH — W3TOTOBJICHHS
Pa3IUYHBIX MaKETOB CTPYKTYp C OJHO-, OBYX- M TpPEX-
KpatHbIM MP 11 Oyaymux SKCIIEPUMEHTANIBHBIX HC-
CIIEIOBAaHUH C IIENBI0O OLECHKH YPOBHS H3IIy4aeMBIX
9MHCCHH B AWANa30HE YaCTOT, B TOM YHCIIE B YCIOBHAX
KPUTHYHBIX TEMIIepaTryp, paccMoTpuM crocodsr MP u
MIPOAHAIU3UPYEM BO3MOXHOCTh WX IPUMEHEHHS I
3TOU LEJIH.

Jns omHoxparHoro MP campiM mpocThIM 1O TeX-
HOJIOTHYHOCTH SBJICTCS MaKeT Mo crocoly [47]. Make-
THI TaKOTO THIA yX€ HCIIOJIb30BAIUCH ISl MOJOOHOTO
UcclieioBanus, Hampumep B pabore [81]. Cmocob w3
[48] HemHOTO CnOXKHEE, TaK Kak TpedyeTcs nobaBieHUe
TOHKOT'O CJIOSI JURJIEKTPUKA MEX Ay mpoBoaHukamHu [1I1.

B ommume ot makeToB uia crioco6oB u3 [47, 48],
H3TOTOBJICHUE MAaKETOB IS Crtoco0o0B m3 [49, 50] Moxer
3aTPYIHNUTH OIIEHKY YPOBHS M3JIy4acMBIX dMHCCHH, TakK
KaK HyXXHO OyzmeT m3MmepsaTh ero B TEM-kamepe ¢ mByx
cropod IIII, T.e. usmepsarp nBa paza. Ho, HecMoTps Ha
9TO, UCIOJIb30BaHHE TAKOTO CIIOCO0a IS BBHINOIHEHUS
1eJId paboThl 0CTAETCsT BO3MOXKHBIM. To e camoe Kaca-
€TCsl M3TOTOBJICHMA MakeTa sl cmocoba u3 [53], HO
3[IeCh PacTeT CIOKHOCTh M3TOTOBJICHHS M3-3a Tpaccu-
POBKH JBYX CHUTHAJBHBIX CJIOEB Ha MakeTe C MaJbIMU
pasmepamu (100100 MMm), a Takke U3-3a HEOOXOTUMO-
CTH MaTepHasoB C Pa3HbIMU 3HAYCHUAMH IUANIEKTpUYe-
cKkoil mpoHumaemocTtu. Tem Ooree 31ech OyneT yBenu-
YEHO BIMSHHE Ha XapaKTCPUCTHKH JIMHWH Iepenadn
N3MEHEHHS TUAICKTPUUECKON NMPOHHUIIAEMOCTH C M3Me-
HEHHEeM Temrepatrypsl. [lo3Tomy 31eck CIOXHO Oyner
OLIEHWUTH BKJIAJ W3MEHEHHMS TEIIOBBIX K03(duimeHTon
JIByX pa3HBIX MaTepualioB B YPOBEHb H3Iy4aeMbIX
3MUCCHUH.

Croco6sr u3 [49, 50, 54] Take yCIOXKHSIIOT 3a7a-
4y, MOCKOJBKY B HHX HET CIUIOIIHOM 3eMJIH, a 3TO
HapymaeT OJHOPOTHOCTH IMOJNS B KaMepe. MexIy TeMm
cnoco6 u3 [54] coequHsAeT CIOKHOCTH TPH HUCIIOJIB30-
BaHWU criocoOoB u3 [49, 53], Tem Oonee, 4TO OH
HarpaBieH Ha MP He TONBKO CHUTHAJILHBIX TPOBOIHU-
KOB, HO U MPOBOJHMKOB mnuTanus. [lostomy mcmons3o-
BaTh €ro B TAaKOM BHJE SKCIIEPUMEHTa Heresecoodpas-
HO. DTO e OTHOCUTCS K crmocoly m3 [50], mockomsky
OTCYTCTBHE OJJHOTO OIIOPHOTO IIPOBOJHHKA YCIIOXKHSET
HM3MEPEHUs] YPOBHS H3JIy4aeMBIX SMHCCHH B Kamepe C
IByx cropoH I1IT.

Croco6 u3 [51] He MOAXOAWUT ISl W3TOTOBIICHUS
MAaKETOB C TAaKOH LIEJIbIO, TaK KAaK ONOPHBIM MPOBOAHUK
HaXOAWTCS BHYTPH CJIOS JMAIEKTPHKA. DTO TarKke OT-
HOCHTCS M K criocobam m3 [55-57, 65], B xotopsix I1I1
9KpaHUPOBAHA C IByX CTOPOH.

B pesynbrare criocodsr u3 [48, 49, 53], HecMoTps
Ha CJIOKHOCTb M3TOTOBJICHHS MAaKeTOB Ul HHX, SIBJISI-
I0TCSI ONTUMAJIBHBIM BBEIOOPOM JUISl U3TOTOBJIEHUS MaKe-
TOB C LIEABI0 HMCCIEAOBAaHHUS M3IIy4aeMbIX SMHCCUH OT
IIIT ¢ ogHOKpaTHBIM MP.

Uro xacaercst MHOrokparHoro MP, To MoxHO cka-
3aTh, YTO BBIBOABI Ui criocoba [48] moaxomsaT Takxke K
crioco0y w3 [52]. 3mech YpOBEHb CIIOKHOCTH Jake
MEHBIIIE, TaK KaK JIErde MOKPHITh APYTUM JHIIEKTPHKOM

Bcto [III, yeM TONBKO 3a30p MEXAY IMPOBOJHUKAMHU.
AHAaJIOTHYHO BBIBOJBI MO criocobam u3 [49, 51] momxo-
IIIT TakKe K croco0y u3 [62, 64] cootBercTBeHHO. CI10-
c00 n3 [58] He MOIXOIUT AJIT U3TOTOBJICHUSI MAaKETOB C
LENTBI0 UCCIICAOBAHMS M3ITydaeMbIX AIMHUCCHI B Kamepe,
TaK KaK OH HaIpaBIIeH Ha pe3epPBUPOBAHNE CHUTHAIBHBIX
MIPOBOAHUKOB B TUTOCKUX KaOesaX.

Crioco6 u3 [61] Takke HE MOAXOAUT IS TaKOTO
THOA SKCICPUMEHTA IO NPUYUHAM, OTHOCSIIUMCS K
cnocobam u3 [55-57, 65]. Cnoco6sl u3 [73, 74] npen-
JIOKEHBI KaK CIIOCOOBI MEPEKITIOUCHHS IMOCIIC OTKAa30B,
MO3TOMY WX HCIOJIb30BAaHHE B TPCIBAPUTCIHLHBIX HUC-
CIIeZIOBAHMSX HelenecooOpasHo. Mexay TeM B Oymy-
IIEM MOXXHO OIICHHUTh YPOBCHb SMHCCHH MOCIE Mepe-
KITFOUSHMSI, UCTIONB3YS TOIBKO cIocod u3 [73], Tak Kak B
cnocobe w3 [74] TIII skpanmpoBana. B pesymsrare
MOXKHO CKa3aTh, YTO JJIS OIICHKH H3JIy4aeMBIX IMHUCCHUI
ot I ¢ nByXKpaTHBEIM H TpeXKpaTHEIM MP criocoOsr u3
[52, 62], COOTBETCTBEHHO, ONTUMAJILHBI JIJISI H3TOTOBJIC-
HUS MAaKETOB.

3akiouenue

MopanbHoe pesepsupoBanue (MP) mo cymiecTBy
HCHOJIB3YET I/136I)ITO‘-IHOCTI) IMMOJIOChI MPONYCKaHUA JIN-
HUW Nepefayu, Korna UX BEpXHss 4acToTa ropasio Bbl-
IIe BEpXHEH YacTOTHI CIEKTPa IOJIC3HOTO CHrHAJA.
Torma BBIIONMHSETCSA MpeoOpa3oBaHUE OXHOMMEHHBIX
OMUHOYHBIX JINHUM HECKOJNBKHX OIMHAKOBBIX IIEMEH C
pe3epBUPOBAHIEM 3a CUCT U3TOTOBJICHUS B SINHON KOH-
CTPYKIMH ¢ 00pa30BaHUEM WX ANIEKTPOMATHUTHOU CBS-
3U B CBS3aHHBIC (OIHOKPATHOE PE3CPBUPOBAHUE) WIIH
MHOTOIIPOBOHEIE (MHOTOKPAaTHOE pPe3epBUPOBAHME)
JIMHUU nepeaavu. HpI/I 9TOM BEPXHAA YaCTOTa MOJIOCHL
MPOMYCKaHUSI YMEHbILIAETCS 10 BEPXHEW 4acTOThI CIIEK-
Tpa TMONIE3HOT0 curHanma. Takum oOpa3om, mepemaqa
MOJIE3HOTO CUTHaNa He Hapymiaercs. OmHaKo y JIMHUK
nepeaauun MmosABIAOTCSA HOBBIC CBOﬁCTBa, KOTOPBIC MOXK-
HO HCIIOJIb30BATh JJIs OCJIA0ICHHSI TIOMEXOBBIX CUTHAJIOB.

Tak, Ha yacTOTaxX BBIIIE BEpXHEH 4aCTOTHI CHIEKTpa
MOJIC3HOTO CHTHAJIA TOSBISAIOTCS MUHIMYMBI B 9acTOT-
HOW 3aBHCHMOCTH Kod(¢urmenTa nepenadu. [Ipun koH-
JIYKTUBHOM BO3JICHICTBHH CBEPXIIMPOKOIIOIIOCHOTO HUM-
MyJTbCa OMACHOM aMIUIUTYIBI Ha BXOJ JIFOOOW W3 JIMHUMA
3TOT UMIIYJBC PA3jIaraeTcs Ha MMITYIbChl MEHBIICH am-
UTyasl. B pesynbrare KaxxIbplid NPOBOAHUK LENU C
pEe3epPBUPOBAHIEM COBMECTHO C €AMHBIM OTIOPHBIM MPO-
BOJHUKOM CTAHOBHUTCS IIOMEXO3alllUTHBIM (I)I/IJ'H)TpOM.
D10 gocTturaercs 0e3 BBEACHU KAaKUX-IMOO KOMITOHEH-
TOB, a JIMIIb KOHCTPYKTUBHO. Takue CTPYKTYphl B3aUM-
HBl WIK ONU3KA K HUM, YTO TIO3BOJIICT OCHAONATH HE
TOJBPKO BHEITHHE KOHAYKTHBHBIC BO3ICHCTBHS, HO U
MTOMEXOIMHICCHU OT KOMIIOHCHTOB PE3EPBHPYEMBIX IIe-
neit. Kpome Toro, MOryT yMEHBIIATHCS U H3ITy4acMbIC
SMHCCUU OT TaKUX JIMHHMA, IMO3BOJSAS OCIA0UTH Tpedo-
BaHUsI K SKPaHUPOBAHHUIO.

Bcé 310 KacaeTcs paboThI pe3epBUPYEMOH 1IN 10
0TKa3a, TaK YTO 3TH MPEUMYIIECTBA MOTYT HCIIOJB30-
BaThCsl JTOBOJILHO [IOJITO, MOKA pe3epBHpyeMasi LElb HE
BhIzIEeT U3 cTpos. [locie €€ oTkasa U NepeKnoUeHUs Ha
PE3EPBHYIO LIENb 3TU IIPEUMYILIECTBA MOI'YT HECKOJIBKO
U3MEHUTHCA, HO HE3HAYUTCIBHO MW TOJBKO B YYaCTKE
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LENH ¢ OTKa30M, TOrAa KaKk B OCTAJIbHBIX y4acTKax OHU
coxpassarcs. B ciaydae mHorokpatHoro MP Bo3MoxkeH
BEIOOp OoJiee MPEeATIOYTHTENEHOW pe3epBUPYIOMICH Iie-
I U3 OCTaBIIMXCS A HepexmrodeHus Ha Heé. Otme-
THM, 4TO IpHU OAHOKparTHOM MP ammiuTyna Bo3nei-
CTBYIOIIETO UMITYJIbCA MOXET YMEHBIIAThCA B 2 pasa, a
IIpU TPEXKPATHOM — B 4 pasa, 4TO JOCTHTAcTCs 33 CYET
3€pKaJIbHOM CUMMETPHUH 10 OAHOM M IBYM IIJIOCKOCTSIM
COOTBETCTBEHHO. JTO MONy4aeTcsl JAaxe HpU ciadoi
9NIEKTPOMArHUTHON CBA3H, TOTA KaK MPU CUIBHOH CBS-
34 9TH 3HAUEHHsI MOTYT YBEIUUUTHCS B HECKONBKO pas.
IIpu STOM yBenMUUBAEeTCI MU BPEMEHHOW HHTepBal
MEXJly UMIYJIbCAMH, YTO MPEISTCTBYET UX YaCTHUYHOMY
HaJIOXKEHHIO.

Takum ob6pa3oM, MP nmaer yHHKaTbHYIO BO3MOXK-
HOCTb HE TOJNBKO MOBBICHUTH HAJEKHOCTh KPUTHIHOH
PanvodIeKTPOHHON ammaparypsl 3a c4eT €€ pe3epBHBIX
Llereil, HO M HENpEepBIBHO OOEcIeYnBaTh 3a CYET HUX
(kak 1o, Tak W TMocie BeIxona ux u3 ctpos) OMC B ya-
CTH YMCHBILICHUS] KOHAYKTHBHBIX U M3ITy4aeMBIX IMHC-
cUil 3TOH ammaparypsl, a Takke OcCaOJieHHS BO3JCH-
cTBUH Ha Heé, 0COOCHHO MNpEJIHAMEPEHHBIX CBEPXKO-
POTKHUX HMITYJIbCOB, CO31aBACMbBIX 3JICKTPOMArHUTHBIM
OpYXHEM.

B xone maHHOW paboThI BBIOIHEH 0030p HCCIIENo-
BaHui no MP W mpoaHanu3upoBaHbl BCE MPENJIOKEH-
HBIE CIIOCOOBI Ha €ro OCHOBE. B pesynprare aHanm3a
BBIBJICHBI BO3MOJKHBIE BapHAHTHI M3TOTOBJICHHS MaKe-
ToB III1 ¢ MP 17151 sKcniepuMeEHTaNIBHBIX UCCIENOBAHUM
C IIETBI0 OIIEHKH YPOBHS H3JIy4aeMbIX SMHCCHH B AHa-
[Ia30HE YacTOT, B TOM YHCIE B YCIOBUSIX KPUTHYHBIX
TeMmmeparyp.

Pabota BBINMONIHEHA MpHU (PUHAHCOBOW MOIAEPIKKE
Poccuiickoro Hayunoro ¢onna (mpoekrst 19-19-00424,
https://rscf.ru/project/19-19-00424/, 0630p 1O omHO-
kparHomy MP u 20-19-00446, https://rscf.ru/project/20-
19-00446/, 0630p o muorokparaomy MP) B TYCVYPe.

Jlumepamypa

1. Trivedi K. Reliability and Availability Engineering:
Modeling,  Analysis, and  Applications/ K. Trivedi,
A. Bobbio. — Cambridge: Cambridge University Press, 2017. —
712 p. DOI: 10.1017/9781316163047.

2. Amari S.V. Redundancy optimization problem with
warm-standby redundancy. / S.V. Amari, G. Dill // San Jose,
CA: IEEE Proceedings - Annual Reliability and Maintaina-
bility Symposium (RAMS), 2010.- P.1-6. DOL:
10.1109/RAMS.2010.5448068.

3. Optimal Reliability Design: Fundamentals and Appli-
cations / S.V.W. Kuo, V.R. Prasad, F.A. Tillman, C.L. Hwang. —
Cambridge: Cambridge University Press, 2001. — 412 p.

4. Von Neumann J. Probabilistic logics and the synthesis
of reliable organisms from unreliable components // Prince-
ton. — Automata Studies: Princeton University Press, 1956. —
P. 43-98.

5. Chen D.M. Satellite engineering series: communica-
tions satellite payload technology. — China Astronautic Pub-
lishing House, 2001.

6. Coit D.W. Maximization of System Reliability with a
Choice of Redundancy Strategies / 1IE Transactions. — 2003. —
Vol. 35. — P. 535-543. — DOI: /10.1080/07408170304420.

7. Grida M. Repairable 3-out-of-4: Cold standby system
availability / M. Grida, A. Zaid, G. Kholief // Annual Reliabil-

ity and Maintainability Symposium (RAMS). — 2017. - P. 1-
6. DOI: 10.1109/RAM.2017.7889797.

8. Lobur M. Modelling of type | and Il errors of switch-
ing device for systems with hot and cold redundancy based on
two-terminal dynamic fault tree / M. Lobur, T. Stefanovych,
S. Shcherbovskykh // The 14th International Conference of
The Experience of Designing and Application of CAD Sys-
tems in Microelectronics (CADSM). - 2017.- P.19-21.
DOI: 10.1109/CADSM.2017.7916075.

9. Redundancy design of modular DC solid-state trans-
former based on reliability and efficiency evaluation/ Y. Li,
Y. Zhang, R. Cao, X. Liu, C. Lv, J. Liu// CPSS Transactions
on Power Electronics and Applications. — 2021. - \ol. 6,
No. 2. — P. 115-126. DOI: 10.24295/CPSSTPEA.2021.00010.

10. Design and optimization of an Integrated Reliability
redundancy system with multiple constraints / G. Sankaraiah,
Y. Raghunatha Reddy, C. Umasankar, B.D. Sarma // The 2nd
International Conference on Reliability, Safety and Hazard —
Risk-Based Technologies and Physics-of-Failure Methods
(ICRESH). - 2010.- P.118-122. DOI: 10.1109/ICRESH.
2010.5779527.

11. Pan D. Study on Optimization of System Reliability
Redundancy Based on Hybrid Intelligent Algorithm// The
International Conference on Environmental Science and In-
formation Application Technology. — 2009. — P. 560-563.
DOI: 10.1109/ESIAT.2009.426.

12. Boland P.J. Component redundancy vs system re-
dundancy in the hazard rate ordering/ P.J. Boland, E. El-
Neweihi // IEEE Transactions on Reliability. — 1995. — \ol. 44,
No. 4. —P. 614-619. DOI: 10.1109/24.475980.

13. Shcherbovskykh S. Modelling features of type | and
Il errors of switching device for system with double hot and
double cold redundancy based on two-terminal dynamic fault
tree / S. Shcherbovskykh, T. Stefanovych // The 14th Interna-
tional Conference on Advanced Trends in Radioelecrtronics,
Telecommunications and Computer Engineering (TCSET). —
2018. — P. 753-756. DOI: 10.1109/TCSET.2018.8336309.

14. Neves FGR. Comparison between Redundancy
Techniques for Real Time Applications/ F.G.R. Neves,
O. Saotome // The fifth International Conference on Infor-
mation Technology: New Generations (ITNG).— 2008. -
P. 1299-1300. DOI: 10.1109/ITNG.2008.229.

15. Peterson W. Error-Correcting Codes / W. Peterson,
E. Weldon. — Cambridge, MA: MIT Press, 1972. — 576 p.

16. Memristive Stateful Logic with N-Modular Redun-
dancy Error Correction Design towards High Reliability /
X. Zhu, H. Xu, H. Long, Q. Li, Z. Li, H. Liu, Y. Wang // The
5th IEEE Electron Devices Technology & Manufacturing
Conference (EDTM). — 2021. — P. 1-3. DOI: 10.1109/EDTM
50988.2021.9420918.

17. Logic Computing with Stateful Neural Networks of
Resistive Switches/ Z. Sun, E. Ambrosi, A. Bricalli, D. lel-
mini // Adv. Mater. — 2018. — Vol. 30, No. 38. — P. 1-8. DOI:
10.1002/adma.201802554.

18. A performance evaluation of the Intel iIAPX 432/
P. Hansen, M. Linton, R. Mayo, M. Murphy, D. Patterson //
SIGARCH Comput. Archit. News. — 1982. — \Vol. 10, No. 4. —
P. 17-26. DOI: 10.1145/641542.641545.

19. Namazi A. Gate-Level Redundancy: A New Design-
for-Reliability Paradigm for Nanotechnologies / A. Namazi,
M. Nourani // IEEE Transactions on Very Large-Scale Integra-
tion (VLSI) Systems. — 2010. - Vol. 18, No. 5. — P. 775-786.
DOI: 10.1109/TVLSI1.2009.2016206.

20. Xiong X. Research on Redundancy Solution of Satel-
lite Transponders Based on Reliability Analysis/ X. Xiong,
H.T. Zhao, T.B. Hu // The International Conference on Quali-
ty, Reliability, Risk, Maintenance, and Safety Engineering

Hoxnaoer TYCYP, 2022, mom 25, Ne 4



62

OJIEKTPOHUKA, PAJJTUOTEXHUKA U CBA3b

(QR2MSE). — 2019.— P.689-694. DOI: 10.1109/QR2MSE
46217.2019.9021237.

21. Sklaroff J.R. Redundancy Management Technique
for Space Shuttle Computers // IBM Journal of Research and
Development. — 1976.— \ol. 20, No.1.— P.20-28. DOI:
10.1147/rd.201.0020.

22. Xiao C. Reliability Research on Airborne Dual Re-
dundancy of Electrical Wiring Interconnection System/
C. Xiao, L.Deng// The 11th International Symposium on
Computational Intelligence and Design (ISCID). — 2018. —
P. 137-140. DOI: 10.1109/ISCID.2018.10132.

23. GPR-Based EMI Prediction for UAV's Dynamic
Datalink / D. Zhang, M. Zhao, E. Cheng, Y. Chen// IEEE
Transactions on Electromagnetic Compatibility. — 2021. -
Vol. 63, No. 1. — P. 19-29. DOI: 10.1109/TEMC.2020.3000919.

24. Rentschler M. Performance analysis of parallel re-
dundant WLAN / M. Rentschler, P. Laukemann // Proceedings
of 2012 IEEE 17th International Conference on Emerging
Technologies & Factory Automation (ETFA 2012). — 2012. —
P. 1-8. DOI: 10.1109/ETFA.2012.6489647.

25. Introduction to printed circuit board failures/
D. Slee, J. Stepan, W. Wei, J. Swart// IEEE Symposium on
Product Compliance Engineering. — 2009. - P.1-8. DOI:
10.1109/PSES.2009.5356012.

26. Heterogeneous Redundancy for PCB Track Failures:
An Automotive Example/ M.G Labib, D.G. Mahmoud,
G.1. Alkady, I. Adly, H.H. Amer, R.M. Daoud, H.M. ElSayed //
The 14th International Conference on Computer Engineering
and Systems (ICCES).- 2019.- P.189-194.— DOI:
10.1109/1ICCES48960.2019.9068123.

27. Chen H.C. Improvement of High-Current Density
PCB Design with PSU Load Balance and Redundancy on a
High End Server System/ H.C. Chen, Y.W. Bai // Canadian
Journal of Electrical and Computer Engineering. — 2014. —
\ol. 37, No. 4. — P. 203-211. DOI: 10.1109/CJECE.2014.2327091.

28. Functional safety standard's techniques and measures
in light of electromagnetic interference/ J.V.Waes,
J. Vankeirshilck, D. Pissoort, J. Boydens // XXV1 International
Scientific Conference Electronics (ET). — 2017. — P. 1-4. DOL:
10.1109/ET.2017.8124403.

29. Pissoort D. Why is the IEEE developing a standard
on managing risks due to EM disturbances? / D. Pissoort,
K. Armstrong // IEEE International Symposium on Electro-
magnetic Compatibility (EMC). - 2016. - P.78-83. DOI:
10.1109/ISEMC.2016.7571612.

30. Resilience of Error Correction Codes Against Harsh
Electromagnetic Disturbances: Fault Mechanisms / J.V. Waes,
D. Vanoost,  J. Vankeirshilck,  J. Lannoo,  D. Pissoort,
J. Boydens // IEEE Transactions on Electromagnetic Compati-
bility. — 2020.- \ol. 62, No.4.— P.1017-1027. DOI:
10.1109/TEMC.2019.2931369.

31. Luo S. A review of distributed power systems. Part
1. High frequency AC distributed power systems/ S. Luo,
I. Batarseh // IEEE Aerospace and Electronic Systems Maga-
zine.— 2006.— \ol.21, No.6.— P.5-14. DOI:
10.1109/MAES.2006.1662037.

32. Techniques and measures to achieve EMI resilience
in mission- or safety-critical systems/ D. Pissoort, J. Lannoo,
J.V. Waes, A. Degraeve, J. Boydens // IEEE Electromagnetic
Compatibility Magazine. — 2017. — Vol. 6, No.4.- P. 107-
114. DOI: 10.1109/MEMC.0.8272297.

33. Study on the use of different transmission line termi-
nation strategies to obtain EMI-diverse redundant systems/
J. Lannoo, A. Degraeve, D. Vanoost, J. Boydens, D. Pissoort //
IEEE International Symposium on Electromagnetic Compati-
bility and 2018 IEEE Asia-Pacific Symposium on Electro-
magnetic Compatibility (EMC/APEMC). — 2018. - P. 210-
215. DOI: 10.1109/ISEMC.2018.8393768.

34. Study and Classification of Potential IEMI Sources /
N. Mora, F. Vega, G. Lugrin, F. Rachidi, M. Rubinstein // Sys-
tem Design and Assessment Notes. — 2014, — P. 1-43.

35. Gazizov T.R. New approach to EMC protection /
T.R. Gazizov, A.M. Zabolotsky // The 18th International Zu-
rich Symposium on Electromagnetic Compatibility. — 2007. —
P. 273-276. DOI: 10.1109/EMCZUR.2007.4388248.

36. Orlov P.E. Contactless Modal Phenomena Based Ap-
proach to Detecting, Identifying, and Diagnosing of Electrical
Connections/ P.E. Orlov, T.R. Gazizov// Complexity. —
2018. — Vol. 2018. — P. 5081684. DOI: 10.1155/2018/5081684.

37. Quasistatic simulation of ultrashort pulse propagation
in the spacecraft autonomous navigation system circuit with
modal reservation / P.E. Orloyv, A.V. Medvedev,
V.R. Sharafutdinov, |.F. Kalimulin// International Multi-
Conference on Engineering, Computer and Information Sci-
ences (SIBIRCON).- 2017.— P.495-500. DOI: 10.1109/
SIBIRCON.2017.8109935.

38. Orlov P.E. Quasistatic Simulation of Ultrashort Pulse
Propagation in the Spacecraft Autonomous Navigation System
Power Circuit with Modal Reservation/ P.E. Orloy,
A.V. Medvedev, V.R. Sharafutdinov // The 19th International
Conference of Young Specialists on Micro/Nanotechnologies
and Electron Devices (EDM).— 2018.— P.1-6. DOL:
10.1109/EDM.2018.8435026.

39. Method of lay-out of a multilayer PCB for circuits
with  triple  reservation/ P.E.Orlov, E.N. Buichkin,
A.O. Belousov, T.R. Gazizov // International Siberian Confer-
ence on Control and Communications (SIBCON). — 2017. —
P. 1-4. DOI: 10.1109/SIBCON.2017.7998528.

40. From Symmetry to Asymmetry: The Use of Addi-
tional Pulses to Improve Protection against Ultrashort Pulses
Based on Modal Filtration / A.O. Belousov, E.B. Chernikova,
M.A. Samoylichenko, A.V. Medvedev, A.V. Nosov, T.R. Gazi-
zov, A.M. Zabolotsky // Symmetry. — 2020. — Vol. 12, No. 7. —
P. 1117. DOI: 10.3390/sym12071117.

41. Orlov P.E. Quasistatic and electromagnetic simula-
tion of interconnects of printed circuit boards with modal res-
ervation / P.E. Orlov, E.N. Buichkin // The 18th International
Conference of Young Specialists on Micro/Nanotechnologies
and Electron Devices (EDM).— 2017.- P.54-58. DOI:
10.1109/EDM.2017.7981707.

42. Optimization of stack parameters of multi-layer PCB
for circuits with redundancy by genetic algorithm / P.E. Orlov,
T.R. Gazizov, V.R. Sharafutdinov, I.F. Kalimulin// Interna-
tional Multi-Conference on Engineering, Computer and In-
formation Sciences (SIBIRCON). — 2017. — P. 463-467. DOI:
10.1109/SIBIRCON.2017.8109928.

43. Hasan A.A. Approach to Estimation of Radiated
Emission from Circuits with Modal Reservation / A.A. Hasan,
A.A. Kvasnikov, T.R. Gazizov // The 21st International Con-
ference of Young Specialists on Micro/Nanotechnologies and
Electron Devices (EDM).- 2020.- P.169-173. DOI:
10.1109/EDM49804.2020.9153498.

44. Hasan A.A. Estimation of the Radiated Emission
from a Single and Coupled Wires with Insulation above the
Ground Plane / A.A. Hasan, T.R. Gazizov // IEEE 22nd Inter-
national Conference of Young Professionals in Electron De-
vices and Materials (EDM).— 2021. - P.149-152. DOI:
10.1109/EDM52169.2021.9507613.

45. Hasan A.A. Estimation of radiated emissions from a
structure with a single modal reservation/ A.A. Hasan,
Y.S. Zhechev, T.R. Gazizov // Journal of Physics: Conference
Series. — 2021.- \ol. 1862, No.l1l. 012003. DOI:
10.1088/1742-6596/1862/1/012003.

46. Hasan A.A. Comparing the Estimates of the Radiated
Emission from a Structure with Modal Reservation by Two

Hoxnaoer TYCYP, 2022, mom 25, Ne 4



A. Anxaooc Xacan, T.P. I'azuz06. Ob30p ucciedosanuti no MoOAIbHOMY pe3epeupo8aHuIo 63

Approaches / A.A. Hasan, T.R. Gazizov // IEEE 22nd Interna-
tional Conference of Young Professionals in Electron Devices
and Materials (EDM). - 2021. - P.145-148. DOI:
10.1109/EDM52169.2021.9507636.

47. Iat. 2 603 850 Pd, MIIK H 04 B 15/02. Croco6
TPACCHPOBKH NEYATHBIX NPOBOIHUKOB IIETICH C pe3epBHPOBa-
umuem / T.P. l'asusos, [1.E. Opnos, B.P. lllapadyrauHoB u ap. —
2 015 129 253 / 07; 3asBxn. 16.07.15; omy6n. 10.12.2016, bron.
Ne34.—7c.

48. Tlar. 2 603 851 P®, MIIK H 04 B 15/00. Cnocob
TPACCUPOBKM MEYATHBIX MPOBOAHUKOB C JOMOIHUTENBHBIM
JMIIEKTPUKOM JuTsl Tieneit ¢ pesepBupoBanueM / T.P. 'a3uzos,
I1.E. Opuos, B.P. Illapadyraunos u ap. — 2 015 129 263 / 07;
3asBi. 16.07.15; omy6mn. 10.12.2016, brom. Ne 34. — 8 c.

49. Tar. 2 603 843 Pd, MIIK H 04 B 15/02. Criocob pe-
3epBupoBaHus s nedarHbix wiat / T.P. [asusos, [1.E. Opios,
B.P. lllapadgyrtaunoB u ap.— 2 015 137 547 / 07; 3asBi.
02.09.15; omy6u. 10.12.2016, Bron. Ne 34. — 8 c.

50. ITar. 2 762 336 P®, MIIK H 05 K 3/00, H 04 B
15/02. Ciocob TpacCHpOBKH ABYXCTOPOHHEH MEYaTHOH IIaThI
Ul meneit ¢ MopmaynbHEIM pe3epBupoBanueM / T.P. ['a3uzos,
M. Camotinnyenko. — 2 021 105 511; 3asen. 04.03.21; omyom.
20.12.2021, Brom. Ne 35. -7 c.

51. Mar. 2 732 607 P®, MIIK H 04 B 15/00, H 01 P
11/00. Cioco® OIHOKPAaTHOTO MOIAJIBHOTO PE3ePBHPOBAHUS
mexcoenuHenuii / T.P. ['azuzoB, A.O. benoycos, E. YepHuxko-
Ba. — 2 019 140 187; 3asBn. 09.12.19; ony6u. 25.09.2020, Bromn.
Ne27.-7c.

52. Tar. 2 752 232 P®, MIIK H 04 B 15/02, H 01 P 11/00.
Crioco0 TpacCHpOBKH IEYaTHBIX IPOBOJHHUKOB C JIOTOJIHH-
TEJIBHBIM JIMJICKTPUKOM JUIS Ieniel ¢ IBYKPAaTHBIM Pe3epBH-
posanueM / T.P. ['a3m3oB, A.B. Mensenes. — 2 019 140 181;
3asBi. 19.12.19; ony6m. 23.07.2021, Brom. Ne 16. — 7 c.

53. Iar. 2 752 233 PO, MIIK H 04 B 15/02. Cnioco6
TPACCHPOBKH TI€UaTHBIX NPOBOJHUKOB Ha IBYCIOWHOI medar-
HOW mmare i ueneil ¢ pesepsupoBanueM / T.P. ['a3uzos,
A.B. Mengenes. — 2 020 122 274; 3asen. 06.07.20; omyo0m.
23.07.2021, Brom. Ne 21. — 8 c.

54. Tat. 2 779 536 P®, MIIK H 04 B 15/02. Crioco6
TPAaCCHPOBKH TI€UaTHBIX MPOBOJHUKOB IETIeH IMHUTAaHUS C pe-
3epBupoBanueM / T.P. ['a3u3oB, A.B. Mensenes u ap. — 2 021
115 972; 3asBn. 03.06.21; omy6n. 08.09.2022, Brom. Ne 25. —
6 c.

55. ITar. 2 614 156 P®, MIIK H 04 B 15/02, H 03 H
3/00, H 05 K 3/36. Ctoco6 KOMITOHOBKH MEYaTHBIX ILIaT JUTs
uereit ¢ pesepsupoBanuem / T.P.T'azuzos, II.E. Oprnos,
B.P. lllapadytaunos u ap. — 2 015 137 532; 3assn. 02.09.15;
omy6ut. 06.03.2017, bron. Ne 7. — 10 c.

56. ITat. 2 693 838 P®, MIIK H 04 B 15/02. Crioco6
KOMITOHOBKH HE(OPMOBAHHBIX PaJHOTEKTPOHHBIX KOMIIO-
HEHTOB Ha MEYaTHHIX IUIaTax Juis Lenei ¢ pesepBupoBanuem /
T.P. I'a3mzos, IL.E. Opnos, B.P. lllapadgyraunos. — 2 018 124
928; 3asB1. 06.07.18; omy6ut. 05.07.2019, Bronm. Ne 19. — 12 c.

57. ar. 2 624 637 P®, MIIK H 04 B 15/02, H 03 H 3/00,
H 05 K 3/36. Crioco6 BHyTpeHHEHl KOMIIOHOBKH MEYaTHBIX
wiar 1y ueneit ¢ pesepsuposanuem / T.P. ['azuzos, I1LE. Opros,
B.P. llapadyraunos u ap. — 2 015 137 548; 3assn. 02.09.15;
omry6m. 05.07.2017, brom. Ne 19. — 10 c.

58. Iar. 2 603 848 P, MIIK H 04 B 15/02. Criocob pe-
3epBupoBaHus miIockux kabeneit / T.P. I'asmuzos, IL.E. Opnos,
B.P. HlapadyrmHoB u ap. — 2 015 156 667 / 07; 3assmn. 28.12.15;
omy6:1. 10.12.2016, bron. Ne 34. — 6 c.

59. Orlov P.E. Evaluation of efficiency of modal filtra-
tion in different types of redundant electrical connections /
P.E. Orlov, T.R. Gazizov, E.N. Buichkin // International Sibe-
rian Conference on Control and Communications (SIBCON). —
2016. —P. 1-3. DOI: 10.1109/SIBCON.2016.7491786.

60. Orlov P.E. Method of lay-out of multilayer PCBs for
circuits with redundancy / P.E. Orlov, E.N. Buichkin, T.T. Gazi-
zov /[ The 17th International Conference of Young Specialists
on Micro/Nanotechnologies and Electron Devices (EDM). —
2016. — P. 155-158. DOI: 10.1109/EDM.2016.7538715.

61. IMar. 2 663 230 Pd, MIIK H 04 B 15/02. Crioco6
TPEXKPATHOTO PE3CPBUPOBAHUA ueneﬁ B MHOTOCJIOMHEIX ITe-
yargpix 1watax/ T.P.Tasmsos, ILE.Opnos, B.P. lapadyt-
mHOB. — 2 017 113 045; 3asBn. 14.04.17; omy6n. 02.08.2018,
Bron. Ne 22. — 8 c.

62. Ilar. 2 738 955 P®, MIIK H 04 B 15/02. Crioco6
TPEXKPATHOTO pe3epBHUpoBaHMs MexcoenuHeHni / T.P. ['a3mzoB,
A.B. Mengenes, B.P. lllapapyrauaos. — 2 019 138 502; 3ase.
27.11.19; omy6n. 21.12.2020, bron. Ne 36. — 8 c.

63. Methods for increasing noise immunity of radio elec-
tronic systems with redundancy / P.E. Orlov, A.V. Medvedev,
V.R. Sharafutdinov, T.R. Gazizov, A.V. Ubaichin // Journal of
Physics: Conference Series. — 2018. - \ol. 1015, No.5. -
P. 052022. DOI: 10.1088/1742-6596/1015/5/052022.

64. Tar. 2 751 672 P®, MIIK H 04 B 15/02, H 01 P 11/00.
Cnoco0 KOMITOHOBKHM II€YaTHBIX MNPOBOAHUKOB JJIsA ueneﬁ C
MojanbHbIM pe3epBupoBanueM / T.P. 'aszuzos, E.C. Xeues,
A.O. beroycoB u ap.— 2 020 126 549; 3assn. 10.08.20;
omy6u. 15.07.2021, brom. Ne 20. — 9 c.

65. ITar. 2 754 078 P®, MIIK H 04 B 15/02, H 05 K
3/00. Croco0 KOMIIOHOBKM MHOTOCIOMHBIX IMEYaTHBIX ILIAT
s uerneit ¢ pezepupoBanuem / T.P. I'azuzos, A.B. Mensenes
u ap. — 2 020 122 293; zasen. 06.07.20; omy6m. 26.08.2021,
bron. Ne 24. — 7 c.

66. Sharafutdinov V.R. Using Modal Reservation for Ul-
trashort Pulse Attenuation After Failure / V.R. Sharafutdinov,
A.V. Medvedev // International Multi-Conference on Engi-
neering, Computer and Information Sciences (SIBIRCON). —
2019. — P. 0293-0296. DOI: 10.1109/SIBIRCON48586.2019.
8958018.

67. Medvedev A.V. Evaluating modal reservation effi-
ciency before and after failure / A.V. Medvedev, T.R. Gazizov,
Y.S. Zhechev // Journal of Physics: Conference Series. —
2020. - \Vol. 1488, No.1.— P. 012015. DOI: 10.1088/1742-
6596/1488/1/012015.

68. Medvedev A.V. Analysis of frequency characteristics
of a structure with single modal reservation before and after
failure / A.V. Medvedev, Y.S. Zhechev // Journal of Physics:
Conference Series. — 2020. — \Vol. 862, No.2.— P. 022037.
DOI: 10.1088/1757-899x/862/2/022037.

69. Medvedev A.V. Experimental Study of a Structure
With Single Modal Reservation Before and After Failure /
A.V. Medvedev, Y.S. Zhechev, T.R. Gazizov // IEEE Transac-
tions on Electromagnetic Compatibility. — 2022. — \ol. 64,
No. 4. —P. 1171-1181. DOI: 10.1109/TEMC.2022.3171770.

70. Medvedev A.V. Studying the switching order for a
three-wire structure with modal reservation after failures. —
Journal of Physics: Conference Series. — 2020. — \ol. 919,
No. 5. — P. 052022. DOI: 10.1088/1757-899x/919/5/052022.

71. Medvedev A.V. Studying the circuit switching order
after failures for a shielded structure with triple modal reserva-
tion/ A.V. Medvedev, T.R. Gazizov// Ural Symposium on
Biomedical Engineering, Radioelectronics and Information
Technology (USBEREIT). — 2021.- P.0427-0430. DOI:
10.1109/USBEREIT51232.2021.9455028.

72. Switching Order after Failures in Symmetric Protec-
tive Electrical Circuits with Triple Modal Reservation /
A.O. Belousov, A.V. Medvedev, E.B. Chernikova, T.R. Gazi-
zov, A.M. Zabolotsky // Symmetry. — 2021. — Vol. 13, No. 6. —
P. 1074. DOI: 10.3390/sym13061074.

73. Ilar. 2 770 516 Pd, MIIK H 04 B 15/02. Crioco0 mie-
PEKIIIOYCHUA ueneﬁ C IBYKpPATHBIM PE3€PBUPOBAHUEM IIOCIIC

Hoxnaoer TYCYP, 2022, mom 25, Ne 4



64

OJIEKTPOHUKA, PAJJTUOTEXHUKA U CBA3b

orka3oB / T.P.Tasuzos, A.B. Mensenes.— 2 021 115 974,
sasBit. 03.06.21; omy6u. 18.04.2022, Brom. Ne 11. — 7 c.

74. ar. 2 767 190 P®, MIIK H 02 H 3/05. Crioco6 me-
PEKIIIOUCHUSL uer{eﬁ C TPEXKpATHBIM PE3CPBUPOBAHUEM IMOCIE
otkazoB / T.P. I'azuzoB, A.B. Mensenes u ap. — 2 021 116 338;
3asei. 07.06.21; omy6n. 16.03.2022, brom. Ne 8. — 7 c.

75. Using N-norms for analysing a device with a single
modal reservation/ Y.S. Zhechev, A.V. Zhecheva, A.V. Med-
vedev, T.R. Gazizov// Journal of Physics: Conference Se-
ries. — 2020. — Vol. 1611, No. 1. — P. 012065. DOI: 10.1088/
1742-6596/1862/1/012003.

76. Gazizov R.R. Using Portraits of N-Norms for Large-
Scale Investigation of Circuits with Modal Reservation/
R.R. Gazizov, A.V. Medvedev, T.R. Gazizov// Dynamics of
Systems, Mechanisms and Machines (Dynamics). — 2021. —
P. 1-4. DOI: 10.1109/Dynamics52735.2021.9653464.

77. Using N-norms for analyzing symmetric protective
electrical circuits with triple modal reservation / Y.S. Zhechey,
A.V. Zhecheva, A.A. Kvasnikov, A.M. Zabolotsky // Sym-
metry. — 2021. — Vol. 13, No. 12. — P. 2390. DOI: 10.3390/sym
13122390.

78. Demakov A.V. Improved TEM-cell for EMC tests of
integrated circuits / A.V. Demakov, M.E. Komnatnov // IEEE
International Multi-Conference on Engineering, Computer and
Information Sciences (SIBIRCON).— 2017.- P.399-402.
DOI: 10.1109/SIBIRCON.2017.8109915.

79. Mar. 2 727 075 PO, MIIK H 01 P 1/00. TEM-kamepa
JJI1I OLICHKH IIOMEXOOMHCCHUU U HOMSXOyCTOfI‘{HBOCTH HUHTC-
rpaneubix cxem / T.P. T'a3uzos, A.B. Jlemakos, M.E. Komuar-
HOB. — 2 019 140 183; 3asBnm. 09.12.19; omy6n. 17.07.2020,
Broi. Ne 20. — 12 c.

80. Ilar. 2 606 173 P®, MIIK H 01 P 1/00. TEM-
Kamepa / T.P. Ta3uzoB, M.E. Komuaruos. — 2 015 156 668;
3asBi. 28.12.15; omy6:1. 10.01.2017, Brom. Ne 1. — 15 c.

81. Hasan A.A. Frequency Characteristics of PCB with
Modal Reservation before and after Failure Using TALGAT /
A.A. Hasan, T.R. Gazizov // IEEE 23rd International Confer-
ence of Young Professionals in Electron Devices and Materials
(EDM). — 2022. - P.140-146. DOI: 10.1109/EDM55285.
2022.9855089.

Auxamk Xacan AqTHaH

AcnupanT kad. Tenesuaenus u ynpasierus (TY)
ToMckoro rocy1apCTBEHHOTO YHHBEPCUTETA

CUCTeM yrpasiieHHs U panuodnekTporuku (TYCVYP)
Jlennna nip-T, 40, . Tomck, Poccus, 634050
ORCID: 0000-0001-7403-7023

Temn.: +7-996-957-97-63

On. moura: alhaj.hasan.adnan@yandex.ru

I'a3n3oB Tanbrar PammroBuy

I-p Texn. Hayk kad. TY TYCVYPa

Jlennna mip-1, 40, r. Tomck, Poccuns, 634050
ORCID: 0000-0002-1192-4853

Ten.: +7-913-826-07-24

Oun. moyra: talgat@tu.tusur.ru

Alhaj Hasan A., Gazizov T.R.
A review of studies on modal reservation

A growing number and increasing complexity of radioelec-
tronic devices leads to the need to protect them from interfer-
ence and enhance their reliability. There are many methods to
ensure this, and they differ in capability, efficiency, and ease

of implementation. Among these methods, a modal reservation
(MR) is one of the most effective, reliable, and uncomplicated
methods currently in use. Using this method in PCB tracing
and assembling ensures both electromagnetic compatibility
and reliability of the final electronic device. Much research
has been performed on the study and development of MR,
including 18 patents for inventions. However, there is still no
a complete and extensive review of this method in order to
perform research based on it. Therefore, this article presents a
review of history and recent research on MR to identify the
possibility of making various prototypes of MR-based struc-
tures. These structures could be used for experimental studies
to estimate the level of radiated emissions in the frequency
range, including the situations when the temperatures are ex-
treme. In the conclusion, the main advantages of MR are
summarized for the first time.

Keywords: redundancy, modal reservation, modal filtering,
electromagnetic compatibility, electromagnetic interference,
radiated emissions, transmission lines, printed circuit board.
DOI: 10.21293/1818-0442-2022-25-4-54-67

References

1. Trivedi K., Bobbio A. Reliability and Availability En-
gineering: Modeling, Analysis, and Applications. Cambridge.
Cambridge  University  Press, 2017. 712p. DOL:
10.1017/9781316163047.

2. Amari S.V., Dill G. Redundancy optimization problem
with warm-standby redundancy. Annual Reliability and Main-
tainability Symposium (RAMS), 2010, pp.1-6. DOI:
10.1109/RAMS.2010.5448068.

3. Kuo S.V.W.,, Prasad V.R,, Tillman F.A., Hwang C.L.
Optimal Reliability Design: Fundamentals and Applications.
Cambridge. Cambridge University Press, 2001, 412 p.

4. Von Neumann J. Probabilistic logics and the synthesis
of reliable organisms from unreliable components. Automata
Studies, Princeton University Press, 1956, pp. 43-98.

5. Chen D.M. Satellite engineering series: communica-
tions satellite payload technology. China Astronautic Publish-
ing House, 2001.

6. Coit D.W. Maximization of System Reliability with a
Choice of Redundancy Strategies. IIE Transactions, 2003,
vol. 35, pp 535-543. DOI: /10.1080/07408170304420.

7. Grida M., Zaid A., Kholief G. Repairable 3-out-of-4:
Cold standby system availability. Annual Reliability and
Maintainability Symposium (RAMS), 2017, pp.1-6. DOI:
10.1109/RAM.2017.7889797.

8. Lobur M., Stefanovych T., Shcherbovskykh S. Model-
ling of type | and Il errors of switching device for systems
with hot and cold redundancy based on two-terminal dynamic
fault tree. The 14th International Conference of The Experi-
ence of Designing and Application of CAD Systems in Microe-
lectronics (CADSM), 2017, pp.19-21. DOI: 10.1109/
CADSM.2017.7916075.

9.Li Y, Zhang Y., Cao R,, Liu X,, Lv C., Liu J. Redun-
dancy design of modular DC solid-state transformer based on
reliability and efficiency evaluation. CPSS Transactions on
Power Electronics and Applications, 2021, vol.6, no.2,
pp. 115-126. DOI: 10.24295/CPSSTPEA.2021.00010.

10. Sankaraiah G., Raghunatha Reddy Y., Umasankar C.,
Sarma B. D. Design and optimization of an Integrated Relia-
bility redundancy system with multiple constraints. The 2nd
International Conference on Reliability, Safety and Hazard -
Risk-Based Technologies and Physics-of-Failure Methods
(ICRESH), 2010, pp. 118-122. DOI: 10.1109/ICRESH.2010.
5779527.

11. Pan D. Study on Optimization of System Reliability
Redundancy Based on Hybrid Intelligent Algorithm. The In-

Hoxnaoer TYCYP, 2022, mom 25, Ne 4



A. Anxaooc Xacan, T.P. I'azuz06. Ob30p ucciedosanuti no MoOAIbHOMY pe3epeupo8aHuIo 65

ternational Conference on Environmental Science and Infor-
mation Application Technology, 2009, pp.560-563. DOI:
10.1109/ESIAT.2009.426.

12. Boland P.J., EI-Neweihi E. Component redundancy
vs system redundancy in the hazard rate ordering. IEEE
Transactions on Reliability, 1995, vol. 44, no. 4, pp. 614-619.
DOI: 10.1109/24.475980.

13. Shcherbovskykh S., Stefanovych T. Modelling fea-
tures of type | and Il errors of switching device for system
with double hot and double cold redundancy based on two-
terminal dynamic fault tree. The 14th International Confer-
ence on Advanced Trends in Radioelecrtronics, Telecommuni-
cations and Computer Engineering (TCSET), 2018, pp. 753—
756. DOI: 10.1109/TCSET.2018.8336309.

14. Neves F.GR., Saotome O. Comparison between Re-
dundancy Techniques for Real Time Applications. The fifth
International Conference on Information Technology: New
Generations  (ITNG), 2008, pp.1299-1300. DOI:
10.1109/1TNG.2008.229.

15. Peterson W., Weldon E. Error-Correcting Codes.
Cambridge, MA: MIT Press, 1972, 576 p.

16. Zhu X. et al. Memristive Stateful Logic with N-
Modular Redundancy Error Correction Design towards High
Reliability. The 5th IEEE Electron Devices Technology &
Manufacturing Conference (EDTM), 2021, pp. 1-3. DOI:
10.1109/EDTM50988.2021.9420918.

17. Sun Z., Ambrosi E., Bricalli A., lelmini D. Logic
Computing with Stateful Neural Networks of Resistive
Switches. Advanced Materials, 2018, vol. 30, no. 38, pp. 1-8.
DOI: 10.1002/adma.201802554.

18. Hansen P., Linton M., Mayo R., Murphy M., Patter-
son D. A performance evaluation of the Intel IAPX 432.
SIGARCH Computer Architecture News, 1982, vol. 10, no. 4,
pp. 17-26. DOI: 10.1145/641542.641545.

19. Namazi A., Nourani M. Gate-Level Redundancy: A
New Design-for-Reliability Paradigm for Nanotechnologies.
IEEE Transactions on Very Large-Scale Integration (VLSI)
Systems, 2010, wvol.18, no.5, pp.775-786. DOI:
10.1109/TVLSI.2009.2016206.

20. Xiong X., Zhao H.T., Hu T.B. Research on Redun-
dancy Solution of Satellite Transponders Based on Reliability
Analysis. The International Conference on Quality, Reliability,
Risk, Maintenance, and Safety Engineering (QR2MSE), 2019,
pp. 689-694. DOI: 10.1109/QR2MSE46217.2019.9021237.

21. Sklaroff J.R. Redundancy Management Technique
for Space Shuttle Computers. IBM Journal of Research and
Development, 1976, wvol.20, no.1, pp.20-28. DOI:
10.1147/rd.201.0020.

22. Xiao C., Deng L. Reliability Research on Airborne
Dual Redundancy of Electrical Wiring Interconnection Sys-
tem. The 11th International Symposium on Computational
Intelligence and Design (ISCID), 2018, pp. 137-140. DOI:
10.1109/1SCID.2018.10132.

23. Zhang D., Zhao M., Cheng E., Chen Y. GPR-Based
EMI Prediction for UAV's Dynamic Datalink. IEEE Transac-
tions on Electromagnetic Compatibility, 2021, vol. 63, no. 1,
pp. 19-29. DOI: 10.1109/TEMC.2020.3000919.

24. Rentschler M., Laukemann P. Performance analysis
of parallel redundant WLAN. Proceedings of 2012 IEEE 17th
International Conference on Emerging Technologies & Facto-
ry Automation (ETFA 2012), 2012, pp.1-8. DOI: 10.1109/
ETFA.2012.6489647.

25. Slee D., Stepan J., Wei W., Swart J. Introduction to
printed circuit board failures. IEEE Symposium on Product
Compliance Engineering, 2009, pp. 1-8. DOI: 10.1109/PSES.
2009.5356012.

26. Labib M.G, et al. Heterogeneous Redundancy for
PCB Track Failures: An Automotive Example. The 14th Inter-
national Conference on Computer Engineering and Systems
(ICCES), 2019, pp.189-194. DOI: 10.1109/ICCES48960.
2019.9068123.

27. Chen H.C., Bai Y.W. Improvement of High-Current
Density PCB Design with PSU Load Balance and Redundancy
on a High-End Server System. Canadian Journal of Electrical
and Computer Engineering, 2014, vol. 37, no. 4, pp. 203-211.
DOI: 10.1109/CJECE.2014.2327091.

28. Waes J.V., Vankeirsbilck J., Pissoort D., Boydens J.
Functional safety standard's techniques and measures in light
of electromagnetic interference. XXVI International Scientific
Conference Electronics (ET), 2017, pp. 1-4. DOI: 10.1109/ET.
2017.8124403.

29. Pissoort D., Armstrong K. Why is the IEEE develop-
ing a standard on managing risks due to EM disturbances?.
IEEE International Symposium on Electromagnetic Compatibility
(EMC), 2016, pp. 78-83. DOI: 10.1109/ISEMC.2016. 7571612.

30. Waes J.V., Vanoost D., Vankeirsbilck J., Lannoo J.,
Pissoort D., Boydens J. Resilience of Error Correction Codes
Against Harsh Electromagnetic Disturbances: Fault Mecha-
nisms. IEEE Transactions on Electromagnetic Compatibility,
2020, vol. 62, no. 4, pp.1017-1027. DOI: 10.1109/TEMC.
2019.2931369.

31. Luo S., Batarseh I. A review of distributed power
systems. Part Il. High frequency AC distributed power sys-
tems. IEEE Aerospace and Electronic Systems Magazine,
2006, vol.21, no.6, pp.5-14. DOI: 10.1109/MAES.2006.
1662037.

32. Pissoort D., Lannoo J., Waes J.V., Degraeve A.,
Boydens J. Techniques and measures to achieve EMI resili-
ence in mission- or safety-critical systems. IEEE Electromag-
netic Compatibility Magazine, 2017, vol. 6, no. 4, pp. 107-
114. DOI: 10.1109/MEMC.0.8272297.

33. Lannoo J., Degraeve A., Vanoost D., Boydens J., Pis-
soort D. Study on the use of different transmission line termi-
nation strategies to obtain EMI-diverse redundant systems.
IEEE International Symposium on Electromagnetic Compati-
bility and 2018 IEEE Asia-Pacific Symposium on Electromag-
netic Compatibility (EMC/APEMC), 2018, pp. 210-215. DOI:
10.1109/ISEMC.2018.8393768.

34. Mora N., Vega F., Lugrin G, Rachidi F., Rubinstein
M. Study and Classification of Potential IEMI Sources. System
Design and Assessment Notes, 2014, pp. 1-43.

35. Gazizov T.R., Zabolotsky A.M. New approach to
EMC protection. The 18th International Zurich Symposium on
Electromagnetic Compatibility, 2007, pp.273-276. DOI:
10.1109/EMCZUR.2007.4388248.

36. Orlov P.E., Gazizov T. R. Contactless Modal Phe-
nomena Based Approach to Detecting, Identifying, and
Diagnosing of Electrical Connections. Complexity, 2018,
vol. 2018. p. 5081684. DOI: 10.1155/2018/5081684.

37. Orlov P.E., Medvedev A.V., Sharafutdinov V.R., Ka-
limulin I.F. Quasistatic simulation of ultrashort pulse propaga-
tion in the spacecraft autonomous navigation system circuit
with modal reservation. International Multi-Conference on
Engineering, Computer and Information  Sciences
(SIBIRCON), 2017, pp. 495-500. DOI: 10.1109/SIBIRCON.
2017.8109935.

38. Orlov P.E., Medvedev A.V., Sharafutdinov V.R. Qua-
sistatic Simulation of Ultrashort Pulse Propagation in the
Spacecraft Autonomous Navigation System Power Circuit
with Modal Reservation. The 19th International Conference of
Young Specialists on Micro/Nanotechnologies and Electron
Devices (EDM), 2018, pp. 1-6. DOI: 10.1109/EDM.2018.8435026.

Hoxnaoer TYCYP, 2022, mom 25, Ne 4



66

OJIEKTPOHUKA, PAJJTUOTEXHUKA U CBA3b

39. Orlov P.E., Buichkin E.N., Belousov A.O., Gazizov
T.R. Method of lay-out of a multilayer PCB for circuits with
triple reservation. International Siberian Conference on Con-
trol and Communications (SIBCON), 2017, pp.1-4. DOI:
10.1109/SIBCON.2017.7998528.

40. Belousov A.O., Chernikova E.B., Samoylichenko
M.A., Medvedev A.V., Nosov A.V., Gazizov T.R., Zabolotsky
A.M. From Symmetry to Asymmetry: The Use of Additional
Pulses to Improve Protection against Ultrashort Pulses Based
on Modal Filtration. Symmetry, 2020, vol. 12, no. 7, p. 1117.
DOI: 10.3390/sym12071117.

41. Orlov P.E., Buichkin E.N. Quasistatic and electro-
magnetic simulation of interconnects of printed circuit boards
with modal reservation. The 18th International Conference of
Young Specialists on Micro/Nanotechnologies and Electron
Devices (EDM), 2017, pp. 54-58. DOI: 10.1109/EDM.2017.
7981707.

42. Orlov P.E., Gazizov T.R., Sharafutdinov V.R., Ka-
limulin I.F. Optimization of stack parameters of multi-layer
PCB for circuits with redundancy by genetic algorithm. Inter-
national Multi-Conference on Engineering, Computer and
Information Sciences (SIBIRCON), 2017, pp. 463-467. DOI:
10.1109/SIBIRCON.2017.8109928.

43. Hasan A.A., Kvasnikov A.A., Gazizov T.R. Ap-
proach to Estimation of Radiated Emission from Circuits with
Modal Reservation. The 21st International Conference of
Young Specialists on Micro/Nanotechnologies and Electron
Devices (EDM), 2020, pp.169-173. DOI: 10.1109/EDM
49804.2020.9153498.

44. Hasan A.A., Gazizov T.R. Estimation of the Radiated
Emission from a Single and Coupled Wires with Insulation
above the Ground Plane. IEEE 22nd International Conference
of Young Professionals in Electron Devices and Materials
(EDM), 2021, pp. 149-152. DOI: 10.1109/EDM52169.2021.
9507613.

45, Hasan A.A., Zhechev Y.S., Gazizov T.R. Estimation
of radiated emissions from a structure with a single modal
reservation. Journal of Physics: Conference Series, 2021,
vol. 1862, no. 1, p. 012003. DOI: 10.1088/1742-6596/1862/1/
012003.

46. Hasan A.A., Gazizov T.R. Comparing the Estimates
of the Radiated Emission from a Structure with Modal Reser-
vation by Two Approaches. IEEE 22nd International Confer-
ence of Young Professionals in Electron Devices and Materials
(EDM), 2021, pp.145-148. DOI: 10.1109/EDM52169.
2021.9507636.

47. Gazizov T.R., Orlov P.E., SHarafutdinov V.R., Kuz-
netsova-Tadzhibaeva O.L., Zabolotskij A.M., Kuksenko S.P.,
Buichkin E.N. Sposob trassirovki pechatnyh provodnikov
tsepej s rezervirovaniem [Method of routing printed conduc-
tors of circuits with redundancy] Patent RF, no. 2603850, 2016
(in Russ).

48. Gazizov T.R., Orlov P.E., SHarafutdinov V.R., Kuz-
netsova-Tadzhibaeva O.L., Zabolotskij A.M., Kuksenko S.P.,
Buichkin E.N. Sposob trassirovki pechatnyh provodnikov s
dopolnitelnym dielektrikom dlya tsepej s rezervirovaniem
[Method of routing printed conductors with additional dielec-
tric for circuits with redundancy]. Patent RF, no. 2603851,
2016 (in Russ).

49, Gazizov T.R., Orlov P.E., Sharafutdinov V.R., Kuz-
netsova-Tadzhibaeva O.L., Zabolotskij A.M., Kuksenko S.P.,
Buichkin E.N. Sposob rezervirovaniya dlya pechatnyh plat
[Reservation method for printed circuit boards]. Patent RF,
no. 2603843, 2016 (in Russ).

50. Samoilichenko M., Gazizov T.R. Sposob trassirovki
dvuhstoronnej pechatnoj platy dlya tsepej s modalnym rezervi-
rovaniem [Method for tracing a double-sided printed board for

circuits with modal redundancy]. Patent RF, no. 2762336,
2021 (in Russ.).

51. Belousov A.O., Chernikova E., Gazizov T.R. Sposob
odnokratnogo modalnogo rezervirovaniya mezhsoedinenij
[Method of single modal backup of interconnections]. Patent
RF, no. 2732607, 2020 (in Russ.).

52. Medvedev A.V., Gazizov T.R. Sposob trassirovki
pechatnyh provodnikov s dopolnitelnym dielektrikom dlya
tsepej s dvukratnym rezervirovaniem [Method for routing
printed conductors with additional dielectric for dual redun-
dancy circuits]. Patent RF, no. 2752232, 2021 (in Russ.).

53. Medvedev A.V., Alhaj Hasan A., Kuznetsova-
Tadzhibaeva O.L., Gazizov T.R. Sposob trassirovki pechatnyh
provodnikov na dvuslojnoj pechatnoj plate dlya tsepej s
rezervirovaniem [Method for routing printed conductors on
two-layered printed circuit board for circuits with redundan-
cy]. Patent RF, no. 2752233, 2021 (in Russ.).

54. Medvedev A.V., Kuznetsova-Tadzhibaeva O.L., Gaz-
izov T.R. Sposob trassirovki pechatnyh provodnikov tsepej
pitaniya s rezervirovaniem [Method for routing conductor
strips of redundant power circuits]. Patent RF, no. 2779536,
2022 (in Russ.).

55. Gazizov T.R., Orlov P.E., SHarafutdinov V.R., Kuz-
netsova-Tadzhibaeva O.L., Zabolotskij A.M., Kuksenko S.P.,
Buichkin E.N. Sposob komponovki pechatnyh plat dlya tsepej
s rezervirovaniem [Printed circuit boards with reserve circuits
arrangement method]. Patent RF, no. 2614156, 2017 (in Russ.).

56. Sharafutdinov V.R., Orlov P.E., Gazizov T.R. Sposob
komponovki neformovannyh radioelektronnyh komponentov
na pechatnyh platah dlya tsepej s rezervirovaniem [Method of
assembling non-molded radioelectronic components on print-
ed circuit boards for circuits with redundancy]. Patent RF,
no. 2693838, 2019 (in Russ.).

57. Gazizov T.R., Orlov P.E., Sharafutdinov V.R., Kuz-
netsova-Tadzhibaeva O.L., Zabolotskij A.M., Kuksenko S.P.,
Buichkin E.N. Sposob vnutrennej komponovki pechatnyh plat
dlya tsepej s rezervirovaniem [Printed circuit boards with re-
serve circuits arrangement method]. Patent RF, no. 624637,
2017 (in Russ).

58. Gazizov T.R., Orlov P.E., Sharafutdinov V.R., Kuz-
netsova-Tadzhibaeva O.L., Zabolotskij A.M., Kuksenko S.P.,
Buichkin E.N. Sposob rezervirovaniya ploskih kabelej [Meth-
od of flat cables backing up]. Patent RF, no. 2603848, 2016 (in
Russ.).

59. Orlov P.E., Gazizov T.R., Buichkin E.N. Evaluation
of efficiency of modal filtration in different types of redundant
electrical connections. International Siberian Conference on
Control and Communications (SIBCON), 2016, pp. 1-3. DOI:
10.1109/SIBCON.2016.7491786.

60. Orlov P.E., Buichkin E.N., Gazizov T.T. Method of
lay-out of multilayer PCBs for circuits with redundancy. The
17th International Conference of Young Specialists on Mi-
cro/Nanotechnologies and Electron Devices (EDM), 2016,
pp. 155-158. DOI: 10.1109/EDM.2016.7538715.

61. Gazizov T.R., Orlov P.E., Sharafutdinov V.R. Sposob
trekhkratnogo  rezervirovaniya tsepej v  mnogoslojnyh
pechatnyh platah [Method of circuit triple reservation in mul-
tilayered printed circuit boards]. Patent RF, no. 2663230, 2018
(in Russ.).

62. Sharafutdinov V.R., Gazizov T.R., Medvedev A.V.
Sposob tryohkratnogo rezervirovaniya mezhsoedinenij [Meth-
od of triple backup of interconnections]. Patent RF,
no. 2738955, 2020 (in Russ.).

63. Orlov P.E., Medvedev A.V., Sharafutdinov V.R., Gaz-
izov T.R., Ubaichin A.V. Methods for increasing noise immun-
ity of radio electronic systems with redundancy. Journal of
Physics: Conference Series, 2018, vol. 1015, no. 5, p. 052022.
DOI: 10.1088/1742-6596/1015/5/052022.

Hoxnaoer TYCYP, 2022, mom 25, Ne 4



A. Anxaooc Xacan, T.P. I'azuz06. Ob30p ucciedosanuti no MoOAIbHOMY pe3epeupo8aHuIo 67

64. Zhechev E.S., Belousov A.O., Gazizov T.R., Zabo-
lotskii A.M., Chernikova E.B. Sposob komponovki pechatnyh
provodnikov dlya tsepej s modalnym rezervirovaniem [Method
for arranging printed conductors for circuits with modal re-
dundancy]. Patent RF, no. 2751672, 2021 (in Russ.).

65. Medvedev A.V., Kuznetsova-Tadzhibaeva O.L., Gaz-
izov T.R. Sposob komponovki mnogoslojnyh pechatnyh plat
dlya tsepej s rezervirovaniem [Method for arranging multi-
layer PCB for redundant circuits]. Patent RF, no. 2754078,
2021 (in Russ.).

66. Sharafutdinov V.R., Medvedev A.V. Using Modal
Reservation for Ultrashort Pulse Attenuation After Failure.
International Multi-Conference on Engineering, Computer
and Information Sciences (SIBIRCON), 2019, pp. 0293-0296.
DOI: 10.1109/SIBIRCON48586.2019.8958018.

67. Medvedev A.V., Gazizov T.R., Zhechev Y.S. Evaluat-
ing modal reservation efficiency before and after failure.
Journal of Physics: Conference Series, 2020, vol. 1488, no. 1,
p. 012015. DOI: 10.1088/1742-6596/1488/1/012015.

68. Medvedev A.V., Zhechev Y.S. Analysis of frequency
characteristics of a structure with single modal reservation
before and after failure. Journal of Physics: Conference Se-
ries, 2020, vol. 862, no. 2, p.022037. DOI: 10.1088/1757-
899x/862/2/022037.

69. Medvedev A.V., Zhechev Y.S., Gazizov T.R. Exper-
imental Study of a Structure with Single Modal Reservation
Before and After Failure. IEEE Transactions on Electromag-
netic Compatibility, 2022, vol. 64, no. 4, pp. 1171-1181. DOI:
10.1109/TEMC.2022.3171770.

70. Medvedev A.V. Studying the switching order for a
three-wire structure with modal reservation after failures.
Journal of Physics: Conference Series, 2020, vol. 919, no. 5,
p. 052022. DOI: 10.1088/1757-899x/919/5/052022.

71. Medvedev A.V., Gazizov T.R. Studying the circuit
switching order after failures for a shielded structure with
triple modal reservation. Ural Symposium on Biomedical En-
gineering, Radioelectronics and Information Technology (US-
BEREIT), 2021, pp.0427-0430. DOI: 10.1109/USBEREIT
51232.2021.9455028.

72. Belousov A.O., Medvedev A.V., Chernikova E.B.,
Gazizov T.R., Zabolotsky A.M. Switching Order after Failures
in Symmetric Protective Electrical Circuits with Triple Modal
Reservation. Symmetry, 2021, vol. 13, no. 6, p. 1074. DOI:
10.3390/sym13061074.

73. Medvedev A.V., Gazizov T.R. Sposob pereklyucheni-
ya tsepej s dvukratnym rezervirovaniem posle otkazov [Meth-
od for switching circuits with double redundancy after fail-
ures]. Patent RF, no. 2770516, 2022 (in Russ.).

74. Medvedev A.V. Gazizov T.R., Zabolotskii A.M.
Sposob pereklyucheniya tsepej s trekhkratnym rezervirovaniem
posle otkazov [Method for switching circuits with triple re-
dundancy after failures]. Patent RF, no. 2767190, 2022 (in
Russ.).

75. Zhechev Y.S., Zhecheva A.V., Medvedev A.V., Gaz-
izov T.R. Using N-norms for analyzing a device with a single
modal reservation. Journal of Physics: Conference Series,
2020, vol. 1611, no.1, p.012065. DOI: 10.1088/1742-
6596/1862/1/012003.

76. Gazizov R.R., Medvedev A.V., Gazizov T.R. Using
Portraits of N-Norms for Large-Scale Investigation of Circuits
with Modal Reservation. Dynamics of Systems, Mechanisms
and Machines (Dynamics), 2021, pp. 1-4. DOI: 10.1109/Dy-
namics52735.2021.9653464.

77. Zhechev Y.S., Zhecheva A.V., Kvasnikov A A., Zab-
olotsky A.M. Using N-norms for analyzing symmetric protec-
tive electrical circuits with triple modal reservation. Symmetry,
2021, vol. 13, no. 12, p. 2390. DOI: 10.3390/sym13122390.

78. Demakov A.V., Komnatnov M.E. Improved TEM-
cell for EMC tests of integrated circuits. IEEE International
Multi-Conference on Engineering, Computer and Information
Sciences  (SIBIRCON), 2017, pp.399-402. DOL:
10.1109/SIBIRCON.2017.8109915.

79. Gazizov T.R., Demakov A.V. Komnatnov M.E.
TEM-kamera dlya otsenki pomekhoemissii i pomek-
houstojchivosti integralnyh skhem [TEM Test Cell for Esti-
mating Noise Emission and Noise Immunity of Integrated
Circuits]. Patent RF, no. 2727075, 2020 (in Russ.).

80. Komnatnov M.E., Gazizov T.R. TEM-kamera [TEM
Chamber]. Patent RF, no. 2606173, 2017 (in Russ).

81. Hasan A.A., Gazizov T.R. Frequency Characteristics
of PCB with Modal Reservation before and after Failure Using
TALGAT. IEEE 23rd International Conference of Young Pro-
fessionals in Electron Devices and Materials (EDM), 2022,
pp. 140-146. DOI: 10.1109/EDM55285.2022.9855089.

Adnan Alhaj Hasan

Postgraduate student, Department of Television and Control,
Tomsk State University of Control Systems

and Radioelectronics (TUSUR)

40, Lenin pr., Tomsk, Russia, 634050

ORCID: 0000-0001-7403-7023

Phone: +7-996-957-97-63

Email: alhaj.hasan.adnan@yandex.ru

Talgat Rashitovich Gazizov

Doctor of Science in Engineering,

Department of Television and Control, TUSUR
40, Lenin pr., Tomsk, Russia, 634050

ORCID: 0000-0002-1192-4853

Phone: +7-913-826-07-24

Email: talgat@tu.tusur.ru

Hoxnaoer TYCYP, 2022, mom 25, Ne 4



