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OCOBEHHOCTH CTPYKTYPHO-®A30BBIX IIPEBPAIIIEHUI
B CJIOSIX CIIJIABA Ni-Pt-V HA KPEMHUUA
IIPU BBICTPOU TEPMHUUYECKON OBPABOTKE

S. A. COJIOBBEB!, I1. U. TAJTYK?
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© benopycckwuii TOCyIapCTBCHHBIH YHUBEPCUTET WHPOPMATHKH U PAIHONIEKTPOHUKH, 2024
Belarusian State University of Informatics and Radioelectronics, 2024

AHHoTanusi. Metonamu pe3eppopIoBCKOro 00paTHOTO paccesiHusl, pEHTIeHO(a30BOro aHain3a, MPOCBEUHBaIO-
1Iei AIEKTPOHHON MUKPOCKOIIMH 1 AN PAKINH YCTAaHOBICHBI 0COOCHHOCTH CTPYKTYPHO-()a30BbIX NMPEBpaICHUH
B ciosix cruiaBa Ni—Pt—V tommumHo#i 30 HM Ha moBepxHOCTH MOHOKpHcTaiuimdeckoro n-Si(111) mpu ObicTpoit
TEPMHUYECKON 00pabOTKe HEKOTCPEHTHBIM CBETOBBIM ITOTOKOM MOCTOSIHHOW MOIHOCTH OT KBAapIICBBIX rajOrcH-
HBIX JIaMII, HallpaBJICHHBIM Ha o6paTHon CTOPOHY MOJIOKKHU, NJIUTEIbHOCTHIO 7c A0 JOCTUKCHUA TEMIICPATYPhI
ot 350 110 500 °C. IlokazaHo, 4TO B JaHHBIX YCIOBUAX TEPMOOOPAOOTKH MpoucxoauT hopmuposanue cnoes Ni,Si),
XapaKTePUIYIOLIUXCS PA3TUYHON CTEIICHBIO YIOPSIOYCHHOCTH (IMUTAKCHATIBHOCTH). YCTaHOBIICHO, YTO ObICTpast
TepMooOpabdoTka mpu Temieparype 350 °C compoBoKIaeTCs TepepaCPEICICHUEM aTOMOB HUKEIST M KPEMHHS
1o cocraBa ~Ni;Si Ha TpaHuIe pa3zena IJICHKa-MOAJIKKa ¢ YMEHBIIEHHEM JI0JIM Si K MOBEPXHOCTH ¢ (hopmu-
poBaHueM JoMeHOB rekcaroHanbHoil (P321) daser cummimaa B-Niy Sij, anuTakCHAIBHBIX TOIUIOKEK. beicTpas
TepmoobpaboTka npu temreparype ot 400 no 500 °C npuBoauT K AanbHeimeMy nuddy3noHHOMy nepepacipe-
JITICHUIO PEearnpyronx KOMIIOHEHTOB 10 KOMITO3UIIMOHHOTO cocTaBa ~Nis)Sisy 1 (OPMHUPOBAHHIO OPTOPOMOU-
yeckoil (Pnma) ¢assr cumiuna NiSi, IMEOIIero TpaHCPOTAMOHHYI0 CTEIICHD SMUTAKCHANIBHOCTH. [Ipu sTOM
yIopsI04eHHBIH pocT cuiunuaa NiSi MporCcXOAUT Ha dMHUTAKCHANBHBIX JoMeHaX B-Nij; Sij,, COXpaHsSIONMXCs
Ha TpaHUIle pasjienia CHIINIUI-TIOAI0KKA BIUIOTH 10 Temmeparypsl S00 °C.

KuroueBble cioBa: CHIIMLU/BI, CIJIAB HUKENb-IUIATHHA-BAHAAWI, ObICTpas TepMUUYecKas 00paboTKa, CTPYKTYp-
HO-(ha30BOE TIpeBpalieHue.

Kondaukt uHTEpecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBHUHU KOH(IMKTAa HHTEPECOB.

BuaronapHocts. MccnenoBanus NpoBOJMINCE B paMKaX MPOEKTOB [0CyJapCTBEHHBIX MPOTpaMM HAy4YHBIX HC-
cienoBanuid (Ne I'P 20212702, 20191100). ABrops! npusnatenshsl O. B. Mussuannny u C. B. 3iomkomy 3a no-
MOIIb PU NMTPOBEACHUH SKCIIEPUMEHTA.

Jas uutuposanus. ConoBsés, 5. A. OcoOeHHOCTH CTPYKTYPHO-(a30BbIX IIPEBPAICHUH B closX ciutaBa Ni—Pt—V
Ha KPEeMHUU TIpU OBICTpOi TepMudeckoit oopadotke / 1. A. ComoBwés, [1. U. Taiinyk // Joxmagsr BI'YUP. 2024.
T. 22, Ne 4. C. 5-13. http://dx.doi.org/10.35596/1729-7648-2024-22-4-5-13.
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FEATURES OF STRUCTURAL AND PHASE TRANSFORMATIONS
IN LAYERS OF Ni-Pt-V ALLOY ON SILICON
DURING RAPID HEAT TREATMENT
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1JSC “INTEGRAL” — Manager Holding Company “INTEGRAL” (Minsk, Republic of Belarus)
’Belarusian State University (Minsk, Republic of Belarus)

Submitted 26.01.2024

Abstract. Using the methods of Rutherford backscattering, X-ray phase analysis, transmission electron microsco-
py and diffraction, the features of structural and phase transformations in layers of Ni-Pt—V alloy with a thickness
of 30 nm on the surface of monocrystalline #-Si(111) under rapid heat treatment with incoherent constant-power
light flux from quartz halogen lamps directed to the reverse side of the substrate for a duration of 7 s until a tem-
perature of 350 to 500 °C is reached have been established. It is shown that under these conditions of heat treat-
ment, the formation of Ni,Si, layers occurs, characterized by varying degrees of ordering (epitaxy). It was found
that rapid heat treatment at a temperature of 350 °C is accompanied by a redistribution of nickel and silicon atoms
to the composition ~Ni;Si at the film-substrate interface with a decrease in the proportion of Si towards the surface
with the formation of domains of the hexagonal (P321) phase of the B-Nij;;Si;, silicide epitaxial to the substrate.
Rapid heat treatment at temperature from 400 to 500 °C leads to a further diffusion redistribution of the reac-
ting components to a composite composition of ~Nis,Sis, and the formation of an orthorhombic (Pnma) phase
of NiSi silicide having a transrotational degree of epitaxy. In this case, the ordered growth of NiSi silicide oc-
curs on the epitaxial domains of B-Nij;;Si;,, which persist at the interface between the silicide and the substrate
up to a temperature of 500 °C.

Keywords: silicides, nickel-platinum-vanadium alloy, rapid heat treatment, structural and phase transformation.
Conflict of interests. The authors declare no conflict of interests.
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BBenenue

Cununu sl HUKEIS ITUPOKO MCTIONB3yIoTCs B coBpeMeHHoi TexHosorunt KMOIT CBUC, mockonbKy
YAA4HO COUYETAIOT B ce0€ CI0€Bble U KOHTAKTHBIE XaPaKTEPUCTHKU MPUOOPHOrO KayecTBa C HU3KUM
noTpebIeHneM KpeMHHUs NpH uX Gopmuposanuu [1-3]. M3BeCTHO HECKOIBKO CTAOMIBHBIX (ha3 CHUIIH-
uuaoB Ni nmpu komHatHOU Temreparype (Ni,Si, Niy Sij,, NiSi, NiSi, u gp. [4]), cpeau koropeix NiSi
BBITOIHO OTJIMYAETCSI BEICOKOH MPOBOANMOCTBIO, CTOCOOHOCTHIO 00Pa30BHIBATH BHICOKUH MOTEHIIMAIb-
HBII Oapbep MpH KOHTAKTe ¢ KPEMHHUEM M, Kak cieacTBue, opmupoBarh anosl LLoTTku ¢ Xxoporei
WJICATbHOCTHIO BOJIBTAMITEPHBIX XapaKTEPUCTUK W HU3KMMH TOKaMH yTedkd. BMmecTte ¢ Tem mpu BbICO-
KOTEMIIEPaTyPHBIX YCIOBUAX (DOPMHUpPOBAHUS (IKCIUTyaTaIllK) BO3MOXKHa TpaHcpopmarust NiSi B (azy
NiSi,, Ipyu 3TOM yBEITHMUUBAETCS CIOEBOE CONPOTHBICHHUE M CYLIECTBEHHO YXYALIAIOTCS KOHTAKTHBIC
xapakrepucTiku [5]. Kpome Toro, npu BEICOKMX TeMIlepaTypax u3-3a ariomepaunu mieHku NiSi reps-
10T MOP(OJIOTHYECKYIO CTAOMIIBHOCTD U ACTPAAUPYIOT, UTO HauOoIee KPUTHYHO AJISl TOHKHUX IUIEHOK.

Jiist perieHus ykazaHHBIX TPpo0eM BMecTo YicToro Ni MpeioKeHO HCIOIb30BaTh CIOH CIUIABOB,
BKJTIOUAOINX M00aBKU npuMecHbIX atomMoB (Pt, W, V, Pd u ap.), KoTOpbIe MO3BOISIIOT yIydIaTh Tep-
MHYECKYI0 CTaOMIHLHOCTE CHUIMIHUIOB HUKESA [6]. Cpenn Becex JISTUPYIOMNX 3JIEMEHTOB Pt sBsieTcs
HaubOoee 3 dekTuBHBIM, a ciou cuuiaoB Ni(Pt)Si ¢ konnenTparueit Pt o 10 at.% ucmons3ytoTcs
it GOpMUPOBaHUSI KOHTAKTHBIX ciioeB B TexHonoruun CBUC ¢ mpoekTHBIMU HOpMaMH MeHee 45 HM.
B [7-9] otmeueno, uto miist cununuaa Ha ocHoBe Ni BBeZieHue Pt yBennuuBaeT Temneparypy o0pazoBa-
aust NiSi, u cradunmsupyet ¢aszy NiSi. Cornacno [10], cununma crutaBa Ni—Pt 3HaunTensHo yiyuria-
eT 2eKTpodu3nUeckyro cTadbmibHOCTh NiSi 3a cyeT JOCTHKEHHS HU3KOW YTEUKH Ha Tepexojiax Jaxe
TIPH BRICOKHUX TeMIeparypax. Ctadmmmsaruio cioes cruitnaoB Ni(Pt)Si cBsa3piBaroT ¢ cerperarueii Pt
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Ha MEX3EPEHHBIX I'PAaHULAX U CO CTPYKTYPHO-()a30BBIMH M3MEHEHUsIMHU. B 3TOl cBs3M, Kak oTMede-
Ho B [11], noGasnenue Pt momasnsier PpubponogodHOE 0ceBoe TEKCTYpUPOBaHHE (AKCHOTAKCHIO) 3€-
peH B cnosix NiSi 1 yMeHbIIaeT MIEepoXoBaToCTh TPAHUIBI pasaena cuInuua-kpemuuid. [Ipennonara-
€TCsI, YTO JISTHPOBAHHUE MCXOJHBIX CIIOEB HUKEIIS IUIATHHOW CTUMYIHUPYET SMUTaKCHANbHBINA pocT NiSi
Ha TOIIOKKAX Si. DIUTaKCHaIbHas TEKCTypa CIIOS CHITAIINAA MOXKET PE3KO YMEHBIIIUTE arjioMepaItuio,
YTO MO3BOJSIET PAJUKAIBHO YIIydIllaTh TEPMUUECKYIO CTAaOMIBHOCTH CTPYKTYp. IlosToMy mccienosa-
HUE CTPYKTYPHO-(a30BBIX MPEeBpaIleHnid pu ObIcTpol TepMudeckoit 00padotke (BTO) ToHkHX croes
Ha ocHOBe ciutaBa Ni—Pt Ha KpeMHUM SIBISICTCA BaXKHBIM KaK C HAYYHOM, TaK U C MPAKTHYECKON TOYEK
3pEHHS.

Lenp uccnenoBanmii — yCTaHOBICHHE OCOOCHHOCTEH CTPYKTYpHO-(a30BbIX NPEBPAIICHUH B CIOSIX
crutaBa Ni—Pt—V na nmosepxunoctu kpemuus npu bTO.

MeToanka npoBeeHHsi IKCIePUMEHTA

Jli sKciepuMeHTa HCIOIB30BANIN TIOIOKKH, TIPEACTABISAIONINE CO0O0H SITUTAKCHATBLHBIE CIIOH Jie-
TUPOBAHHOTO (PochopoM KpeMHUS C YASTbHBIM corpoTuBiieHrneM 0,5 OM-CM U TOIIHHON 5 MKM, chop-
MHUPOBaHHBIE Ha TOIOKKAX MOHOKPHUCTAJUTMYECKOTO KPEMHHS p-THIIA C YIACIbHBIM COIPOTHUBIICHU-
em 0,005 Om-cm u opuentanmerr (111). [Tocrme craHmapTHOW OYHCTKH B TMEPEKUCHO-aMMHAYHOM
pactBope M mocieaynel 00paboTKu B pacTBOpe IUIABHKOBOM KHCIOTHI Ha TIOBEPXHOCTH ATMHUTAKCH-
AJIBHOTO CJ10s1 HaHOCUJIH ciion Ni—Pt—V Tonmuuoi 30 HM MarHETPOHHBIM PACIBUICHUEM MHIIEHH COC-
taBa Ni (87,32 ar.%)-Pt (6,14 ar.%)—V (6,54 ar.%) B cpene aprona 4yucToToil, He Xyxke 99,993 %,
npu gasiennn 0,8 [1a Ha ycranoske 01HM-7-015. 3arem Ha ycranoBke JetFirst 100 mommoxkn mom-
Bepranu bTO B pexxnme TeroBoro Oananca myTeM OOMydYeHHs UX 00paTHOM CTOPOHBI HEKOT€PEHTHBIM
CBETOBBIM ITOTOKOM KBApLEBBIX TAJIOI€HHBIX JIaMII TOCTOSIHHON MOIIIHOCTH B CPEZI€ a30Ta B TEUEHHE 7 C
Jo noctrxkenns temneparypsl oT 350 1o 500 °C. [lepen HarpeBoM kamepy JBYKpPaTHO BaKyyMHpOBAIU
C MMPOMEXKYTOYHBIM U (PUHAJILHBIM HAITyCKOM a30Ta 4iucToToi 99,995 %. KoHtposs Temmeparypbl pado-
Y€l CTOPOHBI MOJIOKKH OCYIIECTBRIISUICA TepMOIapoi ¢ TouHocThio 10,5 °C.

UccnenoBanus cTpyKTypsl B (pa30BOTO COCTaBa 0OPA3IOB MPOBOIMINCH METOJAMH TIPOCBEIHBATO-
et anexTpoHHoN Mukpockonuu (II9M) ¢ ucmonb3oBanreM anekTpoHHOro Mukpockona Hitachi H-800
pu yckopsromeM HanpsbkeHnd 200 kB ¢ mpuMeHeHneM roHnoMeTpuyeckoro yerpoicTsa. [lpu ananu-
3¢ 0COOCHHOCTEH CTPYKTYpHO-(Aa30BBIX COCTOSIHUH MHOTOCIONHBIX CTPYKTYP HCIHOJNB30BAIUCH CTaH-
JapTHBIC METOJIbI TOJyYSHHsI ¥ aHAIIN3a TUPPAKIUOHHOTO KOHTPACTa B COYCTAHWU C JAHHBIMH MHK-
pomudpakmuu. dis [I9M-uccnenoBanuii 00pasipl MpenapupoBaINCh B Buje nonepeunsix (X-I19M)
u tiaHapHbIX (P-ITOM) cedenwnii, 9T0 TO3BOJISIIO MOJIYYATh MOJHYIO M CTATUCTUYCCKH JTOCTOBEPHYIO
“H(OPMAIIHIO O CTPYKTYPHO-()a30BBIX COCTOSIHUSX CIIOEB, B TOM YHCIe U 110 ToimuHe. [Ipenapuposa-
Hue 00pasuoB st P-II9M ocyiiecTBisaoch XMMUKO-IMHAMUUYECKUM TPABICHUEM 10 METOY «Bpalla-
IOILErocs cTakaHay B monupytomeM Tpasurene coctaBa HNO;:HF = 6:1.

XuMU4eCcKue MpouiId aTOMOB U TOJIIIUHY CJIOEB B CTpyKTypax Ni—Pt—V/Si uzmepsiiiu metonomM pe-
3epdopaoBckoro obparnoro paccesaus (POP) nonos He™ ¢ sueprueit 1,2 MaB. O6pasibl GuKcHpoBain
Ha KacceTe-epiKarene, YKpeIuIeHHOW Ha JABYXOCEBOM TOHHOMETPE, U OPUEHTHPOBAIN OTHOCHUTEIIBHO
MaJaloLIEero my4yka ¢ TOYHOCThIO, Jiyute 0,02°. Yactuipl, paccesHHble noa yriiom 170°, peructpupona-
7 KPEMHHUEBBIM ITOBEPXHOCTHO-0apbEePHBIM AETEKTOPOM. JMaMeTp aHaIH3UPYIOLIEro Myyka COCTaB-
asut 0,7-1,0 M, Tok yuka — 5—20 HA, 00111as1 1032 MOHOB MPH CHATUU O1HOTO criekTpa — 5—100 MKt
Paspemnraromasi criocoOHOCTh perucTpupytroiiero Tpakra cocrarisiia 11-14 kaB. Hccnenosanus POP
MPOBOJIMJIM C HCTIOJIb30BAHUEM SIJICPHO-(QH3MUYECKOTO KOMILIEKCa Ha OCHOBE DJIEKTPOCTATUYECKOTO
yckoputenst noHoB AN-2500 ¢upmer High Voltage. [1pu npeoOpa3oBanny MIKadbl SHEPTHH B ITKATY
TyOWH MPUMEHSIICS TakeT pacueTHbIX rnporpaMm HEADG. Jlns ompeneneHus: 3IeMEHTHOTO COCTaBa
1 npoduiIsi KOHLEHTpAKK 3JIEMEHTOB B 00pa3lax MpOBOIMWIOCH MOCIOWHOE MOICIHUPOBAHUE CIEKT-
poB POP 1o mpakTudecky MOJHOTO COBIAICHHS C SKCIIEPUMEHTAIBHBIMH CIIEKTPaMH.

Uccnenosanus dazoBoro cocraBa cTpykTyp Ni—Pt—V/Si BBINONHSIIM METOAOM PEHTreHO(a30BOTO
ananmmza (POA). Uzmepenus nposoauiuck Ha audpakromerpe Ultima IV dupmer Rigaku ¢ ucnosnb3o-
BaHHEM T€OMETPHH TIapalIeIbHOTO ITydka B MeaHoM (CuKa) m3mydenun ¢ mmuHoM BomHE! 0,154179 HM.
Cremka 00pasIioB Benach Kak B reoMeTpun bparra — bpeHtano, Tak v py MallbIX yIiiax MajieHus PeHT-
TeHOBCKOTO MyuKa. J[i1st nccnenoBanus (pa3oBoro coctaBa NOKPBHITHI 00pa3el pa3MeIancs Ha CTOINKE
MIPUCTABKY JJIs1 TOHKUX TIEHOK. [IpeaBapuTenbHO MpONU3BOIMIACH aBTOMATHYECKasi HACTPOWKa BHICOTHI
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oOpasna. V3MepeHns BBRIMONMHSITUCH B Auana3one yrimoB 20 = 20°-120° ¢ marom 0,05° n ckopocTbio
JBIDKEHHMS JIeTeKTopa 2 Tpal./MuH B reomerpun bparra — Bpenrano. [Ipu ananuse ¢asoBoro cocrasa
HCTONIBb30Basioch mporpaMmmHuoe obecneuenne PDXL-2 (Rigaku).

Pe3y.]'ll)TaTbI HCCJ’[C}IOBaHHﬁ H UX oﬁcyme}me

CpaBuutenbHblil aHanu3 criekTpoB POP ot ctpykryp Ni—Pt—V/Si (puc. 1) mo3BonsieT 3akiIouuTh,
yT0 nipu yBenudeHuu temrneparypsl BTO ot 350 no 500 °C npoucxoaut u3MeHeHHe AIEMEHTHOTO cocC-
TaBa 10 BCEH TOJIIMHE IPUITOBEPXHOCTHOTO CIIOSL.

6
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Puc. 1. Criexktpsl pe3epdhopaoBCcKoro ooparHoro paccesiaus ot crpykryp Ni—Pt—V/Si
MOCJIe OCAXK/ICHHUS 1 OBICTPOH TEPMUUECKON 00pabOTKH MPH PA3IHUYHBIX TEMIIEPAaTypax
Fig. 1. Rutherford backscattering spectra from Ni—Pt—V/Si structures
after deposition and rapid heat treatment at various temperatures

BTO mipu 350 °C compoBokmaercs mudGy3noOHHBIM IepepacpeicICHHeM aTOMOB HUKETIS U KPeM-
HUS IO KOMITO3UITMOHHOTO cocTaBa ~Ni;Si Ha rpaHuIle paszena IUIeHKa-TIOAJI0KKA C TUIABHBIM YMEHb-
meHueM J1oiu Si 10 coctaBa okoio Niyy VPt 4Sis B TOHKOM (~9 HM) MIPUIIOBEPXHOCTHOM CIIO€. DTO CTa-
JI0 OKUAAEMBIM (PAKTOM, TOCKOJIBKY TIEPBBIMHU (hOpMHpYeMBbIMH cUIUIMAaMHU B tape Ni—Si yaie Bcero
SIBIISIFOTCSL CHJIMLIUIBI, oOoranienHbie MetamuioM (Ni,Si, Nijy; Sij,, NizSi, NisSi,) [1]. Ipu temmeparype
BTO Bsite 400 °C npoucxonuT aajibHelee q1udGy3noHHOe epepacipe/ieieHie pearupyonmx KoM-
TTOHEHTOB JI0 KOMITO3UITMOHHOTO cOoCcTaBa ~Nis)Sis,, 4TO OOBITHO COOTBETCTBYET (DOPMHUPOBAHNIO MOHO-
cwmnuaa Hukens (NiSi). OHako Ha TpaHUIlE pa3/iena KPeMHHN/CHITHIIA COXPAHIETCsl TOHKUH (OKOIIO
9-10 uM) cnoli cununuaa, odorameHHoro metamuioM (~Nig;Sis,Pt,), naxe mocine BTO nmpu temnepary-
pe 500 °C, o uem cBumeTenbCTBYeT MUK Bhixona POP B o6mactu kananos 310-315 (puc. 1). Dtot pe-
3yABTaT JOCTATOYHO CUIIBHO MPOTHBOPEUYHUT JIUTEPATyPHBIM JaHHBIM [1, 2, 12], B KOTOPBIX MHOTOKpAT-
HO TTOKa3aHO, YTO, BO-TIEPBBIX, CHIIHMIINIBI, 000TAIIEHHBIE METAIIJIOM, ITOJTHOCTHIO TPAaHC(HOPMUPYIOTCS
B MOHOCHJIHITH 1TpHu Temmeparype Boime 400 °C, a BO-BTOPEIX, mporecc dhopmupoBanmst NiSi HaunHa-
€TCs C TPaHUIIBI pa3ziesna CHINIUI/KPEMHUHN U MPOIOIKAETCA K MOBEPXHOCTH, YTO O0YCIIOBICHO JU-
(y3MOHHBIM IEPEHOCOM aTOMOB HHUKEJNs — npeoOnanatomero auddysanta B nape Ni—Si [12, 13]. [ToaTo-
My coxpaHeHnue cios Nig, Siz;Pt, Ha rpanune pasnena npu ogHOBpeMeHHOM (popmupoBanuu ciost NiSi
B TIPUIIOBEPXHOCTHOM 00JIACTHU SIBIISICTCS JOCTATOYHO HEOKHJAHHBIM (haKTOM.

Pesynbrathl CTpyKTYpHO-(a30BbIX HcciieaoBaHui MeTogamu POA, TIOM u pocBeunBaroIIei 2JIeKT-
pounoit mudpaknun (I13/1) (puc. 2—4) xoporo koppenupyot ¢ ganasiMu POP. [I9M-uccnenoBanus
CTPYKTYpPBI UCXOIHBIX TUIEHOK cruiaBa Ni—Pt—V (He mpuBeneHbI) TOKa3bIBAIOT, YTO MOCIIC HAHECCHHS
IJIEHKH MUMEIOT TEKCTYPUPOBAHHYIO MOJUKPHUCTAIUINYECKYIO CTPYKTYPY CO CPEIHHM pa3MEpOM 3epeH
okoJsto 5—10 HM, YTO XOPOUIO KOppenupyeT ¢ AAHHBIMM MHOTOYMCIIEHHBIX MCCIIE0BAaHUI MarHeTpoH-
HO-OCaX/ICHHBIX clioeB Ni B CXOAHBIX ycioBusiX. B yactHocTH, MeTonioM PDA ycraHoBieHo (puc. 2),
9T0 (ha30BBIN COCTAB UCXOMHOH MuieHKH ciiaBa Ni—Pt—V mpencrasiser coboit ogHoda3Hyo cucTeMmy
Ha OCHOBE TPaHEICHTPUPOBAHHON KyOmdeckor pemeTkd Ni (Fm—3m) ¢ i3MEHEHHBIM TTapaMeTpOM pe-
metku (0,3568 am npotus 0,3524 HM y uucroro Ni) BenenctBue BHenpeHus aromos Pt u V. Comac-
Ho npasuy Berapna, cocras mienku Ni-Pt—V Obi1 onenen kak Nij 3Pty 5. 13 nanupix POA taxske
BUJIHO, YTO HCXoAHbIE TieHKH Ni—Pt—V obnanatot npenmymiectBeHHol opuenTtanueii (111). Beictpsrit
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TepMUYecKuil oTxur mpu Temneparypax 200-300 °C He mpUBOIUT K M3MEHEHHIO (Pa30BOTO COCTaBa
IUIEHKH, HO IIPH 3TOM IapaMmeTp pemeTku ieHkd Ni—Pt—V nocnenosarensno ymensiiaercs ot 0,3564
1o 0,3549 u 0,3545 um npu temneparypax bTO 200, 250 u 300 °C coOTBETCTBEHHO, YTO, OYEBUAHO,
CBSI3aHO C IPUTOKOM aTOMOB KPEMHHS U X BCTPaWBaHHEM B pelIeTKy ciutaBa Ni—Pt—V.

B-NizsSisy (202) ~J= B-NisjSip, (113) \ \ \ \ I | _
" Nisi (200) = T | | ! \ Ni3 65Pto; (222)
| i i . .
Si (111) ~, /A - Ni ggPtos, (111) (NiPtV)Si (400) ™ (NiPtV)si (124) ~ T
» i | i | [
> A i : : 450 °C i
) ! " i | T
Q /\ ] ! | i
o I i | H
I iy I} L | Il
3 WA, : : D
§ S — o I o 350 °C L
£ A '
= I
X
|
J [lo 5TO i
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20, rpag.

Puc. 2. PeHTreHorpaMMeI, IOTy9eHHBIE OT 00pa3ioB cTpykTyp Ni—Pt—V/Si
JIO U TOCJIe OBICTPOY TePMHUUYCCKOI 00paboTku U mpu Temmeparypax 350 u 450 °C
Fig. 2. X-ray diffraction patterns obtained from samples of Ni—Pt—V/Si structures
before and after rapid heat treatment and at temperatures of 350 and 450 °C

Curyarmus  kapamHanbHO u3Mensiercst mocie bTO mpu temmeparype Beime 350 °C, xoro-
pas NpUBOIUT K Haualy (GOpMHUpOBaHUS cUIMLMAHONW (a3pl. Ha peHTreHorpamme mncuesaeT MUK
ipu 20 ~ 42°-46° (puc. 2), o0ycnoBineHHbIN qudpaknueid Ha ucxogHoM cruiaBe Ni—Pt—V, Ho mosBis-
eTcsl HECUMMETPHYHBIN MUK B o0nactu 20 ~ 33°-36°, KOTOPBIH, MO-BUIUMOMY, SIBJISIETCS CyHEepIO3HU-
nueit mukoB mpu 20 = 34,275° u 20 = 34,654°, cBsi3aHHBIX ¢ AU(PAKIUECH COOTBETCTBEHHO OT ILIOC-
kocreit (202) u (113) ¢aszsr B-Nis;Si;, rexcaronansuoit (P321) monudukannu. CTOUT 0JHAKO OTMeE-
TUTb, YTO AaHAJIOTHYHBIN MUK MOXKET OBITh TaKKe 00YCIIOBJICH CyIepro3uliueil Tn(ppakilMOHHBIX THKOB
ot (ha3sr opTopombuueckoro (Pnma) NiSi: 26 = 34,25° ot mmockocTeit (200), 26 = 36,056° ot mI0CcKOC-
teit (102) m 20 = 36,116° ot mrockocteit (111). Omuako, o gaHAEIM POP, KOMITO3HUITMOHHBIA COCTaB
1eHOK (0T Niy(Sis 10 NiggSiyg), TOTYYSHHBIX MPHU Takoi HU3Kol Temreparype bTO, mocrarouno na-
aek ot Tpedyemoro 50%-Horo st da3sl NiSi, eciii TOIBKO He MPEeNNOoNI0KUTh (HOPMHUPOBAHHE HEOOb-
IOT0 KOJMYECTBA OCTPOBKOB (Da3bl MOHOCWIIMIIM/IA HUKENS HA TPAHUIIEC paszjieNa CHIUIHI-KPEMHUH.
[oseimenue temneparypbl BTO m0 400 °C u Bbllie TPUBOAUT K POCTY 00beMa CHIIMIUIHON (a3bl,
YTO BENET K PE3KOMY YBEIUUCHHIO MTHKA B MHTEPBaJIC YIIOB Audpakiuu 20 ~ 33°-36°. 13 cpaBHeHUS
JaHHbIX POP u POA MOXHO 1OCTaTOYHO YBEPEHHO 3aKJIHOUUTH, YTO TAKOE YBEJIMYECHUE MTUKA CBSI3AHO
¢ hopmupoBanuem opropomOudeckoii ¢azel NiSi u yBenuuenuem ee oobema. [lonoxenue audpaknu-
OHHOTO NHKa Ha OCH YIVIOB TIPH 3TOM HM3MEHSETCS JIMIIb HE3HAYUTENIBbHO B CHIy ONM30CTH 3HAYCHUH
MEKIUIOCKOCTHBIX PACCTOSHUN yKa3aHHBIX (a3. [Ipyn 3ToM BO3MOXHBIM MPOLIECCOM SIBISIETCS TIPEBpa-
IICHHE YaCcTH rekcaroHanbHoro B-Nis;Sij, B opropombuueckyro (hazy NiSi. OpgHako TOT (akT, 4TO KOM-
MO3ULIMOHHBINA COCTAaB TOHKOTO CJIOSI CUJIMLIKA HEMOCPEICTBEHHO HA IPAHUIIE C IOUIOKKON KPEeMHUS
OCTaeTCs MeTaJNI0-000TallleHHbBIM, TTI03BOJISIET YTBEPKIaTh, 9To (aza [3-Niz; Sij, B cMecu ¢ ¢a3zoit NiSi
ocTaeTcs Ha IpaHuLe pasjerna BIuoTh 1o Temneparypsl BTO 500 °C.

Pesynbrarer [19M- u [19]]-uccnenoBanuii crpykrypHO-(azoBoro coctosiHus cioeB Ni—Pt—V/(111)-Si
nocie bTO npu temmeparype 350 °C B cBeTioM W TeMHOM mojsix (puc. 3, b, d) JeMOHCTPHUPYIOT
YIOPSIZIOYEHHOE pacIpe/ieliecHue Y3KUX JIMHUK (TEeMHBIX Ha CBETJIOM TIOJIE U CBETJIBIX HAa TEMHOM;
4acTh U3 HUX yKa3aHbl CTPEJIKAMHU), KOTOPbIC IPOCTUPAIOTCS HAa PACCTOSIHUE IO COTHH HAHOMETPOB.
[lonoxxeHue ITUX JIMHUH, UX 3aBUCUMOCTb OT IUGPAKLUOHHBIX YCIOBUH (hOPMHUPOBaHMS H300paxke-
HUSI, U3MEHEHHE UX TOJOKEHMS MIPU HAKJIOHE o0pa3lia B KOJOHHE MUKPOCKOIA YKa3bIBAaIOT, UTO JIH-
HUM (3KCTHHKIMOHHBIE KOHTYPBI) 00YCIIOBICHBI U3MEHEHHEM TOJILIUHBI U (WJIN) U3rHOOM TOHKHUX TLIac-
THUHOK (J1ameJieii), pacroioKeHHbIX B0 IPAaHHIIbI pa3Jielia ¢ MOAI0KKoH KpeMHus. CTpyKTypa cdop-
MHUPOBAHHOTO CHJIMIUJIA CYIIECTBEHHO OTIMYACTCS OT CTPYKTYPhI OOBIYHOTO MOIUKPUCTAIITAYESCKOTO
CJIOS, 4TO IOATBEP’KAAETCS KaK OTCYTCTBUEM XapaKTEPHOIO 3€pPHUCTOro kKoHrpacra Ha IIOM-muk-
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podotorpadusx Ha puc. 3 b, d, Tak ¥ KAPTUHOW AIEKTPOHHOU JU(DPaAKIIUU, KOTOpas COMEPIKUT JIHUIIb
OYeHb Ci1adble KOJbla OT UCXOAHOTrO cnost Ni—-Pt—V Ha (oHe CHIIBHBIX TOYEYHBIX pediIeKkcoB OT cu-
munuaa (puc. 3, a). Ilpu 5ToM HE0OXOIUMO OTMETHTH, 4To [1D]]-KapTHHA COAEepPKUT AU(PAKINOHHBIC
peduexchl (4acTh U3 HUX 3aKJIIOUYEHBI B IIPEPBIBUCTHIE KPYTH), PACIIONOKEHHBIE CHMMETPUYHO OTHOCH-
TETHHO PeIIEKCOB KPEMHUS, M HASHTU(DUIINPYIOT TeKcaroHaIbHyto B-hasy Niy, Si;, [14]. Baxxaoi oco-
OCHHOCTBIO (POPMBI OCHOBHEIX peiekcoB OT da3bl Nij; Si;, ABIACTCS HANWINE TSHKSH HHTEHCHBHOCTH,
KOTOpBIE YKa3bIBAIOT HA TUIACTHHYATYIO (YEeITyHUYaTyio) CTPYKTYPY 3€peH CHINIHUIHON a3kl (JOMEHOB)
C IUIAaBHOM pa3opHeHTalnel MIOCKOCTEN BJIOJIb MOBEPXHOCTH ItacTuH [15, 16]. B wactHOCTH, nyToO-
00pa3HbIll BUJ TSDKEH ¢ HEOAHOPOAHOW MHTEHCHBHOCTBIO YKa3bIBACT HA TO, YTO MJIACTUHYATHIC 3epHA
CHJIUIIM/IA PACIIONIOKEHBI BJIOJb [TOBEPXHOCTH M MMEIOT IIEHTPAJIbHYIO 00JIacTh, TNIOCKOCTH KOTOPOH
OpPUEHTHPOBAHBI ITOYTH MMAPATIIETHHO TIOCKOCTAM KPEMHHMS.

Puc. 3. CHUMKH CTPYKTYp, TOTy4YeHHBIE 0T 00pasnoB Ni—Pt—V/Si nocie ocaxaeHus
u ObIcTpOl Tepmuueckoit 00padorku rpu 350 °C: a — Mmukpoaudpakuus;
b, ¢ — cBeTIONONBHBIE MUKPOGOTOrpahuHl MPOCBEUNBAIOIICH dTIEKTPOHHON MUKpockoruu ([1OM);
d — remuononbHas [I9M-mukpodororpadus
Fig. 3. Photographs of structures obtained from Ni—Pt—V/Si samples after deposition
and rapid heat treatment at 350 °C: a — microdiffraction;
b, ¢ — bright-field transmission electron microscopy (TEM) micrographs; d — dark-field TEM micrograph

CeetnonionsHOE [I19M-m300paskenne (puc. 3, ¢), OTYYCHHOE B JBYXJYYEBBIX BparroBckmx yc-
JIOBHSIX, I@MOHCTPUPYET MyapOBBIE MOJIOCHI, BOSHUKAIOIINE B Pe3ylibTare WHTeP(PEPEHIINU TUIOCKOC-
el Ni3Sij, ¢ MIOCKOCTAMH KpeMHHs. AHalW3 KapTUH Myapa MO3BOJISIET CHENaTh 3aKJIIOueHHE,
YTO B LEHTPAJIBHON 00JacTH JOMEHOB IJIOCKOCTH CHIMIHIA HeaeGopMHpOBaHbl WK c1abo aedop-
MupoBaHbl. C yaajJeHueM OT IEHTPa MIOCKOCTH MOCTENICHHO M3TH0aloTCsl, U MPOUCXOIUT UX Pa3opH-
EHTAaIUs] OTHOCUTENHHO TUIOCKOCTEH MOUIOKKH. B COOTBETCTBUHM C MCCIIE0BAaHUSIMH, TIPOBEICHHBIMU
B [17, 18], Takue ocobennoctu nudpakmuu 1 [I3M-koHTpacTa Ha MUKPOPOTOTpadUIX CBHACTEIHCTBY-
10T 0 (DOPMUPOBAHNH KBa3UAMUTAKCHAIBHBIX JOMEHOB CHIIUITUAHOMN (a3bl.

Kak cnenyer u3 pesyasraroB POP u POA, npu temneparype BTO Boime 400 °C npoucxoaut dop-
MHUPOBAaHHUE CJIO0S1 ¢ KOMIIO3UIIMOHHBIM U (a30BbIM cocTaBamH, Onuszkumu K NiSi. bonee Toro, [19M-
u [19/]-uccnenoBanus (puc. 4) ar0T TOMOIHUTENbHbIE T0KA3aTEIbCTBA SMUTAKCHAIEHOTO YIOpsiI0ue-
Hus cinost NiSi OTHOCHUTENBHO MOMIMKKH. Tak, cBeTionoiabHbie [IDM-Mukpodortorpaduu (puc. 4, a)
XapaKTepU3yIOTCsI MHOKECTBEHHBIMH TTEPECEKAIOIINMICS SKCTHHKIIMOHHBIME KOHTYypaMH W3ruba, Xa-
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PaKTEepHU3YIOIIUMH JIOMEHHYIO CTPYKTYpPY CHJIMIUAHOW (pa3bl B BHJE TOHKUX IJIACTUHOK (Tamereii),
KpHUCcTaiorpaduuecKue mIOCKOCTH B KOTOPBIX PACIIOJIIOKEHBI BAOJIb TNIOCKOCTEH KPEMHHMS, HO IJIABHO
H3MEHSIIOT CBOIO OPHEHTALIMIO BAOJb MOBEPXHOCTH JOMEHOB, MPOSBISSA TPU 3TOM 3P PEKThl H3ruda.
C npyroit CTOpOHBI, COOTBETCTBYIOIIAsI KAPTUHA AICKTPOHHOM nudpakiuu (puc. 4, b, BCTaBka) cojep-
xuT Toueunble peduiekcs (202) u (211) NiSi, coocnsie ¢ (220)-pedekcamu kpemuusi. Bee 3T mpu3sHa-
KM OJITHO3HAYHO CBHJICTENBCTBYIOT O KBa3MAMUTAKCUAILHOM OPUEHTAIIMOHHOM COOTHOIICHUH TUICHKH
CHJTUIIH/IA HUKEIIS ¢ TIOTIOKKOW KPEMHHUSI.

[ 7 NOBEPXHOCTb
e R P
Si
200 HM
H B = m N
C

Puc. 4. CHumKH CTPYKTYp, TOJTydeHHBIE 0T 00pa3noB Ni—Pt—V/Si nocie ocaxxaeHus
u ObICcTpOl Tepmuueckoi 0opadorku pu 500 °C: a — cBemiononbHas [I9M-MukpodoTorpadus;
b — remuomnonsHag [I1DM-Mukpodororpadus ¢ Mukpogudpaximeis (Ha BCTaBKe);
¢ — [IDM-mukpodororpadust HONEPeIHOrO CEUCHHS
Fig. 4. Photographs of structures obtained from Ni—Pt—V/Si samples after deposition
and rapid heat treatment at 500 °C: a — bright-field TEM micrograph;
b — dark-field TEM micrograph with microdiffraction (inset); ¢ — TEM micrograph of cross section

ITo pesynsraram [I1DM-uccnenoBanuii u mogenuposanws criekTpoB POP BoccTaHOBIeHA cXeMa pac-
TIOJIOKEHUS CII0EB, TIPUBEICHHAS Ha pHC. 5.

10 1M NizSizsVsPt, // NiSi (Pt and V doped)

9 1M NizSisVPt,, // Ni PtV + Ni,SI,
11 1m NizoSigV, Pt // NLSI, + Ni PtV

31 1M NiysSisoPts // NiSi (Pt doped)

15 am Ni6gsi29Pt3 // B'Ni3lsi12 (Pt doped) 9 HM Ni6ISi37Pt2 // B-Ni3ISi12 + le] (Pt dOped)
Si-substrate Si-substrate
a b

Puc. 5. Pacnionoxxenue cioes B ctpykrype Ni—Pt—V/Si mocie ObicTpoii TepMudeckoit 00padoTKu
npu temneparype: a — 350 °C; b — 500 °C
Fig. 5. Layer arrangement in the Ni-Pt—V/Si structure after rapid heat treatment at temperature:
a—350°C; b—-500°C
Taxkum 00pasom, ymopsIOueHHbIH POCT CHMUMAHON (asbl cocrasa Ni,Si, MPOMCXOAUT HA SIH-
TaKCHANBHBIX JoMeHax [3-Ni; Si;,, COXpaHSIONMXCS Ha TPaHUIIEe pa3/ieia CHIIAIUI-TIOIOKKA BIUIOTh
1o temneparypst bTO 500 °C.

3aKJIroueHue

1. YcraHoBieHbl O0COOCHHOCTH CTPYKTYPHO-(Da30BBIX HpeBpalleHuil B cnosix ciuiaBa Ni—Pt—V
Ha MOBEPXHOCTU KPEMHHUSI TPU OBICTPON TepMUUECKOH 00paboTKe HEKOTEPEHTHBIM CBETOBBIM MOTOKOM
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MTOCTOSIHHON MOIIHOCTH OT KBAPILIEBbIX TAJOTCHHBIX JIAMII, HAIIPABJICHHBIM Ha 00PaTHYIO CTOPOHY MOA-
JIOKKH, JUTUTEIILHOCTBIO 7 C.

2. BeicTpeiit Tepmudeckuii oTkUr mpu temneparypax 200-300 °C He TpUBOAXT K U3MEHEHUIO (a-
30BOT0 COCTaBa IJICHKH, HO ITPH 3TOM TapaMeTp PEIIeTKU MJICHKHU crutaBa Ni—Pt—V mocienoBare/ibHO
ymensInaercs ot 0,3564 1o 0,3545 am, 9T0 00YCIIOBICHO MPUTOKOM aTOMOB KPEMHIS U UX BCTpanBa-
HHUEM B PELIETKY CIUIaBa.

3. [Ipu Temneparype ObICTpOil TepMudeckort 00padoTku 350 °C HabmromaeTcst mepepacupeaeneHre
aTOMOB HHKEJNISl U KPEMHMS ¢ (OPMHUPOBaHUEM CIIOEB cocTaBa Ni Si), XapaKTepU3YIOMUXCsS Pasauy-
HOW CTETEHBIO YMOPSJOYEHHOCTH (SMUTAKCHAILHOCTH). YCTAHOBJIECHO, YTO OBICTpas TepMOOOpadboT-
ka rpu 350 °C conmpoBoXkKAaeTCs Mepepacipeie/icHIeM aTOMOB HUKENS U KpeMHHS 10 coctaBa ~Ni;Si
Ha TpaHMIIEe pa3feNa IUICHKA-TIOIOKKA C YMEHBIIEHHEM JOIU Si K MOBEPXHOCTH ¢ (POpMHUpOBAHUEM
nmoMeHOB TekcaroHanbHOU (P321) das3er cunmumnaa B-Nis; Sij, STUTaKCHATBHBIX MTOIIOKEK.

4. Temneparypa ObicTpoii Tepmoobpadorku ot 400 mo 500 °C nmpuBoAuT K manbHeHIeMy Tuddy-
3MOHHOMY IIE€PEPACHPEACICHUIO PEarupyrouX KOMIIOHEHTOB 10 KOMIIO3UIIMOHHOTO cocTaBa ~Nis,Sis,
u ¢popmupoBanuio opropomomyeckoil (Pnma) daser cummnuna NiSi, ©MeroIero TpaHCPOTAHOHHYIO
CTeTleHb MUTaKCHATbHOCTU. [Ipn 3TOM ynopsimoueHHbIH pocT cuianiuaa NiSi MPOUCXOAUT Ha 3IIHU-
TaKCHAJIbHBIX JoMeHax [3-Ni; Si;,, COXpaHSIOUIMXCS Ha IPaHUIIC pa3jieia CUIULIUI-TOIKKA BILIOTh
JI0 TeMITepaTypsl OBICTPOH Tepmudeckoir oopadoTku 500 °C.

5. IlomyueHHbIe pe3ynbTaThl MOT'YT OBITh HCIIOJIB30BAHBI B MUKPOJIEKTPOHUKE MPH (POPMHUPOBAHUN
KOHTaKTHO-OapbepHBIX cTpyKTYp B KMOII-TexHONMOrnu ¢ npoeKTHeIMH HopMaMu MeHee 90 HM U 1no-
noB HIOTTKH ¢ pacIiIupeHHBIM TEMIIEPaTyPHBIM AUATIa30HOM.
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OOTONNPUEMHUKH YIBTPA®OUOJJETOBOT'O TUAITA30OHA HA OCHOBE
JIETMPOBAHHbIX AIIOMUHUEM U HUKEJIEM IIVIEHOK OKCHUJA IUHKA
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© benopycckwuii TOCyIapCTBEHHBIH YHUBEPCUTET WHPOPMATHKH U PAIHONIEKTPOHUKH, 2024
Belarusian State University of Informatics and Radioelectronics, 2024

AnHotanusi. KoMOMHMpOBaHWEM METOJIOB 30J1b-TEIIb M THAPOTEPMAITBHOTO OCAKICHHS Ha CTEKIISTHHBIX MOJJIOXK-
Kax MOJTyYeHbl TOHKOIUICHOYHBIE MMOKPBITHS U3 OKCHJIA IIMHKA C PUMECHIO HUKENs ¥ adroMuHust. MccnenoBanus
CTPYKTYpPbhI U COCTaBa IUICHOK METOJaMH CKaHUPYIOLIEH 3JIeKTPOHHOW MHKPOCKOIHMH, YHEProAUCIIEPCHOHHOM
PEHTTEHOBCKOW M paMaHOBCKOH CIIEKTPOCKOINH MOKA3aJI1, YTO OHM COCTOSIT M3 IUNIOTHOYITAKOBAaHHBIX KPHCTAILIN-
TOB OKCH/Ia IIMHKA, JISTHPOBAHHBIX IPUMECHBIMU aTOMaMH HHUKEJISl M allFOMUHKS. Ha 0CHOBE MOJTyYeHHBIX TIIEHOK
W3TOTOBJICHBI (DOTONIPUEMHUKHN PE3UCTHBHOTO THIA. [loKa3aHo, YTO MpU OOIYUYEHUH CBETOM YIBTPa(UOIETOBO-
TO Auamna3oHa ¢ JUIMHOW BoiHBI MeHee 400 HM yaenpHOe CONPOTHBICHHE CTPYKTYphl yMeHbImaercs ¢ 190-210
10 7,5-8,0 Om-cM. JlocTurHyTO€ BpeMs OTKJIMKA MPU HapacTaHWU CBETOBOTO UMITyJbca — 48 ¢, Torma Kak Bpems
crnaza coctasiuser ~700 c.

KiaroueBrbie ciioBa: OKCHJ LIUHKA, 30JIb-I'CJIb, THAPOTCPMAJIBHOC OCAXKICHUC, (I)OTO,HGTGKTOp, yJ'ILTpa(I)I/IOJ'IeTOBOG
H3J1y4YCHHUC.

Kondaukt uHTEpecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBUHU KOH(IMKTa HHTEPECOB.

Joas uutupoBanusi. GoTonprueMHUKN yIbTpadUOIECTOBOIO JUana3oHa Ha OCHOBE JISTUPOBAaHHBIX aFOMHHUEM
W HHUKEJIEM IIJIeHOK okcupa 1uHKa / M. A. I'pexos [u ap.] // Joxnaxer BI'YUP. 2024. T. 22, Ne 4. C. 14-21. http://
dx.doi.org/10.35596/1729-7648-2024-22-4-14-21.

UV-PHOTODETECTORS BASED ON ZINC OXIDE FILMS DOPED
WITH ALUMINUM AND NICKEL

IGOR A. GREKOV, KONSTANTIN O. YANUSHKEVICH, EUGENE B. CHUBENKO,
VITALY P. BONDARENKO

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

Submitted 30.10.2023

Abstract. By combining sol-gel and hydrothermal deposition methods on glass substrates, thin-film coa-
tings of zinc oxide doped with nickel and aluminum were obtained. Studies of the structure and composition
of the films using scanning electron microscopy, energy-dispersive X-ray and Raman spectroscopy have shown
that they consist of close-packed zinc oxide crystallites doped with impurity atoms of nickel and aluminum. Re-
sistive type photodetectors were manufactured based on the films obtained. It has been shown that when irradiated
with ultraviolet light with a wavelength less than 400 nm, the resistivity of the structure decreases from 190-210
to 7.5-8.0 Ohm-cm. The achieved response time for the rise of the light pulse is 48 s, while the decay time is #700 s.
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BBenenue

B nacrosiee BpeMs CTpeMHUTEIBHO pacTeT MOTPEOHOCTh B TEXHOJMOTUSAX NETEKTUPOBAHMS YIIbTpa-
(uoneroBoro (Y®) usnmydeHus, Tak Kak HHTEHCHBHOE BO3JIEHCTBHE CBETA C COOTBETCTBYIOMICH JaHHO-
My Uana3oHy dHEPrueil onmacHo JJisl AKUBBIX OPraHU3MOB U MOXKET IPUBOJIUTH K TpaBMaM Ivia3, OHKO-
JIOTMYECKUM 3a00JI€BaHUsIM M TEIUIOBBIM yaapaMm. Ho, kpome storo, ¢ortomerekropsl YP-auana3zona
MOTYT OBITh UCIIOJIL30BaHBI AJIs1 KOHTPOJISL COCTOSIHHS 030HOBOTO CJI0sI, OOHAPY>KEHHUsI TNIAMEHH, OTCIIe-
JKUBAHMS IBKEHHS pakeT M JIPYTHX OCHAIEHHBIX PEaKTUBHBIMU ABUTaTENsIMU 00bekToB [1]. Jlist pe-
IIeHNS JaHHBIX 3a/1a9 HEOOXOANMBI YCTPONCTBA ¢ OOIBIINM COOTHOIIEHHEM CUTHAJI/IIIYM U C BBICOKOM
CKOPOCTBIO OTKJIMKA.

Bonpmas mupuHa 3anperiernoi 30861 (~3,37 5B) u xoporast TemneparypHas cTabuiIbHOCTh OKCH-
na nuHKa (ZnO) IOo3BOJSIOT IPUMEHATH €r0 B Ka4eCTBE Marepraia (pOTOUyBCTBUTEIBHBIX CIOEB ICTEK-
TopoB YO-nuamnasona [2, 3]. KOMIOHEHTHI 3TOTO MOIYIIPOBOAHKUKA IIUPOKO PACIIPOCTPAHEHEI B PUPO-
JIe ¥ JTIETKOAOCTYITHBL. OKCHJI IIMHKa 00pa3yeT KPUCTaJUIbI C TeKCarOHAJIbHOM CTPYKTYpPO THIIa BIOPLIUTA
Y TIPOSIBIIAICT DJIEKTPOHHYIO TPOBOUMOCTD 32 CUET BHYTPEHHUX TOUEUHBIX 1€(DEKTOB TOHOPHOTO THUIIA,
KOTOpasi MOXKET OBITh CTAOMIM3UPOBaHA HA HEOOXOIMMOM YPOBHE ITyTEM JIOTIOTHUTEIBHOTO JIETHPOBa-
Hus [4]. Tonkornenounsie ¢oroaeTekTopbl Y®O-nuana3zona Ha ocHoBe ZnO IMOMydYaroT pa3HbIMHU CIIO-
cobaMu, HampUMep: COPEH-MUPOIU30M [5], XUMHUUECKUM OCaXIEeHHEM M3 ra3oBoi ¢aswl [6], ruapo-
TepMalIbHBIM [7, 8] 1 301b-Tens MeTonamMu [9—12]. HuskoreMieparypHble METOMIbI THAPOTEPMATBHOTO
¥ 30JIb-T€JIb OCAXK/IEHUS OTIMYAIOTCS TOCTYMHOCTBIO, POCTOTOM peanu3aui, BOSMOKHOCTBIO HCIIONb-
30BaTh pa3HbIe MaTepPHAIbl B KAUECTBE TOIOKKHN M TOCTATOYHON BOCTIPOU3BOANMOCTBIO.

Ha Bpems oTkimuka GOTOAETEKTOPOB W HA JIPYTHe UX XapaKTEPUCTHKH BIUSIOT MHOTHE (aKTOPHI,
TaKHhe KaK TOJIIMHA (PYHKIIMOHAJIHHOTO CJOs, pa3Mep 3epHa, TepMudeckas o0paboTka mocie ocaxe-
HUs, JierupoBanne u Mopdonorus twieHku [10], cBsi3aHHbIe co crtocodoMm nomydeHust ZnO. Bpems do-
TooTKINKa YP-porogerekTopoB Ha ocHOBE ZnO MOXKET BapbHUPOBATHCS OT MUKPOCEKYH/I 10 HECKOJIb-
KUX 4acoB. B ycTpoiicTBax ¢ ()OTOUYyBCTBUTENBHBIME CIOSMH JIETUPOBAHHOTO AJIFOMHUHUAEM M HUKEJIEM
OKCHJIa IIHKA, TIOJTYUYECHHBIMH 30JIb-T€JIb METOJIOM, TOCTUTHYTOE BpeMs OTKJIMKa coctaBiser S0-500 ¢
MIPU HapacTaHWUW CHTHAja, a BpeMsl BOCCTAHOBJICHHS TeMHOBOTO compoTuBienns — 50—100 ¢ [11, 12].
B nerupoBaHHBIX TepMaHUEM IICHKAX, COCTOSIINX U3 HaHOCTepKeHel ZnO, chopMUpOBaHHBIX THIIPO-
TEepMaJIbHBIM METOIOM, BpeMs oTKiHKa coctaisiet 100 u 6onee 800 ¢ st pocTa v criajia CUrHaia COOT-
BeTcTBEeHHO [7]. B Y®-doToneTekropax, moly4yeHHbIX THAPOTEPMAaIbHBIM METOJJOM Ha OCHOBE TUICHKH
U3 HaHOCTEp KHEH OKCHJIa IIMHKA, JIESTMPOBAHHOTO JKEJIe30M, C 3aPOJIbIIIEBbIM CJI0OEM, HAHECEHHBIM 30-
JB-TEJTh METOAOM, BpeMsl OTKJIMKA cocTaBisieT S0 ¢ mpu BrimroueHnn Y®-ocsemnienns u 250 ¢ — mpu ero
BBIKITIOUCHUH [8].

B npoBoguMbIX uccnenqoBaHUSAX U1l MOTYYEHUS] TOHKUX IUIEHOK JernpoBaHHOro ZnO U U3roToB-
JICHUSI HAa UX OCHOBE (POTONPUEMHHUKOB Y®D-IHanazoHa HMCHONb30Bajlach KOMOMHALUS 30JIb-T'€lb Me-
TOA2 ¥ THUAPOTEPMAIBHOTO OCaXACHHsI. 3apOMbIIIEBbIi CI0H, CHOPMHUPOBAHHBIN 30Jb-TelIb METOIOM,
MIO3BOJIMJI TOJIYYUTH O0JIee IIIOTHYIO CTPYKTYPY MOIYyTPOBOJAHUKOBOH MJICHKH ITPH MOCIEAYIOIEM TH/I-
pOTEepMaIbHOM OCAXKACHNH, a TBOWHOM OTKUT M JIETUPOBAHHE aJTIOMIHHEM U HUKEJIEM CHU3WIIN BpEeMs
OTKJTMKA JIJISl TIOIOOHBIX CTPYKTYP IIPH HApaCTaHWU CBETOBOTO CHTHAJIA.

MeTtonuka npoBeaeHHsI IKCIEPUMEHTOB

dopMUpOBaHHUE TUICHOK JISTHPOBAHHOTO OKCHIA IMHKA MPOBOMMIOCH B 1Ba dTama. Ha mepBom
Ha TIOBEPXHOCTH MPEAMETHOTO CTeKIIa ToNIUHOM 0,1 MM 3011b-Telb METOIOM (hOPMHPOBAIICS 3apOIbIIIIe-
BbIH CJIOH JIeTUpOBaHHOTO amoMuHKEeM ZnO. /{7151 3TOro UCmob30BalICs 30J1b HA OCHOBE CMECH U30MPOIIH-
noBoro criupta, 0,1 M qurunpara amerara nuHka, 0,1 M Mmonoatanonamuna ¢ gobasineruem 0,005 M Hurt-
para amomunus. Cou 307151 HAHOCHIIUCh METOZIOM HEHTPU(YTUPOBAHUSI C TIOCIEAYIONICH MPOMEKYTOU-
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HO cymikoii ipu Temneparype 160 °C B Teuenne 5 MuH. Beero ObpuT0 HaHECEHO IATH cioeB 30151 [locme
HAHECEHUS U CYIIKH IIOCIIEHETO CJI0s TPOBOAMIICSA OTXKHUT ITpH Temmeparype 250 °C B Teuenue 2,5 u.

Ha BTOpOM 3Tarne Ha MOBEPXHOCTH 3apPOABILIEBOTO CIOS THAPOTEPMAIBLHBIM METOIOM (hOPMHPOBa-
JIach TMJIEHKa JIeTHpoBaHHOTrO HHUKeneM ZnO. s ocakAeHNs UCTIONb30BaJICs 3aKPHITHIN CTEKISHHBIN
TEPMOCTATHPYEMBIH CTaKaH, HAIIOJHEHHBIN BOAHBIM 3KBUMOISpHEIM 0,025 M pacTtBOpoM auruapara
areraTa IMUHKA ¥ yporponuHa ¢ modasmenneM 0,0025 M HuTpara HUKETs, HAaTPETHIM IO TEMIIepaTy-
pb1 95 °C. [InUTenpHOCTh NpoLEecca OCAXKICHUS IPU MOCTOSHHOM MepeMENIMBaHUM cocTapisia 1,5 4
¢ Havyasna Harpesa. [locie u3Bneuenns copMrUpoBaHHON CTPYKTYPHI U3 PaCTBOPA, HPOMBIBKH B TUCTHII-
JMPOBaHHOM BOJIE M CYLIKH MTPOBOAMIICS MOBTOPHBINA oTxkHT (2,5 4 ipu 250 °C). [{nsa nomyuenust horo-
IIPUEMHUKOB Ha OCHOBE JIETHPOBaHHOTO ZnO U M3MEPEeHHs UX MEKTPUUYECKHX XapaKTePUCTUK Ha I10-
BEPXHOCTH IMOJYNPOBOIHUKOBOM IIJIEHKH Yepe3 KOHTAKTHYI0O MacKy ObUIM HaHECEHbI aJIOMHHHEBHIE
KOHTaKThI TONIUHON 0,1 MKM METOIOM paclbUICHUS 3JIEKTPOHHBIM IIyYKOM B BaKyyMe.

N300paxkeHns1 MOBEPXHOCTH U MOMNEPEYHOTO CKOJIA CTPYKTYP OBLIM MOJIYyYEHBI HA CKAaHHPYIOLIEM
anekTpoHHOM Mukpockorne (COM) Hitachi S-4800. AHann3 XMMHUYECKOTO COCTaBa U KPUCTAILIHYEC-
KOW CTPYKTYpPbI IPOBOAMIICS METOIOM DHEPTOIUCIIEPCUOHHON peHTIeHOBCKoH criekTpockonuu (EDX)
U paMaHOBCKOM crmekTpockonuu Ha 3D-ckanupyromeM JsazepHoMm crekrpomerpe SOL Instruments
Confotec NR500 ¢ ucriosib30BaHHEM B Kaue€CTBE HCTOYHHUKA BO30YKIAIOIIETO H3IyUYeHHs ja3epa ¢ pabo-
el JIMHOM BOJTHBI 473 HM. DIIEKTPUUICCKHIE XapaKTEPUCTUKH (POTOETEKTOPOB U3MEPSIITUCH C TTIOMOIIIHIO
ncrounnka-uzmepurens Keithley 2450 mo aByxmpoBomHoit cxeme. [Ipu ompeneneHnn crieKTpatbHON
3aBUCUMOCTH (POTOTOKA B KAUECTBE MCTOUHUKA U3ITyUEHHS HCII0Ib30BAIACh KCEHOHOBAS JIaMIIa MOLIIHO-
cTbi0 | KBT, U3 IIMPOKOTO CcrieKTpa KOTOPOoii ABOtHBEIM MoHOXpoMatopoM Solar TII DM 160 Beigensuich
MOHOXpOMaTH4ecKue JTUHUU. Bennmunny GoToToKa onpeaessii NPy 3HaYeHUSIX JUTMH BOJH Ma/Ial01Iero
cBeTa, 3MeHstomuxcs ¢ marom 10-20 HM, ¢ yueToM BpeMeHn (OTOOTKIMKa 0oOpa3ia. Bee m3mepenust
IIPOBOAMIIM IIPU KOMHATHOM TeMIIepaType.

Pe3ynbrarhl uccie10BaHuii U UX 00cy:KIeHUe

Ha puc. 1 mpencraBieHbl HOTyYEHHBIC METOIOM CKAaHUPYIOIICH IeKTPOHHOW MUKpOocKorud (COM)
M300pakeHUs ITOTIEPEYHOTO CKOJIA U ITOBEPXHOCTH C(hOPMUPOBAHHOH IJICHKH. TONIIHA TOKPBITHS COC-
taBisieT 240245 um. [lneHka 10CTaTOYHO ONHOPOAHA U COCTOUT U3 IJIOTHOYMAKOBAHHBIX KPUCTAJLIU-
TOB C BEpPTUKAJIBHOM opueHTanuen, nMeronux auameTp 75-200 HM. 3apoabIieBblii 10, MOTyYeHHBIH
30IIb-Tellb METOJIOM, U BEPXHUH CIIOH, chOpMUPOBaHHBIN THAPOTEPMATIBLHBIM MeToIoM, Ha COM-1300-
paXKeHUU BU3YyaJbHO HE Pa3IMIUMBI.
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Puc. 1. 300pakeHst MOBEPXHOCTH (@) U TIOMIEPEYHOTO CKola (b) chopMHpOBaHHON TIICHKH
Fig. 1. Images of the surface (@) and cross-section (b) of the formed film

Ha criekrpe pamMaHOBCKOTO paccesiHusi C(hOPMHUPOBAHHOMN TUICHKH (pHUC. 2) HAOIFOIAI0TCS HHTCHCHB-
HBIE MOJIOCHI ¢ MAaKCUMYMOM OKojio 437 u 1157 ¢cm™!, koTopble MOTYT OBITH OTHECEHBI K KOJIE0aTeNb-
HBIM MOJIaM KPUCTAJLIMYECKoi pemmeTku £,"" u 24,(LO) kpucrammyeckoro ZnO co cTpyKTypoi Tuia
BropuuTa [2, 13]. OHE XOpOIIO BUAHBI HAa PUC. 2 HA CHEKTpax MOPOIIKa OECIIPUMECHOT0 OKCHIA LIUH-
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ka. [Tonoca 24,(LO), pacnionoxennas Ha 1157 cM ™!, yacTUYHO MEPEKPHIBAETCS JTUHUEN ¢ MAKCHMYMOM
Ha 1101 cM !, cBsI3aHHOM CO CTEKIAHHOM TOLIOKKOM. [1IMpoKas MaJOMHTEHCUBHAS TIOJIOCA C MAKCUMY-
MOM OKOJIO 798 ¢M ! Tak:Ke OTHOCHUTCS K CTEKJITHHOMN TOIOKKE, UCTIONB30BAHHOM ISl H3TOTOBJIEHHUS]
00pasIoB.

Yuctbih ZnO
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T T
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T
1200
1

Puc. 2. PamaHOBCKHE CHIEKTPBI INICHOK OECIIPUMECHOTO 1 JIETHPOBAHHOTO OKCH/IA [INHKA
Fig. 2. Raman spectra of pure and doped zinc oxide films

MeHee UHTEHCHBHAS JIMHKS C MAKCHMYMOM OKOJIO 579,8 cM™! cOOTBETCTBYET HANIOKEHHUIO IBYX MPO-
JONBHBIX KosebarenbHbIX Mol A (LO) u E(LO), cBa3anHbIX ¢ ToueuHbME aedekramu B ZnO [9, 14].
[Tonocel Ha 260, 492 1 557 ¢cM ™' COOTBETCTBYIOT aKTMBMPOBAHHOMY OECTIOPSAIKOM KOMOWHAIMOHHO-
My PACCESHHUIO ¢ y9aCTHEM «HEMBIX» Mox B/, 2Bl u B¢ [10, 11, 15]. OHu NpOSBIAIOTCS TOIBKO
Ha crexTpe obpasua ¢ npumechio Ni u Al. ITonoca B{€" pacionoxena B6musu muaun 4,(LO) + E(LO)
Y YaCTHYHO TIEPEKPHIBACTCSI C HEH, OTHAKO OHA IOCTATOYHO XOPOIIO MOXKET OBITh UICHTH(OUIIMPOBAHA
Ha criekrpe. [losienenue nonoc B{?, 2B u B{"¢" na cnektpe KOMOMHAIMOHHOTO PACCESHUS yKa3bl-
BaeT Ha BHEJPEHHE MpUMeceill alFOMUHUS U HUKENA B KPUCTAJUIMYECKYI0 pemeTky ZnO, T. €. MOXKHO
TOBOPHTH O JIETHPOBAaHWH JAHHBIMH METalIaMH MOJIyHnpoBonHUKA. OO 3TOM TakkKe CBUACTENBCTBYET
M3MEHEHHUE OTHOCUTELHON HHTEHCUBHOCTHU M IMPUHBI T0NI0C E78" u 24,(LO), oTHOCSIMXCS K POHOH-
HbIM KosteOanusim pemetku ZnO [16]. [To pesynsraram EDX-aHanu3a ycTaHOBJIEHO, YTO KOHIICHTPALIUS
Jerupyrommx npumeceit cocrasiser okoiso 0,01 at.%.

Ha puc. 3 npezacraBieHbl BOJIbTaMIIEpHbIE XapaKTEPUCTHKH (OTOACTEKTOPA PE3UCTUBHOTO THIIA
Ha 0CHOBE C(hOPMHUPOBAHHOM IJICHKH JIETUPOBaHHOTO ZnO, CHATHIE B TEMHOTE U IPH 00Ty4YEHUH CBETOM
¢ mumHOW BOMHBI 400 HM. XapaKTepUCTUKH JIMHEHHBI 1 CHMMETPUYHBI, YTO YKa3bIBaeT HA OMUYECKHMA
XapakTep MOJYyUYEHHBIX MEKTPUISCKIX KOHTAKTOB K MOIXYyNpoBOonHKKY. [lox oOmydennem HaOmonaeT-
csl 25-KpaTHBIM pOCT TOKa Yepe3 CTPYKTYpY IpHU 33JaHHOM HANpsKEHUU 110 CPAaBHEHHUIO C TEMHOBBIM
ToKOM. PaccunTaHHOe MO AKCIEpUMEHTAILHON BOJIBTAMIIEPHON XapaKTEPUCTUKE TEMHOBOE YEIbHOE
COTIPOTHUBIIEHUE CTPYKTYpbl cocTaBmwio 190-210 Om-cm, a mpu ocBemieHnn cBetoM Y®-auamnazoHa
OHO CHIKAJI0Ch 10 7,5-8,0 OMm-cMm.

Ha puc. 4 npencrapieHa crieKTpaibHas XapaKTePUCTHKA MOITYYeHHOTO (HOTOAETEKTOpa, N3MEpPEH-
Has npu BHemHeM cMeniennd 1 B. Cnag 4yBCTBUTENBFHOCTH B KOPOTKOBOJIHOBOM JIMAMa30HE CIIEKTpa
00YCIIOBJICH HE XapaKTePUCTUKON (OTONETEKTOpa, & OrPaHHMYCHHUEM UCIIONB3yeMOro UCTOYHHKA H3ITy-
YeHUs!, IMEIOLIETO PEe3KOe CHIKEHNE MHTEHCUBHOCTHU Ha JirHaX BoiH <300 HM. MakcuManbHbIH (o-
TOTOK HaOIIOAeTCsl B CIIEKTpalbHOM jauana3oHe 345-355 um. [Ipu oGnyyeHnn MOBEPXHOCTH TUICHKU
IOJIYTIPOBOJIHUKA CBETOM C JUTHHOM BOJIHBI Oosiee 400 HM POUCXOAUT najieHue Toka 10 80 % oT Makcu-
MaJIbHOTO U3MEPEHHOTO 3HAYCHHUS.
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Fig. 3. Measuring circuit (@) and current-voltage characteristics (b) of a photodetector based
on a doped zinc oxide film
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Puc. 4. CriekrpanbHas 9yBCTBHTEIFHOCTD (POTONETEKTOPA HA OCHOBE IICHKH JISTHPOBAHHOTO OKCHA [IHKA
Fig. 4. Spectral sensitivity of a photodetector based on a doped zinc oxide film

Bpewms oTkiinka (oTomeTeKTopa, TaKkKe H3MEPEHHOE IPU HAIlpsbKeHUU cMetenus | B n onpenernen-
Hoe TipH JocTikeHnd 90 % 0T MaKCUMaIbHOM JOCTUTHYTOH aMILUTUTYABI TOKa (PHC. 5), Ipu 00Iy4eHUN
Y®-cerom ¢ anuHOM BosiHEI 400 HM cOCTaBMIIO f,,,5 = 48 c. [Ipu BeIkIIOueHNN nctouHnka Yd-cBeTa
BpPEMsI peNakcalui £, ~ 700 ¢ [17].

Mexann3m HabIIOmaeMol B CTPYKTypax (POTOMPOBOIUMOCTH CBSI3aH C IPOIIECCAMHU aICOPOITHH
1 IecOpOIMH KUCIOPO/Ia Ha TOBEPXHOCTH MOy IPOBOAHIKOBOM ieHKH ZnO [18]. B TeMHoTe ancopOu-
POBaHHBII KUCIOPOA 3aXBaThIBAET CBOOOHBIC HJICKTPOHBI U3 TUIEHKH ZnO 1 MpHOOpeTaeT OTpULIATEb-
HBIU 3aps]. DTO NPUBOAMT K (POPMHUPOBAHHIO O0STHEHHOW 00JIaCTH Ha MMOBEPXHOCTH MOTYIPOBOAHUKA
U CHIKEHHIO KOHIIEHTpaluyu HOocHUTeNel 3apsana. B pesynsrare mpoBogumocts ZnO cHmxkaercs. Pas-
BHTasl MOBEPXHOCTH C(HOPMHUPOBAHHBIX CTPYKTYP CIIOcOOHa yCHIMBaTh AaHHBIA d(h(dekT. B HauanpHbII
MOMEHT TIPU OOIYICHHUH IMOBEPXHOCTH IUICHKH ZnO cBeToM YD-nnanazoHa ¢ SHEPTHEH, IPEeBBIIIAi0-
el IMUPHUHY 3anpelieHHoi 30861 ZnO, B 00beMe MOMyNPOBOAHNKA B pe3ysbTare (OTOreHepaluu 3a-
poxIaeTcs OONBIIOE YHCIIO AMEKTPOHHO-ABIPOUHBIX AP, YTO MPUBOIUT K OBICTPOMY POCTY (POTOTOKA.
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Puc. 5. Bpems otkinka doroperekropa npu BKitoueHuu (a) u otkimoueHuu (b) YO-crera
Fig. 5. Photodetector response time when turning UV light on () and off (b)

doToreHepUPOBAHHBIC NBIPKU ABHKYTCS K TIOBEPXHOCTH 32 CUCT TPAJAMCHTA TIOTEHITHATA i PEKOM-
OMHUPYIOT C JIEKTPOHAMH, 3aXBAYCHHBIMU aJICOPOMPOBAHHBEIMHU aTOMAaMH KHUCJIOPOAa. DTO TMPUBOIUT
K BOCCTAHOBIIEHHUIO U JIECOPOIMH aTOMOB Kuciopoaa. OcTaBiirecs IeKTPOHBI MTOCTENIEHHO HaKarllu-
BAaIOTCS B TIOIYIIPOBOJHHKE JI0 JOCTH)KEHHUSI pABHOBECHOTO COCTOSHUS TIpoIIecca aJcopOIiy 1 1ecopo-
MU KUCIIOPOJIa, YTO CIOCOOCTBYET MEUIEHHOMY HapacTanuio (ororoka. Kak Tompko oOmydeHue
Y®-cBeTOM TPEKpaIaeTcs, B pe3yyIbTaTe PEKOMOMHAITIMH SIICKTPOHHO-IBIPOYHBIX Map (POTOTOK CHU-
kaeTcss. HecMOTpst Ha TO 94TO pEKOMOWHAITNS TTPUBOIUT K YMCHBIIICHUIO KOHIICHTPAIMH JICKTPOHOB,
B JISTUPOBaHHOMU TUIeHKE ZnO HX 0CTACTCS TOCTATOYHOES KOIMIecTBO. OHU IMMOCTEIIEHHO MMOKHUIAIOT CBSI-
3aHHBIC ¢ AchEKTaMHu JIOBYIIICUHBIC YPOBHH B 00bEME ITOTYITPOBOIHIKA, 3aTIOTHEHHBIC BO BpeMs 00Ty-
YEHUS CBETOM, HO 3aTEM 3aXBaThIBAIOTCS PEacOPOMPOBAHHBIME HA TTIOBEPXHOCTH aTOMaMH KHCIIOPO/Ia,
YTO BBI3BIBACT MEJIEHHOE 3aTyXaHne (OoTOTOKA.

3ak/oueHue

1. KomOnHMpOBaHHEM 30Jb-T'ellb METO/Ia M METO/Ia TUAPOTEPMAIILHOTO OCAXKJICHHUS TIOTyUeHBI TOH-
KM€ TUICHKH OKCHJA IIMHKA, JIETUPOBAHHbIE HUKEJIEM U alfoMUHUEM. Vcronb30BaHe HAaHECEHHOTO 30-
JIb-TeJIb METO/IOM 3apO/IBIIIIEBOTO CJIOS HAa MMOBEPXHOCTH TOAIOAKKHN TTO3BOIHIIO MOTYYUTh OTHOPOIHYIO
TUIEHKY PaBHOMEPHOH TOJIIMHBI, COCTOAIIYI0O W3 OPHEHTHPOBAHHBIX B BEPTHUKAJIHLHOM HaIPaBICHUH
KPUCTAJUTUTOB OKCHJIa IMHKA pazmepoM 75-200 uM. JlerupoBanue okcra MUHKA HUKEJIEM U alIOMUHU-
€M TIOJITBEPKAAeTCd M3MEHEHHEM COCTaBa JIMHUM Ha CIIEKTpax paMaHOBCKOTO pacCesHUs, MOSBICHIE
KOTOPBIX CBSI3aHO C 3aMEIlEHHEeM aTOMOB IIMHKA MPUMECHIO B y3JIaX KPUCTAIITMUYECKONH PEIIETKH.

2. Ipn 00My4eHUH CBETOM YIIBTPAHOIIETOBOTO JHara3oHa MOBEPXHOCTH (HOTOIPHUEMHHKA PE3UC-
THUBHOTO THIIa, U3TOTOBJIEHHOTO Ha OCHOBE IOJyYE€HHON IJIEHKH OKCHAA IIMHKA, JIETHPOBAHHON HUKe-
JIeM U allIOMUHHUEM, €T0 yAETbHOEe CoNpoTHBIeHue ymenbiaercs ¢ 190-210 no 7,5-8,0 Om-cM. Makcu-
MaJIbHBIH (OTOTOK HaONonaeTcs mpu o0JydYeHUH CBETOM C JITMHOM BONHBI 345355 uM. JlocTHrHyTOE
BpeMsl OTKJINKa IPU HapacTaHWU CBETOBOTO NMITyJIbca cocTaBmiio 48 ¢. BpeMs 3aTyxaHus curuasa rnoc-
Jie TpeKparieHus AelcTBus ceeta — okoso 700 c¢. @OTONMpOBOAUMOCTh MOTYUYEHHBIX CTPYKTYp OIpesie-
JsieTcst afcopOIuet u JecopOIMei aToMOB KUCIIOPO/Ia U3 BO3AyXa Ha TIOBEPXHOCTH.

3. IlomyueHHble pe3yabTaThl YKa3bIBaIOT HAa BO3MOXKHOCTh MPHUMEHEHHS IUIEHOK OKCHAA IIHH-
Ka, ¢(hOPMHPOBAHHBIX KOMOMHHPOBAHHBIMHA METOJAaMH 30JIb-T€JIb ¥ THIPOTEPMAILHOTO OCAXKJICHUS,
JUISL CO3IaHUS JIETEKTOPOB YILTPAPHOIIETOBOTO H3ITyYCHHSI.

4. Pabora BeinojiHeHA B pamkax 3aganus 2.2 ['TIHU «®DotoHuKa ¥ 3JICKTPOHHUKA JIJIsl HHHOBAI[HIT,
2021-2025 rogsl. ABTOPHI TaKXKe BeIpakaroT Onarogapuocts /. B. XKurynuny 3a mpoBeaeHue uccieno-
BaHUi 06pasioB merogamu COM u EDX.
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I'pexoB M. A. ocymiecTBHI MOATOTOBKY OOpa3I[OB M CHHTE3 IUIEHOK OKCHJOB IIMHKA 30JIb-T€Jh
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AnHoranust. Pazpaborana Mo/enb U NOJNy4YeHbl 3aKOHOMEPHOCTH B3aUMOBJIHMSHUS 3JI1EKTPOPHU3NYECKUX IMapa-
METPOB TPAH3UCTOPHOW CTPYKTYpPbI C JBYMEPHBIM KaHAJIOM, OOyCIOBJICHHBIE CaMOOpPTaHM3ALUCH 3apsIOBBIX
U €MKOCTHBIX CBOMCTB B YCJIOBUSX 3apsilOBOM HEyCTOMYMBOCTH. B kauecTBe marepuallia ABYMEPHOIO KaHalla
paccMaTpUBAaIOTCS JAMXAIbKOICHH/IbI MEPEXOIHbIX METaJUIoB. ccienoBaHo BIHMSHUE HA 3JIEKTPOPHU3NYECKUE
HapaMeTpbl TPAH3UCTOPHOU CTPYKTYPhI C JIBYMEPHBIM IOJYINPOBOAHUKOBBIM KaHAJIOM IUIMPHUHBI 3alpELICHHON
30HBI MaTepuaa KaHaja, TOJIIINHBI TI0[3aTBOPHOTO JUAIIEKTPUKA, EMKOCTH MHTep(eiicHbIX cocTosiHnil. [lokasa-
HO, YTO B YCJIOBHUSIX HEYCTOWYMBOCTH, BHI3BIBAEMOI POCTOM €MKOCTH MHTEP(EHCHBIX COCTOSHUMN, 3aBUCUMOCTH
JJIEKTPOXUMHUYECKOI0 ITOTCHIIMANIA, KOHLIEHTPALMK 3JIEKTPOHOB M KBAHTOBOW €MKOCTH OT IIOTEHLMAa II0JEBOIO
ANIEKTPO/Ia UMEIOT CKaukooOpa3HbIi B, [loyueHHbIe pe3ynbTaThl 00BSICHAIOTCSA TEM, YTO B YCIOBHUSIX HEYCTOI-
YHBOCTH POCT €MKOCTH UHTEP(EHCHBIX COCTOSHHI BEIET K PAaCCOIIACOBAHHIO YCIIOBHS IEKTPOHEHTPAIbHOCTH
u craructuku @epmu — Jlupaka npu ONpeNeeHHbIX BEJIMUMHAX IIOTEHIMAIa 3aTBOpa U3-3a OTPAaHUYEHHOIO Xa-
paxTepa IUIOTHOCTH COCTOSHUI IBYMEPHOTO KaHajia, YTO BEACT K IMPOSBICHUIO 3apsioBoro aucbananca. JlaHHbIH
3¢ GeKT aHAJOTHUYCH MEPEX0y METAJLI-IIOIYIPOBOJHIK U MOXKET ObITh OTHECEH K OMCTAOMIBLHBIM KPUTHYCCKIM
siBIeHUsIM. Pa3zpaboTanHas MOJeIb U MOJTyYeHHBIE PEe3YJIbTaThl MOTYT OBITh HCIIOIB30BaHbI B CHCTEMaX aBTOMAaTH-
3MPOBAHHOTO NMPOESKTUPOBAHNSA JIEMEHTHON 0a3bl MUKPO- M HAHOAIECKTPOHHKH.

KaroueBrblie ciioBa: TPAH3UCTOPHAA CTPYKTYpa, I[ByMepHI:Iﬁ KaHal, 3H€KTpOXI/IMI/I‘leCKI/Iﬁ IIOTCHIMAaJl, KBaHTOBasA
€MKOCTb, 3aps0Bas HGYCTOﬁqHBOCTL, I/IHTGP(i)CfIC, nepexoq MeTaHJ’I/HOJ’IprOBOﬂHI/IK, OUCTaOUIBLHOCTb.

Kongankt uHTEpecoB. ABTOPHI 3asBISAIOT 00 OTCYTCTBUHU KOH(IMKTAa HHTEPECOB.

BbaaropapuocTb. VccnenoBanust BeINOJIHEHB! IPH (pUHAHCOBOW IMOAJIEPKKE M B paMKax peIleHus 3ajad 3aja-
Huit 3.2 u 3.15 TocynapcTBeHHOI MporpaMMBbl HayUHBIX HcclaeoBaHU « DOTOHUKA U 3NEKTPOHUKA ISl HHHOBA-
uui», 2021-2025 rr.

Jas uutupoBaHus. B3anMoBiIusHAE 3TMEKTPOPHU3MUSCKUX MMAPAMETPOB TPAH3UCTOPHOU CTPYKTYpHI C IBYMEp-
HBIM KaHAJIOM B YCIIOBHSIX 3apsIoBOi HeycToitunBoctr / B. A. 3aiines [u np.] // Jokmaxer BI'YUP. 2024. T. 22,
Ne 4. C. 22-29. http://dx.doi.org/10.35596/1729-7648-2024-22-4-22-29.
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TRANSISTOR STRUCTURE WITH A TWO-DIMENSIONAL CHANNEL
ELECTROPHYSICAL PARAMETERS INTERRELATION
UNDER CONDITIONS OF INSTABILITY
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Abstract. A model has been developed and patterns of mutual influence of the electrophysical parameters of a tran-
sistor structure with a two-dimensional channel, due to the self-organization of charge and capacitive proper-
ties under conditions of charge instability, have been obtained. Transition metal dichalcogenides are considered
as a material for a two-dimensional channel. The influence on the electrical parameters of a transistor structure
with a two-dimensional semiconductor channel of the band gap of the channel material, the thickness of the gate
dielectric, and the capacitance of interface states is considered. It is shown that under conditions of instability
caused by an increase in the capacitance of interface states, the dependence of the electrochemical potential, elect-
ron concentration and quantum capacitance on the potential of the field electrode has an abrupt form. The results
obtained are explained by the fact that, under conditions of instability, an increase in the capacitance of interface
states leads to a mismatch between the electrical neutrality condition and the Fermi-Dirac statistics at certain values
of the gate potential due to the limited nature of the density of states of the two-dimensional channel, which leads
to the manifestation of a charge imbalance. The resulting effect is similar to the metal-semiconductor transition
and can be attributed to bistable critical phenomena. The developed model and the results obtained can be used
in computer-aided design systems for the element base of micro- and nanoelectronics.

Keywords: transistor structure, two-dimensional channel, electrochemical potential, quantum capacitance, charge
instability, interface, metal-semiconductor transition, bistability.
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BBenenune

Co3aHre HOBOTO IMOKOJICHHSI AIIEMEHTHON 0a3bl MpHOOPOB U yCTPOHCTB 00padOTKU M mepeaaqn
UH(QOpPMAIIMH SBISICTCS OHUM MX KITIOUEBBIX HAITPABICHUH Pa3BUTHSI MUKPO- U HAHOAJIEKTPOHUKH. [1o-
MHUMO PEIICHUs] TEXHOJIOTHIECKUX MpoOiieM, CO3/IaHne U BHeJ[peHUue HOBOW dHeprodhdeKTHBHOI 2J1e-
MEHTHOH 0a3bI MUKPO- ¥ HAHODJIEKTPOHHUKH TaK)Ke TpeOyeT HePEephIBHOTO COBEPIIEHCTBOBAHMS MOIe-
JIe ¥ aNTOPUTMOB ISl IPOSKTHPOBAaHUS B (DYHKIIMOHUPOBAHUS COBPEMEHHBIX YCTPOHCTB 00pabOTKH
HHPOPMALHH.

Kpome yBenmuueHus: OBICTPOJCHCTBYS U CTSIICHN UHTETPAIlUU, OTHOM U3 KITFOYEBBIX MTPOOIEM SIBIISI-
eTCs TIOBBIIICHUE YHEProdPPEKTUBHOCTH DIIEMEHTOB 00paboTKK nHPopMarmu. s Takux npuOopos,
KaK TPaH3UCTOPBI, 3TO CBSI3BIBACTCS C IPUMEHEHUEM JIBYMEPHBIX MaTEPHUAIOB B KAYECTBE MTPOBOISIITHX
kaHasoB [ 1-3]. TpaH3uCTOpHI ¢ IByMEPHBIMH KaHAJIAMH JIMIIIEHBI HEKOTOPBIX HEOCTATKOB, MPUCYIINX
tpanuimonHbiM M/III-Tparsucropam. OTCyTCTBHE OOCIHEHHOHW 00IacTH, HApuUMep, CIOCOOCTBYET
CHIDKEHUIO BIIUSHUSI TTAPA3UTHBIX TTapaMeTpoB. B To ke BpeMst TpaH3UCTOpaM C JIByMEPHBIMU KaHAJIaMH
pUcCylH cBou ocobeHHOCTH. K mocieannm, HanpruMep, OTHOCUTCSI BayKHAs! POJIb KBAHTOBOM €MKOCTH,
CYIIIECTBEHHO 3aBUCSIICH OT BHUJIA IJIOTHOCTH COCTOSIHUN B IByMepHOM KaHane [4]. [lepcnekTHBHBIMU
MarepuasaMu JUisl IByMEpPHBIX KaHaJIOB TPAH3UCTOPHBIX CTPYKTYpP HOBOTO TOKOJICHHSI CUUTAIOTCS M-
XaJIBKOTCHH B TTepeXoaHBIX MeTayuioB (JIIIM), Takux kak MoiaunbaeH 1 Boashpam. Otu JIIIM obmamator
MIPSIMO30HHON PHEPTeTUIECKON CTPYKTYpOIA, M X IPUMEHEHHE MO3BOIISET TTONYIUTh TPeOyeMble dIIeK-
TPUUYECKHE TapaMeTPhl TPAH3UCTOPOB C JIByMEPHBIMU KaHalaMmHu |5, 6]. MOXKHO cUUTaTh, YTO B HACTOS-
iee BpeMsi MHOTHE TEXHOJIOTHYECKHe MpobieMbl monydenus 1BymMepHbix JIIM pemenst [7]. Onnako
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0CTaeTCsl eIle HEePEIICHHBIM P IPOOIIeM, CBSI3aHHBIX ¢ PSKUMaMU UX (DYHKIIMOHUPOBAHUS B TPaH3HC-
TOPHBIX CTPYKTYypax, B KOTOPBIX OHHU BBIMOIHAIOT POJb NPOBOAAIINX KaHAJIOB. B Takux CTpyKTypax
BJIMSHHUE PAa3IUYHOrO poaa (GakTopoB Ha HIEKTpo(U3NIECKHE MapaMeTpPhbl U AIEKTPUUYECKHE XapaKTe-
PHUCTHKH OyJIeT CyIIeCTBEHHO HHBIM 10 CpaBHEHUIO ¢ TpaaniimoHHbiMu M/III-Tpan3ucropamu. B gact-
HOCTH, 9TO BIHSHHE OyJeT OTINYaThCs O0siee BRICOKOH YyBCTBUTENFHOCTHIO K CBOMCTBAM MaTepHalioB
u uaTepdeiicos [8, 9].

Pexxrmbl pyHKIMOHNPOBAHNS [TOJIEBOTO TPAH3UCTOPA C IBYMEPHBIM KaHAJIOM B 3HAYMTEIILHON Mepe
OIIPENEISIOTCS TAKUMHU JIEKTPOPU3NIECKUMH [TapaMeTpaMH, KaK dJIEKTPOXUMHUYECKUN MMOTEHIIHAT Y,
3apsijl KaHana (), KBaHTOBast eMKOCTh KaHana Cp, emxocTu Kanana Cey v 3aTBopa C, EMKOCTh HHTED-
¢eiicupix coctosauil C;,. DT MapaMeTpbl BIMAIOT IPYyT Ha Jpyra W, B KOHEYHOM CYETE, ONPEEISIOT
IEKTPUYECKHE BBIXOIHBIE XapaKTepuCTUKH Tpanzuctopa [10—-12]. OgHo 13 mocnencTBuil yKa3aHHBIX
BBIIIIE 0COOEHHOCTEN TPAH3UCTOPHOM CTPYKTYPbI C ABYMEPHBIM KaHAJIOM — 3TO BOSHUKHOBEHHUE 3apsI/10-
BbIX HEYCTOMYUBOCTEH U TUCTEPE3UCHBIX siBJIeHUH [13].

Takum 00pazoM, aKkTyaJlbHBIM SIBJISIETCSI HCCIIEAOBAaHUE B3aWMOBIHMSHUS IEKTPO(U3NIECKHUX Ta-
paMETPOB TPAH3UCTOPHBIX CTPYKTYP C IBYMEPHBIM KaHaJIaMHU C Y4€TOM BO3MOXKHOCTH BO3HUKHOBEHUS
3apsI0BbIX HeycToWuuBocTel. Llenp uccnenoBaHuii — MOJASIMPOBAHUE B3AUMOBIIHMSIHUS MEKY DIIEKT-
POXMMHYECKUM MOTEHIINAIOM, KOHLIEHTpallMel HOCUTENe! 3apsiia, 3apsiioM KaHajla, KBAHTOBOW €MKO-
CTBI0, EMKOCTSIMH KaHaJa ¥ 3aTBOPA, IIOTEHIIHAIIOM ITOJIEBOTO 2IEKTPOJA, EMKOCTBIO ITO13aTBOPHOTO JTU-
JNEKTPUKA, EMKOCTBIO COCTOSIHUM Ha MHTepdeiicax TPaH3UCTOPHON CTPYKTYPBI C AByMEPHBIM KaHAJIOM
B YCIJIOBHSIX 3apsiI0BOM HEYCTOMYMBOCTH.

Moneab B3aNMOBJIMSTHHSA J1eKTPOGHU3NUECKUX NAapaMeTPOB

PaccMmoTpumM TpaH3UCTOPHYIO CTPYKTYPY, COASPIKALIYIO KaHAI U3 ABYMEPHOTO KpUCTAIIa, B KA4eCT-
Be KoToporo ucnosnb3yercsa JIIM, a Takxke moieBoi JIEKTPOJ, OTIEIEHHbINA OT KaHaja M0A3aTBOPHBIM
JTUDJIEKTPUKOM. B kauecTBe marepuasna IByMEpPHOTO MOJyTPOBOJIHUKOBOTO KaHajla MOTYT IPUMEHATHCS
takue JIIIM, xkak MoS,, MoSe,, WS,, WSe,, Z1Se,, HfSe,, PtTe, [5, 6, 8]. Kormentparus 31eKTpoHOB
B JBYMEPHOM KaHaJ€ Ha €IMHULY IJIOLIAAN, C OHON CTOPOHBI, ONPEAEIIAECTCS BEIUUMHON €ro 3JIeKT-
POXMMHUYECKOTO MOTEHIIMAA, CBA3aHHOIO ¢ Hell mocpeAcTBOM cTtaTucTUKU Depmu — dupaxka [10, 11]:

n,(1) = [ D(E)f(E -y)dE, (1)
E,

rie f— ¢pynkuus Gepmu — Jlupaka; y — 3MEKTPOXUMUUECKUN TIOTCHIUAN; F, — 3HEPTUs MUHUMYMa 30HbI
npoBoauMocTh; D(E) — TIIOTHOCTE COCTOSTHUM [12]

4mm,

D(E)=—

> H(E-E,); )

H — ¢ynkuus XoBucaiina; m, — >ppekTuBHasg Macca IeKTPOHOB; £, — sHeprus n'"-non3oHs! (0CHOB-
HOH BKJIAJ B KOHIICHTPAITUIO HOCUTENICH 3apsia BHOCUT OCHOBHOE cocTostHHE ¢ 12 = 0); i — TOCTOSTHHAS
Ilnanka.

J1J1s KOHLIEHTPAIIUU BIPOK 71, 3AIIMCHIBACTCS AHAIIOTUYHOE BBIPAXKECHUE, KaK IS 71,,.

C npyroii CTOPOHBI, UCXO/IS 3 YCIOBUS IIEKTPOHEUTPATLHOCTH, OCHOBHOE YPAaBHEHHUE JIEKTPOCTa-
THKH JUTIsI TBYMEPHOTO KaHajia OMpenesieTCsl B3aUMOCBSI3bI0 MEX/Iy KOHIICHTpaIluelt HoCUTeme 3apsna
1 2JIEKTPOXUMHUYECKUM TIOTEHIINAIIOM TIOCPEICTBOM ITOTEHIIMAA TIOJIEBOTO AIEKTPOA C YIETOM eMKOC-
Tel TO3aTBOPHOTO AUAJIEKTPUKA U HHTepPercHBIX cocTostHmi [10, 11]

2
o 1o | W g G)

C C

ox ox

TIe ng = N, — Ny ¢ — dIEMEHTapHBIH 3apsia; Uy — MOTEHIUAI MOJIEBOTO AIIEKTPO/IA.

VYpasuenus (1)—(3) camocoriacoBaHHBIM 00pa30M OIPE/ISIISIOT 3aBUCUMOCTH KOHIICHTPAIIMK HOCH-
TeNel 3apsiia U IEKTPOXUMHUYECKOTO TIOTeHIMAaNa OT MOTEeHIMala mojieBoro aiekrpoaa Ug, eMKOCTH
1OJ[3aTBOPHOTO JUAICKTPUKA U €MKOCTH MHTEP(PEHCHBIX COCTOSHUM. B KOHEYHOM WTOrEe, OHU OIpe-
JICIISTIOT CaMOCOIVIACOBAHHYIO B3aUMOCBSI3b BCEX AIEKTPO(YU3MUCCKHX MAapaMeTpOB TPaH3UCTOPHOMN
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CTPYKTYPBI C ABYMCPHBIM KaHAJIOM. KBanToBast eMKOCTh KaHaJla, B CBOIO O4YCpPC/ib, ONPEACIACTCS T1JI0T-
HOCTBIO COCTOSSHUN B QJICKTPOXUMHUYCCKUM IMOTCHIIUAJIOM B CJICAYIOIIEM BUAC [4]

Co- | D(E)(——df L X)jdE. )

Kpome xBanToBO# emkocTu Cp, BOKXHBIMU MAPAMETPAMU ABJIAKOTCA €MKOCTHU 3aTBOopa C M KaHa-
na Ccy, KOTOPBIE TAK)KE B3AHMOCBSI3aHbI ¢ KOHIICHTPAIMEeH HOCUTEIIeH 3apsijia i KBAHTOBOW €MKOCTEIO.
OHM HEOOXOAMMBI JIJIsl TOCTPOCHHS SKBUBAICHTHBIX (3JIEKTPHUUECKUX) CXEM TPAH3UCTOPOB C JIByMEp-
HBIM TIOJTYTIPOBOTHUKOBBIM KaHATIOM. B 0051aCTH HU3KHX YaCTOT EMKOCTH 3aTBOPA U KaHaja 3aliChIBa-
FOTCs cieyronmmM oopasom [10, 11]:

B CQ +C, .
C, = ; ®)
14(C, +C,)/ C,,
C
Cen 2 (6)

T1+(C+C /G,

e C,,, C;, — eMKOCTH MOJ[3aTBOPHOTO JIUAJICKTPUKA U HHTEP(HEHCHBIX COCTOSHUI COOTBETCTBEHHO.

CosmecTtHOe perienue ypaBHeHuid (1)—(6) MO3BONSET MPOCIEANTh B3aUMOBIHUSHHUE AJIEKTPOPH-
3MYECKHX MapaMEeTPOB TPAH3UCTOPHON CTPYKTYPBI C JBYMEPHBIM KaHAJOM, BBISBUTH CICIU(UYECKUE
0COOEHHOCTH TAKOTO B3aWMOBJIHSHUS B YCIOBUSAX 3apsIOBOI HEYCTONUUBOCTH.

PesyabTaThl pac4yeToB 1 UX 00Cy:KIeHHE

Jnsi mpoBeseHUsl pacueToB HCIOIB30BAJIKMCH CIEAYIOIIUE BEIWYMHBI HapaMEeTpOB TPaH3UCTOP-
HOHM CTPYKTYpBI C IByMEpHBIM KaHajoM: Temmneparypa 7' = 300 K, mmupuHa 3anpenieHHOW 30HbI Ma-
Tepuana JIByMepHOro kanana £, = 0,22-1,04 5B, yxenbHas €MKOCTb MOJ3aTBOPHOIO HUAJICKTPH-
ka C,, = (9,43-9,57) - 10* ®/m?, ynensuas emxocts unrepdeiica C;, = (3—4) - 1073 d/m%, norenman mno-
neBoro aekrpoaa Ug = 0-5 B, apdextuHas macca anekrponos (0,45-0,56)m, (m,— macca CBOOOIHOTO
aneKTpoHa). OTHOCHUTENIbHAS AUIIEKTPUUECKas IPOHULAEMOCTh II0A3aTBOPHOIO ANUAJIEKTPUKA IPUHU-
Majach paBHOU € = 4, a ero TONIMHA BapbupoBaiack B mpenenax d = 37-42 um. J{ns cnydas Ug > 0,
n, >> n,, n, = ng NPOBOIMINCH PAcUeThl IEKTPOXUMHUUECKOTO MMOTCHIMANA KaHaja ), KOHICHTPaLuu
3JIEKTPOHOB 71,, KBaHTOBOK eMkocTH Cp, eMkocTel 3arBopa Cg u kaHana Ceyy NP BApbUPOBAHMH LIUPH-
HBI 3aIPEMICHHON 30HbI E,, EMKOCTEHN TI0/3aTBOPHOTO mdnekTpuka C,, n uHTeppericHbix coctosuuit C,,.

C 1enpio MOZIETMPOBAHUS B3aMMOBIHMSIHUAA AIIEKTPO(PU3NUECKUX MTapaMeTPOB B YCIOBHUAX 3apsa0-
BOM HEYCTOMUYMBOCTH NPOBOAMINCH PACUEThl IyTEM PELICHHUS CaMOCOITIACOBAHHOI CHCTEMbl ypaBHE-
auii (1), (3). [lomydeHHbIe pe3yabTaThl MOKa3aJd, YTO C YBEIMUCHUEM TTOTEHITHAIIA TIOIEBOTO AIIEKTPOo/Ia
1 TIPHU BapbUPOBaHNH LIMPHUHBI 3aIIPELICHHON 30HbI AIEKTPOXUMHUYECKHIA ITOTEHIIAT MOHOTOHHO PacTeT
1 BBIXOJUT Ha HACBIIIEHHE B OTCYTCTBHE HEYCTOWUYMBOCTH (pHC. 1, KprBas 8), a Ipu HATMYUH HEYCTOHYH-
BOCTH M3MEHsIETCs ckaukooOpaszno (puc. 1, kpussie 1-7). [lepexon k HEYCTONYUBOCTH U BOSHUKHOBEHUE
ckaukoB Ha y(Ug) npoucxonst mpu pocte emkoctr C;, ¢ 3 - 107 10 3,7 - 1073 ®/m>2. TIpu 3TOM ¢ pOCTOM
LIMPHUHBI 3alPEIEHHON 30HbI U MOCTOSHHBIX BEJIMYMHAX €MKOCTH IOA3aTBOpHOro amanekrpuka C,,
u unrepdetica C;, moporosoe 3HaueHUe noreHuuana Ug, IpU KOTOPOM HPOUCXOAUT PE3KOE H3MEHE-
nue x(Ug), ymenbmaercs ¢ 5,0 1o 1,9 B. Onnaxo nsmenenne Ug, HaOmronaeTcs TONbKO npy pocte Ey/kT
¢ 8,45 mo 12,00, a mpu Eg/kT > 12,00 3nauenue U, mpakTHUYECKU HE MeHseTcs u cocTasisieT 1,9-2,0 B
(k — moctostnnas bonpumana). Ha 3aBUCHMOCTSIX 2EKTPOXUMHYECKOTO ToTeHInana ot U pu Bapbu-
POBAaHUHU TOJIIUHBI TIOA3aTBOPHOTO TUAJIEKTPUKA B AManazoHe 37—42 HM MpHU MOCTOSHHON BeTUYHMHE
ITUPHUHBI 3aMpenieHHON 30HbI, paBHOH 1047, Takxke HAOMIOMAETCS CKAUKOOOPA3HBIN XapakTep, IpuIeM
YBEJIMYESHHE TONIIUHBI d BEAET K POCTY MMOPOTOBOTO 3HaYeHU MoTeHIrana 3arsopa Ug, ¢ 0,5 no 4,5 B.

3aBHCUMOCTH KOHIIEHTPALUK 3JIEKTPOHOB #g 0T Uy (puc. 2) anamormunsl 3asucumoctsiM x(Ug),
T. €. TaKKe HUMEIOT CKayKoOOpa3HBIH XapakTep, OTPaKAaloLMi HalMuue 3apsoBOH HEYCTOHYHBO-
cTH. BennunHbl mOoporoBeix noteHnuanoB Ug, aHATOTHYHO 3aBUCST OT IIHMPHUHBI 3alpelieHHON 30HBI,
HO TIpH 3TOM OoJiee pe3Kko BheIpaskeHbl Monku npu Ug < Ug,: HaOmogaeTcs CyImeCTBEHHOE CHIDKEHHE
KoHIEHTpauuu npu pocre E/kT 1o 40. Ipu U > U, 3aBucumoctu ng(Ug) pacTsHyTHI 10 OCH OPJIMHAT:
KOHIIEHTPAIUs BBIX0Ja B 00JaCTh MOHOTOHHOCTH cHIkaeTcs ¢ 10'% mo 102 cm2.

25



Hoknagsl BI'VUP
T 22, Ne 4 (2024)

Dokrapy BGUIR
V.22, No 4 (2024)

1,0 - ]
—_2
084 —3
—a
—5
0,6 6
m .
© 0,4 8
=
]
O_
0 1 2 3 4 5

U, B

Puc. 1. 3aBUCUMOCTD 3IIEKTPOXUMHUUYECKOTO
MOTEHIMAJIa OT MOTEHIINAJIA TTOJIEBOTO 3IEKTPOa
TP Pa3IMIHON IMMPHHE 3aNPENIEHHOMN 30HbI £,/kT:
8,45 (xpumas 1); 9,0 (2); 10,0 (3); 12,0 (4); 20,0 (5);
30,0 (6); 40,0 (7); 40,0, C;, = 0,003 ®/m?* (8)

Fig. 1. Electrochemical potential on the field electrode
potential dependence at different band gaps £,/kT:
8.45 (curve 1); 9.0 (2); 10.0 (3); 12.0 (4); 20.0 (5);
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Puc. 2. 3aBUCHMOCTH KOHIICHTPALIUHU 3IEKTPOHOB
OT MOTEHIIHAJIa TIOJICBOTO IEKTPO/a IPH Pa3IHIHON
IIMPHHE 3aNPENEHHON 30HbI £,/kT:

8,45 (xpusas 1); 9,0 (2); 10,0 (3); 12,0 (4); 20,0 (5);
30,0 (6); 40,0 (7); 40,0, C;, = 0,003 ®/m?* (8)
Fig. 2. Electron concentration on field electrode
potential dependence at different band gaps £,/kT:
8.45 (curve 1); 9.0 (2); 10.0 (3); 12.0 (4); 20.0 (5);

30.0 (6); 40.0 (7); 40.0, C,, = 0.003 F/m? (8) 30.0 (6); 40.0 (7); 40.0, C,, = 0.003 F/m? (8)

[Tonyuennsie rpaduku y(Us) ObUIN UCTIONB30BaHBI IS pacueTa KBAHTOBOM €eMKOCTH B 3aBUCUMOCTH
ot notennuana 3arsopa Ug u 3apana kanana Q: Cy(Ug) u Cy(Q). I'paduxu Cy(Ug) ananornanst x(U),
a Cy(Q) (puc. 3) xapakTepU3YIOTCs HATMYMEM M3JIOMOB IIPH ONPEJENCHHBIX 3HAYEHUAX 3apsA/ia KaHa-
na Q. Touky U3JI0MOB OTPAKAIOT Hauasio 0oJiee PEe3KOro MoibeMa 3HaueHUH KBAHTOBOW eMKOCTH. K310~
MBI KOPPENMPYIOT €O CKaukamu 3aBucumocteit x(Ug). [Ipn atom B obnactu E/kT = 8,45-12,00 nabmio-
narores usnomel Ha Cp(Q), a ipu E/kT > 20 3aBucumoctu Cp(Q) BBIPOKIAIOTCS B IIIABHBIE KPUBBIE,
KOTOPBIE CTATUBAIOTCS B OJIHY JIMHHIO NP BapbupoBanuu E/kT (puc. 3). Bennunna 3apsna xkanana QO
B TOYKaX U3JIOMOB yMEHBIIAETCS ¢ POCTOM E /kT.

Hcxons u3 nomydennbix 3apucumocteii Co(Q), Takke ObLIO yCTAHOBJIEHO B3aMMOBIIMSHHUE KBaH-
TOBOM €MKOCTH, EMKOCTEH KaHalla M 3arBopa. Ha puc. 4 nmpuBeneHbl 3aBHCHMOCTH €MKOCTH 3aTBOpa
OT KBaHTOBOH €MKOCTH B YCJIOBUSX HEyCTOMUMBOCTH.

0,14 -
0,12+

0,10 4

1078 1077 107 107°° 107 1072 1072
0, Kn/m?

Puc. 3. 3aBHCHMOCTE KBAHTOBOH €EMKOCTH OT 3aps/ia KaHas1a U Pa3IMIHON IMHPHHE 3aNpEMIEHHOH 30HbI £ /kT:
8,45 (xpuBas 1); 9,0 (2); 10,0 (3); 12,0 (4); 20,0 (5); 30,0 (6); 40,0 (7); 40,0, C;, = 0,003 D/m? (8)
Fig. 3. Quantum capacitance on channel charge dependence at different band gaps E /kT:
8.45 (curve 1); 9.0 (2); 10.0 (3); 12.0 (4); 20.0 (5); 30.0 (6); 40.0 (7); 40.0, C;, = 0.003 F/m? (8)
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9,0-107*+
8.5-10- Puc. 4. 3aBUCHMOCTh EMKOCTH 3aTBOpa
OT KBAaHTOBOH €MKOCTH TIPH PA3IMYHOM MINPUHE
5 3anperueHHo 30Hb1 £ /kT:
g 80 107 8,45 (xpuBasg 1); 9,0 (2); 10,0 (3); 12,0 (4); 20,0 (5);
3 30,0 (6); 40,0 (7); 40,0, C;, = 0,003 ®/m? (8)
© 75.10- Fig. 4. Gate capacitance on quantum capacitance
’ dependence at different band gaps £,/kT:
8.45 (curve 1); 9.0 (2); 10.0 (3); 12.0 (4); 20.0 (5);
7,0-107 30.0 (6); 40.0 (7); 40.0, C;,= 0.003 F/m? (8)
6,5-10™ T T T 1
0 0,05 0,10 0,15
Cp, DM’

Kak moxxHO BHmeTs, HaOMOAAETCA M3JIOM NPU BbIXoZle Ha Hackimenne emkoctu Cg. Touka m3o-
Ma, COOTBETCTBYIOIIAs ONPENENEHHOH BenmnunHe Cp, MEPEMEIIAETCS C POCTOM INMPHUHBI 3AMPEIIEHHOM
30HEI, cHUKasACH ¢ 0,125 ®/m? 10 0,025 d/M? ¢ pocTom EJKT ¢ 8,45 no 12,0. lpu E/kT > 20 uznomsr
ncue3aroT, u 3aBUCUMOCTH C(C) BRIPOXKIAKOTCS B ONHY KPUBYIO JUIs BCeX 3HaueHuid £, /kT. Ilpu Cyp—0
3Hauenue eMKoCTU C; CHIKAETCS TOJIBKO [0 3HaUYeHui He Menee (6,7-7,1) - 107* d/m%. Ananornunmie
3aBUCUMOCTH 110y 4eHbI 111 eMKOCTH KaHana Cey(Cop) (puc. 5). Onuue cocTouT B TOM, 4To ipu Cp—>0
€MKOCTh KaHaJla CHIDKAETCS 10 HyJIs. DTO TOBOPUT O HAIMYMH B3aUMOBIUSHUS MEXKy YKa3aHHBIMHU €M-
KOCTSMH Y TIPU HAJIMYMH 3aps/I0BOM HEYCTOMUYHUBOCTH TPAH3UCTOPHOM CTPYKTYpHI.

Taxoke OBUTH TIOMyYEHBI Pe3yJBTAThl PAcUeTOB 3aBUCHUMOCTel eMkocTeil 3arBopa Ci((Q) m KaHa-
na Cey(Q) (puc. 6) ot 3apsya kanana Q npu BappupoBanuu E,/kT B obnactu snadennit 10-30. Kak moxHo
BUJIETH U3 PUC. 6, HEYCTOMYMBOCTH MPOSIBISIOTCS 32 CUET HAJIMYMS U3JIOMOB Ha KPHBBIX, IPUYEM TOIBKO
B obmactn E/kT = 10-20, a ipu E/kT = 30 nabmonaercs Gonee 1miaBHbid xon 3apucumoctei Co(Q)

u Cep(Q).
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Co, /M’ 0, Kn/im?
Puc. 5. 3aBUcHMOCTb €MKOCTH KaHaJla OT KBAHTOBOI Puc. 6. 3aBucumocts emkoctel 3arBopa C; (kpusbie 1,
E€MKOCTH IPH Pa3IUIHON IMUPUHE 3aPEIICHHON 30HbBI 2, 3) m xanana Cy (kpuBsie 1', 2', 3") ot 3apsna
E/kT: 8,45 (xpuBas 1); 9,0 (2); 10,0 (3); 12,0 (4); KaHaJia MpH NIMPUHE 3aMpeIeHHon 30Hbl £ /kT:

20,0 (5); 30,0 (6); 40,0 (7); 40,0, C,, = 0,003 D/m?(8) 10 — kpuBsbie 1, 1'; 20 — kpuBsbie 2, 2'; 30 — kpuBsbIe 3, 3’
Fig. 5. Channel capacitance on quantum capacitance Fig. 6. Dependence of gate capacitances Cg; (curves 1,

dependence at different band gaps £,/kT: 2, 3) and channel C (curves 1’,2', 3") on the channel
8.45 (curve 1); 9.0 (2); 10.0 (3); 12.0 (4); 20.0 (5); charge at band gap E,/kT: 10 — curves 1, 1';
30.0 (6); 40.0 (7); 40.0, C;, = 0.003 F/m? (8) 20 — curves 2, 2'; 30 — curves 3, 3’

W3 mony4eHHBIX Pe3ybTaToB CIEIyeT, YTO CKauKoOOpa3HOe U3MEHEHHE IEKTPOXUMHUYECKOTO T10-
TCHI[MAJIa U KOHUCHTPAUX 3JICKTPOHOB IMMPOUCXOAUT IIPpU onpez[eneHHoﬁ KpPITI/I‘IeCKOfI BCJIMYUHE II0-
TeHIaja nojesoro s1ekrpona Ug,. llpu U, < Ug, u U, > Ug, 3aBucumoctu y(Uy;) u ng(U;) HOCIT MO-
HOTOHHBIN XapakTep 0e3 HaMn4us 0coOeHHOCTeH. Takum 00pa3oM, poCT MOTEHIIMANA TIOJIEBOTO DIICKT-
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pona ipu Uy > Ug, ciocoOCTBYET NMPEOI0ICHUI0 HEyCTOWIMBOCTH, U HAOIIOAAETCsl MOHOTOHHBIN poCT
napametpoB x(Ug) u ng(Ug), HO yXKe npu CyIIECTBEHHO UHBIX 3Ha4eHUsX. [Ipeononenne HeycToHInBO-
CTH O3HAuaeT Mepexo]l B APYTYI0 001aCTh COOTHOLICHUH MapaMeTpOB, 00ECIIEUUBAIOIIIX CaAMOCOTIIACO-
Banue npu Uy > U, BO3HUKHOBEHNE HEYCTOWYMBOCTH MOKET OBITh CBSI3aHO C TEM, YTO CYLIECTBEHHOE
yBenudeHne cootHomeHus emxkocret C;/C,, TPUBOANT K TOSBICHUIO CHHTYJIIPHOCTH B PEILICHUH ypaB-
Hennit (1) u (3) B HEKOTOPOI KPUTHUECKON TOYKE, OMPEICIIEMON BEIMINHONW IMOTCHITHAIA TTOJICBOTO
anextpona Ug,. @u3nyecku 3TO CBSI3aHO C TEM, YTO POCT EMKOCTH MHTep(elica BeIeT K paccoriacoBa-
HUIO YCIIOBHUS JIEKTPOHEUTPAIbHOCTH M cTaTHCTUKN Depmu — [lupaka npu onpenesieHHOM 3HaYeHUH
noreHuana Ug o Npu4rHEe OrpaHMYeHHON MIIOTHOCTH cocTossHUM D(E), n3-3a 4yero U BO3HUKAET 3a-
psIOBBIN nucOananc. DToT A3QQPEeKT MOKHO OTHECTH K KJIACCY SIBICHHH, COOTBETCTBYIOIINX MTEPEX0aM
METaJI-TIOTYIPOBOJHHK.

B nanHOM ciydae CyIecTBEHHO MEHSETCSI KOHLIEHTPALMsl HOCUTEINEH 3apsaa (JIEKTPOHOB), a TAKXKE
HX JEKTPOXUMHYECKHUH MoTeHIMal. Takue nepexoapl OTHOCATCS K KPUTUYECKUM SIBJICHUSIM — (Da30BBIM
repexoziaM nepsoro poja. [IposBienne HeycTOWYMBOCTH MOXKET 03HAUaTh TO, YTO B3AaUMOCBSI3U U B3au-
MOBJIHSIHUE SIIEKTPOPHU3UIECKIX apaMeTPOB TPAH3UCTOPHOH CTPYKTYPBI XapaKTEPU3YIOTCSl HATNIHEM
OuCTaOMIIBHBIX COCTOSIHUH. [1epexoapl Mex /1y STUMH COCTOSTHUSIMUA POUCXOAST MPU KPUTHIECKUX Be-
JMYMHAX HEKOTOPBIX ITApaMeTPOB TPAH3UCTOPHOM CTPYKTYPHI C IBYMEPHBIM KaHajoM. [pyrumu cioBa-
MH, MOJKHO IIPEATNOJararb O CyIleCTBOBAHUN KPUTUYECKUX TOUEK, B KOTOPBIX HAPYIIACTCS 3apsA0BBII
0anaHc, ¥ B3aMMOCBSI3H IEKTPOPHU3MUECKUX MapaMEeTPOB MPETEPIECBAIOT KaueCTBEHHbIC H3MEHEHUSI.
[lonmy4eHHBIE pe3yAbTATHI MOKHO COOTHECTH C MMEIOIIMMHCS SKCIEPUMEHTAIBHBIMU JaHHBIMH, ITOKa-
3BIBAIONIMMHU HaJIMYHE HECTAOMIBHOCTH U TUCTEPE3UCHBIX SIBICHHUN B IByMEpHBIX M0S,-TpaH3ucropax.
OTH ABJICHUS CBS3BIBAIOTCS B OCHOBHOM C JIOBYIIEYHBIMU COCTOSHHSIMH B caMoM ciioe MoS, u uH-
Tep(elCHBIMA COCTOSIHUSIMH Ha rpaHunax pasgena [13—15]. OmHako NpUYMHBI HECTAaOWILHOCTH
B MoS,-TpaH3ucTOpax B HACTOSAIICE BPEMs CUUTAIOTCS €IIe IUI0X0 M3ydeHHBIMHU [16]. B paccmarpu-
BAaE€MOM Clly4ae HeCTaOWIbHOCTh OOYCIIOBIMBAETCS] TOJIBKO MHTEP(PEHCHBIMH COCTOSIHUSMH, EMKOCTh
KOTOPBIX pacTeT C yBEeIMYEHUEM UX IIOTHOCTH. [locaennee 00ycinoBieHO yBenTnueHHEM KOHLECHTPAaLuU
JIOBYIICUHBIX COCTOSIHUH Ha MHTep(eiicax.

3akJ/ouenue

1. [IpoBesieHO MOIETMPOBAHKUE B3AUMOBIIHUSHHSI JIEKTPOPUZNICCKUX TTAPAMETPOB TPAH3UCTOPHOM
CTPYKTYpPBl C JBYMEPHBIM KaHAJIOM B YCJIOBMSIX HEYCTOMYMBOCTH. YCTAHOBJIEHO, YTO 3aBUCUMOCTH
QJICKTPOXUMHUUYCCKOTO MMOTCHIHMAJId, KOHIICHTPAIUH 3JICKTPOHOB 1 KBAaHTOBOM €MKOCTH OT IIOTCHIINAaJIa
TIOJIEBOTO JJIEKTPOJIa B YCIOBHUAX HEYCTOMYMBOCTH HOCAT CKauKOOOPA3HBIA XapaKTep, IOPOT KOTOPOTOo
3aBHCHT OT IIMPHHBI 3aMPEIIeHHON 30HbI, eMKOCTH UHTEP(EHCHBIX COCTOSHHIA U TOJIIIHHBI ITOJ[3aTBOP-
HOTO JIMAJICKTPHUKA. 3aBUCUMOCTH KBAaHTOBOW €MKOCTH, EMKOCTEH 3aTBOpa M KaHaa OT 3apsjia KaHala
XapaKTEpU3YIOTCsS HAJIMYUEM HU3JI0MOB, ITOJIOKEHHUE KOTOPBIX ONPENEISAETCs IIUPUHON 3alpelleHHON
30HBI MaTepHala KaHala.

2. YcTaHOBIIEHHOE B3aWMOBIHSHUE B YCIOBHUSIX HEYCTOMYUBOCTH OOBSICHSAETCS TEM, UYTO POCT EM-
KOCTH MHTepdeiica BeleT K pacCcOrIacOBaHUIO YCIOBHS JJIEKTPOHEUTPAIBHOCTH M CTaTUCTHKH Dep-
MU — Jlupaka mpu orpeeieHHOM 3HaueHUH MTOTeHInaa 3aTtBopa. [IpuunHoii sBiIsieTcs orpaHnYeHHBIN
XapakTep IUIOTHOCTH COCTOSTHUM JIBYMEPHOTO KaHaja, 00yCIOBIMBAIOIINN BOSHUKHOBEHUE 3aPsI0OBOTO
nucOananca. [lomydeHHbIH PGEKT OTHOCUTCS K KPUTHUECKUM SIBICHHSM, aHATOTUYHBIM Mepexoiam
METaJII-TOJIYIPOBOHUK, a MCCIIC0BaHHAS TPAH3UCTOPHAS CTPYKTYypa B YCIOBHSIX HEYCTOHUHMBOCTH
XapaKTepU3yeTCsl HATMIueM OUCTaOMIIbHOCTH.

3. Ilomy4eHHbIe pe3yNbTaThl CO3/IAI0T OCHOBY JUIS MOAEITUPOBAHHS PEKUMOB (DyHKIIHOHUPOBAHHS
TPaH3UCTOPOB C IBYMEPHBIMH KaHAJIaMH, B KOTOPBIX, TOMAMO y4YeTa HAJINYHs B3aUMOBIUSHUS AIIEKT-
POQU3UYECKUX MMapaMeTpOB, TaKkKe HEOOXOIUMO oOpamiarh BHUMAaHHE Ha BO3HHUKHOBEHUE HEYCTOM-
YUBOCTEH, BBI3BAHHBIX HAPYIICHHEM 3apsI0BOr0 OallaHCa, YTO BEIET K MEPECTPOIKE CBSI3eH MEXITy
OTUMHU NTapaMCTpaMu. Wcnonp3oBanne PE3YILTATOB IIPHU MOACITIUPOBAHUU SJICKTPUUCCKUX XaPAKTCPHUC-
THUK TPaAH3UCTOPHBIX CTPYKTYP C KaHAJaMU U3 IBYMEPHBIX I1OJIYIPOBOAHUKOB II03BOJISET BBIABUTH OCO-
OCHHOCTH TOKOIIEPEHOCA B HHUX W MOBBICUTH ((HEKTUBHOCTHh (YHKIMOHUPOBAHUS TaKHX MPHOOPOB,
CIOCOOCTBYET CO3JJAaHHUIO MOJIENEH, IPUTOTHBIX JUIS UCTIONB30BaHUS B CHCTEMaX aBTOMaTH3UPOBAHHOTO
MIPOCKTUPOBAHUSI.
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AnHoranust. [IpoBeneHs TeOpeTHUESCKHI aHAIN3 B3aMMOACHCTBHUS IBYyXYaCTOTHBIX W MOJYJIHPOBAaHHBIX JICKT-
POMAruvMTHLIX BOJIH C aHU30TPOIMHBIMU Cp€aAaM Ha YITICBOAOPOAHBIMU 3aJIC)KaAMHU U KOMIIBIOTECPHOC MOJACIIUPO-
BaHHE. YCTaHOBJICH YaCTOTHBII JAMaNa30H M3MEHEHUs JIEKTPOIMHAMUYECKHUX IIapaMeTPOB CPEbl HaJl 3aJIEXKbI0
C TIPOSIBIICHNEM aHOMAJIMH HAIPSHDKCHHOCTH JIEKTPUYECKOTO Noutsl. JIaHbl peKOMEHAAINH IO IPUMEHEHUIO MOy~
JIMPOBAHHBIX CUT'HAJIOB JJI MOBBIMICHHUA TOYHOCTU ONPEACIICHUA I'paHUL] YIJICBOAOPOJA0OB HA OCHOBEC U3MEPCHUA
(ha30BbBIX XapaKTEPUCTUK IIOBEPXHOCTHOTO HMITEIaHCa CPEJIbl Hall yITIeBOIOpoaaMu. Pa3paboTraH amnmapaTHo-1por-
PaMMHBII KOMIUIEKC ISl PETHCTPAIMN HAIIPSDKEHHOCTH 3JIEKTPUIECKOTO TIOJIS B PeXKUMAaX IpHEeMa 30HIUPYIOIINX
CHTHAJIOB M COOCTBEHHOT'O M3ITyUCHUS 3aJIeXKel YIIIeBOI0POA0B. BBITIOIHEHBI SKCTIEPUMEHTANIBHBIE HCCIIETOBAHMS
Ha ra30BbIX MecTopoxaeHmsx Cupun. [lokazaHb! cmocoOBI MOBBIIIEHUS HH(POPMATHBHOCTH Pa3pabOTaHHOTO CIIO-
co0a ¥ anmaparypsl U MPOBEJCHUH TOMCKOBBIX padOT Ha 0OBEKTAX yIIEBOJOPOOB. Pe3ynbraThl Hccie10BaHuH
MOTYT OBITh HCIIOJIb30BaHbI B YCTPONCTBAX BBIACICHHS 3aJIeXKeil HE(PTH U ra3a B reopu3HKe.

KutioueBble cj10Ba: yIiieBOJOPOAHAS 3aJI€Kb, DIEKTPOMArHUTHAS BOJIHA, MOJIEBBIE UCCIICIOBAHUS, IBYXYacTOT-
HBI CUTHAJ, TEOJIOTHYECKUH TPO(HITH, MOTYITNPOBAHHBIM CUTHAN, YaCTOTA, CKBAKIUHA, TPAHMIIA 3AJICKH, aHOMa-
JIVST AIIEKTPHYCCKOTO ITOJIS.

KoHpaukT HHTEepecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBUH KOH(IMKTA HHTEPECOB.

Jas uutupoBanus. Anymkesnd, B. @. [Ipaktiuueckas ampodarius crocoda perucTpaIiy TPaHUIl YIIIEBOIOPO-
JIOB HAa OCHOBE M3MEPCHHUsI COOCTBEHHOTO U3nyueHus 3aiexeli / B. @. Snymkesuy, J[. B. JIpaués, B. M. ['pomsbI-
ko // Joxnanast BI'YUP. 2024. T. 22, Ne 4. C. 30-37. http://dx.doi.org/10.35596/1729-7648-2024-22-4-30-37.

PRACTICAL TESTING OF A METHOD FOR RECORDING
HYDROCARBON BOUNDARIES BASED ON MEASURING
THE DEPOSITS’ OWN RADIATION
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Abstract. The article provides a theoretical analysis of the interaction of dual-frequency and modulated elec-
tromagnetic waves with anisotropic media above hydrocarbon deposits and computer modeling. The frequency
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range of changes in the electrodynamic parameters of the environment above the deposit with the manifestation
of anomalies in the electric field strength has been established. Recommendations are given for the use of modu-
lated signals to improve the accuracy of determining the boundaries of hydrocarbons based on measuring the phase
characteristics of the surface impedance of the medium above the hydrocarbons. A hardware and software com-
plex has been developed for recording the electric field strength in the modes of receiving probing signals and the
natural radiation of hydrocarbon deposits. Experimental studies were carried out in gas fields of Syria. Methods
are shown to increase the information content of the developed method and equipment when carrying out pros-
pecting work at hydrocarbon sites. The research results can be used in devices for identifying oil and gas deposits
in geophysics.

Keywords: hydrocarbon reservoir, electromagnetic wave, field research, dual-frequency signal, geological profile,
modulated signal, frequency, well, reservoir boundary, electric field anomaly.
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BBenenue

AKTyaJIbHOCTh PacCMaTPUBACMBIX B CTAThE 3a]ad 3aKJIIOYaeTCs B OTpabOTKE METOAMKH TMOJEBBIX
nccuenoBannil  yriaeBogoponubeix 3anekeid (YB3). CoBpeMeHHass TeodneKTpopasBelka OCHOBBIBA-
eTcsi Ha OOJIBIIIOM OITBITE MPOBEACHUS MMOMCKOBBIX padOT, HampuUMep, Ha OIEHKE MoabemMa (ITydeHus)
IIOBEPXHOCTH M3-32 IIAPOBOT0 I'PABUTALMOHHOIO JpeHa)ka Ha MECTOPOXKICHUN HE(PTEHOCHBIX MECKOB
Hangingstone B Anbbepre (Kanama) myrem cymmupoBaHus umHTepdeporpamMm panapa ¢ auddepeH-
MaThHON cHHTEe3npoBaHHOU arepTypoil (SAR) [1]. 3ByKo4acTOTHBIN MarHUTOTEIUTYPUYECKUH METO]
C yNpaBisieMbIM MCTOYHUKOM OTJIMYACTCSI SKOHOMHUYECKOH 3(h(EKTUBHOCTHIO M IIMPOKUM HpPUMEHE-
HUEM B reo()u3n4eckoM MOHHUTOpHHTe [2]. 3a mocieqHee NEeCSTUIETHE IEKTPOMAarHUTHAs pa3Belka
3HAUUTETILHO U3MECHUIIACH, YIYUIIMINChH Pa3pelaronias ClioCOOHOCTh M HaJeKHOCTh, CTaB, TAKUM 00-
pa3oM, He3aMEHUMBIMU ITPU Pa3Be/Ike HETPAJAULIMOHHBIX yIiieBoaopooB [3]. Ha ocHoBe kapT ckopocTu
JneopMaluii TpyHTOB palioOHa HCCIIEAOBAHUN COCTABIISIIOTCS TEMaTHYEeCKHUE KapThl 30H aKTHBHOTO TPO-
CellaHus TPYHTOB, CIIOCOOCTBYIOIIHE PA3BUTHIO TEXHOJIIOTUI 00OHAPYKEHHSI TIOJIE3HBIX HCKOMAeMBbIX [4].

Peanuzanus metononoruu [5] mpogeMoHCTpUpOBaHa Ha IPUMEpE TTOA3EMHOT0 XpaHeHus ra3a. CeThb
TEKTOHWYECKUX TPEIINH, KAPTHPOBAHHAS C TIOMOIIBIO JAHHBIX JUCTAHIIMOHHOTO 30HUPOBAHMS, MOXKET
OBITh MCTIONB30BaHA JUIA OOBSCHEHHS M MPOTHO3MPOBAHUS MPOMYKTHBHOCTH CKBKUH Ha HETIHBIX
MectopoxaeHusx [6]. s nuddepeHnmannm uccieayeMbIX Cpell PH MPOBEICHUN TTOUCKOBBIX padoT
IIPUMEHSIIOTCSI COBPEMEHHBIE METO/IbI ¥ AITOPUTMBbI 00PaOOTKH KOCMUYECKOH, F€0JI0ro-reo(hpu3nuecKoi
u reoxuMuueckor napopmammu [7]. [eosnexrpopasBenka OpUEHTHPYETCS HA PACIIUPEHHE BO3MOXKHO-
CTeH AIIEeKTPOMArHUTHBIX METOJIOB I MovcKa Hed T u rasa [8, 9].

WuTepnperanus pe3ysibTaToB IOMCKOBBIX padoT [10] npu pemennn 3aaa4 reoGpusnku U reomopdo-
JIOTMU TIPOBOIUTCS C TIOMOIIBIO MOAM(UIIMPOBAHHOTO METONA S-armpoKCUMauid. MeTobl pereHus
TPEXMEPHBIX 3a/1a4 MPUMEHSIOTCS I peaju3alii pa3IndHbIX CIOCO0O0B MpHU MOUCKEe HEPTH U rasa
C TIOCTPOEHUEM DIICKTPOIMHAMUYECKUX MOJIETICH cpell Hall 3alexaMu yrieBonopoaos [11, 12].

B craree mpencraBiensl OblcTpble U cTporue 2.5D-aaropuTMsl MpsIMOTO U MHBEPCHOTO H3Mepe-
HUH JUIS TTYOMHHBIX 3JEKTPOMArHUTHBIX MPHIOKEHHH, KOTOPhIC BKIIOYAIOT U3MEPEHUST B MEKCKBa-
JKUHHBIX TIPOCTPAHCTBAX W C KOHTPOJUPYEMBIM HCTOUHUKOM [13]. BHenmpeHue 3meKTpOMarHUTHBIX
METOZIOB JUIS TTOVICKA YITIEBOIOPO/IOB TO3BONIAET OCYHIECTBIATh OOHapyxeHne YB3 mo aHoManbHBIM
XapaKTEPUCTHKAM 3JIEKTPOMAarHUTHBIX BOJIH (OMB) Ha ocHOBE pUMEHEHHUsI YaCTOTHO-MOLY/IHPOBaH-
HBIX M JIByX4aCTOTHBIX CUTHaJOB [14, 15].

MeTom0J10TrMsl HCCJIeA0BAHUIA

st mpoBeeHUST AKCIIEPUMEHTANIBHBIX UCCIEIOBAHUI HA MECTOPOXKJIECHUSX YINIEBOAOPOAOB MpO-
BOAMWJINCH TEOPETUUECKUIN aHAIN3 B3aUMOJCHCTBUS IBYXUACTOTHBIX U MOAYIHPOBaHHBIX DOMB ¢ anu-
30TpOIHBIMU cpenaMu Hal Y B3 u komnbioTepHoe MoaenupoBanue. Boznelicteue rapmonnyeckux OMB
Ha aHU30TPOIHYIO Cpely HaJl MECTOPOXKICHUSAMHU HE(DTH U Ta3a pacCMOTPEHO B [8].

HccnenoBanne XapakTepUCTUK CPEIbI TIPU BO3ACUCTBHH ABYXYacCTOTHRIX DMB Ha mcciemyeMbrit
TEOJIOTHICCKUN MPODHITH SBIAETCS aKTYTBHBIM C TEOPETHUSCKON M TIPAKTHIECKON TOUEK 3PCHISI, TI0-
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CKOJIBKY CBSI3aHO C Pa3pabOTKON HOBBIX TE€XHOJOTUH U MOAEPHU3ALUM JACHCTBYIOIINX AJIEKTpOMar-
HUTHBIX METOJIOB IIOMCKA 3aJIeKell. DTOT OAXO0/] ONIPaB/aH, TAK KaK 3aJIKb YITIEBOIOPOI0B MOXKET OBITh
MpeAcTaBIeHa M3yYarollel pe30HaHCHOW CHCTEMOH, reHepHupylolIel ToHaapHoe Konebanue. Ha oc-
HOBE UCCJIe/IOBaHMM [8] JaHHBIN CUTHAJ Mpe/ICTaBIsAeTCs TapMOHUYECKUM, BO3/ICHCTBYIOIIMM Ha POCT-
pancTBeHHbIe DMB, pacnpocTpaHsIonecs BA0Ib MOBEPXHOCTH pasJiesia Cpell «BO3AYX—aHU30TPOITHAS
cpenay. CynepIio3unus TaKUX BOJTH JaeT ABYXUaCTOTHRIE DMB, B3auMoaeiCTBYOIIHE C aHU30TPOITHOM
cpenoit. Ilpumepom nmomoGHOro B3auMoAeHcTBHs sABIsIeTCs 3(P(EKT HenpeaHaMEPEHHOIO MM YMBbIIL-
JIEHHOTO BO3JEHCTBHsI TapMOHMUYECKOIO CUTHAIA HA XapaKTEPUCTHKH HCCIIEyEMOTO JIEKTPOMarHuT-
HOTO MOJIs, CO3aBaeMOro MpocTpaHcTBeHHbIMU OMB.

[IpencTaBidoT MHTEpeC Kak OTpakaTeJIbHbIE XapaKTePUCTUKM aHU30TPOMHON cpensl Haj YB3
IIpH JABYXYaCTOTHOM BO3/IEMCTBHHU, TaK M aHOMAJbHbIE W3MEHEHHs HAMPSKEHHOCTH 3JIEKTPUYECKOTO
107151 AByX4acTOTHBIX OMB Ha anbTepHaTHBHBIX YacTOTaX, Pe3y/bTaTbl MOIEINPOBAHUS PACIIPOCTPAHE-
Husg OMB Haj aHU30TPONHOM cpefoi, aHaIU3 XapaKTEPUCTHK PEKUMOB JIBYXUaCTOTHBIX CUTHAIOB. Uc-
XOJI U3 3TOTO, NIPOBEJEM aHAIIU3 IpoLecca B3auMmoneicTsuss OMB ¢ annzorponHoii cpenoi Hay YB3
C JIByX4acCTOTHBIM CUTHAJIOM BHJIA

é(t)=¢,(t)+é,(t) = E, cosot + E, cosm,t, )

e £, E,, ®, ®, — aMITTUTy/a 1 9acToTa AByX DMB cooTBeTCTBEHHO.
BBenem ko3 puLmeHTHl OTHOLIEHHUS aMIUINTY/] ABYX BOJIH U MX YacTOT:

k=22,

" @)
k=L

@,

Paccmotpum B3aumoseiicTBue ciaokHOTO curHana (1) ¢ pa3nMyHBIMU COOTHOIIEHUSMH IapaMer-
poB dopmupyembix OMB ¢ aan3oTponHbsiM HanoixaUTENeM. H(DOpMaTHBHOCTS METOIOB TToncka YB3
TIPU BO3IECUCTBHUH JBYXUACTOTHREIX DMB Ha mcciemyeMplil TeoIoTHIecKuil mpoduiIh CyIIeCTBEHHO BO3-
pacraet 3a cyeT Bapuauuu Ko3()(UIMEHTOB OTHOIICHUS aMIUIMTYI M 4acTOT AByX BosH (2). Koopau-
HaTHOE paclpeie]IeHHEe HaPsKEHHOCTH AIEKTpHYecKoro oyt OMB nmo3BossieT 3anucarb KOMIIOHEHTHI
TEH30pa AUIIEKTPUYECKON IPOHUIIAEMOCTH €, £,, €5 IJIS IBYXYaCTUYHOTO MOTOKA B Bue [9]:

2 ~ 2 ~2 2
O 0 O —0 —V; _
O & ™ (v, +op, = @) +4dpv,”
g =g, —+) . ) L :
O = —srkE(l—kw)s1nat+ S, . OV o +v, + o,
2, 2 =232 4~2 2
1+ kg cosat 0,8 ®, (v, +o,—-0]) +40,v,
2 2 2 ~2 2 ~ 2 )
& _Z O O Oy —O TV; _ 2j0 v, 0,0,
2= 2 2 ~23\2 ~2. 2 2 2 ~232 ~2. 2
i=1 Oy (v +oy —0p)” +40V, I:(Vi +oy, —0)" 407V, ]032
~ 2 2 ~ . 2
i O +Z 0,0 1 . —srkE(l—km)smatJr O, OuwiVi 1
37 % 2, ~2 ~2 2 [
0, o ®), Vv, +o 1+ kg cosat €y Oy O +V,

e oy, O, — 4aCToTa IJIa3MCHHBIX KoJIeOaHUH U THPOTPOIIHAasg 4acToTa COOTBECTCTBCHHO; V; — YacC-
TOTa CTOJIKHOBCHHA 4YaCTUL; €. — OTHOCHUTCJ/IbHAA MOUBJICKTPUYCCKAsd MPOHULIACMOCTb HpO(bI/IJ'IH;

G, — IPOBOJUMOCTH IPOMHIIS; € — AUAIEKTPHUECKAs OCTOSHHAS, O = O,[k,, + K2z + kg(1 — k,)cosat];

o=, — ®; = 0,(1 — k,) — paznocTs gactot 1Byx OMB.

Bripaxennst (3) comeprkaT HHGOPMAIINIO 00 OTKIIMKE HCCIEAYEMOM Cpebl. YCTAaHOBICHBI YacToO-
THI ¥ aMIDTUTYBI, TP KOTOPBIX HAOTIONAIOTCS] M3MEHEHHUS AIEKTPOAMHAMUYECKUX ITapaMeTPOB CPEIbl
HaJ 3a1exKbi0. [[poBeICeHHBIN TEOPETUIESCKUI aHaTU3 MTOKa3al, YTO aHOMAJIMH HAIPSDKEHHOCTH AIIEKT-
pUYECKOTO MO MPOSABIAIOTCS B quanazoHe yactoT 1-30 MI'u. Eciu onna uz OMB (1) npencrasnser
c000i1 MOy IMPOBAHHBIN CUTHAJI, TO HA OCHOBE U3MEPEHUs (Da30BbIX XaPAKTEPUCTHK TTOBEPXHOCTHOTO
nMIienanca cpenasl Han YB3 Ha Hecymux gactotax 0,1-2,0 [T mpu ncmonb30BaHUH YaCTOTHI MOTYIIS-
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uun F'=1-100 MI' ¢ koadduureHTaMu aMINTUTYAHON Moysuuu B quanasone 0,1—-1,0 npu unnexcax
YaCTOTHOHM MOAYJSALUY B HHTepBaje 1—95 MOBBIIAETCS TOUHOCTh ONIPEIENEHUS [PaHuUL] yIIIEBOJOPOAOB.

Pesyabrarhl HccjieoBaHuii U X 00CYKIeHNe

[IpeacraBum pazpaboTaHHBIA anmapaTHO-MPOrPaAMMHBIN KOMILIEKC, TO3BOJISIIOLINHA OCYIIECTBISTh
perucTpanuio HarpsKeHHOCTH JJIEKTPHYECKOTO TIONISL B PEKUMax MpHeMa 30HIUPYIOIUX CHTHAJIOB
1 COOCTBEHHOTO HM3IYyUYEHHs 3aJekell yIIeBOAOPOAOB. AMIMApaTHO-MPOTPAMMHBIA KOMILJIEKC COCTOUT
U3 PaJNOTIePEIAloIero U PaJHOPHEMHOTO YCTPOHCTB, IIepeMenIaeMbIX BIOJIb HCCISTyeMOro npodu-
7l ¢ coXpaHeHHeM (PUKCUPOBAHHOTO paccTOsTHUA 5—12 M, U mporpaMMHOro obecriedenrs. OCHOBHBIC
(YHKIMH CIIEHUAIBHOTO IPOrPaMMHOIO KOMIIOHEHTA: PErUCTpanys HaIpsHKEHHOCTH AIIEKTPUUECKOrO
TOJIs1; 3allUCh CUTHAJIOB IO TPEM M3MEPHUTENbHBIM KaHajlaM; aJanTuBHas mudposas obpadoTka; mpu-
BsI3Ka M3MEPHUTEILHBIX CUTHAIIOB K KOOPIMHATAM U3MepsieMoro npoduiis ¢ momoibio npuemuuka GPS;
06pa60TI<a HU3MEPUTEJIBHBIX CUTHAJIOB, BBIACJICHUEC aHoMaJni HaPsAKCHHOCTHU JJICKTPUYCCKOTO I10JIA;
0TOOpaKeHUE KOOPIUHAT IPAHHMIL YITICBOAOPOI0B. Mcob30Baiach BepTHKaIbHAS Hospu3aius OMB,
IIPUHUMAJICSI CyMMapHBIA CUTHAJI BCIIOMOTaTEJIbHOTO TIepeJaTyrKa M0JCBETa U COOCTBEHHOTO H3ITyde-
HUS 3aJI€KH, U3MEpsIIach BEJIMUNHA HAPSHKEHHOCTH SJIEKTPHUYECKOTO TIOJISL B TOUKaX U3MEPEHUsI Uccie-
QyeMoro npouiisi, 10 aHOMaJIbHBIM 3HaUCHHSIM HANPSLDKEHHOCTH AJIEKTPUYECKOTO TI0JISL ONIPEeNisiiach
IpaHMLIa 3aJIeKH YIIIEBOJOPOIOB. DKCIIEPUMEHTAIBHBIC HCCIIETOBAHUS IPOBOIMINCH HA MECTOPOXKIC-
HUSX yrieBogoponoB B Cupun Ha o0bektax Charefa, Deratia, Zumlat al Maharr.

Ha o6bekre Charefa (puc. 1) monesbie HaOroaeHUS BhINOIHsUIMCH B 2021 1. B 1Ba dTana: 16 u 20 uroHs
C IIETBI0 TECTHPOBAHUS U KAIIMOPOBKH 000PYIOBAHMS 1 €O 2 110 16 MIONS — JUIst TOWCKA U PETUCTPaIliH
AQHOMAJIMI ANIEKTPOMArHUTHOTO MOJIsI, COOTBETCTBYIOLINX 3aJIeXkKaM yIIIeBOAOPOoA0B. b orpaboTanbl
miecTh MapumpyToB R1—-R6 obuieil npoTsbkeHHOCThI0 17,89 KM, M3 HUX IATh — B HAIPaBJICHUH FOT-CE-
BEp M OIMH — 3amaja-BocTok. Ha kapre puc. 1 o06o3Ha4deHbl dKcmTyatupyembie ckBaxxuabl CH2, CHS,
CH6 u CH104. OTtpaboTanHble MapIIpyThI C IBETOKOANPOBKOH HAMPSHKEHHOCTH AIIEKTPUIECKOTO OIS
u ckBaxkuasl CH2, CHS, CH6 HaneceHbI Ha KapTy, MPUBS3aHHYIO TI0 MPEAOCTABICHHBIM KOOPIUHATAM
ycThs ckBaknHbl CH104.

Puc. 1. DkcriepuMeHTaIbHbIC HCCIIEI0BAHMS HA MECTOPOXKICHUH YIJIEBOIOPO/IOB Ha 00bekTe Charefa
Fig. 1. Experimental studies on hydrocarbon deposits at the Charefa site
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Perucrparys HanpspKEHHOCTH SJIeKTpHYeckoro nosst Ha oosekre Charefa Ha mapmipyre R3 Bomb
re0JIOTHYECKOTO MPOGMIIS HA yYacTKaX OTCYTCTBHUS YIVIEBOJOPOAOB (B IaHHOM Clydae rasa) mokasaHa
Ha puc. 2.

N
_ Fault 10 __

30

R, y.p.

Puc. 2. Perucrpanus HanpspKeHHOCTH SJIEKTPHYECKOTO MOJIsl HA MECTOPOXKICHUH YTIVIEBOJIOPO/IOB
Ha oObekTe Charefa Ha mapmpyTe R3
Fig. 2. Recording electric field strength at a hydrocarbon field at the Charefa site on route R3

Touku m3mepeHws ¢ paccTossHuEM R (y.p. — YCIOBHOE PACCTOSTHHE) MEXKIY YIaCTKAMHU OTIPEISISUTACH
coracHo MacmTaly KapTel. Tak, TpaHHUIlb 3aeXu (perepHble TOYKH) COOTBETCTBOBAIIM KOOPIUHATAM:
Fault 9 — 34°30'56.90" c. m., 37°28'05.30" B. n.; Fault 10 — 34°31'33.56" c. m., 37°28'05.98" B. .
B Toukax aHomanuii 371€KTPOMArHUTHOIO MOJIs, COOTBETCTBYIOUIUX 3aJI€KaM YIIEBOAOPOIOB, HArpsi-
KEHHOCTh JIEKTPUYECKOT0 ToJIs u3MeHsuiach ot 130 (Ha rpanunax 3anexu) 10 145 mxB (Makcumars-
HOE 3HaueHue). B mpeenax u3yuyaeMoro yqacTka Ha BCEX MapuIpyTax YBEPEHHO BBIICISUIUCH TPAHUIIBI
MecTopoxkaeHus. [Ipu comocTaBieHnn WX ¢ TEOJIOTHYECKON KapTOH IO IeIeBOMY TOPH30HTY OTMeda-
JIOCHh XOPOIIIee COBMA/EHUE BBIJEICHHBIX PEMEPHBIX TOYEK C TPaHHIaMH 3aliekn. Bee moOwiBaromne
Ha JTAHHOM 3aJie’KW CKBA)KUHBI HAXOIATCS B Ipeleiax YCTAHOBJICHHBIX aHOMAaJMi HaNpsHDKEHHOCTH
ANEKTPUUECKOTO MO,

Ha o6nexre Deratia moiieBble HaOIOneHUA ObUIH BBITOAHEHB! 14—15 nronst 2021 1. B 00beMe 15,1 kM.
UeTpipe MapuipyTa UMeENH HallPaBICHHE IOT-CEBEp, a JIBa OTpabaThIBAIMCh B HAIIPABICHUAX IOTO-3a-
naji — ceBepo-BocToK. Ha paccmarprBaeMoil 3ajie)k K HACTOSIIEMY BPEMEHH MPOOYPEHO MATh CKBa-
xuH (DA1, DA2, DA3, DA4, DAS), deTsipe n3 KoTophix dkcmuryatupytores (DA1, DA2, DA4, DAS),
a B oHO# (DA3), mo nMeromuMcs JTaHHBIM, TIPUTOKA Ta3a He ObuT0. Ere omHa cKkBaknHA HAa 3TOM 00b-
exte — mpoektHas (DA6). Ha qaHHOM MeCTOpOXKACHUN Ha MapIIPYTax HAJE)KHO BBIJICISIOTCS Pa3phIB-
HBIC HAPYIICHUS, KOTOPBIC OTPAaHUYMBAIOT ATY FA30BYIO 3aJICXKb C I0Ta, 3araia U ceBepa. MakcumanbHbIe
3HaueHH TTapaMeTpa OTMEYAIOTCSI B IEHTPAIbHOW YacT 00beKTa B palioHe CKBaXHHBI DA2, B KOTOpOI
caMblIli BBICOKHI Ha CErOMHAIIHUN ICHb TeKYIIUH 1e0uT — 153 ThIC. M. OTMeuaeTcst TeHIeHITHS YMEHb-
IIeHNs B Mpeeiax yJ9acTka 3HAYeHUH aHOMalui 0000IIeHHOTO TTapaMeTpa B CEBEPHOM U BOCTOYHOM
HamnpaBJICHUAX B paiioHe pacronoxenns ckBakuH DA4 u DAS, 9To COOTBETCTBYET TEKyIIUM JebeTam
ckBakuH (34 u 40 ThIC. M? cOOTBETCTBEHHO). [ToNTyUeHHbIE JaHHbIE TI03BOJIAIOT IPEAIOIOKNUTE HATUUHE
rasa B MPOCKTHOH ckBaknHe DAG U B pailoHE BCKPBITHS IEIEBOr0 TOPU30HTA CYOrOPH30HTAIBHBIM
CTBOJIOM CKBaXUHBI DA3.

Peructpanmst HanpsHYKEHHOCTH 3JIEKTPUYECKOro mojisi Ha o0bekte Deratia Ha mapmpyte R6 BIOIH
TeOJIOTHYECKOTO MPOQHIIS Ha y9acTKaxX OTCYTCTBHA ra3a MokazaHa Ha puc. 3.

ImmmmeamEn e
(memsreesann

20 DA?2 40 DALl 50
R, y.p.

Puc. 3. Perucrpanyst HanpspkeHHOCTH JIEKTPUUECKOTO TIOJIST HA MECTOPOXKICHUH YTIICBOJIOPOIOB
Ha oObekTe Deratia Ha Mapupyte R6
Fig. 3. Recording electric field strength at a hydrocarbon field at the Deratia site on route R6
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AHOMaNuM HaNpsHKEHHOCTH AJIEKTPUYECKOTO TI0JIS Hall YITIEBOJOPOAAMH Jiekar B npexenax ot 130
(na rpanunax 3anexu) go 148 mxB (MakcumanbHOe 3HayeHue). Ha maHHOM MapuipyTe rpaHuLam 3a-
JIEKU COOTBETCTBOBAJIN KOOPAUHATHI periepHoil Touku Fault 9 — 34°0528.89" ¢. m1., 36°40'57.62" B. 1.

[Nonerie paboThl Ha 00bekTe Zumlat al Maharr npoBoanince B iepuoz ¢ 13 urons mo 4 uronst 2021 r.
Bcero 6b110 0Tpaborano 20 npodusieli o01el mpoTsHKeHHOCTIO 63,6 kM. CheMKH MPOBOAUIUCH B I1e-
LIeM U aBTOMOOMJIBHOM BapuaHTax. lllecTs MapmpyTOB MMeNIn HapaBieHUE 3anai-BOCTOK, BOCEMb —
c tora Ha ceBep. E1lie mects 10MOJTHUTENBHBIX MapIIPYTOB MPOXOAMIN IO JUaroHaIN JeMOHCTPALUOH-
HOTO Y4acTKa — TPH € IOT0-BOCTOKa Ha CEBEpO-3alal, a TPH — C I0ro-3araia Ha CeBepO-BOCTOK.

Peructpanus HanpsyKEeHHOCTH 3JIEKTPHUYECKOTO Mmojisi Ha oOobekre Zumlat al Maharr Ha mapupy-
Te R2 BJOJNb TeoJOTHYECKOro MpoQuis Ha ydacTKax OTCYTCTBHUS rasa IokazaHa Ha puc. 4. AHOMa-
JIUU HAMPSDKEHHOCTH AJIEKTPUUSCKOTO MO HaJl YIIIEBOIOPOAaMH JiekaT B mpenenax ot 140 (Ha rpa-
Huax 3ajaexn) g0 160 mMxB (MakcnmanmsHOe 3HaueHne). Ha mamHOM MapmipyTe TpaHHIaM 3aiie-
KA COOTBETCTBOBAJIM KOOPAMHATHI perepHbIX Touek: R2-1: 34°45'50.93" c. m., 37°36'26.52" B. n.;
R2-2: 34°45'50.33" c¢. m., 37°36'45.25" B. n.; R2-3: 34°45'50.35" c. m., 37°36'59.03"” B. n.;
R2-4:34°45'50.36" ¢. m., 37°37'48.58" B. 1.

E, mxB
R2-1

160 \y-
150
140

130
120

R7 y‘p'

Puc. 4. Perucrpanus HapspKeHHOCTH SJIEKTPHYECKOTO MOJIsl HA MECTOPOXKJICHUH YTIIEBOJIOPO/IOB
Ha 00bekTe Zumlat al Maharr Ha maprupyrte R2
Fig. 4. Recording electric field strength at a hydrocarbon field at the Zumlat al Maharr site on route R2

Pesynbrare! npoBeieHHBIX Ha 00bekTe Zumlat al Maharr paGoT 03BONUIIN BBISIBUTH B LIEHTPAITb-
HOW YaCTH y4acTKa aHOMaJIbHYIO 30HY MOBBINICHHBIX 3HAYCHHI HANIPSHKEHHOCTH DIICKTPUYECKOTO TIOJIS,
MEePCTIEKTUBHYIO C TOYKH 3PCHNMS HAIMYHS YIIIEBOAOPOIOB. B pesynbrare OypeHns ra3 B 9Toi CKBaKHHE
OBLIT TTOTy4eH.

3aKiIIoueHue

Teoperndeckuii aHaIM3 B3aUMOJCHCTBHUS JBYXYaCTOTHBIX M MOJYJIHMPOBAHHBIX AJIEKTPOMArHUTHBIX
BOJIH C aHU30TPOIHBIMU CPEAaMU HaJ YIIIEBOAOPOAHBIMU 3aJ€KAMU U SKCIIEPUMEHTAIbHBIC UCCIEH0-
BaHUSI HA MECTOPOXKICHUSX YIIIEBOAOPOAOB B CUPHUH MMOKA3aIH, YTO:

— CyIIeCTBYeT 4acTOTHBIM auana3zoH 1-30 MI'1i u3MeHeHus: 3NeKTPOJMHAMUYECKUX MapaMeTpoB
CpeIbl HaJl 3aJIeXKBI0, B KOTOPOM TIPOSIBIISIOTCS aHOMAJINY HAIIPSDKEHHOCTH DJIEKTPHUIESCKOTO TTOJIS;

— TPUMEHEHHE MOMYJIMPOBAHHBIX CHTHAJIOB TIOBBIMIACT TOYHOCTEH ONPEACIICHUS TPAHUI] YIIEBO-
JIOPOJIOB TIPU U3MEPEHUH (ha30BBIX XapaKTEPUCTHK MOBEPXHOCTHOTO UMIIEIaHCa CPEIbl HaJ YIJIEBO-
JOPOIHBIMU 3aniexamMu Ha Hecymux vactotax 0,1-2,0 I'Tu ¢ wactotoit Mmopymsauuu F = 1-100 MI'n
pu KO3 UITMSHTaX aMIUTUTYIHOU Moayssiiuu B quanazoHe 0,1-1,0 u uHAeKcax 4acTOTHOM MOYJIsi-
UM B uHTEepBajue 1-95;

— pe3yJIBTaThl IKCIIEPUMEHTANIBHBIX HccaenoBanuii moareepammn 100-TiporieHTHOE HATUIHE yTIIe-
BOIOPOIOB;

— HaJT 3aJIeKBI0 HAOIIOMAaeTCsl POCT COOCTBEHHOTO M3ITyYeHHsI, KOTOPOE MOXKET OBITh 3aKCHPOBa-
HO 32 CUeT NPUMEHEHHs BCIIOMOIaTeIbHOro MepeaaTyrka nojacsera B auanasone 1-30 MI'n;

— MPUMEHEHNE HECKOJIbKUX YacTOT TOJICBETa MOXKET ITOBBICUTH NH()OPMATUBHOCTH METOIOB TIOMCKA
U TOYHOCTDH OTPECICHIS TPaHUI] YITICBOIOPOIOB.
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AnHotauus. [Tpu paboTe paanoNOKaIMOHHBIX CTAHIMN Ha BXOJl MPUEMHHUKA TIOCTYNAIOT PaAMOUMITYIbChI pa3-
JINYHOW WHTCHCUBHOCTH B 3aBHCHMOCTHU OT THIIA LEJIH, AAJBHOCTH 10 IEJIU U APYTHX (akTopoB. PerymmpoBka
yCUJICHHS TIPHEMHHKa He00X0MMa JJIsl HACTPOMKH €ro YyBCTBUTEIBHOCTH TaKMM 00pa3oM, 4TOObI 00eCHeYnTh
HaI/IJ'Iy‘-IIHI/Iﬁ MNpyUeEM CUTHAJIOB C aMIUIUTyJaMU, U3MCHAIONIUMUCA B HIMPOKUX IIpEACIax. B cratbe paccMoTpe-
Ha JiorapuMuyeckasi CUCTeMa aBTOMAaTHYECKOW PETyIMPOBKH YCHIICHHS, NPOBEACH aHAlM3 ee MPEUMYIIECTB
U HETOCTATKOB [0 CPABHEHHUIO C KIIACCHYCCKON CHCTEMOW aBTOMATHUCCKON PETYIMPOBKU YCHJICHHUS, BBITIOJIHECHO
ee MoJieNIupoBaHue B Tpaduyeckoii cpene nporpammuposanust Matlab/Simulink.

Kiio4eBble ci10Ba: aMITIUTYTHBIHA IETEKTOP, CHCTEMa aBTOMAaTHUECKOM PEeryaMpoBKH ycuienus, Matlab/Simulink.
Kondaukt uHTEpecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBHUHU KOH(INKTAa HHTEPECOB.

Jos mutupoBanusi. Mapuyk, T. M. UccrenoBanue norapu(p)Muyeckoil CHCTEMbI aBTOMAaTHYECKOW PETYJIHPOBKU
yemnenus / T. M. Mapuyk, A. A. Jlennc, A. B. I'punkesunu // loknanst BI'YUP. 2024. T. 22, Ne 4. C. 38-45. http://
dx.doi.org/10.35596/1729-7648-2024-22-4-38-45.
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Abstract. When radar stations operate, radio pulses of varying intensity are received at the receiver input depen-
ding on the type of target, range to the target and other factors. Adjusting the receiver gain is necessary to adjust
its sensitivity in such a way as to provide the best reception of signals with amplitudes that vary widely. The ar-
ticle discusses a logarithmic automatic gain control system, analyzes its advantages and disadvantages compared
to classical automatic gain control system, and performs its simulation in the graphical programming environment
Matlab/Simulink.
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BBenenune

B GonpmmHCTBE pagroIOKAIMOHHBIX MMPUEMHUKOB TSI 0OeCIIeUeHUS JTHHEHHOW 00pabOTKH CHT-
HaJoB (0e3 OrpaHWYeHHS aMIUTUTY/IBI) TIPUHUMAIOTCS MEPHI IO PACIIUPEHUI0 JUHAMUYECKOTO JHara-
30Ha YCHIIUTENS MPOMEKYTOYHON HaCcTOTHI C TIOMOIIBIO CXeM aBTOMAaTHUYECKOW PETYIHpPOBKH yCHIIe-
mus (APY) [1]. Kak mpaBmio, coBpeMeHHBIC paarOIOKAIIMOHHBIE CTAHITUH COMEPIKAT HECKOJIBKO
KacKaJ0OB aBTOMAaTUYECKON PETYIMPOBKM YPOBHSA YCWJICHHA CHUTHaia. YacTh M3 HUX BBITOIHAETCS
B aQHAJIOTOBOM BHJI€ M 00ECTIEYMBAET TOCTOSHHBIA yPOBEHb CHUTHAja Ha BXOJE aHAJIOTO-IIH(POBOTO
npeoOpazoBarens st HanOoee 3G heKTHBHONW paboOThI OJIOKOB MUPPOBOI 00padboTKky curHAIOB. [{ndh-
pOBast 4aCTh MPUEMHON CHCTEMBI TaK)Ke HEPEAKO COAEPIKUT HECKOIBKO CHCTEM PETYITHPOBKH YCHIIE-
HusA. OT ypOBHS BXOJHOTO CHTHAIA 3aBHCAT MAapaMeTPhl pabOTHI TIETIIN CHHXPOHHU3AINH, TTOCTPOSHHOMN
Ha OCHOBE TIETITH (pa30BOM aBTOMOACTPOIKH 9acTOTHI [2]. CrucreMbl APY Hammmm mupokoe mpuMeHeHne
B aHAJIOTOBBIX W ITU(POBHIX CHCTEMaX CBA3H [3].

ems wccmenoBanmii — 0030p cymecTByromux cxeMm APY, monennpoBanne MoauUIIMPOBAHHOMN JIO-
rapudmuaeckoi cucteMsl APY B Matlab/Simulink.

AHaJIu3 cxeM KJIAaCCHYeCcKoil u jorapupmMmuyeckoii Hu(PpoBbIX CUCTEM
aBTOMATHYECKOIi peryJMPOBKH YCHJIEHHs] M BAPHAHTHI HX YCOBEPILIEHCTBOBAHUS

O6mras ctpykrypHas cxema APY nokazana Ha puc. 1. Kak BugHo u3 pucynka, APY sBiseTcs 3aMk-
HYTOI crcTeMOM ¢ 00paTHOW CBA3BIO. AMIUTMTYAHBIN TETEKTOP MpeIHa3HaueH /IS BBIJICICHUS aMILUIH-
TY/bl BBICOKOYAaCTOTHOTO paJMOCUTHANA. AMIUIUTY[Aa MPUHATOTO CHUTHAjJa CPAaBHUBAETCS C OTIOPHBIM
YpOBHEM (KeJlaeMBbIM yPOBHEM, YCTaBKOH), (popmupys ommOKy ycuienus. Jlamee ommOKa yCuIeHUsS
MocTynaeT Ha (puIbTp 00paTHOM CBA3M, 0OECTIeUnBaONINi TpeOyeMble JMHAMUYECKHE CBOMCTBA CHCTe-
Mbl APY: cuctema APY momkHa pearnpoBarh Ha MeIJICHHBIE (TTapa3uTHBIE) M3MEHEHHUS YPOBHS BXO/I-
HOTO CHTHAaJIa U HE pearupoBarh Ha OBICTphIC (0OyCIIOBICHHBIC MOJIe3HBIM curHajioM) [4]. C Bexoma
(mbTpa 00paTHOM CBSA3M OMMOKA YCUIICHHS TMOCTYIIAeT Ha TIEPEMHOKHUTENb, T1Ie YMHOKAETCS C BXOI-
HBIM CUTHAJIOM JJISl IOCTH)KEHUS HY)KHOTO YCHIICHUSI.

Bxod Buixod

x >

®unbmp odpamHol | _|_ AMnAUMYBHLIU
cbasu demekmop
+
Hacmpoiika OnopHell ypobeHs
(ycmabkal

Puc. 1. O6mas cTpyKTypHas cCXeMa aBTOMAaTHYECKOM PeTyITHPOBKH yCHUICHUS
Fig. 1. General block diagram of the automatic gain control

[IpencraBnennas Ha puc. 1 cxema okassiBaeT 00w IpuHIUT padoThl APY (kak aHajIoroBoi, Tak
u 1 poBoii). B oTnmume ot aHAIOTOBBIX, 1M pOBEIe cucTeMbl APY NMEIOT OOJBIIYyI0 TOYHOCTh pery-
JMPOBAHUA, BBICOKYIO HaJEKHOCTh M CTaOMIBHOCTh. Tak, B [5, 6] paccMOTpeHbI U(POBbIE CUCTEMbI
APY ¢ peryiaupyeMbIM 3JIEMEHTOM B BHJIE YCHIIUTEINS ¢ IEpEMEHHBIM KO3 HUITMEHTOM Tiepeaad, B [7]
rokaszana 1udposas cucremMa APY ¢ arrentoaropom, a B [8] — mudposas cuctema APY 6e3 dumsTpa.
[TosToMy manee moapoOHO PaCCMOTPUM UMEHHO BHIBI ITU(GPOBON CUCTEMBI APY.

Hudposast cucrema APY B 3aBHCUMOCTH OT croco6a GOpMHUPOBAHMSI OMTHOKNA YCHUICHHS MOXKET
OBITH KJIaccuueckor mim Jorapupmuyeckoit. CTpyKTypHast cXxema KJIacCH4ecKoH r(ppoBoOi METIN aB-
TOMAaTHYECKOTO PETYINPOBAaHUS YPOBHS KOMIJIEKCHOTO CHTHANa TMOKa3aHa Ha pHc. 2. AHaJIW3 UCTOU-
HUKOB IO JaHHOW Teme [1-8] mokasan, 4To TNIaBHBIM HETOCTATOK KiaccHdeckod mudpoBoit cucre-
MbI APY — 3aBUCHMOCTB MapaMeTpoB paboThl CUCTEMBI PEryJUPOBaHMS OT YPOBHS BXOAHOTO CHTHAJIA.
JMATEeTsHOCTh MEPEXOIHOTO IMpoIlecca KIIaCCHISCKON MU(POBOA METIN OOpaTHO MPOMOPITHOHATEHA
MIPOM3BEICHUIO YPOBHS BXOIHOTO CHUTHAaja M KOppeKTHpyromero kodddumuenta. [Ipu stom omHuM
13 BAPUAHTOB, MTO3BOJISIIOIIMM KOMIIEHCUPOBATh AaHHBIN HEIOCTATOK, SBJSIETCSl UCIONb30BaHUE JIOTa-
pudmudeckoit nndpooii cuctemsr APY [2].
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Puc. 2. CtpykrypHas cxema KJIacCHIeCKOU IH(PPOBOH MeTIN
ABTOMATHYECKOTO PETYIIMPOBAHMS YPOBHS KOMILIEKCHOTO CHI'HAJIA
Fig. 2. Block diagram of a classic digital loop for automatic control of the complex signal level

CrpyKTypHast cxema JiorapupMuIecKoil 1n(poBol METIH aBTOMATHYECKOTO PETYINPOBAHUS YPOB-
HSl KOMIUIEKCHOTO CUTHaJa Moka3aHa Ha puc. 3. [Ipu sTom cxema norapudpmuueckoit nermu APY xom-
IUIEKCHOTO CUTHAJIA, B OTIMYHUE OT KJIACCHYECKOM CXEMBI, ONIEPUPYET JOrapru(hMOM aMILTATY/IbI BXOAHO-
r'0 CUTHAJIA U OTIOPHOTO YPOBHSL, a BBIXOAHOM CHrHa (GUIbTpa 0OpaTHOH CBSI3U (MHTETpaTopa) sSBIseTCs
M0Ka3aTeJieM CTENEeHH, B KOTOPYIO BO3BOAMUTCS DKCIIOHEHTA Mepesl MOCTYNICHUEM Ha EPEMHOKUTEh
curHainoB. [Ipu 3TOM UIHTENEHOCTE MIEPEXOJHOTO Mpoliecca Jorapupmuueckoit nupposoit nerm APY
00paTHO MPONOPLUMOHATBHA 3HAYEHUIO KO3 (DUIIEeHTa U HEe 3aBUCHUT OT YPOBHS BXOIHOTO CUTHaNA [2].

MHuMas 4acmb cuzHana />-<\

>
>

[leGcmbumenbHaa Yacmb cuzHana

Y

Y

|

1 AMnAUMYGHLI
: demexmop
|

Koagpguuuesm OnopHbId
0-1 ypobeHb

Puc. 3. CtpykrypHas cxema JorapuMuIecKoi MuppoBoi meTim
ABTOMAaTHYECKOTO PETyINPOBAHUS YPOBHS KOMIUIEKCHOTO CUTHAJIa
Fig. 3. Block diagram of a logarithmic digital loop for automatic control of the complex signal level

Takum 00pa3om, mpuUBeACHHBIE HAa PUC. 2, 3 CTPYKTYPHBIE CXEMBI KJIACCHYECKOW M JIorapupMu-
yecko nu@poBbX nerens APY oneHHBaOT aMIIUTyay (MOIIHOCTH) BXOJHOIO CHTHaja MO OJHOMY
OTCUETY, 4TO, KaK TIOKa3bIBaeT MPAKTHKA PUMECHEHHS TAKMX CXEM B pEalIbHBIX CHCTeMax (Hampumep,
B TEIEMETPUUYCCKUX CUCTEMax), He obecreunBaeT d3PPEKTUBHOCTh pabOThl CUCTEMBI PETYITHPOBAHHSI.
B nanHoM ciyyae TepsieTcs IUIaBHOCTh paOOThI CUCTEMBI: JIIOOBIE IIYMBI WIIM PE3KHE U3MEHEHHS YPOB-
HSl BXOJHOTO CHTHaJIa IPUBEAYT K PE3KUM CKauKoOOpa3HbIM H3MEHEHHUSIM BBIXOTHOTO CHTHaa (CUucTeMa
OYCHb YYBCTBHTENbHA K IIyMaM). DTO MOXKET BbI3BAaTh HENMPAaBUIIbHYIO paboTy cieayromux 3a APY
(YHKIMOHAIBHBIX y37I0B cucTeMbl. [1oaTOMY 11enecoo0pa3Ho HCClieIoBaTh BOBMOKHOCTD MTPUMEHEHUS
aMIUIUTYITHOTO AETEKTOpa, aHAIU3UPYIOIIEro aMIUIUTYAy (MOIIHOCTH) N BXOJAHBIX OTCUETOB CHUTHAJIA.
Ucxons u3 npenmMyiecTs Jorapudmuueckoii cucteMsl APY 1o cpaBHEHHIO ¢ KI1acCHUECKOH, Uccieny-
€M BO3MO)KHOCTb TIPUMEHEHHS MOAU(UIIMPOBAHHOTO JIETEKTOpa B Jlorapupmudeckoil cucreme APY.
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Peammzanus jJorapupmMudeckoil nM(ppoBoii CHCTEMBbI
aBTOMAaTH4YeCcKOH peryJupoBku ycuineHusi B Matlab/Simulink

Ha puc. 4 npencrasnena peanu3zaius norapudmudeckoit nndpooit cuctembl APY ¢ mopudunmpo-
BaHHBIM JeTekTopoM B Matlab/Simulink, Ha puc. 5 n306pakeH MOIU(PHUINPOBAHHBINA JETEKTOP CUCTE-
MbI APY.

i >
Bxon —— X

Bbixong

—»{ Bxog Bbixoq —— Bxog Bbixog,

OetekTtop MNopcuctema

Puc. 4. Peammzanus norapudMudeckoi IUGPOBOH CHCTEMBI aBTOMaTHYECKOTO PEryITHPOBAHNS YPOBHS
B Matlab/Simulink
Fig. 4. Implementation of a logarithmic digital automatic level control system in Matlab/Simulink
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Puc. 5. JlerekTop cucTeMbl aBTOMaTHYECKOTO PETYIUPOBAHUS YPOBHS
Fig. 5. Automatic level control detector

Hetexrop coctout u3z N—1 (N = 4) nuanii 3axepkek u cymmaropa. OH BBIYHCIISET Cpe/iHee 3Hade-
HHUE aMIUTUTYIBI (MOIIHOCTH) N OTCYETOB BXOAHOTO CUTHAINA, re N — epros OOHOBICHUS (IJIMHA OKHA
yCpEIHEHUsI B BBIOOPKaxX).

[Moncucrema B APY (puc. 6) Brirouaet B ceOsi:

A — omOpHBI (KeTaeMblif) ypOBEHb BBIXOJHON MOIITHOCTH B BarTax (desired output power);

K — pa3mep mara (step size). [1pu ero ysenmuuennn APY OvicTpee pearupyer Ha W3MEHEHUE YPOBHS
BXOJHOTO curHasia. Pa3mep mara BauseT Ha CKOPOCTb CXOAMMOCTH MOIIHOCTH K 33JaHHOMY 3Ha4CHHUIO
(c yBenmmueHnueM mara Obictpee cxonurcs). bonpimmii pa3mep mara npuBOANT K MEHEE TOYHON KOppeK-
uuu ycunenus. K u3amensiercst B tuanazone ot 0 1o 1;

MaxGain — MakcUMaJIbHbIH KO3(D(UIMEHT YCUJICHHUS MOIIHOCTH (maximum power gain), B pa-
3ax. Ecnu MomuocTh BXxogHoTo curHana APY odens Mana, To ycunenne APY Oyner odeHb OOMBIIAM.
OTO MOXKET BBI3BATh IPOOIEMBI, KOTIa MOIITHOCTH BXOJHOT'O CUTHAJIAa BHE3AIHO yBesandnBaercs. MaxGain
HCIIOJNIB3YIOT, YTOOBI N30€XaTh ATOr0, OrPaHUYMBAs ycuieHue, kotopoe APY mpumeHseT kKo BXOTHOMY
CHUTHAITY.

Pacuet Hy)kHOTO KO3 PUIIHEHTA YCUIICHNSI IPOUCXOAUT B TIOACUCTEME, TIPEICTABICHHOM Ha puC. 6.

BxonubiM curaanioM aiist APY Oyier curnai ¢ asondHoi ¢asopoit manumnyssiuen (BPSK momynu-
poBanHBIHM curHai). Ha puc. 7 nzo0pakeHa cxema ¢ MpuMeHeHrneM Jiorapudmudeckoit cuctemsl APY
st BPSK momymupoBanHoTO curHana, peanu3oBanHas B Matlab/Simulink. biok AGC1 mpencrasnser
coboit norapupmuyeckyto cucremy APY, B KOTOpOIl IeTEKTOp aHAIM3UPYET aMIUIUTYLy (MOIIHOCTB)
oxnoro BxoaHoro otrcyera (N = 1). bnok AGC4 npencrasnsier coboii ntorapudmuueckyro cucremy APY
C MOIU(PHUINPOBAHHBIM JAETEKTOPOM, B KOTOPOH JCTEKTOP aHAJIM3UPYET aMILTUTYAy (MOLIHOCTbH) YEThI-
pexX BXOJIHBIX O0TcueToB (N =4).
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Puc. 6. [Toacucrema B cHCTEME aBTOMAaTHYECKOTO PETYIMPOBAHUS YPOBHS
Fig. 6. Subsystem in an automatic level control system
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st BPSK MonynupoBaHHOro curHana
Fig. 7. Circuit using logarithmic automatic level control system for BPSK modulated signal

Pe3ynpraTer MogenupoBanus (P OTHOIICHUW CHUTHAI/ITYM B KaHaine, paBHOoM 10 ab) moka3aHbI
Ha puc. 8. XKenaemblil ypoBeHb BIXOJHOM MouIHOCTH Ha Bbixone APY pasen 1 Bt. Ha puc. 9, 10 noka-
3aHBI PE3YJBTAThl MOJICIIMPOBAHNUS ITOH JKE CXEMbl IPU OTHOMICHUSIX CHTHAJI/IIYM B KaHale, paBHBIX 4
u 0 1b coOTBETCTBEHHO.

U3 puc. 8-10 cnenyet, 4To MpUMEHEHHE MOJU(PHULUPOBAHHOIO JeTeKTopa (YBEIMYCHUE JIMHBI
YCPEAHEHUs 10 YETHIPEX OTCUETOB) YMEHBIIAET JUCIIEPCHIO MOIIHOCTH BBIXOAHOTO CHUTHAJIA OTHOCH-
TEBHO YCTaHOBUBIIETOCS 3HadeHH. [[puMeHeHre MOquUITPOBAHHOTO JETEKTOpa B JIoTapu(pMmudec-
koii cucteme APY Oynet Gonee onpaBaaHo B CHCTEMAaX ¢ HU3KMM OTHOLICHHUEM CHUTHAI/LIYM.
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Fig. 8. Simulation results for signal-to-noise ratio in a 10 dB channel
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Fig. 9. Simulation results for signal-to-noise ratio in a 4 dB channel
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Fig. 10. Simulation results for signal-to-noise ratio in a 0 dB channel
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3aKiIoueHue

1. PaccmoTpena norapupmMudeckasi CHCTEMa aBTOMaTHYECKOTO PEryJIHPOBaHUS YPOBHS, MIPOBEICH
aHaJIN3 ee MPEHMYILECTB U HEAOCTATKOB M0 CPABHEHUIO C KIACCHUECKOM CUCTEMOM, BBITIOIHEHO €€ MO-
JenupoBaHue B rpaduueckoii cpene nporpammuposanus Matlab/Simulink. [Tpeanoxken Bapuant yco-
BEPIUICHCTBOBAHMS JIOTapU(YMUUECKON CHCTEMbI aBTOMAaTHYECKOTO PEryIHPOBAHUS YPOBHSI.

2. TlpeuMyIecTBOM JOrapru(GpMUIecKOl CHCTEMBI SIBISIETCS TO, YTO JUIMTEILHOCTh MEPEXOIHOTO
mporecca 0OpaTHO MPOMOPIHOHATbHA 3HAYEHHIO pa3Mepa Inara U He 3aBHCHT OT ypPOBHS BXOIHOTO
currana. Ee HeocTaTok — CIOKHOCTh peaiM3allii BEIYUCICHHS JIorapu(Ma U Orepaiy BO3BEICHHS
B cTeneHb. HO MaHHbBIE HETOCTATKH JIETKO YCTPAHUMBI C MOMOILBI0 COBPEMEHHOM 3IEeMEHTHON 0a3bl
IIyTEM HCIOIb30BaHUs BBICOKOTIPOU3BOAUTEIBHBIX YCTPOHCTB 00PaOOTKH CUTHAIIOB.

3. Pesynbrarbl MopeIMpOBaHHS MOKA3alH, YTO, MPUMEHSS JIOTapu(MHUUECKYIO CHCTEMY aBTOMa-
TUYECKOTO PETYIMPOBAHHS YPOBHS ¢ MOAUGDUIIMPOBAHHBIM JIETCKTOPOM M M3MEHSSI KOJMYECTBO aHa-
JTU3APYEMBIX OTCUETOB (/N), MOXXHO 00€CTICUUTh TpeOyeMble TUHAMHUYCCKHE CBOMCTBA IJIST CHCTEMBI
peryIupoBaHus YCHICHUS B JIT000W oOcraHOBKe. Takke HyKHO YYHTBHIBATh, YTO CIIMIIKOM OOJBIIOE
YBEIMUEHHUE JJIMHBI YCPEIHEHUS! CHIDKACT CKOPOCTb CXOIMMOCTH MOIIHOCTH K 33IaHHOMY 3Ha4E€HUIO
1 YBEJINYHMBACT BEIYUCIUTEIBHBIC 3aTPATHI.
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Annoranust. Vccnenytorcs TpanchopMarops! (0TpaXkaTein) TOKOB Ha YHHITOJISAPHBIX (IOJIEBBIX) TPAH3UCTOPAx
Ha npeaMeT uX A(P(EKTHBHOrO NPUMEHEHHUSI B MHTErPalbHOM cxeMoTexHuKe. OIHAKO MX IIUPOKOE HCIIOIb30-
BaHWE OTPAHUYCHO M3-3a PsiJa 0OCOOCHHOCTEH, Ha MPEOJOJICHHE KOTOPBIX HAIPABICHBI JaHHbIC MCCIICIOBAHMS.
OTH 0COOEHHOCTH CBSI3aHBI HE TOJIBKO C TEOMETPUYECKUM M DJIEKTPHUECKUM (DakTopamu, HO M ¢ TEMIEPaTyPHBIM.
OOpalieHo BHUMaHHE Ha COCTAaBHbBIC YHUIIOJISPHBIE CTPYKTYPbI, KOTOPbIE OKa3aiuch d3PPEeKTUBHBIMU st (Hop-
MHUPOBaHHS TEPMOCTAOMIBHBIX TOKOB. JlaHBI PEKOMEHALMH CXEMHOTO XapakTepa W NPOM3BEIeHA ONTUMH3a-
LUS] TUTAIONIETO HANpPsDKEHHs Ha MPEAMET ero MUHUMH3ALNH TIPH TIPAaKTHYHON pean3alui JaHHOTO PeXHMa.
Juist TpancdopManu TepMOCTAOMIIBHBIX TOKOB MPEIUIOKEHBI M MPOaHAIM3UPOBAHBl OPUTHHAIBHBIE CXEMHbIE
pELICHUs], NPHUTOJHBIC JUIS MHTETPAIBHOIO HCIIONHEHMS, HA OCHOBE COCTABHBIX OWIOJISPHO-YHHUITOJSPHBIX
CTPYKTYP, MTO3BOJIMBIINE U3MEHAITH 9TH TOKH KaK B OOJIBIIYIO, TAK M B MEHBIIYIO CTOPOHY 0€3 3aMETHOT0 yXyI-
HICHUS] X OCHOBHBIX ITapaMeTPOB.

KaioueBble ciioBa: nHTErpajbHas CXeMOTEXHHKa, (popmMHupoBaHue, TpaHC(HOpPMANHs, TEPMOCTAOMIBHBIE TOKH,
YHUTIOJIIPHBIE ¥ OUTIONSPHO-YHUTIONSIPHBIE CTPYKTYPBHI.

KonguaukTt untepecoB. ABTOp 3as1BiIsieT 00 OTCYTCTBUU KOH(IIMKTa HHTEPECOB.

Jas uuruposanus. Ceupun, B. JI. @opmupoBanue u TpaHCHOPMAIHIS TEPMOCTAOMIBFHBIX TOKOB TIOCPEICTBOM
COCTaBHBIX YHUTIOJSIPHBIX M OUIIOJISIPHO-YHUIIOISIPHBIX CTPYKTYp HHTErpaibHOM cxemoTexuuku / B. JI. Cupun /

Hoxnangst BI'YUP. 2024. T. 22, Ne 4. C. 46—54. http://dx.doi.org/10.35596/1729-7648-2024-22-4-46-54.

FORMATION AND TRANSFORMATION OF THERMOSTABLE CURRENTS
BY MEANS OF COMPOSITE UNIPOLAR
AND BIPOLAR-UNIPOLAR STRUCTURES OF INTEGRATED CIRCUIT

VLADIMIR L. SVIRID

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

Submitted 15.01.2024

Abstract. Current transformers (reflectors) based on unipolar (field-effect) transistors are being studied for their
effective use in integrated circuit technology. However, their widespread use is limited due to a number of features
that these studies are aimed at overcoming. These features are associated not only with geometric and electrical
factors, but also with temperature. Attention is drawn to composite unipolar structures, which turned out to be
effective for the formation of thermostable currents. Recommendations of a circuit nature are given and the supply
voltage is optimized to minimize it for the practical implementation of this mode. For the transformation of ther-
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mostable currents, original circuit solutions suitable for integral execution, based on composite bipolar-unipolar
structures, were proposed and analyzed, which made it possible to change these currents both up and down without
noticeable deterioration of their basic parameters.

Keywords: integrated circuit engineering, formation, transformation, thermostable currents, unipolar and bipo-
lar-unipolar structures.
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BBenenue

Tpancgopmatops! (oTpaxkaresin) TOKa Ha YHUNOIAPHBIX (TosieBbx) Tpansuctopax (I1T) maxomsr
IIPUMEHEHUE B MHTEIPAIILHON CXEMOTEXHHUKE [1] TOUHO Tak *e, Kak U JUOAHO-TPAH3UCTOPHBIE CTPYK-
Typsl (ATC) na dunonspusix Tpansuctopax (bT). OqHako uX MHUPOKOE UCTOIB30BaHNE OTPAaHUYEHHO
13-32 psifa HeJOCTaTOYHO MCCIIEIOBaHHbBIX 0COOCHHOCTEH [2—4], METO/BI TPEOJOICHUS KOTOPBIX MPEa-
CTaBJICHbI B JJAHHOW cTaTbe. DT OCOOCHHOCTH CBSA3aHBI HE TOJBKO C T€OMETPHUUECKUM U HJICKTpUUeC-
KuM (hakTopaMu, HO U ¢ TemreparypHbiM. ClelyeT OTMETHUTh, 4TO TeMmneparypHbiid ¢gakrop B JTC
Ha BT He ucnonb3yercs U3-3a Ype3BbIYAHHON CIOKHOCTH €ro KOHTPOJISI B TEXHOJIOTHYECKOM IpoLiecce
IIPOM3BOACTBA HHTErpanbHbIX MuKpocxeM (MC), a Taxoke n3-3a HHYTOXKHO MaJIOTO TPaJeHTa TeMIIepa-
TYp B OTBETCTBEHHBIX dneMeHTax MC, qocTuraeMoro B 3ToM mporiecce.

Paccmorpum JITC Ha ocHOBE TreOMETpHUYECKOTO (aKTopa, ONPEAEISIIOIIET0 pa3iniue B GOpMUpPO-
BaHUHU OCHOBHBIX napameTpoB IIT: Hanpsbkenus: orceuku U,, .o ¥ MAKCUMAIIBHOTO TOKA CTOKA [, \yaxc-
OcTaHOBHMMCS Ha MCIIONB30BaHUH AIEKTPUUECKOTO M TeMIIEpaTypHOro (GpakTopoB Aisi GOpMUPOBAHUS
U TpaHC(OPMaLIMH TEPMOCTAOMIBHBIX TOKOB Ha 0a3e COCTaBHBIX YHUIOJSIPHBIX U OUIOJISIPHO-YHHIIO-
JSIPHBIX CTPYKTYP, aKTYaJIbHBIX JJIs1 HHTEIPaJbHON CXeMOTEXHUKH, IIOCKOJIBbKY HO3BOJIIOT TPpaHC(Op-
MHUPOBaTh JaHHBIC TOKH KaK B OOJIBIYI0, TAK U B MEHBIIYIO CTOPOHY 0€3 3aMETHOTO yXY/ILICHHS UX OC-
HOBHBIX IapaMeTPOB.

Tpancopmanusi TOKOB Ha OCHOBE YHUTIOJISPHBIX JUOAHO-TPAH3UCTOPHBIX CTPYKTYP
ComnacHo [1], kBaapaTndeckas anmpoKCUMaIMsl CTOK-3aTBOpHOM xapakrepuctuku 1T nmeer Bua
2
U

LU, =1 1——u | 1
C( SH) C.MakKc U ( )

3U.0TC

Ha ocuoBanuu (1) nmpencraBum B 00IIEeM BUJIE HAMIPSDKEHUE 3aTBOP-UCTOK U pabOYUe TOKH, POTe-
karomue B [ITC (puc. 1, @) COOTBETCTBEHHO:

U = U (1L (V) Lo ): @)

| | g ,c

IC'MHKC'Z [C.MaKC
HTI‘I IJHTZ “'Tl_l T2
' - - N, ,
‘ Usu Usnt Usu2 [Z.Makc_l I
R, R, I I
U G U 0 U Usporen Usmaret Um0
a b c P

Puc. 1. J[noqHO-TpaH3UCTOPHBIC CTPYKTYPHI HA TTOJIECBBIX TPAH3UCTOPAX Ha OCHOBE TEOMETPUUECKOTO (&)
1 2JIEKTPUUECKOTo (b) (haKTOPOB M UX CTOK-3aTBOPHBIC XapaKTEPHUCTUKU
C WICHTHYHBIMH HANPSDKCHUSIME 0TCEUKU Ul o (¢) 1 MAKCHMAITBHBIMH TOKAMH CTOKA [ e ()
Fig. 1. Diode-transistor structures based on field-effect transistors based on geometric (a)
and electrical (b) factors and their drain-gate characteristics
with identical cut-off voltages U, o, (¢) and maximum drain currents 7, (d)
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2 2
=1 - Yo s =1 - Y 3)

c.makcl U c.MaKc2 U >
su.orcl 31.0TC2

rne U,, — HanpsiKeHue 3aTBOP-UCTOK; U, . — HAIPSHKEHUE OTCEUKH; I 0 c — MAKCUMAJIBHBIM TOK CTOKA;
1), I, — BXOIHOH ¥ BBIXOJAHON TOKH COOTBETCTBEHHO; I, \arcls Lo yarc2 — MAKCUMAJIBHBII TOK CTOKA IIEPBOTO
u Broporo IIT cooTBeTCTBEHHO.

Ha ocrnoBanmu (3) ¢ yuerom (2) 3anmiiemM oTHOIIEHHE TOKOB, ipotekaromux B ITC (puc. 1, a):

2

1— USH.OTcl 1— Il )
1_2 — [c.MaKCZ U3“~°T°2 IC-MaKCI _ ]C.MaKCZ 1- Usn.o’rcl 1— Il (4)
L1 I U ’
1 c.makcl 1— Uan.o'rcl 1— 11 1 31.0TC2 c.makcl
U3H.0Tcl Ic.marccl

e U, orels Usyores — HAIPSDKEHUE OTCEUKH NepBOro u Broporo I1T cooTBeTCTBEHHO.
IMpu ucnons3oBanuu B JITC MoNEBBIX TPAH3UCTOPOB C OJWHAKOBBIMHU HAMPSHKCHHUSIMUA OTCEY-
KA (Uyy ore1 = Usporez = Usnore) (PHUC. 1, ¢) oTHOIIEHHE TOKOB (4) proOpeTaeT BUj

1_2 — ]c.Ma}cCZ . (5)

JA

c.maxkcl

[Ipu MASHTUYIHBIX MAKCUMAITBHBIX TOKaX CTOKA (1, yaxel = Lomace2 = Lomaxc) OTHOIIEHHE TOKOB (5) coc-
taBut I,/[; = 1. Takas ITC saBnsercs «oTpakaTeeM Toka» TogHO Tak ke, kKak u JITC na BT mpwu ana-
noruuHbIx ycinoBusx [1]. Ilpu paBeHcTBe TombKo MakcuManbHBIX TokOB IIT (puc. 1, d) orHomenue /1,/1,
Bbruucisiercs o (4). ConpoTuBieHue Jis TOKa /; onpeaensieTcs B COOTBETCTBHH ¢ 3akoHOM OMa u yde-
TOM (2), a 1 /, OlleHnBaeTcs 0OpaTHON BETMUMHON BBIXOAHOM POBOUMOCTH g5, IpuMensemoro [1T:

UI/I UI/I T
I, 21_31:31—.1001(1_ Il /[c.Ma}ccl )’ (6)
Ry, =1/ gpmma) =Up / I, (7

rae U — mapamerp, COOTBETCTBYIOIINN 00paTHOM BeTHMYMHE KOA(PPHUIIMEHTa MOIYIISIHH JUIMHBI KaHa-
J1a, UMEIOINIA pa3MepHOCTDb BOJBT [B] 1 1Mo cBOMM CBOMCTBaM ajieKBaTHbIN Hanpsokernto Dpiu BT [1].

Ecmu ipunste [, = I, = 1 MA, Uy, e = —3 B, I yae = 9 MA, Ug = 100 B, 10 B cooTrBeTcTBHH C (6)
u (7) nmomy4yaem R,1 = 2 xOwm, 4To 3aMeTHO Ooublle, 4eM B aHaIOTWYHBIX ycioBusax B JITC na BT,
a R; =100 kOwm, uto cousmepumo B Toit e JITC [1]. Kak sunno, nannas JITC (puc. 1, a) nefictau-
TENBHO SIBIIETCS TPpaHC(HOPMATOPOM COTIPOTUBIICHNH, Tak ke, kak u JITC na BT [1].

Jlnara3oH u3MeHEeHHsI BXOJHBIX TOKOB /; OTpaHWYEH MaKCHMaJbHBIM TOKOM cToka mepsoro [IT1
(1} £ 1, yaxc1), BBIXOJTHBIX TOKOB [, — MaKCUMaJIBHBIM TOKOM cToKa BTOporo [T (£, < 1, c»), @ IUATIA30H
TpaHchopMaIu TOKOB /,/]; — cooTHOIIEHUEM (5), TprUeM Kak B OOJIBIIYIO, TAK ¥ B MEHBIIYIO CTOPOHY.
IIpoussenem ananus anajgoruanoi J{TC, padboTaromieit Ha 0cCHOBE AMeKTpudeckoro (axropa (puc. 1, b),
J1st kotopoit 3anuiem LR, + U, , =R, + U,,, unu

AU
LR, =R |1- L, 8
2°%2 11 IIRI ()
e
AUSH = U3n2 _Usnl‘ (9)

Ha ocHoBanuu (8) 3anumem Gpopmyiry

I, R AU
2l —zam | (10)
Il RZ IlRl

[Ipu BeImONHEHUM ycnosus [, R >> AU_, nonydaem
L _R (11)

I
VLR >>U,,
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[TorperHoCTh anmpoKCUMAIMU OTHOIICHUS TOKOB /,/]; onipe/ieiiM Ha OCHOBAHUY CPABHEHHUS COOT-
Homenuit (11) u (10)
1, L1, LR >>AU,, 1
52 = ~1= : (12)
1 L1, LR
AU

3u

[TockosIbKy OTHOBPEMEHHO HCIIOIb30BaTh F€OMETPUUIECKOl (haKTOp Helenecoo0pa3Ho, IpH UIeH-
TUYHBIX Tapamerpax npuMmensembix 1T mpencraBuM HEOOXOMUMYIO Pa3HOCTHh HAIPSKEHUH 3aTBOP-

nuctok (9) Ha ocHOBaHUU (2):
AUsHZM 1_2_1 . (13)
\ [c.Ma}cc /[1 ]1

Honcrasnss (13) B (12), moday4YuM MOTpemrHOCTh TpaHC(HOPMAITUN TOKOB B YIIOOHOM BH/IE
81—2 = ! . (14)
I, R

C.MaKcC _ 1
_Usn.o'rc (VIZ /Il _1)
[Tpu ncnonb3oBanuu npexaux napamerpoB [T (1 .. = 9 MA, U,, o = -3 B) u ATC (I, = 1 MA,

1

R, =1x0Om, I, =9 MA, R, = R\I}/ I, = 111,1 Om (11)) morpernocts (14) cocraBut 51—2=—200 %,
1

a ipyu 00paTHOM COOTHOIIEHHH TOKOB /; = 9 MA, I, = 1 MA, ipu xoTopeix R, = 111,1 Om, R, = 1 xOwm,

1
-2~ —66,7 %. Kak BumHO u3 Hu(pOBBIX JAHHBIX, HOTPEMHOCTH (14) clMIIKoM Beika. B ¢Bs3H ¢ 5TuM

1
TpaHcOpMAaIKs TOKOB 3a CUET AIEKTPUIECKOT0 (PaKTOpa HE SBISETCS aKTYaIbHOM, TOCKOIBKY CBSI3b TO-

KOB ¢ HoMuHanamu peznctopos B JITC nennneitna. OgHaKo 3TO HE TOBOPUT O TOM, UTO JIEKTPUUECKHH
(axTop ciexyer urnopupoath. Mcmonb3yst Tounsie popmyisl (10) u (13), MOKHO TpaHCPOPMUPOBATH
TokH (11) B HEOOXOMUMBIX TIpefeiax, a eClid MPUMEHSITh OJUHAKOBBIC HOMUHAJIBI PE3UCTOPOB R = R,
6e3 Tpanchopmaruu TokoB /; = [,, To morpenrHocTh (14) He oOpasyercs, Tak kak AU,, = 0 (13), a mo-
kazatenu ATC na IIT ynyumatorcsa. Conporusienue it Toka /; (6) yBeJIn4nBaeTcs 3a cyeT Mocie-
JIOBaTEIBHOTO BKIIIOUSHHS HOMUHAJA pe3uctopa R, a s [, (7) — 3a cueT mocieaoBarenbHON Mo TOKY
orpuiiaresibHoit o0parHoii cBs3u (OOC) (Z-cBsi3b), 00pa3yeMoi pe3ucTOpoM R,:

gzz(r['rz) = % ’ (15)

Uy (1 + S(HTZ)RZ)

rae S(n'rz) — xpyru3Ha [1T2, onpenensemast mo gpopmyme [1]

_2V1210.MaRC . (16)

S =
(IIT2) U

31.0TC

®opMupoBaHUe TEPMOCTAOMIBHBIX TOKOB HA OCHOBE COCTABHBIX YHUIOJISIPHBIX CTPYKTYP

I'eneparopsr cradbuibHoro Toka (I'CT) ¢ TepMOCTaOMIBHBIM TOKOM IOJYYalOT Ha OCHOBE TEMIIe-
paTtypHoro dakTopa ImyTeM BKIIIOUeHHS B 1enb uctoka IIT pesuctopa R, (puc. 2, a), HOMUHAI KOTOPO-
r'0 COMIACYIOT ¢ koopauHaraMu TepMocTadmibHON Touku (TCT) Ha CTOK-3aTBOPHBIX XapaKTEPUCTHKAX
npuMmenseMsIx I1T.

Koopaunarer TCT anst crok-3aTBOpHBIX XapakrepucTuk [IT ¢ kaHamom n-Tuna, IpeacTaBiIsieMbIX
B BHJIE KBaipaTHyecKoil napadoinsr (1), 3anumem Ha ocHoBaHuM [1]:

2
Usn.O = Uan.OTc - _B = _(Uan.o'rc +0, 66[B])’ (17)
BT 1 I
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Eq
.
E vl fe
’ ’ T2
IT1
HT2 UCH
UBVI.
IT1 ]1 0 ITI ﬁ&; '
RO
IC
Ry Ry Ry 0
G<—> U
3H1.0TC UC“
Usi— Uy
a b c d

Puc. 2. [ToneBble TPaH3UCTOPHI B PEXKUME TEPMOCTAOMIBHOTO TOKA KaK JIBYXIOJIIOCHHK (&)
U COCTaBHbIE CTPYKTYPHI (b, €) U COOTBETCTBYIOIINE JAHHOMY PEXUMY BBIXOJIHBIE XapaKTepUCTUKH (d)
Fig. 2. Field-effect transistors in the thermostable current mode as a two-terminal network (a)
and composite structures (b, ¢) and output characteristics corresponding to this mode (d)

rae P, o — TemneparypHbie KO3 GHUIUEHTHI, 00YCIOBICHHbIE COOTBETCTBEHHO KOHTAKTHOH pPa3HOCTHIO
MOTEHINAJIOB MEX/y 3aTBOPOM M KaHAJIOM W OTHOCHTEIHLHON MOJBM)KHOCTBHIO HOCHUTENEH 3apsa/aa B Ka-

HaJle C yCpeTHEeHHBIMHU 3HaYeHUsIMH, 3 =—2,2 MB/°Cu o = 3 %/°C [1].

Homunan pesucropa R, (puc. 2, a) onpenenum ¢ npumeHerneM (17) u (18):

RO — sm0 _ _Usn.OTc 1— Ic.O

Ic.O 1040

(19)

C.MakKc

[Ipu ucnonp3oanuu [T ¢ npexxaumu nmapamerpamu (1, = 9 MA, U,, .. = —3 B) B cootBercr-
Buu ¢ (17)—(19) nonywaem: U,,, = 2,34 B, I, = 0,44 MA, R, =5,32 kOm. Csoiicta mannoro ['CT,
KaK HCTOYHHUKA TEPMOCTAOMILHOTO TOKA, [IeJIeCO00Pa3HO OLIEHMBATH M0 BEJTMYNHE PEaIi3yeMOro BHYT-
PEHHETO COMPOTHRIICHHUS, KOTOPOE OMPEIEISICTCs 110 MOAU(DUIIMPOBAHHOMN JIJIsl JAHHOTO City4ast hopMy-
ne (15):

# 1 U, U
Ricr=—==2F, Z_B(l"‘SoRo)v (20)

l g22 Ic.O Ic.O

e Fy, Sy — myouna OOC Z-tuma, IeHCTBYIONICH B TaHHOW CTPYKTYpPE, B KPYTHU3HA CTOK-3aTBOPHOMN
xapakrepuctuku 1T B TCT cooTBeTCTBEHHO.
[Ipuanmas Bo BanManue (17) u (18), Ha ocHoBanuu (16) momy4gaem:

_2 IC.OIC.MHKC _ Ic.() _ Ic.O ~3IC-0

U B/ 0,33[B] [B]

3U.0TC

21

SO = S(USHO)

C yueTroM npuBeICHHBIX BhIle NU(MPOBBIX JaHHBIX U HanpsbkeHust Uy = 100 B Ha ocHOBanuu (20)
u (21) monywaem S, = 1,33 MA/B, F, = 8 u pacueTHOe BHYTpPEHHEE CONPOTHBICHHE TEPMOCTAOUIb-
uoro I'CT R;rcr= 1,82 MOM. MuHuManbHOE HampspkeHue nuTands E. OTHOCHTENbHO obwiei (3a-
3eMJISIONIeH) IUHBI JUIs JaHHOM cXeMbl (pHc. 2, a), KaKk BUJHO U3 XapaKTEPUCTHK, MPEICTaBIEHHBIX
Ha puC. 2, d, TOJDKHO TPEBHIIATh WIH OBITh paBHBIM —U ;..

E; = UCH.MPIH + Ic.ORO = (Uan.O - Usn.o'rc ) - USH.O 2 _Usn.o'rc > (22)

rae U,y yuy — MUHEMAJIBHOE HAINPSUKEHHE, TEHCTBYIOIIEE MEXKTY CTOKOM M UCTOKOM ITT:

Ucn.MnH = Usn.O -U, (23)

3HU.0TC *

C y4eToM TpHBEIEHHBIX HMUMPOBBIX HaHHBIX Hampskenus (22) u (23) cocrapmsmor E. >3B,
U, > 0,66 B. Jlna ynyumenus ocHoBHoro mapamerpa ['CT ciaemyeT MCHOIB30BaTh COCTaBHYIO

CH.MUH
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cTpykTypy (puc. 2, b), B xotopoit B nenu uctoka [IT2 BMecTo pe3uctopa R,, Kak B UCXOAHOU CcXe-
Me Ha pHc. 2, a, OyneT AelicTBOBaTh IMHAMUYECKOE BHYTPEHHEE CONPOTUBIICHHE R:_’FCT (20), peanuzye-
moe I'CT na IIT1 ¢ Tem xe HOMUHANIOM pe3uctopa R,. PacueTHoe BHyTpeHHEE CONPOTHUBIECHUE TOTY-
yeHHoro Takum oopazom ['CT (puc 2, b) MOKeT ObITH OIPECICHHO 110 MOAM(DHUIIMPOBAHHON ISl IaH-
HOTO cirydast popmyse [1]:

1+ feo + *SO ;I‘CT
R _ Ug 1+Ryor /R, 24
i TCT2 = 7 U . (24)
c.0 B

VYuuThiBas paHee Mody4eHHbIE U(PPOBBIC JaHHBIC TAPAMETPOB, BXOIIHE B (24), a TaKkKe COIpo-
TUBJIEHHE 3aTBOp-UCTOK mpuMensembix [IT R,, = 10 MOwM, nckoMoe pacueTHOe BHYTpPEHHEE COIl-

porusnenue ['CT (puc. 2, b) R;I‘CTZ = 465,66 MOwMm, dro puMepHO B 256 pa3 Oombllie U JyYIIE,
yeMm B (20) B cxeme Ha puc. 2, . MuHumanbHoe Hanpsbkerue nutanus cxeMbl ['CT (puc. 2, b) 1omkHO
OBITH OOJIbINIE TIPEKHET0 HANPSDKCHUS MUTaHus (22) Ha HalpsbKeHne, JISHCTBYOIee Ha pe3ucTope R,

T. e Ha [ o Ry =-Uy,

El:r.2 = _(Ua

1.0 +U

3HU.0TC )' (25)

Jlnst npexHux MUpPOBBIX TaHHBIX Hanpsukenue (25) coctasnser E > 5,34 B. Tlpu Takux ycio-
BUSX HalpsODKEHUE, JEHCTBYIOIME MEKTy cToKoM M uctokoM IIT1, cocrasur Uiy = —Usyomm) =
= 2,34 B, uro 6onpme gomycrumoro HampspkeHus (23) IT1 (U, \uw = 0,66 B), 1 310 sBnsiercs Oonee
BBITOJTHBIM PEXXUMOM padoThI mocienHero. OTMedeHHOe TIO3BOMISIET TPH HEOOXOANMOCTH CHU3UTH 00-
iee nuTaree Harpshkenue (25), ecnu orcoenuHuTh 3aTBOp [1T2 o1 mictoka I1T1 1 moakounTh €ro
K YaCTH CONPOTHUBIICHUS R, KaK IMOKa3aHo Ha puc. 2, ¢. [Ipu 3ToM crienyer momodpark HOMUHAI BEpXHEH
qacTH R; pe3ucTopa R, Tak, 4T0ObI HANPsDKEHHE Ha 9TOM yacTH pesucropa U R = I.,Ry B cymMe ¢ Mu-
HUMAJIBHO JIOITyCTUMBIM HarpsbkeHueM cTok-uctok [1T1 (23) cocramisio TpeGyemoe HanpsbkeHue U, o

qurs I1T2:
[c40R(; + UCH.MHH = _Usn.O . (26)

Ha ocuoBanmum (26) ¢ yuerom (23) onpeaernsseM HOMHHAI BEpXHEH 4acTH pe3ucTopa R

_(Usn.O + UCPIMHH) _ _(2U3n.0 -U

RI — 3U.0TC ) ) (27)
’ Ic.O Ic.O

C wucmonp30BaHMEM MPEKHUX HHQPOBBIX JaHHBIX MapaMeTpoB, BXOAAMMX B (27), momydya-
eM R = 3,818 kKOM ¢ OKpyIVICHHEM B MEHBILYIO CTOPOHY 10 Ry = 3,8 KOM, 4TO XKeIaTeabHO IS BbI-
nonHeHus ycnosus (23). HoMuHan HUKHEH 4acTi pesucropa Ry IPU 3TOM COCTaBUT Ry = R, — R, =

= 1,52 kOm. Obpa3syemoe HalpsDKCHIE Ha HIDKHEH 9acTu pesuctopa RyUp, = (—UBH'o —1, R ), KOTOpOE
¢ yueToM (26) cTaHOBUTCS paBHBIM U r=U (23), coBMeCTHO C HaNpsKEHUEM TMUTAHUS BEpXHEH

CU.MUH

gactu cxembl Ha [1T2, coorBeTcTBYyIOMIM (22), COCTaBUT HANPsHKEHUE TUTAHUSI BCEH CXeMBI (pHc. 2, ¢):

Ef =U -U (28)

I.3 CU.MUH 3HU.O0TC *

MunuManbHOE HanpskeHue (28), cocTapisiolee IS PEKHUX MU(POBBIX AaHHBIX E| > 3,66 B,

I3 —
+
3aMETHO MEHBIIE MPEKHETO HapsuKeHus nutanus (25) E,, = 5,34 B, uro sBiasgeTcs BeChbMa BaKHBIM
pe3ynbraroM. UTo KacaeTcs pacueTHOTO BHYTPEHHEro conpotusieHus 1y nanHout cxemsl I'CT, To oHO

IPAKTUYECKH HE OTIMYaeTcs oT (24), Tak Kak Ryop (20) CyIIECTBEHHO IPEBBIIAET COTPOTUBIIEHHUE
HIKHE yactH R; o0pasmoBoro pesucropa R, u, ciemoarensHo, nryonna OOC ocraercs mpek-
ueil. [Ipu peanuzanuu paccmarpusaemoro I'CT (puc. 2, ¢) u apyrux (puc. 2, a, b) KaK B JUCKPETHOM,
TaK ¥ B MHTETPaJILHOM BUE ClIeAyeT 0co00e BHUMaHHe 00paliaTh Ha TOYHOE BBIIIOJTHEHUE 00IIEro Ho-
MHHaJa pe3nucTopa R, Tak KaK OT TOYHOCTH €r0 UCTIOIHEHHUSI CYIIIECTBEHHO 3aBUCUT TOYHOCTh YCTAHOB-
ki hopmupyemoro Toka /., (18). Ilpu uHTETpaTbHOM HCIIOTHEHUH HE UCKITIOUCHA JTa3epHasl MOATOHKA
JAaHHOTO HOMHUHAJIA, & MIPU AUCKPETHOM CJIEAYEeT B COCTAaB PE3UCTOPa R, BKIIIOYATh MHOTOOOOPOTHBII
MIEPEMEHHBINA PE3UCTOP C TOM KE LETIbIO.
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Wrak, paccmorpennsie I'CT (puc. 2, a—c), popMupyronme TepMoCcTaOuIbHBIE TOKH 1 ), SBISIOTCS
BecbMa 3¢ exTuBHBIMU. Ho TpaHcopMalys 3THX TOKOB Kak B OOJBIIYIO, TAK U MEHBILYIO CTOPOHY
Ha ocHoBe [ITC na IIT conpsikeHa c OrOBOPEeHHBIMHU BbIIIE TPYAHOCTSIMU. B CBSI3U ¢ 3TUM paccMOTpUM
BBIITOJTHEHUE JJAHHOW OINEpaliii Ha OCHOBE COCTABHBIX OUTIOISAPHO-YHHITOISPHBIX CTPYKTYP.

Tpanchopmanus TepMocTaAOUIBHBIX TOKOB
HA OCHOBE COCTABHBIX OUMOJISIPHO-YHHIIOJISIPHBIX CTPYKTYP

Junst TpaHchopMauy TepMOCTAOMIBHBIX TOKOB MpEAaracTcsi WCIONb30BaTh COCTABHBIC OHIIO-
JSIPHO-YHUIIOJISIPHBIE CTPYKTYPHI, MpecTaBienHbie Ha puc. 3, coctosmue u3 ['CT na IIT1 (puc. 3, a)
i [1T1 u IIT2 (puc. 3, b) ¢ pesucropamu R, popmupytomme Toku /, o, u JJTC va BT T1, T2 ¢ pesuc-
TopaMu R, 1 R,, TpaHc(hOpMUPYIOIINE UCXOAHBIE TOKH /o B paboune TOKH /, B HY>KHOM COOTHOILECHHH.
Beenennsrit [1T3 (puc. 3, b), B ucroxoBoii nenu kotoporo Haxoaurcss bT T2 ¢ pesuctopom R,, peanu-
3yeT TepMOCTaOMIBbHBINA TOK /, ¢ HCKITIOYUTENILHO BEICOKUM BHYTPEHHHUM COIPOTHBICHUEM. B maHHBIX
CTPYKTYypax TepMOCTAOMIbHBIN TOK [, 00ecrieunBaeTcs HOMUHAJIOM pe3uctopa R, (19) ¢ BHyTpeHHHM

conporusiennem (20) R rop (puc. 3, @) wiu R, pop, (24) (puc. 3, b), a ero Tpancdopmanus ocymiect-
Bisiercs nocpenctsom JITC na BT B cootBercTBHH € [1]:

Ic.O R2

ConpoTuBieHHs JEBOH BETBH CTPYKTYp COCTOAT B OCHOBHOM W3 JMHAMHUYECKHX COIMPOTHBIIE-

o * *
HUl R, pop (20) 1 R, popy (24) COOTBETCTBEHHO JUIs CXEM, IIPEJICTABIEHHBIX Ha pHC. 3, a, b, ¢ nobasie-

HHUEM HOMMUHAJIa pE3UCTOPOB Rl: KOTOPHBIC, KaK IMpaBUJIO, HAMHOI'O MCHBIIC YKa3aHHbBIX TUHAMUYCCKUX
£ *

conpoTuBineHui (R << R 1op << R;rcr))-

l I T2

MnT1

T3

T2

Puc. 3. bunonspHo-yHUIOISPHBIE CTPYKTYPHI C TEPMOCTAOMIBHBIMU TOKAMH
Fig. 3. Bipolar-unipolar structures with thermostable currents

*
Pacuetnas BbIXO/HAs TPOBOJMMOCTH TpaH3ucTopa T2 hzz(Tz) 11t ToKa [, (puc. 3, a) onmpenemnseTcs
o u3BecTHoU Qopmyne [1], a pacueTHOe BHYTpPEHHE CONPOTUBICHHE reHeparopa toka /, Ha [1T3 —
o MoAM(UIIMPOBAHHOH I AaHHOTO ciayvas ¢popmyae [1]:

1+ 1, N S(HT3) 'l
Uy 1+ % /R, h22(T2)
R B h22(T2) 30
i TCT(IIT3) L,/Ug ’ (30)

rae S(HT3) — KpyTH3Ha CTOK-3aTBOPHOI Xapakrepuctuku I1T3, B Tounoctn coorBercTBytomas (16).
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MunnMansHOe HarnpsbkeHue Kosuiekrop-smuttep Uy, . BT T2 B cxeme (puc. 3, b), B TOYHOCTH
cooTBeTcTByOIIEe HampshkeHuto U,, [1T3 B paboueii Todke, JOKHO COCTAaBISTh, KaK M JUIsSL JIPY-
rux BT (puc. 3, a), U,y = 1 B. U 3T0 ycnoBue HakiiafpIBaeT OrpaHWYeHHE Ha BHIOOP OCHOBHBIX
mapametpoB I1T3, mpexne Bcero Ha Hanpspkerus U, ... (puc. 1, d). JleicTBUTENBHO, €Cli OCHOBHBIC
napameTpsl [1T3 B3s1b peskanMU (1, 0 = 9 MA, U, ore = —3 B) 1 BBIOpaTh TOK /,, paBHBIM JIECATHKPAT-
HOMY 3Ha4eHHI0 TepMocTabunbHoro Toka (1, = 10/,,=4,4 MA), TO B COOTBETCTBHH C (2) HaNpsLKEHHE 3a-
TBOP-UCTOK cocTaBuT Bcero U, =—0,9 B, u, cnenosarensuo, U, = 0,9 B, uT0 0Ka3pIiBaeTcs HEmocTa-
TOYHBIM 111 3P dekTnBHON padboTel bT T2 B akTHBHOM peXuMe, U 3TO TpeOyeT M3MEHEHHUS OCHOBHBIX
napamerpos [1T3: U,, . wmu I .. (puc. 1, ¢, d). Ecau Beiopars st 11T3 U, .o = —5 B nipu nipesxkaem
TOKE [ \jaie = 9 MA, TO B COOTBETCTBUH ¢ (2) HaNpsKEHUE 3aTBOP-UCTOK coctaBuT U,, =—1,5 B, u BT T2
npu 3HaueHuu U, \uw = —U,,; = 1,5 B Oyzer uyBcTBOBaThH ce0si KOMGBOPTHO.

BocnomauThs Hemocraromee MHUHUMaNbHOE HampspkeHue U, .., BT T2 mpu mpexHux mapamer-
pax T3 (Uyore = =3 B, Igyae = 9 MA) Bo3MOXHO, ecnu 3atBop [1T3 mepemectuth ¢ SMuUTTEpHOU
uernu BT T2 B ero 6a3oByto tenb. [Ipu 3ToM HanpsbkeHre MeX Iy KoJutektopoM U 6a3oit BT T2 Gyznert co-
OTBETCTBOBATH TPEOyeMOMY HaNpsHKEHUIO 3aTBOP-UCTOK IIT3 (Ugms) = U, = 0,9 B), KoTopoe coBmecT-
HO ¢ HanpsokenueM Ug, = 0,6 B cocraBut 10 e MUHMMAaNIbHOE HANPSKEHUE U, vy = Ussra) T Us, =
=0,9 + 0,6 = 1,5 B. Kax BuanMm, Takas omepanust He TpeOyeT uaMeHeHus HanpsokeHus U, ... [1T3.
OpHako MpHU 3TOM HECKOJIBKO M3MEHUTCS B MEHBIIYIO CTOPOHY pacue€THOE BHYTPEHHEE COIpPOTHBIIE-
HUe R;FCT(HT3) (30). Ho aT0 u3meHeHue He OyAeT CylIeCTBEHHBIM, MTOCKOJIBKY COIPOTHUBIICHHE MPSIMO
CMEITIEHHOTO dYMUTTepHOTO Tepexona bT T2 coBMecTHO ¢ HOMUHATIOM PE3UCTOpa R, HAMHOTO MEHBITIE
CONPOTHBIICHHS KOJLIEKTOPHOTO MEPEXO/IA JAHHOTO TpaH3ucTopa [1]: (A1) + Ry) << 1/hyy(1z). st npu-
narToro Toka I, = 4,4 MA u R, = 1 xOM B coorBeTcTBuH ¢ [1] momydaeM /Ay ty) = 596,8 OM u 1/hyy 12 =
= 45,45 kOM, 9TO SBISICTCS BECbMa MTPUEMIIEMBIM.

[IpuanMas Bo BHUMaHWE OTMEUEHHBINA pekuM paboThl I1T3, ocHOBHBIC U paHee pacCUMTaHHbBIC TIa-
pametpsl BT u IIT, a rakxe R, = 10 kOM, onpeeanmM OCHOBHBIE MAPaMETPhl PACCMATPUBAEMBIX TPAHC-
(hopmaropoB Toka (puc. 3). B coorBerctBuu ¢ (29) nomydaem conpotusieHue R, = I, oR,/[,= 1 kOm,
pacueTHyto BeIXoaHY0 npoBoauMocTs bT T2 [1] h;Z(TZ) =2,266 - 10_6'CM, kpytusny I1T3 (16) S(HT3) =
=4,2 MA/B 1 BHyTpeHHEE COTIPOTHBIICHHE TeHeparopa Toka I, (29) R:FCT(Hm =81,616 MOwm, uro Tipu-
MEpHO B 5,7 pa3a MeHbIIe, 4eM B cocTaBHOU cTpyktype Ha [IT (puc. 2, b). Ilpu Tpanchopmarmu TOKOB
B 00paTHYIO CTOPOHY JaHHOE pa3inyue NpUOIMKAeTCs K €AMHUYHOMY 3HAUCHHIO.

PaccMmotpenHble oTpakarenn Toka (puc. 3) SBISIOTCS UCKIIOUUTEIbHO 3(PPEKTUBHBIMA H MOTYT
OBITh MIMPOKO HCTIONB30BAHBI TPH MPOEKTHPOBAHUM MHUKPOIIEKTPOHHOW ammaparypsl. MUHUMAaIb-
HbIE TTUTAIOIINE HAIIPSKEHUS] OTPUIIATEIIFHON MONSPHOCTH, IMOKa3aHHBIe Ha pHC. 3, a, b, OTIHYAIOTCS
OT yCTaHOBJICHHBIX paHee (22) u (25) amist cxeM Ha puc. 2, a, b Ha cymMmy HanpsbkeHuil U, npumense-
MbIX bT 1 najeHnii HanpsKEHUI Ha pe3ucTopax R U R, IpU IPOTEKAHUU YEPE3 HUX COOTBETCTBYIOIINUX
TOKOB [} 1 [,.

3aKJIoueHue

1. ITpoanamu3npoBaHsl TpaHCHOPMATOPHI (OTpaXKATEIIN) TOKOB Ha ITOJIEBBIX TPAH3UCTOPAX C yIETOM
HE TOJIBKO T€OMETPHUUECKOTO U AEKTPUIECKOro (DaKTOPOB, HO M TEMIIEpaTypHOro, BecbMa 3 (EKTHB-
HOTO Uil (POPMHUPOBAHUS TEPMOCTAOMIIBHBIX TOKOB Ha OCHOBE COCTABHBIX YHHIIOJSIPHBIX CTPYKTYD,
MTO3BOJIMBIINX CYIIECTBEHHO (B 256 pa3) ylydlINTh OCHOBHOW MapaMeTp (BHYTPEHHEE CONPOTUBIICHNE)
MOJTy9YaeMBIX TAKUM 00pa3oM HCTOUYHUKOB TOKA.

2. [IpounsBeneHa oNTUMH3AIINS CXEMHOTO PEIICHHs TeHepaTopa CTa0MIILHOTO TOKA Ha MPEeIMET MU-
HUMM3ALUU OUTAIOLIET0 HANPSDKEHUS, UTO SIBISCTCS MCKIIOUUTEIBHO BaKHBIM AOCTHKEHUEM TS UH-
TErpajbHON CXEMOTEXHHKH.

3. Anst TpanchopMaLu TEPMOCTAOUIIBHBIX TOKOB IPEIIOKEHBI M IPOAHAIM3UPOBAHBI OPUTHHAIb-
HBIE CXEMHBIE PEILIEeHHs, IPUTOAHBIE Il MHTEIPAILHOTO MCIIOJHEHHUS, HA OCHOBE COCTAaBHBIX OMIIO-
JISIPHO-YHUIIOJISIPHBIX CTPYKTYP, TTO3BOJIMBIINE U3MEHUTh 3TH TOKH KakK B OOJIBIIYIO, TAaK U B MEHBIIYIO
CTOPOHY 0€3 3aMETHOT0 YXY/IICHHUSI X OCHOBHBIX MapamMeTpoB. BeipaboTaHbl peKOMEH/IAIH CXEMHOTO
XapakTepa IpHu NPaKTUIECKON peann3aluy JaHHOTO PeXnMa.
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TEOPUSA U ITIPAKTUKA JTUCTAHIHUOHHOI'O
PAJTMOJIOKAIITMOHHOT O 30HJIMPOBAHUS 3EMHOM MOBEPXHOCTH
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Cesepo-Kasrasckutl ¢hedepanvbiii ynusepcumem (2. Cmaspononws, Poccuiickaa @edepayus)

Hocmynuna 6 pedaxyuio 26.03.2024

© benopycckwuii TOCYIapCTBEHHBIH YHUBEPCUTET WH(POPMATHKH U PAIHONIEKTPOHUKH, 2024
Belarusian State University of Informatics and Radioelectronics, 2024

AHHOTanusl. JIMCTaHIIMOHHAsT OLIEHKA AMAICKTPUYECKHX XapaKTEPHCTHK 3EMHOM ITOBEPXHOCTH BOCTpebOBa-
Ha 7S pellleHHs Pa3JIMYHbIX MHIYCTPUANIbHBIX 33aJad. B crarbe pacCMOTpPEHBI TEOPETUYECKHE U MPAKTHUECKHE
ACTIEKThI U3MEPEHUS TUANIEKTPUIECKON MPOHUIIAEMOCTH 3€MHOM TOBEPXHOCTH MIPU €€ 00IyUESHUH PAOCUTHAIOM
B JIBYXIO3UIMOHHOM cucrtemMe M3 OECHIIOTHBIX JIETATENbHBIX ammaparoB. TpeOyemas IyOnHa NMPOHWKHOBEHUS
30HIUPYIOLIETO PaAUOCUTHAlA MOJ] MOBEPXHOCTh A0cTUraeTcs ncnons3oBanneM UHF-nuanazoHa ¥ HaKIOHHBIM
00JIy4€HHEM B YCJIOBUSIX MOJIHOTO (TICEBIOIOIHOTO) HPEIOMIICHHUS JIEKTPOMarHUTHOM BOJIHBI HA IPAHUIIE «BO3-
JyX-TIOBEpXHOCTh». HOBHM3HA mpe yiaraeMoro moxos1a 3aK/IodaeTcsi B HAKJIOHHOM OOJTy4eHHN 36éMHON ITOBEPXHOC-
TH TOPU30HTAIBHO M BEPTUKAIBHO MOISAPH30BAHHBIM PaNOJIOKAIIMOHHBIM CUTHAJIOM C MOCIIEeIYIONIe perucTpa-
uel aMruTy U (a3oBbIX CIBHIOB OCHMILIALMH MHTEp(EPEHIIMOHHBIX BOJIH U B HAaXOKAEHHU yria bprocrepa
T10 rapameTpaM MHTeppepeHINOHHOM BOJHEL. [IpakTHyecknM NpUMEHEHHEM TaKoro MOJIXO0/a SIBIISIOTCS U3Mepe-
HUE BIAKHOCTH CEJIbCKOXO3HCTBEHHBIX MIOYB U OMPE/ENICHHE IPOYHOCTHBIX XapaKTEPUCTHK MOPCKOTO JIbJA.

KoiroueBble ci10Ba: TUCTAaHIIMOHHOE 30HIMPOBAHHE 36MHOM IMOBEPXHOCTH, ITUAIICKTPUYECKas MPOHHLIAEMOCTB,
yroi Bprocrepa, nuHTEp(hEpeHIIMOHHAsT BOJIHA.

KOHq)JIl/IKT HHTEPECOB. ABTOpI)I 3asBIISIOT 00 OTCYTCTBUU KOH(l)J'II/IKTa HUHTEPCCOB.

Bbaaropapuoctb. Koyutektus aBropoB Onarogaput Arpoxosnauur «Crenby (Poccuiickas denepanus) 3a npeno-
CTaBJICHHBIE ISl HCCIICOBAHUS OIIBITHBIE TTOJIS.

Jast uurupoBanus. Teopus U MpaKTHKA TUCTAHIIHOHHOTO PAIHOJOKAIIMOHHOTO 30HINPOBAHUS 36MHOU MTOBEPX-
voctu / I. . Jlunen [u np.] // Joxmager BI'YUP. 2024. T. 22, Ne 4. C. 55-62. http://dx.doi.org/10.35596/1729-
7648-2024-22-4-55-62.

THEORY AND PRACTICE OF REMOTE RADAR PROBING
THE EARTH’S SURFACE

GENNADY I. LINETS, ANATOLIY V. BAZHENOYV, NATALIA V. GRIVENNAYA,
VLADISLAV D. GONCHAROV

North Caucasus Federal University (Stavropol, Russian Federation)

Submitted 26.03.2024

Abstract. Remote assessment of the dielectric characteristics of the earth’s surface is in demand for solving vario-
us industrial tasks. The article discusses the theoretical and practical aspects of measuring the dielectric constant
of the Earth’s surface when it is irradiated with a radio signal in a two-position system from unmanned aerial vehi-
cles. The required depth of penetration of the probing radio signal under the surface is achieved using the UHF band
and oblique irradiation under conditions of complete (pseudo-complete) refraction of the electromagnetic wave
at the air-surface boundary. The novelty of the proposed approach lies in the oblique irradiation of the Earth’s
surface with a horizontally and vertically polarized radar signal, followed by registration of amplitudes and phase
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shifts of interference wave oscillations.and finding the Brewster angle by the parameters of the interference wave.
The practical application of this approach is to measure the moisture content of agricultural soils and determine
the strength characteristics of sea ice.

Keywords: remote sensing of the earth’s surface, dielectric permittivity, Brewster’s angle, interferential wave.
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BBenenue

JlucTaHImOHHAs OLIEHKA IMAJIEKTPUUECKUX XapaKTEPUCTUK 3€MHOW TMOBEPXHOCTH BOCTpeOOBaHa
JUTS pELIeHNs pa3IMYHBIX HHAYCTPHAIbHBIX 3a1a4. [I[pumMepamMu Taknx 3a7a4d, paCCMOTPEHHBIX B CTAThE,
SIBIIIFOTCS. U3MEPEHNE BIIAXKHOCTH CEIbCKOXO3SMCTBEHHBIX MOYB U ONPEAEICHUE TIPOYHOCTHBIX Xapak-
TEPUCTUK MOPCKOTO JbJa. [Ipy KaxyIieMcsi OTCYyTCTBUH OOLIHOCTH PEIIacMbIX 3a/1a4 OHHU MOTYT OBITh
CBEJICHBI K €JMHOM TEOPETHUECKON MOJENN TU(PPAKLIUH AIEKTPOMATrHUTHBIX BOJIH Ha IJIOCKOCIOUCTBIX
JTUBJIEKTPUKAX C MOTepsMHU. PajnoIoKallMoOHHOE 30HANPOBAaHNE BEPXHUX CIIOEB MOUYBBI HCIIOIb3YETCs
JUTS OPTaHMU3aLMU arpPOTEXHIUUYECKUX paboT, ONPEeTIeHNs] COCTaBa U CTPYKTYPHBIX XapaKTepPUCTUK Ieo-
JIOTHYIECKUX Pa3JIOMOB, BBISIBICHHSI 3aTPS3HCHUS TIOYBBI COJIIMH TSDKEIBIX METAJIOB | T. 1. [1-6] 1 oc-
HOBAHO Ha M3BJICUYCHUH U3 OTPAXKEHHOTO CHUTHaJIa MH(OPMALIUH, 3aKJIIOYCHHON B N3MEHEHUH aMIUIUTY-
IbI ¥ (pa3bl, CBA3aHHOM CO CTPYKTYPOH M JTU3NEKTPUUYECKUMH CBOMCTBAMH 00CIIEIyeMOM MOBEPXHOCTH.
Ucnonp3oBanue Oucraruyeckoil (Ha ABYX OecrnmIOTHBIX JerarenbHbiX ammaparax (BILJIA)) pamapHoit
CHUCTEMBI, cojieprKalliell mepeaaTyuK U MPUEMHHK, KOTOPBIE pa3/ielieHbl PACCTOsIHUEM, CPABHUMBIM C pac-
CTOSIHUEM JI0 UCCIIEyeMOH MOBEPXHOCTH, 00CCIIeunBaET TpeOyeMyo TITyOUHY 30HIUPOBAHHS U YBEIIH-
YeHue Iuomanu odciaenyemoil tepputopun. Ilpu sTom pemaercs 3agaya oNEpaTUBHOIO ONPEIETICHUS
KOMIUICKCHOH JTU3JIEKTPUYECKON MPOHULAEMOCTH (U, CIEAOBATENIbHO, BIAXKHOCTH) IOYBBI HE TOJIBKO
Ha MOBEPXHOCTH M OJIM3KOM K IMOBEPXHOCTH CJIO€, HO U Ha ITyOUHY PACIOIOKEHHsI KOPHEBOH CHCTEMBI
pacrenuii. Boicora nonera u paccrosiuue Mexay bITJIA onpenenstorcss HEOOXOIUMOCTBIO CO3IaHUS yC-
noBui st apdexra moaHoro (MCEBAOMOIIHOTO) npesioMieHus, win 3ddekra bproctepa. B atom cityuae
NIPY BEPTUKAJIHHOMN TMOJSAPU3AINK 30HIUPYIONIETO CUTHANIA OTPakeHHE OT TPaHMIIbI «BO3TYX-TIOBEPX-
HOCTB» OyIeT MUHHUMAJIbHbBIM, a IIPUHSATHIA PaJMoJIOKALMOHHbBIN cUrHal OyJeT B OoJblIel CTeNeHH 3a-
BHCETb OT JUIIEKTPUUECKOI MPOHNIIAEMOCTH BHYTPEHHUX (IIOANOBEPXHOCTHBIX) CTPYKTYP MOYBHI [7].

MarepuaJbl 1 METOAbI HCCJICOBAHUIM

ITpu pagnoIoKanOHHOM 30HAUPOBAHUN JUAIEKTPUKA, UMEIOIIErO0 MHOTOCIONHYIO CTPYKTYPY, OT-
PaKEHHBII CUTHAJ MPEJICTABISCTCS B BUIE CYMMBI HECKOJIBKUX COCTABIISIONIMX: TIONIAAAFOIIEH HA TTPH-
E€MHYIO aHTCHHY HanpsMyto, chOPMHPOBAHHON MPU OTPAKEHUH OT TPAHUIIBI pa3Jieia «BO3IyX-OBEepX-
HOCTB», U OTPaKAIOIIEHCsI OT BHYTPEHHUX CIIOCB AuannekTpuka. Ha puc. 1 mokazano ¢popMmupoBanue
HHTEPPEPCHIMOHHBIX BOJH B IUIOCKOCIOUCTBIX CPEAaX, NPEACTaBICHHBIX 001aCThI0 HICATBHOTO JH-
ANEeKTpHKa (BO3AYX, yACIbHAS IPOBOAUMOCTE G, = (), 00JIaCTHIO JUAIEKTPHKA C DIICKTPUICCKIUMHI TTOTE-
psAME (TT0YBa € pa3HOI CTEMEeHbIO BIaXKHOCTH WIIM MOPCKOH Jiefl, G, # () 1 001acThI0, IO CBOMM CBOMCT-
BaM OJIM3KOM K MPOBOASIIEH (001acTh TPYHTOBBIX BOJ MJIM MOPCKasl BOJA, HAXOAAIIAsICS HIKE YPOBHS
MOPCKOTO JIbJIa, YIENbHAs MPOBOJUMOCTD G5 >> G)).

Ha Ka)KI[Oﬁ 13 JIBYX I'paHHULl NPOUCXOAUT OTPAKCHUC U MNPCIOMJIICHUC SJICKTPOMATHUTHBLIX BOJIH,
IIPU 3TOM KO3 GHUIHUEHTHI OTPAKCHUS U IPEIIOMIICHUS olpeaessitoTes popmynamu Openens [8] B 3aBu-
CHUMOCTH OT YTJIOB MMaJICHUSI U XapaKTEPUCTHYCCKUX COMPOTUBIICHUH TPAHUIAIINX CPET

7 _ Hyito ( 1 )
ci . ’
€8y —J (Gi/znf)
TAC €y — AUDBJICKTPUYCCKAA IPOHUIIAEMOCTD BaKyyMa, €,; — OTHOCUTCIIbHAA JUIJICKTPHUICCKasd IMMPOHULIac-

MOCTb I-U Cpefibl; L,; — OTHOCUTEIbHAsI MarHUTHAS IPOHUIIAEMOCTb i-U CPEebl; L, — MAarHUTHAsI IPOHU-
[IaeMOCTh BaKyyMa; G; — yAeJIbHas IPOBOANMOCTb i-i CpeAbl; / — 9acTOTa paHoCUTHATIA.
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Puc. 1. ®opmuposanue HHTEPHEPSHIIMOHHOM BOIHBI PH HAKJIOHHOM O0JIy4eHHUH 3¢MHOM MOBEPXHOCTH
Fig. 1. Generation of interference wave at inclined irradiation of ground surface

Ha puc. 2 nokazanpl 3aBUCUMOCTH MOIYJNsl KO3()(HUIHEHTOB OTpakeHHs A BepTUKaibHO (Rv)
u ropu3oHTanbHo (Rh) monsipu3oBaHHBIX 2IMEKTPOMArHUTHBIX BOJIH AJISL PAa3IHMYHBIX CBOMCTB IpaHHYa-

IIUX CPE.
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Puc. 2. 3aBucumoctn Moyisi K03(GGHUIUEHTOB OTPAKEHHUS JUTs BEPTUKAIBHO (RV)
u ropu3oHTasbHO (Rh) MONSIPU30BaHHBIX JIEKTPOMArHUTHBIX BOJIH JUISl PA3JIMYHBIX CBOWCTB I'PaHUYAIUX CPE]|
Fig. 2. Dependences of the modulus of reflection coefficients for vertically (Rv)
and horizontally (Rh) polarized electromagnetic waves for various properties of the adjacent media

Kak nokaszaHo Ha puc. 2, Ipy BePTUKAIBHOW MOISPH3ALUU 30HAUPYIOIIEr0 CUTHANA CYIIECTBYET
HEKOTOpOE 3Ha4YCHHUE yria najaeHus (yroun bprocrepa @), mpu KOTopoM Kod(GUIMEHT OTPaKeHUs paBeH
wm Onu3ok K Hymo. [Tockoneky 3Hadenue yria bprocrepa onpenensercs IUAIEKTPUIECKUME CBOM-
CTBaMH CPEJIbl, €T0 H3MEPEHUE TI03BOJISIET NPONU3BECTH OIIEHKY ITUAIEKTPHUYECKON IPOHUIIAEMOCTH BTO-
poti cpensl (g,,), Hanpumep, 1o hopmyie [9]:

&, = (tgop)”. @)

HoBu3Ha mpeanmaraeMoro moaxoia 3akiIouaeTcss B HAKJIOHHOM OOMYYEHHH 3€MHOM IMOBEPXHOCTH
U B HaxOkJeHUM yria bproctepa mo nmapamerpaM MHTEp(EPEHIIMOHHON BOJIHBI, JUIS Y€ro IMepearo-
mee ¥ MpueMHOe 000pyIoBaHUEe PaaroIoKaTopa pasMeniaeTces Ha AByX pa3nuuHbix BITJIA. [Tpu sTom
MIpUHIMaeMas nHTep(epeHIIMOHHAs BOJTHA 00pa3yeTcs 3a CUeT CIOKEHHUS PSMOU BOITHBI, pacTIpoCTpa-
HAIONICHCS] MEKIY MEePEIaTUYMKOM U MPUEMHUKOM B BO3[yXE, BOJIHBI, OTPAKEHHON OT I'PAHULIBI «BO3-
IyX-MOBEPXHOCTHY, U CYMMBbI MMAPIUATBHBIX BOJIH, IPOMISAIINX YePe3 TPAHUILY «BO3AYX-TIOBEPXHOCTH)
W OTPa3MBIIMXCS OT TPYHTOBBIX BOJ MIIM MOpCKoil Bofbl. Ha puc. 3 moka3zaHbl rpayiKu aMIUIUTY], UH-
Tep(EepEHIIMOHHBIX BOJH C BEPTUKAILHONW M TOPU3OHTAIBLHOW TOJISIPU3allMeil B 3aBUCHMOCTH OT yIJia
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aJaCHUuA 3J'I€KTpOMaFHI/ITHOﬁ BOJIHBI, MMOJYYEHHBIE METOAOM MAaTEMATUYCCKOTO MOACIIUMPOBAHNA U SKC-
NEPHUMCHTAJIBHO.
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Puc. 3. Teopernueckue (1) u skciepuMeHTaIbHEIC (2) 3aBUCHMOCTH aMILTUTY]] HHTeP(hEPESHIIMOHHBIX BOJTH
C BEPTUKAJILHOW U FOPU30HTAILHOM MOJISIpU3alel OT yIvia MaJIeHuUs! AIEKTPOMArHUTHOH BOJIHBI
Fig. 3. Theoretical (1) and experimental (2) dependences of the amplitudes of interference waves
with vertical and horizontal polarization on the angle of incidence of the electromagnetic wave

TeopeTnyeckue rpaduku Ha pUC. 3 TONYUYCHBI C MOMOIIBI0 MATEMATHYECKOTO MOJICITUPOBAHUS ITPO-
necca GopMHpPOBaHUS UHTEPPEPESHIIMOHHBIX BOJH MPH YCIOBHH, YTO BEPXHUH CION IOYBHI SBISETCS
JUAJIEKTPUKOM C OTHOCHUTENBHON AMANEKTPUYECKOW MPOHHULAEMOCTBIO €,, = 3,5 U ynenbHOW MpOoBO-
auMocThio o; = 0,015 Cm/M (BnakHasi cyrmHKECTas ousa). [Ipy Takux yCIOBUSX yroi, MpH KOTOPOM
BCsI DHEPTHS MANAOIICH dIIEKTPOMAarHUTHOW BOJTHBI TIEPEXOANT U3 BO3AyXa B mMouBy (yron bproctepa),
coctasiseT 62,2°. CormacHo puc. 3, 3pPeKTy OTHOTO MPETOMIICHNS COOTBETCTBYET YMEHBITICHUE aMIT-
JIMTYNBI HHTEPPEPSHIIMOHHON BOJIHBI ¢ BEPTHKAIBHOM MOJsIpU3aiveli (KpacHas JIUNHHS), B TO e BpeMs
TOYHOE OIpeesieHHE YIa 1o TpaduKy 3aTpyAHUTEILHO.

Ha puc. 4 noka3zanbl pe3yJibTaThl BBIYUCICHUS Pa3HOCTH (ha3 HHTEPPEPEHIIMOHHBIX BOJIH. 3HAYCHUIO
(hazosoro casura 1,57 pan. (1/2), xapakrepusyroiero 3ddexr bprocrepa, coorBeTcTByeT yroi 62,9°,
TP 3TOM aOCOITFOTHASI OITHOKa m3MepeHust coctapiset 0,7°.
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Puc. 4. Pazaocts (ha3 nHTEpPEPEHIIMOHHBIX BOJTH C BEPTHKAIBFHON M TOPU30HTAIBHON MONIspH3anneit
Fig. 4. Phase difference of interference waves with vertical and horizontal polarization
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Pesyabratsl ncciienoBaHnii 1 UX 00CyKIeHHe

[IpakTrueckoe npuMeHeHHE (Ha30BOTO METOMA ONpPEACNCHHUS TUIEKTPUYECKUX XapaKTePUCTHK
3€MHOM MOBEPXHOCTU PEANM30BAHO AJIsi OCYLICCTBICHUS 30HUPOBAHUS CEIBCKOXO3IMCTBEHHOIO OIS
10 AIEKTPOIPOBOTHOCTH. 30HUPOBAHUE (KAPTUPOBAHUE) BBHIMOIHEHO C MPUMEHEHUEM JBYX CEIHCKO-
xo3stiictBeHHBIX BITJIA DJI Agras T16. Ha puc. 5 nokazaHo pasmelieHne nepearduka OucTaTuaeckoi
cuctemsl Ha BITJIA, gacTora 30HaUpYyIoniero curaana 469 MI'1. AHTEHHBI TepeaaTInKa U TPHEMHIKA
AQHAJIOTUYHBI, BHIITOJHEHBI METOIOM TT€YaTHOTO MOHTaXKa ¥ TO3BOJITIOT OJJHOBPEMEHHO U3Tydarh (TIpH-
HUMATh) 3JIEKTPOMATrHUTHBIE BOJIHBI BEPTHKAILHOW U TOPU3OHTAILHON MOJSPU3AIINN.

Puc. 5. Pa3merenue nepefarinka BMECTE C aHTCHHOW Ha KOPITyce OeCITMIIOTHOTO JISTAaTeIbHOTO anapara
Fig. 5. Placing the transmitter along with the antenna on the body of an unmanned aerial vehicle

Ha puc. 6 noxaszan nosnet nByx BIIJIA Bo Bpems BeimonHeHus n3mepenuil. [loner ocymecTsusncs
B aBTOMaTHYECKOM PEXHME CO CKOPOCThIO 7 M/c Ha BeicoTe moneta oboux BIUJIA 3 M ¢ ormbanunem
penbeda Ha paccrosiHum 10 M Mexxay HUMHU. VI3MepeHust TPOBOAMIMCEH OJIMH pa3 B 2 C.

Puc. 6. [Tonet GecnmMIOTHOTO JIETaTEIHLHOTO anapara
BO BpeMs IPOBEICHNUS TUCTAHIIMOHHOTO 30HIMPOBAHUS TOBEPXHOCTH TTOUBBI
Fig. 6. Flight of an unmanned aerial vehicle during remote sensing of the soil surface

DKCHepUMEHTaNIbHbIE UCCIEAOBAHUS MPOBOAMINCH HAa OMBITHO-IIPOU3BOACTBEHHOM 0JIe ATPOXO0II-
nuHra « CTernby, pacloiokeHHOM Ha Tepputopuu [ pageBckoro paitona CtaBpomnonabckoro kpast Poccuiic-
kot Dezepaliyu, B COOTBETCTBUH C JIOTOBOpPoM o coTpyauudectBe oT 01.08.2023 Ne J12023-83/C. Beoi-
60p ot 00yCIIOBJIEH MIMPOKUM JTHAITa30HOM CBOMCTB HEOJHOPOAHOCTH penbeda, TOYBEHHOTO MTOKPO-
Ba, 3aCOJIEHHOCTH W TPAHYJIOMETPHUYECKOTO cocTaBa. llome ucmonp30Banock B CENbCKOX03IHCTBEHHOM
ceszoHe 2022-2023 rr. 115 BBIpAIIMBaHUS 03UMOM TieHuIpl. O0mue pa3mMepsl noist — 74 ra, Koopu-
HAaThI I0T0-3aI1aIHOTO y4acTKa momst — 45.0448273 (45°2'41,38") CI1I; 42.293533 (42°18'17,10") B/L.

Uucno uzMepeHuil 3a OuH MPOJIET MO JJIUHE MoJis paBHsIoch 121. st cpaBHEHUS PE3yabTaToB
30HHPOBAHMS OMCTATUYECKOW CHUCTEMOW HCIIONBb30BAINCH JaHHbBIE, MOJTYYeHHBIE C MOMOIIBIO arma-
parypsl anektpomMarauTHoro npoduiarpoBanns ADMII-14. [Ipu 3ToM OCyIIECTBISANOCH YCPEIHEHNE
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M3MEPEHHBIX 3HAYEHUH MO TPEeM TOYKaM € Yy4eTOM KOOpAMHAT, MOJyYeHHBIX ¢ ucnoib3oBanueM GPS.
Oouiee BpeMsi BHITOIHEHHS 30HUPOBAHUS [IOJIsI COCTABIIIO 3 U C YUETOM 3aMEHbl aKKyMYJIATOPHBIX Oa-
tapeil BITJIA uepes kaxxsie 40 MUH noseTa.

Ha puc. 7 npencraBineHbl pe3ylbTaThl OLEHKH JIEKTPOIPOBOAHOCTH TIOUBHI (Ha30BBIM METOIOM
(o BenmmunHe ($azoBOro CABHra MEX1y MHTEP(HEPEHIIMOHHBIMH BOJIHAMH C BEPTUKAILHON U TOPU3OH-
TaJIbHOMW MOJIIpU3aLUeii) 10 ONHOMY U3 IMHEHHBIX yYacTKOB Ha I0JIE, & HA PHUC. § — PE3yJIbTaThl OLIEHKU
AIIEKTPOITPOBOTHOCTH TTOYBHI aIMapaTypoi AEKTPOMarHuTHOTO podunupoBanus ADMII-14, Bemon-
HEHHOM Ha 9TOM K€ y4acTKe I0JIsl C UCTIOJIb30BaHueM 14 pabouux 4acToT.
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Puc. 7. Pe3ynbTaThl OIICHKH AIIEKTPOIPOBOTHOCTH TTOUBEI (Da30BBIM METOJIOM
Fig. 7. Results of evaluation of soil electrical conductivity by phase method
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Puc. 8. Pe3ynbrarhl OIIEHKH 3JEKTPOIPOBOTHOCTH ITOYBBI
ammaparypoit 3IeKTpoMarHuTHOTO npodunupoBarnst ADMII-14
Fig. 8. Results of soil electrical conductivity assessment using AEMP-14 electromagnetic profiling equipment

Ha puc. 9 nokazan rpaguk u3MeHeHus KOdQPHUIMEHTa KOPPEISINUT PE3yIbTaTOB 30HUPOBAHHUS I10Y-
BbI OMCTATUYECKON CHCTEMOM IS Kax10i U3 padbounx yactor ADMII-14.
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Puc. 9. KoahhummeHTs KOppemsanny pe3ynbTaToB H3MepeHHIH
Fig. 9. Correlation coefficients of measurement results
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3aKiIoueHue

1. IlpeniokeHHast TEXHOJIOTHS JAUCTAHIIMOHHOTO 30HAMPOBAHMWS, OCHOBAHHAs HA HCIIOJIH30BaHHUH
HAKJIOHHOTO OOJy4YEHHUS! 3eMHOW MOBEPXHOCTHU IOJ yIJIoM, OMM3KUM K yrimy Bprocrepa, mocraTrouHo
YYBCTBUTEJIbHA KaK K MOBEPXHOCTHBIM M3MEHEHUSIM YJEeIbHOW MPOBOJUMOCTH, TaK U K U3MEHEHUSM,
MIPOUCXOJISIIUM Ha TITyOUHE J10 2 M.

2. HoBu3Ha pa3paboTaHHON TEXHOJOTHH 3aKII0YaeTCsS B MCIIOIL30BaHUU (DA30BOTO CIBHUTA HH-
TepdepPEHIIMOHHBIX BOJH C BEPTUKAIBHON W TOPMU3OHTAJIBHOW TOJSpHU3alMed NI W3MEpPeHus yria
Bbprocrepa.

3. KoapummeHnT xkoppessiuuy pe3ysibTaToB 30HUPOBAHUS MOJIS ¢ TIOMOIIBI0 OMCTaTHYECKON paano-
JIOKALIMOHHOM cucTeMbl U ¢ nmoMoibio ADMII-14 MakcumalieH y OBEpXHOCTH MOUYBBI U MPEBHIIIAET
3ravyenue 0,82 no rryouns 2,00 M.

4. JlanpHeiIMe NcCIIe0BaHuUs TIPEATONIaraeTcsl HapaBUTh Ha OIIEHKY C TIOMOIIBIO TIPEIOKEHHO-
O TOIX0/Ia TOMIIHUHBI M COIEHOCTH MOPCKOTO JIbJa JUTS ONTUMH3AINH MTPOKJIAJKA MapIIpyTOB IO ce-
BEPHOMY MOPCKOMY ITyTH.
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Abstract. 5G systems have many interesting advantages, that’s why their popularity around the world is growing
rapidly. However, it is necessary to evaluate the potential negative impact of electromagnetic radiation from devi-
ces of these systems on human tissue in order to ensure the safety of the health of the human body. The present
study was aimed at assessing the degree of exposure of the human head to electromagnetic radiation from a mic-
rostrip antenna at millimeter wave frequencies and improving the performance of this antenna to ensure human
health safety. During the study, using the CST Studio Suite 2021 software package, the following was done: a mic-
rostrip antenna emitting at the frequency of 38 GHz was simulated; the efficiency and performance of the simu-
lated antenna for 5G system devices was assessed; the layers of the human head were designed and simulated
to analyze the impact of the simulated antenna radiation on it; the absorption specific rate of radiation energy from
the simulated antenna by each layer of the human head was estimated. Based on the results of the study, approaches
to reducing the SAR value of the human head were proposed and theoretically justified. These approaches consist
of adding various materials to the microstrip antenna as protective barriers.

Keywords: microstrip antenna, electromagnetic waves, specific absorption rate, human head.
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OIEHKA ITPOU3BOAUTEJIBHOCTHU MUKPOITIOJIOCKOBbBIX AHTEHH
CUCTEM 5G 1 TOAXObI K CHUKEHHUIO KOOOPUITUEHTA
VIEJBbHOI'O MOIVIOMEHU A I'OJIOBOM YEJIOBEKA
JIEKTPOMATI'HUTHOI'O U3JIYYEHUSA HA YACTOTE 38 I'T'y

X. AMAJI, P. AJIbXTAB, M. AJIb3ABU

Yuueepcumem Anv-3asus (2. 33-3asus, Jlusus)

Tlocmynuna 6 peoaxyuro 11.03.2024

Aunnoranusi. Cucrembl 5G 0051a/1a10T MHOXKECTBOM TIPEUMYIIECTB, TOITOMY HX MOMYJISPHOCTh B MUPE CTPEMHU-
TeNbHO pacteT. OHAKO HEOOXOIUMO OICHHUTH MOTCHIIMAIEHOC HETaTHBHOC BO3ICHCTBHIE AICKTPOMATrHUTHOTO H3-
JIy4CHHSI YCTPOMCTB 3TUX CHCTEM Ha TKAHH Y€JI0BEKa, YTOOBI 00CCIIEUUTh OE30MACHOCTh 3[0POBbS YCIIOBEUCCKOIO
opranusma. [IpezcraBisieMoe HCClieI0BaHKUE ObLIO HAIIPABICHO HA OIICHKY CTEIIEHH BO3/ICHCTBYSI JIEKTPOMAarHHT-
HOTO M3JIyYCHUS] MUKPOIOJIOCKOBOI aHTCHHBI Ha TOJIOBY YEJIOBEKA HAa YaCTOTaX MHJUIMMETPOBBIX BOJH U YIyd-
HICHUE XapaKTCPUCTHK ITOM aHTCHHBI JJIs1 00CCIIeYCHUsT OE30ITaCHOCTH 3I0POBbhs YeIOBeKa. B xo/e mpoBeacHuUs
HCCIIEIOBaHMA C TIOMOIIbI0 mporpammuoro komriekca CST Studio Suite 2021 BBIOTHEHO ClIEAyIOMIEE: CMOJE-
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JIMPOBAaHA MUKPOIIOJOCKOBAsA aHTCHHA, U3JTyHdaronias Ha 4acTOTEC 38 lTu; OIICHCHBI 3(1)(1)CKTI/IBHOCTL " IMPON3BO-
JUTCIIBHOCTD CMOL[eHPIpOBaHHOﬁ AHTCHHBI I yCTpOﬁCTB CUCTEM SG, CITPOCKTUPOBAHBI U CMOACIIUPOBAHLI CJIOU
TOJIOBBI YCJIOBCKA JJIsI aHAJIM3a BO3HeﬁCTBHﬂ Ha HCC U3IIYUYCHUA CMO,Z[eHPIpOBaHHOﬁ AHTCHHBI; OLICHCHA YACJIbHAs
CKOPOCTDb MOTJIIOHMICHUA SHCPIUU U3JTYYCHHUA aHTCHHBI KAXKABIM CJIOEM T'OJIOBBI YCJIOBCKA. Ilo pe3yabTaraM HUCCiie-
JAO0BaHUA MPEAJIOKECHBI U TCOPETUYCCKU 000CHOBaHBI IOAXOAbI K CHUKCHHUIO 3HAYCHU A y;[em)Hoﬁ CKOpPOCTH IIOTJIO-
IOCHUA DJICKTPOMArHUTHOT'O U3JTYUYCHHUA BEPXHUMM CJIOAMU T'OJIOBBI YEJIIOBCKA. Ot IoaX0AbI COCTOAT B Z[O6aBHG-
HHUH B MUKPOIIOJIOCKOBYIO aHTCHHY PA3JIMYHBIX MATCPHUAJIOB B KAYCCTBC 3AIUTHBIX 6apbep0B.

KiroueBnie ciioBa: MUKPOIIOJIOCKOBAsA aHTCHHA, SJICKTPOMArHUTHBIC BOJIHBI, y,HeHLHLII;‘I KOC-)(b(I)I/ILlI/ICHT TIOTJIOIC-
HUA, T'OJIOBA YCJIOBCKA.

KonpaukT uHTEepecoB. ABTOPHI 3asBJIAIOT 00 OTCYTCTBUH KOH(IMKTA HHTEPECOB.

Juast uutupoBanus. Ataa, X. OueHka npou3BOAUTEIbHOCTH MUKPOIIOJIOCKOBBIX aHTEHH cucTeM SG U MOIXO0.IbI
K CHIDKCHHIO KO3((UIMEHTA YASIbHOIO MOTIONICHHS TOJIOBOI YeIOBEKA AJICKTPOMATHUTHOTO U3JIyUCHHUS Ha Yac-
tore 38 I'T'w / X. Aitan, P. Anpxtad, M. Anps3asu // Joknaner BI'YUP. 2024. T. 22, Ne 4. C. 63—67. http://dx.doi.
org/10.35596/1729-7648-2024-22-4-63-67.

Introduction

An antenna is defined as a metal device used as a means of radiating and receiving electromagnetic
waves, that is, the antenna is the crossing interface between free space and communication devices.
The antenna has many applications and types, the most important of which is the Microstrip antenna
used in mobile phones[1, 2]. It is a piece of conductive material on an insulating surface, and the insu-
lating surface is installed at ground level so that it supports the entire structure [3]. Microstrip antennas
are characterized by their small size, ease of fabrication and analysis, and cheap price [1, 2]. In addi-
tion to their radiation properties, they provide greater directivity, higher gain, and greater transmission
range with less interference [3]. The electromagnetic waves sent by the antenna are a form of ener-
gy that is produced when the electrical charges that make up an atom vibrate. This radiation consists
of electrical and magnetic waves that travel at the speed of light. Electromagnetic waves are divided
into two types: ionizing waves and non-ionizing waves. The radiated waves emanating from a mo-
bile phone are known as non-ionizing waves (radio), and these radiations show side effects depending
on the energy and frequency of these waves [4]. Among these effects is its negative impact on the human
body if it is exposed to a high percentage of it, as it penetrates the body’s tissues. These harmful effects
are classified into short-term and long-term effects [5]. The rate at which radiation is absorbed by body
tissues is measured by the specific absorption rate (SAR), which is the time derivative of the energy
dissipated per unit mass within the body generated by electromagnetic fields. They are averaged over
a sample size as small as 1 or 10 grams of tissue [2, 6, 7].

Experiment method

The project includes several stages, including designing an antenna operating at a frequency
of 38 GHz [8—11], evaluating its performance and enhancing it to ensure optimal performance of 5G net-
works. To design a small rectangular strip antenna, determine the antenna dimensions: antenna width W
and antenna length L. In this design, an operating frequency of 38 GHz is used, and the substrate ma-
terial used is RT/Duriod 5870, which has an dielectrical permittivity (g,) of 2.33 and a thickness (%)
of 0.127 mm. It also has a loss tangent (tand) of 0.0005. The configuration and dimensions of the de-
signed antenna are presented in Fig. 1. The parameters of the designed antenna are shown in Tab. 1.

%

17

Fig. 1. The configuration and dimensions of the designed antenna
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Table 1. The parameters of the designed antenna

Parameter Value, mm
Lg 3.2866
Ground We 3.8211
Lp 2.5246
Patch Wp 3.0591
. Lf 1.4093
Feed line Wy 03772
Thinks of substrate h 0.1270
Thinks of copper t 0.0350

Antenna characteristics [12, 13] were measured to ensure its working quality at a frequency
of 38 GHz (Tab. 2).

Table 2. The characteristics of the designed antenna

Frequency, Voltage standing | . . . Realized gain, | Total efficiency, Radiation
GHz S-parameter wave ratio Directivity, dB dB dB efficiency, dB
37.996 | —46.042 1.01 8.18 7.268 —0.9148 —0.8806

In addition, the four layers of the human head have been designed [14] and the SAR has been cal-
culated based on the position and dimensions of the head relative to the antenna layers (Fig. 2) and ac-
cording to the characteristics listed in Tab. 3.

Fig. 2. The designed layers of the human head

Table 3. Characteristics of the designed layers of the human head

Layer g, G, S/m wimlk wim?/k p, kg/m? Thickness, mm
Skin 12.3 31.0 0.42 9100 1109 1.5

Fat 5.33 6.36 0.25 520 911 1.5
Skull 4.52 5.86 0.40 1000 1908 4.5
Brain 15.10 33.5 0.54 3500 1046 4.0

The antenna has been placed in two ways:

1) the antenna patch to be directly in front of the human head;

2) the ground layer for antenna to be directly in front of the head.

Then the SAR is calculated in the two locations and at different dimensions, which is 0, 5.0, 15.0,
25.0 mm to know which of the two locations is the least harmful to human health. The final step in-
volves studying the methods for reducing the SAR of the human head. These methods have been based
on incorporating different types of absorbing materials as a shield for the high-frequency antenna de-
sign (Tab. 4). The SAR was measured to study the extent to which human head absorbs the electromag-
netic waves generated by the antenna (per 1 and 10 g of human head tissue). Antenna parameters were
measured at each stage to ensure that the antenna was working as required.

65



Hoknagsl BI'VUP
T 22, Ne 4 (2024)

Dokrapy BGUIR
V.22, No 4 (2024)

Table 4. Properties of the used absorbent materials

Absorbent material Condictivity, S/m Relative permittivity Mass density, kg/m®
Glass 0 5.5 2500
Air 0 1.0006 1.1614
Aluminium 38 000 000 1.0 2689

Results and its discussion

Results of the SAR calculation for a human head model are presented in Fig. 3, 4.

430 | 403,201 2| 200

400

350 20

300 o

< 15
§ 250 =
<
o 200 S 10
< 150 132,834
4,418
100 10304 5 2,964
g 28,682
>0 22,875 1245 12,404 gsa 0841 043 0217 0139 0,08
0 . . || — 0 —— , .
0 mm 5mm 15 mm 25 mm 0mm 5mm 15 mm 25 mm

.1g.10g

Fig. 4. The SAR percents with antenna ground
in front of human head

.lg 10g

Fig. 3. The SAR percents with antenna patch
in front of human head

Therefore, the layer of absorbent material will be added to the ground layer to reduce the rate
of absorption of electromagnetic waves by the human head. Accordingly, three absorbent materials
(air, glass, aluminium) were chosen and compared between themselves, and then choose the material
largest absorption rate of electromagnetic waves. The rate at which the human head absorbes electro-
magnetic waves decreases. The Tab. 3 shows the properties of the added absorbent materials. The results
of the SAR calculation for a human head model after adding the absorbent material to the antenna are
presented in Fig. 5, 6.
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2,5 2,314
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= w 2 1,787
o 61 s
B 215
4 <
1 s 0,951
0,627
2 -
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.glass . air B aluminnium

Fig. 5. The SAR percents with absorbent material
forlg

Conclusion

.glass . air i aluminnium

Fig. 6. The SAR percents with absorbent material
for10 g

1. The microstrip antenna is designed to work perfectly at the frequency 38 GHz. As for the SAR
values for a mass of 1 and 10 g they depend on the location and dimensions of the human head in relation
to the antenna. When the patch is directly front of the human head, the SAR value is higher compared
to when the antenna’s ground layer is directly front of the human head.
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2. Furthermore, when the antenna’s ground layer is directly in front of the human head, the SAR va-
lues decrease as the distance between the antenna and the human head increases.

3. The SAR values per 1 g of human head decrease by 86.58, 85.49 and 67.67 % when the distance
increases from 0 to 5 mm, from 5 to 15 mm, and from 15 to 25 mm, respectively.

4. The SAR values per 10 g of human head decrease by 80.96, 74.19 and 63.13 % when the distance
increases from 0 to 5 mm, from 5 to 15 mm, and from 15 to 25 mm, respectively.

5. When adding absorbent materials (air, glass or aluminum) as shields to the front of ground layer
of antenna, the SAR values per 1 and 10 g of human head decrease. The simulation results have showed
that aluminum has the best reduction in SAR values compared to air and glass. The SAR values dec-
reased at a very significant rate. The SAR rate per 1 g of human head decreased after adding aluminum
by 65.67 % at a distance of 0 mm, by 63.69 % at a distance of 5.0 mm, by 90 % at a distance of 15.0 mm,
and by 94.2 % at a distance of 25.0 mm.

6. The SAR rate per 10 g of human head decreased after adding aluminum by 59.55 % at a distance
of 0 mm, by 72.65 % at a distance of 5.0 mm, by 94.47 % at a distance of 15.0 mm, and by 97.5 %
at a distance of 25.0 mm.
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AnHoTtanust. IlpencraBieHo MozpenupoBaHHe padOTHI anmapaTHO-NPOTPAMMHOTO KOMITIEKCA ISl MCCIIEN0Ba-
HUSI IMITEaHCOMETPUIECKON XapaKTePUCTUKN OMOIIOTHYECKON KHUIKOCTH. VIMIlenaHCOMETpHYeCKUi mapameTp
MIO/ICYNTAH Ha 3apaHee MPOMOJICITMPOBAHHON M3MEPUTEIBHON sTYEHKE C MCCIICyeMbIMH O0BEKTaMH B IPOTpaM-
Me COMSOL Multiphysics. MukpokioBeTa CIIpOSKTHpPOBaHA COTJIACHO CTaHAAPTy KiOBeTHI JluTormact-Men
Tum A 2,5 M1, KCITOIB3YEMOM B JaIbHEHIIIEM IS alTpOOAIINH [TOIYUYCHHBIX TaHHBIX MOICIUPOBaHUs. Pe3ynbrarTsl
WCCIIEIOBAaHUSI MOTYT HMPUMEHSTHCS JIUIsl JOMOIHUTEIBHOTO MPEAYIPEKACHHS yrpo3 HOPMAJIbHOTO TeUeHHs Oe-
PEMEHHOCTH U UCX00B poJoB. ITomydueHHbIE TapaMeTPBI MOJEIUPOBAHUS UCIIONIB30BANIUCH JJIsl CPAaBHEHUS C pe-
3yJAbTaTaMHU SKCIIEPUMEHTAIBHON anpodanuy.

KiroueBbie cioBa: MOACINPOBAHUE, AMHUOTUYCCKAA KUIAKOCTD, 6CpeMCHHOCTB, IIaTOJIOTHsA, OTHOCHUTCIIbHAA
JUDJICKTpHUYECKasa MPOHUIIAEMOCTh, EMKOCTDH H3MepHTeHLHOﬁ H‘IeﬁKI/I, OHOJIOrHYEeCKas KUIKOCTb, MUKPOKIOBETA.

Kongaukt uHTEpecoB. ABTOPHI 3asBISAIOT 00 OTCYTCTBHUHU KOH(IMKTAa HHTEPECOB.

Jnsi uuTpoBanus. MonenipoBaHHe U SKCIIEPUMEHTAIbHAs alpo0alys anmnapaTHO-IPOrpaMMHOTO KOMILIEKCa
JUTSA OTIpEeNICHISI UMIIEJAHCOMETPUYECKUX TTapaMeTpoB aMHHoTHYecKor sxuakoct / K. E. Memkosa [u np.] /
Hoxnangst BI'VUP. 2024. T. 22, Ne 4. C. 68—75. http://dx.doi.org/10.35596/1729-7648-2024-22-4-68-75.
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Abstract. Simulation of the operation of a hardware-software complex for studying the impedance-metric
characteristics of a biological fluid is presented. The impedance-metric parameter was calculated on a previously
simulated measuring cell with the objects under study in the COMSOL Multiphysics program. The microcuvette
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is designed according to the standard of the Litoplast-Med Type A 2.5 ml cuvette, which is subsequently used
to test the modeling results. The results of the study can be used to further prevent threats to the normal course
of pregnancy and birth outcomes. The obtained modeling parameters were used for comparison with the results
of experimental testing.

Keywords: modeling, amniotic fluid, pregnancy, pathology, relative permittivity, measuring cell capacity, biolo-
gical fluid, micro-cuvette.
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BBenenune

OKOJIOTUTO/IHBIE BOJBI (aMHUOTHYECKAsl KHJIKOCTh) — YHUKajbHas OMOJIOTMYECKas cpeia, OTpa-
J)Karomiass PyHKIIMOHUPOBaHUE (ETOTUTAIICHTAPHOTO KoMIuiekca. [1o cBoeMy cocTaBy aMHUOTHYECKAs
KUIKOCTh COCTOHT M3 OOBIYHON BOMBI, MPOTEHHA, aMUHOKHCIIOT, MUHEPAJIOB, TOPMOHOB, MOYH peOCHKA
U 11p. B oKoIomnoaHbIX BOJIax B pACTBOPEHHOM BHJIE COACPKATCS KUCIOPO U YIVIEKUCIBIN a3, B HUX
HAMEIOTCSI BCE AJIEKTPOJIUTHI, KOTOPbIE MPUCYTCTBYIOT B KPOBH MaTepu U miaofa. C XUMUYECKOW TOUKHU
3pEHUS OKOJIOILIOIHBIC BOIBI MPEICTABIISIFOT COOO0M KOJUTOUTHBIA PACTBOP CIOKHOTO XMMHUYECKOTO COC-
Tapa [1].

AHanmu3 aMHUOTHYECKON JKUJIKOCTH MPUMEHSETCS] B METUITMHE NJIsl YCTAHOBJICHUS KOHIIEHTPAITUH
OMOXMMHUYECKUX, TOPMOHATHHBIX, IMMYHOJIOTHUECKUX, ITUTOJIOTHIECKAX W TeHETHICCKUX ITOKa3are-
neil. I3BeCTHBI UCCIeN0BaHusl AUDICKTPUUYECKUX CBOMCTB OKOJIOIUIOAHBIX BOJ YEJIOBEKA B 3aBHCHMO-
CTH OT Temrieparypsl B quamasone yactor 200 MI'm—10 I'T1 [2]. Onepanus o 3a00py Boa UMeeT Tep-
MUH «aMHHUOLIEHTE3», KOTOPBIH B 3aBUCIMOCTH OT MECTa IMYHKIIUU MOXKET ObITh TPaHCa0IOMUHATBHBIM
WJIU TPAHCBATMHATIBHBIM.

UccnenoBanus WMIIEIAHCHBIX CBOMCTB OWONIOTMYECKUX TKAaHEW W JKUIKOCTEH MPOBOIUINCH
JUTSI I3MEPEHUS B OCHOBHOM ITaCCUBHBIX JIEKTPUUSCKUX CBOMCTB TKAHEH HAa HU3KUX YaCTOTAX, TAKUX
KaK yJeJbHas IEKTPOMPOBOJHOCTS M OTHOCHUTENbHAS AUAIEKTpUIecKas mpoHuiiaeMocTsb [3]. Ompene-
JISUTACH TIapaMeTPhbl aKTUBHOW M €eMKOCTHOM COCTaBISIONIUX MMITe[jaHca Ononorndeckunx Tkanei. Co-
m1acHo [4], UCIOIB30BANIN YCTPOMCTBO AJI1 U3MEPEHUSI aKTUBHON U PEAKTUBHOU COCTABIISIIOLIUX UMIIE-
naHca. HemoctaTku cxeMbl — 0OJIBIIIOE KOIMYECTBO AIEKTPOJIOB, YTO TIOBBINIANIO 3aTPaThl HA MPOBEICHUE
HCCJICIOBAHUN, U TIOTPEIIHOCTU MPU U3MEPEHUSX B IIMPOKOM Juamna3zoHe 4acToT. bruia pazpaborana
HOBasl CXeMa M3MEPEHHUS C IByMs DJIEKTPOAAMH U BO3MOXXHOCTBIO Pa3IeIbHOTO M3MEPEHUS COCTABIIS-
IOIUX uMIMenanca [5]. DTo mo3BONnII0 U3MEPATh aKTHBHYIO M PEaKTUBHYIO COCTABIISIONIIE UMIIEIaHCca
B LIMPOKOM JHMAMA30HE YACTOT U MOJTYy4YaTh 3HAYEHUS C BBICOKOM CTETIEHBIO TOUHOCTH 32 CYET UCIOJIB30-
BaHus 1EQpoBoro Gpunsrpa. Pabory QpyHKIIMOHATEHON CXEMBI TPOTECTUPOBAIN HA TKAHSIX NICYCHH KPbI-
cbl. Taxoke ObLIHM pa3paboTaHbl CIIOCOOBI ONPEACICHHS UMIICIaHCA HA TPAHKIIe META/UTUYCCKUN JIEKT-
poa—6uoiorndeckasi KuakocTh [6]. OnHako cepoii IPUMEHEHHUS TAKUX CIIOCOOOB SIBISCTCSI METUIHC-
Kasi TEXHUKA JIJIs1 BBIOOpA METasuIa U 3JIEKTPOIHBIX YCTPONCTB Il MEAUIIMHCKUX UCCIICIOBAHUH.

B cratbe npeacTaBieHbl pe3yabTaThl UCCIEI0BAHUN €MKOCTH U3MEPUTEIBLHON SUEHKU — MUKPOKIO-
BETHI C AIIEKTPOAAMH B BO3IYITHON M30JMUPOBAHHOM Cpejie, 3alT0THEHHON ONOIOTHIECKOH JKUIKOCTHIO.
JlaHHast eMKOCTh paccMaTpuBajach Kak €eMKOCTh KOHJEHcaTopa Iuiockoro Buaa. Mccnenyemas 6uoso-
TUYECKas >KUJIKOCTh BBICTyNANIa B POJIA AUAICKTPUKA. [IJs1 BEIMOTHEHUS SKCIEPUMEHTOB MPUMECHSIICS
TIOJIXOJ TPOrPAMMHOI0 MOJISITMPOBAHUS, YTO IMO3BOJIMJIO MOJIYUYUTh O0IIee 3HAHUE O POJTU COCTaBa OHO-
JIOTUYECKOM KUAKOCTH Ha pe3yJbTaThl UCCIEA0BAHUNA M3MEpUTENbHON sueiiku. [lokasarenu skcnepu-
MEHTAJBHOH arpoOaryy CPpaBHUBAIH C PE3yIbTaTaMHA MOJISIUPOBAHUS M YCTAaHABIMBAIHA 3aBUCHMOCTh
croco0a poIoB OT 3HAUYEHUH eMKOCTH N3MEPHUTEIHHOH SUYCHKH.

MoneaupoBaHue H3MePUTEIbHOM sTYeiiKH

B MNPEUMYHICCTBECHHOM COCTAaBC OKOJIOIIOAHBIC BOABI SABJISIFOTCS JXKUAKHUM MAaTCpUaJIOM C B3BECAMU
TBEPABIX OHOJIOrHYECKUX 0OBEKTOB. ﬂJ’IH MMPOBCACHUA 3KCHCpHM€HTaJ’ILHOﬁ anpo6au1m OKOJIOIIJIOJAHBIC
BOJIbI ITOMEIIAJTIA B CIICHUAJIBHBIC PE3CPBYAPHI AJId USMCPCHUS. PaHee, COriaaCHO [7], HCIIOJIL30BaJIOCh
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cpasy JiBa pe3epByapa — MUKPOKIOBETHI W3 OJIMHAKOBOTO Marepualia, HO pa3Hoil koHcTpyKiuu. [lo pe-
3yabpTaTaM U3MEpPEeHH BBIOMpay Hanbolee yIo0Hy0 MOAEIh MUKPOKIOBETHI C BHYTPEHHUMH TIOJIOCTSI-
MU JUISL pa3MeIICHUs! AJIEKTPOIOB.

I[J'If[ MOJICIMPOBaHUA U CO3JaHUA METOAUKH HCCIICAOBAHUSA AMHHOTHYECKOM KHUIAKOCTH Tpe6OBa-
JIOCh MOCTPOUTHL MUKPOKIOBETBI, 4 TaKXKE MOACIIb OMOJIOTHYECKOTO OG’LGKTa (aMHPIOTI/I‘IeCKOﬁ KUa-
KOCTH) B cperie pa3paboTku. Tak kak aMHHOTHYECKast KUIKOCTh SBISETCS YHUKAIFHOW OMOIOTHYECKOM
Cpeoi, TO OHa He TIPUCYTCTBYET B 0a3e MarepralioB MCMOIB3YEMBIX MPOTPaMM ISl MOJEIIMPOBAHUS.
[TosTOMY B 9KCIIEPHMEHTaX UCIOIB30BATIHMCH KUIKOCTH U O0BEKTHI OMOJIOTMYECKOr0 XapakTepa, KOTo-
phI€ B TOM MJIM MHOM KOJMYECTBE BXOJST B OKOJIOTUIOIHBIC BOJBI (IMCTHJUIMPOBAHHAS BOZA, PACTBOP
XJIOpUJa HaTpusi, KpoBb). Mojienb U3MEPUTENBHON SYCHKHM CO3/laBaiachk B MPOrpaMMHOM olecrieue-
Hu COMSOL Multiphysics®, koTopoe MO3BOJNSIET MOJCIHPOBATh M COBEPIIATH IKCIPECC-aHATIN3
BO BCEX 00NACTAX WH)KEHEPHBIX, TPON3BOICTBEHHBIX M HAYYHBIX MccienoBanuil. [loctpoenne moxenu
BKJTFOYAIIO JISHCTBHSI, KOTOPBIE MOXKHO Pa3/IeNIUTh Ha IIary.

[Har 1. MoaenupoBaHue MUKPOKIOBETBI, COAEpIKALIECH CTPYKTypHBIE OJOKH. DJIEKTPOIBl pacroa-
TaJIMCh BIUIOTHYIO K CTEHKaM MHUKPOKIOBETHI COIVIACHO WX pa3MepaM, U BCE MOMEIIAIOCh B BO3YIII-
HYI0 U30JIMpOBaHHYI0 cpeny. Co3nanne MUKPOKIOBETHI TPOUCXOANIIO B pe3ysbTaTe MPOPUCOBKHU OCHOB-
HBIX YacTeil — 3CKMU30B — C JaJIbHEHUIIMM MX BblAaBiuBaHueM orepanueid Boss Extrude B mporpamme
SolidWorks. ;11 KOppEKTHOTO ITOCTPOCHHS 3CKU3HI ONPENSIISIINCH 3aJaHIEM pPa3MepOB, HEOOXOTMMBIX
Jutst ipoprcoBKH. Ha puc. 1 mokazan o0paser MUKPOKIOBETHI, CMOZECITUPOBAHHBIN B IporpamMme (pazme-
PBI — B MAJUTUMETPAX).

Puc. 1. Mozeias MUKPOKIOBETHI
Fig. 1. Cuvette models

DIEeKTPO/IBI MOJIEITMPOBAIINCH BIULIOTHYIO K CTEHKAM MUKPOKIOBETHI BHEIITHUM THIIOM PACIIONIOKECHHS
10 OTHOLUEHUIO K BHYTPEHHUM CTEHKaM: BBICOTA AMEKTpoaoB coctanmsiia 20,0 mm, qmuna — 10,0 MM,
mupuHa — 0,5 MM. PacrionoskeHue 21eKTpooB H300pakeHo Ha puc. 2.

Puc. 2. Mozens MUKPOKIOBETBI € DIIEKTPOIaAMH
Fig. 2. Cuvette models with electrodes
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Mopzens ucciienyeMbplx OOBEKTOB 3aJaBajlach B BHAE Iapajulesienuiiesa BbicoTod 19 MM, amu-
Ho#t 10 MM u mmpuHO# 2 MM. Bo3aymiHas n3onupoBaHHas cpefia CTpOUIach B BUE MUIMHIPA Paiy-
com 20 MM, BBICOTO# 50 MM, THIIOM 3amojaHenus Solid.

[ar 2. 3aganue MaTepuala 3JeKTpoJa, IapaMeTPOB €ro OTHOCUTENIBHON TUANEKTPUYECKON MPOHU-
IIaeMOCTH ¥ yACIBHON 3JEKTPHUICCKON MPOBOIUMOCTH B COOTBETCTBHH ¢ padoueit wactoroir 100 kI,
KOTOpasi CYMTAETCS HAWIIy4Ilel o pe3yasTaTaM paHee MPOBEJEHHBIX CCIeI0BaHUNA. DTO MOATBEpK/1a-
€TCsl HAMMEHBLINM TOJIOKUTENIBHBIM Pa30poCcoM 3HAUYCHUH TaHIeHca yIiia, T. €. BCE 3HaueHHs OoJbIe
HYJIS ¥ JIeKaT B OJM3KOM JpyT JUTs ApyTa quara3oHe. MarepuaaoM aieKkTposa ObUT BRIOpaH CTEKIIOTEKC-
TOJIUT C TTapaMeTPaMy OTHOCHUTENIBHOMN TUAIEKTPUUECKON MPOHUIIAEMOCTH U YIEIbHOMN 3JEKTPUUYECKOI
MIPOBOANMOCTH, YKa3aHHBIMU B Ta0M. 1.

Tab6auua 1. 3HaueHUsT OTHOCUTENILHOHN TUAIEKTPUIECKON TPOHUIIAEMOCTH
U YACTBHOM 3IEKTPUIESCKON MPOBOJANMOCTH MATEPHAIIOB JUISl CTEKIIOTEKCTOINTA
Table 1. Values of relative dielectric constant and electrical conductivity
of materials for fiberglass laminate

[TapameTtp CTEKIOTeKCTOIUT
OTHOCUTENBHAS TUICKTPUYCCKasl IIPOHUIIACMOCTb € 4,7
VYrenpHast d7eKTpUdIecKas MPOBOIAUMOCTh G, CM/M 5,889 - 1077

HUccnenoBanuch cremyromnme ONoIorniaeckue 00bEKThI U AKUIKOCTH: KPOBB, JIETKUE, TIEYCHb, XJIOPU]]
HAaTpH, BOIA. 3HAUCHUS YICITHHOU IICKTPUIECKON TPOBOAUMOCTH i OTHOCUTEIHLHOM AMAICKTPHICCKON
nponunaemMoctu mpu yactore 100 k' [8] mis mepeynciieHHbIX 00BEKTOB MPECTABICHBI B TA0M. 2.

Tabauua 2. 3HaueHus yAeIbHOM AIEKTPUIECKONH TPOBOIUMOCTH
M OTHOCHUTEIbHON )II/IE)J'IeKTpI/I‘-IECK()ﬁ MMPOHUIAEMOCTH IJIA UCCIIEAYEMbIX O6'beKTOB
Table 2. Values of specific electrical conductivity and relative dielectric constant for the objects under study

[Tapametp Kposs | JI€rkue | Ileuens | Xutopun Hatpust |  Bogpa
ViienapHas 2IeKTpUYecKast IPOBOAUMOCTh G, CM/M 0,703 | 0,107 | 0,0846 2,3-107° 2,3-107°
OTtHOCHTENBHAS IUAIEKTPHUUEeCKas mporuaeMocts € | 5120 | 2580 | 7500 5,9 84,6

[Har 3. BbINONHANIOCH YaCTOTHOE UCCIIEIOBAHUE, 3a/1aBAJIUCh HApaMETPhl JUIs IPOBEICHUS JKC-
nepumeHToB. [Ipu ucciaenoBaHuN 3HaYEHUE HANPSKEHUS UCTOYHMKA NMUTaHUs cocTaBisuio 1 B. Onun
13 DIIEKTPONOB CIYXKHMJI HCTOYHHKOM DJIEKTPHUYECKOTO IOJIsI, BTOPOH — 3emuled. [l SKCIIepHMMEHTOB
¢ gactotoii 100 k't moOaBsiin PyHKIMIO YacTOTHOM 3aBucuMocTH Frequency Domain.

[Tar 4. Beogwin napaMmeTp SHEPTMHM KOHAEHCATOPA KakK BCIIOMOIATEJIbHBIM MapaMeTp B 3aBUCHU-
MOCTH OT 4acTOTBl. B mporpaMMHOM makere ecTh BO3MOKHOCTH BBICUHTATh MapaMeTp dHEPTUu Bceil
U3MEPUTENIBHON sueliku. VICKOMBIN NTapaMeTp BBIYUCIISIIN T10 OJIyYEHHBIM PE3YJIbTaTaM.

Pe3yabTaThl MoaeIMPOBaHUS

TTocme KOMITWITSAHU ITPOrpaMMbl BU3YAJIM3UPOBAJICA PE3YIILTAT PACTIPECACIICHUA U IIPOTCKaHWA TOKA,
a TaKkXKe HaNpsHKEHHS B KaXI0i obmactu. Ha puc. 3 mpeacrasieH pe3ynbraT MOAEIHPOBAHUS H3MEPH-
TENBHOM sTYeHKHN C BO/IOH (pa3Mephl — B MAJUITUMETPAX).

0,9
1 0,8
0,7
Puc. 3. Pesynbrar pacnpeneieHus noTeHuana
U3MEPUTENBHON STUEUKHU C BOJION
Fig. 3. The result of the distribution of the potential
of the measuring cell with water
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[locne mosmyueHnss CKOMIMIMPOBAHHON pabOThl M BBIBOAA PE3YJIBTATOB SHEPTUM M3MEPHUTEIBHON
STYEHKH HEOOXOMMO OLICHUTH eMKOCTb [9]. st 3Toro ncnonb3oBaiach Gopmylia 3amaca SHEpruu
2
cU

A o (D

rae A — Heprust U3MEPUTENbHOM siueiiku; C — eMKOCTh H3MEPUTENLHON SYEHKH C UCCIIe yeMbIM 00beK-
TOM; U — pa3HOCTb IOTEHI[UAJIOB.
U3 (1) ompenensiem emMKkocTh [8]

_ 24
==
U

PaccunranHbie 3HAUCHHSI EMKOCTH U3MEPUTEIIBHOM SUCHKHU ¢ UCCIICAYEMbIM O0OBEKTOM IIPU YaCTOTE
100 xI'm mpuBeeHBI B TaOM. 3.

C 2

Taonauna 3. 3Ha4eHus eMKOCTH U3MEPUTEILHOMN SUCHKHU C HCCIIeTyeMbIM 00bEKTOM
Table 3. Capacitance values of the measuring cell with the object under study

Emxocts stueiiku, nd, ¢ 00beKTOM
KpoBb JIérkue ITeuenn XJopuj HaTpHst Boga
100 2,328 2,328 2,328 1,103 1,550

Yacrora, kI’

XJI0pua HaTpus U BOJAA BBICTYHAIOT KOHTPOJIBHBIMU JKHUAKOCTSIMH JIJISi CPaBHEHHUSI PE3YJIbTaTOB
MOJICIMPOBaHus U anpodanuu. [Ipu 3ToM BoJa — OCHOBHOH KOMIIOHEHT COCTaBa OKOJIOILIOIHBIX BO/I.
KpoBb MOXET MPUCYTCTBOBATh B aMHHOTUYCCKOW KHUIKOCTH KaK B MATOJOTUH, TAK U B HOPMAJILHOM
cocrostand. [lokazarens eMKOCTH CUCTEMBI C KPOBBIO — 2,328 nd, mosTOMY 3HAaYCHHS €MKOCTH CHCTe-
MBI ¢ PeaJIbHbIMU OKOJIOTUIOJTHBIMU BOZAMH MOTYT ObITh B namna3one ot 1,550 no 2,328 n®d. CornacHo
Tabu. 3, IS TPEX U3MEPUTENBHBIX SUEEK ¢ MOJACISMHU KPOBH, JIETKUX M TCUCHH 3HAUCHHE SMKOCTH
OJIMHAKOBOE.

IIpoBeaenue uccjieqoBaHui

Jis mpoBeeHrs ucciieoBaHuil ObLUTH BBRITTOHEHBI TTPEBAPUTENIbHAS TTOATOTOBKA PACTBOPA C OKO-
JIOTIJIOHBIME BOJIaMH, YCTAHOBKAa MUKPOKIOBETHI C AJIEKTPOJAAMHU U HACTPOHKaA PHOOpa ¢ IeNbi0 n3Me-
pEeHUS UMITETaHCOMETPUUECKHUX XapaKTePUCTUK. 3a00p OKOJOIIOAHBIX BOJ OCYIIECTBISIICS TPEUMY-
IICCTBCHHO B JICHb MTPOBEACHUS HCCIeI0BaHUs Wiy 3a 12 u o Hero. Jlanee cooupanack nHpopmarus
0 BPEMEHU B3SITHS BOJ, COCTOSTHUU MMALIUCHTKH U €€ NuarHose. s u3MepeHust UMIeJaHCOMETPUIECKUX
XapaKTEPUCTHK MCIOIH30BAIACh HE TIPOCTO aMHUOTHYECKAsI JKUKOCTh, @ PACTBOP OKOJIOTUIOTHBIX BOJ
Y IEMOHN3UPOBAHHOM BOJIBI, YTO TTO3BOJIMIIO OpaTh OMOJIOTHUECKUI MaTeprall B 3HAYUTEITFHO MEHBIIIEM
oObeme. /{7151 MpUTrOTOBNIEHHSI PacTBOPa MCIIONB30BAINCh 00BEMBI IEMOHU3UPOBAHHOM BOJBI U OKOJIO-
IDIOAHBIX BOA cooTBeTcTBeHHO 1,00 1 0,25 Mut, KOTOpble BRIOMPATUCH COTTIACHO HEOOXOAMMOMY KOIHU-
YECTBY 3aIlOJHEHHOHN KHJIKOCTH MUKPOKIOBETHI JUIsl TIOJy4YeHUs OoJiee TOYHBIX 3HaveHui. [lpu cme-
IIMBAHUU JIBYX JKUIKOCTEH MPUMEHsUIach Npodupka DnmneHnopda. DNeKTPosl U3 CTEKIOTSKCTOINTA
C TIOMOIIBIO TMaWKKU MPHUKPEIJIUINChE K MOHTaXHOMY MpoBoay MIT® (TepMOCTOWKHI MOHTa)KHBIH
IIPOBOJI ¢ M3OJAIMENH U3 (PTOPOTUIACTa) M NP MPOBEICHUHU HUCCIIE0BAHUS (PHKCHPOBAINCH B TIOJIOCTH
MUKPOKIOBETHI.

HNmnenancoMeTpryeckrne MapaMeTpbl BBIYHCISUIMCH C TMOMOIINBI0 H3MEPUTEIHLHOTO 000pyHaoBa-
nust MHUIIU E7-20, koTopoe niepes HauanoM padoThl KaIuOpOBaIoCh MO X0JIOCTOMY X0y U KOPOTKOMY
3aMbIkaHui0. KannOpoBka nmpous3BoAMIaCh COIIACHO PYKOBOJCTBY 1o dkcrutyartaruu [10]. Mccnenosa-
HUS HAYMHAIU TIociie KanuOpoBkH npuodopa. K mnryrnaM nMMuTaHcoMeTpa MOAKIIOHaNIN JiBa 3JIeKTPoia,
Pa3MEILEHHBIX B IIOJOCTIX 3aII0JHEHHOM pacTBOPOM MHUKPOKIOBETHI. [Ipy momMoly KHOMOK Ha NaHEIH
ynpasieHns nmpudopa BeicTaBisui yactoty 100 kI, MmakcumanbsHOe conporuBienne 10 MOw, Hampsi-
skeHue cmentenus 0 B u nanpsbxkenue usmeputensHoro curnana 1 B. Jlns 3anucu 3HaueHUN UCIIONB30-
Bajach mporpamma Jyisi JaHHOH CepUM MMMHUTAHCOMETPA C BO3MOXKHOCTBIO BBHITIOJNIHATH BCE (PYHKIIUU
CTaIlMOHAPHOTO MMMHUTAHCOMETpa C MOMOIIBIO dKpaHa W KHOMOK ympaieHus. CoennHEeHUEe UMMU-
TAHCOMETpPa M MEePCOHAIBHOTO KOMIbIoTepa (HOyTOyKa) HaCTpanBajoch C MOMOIIBI0 poBoga RS232.
[To pa3zpaboTanHOMY paHee POTPAMMHOMY OOECIEUEeHHUIO TI0 CYATHIBAHUIO WMITETaHCOMETPHYECKAX
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XapaKTCPUCTUK MIPOU3BOANIACH aBTOMAaTHYCCKasl 3allUCh PE3YyJIbTATOB I/ICCHGI[OBaHI/Iﬁ [1 1] 3arem 3arm-
CAaHHBIC NAaHHBIC AHAJIN3UPOBAJIUCH U CTPOUIIUCH Fpa(l)I/IKI/I.

Anpodanus NoJy4eHHBIX pe3y1bTaTOB

B nccnenoBaHusax npoBOAMINCH U3MEPEHUST EMKOCTH U3MEPUTENIBHON AYEHKH C T€MOHU3HPOBaH-
HOM BOZIOM, XJIOpUAOM HaTpus U 31 3K3eMITISIPOM OKOJIOIUIOHBIX BOA. IlepBble 1BE JKUIKOCTH UCIIONb-
30BaJIMCh JUIA CPaBHEHMS 3HAYEHUH C pe3yabTaTaMi MOJEINpPOBaHUA. B mporecce 3kcepuMeHToB 1o-
Jy4eHBI 3HAUE€HUS] EMKOCTH U3MEPUTENBbHOM stueiiku ¢ Bogoi 1,770 nd u xnopuaom Harpus 1,390 nd.
Pe3ynbpraTsl HEMHOTO TPEBBIIIAIOT MTOKA3aTelH, OTy4YeHHbIE IPA MOAETHPOBAaHNHN. [laHHOE pasznuune
MOXHO OOBSCHUTBH NPOBEICHUEM HCCICIOBAaHUN B HE MICAIIbHON BO3IYIIHOM Cpesie U HOrPEeIIHOCThIO
npubopa A U3MEPEHUsL.

OKoIOTIOAHBIC BOJIBI OTJIMYAIOTCS 1O BHEITHEMY BUAY, BI3KOCTH, BpEMEHH B3STHS, CIOCO0Y pOAOB
(ectecTBeHHBII/KecapeBo ceuenue). C Lesbl0 HaIAHOTO NPEACTaBICHUS Pe3yIbTaTOB UCCIIEN0BaHUH
Ha pUC. 4 TTOCTPOCH IpadMK €eMKOCTH U3MEPUTEIBHON STYCHKH C OKOJIOTUIOTHBIMH BOJIAMH IIPH €CTECT-
BEHHOM CIOCO0€ POJOB M KecapeBoM ceueHHH. st HocTpoeHus rpaduka MOCUNTaHO KOJIMYECTBO BOJ
C HEOOXOIMMBIM NPHU3HAKOM; BBIYMCIICHBI CPEIHEE 3HAUCHUE, CTAHIAPTHOE OTKJIOHEHUE, MUHHMYM,
MakCUMyM, KBapTwib 1, kBapTwib 3, MenuaHa. J{jisi HUKHEro KOHTypa BBICUMTAHA PAa3HOCTb MEIUAaHbI
W KBapTWIA 1, Ul BEPXHETO — Pa3sHOCTh KBAPTHJISL 3 ¥ MeAUaHbl. YTOObI y3HATH TOYHOCTH PE3YJIBTATOB,
OIIPE/ICISUIA BEPXHHUN M HIDKHHUI MTOPOTH TOrpetrHocTy. JKenToit Toukoi Ha puc. 4 0003Ha4eHbl CpeJHIE
3HAYEHUs! IS KaXKJI0T0 CII0C00a MOIy4YeHHs OKOJIOIIONHBIX BOIL.
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Puc. 4. Pesynprar anpobaruy nosry4eHHbIX ToKa3areei
Fig. 4. The result of testing the obtained indicators

ComniacHo puc. 4, BUJHA pa3HUIIA B [TOKA3aTEIsIX €MKOCTH H3MEPUTEIILHOU STUCHKHU TIPH BOJIAX, IO~
JIYYCHHBIX MPH KECAPEBOM CEUCHHM M €CTECTBEHHBIX POJAxX: JAMANA30H €MKOCTH JIJIsi €CTECTBECHHOIO
nporiecca poaoB — 1,769-1,913 n®, mst kecapeBa ceuenus — 1,137—1,728 nd. Ilepeceuenne 3HaueHUN,
MOJYYCHHBIX TIPH KECAPEBOM CEUCHUH U €CTECTBEHHBIX POJax, MUHUMAILHOE JIUISI HEKOTOPBIX IK3EM-
wisipoB Bojl. OCHOBHBIE XK JIMANa30Hbl HE MEPECEKAOTCS.

3aKiIroueHue

1. TlpoBeaeHO uccaenoOBaHUE MO MOJYUYEHUIO HMIIEIAHCOMETPUYECKHX XapaKTEPUCTUK OKOJIO-
IJIOJHBIX BOJ B dJieKTpuueckoM mode. [loctpoena mozens nu3MepuTenbHoOu ssueiiku. Mogenb cocTout
13 3CKU30B MUKPOKIOBETHI C TIOJIOCTSIMH ISl SIEKTPOAIOB, DICKTPOJOB U3 CTEKIOTCKCTOINTA, Pa3Iny-
HBIX JKUIKOCTEH U 00BEKTOB M BO3AYIIIHON M30JIMPOBAHHON cpejibl. [IpoBeeH mporpaMMHBIH pacyeT
SHEPTUH N3MEPUTEITHHOU SUCHKH C UCCIETyeMBIMUA 00BEKTAMU U BEICUNTAHBI 3HAUCHUST EMKOCTH sTUCH-
KM 151 Kaxaoro oobsekra mpu yactore 100 kI,

2. AHanu3 3HAYEHUH eMKOCTH M3MEPHUTETHHON SYSUKH JIsi KOHTPOJIBHBIX KUAKOCTEH (BO/A M XJI0-
pua HaTpHsl) MOKa3ajd HEeOONBIIOE OTIMYUE B PE3yNIbTarax MOICIUPOBAHMS M IKCIICPUMEHTAIbLHON
anpoOaiuu. DTo 00BICHSIETCS MOTPEIIHOCTHIO PU MPOBEJICHUH UCCIIC0BaHUE U ITprOopa.

3. CornacHO pe3ylbTaTaM MPOTrpaMMbl U BBIYUCICHHOMY MapameTpy, €MKOCTh HM3MEpPUTEIHHOU
STICUKH TSI MOZENIel OKOJIOTUTOMHBIX BOJ M BOJ, MOTYYCHHBIX MTPU €CTECTBCHHBIX POAAX, JICKUT B OJI-
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HOM auanazoHe. OTCroja MOXKHO CYOUTb O HEKOTOPOM CTENEeHH 3aBUCHMOCTH CIIOco0a pOAOB U 3Ha-
YEHUH €MKOCTH M3MEPHUTEIbHOMN SUEHKH ¢ OKOJIOMJIOAHBIMHU BOJIAMU: YEM MEHbIIIE 3HAUYEHHE EMKOCTH
HU3MEPUTENBHON SYeHKH, TeM OoJiee BEPOSITHO KECApeBO CEUCHHE, H HA000POT.

I1.
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AnHoTanus. VccinenoBaHa 3amada MOCTPOCHMS XapaKTEPUCTUK Pa3IMUUs TECTOBBIX MOCIEI0BATEIbHOCTEH.
O60CHOBaHBI €€ aKTYalbHOCTb JUIsI TEHEPUPOBAHNUS YIPABIAEMBIX BEPOATHOCTHBIX TECTOB M CIIOKHOCTh HAXOXK-
JICHUSI MEp OTJIIMYMS JUIl CUMBOJIBHBIX TecToB. I[TokazaHa OrpaHM4eHHOCTH NPUMEHEHHSI TPAJANIMOHHBIX Xapak-
TEPUCTUK PACCTOSHUSL JUIS MOJIYUYEHHS MEPbI Pa3Jinyusi TECTOBBIX HAOOPOB. J[yisi TBOMUHOTO Ciiydast onpeseeHa
HOBas Mepa pazmuuaust MH(T;, T) IByX CHMBOIIEHBIX TECTOBBIX HaO0OpoB 7; U T, HA OCHOBE KJIACCHYECKOTO PACCTO-
ssHUS XAMMHUHTA. JlaHHasi Mepa peacTaBiseT co00i 7 KOMIIOHEHT, KaK/aasi U3 KOTOPBIX OMpPENesieTCsl paccTosl-
HUEM X3MMHHIa MEKIY ABOMYHBIM HAO0OpoM 7; M IUKJINYECKH CIBUHYTHIM Ha v OuT Habopom 7). PaccmoTpenst
OCHOBHBIE CBOMCTBA TPEUIOKEHHOI Mepbl pa3iuyuus U MokasaHa ee 3(QGeKTUBHOCTD ISl KIacCUPUKAIMN KaH-
JIMJIaTOB B TECTHI PU T€HEPHPOBAHNH YIIPABIISIEMBIX BEPOITHOCTHBIX TecTOB. [IpuBeIeHBI SKCIIEpUMEHTAIBHBIC
pe3yJbTarhl, MOATBEpXkIaronHe 3G HEeKTHBHOCTh MEPhI Pa3IHYHS.

KutioueBble cjioBa: Mepa pa3inuusi, pacCTossHue XOMMHHTA, pacCTOsTHUE JIeBeHITeliHa, TECT, TECTOBBIA HA0OD.
Kongaunkt uHTEpecoB. ABTOPHI 3asBISAIOT 00 OTCYTCTBHUHU KOH(IMKTAa HHTEPECOB.

Jas uutupoBanus. Spmomuk, B. H. Mepa paznmums ans ynpapisieMbIX BepOSTHOCTHBIX TectoB / B. H. Sp-
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Abstract. The task of constructing test sequences difference characteristics was studied. Its relevance for gene-
rating controlled random tests and complexity in finding difference measures for the case of symbolic tests were
substantiated. The limitations of using traditional distance characteristics to obtain a measure of the difference
between test sets are shown. For the binary case, a new measure of the difference MH(T;, T}) of two character test
sets 7; and T is defined based on the classical Hamming distance. This measure represents #» components, each
of which is determined by the Hamming distance between the binary set 7; and the pattern 7} cyclically shifted
by v bits. The main properties of the proposed dissimilarity measure are reviewed and its effectiveness for classi-
fying test candidates when generating controlled random tests is shown. Experimental results are presented that
confirm the effectiveness of the proposed difference measure.

Keywords: measure of difference, Hamming distance, Levenshtein distance, test, test pattern.
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BBenenue

Knaccuueckoe ompeneneHue paccTosHUs XOMMHUHTa HpearojaracT CpaBHEHHE JIBYX TOCIeI0Ba-
TENBHOCTEH T} = 10, 11, ovs Lt B Ty = Ly b1y oovy By 1, BKITFOUAIOLIMX TIO 72 CAMBOJIOB £, ; i 1) ; U3 npowu3-
BosbHOTO anasuta [1, 2]. Paccrosane Xommunra H(7;, T;) mexny T; u T, Kak KOTAYECTBO MO3UIINH,
B KOTOPBIX /;; U 1} ; PA3JINYAOTCS], OTMUCHIBAETCS COOTHOLIEHHEM [ 1]

n—1
H(T;"I}c)zzl(ti,jitk,j)' (1)
j=0

Boipaxenue I(2;; # 1, ;) npeacTaBiser co00# MHANKATOPHYIO (YHKIIMIO, PABHYIO €IUHUIIE TIPH £; ;7 ;. ;
1 HYJIO B IPOTUBHOM ciiydae. MunnmansHoe 3HaueHre minH(7;, 7)) paBusiercs 0 mpu COBNaeHUH BCEX
CHUMBOJIOB TIocniefioBarenpHocTe 7; 1 T}, a Makcumanbuoe maxH(7;, T,) paBHSIETCS 1 MPU HECOBMAIe-
HUU BCEX 1 CUMBOJIOB.

Paccrosnue XammuHra ObU10 pazpadoTaHo Al U3MEPEHUS PAa3Iuyus ABYX I10CIE0BATEIbHOCTEH
JIBOMYHBIX CUMBOJIOB M B OCHOBHOM HCITOJIb30BAJIOCH JUIA IIENIEN TOMEX0YyCTOMUNBOro Konuposanus [1].
Hunst cyyas, korna ¢, ¢ ;€ {0,1}, uanukaropnas Gynkuus (2, # ¢ ;) NpUHUMAET BUJ apU(METUYECKO-

TO BBIPaKEHUS ‘t —1, j‘ uin OysneBor Gpynkimu ¢, D1 ;. [IpocToTa N NPUBIEKATENBLHOCTL STOH MEPBI

i.J
pa3Iuuus MpeIonpeeIuiii e MTPUMEHUMOCTD JIJIs 6oJiee MIUPOKOTo AMana3oHa MPaKTHYeCKUX 3a/1au.
B nepByro ouepenp 3To kKacaeTcsi METO/1a CPaBHEHHS] CUMBOJIBHBIX TIOCIIEI0OBATEIHLHOCTEH, OCHOBAHHOTO
Ha WX BBIPAaBHHBAHHUH (METOXI PEHAKITMOHHOTO PACcCTOSHUSA), B ero Mmoaudukarnuii [3, 4]. Kimaccuuec-
KO€ pacCcTOsiHHEe XAMMHHTa 0000IIaioch U MOAU(PHIIMPOBATIOCH C TOW K€ IENbI0 PeIaKTHPOBAHUS
(mpeobpa3oBaHMsl) HCXOAHOTO rpauuecKkoro n300pakeHus B 1eIeBoe n3oodpaxenue [5]. Dto pacmmu-
peHue, Ha3piBaeMoe O00OOIICHHBIM PAacCTOSHHEM XOMMUHTA, PacCMaTPHBAIOCH Ul HCCICAOBAHMUS
CBOWMCTB COIpPSDKEHHBIX (conjugates) mocienoBareibHOCTell cumBosioB, korna 7, = G, V, T, = V, G,
188 G = ti0, L1y woos Ly V= 1ip11 Bigiay ooy iy [6]

Paccrosane XoMMuHTa Kak Mepa pasziudvs TECTOBBIX HAOOPOB IIMPOKO MpUMEHseTcs s dop-
MHUPOBaHUS YIIPABISAEMBIX BEPOSTHOCTHBIX TeCcTOB [7-9]. XapakTepHOil 0COOEHHOCTBIO YIpaBIsieMO-
T'O TEHEPUPOBAHUS BEPOSTHOCTHBIX TECTOBBIX HAOOPOB SBISIETCS WH(POPMAIIHS, KOTOPasi U3BICKACTCS
B BUJIC HEKOTOPBIX XapaKTEPUCTHK (Mep) U3 paHee CreHepUPOBAHHBIX TeCTOBBIX HA00POB 1y, T, ..., T
U UCTIOJIB3yeTCs Jist (hopMHUPOBaHUS clieayroiiero Habopa 7; [7]. OuepenHoii TecToBbIN Habop 7; yrnpas-
JISIEMOTO BEPOSATHOCTHOTO TecTa (POPMHUPYETCs MAaKCHMAIBHO yAaJTeHHBIM (Pa3InYHBIM) OT paHee cre-
HepUpoBaHHBIX HabopoB Ty, T}, ..., 7., B TepMUHAX 3apaHee BRIOPaHHBIX Mep pasznudus. OcHOBHAas
orieparyst Py OIIPEIeIICHUN pa3Indus Mexay Habopamu 7; u 1), — onepaiusi CpaBHEHUSI UX CHMBOJIOB
¢ ucrnonb3oBanueM paccrosaus Xammunra H( T, T;) [7-9].

Kak ormeuanoch B psiie paboT, paccTosiHME XAMMUHTA SIBISETCS ManodpPeKTUBHOH MepoH, mo-
CKOJIbKY TIO3BOJISIET pa3jInyarh JIUIIb MOJHOCTHIO COBMAatoNue nocienoarensuoct npu H(7, 7;) = 0
1 BCE ocTalbHbIe HecoBmanatonue [3]. [IpuMepoM HECOBMAAAIONINX JBOUIHBIX HAOOPOB MOTYT OBITH
Haboper 7,€{00110011, 01010110, 10000100}, xotopriec He coBmamator ¢ Habopom 7; = 11110000.
JleiicTBUTENBHO, BO BCEX TPEX CIydasx UMeeM OHO H To ke 3Hauenue H(T;, T;) = 4, 4To CBUIETEIbCT-
ByeT 00 OJMHAKOBOM pa3Myuu Tpex HabopoB 7 oT 7;, XOTS MOCIEAOBaTeIbHOCTU 1), Pa3JINYHBI,
U UX CTPYKTYPBI CYyIIECTBEHHO OTIMYAIOTCA. [IpruBEeICHHBINA MPUMEpP MOKA3bIBaeT HEOOXOJUMOCTh HC-
noib3oBaHus Oojee (h(HEKTHBHBIX MEP CPaBHEHUS ABOMYHBIX MOCIEI0BATEIBHOCTEH CHUMBOJIOB, T103-
BOJIAIONIUX TTOJTHEE OIICHUBATH MX Pa3IUIHe.

Mepa pa3inu4usi ABOMYHBIX TECTOBbIX HA00POB

He napymas oOIIHOCTH MadbHEHIIETO W3IIOKEHUS, TIPEIIIOIOKHAM, ITO TeCTOBBIC HAOOp®! 71; u T
HPEICTABIISAIOT COOOH IBOMYHBIE TTOCIIEN0BATENBHOCTH, T. €. MX CUMBOJIBI £, ;, I ;€ {0, 1}. OCHOBBIBasCH
Ha KJIACCUYECKOM paccTossHiuH X3MMuHTa [1] 1 ero o6o0menusx [6, 10], BBenemM Mepy pa3indusi, co-
OTBETCTBYIOLIYIO CIEAYIOIEMY onpeneseHuo: mepa pasnuuus MH(T,, T,) IBOMYHBIX TECTOBBIX Ha0O-
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POB T3 =ti 0y i 1y ooy L1 B T = i b1y ooy b1, TRE L, 1 € {0, 1}, U1 IPOM3BOIBHOTO 1IETIOTO 72 COCTOMT
n3 n komnonent MH,, MH,, ..., MH,_,, bopMHpyeMBIX COTIIACHO COOTHOIIIECHHIO:

n—1 - O
MH, = MH,(T;,T,) = Y (t; ; Ol (iovymoan)sV = 0L, (n = D). Q)

Jj=0

Bripaxkenue (2) nmpu v = 0 cooTBeTCTBYET COOTHOLIEHHUIO (1), HCTIONB3yeMOMY AJIsl IBOMYHOTO CITy-
yast. [l Apyrux 3HaYeHUH v KOMIOHEHTH! Mepsl pasnuuust MH(T,, T) onpeaenstor pacCcTosIHAS XIM-
MHUHTa MEXIy IBOUYHBIM HaOOpoM 7; W IUKJIWYECKH CIABUHYTHIMHU Ha v OUT Habopamu 7). B Tabm. 1
MIPUBEICHBI PE3yIbTaThl BBIYMCICHUS KOMIIOHEHT NPEATIOKEHHON MEphl pa3iuyus Uil HECKOJIbKUX Hap
HabopoB 7; u T}, pa3psaaHOCTEIO 1 = §.

Tadmuna 1. 3nauenns komnonent MHy, MH,, ..., MH; mepsl paznuaust MH(T,, T,) nnst nabopos 7; u T}
Table 1. Values of the difference measure MH(T;, T;) components MH,, MH,, ..., MH; for patterns 7; and T},

T, T, MH, | MH, | MH, | MH, | MH, | MH, | MH, | MH,
11110000, 00110011 4 4 4 4 4 4 4
11110000, 01010110 4 4 4 2 4 4 4 6
11110000, 10000100 4 6 4 4 4 2 4

Kak BunHO 13 Tabmn. 1, mocnenosarensHoctu 7,€{00110011,01010110, 10000100} nmerot paziauny-
HbIE 3Ha4YeHUs1 Habopa kommoHeHT Mepsl MH(T;, T}) no otHomeHuto kK Habopy 7; = 11110000. Do mo3-
BOJISIET O0Jiee MOJTHO COOTHECTH JaHHBIE HA0OPHI ¢ T}, TaK KaK OHH CTAJId Pa3IMYMMBbIMU MEXILy COOOH.

Paccmotpum ocHOBHBIE cBolicTBa Mepbl pazmuuus MH(T,, T,) = MH,, MH,, ..., MH,_, nast nBony-
HBIX TECTOBBIX HAOOPOB T; = 1,0, i1, vy Liyy B T} = Lo, by, ooy By © BECAME W; = WA(T)) 1wy = wi(T)).
BecoMm /BOMYHOTrO BEKTOpa SIBISIETCS KOJIMYECTBO B HEM EIWHHYHBIX CHMBOJIOB, COOTBETCTBEH-
HO, 0<w;<nul0<w,<n.

Caoiictso 1. [lepBas komnonenta MH, mepsl paznuunst MH(T,, T,) npuHUMaeT 3Ha4eHNE B JHaria-
30HE
W, + W, ecnu w;+w,<n,
|wi — wk| <MH, <

3)

2n—(w, +w,), ecnu w; +w, > n.

JlaHHOE CBOWCTBO BBITEKAET U3 OIPENCICHUS PACCTOSHUS XOMMHUHTA JIJIS CIydasl JIBOMYHBIX Ha-
OopoB.

CroiictBo 2. Kommonentst MH,, MH,, ..., MH,_, mepsl pazmuaust MH(T,, T,) npuHAMAIOT BCe He-
YEeTHBIE IMOO BCE YETHBIE 3HAYEHUs, a BennanuHa MH,; otmuaercs ot MH, (j # [) na 2d, tne d — nuenoe
7100 HOJIB.

Hokazamenvcmeo. COTIIaCHO OINPECIICHUIO PACCTOSIHUSL XAOMMUHTA, KOMIIOHeHTa MH|, IpuHIMaeT
IIPOM3BOJIBHOE 3HaueHue oT 0 70 7, KaK 4eTHOe, Tak u HedeTHoe. KoHkperHas Bennuwnna MH, 3aBucUT
OT CpaBHHBaeMbIX, coritacHo (1) u (2), HabopoB cuMBONOB 7; U T} M MX XapaKTEPUCTUK, BKITIOYAS W;
u w; (cBoiictBo 1). OcranmsHbie KoMnoHeHTol MH,, MH,, ..., MH,_, dbopMmupytoTcs Ha ocHOBaHHUH 7
1 [MKJIMYECKHU CIIBUHYTHIX Ha v mo3uiiuii konuii T,(v) HaOopa 7. B o0iiem cirydae o0e mociie0BaTelib-
HOCTH OUT COCTOSIT U3 MEePEeMEKaloNINXcsi HAOOPOB Ceprid, COCTOSIIMX U3 HyJel u eauHull. M3mensto-
ieecsl COOTHOIIIGHUE ITUX CEpUil B HA0Opax B pe3y/bTaTe IUKINYSCKOrO CIBHra MIPUBOIUT K U3MEHE-
HUIO KOJMYECTBA UX HECOBIIAAIOIINX CHMBOJIOB.

OueHuM BIUSIHUE CEPUM U3 €IMHUIL HA JIBE NOCIeayone kKomnonentel MH, u MH, ; nis BceBO3-
MOXKHBIX BapHaHTOB COOTHOIIEHHWS TBOMYHBIX 3HaueHWH B HaOopax 7,(v) u T, (v+1). IlepBoHagaibHO
nccienyem BiusHne Ha komrnoHeHTsl MH(T;, T,) TONTbKO OJHOW CepHr, TOHUMAs], YTO TaKUX CEpUil MO-
XKeT OBITh OOoJbILE.

Paccmorpum ceputo enuHUIL S(V) = S, 08, 1St 1Set2 -+ SerpSerptiSerprr = 00111...100 xak ¢par-
MEHT JBom4HOTO Habopa Ti(v) u ee caBunytyto Bepcuro S(v+1) = 000111...10 gns Ti(v+1). Onepa-
WSl CIBUTA CEpUM eIWHUI] S(V) IPUBOIUT K TOMY, YTO TOJNBKO JBa JBOMYHBIX CHMBOJIA, CBSI3aHHBIX
C paccMarpMBaeMoOl cepueil eIMHMII, MEHSIOT CBOW 3HAYeHHsS Ha MPOTHBOIIOIOKHBIE, & MMEHHO:
S, — C CIIMHUIIBI HA HOJIb, & S,i:; — HAOOOPOT, C HyJs Ha eAuHUIlY. OTMETHM, YTO JBOMYHBIC CHMBO-
JBl 4, ¥ 4, HaOOpa T B yKa3aHHBIX TIO3MIIUAX HE MEHSIOT CBOM 3HaueHUsi. COOTBETCTBEHHO, U3ME-
wenue AMH, (S) = MH,,(S) — MH(S) 3HaueHust komroneHTsl MH, | 0 oTHONIeHUIO K MH, 3a cuer
cABHra cepuu equHuIl S(v) OyneT UMeTh CIEAYIONINI BH/I;
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AMH,,,(S) = MH,,(S) - MH,(S) =
= (a. = s+ |acipir = Sees) = (a0 = se| + |aespi1 = Serpa]) =
= (a. =0 + g = 1) = (a. =1 + a0 =
= (a. - |ac - 1|) —(Aeipir — |ac+b+l - 1|) =A. = A pa “4)

B BoIpaxeHuu (4) Sg, Sc 1> Sctbs Seipiis e U Apipry SBISIOTCS IBOMYHBIMH OyJIEBBIMU IIEPEMEHHBIMH,
aA. u A,y —apudMETHIECKUMH, TPUHUMAIOIIUMH TOJBKO /1Ba 3Ha4deHus: —1 u +1. Takum oOpaszom,
BennunHa AMH,,,(S) B 3aBUCUMOCTH OT d, U d,;; TPUHUMAET TPU BOZMOKHBIX 3HaueHus: —2, 0 u +2.
O06o0uas nonmy4ennslii pesynsrar it MH, u MH, wa cygaid MH, v MH, tne j #1€1{0, 1,2, ..., n—1},
MOXKHO 3aKJTIOYHTh, YTO UX YHCJICHHBIC 3HAUYCHUS OyIyT OTINYaThes Ha 2d, Tae d — 1enoe b0 HOJb.
Torma B 3aBHCMMOCTH OT TOTO, YETHOE WM HEYETHOE 3HaueHHe MH,, Bce OCTaIbHBIC KOMIIOHEHTEI
Mepsl paznmuuust MH(T,, T) OynyT npuHUMaTbh COOTBETCTBEHHO YETHBIC MJIM HEUETHbIC 3HAYCHUS U OT-
JMYaThCs APYT OT Apyra Ha BEJTHUYUHY 2d.

B kauecTBe WIUTIOCTpAllUK PACCMOTPEHHOTO CBOMCTBA B TabOid. 2 mpuBeaeHbI 3HaueHus AMH, . (S)
u3MeHeHui komnoneHTsl MH,, (S) o otHomeHuto k MH,(S) 11st cepun u3 AByX enuHul] B Habope T3 (v)
1 BCEBO3MO)KHBIX KOMOWHAIUI 3HAYCHNH TBOMYHBIX TIEPEMEHHBIX d, U A1 ONHOMMEHHBIE OUTHI Ha-
oopoB 7T, u T)(v), ataxke T; u T)(v+1), yaactByrommue B kKoppekinu MH,,.,(S) mo orHomennto k MH(S),
BbIJICJICHBI TIOMUEPKUBAHUEM.

Tab6auua 2. 3nauenus usmenenuit AMH,,, | (S) kommonenTs! MH,,, (S) mepb! pasnuaust MH(T,, T),)
Table 2. Values of changes AMH,,.,(S) components MH,,,,(S) measures of difference MH(T,, T})

T, 00000 0001110 001110 01110 011100

T,(v) 01100 0110000 011000 01100 001100
MH,(S) 2 5 3 1 1

T, 00000 0001110 001110 01110 011100

T (v+1) 00110 0011000 001100 00110 000110
MH,.(S) 2 3 1 1 3
AMH, . (S) 0 i) ;) 0 +2

Kak BuiHO 13 Ta0m1. 2, BO BCeX CITy4asix U3MeHeHHs KOMIIOHeHThI MH,,,(S) o oTHOIIeHuI0 kK MH (S)
COOTBETCTBYIOT CBOMCTBY 2.

CpoiictBo 3. Cymma xomnonent MH,, MH,,
cs n(w; + wy) — 2wwy.

Jloxazamenvcmao. IIpeanonoXuM, 9To JBOWYHEIN Ha00p 7; COMEP)KHUT w; SOUHUI] U 1 — W; HyJICH,
a T}, COOTBETCTBEHHO, W), €TUHHUII U 1 — W, Hynel. Kaxxnas u3 w; emuaui Habopa 7; COBMECTHO C KaKIIbIM
HYJIEBBIM 3HaUeHHEM Habopa 7 TOpOXKIaeT SAMHUYHOE ClIaraeMoe JUTsl OTHOW U3 cyMM (2). DTo 00bsic-
HSIETCS HUKJIMYECKUMU CABUramMu 7}, KOTJa Ka)Iblii CHMBOJI OTHOTO Ha0Opa TOJILKO OJIUH Pa3 yuacTBY-
€T B Ka4eCTBE CJIaraéMoro ¢ KaXXIbIM CUMBOJIOM BTOPOTO Ha0Opa MpH BBIYMCICHUH KOMIIOHEHT MEpPhI
pasnuuust MH(T;, T,). KomnuecTBO TaKUX HEHYJIEBBIX CJIAra€MBIX TSI CIUHUIHBIX CHMBOJIOB Habopa 7;
paBusieTcs w,(n — wy). B cBoto odepesn, 9ucio MOA00HBIX CIaraeMbIX 3a CUeT eIUHUIl Habopa 7, ompe-
nensercs Kak wy(n — w;). O01iee KoTM4ecTBO AMHNYHBIX 3HAYEHUH CyMM (2), y4acTBYIOIINX B OTIpeie-
neHnu Bcex koMmnonent MH,, MH,, ..., MH, |, paBasieTcss win — wy) + wi(n —w;) = n(w; + wy) — 2ww,.

Hampumep, mus 7; = 11110000 u 7, = 10000100 umeem w; = 4, a w, = 2; COOTBETCTBEHHO, CyM-
ma MH,+ MH,+ MH,+ MH;+ MH,+ MHs+ MH,+MH,=8-(4+2)—2-4-2=232. ]IBa paccMOTpeH-
HBIX JIBOMYHBIX HA0Opa M UX 3HAYCHUSI KOMITOHEHT Mepbl pasnuuns MH(T,, T,) npuBeieHs! B Ta0M. 1.

BakHBIM BBIBOZIOM CBOKHCTBA 3 SIBISETCS TMOCTOSHCTBO CYyMMBI KoMIoHeHT Mepsl MH(T, T))
JUTS TBOMYHBIX HabopoB T; u T, c BecaMu w; U Wy, HE3aBICHMO OT CTPYKTYpPBI 3THX HabopoB. Paznmune
CpaBHHBaeMbIX HAOOPOB HAOIIONAETCS HA YPOBHE BENWYMH KomrioHeHT MH,, MH,, ..., MH, . Kax,
HanpuMep, 3To BUAHO [yt AByX Hadopos 7, = 00110011 u 7, = 01010110, xoTopsle CpaBHUBAIOTCS
¢ Habopom 7;= 11110000 (tadm. 1).

Cymma xomnioneHT Mepsl paznuaus MH(T,, T,), onpenensemMas BecaMu Wy, U W; CpaBHUBAEMBbIX JIBO-
WYHBIX HA00poB 7; u T}, TO3BOJSICT BEIYUCIUTE cpeaHee 3Hadenune MH,, = MH ,,(w;, w;, n) U pa3imd-
HOTO COYETaHHS apTyMEHTOB W;, W, U K

..., MH, | mepsl paznmuuust MH(T;, T,) paBHseT-
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2ww,

n—1
]MHavr:Wavr(wi’wk’n):[zij/n:wi+Wk_ (5)

J=0 n

Hns 7; = 11110000 u T, = 10000100 umeem MH,,, = 4, aHaTOTHYHOE 3HAYEHHE CPEIHEH Beu-
quHBI KOMTIOHEHT (5) Mepsl MH(T,, T,) Oyner u B ciiydae ABYX APYTHUX Tap HaAOOPOB, MPUBEICHHBIX
B Tabn. 1. DTO BUJHO M3 CIEACTBHS, BBITEKAIOLIET0 M3 COOTHOMIEHUA (5), 3aKII0YAIOIIETOCs B TOM,
YTO €CIIU W; = n/2, TO IS JIF000T0 YeTHOTO 71, HE3aBUCHMO OT BeIUWYUHBI Wy, MH ,,. = n/2.

B Ta6. 3 mpuBeneHb! MpuMepsl 3HAYCHUH KOMITOHEHT Mepbl pasnuaus MH(T,, T}) nis n = 16, koto-
pBI€ COOTBETCTBYIOT CBOMCTBY 3 M ero cieacTBhio. [elicTBUTENbHO, cpeausist Benuunna MH . =n/2 =§,
TaK KaK BO BCEX CIydasx w; =n/2 = 8.

Ta6auna 3. Uncnennsie 3HaueHus komnonedtT MH,, MH,, ..., MH s mepsl pazmumaust MH(T, T})
Table 3. Numerical values of the difference measure MH(T,, T;,) components MH,, MH,, ..., MH,s
T.T, MHy, MH,, ..., MH 5
O 1 |23 ]4|5|6|7 |89 ]|10]11]12]13]14]15
(1)(1)??10101010010101355(1)(1) 161412110 8 | 6 | 4|2 |02 |4]|6]|8|10]|12]|14
ooy [ [ [ [ o [ | o |# [ s | %[ o || s | #]® ]
??éé??éé?%é?%é 16|80 8|16|8 0|8 |16/8|0]|8|16|8]|0]|S8
%(11111?(;3(1)(1)1111?101101 8|10 8|6 |8 |10|8|6 |8 |10]8 |6 |8 |10 8|6
(1)(1)(1)(1)(1)(1)(1)(1)(1)(1)(1)(1)(1)(1)(1)(1) 160|160 |16 0 |16| 0|16 0 |[16] 0 |16| 0 |16 0
om0ty [ o [ o |7 2727|2712 |7 ]2 |7
AmHanu3 uncneHHsix Benuaud MH,, MH,, ..., MH,s meps paznuuust MH(T;, T}) moka3piBaeT HATNINE

Cpelny HUX HYJEBbIX 3HAYCHUH, YTO SBISCTCS MPU3HAKOM COMPSIKEHHBIX MOCIEA0BATEIBHOCTEH CUMBO-
noB. [evicrBurensno, st 7; = 0000000011111111, mpeanonoxus, yro G = 00000000 u V= 11111111,
cootBeTcTBeHHO uMeeM 1, =G, Vu T, =V, G (Tabx. 3).

[pusenennast mepa paznuuust MH(T;, T}) mo3BonseT uAeHTU(GUIIUPOBATH MOI00UE CTPYKTYpP CpaB-
HUBaeMBIX HA0OPOB T10 PaBEHCTBY HYIIO ee KOMIOHeHT. Hanmuune oqHoro HyneBoro 3Hauenus MH, = 0
03HayaeT, uTo 7 ABJIsICTCS Komuel Habopa 7}, NIMKINYECKH CABUHYTOTO HAa Vv MO3UIUH, T. €. 1, = T} (V).
Jiist nepBBIX ABYX HAOOPOB, peACTaBIECHHBIX B Ta0. 3, uMeeM MHg = 0, 4TO CBHIICTEIBCTBYET 00 HJICH-
tuaHOCTH 1} 11 T)(8). Hanmmure Gospiero KomnvecTBa HyJIeBbIX 3HaueHu MH, CBHIIETETLCTBYET O eIle
OoJibIIeM MOJ00MK CPaBHUBAEMBIX HAOOPOB, 3AKITIOYAIONIEMCS] B HIICHTUYHOCTH WX COCTaBHBIX (par-
MEHTOB.

Tak>ke BaXKHBIM CBOMCTBOM YHCJIEHHBIX 3Ha4Ye€HUM komnoHeHT MH,, MH,, ..., MH,_, Mmepbl pa3iu-
yust MH(T,, T}) siBisieTcsl HAIWYKMeE B HUX MEPHOAUYECKU MMOBTOPAIOMINXCS 3HAYCHUH. DTO CBUETENb-
CTBYET O TIEPUOJMYHOCTH OJTHOTO U3 CPAaBHHBAEMBIX JIBOMYHBIX HA00POB. Tak, B ABYX MOCICIHHUX TPH-
Mepax, MPUBEACHHBIX B TAa0J. 3, OWH U3 CPAaBHUBAEMBIX HAOOPOB UMEET ITePHO]] 3HAUCHHMA, PaBHBIH 2,
COOTBETCTBEHHO, U YNCJIEHHBIE 3HAYEHUSI MEPBI Pa3INYUs MOBTOPSIIOTCS C TAKUM K€ TIEPHOIIOM.

IIpumenenue Mepsbl pasaudus 1Jis1 GopMUPOBAHMSA YIIPABIAEMbIX BEPOSITHOCTHBIX TECTOB

Kakx ormeuasnoch paHeC, CYHIHOCTh YIPABIACMBIX BEPOATHOCTHBLIX TECTOB 3aKJIOYACTCA B TOM,
YTO OYepEeIHON TeCTOBHII Habop 7; hopMHupyeTcs MAaKCUMAIBFHO OTIIHYAIOIIMMCS OT CTEHEPHUPOBAHHBIX
panee Habopos Ty, T}, ..., T;-, [7-9]. s aToro Ha KaxkoM 1rare popMUPOBAHUS 0YEPETHOTO TECTOBOTO
Habopa OCYIIECTBISIETCS €r0 BEIOOp M3 MHOYKECTBA KaHAHUIATOB B TeCThI. [Iporienypa BeIOOpa 0cCHOBaHa
Ha BBIYHMCIICHHH YMCIICHHOTO 3HAYCHMSI MEPBI pa3indus Mex 1y Habopamu T; u T}, OJJMH U3 KOTOPHIX, Ha-
MIpUMep, TIEPBBIH, SBISIETCS TECTOBBIM HAOOPOM, a JPYTroii — OHUM M3 KaHAWJATOB B TECThL. B kauecT-
BE OUEPEITHOTO TECTOBOTO Habopa BHIOMPACTCS TOT KaHAMIAT, JJIT KOTOPOTO BEJIMYWHA MEPHI Pa3iiv-
YU IPUHUMAET MakCUMallbHOE 3HadeHne. OIHAKO Yale BCEro 3TOMY KPUTEPHIO OTBEUAIOT HECKOIBKO
KaHJM/IaTOB B TECTHI, KOTOPBIE SABISIOTCS HEPA3TMUYUMBIMU B PAMKaX HCIIOIB3YEeMON MEphl paziIHyus.
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B sToM citydae kiaccndeckas MeToauka (POpMUPOBAHHS YIIPABISIEMBIX BEPOITHOCTHBIX TECTOB IIPE/I-
oJjlaraeT MCIoJIb30BaHUE 0000 M3 KaHIUAATOB B TECThI, OTBEUAIOIICTO BEIOPAHHOMY KPUTEPHIO [7].
Paccmotrpennas mepa paznuuus MH(T,, 7)) N03BOJSET OLUEHUTH CTENEHb PAa3IUUUs JBYX TECTOBBIX
HabopoB 7; u T}, KOTOpbIE MOTYT OBITH HEPA3THMUYUMBIMU TIPY MCIIOIIB30BAHUH JIPYTUX MEp pa3indus,
HanpuMep, paccTosHusi XoMMuHra. s moATBepkaeHus hakra Hepa3THIYMMOCTH TECTOBBIX Ha0OPOB
ObUI peain30BaH CIEAYIOMMK dKciepuMeHT. st 3aganHoro TectoBoro Habopa 7j, MOMy4eHHOTO CIy-
YaifHBIM 00pa3oM, (OpPMHUPOBATIOCH MHOJKECTBO M3 KaHIHMIATOB B TECTHI 7}, KOTOpPHIE TaKke TeHepHpOBa-
JIMCh CITy4aliHbIM 00pa3oM 10 PaBHOMEPHOMY 3aKOHY paclpesieieHus. 3aTeM pacCUUThIBAIHCH PACCTOsI-
nust Xommunra H(7T,, T,) mexay T; 1 BceMU TeCTOBBIMU Ha0OpaMH M3 CIIMCKA KaHIUAATOB 1, U orpere-
JSUTOCH TTIOAMHOKECTBO KaHIHMIATOB B TECTHI, KOTOPBIE UMENN MakcuManbHoe 3Hauenue H(7;, T,) = MH,,.
OtMmetuM, uto MH,, SIBISICTCSI KOMITOHEHTON TIpenIoxkeHHOU Mepwl pasznuuwst MH(T, T},). DxcnepuMeH-
TBI POBOJMIIMCH JUISI PA3HBIX BEIMUMH Pa3psAHOCTU 72 HA00poB T, T} ¥ pa3inuvaHOro KOJMUYECTBA KaH M-
JIaTOB B TeCTHI. B KadecTBe mpumMepa B TaOI. 4 IPUBEACHBI pe3yabTaThl BEIYMCICHNS KOMIIOHEHT MEpPHI
pasmuuust MH(T;, T;) nipu n = 8. [{nsg wadopa 7; = 10000010 6510 chopmupoBano 100 xkanmaumaTon
B TECTHI 7}, CpEIU KOTOPBIX OKa3aloch BoceMb HA0OPOB T ¢ MakcuMasbHbIM 3HaueHueM H(T;, 7)) = 6.

Taoauua 4. 3aauenus komrnonent MH,, MH,, ..., MH; meps pazmuaus MH(T,, T})

Table 4. Values of the difference measure MH(T;, T;) components MH,, MH,, ..., MH,

T 7;=10000010

k MH,, MH,, ..., MH, AMH,= MH, - MH,,, AMH, + AMH, | AMH, + AMH,
T, | 01101111 6,4,6,6,4,6,4,4 L,-1,1,1,-1,1,-1,-1
T, | 10111101 6,6,4,6,4,4,6,4 L1L,-1,1,-1,-1,1,-1
T,5 | 11110101 6,4,4,4,6,4,8,4 1,-1,-1,-1,1,-1,3,-1
T,, | 01010101 6,2,6,2,6,2,6,2 2,-2,2,-2,2,-2,2,-2 —4
T,s | 11111001 6,4,4,4,4,6,6,6 L,-1,-1,-1,-1,1,1,1
T;6 | 00110101 6,4,4,4,4,2,6,2 2,0,0,0,0,-2,2,-2 -2 2
T, | 11101101 6,4,4,6,4,6,0,4 L,-1,-1,1,-1,1, 1,-1
T;s | 01101001 6,2,4,4,2,6,4,4 2,-2,0,0,-2,2,0,0 -2 0

CoOTBETCTBEHHO, BCE BOCEMb KaH/IU/IaTOB B TECTHI OKa3aJIlCh HEPA3IMUMMBIMU 110 KPUTEPHUIO KJlac-
CHUYECKOTO pacCTOAHUsI X3MMHUHIa. B TO ke BpeMs 3HaU€HUs KOMIIOHEHT MPEAJIOKEHHON Mepbl pas3-
T4, KaK 9TO BUAHO W3 TaOd. 4, I HUX CYHIECTBEHHO pa3HATCSA. AHAIN3 KaHIWUIATOB B TECTHI,
NpE/CTaBICHHBIX B Ta0l. 4, MOKa3pIBaeT UX pasnuuue u 1o crpykrype. Haboper T}y, T} 5, Ty3, Tys
u T ; umeror snauenue wy = 6,a T 4, T} s 1 T} s — w, = 4. COOTBETCTBEHHO, B epBoM ciiyyae MH,,,. =35,
a Bo BTOpoM — MH,, = 4 (5). lna ompeneneHus HamOoJee OTIMYAIOIIETOCS IO OTHOIICHUIO
Kk 7; = 10000010 xanaumara B TECTHl MPUBENEM I KaKAOTO M3 HUX pasnuuue AMH, = MH, — MH,,,
xoMroHeHT Mepbl MH(T,, T}) o oTHOImeHHIO K UX cpenHeil BemuunHe MH,,. Kak BumHO u3 Tabdm. 4,
MakcuManbHoe oTmaue Juist AMH,, paBraoe 2, nocturaercst st Ty 4, Ty 6 1 T) g. JInst JaJIbHEHIIETO yMEHb-
LIEHUS] KOJIMUECTBA KaHIU/IaTOB B TECThl aHAJIM3UPYIOTCS 3HAUCHUS COCEIHUX IO OTHOLIEHHIO K AMH,
KOMIIOHEHT, a uMeHHO: AMH | u AMH,, (B obmem cityuae AMH,, ). Beraucnsercs ux cymma, u 1o Makcu-
MaJbHOMY €€ 3HaYeHHIO OIpeAessieTcsl TecToBeI Habop. Kak BuaHO 13 Tabn. 4, MakcumaibHOE 3HaYe-
nue AMH, + AMH; nocruraercs mis aByxX Habopos T,¢ u T}g. IlomoOHas mpouexypa moBropsercs
it AMH, u AMH, (B obmiem cnydae AMH,,,) v T. 1. Kak BUHO U3 pacCMOTpEHHOTO B Ta0i. 4 mpuMmepa,
senuunna AMH, + AMHg no3BonseT BEIOpaTh B Ka4eCTBE TeCTOBOro Habopa T ¢ = 00110101.

UcnonezoBanue komnonentT MH, u MH,_; npu Hepaznuuumoctu HabopoB T; u T, o BenuunHe MH,
00BSICHIETCS X MAKCUMAIIbHOW HHPOPMATHBHOCTEIO O CTPYKTYpe 7}, TaK KaK €T0 [IUKINIECKHU CABUHY-
tas ko (1) B MUHUMAIIbHOM Mepe OTIaNYaeTcsi oT opurnHaiza. O4eBuIHO, YTO /IS BHIOOpA OHOTO
13 KaHJU/1aTOB B TECThI BO3MOXHO IPUMEHEHHE U JPYTUX KPUTEPUEB, OCHOBAaHHBIX Ha MPEASIOKEHHON
Mepe pa3Inyusl.

DKCcTepuMeHT ¢ (OpPMUPOBAHUEM TECTOBOTO Habopa 7; u ciucka u3 10-Tu KaHIUIATOB B TECTHI 7),
st n = 8 mpoBoamics 100 pas. TectoBeiit HaOOp 7; U KAHAWAATHI B TECTHI 7} TEHEPUPOBAJIMCH CITydaii-
HbIM 00pa30M 10 paBHOMEPHOMY 3aKOHY pacIpellelieHns. B KaKaoM dKCIepuMeHTe PacCYUTHIBAIOCH
snauenue H(T,, T,) = MH, mexny T; u Bcemn KaHmunaramu. Jlanee paccMaTpuBaInuCh TOIBKO T¢ KaHIN-
JIaThl B TECTHI, AJIs KOTOPBIX MH|) IpUHUMAJIO MakCUMallbHOE 3HaueHue. Eciu B criicke ¢ MakCUMallb-
HbIM MH|, 0Ka3bIBaIOCh O0JIee OJJHOTO KaHAM/ATA, U KAKIOTO U3 HUX 110 Mepe He0OXOAMMOCTH pac-
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cuutbiBaiocb MH,,., Beruucismuce MH,, MH,, ..., MH;, a Taxoxxke AMH,. JIJi1 KaHAUIATOB, Y KOTOPBIX
AMH, ippuaIMacT HanboJbIIee 3HAYCHUE, pacCUuThIBaeTcs cymma AMH, + AMH,,_,tnev=1,...n/2—1.
Utepamuu B paMKax OZHOTO dKCHEPUMEHTA MPOAODKAIUCH A0 TeX MOp, MOKa B CIIUCKE HE OCTABAJICS
OJIMH KaHJHJIAT B TECTHI WM V HE JOCTUTAJIO 3HaYeHUs #/2 — 1. Pe3ynbpTaTel SKCIEpUMEHTOB PUBEICHBI
B Tabm. 5.

Tabéauua 5. Pe3ynbraTsl 9KCIIEPUMEHTOB ¢ TpUMeHeHueM mepsl pasnuuust MH(T,, T,) niasin = 8
Table 5. Results of experiments using the difference measure MH(T}, T;) for n =8

MH(T,, T))
AMH, AMH, + AMH, | AMH,+ AMH, | AMH,+ AMH
61 20 15 3 1

H(T;s Tk)

Kak BuaHO 13 Tabi1. 5, B 61 ciydae u3 npoBegeHHbIX 100 SKCIIEPUMEHTOB KaHIUIAT B TECThI ObLI
OTPEJIENICH 10 3HAYCHUIO PACCTOSIHUS XOMMUHTa. B 0CcTanbHBIX Cilyyasx UCHOIb30BaNach NPEIIOKEH-
Has mepa pasmuans MH(T;, T}), kKoTopas ITO3BOJIIIA ONIPEACTUTs Habop 7, Hanboee OTIIMYATONTHICS
ot T; mo Benmnuune AMH,, B 20 cnydasx, mo 3HadeHuto cymmbl AMH, + AMH, B 15 ’kcnepuMeHTax,
a Takxke B 3 ¥ 1 ciydasix, COOTBETCTBEHHO, o cymmam AMH, + AMHy w MH; + AMH;. Pesynbratbl
AHAJIOTHIHBIX IKCIIEPUMEHTOB 171t n = 16 m n = 32 6ur, circkoB u3 100 u 1000 kaHIUAATOB COOTBET-
ctBeHHo jiuist 1000 urepanuii npuBeeHbI B Tad. 6, 7.

Tabauna 6. Pe3ynbrarsl 5KCIIepuMEHTOB ¢ npuMeHeHneM mepsl pasnuaust MH(T, T,) nnstn =16
Table 6. Results of experiments using the difference measure MH(T;, T;) forn =16

MH(T,, Ty)
H(T, T,
(7, Ty AMH, | AMH+AMH,; | AMH,+AMH,, | AMH+AMH,; | AMHAAMH,, | AMH+AMH,,
533 208 185 52 12 8 2

Taoauua 7. Pe3yasraTsl SKCIIEpUMEHTOB ¢ IpUMeHeHueM Mepbl pasmuaust MH(T,, T,) ansa n =32
Table 7. Results of experiments using the difference measure MH(T;, T,) for n =32

MH(T;a Tk)
H(E, Tk) AMHO AMH1+AMH31 AMH2+AMH3(] AMH3+AMH29 AMH4+AMH28
542 277 149 27 4 1

I'padudeckn B MPOIIEHTHOM OTHOIIICHUU PE3yIBTAThl SKCIIEPUMEHTOB It n = 16 u n = 32 mpen-
cTaBieHbl Ha puc. 1. Kak BHIHO W3 MONyYeHHBIX JTAHHBIX, HAHOOJbIIEE KOINYECTBO PE3yJbTaTHUB-
HOTO TpuMeHeHus: Mepwl pasmuuust MH(T,, T;) nocturanoce nipu ananmse AMH, u AMH, + AMH,_,,
Temav=0uv=1.

50 70

60
=40 ©

; £ 0
e} e}
: 30 s

) 5 40
= =
‘-M’ 3]

o 20 & 30
Q =}
m [=2]
5 5

2 S 20
=
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0 1 2 3 4 5 0 1 2 3 4
v %
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Puc. 1. Pe3ynbrarel 3KCIEPUMEHTOB ¢ puMeHeHueM Mephbl pasnuuust MH(T, T}): a—n=16;b—n =32
Fig. 1. Results of experiments using the difference measure MH(T,, T,): a —n=16; b —n =32
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B nCKITIOUNTENBHBIX CITydasx BO3HUKAET HEOOXOAMMOCTh B KIIACCU(UKAIINHN KaHIUIAaTOB B TECTHI
Ha OCHOBaHWH TpenjiokeHHor Mepsl pasmuuust MH(T;, T,) nns v > 3 (puc. 1), 94T0 CBUIETEIBCTBYET
0 ee 23(PEeKTHBHOCTH 1 HEBHICOKOW BBIYUCIUTEIBHOMN CIOKHOCTH.

3aKiIroueHue

1. IlpennoxxeHa Mepa pasiauyus U TOCTPOSHUS YIIPABIIEMbIX BEPOSTHOCTHBIX TECTOB, OCHOBAH-
Has Ha MPUMEHEHWH KIIACCHYECKOTO paccTosHUsS X MMuHTa. [lokazaHa 3 eKTHBHOCTD ee mpuMeHe-
HUS TSl TIOCTPOCHUS YTIPABISIEMBIX BEPOSITHOCTHBIX TECTOB.

2. JlanpHEHIIEe HCCIIeA0OBAHUS IIEIECO00pa3HO PACITHPHUTH B YaCTH CBOMCTB HOBOW MEPHI Pas3THIHS
Y ee MPUMEHUMOCTH JUTSI pa3UIHbIX MPHUKIAIHBIX 3a1a4. Hanbonee HHTEpEeCHBIM SBIISIETCS TTPUMEHEe-
HUE JaHHOW MepBhl pas3iNyus B COBPEMEHHBIX MOUCKOBBIX MPUIIOKEHUSAX C OI[EHKON BBIYMCIUTEITHHON
CIIO)KHOCTH €€ TIOTYYCHHUS.
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Annortanust. [IpenyioxeH KOMOMHIPOBAHHBINA METO/ OCTPOCHUS M (DYHKIIMOHUPOBAHUS JIBYXYPOBHEBON MOOMIIB-
HOM CaMOOpPraHU3YIOILEHCs CETH, OCHOBAaHHBIN Ha PacpEe/ICHUH Y3JI0B 110 TPAHCIIOPTHOMY YPOBHIO U YPOBHIO
JIOCTYTIA C IEPEBOIOM UX COOTBETCTBEHHO B OTHOPAHTOBBIN M MH(PACTPYKTYPHBIN PeXUMBI paboThI. MeTox oTin-
4yaeTcs pas3esIeHueM UCTOUHUKOB Harpy3KU Ka)kJI0Tro TPAHCIIOPTHOTO y3J1a Ha JiBa JOMEHA KOJUIM3UH IO 4acToTe,
YTO MTO3BOJISIET MMOBBICUTH BEPOSITHOCTH YCIEIIHOTO CIYYaiHOTO TOCTYyMa K cpejie epeaayn. DT0O MPUBOIUT K pac-
MIMPEHUIO TTOJIOCHI HCIONB3yEeMbIX YacTOT B JiBa pa3a, HO YMEHBIIACT BEPOATHOCTH ITOTEPh KaAPOB M MTOBHIIIAET
MIPOITYCKHYIO CIIOCOOHOCTH CETH C COXpPaHEHHEM BO3MOKHOCTH CaMOOpPraHW3allMu U MaciTaduposanus. [pen-
JIO>KEHHBIH METOJ| II03BOJIACT OPraHU30BaTh JBYXyPOBHEBYIO MOOMIIBHYIO CaMOOPTaHU3YIOLIYIOCSA CeTh ¢ Ooiee
BBICOKOH TPOITYCKHOH CTIOCOOHOCTHIO TI0 CPAaBHEHHIO C OHOYPOBHEBOI, paboTaroriell B OTHOPAHTOBOM PEKUME,
TIPY OJIMHAKOBBIX ITOJIOCE MCIOJIB3YEMBIX YacTOT M IO i NOKphITHs. [Iprdem 3¢ deKTHBHOCTE METOa pacTeT
C YBCJIIMYCHUEM KOJIMYECTBA Y3JIOB JOCTYIIA, ITOCKOJIBKY IMPUBOAUT K YMEHBIICHUIO YUCJIa TPAHCIIOPTHBIX Y3JI0B
B KaHaJIe TIepeaun U BEPOSATHOCTH ITOTEPh KaJIPOB JAHHBIX.

KiroueBble c10Ba: MOOMIBHAs CaMOOPTaHU3YIOIIASACS CETh, BEPOSITHOCTh MOTEPh KAJPOB JAHHBIX, MPOITyCKHAs
CIIOCOOHOCTH KaHaJIa Iepeaad JaHHBIX.

KonpaukT uHTEpecoB. ABTOPHI 3asBIIAIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.

Jus uurupoBanust. [onysx, T. B. J[ByxypoBHeBas MOOHIIBHASI CAMOOPTaHU3YOIIASCSI CETh ¢ KOMOMHHPOBAH-
HbIM pesxumoM pabotsl / T. B. IMonysH, B. 0. Lsetkos // Joknanst BI'YUP. 2024. T. 22, Ne 4. C. 84-91. http:/
dx.doi.org/10.35596/1729-7648-2024-22-4-84-91.

TWO-LEVEL MOBILE SELF-ORGANIZING NETWORK
WITH COMBINED OPERATION MODE

TATSIANA V. PALUYAN, VIKTAR YU. TSVIATKOU

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

Submitted 15.04.2024

Abstract. A combined method for constructing and operating a two-level mobile self-organizing network is pro-
posed, based on the distribution of nodes across the transport and access levels, transferring them to peer-to-
peer and infrastructure operating modes, respectively. The method is distinguished by dividing the load sources
of each transport node into two frequency collision domains, which increases the probability of successful random
access to the transmission medium. This leads to a doubling of the used frequency band, but reduces the likelihood
of frame loss and increases network throughput while maintaining the ability to self-organize and scale. The pro-
posed method makes it possible to organize a two-level mobile self-organizing network with higher throughput
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compared to a single-level one operating in peer-to-peer mode, with the same frequency band and coverage area.
Moreover, the effectiveness of the proposed method increases with the increase in the number of access nodes,
since it leads to a decrease in the number of transport nodes in the transmission channel and the probability of data
frame loss.

Keywords: mobile self-organizing network, probability of data frame loss, data transmission channel capacity.
Conflict of interests. The authors declare no conflict of interests.

For citation. Paluyan T. V., Tsviatkou V. Yu. (2024) Two-Level Mobile Self-Organizing Network with Com-
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(in Russian).

BBenenune

Mobunbable camoopranusytomuecs: cetd (MCOC) — ato cetu 6e3 nH(pacTpyKTyphl, 3dexTus-
HBIC B YCJIOBHSIX CIIOKHOTO Pa3BEPTHIBAHUS U TEXHUYECKOTO 00CITy)KUBaHHUS (BO BPEMS CTUXHIHBIX Oe/-
CTBHIA, BOCHHBIX OIEPALU, UIsI 00ECIICUCHHsI CBS3H MEXy MOOMJIbHBIMU YCTPOUCTBAMHU B CIOXKHBIX
yenoBusix). B MCOC ucnonb3yroTcs crieliuanbHble CTaHAaPThl CBA3HM M MHTEIUIEKTyallbHbIe TEXHOJIO-
THH, CTIOCOOHBIC MACIITAOMPOBATHCSI HA OOJBITIOE PACCTOSHUAE U KOJTUIECTBO y3710B [1-4].

Cospemennsie MCOC pabotaror B pexume Ad-Hoc (0MHOpPaHTOBBIA METOI OpPTaHU3AIH CETH),
MTO3BOJISIONIEM Y3JIaM CBS3bIBATHCS HAMPSAMYIO (TOYKA K TOUKE) O3 HCITOIb30BaHHS [ICHTPAIIBHOTO Y311,
HaJIWYHE KOTOPOTO XapaKTEePHO Uil MHPPACTPYKTYPHOTO METONA OpraHM3alUHi CETH. DTO yNpoulaeT
MpoIecC CaMOOPTaHU3aluK U MOBBIIACT )KUBYYECTh MOOMIBHOM ceTH (0TKa3 JII00OTo y3I1a M Tpo-
W3BOJILHOM TPYIIIBI y3II0B HE MPUBOAUT K OTKA3y CETH M KOMIIEHCHPYETCsI IEPECTPOMKON MapIipyToB
niepenadyn naHHbix) [1]. OmHako ¢ pOCTOM MHTEHCUBHOCTH HArpy3KH M KOJUYECTBA Y3JIOB, HE TOJBKO
TPAHCIUPYIOMINX JTaHHBIE COCETHUX y3JI0B, HO TaK)Ke OTHPABIISIONIAX ¥ IMOJyYaOUINX COOCTBEHHBIE
JTaHHBIE, OBICTPO TIOBHIIIAETCS BEPOSITHOCTH IMTOTEPh MTAKETOB M MaaeT MPOIYCKHAsE CIOCOOHOCTh CETH.
W3BecTHBIMH TOX0JaMU K YMEHBIICHUIO BEPOSTHOCTH MOTEPh MAKETOB B TAKUX YCIOBHSAX SIBISIOTCS
MOBBIILIEHHE CKOPOCTH TIepelauyl ¥ paszieJieHre y3JI0B Ha TPYIIIbI KOJUTH3HM (B IPOCTPAHCTBE, MO YacTO-
TE WM BpeMeHH). B 000HX cllydasx 3TO MPUBOAUT K POCTY CIOKHOCTHU U (WMJIH) PACIIUPEHHUIO TIOJIOCHI
yacToT. Kpome Toro, Bo BTOpOM cilydae CeTh TepsieT BO3SMOKHOCTh CAMOOPTaHU3aIlNY, IEPEXO/s B WH-
(hpacTpykTypHBIi pexkuM. B 3T0i CBSI3M McCieoBaHUE COYETaHUs OTHOPAHTOBOTO U MH(PPACTPYKTYp-
HOTO METOJIOB OpPTaHM3allny MOOWIJIBHOHM CETH 3aciyKMBaeT BHUMAHHS, MOCKOJIbKY TI03BOJISIET TTOBBI-
CHUTb €€ MPOITYCKHYIO CIIOCOOHOCTH C COXPaHEHHEM BO3MOKHOCTH CaMOOPTaHU3aLlNH.

Lenp uccnenoBanuii — MOBBINICHUE TPOIyCKHOU criocooHoctn MCOC 3a cueT KOMOMHUPOBAHUS
OJTHOPAHTOBOTO U HHPPACTPYKTYPHOTO PEKUMOB PaOOTHI.

IlocTanoBka 3agauu

Paccmotpum nepenady kaapoB JaHHBIX (KaHaJIbHBIN ypoBeHb Mojien OSI) uepes pparment MCOC
B BHUJC Ilenodku u3 N y31oB (puc. 1, a), paboTaromieii B OMTHOPAaHTOBOM pexxuMe. Takas 1iermodyka cKiia-
IIBIBAETCS B pe3ynbTare padoThl poTokonoB Mapmpytusannu MCOC u coctout u3 N—2 mepekpbiBa-
FOIIUXCS 3BEHBEB, BKIIIOYAOIIUX 110 TPU y3J1a: [EHTPATbHBINA, TPUHUMAIONIHNA U TTepeIatoInid JaHHBIS
OT JIByX MOTPAHUYHBIX y3JIOB.

Puc. 1. MoOuiIbHBIE CaMOOPTaHHU3YIONIHECS CETH B OJHOPAHTOBOM PEXKHME:
a — CTpyKTypa ceTu; b — QyHKIMOHAIbHAS cXeMa y3i1a
Fig. 1. Mobile self-organizing networks in peer-to-peer mode:
a — network structure; b — functional diagram of the unit
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[penmonoxum, uato y31mer MCOC UMEr0T MPUMEPHO OJJMHAKOBBIC MOIITHOCTH TIEPEIAaTIHKOB, UYBCT-
BUTEJIbHOCTU MPUEMHUKOB U PACIIOIAratoTCsl Ha MPUMEPHO OJUHAKOBOM PACCTOSIHUM IPYT OT Apyra Ta-
KHM 00pa3oM, YTO HEMOCPEICTBCHHAS Mepeiada KaJpoB JaHHBIX MEX/y MOTPAaHUYHBIMU y3JIaMHU B O]I-
HOM 3BEHE HEBO3MOKHA. JIJIst mydiiieii sHepreTHUeCKoi pa3Bsa3ku Mexay 3BeHbsiMu MCOC BMecTO 011-
HOYACTOTHOTO MOXKET MCIIOH30BATHCSI TPEXUACTOTHEIN TIIaH, TIPEIMONararoii IPHeM IIEHTPATBHBIM
Y3JI0M M TIEpeaady JIEBBIM U IIPABbIM NOTPAHMYHBIMH y3JIaMHU OTHOTO 3BE€HA HA YaCTOTE f +mody (1) TEPE-

JAaqy OCHTPAJIbHBIM Y3JIOM U MPUEM JICBBIM IIOI'PAHUYHBIM Y3JIOM OJHOT'O 3B€HA Ha 4aCTOTE J[1+mod3(i—1)’

nepefady LEHTPAJbHBIM Y3JIOM M IPUEM IPaBbIM IOIPAHUYHBIM Y3JIOM OJHOIO 3BEHA HA 4acTo-
T€ fi\m0 a,(i+1)> THE T = MOPSIAKOBBIM HOMED y371a.

[Tycts Bee y3me1 MCOC ¢opMupyIOT KaJphl JaHHBIX Ha Iepeaady He3aBUCHUMO APYT OT Apyra, a Be-
POSITHOCTBH IEpeiaull Kajpa B TeUCHHUE JII000ro HHTepBalla BpeMEHU ONuchiBaeTcs 3akoHoM [lyaccoHa.
B Takom cmyuae k 3BeHy MCOC npumenuma moaens ALOHA nmocryna x pannoxananmy [5—8], mos-
BOJISIFOILASL ONIPENENIUTh BEPOSITHOCTD IOTEPh KAPOB U IPOITYCKHYIO CIIOCOOHOCTH 3B€HA CETH MCXOs
13 N3BECTHON MHTEHCUBHOCTH HAarpy3KH A U CpelHeH JUIMTEIbHOCTH Kaapos 7. B kayecTBe HHTEHCHB-
HOCTH Harpy3ku A ynoOHO HCIIOJIB30BAaTh BEPOSTHOCTh MOCTYIUICHHS Kaapa AaHHBIX 3a MHTepBanl 7,
a B KaueCTBE ITOT0 MHTEpBajia — EANHUYHYIO Oe3pa3MEpHYIO BETUUHHY.

[IpennonoxuM Takke, 4TO HaNpaBiIeHHs MOTOKOB kaJipoB B MCOC ciy4aiiHbl, KaXAbIi ee y3em
SIBJISIETCSl HICTOYHUKOM U TIOJTydaTeieM COOCTBEHHBIX JIaHHBIX ¢ HHTEHCUBHOCTBIO A Ha BHUPTYaJbHON
4acTOTe fj, UMEET BHYTPEHHIOIO OUepPEelb ¢ HEOTPAHMUCHHBIM KOJMYECTBOM MECT OXKUAAHUS U IPO-
LECCOP C IOCTATOYHON MPOM3BOAUTENBHOCTBIO L ISl paciipeaeieHns 0e3 3aeprkeK Mo JIByM Harpas-
JIEHUAM IIepefauu f|, o 4, (i-1) / Jo B fiime 4, (i+1) / o KaipoB JaHHBIX, IPUHUMAEMBIX 110 HAIPaBICHUSIM

A +mods (i-1)° A +mody (i) B fo- B Takom cirygae kaxasiid yzenm MCOC omuceiBaeTcs GyHKITHOHATEHON MO-
JICJIbIO, TIPUBEJICHHOW Ha puc. 1, b, B KOTOPO#l MOTEpH KaJPOB CBSA3aHBI TOIBKO C JIOMEHOM KOJUTU3UH,

ornuchiBaeMbIM Mozieibio ALOHA, a MHTEHCHBHOCTh Ay CyMMapHOW Harpy3KH BBIYHCIISIETCS C TIOMO-
LIbIO BBIPAKEHHUS

Ay =1=(1=2)(1-R) =M(2-A)e " (1-1)+1), (D)

rme A, — HWHTCHCHUBHOCTh HArpy3KH OT JIOMEHAa KOJUIM3WM, omuckiBaeMoro wmomaenbio ALOHA,

Ay =p(1-(1- M) =M2-1)e**; p, — BEPOSTHOCTh OTCYTCTBHSL Kommmsuu B gomeHe ALOHA,
2%

po=e " [5]

C ydeToM cCiry4aifHOTO pacrpene’eHns HalpaBJIeHUH MTOTOKOB KaApOB 00CITyKeHHAsI IPOIIECCOPOM
Harpyska Ay pacrpenensiercs paBHOprHO IO JIByM HalpaBICHHUAM f| +mody(i-1) / Jo u f +mody(i+1) / fo
Ay MQR-Ve P (1-1)+1)
C MHTEHCUBHOCTBIO —= =

2 2
mene ALOHA 7‘2 / 2 <A . CnenmoBareslbHO, MHTEHCUBHOCTH HArpy3KH Ha OHOM BXOJIe (OT MCTOYHHKA)
u BbIxo/Ie y3:1a MCOC npuMepHO COBIAJIAIOT, @ BEPOSTHOCTD Py MOTePh KaIpOB U IMPOIYCKHAs CIIOCO0-
HOCTB Sy LIETTOYKH U3 N y3710B (TIPH YCIOBHH, YTO NEPBBIN Y3€II LEMOYKH SBIISETCS HCTOYHUKOM KaapOB,
a TMoCJeTHUI — MOoTydaTesieM) BBIYUCIISIOTCS C TOMOIIIBIO BHIPAYKEHHN:

10 Ka)xa0My U3 Hux. [Ipruem u3-3a xomimsuii B 10-

Py =1-¢V7, )
S, =2e N 3)

Ha puc. 2 mpuBeneHbl 3aBUCHMOCTH BEPOSITHOCTH TTOTEPh KaIpoB Py W MPOITyCKHOH CIIOCOOHOC-
T Sy kKaHana repenadn qaHabpix B MCOC, paccanTaHHbIe 110 BhIpaxeHusM (2) 1 (3), OT ”THTEHCHBHOCTH
Harpy3KH, U3 KOTOPBIX CIIEYEeT, YTO JIaXKe MMPU He3HAYUTEIbHOM TpadrKe KOJUIM3UU MTPUBOMAT K OBICT-
POMY POCTY MOTEPh KaAPOB U CHUYKEHHIO MTPOIYCKHON CIIOCOOHOCTH ceTH. [IpH MOBBILIEHHH CKOPOCTH
nepegadn, HapuMmep B 1Ba pasza, Py =1 —e Wy S,y = Ae NI / 2, 4TO MPUBOAMT, KaK CIEIyeT
13 pUC. 2, K HE3HAUYUTEIILHOMY YITYYIIEHHIO XapaKTePUCTUK ceTh. TakuM 00pa3oM, IJis CyIIeCTBEHHO-
r'0 TIOBBILICHHUS TPOITYCKHOM CIIOCOOHOCTH CETH IPU COXPAHEHUH BO3MOKHOCTH €€ CaMOOPTraHU3aluu
HeoOxoauM O6osee AP EeKTUBHBIH MOIX0A K YMEHBIICHUIO BEPOSTHOCTH MOTEPh KaapoB. Takol moaxo.
MOKET OBITh PeaM30BaH 3a CUET pa3/ICiCHUs Y3JI0B Ha JOMEHBI KOJUIM3UH B JIOKAJIILHOM MH(]pacTpykK-
TYPHOM peXuMe paboThI MPHU HCITOIF30BaHIH OTHOPAHTOBOTO METO/A JIJIsl OpTaHHU3AIH CETH B IIEJIOM.
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Puc. 2. 3aBHCHMOCTD BEPOSITHOCTH NOTEPH KaJAPOB U MPOITYCKHOM CITIOCOOHOCTH KaHaIa TIepeiadu
MOOMJIBHOW CaMOOPIaHHU3YIOILEHCSI CETH B OJIHOPAHTOBOM PEXUME PadOThl OT HHTEHCUBHOCTH HArpy3Ku:
1,3 = Pyu Sy st 90 u 30 y3710B COOTBETCTBEHHO; 2, 4 — Py 1 S,y Asist 90 u 30 y3moB
Fig. 2. Dependence of the probability of frame loss and transmission channel capacity
of a mobile self-organizing network in peer-to-peer mode on load intensity:

1, 3 — Py and Sy for 90 and 30 nodes, respectively; 2, 4 — Py and S,y for 90 and 30 nodes

KoMOunnpoBaHHBIH MeTO/I OPraHnu3alui MOOWJIBLHON caMoopraHusymouieiics ceTu

[Ipemmaraercss KOMOMHHPOBAaHHBIA METOJ oOpraHm3anuu aByxypoBHeBoii MCOC, ocHOBaHHBII
Ha paclpeneseHny y3JI0B 10 JBYM YpPOBHSM (TPaHCHIOPTHOMY M JOCTyNa) M HA HMCIIOJB30BAaHHH CO-
OTBETCTBEHHO JIBYX PEKHMOB paOOThI y3JI0B: OJHOPAHTOBOTO — Ha BEPXHEM (TPAHCIOPTHOM) YPOBHE
CeTH U MH(PACTPyKTYPHOTO — Ha €€ HI)KHEM ypoBHeE (ypoBHe aoctyna). CyIHOCTh METoa 3aKIIo-
YyaeTcs B Pa3eIeHNH NCTOYHUKOB HArPy3KH Ka)KJIOTO TPAHCIOPTHOTO y3ja Ha J[Ba JIOMEHA KOJITH3UI
(TpaHCHIOPTHBIN M IOCTYMA) MO YacTOTe, padOTAIOIIMX B OJHOPAHTOBOM M MH(PPACTPYKTYPHOM PEXKU-
Max, JUIs TIOBBILICHHUS BEPOSITHOCTH YCIELIHOTO CIIyYaiHOTO I0CTYyMa K cpe/ie epeiadu, YTo IPUBOAUT
K PacIIMPEHHIO TOJOCHI MCIIOIBb3YeMBbIX YacTOT B J[Ba pa3a, HO MO3BOJISET YMEHBIINTh BEPOATHOCTD
MOTEPh KaJAPOB U MOBBICUTDH MPOITYCKHYIO CIIOCOOHOCTH CETH ¢ COXPaHEHHEM BO3MOKHOCTH CaMoopra-
HU3aLUH 1 MacIITaOupOBaHUsI.

st obecrieueHusi caMOOpraHu3allil MOOMIILHON CeTH B KOMOWHHPOBAaHHOM PEKUME MOXKET WC-
10JIb30BAaThCS JBYXYACTOTHBIN IJIaH: OJIHA YacTOTa — JUJIsl TPAHCIIOPTHOTO YPOBHS B OJTHOPAHTOBOM pe-
KHUME, BTOpasi yacToTa — AJIsl YPOBHs JOCTyIla B MH(PACTPYKTypHOM pexknume. C LeNblo ymydlIeHus
SHEPreTUYEeCKON Pa3BI3KN MEXKIY 3BEHBSIMHU TPAHCIIOPTHOTO YPOBHS M JJOMEHAMH KOJUIM3UN Ha YPOBHE
JIOCTyTa MpeAsaraeTcsl IpUMEHATh HIECTUYACTOTHBIH IUIaH, COIACHO KOTOPOMY Y3JIbI TPAHCIOPTHOTO
YPOBHS HCIIOJIB3YIOT TPEXUACTOTHBIN IJIaH, MPeIIoNaraoufi IpueM EHTPaIbHBIM Y3JIOM U Iepeaady
JIEBBIM U IIPAaBbIM IOIPAaHUYHBIMHU y3J1aMHU OJIHOTO 3BEHA Ha 4acToTe f, . J(7)> TIepeady UCHTPAIbHBIM
y3JI0M U TIPUEM JIEBBIM ITOTPaHUYHBIM Y3JIOM OJTHOT'O 3BE€HA Ha YacTOTe meo 4,(i1)» TIEPE/IAY [EHTpAIb-
HBIM y3JIOM U ITPHEM MPaBbIM MOTPAHUYHBIM y3JI0M OJTHOTO 3BE€HA Ha YacTOTe meO a,(j+1)> DA€ 1 —TIOPATI-
KOBBII HOMEp y371a. Y3JIbl YPOBHS JOCTYIA TaK)Ke MCIIOJB3YIOT TPEXYaCTOTHBIN IUIaH, COTJIACHO KOTO-
POMY y3eIl yPOBH: IOCTYINa BEIOMPACT YAaCTOTY NMEPEefatn U mpuema fo ..o (i)» €CYIM OH PETHCTPUPYET
nepenady Ha 4actorax f, .. (-1 u f| +mody(i+1)"

st paboter MCOC B KOM6HHI/IpOBaHHOM pe)XKuUMe mpeJiaratoTcest clielyolre npaBuia camoopra-
HU3aLUU.

1. HoBbIif y3es ceTn CTaHOBUTCS TPAHCIIOPTHBIM Y3JI0M, €CJIM OH PEerucTpPHUpYET Mepeiady TOJIbKO
HA HACTOTE fy, 1oq.(1)- B aTom ciydae oH mepexonuT B OAHOPAHTOBBIM PEKUM paboThI ¢ (hOpMUPOBAHU-
€M IIePBOTrO JIOMEHa KOJJIM3MH M BBIOMpAET AJIs IpUeMa 4acToTy meod (7)» @ A MEPEsIady — JacTo-
TBL [y mod, (i-1) WM f1+mod i+1) (Ha OHOM M3 HUX NMPUHUMAET TPAHUYHBIA TPAHCIIOPTHBIH y3el, K KOTO-
POMY HOAKIIOYAETCs paCCManI/IBaeMLII/I HOBBIH y3ei).

2. Hossrit y3eJ1 CeTH CTAHOBMTCS Y3JIOM JOCTYyTa, €CIM OH PETUCTPUPYET Mepeaady Ha JBYX yac-
TOTaX: fi, .4 (-1 U [ nod J(i+1)° B aToM cnydae oH mepexouT B MHPPACTPYKTYPHBIH PEKUM PaOOTHI
U BBIOMpAET JJis nepez[atm ¥ IIpUeMa 4actoty f,, . ) [To TakoMy ke MPUHLIMITY MEHSIOTCS YaCTOTHI
IIPYU U3MEHEHUH IIPOCTPAHCTBEHHOTO TIOJIOKEHUS y3J1a.
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3. TpaHcriopTHBIH y3en, paOoTaImuii B OIHOPAHTOBOM pEXHME M MPHHUMAIONINH Ha YacTo-
T€ i mod,(1)> MIEPEXOMUT JOTIOTHUTEILHO B JIOKATLHBIH MHPPACTPYKTYPHBIH PEXHUM C HOPMHUPOBAHHEM
BTOPOr'O JIOMEHA KOJUIM3UH, €CIIM PErMCTPUPYET Nepeady Ha 4acToTe f,, 4, (i)’

4. V3en, KOTOPBIM HE PETUCTPUPYET MEpefady Ha 4acToTax f +mody (1) A +mod; (i-1)? A smod; (41 €T
HOBUTCS IIEPBBIM TPAHCHOPTHBIM Y3JI0M CETH, IIPUHUMAIOIIUM Ha 4acTore f, - a,(7) ¥ TEPEIAIOIIIM
Ha 9acTOTax ﬁ+mod3(i—l) u ][1+m0d3(i+1)'

5. V3en 1ocTyna, perucTpUpyIOlIUiA OTCYTCTBUE NEPEady Ha yacTtore f,, 4,(7) ¥ Tl€perady Ha vac-
TOTAX f}, mod, (i) ¥ Simod, (i+1)> CTAHOBHTCS TPAHCTIOPTHBIM Y3IIOM, BOCCTAHABITMBAS TOMOJIOTHIO CETH
IIPH YBEITUYCHUH PACCTOSHUS MEKIY TPAHCTIOPTHBIMH Y3JIaMH, 9TO 0OeCTieyuBaeT MacITabupoBaHUE
CETH.

W3 npeanokeHHBIX IPaBUII CAMOOPTraHU3aLUH CIEIYET, YTO TPAHCIOPTHBIN ToMeH komutn3nit MCOC
B KOMOMHHPOBAaHHOM PEKHME COJCPKUT HE OoJiee ABYX HCTOYHUKOB, 00ECTICYrBasi BBICOKYIO ITPOITYCK-
HYIO CIIOCOOHOCTH TPAHCIIOPTHOTO YPOBHSI CETH M 3aIUTY OT MEPErpy30K: Y3Ibl, PErHCTPUPYIOIINE
nepenady Ha 4acToTax f smody(i-1) 1 JSiomo a,(i+1)7 B JIFO0OM KOJIMYECTBE CTAHOBSATCS y3JIaMH TOCTYIIA U TIe-
PEXOZIAT B HH(PACTPYKTYPHBIHA PEXKNM, 3aHUMAs 9aCTOTY fy, 4 ;) JVI TIepesiadu i nprema (puc. 3).

Puc. 3. CrpykTypa IByXypOBHEBOW MOOIIFHON CaMOOPTaHU3YIOMICHCS CETH B KOMOMHIPOBAHHOM PEKHMeE
Fig. 3. Structure of a two-level mobile self-organizing network in combined mode

O6a nomena xomn3uii 1ByXypoBHeBord MCOC — TpaHCIIOPTHBIN M IOCTYIA — HCIIONB3YIOT CITydaii-
HBIH JIOCTYTI K CpeJie Mepeiadu, YTo O3BOJIIET MPUMEHTH I ux onucanns moaens ALOHA (puc. 4).

Y ALOHAI
] //"\\\
f]*» A ’%‘\\i»j]/)%
A
ALOHA2 LT
A oD
ﬁt“ ﬁ'ﬁ(\ }‘Azj’_‘ fz/fzt /fo
| LN —> 1 1],
A //’\\\
fo—>(\ —

Puc. 4. ®yHKIMOHATBHAS CXeMa TPAHCIIOPTHOTO y3J1a IByXYPOBHEBOH MOOMIIBHON CaMOOPTaHU3YIOIIECHCS CeTH
Fig. 4. Functional diagram of a transport node of a two-level mobile self-organizing network

[Ipu Tex xe npeanonoxkeHusx, uro 6putn caenans! 11 MCOC B omHOpaHroBoM pexkume (puc. 1-2),
WHTEHCUBHOCTH Ay U Ay, HATPY3KH B TPAHCIIOPTHOM JIOMEHE M JIOMEHE JIOCTYIIa ONPEEIISIOTCS C M0-
MOIIBIO BBIPKEHUI:

s = Pro(1=(1=2)") =02 -1)e™; “)

(1-0-2"")

M= Pao(—(1-1)") =€ A=(1=1)"), 5)
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TJIe Py — BEPOATHOCTH OTCYTCTBHS KOJUTH3HH B TPAHCTIOPTHOM JIOMEHE, pro=e ~ [5]; p,, — BeposT-
-2 m-1
HOCTb OTCYTCTBHSI KOJUIM3UM B JIOMEHE JOCTyNa, p,, =€ 5 A, - =1 —(1 —l) ; M — KOJIMYECTBO
y3JI0B B JOMEHE JI0CTYIIa.
Ecnu nctouHnKoM 1 mosydareneM KaJpoB JaHHBIX SBIISIOTCS MEPBBINA U IMOCIEIHINA TPAHCIIOPTHBIE
y3isl pparmenra MCOC, TO BEpOSTHOCTb [OTEPb KaiApoB Fpy, M MPOIyCKHAs CIIOCOOHOCTH STN/m

OCIMOYKH U3 N/(m + 1) TPAHCIOPTHBIX Y3JIOB BHIYHUCIIAOTCSA C ITIOMOIIBIO Bpra)KCHHﬁI

Py =1- e_z(%_]]x; (6)

m

S = xe_z(%_l)x. 7

Ecnn ncTOYHUKOM 1 MoTydaTeneM KaJpoB JaHHBIX SBIAIOTCA y37bl JOCTYIIA, BXOIALINE B JOMEHBI
KOJUTU3HUH [1EPBOro M MOCIEAHEro TPaHCHOPTHBIX y310B ¢parmenta MCOC, To BEpOSTHOCTH HOTEPh
KagpoB Py, ¥ MPOIyCKHast CIIOCOOHOCTh Sy, KaHaua, 00pa3OBAHHOTO JByMs y3JaMH JOCTyNa
u N, / (m + 1) TPAHCHOPTHBIMH y3JIaMH, BEIYUCIISIOTCS 110 (OpMYyIIam:

Pain =1=(e ) O ®)

S (e e ©)

Ouenka 3¢ (peKTHBHOCTH METOA0B OPraHU3aAUMU MOOUJILHOI CAMOOPIraHU3YIOLIEHCH ceTH

IIponssenena ouetka BepositHoctedt Py, Py, Py Py » HOTEPB KaJPOB U MPOITYCKHOM CIIOCO0-
HOCTH Sy, Syns Spyjms Sanym KaHana nepenadn ganHeix MCOC 0T HHTCHCHBHOCTH HAarpy3KH B OZ(HO-
PaHrOBOM, OJHOPAHTOBOM C YABOCHHOH CKOPOCTBIO Tepefadr 1 KOMOMHHPOBAaHHOM pEXXHUMax padoTh
IIPU pa3IMUHbIX 3HaYeHus1X N u m (puc. 5, 6). U3 puc. 5, 6 cinenyert, 4To npeanoKeHHbIH KOMOMHUPOBaH-
HBIA MeToJ opranu3anuu 1ByxypoBHeBoit MCOC 1o cpaBHEHHIO ¢ OOBIYHBIM OTHOPAHTOBBIM METO/IOM
Y OTHOPAHTOBBIM METOJIOM C YJIBOCHHOH CKOPOCTBIO TIepefayn 00eCIIeYBAaEeT MEHBIIYIO BEPOSITHOCTh
motepb kampoB B 1,61 u 1,57 pazanpu N=30,m=9,A,=0,13; 81,521 1,29 paza—nipu N=30, m =2,
A =0,06; B 1,66 u 1,65 paza —npu N =90, m =9, L = 0,05; 8 1,59 u 1,36 paza — ipu N = 90, m = 2,
A= 0,02 (s cyydasi, KOraa MICTOYHHUK U MTOTy4aTellb JaHHBIX SBIISIOTCS y3IaMu 1octyna). [IponyckHas
CIOCOOHOCTh KaHalla Mepeiaul JaHHBIX IPU 9TOM YBEIMYHBACTCSI COOTBETCTBEHHO B 714 11 17 pa3; B 12
u 2,1 paza; 82927 u 34 paza; B 13,7 u 2,3 pa3za.
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Puc. 5. 3aBUCUMOCTD BEPOSTHOCTH MOTEPh KAJPOB U MPOIYCKHOM CIIOCOOHOCTH KaHalla Mepeiadu
MOOMITBHOM CaMOOPTaHU3YOMIEHCS CeTH 0T MHTEHCUBHOCTH Harpy3ku mpu N = 30:
1= Py, Sy; 2= Pony Sons 3,5 — Py Saupym TP m =2 M m = 9 COOTBETCTBEHHO;
4’ 6 _PTN/m’ STN/m npu m = 2um=9
Fig. 5. Dependence of the probability of frame loss and transmission channel capacity
of a mobile self-organizing network on load intensity at N =30: 1 — Py, Sy; 2 — Poy, Son;
3,5 = Piyms Sanm for m =2 and m = 9, respectively; 4, 6 — Py, Srym atm=2and m =9
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Puc. 6. 3aBUCUMOCTb BEPOSTHOCTH MOTEPH KAJPOB U MPOMYCKHON CIIOCOOHOCTH KaHaa nepenadn MoOUIbHON
CaMOOPIaHMU3YIOLIEICS CETH OT UHTEHCUBHOCTH Harpy3ku npu N = 90: 1-6 — to e, yTo Ha puc. 5
Fig. 6. Dependence of the probability of frame loss and transmission channel capacity
of a mobile self-organizing network on load intensity at N = 90: 1-6 — the same as in Fig. 5

3aKk/oueHue

1. YcTaHOBJIEHO, YTO B MOOMIIBHON CaMOOPTaHU3YIOLICHCS CETH ¢ OJHOPAHTOBBIM PEKUMOM PadOThI
BEPOSITHOCTD IOTEPh KaPOB OBICTPO PACTET C YBEIUUECHHEM KOJIMUECTBA TPAHCIOPTHBIX y3JI0B B KaHa-
JIC IIepeaavu JaHHBIX MEXKAY OTIIPAaBUTEIICM U IMOJYYaTCJIEM, YTO IPUBOAUT K CHUIKCHUIO €TI0 IIPOITYyCK-
HOM CIIOCOOHOCTH.

2. Pa3nenenue Harpy3Ky Ha JiBa 4aCTOTHBIX JOMEHA KOJUIM3UH B COOTBETCTBHUU C NPEIJIOKEHHBIM
KOMOMHHMPOBAHHBIM METOZOM OpPTaHU3aIlMHU JIByXYPOBHEBON MOOMIIBHOW CaMOOPTaHU3YIOIIEHCS CeTH
MO3BOJIIET CHU3HUTH BEPOSITHOCTD MOTEPh KaPOB, MIOBBICUTH MPOIMYCKHYIO CIIOCOOHOCTh KaHaja Iepe-
JauM JaHHBIX U ABJsieTcs: Oonee 3((EKTUBHBIM MOAXOIOM IO CPABHEHMIO C YBEIMYEHHEM CKOPOCTH
nepesay B METO/IE OJHOPAHTOBOM OpraHM3aIiii MOOMIBHOM CaMOOPTaHU3YIOIIEHCS CEeTH, TakKe pac-
LIMPSIIOIIUM TI0JIOCY UCIIONIBb3yeMbIX 4acToT. [IpudeM 3¢ (peKTHBHOCTD MPEIIOKEHHOIO METOa PacTeT
C YBEJIIMYCHUEM KOJIMUYECTBA y3JIOB IOCTYIIA, IIOCKOJIBKY NPUBOIUT K YMEHBLICHUIO KOJIMUECTBA TPaHC-
IMOPTHBIX Y3JIOB B KaHAJIC MIEpeaavYn JaHHbIX.

3. IlpenyioskeHHBIH METO] TO3BOJISIET OPraHU30BaTh IBYXyPOBHEBYIO MOOMIIBHYIO CAMOOPTaHU3YI0-
LIYIOCS CeTh ¢ 00JIee BBICOKOM MPOIYCKHON CIIOCOOHOCTBIO 110 CPABHEHHUIO C OTHOYPOBHEBOH MOOUIIb-
HOW CaMOOPTraHM3YIOMIEHCs CeThIo, paboTaIOIIel B OIHOPAHTOBOM PEKHME, MPHU OJMHAKOBBIX MOJIOCE
HCIOJIb3YEMBIX YaCTOT M IUIOIIAIU TOKPBITHUS.

CrnHcok JuTepaTyphl

1. Dynamic Channel Selections and Performance Analysis for High-Speed Train WiFi Network / F. Xu-
ming [et al.] / International Workshop on High Mobility Wireless Communications. 2015. DOI: 10.1109/
HMWC.2015.7353350.

2. Telecommunications and Information Exchange between Systems — Local and Metropolitan Area Networks —
Specific Requirements. Part 11: Wireless LAN Medium Access Control (MAC) and Physical Layer (PHY)
Specifications: IEEE Standard for Information Technology 802.11-2020. Date of access: 14.12.2016.

3. Hirioo, S. End-to-End Throughput and Delay Analysis for IEEE 802.11 String Topology Multi-Hop Network
Using Markov-Chain Model / S. Hirioo, S. Kosuke, K. Nobuyoshi // IEEE 26" Annual International Sympo-
sium on Personal, Indoor, and Mobile Radio Communications. 2015. DOI: 10.1109/PIMRC.2015.7343572.

4. Jayalakshmi, V. Study of Clustering Schemes in Mobile Ad hoc Networks / V. Jayalakshmi, R. Sarumathi //
6" International Conference on Intelligent Computing and Control Systems. 2022. DOIL: 10.1109/
ICICCS53718.2022.9788134.

5. Tanenbaywm, 3. Kommbrotepnsie cetu / D. Tanenbaym, J1. Yazepomn; 5-¢ uzn. CII6.: [Turep, 2012.

6. Cremnanos, C. H. Teopus tenerpaduka: konnennuu, Mmoaenu, npuwiokerus / C. H. Crenanos. M.: Topsaas
mHug — Tenexom, 2015.

7. Kuettapoxk, JI. Beraucnurensabie cucteMsl ¢ ouepeasvu / JI. Kiertapoxk; mep. ¢ anrt. b. C. Lprbakosa. M.:
Mup, 1979.

8. Iversen, V. B. Teletraffic Engineering and Network Planning / V. B. Iversen. Denmark: DTU Fotonik, 2015.

90



Dokrapy BGUIR
V.22, No 4 (2024)

Jloknazgel BI'VUP
T 22, Ne 4 (2024)

References

1. XumingF., YaweiZ., Yaxiong F., Yu W., Yuxin Z. (2015) Dynamic Channel Selections and Performance Analysis
for High-Speed Train WiFi Network. International Workshop on High Mobility Wireless Communications.
DOI: 10.1109/HMWC.2015.7353350.

2. IEEE Standard for Information Technology 802.11-2020. Telecommunications and Information Exchange
between Systems — Local and Metropolitan Area Networks — Specific Requirements. Part 11: Wireless LAN
Medium Access Control (MAC) and Physical Layer (PHY) Specifications. Accessed 14 December 2016.

3. Hirioo S., Kosuke S., Nobuyoshi K. (2015) End-to-End Throughput and Delay Analysis for IEEE 802.11
String Topology Multi-Hop Network Using Markov-Chain Model. IEEE 26" Annual International Symposium
on Personal, Indoor, and Mobile Radio Communications. DOI: 10.1109/PIMRC.2015.7343572.

4. Jayalakshmi V., Sarumathi R. (2022) Study of Clustering Schemes in Mobile Ad hoc Networks. 6" International
Conference on Intelligent Computing and Control Systems. DOI: 10.1109/ICICCS53718.2022.9788134.

5. Tanenbaum E., Weatherall D. (2012) Computer Networks. Saint Petersburg, Peter Publ. (in Russian).

6. Stepanov S. N. (2015) Theory of Teletraffic: Concepts, Models, Applications. Moscow, Hotline — Telecom
Publ. (in Russian).

7. Kleinrock L. (1979) Computing Systems with Queues. Moscow, Mir Publ. (in Russian).

8. Iversen V. B. (2015) Teletraffic Engineering and Network Planning. Denmark, DTU Fotonik Publ.

Bxaan aBropos

[omysiu T. B. pa3paborana MeTos OpraHU3alyy AByXypPOBHEBOH MOOMIIBHON caMOOpPraHU3yIOIICH-
Csl CeTH C KOMOMHHUPOBaHHBIM PEKUMOM PaOOThI, MATEMATHUECKYIO MOJICNIb OTIMCAHMsI BEPOSITHOCTH IO~
TEpb KaJIPOB U MPOITyCKHOM CTIOCOOHOCTH KaHalla Iepeaadn JaHHbIX, TPOBeIIa OIICHKY dPPEKTUBHOCTH
METOJIOB OPTaHU3AIINH MOOMILHON CaMOOPTaHU3YIOMIEHCS CETH.

LiBetkoB B. 0. onpenenyn HanpapiIeHUe U IETb UCCIIEA0BAHNS, OCYIIIECTBHI IOCTAHOBKY 3a/1a4H,
BBITIOJTHAJT HHTEPIIPETAINIO TTOTYYEHHBIX PE3YIbTaTOB.

Authors’ contribution

Paluyan T. V. developed a method for organizing a two-level mobile self-organizing network with
a combined operating mode, a mathematical model for describing the probability of frame loss and data
transmission channel capacity, assessed the effectiveness of methods for organizing a mobile self-orga-
nizing network.

Tsviatkou V. Yu. determined the direction and purpose of the study, formulated the problem, and in-
terpreted the results obtained.

Caenenusi 00 aBTopax Information about the authors

Hoaysn T. B., acc. xap. mHOOKOMMYHHKAIIMOHHBIX
TEXHOJIOIMH, benopycckuil rocyiapcTBeHHbII YHUBEP-
cuteT HHPOPMATHKU U PATHO3TEKTPOHUKU

LBerkoB B. 0., n1-p TexH. HayK, pod., 3aB. Kad. HH-
(hOKOMMYHHKAIIMOHHBIX TEXHOJIOTHH, benmopycckuit ro-
CYJapCTBEHHBI YHUBEPCUTET MH(OPMATUKN M pajfio-
JJIEKTPOHUKHU

Ajpec U1l KOppecnoHeH NI

220013, Pecny6mnuka benapycs,

. Munck, yi. I1. BpoBku, 6

Benopycckuil rocynapcTBEHHBII YHUBEPCUTET
MHPOPMATHKH U PaIH0dICKTPOHUKH

Ten.: +375 17 293-84-04

E-mail: vtsvet@bsuir.by

BeTkoB Buktop OpreBuu

Paluyan T. V., Assistant at the Department of Infocom-
munication Technologies, Belarusian State University
of Informatics and Radioelectronics

Tsviatkou V. Yu., Dr. of Sci. (Tech.), Professor, Head
ofthe Department of Infocommunication Technologies,
Belarusian State University of Informatics and Radio-
electronics

Address for correspondence

220013, Republic of Belarus,
Minsk, P. Brovki St., 6

Belarusian State University

of Informatics and Radioelectronics
Tel.: +375 17 293-84-08

E-mail: vtsvet@bsuir.by

Tsviatkou Viktar Yur’evich

91



Joknager BI'YUP Dokrapy BGUIR
T.22, Ne 4 (2024) V.22, No 4 (2024)

@) |
http://dx.doi.org/10.35596/1729-7648-2024-22-4-92-99

Opuzunanvhas cmamuosi
Original paper

YK 004.043

CUCTEMA YIIPABJIEHUA JAHHBIMUA U ITPOI'PAMMHOE OBECIIEYHEHHUE
JIJIA KOMILIEKCHOM OIIEHKHW COCTOSAHUSA BUOCPEPHI

I1. K. IAJIbKEBHWY!, JI. C. JABHUKOBWY?, IO. C. TOPOAHASI?, A. B. UEMEHIIOBA?

IMecoynapoomwiii 2ocyoapcmeennuiii skonouyeckuti uncmumym umenu A. JI. Caxapoea
benopyccrozo cocyoapcmeennoeo ynusepcumema (e. Munck, Pecnybauxa benapycy)
’Benopycckuii 20cy0apcmeenblil yHusepcumen unpopmamuxi, u paouodnekmpoHuKu
(2. Munck, Pecnybnuxa benapycsy)

Ilocmynuna 6 pedaxyuio 10.01.2024

© benopycckuii TOCYIapCTBEHHBIH YHUBEPCUTET WHPOPMATHKH U PAIHONICKTPOHUKH, 2024
Belarusian State University of Informatics and Radioelectronics, 2024

AnHoTanus. B paMmkax pemieHus 3aa4d KOMIUICKCHOM OLIEHKU COCTOSHHS OMOC(Eephl aKTyaJIeH BOIIPOC O pa3-
paboTke Takol reoMH(OPMAIIMOHHON CHCTEMBI, KOTOpas Oy[IeT He TOJIBKO XPAaHHUTH OONBIINE OOBEMBI JAHHBIX
Pa3HOTO THIIA, HO U 00ECIIEYNBATh BOZMOKHOCTH I10 IPUMEHEHUIO METOJ0B 00paOOTKU U aHAJM3a 3TUX JaHHBIX,
METOJIOB YUCIICHHOTO MOJICITUPOBAHUS M MHTEIUICKTYaIbHBIX METOIOB MPUHATHUS perreHuit. OcHoBaMHu 1 yHK-
IUOHUPOBAHHS TeOMH()OPMAIIMOHHOW CHUCTEMBI SBIIIOTCS 0a3a IAaHHBIX M CUCTEMa YIpPABJICHUS 0a30i JTaHHBIX.
[ToaTomy ritaBHOU 3aa4ueii MccaeIOBaHUIT OBLT BEIOOP CTPYKTYPHI 0a3bl JAHHBIX U TEXHOJIOTHH CUCTEMEBI YIIPaBIIc-
HUs 0a30{ TaHHBIX [T pa3pabOTKU MPOrPAMMHOIO 00eCIIeYeHUs TeOMH(DOPMAIIHOHHON CUCTEMBI KOMITICKCHOM
OLICHKHU cOcTOsTHUS Onocdepsl. [IpoBeicH aHAN3 BUIOB JaHHBIX, UCIIOIB3YEMbIX B TCOMH()OPMAIIMOHHON CUCTE-
Me, TIOKa3aBIIH{, YTO CUCTEMA JIJIsl KOMILICKCHOM OIICHKH COCTOSIHUSL OHOC(hEephl T0JDKHA 00eCIIeYHBaTh BO3ZMOXK-
HOCTB pabOTHI CO BCEMH BHJAMH IPOCTPAHCTBCHHBIX JJAHHBIX, KOTOPBIC MOTYT IOTPE0OBATHCS [T PEIICHUS 33139
Pa3IMYHOTO XapakTepa B 00JacTH MOHHTOPUHTA OKpY Karomiel cpenbl. COrTacHo 3KCIIEpUMEHTABHBIM ITOKa3are-
nsiM, ObLIa BRIOpaHa cUCTeMa yrpaBiieHus 0a30i maHHbIX MariaDB, mokasaBmiast JIydInyro mIpoH3BOAUTEIBEHOCTD
npu pabore ¢ reonH()OPMAINMOHHON CUCTEMOW OHJIAWH-MOHUTOPUHTA COCTOSHHS KOMIIOHCHTOB OKPY)KaOIICH
cpensl ropoaa Opiuu u OpiaHcKoro paifoHa.

KuroueBble cjioBa: 6a3a TaHHBIX, CHCTEMA yTIpaBleHHU 02301 TaHHBIX, PENAIHOHHAs 0a3a TaHHBIX, Teon(pHOpMa-
LOHHAs CUCTEMa, MOHUTOPHHI OKPYIKAIOIIEH CPEMBbL.

KonpuaukT nHTEpecoB. ABTOPHI 3asBJISIOT 00 OTCYTCTBUH KOH(IMKTA HHTEPECOB.

Jois nurupoBanus. Crucrema ynpasieHUs JaHHBIMHA M [IPOTPaMMHOE OOecIieUeHne Il KOMIUICKCHOW OIEHKH
cocrostaust onocdepsrt / I1. K. Hlanskesny [u ap.] // Hoxmaast BI'YUP. 2024. T. 22, Ne 4. C. 92-99. http://dx.doi.
org/10.35596/1729-7648-2024-22-4-92-99.
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Abstract. As part of solving the problem of a comprehensive assessment of the state of the biosphere, the urgent
question is to develop a geographic information system that will not only store large amounts of data of various
types, but also provide the ability to use methods for processing and analyzing this data, numerical modeling
methods and intelligent decision-making methods. The basis for the functioning of a geographic information
system is a database and a database management system. Therefore, the main task of the research was to select
the database structure and database management system technology for developing software for a geographic
information system for a comprehensive assessment of the state of the biosphere. An analysis of the types of data
used in the geographic information system was carried out, which showed that a system for a comprehensive as-
sessment of the state of the biosphere should provide the ability to work with all types of spatial data that may be
required to solve problems of various nature in the field of environmental monitoring. According to experimental
data, the MariaDB database management system was selected, which showed the best performance when working
with a geographic information system for online monitoring of the state of environmental components in the city
of Orsha and the Orsha region.

Keywords: database, database management system, relational database, geoinformation system, environmental
monitoring.
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BBenenune

[Ipumenenune reoundopmannonnsix cucteM (I'MC) oxBareiBaeT IIMPOKUN CIEKTP BaXKHBIX Haydy-
HBIX 33/1a4, TAKUX Kak: ONpelesicHHe ONTUMAaJIbHBIX MapHIPyTOB Ha IM(POBBIX KapTax MECTHOCTEH;
aHanu3 (akToOpoB, BIMSIOIIMX Ha 3KOJOTHYECKHE W JeMorpaduyeckre mpoOlieMbl; MOICINPOBAHNE
U TPOTHO3MPOBaHHE (PU3MYECKUX U COIMAIBHBIX MPOIECCOB; MPUHITHE YNPAaBICHUSCKUX PEIICHUH,
OCHOBAaHHBIX Ha aHAIWTHYECKUX OTYETaxX M MPOTrHO3axX, U T. 1. IIpu 3ToM pazHooOpasne u CIOKHOCTH
pemaeMbIX 3a/1ad IOAPa3syMEeBaloT cienyromme npusHaku kinaccupukammuu 'MC: npocTpaHCcTBEeHHBINH
0XBaT, 00BEKT HHPOPMALMOHHOTO MOJEIUPOBAHUS, IPeAMETHas 001acTh MHOOPMALMOHHOTO MOJIEINIH-
poBaHusl, IpoOJieMHast OpHEHTaNMs, PyHKIIMOHAJIbHbIC BO3SMOKHOCTH, ypOoBeHb ynpasieHus [ 1]. Takas
KJaccu(uKanus CBUIETEIBCTBYET O TOM, 4TO TeXxHOOruH [ IC oKHBI OBITh, C OTHON CTOPOHBI, 10CTa-
TOYHO Pa3HOOOPA3HBIMU IS PELICHUS 3a/1a4 B PA3JIMYHBIX 00IACTSIX HAYYHBIX HCCIICAOBAHUH, a C Ipy-
roif — 00beTMHEHHBIMHU OJTHOM OOIIIEH KOHIIEHITHEH paboThI ¢ MPOCTPAHCTBEHHO-KOOPINHUPOBAHHBIMU
nmanaeiME. Kak crienctsre, pa3paboTka OJHOTO YHUBEPCATBHOTO TIporpaMmHoro kominiekca (I1TK) T'MC
JUIsl PELICHUs 3a7a4 IIMPOKOTO CIEKTPa M3 BCEX CYIIECTBYIOIIMX OONacTell HayuyHBIX MCCIICAOBAHUI
SIBIISIETCSL KpalHe CIIOKHOM, BO3MOXKHO, Hepa3pemmmMoii npodnemoii. Hanpumep, yausepcansusie ' C,
takue kak [1K QGIS u Grass GIS, npumensirorest 1715 pereHust 3aiad reoMophoMeTpUr, THIPOIOTHH,
9KOJIOTHH, JIAHAIMA(THOTO IM3aliHa, BO30OOHOBJIIEMOU SHEPIeTUKU U JIOTUCTHKH [2], 4TO OrpaHUYHUBACT
rccienioBaTenell 3TX 00NacTel eAMHBIM HHTEpP(EcoM, MPOrpaMMHON apXUTEKTYPOH U CTPYKTYpOi
JAHHBIX, YCIIOXKHSS pelIeHue crnenn(uueckol Asl KOHKpeTHOM oOnactu 3amaun. C npyroi cTopo-
HBI, pa3paboTKa clienuaan3upoBaHHoro nporpamMmmuoro obecneuenus (I10) 'MC, npeanaznadenHoro
JUIsL PELICHUS! ONPEACIICHHOTO Kiacca 3a1a4, OTPaHMYCHHOTO OJHON MM HECKOJIBKUMHU O0JIACTAMH HC-
CJIeJIOBaHUH, — aKTyaJIbHOE U IIEPCIEKTUBHOE HAIlpaBlIieHUE HAay4YHOU AestenbHocTH. [IprMepoM Takoro
KJjlacca 3ajad SBISIFOTCS 3aJa4d MOHUTOPHHIA OKpYJKAroIlei cpelbl, KOTOpble TPeOyIOT pelieHuid He
TOJILKO B 00JIaCTH HAOIIONEHUH 32 COCTOSHIEM OKPYXKAroIIel Cpe/ibl, HO M B 00JIaCTH OIIEHKH M TPOT-
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HO3a U3MEHEHHI COCTOSIHHSA OKPY>KAIOLIEH Cpenbl MO BO3AECHCTBUEM MPUPOAHBIX U aHTPOIIOTEHHBIX
¢axropos [3]. K 'C, cnocoOHBIM pemars Takoro Kjacca 3aadd, OTHOCUTCS pa3padoTaHHas Ha OcC-
HOBe JaHHbIX HammonanbHOH cucTtembl MoHUTOpUHTra okpyxkaromeit cpensl (HCMOC) PecryOnuku
benapycs 'MC oHnaiiH-MOHMTOPUHTA COCTOSIHUSI KOMITOHEHTOB OKpY>Karoleil cpeasl ropoga Opiu
u Opianckoro pariona [4]. Ora 'MC obecnieunBaeT padboOTy CO CTPYKTYpPOH JaHHBIX, KOTOpas roja-
mu Gopmuposanack [maBHsIM HHpOpMaOHHO-aHAIATHYECKHM TIeHTpoM HCMOC n obecnieunBaet
TEXHUYECKUE BOBMOKHOCTH JJIS1 HHTErPAllii METOZ0B IPOTHO3UPOBAHUS H3MEHEHUI COCTOSTHUS OKPY-
XKarolen cpensl [5, 6] u pa3pabOTKH NPUHSTUS PELICHUH B paMKaX KOMIUIEKCHOH OLIEHKH COCTOSHUS
uccnenyeMbix Tepputopuid. Tak, paccmarpuBaemas ['MC MoxeT OBITH MCHONB30BaHA JUIS PELICHUS
OJIHOM M3 BAXHEWIIMX 3aJjad MOHUTOPUHTA OKPY’KalOUIEH Cpeabl — KOMIUJIEKCHOM OLEHKU COCTOSTHUSA
ouochepsl.

CrenoBarenbHO, IPU PELICHUH 3a/1a4U KOMIUICKCHOM OLICHKH COCTOSIHUA Onocdepsl akTyaslbHa pas-
pabotka Taxoii ' IC, koTopast OyAeT He TOJIKO XPaHUTh OOJIbLINE 00BEMBbI JaHHBIX PAa3HOTO THMA (Ieo-
METPUYECKHE MTOJIUTOHBI, CBOHCTBA FE0JIOTHUECKUX MAaTEPHAJIOB, TApaMeTPhl 3arps3HSIOLINX BEILECTB),
HO U o0ecreunBaTh BO3MOXKHOCTh MPHUMEHEHHs METOJ0B 00PaOOTKH M aHadu3a STHX AaHHBIX, METO-
JIOB YHCJIEHHOTO MOJICIIMPOBAHUS M MHTEIUIEKTYaJIbHBIX METOJI0B IPUHATHUS pemeHuii. HeoOxonuMocTs
B TaKOH IIUPOKO HATPaBICHHON (yHKIMOHAIBHOCTH (HOPMHPYET Psili TPEOOBAHUN K MPOTrPaMMHOMY
obecrieuenuto ['MIC miist KOMIUTEKCHOW OIEHKH COCTOSHUSA Onocdepsnl. [Ipu 3ToM 01HO M3 BaXKHEHIITNX
TpeOOBaHMI — OTKPHITOCTH MporpaMMHoro kozxa ['MC mist ee pa3BUTHs, MOJCPHHU3ALNN U MHTETPALluU
C IpyTdMH NPOrpaMMHO-aNNapaTHeIMU cuctemMamu. OcHoBaMu it pyHKIHoHUpoBaHus Takoil [UC
siBisitoTcest 0a3a panubix (BJ]) u cucrema ynpasnenus 6a3zoit ganubix (CYB/]). [losTomy 3amaua npoBo-
JTUMBIX MCCIeIOBaHUN cocTosia B BeIOope cTpykTypbl b/l n texnonoruit CYBJ nist paspabotku ['TMC
KOMITJIEKCHOM OIEHKH COCTOSIHUS Onochepsl.

Buabl 1aHHBIX B reoMH(OPMAMOHHBIX CHCTEMAaX
JUUISI KOMILJIEKCHOM OLleHKH cOCTOsiHUS Ouocdepsnl

B nenom I'MC onepupyioT 4eThIppMsi BUAAMH JaHHBIX: MMPOCTPAHCTBEHHBIMH, KOTOPBIE COZAEp-
aT WH(GOPMAIMIO O MPOCTPAHCTBEHHOM TOJOKEHHH OOBEKTOB; aTpHOYTHBHBIMHU, OTHCHIBAIOIIIUMHU
Ka4eCTBEHHBIC W KOJIMYECTBEHHBIE CBOWCTBA; OMOMMOTEKON YCJIOBHBIX 3HAKOB, TJE CONEpI)Karcs Ha-
OOpbI CTaHAAPTHBIX YCJIOBHBIX JAaHHBIX; METAAaHHBIMH, KaK MPaBUIIO, COIEPKAIIMMH HH(OPMALIUIO
00 MCTOYHMKAX JaHHBIX, O METOJAX MOJTYYCHHUsS] U KOHKPETHBIX MCIOIHUTENSX, MOTYYHBLINX JaHHBIC.
[IpencraBienue MpOCTPaHCTBEHHBIX JaHHBIX MOJAPa3yMeBacT CIOCOOBI MU(PPOBOTO OmucaHus 00bEK-
TOB, HanOoJiee YHUBEPCAIbHBIE U3 KOTOPHIX — pacTpoBbid, BekTopHbIi, GRID u TIN [1]. YunTsiBas
IMTUPOKUH psIT 3a1ad, cTosAux rmepen coBpeMeHuasME [ IC [7-9], BOcTpeOOBaHHBIM SBIISETCS UCITONb-
30BaHUE KAXKIOTO U3 IIEPEUUCICHHBIX CITOCOOOB OMKCaHus 00beKTOB. [Ipr 3TOM IpuMEHEeHHEe TOTO HITH
WHOTO criocoba onpeaessiercs: cequduroi 3aaad, pemaeMbix KonkpetHoit ['UC.

KommiekcHast orieHKa cocTostHUSI Onocdepbl oApasyMeBaeT HallM4ne JaHHBIX MOHUTOPWHTA pa3-
JIMYHBIX KOMIIOHEHTOB OKpPY>KaloIlleil Cpeabl M CUCTEMBI OIIEHKH 3THX JaHHBIX. Ha mpumMepe cuctembl
OHJIAITH-MOHHUTOPWHTA COCTOSIHUSI KOMIIOHEHTOB OKpYy»Xaromel cpenbl ropona Opmm 1 OpiiaHCKOTO
pationa (puc. 1) [7] BuanHO, uT0 MHMDOpPMAIHSI 00 OKPYKAIOIICH Cpele MpencTaBieHa B BHIe Habopa
FEOMapKEPOB, K KOTOPBIM MIPUBSI3aHbl JAHHbIE MU3MEPECHUN MapaMeTPOB KOMIIOHEHTOB OKpPY>KaroLIeH
cpenbl. ['eomapkepsl, B CBOIO 04Yepe/ib, IPUBSA3aHbI K KapTorpapuyecKuM JaHHBIM BeO-cepBucoB Open-
StreetMap u Google Maps. DTHX JaHHBIX MOXKET OBITH AOCTATOYHO AJISl TPOBEICHHS IKCIICPTHOH OLIeH-
k1 [10] cocTostHUS OKpY’KaIoLIe Cpebl, YTO OTKPHIBAET MEPCHEKTUBBI IS IPUMEHEHHS TEXHOJIOTHi
HCKYyCCTBEHHOTO MHTEIJUIEKTa B KomIutiekce ¢ paccmarpuBaemoit ' IC. Kpome Toro, nannsie ['IC on-
JaifH-MOHHUTOPHHTA COCTOSTHISI KOMITOHEHTOB OKpY»Karotiei cpeas! ropona Opmru u OpIiraHcKoro paio-
Ha MOTYT OBITh HCITOJIb30BaHbI KAK UCXOTHBIC JIJIs PEIICHHS 33/1a4 MOJISITMPOBAHMUS M TPOTHO3UPOBAHUS
COCTOSIHMS OKpy»Katomien cpenbl. [Ipumep Takoil 3ajaun — NpOrHO3UPOBAaHNE MUTPALIMN PaAHOHYKIIU-
JoB B mouse [5]. [y ee pemnienus ¢ nomonisio paccMarpuBaemoit ['MC motpeOyroTcst monkiitoueHue
k ['MC b/ ¢ mapamerpamu mouB u peanuzanus B pamkax [ MIC mporpaMMHOT0 MOTyIsl TPOTHO3UPOBA-
HUS TPEXMEPHON MUTpaINX PAJUOHYKIH/IOB B IT0YBe. Bu3yanusamnust pe3ynbsTaTroB MOXKET ObITh peasu-
30BaHA B BHJIC TPEXMEPHOM KapThl WIIM MAacCUBa JaHHBIX JUIsl UX UMIIOPTA B CTOPOHHEE MPOrpaMMHOE
oOecrieueHue.
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Puc. 1. /lannble n3MepeHnii mapaMeTpoB B MyHKTE HAOIIOACHUH CHCTEMbI OHJIAH-MOHHTOPHHTA
COCTOSIHUSI KOMITOHEHTOB OKpYy»KaroIeit cpessl ropona Opmru u OpiraHckoro paifona
Fig. 1. Parameter measurement data at the observation point of the online monitoring system
for the state of environmental components in the city of Orsha and Orsha region

Taxum 06pa30M, CHCTEMa KOMILIEKCHOM OICHKHN COCTOSHMA 6I/IOC(1)6pBI JOJIDKHA obecreynBaTh
BO3MOXHOCTb pa60TLI CO BCCMHU BUJIAMU MPOCTPAHCTBCHHBIX JAHHBIX, KOTOPBIC MOTYT HOTpC6OBaTLC$I
JJI pCHICHUS 3a1a4 pa3JIMYHOI0o XapaKTepa B obmactu MOHUTOpPHUHTA Oprnca}omeﬁ CpCAbl.

AHaJIU3 CTPYKTYP 0a3 JaHHBIX U BHIOOP CHCTEMbI yIIpaBjaeHus 0230 JaHHBIX

Ha ocHOBaHWYM BUAOB JaHHBIX U THIIOB XpPaHUMBIX 00OBEKTOB K oNTUMalbHOH cTpykType B/l TMC
CIIPaBEIJINBO BBIIBUHYTH CIEAytomIue Tpedosanws [11]:

— TIOJTHOTA TIPEIOCTaBIEHHON HH(POPMAIINN;

— HeM30BITOYHOCTh W BHYTPEHHSSI HEMIPOTUBOPEUNBOCTH (IAHHBIE W CBSA3HM MEXIy HUMH JIOJDKHBI
OBITh KOPPEKTHBIMHU F HETTOBTOPSIOLITUMICS );

— aKTyaJHM3alusl XpaHUMbIX JaHHBIX (0CO00 BayKHO AJISI PEICHHMS 3a/1a4 MOHHUTOPHHTA OKpPY>Karo-
e cpenbl);

— TIO3UIMOHHAsI TOYHOCTh (MH(OpMalus B 6a3e JaHHBIX JIOJDKHA OBITH CTPOTO COBMECTHMA C TEMH
JTAHHBIMH, KOTOPhIE MOTYT JJOOABIATHCS B Hee B Mpoliecce padoThl);

— IOCTOBEPHOCTH (BCE SBIICHUS JOJKHBI OBITH MTPaBUIHLHO OTPAKEHBI IOCPEICTBOM aTpuOyTOB);

— JIOCTYITHOCTh JAaHHBIX (MH(MOpMAIIHs JOJDKHA OBITh JIETKO M3BJIEKaeMOM JIJIsi BEIOPAaHHOHN KaTero-
pHH MOJIb30BaTeNei).

Ha ceropnsiminuii IeHb BBIAGIAIOT TPU OCHOBHBIX THIA CTPYKTYp 0a3 JaHHBIX: HEPAPXUUECKYIO,
ceTeBylo U persioHHyto [12]. st pabotsl ¢ b/l pensiuoHHo#i CTPyKTYphI CYIIECTBYET UITMPOKU U~
anazon CYB/], mpenocTaBnsonimx He0OX0IMMBbIE CPEACTBA ISl paboTHI ¢ PESAIMOHHBIMU 0a3aMu 1aH-
weix: Oracle Database, Microsoft SQL Server, PostgreSQL, MySQL, MariaDB, SQLite, dBase, R:Base,
Informix, Paradox, Microsoft Access.

[Hupoxwuit Be160p CYB/] 0TKpBIBacT XOpoILne NEePCIEKTUBBI BEIOOpa TAKOW CUCTEMBI, KOTOpast Oy-
JIeT COOTBETCTBOBATH HE TOJILKO BBILICTICPEUNCICHHBIM TPEOOBAHUSM, HO H 00ECTIeUNBaTh HHTETPALIUIO
C COBPEMEHHBIMU HMH(POPMAIIIOHHO-KOMMYHUKAIIMOHHBIMHA TEXHOJOTHSIMHU, 00€CTICYHBAIONIMMHU BO3-
MOXKHOCTH pactmpenus QyHknuonaasHocTH [ MIC koMImiekcHO# omeHKu cocTostHus ouocdepst. [Ipu-
MCEHEHHE HepapXudeckoit U ceTeBoit cTpykryp b/l 3Toit 1iem He cooTBeTcTBYeT. OTHAKO B KAYECTBE AlTh-
TepHaTuBHI pensionabiM CYBJ[ mpemmararorcst Tak HazpiBaemble HepersinnonHbie CYBJl (NoSQL),
HCIOJIb30BAHNE KOTOPBIX MPH PEIIEHUH TEXHUYECKUX 33]ay MMO3BOJIAET MONYYHTh JIyUIIyI0 IPOU3BO-
JuTenbHOCTH [13].

s Be16opa nHanobonee noaxossineid CYBJ st TMC koMITJIEKCHOH OLIEHKU COCTOsIHUSI Onocepbl
BOCIIONIb3yeMCS CTIHCKOM caMbIX pacrpocTpaneHHbix CYBJl [14]: Oracle Database, MySQL, Micro-
soft SQL Server, PostgreSQL, MongoDB, Redis, Elasticsearch, IBM Db2, SQLite, Microsoft Access,
MariaDB. YuuteiBas, uTto omHUM H3 BaxHbIX TpeOoBaHuil mis 'MC KOMIUIEKCHOW OIEHKH COCTOS-
HUSI OKPY’KarOIEH Cpebl SBIAETCS OTKPBITOCTh MPOrpaMMHOro koza, pu Beidope CYBJl uckiounm
u3 cnucka nponpuerapuoe [10. XapakrepucTHky Hamboliee pacnpoCcTpaHEHHBIX OTKPHIThIX CYB/]
npuBeeHs! B Tabm. 1 [15, 16].
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Taoauna 1. XapakTepucTHKH HanOoIIee pacpoCTPaHEHHBIX

OTKPBITBIX CUCTEM YIIPABJICHUA Oazamu JaHHBIX

Table 1. Characteristics of the most common open database management systems

HanmenoBanue CrpykTypa Tomepmpaeman miarhopma IlonnepxuBaeMblii A3bIK
CHCTEMBI JIAHHBIX MPOrpaMMUPOBAHUSI
MySQL Pensimonnast | AIX, BSDi, FreeBSD, HP-UX, Delphi, C, C++, Diidens,

Linux, macOS, NetBSD, OpenBSD, Java, Jlucm, Perl, PHP,
0S/2 Warp, SGI IRIX, Solaris, SunOS, Python, Ruby, Smalltalk,
SCO OpenServer, UnixWare, Tru64, KommonenTusiii [Tackans,
Windows 95, Windows 98, Windows NT, |Tcl, Lua, NET
Windows 2000, Windows XP,
Windows Server 2003, WinCE,
Windows Vista, Windows 7 u Windows 10
PostgreSQL AIX, BSD-cucremsr, HP-UX, IRIX, Lua, LOLCODE, Perl, PHP,
Linux, macOS, Solaris/OpenSolaris, Python, Ruby, PL/sh, PL/Tcl,
Tru64, QNX, Microsoft Windows PL/Scheme, PL/v8 (Javascript),
C, C++, Java
MongoDB |Hepensmnuonnasi | Linux, macOS, Windows, OpenBSD C, C++, C#, Go, Java, Node js,
Perl, PHP, Python, Ruby, Rust,
Scala, Swift
Redis Linux, BSD, Mac OS X C, C++, C#, Clojure, Jlucn,
Erlang, Java, JavaScript,
Haskell, Lua, Perl, PHP,
Python, Ruby, Scala, Go, Tcl,
Rust, Swift, Nim.
Elasticsearch Linux, macOS, Windows PHP, Java, NET (C#), Python,
Groovy
SQLite Pemsininonnas | Linux, macOS, Windows Apple Swift, Delphi, C++,
Java, Kotlin, C#, VB.NET,
Python, Perl, Node.js, PHP,
PureBasic, Ruby, Haskell,
Scheme, Smalltalk, Lua, Parser
MariaDB Windows, macOS, Linux, Solaris, Delphi, C, C++, Diidens,
OpenBSD Java, Jlucm, Perl, PHP,
Python, Ruby, Smalltalk,
KommnonenTnsrit [1ackans,
Tcl, Lua, NET

Kak BugHO u3 Tab6m. 1, Bce nepeunciennsie CYB/] sBusitorcest Kpocc-maarhopMeHHBIMU U TTOLACP-
YKHBAIOT MHOTHE COBPEMEHHEBIE SI3bIKK MTporpamMMmupoBanusi. Oquaxo npu Beioope CY B/ pist T C xom-
JIEKCHOM OLIEHKH COCTOSIHUSA OMoc(eprl He0OOXOANMO YUECTh, YTO JaHHBIE 00 N3MEPEHUAX TapaMeTPOB
OKPY’KaroIeN cpelpl MOCTYNAIOT B CUCTEMY B PE3yIbTaTe MPOBENCHHS MEPOIIPUATUN TI0 MOHUTOPHHTY
OKpYXarolleH cpenbl. OTH MEPONPUATHS BKIIOYAIOT B ce0sl 00paboTKy M CTPYKTYpUPOBAHUE JaHHBIX
0 TIapaMeTpax OKPYKalollel cpeibl HA OCHOBAHUH Pa3IMYHBIX HCTOUHUKOB 3THX JaHHBIX. Takum oOpa-
30M, B ' IC KOMIUIEKCHOH OIIEHKH COCTOSIHHSI OMOC(ephl UCIOIB3YIOTCS CTPYKTYpUPOBaHHbBIC TaHHBIE,
cienoBaTensHo, B kKauecTBe ee CYB/l panrioHaIbHO IPUMEHSTD PEISIUOHHYIO CHCTEMY.

Urto0OsI BeisiBUTH Hanbosee noaxoasityto CYB/ s TMC koMIUICKCHOM OLIEHKH COCTOsIHUS Onocde-
PBI, IPOBEEM IKCIICPUMEHT Ha 0a3e CUCTEMbl OHJIAHH-MOHUTOPHUHIA COCTOSHUSI KOMIIOHEHTOB OKpY»Ka-
rowel cpensl ropoaa Opun 1 Opanckoro paiiona. [Iporpammuast ctpykrypa 3toil 'MC peanuszona-
Ha C MCHOJIb30BAaHUEM CHCTEMBI yIpaBieHus copepxkuMbiM Drupal 7 u si3pika nporpamMmupoBanust PHP.
Drupal 7 monnepxuBaet B3aumoseiicteue ¢ ir000ii u3 pesiinonabix CYBJI, npuBenennpix B Tadm. 1,
onnako nomaepxka SQLite orpannyena. Kpome toro, nmpumenenue CYBJ] SQLite mokasbiBaet Jjyd-
LIYI0 MPOM3BOAUTENBHOCTh HE B OHJIAIH-CUCTEMAaX, a B JIOKAJIbHBIX, YTO SIBIISETCS JOTIOTHUTEIHHBIM
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apryMEeHTOM NPOTHB €€ IPUMEHEHHUS B CUCTEME OHJIafH-MOHUTOPHUHIA COCTOSIHUSI KOMIIOHEHTOB OKpYKa-
romei cpensl. [Toatomy s mpoBeneHus dKCepUMeHTa Ucnonb3oBainu cucteMbl MySQL, PostgreSQL,
MariaDB. CyTb nccnenoBanuii CBOAMIACH K U3MEPSHUIO BPEMEHH BBITIOIHEHHS 3alIPOCOB B 3TUX CHCTEMAax
npu ciexyromumx aeicteuax B [ IC: cozganue cTpanmlipl, 100aBIeHNHE MPYIIIBI TapaMeTpOB MPH MOMOIIH
AJAX, coxpaHeHHe CTpaHHUIbI, QUIBTPAIHS CTPaHHMIL, 3arpy3Ka CTpaHuIlbl Moayeil. Kaxnoe m3mepenne
nposoauiiock 10 pa3 ¢ mocienyomyM pacueToM CpeaHero 3HaueHus. B kauecTBe cepBepa Ipu BBIIONI-
HEHHH SKCTIEPUMEHTA NCTIONB30BAJICS KOMITHIOTEp Ha 0a3e ueThIpexbsepHoro nporeccopa AMD EPYC
¢ 8 I'6 oneparuBHOI namaTH. Pe3ynbrarsl ncciaenoBaHui NpuBeAeHb! B Ta0II. 2.

Tadnauua 2. CpaBHeHHE CKOPOCTH PaOOTHI CHCTEMBI YIIpaBIeHUs 023011 TaHHBIX
B TeOMH(OPMALMOHHBIX CHCTEMax OHJIaHH-MOHUTOPUHTA COCTOSIHNSI KOMIIOHEHTOB OKPY KaroIeH cpesibl
ropona Opn 1 OpuraHckoro paifoHa
Table 2. Comparison of the speed of the database management system in geographic information systems
for online monitoring of the state of environmental components of the city of Orsha and the Orsha region

Bpewms BIMOTHEHUS 3a1poca, Mc, B CHCTEME
HaumenoBanwne 3agaun
MySQL (v. 8.0.36) | PostgreSQL (v. 16.1) | MariaDB (v. 10.11)

Coznanue cTpaHHIlbl 149 234 142
JlobaBneHne Tpynisl mapaMeTpoB 1314 1423 1208

rpu nomotu AJAX

CoxpaHeHHe CTpaHHIIbI 584 787 536
OWIBTpALNS CTPAHMII 1077 984 981
3arpy3ka cTpaHULbl MOTYJIEH 1268 1587 1147

Pe3ynpraTel skcmepuMenTa mokaszsiBaroT, uro y CYBJl MariaDB mydmas mpow3BOIUTEIFHOCTH
ipu padore ¢ 'MIC oHNaifH-MOHUTOPUHTA COCTOSHUS KOMITOHEHTOB OKPY>KaroIei cpest ropoga Opiru
n Opmranckoro paiioHa. CiemoBaTebHO, TPUMEHEHHE 3TOW CUCTEMBI 0oJiee TIPEATIOUYTUTENLHO B TIPO-
rpamMmMHOM Komiuiekce ['MC KOMIUIEKCHOM OIICHKH COCTOSIHHS OMOc(ephl IPU YCIOBUU UCIIOJIb30BAHUS
B Hell mporpaMmHbIX TexHonoruit Drupal 7 u PHP.

3ak/ouenue

1. AHanu3 BHJIOB JAaHHBIX, UCIIOJIBb3YEMBIX B TCOMH(QOPMAIIMOHHBIX CHCTEMaX, TIOKa3all, YTO TaKHe
CHCTEMBI JIJIsl KOMIUIEKCHOM OIICHKH COCTOSTHHS OMOC(Ephl JOIDKHBI 00eCreyrBaTh BOZMOKHOCTh Pa-
00TBI CO BCEMH BHAAMH IPOCTPAHCTBEHHBIX IAHHBIX, KOTOPBIE MOTIYT HOTPEOOBAaTHCS AJISI PELICHUS
3a7a4 pa3IMuHOrO XapakTepa B 00JacTH MOHUTOPHHIA OKpYysKatomiei cpensl. [Ipu 3ToM B reonndopma-
LUOHHBIX CHCTEMaX KOMIUIEKCHOH OLIEHKH COCTOSHUSI Onocdepbl NCTIONIB3YIOTCSl CTPYKTYPUPOBAHHBIC
nannelie. CrenoBaTeNbHO, B KAYeCTBE CHCTEMbI yNpaBieHHs: 0a30i JaHHBIX PalMOHAIBHO MPUMEHSThH
PEILUOHHYIO CUCTEMY.

2. BeiOpanHas B iporiecce IKCIIEpUMEHTOB CUCTeMa yIpaBiieHus 6a30i nanusix MariaDB nokasana
Jy4IIYI0 IPOU3BOAUTENBHOCTh MPHU padoTe ¢ reoMH()OPMALMOHHONW CUCTEMON KOMIIJIEKCHONW OLIEHKH
cocTosiHMsI Onocdepsl Ha MPUMEpE CUCTEMBI OHJIAHH-MOHUTOPUHTA COCTOSIHUS KOMIIOHEHTOB OKpY>Ka-
roeit cpenpl ropoga Opn 1 OpiiaHCKoro paiioHa.
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AnHoTanus. [TokazaHa BO3MOXHOCTh M3BJICUEHHSI YHEPTUU U3 BaKyyMa C HCIOIb30BaHHEM MOJAEIH MIEeKTpUYec-
KOTO reHeparopa Ha ocHoBe dddekra Kasumupa ¢ BpamarommumMucss OTHOCUTENIBHO JIPYT pyTra pa3/ielICHHBIMU
3epkajaMu. [10CKONIbKY, COMIACHO CYIIECTBYIONIMM (PU3NYECKUM IPEICTABICHHUSIM, OJHOCTOPOHHEE U3BJICUCHUE
SHEPruM M3 BaKyyMa HEBO3MOXHO, 33/]a4a COCTOUT B AKCIIEPUMEHTAILHOM OOHApPYKEHHU TAHTCHIIMAJIBHBIX CHII
B 3 dexre Kazumupa npu OTHOCUTEIEHOM BpAIICHUH 3€PKall, 3aMEAIIIOIINX 3TO BPAICHHUE.
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Introduction

Vacuum is a state of quantum fields (bosons: electromagnetic photons, fermions: electron-positron
“Dirac sea”) with the lowest energy density [1-3] and this lowest energy density does not equal zero
in accordance with modern physical concepts. Indeed [2, 3], the spectrum of possible particle states,
taking into account the Heisenberg uncertainty principle, is defined as

En=hm(n+y2),n=o, L2, .., (1)

where E, are the permissible energy values 7 (the reduced Planck constant); o = 2nf; f— the particle
frequency.
The lowest energy state (“zero energy’’) corresponds to n = 0, and it gives the final energy value

_1
E,= V) ho. ©)

If a certain volume V in a vacuum is limited by the walls, then the zero-point energy in it depends
on the size and shape of the volume boundaries [2, 3] due to the admissible ® set depends on them
and corresponding them virtual particles. And as a result of above, then changing the size and shape
of the walls drives to ones does the work and certain the forces act on the walls [2, 3]. One example
of such forces is the attraction force between two parallel conducting mirrors in Casimir’s effect, pre-
dicted by Heinrich Casimir in 1948. The formula [4] presents this attractive force

chn®

2404

where F.. is the attraction force of the mirrors directed normally to their surfaces; c is the speed of light
in a vacuum; S is the area of the mirrors; d is the distance between the mirrors.

Formula (3) was confirmed experimentally with high accuracy, and in 2011 the dynamic Casimir’s
effect was discovered: when vibrating one of the two mirrors generated electromagnetic radiation [4].

Casimir’s force phenomenon opens up the application possibility of vacuum energy in creating
the new engine design. One can be the following: a sector-separation mirror (equal sectors with spraying
and voids) is sprayed onto a piezocrystal plate. The same mirror is mounted on a rotating disk under-
neath the first mirror. When the disk rotation frequency and the piezocrystal resonant frequency equals,
elastic vibrations are excited in upper disk and is generated piezoelectricity due to periodically appea-
ring Casimir’ forces. This scheme is practice one, but difficult to analyze and calculate. Therefore one
considers an analog design circuit in which the piezoelectric crystal is replaced by a mechanical oscil-
lating design with an induction coil.

3)

c

The scheme of oscillator design analog

The oscillator construction scheme presents Fig. 1, a (cross section), where: 1 — the top mirror;
2 — the lower mirror is driven by motor 3; 4 — the elastic spring; 5 — the axial pin with locking device 6;
7 — the induction coil is excited by the axial magnet vibrations 8§ mounted on axis 5; 9 — the oscillator
housing. Mirror 1, spring 4, axial pin 5 and magnets 8 attached to it represent a mechanical one-dimen-
sional (only in the axis direction) oscillatory system, the losses in which are caused by braking magnet
movement 8§ by the induced magnetic fields in coil 7. Mirror 2, fixed in the axial direction, is driven into
rotation by motor 3. Thus, the movement direction of mirrors 1 and 2 are mutually orthogonal (without
related). The sector-cut mirror structures are identical and are presented on Fig. 1, b. When rotating mir-
ror 2, the complete alignment moments of the mirror surfaces and zero alignment are repeated.

The modeled oscillator

To describe one-dimensional mechanical vibrations in the oscillator, one takes the direction of the vib-
ration axis X from mirror 1 to the mirror 2 (downwards — according to the drawing). Due to it the system
oscillates 1-4-5-8 (Fig. 1, a) in accordance with [5] is described by the following equation:

d*x
dr*

where m is the mass of the oscillatory system; f3 is loss coefficient in the exciting induction system 7—8;
k is spring stiffness coefficient; F(¢) is variable Casimir’s force.

m +B6;—)t(+kX=FC(t), 4)
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Fig. 1. Construction scheme of the oscillator

Dividing both sides of (4) by m, one obtains the standard vibration equation

2 F (t
di(+ad—X+oo(2)X: C(), 5
dt dt m

where o = B is the damping coefficient; m, =,[— is the eigen system frequency.
m m

. . . . X . .
Next, one introduces dimensionless variables and parameters: y=—, d is the distance between

the mirrors in the neutral relative position of the split mirrors, i. e. when the mirror overlap area

is zero (in (3) S=10), 6 =wyt, p=—/ o is the rotation frequency of the lower mirror, a = & . Then,
coo ®
taking into account (3), one obtains the final dimensionless vibration equation of the system:
d*y dy A
—ta——+y= F,(p9), (6)
dez de (1 _ y)4 n ( )

2 —
where 4=——2—; F, (p0)= 2(759_ ) 2
2404 wym i G2 ee[nn+g,(n+1)n].
I
The initial conditions for (6) have the form
dy

0)=0, —(0)=0. 7
¥(0)=0, L (o) )

In accordance with [5, 6], the energy obtained in the oscillatory system load for one period given

notation is expressed as: AFE = oamdzoagl I= I [ b ] d0. Accordingly, obtained the power P is cal-
culated as do

=2 3
omd” o I3
2n

P= ®)

AE
T,
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The calculation data

The calculation carries out for four oscillator cases:

1)4=0,112; a=0,35; p=0,4; [ =0,243;

2)A=0,112; a.=0,65; p=0,3; /=0,09;

3)A=0,112; a=0,1; p=0,5; I =0,154;

4)A4=0,112; a=0,35; p=0,5; I =0,059.

The plots for the first three options are shown in Fig. 2. In all cases can see the dependences y(p0),
the oscillation modes are stable.
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Fig. 2. Dependence plots y(p0)

Let us turn to the calculation of the powers extracted from the vacuum in presented the three cases.
To do this, one uses formula (8), and for given 4, @, / remain free to choose a combination of parame-
ters: S,,, m, d, ®,. If one takes into account the original design of the piezoelectric crystal oscillator [7, 8],
then the permissible values f; (@, =27nf,) canreach 10°+5 - 10*s™! (ultrasonic range). So, the possible
options for parameters are presented in Tab. 1.

Table 1. Generator parameters

Parameter S, m? m, kg d, m fo, Hz P,W
1.1 0,53 0,100 10°¢ 100 3,36 - 1077
1.2 0,10 0,100 0,7-10° 105 1,9 - 107
1.3 0,01 0,010 0,7-10° 105 1,9 10
1.4 0,01 0,019 1077 104 6,38 -10*
2.1 0,53 0,100 10°° 100 2,31-107
2.2 0,10 0,100 0,7-10° 105 1,31-107
2.3 0,01 0,010 0,7-10° 105 1,31-1077
2.4 0,01 0,019 1077 10* 44108
3.1 0,53 0,100 10°¢ 100 6,1-10%
3.2 0,10 0,100 0,7-10° 105 3,45-10°8
33 0,01 0,010 0,7-10° 105 3.45-107°
34 0,01 0,019 1077 10* 1,16 - 10*

The resulting values P are quite noticeable and measurable. However, if one adheres to modern
physical views, unilateral energy extraction from vacuum is impossible [3]. This energy must come
from outside. In the device considered, such a source can only be the energy required to rotate the lower
mirror 2 relative to mirror 1 in a vacuum. In other words, in a vacuum, one can arise only braking forces
tangential to the surface of the mirrors.

There is no information about such forces. Therefore, the data presented the article pose a very
relevant task for experimental research: to detect and study the tangential forces that arise during pa-
rallel mirror displacement in a vacuum. These studies can be carried out both on special installations
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and in the circuit of oscillator proposed the article to measure the power of motor 3 necessary to ensure
the rotation of mirror 2.

Conclusion

Thus, the article substantiates the formulating an actual experimental problem for detecting
and studying tangential forces arising in a vacuum with a parallel mirror shift due to Casimir’s effect.
If these forces are not discovered, the possibility of direct using vacuum energy opens up, which is de-

nied at the present time.
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The result of the procedure is transmitted through the MQTT protocol to the MQTT client that has been subscribed
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MOJIEJIb U CTPYKTYPA CETU UHTEPHETA BEIIEH
JIJISI TMATHOCTHUKM BOJIE3HU AJBITEHNMEPA
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AHHoTanus. B craThe npencTaBieHsl CTPYKTypa U MOJICNb CETH HHTEPHETA Bellel, KOTOPbIe MOTYT ObITh HCITOJb-
30BaHBbI JUI YJAJICHHOTO OBICTPOTo BBIABICHHS 00ie3HM AublreiiMepa. Co3aHa JIOKalnbHasi cepBepHas MOJEIb
CeTH MHTEPHETa BEIeH TS epCOHATTM3MPOBAHHOTO METUIIMHCKOTO 00CTY>)KUBaHUS HA CTOPOHE KiIHeHTa. Mozeib
COOTBETCTBYET XapaKTEePUCTHKAM CETH MHTEPHETA BEIICH: B3aUMOCBA3b MEXKAY YCTPOHCTBAMH, CBSI3b B PEXKHUME
pearbHOro BpeMeHH, 00paboTKa M aHAJIN3 IaHHBIX, NCIIOIB30BAaHUE PA3IMYHBIX TPOTOKOJIOB IS MIepeiadn U 00-
MeHa JaHHbIME. [Ipn noctpoennn moneny ucnonb3oBaics ¢perimBopk Flask mist coznanus sxzemmisipa mpuiio-
JKEHHS C TPUITEPHBIM YCIOBHEM OTIIPABKH JaHHBIX CO cMapTQoHa Ha JoKambHBIN cepsep uepe3 HTTP-3ampoc.
JlokanbHe1d cepBep momydaer HTTP-3ampoc, oTmpaBneHHBIH cMapTgoHOM, 00pabaTsiBaeT JaHHEIE. Pesymsrar
nporenypsl nepenactcst yepe3 mporokod MQTT mist kimmenra MQTT, KOTOpEII OBLT OANKUCAH HA OMPEIACICHHEIC
TeMbl, T. €. Ha cMapTdoH. C y4yeToM BbIOpAaHHOW CTPYKTYpbI M HACTPOMKH yCTPOMCTBA CETH MHTEpHETA BEIICH
MIOCTPOEHA II0JIHASI MOJIENb JAaHHOW CETH, KOTOPYIO MOXKHO IMPUMEHATh K PA3IMYHBIM IMpUIoKeHUSIM. DyHKIMH
U IPOU3BOAUTENIBHOCTE MOAETH TPOBEPEHBI C TOMOILBIO AKCIIEPUMEHTOB.
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KuaroueBble cioBa: cetb nHTepHEeTa Bele, [ T-auaraoctuka, Flask, EMQX, MQTTX, HTTP, nporHos.
Kongankt uaTEepecoB. ABTOPHI 3asBISIOT 00 OTCYTCTBUH KOH(IMKTA HHTEPECOB.

Jas nutupoBanus. Bummasakos, B. A. Monens u cTpyKTypa CeTH HHTEpHEeTa BeIei s JUarHOCTHKH 0OJIe3HU
Amnbrreiivepa / B. A. Bummnsikos, Uyros 0 // Joxnaaer BI'YUP. 2024. T. 22, Ne 4. C. 105-113. http://dx.doi.
org/10.35596/1729-7648-2024-22-4-105-113.

Introduction

Internet of things (IoT) technology primarily relies on information collection devices to establish
connections between objects and the network. It interacts on the basis of predefined protocols to per-
form functions such as tracking and managing information [1]. The monograph [2] provides informa-
tion on the design of the Internet for the analysis of product quality and environmental sound proces-
sing. The construction of an intelligent medical system supported by the 0T technology contributes
to the informatization of medical resources and personalized medical decision-making. This allows
you to analyze, calculate and exchange huge amounts of data. Traditional hospital models rely heavily
on complex processes of multiple analyses, which leads to a loss of time, the necessity of patient pre-
sence, and a decrease in efficiency. In addition, due to regional differences, the distribution of medical
resources is uneven. The IoT model helps to solve these problems.

The authors presented the technology of recognition of Alzheimer’s disease based on the analysis
of voice data, machine learning and a neural network in [3]. In this article, the authors presented a model
and proposed the structure of the IoT network for remote recognition of Alzheimer’s disease. This helps
in early diagnosis and surgical treatment, provides real-time monitoring, expands the voice database
and can help improve the quality of medical services for patients with Alzheimer’s disease.

Flask framework

Flask is a Python based development that relies on Jinja2 template rendering engine and Werkzeug
WSGI routing service component as core of the micro-framework, with good scalability and compati-
bility, can help users to quickly realize a website or web service [4], its work process diagram is shown
in Fig. 1. Routing, debugging and WSGI subsystem, are three core components of Flask framework,
provided by Werkzeug. Among them, routing refers to mapping URI requests to the corresponding pro-
cessing function, generally a view function, Werkzeug provides Flask framework internal routing sys-
tem, which is responsible for route matching distribution and HTTP service response, support for URL
routing request integration and can respond to multiple users access requests at a time. Debugging
means that Werkzeug provides a complete debugging tool, including stack tracing and error alerts, able
to pinpoint the error or exception code during the development process, and perform debugging. WSGI
is known as the Web Server Gateway Interface, is a general interface specification between Python Web
servers and Web applications, Werkzeug implements the WSGI protocol, so that Flask applications
can run on WSGI-compliant Web servers.

Python Web Server Gateway Interface (WSGI)
using Werkzeug tool library

Request—> Call L
Client Server Application

<@—Response -t Return

Fig. 1. The flask framework working process diagram

The template system is provided by Jinja2, a technology used for building dynamic web pages that
allows for the separation of the page’s structure and content. Jinja2 enables developers to embed dyna-
mic Python code within HTML files, generating dynamic content.
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Flask is currently a very popular web framework [5]. It not only allows developers to com-
bine MVC (Model-View-Controller) pattern for development but also supports small teams in quickly
building medium to small-sized websites or web services. Additionally, Flask offers strong customi-
zation capabilities and a powerful plugin library, enabling users to achieve personalized website cus-
tomization while maintaining a concise, easily maintainable, highly secure, stable, and efficient core
functionality. For instance, Flask can be extended with Flask-SQLAlchemy to implement database
functionality, Flask-Login for user authentication, Flask-Mail for email functionality, and also supports
adding ORM (Object-Relational Mapping), form validation tools, file uploads, and more. The basic pat-
tern of Flask is to assign a view function to a URL in the program, whenever a user accesses the URL,
the system will execute the view function assigned to the URL, get the return value of the function
and display it to the browser.

The server in Fig. 1 is the WSGI server responsible for listening to network ports, receiving HT TP re-
quests and invoking the WSGI application to process the requests. Werkzeug provides an implementa-
tion of the WSGI interface. When a client initiates an HTTP request, the request is sent to the listening
interface of the WSGI server, based on the received HTTP request data, the server creates a dictionary
of environment variables (environ), which will be used as parameters along with a callback function
(start_response) to invoke the WSGI application object. An application in Flask is defined as an ins-
tance of a Flask object or its subclass, which is a WSGI application object. When a WSGI server calls
the WSGI application, it is actually calling the Flask object, which will locate the object’s route based
on the URI path and method of the HTTP request. Upon finding a matching route (view function), Flask
will call it to process the HTTP request and get a result, usually a response object will be returned,
the response data includes status code, header and body of a HTTP response, then send the response
back to the client.

EMQX Broker

EMQX (also known as EMQX Broker) is an open-source, distributed MQTT message middleware
server [4], used for implementing MQTT protocol-based message transmission and communication.
It is widely applied in various real-time communication and message push scenarios, including the IoT,
smart homes, and industrial control. The latest version, EMQX 5.0, adopts a brand-new Mria clus-
ter architecture, allowing an EMQX cluster to support up to 100 million concurrent MQTT connec-
tions, significantly enhancing its scalability. Additionally, the Mria cluster architecture reduces the risk
and impact of brain-splitting in large-scale deployments, providing customers with more stable access
to IoT data services.

EMQX supports publish/subscribe messaging model and provides multiple functions including sup-
port for subscribing to wildcard topics, retaining message and Quality of Service (QoS). Wildcard sup-
port is that EMQX supports MQTT wildcard subscription. Clients can use specific wildcard symbols
to subscribe vaguely, flexibly realizing topic-based message filtering, the wildcard symbol includes
two kinds of symbols: “+” and “#”. Retained message refers to the MQTT message retention mechanism
supported by EMQX to maintain message persistence. When a client publishes a message with the retain
flag to designated topic, EMQX server will retain the message and if a new client subscribes to the top-
ic, the retained message will be immediately delivered to the new client. The retain flag is a boolean
value, configurable by the client, which can be either “0” or “1”. Quality of Service (QoS) support refers
to EMQX’s support for MQTT’s QoS level settings. The quality of service for message distribution
can be categorized into QoS 0, QoS 1, and QoS 2, again allowing the client specify its own quality
of message delivery.

As a server-side software, EMQX Broker is responsible for maintaining subscription relationships,
it receives MQTT messages from different clients and ensures that these messages are routed to the cor-
rect subscribers, acting as a relay station for the messages. EMQX Broker is a central server implemen-
ting the MQTT protocol and can be a local server or a cloud server. This project established a connection
with the MQTT Broker server using python code, allowing the application to publish and subscribe
to messages for real-time data transfer and communication. The used connection parameters and their
explanations are shown in Tab. 1.
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Table 1. Connection Parameters for the EMQX Broker
Parameters’ names Parameters’ implications Parameters’ values

broker address The address of the MQTT Broker server is typically an IP address 'localhost'
or domain name used to identify the location of the MQTT Broker

on the network

broker port The port number of the MQTT Broker server is used to identify 1883
the port on which the MQTT Broker is listening on the server

broker username |Optional: Since the EMQX Broker requires authenticated users, Authors’ username
the authors provide a username

broker password |Optional: Since the EMQX Broker requires authenticated users, Authors’ password
the authors provide a password

topic MQTT message publishing and subscribing are done using topics. 'flask/predict’

Clients can publish messages to specific topics or subscribe
to messages from specific topics

Model and structure of IoT network

This project adopted the architecture design of ‘mobile frontend display + Flask framework
backend + EMQX Broker.” The code has strong scalability and maintainability. The system structure
and interaction process are shown in Fig. 2.

Flask framework

”=I Environment using the Werkzeug toolkit ﬁl

Server Application

Client-side (Phone)

Request HTTP request processing

EHTTPY Response € wsG1 ) [ Rule ] [ Pre loaded model |

[ View function | | Tterator ]
Auto-loading l

Loading data

Features URL

Page display

Start_response ]

Logging
Connecting with EMQX broker

l Mqtt.client H Paho.mgqtt.client l
L =
A
<
o 2
5 3
s A\’

EMQX Broker

Gateways Pub/Sub Core

MQTT

User Interfaces

Quality of

Authentication Service

Username | [ Password |
Configurations

[Broker_address H Broker_port H Topic l
l ,

Fig. 2. Structure of [oT network for AD diagnostics
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The Frontend layout of the screen was written in Java, it realized the process of uploading data
to the local server through HTTP protocol and received the prediction result after the data was processed
through MQTT protocol. The Result was presented on the screen. The function of local server was im-
plemented by Flask framework and EMQX Broker, Flask framework received HTTP request sent from
phone, parsed and found a matching view function, executed it, returned a HTTP response. EMQX
Broker precisely sent the prediction result to the client subscribed to the topic cross-platform to realize
the real-time communication. The following is a specific materialization of all the processes in the code,
which was shown in three blocks from client-side to server-side in detail.

1. Uploading data from client to the local server:

a) reading the pre-collected data features from mobile phone. After collected participant’s related
speech, it will be processed and feature-extracted by the data preprocessing and feature extraction al-
gorithms installed on the client. The authors directly load the data feature file in this project, which has
a file extension of ‘csv’;

b) setting URL for the request. The authors set URL as “http.//192.168.100.14:5000/predict”, con-
taining local IP address and local port in data format, 192.168.100.14 was the local IP address of authors’
computers, 5000 is authors’ local port number, which can be used to identify the web service, indicating
that the web service listens on port “5000” on computer. ‘/predict’ was the path portion of URL, which
can be used to identify a specific resource or function in the Web service. In this project, function ‘pre-
dict’ can predict whether a participant has Alzheimer’s disease based on the data uploaded by the client
and generate a diagnostic prediction of Alzheimer’s disease;

c) sending a POST request and receiving HTTP response

Project code as: “response = requests.post(url, json=data[1])”

‘requests’ is a Python third-party library for sending HTTP requests. POST requests are usually
used when the client submits data to the server to perform various operations or create new resources.
The requests.post() method in this line of code accepted two parameters, one was the URL address
to be requested, the other was the requested data. Response variable can store the HTTP response re-
turned by the requests.post() method,

d) checking the status code of the HTTP response object

Project code as: “if response.status _code == 200:
result = response.json()
prediction = result[ ‘prediction’]
print(‘Prediction result:’, prediction)
else:
print(‘ Request failed:’, response.status code)”

The HTTP status code is a three-digit numerical code returned by the server in response to a re-
quest, it was used to indicate the result of the request’s processing. In particular, status codes starting
with ‘2**’ indicate successful responses, and specifically, a status code of 200 means the request has
been successfully processed. Therefore, authors checked whether the status code of the HTTP response
object was 200, if it was, printed the prediction result from the data returned by the server, if not, then
printed the current status code received, which will help debugging the project.

2. Designing a Flask program:

a) importing modules

Project code as: “from flask import Flask, jsonify, request

from joblib import load
import pandas as pd”

The authors introduced three classes from Flask framework to build web applications, where ‘Flask’
is the main class of it, designed to create instances of Flask applications, ‘jsonify’ is a helper function
provided by the Flask framework that converts a Python object into a JSON-formatted HTTP response,
and ‘request’ can represent an HTTP request initiated by a client. The ‘joblib’ library is a library for seri-
alizing and deserializing python objects in python. The ‘load’ function can load python object from disk
which has been saved to disk by ‘dump’ function. The ‘pandas’ third-party library has also been impor-
ted into the current code environment, providing extensive functionality for handling manipulation
of tabular data (such as csv);
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b) declaring object

Project code as: app = Flask(__name )

After imported all the relevant modules, one can start creating a Flask instance, the line of code crea-
ted an instance of a web application using the Flask framework. Instance ‘app’ can be used to define dif-
ferent routes, handle HTTP requests and errors, set configuration options, etc. The “= Flask( _name )"
part was for initializing ‘app’ variable, which was created by calling the constructor from ‘Flask’ class;

c) setting up route

Project code as: @app.route( ‘/predict’, methods=[‘POST’])
def predict():

Routing is the process of defining a mapping between a URL path and its corresponding view func-
tion in Flask application. ‘@app.route’ is a decorator that defines a route in Flask. Routing in Flask
is usually done by using a decorator, which specifies a URL path and associates it with a view func-
tion. The URL path of this project’s decorator was ‘/predict’, implying a client needs to send a request
to the ‘/predict’ path for triggering its bound view function predict(). ‘methods=[‘POST’]’ means
that only POST method can trigger this route when a client sends its HTTP request.

In Flask framework, the routing module of Werkzeug library is responsible for implementing
URL parsing. Different URLs correspond to different view functions. The routing module parsed URL
from the request, matched it to its corresponding view function and executed this function to generate
a response message. A view function is a python function in the web framework that handles an HTTP
request and returns an HTTP response;

d) data processing. Data processing refers to the process of parsing and handling the received request
data in a Flask application. The purpose of data processing is to extract necessary information from
the request for use in business logic.

Project code as: data = request.json
received _data = pd.DataFrame(data)
received _data_series = received _data.iloc[0]

In the ‘predict’ view function, authors first stored the JSON data from the HTTP request in the vari-
able named ‘data’, the structure and content of ‘data’ corresponds to the JSON data sent in the HTTP
request. The variable ‘received data’ has the same content with variable ‘data’, but its format was con-
verted into DataFrame, the first row of variable ‘received data’ was extracted from its DataFrame table
and stored in a Series object called ‘received data_series’. ‘iloc’ is the method provided by the pandas
library for locating the data;

e) responding business. Business response refers to the procedure in the view function where the re-
ceived request data is used for business logic and generate an HTTP response to be returned to the client.
The view function is the primary place in the Flask program where business logic is handled, and it ul-
timately returns the generated response

Part of project code as: def predict():
prediction = predict with_model(received data series)
return jsonify({ ‘prediction’: prediction})

After received the processed data, a function named ‘predict with_model’ was called and data
was input to this function for prediction operation. ‘predict with_model’ was a function defined
by authors in the code, which contained the encapsulated machine learning model. After the data has
been input, the prediction method of the model will be called to make a prediction, its generated result
was stored in variable ‘prediction’. The obtained prediction result was dictionary data, which was sent
back to the client as a response object after being converted into JSON format by ‘jsonify()’;

f) starting up service

Project code as: app.run(host="0.0.0.0", port=5000)

‘run()’ is the method used to start the local development server in the Flask application. ‘host’
is the listening address of the specified server, when its value equals to ‘0.0.0.0°, the server will listen
to all useful network interfaces, making the Flask application accessible to both local and public net-
works. The value 5000 for ‘port’ is the default port number of the Flask development server. Combining
all the above code, the experimental result of running this line was:
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The client initiated the HTTP request by making a request to the URL, the server listened
on the host="0.0.0.0 address and port 5000, the client’s request reached the server and matched the route
with the path ‘/predict’, which triggered its bound view function to process the request, the view function
encapsulated the result of processing, that is, the generated response prediction, into an HTTP response,
which was sent back to the client, who received the HTTP response from the server, and the prediction
result was displayed.

3. Configuring and using the EMQX Broker

Although the HTTP request is already capable of returning the prediction results to the original client
and displaying the results, but it is not possible to save the prediction results or distribute them to other
clients, in order to achieve this function, the authors used the EMQX broker, through the MQTT proto-
col to achieve the prediction results published based on the topic filtering:

a) importing module

Project code as: import paho.mgqtt.client as mqtt

The authors imported ‘paho.mqtt.client’ library into the current code environment, which is a Python
implementation of an MQTT client used to communicate with an MQTT Broker;

b) setting the connection parameters for the MQTT Broker server as shown in Tab. 1;

¢) initializing the MQTT client

Project code as: mqtt_client = mqtt.Client()

Typically, when using the MQTT protocol, it is necessary to create an MQTT client object.
The authors created an MQTT client by using the MQTT client’s class ‘Client’, which was used for com-
municating with EMQX Broker. ‘mgtt client’ was the name of a variable that was used to store the crea-
ted MQTT client object, afterward, it can be used to invoke methods of the MQTT client;

d) connecting to EMQX Broker

Project code as: mqtt _client.connect(broker _address, broker port)
mqtt_client.username _pw_set(broker username, broker password)

The authors established connection to the EMQX Broker by calling the ‘connect()’ method based
on the previously set parameters, broker address and broker port. Since EMQX Broker requires authen-
ticated the user, the ‘username pw_set()’ method of ‘mgtt _client’ class was called, which was used
to set the username and password required to connect to the EMQX Broker, with the parameters that
have been previously set. After a successful connection, the MQTT client implemented by Python code
can be started publishing and subscribing to messages;

e) starting the client loop

Project code as: mgqtt_client.loop_start()

Inthe MQTT protocol, the client needs to continuously maintain communication with the MQTT agent
(usually an MQTT server) to handle message subscriptions and publications in real-time. To achieve this
purpose, the MQTT client needs to run a loop in a separate thread, typically starting the loop imme-
diately after completing the connection operation. This ensures that the client can receive and process
MQTT Broker-sent messages in real-time. ‘mgtt_client.loop_start()’ method started a MQTT client’s
loop in a new thread. This loop ran in the background and did not block the execution of the main thread,
allowing the MQTT client to process other operations simultaneously;

f) publishing prediction result to designated topic

Project code as: mgqtt_client.publish(topic, prediction)

4. Displaying results:

a) client page. The client page realized by Java in this project was shown in Fig. 3, it can be seen
that participants can choose from three functions: “record your voice”, “speech to text” and “predic-
tion”, of which, speech to text is an example of data preprocessing methods, developers can supplement
or modify this function according to the actual design requirements. After the participant has recorded
his/her voice message to the cell phone, the cell phone will save the voice message and carry out the data
preprocessing and feature extraction operation, when the participant triggered the “prediction” function,
the cell phone as a client sent the corresponding feature file to the server. After received the prediction
result from the server or EMQX Broker, the cell phone parsed it and displayed the result on the page,
as shown in the figure;
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For Alzheimer's disease recognition

rd your voic
Speech to Text

Your Prediction resut: {"The probability of
having Alzheimer's disease is"'16.83%'

Fig. 3. Client-side page display

b) EMQX Broker page. The page of the EMQX Broker after being successfully connected by devi-
ces was shown in Fig. 4. It can be seen that there were 2 devices connected to the broker, in this project
implementation, the cell phone and the MQTTX client, with the number of subscribed topics being 1;

All Live Topics Subscriptions
Connections Connections
1 1

2 2

Node Information

Node Name: emgx@172.17.0.2 Node Role: core
Uptime: 1 hour 23 minutes 14 seconds Version: ¢

Connections: 2 File'D_escriptors 1048576
Limit:
Subscriptions: 1
0S CPU Load: 0/0.01/0.01

Topics: 1

0S Memory: §

Fig. 4. EMQX

c) MQTTX page. Since in this project, the predicted result that displayed on the mobile phone
page was parsed from the HTTP response. To examine the feasibility of distributing the prediction re-
sults using the EMQX Broker, the authors used MQTTX to simulate a new client, whose page display
was shown in Fig. 5. MQTTX is an open source, cross-platform MQTT 5.0 client tool built on Electron,
which is primarily used for debugging and testing MQTT communication. As can be seen from the fi-
gure, after subscribed to the topic “/flask/predict”’, MQTTX, as another client, received the prediction
results transmitted via the MQTT protocol.

2023-07-22 12:50:08:467

Topic: /flask/predict QoS: 0
16.83%

2023-07-22 12:50:43:852

Payload: JSON v | QoS: 0V ) Retain Meta

[flask/predict

Fig. 5. MQTTX
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Conclusion

1. The article presents the model and structure of the Internet of things network, which are de-
signed to determine the presence of Alzheimer’s disease in patients, using the author’s developments
in the technology of IT diagnostics of this disease. An instance of the network project was created
using the Flask framework, described how to create a WSGI application from app.py to process client
requests. The process of using the app.route decorator method of an instance of the Flask program
to create viewing functions that are performed when accessing routes was explained, thus, business
logic was implemented for fart information and result display functions.

2. It also describes how to use the JSONIFY function to return data in JSON format to the client
based on a call to the view function. It explains how to start the Flask web application service using
the app.run() method. To expand the scope of providing prediction results, the EMQX Broker was used
to facilitate data transmission over the MQTT protocol. The layout of the client page of this project
was developed using Java, which included displaying the prediction results of Alzheimer’s disease
on smartphones of a patient and a doctor.
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