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JJABUHHBIE CBETOAUO/AbI HA OCHOBE HAHOCTPYKTYPHUPOBAHHOI'O
KPEMHUA U1 CBUY-AUAIIA3OHA YACTOT

C. K. JJABAPVYK!, A. A. JIELLIOK!, A. B. IOJIBUK', JI. II. TOMAIIIEBUY!,
A.10. KIIIOLIKUU!, B. B. AYIUY!, B. A. TJABYHOB!, C. A. EOUMEHKO?,
H. C. KOBAJIBYYK? E. I1. KULIIOK?, P. M. PSIBAHOB?, A. C. BACAEB?, B. B. CBETYXUH?

! Benopycckuii 20cyoapcmeentblil yHueepcument uHGopMamuru u paouod1eKmpoHuKy
(Munck, Pecnyonuka Benapyco)
2040 «MHTEI'PAJIy — ynpaénsaiowas komnanus xonounza « AHTEI'PAJL» (Munck, Pecnybnuxa Berapycy)
SHayuno-npouseodcmeennwiii komnaexc « Texnonozuueckuii yenmp» (Mockea, Poccutickas ®edepayust)

Annotanus. 51 pa3BUTHI KpeMHUEBOH (DOTOHUKH HeoOXonuMa pa3padoTka d3(h(EeKTHBHOTO ICTOYHUKA CBETOBO-
ro curHajia. B kauectBe Takoro HCTOYHUKA MOTYT MCII0JIb30BaThCs JABUHHBIE KPEMHUEBBIE CBETOAMOBI. B cTarbe
paccMOTpeHbI JIAaBUHHBIE CBETOAMO/IBI HA OCHOBE HAHOCTPYKTYPHUPOBAHHOTO KpeMHHUsA. M3MepeHne eMKOCTH CBe-
TOIMOIHBIX CTPYKTYp MOKA3aJI0, 9TO IIPH YMEHBIICHAH IIOMIAIH CBETOAHOO0B 10 100 MKM? cyMMapHas eMKOCTh
CBETOIMOAA ¥ METAJUTMYCCKON Pa3BOAKH YMEHbIIACTCS J0 coTeH (emTodapal, 4To 00eCeunBacT JTaBUHHBIM
ceetomuonam (yHnkuunonuposBanue B CBU-nuamaszone. IToka3aHo, 4TO yBeIMYCHHUE OBICTPOACHCTBHS JTAaBUHHBIX
CBETOIMOAOB OTPAHUYICHO PE3UCTHBHO-EMKOCTHBIMHI 33/ICP’KKaMH, 3aBUCSIINMHE OT OapbepHON €MKOCTH THOIHBIX
CTpYKTYp. PaccMOTpeHbl criocoObl yBETHUCHHS OBICTPOCHCTBHUS JIABUHHBIX CBETOJHOMIOB KaK B CBEPXBBICOKOM
YaCTOTHOM JIMara30He, Tak ¥ B THIIEPBBICOKOM JHMANa30He YacToT. B 4acTHOCTH, TpHU yMEHbIIEHNH padodeil Tio-
a1 CBETOIMOOB 0 1 MKM? IPOTHO3HPYETCA UX ()YHKIMOHMPOBAHHE BO BCEM TUI'arepliOBOM JHANA30HE YaCTOT.

Ki1ro4eBble cj10Ba: CBETOANOABI, JIABUHHBIN 3((EKT, HAHOKPEMHHH, HHTETpasibHast (OTOHHKA.
Kongankt uHTEpecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBHUHU KOH(IMKTAa HHTEPECOB.

Jlns uuTupoBaHus. JIaBUHHBIEC CBETOANOBI HA OCHOBE HAHOCTPYKTYpHpOoBaHHOTO KpemHwus 11t CBU-nuamazona
gacror / C. K. Jlazapyxk [u ap.] / Joxmager BI'YUP. 2025. T. 23, Ne 2. C. 5-11. http://dx.doi.org/10.35596/1729-
7648-2025-23-2-5-11.

AVALANCHE LEDS BASED ON NANOSTRUCTURED SILICON
FOR MICROWAVE FREQUENCY RANGE

SERGUEI K. LAZAROUK!, ANDREI A. LESHOK', ALEXANDER V. DOLBIK!,
LEANID P. TAMASHEVICH!, ALEKSEY Y. KLUTSKY!, VLADISLAV V. DUDICH!,
VLADIMIR A. LABUNOV!, SERGEY A. EFIMENKO? NATALLIA S. KOVALCHUK?,
EVGENY P. KITSYUK?, ROMAN M. RYAZANOV?, ALEXANDER S. BASAEV?,
VYACHESLAV V. SVETUKHIN?

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
2JSC “INTEGRAL” — Manager Holding Company “INTEGRAL” (Minsk, Republic of Belarus)
3Scientific-Manufacturing Complex “Technological Center” (Moscow, Russian Federation)

Abstract. Development of an efficient light signal source is a basic necessity for the development of silicon
photonics. Avalanche silicon light emitting diodes (LEDs) can serve as such a source. The article discusses av-
alanche LEDs based on nanostructured silicon. Measurement of the capacitance of LED structures has shown
that when the LED area is reduced to 100 um?, the total capacitance of the LED and metal wiring is reduced
to hundreds of femtofarads, which ensures the functioning of avalanche LEDs in the microwave range. It is shown
that the increase in the speed of avalanche LEDs is limited by resistive-capacitive delays, depending on the barrier
capacitance of the diode structures. Methods for increasing the speed of avalanche LEDs in both the ultra-high
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frequency range and the hyper-high frequency range are considered. In particular, by reducing the working area
of LEDs to 1 pm?, they are predicted to function over the entire gigahertz frequency range.

Keywords: LEDs, avalanche effect, nanosilicon, integrated photonics.
Conflict of interests. The authors declare no conflict of interests.

For citation. Lazarouk S. K., Leshok A. A., Dolbik A. V., Tamashevich L. P., Klutsky A. Y., Dudich V. V., Labu-
nov V. A., Efimenko S. A., Kovalchuk N. S., Kitsyuk E. P., Ryazanov R. M., Basaev A. S., Svetukhin V. V. (2025)
Avalanche LEDs Based on Nanostructured Silicon for Microwave Frequency Range. Doklady BGUIR. 23 (2), 5-11.
http://dx.doi.org/10.35596/1729-7648-2025-23-2-5-11 (in Russian).

BBenenune

['maBHBIE TPOOIEMBI pa3BUTHS KPEMHUEBON (POTOHUKH CBS3aHBI C MHTErpanreil JOTOHHBIX KOMIIO-
HEHTOB C JIEMEHTHOM 0a30i1 coBpeMeHHBIX HHTErpanbHbIXx MUKpocxeM (MMC). [Toatomy ocoboe BHU-
MaHHe YAEISEeTCsl TAKOMY HAIPaBICHHIO PAa3BUTHS KPEMHHEBOH OTOHHKH, T7Ie JOTOHHBIC KOMITOHEHTHI
MOTYT OBITh M3TOTOBJICHbI OJHOBPEMEHHO C AJIEKTPOHHBIMH KOMIIOHEHTAMH B €MHOM TEXHOJIOIMYec-
KOM TIPOIIeCCE CYIIeCTBYIOIIeH TexHonorun komruiemeHTapHsix MOII-tpansucropos (KMOIT) UMC.
B sTOM cityuae mosiBisieTcst BOSMOXKHOCTD 3aMEHBI MEAJICHHBIX JIEKTPUYCCKUX MEKCOCTUHEHUH OBICT-
pPBIMH ONTUYECKUMH MEKCOeAUHEeHUIMH [ 1-7].

[Tpu pa3paboTKe yCTpONUCTB KPeMHUEBOH (DOTOHUKH 0CO00E BHUMAHUE YIENSIETCSl HCTOYHUKAM CBe-
TOBOTO CUTHAJa, TaK Kak caM KpeMHHUH, OyAydr HETPSMO30HHBIM MaTeprajioM, He criocobeH 3¢ hexTus-
HO M3Jlyuyarh CBeT. PemeHnemM naHHON poOieMbl MOKET OBITh MCIIOJIb30BAHUE B Kau€CTBE MCTOYHUKA
CBETOBOI'0 CHTHaJIa HAHOCTPYKTYPHUPOBAHHOTO KPEMHHUS, B KOTOPOM 32 c4eT 3(h(ekTa KBAaHTOBOTO Orpa-
HUYCHUSI TPOMCXOIUT TpaHCPOPMAIHs 30HHOW CTPYKTYPBI H yBeTHMUMBACTCS 3PPEKTUBHOCTD CBETOM3-
Jy4eHHUsl, IO CPABHEHUIO C OOBIYHBIM KPEMHHEM, IO HECKOJIBKUX JI€CATKOB IPOLIEHTOB [§].

JlaBuHHBIE CBETOHMONBI Ha 0a3e HAHOCTPYKTYPHPOBAHHOTO KPEMHHS TO3BOJIMIIM YBEIUYHTH d(-
(beKTUBHOCTh U OBICTPOJCHCTBUE CBETOM3IIYUYEHHSI 110 CPABHEHMIO C aHAJOIaMHM HAa OCHOBE OObEMHO-
roMoreHHOTo KpeMHHS [9—18]. OmHako OBICTPOACHCTBUE TABUHHBIX CBETOINOIOB OTPAHIMYNBACTCS EM-
KOCTHBIMH 33I€P’KKaMH, OIPeIeIsIeMbIMU 0apbePHOIl eMKOCTBIO 001aCTH POCTPAHCTBEHHOTO 3apsiia
00paTHOCMELICHHOTO Mepexoaa. B craTbe mokazaHbl KOHCTPYKLIMH JTABUHHBIX CBETOANOIOB CO CHHKEH-
HBIMHU 3HAYCHUSIMHU O0apbepHOH €MKOCTH, YTO o0ecrneunBaeT (yHKIIMOHUPOBAHUE CBETOIMOIOB B THIa-
reprioBoM (CBY) nnanazone 9acTor.

IlpoBenenue 3KcepuMeHTa

Hccnenyembie CTpyKTYpHI JTaBHHHBIX CBETOAMOIOB HA OCHOBE HAHOCTPYKTYPUPOBAHHOTO KPEMHUS
pa3pabaTbIBAINCh C Pa3MepaMy CBETOM3IYYArOIUX MTUKCENCH B JUana3oHe OT €AMHUI] 10 COTEH MHK-
pomeTpoB. Marpuiibl CBETOM3ITYUYAIOIINX T10A0B (OPMUPOBATIUCH 110 paHee pa3paboTaHHON TEXHOIIO-
UM, COBMEIIeHHOH ¢ kpemHueBoi Texnonorueir KMOII UMC. B yacTHOCTH, HCXOIHBIE KPEMHUEBBIC
MOJUTOKKH MTPOBOMIM 110 MapiipyTy uzrotosienns KMOII UMC no onepauuu co3naHusi n-KkapMaHOB
B Nofyiokkax p-tumna [19]. BayTpu n-kapmanoB ¢opmupoBanu auonsl LLIoTTkH Mexay KpeMHUEBOR
MTOJUTO’KKOM M aTFOMHHHEBO-KPEMHHUEBBIMU 371ekTpoaamu (75 ar.% amromunus u 25 at.% KpemHwus).
PucyHOK 311eKTpoJoB co3AaBaid Ipu MOMOILM onepanuil GoTosnTorpaguu 1 JOKaIbHOTO CKBO3HOTO
AQHOMPOBAHUS AJTIOMUHUEBO-KPEMHHEBOW HAHOKOMIO3UTHOH IUIeHKU. [Ipy 3TOM anroMuHMiA TpoKuc-
JSUICS] TOJTHOCTBIO, @ KPEMHUEBBIE HAHOKPUCTAIIBI OKUCIISUIMCH YaCTUYHO, 00pa3ysi KpEeMHHEBYIO Ha-
HOCTPYKTYPY, BCTPOCHHYIO B OKCHIHYIO Marpuily. [locie 3Toro Ha KpeMHHUEBBIX TUIACTHHAX (HOpMH-
pOBaN IBYXYpPOBHEBYIO JIFOMUHUEBYIO METAJUTU3ALMIO C MEXYPOBHEBBIM TUDJIEKTPUKOM U3 OKCHJIA
kpemuwns [19]. ChopmupoBaHHBIE KPEMHUEBEIC YHITHI ITOMETTAIA B KEpaMUIECKHE KOPITyca C pa3BapKoi
KOHTAaKTHBIX IJIOLIAJJOK K KOPITyCHBIM BBIBOJAM IIPY IIOMOIIHN aJIOMHUHUEBON IPOBOJIOKH.

XapaKkTepUCTUKHA CBETOAMOAOB M3Mepsuiuch Ha ycraHoBke LCR-merp (SCX-4725A, HP, CILIA).
VHTEeHCUBHOCTH CBETOBOTO CHTHAJIa PETUCTPHPOBAIACH APCEHUA-TATUIMEBBIM (DOTOJETEKTOPOM C Bpe-
MeHHOH 3ajiepxkoit menee 0,1 mc. B mporecce perucrpaiuy cBeTOBOro CHrHajla orpeensjiach Jac-
TOTa, PU KOTOPOH MHTEHCUBHOCTH CUTHAJA YMEHbIIAIACh B /IBA Pa3a OTHOCUTENIbHO aHAJIOTMYHON Be-
JIMYMHBI, XapaKTePHOU JUIsI HU3KUX YacTOT. DTO CBUIETEIbCTBOBAIO O 3aJCPXKKAX, MPEMSATCTBYIOLUINX
BHEIIHEH MOAYJSILMH CBETOBOTO OTKJIMKA.
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Pesyabrathl HccjiefoBaHuii U X 00CyKIeHHe

dotorpaduu KpeMHHEBBIX YUTIOB C MAaTPUIIAMH JIABUHHBIX CBETOM3IYYAIOUIUX JTUOAOB, cHopMH-
POBAaHHBIX C HCHOJIB30BAHUEM HAHOCTPYKTYpHUPOBAHHOIO KpeMHMs, mpenacTaBieHsl puc. 1. Kak Bua-
HO M3 PUCYHKA, MUHHMAJIbHbIC pa3Mepbl CBETOM3IIYyUAIOIINX MMUKCENIEH COCTAaBIAIOT €IUHULBI MUKPOH
(xkBagparTsl ¢ pa3MepaMu CTOpPoH 9 MKM). MaTpuIlsl CBETOAMOIOB COCTOSIN U3 PAAOB MUKCeNen 5x7,
pacnonoXeHHbIX B popMe MpsIMOyroibHuKa. J{nana3oH pabounx miomaaeil CBeTON3Iy alonnX MUKCe-

neii — ot 100 mo 3 - 10° Mxm>.

e
b c
Puc. 1. dororpaduu MaTpuIl CBETOIMOIOB HA OCHOBE HAHOCTPYKTYPUPOBAHHOTO KPEMHHSL:
a, ¢ — ceeToanopl miomaasio 10* u 100 MKkM? COOTBETCTBEHHO;
b — cBeTomozpl moma e 100 Mxm? ipu yBenmuennn 500 kpar
Fig. 1. Photographs of LED matrices based on nanostructured silicon:

a, ¢ — LEDs with an area of 10* and 100 um?, respectively;
b — LEDs with an area of 100 pm? at 500x magnification

Ha puc. 2 npencrasieHbl 3aBUCUMOCTH CyMMapHOH €MKOCTH cBeTOANn0A0B C OT HAIIPSKEHUS OTPH-
narensHoro cmemeHus U (o (—10) B) ans cBeToAnOmHBIX CTPYKTYp pa3nuyHOH Turomany. Kak BumHO
U3 PUCYHKA, EMKOCTh CBETOAMOJIOB CHIIKAETCS MPU YMEHbIIEHUH MX padoueil Tuiomaan 1 yBeaude-
HUU HaNpsOKEHUs CMELEHUs. DTO CBUJETENBCTBYET O TOM, YTO OCHOBHOM BKJIAJ] B EMKOCTHBIE Xapak-
TEPUCTUKH CBETOAMOIOB BHOCUT OapbepHasi eMKOCTh 00eHEeHHOro ciosi KoHTakra LllorTku. iMenno
IIPU YBEJIMUYCHUN CMELIAIOLIET0 HANPsDKEHUS MIPOUCXOMUT yBEeJIUUEHHE [TyOMHBI 00JIacTH HMPOCTpaH-
CTBEHHOT'0 3aps/ia 1, CJIE0BATENIbHO, EMKOCTh CBETOANO0OB YMEHbIIAETCSI.

1,301
1,12+
1,04 -
0,84 -
2 :
S © 0,78
0,56 1
0,52
0,28-
-10 —I5 0 -10 '_5 0
U,B U,B
a b
N 1,75 1
Puc. 2. 3aBUCUMOCTb CyMMapHOW EMKOCTH CBETOAMOAOB
OT HANpPsDKCHHST OTPHUIIATSIILHOTO CMEIIICHUS
IUISL CBETOAMOMIOB TLIOMIAIBI0, MKM: 2 1,40
a—100; b —150; c — 240 )
Fig. 2. Dependence of the total capacitance of LEDs o8
on the negative bias voltage '
for LEDs with an area, pm?:
a—100; b —150; ¢ — 240 0,70
10 5 0
U,B
c
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Ha puc. 3 npexncraBneH BpeMEHHOH OTKJIMK (DOTOAETEKTOpa HA CUI'HAJ CBETOAMOAA, KOTOPBIN 3a-
[MMTAaH HWMITYJbCHBIM JJIEKTPUYECKUM CHUTHAJIOM TNPAMOYToiabHON (opmbl. Cieayer OTMETHTh, YTO
JUTA CBETOAMOMIOB TWIOAbI0 Gosee 10° MkM? (DyHKIMOHMPOBAaHHE HAOIIONAETCS TOJILKO B Merarep-
LIOBOM JIMAla30HE YacTOT, TaK KaK BPEMEHHBIC 3aJICP)KKH NIPHU IeHEPALUU CBETOBBIX CUTHAJIOB MIPEBBI-
maroT 1 He [5]. U3 puc. 3 BuaHO, 4TO BpeMsi HapacTaHHs CBETOBOIO CHUTHaJa cocTaBisieT 4,5 He, Torna
KaK CcraJl CBETOBOTO CHUTHasa IpoucxoauT 3a 3,4 He. bonee ObicTpoe (hyHKIMOHUPOBAHUE CBETOANO-
JIOB TIPH BBIKJIIOUYCHUN OOBSICHAETCS TEM, YTO ONPENEIISIOINM OBICTPOACHCTBIE TAPAMETPOM SIBIISCT-
cs1 OapbepHasi eMKOCTh 00JIaCTH MPOCTPAHCTBEHHOTO 3apsifa AnojoB LIIoTTku, KoTOpas yMeHbIIaeTcs
MIpH YBEJIMYEHUH CMEIAIOIET0 HANPSKEHHS, UTO Y>K€ OTMEUAIOCh BBIIIE.

1400
4,5 ne 3,4 He
ot

1200

1000
800
600 -

U, MB

400

200 A

—-400 T l; T
0 10 20 30 100 110 120 130 140

Bpemennoit oTkiuk, HC

Puc. 3. BpemenHnoii orkiuk GoTofeTeKTOpa Ha CHIrHal cBeToauoaa pabodeil miomansio 3 - 103 Mxm?

IPYU MPOIYCKAHUK UMITYJICHOT'O BJIEKTPUYECKOr0 CUTHAJIA [TPSIMOYTOJIbHOM (hOPMBI
Fig. 3. Time response of a photodetector to a signal from a light-emitting diode
with a working area of 3 - 10° um? when passing a pulsed electrical signal of rectangular shape

Ha puc. 4 npencraBieHsl pe3yabrarbl U3MepeHus CyMMapHoi eMKocTH C cpOPMUPOBAHHBIX CBE-
TOAMOJOB BCEX MCCIEAYeMbIX 00pa3uoB npu oOpaTHoM HanpsbkeHun 10 B. Beibop manHOrO 3Ha4eHUs
o0ycioBieH TeM, uto nipu cMmemieHun 10 B i 6onee riccnemyeMple CBETOAMOBI M3TyYald CBET BUINMO-
IO Uarna3oHa, IPUYeM CBETOBOW CHUTHAJI PETUCTPUPOBAJICS TaKKe HEeBOOPYKEHHbIM Ia3oM. Kak Buj-
HO U3 pHC. 4, EMKOCTb HCCIEIYEMBIX CBETOAMONOB MPAKTUYECKN JTUHEWHO 3aBUCUT OT MX IUIOIIAIU
JUTSL BCETO TUara3oHa MCCIEIyeMbIX pa3MepoB IKCIIEPUMEHTAIBHBIX 00pa3oB. HesnauntensHOE OT-
KJIOHEHHE OT JIMHEWHOW 3aBUCHMOCTH MIPU YMEHBIICHUH pabouuX IUIOMAAeii MOKHO OOBSCHUTD BIIHSI-
HUEM JIOTIOJHUTEIbHON EMKOCTH Pa3IeIUTEIbHOIO JUICKTPUKA aHOTHOTO OKCHUJIA aTIOMUHUS, PacHo-
JIO’KEHHOTO MEXIy aTIOMHUHHEBON pa3Boakoid. Ho 1 B 3TuX cTpyKTypax OaphepHas eMKOCTh KOHTaKTa
[loTTKM ABASETCS TOMUHUPYIOLIEH B M3MepseMoil cymMmMapHOi emKkocTu. Ha puc. 4 Takxke npuBeieHbl
3HAYCHUST MAaKCUMAIIbHOW 9aCcTOTHI (DYHKITMOHUPOBAHUS CBETOIHOIOB.

DKcIeprMeHTaTbHBIE H3MEPEHHSI TPOBOIMIIMCEH IS CBETOANOIOB C YMEHBIIIEHHEM pabodeil Tio-
maau ot 3 - 10° mo 10* mxm2. 3HaueHUe MIPEeNeTBLHON YaCTOTHI TIPU 3TOM yBeIHUnBaiochk oT 300 MI'1g
10 6 I'Tu. Ilpu 3ToM TexHHYeCcKHe BO3MOKHOCTH MIPUMEHIEMOro 000pyI0BaHHS HE TIO3BOJIHIIN IPOBO-
JUTHh U3MEPEHUS TP OoJiee BRICOKMX YacTOTaX MOMYISIAA. VIcronb3yst B KauecTBE OCHOBHI AKCIIEpPH-
MEHTAJIbHO YCTAaHOBJICHHYIO JIMHEHHYIO 3aBHUCUMOCTH TIPEIEIBbHON YacTOThl MOIYISIIIUK OT pabodeit
IIJIOIIA/IA CBETOJIMO/IOB, HA PUC. 4 TPEACTaBIEHBI 3KCTPAINOINPOBAHHBIE JaHHBIE /I IPEENIbHBIX Yac-
TOT MOYIISIIMU CBETOAMOOB TUIomaabio Menee 10* Mxm? (puc. 4, IpepbIBUCTas TMHHIS).

Ha ocHoBe aHanm3a mpuBeNEeHHBIX 3KCTPANOINPOBAHHBIX JTaHHBIX MOKHO C/I€JaTh BBIBOZ O TOM,
YTO B pe3yJibTare yMEHbIICHUsI pabouyell EeMKOCTH CBETOIMOAOB A0 3HayeHnd MeHee | nd npenenbHas
4acTOTa MOAYJSIIUH JIABHHHBIX CBETOAHMOMOB OymeT coorBercTBoBarh BemmunHam 100 I'Tm u Gomee.
Tako¥ BBIBOJI MOATBEPIKAACTCS Pe3yibTaTaMU UCCIICOBAHUIN JPyruX aBTopoB [20—24], HaOM0AaBIINX
paboTy JIaBUHHBIX CBETOAMOAOB B yacTOTHOM auanazoHe 10—-100 I'T'u. B pa3BuTe npenctaBieHHOTO
BBIBOJIA MOJKHO TIPENIIONIOKHUTh, YTO YMEHBIIIEHHE pa3Mepa padodeil mionaan JaBHHHBIX CBETOINO/IOB
10 1 MkM? T03BONIMT MM (GyHKIMOHHUPOBaTh BO BceM CBU-mmana3one 4acTor. DTO COMacyeTcs ¢ u3-
BECTHBIM CBOWCTBOM JIABUHHOTO MPOOOSi B KPEMHHH, Il KOTOPOTO XapaKTepHA BpeMEHHasl 3a1ePiKKa
menee 0,1 nic [25], YTO NO3BOJUT OCYIIECTBISATH MOAYIISILIMEO CBETOBOTO CUTHAJIA HA YaCTOTaX BIUIOTh
JI0 TEparepIioBOro Juaras3oHa.
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Puc. 4. 3aBUCUMOCTb CyMMapHOH €MKOCTH JIABUHHBIX CBETOAMOAOB U MX YaCTOTHI MOAY/ISILIUA
OT IJIOIIA/IN CBETOIUO/IOB
Fig. 4. Dependence of the total capacitance of avalanche LEDs and their modulation frequency
on the area of the LEDs

3aKJIIoueHue

1. AHanu3upys pe3ybpTaThl HCCIEIOBAHNH, MOKHO OTMETHTb, UTO TIPOTPECC B CO3/TaHUH JTAaBUHHBIX

CBETOJHMO/I0B HAa OCHOBE HAHOCTPYKTYPUPOBAHHOTO KPEMHHMS OTKPHIBAET HOBBIE IIEPCIICKTUBHI IS pa3-
BUTHUs KpeMHHUeBOH ¢otonuku [1, 26-31]. IlpencraBnsercs BOZMOXHBIM CO34aHUE OBICTPOACHCTBY-
IOLIMX ONTHYECKUX MEKCOSTUHEHHH MHTETPAIBHBIX CXEM, CIIOCOOHBIX (PYHKIIMOHUPOBATH HE TOJILKO
B CBY-unanazoHe 4acToT, HO M MY MOCIEI0BaTeIbHOM YMEHBIIEHHH Pa3MepOB JIABUHHBIX CBETOHO-
JIOB — B TE€pareploOBOM JIMara3oHe, COOTBETCTBYIOIIEM IMIIEPBBICOKOMY AMAIAa30HY YacTOT.

2. Pabota BrITTONTHEHA TIpH (PETHAHCOBOH MoAIepxkKe bernopycckoro pecyomukanckoro houaa GyH-

JaMEHTaJIbHBIX uccienoBaHuil, mpoekTsl No T23M3-018 u Ne T24B-009.
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INFLUENCE OF ZIRCONIUM DOPING ON THE DIELECTRIC PROPERTIES
OF HAFNIUM OXIDE FILMS
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Abstract. A comparison of the dielectric characteristics (relative permittivity, dielectric loss tangent, band gap, lea-
kage current and breakdown voltage) of hathium and hafnium-zirconium oxide films was carried out. It is shown that
pulsed reactive magnetron sputtering of a Hf target in an Ar/O, working gas environment can be used to obtain HfO,
films with a relative permittivity of € = 12.5-16.0 and € = 12.0-14.0 at frequencies of F =1 kHz and F'= 1 MHz,
respectively, with a dielectric loss tangent of tga. = 0.012-0.022 (¥ = 1 kHz) and tga. = 0.053-0.062 (F = 1 MHz),
a leakage current density of J;, = (1.0-3.0) - 10 A/m? at an electric field strength of £ = 5 - 107 V/m, with
a band gap of E, = 5.85-5.87 eV and a breakdown field strength of £, = (2.1-2.4) - 10® V/m. Doping of hafnium
oxide with zirconium (40 at.%) made it possible to reduce the dielectric loss tangent to 0.008-0.012 (F = 1 kHz)
and to 0.04-0.05 (F = 1 MHz), the leakage current density to (3—5) - 107> A/m?, and increase the breakdown voltage
to (2.5-3.0) - 10® V/m. At the same time, a slight increase in the relative permittivity of the films to 14-16 was
observed at frequencies of 1 kHz and 1 MHz due to a decrease in frequency dispersion from 1.15 to values less
than 1.10 and an increase in £, to 5.86-5.89 eV.

Keywords: thin film, hafnium oxide, hafnium zirconium oxide, reactive magnetron sputtering, composite target,
dielectric properties.
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BJIMAHMUE JIETUPOBAHUSA HUPKOHUEM
HA JINRJIEKTPUYECKHUE CBOVMCTBA IIJIEHOK OKCHJIA TA®HUSI

JI. A. TOJIOCOB!, JI)K. IXAHI2, C. M. 3ABAJICKHI', C. H. MEJIbHUKOB', X. T. JOAH?,
I1. A. AJJEKCAH/IPOBUY!

! Benopycckuii 20cyoapcmeentvlil ynusepcument unGopMamuxu u paouod1eKmponuKu
(Munck, Pecnyonuka Benapyco)
’Cuanvcxuti nonumexnuueckutl ynusepcumem (2. Cuanv, Kumaiickas Hapoonas Pecny6nuka)
SBoemnamcras napoonas eoenno-woperas axademus (2. Havane, Coyuanucmuyeckasn Pecnybnuxa Bvemnam)

AHnHoTanus. [IpoBeeHo cpaBHEHNE TUIIEKTPUUCCKUX XapaKTEPUCTHK (OTHOCHTEIBHON ANAIIEKTPHIECKON TTPO-
HHUIIAEMOCTH, TAaHTEHCA YIVIa AWAIEKTPUUIECCKUX MOTEPh, MIMPHUHBI 3aMPELICHHOI 30HbBI, TOKA YTEUKH U IPOOUB-
HOTO HAaNpsOHKEHUsI) IUIEHOK OKCHIOB raduusi U radpHus-nupkoHus. Iloka3zaHo, 4TO UMITYIbCHBIM PEaKTHBHBIM
MarHeTpoHHBIM pacnbuieHrneM Hf-mumenu B cpene padounx razoB Ar/O, MoryT ObITh TonydeHsl mienkn HfO,
C OTHOCHUTENILHOM JUANEKTPUUECcKON mpoHuIaeMoctbio € = 12,5-16,0 u € = 12,0-14,0 na yacrorax F = 1 kl'1
n F =1 MI'1 COOTBETCTBEHHO, C TAHICHCOM yIJIa JUAJIEKTpuueckux moreps tgp = 0,012-0,022 (F = 1 x['n)
u tgp = 0,053-0,062 (F =1 MI'), mIOTHOCTBIO ToKa yTeuku J; = (1,0-3,0) - 1073 A/M> npu HanpsHKEHHOCTH DIIEKT-
puueckoro noms E =5 - 107 B/m, ¢ mmpuHoii 3anpemenHoii 30861 E, = 5,85-5,87 5B ¥ HaNpPsKEHHOCTHIO OIS
npobos £, = (2,1-2,4) - 10% B/m. JlerupoBanune okcuza radpaus mupkonueM (40 at.%) Mo3BONMIO YMEHBIIUTE
TaHTEHC yTia JudJekTpudeckux norepb 1o 0,008-0,012 (F =1 xI'n) u mo 0,04-0,05 (F = 1 MI'1), INIOTHOCTH
ToKa yreuky — 10 (3-5) - 10~ A/M?, yBenuuuth npobuBHOe Hanpsxenue 10 (2,5-3,0) - 108 B/m. Ilpu sTom Hab-
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JFOAIIOCh HE3HAYHUTEIIEHOE MOBBIIICHHE OTHOCUTEIFHON AMANEKTPHUCCKON TPOHUIIAEMOCTH IICHOK 10 14—16
Ha gactotax | k['mu | MI'1 3a cyeT yMeHbIIEHHs YaCcTOTHOU aucnepcu ot 1,15 mo 3Hagenuit menee 1,10 u yBe-
nnaenus E, 1o 5,86-5,89 9B.

KiroueBrble c10Ba: TOHKAs IIJICHKA, OKCHU rag’pnna, OKCH I‘a(i)HI/IH-IlI/IpKOHI/IH, PCAKTUBHOC MAaruHeTpoOHHOC pacCIibl-
JICHUEC, COCTaBHas MHUIICHb, AUDJICKTPUICCKHUC CBOIICTBA.

Kongankt uHTEpecoB. ABTOPHI 3asBISIIOT 00 OTCYTCTBUHU KOH(IMKTa HHTEPECOB.

Jis uuTupoBanus. BiusiHue JerupoBaHus IMPKOHUEM Ha JUAJIEKTPUYECKUE CBOMCTBA INIEHOK OKcuIa raduus /
. A. Tonocos [u ap.] // Hoxaamer BI'YUP. 2025. T. 23, Ne 2. C. 12—19. http://dx.doi.org/10.35596/1729-7648-
2025-23-2-12-19.

Introduction

In recent years, there has been an increase in research aimed at studying the properties and deve-
loping technologies for depositing thin films of dielectrics with high permittivity (high-k dielectrics),
and, in particular, hafnium oxide (HfO,) [1]. Hafnium oxide has high permittivity (¢ = 16-25), a large
band gap (E, = 5.6-5.8 €V), high thermodynamic stability at the interface with silicon, and high energy
barriers for electrons and holes relative to silicon (2.0 and 2.5 eV, respectively) [1-3]. The combination
of these properties creates great prospects for the use of amorphous HfO, films in silicon microelectro-
nics as an alternative to silicon dioxide in metal-oxide-semiconductor (MOS) structures. As a result,
the electrical properties of HfO, thin films have been extensively studied, and it has been shown that
amorphous hafnium oxide has improved dielectric properties compared to the strong crystalline phase [4].
However, amorphous hafnium oxide does not have sufficient thermal stability and tends to crystallize
at temperatures of 400—450 °C [5, 6]. Crystalline HfO, is polymorphic and can have three modifications
of the crystal lattice in the bulk state: monoclinic, tetragonal and cubic [7]. In this case, the dielectric
characteristics depend on the forming structure of the deposited films. In addition, during crystallization,
a number of defects in the structure of polycrystalline films are formed, which lead to an increase in lea-
kage currents along grain boundaries [1]. This significantly limits the applicability of hafnium oxide
in MOS structures. One of the methods for improving the properties and obtaining heat resistant amor-
phous HfO, films is based on doping hafnium oxide with impurities (e. g. Si, Al, Y, Gd, La, etc.) [§-12].
One of such materials is zirconium, since zirconium oxide ZrQO, has great similarity to hafnium oxide
in structural modification, chemical and physical properties and allows improving the heat resistance
of HfO,. Films of solid solutions of hafnium-zirconium oxide (Hf,_,Zr,O,) have been widely studied
and were initially considered exclusively as linear dielectrics [ 13]. Interest in them was due to the search
for materials with high permittivity. In 2011, ferroelectric layers were obtained for the first time by do-
ping HfO, with zirconium oxide ZrO,, and it was found that the highest polarization was obtained
for film composition Hfj) sZr, 5O, [14]. This further increased interest in Hf,_ Zr, O, films.

One of the promising methods for forming multicomponent oxide films is the method of reactive
magnetron sputtering of composite targets, i.e. targets consisting of a matrix of one metal with inserts
of other metals [15]. This method allows obtaining multicomponent films with an arbitrary number
and content of elements using one magnetron. However, to date, there are practically no publications
that would analyze the features of the sputtering processes of composite targets during reactive sputter-
ing. Thus, the aim of the work was to study the effect of zirconium doping on the dielectric properties
of hatnium oxide films when using reactive magnetron sputtering of a composite target.

Experiment

The deposition of hafnium and hafnium-zirconium oxide films was performed by pulsed reactive
magnetron sputtering of Hf and Hf-Zr targets in an Ar/O, working gas mixture. To deposit hathium oxide
films, a Hf target (99.9 % purity) €80 mm and 2 mm thick was used. To deposit hafnium-zirconium
oxide films, a Hf-Zr composite target &80 mm and 2 mm thick was used, which consisted of two sectors
of Hf (99.9 % purity) and Zr (99.9 % purity) in an area ratio of 10:12 (Fig. 1). The ratio of the target
sector areas was selected based on the condition of depositing films with an atomic ratio of Zr and Hf
in the film of 1:1, which corresponds to the region of formation of a solid solution Hf,_Zr,O, with stable
ferroelectric properties.
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Fig. 1. Scheme (a) and appearance (b) of Hf-Zr composite target

During the experiments, substrates made of highly doped n-type monocrystalline silicon Si(100)
and polished optical quartz JGS-1 were mounted on a substrate holder at a distance of 120 mm from
the magnetron target surface. The offset of the substrate holder axis relative to the magnetron axis
was 100 mm. The substrate rotation rate was 24.5 rpm. The vacuum setup chamber was evacuated
to a pressure of 1073 Pa and the substrates were ion-cleaned. For this purpose, Ar was supplied to the ion
source. The argon flow was 20 sccm. The cleaning time, voltage and discharge current were constant
in all experiments and were ¢ = 2 min, U, =90 V, [, = 6.0 A, respectively. Then the films were deposi-
ted. For this purpose, a gas mixture (Ar/O,) was supplied to the magnetron gas distribution system.
The oxygen content in the chamber (Gg,) varied from 0 to 100 % with a total gas flow rate of 60 sccm.
The pressure in the chamber was 0.08 Pa. The flow rate of the working gases was controlled using
mass flow controller RRG-1. The magnetron was powered by a unipolar pulse current (pulse fre-
quency F, = 10 kHz, duty cycle D = 80 %). The magnetron discharge current was maintained cons-
tant in all experiments and was I, = 1.5 A. The thickness of the deposited films was about 100 nm
and was regulated by the deposition time. The thickness of the deposited films was determined using
a POI-08 optical interferometric profilometer. The elemental composition of the deposited films was
analyzed by energy-dispersive X-ray spectroscopy (EDX) using a Bruker QUANTAX 200 Energy
Dispersive X-ray spectrometer attachment to a Hitachi S-4800 high-resolution field emission scanning
electron microscope.

The dielectric characteristics of the deposited layers were measured on test MOS structures.
For this purpose, the upper Ni electrode was deposited on the oxide film through a mask using the ion-
beam sputtering method. The area of the upper capacitor electrode was 0.096 mm?. The capaci-
tance and dielectric loss tangent in the frequency range from 25 Hz to 1.0 MHz were obtained using
an E7-20 immittance meter. The permittivity values were calculated based on the dielectric layer thick-
ness and the capacitance of the capacitor structure. The frequency dispersion of the relative permittivity
was calculated as the ratio of the ¢ values at a frequency of 25 Hz and 1.0 MHz

€(25 Hz)

77 ¢(1.0 MHz)’

To measure the current-voltage characteristics of the structures, a constant voltage was applied
to the capacitor, changing from (—20) to 20 V, and the current flowing through the capacitor was recorded.
The breakdown voltage of the MOS structures was recorded using a TR-4805 transistor characteristic
tracer. During the measurements, a direct positive voltage was applied to the upper plate of the capacitor
and increased from 0 to 50 V at a rate of 0.2 V/s. The breakdown voltage U, was recorded by a sharp
increase in the current through the capacitor with a current limit of 10 mA. During the research, all elect-
rical measurements were made on 10 capacitors from the array and the obtained data were averaged.
Optical transmission spectra in the range of 190-900 nm were obtained using a Proscan MS-121 spect-
rophotometer. The width of the band gap of the films was determined by the edge of their intrinsic
optical absorption.
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Results and discussion

Fig. 2 shows the dependences of the permittivity and the dielectric loss tangent of the HfO, films
on the oxygen concentration in the Ar/O, gas mixture. The studies have shown that the formation of in-
sulating films was observed at an oxygen concentration in the Ar/O, gas mixture of more than 12.5 %.
Atalower oxygen concentration, the films were electrically conductive and had high values of the dielect-
ric loss tangent (tgp > 0.5).

30 tgp
0.12
B 0.10 |
2207 | Kz 0.08 -
=
Z ol :‘_/f/\\B:g:g 0067 \ﬂ.z/o/"’/o
S0l i
o 1 MHz 0.04
5+ 0.02 .\‘inZ/_/./‘
0 1 1 1 1 1 1 0 1 1 1 1 1 1
10 15 20 25 30 35 40 Gop, % 10 15 20 25 30 35 40 Goy, %
a b

Fig. 2. Permittivity (@) and the dielectric loss tangent (b) of hafnium oxide films
as a function of the oxygen concentration in the Ar/O, gas mixture

At G, more than 16.7 %, films with a permittivity from 12.5 to 16 were deposited (Fig. 2, a). In this
case, tgp was less than 0.02 at a frequency of 1 kHz and less than 0.06 at a frequency of 1 MHz (Fig. 2, b).
It should be noted that when G, changed in the range from 16.7 to 37.5 %, the values of ¢ and tge
were practically independent of the oxygen concentration. Analysis of the frequency dependences of the
capacitance and dielectric loss tangent showed that the films deposited at an O, concentration of 16.7
to 37.5 % had low values of frequency dispersion (D = 1.15) and dielectric loss tangent over the entire
frequency range (from 25 to 10° Hz) (Fig. 3). The leakage current density J; of hafnium oxide films
at zero bias was less than 10~ A/m? (Fig. 4). In the films deposited at a low oxygen concentration (less
than 12 % O,), dielectric breakdown occurred at an electric field strength of £ = (3.0-5.0) - 107 V/m.
For the films obtained at an oxygen concentration of 12.5-16.7 %, the leakage current smoothly increased
with an increase in the bias voltage and reached a limit of 0.1 A/m? at E =5 - 107 V/m. At higher oxygen
concentrations (over 20 %), the leakage currents decreased to (1.0-3.0) - 102 A/m* at E=5 - 107 V/m.
The band gap of hatnium oxide films in the O, concentration range from 16.7 to 41.6 % remained prac-
tically the same and was 5.85-5.87 eV (Fig. 5, a). At lower oxygen contents, E, decreased to 5.5 eV.
The breakdown field strength for films deposited at an oxygen concentration of over 25 % was within
the range of (2.1-2.4) - 10® V/m (Fig. 5, b).

tge

25 0.12 £

20+ 0.10F
® 1 0.08 -
2 157 '—'lr--._._._l.__._._._.___“
Z 0.06
b= %o 90009000 o
g 10+ \_ e 1
= 2 0.04 2
[

T 0.02
0 Lyl ol vl vl Laanann O ox vl PR RTIIT oa vl L vl BRI
10 10 100 100 100 10 10 100 100 100 100 10°
Frequency, Hz Frequency, Hz
a b

Fig. 3. Frequency dependences of the permittivity (a) and the dielectric loss tangent (b) of HfO, films deposited
at different oxygen concentrations in an Ar/O, gas mixture: 1 —20.8 %; 2 —37.5 %
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Fig. 4. Dependence of leakage current density on electric field strength for hafnium oxide films deposited
at different oxygen concentrations in Ar/O, gas mixture: @ — 9.0 %; b — 16.7 %; ¢ — 26.0 %
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Fig. 5. Dependences of the band gap (a) and the breakdown electric field strength (b)
of hafnium oxide films on the oxygen concentration in the Ar/O, gas mixture

The effect of zirconium doping on the dielectric characteristics of hafnium oxide films was also
studied. To establish a correspondence between the sputtering process parameters, the elemental con-
tent in the films and their properties, the elemental composition of the films deposited by sputtering
the Hf-Zr composite target was studied. The elemental content analysis by the EDX method showed
that when sputtering the Hf=Zr composite target, the metal content in the films was C,, = 40.02 at.%
and Cy;=59.98 at.%, respectively. Fig. 6 shows the frequency dependences of the permittivity and the di-
electric loss tangent of the hafnium-zirconium oxide films deposited at different oxygen concentrations
in the Ar/O, gas mixture. The insulating Hf; ¢Zr, 4O, films were formed at G, greater than 12.5 %.
With an increase in the oxygen concentration, a decrease in € and dielectric losses was noted, especially
at high frequencies. It should be noted that the films deposited at G, above 20 % were characterized
by an extremely low frequency dispersion value (D less than 1.1).

Fig. 7 shows the dependences of the relative permittivity and the dielectric loss tangent
of the Hf}, ¢Zr, 40, films on the oxygen concentration in the Ar/O, gas mixture. When doped with zirco-
nium, the permittivity of the hafnium oxide films remained practically the same. However, due to the de-
crease in frequency dispersion, a slight increase in € was observed at high frequencies (Fig. 7, a). Di-
electric losses at a frequency of 1 kHz were less than 0.01, and at a frequency of 1 MHz they decreased
to 0.05-0.06. It should also be noted that € and tge of the hafnium-zirconium oxide films remained
practically the same when G, varied from 25 to 50 %.
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Fig. 6. Frequency dependences of the permittivity (a)
and the dielectric loss tangent (b) of Hf,_ Zr,O, films
deposited at different oxygen concentrations in the Ar/O, gas mixture:
1-12.5%;2-16.7%;3-29.2-41.7%
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Fig. 7. Dependences of the permittivity (a) and the dielectric loss tangent ()
of hafnium-zirconium oxide films
on the oxygen concentration in the Ar/O, gas mixture

Fig. 8 shows the dependences of the leakage current density on the electric field strength for haf-
nium-zirconium oxide films deposited at different oxygen concentrations in the Ar/O, gas mixture.
The leakage current density of the Hf ¢Zr, 4O, films at zero bias for all samples deposited at G,
above 12.5 % was less than 1075 A/m?. When a constant bias voltage was applied, the leakage current
increased, and for the sample deposited at G, = 12.5 %, it was 2.0 - 102 A/m? (Fig. 8, a). With an in-
crease in the oxygen concentration in the Ar/O, gas mixture, the leakage current density at a cons-
tant bias voltage decreased, and at G, above 30 % (Fig. 8, ¢), films with J, = (3.0-5.0) - 1075 A/m?
at E=5- 10" V/m were obtained.

Fig. 9 shows the dependences of the band gap and the breakdown field strength
of Hfy ¢Zr, 40, films on the oxygen concentration in the Ar/O, gas mixture during film deposition.
The band gap of the films (Fig. 9, a) at G, over 20 % was 5.87-5.89 ¢V and exceeded the E, values
of hafnium oxide. To compare, the band gap of hafnium oxides was 5.85-5.87 eV. The breakdown
field strength of the films did not depend on the oxygen concentration and at Gq, over 16.7 %
was (2.5-3.0) - 10% V/m (Fig. 9, b).
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Fig. 8. Dependence of leakage current density on electric field strength for hafnium-zirconium oxide films
deposited at different oxygen concentrations in Ar/O, gas mixture: a — 16.7 %; b —25.0 %; ¢ —29.2-41.7 %

E,, eV
5.95 & 35
5.90 |- 2 3.0
5.85 - o Z 25t
5.80 = gL
2>
575 §°§1.5 -
o X
5.70 § 1.0 |-
5651 T 05|
5.60 | | | | | Il 1 E O Il | Il Il Il Il 1
10 15 20 25 30 35 40 45Gox % 10 15 20 25 30 35 40 45 Gon, %
a b

Fig. 9. Dependences of the band gap (a) and breakdown field strength (b) of hafnium-zirconium oxide films
on the oxygen concentration in the Ar/O, gas mixture

Conclusion

1. The analysis of the obtained results shows that the method of pulsed reactive magnetron
sputtering of a Hf target in an Ar/O, working gas mixture can be used to depositing hafnium oxide
films with € = 12.5-16.0 (F = 1 kHz), ¢ = 12-14 (F = 1 MHz), tgp = 0.012-0.022 (F = 1 kHz)
and tgo = 0.05-0.06 (F = 1 MHz), E, = 5.85-5.87 eV, E, = (2.1-2.4) - 10° V/m and relatively low lea-
kage currents J;, ~ (1.0-3.0) - 103 A/m? at E =5 - 107 V/m. It should be noted that hafnium oxide films
with good dielectric characteristics were formed in a relatively wide range of oxygen concentrations
in the Ar/O, gas mixture (from 20.0 to 37.5 %) and the characteristics of the films were practically inde-
pendent of G,. Doping of hafnium oxide with zirconium (40 at.%) allows to increase the permittivity
from 12.5-16 to 14-16 at a frequency of 1 kHz and from 12—14 to 14-16 at a frequency of 1 MHz due
to the reduction of frequency dispersion from Dy = 1.15 to values less than 1.1, to decrease the dielect-
ric loss tangent to 0.008-0.012 at a frequency of 1 kHz and to 0.04-0.05 at a frequency of 1 MHz,
to decrease the leakage current from (1.0-3.0) - 103 A/m? to (3-5) - 10° A/m?> at E =5 - 10" V/m
and to increase the breakdown voltage from (2.1-2.4) - 108 V/m to (2.5-3.0) - 10® V/m. At the same time,
the band gap of the films remained practically the same and amounted to 5.87-5.89 eV. The obtained
characteristics of the Hfj ¢Zr, 40, films are also observed in a relatively wide range of oxygen concen-
trations, which should ensure high reproducibility of the properties.

2. The research was carried out within the framework of scientific project No T23ME-013 with
the financial support of the Belarusian Republican Foundation for Basic Research.
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CUHTE3 IVIEHOYHBIX CILTABOB KPEMHUI-TEPMAHUI
HA OCHOBE XUMHNYECKH ®OPMHUPYEMBbIX CJIOEB
IHOPUCTOI'O KPEMHUA

H. JI. TPEBIIOB

benopycckuii 2cocyoapcmeennuiil ynugepcumenm un@OpMamuxi u paouodieKmpoHuKy
(Munck, Pecnybnuxka Benapyco)

Aunnoranust. Vccnenosan npouecc (OpMUPOBaHHS TUICHOK CIUIABOB KPEMHUH-TE€PMaHUN MyTEM 3JIEKTPOXUMHU-
YECKOTO 3aMOTHEHUSI OPHCTOW KPEMHUEBOW MaTPHIIBI TePMAHUEM C TTOCIEAYIOMNUM OBICTPBIM TEPMHUYECKUM OT-
skuroMm mipu temmeparype 950 °C B motoke aprona. Ciiom MOPUCTOrO KPEMHUS HU3KOH TMOPUCTOCTH TOTYUYEHBI
METaJI-CTUMYIHUPOBAHHBIM XUMHUECKAM TPaBICHHEM CIa0O0JeTHpOBaHHBIX KpEeMHHEBHIX MiacTuH. Ilokaszano,
4yT0 c(popMUpPOBAHHAS B JAaHHOM TEMIIEPATYPHOM PEKUME IUICHKA CIIJIaBa BCET/a PAcIoNOKeHa Ha OCTaTOYHOM
MTOPUCTOM Toficinoe. [Ipu 3ToM pa3iuyme B TONIIMHE HUCXOAHOTO CJIOS MMOPUCTOTO KPEMHHS OMpPEAesieT He TOIb-
KO TOJIIIMHY JAaHHOTO IOJCIIOS, HO M TONIIMHY CaMOH IUIGHKU CIUIaBa, a TaKXKe ee COCTaB. Takoe IoBeneHHE
0OBACHACTCS PA3IUUUAMH B pacpeelICHUN TPaIueHTa TEMIIEPaTyphl: B cirydae 00jIee TOICTHIX HOPHUCTHIX CI0EB
OTBOJ TeTlJIa OT MPUMIOBEPXHOCTHON 00TACTH CIIOS OCIOKHACTCS B CBSI3U C HU3KOHM TETUIONPOBOJHOCTHIO MOPHC-
TOTO KPEeMHUS, U OHA MOABEPTaeTCsl HarpeBy B OONbIIEeH Mepe, MPHBOAS K POCTy Ooliee TOICTOrO CJos CIIIaBa
C TIOBBIIICHHBIM CONEepKaHUeM KpeMHus. [Ipenmonaraercs, 4To HaJHMYUE TIOPUCTOTO ITOJICIOS CIIOCOOHO odecte-
YHUTH TEIUIO- U AIIEKTPOUIOIISLUIO C(OPMUPOBAHHOM TICHKH CIUIABA, YTO UCKIIIOUUT HEOOXOMMOCTD €€ IepeHoca
Ha JUANIEKTPUUYECKYIO MOIOKKY JUTS TOCIEAYIOMIEro UCTIONB30BAHUS B COCTABE TEPMOIIEKTPHUECKUX Mpeodpa-
30Bareliel U MHBIX YCTPOUCTB.

KuroueBble cj10Ba: MOIYNPOBOAHUKM, TOHKHME IIJICHKH, MOPUCTBIM KpPEeMHMH, CIUIaB KpEeMHHM-repMaHuii,
XUMHYECKOE TPaBIEHUE, METAII-CTUMYIUPOBAHHOE TPABICHHE, MEKTPOXUMHUECKOE OCAXKAECHUE, JIETKOILIIABKHE
METaJIJIbl, TEPMOIJIEKTPUUECKUE MaTepualibl, PaMaHOBCKast CIEKTPOCKOIIHSL.

Kongaukt unTEepecoB. ABTOp 3asBIACT 00 OTCYTCTBUU KOH(PIUKTA HHTEPECOB.

BaaromapHocTs. ABTOp BhIpakaeT OnarogapHocts M. M. 'aBpununy u B. I1. bongaperko 3a momoris B 00Cyx/ae-
HHUM Matepuana, a Taoke /1. B. XKurynuny 3a nposenenne POM- u EDX-aHanu3a skcriepiMeHTa bHBIX 00pa3IioB.

Jas nutuposanus. I'pesuos, H. JI. CuHTe3 IUIEHOYHBIX CIUIABOB KPEMHUI-TépMaHUI Ha OCHOBE XMMHYECKHU
dhopmupyembix croes nopuctoro kpemuwns / H. JI. I'pesros // Joxnamer BI'YUP. 2025. T. 23, Ne 2. C. 20-27. http://
dx.doi.org/10.35596/1729-7648-2025-23-2-20-27.

SYNTHESIS OF SILICON-GERMANIUM FILM ALLOYS BASED
ON CHEMICALLY FORMED POROUS SILICON LAYERS

N. L. GREVTSOV

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

Abstract. Formation of silicon-germanium alloy films by electrochemically filling a porous silicon matrix with
germanium and subjecting it to rapid thermal processing at 950 °C in argon flow is investigated. Low-porosity po-
rous silicon layers are obtained using metal-assisted chemical etching of lightly-doped silicon wafers. It is shown
that the alloy film formed in the employed temperature regime is always located on a residual porous underlayer.
The difference in the thickness of the initial porous silicon layer determines not only the thickness of this un-
derlayer, but also that of the alloy film itself, as well as its elemental composition. This behavior is attributed
to the difference in the distribution of the temperature gradient, as heat transfer from the subsurface region is great-
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ly complicated due to reduced thermal conductivity of thicker porous layers, causing it to be subjected to hig-
her temperatures and leading to the growth of a thicker alloy layer with increased silicon contents. Assumingly,
the presence of a porous underlayer can thermally and electrically insulate the alloy film from the monocrystalline
wafer, eliminating the need to transfer the film to a dielectric substrate for subsequent use in thermoelectric con-
verters and other electronic devices.

Keywords: semiconductors, thin films, porous silicon, silicon-germanium alloy, chemical etching, metal-assisted
etching, electrochemical deposition, fusible metals, thermoelectric materials, Raman spectroscopy.
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BBenenue

CrutaBel kpemaui-repmanunii (Si;_Ge,) UIHTENFHOE BPEeMsl UCIIONB3YIOTCSI B BBICOKOTEMITEPATYP-
HBIX TEPMORJIEKTPUUECKUX MPeoOpa30BaTessIX C BHICOKUMH CTAaOMIBHOCTBIO M TEPMORJIEKTPUUECKOM
a¢dextuBHOCTHIO [1]. Bhimatonmuecs: TepMosniekTpruaeckue cBoiicTa mpu temneparypax 800—-1100 °C
o0ecreunBaloT MUPOKUH CIEKTp o0nacTell NX MPUMEHEHUs, HaulHasi OT YTHJIM3ally TeIla U 3aKaH-
YUBasi UCIOJIb30BAHUEM B COCTABE TEPMOIJIEKTPUUECKUX T€HEPATOPOB AJIsl KOCMHUYECKUX MHUCCUH [2].
Tem He MeHee B CBSI3U C BHICOKOH CTOMMOCTBIO KpHcTamueckoro Ge 1 ero raz000pa3HbIX MPeKypco-
poB aus monyveHus crutaBoB Sip_ (e, 0OBIYHO MCIONB3YIOTCS COCTaBhl ¢ HU3KOW KOoHIEeHTparuend Ge
(marmpumep, Sij 3Ge, ,), HE 00nanaromue TpeOyEeMBIMHU SIEKTPOPU3NIECKUMH TapaMeTpamMu 1 dpPek-
TUBHOTO TEPMOAIIEKTPHUIECKOro peodpazoBanus [3]. Takum oOpa3oM, B HacTosIee Bpems pa3padoT-
Ka HOBOTO HEJOPOToro MojaxoAa K moiydeHuro cioeB Si;_Ge,, TO3BOMSIOIEr0 B NIMPOKUX MpeAenax
YIpPaBIsATh KOJMYECTBEHHBIM COOTHOLIEHHEM KOMIIOHEHTOB 0O€3 CYIIECTBEHHOTO BIMSHHS Ha CTOH-
MOCTb, OCTA€TCA AKTYaJIbHOW 3aJauei.

Kontponupyemass mopconoruss nmopucroro kpemuus (I1IK) oTkpsiBaeT 3amMaH4MBBIE MEPCIIEKTH-
BbI JUI €r0 UCIOJIb30BaHUS B KAUECTBE CTPYKTYPHOH MAaTpPHUIBI C LIEIbIO CO31aHUsSI HAHOKOMIIO3UTOB
U CI1aBoB [4]. B HEKOTOPBIX UCCIETOBAHUSAX OTMEUAETCS, YTO CUIBbHOJETUPOBAHHBIN ME30MOPUCTBIN
[IK MokeT nmpuMeHSTbCs Il M3roToBiIeHus cioeB Siy_ (Ge, myTeM 3arojHeHus Mop TepMaHueM U I0-
cienyromeit repmoodpadotku [5]. Tem He MeHee MOAXOA, MOAPA3yMEBAIOMIMN 3JIEKTPOXUMHUYECKOE
ocaxkeHue u3 pactBopa Ha 6aze GeO,, He MO3BOJISIET 3AMOTHUTH TEPMaHHUEM MOPHI B cllaboIerupoBaH-
HoM [1K. TIpoGnemoit ocraercst TakKe HETaTHBHBIN BKIIAJ B AIEKTPOPU3NUECKUE TTAPAMETPhI CITABOB
HIDKEJIEKae MOHOKPUCTAIIIINYECKON TTOIOKKH.

Jist ocaxeHus repMaHust Ha ci1a00JerUpOBAHHbBIC TIOIOKKN MOXKET OBbITh CIIOIb30BaH JIEKTPO-
XUMUYECKHI POCT 110 MEXaHU3MY KHJIKOCTh-KHIKOCTh-TBepAoe Teno (ec-LLS). lanuslii mpormece ocy-
LIECTBIISIETCS C TIOMOILBIO YaCTHIL JIETKOIUIABKOTO MeTajlla — HanpuMep, nHaus. B mexanusme ec-LLS
KakKast 4aCTHLIA JIETKOIUIABKOTO METaljIa OTHOBPEMEHHO BBICTYIIAeT B POJIU:

— MHKpPOCKOITMYECKOT0 KaTrosa (MCTOYHHKA 3JIEKTPOHOB), TJ€ OKHUCIEHHBIN MOIYIPOBOAHUKOBBIN
npexypcop (B cirydae repmanus — GeO,) dIEKTPOXUMHUECKH BOCCTAHABIMBACTCS 10 HYIb-BAJICHTHOTO
COCTOSTHUSI;

— TOYKH 3apOKICHHS TOITYyPOBOJHUKOBBIX KPHCTAIJIOB;

— peareHTa (11 MHOTOKOMITIOHEHTHBIX MOJYIPOBOJAHUKOB, Takux Kak GaAs) [6].

Poct nmonynmpoBOAHUKOBBIX KPUCTAJIOB TIPOUCXOAUT MOA KXKJIOH METaUTMYECKOM YacTuLen ¢ ¢pop-
MHUpPOBaHHEM MHKPOpPa3MEpPHON HUTH HEMOCPEICTBEHHO IO Hel. YacTHIbI JETKOIUIaBKOTO MeTalia
MOTYT ObITh HAHECEHBI Ha NOAJIOKKY IIPEIBAPUTEIILHO JINO0 OJHOBPEMEHHO C OCaKIAEMBIM HOIYIIPO-
BOJHHKOM.

[omynsipasiM MeTomoM mnoyuenus cinoeB I1K Ha crnaGoiernpoBaHHBIX MOAJIOKKAX SIBISICTCS Me-
TaJJI-CTUMYJIHpoBaHHOE xuMuueckoe TpasieHue (MCXT), B xone KOTOPOTO TOBEPXHOCTh MOHOKPHC-
TAJJIMYECKOTO KPEMHHS TMPEIBAPUTEIBHO TOKPHIBACTCS MACKOW M3 YaCTHI[ ONaropoiHOro MeTrasia
TpeOyeMoii (GopMBI, TOCIIE YeTo MOJBEpPraeTCs XUMUIeCKoi 00padoTKe B pacTBOpE, cojiepKaiieM (ro-
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PUCTOBOJOPOAHYIO KHCIOTY M OKACIHUTEND [7]. 3a CUET KaTAIMTUYECKUX CBOWCTB YaCTHIl METallla pe-
aKLUU OKHUCIIEHHS U TPABJIECHUS KPEMHHMSI HEMIOCPEACTBEHHO MO/l HUMHU 3HAUYUTENIBHO YCKOPAIOTCS, TIPHU-
BOIS K (POpMHUPOBAHUIO 3a/1aBa€MOI MacKol TIOPUCTOM CTPYKTYpHI [8].

Lenpio MccnenoBaHuil SIBISUIACH OLIEHKA BOBMOKHOCTH CHHTE3a M KOHTPOJISE MOP(OJIOTHH CIIOEB
CIUIABOB KPEMHMU-TEpMaHUil C IPUMEHEHUEM B Kaue€CTBE CTPYKTYPHOW MaTpulbl TOJICThIX cioeB [TK
HHU3KOW TOPUCTOCTH, ToirydaeMblx MetomoM MCXT ciabonernpoBaHHBIX KPEMHHEBBIX ITOIOMKEK.
[IpeamnonaraeTcs, 4To TaKOM MOAXOA MO3BOIUT oOecnednTs (GOPMUPOBAHUE CIIOS CIIJIaBa, pa3MElleH-
HOTO Ha noBepxHocTH octaroynoro cios [1K, oGecrneunBaromero Temio- 1 3J1eKTPOU30JSILUIO CIIIaBa
OT HIDKENeKallel KpeMHUEBOM MOIITOKKH.

MeTO}]I/IKa NMpoOBEICHUS IKCIICPUMEHTA

B kauectBe nmognnoxek st popmuposanust [1K ncnonb3oBanuck nerupoBanHbie 00POM MOHOKpHC-
TaJuInYeckue KpemHueBble miacTuHbl Mapku KJIB-12 ¢ kpucramiorpaduyeckoii opuenranueii (100)
1 YACIBHBIM cotnpoTuBiIeHHeM 12 OM-cM. [1macTHHBI OUMIIIATUCh OT OPraHUYECKHX 3arpsI3HEHUH Ty TEM
BBIJICPKKHU B XPOMOBOI CMECH € ITOCIIEAYIOLUM YIaJIeHUEeM OKcua KpeMHUs B 4,5%-HOM BOJHOM pacT-
Bope HF. Xumunueckue u aneKkTpoxuMuiecKue NpoLeccsl MPOBOAMINCH C IPUMEHEHUEM ITOTEHIIMOCTa-
ta Metrohm Autolab PGSTAT302N B sneKTpoXHUMHUUECKOH suelike u3 (roporuiacta ¢ TOpH30HTAIBHO
OPHEHTHUPOBAHHBIM PAa0OYUM DIEKTPOAOM ((PparMeHTOM KPEMHHUEBOH IIACTHHBI), PACIONOKEHHBIM
Ha JIHE SYCHKHU U PUCIIOHEHHBIM 00PaTHOM CTOPOHOH K TpaduTOBOM KOHTAKTHOM TIacTuHe. B xadect-
BE€ KOHTPAJIEKTPOAA HCII0Ib30BAIACh CIIUPAJb U3 IJIATUHOBOMN IIPOBOJIOKH, PACIIOIOKEHHAs Iapalieib-
HO MOBEPXHOCTH IIACTHHBIL.

Hnst popmuposanust [1K peanuzosbiBanacsk apyxcraauiinas meroguka MCXT, noxpasymeBatomas
mocieoBaTeNbHy0 00paboTKy oOpasna B IBYX pacTBopax. Ha mepBoii cTaniuy Ha MOBEPXHOCTH 00-
pasia XUMHUYECKH OCaXIAINCh YaCTHUIIBI cepedpa myTeM BhIACPKKH B TeueHue 60 ¢ B 3 MM BogHOM
pactBope AgNO; ¢ no6asnenuem 3 M HF u 1,17 M C,H;OH. Ha Bropoii craauu oOpasisl B Te4e-
Hre 8—24 MUH ITOIBEPTraINCh BO3ICHCTBUIO BOIHOTO pacTBopa, coaepskamiero 4,37 M HF u 0,28 M H,0,
(TpaBUTENb U OKUCIUTEIb COOTBETCTBEHHO). /Il OCaskaeHus repMaHus IPUMEHSUICS PacTBOP, COlep-
xamuit 0,05 M GeO,, 0,01 M InCl;, 0,5 M K,SO, u 0,1 M C,HsO,. Dnekrponu3 nmpoBoauscs B Te-
yenue 30 MUH NPH IJIOTHOCTH TOKa 2 MA/cM? B yCIIOBHAX TlepeMeInBanus npu temmeparype 85 °C.
Bnaronaps npucyTCcTBUIO HHANS, POCT TepMaHHs MPOTEKaI HAa OJHOBPEMEHHO (POPMHUPYEMBIX YacTUIIAX
JIETKOTIJIAaBKOTO METaJUIa B COOTBETCTBUHU C MeXaHn3MoM ec-LLS.

TepmooOpaboTKa MONMYYEHHBIX KOMITO3UTOB JUIsl (DOPMHUPOBAHMS CIJIOSI CIUIaBa OCYIIECTBISIACH
npu 950 °C B Teuenue 30 ¢ B notoke aprona (800 cM?>/MHMH) ¢ HCIONB30BAHUEM CHCTEMBI OBICTPO-
ro TepMudeckoro orxura Annealsys As-One 100. J[71s uccnemoBanusi CTPYKTYyphI M COCTaBa 00pa3IoB
MIPUMEHSIICS] pacTPOBBIN AIeKTpoHHBIA MuKpockor (POM) Hitachi S-4800, ocHalieHHBIH CIEKTPOMET-
pom Bruker QUANTAX 200 myis mpoBefeHUsi SHEProIUCIIePCUOHHON PEHTTEHOBCKOM CHEKTPOCKO-
nvu (EDX). JlanHblii MeTOn aHamu3a o0ecreunBaeT BO3MOKHOCTh TIOYUEHHsI pEHTT€HOBCKOTO CIIeKT-
pa U3 00IacTh MOBEPXHOCTH WM CKOJIa 0b6pasia oobemoM mopsiaka 0,5 Mxm®. TI0CKONBKY H3ydaeMble
CTPYKTYPBl MMEIOT pa3Mepbl JIEMEHTOB MEHbIIE JAHHOIO MOpOra, HolydaeMble JaHHbIE (IIpoduin
W KapThl paclpelesieHns. JIEMEHTOB) MOI'YT PAacCMaTpUBATHCS KaK CPEAHUE MO yKa3aHHOMY O0beMy
1 BBIPAXKaThCsl B OTHOCUTEIBHBIX AUHNLAX. TaKol Moaxoa cunTaeTcss 000CHOBaHHBIM, TOCKOIBKY yC-
JIOBUSI IPOBE/ICHHS aHATIM3a OCTaBAIMCh HEU3MEHHBIMU ISl BCEX U3yYaeMbIX OOBEKTOB, a MOJTy4YeHHbIE
3HaueHHS KOHIICHTPALUH UCIIOJIb30BAIUCH UCKITIOUUTENLHO JIJIsl CpaBHEHHs 00pa3iioB MEXIy COOOH.

Pe3ynbTaThl Hecie10BaHUil U X 00CY:KIeHUe

Ha puc. 1, 2 mpencrasnensl POM-u300paskeHns 00KOBBIX CKOJIOB M IIOBEPXHOCTEH 00pa3IioB Ha pa3-
JMYHBIX CTAJIUAX UX 00pabOTKH.

Ucxonnas mopucras crpykrypa nocie MCXT mpencrasnser co0oii ¢i10# ¢ KpyIIIBIMH ITOPaMH, CO-
OTBETCTBYIOIUMH I10 JIHAMETPY YacTHIlaM cepebpa B rcxonHoi Macke (20—40 uwm). [Tockonbky yactu-
1Bl cepebpa ynaneHsl ApYyr OT Apyra U HE B3aMMOCBSI3aHbI, [TOJYYCHHBIC TOPHI BEPTHKAJIbHbI, OJHA-
KO HE CTPOTO IMEPIEHINKYISPHBI TOBEPXHOCTH U MOJBEPIKEHBI HEOONIBIIOMY OOKOBOMY OTKJIOHEHHIO.
Tpapnenue B Tedenue 8, 16 u 24 MUH IPUBOIUT K POPMUPOBAHHUIO CIIOEB TONINHON 2,5, 4,6 1 7,6 MKM
COOTBETCTBEHHO.
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Puc. 1. POM-n300paxeHnst G0KOBBIX CKOJIOB 00pa3loB Ha Pa3iIMYHBIX CTAAMSX 00pabOTKH,
MOJTyYEeHHBIX Ha 0a3e MOPUCTOro KPEMHUS Pa3IMIHON TONIIUHBL, MKM: a — 2,5; b —4,6; ¢ — 7,6
Fig. 1. Cross-section SEM images obtained at different processing stages for porous silicon layers
of varying thicknesses, um: a —2.5; b — 4.6; ¢ — 7.6

ComracHo aHaMM3y M300paXEHUH MOBEPXHOCTH, BEIMYNHA TIOPUCTOCTH YKAa3aHHBIX CIOEB COCTaB-
astet 15, 19 u 25 %. CTouT OTMETHUTD, YTO TOJIyYCHHBIE MOPBI 001aJat0T MOBBIICHHBIM AUAMETPOM B
MIPUIIOBEPXHOCTHON 00JIACTH — 3TO CBSA3aHO C MOCTENEHHBIM PAaCTBOPEHHEM M YMEHBIICHHEM YacTHUI]
cepebpa B pa3Mepe o Mepe ABIKeHUsI B 00beM Noaiokku B npouecce MCXT, a Taxke ¢ 0JHOBpe-
MCHHBIM Xa0THYHBIM HECTUMYJIMPOBAHHBIM XHMHYECKUM TPABICHUEM, 0COOCHHO BhIPAKEHHBIM Ha TI0-
BEPXHOCTH, TJ€ JOCTYI pacTBOpa HE 3aTpyOHEH BCiencTBHe MU (Y3HOHHBIX orpaHndeHuil. /laHHbII
(bakTop B TOM umcie o0ycIaBIMBAET HE3HAYUTENBHBIN POCT IUaMETPOB TOP U TMOBHIIIEHHE HEPaBHO-
MEpPHOCTHU IOBEPXHOCTH, HAOIIOaeMbI€ TI0 MEPE YBEITMUCHHS TOJILIMHBI CJIOS.

Kak BUAHO M3 2JIEKTPOHHBIX U300pakeHH 00pa3LioB MOCIE OCaAKICHHS TePMaHUs, POCT MOIYIIPO-
BOJIHHKA HA MTOBEPXHOCTHU OCYIIECTBISCTCS B BUIE KPUCTAIUTOB pazmepamu oT 50 mo 100 uM, yBenu-
guBatomuMucs 10 120-200 HM 1o Mepe MPUMEHEHHUS CIIOEB OOJBINCH TONMMNHEL. Penkie HUTEBUIHBIC
obpazoBanus muamerpamMu 15-35 HM, 0c0OEHHO SIPKO BBIpaKCHHBIC Ha TITyOMHE CIIOS, 00YCIOBIICHBI
pOCTOM repMaHusI Ha MHIMEBBIX YacTUIIaX 10 MexaHu3my ec-LLS.

OnIHOBPEMEHHO C 3TUM MPOMCXOAUT M Oojice MEIUICHHBIH POCT Ha MPUMECHBIX aroMmax, Aedek-
Tax W JPyrux TOYKaX 3apOKJEHMsI B COOTBETCTBUHU CO CTaHAAPTHOM AIIEKTPOXUMUYECKON KMHETHKOM.
B cBsi3u ¢ BBICOKOI TeMIepaTypoil pacTBOpa, a TakXkKe ¢ MPUMEHEHHEM TepeMeITBaHus MOP(OIOTHS
MTOJTy4YeHHON CTPYKTYPHI IMEET HEpaBHOMEPHBIN BU/I: TTOyYEHHBIA 0CaIOK B OCHOBHOM ITPECTABIISET
c000#f KOHTTIOMEPATHI KPUCTAITUTOB TE€PMAaHHUs CIOKHON (POPMBI 1 MOXKET HE3HAYUTEIFHO OTIHYAThCS
T10 TOJIIIIMHE B Pa3HBIX TOYKAX CKOJIa 00pasIa.
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Puc. 2. POM-n300paxkeHnss HOBEPXHOCTH 00Pa3IOB HA PA3IMYHBIX CTaIUsIX 00PAOOTKH,
MOJYYCHHBIX Ha 0a3¢ MOPUCTOTO KPEMHUS Pa3IMYHON TOMIIUHBL, MKM: a — 2,5; b —4,6; ¢ — 7,6
Fig. 2. Surface SEM images obtained at different processing stages for porous silicon layers
of varying thicknesses, um: a —2.5; b — 4.6; ¢ — 7.6

CTouT TakXKe OTMETUTh CYLIECTBEHHOE IIPEBAIMPOBAHNE TEPMAHUEBOIO OCA/IKa B IIPUIIOBEPXHOCT-
HOM 00JaCTH CJI0S — JTaHHAsk 0COOCHHOCTh OOYCJIOBJIEHA YK€ ONMMCAHHBIM CYKCHHEM KaHaJIOB IIOp 10
MCPC MOBLIIICHUA UX FJIYGI/IHI)I.

Ha puc. 3 uzo0paxkens! pe3ynbrarsl EDX-kapTrpoBaHus TOTOBBIX 00PAa3IOB CITIaBa IMOCIE TePMO-
obpabotku. IIpuBenennsie EDX-nipoduian CHATBH IpU CKaHUPOBAHUM CKOJla 00paslia Mo JUaroHain
CBEpXy BHHU3 TOJ yriioMm 45°.

TepmooOpaboTKa 3anOTHEHHOW TepMaHueM CTPYKTYpsl mpu Temmeparype 950 °C, Haxomsimeics
BBIILLIE TEMIIEPATypPhl IJIABJICHUS TepMaHus (M JOCTaTOYHO OJHM3KOHM K TeMmIeparype IUIaBICHHUs KpeM-
HUs1), IPUBOJIUT K YCICIIHOMY CIUIABJICHHIO JIByX MaTepUaOB U (POPMHUPOBAHUIO PABHOMEPHOTO CJIOS
cruiaBa. Bo Bcex cilydasix MOIMyYEHHBIH CIIOM XapaKTepU3yeTCsl TONUHOM, COCTABIIAIONIEH TPUMEPHO
15 % OT TONIIMHBI UCXOAHOTO CIIOS, U PACIOIOKEH HA OCTATOYHOM, HE MOJBEPKEHHOM IUIABJICHUIO,
ITOPUCTOM ITOJICIIOE, UMEIOIIEM TOJIIHHY OKOJIO 55 % OT TONIIUHBI HCXOTHOTO ciios. [t camol ToHKO#
IUIEHKHU CIUIaBa XapaKTEepHO HAJIM4YHE Ha MOBEPXHOCTH KPYIHBIX KAIUIEBUAHBIX 00pa30BaHUN AMaMET-
pom 110 250 HM, TPEUMYIIECTBEHHO COCTOSIINX U3 TePMaHHS.

Jlnst ©6osee TOJICTHIX CIIOEB KPYIHBIE KaIlIM OTCYTCTBYIOT, OTHAKO HAOJIOMAIOTCSI CBETIBIC HHUTE-
BUJIHbIC HAHOPAa3MEpHbIE 00pa30BaHMs KPUCTAUIMUECKOTO TepMaHusl CIO0KHON (opmMbl. bosiee Tounble
JaHHBIC O TOJIIIMHE CI0EB Ha 00pasliax NpUBeICHBI B Ta0MI. 1.
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Puc. 3. Pesynsrarer EDX-kapTHpOBaHNSA U COOTBETCTBYIONTNE MPODIIIN paCTIPeICTCHUS
KOHIIEHTpaIMu 31eMeHToB C 110 TiTyOMHE CKOJIOB 00pa3LoB CIUIaBOB KPEMHUI-repMaHui,
MOJIYYCHHBIX Ha 0a3€ MOPUCTOTO KPEMHUS Pa3IMYHON TOJIIIMUHBL, MKM: a — 2,5; b —4,6; ¢ — 7,6
Fig. 3. EDX mapping results and accompanying element concentration profiles C
over the cross-section depth of silicon-germanium alloy samples based on porous silicon layers
of varying thicknesses, um: a —2.5; b — 4.6; ¢ — 7.6

Tadauna 1. [TapameTpsl OITyYeHHBIX HOPUCTHIX CI0EB U cIIaBoB Sij_ Ge, Ha UX OCHOBE
Table 1. Parameters of the obtained porous layers and Si,_,Ge, alloys based thereon

Tonmunaa, MKM
CocTaB NoIy4YeHHOTO
0CTaTOYHOTO TIOPUCTOTO
HCXOHOTO MOPHUCTOTO CII0S | MOMYYSHHOTO CIIOSI CILIaBa CIIaBa
TIOZICTIOSI OJI CJIOEM CILIaBa
2,5 0,324 1,256 Sig46Geq 54
4,6 0,486 2,714 Sig51Geg 49
7,6 0,778 4,610 Sig54Geg 46

Crenyer OTMETHTh, YTO CyllecTBeHHas pecTpykrypuszanus [1K HaOmonaercs 3HaUMTEIBHO HUXKE
TEMIIEpaTy bl IUIaBJICHUS 00bEMHOr0 KpeMHHs, cocTansatoueid 1414 °C. Tak, coracHo npeaBapuTeiIb-
HBIM pe3ynbsrataM, oTxur [IK 6e3 repMaHneBOro ocajaka B aHAJOTHMYHOM PEKMUME MPUBOAUT K Hac-
TUYHOMY OIUIABJICHUIO CTEHOK II0P B IPUIIOBEPXHOCTHOM CJIO€ TOJILMHON OKOJIO 2—3 MKM. JlaHHBII
CIIEYEHHBIN CIION TaK)Ke IEMOHCTPUPYET HECKOJIBKO YBEJIMYEHHBIH AUaMEeTp MOp, MO3BOJSAIOIIMN pac-
IJTaBIIEHHOMY TepMaHMIO JieTde MPOHUKATh M 3aKpeIUIsIThea B HUX. Hmkenexamme o0macTu ocTaior-
Csl MPAKTUYECKU HEU3MEHHBIMU — 3TO OOBSICHSIETCS TEM, YTO OHHM IOJBEPIralOTCsl BO3ACHCTBUIO MECHB-
[IMX TEMIIeparyp u3-3a TPAJIMeHTHON TerIonepeiadyl B 00beM TUIACTHHBL. Y YUTHIBAs BHIIIECKA3aHHOE,
MOXHO 3aKJIOYUTh, YTO HCIIOJb3YeMOE 3HAUYCHHE TEeMIIEPaTypbl ObLIO JTOCTaTOYHO BBICOKMM, YTOOBI
pacIuiaBUTh T€PMAHMEBBII 0CAIOK U 0OECIIEUHUTh €r0 CIUIaBJIEHHE C AJIEMEHTAMH KPEMHHEBOTO CKe-
nera IIK, copmupoBas criaB KpeMHUH-TepMaHuii B IPUIIOBEPXHOCTHOM 00J1acTh Kax1oro obpasua.
ITpu 3ToM Oosee nry6okue 00IacTH OCTAIOTCS HE CIUIABICHHBIMU M3-3a HEJOCTATOYHON TeMIIepaTyphl
1 HaJIM4¥sI OPEISITCTBUI Ha ITyTH ITOTOKA KUAKOTO FepMaHusl, YTO NPUBOANUT K YOPMHUPOBAHHIO TUICHKH
CILIaBa, pa3MELEHHON Ha OCTaTOYHOM IIOPUCTOM NozcIoe. [IpeanonoxkurenbHo, YacTUYHAsL TepMUYec-
Kasi 1 2JIeKTpUYECKast H30JISLUS, IPEI0CTaBIsIeMasi TAKUM MOACIOEM, IO3BOJIUT HOBBICUTH TEPMODJICKT-
pUYecKHe XapaKTepUCTHUKU IOJy4YaeMbIX IUIEHOK CIUIaBa, a TaKKe OTKa3aTbCs OT MepPeHOCa FOTOBBIX
IJIEHOK Ha IUAJIEKTPUUECKYIO TTOAJIOKKY.
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CriekTpsl KOMOWHAITMOHHOTO PacCesHUs, 3apETUCTPUPOBAHHBIE C IMOBEPXHOCTH OOpa3IOB ITOCHE
OCaK/JICHUSI TepPMaHMsI U TIOCIICAYIOIICH TepMOOOPaOOTKH, IPUBEICHBI Ha pUC. 4.

ITocne ocaxkaenust repMaHust [Mocme TepmMo0OpabOTKH
Ge-Ge Ge-Ge Si-Ge
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Puc. 4. PamaHOBCKHE CIIEKTPBI 00PA3IOB, OCHOBAHHBIX Ha MOPUCTOM KPEMHUH PA3THYHOM TOIIMHBI, MKM:
a-25b-4,6;¢c-17,6
Fig. 4. Raman spectra of samples based on porous silicon of different thickness, um: a —2.5; b —4.6; ¢ — 7.6

ITopuctelii KpeMHUN XapaKTepu3yeTcsl HaJTMuueM OJHOU moyiochl ¢ PaMaHOBCKHMM CABUIOM MOPS/I-
ka 521 cM!, COOTBETCTBYOIIEN TPHKIBI BHIPOIKIEHHOM ONTHYECKOH KONEOGATeTLHON MOIE MOHOKPHC-
tayumdeckoro kpemuus Si(LO). [loce ocaxkaeHus repMaHusi B CIIEKTPE TAKXKE MOSBIAETCS MAaKCHMYM
C BOJIHOBBIM 4HciIoM nopsaka 300 cM ™!, ONMChIBAIOIIMI aHAIOTUYHYIO KOJIEOaTeIbHY0 MOLY KPUCTAI-
mnueckoro repmanust Ge(LO). Hakonen, B cnekrpax oOpasioB mnociie TepMooOpadOTKH HAYMHACT Ha-
ONroIaThCs TPEThA ToJI0ca, pacnooxkenHas Ha 400 cm ! u coorsercTByromas cesassaM Si-Ge. Ocrab-
HBIE TIOJIOCHI TAKKE CTAHOBSATCS 00JIe€ Y3KUMH U TEPAIOT CHMMETPHYHOCTD, YTO YKa3bIBaeT Ha TIPOsIBIIE-
HUE HU3KOpa3MepHbBIX 3()(HEKTOB, IOBEPXHOCTHBIX COCTOSHUH, Ne(EKTOB WIIM HECTEXHMOMETPUIECKOTO
coCTaBa Marepuasa.

W3BecTHO, 4TO TMOJI0KEHUE TIOIOC KOMOWHAIIMOHHOTO PacCesHUSI 1 HHTEHCHBHOCTh HX MAKCHMYMOB
KOPPEJIUPYIOT ¢ KOHKPETHBIM cocTaBoM ciutaBa SijGe,. g oneHkHn cocTaBa MOIyYEeHHBIX MIICHOK
CIUTaBa MOTYT OBITh MCITOJIF30BaHbI CIIEAYIOIINE H3BECTHBIE COOTHOIIEHHS [9]:

Te: o _

Si-Si _ A(l x); (1)
Igice 2x
IGe—Ge — Bx , (2)
I 2(1—x)

rae / — WMHTEHCHBHOCTH COOTBETCTBYIOIIMX MOJOC Ha CHEKTpaX KOMOWHAIIMOHHOTO pAaCCESHUS;
A, B — smnuprueckue k03GOUIHEHTBI, CIyKallye sl KOMICHCAIIUH PE30HAHCHBIX 3()(EKTOB, IPHBO-
TSIAX K 3aBUCUMOCTH MHTEHCUBHOCTH TIOJIOCHI OT JTHHBI BOJHBI BO30YKICHUS.

B paccmarpuBaemMoM ciyyae MCHOIb30BaIUCh 3HaueHud 4 = 1,5 u B = 1,8, KOTOpblEe YUUTHIBAIOT
MaKCUMAaJIbHO BO3MOXHBIN JUara3oH KoHIeHTpanuid repmanus B Si; Ge, [9]. Paccunrannsie ¢ mo-
Motbio (1) u (2) 2IeMeHTHBIE COCTABBI CITIaBa I 00pa3IloB, MOIYUEeHHBIX Ha 0ase cimoeB 1K pa3zmmd-
HOW TOJIIMHBI, TPUBECHBI B Ta0IM. 1.

[lomyueHHBIE pe3yNbTaThl MOKA3BIBAIOT, YTO TUICHKA CIUIaBa, C(hOPMUPOBAHHAS B TAHHOM TeMIIepa-
TYpHOM peXkuMe Ha ocHOBe TosicToro ciosi 1K Hu3Kkoii moprcTocTH, BCETia pacioioykeHa Ha 0CTaTod-
HOM TopucToM mojcnoe. [Ipu atom paznuune B TonmuHe ucxoaHoro cios [IK onpenenser ronmuny
HE TOJIBKO JTAHHOTO TIO/ICTION, HO M CaMOM IJICHKH CIIIaBa, a TaKXKe BIHSIET Ha ee cocTaB. [laHHOE ToBe-
JIeHHE ¢ HauOONbLICH BEpOSTHOCTHIO OOBSICHSACTCS PA3UUUSIMH B paclpeie/ieHUH TPaJueHTa TeMIie-
parypsl: B cirydae 0oJiee TOJICTBIX OPUCTBIX CJIOEB OTBOJ TEIUIa OT MPUIIOBEPXHOCTHOM 00JIacTH Clost
OCJIOKHSIETCSI B CBSI3M C HU3KOM TeronpoBogHocThio 1K, 1 oHa mojBepraerca HarpeBy B Ooubliei
Mepe, IPUBOJIS K POCTy 00JIee TOICTOTO CIIOS CIIIaBa C TMOBBIIIEHHBIM COJEPKAHUEM KPEMHHSL.
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3aKJIroueHue

1. I[IponeMOHCTPUPOBAHO, UTO TUICHKH CIUIABOB KPEMHHI-TE€PMaHUN MOTYT OBITh CHOPMUPOBAHBI
Ha OCHOBE CJIOEB MOPUCTOrO KPEMHUSI HU3KOH MOPUCTOCTH, MOTYyYaEMbIX METAJUI-CTUMYIHUPOBAHHBIM
XUMHUYECKUM TpaBiieHneM. OcaxaaeMblii TepMaHUi TPEUMYIIIECTBEHHO 3aHIMAET MPHUTTOBEPXHOCTHYIO
00JIACTh TIOPUCTOTO CJIOS, YTO B PE3yJIbTaTe TEPMOOOPAOOTKH IPUBOJAMT K (DOPMUPOBAHHUIO TUICHKH CILIA-
Ba ronumHou 0,3—0,8 MKM, JeKalell Ha 0CTaTOUHOM HOPUCTOM cioe. [IpennonoxuTensHo, HaIU4YKue mo-
PHICTOTO TTOZICTIOS CTIOCOOHO 00ECTIEINTh TETUIO- M AJICKTPOHM3OIISIINIO CHOPMUPOBAHHON TIEHKH, UTO HC-
KJTFOUUT HEOOXOIUMOCTh IIEPEHOCA TOTOBO TUICHKH CIIIaBa HA JIUAJICKTPUYECKYIO MOJIOKKY JJIs TOCIIe-
JIYIOIIIETO UCTIONIb30BaHMS B COCTABE TEPMORJICKTPUIECKHIX MPE00pa30oBaTesiell 1 HHBIX YCTPOUCTB.

2. VccnenoBanue MPOBECHO B paMKax Hay4YHO-HUCCIIE0BATENILCKON paboThl «DopMupoBaHue Criia-
BOB KPEMHHI-TePMaHUN TEPMOOOPAOOTKONH KOMITO3UTOB HAHOCTPYKTYPUPOBAHHOTO KPEMHUSI M TepMa-
HUS JUTST TEPMODICKTPUUECKUX TTpeoOpa3oBaresciiy, BRIMOIHIEMON Mo rpaHTy bemopycckoro peciy0-
TUKaHCKOTO PoHIa GyHIAMEHTAILHBIX HccaenoBanuit (orosop Ne T23M-040).
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FIRST-PRINCIPLES MODELING OF ELECTRON-PHONON
SCATTERING RATES IN HYDROGENATED GRAPHENE

V. N. MISHCHANKA

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

Abstract. Graphene, a representative of a new generation of 2D materials, remains in the center of scientific
research as a reflection of its unique electrical and mechanical properties. The article presents the results
of a study of electron scattering procedures of optical and acoustic phonons in graphene modified with hydrogen
atoms, a C,H, structure known as graphane. The obtained dependences of the scattering rates take into account
the combined processes of phonon emission and absorption by electrons, but the interaction of phonons
with the substrate material is not considered. The scattering rates play an important role in a detailed study
of the dynamics of charge carrier transport in semiconductor structures containing heterogeneous layers. Their
use makes it possible to implement the well-known many-particle Monte Carlo method, widely used in modeling
complex semiconductor devices. The obtained results will allow us to study new heterostructured devices based
on graphene and its modifications with improved output characteristics in high-frequency operating ranges.

Keywords: graphene, phonon, modelling, semiconductor structure.
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MOJIEJIUPOBAHUE U3 NEPBBIX IPUHIIUIIOB
UHTEHCUBHOCTEM SJIEKTPOHHO-®OHOHHOI'O PACCEMBAHUS
B I'MIPUPOBAHHOM I'PA®EHE

B. H. MMIIEHKO

Benopycckuii eocydapecmeennblil yHugepcumen uH@GOPMAmuku u paouod1eKmpoHUKU
(Munck, Pecnybnuka Benapyco)

AnHortanust. ['paden, mpencraButens HOBOTO MOKoJIeHUs 2D-Marepnaios, ocTaeTcs B IIEHTPE BHUMAHHS Hayd-
HBIX MCCIEJOBAaHUI KaK OTPa’KEHUE €r0 YHUKAJIBHBIX MEKTPUUECKUX U MEXaHUYECKUX XapaKTePUCTHK. B craTtbe
U3JIaraloTCs Pe3yNbTaThl HCCIeIOBAHMS TIPOLIEIYD MIEKTPOHHOTO PACCESHHSI ONTHYECKUX U aKyCTHYECKUX (hOHO-
HOB B TpadeHe, MonupUIIMPOBAHHOM aTOMaMH Boopona, — cTpykrype C,H,, n3BecTHOI! kak rpadan. B momyden-
HBIX 3aBHCHMOCTSIX CKOPOCTEH paccesiHHsl y4TEeHbl COBMECTHBIE ITPOIIECCHl UCITyCKAHMSI U TIOTIOIEeH!sI (POHOHOB
ANIEKTPOHAMH, a B3aUMO/IeiicTBIE ()OHOHOB C MaTepPHAIOM TOJUIOKKH HE pacCMaTpHBaioch. IHTEHCMBHOCTH pac-
CesTHMsI UTPAOT BaXKHYIO POJIb UL JETAIBHOIO U3YYEeHUsI JUHAMUKU TPAHCIOPTA HOCUTENEH 3apsaaa B MOJIYIIPO-
BOJIHUKOBBIX CTPYKTYpax, COAEPKAIIUX reTeporeHHble cinou. Mx ucnoab3oBaHue No3BosseT peaau30BaTb U3BECT-
HBIf MHOTOYAaCTHYHBIA MeToq MoHnTe-Kapio, mupoko NpuMeHseMBbIi IPH MOJETUPOBAHUN CIIOXKHBIX TOJYTIPO-
BOJHUKOBBIX TIPHOOPOB. IlomydeHHbIE Pe3ynbTaThl MO3BOJST HCCIEIOBAaTh HOBBIE TETEPOCTPYKTYPHBIE TIPHOOPHI
Ha OCHOBe Tpad)eHa u ero MoAN(UKALUK C yITydIIEHHBIMU BBIXOAHBIMU XapaKTEPUCTHKAMH B BHICOKOYACTOTHBIX
Jiana3oHax padoThI.

Kawuessble cioBa: rpadeH, GoHOH, MOJCIIMPOBAHKE, TOJIYIIPOBOIHUKOBAS CTPYKTYpA.

Juist nurupoBanus. Muinenko, B. H. MozaenupoBanue u3 nepBbIX IPUHLUIIOB UHTEHCUBHOCTEH AJIEKTPOHHO-
(oHOHHOTO paccemBaHus B ruapupoBaHHOM Tpadene / B. H. Mumenko // Joxmaasr BI'YUP. 2025. T. 23, Ne 2.
C. 28-34. http://dx.doi.org/10.35596/1729-7648-2025-23-2-28-34.
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Introduction

The study of new two-dimensional materials, among which we should particularly mention graphene
and its modifications [1, 2], attracts increased attention of researchers. The charge carrier transport
characteristics is constantly in the center attention, due to the fact that such phenomena determine
the output performance characteristics of semiconductor devices. In the initial stages of the research,
the predominant approach was to develop empirical analytical expressions for scattering rates associated
with their various mechanisms, including scattering on optical and acoustic phonons [3—7]. However,
the use of a number of simplifying assumptions, and in particular, the assumption of parabolic nature
of the energy dependence on the magnitude of the wave vector, without taking into account anisotropy,
as well as the need for empirical selection of a number of parameters limits the wide application of this
direction in modelling.

New, progressive possibilities for the study of electron transport processes have opened up using
a fully ab initio approach, which is based on the DFPT (density functional perturbation theory) and the ap-
plication of Wannier functions to interpolate the obtained results. This approach allows to obtain more
accurate values of phonon scattering rates in comparison with experimental measurements of electron
and hole mobility and conductivity [8, 9].

In this work, first-principles modeling of electron-phonon scattering rates in hydrogenated graphene
has been presented. The use of the obtained modelling results will make it possible to investigate in de-
tail the contribution of various phonon scattering mechanisms in charge carrier transport processes
for the complex semiconductor structures.

Method of modeling of electron-phonon scattering rates in hydrogenated graphene

Quantum Espresso [10] and EPW [11, 12] programs were used for the first-principles simulations
of hydrogenated graphene (graphane) C,H, type. Perdew-Burke-Ernzerhof (PBE) parametrization within
the local density approximation (LDA) and norm-conserving type of the pseudopotentials [13] were used.
Next parameters were applied [14]: the cutoff energy of the wave function was 60 Ry (1 Ry = 13.605 eV),
the cutoff energy of the charge density and potentials was 240 Ry. The Brillouin zone (BZ) was repre-
sented using a 12x12x1 Monkhorst-Pack grid. A vacuum layer of 20 A thickness (1 A =1- 107" m) was
added to the considered structure to avoid unphysical situation during the simulation [14].

The EPW program [11, 12] was used to calculated the scattering rates. At first, the imaginary part
of the eigen energy was calculated by

(25 ) =72 2L g, (k.a)f »
mv  S4BZ
X{(nqv + fokiq )8((8nk ~€uk1q ) + ‘quh) + (1 + Mgy = fuksq )6((8nk ~€hkiq ) - (’oqvh)} , (1

where 7 is the modified Plank constant; €, €,x.q are the energies for the bands with number n
and wavevector k and number m and wavevector k+q in the Bruellen zone (£2g); oy, is the pho-
non frequency with mode v and wave vector q in the BZ over which the integration is performed;
Jmkiq» Mgy are the Fermi and Bose distributions, respectively, which are estimated at a given temperature;
2K, q) is the electron-phonon interaction matrix; o is the necessity of performing Gaussian smoo-
thing operations during integration [14].

The scattering rates with phonon absorption and emission were calculated from formula [12, 15]

o' =2 Im(Z). )

The following values of the modeling parameters were selected in the EPW program [14]: the size
of grid NxNx1 was 264x264x1; Gaussian smoothing coefficient (parameter “dg”) — equal to 0.001 eV;
the parameter “fsthick”, which determines the value of the range of energies during modeling relative
to the Fermi energy level, — equal to 4 eV; the number of Wannier functions — equal to 12. Parameters
“auto_projection” and “scdm_proj” were set to “true”’. Concentration of electrons and holes for all cal-
culations is setto 1 - 10" cm™ [14].
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Results from first principles calculation of the scattering rates in hydrogenated graphene

It is known that ZA, TA, LA, LB, TB, LB*, TB*, ZO, TO, LO, ZS, ZS* phonon modes are formed
in hydrogenated graphene of the C,H, type [16]. Modes, denoted as LA, TA, ZA, are results of the scatte-
ring on acoustic phonons along the longitudinal and transverse directions (x, y coordinates), and the z co-
ordinate orthogonal to them [16]. Modes, denoted as LO, TO, ZO, are results of scattering on optical
phonons along the longitudinal and transverse directions (x, y coordinates), and the z coordinate ortho-
gonal to them [16].

Hydrogenated graphene C,H, type (graphane) in comparison with graphene have the processes
of structure bending, which are presented by the two symmetric modes - longitudinal and transverse LB
and TB, and two asymmetric modes LB* and TB* [16]. In the z direction two modes associated with
stretching processes are formed — the symmetric mode ZS and asymmetric mode ZS* [16]. The de-
pendences the scattering rates for modes ZA, TA, LA, LB, TB, LB*, TB*, ZO, TO, LO, ZS, ZS* from
energy obtained in the EPW program using formulas (1), (2) are presented in Fig. 1-12 by color dots.
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Data processing and plotting program ORIGIN is permitted to complete of approximation of the point
data using analytic degree functions the with the help of the Fitting and Polinomial Fit operations
in the Analysis section [17]. The Origin program provides the minimum value of the approximation
error of the obtained data sets for all scattering intensities inherent to a given material. Approximation
of the first-principles modeling data was completed with the help of the ORIGIN program. The results
for the modes ZA, TA, LA, LB, TB, LB*, TB*, ZO, TO, LO, ZS, ZS* are shown in Tab. 1. Analytical
relationships presented in Tab. 1 were used to plotted the curves 1, which are shown in Fig. 1-12.

Table 1. Results of approximation of first-principles modeling data
for the parameter t~! (s7!) from the energy E (eV)

Tupe Number of the figure
of r};l% de Type of dependences where the dependency
is represented as a curve 1
ZA 7! =(24—39,621515+21,6613EZ—3,05675153).1013 1
-1 _ 2 13
TA S (1,30817 —1,22865E +0,34054E ).10 2
LA o= (5,4136 —3,68907E +0,768924 E> ) 101 3
LB = (40 —62,335E —35,75905E2 —8,86966E> +0,80633E* ) 10" 4
™ |t!= (o, 02-0,1067324E +0,14873E% —0,06888E> +0,01184E* ) 1013 5
LB* | v!= (0,25 —0,67324E +0,62945E% —0,23297E> +0,03156 E* ) 103 6
™* | '= (0,5 —1,39387E +1,33834E% — 0,50374E> +0,06808 £+ ) 103 7
70 —— (104 —0,64273E +1,40924E> —0,76814E> +0,13122E* ) 10" 8
TO = (0,65187E —0,6714E% +0,16824E> +0,00383E* ) 101 9
LO T = (1, 77365E —2,15171E% +0,77598E> —0,05832E* ) 10" 10
zs | 1! =(18,4954E—15,35071E2 +4,50152E3 —0,4337715“)-1013 11
7S* = (1,86807E ~1,8118E2 +0,47577E" - 0,0152254) 101 12
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Fig. 5. Scattering rates for the TB mode on the energy Fig. 6. Scattering rates for the LB* mode on the energy
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Using data presented in Tab. 1 curves of scattering rates have been calculated for optical modes ZO,
TO, LO (Fig. 13, curves 1-3) and for acoustic modes ZA, TA, LA (Fig. 14, curves 1-3).
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Fig. 13. Scattering rates on energy in the case of ZO Fig. 14. Scattering rates on energy in the case of ZA
(curve 1), TO (2) and LO (3) optical modes (curve 1), TA (2) and LA(3) acoustic modes

Using data presented in Tab. 1 scattering rates have been calculated in the case of ZS and ZS*
(Fig. 15, curve 1, 2) and in the case of LB, TB, LB*and TB* mode (Fig. 16, curve 1-4).
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Fig. 15. Scattering rates on energy in the case Fig. 16. Scattering rates on energy in the case
of ZS (curve 1) and ZS* (2) modes of LB (curve 1), TB (2), LB* (3), and TB* (4) modes

The largest scattering rates are observed for the LB mode for small energy value less than 1 eV
(Fig. 13-16). Modes ZA, ZO, LO, TO, ZS, ZS* have largest scattering rates at the energy greater
than 4 eV. Scattering rates of the modes LB, LB*, TB, TB*, TA, LA are smaller than the scattering
rates for the modes ZA, ZO, LO, TO, ZS, ZS* for the energy less than 4 eV. The scattering rates
of modes LO, TO and ZO are close to each other in energy range which not exceeds 4 eV.
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Conclusion

The dependences of electron scattering rates on optical and acoustic phonons in the free layer of hydro-
genated graphene of C,H, type (graphane) have been studied. First-principles modelling for modes ZA,
TA, LA, ZO, TO, LO, LB, TB, LB*, TB*, ZS, ZS* types has shown that the highest scattering intensity
at low energies (less than 1 eV) is observed for the LB-type mode, which is presented a longitudinal sym-
metric mode associated with the process of structure bending. At significant energy values, which exceed
4 eV, the usual optical modes — longitudinal LO, transverse TO, as well as modes along the z direction — op-
tical ZO and acoustic ZA — already dominate in magnitude. The obtained numerical data on the behaviour
of electron scattering rates dependences for graphene modified by hydrogen atoms can be used to study
the characteristics of new promising semiconductor devices using the Monte Carlo method.
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YMEHBIIEHHUE ®A30BbIX IIYMOB BBICOKOCTABUJIBHbBIX
KBAPIEBBIX TEHEPATOPOB ITPH BO3JIEMICTBUA BUBPALIUA
IHOCPEJACTBOM TPOCOBbBIX BUBPOU30JIATOPOB

B. H. KUIIKO, H. M. HAYMOBUY, M. B. JIABBIJIOB, B. 1. )KYPABJIEB

benopyccruii 2ocyoapcmeennuiil ynugepcumen unGOpMamuxi u paouodieKmpoHuKy
(Munck, Pecnybnuka Benapyce)

Annoranus. PaccmorpeHo BmusHEE Ha (pa3oBbIC MIYMBI KBAapIICBBIX T€HEPATOPOB CIYYAHBIX BHOPAIIIOHHBIX
BO3/eHCTBHN. JIJ1s1 yMEHBIIICHHSI 3TUX [IYMOB IpejiaracTcs UCIOIb30BaTh TPOCOBBIN Bubpousosstop BU 0,8/0.
[IpoBeneHsI SKCIIepUMEHTATBFHBIC HCCIEIOBAHMS, B X0/I€ KOTOPBIX OIIEHUBAJIACH (P (PEKTHBHOCTH BUOPOHU30IATOPOB
mo ocsMm X, Y u Z. TlonydeHHBIC pe3yabTaThl AEMOHCTPHPYIOT CHIDKCHHE (DAa30BBIX IIYMOB IIPH Pa3THIHBIX
BUOpAIMOHHBIX pekuMax. [IpecTaBiieHbl pe3yIbTaThl aHAIN3a BO3ICHCTBHS CIICKTPAIbHOM IIIOTHOCTH BUOpaIuii
W PE30HAHCHBIX YaCTOT, IOATBEP)KIAIOMINE YIyUIICHHE CTAOMIBHOCTH YaCTOTHl KBAPIIEBBIX TCHEPATOPOB
MIPH KCTOTB30BAaHUH TPOCOBBIX BHOPOHM3OIATOPOB. B pe3ynmprate M3MepeHUH YCTaHOBJICHO, YTO NPHMCHCHHE
TPOCOBBIX BHOPOM3O0JSITOPOB MO3BOJSIET CHU3UTH (pazoBble mymbl Ha 15-30 % B 3aBUCUMOCTH OT 4aCTOTHOTO
IUarnazoHa W HANpaBlIeHHs [eHCTBHA ciydaiiHoW BuOpanuu. BubOpomsomstopsl Hambonmee >PQPeKTHBHBI
B auana3oHe gactot oonee 150 ' mst ocert X Z, u 6omee 300 'y — ayist Y. [lomydueHHbBIC JaHHBIC TOATBEPIKIAIOT,
YTO BUOPOU3OJISTOPHI MOT'YT 3HAYMTENILHO YITyUINTh CTAOMIBHOCTH PA0OTHI KBAPIEBBIX TEHEPATOPOB B YCIOBHSIX
BHOpAITNH, HAYMHAS C OTPEICICHHON YaCTOTHI BO3ICHCTBUS.

KioueBble cjioBa: BUOpaiusi, TpOCOBbINM BUOPOU30JISITOP, KBAPIIEBbIN FeHEPATOP, CIIEKTPpalibHas IIOTHOCTH BUO-
patuu, pe30HaHCHBIE YACTOTHI.

KoHpuKT HHTepecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBUH KOH(IMKTA HHTEPECOB.

Jnst uuTupoBanus. YMeHbIICHNE (a30BbIX IIYMOB BEICOKOCTAOMIIBHBIX KBAPLEBBIX I'E€HEPATOPOB MPH BO3/CHCT-
BUU BUOpaLy MOCPEACTBOM TPOCOBBIX BHOpou3oisitopos / B. H. Kuiiko [u ap.] / Joxmnanst BI'YUP. 2025. T. 23,
Ne 2. C. 35-43. http://dx.doi.org/10.35596/1729-7648-2025-23-2-35-43.

REDUCTION OF PHASE NOISE OF HIGHLY STABLE QUARTZ OSCILLATORS
UNDER VIBRATION BY MEANS OF CABLE VIBRATION ISOLATORS

VADIM N. KIYKO, NIKOLAY M. NAUMOVICH, MAKSIM V. DAVYDOYV,
VADIM I. ZHURAVLIOV

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

Abstract. The influence of random vibration effects on the phase noise of quartz generators is examined. To re-
duce this noise, it is proposed to use a VI 0.8/0 cable vibration isolator. Experimental studies were conducted
to evaluate the efficiency of vibration isolators along the X, Y, and Z axes. The results demonstrate a decrease
in phase noise under various vibration modes. The results of the analysis of the effect of the spectral density of vib-
rations and resonant frequencies are presented, confirming the improvement of the frequency stability of quartz
oscillators when using cable vibration isolators. As a result of measurements, it was found that the use of cable
vibration isolators allows for a 15-30 % decrease in phase noise depending on the frequency range and direc-
tion of random vibration. Vibration isolators are most effective in the frequency range above 150 Hz for the X
and Z axes, and above 300 Hz for the Y axis. The data obtained confirm that vibration isolators can significantly
improve the stability of quartz oscillators under vibration conditions, starting from a certain frequency of action.

Keywords: vibration, cable vibration isolator, quartz generator, spectral density of vibration, resonant frequencies.
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BBenenue

CTabuIpHOCTD YaCTOTHI ITPH BO3/IEHCTBIH BHEIITHUX J1€CTAOMIU3NPYIONINX (DaKTOPOB, OHUM U3 KO-
TOPBIX SIBJISIETCS] BUOpaLus, — KII04eBoe TpeOOBaHUE K KBapLEBBIM I'eHeparopam, HOCKOIbKY OH OIIpe-
JeIIsieT TOYHOCTh M Pa3pellarollyi0 YyBCTBUTEIBHOCTh PAAHOIOKAMOHHBIX U PaIdOHABUTallMOHHBIX
CHCTEM, MOTPEIIHOCTh N3MEPEHNH NU3MEPUTENIBHBIX CHCTEM, Ka4€CTBO U HAJIEXKHOCTh CUCTEM CBsA3H [1].
CTaOunbHOCTB YaCTOTHI TeHepaTopa P BO3ACHCTBUHN BUOPALIUK XapaKTepu3yeTcs ero G-4yBCTBHTEIb-
HOCTBIO (OTHOCHTEJIbHOE U3MEHEHHE BBIXOITHOW YaCTOTHI TeHepaTopa IpH BO3/IeHCTBUH yCKopeHus 1 g).
Korna k reneparopy npukiabBaeTCs yCKOPEHNE, ero (pa3oBbIe IIyMBbI OTIPEeISIOTCs IMEHHO G-4yBCT-
BUTEJIbHOCTBIO0, KOTOpast SIBISIETCS BEKTOPHOM BEJIMYMHOM, 3aBUCSILEH OT HalPaBJICHHUs YCKOPEHUs OT-
HOCHTEJIPHO TPEX B3aWMHO MEPIEHAUKYISIPHBIX ocell reHeparopa (X, Y, Z). Bennuuna n opueHTanus
BeKkTOpa (G-4yBCTBUTEIBHOCTH OINPENEISIIOTCS U3MEPEHHEM OT/EJIBHBIX KOMIIOHEHT 1o ocsiM X, Y, Z.
Crenyer OTMETUTb, YTO CTAOMIIBHOCTh YaCTOTHI KBAPIIEBOTO TeHEPaTOpa 3aBUCUT OT Pa3IMnYHbIX (DaKTo-
POB, Cpeal KOTOPBIX YPOBEHb BUOPOYCKOPEHUS, TIPUIIOKEHHOTO K TEHEPATOPY, KOTOPBIH MOXKET BKIIIO-
4aTh B ce0s MOCTOSHHOE YCKOPEHHUE, BUOPAIINIO, yJap, CMEIeHHe, HAKJIIOH WJTH BpaIlleHne TPU HCIIOIb-
30BaHMU MX B alapaType, yCTAHABINBAEMOM Ha MOJBM)KHBIX HOCUTEIISIX [2].

CHIKEHHME peakLUU KBapLEBBIX TEHEPATOPOB HA BO3ACHCTBHE BHOpauuil ymydiiaeT UX (a3oBble
XapaKTePUCTHKH U XapaKTEePUCTUKU PAJAMOCHCTEM B IesioM. B crarbe 1st BUOPO3aLIUThl KBapLEBBIX
TeHEepaToOpOB PACCMOTPEHO UCIIOIB30BaHUE TPOCOBBIX BHOpouzoisitopos BU 0,8/0 [3].

MeTtoauka uccjaen0BaHus

XapaKTepuCTUKH KBapIIE€BOTO T€HEPAaTOPa BO MHOTOM 3aBHUCST OT TEXHOJIOTMUECKUX U KOHCTPYKTHUB-
HBIX JIOCTHKEHHH TI0 M3TOTOBJICHUIO KBapIIEBOTO PE30HATOPA, BHICOKAs JOOPOTHOCTH KOTOPOTo obecrie-
quBaeT HU3KUM (Ha30BbIi mryM. OHAKO AMHAMHYECKHH (a30BbIM IITyM, JEMOHCTPUPYEMBIA KBapIIEBHIM
IEHEPaTOPOM B yCJIOBUSX BBICOKOH BUOPALIMH, IPEBBIIACT €10 (ha30BbIi IIyM B COCTOSIHUM MOKOSL — 3TO
Tak Ha3bplBaeMasi (G-4yBCTBUTEIBHOCTb, KOTOpPAsl OTpa)kaeT 3aBUCUMOCTb YacTOTHI F'eHeparopa OT MpH-
J0keHHOTO ycKopeHus [4]. Uem Bbiie G-4yBCTBUTENBHOCTD, TEM OOJIbIIE U3MEHSETCS YacTOTa TeHe-
paropa mpu BO3IEHCTBUU BHEUIHUX YCKOpEHHH. [T MHOTHX MPHUIOKEHUH TpeOyeTcss MUHUMH3AIINS
G-4yBCTBHUTEIHHOCTH ISl 00€CIIedeHus] CTA0OMIBHOCTH PadOThI TeHeparopa B YCIOBHUIX MEPEMEHHBIX
BHEIIHUX ycioBuil [5]. Cuna ycKopeHUs, IPWIOKEHHAs! K KBapLEBOMY I'€HEpPaTopy, BbI3bIBACT CIABHUT
4acTOTHI Af, TPONOPIIMOHAIBHBIN YCKOPSHHUIO W 3aBHUCSIIUN OT HAIlPaBICHUS MPUIOKEHUS CHIIBI [6],
paccuuThIBaeMbIil 110 hopmyre:

N~
= =Ga, 1
6ot .

rae f, — 4acToTa KBapLEBOro reHeparopa 0e3 BHOpanuu; O — MPUIOKEHHOE yckopeHue; G — Bek-
Top G-4yBCTBUTEIBHOCTH.

g onenkn G-4yBCTBUTEIHFHOCTH KBApIIEBOTO reHEpaTopa K yCKOPEHHUSIM CYIIECTBYeT MHOXKECTBO
MeTo10B. OOBIYHO 3TO AeJaeTcs IS IOHUMAHUs TOTO, KaK BUOPALMY U MEXaHUUECKUE YCKOPEHHS MO-
I'YT BIMSTh Ha CTaOWJIBHOCTh M TOUYHOCTH paboThl reHeparopa. OanH U3 HauOojee 4acTo UCIONb3ye-
MBIX — METOZ, B KOTOPOM JUIsl CO3AaHUsI HEOOXOAMMOTrO YCKOPEHHS NMPUMEHSIETCS BUOPOCTEH/, MTO3BO-
JSIFOILUM co3AaBaTh BUOpauy (Kak TapMOHHUYECKUE, TaK U CIyYaiHbIe) ¢ Pa3IMYHBIMU aMILTUTYIaMU
u yactotamu [7]. M3meHeHus (a3oBBIX IIYMOB HE OIWHAKOBHI IPU PAa3IHUYHBIX HANPABICHUSX MpPU-
JJaraeMbIX MEXaHMUYECKUX Bo3AeicTBUil. [103TOMY Takne BO3ACHCTBUS CIEAYET pacCMaTrpuBaTh B TPEX
IIJIOCKOCTSX.

[Ipu m3mepennn (a3oBbIX LIYMOB HCCIEIYEMOI0 KBapLEBOTO I'€Heparopa MCIOJIb30Bajlach CXeMa
CTeH[a, IpuBeeHHas B [3], ¢ psaoM 1opadoTok. B yactHoCTH, B Hee ObLIN 100aBIEHBI:

— a"anu3aTop (pa3oBBIX IIYMOB, KOTOPBIN MO3BOJIMI TOYHO (PUKCUPOBATH H3MEHEHHUS (Pa30BBIX HIY-
MOB TIPY BO3/ICHCTBUH BUOpAIIN;
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— UCTOYHMK IHUTaHUs, 00€CIICUUBAIOIINN CTAOMIIbHOE HANPSDKEHHUE [T pabOThl KBAapLEBOIO I'eHe-
paropa;

— KBapIIeBBI T€HEPATOp, SBIABIIUICSI OOBEKTOM HCCIIEOBAHUS W MOJBEPTaBIINNCS BUOpPAIMOH-
HBIM BO3/ICHCTBUSAM B PA3JINYHBIX PEKUMAX.

DKCHEepUMEHT TPOBOJIUIICS TIPU TeMIlepaType okpyxaromeit cpeast (23 £ 1) © C u oTHOCHTENbHON
BiaxxHoCTH Bo3ayxa 40-50 %. CxemMa yCTaHOBKH, C IOMOIBIO KOTOPOH M3MEPSUINCH (a30BbIE LIyMbI
KBapIIeBOro reHeparopa (0e3 BO3IEHCTBUS W TPH HATWYIUH BHOpamwii), mpuBeacHa Ha puc. 1. Keap-
LIEBBIN I'€HEPaToOp yCTaHABIUBAJICS Ha pabouyro miaardopMy U IOABEPrayicsl BO3AEHCTBUIO HIMPOKOIIO-
JIOCHOHM ciy4aifHOM BHOpammu, ompezenseMoil mepea HadanoMm ucmbiTaHus. [lapamerps! cimydaitHON
BHUOpaIMY CTaHJIAPTHO yCTaHABIMBAINCH MPOQUIEM CIEKTpaibHON ioTHocTH MouHocTH (PSD) [8].
Crenyer OTMETHTB, YTO CIIEKTpajibHasl INIOTHOCTH BUOpanuii Ha yactorax MeHee 300 u 6onee 1000 'y
M3MEHSETCS 110 3aKOHY 3 1b/OKTaBy.

MepcoHanbHbIli KOMMbIOTEP
AHanuzatop $a3oBbix LWYyMOB

KBapLeBbli1 reHepaTop

Puc. 1. Cxema ycTaHOBKH JUisl U3MEpEHHs (ha30BbIX [IIyMOB:
BC-207 — cucrema ynpasnenust; TIRA TV 5220/LS120 — anexTpoaqnHaMU4ecKuii BUOPOCTEH T
Fig. 1. Installation diagram for measuring phase noise:
BC-207 — control system; TIRA TV 5220/LS120 — electrodynamic vibration stand

B kauectBe 00BEKTa MCCIIEMIOBAaHWI HMCIONB30BAICS KBapIeBwlid reHepatop Wenzel 501-24069A
(romuHanmpHas yacrora — 100 MI'w, HanpshxkeHne nmutaHus — 12 B, BRIXOTHOW CHTHAN — CHHYCOUIAITb-
HBIH, YpoBeHb BbIX0JiHOTO curHasia — 0 nbwm). /laHHBIN reHeparop sBISETCS OAHUM M3 JTYYIIUX CPEeIu
JOCTYIIHBIX Ha PbIHKE 10 (pa30BbIM rymaM U G-4yBCTBUTEIbHOCTH. Takoil oaxo Mo3BoJsIeT OLEHUTh
3¢ PEKTUBHOCTH pacCCMaTPUBAEMBIX MEPOIPUATHHN 110 UCHOIB30BaHMIO Pa3pabOTaHHBIX BUOPOU3OISATO-
POB JUIsl YMEHBIIICHHUS BIUSHUS BUOpaIuii Ha (a3oBbIe IIyMbl TCHEPATOPOB. YPOBEHDb (Da30BBIX IYMOB
mmMepsuics ananmatopom FSWP26 ¢upmer Rohde & Schwarz.

[lepBbIM 3TanioM McciieoBaHus ObUIO W3yUYeHHE BIMSIHUS clay4aliHON BHOpanuu ¢ 3aganHoid PSD
Ha KBapIIeBbIi TeHeparop 1o ocsiM X, Y, Z. JIns namepenus (pa3zoBbIX IIyMOB MO BO3JeiCTBUEM BUOpa-
AN TT0 0¢siM X 1 Y UCTIONTb30BAJICS CTICITHATBHBIA KOHAYKTODP (pHC. 2).

Pe3ynbrarel uccienoBanmii

Ha puc. 3 npuBeneHsl 3aBUCUMOCTH (a30BbIX ITYMOB KBapIlieBoro reHeparopa Wenzel npu oTcyTcT-
BUM BHOpAIMi U MPH Pa3IUuHBIX YacToTax BHOpauuil Baonbs oceit X, Y, Z. Kak BuaHo u3 rpadukos,
HanOoJee YyBCTBUTENbHBI K BUOpAMsIM OCH Z U X, YTO MPUBOAUT K YBEIMYECHHUIO ()a30BBIX LIYMOB
KBapIIEBOTO TeHEPaTopa.
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Puc. 2. Buemnmii Bu reHeparTopa, yCTaHOBICHHOTO HA BUOPOCTEH/I ISl IPOBEICHUS HCIIBITAHUM,
TIpU BO3JIEHCTBUHN BUOpaluit B1osb ocedt X (a), Y (b), Z (c)
Fig. 2. Appearance of the generator installed on a vibration stand for testing
under the influence of vibrations along the axes X (a), Y (b), Z (c)
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Fig. 3. Dependence of phase noise of a Wenzel quartz oscillator on vibration frequency

[Ipumenenue TpOCOBBIX BUOPOHU3OIATOPOB — OJTMH U3 METOJIOB YMEHBIIIEHNS (Pa30BbBIX ITyMOB KBap-
LEBBIX TeHepaTropoB. Takue BHOPOM30IATOPHI OCHAONSIOT UCHBITHIBAEMYIO KBapLEBBIM I'€HEPaTOPOM
BHEIIHIOI BUOPALIMIO, KOTOPast MOKET OBITh BBILIE PE30HAHCHOHN YacTOThI CHCTEMbI U30JISILMH, TEM Ca-
MBIM CHHUJKasi Pe3YJbTUPYIOIINM TuHaMU4YecKuid (pa3oBblil mryM [5]. DTOT THI BUOPOU3OISILIMU yBEIIH-
YHBAET Pa3MepBbl, TOCKOIBKY CUCTEMA JOJKHA BKIIIOUATh B ce0si BUOPOU3OIISITOPHI, MOJIE3HYI0 HArPY3Ky
W BHEIIHUI KOPITyC, a TAK)KE MPOCTPAHCTBO ISl KOJICOAaHUH, UTOOBI BCE COCTABIISIONINE KOMITOHEHTHI
MOIJIM JBUraThCsl HE3aBUCUMO JIPYT OT JpyTa.

i vcTIbITaHUK HMCTIONB30BAIMCH TPOCOBBIE BOCHBMHBETBEBBIE BHOpom3omsTopsl B 0,8/0 [3],
KOTOpbIe MOHTHPOBAJIMCh Ha KBapLEBbIN reneparop. [eneparop ¢ npucoeanHEHHBIMH BUOPOU30ISATO-
paMu ycTaHaBIUBAJICS BO BHEIIHHI KOPITYC, @ OH, B CBOIO 04Yepellb, — Ha BUOPOCTEH/ JUIsl IPOBEICHHUS
ncnelTanuit (puc. 4).

Bosneiictere PSD Ha BHOPOU30IMPOBaHHBIN KBapIIEBbIN T€HEPaTOp OCYIIECTBIUIOCH 10 ocsiM X, ¥, Z.
IIpu momomu axcenepomerpa PCB352C22, ycTaHOBICHHOTO Ha KBapIIEBOM T'eHEpaTOpe, M3MEPSIICS
CIEKTpaJibHbII ypoBeHb BUOpauuii. Viamepenue ypoBHs BUOpauuii BUOPOM30JIMPOBAHHOTO KBapLIEBOTO
reHepaTopa npH BO3AEHCTBUM BHOPALIUI BAOJIb Pa3IMYHBIX €r0 0celd HeOOXOANMO AJIS:
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Puc. 4. Buemnmii B BHOPOM30IMPOBAHHOTO TEHEPATOPa, YCTAHOBICHHOTO HAa BUOPOCTEH I,
JUISL TIPOBEICHUS UCTIBITAHUI TIPU BO3/IeicTBIM BUOpauid Boib ocelt X (a), Y (b), Z (c)
Fig. 4. Appearance of a vibration-isolated generator installed on a vibration stand
for testing when exposed to vibrations along the axes X (a), Y (b), Z (¢)

— o1eHKH AP (HEKTHBHOCTH BUOPOU3OIIAIINN, TaK KaK, U3MepPsIs ypOBEeHb BHOparuii o ocsam X, Y, Z,
MOXKHO OIPEIIETUTh, HACKOIBKO d(PPEKTUBHO BHOPOM3OIATOPHI YMEHBIIAIOT BUOPAIIMOHHBIC BO3MICH-
CTBHS Ha KBapIIeBBIH Te€HEpaTop. JTO MOMOTAET OIIEHUTh, KaK XOPOIIO H30JISTOPHI CIPABISIOTCS C TI0-
IJIOIICHUEM WIT CHIDKEHHEM BUOPAIii, U BBIIBUTH 2(P(PEKTHUBHOCTH MPENII0KEHHOW KOHCTPYKIINHU TTPH
Pa3TMYHBIX HANpPaBJICHHUAX BO3IACHCTBUS BHOPAIHiA, YTO BaXKHO JJISI KOHKPETHOTO TTOJIOKEHHS TeHepa-
TOPOB B PEANBHBIX KOHCTPYKIHSIX [9];

— OTIpeNieIeHNs YyBCTBUTENBHBIX HaNpaBieHnd. BuOpamnnm MOryT oka3bIBaTh pa3HOE BO3ZEHCTBHE
Ha TeHepaTop B 3aBUCUMOCTH OT HalpaBJIeHHs Mo ocsiM. Hampumep, BUOparyuy BAOIb OJHON OCH MOTYT
BBI3BIBAThH O0JIee 3HAYNTEIBLHEIC OTKJIOHEHHSI YaCTOTHI TeHEepaTopa, YeM BIOJb ApyToit ocu (puc. 3). 13-
MEepeHHe YPOBHS BUOPAIMi BAOJIb PA3HBIX OCEH MO3BOJISAET ONPENEINTh, KaKiue HalpaBiIeHns Hanbosee
KPUTHYHBI TSI CTAOMITLHOCTH pa0OTHI TeHEpaTopa 1 TAe HYKHO YCHIIHTHh MEpPhl BUOpOHM30IAINH [4];

— HAeHTH(HUKAINY Pe30HAHCHBIX 9acTOT. BuOpammm MOTyT BBI3BIBATh PE30HAHCHBIE SIBIEHUS, KOTO-
pBI€ CHITBHO BIHSIOT Ha CTAOMIIFHOCTD YaCcTOTHI TeHepaTopa. M3mepenne BuOpannii mo3BosiseT o0Hapy-
JKUTHh PE30HAHCHBIC YaCTOTHI, TI€ TeHEPaTOp HanOoJIee MOABEPKESH BIMSHUIO BHEITHIX BUOPAITMOHHBIX
BO3MIEHCTBUNA. DTO BAXKHO I KOPPEKTHOW HACTPOUKH CUCTEMBI BHOPOHU3OIAIINH [7];

— aHanm3a (ha30BbIX ITyMOB. YPOBEHb BUOPALINii HAIPSAMYIO BIUSAET Ha (Da30BbIe IIyMBI TeHEpaTopa.
W3mepsist BUOpaniny, MOXXHO COMIOCTABHUTh MX C (Pa30BBIMH IIyMaMH, BBISIBUTH KOPPEISAIUIO U TIOHSTH,
KaK N3MEHEHHe YPOBHS BHOpAIHii TI0 Pa3HBIM OCSAM OTPa)KAeTCs Ha CTAOMIIBHOCTH BBIXOAHOTO CUTHAJA
rereparopa [5];

— ONTHUMU3AINHA KOHCTPYKIIMU ¥ HACTPONKH BHOPOM3OIATOPOB. Pe3ynsraTsl M3MEpeHni m03BOIIS-
0T ONTUMHU3UPOBATh UX KOHCTPYKIIUIO ¥ PACIIONIOKEHHE OTHOCUTEIHHO TeHepaTopa IS TOCTIKEHUS
MaKCHUMaJIbHOH 3(PPEKTHUBHOCTH BHOPOU3OISIIIHK. DTO MOXKET BKJIIOUATh BRIOOp MaTepuajioB, (pOpPMEL,
a TakKe CIIOCO0OB KPETUICHUS BHOPOHM30IIATOPOB [7].

B coBokymHOCTH IepednciieHHbIe U3MEPEHUS IIOMOTAI0T 00eCeunTh HaJIe)KHOCTh U CTA0MIIBHOCTh
paboTHl KBapIIEBOTO TEHEpATOpa B YCIOBHSX BHOPAIIMOHHBIX BO3AECWCTBHH, YTO KPUTHYECKH BaKHO
JUTS TIPATIOKEHUH, TPEOYIONTHUX BRICOKOM TOYHOCTH M CTaOMILHOCTH €To 4acToThl. Ha puc. 5 mpencras-
JIeHbI Tpadudeckne 3aBUCUMOCTH PSD oT wacToTh! (kaHai 2), perucTpupyeMbie BHOporpeodpazoBare-
neM PCB352C22 u sBisromuecs: OTKINKOM Ha BO3MYIIAIOIIEE BO3ICHCTBIE.

3aBrCUMOCTH (ha30BBIX IITYMOB BUOPON30IMPOBAHHOTO KBapIIEBOTO TeHEpaTopa OT YaCTOThHI BHOpa-
IIAH TIPH BO3JCHCTBUN BUOPAIIMN B0 Pa3IMIHBIX 0CEH TeHepaTopa mpuBeAcHBI Ha (puc. 6). Kak Bun-
HO u3 puc. 6, a, b (ocu X, Z), npemraraeMbie TpocoBbIec BUOpou30saTopsl BU 0.8/0 03BONSIOT YMEHB-
ITUTH YPOBEHB (PA30BBIX IITYMOB, BRI3BAHHBIX BHOpartusaMu, HaauHas co 150 ['m. [To ocn Y ymeHbIeHne
ypoBHS ($a30oBbIX MTyMoB HaunHaeTcs ¢ 300 I
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3aKiIroueHue

1. MakcumanbHO BO3MOXKHOE CHIDKEHHE (Da30BBIX IITyMOB KBapIIEBBIX T€HEPATOPOB, BEI3BAHHBIX BHO-
paumei, SBiIseTCs BKHOW 3a1auei A oOecnedeHns XapakKTepUCTHK U CTa0MIIBHON pabOThI AJIEKTPOH-
HBIX yCTPOICTB, OTBEUAIOIINX COBPEMEHHBIM TpeOOBaHUSAM. DPPEKTUBHYIO BHOPOH3OJISLIUIO KBAPLIEBBIX
reHeparopoB B auana3oHe yactoT Oosiee 100 'y MOryT 00€CIeYUTh TPOCOBBIC BUOPOU30JISTOPHI.

2. Pa3paborannbie aBropamu BHOpou3ossiTopbl Mozen BU 0,8/0 nemoHcTpupyroT cBoro 3 dekTus-
HOCTBH B CHIKCHHH YPOBHS (pa30BBIX IITyMOB, BBI3BAHHBIX CIy9ailHOHN BHOparmueii. Hampumep, Ha gac-
tore 200 I'1y mo ocu X cHmkeHue ypoBHS (Pa3oBbIX 1rymMoB coctasister 10 nb, mo ocu Z — 20 nb, Ha gac-
tote 1000 I't mo ocam X u Z — 25 u 40 1b cOOTBETCTBEHHO.

3. [omydeHHble pe3ynbTaThl MOTYT OBITH IPUMEHEHBI ISl PEILICHUS 3a7a4i YMEHbIICHUs (Pa30BBIX
LIYMOB KBapLEBBIX TE€HEPATOPOB MPU BO3JCHCTBUHM HA HUX BHEITHUX ITUPOKOIIOIOCHBIX BHOPAIHIA.
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AHAJIN3 QJIEKTPUYECKHUX CUT'HAJIOB,
BO3BY/XKIAIOININX HU3KOTEMIIEPATYPHYIO ATMOC®EPHYIO IIVIAZMY
JAUIEKTPUHYECKOI'O BAPBEPHOTI'O PA3PAJIA

A. H. OCUIIOB, T. MA, B. A. POKAY

Benopycckuii cocyoapcmeennblii yHugepcumen uHGOPMAmuKu u paouod1eKmpoHuK
(Munck, Pecnybnuka Benapycyw)

AnHoTanus. [IprBeieHb! pe3yabTaThl aHAIN3A H3MEHEHHUS HETMHEHHOTO MMITE/IaHCa TIIa3Mbl AUAIIEKTPHIECKOTO
GaprepHOTO paspsama. HenmnHeiHbIe CBOMCTBA IIa3MbI OOJBIIE MPOSBIIIOTCS MPH BO3IEHCTBHM HA HEee HAIpPS-
JKCHUEM MEHBIIICH AMIUIATY/BI. PCFI/ICTpI/IpyeMBIC QJICKTPUYCCKUEC MMapaMETPhI TOKa B BBIXO)IHOﬁ enu reaeparo-
pa OTpaxaroT U3MCHCHUSA I1J1a3Mbl, BBI3BAHHBIC U3MCHCHUCM Bo36y>1<ua}omero I1a3My HalpsKEHUA, TCOMECTPUN
pa3psIIHON CUCTEMBI, pacxo/ia MOTOKA ra3za. JKCIEPUMEHTAIbHO HOIy4EHbl IPOXOAHbIE BOJIBT-aMIIEPHBIE XapakK-
TEPUCTUKH TIa3Mbl. YCTAHOBJICHBI 3aBHCUMOCTH WX M3MEHEHHsI OT aMIUIUTYAbl BO30YXKIAIOIIETO HANpsDKEHUS
B BBIXOZHOM IIETIM I'eHEepaTopa, MOTOKAa HHEPTHOTO Ta3a U PAaCCTOSTHUS MEXLy 3JIEKTPOJaMHU pa3psaHON CHCTEMBI.

KuroueBble cJIoBa: HU3KOTEMIICpaTypHas arMOoc(epHas Iuia3Ma, TUAJICKTPUICeCKU OapbepHBI pa3psi, HElu-
HCHHBIN UMIICIAHC, AMIUTUTYIHBIH CIICKTP, BOJIBT-aMIICPHAS XapaKTCPUCTHKA.

KondaukT HHTEpecoB. ABTOPHI 3asBISAIOT 00 OTCYTCTBHHU KOH(INKTa HHTEPECOB.

Jos nurupoBanusi. Ocunos, A. H. AHanu3 2JIeKTpUYECKUX CUTHAIIOB, BO30YXKIAIONIMX HU3KOTEMIIEPATYPHYIO
aTMoc(epHYIO TIa3My JUIIEKTprUeckoro 6aprepHoro paspsaa / A. H. Ocunos, T. Ma, B. A. Poxkau // Jloxmaast
BI'VUP. 2025. T. 23, Ne 2. C. 44-52. http://dx.doi.org/10.35596/1729-7648-2025-23-2-44-52.

ANALYSIS OF ELECTRICAL SIGNALS EXCITING
LOW-TEMPERATURE ATMOSPHERIC PLASMA
OF DIELECTRIC BARRIER DISCHARGE

ANATOLIY N. OSIPOV, T. MA, V. A. ROKACH

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

Abstract. This paper presents the results of analyzing the change in the nonlinear impedance of plasma
in a dielectric barrier discharge. The volt-ampere characteristics of the plasma were obtained experimentally.
The dependencies of their changes on the amplitude of the excitation voltage in the generator’s output circuit,
the flow rate of the inert gas, and the distance between the electrodes of the discharge system were determined.

Keywords: low-temperature atmospheric plasma, dielectric barrier discharge, nonlinear impedance, amplitude
spectrum, volt-ampere characteristic.
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BBenenune

Cdepa mpumMeHeHUsT TEXHOIIOTUU XOJIOMHOM arMochepHoit mia3mbl (XAIT) gocraTtouno oOmmpHa.
OcHoBHbIC HanOoJee BaKHBIC 007aCTH — MHKPORJICKTPOHUKA (MPOU3BOACTBO W3/ENuii), onTuka (00-
paboTka M HaHECEHUE MOKPBITUH), XUMUYECKast MPOMBIIIUICHHOCTh U TMOJIYYCHHE HOBBIX MaTEepPHAIOB
(M3MeHeHrne CBOWMCTB IMOBEPXHOCTH PA3IMUHBIX MaTepHAIOB HEPa3pyIIAIONIUM CIIOCOOOM), OXpaHa
OKpY’KalomIel cpebl (TEXHOJIOTHH OYUCTKH BOJBI, BO3AyXa H JIp.), OMOJIOTHS 1 3paBOOXpaHeHHe (arl-
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raparypa U TeXHOJIOTHH CTePHIIM3alliu U Tepanun) u ap. [IpenmymiectBaMmu oOpabOTKH B HU3KOTEM-
NepaTypHOi I1a3Me MpHu arMoc(epHOM JIABICHUH SIBIISIOTCS OTCYTCTBHE HEOOXOIUMOCTH CO3IaHUS
U MOJACPKaHHS BaKyyMa B TPOMO3JIKUX CHCTEMAaX, BO3MOKHOCTh PabOThI C Pa3IMuHOr0 pojia MaTepra-
JIAMH, B TOM YUCJI€ HU3KOTEMITePaTypHBIMH ITOJIMMEPAMU B OMOIIOTHYECKUMH 00BEKTaMH, HU3Kasl CTOU-
MOCTh 00OpPY/ZIOBaHHUSI B CPABHEHUH C BaKyyMHO-TUIA3MEHHBIM 00OpYJIOBaHHEM, MOOMIILHOCTh M yYHU-
BEPCAILHOCTb PUMEHEHNS.

B [1] omybnuxoBana mopokHas kapra miasMel Ha 2022—-2027 1T., B COOTBETCTBUU C KOTOPOH TpH-
OpHUTETHBIEC 331a4l Ha YKa3aHHBIW MMEPUO]] — HOBBIC MOJXO/bI K BO30YKICHUIO U I'eHEpaIiH TIa3MEH-
HBIX Pa3psiioB, TUarHOCTUKA U MOJICIMPOBAHNUE TU1a3Mbl. TakuM 00pa3oM, pereHne 3a1a4 T1arHoCTUKH
u monenupoBanus XAl sBisieTcss KIOYEBBIM Ha JJAHHOM d3Tare pa3BUTHsl TeXHojoruu. [lapamerpsl
TUIa3Mbl UCCIIEJIOBATIMCH C TMOMOIIBIO ONTHUYECKUX, CHEKTPOCKOMUYECKHX, MUKPOBOIHOBBIX METOJIOB
1 2JEKTpUYECKUX 30HJ0B. [I0CKONIBKY IIa3Ma MHTEPIPETUPYETCS KaK AIIEMEHT C HEJIMHEHHBIM HMITe-
JTAHCOM, pelIeHue 3aJa9 aHATUTHYECKOTO MOJCTHPOBAHUS ABISETCS BeChMa CIOXKHBIM [2]. OmgHaKOo
YyHCIIeHHOE MojienupoBanue renepanuu XAll, ocHOBaHHOe Ha pEelIeHUH ypaBHEHHH 3JIEKTPOCTATHKU
U TUAPOAMHAMHMYECKOTO JABMKEHHUS 3apSHKCHHBIX YAacTHUI] B JICKTPUUYECKOM TI0JIC B NMPUBSI3KE K KOHK-
PETHOI TEOMETPUH Pa3pATHON CHCTEMBI, HE MOXKET OBITh HCITOJIB30BaHO ISl MMPOTHO3MPOBAHUS TIa-
paMeTpoB IUIa3Mbl B CIIydae U3MEHEHHS TapaMeTpOB pa3psiia (aMILTUTYAbl BO30YKJAIOIIET0 CUTHANA,
pacxona raza u T. A.). OJHHM U3 TIOAXO/IOB PEIICHUS TaHHOW IPOOIEMBI SIBIISIETCS aHATH3 OTKJIMKA TOKa
TIPU BO3JCHCTBUYN HANPsDKCHUS HAa HEIMHEWHBIHN dJIeMeHT (aTMocdepHyto miasmy) [3, 4]. [l gucien-
HOTO PeLIeHHs 3a/1a4i HEOOX0JMMO pacroiarath JUCKPETHBIMU 3HAYEHUSIMH TIPOXOAHBIX BOJIBT-aMIIep-
HBIX XapakTepucTuK (BAX) HEMUHEHHOTO COMPOTHBIIEHHS: MHO)KECTBOM 3HAYSHHU BO3CHCTBYIOIIETO
MTHOBEHHOTO HAIPSKEHUS U COOTBETCTBYIONINX MM MTHOBEHHBIX TOKOB. Takoi MacCuB JAHHBIX MOXKET
OBITH MOJTy4YeH SKCIEPUMEHTAILHBIM MyTEM. B CBsI3M € 3TUM B CTaThe NPUBEICHO MUCCIIEI0BAHUE MPO-
XOJTHOU BOJIBT-aMIIepHON XapakrepucTuku XAl B 3aBHCHMOCTH OT IMapamMeTpoB AIEKTPHUECKAX CUTHA-
JI0B, BO30YKAAIOUIMX IJ1a3My, PacXojia HHEPTHOTO ra3a, FeOMETPUH Pa3psHON CHCTEMBI.

anomeﬂﬂaﬂ JEKTPUUYECKasd MO/1€/Ib BBIXOJITHOI'0 KaCKajaa reseparopa mnjaasMbl

Ha puc. 1 npeicrapiena ynpoIieHHas 3JIeKTpUIecKasi CXxeMa THIIOBOTO BBIXOIHOTO KacKajia reHepa-
topa XAII ms reneparuu XAl pazpsmom DBD. Cornacho [2], moBsrmatomuii Tpancdopmatop (I1T),
ANIEKTPOJBI U JPYTHE IEMEHTHI pa3psiIHON CUCTEMBI COBMECTHO C T€HEPUPYEMOH IIa3Moil 00pa3yroT
KOJIeOATeNbHBI KOHTYP, KOTOPBIA 001ajaeT pe30HaHCHBIMU CBOWMCTBAMU. HanpsbkeHne ¢ 3a1aro1ero
rereparopa U, momaeTcs Ha MEpPBUYHYO 00MOTKY TpaHchopmaropa. HanpsokeHue Bo3OyxaeHus U, s
CO BTOPUYHOH OOMOTKH MOCTYTAET Ha 3JIEKTPOBI Pa3psSAHON CHCTEMBI, KOTOpPBIE HA CXeMe MpeJICTaB-
JICHBI SKBUBAJCHTHBIMU eMKocTamu C,,; u C,», U Jajiee MOJACTCsl Ha Harpy304HOE COMPOTUBIICHUE Z ;.
Emroctu C,, cOCTOST U3 BBICOKOBOJIBTHOTO 3JIEKTPOIA M AUIEKTPUIESCKOTO CIIOS, TOKPBIBAFOIIETO STOT
ANIEKTPON, a Z,, OTIpeNesieTcs SKBUBAJICHTHBIM CONPOTHUBIICHUEM TUTa3Mbl. TakuM 00pa3oM, HU3KOTEM-
neparypHas 1miazmMa atMoc()epHOTO JaBieHHsI, B3aUMOACHUCTBYIOIIAS C TOBEPXHOCTHIO 00bEKTA, SIBIISI-
€TCsl HeTMHEWHOMN Harpy3KOi JUI BRICOKOBOJIFTHOTO UCTOYHUKA TIEPEMEHHOTO TOKa B IIETH C MTEPHOJIHU-
YECKUM MCTOYHMKOM CHUTHAJA.

C@n 1

Zun
U, Usos6 I““ [ ]

Com

Puc. 1. YnpouieHnHast 5KBUBaJIEHTHAs! AJIEKTPHUECKAsi CXeMa BBIXOJJHOTO KacKaja
reHepaTopa XOJIOAHOI aTMOC(HEPHOH M1a3MBbl
Fig. 1. Simplified equivalent electrical circuit of the output stage of a cold atmospheric plasma generator

B [5, 6] npennokeH crmocod THATHOCTUKU W KOHTPOJIS B3aWUMOACHCTBHS TUTa3MBI C TTOBEPXHOC-
ThIO 00BEKTa Ha OCHOBE MapaMeTPOB CHTHAJIOB, BO30YKIAIOMIMX I1a3My (MICHOBEHHBIX 3HAYCHUH
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HarpsDKeHHs ¥ TOKa). B 1aHHOM cTaThe 9TH K€ CUTHANBI NCITOJIb30BAHBI JUTSl aHAIH3a UMITEIaHCHBIX
CBOMCTB IU1a3Mbl. B kauecTBe qaTurKa TOKa B BBICOKOBOJIBTHOM 1IEMU MPUMEHEHO YCTPOICTBO Ha OC-
HOBE OITomnapsi [7].

IIpoBenenne ucciienoBaHmii

Jnst mpoBenieHMsl MCCIeNOBaHUN B 00JIaCTH aHaIM3a JEKTPUYECKUX CUTHAJIOB, BO30Y)KIArOIIUX
IUIa3My JMAJIEKTPUYECKOTO 0apbepHOTO paspsia, MCIOIb30BAICS IKCIIEPUMEHTAIBHBIN CTEH]I, BKIIIO-
yaBIii B ce0st reHeparop curaioB OWON AG4151, ocuumnorpag OWON XDS3204AE, Bbicoko-
BOJIBTHEIH TTpeoOpa3oBarels (TpanchopMaTtop), JaTIUK TOKa, peryisiTop pacxona raza PPI'-10 ¢ 6mokom
ynpasienus BYUII-1M, a taxoke pa3psaHyto CUCTEMY C JIEKTpoaaMH (puc. 2).

Bricok0BOTLTHBIH

npeoGpa3OBaTenL

A
[eHEepaTop
CHI'HAJIOB U,

Puc. 2. CtpykTypHas cxema HcCeJ0BaTeIbCKOTO CTeHIa
Fig. 2. Structural diagram of the research stand

Paspsanas
cucrema

»-| JaTunk Toka

BbICOKOBOJIBTHBII

Perynarop

Ocumutorpad

pacxona rasa

[Tmasma dopMupyeTcss B KOAaKCHATLHOW pa3psaHON CHCTEME C HCIOIh30BAaHUEM HHEPTHOTO Ta3a
aprona (Ar), 4To co3JaeT MIa3MEeHHBIN Qakes JUIMHOHN /10 3 CM U AUaMETPOM OKOJIO 1 cM.

AHanu3 OTKIMKa (TOKa) HArpy304HOTO CONPOTHBIICHUSI Ha BO3/ACHCTBHE HAIPSKEHUEM TapMOHU-
4eCKOM (DOPMBI BBINOIHSIIN C IIOMOILBIO JUCKPETHOro npeoOpazoBanus Pypse. B nepsuunyro o6MoT-
Ky I1T nmonasascs meproguuecKuii CHrHaI IPSMOYTOJIBHOM ()OPMBI C 4aCTOTOMH, OIIM3KOM K Pe30HaHCHON
yacToTe BhIXOAHOro KoHTypa — 50 kI'n. Ilomaua curnana npsiMoyroiabHOM (OpMbI ObUIa BBI3BaHA TEX-
HUYECKOH pean3yeMOCTbI0 r'eHepaTopa. B pesynbrare Bo BTOpH4HONW OOMOTKE BBUY HAJIMUUs PEaK-
TUBHBIX 3JIEMEHTOB (BTOPUYHON 0OMOTKH TpaHc(hOopMaTopa, EMKOCTH IEKTPOJOB Pa3psAHON CHCTEMBI
1 €MKOCTHBIX CBOWCTB CaMOH IJIa3Mbl) CUT'HAJI HANPsDKEHHUS IpHoOpeTall CHHYCOMJalbHYy 0 hopmy. Pe-
TUCTPUPOBANNCH CUTHAIBI HAPSHKEHHH U TOKOB B Harpyske. Jlanee B COOTBETCTBUY C [8] BBIYHUCISIINCH
CIICKTPbI CUTHAJIOB HAIIPSKCHUA U TOKA. AHanuz TMHEHHOCTH COIIPOTUBJICHUSA HArpy3KKU OCYLICCTBIIAIN
Ha OCHOBE CPAaBHEHMS CIIEKTPa OTKJIMKA (TOKA) K CIIEKTPY BBI3BABLIECTO €I0 BO3ACHCTBUS (HAIIPSIKCHUS).
ITo N3MEPCHHBIM 3aBUCUMOCTIAM U3MCHCHM HAIIPSHKCHU A Ha SJICKTPOaax pa3p;111H0171 CHUCTEMBI OT BpEME-
HU U TOKa, MMPOTEKAIOIIEr0 MEX /1y EeKTpoaaMu, cTpomin BAX Harpy304HOTo CONpOTHBICHMSL.

MeTtoauka uccjaen0BaHus

Ha nepBom »Tamne 3KCHEpPUMEHTOB HCCIEAOBaId M3MeHEeHHss BAX npu U3MEHEHUM aMILUIUTYIIbI
HAIPsDKEHUS Ha DJIEKTpoJax B Auama3oHe oT 3,5 mo 8,0 kB. M3MeHeHne HampspKEHUS! BBITIOTHSIOCH
ITOCPEJICTBOM M3MEHEHHUsSI HANPSIKCHUS B IIEPBUYHON 0OMOTKE TpaHC(OpMAaTOpa U KOHTPOIHUPOBAIOCH
BBICOKOBOJIFTHBIM IIYTIOM Ha 3JeKTpoaax. B mamsaTs mudposoro ocumitorpada mapamiensHo Mo TPEM
KaHallaM 3aliCBIBAIMCH PE3YJIbTaThl U3MEPCHUN: HAMPSIKEHUS, MM01aBaéMOTr0 Ha TIEPBUYHYI0 0OMOT-
Ky TpaHchopmaropa U,, HanpsokeHUst Uy, Ha DJIEKTPOAAX Pa3psIHON CHUCTEMbI, CUTHAJIA C JaTdyuKa
TOKa [, MPOTEKAIOIIETO MEXKIY dIeKTponamu. Bpems peructpanuu cocrasisio 200 MKc, yacTtora uc-
kpetm3aruu — 200 MI'1i, gactora curHana Ha Bxoze Tpanchopmaropa — 50 kI, pacxox raza — 25 /4.

Ha Bropom stamne uccnenosanu BaussHue u3MeHeHuss BAX mpu u3aMeHeHun pacxoia moToka HHEepT-
HOTO Traza 4epe3 pa3psaHylo cucrteMy. Pacxos ra3a U3MEHsIICS MOCPECTBOM PETYISATOpa pacxoa rasa
B Juara3oHe ot 25 1o 125 /4. AMIuuTyia HarpspkeHus Ha JIeKTpojiax cocrapisuia 5,5 kB. B mamsatu
ocrmuiorpaga (GUKCUPOBAIKCH IMapaMeTPphl 3aBUCHMOCTH HAINPSKCHUS U TOKa Ha (Yepe3) 3eKTpoax
paspsiHO# cucTeMbl oT BpeMeHH. Ha TpeTbeM stane uzmepsiu Hanpspkerne U, ,q(¢) u TOK 1,,(¢) pu n3-
MEHCHHH MEXDIIEKTPOTHOTO PACcCTOSHUA. HapyKHBIA 3JIEKTPOJ TepeMenaics OTHOCUTEIBHO KOHIIA
BHYTPEHHETO 3JICKTPO/Ia, PACIIONIOKEHHOTO B KBapIeBOW TPyOKe, Ha paccTossHue oT (—5) g0 (+5) Mm
c marom 1 MM (puc. 3). AMIUIHTYIa HAPSDKEHUS cocTapisuia 5,5 kB, pacxon raza — 25 /4.
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WueprHslii ra3 -5mm OMM +5 MM Ilna3ma

BHyTpeHHuUIi 31eKTpOs ‘ I |

KBapresast TpyOka Hapy>xHblii 2nekTpon

Puc. 3. 3MeHeHre TI0JI0KEHHS IEKTPOIOB Pa3psTHON CUCTEMBI
Fig. 3. Change in the position of the electrodes of the discharge system

[Toctpoenue npoxoausix BAX Ha ocHOBe 3apMKCHPOBaHHBIX HA TIEPBOM, BTOPOM U TPETHEM ATaIax
HCCIIEIOBAaHUH 3aBUCUMOCTEH HANIPSDKEHUH M TOKOB OT BPEMEHHU BBHINONHSIOCH B cpeae MathCAD.

Pe3ysbTaThl HCc1e10BaHUI

Ha puc. 4 npencraBineHbl BpeMEHHBIE AMArpaMMbl HampsoKeHUH B mepBuyHOM oOmotke [IT
1 Ha DJIEKTPOAAX Pa3psAHOM CUCTEMBI M TOKa, MPOTEKAIOLIero Mex 1y HUMH. Ha Bxox Tpancopmaropa
M0/1aBAJIOCH [IEPUOIMYECKOE HAMPSDKEHHUE TPSMOYTOIBHON (opmbl (puc. 4, ). B BeIXomHOM 11eTH reHe-
paTtopa HaOJIroaICs CUTHAII CHHYCOUAATBHON (popMEI (puc. 4, b), 9TO 00BSICHACTCS HATMIUEM PEAKTHB-
HBIX CONPOTHUBJICHUH 311eMeHTOB (00MOTKa I1T, eMKOCTE 27IeKTpOIOB, M1a3Ma).
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Puc. 4. VI3MeHeHNs HANIPSDKSHUSI M TOKA B BBIXOJHOM LICMH FeHepaTopa Mia3Mbl:
a — HanpsbkeHre U, Ha BXOJI¢ MOBBIIIAIONIETO TPaHC(HOPMAaTopa;
b — HanpspxeHne Bo3OyaeHus U,,,; Ha BBIXOJIE TIOBBIIIAIONIETO TpaHC(hopMaTopa;
€ — TOK [ ;, IPOTEKAIOIIHNK Yyepe3 AIEKTPO/IbI pa3psiIHON CUCTEMBbI
Fig. 4. Changes in voltage and current in the output circuit of the plasma generator:
a — input voltage U, of the step-up transformer; b — excitation voltage U, at the output of the step-up transformer;

¢ — current /, flowing through the discharge system electrodes
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3aBUCHUMOCTb TOKa OT BPEMEHH, CUMTAaHHAs C JaT4MKa TOKa, IIpejcTaBieHa Ha puc. 4, c. Dopma
OTKIUKA /,,(f) AIMEKTpUYECKOi TeTH (TIa3MBbl) COMEPIKUT HECKOJBKO JIOKATBHBIX SKCTPEMYMOB (1,
Ly, I;3) M CYLIECTBEHHO OTIMYAECTCS OT (JOPMBI 33/1aI0IIET0 TAPMOHUYECKOTO BO3ACUCTBUS U,yys(?).
[Ipu sToM Habmomaercs caBur (a3 MEXIY TOKOM M HAlpsDKEHHEM: TOK OIEpe)KaeT HampsDKEHHE.
3TO CBUAETENBCTBYET O TOM, YTO TPH MPOBEACHUH 3KCIIEPUMEHTA B BBIXOJHOM KOHTYpE Ipeolnanana
€MKOCTHAs COCTABIIAIONIAs PEAKTUBHOTO COMPOTHUBIICHHS], @ YaCTOTA CUTHANa BO30YXACHHUS IJIa3MBbl OT-
JAMvasach OT PE30HAHCHOM. BBy cioskHOM (opMbl TOKa, CABUTH (a3, H3MEPEHHbIC HA Pa3HbIX yPOB-
HSIX aMIUIMTYJ, UMEIOT pa3IMyHble 3HAUYCHUs B Pa3Hble MOMEHTHI BpeMeHH (nepuoaa). Tak, npu Bo3pac-
TaHUU HATPSDKCHUS Ha YPOBHE HYIIS cIBUT (ha3 coctapisier 18°, a mpu yMeHbIICHHH HarpsbkeHus — 11°.
Takum 00pa3om, TaHHBIE TAPAMETPBI XapaKTEPH3YIOT U ONPEACISAIOTCS M3MEHEHHEM UMITEIaHCa I1a3Mbl.

Ha puc. 5 npencraBneHbl aMIUIMTYJHBIE CIIEKTPBI CUTHANIOB HanpspkeHus: U Toka. CrieKkTp Harpsi-
JKCHUST — KBQ3UTAPMOHUYCCKHI U COJCPIKUT HECKOJILKO FApPMOHUK, T. €. 33JJafOIUI CUTHAT HECKOJILKO
OTJIMYAETCSI OT CHUHYCOMIAIbHOr0. JT0 00bsAcHAeTca TeM, uTo Ha Bxon IIT monmaBaics mpsmoyross-
HbI{ curHai. CHEeKTp OTKJIMKA (3aBUCUMOCTb TOKa) — MYJIBTUTaPMOHHUYECKUN M CONCPKUT CYIIECTBEH-
HO OOJIbILIC TAPMOHHUK, YEM aMIUIUTYIHBIN CIIEKTp cUrHaja HanpsokeHusl. COOTBETCTBEHHO 3 (EKTHB-
Hasl IIMpPUHA TOJIOCHI CrIeKTpa f curHana HanpsbkeHus U, onpeaeneHHas coniacHo [9], cocrais-
et 125 x['u, a apdexTrBHas monoca cnekrpa f curnaia Toka [, — 425 xI'g, T. e. B 3,4 pasa Oomnblue.
Wzmenenue Gopmbl cUTHAIAa-OTKIMKA TIPU BO3ICHCTBUY TaPMOHUYECKUM CHT'HAJIOM, COOTBETCTBEHHO
u pacmupenue 3(HEeKTUBHOM MOJIOCH CIIEKTPa, CBUIETEIbCTBYIOT O HEIMHEHHOM CONPOTUBICHNH Ha-
rpy3KH (TIIA3MBI) TETIH.

Upos6s HOM. 1,1, HOpM.
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1 |
0.8 | 08 |
07t | 0,7 1
0,6 | ‘H 06 |
, | X
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\

03t | | 03 |
02} | 02 |
0,1 | | ‘;*\ 0,1 |

LA, |

0 200 400 600 800 £ xIn

a
Puc. 5. AMIUIATYTHBIE CTIEKTPHI: @ — HANPSDKEHUST, b — TOKa
Fig. 5. Amplitude spectrum: a — voltage; b — current

HccnenoBany BIUSHUE aMIUTUTY/IbI HANPSOHKSHUS, BO30YKIAIOIIEr0 IUIa3My, pacxola WHEPTHOTO
ra3a v pacCTOSIHHS MK/ ICKTPOIaMH pa3psiHON cucteMbl Ha BAX xononHoi arMocepHOit Tu1a3Mbl
JUAJIEKTPUYECKOTO OapbepHOro paspsiaa. s aHannza n3MeHeHUs] UMIIelaHca TUIa3Mbl OT TapaMeTpoB
reHeparopa 1 paspsiIHOM CUCTEMbI CTPOMIIN MPOXoaHyt0 BAX Harpy3ku BBIXOIHOMN IIETIH TeHepaTopa.
Pacxonx moToka raza cocTaBisut 25 /4, HalpsDKEHHUE Ha dIIeKTponax — 5,5 kB.

Ha puc. 6 npeacrasnena npoxoanas BAX, nocTtpoeHHas Ha OCHOBE M3MEPEHHBIX HOPMHUPOBAH-
HBIX 3aBUCHMOCTEH HaIpsDKEHUsI M TOKAa OT BpeMeHu. BAX mMeeT CloXHBIA T'MCTEPE3UCHBIN Xapak-
TEp, COOTBETCTBEHHO YroJl HAKIOHA MPUHUMACT KaK MOJIOKUTEIbHbIC, TAK U OTPULIATEIIbHBIC 3HAUCHUS.
3T0 00BSCHSIETCS HATMYHEM PEAKTHBHOHN COCTABIISIONICH UMITEIaHCca HATPY3KH.

3aBUCUMOCTH U3MEHEHHUS TOKA, MPOTEKAIOIIETO YepPe3 MEKTPOIbI, TPU U3MEHEHUH aMIUIUTY/IbI Hall-
psDKEHHS TIpeAcTaBiIeHbl Ha puc. 7. HabnropatoTcst n3aMeHeHne (CABHT) TIOJOKEHHUS JIOKATBHBIX DKCTPe-
MYMOB TOKOB OTHOCUTEIHHO OCH BPEMEHHU U HEMPOIIOPIIHMOHATFHOE U3MEHEeHHE UX aMIuiuTy. [Ipu yBe-
JUYCHUH aMIUTUTYIbI HAMpsDKCHUsI BUJICH HE TOJBKO POCT aMIUIUTYIBI TOKA, HO TAaKXKE MPOUCXOIUT
HEKOTOPOE U3MEHEHUE (POPMBI TOKA — OHA MPHUOJIMIKACTCS K CUHYCOMTANbHON. CIBUT (a3 MEXKIY TOKOM
U HallpsHKCHHUEM, OIPEIeJICHHBIN Ha YPOBHE HYJIEBON aMIUTUTY/bI, He u3MeHseTcsl. CleayeT OTMETHUTh,
yTo omnune Gpopmbl ToKa /() OT CHHYCOMIAILHOM, 8 3HAUUT, U HEIMHEWHBIE CBOMCTBA TIa3Mbl, 0OJIb-
1I1€ TPOSIBIISIIOTCS TIPU BO3ICUCTBUM HA HEE HAMPSXKEHUEM MEHBIIEH aMIUTUTY/IbL.
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Fig. 6. Volt-ampere characteristic of the plasma generator load
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Puc. 7. 3aBUCHMOCTD TOKa HATPY3KH OT BPEMEHHU TIPU Pa3TUIHBIX HATIPSDKEHHUSX
Ha SIIEKTPOJIaX Pa3PsTHON CHCTEMBI
Fig. 7. Dependence of load current on time at different voltages on the electrodes of the discharge system

W3menenust popMbl CHTHAIOB TIOATBEPKIAIOT MpoxonHbie BAX mma3mbl, TOCTPOECHHBIE TIPH pa3-
JTUIHBIX HAMIPsHKCHMSIX Ha AIEKTPOAax pa3psmaHoit cucteMsl (puc. 8). Kak ciaemyert u3 puc. 8, a, cymect-
BeHHBbIe nM3MeHeHus Gopmbl BAX xapaxTtepHbl it obmacteit 4 u B. DT 00IaCTH COOTBETCTBYIOT
yuactkam 4°, B® Ha puc. 7. Yenuuenne aMmutyasl U, s TIPUBOJUT K yBEITHMUEHHIO TUIOMIAMH Spax,

orpanndeHHOlN kpuBoii BAX. B Tabn. 1 mpencraBieHbl 3HAYCHUS Spax U PA3IMYHBIX HAMPSHKEHUHA
BO30YKICHIS TIIA3MBI.
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Tabauua 1. OrpannueHue mIoma Iy BoJIbT-aMIEPHON XapaKTepUCTUKU
TIPY U3MEHEHUH HANPsHKEHUS BO30YKJICHUS TTa3MBbl
Table 1. Limitation of the area of the volt-ampere characteristic when changing the plasma excitation voltage

U, KB 3,5 43 55 6,9 8,0
Siax, OTH. €I, 8,4 13,0 22,5 39,8 57,6

VYBenuuenue HanpsikeHus U, s B 2,3 pa3a NpUBENO K yBEINYEHUIO TUOMAAN Spax B 6,8 paza. Takum
00pa30M, U3MEHEHHUE HATIPSIKCHUS BO30YKICHUS TIa3Mbl TPUBOJIUT K U3MEHEHUIO (DOPMBI TOKA, IpoTe-
KAroOIIEeTO0 MEXKIY MIEKTPOIAMH, & 3HAYHT, — K U3MECHCHUIO UMITE/ITAHCA TUTa3MBI.

Ha puc. 9, a, b mipencrapnens cemeiictBa BAX cOOTBETCTBEHHO MTPU N3MCHEHHH TTOJTOKEHUS IJICKT-
POIIOB M pacxoja MoToKa ra3a. Vi3aMeHeHne JaHHBIX TapaMeTPOB IMPHUBOIUIO K HEKOTOPOMY H3MEHEHUIO
(hopmbl 1 TIONIa M, orpaHndeHHON BAX. Jliis OleHKH 3TUX U3MEHEHHUU PAaCcCUMUTAHbBI ILIOMAIHA Spaxs
MIEPUMETPBI KPUBBIX Lsx U MapamMeTp Spax/Lpax- Pe3yabTaThl BEIUNCIICHUH PUBEICHBI B TA0M. 2, 3.
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Tadauna 2. [Tomans BoJIbT-aMIIEPHBIX XapaKTEPUCTUK U TapaMeTp Spax/Lpax
IIPU Pa3IMIHOM MEXKIIEKTPOIHOM PACCTOSHUU
Table 2. The area of the volt-ampere characteristics and the parameter Sys/Lyac
at different interelectrode distances

Paccrosiane, Mmm -5 —4 -3 -2 -1 0 1 2 3 4 5
S 2,089 | 2,141 | 2,149 | 2,174 | 2,198 | 2,131 | 2,279 | 2,147 | 2,149 | 2,168 | 2,109
S/L 701,3 | 712,4 | 725,3 | 728,1 | 750,5 | 723,2 | 756,3 | 719,6 | 733,6 | 7324 | 721,1

Taoauma 3. [11011aas BOIBT-aMIICPHBIX XapaKTEPUCTUK U MapaMeTp Sgax/Lpax P PA3TUUIHOM PACXOC Ta3a
Table 3. The area of the volt-ampere characteristics and the parameter Sy, /Lyac at different gas flow rates

Pacxoz rasa, ji/4 25 40 55 65 75 80 110 125
S 2,327 2,299 2,328 2,309 2,302 2,324 2,329 2,324
S/L 775,908 | 756,927 | 771,826 | 767,321 | 775,481 | 777,731 | 785,887 | 769,502

AHanmM3 MOMyYEHHBIX NAaHHBIX MOKa3aj, YTO U3MEHEHHNE MEKIIEKTPOMTHOTO PACCTOSHUSI HA S5 MM
MIPUBOANT K HE3HAYUTEIHHOMY, MeHee 5 %, nameHennto miomaan BAX. I[Ipu atom nponcxoaut Oosnee
3HaYHTENbHOE M3MeHeHne popMbl BAX — mapameTp Sgax/Lpax B3MeHsAeTcs Ha 9,2 %. YBenndeHnue pac-
XO0J1a MIOTOKA ra3a B ATk pa3 — ¢ 25 10 125 1/9 — He3HAYUTEIHHO CKa3bIBaJIOCh HA N3MEHEHUH NMIIS/IaH-
ca mia3mbl. Tak, M3MEHEHUE TUIOIIAIN COCTABISIIO MeHee 2 Y%, a mapameTpa Sgax/Lpax — MeHee 4 %.
CrnenoBarenbHO, U3MEHCHUS AIEKTPUUECKUX CHUTHAJIOB, TOJYUYCHHBIC MPH PAa3HBIX PAcXOAax IMOTOKA
rasa, He CTOJIb 3HAYUTEIBHBI IO CPABHEHUIO ¢ N3MEHEHHSIMH, BI3BAHHBIMH PA3TUIHBIMU HATIPSDKEHUS-
MU BO30Y>KACHHUS TUTa3MbI FITH PACCTOSHISIMHA MEXKTy SJIEKTPOJAMH Pa3psITHON CHCTEMBI.

3aKIIoueHue

1. [lonTBepKAECHO, UTO aTMOC(epHas IuTa3Ma XapakTepru3yeTcs HeTHHEHHBIM nMITefancoM. 00 3Tom
CBUJICTEIHCTBYET H3MEHEHNE (POPMBI TOKA (OTKIIMKA) Harpy3KH (I11a3Mbl) HA BO3ZCHCTBHAE rapMOHHYEC-
KHMM HanlpspKEHUEM COOTBETCTBEHHO Ha paciuupeHue 3pQekTHBHOM MOI0CH U CTPYKTYPbI aMILTUTYIHO-
ro crekTpa Toka. [Ipu nmpoBeeHNN HCClieIOBaHUI Ha YacToTe, OJM3KOH K pe30HAaHCHOM, HaOIoqancs
cABUT (a3 MEKIY TOKOM U HANpPsDKEHHEM, TIPUYEM TOK OTepesKall HalpsDKEHHUE, YTO CBUIICTEIbCTBYET
0 TpeoOrajaH €MKOCTHON COCTAaBIISIONIEH B BBIXOAHOH Iienu reHepartopa. HenwmHeliHble cBOHCTBa
IJ1a3Mbl OOJTBITIE TIPOSBIISIFOTCS TTPH BO3ACWCTBUY HA Hee HANPsDKEHHEM MeHbIel aMrmuTyasl. [pn us-
MEHEHHHU Pa3INYHbIX [TapaMETPOB FeHepaTopa sl OLEHKU U3MEHEHUS UMIIEIaHCa I1a3Mbl [IOCTPOCHbI
€€ IIPOXO/IHBIE BOJIBT-aMIIEPHBIE XapaKTEPUCTHKH, KOTOPHIE UMEIOT CIIOAKHBIN THCTEPE3UCHBIN XapakTep.

2. YCTaHOBIIEHO, YTO PETUCTPUPYEMBIE IIEKTPUUECKNE ITapaMeTPhl TOKA B BBIXOAHOM LIeNu reHepa-
TOpa OTPa)KatoT U3MEHEHU TUIa3Mbl, BBI3BAaHHBIE U3MEHEHHEM BO30YKIAIOIIETo MIa3My HaIlpspKEHUs,
TeOMETPHUH Pa3psAAHON CHCTEMBI, pacxo/ia MOTOKa ra3a. YBenudeHue HarnpspkeHus U, s B 2,2 pa3a npu-
BOJIUT K YBEJIIMYCHHIO TUTOMAAN Spax B 0,8 pasa, M3MEHEHHE MEXIIEKTPOTHOTO PACCTOSHUSA HA 5 MM —
K HEe3HaUYNUTENbHOMY (MeHee 5 %) N3MEHEHHUIO TUIOIIA I TPOXOJHON BOIBT-aMIIEPHON XapaKTEPUCTUKU.
[Ipu 3TOM CyIlIeCTBEHHO MEHSIeTCs mapamerp Spax/Leax — Ha 9,2 %. V3MeHeHus] TeoMeTpUH BOJIBT-
aMIIEPHBIX XapaKTEPUCTHK MPH YBETUUECHUH PAacXofa MOToKa raza ¢ 25 1o 125 /4 He CTONb OLy TUMBI
(rutomaau — MeHee 2 %, napameTpa Sgax/Lax — MeHEe 4 %) 110 CPaBHEHHIO ¢ M3MEHEHUSIMU, TT0JTyYCH-
HBIMH TIPH PA3IUYHBIX HAPSKEHHSIX BO30YKACHNS TUTa3MbI FITH PACCTOSHHSX MEXY IEKTPOTAMHU.

3. PesynbraTsl MicCIeOBaHUA MOTYT OBITH UCTIOIB30BAaHBI TTPH YHCICHHOM MOJICTMPOBAHUN aTMOC-
(hepHOII MIa3MBl TUAIIEKTPHUECKOTO OaphepHOTO paspsija, a TAaKKe MPHU BHIOOpE ONTHMAIBLHBIX PEKHU-
MOB pa0OTBI T€HEPATOPOB IIA3MBI.
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3KCHEPUMEHTAJBHBIE UCCJIEJJOBAHUS
M PABPABOTKA MOJEJEW HEJIUHEMHOCTU CMECUTEJIEN
JTUAIMA3OHA FR1 JJISI AHAJIU3A
SEKTPOMATHUTHOU COBMECTUMOCTH

E. B. CUHbKEBUY!, B. U. MOPJAYEB!, ®AIO BAH?, /1. A. TUOHEHKO!,
U. B. LIAKUHKO!

!Benopyccruii 2ocyoapemeenbiii yHueepcumem uHGopmMamuxky u paouosi1eKmpoHuKy
(Munck, Pecnybnuka Benapyco)
’Hankunckutl ynueepcumem uHpopMayuoHHblx HAyK U MexHON02ULl
(Hanxun, Kumatickas Hapoonas Pecnyb6nuxa)

AnHoTtanus. C MpUMEHEHNEM TEXHOJIOTHHU JIByX4aCTOTHOTO 30HANPOBAHMS BBIITOJHEH 3KCIIEPUMEHTAIbHBIIN aHa-
JIU3 HEJIMHEHHBIX CBOMCTB MAJIOMOLIHBIX PaJUOYacTOTHBIX CMECUTENIEH Ha 4acTOTaX IOJIOCHI N7, BBIACICHHOMN
B benapycu st cucrem MoOmMiIbHOU cBsizu 4G, U NONOCH N78, KOTOPYIO IUIAHUPYETCsl MCIOJIb30BaTh B peciyo-
JIMKE JUIsl cucTeM MoOmibHOH cBsizu SG. Ha ocHOBE pe3ynbTaToB U3MEpEHUi IByX4aCTOTHBIX XapaKTEPUCTUK CMe-
cuTesel, X OJHOCUTHAIBHBIX aMIUTUTYAHBIX XapaKTEPUCTHK, a TAKXKe JBYXCHUTHAJIBHBIX aMIUIMTYIHBIX Xapak-
TEPUCTHK U JUHAMUYECKOTO THara3oHa 10 MHTEPMOXYISIIuu 3-, 5-, 7- 1 9-ro MOPSIKOB B TapMOHUYECKOI 30HE
MOJIE3HOTO CUTHAJIa CHHTE3UPOBAHBI OJTMHOMHUANBHBIE MOJICIH BBICOKHMX MOPSAKOB, OMUCHIBAIOIINE MEPEaaTou-
HBIC XapaKTePUCTUKU HCCIEIyEeMbIX CMECHUTENeH U MpeaHa3HaueHHbIC AJIS aHalu3a BIMSHUS PaJHOYacTOTHBIX
ANIEKTPOMArHUTHBIX TOMEX Ha PaJHOTPAKThl METOIOM JIMCKPETHOTO HEIMHEHHOTO MOJICTUPOBAHHMS TIPH OOJIBILIOM
JMHAMHYECKOM JIana3oHe BXOAHBIX Bo3aecTBHi. [TonmyueHHbIe MOJen 00eCIeuBatOT BEICOKYIO a1eKBaTHOCTh
U BBIYUCIUTENbHYIO 3()(EKTHBHOCTD KOJIMYECTBEHHOTO aHAJIN3a HEJIMHEHHBIX MPOLECCOB U PAANOIIOMEX, BO3HHU-
KaloIUX B IPUEMHOM 00opynoBanuu panuocereit 4G/5G/6G B clioXXHOMN 37IEKTPOMarHUTHON 0OCTaHOBKE.

KuaroueBble cioBa: moOwinbHas cBsi3b 4G/5G, FR1, snexTpoMaranTHast 00CTaHOBKA, CMECHTEIb, HEIMHCIHOCTD,
WHTCPMOAYIISINSA, OJIOKUPOBaHHE, THHAMIYCCKUH JHAIa30H, TIOWMHOMHUAIIEHAS MOJICIb.

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

Jast muTHpoBaHus. DKCICPUMCHTAIBHBIC HCCICIOBAHUS U pa3pabdoTka MOJICICH HETUHCHHOCTH CMECHUTEINCH
muanazona FR1 mis ananu3za anekrpomaruutHoit coemectumoctu / E. B. CunbkeBud [u ap.] // Jloxnaasr BI'YUP.
2025. T. 23, Ne 2. C. 53-60. http://dx.doi.org/10.35596/1729-7648-2025-23-2-53-60.

EXPERIMENTAL RESEARCH AND DEVELOPMENT
OF NONLINEARITY MODELS FOR FR1 RANGE MIXERS
FOR ELECTROMAGNETIC COMPATIBILITY ANALYSIS

EUGENE V. SINKEVICH!, VLADIMIR I. MORDACHEV!, FAYU WAN?Z,
DZMITRY A. TSYANENKA!, IVAN V. SHAKINKA'

!Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
’Nanjing University of Information Science and Technology (Nanjing, People’s Republic of China)

Abstract. By using the technology of double-frequency testing, an experimental analysis of nonlinear properties
of low-power radio-frequency mixers is performed at frequencies of the n7 band allocated in Belarus for 4G mo-
bile communication systems and the n78 band that is planned to be used in Belarus for 5G mobile communica-
tions. Based on the results of the measurements of mixer characteristics (the double-frequency characteristics,
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single-tone amplitude characteristics, as well as two-tone amplitude characteristics and dynamic ranges for 3%-,
5th- 7" and 9"-order intermodulation) in the harmonic zone of the useful signal, high-order polynomial models
describing the transfer characteristics of the considered mixers are synthesized. These models are intended to ana-
lyze the effect of radio-frequency electromagnetic interference on radio links behavior in case of a large dynamic
range of input signals by using the discrete nonlinear modeling technique. The obtained models provide high
adequacy and computational efficiency of quantitative analysis of nonlinear processes and radio interference oc-
curring in receivers of 4G/5G/6G radio networks in a complex electromagnetic environment.

Keywords: mobile communications 4G/5G, FR1, electromagnetic environment, mixer, nonlinearity, intermodula-
tion, blocking, dynamic range, polynomial model.
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BBenenue

[locTostHHOE yCIOKHEHHUE AIIEKTpOMarHuTHON o0ctanoBkr (OMO) B mojocax 4acToT MOOMITBHOM
(cotoBoit) cBsizu (MC), corpoBokaaromieecs yBeIMYCHUEM YHCIa U JHHAMUYECKOTO JTMAIla30Ha CHT-
HAJIOB Ha BXOJIC PaJIMONPUEMHHUKOB 0a30BOT0 U aOOHEHTCKOTO 00opynoBanuss MC, MPUBOJUT K POCTY
OIACHOCTH HEJIMHEHWHBIX MOMEX DPATUONPHEMY, TAKUX KaK HHTCPMOAYJALUs, OJOKMpPOBaHHUE, Tepe-
KPECTHBIE UCKAKCHUSI, TPEOOPa30BAHME IITYMOB T€TEPOAMHOB U JIp. DTH MTOMEXHU CO3AIOTCS TIPH BO3-
JIEHCTBUM MOIITHBIX BHETIOJIOCHBIX CUTHAJIOB HA BXOAHYIO HEJIMHEWHOCTH PaIMOTIPHEMHHKOB, OTIpeie-
JSIEMYI0 HEIMHEHHOCTHIO €r0 BXOAHBIX AIIEMEHTOB — ycuiuTenei paanodactotsl (YPY) u cmecuTenei,
4T0 00YCJIOBIMBACT aKTyallbHOCTD JICTAIBHBIX UCCIIEIOBAaHUIN HEIMHEHHOCTH ATHX JJIEMEHTOB B HHTE-
pecax moCTpOCHUS aIeKBAaTHBIX MATEMATUYCCKUX MOEINICH, OMUCHIBAIOIINX UX TIEPEIaTOUHBIC XapaKTe-
puctuk# (I1X) B mmpoxom TMHAMHYECKOM JAMAra30He BXOIHBIX BO3/IEHCTBHIM.

B [1] Takue uccnenoBanust mpuMeHUTENbHO K Y PY, QyHKIIMOHUPYIOMNM B 1Tosiocax n7 v n78 HIK-
Hero muanasoHa yactot FR1 (0,410-7,125 I'T'm) mo6mnbpHOM cBsizu 4G/5G, MO3BOIMIM CHHTE3UPOBATh
nonuHomuanbable Moaenu [1X YPY no 37 nopsiaka, OpurofHble sl UCIOAb30BaHUS B IIUPOKOM JIMHA-
MHUYECKOM JIUAIa30HE BXOAHBIX BO3ICUCTBUM C LEIBI0 OTHOBPEMEHHOTO MOICTUPOBAHUS HETUHCHHBIX
3¢ (eKTOB BCEX BUJIOB, MPEACTABIISIOIIMX OMTACHOCTH JIJIsl pajinonprema B ciiokHoit OMO, coznaBaeMoit
B niostocax 9actoT MC: kak «TOHKHX» 3p(eKkToB (MHTEPMOAYISIHNS), TaK U «IPYObIX» (OIOKUpOBaHHUE,
MepeKpecTHhIe NCKaKeHNs). [laHHbIe MOeNH MpenHa3HauYeHbl U WCIIOJIh30BAHUS B KaueCTBE THIIO-
BBIX (CTIPaBOYHBIX), OOECTIEUMBAIOIINX BO3MOKHOCTh HCCIEA0BaHUH, 3((HEKTHBHOTO MOJIEITHPOBAHUS
Y KOJIIMYECTBEHHOTO aHalM3a HEJIMHEWHBIX IMPOLECCOB U paauornomex B pamauocerssx MC 4G/5G/6G
B cioxHOM DMO ¢ UCTIONb30BAaHUEM TEXHOJIOTHU [2, 3] AUCKPETHOrO HEIMHEUHOTO aHalu3a MOoBee-
HUSL PaIno000PYI0BaHHUs MIPU OOJIBIIIOM JTUHAMHYECKOM JHAIlla30HEe BXOIHBIX BO3JICHCTBUM, KOTOpas
pu GUKCHPOBAHHOM TTOPSIKE TTOJTMHOMHUAIBHBIX MOJACTIEH TIePeIaTOTHBIX XapaKTEPUCTUK HHBAPHUAHT-
Ha K ciokHOoCcTH DOMO. OHAKO 3TH MOZIETH He 00eCTIeYMBAIOT OObEKTHBHOCTH aHATN3a HEeTMHEHHBIX
roMex (hyHKIIMOHUPOBAHHIO HMIMPOKOTO Kilacca pagHoNpUEeMHBIX TpakToB MC, aiisi KOTOpOTO BXOTHAsS
HETTMHEHHOCTh TPAKTa B 3HAYUTEIBHON CTENEHU OMPENENSICTCS] HEIMHEHHOCThIO TIEPBOrO CMECHUTES
B CHJTy ci1aboii yacToTHOM n30buparensHocTH Y PY.

Lenb uccnenoBanuii — pa3pabotka ajgekBarHbix Mojene [1X cmecurenei nuanasona FR1 4G/5G
JUTST TAPMOHUYECKON 30HBI ITOJIC3HOTO CHUTHAJA, 00ECIICUYMBAIONINX BO3MOXKHOCTH KOJIMYECTBEHHOTO
aHaJIM3a WX TIOBEICHUS MPH OOJBIIOM TUHAMHYECKOM JHalia30He BXOAHBIX BO3ACHCTBUI, HA OCHOBE
AKCIEPUMEHTAIBHBIX HCCICIOBAHUN XapaKTePUCTUK HEMHEHHOCTH MaHHBIX CMECHUTENed MEeToaoM
JIBYX4acTOTHOTO 30HaupoBanus (JIU3) [4].

BKCHepI/IMEHTaJII)HbIe HCCIEA0BAHUSA XaPAKTEPUCTUK HEJIMHEHHOCTH cMecHuTe el

[IpoBeneHbI IKCIIEPUMEHTAIBHBIC MCCIICAOBAHNS HEJIMHEWHBIX CBONCTB MaJIOMOIIHBIX CMECHTEIICH
npousBojcTBa komnanuu Mini-Circuits (CILIA) Ha yactorax nomnockt n7 (2500-2570 / 2620-2690 MI'm),
KoTopas BeifeneHa B benapycu misa cuctem MC 4G, u monocsr n78 (3300-3800 MI'1r), koTopyto ria-
HHUPYETCS UCIIOIL30BaTh B pecmyomuke st cucteM MC 5G. CTpyKTypHas cxeMa aBTOMaTH3UPOBAHHON
cuctemsl (AC) U3, ucmonp30BaHHON MPU MPOBEIACHUN H3MEPEHUH, IPUBEICHA Ha puC. 1.
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Puc. 1. CtpykrypHas cxema aBTOMAaTH3HPOBAHHOW CHCTEMBI JIByX4acTOTHOTO 30HIHUPOBAHUS
MPU U3MEPEHUH XapaKTEPUCTHK CMECHTEIISI
Fig. 1. Block diagram of the automatic double-frequency test system used in the tests of mixer

[Ipu npoBeaeHNnn Uccaen0BaHUM N3MEPEHBI CIETYIOIINE XapaKTEPUCTUKH, OTPaKaIOIINe HEITMHEH-
HbIE CBOWCTBA PaJOYacCTOTHBIX CMECHTENEH: OJHOCHUTHAIbHAS aMIUINTYyIHAs Xapakrepuctuka (AX)
1o nosne3Homy curnany (AX-1), npyxdactorHast xapakrepuctuka (JJUX), AX 1o qByXCUTHAJILHOW WH-
tepmonyssiuun (AX-UM) 3-, 5-, 7- u 9-ro nopsaKoB B rapMOHHUYECKOH 30HE MOJIE3HOTO CUrHaia. AMII-
JIUTYAHBIE XapaKTEPUCTUKU CMECHUTENIell U3MEPEeHbl B OOJIBIIOM AMHAMHUYECKOM JHAla3o0HE YpOBHEH
BXOJHBIX CUTHAJIOB (OT IPUBEIEHHOTO YPOBHS COOCTBEHHBIX IYMOB JI0 YPOBHS HACBILICHUS ), YTO 00eC-
[1€4YMBAET BO3MOKHOCTh CHHTE3a MAaTEMaTHUECKUX MOJAEIECH HEMTUHEHHOCTH, IPUTOAHBIX IS OTHOBpE-
MEHHOTO aHalN3a HEJIWHEHHBIX SBJICHHH BCEX OCHOBHBIX BHJIOB, BOZHHMKAIOIIHNX B PagHO4aCTOTHBIX
CMECHTEIISIX: MHTEPMOIYJISIIIH, OIIOKUPOBAaHUS, IEPEKPECTHBIX NCKAKCHHH.

Ha puc. 2-5 npuBeneHsl npuMepsl pe3ylbTaTOB U3MEPEHUST XapaKTEPUCTUK HEJIMHEHHOCTH CMe-
cutenst ZEM-4300+ B OKpeCTHOCTH YacTOTHI MOJIE3HOTO CHUTHama Ha Bxoae RF, paBHoi 2551 MI'n
(mpu wactoTe Konebanus rerepoauna 3437 MI'n, ypoBHe konebanusi rereponuHa 7 AbM U mpomexy-
TOYHOM yactore 886 MI'm).

2600

2580

2560

= 2540
=
& 2520
2500+
2480, B ,: . ,:,,,,,, 4 / . ,I o
2460 _ _
2460 2480 2500 2520 2540 2560 2580
F2, MI'n,
Puc. 2. [IByxuacTOTHas1 XapaKTEPUCTHKA CMECUTENS Puc. 3. /IByxuacrornas xapakrepuctuka (JAUX)
ZEM-4300+; aMIUIATy/IbI HCTIBITATETbHBIX CUTHATIOB cmecurenst ZEM-4300+ B Bujie IByX4acTOTHOM
Ha BXozae RF oIMHAKOBHI U paBHEI (—6) 1bm nmuarpaMmel — cedenus JJUX mo yposaro (—71) nbm
Fig. 2. Double-frequency characteristic of ZEM-4300+  Fig. 3. Double-frequency characteristic (DFC) of the
mixer; amplitudes of test signals at RF input are the ZEM-4300+ mixer in the form of a dual-frequency
same and equal to (—6) dBm diagram — DFC cross-section at the level of (~71) dBm
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Puc. 4. Ammntyanas xapakrepuctuka AX-1 Puc. 5. PaBrocurnansnas AX-1MIM-9 ZEM-4300+;
ZEM-4300+; YaCTOTHI UCIIBITATENILHBIX CUTHAJIOB paBHbI 2487,25
4yacToTa CUrHajna Ha Bxoge RF = 2551 MI'n n 2500 MI'y; yacToTa MpoOAyKTa MHTEPMOLYISILIUN
Fig. 4. Amplitude characteristic AX-1 Ha BeIXOAC [F = 886 MI'I1
of the ZEM-4300+; signal frequency Fig. 5. Equal-signal AX-IM-9 of the ZEM-4300+;
at the RF input is 2551 MHz test signal frequencies are 2487.25 and 2500 MHz;

intermodulation product frequency
at the /F output is 886 MHz

IIpaBUIBHOCTH BBIIIOJHEHHBIX U3MEPEHUN NTOATBEPKAAETCS COOTBETCTBUEM MEXKIY U3MEPEHHBIMU
3HAYEHUSMU OCHOBHBIX YHCIIOBBIX XapaKTEPUCTHK CMecHTeNeH (IToTeph Mpeodpa3oBaHms, YPOBHSI KOM-
MIPECCHH) M NX HOMUHAIBHBIMU 3HAYE€HUSIMH, TPUBEICHHBIMH B CIICIU(UKAIIUAX TPOU3BOIUTEIIS.

CuHTte3 MojeJieli HeJJMHEHHOCTH cMecHuTeJIeil

Ha ocHoBe pe3ynbTaToB MCHBITAHUN MaOMOIITHBIX cMecuTenei MetonoM /U3 BBIMOTHEH CUHTE3
MOJTMHOMHAJIbHBIX MOJICIICH HEJIMHEHHOCTH JJAHHBIX CMECHTEJICH 110 METOIMKaM, pa3paboTaHHbIM B [5].
OTH MO OPUEHTUPOBAHBI HA HUCIIOJIB30BAHME MPH AaHAIN3E METOJOM JIMCKPETHOTO HETWHEHHOIOo
MOJICIIUPOBaHUS [2, 3| BIMSHUS PAIHMOYaCTOTHBIX AIEKTPOMArHUTHBIX TOMEX OOJIBIIIOTO JMHAMUYECKO-
ro JUana3oHa Ha paJuoTPaKThl, PEaM30BaHHBIC C MCIOJIB30BAHUEM aHAJOTHYHON JIEMEHTHON Oa3bl.
B kagecTBe MCXOMHBIX JAHHBIX IJISI CUHTE3a UCIONb30BaHbl m3Mepennbie AX-1 u AX-M 3-ro, 5-ro,
7-ro 1 9-rO MOPSAIKOB B TApMOHUYECKON 30HE MOJE3HOTO CUT'HAJIA, @ TAKXKe 3HAUYEHUS JUHAMUYECKOTO
Jana3zoHa aHAM3UPYEMbIX CMECHUTENEH 0 AByXcUrHaiabHOU natepmonysiuuu (/1) 3-ro, 5-ro, 7-ro
u 9-ro mopsankoB; kaxaoe 3HaueHue JI /1M Berancneno va ocHoBe uzMepenHor AX-MM cooTBeTCTBYIO-
Iero mopsiaka u u3mepennoit AX-1.

B kauectBe mpumepa B Ta0n. 1 u 2 mpuBeACHBI Pe3yJbTaThl CHHTE3a TOJIMHOMHUAIBHBIX MOAEIeH
HenuHenHoctH cmecutens ZEM-4300+ na gacrorax (2551 + 180) MI'1y (a1 BepxHei HaCTpOWKH rere-
poruna 3437 MI') u (3501 £ 18) MI'n (s HUKHEH HAcTpoiiku rerepoauHa 2615 MI't) npu ypoBHe
OCHOBHOTO KoJiebaHus rerepoanHa 7 AbM U poMeKyTouHOM yactore 886 MI 11

— KJaccuueckas Mojenb 9-ro mopsanka CO9pnnnnH (tabin. 1) moixyyueHa Ha OCHOBE MallOCUTHAIBHO-
ro ko3ddunuenta ycunenuns u 1JIN 3-ro, 5-ro, 7-ro u 9-ro nopsakos;

— Kiaccudeckas Mojiesib 7-ro nopsiaka CO7pnnnH (tabi. 1) nmongyyeHa Ha OCHOBE MaJIOCUTHATIBHOI'O
ko3 dunuenra ycunenus u J1JIU 3-ro, 5-ro u 7-ro nopsiakos (miis cmecutenss ZEM-4300+ B okpecTHOC-
i yacToTsl 3501 MI'1 mHTepMOIyNIALMs 9-ro mopsiaka He HabIIoaaNnack, MOCKOJIBKY €€ YPOBEHb HIKE
ypoBHs mrymoB AC JIU3);

— KOMOMHHUpoBaHHas Mojienb 29-ro nopsiaka A29C07pnnnH (tabn. 2) nonyuena Ha ocHoBe AX-1
o nosiesHomy curnainy u JJJIN 3-ro, 5-ro u 7-ro nopskos;

— KOMOMHUpOBaHHAs Mojieib 9-ro opsiaka A09CO3pnH (Tabdm. 2) nonyyena va ocHoBe AX-1 1o mo-
ne3nomy curnany u JIJI1 3-ro mopsiaxa.
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Taoauna 1. Koo durmeHTs kitaccHuecKuX MOTHHOMHAIBHBIX MOJIENEH TIepeIaTOuYHON XapaKTePUCTHKH
paauouactotHoro cmecurenss ZEM-4300+ nmo MrHOBEHHOMY 3HAYEHUIO CUTHAJIa Ha Pa3HbIX 4aCTOTax
Table 1. Coefficients of the classical polynomial models of the transfer characteristic of the radiofrequency

mixer ZEM-4300+ with respect to the instantaneous signal value at different frequencies

Yacrora 2551 MI';, CO9pnnnnH UYacrora 3501 MI'r, CO7pnnnH
Crenenb k JUIA, nb Kos¢puuuent nonunoma, B'* JUIA, nb Kosdpuuuent nonunoma, B! *
1 — 0,5128613839913648 — 0,4518559443749223
3 67,1 —0,47732854666718033 64,3 -0,8679230736632407
5 77,2 —5,098983407209903 74,3 —7,451166144768661
7 79,5 128,8379109598531 80,0 -22,238829726105212
9 80,7 —2414,7346843165187 — —

Tadmuma 2. KosgduimeHTs! KoOMOMHHPOBAHHBIX MOJIMHOMHAIBHBIX MOJIENIEH MepelaTOqHON XapaKTepUCTHKA
pannogacrtorHoro cMecutens ZEM-4300+ o MrHOBEHHOMY 3HAUEHHIO CHTHAJIa Ha PAa3HBIX YaCTOTaX
Table 2. Coefficients of the combined polynomial models of the transfer characteristic of the radiofrequency

mixer ZEM-4300+ with respect to the instantaneous signal value at different frequencies

Crenens k Uacrora 2551 MI'y, A29CO7pnnnH Yacrora 3501 MI';, AO9CO3pnH
Kosdduiuent nonunoma, B! Kos¢pduuuent nonunoma, B!

1 0,5128613839913648 0,4518559443749223

3 —0,48994672003815554 —0,8809245973434593

5 0,2752086528030535 0,9288212597121278

7 —80,74431037317753 —0,49625524277699173

9 —141,9736891223379 0,13223948954241788

11 10692,939962352659 —

13 —88039,59443965062 —

15 373876,57196827297 —

17 —988875,0842773796 —

19 1738394,8095183442 —
21 —2072571,1211467958 —
23 1660412,2125338174 —
25 —857053,1360728182 -
27 257680,56696512253 —
29 —34295,599341172136 —

[IpoBepka KOPpEKTHOCTH M aHaJIM3 KauyecTBa CUHTE3MPOBAHHBIX MOJEJIEH HEIMHEHHOCTH CMECH-
TeJIell BBIMIOJIHEHBI MyTeM cpaBHEHUs! XapakTepucTuk (AX-1 u AX-UM 3-, 5-, 7- u 9-ro nopsiakoB)
MoJIeNiel ¢ U3MEPEHHBIMU XapaKTepUCTUKaMU cMecuTelsd. B kauecTBe mpumepoB Ha puc. 6—9 mokazaHbl
rpadMKi aMIDIMTYIHBIX XapaKTePUCTUK Pa3IMdHbIX Moxened cmecurenss ZEM-4300+ u pe3ynbraTsl
M3MEpPEeHNH B OKpeCcTHOCTH YacToT 2551 MI' (puc. 6, 7) 1 3501 MI'1t (puc. 8, 9). O603HaUEHNS KPUBBIX
Ha puc. 6-9: 1 — u3mepennas AX-1 cmecurens; 2, 3 — onHo- u nByxcurtainbHas AX-1 Mmonenu cmecu-
TeNsl COOTBETCTBEHHO; 4, 5 — paBHOcUrHanbHble AX-IM 3-ro nmopsiaka — MOJENb U U3MEPEHUS COOT-
BETCTBEHHO; 6, 7 — paBHOcUrHanbHble AX-MIM 5-ro nopsjaka — Mozienb 1 U3MEPEHHsI COOTBETCTBEHHO;
8, 9 — paBaocurnansubsie AX-MIM 7-ro nopsaka — MOAENs U U3MEpeHus cooTBeTcTBeHHo; 10, 11 — pas-
HocurHaibHble AX-MM 9-To mopsiaka — Moziess M I3MEpPEHHsI COOTBETCTBEHHO; 12 — ypOBEHb BOCTIPH-
MMYMBOCTU K HHTEPMOIYJISILIMM Ha BBIXOJE CMECUTENST; 13 — HIKHAS IpaHuLa 00JacTH OIOKUPOBAHUS
JUTSL OTHOCUTHANBHBIX AX (TOYKa JennOensHOW KoMITpeccHr omHOCHTHAIBHON AX-1); 14 — HKHISA
rpaHuua oogacTu OJIOKUPOBAHUS AT IBYXCUTHAIBHBIX AX (TOUKa AeIMOETbHON KOMIIPECCHH JBYX-
curHanpHOH AX-1).

Kak cnenyer u3 puc. 6, 7, mia cmecurens ZEM-4300+ B okpectHOCTH yacToThl 2551 MI'1 kitac-
cudeckas monenb CO9pnnnnH ynosnerBoputensho anmpokcumupyet AX-1 u AX-UM 3-ro, 5-ro, 7-ro
1 9-r0 NOPSIIKOB B PEKUME MaJIOM HETMHEHHOCTH (B KOTOPOM YPOBEHb BXOIHOI'O CUTHAJIA HE IIPEBBILIA-
€T HIDKHEH rpaHuIsl 00IacTi OIIOKUpOBaHUs ), a KoMOMHUpOoBaHHas Mozeiab A29C07pnnnH agexBatHO
Bocnpon3BomuT ypoBHU AX-1 n AX-MM 3-ro nopsiaka B 001acTH HE TOJIBKO MajOH, HO U CYIIECTBEH-
HOH HEJIMHEWHOCTH.
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Puc. 6. AMIInTyTHBIC XapaKTEPUCTHKH CMECHTEIS
ZEM-4300+ u kmaccnaeckoit mogenu CO9pnnnnH
B OKPECTHOCTHU 4acToThl 2551 MI'Ig
Fig. 6. Amplitude characteristics
of the ZEM-4300+ mixer and the classical
model CO9pnnnnH in the vicinity of 2551 MHz
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Puc. 8. AMIUIUTYJHBIE XapaKTEPUCTUKHU CMECUTES
ZEM-4300+ u knaccuyeckoit mogenu CO7pnnnH
B okpecTHOCTH 3501 MI'K
Fig. 8. Amplitude characteristics
of the ZEM-4300+ mixer and the classical
model CO7pnnnH in the vicinity of 3501 MHz
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Puc. 7. AMIUIMTYIHBIC XapaKTEPUCTHKH
cmecurenst ZEM-4300+ 1 koMOMHUPOBAaHHOM MOZIEITH
A29C07pnnnH B okpecTHOCTH YacToThl 2551 MI'11
Fig. 7. Amplitude characteristics of the ZEM-4300+
mixer and the combined model A29C07pnnnH
in the vicinity of 2551 MHz
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Puc. 9. AMIuMTYIHBIE XapaKTEPUCTUKU
cmecutenst ZEM-4300+ n KoMOMHUPOBaHHOM
monenu A09CO03pnH B okpectHocTH 3501 MI'11
Fig. 9. Amplitude characteristics
of the ZEM-4300+ mixer and the combined
model A09CO03pnH in the vicinity of 3501 MHz

U3 puc. 8, 9 cnenyer, uto ans ZEM-4300+ B okpectHOoCcTH yacToThl 3501 MI'11 kmaccuueckast Mo-

nens CO7pnnnH ynosnerBoputensHo anmnpokcumupyetr AX-1 u AX-M 3-ro, 5-ro u 7-ro nopsjaxos
TOJILKO B PEXHMME Majiol HEJIMHEWHOCTH, a KoMOuHupoBaHHas moneib A09CO03pnH amexBaTHO BOC-
npomu3BonuT ypoBHU AX-1 1 AX-UM 3-To mopsimka B 00J1acT HE TOJEKO Majol, HO U CYIIECTBEHHOMN
HEJIMHEHHOCTH.

Habnromaemble 3HauMTENbHBIC pa3IMuds B U3MEpPEHHBIX U pacueTHhIXx AX-UM cmecurens
ZEM-4300+ B okpecTtHOCTsIX yacToT 2551 u 3501 MI'1, Haxoasimuxcs B ero paboyel monoce vac-
toT 300-4300 MI'11, KaK ¥ pa3au4us B MOPSAJIKAX KIACCUYCCKUX U 0COOCHHO KOMOWHHMPOBAaHHBIX
MOJIeTIeld HeIMHEWHOCTH JAHHOTO CMECUTENIS, CBUIETEILCTBYIOT O 3HAYUTEIbHON 3aBUCUMOCTH Xa-
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paktepucTuk HeauHelHOCTH ZEM-4300+ OT 9acTOTH M 0 HEOOXOAMMOCTH ydeTa 3TOW 3aBUCHMO-
CTH IIPH aHAJHN3€ JICKTPOMArHUTHOW COBMECTUMOCTH 00OPYJOBaHMS, UCIOIB3YIOLIETO MOIOOHbBIE
cMmecuTend. OJHUM U3 BapUAHTOB TaKOTO ydeTa SBISETCA NPUMEHEHHE pa3IMYHbIX MoJenell cMme-
CUTENIS B Pa3HBIX MMOJOCAX YaCTOT.

Kak u mng ycunureneit B [1], cymecTByeT onTuMaabHBIN MOPSIOK KOMOMHUPOBAHHON IMOJIMHO-
MHAJEHON MOJICIH PaIHOYacTOTHOTO cMecUTesl. ECiu MoNHbBIH TOpsAI0K KOMOMHUPOBAHHON MOAETH
YMEHBIIIATh HIDKE ONTUMATBHOTO (29-r0 — 171 MOMenu Ha puc. 7), To annpokcumManus AX cMecuTens
MOJICTIBIO YXYAIIAeTCsl, 0COOCHHO B 00JIaCTH OTpaHUUYCHHMS U KOJIeHa (Tepexoa OT 001acTH Majoi He-
JMHEHHOCTH K 00JaCTH OrpaHMYEHUs ), U3-32 HEXBATKU CTEIeHeil cBoOoabl noauHoMa. Ecnu xe mosn-
HBIM MOPSAZAO0K MOJIENIN YBEJIMUYUBATh BbIIIE ONTUMAIBHOTO, TO YXYALIAeTCs anmpoKCHUMAIUs MOJIEIbIO
AX cMecuTens 0 MHTEPMOAYJISILIMU B 00J1aCTH MaJoi HEIMHEHHOCTH, MOCKOJIBKY MOJMHOMHUAIbHAS
MOJIeNTb HAaYWHAET BOCIIPON3BOIUTH MOTPEITHOCTH M3Mepenns AX-1.

CuHTE3upOBaHHbIE KOMOMHHUPOBAHHBIC MOJMHOMHUAIBHBIE MOJAETH (OMUCHIBAIOIIME KaK 00JacTh
MaJIOH HETMHEHHOCTH, TaK U 00J1aCTh HACHIILICHNS) IPUTOIHBI VI OZTHOBPEMEHHOI'O aHAJIN3a HEJIUHEH-
HBIX SIBJIGHWH BCEX OCHOBHBIX BHJIOB, BOSHHUKAIOIIUX B PATUOYACTOTHBIX CMECHTENSX: HHTEPMOMYJIs-
LUOHHBIX U MEPEKPECTHBIX MOMEX OCHOBHBIX THIIOB, a TAK)Ke OJIOKUPOBaHUS. DTO MOJIE3HOE CBOWCTBO
o0ecreunT BO3MOKHOCTh BBIITOJHSTH MOJECTUPOBAHUE TIOBEICHHSI PACCMOTPEHHBIX cMecuTeneii B OMO
Pa3IMYIHON CIIOXKHOCTH, co3naBaeMoit cucremamMu MC 4G/5G/6G ¢ pazHOW MPOCTPaHCTBEHHOH IIIOT-
HOCTBIO MCTOYHUKOB PaJlO4aCTOTHBIX 3JIEKTPOMAarHUTHBIX TOJIEH.

3akJ/ouenue

1. CuHTE31pOBaHbI HOTMHOMHAIBLHBIE MOJIENIN BEICOKUX MOPSAKOB U1 OIIMCAHUS ITepeJaTOUHBIX Xa-
PAKTEpUCTUK PaJiOYaCTOTHBIX CMECHUTENEH, TPUTOAHbIE JJIsl UCIOIb30BaHNA B IIMPOKOM JHHAMHUYEC-
KOM JTMaIta30He BXOIHBIX BO3IECHCTBUII C IETBI0 OTHOBPEMEHHOTO MOZCIUPOBAHMS Ha TIOBEAEHYECKOM
YPOBHE HEJIMHEHHBIX 3()(heKTOB BCeX BUIOB, NPEACTABIAIOIINX OMACHOCTD Ul PaJuoOIprUeMa B CIIOXK-
HOM 3JIEKTPOMAarHUTHON 00CTaHOBKE, CO34aBaeMOH B I10JIOCAX YaCTOT MOOMIJIBHON CBSI3U: KaK «TOHKHX»
(MHTEpMOAYIISILINS ), TAK U «TPYOBIX» (OJOKHpOBaHKE, IEPEKPECTHBIC HCKAXKEHUS).

2. B cBsI3U ¢ OTCYTCTBHEM B HAay4HOH JMTEpaType MapaMeTpoB MOJIMHOMUAIBHBIX MOZEel BbICO-
KHX TIOPSIIKOB JUISI ONTUCAHUSI HEIMHEWHOCTH COBPEMEHHBIX MAJOMOIIHBIX cMecHuTeneit nuanazona FR1
JaHHbIe Ta0l. 1, 2 MOTYT MCTIIOIH30BATHCS B KAYECTBE CIIPABOYHBIX, 00ECTIEYNBAast BOSMOKHOCTD HCCIIe-
JOBaHUM, 3(p()EeKTUBHOrO MOIEINPOBAHUS U KOJIMYECTBEHHOTO aHAJIM3a HEJIMHEHHbBIX IPOLIECCOB U pa-
JIMOTIOMEX B 00OPYIOBAHNH U PaIHOCeT X MOOMITBbHOM cBsi3n 4G/5G/6G B CIOKHOM 3NIEKTPOMAarHUTHON
00CTaHOBKE C IPUMEHEHHEM TEXHOJIOTHH [2, 3] ANCKPETHOrO HEIMHEWHOTO aHAJIN3a [TOBEACHUS PaIuo-
000pyIOBaHMs TPU OOJIBIIOM AWHAMUYECKOM JMAa30He BXOTHBIX BO3JCHCTBUI.

3. PazpaboTaHHble MO/IEIH OMHICHIBAIOT HETMHEHHOCTh CMECHUTENEN TOIBKO B paMKax rapMOHHYEC-
KOW 30HBI MOJIE3HOTO CHTHAJIA, U TTO3TOMY ITO3BOJISIOT, HAPSLy C OJOKHMPOBAaHWEM, aHAIN3UPOBATH WH-
TEPMOAY/SILIMOHHBIE U TIEPEKPECTHBIE IOMEXH TOJIBKO OIPAaHUYEHHOI'0 KOJIMYEeCTBa Haubosee pacipo-
CTPaHECHHBIX BUIOB (B IEPBYIO OUYEPEab TEX BUJOB, KOTOPBIC BO3HUKAIOT 3a CUET HEJIMHEHHOTO B3auMo-
JIEHCTBHS CUTHAJIOB HECKOJIBKHX JIECATKOB COCEIHUX KAHAJIOB B IIPEJIENIaX BBIACICHHOMN MOJIOCHI 4YaCTOT
MOOWJIHOH CBSI3U, HE OcnalisieMbIX BXOAHBIMU (DUIBTpaMH PaAMONPHEMHOTO TpakTa). Bo3moxHoe
HAIPABJICHUE PA3BUTHUS IIPOBEIECHHOIO MCCIIECIOBAHMS — CUHTE3 MOJEIECH HEJIMHEWHOCTU CMECHUTENEH
B BHJIe psna Teitnopa — @ypoe [6], IPUTONHBIX AJS OMMCAHUS BCEX TAPMOHWYECKUX 30H M BCEX BHJIOB
MHTEPMOIYJILINOHHBIX U MEPEKPECTHBIX TOMEX.

4. PaboTa BBITTOTHEHA B paMKax cOBMeCTHOT0 HaygHoro mpoekta T22KUTI-018 (2022YFE0122700)
npu GpuHaHCOBOHU nogepkke benopycckoro peciyonukanckoro Gonaa GyHaaMeHTaIbHBIX HCCIICI0BA-
HUll 1 HanmoHnanbsHOM porpaMMbl KITIOUEBBIX HccieaoBaHni u paspadborox KHP.
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XAPAKTEPUCTHKH YCTOMYUBOCTHU COJTHEUHBIX BATAPEN
B YCJIOBUAX SKCIIJIYATALIUHN

K. C. IUK!, 1. B. TACEHKOBA?

! Benopycckuii 20cyoapcmeentblil yHusepcument uHGOpMamuxu u paouod1eKmpoHuKy
(Munck, Pecnyonuka Benapyco)
’Tocyoapemeentoe nayuHo-npouzsoocmeennoe obvedunenue « Onmuxa, OnmodsNeKmpoHUKA U 1a3EPHAS MEXHUKAY
(Munck, Pecnyonuka Benapyco)

AHHOTanusl. PaccMOTpeHO NMpUMEHEHHE JBYXIHOIHON (DU3UKO-MATeMaTHYeCKOH MOJENH IPU aHAIn3e Teje-
METPUYCCKUX JaHHBIX (DYHKIIMOHMPOBAHUS COJHCYHBIX MAHEJCH C KCIOIb30BaHUEM HU(POBBIX JTBOWHUKOB
JULst KOHTPOJIsE 3((HEKTUBHOCTH pabOThI COTHEUHBIX ANMEKTpOCcTaHIni. Takoii moxo 1 Mo3BOJINII 3aMEHUTH BPEMEH-
HbIC JJaHHbIC (DYHKIIMOHUPOBAHUSI KAKIOHW COMHEYHOW MaHe N B TEUCHUE Mecsla JaHHBIMU U3 CEMHU BBIXOJHBIX
AEKTPOPU3NICCKHX MMapaMeTpoB. biaromaps 3Tomy ynpocTuiack 00padOTKa JaHHBIX: OJTHA COTHCYHAS TTAHEIb —
OIMH Ha0op MapaMeTpoB B MeCsI. AHAIHM3 TEJIEMETPUUYECKUX AaHHBIX C IPUMEHEHHEM LU(PPOBBIX JTBOWHHKOB
MO3BOJISICT UCIONB30BaTh UX Ul PAacueTa HOPMATM30BAHHBIX 3HAYCHUI BBIXOJHON AIEKTPHYESCKON MOIIHOCTH
B TOYKE MaKCUMAJIbHOU BBIPAOOTKH JICKTPOIHEPTHHU JUIS BCEX COMHCYHBIX MMAHENICH U 110 pe3yJbraTaM HaXOIUTh
aHOMaJIMHu B MX padore. Ha mpuMepe CONHEUHOW 3IeKTPOCTaHIMK 13 272 TaHes el MoKa3aHa BO3MOKHOCTD (-
(hEeKTUBHOTO OTpPEIEICHUSI AHOMAJIBHO PA0OTAIOIINX CONHEYHBIX MAaHEICH.

KiroueBble cioBa: conHedyHas TIaHeIIb, ABYXAUOIHAsA q)HSHKO-MaTCMaTH‘IeCKaSI MOACIb, I_[I/I(prBOI\/'I HBOP'IHHK,
HOPMAJIN30BAHHOC 3HAYCHUE MOIIIHOCTH, 3(1)(1)6KTI/IBHOCTI) pa60TLI COJIHEYHOI QJICKTPOCTAHIIUU.

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

Jos uutupoBanus. [luk, C. K. XapakrepucTuku ycTOHUMBOCTH COTHEUHBIX OaTapeil B yCIIOBHSX IKCIUTyaTaluu /
C. K. Jluk, 1. B. I'acenxona // Noxnanst BI'YUP. 2025. T. 23, Ne 2. C. 61-69. http://dx.doi.org/10.35596/1729-
7648-2025-23-2-61-69.

CHARACTERISTICS OF SOLAR PANEL STABILITY
UNDER OPERATING CONDITIONS

KANSTANTIN S. DZIK!, IRINA V. GASENKOVA?

!Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
2State Scientific and Production Association “Optics, Optoelectronics, and Laser Technology”
(Minsk, Republic of Belarus)

Abstract. The article considers the application of a two-diode physical and mathematical model in the analysis
of telemetry data of solar panels using digital twins to monitor the efficiency of solar power plants. This approach
made it possible to replace the temporary data of each solar panel’s operation during a month with data from seven
output electrophysical parameters. This simplified data processing: one solar panel — one set of parameters per
month. Analysis of telemetry data using digital twins allows using them to calculate normalized values of the out-
put electric power at the point of maximum electricity generation for all solar panels and, based on the results,
to find anomalies in their operation. Using the example of a solar power plant consisting of 272 panels, the possi-
bility of effectively identifying abnormally operating solar panels is shown.

Keywords: solar panel, two-diode physical and mathematical model, digital twin, normalized power value, solar
power plant efficiency.
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BBenenue

YcraHOBIEHHasT MOLUTHOCTh MHUPOBOM coiHeuHoW ¢otosnepretuku B 2023 r. mocturia 1,2 TBr,
YTO 3HAYUTEIBHO MPEBBIIIACT MTOKA3aTeIH NpeAblayuX jet. CoracHO Mporao3aM MexIyHapOoIHOTO
SHEPreTUYECKOrO areHTCcTBa, K 2027-My oHa MOXKET yBenuuuthes 110 2,3 TBT. Jlons conHeuHoit sHep-
TeTUKH B MUPOBOM CIIPOCE Ha AIIEKTPOIHEPIHI0 cocTaBisieT 4,5 % u npoonkaeT yBenuauBarbes [1].
OTO NIEeMOHCTPUPYET CTPEMUTENBHOE PA3BUTHUE OTPACIH.

Bonee 90 % COBpPEMEHHBIX COJIHEYHBIX (POTONIEKTPUUECKHUX IMaHEICH MO-TPEKHEMY IPOU3BO-
JUITCSL C HMCIOJIb30BAHUEM KPUCTALIMYCCKUX KPEMHHUEBBIX 3JEMEHTOB. DTa TEXHOJIOTHS OCTAeTCs
JIOMUHUPYIOLIEH Onaroapsi CBOeH HaIeXKHOCTH M OTHOCUTEIILHO HU3KOH cTouMocTH. [Ipon3BoicTBeH-
HbI€ MOIIIHOCTH 110 BBITycKy KpemHus B 2023 1. onenuBanuce B 1,5—1,7 mutH T, mpuuem oxoso 50 000 T
HCIIOJIb30BAJIOCH JICKTPOHHOW MPOMBIIIICHHOCTRI0. CpeHue 3aTpaThl KPEMHUS TIPHU MIPOU3BOJICTBE
COJTHEUHOW PHEPrUuM CHU3WIUCH 110 3,2 r/BT Onarogaps ynmydieHUIO ¥ ONTHMH3AIUKM TEXHOJIOTUYEC-
KHUX MPOLECCOB [2].

3a nepuog ¢ 2010 mo 2023 rox cpeaHsisi CTOMMOCTb COJTHEUHOM SHEPTUU 3HAYUTEIHHO CHU3UIACH!
¢ 0,36 momn. CILIA 3a 1 kBt-u B 2010-m 10 0,049 nomn. CLIA 3a 1 kBt-u B 2023-m. {1151 cpaBHEHHUS: CTO-
HUMOCTb DJICKTPOIHEPTUH, BbIPAOATHIBAEMOU TEIIOBBIME U aTOMHBIMH 3JICKTPOCTAHIUSIMHE, COCTABIISIET
B cpeanem 0,05-0,07 gomn. 3a 1 kB1-u. CHMKEeHHE CTOMMOCTH coltHeuHoM sHepruu Ha 90 % 3a mocnennee
JICCSITUIIETUE CTaI0 BO3MOXKHBIM OJIarofiapsi TEXHOJIOTMYESCKIMM MHHOBAIMSIM M MacCIITAOUPOBAHUIO TIPO-
u3BoACTBA. CTOMMOCTH COTHEYHBIX MOIYIEH 3a ATOT mepuof ymeHbimiack Ha 80 %, uTo caenanio con-
HEUYHYIO DHEPreTUKY OJIHOM M3 CaMbIX KOHKYPEHTOCIOCOOHBIX OTpaciell B SHEPreTHYECKOM cekTope [1].

[NoBsimenue 3¢ppekTUBHOCTH TPe0Opa30BaHUS COIHEYHOUM IHEPTUHU B DIIEKTPHUECKYIO UTPALT KITHO-
YEBYIO POJIb KaK B TEXHOJIOTHUYECKUX MPOIIECCaX MPOU3BOJICTBA COJMHEUHBIX TAHEJICH, TaK U B UX MpaK-
TUYECKOM UCTIOJIB30BaHUU. B CBsI3U ¢ 3TUM pa3pabdoTKa METOOB OLEHKH U YITydlieHus 3pPeKTHBHOCTH
pabOThl COJIHEYHBIX 3JIEMEHTOB CTAHOBHUTCS Ba)KHOU 3aj1a4ueld. AKTYaJIbHOCTh 3aJlauy 110 TOUCKY aHO-
Majuii B pabOTe COJIHEUHBIX IMaHelel 00yCIIOBICHAa HEOOXOIUMOCTBIO 00ECIeUeHUs MaKCUMaIbHON
3¢ (HEKTUBHOCTH HCIIOIB30BAHMSI COJTHEYHOM DIICKTPOCTAHIIMK, KOTOpPasi 3aBUCHT OT CBOCBPEMEHHOT'O
oOHapyKEHUS] HEUCIIPABHOCTEH B ee paboTe. MHOKECTBO IPOrPAMMHBIX U allllapaTHBIX UHCTPYMEHTOB
[P MOHUTOPHHIE KPUTUYCCKU BAXKHBIX MMapaMeTPOB (PYHKIIMOHUPOBAHUSI COTHEYHOU IMAHENHU IPel-
CTaBJIIET COOOM KOMOMHAIINY KJIACCHYECKUX CIIOCOOOB IMOMCKA aHOMAJIMK B MacCHBax MH(OpMAIUu.
OjHaKoO TpU 3TOM HE YYUTBIBACTCS Psiji OTPHUIATEIBHBIX (PAaKTOPOB, BIHUSIONIMX Ha PadOTy MaHEeH,
B TOM YHCJI€ Ha JIOJITOBPEMEHHYO €€ CTAOMIBLHOCTh NIPU COXPAHCHHUH YCIOBHI IKCILTyaTaI|H.

CoBpeMeHHas1 3J1eMeHTHAs 0a3a COTHEYHOIi IJHePreTHKHI

CoBpeMEHHYIO 2JIEMEHTHYIO 0a3y COIHEUHOW SHEPreTHKH MOXKHO Pa3AeiIUTh HA YEThIPE TEXHOJO-
THYECKUE TPYIIIBI.

I'pynna 1. Kpemuuessle ¢otoanemenTs! (puc. 1) nensTcst Ha ABa OCHOBHBIX THUIA: MOHOKPHUCTAJI-
anyeckue (mono-Si) ¥ nonukpuctammdeckue (poly-Si). MoHOKpHCTaIMUeCKue MOLYIH 00J1aaaioT
Ooubmieit a3 dexrTuBHOCTBIO (10 2224 %), HO UX MPOM3BOACTBO aopoxe. [lomukpucranmuueckue Mo-
JIyJIA JIeTeBIie, oqHako oHu MeHee 3 dexruBnbl (15-18 %) [3, 4].

['pynna 2. Kackagasie ¢poTosneMenTsl Ha ocHoBe coequnenui 111 n V rpynn nepuoanveckoii cuc-
Tembl. Takue mpeoOpa3oBaTesii COJIHEYHON PHEPTHH B AIICKTPUUECKYIO MOTYT COCTOSITh M3 KAaCKaJIoB
B KOJIMYECTBE OT OJJHOTO 10 MATH U (JOPMHUPOBATHCS KaK MyTeM SIMUTAKCHAILHOTO BBIPALLIMBAHHUS MHO-
TOCJIOMHOM MOHOKPHCTANIMYECKON CTPYKTYPBI, TAaK U MEXaHUUCCKOH CTHIKOBKOM OTHEIBHBIX JIEMEH-
TOB. D PEKTUBHOCTH COIHEYHBIX MaHEJICH, CO3aHHbIX HAa OCHOBE KaCKaIHbIX (POTOAIEMEHTOB, BAPbH-
pyercs ot 27,5 1o 46,0 % 1 3aBHCUT OT KOJIMYECTBA KaCKaJ OB U KOHEUHOW KOHCTpyKLuH [5-9].

['pynna 3. TonkoruieHouHble (OTORNIEMEHTH. B OCHOBE (POTORIEKTPUUECKUX BIEMEHTOB 3TOH
IPYIIBL JeXaT CTPYKTypsl Ha Oase tuieHok CIGS (Meab-uHAMH-ralui-ceIeHna) U TeJulypuaa Kaj-
Mmus (CdTe). OhhexkTHBHOCTh COMHEYHBIX MaHETIEeH, CO3JaHHBIX MO TOHKOIUICHOYHOW TEXHOJIOTWH, —
ot 14,0 no 23,3 % [10-12].
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Puc. 1. Buas! KOHCTPYKINI CONHEUHBIX MMAaHENEH U3 KPEMHHUS:
a — aMop(dHOTo; b — MOHOKPUCTAIUTUYECKOTO; ¢ — MUKPOMOP(HOTO0
Fig. 1. Types of solar panel designs made of silicon: @ — amorphous; » — monocrystalline; ¢ — micromorphic

['pynna 4. B aToii rpynme ¢poTrodneMeHT CO3aHbl Ha OCHOBE IICHOK U3 TAKUX MaTepPHajioB, KakK Ie-
POBCKHUTBI, OPraHMUYECKUE MaTepHalibl, CCHCHOMIM3UPOBAHHBIC KPACUTENH, TAaHIEMHbBIC OPTraHUYECKHE
CTPYKTYPBI 1 HAHOKPUCTAJLIbI (KBAHTOBBIE TOUKH). DTH (POTO3IEMEHTHI OTHOCST K YUCIy HHHOBALIMOH-
HBIX, TIOCKOJIBKY HEKOTOPBIE U3 HUX CETOAHS SBIISIIOTCS Ja0OpaTOPHBIMU IPOTOTHIIAMH JIMOO CYILIECTBY-
IOT B BHJIE SKCIIEPUMEHTAIBHBIX Mojesiei. J|oCcTaTouHO BBICOKHE XapaKTEPUCTHKH MOTYT 00€CIIeunTh
COJIHEUHBIE AJIEMEHTBI HAa OCHOBE TIepOBCKUTOB [13, 14]. MakcumanbHOe 3HaYeHHE 3a()UKCUPOBaHHON
3¢ (GEeKTUBHOCTH I IEPOBCKUTOBOTO (hoTosnmementa — 22,7 % (2017 ).

OnHUM U3 KITIOYEBBIX HANPABICHUN Pa3BUTHSA COMHEYHOW YHEPTeTUKH SBISIETCS MOBBIIICHHUE d(-
(exTuBHOCTH (pOTO31€MEHTOB. [103TOMY yUEHBIE pa3IMUYHBIX CTPAH COCPENOTOUEHBI HA UCCIEOBAHUAX
B 00JIaCTH TaHIEMHBIX COJHEYHBIX JIEMEHTOB: KOMOMHAIMS KPEMHUS U IIEPOBCKUTA ITO3BOJIAET J10C-
tiub 3¢ dexruBHoctu 6onee 30 % [15, 16]. Takxke npomomkaeTcs COBEPIICHCTBOBAHINE MHOTOCIONHBIX
1 KaCKaJHbIX CTPYKTYP: UCIOJIb30BaHNE HECKOJIBKUX CJIOEB C Pa3HOM MIMPHUHON 3anpelieHHON 30HbI 1103~
BOJISIET OXBaThIBaTh 00Jiee MMPOKHIA CIIEKTP COJIHEYHOTO cBeTa. Kpome Toro, nepcreKTHBHOE HarpasJie-
HUE Pa3BUTHUS OTPACIH — OpraHrYecKre (OTOAIEMEHTHI: JISTKHE U THOKHE, OHM MOTYT HCIIONIB30BaThCs
B ITOPTATUBHBIX YCTPONCTBAX M HHTETPUPOBAHHBIX crcTeMax. OmHako uX 3pGEeKTUBHOCTH ITpeoOpa3oBa-
HUSI [T0Ka He TpeBbIuaet 15 % u 3aBUCHUT OT (hOPMBI TOBEPXHOCTHU COJTHEUHBIX NaHesel (puc. 2).

Crnenyer OTMETUTh, YTO COJIHEYHAs YHEPreTHKA CTAJIKUBAETCA C KPUTHUKOW M3-32 UCIIOJIb30BaHUS
TOKCHUYHBIX MaTepuasoB (Hanpumep, kaamus B CdTe) 1 BeICOKOTO SHEpronoTpedneHust npy Mpou3BOA-
CTBE KpeMHUs. B oTBeT Ha 3TO pa3zpadarbiBaloTcs nepepadarsiBaeMble MOIYIU M TPOTPaMMBl yTHIIN3a-
LMW COJIHEYHBIX MTaHEeJeH, OCYIIECTBISIETCA 3€JeHOEe MPOU3BOACTBO C MCIIOIB30BaHHEM BO300HOBIIsIE-
MBIX UCTOYHHUKOB SHEPIUHU AJIsl N3TOTOBJICHUS COTHEUHBIX MOIYIEH.

Puc. 2. 'mOkas conneynas manens [17]
Fig. 2. Flexible solar panel [17]
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IIpoGaembl obecneyeHnsi CTAOMILHOCTH Pad0ThI COTHEYHBIX MaHeJ el

BaxHoe 3HaueHWe WMeeT MOBbIIICHHE S(PPEKTHBHOCTH MpeoOpa3oBaHUsl COTHEUHOW JHEPTHU
B UIEKTPUYECKYIO KaK Ha YPOBHE TEXHOJOIMUYECKHX MPOLECCOB M3TOTOBJICHUS CONHEYHBIX MaHEJeH,
TaK W MpH uX dKcrutyaranuu. ONeHKa U MOoBbIIIeHUE YPPEKTUBHOCTH SKCIUTyaTallMy COTHEYHBIX MaHe-
Jeil o0ecneyrBaloTCsl OCTOSHHBIM COOPOM JIaHHBIX TEJIEMETPUH (IEKTPOPU3UIECKUX XapaKTepHhc-
THK — CHJIbI TOKA, HaNPsDKEHHS, TEMIIEPaTyphbl, IVIOTHOCTH MOTOKA COJHEYHON PHEPruM) 0 paboTte coi-
HEYHBIX JIEMEHTOB, KOTOpasi OCHOBBIBACTCSI HA IPUMEHEHUH M3MEPHUTENBHBIX YCTPOHCTB U MTPUOOPOB
cOopa u nepenaun uHpopmanuu. OyHKIMOHAILHAS cXeMa cOOpa TEIIEMETPHUU C OJTHOW COJTHEUHOU Ia-
HEJH, IEMOHCTPHUPYIOIIAsi €¢ OCHOBHBIE KOMIIOHEHTHI M TIPOIIECC pabOThI (HaunHasi OT cOOpa SHEPruu
1 3aKaHYMBas Tepeadeii JTaHHBIX U TpeoOpa3oBaHNEM dHEPTHH ), TPUBEACHA Ha PHC. 3.

IManems 1
2 JlaTuuk ypoBHs
MOHOK PHCTaJIITYECKHE
suciicn OCBELIEHHOCTH
G
[——t————ft———————————— -
| Jarank :
: ’_®_‘ TeMIIepaTy pbl |
| B KOpILyCE IaHEeIn :
| r | — )
S I Pe3ynbraThl M3MepeHunii Ha cepBep
&)
DHeprust K UHBEPTOPY

Puc. 3. dyHkunoHaabHas cxema st cOopa TeIeMETPUH ¢ OJJHON COMTHEYHOM IMaHeu
Fig. 3. Functional diagram for collecting telemetry from a single solar panel

B KOMIUIEKT U3MEPUTENBHBIX YCTPONCTB ISl COOpa Pe3yJIbTaToOB TEIEMETPHH C COIHEYHOU MaHEelH,
coCTosAMIEeH U3 72 MOHOKPHUCTAIUTMIECKUX SIYECK, BXOAT: BOJETMETP V U TaTUHUK TeMIepaTypsl 71, MoI-
KJIF0OYaeMble K CUJIOBOM JIMHUU JJI UBMCPCHUSA HAIIPSIKCHUA U IICpeaavn I/IHq)OpMaHI/H/I 0 pe3ylibTaTax
M3MEPEeHHUS;, TaTYNK YPOBHS OCBEHICHHOCTH G, OOIIUI JUTsl BCEH AIIEKTPOCTAHITNH, KOTOPBIH U3MepseT
MHTEHCUBHOCTH CBETA; aMIIEPMETP A JIJIsl M3MEPEHUS CHITbI TOKa, TeHEPUPYEMOl COTHEYHON TaHEIbIO.
W3mepeHHble TaHHBIE C 3aJaHHON MEPUOIUIHOCTHIO TMEPEAAIOTCS HAa CEPBEp IS X aHald3a U MOHU-
TOPUHTA.

Pesyabrathl HccjiefoBaHuii U X 00CyKIeHNe

TToCKONMBKY CONTHEYHBIC MAHEIU MPU MOJKITIOYCHUN K WHBEPTOPY TPEACTABISIOT COOOM IEMOUYKY
MOCJIETOBATEIBHO BKIFOUCHHBIX MAHECH, Ui cOopa pe3ynbTaToB TeJIeMETPUH codupaeTcss QyHKIIHO-
HaJIbHAs cXeMa, M300pakeHHas Ha pHC. 4.

N 3 o3
Ilanens Ilanens INanens 17
VYeTpoiicTBo S (KM
7 7 7 cuntepanns | RS-485, Modbus RTU | Ti...T5,1,.G,1)
MOHOKPHCTaJLIH- MOHOKPHCTAJLTN- MOHOKPHCTaJLIH- JIATYUKOB S2 (K ..Ws,
YECKHE STUCHKH YECKHE STUCHKI e YICCKUC STYCHKH M.V 1. T, T...Ti,, b, G,t)
h.1) S14 (V;..V;s,
,_@_4 ,_C\_D_< _@ A\ l 1. T, 1, G, )
A HWuseprop RS-485,
~ Modbus RTU
JlaT4uK ypoBHs
OCBEILECHHOCTH
G

Puc. 4. dynxunoHanbHast cxeMa Ut cOopa TeIeMETPHH ¢ COJTHEYHBIX ITaHeJel AIeKTPOCTaHIIN
Fig. 4. Functional diagram for collecting telemetry from solar panels of a power plant

Jtst anekTpocTaHiuu, coctosmiei u3 272 comneunsix nanenet M190 (STORM Energy GmbH, I'ep-
MaHHs), COCTaB YCTPOMCTB M 00beM coOMpaeMoii TeieMeTprH OyIyT BEITIISICTE CICIYIONTIM 00Pa3oM.
Cobupaemple TapaMeTphl: HallpsbkeHUe V' u Temneparypa 7' B K&KIOW COTHEYHON MaHeNu, cuiia Toka /
B IICTIOYKE ITaHEeJeH, YPOBEHb dHepreTndeckoi skcno3unuu G (ypoBeHb OCBEIICeHHOCTH). VHTepBan
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cOopa pe3ynbpTaToB U3MepeHuit — 15 MuH ¢ (hukcanueit narel u BpeMmenu £ [Ipubopsl 1 u3MepUTEINbHbIE
YCTpOMCTBA: JaTYMK B COTHEYHOH nanenu npousBoacTBa SunSniffer GmbH & Co (I'epmanus); narauk
ypoBHs dHepreTudeckoii axkcno3unuu Irradiance Sensor Si-13TC (Ingenieurbsro Mencke & Tegtmeyer
GmbH, I'epmanust); o3 npoussoacTea SunSniffer GmbH & Co, 3anuchiBaroimii BCe pe3ynbTaThbl Te-
JeMeTpuH B 6a3y TaHHBIX Ha CEpPBEP; yCTPOHCTBO cOopa manubiX (SunSniffer GmbH & Co) u cuisl Toka
C TETIOYKH CEMHAIaTH TOCIe0BaTeIhbHO BKIIOYEHHBIX TaHee. B sKkcrieprMeHTe MCToNb30BajiCh
pe3ysbTaThl TEIEMETPUN, COOpaHHBIE B TEYCHHE CEMH MECSIIEB paOOThl COTHEUHON AIIEKTPOCTAHIIUHN —
¢ Mas o Hostopb 2020 1.

[Tnatdopma nudpoBoro IBOWHUKA, MPUMEHIEMOTO B UCCICIOBAaHHAX, OblJla OCHOBAaHA HA JIBYX/U-
OJTHOW MOJIeNIU (DOTOIICKTPUUYCCKOMN STUSUKH COJIHEUHOM MaHeNu, IpuBeJAeHHOH B [18]. Dnekrpudeckas
cxema TakoW Mojenu u3o0pakeHa Ha puc. 5. Pesymbrarom paOoThl H(PPOBOTO JBOWHUKA SIBISIINCH
CIIEIYIONHE TTapaMeTphl, ONpeesieHHbIE B CMOJEINPOBAHHBIX CTAHJAPTHBIX YCJIOBHAX HWCIBITAHHUH
JUTSL K)KJIOW COJTHEYHOM TaHeNH AIIEKTPOCTAHINK: BBIXOIHAS AJIEKTPUIECKass MOIIHOCTh Py B TOUYKE
MaKCHMAaJbHOW BBIPaOOTKH dekTposHeprun (Maximum Power Point, MPP), anekrpuyeckue Hampsxke-
Hue 1 cuna Toka B MPP, mocnenoBarenbHOE U MapansiebHOE HEKTPUUECKUE COPOTUBIICHMS], DJIEKTPHU-
YEeCKU TOK KOPOTKOTO 3aMBIKaHUS U HAIIPSKEHUE XOJIOCTOTrO XOAa.

Puc. 5. DnexTpudeckas cxema ABYXIHOIHOW MOACTH (DOTOIICKTPUICCKON STUCHKN COTHCUHOW MTaHEITH:
Iy, Iy, — oGpatHBIii TOK HackIleHUs TMO0B D) 1 D, COOTBETCTBEHHO, A; [, — HOTOTOK, A;
R, R, — IIyHTHpYIOIIEE ¥ MOCITENOBATENLHOE CONPOTUBIEHHS, OM; [ — CHITa TOKa B COMTHETHOM TTaHenu, A
Fig. 5. Electrical diagram of a two-diode model of a solar panel photovoltaic cell:
Iy, Iy, — reverse saturation current of diodes D, and D, respectively, A; 1., — photocurrent, A;
R, R, — shunt and series resistance, Ohm; / — current in the solar panel, A

Jlst mocTpoeHus MUGPOBOTO TBOMHUKA HCIIONB30BAINCH COOTBETCTBYIOIMME ypaBHeHus [18] 3a-
BHCHMOCTEH 3JIEKTPUYIECKOTO HANMPSDKEHUs V' B conneunon nanenu, /,, n epmod/IC vy (s Kaxaoro
JMOJIA B OTJIEILHOCTH) OT YPOBHS COJHEUHOU pamuauun G u ot Iy, I,

V+IR, V+IR,

ng, v gV V+IRS
I=ly Iy [ <1 |=1y,| "™ -1 -2 1)

¥4
I.)
Vrivra . ) G ( ) (Ve L.
= YriVra —n kT /q: I, = 1) +K (T-T)): (1), =| —<0

e Vr VTl_Vsz VTI(Z) nsl(Z) /q’ ph e ( sc)T1 0( 1) 5 ( O)T1 q(VOC)Tl 5
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TY el (Ll]
Iy=1y =1y, =(L,), —|e LT
1
Ha ocHoBe pe3ynbsraToB padoThl U(POBOTO MTBOMHMKA OBUTH Pa3pabOTaHBI ABE METOAMKH ISl aHa-
JM3a JIaHHBIX TEJIEeMETPUH M MOWCKAa aHOMAaIHWK B paboTe KPEeMHHEBBIX COJTHEYHBIX maHeneid. Hopma-
JIN30BaHHbIE 3HAYEHUS BBIXOJHOM AIIEKTPUUECKON MOITHOCTH Py B MPP 111 Bcex COIHEUHBIX MMaHenen

paccuuTHIBAIKCEH 10 hopmyIe
Bpop — P
P, = “MPP__"m100%, (2)
m
rne Pypp — BBIXOIHAS MOITHOCTH B Touke MPP, BT; P,, — rmo6anbHas MequaHHas MOIIHOCTh, BT
n
25

P = i .

m s
n
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Py — MennaHHast MOITHOCTB OTJENBHOM IEMOYKH MOCIEI0BATENBHO OAKIIOUEHHBIX COTHEYHBIX MaHe-
nei, BT; n — konn4ecTBo 1enoyuek B AEKTPOCTAHIUH; I — HOMEp IIETIOYKH COJTHEUHBIX MaHeNeH.

Jucniepcust BEIOOPKU AaHHBIX S pacCYUTHIBAIACH KaK AJISl YPOBHS LEMOYKH, TaK M JUIS TaHETbHOTO
YPOBHS

S2=Z(X—_M)2.

V1 3)

riae X — 3HaveHue B Oaiax; M — cpeiHee 3HaYeHHe BEIOOPKH; N — KOJIMYECTBO OAJLIOB.

Pesynbrarel pacuera Py KaxI0i W3 COJHEYHBIX MaHEJICH TPYINIUPOBAINUCH PA3IUUYHBIM 00pa3oM
JUTS aHAJTH3a TTAHEIM OHOTO MHBEPTOPA, TAHEIHM OHON AIEKTPOCTAHIIUN, TPYIITUPOBKH TAHEJICH 110 Me-
MUAHHBIM 3HAYCHUSAM H IIEHTPY Macc, OMHOTOYEUHOTO U IMHEWHOTO 3HAYCHUH 32 NCCIICTYEMBI TIEPHOI.
[TocnemoBaTeNbHOCTD TPYMITUPOBKH TTO3BOJIAIIA HAYATh TIONCK BEIOPOCOB HAa YPOBHE BCEH AIEKTPOCTAH-
LMY, a 3aTeM Ha Ka)KJIOM dTare TPyHIIHpPOBAHUS TOCTEIIEHHO CyKaTh 00JIACTh aHAJM3a /IS BBISIBICHUS
JIOKAIIbHBIX TIPOOJIEM C OTACIbHBIMU CONHEYHBIMHU DJIEMEHTaMH W TaHelsiMu. [lpu 3ToM pesynbrarhbl
pacyera HopMaJIM30BaHHBIX 3HaueHuil Py B MPP 11 Bcex conHEUHbIX MaHeNei B MpeaplayLEM MeCsLE
CpPaBHUBAJHN C aHAJOTHYHBIMU PE3yAbTaTaMH JJIsl TEKyIIero mecsua. Eciu ommmuus B 3HAUCHUSX Py
JUTST KOHKPETHOW COJTHEUHOM IMaHemH (IIeTTOYKH TTaHeIeH) COCTABIISIIN BEIMIUHY, OOJIBIIE OMpeIeTICHHO-
TO TTOPOTOBOTO 3HAYCHHS, TO B €€ padOTe OTMEUAIOCh HAM4Iue aHoMaui. [ToMCK JTOKaTBEHBIX TTPOOIeM
OCYLIECTBIISIICS HAa IBYX YPOBHSIX — B LICHIOUKE MTAHEJEH U B €IUHUYHBIX COJTHEUHBIX NaHeNsX. B kauect-
BE€ MOPOTOBBIX UCIOIB30BATIUCH 3HAUCHUS OTKIOHeHUH 5 u 10 %. Takas MeToauKa MmomMoraeT BhIIBUTH
JIMHAMUYECKHE (MECSIl K MECSITy ) U3MEHEHHS, KOTOPhIE MOTYT OBITh IIPOIYIICHBI IPH IPUMEHEHHH JIPY-
MX METOJMK aHaJIM3a, HE YUUTHIBAIOIIMX U3MEHEHHS [TapaMeTPOB OT Mecsla K Mecsity (taoi. 1).

Taonnua 1. Pe3ynsrarsl npUMeHEHHs METOMKHY IOMCKAa aHOMAJINH cO 3HaYeHUsIMU oTKJIoOHeHui 10 %
B €IMHUYHBIX COJTHEYHBIX MMaHEIsX
Table 1. Results of application of the method of searching for anomalies with deviation values of 10 %
in single solar panels

KOHH%CT]EO Howmep connewnoii manenn Ot mecsina — K Mecsiiy Otknonenue Py, %
AaHOMaJINH1
Module 1.1.2 Wronp 2020 — urons_2020 —-11,60
Module 1.1.3 Wronp 2020 — urons_2020 -10,80
Wions 2020 — urons 2020 -13,20
Module 1.1.4 = =
Wions_2020 — aBryct 2020 -11,80
Module 1.1.13 Wrons 2020 — nrons_2020 -9,10
Module 1.1.14 Wronp 2020 — urons_2020 8,10
Module 1.4.9 Asryct 2020 — centsa6ps_2020 —-11,50
16 Module 1.4.13 Asryct 2020 — cents6ps_2020 -11,40
Module 1.4.17 Asryct 2019 — cenrsops_2020 -11,30
Module 1.5.6 Oxts16ps_2020 — HOs1IO6pH_2020 —11,40
Module 1.5.14 CenTts6ps_2020 — okTs16ps_2020 -9,10
Module 1.6.9 Asryct 2020 — centsa6ps_2020 -8,90
Module 1.7.8 CenTts6pp_2020 — okTs16ps_2020 —-11,80
Module 1.8.15 Wronp 2020 — urons_ 2020 -9,90
Module 1.10.7 Hroms 2020 — aBryct 2020 -10,10
Module 1.11.15 Oxts16ps_2020 — HOS1IO6pH_2020 —48,50

Ha puc. 6 moka3zan ypoBeHb T€HEpHPYEMOW CONHEYHBIMH TAaHETSIMH B IEMOYKaxX ¢ HOMEpaMHu
Chain 1.4 (puc. 6, a) u Chain 2.3 (puc. 6, b) sHepruH, pacCCANTAHHOW C MCIIOIH30BAaHUEM IH(PPOBOTO
JIBOMHWKA 3a Tieproj HabmroneHus (¢ Mast o Hosiops 2020 r.). [lomyueHHBIE ypOBHH 3HEPTUU OTIHYA-
IOTCSI OT aHAJIOTMYHBIX, OnMUcaHHbIX B [19] misg 2019 .
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3aKkJIoueHue

1. Pa3paborana koHIeENIUs aHaIu3a TEIEMETPUUECKUX NAHHBIX Ha COJIHEYHBIX JICKTPOCTAHIIM-
SIX C WCIIOJIb30BaHUEM HHU(POBBIX TBOMHUKOB CONHEYHBIX NaHeneid. [{udpoBoit aBoiiHUK cTpomiics
Ha JBYXJUOAHOHN (PU3MKO-MAaTEMAaTHYECKON MOJENN C YY€TOM KOHTPOIHUPYEMBIX BBIXOJHBIX JJIEKTPO-
(u3nUecKuX MapaMeTpoOB OTACIBHBIX COJTHEUHBIX TaHened. Takol moaxon MO3BOJIMI 3aMEHSTh Bpe-
MCHHBIC JaHHBbIC q)YHKIII/IOHI/IpOBaHI/IH Ka)I(I[Oﬁ COJIHEUHOM MaHEJIN B TCUEHHUE MecAna JaHHBIMU U3 CEMU
BBIXOHBIX MEKTPOGHU3HIECKUX apaMeTpoB. To ecTb 00paboTka JaHHBIX YIPOCTHIIACH: O/IHA COTHEY-
Hasi aHeJ b — OluH Ha0op napameTpoB B Mecsiw. [1o pesynbraram pacuera HOpMalIn30BaHHBIX 3HAYCHUI
BBIXOIHON 3JIEKTPHUUYECKON MOILIHOCTH B TOUKE MAKCHUMAaJIbHOM BHIPAOOTKHU 3JEKTPOIHEPTUU VI BCEX
COJIHEUHBIX MaHEJIeH MOXKHO ONpeeINTh aHOMAJIUH B UX PadoTe.

2. YcraHoBIIeHO, 4TO He3(pPEeKTUBHO paboTarolas OT/AeIbHasl COJTHEYHAs! MaHe)Ib YMEHBIIIACT BbI-
XOJIHYI0 MOIIHOCTH COBOKYITHOCTH TIOCJIEIOBAaTEIbHO BKJIIOYEHHBIX MaHened mpumepHo Ha 2,0 %.
310 cHIKaeT 3(Pp(HEeKTUBHOCTH PabOTHI IPYIIIBI APYTHX IaHeIeH, IIOJKIIOYCHHBIX K HHBEPTOPY Mapa-
JIEJIBHO C COJIHEYHOM MaHENbIO.

3. [IpennoxenHas nByxauoaHas GU3NKO-MaTeMaTHYecKas MOJEIb IJIsl aHaIu3a TeJIeMETPUIECKIX
JAHHBIX COJHEYHBIX MaHelIeld MOXKET HaUTH NMPUMEHEHHE B aBTOMAaTU3alH CUCTEM MOHHTOPHHIA 3(-
(exTHBHOCTH (PYHKIMOHUPOBAHUS COMTHEUHBIX AIIEKTPOCTaHIMA. PaccMOTpeHHbIE METOANKHA MOHUTO-
puUuHIra MOT'yT 6I>ITI> MMPUMCHCHBI JJI1 KOHTPOJI Ka4€CTBa COJIHCUHBIX naHejen IIpu UX NpPOU3BOJACTBE
U 1711 IPOBEPKH (hyHKIMOHUPOBAHUS TAKUX MaHENIeH KaK MCTOYHHKOB ICKTPONHUTAHUS KOCMHYECKHX
anmnaparoB M CTAHLIUMN.
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PROACTIVE MULTISENSORY SOLUTION
FOR MITIGATING THERMAL RUNAWAY RISKS IN LI-ION BATTERIES

ULADZIMIR S. FIADOSENKA!, LINXI DONG?, CHENXI YUE?, GENNADY G. GOROKH!

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
’Hangzhou Dianzi University (Hangzhou, People s Republic of China)

Abstract. The paper presents the concept and modeling results of a multisensor system designed to prevent ther-
mal runaway in lithium-ion batteries. This is especially true for LCO, NMC and NCO batteries. The system in-
tegrates three types of sensors: a capacitive pressure sensor, a gas sensor based on a metal oxide semiconductor,
and a platinum temperature sensor. Moreover, all sensors are located on a single chip, which ensures increased
reliability and safety, minimizing the risks of fire, explosion, or damage to batteries. Three battery operating modes
are proposed: normal, hazardous, and critical. In the normal mode, the temperature and gas concentration remain
at safe levels, while in the hazardous mode, they begin to increase, indicating the possible onset of destructive
reactions. In the critical mode, the battery reaches hazardous levels, which can lead to damage, fire, or explosion.
The multisensor system was modeled using the COMSOL Multiphysics 6.1 package using the finite element
method. This approach helps to improve the safety of lithium-ion batteries by solving the problems of monito-
ring their condition. The scalability of the system makes it suitable for applications in both portable electronics
and electric vehicles.

Keywords: simulation, thermal runaway, lithium-ion batteries, multisensory system, gas sensor, pressure sensor,
temperature sensor.
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INTPOAKTUBHOE MYJIbTUCEHCOPHOE PEHIEHUE
JIJIsI CHUKEHU S PUCKA IEPETPEBA JIUTUM-UOHHBIX AKKYMYJISITOPOB

B. C. ®EJIOCEHKO!, IUHKCHU IOHI?, IEHKCH 102% I. . TOPOX!

! Benopycckuii 20cyoapcmeenibiii yHugepcumen ungpopmamuxi, u paouodiekmponuxu
(Munck, Pecnybnuxa Bearapycy)
2Yuusepcumem Xanuncoy Juanszu (Xanusxcoy, Kumaiickas Hapoonas Pecnybnuka)

AHHoTanusl. B cTaTbe mpencTaBlieHbl KOHUECIIMS U PE3yJIbTaThl MOACIUPOBAHHUS MYJIBTHCEHCOPHON CHCTEMBI,
pa3paboTaHHO IS MPEIOTBPAIICHHS TSIIIOBOTO Pa3roHa B IUTUH-MOHHBIX aKKyMysaTopax. OCOOCHHO 3TO aKTy-
anpHO a1 6atapeit LCO, NMC u NCO. Cucrtema HHTETpHpPYET TPH THUTIA JaTYNKOB: eMKOCTHOW ATYHK JABIICHHUSA,
ra30BbIi JaTYMK HA OCHOBE METAJIOOKCHAHOTO MOJYIPOBOAHMKA U MIIATHHOBBIN JaT4lK TeMreparypbl. [Ipudem
BC€ HAaTYMKH pacriojiararorcsa Ha OJHOM YHIIC, YTO o6ecneqMBaeT TMOBBIIICHHYIO HAACKHOCTH U 6C3OHaCHOCTL,
MHUHUMU3HUPYS PUCKH BO3TOPaHHMs, B3PIBA HIIH IIOBPEKACHHS aKKYMYIATOPOB. [IpeyiokeHbl TpU peskiuMa paboTh
AKKyMYJISITOpa: HOPMAaIIbHBIM, OMACHBII M KPUTHYECCKHUIA. B HOpMaNIbHOM pexXuUMe TeMIeparypa U KOHLICHTpaLHsI
ra3a OCTaloTcs Ha 0E30IaCHBIX YPOBHSX, B OMTACHOM OHU HAYMHAIOT MOBBIIIATHCS, YTO yKa3bIBaeT HA BO3MOX-
HOE Ha4aJIo pa3pyLIUTENbHBIX peakuuid. B KpUTHYECKOM pexuMe akKKyMyISTOp AOCTHIAeT OIACHBIX YPOBHEH —
9TO MOXKET IPUBECTH K IOBPEXICHUIO, BO3TOPAHUIO MM B3PHIBY. MyJIBTHCEHCOPHYIO CHCTEMY MOJEIMPOBAIIN
¢ ucnonb3oanuem naketa COMSOL Multiphysics 6.1 ¢ mpuMeHEHHEM METOJa KOHCUHBIX 3JIEMEHTOB. DTOT
MIOZIXOJL CIIOCOOCTBYET IOBBILICHHIO O€30MIaCHOCTH JINTHI-HOHHBIX aKKyMYJIATOPOB, peliasi HpoOIeMbl KOHTPOJIS
3a X COCTOSIHMEM. MaciTabupyeMoCTh CUCTEMBI JICNAeT €€ MOAXOSIIICH /Il IPUMEHEHHUS KaK B MOPTATUBHOMN
OJICKTPOHUKE, TaK U JJId SJICKTPUUCCKUX TPAHCIIOPTHBIX CPCACTB.
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KiroueBrble ciioBa: MOIACIUPOBAHNE, TEIJIOBOI Ppas3rox, JINTUH-UOHHBIE AKKYMYJIATOPBI, MYJIBTUCCHCOPHAA CUCTC-
Ma, ra3oBbIN CCHCOpP, AaTYUK JaBJICHUA, JaTUUK TEMIICPATYPhI.

KonpaukTt unTepecoB. ABTOPHI 3asBJISAIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.

Js uurupoBanus. [IpoakTHBHOE MYJIBTHCEHCOPHOE PEIIEHHE JUIS CHUKCHUS PHCKA MeperpeBa JIUTHH-HOH-
HBIX aKkymyssitopoB / B. C. ®emocenko [u ap.] // Jokmaaer BI'YUP. 2025. T. 23, Ne 2. C. 70-76. http://dx.doi.
org/10.35596/1729-7648-2025-23-2-70-76.

Introduction

Lithium-ion batteries (Li-ion or LIBs) have become a ubiquitous power source in various electronic
devices due to their high energy density and long service life. However, the occurrence of overheating
in these batteries poses a significant safety threat, as it can lead to catastrophic failures such as fires
and explosions. The process in which the temperature of the battery increases rapidly, which leads
to a chain reaction of increased heat generation, is called thermal runaway (TR). Over the past decade,
the issue of TR in LIBs has garnered significant attention from both manufacturers and consumers.
The processes occurring in a lithium-ion battery that lead to TR are conventionally divided into 12 sta-
ges [1]. They include dissolution of metal ions, decomposition of the SEI (Solid Electrolyte Interphase)
film, reaction between lithium and electrolyte, melting of the separator, and combustion of the elect-
rolyte. These stages are accompanied by significant changes in temperature and voltage, illustrating
the complex and dangerous progression of TR.

To protect lithium-ion batteries, a Battery Management System (BMS) is used, but such protection
is not always effective. Periodic fire incidents, in portable devices and electric vehicles, demonstrate
that modern BMS systems sometimes fail to provide long-term protection, highlighting the urgent need
for effective solutions to address this issue. For instance, the authors in [2] demonstrated that the ther-
mocouples employed in BMS for temperature monitoring detect a malfunction only after at least one
cell has already entered a state of TR, which can lead to irreversible processes.

It is well known that an increase in temperature within a battery leads to gas release, which in turn
causes an increase in internal pressure [3]. To prevent TR in a lithium-ion battery by detecting its onset
at early stages, we propose a design of a multi-sensor system consisting of a gas, temperature and pres-
sure sensor. This paper presents the results of modeling such a multi-sensor system, which can become
an effective early warning option for a dangerous terminal runaway.

Design of multisensory microsystem

Gas sensor constructions

At temperatures between 70 and 120 °C in a lithium-ion battery, the electrolyte begins to evaporate,
and the salt inside starts to decompose. This decomposition triggers chemical reactions between the de-
composed salt and either the solvent or the SEI. These reactions result in the accumulation of gases
within the battery, causing the internal pressure to rise. As the pressure increases, the battery undergoes
an initial venting process, which serves as a safety mechanism to release the excess pressure. However,
if the temperature continues to rise after venting, it can lead to TR, where the chemical reactions inside
the battery become uncontrollable. Among all the gases released within a lithium-ion battery cell, hyd-
rogen has been identified by researchers as the most effective early warning sign for ensuring the safe-
ty of LIBs [4]. The concentration of hydrogen gas released during the first venting event can range
from zero to approximately 1000 ppm [5].

LIBs are highly sensitive to temperature variations; therefore, it is imperative for the gas sensor
to function without a heater. For the multisensory system, a metal oxide gas sensor was selected due
to several advantages, including high sensitivity, rapid response time, and cost-effectiveness. Although
hydrogen is the target gas, it is worth noting that metal oxide gas sensors typically lack high selectivity.
However, in this case, this lack of high selectivity is advantageous because the sensor will promptly
react to a range of gases that could arise during a TR event, with hydrogen being the main target.

A multi-sensor system consisting of a gas, temperature and pressure sensor was made on an anodic
alumina (AA) substrate with overall dimensions of 4.00x4.00x0.43 mm? (Fig. 1). Interdigitated elect-
rodes of gas sensor, consisting of three pairs of electrodes 100 um long, 30 um wide and with a gap
of 15 um between them. Gas-sensitive layer of ZnO—GaO with a thickness of 1 pm is located on top
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of the electrodes. The use of AA in modern sensors allows significant reduction in the energy consump-
tion of thin film chemical sensors [5].

D D < Pressure

sensor

i Gas _,—

sensor

M

Temperature
sensor

Fig. 1. Design of multisensory microsystem

Pressure sensor constructions

The pressure inside a LIBs before and during a TR can be vary, depending on the specific con-
ditions and the design of the battery. For cylindrical batteries, the pressure at the first venting begins
to rise to 10-36 bar (1.0-3.6 MPa), while normal operation pressure is approximately 0.97 bar (97 kPa).
Pouch batteries have the thinnest outer shell among the three types of batteries. Therefore, the pressure
during the first venting in pouch-type batteries is usually the lowest, approximately 190 kPa. The most
common MEMS pressure sensors are piezoresistive, capacitive and resonator sensors. Advantages
of a capacitive sensor: high sensitivity to pressure; less temperature sensitivity; less floor power con-
sumption; low costs, easy to manufacture. The proposed capacitive pressure sensor includes an alumi-
num lower plate (625x530 um, 2 pm thick), a dielectric (air and silicon nitride supporting the sides)
between the plates, an upper membrane of polycrystalline silicon (530x530 um, 12 um), and contact
pads on the membrane and bottom plate (75x75 um) made of aluminum. The layer sizes proposed
here are optimal and most effective in terms of modeling results. This design of the pressure sensor
allows to accurately measuring pressure by analyzing changes in the capacity caused by the deflection
of the membrane under the influence of external influences.

Temperature sensor

In the study, a platinum wire was used as a temperature sensor. A contactless temperature sensor
based on platinum resistance thermometers allows avoiding the error in measuring emissivity. The pla-
tinum temperature sensor in the system under consideration is a four-circuit platinum meander struc-
ture with a thickness of 0.3 um. It is located directly under the gas sensor in the system, as shown
in Fig. 1. The total area of the sensor, including its contacts, is 0.55682 mm?. The temperature sensor
based on a platinum meander operates on the principle of measuring the change in electrical resistance
of a platinum element with a change in temperature.

The technological process for creating such a microsystem of three sensors includes four stages:

1) forming a substrate (the formation of a substrate from AA is described in more detail in [6]);

2) forming a platinum temperature sensor and platinum counter-pin electrodes for the gas sensor;

3) applying a gas-sensitive layer to the counter-pin electrodes for the final formation of the gas
sensor;

4) formation of the pressure sensor (includes several operations for the formation of layers of the ca-
pacitive pressure sensor and electrodes).
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The process of modeling a multisensory system took place in COMSOL Multiphysics 6.1 using
the finite element method [7]. The list of modules, used and their description are given in the Tab. 1.
Parameters of materials such as Young’s modulus, thermal conductivity coefficient, relative permittivity,
electrical conductivity and material density during modeling were taken from the libraries of materials.

Table 1. The list of modules used in COMSOL Multiphysics 6.1

Type of sensor COMSOL Module Description
Temperature sensor | Electric Currents Creating electrical boundary conditions of a conductor
with electrodes
Heat Transfer in Solids Simulation of heat transfer in a sensor
Pressure sensor Solid Mechanics Simulation of deformation of the sensor membrane

under external pressure

Electrostatics Changing the sensor capacity during deformation
Gas sensor Laminar Flow Simulation of the gas flow in the system with the laminar
flow regime

Transport of Diluted Species | Modeling the transport of dilute components,
with the diffusion of gases in the system

Reaction Engineering Initiation of chemical reactions on the surface of the gas
sensor

Research results and their discussion

The temperature sensor was simulated by applying a direct current to one of the electrodes. To pre-
vent self-heating of the platinum wire, the low current of 20 pA was utilized. With increasing tempera-
ture, the sensor’s resistance demonstrated a linear progression (Fig. 2, a). Specifically, at the temperature
of 100 °C, the resistance was 35.7 Ohms, while at 200 °C, the resistance increased to 45.35 Ohms.
The OriginLab program’s linear approximation unveiled the relationship between resistance R and tem-
perature 7, delineated by the expression:

R =26.224+0.09454T. 1

Thus, using this expression, it is possible to calculate the temperature from the resistance
of the sensor. For gas sensor modeling in the COMSOL, a gas reactor with periodic hydrogen
supply at the concentration of ppm from 10, 50 and 100 was created during the time-dependent
study. The correction coefficients based on experimental data [8] where used due to the fact that
in the COMSOL Multiphysics program, the task of describing all chemical reactions on the surface
of the gas-sensitive layer is complicated. The change in resistance of the ZnO—GaO gas sensor based
on simulation results and is presented in the Fig. 2, b. The sensitivity of the gas sensor for 100 ppm
is determined by the expression

R, _179.88 kOhm _

air

R 95.68 kOhm

gas

1.88. (2

For hydrogen concentrations of 50 and 10, the sensitivity of the sensor was 1.66 and 1.47, respec-
tively. For pressure sensor the simulations unveiled that with rising pressure, the membrane’s deforma-
tion and corresponding capacitance both escalate (Fig. 2, ¢, d). As previously noted, under normal ope-
rating conditions, the pressure inside the cylindric LIBs is 97 kPa, at this pressure, the sensor capacity
was 0.329 pF, when gases begin to be released inside the battery, the pressure inside the battery can rise
to 3 MPa. At the pressure of 1 MPa, the capacity was 0.360 pF, at the pressure of 2 MPa, the capacity
was 0.415 pF, at the pressure of 3 MPa, the capacity was 0.550 pF.

The polynomial approximation of the OriginLab described the relationship between the sensor ca-
pacity C and the pressure value P as expression

P=0.3216+5.33-10°C—-2.494-10°C? +1.054-10 "' C°. (3)
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Fig. 2. Sensor modeling results: a is dependence of Pt sensor resistance on temperature;
b is correlation between gas sensor resistance and hydrogen concentration;
¢ is dependence of capacity on pressure; d is membrane displacement magnitude in COMSOL Multiphysics 6.1

Concept application and prospects

It is proposed to use the described sensors (to determine three operating modes of the battery: nor-
mal, dangerous and critical (Tab. 2).

Table 2. Possible operation modes for 18650 li-ion battery

Operation modes Temperature, °C Pressure, kPa Gas concentration, ppm
Normal safety 2060 100 0
Dangerous 61-80 200 20
Critical Above 80 600 500

1. Normal safety range. In this range, the battery capacity is within normal operating limit, which
depends on the packaging shape of the lithium ion battery. The temperature according to the sensor
is within 20-60 °C, which avoids overheating or hypothermia. The gas concentration level remains
at zero or a safe level, without reaching critical levels that could lead to fire or explosion.

2. Dangerous range. The battery temperature begins to approach dangerous levels (61-80 °C) where
overheating or hypothermia may occur, posing a threat to the safety and stability of the battery. Gas con-
centration levels may begin to increase, indicating possible problems within the battery, such as over-
heating or problems that could be a precursor to a fire. In this range, battery capacity may be at the edge
of acceptable limits, which may indicate that measures must be taken to prevent deep discharge or over-
charging, which can negatively affect the life cycle of the battery.
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3. Critical range. The battery reaches a critical level of discharge or overcharge that may result
in structural damage or poor performance. The battery temperature (above 80 °C) is outside the safe
range, which may cause fire or explosion. The gas concentration reaches critical levels, indicating se-
rious problems within the battery and increasing the risk of fire or explosion. For instance, the Tab. 2
shows possible modes as an example for 18650 li-ion battery.

Sensor locations

There are two options for the location of the multi-sensory system.

1. Consider the devices with only one or several li-ion elements such as a smartphone, tablet lap-
tops, power tools and shaving trimmers, the most promising design solution is to place the sensor near
the positive electrode at the top of the batteries with cylindric and prismatic shapes (for LCO, NCA
and NCM types of batteries). During the first gas release in a cylindrical lithium-ion battery, the break-
down typically occurs in the upper part of the casing, where the safety valve is located. Prismatic lithi-
um-ion batteries also have a protective gas release mechanism to reduce pressure, similar to cylindrical
batteries. This mechanism is usually implemented using a safety valve or a bursting diaphragm (often
in prismatic batteries there are several in different places of the case), which open or burst when a certain
internal pressure is reached, allowing gases to escape and preventing the battery from bursting. This lo-
cation will provide the ability to continuously and accurately monitor the parameters, which signifi-
cantly reduces the risk of unexpected incidents such as overheating or fire.

2. For electric vehicles with hundreds or even thousands (for example Tesla S) li-ion element placing
a multi-sensor system should be inside a battery module (more important for NMC, NCA, then LFP bat-
tery types). We propose to allocate a specific number of cells within a module that will be monitored
by a single multi-sensor system. For instance, 16 cylindrical cells (arranged in a 4x4 configuration) will
be controlled by one multi-sensor system. Upon detection of any issues, the individual matrix of cells
will be disconnected from the power supply. This arrangement will ensure constant monitoring of tem-
perature, pressure and gas concentrations inside the battery pack. However, with this arrangement,
the efficiency of the pressure sensor is significantly reduced, because the pressure change in the module
is much lower than the pressure change inside a single lithium-ion cell. Therefore, in the case of such an
arrangement, it is proposed to remove the pressure sensor from the system, and control should be car-
ried out using a gas and temperature sensor. Or install pressure sensors on the housings of individual
elements if this makes sense.

Based on the results of the study, the concept, design and simulation of a multi-sensor system
for preventing TR in lithium-ion batteries are proposed. Future developments are planned to integrate
an IC block for collecting, storing and transmitting data, and conduct experimental testing.

Conclusion

1. The results of modeling the complex multisensory system including gas, pressure and tempera-
ture sensors are presented. Additionally, we delved into the operational concepts across three modes
and location options. The design of the developed multi-sensor system promises to bolster the reliability
and safety of various lithium-ion battery types like LCO, NMC, and NCO by mitigating risks associated
with fire, explosions, or battery pack damage. This proposed system has a wide array of potential appli-
cations, spanning from portable gadgets like smartphones, tablets, laptops, and power tools to modules
in electric vehicles.

2. The study was carried out with partial support from the State Research Program of the Republic
of Belarus “Micro- and Nanoelectronics” (task 3.7.1).
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OCOBEHHOCTH U3IOTOBJIEHUS SJIEMEHTHOM BA3BI
BBICOKOTEMITIEPATYPHOM SJIEKTPOHUKM JIASEPHBIM U3JIYUEHUEM

E. b. IEPIITHEB

Tomenvckuii eocyoapcmeennviil ynusepcumem umenu @Ppanyucxa Crxopunvt (Iomens, Pecnyonuxa Benapycsy)

Annoranust. [IpencraBieHsl pe3ysbTaThl HCCIIEI0BaHMS Ja3epHOH 00pabOTKN KPUCTAIIIOB IIPUPOIHBIX U HCKYC-
CTBEHHBIX aJIMa30B B TEXHOJIOTUSAX MUKPOVIEKTPOHUKH METOJOM TEPMHUUECKOIl 1azepHOil cenaparuu. [IpoBenex
aHann3 (PU3NKO-XUMUYECKUX SBJICHUH, HAOMIONAEMBIX B PE3YJIbTATE TEIUIOBOTO BO3/ICHCTBUS JIA3€pPHOTO H3ITyde-
HUSI HA @aHU30TPOITHBIE MaTepHajbl B Pa3IMYHbIX KpUCTAIIOrpadnuecKux HarpasieHusx. Ha ocHoBaHum kpure-
pus ['puddurca npoanannznpoBaHa MexaHUKa XPYIKOTO pa3pylICHHs KaK pe3yJabrar (OpMHPOBaHUSI KpUTHYE-
CKMX MHUKPOMEXaHWYECKNX HaNpsHKEHWH, BBI3BAHHBIX TEIJIOBBIM BO3/EHCTBHEM JIA3€pHOTO M3IydeHus. PerneHa
HeCTalMOHapHAas 3a/1a4a TEeIUIONPOBOIHOCTH, PACCUNTAHBI TEMIIEPATYPHBIE pacHpeielieHNs] B 00beMe MaTepuaia,
Ha OCHOBaHUH KOTOPBIX MOJy4YeHa HH(OpMAIHs 00 N3MEHEHHH YIIPYTUX CBOWCTB KPUCTAJIOB, IPUBOJISIIEM K €0
YTIPaBISIEMOMY Pa3pyLICHUIO B 3aJaHHBIX HANPABICHUSX. Pe3ybTaThl MOAECIMPOBAHUS TTOATBEPKICHBI SKCIIEPH-
MEHTaJILHO B IIPOIIECCE TEPMUUECKOH JIa3epPHON Celapaliy ajIMa3HOTO ChIPbs ITyTeM (JOPMUPOBAHUSI HA 3aJaHHOMN
n1yOuHe B 00beMe KpUCTaslia JIOKaJIM30BaHHBIX 00JIacTeil KpUTHYECKUX TEPMOYIIPYTHX MHUKPOHAIPSHKSHUH, sB-
JISTFOIIIMXCST NCXOTHOM TOYKOM JIMHUY YIPABIIIEMOTO pa3[elCHNs] KPUCTA/lIA. BBISABICHBI ONTHMAIBHBIE PEXKUMBI
YIOPaBIJIIEMOTO pa3/ielIeHUs] KPUCTAIUIOB IPUPOAHBIX U UCKYCCTBEHHBIX aJIMa30B IIPHU UCIIOJIb30BAHUU Ja3epa ¢ Ju-
OJTHOI HaKaukoM C [UIMHOW BOJHBI 3nyueHus 1064 M.

KuroueBble ciioBa: naszepHast 00paboTKa MaTepHaioB, KPUCTAJUIBI aiMas3a, alMasbl B 2JIEKTPOHHBIX MpPUOOpax,
AHU30TPONHS YIIPYTHX CBOUCTB.

Kondaukt uHTEpecoB. ABTOp 3asBIsAET 00 OTCYTCTBUH KOH(IUKTA HHTEPECOB.

Jas mutupoBanus. llepmues, E. b. OcobeHHOCTH M3rOTOBIEHUS 3JIEMEHTHOH 0a3bl BHICOKOTEMITEPATYPHOI
NEKTPOHUKH JazepHbIM n3nydenueM / E. b. [llepmmes // Jokmanst BI'VUP. 2025. T. 23, Ne 2. C. 77-83. http://
dx.doi.org/10.35596/1729-7648-2025-23-2-77-83.

FEATURES OF MANUFACTURING THE ELEMENT BASE
OF HIGH-TEMPERATURE ELECTRONICS USING LASER RADIATION

EVGENY B. SHERSHNEV

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

Abstract. The paper presents the results of research on laser processing of natural and artificial diamond crystals in
microelectronics technologies by thermal laser separation. An analysis of physical-chemical phenomena observed
as a result of the thermal effect of laser radiation on anisotropic materials in various crystallographic directions
is conducted. Based on the Griffiths criterion, the mechanics of brittle fracture as a result of the formation of criti-
cal micromechanical stresses caused by the thermal action of laser radiation are analyzed. The non-stationary prob-
lem of thermal conductivity was solved, temperature distributions in the volume of the material were calculated,
on the basis of which information on the change of elastic properties of crystals leading to its controlled destruction
in given directions was obtained. The simulation results were confirmed experimentally in the processes of thermal
laser separation of rough diamonds by forming localized areas of critical thermoelastic microstresses at a given
depth in the crystal volume, which are the starting point of the line of controlled crystal separation. Optimal modes
of controlled separation of crystals of natural and artificial diamonds using a diode-pumped laser with a radiation
wavelength of 1064 nm have been identified.

Keywords: laser processing of materials, diamond crystals, diamonds in electronic devices, anisotropy of elastic
properties.
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BBenenue

AJMa3 uMeeT CylIecTBEHHbIE [TPEenMyLIecTBa, Hanpumep, rnepex Si u GaAs, kKak Marepuanl MUKPO-
ANIEKTPOHUKH, B YACTHOCTH, aKyCTO- U ONTORJIEKTPOHUKH. B mprbOopax MUKOCEKYHTHONW OMTOAIEKTPO-
HUKH HCIIOJIB3YETCA IlJia3Ma HOCHUTEJIeH TOKa, rCHEpHUpPOBaHHAsA MOIIHBIM OINTUYCCKHUM H3ITYUCHHUEM.
Bricokast TemnonpoBOAHOCTD U ANIEKTPUYECKask MPOYHOCTD aqMasza ONpeesisiioT OONbUIYI0 CTOWKOCTh
K DJIEKTPUYECKOMY HAIPSDKEHUIO U UMITYJIIBCHOMY TOKY, T. €. TIO3BOJISIIOT CO3/1aTh JOCTATOYHO BBICOKO-
BOJIBTHBIC U MOIITHBIC HpI/I60pr, ACTCKTOPLI SJICMCHTAPHBIX YaCTUIL U ITPOYNE KOMIIOHCHTEI BLICOKOTEM-
neparypHoi anekTpoHukH [ 1]. B HacTosiee Bpemst mpuOOphl Ha OCHOBE TOJIyIPOBOJHUKOBBIX aJIMa30B
CTaHOBATCS PEATbHOCTHIO, TIOCKOJIBKY MPOMBINUIEHHOCTh OCBOMIIA BBIMTYCK CHHTETHYECKHAX aIMa3OB,
CTOMMOCTB KOTOPBIX HEC BbIIIIEC CTOMMOCTHU O6I)I‘-IHI)IX IMOJIYIIPOBOAHUKOBBIX MaTC€pUajioB.

JlazepHast 00paboTKa UMEET CYIIECTBEHHbIE TPEUMYIIECTBA MEPe]] TPATUITMOHHBIMUA MEXaHUYECKHU-
MH CIIoco0aMu 00pabOTKH KPUCTALIOB anmasa [2—4]. [IpeumytiecTBOM JaHHOW TEXHOJIOTHH SBIISETCS
BO3MOXHOCTDH IOJIYYCHUS Y3KUX PC30B C MUHUMAJIBHONU 30HOM TCPMUYCCKOTO BJIMAHUSA B COUYCTAaHUU
C BBICOKOH TIPOM3BOUTEIHLHOCTEIO IIpoliecca pa3MepHoi o0padbotku. Kpome Toro, Ornaromapst BO3MOXK-
HOCTH BapHaIliy MapaMeTPOB Ja3ePHOTO U3IYUCHHS TAaKOH MPOIIeCC MOKHO OTHOCHUTENBHO JIETKO aBTO-
MaruzupoBars. Oco00 BaXKHBIH pa3aes HayYHBIX MCCIIEIOBAaHUN — M3yueHHE 0COOCHHOCTEH Ja3epHOi
00pabOTKH KPUCTAIIOB aJIMa30B B PA3IMYHBIX KPUCTAIIOTpaUIECKUX HAIPABICHHUSX [4].

Temmepatypa iaBinenus 7, anmasa Jexkut B quanaszone 37004000 °C. ITpu mukponedopmanum
KPHUCTAJIIOB ajiMa3a B YCJIOBUAX BBICOKHX Temreparyp (~0,37,,) MOKXeT HaOJI01aThCs UX XPYIIKOE pas-
pyuienue, o0ycIOBICHHOE 00BEMHO-HAMPSKEHHBIM COCTOSIHUEM, KOHIIGHTPAMeld TepMOyIpyruX Ha-
MIpsDKEHUH, IpuMecel 1 1eeKTOB CTPYKTYpHIL. J{J1s aHam3a BO3MOKHOCTH pealin3alii MEeTo/Ia TEPMH-
yeckoi stazepHoii cenapauuu (TJIC) [5] B kpucTamiax ajiMasa ¢ mOCIeAyOIMM 00pa30BaHUEM yIpaB-
JSIEMOM TPELIMHBI Heo0XoIuMa HHPOPMALHSL O PACIPEeICHUH TEPMOYIIPYTUX HaNpsbKeHUH B 00beMe
obpabareiBaeMoro anmasHoro oopasma. Ilpemmymectso TJIC B TOM, 9TO 3Ta TEXHOJIOTHS JIa3epHOM
pe3ku 0e3 abysIuy 1, ClIe0oBaTeIbHO, Oe3 MPOITHIIA.

TJIC npencrasisier co00i ABYX3TanHbIN mporecc. Ha mepBoM Ha Kparo MIIACTHHBI JIA3€pOM CO3/a-
eTCsl 3apaHee OIpe/esIeHHasl TOYKa pa3phiBa JJIsl MHUIIMUPOBAHUS 00pa30BaHUS TPEIIMHBI, WITH JTMHAS
pa3pbiBa Ha NOBEPXHOCTU IJIACTUHBI, LITOGI:.I HalpapJIsITh PACIIPOCTPAHCHUE TPCIIHWHBI BAOJIb JIMHUA
Hape3Kkd. DTO JIOCTHraeTcsl MyTeM MOAM(HKAINK MaTepuaga UMIYJIbCHBIM aOMSIIMOHHBIM JIa3€POM.
OO0pazoBaHue TPEIIUHBI U OTACNIEHUE CJIOSl JOCTUTAIOTCS Ha BTOPOM 3Tarle MyTeM CO3[aHHs CKUMAro-
IIeTO HAIPAKCHUA HArpE€BaHUEM U PACTATUBAIOUICTO HAIPSXKCHUS OXJIaAXKACHUEM OHpCI[CHCHHOﬁ TOY-
KW Ha TIOBEPXHOCTH TUIACTHHBIL. HarpeB MmIacTHHBI TOCTUTAETCS C MOMOIIBI0 C(hOKYCHPOBAHHOTO Jla3epa
nHppakpacHoro auanazona (1064 uM), paboTaroIero B KBa3WHENIPEPHIBHOM PEKUME, C ITOCICTYIOIINM
OXJIXKJICHHEM HarpeTol 30HbI MOCPECTBOM CTPYH BOISHOTO adposons [S]. Ilpu stom anmas obnamgaer
SIPKO BBIPAXKEHHON «CIaWHOCTBIOY, TIOATOMY T€OMETPHS TPEIIUHBI IPH (PMKCHPOBAaHHBIX TTapaMeTpax ja-
3€pPHOT0 U3ITyYCHHUS 3aBUCUT OT KPUCTAILTOTpapHISCKON TIOCKOCTH, TT0 KOTOPOH OHA PACIPOCTPAHSIETCS.

AHU30TPONHUSA YIPYTUX CBOMCTB KPUCTAJUINYECKOI peleTKH ajaMasa

Cornacno knaccuukanuu bpaBe, kpucraammueckas pelieTka ajima3a COOTBETCTBYET KyOudec-
Kol cuHronuu. [lo3tomy nomaraercsi, YTo €ro ynpyrue CBOMCTBA OIMCHIBAIOTCS TPEMsI HE3aBUCHMBI-
MU KOMIIOHEHTaMM TeH30pa moayiaeit ynpyroctu FOnra, a umenno: o;; = 1079 I'lla, 6\, = 124 I'lla,
G4 = 578 I'Tla [4]. Pacuer noneit TepMOynpyrux MHUKPOHANpPSKEHUH, BO3HUKAIOIIMX B KpHUCTaJIaxX
arMasa B yCJIOBHUSIX JIa3€PHOTO BO3ACHCTBUS, BHIOJIHSICS BAOJIb TPEX OCEH CUMMETPHHU: BTOPOTO L,
TPETbero L; U 4eTBEPTOro L, MOPSIIKOB.

3HaueHust IOKaJIbHOHM TeMIeparypbl KpUCTaJlla XapaKTEPU3YyIOT MEPeXo OT KBa3UXPYIKOTO K Bsi3-
KoMy BHIY paspymieHus. [Ipu 3ToM B pasinyHBIX KpHCTANIOrpapuUecKUX MIOCKOCTIX MpeaesbHOe
3HauEHHE TAKOW TEeMIIEPaTyphl OTIHYaeTcs. TakKe YCTAaHOBICHO, YTO OHA HUXKE Y CHHTETHYCCKHUX aJl-
Ma30B, 4TO OOBSCHSIETCS BBICOKOM KOHIEHTpauuel mpuMeceil mapaMarHuTHOro asora. [Ipu xpynkom
pa3pyLICHUN KPUCTAIJIOB IPOUCXOAUT 00pa30BaHNE HOBBIX MOBEPXHOCTEH. B 3TOM cityuae kitoueByio
POIb UrpaeT cBOOOJHAS MOBEPXHOCTHAS SHEPTHs F, 7Sl 3HAYCHUH KOTOPOH XapakTepHa aHU30TPOHs
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B 3aBHCHMOCTH OT BBIOPAHHOH MIOCKOCTH KPUCTATMYCCKON PEIIETKH aiMasa, Kak 3TO MPEeICTaBICHO
B Tabmn. 1 [6].

Taoauna 1. 3HageHns CBOOOIHON MOBEPXHOCTHOW YHEPTUH
0 Pa3IMYHBIM IUIOCKOCTSAM KPHUCTATMICCKOH PEIIETKH alIMa3a
Table 1. Values of free surface energy on different planes of the crystal lattice of a diamond

Mnockocts | (100) | (110) | (111) | (210) | @11) | (221) | 311) | (320) | (321) | (332)
F, Jlx/m2 184 | 130 | 106 | 164 | 150 | 122 | 166 | 153 | 143 | 117

B TexHONOTHSIX NMa3epHOI 00pabOTKH MaTepraIoB HCIIONB3YETCS P KPUTEPHEB XPYITKOTO pa3py-
[ICHHS, XapaKTEPU3YIONIMXCS TPEACTbHBIMU 3HAUEHUSIMH COOTBETCTBYIOIUX (PH3UYECKUX BEITHYUH
n ux kodpduuuentos. CymecTByeT Kiaccuueckuil kputepuil [puddurca [7], cormtacHo KOTOpomy
IIPU TOCTaTOYHOM 3HAUCHHH MUKPOMEXaHHYECKOTO HANpPsDKEHHS TPEIlMHA Pa3BUBACTCS B TUIOCKOCTH,
KOTOPO# COOTBETCTBYET HAMMEHbIIIAs TOBEPXHOCTHAS SHEPTrHs. TakuM 00pa3omM, B ciIydae pacKalibiBa-
HUS B BEPIIMHE JIOKATLHON 001aCTH KPUTHUCCKUX TEPMOYIIPYTHX MUKpoHanpsukernit (KTM) o6pasy-
€TCsl 0CTaTOYHOE M30BITOYHOE MEXaHNYECKOEe HaNpsHKeHNE, 00YCIIOBIEHHOE B3aMO/ICHCTBHEM Ha Tpa-
HUIlE anMas-paciuiaB. ['eomerpruueckoe Mecto 30H6I KTM MOXHO yCTaHOBHTH Ha OCHOBaHUHM WH(OP-
MalMy O pacrpelesieHNH TePMOYIIPYTUX MUKPOMEXaHUYEeCKUX HallpsoKeHuH. B nanpHelem npouecc
packanbIBaHMs anMasa UAeT Bodb miaockocTH (111), mis koTopoit yaenbHas MOBEPXHOCTHAs SHEPTus
MUHUMAaJbHA (Tabm. 1.)

IlocTanoBKka 3agauu u MOJe/IMPOBaHUEC

Pacnpenenenue temreparyp, copMHUpoBaHHOE JIa3€PHBIM TEIUIOBBIM HCTOYHUKOM, MOXKHO TIONY-
YUTh, PELIMB HEJIMHENHHYIO OCECUMMETPUUHYIO 33aJady TEIUIONPOBOAHOCTH (T. €. PELIMB B LIMJINHAPH-
YEeCKOM cucTeMe KOOpAMHAT). 3a CUeT M3MEHEHHs IOJIOKEHUs (PoKyca Ja3epHOro Jyda CyLIECTBYET
BO3MOXKHOCTh ()OPMHUPOBATH TEIUIOBOH MCTOYHMK KaK Ha MOBEPXHOCTH 0OpaldaTbiBaeéMOro OOBEKTa,
TaK ¥ B €ro oobemMe. MareMarnieckoe MOAEIMPOBAHIE MPEACTABICHHON 3a1a4l CBOJUTCS K PELICHUIO
KJIACCUYECKOTO TU(P(EepeHIINAIBLHOTO YPaBHEHHS TEIIIONPOBOIHOCTH MapadOINIecKOro THIIA

cw—div(kgrad(T(F,t))):f(F,t), (1)

P ot

IJIe p — IJIOTHOCTB; € — TETNIOEMKOCTh; 1 — TepMOAMHAMUYECKas TEMIIEpaTypa; ¢ — Bpems; A — kodhhu-
LHEHT TETUIONPOBOIHOCTH; ¥ — BEKTOP KOOPAMHAT X, ), z (IIPH 3TOM Z HAIIPaBJICHA BIOJIb OCH JIA3€PHOTO
usnyuenus); fl ¥, t) — MHTCHCUBHOCTh TEIUIOBBIJICIICHUS (TUIOTHOCTh MOIIHOCTH TEIIJIOBBIX HCTOYHHKORB)
B MOMECHT BPEMECHHU .

[IpumenuTenpHO K ciydaro TJIC mpencTaBiseT HHTEpEC MOICTUPOBAHNE JIa3epHOI 00padOTKH paB-
HOMEPHO JABIKYIIUMCS TETIJIOBBIM HCTOYHHKOM

(v 2 _ 2
10 = Byexp| <O

V2, 2

rae Py — IIIOTHOCTh MOIIIHOCTH B IIEHTPE 30HBI TEPMUYECKOTO BO3/IEHCTBUS C YUETOM OTPAKEHUS Ha 3a-
JTAHHOH JIJTMHE BOJIHBI; V — CKOPOCTh CKaHUPOBaHUS; A, B — TOIyOCH SIUTMIITHYECKOTO TayCCOBOTO Myd-
Ka; Y — KO3 PUIIMESHT TOIVIOICHHS CPEIBL.

3amaun (1), (2) UMEIOT W3BECTHOE pEIICHHEe, Pa3IMYHbIe BapHallMd KOTOPOTO IIPE/ICTaBICHBI
B [8—10]. Kpome Toro, 3amaun JOIMyCKAlOT YHCIICHHOE PElIeHNEe, OCHOBAHHOE Ha IMMOCTPOCHUH KOHEY-
HO-Pa3HOCTHOM cXeMbl. [1Jisi penieHust 3a1a4u TETIONPOBOAHOCTH UCTIONB30BaJIcs MOy pde-toolbox
KOMITbIOTEpHOI cuctembl aBToMaru3aiuu MATLAB [11]. Ilpu 3ToM MOKHO BapbHpOBaTh pa3Mepsl 00-
pabarsiBaeMoro obpasiia, ero (hu3ndecKrne XapakKTepUCTHKH, TaKHe KaK IIOTHOCTb, TETUIOEMKOCT, Te-
IJIOMPOBOHOCTD, TEMIEPATYPOIPOBOJHOCTD, IIJIOTHOCTh MOIIHOCTH, JIOKAJIN3allKs TEIJI0BOTO UCTOY-
HUKa (co3aeTcs Ja3epPHBIM H3IYYCHHUEM ), TEMIIepaTypa U yCIOBHS TEIUIO0O0OMEHA ¢ OKPYKaroIIeH cpe-
JIO¥, TpaHUYHBIE U HadaJdbHBIe yeiaoBwsa. CpenctBa rpadudeckoit Bu3yanuzanun MATLAB mo3Bomstor
MOJYYHUTh U300paskeHNe pactpe/ielieHHs TeMIlepaTyphl (IpH Ja3epHoM u3nydeHud 1,06 MKM) B 1000M
cedeHuH o0pasiia B TUIOCKOCTH z M CXEMY HallpaBIICHUS TEIUIOBBIX ITOTOKOB B MPOU3BOJIEHBI MOMEHT
BpPEMEHH, KaK 3TO IMPOJEMOHCTPHUPOBAHO pHC. 1.
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Puc. 1. Pacnipenencuue TeMieparyp B ceueHHH 00pasia
NPH ITIOTHOCTH MOIIHOCTH TEIIOBOTO McTouHKKa 2 - 10° Br/em?
Fig. 1. Temperature distribution in the sample cross-section
at the power density of a thermal source of 2 - 10® W/cm?

[Ipu onpeneseHnU TEPMOYIIPYTUX MHKpPOHANpPSDKEHHIA OyneM mpeHedperarh HHEPLUUOHHBIMH Jie-
HaMM B YpaBHCHHUMU ABUIKCHUA, YTO COOTBCTCTBYCT PACCMOTPECHUIO YCTAHOBJICHHUA «CTAIMOHAPHOT0»
HAIIPSAXKECHHOI'O0 COCTOAHUSA KaK HCKOTOpOﬁ IMOCJICA0BATCIIbHOCTH PaAaBHOBCCHBIX COCTOSIHUH. HHSI HCCJIC-
I[yCMOﬁ CHUCTEMBI XapaKTE€pHa KBa3UCTATUYECKAsA MOACIbL TEPMOYIIPYI'OCTH, T. €. HAIIPSAKEHHOE COCTO-
SHUC HACTYIMACT 3HAYUTCIIBHO 6LICTp€6, 4eM TCPMOAUHAMHNYCCKOC PABHOBECHUC. 3910 CJICAYCT U3 TOro,
YTO CKOPOCTH PACHPOCTPAHEHUS YIPYTHX KojeOaHui (CKOPOCTh 3ByKa) B MaTrepualie 3HaYNTEeIIbHO Mpe-
BBIIIACT CKOPOCTH ABUKCHUSA TCIIJIIOBOT'O (prHTa. OTMGTI/IM, 4TO OaXC NP BHE3AaIITHOM U3MCHCHUUN TEM-
rneparypbl Ha IpaHuIle yIIPyroro IoaylnpoCTpaHCTBa IMOTrPEIIHOCTb B ONPEACICHUU BEJIMYMHBI TEPMO-
HanpsHKEHWH, CBSI3aHHAA C TPeHEOpeKeHNEM HHEPIIMOHHBIMU () (heKTaMu, OKa3bIBaeTCsl HECYIIECTBEH-
HOM. BenmmuuHy TepMOynpyrux MEXaHWYeCKUX MUKPOHANPSIKEHUI G;; MOXKHO OTIPEIEIHTh, UCTIONb3Ys
dopmymy [12]:

op(3h+2p) 1%

GU'—TM'Z.([T(FJ)C[F, (3)

e o — Koo¢duiment aunelnoro pacumpenus, o = 1,1 - 1076 °C1; w, A — koo puuments Jlame.
Hcnonb3yst (3), MOXKHO TIOCTPOUTH pactpeneicHue (1mojie) MeXaHHIeCKUX MHUKPOHAMPSHKCHUH G
B JTIOOOM CeUYeHHMH 00pasiia Ha OCHOBAHHWH MPOCTPAHCTBEHHOTO pacIpeneiacHus TeMreparyp (puc. 2).
PacrnipocTpaHeHue TpPEIIMHBI COMPOBOXKAACTCSI PA3PHIBOM KOBAJICHTHBIX CBSA3EH M BBICBOOOXKICHUEM
YIPYToi SHEPTrUH, BEJINYHHA KOTOPOH ONpeAesieTcs] 3HAYeHUEM MUKPOMEXaHHYECKOTO HAMPSKEHMS.

o, Ma
1,96

il v .
z 1,88
n

-0,05 I I I I I |
-026 -02 -0, -01 0,08 rOMM 0,05 0,1 0.15 0,2 0,25

Puc. 2. Pactipenenenne MeXaHMIeCKIX MUKPOHAIPSHKCHAH G B CEUYCHUU 00pasIa,
c(hopMHUPOBAHHBIX Ja3ePHBIM U3IydeHUEeM 1,06 MKM
HPH IJIOTHOCTH MOIHOCTH TEIJIOBOrO McTouHuKa 2 - 100 Br/cm?
Fig. 2. Distribution of mechanical microstresses G in the cross-section
of the sample formed by laser radiation of 1.06 um at the power density of the heat source 2 - 10° W/cm?
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VYnpasisieMoe TepMOpacKaJlblBaHUE alIMa3a CBOAUTCS K JIOKAJIBHOMY YINPaBISIEMOMY JIA3€pPHOMY
HarpeBy o TpeOyeMOMY KOHTYPY, PEKHM KOTOPOro MHULUHUPYET MOSBICHUE TPELIMHBI B KPUCTAILIE,
KOTOpast cIeqyeT 3a JIa3ePHBIM JIyuoM I0 MOBEpXHOCTH Marepuana. JlasepHoe ckpaiibupoBanue odecre-
YUBaeT BO3MOKHOCTB JIOCTATOYHO TOYHOTO pa3AefeHHsI aIMa3HbIX MJIACTHH.

Pe3y.]'lI)TaTLl I/ICC.]IeZIOBaHHﬁ H UX oﬁcyme}me

OCHOBa TEXHOJIOTHH YIPABISIEMOT0 JIA3EPHOTO TEPMOPACKAIBIBAHUS ajiMa3a — 3apOXKJICHHUE Tep-
BUYHOU MHUKPOTPEIIMHBI U JalibHEHIIee YIIPaBJICHHE e¢ Pa3BUTHEM MOCPEICTBOM JIA3€PHOIO H3Jyue-
HUS ¥ OXJIAKIAIOIIETO TTOTOKA adpo3oits (XmamgareHTa) (puc. 3). MUKpOTpemnHa 3aposkIaeTes Ha TIep-
BOHAYaTBHOM JIe(heKTe, KOTOPBIH HCKYCCTBEHHO (DOPMHUPYETCS C HCMOIB30BAaHUEM UMITYILCHOTO Jla3epa
[0 MEXaHU3MY aONsmuu. 3aTeM 3Ty MUKPOOOIACTh MOJABEPrar0T BO3JCHCTBUIO JA3E€PHOTO MU3ITyUSHUS
CHelHaIbHOW TeOMeTpUH (HampuMmep, B BUAC IUIHICA). XJaJareHT u3 GOpCyHKH MomajaeT Ha Harpe-
TYIO TIOCIIE TIPOXO/a JIA3EPHOTO M3IYUYEHHUS 00JIaCTh MOBEPXHOCTH, BBI3bIBAsI N30BITOYHOE MUKpOMEXa-
HHUYCCKOC TCPMOHAIIPSIXKCHUC I CO3OaHusA praBnﬂeMoi’I MUKPOTPECIINHBI.

JlazepHoe n3iyueHue

[IsTHO Harpesa

XnagareHt Martepuan

IIsTHO OXJaXKIeHUS

Puc. 3. Cxema nporecca ymnpaBisieMOro JIa3epHOIO TEPMOPACKaIbIBaHUS aIMa3a
Fig. 3. Scheme of the process of controlled laser thermal cleavage of diamond

B pesynbrare ananusza gaHHBIX, TOJYYCHHBIX B MIPOIECCE KOMIIBIOTEPHOTO MOJICIIMPOBAHUS, yCTa-
HOBJICHO, YTO TEPMOMHIYLMPOBAHHOE MHUKPOMEXAHMUECKOE HAIPSKEHUE G33 JOCTUTACT MAKCHMAalb-
HOTO 3HAUEHHUS HE Ha MOBEPXHOCTH IIACTHHBI, T€ OHO B CHJIy TPAHWYHBIX YCJIOBHW PaBHO HYJIIO,
a Ha onpezenenHor rmyoune (0,5-0,8 MM), 4To IPUBOAUT K POPMUPOBAHUIO HEOOXOIUMOH [Tl HavYasa
paszmeneHust Marepuana JokanuzoBaHHOH oOmactu KTM. JlanHble MopenupoBaHHs HCIOIb30BAJIHCh
IIPU TOI00PE TEXHOJIOTMYECKUX PEKUMOB popmupoBanus 3006l KTM ¢ 1esbo noay4eHus HarnpasiieH-
HOTO NPO(UIIS UCXOTHON 00IaCTH YIPaBIsEMOI0 PACKAIbIBAHUS IIPH BHICOKOI CKOPOCTH 00PaOOTKH.

OKCIEepUMEHTaJIbHbIE HCCIIEI0BAHMUS IPOBOIMINCH HA MOIEPHU3UPOBAHHON JIa3€pOM C JUOIHON
nakaukoii RL10Q ycranoBke OM-260, mpeaHa3sHaYeHHOW i1 OOTOYKHM M PACIMIOBKH AJIMa3HOTO
CBIpbs. Bxoasmuii B cocTaB yCTaHOBKM TBEPAOTEIbHBIN Ja3ep kBazuHenpepbiBHOTO AeiictBust RL10Q
MpeACTaBIsIeT COOOH MCTOUHHK JIa3epHOr0 U3IydeHHsl ¢ IJTMHON BoaHbI 1064 HM, paboTaroumii B pe-
KUME MOIYISIUH TOOPOTHOCTU PE30HATOPA, COCTOSIIIMM M3 UCTOYHMKA MUTAHUS U YNPABICHUS U U3-
nyqarens. HomuHanpHO nazep paboTaer B peskuMe TeHepalui 0CHOBHOH moriepeuHor Mos! (TEMO0O0)
pu yactore nopropeHust umnyiabcoB 0-20 k['u. Ilomspusanust BBIXOOHOTO U3JIyueHUs — JIMHEHHAs,
BeprukanbHast, 100:1. lnameTrp myuka Ha BEIXOAHOM 3epKaiie (1o ypoBHIO 0,1 MOITHOCTH U3ITy4eHus ) —
0,6 MM, pacxogUMOCTb — He Oonee 2,6 Mpaa. CpenHsisi MOLTHOCTD JIA3EPHOTO M3IYUYCHUS [IPU 4acTOTE
Cle10BaHus UMITyJIbCoB 5 KI'l — 7,5 BT. JUIMTEAbHOCTh UMITYJIbCA JA3€PHOTO U3IIYUYEHUS [IPU 4acTOTE
cienoBanust MIynbcoB 5 kI — 3 mxc. [loTpebnsemast momHOCTs — He 6onee 600 BT. I'myOuna oOpa-
6otku cocraBisia ~250 MxM. ONBITHBIM ITyTeM ObLT TTogoOpaH mapametp B/2 = 0,210 pag — HakIIOH
MTOBEPXHOCTH CTEHKH pe3a OTHOCUTENHFHO BEPTHKAJH, IMO3BOJIIONNI C(HOPMHUPOBATH HMIMPUHY pe3a
Ha roBepxHocTH oT 100 10 250 MxM. 3HaueHue napaMeTpa «KMUHUMYM KPUBBIX) (KOJTMYECTBO KOHTYPOB
B TIOCJIEZIHEM cJI0€ 00pabOoTKM) OBLIIO YCTaHOBJICHO PaBHBIM eIMHHILIE U (POPMUPOBaHUS V-00pa3HOTO
npoduis pesa.
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®dopmupoBanue okanu3oBanHo 06mactn KTM B kpucramiax anmaza CTM «AnMasoTy» ¢ nmpuMe-
HEHHEM MOJCPHHM3MPOBAHHOHN ycTaHOBKM DM-260 (MCHONB3YyIOMIEH JIa3epHBIA HUCTOYHHUK C AMOTHON
HAKa4YKo}) MO3BOJISIET MPH JIOCTATOUYHON ITyOHMHE MOIy4aTh UCXOJHYIO MUKPOTPEIINHY C JIMHEHHBIMU
pasmepamu 10 100 MKM.

3ak/ouenue

1. BBIMOTHEHO YUCICHHOE MOACTHUPOBAHUE MPOIECCa TEPMHUUCCKON JTa3epHON Ccemapaiuu jga3ep-
HOTO TEpPMOpacKaJIbIBaHUs KPUCTAIIOB alMaza M3MydeHneM ¢ JIuHON BoMHBI 1064 uM. Pesymbrars
MOJIEITMPOBAaHUS BEpUPHULIUPOBAHbI SKCIIEPUMEHTAIBHO AJIS CIICAYIOIIUX TEXHOJIOIHYECKUX PEKUMOB!
4acTOTa CJIEIOBAHUS JIa3ePHBIX UMITYIbCOB 1—15 I'l, sHeprus B umnynsce 10-20 MK, IIUTEIbHOCTh
umnynsca — 10 15 He. Bpemst na3epHoii 06paOoTKy npH yKa3HbIX yCIoBUsX cocTasisuio 10—120 c.

2. AHM30TpOIHUS TEIUIOPHU3MYECKUX U MEXaHUYECKHX CBOMCTB KPUCTAIIOB ajiMa3a MO3BOJISIET MPo-
U3BOJIMTH €ro 00paboTKy METOIOM TEPMHUYECKOH Ja3epHOH cerapayy B pa3HbIX KpUcTauorpaduyec-
KHX HalpaBJICHUSIX C pa3InIHON 3 (HEKTHBHOCTBIO. ITO MOXKET OBITh UCIIOIB30BAHO ISl PACIINPEHUS
HOMEHKJIaTypbl U3ACJIUUN JIEKTPOHHONU TEXHUKH.
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B 3AJIAYE O PAHIIE

C. B. YEBAKOB!, JI. B. CEPEBPSIHA >3
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Annoranusi. Pa3zpaboraH MeToj NMOCTPOSHHMSI I'PYHIIBI MOPOXIAIOIIMX IOIMYCTUMBIX ITOAMHOXKECTB B 3ajaue
0 paHIIC MPH YCJIIOBHH, YTO BEIIMYMHA TITyOUHBI HEIOMUHUPOBAHUS 33JAHHOTO MAPETOBCKOTO CJIOSI OOJIBINE HYJIS.
Meton OCHOBBIBAETCS HA MHOTOKPHUTEPHUAIBHONH MaTeMaTHUECKOW MOJENN PEIICHMs 3a/1adl O PaHIE NMPH ABYX
KPHUTEpUSIX KauecTBa M pa30MEHNH MHO)KECTBA HaYaJIbHBIX JaHHBIX 33J1a4d O paHIle Ha OTAEIbHbIC TapETOBCKUE
ciion. [IpeanioxxeHbl pa3auyHbIe CIIOCOObI MOCTPOCHUS MOPOKAAIOIINX JOITYCTUMBIX TTOJJMHOXECTB B 3aBUCHMOC-
TH OT COOTHOIIEHHS MEX/y KOOPANHATAMH IEMEHTOB 33/IaHHBIX APETOBCKUX CI0EB U 00beMOoM paHua. Onpene-
JIeHAa CTPYKTYpa MapETOBCKUX CIIOEB, IIPEJICTABISIONINX COOO0M IrpyIIy HEIOMUHNPOBAHUS 33IaHHOTO OTAEIBHOTO
napeToBckoro cios. [loka3aHo, 4To CyliecTByeT MapeTOBCKUM CIIOW, HAYMHAsI ¢ KOTOPOTo He TpeldyeTcst mpu Mo-
CTPOEHHH JIOITYyCTHMBIX TOAMHOKECTB PACCMATPHBATh 3JIEMEHTBI 3TOTO CJIOS M BCEX MOCIEAYIOMNX. DTO CIETyeT
13 yNOPAJOYEHHOCTHU 3JIEMEHTOB MHOXKECTBA HAUaJIbHBIX JJAHHBIX 337a4M O PAHLE 110 IPHOPUTETY UX BXOXKICHUS
B ()OpMUpYEMBIE JOITyCTUMBIE TOJMHOKECTBA.

KoaroueBble ci10Ba: 3a7a4a o paHiie, MHOTOKpUTEpUallbHas MaTeMaTu4eckasl MoJiellb, MHOXkecTBO Ilapeto, mape-
TOBCKHH CJIOH, TOMYCTHMBIE TTOJMHOXKECTBA, IIIyONHA HEJOMUHUPOBAHMS.

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

Jas uutupoBanus. Yedaxos, C. B. [TocTpoenune mopoxaonux J0MyCTUMBIX TOJMHOKECTB B 3a7a4e O paHIe /
C. B.Yebaxos, JI. B. Cepeopsinas // JJoxnanst BI'YUP. 2025. T. 23, Ne 2. C. 84-91. http://dx.doi.org/10.35596/1729-
7648-2025-23-2-84-91.

CONSTRUCTION OF GENERATING FEASIBLE SUBSETS
IN THE KNAPSACK PROBLEM

SERGEY V. CHEBAKOV!, LIYA V. SEREBRYANAYA?3

!United Institute of Informatics Problems of the National Academy of Sciences of Belarus
(Minsk, Republic of Belarus)
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Abstract. A method for constructing a group of generating feasible subsets in the knapsack problem under the con-
dition that the non-dominance depth of a given Pareto layer is greater than zero is developed. The method is based
on a multicriterial mathematical model for solving the knapsack problem with two quality criteria and partitioning
the initial data set of the knapsack problem into separate Pareto layers. Various methods for constructing genera-
ting feasible subsets are proposed depending on the relationship between the coordinates of the elements of the gi-
ven Pareto layers and the knapsack volume. The structure of the Pareto layers, which are a non-dominance group
of a given individual Pareto layer, is determined. It is shown that there is a Pareto layer, starting from which
it is not necessary to consider the elements of this layer and all subsequent ones when constructing feasible
subsets. This follows from the ordering of the elements of the initial data set of the knapsack problem according
to the priority of their inclusion in the feasible subsets.
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BBenenune

B crarse paccMOTpeHO MOCTPOSHHE MOPOKIAFOIINX JTOIMYCTUMBIX TIOJIMHOXKECTB B 3a/1aue O PaHIle
C MHOXXECTBOM 00BEeKTOB N 1 00beMoM panua 7. JItobomy aiieMeHTY #; U3 MHOKECTBA Ha4aJlbHBIX
JAHHBIX COOTBETCTBYIOT JABE XapaKTEPUCTUKHU: BEJIMYMHA UCIIOIB3YEMOT0 pecypcea ¢; u Bec w;. Jlomyc-
TUMBIM OYJIET Takoe MOJMHOKECTBO DIIEMEHTOB W3 N, Ubs CyMMapHas BEJIMYMHA pecypca He mpe-
BocxomuT ooweM panma 7. Kpome Toro, mpu qo0aBICHHH B TTOOIMHOKECTBO JIFOOOTO 3JeMeHTa n3 N
CyMMapHas BeJIMYWHA pecypca cTaHeT Oonbiie 7. MeToasl pemeHns yKa3aHHON ONTUMHU3aIlHOHHOM
3aJa4yu npeacTaBieHsl B [1, 2].

B [3-5] paccMOTpeHbI pa3iuyHble acleKThl CO3JaHusl IByXKPUTEPHAIILHON MOJIEIH PEICHUs 3a-
Jla4yM O paHlle, B [S] JaHO onpeeNeHne yOnHbl HEIOMUHUPOBAHUS OTACIBHOTO MapeTOBCKOTO CIIOS,
a B [6] mpejicTaBieH alTOPUTM ITOCTPOCHHUSI JIOMYCTUMBIX MTOJMHOXKECTB MPU TITyOUHE HEJIOMUHHPOBa-
HUS TAPETOBCKOTO CJI0sI, PABHOM HYIIO. B MaHHOI cTaThe MpeIoskeH adrOpUTM PEIIeHHs 3aa4dH O paH-
11 Ha OCHOBE JIByXKPUTEPHAILHOW MaTeMaTHIECKOW MOJIENH TTPH TIyOHHE HEJIOMIHHPOBAHUS OOJIbIIIE
HyJ1s. PaccMotpeHo popMupoBaHue MOPOXKIAIONIMX JOMYCTUMBIX MOAMHOXKECTB, KOTOPBIC SIBIISIOTCS
OCHOBOMH /IS HAXOXKICHUS BCETO HA0OPa TAKUX MMOJIMHOKECTB.

Onpenesienne CTPYKTYPHI 32IaHHOM TPyNIIbI NAPETOBCKUX CJI10€B

B [3] Ha MHOXeCTBe HayaIbHBIX JaHHBIX /N BBEJIEHO JBYXKPUTEPHAILHOE IIPOCTPAHCTBO MPEANOoy-
TEHHH, TJIe KOOPJMHATAMH KaXKJIOTO dJIEMEHTA 71; U3 N SBISIFOTCS €T0 Pecypc #; U Bec w;. Mexay ro0bIMu
IOByMsl JIeMeHTaMu n; = (¢, w,) U n, =(f,,w,) u3 N BBEICHbI CIEIYIOLINE TPAH3UTUBHbIE OTHOLICHUS
JOMUHHPOBAHUSI.

Onpedenenue 1. DneMeHT n, JOMUHUPYET DSJIEMEHT 7, TOTJa W TONBKO TOTJA, KOT/a
LS, w 2w, (4,w) # (,,w,). Bce HenomunupyeMbie 31eMeHThl U3 N INPEACTaBIAIOT cO00i
MHOecTBO [lapeTo Ha MHOXKECTBE HauyaJIbHBIX JaHHBIX N BO BBEJEHHOM JIBYXKpPUTEpUAJIBLHOM IpO-
CTpaHCTBE.

Onpedenenue 2. 11apeTOBCKHUI CIION C HOMEPOM j, 0003HAYMM €10 P}, TIPECTABISET COO0 COBOKYII-

j-1
HOCTh HEeIOMHHHPYEMBIX JIEMEHTOB Ha MHOXeCTBe N/ T=N\ UB, rae P =(#,w;) — HapeToBCKHi
cioil ¢ HoMepom i. MHoxectBo Ilapeto, onpeneneHHoe B N, }IBIJI;ICTCﬂ MEPBBIM MMAPETOBCKUM CIIOEM.
N3 Onpenenenus 2 cienyet, 4yTo AJsl KaKIOrO 3JIEMEHTA, BXOMAAIIEr0 BO BTOPOM U B MOCIEAYIOLINE
MApPETOBCKUE CIIOH, CYIIECTBYET XOTS ObI OJMH DJIEMEHT W3 MPEbIAYIIETr0 CJ0s, KOTOPBIH ero JOMH-
Hupyet. B [5] mpencrasiieHa cTpyKTypa ONTHMAalIbHOIO IOAMHOMKECTBA B 33/a4€ O paHIE, UMEIolas
CIEAYIOUIUHI BUJI:

Qzuj':ll)j V0 (1

JI1sl HaXoXA€HUsl ONTUMAJIbHOIO MOAMHOXKECTBA TpeOyeTcs ompenenuTs pemieHue (., 3anauu
0 paHue Z,,, ¢ obbemom panua 7., 1 MHOXKECTBOM HaydalbHBIX JaHHBIX N, BKIIO4arouiee B cebs
AIIEMEHTBI BCEX MMAPETOBCKUX CJIOEB, HAUMHAS CO cios S ¢ HomepoM 7 + 1. Cioit S mpencrapisier co0oi
MHOxecTBO [lapeTo Ha MHOXecTBe N . O0BEM panna 7., B 3a1a4e Z;,; PaBeH Pa3HOCTH MEXKY BEJIH-
YHUHOM BCero pecypca T’ M CyMMOM pecypca BCeX JIEMEHTOB MEPBLIX MapeTOBCKUX CIIOEB.

Jaiee OyzieM HMCIIONB30BaTh BBEIEHHOE B [5] MOHATHE TITyOMHBI HEIOMHHAPOBAHUS ITAPETOBCKOTO
1081 S, MOKa3bIBAOIIEH YUCIIO f Ioceayonumx cioeB S +1, ..., S+ f, KOTOpble coepKar AJIeMEHTHI,
HaXOJSIIMeCs B MApETOBCKOM OTHOIIICHUU XOTsl Obl ¢ OJHUM 37eMeHTOM ciosi S. [lapetoBckue ciou
S+1, ..., S+ f HazoBeM rpymnmnoil HezoMuHHUpOBaHUs cios S. B mocraHoBke 3amaun o paHue Z,,,
npeanonaraercs, uro U> T, ., TIpH JIt000OM 3HAYCHUH TIIyOMHBI HeAOMUHUpOBaHus citost S [5]. Bennuuna U
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paBHA CyMMe KOOPJIHMHATHI f; BCEX DJIEMEHTOB MapeToBCKUX ciaoeB S +1, ..., S+ f. IlycTb 3HaueHue f
ciost S 6onbiie Hynst. [lpu Bemmonnennu yenosust U > T, BenuuuHa 7,,.,, MOXKET ObITh MEHbIIIE JTHO0
paBHA CyMMe KOOpPAUHAT #; IPOU3BOJIBHOIO YUCIIA 3JIEMEHTOB CI0€B U3 3ToM rpynmsl. ClienoBaTenbHo,
MOXKET CYIIECTBOBATH TAKOE YMCIIO f> m > (), 4TO BBIMOIHSACTCS CIEAYIOIee COOTHOICHHE:

J
ij = ZOI 2 Tacm’ (2)
i=0
rnej =f-1, ..., m; O;— cymMma pecypca ¢; JIEMEHTOB cliost ¢ HoMepoM S + i; O, — cyMMa pecypca diie-
MEHTOB CJIOS S.
[Tycts §,, — clI0it ¢ HAUMEHBIIUM HOMEPOM /1 B TPYIIIE CI0EeB HeAoMuHupoBanust S+1, ...,S+ f,

JUIst KOTOPOTO BBIMOIHSCTCS yCIOBUE (2). DTO 03HAYACT, YTO BEINYNHA Y; [UIS CIIOSL C HOMEpoM j =m — 1,
€CITU CIION TPUHAICKHUT paccMaTpuBaeMoil rpymme, mensie 7,.,,. Ecoma m = 0, To cymma pecypca ¢
sneMeHToB cios S > T,.,,. O6o3Haunm Y, i cinos S, depes F. Ecnu 4ucio m He CyHIeCTBYET, TO Be-
nynHa F 110 3a/JaHHOMY [IepBOHAYAIbHOMY yCJIOBHUIO paBHa Y, npuj = f.

B [4] noka3zaHo, 4TO CyIIECTBYET IpyMIa JOMYyCTUMBIX MOAMHOXECTB, 0003HaYUM ee W, koTopas
BKJIIOYaeT B ce0s ONTUMAalbHOE MOAMHOXKECTBO 3a1au Z,, ;. IIpu moctpoenun mo60ro moaMHOKECT-
Ba HJ s W,j=1,2, ..., h (tne h — 91cI0 JOMYyCTUMBIX ITOJMHOXECTB B W), BBINIOIHICTCS CIICIYIOIIEE
ycnosue. Ha kax1oM ouepeiHOM k-M 1are noctpoenus /; BeIOOp 04E€PEIHOTO €T0 IEMEHTA JIOJKEH
OCYHIECTBIIATLCS M3 MAPETOBCKOIO MHOKECTBA X 4, KOTOPOE MPEICTABIAET 000K MHOXKeCTBO [lapeTo
Ha Habope HavalIbHEIX JaHHBIX N = N \ D, r1e D — Habop yXe BKIIOYEHHBIX B [1; 21eMEHTOB U3 N, .
ITepBbIii 37I€MEHT KaX10T0 U3 JIOIYCTUMBIX OAMHOKECTB H; mpuHaniexuT ciioro S. [lomydaewm, uro:

W= R, 3)
in1

€ § —YrCJIO 9JIEMCHTOB B CJIOC S; Ri — MHOXXCCTBO JOIIYCTUMBIX TOJIMHOXKECTB, Y KaKI0I'0 U3 KOTOPBIX
TICPBLIM YJICHOM ABJIACTCA i-H DJIEMEHT CcJ10s S.

Onpe[leﬂelme MOPOXKIAAIIEIo 10IMyCTUMOI0 IMOJIMHOKECTBA

®opmupoBaHue 1000r0 JOMYCTUMOIO HMOAMHOXKECTBA 3aJaud Z,,; C HEKOTOPOIo JIEMEHTa 7
10 S BO3MOXHO TOJIBKO B TOM Ciydae, KoIzna 3HaueHue ero koopauHarel ¢, < 7,... Ilycts S, =S.
IToxaxeM crpaBeIMBOCTb CIIEIYIOLIEro cooTHomeHus. Eciiu ciioif S cOCTOUT U3 €AMHCTBEHHOIO 3J1e-
MEHTa, TO [TyOHHa HEZIOMUHUPOBAHUS 3TOTO CJIOS PaBHA HYJIIO.

Ilo onpeneneHuro NapeTOBCKOIO C0s, KayKABIM IEMEHT CIELYIOLIEro 3a S ClIod JOMUHHUPYETCS
XOTsI ObI OTHUM €ro 31eMeHTOM. Eciti § coepKUT TONbKO OJMH IEMEHT 7|, TO OH IOMHUHUPYET BCe JJie-
MEHTbI IIOC/IEAYIOIINX IaPETOBCKUX CI0€B. Toraa Ha MHOXKECTBE Ha4ajIbHbIX JAHHBIX N HE CyLECTBYET
3JIEMEHTOB, HaXOISILUXCS ¢ ¥ B oTHouIeHuH [lapeto u, cienoBarenbHO, IIyOMHA HEAOMHHUPOBAHUS
104 S paBHA HYIIIO.

PaccmoTpum ciydaii, Korna nryOMHA HEJOMMHHpOBaHHUS cinosg S Oonbliie Hynsa. ClemnoBaTenbHO,
CIION HE MOXET COCTOSATh U3 €AMHCTBEHHOTO 3JIEMEHTA, ¥ YHCIIO AIEMEHTOB B 3TOM CJIO€ JJOJKHO OBITh
6onbme equHunbl. ChopmupyeM nocienoBaTeabHOCTh G, YHIOPAA0YMBas JIEMEHTHI 7; CIOs S 10 He-
yOBIBaHUIO pecypca t. PaccMoTpuM nepBslil aeMeHT 4 nocneposarensHocTH G. IycTs 7| BKIItoUaeTcs
B (popMupyeMOe HAYaIbHOE MOPOKAAIOLIEE JIOMYCTUMOE MOAMHOKECTBO H| |, M ONPENEIAETCS BENU-
yuna 1), = T,.,, — t,. IlepBoIif nHAECKC B 0003HAYEHUH TOTYCTHMOTO TIOJIMHOKECTBA YKa3bIBACT, YTO OHO
OTHOCHUTCS K T'PYIIIE ITOJMHOXKECTB, Y KOTOPBIX IIEPBBIM SABIAETCS DIEMEHT # . BTopoll mHIEKC moKa-
3bIBAET MOPSIKOBBIM HOMEP (POPMHUPYEMBIX MOIAMHOKECTB BHYTPU JaHHOW rpymisl. Beibop Broporo
3JIEMEHTA TOJMHOKECTBA F|; OCYIIECTBISCTCSA U3 YHOPSIOYCHHOIO MHOKECTBA X 11,2 , IIpelCcTaBIIs-
IOILETO COOOH MapeTOBCKHE 3JEMEHThI HA MHOXKECTBE HadalbHbBIX JAaHHBIX N \{r}. Bropoii HmxHMI
HMHJIEKC yKa3blBaeT HOMEp Liara, KOTOpPbIH TpeOyeTcs COBEPLIMThH NMpHU (OPMUPOBAHUU KOHKPETHOTO
MOZIMHOXKECTBA. BepXHUii HHAEKC COBNANAET C NEPBBIM UHAEKCOM (POPMUPYEMBIX TTOAMHOKECTB.

ITo ycnoButo, iryOrHA HEJOMUHHPOBAHUS €104 S OoJblie Hyns. B COOTBETCTBUU C ee OnpeaeIeH -
eMB X 11’2 MOT'YT OBITh BKJIFOUEHBI DJIEMEHTBI ITOCHeyomuX cinoeB S+ 1, ..., S+ f. Dnemenr s u3 cnos
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S + 1 BkiIrouaeTcs B COOTBETCTBYIOLICEC Xllz B Cl1y4ac, €CJii OH JOMHUHHUPYCTCA TOJIBKO 3JICMCHTOM 7y
CJI041 S, a C OCTaJIbHBIMH DJIEMEHTAaMM CJIOS S HaXOJUTCs B OTHOILICHUN HapeTo. HazoBeMm Takme 3rmemMeH-

TBI JIOTIOJIHUTEIIbHBIMU YJICHAMH MHOXKECTBA X 11,2.

Vmeepoicoenue 1. I1yctb miyOnHa HEAOMUHUPOBAHUA CII0si S PaBHa f, U B cioe S+ f IeMeHT g,
HaXOAWTCS B OTHOLIEHUH [lapeTo ¢ HeKOTOPBIM 37ieMeHTOM A4 ; 13 ciiog S. Torna Bce JOMHUHUPYIOIIUE €TO
anmeMeHTsl u3 cnoeB S +1, ...,S+ f —1 HaxoxmsaTcs B otHomenuu Ilapeto ¢ 4.

Hoxasamenscmeo. COINAacHO yCIOBUIO, IO OHOMY M3 ABYX KPHTEPUEB JJIEMEHT g, JIOMHHHDY-
er 4, cuost S. Io onpezeneHuio MapeTOBCKUX CIIOCB, ISl g, B MPEABIAYIIHX CIOSIX S +i, S <i< f
CYIIECTBYET XOTsI ObI OIMH DJIEMEHT g, KOTOPbIi ero foMuHUpyeT. Torna no TpaH3UTUBHOCTH BBEJICH-
HOTO OTHOUICHUS MPEANOYTEHHS IEMEHT g JOMHHUPYET M0 OJHOMY U3 JBYX KPUTEPHEB JIEMEHT A .
CrienoBarenbHo, g', KaK U SJIEMEHT gj; HAXOIUTCS B OTHONIEHUH [lapeTo ¢ A u3 cios S.

W3 Yreepxkaenus 1 ciefyer, 4To JOMOJHUTEIbHBIC JIEMEHThI U3 cioeB S+1, ..., S+ f mocie-
JIOBATENBHO BKIIKOYAKOTCS B JOMYCTHMOE MOAMHOXECTBO ;. B kaxmom u3 cmoes S+1, ...,5+ f
CYIIECTBYET XOTs1 ObI OJIMH JIEMEHT, KOTOPBIF HAXOAUTCS B OTHOIIEHUH [1apeTo XoTs OBl ¢ OTHUM 3Jie-
MEHTOM u3 1105 S. Ilpn nocrpoennu H, | olEMEHT g | 1 IOMUHUPYEMBIA UM g ; HE MOTYT HaXOMHUTh-

Csl B OJTHOM TapETOBCKOM MHOXKECTBE X 11 e Torma cHayana u3 cIosi C MEHBIITUM HOMEPOM TIPH BBITIOJ-
HEHUW 3aJ]aHHBIX YCIOBUH BKIIFOYAETCS JIEMEHT B X 11 e 3areM Ha MOCIEAYIONINX Iarax MoCTPOCHUS
JIOTTYCTUMOTO TIOJIMHOXKECTBA B OUEPEIHOM AIIEMEHT X 11 ; MOXET BKJIIOYaThCs g . VceioBueM ero 3aHe-

CeHUsI B X 11 ; ABISICTCS] BKIIFOYCHHE BCEX JIOMUHUPYIOLIMX €I0 SJIEMEHTOB B (JOPMUPYEMOE JOIYCTHMOE
ITOJTMHOXKECTBO.

ITocne Brimtodenus B H,; 1epBOro aseMeHTa | onpeaensercs senuunna Iy = 7,., — t,. Ecu pecype
BTOPOTO AJIEMEHTA #, MOCIeA0BaTeNbHOCTH G IMeeT 3HaueHue, MeHblee 1100 paBHoe 7, TO OH BKIIIO-
gaercs B H| |, mocne vero onpenensiercst HoBoe 3Hauenue T, =T, —#,. MHOX)ecTBO X 11,3 Ha JJaHHOM
mare COJIEP)KUT BCE JIEMEHTHI TIOCIeNOBaTeIbHOCTH (G, HAYWHAS C TPETHETO AIIEMEHTA 73, U BO3ZMOXK-
HBIC JIOTIOJTHUTENbHBIC 3JIEMEHTHI. BbIOUpaeTcs Cleayromuil JIeMeHT 73 U, €CIH €r0 Pecypc MEHbIIE
6o paBeH T,, TO DIEMEHT BKJIIoYaeTcsi B opMupyeMoe MoAMHOKecTBO. [locTpoeHne 1omycTHMOro
NOAMHOXKeCTBA H|; NPONOIDKACTCA JI0 TEX 0P, T0Ka He ucueprnaercst Bennuuna 71, 1o ycnosuro,
BennunHa F > T,.,.. Ha xaxmoMm mare Tpedyercss MpoBEpsATh HAIWYHE JOMOTHUTEIHHBIX DJIEMEHTOB
B crosax S+1, ..., S+ f, KOTOpble MOTYT BKIIIOUaThCsl B OYEPETHOEC MHOMKECTBO Xll’ ;- IIpu sTOM BCe
JOTIOJTHUTENFHBIE DIIEMEHTHI U3 TPYIIBI cJI0eB HeJoMuHUpoBanus S +1, ..., S+ f uUMeloT 3HaYeHue
pecypca ¢ MeHblIIIe, YeM pecypc MOCIEAHETO JIEMEHTA MOCIeI0BaTEIbHOCTH 7.

VYmeepoicoenue 2. 1lpu mocienoBaTebHOM BKIFOUEHNH 31eMeHTOB G B H| | Ha HEKOTOPOM Iiare
(hopMupoBaHHE TOMYCTIMOTO OAMHOXKECTBA OyleT 3aKoHUeHO. [locieqHiM ero 2IeMeHTOM SBISIeTCS
100 HEKOTOPBIH AIIEMEHT CIIOsl S, OTIMYHBIA OT MOCIEIHEro dJIEMEHTa 7, TocenoBarenbHoCcTH G,
100 HEKOTOPBIN TOTIOTHUTEIBHBIN 3JIEMEHT.

Jlokazamenbcmeo

1. Tlycts B H, | He BOLIEN HU OIMH JOTIOJHUTENbHBII deMeHT. [To npeanonoxkenuio, cymma pecyp-
ca anementoB G = 7T,,,. Ecmu G = T,,,,, TO mocsie BKIHOYEHUs B H; TOCIEIHETO IEMEHTA I, €r0 M0~
cTpoenue 3akonueHo. [Ipu G > T, o6vem panna 7., Ha HEKOTOPOM Iare OyJieT uCUepIiaH, IOCKOIbKY
CIIeIYIOIIUi 7IeMEHT, 0003HAYMM €T0 g, OKaXKeTcs OOoIbllIe BeNn4uHbl ouepenHoro 7;. Bee ocTanbHble
BIIEMEHTBI CII0S S U BO3MOJKHBIE JIOTIONIHUTEIBHBIE JJIEMEHTBI HE BOUIYT B /), Tak Kak UMEKOT 0OIIb-
miee MO0 paBHOE DIEMEHTY g. 3HaYeHHE pecypca. PaccMoTpuM a1eMeHT g, U3 TPYINIbI CIOEB HEllo-
muHHpoBaHus S + 1, ..., S+ f. [lo onpeneneHno mapeToBCKUX CIIOEB, OH JIOMUHHPYETCS KAKUM-JINOO
arieMeHToM ciost S. Clie0BaTenbHo, g, JIOMUHUPYETCs MO0 d1eMeHTOM U3 Hj, b0 snemMeHTaMu
HOCIIEN0BATENBHOCTH G, PACTIONOKEHHBIMHU MIOCIIE DIEMEHTA g, |. 3HAYUT, g, HE MOXKET BOUTU B H ).
DeMEHTBI BCEX CII0EB, HAXOSIIUXCSI TOCTe CIIos S + f, TaKKe SIBISIOTCS JOMUHUPYEMBIMU U HE MOTYT
BOWTH B M ).

2.1lyctb B H|; BOLUIM IONONHUTEIBHBIC 3JIEMCHTBL. BCe OHM HMEIOT HOMEpa B [TAPETOBCKMX MHOMKE-
cTBax X, 11, ; MCHBIINE, YeM ITOCIICAHUIT DIIEMEHT 7, ociiejoBarebHOCTH G. CrieftoBaTebHO, OHU MOTYT
BOWTH B 1 | panee, ueM r,,. I1o ycnosuro, Benuuuna £> T, .. Torna cymma pecypca 21€MEHTOB I10CIIEN0-
BaTelIbHOCTH G BMECTE C JONOJIHUTENBHBIMU JIeMeHTamu Oosbiie 7,,.,,. Bennunna odbema panua 7.,

Ha HEKOTOPOM H1are OyleT ucuepraHna, HOCKOJIbKY CIAECAYIOIIHIA JJIEMEHT g, MHOXKECTBa X, ! ; OKaxeTcst
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Oonble BenuuuHbl ouepennoro 7. Ilocnennuil sneMeHt cios S He MOXKET BOWTH B M|, BCleACTBHE
HaJIMYWS JOIOJHUTEIBHBIX 2JI€EMEHTOB. BCce ocTalbHBIE 3JIEMEHTEI CIOS S U TOMOJIHUTEIbHBIE DJIEMEH-

ThI C HOMEpaMu, Oolbllle g,, B YHOPSIOUEHHOM MHOXKECTBE X ! ; MMEIOT 3Ha4YeHne pecypea Goubliee
1ubo paBHOE g, U HE BOMAYT B H| . PaccMoTrpuM kakoi-mibo s1eMeHT g, u3 cinoeB S+1,..., S+ f.
Io ompeseeHUIO MApPETOBCKUX CJIOEB, OH IOMUHHUPYETCSl KAKUM-JIMOO DIICMEHTOM CJIos S, HEe BOIIIC-

UM B YHCJIO JOIMOJHUTCIIbHBIX 3JICMCHTOB. TOFI[a Cpcau BJICMCHTOB CJIOsI S us Xll’j, Ha4YMHaAOIMUXCAa
C g,, €CTh DIIEMEHT, JOMUHUPYIOIIHH g,.. TakuM 00pa3oM, 3HAYCHUE pecypca dIEMEHTA g, = &,, U g,
He BOMIET B H| ;. 3HaueHue pecypea Jro0oro dJIeMeHTa ClIoeB ¢ HOMEpamu, OONbIIMMH, YeM Y S + f,
PaBHO WJIM MPEBOCXOIUT 3HAUCHHE pecypca dIIEeMEHTa g.. Torna HUKAKOH M3 OCTABIIMXCS DIICMEHTOB
MHOK€ECTBA HAYaJIbHBIX JAHHBIX N, HE MOXKET BOUTH B IIOAMHOKECTBO H| |, M €ro NOCTPOCHUE 3aKOH-

YCHO. yTBCp)K,Z[eHI/IC 2 JOKa3aHo.

Bapl/laHTBI MOpoKIAIUX JOIMYCTUMBIX MOAMHOKECTB

I[Tyctb chOpMUPOBAHO JOMYCTHMOE MOJAMHOKECTBO )|, Y KOTOPOTO MEPBLIM JIEMEHTOM SIBJIsI-
ercs ry. IIpu aToM npeanonaraercs, 4To cioi S, coBnaaaer co cioeM S. Ilpeanonoxum, cymecTByeT
rpymIa 3JieMeHToB M, mocnenoBarelbHOCTH (G, HaUWHAS C 13, KOKIABIH U3 KOTOPBIX HE MPEBOCXOIUT
Bennuuny 7, = T,.,, — t;. OcyliecTBiseTcs MOCTPOEHUE BCEX JOMYCTUMBIX MOPOXKJIAIOIINX MOAMHO-

xectB H, ;, j=1,uy, TIi€ u; — 4NCIO BICMEHTOB B Ipymnie M), y KOTOPbIX Ha4albHbIM YWICHOM SIBIISCTCS
HepBBIN AIIEMEHT nocienoBarenbHoctd G. JI100oit npencraBurens rpynmnbl M; MOXKET ObITH BBIOpaH
B KauecTBE BTOPOTO JIEMEHTa HOBOTO JIOIYCTUMOTO MOIMHOXeCTBa. [IycTh ameMeHTsl U3 Tpymisl M,
paccMmarpuBaroTCs B GOPMUPYEMbIX JOIMYCTUMBIX MTOJMHOKECTBAX H. 1,g B HOPAJIKE UX CJIe/I0BAHUS B G.
HpeZ[HOJ'IO)KI/IM YTO IPU MOCTPOCHUU AOMYCTUMOTO MOJIMHOKECTBA H1 & CQOPMHPOBAHO MapETOBCKOE
MHOXKECTBO Xk i Ero snmeMeHTBI IMEIOT HOMCEpPaA KakK 60HBIHI/IC TaK 1 MCHBIIIHUEC, YEM HOCHGIIHI/II/I BKIIHO-
YCHHBIN B MOJMHOXECTBO /) ; 91eMeHT. ONpe/eIeHHO! LEMOYKOH PacCyKICHHH MOXHO I0Ka3aTh,
4TO Ha K&KJIOM i-M IIare moCTPOEHHUS IOy CTUMBIX TIOAMHOXECTB /1 ; TpeOyeTCst paccMarpuBaTh TOJIb-
KO DJIEMEHTBI C HOMEPAMH, OOJBIIMMH, YEM MOCIIEHUI BKITFOUEHHBIN 3IEMEHT B H| ;.

o ycnosuto, cymma sneMeHTOB ciost S > T, [lycTs B HeKOTOpOE IIOAMHOXKECTBO H) ; Ha Ove-
peIHOM IIare BKJIIOUEH MocieqHuit anemeHT u3 G, u npu stom 7; > 0. Torma mpu mociienoBareIsHOM
BKJIFOYCHHH JICMCHTOB B H| ; J100aBlIeHHE MOCIEIHET0 dIeMenTa 13 G BO3MOKHO B Cllydae, Korja
CYILLECTBYIOT JIEMCHTBI CJI051 S, KOTOPBIC HE BOLUIH B /1) ;. MHOXECTBO BCEX 9IEMEHTOB CIIOS S, HE BO-
menmux B (hopMUpyeMoe IMOIMHOKECTBO, 0003HauuM uepe3 H;. llocne BKIIIOYeHHS TIOCTIeNHETO dlie-
MEHTa G B MOZAMHOXECTBO /1 ; BBIOOP CIICIYIOIIETO 3/IEMECHTA JODKCH OCYIIECTBISTECS U3 MHOXKE-
crBa X' ;,i» KOTOpOE (bOpMI/IpyCTCSI CJIeAyIOIMM 00pa3oM. B Hero BKIIFOUAIOTCS 3J€MEHTHI U3 H,, a Tak-
JK€ DJIEMEHTHI U3 ciaost S + 1 , KOTOPBIC HAXOAATCA C HUMU B OTHOIICHUHN HapeTo €CJIM TaKHEC JJICMCHTHI
cymiecTBytoT. O003HaunM ux yepe3 H,. YIopsjaouum dIeMeHThH MHOXKECTBa X! ;i 110 HEOBIBAaHHUIO pe-
cypca. B MHOXecTBO H| BXOZAT 3JIEMEHTHI MOCIen0BaTebHOCTH (G, HaUWHAs C 7| JI0 ¥y, TAE Iy — dIle-
MeHT B G, IPEIIECTBYONIUI IEMEHTY U3 TPYIIbI M|, BBIOpAHHOMY IPH TIOCTPOCHUU JIOITYCTHMOTO
noamHoxectsa H ;. Tlo mpenmonoxeHuo, Bce A0MyCTHMbIC MTOJMHOXECTBA, COCPKAIINE HITCMEHThI
u3 H,, yxxe chopmupoBansl. Ciie10BaTeIbHO, A1 NPOJOIKEHUS TOCTPOCHHS H,; 6y)J;eM paccMmarpu-
BaTh MEPBHIiA drieMeHT u3 H,. Ecin 3Hauenne ero pecypca Oombie 7}, TO HOCTpoeHHe H, ; 3axoHYeHO.
C(I)OpMI/IpOBaHHOG MMOAMHOXKCECTBO ABJIACTCA JOIMYCTUMBIM, IMOCKOJIBKY BCJICACTBUC yHOp}IILO‘-ICHHOCTI/I
AJIEMEHTOB MHOXecTBa X }l BCE €T0 AIIEMEHTBHI, & TAKXKE IIEMEHTHI BCEX OCTaJIbHBIX MAPETOBCKUX CIIO-
eB, Oosibiiie BennuuHbl 7. Eciiu 3HaYeHne ero pecypca MeHblie MO0 paBHO 7, TaHHBINA 3JICMEHT BKJIHO-
yaetcs B (hOpMHUpPyEeMOe MTOIMHOKECTBO M OTIpe/iessieTcsi HoBoe 3HaueHue BeianuuHbl 7;. Ecimm 7; > 0,
TO OIpEEeNAETCs CIEeNYIOIIee MapeTOBCKOE MHOKECTBO X]l ;» TIPH HEOOXOIUMOCTH KOPPEKTHPYETCs
rpynna H, u paccMaTpuBaeTcs OUepeIHON JIEMEHT U3 ATOU IPYMIIbL.

HyCTI) BCC DJICMCHTBI U3 I'PYIIIbI CJIOEB HEAOMUHUPOBAHUA CJI0A S, KOTOPBIC HAXOAATCA B OTHOLIC-
uuy [Tapeto ¢ anemenTamu rpyret /), BKIIO4YCHbI B H, ;. Torna Bce 0CTabHBIC dICMCHTBI U3 JaHHOM
TPYMITBI CIIOEB TOMUHUPYIOTCS J'IIO6I>IM areMeHTOM n3 H,. DTO O3HadaeT, YTO OHW HE MOTYT BXOAWTH
B OJTHO MApETOBCKOE MHOXKECTBO X ¢ snemeHTamu u3 H,. CienoBareabHO, OYEPETHOE MAPETOBC-
KOC MHOXKECTBO X ,; L cocront TOJ'IBKO U3 JeMeHTOB /). OnHako BKIIOYCHHE UX B H, ; HE M03BOJIs-
€T NIOCTPOUTDH HOBI)IG J0NyCTUMBIC ITOAMHOXKECTBA. Toma IMPOAOIZKEHUEC TOCTPOCHUA Hl,j MMPOBOAUTCA
IIPU ITOMOIIH JIEMEHTOB, KOTOpPBIE JOMUHUPYIOTCS dNieMeHTamMu U3 H,. OqHako npu mogoOHOM BKITIO-
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YEHHH, BCIIEACTBHE OIPE/IEICHNs] OTHOIICHHS TIPEIIIOYTEHHUS, TOMUHUPYEMBI AIIEMEHT MOCIe BKITIO-
YeHHSI MOXKET OBITh 3aMEHEH JIOMHHUPYIONIUM 3JIEMEHTOM. BHOBB TOJTy4eHHOE JI0ITyCTUMOE TTOJMHO-
KeCTBO Oy/eT MMeTh OOJIbIlIee WM PaBHOE CyMMapHOE 3Ha4eHUE Beca, YeM TO, KOTOpoe ObLIO 0 3a-
MEHBI. DTO 03HAYaeT, YTO BKIIFOYCHHE B IMOJMHOKECTBA AIEMEHTOB, KOTOPBIC JOMUHHUPYIOTCS YWICHAMU
u3 H,, He BIMsAET Ha HAXOXJAECHUE pelieHus 3aja4u o paHie. OnpenenuM MapeToBCKUi CI0H, Bce aie-
MEHTBI KOTOPOI'0 IOMUHUPYIOTCS dJIeMeHTaMu u3 H,. D10 cioii ¢ HomepoM S + f+ 1, MOCKOJIBbKY BCE €ro
AJIEMEHTHI JOMUHHUPYIOTCS IIEMEHTAMH U3 S.

Takum oOpa3zoM, [T cirydasi, Korja cymMMa 3JeMeHToB ciost S > 7., chopMUpoBaHa TpyIIa 1o-
POXKJAIOLIHMX JOIYCTHMbIX IOAMHOXECTB H| ; B 3ajaue Z,,,, IPEACTABISIOLICH COOOIT OIMHOKECTBO
u3 W. IlepBbIM 3JIEMEHTOM JaHHBIX IMOJIMHOXECTB SIBIISICTCS 7| M3 MOCJIEA0BaTeNbHOCTH (G, BTOPBIM —
3JIeMEHT U3 Tpymisl M. OcTaBumnecs 4yacTu MOAMHOXECTB H ; q)opMI/IpyIOTc;I BKJIIOUEHHEM DJIEMEH-
TOB M3 IaPETOBCKAX MHOXECTB X | ; L. TIpu 5TOM 37IeMeHTHI cnosl S+ f+ 1 He TpebyeTcs UCIOIb30BaATh
TIPH TOCTPOEHUH JIOITY CTHUMBIX HO,Z[MHO)KCCTB X jl

[Iyctp cnoit S,, He coBnaaaer co cnoeM S. Ilpennonoxum, 4To Ipu MOCIEAOBATEIBHOM BKIIIOYE-
HUH 57IEMEHTOB U3 G B H| | 10CIE BXOXK/ICHHUS €€ MOCIEIHETO IEMEHTa 3Hauenune oyepeanoro 7; > 0.
[pu sToM B H|; MoryT BKmoanLcsl JIOTIOJTHUTEIIbHBIC 3JIEMEHTHI U3 ciioeB S + 1, ..., S + f. Haxonum
IapETOBCKOE MHOXKECTBO X ; Ha muoxkectBe N,\C, tie C — Habop BCEX dIEMEHTOB, BOIIEANNX B ) ).
OHO COIEPIKUT IEMEHTHI cnoa S+ 1, koTOpBIe TOMUHUPYIOTCS MTOCIEAHNM dneMeHToM G. K HuM moryT
JIOOABUTHCS YICHBI M3 CIIOEB, COCTABIAIONINX TPYMITy HETOMUHUPOBAHUS S + 1, KOTOphIe HAXOAATCS
C yKa3aHHBIMU dJIeMeHTaMu B oTHomeHuu [lapero. B pesymprare yrmopsmouynBaHus 31€MEHTOB X jl
10 HeYOBIBAaHUIO pecypca ¢ ToTydaeM MoCleA0BaTeIbHOCTh G .

Ymeeporcoenue 3. Ecau pecypc nepBoro aemMeHTa u3 (G; IpeBOCXOAUT 3HaueHUe 7}, MOITyueHHOE
nocyIe BKJIoUeHus B H,; mocnennero sneMenta us G, TO HUKAKOW d1eMEHT U3 Gy HE MOXKET ObITh
BKJIIOYEH B ATO MOAMHOXKECTBO, M €T0 MOCTpOoeHHe 3akoH4YeHo. CIpaBe/uInBOCTh Y TBepKIAEeHUS 3 clie-
IyeT U3 yIOPAJOYEHHOCTH OCIEN0BaTEeNbHOCTH Gy M TOTO (haKTa, YTO BCE OCTAIbHBIC HIEMEHTHI MHO-
KecTBa N, JOMUHHPYIOTCS XOTsl OBl OZTHMM 2JIEMEHTOM U3 MOCIeN0BaTeIbHOCTH G .

[lycTs ycinoBue YTBepxkKAeHUS 3 HE BBIMOJIHACTCS, U CYIMECTBYIOT AJIEMEHTHI B IMOCIEAYIOIINX
CJIOSIX, KOTOPBIE MOTYT BOWTH B H| ;. Boinonnsem popmuposanue noamuoxkectsa H,;; mocienosa-
TEJIbHBIM BKIIIOUCHHEM 3JIEMEHTOB (5 0 TeX IOp, MOKa 3HaueHHe 7, He CTaHeT MeHbIle JIu0o paBs-
HO HyJf0. B 9TOM Ciiydae mocrpoeHne noaMHoxectsa ), 3akondeHo. [Ipeamonoxum, 410 B H11
BKJIIOUYEH INOCNIeIHuil anement u3 Gy, u 7, > 0. ®opmupyeTcs HOBOE MTAPETOBCKOE MHOXKECTBO X! 1is
COCTOSIIIEE U3 TIEMEHTOB CJI0A S + 2 ¥ SJIEMEHTOB MOCIEIYIOIINX CIOEB, KOTOPHIE HAXOAATCS C HUMH
B oTHowIeHUH [lapeTo. YnopsounBas 3J€MEHTHI TOIO MAPETOBCKOTO MHOXKECTBA, MOJyYaeM MoCIIe-
JI0BaTebHOCTh .

[Ipu HeBBIMONHEHUH YCIIOBHUS YTBEpKACHUS 3 AJIs MEpPBOTO 3JeMeHTa mocienoBarenbHocTH G,
€€ DJIEMEHThI BKIIIOYAIOTCS B MOAMHOKECTBO /| N0 TeX mop, 1MoKa BenuyuHa I; He CTAHET MEHb-

1

mre 1160 pasHoil Hymo. Ecin 7; > 0, npogomkaeTcst IpoLece MOCTPOSHUsI HOBBIX MAPETOBCKUX MHO-
HKECTB X 11,,. U YIopsJ0YeHHBIX nocnenoBarensHocteil G, . Io ompenenenuto cnod S, cymma pecypcea
BCEX DJIEMEHTOB cioeB S, ..., S, >T, . Torma cymecTByeT MOCIEN0BAaTENbHOCTh G , BKIIOYAIOIIAL
B ce0sl DIEMEHTBI CIIos Sm, CyMMa pecypca 3JIeMEHTOB KOTOpoi OymeT Oombllie 3HAYCHUS MOCIEAHEH
BennuuHb! 7;. [IpoBepsieTcs BHINOIHEHNE YCIOBUN Y TBEpKIEHUS 3 sl IEpBOTO 3JIeMEHTa MOCIIeA0Ba-
TenbHOCTH G, . IIpu nX BBINOJIHEHUH NOCTPOEHHE IOy CTUMOTO ITOJAMHOKECTBA 3aKOHYEHO, a DJIEMEH-
ThI CJIOSL S, HE UCTIONB3YIOTCS TP (POPMUPOBAHUHU JIOTTYCTUMOTO MOAMHOXKeCTBA H| . IIpu HEBBITION-
HCHHH YCIIOBHI Y TBEpPXKICHUS 3 BKIIFOYaeM anemeHTsl Gy B H,, . Ha Hekotopowm mrare aneMeHT u3 Gy
Oyner Gosnblue HOBOrO 3HaYeHus T}, 1 hopmMupoBanue H | 3aKOHYEHO.

BBINONHIM MOCTPOCHHE BCEX JOIMYCTUMBIX IIOAMHOKECTB /) ;, y KOTOPBIX HaYalIbHBIM JIEMCHTOM
SIBIISICTCSI [IEPBBIIT 9JIEMEHT MOCIe0BaTebHOCTH (. CO31aeM HEKOTOPOE MOAMHOKECTBO | ;, BTOPBIM
3JIEMEHTOM KOTOPOTO ABISETCH j-i uiieH nocnenosarensHocT G. Torma Ha KakK0M i-M Iare mocTpoe-
HISL [IOAIMHOXKECTB F1; ; TpeOyeTcst BBIOMpATh SIEMCHTEI W3 MHOKECTB X ;l ¢ HOMepamH, OOJbIIH-
MH, YeM IOCIICAHNI BKIFOYCHHBIH B M| ; sneMeHT u3 G. Ha kax/oM i-M 11are BBIYUCIACTCS BEIHIH-
Ha T, =T, | —t; ,THe t;— pecypc MOCIEIHEr0 BKIIIOYEHHOI'O HIIEMEHTA.

IlycTs nocnenHuil 3MEMEHT €105 S BKIIOYCH B HEKOTOPOE MOAMHOXKECTBO ) ;. MHOKECTBO BCEX
AIIEMEHTOB S, HE BKIIIOYEHHBIX B (OPMHpYyeMOe MOJMHOKECTBO, 0003HaunM uepe3 H,. [omycTum,
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B IpyIIe HEAOMUHUPOBAHMUS €05 S CYLIECTBYIOT AJIEMEHTBI, KOTOPbIE HaxoAsITCs B oTHoIIeHuu [1apeto
CO BCEMHU 3JIEMEHTaMH U3 MHOXecTBa H,. O603HaunM 3Ty rpynny H,. Ee aneMeHThl cocTaBsT nocieno-
BarenbHOCTH G IIpu BBIIONHEHNH yCIOBHIL Y TBEpKACHNs 3 ocTpoeHue H, ; 3akon4ueHo. IIpeamomno-
JKUM, YTO YCJIOBHUSI YTBEpKACHUS 3 HE BBINOMHAIOTCS. Torna 3JeMeHThl Ipymbl H, Mocaen0BaTeIbHO
BKJIFOYAIOTCA B (POPMHPYEMOE NMOAMHOKECTBO. Eciin Ha HexoTopom wmiare 7; < 0, TO IOCTpOEHHE J0ITy-
CTHMOTO MOIMHOKECTBA 3aKOHUEHO.

Ilycts B H, ; BKJIIOYCHBI BCE AMEMEHTHL 13 G|, ¥ 3HaYCHHE TTOCIICAHEN BeTMYNHBI ; OOJIbIIIe HYIIS.
OuepenHoe MapeToOBCKOE MHOKECTBO X ; COIIEP’KUT TOJILKO 3IIEMEHTBI Ipymnsl /1. Ee anements! yno-
PSIOYMBAIOTCS IO HEYOBIBAHHIO pecypca, U TOJIy4aeTcs MOCIe0BaTeNbHOCTh G,. DneMeHTs! G, BKIIIO-
4aroTes B H; ; 10 Tex mop, I0Ka BEIMYMHA OYEPEHOro 7; He CTaHeT MEeHbLIe MO0 PAaBHOH HYIIO.
HpezmononcHM YTO MPU BKIIOYECHUN nocneaHero anementa w3 H, B H, ; enmauna T;>0. Torxa
pu HEOOXOIUMOCTH (OPMHUPYIOTCS HOBBIC X 1 COOTBETCTBYIOIINE I/IM nocyeaoBarensHocTH Gy,
e k — HOMep IOCIIeI0BaTeIbHOCTH. 9J1eMeHTLI Gk BKJIFOYAIOTCS B M ; 110 TeX 10p, MOKa BeMunHa T
HE CTaHeT MeHbIIIe MO0 PaBHOM HYIIIO.

O06o3HauuM yepes §,,,; ci10ii c HomepoM S, + 7+ 1. MOXKHO IPOBECTHU LIETNOUYKY PACCYKAECHUH, B pe-
3yNbTaTe KOTOPBIX OyJET 0Ka3aHO, YTO AJIEMEHTHI S, ; He TPeOYIOTCs IPH IOCTPOEHUH ITOPOXKJAIOLINX
JIOTTYCTUMBIX ITOJMHOXKECTB. [{J1s HaXO)KIeHHSI BCEX MOPOXKAAIOIINX TOITYCTUMBIX TIOIMHOXKECTB B 3a/1a-
ue 0 panue Z;,; TpebyeTcs MOCTPOUTL NOAMHOKECTBA H,; (Tne n =2, ..., §; § — KOJIMYECTBO IEMEHTOB
B miocrnenoBarenbHOCTH (). [lepBhIMU 3NIeMEHTaMU TIOJIMHOMKECTB H SIBIISIFOTCS DJIEMEHTHI 7, ..., I'.
Haxoxxnenne Bcero Habopa TOMyCTHMBIX MTOAMHOXKECTB TpeOyeT pa3pa60T1<1/1 anTropuTMOB (HOPMHPOBA-
HUS TIO/I3a/1a4 O PaHIle, KOTOPBIC OYyT pACCMATPUBATHLCS B CICAYIONIMX CTAThIX.

3akJ/ouenue

1. Ha ocHOBE MHOTOKpUTEPHAIBHON MaTEeMaTHUECKON MOJIEIH MPU IByX KPUTEPUSLX KauecTBa pas-
paboTaH MeTOA MOCTPOCHHsI HabOopa MOPOXKAAMOIINX JOIMyCTUMBIX TOJAMHOMKECTB B 3aj1a4e O PaHIIe
TIPU 3HAYCHUN BEITHIMHBI TITyOMHBI HEAOMUHUPOBAHIS 3aJAHHOTO TTAPETOBCKOTO CIIOST OOJIBIIIE HYIIS.

2. OnpeienieHa CTPYKTypa IMapeTOBCKUX CIIOEB, MPEICTABISIOMINX COOO0M TPYIITy CI0EB HEIOMUHU-
pOBaHUSI.

3. CymiecTByeT MapeTOBCKUN CIION, DTIEMEHTHI KOTOPOTO, KaK M 3JIEMEHTHI BCEX MMOCIIEAYIONMINX CII0-
€B, Ha KOTOpbIC Pa30MBaETCs MHOXKECTBO HauyalbHBIX JaHHBIX, HE TPEOyeTCs pacCMaTpHUBATh IPH I10-
CTPOEHUH JaHHOTO Ha0opa MOPOKIAIOIINX TOTTYCTUMBIX ITOJIMHOKECTB.
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IHOCTPOEHHME YIIPABJISAEMbBIX BEPOATHOCTHBIX TECTOB
C MAJIBIM YU CJIOM TECTOBBIX HABOPOB

B. H. IPMOJIUK!, B. B. IETPOBCKA', H. A. LIEBYUEHKO?

! Benopycckuii 2ocyoapcmeenioiii yHugepcument unpopmamuri, u paouodiekmponuxu
(Munck, Pecnybnuxa Beaapycy)
2 Hapmwmaomckuii mexnuveckutl ynueepcumem (Japmwmaom, Iepmanus,)

AHHoOTanus. PaccMOTpeHbI BOIPOCH! TECTUPOBAHUS BBIUUCIUTEIbHBIX CUCTEM M UX COCTABHBIX KOMIIOHEHTOB.
Brienen u rccae10BaH Kilace YIpaBIsieMbIX BEPOSTHOCTHBIX TECTOB C MaJIBIM YHCIIOM TeCTOBBIX HaOopoB. [pen-
CTaBJIEH METOJ MOCTPOCHHUS YIPABISIEMBIX BEPOSITHOCTHBIX TECTOB C 33JaHHBIM PACCTOSHHEM X3MMMHIA, OCHO-
BOI KOTOPOTO SIBIISIETCSl OJHOMEPHOE MacIITaOMpOBaHKE IAOIOHOB, MPEICTABISIIONIMX cOO0H TeCThl MOl pas-
psaaHocTH. [IpennokeHo MpUMEeHEHHE HCUEPIIBIBAIONINX U TICEBIOUCUEPIIBIBAIONINX TECTOB B KAUYECTBE I11a0JIOHOB
JUTSL TIOJTyYEeHUS! YIPABIsIEMbIX BEPOSITHOCTHBIX TecTOB. MccnenoBansl cBoiCTBA ()OPMHUPYEMBIX TECTOB U TTOIXO-
JIbI 110 MIX UCTIOJIb30BAHMIO B KQYECTBE AILTEPHATUBBI BEPOSITHOCTHBIM TecTaM. D(P(EeKTHBHOCTS METO/Ia TIOCTPOE-
HUS YIIPABISIEMbIX BEPOSITHOCTHBIX TECTOB AKCIIEPUMEHTAIFHO MTPOaHATU3UPOBaHA U MOATBEPIKIACHA IS CiTydast
TECTUPOBAHUSI 3aAIIOMUHAONINX YCTPOICTB HAa HAJTMYHNE B HUX CIOKHBIX KOJOTYBCTBUTEIBHBIX HEHCIPABHOCTEH.

Ki1ro4eBble c10Ba: BEpOATHOCTHBIN TECT, HCUEPITBIBAIOIIIE U TICEBIONCUEPIIBIBAIOIINE TECTHI, TECTOBBII HAOOP,
Mepa pa3Iuyus, pacCTOSHUE XIMMHUHTA.
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ToBbIX HabopoB / B. H. SIpmonuk, B. B. [lerposckas, H. A. llleBuenko // Hoxmaast BI'YUP. 2025. T. 23, Ne 2.
C. 92-100. http://dx.doi.org/10.35596/1729-7648-2025-23-2-92-100

CONSTRUCTING CONTROLLED RANDOM TESTS
WITH A SMALL NUMBER OF TEST PATTERNS

VYACHESLAV N. YARMOLIK!, VITA V. PETROVSKAYA!, MIKALAI A. SHAUCHENKA?

!Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
’Darmstadt Technical University (Darmstadt, Germany)

Abstract. The article considers the issues of testing computing systems and their components. A class of cont-
rolled probabilistic tests with a small number of tests patterns is identified and studied. A method for constructing
controlled probabilistic tests with a given Hamming distance is presented, the basis of which is one-dimensional
scaling of templates representing tests of small bit depth. It is proposed to use exhaustive and pseudo-exhaustive
tests as templates for obtaining controlled probabilistic tests. The properties of the generated tests and approa-
ches to their use as an alternative to probabilistic tests are studied. The efficiency of the method for constructing
controlled probabilistic tests is experimentally analyzed and confirmed for the case of testing memory devices
for the presence of complex code-sensitive faults.
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BBenenune

[lon ynpaensemsiM BeposTHOCTHBIM TecToM (Controlled Random Test) morumarot ciryqaiiHyro Tec-
TOBYIO ITOCJIEIOBATENLHOCTD, B KOTOPOH OYepeIHOI TecTOBhI Habop popMupyeTcs cirydyailHbIM oOpa-
30M, HO C YU4ETOM CTeHEPUPOBAHHBIX paHee MpeIblIyInX Ha0opoB. TakuM 00pazoM, OTIAMYHEM YIIpaB-
JSIEMOTO (POPMHUPOBAHUS CITyHYaHHBIX TECTOBBIX HA0OPOB OT MPOLEAYPHI IIOCTPOCHHUST BEPOSITHOCTHBIX
tectoB (Random Test) [1, 2] sBnstercss uHOpMaIus, U3BacKaeMas B BUJE HEKOTOPBIX XapaKTEPUCTHK
(MeTpuK) 3 paHee CTeHepHPOBAHHBIX TECTOBBIX HAOOPOB M UCIONB3yeMast JUIS TOTy9IeHUs OUepeaHO-
ro TecToBoro Habopa [3, 4]. [l Bcex pasHOBUIAHOCTEH yIpaBseMbIX BEPOSATHOCTHBIX TECTOB, MPH-
MEHSIEMBIX JIl TECTOBOTO AMAarHOCTHPOBAHMS LU(POBBIX YCTPOMCTB M MPOrpaMMHBIX HPUIIOKECHUI
C 7 BXOIaMHU M MIPOCTPAHCTBOM BXOJIHBIX HA0OPOB, COCTOSIINM M3 2" IBOMYHBIX HAOOPOB (BEKTOPOB),
CIIPaBEIINBO CIIAyIoIIee onpeneincHue [2—4].

Onpenenenne 1. YipasisiembiM BeposTHOCTHBIM TecToM CRT = {T,, T}, T, ..., T, } ABIAETCS TECT,
COCTOSIINK M3 CTEHEPUPOBAHHBIX CIyYaHHBIM 00pa30M TECTOBBIX HAOOPOB T; = fig, i1, Liny -vvy Lipey
(rne t;,€{0,1},1€{0, 1,2, ...,n—1},i€{0, 1,2, ..., g — 1}) — Takux, 4T0 XapaKTEpHCTHKA/XapaKTepHC-
TUKU HaOopa 7; yAOBIETBOPSIOT HEKOTOPOMY KPHUTEPUIO/KPUTEPUSM 1O OTHOIICHHIO K MPEABIAYIINM
nadopam Ty, Ty, 1>, ..., T, popmupyemoro CRT Tecra.

B kadecTBe KpUTEpUEB OTINYMS TECTOBOrO Habopa 7; oT paHee cpopmupoBaHHbIX HAOOPOB T, T,
T,, ..., T, 4ame Bcero ucnosbsyercs paccrosuue Xommunra (Hamming Distance) HD(T, T)) u ne-
kaptoBo paccrosuue (Cortesian Distance) CD(T;, T;) [2—5]. Vines cunTe3a TECTOB C 3alaHHBIM 3Hade-
HUEM PACCTOSHUS XOMMUHTA OEpEeT CBOE Hadajo OT MEePBhIX ITyOIMKalni 10 TaHHOW TeMaTHuKe, Kor/a
u3 BeposiTHOCTHOTO Tecta RT (opmupoBascs ynpasnsieMblil BeposTHOCTHBIH Tect CRT. B muonepc-
KHX paboTax KOHCTaTHPOBAIOCH, uTO mpocTtedmmm CRT sBISeTCS BEPOATHOCTHBIN TECT, B KOTOPOM
HCKJIFOYEHO IMMOBTOPEHUE OJMHAKOBBIX TECTOBBIX HAaOOpOB [5]. B TepmuHax paccTosiHHs X3MMHUHTa
9TO O3HAYaEeT, YTO MHUHHUMAJIbHOE 3HAYCHHE PACCTOSHUS XOMMUHTA JJIsl TAKOTO TECTa PABHIETCS €lu-
nuue, T. €. minHD(T;, T)) = 1. Takum 006pa3oM, ynpasiseMblii BEPOATHOCTHBIA TECT NPHUOIMKAETCS
k ucuepnsiBatoniemy Tecty (Exhaustive Test), B KoToOpoM BCEBO3ZMOXKHBIE TECTOBBIE HAOOPHI IPUCYTCT-
BYIOT B TECTOBOH IMOCIIEIOBATEILHOCTH 0e3 uX moBTopenwus [2, 6, 7]. [IpocMaTpuBaeTcsi B3aUMOCBS3b
BEpOSITHOCTHBIX RT 1 ucyepnbiBaromux (£x7) TecTOB, POMEXKYTOUHOE TIOJIOKEHUE MEKITY KOTOPBIMU
3aHuMaroT CRT TECTHI.

Kak yxe ormeuanoch, Ex7(2") xapakTepusyeTcs OTCYTCTBHEM IOBTOPSIONIUXCS HAOOpOB, Ooiyee
TOTO, OH CO/IEP’KUT BCEBO3MOYKHBIE HAOOPHI, KOJTMUECTBO KOTOPHIX JIJISl AIBOWYHOTO CITydast paBHseTcs 2.
[TomoOHBII TecT MOxHO nipenctaBuTh kak CRT(q, h, n) = CRT(2", 1, n), cocrosumii u3 g = 2" TecTo-
BbIX HA0OPOB, MPECTABICHHBIX 71 JBOMYHBIMU CUMBOJIAMHU, KOTOPBIH XapaKTepU3yeTcss MUHUMAIbHBIM
snauenueM h = minHD(T,, T;), paBubiM 1. HEBO3MOXKHOCTL T€HEPUPOBAHUS ISl PEAIbHBIX 3HAYEHUH 7
Bcex 2" HabOPOB Mpeonpe/esiiia MPUMEHEHHE BEPOITHOCTHBIX TECTOB Kak 3()(EKTHUBHYIO alllpOKCHU-
MAaIIHI0 UCUEPIBIBAIOMIIX TecToB. OaHako Mt RT MPUCYI OMPEICSISIFONTINN HETOCTATOK, CBIA3AHHBIN
¢ OOJBIIION BPEeMEHHON CIIOKHOCTBIO, 3aBUCSIICH OT KOTHMYECTBA TECTOBBIX HA0OPOB. [IOMBITKN yMEHb-
IeHHUs CIOKHOCTH RT Tpemonpeeniy MosBIeHHe OONBIIOro Yrcia MeToaoB renepupoBanus CR7,
B TOM uucJje Ha 6aze ExT [2, 8].

Cunres YIpaBJad€MbIX BEPOATHOCTHBIX TECTOB Ha 0ase HCYepnbIBAKIIUX TECTOB

Wnes npumenenus ExT mis cuare3a CRT(q, h, n) 3aKinro4aeTcs B TOM, 4TO TECTOBbIE HA0OPHI 7; pa3-
PSTHOCTBIO 72 OUT YIIPABIISIEMOTO BEPOSITHOCTHOTO TecTa cTposites Ha 0aze ExT(2") = CRT(2', 1, r) MmeHb-
meit paspsgHocTH (r < 1), YUCIO KOTOPBIX omnpeaensercs cooTHomenueM Oy = 2! [8]. KomuuectBo
pa3ps/ioB 7 MCIIONB3YEMOTO MCUEPITBIBAIOIIETO TeCTa OIpEe/esIeT JBE BeChMa 3HAYMMBIE XapaKTepH-
ctuku popmupyemoro CRT: BO-TIEpBBIX, KOIMIECTBO TECTOBBIX HAOOPOB ¢, paBHOE 2', U, BO-BTOPHIX,
MHHUMAJILHOE paccTosiue Xommunra i = minHD(T,T;) = Ln/r] MEX]Ty IByMs ITPOU3BOJIEHBIMH TE€CTO-
BbiMU Habopamu 7; u 7 ympasisieMoro BeposTHOCTHOTO Tecta. [Iponenypa nocrpoenus CRT(g, h, n)
Ha 0a3e MCUEePIBIBAIOIINX TECTOB JUIsl IPOU3BOIBHON pa3psIHOCTH 7 IBOMYHBIX TECTOBBIX HaOOpoB T;
u Tpebyemoro 3nadenus minf/D(7;, T;) BKIHOYAET CIEMYIOIIME STallbI.

1. Beraucnsercs MmakcumansHOe 3HaueHue re {1, 2, 3, ..., n}, I KOTOPOTO BBITIOTHICTCS HEpa-
BeHcTBO MinH (T, T)) < L n/r], coorBercraenno, KommyecTBO g HabopoB B hopmupyemom CRT Oyner
paBuatbes 2, a HD(T,, T)) > | n/r] nns Beex i #je{0,1,2,...,2"—1}.
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2. 3HaueHus KaX10T0 OJI0Ka U3 TIPOM3BOIBHBIX HETIEPECEKAIOIIXCS 7 OUT TeCTOBBIX HabopoB 7y, T,
T,, ..., T, dopmupyemoro CRT yCTaHaBIMBAIOTCS PABHBIMU JIBOMYHBIM KOJIaM OIHOTO U3 Qp, 7= 2"! nc-
geprbiBalOmEX TectoB ExT(27). KommuecTBo 610KOB OMpenessieTcs BeMmunHoi [ n/r ], a conepxumoe
Ka)J10r0 OJIoKa OyJIeT COOTBETCTBOBAThH OHOMY 13 ExT(2").

3. 3HadeHust ocTaBuIHXCs 71— |n/rlr pa3ps10B, KOTOPBIE HE BOIIIHN B OJIOKH IO 7 OUT, POPMHUPYIOTCS
CITy4JaitHBIM 00pa3oMm.

[IpuBenem mpuMep NpUMEHEHHsI pACCMOTPEHHOM TIPOIIeyPHI ISl CHHTE3a YIIPABISEMOTO BEPOSIT-
HOCTHOTO TecTa jist n = 16 u minHD(T, T)) = 5.

1. Ha ocnoBanuu nepasenctsa minHD(T;, 7)) = 5 < Lnir] =116/r] OTIpeIeNsieTCs 3HaUCHue » = 3,
TaK KaK OHO SIBJIIETCS MAaKCUMAaJIbHBIM 3HAYCHUEM IS 7 U3 MHOXKecTBa {1, 2, 3, ..., 16}, npu koTOpom
BBITIOJIHAETCS TO HepaBeHCTBO. COOTBETCTBEHHO (POPMHUPYEMBII TECT OyaeT cocToaTh u3 2 = 23 = 8
Ha0bopoB U onuchBaThes kKak CRT(8, 5, 16).

2. Bennuuna r = 3 onpezenseT koiaundecTBo HabopoB ExT(2"), paBHoe 2" = 8, uxX pa3psaHOCTh (1= 3),
a Taroke ancio onokos | n/r]=16/31=5 tdhopmupyemoro tecta. [1aTh OII0KOB, COCTOALINX U3 HETEpe-
CEKAIOIIUXCS Pa3psiioB TECTOBBIX HAOOPOB CHHTE3UPYEMOTO TECTa, OOBEIUHSIOT, HAPUMEp, CICIy-
YOIUE MX PA3PAIBL: 1, L3, Ligs Livs Liss 175 Lins Livas Binss Lias Linos Lint M big, Lo, 113 JLyI KaKIOTO OJoka
NPUMEHAETCS OJIMH U3 UCUEPTIBIBAIOIINX TeCTOB £xT(2*), KOTOPHIN 3a/aeT 3HAYE€HUS COOTBETCTBYOIINX
paspsAIOB TECTOBBIX HAOOPOB (POPMHUPYEMOTO TECTA. 3HAYCHHS PA3PANOB L, 1;3 U I;c IEPBOTO OIOKA
TectoBbiX HabopoB Ty, T, T», ..., T; ycTaHaBIMBaIOTCS paBHBIMU JBoM4YHBIM Komam 000, 001, 010,
011, 100, 101, 110, 111, coorBeTcTBYIOMUM HabopaM HcyeprbiBaroiero tecta ExT(2%), cocrosmero
U3 M0CNEN0BAaTENbHOCTH BOochbMepu4HbIX uncen 0, 1, 2, ..., 7. [lna 6mnoka ¢, ;s ¥ ;7 NCIOJIL30BajIach
oOpaTHas OCJEeN0BaTENLHOCTh BOCBMEPUYHBIX UMCcel. JIIs ABYX MOCNIEAyIOMUX OIOKOB 7,5, 14, 115
U 1; 4,1 10, 1;1) TPUMEHEHA MTOCNIEI0BATENBHOCTE Kojla I'pest v Takast ke I0CIen0BaTeIbHOCTh C 00OpaTHBIM
nopsaakoM Ha0opoB [2]. [1arTerid 10K 7;g, £, 9, £; 13 cHOpMHUPOBaH Ha 6a3e 3HAYCHUHN MOCIIEN0BATENLHOCTH
Coboms [2].

3. Ocrasumiics n —n/rlr=16 -[16/3]-3 =1 paspsn, He BoueqIuii B OJIOKH U3 TpeX paspsiios,
MHJICKC KOTOpOTO 12, 3a/1aeTcst CirydyaifHbIM 00pa3oMm.

Pesynbrar cuHTE3a ynpaBlsieMOro BEpOSITHOCTHOTO TecTa MpHUBeleH B Talu. 1, rae mis ynoOcTsa
BH3YaJIbHOTO aHAJIN3a KKABIN 13 OJIOKOB MO TPH pa3psiia MPeACTaBIeH Pa3IndHbIMU MPUPTaAMH.

Tadauua 1. Ynpasnsembiit BepostHocTHbIN TecT CRT(8, 5, 16) ¢ minHD(T;, T))=5un=16
Table 1. Controlled random test CR7(8, 5, 16) with min//D(T;, 7)) = 5 and n = 16

T; Lo | tia Lo | Gz | Gia | Gis | lie | L7 | GLis | Lo | Lo | L | Lz | Gz | fa | s
Ty 0 1 0 0 1 1 0 1 0 0 0 0 0 0 0 0
T, 0 1 0 0 1 1 1 0 1 0 0 1 0 0 0 1
7, 0 1 0 1 1 0 0 1 0 1 1 1 1 0 1 1
T, 0 1 0 1 1 0 1 0 1 1 1 0 1 0 1 0
T, 1 0 1 0 0 1 0 1 0 0 1 0 1 1 1 0
T 1 0 1 0 0 1 1 0 1 0 1 1 0 1 1 1
Ts 1 0 1 1 0 0 0 1 0 1 0 1 1 1 0 1
T, 1 0 1 1 0 0 1 0 1 1 0 0 0 1 0 0

[IpuBeneHnas mpoueaypa u mpuMep ee MPUMEHEHHUS IMOKa3BIBAIOT, 9To pe3ynsrupyromuii CRT co-
CTOWT W3 MHO)KECTBA UCYEPITBIBAIONTNX TeCTOB ExT(2"), KaXXApIid M3 KOTOPHIX OMpENeIsieT 3HAYCHUS 7
Pa3ps/IoB €ro TeCTOBBIX HA0OPOB. PaccMoTpeHHas mporieypa MmocTpOeHHs YIPaBIseMbIX BEPOSATHOCT-
HBIX TECTOB IPOMU3BOJILHON Pa3psIIHOCTH 71 IBOMYHBIX HabopoB Ha Oaze Ex7(2") = CRT(2", 1, r) mo3Bo-
asieT cOpPMUPOBATH OJMH M3 MOJOOHBIX TECTOB, 00IIEe KOJINYECTBO KOTOPHIX OMPENENSIETCs] COOTHO-
HIeHUEM:

Ocrr = (27N, (1)

B (1) e yureHs! Bapuanuu 3Ha4YeHUN n — Ln/r] paspsa0B, HE BOMICAIINX B OJOKH TIO 7* pa3psaoB
7 3aJlaBaeMbIX CIydalHBIM 00pa30M, 3HAUYCHHUS KOTOPHIX HE OMPEICISIIOT OCHOBHBIC XapaKTEPHUCTU-
KU TeHepupyemoro tecta. He3aBHCHMO OT COOTHOIICHHS BEIWYHUH 7 M 7 KOJMYECTBO CHUHTE3HPYe-
MbIX CRT(2, Ln/rJ, 1) AOCTAaTOYHO BENHKO. [|efiCTBUTENHHO, MPEATIONOKHIB, YTO #* = 1, YUCIIO TECTOB
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JUIsL 3TOTO citydast OyneT paBHATHCS Qcgr = 2!, a KOJIMYECTBO TECTOBBIX HA0OPOB ¢ B TaKUX TECTax,
onuckiBaeMbIx kak CRT(2", 1, n), npuHuMaeT Oombllve 3HaYCHUS, paBHbIe 2", J[11s1 BTOpOTo KpalHEero
ciydast, koraa » = 1, obiee konuuectBo CRT(2!, n, n) Takke BEIUKO U paBHSETCS 2", a CAMH TECTBI
COCTOSIT TOJIBKO U3 JIByX HaOOpoB. CleyeT TMETHTD, YTO JUIS ABYX PACCMOTPEHHBIX IMOJISPHBIX CITy4aeB
BenmuuHa h = minH/D(7,, T;) npuHAMAaeT TMaMeTpaIbHO OTIIMYHbIE 3HaYeHus 1 u n.

YHpaBJIﬂeMble BE€POATHOCTHBIC TECTHI HA OCHOBE ICEBAOUCUYECPIIBIBAIOIIIUX TECTOB

[lon ncenoncuepnbiBatommmMu TectamMmu PExT(k, ) muis r-pa3psSaHBIX ABOMYHBIX TECTOBBIX HA0O-
POB MOHUMAIOT T€CThI, COOTBETCTBYIOIINE CIACAYIOLIEMY OIpeneacHuto [2, 6, 9, 10].

Omnpenenenne 2. IlceBmoucuepnwBarommii tect PExT(k, r), tne k < r, mpenacTtaBisieT coOoi
MHOKECTBO JBOMYHBIX HabopoB T(k, r), 0OecIeunBarOMIUX BCEBO3MOKHBIE 2F 1BOMYHbBIE KOMOUHALMH
Ha JIIOOBIX k U3 7 pa3psiiax ero TECTOBBIX HAOOPOB.

PExT(k, r) nosBunmuch kak ansrepHaruBa Ex7(2") B cCHly BBICOKOH BPEMEHHOW CIIOKHOCTH TTOCIIE]-
HUX JUISl peasibHbIX 3Ha4eHnH 7. [10m00HbIe TeCThl XapaKTepr3yIOTCs BeCbMa Ba)KHBIM CBOMCTBOM, KO-
TOpOE, B OTVINYUE OT TECTOB, TOCTPOEHHBIX HA OCHOBAHUH OPTOTOHAJIBHBIX MAaCCHBOB, BMECTO OT'PaHU-
YeHHsI TOUHO OAMH pa3 (exactly once) UCronb3yeT orpaHUYeHNUE HEe MEeHee OJJHOTO pa3a (at least once)
[2, 6, 9]. B pe3yasrare Obu10 CHOPMYIMPOBAHO MOHITHE TaK HA3bIBAEMBIX HOKPBIBAIOIIMX MAacCHBOB
(covering arrays), IpUMEHEHNE KOTOPBIX FApaHTUPOBaIO0 (POPMHUPOBAHHE HA TIPOU3BOJIBHBIX k U3 7 pas-
pAax BCEBO3MOMKHBIX 2 TBOMYHBIX KOMOWHAIUH HEe MEHEe OJHOTO pasa [2, 6, 9]. OnqHuM U3 perieHui
3aJlauM CUHTE3a TaK HA3bIBAEMbIX YHHBEPCAIBHBIX IICEBIOMCUEPITHIBAIOIINX TECTOB SIBISETCS METO/,
OCHOBAaHHBIH Ha MPUMEHEHUHU TECTOBBIX HAOOPOB (BeKTOPOB) 3anaHHOTO Beca [10]. TpaguunonHo mox
BECOM W JBOMYHOTO HAa0Opa MOHUMAIOT KOJUYECTBO B HEM CIWHUYHBIX 3HAUCHUN. YKa3aHHBINM METOI
OCHOBAH Ha ClIeyIoleM yTBepxkaeHuu [2, 10].

YrBep:xkaenne 1. MHOXKECTBO 7 pa3psIHBIX IBOMYHBIX TeCTOBBIX HAO0poB 7(k, r) mceBnoncUeprbl-
Batotero tecta PExT.(k, r) I03BOJIsAET 00ECTIEYNTh BCEBO3MOXKHBIE 2X IBONUHBIE KOMOMHALIMY Ha JTIO-
ObIX k& < r U3 r IPOU3BOJBHBIX pa3psaax HAOOPOB, €CIM OHO COAEPXKUT BCE 7 pa3psAIHbIe HAOOPHI Be-
coM w < 7 TakuM, uyTo w = ¢ mod (7 — k + 1) st enoro ¢, ynosierBopsitomero HepaseHcTBy 0 < c <r—k.

BakHBIM CIIeICTBHEM TAHHOTO YTBEPIKICHUS SIBISICTCS CyIiecTBOBaHuE (7 — k + 1) pemenuii 3agaqu
MIOCTPOEHMsI TceBoucaepbiBatomniero tecta PExT(k, r) [2, 10].

Ipumep 1. PaccmoTpum ciryqaid, korga » =4, a k=2, aro coorBeTcTByeT TecTy PEXT(2,4). CornacHo
YTBepxkaenuto 1, 3Ha4eHnE ¢ m3MeHseTcs B ipezienax ot 0 1o » — k=4 —2 =2. D10 03HaYaeT, 4To CyIile-
CTBYET TP pEIICHUs 3a/lauu MMOCTPOCHHs TIceBIorcUepIbiBatomero tecta PExT(2, 4), KoTopsle omnpe-
nersrorest 3HadeHnsaMu 0, 1 u 2 korctanTh ¢. s ¢ = 0, cormmacHo YTBepxkaenuro 1, tect PExT(2, 4)
COJICPKUT HAOOPHI, BeCca W KOTOPBIX YAOBICTBOPSIIOT CIICAYIOMIEMY JIMHEHHOMY cpaBHeHUIO: W =0 mod 3,
rae w < 3. PerieHneM NpuBEIEHHOTO CPaBHEHMsI ABJSIFOTCS 3HaUeHUs W = 0 1 w = 3, 4TO CBHUJETENb-
CTBYET O HEOOXOAMMOCTH MCIONIb30BaHusI B Tecte PEXT (2, 4) nBonuHbIX HabopoB BecoM 0 1 HAOOPOB,
nMmeronux Bec 3. B pesynbrare Tect PExT(2, 4) nns ¢ = 0 Oynet Bkimtouats Habop 0000 u yetkipe Ha-
6opa 0111, 1011, 1101, 1110 ¢ w = 3 (Tabm. 2).

Taodmuma 2. [Tpumeps! nceBnoncuepnbiBaomux tecroB PExT,(2, 4)
Table 2. Examples of pseudo-exhaustive tests PExT,(2, 4)

c=0 c=1 c=2
PEXTy(2, 4) PExT,(2,4) PExT,(2,4)
T; lio fi1 lia li3 lio fin lin li3 lio lia lin liz
T, 0 0 0 0 1 0 0 0 1 1 0 0
T, 0 1 1 1 0 1 0 0 1 1 0
T, 1 0 1 1 0 0 1 0 0 0 1 1
T; 1 1 0 1 0 0 0 1 1 0 1 0
T, 1 1 1 0 1 1 1 1 0 1 0 1
., | - | - | = | - - - - - 1 0 0 1

Kak BUIHO M3 TaoII. 2, B 3aBUCUMOCTU OT 3HAYCHUS KOHCTAHTHI ¢ MCCBAOUCUCPIILIBAOIIUNEC TCCThI
HUMCIOT PAa3JIMYHOC KOJIMYCCTBO TECTOBBLIX HaGOpOB, IIpu 3TOM OCHOBHOC CBOMCTBO T€CTa, 4 UMCH-
HO q)OpMI/IpOBaHI/Ie Ha MPOM3BOJIBHBIX JIBYX paspsaaax TECTa BCEX YCTBIPECX NBOWYHBIX KOM6I/IH3HPII71,

95



Joknager BI'YUP Dokrapy BGUIR
T. 23, Ne 2 (2025) V.23, No 2 (2025)

coxpansieTcs. boriee Toro, Ay ATHX TECTOB BBHITIONHSACTCS BAYKHOE YCIOBHE, 3aKIFOYAOIIEECS B TOM,
4TO JUISl BCEX TPEX U3 HUX BBINOJNHAETCS paBeHcTBO minHD(T;, T;) = 2.

OCHOBBIBaSICh Ha MPUBEICHHOM IIPUMEPE, PACCMOTPUM 000011IeHHUE IICEBIOUCUEPITBIBAIOIINX TECTOB
PExT(2,4) na cinyuait rectoB PExT(2, r) mpou3BOILHOMN pa3psaHOCTH 7> 2. B cooTBeTCTBUM C Y TBEPIK-
nernueM 1 it k = 2 1 MPOW3BOIBHON Pa3psAHOCTH 7 > 2 KOJIMYECTBO MICEBIONCUEPIBIBAIOIINX TECTOB
oTIpeniessieTCs YMCIOM 3HaY€HUI KOHCTAHTHI ¢, MPUHAIJISKAIINX THANa3oHy, 3a1aBaeMOMY HEPABEHCT-
BoM 0 < ¢ <7 — 2. CoOTBETCTBEHHO /ISl k = 2 MOXXHO CHHTe3upoBarhb » — 1 Tect PExT,(2, r) ans pas-
JUYHBIX 3HAYCHUH KOHCTaHTHI ¢. OCHOBOH JUIS MIOCTPOSHUS Ka)XIOTO U3 YKa3aHHBIX TECTOB SBISIOTCS
Beca W TECTOBBIX HAOOPOB, ONpeAeNsIeMbIX i Kaxaoro 3Hadenus ce {0, 1, 2, ..., » — 2}, KoTopbIe cO-
OTBETCTBYIOT PEIICHUSIM JIMHEHHOTO cpaBHeHus w = ¢ mod (r — 1). CootBercTtBeHHO PEXT(2, 1) OymeT
BKJIFOYATh OJIUH HA0OP, COCTOAIIMN U3 7 HYJICH, BEC W KOTOPOTO PaBEH HYJIIO, U * HAOOPOB, JJIsl K¥KI0T0
13 KOTOpEIX w = r — 1. B kagecTBe mpumepa B Tadm. 2 mpuBeneH rect PExT (2, r) nus r = 4. Crenyromiee
pelIeHne TMHEHHOTO CpaBHEHMS [Tt ¢ = | ompeenseT [Ba 3HaYeHHs Beca W, a IMEHHO W = 1 uw =r,
KOTOpbIE ONpeAessioT Beca HabopoB i tecta PEXxT (2, ), mpuMep KOToporo st » = 4 mpuBeneH
B Tabu. 2. [Tocnenyromue r — 3 Tectol (koHKpeTHO PEXT,(2, r); PEXxT;(2,r); ...; PExT, »(2, r)) 3amatorcs
TIOJTHBIM MHO)KECTBOM HAa0OPOB, BEC KOTOPBIX OIPEACISIeTCS] 3HaYeHHEM KOHCTAHTBI ¢ U COOTBETCTBYET
nHAeKcy Tecta. [ Toro ke npumepa tect PExT,(2, 4) ¢ nHAEKCOM 2, CHHTE3UPOBAHHBIN IS ¢ = 2, CO-
CTOUT U3 BCETO MHOKECTBA HA0OPOB ¢ BecoM 2 (Tadu. 2). Kommaectsenno tectol PExT(2, r) u PExT,(2, r)
cocTosiT U3 # + 1 HAOOPOB KAXK/BIH, a BCE MOCIEAYIONINE TECTHI BKIIFOYAIOT TaKOe KOIWYECTBO HAOOPOB,
KOTOPOE ONPENIENAETCs YMCIOM COYETaHUN U3 11 TI0 ¢, HallpUMeEp, KOJIMUYECTBO COYETaHUM U3 4 110 2 ompe-
JeTsIeT YUCIIo HabopoB, paBHoe 6, s tecta PExT,(2, 4), npuBeaenHoro B Tadm. 2. s moboro nces-
noucuepnbiBatoriero recra PExT.(2, r), ce{0, 1,2, ..., ¥ — 2}, BBINOJIHIECTCS BeChMa BaKHOE CBOWCTRBO,
chopMyIMpOBaHHOE B Y TBEPIKICHUH 2.

Yr1Bep:kaenue 2. /711 TponU3BOILHOTO TIEJOTO 7 > 2 U TF0O0TO 3HaYeHMs KOHCTaHTHI c€ {0, 1, 2, ...,
r — 2} ncepnoucyepnbiBaromuii rect PEXT.(2, r) umeet 3nauenue minH/D(T,, T) = 2.

Lokazamenvcmeo. 1lepBoHaYaNIBHO paccMOTpUM cirydaid, koraa ¢ = 0. Mcnonb3ys TepMHUHOIOTHIO
TEXHUUYECKON THAarHOCTHKH, TecT PExT\(2, ) MOXXHO ONMCaTh KaK TECT, COCTOSIIMN U3 7-Pas3psiiHOrO
JBOWYHOTO Habopa T, MpeCTaBICHHOTO HYJICBBIMH 3HAUCHUSIMHU, H KaK TECT «OETYIIUI HOMbY, BKIIIO-
yaroruid Habopsl T, Ty, T5, ..., T,. Kaxplit 3 HaOOpOB TecTa «OeryIini HOJbY BKIHOUAeT 7 — | euHIY-
HBIX 3HAYCHHUI U OTHO HYJIEBOE, KaK 3TO BUIHO Ha mpuMepe Tecta PExT(2, 4), mpuBeneHHOTO B Ta0M. 2.
YuureiBas, 4o » > 2, paccrosuue Xommunra HD(T,, T), tne je {1, 2, 3, ..., r}, MEX1y HyJI€BbIM Ha0O-
pom T, 1 IpoM3BOIbLHBIM HabOpoM T TecTa «OeryIuii Hob» coctaBut 7 — 1 > 2. 3nauenne HD(T,, T)),
i#je{l, 2,3, ..., r}, MeXIy J00ObIMH OBYMs HaOopamu TecTa «Oerylnid HOJb» PaBHSETCS JIBYM,
TaK Kak JIBa UX pa3psijia ¢ HyJIEeBBIMHU 3HAYCHUSIMU HE COBMAAIOT. TakuM 00pa3oM, MOXKHO 3aKJTIOUUTH,
uro ipu ¢ = 0 st recra PEXT((2, r) Beimonusercs pasenctso minHD(T;, T;) = 2.

s ciaemyromiero 3HaYEHUS KOHCTAHTHI ¢ = 1 mceBmomcuepnbiBatomuii tect PExT(2, r) co-
crout u3 Habopa 7, = 111...1 u Tecra «Oerymas envHUIa», MIpeacTaBIeHHOT0 Habopamu 7, T,
T;, ..., T,. O4eBUIHO, YTO YKa3aHHBIN TECT COCTOUT W3 MHBEPCHBIX 3HaYeHU HabopoB Tecta PEXT(2, r).

CoOTBETCTBEHHO, MCIONB3Ys CBOMCTBO paccrosiuus Xommuura HD(T, T)) = HD(]}, TJ) , MOXHO
3aKIIK0UUTh, 4T0 U A PExT(2, r) snauenne minHD(T,, T;) pasuserca 2. Bce nocnenyromue Tec-
el PEXT,(2, r), PExT5(2, 1), ..., PExT, ,(2, r) BKiIrouaroT HaOOPHI OJTHOTO HEM3MEHHOIO Beca w = ¢,
KOTOpBIH onpeaensieTcs uaaekcamu 2, 3, ..., r — 2 tecra. Hanpumep, tect PExT,(2, r) COCTOUT U3 BCe-
BO3MOXKHBIX Ha0OpOB, BeC W KOTOPhIX paBeH 2. [Tockonbky ¢ < 7 — 2, B TF000M U3 YKa3aHHBIX TECTOB
OyIyT IPUCYTCTBOBATh TECTOBBIC HAOOPHI, COJCPIKAIIIME HE MCHEE JIBYX HYJICBBIX 3HAYCHHMI, & UX KO-
JMYECTBO, TaK XK€, KaK U KOJMYECTBO €IMHUYHBIX, BO BCEX HA0OpaxX KOHKPETHOTO TeCTa ONMHAKOBO. J{7st
OTIIMYAKOIIMXCS TECTOBBIX HA00POB T} # T; OIMHAKOBOIO BECA, IPMHAIEKAIIETO MANa3oHy 2 <w<r—2,
paccrosinne Xommunra HD(T;, T;) # 0 B cuny ux ormuus. Kpome toro, HD(T;, T) # 1, Tak Kak Juist ABYX
HabopoB 7; # T; C OIMHAKOBBIM KOJIMYECTBOM €JIMHUYHbIX 3HAYEHUI U HE MEHEE JIByX HYJIEBBIX 3HAYE-
Huii HaOops! T; 1 T; OTIIMYAKOTCSA IPYT OT JIPyra Kak MUHUMYM B JIBYX paspsnax. COOTBETCTBEHHO pac-
crosuue Xommunra HD(T, T;) = 2. Takum 00pa3om, JUIsl NCEBIOMCYEPIBIBAIOIINX TeCTOB PEXT)(2, 1),
PExT5(2, 1), ..., PExT, (2, r), xak u nyis1 rectoB PEXT\(2, r), PExT,(2, r), cnpasenmuso minHD(T;, T;) = 2.
Uro u TpeboBaIOCH T0Ka3aTh.

Hus obmero cmyvas tectet PExT.(2, r) MOXHO paccMmarpuBaTh Kak Imabmonsl CRT(q., 2, r)
JUISL TIOCTPOCHUSI YIIPABISIEMBIX BEpOSATHOCTHBIX TectoB CRT(q,, 2 - Ln/r], n), cornacuo meromuke,
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paccMOTpPEHHOH B IpenblayuieM pasaene crarbu [8, 11]. ETMHCTBEHHBIM OTIMYMEM SIBISIETCSl BapHa-
TUBHOCTH KOJIMYECTBA ¢, TECTOBBIX HAOOPOB B 3aBUCHUMOCTH HE TOJBKO OT Pa3psiIHOCTH 7 IabloHa,
HO M OT BhIOpaHHOTO B KauecTBe mabnona tecta PExT,(2, ). COOTBETCTBEHHO PE3yNbTHPYIOMINI
tect CRT(q., 2 - Ln/r], n) Gyaer coctosTs 13 Takoro e KonmuIecTBa HAGOPOB ¢, KAK W MIAGIOH, HCIIONb-
30BaHHBIN /7151 €10 ocTpoeHns. KonmuecTBo ¢, BRIYUCISAETCS COTIACHO COOTHOIICHHUIO:

r+1, pna ¢=0,c=1;

- 2
9o [rj’ oasa c=2,3,..,r—2. @)
c

B kxauyecTBe mprMepa HCIOIb30BaHUsI NICEBIOMCUEepIIbIBAIOMINX TecToB PEXT(2, r) Kak 11abJoHOB
paccMoTpuM citydai, korna » = 6. B Tabn. 3 npuBeaens npumeps madnonoB CRT(q,, 2, 6) ans yka3aH-
HOTO 3HA4YEHUS 7.

Taonuua 3. [IpumMeps! m1adI0HOB Ha Oa3e rceBaoucUepIbiBaromx TectoB PEXT,(2, 6)
Table 3. Examples of templates based on pseudo-exhaustive tests PEx7.(2, 6)

RT(7,2,6) = RT(7,2,6) = RT(15, 2, 6) = PExT(2, 6) =
iPéihé?@ SPI;(“Z}}(’Z?)@ it 5; ng)xT4(2,)C6 20 CRT(20,2, 6) = PEXT(2, 6)
T, | 000000 T, | 100000 T, | 110000 [ T}, | 001010 T, | 111000 | T,, | 011100
7, | 011111 7, | 010000 7, | 101000 | 7,, | 001001 7, | 110100 | 7,, | 011010
7, | 101111 7, | 001000 7, | 100100 | 7,, | 000110 T, | 110010 | 7,, | 011001
7, | 110111 7, | 000100 7, | 100010 | 7,5 | 000101 7, | 110001 | 7,5 | 010110
T, | 111011 7, | 000010 T, | 100001 | 7,, | 000011 7, | 101100 | 7, | 010101
7, | 111101 7, | 000001 7, | 011000 T, | 101010 | 7,5 | 010011
T, | 111110 T, | 111111 T, | 010100 T, | 101001 | 7,, | 001110
7, | 010010 7, | 100110 | 7,, | 001101
Ty | 010001 T, | 100101 | 7,4 | 001011
T, | 001100 T, | 100011 | T,y | 000111

Kak BugHO u3 Tabm. 3, nmpuMepbl maOIOHOB XapaKTEPU3YIOTCSl Pa3UYHBIM KOJIUYECTBOM TECTO-
BBIX HaOOpOB ¢,, YHCIIO KOTOPBIX COOTBETCTBYET coOTHOIIeHHIo (2). JlelcTBuTensHo, coracHo (2),
YIpaBIIeMbIi BepOATHOCTHBIA TecT CRT(15, 2, 6), COOTBETCTBYIOIIHMIA TTCEBIONCUEPIIBIBAIOIINM TEC-
tam PExT,(2, 6) u PExT,(2, 6), OyzeT conepxars ¢, = 15 TeCTOBBIX HAOOPOB, B TO BPEMsI KaK TECTHI, T10-
ctpoeHHble Ha PEXT(2, 6) u PExT,(2, 6), coctosT u3 7 HabopoB. /laHHOE 00CTOSTENLCTBO TaK XKe, Kak
U COZIepKaHKE MIa0JIOHOB, COCTOSIINX U3 HAOOPOB C (PUKCHPOBAHHBIMH BECAMU, COIIPSKEHO C OTPaHU-
YCHUSIMU TIPU CUHTE3E YIPaBISIEMbIX BEPOSITHOCTHBIX TeCTOB. BO3MOXKHBI /iBe KpaitHue cutyaru. [lep-
Bas — noctpoenne tecroB CR7(q,, 2 - Ln/r], 1) ¢ MAKCUMaJIbHBIM KOJIMYECTBOM TECTOBBIX HAOOPOB ¢,
KOTOPBIC TOCTUTAIOTCS IS ¢ = r/2, €CIIN 7 YETHO, a TaKKe IS ¢ = Lr2)u ¢ =172 ] anst wewetnmix 7.
OnHaKo B 3TOM ClTy4ae CTPYKTypa TECTOBBIX HA0OPOB, 8 UMEHHO MX HEM3MEHHBIE Beca, MOXKET CyIIeCT-
BEHHO CKa3aThCs HA OOHApPYKUBAIOMIECH CIIOCOOHOCTH TaKWX TECTOB. BTopas cuTyarus 3aKiIrouaeTcs
B ¢opmupoBanuu CRT(q,, 2 - Ln/rl, 1) C MUHUMAJIBHBIM KOJIMYECTBOM TECTOBBIX HaOOpoB ¢, = r + 1.
B nmanHOM ciydae BO3MOYKHO TOCTPOCHHE TECTa, COCTOSIIETO M3 HaOOPOB, Beca KOTOPBIX NMPHHUMA-
FOT Pa3JIMYHbIC 3HAYCHHUS. DTO JOCTUTACTCS TEM, UTO PE3YJIbTHPYIONIUH YIIPaBIsSEeMbIi BEPOSITHOCTHBIN
tect CRT(q,, 2 - Ln/r], 1) CTPOUTCS ¢ Ucmonb3oBanueM mabdmonoB CRT(q,, 2, r) mubo ux Qparmen-
TOB, COCTOSIIIUX W3 7 + 1 HAOOPOB, /U pa3HBIX 3HAYCHUN KOHCTAHTHI C. 3MIECh MPOIIeypa MOCTpoe-
HUS YIPaBIsIeMbIX BEpOSTHOCTHBIX TecToB CRT(q,, 2 - Ln/r], n) na Gase TICEBIOUCUEPITBIBAIOIINX TEC-
toB PExT,(2, r) Ui IPOU3BOIBHOMN Pa3psIIHOCTH /1 IBOUYHBIX HAOOPOB TIO3BOJISIET C(POPMHUPOBATH OJTUH
13 TIOIOOHBIX TECTOB, 00IIIEe KOIIMYECTBO KOTOPBIX ONPEACISICTCS COOTHOIICHHEM:

Q-+ =3,
p |_n/rJ
Ocrr = r=2 3)
o 2+ [cj (r+1)t| L >3
e P
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Kak BugHO w3 (3), 4mMCIO yHpaBIsieMBIX BEPOSTHOCTHBIX TECTOB, IMOCTPOSHHBIX Ha OCHOBa-
wuu PExT,(2, r), Benuko. [IpuMep oqHOTO U3 TaKUX TECTOB JUIi ciydas n = 12 u r = 4, IOCTPOSHHOTO
Ha ocHoBaHuHU TectoB PExT (2, 4) ipu ¢, paBHoM 0, 1 u 2 (Tadn. 2), npencrasieH B Ta0. 4.

Tadnuua 4. YnpasisieMsnid BeposiTHOCTHEIH TecT CRT(S, 6, 12)
Table 4. Controlled random test CRT(S5, 6, 12)

CRT(q,, 2 - Ln/r], n)= CRT(5, 6, 12)
LftJ1JoltJtJoloJoJol1[o]T1
111 ]o]o 1lolo[1[1]o
nltlolt[t]lolt1lolo[1]olo]1
nloloflolo[ 11|t 1]1]of1]o
o111t ]oflolo[1]1]1]o0o]o0

OCHOBBIBasICb Ha MHUHUMAaJbHOM KOJHMYECTBE ¢, = 5 HAOOpOB, NEpBBIC YETHIPE pa3psia Tec-
ta CRT(S, 6, 12) hopmupyem mmyTem nepectaHOBKH HabopoB PExT(2, 4), a mocnenyomye YeThlpe re-
HepHpyeM ¢ ucnonb3oBanuem PExT (2, 4) (tabn. 4). OcranbHbie HAOOPHI OMPE/ICIICHBI TSTHIO U3 MIECTH
Habopos Tecta PExT,(2, 4), Beca w KOTOpBIX paBHsroTCs 2. Kak Buno u3 Tabm. 4, minHD(T,, T;) nis Tec-
ta CRIT(S, 6, 12) paBHSETCS 6.

Ouenka 3¢ (peKTHUBHOCTH PUMEHEHUsI YIIPABJIsieMbIX BEPOSTHOCTHBIX TECTOB

D¢ eKTHBHOCTD YIPABISIEMBIX BEPOITHOCTHBIX TECTOB TPAAULUOHHO MPHHSATO CPAaBHUBATD C 3(-
(hEeKTHBHOCTBIO BEPOSITHOCTHBIX TECTOB, COCTOSIINX U3 TAKOTO )K€ KOJINYECTBA TECTOBBIX HAOOpoB [2, 3].
Juist 3anoMuHAIONHX YCTpoicTB (3Y) npuMeHeHHe BEPOsSITHOCTHBIX TECTOB, COCTOANIMX U3 / HAOOPOB,
MO3BOJISICT AOCTHYb MONHOTHI NOKPBITHS F'Cp(Fault, ) nx HencnpaBHoCTeH Fault, onieHMBaeMOl BbI-
paxenuem u3 [8, 12]. B ciyuae 3V cirydaiiHbIil TeCTOBBIN HAOOP MPUMEHSETCS B KAY€CTBE HAYAILHO-
IO COCTOSIHUS €TO s[UeeK, a MO CIOKHBIMH X HEHCIIPAaBHOCTSAMH IMOHUMAIOTCS KOJOYyBCTBUTEIHHBIE
HeucnpaBHoctu PNPSFk, tne k 0003HauaeT KOJIMYECTBO MPOU3BOIBHBIX SYEEK, yUACTBYIOUIMX B HeE-
WCIIPaBHOM ITOBeIeHUH 3Y eMKOCThIO 71 OuT [2, 8, 12]. MI3BecTHO, 4TO HE3aBUCHMO OT ITePBOHAYAIHHO-
ro coctossHUS 3Y MOJHOTA MOKPBITHA MapIieBoro tecta, Hanpumep, MATS++, FCyarg:(PNPSFE, 1),
orpezensiemMasl Kak OTHOIICHHE 0OHAPYKCHHBIX HEUCTIPABHOCTEH K UX 00IIeMy YHCITy, IPUHUMAET IO~
crossHHOe 3HadeHne. s PNPSF3 st1o 3uauenne — FCyarg (PNPSF3) = 25 % [2, 8, 12]. IIpoana-
JTU3UpOBaHa CMocoOHOCTh [-kpaTHOrO Tecta MATS++ oOnapyxuBare HeucnpaBHoctn PNPSFk
IIPU UCTIOJIb30BAHUU CITydaHbIX cocTosiHui siueek 3Y (Random) u cocTosiHMiA, onpenensieMbIX TecTa-
mu CRT(13, 2, 12), CR1(7, 4, 12), CRT(5, 6, 12). Yka3aHHbIE TECTHI SBISIOTCS PE3YIHTATOM MTPUMEHE-
HUS TIPEAJIaraeéMoi aBTOpamMu CTaTbl METOANKH, PACCMOTPEHHOM B TPEABLAYIIEM pa3ieie, U OMUCHIBa-
torest kak CRT(13, 2, 12) = PExTy(2, 12), CRT(7, 4, 12) = PExT\(2, 6) + PExT(2, 6), CRT(5, 6, 12) =
= PExTy(2,4)+ PExT\(2,4) + PExT5(2,4). Tect CRT(5, 6, 12), cocTosituii U3 ISTH TECTOBBIX HAOOPOB,
MpeJIcTaBlIeH B Ta0I. 5.

Tadauna 5. [Tonnora nokpsitust FCyyypg. (PNPSE3, [) (%) neuctipaBnocteit PNPSF3
Table 5. The faults coverage FC), . .(PNPSF3, [) (%) of PNPSF3 faults

T; Ty T, T, T, T, T Ts I; Ty Ty
Random 25 | 43,75 | 57,81 | 68,35 | 76,27 | 82,20 | 86,65 | 89,98 | ... | 96,83 97,62
CRT(13,2,12) | 25 | 32,95 | 37,50 | 41,67 | 45,83 | 50,00 | 54,17 | 58,33 | ... | 75,00 100,00

CRT(7,4,12) | 25 | 39,39 | 48,86 | 56,82 | 64,77 | 72,73 | 95,45 - — —
CRT(5,6,12) | 25 | 44,32 | 59,09 | 72,35 | 90,15 - - - - —

[IpuBenenHsble B Tal). 5 pe3yabTaThl IHOATBEPKIAIOT TMIIOTE3Y O CYLIECTBEHHOM NPEUMYIIECTBE
yIpaBsieMbIX BEPOSITHOCTHBIX TECTOB HaJ BEPOSITHOCTHBIMU TECTAMH, 3aKJIIOYAIOIIEMCS] B OOJIbIIEH
3¢ PeKTUBHOCTH OOHAPYKEHHSI CIOKHBIX HeucnpaBHocTel 3Y, takux kak PNPSF3. Ilpu cpaBHeHUH
paccMaTpuBaeTCsl CyMMapHasi TOJIHOTA HOKPBITHA Ul OJMHAKOBOM JUIMHBI ¢ CPABHUBAEMBIX TECTOB.
3ameTHO OOJbIIAst MOKPBIBAOLIASE CIIOCOOHOCTH HAOMIOAAETCS ISl MAJIBIX 3HAYEHHH 7, KOTIa ¢ TIPHHUMA-
eT HeOobIe BeanurHbl. Hanpumep, kak 310 BUIHO U3 Tadi. 5, s noctpoenus tecta CRT(S, 6, 12),
IIPEACTABIEHHOIO0 B TalJl. 4, UCIOJIB30BAIMCh IICEBIOMCUYEPIbIBAIOIIUE TECThl il 7 = 4. B ciydae
CRT(7,4,12) r=6, a nnst CRT(13,2,12) —r=12.

98



Joknager BI'YUP Dokrapy BGUIR
T. 23, Ne 2 (2025) V.23, No 2 (2025)

3aKJIroueHue

1. IIpencraBieH METOA HOCTPOCHUS YIPABISEMbIX BEPOATHOCTHBIX TECTOB Ha 0a3e MCUEPIbIBAIO-
LIMX U TICEBAOMCUYEPIBIBAIOIINX TECTOB IyTEM MacIITa0MPOBAaHUS HCXOAHBIX IA0JIOHOB 710 TpeOyeMoi
Pa3pAIHOCTH TECTOBBIX HAOOPOB.

2. Ha npumMepe oneparnBHOTO 3allOMHHAIONIETO YCTPOMCTBA MOKa3aHa dPPEKTUBHOCTh yIpaBJisie-
MBIX BEPOSTHOCTHBIX TE€CTOB, IIOCTPOCHHBIX C IPUMEHEHUEM IOAXO0AA, MPEIOKEHHOIO aBTOPaMU,
10 CPAaBHEHHIO C BEPOSITHOCTHBIMU TECTAMH.

3. JanpHeilimue uccneaoBaHms LEIeco00pa3HO pacIIMpUTh B YaCTH CBOWCTB MPEATIOKEHHOTO Me-
TOJa U €ro MCHOJb30BAaHUS AJS PA3IMYHBIX 337a4 TECTOBOIO AMATHOCTHPOBAHUS BBIYMCIUTEIBHBIX
CHCTEM U MX KOMIIOHEHTOB. Hamboiee MHTEpeCHBIM MpeNCTaBsieTCs MPUMEHEHHE PacCMOTPEHHOTO
MeToaa (OPMUPOBAHNS YIIPABIISIEMBIX BEPOSTHOCTHBIX TECTOB JJIsl TECTHPOBAHHS IIPOIPAMMHOTO 00ec-
MIEYCHMUSL.
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WCCJIEJTOBAHUE AIIIMAPATHOM PEAJIN3AIIMM HEMPOHHOM CETU
MPAMOI'O PACITPOCTPAHEHMUSA
JJISA PACIIOSHABAHUSA PYKOIIMCHBIX IU®P HA BA3E FPGA

E. A. KPUBAJIBIIEBNY, M. 1. BAILIKEBI1Y

benopyccruii 2ocyoapcmeennuiil ynugepcumen unGOpMamuxi u paouodieKmpoHuKy
(Munck, Pecnybnuka Benapyce)

AnHotanusi. Pa3paborana ammaparHasi peanu3anusi Ha 0a3e MPOrpaMMHUPYEMBIX JOTHYECKHX HHTETrPaJIbHBIX
cxeM (IIJIMC) tuna Field Programmable Gate Array onHOCIIOMHON HEHPOHHOW CETH MPSIMOTO PACIIPOCTPAHEHHS
JUISL pacrio3HaBaHUs pyKONHUCHBIX I (p. MccnenoBano BIUsIHNAE pa3psAHOCTH KO3 GUIIMEHTOB CETH HA TOYHOCTh
pacrio3HaBaHus M Ha anmaparssle 3arparsl [IJIMC. O0yuenne HEHPOHHON CETH BBITOIHSIOCH C TIOMOIIBIO 0a3bl
pyxonucHbIX 1dp MNIST. IIporotun HelipoHHOI ceTn ObuT peasin3oBaH B Buae IP-sapa Ha omianovHO mia-
Te ZYBO Z7. Pa3zpaGoTaHHBIN MPOTOTUI HCIIOIB30BAJICS /IS BRITOJHEHUS SKCIICPUMEHTOB C Pa3IMYHON pas-
PSTHOCTBIO MPE/ICTAaBICHUS KO (UIIEHTOB HEHpOoHHOH ceTn. [TocTpoens! rpadKi TOYHOCTH PACIIO3HABAHMS
U KoJMuecTBa ammapatHeix pecypcoB I[IJIMC B 3aBUCHMOCTH OT Pa3psLAHOCTH IPEIACTABICHUS KOIPPUIIMCH-
TOB HEWPOHHOI ceTH. BBITIONIHEH aHaIN3 MOTYYCHHBIX B Pe3yabTaTe 00y4eHUsI HeHPOHHOH ceTH K03 (HUITIEHTOB
C UCIIOJIb30BaHMEM DPa3JIOKEHHsI Ha OWTOBBIE MockocTh. [TokazaHo, 4To mist mpeacTaBieHus Kod(huIreH-
TOB HEHPOHHOM CETU JOCTATOYHO 5 pa3psiIOB, MOCKOJIBKY OHH COICPKAT OCHOBHYIO, YCBOCHHYIO CEThIO, HH(OP-
MaIuio, obecrednBas ’JKoHOMHOE pacxonoBanue pecypcos IIJIMC u BeICOKYIO TOUHOCTE pacnio3HaBanus (92,4 %).

KuaroueBble ciioBa: HelipoHHAs ceThb, pacloO3HAHWE PYKOMHUCHBIX 1u(p, nonHocBszHbli cioid, MNIST, FPGA,
OUTOBBIE TIIIOCKOCTH.

Kongankt uHTEpecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBHHU KOH(IMKTAa HHTEPECOB.

Just nutuposanms. Kpusansuesuy, E. A. MccnenoBanue anmnaparHoil peaau3aluyd HEUPOHHON CETH NPSMOIo
pacripocTpaHeHHs JUIsl pacrio3HaBaHus pyKonucHbIX 1udp Ha 6aze FPGA / E. A. KpuBansresnu, M. U. Bamike-
Buu // Joxnanet BI'YUP. 2025. T. 23, Ne 2. C. 101-108. http://dx.doi.org/10.35596/1729-7648-2025-23-2-101-108.

INVESTIGATION OF HARDWARE IMPLEMENTATION
OF A FEEDFORWARD NEURAL NETWORK
FOR HANDWRITTEN DIGIT RECOGNITION BASED ON FPGA

EGOR A. KRIVALCEVICH, MAXIM I. VASHKEVICH

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

Abstract. A hardware implementation based on Field Programmable Gate Array (FPGA) of a single-layer feed-
forward neural network for handwritten digit recognition has been developed. The effect of the network coeffi-
cient bit depth on the recognition accuracy and FPGA hardware costs has been studied. The neural network was
trained using the MNIST handwritten digit database. The neural network prototype was implemented as an IP core
on the ZYBO Z7 debug board. The developed prototype was used to perform experiments with different bit depths
of neural network coefficient representation. Graphs of recognition accuracy and the amount of FPGA hardware
resources depending on the bit depth of neural network coefficient representation have been constructed. The coeffi-
cients obtained as a result of neural network training have been analyzed using decomposition into bit planes. It has
been shown that 5 bits are sufficient to represent neural network coefficients, since they contain the main informa-
tion learned by the network, ensuring economical use of FPGA resources and high recognition accuracy (92.4 %).

Keywords: neural network, handwritten digit recognition, fully connected layer, MNIST, FPGA, bit planes.
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BBenenue

Heiiponnsie cern (HC) urparor kiarodeByl0 poib B Pa3BUTHH HMH()OPMAIMOHHBIX TEXHOJIOTHH,
0cO00EHHO B TaKMX OO0JIACTSAX, KaK KOMITBIOTEPHOE 3pPCHHE W MCKYCCTBeHHBINH MHTEIUICKT [1]. Iupo-
koe pacnpoctpanenue HC npuBoauT K TOMy, 4TO MOSBISIETCSI HEOOXOAUMOCTh CO3/IaHUsI CIICIIMATbHBIX
anrnapaTHbIX aKCeJepaTopOB, MO3BOJISIOMINX MOBBICUTH MPOU3BOAUTEIBHOCTD MPUIIOKEHUI, OCHOBAH-
HBIX Ha HelpoceTeBbIX TexHonorusx. [Iporpammupyemsle morudeckue nurerpanbable cxemsl (IIJIMC)
tuna FPGA (Field Programmable Gate Array) mpeacTaBisitoT co00H peKoH(UTYpUPYEMbIC BBIYUCIIH-
TeJBHBIC TIaT(GOPMBI, UMEIONNE HEBBICOKOE dHepronoTpednenue. [1o atoit npuunne [1IJIMC gacto BBI-
OMparoT B Ka4eCTBE BHIUMCINTEIbHOM cpenbl amst peanuzaunu HC, ocobeHHO B Tex cityyasix, Koraa npo-
M3BOJUTEIBHOCTH MPOLIECCOPOB OOLIEr0 Ha3HAYEHUs] HEJOCTAaTOYHO, a BBICOKOE HHEPronorpediaeHne
rpaduuecKuX NPoLECCOPOB HEMPUEMIIEMO. DTO 0COOCHHO aKTyallbHO B KOHTEKCTE Pa3paboTKH BCTpau-
BaeMbIX CHCTEM U pOOOTU3MPOBAaHHBIX I1aTopm [1-3].

K nmpeumymectBam ammapataoit peanuzanuu HC na 6a3ze [TJIMC otHOCHTCS BO3MOXKHOCTH TIPH-
MEHSTH TIOJH30BATEIBCKUE THUIIBI JAHHBIX, MTO3BOJSIONINE KOHTPOIUPOBATh TOYHOCTH MPEICTABICHUS
rapaMeTpoB HelpocereBoil Monenu [2]. Ilpudem BBIOOpP TOYHOCTH TIPECTABICHUS HANpsAMyO Oyner
BIMATh Ha anmapartHele 3arparel [IJIMC, HeoOXomumble it oOecriedeHus! BBINOIHEHUS ONepaunuit
HaJl JaHHBIMHU.

Lenp nccnenoBanuii aBTOpoB — pazpaboTKa anmaparHoi peanusanuu ogHocnoiHoi HC mpsimoro
pacnpocTpaHeHus JJIsl Paclio3HaBaHHs PYKOIMCHBIX MUQP, a TaKKe M3yUYeHHE BIUSHUS Pa3psSaHOCTH
k03¢ PunrentoB HC Ha TouHOCTH pacno3naBanus 1 Ha anmapartasie 3arparsl [IJIUC. [l o6yuenns HC
HCIIONIh30BaNIach 0a3a m300pakeHnii pykonmucHbIX udpp MNIST, kotopas sensercs HanbOoee TOCTyTI-
HOM 1 yIOOHO# TSl NCCIIeIOBaTEeNIbCKON 3aIa4H.

[Iponecc pazpaboTku U uccienoBanue anmaparHod peanusanuu HC pa30uBajcs Ha HECKOIBKO
sTanoB. Ha mepBoM BBIMOMHSUIMCH pa3paboTka v 00yueHHe MOJICNIN C HCIIOIb30BaHHEM si3bika Python
u oubmuorexn PyTorch. Ha Bropom srtame paspabarbiBaniich apxutekTypa u onmcanue [P-6moka HC
¢ mpuMeHeHneM si3bika SystemVerilog. Ha Tpetsem npoBoaniock npototunuposanne HC Ha oTnamou-
Holl are ZYBO Z7. Ha 3aKkiounTenbHOM 3Talle BBITOIHSIMCH SKCIIEPUMEHT U aHAJIU3 HOJIYYEHHBIX
PE3YJIBTaTOB.

Pa3zpadoTka nporpaMMHoii MojiesI HelPOHHOM ceTH

PaccmarpuBanach 3aaua pacro3HaBaHUSI PYKONMCHBIX HUGP 10 M300paskeHUsM U3 HaOopa JiaH-
Heix MNIST, kotopslii cogepkan 70 ThIC. MOMYTOHOBBIX M300paxeHUil pazmepamu 28x28 mukcenei
pykorucHbIX mugp — ot 0 1o 9 [4]. HaGop pa3duT Ha 1Be 4acTu BHIOOPKU: TPEHUPOBOYHASI M TECTO-
Bast — 60 1oIc. 1 10 ThIC. M300paxeHnit cooTBeTCTBeHHO. Vcnonp3oBanack ogHocnoinas HC mpsmoro
pacIpoCTpaHeHHUs, COCTOSIIAS U3 MIOJTHOCBI3HOTO CJIOS C BRIXOAHOU (hyHKITHEH akTHBAIMU softmax [5].
Crpykrypa HC npencrasnena Ha puc. 1.

MONHOCBA3HbINA CNON

Puc. 1. CrpykTypa HelpoHHOM ceTu

Fig. 1. Structure of a neural network Softmax
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Ha Bxonme umeercs 784 = 28x28 HelipoHa, KaKABIH MOAKIIOYEH K OAHOMY W3 MHKCEIed n300pa-
KeHusl. Ha BbIXozie mony4aercs CJIOH ¢ IeCAThI0 HeWPOHAMH 10 OJIHOMY Ha Kaxayro mudpy. Kaxasiit
u3 10 BeIXomOB popMUpyeTCs Kak JuHEeiHas koMOnHauus 784 BXOIOB:

783
»; = softmax Zwl.jxj +b |, (1
Jj=0

IJIE y; — BEPOATHOCTD TOTO, YTO MOJAHHOE HA BXOJ M300pPaKEHUE OTHOCHUTCS K KIIACCy i; Wy; — BECOBOM
K03 (DUIIUEHT, ONIPEICIISFOIINI BIMSHHUE j-T0 MMUKCENIsl BXOJHOTO M300paKeHUsI Ha BEPOSITHOCTh OTHECE-
HUsI BXOJIHOTO U300p@XKEHUS K i-MY KIJIACCY; X; — j-H MUKCENb M300paxenust; b; — cMelenne (CBoOOMHbIH
gnen), i =0, ..., 9.

Marpuny pasmepamu 10x784, cocTaBIeHHYI0 U3 BECOBBIX KOO(DPUIMEHTOB Wy, OyleM Ha3bIBaTh
MaTpulieii BecoB 1 0003Ha4ath yepe3 . B npornecce o0yuenus HC ucnonb30Baics MeTo]] CTOXaCTHYEC-
KOTO TPaINEHTHOTO CITycKa [5, 6], KOTOPBIH IMEeT /1Ba HACTPOEUHBIX IMapaMeTpa: CKOPOCTh OOYUIESHHS OL
U TIapaMeTp UHEPIHH :

Ve TV T aVL 2
W, =W =, €)

e V, — CKOPPEKTUPOBAHHBIN IPAIMEHT C YUYETOM apamerpa WHepuuu; VL — rpajueHT QyHKIUU 1mo-
Tepb; W,— marpuna BecoB HC Ha TexyIiem mare ?.
B kauecTBe (DyHKIMH OTEPh MCIIOIB30BANIACH IEPEKPECTHAS SHTPONHS

iiémlog(y,?"’), (4)

L=t
N n=1i=0

rae tl.(”) — i-51 KOMIIOHEHTA METKH /1-T0 U300 payKeHMsI, TPEJICTaBIEHHON B YHUTApPHOM KoJie; N — KOIUYecT-
BO M300pakeHwmii B Oase.

st o6yuennst HC BXomHbBIC TaHHBIE HOPMHPOBAIUCH TAKUM 00pa3oM, 9TOOBI CpEeAHEKBAPATHICC-
Koe OTKJIoHeHHe paBHsIochk 0,5. MacmTadrupoBaHue TaHHBIX YITydlIaeT MPOU3BOJUTEIBHOCTD U YCKO-
psier npouecc odyuenus HC. OGyuenue BeimonHsuioch Ha 10 ThIC. 3moxax, mapameTp CKOpocTH 00y-
yeHus o ycranasiuBaics paBabM 0,003, a naepumu — v = 0,9, 4T0 O3BOIHMIIO YCKOPUTH CXOAUMOCTH
nporecca 1 n30eKarh 3aCTPEBaHuUs B JIOKaJIbHBIX MUHUMYMax (yHKIMU 0Tepb. Ha puc. 2 nzobpaxeH
rpaduk QpyHKINHU IOTEPb, KOTOPBIN MOKA3bIBAET, YTO Mpolecc onTuMu3anuu napamerpoB HC comencs
Y JampHEHINX nTepanuii o0ydeHus He TpeOyeTcs.

L0

o ‘

52 | |

E 504 | 3noxa 10 000 )
= PyHKUWA noTeps 1,6196
g 1,8 : :

=

>

€ 1,6 +—

0 2000 4000 6000 8000 10000
Homep 3anoxu
Puc. 2. Pesynprarer 00ydeHnss HSHPOHHOH CeTH
Fig. 2. Neural network training results

AnmnaparHas peaju3anusi HeliponHoii cetn Ha FPGA

Ha nagansHOM 3Tame Obuta paspaborana ctpykrypa IP-Onoka HC, mokasanHast Ha puc. 3. Bol-
YHUCIUTEIBHOW OCHOBOHM pazpaboTaHHOTO ycTpoicTBa sBsuiuch aecsitb MAC (Multiply-Accumulate
Operation) siziep, BBIIONHSIOLIMX YMHOKEHNE BEKTOpa U300paskeHust Ha Marpuny BecoB HC u o0benu-
HEHHBIX B 00K OJIOK IMOJIHOCBSI3HOTO ¢J10s1. Be100p MeHHO necstu MAC-sjep onpeaesieTcst Y4uciom
pacmo3HaBaeMbIX KJIaCCOB U300paKeHus, B 00IIEM CiTydae pacuyeT BBIXOJHBIX 3HAYEHHUH MTOTHOCBS3HOTO
CJIOSl MOXET OBITH BBITIOJNHEH C HCIIOJIb30BaHUEM Tpou3BoibHOTO yrcia MAC-saaep. OmHako BBEIOOD
necsitu MAC-sjiep Mo3BOJISIET CYIIECTBEHHO YIIPOCTHTh YCTPOMCTBO yripasieHus. J{is peanuzanum ym-
noxuresnss MAC-siipa Obiia BIOpaHa MaTpuuHasi CTpykTypa. IP-0510k ucrnons30Basics Kak KOMIIOHEHT
cucreMbl Ha kpucrasuie. [lpuem/mepenaya naHHBIX M YIIPaBICHUE YCTPOHCTBOM OCYLIECTBISUIUCH IIO-
CPEJICTBOM PETUCTPOBOTO (aiina, KOTopbIi uMeeT uP-uHTepdeiic.
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Puc. 3. Crpykrypa IP-6510ka HelipoHHOM ceTn
Fig. 3. Structure of the IP block of the neural network

[To uP-unTepdeticy ot mporeccopuoii cucremsr (I1C) B IP-6:10k mocnenoBarenbHO MOCTYNAOT MTHK-
celn U300pakeHusl. 3HaYUeHUE OUEPEAHOTO MUKCEeNsl H300pakeHus mofaeTcs Ha Bxoasl Bcex MAC-sanep,
OZJHOBPEMEHHO C 3TUM YCTPOMCTBO YIpPAaBJICHHUS yBEIMUYMBACT 3HAUYCHHE CUETUYMKA, KOTOPBIH yKa3bl-
BaeT ajpec Tekymero koaddumuenta HC, xpansmierocst B namsati. Kaxnoe MAC-sipo pou3BOIUT
784 onepanuy yMHOXKCHUS 3HAYCHUSI TUKCEIsl HA COOTBETCTBYIOMIHIA BecoBol kodddumnuent HC. B pe-
3yjabTare pacdera (GOpMHUPYETCsl MAaCCUB U3 AECATH IEMEHTOB, NIPEACTABIISIONINN BbIXOJHbIE JaHHBIC
cios. Jlanee momy4yeHHBI MacCUB MOCTYNAET Ha BXO OJI0Ka ITOMCKA MHIECKCa MAKCUMAIIBHOTO 3JIEMEH-
Ta (Ha puc. 4 o6o3HaueH kak «MHuekc makc.»). B 1anHOM 0J10Ke MPOUCXOIUT CPaBHEHUE BCEX BXOAHBIX
3HAUEHUH M OCYILECTBISIETCS BBIOOP HAMOONBLIETO IEMEHTa MacCHBa, MHICKC KOTOPOTO MepeaaeTcs
Ha BBIXOJ B Ka4eCcTBE pe3ylibTara pacno3HaBaHud. HaiinenHoe uncio nepenaercs ooparno B IIC, nc-
onb3ys UP-unaTepdetic. O0mas cTpykTypa pa3padoTaHHOW CHCTEMBI IJIST PACIIO3HABAHUSI PYKOITUCHBIX
nudp Ha 6a3e omramouHOM maTel Zybo Z7 mpencrasieHa Ha puc. 4.

ATK Zynq-7000
I Mporpammupyemas =
I normka = Peructp.|———>{ Curumx]| |
o e S \ thann ¥ Y — |
|| <>|Ethernet| | T MONHOCBA3HbIN |
| ARM MpeobpazoBatens cnow
| <»| GPAXI [«bnl wireDpbeiicos I |
|| TpoueccopHas ! ”"320" MHAaeKc makc. |
|l-__ cuctema _I | I
| i d

Puc. 4. Ctpykrypa cuctemsl Juisl pacrio3HaBaHMs pyKOIMHMCHBIX (P Ha 6a3e omianouHol marsl Zybo Z7
Fig. 4. Structure of the system for handwritten digit recognition based on the Zybo Z7 debug board

[Iponeccopnas cucrema cocrout u3 nporeccopa ARM Cortex-A9, koutponepa Ethernet mist cBs-
3u ¢ nepcoHanbHbIM KommblotepoM (I1K) u 6moka GP AXI ans coeaunenus nmo AXI-untepdeiicam
C IpYTUMH OJIOKaMH, PacTIOIOKEHHBIMU B 00JIACTH MPOTPAMMHUPYEMOH JIOTHKH KpucTaiuia Zyng-7000.
st coenuraenwnst [1C ¢ pa3zpadoranasiM [P-6:10k0M HcIToNb30Baics mpeodpa3oBarens naTepdeiica uP
B AXI4-Lite. IIC pabotaer nox ynpasienrneM ornepannoraoi cuctemsl Linux (PYNQ), Ha xoTopoi 3a-
myeHo siapo Jupyter Notebook. Python-0ubnnorexa PYNQ no3BosisieT noiay4nTh JOCTYH K aAPECHOMY
MIPOCTPAHCTBY MPOLECCOPHON CUCTEMBI, HA KOTOPOE 0TOOPaKeHbI perucTphl pazpadoranHoro IP-6moka.
Takum 00pa3oM, B MPEACTaBICHHOM MPOTOTHUIIE €CTh BO3MOKHOCTh TI0/IaBaTh TECTOBBIC N300paKEHUS
HETIOCPEICTBEHHO Ha alapaTHbIi 0JIOK U3 OJI0KHOTA Jupyter, 4To AaeT OOJIBIIY0 THOKOCTE IPH OTIa -
K€ ¥ TECTUPOBaHUU IIPOEKTA.

104



Joknager BI'YUP Dokrapy BGUIR
T. 23, Ne 2 (2025) V.23, No 2 (2025)

3KCHepI/IMeHTaJIBHBIe HCCJICA0OBAHUSA U UX pPe3y/ibTaThbl

Ha »srtane TectupoBaHus UCCIIENO0BAJIOCh BIUSHUE PA3pSTHOCTH BECOBBIX KO3(DPHUIIMEHTOB HA TOU-
HOCTB pacrio3HaBaHust uup 1 Ha annaparHblie 3aTparbl FPGA. PaspsnHocts koadduunentos HC nzme-
Hs1ach OT 2 710 16 OuT. Jlns kaxoit paspsygHoCTH poun3Bomiiack nogada Ha HC Bcex 10 Thic. TecTo-
BbIX m300pakenuit 6a3pl MNIST. s aHanu3a Moy9eHHBIX PE3yJbTaTOB BHITIOIHSIOCH MIOCTPOCHUE
MaTPHIIbI OMIHOOK, KOTOPast TIOKa3bIBAET TOYHOCTh OMNpeae/ieHUs] (P B MPOLECHTHOM COOTHOIICHHUU.
Ha pwuc. 5 npeacrasieH nmpuMep MaTpHUIThl OITHOOK.
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Puc. 5. Marpuna ommoOo0K ai1st S-pa3psiTHOTO IPEJICTaBICHHs BECOB HEHPOHHOH CETH
Fig. 5. Confusion matrix for 5-bit representation of neural network weights

Ha ocHOBaHNM MOJTy4EHHBIX PE3yJIbTaTOB MOXKHO CIearh BbIBOA, 4TO Iudpa 1 pacnosnaercs HC
Jy41e Bcero (TouHocTh — 97,9 %), Xy»Ke BCero NporCcXOIUT pacrio3HaBaHue uugpsl S (tounocts — 87,0 %),
yame Bcero HC myTaer uudpy nsate ¢ BockMepkoi (4,3 %) u tpoiikoii (3,8 %). Ob1iast TO4HOCTH pac-
no3HaBanust — 92,4 %, uro Ha 2,0 % Oombire, yeMm B [3], rne paccmarpuBanach FPGA-peanu3zarus
ceeprouynoit HC.

HccnenoBanme anmapaTHBIX 3aTpaT OCYMIECTBISLIOCh HA OCHOBE OTYETOB O Pa3MEUICHUH MPOEKTa
Ha FPGA, momy4eHHbIX B cpene Xilinx Vivado. AHanm3 anmapaTHbIX 3aTpaT MPH Pa3IAdHON pa3psTHOC-
TH BecoBbIX ko3¢ uunenToB HC mokasan, 4to npu yMeHbIICHUN PA3psSIIHOCTH YMEHBIIACTCS YUCIIO
TpeOyembix i peanmusaun HC 61okoB LUT (Look-Up Tables) u FF (tpurrepos). [omydenusie pe-
3yJBTaThl SKCIIEPUMEHTOB MPEICTABIECHBI Ha PUC. 6, T/Ie TOKa3aHbl TOUHOCTH PACIIO3HABAHMUS, KOJTMYECT-
BO ucnonb30BaHHBIX dneMeHToB LUT u FF B 3aBucumocTH ot paspsigHocty kodddunuentos HC.

100 g
r7500 £

° 751 —&— Tounocrn i
& | ]
§ 504 5000 3
: :
=25 L2500 &
3

oL ® . ‘ ‘ . <

2 4 6 8§ 10 12 14 16
PaspsiHOCTS KOIQDHITHEHTOR HEHPOHHOI CeTn
Puc. 6. TouHOCTD W anmapaTHbIe 3aTpaThl HA peaTu3aluio HEHPOHHOU CeTH
B 3aBHCHMOCTH OT Pa3psAHOCTH KO(PPHUIMEHTOB HEHPOHHOH ceTH
Fig. 6. Accuracy and hardware costs for the implementation of a neural network depending
on the bit depth of the neural network coefficients

W3 puc. 6 BuaHO, 4TO ¢ ABYXPa3psAHOTO IO ISITUPA3PSAHOTO MPEACTaBICHHS BECOBBIX KO3(hu-
LMEHTOB HAOIIOAAETCS] CKaYKOOOpas3HbIi MpUpocT B TouHOCTH. HaumHas ¢ paspsaHocTd 5 U 10 pas-
psanoctu 16 rpaduk TOUHOCTH NPUHUMAET JIMHEHHBIN BU, YTO CBUAETEIHLCTBYET 00 OTCYTCTBUU 3Ha-
YUTENbHBIX U3MEHEHUH B TOYHOCTH. [pauK 3aBHCUMOCTH KOIMYECTBA UCIONB3yeMbIX TpUrrepo FF
oT pazpsaaHocT kodpduurenroB HC nMeeT BUA NPaKTHUECKU FOPU30HTAIBHON TPSMOM, YTO CBUJIE-
TENBCTBYET O HE3HAYUTEIHHOM BIMSHUU Pa3psAIHOCTH Ha WX KONMYECTBO. |padmk 3aBHCHMOCTH KO-
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muecTBa 010k0B LUT MOCTOSHHO pacTeT ¢ yBeJIMYEHHUEM Pa3psiIHOCTH, YTO CBS3aHO C YBEIHUCHHEM
pa3Mepa yMHOKHUTEIS U CyMMaTopa, KOTopble uconb3ytorcss B MAC-sapax.

3arpats! 11 wiatel Zybo Z7 u3 cemeiictBa FPGA Xilinx Zynq-7000 1 nsiTupa3psAHOTO IpeacTaB-
nenust BecoBbix k03 dunuentoB HC npuseaens: B Tad. 1.

Tabauna 1. AnnaparHsle 3aTpaThl Ha peain3aluio HeliporHoii cetn Ha FPGA Zybo Z7
Table 1. Hardware costs for implementing a neural network on FPGA Zybo Z7

KonnuecTBo 6J10KOB, IIT.
BapwuanT Gimoka Hcnons3oBanue, %
HCITOJIb30BaHHOE | JOCTYITHOE
OO6mme 3arparbl
LUT kaxk Jioruka 2180 17 600 12,39
LUT xak naMsTh 60 6000 1,00
Tpurrepst 862 35200 2,45
brnouynas naMsTh 10 120 8,33
3arpatsl Ha MAC-s11po
LUT xak noruka 155 17 600 0,88
Tpurrepsl 11 35200 0,03
Wupekc maxc.

LUT kak Jioruka 276 | 17 600 1,57

TlomHOCBSI3HBIHN CIOM
LUT xak noruka 1685 17 600 9,57
Tpurrepst 126 35200 0,36
brnounas namsTh 10 120 8,33

Ji1st TOro 4ToOBI 00BACHUTH (PEHOMEH COXPAHEHHUSI TOUHOCTH PACIIO3HABAHMUS [TPU YMEHBILIECHUH Pa3-
paaHOCTH KO3 PHIMeHTOB (puC. 6), BRIMOIHIN aHaau3 MaTpullel BecoB HC ¢ ncmonbp3oBaHneM pasz-
JIOKEHHS Ia0JIOHOB, TIOJTyUYEHHBIX HEHPOHHOM CEThIO B pe3yJbTare 00yueHHs, Ha OUTOBBIE TUIOCKOCTH.
Jist 3TOTO Kak/asi CTpoKa MaTpHLbl BECOB IPe00pa30BhIBAIACh B U300paKeHHE pa3MepamMu 28x28 1 Kax-
JIBIH TTUKCEINb TIEPEBOAMIICS K THITY uint8. 3areM n300pakeHHe packiajbIBajIoch Ha OUTOBBIE TIOCKOCTH.
B nanHOM cityyae OUTOBas IJI0CKOCTh — 3TO IBOUYHOE U300paskeHHe, CHOPMUPOBAHHOE 13 Habopa OUTOB,
3aHMMAIOIIUX OJMHAKOBYIO MO3UIMIO B JBOMYHOM IPEICTABICHUHN 3HAYCHUH IMKCeNed H300paKeHHs.

O603HaunM yepe3 P; mabnoH i MU psl TPH, MOITYYEHHBIA U3 YETBEPTOH CTPOKH MaTpPHIIHI Be-
coB W. Ha puc. 7, a mokaszan npumMep Takoro pasiiokeHus madnoHa P, Ha puc. 7, b — Buj madioHa Py,
€CJIM B HEM COXPAaHHUTH 1, 2 M T. JI. 3HAUUMBIX Pa3psAI0B, UCIOIB3Ys orepariuio Jorundeckoro «M» c co-
OTBETCTBYIOIIEH OMTOBOM MacKOM.

ITnockocts 0 ILnockocrs 1 P; & 0x80 P; & 0xc0

Iabmon £
L

ITnockocTs 4 P; & 0xel
[ |y

IlmockoeTs 7 P& Oxfe

Puc. 7. PaznoxxeHnue BecoBOro psima st udps! 3: @ — Ha OUTOBBIC TNIOCKOCTH;
b — pe3ynbTar 3aHyJICHHS YaCTH OUTOBBIX [IOCKOCTEH
Fig. 7. Decomposition of the weight series for the number 3: a — into bit planes;
b — the result of zeroing out part of the bit planes
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W3 pas3noxenusi, IPUBEACHHOTO HA PUC. 7, BUJHO, YTO OCHOBHAs MH(opmauus o0 M300pakeHUN
HAXOAWUTCS B MSATH HEPBBIX OUTOBBIX IJIOCKOCTSX, TAK KaK MPH J00ABICHUU OCTAJbHBIX IIOCKOCTEH
CYIIECTBECHHbIC M3MEHEHHS Ha M300paKeHUU HE HAOIIOAAIOTCs. DTO yKa3bIBaeT Ha TO, 4To OoJiee BbI-
COKasi TOYHOCTh BECOBBIX KOI(D(UIIEHTOB OyaeT N30BITOYHON, TOCKOIBKY HE HECET JOMOIHUTELHON
nHpopmMaru. TakuM 00pa3zoM, HarnbosIee ONTUMAIEHON Pa3psIHOCTHIO, KOTOPasi MO3BOJISIET C BRICOKOH
BEPOSITHOCTBIO IPABUIILHO PACHIO3HATH HU(PHI HA H300PAKEHUH U HE HCII0Ib30BaTh U30BITOYHBIE aIla-
parubie pecypcsl FPGA, OyneT nateb OuT.

3aKiIroueHue

1. Pazpabotana ctpykrypa [P-010ka, peanusyromiero HeHpOHHYIO CETh MPSMOTO PacIPOCTPAaHEHHS
JUIsl pacro3HaBaHusl PyKONMCHBIX Ludp. MccnenoBano BiIusHUE pa3psiiHOCTH BECOBBIX KOAPQHLIMECH-
TOB HEHMPOHHOH CETH Ha TOYHOCTDH PACIO3HABAHUS IU(P € MCIIOIB30BAaHHEM pa3padOTaHHOTO MPOTOTH-
r1a HeMpOHHOI ceTn Ha 6a3e OTIafouHOi marel Zybo Z7.

2. JInsg HarIsgHOW TEMOHCTpauH 00beMa HHPOPMAITUH, XpaHsIIeiHcs B KoddhUIIMeHTax, UCTIOTh-
30BaJIM PA3JIOKEHHNE BECOBBIX KOI(PPHUIIMEHTOB HEMPOHHOH ceTH Ha OUTOBBIE MJIOCKOCTH. BEITONHEH-
HBII aHAIIN3 TIO3BOJISIET CJIEIATh BHIBOJI O TOM, UTO IIIECTasl ¥ MOCIEAYIONIHe OUTOBbIE ITIOCKOCTH HE He-
CYT MoJie3HOH MH()OPMALMK U HE BIMSIOT Ha TOYHOCTh pacro3HaBaHusl.

3. MomyueHsl 3aBUCUMOCTH anmaparHbix 3aTpar FPGA oT paspsaHocTn npeacTaBieHus KodpQu-
IIHUECHTOB HeﬁpOHHOfI CCTH. HpeanaraeTCﬂ HCITOJIb30BaTh MATH OUT JJIA TIPEACTaBJICHNSA BECOBBIX KOSq)-
(huMeHTOB HEHPOHHOU ceTH MpH peanu3anun Ha 6aze FPGA, mockonbKy Takas pa3psaHOCTh, ¢ OTHOM
CTOPOHBI, TTO3BOJISIET TIOHU3UTH allllapaTHBIC 3aTPaThl, a C JPYroil — 00ECHEeUUTh BHICOKYIO TOYHOCTH
pacro3HaBaHUsl.

4. HccnemoBaHue BBIIOJHEHO B paMKax paOOThl Haj HAay4YHBIM NPOEKTOM B Jaboparopuu
YADRO-BI'YUP B 2024/2025 yyeOHOM romy.
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METOJIMKA PEAJIN3AIIMU CUCTEMBI
SJIEKTPOHHOM NUP®POBOM MOAINMUCH
HA OCHOBE BUPTYAJIbHONU UH®PACTPYKTYPBI
B HHO®OPMAIIMOHHBIX CUCTEMAX YYPEXJEHUI
OBIIEI'O CPEJHEI'O OBPA3OBAHUSI

B. A.TEPACUMOB!, M. A. TEPACUMOBA?, A. T1. KY3HEIIOB?

!Hayuno-uccredosamenvckuil uncmumym mexnudeckoli 3auumul ungopmayuu (Munck, Pecnybauxka berapycy)
’Tocyoapcemesennoe yupecoenue obpazosanus « Cpeouss wixona Ne 42 2. Munckay
(Munck, Pecnybnuxa Bearapycy)
3Benopycckuii 2ocydapcmeennvlii ynusepcumen unpopMamuxi, u paouodneKmpoHuKU
(Munck, Pecnybnuxa Berapycy)

Annotanust. O60CHOBaHa 11eJ1eC000Pa3HOCTh BHEIPEHHS CHCTEMBI 3JIEKTPOHHON IIM(POBOIT MOAIIMCH Ha OCHOBE
BUPTYaJIbHOM MH(PPACTPYKTYPBI B CHCTEMY OOIIIEro cpeiHero o0pa3oBaHmsi Kak cpezcTsa 1udpoBoii Tpanchopma-
LM 3TOI CHCTEMBI 1 MOBBIIIEHUS 3()()EKTUBHOCTH 00pa30BaTEeIbHBIX IPOLIECCOB. [IprBeIeHBI Pe3ybTaThl aHAIIN-
3a MPOIIECCOB B CHCTEME OOIIEro CpeTHEro 00pa30BaHMs, B X0JI€ PEeaIn3allii KOTOPBIX BHIITOIHSETCS MOITMCaHNE
JOKyMeHTOB. OmnucaHbl TEXHOJIOTHH, C TIOMOIIbIO KOTOPHIX BO3MOXKHA OTKa30yCTOHUMBas M Oe3omacHas padora
Takol cucTteMbl. Pa3paboTaHa cxema WHTETPAIlUN CHCTEMBI 3JIEKTPOHHONW IM(POBON MOIMHNCH HAa OCHOBE BHp-
TyaJIbHOH MH(PACTPyKTyphl B HH(OPMAIIMOHHYIO CHCTEMY YUpeXIeHHUs o0miero cpeanero oopaszosanus. O6o0-
3HA4YCHBI HpO6HeMHbIe BOITPOCHI, KOTOPLIC HeO6XO[ll/IMO pa3pemarb B X0A€ BHCAPCHUA U HUCIIOJIB30BAHUS CXEMbI
B CHCTEME O0IIEeTo CpeaHero 0Opa3oBaHusl.

KuroueBble cioBa: mudposas Tpancopmanms, oOaqHas 3IeKTpOHHAsS TUGPOBas MOANKUCH, CUCTEMA OOIIEeTo
CpeaHero oopa3oBaHus, KHOSPOE30MaCHOCTb.
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Abstract. The article substantiates the feasibility of implementing an electronic digital signature system based
on a virtual infrastructure in the general secondary education system as a means of digital transformation of this
system and increasing the efficiency of educational processes. The article presents the results of the analysis of pro-
cesses in the general secondary education system, during the implementation of which documents are signed.
The article describes the technologies that make fault-tolerant and secure operation of such a system possible.
A scheme for integrating an electronic digital signature system based on a virtual infrastructure into the information
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system of a general secondary education institution has been developed. The article identifies problematic issues that
need to be resolved during the implementation and use of the scheme in the general secondary education system.

Keywords: digital transformation, cloud-based electronic digital signature, general secondary education system,
cybersecurity.
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BBenenue

B coBpemennom mupe mudpoBast TpaHchopManrs 0XBaTHIBAET MPEBATHPYIOIIEEe KOIUYECTBO chep
KHU3HH 4eJIOBEKA, BKJIIOYAsl BCE CTYIIEHH CUCTEMBI 00pa30BaHus. DTOT IIPOLECC MIPEATIOIaracT BHEApe-
HHUE TEXHOJIOTHH, KOTOphIe U3MEHSIOT KaK METOAbI 00y4eHHs], TaK U OpPraHU3aLui0 00pa30BaTeIbHOIO
nponecca [1]. B ycnoBusx mrobanuzamuu U ObICTPOro pa3BUTUS MH(YOPMALMOHHBIX TEXHOJIOTUH y4-
pPEeXACHUST 00pa30BaHUs CTPEMSTCS aJalTHPOBATHCS K HOBBIM TPEOOBAHUSIM, MPEJOCTABIISS YUaIIMCS
W TeflaroraM JJOCTYI K HHPOPMAIIMOHHBIM pecypcaM 00pa3oBaTeIbHOTO Xapakrepa. BakHO OTMETHTB,
4T0 nU(poBas TpaHcHOPMAIs CUCTEMbI 00pPa30BaHMUS HE TOJIBKO YIIYUIIAeT €€ Ka4eCTBO, HO U OTKPhI-
BAEeT HOBbIE CIIOCOOBI B3aUMOEHCTBUS MEXY yUalllUMKCS, IEAAroraMyi U POAUTEIISIMH, CO3JaeT IUHA-
MHUYHYIO U HHTEPAaKTHUBHYIO 00pa3oBaTeibHyto cpeny. OQHako, ¢ qpyroil CTOpOoHbI, Takas TpaHchopma-
LS CTaBUT MEPe YUPESKACHUSIMH 00pa30BaHUs P HOBBIX, MOUICKALINX 00sI3aTEIIbHOMY PEILICHHMIO,
3aJ1a4, OCHOBHBIMHU U3 KOTOPBIX SBJISIOTCS:

— o0ecrieueHue JOCTYITHOCTH, LETOCTHOCTH, OATMHHOCTH U COXPaHHOCTH MH(OPMAIIMOHHBIX pe-
CypcOB 00pa30BaTeNbLHOTO XapaKTepa;

— obecrieueHne KOH(PUICHINAIBHOCTH NIEPCOHAIBHBIX JaHHBIX yUallUXcs, IeJaroroB 1 aiMUHHUCT-
pauuu yupexaeHuii oopa3oBaHus.

O0s13aTeBHOCTD PEIICHHsI IEPEUUCICHHBIX 33/1a4 00yCIIOBJICHA TEM, UTO CICICTBHEM HapyLICHHUs
JOCTYITHOCTH, LENOCTHOCTH, MOAJMHHOCTH M COXPAaHHOCTH MH(OPMALMOHHBIX PECYpcOB 00pa3oBa-
TEJILHOTO XapakTepa sBJISIeTCs] CHIKEHHE Y3 PEKTUBHOCTH 00pa30BaTeIbHOTO MPOLEcca, a CIeICTBHEM
HapyIeHNs] KOHPHUICHIIMAIBHOCTH TIePCOHANBHBIX JaHHBIX yUYallluXcsl, NearoroB ¥ aIMUHUCTPAIUU
yUpexIeHUH 00pa30BaHNs — BOSHUKHOBEHHE YIPO3bl UX JINUHON Oe30macHOCTH. C y4eToM pe3ylibTaToB
HCCIIEJOBaHUH, TIPEACTABICHHBIX B [2—4], CTOUT OTMETUTh, YTO OAWH M3 NEPCIEKTUBHBIX IOIXO0B
K PEILCHHIO BBIICHIEPEUNCICHHBIX 3a/1a4 — BHEAPEHHUE U UCIIOJIb30BAHUE CHCTEMBbI 3JICKTPOHHOM -
POBOI MOANUCH Ha OCHOBE BUPTyanbHOW MHPpacTpykTypsl (DLIIBU) B nHpOpMaIMOHHBIE CUCTEMBI
YUpEXKICHHUH cpeiHero o0miero oopa3oBaHusI.

Llexp mpoBOAMMOTrO UCCIIEAOBAHUS COCTOsIIA B pa3pabOTKe 1 000CHOBAHNN MEXaHU3MOB BHEAPEHUS
u ucnonszoBanus DIIIBY B wHPpOPMAITMOHHBIX CHCTEMaX YIPEKIACHHUH 0OIIEro cpeaHero oopasona-
Husl. s TOCTHKEHUSI 9TOH Liesn ObUIH PelLeHbl CIeAYIONe 3a1aun:

— IPOBEICH aHAJIM3 IPOLIECCOB B CUCTEME 00IIEro cpeaHero o0pa3oBaHus, B XOA€ peaan3aluy Ko-
TOPBIX BBIMOJHAETCS MTOJNUCaHUE JOKYMEHTOB ¢ ucnoib3oBanuem DLIIBU;

— paspaborana cxema nHterpanuu JLIIBY B nadopmannoHHbie cHCTEMBbl YUpEKICHUH OOIIETo
cpemHero oOpa3oBaHUs;

— CO371aH AJITOPUTM peai3aIini 00pa3oBaTeIbHBIX MPOIECCOB ¢ ucmonb3oBanueM DII1BU (wa mpu-
Mepe MPOBEACHUS OJIMMITUAMIBI 110 YYEeOHBIM IPEIMETaM);

— BBINOJIHEH aHajJIM3 MPOOJeM, KOTOpble MOTYT BO3HUKHYTh HPU BHEIPEHUHM U HCIIOJIb30BAHUH
OUIIBU B nHPOpPMAIIMOHHBIX CHCTEMaX yUpeXIEHHH 0OILero cpeaHero obpasoBaHus, a Takxke 000-
3HAYEHBI ITyTH PEIIEeHUs 3TUX MPOOIIEeM.

Ipumenenue DIIIBU B cucTeme cpeaHero oopa3oBanmue

Hudposast Tpanchopmaiusi chepbl CpeAHEro 0Opa3oBaHMsl CTAHOBUTCS Bce Oojiee akTyalbHOU
0 Mepe TOT0, KaKk 00pa3oBaTelIbHbIC YUPEKICHUST CTPEMSITCS MOBBICUTH d((GEKTUBHOCTH CBOCH pabo-
THI ¥ YIIPOCTHTH aIMUHUCTpaTuBHBIC Tporecchl. [Ipemmymectsamu DIIIIBU sBrsrorcst ee mpocToTra
B HMCIIOJIb30BAaHUM U OTCYTCTBHE HEOOXOIMMOCTH B CIEIMAIbHOM 000pyaoBaHuu. B ciydae mpumMeHe-
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HUS TPAAUIIMOHHOHN 31eKTpoHHOH ndpoBoit moamucu (DLI1) yaacTHIKE 00pa3zoBaTenbHOTO MpoIecca
(amMuHUCTparus, OyxranTepus, OT/Ae] KaJpOB, MEAarord, YJYaluecs, pOJUTeNNn) BbIHYKICHB UMETh
MEPCOHANBHBIA KOMITBIOTED, CIIEHUaIbHOE porpaMMHOe obecniedenue st padotel ¢ USB-HocuTenem
kioueBoit uHpopmaruu wim 1D-kaprol, cam USB-HOCHTEINb, HA KOTOPOM XPAHUTCS JIMYHBIN KITFOY.
DT0 He TONBKO TPeOyeT AOMOTHUTENHFHON 3a00THl O COXPaHHOCTH HOCHUTEINS, HO U OTPaHUYNBAET BO3-
MOXKHOCTbH yHaJieHHOU pa0dothl ¢ nmokymeHTamu. DIIIIBU, B cBoO ouepesb, MO3BOJSET MOAMUCHIBATH
JIOKYMEHTEHI C JIF000TO yCTPOWCTBA, OAKIIOYEHHOTO K HHTEPHETY, YTO JIENaeT Mporecc 0onee TMOKUM
U YIOOHBIM.

OIIIIBU wurpaet 3HaYMMYIO POJIb B IMOANMMCAHAH aJMHHUCTPATUBHBIX TOKYMEHTOB, KOTOPBIC SIBIISI-
IOTCSl HEOThEMJIEMOH 4acThIo PabOTHI JF000TO yupexkaeHus oopazosanus. [legaroru, aaMuHUCTpaLus
1 pyTHe COTPYTHUKHU €KETHEBHO CTAIKUBAIOTCSA C HEOOXOAMMOCTHIO TOITICHIBATE MHOYKECTBO JIOKY-
MEHTOB: OT OTUETOB IO 3aKYIIKaM J0 COIIaCOBAHUS PACTIMCAHUM 3aHATUN U MeponpusTHil. Micronb3oBa-
are DIITBU mo3BosieT 3HAYUTENBPHO YCKOPUTH 3TH 33]1a4d, TaK KaK JOKYMEHTBHI MOTYT TIOITUCHIBATE-
Csl OHJIalH, 03 HEOOXOAMMOCTH (PM3MUYECKOTO MPUCYTCTBHSI WK Mepeiaun OyMakHbIX korwmid. K mpo-
meccaM, B paMKax KOTOPBIX PEeaTu3yeTcs MOANHCAHNe JOKYMEHTOB (MCIIONB3yeTCsl COOCTBEHHOPYYHAs
noAnuck) u npuMensiercs JLTIBU, MOXHO OTHECTH ClIeAyIOIIHE.

Ioonucanue 3aaenenuti pooumensamu. [lpn ucnonszoBanuu DIIIIBU mist ponureneit Takxke cTaHo-
BSITCSI TOCTYITHBI HOBbIE BOBMO)XHOCTHU MO YAAJICHHOMY MOJAIUCAHUIO 3asBICHUN HIIM COIIACHUs Ha ydac-
THE IETEeH B PA3IMYHBIX MEPOTIPUATHAX, OTCYTCTBHE JETCH HA 3aHITHIX IO ONPEICTICHHBIM IPHINHAM,
IIPH 3TOM HCKJIFOYAETCS HEOOXOMUMOCTh JIMYHOTO BU3UTA B YUPEKJICHHE. ITO OCOOCHHO aKTyalIbHO
B YCJIOBUSIX COBPEMEHHOM KM3HHM, KOT/Ia Y POAUTENEH YacTO HET BO3MOKHOCTH OIIEPATUBHO TPUEXATh
Ut moanucanus JokymeHToB. DIIITBU mo3BosnsieT MM caenaTh 3To OHIAMH, OBICTPO U O€3011acHO.

THoonucanue obedennoco menro. DUUTIBU okaxeT MONOKHUTENBHBIA SKOHOMIUYECKUH 3 dekT B yu-
peXIIEHUH CpeHETO 00pa30BaHMUs IPHU NOANMCAHUN 00€IeHHOTO MEeHI0. MEHIO MTUTaHWUs B IITKOJIE TOTIK-
HO OBITH YTBEPI)KJCHO W TMOAMMCAHO OTBETCTBCHHBIMH JIMI[AMH, YTOOBI FapaHTUPOBATh COOTBETCTBUE
HOpMaM U TpeOOBaHUsIM 110 TuTanuto aeteil. Mconb3oBanue JLIIBU st moanucu Takux J0KyMEHTOB
MI03BOJISIET HE TOJILKO YCKOPHUTH MPOIECC MX YTBEPXKACHHSI, HO U 00CCIeunBacT IOPUIUUECKYIO0 CHITY
nokymeHTa, Tak kak DIIIIBU obmamgaer Temu e MpaBOBBIMU CBOWCTBaMH, YTO U TpaauiimonHas DI
OT0 0COOEHHO Ba)KHO B CIy4ae IMPOBEPOK CO CTOPOHBI KOHTPOJIUPYIOIIUX OPTraHOB.

Cocmaenernue pacnucanus 3anamui. UcnonszoBanue DIIIIBU nns cocraBienus pacnucaHus 3a-
HSATUH TIPEJCTABISICT COOOW MHHOBAIMOHHBIN TOAXOJ, KOTOPBIA 3HAYUTEIHHO YIPOINAST U YCKOPSET
yIpaBieHne y4eOHBIM TIporieccoM. BHenperne o01aYHbIX TEXHOIOTHH MO3BOJISAET 00pa30BaTeIbHBIM
YUPEKACHUSIM IEHTPAIM30BaHHO XPaHUTh U 00padaThiBaTh JaHHbBIE, YTO 0O0ECHeYrBaeT JOCTYI K HH-
dhopmammu B mobdoe BpeMs U U3 mo00ro Mecta. C MOMOIIBI0 COOPAHHBIX JaHHBIX MOJKHO BBISBIISTH
TEHJICHIIUY, TAKHE KaK 3arpy>KCHHOCTD Me/larora U yJamiuxcsi, a Takke ONTUMU3UPOBATh paclipeserie-
HHE PECYpPCOB. DTO, B CBOIO OUepenb, CIIOCOOCTBYeT Ooiee 2((HEeKTHBHOMY TUIAHUPOBAHHUIO YICOHOTO
Ipolecca M MOBBIMICHUIO Ka4yecTBa 00pa30BaHUs. ITO OCOOCHHO aKTyallbHO B YCIIOBHSIX YIaJCHHOTO
00ydJeHNs W THOPUIHBIX (hOPMATOB, KOT/IA MEJAroTh W aIMHUHUCTPATOPEI MOTYT paboTaTh C pacimca-
HUEM, HE HaXosich (pu3muecku B mikose. Baxxno ormetuts, uro DLIIBU nomxHa paboraTh B TECHOM
WHTETPAINN C AaBTOMAaTH3UPOBAHHON CUCTEMOI COCTABIICHHS PACITUCAHMSI, YTO MO3BOJISIET 00ECIEUNTh
CHUHXPOHU3ALIMIO TaHHBIX U YIPOIIAET MPOLIECC BHECCHUS U3MECHEHUM.

Bvioaua/omnpaska domawinezo 3a0anusi Oas YHAUWUXCSE ¢ OCODEHHOCMAMU PA3GUMUSL, KOMOpble
obyuaromes na oomy. DUIIBU no3Bonsier opraHu3oBaTh ONEPaTUBHBIN U Oe30nacHbIli 0OMEH yueOHbI-
MU MaTepuajaMH MeXJIy TeJaroraMu U ydamuMmucs. s ygammxcst ¢ 0coObIMH 00pa3oBaTeIbHBIMU
MOTPEOHOCTIIMHE, KOTOPBIE HE MOTYT ITOCEIIATh IIKOITY, BAYXHO 00€CIIEYNTh MAKCUMAIIBHO YIOOHBIE U J0-
CTYIHBIC YCIIOBHS 00y4YeHus1, ¥ I POoBasi MOANUCH UTPACT KIFOYEBYIO POJIb B KOPPEKTHOM O(OPMIICHUT
1 NOATBEPKACHUH (PaKkTa MOITydeHHs M BBIIOJIHEHMS 3aganuil. [Ipu atom ucnons3zosanue DLIIBU ra-
paHTHPYET I0PUINYECKYIO0 3HAYMMOCTh BCEX IOKYMEHTOB, CBI3aHHBIX C 00Pa30BaTEeIbHBIM MTPOIECCOM
Ha fomy. [lemarorn moanmuceIBaIOT 3ajaHUs U WHANBHUIyaJIbHBIE 00pa30BaTEIbHBIC IIJIAHBI, & POTUTEITN
WJIM 3aKOHHBIE MPEJCTABUTEH YYaAIIMXCS MOATBEPkKAAI0T X MOIy4YeHHEe. DTO NMPEUMYIIECTBO BaKHO
JUTSL ydeTa BBITIOTHEHHBIX 3a/IaHUH 1 KOHTPOIIS 32 Y4eOHBIM IPOIIECCOM, TTOCKOIJIBKY BCE JICUCTBUS C J0-
KyMEHTaMHU (UKCUPYIOTCS M MOTYT OBITh TIPOBEPEHBI B ClTydac HEOOXOJUMOCTH.

Ilepeoaua konmponvroii pabomet yuaujezocs Ha nposepky nedazoey. [lpumenenne S1TIBU mpu ne-
penade KOHTPOJIBHON paboThl ydalerocss Ha POBEPKY MeAarory sBJsieTCs 1eiecoo0pa3HbIM U odec-
MIeYMBAET P MPEUMYIIECTB IS BCEX YIaCTHUKOB 00pa30BaTebHOTO TpoIiecca:
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— TapaHTHs TOMTMHHOCTH TMEepeJaHHbIX JOKYMEHTOB, YTO OCOOEHHO Ba)KHO B yCIIOBHSIX TUCTaH-
UOHHOTO O0ydYeHus, Korjaa (u3uueckas nepenadya padoTbl HEBO3MOXKHA, a TOATBEPXKIEHHE TOTO,
YTO KOHTPOJIbHASI IEHCTBUTEIHHO BBIIIOJIHEHA U OTIIPABJICHA YUAIIUMCS, MOKET BbI3bIBATH COMHEHUS;

— yTpoIIeHHe Tporiecca OOMeHa IOKYMEHTaMH MEXy YJaluMcs U TiefaroroM. B TpagummonHoN
cHCTEME MOTYT BO3HHUKAThH 3aJCPIKKU M3-32 HEOOXOAMMOCTH (hr3nMvecKoil mepenadn padoThl WM OT-
IIPaBKH €€ Yepe3 OOBIUHYIO ITOUTY;

— (opMHpOBaHNE YETKOTO MEXaHHM3Ma IS OTCIEKUBAHHS CPOKOB CHAa4l KOHTPOJHHON pabOTHI.
MOoHO TOYHO 3a()UKCUPOBATh BPEMsI OTIIPABKU JJOKYMEHTA, YTO MTO3BOJIIET U30ekKaTh HeI0Opa3yMEHHUH,
CBSI3aHHBIX C HAPYIICHUEM CPOKOB BBITIOJHEHUS. DTO MOJIE3HO B CIIydyae, eCIv KOHTPOJIbHAs paboTra oT-
npaBiseTcs B mociaeaanii MoMeHT — DL{IIBU coxpanseT TouHoe BpeMsi, Koraa paboTa OblLTa Imoammucana
U OTIIPABJICHA, YTO MCKIIFOYAET OIIMOKH B OIICHKE BPEMEHHBIX PAMOK BBIITOJHEHMSI 3a/IaHUsI.

Tloomeepoicoenue 6vicmasieHuss OMMEmoK 6 3NeKMPOHHBIIL OHEBHUK/HCYPHAL. DIEKTPOHHBIN
THEBHUK/KypHaI — emie omHa chepa, rae DIIIBU urpaer BakHyIo poib B IUGPOBOi TpaHCchopMa-
uun cepbl cpeaHero odopazoBanus. crnons3oBanue MEKTPOHHOTO JHEBHUKA MO3BOJISIET POAUTEISIM
U yYalluMCsl B pealibHOM BPEMEHU OTCIICKUBATh YCIEBAEMOCTh, TOCEHIIAEMOCTb U BBIIIOJIHEHUE IOMAlll-
HUX 3afaanid. OJHAKO BaYKHOHN YacThIO 3TOTO TPOIIecca SIBIAETCS IOpUANYECcKas 3HAYMMOCTh OTMETOK
U KOMMEHTapHeB co cToponsl negaroroB. DIIIBU gaer BO3MOKHOCTH 0(HUIIHANIBHO 3aBepsiTh HHPOP-
MAITUIO B THEBHUKE U JKypHaJe, UCKITIoUast JIFOObIe MOTBITKY (anbcu(DUKAINN JaHHBIX. DTO TOBHIIIAET
JIOBEpHE MEXTy BCEMH yJ9aCTHHUKaMH 00pa30BaTeNbHOTO MPOIIecca M, 9TO He MEHee Ba)KHO, YCKOPSET
oOmeH uHpopmanmei.

Ymeepoicoenue npomoxonog nposederusn onumnuadsi. [locne monmucaHus MPOTOKOB HH(DOPMAITUSL
ABTOMATHYECKH TOTIA/IaeT B IIEHTPATU30BAHHYIO 0a3y NaHHBIX, YTO MO3BOJISAET OBICTPO (HOPMUPOBATH
WTOTOBBIC PSUTHHTH U CBOJIHBIC OTYEThI. ITO OCOOCHHO BaXKHO JIJISl KPYITHBIX OJMMITHA]L, TJI¢ KOJHYECT-
BO YYaCTHHUKOB M 00BEM MaHHBIX MOTYT OBITh 3HAYUTENBHBIMH, & BPEeMs JUIS IONyYEHHS TTOAIUCH
JUTST YTBEPIKICHUSI IPOTOKOJIA OTPAHIYICHO.

Mexanu3mbl BHeapeHus u peaauzauuu JIIIBU

DIIIBU! cocTont u3 CJEYIOUX KOMIIOHEHTOB:

— cuctembl o0naunoi nmognucu (COIT), koTopast HCIob3yeTes s HGOPMUPOBAHUS JICKTPOHHOIO
nokymenta ¢ DIIIBU;

— CHUCTEMBI 3JIEKTPOHHOTO JOKyMeHTooOopoTa (CO/I), ¢ uCIoap30BaHUEM KOTOPOH MPeoCTaBIIsCT-
sl IOKyMEHT JIJIs TIOATINCAHUS;

— cepBepa MHQOPMALIMOHHON cUCTeMBI yupexaeHus: oopasoBanus (AWC), sBrstomerocs: nocpen-
HukoM Mexy COIT u COJI;

— TOCYIapCTBEHHOM CHCTEMBI yTpaBlieHus OTKpbIThiME Kirouamu?® (TocCYOK), B pamMkax KoTOpoii
peanu3yloTcsl MPOLECChl pacpOCTPaHEHHU U XPaHEHHs CEPTU(PHKATOB OTKPHITHIX KIIOYEH, aTpuOyT-
HBIX CepTU(HKATOB, CIIMCKOB OTO3BAHHBIX CEPTU(UKATOB OTKPBITHIX KIIOYEH M CIIMCKOB OTO3BAaHHBIX
arpuOyTHBIX CepTH(UKATOB.

[Ipeanonaraercsa, uto COIl pa3smemiaercss B KaxaoMm paiione obmactu PecnyOnuku bemapycs.
s obecnieuenmst GecniepedoifHON M oTKa3oycroitunBoi padotel DB menecooOpasHo ucmonb30-
BaTh CJIEYIOIINE TEXHOIOTHH:

— MUKPOCEPBUCHYIO ApXUTEKTYPY- ISl CO3aHUs HE3ABUCUMBIX JPYT OT Apyra komronentos COTI,
KOTOpbIE UMEIOT COOCTBEHHYIO 30HY OTBETCTBEHHOCTH (OJMH MHUKPOCEPBHC IPOBEPSIET ayTeHTU(HKA-
LIMIO, IpyToit (hOpMUpPYET HOANMUCAHHBIC TaHHBIC | T. I1.), 103BOIsIFOT COIT ObITH OOJIee 0TKA30yCTONYH-
BOM (€ciM OMH U3 MUKPOCEPBUCOB BBILIET U3 CTPOs, Apyrue OyayT padoTark, U 4acTh (yHKIHOHANIA
COII MoxHO OyzeT NCTOJIB30BATh 10 MOMEHTA IIOJIHOTO BOCCTAHOBIICHHUS);

— Docker* st paGOTBI ¢ «yIAaKOBAHHBIMI» MHKPOCEPBUCAMH, KOTOPBIE COIEPKAT HEOOXOIMMBIE 3a-
BHUCHMOCTH M CETEBOE OKPYKECHHUE, YTO 00eCTIeunBaeT KOHCUCTEHTHOCTh M MPEACKa3yeMOCTh Pa3BepThI-

! TTomxompl K HCIONB30BAHUIO CHCTEMBI OONAaYHON 5JIEKTPOHHOM LuQpoBoil moanucu B PecnyOmuke bBenapychk
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2 Undopmanus o TocCYOK [Dnexrponnbiii pecypc]. Pexum mocryma: https://nces.by/pki/info/goszakupki/. [lara
nocryna: 30.11.2024.

3 MukpocepBucHas apXuTeKTypa [DIeKTpoHHslii pecypc]. Peskum noctyna: https:/www.atlassian.com/ru/microservices/
microservices-architecture. Jlara nocrymna: 30.11.2024.

4 Kak paboraer Docker: nogipo6HsIii raii o Texiina [DnexTpoHnstii pecypc]. Pexum nocryma: https://skillbox.ru/media/
code/kak-rabotaet-docker-podrobnyy-gayd-ot-tekhlida/. [lata moctyma: 30.11.2024.
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Banus npunoxennit. Kaxxaprit kommonenT COII sBisiercst Docker-konTeitHepoM, 9To T03BoIIsAET HE Oec-
MTOKOUTBCS O «XKese3e», 00 OrepalMoHHON cucTeMe, Bce, 4TO He0OX0AMMO, yKe COOpaHO B OHOM (daiie;

— Kubernetes® (k8s) st co3nanust 0TKa30yCTOMYMBOIO U aBTOMACIITAOUPYEMOTO KJIACTEPA C MAK-
cUMaJbHOM rapantueil gocrynHoctd. C nomouisio k8s cymecTByeT BO3MOKHOCTh ympasieHus Pod,
KOTOPBIi siBisieTcs: o0bekToM k8s, conepikammm Docker-konterinep. [t 1oCTHXEHUST BBICOKOW CTe-
MIEHU OTKa30yCTOMYMBOCTH HEOOXOANMO HACTPOUTH KJIACTEP C MCIIOIb30BaHUEM JBYX padounx (work)
Y TpeX yIpapJsAiommx (master) y3ioB. DTO TO3BOIHT 00ECTIeUnTh 0aTaHCHPOBKY Harpy3Kd W pacrpe-
JIeJIEHUE 3aPOCOB MEXAy Work-y3imaMu, a Takyke TapaHTHPYET, YTO B CIIydae BBIXO/Ia U3 CTPOS OHOTO
13 Master-y3J10B, OCTaBIIUECS Y316l CMOTYT MPOJAOJKATh YIPABIATH KIACTEPOM 0e3 MOoTepH (PyHKINO-
HaJbHOCTH;

— Nginx® s MapuipyTusanuu 3anpocoB K MuKpocepsucam. OH BBINOMHAET GyHKIMH 0OPaTHOTO
MIPOKCH-CEPBEPa, YTO MO3BOJISIET MPOBOJAUTH MPEABAPUTENLHYIO (DUIBTPALIMIO 3alIPOCOB IO 3aJaHHOMY
KPUTEPHIO, paclpelelsiTh BXOAALIME 3arnpockl Mexny mukpocepsucamu COII, oGecnieunBas ux 11o-
CTYITHOCTb M MaKCHUMAaJIbHYIO TPOU3BOIUTENEHOCTD;

— TLS” ¢ 0nHOCTOPOHHE/IBYCTOPOHHEN ayTeHTU(UKAIIMEN JUIS 3aIIUTHI IEPEIABAEMBIX JTAHHbIX
110 KaHaly cBsi3U. OZHOCTOPOHHSS Ay TEHTH(HKALMS TO3BOJISIET CEPBEPY YIOCTOBEPUTHCS B HOATMHHOC-
TH KIIMCHTA, YTO 3aIIMIIAET OT HECAHKIIMOHUPOBAHHOTO J0CTyNa. B ciydae BycTOpoHHEH ayTeHTH(H-
Kaluu 00e CTOPOHBI (KJIMEHT U CepBEp) MPOBEPSIOT APYT APyra, YTO 3HAYUTEFHO MOBBIIIAECT YPOBEHb
6e3omacHoctu. B COII TLS meoOxomum mns gocryma k [ocCYOK, mist ayrentudukanmun C3/1, AVC,
KIneHTckuX kommonentoB COIT [3];

— cucteMmy ynpasnenus 6azamu nanHbix (CYBJI) PostgreSQL? s XpaHeHus U ynpaBieHus JaH-
veiMua. CYBJ] o0ecnieunBaet apekTHBHOE XpaHeHHE U 00pabOTKy OONBIINX 00HEMOB JTaHHBIX, ITOJI-
JEPKUBAET TPAH3aKIMU, YTO TAPAHTUPYET [ETOCTHOCTh JAHHBIX U MO3BOJISET PEATN30BaTh MEXaHU3MbI
OTKaTa B cily4ae OLIHOOK.

[Ipu renepanuu Docker-o6pa3oB u HacTpoiiku k8s mist kaxmoro kommoneHTa COI co3maercs yaer-
Has 3anuck B CYB/] ¢ onpeneneHHBIMU PUBUIIETUAMH, MTO3BOJISIONIMMHU peann3oBbiBarth CRUD-ore-
patun’ TOJBKO C TEMH CYLIHOCTSIMH, KOTOPBIE yKa3aHbl B YUETHOM 3amicy (MUKPOCEPBHUC, pabOTAIOIIII
C IOKYMEHTaMHM, MO>KET padoTaTh TOJIBKO C TAOIMLAMM, XPAHAIIUMH JaHHbIE O JOKYMEHTAX).

Pa3memenne BolenepedrcIeHHbIX KOMITIOHEHTOB TOJHKHO OCYIIECTBIATHCSA HAa CEPBEPHOM 000pY-
JIOBAaHUU C SKBUBAJIEHTHBIMH XapaKT€PUCTUKAMU:

— OC - Oracle Linux 8.5 u BeIIIE ¢ Bepcueit sipa 4.18;

— 00beM HaKOMUTENS Ha KECTKUX MarHUTHBIX JTUCKaX «ropsuei» 3ameHbl — He MeHee 4 Th;

— 00BbeM OTepaTHBHOM MaMATH ¢ OIHOM Oydepusanueii — He MeHee 64 I'B;

— TaKTOBas 4yacToTa npoueccopa — He menee 2,1 I'T'1.

[Tpu BeIpaboTke DLIIBU B paMkax HHPOPMAIIMOHHBIX CHCTEM YUPEkKACHUH 001Iero cpetHero 00-
pa3oBaHus LEIECO00PA3HO PEATU30BBIBATH CIEAYIONIME MEXaHU3MBI 3aIUThl HH(OpMaluu'’, KoTopbie
MIO3BOJISIIOT FapaHTUPOBATh KOPPEKTHOE MCIIOIb30BAHUE JINYHOTO KIIF04Ya MOAIIMCAHTA, a TAKKe o0ecre-
YUTh [IPO3padHoe u Oe3onacHoe ¢pyHkuuoHuposanue COIL:

— IPUMEHEHHUE OJJTHOPA30BOI0 MapoIIs;

—ucnogae3oBanue PIN 1y nocTtymna K JMUHOMY KIIIOUY;

— TeHepalus JaHHBIX aKTUBALIMH TTOAIMCH TP BBHITOJTHEHUH MTPOTOKOJIA aKTUBAIUH TTO/IITUCH;

— OIIEHKA LEJIOCTHOCTH MdpoBoro obpasa!! (mpexcrasnenue monb30Barens B MHOOPMALMOHHOM
cucTeMe, SBJISIONICEeCs] BUPTYaIbHBIM MOCPEAHUKOM MEKAY HHPOPMAIIMOHHOM CHCTEMOM M MOJIb30Ba-
TeJIeM MPH JOCTYTIe TIOCIEIHEr0 K pecypcam 3TOH CUCTEMBI).

5 Kubernetes [Dnektponnslii pecypc]. Pexum noctyna: https://blog.skillfactory.ru/glossary/kubernetes/. Jlata gocrymna:
30.11.2024.

 Nginx [DnekTponHblii pecype]. Pesxum goctyna: https://nginx.org/ru/. Jlara goctyna: 30.11.2024.

7 TIporpamMma 3aIMIIEHHOTO KaHala [epeaul JaHHbIX [ DIeKTpoHHbIN pecype]. Peskum nocryna: hitps:/niitzi.by/crypto-
products/schannel-secure-data-channel-program. lata noctyna: 30.11.2024.

8 PostgreSQL [Dnekrponnslii pecypc]. Pexum noctyna: https://blog.skillfactory.ru/glossary/postgresql/. Jlara gocrtyna:
30.11.2024.

% Yo Takoe CRUD [Dnekrponnsiii pecypc]. Pexum nocrtyma: https://orbitsoft.com/ru/blog/crud/. Jlara nocryma:
30.11.2024.

10 MexanusMbl 3amuThl UHGOPMALMK NIPM BHIPAGOTKE OOMAaYHON SIEeKTPOHHOM HM(POBOH momanucu [DIEKTPOHHBIH
pecypc]. Pesxxum noctyma: https:/libeldoc.bsuir.by/handle/123456789/52449. [lata noctyna: 30.11.2024.

" Nudpopmanuonnsie texuonoruu u GezomnacHoctb. Wubpactpykrypsl ayrentudukanuu: CTB 34.101.87-2022
[OnexrponHnsIii pecypc]. Pesxum noctyma: https://apmi.bsu.by/assets/files/std/bias-spec130.pdf. dara noctyma: 13.12.2024.
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[Ipemmaraercst anroput™ uctonb3oBanus DIIIBU B pamkax o0pa3oBaTelbHBIX MMPOIIECCOB, OCHO-
BaHHBII Ha Mpolecce MPOBEACHHUS OJTMMIIHNA/BI TI0 00pa30BaTEIbLHOMY IIPEIMETY.

1. AWC: cOop pe3yapTaToB OJUMITHAIBL.

AUC: popmupoBaHHe TOKYMEHTA JUISI TOATIHCH.

AWNC: 3arpy3ka copmupoBanHoro okymenta B COJI.

AWNC: yBenoMieHne JOPKHOCTHBIX JIAL O TOM, YTO JOKYMEHT sl OANUCH c(hopMHUpOBaH.
CO/1: ayrentudukarus wieHos xwopu B COJ] u COIL.

CO/1: noxy4yeHne JOKyMEHTa AJIs TIOAINCH.

UneHsl XKIOpU: IPEJOCTABICHUE COTTIACHsI Ha TIOATHCE.

COII: B3anmoneiicTBre ¢ ycrpoicTBoM cozaanus noamnucu (Y CII).

9. VYCII: Beipabotka 3HaueHus D11 u nepenaua 8 COIL.

10. COII: dhopMupoBaHUE TOAMHCAHHOTO IEKTPOHHOTO TOKYMEHTA.

11. COII: oTnpaBKa NOANKUCAHHOTO YjieHaMU XtopH okymenta B AVC.

12. AUC: 3arpy3ka noanucasHoro gokymenrta B CO/I.

13. AUC: yBenoMieHre METOANCTA, YTO JOKYMEHT MOANNCAH YJIEHAMH KIOPH.

14. COM: ayrentudukamus metonucta B COJl n COIL

15. C3/I: momydeHne JOKyYMEHTA JJIs TTOIHCH.

16. MeTomucT: IpeaoCTaBICHIE COTIIACHSI Ha TTOMITHCH.

17. COII: B3aumonetictaue ¢ YCII.

18. YCII: BeipaboTka 3Hauenus D111 u nepenaua B COIL.

19. COII: hopmupoBaHue MOJMTUCAHHOTO AMEKTPOHHOTO JJOKYMEHTA.

20. COII: oTnpaBka NOAMHCAHHOTO METOAUCTOM AgokyMeHTa B AUC.

21. AUC: 3arpy3ka noanucanHoro gokymenta B CO/I.

22. AVIC: yBegoMIIeHHE BCEX YIACTHUKOB 00 yCIIEIITHOM ()OPMHPOBAHUH ICKTPOHHOTO TOKYMEHTA.

Hudposas Tpanchopmanus cucTeMsl cpeiHero oopasoBanus ¢ ucrionszoBanueM DLITIBU spnsercs
MepCHEeKTUBHBIM HampasieHreM. OnHako mnpouece BHeapenus U npumenenus DLIIBU B unpopmanm-
OHHBIX CHCTEMax OOIIEero CpeTHEro 00pa30BaHMsI COMPSHKEH C HEOOXOAUMOCTBIO PELICHHUS CIeTYIOLIHX
POOIEMHBIX BOIIPOCOB.

1. Beicokast croumocts Y CII MokeT cTarh cephe3HON MpodIeMoit uist 00pa3oBaTeNIbHON CUCTEMBI,
oco0eHHO 1T HeOONBITHX YIeOHBIX 3aBEICHUN M TOCYIAPCTBEHHBIX IIKOJI C OTPAHMYCHHBIM OIOKe-
TOM. DTO MOXKET IPUBECTU K HEPABHOMEPHOMY PaclpeesICHUIO PECYPCOB M OTPaHNIUTh JocTyn K DLIT
JUIsl BCEX yYaCTHUKOB 00pa3oBaTesibHOTO npouecca. Jis pemenus 3Toi npobaeMbl MOKHO pacCMOTPETh
CO3JJaHME COBMECTHBIX 3aKyTIOK HJIM KOONIEPAaTUBHBIX MTPOTPAMM, MO3BOJISIFOIINX YISOHBIM 3aBEICHUSM
00BenHATH pecypebl st ipuodpetenus Y CII. Taxke CTOUT 00paTUTh BHUMaHHUE HA TOCYJapCTBEHHBIE
CyOCHIMU ¥ TPaHTHI, HAIIPaBJIEHHBIE HA MOACPKKY BHeApeHHs TexHomoruit LI

2. ITIpuobperenne cepBepHOoro 0OopynoBanus mis pazmerieHuss COIl MoxeT BBI3BaTh TPYIHOCTH
13-3a 3HAYUTENIbHBIX (PMHAHCOBBIX BJIOKEHHI, a TAK)KE 3aTpaT Ha 00CIy>KUBaHUE M OOHOBJIeHUE. B Ka-
YEeCTBE PELICHHsI MOKHO PACCMOTPETh apeHIy CEPBEPOB, YTO MO3BOJIUT U30€XkKaTh KPYHNHBIX MEPBOHA-
YalbHBIX 3aTpaT ¥ CHU3UTH (PMHAHCOBYIO Harpy3Ky Ha yueOHbIe 3aBeieHHs. BaxkHo Take pa3padoTarh
CTpaTeruio ONTHMHU3AIMH PACX0JI0B Ha 00CITy)KUBaHHE U OOHOBJICHHE 000PYI0BAHHSI, BKIIIOUAS HCTIOJb-
30BaHME BUPTYAIN3AlNU U IPYTUX TEXHOIOTUHN ISl CHIDKEHHS 3aTpar Ha HH(PaCTPYKTypy.

3. ObydeHne u TexHHIeckas momuepkka rnpu skcruryaranuu COIT u YCII moryt ctath mpo0iem-
HBIMHU H3-32 HEOOXOJMMOCTH CIICLMaIbHBIX 3HAaHUM M HaBBIKOB. 11 3 ekTHBHOrO ynpasieHus cuc-
TEMOH HYXHO 00€CIEUHTh JOCTAaTOYHYIO MOATOTOBKY IEpCOHANA U MPEJOCTaBUTh TEXHUYECKYIO MOA-
JepKKY MOJIb30BareisaM. PemeHrneM MOXeT cTarh pa3paboTKa KOMIUIEKCHON MPOTrpaMMBbl MTOATOTOBKH,
BKJTIOYAIOIIEH TEOpeTHYeCKHe U MPAaKTHUYECKUE 3aHATHUS, a TaK)Ke OPraHU3aluI0 PETYISIPHBIX TPEHUH-
roB 1 ceMuHapoB. Co3aaHue JOCTYMHBIX 00YYaloNuX MaTepHaioB U IIEHTPa TEXHUYECKOH MOIePKKH,
IIPEAOCTABIIAIOIIEIO KOHCYJIBTALlMU B PEaIbHOM BPEMEHH, ITOBBICUT YBEPEHHOCTb U KOMIIETEHTHOCTh
COTPYAHHUKOB B pab0Te C HOBBIMH CHCTEMaMHU.

4. Orutata HaKJIQJIHBIX PACXOA0B, TaKuX Kak ornpaBka OTP, MoxkeT craTh poOieMoi pu OOJIbIINX
o0beMax JaHHBIX MJIM YHCIIe TOJNb30BaTeel, YTo MPUBENET K 3HAYUTEIBHBIM 3aTparaM Ha 00CTyXKu-
BAaHUE CHCTEMbI U CHIDKEHHIO 3 dekTruBHOCTH Hcnoyib3oBanus DL, [{ns pemrenust 3Toit mpoOiieMsl
MOYXHO BHEJIPUTH Oosiee 3 QeKTUBHBIE METO/IbI ay TCHTU(HUKAIINH, HAIPUMED, MOOHIILHBIE TIPUIIOKESHUS
Wiy OMOMETPUYECKHE IaHHbIE, YTO IIO3BOJIUT COKPATUTh pacxoisl Ha SMS u 1pyrue yBeIoOMIECHUs.
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5. OGecnieueHne 3aNMIEHHOTO KaHaja cBsi3u ¢ moMotbio [ocCYOK mis mporieccoB, cBsI3aHHBIX
¢ cepTu(UKaTOM OTKPBITOTO KITF0Ya, MOXKET BBI3BaTh TPYAHOCTH H3-32 HEOOXOJUMOCTH COOIFOJCHHS
OTIPEJICIICHHBIX CTaHAapTOB 0€30MacHOCTH. BaxkHO yOemuThCs, 4TO CUCTEMa COOTBETCTBYET ATHM Tpe-
0OOBaHUSIM JJIsI 3AIUTHI JIAHHBIX U [I0JIb30BaTElICH OT KHOepyrpo3. [ist perienus 3Toii mpoOieMsbl Cliey-
€T MPOBECTH ayJUT CYLISCTBYIOIIMX CUCTEM 0€30MaCHOCTH U pa3padoTaTh IJIaH MX YITyUIICHHS.

6. Uarterparmus COII ¢ COJl MoxeT OBITH 3aTpyqHEHA W3-32 HECOBMECTUMOCTH (hOPMAaTOB U TIPOTO-
KOJIOB 0OMeHa JTaHHBIMU. Heo0XoanMo mpoBecTy TIaTeaIbHOe TECTUPOBAHUE CUCTEM TSt 00eCTIeueHUs
ux 3¢ exTuBHON pabOThI U N30EKAHUS TTPOOIEM C COBMECTHUMOCTRIO. J{J1st peleHust 3Toi 3a/1auu CTo-
UT BBINOJIHUTH MPEIBAPUTEIBHBIN aHAIN3 COBMECTUMOCTH (hOPMATOB M ITPOTOKOJIOB, CO3/IaTh pabouyro
IPyIIly U3 CICIUATUCTOB 00EUX CHCTEM TSl pa3pa0OTKH IJIaHa MHTETPAIlU U TECTUpOBaHusl. Peryssip-
HOC TECTUPOBAHUE U OOpaTHasi CBsI3b OT IOJIb30BaTE/ICH MOMOTYT BBISIBUTh U YCTPAHUTh BO3MOXKHBIC
poOJIeMBI Ha paHHHX CTA/IAAX, 9TO 00ecTeynT Oecnepe0orHy o paboTy mporeccoB, cBsi3anHbIX ¢ DI

3aKJIIoueHue

1. YenerrHast MHTErpaIus 3JIEKTPOHHOHN M(POBOI MOAMICH HAa OCHOBE BUPTYalbHOU HHPPACTPYK-
TYpBI B 00pa3oBaTebHbBIE MPOIECCH TPEeOyeT HE TONBKO TEXHHYECKOW TOTOBHOCTH, HO M M3MEHEHUS
MOAXOMIOB K pean3aliy 3TUX MPOIECCOB ¢ yUYETOM HEOOXOAMMOCTH TOBBIIICHHUST YPOBHS KauecTBa 00-
pa3zoBaHMsL.

2. Buenpenue u ucnosp3opanue DIIIBU B uHPpOpPMALIMOHHBIX CUCTEMaX yUPEKICHHH 00111ero 00-
pa3oBaHus Oy/eT CIocoOCTBOBATH YITPOIIEHUIO MIPOIECCOB JOKYMEHTOOOO0POTA, MOBBIIICHUIO YPOBHS
3aIUIIEHHOCTH AIEKTPOHHBIX JOKyMEHTOB. OHAKO, HECMOTPS Ha 0003HAYEHHBIE TPEUMYIIECTBA, CY-
LIECTBYET psiji OapbepoB ISl €e BHEAPEHUS U MCIOIb30BaHMs, TAKMX KaK HEAOCTaTOYHAsl OCBEAOMIICH-
HOCTB IOJIb30BaTe el NHPOPMAIMOHHBIX CUCTEM YUPEkKACHUH OOIIero cpeHero o0pasoBaHus 0 BO3-
mMoxkHOCTsIX DLTIBU, HEoOX0aMMOCTh MOBBINICHNST KBaTH(DUKAIIMH MOIb30BaTeIeld HHPOPMAIIMOHHBIX
CUCTEM YUPEKJICHHIA 00IIeTo cpeTHEr0 00pa3oBaHuA. DTH MPOOIeMbl TPeOyIOT BHUMaHHUS CO CTOPOHBI
00pa30BaTeNbHBIX YUPEKACHUNH W TOCYIApPCTBEHHBIX OPTaHOB, YTOOBI 00ECIIEUNTh TUTABHBIN IEepexXos
K IU(POBBIM TEXHOJIOTUSIM U MHHUMHU3HPOBATh BO3MOXKHBIE PHCKH.

3. B mocrnenyromeM ucciaeqoBaHus OyayT HampaBiieHbl Ha 00OCHOBaHHE M Pa3pabOTKy CHUCTEM
OUIIBU nnsa apyrux cdep AesTEIBHOCTH JIMYHOCTH, OOIIECTBAa M TOCYIapCTBa, a TakKe Ha 000CHO-
BaHME MyTeH peuieHus: mpoodieM, KOTOpble MOTYT BOZHUKHYTh NP BHEJAPCHUU M UCIIOJIL30BAHUH Ta-
KHX CHCTEM. DTH IyTH COCTOST B pa3paboTKe PeKOMEHIAINH M0 ONTHMH3AINN IPOIECCOB, CBI3aHHBIX
¢ ucnoip3oannem DIIIBU, a Taxke B co3maHuu 00y4arOnuX MporpaMM JUIsl TIOIh30BaTeNel CUCTEM
¢ OUIIBH, B yacTHOCTH, /IS IEJATOTOB U aIMUHICTPATUBHOTO TIEPCOHAIIA YUPEKICHUH 00IIero cpe/i-
Hero oOpa3oBaHusl. Pe3ynbrarbl NOCIEAYIOMMX UCCICIOBAHUI CMOTYT OBITh IPUMEHEHBI KaK B LIEJSIX
MOBBIILICHHS KayecTBa 00pa30oBaTeNIbHBIX YCIIYT, TaK U AJIs co3aanus Oosee 3 PeKTHBHOM 1 Oe30macHoi
CpeJibl ISl BCEX YYACTHUKOB 00pa30oBaTelIbHOTO Mpoliecca. JTo Mojpa3yMeBaeT BHEJPEHIE COBPEMEH-
HBIX pereHuil B cepe KubepOe30macHOCTH, a TaKKe PEryISIpHOE MTPOBEICHNE ayIuTOB U o0ydeHne
COTPYIHUKOB.
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