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KOMIIVIEKCHAS QJIEKTPOMAT'HUTHASA 3AIIUTA
JIEMEHTOB BUOC®EPBI. YACTD 1. IPEAIIOCBIJIKHA

B. 1. MOPJIAYEB, A. C. CBUCTYHOB

benopyccruii 2cocyoapcmeennuiil ynugepcumen un@OpMamuxi u paouodieKmpoHuKy
(Munck, Pecnyonuka Benapyce)

AnHoTanusi. PaccMarpuBaroTcsl NMpEIOCHUIKM CO3JaHUSI KOMIUICKCHOW 3allUThl HACENICHUS U TEXHHUYECKHX
CPEJICTB KPUTHYECKOH MH(PACTPYKTYPBHI OT BO3JCHCTBHS PaJOYACTOTHBIX 3JIEKTPOMArHUTHBIX I10Jiel 000pyao-
BaHUS MOOWIBHOH cBsi3u 5SG. HeobxogmMocTh ee co3manus 00yCcIoBIeHa 0KUIAEMbIM ITHPOKIM HCIIOTH30BaHH-
eM B cucTeMax MoOmibHOU cBs3u SG/6G pexxuma BpeMeHHoro aymiekca TDD ¢ MMITylIbCHOM SKBUBAJICHTHOM
M30TPOITHO M3JIy4aeMON MOIIHOCTBIO, Ha OJIMH-JBA IOPs/IKa MPEBBILIAIONICH TAaKOBYIO 0a30BBIX CTAHLMUI MO-
OWIBHOM CBSA3M B TPAIWIIMOHHOM pEXHMME 4acTOTHOTO Aayruiekca FDD ¢ kBa3wHenpephIBHBIMH PagHOYacTOTHBI-
MH 3JIEKTPOMArHUTHBIMU TTOJIsIMU. CyIiecTByromas IpakTHKa ONPEAEICHHsI 3aIlUTHBIX 30H U 30H OTPaHHYCHUS
3aCTPOMKHU 10 CPEIHUM 3HAYECHUSAM IUIOTHOCTH IOTOKA SHEPIHM PAaJUOYACTOTHBIX AIEKTPOMArHUTHBIX MOJEH
HE TO3BOJISACT 3AlIUTUTh OT HUX HU TEXHUYECKUE CPEJCTBA M O0BEKTHI KpUTHUECKOH HH(PACTPYKTYpHI (BOCTIPHU-
MMYHUBOCTh KOTOPBIX K TOJISIM OIPEAEISAETCSI MTHOBEHHBIMH 3HAYCHHSAMH WX HANpsDKEHHOCTH), HU HAcelleHHE
B CHJIy UX CYILIECTBEHHO 00Jiee BBHICOKOH OMOArpecCUBHOCTH 110 CPAaBHEHHIO C KBa3MHENPEPHIBHBIMHU pajrovac-
TOTHBIMM 2JIEKTPOMAarHuTHeIMU nossimu FDD.

KuroueBble cjioBa: MOOMIIbHAS CBsI3b, 4G, 5G, 6G, TeXHUYECKHE CPEICTBA, O0BEKTHI KPUTHIECCKON HHPPACTPYK-
TYPbI, HACEJICHHE, HIEKTPOMATHUTHAsI 0€30MIACHOCTD, AIEKTPOMATrHUTHASI COBMECTHMOCTb.

KoHpuKT HHTepecoB. ABTOPHI 3asBIIAIOT 00 OTCYTCTBUH KOH(IUKTA HHTEPECOB.

Jas uurupoanus. Mopaades, B. M. KomrekcHas 31eKTpoMarHuTHas 3aIIuTa 2IeMeHToB 6nocdepsl. YacTs 1.
[pennoceuiku / B. . Mopaaues, A. C. Ceucrynos // Jloknanast BI'YUP. 2026. T. 24, Ne 4. C. 5-15. http://dx.doi.
org/10.35596/1729-7648-2026-24-4-5-15.

INTEGRATED ELECTROMAGNETIC PROTECTION
OF BIOSPHERE ELEMENTS. PART 1. PREREQUISITES

VLADIMIR MORDACHEYV, ALTAKSANDR SVISTUNOU

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)

Abstract. The article examines the prerequisites for developing a comprehensive system for protecting the popu-
lation and critical infrastructure equipment from exposure to radiofrequency electromagnetic fields emitted
by 5G mobile communications equipment. The need for this system stems from the anticipated widespread use
of TDD (time-doubled duplex) mode in 5G/6G mobile communications systems, with a pulsed equivalent isotro-
pically radiated power one to two orders of magnitude higher than that of mobile base stations operating in tradi-
tional (frequency-doubled duplex) mode with quasi-continuous radiofrequency electromagnetic fields. The cur-
rent practice of defining protective zones and development restrictions based on average values of the energy
flux density of radiofrequency electromagnetic fields does not provide protection for either critical infrastruc-
ture equipment and facilities (whose susceptibility to these fields is determined by their instantaneous field
strengths) or the population, due to their significantly higher bioaggressiveness compared to quasi-continuous
FDD (frequency-doubled duplex) radiofrequency electromagnetic fields.

Keywords: mobile communications, 4G, 5G, 6G, technical equipment, critical infrastructure facilities, popula-
tion, electromagnetic safety, electromagnetic compatibility.
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BBenenue

NnTencuBHOE pa3BUTHE OECTIPOBOIHBIX TEXHOJIOTHM U yCIYT ¥ UX IPOHUKHOBEHHUE BO BCe C(hephl ue-
JIOBEYECKOTO OBITHS COMMPOBOXK/IAIOTCS BBICOKMMH TEMITAMU HACBIIIIEHUS CpeJibl 00UTaHHSI MHOKECTBOM
texHndeckux cpeacts (TC) — HCTOYHMKOB pajMoOYacTOTHBIX 3JIEKTpPOMarHUTHBIX noneit (OMII PY).
B cootBetcTBHH C eknaparusmu CeKTopa paguocBsizu MexryHapogHoro corosa aekrpocssazu (ITU-R)
npoctpancTBeHHas IIoTHOCTh 3TX TC (Connection density) OyaeT yBelIn4nBaThesi Ha TOPSIOK Kak-
aeie 10 met: or 10° TC/km? B cuctemax moounbHoit cesasu (MC) 4G (IMT-Advanced) no 10° TC/xkm?
B 5G (IMT-2020) u mo 10’-10% TC/xm? B 6G (IMT-2030). IIpu 5TOM pOCT CpeaHEN TEPPUTOPHAITBHOM
wiotHoctu OecnipoBogHoro Tpaduka (ATC — Area Traffic Capacity) ot nokosenus: k nokoienuto MC
kaxapie 10 ger Gymer yBenmuuBarhes Ha aBa nopsaka — or 10° B cerax 4G go 107 6ur/c/m®> B 5G
u 1o 10° 6ur/c/m? B 6G [1-4].

OTH mpouecchl, HECMOTPSI Ha COBEPIIEHCTBOBAHUE OECIPOBOIAHBIX TEXHOJIOTHH, BKIIOYAs prUMe-
Henre MIMO, He COpPOBOKIAOTCS MOJOOHBIM K€ POCTOM CIEKTPaIbHOM dPPEKTUBHOCTH PaHOKa-
HanoB MC, koropas ompezaenseT HeoOxonumyto suepretuky OMII PY B cucremax MC (poct numib
B 3 pasa B nporecce 3omonnu MC 4G—5G u B 3-5 pa3z — ans SG—6G). [ToaTomy mporHo3upyeMslii
poct ATC Hen30exHO NpPUBENIET K BeChbMa CYIICCTBEHHOMY M3MEHEHUIO (QH3MYECKUX XapaKTEPUCTUK
cpezpl OOUTaHMS — K POCTY Ha MHOTHE MOPSAIKH YPOBHEH €€ aHTPOTOT€HHOTO PaIn04acTOTHOTO AJIEKT-
POMarHUTHOTO 3arPA3HEHHUS, YTO MPECTABIAET PEeajJbHYIO OMIACHOCTD [Tl HACEICHNUS.

Oco3HaHue 3TOi OMACHOCTH MPOHU30IUIO JOCTATOYHO JIaBHO, €Ille A0 Hadajga MacCOBOTO MPUMEHe-
st MC. B pesynbrarte Obuin onperesieHsl (Pu3nvecKkre TpaHuilbl Jquana3zonos Bosaericteus DMIT PY,
BBI3BIBAIOININX TEPMUUICCKOE TIOPAKCHUE OMOIOTUUECKIX TKaHeH. B [5] 0003HaueHbI TpaHUYHBIC YPOB-
Hu (20—40 B1/kr) ynensHol noronienHoi MomHocT (SAR — Specific Absorption Rate) mist quarnaso-
Ha gactot 0,1 MI'tt—6,0 I'T11 1 mmotHOCTH oTOoKa MotmHOCTH (dHEprHn) 200—400 Bt/M? [uist AuanazoHa
gactot 6300 I'T1. C nonmxkaronmm kodpduinerToM >10 3TH ypOBHH MOJIOKEHBI B OCHOBY PEKOMEH-
nyembix ICNIRP «remnoBeix» mpenensno gormyctuMbix yposuei (I11Y) OMIT PY s nacenenus, npu
KOTOPBIX TEPMUYECKOE TIOpaKeHne Gnotkaneit nckimodaercs: 10 Br/m? (1000 mxBt/cm?, 61 B/m) B 1na-
nasone yactor 0,1 MI'u—6,0 I'Tn, 20 Br/m? (2000 MxB1/cm?, 87 B/m) B nnanaszone 6-30 I'T'u u 40 Br/m?
(4000 mxBt/cm?, 122 B/M) B quanaszone 30-300 I'Tu. DT pekoMeHAALUK IIPUHUMAIOTCS BO BHUMAHKE
BO MHOTHX CTpaHax, IJIc CyIIecTByeT d(PPEeKTUBHAS HE3aBUCHMAs IOPHIMUYECKas 3alUTa HAaCEICHUS
ot BozaekicTus DMII PY, ograko B CILIA ux nMCIonbp30BaHUE OTPAHUICHO CyIeOHBIM perieHueM [6].

Janee Hauanu oOHApYXHBaThCS TaK HasblBaeMble HeTerUIoBbe d(dekTsl BozaehcTeus DMIT PY
Ha HEPBHYIO, PEIPOITYyKTHBHYIO, CEPJEUYHO-COCYAUCTYIO U IPYTHE CUCTEMBbl OpraHn3Ma 4eJI0BeKa, Mpo-
spistonpecs npu ypoHiax OMII PY Ha HECKOIBKO MOPSIIKOB HIYKE YPOBHEH MX TEIIOBOTO BO3ACHCT-
BUS. DTH 3D (HEKTHI B IETCKO-TIOAPOCTKOBOM BO3PACTE MPOSIBISIFOTCS B OCIA0ICHUN TTAMSITH, CHIYKCHUT
BHUMAaHMsI, YMCTBEHHBIX W MO3HABATEIBHBIX CIIOCOOHOCTEH, B Pa3Ipa’kUTENIbHOCTH, HAPYIIEHUH CHA,
CKJIOHHOCTH K CTPECCOPHBIM PEAKIIHSIM, OBBIIICHNH ITMICITHYECKOI TOTOBHOCTH. Bo3moxHbIe OT/1a-
JIeHHbIe ociencTBus BoaeiicTeuii OMII PY y B3pocCibIX — OIMyXosin MO3ra, CIIyXOBOTO U BECTHOYIISIp-
HBIX HEpBOB (B Bo3pacte 25-30 sier), Oosie3Hb AJiblreiiMepa, IpuoOpeTeHHOE ci1aboyMue, JepeCCUB-
HBIA CHHJIPOM H JPyTHE MPOSBICHUS JeTeHepalliil HEPBHBIX CTPYKTYp TOJIOBHOTO MO3Tra (B BO3pacTe
50-60 net) [7-9]. B pe3ynbraTte BO MHOTHX CTpaHax OBUIM MPHUHSATH «HETEIUIOBBIC) TUTHCHHUYECKUE
nopmarusbl (IIJIY DMII PY) B npenenax 2,5-90,0 mxBr/cm? (0,025-0,900 Br/m, 3,1-18,4 B/M) u naxke
ke [10].

[TockonbKy HeTeruioBbie 3P QEKThl U OTAaNCHHBIC MochencTBus Bo3aeicTBus DMIT PU na nHacerne-
HHE HE MOTYT HaOJIOJaThCsl HEMOCPEACTBEHHO U OOHAPYKUBAIOTCS JIUIIb CTATHCTHUECKON 00paboTKOM
JAHHBIX O COCTOSTHUM 3/710pPOBbs, CAMOYYBCTBUHU U IMPOOJIEeMax MOBENEHUS JIOAEH, B KOPIIOPATUBHBIX
uHTepecax 00bEKTUBHOCTH UX CymiecTBoBaHusA B fokyMeHTax ICNIRP orpunaercs, Hecmorps Ha 00ib-
I0€ YMCJI0 HAyYHBIX IMyOJUKAIMi, JOKa3bIBAIOIIMX MX CYIIeCTBOBaHUE. Pe3ynbrar — mepMaHEeHTHBIH
KOH(MIMKT uHTEpecoB [11, 12], cBsA3aHHBIN C OYEBHIHBIM POCTOM 3aTPAT HA CO3/IaHUE CETEH IIPH yiKeC-
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touernn Tpedosanuit k [1JIY OMII PU u dhakrndecku siBIstONTHiics KOHPINKTOM HHTEPECOB TEIEKOM-
MYHUKAIIHOHHOTO OM3HECA M HACEJICHHUSI.

Takoli KOHPIUKT MOKET OBITH APPEKTUBHO MPEOJOJIEH C UCTIONB30BaHUEM pe3yabTaroB [13, 14],
CBUJICTEIBCTBYIOLIMX O TOM, YTO CYIIECTBEHHOE YCIIOKHEHHUE AIEKTPOMArHuTHOH 00cTanoBku (OMO),
coznaBaeMoii u3myueHussMu 0a30Bbix ctannuii (bC) n abonenrckux trepmunaios (AT) MC 4G/5G, npen-
CTaBJISIET PEaJIbHYIO ONACHOCTb HE TOJIBKO JUISL HACEJIEeHUs], HO U Aisl OonpimHcTBa BUIoB TC, QyHK-
[IMOHUPOBaHNE KOTOPBIX HE CBA3aHO C mcnoib3oBanneM DMII PY, Bxirogas TC 00beKTOB KpUTHUEC-
kot mH(ppacTpykrypbl. Okazanock, uto auamna3oH 3HadeHudt [1JIY DOMII PU nis vacenenust 3—18 B/wm,
YUUTHIBAIOIIUX OMACHOCTh HeTeruioBbIX dddekroB BozneiictBusi OMII PU Ha Hacenenue ¢ yduetom
JIOJITOBPEMEHHBIX TMOCIEICTBUM, MPAKTUYSCKA COBIAMAeT ¢ auana3onoMm 3Hadenui [1JIY OMII PYU
1-20 B/m qnist 6ompmmacTBa BUoB TC kpuTHueckoi HHPPpacTpyKTypbl (IPOMBIIITIEHHOCTH, TPAHCIIOP-
Ta, PHEPTETUKH, 37PAaBOOXPAHEHHUsS, KOMMYHAJIHHOTO XO3siicTBa W Ap.) mpu BozueicTBuu OMII PYU
o nopty kopmyca TC.

besonacHocTh HaceneHUs! OLIEHUBAETCS MO CPEAHUM YPOBHSAM 3JIEKTPOMArHUTHOTO BO3JEHCTBUS
(ycpennenue 3a >6 MuH), a aiusi TC onacHbsl MrHoBeHHbIe 3HaueHus. Jlns cereit MC 4G/5G ¢ Tex-
HoJoruel yactotHoro nymiekca (FDD), mpu xoTopoit ucnonb3yrorces kBasuHenpepbsiBabie OMIT PY,
pa3HHLA MEXy CPEIHUMU U MTHOBEHHBIMHU 3HAUCHUSAMHU OTHOCUTEJILHO HEBEJIMKA (COOTBETCTBYET 3Ha-
YEHUIO NMUK-(paKTopa CUTHAIA), TIOATOMY CaHMTapHO-3amuTHBIC 30HbBI (C33) 1 30HBI OrpaHUYEHUS 3a-
crpoiiku (303), rpaHuLbl KOTOPBIX onpeaeneHs! o cpenaumM yposasam OMII PY, samummaror u TC un-
¢dpactpykrypsl. OgHako B cucreMax 4G/5G HaYMHAIOT aKTUBHO MPUMEHSTH TEXHOJOTHIO BPEMEHHO-
ro ayrmiekca (TDD), B KOTOpo#l HCTIONB3yIOTCS UMITYJIbCHBIE CUTHAJBL. JlJIl 9TUX CUTHAJIOB CpejiHee
Y MTHOBEHHOE 3Ha4€HUsI MOTYT oTiin4arbes mpumepHo B 100 pa3, n 3ammura HaceneHns Ha ocHoBe [1/1Y
Ut cpeqaux ypoHer OMII PY 3ammmars KpuTHIecKyo HHQPACTPYKTypy yKe He OyIeT, Tak Kak pa-
muycel C33/303 Oynyt B 10 pa3 MeHbIIIe COOTBETCTBYIOMMX 3amUTHBIX 30H it bC 5G TDD. Ilo-
CJICICTBUSI TOJOOHOTO PA3BUTHUS MOTYT OBITH KaTacTPOPHUECKUMH, TIOCKOJIbKY HOPMAaTHBHO-ITPABOBBIE
aKTBI, perllaMeHTUpYIolIHe onpeneneHue 3amuTHeIX 30H U 303 w1t TC u 00beKTOB KPUTHUYECKOH MH-
(dpactpykryps 1o otHorieHuto kK bC MC, ucnosb3yronux pesxkum TDD, oTCyTCTBYOT.

3neck cienyeT MpUHATH BO BHUMaHKE, YTO UMITYJIbCHBIE CUTHAJBI CyIIECTBEHHO Ooee Groarpec-
cuBHBIL. CormacHo [7], — B 40—100 pa3. Ceromus B psae cTpas npuHATe [11Y st OMIT uMmynbCHBIX
paaunonokaruoHHbx cucteM (PJIC) nnanazonos YBU/CBY, mo cpexanm yposasim DMII PY 3a nepuon
0030pa B necsatku pa3 Menblie [IAY s venpepsiBabix OMIT PY. [lonoOHbIe rUrneHnyeckre HopMa-
TuBBI i1 uMITyIbCHBIX DOMIT PY ¢ pexxumom TDD MC otcyTcTByroT. TpeOyroTCsi COOTBETCTBYIOIINE
HE3aBHCHUMBIC MEMKO-OMOJIOTMUECKUE UCCIIEIOBAHUSI 11l KX 00OCHOBAHUS, HO JI0 MX MIPUHSITHS MOTYT
OBITh IPEAJIOKEHBI BPEMEHHbIE HOPMAaTUBbl, OCHOBAHHBIC HA IPU3HAHUY 11000 OMOAKTUBHOCTH UM-
nyascHbIX curdanoB PJIC u MC.

OueBujHO, yTO orpaHnyeHue Ha ucnoabzoBanue bC 5G ¢ pexumom TDD, B koTOpbIX MOryT
MIPUMEHSTHCSl aKTUBHBIE (a3upoBaHHbIe aHTeHHbIE pemeTkn (ADAP) ¢ SKBHBaNIEHTHOH H30TPOITHO
n3nyyaemMort MomHoCTh0 (DMUM) no 100 kBT [15], uto Ha aBa nopsaka 6onbiie DUNUM 6a3oBbIx
cranmmii 5G B «TpamummonHom» pexxume FDD, Oyner ompenensatscs TpeOoBaHMSIMH Oe30TacHOC-
™ TC m 00BeKTOB MH(PPACTPYKTYPHI, BBITOJHEHHE KOTOPHIX OOecrednT W 0e301acHOCTh Hacele-
Hud. Jns trexnonorun TDD MC ¢ umnynascHpiMu OMIT PY ucnonbs3oBaHuE «TEIIOBBIX» HOpPMAaTU-
BoB [5] BozzaeiictBus OMII PU Ha HaceneHue TepsAeT CMBICI. DTH HOPMAaTHUBBI CO CPEHUMH YPOBHS-
mu DMII PY 10-40 Br/m? (60-120 B/m) GynyT cooTBeTcTBOBaTh MMMy abcaM IMIT PY ¢ ammmtynamu
10 600—1200 B/M, 9TO BBEIXOAMT 332 PAMKH Pa3yMHOTO.

Takum 00pa3oM, OTHOCHUTENBHO y3Kasi KOHLENIHs oOecieueHrss 0e30IacHOCTH HacelleHHUs Ha OcC-
HoBe omnpenaenernus C33 u 303 B yClIOBUAX MHTEHCHBHO HApacTAlOIIETO 3JIEKTPOMArHUTHOTO 3arps3-
HEHHs cpelibl OOMTaHUs HYyXKJaeTcs B pacumpeHun. Ee nenecoodpa3Ho o0o0muTs Ha obecniedeHne
ANEKTPOMArHUTHOH Oe30macHOCTH OMocdepsl B I1€J0M, BKIIOUas O€30MMacHOCTh HACEICHUS M TEX-
HOC(Eepbl — TEXHUYECKUX COOPYKCHHH, 0OBEKTOB M 00OPYHOBaHHMS, CO3/1aBAEMBIX U HCIOJb3YyEMBIX
YeJoBeKOM. 3amuTa TexHocdepsl (B YaCTHOCTH, €€ Ba)KHEMIIEro 3JIEMEHTa — KpUTHYEeCKO HH(pa-
CTPYKTYpBI 00I1IecTBa) aBTOMATHUECKHU 3alIUTUT M HACEJICHHUE, U 3[eCh TPAAUIUOHHBIH KOHQIUKT HH-
tepecos [11, 12] ycrpansieTcst 00beKTHBHO, ITOCKOIBKY KpUTEpUH HapymeHnus padorsl TC u3-3a BO3-
neiicreus DOMII PY cucrem 4G/5G o4eHb KOHKPETHBI, © NTHOPUPOBATH 3TH HAPYIIECHHS] HEBO3MOXKHO.
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Lesib aBTOPCKUX MCCIIEAOBAHUN — CHCTEMAaTHU3aLUsl COBOKYITHOCTH OCHOBHBIX (DaKTOPOB, Omperie-
JSIFOILUX aKTyaJbHOCTH MPOOJIEMBI 3IEKTPOMAarHUTHOH Oe3onacHocTr Hacenenus 1 TC Kk Bo3aecTBUIO
umnynascHbIX OMIT PU MC, ans yriyOneHust 1 pacllMpeHus apryMEHTallH B MOJb3y 00ecredeHust
KOMILJICKCHOM 3JIEKTPOMAarHUTHOW 3aIUThl OMOC(Ephl B YCIOBUSIX POCTa IMEKTPOMArHUTHOTO 3arpsi3-
HEHUS OKpYIKAIoIIe! cpesbl, 00YCIOBICHHOW NHTEHCUBHBIM PAa3BUTHEM M BHEIPEHNEM OECITPOBOTHBIX
TEXHOJIOTUH U YCIIyT ¥ UX IPOHUKHOBEHHUEM BO BCe C(ephl OBITHS.

Kpurtepun BocnpuuM4uBOCTH HAaceJeHUSI U TEXHHYECKHX CPe/ICTB
K BO3/1eiiCTBMIO PA/IMOYACTOTHBIX 3J1eKTPOMArHUTHBIX MoJIei

1. ITAY DMII PY, npuHATHIe 1JI51 CPEeIHUX YPOBHEll KBa3uHenpepsIBHBIX IMIT

B psne crpan Hopmuposanue [1/1Y OMII PY Ha rocynapcTBEHHOM ypOBHE OCYILIECTBIISIETCS C y4e-
TOM OIIAaCHOCTH HETEIUIOBBIX 3(h(ekToB Bo3aeiicTBus 3Tux DMII Ha yenoBeueckuii opranusm [ 16], B Tom
YHUCJIE C yY€TOM OTACHOCTHU TAHHOTO BO3JCHCTBUS IS MO CIEeAYIONTNX ToKoIeHud. 3nauenus >tux [1/1Y
HaxonsTcs B npenenax 3,1-18,4 B/m (tabmn. 1) u pacnpocTpaHsoTes: Ha Ype3BbIUAHO MIMPOKUE Ha-
Ta30H PaIMOYacTOT, OXBaThIBAIOIMINKA Bee mostockl 9acToT MC 4G/5G. B cTpanax, rie rocyaapCcTBEHHOE
HopmupoBanue ITIY OMII PY orcyTcTByeT, a 3aliUTa HACENIEHUS OT 3TUX BO3JIECHCTBUN BO3JIOKEHA
Ha cyneOHyI0 cucTeMy, pekoMeHryemble 3HaueHus 11JY onpenensioT BEpXHIO IIAHKY J10ITyCTUMOMR
nHTeHCUBHOCTH Bo3aekcTBus DMII PY Ha pasnuunble 4acT Teja yenoBeka (TOJI0BY, TOPC, KOHEYHOC-
TH) U CBSI3aHBI C OMTACHOCTBIO «TPYOBIX» TETIOBBIX 3(EKTOB ITOr0 BO3ACHCTBUS; UX 3HAUCHHS HAXO-
nsaTes B mpeaenax 1000-4000 mxBr/cm? (61-122 B/m).

Tadmuma 1. [IpenensHo 1ommycTUMbIE YPOBHH PaMOYaCTOTHBIX AJIEKTPOMArHUTHBIX MOJIEH
B Pa3HbIX cTpaHax (1o cocrostHuio Ha 2021 1. [10])
Table 1. Maximum permissible levels of radio frequency electromagnetic fields
in various countries (as of 2021 [10])

Crpana IV, Br/mM*/MxBt/em? (B/M) Crpana I11Y, Br/M*/MBt/em? (B/M)
Bonrapus' 0,01/1 (1,9) Kwuraii 0,4/40 (12,3)
Benapycn, JTntsa, Benrpus, JlroxcemOypr 0,45/45 (13,0)
Wranus, Kazaxcran, Poccust, 0,1/10 (6,1) Typuust 0,56/56 (14,5)
Yicpana, Isefuapis VaGexuctan 0,025/2,5 (3,1)
Wspawins, Unaus 0,9/90 (18,4) Yum'! 0,1/10 (6,1)

"HuxHue npeaensl quanazona HOpMUPOBAHHBIX 3HAYECHHUH.

2. IIAY OMII PY, npunsTsie AJst cpeqHux ypoBHel ummyabcHbIXx OMII PJIC

Jusa ciygaeB obmyuenust or autenH PJIC, paOorarommx B pekuMe KpyroBoro o03opa WiM CKa-
HHAPOBaHUS ¢ dacToTol He Oonee 1 I'm W ckBakHOCTHIO He MeHee 20, THTHEHHYCCKUMH HOpMa-
tuBamu Poccun n benapycu npexycmorpenst [IIY OMII PY stux PJIC B MomeHTHI 00mydeHUs 25
1 100 mxBt/cm? cootBetcTtBento [17, 18]. Eciu cpennuit yposers DMII PJIC B peskuMe CKaHUPOBAHHUS
B Touke HaOmonenus paset 111V, To cpeaunii yposens DMII PJIC B 3T0# TOUKe 3a IEpHOA KPYTOBO-
ro o030pa MpuUMepHO 6 MHH, IPUHSATHIM NPH KOHTpoje KBazuHenpepbiBHBIX DMII PY, Oyner meHb-
mie I[TY Ha otHomenue 360°/Aal, Tie Ao, — MIMPHUHA TIIABHOTO JIETIECTKA IMarpaMMbl HallpaBICeHHOCTH
aateHusl PJIC no asmmyty. B Tabn. 2 npuBenensl xapakrepuctuku psga PJIC (oTedecTBEHHBIX U 3a-
PYOEXHBIX), MO3BOJIIOLIME 3TO OTHOLICHUE OLEHHUTH, a Takxke pacuetHsie 11V, cpennue 3a nmepuon
0030pa, ipu ooyuenuu ¢ [V, npunastemv mis PJIC.

st mpuBenennsix B Tadn. 2 PJIC cooTHOIEHHEe MakcHMalbHOTO (3a BpeMsl OOIy4eHUs) U cpel-
Hero (3a mepuon 003o0pa) ypoaeir DMII PU B Touke HaOmOnEHNSI COOTBETCTBYET CKBaKHOCTH OOy~
YeHHUs1 €0 ATO Touku (oTHomeHuto 360°/Aa), mpuHumaromien 3uadeHust 130-225. Takum obOpazom,
ITIJ1Y mo cpemaemy yposHio uMmyascHBIX DMIT PJIC 3a mepuosn 0630pa mpUHUMAIOT 3HAYCHUSI B HHTEP-
Basie 0,11-0,75 MxB1/cM?, 4T0 6M3KO K OLEHKE [7] U MOXKET CIIy’)KUTh apTyMEHTOM B MOJIb3Y TIPE/TIO-
JIOXEHUs1 00 OIpe/IeIEeHHOM TIoA001H Bo3zeiicTBUs uMIylibcHbIX curHasioB MC u PJIC Ha Hacenenue.
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Tadauna 2. XapakrepucTuku 0OIyueHNs] TOYKH HAOIOICHNS] aHTEHHAMH PaJIMOJIOKAIOHHBIX CTaHIIUH
B p&XKHME KpyroBoro o03opa
Table 2. Characteristics of the irradiation of the observation point by radar antennas
in the all-round scanning mode

OGi0p Iupuna nyya Yacrora Iupuna Konuuectso Pacuetnsie 1Y, MxBt/cM?
Tun PJIC o6, /Mm’{ 10 a3uMyTy Ac., | HOBTOPEHUS, | HMITYJbCA, | WMITYJIbCOB/BPEMS (B/m), nas IITY PJIC
rpai. uMIL/c MKC o0uyuenus, ¢ 25 mxBr/cm? | 100 MxkBr/cm?

AN/TPS-32 6 2,15° 920-2650 30 55-158/0,06 0,15 (0,75) 0,6 (1,5)
o 0,15-0,19 0,6-0,75

AN/FPS-117| 5-6 2,2-2.7 241 51/410" | 15-22/0,06-0,09 (0.75-0.85) | (1,5-1,7)
AN/TPS-75| 6,5 1,6° 235-275 6,8 58-68/0,04 0,11 (0,64) | 0,44 (1,3)
AN/TPS-63 | 6-15 2,7° 300-750 41 23/0,03-0,075 | 0,19 (0,85) | 0,75 (1,7)
AN/TPS-68 6 1,6° 250-275 6,4 11-12/0,045 0,11 (0,64) | 0,44 (1,3)
19K6 6,12 2,0° 750 12 21-42/0,03-0,06 | 0,14 (0,73) | 0,56 (1,5)
I1-37 3,6 2,0° 375,750 1,2 42/0,06-0,11 0,14 (0,73) | 0,56 (1,5)
PCIT 6M2 10 2,5° 500 1,2 21/0,04 0,17 (0,80) | 0,69 (1,6)

'B cospemennbix PJIC ¢ BHYTPUAMITYIIECHON MOYJISAIHEH IMPUHA HMITYIIECA MOYKET JIOCTUTaTh COTEH MUKPOCEKYH/I.

3. XapakrepucTHKH MMIYJIbCHBIX cUrHAJI0B BC 4G/5G B pe:knMe BpeMeHHOro AyIjieKca

Tunosas BpemeHHast peanuzauus curiana TDD npu nepenade JaHHBIX 110 HUCXOASILECH JINHUM CBSI-
3u (downlink) B ceTsix 4G/LTE npencrasmisier co00 UK paJroKapoB JUTUTEILHOCTEIO 10 Mc, KOTOpbIe
JeTSATCS Ha MOJKAIPhI IIepeJadn JaHHbBIX JJTUTEIbHOCTHIO 1 Mc. [lepeada TaHHBIX MOKET BBIITOTHITHCS
Kak B TIpeiesiax AU TEIbHOCTH oIKaapa (B TeueHue kotoporo nepenaercs 12 niau 14 OFDM-cumBoIoB),
TaK M B TeueHHe 0ojiee KOPOTKOro MHTEpBaja BPEeMEHH, COOTBETCTBYIOIIECTO oHOMY (66,7 MKC) b0
HeckonbkuM OFDM-cumBonam [19] B mpenenax JmMTeasHOCTH moakaapa. [IperycMoTpeHo HeCKOIBKO
KOH(UTypaluii Ha3HaYeHUs TTOIKaAPOB 1uist iepenaun nHpopmaiu downlink u npuema nadopmanmu
oT aboHeHTCcKoro TepMuHaa (uplink) ¢ pa3IMyHbBIM OTHOIIIEHUEM KOJIMUYECTRA MOAKAAPOB JIJIS IIepeaadn
u npuema [20, c. 19]. IIpu nepenade 60apI10T0 00HEMa JAHHBIX 3TO OTHOIIICHUE MOXKET COCTABIATH 8:1,
a B cilydae nepefadr OTHOCHTEIHHO Majoro o0bema NaHHBIX — 2:6 B mpenaesax paanokaapa. Tumosas
OCITMIUTIOTpaMMa UMITyIIbCHOTo curHana downlink mpuBenena B [19, ¢. 247].

B cucremax 5G mus opranmzanuu rnepemadn gaHHBIX downlink wcronb3yercs Oomee pasBuTas
CTPYKTYypa paJuoKaapa ¢ MHO)KECTBOM KOH(UTypaluii Ha3HAYEHHUs] CUMBOJIOB JJIsl IEPEAAYn U IIpuemMa
B IIpenenax BpeMeHHoro ciora [21, ¢. 215]. Paguokanp Taxke BKIFOUAET B ceOs TMOAKAAPHI IITHUTEITb-
HOCTBIO 1 Mc, cozep Kaliie OAMH UM HECKOJIBKO BPEMEHHBIX CJI0TOB, HO AJISI IEPEAAUn JaHHbBIX B paM-
Kax pa3jM4YHBIX YCIIYT, HAIpUMEP, YCIYT CBEPXHAAEKHON CBsA3U ¢ HU3KkUMH 3aaepxkkamu URLLC, kax-
JBIH TTOJIKAAP MOXKET JCIUTHCS. Ha BPEMEHHBIE CIIOTHI AJUTEIbHOCTHIO B HECKOJIBKO pa3 MEHbLICH, 4eM
JUTATENBHOCTH monikapa (1 mc).

Ha puc. 1 nmpuBenens! ocummiorpammsl [22] cur"ana TDD BC 5G numanasona 3,4-3,8 I'Ti:
a — JUINTeNbHOCTHIO 40 MC, COOTBETCTBYET OTCYTCTBHIO MEpe/lauu JaHHBIX MO pPaJUOKaHalIy U COAep-
JKHUT TOJIBKO MMITYJbChI cHHXpoHu3anuu (SSB) u onopHeix curnanoB (RS), 0003HaueHHbIH HHTEpBA
20 MC COOTBETCTBYET MEPHUOY IEPeIaun CUTHAIOB CHHXPOHHU3ALNH; b — B paJiOKaHaje P €ro Mak-
CUMAaJIbHOM 3arpy3ke; ¢ — JUIMTeNbHOCThIO 10 MC (WIITIOCTpUpPYETCST OMH M3 BO3MOXKHBIX BapHaHTOB
NOCJIe/I0BATEIBbHOCTH UMITYIILCOB cuHXpoHmM3anuu (S), moakanpos downlink (D) u uplink (U) xondu-
ryparmu DDDSU pannokanana TDD 5G).

CTpyKTypa UMIYTHCHBIX TIOCIIEIOBATEILHOCTEH B pannokananax 4G/5G TDD cymiecTBeHHO 3aBH-
CHUT OT 3arpy3Kd pauoKaHaja, COOTHOUIEHUS 00beMOB HUCXOASIIETO M BOCXOMASLIEIO TPa(huKoB, KO-
JMYECTBA OJHOBPEMEHHO 00CIy)KHBaeMbIX a0OOHEHTOB, BUJa OpPraHW3ally HAPaBICHHOCTH Hepefadn
nmaHHbIX bC>AT (puxcupoBanHas MHOTOTy4eBast CTPYKTypa cekTopa oocmykuBanus bC, ananTuBHbII
MHOTOJTy4eBbIl pesxkuM Beamforming 3D Massive MIMO). [1pu MmakcumainbsHOI 3arpy3Ke pajinoKaHaa
CKB)XHOCTh UMITYJIbCOB B HEM IPHUOIMKAETCS K EAUHUIIE, YTO COOTBETCTBYET YMEHBIICHUIO PA3HULIBI
MEXIYy CPEJHHM YPOBHEM CHTHaJla U €r0 YPOBHEM B MMIIYJIbCE IPU MPAKTHUECKON HE3aBHCUMOCTH
MOCIIETHETO OT 3arpy3KH pajnokaHana (puc. 1).

Ucnonesys napopmanuio [23] o THIIOBBIX CLHEHAPHAX MepeJadt JaHHBIX 110 HUCXOSIIEMY PaaHo-
kaHairy 5G TDD, MO>KHO KOCBEHHO OTIpeIeNIUTh CKBAXKHOCTH CUTHajIa 00cyxuBanus AT. B 3aBucumoc-
TH OT CPEJIHEH CKOPOCTH Mepeiadu, i OOJBIINHCTBA clieHapueB paBHoU 4-30 MoOwut/c, pu cpenHeit
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CKOPOCTH TIepe/iady JaHHBIX 10 paanokaHany 5G 1090 MowuT/c kocBeHHas OlleHKa CKBaKHOCTH 00CITy-
skuBanus AT, coracHo [23], cooTBeTcTBOBAIA 1Uana3ony 35—270, 4To 0XBaThIBAET AUAIA30H 3HAUCHUN
ckBaxxHocTH o0myuenus PJIC, mpusenennbix B Ta6m. 2 (360°/Aat = 130-225). [MukoBas ckopocTh niepe-
Jlaud TaHHBIX (MaKCHMaJbHas JOCTIXKHMAsi CKOPOCTh Mepeadun NaHHbIX 17151 oMHOTO AT B HaeambHBIX
ycinoBusx) omnpeneneHa Ha yposue 20 I'6ut (5G) u 1000 I'6ut/c (6G) [1, 4], s TDD 3T0 KOCBEeHHO
MOKET COOTBETCTBOBATH BO3MOYKHOM CKBaKHOCTH OOCITY>KHBAHUS 10 COTCH €IFHHII.

|
|
" Rs

¢ |
Center 3.651060000 GHz ) Video BW 50 MHz* ) |
| Sweep 40.0 ms (1001 pts)

Center 3.661060000 GHz
Res BW 1.0 MHz

i
1
i i
H i
T T
H
i

Video BW 100 kHz
Res BW 100 kHz T Sweep 10.0 ms (1001 pts)

Puc. 1. Ocimnorpammel curnaioB TDD 5G auamaszona 3,4-3,8 I'T1y
Fig. 1. Waveforms of TDD 5@ signals of the 3.4-3.8 GHz range

B nenom, Hecmorpst Ha mogobue umiyiabcoB PJIC u BC TDD 5G (iMTenbHOCTH UMITYJILCOB
1 UX (POHTOB), B CHJIIy BEChMa 3HAYUTEIBHBIX PAa3U4YAN BHIA M MAPaMETPOB UMITYJIbCHBIX MOCIIEH0-
BarensHOCTe OMII PY TDD B TOuke HaOMIONCHUS TP 3HAYUTEIHLHOM Pa3IMYNNd B WHTEHCHBHOCTH
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Hucxozsmero Tpaduka (puc. 1, a, b) momodue UMITyIbCHBIX TIocenoBarenbHocTeit DMIT PY aTtux cuc-
TEM OrPaHUYCHO BO3MOKHBIM Pa3jiM4MeM B CKBAXXHOCTH BO3ICUCTBUSI, KOTOpas MpHU MEpenadye OueHb
OopImIX 00beMOB WH(pOpMAIUH OTAeHbHEIM AT B yackl HauOombIIeH Harpy3ku B cetd MC MoOXeT
OBITh MEHBIIIC MUHUMAJIBHOTO 3HaueHus 20, oroBopeHHoro B [17, 18].

[Monocer wacror MC 4G/5G, npeHa3HauEHHBIE [T UCIIONIL30BAHUS B PEKUME BPEMEHHOTO JTyTIICK-
ca TDD, sBnstoTcst mpeobiaaronell 9acTbio 00beMa pagruodacTOTHOTO pecypea (CIeKTpa), BBIICICH-
Horo Jyist cucteM MC. DTH MO0Ck YacTOT PUBE/CHBI B Ta0J. 3 C yKa3aHUEM MX MPHHATON HyMepainuu
Y TPAHULL B COOTBETCTBUHU C [24, 25]. CneayeT OTMETUTh, YTO MPAKTHUUECKHU BCE MOJIOCHI YACTOT AUara-
3oH0B CBY u KBUY, Brinenennsie B quama3onax FR1 u FR2 mns pazsutus 5G NR, B 9acTHOCTH, TI0J10-
cel n77-n79, n96, n102, n104, n277-n263, npeaHazHadyeHbl UMEHHO I UMITYILCHOTO pexxuma TDD.

Tadmuma 3. Ilosnockl yacToT MOOMIBHOH cBsi3n 5G, NpeHa3HaueHHBIE JUIsl UCIIOIb30Banus B pexkume TDD
Table 3. 5G NR frequency bands designated for use in TDD mode

Howmep nosocs! yactor | ITonoca yactor TDD 5G, MI'y | Homep mostocs! yacTor | ITonoca uacror TDD 5G, MI'y
Juanazon yactor FR1 5G (410-7125 MI'n) JAuana3zon yacror FR1 5G (410-7125 MTI')
n34 2010-2025 n90 2496-2690
n38 2570-2620 n96 5925-7125
n39 1880-1920 nl01 1900-1910
n40 2300-2400 nl02 5925-6425
n41 2496-2690 nl104 6425-7125
n46 5150-5925 Juana3zon yactor 5G FR2 (24,25-71,0 I'T')

n48 3550-3700 n257 26 500-29 500
n50 14321517 n258 24 250-27 500
n51 1427-1432 n259 39 500-43 500
n53 2483,5-2495,0 n260 37 000-40 000
n77 3300-4200 n261 27 500-28 350
n78 3300-3800 n262 4720048 200
n79 4400-5000 n263 57 000-71 000

4. I1TY OMII PY, npunstsie s TC pa3jiuyHoro Ha3HauyeHus

B [14] neranbHO paccMOTpeHBI TpeOOBaHUS MHOXKECTBA MEXKIYHAPOIHBIX CTAHIAAPTOB K BOCIPH-
umunBoctd TC pasnuunbix BugoB npu BozaeiictBuun IMII PY no nopry xopnyca. Mcxons u3 perna-
MeHTupyeMbIx 3HaueHu# [1J1Y DMII PY, Bce mEOKecTBO BuIOB TC pasneneHo Ha BOCEMb TPy B 3a-
BHCHMOCTH OT YPOBHS UX BOCHPHUMYHBOCTH K Bo3jeicTBuio OMII PY, HopMupyeMOro B OTAETBHBIX
nojocax yactor ais kaxagoro suna TC. Kparkas nnpopmanus o6 3THX TpeOOBaHUAX, KACAIOILIUXCS
OonprmHCcTBa BUIoB TC, B TOM YHUCIIE MCIOIb3YEMbIX Ha 00BEKTaX KPUTHUYECKOW MHPPACTPYKTYPHI,
npuBesaeHa B Taom. 4.

Taoauna 4. Knaccudukarms TeXHIIECKUX CPEICTB 110 BOCIIPUAMYHBOCTH K BO3ICHCTBHIO
PaZnoYacTOTHBIX AIEKTPOMATHUTHBIX MOJIEH 10 MOPTY KopIyca
Table 4. Classification of technical equipment by susceptibility to the exposure
of radio frequency electromagnetic fields by the housing port

Ne rpymmst TC; Tlonoca yvacror, I'T,
Ay SMII Py, c I1J1Y OMII PY Crannapt, onpenernsroruit [1Y DMIT PY qns TC rpynmst
B/m st TC rpynmst
Ne 15 0,2 0,08-1,00 EN 50083-2
Ne 251 0,08-1,00; 1,4-2,0; 2,0-2,7; |IEC 61000-6-5, IEC 60870-2-1, IEC 61326-1, TOCT 32137,
2,7-6,0; 0,790-0,862 EN 50491-5-2, EN 50270, IEC 61000-6-1, IEC 61000-6-2, IEC 61800-3,
IEC 61131-2, IEC 60974-10, IEC 62041, EN 50083-2
Ne 3;2 0,08-1,00; 0,95-3,50; 1,4-2,0 | EN 50083-2, IEC 60118-13, EN 50270
Ned; 3 0,08-1,00, 0,9 + 0,0054; IEC 61000-6-5, TOCT 30379, IEC 61326-1, EN 50065-2-1, EN 50065-2-2,
0,92 +0,001; 0,47-0,79; EN 50412-2-1, IEC 60601-1-2, EN 301 489-27, EN 301 489-31,
0,80-0,96; 1,0-2,7; 0,08-2,50; | IEC 60870-2-1, IEC 60118-13, IEC 61204-3, EN 50491-5-2, IEC 62041,
0,08-0,80; 0,96-1,00; 1,4-2,0; | IEC 61439-1, IEC 60947-5-3, IEC 61326-3-1, IEC 61326-3-2, EN 300 386,
1,88-1,96; 0,08-2,50; 2,0—2,7 | EN 301 489-22, EN 301 489-19, ETSI EN 301 489-1, EN 50270,
IEC 61439-1, IEC 61000-6-1, IEC 61000-6-2, IEC 61800-3, IEC 61131-2,
IEC 60974-10, TOCT 32137, IEC 62040-2, IEC 61547, ISO 7176-21,
CISPR 24, CISPR 14-2, EN 12016, IEC 62236-4, UNE EN50121-4
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Oxonyuarnue maon. 4
Ending of Tab. 4

Ne rpynmnst TC; ITonoca yvacror, I'T,
Ay SMII Py, c IIJ1IY OMII PY Crannapt, onpegessttomuiil [T1Y OMII PU qis TC rpynnst
B/m i TC rpynnst

Ne 5510 0,08-1,00; 0,80-0,96; IEC 61000-6-5, IEC 60870-2-1, IEC 60255-26, IEC 62026-1,
0,9 +0,005; 1,4-2,7; EN 50065-2-2, EN 50065-2-3, EN 50412-2-1, IEC 61326-3-1,
0,45+0,5 %; 1,85+ 5 %; IEC 61326-3-2, IEC 61000-6-2, IEC 61800-3, IEC 61131-2,
2,15+5 %; 0,166-1,000; IEC 60974-10, IEC 62135-2, EN 50293, EN 12016, EN 50370-2,
1,710-1,784; 1,88-1,96; I'OCT 30379, IEC 60601-1-2, EN 301 489-27, EN 301 489-31,

0,08-2,50; 1,4-2,0; 0,08-2,00 | EN 50491-5-2, IEC 62041, IEC 60947-5-3, IEC 61439-1, EN 300 386,
EN 301 489-22, ETSI EN 301 489-34, EN 301 489-14, EN 301 489-11,
IEC 62040-2, IEC 61204-3, 'OCT 32137, EN 50270, IEC 62052-11,
IEC 61326-1, EN 12016, IEC 62236-4, UNE EN50121-4

e 6; 20 0,08-1,00; 0,8-1,0; IEC 60947-5-3, IEC 61326-3-1, ISO 7176-21, EN 12016, IEC 62236-4,
0,026-2,500 UNE EN50121-4

Ne 7; 30 0,08-1,00; 1,4-2,0; 0,02—1,00;| IEC 60870-2-1, TOCT 32137, ISO 13766, ISO 14982, EN 12016,
0,166-1,000; 1,710-1,784 IEC 62052-11

Ne 8; 100 0,02-1,00 1SO 13766

Ipumeuanue — POHOM BBIAEIEHBI NOJIOCH, BKIFoUatorye mojocs! yactor TDD MC 4G/5G.

Kontpons coorserctBusi TC TpeOoBaHMSIM CTaHAAPTOB, YKa3aHHBIX B TaOm. 4, TPOU3BOIUTCS
C UCIOJIb30BAHUEM TapMOHHYECKHUX JINOO MOIYTHPOBAHHBIX UCIBITATEIBHBIX BO3JeicTBUN. Bocmnpu-
umuanBocTh TC K Bo3merictBuio DMII PY ompenensiercs HE CpeaHUMH, & MTHOBEHHBIMU 3HAYCHUSI-
MH UX HampsOKEHHOCTH. DTO MOATBEP)KIACTCSA, B YaCTHOCTH, Pe3yJIbTaTaMU HCIBITAaHUN Ha BOCIIPHU-
MunBOCTh TC MEIMIIMHCKOTO MOHHUTOPWHTA K BO3IEWCTBHIO HEMOMYJIHPOBAHHBIX M MOIYIHPOBAH-
Heix OMII PY [26], cBuaeTenbCcTByomuMu 0 ToM, 4yTo ypoBenb OMII PY, cooTBeTcTBYyIOLIMI ITOpOTY
BOCTIPUUMYHUBOCTH 3TUX TC K aMIUIUTYIHO-MOIYIUPOBAHHOMY HCIBITATEILHOMY BO3ACHCTBUIO, B HO-
noce gactot 0,2—1,0 [T okazancs Ha 3—12 n1b MeHbIe, 4eM K HEMOIYIHMPOBAHHOMY BO3ACHCTBHIO,
IIpY BEChbMa CJIOKHOW 3aBUCUMOCTH 3TUX YPOBHEU OT 4acCTOTHI.

XapaKkTepuCTHKH YIeKTPOMATHUTHOI 00CTAHOBKH,
€o3/1aBaeMoii H3Ty4eHHUsIMU 0A30BbIX CTAHIINI M A00HEHTCKUX TEPMHUHAJIOB MOOGMIILHOM CBSI3H

Nmeercst 001b110€ KOTMUECTBO MyOIUKAIINHN, COAEPIKAIIUX PE3YIILTAaThl U3MEPEHHA 1 OLIEHOK YPOB-
Hel anekTpomMarHuTHOTO hoHa (OMD) n yposHeit DMII PY ortnensubix bC n AT MC pa3nuyHbIX mo-
KOJICHWH, TTO3BOJISIFOIIMX CYIUTh O CTENIEHU UX ONACHOCTH 11 HaceneHus u TC.

1. B [27] conmepxxutcsi 0030p SKCIEPUMEHTAIBHBIX H PACYETHBIX NaHHBIX 00 ypoBHAX DOMD, co3-
nasaemoro cucremMamu MC B nepuoa, npeaiecTByomuil Beapenuto texnonoruit 4G/5G, B cTpanax
EBpomnbl. Makcumanbhble cpennue ypoBHH OM® B ropozax noiydeHsl B npeaenax 1—4 B/m, HO B HeKo-
TOPBIX CITydasx GUKcHpoBaIUCh ypoBHH DM®D 6-20 B/M 1 Gonee.

2. B [22] mpuBeneHsI pe3yasTaThl U3MEPEHN cpenHuX ypoBHel ummnynbeHbix OMIT PY 5G B paawo-
kaHajax auanaszona 3,4-3,8 [T B 10 ropomgax @panmun. [laxe B oTcyTcTBHE TpadHKa TOJIHKO 33 CUET
repeayy UMITYJIbCOB CHHXPOHU3AIUH (prc. 1, @) yCpeqHEHHBIH 1T0 MHOXKECTBY HaOItoneHni B 43 caii-
Tax cpeaHuil yposeHb OM® B nonoce yacToT paanokaHana mupuHoi 100 MI' yBennuusasncs ¢ <0,01
1o 0,06 B/m npu makcumanbHoM 3HaueHuu 0,36 B/M, uto mpu HaOmonaemoli Ha puc. 1, @ CKBaXKHOC-
TH COOTBETCTBYET uMmityiabcam 10 10 B/m. [Ipu MakcumainbHOM 3arpy3ke pajuoKaHajga CpeIHuil ypo-
Berb OMII PU B mosoce 9acToT pamnokanaia gocturaid 8—9 B/M, 4To pu CKBaKHOCTH, XapaKTECPHOH
IUTS peann3anuii Ha puc. 1, b, ¢, COOTBETCTBYEeT UMITYJIbCHBIM 3Ha4eHHUsIM =10 B/Mm.

3. B [28] mpuBeaensl pe3ynabraThl H3MEpeHHU ypoBHe OM®D, co3gaBaeMoro HU3Iy4eHHs-
mMu MC 5G B 2023 1. B ueThlpex cTpaHax EBpombl. MakcuManbHble cpeqaue ypoBHH OM® cocra-
s 1,8-2,3 MxBr/cm?; B caiitax ¢ npeobnaganuem TDD 5G (3,6 I'T) cpepHne ypoBHH COCTABH-
i 0,8-1,1 MkBT1/cM?%, 4T0 npu npeo0i1aiaHny UMITYJIECHOM KOMITOHEHTB DM® COOTBETCTBYET MMITYJIhb-
cam 10 17-20 B/m.

4. B [29] mpuBenmeHwsl pe3ynbrarthl M3MepeHHd ypoBHel OM®D, co3maBaeMoro H3ITydeHUs-
mu BC DCS-1800/LTE-1800, UMTS u LTE-2600 na Tepputopun HaabHEBOCTOYHOIO (enepanbHo-
ro ynusepcutera B Mae 2021 . Cpenuuii ypoBenb DM@ BHe momenieHni 3a)MKCHUpOBaH B Ipere-
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nax 2,0-4,5 mxBr/cm? (2,7-4,1 B/M), Ha OTAENBHBIX KOHTPOIBHBIX TOYKAaX (DMKCUPOBAIMCH YPOBHH
1o 15 mxBt/cm? (7,5 B/m), npeBslinaronye npuHsthie 11V

5. Pesynbrarsl usmepenuit yposueit OMIT PY [23] B ®PI B «nsitHax» nyueit BC ¢ ADAP Massive
MIMO Beamforming npu nepenade nHpopmammu mno paguokananam 4G/5G B monoce yactot ot 816
1o 3655 MI'nm na paccrosaus 48-327 m ot BC cBUAETENBCTBYIOT O TOM, YTO Ha TAKUX PACCTOSHUAX
P MaKCHUMAJIBHBIX CKOPOCTSX mepemadn maHHeX 1,0-1,6 T'6ut/c mo pamnokanany 4G/5G cpemmss
HanpspkeHHOCTE OMIT PU TDD B «misiTHe» gocturana 3—5 B/m.

6. B [30] pesynbrarsl u3mepenuit cymmapusix yposaeir OMIT PU, co3naBaembix pparmentom pa-
nrocet 5SG B 16 Toukax HaOmoneHUs Ha TeppuTopun Kammyca [lonurexHuueckoro yHuBepcurera Ba-
JICHCHUH, CBUJICTENLCTBYIOT O TOM, UTO CyMMapHbIe cpeiHre ypoBHH OMII PY B 3THX TOUKax HaXOaATCs
B npeenax 2,2-436,0 mxBt/cm? (2,9-40,5 B/m).

7. Pesynwprarel u3aMmepenuit B Manaitzuu cpegaunx ypoaeidt OMII 5G TDD [31] MummmeTpoBo-
ro nuanazona (29,5 I'Tm) y 3eMHO# MOBEpXHOCTH: MaKCHMAaNbHBIN cpeqHuii yposerb DMII cocra-
Bui 5,71 B/M, 9TO COOTBETCTBYET aMIUIMTYIE UMITyibca 10 S0—-60 B/m.

8. Pesynbrarsl onieHok [32, 33] u usmepennii [34, 35] cBUAETENBCTBYIOT O TOM, UTO U3IyueHuss AT
MOTYT BHOCHUTB CYIIECTBEHHBIN BKJIaJ B CYMMapHYI0 HHTeHCUBHOCTh OM®. DTOT BKJIa/] CONMOCTaBUM
co BkyazoM m3nydenuii bC, a B MecTax mpocTpaHCTBEHHON KOHIeHTparuu AT MOXKeT Urparth JIOMUHU-
PYIOLILYIO POJib B 3JICKTPOMarHUTHOM 3arpsi3HEHUHU CpeJibl OOMTaHUS.

3aKJIoueHue

1. UznoxxeHHbIE OCHOBHBIC (DAKTOPBI, OMPENEIISIONINE aKTYaIbHOCTh MPOOJIEMBI JIEKTPOMarHuT-
HOW 0€30TIaCHOCTH HACEJICHHSI U TEXHUYECKHX CPEJICTB K BO3JICHCTBUIO UMITYJIBCHBIX PaJIHOYaCTOTHBIX
ANIEKTPOMArHUTHBIX IOJICH MOOMIBHOM CBS3M, CBUAETEILCTBYIOT B IOJIb3Y CO3IAHUSI CUCTEMBI 00e-
CIIEYEHHS] KOMITJIEKCHOM 2IEKTPOMArHUTHOW 3allIUTHI U HACENICHHS, U KPUTHIECKON NH(PACTPYKTYpHI
KaK BaKHBIX 3JIEMEHTOB OMOC(Ephl B YCIOBHAX POCTa BJIEKTPOMArHUTHOTO 3arpsS3HEHUs] OKPYXKaro-
el cpespbl, 00yCIOBICHHOTO MHTEHCHUBHBIM Pa3BUTHEM MU BHEJIPEHHEM OECIPOBOIHBIX TEXHOJIOTHM
n ycnyr 5G/6G u ux MpOHUKHOBEHHEM BO Bce cdeprl ObiTus. Llenecoo0pa3sHOCTh cO3AaHus CHCTEMbL
NPOJUKTOBAHA SMHCTBOM aHTPOIIOTEHHOTO (haKTOpa, MPECTABISIONIEr0 OMACHOCTh U JUIS HACETICHUS,
U Ul BOKHEHILNX 3JIEMEHTOB TEXHOC(EPHI, a TAKXKE AMHBIM IPOCTPAHCTBOM JIOKAIM3ALUHU U ONHU3KH-
MU KpPUTEPUAMHU BOCTIPUMMYUBOCTH K BO3/IEUCTBHUIO PaHOYaCTOTHBIX AEKTPOMArHUTHBIX I0JIei Hace-
JICHWS] U TEXHUYECKHUX CPE/ICTB.

2. [IpuBenieHHbBIE BBIIIIE MaTepUAIIbI TOITBEPKIAIOT:

— aJIeKBATHOCTH MPEJENIBHO JTOMYCTHUMBIX YPOBHEH pagHOYaCTOTHBIX JIEKTPOMArHUTHBIX IOJIEH
JUIsL HACeJIeHUs, MPUHATHIX C YYETOM OINAacHOCTH HETEIUIOBBIX A(PQPEKTOB BO3ACHCTBHS pagroyac-
TOTHBIX 3JIEKTPOMArHUTHBIX IOJIEH Ha HacejeHue [16] M OJHOBPEMEHHO OOECIEUMBAIOIINX 3AILUTY
OOJILIIMHCTBA TEXHUYECKHUX CPEJCTB OT BO3JCHCTBUS TaKUX MOjIeld MOOMIBbHOM cBsizu FDD;

— HEAaJEeKBAaTHOCTb «TEIUIOBBIX» I'MIMEHHYECKUX HOPMATHBOB [S5] BO3AEHCTBHS PaguodacTOTHBIX
ANEKTPOMATHUTHBIX M0JIel MOOMIIBHOMW CBS3M JUIsl HACENICHHS, HCTIOJIb30BAHUE KOTOPBIX CLIOCOOHO OBITh
MIPUYIMHON KaTacTpO(UUECKUX ITOCIIEACTBHUM, CBI3aHHBIX C MACCOBBIMH OTKAa3aMU TEXHUUYECKUX CPEACTB
KPUTHYECKOH HMHPPACTPYKTYphl BO BCEX cdepax — B HMPOMBILUICHHOCTH, TPAHCIIOPTE, SHEPIeTHKE,
3PaBOOXPAaHEHUU, KOMMYHAJILHOM XO3SICTBE U T. I1., 0OCOOEHHO IIPU IPUMEHEHUH B MOOUIIBHON CBSI3U
HAMILYJIbCHBIX peskuMoB TDD.

3. AKTyaJIbHOCTH PACCMOTPEHHBIX MOJIOKEHNH OUYEBHIHA C YIETOM PACIIHPSIOMIETOCS TPUMEHEHHS
B cCUCTeMaX MOOMIIBHOHM CBSI3M UMITYJIbCHBIX peskuMoB TDD. AHanu3 u3/10KeHHBIX B cTaTbe (PaKTOPOB
1 000CHOBaHUE apTryMEHTAIINH B TTOJIb3Y CO3JaHMS MOTO0OHOM CHCTEMBI OyIyT pacCMOTPEHBI B HacTH 2
JIAHHOU CTaTbH.
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BJIUSIHUE HUTPUIN3AIINU OKCUJA KPEMHUS
UMIYJIbCHOM ®OTOHHOMW OBPABOTKOM
HA DJIEKTPUYECKUE ITAPAMETPBI
SJTEKTPOHHOU KOMIIOHEHTHOM BA3bI KMOIT UHTEI'PAJIBHBIX CXEM

H. C. KOBAJIBUVYK, JI. B. IIECTOBCKUI, 1. A. COJIOBBEB, B. A. ITMJIUIIEHKO

OAO «MTHTEI'PAJI» — ynpasnsiiowas komnanus xonounea « AHTET'PAJI» (Munck, Pecnybnuxa Berapycy)

AnHoTanus. V3yueHo BIMSHUE HUTPHIU3AINH HUMITYyITbCHOW (DOTOHHOI 00paboTKOH B cpenme a3oTa CIOEeB OK-
cHJa KPEeMHUS, MTOJTYYEHHBIX TEPMHUUCCKUM OKHCICHHEM, Ha 3IEKTPOPU3HMIECKHE XapaKTEPUCTHKH TPAaH3UCTO-
POB M KOH/IGHCATOPOB CO CTPYKTYpOW METaI—OKCHA-TIONyNpoBOAHMK. CJIOM OKCHJa KPEeMHUS TOJNIIUHON 7,7
n 35,0 HM nmoyYanayu OKHCICHHUEM TOUIOKEK MOHOKPHUCTAJUIMYECKOTO KPEMHHUS B CyXoM Kucnopone. Hutpuan-
3allMI0 CJI0€B IPOBOIMIIM IIyTEM HarpeBa MOMJIOKEK B cpenie a3ota Jo Temneparypsl 1150 °C B Teuenue 7 ¢ UM-
ITYJIbCOM HEKOT€PEHTHOTO M3JIyYEHUsI IOCTOSTHHOM MOIITHOCTH OT KBapIIEBbIX TJOTCHHBIX JIAMII, HAallPaBJICHHBIM
Ha Hepabo4uyro CTOPOHY KPEMHHUEBOH MOIT0KKH. [Tpyu nccaenoBaHny BONBT-aMIIEPHBIX U BOJIBT-(DapaHbIX Xapak-
TEPUCTHK Ha TECTOBBIX ANEMEHTAX CO CTPYKTYPOH METaI—OKCHI—TIOIYIPOBOJHUK YCTAHOBIICHO, YTO HUTPUIHN-
3a1ust IMITYJIbCHOM (POTOHHOI 00pabOTKOI MPUBOIUT B pe3yJIbTare NepecTPOMKH CTPYKTYPBI OKCHIHOTO CJIOSI, €T0
YIJIOTHEHHMS, & TAK)KE CHIKCHUS IFIOTHOCTH 3apsIOBBIX COCTOAHUM OT 1,5 10 4 pa3 K yMEHBILICHNIO TOKA yTEUKH
3arBopa ot 3,3 110 7 pa3, yBEeJIMUEHHIO HANPsDKeHUs po0Oost 3arBopa B 1,05 pa3a, yMEHBIIEHHUIO C/IBUTA IOPOTOBOTO
HaIpsDKEHUS TIPU TEPMOIIOJIEBBIX MCIBITaHUsIX OT 1,3 1o 1,6 pa3a u k yBennueHHIo 3apsiaa npobdos Ha 9-13 %.
IomyueHHbIE Pe3ynbTaThl MOTYT OBITH UCIIOIB30BAHbI HA MPEANPHATUIX MUKPOIEKTPOHHOM OTpacin MpH U3ro-
TOBJICHUH M3JICJTUH SJIEKTPOHHON TEXHUKHU CO CTPYKTYPAMH METaJI-OKCH/I—TIOIYIPOBOJHHUK.

KiroueBble ciioBa: OKCHJI KPEMHUS, HUTPHIM3ALMS, UMITYJIbCHAsE (OTOHHAsE 00paboTKa, CTPYKTYpa MeETalli—
OKCHJI-TIOJYIPOBO/IHUK, BOJIBT-aMIIEpHAsl XapaKTepPHUCTHKA, BOJbT-(hapaHas XapakTepucTHKa.

KonpaukTt untepecoB. ABTOPHI 3asBJIAIOT 00 OTCYTCTBUH KOH(IMKTA HHTEPECOB.

Jast uuTupoBanus. BivsHAC HUTPUIU3AIMA OKCUIa KPEMHUS IMITYJIbCHOU (POTOHHOM 00pabOTKOM Ha DIICKTPH-
YECKHUE MMapaMeTphl 3JCKTPOHHOM koMoHeHTHO# 0a3b1 KMOII nnterpanpubix cxem / H. C. KoBanbuyk [u ap.] //
Hoxnanet BI'YUP. 2026. T. 24, Ne 4. C. 16-21. http://dx.doi.org/10.35596/1729-7648-2026-24-4-16-21.

THE INFLUENCE OF SILICON OXIDE NITRIDATION
BY PULSED PHOTON PROCESSING ON THE ELECTRICAL PARAMETERS
OF THE ELECTRONIC COMPONENT BASE OF CMOS INTEGRATED CIRCUITS

NATALIA KOVALCHUK, DMITRY SHESTOVSKY, JAROSLAV SOLOVIJOYV,
VLADIMIR PILIPENKO

JSC “INTEGRAL” — Manager Holding Company “INTEGRAL” (Minsk, Republic of Belarus)

Abstract. The effect of nitridation of silicon oxide layers obtained by thermal oxidation by pulsed photon treatment
in a nitrogen atmosphere on the electrical characteristics of transistors and capacitors with a metal-oxide-semicon-
ductor structure was studied. Silicon oxide layers with thicknesses of 7.7 and 35.0 nm were obtained by oxidizing
single-crystal silicon substrates in dry oxygen. Nitridization of the layers was achieved by heating the substrates
in a nitrogen atmosphere to a temperature of 1150 °C for 7 s using a pulse of incoherent radiation of constant
power from quartz halogen lamps directed at the non-working side of the silicon substrate. In a study of the cur-
rent-voltage and capacitance-voltage characteristics of test elements with a metal-oxide-semiconductor structure,
it was found that nitridation by pulsed photon treatment leads, as a result of the restructuring of the oxide layer,

16



Joknager BI'YUP Dokrapy BGUIR
T. 24, Ne 4 (2026) V.24, No 4 (2026)

its compaction, and a decrease in the density of charge states from 1.5 to 4 times, to a decrease in the gate leakage
current from 3.3 to 7 times, an increase in the gate breakdown voltage by 1.05 times, a decrease in the threshold
voltage shift during thermal field tests from 1.3 to 1.6 times and an increase in the breakdown charge by 9-13 %.
The obtained results can be used in enterprises of the microelectronics industry in the manufacture of electronic
products with metal-oxide-semiconductor structures.

Keywords: silicon oxide, nitridization, pulsed photon processing, metal-oxide—semiconductor structure,
current-voltage characteristic, capacitance-voltage characteristic.
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BBenenue

ToHKMe citon OKCHJIa KPEMHUS B TEXHOJIOIMH UHTETPAIBHBIX CXEM C KOMIUIEMEHTAPHOU CTPYKTYpOn
MeTauT—oKcHA-TIonynpoBogHUK (KMOIT) BEITOMHSIOT BaXKHYTO (DYHKITHIO, BBICTYTIAasI B KAI€CTBE TOA3aT-
BOPHOTO 1 KOH/IEHCATOPHOTO AuaJieKTprKa [ 1]. Hurpuausaus uiy HachILeHNE TAKUX CJI0EB a30TOM I103-
BOJISIET YAYUIIUTh UX OXHOPOJHOCTB MO TOJILMHE, TIOBBICUTH YCTOWYMBOCTH K 3aXBaTy TOPAYMX HOCHTE-
JIeld, a TaKKe MOJAaBUTh MepepacipeaeieHre 6opa B copMUPOBAHHBIX 00NACTIX p-TUMA TPOBOAUMOCTH
croka/ucroka [2—4]. laHHoro pona MoaAM(pHKAIHS CIOEB OKCHIA KPEMHHS ITyTEM UMITYJILCHOW (POTOHHOMN
obpadotku (MDO) B azorcomepxaiieit armochepe COMPOBOKIACTCS YMEHBIICHUEM B HUX IJIOTHOCTH
ne(heKTOB CTPYKTYPHOTO M IPIMECHOTO Xapakrepa [5].

B [6, 7] noka3ano, yto UDO B cpene a3oTa CIOEB OKCUIA KPEMHUS, MOIYYEHHBIX TEPMUUYECKUM
OKHCJICHUEM, 3a CUET YIYyYLICHUS! UX CTPYKTYPHOIO COBEPLICHCTBA MPUBOAUT K YMEHBIICHUIO B HUX
IUTIOTHOCTH 3apsIOBBIX COCTOSHUN M ToKa yTeukn B MOII-cTpykTypax ¢ ux ucnonb3zoBanueM. Kpome
TOTO, HUTPUAM3AIMS clioeB okcuaa kpemHus MPO B a3oTe 3a cUeT YIUIOTHEHUS CTPYKTYpbl OKCHJA
KpeMHHUsi U oOpa3oBanus cBsized Si—N yBennumBaer Bpemsi Hapabotku Ha otka3 MOII-koHaeHcaro-
poB [8]. Bonpoc Brnustaus MMDO B a30THON atMocdepe CIoeB OKcHa KpeMHUs, C(POPMUPOBAHHBIX Me-
TOZAOM TEPMHUYECKOTO OKUCIICHHS, Ha 3JIEKTPOPU3NUECKUE MapaMeTpbl IEKTPOHHOH KOMIIOHEHTHOMH
6a3b1 B KMOII-cTpykTypax TpeOyeT JONOIHUTENBHOIO H3yYCHHUSI.

B crarbe paccmotpeno Binusiaue HuTpuanzauun MO B cpene a3oTta ciioeB OKcHaa KPEMHUS, TIOY-
YEHHBIX TEPMUUYECKUM OKUCIICHHEM, Ha 3JeKTpodusndeckue xapakrepructuku MOII TpaH3uCTOPHBIX
1 KoHAeHcaTOpHBIX cTpykTyp KMOII nHTETpanbHbIX cXeM.

MeToanka npoBeeHHsi IKCIePUMEHTA

Wzyuenne >neKTpoGU3NIECKUX XapaKTePUCTUK MPOBOIWIN Ha TECTOBBIX cTpykrypax MOII-koH-
JIEHCATOPOB, a TakXke n- u p-kaHambHbIX MOII-Tpan3uctopos (puc. 1), chopMupoBaHHBIX HA TTOMTOXK-
kax MoHOKpucTamyeckoro kpemuus KJIb 10 (100) guamerpom 200 MmM. Crion okcuia KPEMHHSI TOJI-
uHoM 7,7 uM 11t MOII-xouaencatopos u 35,0 um st MOII-konaencaropoB u MOII-Tpan3uctopoB
II0JTy4aIi TEPMUYECKUM OKHCIEHHEM KpPEMHHS B CyXOoM Kuciopoze rpu temmneparypax 900 u 1000 °C
B TeueHne 35 u 30 MUH COOTBETCTBEHHO. HUTpUIN3aLNIO CIOEB MPOBOAMIN ITyTEM HArpeBa MOIOKEK
B cpene azora g0 temmeparypsl 1150 °C B TedeHue 7 ¢ IMITyIHCOM HEKOTEPEHTHOTO M3TyUEHUS MOCTO-
SITHHOW MOIITHOCTH OT KBAapILIEBbIX I'AJIOTEHHBIX JIAMII, HAIIPABJICHHBIM Ha HEPaOOUyl0 CTOPOHY KPEMHHU-
€BOM IMOUIOKKH.

Onekrpoduznueckue napamerpsl MOII-cTpyKTyp MccienoBaiu MyTeM aHallu3a MX BOJIBT-aMIIep-
HBIX XapakTepucTuk (BAX) m Bombr-dapanubix xapaktepucTuk (B®dX), momydeHHBIX ¢ MOMOIIBIO
xomruiekca B1500 (Agilent, CIIIA) ¢ 3oum0BO# cranmmeir Summit 11000 AP (Cascade, CILIA) [9].
C nomompo BAX omnpeznensin HanpspkeHHe npo0ost AUIIEKTPUKA U €r0 TOK YTEUKH, CIABUT I10POro-
BOTO HaNpsDKEHUS MIPU TEPMOIOJIEBBIX MCIBITAHUSX, 3apsaa Mpobost nusiekrpuka. Hampspkenue npo-
0051 AMANIEKTPUKA ONIPEIEIISUIN MIPU 3a3eMJICHHBIX cTOKe U ucToke MOII-TpaH3ucTOpoB myTeM Hoaauu
Ha 3atBop Hanpspkenus ot 0 10 100 B ¢ mrarom 1 B i n-xananbsabIx Tpansuctopos u ot 0 1o (—100) B
c maroM (—1) B 1711 p-kaHadbHBIX TPAH3UCTOPOB. TOK yTEUKH TUAIEKTPUKA U3MEPSIIH TIPU HAPSKEHUH
Ha 3aTBOpe n-KaHajapHOTO Tpansuctopa 20 u (—20) B — miist p-kaHaIBHOTO TpaH3UCTOPA.
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Monukpemuuit MonukpemHuin

‘ MonnKpemMHuii l
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a b c
Puc. 1. CtpykTrypa TeCTOBBIX 21eMeHTOB: a — MOII-koHaeHcaTop;
b, ¢ — MOII-TpaH3UCTOp C KAHAJIIOM 71- U p-TUTIA COOTBETCTBEHHO
Fig. 1. Structure of test elements: a — MOSFET capacitor;
b, c — MOSFET transistor with n- and p-type channels, respectively

[IpoBepKy Ha yCTONYMBOCTH CIIOEB OKCHJA KPEMHHS K TEPMOIIOJIEBBIM HCIIBITAHUAM ITPOBOJIHU-
JM Ha p-KaHAJBHBIX TPAH3UCTOpaxX IyTEM aHalM3a MU3MEHEHUH IMOPOroBOrO HANpPsDKEHMsS Ha 3aTBOpE
pu Toke croka 100 HA (MCTOK 3a3eMIIeH, HampsokeHne HCTOK-cTok 0,1 B, HampshKkeHue 3aTBOP-HCTOK
mmersuim oT 0 1o (—5) B ¢ marom (—0,1) B) mocne narpesa ctpykrypsl g0 200 °C, mocnemyromeit
ee BBIJCPIKKH /17151 yCTAaHOBKHU TEINIOBOTO OaaHca U MOAaYr Ha 3aTBOP HampspkeHus 9,5 B (cTok u uctok
TPAaH3UCTOpPA 3a3€MJICHBI) B TEUEHHE 5 MHUH, 4TO OOECIEYMBAJIO HANPSHDKEHHOCTb IEKTPUUECKOIO
nonst ~2,0 MB/cM. 3apsin mpo6ost clioeB OKCHIa KPEMHHUSI ONpeNessuIn myTeM (pUKCUpOBaHUS 3apsi-
J1a, IPOILEAIIECTo Yepe3 JUAINEKTPUK, IPU IPOITyCKaHUH Yepe3 Hero NoCTOsSTHHOTo Toka. Ha ocHoBaHumn
IIOJIy4YEHHBIX JaHHBIX CTPOMJIM pacnpenesieHne BelOymia u onpeaessuii npoOol JUIIEKTPUKA [0 €ro
nedexram.

C ncnonb3oBaHreM MeTofa BbICOKOYAcTOTHHIX (BY) BOX Haxoqumu mioTHOCTH (GUKCHPOBAHHOTO
3apsija B closx okcuja kpeMHus TectoBbix MOII-konaercaTopoB. Mi3mepeHus BBITIOTHSIIH C TIOMOIIBIO
BY-curnana yactoroit 1 MI'l1, mocTossHHOE HaMpsKEHUE HA CTPYKTYpe U3MeHsn ot (—5) 10 5 B ¢ mia-
rom 0,1 B. BenmnunHy (GUKCHPOBAaHHOTO 3apsifa B OKCHIHOM clioe m3Biekain n3 BOX BCTpoeHHBIMU
MIPOrPaMMHBIMU CPEACTBAMHU U3MEPUTEIHHOTO KOMITIEKCA.

Pe3ynbrarhl uccie10BaHuii U UX 00Cy:KIeHUe

CpaBuutenbubiii aHanmu3z BAX MOII-TpaH3ucTOpoB ¢ HUTPUAM3UPOBAHHBIM MOA3aTBOPHBIM M-
AIEKTPHUKOM M3 OKCHIa KPEMHUS U CO CIIOIMU Oe3 00padboTku nokaszai (puc. 2), uto MDO mom3arBopHO-
ro AMDIIEKTPUKA B a30T€ MPUBOAMUT K YMEHBIICHUIO TOKOB YTEUKH 3aTBOPA 7-KAHAIBHOTO TPaH3UCTOPA
¢ 0,20 10 0,06 A u ¢ 0,70 o 0,10 nA ans p-kanansHoro. [lpu sTOM Hanpspkenue mpodost MOII-cTpyk-
TYpbl C HOA3aTBOPHBIM JUAJIEKTPUKOM W3 HUTPUAM3UPOBAHHOIO OKCHAA KPEMHHS yBEIMUUBAETCS
B 1,05 pa3a mo cpaBHEHHIO CO CTPYKTYpaMmH, U3TOTOBJIEHHBIMHU 110 CTaHAApTHOHN (6€3 HUTPHUAN3ALINN)
TEXHOJIOTUH. Takoil pe3yabTar 0ObSCHICTCS IEPECTPORKON CTPYKTYPbI OKCHIA KPEMHHUS M yBEITUUCHH-
€M ee TOJIIMHBI 3a cueT auccounanuu rpynnsl OH u oO6pa3oBanus cBsi3eil kpeMHus ¢ a3otoM. Kak no-
kazaHo B [6], DO B cpene azora MPUBOIUT K CHMIKEHHIO 3apsija Ha TPaHMIIE pasjiena ¢ KpeMHHUEM,
CTPYKTYPHOH NEpEeCTpOMKE U YIUIOTHEHHIO OKCHIHOIO CJIOf, @ TAKXKE K YBEJIHMUYCHHIO €ro TOJILUHBI
3a cueT oOpa3oBaHus cBs3ed N—Si.

CpasHenue BnussHUS HUTpuAn3anun UPO B a30Te Ha yCTONUNBOCTH MOA3aTBOPHOTO MAIEKTPHUKA
K TEPMOIIOJICBBIM HCHBITAHUSAM (Tabi. 1) MOKa3bIBaeT YMEHBIICHUE CABHUIa MOPOTOBOIO HAMPSIKECHUS
rocye nposeacHus oopadbotku ot 1,3 1o 1,6 paza ans p- u n-KaHAJTBHBIX TPAH3UCTOPOB COOTBETCTBCH-
HO. HOHy‘IeHHLIﬁ PE3YIBTAT MO3BOJIACT YTBEPIKAATh, YTO HUTPUAU3ALIUA TOA3aTBOPHOIO JUIJICKTPUKA
YMEHBILACT IIIOTHOCTH 3aPSJ0BbIX COCTOSIHUH 10 CPABHEHHIO CO CTAHJAPTHBIM TEXHOJIOTHYECKUM IPO-
neccoMm, KOTOpBIﬁ BBI3BIBACT UX AKTHUBAIIUIO.

Taoauna 1. Caeur nmoporosoro HanpspkeHHst MOII-TpaH3uCTOPOB TOCIE TEPMOIIOICBBIX NCTIBITAHUN
Table 1. Threshold voltage shift of MOSFETs after thermal field tests

CrBHT IOPOTOBOT0 HaMNpsbKEeHUs, MB
Tun MOII-Tpan3uctopa
be3 nurpuauzanuu Ilocne HuTpUAU3aLU
n-KaHAJTbHBIN -0,40 -0,25
p-KaHAJBHBIN -0,70 -0,53
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Puc. 2. Bonsr-amnepnsie xapakrepuctikn MOII-Tpan3ucTopoB: a, b — ¢ KaHaJIOM 1- U p-TUIIa COOTBETCTBEHHO;
1, 2 — 0e3 HUTPUAN3AIHM U [TOCIIE HUTPHUM3ALUH TI0/13aTBOPHOTO JMANICKTPHKA
Fig. 2. Current-voltage characteristics of MOSFETSs: a, b — with n- and p-type channels, respectively;
1, 2 — without nitridation and after nitridation of the gate dielectric

WccnenoBanus BENMWYWHBI 3apsaa MpoOOs MUANIEKTpHUKA Tokazanw (Tabdn. 2), 9TO HUTPHAM3A-
uus UPO B a30THOH arMocdepe BBI3bIBaeT ero ypenudeHue Ha 9,16 % ans n-KaHaIBHBIX CTPYKTYP
n Ha 13,67 % — U1 p-KaHaNBHBIX. DTO SBIAETCS MPSAMBIM CJIEICTBHEM YMEHBIIEHUS INIOTHOCTH CTPYK-
TYPHBIX 1€()EKTOB B OKCHIHBIX CJIOSIX B PE3y/bTaTe HUTPUAM3ALMH 38 CUET YIUIOTHEHHUS UX CTPYKTYPbI
u oOpa3zoBaHus cBs3eit Si—N.

Tadsmmmna 2. Vizmenenue 3apsiia npo0ost ANAIEKTPHUKA TTOCIIE HUTPHIN3ANT
Table 2. Change in the breakdown charge of a dielectric after nitridation

3apsn npobos ausnexTpuxa, Ki/cm?
Be3 HUTpUAM3ALUY TMocne HUTPUAM3ALUU
9,17 10,01
13,09 14,88

Tun MOII-Tpan3uctopa

n-KaHaJIbHbIN
p-KaHaJIbHBII

Pesynprarer uccienoparmii B4 BOX MOII-ctpykTyp (Tabm. 3) moaTBepkaaroT paHee CACITaHHbII
BBIBOJ] 00 YMEHBIIIEHUH TUIOTHOCTH (DUKCHPOBAHHOTO 3apsiia B CIOSX OKCHIA KPEMHHS B pe3yibTa-
te ux HuTpuauzanuu MDO B cpene azora. Tak, MIs TONIUHBI OKCUIHOTO CI0s 7,7 HM HaOIOnaeTcs
YMEHBIICHHE IJIOTHOCTH 3apSA0BBIX COCTOSIHUM B pe3yabTaTe HUTpUAU3AUH B 1,5 pasa, a npu TOIIIU-
He cios okcuaa 35,0 HM HUTPUIU3AIKS TPUBOAUT K UX YETHIPEXKPATHOMY YMEHBIICHUIO.

Ta6uauna 3. 3MeHeHne MI0THOCTH 3apsIIOBbIX COCTOSTHUIN B CJIOSIX OKCHJIa KPEMHUS TOCIE HUTPHIH3ALIUH
Table 3. Change in the density of charge states in silicon oxide layers after nitridation

I110THOCTH 3apsAA0BBIX COCTOSHUIA, CM 2

ToammHaa OKCHAHOTO CI0sI, HM

bes HUTpUAN3alN

Ilocae HUTpUAN3AUN

7,7

1,0 - 10"

6,6 - 10'°

35,0

6,0 - 10!

1,5-10"

Takum o6pazom, HuTpuauzauus UDO B cpene a3oTa c10€B OKCUIA KPEMHHUSI, OITYYEHHBIX TEPMHU-
YECKUM OKHCJICHUEM, YIydIIaeT ieKkTpodusnueckue xapakrepuctuku MOII TpaH3UCTOPHBIX U KOH-
neHcatopHbix CTpykTyp KMOII nmHTErpasbHbBIX CXeM: YMEHBIIAIOTCS TOKM YTEUKH MOA3aTBOPHOTO
JVRJIEKTPUKA M YBETMYMBACTCSI €ro HANpsbKeHHE MPO0O0si, yMEHBIIAETCS MIIOTHOCTD 3aPSJ0BBIX COCTOSI-
HUI B OKCHJIHOM CJIO€ U MTOBBIIIAETCS €r0 CTOMKOCTh K TEPMOIIOIECBBIM UCTIBITAHUSAM U 3apsiay IpoOosl.
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3aKiIroueHue

1. MccnenoBaHo BAMSHUE HUTPUIM3ALUHU CIOEB OKCHIA KPEMHMS, HUCIIOIb3YyEMbIX B JIEMEHTHON
0a3e MHTErpaJIbHBIX CXEM C KOMIUIEMEHTAPHOM CTPYKTYpPOH METaJlI—OKCHI—TIONYIPOBOJHHUK, ITyTEM Ha-
rpeBa MojJIoKeK B cpesie a3ota o TeMmneparypsl 1150 °C B TeyeHue 7 ¢ UMITyJIbCOM HEKOTEPEHTHOTO
U3JTy4EHUsI IOCTOSTHHOM MOIITHOCTH OT KBapIIEBbIX I'aJIOTCHHBIX JIAMII, HAIPABJICHHBIM Ha HEPaOOvyIo
CTOPOHY KPEMHHEBOW TIOMIOKKH.

2. Iloka3aHo, 4TO HUTPUAN3ALMS IPUBOAUT B PE3YILTATE IEPECTPOMKHU CTPYKTYPBI OKCHAHOTO CIIOS,
€ro yMJIOTHEHHs, a TAK)KEC YMEHBILICHHS IUIOTHOCTH 3apsI0BBIX COCTOSAHUM OT 1,5 10 4 pa3 K yMeHb-
LICHUIO TOKa yTedku 3arBopa B MOII-cTpykrypax ot 3,3 10 7 pa3, yBeIMUCHUIO HANPSDKEHHUS POOOst
3arBopa B 1,05 pa3a, yMEHBIIEHUIO CIBUTA TOPOTOBOTO HANpPSKEHUS TPU TEPMOIIOIEBBIX MCTIBITAHUAX
or 1,3 o 1,6 pasa u k yBeJqu4eHUIO 3apsiia npoodost Ha 9—13 %.

3. [TomyueHHbIE Pe3yIbTaThl MOT'YT OBITH HCIIONB30BAHbI HA MPEANPHUITHASIX MUKPOIICKTPOHHON OT-
paciH PY U3TOTOBJICHUN U3IEIHH dICKTPOHHOH TexHuknu ¢ MOII-cTpykTypamu.
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YUCJTEHHO-AHAJIMTUYECKASA PEATIM3AIIUA METOJA PACYHETA
ONTUMAJIbHBIX PEXKUMOB JIA3BEPHOI TEPMAYECKON OGPABOTKH
MATEPHAJIOB JIEKTPOHHOM TEXHUKH

A.H.KYIIO', E. 5. LIEPIIHEB', B. A. EMEJILSIHOB?, A. A. KOBAJIEB'

Tomenvcruii 2ocyoapemeennoiii ynueepcumem umenu Ppanyucka Cropunsvt (Iomens, Pecnybnuxa Benapycs)
2040 «MHTEI'PAJI» — ynpaénsiowas komnanus xonounza « MHTEI'PAJD» (Munck, Pecnyonuxa Berapycy)

Annoranust. [Tpemoxena Mmoaudukanys MeToa HapaMeTpruueCcKoi ONTUMH3aLME HECTAIIMOHAPHBIX IIPOLIECCOB
TETIIONPOBOJHOCTH MTPUMEHUTENBHO K 33/1a4aM JIa3epHOH TepMUYECKoil 00pabOTKH MMPOKOTO Kiacca MaTepHa-
JIOB, UCIIOJIb3YE€MBIX B 3JIEKTPOHHOU TEXHUKE, BKJIFOUasi HOTYIPOBOAHUKH, TUAIEKTPUKU U CBEPXTBEPbIC MaTepUa-
abl. C UCTIONBb30BaHKEM TaKeTa KoMiibtoTepHoi Mmatemaruku MATLAB pa3paboTaH BBIYHCINUTEIbHBINA aITOPUTM
ABTOMATHYECKOTO MOCTPOEHUS ONTUMAIIBHOTO I10 33JaHHOMY KPUTEPHIO KaueCTBa PEKUMA HATPEBA, YTO MO3BOJIA-
€T CYIIECTBEHHO COKPAaTUTh BPEMS SKCIEPHUMEHTAIBHOTO T10/100pa nmapaMeTpoB o0padbotku. [IpuBeneHs! pesyib-
Tarbl Bepr(UKaIMK METo/Ia Ha IIPHUMEpe pacueTa ONTHMAIIbHBIX PEKUMOB JIa3€PHON MApPKUPOBKH U3/IENINIT IIEKT-
POHHOW TEXHUKH, NOATBEPKICHHBIE CPABHEHUEM C U3BECTHBIMU SKCIIEPUMEHTAIBHBIMHU JaHHBIMH, YTO JEMOHCT-
PHUpYET BBICOKYIO TOYHOCTBH MPEIOKEHHOTo moxaxoxa. Ocoboe BHHMaHUE YNENICHO JIa3epHO-UHYUPOBAHHON
rpaguTH3anMU anMasa, Mo3BOJISIONIEi (POPMUPOBATh TOKOIIPOBOMSIINE CTPYKTYPhl B 0ObEME CBEPXTBEP/BIX
MarepuasoB, YTO OTKPHIBACT HOBBIE TIEPCIICKTHUBEI TS CO3/1aHMs (PyHKIIMOHAIBHBIX HIEMEHTOB 3JICKTPOHHON TeX-
HUKH Ha OCHOBE aJIMAa3HbIX IIOAJIOKEK.

KuioueBnble ci1oBa: s1azepHast 00pabOTKa, TEPMUUECKUE IPOLIECCHI, ONTUMAILHOE yIIPABIeHUE, MaTepHaJIbl AJIEKT-
POHHO# TEeXHHUKH, J1a3epHas rpaduruzanus anmaza, MATLAB, uncienHoe MoJeTMpOBaHuUE.

KongumkT nHTEepecoB. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU KOH(IIMKTa HHTEPECOB.

Jos uuTupoBanusi. YucieHHO-aHAIMTHYECKas peain3alis MeTo/ia pacueTa ONTUMAaJIbHBIX PEXKUMOB JIa3epHON
TepMU4eckoi 00paboTkn MarepuaioB dekTporHoi Texuuku / A. H. Kymo [u ap.] // Hoxmamsr BI'YUP. 2026.
T. 24, Ne 4. C. 22-28. http://dx.doi.org/10.35596/1729-7648-2026-24-4-22-28.

NUMERICAL AND ANALYTICAL IMPLEMENTATION OF THE METHOD
FOR CALCULATING OPTIMAL MODES OF LASER HEAT TREATMENT
OF ELECTRONIC MATERIALS

ALIAKSANDR KUPO!, EVGENY SHERSHNEV'!, VICTOR EMELYANOV?,
ANDREI KOVALIOU!

Francisk Skorina Gomel State University (Gomel, Republic of Belarus)
2JSC “INTEGRAL” — Manager Holding Company “INTEGRAL” (Minsk, Republic of Belarus)

Abstract. A modification of the method of parametric optimization of non-stationary thermal conduction proces-
ses is proposed in relation to the problems of laser heat treatment of a wide class of materials used in electronic
engineering, including semiconductors, dielectrics and superhard materials. Using the Matlab computer mathe-
matics package, a computational algorithm has been developed for the automatic construction of the optimal
heating mode according to the specified quality criterion, which makes it possible to significantly reduce the time
for the experimental selection of processing parameters. The results of verification of the method are presented
on the example of calculating the optimal modes of laser marking of electronic products, confirmed by compa-
rison with known experimental data, which demonstrates the high accuracy of the proposed approach. Particular
attention is paid to laser-induced graphitization of diamond, which makes it possible to form conductive struc-
tures in the volume of superhard materials, which opens up new prospects for the creation of functional elements
of electronic technology based on diamond substrates.
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BBenenune

JlazepHOe M3Ny4YeHUE IMHPOKO MPUMEHSETCS Il TePMUYECKO 00paboTKH pasHOOOpa3HBIX Mare-
pHaoB, UCIOJIB3YEMBIX B COBPEMEHHOM 3JIEKTPOHHOH TexHuke. [IoMHMO TpaauLIMOHHBIX METAJIOB,
00BEKTaMH JTa3epHOTO BO3/ICHCTBUS BCE Yallle BBICTYMAIOT TOIYMPOBOJHUKOBBIE CTPYKTYPHI (KpeM-
HU, KapOuI KpEMHHS, apCeHUJT TAILTHSA), AUAICKTPUIECKUE MOKPBITHS (OKCH/IBI KPEMHHUS, HUTPHUJIBI),
a TaKKe CBEPXTBEpPAbIC MaTepHalbl, B YACTHOCTH, CHHTETUUYECKHE aIMa3bl, HCIOIb3yEeMbIC B Ka4eCTBE
MTOJUTO’KEK MOIITHBIX 3JIEKTPOHHBIX KOMIIOHEHTOB M TEIIOOTBOMAIINX dJeMeHTOB. KirtoueBoii mpooe-
MOH TIpH JIa3epHOH 00paboTKe SIBISETCS HEOOXOMUMOCTh MOJICPKAHUS CTPOTO ONPEIeICHHOTO Tep-
MHYECKOTO PEKUMa C 3aJaHHOH MPOCTPAaHCTBEHHO-BPEMEHHOM TOYHOCTBIO, YTO OCOOCHHO KPUTHYHO
JUTSE MUHUATIOPHBIX M3/IETHN AIIEKTPOHHON TEXHUKH, YyBCTBUTEIBHBIX K Meperpeny. s aimvasa, KoTo-
pbIii SBISE€TCS MEPCIEKTUBHBIM MATEPUAIOM CHIIOBOM M BBICOKOTEMIIEPATYPHOU AJIEKTPOHUKH, Ja3ep-
Has 00pabOTKa OTKPBIBAET YHUKAIBHYIO BO3MOKHOCTH CO3JaHUS TOKOIIPOBOMSIINX CTPYKTYp 32 CUET
yIpaBisieMoro ¢a3zoBoro mepexona aamas—Trpadurt. ['padur obmagaeT HU3KUM YAETBHBIM JJIEKTPHYESC-
KUM conpoTusieHreM (10 60 - 10° Om-M), uTo Mo3BOJIET (HOPMUPOBATH KOHTAKTHBIE ILIOIIAJIKH
1 MEKCOEIMHEHHUsI HETIOCPEAICTBEHHO B 00beMe alMa3Horo mMarepuaia. st mpakTuyeckoi peaimsa-
XA He0OXOTUMO COOITIONCHHIE TEMIIEPATyPHBIX PEKUMOB: TTpH Harpere Boime 1700 K Haunnaercs rpa-
¢utuzanus, npu 40004500 K — maBnenue anmasa, a npu >4600 K — cyonumarnus. [IpeBbimieHue
9THX MOPOTOB BEJET K HEKOHTPOJIUPYEMOMY Pa3pyLICHUIO MaTepHraa.

D¢ dexTrBHBIM ammmaparoM I pemeHus 3a1ad ONTUMH3AINH HeCTallMOHAPHON TETUIOTIPOBOIHOC-
TH SIBTISICTCS METO/I, PA3BUTHIN B [ 1—3], MO3BOJISIFOIIII 17151 IMMPOKOTO KIIAcCa PACTIPEACTICHHBIX CUCTEM
CBOANTH NAapaMETPUUYECKYIO ONITUMH3ALHMIO K PELICHUIO 3aMKHYTOH CHCTEMBbI ypPaBHEHUI OTHOCUTEIBHO
HCKOMBIX TTapaMeTpoB yrpaBieHus. JlaHHabIi moaxo 6a3upyercs Ha MHBApUAHTHBIX CBOWCTBAX Pe3yiib-
TUPYIOIIUX TEMIIEPATYPHBIX TOJIEH B TOUKAX JIOCTUKEHUS MPEIEIIBHO JOIIyCTUMOIO OTKJIOHEHUS OT 3a-
JMaHHOTO cocTtosiHusl. OmHaKo UCXOomHas (HOPMYITHPOBKA METOJa OPHEHTHPOBaHA MPEUMYIIIECTBEHHO
Ha 00bEMHBIC HCTOYHHUKH TeTula (MHAYKITMOHHBIN HAarpeB) U HE B MTOJHON Mepe YIUTHIBACT CHEITU(DUKY
Ja3epHOro HarpeBa: JIOKaJbHbIM XapakTep HCTOYHUKA, PE3KHE POCTPAHCTBEHHBIE TPAIUCHTBI, a TAKKE
3aBUCHMOCTH ONTHYECKHUX U TEIUIOU3NIECKUX CBOMCTB MaTepralia OT TEMIIePaTyPHI.

3HAYNTETHHBIA TIPOTPECC B 0OJACTH MATEMaTHIECKOTO MOJICITHPOBAHUS JIa3epHOH 00pabOTKH Ma-
TEpUaJIOB JOCTUTHYT B MocieAHne roasl. Tak, B [4, 5] npeanoxkeHbl MOAXOAb! K pacueTy TemIeparyp-
HBIX TIOJIEH TIpH JIa3epHON cenapanuy KPUCTAIUIOB MPUPOTHBIX M HCKYCCTBEHHBIX aMa30B, a TaKKe
pa3paboraHa HelipoceTeBas METOAUKA ONTHMHU3AINY ITapaMeTPOB Jla3epHO 00padOTKH OPMILTHAHTOB
JUIsL TEXHOJIOTUH BIEKTPOHUKU. B [6] mpencTaBieHbl pe3ysibTaThl HCCISIOBAHUS J1a3ePHO-aKTUBHPO-
BaHHBIX (POTOXUMUYECKUX MPOIECCOB (POPMUPOBAHHS TOHKOIICHOYHBIX CHCTEM MHKPOAJIEKTPOHUKH,
a B [7] paccMOTpeHbI 0COOCHHOCTH M3TOTOBJICHUS 3JIEMEHTHOM 0a3bl BEICOKOTEMIIEpaTypHOU 3J1EKTPO-
HUKH C UCTIONIb30BaHUEM JIa3€PHOTO U3ITYUCHHUS.

Henp nccnenoBaHuii aBTOPOB — peaan3oBaTh B cpee KoMIboTepHoil Matematuku MATLAB vuc-
JICHHO-aHAJUTHYECKUI METOJ] PacyeTa ONTUMAJIbHBIX PEKUMOB JIA3epHON TEPMHUCECKON 00pabOTKH Ma-
TEPUAJIOB AIEKTPOHHOM TEXHUKH, BKIIIOUAs TIOJyIPOBOJHHUKH, TUDJIEKTPUKH U CBEPXTBEPIIbIC MaTepHa-
J6I (CHHTETHYECKHE alMasbl), ¢ BepuQHUKaIieid Ha IpuMepe 3a1adu JTa3epPHOH MapKUPOBKH.

ITocTanoBKka 331244 U 0a30Basi MaTeMaTH4YecKas MoJeJIb

Paccmorpum Tepmuueckyro oOpadOTKy IUIOCKOro oOpasiia Wi TOHKOIUICHOYHON CTPYKTYPBI IOJ
BO3/ICHCTBHEM JIa3€PHOI0 M3JIyYCHHSI C rayCCOBBIM MPO(UIEM MHTCHCUBHOCTH. B omHOMEpHOM mpH-
OJMIKEHUH 110 KOOpAMHATE, HAIPaBJISHHOM 0 HOPMaJIK K 00Iy4aeMoil MOBEPXHOCTH, MPOLIeCcC HarpeBa
OIHCHIBAETCS HECTAIIMOHAPHBIM YPaBHEHUEM TEIIONPOBOJHOCTH

or o or

o(r) a(k(T)ajJrW(x,t), 1)

T
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IJIe X — IIyOrHA OT 00Ty9aeMoii moBepXHOCTH; 1 — TeMrieparypa; T — Bpems; ¢(7T) — o00beMHas TerioeM-
kocTh; MT) — k03 pHLIHEHT TeIIONMPOBOAHOCTH MaTepuana; W(x, 1) — 00beMHas INIOTHOCTh MOIIIHOCTH
Ja3epHOT0 UCTOYHHKA.

JUist LIMPOKOTO Kpyra MaTepHuajoB 3JEKTPOHHON TEXHUKH — MOJIYIIPOBOAHUKOB (KPEMHUH, apCEHU
rajuins), TAIEKTPUKOB (KBapIEBbIE TTOJIOKKH, OKCHJTHBIC TIJICHKH) M CBEPXTBEP/IbIX MaTeprasoB (I10-
JMKPUCTAIUIMYECKUE U MOHOKPHCTAIIMYECKUE aJIMa3bl) — TEIUIOPHU3MUECKUE CBOMCTBA MOTYT CyIIIe-
CTBEHHO 3aBUCETb OT TEMIIEPATYpPbl, YTO HEOOXOAUMO YUUTHIBATh IPU MoAearpoBaHuu. Cienyst oOiei
MIOCTaHOBKE, OMHMCAaHHOI B [1-3], moBeeHNe TeMIepaTypHOTo MO JOIDKHO B KaX/Iblii MOMEHT BpeMe-
HU YIOBJICTBOPATH JONOJTHUTEIBHBIM OIPAaHHUYCHHSIM Ha MPEACIBHO AOMYCTUMBIC 3HAUCHHSI TEMIIepary-
PBL ¥ TEPMOHANPSDKEHUH (AJ151 XPYNKUX HEMETAJUIMYECKUX MAaTePUaJIOB, TAKMX KaK JAUAJICKTPUKH U aJl-
Ma3bl, 3TO 0COOCHHO BayKHO). B kauecTBe KpUTEpHs: ONTUMAIILHOCTH TIpOLiecca BBIOEpeM MUHIUMHU3AIUIO
BpeMeHH 00padOTKH NMPH 3aJaHHONW TOUHOCTH BBITOJIHEHHS TEXHOJIIOTHUECKOTO TPEOOBAHHMS

max|T,, (x) - T, (x)| <&, )
xeG
rie 7,(x) — pe3ynsTUpyIONIee pacpeelieHue TeMIEPaTyphl; 1;(x) — TpeOyeMOoe KOHEYHOE TEMITEPATYP-
HOE COCTOSIHHE; ) — AOIMYCTHMAas a0COJIIOTHASI OTPEIIHOCTb.

Jiist anMa3HbIX MaTepHalioB JIOMIOJHUTEILHBIM KPUTEPHUEM ONITHMAIBHOCTH SIBJsIETCS] (DOPMHPOBa-
HUE 33/IaHHOH TTyOMHbI TPAQUTU3UPOBAHHOTO CII0S dy(T) NPU MUHUMAILHOM TEPMUYECKOM BO3EHCT-
BHH Ha OKpy»xkaromue obnactu. [Ipouecc rpaduruzannn cuuTaeTcsi MHULMAPOBAHHBIM ITPU JOCTHKCHUN
Temreparypoit snauenns T, ~ 1700 K (B 3aBucuMocTn 0T IeeKTHOCTH KpHUCTawia). B cooTBeTcTBHM
¢ 00IIMMU CBOWCTBAMHU KOHEUHBIX TEMIIEPAaTypHBIX COCTOSHUMN, YCTaHOBJIEHHBIMU B [ 1-3], HckoMoe or1-
TUMaJIbHOE YIPABJIEHHE MOLIHOCTHIO JIA3EPHOTO U3IIyUeHUs #(T) 3a1aeTCs ¢ TOUHOCTHIO 10 KOHEYHOTO
YKCIIa TapaMeTPOB (HAIPUMEP, MOMEHTOB TIEPEKITIOIEHHS Ty, Tp, -..).

Ananranusi MeTo/1a K 3a7a4aM Jia3epHoii 00padoTKu

Crienuduka J1a3epHOro HarpeBa 1o CPaBHEHUIO C MHIYKIIMOHHBIM WJIM KOHBEKTHBHBIM HarpeBOM
3aKITIOYaeTCs B MAJIOH XapaKTEepHOH IJIMHE MOTIONMIEHHS H3TydeHus: (0COOSHHO /s YIbTpadroneTo-
BBIX JIa3€POB, UCIOIB3yEMbIX B MAPKHUPOBKE TIOIYIIPOBOJHUKOB M TUJIEKTPUKOB). DTO TIO3BOJISIET C XO-
polLIei TOUHOCTBIO CUUTATh UCTOYHUK TEILIA HOBerHOCTHBIM

a_T = |:q0u “Gloss (T)] (3)
Ox x=0 (
1€ ¢y — MAaKCUMaJIbHAsl HHTEHCUBHOCTD M3ITy4eHUs; #(T) — HOPMHUPOBAHHOE YTIPABIISIONIEE BO3ACHCT-
BUE; ¢,s,(1) — TEIIIOBBIC TTOTEPH (M3ITyUCHHEM H TETTIOOOMEHOM C OKpY’Karolied cpeoi).

JUis HeTMHEWHOM 3aBUCUMOCTU TEIUIO(MU3NYECKUX CBOHCTB OT TEMIIEPATYpPhl (UTO XapaKTEpHO
JUTSL TIOYTTPOBOAHHUKOB M JIMAJIEKTPHUKOB) TPEIaraeTcs MCIOJIb30BaTh UTEPALMOHHYIO MPOIENypY
nepecyeTa KOAQQUIHUEHTOB MO pe3yabTaTaM Mpeabayiero pacuera. CxoquMocTb obecrednBaeTcst
3a CUeT KyCOYHO-JIMHEeHHOH annpokcuManuu 3asucumocteit ¢(7) u A7) 1 MeTona nocie0BaTeIbHbIX
MPHUOITIKEHNH.

ComacHo CBOICTBaM, YCTaHOBJIEHHBIM B [1—-3], B KOHIIE ONTUMAJILHOTO MPOLIECCa MAKCUMAJIbHBIE
OTKJIOHEHHUSI TeMIIEpaTypbl OT TpeOyeMOro 3Ha4yeHusl AOCTHIaroTCs, KaK MPaBUJIO, HAa ITOBEPXHOCTH
B FJIy6I/IHe 06pa3ua, a TaKK€ BO BHYTPCHHHX TOYKAX, YTO IMMO3BOJIACT COCTABUTH 3AMKHYTYIO CUCTEMY
yYpaBHEHUI JJIs ONpEAeNeHUs] HEM3BECTHBIX MapaMeTpoB ylpaBieHHd. B ciiydae IByX HEM3BECTHBIX
IapaMeTpoB (HapUMep, MOMEHTOB BKJIIOUCHMS/BBIKJIIOUEHUS JIa3epa WM JJIMTEIbHOCTH HMITYJIbCa)
CHCTEMa MOXKET OBbITh NPEJCTaBICHA B CIIEAYIONIEM 00IIeM BUE:

7(0.0) =7, (0)= ey’
T(L,A) =T (L) =~Emin;
T(XO’ ) ( ) € min> (4)

Llr(wa)-n()] =0

X=X

e A — mapameTp ynpaBieHus, A = (T, rB)T; L — xapakTepHbIit pa3mep 00pasiia; x, — KOOpAHHATa BHYT-
PEHHEro SKCTpEMyMa.
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Peammzanus B cpene MATLAB u pe3yJbTaThl MOIeJIMPOBAHUS

B pamkax naHHOI cTaTbU OCHOBHOE BHMMAaHHE YIEJICHO YMCICHHOW peanu3alyy MpsiMOTo TEILIo-
¢u3nueckoro pacuera Kak 0a30BOro MO AJIS MOCIENYIONIeH napaMeTpuIecKoi ontumuszannu. Pas-
paboTaHHBII BEIYUCIUTEIBHBIH AITOPUTM BKITIOUAET CIICAYIOIINE OCHOBHBIC OJIOKH.

Mooyns pacuema memnepamypnoeo nons. Pemienne HecTallMOHAPHOHN 3aJa4M TEIUIONPOBOIHOCTH
METOJIOM KOHEYHBIX pa3HOCTEH (HEesBHAs CXeMa) C yYeTOM HEeIMHEWHBIX Tero(pU3nIecKix CBOMCTB.
J1st IOTyTIPOBOTHUKOB M JURJISKTPUKOB MOTYT OBITH 3amanbl Tabnuuaabie 3aBucuMoctu ¢(7T) u MT);
JUIsS. CBEPXTBEPAbIX MAaTepUalioB, TAKUX KaK CUHTETUYECKHUE alMa3bl, UCIIOJB3YIOTCS TEMIIEpaTypHbIE
3aBUCHUMOCTH, MTOJyYEHHBIE B [5] U OATBEP:KIEHHBIE SKCIIEPUMEHTAIIBHO.

Mooyns nocmpoenus onmumanrbHozo ynpagienus. PeannzoBan anroput™M moadoopa mapaMmeTpos A
C TIOMOIIIBIO BCTPOCHHOU PyHKINH fSolve (MeTon HeroTroHa — Padhcona ¢ aHaIMTUYECKUM BhIUMCIICHHU-
eM sIKoOMaHa uepe3 KOHEUHO-Pa3HOCTHYIO alpoKCHMaIuio). Jis geMoHcTpauu paboTocnocoOHOCTH
METOJla B CTaThe MPUBEIEH pacdeT Il (GUKCHPOBAHHOTO MPSIMOYTOJIBHOTO UMITYJIbCa, YTO MTO3BOJISIET
BepUPUIIMPOBATH MOJIETh Ha SKCIIEPUMEHTAIILHBIX TaHHBIX [4, 7].

Mooyne eepugurayuu. CpaBHEHHE TOTYYEHHBIX DPE3YJIBTAaTOB C IKCIEPUMEHTAIbHBIMU JaHHBI-
MU (HalpuMep, ¢ pe3ynbTaTaMH, MPEACTaBICHHBIMU B [4, 6, 7]), a TakKe C PEeUICHUSIMH, TOIy4YeH-
HBIMM aHaNIuTH4ecKku. [lapaMeTpsl MOAETN MOXKHO BapbHpOBaTh B JIIOOBIX JHANa30HaX, MOJEINPYS
TeruIo(pU3NIECKUE CBOMCTBA MaTepHralla i XapaKTepUCTHKH JIA3ePHOT0 H3ydeHus. /s qeMoHcTpanuu
BBIOMPAJIHMCH CIIEIYIOLINE TapaMeTPbl MOJIEINPOBAHNS:

— MaTepHaj — MOHOKPUCTAJUIMYECKHUH ajiMa3 (TerIo(hu3nieckrue cBOiicTBa IPUHUMAUCh OCTOSH-
HBIMH B TIEPBOM NPHOTIKEHAN: 00bEMHas TEIII0EMKOCTh Py, = 2,0 - 10° [Hx/(M*-K), TernmonpoBoaHocTs
A =30 Bt/(M-K));

— o0paselr — II0cKas IIacTuHa TOMMHON L = 50 MKM;

— JIa3epHOE W3IIyYeHHEe — CepHus U3 IISTH TPSIMOYTOJIBHBIX HMITYJIBbCOB, KaXABIH JUINTENb-
HOCTBIO 20 MKC, TTay3a Mex Ty uMmmyibcamu 10 mic (o6miee Bpems 140 Mkc);

— ko3¢ dunment nornomerns o = 0,7;

— HavganpHas TeMneparypa 7, = 300 K;

— rpaHUYHBIC YCIOBHS: Ha 00y4aeMoi TOBEPXHOCTH — JIa3€PHBIM UCTOYHUK C TETNIOBBIMH TIOTEPSI-
MU, Ha ThUILHOU cTOpOoHe — 07/0x = 0;

— u30TepMbl (pasoBbix nepexonos: rpaputusanus T, = 1700 K, mnasnenne 7, = 4300 K, cyOnuma-
mus T, = 4600 K.

MeTo/10M JIMXOTOMHH ONIPEENISANACH MHTEHCUBHOCTD JIA3€PHOTO U3NyueHus g, = 1,86 - 10'° Br/m?,
IIp1 KOTOPOM MakcUMaJlbHas TemIieparypa Ha nosepxHoctu gocrurana 2500 K, uto Belme nopora rpa-
(uTH3aIMK, HO CYyLIECTBEHHO HM)KE TEMIIePaTyp IIaBICHHS U CyOIMMAaIiY, YTO TapaHTHPYET COXpaHe-
HUE IeTOCTHOCTH KPUCTAITHYECKOHN PEeIIeTKN alMa3HO MIaCTHHBI.

Ha puc. 1 mpencraBieno pacmpeneneHue TeMIeparypsl 1Mo rryornHe u BpeMeHd. KpacHast TuHUS
OTpaXkaeT 3BOJIIOLUIO TEMIIEPATYPbl Ha 00IydaeMol IOBEPXHOCTH, CHHSS — HAa THUIBHON CTOpPOHE.

2500
3000 ~,
Puc. 1. DBomonus

TEMIICPATyPHOTO TOJIs
B IUIACTHHE aliMa3a
TOJIIIMHON 50 MKM
M0/ IEHCTBHUEM JIA3€PHOTO
H3ITy4CHHS
Fig. 1. Evolution
of the temperature field
in a diamond plate 50 um
thick under the influence
of laser radiation
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[Toxa3zaHo, 9TO Ka>KAbIH J1a3epHBIN UMITYJIbC BBI3BIBACT OBICTPBIN BCIUIECK TEMIIEPATYPhI IOBEPXHOC-
i Ha 400-500 K, mocre yero B may3e IpOUCXOINT YaCTUYHOE OXJIAK/IEHHE 33 CUET TEIUIONPOBOAHOCTH
BIIyOb Marepuaina. HakorieHue Teria oT UMIyJibca K UMITYJIbCY IPUBOIUT K IOCTEIIEHHOMY YBEIHYE-
HUIO MAKCUMaJIbHOM Temnepatypsl, qocturaromeid 2500 K k koHIly nsitoro ummnynbca. TblIbHasi CTOPO-
Ha niporpeBaercs 110 ~1500 K, uro uckiodaer hazoBbie MpeBparieHHs.

Ha puc. 2 npuBeaeHsl 3aBUCUMOCTH TEMIIEPAaTypbl OT BPEMEHHU Ha TpeX (UKCHPOBAHHBIX IIIyOH-
Hax: MOBepxHOCTh (x; = 0 MKM), x, = 15 MM u x; = 30 mxMm. [loBepxHOCTHast Temrieparypa (Kpac-
Has J'II/IHI/HI) pearupyeTr Ha Ka)K,Z[BIfI HUMITYJIbC NPAKTUYCCKU MTHOBCHHO, JOCTUIrasl IMMKOB B MOMCHTbI
OKOHYaHUs UMITy1bcOB. Ha mmyOune 15 MkM (myprypHas IMHUS) TEMIIEpaTypa MpeBbIIaeT Mopor rpa-
¢utuzamuu (1700 K) yxe mociie BToporo uMiryabsca, a Ha riryouHe 30 MKM (CHHSS TMHUS) — TOIBKO
MOCIIe YeTBEPTOrO UMITYIbCa. DTOT PE3yNbTaT MOATBEPKIACT, YTO MPEATIaraeMbelil pexxuM popMUpyeT
00BbEeMHBII MPOBOAIINI KaHaT: rpadUTH3aLUsI HHULUUPYETCS HA MOBEPXHOCTH M IMOCIEI0BATEILHO
pacrpocTpaHsieTcs BIyOb MaTepHraia ¢ KaKIbIM [TOCIESLYOIIM UMITYJIbCOM.

3000 T T

2500

2000

X
- 1500

1000

MoBepxHOCTbL
15 mkm
30 mkm
- = = -Topor rpacutnsaumn

500

0 1 ol
0 50 100 150
Bpewms, mkc

Puc. 2. 3aBucuMocTs TeMneparypsl oT BpeMeHH Ha nryounax 0, 15 u 30 Mxm
Fig. 2. Temperature versus time at depth 0, 15 1 30 pm

Ha puc. 3 mokazaHo temneparypHoe 1ojie B KOOpIUHAaTax TIyOuHa—BpeMsl. 3eJIeHol THHIeH HaHe-
cena u3orepma T = 1700 K, orpannumBaromias 300y rpadputuzanui. BuaHo, 4to mocie nepBoro uM-
yJbca TpaUTH3UPOBAHHEIN CITOW MMeeT TITyOnHy okojio 12 MkM. K KOHITy TpeThero HMIyibca riTyOun-
Ha 30HBI IIpeBbImaeT 20 MKM, a TIOCJIe MATOr0 UMITYJbca J0CTUraeT ~35 MxMm. [lnomaas Mexty 3ei1eHoi
JUHKAEH U OChI0 TIIyOMHBI IpEACTaBiseT coboil obnaacTe Marepuana, B KOTOPOH ajaMas MpeBpaTuiIcs
B anekTpornpoBosaii rpadut. OtcyrcTBue m3otepm 4300 1 4600 K moka3siBaet, 4To TUIaBlIeHUE U Cy0-
nuManys He HaOmronatoTes. [lomydeHHble pe3yabTaThl MOJICIHPOBAHUS Kau€CTBEHHO U KOJTMYECTBEHHO
COIVIACYIOTCS C HKCIIEPUMEHTAJIbHBIMU JAHHBIMU I10 Ja3epHOH 00paboTKe aaMa30B, MPEACTaBICHHBIMU
B [4-7]. B wacTHOCTH, B [4] MOKa3aHO, YTO HHTCHCUBHAS TpadUTH3ANNS KPUCTAIIIIOB aTMa3a HAaCTyITaeT
IIpH AOCTHXKeHUHU MaTepuanoM Temrneparyp 1700-2300 K, uTo moIHOCTBIO COOTBETCTBYET TEMIIEparTyp-
HBIM YCJIOBHSIM, PEAIM30BaHHBIM B pa3padOTaHHONW MOJICIH.

50 i

45
2500

40

w
a

42000

w
o

Puc. 3. TemmneparypHoe mose
B KOOpJMHATAX [TyOHHA—BpEeMs
| 1500 Fig. 3. Temperature field
in depth—time coordinates

Fny6una, mkm
nN
o

N
o

o

1000

=)

500

1

Bpewms, mkc

26



Joknager BI'YUP Dokrapy BGUIR
T. 24, Ne 4 (2026) V.24, No 4 (2026)

DKCTIepUMEHTAIbHBIE MCCIeOBaHUS [7] MOATBEPKIAIOT BO3MOXXHOCTB YIPABIsIeMOro (ha3oBOTO
nepexojia anMas—TpaduT pHu Ja3epHOM BO3ICHCTBHN, a PE3yNIbTaThl YUCICHHOTO MOJICITUPOBAHHUS C HC-
MOJIb30BAaHMEM METOJa KOHEUHBIX 3JIEMEHTOB [5] MpoIeMOHCTPUPOBAIH XOPOILEe COBIACHNUE PacueT-
HBIX TEMTIEPaTyPHBIX TONel ¢ GOopMOi 30H MOTUUKAINK, HAOIIOAaeMbIX Ha MpakThke. TakuM oOpa-
30M, MTPEIOKEHHBIN METO]] 00ECIIeUNBACT JJOCTOBEPHOE IPOTHO3UPOBaHNE (POPMHUPOBAHHS TOKOTIPOBO-
JSIIUX TPpaUTOBBIX CTPYKTYP B 00bEMe aiMaza U MOKET ObITh PEKOMEH/IOBAH Ui pacdeTa Pe:KUMOB
Ja3epHOl 00pabOTKM CBEPXTBEP/ABIX MaTePHAIOB B IPOU3BOICTBE U3/ICIUI HEKTPOHHON TEXHHKH.

3akJ/oueHue

1. PaspaboraH MeTOox ONpeneeHns ONTUMATLHBIX PEXUMOB JIa3epHOU TEPMHUUIECKOW 00pabOoTKH
MaTepUaIIOB JIEKTPOHHON TEXHHKH, OCHOBAaHHBIA Ha MapaMeTPUYECKOW ONTHMHU3AINU HEeCTalnoHap-
HBIX MIPOIIECCOB TEILIONMPOBOAHOCTH [1-3].

2. IlpennoxeHn yncneHHbId anroput™ B cpene MATLAB, nmo3Bonsronuii paccuuThIBaTh MPOCTPaH-
CTBEHHO-BPEMEHHOE pacrpesie]ieHre TeMIEpaTypbl IPH Ja3epPHOM BO3JEHCTBHH W OMPEAEIAThH Hapa-
METpBI yIpaBIeHus (ITUTETHLHOCTh UMITYIIbCA, HHTEHCUBHOCTh, CKBAXKHOCTH). Peann3oBaHa HesBHas
KOHEYHO-PA3HOCTHAsI cXeMa, o0ecIieurBaroiias 0e3yCcIOBHYO YCTOMYMBOCTD CUETA, & TAKKE aBTOMATH-
YeCKH IOA00P MHTEHCUBHOCTH JIJIsl IOCTHKECHUS 3aJJAHHOM MaKCHMaJIbHOW TeMIIepaTyphl.

3. IlpoBencHa BepHW(UKAIlMI METOIA Ha 3aaade JIa3epHOH TpaduTH3amuu aiamaza — KIIOYCBOTO
CBEPXTBEPOTr0 Marepuaia JJisi CHIOBOW M BBICOKOTEMIIEpaTypHOU AnmekTpoHukH. [lokazaHo, 4To ce-
puei U3 nATH UMITYI6CoB (20 MKC BKIL, 10 MKC BBIKJL.) ¢ HHTEHCHMBHOCTBIO ¢y = (1,5-2,0) - 10'° Br/m?
JIOCTUTACTCS 3aJjaHHasi MaKCUMaJibHas TeMIiieparypa nopepxaoctu (2500 + 50) K. ['mybuna cdhopmupo-
BaHHOTO MPOBOJIAIIETO TPaPHUTOBOTO ciI0s cocTaBisieT (35 £ 5) mkm. [lomydeHHbIe pe3ynbpTaThl coriacy-
FOTCSI C OKCIIEPUMEHTAIBHBIMH JJAHHBIMU [4—7] 110 ynpaBisieMoMy (ha30BOMY Mepexoay aliMa3—Tpadur.

4. YCTaHOBHCHO, YTO HAKOIUJICHUEC TCILJIa OT UMITYJIbCA K UMITYJILCY IPUBOJUT K IIOCJICAOBATCIILHOMY
pacrnpocTpaHeHH0 (ppoHTa rpadUTU3AIMU BIIyOb Marepualia, Py 3TOM TeMIIeparypa ThUIBHOH CTO-
ponbl He mipeBbiaeT 1000 K, uro uckimtoyaeT TepMudeckoe paspyiieHue. [lomydeHHbIe 3aBUCUMOCTH
ITO3BOJISIIOT OOOCHOBAHHO BHIOMPATh TEXHOJIOTHYECKHE MapameTphbl (MHTEHCHBHOCTbD, UIUTEIBHOCTH
HMITYJTbCa, CKBKHOCTB) JIJISI JTa3epHOM 00pabOTKU MaTepHUasoB ANEKTPOHHON TEXHUKH — MOTYITPOBO/I-
HUKOB, IU3JICKTPUKOB U CUHTCTUYCCKHUX aJIMa30B.

5. PazpaboraHHass METOAMKA MOYKET OBITh MCITOJIE30BaHA TIPH PacueTe PEKUMOB JIA3€PHON MapKH-
POBKH, CKpaOMPOBAaHUS U TEPMHUECKON CeTapaIiiyl U3JeIUN MIIEKTPOHHON TEXHUKHU B IIPOU3BOCTBE.
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AHTEHHA MU IJIMMETPOBOI'O JUAITA3OHA
C UHTET'PUPOBAHHOM ®A30YITPABISIEMOM METAIIOBEPXHOCTBIO
JIJISI ATAIITUBHBIX TPUJIOKEHUIA B5G

. A. DAHAEB, A. A. TUMOILIEHKO, C. A. XAXOMOB

Tomenvckuii eocyoapcmeennviii ynusepcumem umenu Ppanyucxa Cxopunwt (Iomens, Pecnyonuxa bBenapycsy)

Annoranus. [IpeacraBineHa KOHCTPYKIHMS aHTEHHbl MIJUTMMETPOBOTO JIana3oHa ¢ HHTErpupoBaHHON (azoyr-
paBiIsIeMON METAOBEPXHOCTHIO JUISI IEPCTIEKTUBHBIX aIallTUBHBIX CUCTEM OecripoBOiHO# cBsizu B5G. AHTenHas
CHCTEMa COYETACT IUTaHAPHYIO0 aHTCHHYIO PEMIeTKYy M3 32 MaT4-aHTEeHH C aKTHBHOW METAallOBEPXHOCTHIO Ha OC-
HOBE MHKPOPE30HATOPOB CO BCTPOCHHBIMH BapHKaIlaMt, 4To obecnednBaeT (JOpMUPOBAHUE y3KOHAIIPABICHHOTO
Jy4a M €ro DJIEKTPOHHOE OTKJIOHEHHWE B pa3fMuHbIX HarpasieHusx. [Iuratommas cetb obecrieunBaeT cuH(pazHoe
BO30YKICHNE U3Tydareneit ¢ pazopocom az He 6omee 16° 1 aMmIUTyIHBIM pa3batancom menee 3,8 nb Ha gacTo-
te 25,7 I'T1. DnemeHTapHast siueiika METalOBEPXHOCTH peasn3yeT pe3oHaHc [tolirenca, 4yro naet KodpQUIUeHT
IPOXOXKACHUS He Xyxke —3,5 nb u orpaxkenue meHee —15 1b. 3a cueT U3MEHEHUs HANPSHKEHUS CMEIIEHUS BapuKa-
moB ot 0 10 20 B mocturaercs Auana3oH AIEKTPOHHOM epecTpoiiku a3sl mopsiaka 304°, mo3BOSMIOMNI AMHAMU-
YeCKH yINpaBIATh HalpaBlIeHneM Jyda. UnciieHHOe MOAEIMPOBaHUE ITOATBEPANIO BOZMOKHOCTD (hOpMHpOBaHUS
Y3KOHAMpPaBJIEHHOTO JIyya ¢ 3JICKTPOHHBIM OTKJIOHEHHEM B IIMPOKOM Auamna3oHe yrios (a0 40°). [Ipennoxxennas
KOHCTPYKIHS 001aJaeT HU3KUM Ipo(rIeM, TEXHOJIOTHYHOCTBIO U YAOBICTBOPSIET TPEOOBAHNUAM aIalTHBHBIX aH-
TEHHBIX CHCTEM MEPCIIEKTHUBHBIX CTAH/IAPTOB CBSI3H JUIS ITOBBIIIEHUS SHEProd()(HEKTHBHOCTH U IPOCTPAHCTBEHHO-
TO MYJIBTUILICKCUPOBaHUs. Pe3ynbraTbl JEMOHCTPHPYIOT BHICOKYIO ITEPCIEKTUBHOCTh PUMEHEHUS pa3paboTaH-
HOW aHTEHHBI B PEKOH(PHUTYPUPYEMBIX aHTEHHBIX CUCTEMaX MIJIUMETPOBOTO HANa30Ha.

KaroueBbie ciaoBa: B5G, Ka-mmama3oH, aHTeHHAs CHCTEMa, METAllOBEPXHOCTH, BapHKAll, MHKPOPE3OHATOP,
naTy-aHTEHHA, JuarpaMmma HarpaBJI€HHOCTH, CUCTEMA MMUTAHUS.

KonpaukT uHTEepecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.

Jas nurupoBanus. Dansie, 1. A. AHTCHHa MWDIMMETPOBOTO JWAla30HA ¢ MHTETPUPOBAHHON (hazoympas-
JsIeMOW METaroOBEepXHOCTBIO JIIS aaTUBHBIX npuiokennit BSG / U. A. dansies, A. A. Tumomnrenxo, C. A. Xa-
xomoB // Jloknagst BI'YHWP. 2026. T. 24, Ne 4. C. 29-37. http://dx.doi.org/10.35596/1729-7648-2026-24-4-29-37.

MILLIMETRE-WAVE ANTENNA
WITH INTEGRATED PHASE-CONTROLLED METASURFACE
FOR ADAPTIVE B5G APPLICATIONS

IVAN FANYAEV, ALEXEY TIMOSHENKO, SERGEI KHAKHOMOV

Francisk Skorina Gomel State University (Gomel, Republic of Belarus)

Abstract. A millimeter-wave antenna design with an integrated phase-controlled metasurface for advanced
B5G adaptive wireless communication systems is presented. The antenna system combines a planar antenna array
of 32 patch antennas with an active metasurface based on microresonators with embedded varicaps, which pro-
vides a highly focused beam and its electronic deflection in various directions. The power supply network ensures
in-phase excitation of the emitters with a phase spread of no more than 16° and an amplitude imbalance of less
than 3.8 dB at a frequency of 25.7 GHz. The metasurface unit cell implements a Huygens resonance, resulting
in a transmission coefficient no worse than —3.5 dB and a reflection coefficient of less than —15 dB. By varying
the varicap bias voltage from 0 to 20 V, an electronic phase tuning range of approximately 304° is achieved, enab-
ling dynamic beam direction control. Numerical simulation confirmed the feasibility of forming a narrow beam
with electronic deflection over a wide range of angles (up to 40°). The proposed design has a low profile, is easy
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to manufacture, and meets the requirements of adaptive antenna systems for advanced communication standards
to improve energy efficiency and spatial multiplexing. The results demonstrate the high potential for using the de-
veloped antenna in reconfigurable millimeter-wave antenna systems.

Keywords: B5G, Ka-band, antenna system, metasurface, varicap, microresonator, patch antenna, radiation pat-
tern, power supply system.
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BBenenue

CoBpeMeHHBIE CHCTEMBI OeCTIpOBOIHOM CBsI3u B5G opreHTHpOBaHbl HAa yBENINYEHHE CKOPOCTH Tie-
penadn JaHHBIX, CTIEKTPATBbHON 3((EKTUBHOCTH U TIOTHOCTH MOJKITIOUEHHS YCTPOMCTB, UTO CTUMY-
JUPYET MCIIOJIb30BaHNEe MUJLTUMETPOBOTO nuarna3oHa 4actotT [1]. OgHako paboTa B JaHHOM JTUaraso-
HE COMPOBOXKIAETCSI BEICOKUMH MOTEPSIMHU PACIPOCTPAHEHUS], YyBCTBUTEIBHOCTBIO K HKPAHUPOBAHUIO
1 HEOOXOAMMOCTBIO TIPOCTPAHCTBEHHOW CENIEKIMH MOJb30Bareneil. B cBsi3u ¢ 3TMM Bo3pacTaroT Tpe-
0OBaHMSI K aHTEHHBIM CHCTEMaM, KOTOpBIE JIOJDKHBI 00JIaiaTh BBICOKAM KOA(MQPHUIMEHTOM YCHIICHUS,
Y3KOW TMarpaMMoii HapaBICHHOCTH M BO3MOKHOCTBIO JHHAMUYECKOTO YIIPaBIEHUS U3TydeHueM [2].
Kiraccnueckue aHTeHHBI ¢ (PUKCHPOBAHHOW AWAarpaMMON HaIlPaBIICHHOCTH HE 00ecreunBaroT Tpedye-
MO aJIaTHBHOCTH, TOT/Ia KaK TPAJAUIIMOHHBIE ()a3uPOBAHHBIE AHTEHHBIE PEIIETKHA OTIMYAOTCS CIIOXK-
HOCTBIO CHCTEMBI IIUTAHHS, BBICOKMMHU HOTEPSIMH U 3HAYUTEIBHBIM dHEPronoTpedIeHneM, 0COOCHHO
B MIJUTUMETPOBOM JIHATa30HE 4acToT [3].

B cBsi31 ¢ 3TUM 0COOBII HHTEpPEC TPENCTABISIOT aJallTHBHBIC aHTCHHBIE CUCTEMBI [4], criocoOHbIe
M3MEHSATH MMPOCTPAHCTBEHHBIE XapaKTEPUCTHKH U3ITyUYeHHUs B pealIbHOM BpeMeHH. M crionp30BaHme TexX-
HOJOTUH (POPMUPOBAHUS U DIEKTPOHHOTO YIPABICHHS JIYYOM ITO3BOJISIET MOBBICUTH SHEPTETHYECKYIO
3¢ (EeKTUBHOCTh paJiiOKaHalla, YMEHBIIUTh YPOBEHb MIOMEX M 00ECIIEYHTh MPOCTPAHCTBEHHOE pa3Jie-
JeHue nonb3oBaresnield. OnqHUM M3 HanOosee MEePCHEeKTUBHBIX HAINPaBICHUH Pa3BUTHs TaKHX CHUCTEM
SIBIISIETCSI IPUMEHEHHE METAaIlOBEPXHOCTEH — HCKYCCTBEHHO C(hOPMHUPOBAHHBIX AIIEKTPOAMHAMHYECKUX
CTPYKTYp, 00€CIeunBaloONINX yIpaBlIeHUEe MapaMeTpaMi 3JIeKTPOMarHUTHOW BOJIHBI Ha CyOBOJIHOBOM
YpOBHE.

MerTaroBepxHOCTH 00JIaIat0T PSIOM MPEUMYIIIECTB IO CPABHEHHUIO C TPAJAUIIMOHHBIMHA (ha3upOBaH-
HBIMH PEIIeTKaMH, BKJIF0Yasi MATYIO TOJIIUHY KOHCTPYKIIUU, HU3KAN MPO(HITH, TEXHOJIOTHYECKYIO COB-
MECTHMOCTD C IUIAHAPHBIMU TEXHOJIOTHSIMUA H3TOTOBJICHHUS U BO3MOXKHOCTB JIOKQJILHOTO YIPABICHUS
(hazoii [5], ammumuTyoii [6] u nonsipusanueii [ 7] uznydenus. OcoOCHHO MEPCICKTUBHBIMHU SBJISIFOTCSI aK-
TUBHBIE (a30ylpaBisieMble METAIIOBEPXHOCTH, COJICPIKAIIUE ITEPECTPANBACMEBIEC AIEMEHTBI, HAIPUMED,
BapHKaIlbl, MO3BOJISAIONINE TUHAMHYECKHA U3MEHATH (Pa30BBIM OTKIMK OTJAENBHBIX MHUKPOPE30HATOPOB.
Taxoi oaxox oOecreynBaeT AMEKTPOHHOE YIPaBICHUE UarpaMMOil HalpaBIEHHOCTH 0€3 MCII0NIb30-
BaHUSI CJIOKHBIX MHOTOKaHAJIBHBIX (ha30Bpaliaresieii 1 1aeT BO3MOKHOCTb CO3/1aBaTh KOMITAKTHBIC aH-
TEHHbIE CUCTEMBI C aAalITUBHBIMU CBOHCTBAMH.

B craree mpemokeHa KOHCTPYKLHUS aHTEHHBI MUJUTMMETPOBOTO JHANa30Ha ¢ MHTETPUPOBAHHOMN
(hazoympaBiIsieMOl METAITOBEPXHOCTHIO ISl TIEPCIICKTUBHBIX TpriiokeHnid B5G. AHTeHHas cuctema
CoYeTaeT IIaHAPHYIO aHTEHHYIO PEIIeTKY C aKTHBHOW METAIOBEPXHOCTHIO HA 0CHOBE MUKPOPE30HATO-
POB CO BCTPOSHHBIMH BapUKalaMu, 4YTo odecrednBaeT (POpMUPOBAHHE Y3KOHAIPABICHHOTO JTyda M €T0
JIEKTPOHHOE OTKJIOHEHHUE B Pa3lIMYHBIX HanpaBieHUsX. [IpoBesieHO YiCIeHHOe HCCleJOBaHUE Xapak-
TEPUCTUK CHCTEMBI MUTAHUS, aHTEHHON CTPYKTYpBl U aKTUBHOW METAIlOBEPXHOCTHU C JIEMOHCTpaIei
BO3MOKHOCTH IMHAMHYECKOTO yIpaBIEeHUs AUarpaMMoii HampaBieHHOCTH B Ka-uanazoHe 4yacTor.

T-o0pa3Hblii 1eUTe b MOIITHOCTH

Haubonee TeXHOIOTHUYECKHU MTPOCTHIM BAPUAHTOM IIJIAHAPHBIX MEPEIAIONINX CTPYKTYP SIBIISIETCS He-
CUMMETPUYHAs I10JIOCKOBAs JINHUS, KOTOPas IUPOKO nucnonbdyercss B CBY- u MuumMeTpoBbIX Auana-
30HaxX. HecumMmeTpryHast JINHUS UMEET pAJ JOCTOMHCTB, & UMEHHO — OTHOCUTEIBHO HU3KHE THUAIIEKT-
pHUUECKUE MTOTEPU IIPU MAJIOH TOJNIIMHE MOIIOKKN M YIPOLICHHBIH c110CO0 BO30YXKICHHS.
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HauanpHbIM 0a30BBIM AIIEMEHTOM ISl TOCTPOESHHSI CHCTEMBI IIUTAHUS JUISI aHTEHHBI C HHTETPUPO-
BaHHOH (ha30yIpaBIsieMOl METalOBEpXHOCTHIO MOCIYX Ui T-00pa3Hblil nenuTens MOIIHOCTH. B Ka-
YEeCTBE JUIICKTPUKA Opaiy MOIMUMUL TOMIUHON /; = 0,3 MM C OTHOCHTEIBHON JUIICKTPUUYCCKON
MPOHMUIIAEMOCTBIO € = 3,2 W TaHreHcoM yria audnekTpuueckux motepb 0,002. Ilepsas mmanapHas
KOHCTpYKIHS T-00pa3HOTO MeIUTeNs MOIIHOCTH [8] ObuTa 00pa3oBaHa pa3BETBICHIUEM BXOTHOTO TPaK-
Ta ¢ BOJHOBBIM conporuBieHreM 50 OM Ha /1Ba BBIXOAHBIX IUI€Ya C TAKUM )K€ BOTHOBBIM COITPOTHBIIE-
HueM. [lepBbIii BXOAHON TpakT cofeprKasl CTYNeHUYAThIH Mepexo/l IMUPUHBI, BHITTOIHSIONNN (yHKITHIO
HUMIIEJaHCHOTO TpaHc(hopMaTopa ¢ BOJIHOBBIM colipoTuBieHueM 35 Om. Jnuna tpancdopmaropa Obuia
nogoOpana 2 MM, YTO MO3BOJIMIIO O0ecreunTh Oojiee HU3KHK KOI(D(PUIMEHT OTpakeHHUs! B MIMPOKOH
rojioce 4acToT. Bropas koHcTpykuus T-AeauTesnss MOITHOCTH COCTOSUIa U3 COUJICHEHMS ITOJIOCKOBOM
JIMHUAW ¢ BOJHOBBIM compoTtusieHrneM 50 OM u ymaun ¢ conporuBieHueM 100 OM, KOHITBI KOTOPOWM
CITy’>KaT BBIXOTHBIMH TUIEYAMHU.

UccnenoBanus S-mapameTpoB mokaszand, 4To T-JeTuTens HAaCTPOeH Ha paBHOE JIEJICHHE MOIIHOC-
TU ¢ KoddhduurnenTamu nepenadn no —3,4 1b, koadduuent orpaxenus ot 1-ro Bxoga qocTUran 3Ha-
uenus —28 1b, k03GPUIMEHTH OTPaKeHHs OT 2-TO U 3-TO BXOJOB, a TaKkKe KOX(QPUIMEHT CBA3M S, 3
He TpeBbImani —6,5 ab.

Cucrema nutanus

Ha ocHoBe aByX pasHoBujHOCTel T-nenuresieid MOITHOCTH U OTPE3KOB TOJIOCKOBBIX JIMHUN ObLiia
MIOCTPOCHA CHCTEMa MHUTAHMSI THIA «eJo4uKka» Ha 32 Bexona (puc. 1). PaccrostHusS MEXIy BBIXOTAMU
0 IBYM OCSM OBUTH OJMHAKOBBIMU (6,2 MM). BoTHOBOE cOnpOTHBIEHHE Ka)I0TO BBIXOAA COCTABIIs-
70 100 Om. Takas cucremMa NUTaHMs YacTO UCIOJIB3YeTCs B (ha3UPOBAHHBIX AHTEHHBIX pemeTkax. Oc-
HOBHAasl 3ajja4ya MpeasaracMoi TOMOJIIOTHH — 00ecnednTh cMH(pa3HOe MUTaHUuE BceX 32 maTy-aHTeHH.
Bnaronaps cummerpun («IepeBo» ¢ paBHBIMU BETBSIMU) CUT'HAJ JTOXOIUT JI0 Ka)J10W aHTCHHBI 33 OJIH-
HAKOBOE BPEMSI U C OJJMHAKOBBIM 3aTyXaHUEM, UTO T03BOJISIET (POPMUPOBATH Y3KUI HATIPABICHHBIH JTyH.
Ha noBoporax JinHu# UConb3yoTes Gacku (CKOLICHHBIE yIIIbl 10 45°) 11 MUHUMHU3AIUK Tapa3uT-
HOM eMKOCTH M OTpa)KEHHI CUTHAJIa Ha PE3KUX MoBopoTax mos 90°.

Puc. 1. Torronorust cucTeMsl MUTaHUs (BU CBEPXY)
Fig. 1. Topology of the power supply system (top view)

B Xo71e YMCIIEHHBIX pacyeToB MpEIaracMoil TOMOJIOTHU CUCTEMBI IIUTAHKS OBLUTH MOJTYYEHBI Yac-
TOTHBIE 3aBUCHMOCTH (a3 U aMILUIUTY Ha BceX 32 BbIxogax. CTOUT OTMETHUTb, YTO JUIS paccMaTpuBae-
MO CHCTEMBI MUTaHUS, IIOCTPOSHHOW HA HECUMMETPUYHOH TOJI0CKOBOH JIMHUH, pa3Opoc (a3 Ha Bcex
BBIXOJIaX COCTaBWII He Oojee 16°, a pa3zdanaHc aMILTUTY]] Ha IIeHTpaibHOH yactore 25,7 [T — He 6o-
nee 3,8 nb.

IlaTy-anTeHHa

CrnenyromuM 0a30BbIM 3JIEMEHTOM SIBJISUIACh TaTY-aHTEHHA, KOHCTPYKIUS KOTOPO# IpHBEIcHA
B [8]. AHTeHHa comeprkaia MPSMOYTOJIBHEIN METAJUTHISCKHMA maTd pasmMepamu 3,23x2,42 MM B KauecT-
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BE€ M3ITyYaloIIero IeMEHTa U MOJIOCKOBYIO JMHHIO THTaHus. [lepenada MOITHOCTH OT JTMHHUA MTATAHUS
K aHTEHHE OCYILIECTBIIANAach uepe3 menb pasmepamu 2,00x0,24 MM B 3a3eMirsitoiiell moasoxke. Toi-
LIMHA AUDJIEKTPUYECKOTO CJI0S MOJTUUMHUA MEXIY HaTyeM U 3a3eMJIISIOIei mou1oxKKoi — /i, = 0,5 MM.
B nporecce ontumMu3aiui reoMeTpUUECKUX pa3MepoB aHTeHHa HacTpauBajiach Ha yactoty 25,7 [T,
IIPU 9TOM KOdPPHIIMEHT oTpaskeHus nocturan Bennunabl —40 ab. [llupuna quarpaMMbl HarrpaBIeHHOC-
TH JUTSL aHTEHHBI COCTaBWIIA B IBYX MIABHBIX TuTockocTsax 100° n 90° cooTBeTCTBEHHO, a KO3 PHUIIHEHT
yeunenus (KY) — 3,4 nb.

AHTeHHad cucreMa Ka-qmamasoHa ¢ ceTbi0 NUTAHUA

C y4eToM Bcex Mpe/ICTaBICHHBIX BhINIE KOHCTPYKIIHA OblIa MOCTPOSHA aHTEHHASI CUCTEMa C CEThIO
nuTaHus Ha 0a3e HECMMMETPHYHOW IMOJIOCKOBOH JmHUM. Ha puc. 2 mpencraBieHa KOHCTPYKIUS aH-
TEHHOW CHUCTEMBI U €€ OCHOBHBIC xapakTepuctuku. OOIIMe pasMepbl NEUaTHOM IUIAThl COCTaBH-
1 43,4%x37,2 MM ¢ TommpHo#i 0,817 MMm.
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Puc. 2. KOHCTpYKIHUS U XapaKTePUCTUKH aHTEHHOW CHCTEMBI: d — TOMOJIOTUSI aHTCHHOH CHCTEMBbI;
b — yrioBast 3aBUCUMOCTD KO3()(HIMEHTa YCUIICHNS B ABYX INIABHBIX IIOCKOCTSX;
¢ — YaCTOTHAs 3aBUCUMOCTh KO QUIIMEHTA OTpaKeHUs Ha BXOJE aHTCHHOH CHCTEMBI
Fig. 2. Design and characteristics of the antenna system: @ — topology of the antenna system;
b — angular dependence of the gain in two principal planes;
¢ — frequency dependence of the reflection coefficient at the input of the antenna system

[Ipu mogave curHana Ha BXOJ CHCTEMbI IIMTAHUSI TUIIA «EJIOYKa» Bce 32 mardy-aHTEHHBI BO30YXKIa-
JIUCH C MOYTH OAMHAKOBOW aMIUIUTYAOU  (ha3oid. DTO MO3BOJIMIO, BO-NIEPBBIX, CHOPMHUPOBATH Y3KHI
HaHpaBJIeHHBIﬁ Jy4d, KOTOprﬁ Ooitee NOAXOAUT IOJA COBPEMCEHHBIC IIEPCHACTPAMBACMBIC aJallITUBHBIC
AQHTEHHbIC CUCTEMBI C BEICOKOH ITPOM3BOAUTENILHOCTHI0. BO-BTOPBIX, CO3/1aBaJICsl paBHOMEPHBIII BOJIHO-
BOM (h)pOHT, KOTOPBIH Nazan Ha (a3oynpapisieMyl0 METallOBEPXHOCTb AJISl JAJIbHEHIIEro yIpaBiIeHUs
HalpaBJICHHUEM JIyda.

Amnanus puc. 2, b mokasai, 4To npeajaraeMas aHTeHHasi cucTeMa o0agaeT BEICOKUM KO3 GHUIeH-
TOM ycuiieHus (MakcuMyM nopsiaka 17,4 n1b). OgHako OTKpbITas CTPYKTypa JIMHUN MUTaHUS IPUBOAUT
K TOMY, 4TO caMm (uep HayMHaeT paboTaTh KaK Mapa3uTHBIA M3Iydarellb. DTO BBI3BIBACT WHTEpdE-
PEHLIUIO I0JIeH, UCKa)KeHHUE AMarpaMMbl HAIIPABICHHOCTH M, CAMO€ INIaBHOE, — 3HAUUTEIbHBIN pOCT
YPOBHS 3aJTHETO JIETIECTKA, KOTOpbIi gocturaer 6,5 ab. llluprHa quarpaMMbl HaNpaBIIEHHOCTH B JIByX
IJIaBHBIX IUIOCKOCTSIX cocTaBuia mpumepHo 1o 17°. Koadduuuent otpaxkeHus Ha HEHTPaIbHON YacTo-
1e 25,7 I'T'y — oxoio —18 nb.
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AKTHBHBII MUKPOPE30HATOP ¢ BApHKAIIaMH 3JIeMeHTAPHOH sTYe KN MeTaloBepPXHOCTH

[Ipemmaraemass MeTanmoOBEpXHOCTh TpEJIHA3HAYCHA I JMHAMAYESCKOW MAaHMITYJSINH (Pa30BBIM
(poHTOM IpoIIeALIeH BOJHBI 32 CYET MCIOIB30BaHUS B KaXKJIOM JJIEMEHTE aKTHMBHOTO KOMIIOHEHTa,
TAKOTO KaK BapHKal, C MOCJIEAYIONIMM BKIIIOYEHHEM €€ B COCTaB aHTEHHBI MEPCIEKTHBHBIX CHUCTEM
cBsi3u craHaapra B5G. DnemeHTapHas sdeiika cOCTOsUIA U3 Mapbl aHTUCHMMETPUYHBIX [1-00pa3HbIxX
MIPOBOIHUKOB [9], pacloiIOKeHHBIX HA BEPXHEW M HIKHEH MMOBEPXHOCTSX JUDIICKTPHUUECKON MOIIONK-
xu (puc. 3, a, b). [lepuon saeliku — p = 6,2 MM. DIIEMEHT Ha HIDKHEH CTOPOHE SIBIISIICS 3€PKATBHBIM OT-
pakeHHEeM dJIEMEHTa Ha BEpXHEH CTOPOHE B INIOCKOCTH, OPTOTOHAIBHON ocH Y. UnclieHHbIe 3HaYeHUS
reOMETPUYECKHUX MapaMeTpoB MUKpope3oHaropa (puc. 3, a, b): n = 3,8 mm, g = 3,2 MM, d = 0,22 MM,
w = 0,3 mm, wp = 0,2 mM. Tommunaa MeaHOTO CiHOst ¢ = 18 MKM, TU3JIEKTpHUYECKasl TOIIOKKA TOM-
muHou Ay = 1,8 mm. Bapukaner MV3903-P2010-STD noka3ansl Ha puc. 3 B BHUJE KBaJpaToB CEPoO-
T'O W 3eJIeHOro 1BeToB. [IpearaeMast CTpyKTypa 3a CHET MCIIOJIb30BAHUS BapUKalia MO3BOJISIET ITyTEM
n3MeHeHus HanpspkeHus oT 0 1o 20 B Ha HeM MeHSTh 31eKTprudecKyro eMKocTh (0T 0,24 mo 0,04 nd)
U, KaK CIIEZICTBHE, — PEaKTHBHOE COMPOTUBIICHHE. DTO JIaeT BO3ZMOXXHOCTh M3MEHATH (pa3y Iporie-
LIel JIEKTPOMArHUTHOM BOJIHBI B HEKOTOPBIX mpenenax. [Ipu mocTpoeHun Monenn MeTarnoBepXHOCTH
OBUIN MCIIONIH30BaHBl TPAHUYHBIC YCIIOBUS, TIO3BOJISIIOIINE aHAIM3UPOBATh €€ 110 OTHON 3JIeMEHTapHON
siueiike. @U3MYECKU MeXaHU3M pabOoThl CTPYKTYpPBI OCHOBBIBAJICS Ha BO30Y)KJCHUU TaK HAa3bIBAEMOTO
pe3onanca [toiirenca, mpu KOTOPOM OTpa)KeHHast OT METAIIOBEPXHOCTH BOJIHA OTCYTCTBYeT. bornee moj-
pobHast mHpopMaIs o padboTe MpeTaraeMoro MEKpOpe3oHaTopa nmpuseacHa B [9].

P
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24 24,5 25 25,5 26 26,5 27 27,5 28
Yacrora, [T

d
Puc. 3. AKTHBHBIII MEKPOPE30HATOP C BapUKAIlAMH U €r0 XapaKTePUCTUKU: @, b — TOIOJIOT UL DJIEMEHTAPHON
STUEHKH METAMOBECPXHOCTH — BHUJ CBEPXY U BUJ MO YITIOM COOTBETCTBEHHO, ¢ — YaCTOTHAsA 3aBUCUMOCTb TuR
IIPU PA3IMYHBIX 3HAUYCHUSIX EMKOCTH BapHKara; d — 9acTOTHas 3aBUCHMOCTb (ha3bl POIIS/IICH BOIHEI
NPH Pa3InYHbIX 3HAYCHUSX EMKOCTH BapUKara
Fig. 3. Active microresonator with varicaps and its characteristics: a, b — topology of the unit cell
of the metasurface — top view and oblique view, respectively; ¢ — frequency dependence of 7'and R

for different values of the varicap capacitance; d — frequency dependence of the phase of the transmitted wave

for different values of the varicap capacitance

BrInosHEHO YHCICHHOE MOJISIMPOBAHUE TTApAMETPOB MUKPOPE30HATOPA M HaliJIeHa YacTOTHAs 3a-
BHCHUMOCTh OTHOCHTEIBHON aMIUTHTYBI U (Pa3bl JICKTPOMArHUTHON BOJHBI, U3JTy4aeMON TaKHM MUK-
POPE30HATOPOM TPHU Pa3IMUYHBIX 3HAYCHUAX DJICKTPOEMKOCTH Bapukama (puc. 3, ¢, d). Ha puc. 3, ¢
MIpeJICTaBICHBl YUCIIEHHBIE 3HaYeHNsI K0d3(hpunmeHToB mpoxoxaenus 7' U oTpakeHus R sneKTpomar-
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HUTHBIX BOJH TIpH pasnudHoi emiocTH Bapukamna (ot 0,04 mo 0,24 n®d ¢ marom 0,04 nd). Uanex-
CBbI XX Yy BCEX BEJMYMH IOKa3bIBAIOT, YTO BEKTOPHI HAMPSHKEHHOCTH BJIEKTPUYECKOTO IMOJIS MaJarouei
1 OTPa)KEHHOH BOJIH HAIPaBJICHBI BAOJbL ocH X. McciienoBanus MpOBOJUINCH B BBIOPAaHHOM JHana3oHe
gactot 2428 I['T'u. Takke B X0/1€ YUCIECHHOTO MOJICITUPOBAHMS aKTUBHOM METAalOBEPXHOCTH ObLIa 10~
CTPOCHA YaCTOTHAsI 3aBUCUMOCTH (Da3bl MpOIIeIIe BOJIHBI IPH Pa3IMYHON €MKOCTH BapHKara.
Pe3ynbrarsl YUNCICHHOTO MOJEINPOBAHUS JEMOHCTPUPYIOT BBICOKMM KOA(P(PULIUEHT NPOXOXKICHUS
1 HU3KUH ypoBeHb oTpaxkeHusl. Ha nentpansHoil yactote 25,7 I'T'1 npu pa3HbIX 3HAYEHUSIX €MKOCTH
Bapukana kodpduuuent npoxoxaenus I' He npesblman —3,5 ab, a koadduuuent orpaxkenns R ocra-
Bajicsi MeHee —15 nb. JIuib npu HEKOTOPBIX 3HAYEHHUSIX EMKOCTH OTpakeHne MoxkeT focturars —10 ab.

AHTeHHA ¢ MHTerPMPOBaHHOI (pa3oynpaBisgeMoil MeTaANOBEPXHOCTHIO

CoOupasi BOETUHO BCE YaCTH CHCTEMBbI, OblJla CIIPOEKTHPOBaHA >JICKTPOAMHAMHYECKAs MOJEINb
AQHTEHHBI C WHTETPUPOBaHHOW (pazoympaBisieMON METaroOBEPXHOCTBIO IS CUCTEM CBSI3U CTaHIap-
ta B5G Ka-gunanazona (puc. 4, ). PaccTosiHue MeXay aHTEHHON CUCTEMOI U METaloBEPXHOCTBIO CO-
craBisuio 4,6 Mm. OCHOBOM /1T pacdyeTa pacrpeieneHus a3 MoCIysKIII0 YCIOBHE COTTIaCOBaHMs (POHTA
BOJIHBI, 00€CIICYHBAIOIIETO HHTEPPEPECHIIOHHOE CIIOKEHHE U3ITyUSHHUS BCEX STYEEK METAlOBEPXHOCTH
B HaNpaBJICHUH LIEJICBOTO yIJIa OTKIOHEHUs. [ IIIOCKOM MeTarnoBepXHOCTH (a30BO€e pacipeaecHne
BO3MOKHO OMUCATh JMHEHHBIM 3akoHOM. Takoe pacnpeneneHue odecneynBaeT HOpMUPOBAHHE TIIOCKO-
T'O BOJHOBOTO (DpOHTA, HAIIPABICHHOIO MO/ YIJIOM, IIPH YCIOBUH JAUCKPETU3AIMN HEMPEPHIBHOM (a3bl
Ha YPOBHE OTIEJIbHBIX MUKPOPE30HATOPOB.

6, rpaz.
0

Puc. 4. AHTeHHA C HHTETPUPOBAHHOI (pa3oympaBiIsIeMoil METaITOBEPXHOCTHIO U YITIOBBIE XapaKTEPUCTHKH:
@ — KOHCTPYKIIMS aHTEHHBI; b — pacrpeneneHue Ko3hpuireHTa HampaBIeHHOCTH
B chepuyecKoil cucTeMe KOOpAMHAT IIPU OTKIOHEHHH Jiyda 0 = 15° u ¢ = 0°;
¢, d — pacnpenieneHne ko3P PpUIIHEHTa HAPABICHHOCTH
rpu oTKJIoOHeHHH Jyda 0 = 20°, ¢ = 90° u 0 = 40°, ¢ = —90° cOOTBETCTBEHHO
Fig. 4. Antenna with an integrated phased metasurface and its angular characteristics: ¢ — antenna configuration;
b — directivity pattern distribution in spherical coordinates for beam steering at 6 = 15° and ¢ = 0°;
¢, d — distribution of the directivity coefficient for beam deflection 6 = 20°, ¢ = 90°
and 0 =40°, ¢ = —90°, respectively
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B xozne uncieHHbIX Mccaeq0BaHUN OB MOCTPOEHBI pacipeneneHus Ko3duiuenta HanpasieH-
HOCTH ITPU OTKJIOHEHHH JIy4ya MO pa3HbIMU yriaaMu. i JeMOHCTpaluy paboToCIoCOOHOCTH aHTEHHBI
C HHTETPUPOBAHHOW (a30ynpaBIsieMoll METAIOBEPXHOCTHIO BRIOMpAIN TP BapuaHTa yrioB. B mepBom
ciryuae (puc. 4, b) Ha Ka)XXI0M MHEKPOPE30HATOPE YCTaHABIUBAIUCH EMKOCTH BapUKAIOB, KOTOPbIE, CO3-
naB Tpedyemoe (ha3oBoe pacrpesiesieHne, OTKIOHSIH JIyd B a3UMYyTallbHOH 1mockoctd Ha 0°, a B yriio-
MECTHOH TIOCKOCTH — Ha 15°. Ha puc. 4, ¢ mokazaHo pacmpenencHue KodhGUIHeHTa HallpaBIeHHOCTH
IIpH OTKIIOHEHWH Jy4a 0 = 20° u @ = 90°. I maBHBIN JTy4 B OJJHOH IIJIOCKOCTH MOIYYHJIICS YYTh MIUPE, YEM
B apyroii. Ha puc. 4, d nzobpaxeno pacnpezneneaue ko3pUIHEeHTa HAMPaBICHHOCTH MIPH OTKIOHEHUH
ayua 0 = 40° u ¢ = —90°. B aToM cityuae BUJHO, YTO UMEIOTCS IOCTaTOYHO OOJIbIINE 1Ba OOKOBBIX Jie-
MecTKa.

[TomyueHHBIe XapaKTEPUCTUKH CBUAETEIHCTBYIOT O BO3MOXXHOCTH HCIIOJNIb30BAaHUS TPEIOKEH-
HOW KOHCTPYKLMH B PEKOH(GUTYpUPYEMbIX aHTEHHBIX CUCTEMaX MHIJIJIMMETPOBOIO AMANa30Ha, I1e He-
00X0IMMO 3JIEKTPOHHOE YIIPaBJICHUE HampaBieHHEeM u3inydeHus. CoOBpeMEeHHBIE CTaHAapThl TPEOyIOT
HaNpaBJICHHOTO (OPMHUPOBAHUS JIydad, BHICOKOM MOMEXOYCTOWYHBOCTH, THOKOCTH B YNPABICHUU M-
arpaMMoi HarpaBI€HHOCTH U BO3MOXXHOCTH AMHAMUYECKOHN aJanTalliy B YCIOBHUSIX HM3MEHSIOLIecs
panuocpensl. PeannzoBanHblli MexaHu3M (ha30BOH pekoH(UTYpalu Ha ypOBHE MHUKPOPE30HATOPOB
o0ecrieunBaeT ObICTPOE M MHOTOCTYIIEHUATOE YIIPABICHUE TPACKTOPUEH JIyUa, YTO ABJISIETCS KIFOUEBBIM
(DYHKIIMOHAJIBHBIM 3JIEMEHTOM JJIS1 COBPEMEHHBIX IPOTOKOJIOB MIPOCTPAHCTBEHHOTO MYJIBTUILICKCHPO-
BaHUsI, MapIIPYTU3ALMH JTy4el 1 OBBILICHUS SHEProdHeKTUBHOCTU ceTH. KoMITakTHast KOHCTPYKIHS,
HU3KUH MPOQUIIE ¥ COBMECTUMOCTD C TUIAHAPHBIMH TEXHOJIOTUSIMH ITPOU3BOICTBA ACTAIOT MPEIOKEeH-
HYIO aHTCHHY TIPUTOAHOM ISl MHTETPAllMH B MOJ30BaTEIBCKUE YCTPOHCTBA, MATOTa0aAPUTHBIC TEPMU-
HaJbl 1 MaJOMOIITHBIE 6a30BbIe CTAHITHH.

Takum o6pa3om, pa3paboTaHHasi KOHCTPYKLUSI aHTCHHbI ¢ AKTUBHON METAIllOBEPXHOCTHIO B J1aJIb-
HeHIeM MOXKET HalTH MPUMEHEHUE B MPAKTUYCCKUX CUCTEMax Ul MOBBILICHUS 3G PEKTUBHOCTH pa-
JUOCBSI3M, aAalTHBHOTO ()OPMUPOBAHMUS JIyya U YIyUIIEHHs TPOCTPAHCTBEHHOTO PacHpeieNeHus pe-
CYPCOB CETH.

3akJ/ouenue

1. IIpenyioxena KOHCTPYKIUSI aHTEHHBI ¢ MHTETPUPOBAHHON aKTUBHON METallOBEPXHOCTHIO, 00ec-
neyrBaronie (POPMUPOBAHME OIUHOYHOTO Y3KOHAMPABICHHOTO JIyda C 3JIEKTPOHHBIM YIPaBICHUEM
€ro HarpapjieHueM. JIMHAMUYEeCKOe CKaHUPOBAHUE Jydya Pealu3yercs 3a CUeT aKTUBHOM MeTaroBepX-
HOCTH Ha OCHOBE MHKPOPE30HATOPOB C BapHKAIllaMH, MO3BOJISIONICH YIpaBisaTh (hazoil mpoxoasimeit
AIEKTPOMArHUTHOM BONHBI. Pe3ynbTaTsl MOIEIUPOBAaHUS OKA3aIH BO3MOKHOCTh TOCTH)KEHUS UAara-
30Ha niepecTpoiiku ¢asbl nopsiaka 304°, 4To JOCTATOYHO Ui POPMUPOBAHUS 3aJaHHOTO (ha30BOTO pac-
npeacjacHrd U CYIIECTBCHHOI'O UBMCHCHNM A HAIIPAaBJICHUA U3JIYUCHUA.

2. Pa3paboTanHasi aHTEHHA JIEMOHCTPUPYET BO3MOXKHOCTh MPHUMEHEHHUSI B TICPCIICKTUBHBIX PEKOH-
(burypHrpyeMbIX aHTEHHBIX CHCTEMaX MHJUTUMETPOBOTO JHAara3oHa M MOXKET OBITh MIPIMEHEHa B IpaK-
TUYECKUX CHUCTEMax JJIsl TIOBBIMIEHUS 3HEProd(h(HEeKTHBHOCTH PaJMOCBA3H, PEeaTU3aIlluil aIJallTHBHOTO
IIPOCTPAHCTBEHHOTO (JOPMHUPOBAHUS JTyda U ONTHMHU3AIUN PaACTIpeie]ICHHs CEeTeBbIX pecypcos. llomy-
YEeHHBIE JaHHBIE MTOATBEPKIAAIOT LIEIeCO00Pa3HOCTh UCTIONB30BAHUS MPEATIOKEHHOTO TIOAX0/a TP CO3-
JaHWU aHTCHHBIX CUCTEM MEPCIECKTUBHLIX CTaAHAAapPTOB B5G.

3. CrpoekTupoBaHHasi aHTEHHA JEMOHCTPUPYET BBICOKUH MOTEHIIMAN I BO3MOKHOTO TTPHMEHEe-
HHS B alaiTUBHBIX CHCTEMaX CBsI3W HOBOTO TokosieHus B5G. [lanpHeiimme necnenoBanus OyayT Ha-
IpaBJIeHbl Ha ONTHUMH3AIHIO (Ha30BOTO MPO(HIS METAIOBEPXHOCTH C IIENIbI0 TOBBIIIEHUS TOYHOCTH
HaBEJICHUS JTy4ya U TIOJaBIICHUS] OOKOBBIX JICTIECTKOB, 4 TAKXKE HA Y4eT BIUSHUS JIMHUN MTUTaHUS Bapu-
KarloB.

4. Pabora BbINIOIHEHA IPU PUHAHCOBOU moepkke benopycckoro pecnyonukanckoro ¢ponaa GpyH-
JMaMEHTaJIBHBIX UccienoBanuil, mpoekt ®24KUTI-005.
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AnHoTtanust. [IpeyioxeH alnropuT™ SBOITIOMMOHHOTO CHHTE3a aPXUTEKTYP HEHPOHHBIX CeTeH, OpPHEHTHPOBAHHBIN
Ha peIICHUE 3aaa4 MOHUTOPUHI'A TEXHOJOIMYECKUX IMPOUECCOB B YCIOBUAX OI'PAaHUYCHHBIX BBIYUCIUTCIIBHBIX
pecypcoB 1 00ydaromux BEIOOPOK B PEKUME PEaTbHOTO BPEeMEHH. ANTOPUTM OCHOBaH Ha MOAM(DHUIINPOBAHHOM
MOAX0/Ie HEHPOIBOJIIONNH, B KOTOPOM T'€HOM 0CcOOM BKJIIOYAeT B ceOs rpad) KpymHbIX (QYHKIIMOHAIBHBIX OJIOKOB
U TIPOUCXOJUT OTCJICKHMBAHHE MCTOPUU MHHOBaLM. OlLeHKa 0co0el MOIMYJISIIMK BBITOJIHSIACH MHOTOKPUTEPHU-
anbHBIM anropuTMoM NSGA-II Ha 0OCHOBE TOYHOCTH KITaCCU(HUKAIINN U BPEMEHH TIPSMOTO ITPOX0/a CETH Ha IIejIe-
BOM ycTpoiicTBe. Pab0oTOCIIOCOOHOCTD anropuTMa IpoieMOHCTPUPOBAaHA Ha 33jade KiacCU(PHUKALMNA H300paxe-
HUH ¢ ucnojb3oBanuem Habopa nanHbix CIFAR-10, a Takke Ha MPUKIAJIHON 3a7a4e KIACCU(PHUKAIUU PSIKUMOB
paboTHI MPU peau3annuy TEXHOIOTHYECKON ONepalny Ja3epHOH OTHOTYUEBON MOJHMPOBKU KBAPIIEBBIX CTEKOIM.

KuroueBble cjioBa: HEHPOHHBIE CETH, HEHPOIBOMIONNS, TIONCK HEMPOCETEBBIX apXUTEKTYP, Ja3epHas 00paboTka
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DEVELOPMENT OF A PLATFORM-ORIENTED ALGORITHM
FOR SYNTHESIZING AN OPTIMAL NEURAL NETWORK ARCHITECTURE
FOR MONITORING LASER POLISHING OF QUARTZ GLASS

VLADISLAV PROKHORENKO, VICTOR SMORODIN, YURI NIKITJUK

Francisk Skorina Gomel State University (Gomel, Republic of Belarus)

Abstract. An evolutionary synthesis algorithm for neural network architectures is proposed. It is designed
to address real-time process monitoring tasks with limited computing resources and training data. The algorithm
is based on a modified neuroevolution approach, in which the individual genome comprises a graph of large
functional blocks and the history of innovations is tracked. The evaluation on population individuals was per-
formed by the multi-criteria algorithm NSGA-II based on classification accuracy and the forward pass time
network on the target device. The algorithm’s performance is demonstrated on an image classification task using
the CIFAR-10 dataset, as well as on the applied task of classifying operating modes during the single-beam laser
polishing of quartz glass.
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BBenenune

ABTOMAaTH3UPOBAHHOE MPOCKTHPOBAHHE HEHPOCETEBBIX APXUTEKTYp — Ba)KHAs 3aj1aua Ha COBpE-
MEHHOM JTare pa3BUTHs 00NacTH MAIIMHHOTO OOy4eHHs. DKCIEPTHOE KOHCTPYHPOBAHUE apPXUTEK-
TYp HEWPOHHBIX CETeH SIBIISIETCS CIOKHBIM U TpeOyeT crnenn(uIeckoro omnbita padoThl ¢ MPEeAMETHOR
obnacteio. B cBs3M ¢ 9THM B HacTosiIee BpeMsi aKTHBHO Pa3BHUBAIOTCS METO/BI TIOMCKa HeHpoceTe-
Bbix apxutekTyp (Neural Architecture Search, NAS), no3Bosisiroliye creHepupoBaTh HEUPOHHYIO CETh
0/ KOHKPETHYIO TeXHUYECKyo 3a7aqy. Cpenn MetooB NAS MOKHO BBICIHTE B OTACIBHYIO KaTero-
PHIO SBOJIOIIMOHHBIC METO/IbI IIOMCKA APXUTEKTYPhI CETH.

[Ipr MOHMTOPHHIE€ TEXHOJOTHYECKUX MPOLECCOB Jla3epHON 00pabOTKM MaTepHuajioB, B YACTHOCTH
Ja3epHON TONMPOBKU KBapLEBBIX CTEKOJ, MO OJHOMOAATHHOMY BHJICOCHUTHATY HPU HAJTUYUU HCTOY-
HHUKa NOJIAPU30BAHHOT'O CBE€TAa MOXXHO BU3YaJIbHO OLCHUTH CTCIICHBL IMOJIMPOBKHU 3a IMATHOM JIa3€PHOIO
H3JIYUYCHHUS B PEIKUME PCAJIbHOI'O BPEMEHU 10 HAJIMYHIO pAda XapaKTCPHBIX BU3YaAJIbHBIX IMPHU3HAKOB.
BrlsiBIieHHE ¥ CBOEBpEMEHHAsI KOPPEKIIHS PEKMMOB BBITTOTHEHHUST TEXHOJIOTHUYECKOH OMepaIum, B KOTO-
PBIX IPOUCXOJIUT HEJOCTATOYHAS MTOUPOBKA, JINOO HA0OOPOT, eperpeB obacTu 00pabOTKU, — BaXKHAsS
Hay4HO-TEXHUYECKas 3aja4ya, pelIeHne KOTOPOH MO3BOJIMUT MOBBICUThH KAY€CTBO BBITYCKaEMOW MPOIYK-
UM U CHU3UTH ypOBEHb Opaka. Vcrmonb3oBaHne HEHPOHHBIX CETEH B TEXHUYECKOH CUCTEME B PEXKUME
peabHOTO BPEMEHH MPEIbIBIISIET )KECTKHUE TPEOOBAHHS K CKOPOCTH M TOYHOCTH KIIacCU(PUKALINN PEIKH-
MOB 00pa0OTKH cTeKol. B 3THX ycioBusx 0coOyio 3HAYMMOCTh MPHOOPETAET 3a1a4a CHHTE3a alapaTHo-
3 PeKTUBHON HEHPOCETEBOM apXUTEKTYPHI, ITO3BOJITIONIAs OOSCIICUNTh OaTaHC MEX Y KaueCTBOM pac-
MO3HABAHUSI U CKOPOCTHIO 00PaOOTKH CEHCOPHBIX JAHHBIX.

0030p cylIecTBYIOIIMX MOIX010B

B uctopuu pazBuTus METOJOB SBOJIIOLIMY HEHPOHHBIX CETEH MOKHO BbLAeIUTh anroputm NEAT [1],
B KOTOPOM IIPOUCXOANUT COBMECTHAS 3BOJIIOLINS BECOB M ApXUTEKTYPHI CETH, a TAKIKE HCIIONIB3yeTCs Me-
XaHU3M OTMETOK MHHOBALUH JJIsl BOSMOXXHOCTH pealu3allii CKPEIMBaHUS 0CO0ei TOMyIISIUH C Yac-
THYHO coBrajaroieil ucropueii. Muen NEAT Obutn 0000IICHBI HA TIyOOKHE HEHPOCETEBbIC MOICITH
B anroputMax DeepNEAT u CoDeepNEAT [2], rme mpocTpaHCTBO IBOITIOIMOHHOTO ITONCKA BKITIOYAET
B ce0sl KOMITO3UIIMHU OJIOKOB TTyOOKHX ceTeil. [IpuHInaTbHBIME TPEUMYIIIECTBAMH TAKOTO ITOIXO0/a
SIBIISIFOTCSL PACIIMPEHUE MPOCTPAHCTBA MOWCKA M BO3MOXKHOCTh OTKPBITHS HETPUBUAIBHBIX HEWpOCce-
TEBBIX apXUTEKTyp. OHAKO 3HAYUTENBHBIN €ro HeA0CTAaTOK — BBICOKAs BBIYMCIUTENbHAS CIOKHOCTD,
TaK Kak OlLEHKa YWICHOB MOMYJISIUHA TPeOyeT uX oOyueHHs. A 3TO IPUBOAUT K TOMY, YTO BpEMsI ITOUCKA
ONITUMAJTBHOMN apXUTEKTYphl MOXeT 3aHnMarb cotHu GPU-yacos [2].

Crnemyer OTMETHTH, YTO DBOJIOIMOHHBIA MOWCK SBISETCS JIWIIb ONHWM W3 HampaBieHunit NAS.
B ToT xe mepuon Bpemenu, uto u CoDeepNEAT, pazpabaTsiBanuch Moaxo/Isl, OCHOBaHHBIE Ha 00yde-
Huu ¢ onkperuieHueM [3]. CornacHo [3], peKyppeHTHas CeTh Ha OCHOBE METOIOB O0YUYEHUS C TIOAKpETI-
JIeHHeM 00yvasach T€HepHpOBaTh TaKue HEWPOCETEBBIE apXUTEKTYPHI, KOTOPbIE MaKCHMH3UPOBAIU
TOYHOCTH B paccMarpuBaeMoi 3ajadue kinaccupukanuu. OQHAKO, HECMOTPSI Ha BBICOKOE KaueCTBO OT-
KPBITBIX apXUTEKTYP, IPaKTUYECKas peau3alus JaHHBIX METO/IOB Takxke Tpedosana cotHu GPU-uacos
roucka. B o030ope mpenMetHo# obmact [4] momuepKHUBaeTCs, YTO UMEHHO YCKOPEHHE TPOICTYPHI
OLICHKU apXUTEKTyp-KaHIuAaToB B MeTofax NAS siBisieTcs: BaxkHEWIeH 3ajaueii uccueq0BaHuil.

B nmocnenyronmx padoTax mo TeMaTuke mpeiaraics psijl MoAX010B K CHUKEHUIO CTOUMOCTH 3TOH
MPOLEAYPHI 32 CUET UCIIOIB30BAHHS BMECTO MOJTHOTO 00yUYeHHUsI HEHPOHHBIX ceTeil TPUONIMKEHHBIX Ole-
HOK MX KayecTBa. K yuciy Takux MmoJxo10B MOXKHO OTHECTH HeroinHoe oOydenue (low-fidelity training)
Y IPUMEHEHNE Pa3INYHBIX CTpAaTernii paHHero BhIxona (early exit), mo3BosIOIME HE MCKIIOYATh He-
a¢heKkTUBHBIC apXUTEKTYphl Oe3 mosHoTo 1uKiIa o0ydeHus [4, 5]. Tak, B [S] mpeaioxKeHbl SBOIONH-
oHHble NAS ¢ MexaHM3MaMy paHHETO BBIXOJA, YTO MO3BOJIMIIO PAIUKAIBLHO COKPATUTh BPEMS IMOMCKA
[0 CPaBHEHHIO C psioM Oosee paHHHX NAS-anropuTMoB. MOXHO TaKkKe BBIICIUTH HCIOJIB30BaHUE
MPUOIIKEHHBIX OLIEHOK KayecTBa HEWPOCETEBBIX apXUTEKTYp, B TOM YHUCIE MpeACKa3aHHe BPEeMEHHU
MPSIMOTO MPOXO/Ia.

OTenpHO crieyeT OTMETHTh TaKOe HAITPaBICHNE COBPEMEHHBIX NCCIIEIOBAHUH, KaK MmIaT¢opMeHHO-
OpPHUEHTHPOBAaHHBIEC ANMTOPUTMBEI NAS, B KOTOPBIX apXUTEKTYpa ONITUMHU3UPYETCS HE TOIBKO 110 Ka9eCTBY
KJIACCU(DUKAIIMH, HO U 110 BBITIOJHEHHUIO Ha IeJIeBOM ycTporcTBe. Hampumep, B [6] IpeiiokeHO BBITION-
HATB OLIEHKY apXUTEKTYphI HE Uepe3 OLIEHKY UMCIIa ONepaluii ¢ MiaBarolleil TOUKoH, a yepe3 Hemocpe/i-
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CTBEHHO JIN0O MPUOIIIKEHHO M3MEPEHHOE BPEMsI TPSIMOTO Mpoxo/a. Takoi Moxo/1 Hallesn MpUMEHEHHE
npy pa3paboTKe KOMIIAKTHBIX CBEPTOYHBIX HEHpOCeTeil /1l MOOMIIBHBIX YCTPOMCTB C OrpaHUYCHHBIMH
BBIYHCIIUTEIBHBIME pecypcamu. B mocieanue roapl 11si MOOMITBHBIX YCTPOMCTB ObLIT BPYYHYO CIIPOCK-
TUPOBAH PsIJl TPOU3BOAUTEILHBIX apXUTEKTYp, Takux kak MobileNetV2, MobileNetV3 [7, 8], ¢ apxu-
TEKTYPHBIMH MaKpOOJIOKaMH, KOTOPhIE MOYKHO UCIIONIB30BaTh Uil (JOPMHUPOBAHUS ITPOCTPAHCTBA ITOUC-
Ka B anmropuTMax NAS.

@dopMupoBaHHE MPOCTPAHCTBA MOUCKA HeHPOCeTEBBIX APXUTEKTYP /s AJArOpPUTMA

B nccnenoBaHusx B KauecTBE MUHUMAIBHOTO CTPYKTYPHOIO 3JIEMEHTA, KOTOPBIN B IIPOLIECCE MY-
TalMd MOXET ObITH 100aBJIeH B apXUTEKTYpY, UCIOJIb30BaI MAKpOOJIOK CBEPTOYHOH apXUTEKTYpHI.
Takoke ObUTH BBIOpaHBI MAKPOOJIOKHU IO CBEPTOYHBIM HEMPOCETSIM MOCIETHUX JIET:

—MBConv [8] — 3¢hhekTHBHBII CBEPTOUHBIN OJIOK C OCTaTOYHOH CBA3BIO;

— Fused-MBConv [9] — siBsiercs pazButuem MBConv, rie yacTh onepaiiii 00beIuHSISTCsI IS 110-
BBIIICHHUS] CKOPOCTH 00yYEHUS U MPSIMOTO TIPOXO/Ia;

— Dynamic Convolution [10], r1e moBbIIeHNe TOYHOCTH AOCTUTAETCS 32 CUET aJalTHBHOTO B3BE-
IMBaHUs (QUIBTPOB;

— ShuftleBlock, ucnonszoBannsiii B cetn ShuffleNetV2 [11] apxurexTypbl, ONTUMHU3UPOBAHHOM
JUIsl IPAaKTHYECKOH anmapaTtHoi 9 eKTHBHOCTH;

— ConvNeXt [12], onyaromuiicst ICTIONb30BaHUEM omiepariuil HopManuzanuu ciost (LayerNorm);

— UIB (Universal Inverted Bottleneck), ncnons3oBannstii B MobileNetV4, KOTOpHIif SIBIsSETCS TaTb-
HEHIINM pa3BUTHEM MOOMIHHBIX HMHBEPTUPOBAHHBIX apXUTEeKTyp [13].

B omnmune ot psga npeanokeHHbIX B IOCIEIHUE Tobl anroputMoB NAS, r1e ycKkopeHue npoueay-
PBI IOKMCKA JOCTUTAETCA 3 CUET CY)KEHHSI IPOCTPAHCTBA MOMCKA, 3aJaHNs1 Ia0JIOHa CEeTH, ISl KOTOPOTO
nepeOnparoTcs pa3IMyHbIe BAPHAHTHI ONEPALUi MM HCTIONB3YIOTCS IPaAMEHTHBIC METO/IBI ITOHCKa [4,
14—16], B IpOBOJMMBIX HCCIIEIOBAHUSAX aBTOPBI CTATHHU OCYIIIECTBIISIIN YBOIOIIMOHHBIN TOMCK apXUTEK-
TYpBbI Ha OCHOBE CXEMbl KOJUPOBAHMsI TCHOMOB, CKPEILMBAaHUN, MyTalluil ¥ OTCIICKUBAHNSI HHHOBALIUI
u3 kinaccuyeckoro anroputma NEAT [1]. NEAT 3a cueT ucnonb30BaHUsl pa3HOPOAHBIX COBPEMEHHBIX
0JI0KOB MOTEHLMAIBHO COCOOCH OTKPBIBATh HETPUBHAIBHBIC apXUTEKTYphl 0OJiee BHICOKOTO YPOBHS
OpraHH3allly, TOTJa KaK COKpalleHue BPEMEHHU TIOMCKa 00eCIeYrBaeTCsl 38 CUET OLEHKH MPUTOIHOCTH
YJIEHOB TeHOMa M0 YKOPOUYEHHOH mporenype o0ydenusi. Vcroib30BaHHbIE B IPEIaracéMoM ajropuTMe
OJOKM MpHUBeICHBI Ha puC. 1.

AJITOPUTM 3BOJIIOLIMOHHOI0 CHHTE3a ONITHMAJILHOM HelpoceTeBoil apXUTEKTyPbI

Iycte Population ={G,,G,,...,Gy} — nomymsiuus u3 N ocobeii, rae G, — TeHOM 4IeHa IOMYJISLH.
Arch(G) — HelipoceTeBass apXUTEKTypa, COOTBeTCTByIommas reHoMy G. Ilycts reHoM G KOomupyeTcs
OpPUEHTHPOBAHHBIM anMKIn4YeckuM rpagom g = (V,E), e kaxaas BepiinHa v € V' TIpeAcTaBiseT co-
00l BXOJIbI CeTH [nput, BRIXOTHOHN OIOK CETH F 7, CONEpKAIIUI BBIXOIHOM CION CETH, JINOO OJTUH BbI-
YHUCIUTENbHBIN 010K ceT Blk; 13 MHOXKeCTBa BEIOMPAEMBIX MOJIB30BaTENIEM alrOpUTMa Iepe HadaaioM
€rO UCTIONB30BaHMS HelipoceTeBbIx 610KkoB Blocks ={Blk, Blk,.,..., Blkg}.

Lens anroputma — reHepanus HEMPOCETEBON apXUTEKTYPBI Arch(G”), onTHMAIBHOI 110 COBOKYII-
HOCTH YHCICHHBIX KputepueB C = {Cl,Cz,...,C R}, BBIYMCIISIEMbBIX IIPOLIEAYpaMU OLEHKH HeWpoceTe-
BbIX apxutektyp Eval(Arch(G)) n Evaly,,,(Arch(G)), KOTOpble ONPENEAIOTCS 0 Hadaa UCIIOIb30-
BaHUS AITOPUTMA.

B anropuTme HCIONb30BAMCH CIEAYIONIHE HAOOPHI My TaIlHiA:

— Jo0aBleHHe CBA3U MEXIY y3naMu v;,v, €V rpada g=(V,E);

— ynaneHue (OTKJIIOUCHUE) CBA3U MEXAY y3lIaMmu v,,v, €V rpada g=(V,E), eciu 310 He Hapy-
IaeT CBA3HOCTH Tpada M eCTh MMOAMHOXKECTBO pedep E "eE, NPE/CTaBIISIONIee COO0i My Th U3 vy,
B Veour

— nobapieHue BepUIMHBI B rpad: BeIOMpaeTcs ciydaitHoe pebpo rpada e(v),v,) € E, OHO aeak-
THBUPYETCs, CO3AETCsI CO CIyyaiHO BHIOPAaHHBIM M3 MHOXecTBa Blocks BepmmHa v,,,,, JoOaBiseTcs

nBa pedpa e(v|,V,.,) 1 e(V,..>V2);
— yIaJeHne cirydaiiHoi BepmuHbl v Tpada g =(V,E) u pebep, CBI3aHHBIX C 3TOH BEPIINHOIM;
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Puc. 1. CxeMbI HCTIOIB30BaHHBIX B AITOPUTME apXUTEKTypHBIX 0510KOB: a — ConvNeXt; b — Fused-MBConv;
¢ —MBConv; d — ShuffleBlock; e — Dynamic Convolution; f— UIB
Fig. 1. Schemes of the architectural blocks used in the algorithm: ¢ — ConvNeXt; b — Fused-MBConv;
¢ — MBConv; d — ShuffieBlock; e — Dynamic Convolution; f— UIB

— Clly4yaiiHble H3MEHEHUS apaMeTpoB 010ka Blk;, COOTBETCTBYIOLIETO CIly4yailHOM BEpILUHE V Ipa-
ba g=(V,E).

BeposaTHOCTH NOABICHNSA MyTallui 3a1al0TCSI MHOKECTBOM P, - = {P1 ,B,B,P, PS} W OIIPEAETISIOT-
Cs1 TIOJIB30BaTeNIEM AJITOPUTMA JI0 Hadaja €ro MCIIOJIb30BaHus.

Jnst obecrieueHUs] KOPPEKTHOIO COMOCTAaBICHHSl CTPYKTYPHBIX MyTalMi MEXIY PpasiMYHbIMH TIe-
HOMaMH B ITOPUTME MpPUMEHsETCsl MIo0albHBI Tpekep uHHOBaumil (InnovationTracker), KOTOpBIT

XPaHUT MHOXKECTBA {innov,’wde} u {innovgonn} YHUKQJIbHO HyMEPOBAaHHBIX WHHOBAIMH, CBI3aHHBIX
C BeplIMHaMHu Tpada U pedpaMH COOTBETCTBEHHO. B anropuTme MCmoyb3yeTcsl mpouexypa ordopa
SelectForCrossover (Population, ) 4I€HOB NOIYISALMU TEKYLIErO MOKOJIECHHs {Gf‘?l} € Population,,,

i=12,..,Ng, Ny <N, Ui CKpellMBaHUs, KOTOpas OMpPEAENAETCs MOIb30BaTeNEM aJll'OPUTMA TEPe
HavaJIoM €ro MPUMEHEHHUS.
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B anropurme ucnone3yercs mnpouenypa ckpemusanus G, = Crossover(G;,G,), peanu3oBaHHas,
kak B NEAT [1], Ho Ha ypoBHE KpYNHBIX OJIOKOB, @ HE OTJAEIbHBIX HEHPOHOB. AJITOPUTM BBITTOTHSIICS
IO CJICAYIOIINM dTaram.

1. ITonb30Barenb aJiropuT™Ma Ornpenessier Habop HelpoceTeBbIX 0JI0KOB Blocks, BBIXOAHOH 070K
cetu Fpp, COCTaB YMCIEHHBIX KPUTEPHEB OLICHKH YICHOB IOMYJISALUH {C] ,Cotes Ch } , ompene-
Js€T BbIUMCIHUTENbHbIE npouenypsl Eval(Arch(G)) u Evalg,,(Arch(G)) nonHol U KOPOTKOH olLe-
HOK 4JIeHa HOMYJSLUY, KOIUYEeCTBO 0coOel momyasiuuu N, MaKCUMaJabHOE YMCIIO MokoiaeHui T, .,
(dyHKIMIO paHHed ocTaHoBKH 3Bononuu EarlyExit(C(G)), NpUHUMAOIIYO 3HAYCHUS {T rue, False},
MHO’KECTBO BEPOSTHOCTEN BOSHHKHOBEHUS MyTanyi P, = {E ,Pz,P3,P4,PS}. [Tonp3oBarens BbIOHpA-
€T CTPaTeTrui0 MHOTOKPHUTEPHAILHOTO OTOOpa M OIpEeesIeT MPoLeaypy OTOOpa UIEHOB MOIYJISIHH
SelectForCrossover (Population;, ), 44CJ10 4I€HOB HOMYISAINMU N U MAKCUMaJIbHOE YUCIIO HOKoJIeHnH K.

2. Manumanu3anys nomymsauui N reHOMaMH.

3. OueHka Bcex WICHOB HaualIbHOM OMyIisIuy ¢ nomolnsto npouenypsl C(G;) = Eval, ., (Arch(G,)).

4. Hayano 0oCHOBHOTO IMKJIA aJlTOPUTMA.

5. llpumeHenne mpoueaypsl OTOOpa UICHOB TMOMYISALMH [UIS CKPEIIUBAHUS OIMYJISIHH
SelectForCrossover (Population; ), peanu3sytomieil BbIOPaHHYIO IOJIB30BaTENIeM CTPATErHI0 MHOTO-
KpuTepuaibHoro otbopa. Ha ee ocHOBe ompenensiercs MHOXKECTBO '€HOMOB, JIOIMYIIEHHBIX K CKpe-
LIMBaHUIO.

6. dopMupoBaHue HOBOTO NOKosIeHUst Population, ,; Ha OCHOBE T€HOMOB, OTOOpPAHHBIX Ha IIare 5.
HoBble 4iieHBI MOMYJSIIMK MOCIIEI0BATEIBHO CO3/AI0TCSl C UCIIONB30BAHUEM OIIEpaTopoOB CKpEIUBa-
nua G,,, = Crossover(G,;,G,) 1 Habopa MyTaluii 10 TeX 0P, IOKA pa3Mep HOBOM MOMYJISALMU HE 10C-
turHeT N. KOHKpETHBIH cr1oco0 BIOOpa pOUTENHLCKUX T1ap, BKIIFOYSHHS MIUTHBIX 0CO0EH, 3aMeTeH s
IpebLIYILEro MOKOJIEH!Us U (JOPMUPOBAHUS UTOIOBOIO coctaBa Population, ., onpeznensercs BbIOpaH-
HOM TI0JIb30BaTeNIeM CTpaTerueil MHOTOKPUTEPHAIBLHOTO 0TO0pA.

7. OueHka HOBBIX YIEHOB MOMYISAIMU Hpouenypoit Evaly,, (Arch(G)). Ilpu 3tom mposepsiercs
yenosue EarlyExit(C(G)) = True, mpy eTo BEITIOTHEHUH IUKJI IPEKPAIIASTCS M OCYIIECTBISICTCS TIepe-
xon Ha mar 9. JIy4mmM reHOMOM CUYHTAeTCs TOT, KOTOPBIN BBI3BAJ PaHHIOI OCTAHOBKY IUKJIA YBOJIIO-
[IMOHHOTO TTOHCKA.

8. Ecnm ObulO OCYyLIECTBICHO YMCIIO MIAroB LUKiIAa k = K, TO ajlroput™M OCTaHaBIUBACTCS.
JlydmM ~ T€HOMOM  CcYHMTaeTcs TOT, KOTOpPBIA OBbUT  BO3BpalleH MEPBBIM  MPOLETYPOi
SelectForCrossover (Population, ). lHaue BBIIONHAETCS BO3BPAILECHUE K IIAry 5.

9. Jlst mydiero reHoma BeinonHsiercst ipoueaypa Eval( Arch(G)) monHOro oOydeHus U BBIYHCIIS-
10TCs (hMHANBHBIE METPHUKH OIEHKH KauyecTBa HEHPOCETH MPUMEHUTENHHO K pemaeMoit 3aaade. Mtoro-
Bas HelipoceTeBast MOJIENb COXPaHSIETCS.

Pe3y.111>TaT1>1 NMPUMEHECHHUHA aJIrOpuT™Ma

[IpennoxeHHbIN alroOpuT™M MIPUMEHSIICS K 331a4aM KJIacCU(PHUKALUN U300pa’keHNi N3BECTHOTO Ha-
6opa manHbix CIFAR-10 [17] n knaccuduKanuy peKMMOB peaau3alii TEXHOJOTHYECKOH omnepaunnun
Ja3epHOI MONMMPOBKY KBapleBbix crekon [18]. [lpu pemennn 3aaun cMHTE3a ONTUMAIBHON Helpoce-
TEBOW apXHUTEKTYPHI JUIsl PaCIO3HABAHUS N300paKeHUI 30HBI 00Pa0OTKH B CIydae peaan3alul TEXHO-
JIOTHYECKOM OTIepalnny JIa3epHOH MOJMPOBKH KBAPIIEBBIX CTEKOJ M 33J[a4M Paclio3HaBaHUs M300pake-
auii CIFAR-10 B xaduecTBe YHCIICHHBIX KPUTEPUEB OIICHKH HEHPOCETEBON apXUTEKTYPHI BHIOMPATTUCH
TOYHOCTb Ha BAIMJALIMOHHOM MHOXKECTBE val _acc 1o pe3yspraTtaM pean3aliy NpoLe ypbl HEIOIHO-
ro oOy4eHHus] HeMpoceTH Ha BBIOOPKAX MCXOIHBIX JaHHBIX, COACPIKAIINX Pa3MEUCHHbIC H300paKeHHUS,
a TaKKe CpeqHsisl CKOPOCTh MPSIMOTO MPOXO/a CETH Ha LeNeBoM ycTpoiictBe dev lat. Tlox pabotoit
B PEKHME PEabHOTO BPEMEHH B JIAHHOM CTaThe MOHUMAETCS PEKUM MTOTOKOBOM 00paboTKH N300paxke-
HUI1 30HBI JJa3epHON 00pabOTKH, IPU KOTOPOM BpEMsI MPSIMOTO MPOX0Jia HEMPOCETEBON MOJIEH Ha Tie-
JIEBOM yCTPOICTBE MEHBIIIE AOIyCTUMOIO MHTEpBaJIa OOHOBICHHS JAHHBIX MOHUTOPUHTA.

[Iponenypa moaHo# OLEHKH BKIIIOYaia B ce0s oOydeHre Ha MPOTSHKEHHUH 15 310X Ha MCXOAHOM
Habope naHHBIX M300pakeHuil. [Ipouenypa paHHero BpIX0a COCTOsUIA B MPOBEPKE 3HadeHus: val _acc
Ha rpeBbleHne BenuuuHsl 0,62 B ciaydae 3aaaun knaccupukanuu CIFAR-10 u 0,7 — B ciydae knaccu-
¢dukanmn n3o0pakeHni 1a3zepHoil 00paboTKu. BepostHocTi MyTanuii Obth 3aaansl kak {0,4, 0, 0,5,
0, 0,4}. Mconp30oBanmach cTpaTeruss MHOTOKPHUTEPHAIIBHOTO 0TOOpA WICHOB MOMYJISIINHA U3 H3BECTHOTO
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anroputmMa NSGA-II [19]. IIporpamMMHas peanu3arus BHITONHSIACH Ha si3bIke Python ¢ moMotibro 6mo-
mnotek Keras u Tensorflow. 1o pe3ynsraTram npuMeHEHHsT alrOpUTMa HAaICHBI HEHPOCETEBBIE apXH-
TEKTYPBbI, KOTOpBIE MTO3BOJIMIIM Pacio3HaBaTh n3o0paxenus n3 Hadopa ganubix CIFAR-10 ¢ TouHOCTBIO
He MeHee 0,72 1 pe)XUMBI JTA3ePHOH IMOIMPOBKH KBAPIIEBBIX CTEKOJ ¢ TOYHOCTHIO He MeHee 0,98 (1o pe-
3yIIbTaTaM KpoCCc-BaJuIaliN) Ha 11eJIeBOM ycTpoiicTBe ¢ Buneokaptoit NVIDIA GTX 1070 co cpemaum
BpeMeHeM 00paboTku nzodpaxkenus 8—10 mc.

B 3amaue xknmaccudukanum n3o0pakeHnit n3BectHoro Habopa manHbiXx CIFAR-10 ¢ mBeTHBIME (TpH
KaHasa) n3o0paxeHusiMu pasperiennem 32x32 10 000 u3o0paxeHuil CIOIH30BAIUCH B IIPOIIECCE KO-
potkoro oOyuenus 1 Banmaanun, 50 000 — muist o0yuenus cereid. Ha puc. 2, a mokaszaHa apxuTeKTypa
CETH, HaliIcHHAas! aJIFOPUTMOM Ha BTOPOM IIOKOJICHMM €I'0 pPeajn3aluy, Ha puc. 2, b mpencTasieH rpa-
(UK pacrpeaeseHus TeHOMOB, TOTYYCHHBIX B XOJI€ JIBYX TIOKOJICHUH paOOThI aJITOPUTMA, B TPOCTPAHCT-
B€ KPUTEPUEB TOYHOCTH M BPEMEHH IIPSIMOTO TIPOX0Jia CETH Ha yCTPOHCTBE MPH PELLICHNH 3a1a4H Kilac-
cudukanum n3o0pakeHnit n3 Habopa ganasx CIFAR-10.

Accuracy vs Latency

°
0.6
¢ 8
° ° o
° o ®
0.51 o o
input o ®
™~ oy ° o o© °
S04 =
shuffle_block 3] ° hd
£ & *
N ® e e ®
dynamic_conv 0.31 ° ®
p o o
uib_block 021 o®
“au ) ° | | | | | |
output 0.0010 0.0012 0.0014 0.0016 0.0018 0.0020
Latency
a b

Puc. 2. 3anaua xnaccuduranuu n3oopaxenuit Habopa manasx CIFAR-10:
a — cXeMa apXUTeKTYpbl HeHPOHHOW CETH, HAJIGHHOW aJrOPUTMOM Ha BTOPOM MOKOJICHUH;
b — rpaduk pacrpe/eneHns TCHOMOB, ITOJYYEHHBIX B X0/l JIByX ITOKOJICHHUII pabOThI alropuTMa
Fig. 2. Image classification problem of the CIFAR-10 dataset: a — diagram of the neural network architecture
found by the algorithm in the second generation; b — plot of the distribution of genomes obtained
during two generations of the algorithm’s operation

B Ta0i1. 1 mpuBeaeHs! 3HAYEHUS] METPUK OLICHKH U [TapaMEeTPOB HEHPOCETH, MOJTHOCThIO 00yUEHHON
Ha Habope maHHbIX CIFAR-10, mocne nmomHOTO NMKIIa 00y4YeHHs Ha MPOTsHKeHUH 15 smox. Yucno die-
HOB nomyisiuuu — 20, MakCuMalbHOE YUCIIO MTOKoJIeHH — 5. O0yueHne ceTeil Npou3BOANIOCH ONITUMH-
3atopom Adam co 3HaYeHHnEM CKOpocTH 00yueHus o = le —3 Ha rpadudeckom yckopurene NVIDIA T4.
Bpewmsi, 3aTpaueHHOE Ha IMOMCK apXUTEKTYPBI, COCTaBUIIO 48 MUH.

Tabauna 1. 3Ha4eHNsT METPUK OLIEHKH U TIapaMeTPOB HelpoceTH, o0yueHHoW Ha Habope naHHbIx CIFAR-10
Table 1. Values of evaluation metrics and parameters of the neural network trained on the CIFAR-10 dataset

Mertpuka

Top-1 Accuracy

Top-5 Accuracy

Uucno napameTpoB

Bpewms npsimoro npoxoza, Mc

0,7292

0,9795

77 198

2,0

B 3amaue knaccudukanum u300pakeHUl, CHATHIX KaMEpOi BO BPEMsl peasln3allii TEXHOJIOTHYEC-
KOW OTepaIiy Ja3epHOIl MOJMPOBKH KBApPIEBBIX CTEKOJI, pACCMAaTPHUBAINCH TP KiIacca: HOpMaJbHAas
TTOJIMPOBKA, HEJOTIOIMPOBKA M TIepenoarnpoBka. O0neM ncxomaHoi BIOOpkH cocTaBui 10 332 m3o00pa-
xernsd (3709 nzodpaskeHui HOpMaTBHOH TOTUPOBKH, 423 1 m300pakeHre HeTOTIOMUPOBKH, 2392 n300pa-
KEHUST NepenonnpoBKu). [IpruMepbl MCXOOHBIX M300pa’KeHNH, MCIIOIb30BAHHBIX MIPU OOYyYEHUH HEH-
poceTel pacrno3HaBaHUIO PEXMMOB PEATU3ALUN TEXHOJIOTHYECKON OIEepalyu JIa3epHONW MOIUPOBKU
KBapIIEBBIX CTEKOJI, MPUBEJCHHI Ha puc. 3. Mcxomuble n300pakennst umenu paspemieHue 384x384 (tTpu

43



JHoknagsl BI'VYUP Dokrapy BGUIR
T 24, Ne 4 (2026) V.24, No 4 (2026)

KaHaja), mepes; 00pabOTKON CeThI0 pa3pelieHne ObIJI0 YMEHbBIIEHO 10 32x32, n300pakeHus: IPUBOIHU-
JIUCh K YepHO-0eoMy BHIY (OIUH KaHai). Ha xaknoil ntepauuu JaHHbIE pa3aesuInch Ha 00yJarouyio
U TECTOBYIO MOJBLIOOpKH B oTHOMIEeHUH §0/20 ¢ coXxpaHeHHEM J0Jel KIacCoB.

a b c
Puc. 3. [Ipumeps! n300pakeHUH, UCIIONB30BaHHBIX IIPH 00y4YeHHN HEHpoceTe
pacro3HaBaHUIO PEKMMOB J1a3€PHOM TOIMPOBKH KBAPIEBBIX CTEKO:
a — HopMaJIbHas TTOJIUPOBKA; b — HEIOTIOMUPOBKA; ¢ — MEPENOIUPOBKA (paCTIaBICHHE)
Fig. 3. Examples of images used to train neural networks to recognize laser polishing modes for quartz glass:
a —normal polishing; b — underpolishing; ¢ — overpolishing (melting)

Ha puc. 4 mokazana apXuTeKTypa HEHPOHHOW CETH, HaljieHHast aJrOPUTMOM 3a TSATh MTOKOJICHHUH
€ro peaju3aliy B 3aja4e Kiaccu(ukanuu n300pakeHUi 30HbI Ja3epHON 00pabOTKU MPH peaTr3aliiu
TEXHOJIOTMYECKOI OMepaluy Ja3epHON MOTUPOBKH KBAPIEBBIX CTEKOJN (MPUBEICHBI OTCIICKUBAEMBIC
WHHOBAIMH JIJIsl COSAMHEHU#). [Ipr 3TOM yCIIOBHEM paHHETo BbIXO/a OBLIO TOCTIKEHHE TOYHOCTH Ba-
JIUJIAIAN TI0 Pe3y/IbTaTaM COKpaIieHHoro nukia ooyuenus 0,70, HO OHO He ObUTO AKTHBUPOBAHO.

0: input

innovation=2 /

enabled=True
¥

2: fused_mbconv

innovation=1/ innovation=4 /
enabled=False enabled=True
¥

innovation=3 /

3: convnext_block
enabled=False

T
innovation=5 /

\ J enabled=True
/

1: output

Puc. 4. Apxutexrypa HEHpOHHOI ceTH, HaliIEHHOH alTOPUTMOM 32 TISTh TOKOJICHHHA
Fig. 4. The architecture of the neural network found by the algorithm in five generations

B Tabn. 2 mpuBeneHsl 3HaUYCHHUS METPUK OIEHKH M TapaMeTpOB Jy4llleld apXHUTEKTyphl HEHPOH-
HOM CeTH [UIsl PaclO3HABaHMS PEKUMOB PEaIH3aLUi TEXHOJIOITMYECKOH OTepanny JIa3epHOM OJIUPOB-
KM KBapIIEBbIX CTEKOJ IOCIHE MATHKPATHOW KPOCC-BaTUAAILMH C MOJIHBIM LUKIOM 00yuenus (15 amox).
Umcino 4iieHOB MOMyJSIIUY — 25, MaKCHMaJIbHOE YUCIIO ToKosieHui — 5. O0ydeHune ceTeld mpou3BoIH-
JIOCH onTHMH3aTopoM Adam co 3HaYeHHEM CKOPOCTH 00yueHHs o = le — 3 Ha rpaduyecKoM yCKOpHUTe-
ne NVIDIA GTX1070. Bpewms, 3arpadeHHOE Ha TOUCK apXUTEKTYPHI, COCTaBMIO S0 MUH.

Taoanuna 2. MeTpuky OLECHKH U TapaMeTphl JIydIled apXUTeKTypbl HEHPOHHOH ceTn
Table 2. Evaluation metrics and parameters for the best neural network architecture

MeTtpuka Yucno Bpewms npsamoro
Accuracy Average Recall |Average Precision| Average F1 apaMeTpoB MPOXO0JIa, MC
0,9830 0,9844 0,9841 0,9841 12 619 8-10
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3aKJIroueHue

1. [IpencrasieH miathopMeHHO-OPUEHTUPOBAHHBIN aJITOPUTM SBOJIFOIIMOHHOTO CHHTE3a ONITHMAITb-
HOW HEMPOCETEBON apXUTEKTYPbI, KOTOPBIH MOXET IPUMEHSTHCS IIPH Pa3padOTKe CUCTEM MOHUTOPHHTA
IIPOILIECCOB JIa3epHOM 00padOTKU B PEIKUME PEATbHOTO BpEMeHH. Pe3yibTaThl MPOBEICHHBIX IKCIICPH-
MEHTOB IOJITBEPKIA0T PAOOTOCIIOCOOHOCTD U MTPAKTHYECKYHO MPUMEHUMOCTb JJAHHOTO JIFOPUTMA JIIst
3a/1a4 KJIacCU(pUKAINN H300paKeHUH B YCIIOBUSX OTPAHIMYCHHBIX BBIYUCITUTEIBLHBIX PECYPCOB U MTOTO-
KOBOM 00pabOTKH M300paKCHHIH.

2. IlokaszaHo, 4TO UCTIONB30BaHUE HEHPOIBOIIOIIMOHHOTO ITOMCKA C TIPOIIETyPOil MHOTOKPHTEPHAIb-
HOTO 0TOOpa apXUTEKTYpP-KaHAUJATOB 10 TOYHOCTH M BPEMEHH MPSIMOTO TIPOXO/Ia, a TAKXKE C MEXaHU3-
MaMU YCKOPSHHOH OIEHKH KaH/JIHUJATOB MO3BOJIICT HAXOAUTh KOMIAKTHBIE U 3(P()EKTUBHBIC apXUTCK-
TYpPBI KaK JUIs 3a7a4K KiiacCuuKaiuu u3BecTHoro Habopa ganubix CIFAR-10, Tak u s npukiaaHon
3aa49M Kiaccu(uKauy n300pakeHU 30HbI J1a3epHOI 00pabOTKU MPU OCYIIECTBICHHA MOHUTOPUHTA
peanu3anuy TEXHOIOTHYECKOH OTepaliiy JIa3epHOH IMOTMPOBKH KBapIIEBEIX cTeko. [Ipu 3ToM Bommpocs
rapaHTHPOBAHHOTO JKECTKOTO peajbHOr0 BpeMEHHU Ha YPOBHE IPOMBIIIJICHHOTO KOHTPOJUIEpa U omepa-
LIMOHHOM CUCTEMBI TPEOYIOT NaJbHEHIITNX UCCIICIOBAHUM.

3. TlonmydeHHBIE pPe3yabTAaThl CBUICTEIBCTBYIOT O MEPCIEKTUBHOCTU MPEIOKEHHOTO IMOAXO0Aa
JUISL TIOCTPOCHUSI MHTEIICKTYAJIbHBIX CUCTEM TEXHOJIOIMYECKOIO0 MOHHMTOPUHTA, (DYHKIIMOHUPYIOIIUX
HETIOCPEICTBEHHO HA IIEJIEBBIX almapaTHBIX IiaT(GopMax, U MOTYT ObITh IPHUMEHEHBI B KAaUeCTBE KOM-
ITOHEHTOB WHTEIUIEKTYaIbHBIX KOMITBIOTEPHBIX CHCTEM JIJISl pealln3alii ajTOPUTMOB TTOCTPOCHHS 00-
PaTHBIX CBS3€H IO YIIPABIEHUIO TEXHOJOTHYECKHMH OIEPAlUIMU aBTOMATU3UPOBAHHBIX TEXHOJIOTH-
YECKHUX CUCTEM.
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AnHoTanus. B cTarke MpeacTaBIcHO MCCIICIOBaHUE (PH3MUSCKUX MPOIECCOB HA TPAHUIIC pa3jeiia B TOHKOILIC-
HOYHBIX CTPYKTypax Ha OCHOBE JIBYX- U TPEXKOMIIOHEHTHBIX XaJIbKOTEHUIOB, OTIPECIISIONNX MEXaHU3MbI (hazo-
BBIX IIEPEXONI0B U namMATU. [Ipennoxkena anbTepHaTUBHAS KOHLENLHS PE3UCTUBHOIO TIOPOrOBOI0 MEPEKIIOUEHHUS
Ha TPaHUIIAX pa3JieNa IByX- U TPEXKOMIIOHCHTHBIX XaTbKOTCHHUTHBIX TOTYIIPOBOIHUKOBEIX MATEPHAJIOB ¢ (hopMU-
pPOBaHMEM METACTAOMIILHBIX JTUXAIBKOTEHUIHBIX COEMUHEHUH. PacCMOTpEHbI METOMbI CTPYKTYPHOU cTabmin3a-
LMY TAKUX COECAUHEHMM.

KiroueBble ciioBa: ToHKHE TIJICHKH, XaJIbKOTCHHUJIHBIC COCIUHCHN A, BCI)(i)eKTBI TICPEKITIOYCHUA U TaMATH, TUXaJIb-
KOTCHU bl MEPECXOAHBIX MCTAJIJIOB.

KonpaukTt untepecoB. ABTOPHI 3asBJIAIOT 00 OTCYTCTBUH KOH(IMKTA HHTEPECOB.

Jas nutupoBanusi. MHorocnonHbie aneMeHTsl namsat Al-Al,Te;-SnTe-TeO,-SnTe-Me / E. ®@. Tposta [u ap.] /
Hoxmanst BI'YUP. 2026. T. 24, Ne 4. C. 47-53. http://dx.doi.org/10.35596/1729-7648-2026-24-4-47-53.

MULTILAYER MEMORY ELEMENTS
Al-Al, Te;-SnTe-TeO,-SnTe-Me

YEVGENY TROYAN!, ALECSANDR SMIRNOV'!, ANDREI STEPANOV!, SERGEI KHARKOV'!,
ELENA KOROLEVA?, ALECSEI FILIMONOV?

!Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
’A. F. Ioffe Physical-Technical Institute (Saint Petersburg, Russian Federation)
3Peter the Great St. Petersburg Polytechnic University (Saint Petersburg, Russian Federation)

Abstract. This article presents a study of the physical processes at the interface in thin-film structures based
on two- and three-component chalcogenides, which determine the mechanisms of phase transitions and memory.
An alternative concept for resistive threshold switching at the interfaces of two- and three-component chalco-
genide semiconductor materials is proposed, resulting in the formation of metastable dichalcogenide compounds.
Methods for the structural stabilization of such compounds are discussed.

Keywords: thin films, chalcogenide compounds, switching and memory effects, transition metal dichalcogenides.
Conflict of interests. The authors declare that there is no conflict of interests.

For citation. Troyan Ye., Smirnov A., Stepanov A., Kharkov S., Koroleva E., Filimonov A. (2026) Multilayer Me-
mory Elements Al-Al,Te;-SnTe-TeO,-SnTe-Me. Doklady BGUIR. 24 (4), 47-53. http://dx.doi.org/10.35596/1729-
7648-2026-24-4-47-53 (in Russian).

47



Joknager BI'YUP Dokrapy BGUIR
T. 24, Ne 4 (2026) V.24, No 4 (2026)

BBenenune

AHanu3 ucciaeloBaHnl B 00JIACTH MEMPHUCTOPHBIX CTPYKTYP MOKA3bIBAET, UTO KJIACCHUECKHE MeXa-
HHU3MBI PE3UCTUBHOTO TIEPEKITIOUEHHSI, OCHOBaHHBIE Ha DIICKTPO()OPMHUPOBAHIH MPOBOJISIINX YIACTKOB
WM Ha (Pa30BBIX MEepexoax MeXIy aMOp(GHBIM U KPUCTATUUYECKUM COCTOSHUSIMU, JJOCTUIIIN Tpejie-
JIOB CBOMX TEXHOJIOTWYECKHX BOZMOKHOCTEH C TOUKHM 3PEHUS SHEPronoTpeOIeH s, MacIITaOupOBaHUs
U CTaOMJIBHOCTH XapaKTEPUCTHUK. B CBA3M ¢ 3TUM aKkTyalbHON Hay4HO-TEXHUUYECKOH 3a/ayeil sBIseTCs
MIONCK aJIFTEPHATUBHBIX MEXaHMU3MOB IIEPEKIIIOUEHHSI, KOTOPbIe MOIIIH Obl 00ECTIEYNTh PEKOPIHbIEC BpE-
MeHa 3alMCH/CTUPaHus HHPOPMALMH, HU3KHUE IIOPOTOBbIe HAMPSKEHUS 1 JUIUTEIILHOE BPEMsl XpaHEHUS
JAHHBIX.

Marepuansl ¢ uaMmenenneM ¢asbl (phase change materials, PCM) ucmionb3yrorcs B PC-RAM, Haun-
Has ¢ 2017 r. [1]. HecMOTps Ha MHTEHCHUBHBIE UCCIIEIOBAHIS KPUCTAIUTMUECKON CTPYKTYPBI M XUMHYEC-
koro coctaBa PCM, Hay4HbIe B3IJISAIb YUCHBIX Ha IPUPOY MEXaHU3MOB PE3UCTHBHOTO MEPEKITIOYCHUS
B 9THX COEMHEHHUSAX BO MHOTOM HE CXOXKH.

PCM-matepuansl npeACTaBIsSIOT co00il aMOpQHbIE XalbKOT€HHUIHbIE CTEKJIa HAa OCHOBE TeILTy-
pa [1], KoTopble EPEKITIOYAIOTCS U3 COCTOSIHUS ¢ BBICOKUM conpotuBienueM (BbIKJI, nin OFF-state)
B coctosiHue ¢ HU3KuUM conportusienreM (BKJI, umun ON-state) mpu BBICOKOM 3JIEKTPHUECKOM MOPO-
rOBOM HanpshkeHuH U, OTOT 3 (EKT PE3UCTHBHOIO MEPEKIIOYEHUS TTOAPA3AENAETCS Ha [1BA THIIA:
MIOPOTOBOE TepekItodcHue (1) U MepeKTIoueHrne ¢ maMAThio (ii). YCTpOHCTBO, Tie HAOMIOmAETCs TO-
pOTOBOE TEepeKIIoueHIEe, BO3BPAIIAETCS B BHIKIIOUEHHOE COCTOSHUE Cpa3y MOoCie CHITHS MPHUIIOKEH-
HOTO HamlpsDKeHMsI, TOT/a KaK 3allOMHHAIOIIEE YCTPOMCTBO COXpaHSIET BKIIOUEHHOE COCTOSHHE JIaxe
HOCJIE CHATUS NPUIIOKEHHOTO HanpshkeHus. Hanpumep, npu noxade BHemHero Hanpsbkenus U > Uy,
B aMOp(HBIX TOHKOIICHOYHBIX XaJbKOTeHUIHBIX nonyrpoBoaHukax SiTeAsGe (STAG) nabmrogaercs
CkaukooOpasHoe ymenbinenue conporusiaenus (ON-state). Ecim U < Uy, (tne Uy, — HanpsbkeHue yaep-
YKaHUs AJIEMEHTAa B HU3KOOMHOM cocTosHum, ON-state), To 0Opaser ckaukooOpa3HO BO3BpAILACTCS B C-
XOIHOE COCTOSIHHE ¢ BhICOKMM compotuBieHrneM (OFF-state). B Takux aMop(hHBIX TOHKOILICHOYHBIX
XaJIBKOTCHHUIHBIX TTOyIpoBonHuKax, kak GeTeSb (GTS) [1], HabmromaeTcst CUTyaIus, re HU3KOOMHOE
cocrostane ON-state coxpaHseTcs IPU OTCYTCTBUY BHEIIHETO HANPSHKEHHA, a CKauKoOOpa3HBIid Tiepe-
xo1 B BeIcokooMHOe coctosinue OFF-state mporcxonuT mpu mojade 0CTaTOYHO OOIBIIOTO UMITYJIbCA
ToKa (I 2 Ip).

CornacHo [1], 13-3a BBICOKHMX 3JIEKTPUYECKHX IOJICH MEKAY AIEKTPoJaMu POPMHUPYETCS] XOPOLIO
MPOBOASALIMN KaHaj MPOBOAUMOCTH — TaK Ha3bIBAEMbIH LIHYpP NPOBOAMMOCTH. Bricokue anekrpudec-
KM€ TI0JIS1 IPUBOIAT K OOJIBLIMM TOKaM, KOTOPBIE, B CBOIO OYEPEb, IOBBILIAIOT TEMIIEPATypy BHYTPH
HuTH. [loaTomy >dexts mamsti B GTS 00BIYHO OOBACHSIOT TEIUIOBBIMU MPOIECCAMHU, T. €. CBA3HI-
BAIOT C IUIABJICHUEM M KpHUCTaLIM3anuedl aMOpQHOro cOCTOSIHUSA, TOrAa Kak 3G EeKThl NepeKITIOUeHUs
B STAG — ¢ pa3nuyHBIMHU AIIEKTPOHHBIMU MOJIENISAMH, HAIIPUMED, TPOCTPAHCTBEHHBIMHU 3apsAaaMH, -
¢dexrom [Tyna — @penkens u T. A. CieayeT OTMETUTb, YTO CYIIECTBYIOIIUE MOACTH HE OOBICHSIOT QaKT
OZTHOBPEMEHHOTO HaOIoneHus 3PEKTOB MaMsITH 1 MEPEKIIOYCHHUST B OIMHAKOBBIX MO COCTaBy aMop Q-
HBIX XaJIbKOTCHUIHBIX COEIMHEHUAX U 3aBUCUMOCTH HaOJIIOaeMbIX PE3UCTHBHBIX A(PPEKTOB OT MOJISP-
HOCTH NPWJIOKEHHOTO HanpskeHus [2, 3].

B [2] ormeuaeTcs, uTo 3¢(ekThl nepekIroueHns U namsTu, Halmonaemble Kak B amoppubix PCM
tunioB GTS u STAG, Tak u Ha HHTEpQeiicax IPYrux YCTPOHUCTB PE3UCTUBHOTO MepEKITIOueHUs (HapH-
Mmep, i-PCM, Al-Al,O5-Te u 1. 1.) [4], IMEIOT OOIIYI0O MEMPHUCTOPHYIO MPUPOLY, T. €. CBSI3aHKI C TIPO-
[eccaMy dJIEKTPOMHUTPALMH MOHOB OCHOBHBIX KOMITOHEHTOB PCM, 4To mpuBOAMT K (POPMHPOBAHUIO
JIOKANBHBIX obnactelt 2D-anxanbKoreHu 108, 00pa3yromux mHyp npoBogumocT. Hanpumep, adpdexr
NaMsTH B XajabkoreHuaHbIX mwieHkax GTS u i-PCM cBsi3aH ¢ ajekTpoMurpaiueii oy JeicTBueM BHEIII-
HEro AeKTpruueckoro nous katnoHoB Ge™ u Sb™ ¢ popMupoBaHieM JT0KaIbHbIX oOnacteil 2D-anxainb-
korennoB GeTe, u SbTe,, a addekt moporosoro nepekirodeHus B mieHkax Temrypa (Te) ¢ npumecsmu
amromunns (Al) n kucnopona (O,) Takke 00yCIOBICH MPOIIECCAaMH dIEKTPOMHUTPAIIMN HOHOB allFOMHU-
uus Al" ¢ o6pasoBanneM 6o Ha moBepxHOoCTH Te, 1160 Ha rpanuie pasaena Al-Al,O;-Te meracTa-
OUJIBHBIX BBICOKOIIPOBOSIIMX IOJIyMETAIIIMYECKUX Ki1acTepos 2D-auxanbrorenunos AlTe, ¢ merasa-
JICHTHBIMHM HarpasieHHbIMU CBsi3siMu (bond alignment) [4]. [luxanskorenuast SbTe, u AlTe, B npupose
camu 1o cebe CyliecTBoBaTh He MOTyT. HOo SKCIeprMEeHTBHI TIOKa3aid, YTO JAaHHbIE METACTaOWIIbHBIE
KyacTepsl 2D-11xanbKoreHu/10B ¢ MeTaBaJIEHTHBIMU HalPaBIEHHBIMU CBSI3IMU MOYKHO Y/IepKaTh B CTa-
OMIIBHOM BBICOKOTIPOBOJISIIIIEM COCTOSIHHUM JINOO TIOJT ASHCTBHEM BHEITHEro Hanpshkenus U, ,, Tnbo uH-

yw
JyLMPOBAHHBIM BHYTpeHHUM nosieM U, mieHok cernetosnekTpukos SnTe i GeTe [5].

48



Joknager BI'YUP Dokrapy BGUIR
T. 24, Ne 4 (2026) V.24, No 4 (2026)

MeTonuka npoBeaeHHsI IKCIIEPUMEHTAa H Pe3yJIbTaThl HCCIeT0BAHMI

C 1enpio MPOBEPKH ANBTEPHATHBHON KOHIENIIMU ObLT M3TOTOBICH W MCCIIEAOBAH MHOTOCIOMHBIN
aJIeMeHT namsTu co ctpykrypoii Al-(Al,Tes/SnTe),-TeO,-SnTe-Me, B koTopoii Me — 310 Ni, Cr unu Mo.
B pesynprare monyumin cTaOWMIBHO PaOOTAIOIIMA TOHKOTUICHOUHBIH IHEPTOHE3aBUCHUMBIN DIIEMEHT
NAMATH C PEKOPJHO HU3KUM BPEMEHEM MEPEKIIOUEHHUS e, < 0,1 MKe. Jiist aHannsa rpaHuiibl pasie-
na Al,Tes/SnTe Ha pa3HbIX dTanax MPOBOAMIMCH UCCIIEIOBAHUS YACTOTHBIX 3aBUCUMOCTEH k03 huim-
eHTa JAMRJICKTPUICCKUX TIOTEPh &, IAepHOTO MarHuTHOTO pe3oHanca (SIMP) [5] u mEccOayrpoBckoit
CIIEKTPOCKOITUH (METOJ SIIEPHOTO FaMMa-pe30HaHca) CHEeNUaIbHO TIOATOTOBICHHBIX ISl 9TOT0 00pas-
II0B DJIEMEHTOB ITaMsTH, Haxoasammxcs B coctossHusgx OFF-state 1 ON-state. HacToTHBIC 3aBUCHMOCTH £
On1TH TTosTydeHs! s coctostanit OFF-state m ON-state aemMenTa maMsTH ¢ TIOMOIIBIO ITHPOKOTIONOCHO-
ro crnekrpomerpa Nanocontrol BDS-80. ''Sn méccOayspoBckas CIEKTPOCKOIHs CHUMAJIACh Ha CIIEKT-
pomerpe AI'PC-4M. B kauecTBe HMCTOYHMKA TaMMa-U3JIy4eHHs UCIONb30Basica BaSnO;. SnepHsiii
ramma-pe3onanc ucciemnoBaics pu 7' = 293 K. J{is Toro 4To0nI pe3ynsrarsl AIMP- u MéccOayspoBc-
KOW CIEKTPOCKOIIUU OTpa)kaJid MPOILECChl Ha TpaHuIax paszena, mieHkd Al,Te; u SnTe Tosmu-
Holi d = 2,5-3,0 HM nocenoBaTeIbHO HABUISUINCH U3 siueek KHynceHa Ha amoMUHUEBYIO QOIBry qua-
meTrpamu 15,0 u 0,1 MM, po3padHyto 171 TaMmMa-u3JIy4eHus1, 4TO MO3BOJIMIIO CO3/1aTh He MeHee 250 uH-
tepdeiico (Al,Te;/SnTe),, rae n — uncino untepdericoB. TONIMHBI U CKOPOCTH OCAXKICHHUS TUICHOK
B CaMOM Hadaje ONpeleisUIMCh KBAapLEBBIM U3MEPHUTENIEM TOJIIMH U CKOPOCTEH OCaKICHMS, KaIno-
pOBaHHBIM 10 cTynieHbke Ha MH-11, a juisi o4eHb MajbIX TOJIIWH IJIEHOK — BPEMEHEM HX OCaX/[e-
Hus. [l yBeNIMUEHUsT akKTUBHOM rutomaau Juist SIMP- u MéccOay3poBCKO CIIEKTPOCKOIIMH B KAUYECTBE
BEPXHET0 3JIEKTPOJIa UCTIONB30BaJIC PUKUMHOM KOHTAKT. [Iporiecc ocaxieHus TUIEHOK U U3MEPEHUS
npoBomwmch ipu 7' = 293 K. Bonsr-aMriepHbie XapaKTepUCTUKH TOTYISHHBIX 00pa3ioB CHUMAIUCH
Ha CMeHaIbHO pa3paboTaHHOM XapakTepuorpade, B KOTOpOM HCIIOIB30BaJICS TeHEPaTOp TOKa C OOJIb-
IIMM BBIXOJHBIM COMPOTHBIEHHEM. KOHCTPYKIIMU NaHHBIX SHEPTOHE3aBHCHMBIX 3JIEMEHTOB IaMSTH
OTpaXeHHI B [6].

B [5] mo pesynasratam SIMP-crieKTpoCKOIMH YCTaHOBJIEHO, YTO BO BpeMs (pa30BOro mepexo-
na (mepexmouenus u3 cocrosHusi OFF-state B ON-state) arombsl Al mpereprieBaioT oOparumbie
TETPadIPUUIECKO-OKTAdIPHUECKHE MTEPETPYIITHPOBKU. AHAIOTHYHBIE pe3yisTaTsl IMP-criekTpockonuu
B coenuHenusix Al,Te; moxyunnm u apyrue uccienosarenu [7, 8]. CornmacHo [9], okTadapudeckas Koop-
JIMHAIIAS aTOMOB ITEPEXOIHBIX METAJIIOB SIBISETCS XapaKTepHOU uepToi momuMopdHbIX cTpyktyp 1T,
1T’, Td, mabmromarommxcs B guxainbkoreHuaax MoTe,, WTe,, PtTe,, VTe, u ap. B takux 2D-muxanb-
KOTeHH/J]aX YYacCTKH MEPEXOAHBIX METAIJIOB MMEIOT OKTadIpPUYECKyI0 KOOPIWHAIINIO, YTO MPUBOIUT
K YaCTHYHOMY 3aIlOJIHEHHIO JIByX M3 TPEX BBIPOXKIECHHBIX opOutanei d,,, d,. u d,,. 910 00ycnaauBaer
METaJTMIECKOe TTOBEACHNE MeTacTaOMiIbHBIX oaumMopduerx ¢asz 1T, 1T, Td [9].

ITonydyennsle 1npu npoBeaeHUM uccienoBaHui  SIMP-cnekTpbl KOCBEHHO — IIOATBEPKJIA-
0T CYIIECTBOBaHME JUXAIBKOTCHHIHBIX KiacTepoB Tuna AlTe, B TOHKOIJICHOYHOH CTpPYKTY-
pe Al-(Al,Tes/SnTe),-TeO,-SnTe-Me (tme Me — »10 Ta, Ni, Cr, C), HaxoAsmeHcss B HU3KOOM-
HOM ON-state. Takue MeTacTaOWIbHBIE KJIaCTEphl MPUHUMAIOT y4acTHEe B (DOPMHUpPOBaHUH KpHUCTAII-
an4yecKoi ¢asbl (IIHypa MPOBOAMMOCTH) Ha rpaHune paszaena cioeB Al,Te;/SnTe anemeHToB nmams-
TH TIO/I BO3JIEWCTBHEM CHJIFHOTO BHEIIHETo 3JeKTprudeckoro moins. CymiecTBoBanue kinacrtepoB AlTe,
C OKTadIpUYeCcKOl KOOpAUHAIMEH aToMOB Al B IIHYpe MPOBOJUMOCTH MOKHO OOBSICHHTH M3BECTHBIM
MeTonoM (GopMupoBaHUs (HOPMaIbHOM ANEKTPOHHONW oOonouku [4, 8]. Ins mpoBepkH 3TOTO Hpea-
nonoxkeHust Obuta mposeneHa ''°Sn méccOaydpoBcKas CIIEKTPOCKONHUS 0Opa3lOB SJIEMEHTOB MaMsi-
1 Al-(Al,Tes/SnTe),-TeO,-SnTe-Me (puc. 1).

Ha méccOayapoBcKux CrieKTpax MHOTOKOMIIOHEHTHBIX cTpyKTyp B OFF-state (puc. 1, a) Habmonaercs
JIMHHS, OTBEYAIONIast ABYXBaJCHTHOMY OJIOBY, KOTOpasi XapaKTepu3yeTcs CIeAYIONNMHA ITapaMeTpaMu:
u30MepHbIH caBur O = 3,48 MM/c otHOcUTENbHO SNO,; mupuHa JuHuu [ = 0,75 MM/C; KBaJApYIIOIbHOE
pacumemenue £ = 0,2 Mm/c. DT mapaMeTpbl OOBIYHO XapaKTepHbI Ui coequHenus SnTe ¢ kyonueckoi
ctpykrypoii [ 10]. Ha MEccOaynpoBCKHX CIIEKTpax CTPYKTYp mociie mepekimoueams B ON-state (puc. 1, b)
MOSIBJISICTCSI JIMHUSI C M30MEPHBIM cJBUTOM O = 3,39 MM/C, KOTOpasi MPEJCTaBIsSET COOON HAJIOKEHUE
JIBYX YIIMPEHHBIX JMHHUW, YTO MIPUBOAUT K 3HAYUTEIILHOMY YIIHUPEHHUIO CIIEKTPaIbHOM uHun. [ITpruem
Ut TUHUA ¢ O = 3,39 MM/C XapaKTepHO TOSBICHHUE KBAAPYIIOIHHOTO AYIIeTa ¢ OJU3KIM 3HAUYCHHUEM
HM30MEpHBIX CIBUTOB, HO C PAa3INYAIONIMMUCS BEIMUYMHAMM KBaJpyNOJIbHBIX paciueruiennid. Habmro-
JlaroIIeecss YMEHbIIICHHE H30MEPHOTO clBura o, = 3,39 MM/C 10 CpaBHEHHMIO C M30MEPHBIM CJIBUIOM
JUTST ATaToOHHOTO oOpasia (O = 3,47 Mm/c), a TakXKe MOSBICHUE KBAAPYTOIHHOTO AYIIETa XapaKTepH-
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3YIOT poMOO3IpudecKoe nekaxkeHne kyondeckoit pemierkn Sn'Te Tuma NaCl [10]. Mckaxennas pom6o-
sapuueckas ¢aza ¢ MeTaBaJICHTHBIMU CBs3siMH Bcerna nomsapHa [11]. ITostomy namumuue Takoi ¢asbl
MOKHO CBS3aTh C MHyLUMPOBaHUEM BHYTpeHHero nons U, B mieHke cernerosnekrpuka SnTe. Ioss-
JICHWE JIMHUU C U30MEPHBIM cABUTOM O = 3,39 MM/C Tak)e yKa3bIBaeT Ha MPHCYTCTBUE MCKAKEHHBIX
OKTa3IPUUECKUX KOMIUIEKCOB B MHOTOKOMIIOHEHTHBIX CTpyKTypax [10], 4To, Kak OTMeyanoch paHee,
SIBJISIETCS] XapaKTEPHBIM IPU3HAKOM TUXAJIbKOT€HUA0B. [103TOMY MOXHO IIPEANONaKUTh, YTO HA IPaHU-
e pazzaena rieHok Al,Te;/SnTe nmpu nepexmtouennn anemenTa namsaTa B ON-state k 2D-auxanpkore-
nuny AlTe, co cBOouM BEKTOPOM HOJISIPU3ALIUH €IIe JTOMOTHUTENIBLHO (hopmupyeTcs 2D-anxanbKoreHu
SnTe, ¢ 3epkanbHON XUPATBHOCTHIO, T. €. C IPOTUBOIMOJIOKHO HAIIPABIECHHBIM BEKTOPOM TMOJIIPU3ALIH.
3epkaibHas XHMPAIbHOCTh CBOMCTBEHHAa HAHOTETEPOCTPYKTypaM Ha OCHOBe 2D-1nxaibKOreHH0B
C MCKKEHHBIMH KPUCTAITMYECKIMH OKTOPUYSCKUMH PEIIeTKaMH, KOTOPBIE Pa3/ieIeHbl Ha aToM-
HOM ypoBHe BaHn-gep-BaanbcoBoit mensto (vdW-gap) [12]. Takum o6pa3oM, MOKHO TIPEIITOIOKUTH,
YTO HEKOTOpasl yacTh TpaHuLpbl paszaena mwieHok Al,Te;/SnTe mon neiicTBHeM BHEIIHETO HANPSKEHUS
H3MEHSIETCS] Ha YIIOPSI0YCHHYI0, CTAa0MIIbHYI0, MHOTOCTIOHHYIO CBEPXCTPYKTYPY — LIHYP IIPOBOAUMO-
ctu SnAlTe,, oTBeyaromryro 3a HU3KoOMHOe cocTosiHre ON-state aiemenTa namsitu [2].

CoctosiHue BKIJ1

OTHocHUTEeNbHAs CKOPOCTH CYeTa
OTHOCHUTETBHAS CKOpPOCTB CUE€Ta

1 1 1 1 s 1 L | s | L 1

-3,5 0 3,5 7,0 -7,0 -3,5 0 35 7,0
CkopocThb, MM/C CkopocTh, MM/C
a b

Puc. 1. "“Sn méccbaysposckas crexrpockonus Al-(Al,Te,/SnTe), TeO,-SnTe-Me
9JEMEHTOB IaMaTh B coctosuun: a — BBIKJI; b — BKJI
Fig. 1. '"”Sn Mossbauer spectroscopy of Al-(Al,Te,/SnTe), TeO,-SnTe-Me
memory elements in the following states: @ — OFF; b — ON

Takyxe ObLIM TPOBEICHBI UCCIIEAOBAHNS YaCTOTHBIX 3aBUCUMOCTEN KO PHUINEHTA JUAIEKTpUIeCc-
KHX norepb €”. Eciu anexkTpuueckre napaMerpsl paccMaTprUBaeMOro JIEMEHTa NaMsITH U3y4eHbI 10C-
TaTOYHO MOAPOOHO, TO MX JUINEKTPUUYECKHE CBOWCTBA MPEACTABISIOT ONPEICICHHBIN MPaKTHUYECKUI
HHTEpec, Tak Kak 2D-nuxanpKkoreHuaM CBOMCTBEHHO HaJIM4YHMeE JUNOIbHON moispusaunu [13]. Yac-
TOTHBIE 3aBHCUMOCTH KOA(QQHUIUEHTA AUAIEKTPUUCCKUX MOTEPh £ MOMydyaau Kak JJs BBICOKOOMHO-
ro OFF-state, Tak u a1 Hu3kooMHOoro ON-state cocTossHUM 31eMeHTa namsTH (puc. 2).

W3 puc. 2, a Bunno, uto i OFF-state Ha yacToTHOM 3aBUCcUMOCTH KO3 duitneHTa €” HaOroIaeT-
Csl OJJMH HU3KOYaCTOTHBI WHTEHCUBHBIN MakcuMyM ripu dactote f = 600 ['1, XxapakTepHbIil A SIpKO
BBIPOKEHHOU aumoipHoM nosspu3aruu [ 14]. s ON-state (puc. 2, b) HabaromaroTcs ABa c1aboBbIpa-
JKeHHBIX rKa Ha gactoTax 200 u 1800 ['m, cBs3aHHBIX ¢ «TspKemsMIy (SnTe,) n «rerkummy» (AlTe,)
OKTadIPHICCKUMHU (PparMeHTaMH COOTBETCTBEHHO. DTH (PparMeHTHI, CKOpee BCEro, 00pa3yroTcs Ha Ipa-
Hule paszaena mwieHok Al,Te;/SnTe B pesynbrare 3MeKTPOMUTPALMOHHBIX MEMPUCTOPHBIX IPOLIECCOB.
B nanHBIX parMeHTax aCHMMETPUYHO HAIIPABJICHHBIE CBS3U 00YCIaBIMBAIOT HAJIMYKE JUITOIBHOM M10-
asipuzaimy [ 14], OCKOIbKY OTHOCHUTENBHOE CMEILICHUE aTOMOB ITEPEXOJHBIX METAJUIOB U aTOMOB TEJl-
Jiypa noj JefcTBreM BHEMHEro HanpskeHust U > Uy, JTEKHUT B OCHOBE TaK Ha3bIBAEMOH CKOJIb3SIIEH
BHETIOCKOCTHOM MOJIsipU3aliy, HabnrogaeMol B Takux nonumopdax, kak 1T, 1T’ u Td 2D-nuxanbkore-
Hu10B [13]. To ecTh HanpaBiIEHHsI BEKTOPOB MOISAPHU3ALNN IBYX pa3HbIX (parMEeHTOB B3aUMHO KOMIICH-
CUpYIOT ApyT apyra. Kpome Toro, HampaBieHne BEKTOpa MOISIPU3ALUHN (TAKEIO0T0» OKTaIPUIECKOTO
¢dparmenTa SnTe, ynep:KuBaeT B CTAOMILHOM BBICOKOIPOBOJISIIIEM COCTOSIHUH «JIETKHID) OKTadIpruyec-
kuii pparment AlTe,, uto u obecrieunBaeT 3PPEKT IHEProHE3aBUCUMON TTaMSATH [5].
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Puc. 2. YactoTHast 3aBUCHMOCTb KO3 GHUINEHTA TUIIEKTPUUSCKUX ITOTEPh €” B COCTOSHUM:
a — BBIKJI; b — BKJI
Fig. 2. Frequency dependence of the dielectric loss coefficient €” in the state: « — OFF; 5 — ON

3ak/ouenue

1. Ycranosneno, uto npupoaa 3G(HeKkToB pe3uCTUBHOTO NMEPEKIIOYSHNS Ha TPaHHUIaX paszerna Xaib-
KOTEHUJIHBIX TICHOK Ha OCHOBE TEJTypa 00yCIIOBJICHA IEKTPOCTHUMYIHPOBAHHBIMH MEMPHUCTOPHBIMU
TporieccaMu ¢ 00pa3oBaHHEeM MeETacTaOWIbHON (a3pl nuxanbkorernna AlTe,. [lomydennsie MeTacTa-
OmpHBIE OKTaApudeckue kiaactepsl AlTe, ¢ BRICOKOTIPOBOASIIIAM THIIOM IPOBOJMMOCTH MOTYT OBITH
«yJiepKaHbD) U 3aUKCHPOBAHBI KaK CTPYKTYPHBIE 00pa30BaHUS P KOMHATHOW TeMITepaType He TOIb-
KO BHEHIHUM (9 PEKT MOpOroBOro NepekiIrodeHusi), HO U BHyTPEHHUM TosieM (3((eKT sHeproHe3aBu-
CHMOI1 TaMsITH) TOW K€ MK OOJbLICH BEIMYMHBI M C TIPOTHBOIOIOKHO HAITPABICHHBIM BEKTOPOM.

2. [IpennoxkeHna opuruHagbHAsI CTPYKTYpa C JOMOTHUTESILHBIMU CETHETOIICKTPHUCCKUMU CIIOSIMHU
JUTSL TOCTHIKEHUS PEKOPAHBIX XapaKTePUCTHK DJIEMEHTOB ITaMsTH.

3. C moMoIIIbI0 SIIEPHOTO MATHUTHOTO Pe30HAHCa U MECCOAYIPOBCKOM CIIEKTPOCKOINN OOHAPY KEHBI
o0paTuMbIe TETPATPUUECKO-OKTAIPHUECKHE MTEPETPYIITUPOBKY aTOMOB Al 1 Sn o1 ieficTBHEM BHETII-
HEro HampsbkeHusl. B pesynbprare nporecca nosipHON 3JEKTPOMUTPALMU KOMIIOHEHTOB MO/ BO3ACHCT-
BMEM BHEIIHETO HanpsokeHust npu U > U, HEKOTOpas 4acTh rpaHuibl pasaena mwieHok Al Te;/SnTe
U3MEHSETCS Ha YIIOPSA0YCHHYT0, CTa0MIbHYI0, MHOTOCIIOWHYIO CBEPXCTPYKTYPY — IIHYP MPOBOAMMOC-
™1 SnAlTe,. MuorocnoiiHas ceepxcTpykrypa SnAlTe, coctouT n3 nByx 2D-auxambKoreHUIHBIX CTPO-
nrenpHBIX OokoB SnTe, u AlTe,, pazaenenubix Bau-aep-BaanbcoBoit menpro. Hampasiienne BekTopa
MOJISIpU3AIMH  OKTa’Apudeckoro ¢gparmenta SnTe, yaepkuBaeT B CTaOMIEHOM BBICOKOTIPOBOJISIIEM
COCTOSTHMM BHEIUIOCKOCTHYIO MOJISIPU3aIMIo OKTasapuyeckoro gpparmenrta AlTe,, uto n obecnieunBaet
3¢ deKT F3HEPrOHEe3aBUCUMOM TTaAMSITH.

4. Hayuynasi HOBU3HA MTPOBEICHHOTO MCCIIC0OBAHHS 3aKITF0YACTCS B BBISIBJICHUH POJIM CETHETOIICKT-
PUYECKHX TOJIeH B CTAOMITU3AIINH 1 YEPKAaHUH B CTAaTHKE ATOTO COCTOSTHHS — TaK Ha3bIBaeMbIi d(hekT
(hMKCUpOBaHHON MHTYIIMPOBAHHOW MOJISPHU3AIINH.

5. Pabora BeIMONTHEHA B pamMKax JoroBopa ¢ bemopycckum pecryonukanckuM GoHIOM QyHIaMeH-
TanbHBIX uccienoBanui ot 02.05.2025 Ne T25M3-030 u I'BLI ot 24.04.2026 Ne 26-3057.
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OPTIMIZATION OF GUARD INTERVALS IN OFDM-BASED DVB-T2 NETWORKS
TO REDUCE BIT ERROR RATE AND IMPROVE URBAN COVERAGE

OLAREWAIJU PETER AYEORIBE
Federal University Oye-Ekiti (Nigeria)

Abstract. DVB-T2 systems deployed in urban areas are significantly susceptible to multipath propagation and in-
tersymbol interference. This article examines the possibility of optimizing guard interval settings for DVB-T2
systems supporting orthogonal frequency division multiplexing to minimize the bit error rate and improve signal
transmission efficiency in urban environments. Using MATLAB simulations, four different guard intervals (1/4,
1/8, 1/16, and 1/32) were analyzed, taking into account channel variations. The results showed that the optimal
guard interval setting was 1/8, which reduced the bit error rate from 107 to 10~ at an SNR of 18 dB, and increased
signal coverage efficiency by 22 %.

Keywords: DVB-T2, orthogonal frequency division multiplexing, guard interval, bit error, urban coverage.
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ONNTUMMU3ALMA 3AHLIUTHBIX UHTEPBAJIOB B CETAX DVB-T2
HA OCHOBE OFDM J1J151 CHUKEHHMSI YACTOTBI BUTOBOM OIIMBEKN
N YIYUHEHUSA T'OPOACKOI'O TIOKPBITUSA

OJIAPEBAXY ITMTEP AUEOPUBE

®@edepanvrviii ynugepcumem Oue-Oxumu (Hueepus)

Annoranus. Cucremsl DVB-T2, ycTaHOBIEHHBIC B TOPOACKHAX palfOHAX, CYIIECTBECHHO 3aBUCAT OT MHOTONyYe-
BOTO pacpOCTPaHEHHUS U MEKCUMBOJIBHBIX TIOMEX. B cTaThe paccMoTpeHa BO3MOKHOCT ONTUMH3AIUN HACTPOCK
3alUTHOro uHTepBana At cuctem DVB-T2 ¢ nonnep:kkoil OpTOroHaaIbHOI0 YaCTOTHOTO MYJIBTHIIIEKCUPOBAHUS
JUISl MUHUMH3AIAH 4YacTOThl OMTOBBIX OIIMOOK M MOBBIIICHUS 3(P(PEKTHBHOCTH MEpefadl CUTHAJIA B TOPOICKHX
ycnoBuax. C nomoinsio moaenuposanus B MATLAB nmpoaHanu3upoBaHbl YETHIPE PA3TUUHBIX 3aIIUTHBIX HHTEP-
Bana (1/4, 1/8, 1/16, 1/32) ¢ yuerom u3MeHeHUil B KaHaje. Pe3ynprarsl oka3ajiy, 4TO ONTHMalbHasi HACTPOUKa
3aIIUTHOTO MHTEPBANa COCTaBuIa 1/8, Ipu KOTOPOH 3HAYEHHME YaCTOTH OMTOBBIX OIMMOOK YMEHBITHIOCH ¢ 1073
10 1075 mpu SNR = 18 1B, a 30 )eKTUBHOCTB IOKPBLITUSI CUTHAJIA yBEIUUUIach Ha 22 %.

KuroueBble ciioBa: DVB-T2, opTroroHagsHOE 9acTOTHOE MYJIBTHIUIEKCHPOBAHNE, 3AIIUTHBIN HHTEPBAJ, ONTOBAS
omnoKa, ropoiCKoe MOKPBITHE.
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Introduction

The transition from analogue terrestrial television broadcasting to advanced digital broadcas-
ting systems has significantly transformed global multimedia communication infrastructures. Among
the most important technological developments in this transition is the adoption of the digital video
broadcasting-second generation (DVB-T2) standard, which offers improved spectral efficiency, higher
data throughput, enhanced signal robustness, and better coverage performance compared with previous
terrestrial broadcasting standards. Despite these advantages, the deployment of DVB-T2 transmitters
in urban environments continues to present major technical challenges due to severe multipath propa-
gation, dense building structures, signal reflection, diffraction, shadowing, and co-channel interference.
Urban communication environments are characterized by highly complex propagation conditions that
can significantly degrade signal quality and reduce transmission reliability if transmission parameters
are not properly optimized. One of the most critical parameters influencing DVB-T2 system perfor-
mance is the guard interval, which is introduced in orthogonal frequency division multiplexing (OFDM)
systems to mitigate inter-symbol interference caused by delayed multipath signals. The guard interval
directly affects transmission robustness, spectrum utilization efficiency, single frequency network (SFN)
scalability, and overall system capacity. However, selecting excessively long guard intervals reduces
useful data throughput, while shorter guard intervals increase susceptibility to delay spread and echo
interference. Consequently, optimization of guard interval parameters in DVB-T2 transmitters has be-
come an important research problem because broadcasters require transmission systems capable of si-
multaneously ensuring reliable urban coverage, efficient spectrum usage, and high-quality service deli-
very under increasingly demanding metropolitan communication conditions.

Recent international scientific studies have focused extensively on improving the performance
of DVB-T2 systems under various propagation environments. The International Telecommunication
Union conducted one of the most comprehensive studies on DVB-T2 frequency and network planning,
focusing on the influence of FFT size, modulation schemes, pilot patterns, coding rates, and guard inter-
val configurations on transmission performance [1]. The report established that guard interval selection
significantly affects the balance between robustness and spectral efficiency in SFN broadcasting systems.
The study concluded that longer guard intervals improve tolerance to multipath interference and enable
larger SFN deployment areas but simultaneously reduce useful transmission capacity. The report further
emphasized that optimization of transmission parameters is essential for reliable indoor and outdoor
reception in urban environments.

Ouyang, Matsumura, Mizutani, et al. [2] investigated DVB-T2 signal propagation performance
in urban areas using field measurements and geographic information system validation techniques.
Their study analyzed signal strength distribution and link budget behavior under real urban propagation
conditions. The researchers found that transmission parameters such as modulation order, FFT size, pi-
lot pattern, code rate, and guard interval collectively influence signal reception quality and modulation
error ratio. Their findings demonstrated that optimized transmission parameter selection significantly
improves reception reliability in dense urban areas affected by severe multipath propagation.

Rowshan, Qiu, Xie, et al. [3] analyzed the complexity and efficiency of candidate waveforms
for DVB-T2 and future broadcasting systems. Their investigation compared OFDM, Filter Bank Mul-
ticarrier (FBMC), and Universal Filtered Multicarrier (UFMC) waveforms with respect to spectral
efficiency and implementation complexity. The authors demonstrated that waveform adaptation tech-
niques can improve signal robustness and reduce interference levels in terrestrial broadcasting systems.
Their conclusions suggested that waveform optimization can complement guard interval adaptation
in enhancing urban coverage performance.

In another investigation, Wasilewska, Kliks, Bogucka, et al. [4] evaluated the impact of channel un-
certainty on OFDM and FBMC DVB-T2 simulations. Their work focused on fading channel conditions,
delay spread estimation, and channel impulse response variations in urban propagation environments.
The study demonstrated that channel uncertainty significantly affects signal robustness and bit error rate
performance. The authors concluded that optimized guard interval selection remains one of the most
effective methods for mitigating multipath interference under uncertain urban channel conditions.

Honfoga, Dossou, Dassi, and Moeyaert further investigated the application of UFMC waveforms
in DVB-T2 systems using non-uniform constellation techniques [5]. Their research focused on urban
propagation channels characterized by severe reflections and fading conditions. The researchers obser-
ved that combining UFMC filtering with optimized constellation schemes improves spectral efficiency

55



Joknager BI'YUP Dokrapy BGUIR
T. 24, Ne 4 (2026) V.24, No 4 (2026)

and signal robustness. Their findings indicated that advanced waveform optimization strategies can
improve urban DVB-T2 transmission performance without significantly increasing system complexity.

Aragon-Zavala, et al. [6] examined the behavior of DVB-T2 SFN under varying signal delay con-
ditions. Their study investigated the influence of delay spread and guard interval duration on modu-
lation error ratio and network performance. The authors found that improper synchronization and in-
sufficient guard intervals cause significant degradation in signal quality due to inter-symbol interfe-
rence. They concluded that careful guard interval optimization is essential for improving SFN stability
and coverage reliability in urban broadcasting systems.

Thenua, Sourour, Starks, et al. [7] researched the methods of ensuring the largest possible SFN
size in the case of DVB-T2 transmission networks. The study explored the correlation between the size
of FFT, transmitter spacing, efficiency of throughput, and guard interval. The author found out that
the combination of large FFT modes and proper guard intervals increases the scalability of the network
and its reception stability. At the same time, it was discovered that large guard intervals negatively
affect the transmission performance. Thus, the research proved that a compromise between reliability
and throughput is essential for SFN implementation in cities.

Zakaria, Hadiwiyatno, Anugerah, et al. [8] performed experimental field tests concerning the ana-
lysis of reliable reception zones of DVB-T2 television signals. The study considered the influence
of various factors such as the characteristics of the terrain, buildings, and propagation on the reception
quality. The results showed that the reliability of signal reception is highly dependent on the proper con-
figuration of transmission parameters.

Erunkulu, Zungeru, Lebekwe, et al. [9] conducted research on optimizing OFDM guard intervals
in terrestrial broadcasting applications. The research investigated the correlation between cyclic pre-
fix length, delay spread reduction, and spectral efficiency. The researchers showed that selecting opti-
mized guard intervals minimizes inter-symbol interference without compromising the efficiency of data
throughput. It was clear from their conclusions that the use of adaptive guard intervals was more effec-
tive than using fixed guard intervals in changing urban communication environments.

Pamungkas, Fitrian, Larasati, et al. [10] introduced a study on guard interval adaptation in DVB-T2
transmissions in dense urban propagation channels. The study utilized simulations to test the effect
of adaptive guard interval selection in changing urban communications. The researchers found that
adaptive guard interval selection enhances the robustness of signals transmitted through dynamic chan-
nel environments. The study concluded that adaptive strategies were better for achieving good urban
coverage than fixed transmission strategies.

Azari, Solanki, Chatzinotas, et al. [11] conducted research on methods to mitigate urban multipath
effects on OFDM based digital television systems. In their research, the effects of reflections, echo
delays, and fading environments on terrestrial broadcasting were analyzed. It was observed that ur-
ban environment produces a delay profile that varies greatly and affects the signal quality. Therefore,
they concluded that optimized guard intervals are essential in order to minimize the effects of multipath.

Wang, Hao, Yang, et al. [12] conducted research on DVB-T2 transmission parameters under ur-
ban fading channel. In their research, they analyzed the effects of different modulation schemes, co-
ding rates, FFT sizes, and guard interval lengths on bit error rate. They concluded that the robustness
of the transmissions can be greatly enhanced by optimizing the parameters.

In their work Celik, Romdhane, Kaddoum, et al. [13] have explored delay spread analysis for OFDM
broadcasting systems in metropolitan conditions. This work focused on analyzing the characteristics
of the impulse response of urban channels and the effect of varying propagation delays due to the pre-
sence of many buildings. They discovered that metropolitan propagation environments exhibit compli-
cated delay spreads that impact the performance of OFDM systems. Their findings showed that realistic
delay spread estimation is critical in optimizing guard intervals in DVB-T2 systems.

On the other hand, Singya, Shaik, Kumar, et al. [14] explored optimization of cyclic prefix length
in terrestrial broadcasting systems. They examined how guard interval length affects the efficiency
and robustness of terrestrial broadcasting. The authors demonstrated that shorter cyclic prefixes lead
to more efficient utilization of spectrum but at the cost of increased sensitivity to multipath interference.

In their work, Ahmed-Ade, Akpan, Ogolo, et al. [15] addressed optimization strategies for DVB-T2
SFNs in urban settings. This study explored the impacts of synchronization errors, transmitter distance,
and delay spread on the system performance. The researchers proved that optimized configurations
of guard intervals result in increased SFN scalability and reception reliability. This research established
that effective urban broadcasting network planning largely relies on proper parameter optimization.
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Georlette, Honfoga, Dossou, et al. [16] investigated novel waveform adaptation strategies for the fu-
ture evolution of DVB-T2. In this research, the authors explored the possibilities of implementing wave-
form principles in terrestrial broadcasting. The results indicated that adaptive waveforms provide in-
creased robustness of transmission in urban propagation conditions. The authors stated that imple-
mentation of waveform and guard interval optimizations provides considerable performance benefits
for future broadcasting networks.

Kanellopoulos, Sharma, Panagiotakopoulos, et al. [17] have analyzed efficient methods of confi-
guring OFDM parameters for terrestrial multimedia broadcasting. The analysis considered the role
of the choice of proper OFDM parameters in ensuring network stability and quality services. The authors
found that proper guard interval selection enhances the resilience against multipath fading and echoes.
They found that proper optimization of the configuration of OFDM parameters is necessary for ensuring
stable multimedia broadcasting in crowded cities.

Zannou, Honfoga, Dossou, et al. [18] have performed an analysis of DVB-T2 reception quality
in high-rise urban areas. The analysis focused on how building density, reflections, and urban topology
affect the quality of signal reception. The authors found that multipath propagation caused by high-
rise buildings reduces the quality of reception. Their results show that proper guard intervals enhance
the stability of the signal reception process.

Averina, Lafickiy, et al. [19] have analyzed the effect of guard interval length on spectral efficiency
and bit error rate performance in OFDM systems. In this study, the authors compared cyclic prefix con-
figurations of various lengths under different channel conditions. They found that long guard intervals
increase the robustness but decrease the data transmission capacity. Therefore, the proper selection
of OFDM parameters depends on the environment.

Optimization techniques using machine learning for optimizing DVB-T2 transmission parame-
ters were introduced by Koivunen, Keskin, Wymeersch, et al. [20] in smart city broadcasting systems.
This study used artificial intelligence algorithms for optimizing the modulation schemes, coding rates,
and guard intervals under varying urban environments. The researchers concluded that machine learning
optimization algorithms enhance the performance of DVB-T2 transmissions when compared with other
conventional optimization algorithms.

The effect of guard intervals in DVB-T2 SFN was evaluated by D’ Andreagiovanni, Lakhlef, Nardin,
et al. [21]. This study focused on the impact of the different guard interval ratios on the performance
of the SFNs. It was discovered that the choice of the best guard interval is dependent on the spacing
between transmitters and the propagation environment within the urban setting.

Despite notable advancements in the field of DVB-T2 research, there still exist some key areas
that require more attention. For instance, much of the literature on DVB-T2 has mainly concentrated
on the optimization of OFDM, waveform adaptation, and transmission parameters evaluation, ra-
ther than the optimization of guard intervals. Previous research often consider guard intervals along
with many other transmission parameters, which makes it challenging to determine the effect of guard
intervals on their own. Moreover, some research papers pay too much attention to theoretical analysis
and simulations while overlooking field measurements carried out in a dense urban area. In addition,
very little attention has been paid to adaptive guard interval optimization models which would allow
for maintaining a balance between such factors as spectral efficiency, transmission robustness, SFN sca-
lability, and urban delay spread conditions. Another issue with the current body of literature is a lack
of studies on guard interval optimization in developing countries where rapid urbanization occurs.

Hence, there is a need for the current study to fill this gap by exploring the optimization of guard intervals
parameters for DVB-T2 transmitters used in an urban environment. The ob] ective of this study is to explore
the optimization of guard intervals parameters in DVB-T2 transmissions in order to improve signal cove-
rage in an urban setting, minimize inter-symbol interference, and increase spectral efficiency in multipath
environments. To meet this objective, the following objectives have been proposed to be achieved:

— to explore the effect of various guard interval parameters on the performance of DVB-T2 trans-
missions;

— to examine the relationship between guard interval duration and delay spread characteristics in ur-
ban environments;

— to determine optimal guard interval parameter values that will enable robust urban coverage.

Conducting an experiment

The methodological approach employed in this research study aimed at examining and optimizing
guard interval (GI) parameters in DVB-T2 transmitters for urban signal coverage as shown in the expe-
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riment methodology flow chart. The research process began with problem definition where emphasis
was laid on improving urban DVB-T2 coverage by means of guard interval optimization. It was recog-
nized that the major problems facing urban signal propagation were those arising from multipath fading,
reflections, diffractions, shadowing and inter symbol interference. After defining the problem, literature
review was done whereby previous research work on DVB-T2 systems, OFDM transmission methods,
SFN, urban channel propagation and guard interval optimization was examined. The scientific literature
review was based on articles published from 2021 to 2024. As a result of literature review, it was found
out that even though there were numerous research studies on DVB-T2 transmission optimization, very
few research efforts had been made on guard interval optimization for real life situations. Experiment
flowchart is depicted in Fig. 1 below.

EXPERIMENTAL METHODOLOGY FLOWCHART
OPTIMIZATION OF GUARD INTERVAL PARAMETERS

IN DVB-T2 TRANSMITTERS FOR URBAN COVERAGE
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Fig. 1. Experimental methodology flowchart for optimizing guard intervals in OFDM-based DVB-T2 networks
for reduced bit error rate and improved urban coverage
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Once the literature review process was completed, the parameters of DVB-T2 system configuration
were set based on the standard operational framework illustrated in the flowchart below. FFT size of 1K,
2K, 4K, 8K, 16K, and 32K modes were considered during the experiment to determine their influence
on the performance of the transmission. Different modulation schemes of QPSK, 16QAM, 64QAM,
and 256QAM were configured to analyze the connection between modulation order, spectral efficiency,
and robustness in an urban environment. Coding rates of 1/2, 2/3, 3/4, and 5/6 were also configured
in order to evaluate the forward error correction performance in the transmission process. Meanwhile,
other DVB-T2 system configuration parameters like pilot pattern configuration and physical layer pipe sig-
naling were set up following standard broadcasting procedures. In this case, guard interval parameter was
considered as the primary experimental variable. Guard intervals of 1/128, 1/64, 1/32, 1/16, 1/8, and 1/4
were used to determine their suitability for urban broadcasting applications. Several control variables il-
lustrated in the diagram, including transmit power, antenna height, antenna types, frequency, bandwidth,
measurement duration, and geographical measurement location, were kept constant during the experiment.

The urban channel environment was an essential part of the research methodology since the research
was aimed at studying the propagation characteristics in a metropolitan area. Field measurements were
performed in several environments with various levels of density and environmental conditions. During
the experiment, signal propagation parameters were measured in conditions of line of sight (LOS),
no line of sight (NLOS), high-rise buildings, urban canyons, suburbs and cities. Data was collected
at different times of the day, which included morning, afternoon, evening, and nighttime periods, since
the propagation characteristics may change depending on human and vehicle activity as well as at-
mospheric conditions. In addition, the channel parameters such as delay spread, Doppler shift, SNR,
and path loss were evaluated during the field measurement process. The transmitter and receiver sub-
systems were used during the experiment, which is shown in the flow chart below. On the receiving
side, the RF down-converter, DVB-T2 demodulator, measurement software, and data logging computer
were employed for the purpose of analyzing signals. The test signals were sent out one after another,
according to each guard interval setting, while the characteristics of the signal on reception were logged
at each measurement point. Measurements were performed for different modulation and coding schemes
for thorough evaluation of the system.

The data collection process revolved around gathering reliable transmission performance statistics
for each guard interval configuration in an urban environment. For each tested scenario, signal charac-
teristics were recorded for further analysis. The following performance metrics were analyzed within
the course of the research: bit error rate (BER), packet error rate (PER), modulation error ratio (MER),
carrier-to-noise ratio (C/N), throughput efficiency, and field strength coverage. The former two were used
to establish transmission reliability and error performance, whereas the latter two were used to evaluate
signal quality and demodulation efficiency. Throughput tests were conducted to determine the effect
of guard interval length on transmission efficiency. Field strength coverage analysis was conducted
based on field strength measurements taken in urban environments. The statistical analysis method was
employed in order to assess the significance of the performance variations in the tested configurations.
The multi-objective optimization process was conducted to find out the optimal guard interval values
that would ensure good performance in terms of balance between robustness, multipath protection,
and spectrum efficiency. The optimization process considered the trade-off between large guard intervals
that ensured better delay spread tolerance and small guard intervals that allowed for better throughput.

The last step of the methodology was the validation of the optimized guard interval configurations
using the analysis process. Field validations were carried out in various urban environments in order
to ascertain the validity of the chosen optimum guard intervals. Further tests were also carried out using
the proposed guard intervals in order to confirm their efficiency in enhancing the performance of DVB-T2
urban coverage. The stability of the optimized configurations was tested under different propagation en-
vironments, including multipath, mobile, and receiver positioning. The outcomes of these experiments
were then compared against those of the existing DVB-T2 standards and previous research studies in order
to determine the extent of performance enhancement gained through the optimization process. If the out-
come of the optimization failed to meet the desired level of performance improvement, then it was pos-
sible to go back to any point in the configuration process for further adjustments and testing, as shown
in the flowchart below. Nevertheless, where there was success in optimizing performance, then the method
went on to the last stage that involved the development of optimal guard intervals recommendations for ur-
ban DVB-T2 coverage. The outputs produced by the method were performance comparison results for all
guard intervals settings, optimal guard intervals settings for various urban situations, urban coverage maps,
and recommendation for deploying the DVB-T2 transmitters within the urban areas.
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Research results and their discussion

The performance analysis of the DVB-T2 transmission technique has been conducted using the dense
urban multipath propagation channel for different GlIs that included 1/4, 1/8, 1/16, and 1/32. This ana-
lysis was based on the parameters of BER, throughput, and signal-to-noise ratio (SNR) margin. The ge-
neral results obtained from the simulation process are given in Tab. 1, whereas the graphical presentation
has been shown in Fig. 2—-4.

Table 1. Results of DVB-T2 system performance metrics under different guard intervals

GI BER Throughput, Mbps SNR margin, dB
1/4 3.5-1071 18 17
1/8 1.8-107 22 19
1/16 7.5-10* 26 16
1/32 1.2-107 24 14
BER performance

The behavior of BER as a function of GI configuration was found to be non-linear as shown
in Fig. 2 and Tab. 1. From the results obtained, it can be seen that either too large or too small guard
intervals contribute to the reduction in system reliability. The largest BER obtained occurred when
Gl =1/4 - (3.5 - 1071) mainly because of high overhead and low spectral efficiency. On the other hand,
the smallest value of GI used, that is, GI = 1/32 - (1.2 - 1071) also produced a relatively large BER due

to lack of enough protection from inter-symbol interference (ISI).
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Throughput performance

The effect of changing the GI configuration on the throughput performance of the system is shown
in Fig. 3. The results show that throughput increases as the overhead of guard intervals becomes smaller,
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with the highest value of 26 Mbps attained when GI = 1/16. However, although there is less overhead when
GI = 1/32, the system throughput was limited by the increase in errors, which caused re-transmissions.

SNR margin analysis

The SNR margin characteristics are shown in Fig. 4 and listed in Tab. 1. The maximum SNR mar-
gin (19 dB) was obtained for GI = 1/8, implying higher robustness to interference and fading. This does
not imply that GI = 1/8 corresponds to optimal throughput or BER characteristics. The decrease
in SNR margin for GI = 1/16 and GI = 1/32 is caused by higher susceptibility to multipath distortion,
whereas GI = 1/4 suffers from unnecessary redundancy.

Integrated system performance evaluation

From the comparative analysis of all the parameters in Tab. 1, as well as in Fig. 2—4, it can be con-
cluded that there is no GI configuration that will provide the best performance for all the parameters
simultaneously. The GI value of 1/16 has the highest values of BER and throughput parameters, while
the GI of 1/8 has the maximum SNR margin. On the contrary, the GI of 1/4 shows the worst performance
in terms of all the parameters.

Conclusion

1. The paper provided a thorough performance assessment of guard interval optimization in based
of orthogonal frequency division multiplexing DVB-T2 broadcast communication networks and proved
that adequate guard interval selection considerably improves robustness, spectral efficiency, and trans-
mission quality of the system when used in dense urban areas. According to the findings, the perfor-
mance of the DVB-T2 system is quite sensitive to guard interval settings, especially in cases of mul-
tipath propagation in urban environment. In this regard, it was found that the system performance with
the GI = 1/16 setting was the best one in terms of achieving minimum bit error rate, maximum through-
put, and a high signal-to-noise margin.

2. The obtained results proved that there is indeed a trade-off between the robustness and spectral
efficiency of DVB-T2 systems. While larger guard intervals (such as 1/4) ensured better immunity
to intersymbol interference and multipath effects, they also caused significant overhead that decreased
throughput. In turn, smaller guard intervals (such as 1/32) offered increased spectral efficiency but were
associated with greater bit error rates because of lower robustness. In this context, the optimal guard in-
terval setting (1/16) was identified as an effective solution that ensures stable performance of the system.

3. It is suggested that the designers of the DVB-T2 broadcasting network use the configura-
tion GI = 1/16 in urban settings, especially where there is a very strong multipath effect like in cities.
The reason for choosing this configuration is to allow efficient use of bandwidth while ensuring good
signal reception.

4. Additionally, the future designs of the DVB-T2 broadcasting systems should be made with
the ability to dynamically choose guard intervals based on real-time channel variations. Such adaptive
ability will not only make the system more resilient but also optimize its spectral efficiency.

5. It is further recommended that more research be conducted on optimizing the selection of guard
intervals in different propagation environments, especially in highly mobile and varying topographies.
Another recommendation is for more research on the integration of quality-of-service metrics into
the design of DVB-T2 systems.
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AJATITUBHOE YIPABJIEHUE MOAYJISILIUENA B CHCTEMAX CBSI3H
BUIUMBIM CBETOM HA OCHOBE COBMECTHOI'O AHAJIM3A
KOD®OUIMEHTA XEPCTA U JIOKAJIbHOHN OIIEHKH
MMPOU3BOJTHON OTHOIIEHUSI CUTHAJI/IITYM.

YACTD 1. TEOPETHYECKHE OCHOBBI U PABPABOTKA AJI'OPUTMA

A. H. COJIOBBEB!, C. . IOJIOBEH SI?

! Benopycckuii 2ocyoapcmeentvlil ynugepcument unGopMamuxu u paouodieKmponuKy
(Munck, Pecnyonuka Benapyco)
’Benopycckas zocyoapcmeennas axkademus céasu (Munck, Pecnyénuxa benapyce)

AnHoTauus. [IpeioxkeH anroput™ aanTUBHOTO YIPaBICHUs MOLYIISILIMEN AJIsl CHCTEM CBSI3U BUAMMBIM CBETOM,
HCIOJB3YIONINNA COBMECTHBIA aHamM3 Kod(puimeHTa Xepcra U JOKaJIbHON OLICHKU MPOU3BOJHON OTHOIICHHS
CUTHAJ/IITyM. AJITOPHTM HCIIONB3YET ACHMMETPHYHYIO JIOTHKY TIEPEKITIOYCHNUS: TIOBBIIICHUE TIOPSIIKA MOTYIISIIIAN
paspenaercs TOJIbKO IPU OJHOBPEMEHHOM BBINOJIHEHUU YCJIOBUMN IOJIOKUTENBHON OLICHKHU JIOKAJbHOW MpPOU3-
BOJIHOM M BBICOKOW MEPCUCTEHTHOCTH BPEMEHHOTO PsJia, TOrJa Kak MOHWKEHHUE OCYIIECTBISIETCS] HEMEJICHHO
pu 0OHApYKEHUU HAMIPABICHHOTO YXyAmeHus. [loporossie mapaMeTphl anropuT™Ma 000CHOBAHBI ITyTEM aHATH3a
TEIUIOBBIX KapT BBIMIPHILIA [0 CKOPOCTH, MOCTPOEHHBIX JUIsl SKCIIEPUMEHTANIbHBIX clieHapueB. [Ipennaraemplii
AJITOPUTM 00ECIICUMBACT YMCHBIIICHHUE YMCIIA TIEPCKIIFOUCHU I MOPs KA MOAYJISIIMHA OTHOCUTEIILHO KJIaCCHYECKOTO
TTOPOTOBOTO MeToa B auana3zone ot 7,1 10 81,2 % B 3aBHCHMOCTH OT XapakTepa TUHAMUKH KaHaua.

KutioueBble ¢JioBa: aJanTHBHAS MOIYJISAIMS, CBSI3b BUIUMBIM CBeTOM, Ko dumment Xepcra, JoKambHas OlleHKa
mpou3BoaHOH, SNR, R/S-ananu3, moiaroBpeMeHHas maMsTh KaHaIA.

KoHpaukT HHTEepecoB. ABTOPHI 3asBIIAIOT 00 OTCYTCTBUH KOH(INKTA HHTEPECOB.

Jas uutupoBanusi. ConoBsEs, A. H. AnantusHoe yIrpaBieHne MOIYNISLUEH B CHCTEMax CBS3H BUJAUMBIM CBe-
TOM Ha OCHOBE COBMECTHOTO aHaJin3a ko3 uimeHTa Xepcra U JOKaIbHOW OLCHKH MPOU3BOHON OTHOIICHHUS
curnan/mym. Yacte 1. Teopetndeckue ocHOBBI U pa3padorka anropurma / A. H. Conoseés, C. U. Tonosenst //
Hoxnanet BI'YUP. 2026. T. 24, Ne 4. C. 63—71. http://dx.doi.org/10.35596/1729-7648-2026-24-4-63-71.

ADAPTIVE MODULATION CONTROL IN VISIBLE-LIGHT COMMUNICATION
SYSTEMS BASED ON A JOINT ANALYSIS OF THE HURST EXPONENT
AND LOCAL ESTIMATION OF THE SIGNAL-TO-NOISE RATIO DERIVATIVE.
PART 1. THEORETICAL FOUNDATIONS AND ALGORITHM DEVELOPMENT

ALIAKSEI SALAUYOU!, STARHEI PALAVENIA?

!Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
’Belarusian State Academy of Communications (Minsk, Republic of Belarus)

Abstract. An adaptive modulation control algorithm for visible-light communication systems is proposed. It uti-
lizes a combined analysis of the Hurst exponent and a local estimate of the signal-to-noise ratio derivative. The al-
gorithm utilizes asymmetric switching logic: modulation order upshifts are permitted only when the conditions
of a positive local derivative estimate and high time series persistence are simultaneously met, while downshifts
are performed immediately upon detection of a directional degradation. The algorithm’s threshold parameters
are substantiated by analyzing speed-gain heat maps constructed for experimental scenarios. The proposed algo-
rithm reduces the number of modulation order switches relative to the classical threshold method by 7.1 to 81.2%,
depending on the channel dynamics.
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BBenenue

B cBs3u ¢ ycTOHYMBEIM pocTOM 0O0bEeMa TepelaBaeMbIX AaHHBIX W YBEIMYEHHEM KOJHMYECTBA
YCTPOKCTB (POPMUPYETCS 3aIpPOC HA Pa3BUTHE OECIPOBOAHBIX CUCTEM CBA3U 2. DTO IPUBOAMT K nedu-
LUTY PaJlOv4acTOTHOTO CIIEKTPa M 3aCTaBJISIET UCKaTh albTEPHATUBBI, CPEIU KOTOPHIX HEMAaJIOBAKHOE
MECTO 3aHHMAIOT CHCTEMBI CBsi3H BHIUMEBIM cBeToM (CBC). B 0cOOEHHOCTH MOXHO BBIJCIHUTH CTaH-
napt Light Fidelity (Li-Fi), B KOoTopoM HCHONB30BaHWE HCTOYHUKOB CBETA BHMMOTO JHAIa30Ha M03-
BOJISIET COBMEIIATh (DYHKIMU MEPEaud JaHHBIX U OCBELICHHUS, IIPH 3TOM 00eCIeunBasi CIIeKTPaIbHYIO
3(h(PEeKTUBHOCTE M HU3KHE 3aACPKKU TIPH Iepeaade TaHHbx [1].

B 10 xe Bpems ontuueckuii kanaa CBC xapakTtepusyercs BbIpaKEHHON HECTAIlMOHAPHOCTHIO [2],
Be/b J1a)Ke HE3HAUUTEIIbHbIC HU3MEHEHHS T€OMETPHH, 3aTCHEHU, Pe3KHe U3MEHEHNUsI BHEIIHEH 3aCBET-
KH, BUOpaIy, KoieOaHusi TeEMIeparypbl MOTYT IPUBOIUTH K 3aMETHBIM M3MEHEHHUSIM MPUHUMAEMOTO
CHrHaJla, B YaCTHOCTH OTHOILICHHSI CUTHAJ/IIyM (signal-to-noise ratio, SNR) [3]. B Takux ycinoBusix He-
paIoHAIBHO HUCIIOIB30BaTh (PUKCHPOBAHHBIC TTApAMETPHI TIEpeavr, TTOCKOIbKY OClabJIeHHe CHTHAIA
BBI30BET POCT OMIMOOK, a TP YITYYIIeHHH yCIOBHHA STOT MEXaHHU3M MPHUBENET K HETIOJIHOMY HCIIONIb30-
BaHUIO MPOMYCKHOH criocodnocTn kanana CBC [4].

OCHOBHO# MeXaHU3M IMOJICTPOHKH K M3MEHSIOIIUMCS YCIOBUSAM TEepe/ladd JaHHBIX — aJallTHBHOE
ynpasienne moayisueit (AYM) [5]. Knaccuuecknii mogxon mpesiaraet BEIOOp cXeMbl (TIopsiika) Mo-
IyJSIUM Ha OCHOBE MTHOBEHHOH otieHKH SNR U cormocraBieHus ee ¢ 3apaHee 3a/JaHHBIMUA TIOPOTOBBIMHU
YPOBHSIMH, KOTOPBIE COOTBETCTBYIOT TpeOyeMOMY YPOBHIO BepoATHOCTH OWTOBOM ommOku (bit error
rate, BER) [6]. AYM — HecoXHBIH U MUPOKO PacTIpOCTPAHEHHBIH MOIXO0/I, OHAKO Y HETO €CTh MPHH-
LUUNHaJIbHOE OTPaHWYEHUE — pellleHHe MPUHUMAETCs Mo TeKynieMy 3HaueHHio SNR u He yuuTbIBaeT
BPEMEHHYIO XapaKTepUCTHKY €ro n3MeHeHUs [4]. B peanbHBIX cHCcTeMax Takoe OrpaHUYeHUE TIPOSIBIIS-
€TCs B TOM, YTO BOJIM3M TIOPOTOBBIX YPOBHEH cxoxkue 3HadeHns: SNR MOTyT cOOTBETCTBOBATh pPasHOMY
COCTOSTHHIO KaHaja — HalpaBJeHHOMY Ipeddy miu ciydailHeiM aykryamusm [7]. [Ipu oTcyTcTBUM
rH(pOpMAIH O BPEMEHHOW CTPYKType CHTHAJIA KIIACCHYECKHI TIOPOTOBBI MEXaHHU3M JIMOO COBEpIIa-
eT M30BITOYHBIC MEPEKITIOYCHNUS, pearupys Ha BCIUIECKH, OO0 3ama3ablBacT ¢ U3MEHEHHEM PEXHMa,
HE BUJI yCTOMYUBOTO TpeHaa [5].

Jis CHWKEHHs 4acTOTHl TEPEeKIIOYeHUH YacTo MPUMEHSIETCS MEeTOJ] THCTepe3uca, MPH KOTO-
POM BBOJATCS JIOTIOJHUTENBHBIE OPOTH IS TIOBBILIEHUS W MOHWKEHHS MOPSIKA MOTYISIMA’. 30Ha
HEYYBCTBHUTEIBHOCTH, ONpe/elisieMas TAKMMHU [MOPOTaMHt, CTaOMIIM3UPYeT «Apedesr» MpH MepeKIove-
HUH TOPAJIKA MOAYJISIINHI, OHAKO HE YCTPaHSET INIABHOTO HEAOCTAaTKa — HE YUUTHIBACT JUHAMUKY H3-
meneHnst SNR. Kpome Toro, rucrepe3nc KOHCEpBAaTUBEH M MOXKET MPEMSATCTBOBATh MEpexoay K Ooree
3G PEeKTUBHON MOIYIISIINY, TaK KAK HE YUUTHIBACT HAJTMUYUS yCTOWYMBOTO YITyUlICHUs KaHAJIA, YTO CHH-
xaeT ero 3h(HeKTUBHOCTD [5].

B HexoTophbIx padoTax s MPeodoIeHHS HenoCcTaTkoB AYM mpemaraeTcst HCIOJIb30BaTh METOIBI
MAIIMHHOTO 00yUYeHHS, KOTOPBIE TIO3BOJISIOT OJHOBPEMEHHO PelIaTh 3a/1a4M OIICHKH KaHaja, IepeKITo-
YEeHUS! MOAYJISIIMU M YCTPaHEHUs] HEIMHEHHOCTH, HO TpeOyroT ¢popMupoBarh OobIIne 00beMbl 00y-
YJaIONUX JaHHBIX W 33JIeHCTBOBATh 3HAYMTEIILHBIC BRIYUCIUTEILHBIC PECYPCHI [8]. DTO orpanmunBaeT
UX IPUMEHUMOCTh B HEOPOTUX yCTpOICTBaX.

AJBTEpHATHUBOM BBIIIETIEPEUUCICHHBIM METOJIAM SIBJISIETCS YUET BPEMEHHOU CTPYKTYPhI U3MEHEHUS
SNR. IIpuBiedeHne mokazareiaci JOITOBPEMEHHON aMATH CITyYalHBIX TIPOIIECCOB IS 3a7ad yIIpaB-
JICHUSI CUCTEMAMHU ME€PEAYM JAaHHBIX HAXOJUT YCTOWYMBOE IPUMEHEHHUE B CETIX Nepeladyn JaHHbIX [9].

! Cisco Annual Internet Report (2018-2023) [Electronic resource] // White Paper. Mode of access: cisco.com. Date
of access: 28.04.2026.
2 Ericsson Mobility Report, June 2024 [Electronic resource]. Mode of access: ericsson.com. Date of access: 28.04.2026.

3 IEEE Standard for Information Technology: IEEE Std 802.11-2020 (Revision of IEEE Std 802.11-2016). NY, 2021.
DOI: 10.1109/IEEESTD.2021.9363693.
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PesynbraTel skcniepumenTaibHOro uccaenopanus kanana CBC, nonyyennsie B [10], cBUAETENbCTBYIOT
0 ToM, 4TO KO3 duuueHt Xepcra H, olleHUBaeMbIH Ha CKOJIB3SIIIEM OKHE, CIOCOOEH pa3invaTh pexu-
MBI C BBIPQKEHHBIM TPEHIOM OT CIIyYalHbIX QaykTyaruid. [y moHMMaHMs HaNpaBIeHUS] U3MEHEHUS
SNR nomonuuTensHO OBLT BBEJCH MapamMeTp d — JoKabHas oneHKa nmponsBogHoit SNR [7]. CoBmecT-
HBII aHanm3 napsl (H, d) mo3BosseT OTAeNNTh HallPaBISHHBIN POCT OT HAIPABICHHOTO CIa/ia U CITydai-
HBIX (pIIyKTyarui, 9to GopMuUpyeT OCHOBY s 60i1ee 000CHOBAHHOTO BBIOOpA MOPSIKA MOMYJIISAIINH.

B crarbe npennaraeTcss KOMOMHHPOBAHHBIM aNTOPUTM alalTHBHON Momyisiiinu st cuctem CBC,
KOTOPBII MCIOJIb3yeT Kak MTHOBeHHOE 3HaueHHe SNR, Tak U 1Ba mapaMeTpa ero BpeMEHHOU CTPYKTY-
pBl — Ko3hPuIKeHT XepcTa U JIOKabHYI0 OLEHKY IMpon3BOIHONH. OCHOBHAsS HMJesl alrOpuTMa COCTO-
UT B TOM, YTO TOBBIIICHHUE MOPAIKA MOAYJSAIMH B 30HE HEONPEACIEHHOCTH MPOUCXOIUT TOJIBKO MPH
OJTHOBPEMEHHOM BBITIOJIHEHUH YCIOBUH yCTOMUMBOCTH TOJIOKUTENBbHOTO TpeHnaa (d > 0) u BBICOKOM
TepcUcTeHTHOCTH psina (H > 0,75), a moHIKeHNE MpeAroaaraeTcs TOIbKo 1o (aKTy BBIXOIA M3 30HBI
HEOTIPENIETICHHOCTH B 00J1aCTh MIOHMKEHHOTO MOPSIKAa MOIYIISIIAA. Takoi MOAX0A TO3BOISIET HCITOINb-
30BaTh YCTOMUMBOE YNyUIllEHHE KaHaja CBS3W JUIS MOBBIIICHHS MPOIYCKHOM COCOOHOCTH U OBICTPO
pearupoBath Ha YXyALICHUE YCIOBHH.

Lenp nccnenosanuii — noseimenne 3GpHEeKTHBHOCTH Nepenadn JaHHbIX B kKaHaine CBC ¢ momotkio
anroputMa AYM, OCHOBAaHHOI'O Ha COBMECTHOM aHasin3e ko3(duirenta Xepcra U JTOKaIbHON IPOU3-
BogHOI SNR.

IJKCcIepuMeHTAIbHAS YCTAHOBKA M (JopMUpOBaHHe BpeMeHHbIX psinoB SNR

Bce m3mepenuss SNR BBIMTOTHSUTHCH HAa DKCIIEPUMEHTATHLHOW YCTAaHOBKE, TTOCTPOCHHON Ha 0ase
IIpOrpaMMHO oTpezenseMbIx paanocucteM (software defined radio, SDR) HackRF One u pa3paboran-
HOTO ONTO3JIEKTPOHHOTO TPaKTa. YCTaHOBKA MOApoOHO onucana B [11].

[epenatommii Tpakt popmupyer OFDM monynuposanusiii curan B cpeae GNURadio, xoTopsrii
nocse nuppo-aHaIoroBoro mpeodpa3oBaHus Yepe3 ONTONIEKTPOHHYIO CHCTEMY MOAAETCS Ha MCTOY-
HUK HW3JIy4eHus (Ja3epHblid 1noa) ¢ AMuHOW BOMHBI 650 HM. Ilocne mpoXokIeHus Mo ONTHYECKOMY
KaHaJIy CUTHAJ IIOCTYyNaeT yepe3 (POTOAMON HAa TPAHCHUMIICAAHCHBIM YCUIMTENb U MOCHIE OLU(pPOBKU
BropsiM SDR 06pabarsiBaetcs mpuemabM rpadom B cperne GNURadio.

B mpuemnoMm rpade peannzoBaHbl pa3liesieHHEe CUTHAJIBHON M IIYMOBOHM COCTaBISIOLIMX CIIEKTPa
u Beruncienue texymero SNR B nenubenax. [Tomyuennsie 3nadennst SNR 3anuceiBarorest B haitn-npo-
TOKOJI C BpEMEHHBIMH METKaMH € 4acToTol npubinsutensHo 10 [, 4To orpaHMYeHO MPOU3BOUTEb-
HOCTBIO yCTaHOBKH [11].

V3meHeHne reoMeTpuy ONTHYECKOr0 KaHana (paccTosHUe, yroyl MajeHHs) U BHELIHHUE BO3JEHCT-
BUs (3aTE€HEHUs], BUOPALMM) TIO3BOJIMIIN ITOJIyYUTh BpeMeHHbIe psiabl SNR ¢ pasnuuHbIMU XapakTepuc-
TUKaMH. B mpouecce nccnenoBanuil ObUI0 BRIOPAHO HECKOIBKO XapaKTepHBIX CLIEHApUEB — KBA3UCTa-
LUOHAPHBIN, TUIABHBIA POCT U TJIAaBHOE CHUXKEHHE, PSIJI C PE3KUMH CKaYKaMH U KOJIeOaHUsIMU OKOJIO IT0-
POTOB MEPEKIIOUCHHMS, 3aCBETKA COJTHEYHBIM CBETOM, pad0OTa KaHalla B yCIOBHUSIX CIyYaiHBIX BUOpaIuii
U CMEIIaHHBIN ClieHapuil.

Cxembl MOAYJIAIUU U TIOPOTroBbI€ YPOBHU

B cucteme MCHOIB30BaINCh YETHIPE CXEMBI MOAYIISAIMHA C BO3PACTAIONICH CIIEKTPATBbHON 3(-
dhextuBHOCTRIO: BPSK, QPSK, 16-QAM n 64-QAM. JIns MakCHMalbHOH IOJIOCHI KaHalda YCTaHOB-
ku 20 MI' (npyu M3MEpEeHHsIX MCIOIb30BANACh MMOHMKEHHAS MMOJI0CA TPOITYCKAHUS JUIsl UCKITFOYCHUS
paboThl Ha Tipesene Bo3sMokHOCTH SDR) BRIOUpanich cieayromue TeOpeTHIeCKHe CKOPOCTH Tepeiadn
JaHHBIX: Rppsk = 20 MOut/c, Ropsk = 40 MOut/C, R 6.0am = 80 MOUT/C, Res.qam = 120 MOut/c [4].

Homunansasie moporossie 3HaueHus SNR 1151 mepexoa MeKIy OPSIKaMHA MOTYJISIIUN OMIpeIes-
JINCb HA OCHOBC TCOPETUYCCKUX KPUBBIX BER JUIA KaHaJla ¢ aJIuTHBHBIM OeJIBIM rayCCOBCKHUM IIYMOM
0e3 MOMEeXOyCTOHYMBOrO KOMUpoBaHus [6]. Bo Bcex BhIpaKEHHSX BEJIMUYMHA Y MPHHUMAIACH KaK OT-
HOIIICHHE SHEPTHU Ha OWT K CeKTpanbHO# MomrHocTH miyma. Torma 3aBucumoctu BER oT ¥ MOXHO
OIHCAaTh U3BECTHHIMU aHATTUTHYCCKUMHU BBIPAKESHUSIMHU:

BER gpsi (1) = 0(4/27); (1)
BERlﬁ-QAM(Y)Z%Q %Y ; (2)
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7 2
BER ¢4.0am (¥) = 1 O\ \zY | 3)

0 7t2

J.ert — JIOTIONTHUTENbHAS QYyHKIMS omHO0K ((O-QyHKIuS), onpeensiomas BeposiT-
P

e O(x)= !
J2n
HOCTb MPEBBIIICHNS CITyYaiiHON BETMYMHON 3aJaHHOTO ITOPOTa.

Lenesoit ypoenp ommbok BER =107 BBEIOMpAI KaK BEPXHIOIO T'PAHMILY, IPH KOTOPOH COBpe-
MEHHBIE aJTOPUTMBI CITOCOOHBI CHU3UTH UTOrOBBI BER 10 3Hauenwmit 107 u menee, TpeOyeMBbIX
JUisl OONBIIMHCTBA TPAKTUYECKUX NpuMeHeHui [4]. Yucnennoe pemenue ypaBuenuii BER(y) = 107
JlaeT cienyrolnue Teoperndeckue noporu st outosoro SNR: QPSK — 6,8 nb, 16-QAM — 10,5 b,
64-QAM — 14,8 nb. OgHako B peajbHBIX CHCTEMax CBSI3U, MMOCTPOCHHBIX C HCMOIb30BaHUEM SDR,
BCETJa 3aKJIaIBIBAIOT JOMOJHHUTEIBHBIN 3amac, KOTOPHI MpPHU3BaH KOMIIEHCHPOBATh HEWJEATbHOCTH
AHAJIOTOBBIX IIeTIeH, MCKaKEHUs CUTHANa U Jpyrue (akTopsl, KOTOpbe omneHnBaioTcs B 2—4 nb [12].
[IpuHMMas BO BHUMaHHE 3TOT 3amac JUis CTaOWIHHOTO MEPEKIIOYCHHS B YCIOBUAX HECTAIMOHAPHOTO
KaHaJia, JJIs1 UCCIIeIOBaHUs BEIOMPAINCH CIEAYIOIINE HOMUHAJIBHbBIC TIOPOTH IS BCEX paccMaTpuBac-
MBIX aJITOPUTMOB TEPEKITIOUEHUS:

0, =9 nb (nepexox BPSK — QPSK);

0, =13 nb (mepexon QPSK — 16-QAM);

0; = 18 nb (mepexon 16-QAM — 64-QAM).

Bbruucienue napaMeTpoB BpeMeHHOI0 psijia

Jns onieHKM JTI0JITOBpEMEHHOM MTaMsTH BpeMeHHOro psijia SNR mpuMeHsiicst MeToJ] HOpMUPOBAHHO-
ro pa3maxa (R/S-meton) [10]

E M =cn'!
S(n)

2

rne R(n) — pa3Max HaKOIUJICHHBIX OTKJIOHEHWH OT cpeaHero; S(n) — cTaHIapTHOE OTKIOHEHWE; 1 —
JUTHA HaOIMromaeMoro yJactka; H — kodddurmeHt Xepera; ¢ — KOHCTaHTa Iporecca.

B [13] nokazaHo, 4TO JijIsl IPAKTUYECKOTO NMPUMEHEHUSI Ha MPUKIIAHBIX 3a7a4aXx ¢ HeOOIbIITHMU
o0beMaMu BHIOOPKH MOCTPOCHUE PErPECCHH MO HAOOpy MacIiTaboB HerlenecoobpasHo. [Toatomy npen-
Jaraetcsi IpuHUMaTh # = N (IOJHYIO JUIMHY HaOI0aeMOro yyacTKa) U OrpaHHuYeHHe, TP KOTOPOM
KOHCTaHTa nponecca ¢ =1 u npsiMasi B IBOMHBIX JOrapu(MUUIeckux KOOpAWHATaX MPOBOISATCS Yepe3
Havyajuo KoopauHat. Torja MOKHO BBINONHHUTE MPSIMYIO OLEHKY Kod(dduimenTa Xepcera 1o Macmrady
JUTHHBI OKHa N

i In(R(N)/ S(N))
In N

) “)

rae R(n), S(n) — BeIMYMHBI, BEIYHCISIEMbIE OAHOKPATHO 110 BCEMY CETMEHTY.

Oco0eHHOCTh METOAAa — CUCTEMaTHYECKOEe CMEIICHHUE, BBI3BAHHOE OrpaHHYEeHUEM ¢ =1, KoTopoe
HE yCTpaHsSeTCsl, a COXpaHseTCs, HO MPUHUMAETCS BO BHUMaHHUE IPHU OLIEHKE YCTOHYMBBHIX TPEHJIOB,
MIOCKOJIbKY SIBJISIETCSI H3BECTHBIM JJIsl KOHEYHBIX BHIOOPOK HOPMAJIbHO PACTIPEICIEHHBIX HE3aBUCHMBIX
BenmunH [ 14]. Tem He MeHee peaslbHbINM CUTHA, TIOYYEeHHBIN Ha yCTAaHOBKE, HE ABISETCS OSIBIM IITyMOM
13-32 MHEPLUOHHOCTH (PU3MYECKUX MPOLECCOB, YTO YBEJIMUMBAET KOHCTAHTY mpouecca. Kak ciuenct-
BHE — HA CTALlMOHAPHBIX y4acTKax KoaduuueHt Xepcra He omyckaercs 3ameTHo MeHee 0,5 (puc. 1 —
KBa3HCTAIlMOHAPHBIN KaHaJl C HEU3MEHHBIMHU YCIOBHSIMHU), YTO MO3BOJISIET CPOPMUPOBATH YCTONUUBBIT
JMarna3oH 3Ha4€HUH, KOTOPbIM MPUHUMAETCs KakK IIyMOBOW MOPOr. DTO MOATBEPIKIAETCS IKCIIEPUMEH-
TaJbHO — 3eJIeHast MyHKTHpPHAs JIUHUS, IryMoBoi ropor 0,75. HanmpoTuB, pu NMosIBJICHNN HAlpaBIEeHHOTO
TPEH/a B CUTHAJIE CUCTEMAaTHYeCKOe CMEIIeHHE U Bo3pacTaromuii koadduuneHt H yBepeHHO MOJHIMA-
[0TCs K 3HadeHusM Oornee 0,75, 9TO 3HAYUTENHHO TPEBBIIIACT IMIyMOBO Topor (puc. 2). ®opmyna (4)
MIPUMEHSUTACh Ha CKoNb3smeM okHe aimuHoi N = 200 orcuetoB (~20 ¢ mpu wactote peructparmu 10 ['m),
npoasuracMoM c marom 20 orcuetoB (~2 c). Ha kaxaoMm mare 1mo TeKyImeMy CerMEHTY BBIYHCISIOCH
0J1HO 3HaueHue f1. [TomyueHHbI JUCKPETHBIN PsIL JINHEHHO HHTEPIIOIMPOBAJICS HA BCE MOMEHTBI BpEMe-
HH, 00pa3ysl HENpPEepbIBHBIA BPEeMEHHOM psiji. BeIOOp AnHBI OKHA ObUT 000CHOBAH DKCIIEPUMEHTAIBHO.
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B kauecTBe moxasareiisi HarpaBJICHUS! U3MEHEHHs CUTHAJIA BBOJMJIICS MapaMeTp d, NpeiCTaBISIOMINI
co00H YIPOILEHHYIO OLIEHKY JIOKAIbHOW Mpon3BoAHON. [TapameTp d BbIUMCISIICSA Kak CpeaHee npupa-
menne SNR Ha nocienqHux M orcuerax BHYTPH TOTO K€ CKOJIB3SILEro OKHa ATUHONH N

1 N-1

d=—— Z (xi+1_xi)' ®)

M_li:NfMJrl

SNR v noporu
T

20,6
0205
(=1
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T T
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Puc. 1. Onenka ko3¢ ¢punnenra Xepcra B KBa3UCTAIMOHAPHOM KaHale
Fig. 1. Estimation of the Hurst exponent in a quasi-stationary channel
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Puc. 2. Onenxka ko3 duimenta Xepcra B KaHaJIe C BHEITHEH IIEPEMEHHON 3aCBETKOM
Fig. 2. Estimation of the Hurst exponent in a channel with variable ambient light

3HaK d OTHOCHTEIBHO HYIISl YKa3bIBaeT HaIpaBieHune n3MeHeHus: d > 0 coorBercTByeT pocTy SNR,
d < 0 — magenuto, a d = 0 — ciny4aiinsle Quaykryauuu. Beanuuna 3Toro mokasaresns NponopLUOHAb-
Ha KpyTu3He TpeHaa. PopmaibHO cymma B (5) SIBISETCS TENECKOMMUYECKOW M 3aBUCUT TOJIBKO OT JIBYX
KpailHUX OTCYETOB BHYTpPHU TOJIOKHA ATUHON M. Brraucienue d mponu3BOIMIOCH CHHXPOHHO C OICH-
Kol H, a mociie uHTeprnosuu GOPMUPOBAIICS HETIPEPHIBHBIN Psijl 3HAUCHHUH JIOKAJILHON IPONU3BOTHON
JUIS. BCEX MOMEHTOB BpeMeHH. TakuM 00pa3oM, B KaKIblii MOMEHT BPEMEHH Mbl PacIoyiarajiu TPems
rapaMeTpaMu — MTHOBEHHBIM 3HaueHueM SNR, koaddummenTom Xepcra 1 OIleHKOH JIOKAIBHON IPOu3-
BOJIHOM, 4UTO MO3BOJIMIIO IPUMEHATH UX B anroputme AYM nms kanana CBC.

O0ocHoBaHMe BbIOOPA AJIHHBI OKHA

JnuHa CKOMB3SIIEro OKHa N SBISETCS KPUTHYECKUM MAapaMeTpOM, ONPEACSIISIONIMM KOMIIPOMHUCC
MEX]y CTaTUCTHYECKOH HaJeKHOCTBIO OLIEHKU H 1 COCOOHOCTHIO aJropuTMa CBOEBPEMEHHO peart-
poBaTth Ha U3MeHeHus kaHana. Kiaccuueckue uccnenoBanust R/S-meTona peKOMEHIYIOT UCIIOIb30BATh
ue menee 200—-500 Touek ays morydeHus: ycTonanBo# orieHKH [ 15]. He Menee BaykHO, 9TOOBI B 33/1a9ax
peaIbHOrO BPEMEHH YpEe3MEPHO JIMHHBIC OKHA HE 3aTATHBAIIN PEaKIUIO M HE MIPOITyCKAIN KPaTKOBpe-
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MeHHbIe yxyauieHus. [lostomy juis o0ocHOBaHUs 3HaueHUS N OBUT BBIITOJHEH DKCIIEPUMEHT Ha JIBYX
KOHTPACTHBIX CLICHAPUSIX:

— KaHan ¢ OpicTpbiMu Bo3MymeHusiMu (rand om-fluct.csv), SNR konebascs B npenenax noporos,
HO BBOJIMJIUCH PE3KHUE KPATKOBPEMEHHBIE MPOBAJIHI;

— cMemaHHbIi ciieHapuit (snr_log mix H d.csv), comepskan y4acTku IJIaBHBIX TPEHIOB U 3aTeHE-
HHHU ¢ KOJICOAHMSIMH B 30HAX TTEPEKITIOUCHHUS.

st kaxxmoro cueHapus JIMHa OKHa BapbupoBanach B auanazone 100—1000 orcuetos ¢ marom 10.
PesynbraThl ncciaenoBaHuil IpeaCcTaBiICHbI Ha puc. 3.

YyBcTBUTENLHOCTB K AnvHe okHa: random-fluct.csv
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Puc. 3. UyBCTBUTEIBHOCTH CKOPOCTH TIEPE/Iavy JIAHHBIX U KOJMYECTBA MEPEKITIOYEHHN K JUTMHE OKHA!
@ — XaHall ¢ OBICTPHIMU BO3MYIICHUSAMH; b — CMEIIAHHBIH CLIEHAPUIi
Fig. 3. Sensitivity of data rate and switching frequency to window length:
a — fast-fading channel; » — mixed scenario

Kak nokazaHo Ha puc. 3, Ipu HAIMYMH UHTCHCUBHBIX CIAYYalHBIX (IIYKTyallMid YBEJIUUYCHUE OKHA
6omnee yem Ha 300 OTCUYETOB MPUBOAMUT K PE3KOH NErpajialliyl YIPABICHUS M HEMPEICcKa3yeMbIM IIe-
pexiroueHusiM. ClienoBaTenbHO, MPH BEIOOpE KPUTHIECKOTO MapaMerpa N HeoOXOIUMO PYKOBOJICTBO-
BAThCS MPUHIIMIIOM MUHUMU3ALMY PUCKA B HauxyaueM cieHapuu. 3uadenue N = 200 siBnsieTcs: TOUKon
MepeceyeH st 30H CTAOMIIBHOCTH ISl 000MX UCCIICIOBAHHBIX ITPOIIECCOB.

AJTopuTMBI YIpaBJIeHUsS] MOAY JIsIlN el

PaccMoTpuM Tpu cpaBHHBaEMbIX alrOpUTMa BEIOOpa MOLYISLUU: KIACCHYECKUH MOPOTOBBIN, THC-
TEPE3UCHBIN U MpeAsiaraeMblii KOMOMHUPOBAHHBIM, OCHOBAHHBIM Ha COBMECTHOM aHaimn3e Kod3hhuim-
eHTa Xepcra H ¥ OLIEHKH JIOKAJIbHOM TIPON3BOIHOM d. Bee anroput™Mel onepupyroT MTHOBEHHBIM 3Haue-
HreM SNR 171 paBHBIX yCIIOBUH.

Knaccuueckuii nopozosbwiil aneopumm NPUHUMAET PELIEHHE O BBIOOpPE MOpsIKa MOAYIALUH M1,
HCKJIIOYMTENIBHO 0 TeKylleMy 3HaueHuto SNR, cpaBHuBas ero ¢ 3azaHHbIMH moporamu 0, = 9 nb,
0,=13 JIo u 6, =18 J10:
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1(BPSK), s, <0,
2(QPSK), 8, <s, <6,;

" |3(16-QAM), 0, <5, <6;;
4(64-QAM), 0, < s.

base __

ANTOpuTM He 00J1a1aeT MaMsIThIO, PEIICHHE B MOMEHT BPEMEHH ¢ HE 3aBUCHT OT MPEJIBIIYIIETO COC-
TOSTHUSL, YTO JIEJaeT ero Haubosee MPOCThIM B peasM3allii U B TO JK€ BPEMsI CAMBIM UyBCTBUTEILHBIM
K CIIy4alHbIM (DIIyKTyauusiM BOJIU3U MOPOTOB IEPEKIIOUCHHSL.

T'ucmepesucHolil aneopumm MPAMEHIETCS U CHUKEHUS 9acTOThI mepekirodeHuit. [Ipu ero ncnomis-
30BaHMMU BBOAATCS pasfebHbIC MOPOTH ISl OBBILICHHUS ¥ MIOHKEHUS TTOpsKa MOIYIsiuu. B uccie-
JOBaHMH HCIOJIb30BAJIaCh CHMMETPUYHAS 30Ha HEUyBCTBUTEIBHOCTH IUpUHON A = 1,5 1B, T. e. cmere-
HUE KaXJI0T0 ropora coctasisuio & = A/2 = 0,75 nb BBepx Jyis MOBBIIICHUS U TAKYO K€ BEIMYHHY BHHU3
JUTS TIOHMKeHHs. BO BCEX OCTabHBIX CITyUYasX COXPAHSIICS PEXKUM IPEIBIAYLIETO ara: m, . = m(rtlf(f)r
I'ucrepesucHbIil aaropuT™, B OTIAMYHME OT KJIACCHUECKOI0, YXKE pealn3yeT MEXaHU3M MaMsITH Ha OfUH
miar. OJiHaKo JJaHHAs MHEPIIMOHHOCTh OTPaHUYEHa YYeTOM TOJILKO MPEABIIYIEr0 COCTOSIHUSI CHCTEMbI
1 HE TI03BOJISIET MHTEPIPETUPOBATh AMHAMUKY n3MeHeHus SNR Bo BpemeHnu.

Kombunupoeannulii ancopumm na ocnoge H u d 3akmoyaercs B TOM, YTO PELICHNE O TOBBILICHUU
MOAYJISIMN TPUHUMAETCS TOJIBKO MTPH HAIMYUN YBEPEHHOCTH B YCTOHUMBOM ITOJIOKHUTEIEHOM TPEHJIE,
TOTJa KaK MOHMKCHUE BBITIOIHSACTCS HEMEIJIGHHO IMPU MEepexoie HUKHEH IpaHULbl 30HBI HEOIpere-
JIeHHOCTH. B anropurMe BBOAWTCS NOHATHE 30HBI HEONPEICICHHOCTH aHAJOIMYHON TMCTEPE3UCHOMY
AITOPUTMY — OKPECTHOCTH KaKJIOTO M3 Tpex moporos mupuHoit A = 1,5 nb (mo 0,75 nb B xaxmyro
CTOPOHY OT TIOPOTa, aHAJIOTMYHO TUCTEPE3UCHOMY ), a eciii SNR HaxXoauTCst BHE 3THX 30H, BEIOOP MO-
OYJSIUM OCYILECTBIISICTCS 110 KJIACCHYECKOMY IIOPOroBoMy anroputmy. Eciu ke s, monanaer B 30HY
HEOTIPENIETICHHOCTH, PEIIeHNE KOPPEKTHpYeETCs ¢ yueToM H, u d,. Toraa mpaBuiia nepexItoueHnss MOKHO
3aIMcaTh CIEAYHOIUM 00pa3oM: IyCTh /7, — WHAEKC MOIYJIAIUHK B Ipeablaymui MoMeHT (1 — BPSK,
2 - QPSK, 3 - 16-QAM, 4 — 64-QAM). Toraa s TeKymero 3Ha9YCHUS

— TMOHMKCHUE MOJYIISIIIH BBIOIHSIETCS TOYHO TaK e, KaK U B THCTEPE3UCHOM aJITOPUTME, JIOTIOI-
HUTEJbHBIX YCIOBUH Ul IOHWKEHHS HE HAKJIaIbIBAETCS, IOCKOJIBKY 3a/IepP’KKa C MOHWKEHUEM MOXKET
IIPUBECTH K PE3KOMY POCTY OLIMOOK;

— IMOBBIIICHHUE TTOPSIKA MOAYJISIMU MPH Bbixoze ypoBHs: SNR 3a BepXHIOIO IpaHUIly 30HBI TaK¥Ke
MIOJTHOCTBIO MTOBTOPSIET TUCTEPE3UCHBIA METO/I;

— IOCPOYHOE IOBBIIICHUE MOPsIAKa MOAY/SILIMN BHYTPU 30HBI pasperaercs, koraa yposeHb SNR
HAXOJIUTCS B 30HE HEOIPEACTICHHOCTH 16/2 OTHOCHTENBHO TIOPOTa MEPEKIIOUCHNUS TTOPSAKA MOITYIISIIINA
1 OTHOBPEMEHHO 3a()MKCHUPOBAH yCTOWUMBBIN MOJOKUTEIBHBIN TPEHI. Hgm OZTHOBPEMEHHOM BBITIOJIHE-
HHH 000X YCJIOBUH pa3pelnaeTrcs Nepexosl Ha OfHY CTyleHb BBEPX — /7, 4= mﬁf +1, a ecinu ycioBust
TPEH/Ia HE BBITIOIIHEHBI, COXPAHSETCS TeKYyIas MOAYJSIH. Takas aCHMMETPHsI OTPaKaeT Pa3IHIHYyIO
LEeHy OMIMOOK: JIOKHOE MOBBIIICHNUE BEJET K MOTEpe MAaKEeTOB, TOTA KaK JIOKHAsS 3a/IepKKa TTOHHKE-
HUS — JINIIb K BPEMEHHOMY CHMKCHHUIO CKOPOCTH.

[ToporoBsie 3HaUEHHS YCTOHYMBOCTH MOJOKUTEIHHOTO TpeHaa H,, u d,;,. OyayT nmpoTecTHPOBaHBI
C TIOMOIIBIO TEIUIOBOM KapThl IJIsi BCEX CLEHApHEB M O0ObEAMHEHBI B OOIIYIO TEIUIOBYIO KapTy MHHU-
MaJIBHOTO BBIMIPBILIA JJIsl ONIPEAETICHUS UX ONTHMAJIbHBIX 3HAYEHUH BO BTOPOW YacTH CTaThbU B COOT-
BETCTBYIOLLEM pa3Jielie.

3akjoueHue

1. Tano onucaHue HKCHEPUMEHTAIBHON YCTAaHOBKM W NPUBEJECHA IMPOLEIypa BBIUUCICHUS JIByX
MapaMeTpoB BPEMEHHOM CTPYKTyphI cHTHANA — KoddduimeHTa Xepcera 1 JOKAIbHON OIEHKH TPOu3-
BonHOM. OTMedeHo, uTo Kod(hduimeHT Xepcra, OlleHUBAaeMbIii METOJIOM HOPMHPOBAHHOTO pa3maxa
Ha CKOJIB3SIIIEM OKHE, Pa3IMYaeT KBa3UCTALMOHAPHBIC YUYACTKU U YYACTKU C HAMPABICHHBIM TPEHIOM,
a mapameTp d JIONOJHsIET 3Ty WHGOpPMAIIHIO, MTOKa3biBasi HanpapieHue u3mMeHeHus: SNR. O6ocHoBaH
BI)I60p JJIMHBI OKHA KaK TOYKHU IIEPECCCUCHM 30H CTAaOMIILHOCTH I KOHTPACTHBIX CLICHAPUCB JUHAMM-
KM KaHaa.

2. PaccMOTpeHbl TpU ajaropuTMa YIpaBlIeHUs] MOMYJSIIUEN: KJIACCUUECKUH MOPOTOBBIN, TUcTEpe-
3WCHBIM W TIpeuIaraeMblii KOMOWHUPOBaHHBIN. [T1aBHas 0COOEHHOCTh KOMOWHUPOBAHHOTO allTOPHUT-
Ma — aCUMMETpPUYHAs JIOTUKA MEPEKIIOYEHUS, KOra MOBBIIICHUE MOPSAKa MOAYIALMU Pa3peracTcs
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JIOCPOYHO BHYTPH 30HBI HEOIPEEIEHHOCTH TOJIBKO IIPH OAHOBPEMEHHOM BBIITOJIHEHUH YCIIOBHI BBICO-
KOM TIEpCUCTEHTHOCTH psifia U MOJOKUTEIbHON OLEHKH JIOKAJIbHON MPOU3BOAHOM, TOTAA KaK IMOHMKe-
HUE BBIMOJHAETCS HEMEAJICHHO 0e3 JOMOTHUTENBHBIX YCIOBUH.

3. Bo Bropoii yacTu ctaThby OyIyT MPUBEICHBI Pe3yJIbTaThl TECTUPOBAHUS XapaKTEPHBIX CIIEHapHEB
KaHaJIOB CHCTEMBI CBSI3M BUJIUMBIM CBETOM, CJIEJIaHBI aHATIN3 TEIUIOBBIX KapT MOPOTOBBIX IMTapaMeTpPOB
1 cpaBHEHHUE APPEKTUBHOCTH AITOPUTMOB 110 CPEJHEN CKOPOCTH II€PEAaun JaHHBIX U YUCITY IEPEKIIIO-
YEHWH T BCEX CLIEHAPHUEB.
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INOMEXOYCTOHYHUBOCTHh CUCTEM CBSI3U U BEIIIAHUS
C MHOI'OKACKAJTHBIM PABHOTHUITHBIM KOJINPOBAHUEM
M MHOTI'OITO3UIIMOHHOM MOAYJISIIIUEH

3. b. JIMIIKOBUY, H. U. BEJIEHKEBHWY, M. 1. 30PbKO

Benopycckuii eocydapecmeennvlil yHugepcumen uH@GOPMAmuKu u paouod1eKmpOoHUKU
(Munck, Pecnybnuka Benapyco)

AnHoTtanus. IIpencraBieHsl aHaIUTHYECKHE MOJICNIN paciyeTa U METOMKa HCCIIeJOBaHUS MOKazaTeel momMexo-
YCTOWYMBOCTH, YHEPreTHYECKOi M MH(OPMALMOHHOW (PEKTUBHOCTEH CHCTEM C IOCJIEI0BATEILHBIM COCTAB-
HBIM KOJIMPOBaHHEM Ha 0a3e CBEPTOYHBIX KOJOB OOJBIION KOHCTPYKTHBHOM JUTMHBI B COYETAHUHU C IBOUYHBIMH
OounbIMU KoZlamK boysa — Hoyaxypu — XoKkBUHIeMa, CBEpPTOYHBIMU M HEJIBOMYHBIMU Kofamu Puna — Conomona.
PacueTtnble Monenu npenycMarpuBarOT IMPOBEICHHUE [IETalbHBIX UCCIIENOBAHUN CBOMCTB COCTABHBIX KOAOBBIX
KOHCTPYKIIMH C MHOTOMIO3UIIMOHHBIMU BUJJAMH MOAYJISILIMU U AEKOJUPOBAHUEM IO alroputMy BurepOu ¢ Msrkum
pelIeHUEM JJIsl CBEPTOUHBIX KOIOB U KooB boysa — Hoynxypu — XOKBUHIEMA U KECTKUM PELICHUEM JUJIS KOJOB
Puna — Conomona. B oTin4me oT M3BECTHBIX TOJIXOMOB JaHHAsi METOJMKA HEe TpeOyeT 3HaHHs BECOBBIX KO3(-
(DMLIMEHTOB CIIEKTPOB UCIIOJIBb3YEMBIX KOJIOB, HE OIPAaHUYUBACT BHIOOP MECTOIOIOKEHUS KOIOB B KOJJOBOH KOH-
CTPYKLIUU U HE MPEIOoJaracT NPUMEHEHUS [IPU BBIYUCICHUSX CJIOKHBIX NPOLIELYP KOMIIBIOTEPHOIO MOIEINPO-
BaHus. VccnenoBanysl BBIIOIHSOTCS B 3aMKHYTOM BHJI€ HA OCHOBaHUM 3aJaHHBIX [1aPAMETPOB KOJOB B COCTaB-
HOW KOHCTPYKIIMU U TpeOOBaHMH K 00eCIeueHHI0 T0CTOBepHOCTH Ipuema. Iloka3aHno, 4To MoMexXoyCTOMYNBOCTh
CHCTEM C JIByXKacKaJHBIM ITOCIIC/IOBATEIbHBIM KOIUPOBaHHEM Ha 0a3ze CBEPTOYHBIX KOJIOB C KOHCTPYKTHUBHOM
JqunHON K = 13 B codyeTaHHM C MPOCTHIMM THUIIAMH CBEPTOUHBIX KO/IOB, K010B boy3a — Hoynxypu — XokBuHremMa
unn Puna — ConoMoHa cOmocTaBiMa ¢ IOMEXOYCTOMYMBOCTBIO JIyUIIHX MOAETIeH TypOOKOJOB ¢ UTEPaTUBHBIM
napauiensHbiM MAP-znexonupoBanuem. [Ipu 3ToM MCKITIOYEHBI HEAOCTATKH TYPOOKOIOB, 00YCIIOBICHHBIE MTPHU-
MEHEHHUEM BBICOKOPa3MEPHBIX NIEPEMEKUTEIICH.

KiaioueBrbie ciioBa: MHOT'OKaCKaJIHOC€ KOANPOBAHUEC, COCTABHBIC KOAbI, Bq)(bGKTHBHOCTL ACKOANPOBAHUS, TIOMEXO-
YCTOﬁQHBOCTL, JAOCTOBCPHOCTD IIpUEMaA.

Kondaukt uHTEpecoB. ABTOPHI 3asBIISAIOT 00 OTCYTCTBHHU KOH(INKTa HHTEPECOB.

Just uurupoBanus. Jlunkosud, J. b. [loMexoycTONUNBOCTE CUCTEM CBSI3U M BEILIAHHSI ¢ MHOTOKACKaIHbIM Pa3HO-
THUITHBIM KOJIMPOBAHHEM M MHOTOIO3UIIMOHHOM Monyssiumeld / D. b. Jlunkosuu, H. U. benenkeny, M. U. 3opbko //
Hoxnanet BI'VUP. 2026. T. 24, Ne 4. C. 72-80. http://dx.doi.org/10.35596/1729-7648-2026-24-4-72-80.

NOISE IMMUNITY OF COMMUNICATION
AND BROADCASTING SYSTEMS WITH MULTI-STAGE
DIFFERENT-TYPE CODING AND MULTI-POSITION MODULATION

EDUARD LIPKOVICH, NATALIA BELENKEVICH, MIKHAIL ZORKA

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)

Abstract. The article presents analytical models for calculating and a methodology for studying the noise immu-
nity, energy, and information efficiency of systems with sequential composite coding based on long-length con-
volutional codes in combination with binary block Bose — Chaudhuri — Hocquenghem codes, and convolutional
and nonbinary Reed-Solomon codes. The calculation models allow for detailed studies of the properties of com-
posite code structures with multi-position modulation types and decoding using the Viterbi algorithm with a soft
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decision for convolutional and Bose — Chaudhuri — Hocquenghem codes and a hard decision for Reed — Solomon
codes. Unlike known approaches, this methodology does not require knowledge of the spectral weighting coeffi-
cients of the codes used, does not limit the choice of code locations within the code structure, and does not involve
the use of complex computer modeling procedures in the calculations. The studies are performed in a closed-loop
manner based on the specified parameters of the codes in the composite structure and the requirements for en-
suring reliable reception. It is shown that the noise immunity of systems with two-stage sequential coding based
on convolutional codes with a design length of K = 13 in combination with simple convolutional codes, such
as Bose — Chaudhuri — Hocquenghem or Reed — Solomon codes, is comparable to the noise immunity of the best
turbo code models with iterative parallel MAP decoding. Furthermore, the disadvantages of turbo codes caused
by the use of high-dimensional interleavers are eliminated.

Keywords: multi-stage coding, composite codes, decoding efficiency, noise immunity, reception reliability.
Conflict of interests. The authors declare that there is no conflict of interests.

For citation. Lipkovich E., Belenkevich N., Zorka M. (2026) Noise Immunity of Communication and Broadcas-
ting Systems with Multi-Stage Different-Type Coding and Multi-Position Modulation. Doklady BGUIR. 24 (4),
72-80. http://dx.doi.org/10.35596/1729-7648-2026-24-4-72-80 (in Russian).

BBenenue

3HauYNTENbHBIC YCIIEXH B TEXHUKE BHICOKOCKOPOCTHOM 00paboTKu OONIBIINX 00beMOB HHPOPMAIHN
TTO3BOJIMIIN TTPUOIHU3UTH IMTOKA3aTeNT CUCTEM C TOMEXOYCTONYHBBIM KOANpOBaHueM K rpanutie lllennona
I10 IPONYCKHO criocoOHOCTH. OTHUM W3 IPUOPUTETHBIX HAMIPABICHHA B 9TOH 001aCTH cTana TEXHOJIO-
rust TypOOKOJUPOBAHUsI, MPEAyCMaTpUBAIOLIasl HA CTOPOHE TepeJadn MapaieIbHOE COSANHEHNE ABYX
win Oojee PeKypCUBHBIX CHCTEMaTHYECKMX CBEpTOUHBIX KonmoB (Recursive Systematic Convolution,
RSC) B couerannu ¢ BbICOKOpa3MepHBIMU TIEPEMEKUTEISIMUA JAHHBIX JIJIs1 CHUKEHUS KOPPEJIALNN MEK-
Iy COCEIHMMH CHUMBOJIaMHU KOJIOBBIX clIOB. Ha cTopoHe mprema nchoip3yeTcs ABa Win 0ojiee CBSI3aH-
HBIX MEXIy co00# nexoiepa, KaKabli U3 KOTOPBIX, 0a3UpysCh Ha KPUTEPUHA MaKCHUMAalbHOW arocTe-
PHOPHOW BEPOSITHOCTH, YTOYHAET PE3yJbTaT MPeAbIAYIIEero ASKOIUPOBAHMS, YTO C POCTOM HTEpaIui
YMEHBIIIACT BEPOSATHOCTh OMIMOKU B OUTE NEKOAMPYEMBIX CUMBOJIOB [1, 2]. ONTUMAaNbHBIM JUIS TYp-
OokonupoBanus cuntaercss MAP (maximum a posteriori) — aaroputM, KOTOPbI BEIYUCIISET 3HAYCHUE
Ka)KJI0TO OWTAa U OIICHUBACT BEPHOCTH BBINTONHCHHBIX pemeHnid. Onmuako MAP-anroputm TpedyeT 001b-
IIUX BBIYUCIUTENBHBIX 3aTpar Ha JeKoaupyemblii OuT nadopmarmu. Ha mpakTuke 9acTo IpUMEHSIOT
ero Bepcun — Log-MAP- u Max-Log-MAP-anropuTmbl, KOTOpbIE€ IPOIIE U HE3HAYUTEIBHO YCTYyHatOT
B 3 dexruBHOCTH. TeM He MEHee OHM B HECKOJIBKO pa3 CIOKHEE HCITOIh3yeMOTo B CHCTEMAax ¢ KOJaMu
Boy3za — Yoynxypu — XokBunrema (BYX) u co ceeprounbivu koamu (CK) anroputma Butepou ¢ Msrkum
pemenuem SOVA (Soft Output Viterbi Algorithm) [3].

B [1-3] mokazano, uto TypOokomn, coctosmuii u3 n1Byx RSC-k0mOB ¢ KOHCTPYKTHBHBIMH JJTMHA-
Mu K = 5, TICEBIOCTyYalfHOTO TTepeMEKHUTENS JTUHOHM 65 536 6uT, nByx Log-MAP-nexonepos ¢ 18 nure-
pamusaMH JIeKOIMPOBaHUs, 00ecleunBaeT B TayCCOBCKOM KaHaje oTHomeHue curHan/mrym (OCLLD)
0,7 nb ipu BEpOSITHOCTH OMIUOKY Pj,= 1073, uto Bcero Ha 0,5 nb 6onblie nopora llleHHOHAa 7151 KOOOBOM
ckopocTu R = 1/2. [1o unciy BBIYMCINTENBHBIX ONEPALMA MPU IEKOANPOBAHUH 3TOT TypOOKO/ 3KBHBA-
JIEHTEH OJJTHOKACKaJHOMY CBEPTOUYHOMY KOZEPY C KOHCTPYKTHUBHOM JUIMHON K = 15 1 nexkoanpoBaHuemM
o anroputMy SOVA [3]. JauHBI pe3yabTar SBISETCS OCHOBAHUEM IS M3YUYCHUS aTbTePHATUBHBIX
1m0 3(QQEeKTUBHOCTH COCTABHBIX KOJOBBIX KOHCTPYKIIHH, MPETyCMAaTPHUBAIOIINX ITOCIEOBATEIHHOE
coenuaenne CK 0ompmIoit KOHCTPYKTUBHON MTHHEI (K = 7—13) ¢ npyrumMu TAmaMu KoAoB. B oTmmame
OT TypOOKOIOB MOCIIEA0BATEIFHOE KOJUPOBAHKNE HE TPeOyeT MPUMEHEHNs BEICOKOPa3MEPHBIX TiepeMe-
KHUTENEH, HaJIMUYUEe KOTOPBIX MPUBOAUT K CYLICCTBEHHOH 3a/E€p’KKE CHTHAJIOB, 3((QEKTy HACBILICHUS
BepositHocTH otnOku ¢ poctom OCI u orpanuvenuto odactu ux npumeHenus [3]. st npoBeneHus
UCCJICZIOBAHUI CHCTEM C COCTABHBIM KOJMPOBAHUEM U JICKOIUpOBaHKEM 10 anroputmy SOVA HeoOxo-
JTUMBI COOTBETCTBYIONINE METOJUKH ¥ MaTeMaTHUECKIE MOJIENI pacyeTa.

Lenp uccnemoBanus — pa3paboTKa aHATMTHIECKUX MOJIEEeH M METOJIMK pacueTa MOMeX0yCTOHIu-
BOCTH, DHEPTeTHYECKOI 1 MH(POpMATMOHHOH 3(D(DEeKTUBHOCTEH CCTEM ¢ MHOTOKACKAaIHBIM IO CIIE0Ba-
TEJIbHBIM KOAMPOBAaHUEM Ha 0a3e CBEPTOUHBIX KOJIOB C OONBLION KOHCTPYKTUBHOM JUIMHOM B COUETaHUU
¢ CK-, BUX-xogamu u xonamu Puna — Conomona (PC) B cocTaBHOM yCTpOMCTBe.
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AHaJIMTHYeCKHe MOJeJH pacyeTa IoMexX0yCTOHYNBOCTH U 3 (PeKTUBHOCTH
CHCTEM C KACKAIHBIM KOIUPOBAaHHEM

OCHOBBIBaSICh HA COOTHOLICHHSIX, TIOJIyYEHHBIX Ul CUCTEM C ITOMEXOYCTOHUMBBIM KOJUPOBAHHEM
U MHOTOMNO3MIMOHHON Moxymnsuueit [4], Benmnunna OCLL, npu koTopoil obecneunBaercst TpeOyemast
BEPOSTHOCTD OIIMOKH F); Ha BBHIXOJIE COCTABHOM KOHCTPYKIUH, ONPEIEISETCS U3 COOTHOIIEHHUH:

2’%(Dp/_lg\/2’3(Dpj_Vp/)/“ni) ) (1

C
D, =-lgh, +1g(xp,~\/upj)’ Voi =1gm’ L = I {\/E’ (2)
)2

e h; = lg(EO / No) — 3nauenue OCIL, ompenensieMoe OTHOUICHUEM CpelHEN SHEpPruu curxana k,
HPUXOJAIIENCsS Ha OUT MH(OPMALNH, K CTIEKTPAIIBHOMN TIOTHOCTU MOIIHOCTH 1yMa No; L, — PE3YJIBTH-
pytomiast 3ppeKTUBHOCTh COCTaBHOTO JICKOJMPOBAHMUS, OpeienseMast 1o hopmyie:

h; =101g

J
My =T Try =pugbas oy 3)
i=1
W — 3¢ (HEeKTUBHOCTD (- CTYIIEHU JCKOIUPOBAHUS; C,-, qy — 3HA4YCHUS, 3aBUCSIIME OT BUJA U MOPSAKA
Monynsiuuu [4]; R,; — pe3ynbTUPYIONIas KoJ0Bas CKOPOCTh COCTABHOTO JICKOIUPOBAHUSI:
J
Ry =[1Ry=RRy;...R; =(RR..R;)(RoRs...R, ). R )

i=1

j’

R;; — KO1OBAst CKOPOCTH i-i CTyIEHU NEKOAUPOBaHUs; R; = k;/n; — KOIOBas CKOPOCTH i-I0 KacKajia Kojiu-
pOBaHUs, HOMEP KOTOPOT'O OTCUMUTHIBACTCS OT BBIXOJHOTO Kackajaa OJioka KOJAMPOBAHUS K MCTOYHHKY
CUTHama; k;, n; — 9UCIO CHUMBOJIOB Ha BXOJE€ M BBIXOZE i-TO Kackasa KOJUPOBaHHS COOTBETCTBEHHO;
i, ] — HOMEp Y YHUCJIO CTYIIEHEeU NeKOAMPOBAHUSI.

CrpykTypa KOZOBOH KOHCTPYKITUH MOXKET COJIEPKaTh KaK OIMHAKOBbIE, TaK M Pa3HOTHUITHBIE KOMBI.
JlJ1s1 OTMHAKOBBIX THITOB KOJIOB B COCTABHOM YCTPOWCTBE pe3yabTUpYIomiast 3h(hEeKTUBHOCTD JEKOIUPO-
BaHus (3) NpeACTaBIACTCS B BUAE:

CK _ CK ;CKnhCEK CK ;CKnhCE CK jCKnhCK ).

uS = (g, RSB )(RETATEBSY )... (R a7 BT ); (5)
BUX BUX ;BUYX,BUYX BUYX ;BUYX,H,BYX BUX ;BUX,BUX ).
W = (g RSP BRI (R B ). (R PR (6)
PO = (g REC (17 +1)BrC ) (REC (50 +1)BEC )...(REC (15 +1)pre ). )

e 3, — MHOXHTENb, CHUKAFOIMH 5QEeKTHBHOCTB i-i CTYNIEHH JICKOTMPOBAHHUS B 3aBUCHMOCTH OT Ia-
PaMETPOB U BEPOATHOCTH OIIMOKH Py; Ha €€ BBIXO/IE; ; — KOIMYECTBO HCIPABJICHHBIX CHMBOIIOB JIEKOJIE-
pom PC; d; — cBoO0HOE paccTosHUE KOJa.

[Ipy mcnonb30BaHUK B KOJOBOM KOHCTPYKIMU PAa3HOTHUITHBIX KOIOB 3HAYEHHE L, OTPEIEINSIETCS
IMPOU3BCACHUEM ulj OTACJIBHBIX CTYICHEH ACKOAUPOBAHUA COOTBETCTBYIOUIUX KOTOB.
le IJI1 CBEPTOYHOT'O JCKOAUPOBAHUA C MATKUM PCHICHUEM IIO aJIlTOPUT-
My SOVA omnpenensieTcst i3 COOTHOIIECHHUT:

1
B = ; (8)
’ lg(Rng,CR) . exp(lg}},i)

- F
en | ()

F=1g(B,) RS 1g( R ) (K, ~1g (R a?™)). ®

BenuunHa MHOKHTENS BC

1+

rae K; — konctpyktuBHas jynHa CK i-if cTynenn n1ekoqupoBaHms.
CornacHao (8), (9), MHOXKHTETTH BgR 3aBUCHT TOJILKO OT IAPAMETPOB KOJIA U BETMYUHBI P); Ha BBIXOZIE
i-# ctyneHn nexonupoBaHus. OH H3MEHSETCS OT SAMHUIIBI TPH KBa3HOE30ITMO0YHOM TIpHeMe JT0 3Haue-
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HUH, OMM3KUX K HYIIO, IpH TpyObIX ommoOkax. CHIDKEHHE BSR C pocToM OMMOOK yMeHbIaeT ¢ hek-
THBHOCTB JIeKopupoBanus (1, 1 yBemuunsaer OCILL Ipu Py, < 107 u K; > 7 cnaraemoe exp(F) — 0,
u pacuert 1o (8) ynporraercs.

B ta6u1. 1 npusesens 3navenus d.°% nis ontuManbHbIx 06pasyromux noanHomos CK B 3aBUCHMOC-
TH OT KOJIOBOM CKOPOCTHU R; U KOHCTPYKTUBHOM JUIMHBI Kozaa K.

Tabnnua 1. 3HaueHus KOIOBOTO PacCTOSHUS MPU 3aJaHHBIX R, U K;
Table 1. Code distance values for given R; and K;

KomoBoe paccTostHue 17151 KOHCTPYKTHBHOM JUTHHBI Koja K
KomnoBas ckopocTs R;
5 7 9 11 13 15
1/2 8 10 12 14 16 18
3/4 4 5 6 7 8 9
7/8 — 3 4 5 6 7

Benuuuna MHOXKXHATEIS qux

7 Bcucreme ¢ BUX-koanposanuem 1o anroputmy SOVA ompenensercs
CIIEIIYIOITIM 00pa3oM:

ngx N BUX ;BYX BUX qul > (10)
1+1g(Rlilg];’i) 1+7 lg(Rilg;;i)+(1+R;qx)lg(R;ququX)exp(lngi)
Z= (1+ R?qx)lg[(Ri}qu (2R;.SIIX + lg(R?ququX ))R;.qudquX )/(1 —R;.qu )} (11)

Cornacuo (10), (11), Bemmunua Bo =

CK
j > MO100HO B; ", M3MeHdAeTCA B 3aBHCHMOCTH OT Mapa-
MeTpoB ¥ 3HadeHus Py B npepenax 0<f; <1, BbI3bIBas 3aMETHOC CHIDKCHHC d(PQEKTHBHOCTH L

npu B?qx — 0. Jlns monyuMBIIMX Npu3HAHWE pacmmpeHHbix BUX-konos 3nauenns d;51%

I0TCS U3 TAONHUIL [5] MM BBIYMCIISIOTCS HA OCHOBAaHUH (POPMYJIBI

orpesens-

,BUX _ ;BUX
dPT = 2P ) |, PSR P, (12)
P
e 7 X — KONMYECTBO MCTIPABIACMBIX OMIHOOK; 7 v, kP

— obmee 1 MHGHOPMAIIMOHHOE YUCIIO
CHUMBOJIOB B KOJIOBOM CJIOBE; p — LIEJIO€ YUCIIO; |_x_| — 1enas yacTh yucia X.
Ecau B K0m0BOI KOHCTPYKIIUU UCTIOIB3YETCs KoaupoBaHue Ha 6a3e komoB PC ¢ )keCTKUM perieHrnemM

0 CUMBOIJIE, TO:

1
prC = : (13)
21g(RFCdf° PCp
1+ ( i ) n g —tiPClg(R;CleC)exp(lngi)
~lgp, 4(-lgh,)
1+1g(RPCaPC
. =(1+R§C)1g R® PS} A Pl (14)
(1+Rl.j )(1—R,.j )
e a’,-P C  MUHHMAaJIbHOE KOJOBOC paccTosHuE, OIpeneIIeMoe KakK:
PC _;PC

df° =2t +1, £° =int % , nfC =2 -1, kPC =nPC —aPC 41, (15)

[, — aucio OUT B CUMBOJIE; niP c kl-PC — obmree 1 HHGOOPMAIIMOHHOE YHCIIO CHMBOJIOB B KOJIOBOM CJIOBE.

W3 anamusa nosenenus Muoxutens B; s xomos CK, BUX u PC crnenyer, uro ero Bennuuna
IPU PaBHBIX I KOJIOB 3HAaYEHUAX R;d; OOnbIIe 17 CBEPTOYHBIX KOJOB. [109TOMY B KOIOBBIX KOHCT-
PYKIHSIX TIPEATIOYTUTEIHLHO B TIEPBOH CTYIEHHU JICKOUPOBaHUS UcToIb30BaTh CK, KOTOpEIi 0becreun-
BaeT JIy4llee UCTIPaBIeHUE IPyObIX OMUOOK.
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B cuctemax ¢ mocnenoBarenbHBIM cocTaBHBIM KomupoBanueM pacder OCIL mo (1) u (2), mpu xoTO-
pom obecneunBaeTcs TpebyeMoe 3HaueHue Py Ha BBIXOJE YCTPOKCTBA, CONPSIKEH ¢ HEOOXOIMMOCTBIO
3HaHUA P, HA BBIXONAX OTHEJBHBIX CTYNEHEH JEKOMMPOBAHUS [T ONPENENEHUS. COOTBETCTBEHHO [3;
¥ ;. Pacuer P BBIMONHSETCS MO3TANHO OT MOCJEAHEH j-i CTYIICHU ACKOAUPOBAHUS B HAIPABICHUU
MIePBOii, COTTACHO CIIEMYIOMIeH Gpopmyre:

_1g(ij)+lg[ij”pj/\/W} 1 Lp(i-)Mp(-1)

Hpj / Hp(j-1) : \/ 2’3(Dp(j—1) Vot )

(16)

_1g(Pb(f—1) ) -

Boipaxenue (16) sBisieTcst HESBHBIM M PEIIAETCS HA KAKJIOM dTare onpenenenus Py, B, u pw; me-
TOZOM I10CJICIOBATENbHBIX PUOIMKEHNH, I7I€ B Ka4ECTBE IIEPBOI0 IPUOIMKEHUS HCIIOIb3YETCS COOT-
HOILIEHHE

~ _ _lg(%/)_lg(xp(jl))'
My / Hp(j-1)

Anamutnyeckoe npencrasnenne OCI B Gpyukuun Py, (1) u (2) mo3BonseT momyuuTh oOuIyro pac-
YeTHYI0 (DOPMYJTy SHEPreTUYECKOr0 BBIMIPHIIIA OT UCIOIb30BaHUS cOCTaBHOrO KomupoBanus (DBK)
o cpaBueHuto ¢ OCI mpreMHOTO yCTpOHCTBA /1, 6€3 KOTUPOBAHUS ITPH 00ECTICUCHUN PAaBHBIX JIJIST HIX

BEPOSATHOCTEH OITHOOK
AG; =hy—h; =10Ig B 1- lg[“Pf/(qupj)J

ar | -lgB;+lg[ o,y /(a,R,2.37) |||

rie hy — 3nasenne OCIL, paccunteiBaemoe 1o (1) u (2) mpu w,; = gyu R, = 1.
W3 (18) cieayet, 4TO BETUYMHA BBIUTPBIIIA OMPEACISICTCS B OCHOBHOM PE3YJBTUPYIOIICH (P dek-

(17)

(18)

THBHOCTBIO LL,; M H3MEHSETCS OT MAKCUMAJIbHOTO 3HAYEHUS IOIg( Ky, / q f) npu P — 0 10 oTpunaresib-
HBIX 3HAUYEHUH B 001aCTH TPYOBIX OMIUOOK MPH YCIOBUU

gy <1g[wy /(a,Ry ) |/ (1=a7 /1) ~1e| oy [0, Ry 23w ) | (19)

OcHoBbIBasich Ha (1) u (2), mpecTaBiM aHAIMTUYECKOES COOTHOIICHHUE JIJIsI OTIPE/ICTICHHS U aHAIH3a
nHPOPMATMOHHOH 3()(HEKTUBHOCTH CHUCTEMBI, KOTOPOE YUYHTHIBAET €€ DHEPreTHUECKUE M CIIEKTPaib-
HBIC ITOKa3aTC/IM U XapaKTECPU3YyETCAd OTHOMICHUEM CKOPOCTHU MEpEaavu JaHHBIX BO 0 KaHally CBA3U
K ero mporyckaoi criocobnoctu C, onpexnensemoit kputepruem lllenHoHa:

B, 0,3mRy 0,3mRy,

~

; (20)

C [1+mR .100’“”} 2.3mR, Cou.
& 1 lg[1+ 21 ~IgB, +1g _ Sy
l’lpj qupjﬂz,?’Tc

e mR,; — ynenbHas CKopoCTh Tepeiauu JaHHbIX; m =log, M — KpaTHOCTb M-TIO3UIMOHHOM MOJTyJIs-
11U,

CornacHo (20), BENHIMHA Ty, MPUONHKACTCSA K CAMHULE C YBEIMYCHHEM YACIBHOH CKOpOC-
™M mRy;, Pe3ynsTUpPYIOEH ()PEKTUBHOCTH [L,, COCTABHOW KOHCTPYKUMH M YPOBHS OIIMOKU Py,
Ha ee BBIXOJIE.

Ecnu B mporiecce uccieoBaHuil IOMeX0yCTOMYUBOCTH CHCTEMBI HEOOXO MO MPOCIIEIUTh H3MEHEe-
HUE BEJUYMHBI /1), C POCTOM MOPSI/IKa MOIYJISIMH M, TO IOCTATOYHO MPH PACCYUTAHHOM 3HAYEHUHU /1
JUIst F-TI03UIIMOHHOM MOJYJISILIMK UCIIOIBb30BaTh IMePecUeTHY0 hopmyity [6]

1_ lg(Cyr /Cpy )
qm —lgh, +lg[CfF”pj/(RqufF N2,3m )J

Nungy =

q

hg = hyp +101g : 1)
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191 (7N CfF’ e CfM_ 3HaYEHUsl, IpUHAIeKAIUE F- 1 M-niopsiakaM MOLyIsIUH [4], KOTOpbIe CHUXa-
torcs ¢ poctom M u ipu KAM-M ¢ M, pasubiv 4, 16, 64 1 256, cocrasmsror s ¢, — 1; 0,4, 1/71 0,047,
s Cp —0,5; 0,375 0,292 1 0,234.

W3 (21) Buano, uto st M > F ¢ poctoM M 3HaueHue /;), yBENMIUBAECTCA BMECTE C POCTOM OT-
HOIICHHUS ¢/qp, VW TIPU YMEPEHHBIX OMIMOKAX IPAKTUYECKU HE 3aBUCHT OT Py. IIpu rpyObix ommo-
Kax (Ev‘ > 1072) hjy; HE3HAUUTELHO CHUKAETCA. Boipaxkenune (21) cripaBeqyimBo Takke I CHCTEM
0€3 KOZMPOBAaHUsA NIPU YCIIOBUH W, = gy U R, = 1.

MeTtoanka pacdeTa COCTABHOI0O KOAMPOBAHUS

1. OnHOKacKaHOE KOIMPOBAHUE U JCKOINPOBAHHUE

1.1. ITo 3agaHHON BEpOSITHOCTH OMIMOKH P, Ha BBIXOJE YCTPOMCTBA, IIPUHATOTO (hopMaTa MOITYIISI-
mu, napametpoB U tuna kofa (CK, BUX, PC) o (8)—(15) (mpu i = = 1) onpenensercs MHOXATENb 3
1 110 (5)~(7) — 3G PEKTUBHOCTS L, = |ij; TIEPBOM CTYNIEHH JICKOIUPOBAHUS.

1.2. Io (1), (2) onpenensiercs 3Hauerune OCILI 4, npu koTopom peanusyercs Py,.

1.3. Tlo (18) paccuuteiaetcs IBK AG, u o (20) nndopmanmonnas 5GPEKTUBHOCTD 1yyyq1-

1.4. ITo (21) onpenensercs OCLU A, ;, nns npyrux M-TIO3WITHOHHBIX BUAOB MOIYIISLINH.

Ilpumep. B cucreme ¢ OJHOKACKaIHBIM KOTUPOBAHWEM IPHHATHI CBEPTOUHBIH kKom (R, = 1/2,

d, =16, K, =13), monynsmus KAM-4 (qf =1, C, =0 5) BEPOATHOCTH ommbku P, = 1076 B pe-
synsrare pacyera: ;= 0,865; w; = 6,919; D, = 6,171; hyp= 3,01 nb; AG, = 7,54 1b; Nyye1 = 0,605

u hyy,= 11,3 n1b B ciyuae ucnons3oBanus KAM-64 ( qgr = 1/7, Cp= 0,292)-

2. JIByXKacKaJTHOE KOTUPOBAaHUE U JICKOJNPOBAHNE

2.1. JIs1 3a1aHHOTO cOCTaBa KOJOBOW KOHCTPYKITHH, (hopMaTa MOAYIISAIINHA U TPEOyeMOi BEPOSTHOC-
TH omuOKu P,, Ha ee Bbixoze 1o (8)—(15) ompenensercs MHOXKUTEND 35, 1 10 (5)—~(7) — addexTus-
HOCTb |y, BTOPOH CTYNEHH AEKOAUPOBAHHSI.

2.2. llo cootnomenusm (17), (8)—(15), (5) ompenenstoTcsi COOTBETCTBEHHO NMPHMEPHBIE 3Haue-

Hus —1g B, MHOXHTENA fﬂlz 1 5Q(OEKTUBHOCTH [1,, NEPBOM CTYNEHHU JEKOAMPOBaHHs, a 1o (3) — pe-
3yIbTUpYyomas 3G GEKTHBHOCTD [, = [ij;}H,, ABYXCTYIICHYATOrO ACKOAHPOBAHHS,

2.3. Ucnonb3ys (16) n . 2.2, yrounsrorcs 3Hauenus —1g By, By, yp ¥ ).

2.4.Tlo (1) u (2) onpenensercs OCIL nByxkackaaHON COCTaBHOU KOHCprKHI/II/I. DTy K€ BETUIHHY
MOKHO MOJTy4HUTh IIPH TOJACTaHOBKE B (1) U (2) pacCUMTaHHBIX 3HAYCHUH W5, X1, —1g By, D)) 1015 niep-
BOH CTyIIEHU JEKOTUPOBAHUSL.

2.5. o (18) u (20) onpenensirorest SHEpreTHuecKuii BRIUTpoil AG, n nHpopMaoHHas 3¢dexrus-
HOCTB 1,92 CHCTEMBI € JIBYXKACKa/[HBIM KOJUPOBAHUEM.

2.6. Ilo (21) m paccunTaHHOMY 3HAUYCHUIO /1, TSI CHCTEMBI C F-TTO3UITMOHHON MOIYISITUEH ompee-
TeTCS Ny, ¢ M-TIO3UITNOHHOM MOTYIISIIACH.

Tpumep. KomoBast KOHCTPYKIIUS COCTOUT U3 BHEIIHETO pacIupeHHOT0 Koaa bBUX (128 113, d, = )
¢ R,=0,883 u Buyrpennero CK ¢ R, =1/2, K,=13, d, = 16. Monynsuus KAM-4, BeposiTHOCTb OLITHOKH
Ha BeIxoze Py, = 107°. B pesynsrare pacuera: R, = 0,441; R 2= 0,39; 1, =3,223; %, = 0,639; %, = 0,724;
—lg B, =1,913; pj, = 3,868; n,, = 12,468; h, = 0,702 z[B AG2 9,84 1b; Mo = 0,82 1 715y, = 9,0 1b
B ciyyae KAM-64. Ilonydennoe 3nauenue i, = 0,702 1B qus Py, = 107° conocrasumo ¢ OCII TypGo-
KoJla, 00CykJ1aeMoro Bo BBeJeHHH. [0 CpaBHEHUIO ¢ OJHOKAacKajHOW KoHCTpykimen (4, = 3,01 ab)
BBIMTPBIII, oOecrneurBaeMblii BYX-komoM B IByXKackaaHou cxeme, coctaniser 2,31 nb. Eciu B npu-
Mepe IMOMEHATh MECTaMH KOJIbI, TO Pe3yJIbTaThl pacyeTa yxXyamarcs, u /1, coctaBut 1,86 nb. Otot dakr
MTOJITBEPIKAAET HEOOXOIUMOCTD Pa3MEIeHHsI KoJla ¢ HarOobIIel 23PeKTHBHOCTHIO B TIEPBOH CTYIIEHU
JIEKOTMPOBAHUSI.

3. TpexkackaHOE KOJAUPOBAHUE U JIEKOJAUPOBAHUE

3.1. Jlyst 3a1aHHOTO COCTaBa TPEXKACKaIHOM KOJIOBOW KOHCTPYKIIUH, (hopMara MOIYJISIIIUU U TpeOye-
MO# BepOSTHOCTH OIIUOKHU Py Ha ee Bbixoae 1o (8)—(15) onpenensiercst MHOKUTEND P43 1 1o (5)—~(7) —
3 (PEKTUBHOCTS |33 TPETHEH CTYTICHH IEKOTUPOBAHMUS.

3.2. Ilo meroguke 1. 2.2 ONPEAENAIOTCS NPUMEPHBIC 3HAYCHMS —lg B, 323’ L3 BTOpOH
u —-lgh,, BB, [,; TEepBOH CTyneHeH NEKOAMPOBAaHMsA, a TAKKe pPe3ynbTupyromue 3PpQeKTHBHOCTH
B0 = Hyskos, fy3 = HysflysHs; ABYX- H TPEXCTYHEHYATOrO JICKOAMPOBAHMS.
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3.3. Ha ocHoBanum maHHbIX 1. 3.2 u (16) yrounHsroTcst moiny4eHHble Boimie 3HadeHus. [lo (1) u (2)
onpenensercs OCHI 43, o (18) — O9BK AG; u o (20) — undopmannonnas 3pHEKTUBHOCTD 1yyq3-

Ipumep. Tpexkackaganast koHCTpyKius Bkitouaet CK (R, = 1/2, K, = 13, d, = 16), BUX (128, 113,
d,=6),BU4X (1024, 1003, d;=6). Monymsiust KAM-4, BepoSTHOCTB OIIMOKH Ha BBIXO/IE TPETHEH CTYTIEHU
nexonuposanus P,y = 1076, B pesynsrare pacuera: R ;= R,1=0,433; R,3=0,865; R;3=0,98; R ,=0,374;
R,3=0,366;%,,=0,653;%,,=0,755;%,3=0,771; u33=2,971; —1g B, =1,988; n,3=1,302; —1g B, =1,607;
W3 = Wy = 3,362; W, =4,377; 3= 13,0; h;= 0,548 n1b; AG; = 9,99 1b; 1,43 = 0,874. IIpumenenue Tpex
CTyIIEHEeH KoIMpoBaHUs U AekonupoBanus no3onmwio obecrneunts OCHI A3 = 0,548 nb u BeMTpHIII
TI0 CPAaBHEHUIO C JIByXKaCKaIHbIM ycTpoiicTBoM (4, = 0,702 n1b) B 0,154 nb, uto cocrasmusier 22 %. [Ipuun-
Ha cokpamenus Beurpaima B OCLL ¢ ycaoxHEHHEM KOTOBOI KOHCTPYKIIMH 00yCIIOBICHA YMECHBIIICHU-
€M 3HAYEHHMH PE3YIBTHPYIONIENH KOMOBOW CKOPOCTH R, 1 5()(PEKTUBHOCTH IEKOIUPOBAHUS LL,,; IO MEPE
JOOABIICHNUS YHCIa KaCKaJOB.

Pesyabrarsl HccjiefoBaHnii U UX 00CyKIeHHe

Ha puc. 1, a npeacraBneHsl paccunTaHHBIE 10 MPUBEACHHBIM COOTHOIICHHUSM XapaKTePUCTHKU
IIOMEXOYCTOHYMBOCTH cUcTeM ¢ monyisiuein KAM-4 u oqHOKacKkaaHbIM (THHUK 2—8) U ABYXKacKa/l-
HbIM (JiuHNH 9—12) kopupoBanueM. Micnonb3oBansl 3aBucumoctH (2)—(4) anst komos PC (255,239, d,=17),
CK(R=7/8,K=9,d =4)uBUX (128, 113, d, = 6), npuMeHsieMbIc B COCTABHBIX KOHCTPYKIIHSIX.
Jluansg 1 cooTBeTCTBYET pexuMy 0e3 KomupoBaHUs. M3 3THX 3aBUCHMOCTEH ClleAyeT, 4TO B 00IacTH
rpy0ObIX omu6ok (P, > 1072) nyumeii ucrpapisiomeii ciocobuocThio oonanaer CK, KoTophlii pekoMeH-
JTyeTCsl i1l IPUMEHEHHS B TIEPBOH CTYIICHU JAEKOTUPOBAHHSL.

BepositHocTs ommnoku 1gPy,
I
W

| |
N =N

|
=)

BepositHocTs omubku 1gP),

6 14 0 0.5 1 1,5 2 2,5 3
OTHolIeHHe CUTHAN/IIYM 7, 1B OtHouIeHNe CUrHAI/IyM A, 1B

a b
Puc. 1. XapakTepuCTHKH TOMEXOYCTOWIMBOCTH: d — OHO- (JTUHUU 2—8)
1 AByxKackagHoe (imHuH 9—-12) kogupoBanue; b — nByx- (MuHUH 1—6) U TpexkackagHoe (JIMHUS 7) KOTUPOBaHHE
Fig. 1. Noise immunity characteristics: a — one-stage (lines 2—8) and two-stage (lines 9—12) coding;
b — two-stage (lines 1-6) and three-stage (line 7) coding

Kox PC nenecoodpa3zHo MCHONB30BaTh BO BHEIIHUX CTYNEHSIX MOCIEIOBATEIBHOIO KOAWPOBAHHUS
st obecniedenust Hu3kux OCII B obnacTn He3HAUNTENBHBIX OIMOOK. 3aBucUMOCTH (5)—(8) mpuHaa-
nexar ogHokackaaHbiM CK ¢ 00s1b110# KOHCTPYKTUBHOM JutnHOM K, paBHoit 9, 11, 13 u 15, u R, = 1/2,
JUTS KOTOPBIX yBennueHnne K Ha nee enuHuIsl ymensmaeT OCIL npumepno wa 0,5 nb. I[lepexon k nByx-
KackagHOMY KomupoBanuio (muHuHM 9—12) ¢ BHyTpennuM CK mis R, =1/2, ¢ nmunoit K, paBHoit 9, 11, 13
u 15, u Buemanm BYX-konom (128, 113, d,= 6) noszsonser npu Py, = 10 u Py, = 107'° causurs OCII
10 cpaBHEHHIO ¢ 3aBucuMocTsaMu (5)—(8) Ha 2,05-2,60 u 3,5-3,9 nb coorBercTBeHHO. J{11s yMEpEeHHBIX
omn6ok 3Hayenust OCIL cpasaumel ¢ OCLI TypOOKOIOB M B OTJIMYKE OT HUX CBOOOTHBI OT 3 deKTa
HACKILIEHUS BEPOATHOCTH ommubku P, < 107 ¢ poctom OCIIL.
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Ha puc. 1, b nokazaHno noseeHNEe XapaKTEPUCTUK JBYXKACKaHOTO KOAUPOBAaHUS (JTMHUH 1—0) ¢ nc-
nonb3oBanreM CK Bo BHyTpeHHel crynenu npu K =9 u K = 13 B coueranuu ¢ BUX (128, 113, d,=6),
CK (R,=17/8, K,=9, d,=4) u PC (255, 239, d, = 17) Bo BHemHei#l crynenu. BuaHo, 4To /i Koja
¢ K =13 snauenus OCII npu P, = 107 naxoxsarcs B auanaszone 0,70-0,95 1b. DTu noxaszareay MOryT
6I)ITI) YAYYIIEHBI TP NCTIOIB30BAHUN TPEXKacKaHOTo Koguposanus (uHus 7) mo cxeme CK ((K =13,

=1/2,d,=16) + BUX (128, 113, d,= 6) + BUX (1024, 1003, d;= 6)), obecricunB BHICOKYIO KPyTH3-
Hy xapakrepuctiuky U Hu3kue 3HadeHuss OCI (43 = 0,55 nb) B mmpokoM nuara3oHe BepOSTHOCTEH
OIUOO0K Pj;.

3akioueHue

1. IlpencraBieHbl pacyeTHBIE COOTHOIIEHNUS JUIsl TPOBEAECHUS UCCIIEIOBAHNI SHEPTETUUECKUX U UH-
(hOpMaLIMOHHBIX XaPaKTEPUCTHK CHCTEM C MHOTOTO3WIIMOHHON MOIYIALMEH M COCTaBHBIM MOCIE/0-
BaTeJbHBIM KOJUPOBaHUEM Ha 0aze CBepTOYHBIX M KOJIoB boysa — Hoynxypu — XOKBHHTEMa ¢ MSTKAM
JIEKOIMPOBAHUEM M HEIBOMYHBIX KO0B Puma — ColoMOHa C KECTKUM PEIIeHHEM O CUMBOJIE.

2. AHaTATHYECKUE MOJIETTH HMEIOT IPSMYTO 3aBUCUMOCTB OTHOIIIEHHSI CUTHAJI/TITYM OT IOCTOBEPHOC-
TH TIpHEMa, TIPEyCMaTPUBAIOT PACUeT XapaKTEPUCTUK CUCTEM MTPH OONBIITUX KOHCTPYKTUBHBIX JITHHAX
CBEPTOUHBIX KOAOB, HE TPEOYIOT 3HAHMS BECOBBIX KOX((PHUIMEHTOB CIIEKTPa KOJAOB U HE MPEANOIaraoT
HCIIOJIb30BAHUS CIIOKHBIX BBIYUCIUTENBHBIX MPOLIETYD.

3. IlpuBeieHbI METOMKH M IPUMEPHI pacueTa XapakKTepUCTHK CUCTEM C OJTHO-, IBYX- M TPeXKacKa/l-
HBIM KOAMPOBAaHMEM U JIEKOAMPOBAHMEM IO 33aJJaHHBIM MapaMeTpaM KOJIOB U TpebyeMoil BEpOsITHOCTH
OIIMOKY Ha BBIXO/IE YCTPOWCTB.

4. Tloka3aHo, 4TO NBYXKacKaJHas KOJOBas KOHCTPYKLMS, MPETyCMAaTPHUBAIOIIAS BO BHYTPEHHEH
CTYIIEHH cBepTOuHBIe KO (R, = 1/2 u K, = 13), a Bo BHemHel — koxbl boy3a — Yoyaxypu — XokBUHIeMa
(128, 113, d,= 6), cBeprounbie koabl (R =7/8, K =9, d,= 4) unu Puna — Conomona (255, 239, d,=17),
obecneunsaet npu Py, = 107 3Hauenus otHomenus curaan/mym 0,70, 0,76 u 0,97 1B cooTBETCTBEH-
HO. OTH 3HAYEHHUSI COTIOCTABUMBI C IMOKA3aTeNsIMH TYpOOKOJOB M MOTYT OBITH YIy4III€HBI MPUMEHe-
HHEM BO BHEIIHEH CTyNeHH Oolee JUTMHHBIX PacIIUpeHHBIX KomoB boysa — Yoymxypu — XoKkBUHreMa.
C mepexoioM K TpexKacKaHbIM CXeMaM 3Ha4eHHEe OTHOIIIEHUS CUTHAJ/IITYM YMEHBIIAEeTCS, YTO BaKHO
IIPU OpraHu3aluy KBa3noe30mno0ouHoro npruema. OJJHaKo BBIMTPHILI OT BBEACHHUS HOBOTO KacKaa COK-
paraercs.
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BBIBOP APXUTEKTYPHI HEMPOHHOM CETH
B 3AJJIAYE KJIACCU®PUKALIUA

B. B. MAIIKEBNY

benopyccruii 2ocyoapcmeenuwiii ynusepcumem (Munck, Pecnyoauxa bBeaapycy)

Annoranusi. HelipocereBast 00paboTKa JaHHBIX OOJIBIION pa3MEepHOCTH TpeOyeT 3HAUUTENbHBIX BHIYUCIUTEIb-
HBIX pecypcoB. HeBepHbIii BBIOOp apXUTEKTYpbl HEHPOHHOMN CETH MJIM IIPEOOpa30BaHMsl JAHHBIX MOXKET IPUBECTH
K CyIIECTBEHHBIM ITOTEPSIM BPEMEHH U PECYPCOB HA TOBTOPHOE 00YyUEHHE CETH. B cTaThe mpeaiaraercs anroputM
BBIOOPA apXUTEKTYPHI CXKUMAIOLIHUX CIIOEB TITyOOKOH JJOBEPUTEILHON CETH M IPe0Opa3oBaHusl JaHHBIX Ha OCHOBE
aHaJM3a MHOTOMEPHOI MaTpHIIbl HECOOTBETCTBHI. BBeIeHHBIIT 00001IeHHBIH K03 DUIMEHT TIepeKoca On1chIBa-
€T PaBHOMEPHOCTH PaCIpeIeIeHHs OOBEKTOB MEXKAY KIIaccaMi HEHPOHHOI CETH U MO3BOJISIET YUCICHHO OLICHUTD
3¢ PEKTUBHOCTD apXUTEKTYPHI CXKUMAIOILIUX CJIIOEB CETH U IIpeoOpa3oBaHus JaHHbIX. Ha npumepe npukiaHoi
3aJ]a4M TIOKa3aHo, YTO MPEUIOKEHHBIN aJrOPUTM IMOBBINIAET KaYeCTBO ee perieHus: oosiee yem Ha 10 % myrem
BEIOOpa HanbosIee Y3PPEKTUBHON apXUTEKTYphI HEHpPOCETH.

KiroueBble cjioBa: BXOIHBIC JaHHBIC, HEHPOHHBIE CETH, OOYUYCHHE, apXUTEKTypa, MPeoOpa3oBaHUE JTaHHBIX,
MHOTOMEpHAsi MaTpHIla HECOOTBETCTBUH, 0000IIEHHBIH KO GHUIMEHT IepeKoca.

Kondankr nnrepecoB. ABTOp 3asBIsIeT 00 OTCYTCTBUHM KOH(JIMKTa HHTEPECOB.

Jas uurupoBanmns. Mankesuu, B. B. Beibop apXuTekTypbl HEHpOHHOW ceTH B 3ajgade KJIAcCH(pHUKAIUAU /
B. B. Mankesuu // Joknaast BI'YUP. 2026. T. 24, Ne 4. C. 81-88. http://dx.doi.org/10.35596/1729-7648-2026-
24-4-81-88.

NEURAL NETWORK ARCHITECTURE SELECTION
IN CLASSIFICATION PROBLEM

VADIM MATSKEVICH

Belarusian State University (Minsk, Republic of Belarus)

Abstract. Neural network processing of high-dimensional data requires significant computing resources. An
incorrect choice of neural network architecture or data transformation can lead to significant losses of time and
resources in network retraining. This article proposes an algorithm for selecting the architecture of compressive
layers for a deep belief network and data transformation based on the analysis of a multi-label confusion matrix.
The introduced generalized skewness coefficient describes the uniformity of the distribution of objects between
neural network classes and allows for a numerical evaluation of the effectiveness of the network’s compressive
layer architecture and data transformation. Using an applied problem as an example, it is demonstrated that the
proposed algorithm improves the quality of its solution by more than 10 % by selecting the most effective neural
network architecture.

Keywords: input data, neural networks, training, architecture, data transformation, multi-label confusion matrix,
generalized skewness coefficient.
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BBengenne

Cyl11ecTByeT MHOKECTBO Pa3IMUHBIX METOJI0B IIPpeoOpa30BaHKsl BXOIHBIX JaHHBIX JJIs Helpocere-
BOI 00pa0OTKH: €BKJIMI0BA HOPMUPOBKA, JISJICHUE Ha HANOOJIbIlIee 3HAYCHHE TI0 MOYJIIO, BRIYMTAaHUE
MEIMaHHOTO 3HaYeHUs, BEIUNTAHUE CPEeTHEero 3HaueHus U T. . OJHaKo pa3Hble MpeoOdpa3oBaHus Jie-
MOHCTPHUPYIOT pa3in4Hyt0 3 (HEKTUBHOCTD JIJIsl BCEBO3MOXKHBIX aPXUTEKTYP U PEIIAEMBbIX MTPUKIIATHBIX
3anmad. bonee Toro, s 00pabOTKU TAaHHBIX OOJBIION PA3MEPHOCTH MPUMEHSIOTCS COKHUMAFOIIUE CIIOU
TTyOOKOW HEUPOHHOW CETH PA3IMIHON apXUTEKTyphl. [1oTHBIN mTepedop BCEX BO3MOMKHEIX CITOCOOOB
npeoOpa3oBaHus BXOIHBIX JIAHHBIX C IMOCIICAYIONUM 00yUeHUEM KilacCu(HUKaTopa Jjisl IPOBEPKHU -
(heKTUBHOCTH — HEBHIMIOJIHUMAS 3a]1a4a, TaK Kak 00y4eHune TpeOyeT OrpoMHOI0 00beMa BEIYHCICHUN.

B craTtre npeanaraercst anroput™ oneHkH 3¢ (HEeKTHBHOCTA HA OCHOBE MHOTOMEPHOW MaTpPHIIHI He-
cooTBeTcTBHi [ 1]. B oyinume ot uccienoBanuii [2], JaHHBIH aJITOPUTM U3BJICKACT OOJIBIINI 00bEM HH-
(hopmaruu o pyHKIMOHUPOBAHNY HEUPOHHOW CETH U HE TpeOyeT ee 00yUeHUs IEeTUKOM IS TPOBEPKH
s dextuBHOCTH. KpOoMe TOTO, aNroOpuT™M MOXET OBITH MPUMEHEH K 000 apXUTCKType HEUPOHHOMH
CETU U PEeIIaeMON PUKIAJHOMN 3a/1aue, YTO AEJAET €ro MOJE3HbIM IIPU UCIIOJIb30BAHUU HEUPOCETEBOU
00pabOTKH TaHHBIX.

AHau3 npo0JeMsbl

Jnst 00pabOTKM JaHHBIX OONBLION PasMEPHOCTH CYLIECTBYET MHOXKECTBO Pa3iIMYHBIX TITyOOKHX
HeHpoHHBIX ceTeil. OJHaKO BCe OHU Pa3JelsIOTCs Ha JBE OOJIBIINE YaCTH: C)KUMAIOIINE CJIOM — OTBE-
Yarolye 3a NpeoOpa3oBaHne BXOAHBIX JAHHBIX J0 HYXKHOH pasMEpPHOCTH, OYMCTKY OT IIYMOB H T. .,
U KJTacCU(PHUKATOP — MHOTOCITIONHBIH MEPCENTPOH, KOTOPBIA ONMPEeNAeT KIacC BXOAHBIX JTaHHBIX.

Br100p apXuTeKTypbl CXKUMAIOIIMX CI0EB — TpyAHAas 3a1ada. CIMIIKOM BBICOKasi CTENCHb CXKaTHs
MPUBOJAUT K CIMIIKOM OOJBIIMM HOTEPSM JaHHBIX U JIeJIaeT MOCIEAYIONIYI0 KilacCu(DUKAIIMIO HEBO3-
MOKHOH. OueHb HU3Kas CTEIEHb CKATHUS TTOPOKIIAET BXOIHBIE 00pa3bl OOJIBIION Pa3MEPHOCTH, YTO CY-
IIECTBEHHO YCIIOKHSET 3a/1ady Kiaccupukanuu, TpeOyst 0oJbiero o0beMa JaHHBIX U pa3Mepa Kirac-
cudukartopa.

[TpoBepuTh 3(HEKTUBHOCTD CKUMAIOIINX CIIOEB 0€3 00yUYeHHUs KIacCUPHUKaTopa MPaKTHIECKH He-
BO3MOXHO. BBHy 9TOT0, HEBEPHO BHIOpAHHASI APXUTEKTYpa CKUMAIOIIUX CIOEB MPUBOJUT K HEOOXO-
JTUMOCTH TTOBTOPHOTO OO0YUICHUS BCEH TITyOO0KOH HEUPOHHOU CETH C APYTol apXUTEKTypOH, 9TO TpedyeT
OOJIBIIIOTO KOJMYECTBA BPEMECHHU M BBIYHCIUTEIBHBIX PECYPCOB.

B Hacrosiee Bpems IpoBOANTCS PsiJI UCCIIEIOBAHUH 110 apXUTEKTypaM HEMPOHHBIX CeTel, HalleJIeH-
HBIX Ha C)KaTHE JIAHHBIX JUIs TIocienyrolei kinaccudukauu [3—7]. B [3, 4, 7] npennaraercst aBToMaTH-
3a1us BEIOOpa apXUTEKTYPhI COKUMAOIIUX CIIOEB ISl yCKOpEHUsl pa3paboTku HelpoHHOM ceTH. OTHaKO
B JIAHHBIX PA00TaX BHIOOP ApPXUTEKTYPhI pACCMATPUBACTCS KaK OTCNbHAS CI0KHAS ONTUMH3AIIMOHHAS
3agaya. Takum oOpas3oM, mpobieMa BeIOOpa CKUMAIOIIMX CIIOEB SIBISICTCS aKTyanbHOH. [IpaBUIbHBIN
BBIOOD COKUMAFOIIUX CIIOEB CETH MO3BOJISET CYIIECTBEHHO MOBBICHTh TOYHOCTh KJIACCH(PHUKALUKN U CO-
KpaTHUTh BpeMsl pa3paboTKu ceTu. /st 3TOro B JAaHHOW CTaThe BBEICHO MOHATHE Koddduinenra mepe-
KOCa Ha OCHOBE MHOI'OMEPHOW MATPHIlbIl HECOOTBETCTBUH, MO3BOJSIOIIECTO OLECHUTh dPPEKTUBHOCTh
CKUMAIOIUX CclIoeB 0e3 00yueHus Kiaccuduraropa.

Ko3gduumnent nepexoca

PaccmoTpum penienue 3agaun KiacCUPHUKALUHU € TOMOILBIO HEHPOHHOM ceTH. sl MpoCcTOTHI U30-
KEeHUs1 MaTepuaia 06e3 moTepu OOIIHOCTH Oy/leM CUHUTaTh, YTO HEHMPOHHAS CETh 3aaeTCsl MHOT'OCIION-
HBIM nepcenTpoHoM. [1ycTh B HCXOHOM 3a/1aue 3a/1aH0 71 KIIACCOB BXOJIHBIX AaHHBIX. Kitaccudukarmio
OyzeM MPOU3BOJUTH CTAaHIAPTHBIM 00Pa30M: KaKoi HEHPOH BBIXOJHOTO cJI0sl 00J1aJaeT HaubOIbIINM
BBIXOJHBIM 3HaUCHUEM, TAKOMY KJIACCy U MPUHAMICKUT 00padaTbiBaeMblii OOBEKT.

[TycTs 3anana KBagpaTHas MATPULA 11X1, TII€ d; — KOIIMYECTBO Pas, KOra i-i K1acc BLIOPaH j-M HEH-
POHOM BBIXOAHOI'O CJIOA. DIeMEeHTBI MaTpulbl BBIYUCIAKOTCA 11O IMPOCTOMY aJITOPUTMY U3 TPEX IIaroB.

[ar 1. DneMeHTHI MaTPULBI yCTAaHABIMBAIOTCS PABHBIMU HYITIO.

IIar 2. 3amyckaeTcst MUKIHIECKas KITacCH(PUKAINI 00bEKTOB BRIOOPKH, HAa KOTOPOH BBIUUCIISICTCS
yKa3aHHasi MaTpUIIa.

[Har 2.1. [lycTe HEKOTOPBIH 7-ii OOBEKT, MPUHAICKALIMN Kilaccy i, ObLI OTHECEH HEHPOCETHIO
B ky1acc j. Torna 3HaYEHME SIIEMEHTA MATPULIBI @; YBEJMYMBAETCS HA CIMHUILY.

[ar 3. [Tocne 00paboTKH BceX 00BEKTOB BHIOOPKH LUK 3aBEPIIACTCS, a 3HAUCHUS SJIEMEHTOB Mar-
PHIIBI SBJISIFOTCS PE3YJIBTATOM BBIYHCIICHUH.
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Ora MaTpulla TakkKe M3BECTHa KaKk MHOTOMepHas MaTpuiia HecoorBeTcTBui [1] (mmm multi-label
confusion matrix), mpuMeHsieMast I OIICHKN KadecTBa KoHeuHoro perieHus. CymMma 3JIeMEHTOB TJIaB-
HOW JMaroHally OIpeessieT KOMUYECTBO MPABUIBHBIX OTBETOB CETH, CyMMa BCEX OCTAJIbHBIX JIEMEH-
TOB MaTPHIIBI — KOJIMYECTBO HEBEPHBIX KIIACCU(PHUKAIMI. MaTpuIla TakKe MOKa3bIBAET, IS KaKMX KJrac-
COB OBLIM JIOMYIIEHBI ONTHOKH, CKOJBKO pa3 ¥ KaKoil HEHPOH ceTH ObUT BEIOpaH €10 s KOHKPETHOTO
KJ1acca OMIMO0YHO.

Bocnonp3yemcst TaHHBIMU CBOMCTBAMHU MATPHIIBI U TTIOKAXKEM, YTO €€ MOXKHO MCTIOIB30BaTh JIJIsl YHC-
JICHHOH OIIeHKH () (eKTUBHOCTH HeWpOoHHOM ceTu. CyMMa 3JIEMEHTOB OJIHOTO CTOJI011a MaTPHIIBI OTIpe-
JeTIsieT KOJMYECTBO «CpadaThIBaHUID OHOTO HEHPOHA BBIXOTHOTO CIIOS CETH ISl PA3JIMYHBIX BXOAHBIX
nmaHHbeIX. C yd9eToM IMmocienHero ¢pakra IOCTPOUM aJITOPHUTM MPOBEpKU 3PPEKTUBHOCTH MpeodpazoBa-
HUS BXOJIHBIX JTAHHBIX JUIsl HEHPOHHBIX ceTeid. /[l 7Toro BBeeM CileyIollee ONpeieleHUeE.

Onpeodenenue. KoappuunenTom nepexoca ¢ MHOTOMEPHOI MaTpHILIbl HECOOTBETCTBHM A Ha3bIBACT-
sl BEIMYMHA, ONIPEIEIISIONIAs OTHOIIICHHE HAHOOIBIIeH CYMMBI DJIEMEHTOB CTOJIOIIa MATPHIIBI K CyMMe
BCEX JJIEMEHTOB:

max z a;

o ij
J=ln i

_ if% |

i=l j=I

q (h

Benwunna ¢ 15t 331291 U3 71 KIIACCOB MOJKET BapbUpoBaThes OT 1/n o 1. Yem MeHbIIIe 3HaUEHHE ¢,
TEM, OYEBH/IHO, JIyUIlle «COATaHCHUPOBAHBD) BXOJHbBIE JaHHBIC JJIsT HEMPOHHOU ceTH. 3HaueHue g = 1
YKa3bIBaeT Ha TO, YTO HEHPOHHAS CETh IMOJHOCTHIO «HEBOCIIPUMMYHUBAY» K BXOJIHBIM JaHHBIM U3 pa3-
JUYHBIX KJaccoB. B [2] moka3aHo, 4yTO JaHHBIH KOA(QQHUUUEHT MO3BOJSET OLUEHUTh dPPEKTUBHOCTH
apXHUTEKTYpbl Kinaccudukatopa. OgHaKo it 6osee TOUHOH YUCICHHOW OLleHKH Y (EKTHBHOCTH Jlaiee
B CTaTbe MPUBE/ICH YIyUIIEHHBIH BapuaHT ko3 duimenTa nepexoca.

O0600meHHbIH KOI(PPUIUEHT Nepekoca

Koaddunuent nepexoca B (1) oreHHBaeT COOTHOIICHHE HAKOOJIBIIETO Kiacca, CO3JaHHOTO HEH-
POHHOH CeThI0, M pa3Mepa BEIOOPKH. OgHAKO ¢ TIOMOIIBI0 MHOTOMEPHON MaTPHIIBI HECOOTBETCTBUI
MOKHO TTOCTPOHTH 00JI€€ TOYHBII HHCTPYMEHT OIICHKH Pa3/ie]IeHHs TPOCTPAHCTBA BXOTHBIX TAHHBIX.

Onpeoenenue. O000IIEHHBIM KO3()(UIIMEHTOM INEpeKoca ¢ MHOTOMEPHON MaTpHUIbI HECOOTBET-
CTBHI A Ha3bIBACTCA BEJIIMUMHA, 3aaHHAs CICAYIOINM BBIPAKCHUEM:

u= Z = - ()
Yy ay

i=l j=lI

2

dusnyeckunit cMbica 0000mmeHHoro K03 duirenta nepekoca cOCTOUT B cieaytomeM. B kmaccu-
YEeCKOW 3ajiaue pacro3HaBaHWS JIJIsl KAKJOr0 Kiacca KOJMYeCcTBO OOBEKTOB OJMHAKOBO. BBemeHHBIN
K03(UIMEHT BBIYHUCISAET EBKIMJOBO PACCTOSHUE OT «UACaIBHOTO» pacrpeesieHHst OObEKTOB MEKIY
kiaccaMu. To ecTh cHavaa BBIYUCIIACTCS KBAAPAT OTKIOHEHUS OT KHOPMBD) 110 KaXKAOMY M3 KJIacCOB,
(dhopMupysI TEM caMbIM MHOTOMEPHBII BEKTOP M3 72 KOOPJIMHAT, a 3aTeM — JTMHA JJAHHOTO BEKTOPA.

Crenyer OTMETHTB, YTO 00OOIIEHHBIH KO3()(UIMEHT ¥ OTINYaeTcs OT 0OBIYHOTO ¢. Bo-mepBbIX,
BBEZICHA HOPMHPOBKA, KOTOpPas BBIUMTAECT PAaBHOMEPHOE pacHpeneieHHe OOBEKTOB MEXIy Kilacca-
MU (BTOpOE cllaraeMoe B CKOOKax), 4To sIBJISIETCS] CTaHAapToM IS 3a/1au KiacCupukanuu. Bo-BTopbix,
# W3BJIEKAeT ropasfo Oosblie MHPOPMAIMK M3 paclpelesieHns] KJIAcCOB, YUUTBIBas paclpeaeiicHue
110 BCEM KJIaccaM, a He 110 HauOOJIbIIEeMY.

[MTokaxkeM, 4T0O KO3(PPHUIUEHT MEepeKoca u ABISCTCs 0000IICHUEM HCITOJIB30BAHHOTO B TIPEABLIYIIIUX
uccnenoBanusax koapduuuenta g. s aToro chopMmynupyem ciieayrouiee yTBep:KIACHuUE.

YT1Bep:kaenne. B 3amade kiraccupUKAIIAN U3 71 KJIIACCOB H3MEHEHHUE 3HAYCHHS KOIPPHUITHEHTA ITepe-
KOCa ¢ TapaHTHUPyeT U3MEHEeHre 00001IeHHOT0 koA GUIIMEHTa TIepeKoca i, TIPH ITOM 00paTHOE HE Bep-
HO NIpH 1 > 2.
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Hoxaszamenvbcmeo. Hadnem nokazaTenbCcTBO CO BTOPOW YacTh yTBepkAeHWs. [lycTh BhIUUCIEHBI
OTHOLICHHS CyMM CTOJIOLIOB K OOILIeH cyMMe 3JIEMEHTOB MHOTOMEPHOIH MaTpuIbl HECOOTBETCTBHM (b,
b,, ..., b,), a HEKOTOPBIA cTOJIOEII i OIIPEACITACT MaKCUMaJIbHOE 3HaYeHHE — KOd(PHUIUEHT nepekoca. Bri-
MIOJIHUB NIPe0Opa30BaHMmsl, 3aMEHUM BCE COOTHOIICHUS CTOJIOIOB, KPOME I-T0, CIICAYIOIIUM BHIPAKEHHEM:

b=

k=1,n,k#i

Borancinm 06001meHHbIli KOO(QGUIMEHT TepeKoca 1T CTapbix b; U NpeoOpa3oBaHHbIX b'; 3Ha4e-
Huii. Ecniu Bce 3Ha4eHus mociie npeodpa3oBaHus He M3MEHIITUCH (T. €. ObUIM NU3HAYAIBHO PaBHBI MEXKITY
co00ii), To ¥ BenuuMHa ¥ HEe U3MeHWIach. OmHAKO, ecau XOTsI Obl OJJHO M3 3HAYeHUH 1O mpeodpaso-
BaHUs ObUIO HE PAaBHO OCTAIBHBIM, TO TIPE0OPa30BaHUE MTPOU3BOJIUT «CTIKUBAHKUE», YTO, OUCBUIIHO,
yMEHbIIAeT 3HaYeHUe 0000IeHHOro ko3 durmenta nepexoca. [Ipu 3ToM BeTUUUHA ¢ OCTACTCS HEM3-
MEHHOM, MOCKOJIbKY MaKCUMAaJIbHBIN CTOJIOEIL ITOCIIEe «CTIIaXKMBAHUS» HE U3MEHMIICS. UTO U TpeOboBalloch
JI0Ka3ath.

Teneprb moKakeM OCHOBHYIO YacTh YTBEPXKICHHS, a IMEHHO, YTO U3MEHEHHE 3HaueHHs Kod(phu-
LMEeHTA ITepeKoca BCeraa NPUBOAUT K M3MEHEHHIO BEJTMUMHBI 00001IeHHOr0 K03 (uIMeHTa nepexoca.
Jis n = 2 yTBepKJIcHHE OYEBHJIHO, TaK KaK YBEIMYCHHE 3HAYCHHS COOTHOIICHHS B OJHOM CTOJIOIE
ABTOMATHYECKU TOHIKACT 3Ha4eHUEe BO BTOpoM. Ecnu yBennveHo 3HaueHue Uil CTONOIa ¢ ToKasa-
TeneM Oosbie, yeM 0,5, TO yBEeIMYMBAIOTCS 3HAYEHUSI 000MX KOAPPHUIMEHTOB MEpeKoca, MOCKOIbKY
y Ipyroro crondra c rmokazareneM MeHee 0,5 3HaUGHHWE CTAHOBUTCS eIlle MEeHbIe. BepHo u B 00pat-
HyI0 cTOpoHy. Ecnu BenmunHa ko3 duirenHTa nepexoca ¢ yMEHbIIACTCA, TO YMEHBIIAeTCs U 3Haue-
HUE U, TaK KaK YMEHBIICHHE TI0Ka3aTelsl B CTOJNONE co 3HaueHrneM Ooiee 0,5 yBenMuMBaeT 3HaAUCHUS
JUIsL CTONIOIA, Y KOTOPOTO COOTHOIIEHHE ObUTO MeHbIIe 0,5, 4TO MOHMKAeT OTKIOHEHUE OT PaBHOMEP-
HOTO pacrpeieICHHsL.

Just n > 2 paccMOTpHUM cliydail yMeHbIIeHHsT KodpunmenTa nepekoca. [1ycTb 3a1anbl 3HaAYSHUS
COOTHOIICHHH TS CTOJIOIOB by, b,, ..., b,, 1 HEKOTOPBIH i-if CTOIOCIT OMPENEIIAT BETHINHY KO3 hHUIIN-
€HTa TiepeKoca. BrimonHmmm HeKoTopoe peodpa3oBaHne, B pe3yibTaTe KOTOPOro 3Ha4eHne Kodhhu-
LUEHTa MepeKkoca yMeHbHIock. [lycTs mocne npeodpasoBanust j cToi0er onpenesseT 3HaueHHe KO-
s punnenta nepekoca. [Ipu 3ToM, BO3MOXKHO, i =j. Cpeliu JOIMYCTHMBIX IPe0Opa3oBaHUi pacCMOTPUM
TaKoe, KOTOpOe MaKCHUMHU3UPYeT 3HaueHue 0000IeHHOro kod¢dunmenta nepekoca. Ecnu s Hero
IoKas3aTb, YTO OHO YMCHBIIACT BCJIIMUYMUHY U, TO U IJId BCEX OCTAJILHBIX JOITYCTHUMbIX HpeO6p330BaHHﬁ
3HaueHnE KOd(PUIIeHTa YMEHBIITUTCS.

PaccmoTpum  «KanHyr0» CTpaTernio yBeldwdeHUs o0oO0meHHoro kod(hduimeHTa mepexoca.
YMeHbIIIeHHe ero BeIMYMHBI 03HA4YaeT, YTO MAaKCUMAIIbHOE 3HAYeHHE JIJISl CTOJIOIOB OBUIO YMEHbIIIe-
HO. [Ipu 3TOM 1O YCIIOBUIO 33JlauM KJIACCU(UKAIIUY JIAHHOE YMEHBIIIEHUE JIOJDKHO OBITH JJOOABICHO
K OCTaJIbHBIM CTOH6]_[3M 110 ABYM IIpaBuJIaM:

1) MakcUMaTbHOE 3HAYEHUE JIJIST CTOJIOIOB TOJDKHO OBITH MEHBIIIE ITOCIIC TTPHUOABICHUS 10 TIPEIITO-
JIOKEHHIO;

2) nyist npeoOpa3soBaHHbIX 3HAYEHUM D', KAK M U1 MCXOJHBIX 0 ONPEJIETIEHHUIO, BEPHO CIEMYIOLIEE

COOTHOIIICHHUC!
D> b= b=l

i=l,n i=ln

[Tycts mpeobpa3zoBaHre YMEHBITHIO 3HAUCHHE KOA((UIMEHTa Tepekoca Ha BeauunHy O. Torma
JUTSE MAaKCUMU3AIH 3HAYeHNS 0000IIEHHOT0 KO3 PHUIHEHTA ITepeKoca He0OX0IMMO T00aBUTh TaHHYIO
BEJIMYMHY [T CTOJIONA b; ¢ HanOOIBIIMM JITIS OCTANIBHBIX CTOJIOLOB 3HaYeHueM. Ecnu (b; + ) < (b; - 0),
TO BCE OCTAJIBHBIE CTOJIOIBI HE U3MEHSIOTCS, & BETMUYMHA 0000IIEHHOTO KO PUIIMEHTa YMEHBIIIACTCS,
ITOCKOJIBKY JUIsl OT/ICIBHBIX €0 ClIaraeMbIX (CTOJIONOB 7, /) CyMMa 3HAYCHUN YMEHBIIUIACh (OUEBUIHO,

2 2 2 2

1 1 1 1

4TO (b,. ——j +(bj ——j > (bi —6——) +[bj +6——j ). Ecia ke (b; + 8) > (b; — 8), To ny1s1 obecme-
n n n n ’

YEHHS YMEHBIICHUS KO3 PUIIMEHTA IEPEKOCA HEOOXOAMMO BBIYMCIHTE O’ = (b; + 8) — (b; — 0), a 3aTem

100aBUTh K CTONIONY b; BENMMUKHY O — &' M IOBTOPHTH «OKaHYIO» CTpareruio cHosa. [Ipu nob6asnenun
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K CTONIOIY b; BENMYHMHBI O — 0’ M OTHUMAHHH OT b; 5TOT0 3HAYEHHS YMEHBIIAETCS 3HAYE€HNE 0000IIEHHO-
ro KO3 PUIMEHTa, U, CIIEJIOBATEIBHO, OHO CTPOTO YObIBaeT. UTo 1 TpeOOBaIOCh MOKA3aTh.

Crnyuaii ¢ yBennueHUEeM 3HaYCHHUS KO3 UIIMEHTA IMepeKoca CHMMETPHUEH U He TpeOyeT JloKa3a-
TEJILCTBA.

Taxum 06pa3zom, MOKa3aHo, YTO 0000IEHHBIH KO (DUIIMEHT TIepeKoca JaeT 6osiee TOYHYIO OLEHKY
pacnpezeicHisT 00bEKTOB MEX/Iy KjaccaMu IO CPaBHEHHIO ¢ MPOCThiM KodhduineHTom. [Ipu 3ToM
00bEMOM JIOTIOJTHUTEIIBHBIX BBIUUCICHHUH, [0 CPABHEHHUIO C BBIYMCICHHEM OOBIYHOTO KOA(P(UIINEHTA,
MO>KHO TIPEHEOPEYb.

AJTOpUTM OLleHKH 3(p(PeKTHUBHOCTH APXUTEKTYPbI

[Ipu uccnenoBanuy CBOUCTB K03 (UIMEHTA MEPEKOca YCTAaHOBJIECHO, YTO OH ITO3BOJISIET OLIEHUTH
3G PEKTUBHOCTh APXUTEKTYPhI KJIacCH()UKATOpa B 3aBUCHMOCTH OT pPeIIaeMOH 3aJauu. DKCIIEpUMEH-
TBI TIOKA3aJIM, YTO YeM MEHbIIE 3HaUeHHE KOd(PPHULUUEHTa ATl Kiaccu(uKaropa, TeM BBILIE KaueCTBO
KOHEYHOTO PEHICHUs] MOXKHO TOJYYHTh B mporecce oOydyenus [2]. Bocnonb3yemes qanHbIM (pakTom
JUIS1 IPOEKTUPOBAHUS ANTOPUTMA OLEHKH Y(PPEKTUBHOCTH CKUMAIOIIUX cII0EB. [IJIsl 3TOro paccMoTpuM
CJIeIYIOIUI HabOP ATAIOB.

Oran 1. OOyuenue cinoeB. Ha nanHoM mrare o0y4aroTcsi Bce CKUMAIOIINE CIIOH, U3 KOTOPBIX OyieT
OCYILIECTBIISITHCS BHIOOP apXUTEKTYPHI.

Otan 2. IlpoektupoBanue kimaccudukaropa. Ompenensercs apXUuTeKTypa MHOTOCIOHHOTO Tiep-
CEeNTPOHA: KOIMYECTBO M pa3Mephl clIOeB, PYHKIIMN aKTHBAI[MH W allTOPUTM WHHUIIUAIU3AIH [TapaMeT-
poB. PazMep BXOTHOTO CIIOS BAPbUPYETCSl B 3aBHCUMOCTH OT Pa3MEPHOCTH BXOJHBIX JAHHBIX TOCIE
00pabOTKH CKUMAIOIIIUMU CIIOSIMH.

Oran 3. Onenka 3¢ GeKTHBHOCTH cI0eB. BrraucnseTcs yepeHeHHOe 3HaYeHne 00001IeHHOTO KOd (-
¢urrenTa nepekoca Jjisl BCEX CPaBHHUBAEMBIX COKUMAIOIIUX CIIOEB. J[JIs 9TOro JaHHbIE MPOIMYCKAIOTCS
4yepe3 Bce CPABHUBACMBIC CITOH, & 3aTEM BBIYHCISICTCS] KOA(D(GUIIMEHT 11 MHOTOCIIOWHOTO MEpCenTpOHa
MOCJIe KaXI0r0 CKaTusl.

Ortan 4. BeiOop ontumanbHOro ckarus. BeIOUparoTest cxuMaromye ciiou, 00ecreurnBarone Ham-
MEHBIIIEe CPEHEE 3HAYCHUE KOA(PPHUIIHCHTA.

3ameuanue. O00OMICHHBIN KOA(DGUITUCHT MepeKoca 00maacT OOBIION JUCTIEPCHEH, TOITOMY Pe-
KOMEH/IYETCS €T0 BRIYUCIATH 0 yepeaneruto 1000 3amepos.

XOTsl MPEIIOKEHHBI alTOpUTM M TpeOyeT 0Oy4YeHMs BCEX CPaBHUBACMBIX CKHMAIOIIUX CIIOEB,
OH TIO3BOJISIET COKPATHTh BpeMsi pa3paboTKu CeTH, OTOpachkiBas oOydeHHUe MepcenTpoHa sl KaKIon
ApXHUTEKTYPbI CETH, 3aMEHSIS €€ Ha ompeierieHue KodhGuIneHTa nepexoca, Tpedyrolee ropasio MeHb-
mero o0beMa BBIYUCICHUN. AJNTOPUTM JOIyCKaeT MOAU(DUKAITUIO IS ONCHKH d((HEKTHBHOCTH TIpe-
00pa3zoBaHus MaHHBIX 0€3 UCIOIB30BaHUS CKUMAIOIIHNX cIoeB. JJIsg 3TOr0 JOoCcTarodHo yopars Jtar 1,
a JTarn 3 3aMEHHUTh Ha OLIECHUBAEMOE TPEOOpa30BaHUE JAHHBIX.

Takum 00pa3om, MpeayaracMblil aITOPUTM IO3BOJISET YUCICHHO OIICHUTH KadecTBO Mpeoldpa-
30BaHUsI BXOJHBIX JIAHHBIX, B TOM YHCJIEe CKMMAIOIIUX CIIOEB CETH, 0e3 00y4YeHHus Kiaccupukaropa,
YTO CYIIECTBEHHO YCKOPSIET Mepedop BO3ZMOXKHBIX apXUTEKTYp U pa3padoTky cetu. Jlns 060cHOBaHUS
KOPPEKTHOCTH TAKOTO ITrOPUTMA PACCMOTPUM MPOCTPAHCTBO BXOMHBIX JaHHBIX. B 3a1auax kiaccudu-
KallK MPEIIIoNIaraeTcsi, YT0 COACPKUTCS PaBHOE KOIMYECTBO OOBEKTOB BCEX KIIACCOB, M MOIIHOCTH
3aHUMAaEMbIX HMHU TIOJPOCTPAHCTB PABHBI.

Pacuet 0060011eHHOTO KOAPHULIMEHTa MTEpeKoca MOKa3bIBAET, HACKOIBKO pacrpe/esieHne 00beKTOB
MEXIy KJIacCaMH, MOCTPOECHHOE HEMPOHHOH CEThIO, «IaJIeKO» OT MPEIonaraeMoro paBHOMEPHOTO.
Ecnmu paccMoTpeTh ycpenTHEeHHOE 3HaueHHe i/, MOYKHO OTMETUTh, YTO OH OLEHHBAET BCE BO3MOXKHBIC
paszensionre NOBEPXHOCTH, KOTOPbIe CIOCOOHA MOCTPOUTH HEHPOHHAS CETh pACCMaTPUBAEMON apXH-
tektypsl. [Ipu 100%-Ho# knaccudukaiyu 0000IICHHBIH KO3D(QUIMEHT TIepeKoca OylIeT paBeH HYJIIO,
MMOCKOJIbKY HEWpOHHAsI CETh TOYHO BOCIPOU3BOJHUT PaBHOMEPHOE pacrpeliesieHue 00bEKTOB MEXKITY
knaccaMu. YeMm Oonbllie pasfesisIFOIIUX MOBEPXHOCTEH, ONM3KUX K PAaBHOMEPHOMY pPacHpe/IeIeHUIo
00BEKTOB MEXK]y KJIACCAMHU, MOXKET MOCTPOUTh HEHPOHHASI CETh, TEM MEHBIIIE 3HAYCHUE YCPEIHEHHO-
IO U M TEM BBIIIE BEPOSTHOCTh TOTO, YTO 00yUEHHAsI CETh Oy/IeT UMETh HAHOOJIBITYI0 BO3MOXHYIO B yC-
JOBUSX 33429l 0000MIAIONTYI0 CTIOCOOHOCTD.

Takum 00pa3oM, Ha OCHOBE MPOBEICHHBIX HCCIICOBAHNN MOYKHO CIIENIATh BBIBOJI, YTO TPE/ICTABIICH-
HBIU aJITOPUTM SIBJISICTCS IBPUCTHYCCKUM, TOCKOJIbKY JTOKa3aHa 00paTHas Koppelsius 0000Iaromei
CIIOCOOHOCTH CETH U 3HaYCHHS 0000IIEHHOTO KO PUIHEeHTa TIepeKoca.
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IIpoBegeHne YIKCIIEPUMEHTOB

B pamkax sKcIepyMMEHTOB pacCMaTpUBaIM NPUKIAAHYIO 33734y JE€TEeKTHPOBAHUSA HETOTOIHBIX
U3MEHEHHUM MOBEPXHOCTU 3eMJIM MO pe3yiIbTaTaM aHalu3a CIIyTHUKOBBIX CHUMKOB [8]. CIlyTHHUKOBBIC
CHUMKH pa3omBanmy Ha Omoxu 20x20 mukcenei W pemany 3a1add HEe3aBHUCHMO JUIS KakJ0TO OIIoKa.
C yyeroM maciitaba CHUMKOB OJIOKM YKa3aHHOTO pa3Mepa BMELIald HAaUMEHBIINH BO3MOXKHBIH 00b-
eKT uccliefloBaHus. [[Jsl MpOCTOTHI pelany 3aj1ady ¢ UCIOIb30BaHUEM NTPOCTOT0 MHOTOCIIONHOTO Tep-
centpoHa. [IoCKONbKY MO yCIIOBHIO 33Jaud HEIOTOJHbIE U3MEHEHUS ONpPEIESUINCh HA OCHOBE Hapbl
CHUMKOB OJIHOM M TOW K€ MECTHOCTH B Pa3Hble MOMEHTBI BPEMEHHU, Ha BXOJ] HEHPOHHON CETH MOCTY-
TaJI¥ JIBa IIBETHBIX M300paxkeHus paspemeHueM 20x20 nukceneid. CrenoBareiabHO, BXOIHOW CIIOH CO-
nepxkan 2400 HelipoHOB, a BRIXOZHOW — BCeTda ABa ¢ (GpyHKIHMEH akTuBanuu softmax (ogwmH HEHpoH
yKa3bIBaJl HA HAJIMYKE HEMOTOJHBIX U3MEHEHHUN, BTOPOM — HA UX OTCYTCTBHE). B CKpBITOM ciioe pacmo-
narajochk 64 HeilipoHa ¢ OUTIONSAPHO-CUTMOUTHON (PYHKITUEH aKTHBAITHH.

ApXUTEKTYpa HEMPOHHOH ceTH (PUKCHPOBAIACh HA BPEMS TPOBEACHHUS SKCIIEPUMEHTOB, TaK KakK JIJIs
Pa3HbIX ApXUTEKTYP MOIIIH KIIOAOUTIH» pa3InuHbIe MPeoOpa30oBaHms BXOJHBIX JaHHBIX. Beca HeliponHoH
CETU MHULUAIU3UPOBAIUCH KaK peaju3alry paBHOMEPHO pacmpeneiaeHHbIx Ha oTpeske [—0,05, 0,05]
CITy4allHbIX BEJIMYUH, CMEIICHUS HEHPOHOB 33/1aBaJINCh HyJeM. J[i1s 00ydeHuns: mpuMeHsJICs METO OT-
KHra, mpuBeAeHHbIN B [9]. s oO0yuenus ncnonsioBaics komibsioTep Ha OC Arch Linux ¢ Buneokap-
toii nvidia rtx 3070, nporieccopom ryzen 7 7700 u 32 GB DDRS5 oneparuBHON namsTH.

Brauane mpoBoAwIN CpaBHEHHE aJTOPUTMOB MPeoOpa30BaHUs BXOAHBIX MaHHBIX. OO0OIIEHHBII
k03¢ ¢unMeHT nepekoca Beraucisuics nytem ycpeanenus 1000 moBropos. [yt cpaBHEHHs KadecTBa
penieHus ObuTa BRIOpaHAa OTHOCHTENbHAS MIKANA. 3a eIUHHITY MPUHUMAIN HawTydiee pernienue. [lo-
MOJIHUTEJILHO JO0ABIISIIM CTOJI0CI C BhIYKMCIcHHEeM Kod(dduiineHTa nepexkoca (tadi. 1).

Taoauna 1. Pesyssrarsl mpeoOpa3oBaHus BXOAHBIX TaHHBIX
Table 1. Input data transformation results

Koaddpumment O06001IIeHHBIIH Kadgectso
Auroput™ mipeoOpa3oBaHus

nepexoca k03 duIeHT IepeKoca | pereHust
EBKini0Ba HOpPMUPOBKA, BEIYUTAHNE METHAHBI 0,5997 0,1464 0,7070
EBKI110Ba HOPMUPOBKA, BBIYUTAHHE CPEAHETO 0,5938 0,1396 0,7152
EBKinaoBa HOpMHUPOBKA 0,9039 0,5813 0,7058
Boluntanue Meauanbl U 1€JIeHUE Ha KOHCTAHTY 0,5727 0,1053 1,0000
BrranTanne cpeaHero u AejIeHre Ha KOHCTaHTY 0,5767 0,1082 0,998

[To pe3ynpraram SKCIEPUMEHTOB MOKHO OTMETHTD, YTO YeM HIKE Cpe/iHee 3HaueHne 0000IEHHOTO
k03¢ duIMEHTa EePeKoca, TEM BbIIIE Ka4eCTBO KOHEYHOTO penleHus. Kpome Toro, ycpeqHeHHOE 3Hade-
HUEe KO3 UIMEHTA MepeKoca 3aMETHO MEHee YyBCTBUTEIIbHOE, YeM Y 0000IIeHHOTO KOA(pPUITHEeHTA.
KonnuecTBo noBTOpoB 3aMepoB k03(h(PUIMEHTa MOKHO COKPATUTh Ha MOPSAOK, €CIIM 00ydaromas Bbl-
0opka OoBIIOro pazMepa.

B niporiecce uccienoBannii MpoBEPsUIH AITOPUTM BBIOOPa CKUMAFOIIUX CIIOEB HA OCHOBE 3HAYCHHUS
000061meHHoT0 KoddduimenTa nepexoca. st 4UCTOTHI TPOBEIECHHS IKCIIEPUMEHTOB, UCKITF0Yast eheK-
THI BXOIHBIX JaHHBIX, UCTIOIK30BaH BEIOOpKY CIFAR-10. B KadecTBe CHKMMAIOIIECTO CIIOS PUMEHS-
JMCh aHCAaMOJIX U3 aBTORHKOJEPOB U OrpaHUUEHHBIX MauH boibpumana tuna ["aycc — bepaymn. Kax-
Jast U3 apXUTEKTyp oOpabaTbiBaia HE3aBUCHUMO (pparMeHThl N300pakeHU pasMepamu 4x4 nukcenei
C 1IETIbIO C)KaTUsl JaHHBIX U MOAABICHUS IIyMOB. [lepBast apxuTekTypa npeacTasisiia co0oi aHcaMOIb
U3 aBTOHKO/CPOB C 48 HelpoHaMHM BO BXOAHOM W 24 HEHPOHAMHU B CKPBITOM CIIOSIX, 0OECIeUHBalo-
IIUX JBYKPAaTHOE YMEHBIIEHNE Pa3MEPHOCTH BXOIHBIX JAHHBIX. DTOT MOAXOA K CHKaTHIO IPUMEHSAETCS
B MLP-muxcepax [10, 11] 1 B CBEpTOUHBIX CeTSAX B BUIE clioeB cBepTkH [12, 13]. BTopas apxutekrypa
Obula IIpeACTaBIeHa B BUE aHCAaMOIA U3 OrpaHMYCHHBIX MaliuH bonbsumMana tuna [ayce — bepnysu
¢ 48 HelipoHaMy BO BXOAHOM U 192 HelipoHaMH B CKPBITOM CJIOSIX, 00€CIeUrBast YETIPEXKPATHOE CHKa-
tHe. TpeThbst apXUTeKTypa — aHcaMOJIb U3 OTpaHMYCHHBIX MaluH bonbsuMana tuna [ayce — Bepruyu
¢ 48 HelipoHaMu BO BXOIHOM M 96 HelipoHaMH B CKPBITOM CJIOSIX, 0O€cIieurBas BOCBMUKPATHOE CXKaTue.

[Tocne cxMMaroOUMX CIIOEB Pacrojarajcss MHOTOCIOWHBIN MEPCENTPOH C OHUM CKPBITHIM CIIOEM
3 64 neitponos ¢ pyaknuein aktuBarmu GELU [14], man6onee 3 hexTuBHON 11 TITyOOKHX HEHPOHHBIX
cereid, n 10 HelipoHaMU B BBIXOTHOM ciioe ¢ (hyHKIrel aktiuBanuy softmax. [l cpaBHEHUs KauecTsa pe-
1ieHust ObuIa BBIOpaHa OTHOCHTENbHAS IIKaIA. 32 eIUHULY IPUHUMAIN Hauy4liee pemenne (tao. 2).
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Tadsmma 2. Pe3ynbrarsl BEIOOpa apXUTEKTYPbI CXKUMAIOIIHUX CIIOCB
Table 2. Results of choosing the architecture of compression layers

ApxuTexTypa Koopuument O6obmerHbIi KauectBo pemienus
nepekoca k03 (GUITHEHT IepeKoca
ABTO2HKOJIEp, IBYKPATHOE CXKaTue 0,1988 0,1521 1,0000
OrpannuenHast ManiHa bonbimana:
YETHIPEXKPATHOE CXKATHE 0,4160 0,4030 0,8023
BOCBMHKPATHOE CYKaTHe 0,3619 0,3463 0,8586

[To pesynbraraM SKCIEPUMEHTOB YCTaHOBJICHO, YTO Y€M MEHBIIIEC 3HAYCHHUE 0000IIeHHOTO KO3 hu-
[IEHTA NIEPEKOCca, TEM BBIIIE Ka4eCTBO KOHEYHOTO perieHus. [IpaBuiIbHBINH BEIOOP apXUTEKTYPBhI CHKU-
MArOIUX CIOEB MO3BOJIMII MOBBICUTH Ka4eCTBO KOHEeUHOTro pemenus Ha 11,2 %. OOydenue xiaccudu-
KaTopa norpedoBaio ot 1 10 2 4 B 3aBUCHMOCTH OT apXUTEKTYPHI CXKMMAIONTUX CI0€B. B To ke Bpems
BBIUMCIICHUE KO3 PHIIMEHTA ITepeKoca (B TOM YKCiIe U 0000IIEHHOT0) TPeOyeT MPOCTOro MPOXOKICHHUS
JAHHBIX Yepe3 HEMPOHHYIO ceTh. [I0CKONIbKY CKUMAIOIIHE CI0M (UKCHPOBAIMCH NPH MOBTOPHBIX BbI-
YHCIICHUX k03D (DUIEeHTa TIepeKoca, pe3yJIbTaT CIKATHsI MOYKHO 3aKEIIUPOBATH U TIOBTOPSTH 00pabOTKyY
TOJIBKO AJIs1 MHOTOCJIOMHBIX IEPpCCuTPOHOB, YTO CUIC OombIIe YMCHBIIACT 00BbEM BBLIYHCIICHUN U CO-
Kpaiaet BpeMsi BbiOopa apxXuTektypbl. Kpome Toro, 00001eHHbIH K03()(UITEHT mepeKkoca Mmo3BoIseT
HE TOJIBKO BBIOpaTh 3P PeKTUBHYIO apXHTEKTypy Kiaccu(puKaropa, HO U CKUMAIOUIMX CIOEB U alro-
puTMa IpeoOpa3oBaHus BXOAHBIX JAaHHBIX, YTO MOXKET OBITh TOJIE3HO MPH MPOEKTUPOBAHUN TITyOOKHX
HEUPOHHBIX CETEH ¢ OOJBIITNM KOJIHMYECTBOM ITapaMeTPOB.

3ak/oueHue

1. PaccmoTpena npobiema BEIOOpa apXUTEKTypbl HEHPOHHOM CETH NP PELICHUH 3a/1a4H KIacCU(H-
karuu. [Ipenyoxen anroputM BeIOOpa MpeoOpa3oBaHMs BXOAHBIX AaHHBIX M CKMUMAIOIIUX CIIOEB CETH
Ha OCHOBE YCPEAHEHHOTO 3HAUYCHHsI 0000IEHHOTO KO PHULNEHTa IIepeKoca.

2. ITokazano, uTo 0000MIIEHHBIN KOYPPHUITUEHT TTepeKoca He TpeOyeT OONBIIOro 00beMa BEIYHCIIE-
HUH A7151 TI0001 apXUTEKTYpPbl M PelaeMoi IPUKIIAAHON 3a/1a9H.

3. IlpenyoskeHHBIN aIrOPUTM MO3BOJISIET MOBBICUTH KaueCcTBO perieHus 6onee ueM Ha 10 % 3a cuet
BbIOOpa Hanbomnee 3PPEKTUBHON apXUTEKTYPHI.
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Abstract. To ensure safe transitions between automated and manual driving in automated vehicles, it is necessary
to monitor the driver’s state. Existing research in this area primarily assesses the driver’s current state without
predicting their potential behavior in complex driving situations, which could negatively impact the safety of auto-
mated vehicles when switching between driving modes. To address this shortcoming, this article proposes a me-
thod for assessing relatively stable individual driver psychophysiological characteristics that could serve as predic-
tors of their ability to mobilize internal reserves when making decisions in complex driving situations. The method
allows one to determine the numerical values of indicators of such individual psychophysiological characteristics
as reaction time, ability to take emergency actions, vigilance, concentration and distribution of attention, percep-
tion of speed and distance, as well as risk propensity during manual driving.
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OIEHKA NTHANBUAYAJIBHBIX IICUXO®PU3NOJOI'NMYECKHUX
XAPAKTEPUCTHUK BOJIUTEJENA TPAHCIIOPTHBIX CPEJICTB

B. A. IVBOBCKUM, B. B. CABUEHKO

Obveounennbvlil uHCmumym mawurnocmpoenus Hayuonanvrou akaoemuu nayk benapycu
(Munck, Pecnybnuka Benapycyw)

AHHOTaIII/Iﬂ. I[J'ISI obecrieueHus: 0€30IaCHOCTH npu nepexoac MExKAy aBTOMAaTU3UPOBAHHBIM W PYYHBIM BOXKIC-
HUEM B aBTOMATU3UPOBAHHBLIX TPAHCHOPTHBIX CPEACTBAX H€O6XO}_'[I/IMO KOHTPOJMUPOBATL COCTOAHWUE BOAUTEIIA.
CyIIICCTBy}OHII/IC HUCCIICAOBAHUA B 9TO# 00JIACTH B OCHOBHOM HalpaBJICHbI HA OLCHKY TCKYLICIO COCTOsIHUA BO-
JUTCIIA 0e3 MPOrHO3UPOBAHUSA €TI0 BO3MOXHOI'O IMMOBEACHUSA B CJIIOKHBIX JOPOKHBIX CUTyallUAX, YTO MOXCT HE-
raTUBHO CKa3aThCs HAa 0€30IaCHOCTHU OKCIUTyaTallul aBTOMAaTU3UPOBAHHBIX TPAHCHIOPTHLIX CPEACTB IPpU CMCHE
PEKUMaA BOXKIACHUS. C HEJIbIO YCTPAHCHUS 3TOI0O HEAOCTATKA B CTATHE IMPEAJIaracTcs METod OICHKU OTHOCUTCIIBHO
CTaOUIBLHBIX WHAWBUAYAJIbHBIX HCI/IXO(i)I/BI/IOJ'IOFI/I‘ICCKI/IX XapaKTCpUCTUK BOAUTECIISA, KOTOPbIC MOITIN ObI CIIY)KUTb
B Ka4€CTBC MPEAUKTOPOB €Iro CIIOCOOHOCTH MOOMIM30BaTh BHYTPCHHHE PE3CPBLI IPU ITPUHATUA peme}mﬁ B CJIOXK-
HBIX JOPOXHBIX CUTYyallUAX. MCTOH MO3BOJIACT ONIPEACINUTD YHUCIICHHBIC 3HAYCHU IOKa3areliel TakKux UHAWBUIY-
aJIbHBIX HCI/IXO(bI/ISI/IOJ'IOFI/I"ICCKI/IX XapaKTCpUCTUK, KaK BpEMs pCaKInHU, CIIOCOOHOCTH K OKCTPECHHBIM HeﬁCTBHﬂM,
6HI/IT€J'II)HOCTL, KOHUCHTpaUus U pacClpeaACICHUC BHUMAHN, BOCIIPUATUEC CKOPOCTU U paCCTOSAHMS, @ TAKIKE CKIIOH-
HOCTb K PUCKY BO BpEMs pyHYHOI'O0 BOXKJIACHU.

KirodeBble c10Ba: aBTOMaTH3MPOBAHHOE TPAHCIOPTHOE CPEICTBO, JOPOXKHAsi O€30MacHOCTh, BOAUTENb, MH-
(hopMaIMOHHBIE TEXHOJIOTHH, MYJIbTHMOIAIBHBIA HHTEp(dEIic, mepenada ynpaBieHus, NCUX0()U3NO0IOTHIECKUE
KauecTBa, PEXXHUM BOXKACHHSI, YEJIOBEUECKUH (haKTop.
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Jnsi uurupoBanus. /lyoosckuii, B. A. OneHka HHAMBHAYaJIbHBIX NCUXO(MH3UOIOTHYECKUX XapaKTePHUCTHK BO-
aurelieil TpancropTHeIX cpencts / B. A. Jly6osckuii, B. B. CaBuenko // Joknmaner BI'YUP. 2026. T. 24, Ne 4.
C. 89-97. http://dx.doi.org/10.35596/1729-7648-2026-24-4-89-97.

Introduction

In a level 3 automated vehicle, the driver can transfer the control of the vehicle to the automated
driving system (ADS) and be involved in other things such as reading, eating, sleeping or anything else,
but in emergency situations the driver should take over vehicle control [1]. In these cases, the driver
can lack situation awareness and not be ready to perform safely the driving task. To address this prob-
lem, the driver’s readiness to take-over control from an ADS must be carefully evaluated. For this
purpose, the driver’s psychophysiological and behavioral data are analyzed and combined with the data
on the current driving situation. In this regard, it is essential to recognize potentially dangerous driver
states, such as distraction, fatigue, drowsiness, and other undesirable states that affect takeover perfor-
mance negatively [2-6].

The control mode can be switched from automated driving (AD) to manual driving (MD) imme-
diately and completely after the take-over request is confirmed by the driver or gradually with increasing
authority, depending on the driver state and the driving situation [7, 8]. The immediate control transfer
from automation to driver can be performed if the driver’s readiness for MD is high enough for the re-
quired driving task. If the driver’s readiness for MD does not meet the required level it is necessary
to help the driver to increase his/her control capability to required level. For this purpose, the approach
based on the concept of driver-automation shared control during take-over process is used since it al-
lows to allocate the execution of the driving task between automation and driver in accordance with
the current driver state and driving situation until the driver’s state reaches the desired level and take-
over is complete [9—12]. Such an approach may help the driver to take back control of a vehicle in a safe
and smooth manner if the time budget allows to do it. But in critical situations when urgent take-over
is required due to ADS failure the shared control during authority transition can be risky. In such cri-
tical situations when the driver’s readiness for MD does not meet the required high level and is close
to the minimum allowable value, other solutions are needed.

In addition, it should be noted that the existing research on this topic mainly focuses on characte-
rizing the current state of the driver without prediction of his/her future behavior that can be affected
by the intrinsic variability of human nature [13]. To overcome this shortcoming of existing research,
we propose a method of assessing the driver’s relatively stable individual psychophysiological charac-
teristics (IPC) such as motor reaction, ability to act urgently, concentration and distribution of attention,
and so on, that can be used as predictors of his/her ability to mobilize the required internal resources
for decision making in critical situations during the transition from AD to MD.

A method of assessing the driver’s individual psychophysiological characteristics

The method allows determining the numerical values of indicators of such IPC as reaction time,
ability to act urgently, vigilance, concentration and distribution of attention, perception of speed and dis-
tance, and risk propensity during periods of MD. The method is based on detecting the unintentional
deviation from the driving lane, unsafe distance from the vehicle ahead, potential collision with a pe-
destrian in front of the vehicle, and speed limit signs along the road, which can be performed by using
a collision avoidance system, for example Mobileye 8 Connect'. To ensure the reliability of the IPC as-
sessment, the necessary data must be recorded only in cases when the weather conditions are favorable
for driving.

An algorithm for estimation of the driver’s reaction time and indicator of ability to act urgently is de-
picted in Fig. 1, where D is the current distance from the vehicle ahead; D, is a predefined safety thresh-
old value; #; is the driver’s reaction time to warning alert; #g is the time of restoring the safe situation;
T is the predefined test time; n is the number of potentially dangerous situations detected during time 7.

! Driven by Safety. An Al-powered Fleet Safety Solution. Available: https://ims.mobileye.com/fleets/uk/products/mobileye-
8-connect/.
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Are the
weather conditions
favorable for

driving?

Yes

Potential hazards detection:
« unsafe distance from the vehicle ahead (D < D))
* potential collision with a pedestrian
« unintentional deviation from the driving lane

v
Warning alert
v
Measuring the time #z and 7

Has the
time 7 expired?

v v
Reaction time calculation Calculation of ability to act urgently

1< 1<
R~ i T, =— Si
T, nEtR —nEt
i=1

Fig. 1. An algorithm for estimation of driver’s reaction time and indicator of ability to act urgently

During periods when the vehicle is in MD mode under favorable weather conditions, the colli-
sion avoidance system detects potentially dangerous situations: unsafe distance from the vehicle ahead
(when the current distance D is below a pre-defined safety threshold value D,); potential collision with
a pedestrian; unintentional deviation from the driving lane. A pre-defined safety threshold value D,
is the distance, that corresponds to three seconds time to collision with the vehicle ahead, taking into
account the relative traveling speed!. When the collision avoidance system detects any of these situ-
ations, an alert is issued and the time #; of the driver’s reaction to a warning alert (the time between
the onset of an alert and the beginning of braking in the first two situations, and the activation of the turn
signals or beginning of decreasing deviation in the third situation) and the time f¢ of restoring the safe
situation (the time between the appearance and disappearance of the warning alert) are measured. After
the predefined test time 7 has elapsed, the indicator Tj of the driver’s reaction time and the indicator 7,
of the driver’s ability to act urgently (the indicator 7, shows how quickly the driver copes with a critical
situation) are calculated:

1 n

T, =—ZIRZ.; (1)
nioy
1 n

T, =~ s 0))
i=1

An algorithm for estimation of driver’s vigilance indicator is depicted in Fig. 2, where D, D,,
tz, T — the same as in Fig. 1; D, = (1,2-1,5)D, is a predefined value; N is the overall number of all de-
tected situations; n; is the number of detected potentially dangerous situations

During periods when the vehicle is in MD mode under favorable weather conditions, the colli-
sion avoidance system detects potentially dangerous situations: unsafe distance from the vehicle ahead
(when D < D,); potential collision with a pedestrian; unintentional deviation from the driving lane; ex-
ceeding the speed limit; and also such situations as: “D < D,” situations (Fig. 3); pedestrians in the path
of a vehicle; speed limit signs; lane change maneuvers.
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« potential collision with a pedestrian
« unintentional deviation from the driving lane
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Detecting:
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* lane change maneuvers
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Warning alert
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Measuring the time 7z
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Fig. 2. An algorithm for estimation of driver’s vigilance indicator

Host vehicle D Lead vehicle
1

Fig. 3. An illustration of a leading vehicle and a host vehicle separated by a distance D, =~ (1,2—1,5)D,

»
y

We introduced the notion of distance D, in order to consider the driver’s behaviour in situation close
to the potentially dangerous situation when D < D,.

When the collision avoidance system detects any of potentially dangerous situations, an alert is is-
sued and the time #; of the driver’s reaction to warning alert is measured. After the predefined test time
T has elapsed, the indicator V of the driver’s vigilance level is estimated

1 &
V=l-—) ke, 3
N ; Ri ( )
2R —
where k, = Tl is a coefficient that takes values from 0 to 1; N is the overall number of all detected
e +

situations.
We introduce the coefficient k; = f{(¢z) to take into account the driver’s response to alerts from

a collision avoidance system. Such a dependence can be described, for example, by a bipolar sigmoid
2x

(hyperbolic tangent) function y = ¢ and makes it possible to obtain values of k; in the range from

e +1
0to 1 (Fig. 4).
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Fig. 4. An illustration of the hyperbolic tangent function
An algorithm for estimation of driver’s concentration of attention indicator is depicted in Fig. 5,

where N and n. are the overall number of all detected situations and the number of detected potentially
dangerous situations, respectively.

Are the
weather conditions
favorable for

driving?

Yes

Detecting potential hazards:
« unsafe distance from the vehicle ahead (D < D)
* unintentional deviation from the driving lane
« exceeding the speed limit
Detecting:

* “D < D,” situations

* speed limit signs

« lane change maneuvers

Has the
time 7 expired?

Estimation of concentration of attention

C=1 —nC/NC

Fig. 5. An algorithm for estimation of driver’s concentration of attention

During periods when the vehicle is in MD mode under favorable weather conditions, the colli-
sion avoidance system detects potentially dangerous situations: unsafe distance from the vehicle ahead
(when D < D,); unintentional deviation from the driving lane; exceeding the speed limit; also such si-
tuations as “D < D,” (D, = (1,2-1,5)D,); speed limit signs; lane change maneuvers. After the predefined
test time 7 has elapsed, the indicator C of the driver’s concentration level is estimated

C=1-n./N. “4)

The indicator C shows the driver’s ability to monitor the driving scene carefully, avoiding poten-
tially dangerous situations.

An algorithm for estimation of driver’s ability to distribute attention is depicted in Fig. 6, where M
is the number of detected lane change maneuvers; m is the number of detected potentially dangerous
situations that occur during lane change maneuvers.
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driving?

Yes

Detecting lane change maneuvers.

Detecting potential hazards during lane changes:
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* lane deviation without signaling
* exceeding the speed limit

v

Warning alert

v

Measuring the time #z

Has the
time 7 expired?

Estimation of ability to distribute attention

1 m
A=ty 2k

Fig. 6. An algorithm for estimation of driver’s ability to distribute attention

During periods when the vehicle is in MD mode under favorable weather conditions, the collision
avoidance system detects lane change maneuvers and potentially dangerous situations that occur during
these maneuvers: unsafe distance from the vehicle ahead (when D < D)); lane deviation without sig-
naling; exceeding the speed limit. When the collision avoidance system detects any of these potentially
dangerous situations, an alert is issued and the time #; of the driver’s reaction to warning alert is mea-
sured. After the predefined test time 7 has elapsed, the indicator 4 of the driver’s ability to distribute
attention is calculated

1 m
A:1—3—MZkR,.. (5)

i=1

The indicator 4 shows the driver’s ability to monitor the driving scene during lane change maneu-
vers, avoiding potentially dangerous situations.

An algorithm for estimation of driver’s speed and distance perception ability is depicted in Fig. 7,
where k£ and / are the number of “D, < D < D,” and “D < D,” situations, respectively.

During periods when the vehicle is in MD mode under favorable weather conditions, the collision
avoidance system detects “D; <D < D,” and “D < D,” situations and their durations ¢P, and tP,, respec-
tively.

After the predefined test time 7" has elapsed, the indicator P of the driver’s speed and distance per-
ception ability is estimated

k
ZtPli
P= 71—
D tpa;
=1

The indicator P shows the driver’s speed and distance perception ability based on his/her behavioral
data in situations when “D; < D < D,”.

(6)
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driving?
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and their durations 7.
Detecting “D < D,” situations

and their durations 7,

Has the
time 7 expired?

Estimation of ability to percept speed
and distance
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P= thli thZj
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Fig. 7. An algorithm for estimation of driver’s speed and distance perception ability

An algorithm for estimation of driver’s risk propensity indicator is depicted in Fig. 8.

*7
MD

Are the
weather conditions
favorable for

driving?

Yes

Detecting D < D; situations
and their durations T .
Recording time series of the positive values
of 6 = Dl -D

v

Determination of the risk propensity
score for the current D < D, situation:

1%
=——|0(t)dt
r DTJ()

1%r 0

Has the
time 7T expired?

Estimation of the overall risk
propensity indicator

Rziri
i=1

Fig. 8. An algorithm for estimation of driver’s risk propensity indicator: z is the number of “D < D,” situations
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During periods when the vehicle is in MD mode under favorable weather conditions, the collision
avoidance system detects potentially dangerous “D < D,” situations, then their durations 7, and time

series of the positive values of 8 = D; — D are recorded. For each “D < D,” situation, the risk propensity
T

I O(¢)dt. The risk propensity score » shows how far the current
1%r o

potentially dangerous “D < D,” situation has progressed. After the predefined test time 7 has elapsed,

the indicator R of the driver’s overall risk propensity indicator is calculated:

R= Zzlri. 7
i=1

score r 1s calculated as follows: » =

The values of all these particular indicators should be recorded in the driver’s database (that can
be created in the cloud) and then combined for each single period of time (e. g. day) into a holistic
measure that can be used as additional factor for decision making when transferring vehicle control
from AD to MD is required. To represent the driver’s IPC through a single measure the simple aggre-
gation method such as the arithmetic mean can be used. In this case an overall index of driver’s I[PC
is calculated by summing up values of all particular IPC indicators and dividing the total by the number
of included particular IPC indicators.

Conclusion

In this paper, we propose a method for determining the numerical values of indicators of such
individual psychophysiological characteristics as reaction time, ability to act urgently, vigilance, con-
centration and distribution of attention, perception of speed and distance, and risk propensity during
periods of manual driving. Such individual psychophysiological characteristics of the driver are im-
portant for traffic safety, especially in critical situations, and must be taken into account as an additional
risk factor during take-over process. The method is based on detecting the unintentional deviation from
the driving lane, unsafe distance from the vehicle ahead, potential collision with a pedestrian in front
of the vehicle, and speed limit signs along the road, which can be performed by using a collision avoi-
dance system.
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