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Annoranust. PaccMorpens! npoueccs! opmupoBanust mwieHok ciuaBoB cucreM Cr—Ni, Cr—Ni—Si u Fe—Ni cra-
OWIIBHOTO IEMEHTHOTO COCTaBa METOaMu Hcnapenus. [lokazaHo, 9To n3-3a GOJIBIION PAa3HHULIBI B TEMIIEPATypax
rianeHus Ni u Cr IJICHKH HUXpOMa TIOy4aroT METOI0M cyOmuManud. [IpeaioxkeHa KOHCTPYKIMS HCITapUTEs,
MO3BOJISTFONIAsT CTAOHIM3UPOBATh COCTAB IJICHOK. [IPOBEICHBI pacueThl a3e0TPOITHBIX COCTABOB CIUIABOB CHCTE-
Mbl Cr—Ni—Si. OnpeneneHo NoiIokeHne n300ap CyMMapHOTO JaBICHUA JKele3a M HUKENS Ha JuarpaMMe Co-
CTOSIHUSI, IPH MCIIAPCHUH B BaKyyMe. PaccuuTaH 1 SKCIEPUMEHTAIBLHO MPOBEPEH a3e0TPOITHBIH COCTaB CIUIaBa
cuctembl Fe—Ni.

KuaroueBblie ciaoBa: ToHKHE TUIeHKH, crutaBbl cucteM Cr—Ni, Cr—Ni—Si u Fe—Ni, cyOnumanus, ucrnapeHue, aie-
MEHTHBII COCTaB, IABJICHUE [1aPOB, a3€0TPOIHBIC COCTABBI.

Kon@aukTt untepecoB. ABTOPHI 3asBJIAIOT 00 OTCYTCTBHUH KOH(IMKTA HHTEPECOB.

Jist nutupoBanus. 3enennH, B. A. @opmuposanue mieHok criaBos cucteM Cr—Ni, Cr—Ni—Si n Fe-Ni meTonamn
CYOIMMAITH M HCTIAPEHUS JIJIS U3/IC Ui AIIeKTpoHHOM Texuukn / B. A. 3enenun, E. O. Hapymiko, A. /1. I'magusos //
Hoxmanst BI'YWP. 2023. T. 21, Ne 5. C. 5-12. http://dx.doi.org/10.35596/1729-7648-2023-21-5-5-12.
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Abstract. The processes of formation of films of alloys of the Cr—Ni, Cr—Ni—Si and Fe—Ni systems with a stable
elemental composition by evaporation methods are considered. It is shown that due to the large difference
in the melting temperatures of Ni and Cr, nichrome films are obtained by sublimation. The design of the evaporator
is proposed, which makes it possible to stabilize the composition of the films. Calculations of azeotropic compo-
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sitions of alloys of the Cr—Ni—Si system have been carried out. The position of the isobars of the total pressure
of iron and nickel on the state diagram was determined during evaporation in vacuum. The azeotropic composition
of the alloy of the Fe—Ni system was calculated and experimentally verified.

Keywords: thin films, alloys of the Cr—Ni, Cr-Ni—Si and Fe—Ni systems, sublimation, evaporation, elemental
composition, vapor pressure, azeotropic compositions.
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BBenenune

OpnHa u3 mpo0IeM UCTOTb30BaHUS MHOTOKOMITOHEHTHBIX MaTepUAIIOB MTPH M3TOTOBICHUH H3/ICITHHA
SNEKTPOHHON TEXHUKU COCTOUT B TOM, YTO TOHKOIUICHOYHBIC IEMEHTBI U CTPYKTYPBI U3 MATHUTHBIX
MaTepUaJIOB, HAPUMEP U3 MEePMAUIOEB, 00JIaar0IUX BBICOKOH OTHOCHTEIHHOW MArHUTHOW MPOHU-
[[AEMOCTBIO, KaK MPAaBWIO, MOMYyYal0T METONAaMH HCIapeHus. B cimydasx, korma MpeamouTuTeabHee
TEXHOJIOTHUU PACIBUICHHUS, BRIOUPAIOT CIIABBI C HU3KMMHU 3HAUYCHUSAMH Temrmeparypbl Kropw, Hampu-
mep Ni+ 7 mac.% V, Ni + 15 mac.% Cr mnmu Ni + 35 mac.% Cu, MUIIIEHH U3 KOTOPBIX HE DKPAHUPYIOT
MarHutHoe rmosie. TeM He MeHee B psje ciiydaeB (JOPMUPOBAHHE MHOTOCIONHBIX CTPYKTYp U3ICIUI
SIEKTPOHHOM TEXHUKU MPOBOIAT MeToAaMH ucnapenus [ 1, 2]. Bonpocsl BIUsSHUS YCIOBUMA HCTIapEHUS
B BaKyyMe Ha JIeMeHTHbIH cocTaB tieHok cucteM Cu—Ni u Ag—Cu paccMmoTpensi B [3].

HccnenoBanbl mporecchl GOpMUPOBAHUS IICHOK CTAOMIBLHOTO AJIEMEHTHOTO COCTaBa METOAAMH
CyOIMMAaNy ¥ UCTIAPEHUS, IIIUPOKO MCTIOIH3YEMBIMHU TIPHU U3TOTOBIICHUN U3CIIAN YIICKTPOHHOU TEXHU-
ku ctaBoB cucteM Cr—Ni, Cr—Ni—Si u Fe—Ni.

Jasaenne napos Cr, Ni n Fe, cyoummmanust criiapos cucteMbl Cr—Ni

3aBucuMOCTH AaBneHus mapoB nemenToB Cr, Ni u Fe ot Temneparypsl, corntacHo [4], mpuBeaeHbI
Ha puc. 1. Kak cnengyer u3 puc. 1, naBnenne napos Cr mpu temreparypax 1200-1400 °C Ha nopsgox
Oosbrre, yeM y Ni, a naBnenue mapoB Fe Bo BceM mpencTaBIeHHOM Ha puc. | nuamasoHe Temmeparyp
Oonbire, yem y Ni B 1,5-2 pasza.

p, Ia

10°

A
10t ﬁ?
16 | T Cr=1900°C %é

Ur

10

10
: Ton Fe = 1534 °C A_cr
. ‘ — T3 Ni = 1455 °C O-Ni
1072 *—Fe
1000 1400 1800 2200 2600 T,°C

Puc. 1. Bmusane Temneparypsl Ha gaBienue mapos Cr, Ni u Fe
Fig. 1. Effect of temperature on vapor pressure of Cr, Ni and Fe

W3-3a Gompioit pazuuisl B remieparypax miasneHus Ni (1455 °C) u Cr (1900 °C) nieHkyr ux cra-
BOB IIPOIIE BCETO MOJIYYHTHh METOJIOM CyOIMMAIK UCTIApUTENEH, M3TOTOBIEHHBIX U3 criaBa X20H&0
npu Temneparypax 1300-1400 °C. ITockonbky criaB X20H80 npeacrasisier cob0ii ToMOTeHHBIN TBEP-
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HLIﬁ pacTBOp XpoOMa B HUKEJIC, €TI0 CY6J'H/IMaI_II/I$I MOAYUHACTCA 3aKOHY Paynﬂ, T. €. OTHOIICHUEC YHUCJIa
ATOMOB HUKCJIA 71y; K HUCITY aTOMOB XpOMa 71, B IIOTOKE ITapa OMpeACISACTCS BbIPAKCHUEM

ﬁ — fNixNip;i V ACr (1)
A, fCerrp:Jr V ANi

e fai for — Ko3ddunuent akruBHocTr atoMoB Ni u Cr; Xy, Xc, — MOJIsipHas kKoHueHTpanus Ni u Cr
B IOBEPXHOCTHOM CJTO€ HCTIAPHTENS, Xy; + X¢y = 15 Pri» Pey — TEPMOIMHAMUYECKH PABHOBECHOE BJIC-
uue napos Ni u Cr npu temmieparype cyonmmumarun; Ay;, A, — aromHast macca Ni u Cr.

Momsipubie koHneHTpanuu Ni u Cr B MOBEpXHOCTHOM ciioe ucmaputens u3 craa X20H80 mpu
temneparype ~1300 °C uzMeHstoTcs oT xy; = 0,78, x, = 0,22 B HauaNBHBIN TIEPUO]T ITpoIecca CyOIu-
Maruu 110 xy; = 0,97, xc, = 0,03, ycranaBnuBaronumxcs o ucredeHuu 3 4. Ko huiueHTs akTHBHOCTH
U3MEHSIIOTCS OT fi; = 0,9 u fe, = 1,0 — st Havana npouecca 10 f; = 1,0 u fo, = 0,5 — no ucreuenuu 3 u,
T. €. OTHOIICHHUE fy;/fc, 110 HcTeueHnn ~30 MuH cyomumartiu 6mm3ko k 1,0 [5]. [Ipu 5ToM B COOTBETCTBUHT
¢ (1) coornomenne aromoB Ni:Cr = 1:1 B mieHKke JoCTHTaeTcs MpU KOoHIeHTpanuu atoMoB Ni u Cr

X
B MMOBCPXHOCTHOM CJIOC UCIIApUTCIIA Ny 10. U3-3a 06C,E[HeHI/IH HUCIIApUTECIIL aTOMaMH XpOMa UX KOH-
X

o Cr
LIEHTPALUS B OCAXKIAEMOU TUICHKE CHUKaeTcs. CTaOWIIM3UpOBaTh COCTARB IJICHOK TIO3BOJISIET UCIIOJIB30-
BaHWE UCTIApPUTENEH CIeIHaTbHON KOHCTPYKIUH (puc. 2) [6].

_—

Puc. 2. O6uwmii Bua ncnapuTens UIsl HAHECEHUS TUICHOK HUXpoMa (@), cyOnmuManus CMeCH MOPOIIKOB HUKEIS
1 XpoMa gepe3 3a30pbl MeX Iy crupaisaMu (b): 1 — cTepKeHb U3 HUXpoMma; 2, 4 — CIIIpany U3 HUXPoMa;
3 — cMech IOPONIKOB HUKENS U XpoMa
Fig. 2. General view of the evaporator for deposition of nichrome films (), sublimation
of a mixture of nickel and chromium powders through the gaps between the spirals (b):
1 — nichrome rod; 2, 4 — nichrome spirals; 3 — a mixture of nickel and chromium powders

CTaObWIbHOCTD AJIEMEHTHOTO COCTaBa TUICHOK, OCa)/JIaeMbIX METOJIOM CyOIMMAIIH HCTIApUTEINS
MPEUIOKEHHON KOHCTPYKIIHH, O0YCIIOBJICHA TEM, YTO ILJIONIA](b 00CTHEHHOTO XPOMOM TTOBEPXHOCTHOT'O
CJIOSI HUXPOMOBBIX CITUPAJICH CO BPEMEHEM YMEHBINACTCS, a IJIOMIA b TOBEPXHOCTH CyOIMMaIliy cMe-
CH TIOPOIITKOB Yepe3 3a30phl MEXKAY CIHUPATSIMU YBEIMUUBACTCs. VICTomp30BaHNEe MCTIAPUTENS TIPEI-
CTaBJIGHHOW Ha PUC. 2 KOHCTPYKIIUH TTO3BOJIMIO Pa3paboTaTh TEXHOJIOTHIO CEPUHHOTO TIPOU3BOJCTBA
MIPEIM3UOHHBIX TOHKOIICHOUYHBIX HUXPOMOBBIX PE3UCTOPOB C TEMIEpPaTypHBIM KOA((HHUITUEHTOM CO-
npotuBiieHus B auanazone (100 - 10-°) K-!. Kpome Toro, MOBBICHTE OAHOPOIHOCTHh COCTaBa TUICHOK
JIByXKOMITOHEHTHOTO CILJIaBa MO>KHO BBEJICHUEM B CIUIaB TPETHEro KOMIOHEHTA. Tak, B [7] ObLIO moOKa-
3aHO, YTO HUCIIOJIb30BAHKE B KAYECTBE TPETHETO KOMIIOHEHTA KPEMHHUS MTO3BOJISIET, HAPSITY C MOBBIIICHU-
€M CTa0MIIBHOCTH JIEMEHTHOTO COCTaBa, YBEINYUTH MOBEPXHOCTHOE COTPOTUBIICHUE TNICHOK.

Pacuer cuiaBa cuctemsl Cr—Ni—Si a3eoTponHoro cocrasa

B cucteme Cr—Ni—Si 00pa3yroTcst 1Ba TepMOIUHAMUYICCKH CTa0MIBHBIX coemuuenus CrSi, u NiSi,
HCTIApEHUE KOTOPBIX MPOUCXOUT KOHIPYIHTHO, T. €. COCTABBI X MApOB OJIU3KU K CTEXUOMETPUUCCKUM
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cocTaBaM JAaHHBIX CHIMIMIOB. OnHAKO MPH MCIAPEHUM CIUIABOB M COBMECTHOM HCIIAPEHUM CMecei
CHJIMLIMJOB BOCIIPOM3BECHHUE COCTABa IUICHOK JOCTUTACTCS TOJBKO NPH YCIOBHH, KOTZAa HCHApEHUE
BCEX COCTABJISIOLUIMX CMECH 3aKaHUMBAETCSI OJHOBPEMEHHO. [ MOCTH)KEHHS OAHOBPEMEHHOCTH
3aBEepIICHHUS] UCIIAPEHHSI BCEX COCTABISIONINX MX KOHICHTPAIMH JAOJDKHBI OBITH MPOMOPIHOHATBHBI
JABJICHUSM T1apOB.

W3BecTHO, 4TO MPOLECC UCIAPEHUs] CMEeCe TePMOIMHAMUYECKN CTAOWIIBHBIX COCAMHEHMH IOJ-
YUHSETCS 3aBUCUMOCTH MCIIAPEHMs B BaKyyMe PACTBOPOB WJIM XUMHUYECKUX COCIMHEHHH, MMEIOLINX
Ha AMarpamMMe COCTOSIHUSI LIMPOKYIO o0nacTh romoreHHocTH [8]. [Ipu ucnonbp3oBaHUM B KadecTBE CO-
CTaBJISIOIIMX CIUIaBa TEPMOIUHAMUYECKU CcTaOMIbHBIX coenunennii CrSi, u NiSi ycioBue moiaydeHust
OZHOPOJHBIX TJICHOK MOCTOSHHOTO XUMHYECKOTO COCTaBa MOXKET OBITh 3alICAHO B BU/IC YPABHEHHIA:

Xnisi - Xorsi =—Za—za 2)
NiSi CrSi, m \/ma

Xyisi T Xewsi, = 1 (3)

TIC Xysi» Xersi, — MOsIpHast koHuenTpauus NiSi u CrSi, B cruiase; Z Prisis Z Pcrsi, — CPeAiHEe 3Hade-
HHE CyMMapHOTO JIaBJICHUS 1TapOB COEANHEHHH.

ITpn monmydennn crutaBoB cucTeMbl Cr—Ni—Si pa3mensHO NPUTOTaBIMBAIM JIBYXKOMITOHEHTHBIC
CIIaBbl (JIUTATyphl), COOTBETCTBYIOMIKE cTexnoMeTpuu coennHennit CrSi, n NiSi, u 3atem no dopmy-
nam (2) u (3) onpeaensiu uX MOJISIpHbIC KOHLEHTPALMH B CIUIaBe. JlaBieHus napoB 3JIEMEHTOB IIPH JUC-
cotmanuu cuauiuaoB CrSi, u NiSi pacCuuThIBaIM MO CASIYIOIIUM YPaBHEHHSIM, B3SITBIM 13 [9]:

— st CrSiy:
Ig pg, =¥—0,331-10*3T+8,071; )
lg pe, =ﬂ—0,331-10‘3T+7,770; (5)
— qua NiSi:
lg Py :@—0,361-10%%,069. (6)

PacuerHble 3Ha4YeHWs AAaBIEHUH MMapoB AJIEMEHTOB Tpu auccormanuu cummnunaoB CrSi, m NiSi
B nuanazone temneparyp 2000-2500 K mpusenensr B Tabn. 1. Kak BUIHO M3 TaOIUIBI, OTHOIICHUE
CYMMapHBIX JaBieHui napoB coenunenuit CrSi, u NiSi B quamazone temneparyp ucnapenus ot 2000
10 2500 K naxoaures B npezenax ot 1,18 1o 1,15, B To Bpems kak jaBieHus napos 3nemeHToB Cr u Ni
OTIIMYAIOTCS Ha opsAAoK (puc. 1).

Tadmuma 1. /laBnenue napoB IpH pa3IM4YHbIX TeMIieparypax ucnapenus cuumiuaoB CrSi, n NiSi
Table 1. Vapor pressure at different evaporation temperatures of CrSi, and NiSi silicides

Hasnenne napos, [1a, mpu Temmeparype, K /
Coenunenmue / Mokaszarens / Index Vapor pressure, Pa, at the temperature, K
Compound
2000 2100 2200 2300 2400 2500
Per 0,350 1,28 4,16 12,1 32,0 78,0
CrSi, Dsi 0,699 2,57 8,33 24,2 64,0 156,0
Zpersi, 1,049 3,85 12,5 36,3 96,0 232,0
NiSi Pni = Dsi 0,444 1,64 5,36 15,7 41,6 101,0
ZPyisi 0,888 3,28 10,72 31,4 83,2 202,0
Zpersi,/ ZPxisi 1,180 1,17 1,16 1,156 1,154 1,15

Ucnapenne tpexxomnoHeHTHoro cruiaBa Cr—Ni—Si paccMarpuBaiy Kak HPOLECC JUCCOLUALMU
cmecu coequHenuit CrSi, n NiSi, B 70CTaTo4HO BBICOKOW CTENEHH COXPAHSIOMIMX B PAcIlaBe CBOU
WHIMBUAYyalbHBIE CBOWCTBA. B COOTBETCTBHY ¢ JaHHBIMH, IPUBEICHHBIMU B TaOI. 1, pacueTHas TemIe-
parypa ucrapeHus ciiaBa, ooecrneunBaroias rpedyemoe jgapieHue mapos, cocranisier 2100 K. [Tpuem-
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nemblil uaTepBan temneparyp ucnapenust 2050-2150 K. Cpegnue 3HaueHus 1aBlIeHUS ApOB B JAHHOM
uHTepBaie temneparyp s CrSi, 1 NiSi cocTaBIsSOT COOTBETCTBEHHO pUMEpHO 5,5 u 4,2 Ila.

[lo ypaBmenwsm (2) u (3) HaxomuM MOJSIpHBIE KOHICHTPALUUH CHJIMLOWAOB B CILIaBE:
Yo, = 0,54, xyg; =0,46. Coneprxanne cnannuios B ciuiase: Cog, = 59,4 Mac.%; Cysi = 40,9 mac.%;
Conepxanue snemeHnToB B cruaBe: Co, = 28,5 Mac.% (18,0 at.%); Cy; = 27,5 mac.% (21,0 at.%);
Cs; = 44 mac.% (61,0 at.%).

Pacrnionoxenue pesuctuBHOro cruiaBa cucteMbl Cr—Ni—Si a3e0TpomnmHoro cocrapa (Touka 4) mpe-
CTaBJICHO Ha puC. 3.

Si

€2 CrSiz + Si (82 ar.% Si)

20 £ 30
Ni, aT.% / v &i, at.%
40 --:.—‘- 60
NiSi + NiSi, e/ v Qes CrSi+ CrSiy
(56 aT.% Si) (56 a1.% Si)
18

Ni 20 40 Cr
_—
Cr, at.%

Puc. 3. PacnionokeHue criaBa a3eoTporHoro cocraBa cucteMbl Cr—Ni—Si
s Temriepatypsl ucnapeHust 2100 K (Touka 4) 1 cIiaBoB a3€0TPOMHBIX COCTaBOB
st remreparyp ucnapenust 2000-2500 K (obnacts B)
Fig. 3. Disposition of an alloy of azeotropic composition of the Cr—Ni—Si system
for an evaporation temperature of 2100 K (point 4) and alloys of azeotropic compositions
for evaporation temperatures of 2000-2500 K (region B)

BeigenenHas Ha quarpaMMme oBajibHasi 001acTb B COOTBETCTBYET IIOJHOMY HAaOOpY CILIABOB a3€0-
TPOITHBIX COCTABOB, MCHapsAeMbIX B auanazone temmeparyp ot 2000 mo 2500 K. C moBblmeHuem
TEMIIEPATyPbl UCIIAPEHUS COAEPIKaHNE KPEMHUS U HUKEJS B CIUIaBE YMEHBIIAETCS, a XpOMa — yBEJIH-

quBaeTcs. [10 CTeXHOMETPHUUECKOMY COCTABY BCE a3¢0TPOITHBIC CIUIABBI OJTM3KH K YCIIOBHOMY COETUHE-
Huto (CrNi)Sis.

IMpouecc ucnapenus cmiaBoB cucreMbl Fe—Ni

Juarpamma cocrosiaust cucteMbl Fe—Ni npencrasiena Ha puc. 4. CruiaBbl 3TOW CUCTEMBI SIBIISIOTCS
HEOTPAaHUYCHHBIMU TBEPABIMU PAaCTBOPAMH, MOATOMY IPH MX HUCHApEeHUH (a30BBIA MEPEXOJ] K—>1ap
nojuuHsieTcs 3akoHy Payis (1). Pasmepsl paguycoB 3J1€MEHTOB BOJIM3U TEMIIEpPAaTyp MX IUIABJICHUS —
Ryi = 0,1246 um. CriegoBarensHO, cooTHOIEHHe akTuBHOCTeH Fe u Ni B cooTBeTcTBHH C [3]

S (R (0,290
7o \R, 0.1246

HeoOxoaumas ckopocTh HaHeceHus: NOKphiTuid crcteM Fe—Ni Tommunoi 200—500 HM obecrieunBa-
etcs nipu nasienun napoB Ni u Fe B ipenenax ot 1 no 20 [1a. CornacHo puc. 4, TeMiieparypsl ucnape-
HUS CTUTaBOB cucTeMbl Fe—Ni moimkHbI HaxonuThes B quamna3one 1500—1650 °C. Cpennee 3HaueHUE 1aB-
neHus mapoB Fe B manHOM TemmepaTypHoM auara3one coctasisiet 13 Ia, a mapos Ni— 11 [1a. Atomabie
Mmacchl ameMeHToB Ni u Fe paBubr 58,71 n 55,85 a. e. M. cooTBeTcTBeHHO. [losicTaBss BCe yKa3aHHbBIE
3HaveHus B (1), uis cucrembl Fe—Ni nomydaem:

1
2
L11- 13313871 =1,345x; = x,.
11) (55,85

3

&
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Puc. 4. [luarpamma coctostaust cucreMbl Fe—Ni
Fig. 4. State diagram of the Fe—Ni system

W3 ycnoBust xy; + x¢, = 1 HaxommuM, 9T0 X, = 0,574, x5 = 0,426. Takum 006pa3oM, COTITACHO TPO-
BEJICHHBIM pacyeTaM yCTaHOBIEHO, YTO a3e0TPOINHBIM B cucteMe Fe—Ni sBisieTcs cruiaB, comepika-
it 56 mac.% (~57 at.%) Fe u 44 mac.% (~43 ar.%) Ni. OToMy coCTaBy COOTBETCTBYET MHHUMAIIBHOE
3HA4YEeHHE TEMIIepaTyphl, P KOTOPOW cyMMapHoe naBieHue napoB gocruraer 10 Ia (puc. 4, Touka 4
Ha u3o0ape).

O BOCIIPOM3BOMMOCTH COCTaBa CIIOEB U3 CIUTABOB cUCTeMbl Fe—Ni, MoIy4eHHBIX AIeKTPOHHO-ITY-
YEeBBIM METOJIOM MCHApeHUsi, CyAMIIU 10 pe3yabraTaM aHaju3a MX 3JEeMEHTHOTO cocTaBa. B xauecTBe
HCXOJTHBIX MaTepUajoB MCIONb30Ban HUKenb Mapku HI12, kobansr KO u sxemne3o 005)KP. U3 nanHBIX
MaTepHUaIOB OBLIN MPUTOTOBJICHEI ITATh HABECOK CIIJIABOB.

Pesyabratel nccjienoBannii U UX 00CyKIeHHe

CocraBbl CIJIAaBOB, a TAaK)KE CpPEeIHHE 3HAUEHUS COACPIKAHUS SJIEMEHTOB B MOKPBITHSX TOJIIHU-
Ho#t 200 M mpuBeneHbl B Ta0n. 2. CocraBbl cIiaBoB cucTeMbl Fe—Ni, a Takke cpeqHue 3HAUCHUS
COJICPKAHUS DIIEMEHTOB B MOKPBITUSIX TOMUHON 200 HM, MOIYYSHHBIX METOJIOM UX DJIEKTPOHHO-TTy4de-
BOTO HCTIAPEHUs, TIPUBECHBI B Ta0M. 2. Kaxkmoe 3HaueHUE MOTYYSHO TI0 JAHHBIM 3JIEMEHTHOTO aHaIN3a
HE MEHee Tpex o0pa3IoB.

Ta6auma 2. CocraBsl Cr1aBoB cucTeMbl Fe—Ni U cpenHue 3HauCHUsI COICPKaHUS JICMECHTOB
B HOKPBITUSAX TOMIUHOM 200 HM, ITOIY4YEHHBIX 3JIEKTPOHHO-ITyYEeBbIM UCTIAPEHHEM
Table 2. Compositions of alloys of the Fe—Ni system and average contents of elements
in 200 nm thick coatings obtained by electron-beam evaporation

Cocras criasa, at.% / Cocras miaeHok TouHoi 200 aM, at.% /
Howmep crurasa / Composition of alloy, at.% Composition of films 200 nm thick, at.%
Number of alloy
Fe Ni Fe Ni [poune
1 30 70 51,5 454 3,1
2 40 60 38,8 58,0 32
3 55 45 51,0 47,6 1.4
4 60 40 58,7 38,8 2,5
5 70 30 68,5 28,7 2,8

W3 tabn. 2 BUAHO, YTO AJIEMEHTHBIN COCTaB IUICHOK NP HCIApeHUH ciiaBa coctaBa FeS5Ni45
COXpaHsETCsl, T. €. MPOUCXOIUT ero KOHIPYIHTHOE UcmapeHue. Bmecre ¢ Tem, BBUAY BecbMa ONM3KHX
3HAUEHUH JAaBJICHUS MApOB, MOJEKYISPHBIX Macc, MapamMeTpoB KpHCTAIMYeCKuX pemerok Fe u Ni,
a TaKke HEOrPaHWYEHHON pacTBOPUMOCTH 3THX 3JEMEHTOB B paclljiaBax, MJIEMEHTHBIN COCTaB IUIEHOK
cucteMbl Fe—Ni 1o0cTaTtouHo O:1M30K KO BCEM HCCIIEJOBAHHBIM aBTOPaMH COCTaBaM MCIapsSieMbIX CIUIABOB.
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3aKJIIoueHue

1. Paccmotpensr miporiecchl GpopmupoBanus mieHOK cruraBoB cucteM Cr—Ni, Cr—Ni—Si u Fe—Ni

MeTolaMH cyOnmmanuu U ucnapenus. IlokazaHo, 4To mpu monAep:kaHUKM KOHLEHTpauuu atoMoB Ni
Xuo

u Cr B IOBEPXHOCTHOM CJIO€ HCTapuTessi —- ~ 10 (HhOpMHUPYIOTCS MIIEHKH C COOTHOIIEHUEM DIICMEHTOB

Ni:Cr= 1:1. o

2. llpeanoxkeHa KOHCTPYKITUS UCTIAPUTEIS, TO3BOJISIONIAs CTAOUIM3UPOBATh COCTAB MJICHOK HIXPO-
Mma. [IpoBeacHBI pacdyeThl U OmpeesieHa 00JIacTh CIUIABOB a3€0TPOITHBIX COCTaBOB cHCTEeMBbI Cr—Ni—Si
st remneparyp ucnapenust 2000-2500 K. PaccuuTanbl U SKCIEPUMEHTAIBHO MOATBEPAKACHBI a3€0-
TpOIHBIEe cocTaBbl cruiaBoB cucteM Cr—Ni—Si u Fe—Ni [10, 11].
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AnHoTanusi. PaccMarpuBaeTcs METOIMKA MOCTPOCHUS ONITUMAJIBHOTO THCTOTPAMMHOTO (DHIIBTPA M €T0 MO (pH-
KalMi ¢ y4eTOM arpuopHOil HH(OpMAaLUK O Tpe/IIoiaraeMoi IIIOTHOCTH pacipe/iesieHus BeposiTHocTeil. OCHOB-
Has Mes MOCTPOCHUS THCTOIPAMMHOTO (HIIBTPa 3aKIII0YAeTCs B IPUMEHSHUH CIICLUaIbHOTO IIPeo0pa3oBaHus,
0TOOpa’Karouero MpoQuIb YIacTKa JII0OOTO 3aKOHA pacIpe/IeIeHHs B 9KBUBAJICHTHBIH €My MOCTOSIHHBIN yPOBEHb
XapaKTEePUCTUUECKUX YHCENl — MH()OPMAIIMOHHBIX BECOB. DTO NMpeo0pa3oBaHKe MO3BOJISIET ONPENEIUTh KOdPdu-
LUEHTHI THcTorpaMMHOro Quiisrpa. OLeHKa 3Ha4eHHs YHClla JaHHBIX KOHKPETHOIO MHTEpBaja I'MCTOIPaMMbI
(dopMupyeTcs XapakTepucTHUeCKOH (QyHKIneH (GuibTpa, coaepikaiieil peajgbHble JTaHHBIE ¥ COOTBETCTBYIOIICH
XapaKTECPpUCTUUCCKOMY YHUCITY. Ilokazana CXOAUMOCTb OLICHOK, MOJYUYCHHBIX T'MCTOIPaAaMMHBIM (I)I/IJ'II)TpOM, K HUC-
THHHBIM 3HAYCHUSIM BEPOSTHOCTEH MHTEPBAIOB. PaccMOTpeHB! MOOH(HUKAMN ONTHMAIBHOIO I'HCTOIPAMMHOIO
¢uneTpa, Tpedyrolre MEeHbIIE BEIYUCINTEIBHBIX 3aTpaT HAa UX peanu3amuio. [1oaydeHsl BepXHUe IpaHuIbl Ka-
YECTBEHHBIX XapaKTEPUCTUK (PUIIBTPOB. YCTaHOBICHO, YTO ONTHMAJIBHBIA T'MCTOIPAMMHBIN (HIBTP HE3aBUCH-
MO OT BHJa 3aKOHA pacupejeieHHs obecriednBaeT B TpU pasa Jydllee KauecTBO MACHTU(HKALUK (pacIio3HaBa-
HUSI) B CPAaBHEHHH CO CTAaH/IAPTHOM TMCTOrpaMMHON OIeHKOH. D (eKTHBHOCTS THCTOrpaMMHOTO (ritbTpa mos-
TBEPKIACTCSl MOICIMpPOBaHUEeM. [ McTOrpaMMHBIN (DUIIBTP SIBJISETCSI MPOCTBIM YISl pealU3alii HHCTPYMEHTOM,
KOTOPBI JIETKO MOXET OBITH BCTPOCH B JIFOOO0H OTKPBITHIM aNrOpUTM HACHTH(UKAINH (pacIiO3HABAHMA) 3aKOHA
pacIipe/ieieHus.

KaroueBble cioBa: rucTorpaMMHBIN (QUIBTP, MACHTH(HKAIMS, XapaKTepUCTHYecKas (QYHKINS, HHTEPBA
TpyNIUPOBAHUSA, INIOTHOCTh PACIPEIEICHUS BEPOATHOCTH.

KOH(I)JII/IKT HHTEPECOB. ABTOpBI 3asBIIIOT 00 OTCYTCTBUU KOH(I)J'II/IKTa HUHTEPCCOB.

Jost nurupoBanust. OBcsHHUKOB, A. B. OntuMaibHbli ructorpamMmmusiid uistp / A. B. OBcsiHHEKOB, B. M. Ko-
3eat // Joxmanst BI'YUP. 2023. T. 21, Ne 5. C. 13-19. http://dx.doi.org/10.35596/1729-7648-2023-21-5-13-19.
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Abstract. The article discusses a technique for constructing an optimal histogram filter and its modifications,
taking into account a priori information about the expected probability distribution density. The main idea of con-

structing a histogram filter is to apply a special transformation that displays the profile of a section of any distri-
bution law into a constant level of characteristic numbers equivalent to it. This transformation allows to determine
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the coefficients of the histogram filter. An estimate of the value of the number of data of a particular interval
of the histogram is formed by the characteristic function of the filter containing real data and equivalent to the cha-
racteristic number. The convergence of the estimates obtained by the histogram filter to the true values of the in-
terval probabilities is shown. Modifications of the optimal histogram filter that require less computational costs
for their implementation are considered. The upper bounds of the qualitative characteristics of filters are obtained.
It has been established that the optimal histogram filter, regardless of the type of distribution law, provides three
times the best quality of identification (recognition) in comparison with the standard histogram estimate. The ef-
ficiency of the histogram filter is confirmed by simulations. The histogram filter is an easy-to-implement tool that
can be easily integrated into any open distribution law identification (recognition) algorithm.

Keywords: histogram filter, identification, characteristic function, grouping interval, probability density
distribution.
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BBenenune

Pa3paboTka TOUHBIX U OBICTPBIX METOJOB, AITOPUTMOB HACHTU(HUKALINN 3aKOHOB PacIpeieeHus,
paboraromux, B TOM YUCIe, Ha MajbIX 00beMax JaHHbBIX, SBISIETCS BOCTPEOOBAaHHOW M aKTyalbHOU
3a/1aueil ISt MHOXKECTBA CHCTEM M yCTPOWCTB 0OPaOOTKH JaHHBIX OOIIEro M CIEeNUaTbHOTO Ha3Haue-
Hus [1-6]. Jlnsg obnerueHuss BCTpanBaHUs MPOTPaMMHO-AIIAPATHRIX peanu3aliidi alrTOPUTMOB HJICH-
TU(QHUKALUN B YCTPONUCTBA MEPBUYHON 0OPaOOTKH AAHHBIX 3TU aJTOPUTMBI IOJDKHBI pa3padaThIBaThCs
Ha OCHOBE IPOCTHIX, YHUBEPCAIBHBIX METOAOB, HE TPEOYIOUIMX OOJIBIIMX BBIYMCIMTEIIBHBIX 3aTpar.
B oTHX 1ensx B cTarhe paccMaTpUBAIOTCS MOAW(UKAIMK THCTOIPAMMHBIX OLEHOK IUIOTHOCTEH pac-
npeaenenust BepositHocTerd (ITPB), apdekTHBHOCTH KOTOPBIX MOKHO 3HAYUTENHLHO YAYUIIUTh PUME-
HeHHeM TucTorpaMMHubIx uibTpoB (I'D) [7, 8]. Ucnonb3oBanne ['® 3HaUMTENIEHO OCIAOISIET 3aBUCH-
MOCTBH THCTOTPaMMHBIX OIICHOK OT BEIOOpA YHCIIa MHTEPBAIOB IPYIIIIUPOBAHNS TaHHBIX [4], ycTpaHseT
CHJIbHYIO U3PE3aHHOCTh TUCTOTPAMMBI IIPH OTHOCHUTENIFHO MAJIOM YHCJIE JAHHBIX, HOBBIIIAET TOUHOCTh
npaBuIbHOM uaeHtudukanuu [1PB [7, §].

OcHoBHas uest moctpoenusi '@ cocTouT B NpUMEHEHUH B HeM (QYHKIMI MPUHAATICKHOCTH TaHHBIX
KOHKPETHOMY WHTEPBally THCTOIpPaMMbI BMECTO MHIUKATOPHOH (pyHKInu BriroueHus. Oxanako addek-
TUBHOCTH TakuxX ['®D c yBennyeHneM 4Yncia JaHHBIX CHHYKAETCS BCIEACTBHE OTCYTCTBHS CXOAMMOCTH
oLeHOK ['®D K NCTUHHBIM [IPU HEOTPAHMUYEHHO BO3PACTAOLIEM 00bEME JaHHBIX. YCTPAaHUTh 3Ty OCOOEH-
HOCTb MOKHO CIIEIIMAJIbHBIM NPEoOpa30BaHUEM C MCIIOIb30BAaHUEM alpUOPHOI MHPOpMALMU O MpPEea-
nonaraemoii I1PB, B pe3ynsrare kotoporo onpeaesstores kodhounuents! ['D, u cam I'd cranosutcs
ONTUMAJIbHBIM B CMBICIIE CXOAUMOCTH OLICHOK YaCTOT MHTEPBAJIOB K MCTHHHBIM 3HAYCHUSM BEpPOST-
HOCTed. DTO mpeoOpa3oBaHue CBSI3aHO C Mpeodpa3oBaHueM Mpoduiisl ydacTka npeanonaraemoit [1PB
B IIOCTOSTHHBIE XapaKTEPUCTHUECKUE YKCIIa yuacTKa, ONPeICIIONIe ero MHPOPMaIIMOHHBIH BeC.

Iesnp nccaenoBanuii cocTosuia B pa3pabOTKe aJITOPUTMOB PeaIN3alli THCTOIPAMMHOIO (UIIBTPa
Ha OCHOBE XapaKTEePUCTUYECKUX (DYHKIUH peanbHbIX AaHHBIX C HCIIOIb30BAHHEM CIICIIMAIBHOTIO Ipe-
00pa3zoBaHus JUIsl HAXOXKICHUS KOAPPULIUEHTOB (PUIIBTPa ¢ yUETOM anpropHOi HH(pOpManuu 00 naeH-
tuuuupyemoii [1PB.

MeToz]mca MOCTPOCHUA ONITUMAJBHOI0 TMCTOIPAMMHOI0 (l)I/IJ'ILTpa

ITycts uMeeTcst BBIOOpKA CllyyalHBIX JaHHBIX {X,}, i=1,#, U ompenereHo pa3dueHHe YUCIOBOH
NpsIMO Ha m HEMepeCeKaroluXcs U HpI/IMbIKaIOH_II/IX YT K ApYTy UHTEpBaNoB A, j=1,m, paBHoi
mwmabl A, =X, =X, =R/m. X, =maxx;, X =X = mlnx rne X, — rpaHuiia HHTepBa-
10B; R=x,, —x, . =mA_ —pa3Max 1uana3oHa ,IlaHHBIX 3aMeHnM 06LIqHy10 MHIMKaTOPHYIO (QyHKUNIO
Ha JUana3oHe A , UCIOJIb3YeMyIO IPH CTAaHJAPTHOM CIOCO0€ MOCTPOEHUs TUCTOIPaMMBl, (DyHKIUEH
IPHHAUIEKHOCTH W, (x) , [, (x) €[0,1], c obnacto onpenenenns A, <3A . Dra dynkuus Gyaer onpe-
JeIATh NPUHAIC)KHOCTh JAHHBIX WHTepBany rpynmnuposanus A, [7, 8]. Beenenne B paccmoTpeHne

v m
(GYHKUIMA TPUHAIISKHOCTH MPEATNoNaracT odecrneueHne JOMOTHUTENBHOTO YCIOBUS Z p(x)=1.
j=1"J

Hust yno6Hoi mpaktryeckoil peanuzanuu I'D 3aMeHNM HENPEPBIBHYO QYHKIMIO W (x) CTyNEHYaToH
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C JOIIOJHUTEIBHBIM UHIEKCOM [ — HOMCEPOM €€ IMOAbIHTCPBAJIA. Torz[a JJI1 BHYTPECHHUX U OKOHCYHBIX
HUHTCPBAJIOB MOXXCM 3allMCaTh:

W, j=Lm, t=j,(j—m)(m-3)/(m-1)+(m-1);
m;(x) = . S— (1
Wi j=2m-1, t=j-1,j+1

Hcxons 3 ycinoBuii HOpMUPOBKY, Ha cTyneHYaTsie GyHKINU (1) TOJDKHBI OBITH HAJIOKEHBI OTpa-

HUYCHUS
Z po=1 )
t
Pacemotpum anroputm I'® ¢ uraekcanuei, coorBeTcTByIomIei (1), B cnemayromeM BUe:

U D9,V 3)

[I€ u,; —YKCIIO JaHHBIX (B O0LIEM CITyyae He LEeJI0e YMC0), OTHECEHHbIX ['D K nHTepBany A4;; v, —unc-
JIO IAHHBIX, TIONABIINX B /-1 MOBIHTEPBAI /-1 YHKUMN IPHHAIEKHOCTH; ¢, — Kodpuuuent ['O.

Hust onpenenerns Ko3pPUUHUCHTOB ¢, ypaBHeHHs (2) HenoCTaTouHO. TpedyroTest A0OIHUTE b~
HBIE CBEICHUS O CBA3U KO3()()UIIMEHTOB ¢ anpropHON MHPOPMAIMEl OTHOCUTENBHO MIPEoIaraeMoi
[1PB. Takyto cBsI3b YCTaHOBHM B JiBa 3Tana. Ha mepBom BBezeM crenuaibHOE IpeoOpa3oBaHue, KOTO-
poe Oyner oToOpaxkaTb NPOQHIIL yyacTKa JIFOOOro 3aKoHa paclpeeieHns] B SKBUBAJIICHTHBIA eMy I10-
CTOSIHHBI! YPOBEHB!

P, =M,,p, =const,, @)

e p; >0 — XapaKTepUCTHIECKOE YUCIIO, ONPEAENSIONIEe MHPOPMALMOHHBIN BEC yuacTKa A; .
C yuerom (2) 5TM umMcna p; ONPEAEISIOTCA NPOCTHIMU apH(PMETUYECKMMH BBIPAKCHUAMU
© oy =0 : —
no MHOXeCTBY {p,}: p,=S H,, tne H;=H ,({p,}) — cpenHerapMOHM4ECKOE 3HAYECHUE IEMECHTOB
MHOXeCTBa {p,}; S, =(Z{pt}) — CyMMa JIEMEHTOB MHOXeCTBa {p,}; S, =2 g j=1m u §;=3
s j=2,m—1.

Wnes mpeoOpazoBanust (4), MOSCHSIOMAs €ro CMBICH, COCTOMT B ClemylomieM. Bo-mepBbix,
ompezieneHHple npeodpasosanreM (4) koodduumentsl W, =p,/ p,, IPUMEHEHHbIE K Habopy 4a-
cToT {v,/n}, NJOJKHBl 00eCHeUUTh OMM3KMH K MPEANnojaraeéMoMy MNpo(uiIb y4acTKa T'MCTOTPaMMBL;
BO-BTOPBIX, pe3yNbTaT (4) MOXKHO MOJTYYHUTH UCXO/Sl M3 MAKCHMU3AI[MK SHTPOITUHN Habopa nHpopmany-

OHHBIX BECOB —Z, w,pIn(w,, p)—> max. Perienue 310ii 3a1a4M U3BECTHO U COOTBETCTBYET (4).

Janee Ha BTOpOM 3Tare Ha OCHOBE IpeoOpa3oBaHMs (4) MOXHO 3amucarbh p; = S;lzt [Ty
[To amamormm c 3tuM chopMupyeM XapaKTEPUCTHYECKYI0 (YHKIMIO IO peajbHBIM JIaHHBIM
p; =W, u;/n= S;lzt W, v, / n, kotopyio npeodpasyem B ypasuenue I'® (3), rae koadpduumeHtst @,
OyIyT ompenensaTbes HopMyroi

P = S;] (p_/' /pt) = S;I(H,t /H]_]) (5)

TakuMm o0pazom, cBs3b KoddummenToB ' ¢ anpuopHON WHPOPMAITUEH OTHOCHUTEIHHO TIpe-
nonaraemoit [IPB Beipaxaercs ypaBaenueMm (5). TpuBnansHbiM mipuMepoM anroputMa ['dD seusercs
uaentudukanus papaomepnoit [IPB. Anropurm (3) npuHMMaeT BUA NPOCTOTO YCPEAHEHUS C TIOCTOSH-

HBIM BECOM U, = S;lzt v,. OTO MOKa3bIBa€T HETPABOMEPHOCTh MPMMEHEHHS TAKOTO aJrOPUTMa TUCTO-
TPaMMHOTO CTIIQXHUBAHHS TS TPOU3BOIIFHBIX 3aKOHOB PACTIPE/ICTICHHS.

Ha ocHoBanum cootHomeHuii (4) u (5) MOXHO OIICHHTH CXOAMMOCTH PE3YJIBTATOB, IOJIyYCH-
HbIX npuMeHeHneM ['® (3), Kk HCTUHHBIM 3HAUEHUSIM BEPOSTHOCTEH Ha Ka)JIOM W3 /71 MHTEPBAJIOB:

lim(u; / n) = ijl lim zt (p;/ p)v,/n)=p;.B cuny sroit cxonumoctu I'® MOKHO CUMTATH ONTHUMAITb-

HbIM JJ1s1 ipeanonaraemoit [TPB.

Anroputwmsl (3) 1 (5) MOTYT OBITh OXapaKTepPH30BaHbI KaK allTOPUTMBI 000OIIIEHHOTO CIIaKWBAHUS
(punbTpanum) rucTorpaMMbl. B oTIIHUME OT MHOXKECTBA U3BECTHBIX allTOPUTMOB CITTaKUBaHUS (PaBHO-
MEPHOI0, MEJAMAHHOTO | [I.), AJrOPUTMBI (3) 1 (5) HCIIONB3YIOT HACTPAUBAEMbIE BECA O, , , ONPEIEIIs-
FOLIUECs anpuopHON nH(opManueit o npeanonaraemoit [1PB.
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Onennm >hdexrnBrOCTs '@ (3). Hambomee mpocTto 3TO MOXKHO cJeaTh Ha OCHOBE KpHTe-
pust ° -KBaJpar AN MPOCTOi rumoTessl. I10ACTaBIAs B CTAHAAPTHOE BHIPAKEHHE KPUTEPHS Y -KBal-

2 m * 2 m * 2
par 3HaueHus (3), momydum =zj:1(npj /w, ,—np,)" /np, =nzj:1[(pj —pj)/pj] p;- Bocmob-
30BaBILUCHh HepaBeHCTBOM Komm—bByHIKOBCKOTO, mocie psiia FpOMO3IKUX NPeoOpa3oBaHuii, KOTOPbIE
3[1€Ch OITyCKaIOTCsl, HAXOAMM BEPXHIOIO T'PaHHUILy OLIEHKH MAaTeMaTH4eCKOro OKUAAHUS KPUTEPHS

M <MY S 0,0 =np) np, |[<1+ My /3, ©)

e Mxi =m-1.

HepaBencTBo (6) TOJNydYeHO B MpPEANONOKEHUN BHITIOJIHEHHUs yciioBus My’ S9((IfAi)’1—1)/ 2,
rne [, — undopmanus ®uuepa o npeanonaraemoi [IPB. Anamms 310ro ycnoBus B CBOKO 04epenb
[IOKA3bIBACT, YTO YMCJIO HWHTEPBAJIOB IPYNIIMPOBAHMA JAHHBIX JIOJDKHO OBITh HE MEHbBILE BEIMYH-

el m =8 (1+1+638%)/9, tne &° = (!, R*)™"" — undopmarmonnoe oTHomenue. MOXHO TI0Ka3aTh,
YTO TEOPETHYECKH MapaMeTp & sABNseTcs ByHKIMEH BEPOSTHOCTH Y = I f(x)dx ,tae f(x) —npenno-

naraemas I1PB. Hanpumep, ans rayccosckoii [IPB 8 = (2\/7 2Erf~'(y)) 7, (Erf ™' — obparHas dyHKIus
omu6oK), A JamiacoBckoil u skcronenmuanshoi IIPB 8% = (In(1-7)) . IMockonbKy BeIMUMHA Y
3aj1aeTcs 3apaHee, BCEra MOKHO OTPEeIUTh YNCI0 MHTEPBAIOB IPYIITMPOBAHMS JAHHBIX 71 >m
IIpY KOTOPOM CIIPaBEIIMBO HEpaBeHCTBO (6). B Tabn. 1 nmpuBeneHs 3HaYCHNS HIDKHUX TPAHUI YHCIA
MHTEPBAJIOB B 3aBUCHMOCTH OT JIOBEPUTEIBHON BEPOSITHOCTH JJIsl HEKOTOPBIX PacHpeeNeHH.

Tabéauua 1. HiokHre TpaHuIlbl Yrciia HHTEPBAIOB
Table 1. Lower limits of intervals

JloBepuTenbHas BEPOATHOCTD 0,9 0,95 0,98 0,99
T'ayccosckas [1PB 5 6 8 9
JlammacoBckas U dKcrmoHeHManpHas [1PB 3 4 6 7

HepasencTso (6) moka3pIBacT HE3aBUCUMOCTE BEpXHEH IPaHUIIBI OIIEHKH MaTeMaTHIeCKOTO OXKHIa-
HUS KpUTEpUS X2 -KBaJpaT OT KOHKpPETHOro Buaa npeanonaraemoit IIPB. Dto no3Bonser caenars Bax-
HBII BBIBOJI O BEpPXHEHN I'PaHULIE HE /Il KOHKpETHOM npeanonaraemoit [1PB, a ayist camoro merona, koro-
PpBIii OKa3bIBaETCsI MPAKTHUECKU B TPH pa3a d3PPeKTUBHEE CTaHIapTHOM rHcTorpaMMHoii oteHku [1PB.

Monu¢uuupoBaHHBIH I'HCTOrPAMMHBII (PUJIBTP HA OCHOBE k-OKHA

MOXHO YMEHBIIUTH BEIYMCIUTEIbHBIC 3aTpaThl Ha pacueT KodppuunueHToB ¢puibrpa (5), npuMeHsis
npeoOpazoBanue (4) cpasy Ha Bce m MHTEPBAIIOB. Torma B COOTBETCTBUU ¢ KPUTEPUEM MAKCHMU3AIINN

SHTPONHU MOIYIUM p =, p, =const, j =1,m,tae Z 1, =1. D11 ypaBHEHNS [I03BOJISIOT areOpan-
YECKUM CIIOCOOOM OIPEICIIUTh CPa3y BCE M BECOBBIX Koatbq)HuHeHTOB ['® uepe3 cpeaHerapMoHUUe-
ckoe 3Hauenne p=H/m, H=H(p), p=(p,,--p,), L; =p/ p;. Beenem obo3naueHne juis Taxo-
ro ¢puieTpa — ['®O(m). Uucno p B 3TOM ciiyyae SBISCTCS XapaKTEPUCTHUCCKUM YHCIIOM BCErO 3aKOHA

pacnpeneneHus. Jlanee, OCKOIbKY p = Z W,p,;/m 1 MOXKHO c(OPMUPOBATH XAPAKTEPUCTUIECKYIO

(hYHKIHIO p(m) = Zj_:] w,(v;/n)/ m, ypasuenuem I'®(m) Oyner crenyromee:
wy =Py = Y ()Y ™)

Kpurepuii y*-kBaapar mns takoro ['®(m) npumer By
m . . 2 _ m 2
L= 1Py 1y =) L np, =l (9, =) /P = (Y| X (v, =) |

[Ipumenss HepaBeHCTBO Komm—ByHSKOBCKOTO, ITOTyYNM BEPXHIOIO TPAHUITY OI[EHKH MaTeMaTH4ec-
KOTO O’KHJIAHHS KPUTEPHS } -KBAApaT

My < (m*H)" [Z’j’; w,(v,—np,)  np j} <My / (m*H) < (mH)™ )

16



Jloknager BI'YUP Dokrapy BGUIR
T.21, Ne 5(2023) V.21, No 5 (2023)

Anamm3 (8) mo3BoisieT caenarb BeiBOAbI 00 3ddexkruBHOCTH ['D(m). llenecoobpa3HocTh mpu-
menenus I'®(m) onpenensercss HepaseHcTBOM m’H > 1. TIocKoNbKy s CpPEIHETapMOHMYECKOTO 3HA-
YEeHUs 10 MHO)I(eCTBy {p} BBINONHSETCSA HEPABEHCTBO p . = m1n p; <H <1/m ,>dpdexrnsrocts ['D(m)

jocTuraeTcs npu m° p, > 1. AHAIN3 9TOrO HEPaBEHCTBA MO)KeT OBITH UCTIONIE30BAH JUISI OLICHKY HUYKHEH
IpaHHMIIBI YHCIIa UHTEPBAJIOB TPYNIIMPOBAHMS JaHHBIX B 3aBUCHMOCTH OT BHJA mpemnonaraemoit [1PB.
B ypaBuenunu (7) ucrionp3oBanach XxapakTepucTaueckas (QyHKIHS p:m) , SIBIISTOIIAsICS c1abo 4yBCT-
BHTEJILHOMN K KOJICOAHHAM OT/ICNbHBIX YacTOT V; / 1, IOITOMY LIENIECO00PAa3HO ee 3aMCHNTh MOAUPHUIIH-
POBaHHOM YKOPOYEHHOU XapaKTepUCTHIECKON (PyHKIMEH MMpruHOi He Oosiee & MHTEPBAIIOB (k-OKHA).
st yrporeHus aHainu3a 3TOro BapuaHnTa noctpoenus ' npeanoaoknum, 4To MHOXKECTBO 711 MOXK-

HO pa30UTh HEKOTOPHIM AJITOPUTMOM Ha N, Henepecekaromuxcs MHoxectB {1}, i=1,N,, npu-
OMM3UTENTFHO OMHAKOBOW MOITHOCTH & (OTIMYAIOIINXCS MO MOITHOCTH HE Oojiee YeM Ha SAUHUILY).

* -1
Torpa xapakrepucruyeckas QpyHKuus it MHOXeCTBa {T;} Oyaer umets BUL P, =k Ztem w, (v, / n).
Anroputm pabotsl ['D(k) B 3TOM cityuae 3aruieTcs CIEAYIOINM BhIPaKEHHEM:

o _ gl
Ujery =P jeqry /By =k ZZE{T,}‘Pje{T,-},ti )

-1
e @y, =k (1, Iu;).
o 2 o 2 m * 2
Kpurepuit 7y~ -xBagpar mins I'd(k) ompenensiercs dopmynoi y, = ”Zj=1[(p e =P/ P j] D
p; =W,p,. Boimonnss npeobpasoBanus ¢ UCIIONb30BaHNEeM HepaBeHCTBa Komn—ByHskoBckoro, noiy-
4aeM BEPXHIOKO MPAHMILY OIIEHKH MAaTEeMATHUeCKOTO OKHIAHUs KPUTEPHUs )~ -KBapaT

-1
My <M(NZJE<T\ Zremq’je{m,r("r_”pf)z/np’)<(k_1)(k2rinin{Hi})’ (10)

me H,=H({p;}), mm {H,} = ppyy — MMHUMaIbHOE CPEIHEraPMOHMYCCKOS 3HAYCHHE 1O MHO-
KecTBy {H,} .

Hus spdextuBHor padorer ['D(k), kak cnenyer u3 (10), MOMKHO OBITH BBITIOIHEHO YCIOBUE
kK’p.. (m—1)—k+1>0 ¢ HEOOXOMMMBIM yCJIOBHEM MOJOKUTEILHOCTH JTUCKPUMUHAHTA KBAJPaTHO-
ro ypaBHeHus: 1—-4p_. (m—1)>0. 13 dero nomyyaeM HEpPaBEHCTBO, ONPEIEIIAIOIIEE ONTUMAIbHBII
BeIGOp MmpuHBl okHa (k—1)/k*<p_ (m-1)<1/4. Eciu momuocTs MHOXecTBa {T,} paBHa m,
To HepaBeHCTBO (10) coBmamaer ¢ (8). M3 Tex ke cooOpakeHUH, M0 KOTOPBIM OOJIACTh OMpeeIICHUS
(byHKIMH IPUHAICKHOCTH JAHHBIX OTPAHIYCHA TPEMsl HHTEPBATAMHU IPYIITMPOBAHHSL, ¥ B LIEIIAX 00ec-
neueHus GanaHca MeKIy UyBCTBUTENLHOCTHIO XapaKTepUCTHUECKOH (yHKIme p ' jer ¥ MEHEMH3ALHCH
BBIYMCIUTENBHBIX 3aTPaT IUPUHY OKHA 11eJeco00pa3Ho BIOPATh PaBHOM TPEM.

OTmeTHM 3aBUCUMOCTD BepxHero npenena (8), (10) or Buaa naeatudunupyemoit [I1PB, mockons-
Ky caM ynpoIeHHbIH anroput™ (7) u ero Mogudukamnus (9) uConb3ytoT HHPOPMAaLUIO O BCEH Mpe-
nonaraemoii I1PB, B To Bpemst kak anroputmsl (3) u (5) UCIONB3YIOT JOKaIbHYI0 HHPOPMALIUIO B IIpe-
menax A, <3A..

MoneaupoBaHue ricTOrPAMMHOIO (puabTpa

Ha puc. 1, 2 mpuBeaeHs! pe3ynbTaThl MOAETUpOBaHus padoTsl ['D B BUIE BEIUMCICHHS CPETHUX IS

CTaTHCTHK ¥ = Z (u; —np]) / np ; BCPABHEHHMH CO CPEIHUMHU 3HAYCHUAMHU x = z v, —npj) /np,.
Pesynbrarst MOZ[GJ'II/IpOBaHI/IH MIPEACTABICHBI B an[e YCPEIHEHHBIX MO KonnquTBy 9KCTIEPUMEHTOB
(2000 cTaTUCTMYECKHMX MCIBITAHUIA) KpUTEpHEB %’ -KBAaJpaT C M3MEHSIOMUMCS OOhEMOM JAHHBIX

(n=50,(50),1000) ¥ wm3MeHSIOMMMCA KOJMYECTBOM HHTEPBAJIOB WX TpynmnupoBanus (m=5,17)
npu npoctoi runorese. MccnenoBanucs ' Ha npuMepax Tpex pacnpelesieHUd ¢ AUCTIEPCUSIMHU, PaB-
HBIMM €AMHULIE: TayCCOBCKas, JIAIIACOBCKas M dKcroHeHanbHas [1PB.

Ha puc. 1 npeacraBieHbl KadeCTBEHHbBIC XapaKTEPUCTHKH paboThl ['D, 3aganHOro 0a30BEIMH ypaB-
nenusmu (3), (5). Jluaus 1 (puc. 1) COOTBETCTBYET YCPEIHEHHOM CTATUCTUKE . -KBaJpaT, JUHUS 2
XapaKTepU3yeT BEPXHIOK TPAHHILY OLEHKH MaTeMaTHYECKOTO OKUIAHUs KpUTepus Y. -kBaapar (5),
Mapkep 3 (kBaapat) — pesynsrar padotsl ['D mo rayccorckoit [IPB ¢ HyneBbIM MaTeMaTHUECKUM OXKU-
naHueM, mapkep 4 (TpeyroibHUK) — pesynbrar padotel ['® nmo namnacosckoii [1IPB ¢ HyneBbiM Mate-
MaTHYECKUM OXKUJaHUEM, Mapkep 5 (Kpyxkok) — pe3yibrar padotel ['® mo skcnoneHnuansHoi [1PB
C €ITUHUYHBIM MaTeMaTHYECKUM OXKHUIaHUEM.
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Puc. 1. Pesynsrarsl paboThI THCTOTPAaMMHBIX Puc. 2. Pe3ynsrarsl paboThl THCTOTPaMMHBIX
(hUITBTPOB, 3aJaHHBIX ypaBHEHUAMH (3), (5) (huIbTpOB, 3aMaHHBIX ypaBHeHUAMH (9), (10) (k= 3)
Fig. 1. The results of the histogram filters Fig. 2. The results of the histogram filters
given by equations (3), (5) given by equations (9), (10) (k= 3)

Ha puc. 2 npeacraBiieHbl KaueCTBEHHBIE XapaKTepUCTHKU padoTel ['D, 3amanHoro ypaBHeHusMu (9),
(10). B xauectBe mpumepa Obu1 BeiOpan ['® (k£ =3), T. e. MakcUMabpHas MMPHUHA OKHA HE TIPEBhIIIaia
Tpex untepsanos. JIunus 1 (puc. 2) COOTBETCTBYET YCPEIHEHHOM CTATUCTUKE KPUTEPHs - -KBaJIpar,
KpuBble 2—4 ¢ MapKkepaMu XapaKTEpHU3yIOT BEPXHIOIO TPAHUILy OLIEHKH MAaTEMAaTH4YECKOTO OXHJIAHUS
kputepus . -ksaapar (10) 115 pasHbIX pacnpenenenuii. Kpusas 2 ¢ MapkepoM-KBaipaToM — JUis Tayc-
cosckoil [IPB, kpuBas 3 ¢ MapkepoM-TpeyroiabHUKOM — s jarutacoBckoit I1PB, kpuBas 4 ¢ mapke-
POM-KpPYKKOM — JIsl SKCIOHeHIManbHoi [TPB. Mapkepsl 5—7, 3ajaHHbIE TEMU K€ CUMBOJIAMHU, COOT-
BETCTBYIOT pe3yisrary padotel ['® (k =3) s ykazaHHBIX pacmpeneicHuii. Bo Bcex MpUBEACHHBIX
Ha puc. 1, 2 ciydasx BBIIOIHAIOCH cooTHOuIeHne My < My .

3aKJIIoueHue

1. YpaBHeHus ructorpaMMHubIX GuisTpoB (3), (7), (9) cTpyKTYpHO OJMHAKOBBI, pa3INdre 3aKIr0ua-
eTcsl B IIMpUHE OKHA (prIiIbTpa U MpUHIHUIE eT0 POPMHUPOBAHUSL.

2. Pe3ynbrarbl MOIENUPOBAaHHS HAINISAHO TOATBEPXKAAIOT 3()(EKTUBHOCTD M IEIECO00pPa3HOCTh
MPUMEHEHUS THCTOTPaMMHBIX (DUIIBTPOB BMECTO CTaH/IAPTHOW TUCTOTPAMMHOI OIICHKH.

3. OnTuManbHbIH THCTOrpaMMHBIN (GHITETP (popmyist (3), (5)) MoxkeT ObITE A PEKTHBHO MPHUMEHEH
B 33j1a4ax MICHTH(HUKAINH (PACcIIO3HABAHNS ) IUIOTHOCTEN pacipeieNieH st BEPOSATHOCTEH TS TPOU3BOIIb-
HOTO 00beMa JaHHBIX. DODEKT IPUMEHeH s THCTOrPAMMHOTO (HITBTPA, COTIIACHO KPUTEPHIO ¥ -KBaJIpar,
MIPaKTUYECKH B TPU pa3a MPEBOCXOANT OOBIYHYIO THCTOTpaMMHYIO orleHKY (puc. 1). ITockombky Takoit
3] dexT JocTHraeTces Mpu COoCTaBUMBIX 00beMax JTaHHBIX, MOKHO YTBEP)KIaTh, YTO ONTUMAIBHBINA TH-
CTOTPaMMHBIH (DUITBTP JUTS JOCTHIKEHHS TAKUX JKe Ka4eCTBEHHBIX MOKa3aTele, 4To U TPH CTAHIApPTHOU
THCTOTPaMMHOM OIIeHKe, Oy/IeT MCIOIb30BaTh B TPU pa3a MEHbIINH 00beM JaHHBIX. JTO, B CBOIO O4epe/ib,
YMEHBIIAET BpeMsl HACHTU(DUKALINN IUIOTHOCTEH pactpeeeHns BEpOSITHOCTEH.

4. MomuduKanyy onTHMAIFHOTO THCTOIPAMMHOTO (DHITBTPA IMTO3BOJISTIOT CHU3UTH BEIYHCIUTEIBHBIC
3aTparkl HA €T0 Pean3allnio IPU coXpaHeHHH Y GEeKTUBHOCTH (pHC. 2).

5. T'mcrorpaMMHBII (GUIIBTP SABIAETCS MPOCTHIM TSI peaTn3allii HHCTPYMEHTOM, KOTOPBIN JIETKO
MOXKET OBITH BCTPOEH B IFOOOW OTKPBITHIA aTOPUTM HJSHTH(HUKAINUN (pPacIO3HABaHUs) TUIOTHOCTH
pacnpeneseHns BEpOSITHOCTH.

6. OKoHUaTeIbHOE MPUHATHE PEIICHNS 110 PACIIO3HABAHUIO IUIOTHOCTEH pacIipe/ieleHHs] BEPOSITHO-
CTeil MOKET OCYIIECTBIATHECS METOAAMH MPOCTOTO JIM B3BEIICHHOTO TOJOCOBaHMS. [ HCTOrpaMMHBIN
(bMIBTp MOXKET OBITH MCIIONB30BaH B 337a9aX 00padOTKH N300pakeHUH, JIOKAIN3allii MOOMITBHBIX PO-
OOTOTEXHUYECKUX YCTPOICTB H T. JI.
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KPOCCOBEP CJIABASA JIOKAJIN3ALIUA — CJIABASA AHTUJIOKAJIM3ALIUA
B IBYMEPHBIX MATEPHAJIAX
CO CIIUH-OPBUTAJIbHBIM B3AUMOJENCTBUEM

B. A. 3AMLIEB, JI. A. IOJIPSIBUHKNH, B. B. MEJIbHUKOBA,
A.JI. JAHWIIOK, C. JI. IPULEITA
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(2. Munck, Pecnybnuxa benapycs)

Ilocmynuna 6 pedaxyuio 22.05.2023

© benopycckuii TOCyIapCTBEHHBI YHUBEPCUTET HHPOPMATHKH U PAIHOICKTPpOHUKH, 2023
Belarusian State University of Informatics and Radioelectronics, 2023

AHHoTanusi. M3y4eHsl 3aKOHOMEPHOCTH MPOSBICHHS CIa00H JIOKaIM3ali W aHTHIOKAIM3alWU B rpadeHe
C YCWJICHHBIM CIMH-OPOMTAJILHBIM B3aUMOJICHCTBHEM, @ TAKXKE B TOMOJOIMYECKOM H30JSITOPE CO ILENbI0 B MO-
BEPXHOCTHBIX COCTOSHUSX, HHAYIIUPYEMOH MAarHUTHBIMHU IIPUMECAMHU. YCTAHOBJICHBI ITapaMeTPBhl, XapaKTepu3y-
IOIINE TPOSIBICHHE CI1a00H TOKaIN3aIiy, aHTHIIOKAIN3aIMN U KPOccoBepa Mex 1y HUMH. OnpeesieHbl KBaHTO-
BbIE MONPABKU K IPOBOJMMOCTH TpadeHa B enuHuLax e2/h = 38,64 MkCM IS pa3InuHbIX COOTHOLIEHUH MEXIY
XapaKTepHbIMH BpeMeHaMu c0ost (a3l (paca3upoBKH) U CHHH-OPOMTAIBLHOTO paccesHHs. YCTaHOBIEHO, YTO
TIPA OTHOCHUTETHHO OOJBIIIOM BPEMEHH CITIMH-OPOUTAIFHOTO paccesHus, He Meree 10710 ¢, oHO He BIMsACT HA TT0-
MIPaBKy K IPOBOJMMOCTH, U €€ 3HaYE€HHE ONpe/essieTCs] BpeMEeHEM pac(a3supoBKH M BpeMEHAMU MEKIOIHMHHOTO
U BHYTPUIOJIMHHOTO paccesHus. BnusHue cimH-OpONTaIBHOTO PACCESTHUS 3aKII0YaeTCs B MOJABICHUH ClIa0boi
anTIwIoKaIn3ay. OHO MPUBOIUT K EPEBOPOTY CIIMHA HJIEKTPOHA MPOBOJUMOCTH IIPH YIIPYTOM PACCESIHUH, HH-
TepdepeHIIMOHHAsT KapTHHA cl1a00l JIOKaIM3aliy YCIOKHSIETCS 32 CUET MepeMEIINBaHNs CIIMHOBBIX COCTOSTHHA.
3HaK KBAHTOBOI! ITOMPaBKHU 3aBUCHUT OT TOTO, KAKOE CIIMHOBOE COCTOSIHHE 1AaeT OOJIBIINH BKIA.

KoroueBbie cioBa: rpadeH, TUXaJbKOTCHUABI MEPEXOAHBIX METAIJIOB, TOIOJOTMYECKHE H30JIATOPHI, ciabas
JOKaJIN3anusl, aHTIIOKAIIM3a1Nsl, MArHETOCONIPOTUBIICHNE, CIIMH-OpOUTAIbHOE B3anMozeiicTBue, das3a beppn.

Kongaunkt uHTEpecoB. ABTOPHI 3asBISAIOT 00 OTCYTCTBHUHU KOH(INKTAa HHTEPECOB.

Buaaronapuocts. Pabora BemonHeHa mpu (uHAHCOBOW Moazepkke bemopycckoro pecmyOmmkanckoro ¢onma
(dyHramMeHTanbHbIX uecnenoBanuii (rpant ®23M3-038).

Jns uuruposanus. KpoccoBep ciabas sokanu3auust — cnadasi aHTHIOKAIN3alus B ABYMEPHBIX MarepHaiax
CO CITUH-OpOUTAIBHBIM B3aumoyeiicteueM / B. A. 3aitues [u ap.] // Joknanst BI'YUP. 2023. T. 21, Ne 5. C. 20-24.
http://dx.doi.org/10.35596/1729-7648-2023-21-5-20-24.

WEAK LOCALIZATION - WEAK ANTILOCALIZATION CROSSOVER
IN TWO-DIMENSIONAL MATERIALS WITH SPIN-ORBIT INTERACTION

ULADZIMIR A. ZAITSAU, DENIS A. PODRYABINKIN, VIOLETTA V. MELNIKOVA,
ALEXANDER L. DANILYUK, SERGHEJ L. PRISCHEPA
Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)

Submitted 22.05.2023

Abstract. In this paper, the patterns of manifestation of weak localization and antilocalization in graphene with
enhanced spin-orbit interaction, as well as in a topological insulator with a gap in surface states induced by mag-
netic impurities are studied. The parameters characterizing the manifestation of weak localization, antilocalization
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and crossover between them are established. Quantum corrections to the conductivity of graphene are determined
in units of e%/h = 38.64 uS for various ratios between the characteristic dephasing time and spin-orbit scattering
time. It has been established that with a relatively long spin-orbit scattering time, not less than 1019 s, it does not
affect the correction to conductivity and its value is determined by the dephasing time and the times of interval-
ley and intravalley scattering. The effect of the spin-orbit scattering is to suppress weak antilocalization. It leads
to a spin flip of the conduction electron during elastic scattering, and the interference pattern of weak localization
becomes more complicated due to the mixing of spin states. The sign of the quantum correction depends on which
spin state contributes the most.

Keywords: graphene, transition metal dichalcogenides, topological insulators, weak localization, antilocalization,
magnetoresistance, spin-orbit interaction, Berry phase.
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BBenenue

JBymepHbie MaTepuaiibl (2D-MaTepualibl) B HacTOsIIIee BpeMs aKTUBHO HCCIEAYIOTCS I co3/ia-
HUSI HOBOH 2JIEMEHTHON 0a3bl MUKPO- U HAHOBJIEKTPOHUKH, CEHCOPOB, (DOTOAETEKTOPOB U APYIUX MPH-
06opoB 00padoTku uHpopMmanuu [1]. Pemennem mpobiaemsl naibpHelmero ypenudaenus 3dexruBHOC-
TH U OBICTPOACHUCTBHSI MOJIEBBIX TPAH3UCTOPOB, SIBISIOMIMXCS Oa30BBIMU 3JIIEMEHTAMH COBPEMEHHOMN
TBEPAOTEIbHON 3IEKTPOHUKH, MOXKET CTaTh MPUMEHEHHUE MONyNPOBOAHUKOBEIX 2D-marepuanos. Ta-
KM€ TPAaH3UCTOPHI JINIICHBI HEKOTOPBIX OTPUIATEIBHBIX 3P (EKTOB, MPOSBISIFOIIUXCS B TP TUIIMOHHBIX
MJII-TpaH3ucTopax Mpu yMEHBIIEHHH X pa3MepoB. COBpeMEHHBIH yPOBEHb TEXHOJIOTHH MO3BOIS-
et ¢popmupoBars 2D-marepuaiisl Ha TPaIULMOHHBIX Ui MUKPOICKTPOHUKH MOIJIOKKAX U CO31aBaTh
Ha Hux M/III-TpaH3ucTopHble CTPYKTYPBI, XOTSl Ha 3TOM IIyTH €L1€ IPEICTOUT PELIUTh Psia mpoliiem.

Hapsiny ¢ HeocmopuMbIME NpeUMYIIECTBAMU MCHONb30BaHMs 2D-MarepuanoB B TBEPLOTEIbHON
ANIEKTPOHUKE, aKTyaJIbHBIM OCTAaeTCsl ONMHMCAaHUE 3apsiioBbIX 3(P(EeKTOB B M3rOTOBICHHBIX Ha UX OCHO-
Be M/III-Tpan3ucTopax U BBISBICHHE B HUX MEXaHHU3MOB IIEPEHOCA HOCUTENIEH 3apsijia, 00yCIIOBIICH-
HBIX KBAaHTOBBIMH d(PHEKTaMH, paCCETHUEM M 0COOCHHOCTSIMHU 30HHOHM CTPYKTYpHI [2]. B aTOM cimydae
oco0oe BHUMaHHUE yAelsIeTcs UCCaenoBaHni0 MaraeTocornpotusieHuss (MC) M KBaHTOBBIX IOIPABOK,
xapakrepusytomux ciadyro sokanmmzanuto (CJI) n cnabyro antrnokanuzanuio (CAJD), mOCKONbKY OHU
Ba)KHBI JUIsl YNIPaBICHUS CIMHAMH 3JIEKTPOHOB B IBYMEPHBIX Marepuaiax, TaKuX Kak rpadeH, 1uxaib-
KOTCHUIBI IEPEXOAHBIX METAIIJIOB, TOMOJIOTMYECKHE U30ISITOPBI M APYTHX, YTO MPEACTABISET OOIBLION
UHTEpec Kak 11t QyHIaMeHTanbHOH (U3KKH, Tak U U NPUIOKEHUH B CIMHTPOHUKE U CTUHOPOHUTPO-
auke. MC B rpadeHe BO MHOTOM PETYJIUPYETCS CIIMH-OpOUTATLHEIM B3anmoneiicteueM (COB), koTo-
poe SBJISETCs PeNSITUBUCTCKUM 3G (HEKTOM, ONMHMCHIBAIOIIMM B3aUMOAEHCTBUE CIIMHOBOTO MarHUTHOTO
MOMEHTA 3JIEKTPOHA ¢ MarHUTHBIM T10JIEM, BOSHUKAIOIINM BCJICCTBHE JIBM)KCHHSI JICKTPOHA B HEOA-
HOpOAHOM 3MekTpuueckoMm none. COB B uaeanbHOM rpadene — cnadblii 3GQeKT mo npuuuHe OTHO-
CUTEJIBHO HU3KOH CKOPOCTH DJIEKTPOHOB B aToMax yriepoaa. Kpome Toro, mepBblii MOpsI0K aTOMHON
CITUH-OPOUTANBHON CBSI3U MCYE3aeT M3-3a PETYISIPHOTO PACIIONIOKEHHUS aTOMOB yriiepona [3]. YeunuTs
COB B rpatere MOXHO 3a CUET IPAMECH aTOMOB TsDKENBIX dJ1eMeHTOB (Au, Pt, Pb), MarHuTHEIX Tipn-
meceii (Fe, Co, Ni), pacrionoxenus rpadeHa Ha TOII0KKaX (eppoMarHeTHKOB, CO3/IaHuUs JTOKATbHBIX
IpaJUeHTOB MarHUTHOTO IOJI C UCIOJIb30BaHNEM MUKpOMarHutos [4]. B pesynsrare ycunenus COB
B rpa)eHe BOHUKAECT BO3MOKHOCTh FCHEPALIUH U YIPABICHUS CTUHOBBIM TOKOM.

Tomonoruyeckue HM30JIATOPBI XapaKTEePU3YIOTCS 3aIIMIICHHBIME TTOBEPXHOCTHBIMU U KPaeBbIMU
COCTOSTHUSIMHU, KOTOpbIe (DOPMHUPYIOTCS B AMAIIEKTPUUECKUX Marepuaiax ¢ HHBEPTUPOBAHHON 30HHON
CTPYKTYpoi, o0ycioBieHHOH ctbHBIM COB. [1oBEpXHOCTHBIC COCTOSIHHS TPEXMEPHBIX TOMTOJIOTHYEC-
KHUX M30JIATOPOB UMEIOT CIMPAJIbHYIO CIMHOBYIO CTPYKTYpy Jupaka ¥ yCTOMYMBBI K BO3MYLUCHHSIM,
WHBapUAHTHBIM K OOPAIICHUIO BpEMEHU. DTO 3KCTPAOPANHAPHOE CBONWCTBO SIPKO MILTIOCTPUPYETCS OT-
CYTCTBHEM OOpaTHOTO paccesHusl Ha HeMarHUTHbIX npumecsx 1 CAJl ¢pepmuonos dupaka [5]. Hapy-
[IEHUE CUMMETPHU 00paIIeH!sI BDEMEHH JIETHPOBAHUEM MarHUTHBIMH ITPUMECSIMH CO3JIaeT TOMOIOT Y-
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YEeCKHE MAarHUTOAIEKTpUIecKue 3PQEKThl, KOTOPbIE OOBSICHAIOTCS €INHON KapTHHOM 3BOMIOLMH (a3bl
beppu ¢ sHepreTuueckoil menp0, MHIYIHPYEMOW MarHUTHBIMU IIpUMecsAMU [6].

B crarbe paccMOTpeHO MOAETMPOBAHHE MIPOLIECCOB CI1a00H JTOKATU3alUHN U aHTUIOKAIN3AIIH B Ta-
KUX JBYMEPHBIX MaTepHalax, Kak rpad)eH U TOMOJIOTHYECKUI H30IISTOP.

Mopenn ¢1a00ii JJoKaIHu3auu

KonmuectBenno cootnomenue CJI/CAJI B rpadene BbI3BaHO B3aUMOJICHCTBHEM Pa3IMYHBIX MeXa-
HU3MOB PACCESHUs, B KOTOPbIE OOBIMHO BKIIFOYAKOT BPEMs pacCesiHUsA C HapylIeHueM (hasbl T, (pacha-
3UPOBKa), BPEMsI MEKIOIMHHOIO PACCESIHUS T; U BPEMsl pacCcesHUs ¢ HapyILIEHUEM BHYTPHUIOIMHHON
cumMeTpud T.. [Ipu Hammuun COB yuuTthiBaeTcst BpeMsi CHMH-OPOUTAIBHOTO PAacCesiHus Tgy. KBaHTO-
Bas nonpaska ¢ yueroM COB st mpoBoanMocTu rpad)eHa 3anucbiBaercst B Buae [7]

—e’ B B B
Ac(B)=—-|-F —oF| —2 4| — 2
2nh| | B,+B, -+ By, B,+B.+ By,
L + F L R (1)
B,+2B,+B, B,+2B.

e e — dNIeMEeHTapHbIN 3apsi; & — noctostauas [lnanka; F(z) = In(z) + y(1/2 + 1/z); y — auramma-¢yHK-
usl; B — MHAYKIMS BHEITHETO0 MarHUTHOTO Toiist; B, = h/8neDt,, x = ¢,+,1,S0; D — xosdduument aud-
(hy3um.

B Tomonornyeckux m3onATopax cinadas JOKANIM3AlMsA W aHTHJIOKAIN3AINS OMHCHIBAIOTCS (HOpMy-
no#i Jly-1lIn-Yena (Lu-Shi-Shen) 8]

AG(B)ZZaieZ byl |k )
AN VA Tk

rne [ = [h/(4eB)]V? — marauTHas miouHa; 1/ Iii =1/ lg +1/ ll.z; l, — nnvHa (Ha30BOM KOTEPEHTHOCTH,
o;, /; — KOd(PUIMEHT 1 KOPPEKTUPYIOMIast JUTHHA COOTBETCTBEHHO (i = (,1), KOTOpbIE SBISIOTCS SBHBIMH
(dbyHKmsIME cooTHOMIEHUS A/2FE5; A — elTb B TOBEPXHOCTHBIX COCTOSIHUSX, HHIUPYyeMasi MarHUTHbI-
MH IpuUMecsIMHU; £y — sHeprus @epMu, OTCUUTBIBAEMAst OT TOUKH Jupaka.

B npenene CAJI o, =0, o, =-0,5, a B mpeaene CJI o, = 0,5, o, = 0. 3HaueHus mapameTpoB /; 1 o;
CBSI3aHBI CIICIYIONTUMHU COOTHOIIEHUAMU [8]:

Iy ="La*(a*+b' - azbz)[b“ (a*-b’ )2]] ;
r=r (a4 +b* )2 [azb2 (a2 -b’ )2 ]];
o, = —a'p? I:(a4 +b4)(a4 bt 2 )]—1 :

-1

o, =(a4+b4)(a2—b2)2[2(a4+b4—a2b2)2} , 3)

rae [, — nmuHa cBoOoHOTO TIpodera; a = cos(0/2); b = sin(0/2); cos(0) = A/2E .
Cucrema ypaBHeHHH (3) IPUBOAUT K TOMY, YTO KBAHTOBAs MOMpaBKa (2) onpeaensieTcs: TOIbKO CO-
oTHOIWEHHEM A/2E; 1 04eHb €11ab0 3aBUCHUT OT JUIHH [, U [,

Pe3ynbrarel pacueroB

KBaHTOBBIE MOTPaBKH K TPOBOANMOCTH rpadeHa B equHuIax e2/h =38,64 MkCM NOITy4eHBI C UCTIONb-
30BaHKEM BbIpakeHHs (1) A7 pa3InuHbIX COOTHOLICHUH MEXy XapaKTepHbIMU BPEMEHAMH. YCTaHOB-
JICHO, YTO IIPH OTHOCHUTEIBHO OOJIBIIIOM BPEMEHH CIIMH-OPOUTAIBHOTO paccesHus Tgy, He MeHee 10-10 ¢,
OHO HE BJIMSICT HA TIONPABKY K MPOBOJUMOCTH, M €€ 3HAYCHUE ONpPEAEIsIeTCs] BpeMeHeM pac(hazupoBKU
¥ BPEMEHEM MEXK/IOJIMHHOTO U BHYTPUIOIMHHOTO paccesHuit. [lpu stom, ecnu 1, << T, T, << T,, Ha-
Omonaercst xapakTepHoe nogasienue CJI B MarautHOM mone u oTpunarensHoe MC, T. e. mposBiseT-
cst CAJL Tlpu 1, = 10712 ¢ ¥ OTCYTCTBMM MEXKIOIMHHOIO paccestius (OONBIIOE T;) BPEMS T, HE OKa3bl-
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BaeT CYMIECTBCHHOTO BIMSIHUSA BIUIOTH 10 1012 ¢. Ilpwm 1, = 10-13 ¢ BosHmKaet kpocconep ot CJI k CAJI
npu B ~ 0,1 Tn. Jlpyroe nosenenue nonpaBky HaOIIOAAETCs PH YMEHBIIEHUH T;, €CJIU T, > T,,. B 2TOM
cinyyae npoucxoquT Tonbko cHkenne CAJl, Ho CJI He BO3HHKAET.

Bnusinue BpeMeHH CITUH-OpOUTANBHOTO PACCESIHUS Ty 3aKmodaeTcs B mopasieHnn CAJl (puc. 1).
OHO NPUBOJHT K TIEPEBOPOTY CIIMHA 3JIEKTPOHA MPOBOIUMOCTH TIPH YIIPYTOM paccesiHuu, U uHTepde-
pennronHas kaptuHa CJI ycrokHsSeTcs 3a cHeT NMepeMeNINBaHns CIIMHOBBIX COCTOSHUM. 3HaK KBaH-
TOBOHM TMOMPABKH 3aBHUCHUT OT TOTO, KAKOE€ CITMHOBOE COCTOSIHWE JaeT OONBIIMIA BKJIaN. 3aBUCHMOCTH
IIPOBOJIMMOCTH OT MAarHUTHOTO TIOJISI CYIIECTBEHHO Pa3InyHa JUIsi CHHIJIETHOTO U TPUILIETHOTO CITMHO-
BBIX COCTOSIHMH. B c1aboM MarHUTHOM T0JIe OCHOBHYIO POJIb UTPAaET CHHIJICTHBIN BKIas, uyto naet CJL.
[To mepe pocTa HanpsKEHHOCTH MarHUTHOTO T0JI1 U HACBILIEHUS M0JIEBOM 3aBUCUMOCTH CHHIJIETHOTO
BKJIaJIa BO3PACTaeT poJib TPUILIETHOTO BKJIA/Aa, YTO MIPUBOAMT K MOSBICHUIO CHavasa skcTpemyma B MC,
a 3arem CAJL

PacueTsr KBaHTOBBIX TIOMIPABOK TSI TOTIOJIOTHUYECKOTO M30JIATOPA MTPOBOAIIIN ¢ TTOMOITEI0 (2) 1 (3)
npu 3Ha4enusx [, = 90 um, [, = 100 HM B 3aBUCMUMOCTH OT COOTHOIIEHUA k = A/2Ey (puc. 2), onpene-
JSIEMOTO BEIMYMHOMN MIEITU B TOBEPXHOCTHBIX COCTOSIHUSX, HHUITUUPYEMOH MarHUTHBIMHU TIPUMECSMH,
10 OTHOILEHHUIO K 3Hepruu depmu.

1 ‘0 4 k= 0,95
54
k=0,50
~ 01 e
£ 1 2 3 o~
‘o X . ) k=030
‘g 5. o) T k=0,25
4 <
k=0,15
18 -0.51 k=0.10
k=0,01
-15 T T T T -1,0 T T
0,001 0,010 0,100 1,000 0,01 0,10 1,00
B, Tn B, Tn
Puc. 1. KBaHTOBBIEC MONIPABKH K IPOBOJUMOCTH Puc. 2. KBaHTOBBIE NOMPABKH K MIPOBOAUMOCTH
rpaena npu 1, = 1012 ¢, 1, =107 ¢, 1, = 1012 ¢ TOTIOJIOTHYECKOTO H30JIATOPa
U Tgp, €2 1 —10°1;2 - 10712, 3 —10-13 pu [,= 90 um, [, = 100 am n otHotwenuu k = 0,01-0,95
Fig. 1. Quantum corrections to the conductivity of Fig. 2. Quantum corrections
graphene at 1, = 10125, 7, = 107 s, 7, = 1012 s for to topological insulator conductivity
Tgp, 80 1 —1071;2-10-12;3 - 1013 at /[, =90 nm, /, = 100 nm and ratio k= 0.01-0.95

Kak moxHO BHIETh U3 puc. 2, npu k—0, T. e. B orcyTcTBue menu, Hadimrogaercss CAJL. TlosiBre-
HUE IIENM B TMOBEPXHOCTHBIX COCTOSTHHMSX TOTIOJIOTHYECKOTO M30iATopa BeAeT K moxpasiennio CAJL
IIpu k = A/2Er = 0,95 npeBanmupyet CJI, a mpu IpoMeXyTOUHBIX BeauuanHax k = A/2E = 0,22-0,27
Habmonaetcs kpoccosep CJI/CAJI ¢ pocTOM HHIIYKITUM MAarHATHOTO TOJIS.

3akioueHue

1. M3y4yeHbl 3aKOHOMEPHOCTH IMPOSIBICHHUS CI1a00H JIOKaTU3allMd U aHTWIOKAIU3aluy B rpadene
C YCHJICHHBIM CITUH-OPOUTAILHBIM B3aUMOJIEHCTBHEM, a TAKKE B TOMOJIOTHYECKOM H30JISITOPE CO ILEBI0
B [TOBEPXHOCTHBIX COCTOSIHUSIX, HHAYIIMPYEMOH MarHUTHBIMHU TIPUMECSIMHU. YCTaHOBIICHBI MTApaMeTPHI,
XapaKTepH3yIOIIHe MPOsIBICHUE c1a00i IOKAIN3aNH, aHTHIIOKAIN3AINN U KPOCCOBEPA MEX/Y HUMH.

2. Ilomy4eHHbIe pe3yJIbTaThl MOTYT OBITH UCIIOIB30BAHBI IS IPOSKTHPOBAHUS IIEMEHTHON Oa3bl
3HEProdpHeKTUBHBIX MPHOOPOB 00padOTKH HHPOPMAIINY Ha OCHOBE ITOJIEBBIX TPAH3UCTOPOB C KaHala-
MH U3 JBYMEPHBIX MaTepHalIOB.
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AHHoTanus. VccrenoBano B3auMoIeHCTBIE PAJHONMITYIECHBIX CUTHAJIOB B aHH30TPOIHOM Cpesie Haf 3a1eKaMu
yrieBofoponoB. Ilpu npoBeneHnn SKCIEPUMEHTOB BBINOIHSUIA KOMIIBIOTEPHOE MOJETUPOBAHNE XapaKTEPUCTUK
AQHM30TPONHBIX cpefl. [lomydeHsl 3aBUCHMOCTH BEIIECTBEHHBIX, MHUMBIX U (ha30BBIX KOMIOHEHT XapaKTEPUCTHK
MOBEPXHOCTHOTO MMIIElaHCa aHU30TPOIHOM CPeibl HaJ yIIIEBOJOPOJAMHU OT €€ AUAICKTPUYECKOH MpOHHUIlae-
MOCTH, YaCTOTHI B3aUMOJECHCTBYIOIIUX C HEW PaJUOUMITYJIbCHBIX CUTHAIOB M KOJMUECTBA FTAPMOHUK CIIEKTpa I0-
cienHUX. Ha ocHOBe pe3ynbTaToB MCCIIEIOBAHUN JaHBl PEKOMEHJAINH 110 TIOBBIIICHHIO TOYHOCTH OIIPEACIICHHS
TPaHHUI] 3aJIeXKel yIIIeBOA0POAOB C MPUMEHEHUEM METO/IOB JIEKTPOPA3BE/IKN, OCHOBAHHBIX HA UCTIOIb30BaHUU Pa-
JMOMMITYJILCHBIX CUTHAJIOB. Pe3ynbTarhl HCcieIOBaHUN MOTYT OBITh IPUMEHEHBI B TOUCKOBOH Te0(U3MKe JUIs 00-
HapyXeHHs 3anexeil HedTn u rasa.

KuroueBble cjI0Ba: yIIIEBOOPOHAS 3aJ1€XKb, TOPObI-KOJIEKTOPHI, MOA3EMHBIHN pe3epByap, Fe0J0ropa3BeJOUHbIC
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REGULARITIES OF CHANGES IN THE SURFACE IMPEDANCE
OF THE MEDIUM OVER HYDROCARBON DEPOSITS
UNDER THE INFLUENCE OF RADIO PULSED SIGNALS
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Abstract. The interaction of radio pulse signals in an anisotropic medium over hydrocarbon deposits has been
studied. During the experiments, computer simulation of the characteristics of anisotropic media was performed.
The dependences of the real, imaginary, and phase components of the characteristics of the surface impedance
of an anisotropic medium over hydrocarbons on its dielectric constant, the frequency of radio pulse signals in-
teracting with it, and the number of spectrum harmonics of the latter are obtained. Based on the research results,
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recommendations are given to improve the accuracy of determining the boundaries of hydrocarbon deposits using
electrical exploration methods based on the use of radio pulse signals. The research results can be applied in pros-
pecting geophysics for the discovery of oil and gas deposits.

Keywords: hydrocarbon deposit, reservoir rocks, underground reservoir, geological exploration, electrical
exploration, vertical sounding, seismic restrictions, electron plasma resonance.
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BBenenue

AKTYyaJIbHOCTh PaccMaTpUBAcMbIX B CTaThe 3aJlad 3aKIF0YAaeTCsl B HEOOXOAMMOCTH TOBBINICHHUS
MIPOM3BOIUTEIBHOCTH TE€0JIOTOPa3BEAOYHBIX paboT (B TOM YHWCIIE B YCIOBHSIX CIOXKHOW Teorormyec-
KO OOCTaHOBKH), TOYHOCTH OMpEIeNIEHUs] TPaHUI] YIIIeBOMOPOAHBIX 3anexelt (YB3) HedTn u rasa,
YYBCTBHUTEIBHOCTU U MH()OPMATUBHOCTH METOJOB MOMCKa U BblesneHus Takux YB3 [1-3]. IloBeiie-
HUE MPOU3BOAUTEILHOCTH Te0JIOTOPa3BEIOYHBIX Pa0OT OCHOBAHO Ha MOAEPHHU3ALUH CYLIECTBYIOLIHX
JIEKTPOMArHuTHBIX MeTo10B (DMM) reopassenku YB3 [4-8]. [lo pesynpraram mpoBeAeHHUs Teoso-
ropasBeIouHbIX paboT yCTaHOBICHO, uTo YB3 1o cBoMM (U3NYeCKUM CBOWCTBAM OTIIMYAIOTCS OT I10-
POI-KOJIEKTOPOB, B KOTOPBIX OHHU pacmojyararorcs [9]. HaGmromaroTcst pasnudus B U3MEHEHHH KOM-
ITOHEHT TEH30POB UAIIEKTPHUECKON TPOHUIIAEMOCTH M TTOBEPXHOCTHOTO MMITEaHca cpeabl Han YB3
U HaJ TOPOJAMU-KOIIEKTOPAMHU MPU 30HAUPOBAHUU B IIMPOKOM AUAMNA30HE aMILTUTY U YacTOT.

JlanHble nccrnenoBanuii 00paszoB mopon Hax YB3 cBUAETENBCTBYIOT O MOBBILIEHHOM COAEpIKa-
HUU B HUX IEJIOYHBIX U IIEIOYHO3EMEIIbHBIX METAJUIOB, a TaKKe M30TOMHBIX 3ieMeHToB [10]. Jud-
(hepeHIIMAITNS UCCIIETYEMBIX CPEI ITPH OCBOCHUH TUIOMAACH ¢ HammaueM Y B3 MOXKET OCYIIeCTBISIThCS
Ha OCHOBE WCCIIEZIOBAaHUS TOA3EMHBIX pesepByapoB [11]. Peammzanus BepTHKaIbHOTO 30HINPOBAHUS
npu noucke YB3 Ha ocHoBe DMM cCBsi3aHa ¢ TOCTPOCHUEM COOTBETCTBYIOIIMX AJIEKTPOJAUHAMUYECKHUX
MoJienet cpell, oopasyromuxcs Hajx YB3 (B 4acTHOCTH, 3aBUCHMOCTEH TapaMeTPOB JUICKTPUIESCKON
MPOHUIIAEMOCTH cpeAbl Hal YB3 oT xapakTepucTUK BO3ACHCTBYIOIIMX HAa HEE JIEKTPOMATHUTHBIX
BoJH) [12, 13]. Unentudukarus YB3 BoionHseTCS MyTeM aHaimu3a 3Tux Mojeinei [13].

C ucnonb3oBanneM OMM MOXXHO BBISIBUTH PA3INYHs HE TOJIBKO MEXAY COMPOTHUBICHHEM CpEJ
Han YB3 u comporusieHuem cpen He Han YB3, HO M MeX Ty TaKMMH XapaKTePUCTHKAMHU dJIEKTpoMar-
HUTHBIX BOJTH, KaK aMILTUTY/IBI X CHIEKTPAIbHBIX COCTABIIONUX, (a3a, momsapusamys u T. 1. [14]. Tlo-
HCKOBasi TeO(U3UKA HA COBPEMEHHOM JTalle Pa3BUTHS MOXET UCIIOJIB30BaTh PE3YIIBTAThI UCCIIEOBaHUI
Ha 0a3e COBMECTHOTO NMPUMEHEHHUS MOPCKHX MArHUTOTEILTYPHUUYECKHX U TPABUMETPUYCCKUX JTaHHBIX
M3MEpPEeHNH C y4eToM ceiCMUYecKHUX orpaHndeHuii [15].

MeTtopoJiorusi MccjiexoBaHui

HccnenoBanue BIUSHUS IAPAMETPOB PAIMOMMITYJILCHBIX CUTHAJIOB Ha XapaKTEPUCTUKH aHU30TPOII-
HBIX cpell HaJl YB3 npoBoIHiIH ¢ ITOMOIIBI0 MAaTEMATHYECKOTO M KOMITBIOTEPHOTO MojieTupoBanus. [Tep-
BOHAYaJIbHO HA OCHOBaHWH JAHHBIX JINTEPATYPHBIX NCTOYHUKOB BBIBOVIIN aHATUTHYECKHE COOTHOIIIE-
Husl. Jlanee rmomydeHHbIe COOTHOIICHHUS BBOWIIM B TAKET MareMarndeckoro Moaenuposanust MathCAD
Bepcuu 14. Pe3ynbTrarhl nccieqoBanuii 0(hopMIIsIIA B BUIE COOTBETCTBYFOIINX IPapUKOB.

PaccmarpuBanu mporiecc B3auMOJICHCTBUS AIIEKTPOMArHUTHBIX BOJIH ¢ YB3 B pexxume paauonm-
TYJIECHBIX CUTHAJIOB C YaCTOTON = 27/, 4aCTOTOM HECYIIETO CHTHAIIA (O, [NIUTETHLHOCTBIO UMITYJIHCA T.
MogenupoBaHH€e MPOBOIMIH JIIs TAKUX MTapaMeTpoB cpenbl Hax YB3 [6], kak: AuaneKkTpudeckas MpoHu-
I1aeMOCTh BMEIIAOMUX opo €, = 1-30, anexTpudeckast mpoBoauMocTh ¢, = (1 - 10-5—1) Cm/M, KOHIIeH-
tpamus gactui N, = N; = (1010—1018) m3, qactora croiakHoBenus yactui v = (0,67 - 109-31 - 10°) pan/c.
KoMnoHeHTHI TeH30pa IUAIEKTPHUYECKON MPOHUIIAEMOCTH IPU 3TOM MMENH TaKOW e BHJ, KOTOPBII
ObLI TIOKa3aH B [7].

MerozpKa HCCIIe0BaHUH 3aKITI0UAIach B ONPE/ICICHUN KOMIIOHEHTOB IIOBEPXHOCTHOTO HMIIe/IaHCa
cpensl Hax YB3 o popmymam:

. . 1 - ;
=2, :_W(\/a_\/g); (D

26



Joknager BI'YUP Dokrapy BGUIR
T.21, Ne 5(2023) V.21, No 5 (2023)

2122221 > ("SR '\ISL) (2)
VEREL

rae €p, £, — KOMIOHEHTHl KOMOMHAIIMOHHBIX COCTABIIAIOIIUX TEH30POB JUAIEKTPHUUECKON MPOHUIIAe-

MOCTH cpejibl Hax YB3.

Pe3yJ'll)TaTbl nccne)mBa}mﬁ H UX oﬁcymz[e}me

B mporuecce uccienoBaHuil NpoBOJMWIM MOJIEIHMPOBAHUE 3aBUCHUMOCTENH KOMIIOHEHTOB MOBEPX-
HOCTHOTO MMIIEaHCa OT YacTOThl PaJWOMMITYJIbCHBIX CHUTHANIOB JUIsl aOCOJIIOTHOH M MHUMOMW CO-
CTaBJISAIOLIUX MOBEPXHOCTHOTO nMIeAanca (puc. 1). Ilpu moctpoeHnn 3aBUCUMOCTEN HCTIONIB30BAIH
CJIeJIyIOIINe JaHHBIE: KOJNYECTBO FAPMOHUK PaJAMOUMITYJIBCHBIX CUTHAJIOB /1 = 5 U 2JIEKTPUUECKYIO
npoBOIUMOCTh G, = 10-3 CM/M AJs pa3nuYHbIX 3HAYCHUH JUANEKTPUICCKOH POHUIAEMOCTH &,

— st kpuebix |Z,,(F,)|, Im(Z,,(F,)) —¢&,=10;

. m(Z,(F,)) —&=15;
). Im(Z,,(F,)) —&,=20.

CommacHo puc. 1, Ha YacToTax paHONMITYICHBIX cuTHANOB 1 - 1051 - 108 'y mponcxoaut yBenu-
YeHHe a0COIIOTHON KOMIIOHEHTHI TIOBEPXHOCTHOIO MMIIeaHca. JJaHHbIN (haKT XOpOoIo KOppeInupyercst
€O 3HAUEHHUSMHM YaCTOTHI JIEKTPOHHOIO MJIa3MEHHOT0 pe3oHaHca [6]. C yMEeHbIIEHUEM TUANIEKTpUYEC-
KO MPOHMLIAEMOCTH HAMIOJIHUTEIS BMEILAIOIINX ITOPOJ] 3HAYCHNE JAHHONH KOMIIOHEHTHI IIOBEPXHOCTHO-
ro UMIIEaHCa YMEHBIIACTCS. 3HAYCHHsI COCTABIISIOIINX TEH30pa aHU30TPOITHOM cpeabl Hal YB3 3aBu-
CAT OT (PU3UKO-XUMHUYECKHX MPOIECCOB B caMoil YB3 1 ycnoBuii 3asieranus (JaBIeHUs U TeMIIepaTy-
PBbl), BIMSIOMIMX HA JIEKTPUUIECKHE CBOMCTBA BMELIAIOLINX ITOPOA U cpel Hax YB3, mosToMy 3HaueHue
MIOBEPXHOCTHOTO UMIIEJaHCa sl TOYKH PE30HAHCA MOXKET H3MEHSATHCSL.

— JUJI KPUBBIX |le

— JJ1 KPUBBIX |Z13

Om % Om 10 ‘
& ! 5 6 7 8 9 10
4 f _glhtt 1 -1 -1 -1 110
56 ) —17
AT Im(Zy1(F2) _ ¢
120 4 ; - Im(Z12(F3)) _ 55 \‘
125 35 7 Im(Z13(F)) _ 4y \
T _// -
16 —-62
v
8 7 —71 \
= - 380 s
1-10°  1-10°  1-107  1-10% 1-10° 1-10"° F,, T
F, '
a b

Puc. 1. 3aBUCHUMOCTb KOMIIOHEHTOB IIOBEPXHOCTHOIO UMIIEJAHCA OT YaCTOThI PAJMOUMITYIILCHBIX CUTHAJIOB
JUISL COCTABJIAIONIECH TOBEPXHOCTHOTO UMIIEJAHCA: g — aOCONIOTHON |Z'11 | ; b — MaAMO# Tm(Z,,)
Fig. 1. Dependences of the components of the surface impedance on the frequency of the radio pulse signals
for component of the surface impedance: a — absolute |Z'11| ; b—imaginary Im(Z,,)

MHUMBIE COCTaBISIONINE KOMIIOHEHTHI TTOBEPXHOCTHOTO HMMITEaHCA MPAKTHYECKH MOCTOSHHBI
B quana3oHe 9acToT 1 -+ 105—1 - 107 I'; (100 k['m—10 MI'm). Ha otpeske 1 - 1075 - 107 I'p (10-50 MI'mr)
MIPOUCXOANT WX YMEHbBIIIEHHUE, W Ha OCTABIIEMCS JUala30He YaCTOT MHHUMBIE COCTABIIIONINE KOMIIO-
HEHTHI MOBEPXHOCTHOTO UMIelaHca TOCTosHHEL. [Ipraem Ha gacToTax mopsiaka 2 - 108 I'p (200 MI'm)
MIPOMCXOANT HE3HAYUTEIHFHOE YBEIHUeHne 00eMX KOMIIOHEHT TIOBEPXHOCTHOTO nMmnenanca. C poctom
JUBJICKTPUYCCKON IPOHHUIIAEMOCTH YacTOTa MePeX0/ia KPUBBIX Im(le) 4yepes 0Ch 4acToT (Tepexoy ye-
pe3 Hynb) cMernaeTcs Bieso (puc. 1, b).

Ha puc. 2 npuBeieHs! rpaduKy MOJISTHPOBAHUS 3aBUCMOCTEH KOMITOHEHTOB ITOBEPXHOCTHOTO UM-
IeJIaHca OT YaCTOThI PAIUOUMITYIIBCHOTO CUTHAA st (Pa30BOil U BEHISCTBEHHON COCTABIISIONIUX T10-
BEPXHOCTHOTO uMIenanca. [lpu moctpoeHun 3aBHCUMOCTEH HCIIONIb30BANIH CIIEAYIOININE TaHHbIC: KOJIU-
YECTBO TAPMOHUK PAAHMOUMITYJILCHBIX CUTHAJIOB 71 = 5 ¥ AJIEKTPUYECKYIO MPOBOAUMOCTH G, = 103 Cm/m
JUTSL a3 IMYHBIX 3HAYCHUN JUAICKTPUICCKON MPOHUIIAEMOCTH &,

— 1 kpuBbIx arg(Z,,(F,)), Re(Z,,(F,)) —¢,.= 10;
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Puc. 2. 3aBHCMMOCTh KOMIOHEHTOB IIOBEPXHOCTHOI'O UMITEJAHCA OT YaCTOTHI PAMOUMITYJILCHBIX CUTHAJIOB
JUISt COCTABJIAIONIEi TOBEPXHOCTHOTO MMITelanca: a — hasosoii arg(Z,,); b — BemecTsenHoii Re(Z,;)
Fig. 2. Dependences of the components of the surface impedance on the frequency of the radio pulse signals
for component of the surface impedance: @ — phase arg(Z,,); b —real Re(Z,,)

— s kpuBBIx arg(Zy,(Fy)), Re(Zy () — &, = 15

— 17151 KPUBBIX arg(Z'B(F2 ), Re(Z'23 (F,)) —&.=20.

dazoBbIe XapaKTEPUCTHKH KOMITOHEHTHI TTOBEPXHOCTHOTO MMITE/IaHCa arg(le) MIPAaKTHYECKH MTOCTO-
STHHBI B irarna3one 9actot 1 - 105—1 - 107 'y (100 kI'i—10 MI'm). Ha orpeske 5 - 1001 - 107 'y (5—10 MI ')
MIPOMCXOUT CKaYKOOOpa3Hoe yBennueHue Ga3bl U Ha OCTaBIIEMCS TUAa30He YacToT (a3a MOCTEeTCH-
HO YMEHBIIIAeTCs BIUIOTH 10 OTPULATEIILHBIX 3HaUeHUH B Anana3one yactoT cBoime 10° I'n. C poctom
JIUDJICKTPUYCCKOM MPOHUIIAEMOCTH YacToTa rnepexoa (a3oBoi KOMIIOHEHTHI (pHC. 2, a) 4epe3 oCh
4acToT (TIepexo yepe3 Hylb) cMeniaeTcs BieBo. Ha wacrorax 1 - 105-1 - 108 'y mpoucxoauT yBenu-
YeHUE BEIIECTBEHHOMN COCTABIISIIONICH TOBEPXHOCTHOTO MITE[aHCa Re(ZZI). JlaHHBIIA QakT XOpoIIo
KOpPEIUPYyEeT CO 3HAYCHUSIMH YacTOTHI 3JIEKTPOHHOTO TJIa3MeHHOTro pe3oHanca [6]. C yMeHbIIeHnEM
JIMDITEKTPHYECKOH TTPOHMIIAEMOCTH HATIONHHUTENIS BMEIAIONINX TI0poyl 3HaueHne Re(Z,,) yBemmdu-
BaeTcH.

HccnenoBanne 3aBHCUMOCTEH KOMIIOHEHTOB IMOBEPXHOCTHOTO MMITEAHCA OT YaCTOTHI PagiONM-
ITyJIBCHBIX CHTHAJIOB JUII MHUMOM U (a30BO# COCTaBISAIONIMX MMOBEPXHOCTHOTO MMITEIAHCA MPEICTaB-
JeHo Ha puc. 3. Ilpu mocTpoeHHM 3aBUCHMMOCTEH HMCIOIb30BAIN CIEIYIONINE AaHHBIE: KOIUYECTBO
TFapMOHHK PaJUOUMITYJIbCHBIX CUTHAJIOB 71 = 5 U AJIEKTPUYECKYIO MPOBOAMMOCTD G, = 1073 Cm/M amst
Pa3JIMYHBIX 3HAYEHUN JTUAIEKTPUYECKON IPOHULIAEMOCTH &,

— g kpuBblX Im(Z,,(F,)), arg(Z,,(F,)) —¢,.= 10;
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Puc. 3. 3aBHCHMMOCTh KOMIOHEHTOB IIOBEPXHOCTHOIO UMITEJAHCA OT YaCTOTHI PAAMOUMITYJILCHBIX CUTHAJIOB
JUIsL COCTABIIAIONIEH TOBEPXHOCTHOTO UMIIe[jaHca: @ — MHUMOH Im(Z,,); b — da3oBoii arg(Z,,)
Fig. 3. Dependences of the components of the surface impedance on the frequency of the radio pulse signals
for component of the surface impedance: a — imaginary Im(Z,,); b — phase arg(Z,,)
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— s kpuBEx Im(Z,, (F)), arg(Zy, (Fy)) —£~15;

— 15t kpuBbIX Im(Z,5(F,)), arg(Z,;(F,)) — &,=20.

Kak BuaHo u3 puc. 3, a, CylmecTBYIOT 4YaCTOThl PE€30HAHCOB MHUMOW KOMITOHEHTHI Im(Z'ZI).
Onu HaxonmsTcs Ha orpe3ke 5 - 100—1 - 107 I'm (5-10 MI'm) u ¢ pocToM AHAIEKTPUUYECKON TPO-
HHUIIAEMOCTH BMeEIIAKOUIUX Mopox Haj YB3 cmemarorcs BieBo 1mo ocu yacTtoT. Pa3oBas Xapak-
TEPUCTHUKA arg(ZZI) (puc. 3, b) cocraBisONIe MOBEPXHOCTHOTO HMMIIEJaHCA CKAuKOOOpa3HO
yMeHbmaeTcs B quanazone 1 - 10— 1 - 108 I'm (1-100 MI'11) u ¢ pocTOM IUAIEKTPUIECKOH MPO-
HHUIIAEMOCTH BMeENIalomux mopoa Haa YB3 cMmemaercs BieBo mo ocu 4acToT. B gmamasone vac-
toT 1 - 105-1 - 10° I'p (100 x['u—1 MI'1) dpaza crabunbHa. [Tocne 1 - 108 'y (100 MI'r) arg(ZZI)
IIOCTENEeHHO YMEHbIIaeTcs A0 Hyasd. YacTtoTa pe3oHaHca Im(Zzl) (puc. 3, a) MoxeT cMmeniaThes
B obmacTh 6osee 1 - 107 I'y (10 MI'1r), Tak Kak 3HAYCHUSI COCTABIISIONINX TEH30pa aHU30TPOITHOMN
cpeasl Hax YB3 3aBHCAT OT KOHIEHTPAIIUN YaCTHII, KOTOpas, B CBOIO OUepe/lb, onpeaensercs Qpu-
3UKO-XUMHUYECKUMH TIpolieccaMu B caMoil YB3 u ycioBusiMu 3ajeranus (JIaBieHUe, TEMIIEpaTy-
pa), BIHUSIONMME Ha AJIEKTPUUECKHE CBOKMCTBA BMEIIAIONIUX OpoA U cped Hax YB3.

MopenupoBaHHe 3aBUCUMOCTEN KOMIIOHEHTOB TIOBEPXHOCTHOTO UMIIEAIAHCA OT KOJIMYECTBA TapMo-
HUK PaIUOUMITYJIbCHBIX CUTHAJIOB JIJIsl BELIECTBEHHON 1 MHMMOM COCTaBIISIONIUX TTOBEPXHOCTHOTO UM-
rejiaHca MpeICTaBIeHo Ha puc. 4, a utst (a30BOM M BEIIECTBCHHOW — Ha pHC. 5.

60

om | 10 Om
_3 53
_6 46
. - . 39
RL(?M(”)) D Im_(?n(”)) 3
R;(le(n)) s Im_(?u(n)) ”
Re(Zi3(m) _ 4 Im(Z3(m) |
—21 ”’ 11
—24 4
=27 =31t 10
=30 " - 10 n
a b

Puc. 4. 3aBHCMMOCTH KOMIOHEHTOB IIOBEPXHOCTHOTO HUMIIEIAHCA OT KOJIMYECTBA TAPMOHUK
PaIHOMMITYJIECHBIX CHTHAJIOB JUISl COCTABJISIOIICH TTOBEPXHOCTHOIO UMITC/IAHCA:
a — BELIECTBEHHOMI Re(le); b — MHUMOM Im(le)
Fig. 4. Dependences of the surface impedance components on the number of radio pulse signals harmonics

for component of the surface impedance: @ — real Re(Z,,); b — imaginary Im(Z;,)

Pag 25 om °
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. 52
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—r 1o ;
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Puc. 5. 3aBUCUMOCTb KOMITOHEHTOB IOBEPXHOCTHOI'O UMIIE/IAaHCA OT KOJIMYECTBA FTAPMOHHUK
PaZHOUMITYJTECHBIX CUTHAJIOB ISl COCTABIISIONICH TOBEPXHOCTHOTO UMIICAAHCA:
a — (azoBoi arg(le); b — BEIICCTBCHHOU Re(ZZI)
Fig. 5. Dependences of the surface impedance components on the number of radio pulse signals harmonics
for component of the surface impedance: @ — phase arg(Z,,); b —real Re(Z,;)
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[Ipu mocTpoeHnu 3aBHUCMMOCTEW Ha pHC. 4 MCIONB30BAIH CIEAYIONINE JaHHBIE: YacTOTy Pajvo-
HUMIYJIBCHBIX cUrHanoB F, = 105 'y, anekrpudeckyio npoBoaumMocts 6, = 103 Cm/m, €, = 10 mis kpu-
BBIX Re(le(n)), Im(le(n)); F,=106T'n, 6, =103 Cm/M, €,= 15 11l KpUBBIX Re(Z'12 (n)), Im(le(n));
F,=10"Tn, o, = 103 Cm/M, €.= 20 nna xpusbix Re(Z,,(n)), Im(Z,;(n)). IIpn nocTpoenun 3aBucu-
MOCTEH Ha pUC. 5 UCHONB30BAIH Cieaytonme Aanubie: F, = 105 I'u, o, = 103 Cm/Mm, €,.= 10 s kpu-
BBIX arg(le (n)), Re(ZZ] (n)); F,=100T1, o,= 103 Cm/M, €,.= 15 1111 KpUBBIX arg(Z] ,(n)), Re(Z.22 (n));
F,=10"Tn, c,= 103 Cm/M, &.= 20 1t KpUBBIX arg(Zl3(n)), Re(Z'23 (n)).

Crnemyer OTMETHTh, YTO 3aBUCUMOCTH Ha puC. 4, 5 IUIs YKa3aHHBIX KOMIIOHEHT MPaKTHYECKH He-
W3MEHHBI. BrusHue KOIMUYecTBa TapMOHUK PaJUOMMITYJbCHBIX CHUTHAJIOB MPOSBISIETCS OCOOCHHO
Ha gactore F, = 107 'y 1 ¢ poCTOM AMAICKTPUUECKON MPOHUIIAEMOCTH U TOIBKO JJIsS BEIIECTBEHHOM
COCTABJISIIOLIEH TOBEPXHOCTHOTO MMIIE/IaHCa Re(ZZI). YCTaHOBIIEHO, YTO BEIlIECTBEHHbIE COCTABIISIO-
mue Re(Z,,) NpaKTHYECKH HEM3MEHHBI TIPH BAPHALIMI JUIEKTPHUECKOH TIPOHHIIAEMOCTH H YaCTOTHI
PaAMOUMITYIIECHBIX CHUTHAJIOB, IPUYEM C YBEIHYEHUEM YacTOTHI PaIHONMITYIbCHBIX CHTHAJIOB HAOITO-
JaeTCsl yBEJIMUEHUE JTAaHHOW KOMITOHEHTHI.

Ha puc. 6 mpeIcTaBICHBI 3aBHCHMOCTH KOMIIOHCHTOB TOBEPXHOCTHOTO HMIIEIAHCa Z 51 OT KOJINYeCT-
Ba TAPMOHHUK PaJHOUMITYJIbCHBIX CHT'HAJIOB JUIi MHHMOW M ()a30BOI COCTABISIOIINX MOBEPXHOCTHO-
ro umrenanca. llpn mocTpoeHnn 3aBUCMMOCTEH HCIIONB30BANM CieAyronme nanueie: £, = 105 I'n,
G, =103 Cm/M, €,=10 asst KpUBBIX Im(Z'21 (n)), arg(Z'21 (n); F,=10T, ,= 103 Cm/M, g,.= 15 aiis kpu-
BBIX Im(Z'22 (n)), alrg(Z'22 (n)); F,=10"T1, 6, =103 Cm/M, &,= 20 17151 KPUBBIX Im(ZB (n)), alrg(Z'23 (n)).
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Puc. 6. 3aBUCHMOCTD KOMIIOHEHTOB TIOBEPXHOCTHOTO UMITEIAHCA OT KOJIMUECTBA TAPMOHUK
PaaMOUMITYJIbCHBIX CUTHAJIOB JJIs1 COCTABIISIOIIEH ITOBEPXHOCTHOIO UMIIEIAHCA:
a —vunmoit Im(Z,,); b — dasosoit arg(Z,,)
Fig. 6. Dependences of the surface impedance components on the number of radio pulse signals harmonics
for component of the surface impedance: « — imaginary Im(Z,,); b — phase arg(Z,,)

Crenyer OTMETHTB, YTO MHUMBIE COCTABIISIOIIME TOBEPXHOCTHOIO MMIIEIaHCa Im(ZZI) (puc. 6, a)
MPaKTUYECKU HEM3MEHHBI. BrsHUE KOnr4YecTBa rapMOHUK pPalOUMITYJILCHBIX CUT'HAJIOB TPOSIBIISIETCS
ocobeHHo Ha yactore F, = 107 'ty 1 ¢ pocTOM AMANIEKTpUUEcKoi poHuIiaeMocTu. dazoBble COCTABIISA-
IOLME [TOBEPXHOCTHOIO MUMIIEIaHCa arg(Zzl) MIPAKTUYECKU HEU3MEHHBI IIPU BapHalUU JUDIEKTpHUYE-
CKOM MTPOHMUIIAEMOCTH 1 9aCTOTHI PAIHOUMITYILCHBIX CUTHAJIOB, 3a UCKIIOYCHUEM 9acTOThI F, = 107 I'1y
Y 3HAYCHUSI JUAJIEKTPUIECKOM TPOHUIIAeMOCTH €, = 20. YcTaHOBIIEHO, 9TO WH(POPMATUBHOCTH AIIEKTPO-
MarHUTHBIX METOJOB Noucka YB3 MoxeT ObITh MOBBIIICHA 32 CUET MOJIyUYEHHS JOMOTHUTEIbHBIX JaH-
HBIX TI0 UCCIIEyeMOMY Te0JIOTHYeCKOMY MPOQUIII0 MECTHOCTH B 3aBUCIMOCTH OT PACCTOSIHUSI MEKIY
MNPUCMHHUKOM M IMEPECAATUNKOM.

3akJjoueHue

1. IIpoBeneHHbIN aHANMU3 MapaMeTPOB MPOIECcCa B3aUMOJCHCTBUS PAAHOUMITYIBCHBIX CHUTHAJIOB
CO CpeIoi Ha/l YIIIEBOJOPOAHBIMH 3aJI€KaMHU 1T0Ka3all, YTo:

— CYIIECTBYIOT YaCTOTHI PE30HAHCOB MHIUMOIT COCTABIISIOIICH MOBEPXHOCTHOTO MMIeaanca Im(Z 21)s
Haxojsmmecs Ha otpeske 5—10 MI' u cMeraromuyecs BIEBO 10 OCH YacTOT C POCTOM JTUAIIEKTpHUEC-
KO NPOHUIIAEMOCTH BMEIAIOIINUX OPOJ HAJ YITICBOJOPOIHBIMU 3aI€KAMU;
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— (pazoBas XapaKTEepUCTUKA COCTABIIAIONIEH TOBEPXHOCTHOIO UMIelaHca arg(Z,,) cKaukooOpa3HO
yMeHbInaercs B auanazone 1-100 MI;
— Ha yactotax 1 - 10°—1 - 108 'ty mpoucXoauT yBearuueHUEe a0CONMIOTHOM COCTABIISIONICH TOBEPX-

HOCTHOTO HMIIEIaHCa |le|, a Ha otpeske 10-50 MI'n — ymenbienue MaAMOI Im(Z,,);

— JUIsl BBIJIENIEHHs I'PAHULl U MACHTU(DUKALMK YITIEBOJOPOAHBIX 3aJIEKeH MOKHO PEKOMEHJI0BATh
4acTOTy PaJMOMMITYJILCHBIX CUTHAIOB [, = 107 I'11, Ha KOTOPO¥ NPOSABIAETCS BIUSAHUE KOJINYECTBA rap-
MOHMK PaJIHOUMITYJIbCHBIX CUTHAJIOB.

2. TlomydeHHbIE pe3ynbTaThl HUCCIEIOBAHMNA MOTYT OBITH NPUMEHEHBI B IOUCKOBOM Teo(U3UKe
IJ1sl OOHAPYKEHHs YIIICBOJIOPOIHBIX 3ajeKel He(TH 1 rasa.
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AnHoTanusa. [IpuBeneHbl pe3yabTaTbl UCCIIEAOBAHUS KyJIEPOB BO3AYIIHOIO OXJIAXIEHUS IPU €CTECTBEHHOM
1 TPUHYIUTEIBHOM OTBEAECHHM TEIUIA OT TAKMX MOIIHBIX IMOJIYHIPOBOAHUKOBBIX HMPHUOOPOB, KAaK HPOLECCOPHI.
B nporpammuoii cpene SOLIDWORKS Flow Simulation BRITIOTHEHBI SKCIIEPUMEHTHI IO OICHKE BIIUSHUS OpPH-
eHTanuy c(OPMUPOBAHHBIX TEIUIOBBIX KaHAJIOB Ha d((EKTUBHOCTH OTBE/ICHHS TEIlIa OT MOBEPXHOCTH TEILIOHA-
IPY’KEHHOTO 37IeMeHTa. Pa3paboTaHbl TpeXMEpHbIE MOAETH OAllleHHBIX PaJHMaTOPOB C yCTAHOBJIECHHBIM BEHTUIIS-
TOPOM M HECyIeil KOHCTPYKIMEH B BHJIE TEIUIOBBIX TPYyOOK, MPOHM3BIBAIOINX pedpa, KOTOpbIe (OPMHUPYIOT TO-
pusoHTaIbHBIE (Moeib Ne 1) nian BepTHKanbHble (Moziesb No 2) BO3/IylIHbIEC KaHAbI, TIO3BOJIMBIINE ONPEICITUTh
3¢ deKTUBHOCTS OTBOJA TEIUIa OT IPOLECCcOopa IPH €CTECTBEHHON M BBIHYKICHHOW KOHBeKLMH. PaspaboTanHas
Mozeib Ne | Obi1a moBepHyTa Ha 90°, 4TO MOXKET OBITH 00YCIIOBIEHO KOHCTPYKTOPCKUMH TPEOOBAaHUSAMH TIPH Pa3-
paboTKe TEXHUYECKUX CPEJCTB. DTO MPUBEJIO K M3MEHEHUIO IBUKEHUS TEIIOTO BO3AyXa IIPH €CTECTBEHHOM! U BbI-
HY>KIEHHOW KOHBEKLMH 110 HAIIPABJICHHBIM BEPTHKAIBFHO KaHAJIAaM C aHAJIM30M (G ()EKTHBHOCTH ACCUBHOTO U aK-
THUBHOTO OXJaxaeHnsl. COKpaTHIIM KOJIWYIECTBO TEIUIOBBIX TPYyOOK C MIECTH A0 JABYX JUIA paHee pa3paboTaHHBIX
THUIIOB paauaropoB (Mozenu Ne 1 1 2), TONBKO MY aKTHBHOM OXJIQXKICHUH, YTO TO3BOJIMIIO HKCIIEPUMEHTAIBHO
YCTaHOBUTH BIMSHUE KOHCTPYKTHBHBIX PELICHUI (KOJIMYECTBA M OPHEHTALMH TEIUIOBBIX TPYOOK) Ha 3(eKTHB-
HOCTB TEIJIOOTBOAA.

Ki1ro4eBble cj10Ba: Kyliep BO3AYIIHOTO OXJIaXKACHHS, HAIPEB, MPOIIECCOP, TETIIOBBIC TPYOKH.
Kongankt uHTEpecoB. ABTOPHI 3asBISIIOT 00 OTCYTCTBHUHU KOH(IMKTAa HHTEPECOB.

Jnsi nuTupoBaHus. BinsHue OpHEHTAMN KaHAJIOB B KyJlepax BO3IYIIHOTO OXJAXICHUS Ha d((PEeKTHBHOCTH
oTBefeHus Tema ot npoueccopos / I. A. ITuckyn [u ap.] // Hoxmaast BI'YUP. 2023. T. 21, Ne 5. C. 33—41. http:/
dx.doi.org/10.35596/1729-7648-2023-21-5-33-41.

INFLUENCE OF CHANNEL ORIENTATION IN AIR COOLERS
ON THE EFFICIENCY OF HEAT REMOVAL
FROM POWERFUL SEMICONDUCTOR DEVICES

GENNADY A. PISKUN, VIKTOR F. ALEXEEV, ANDREY N. BELIKOV,
DMITRY G. RYBAKOV

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
Submitted 30.01.2023

Abstract. The results of the study of air-cooled coolers with natural and forced heat removal from such po-
werful semiconductor devices as processors are presented. Experiments were performed in the SOLIDWORKS

33



Joknager BI'YUP Dokrapy BGUIR
T.21, Ne 5(2023) V.21, No 5 (2023)

Flow Simulation software environment to assess the influence of the orientation of the formed thermal channels
on the efficiency of heat removal from the surface of a heat-loaded element. Three-dimensional models of tower
heatsinks with an installed fan and a supporting structure in the form of heat pipes penetrating fins that form ho-
rizontal (model No 1) or vertical (model No 2) air channels have been developed, which made it possible to de-
termine the efficiency of heat removal from the processor during natural and forced convection. The developed
model No 1 was rotated by 90°, which may be due to design requirements in the development of technical means.
This led to a change in the movement of warm air during natural and forced convection along the vertically direc-
ted channels with an analysis of the effectiveness of passive and active cooling. The number of heat pipes has been
changed from six to two for previously developed types of radiators (models No 1 and 2), only with active cooling.
This made it possible to experimentally establish the influence of design solutions (the number and orientation
of heat pipes) in the production of modern air-cooled coolers on the efficiency of heat removal.

Keywords: air coolers, heating, processor, heat pipes.
Conflict of interests. The authors declare no conflict of interests.

For citation. Piskun G. A., Alexeev V. F., Belikov A. N., Rybakov D. G. (2023) Influence of Channel Orientation
in Air Coolers on the Efficiency of Heat Removal from Powerful Semiconductor Devices. Doklady BGUIR. 21 (5),
33-41. http://dx.doi.org/10.35596/1729-7648-2023-21-5-33-41 (in Russian).

BBenenue

[Ipu pa3paborke APPEKTHBHBIX BBHICOKOTIPOU3BOAUTEIBHBIX BBIYACIUTEIBHBIX CHUCTEM OHUM
13 HanOoJee 3HaUMMBIX (DAKTOPOB SIBIISIETCSI 0OECICUCHHE UX TEIJIOBOTO PEXHMMa, Y4TO, B CBOIO OYe-
pelb, HanpsIMYIO CBSI3aHO C pa3padOTKOM M UCTIONB30BAaHUEM CUCTEM OXJIaXKACHUS JUISl TAKUX MOIIHBIX
U TEIJIOHArPY>KEHHBIX AJICKTPOHHBIX KOMIIOHEHTOB, KaK MpoIeccopbl. He3HaunTeapbHOE MOBBIICHNE
TEMIIePATYPbl JJAHHBIX HHTETPATBHBIX MUKPOCXEM MOXKET NMPUBECTH K BOZHUKHOBEHHUIO TIapaMeTpuiec-
KHX OTKa30B (COpOCY TaKTOBOI WacTOTHI B MpOIIecce MeperpeBa, MOSBICHUIO OIMHOOK B paboTe TMpo-
rPaMMHOTO OOECIIEYeHHUsI EPCOHATBHOTO KOMITBIOTEPA M T. JI.), @ B OTAEIBHBIX CIydasX BO3MOXKHBI
HeoOpaTuMble U3MEHEHHSI BHYTPH CaMOoro Ipoleccopa (paciuiaBieHue MeTaUIM3UPOBaHHBIX TIOPOKEK,
NeperopaHue BHYTPEHHHUX BBIBOIOB H T. 11.).

[0TOBBIX YHUBEpPCAIBHBIX PELICHUH 1JIsi 00eCTIeYeHNsI IOy CTUMOM TeMITepaTyphbl HarpeBa Mmporec-
COpOB Ha JTAHHBIF MOMEHT HE CYIIECTBYET, YTO O0YCIIOBIEHO cepoil NX MpUMEHEHHs (ITepCOHAIbHBIE
KOMITBIOTEPHI, HOYTOYKH, CEepPBEpHI, CYNEePKOMITBIOTEPhI, MOOWIbHBIE TelNe(pOHBI W TUIAHIIETHI), KOH-
CTPYKTOPCKO-TEXHOIIOTUYECKUMH M MaccoTra0apuTHBIMU orpaHndeHusMu. Hanboee gacteie crmocoOs
OTBEJICHHS TEIUIa OT TEIUIOHATPYXCHHBIX KOMIIOHEHTOB — HCIIOJIb30BAHME MACCUBHBIX (OTBOJ TeIlia
MIPOMCXOIUT OJarofaps N3Iy4EeHHUIO TEIUIA M €CTECTBEHHON KOHBEKIIMN) M/ aKTHBHBIX (TETIO OTBO-
JUTCSI TIOCPEICTBOM TETTOBOTO U3ITyUeHHs U MPUHYIUTEIbHOM KOHBEKIINN ) CUCTEM oxJiaxaeHus [ 1-5].

[TaccuBHBIE CHCTEMBI OXJIAXKIEHUS TIPOIIECCOPOB HAILIN CBOE MPUMEHEHHUE B YCIOBHIX MPOU3BOI-
CTBEHHBIX ITOMEIIEHUH C MOBBIIIEHHON BIKHOCTHIO, 3aIBUIEHHOCTBIO M TEMIIEPaTypOH, T/Ie OXJIaxkK-
JIAIOIINE BEHTUWISITOPHI MIPUHYAUTEIBHOTO OXJIAXICHUsS (KyJaepbl) ObICTPO BBIXOIAT U3 CTPOsl, a Tak-
K€ NpPU TNPOCKTUPOBAHUHM OCCIIYMHBIX MEPCOHAIBHBIX KOMIBIOTEPOB (HCIOJIB3YIOTCS CIEHUaTbHO
CO3JIaHHBIC PaJUATOPbI OOJIBIION TUIONIAIU i paboThl O0e3 BeHTwWIsATOpa) [1, 2, 5]. OCOOEHHOCTHIO
AKTHBHBIX CHCTEM OXJIAXJICHHS SIBJISIETCSl HATMYUE BEHTHIISITOPOB, KOTOPBIE YCHITUBAIOT JABHYKEHUE XO-
JIOAHOHM OKPY’KAIOMIEeH CpeJlbl, YTO IPUBOIUT K OoJiee 3(h(heKTHBHOMY OTBEICHHIO BBIIEISIEMOU TEILIO-
Boii sHepruu. [IpaBuiibHOE pa3MeleHne BeHTUIISITOpa YAy4IllIaeT BO3AYIIHBIH TOTOK BHYTPH KOpPITycCa,
YTO HE TOJBKO MOHMKACT TEMIIEPaTypy 3JIEMEHTOB, HO M CHIKAeT TeMIeparypy copmupoBaBLIenics
Harperoit 3085l [1, 2, 5].

Lenb uccnenoBanus —aHaiu3 3PPEKTUBHOCTH OTBEACHUS TEINIOBOI YHEPTUH OT TEIUIOHATPYKEHHON
TTOBEPXHOCTH TIPOIIECCOpPa TOCPEACTBOM HCIOIB30BAaHUS KyJaepoB Bo3aymrHoro oxnaxaeHus (KBO),
O0COOCHHOCTBIO KOTOPBIX SIBIISTIOTCS Pa3IMyHasi OpHEeHTAIUs (BepTHUKAIbHAS WM TOPU30HTAIbHAS) BO3-
IYITHBIX TETUIOBBIX KaHAJIOB M HAJTMYUE KaK €CTECTBEHHOU, TaK U BHIHYKICHHON KOHBEKITHH.

Hcxonnble JaHHbIE U MMOCTAHOBKA 3a1a4u

Hnst moctpoenus KBO ucnonb3osanu nporpammy SOLIDWORKS Flow Simulation, B xotopoit
pa3paboTaHbl TPEXMEPHbBIE MOJENN, CTPYKTYPHO MOBTOpSIOIIME (OpPMY M pasMepbl TaKHX pPaclpo-
CTPAHEHHBIX CUCTEM OXJIAXKICHUS IIEHTPaJIbHOTO Mpolleccopa MepcoHaIbHBIX KOMITBIOTEPOB, Kak Noc-
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tua NH-D14 [6] (monenb Ne 1) 1 Noctua NH-P1 [7] (Mmonens Ne 2) (puc. 1, a, b). J{nst ucrounuka rerio-
BOH 3HEpruu co3fanu Mozaels npoueccopa AMD Ryzen™ 7 5800x [8] (puc. 1, ¢).

a b c

Puc. 1. TpexmepHas Mmoznenb Kynepa Bo3aymHoro oxiaxkaeans Noctua NH-D14 (a), Noctua NH-P1 ()
u npoueccopa AMD Ryzen™ 7 5800x (¢)
Fig. 1. 3D model air cooler Noctua NH-D14 (@), Noctua NH-P1 () and processor AMD Ryzen™ 7 5800x (c)

Mopnens Ne 1 nmpencrasisiet co6oit paguarop OameHHoro tumna pazmepamu 160x125%99 mm, coctos-
IIUH U3 TEIUIOChEMHON TUIOMIAAKH B OCHOBAHUU U TOPU30HTAIILHBIX aJIFOMUHUEBBIX pedep (45 oTaens-
HBIX HHaCTI/IH), COCIMHCHHBIX MNPOXOAAINIMMHN CKBO3b HHX IMICCTHIO TEIIJIOBBIMH TPY6KaMI/I ANaMeEeT-
poM 6 MM, HE3HAUUTEIbHO BBIXOJSAIIMMU HApYKy Kopityca. OTIMYUTEIbHON 0COOCHHOCTBIO SIBIISIETCS
MOHTaX [1-00pa3HbIX TEMIOBBIX TPYOOK, 3aKIIOUAIOIINICS B TOM, YTO CPEAHSS UX YaCTh yCTaHABIUBA-
€TCsl HEMOCPEJICTBEHHO Ha TEINIOCKEMHUK M paclpenelisieT TeIUIo o Haubosnee AIMHHBIM, BMOHTHPO-
BaHHBIM B pedpa paauaropa KOHLAM.

Mopnenb Ne 2 — 310 TOKE pagmarop OanieHHOTro Thma pazmepamu 133x124x125 mwm, cocrosmmii
13 TEIUIOCHEMHON IUIOLIAJKH B OCHOBAHMHM U BEPTUKAIBHBIX aJIOMHUHHUEBBIX pedep (45 oTAenbHBIX
IUTACTHH), COEIUHEHHBIX MTPOXOISIINMHI CKBO3b HUX IIECTHIO TEIUIOBBIMHU TPYOKaMH THAMETPOM 6 MM.
Oco0eHHOCTh MOHTa)Ka UCIIONb3yeMbIX [1-00pa3HbIX TEIUIOBBIX TPYOOK 3aKIIOYaeTCsl B TOM, UTO OJIHA
UX YacTh yCTAaHABIMBACTCSI HEMIOCPEACTBEHHO Ha TEIIOCKEMHUK, a Ipyras MOHTUpPYyeTcsl B pebpa pa-
JaTopa.

Jiist obecriedeHust aIeKBaTHOTO CPaBHEHUS KOH(PUTYpAIMU PaIUaTOPOB ObLIH MaKCUMaJIbHO IIPUBE-
JIeHbI K OOIUM 3HAYEHUSIM pa3MepoB pedep, UX KOJINYECTBY U PACCTOSHUIO MEKAY HUMHU, KOTUYECTBY
1 pa3MepaM TEIJIOBBIX TPYyOOK, a TakXkKe pa3MepaM TeIJIOCheMHBIX ocHOBaHMH. [Ipn mMonenupoBanuu
HCTIOJIb30BaHbl UCXOIHBIC JaHHBIC U3 [3], a TaKKe CKOPPEKTUPOBAHBI MapaMeTPhl TEIJIONPOBOIHOCTH
MaTepualoB IJisl COCTaBHBIX YacTei MOAEH (Marepran OueHb BBICOKOW TETIONPOBOAHOCTH — JJIS Te-
IUIOBBIX TPYOOK (4 kB1/(M°K)), anromunmii — amst pedep panuaropa, Meb — AJIs TeIIopacipeeTuTeb-
HOW KPBIIIKY TPOIIECCOPa U OCHOBAHHS PajraTopa, KpeMHHN — JIJIsl KpUCTaJlIa MPoIeccopa).

C nenbto oneHkH 3¢ (EeKTUBHOTO UCTIONB30BaHUS PA3IMYHBIX KOHCTPYKTHBHBIX pemieHnit KBO BbI-
MIOJTHEHBI UCCIIE0BAHMS, TI03BOJISIOILHE:

— OUEeHHUTH 3()(EKTUBHOCTH OTBEIEHHS TEIJIOBOW PHEPrUM OT MPOLECCOpa C YCTaHOBICHHBIM
Ha Hero OalIeHHBIM PaJUaToOpoOM C HeCyllel KOHCTPYKIHUEH B BHJE TEIJIOBBIX TPYOOK, IPOHM3BIBAIO-
IIMX allFOMHHUEBBIE pedpa, KOTopble GOPMHUPYIOT TOPH30HTAIIBHBIE HIIH BEPTUKAIBLHBIC TEIUIOBBIC BO3-
JYLIHbIE KaHAJIBI IIPY UX [TACCHBHOM M AKTMBHOM OXJIQXKICHUU (KCIIEPUMEHT 1);

— [IpOaHaIM3upOBaTh 3PPEKTHBHOCTH NACCUBHOTO M AKTUBHOT'O OXJIAXKAEHUs MOBepHyTOro Ha 90°
KBO ¢ ropru3oHTaabHO OpUEHTHPOBAHHBIMH aJTFOMUHUEBBIMH peOpaMu, 4TO Jajlo BOZMOXKHOCTD Opra-
HU30BaTh TEUEHHE BO3/LyXa MPH €CTECTBEHHON U BBIHYK/ICHHOH KOHBEKLIWH 110 HAIIPABICHHBIM BEPTH-
KaJIbHO TETJIOBBIM KaHaJIaM (3KCIIEPUMEHT 2);

— HCCJICAOBATh BJIUMAHNUEC KOHCTPYKTHBHBIX peIHeHI/Iﬁ (KOJII/IT-ICCTBO U OpUCHTAlHIO TCIIJIOBBIX TPY-
00K) mpu mpou3BoAcTBe coBpeMeHHBIX KBO Ha 3(p(peKTHBHOCTL TETIOOTBOAA TOJIBKO MPU aKTHUBHOM
OXJIQKJCHUH TIpoLieccopa (IKCIIEPUMEHT 3).
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Pe3yabTaThl 3kcIIepUMEHTOB M X 00CyKAeHHe

[Ipu mpoBeieHny SKcriepuMenTa | MoTydeHbl 3HAUYSHHS TEMIIEpaTyp HarpeToro Bo3ayxa B chopMu-
POBaHHBIX TEIUTOBBIX KaHanax KBO i pa3mudHbIX MOJIENIel PU UX ITACCUBHOM M aKTUBHOM OXJIAX]Ie-
HUU. YCTAHOBJIEHO, YTO MPHU MacCUBHOM pexxuMe dkcrutyaraiui KBO, KOHCTpYKTHBHO COOTBETCTBYIO-
mieit mogenu Ne 1, Bo3ayx MKy IIacCTHHAMU Harpescs 1o temmeparypst 157 °C (puc. 2, a), B To Bpe-
M kKak B mogenu Ne 2 (puc. 2, b) — no 141,49 °C. 3naueHrne MakcUMajIbHONH MOIIIHOCTH IIpoleccopa
B 0benx monensax 100 Bt.

Temnepartypa [*C]

Temnepatypa [°C)

KaptuHa B ceuenuu 1: sanuskal
KapTHa & ceueHmn 1. 2anuexa
A

a b
Puc. 2. 3nadenus TeMeparypbl HarpeTtoro Bosayxa B Moaemsix Ne 1 (a) u Ne 2 (b)
TIPH TACCHBHOM OXJIQXKJICHHUH Tiporieccopa mpu MomHocty 100 BT
Fig. 2. Temperature values of heated air in models No 1 (a) and No 2 (b)
with passive cooling of the processor at a power of 100 W

Bonee s dextuBHOE 0TBenEeHME TeruIa OT MoJeu Ne 2 00BSICHSIETCSl TEM, YTO OTBOJ TEIIOBOM SHEP-
THH OCYILIECTBIISUICS TIOCPECTBOM IOBEMa MAcChl HATPETOTO BO3yXa 0€3 CTOJIKHOBEHUS C Mperpaaa-
MH, T. €. TI0 BEPTUKAIBHO OPHEHTHPOBAHHBIM KaHaiaM. B cBoio ouepens, B Mozenu Ne 1 mpoucxomuino
CTOJIKHOBEHHE ITOJILIMAIOIIETOCS BBEPX TEIIOTO Bo3LyXa ¢ epBoil mractuHoit KBO u ero nanpHelimee
TypOyJICHTHOE pacrpe/ieieHHe.

[Ipu ucnonp30BaHNYU MPUHYIUTEIHLHOTO (AKTUBHOTO) KOHBEKTHBHOTO OXJIXKICHUS PE3yIbTaThl OKa-
3aJMCh IPOTHUBOMONIOKHBIMU: B Mozienu Ne 1 (puc. 3, a) Bo3ayX MeXAy TIIaCTUHAMMU Harpesics 0 TeM-
niepatypsl 47 °C, B To Bpems kak B Mmonenu Ne 2 (puc. 3, b) — 1o 63 °C npu MakCUMaJIbHOM MOIIHOCTH
nporeccopa 100 BT.

Temneparypa [°C]
Kaprina & ceueniu 1:
3anueka

¥

=

20.05

Temneparypa [°C]

Kaprita B ceveHin 2:
sanueia

a b

Puc. 3. 3nauenus remneparypsl HarpeToro Bo3ayxa B Moaensx Ne 1 (a) u Ne 2 (b)
MIpYU aKTUBHOM OXJIaXIECHUH ITporieccopa mpu mormHoct 100 Bt
Fig. 3. Temperature values of heated air in models No 1 (a) and No 2 (b)
with active cooling of the processor at a power of 100 W
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OTO MOXKET OOBACHATHCS TeM, YTO B Mozaeiau Ne 1 mpoucxoauT Gosiee paBHOMEPHBIN NEPEHOC Te-
IUTOBOM DHEPTHH OT Mpoleccopa M0 TOPU3OHTAILHO OPUEHTUPOBAHHBIM pedpaM paauaropa Onarogaps
JBOWHOMY HMX IPOHHM3BIBAHUIO TEIUIOBBIMHU TPyOKaMu, B TO BpeMs Kak B Mojesid Ne 2 mpoHHM3bIBaHNE
OZMHApPHOE.

C yBenuuenueM MoIHocTy mporeccopa ¢ 20 o 100 BT u npu u3MeHeHUH BUJa KOHBEKTUBHOTO
OXJIQXK/ICHUS pa3HUIIA B TIOKA3aTENAX TeMIIepaTryp HauWHAeT 3HAYMTENhHO oTiamdarbes (puc. 4). Taxk,
npu MoHocTH 20 BT pasHua Mexxay TemreparypaMu Ipu OXJIAXKICHUN B Pa3HBIX MOJIENISAX COCTaBUIIA
oxoso 3 °C B maccuBHOM U 5 °C B akTUBHOM pexumax, a ipu 100 Bt — 15 °C u 16 °C cooTBeTCTBEHHO.
B cBoro ouepens, pasHuLa remuneparyp i Mmoaeiau Ne 1 mpu macCUBHOM U aKTHBHOM OXJIaXKAECHUH CO-
craBmwia ~31 °C npu momuoct 20 Br n ~110 °C — npu 100 Br, a nst mopenu Ne 2 — npumepHo 24 °C
ripu MomHocTH 20 Bt 1 81 °C —mpu 100 Br.

igg L — Mogens 1 IpH NacCHBHOM OXTIaXIeHHH

150 2—Moems 2 mpH MACCHRHOM OXTaIeHHH

140 3 —Mozems 2 npH aKTHBHOM OXJIaKICHHH

5 4 — MoJens 1 IpH aKTHBHOM OXJIaXKACHHH
120 -
110 -

100

Temmneparypa, °C
o] o
(=} (=}

70 -
60 -
50
40
30

20
20 40 60 80 100

Mo1nHocTs, BT

Puc. 4. 3aBUCUMOCTb TeMIIEPATYPbl OT MOLHOCTH TPOIECCOpa MPY CPABHEHHUHU pa3HbIX KOH(UTypannit
KyJIEPOB BO3/IYIIHOTO OXJIAXK/CHUS B PA3JTHUHBIX BAPHAHTAX OXJIAXKICHUSI
Fig. 4. Dependence of temperature on processor power when comparing different air coolers configurations
in different cooling options

[To pesynbraraMm MOAEIMPOBAHHUS MOKHO CIIENIaTh BBIBOA, YTO KOH(UTYpalys paauaropa ¢ BepTH-
KaJIbHBIM PacCIONIOKEHUEM pebdep sBisgeTcst 6osee d3G(GEeKTUBHON B MTACCHBHOM PEXXHME OXJIAKICHUS
0e3 001yBa, HO MPOUTPHIBAET KIIACCUIECKOMY OallleHHOMY paJHaToOpy B PEXKHME aKTHBHOTO OXJIAXK]Ie-
Hust. [lockonbky koHpuryparmu Mmozeneit Ne 1 u Ne 2 oTiMyaiuck Ipyr OT Japyra, TO, KaK YKa3blBalIOCh
paHee, Ha Pe3yJIBTaThl 3HAYUTENHHO TTOBIUIN WX KOHCTPYKTHBHBIE OTAMYH. J[11 TOro 4TOOBI OLIEHUTH
BJIMSIHUE €CTECTBEHHOW KOHBEKIIMW TPH PA3IMYHbIX BapHAHTAX OPHEHTAIUU pedep, MPOBEIH IKCIIEpH-
MeHT 2, B KoTopoM omnpeneneHubii Tun KBO (moaens Ne 1) 6601 moBepHyT Ha 90°, uTo no3Bonmiio obecrie-
YUTh TEUCHNE BO3IyXa MPU €CTECTBEHHOI M BBHIHY)KJCHHOW KOHBEKITUH 110 HAIPABIEHHBIM BEPTHKAIHHO
TeroBbIM KaHanam. TerutoBas kaptiuaa KBO mopmenu Ne 1 ¢ BepTUKaIbHO OPUEHTUPOBAHHBIMHU BO3TYIII-
HBIMH KaHaJamMH, cOPMUPOBaHHBIMU ITPU MTOBOpPOTE paauaropa Ha 90°, nmpeacrapieHa Ha puc. S.

W3 puc. 5 Buanao, uto KBO ¢ BepTHKaIbHO pacIioIOKEHHBIMU KaHAJIaMU 3a CYET SCTECTBEHHOM
KOHBEKIIMH OKa3ajcs 0oiee 3(pPeKTUBHBIM B TACCUBHOM PEKUME OXJIAKICHUS (PHC. 6), OMHAKO ITPH Ha-
JIUYAA 00JIyBa paauaTop Mokas3ayl abCONOTHO OIMHAKOBBIC pe3yabTaThl (Tabn. 1) BHE 3aBUCUMOCTH
OT pacroJoKeHHust pedep B MPOCTpaHCTBe. B pesyibTare MpOBEIEHHOTO KCIEPUMEHTa 2 J0Ka3aHo,
YTO COCTABIISIIONIAsI €CTECTBEHHON KOHBEKIMH Ba)KHA U UMEET 3HAYCHHE TOJBKO B CIIydae MaCCHBHOTO
OXJIAXKICHUA, I[IPU HAJTUYNU O6ILYBa 9TO HE BHOCHUT HUKAKNX W3MEHEHUM.
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X

oo

KapTiHa B ceYeHuW 2: 3anueka

a b
Puc. 5. [IBixeHne HarpeToro Bo3ayxa B KyJepe BO3AYIIHOIO oXJIaxaeHus moaenu Ne 1
rocJie noBopora pajauaropa Ha 90° npu maccuBHOM (@) ¥ aKTUBHOM (D) OXJIaKAEHUH
Fig. 5. The movement of heated air in the air cooler of model No 1 after turning the radiator by 90°
with passive (a) and active (b) cooling

170

16o |~ [OPHIOHTANLHAT OPHEHTALHA IPH TACCHBHOM OXTAKICHHH

2 — BepTHKaTsHAsA OPHEHTAIHA IIPH NaCCHBHOM OXTaKICHHH /'
150

3 — I'opH30HTANBHAS OPHEHTAIHA OPH AKTHBHOM OX A ICHHH /
140

4 — BepTHKaNbHas OPHEHTAIHA IPH AKTHBHOM OXJaXACHHH /
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Puc. 6. CpaBHeHrE TOPH30HTAIBHON M BEPTHKAIHHON OPUEHTAINN TEIUIOBBIX KaHAJIOB
KyJepa BO3IYIIHOTO OXJIKIAeHUst Mogern Ne 1
Fig. 6. Comparison of the horizontal and vertical orientation of the thermal channels
of the air cooler model No 1

Tadsmma 1. 3HaueHus TeMIIepaTyp Iporeccopa, OXIax1aeMOro KyJepoM BO3IyITHOTO OXJIaXkICHUS
o Moziesid Ne 1 ¢ y4eTom opreHTaluu ero pedep (ropu3oHTaIbLHO/BEPTUKAIIBHO)
Table 1. The temperatures of the processor cooled by the air cooler according to model No 1
taking into account the orientation of its edges (horizontally/vertically)

Temneparypa nponeccopa, °C, 0XJ1axIaeMoro paglaTopoM, PacIoI0KEHHbBIM /
Mouocte, Br / Temperature of the processor, °C, cooled by a radiator, located
Power, W ; ;

ropu3oHTaIbHO / horizontally BepTHKAJIBHO / vertically

20 25,67 25,67

40 31,31 31,31

60 36,97 36,95

80 42,63 42,61

100 48,31 48,28
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[Tpu npoBeeHNH SKCIIEpUMEHTa 3 TI0 ONPEIeNICHNI0 3HAYMMOCTH KOJTMYECTBA HCIIONIB3YEMBIX Tell-
J0BBIX TpyOOK Ha 3¢ ¢dexTuBHOCT KBO nocnenoBatenbHo OblIH yOpaHBI 10 JBE TEIUIOBBIE TPYOKH,
pacnonokeHHbIe CHMMETPUYHO LIEHTPY, OT KpaeB K LeHTpy. Onpenensiy npeaeabHyo paccenBaeMylo
MOIITHOCTH 0e3 meperpeBa AJsl Kakaod koMOuHauu (puc. 7, b), a Taxke CpaBHUBAIM TEMIIEPATypPbI
pu 3auKCUpOBaHHON MoIHOCTH Tporeccopa 100 Bt (puc. 7, a) (pexum oXJiakIeHHs B JAHHOM CITy-
gae — TOJIBKO aKTHBHBIN).

m Mogens 1
®Mogens 2

1
o 275 -

B Mopgenb 1
250

m Mogaenb 2

00
(=]

225

200 -

175

150
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50 - -

25 —] —

o IS 4 EEEN @000 |
6 4

Temmeparypa, °C
a
(=}

i
(=}
|

TIpeaenbHas pacceHBaeMad MOITHOCTB pagHaTopa, BT

6 4 2
Ko/IH4ecTBO TeIoBEIX TPYOOK KomuaecTBo TEITOBEIX TPYOOK

a b
Puc. 7. 3aBUCHMOCTB: @ — TeMIIEpaTypBl IIPOLECCOPa OT KOJIMYECTBA TEIUIOBBIX TPYOOK B KyJIepe BO3AYLIHOIO
OXJIQXKIICHHS TIpH paccenBaeMoit MourHocTH 100 BT; b — mpenenbHOM paccenBaeMOi MOIITHOCTH paiaTopa
OT KOJINYECTBA TEIUIOBBIX TPYOOK B KyJepe BO3AYIIHOTO OXIaXICHUSI
Fig. 7. Dependence: a — processor temperature on the number of heat pipes in an air-cooled cooler
with a power dissipation of 100 W; b — the maximum power dissipation of the radiator
on the number of heat pipes in the air cooler

AHaIu3 pe3yapTaToB MCCIIEA0BaHMI TTO3BOIIAET CeNarh BEIBO, uTo KoHpuryparms KBO ¢ Bepru-
KaJIbHBIM PacIoioKeHHeM pebep okazaiach HanboJIee TyBCTBHUTEIHLHON K YMEHBIICHUIO KOJTUYECTBA
TETJIOBBIX TPYOOK. ITO MOKHO OOBSICHUTH TEM, YTO B TOPU30HTATBHON KOH(PUTYpAIMU KaX1as TETLI0-
Bast TpyOKa MPOXOUT Yepe3 Paguarop JABAXK/IbI, UTO MOJOKUTEILHO CKA3hIBACTCS HA MPOIECCE TETUIO-
obmena.

3akiaouenue

1. IMokazaHo, uTo 3(h(HEKTHBHOCTD OXJIAXKICHHUS MPOLECCOPa IPU €CTECTBEHHOW M BBIHYKICHHOU
KOHBEKITIH 3HAYNTEIBHO 3aBUCHT OT OPHEHTALINH C(POPMHUPOBAHHBIX B KyJIepax BO3IYIITHOTO OXJIAXKIe-
HUSl TEIUIOBBIX KaHAJIOB, B YACTHOCTH:

— TIpU MTACCHMBHOM PEXHMME 3KCIUTyaTallud pajnaropa ¢ TOPU30HTAIFHO OPHEHTHPOBAHHBIMH BO3-
OYUIHBIMU KaHallaMH (Ha TIpUMepe KyJiepa Bo3aymHoro oxnaxaeHus Noctua NH-D14) Bo3nyx mexay
IJIacTHHAMU Harpesncs Ao Temrneparypsl 157 °C, a npu aktuBHOM — 110 47°C, 1pu MakCUMaJIbHOM MOIII-
HocTH tiporeccopa 100 Br;

— IIPU IACCUBHOM PEXHMME 3KCIUTyaTallui paguaTopa ¢ BEPTUKAIbHO OPUEHTUPOBAHHBIMU BO3LYII-
HbIMH KaHajamu (Ha npumepe Noctua NH-P1) Bo3myx MexIy macTHHAMHU Harpescs 10 TeMIepary-
pet 141,49 °C, a npu aktuBHOM — 710 63 °C, mpH MakCUMaJIbHOW MolHOCTH Iporieccopa 100 BT.

2. BriiBNIEHO, 4TO COCTaBIISIONIAs €CTECTBEHHON KOHBEKIINM BayKHA M UIMEET 3HAaYE€HUE TOJIBKO B CITy-
Yae MacCUBHOTO OXJaxaeHus. [Ipn Hanmuunn oOayBa 5TO HE BHOCUT HUKAKUX U3MEHEHHI, H OPHCH-
TaIUsl BO3AYIIHBIX KAaKHAJIOB B KyJIepe BO3IYIIHOTO OXJIAXICHHUS HUKAK He BIHACT Ha d3QPEKTUBHOCTh
OXJIQKICHUS.

3. Kondurypauus KynaepoB BO3LYLIHOTO OXJIXIEHHS C BEPTHKAJIbHBIM PAaCIIOIOKEHUEM pelep
(tuna Noctua NH-P1) okazanace HanOonee 4yBCTBUTENBHON K YMEHBIICHUIO KOJMMYECTBA TEIUIOBBIX
TpyOOK 1 B 00IIEeM MoKa3asia 3HaYUTENFHO XY/IIINE Pe3yabTaThl (TeMieparypa mpoieccopa MpH ABYX
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TEIUTOBBIX TpyOKax coctasmia 105 °C, mpu getbipex — 78 °C, mpu mectu — 63 °C). B To Bpems kak y Mo-
JIeTTY C TOPU30HTAIBHBIM pacnonoxkenneM pedep (Noctua NH-D14) temniepatypa npoueccopa npH AByX
TETIOBBIX TpyOKax coctaBmia 65 °C, nmpu yetsipex — 53 °C, npu mectu — 48 °C.

4. YcraHOBIEHO, YTO TpeAeibHasl paccerBaeMasl MOIIHOCTBH pajuaropa CyIIECTBEHHO 3aBHCUT
OT KOJIMYECTBA TETUIOBBIX TPYyOOK M OPHEHTALMW BO3AYIIHBIX KaHAJOB. B wacTHOCTH, y Kynepa BO3-
IymrHOTO oXJjaxaeHus Tuia Noctua NH-D14 mpu mecTr TETUIOBBIX TpyOKax oHa coctaBmia 280 Br,
npu uerbipex — 231 BT, npu nByx — 170 BT, a y kynepa tuna Noctua NH-P1 npu mectu temnoBbix
TpyOkax — 170 BT, mpu yetsipex — 143 Bt, npu n1Byx — 84 BT.

5. INapamerpuueckoe mojenupoBanue B nporpammHon cpeae SOLIDWORKS Flow Simulation
MIO3BOJIMIIO OLEHHUTH 3(PPEKTUBHOCTh PA3IUYHBIX BAPHAHTOB HCIONB30BAHUS KYJIEPOB BO3IYIIHOTO
OXJIQXK/ICHUS TSI OXJIAXKICHHUS TPOIIECCOPOB C YUETOM YCIOBHH TEII00OMEHa C OKpY’Kalomiel cpe-
noi. Pa3paboTanHble MOAEIN U PE3yIbTaThl UCCIEJOBAHUNM MOTYT ObITh MCIIOIb30BaHbI IPU CO3JAaHUU
KOHCTPYKIMH OallleHHBIX PajilaTopoB OXJIAXKICHMS MPOLIECCOPOB U CHUCTEM YIIPABJICHUS TECIUIOBBIMHU
peXUMaMH MX SKCILTyaTalHH.
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CIHOCOB KOTEPEHTHOM KOMIIEHCAIIMU BOKOBBIX JIEIIECTKOB
CIHHEKTPA MEIIAIOIIAX OTPAXKEHUM B 3AJIAYE OBHAPY ) KEHUS
MAJIOCKOPOCTHBIX U MAJIOBAMETHBIX OBBEKTOB

C.P.TEMCTEP, B. B. KHPUYEHKO

OAO «AJIEBKYPIIy (2. Munck, Pecnyonuxa berapycn)
Iocmynuna 6 pedaxyuro 11.05.2023

© Benopycckuii rocyjapcTBEHHbI YHUBEPCUTET HH(POPMATUKH U PaIUOdIeKTPOHHKH, 2023
Belarusian State University of Informatics and Radioelectronics, 2023

Annoranusi. OOHapy)XeHHE MaJlOCKOPOCTHBIX OOBEKTOB — CIIOXKHAs 3ajada. Manas a(dexTuBHas oTpaxaro-
1ast TOBEPXHOCTh MAJIOCKOPOCTHBIX OOBEKTOB, COCTABIIAIONIAs ACCITHIE — THICIIHBIC JOJN KBaPAaTHOTO METpa,
MPAKTUICCKU WCKIIOUACT YCICIIHOE PEHICHUE 3afayd OOHApyKeHHS WX Ha (POHE MHTCHCHUBHBIX MEIIAFOIINX
OTPaKCHHUU OT MECTHBIX MPEIMETOB CYIICCTBYIOIIMMEI METOIaMH. B cTarhe MpeacTaBicH Crocod KOrepeHTHOU
KOMITEHCAIINU METIAIOIINX OTPaKeHIH OT MECTHBIX MIPEAMETOB B 001aCTH OOKOBBIX JICTIECTKOB criekTpa. Crocob
o0ecrieurBaeT yCIenrHoe 00HAPYKESHNE MATIOCKOPOCTHBIX M MAJI03aMETHBIX 00BEKTOB C OTPaKaTCIbHBIMH XapaK-
TCPUCTHUKAMH, CO3AAI0IMIMMHU CUTHAJIbI, COIIOCTABUMBIC 110 MOIIIHOCTH C 6OKOB])IMI/I JICIECTKAaMM CIIEKTpa OTpaxKe-
HUH OT MECTHBIX PEIMETOB. MeTOI OCHOBBIBAETCS HA TIPEACTABICHUH OOKOBBIX JISIECTKOB CITEKTPa MEIAIOIINX
OTpaKCHHY HE B BUJIC IITyMa, OTIPEISIISIONICTO TIPEICTbHEIN YPOBEHB «00euBaHus ()OHAY, a B BUIC KOTSPCHTHON
CIIEKTPAJIbHOM CTPYKTYPHI, IOIAIOIICHCS NanbHeinel komnercanuu. Crocod 0codeHHO () (HEKTUBCH B CIIOXK-
HOW CHTYaIlMH — MPH BBIACICHIH CUTHAJIOB, OTPAYKEHHBIX OT MAJIOCKOPOCTHBIX M MaJIO3aMETHBIX OOBEKTOB (Ha-
puMep, KBaIPOKONITEPOB), HA (POHE HHTCHCHBHBIX MEIIAIONINX OTPAXKCHUH OT METAITIOKOHCTPYKITHIA U 3MaHWH.

KioueBble cjioBa: 00HApYKEHHE MAlOCKOPOCTHBIX OOBEKTOB, MEINAIOIIUE OTPAKCHHUsS, OOKOBBIC JICTIECTKU
CIIEKTpa.

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

Jost untuposanms. [eiicrep, C. P. Cioco0 korepeHTHOM KOMIIEHCAU OOKOBBIX JIETIECTKOB CHIEKTPa MEIIAOIINX
OTpaKCHHH B 3a7a4e OOHAPYKEHHUSI MAJIOCKOPOCTHBIX M Majio3aMeTHbIX 00bekToB / C. P. I'eiictep, B. B. KupuueH-
ko // oknanst BI'YUP. 2023. T. 21, Ne 5. C. 42—49. http://dx.doi.org/10.35596/1729-7648-2023-21-5-42-49.

A METHOD FOR COHERENT COMPENSATION OF SIDE LOBES
OF THE SPECTRUM OF INTERFERING REFLECTIONS
IN THE PROBLEM OF DETECTING LOW-SPEED
AND INCONSPICUOUS OBJECTS

SERGEY R. HEISTER, VALERY V. KIRYCHENKA

JSC “ALEVKURP” (Minsk, Republic of Belarus)
Submitted 11.05.2023

Abstract. The detection of low-speed objects is a challenging task. The small radar cross-section of low-speed
objects varying from one-thousandths to one-tens of a square meter practically excludes a successful detection
of such objects against intense clutter from static objects by existing methods. In this work we present a method
of coherent compensation of clutter from static objects in the sidelobes of the spectrum. The method provides
successful detection of low-speed and low-visibility objects with reflective characteristics that create signals with
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power comparable to the power of spectral sidelobes of the clutter. The method is based on the representation
of the side lobes of the spectrum of interfering reflections not in the form of noise, which determines the limiting
level of “background whitening”, but in the form of a coherent spectral structure, amenable to further compensa-
tion. The proposed method must be especially effective in complicated situations such as when detecting signals
reflected from low-speed and low-visibility objects (e.g., quadcopters) versus intensive clutter reflections from
metal structures and buildings.

Keywords: detection of slow objects, interfering reflections, side lobes of the spectrum.
Conflict of interests. The authors declare no conflict of interests.

For citation. Heister S. R., Kirychenka V. V. (2023) A Method for Coherent Compensation of Side Lobes of the
Spectrum of Interfering Reflections in the Problem of Detecting Low-Speed and Inconspicuous Objects. Doklady
BGUIR. 21 (5), 42—-49. http://dx.doi.org/10.35596/1729-7648-2023-21-5-42-49 (in Russian).

BBenenune

3aaua 0OHAPYKESHUSI CUTHAJIOB OT JBHKYIIUXCS 00BEKTOB Ha (JOHE MEIIAFOIINX OTPAKEHUH peliia-
eTcs yxke 0osee 80-TH JIET, a HCIIOI3yEeMBIE JIJISl STOTO CIIOCOOBI U AJITOPUTMbI H3JI0KEHBI BO MHOXKECTBE
nyOnukanuii. [IpencraBieHne o COCTOSIHMM ATOH 3ajaun AaroT pabothl [1-6]. B To ke Bpems 3amaua
oOHaApyKEHUSI MAJIOCKOPOCTHBIX OOBEKTOB Ha ()OHE MHTECHCHBHBIX MEINAONINX OTPaKCHUU BBIICIIS-
eTCsl 0cOo00I CIIOKHOCTBIO, @ €€ YCICIIHOE pelieHre HeoueBu1HO. OJIUH U3 CIIOCOOOB PEIICHUS 3TOM
3aJlauu — aHaJM3 U3MEHCHUN OTpaXKaTeJIbHBIX XapaKTePUCTUK B 3JIEMEHTaX Pa3pellicHUs BO BPEMCHU.
Peanuzanus qanHoTO crioco6a Tpedyer pOopMHUPOBaHUS B Pa3HbIC MOMEHTBI BPEMEHU KapThl OTPaKEHUH
Bcell 30HBI 0030pa, BEIYUTAHUS OTPAKCHUN B 3TUX KapTaX M MOMCKA YHOPSJIOUYEHHOTO MEePEMEICHUS
JIOKAJILHOW 00J1aCTH C U3MEHSIOIICHCS OTpaXaTeIbHON XapaKTePUCTHKON. YCIeX MPaKTUYeCKOro MpH-
MEHEHHUSI CIT0CO0a BO3MOXKEH TOJIBKO B MPHIIOKCHUH K OOHAPYKESHHIO MaJI0CKOPOCTHBIX 0OBEKTOB C OT-
HOCHUTEIILHO OOJIBIION AP PEKTUBHON OTpaXkKaroIIEH MOBEPXHOCTHIO, COMIOCTABUMOM € OTpaXKaTeIbHBIMU
XapaKTEPUCTUKAMHU MECTHBIX TPEJIMETOB.

[Ipemnaraemplii B cTaThe CIIOCOO peaan3yeTcsl B CIIEKTPAIBHON 0071acTH U MPEAIoJiaraeT BhIIOI-
HEHUE TUCKpeTHOro npeobpa3oBanus Dypee ([AI1D) ¢ hopmMupoBaHreM CrieKTpa MPUHSATOTO CUTHAJA
B pasperaeMoM o0beme. Crioco0 HanpaBiIeH Ha BBICIICHUE CUTHAJIA, OTPAXKSHHOTO OT MaJIOPa3MEPHOTO
00BbeKTa ¢ MaJIOi CKOPOCTHIO, C MaJION JIOMJIIEPOBCKOM 4acTOTOM Ha (hoHE ONMKHUX OOKOBBIX JICTIECTKOB
CIICKTPa MEIIAIOUINX OTPAKEHUI OT MECTHBIX MPEAMETOB. DPPEKTUBHASI OTPAXKAIOIAsI TIOBEPXHOCTh
00bEKTa Majia U XapaKTePU3YETCs CICAYIOUIUM YCIOBUEM — INIABHBIN JICTIECTOK CIIEKTPa OTPaKEHHOTO
OT 00BEKTa CHTHAJIa COMOCTABUM C OJIMKHUMU OOKOBBIMH JICTIECTKAMU CIIEKTPa MEIIAFIIUX OTpaXke-
HHI OT MECTHBIX MPEAMETOB U MOACTUIIAIOIEN TOBEPXHOCTH.

MaremaTunueckasi MOaeJ1b BpeMeHHOﬁ CTPYKTYPbI MEIIAKOIIUX 0Tpameﬂnﬁ
OT MECTHOI'O mpeameTa

B npunoxeHnu K paguoioKaluy MpeacTaBUM MECTHBIN MPEIMET COBOKYITHOCTBIO () M30TPOITHBIX
oTpakaTesiell, paBHOMEPHO PacIojI0KEHHBIX Ha ero o0ydaeMoii moBepxHoctu. [lomaraem, 4ro pazme-
PBI MECTHOTO TIpeIMETa MEHBIIE (CYIIECTBEHHO) pa3pernraeMoro oobema. Torna BpeMeHHYI0 CTPYKTYPY
CUTHaJa, OTPaKEHHOTO OT IIOBEPXHOCTH MECTHOTO TPEAMETa, MOYKHO TPEICTABUTH B BUJIC

u,(t) = Ey(NDU, (DU (t —t,,) exp(i2nft), (1)

rne E,(f) — KOMIUIEKCHas aMIUIMTY/la CUTHAIIA, OTPaKEHHOTO OT MECTHOTO npeamera; U, (f) — 3aKoH
MOJIYJIALMK TIaYKH IIPHHATOTO CHTHANA JUIMTENbHOCTBIO, PaBHOH Bpemenu nabmonenns Ty U, (1—1,,) —
3aKOH MOMYJISINH KOTEPEHTHOW MOCIEIOBAaTEIbHOCTH U3 L 30HIUPYIOMNX MMITYJIBCOB C 3aJCPIKKOM
Ha BEJIMYUHY {,, , COOTBETCTBYIOILYIO 33JJ€PAKKE CUTHANA, OTPAXKEHHOT'O OT IEHTPa MECTHOTO MPEIMETA;
f, — HecyIas 4acToTa 30HAUPYIOLIEro CUrHaia.

Kommuiekenyro orubaroutyio curuana E,(f) MOKHO NPEICTaBUTh B BUJIE CYMMbI KOMIUIEKCHBIX OTH-
0aloUINX CUTHAJIOB, OTPAKEHHBIX OT (J OTpaXkaTele:

Q Q 47
Ey(t)= ZEq ()= Z|Eq (t)|exp(i7rq (z)j, )

e r,(¢) — paccrosHue OT (ha30BOro LEHTpa aHTEHHbI paanosnokanronHoi cranumn (PJIC) mo g-ro
OTpakarellsi B MOMEHT BPEMEHH .
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Bynem mnosarare, 4TO Bce OTpaskaTeId UMEIOT OANHAKOBYIO 3((QEKTUBHYIO OTPa)KAIOIIYI0 OBEPX-
HOCTb, @ paccTostHue OT (hazoBoro ueHtpa anreHHsl PJIC 10 1eHTpa MECTHOIO NpeaMeTa 7, 3HAYH-
TEJILHO OOJTBIIIE pa3MepoB JaHHOTO npeamera. C y4eToM 3TOTO BhIpaKeHHE (2) yIpoIaeTcs

Y
Ey(t)= |E0Q|Zexp(i4—;rq (z)), 3)

e |E0Q| — MOJIyJhb KOMIUIEKCHOM aMIUIATYZbl CUTHAja, OTPAKEHHOTO OT M30TPOITHOTO OTpayKaress
B IIEHTPE MECTHOTO MPEIMETA HA PACCTOAHUH 7, .

3akoH moxynsuuu U, (f) mauku NPUHATOTO cUrxana GopMmupyercs moa AeHCTBUEM MEXaHH3MOB
IIPOCMOTpa 30HbI 0030pa (Harpumep, Mo JAeiicTBreM ckaHupoBanus aHTeHHbl PJIC), a Takxke mos nei-
CTBHECM BECOBOI'0O «OKHa», IPUMEHACMOTO IJId CHUIKCHUA 60KOBLIX JICIIECTKOB MEUIarOIInX OTpa)KeHI/Iﬁ
B CHEKTPE MPHUHSITOTO CUTHaNA [6]. 3aK0OH MOIYJISAIINH KOTEPEHTHON ITOCIICIOBATEIPHOCTH U3 L 30HIN-

L

PYIOILUX UMITY/IbCOB NpeAcTapisercs B Buae U, (f) = ZU 0 (t - —l)Tr), rae U,(¢) — 3akoH Momys-
=1

MY OTMHOYHOTO 30HIUPYIOIIEro curHana [3].

AHanu3 NMPUHATOTO CUTHAJa M, COOTBETCTBEHHO, OOHAPYKEHNE BBIMOIHAIOTCA B JIEMEHTE Jallb-
HocTu. [loaTOMY BeCh MANbHEUITHI aHAIN3 MPOBOAMTCS: B OJHOM pa3periacMoM OOheMe WM s
(MKCUPOBAaHHOTO BPEMEHH 3aJIE€PXKKH £, MPUHATOrO CUTHAJA; C MCIOJIB30BAHHEM MEKIYIEPHOIHON
CTPYKTYpBI CHTHaNA (Ha BHJIE0YACTOTE), IPEIICTABIAONIEH COO0H KOMIUIEKCHYIO OTHOAIONIyI0 CUTHAIA
nocine BHyTpunepuogHoi oopadorku (BI1O) B anemenTe paspemenus no ganbHoctd. C y4yeToM 3To-
IO MEXYIEPUOIHYIO CTPYKTYPY CUTHAJIA, OTPAXKEHHOIO OT TOBEPXHOCTU MECTHOIO IIPEAMETA, IOCIIEe
BIIO c yuetom (3) MOXHO TIPEACTaBUTH B BUJIE

Y
Upoo () = Ky o E, (DU (1) = KWOUa(t)|EOQ|ZeXp(i4TTer (Z)), 4)

rae K, — ko3bpuIUeHT npeoOdpa3oBaHus CUTHAJA IO aMILUIUTyze B ycTpoiicTse BIIO.

CraenaeM HEMPHUHIUITHATIBHOE OMYIICHUE — 32 BpeMs HaOmoneHust T, mooxeHnue (pa3oBoro meHT-
pa aHTCHHBI B MPOCTPAHCTBE HE MEHSETCA. DTO JOMYIICHHE Ha MPAKTUKE BO3MOXHO B CIICAYIOIIHX
ClyyJasx:

— BBIMOJIHACTCS JICKTPOHHOE CKAHUPOBAHUE;

— BBIIIOJIHACTCA MEXaHNYCCKOC CKaHMPOBAHUEC, U (1)2130BI)II7[ LICHTP aHTCHHbLI HAXOJAUTCA B LHCHTPEC
ec BpaIllCHHUS;

— MarpaMma HamnpaBICHHOCTH aHTCHHBI B TCUCHUE BpeMeHHU HabmoneHus T, pUKCHpOBaHa 1o mo-
JIOXKEHHUIO.

Jlomyiuerne Mo3BoJseT NMPEACTaBuTh paccTossHus 7, (f), ¢ =1, O, HEe 3aBUCSAIMMH OT BPEMCHHU,
1 TIpeo0pa3oBarh BeIpaskeHue (4) K BHIY

2 4n
UWOQ(t) =K,U, (t)|E0Q|ZeXp(i7qu = KWOUa(Z)|EOQ||EZQ|exp(i(pZQ)’ ©)
g=1

0 4 0 4
rue |EZQ| = Z;exp(i%rqj s Qyp =arg Z;exp(i{rq) — Momyiab u (aza CyMMBI BEKTOPOB
9= 9=

.4n —
exp(zxrqj, q=10.

Bripaxkenue (5) onucbIiBaeT MaTeMaTHIeCKY O MOJIENIb BPEMEHHOM CTPYKTYPhI MEIIAFOIIUX OTpake-
HUH OT MECTHOTO IMpPEaMeTa, HaXOISIIEroCsl B aHATU3UPYEMOM JJIEMEHTE Pa3pelieHusl M0 JTaTbHOCTH
(paszpemaemom oOobeMe), Ha Beixoze ycTporictsa BITO.

MaremaTuueckasi MoaeIb Cl'leKTpa.]'IbI—lOﬁ CTPYKTYPbI MEIIAIIUX OTpa)KeH](lﬁ
OT MECTHOI'0 MpeaMeTa B AaHAJIU3UPYEMOM 3JIEMEHTE pa3pelICHU st

Maremaruueckasi MOJEINb CIIEKTPAJIBHON CTPYKTYpPbl MEIIAOIIMUX OTPAXKEHUM OT MECTHOIO IpEe.-
MeTa B aHAJIM3UPYEMOM SJIEMEHTE pa3pelleHns MpeACTaBiIsieT co0oi nmpsmoe npeodpasoBanue Oypre
OT BPEMEHHOM CTPYKTYpbl Uy, (f) Ha MHTEpBale, paBHOM BpeMeHu HaOmonenust 7. bysem monarars,
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YTO 3aKOH MOJYJISIIMH TTAaYKU TIPHHATOTO CUTHAJIA SBJISIETCS MPSMOYTONBHBIM U 3aITUChIBACTCS CIEIYIO-
LIIMM 00pa3oM:
Lecm 0<t<T,;

0,ectmt>T nt<O0.

U,@t)= { (6)
C y4erom 0cOOEHHOCTEH CTIeKTpa CHIHAJA, CMELICHHOTO BO BpeMeHH [5], ciekrp curHana Uy, (¢)
HpH OPSIMOYTOIBHOM 3aKoHe Mogyssiun U, (f) OIMCBIBAeTCS BBIPAXKCHUEM

H

sin

_ 2 . T,
GWOQ ((D) =G, max Texp(l(pZQ)eXp(_l(D?J’ (7)

H

2

— MaKCHMaJbHOE 3HAUCHUE aMIUIUTYIHO-4aCcTOTHOTO criekTpa (AUC).

018 Gy = oKy |Eop||Esol
. T, N
CoMHOXHUTENb exp —10)7 CO3JIaeT JINHEWHBIN HAKJIOH a3kl U He sSBJsieTcss MH)OPMAaTUBHBIM,

TIO3TOMY BBIIIOJIHUM €TI0 KOMIICHCAlIUIO B CJIEAYIOIIEM BUJIE:

T,
Gy o0com (©) = G0 (©) CXP(ZOJTJ. (8)
C yuerom (8) ypaBuenue 1ist criekrpa Gy oo, () 3aIUIIETCS B BHJE
. oT,
sin 5
GWOQCnrr ()= GQmax m—THeXp (I(PZQ ) 9)
2

B kauectBe mpumepa Ha puc. 1-3 npencrasiers: AUC |GWOQ f )| (puc. 1); hazogacTOTHBINA CIIEKTP
(@UC) arg(GW0 o(f )) (puc. 2); ®UC arg(GWOQCM f )) (puc. 3). CnexTpsI OBUTH TTOTYICHBI IS CIIEY-
roux yenosuit: T, =0,35 ¢; ¢y, =0; THKWO|E0Q||EZQ| =1 [Bxc].

‘Gn.og(f)‘, o.e.
1.0

0,8 / \

B [\

0’4 / \

02 - =
N \/\/ \] v \/\/\/_\/ S

0 -10 0 10

Puc. 1. AMIUTATYTHO-9aCTOTHBIA CIICKTP |GWOQ f )|

Fig. 1. Amplitude frequency spectrum |GWOQ f )|

d arg (G, (f)), pan

2N I\ NN

N

0
-2 N,
N\ NN\
ST
= 10 0 10

Puc. 2. ®a309acTOTHBIH CIIEKTP arg(GWOQ (f ))

Fig. 2. Phase frequency spectrum arg(GWOQ f ))
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1
0
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-2
L ||
A
4 /I

-10 0 10
Puc. 3. ®a3zoyacToTHBIN CIIEKTp arg(GWOQCm f ))

Fig. 3. Phase frequency spectrum arg(GWOQCW f ))

Amnanu3 Beipaxenuit (7)—(9) u puc. 1-3 nokassiBaet cienyromee: AUC KOMIUIEKCHOUN orubaromieit
MEIIAIONUX OTPAKEHUH OT MECTHOT'O MPEIMETa SIBJISCTCS CUMMETPUYHBIM; (pa3bl CIICKTPAIBHBIX CO-
CTaBJISIONINX, PACIIOJIOKEHHBIX CUMMETPHYHO OTHOCHUTEIBHO 4acToThl f =0 I, OMMHAKOBBI MMOCIE
BBITIOJTHEHUST KOPPEKTUPOBKH JIMHEHHOTO Habera (ha3bl B COOTBETCTBHH C (8). DTO SIBISICTCS OCHOBAHU-
€M JUTSI BBITIOTHEHUS TIPOIIEAYPHI KOTEPEHTHOW KOMIIEHCAIINH OOKOBBIX JIETIECTKOB CIIEKTPa MEIAFOIINX
OTPaKEHUI OT MECTHBIX TIPEJIMETOB.

Cnocod 1 aJaropuT™M KOMIEHCA U 0OKOBBIX JICNIECTKOB CIMIEKTPA MEIIAIOIMX 0TPaKeHU I

Croco0 KOTepeHTHOW KOMIICHCAIIMM OOKOBBIX JICTIECTKOB CIEKTpa MEMIAIONIUX OTPaKCHUH
OT MECTHBIX IPEIMETOB MOXET OBITh M3IIOKEH B CIEAYIOIIEeM BHje: Tocie (a3oBol KOppEKIHH
W3 CIEKTPAJIbHBIX COCTAaBISIONIUX TPABOH YacTH CIIEKTPa BBIYUTAIOTCS CHEKTpaIbHbIE COCTABIIS-
IOIIHE JICBOW YacTU CIEKTPa, HAXOAAIIMECS Ha 4acTOTaX, OTIMYAIONINXCS MPOTUBOIOIOKHBIM 3Ha-
KOM. AJITOPUTM KOT€PEHTHOH KOMIICHCAlMKW OOKOBBIX JICTIECTKOB CIEKTpa MEIIAIOUINX OTPaKEHUH
OT MECTHBIX TPEJIMETOB BBIIOIHACTCS B KAXKJIOM DJIEMEHTE Pa3pelICHUs 10 JaTbHOCTH OTIEIBHO
Y BKJIFOYAET CIICAYIOIINE POy PHI.

1. Ilpsimoe 11D B KOMIIJIEKCHOM BUJIE OT MPUHATOTO CUTHAJIA — COBOKYIIHOCTHU CUTHAJIOB, IPUHSI-
TBHIX B DJIEMEHTE pa3pelleHus 1o JaIbHOCTH B pe3ylbrare L 30HAMpOBaHU nmpocTpaHcTra. [is oomr-
HOCTH OyzieM noJsararb, 4to yuciio Touek npsimoro JAI1® paBHo 3Hauenuto N,,. B pesynbrare B ananu-
3UPYEMOM DJIEMEHTE IaTbHOCTH (POPMUPYETCSI COBOKYMHOCTh KOMIUIEKCHBIX aMIUTUTY/ CIIEKTPaTbHBIX
coctapisomux Gy, (1), /=0, N, —1.

2. KomnieHcanwmst nuHeiHOTO Habera (ha3bl B CIIEKTPE MPHUHATOTO CHTHANA U TOJyYeHHUE COBOKYII-
HOCTH KOMIUIEKCHBIX aMILIUTYJ CIIEKTPAIbHBIX COCTABIAIMUX Gy, (1), [ =0, N, —1. Komnencauuns
JAuHeNHoro Habera ¢assl ¢ ydeToM Toro, 4to 7, =7.L , BBIIOIHAETCS B COOTBETCTBUU C (§) B CIIEIyIO-
eM BH/IE:

Gyeon (D) =Gy (D) exp| i2n ]\I:’ lE =G, (I)exp inNLl , =0, N, -1 (10)

FT FT

Crnenyer 3aMeTUTBh, 4TO ecin nepen npouexypoit JI1®P BeimonHseTcss JONOTHEHNE TaYKH BPEMEH-
HBIX OTCYETOB CHTHaJIa HYJIEBBIMU OTCUETAaMH JJIs TIOBBIIIEHUS pa3pelIeHus Mo YacToTe, TO HE3aBUCH-
MO OT MeCTa Pa3MEIIeHMsI HYJIEBBIX OTCUETOB CEpeANHA MHTEpBasla KOPPEKIMH BCEra COOTBETCTBYET
BPEMEHHOMY TIOJIOKCHHUIO CEpeINHBI TAaYKK BPEMEHHBIX OTCUETOB IPHHATOTO curHaia. Becosas oOpa-
00TKa MPUHSTOTO CUTHAJA C MCIIOJB30BaHINEM CHMMETPHYHOTO BECOBOTO «OKHA» TaK)Ke HE U3MEHSET
3HAYEHHUS CEPEINHBI MHTEPBaIa KOPPEKIIUH.

3. Komnencamusi G0OKOBBIX JICTIECTKOB CIEKTpa MELIAIOIIUX OTPaKEHHH OT MECTHBIX HMPEAMETOB
¢ popMUpOBaHUEM PA3HOCTHOTO CIIEKTPA BBIIIOJIHIETCS B COOTBETCTBHHU C BBHIPAKEHHEM

GAMO(”):GWCorr(n)_GWCarr(NFT_n)’ n=1L Nyo- (11)

Crnenyer OTMETHUTD, YTO:
— KOMIICHCAIIMS BBITIOJIHSAETCS] OTHOCHUTENBHO «HYneBoro» ¢unsrpa AI1D;
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— [IpH ONIPCACIICHUN BerHeﬁ T'paHuIbI NAMO HCO6XO,I[I/IMO PYKOBOACTBOBATHCA PEaJIbHBIM AHAIIa30-
HOM 4aCTOT, B KOTOpOM Tpe6yeTc;1 BBIIIOJTHUTH KOMIICHCAIIHIO. B cJIydac, korjaa N pr ABJICTCS YCTHBIM
N

FT .
— 1’

YHCJIOM, MaKCHMMAJIbHOC 3HAYCHHEC NAMO =

— Pa3HOCTHBIM CHEKTp HE JaeT HAMpPSIMYIO MPaBHIBHBIA 3HAK JOMJIEPOBCKON YacCTOTHI MPUHSATOTO
curHaia. OHaKO BBITTOIHEHHE CIISIIHATFHON 00pa0OTKU TIO3BOJISIET BOCCTAHOBHUTH 3HAK JOTLIEPOBCKOM
4acTOTHI CUTHAJIA OT MaJIOCKOPOCTHOTO OOBEKTA.

Anroput™ 00paOOTKH Pa3HOCTHOTO CIIEKTPA C BOCCTAHOBJICHUEM 3HAKOB JOIUICPOBCKHX YaCTOT TO-
JIE3HOT'O CUTHAJIa pa3pa0d0TaH aBTOpaMH JIAaHHOHM CTaThbu U OY/IET MPEACTABIICH B OTACIBHOM MyOIMKAIIUH,

Pe3yabTarhl npoBepku 3P (PeKTUBHOCTUH KOMIIEHCAIIUN OOKOBBIX JIENeCTKOB CIEKTpa
MeNIAINIUX OTPAaKEeHUI U Bbl/IeJIeHUS] CHTHAJIOB, OTPAsKeHHBIX
0T MAJIOCKOPOCTHBIX 00BEKTOB ¢ MaJI0ii 3¢ PeKTHBHOIT 0TpaKaloleil MOBEPXHOCTHIO

EcTecTBeHHBIM yCIIOBMEM HAOJIOJICHHS CUTHAIAa 00BbEKTa SBJISCTCS MPUEMIIEMOE (IECATKH) OTHO-
[ICHUE CUTHAJI/IIyM, MPUYEM B Ka4eCTBE IIyMa MPEAINOJIaraloTcss BHYTPEHHUH IIyM MPUEMHHKA MU
CyMMa BHYTPEHHETO W BHEIIHEro IIyMOB. Peanu3aiiusi JaHHOTO YCIOBHSI PEaTMCTHYHA — JUIS 3TOTO
TpeOyeTcsl yBEINYCHHUE MOIHOCTH 30HIUPYONIETO CUTrHaIa U KOO QUIIMEHTa YCUIICHHS AHTCHHBI.

[IpoBepka 3ppeKTUBHOCTH MPOBEJCHA HA OCHOBE MOJICIIMPOBAHUS ITPH CICAYIOUINX OOIIUX YCIIO-
BUSIX: YaCTOTA MOBTOPEHUS 30HIUpYIOIUX curHanos F. = 5000 I'; piuTensHOCTh BpeMeHU Habmozie-
s T, = 0,5 ¢; quckperHoe npeobdpazosanue Pypre ¢ unciaoMm GuisrpoB N, =5000 u uHTEpBaIOM

pacctanoBku QmIETPoB AF = ——=1,0 ['m; motuiepoBCcKas 4acTOTa MEIIAIONTUX OTPAKEHUN OT MECT-

FT
HOTO IpeIMeTa paBHa HYIIO, a IOIUIEPOBCKas 4acTOTa OTpakeHHoro curHana f, =5,0 I'm.
Ha puc. 4, 5 nmpencraBieHsl SHEPTeTUYECKNE CIIEKTPHI CUTHAJIOB, TTOTydeHHBIE Ha BBIXOAaX (DHIBT-
pos 11D, mpu COOTHOIIEHNN aMIUTATYABI OTPAKEHHOTO CHTHANA K aMIUTHTY/E METIAIOIINX OTPaXKeHUN

AY
Ha BxoJie HopMupoBaHHoro JI1® ——=0,1 1 oTcyTCTBUU BECOBOIO «OKHAY.

MO
G+, 0. €.
0,04 |
0,02 1 A
0 PP g = -
=25 -20 —-15 -10 -5 0 5 10 15 20 251

Puc. 4. CriekTp NpUHATOTO CUTHAJA B 00JIaCTH OOKOBBIX JICIECTKOB ITPU OTCYTCTBHU BECOBOTO «OKHAY»
(MakcuMyM Meraromux orpaxenuit 1,0 o. e. B punbrpe ¢ / =0, oTpaskeHHbII curHan B puisrpe ¢ [ =5)
Fig. 4. The spectrum of the received signal in the region of the side lobes in the absence of a weight “window”
(maximum interfering reflections 1,0 relative units in the filter with / =0, reflected signal in the filter with / = 5)

,
‘]

[Gaa(n)] 0- .

0,01

5-107

N~
0 2.5 3 7.5 10 12,5 15 175 20 22,5 25n

Puc. 5. KBagparsl Monyneil KOMIUIEKCHBIX aMIUIMTYZ Pa3HOCTHOTO CIEKTPA IPU OTCYTCTBUU BECOBOIO «OKHA»
Fig. 5. Squares of moduli of complex amplitudes of difference spectrum in the absence of a weight “window”
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AHanu3 pe3ynbTaToB, MPEICTABICHHBIX HA PUC. 4, 5, MOKAa3bIBACT CIICAYIOIICE:

— otHomeHUe curHai/momexa rnocie [AI1D, chopmupoBanHoe 10 curHanam B (GUIbTpax ¢ HOMEpa-
mu [ =5 u [ =-5, cocraBuser p = 0,625;

— OTHOIIICHNE CUTHAJI/TIOMEXa TI0CIIe KOMITEHCAITMH OOKOBBIX JITIECTKOB cOCTaBIsieT p > 10, Tak Kak
OOKOBBIMHU JICTIECTKAMH B PA3HOCTHOM CITEKTPE SBISIOTCS OOKOBBIE JICTIECTKH OTPAKEHHOTO CUTHAJIA.

Ha puc. 6, 7 mpencraBieHbl SHEPreTHYECKUAE CHEKTPhl CUTHAIIOB TP COOTHOIICHWU aMILTUTY-
JIbl OTPAXKEHHOTO CHTHAJIa K aMIUIATY/IEC MEIIAONINX OTPAKEHUH Ha BXoje HOpMupoBaHHOro J[I1D
A /A,,, =0,001 1 KCIIOIB30BAHMU BECOBOTO «OKHA» XIMMHHTA.

,0: &

2-10* 6 ®
1,5-10°
1-10*
5-10°
L —" T a——) 5 0 5 10 15 20 251

Puc. 6. CriekTp IpHHSATOrO CUrHaja B 001aCTH OOKOBBIX JICTIECTKOB C MCIIOJIb30BAHUEM BECOBOTO «OKHA»
(MakcuMyM Memiaromux orpaxennit 1,0 o. e. B puibrpe ¢ / =0, oTpakeHHbIH curHai B puisTpe ¢ / = 5)
Fig. 6. Received signal spectrum in the side-lobe region using a weighting “window”

(maximum interfering reflections 1.0 relative units in the filter with / =0, reflected signal in the filter with /= 5)

|GAMO(n)i2, 0.:8;

5-10°

5:107

o1 ™ i il i
0 2,5 5 7,5 10 12,5 15 17,5 20 22,5 25n
Puc. 7. KBaaparsl Moyneld KOMILIEKCHBIX aMILUTHTY]] Pa3HOCTHOTO CIIEKTpa
C UCIIOJIE30BAaHUEM BECOBOTO «OKHA»
Fig. 7. Squares of moduli of complex amplitudes of difference spectrum using a weighting “window”

AHanu3 pe3ysbTaToB, MPEICTABICHHBIX Ha PUC. 6, 7, MOKAa3bIBaeT CIEAYIOIIEE:

— otHomeHue curHai/momexa nocie [AI1D, chopmupoBanHoe 1o curHaiam B (GUIbTpax ¢ HOMEpa-
mu [=5u [ =-5, cocraBisier p <<1.OTpaXeHHbII CUTHAJ HE BUJICH HA ()OHE OOKOBBIX JICTIECTKOB;

— OTHOIIICHHE CUTHAJI/TIOMeXa MOCjIe KOMITEHCAIMi OOKOBBIX JierecTKoB — p > 100.

3ak/oueHue

1. MaremaTnyeckoe OnucaHne BPEMEHHOW CTPYKTYPhl MEIIAONINX OTPaKEHUI OT MECTHOTO IIpe/I-
MeTa yKa3bIBaeT Ha YHOPSA0UYEHHOCTh M KOT€PEHTHOCTh CHEKTPAILHON CTPYKTYpBI MEIIAIOIINX OTpa-
JKEHUH B 00J1aCTH OOKOBBIX JICTIECTKOB. DTO MO3BOJISIET COBEPIICHHO MIO-HOBOMY B3IVISIHYTh Ha MPOOJIe-
My OOHapyKEHHsI MATIOCKOPOCTHBIX M MAJI03aMETHBIX 00BEKTOB, OTPaKEHHBIEC CUT'HAJIBI KOTOPBIX JTaKe
nocje KOrepeHTHOW MEeXIyTIepUOIHON 00paboTKi MaCKUPYIOTCSI OOKOBBIMH JICIECTKAMH CIIEKTpa Me-
HIAIONIUX OTpayKeHUH. PazpaboTaHHBIN cITOCOO OCHOBBIBAETCSI HA PACCMOTPEHUH OOKOBBIX JICTIECTKOB
CIEKTpa MEIIAIOUINX OTPAKEHUI He B BUJE IIyMa, TPAJIUIIMOHHO ONPEAEISAIONIEero MpeaeabHbIN ypo-
BeHb «00enuBaHus (OHA», a HA KOTEPEHTHON CIEKTPAIbHON CTPYKTYype, MOIAOIIEHCS TalbHEUIICH
KOMIIEHCAIIUH C BBIJICJIEHUEM ITOJIE3HBIX CUTHAJIOB.

2. [peanaraemplii crmocod ocHOBaH Ha (OPMHUPOBAHHMHU CIIEKTPa MPHHSATOTO CHUTHAJA ITyTEM JIUC-
KpeTHOTrO TpeodpazoBanusi Oypbe, KOppeKIUU (a3oBBIX CABUIOB CIIEKTPAIBHBIX COCTABIISIOIIUX Me-
[IAIOIINUX OTPAXEHUH OT MECTHBIX MPEIMETOB B COOTBETCTBHU C JIMTEIHOCTHIO MAuKHU MPUHATBHIX
CUTHAJIOB M HA BBIYUTAHUU CIEKTPAJIBHBIX COCTABISIONINX JIEBOW YacTHU CIIEKTpa M3 COOTBETCTBYIO-
LIMX CIEKTPATBHBIX COCTABISIOIINX MPABOW €ro 4acTH. AJITOPUTM 00paOOTKU pa3HOCTHOTO CIIEKTpa
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JUTSE BOCCTaHOBJICHHS 3HAKOB JIOTIEPOBCKUX YaCTOT IMTOJIE3HOTO CUTHAJA pa3paboTaH aBTOpaMH JaHHON
CTaTby U OyJIET MPEICTABICH B OTACIHHON TTyOIUKAIIH.

3. Crioco0 He TpeOyeT CIeIUaibHOTO YCTPOHCTBA KOTEPEHTHON KOMITEHCAITUU MEMIAIOIINX OTpaske-
Hui. Hao060poT, IMEHHO MCKITIOYEHNE TPATUIIOHHOTO YCTPOUCTBA KOTEPEHTHON KOMIICHCAIIUU Mellla-
FOIUX OTPAKEHUH OT MECTHBIX MPEIMETOB, (POPMUPYIOMIETO 30HY PEKEKIINH, MTO3BOJISET 00ECIEUnTh
YCIIOBHS JIJIs1 OOHAPYKEHUsI 00BEKTOB, IBUKYIIMXCS CO CBEPXMAJIONW CKOPOCTHIO.

4. llpeamnomnaraercs, 9To crmoco0 MOXKET ObITh 0cOOeHHO 3(h(hEeKTHBEH B CAMOM CIIOKHON CUTYaITUH —
IIPH BBIJICIEHUH CUTHAJIOB, OTPAKEHHBIX OT MaJIOCKOPOCTHBIX M MaJI03aMETHBIX 00BEKTOB (HAIIpHMep,
3aBHCAIOIINX MM MEUICHHO JICTSIINX KBaJIPOKONTEPOB), HA (JOHE MHTEHCHUBHBIX MEIIAIOIINX OTpake-
HUNA OT METAJUIOKOHCTPYKLUUN U 3JaHUM.

5. BaxxHO OTMETHTB, 4TO 3(p(PEKTHUBHOCTH CIIOCOOA CHUKAETCS 10 MEePe YBEITNYCHHUS ITUPUHBI CITEKT-
pa GuIyKTyanuii Memaronmux oTpakeHui, HalpuMep, OT Pa3InIHON pacTUTENHLHOCTH (Jiec, KyCTapHUK,
TpaBa), IpH TOPHIBUCTOM BETPE.
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OIIEHKA BKJIAJA U3JYYEHHUM MOJB3OBATEJILCKOI'O OBOPYIOBAHMSI
B AHTPOIIOT EHHBIN JJIEKTPOMATHUTHBIN ®OH,
CO3JIABAEMbIII CHCTEMAMHA MOBHWJIBHOM (COTOBOM) CBSA3U
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Benopyccruii cocyoapcmeennwiil ynugepcumenm un@opmamuxy U paouodieKmpoHuKy
(2. Muncx, Pecnyonuxa Benapycs)
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© Benopycckuii rocy1apcTBEHHbI YHUBEPCUTET HHPOPMATUKH U PAIUO3IEeKTPOHHKH, 2023
Belarusian State University of Informatics and Radioelectronics, 2023

AnHoTanus. Jlexmapupyemoe yBeJMYEHHE NPOCTPAHCTBEHHOW IUIOTHOCTH W3JIYyHYAOMMX NepH(epUitHbIX
(TI0NTB30BaTENBCKHUX, OKOHEYHBIX U T. 11.) ycTpoiicTB (ITY) mobmmsHO# cBs3u mo 0,1 [TY/m2 B cetsix 4G (LTE),
1o 1,0 ITY/m? B cetsix 5G (NR) u mo 10 I[TY/m?2 B mepcriekTHBHBIX ceTsX 6G MOXKeT OBITh MPUIHHON HEIOMyCTH-
MOTI'0 pOoCTa JJICKTPOMAarHUTHOTO (I)OHa N COOTBCTCTBYIOIIIUX BBIHYXXACHHBIX PUCKOB IJIsA 3J0POBbA HACCICHUA.
IIpennoxena MeToAMKa OLEHKH BKJIaJa U3JIy4EHUH 3TUX YCTPOUCTB B YPOBEHb AHTPOIIOI€HHOI'O IEKTPOMArHUT-
Horo (hOHa, CO371aBaeMOT0 CHCTEMaMn MOOMIIBHOM (COTOBOI) CBSI3U. MeToaMKa OCHOBaHA Ha aHAJIN3E AIEKTPO-
MarHUTHOM Harpy3KH Ha TEPPUTOPHUIO, CO3/1aBAEMON CTAIMOHAPHBIMHU M TTOJBMKHBIMU UCTOYHUKAMH H3ITyUCHUS
crcTeM MOOMIIBHOM CBSI3M M OINPEAEIsieMON TePPUTOPHAIBHON MIIOTHOCTHIO MOOMIBHOTO TpaduKa, ero achM-
METpHUEN B HUCXOASILEH U BOCXOIIEH Nepeaadye JaHHbIX, CTENEHbI0 KOHLEHTpaluu I1Y B OKkpecTHOCTH TOUKH
HAOJFONICHUS, CIIEKTPaIbHON 3((PEKTUBHOCTHIO PaMOKaHAIOB MOOMIBHOM CBSI3H, pa3MepaMH 30HbBI 00CITYKHBa-
HUS 0a30BBIX CTAHIMM U PSIIOM APYTHX XapaKTepHCTUK. [IpuBeaeHbI pacyeTHbIe NaHHBIC, CBUAETEILCTBYIOINE
0 TOM, YTO B MECTaX KOHLIEHTpaLUK H3ydatomux [1Y oOpa3yemast UMM COCTaBIISIONIAs 2JIE€KTPOMAarHUTHOTO (hOHA
MOXET OKazaTbCsl Mpeobiagaronield, MHOTOKPAaTHO MPEBBIIAs BKJIAJ] U3ITyUeHNI 0a30BbIX CTAHIMH W OIpesensis
(baxTHUECKNil ypOBEHD BBIHYKJCHHBIX PUCKOB ISl 3J0POBBsI HACEIIEHHS, YTO TpeOyeT yueTa B CHCTEME UX I'MIHe-
HUYECKOTO HOPMHUPOBAHUSI.

KuroueBble ciioBa: MOOHIIbHAS CBsI3b, 4G, 5G, 0a30Bast cTaHIs, Iepu(epHitHOE YCTPOMCTBO, ATEKTPOMATrHAUTHOE
W3Iy4YCHHE, TEPPUTOPUATBHAS TNIOTHOCTh TpaduKa, BEIHYKICHHBIC PHCKH IJIS 37I0POBBSL.

KondummkT naTepecoB. ABTOp 3asBiIsieT 00 OTCYTCTBUU KOH(IIMKTA HHTEPECOB.

Jas uutupoanusa. Mopaades, B. W. Omnenka BkIaa W3IydeHUA TOTB30BaTEIbCKOTO 000PYIOBaHHS B aHTPO-
MTOTEHHBIH IeKTPOMAarHUTHEIA (POH, CO31aBaeMBbIii cricTeMaMHu MOOMIIBHOM (coToBO#) cBsizn / B. . Mopmaues //
Hoxnangst BI'YUP. 2023. T. 21, Ne 5. C. 50-58. http://dx.doi.org/10.35596/1729-7648-2023-21-5-50-58.

ASSESSMENT OF THE CONTRIBUTION OF RADIATIONS
OF USER EQUIPMENT TO THE ANTHROPOGENIC ELECTROMAGNETIC
BACKGROUND CREATED BY MOBILE (CELLULAR) COMMUNICATIONS

VLADIMIR I. MORDACHEV

Belarusian State University of Informatics and Radioelectronics (Minsk, Republic of Belarus)
Submitted 09.02.2023

Abstract. The declared increase in spatial density of user (terminal, peripheral, etc.) radiating equipment (UE)
of mobile communications up to 0.1 UE/m? in 4G (LTE) networks, up to 1.0 UE/m? in 5G (NR) networks
and up to 10 UE/m? in promising 6G networks may cause an unacceptable increase in electromagnetic background
and in corresponding forced risks to public health. The paper proposes a method for assessing the contribution
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of UE radiations to the level of anthropogenic electromagnetic background created by mobile communications.
This method is based on the analysis of the electromagnetic loading on the area created by stationary and mobile
radiation sources of mobile communications and determined by the area density of mobile traffic, its asymmetry
in downlink and uplink data transmission, the degree of UE concentration in the observation point vicinity, the ra-
dio channels spectral efficiency, the size of base stations service areas and other characteristics. The calculated data
are given, indicating that in places of UE concentration, the component of electromagnetic background formed
by UE radiations may be predominant, many times exceeding the contribution of base station radiations, and deter-
mining the actual level of forced risks to public health, which requires consideration in the system of their hygienic
rationing.

Keywords: mobile communications, 4G, 5G, base station, peripheral equipment, electromagnetic radiation, area
traffic capacity, forced health risks.
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BBenenue

[IpuHATO CUMTATh, YTO PaTUOYaCTOTHBIC MeKkTpoMaruuTHele nosst (PY OMII) uznyqaronmx me-
pudepuiineix ycrpoiicts (I1Y) mobunbHOM (coToBoit) cBsizu (MC), ucnonp3yemMbIx s TenepoHHON
CBSI3M M MOOMJIPHOTO MHTEpHETA (IIepelavyn JaHHBIX ), SBISIFOTCS UCTOYHHKOM JOOPOBOIBHBIX PHCKOB
JUTS 37I0POBbS HAaceleHHs. DTOT BHUJ PUCKOB OTPAHWYMBAETCS TUTHEHWYECKUM HOPMAaTHBOM, Ha TOpS-
JIOK MEHee )KECTKUM TI0 CPaBHEHUIO C JICHCTBYIOIMME HOpMamu — 10 MKBT/cM2, orpaHn4MBarOInMu
BBIHYK/IEHHBIE PUCKHU JUIS 370POBbs HACEIEHMS C yYETOM OMNACHOCTH OTAAJICHHBIX HETaTMBHBIX I1O-
CJICICTBUM BO3JEHCTBUS ATOTO aHTPOIOTEHHOTO (u3nueckoro ¢axropa. OIHAKO pe3yabTaThl MO~
poBaHUs 31eKTpoMarHUTHOHM oOcTanoBkH (OMO) [1], co3maBaeMoii B yCIIOBHUSAX TOpoa U3ITyYSHUSIMU
6azoBeix cranmuit (bC) u ITY MC crarmapra GSM (2G), CBUAETENBCTBYIOT O TOM, YTO TPU JIOKAIb-
HOM TeppUTOpHaiIbHOM TpyrmupoBanuu I1Y, ocobernno B mectax 3areHenns bC snemenTamMu ropoj-
CKOH 3aCTpOWKH, YPOBHHU COCTAaBIISIONICH MEKTpOMarHuTHOTrO ¢oHa (IMD), co3naBaeMoii H3Ty4eHu-
stmu I1Y, MOTYT CyIIECTBEHHO MPEBBILIATh YPOBHU cocTapistoieit OM®, coznaBaeMoil n3ydeHusIMu
BC, n ObITh OCHOBHBIM HCTOYHHKOM BBIHY>KACHHBIX PHCKOB JUIsl 340pOBBs HaceneHus or OMIT MC.
[TosToMy cremyeT oKuaaTh, 4TO ACKIapUPYEMOE 3HAUUTEIILHOE YBEINUEHUE TPOCTPAHCTBEHHOMH I1II0T-
Hocty m3mydaronux [1Y B cersx MC 4G/5G/6G ipu ipueMIIEMBIX YPOBHSX JOOPOBOIBHBIX PHCKOB JIJIS
3/I0OPOBBS €€ TOIb30BaTeNei MOJKET OBITH MPUYMHOMN HETOIMYCTUMOTO POCTA BEIHYK/IEHHBIX PUCKOB JIJIS
3/I0pOBBS HACEJIEHNS B MECTaX C BBICOKOH MPOCTPAaHCTBEHHOM mioTHocThIO [TY MC.

Lenb nccnenoBanuii aBTopa — olleHKa BKiIa1a n3myueHuit I1Y nons3osareneit MC B MHHTEHCHBHOCTh
OM®, coznaBaemoro uznyuerusmu [1Y n BC nepcnextuBHbIx cucteM MC, 1 HEOOXOAMMOCTH €0 yue-
Ta MPH OLIEHKE BBIHY>KJICHHBIX PUCKOB IS 3110POBbs HACEJICHUSI.

OcHOBHBIE ornpeaeJTeHuss 1 COOTHOINCHUA

1. Ilox nHTEHCUBHOCTRIO Zs [B1/M2] pamnodacrorHoro DM® B Touke Habmronenus (TH) monnma-
€TCs CKaJIIpHAsi CyMMa HEKOTOPOTO MHOXeCTBa /N 3HaYCHH TIOTHOCTH TIOTOKA MOIHOCTH Z, [BT/M2],
ne[l, N], P4 OMII, co3naBaeMbIX HCTOUHUKAMHU, PACTIONIOKEHHBIMU B 30HE X paguoBuanMoctu u3 TH:

2,-z, (M)

2. Uctounukamu PY DMII seistrorest crannoHapubie BC u moowmisabie [TY (UE — user’s equipment,
0JIb30BaTeIbckoe obopynoBanue) cucreM MC. Moaenb uX IpOCTPAaHCTBEHHOTO pa3MENIeHUs U30-
Opakena Ha puc. 1. B mpuBenennom Ha pucynke Bapuante I1Y mpencrapisior co0oit MOOMILHEIE
TenedOoHbI, pacioylaraeMbIe y TOJIOBHI YeJIOBEeKa, OTHAKO B kadecTBe [IY MoTyT paccMaTpuBarbcs Jro-
Oble mepudepuitHble YCTPONHCTBA, BHICOTA KOTOPBIX H{j; HaJ 36MHOM MOBEPXHOCTHIO MPUMEPHO CO-
OTBETCTBYET BbicoTe Hyp TH. PaccmarpuBarores cuieHapuu, korna BeIcOThl Hyg anteHH bC Han 3em-
HOW MOBEPXHOCTHIO CYHIECTBEHHO MPEBBILIAIOT BBHICOTHI pa3MelleHus Haj noBepxHocteio I1Y u TH:
Hyg>>h =~ Hyp~ Hyp. TH pacnionaraercst Ha BeicoTe 1-2 M Ha/l 36MHON TOBEPXHOCTHIO (B TIpeaenax
YEJIOBEYECKOTO POCTa), MPU COTOBOM CTPYKTYpE PagrOCeTH pamuyc R, 30HBI oocmyxuBanus bC
COOTBETCTBYET pazMepam caiTa.
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Puc. 1. Mozieni IpoCTpaHCTBEHHOTO pacnpeiesieHns Tepu(epUHBIX yCTPOMCTB 1 0A30BBIX CTAHILIUIH:
BC — 6a3oBas crannus; [TY — nepudepuiinoe ycrpoiictBo; TH — Touka HabmroneHus
Fig. 1. Model of spatial distribution of peripheral devices and base stations:
BS — base station; PD — peripheral device; OP — observation point

3. ITon cpenneli aneKTpoMarHUTHON Harpyskod Ha teppuropuio (OMHT) Bz [B1/M2], co3naBae-
Mot MHOKecTBOM bC MC, moHnMaeTcs cpemHsis TeppUTOPHATbHAS TUIOTHOCTh CYMMapHOH MOIITHOCTH
ux PYU OMII, nocturaromeit 3eMHOil moBepXxHOCTH [2, 3]. IlockoabKy IMaBHBIE JIEIECTKU AUarpamm
HaIpaBJlIeHHOCTU aHTeHH bC, Kak npaBuUii0, HAKJIOHEHBI BHU3 MOJT YIJIOM K TOPU30HTY, U OCHOBHAS YaCTh
m3nyyaemord MomHoctd bC mocturaer 3eMHON MOBEpXHOCTH, B kadectBe OMHT, cozmaBaeMoii MHO-
xecTBoM bBC, MOXeT OBITh MPUHATA CPEeNIHSAS CyMMapHas MOIIHOCTh n3ny4yeHuit bC (cymma 3HaueHuit
napametpa TRP bC, onpenenennoro B CEPT Report 67, 2018 (p. 17), npuxonsmasicst Ha 1 M2 Teppu-

Topun [4]:
K K
ZPek ZTRPk 1 278, T
Byyy == o P :gl {Pk(ﬁ,a)sin(ﬁ)dﬁda, B, <3 @)

rme K — uncino bC, pacmpeneneHHbIX paBHOMEPHO M0 Tiomaau S; P,, — 9acTh MOITHOCTH H3ITyde-
Hus k-t BC, m3imydaemas ee aHTEHHOM B TelecHOM yrite £ < 271, 0XBaThIBAIOIIEM TEPPUTOPHIO S, 3 BbI-
YEeTOM aHTEHHO-(UACPHBIX moTepb; Py(B, o) — MOIIHOCTh, U3Ty4aeMas anTeHHOH 3Toil BC B Hampas-
aenud (B, a); B,, — MaKCHUMaNbHBIA Yo B BEPTHUKAJIBLHON TUIOCKOCTH, COOTBETCTBYIOIIUI TOPH30HTY
(rpanuna 3061 00myueHus); TRP; — moiHasi MOITHOCTh n3ny4enus k-it BC.

4. Tlon cpemueit SMHT By [B1/M2], co3naBaemoli MHOXECTBOM Tepr(epHiHBIX YCTPOHCTB MO-
OMJIFHBIX CTAHIIMN, TOHUMAETCS CPEAHSISI TEPPUTOPHANTbHAS TFIOTHOCTh CyMMapHON MOIITHOCTH UX H3-
ny4dennid. [Ilpu paBHOMEpHOM CITy9aliHOM TEPPUTOPUATHHOM pacTpeesIiCHHH U HeHAIIPaBIEHHOCTH 13-
nyuennit [1Y Bsyr = pupPovr (Pyur — CPEIHSA TeppUTOpPHANIbHAS IIOTHOCT m3imy4datonmx [1Y, ITY/m?;
P,y — cpenusist MomHoCTh n3nmydenus I1Y) [3, 5].

5. Ilox TeppuTOpUaIbHOMN MJIOTHOCTHIO S, [OnT/C/M2] MOOMITEHOTO Tpadrka HHOOPMAITHOHHOTO 00-
CITy’)KUBaHUS TOHUMAETCsSl 00beM HUCXOJAIIEro Tpaduka 1mo paauokananam bC, npuxoasiuiics Ha eu-
HHUIY TUTOIIAIA TEPPUTOPHUH [6].

6. UatencuBaocts DM Zsz¢ [B1/M2], cozmaBaemast bC B Touke HaOMIOMEHUS BOIU3N 3€MHOM T10-
BEPXHOCTH, PACIIOJIOKEHHON CITy4YaiftHO 10 OTHOIIeHUIO K bC Ha HEKOTOPOI BBICOTE /1, COOTBETCTBYIO-
e} BBICOTE YEIOBEUECKOr0 POCTa, ONPEAEIAETCS COOTHOMEHUAMH [2, 4]:

B 4Jeh) B 6,6h A
Zsps =Zsps1 T Zspsy = 25 1n " ~ gas ln( 2 j, h ZZ; (3)

B 4h B
Zspsi = SBS ln(Tj; Zspsy = ZBS > “4)

e Zspg) — COCTaBISIIOIAs HHTEHCUBHOCTH DM®D, co3naBaemasi BC u3 GnmkHel 30HbI (OpeHKIIOUHT-
okpectHocTH [7]) TH, ans koTtopbIx ycnoBus pacupoctpanenus paguoBoid (PPB) 8 TH MoryT ObiTh
MIPUHATHI COOTBETCTBYIOLUIUMH CBOOOAHOMY MPOCTPAHCTBY, NMPH KOTOPBIX HarpsbkeHHOoCcTh PU DOMII,
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co3naBaemas bC B TH, oOparHO mpomopiinoHanbHa pacCTOSHHIO R MEXIy HUMH; Zspzs, — COCTABIIS-
fomas uHTeHcHBHOCTH DM, coszmaBaemas bC w3 manbHel 30HBI MM U3-3a MPEAETIOB OpenKIo-
nHT-0KpecTHOCTH TH, st KoTOpeIX XapakTepHo MHoronydesoe PPB B TH, npu xoTopoM HampsikeH-
HocTh PU DMII GazoBeix cranimii B TH o6parno nmponopunonansha R? [7].

7. NarencuBaOCTh DOMD, co3gaBaemas 11V [3-5]:

B 8neh?)| B 13,27h? A
Lo = +Z ~ LUE p ~ LUE |p| = , h> ; 5
svE = Zsue1 Y LsuE2 ) 2 5 2 N )
B 8nh’ B
Zsyp = %ln 7 s Zyygy =—TE. (6)

3Haku «~» B (3) u (5) oTpakaroT TO OOCTOATEITLCTBO, YTO MCIOIL30BaHHAS MPU WX BBEIBOIE MO-
nens PPB [7] aBnsercs MOIEIbIO «HAUXYALIETO Caydas», OTpa)kas JIMIIb OCHOBHBIE 3aKOHOMEPHOCTHU
mporieccoB PPB BOM3m nopcTriaroiei moBepxXHOCTH, H €€ TOYHOCTh IPU MPUMEHEHNH B KOHKPETHBIX
cutyanusx orpanuueHa. CooTHomeHue (5) MoyuyeHo B NPEANOIOKEHUH, YTO OJMKHSS 30HA 3JIEKTPO-
MarHuTHBIX u3nydenuit [1Y, B kotopoit monens PPB HeanekBartHa [7], onpeaensercs okpecTHOCThIO [TY
paauycoM A/2 (4TO COOTBETCTBYET M3BECTHOMY OrpaHWYeHUI0 2D2/A Ui MOJYBOJHOBOIO BUOpaTopa
mmHOU D = A/2), n monaganne TH B Hee uckirogaeTcs.

Ornenku (3) u (5) He ABIAIOTCS OLEHKAME CPEIHUX 3HAYCHUH B CTPOTO MaTEMaTHYECKOM CMEBICIIE,
XOTs OBl B CHITY TIECCHMUCTHYECKOTO XapakTepa monenu PPB [7] u HekoToporo mponsBosa B onpeserne-
HUM I'paHuLl OnrKHEH (peakTUBHOMN) U NaNbHEH 30H n3inydeHus npu BeiBose (5). [lostomy nanee onen-
k# (3) u (5) Oyznem nonarath yCJIOBHBIMH CPETHUMH 3HAYEHUSAMH, YTO HE YMEHBIIAET UX MPaKTUYECKOI
3HAYMMOCTH, MTOJITBEPXKIAEMOM UX YaCTUYHOU Bepudukanuei [§].

Otnomrenne cimaraeMbix OM® (3) u (5), Kak ¥ OTHOIIEHWE WX YaCTOTHO-3aBHUCHUMBIX KOMIIO-
HEHT Zspg U Zsyg, OYAET 3aBUCETH OT JJIMHBI BOJIHBI A, BBICOTHI TOUYKH HAOIIONEHUS HaJl 3€MHOMU TI0-
BEPXHOCTHIO /1, a Takxke oT cooTHomeHuss OMHT, cozmaBaemoii BC u ITY. KomnonenTst OM® nansHeit
30ubI 1 40151 BC, u st [1Y He 3aBUCAT OT 4acTOTHI ¥ ONPENEIISIOTCS TOJIBKO CO3/1aBaeMO UMH CpEeAHEH
OMHT B aT0# yacTu TeppuTopun, okpy-xaromieit TH.

Anamms (3), (5) TpeOyeT mpenBaputenbHbIX oneHok (rporuoza) OMHT Brzg u Bryp, co3naBae-
MOH Ha paccMaTpuBaeMoi Tepputopuu MHOKecTBOM BC m IIY. DTH oreHkr MOTyT OBITH BBITOJTHE-
Hbl KaK Ha OCHOBE aHAIM3a XapaKTePUCTHK WM3IIyYEeHUS M TeppUTOpHaibHOrOo pactpexnenerus bC
u 1Y (cm. . 3, 4), Tak ¥ Ha OCHOBE OIICHKH (IIPOTHO32) OOIIETPUHATON HHTETPAIBHON CHCTEMHOMN
XapaKTEPUCTHKH OECIPOBOJHOTO HHPOPMAIIOHHOTO 00CITY>KUBAHUS TEPPUTOPUHN — CPEIHEH TEpPHUTO-
pHaTBHOH MJIOTHOCTH S, MOOMIIBHOTO TpaguKa.

8. [Ipu paBHOMEpPHOM pacrpeie]IcHUU MepruepuiHbIX YCTPOWCTB — TojydaTeneid nHdopManuu
110 TEPPUTOPHUH, eclii Kakmoe [1Y mpuHUMaEeT MOTOK CO CKOPOCTBIO v [OHT/C], CpemHsst TeppUTOPHU-
aNbHAs TUIOTHOCTh MOOMIBHOTO Tpaduka S,. (mapamerp ATC (area traffic capacity) B [6]) o pssMbIM
kananaMm bC 3anumercs kak S,. = pyv, u cpenusas OMHT, cozgaBaemas bC, cocrasur [4, 9]

2 2
- 87 kTOmKNZKSLPSNIR(KCC +1) R} S, . CNIR = (zmsm _1)’ )
A’G, log, (1+ SNIR)

rae k —nocrosHaas boneimana, 1,38 - 10723 JIx/K; T — Temnepatypa okpysxkatomeit cpeasl, 7, =290 K;
7 — OTHOILICHHE TIOTCHIIUAIFHON U pealIbHON CIIEKTPalibHOM 2()(hEeKTUBHOCTH palioKaHaoB, m > 1 (ipu
ucnoiab3oBanuu TexHosgorun MIMO Bo3mokHo m < 1); Ky — k03 uiLiMeHT 1myMa paaruonprueMHUKa;
K¢— ko3 durmmeHT HeoOX0MUMOTO 3armaca B ypoBHe curHaa, mpuarnMaeMoro [1Y (ot 1-3 B mukocaiiTax
(xorcmorax) mo 10—100 B MakpocaiiTax) s peain3aluu CUCTEMOOOPasyoux (hyHKIHIA (XeHI0BEpa
u 1p.); Lp — HeoOxoammebIii 3anac (110 103—10%) Ha mpeoosieHue TOTIOTHUTENBHBIX 10 OTHOIIEHHUIO K CBO-
O6onHomy mpocTpaHcTBy noteps mpu PPB ot BC k [TV, cB3aHHBIX ¢ 3aTyXxaHUEM paJudoOBOIH MPH BXO-
Jie B 3[IaHMs, UX 3aMHPaHHUSIMHU B «KaHHOHAX» TOPOJCKOH 3aCTpOiKH U ApyruMu ¢axropamu [7, 11];
Ko — K0hOUIMEHT, XapaKTepU3yOIIHi Co3/[aBaeMoe MPEBBIIICHNE YPOBHEM BHYTPHCETEBOM MTOMEXU
YPOBHS TEIJIOBOTO IIyMa; R, — PaInyc 30HBI o0cTyxuBanus (caiira) bC; Sgi — criekrpanpHas 3pdek-
TUBHOCTH paanokaHanoB bC, out/c/I'm; G, — CUCTeMHBIH MapaMeTp HarpaplieHHOCTH u3inydeHus bC
K IIOBEPXHOCTHU, IPUMEPHO paBHBIN Kodhdunnenty HanpasienHoro aeictsus (KH/) anrennst bC [10].
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CootHomenue (7) NOIydeHo IpH YCIOBHH, YTO Ha BXoze paauonpuemuuka I1Y npucyrcrsyer cur-
HaJl MUHHMaJIbHO HEOOXOIMMOI0 YPOBHS, COOTBETCTBYIOIIEIO HEOOXOANMOMY 3HAUEHHIO 3aIUTHOTO
otrHoureHust SNIR («curnan/(mym + BHyTpHceTeBas momexa)»). Bemnunna K- B (7) onpexaensercs
KaueCTBOM YaCTOTHO-IPOCTPAHCTBEHHOTO TUIAHUPOBAHUS PAIMOCETH U MOXET MPUHUMATh 3HAYCHUS
B mMMpokux mpexaenax ot 0 (BHyTpucereBas momexa orcyrctByeT) 10 100-1000 (mpu HemocTaToOYHOM
pa3BuTHN UHPACTPYKTYpHI paanocereil MC, HU3KOM KaueCTBE UX YaCTOTHO-IIPOCTPAHCTBEHHOTO IIJ1a-
HUpOBaHUs, pu (yHKIHMOHNpoBaHMM MC C 3aBBIILICHHBIMH YPOBHSIMH II0JIE3HOTO CUTHANA, YTO IPHU
KJIACTEpHOW IpocTpaHCTBEHHON Tononorun MC Taxke SIBISETCS NMPUYMHON 3aBBIINIEHHBIX YPOBHEH
BHYTPHCETEBON MMOMEXH).

CooTHOLIEHHE 3JIEKTPOMATHUTHOM HATPY3KH HA TEPPUTOPHUIO U 3JIEKTPOMATHUTHOIO hoHa,
co31aBaeMbIX 0230BbIMU CTAHIMSAMM M NepudepuiiHbIMU ycTpoOlicTBaMHI

[Ipu onpenencuum cootnomenus cpeaaeir OMHT, cozmaBaemoit BC u ITY B 30HE 00CITyKHBaHHS
MC, HE0OXOIMMO YUHTBIBATH CIIEAYIOIIEE.

e Tpaccel PPB ot BC k I1Y u 06parHo coBnagarot, 1 cyMMbI K03 UIIMEHTOB ycuiaeHus: anTeHH bC
u I1Y Ha nmepenady u npueM Ha 3TUX PAAUOIMHUSAX MOKHO CUHTATh OOUHAKOBBIMH, HECMOTpS HA He-
KOTOpBIC pa3in4us B 4acTOTax nmpuema/mepeaadn. [loaToMmy nmorepu nepenadu Al TUX PaaHOIUHUH,
BKJIIOYAs! JOMOJIHUTENIbHBIC [TOTEPH 110 OTHOLICHHUIO K CBOOOIHOMY ITPOCTPAHCTBY, ONPEIEIIEMbIE MHO-
JKeCTBOM (pakTopoB [11], TakyKe MOTYT CIMTATHCS OMMHAKOBBIMHU.

e MakcuMasbHbIE CpeJHHE MOUIHOCTH H3iydeHus no panuokanany I1Y (21-24 nbwm) u BHew-
HuX bC (41-49 nbm) oTnruatorcs Ha 1Ba mopska u oomnee [ 12]. DTo cBsi3aHO ¢ HEOOXOIUMOCTHIO 00ec-
[IEYCHHS PaZMOBUIMMOCTH 0a30BOM CTAHIMM 3a IPEAEIaMU €€ 30HbI 00CIYKUBAaHUs AJIS peaau3alun
XEHJI0BEpa C HECKOJIBKO Xy/IIel 4yBCTBUTENbHOCTBIO paanonpuema I1Y no cpaBrenuio ¢ bC, a Takxke
C HEOOXOOMMOCTBIO o0ecrieueHus Oosiee BEICOKOH ckopocTH nepenaun aaHubx oT bC k I1Y no cpas-
HEHUIO ¢ 0OpaTrHbIM HampaBieHueM. dDakTHyeckoe OTHOIIEHUE CPEAHMX MoIHOCTeH m3mydeHus: bC
u [1Y MoxeT OBbITh elie OOMBIINM MIPU CYIIECTBEHHON aCHMMETPHH 00BEeMOB TpaduKa Mo HUCXOIAIIUM
1 BOCXOASALIMM KaHajlaM CBSI3H U C Y4€TOM HaJIMYMS PEryIMPOBKH MOIIHOCTH U3iydeHus [1Y B HekoTo-
PBIX peKMMax B IIMPOKUX Mpeaenax. Ecnm ygecTs To 06CTOATENbCTBO, UTO CPEAHSS MOITHOCTD M3ITyde-
nust BC mo otnensHOMY pajnokaHaily MOXKET pacXooBaThes Ha 00eCTIeueHUE CBI3H ¢ HeCKObKIMU [1Y
(nanpumep, B oqHoM paanokanaie bC GSM npoucxonut nepeaaya JaHHBIX ¢ BPEMEHHBIM Pa3ieiIeHUEM
Jutst BockMu [1Y, To MOIIIHOCT Mepeiavyn oTHOro OuTa nHGOPMAIH «BHU3» Ha TIOPSIOK 1 OoJiee BBIIIE,
4yeM npu nepenade «Bepx» (Kg > 10)). B 1o xe Bpemst ans nuko-bC B nomemenusx (Indoor Hotspot
B [12]), rne xennosep He TpeOyercs, oTanuue MoutHocTer n3nyuenuid bC u [1Y He npessimaer 3 ab.

ITY moryT rpynnupoBarbcsi, B MecTax KoHUeHTpauu [1Y ux teppuropuaibHas miIOTHOCTh MOXKET
MIpeBBINIATE cpeIHUil ypoBeHb Ha BelnmnuuHy K = 10—100. OTHOmenne K, NHTEHCUBHOCTH HUCXOJISIIIE-
r'0 M BOCXOJSIIETO TPa(UKOB, XapakTepU3yIolLee UX aCUMMETPHIO, IPUHUMACT pa3Hble 3HAYCHUS, PaB-
HBIE eAUHHUIIC 11T MOOMIBHOU Tenedonnn u gocturarontue 10—100 mist mobunmsHOTO MHTEpHETA [13].
B pesynwrare cpeqnsst OMHT, coznaBaemast uznyuenusmu [1Y B okpectHocTH Hekotopoit TH y 3emuoi
MTOBEPXHOCTH, OyAET ONPEACIATHCS COOTHOIIEHHEM

- BrpsKg

~ ) 8
TUE KK, (3)

Takum 00pa3oM, HHTEHCHBHOCTH COBOKynmHoro OM®, obpazyemoro manyuenusmMu u bC, n 1Y
B HEKOTOPOH paccMarpuBaeMoil momoce yactoT MC, ompeaenuTess COOTHOIICHHEM

Brs | 4en \ BusKe | 8n/eh’
A 2K K, %

Ly =Zsps+Zsyp =

)

CootHorieHue (8) cripaBeayIBO IS TPAIUIIMOHHON KIIaCTepHOH CTPYKTYpHI ceTeir MC ¢ HCImonb30-
BaHHEM OOBIYHBIX aHTeHH bC co cTaTndecKMMU CEKTOPHBIMH AMarpaMMaMH HAalPaBJIEHHOCTH, IIPH KO-
TOPBIX JIOKAJIbHOE YBEIWYEHHUE TepPUTOpUaIbHOM mioTHocTH [1Y u Bocxosiero Tpadyka He IPUBOIUT
K 3aMETHOMY HM3MEHEHHIO MPOCTPAHCTBEHHON CTPYKTYypsl DM (5), coznaBaemoro m3mydenusmu bC.
Wnoe nmeer mecto B cersix MC, ucrnonp3ytomux B bC akTuBHbIE (a3upoBaHHbIC aHTCHHBIC PEIICT-
ki (ADAP) ¢ nMHaMHYECKMM aJanTHBHBIM (POPMHUPOBAHUEM Y3KHX JIy4ed B HamlpaBiIeHHH Ha KaXIoe
obcmyxusaemoe I1Y (ADPAP Massive MIMO, pexxum Beamforming). B 3Tux ceTsix TepputopuaibHas
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koHIeHTpanys [1Y compoBokaaeTcsi COOTBETCTBYIOMINM aIallTUBHBIM pocToM ypoBHS ATC u HHTEHCHB-
HocTtu DM (5), coznaBaemoro uzimyueHussMy 3THX BC, 9TO MOJKET paccMaTpUBAThCs KaK SKBUBATICHTHOE
JIOKAJIBHOE YBEIIMYCHHUE TEPPUTOPHATIBLHON IoTHOCTH OecrpoBoaHoro tpaduka u bC (K;—1) u nenaer
BKJIaJ (6) m3nmyueHuii [1Y B MecTtax uX KOHIIEHTpPAIMK B CyMMapHbIid ypoBeHb DM@ He3HAUUTENILHBIM.

9. INockonbKy aiis peanusaiuu cucteM u yeiryr 4G/5G BblieneHO MHOKXECTBO J (HECKOJIBKO JIECST-
KOB) TIOJIOC YaCTOT B JHMAITa30HAX YIBTPABBICOKUX, CBEPXBBICOKHX M KpallHe BBICOKHX YaCTOT, TTOJTHAS
uHTeHCUBHOCTh OM® PY Z;,, co3znaBaemas cucreMamu MC, oiKHA ONpPENeisThCsl CyMMUPOBaHU-
eM sz KaXXIOH U3 HUX

J

Zsy =Y Zs. (10)

J=1

Brutaj kax101 OJI0CHI 4aCTOT Oy/IET CBSI3aH C COOTBETCTRYIOIIMMHY BKiagamu DMHT By v Bryg;
B cymmapuyto OMHT (7), (8), cozmaBaemyto Bcemu BC u I1Y Ha paccmarpuBaeMoil TEppUTOPHUU,
1 ONIPENENATHCSA COOTBETCTBYIOIIMMH ITOM TI0JI0CE YAaCTOT 3HAYEHUSAMH MAPAMETPOB Ay, Spy Rinaxjs M5
SNIRj (mp SERj), KGj5 KSj, LPja KCCja GOj'

PacueTHble JaHHbIEe U UX 00CY:K/IEHUE

I'paduaeckne 3aBUCHMOCTH Ha puUC. 2, 3 MO3BOJIIOT OLEHUTH CTENEHb PEAMCTHYHOCTH OICHOK,
MOJYYaeMBbIX C HCIOJIb30BAHUEM MPUBEACHHBIX BBIIIE COOTHOIICHUH, HA OCHOBAaHMH PACUETHBIX OLle-
HOK ypoBHelt DM@, coznaBaemoro neiictyrommmu cuctemamu MC GSM-1800 (2G).

1 1

Ruax = 1200 M
Runax = 2000 M
107! 107!
Runax = 1200 M -
%y Rupax = 2000 M o /
?‘ = —_—
m 1072 1072
1)
107 1073
Runax=200 M Runax=200 M
. Ruax =500 M . Ruax=500 M

-4 -4
10% 1 1 10 Ko 10701 1 10 Ko

Puc. 2. 3aBHCHMOCTH YPOBHS 3JIEKTPOMArHUTHOTO
(oHa, co31aBaEMOT0 M3ITYyUIECHUSIMHU TTepUpEpUIHHBIX
ycrpoiictB GSM-1800, oT cTeneHu ux rpynnupoBaHus
B OKPECTHOCTH TOYKU HAOIIOICHHS
Fig. 2. Dependences of the level of electromagnetic

Puc. 3. 3aBucumMocTy CyMMapHOTO ypOBHS
3JIEKTPOMArHUTHOTO (hOHA, CO31aBAEMOr0
U3ITyYCHUSAMH epUPEPUIAHBIX YCTPOHCTB U 6a30BBIX
cranuuit GSM-1800, ot creneHu ux rpynnupoBaHUs
Fig. 3. Dependences of the total level of the

background generated by the emissions
of GSM-1800 peripheral devices on the degree
of their grouping in the vicinity of observation point

electromagnetic background created by the radiation
of peripheral devices and GSM-1800 base stations
on the degree of their grouping

Ha puc. 2 mpuBeneHs! pacyeTHbIC 3aBUCUMOCTH (5) YCIOBHOTO CPEIHErO ypOBHSA (Janee — ypoB-
H) DM, co3maBaeMoro M3IydeHUIMHA MOOWIBHBIX TenedornoB GSM-1800 (A = 0,17 M), oT creneHu
UX IpyNnmnupoBaHus B okpecTHOcTH TH mpu pasnuuHbIX pazMepax calTOB COTOBOM paguOCETH, COOT-
BETCTBYIOIUX TOPOJICKMM MHUKPOCAMTaM B MECTaX C BRICOKOW IJIOTHOCTHIO HaceneHus (R, = 200 M),
MHUKpOCAlTaM CpEeIHEITAKHOH TOpPOACKOW 3acTpoku (R, = 500 M), mpUropomHbIM Makpocai-
TaM (R,,x = 1200 M) u MakpocaiiTam cenbckoil MecTHOCTU (R, = 2000 m). ['opuszonTanpHas nu-
aust 0,1 Br/m2 (10 MxBT/cM2) Ha pric. 2—5 COOTBETCTBYET MPEACTIbHO IoMycTUMOMy ypoBHI0 PU OMII,
MIPUHATOMY BO MHOTHX CTpaHaX B Ka9Y€CTBE THTHEHWMYECKOTO HOPMaTHBAa. PacueTs! BHITTOTHEHBI TP TH-
TTOBBIX 3HAYCHUX ITapaMETPOB, BXOASINX B cooTHomeHus (7), (8): K¢=10, Lp,=104, SNIR=100 (20 nb),
Ko-=10, S, =100 out/c/m2, Gy =50 (17 nb), m =2,42 [9], K;= 1.

[Ipu oueHKe cTerneHN aJeKBaTHOCTH MPEJCTABICHHBIX HA PUC. 2 JaHHBIX CJEOyeT UMETh B BUALY,
yt0o ATC, coznaBaemas cucremamu GSM-1800, otHOocuTenbHO Masa. Tak, Mpu TeppUTOPHUATILHOMN MIIOT-
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voctH I1Y 104 ITY/km2, ynenbHO# nHTeHCHBHOCTH Tpaduka 0,05-0,08 Dpn (otHOCHTeNnBbHOE Yrcio [1Y
B aKTUBHOM PEXXHME) ¥ CKOPOCTH iepe/iauu JanHbIX B kKanaie GSM 215 6ut/c ATC oka3biBaeTcs paBHON
Bcero S, = 16-26 6ut/c/m2.

Yposau ATC, co3maBaemblie cuctemMamu GSM B MecTax ¢ BBICOKOW IUTOTHOCTBIO HACEJICHHUS,
He mpesblmatoT 102 6ut/c/mM2 U mMoryt npubmmKareess K 103 6ut/c/M?2 TOJIBKO B MECTax MacCOBOTO
CKoTIeHUs Tojib3oBaTeneid MC (Om3Hec- M TOPTOBBIE IEHTPHI, CTAAWOHEI U T. 1.). [lpn yxymmeHuu
KaueCcTBa YaCTOTHO-TEPPUTOPUAIBHOTO IUTaHUpOBaHus cetr (yBenuueHnu K- 1o 30-50 u Gosnee, uto
B ceTsix GSM He peaKoCcTh) 3aBUCUMOCTH Ha PUC. 2 COOTBETCTBEHHO IEPEMEIIAIOTCs BBEPX B o0Jac-
T4 S, < 102 6ut/c/mM2, ocTaBasch HECKOIBKO HIKe ypoBHs 0,1 BT/M2, uTo B 11e]IOM coriacyeTcsi ¢ JaHHbI-
MU 00 ypoBHSIX OM® B pa3inuyHbIX CTpaHax B IepHObl peobnaganus texnonoruit 2G MC [8].

Ha puc. 3 nns Tex ke MCXOMHBIX JTAHHBIX IMPHUBEJIEHBI PACUETHBIE 3aBHUCUMOCTH (9) MHTEHCHUB-
HocTi DM®, co3maBaemoro u bC, u I[TY GSM-1800, ot xoadumuenta rpynmuposanus [1Y. Mx ananm3
CBHUJIETEIILCTBYET O TOM, YTO JIOKaJbHOE rpynnuposanue I1Y MoxkeT ObITh NPUYMHON CYLIECTBEHHOTO
yBeIMueHus nHTeHCuBHOCTH DOM®, coznaBaemoro cuctemamMu MC, BIUIOTh 4O ONMACHOTO YPOBHS, YTO
comtacyeTcst ¢ pesyinsratamu [1] u sBisieTcsl CylecTBeHHBIM (DaKTOPOM, BIMSIOIIMM Ha YPOBEHb BBI-
HYKJICHHBIX PHCKOB JUISl 30POBbSl HACENEHHUs (UTO B HACTOSIIEE BPEMSI CYIIECTBYIOIIMMHI CHCTEMaMHU
3alIUThI HACETICHHUS HE YUUTHIBACTCS).

Ha puc. 4 mpuBenensl pacdeTHble 3aBUCHMOCTH (9) ypoBHS DM@, co3maBaeMoro H3IydeHHS-
mu 1Y u BC nuxocaiitoB 5G co cnabonanpasinenasiMu anTeHHaMu bC (G, = 5 nbu, R, =20 m [14])
npu S,. = 107 6ut/c/M2, ot ctenenu rpynnupoBanus [1Y B okpectHoctrn TH npu paznnunbix pabounx
yactoTax B nuanazonax FR1 u FR2. Yacrotel 2,4 u 5,25 I'T'y auanasona FR1 mupoko ucnoias3yroTes
B nieiicTBytonmx ceTax Wi-Fi, wactorsr 24,25 n 52,6 I'T'1 cOOTBETCTBYIOT BEpXHEH W HUKHEH I'paHHULIAM
muana3zoHa FR2, a gacrtora 70 I'Tm pexomenmoBana [14]. PacdeTsl BEIIOTHEHBI MIPU TUIIOBBIX 3HAUE-
HHSX TTapaMeTpoB, BXomsmux B cootHomrenus (7)—(9): K¢= 10, L, =10, K;= 10, SNIR = 100 (20 nb),
Kee=10, m = 1. Jluausg 10 Br/m?2 (1000 MxBT/cM?2) Ha puc. 4, 5 COOTBETCTBYET KOPIIOPATHBHBIM PEKO-
meHaanusm ICNIRP, yunteiBaromum b TeruioBoe Boszeiicreue PY OMII Ha OnoTkaHu.

10°
70 I'Th

10

52,6 ITu

24251Tu

Zs, Brim®

107!
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1072

241Tn

1073

1 10 Kq

Puc. 4. 3aBHCHMOCTH YPOBHS SJIEKTPOMArHUTHOTO (hOHA, CO3AaBAEMOT0 H3ITYUCHUSMU NeprdepHiHBIX
YCTPOMCTB 1 6a30BBIX CTAaHIMK MUKOCAHTOB 5G (R, = 20 M) co craboHanpaBiIeHHBIMA aHTEHHAMHA
0a30BBIX CTAHLUI, OT CTENICHN UX TPyNIHPOBAHUS
Fig. 4. Dependences of the level of electromagnetic background generated by the radiation
of peripheral devices and base stations of 5G picosites (R, = 20 m)
with weakly directional base station antennas on the degree of their grouping

AHanu3 KpHUBBIX Ha pUC. 4 CBUACTEIHCTBYET O TOM, YTO MPOCTPAHCTBEHHOE rpynmnupoBanue [1V,
(HDYHKITMOHUPYIONTUX B PEXKUME TTepeaadn JAaHHBIX B YCIOBUSAX BBICOKOH IUTIOTHOCTH MOOHIHHOTO Tpa-
(uka, MOXKeT OBbITh MPUYMHOW OTHOCUTEIILHO HEOOJIBIIOrO YBEIUYCHUSI CYMMAapHONH WHTCHCHBHOCTH
OM®O Ha 1-3 b, 4TO 00BSACHSETCS CYNIECTBEHHON aCHMMETPUEH HUCXOISIIET0 U BOCXOIAIIETO Tpadu-
koB. [Ipu ATOM HCITONIB30BaHKE B XOTCIIOTaX pabounmx vacToT nquana3zoHa FR1 obecneunBaer nx (QyHK-
LIMOHUPOBaHNUE, 0€30IaCHOE JIJIs HaceseHus. Vcnob30BaHue ke B 3TUX crieHapusax SG padouux 4acToT
MUJUTMMETPOBOTO JTHATa30HA B COYETAHUHU CO CITa0OHAIPaBIeHHBIMU aHTeHHaMu bC XOTh U sBIsieTCS
MIPUEMJIEMBIM C KOPITOPATUBHOMN TOYKH 3PCHHSI, OTHAKO MPEICTABIISIET OMACHOCTD [ HACCCHHUS B CHUITY
Toro, 4to 1pu S, = 107 6ur/c/m2, neknapupyemom aist SG, cieayeT 0KUAATh MPEBBIICHHS TPEIETEHO
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norryctuMoro ypoBHst 10 MkBT/cmM2 Hag ypoBHeM cozfaBaemoro DM@ Ha omuH-1Ba nopsiaka. 13 (7)
CIIEIyeT, YTO 0E30MacHOCTh XOTCIOTOB C IJIOTHOCTBIO OecmpoBopHoro Tpaduka Gomee 10° Out/c/m?
B auanazoHe FR2 moxeT ObITh 0OecriedeHa ToabKo 3a cdeT MHOroieMeHTHBIX ADAP nuko-bC ¢ nuna-
MHUYECKUM (POPMHUPOBAHUEM Y3KHUX JIyUeH /ISl K&KAOTO MOJIh30BATEIS.

Ha puc. 5 mpuBenens! pacueTHble 3aBUCUMOCTH (9) ypoBHI DM®, coznaBaemoro namyueHusmu [1Y
n bC mukocaiitoB 5G (R, = 20 M) ¢ ADAP MIIITIMETPOBOTO THAana3oHa, OT MJIOTHOCTH OECIPOBO-
JHOTO TpaduKa Mpu paboYMX 4acTOTaX, COOTBETCTBYIOIIMX HIDKHEH M BEpXHEW TpaHMIIaM TUaraso-
Ha FR2, u aByx 3nauenusx KH/| ADAP — G, = 25 (14 nbu) u G, = 500 (27 nbu). Pacuers! BhimoHe-
uel ipu K = 1 (pexxum Beamforming), Ky = 100 1 THNOBBIX 3HAUYCHHUSAX TAPaAMETPOB B COOTHOILICHH-
six (7)—(9), cOOTBETCTBYIOMUX pUC. 4.

10°
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2425TTn, Go = 14 1B
| 52,6 I'Tm, Go = 14 1B RS

2
Zs, Br/m
S
‘\

107! L -

1072 e et
5261, Go=27 1B

- 2425TTn, Go =27 1B
|

10-3 4 - 5 < 6 7 2
10 10 10 107 8,5, Gur/c/m

Puc. 5. 3aBUCUMOCTH YPOBHS DJIEKTPOMATHUTHOTO (DOHA, CO31aBAEMOr0 U3ITyUSHUIMHE TIepr(epUuitHbIX
YCTPOUCTB M 0A30BBIX CTAHIMI MUKOCANTOB 5G ¢ aKTUBHBIMH (ha3upOBAHHBIMHI AHTCHHBIMH PEIICTKAMH,
OT TUIOTHOCTH OecrpoBOHOTO Tpaduka B nuanazoHe FR2 npu pasnudHbix kodQpuiimenTax
HAIPaBJICHHOTO JCHCTBHUS aKTUBHBIX (DA3MPOBAHHBIX AHTEHHBIX PEIIETOK
Fig. 5. Dependences of the level of electromagnetic background generated by the radiation of peripheral devices
and base stations of 5G picosites with active phased antenna arrays on the density
of wireless traffic in the FR2 range at different directivity coefficients of active phased array antennas

AHanu3 puc. 5 MO3BOJIFET CAeNaTh BBIBOJ, 4TO B XoTcnorax MC, peanusyemMbIX B COOTBETCTBUU
co cueHapusimu [14], rocTmxeHne TeppUTOPHATIBHON TNIOTHOCTH MOOMIBHOTO Tpaduka 107 6ut/c/m2,
JexmapupyeMoin s cucteM SG, mpu 0€30MacCHBIX 71 HACEICHUS CPeIHUX YPOBHAX DMD BO3ZMOKHO
Ha pabounx 9acToTax, COOTBETCTBYIOIINX HIDKHEH rpanuie nuamasona FR2, mpu KH/I myueit ADGAP
24-27 nbwu, 9To MOXeT OBITH obecmedueHo nmpumeHeHneM bC ¢ maoroanemMeHTHEIMU ADAP ¢ nuHamu-
YECKUM aJIalITUBHBIM ()OPMHUPOBAHUEM y3KHX JIy4ell B HAllPaBICHUH Ha KaXIyr0 oOcmyx)uBaemyto [TV,
a Oe3omacHas peanu3anysi 3TUX CLEHAPHEB HA 4aCTOTaX, COOTBETCTBYIOLIMX BEepXHEH IpaHuUIe auara-
3oHa FR2, mpob6nemaruyna B crty HeoOxoaumocT odecrieuenus KH] myueit AGAP >30 nbwu.

3akJ/ouenue

1. CootHomienus (5)—(10) ocHOBaHBI Ha MCIIOJIB30BAaHUH YIIPOIICHHON MOJICIIA CUCTEMbI MOOMIIb-
HOW CBSI3U, MJCATU3UPOBAHHBIX MOJICJICH M3IyUeHHS W MPOCTPAHCTBEHHOTO pa3MeleHus 0a30BbIX
CTaHIMH 1 W3TyYaroMnX NepruepuiiHbIX yCTPONUCTB, a TaKKe Ha AIMITMPUUECKON MOJIEIH pacpocTpa-
HEHUS PaJIMOBOJIH HaUXYyAIIETO CITydasi, OTPaKAIOIINX JIUIIIh OCHOBHBIE 3aKOHOMEpPHOCTH (hopMupoBa-
HUS PaliOYaCTOTHBIX AIIEKTPOMATHUTHBIX TOJIEH B MPHCYTCTBHH MHOXKECTBA IMPOCTPAHCTBEHHO pac-
MpeAeTICHHBIX HCTOYHUKOB 3JIEKTPOMArHUTHBIX U3IydYeHHH. TeM He MeHee IMoJTydyaeMble C MX TOMOIBIO
OLICHKH OJIM3KU K PeanbHOCTH, YTO MOATBEPKIACTCS 3aBUCUMOCTSIMH Ha pHc. 2, 3.

2. B mecTax CKOIUICHHUS IOJIb30BaTeNeii MOOMIILHON CBSI3M COCTAaBIISIONIAs AJIEKTPOMATHUTHOTO
(hona, obpazyemast MITyICHUSIMH UX a00OHEHTCKUX TEPMUHAIOB MOOUIHLHOW TeIe(OHHON CBSI3U M WH-
TEpHETa, MOXKET OKa3aTbCs MpeoONaaroiiei, MHOTOKPATHO TPEBBIIasi HHTEHCHBHOCTH DJIIEKTpOMar-
HUTHOTO (DOHA, CO37ABAEMOTO M3IYYCHHUSIMHU OA30BBIX CTAHIMWA M OMpeNesis (paKkTHUeCKUH YpOBEHBb
BBIHY>KICHHBIX PHCKOB JUIS 3JJ0POBBSI HACEICHUS, YTO, T0-BUANMOMY, TPEOyeT y4yeTa B CHCTEME UX I'H-
THEHUYECKOTO HOPMHUPOBAHMSL.
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3. Peanmmzanms cuenapueB 5G [12, 14] B MecTax JOKaJIbHOTO CKOTIIICHHS TIOJIh30BATENEeH MOOWITB-
Holi cBs3u (cueHapuu Indoor Hotspot) ¢ ncnonb3oBanremM 0ecripoBOJHBIX TEXHOJIOTHIA MUIITUMETPOBO-
ro Juana3oHa u ciaboHanpaBieHHbIX aHTeHH (G = 5 a1bu) ¢ ynoBneTBOpeHHEM IEHCTBYIOIINX THIH-
€HMYECKHUX OrpaHNuYeHUIl HEBO3MO)KHA, M TIOSTOMY HE MMEET BUIAMMBIX MPEUMYIIECTB 110 CPABHEHUIO
C UCIIOJIL30BAHKUEM TTOJIOC YacToT auana3zona FR1. besonacHas peanu3amus 3THX ClieHApHUEeB B JUAIa3o-
He FR2 Bo3MOYKHA JTUTITH TTPU MCIIOIB30BAHUN 0A30BBIX CTAHITUN C MHOTORJIEMEHTHBIMU aKTUBHBIMHA (ha-
3WUPOBaHHBIMHU aHTEHHBIMU pereTkamu Massive MIMO B pexume Beamforming, a Takxke mpu cokparie-
HuH 10 20 M pa3MepoB 30HbI OOCITYKHBAaHUS 3TUX 0a30BBIX CTAaHIMK (TOYEK JOCTYNa) B COOTBETCTBUU
c [14], orpannuenun ypoBHeit ATC npu ucrnonb30BaHUM BepXHel yacTu auanasoHa FR2 u peanuszanuu
Mep CHCTEMHOTO XapakTepa, 00eCeunBaloInX yMEHbIICHHE YPOBHEH COKaHAIBLHBIX TTOMEX.
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frequency response is considered. Utilizing the electronic simulator software, the filter parameters were modeled
in the frequency range from 10 kHz to 1 GHz. Based on the simulation results, recommendations were given
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AnHoTtanust. [TapamMeTpsl TOTOBOTO 3IEKTPOHHOTO U3/IEJINSI MOTYT HE COOTBETCTBOBATH PACUECTHBIM, YTO 00YCIIOB-
JICHO, HAIPUMEP, HEYYTCHHBIMH TTapa3uTHBIMU CBsI3sIMH. [10 3TOM puYnHE MpH KOHCTPYUPOBAHUH TTOMEXOIIOIaB-
JsFoIMX GUIBTPOB (P HEeKTUBHOCT (QUIBTPALMHA MOXKET OBITH 3aHI)KEHA 110 CPaBHEHMIO ¢ oxkunaeMoi. [Tpose-
JICHO MOZICIIMPOBAHUE U3MEHEHHNS aMIUTUTYIHO-9aCTOTHON XapaKTEepUCTUKHU (pritbTpa, 00yCIOBICHHOE BINSHHEM
Mapa3UTHBIX TTAPaMETPOB KOMIIOHEHTOB M 3JIEMEHTOB MEXaHWYECKOTO Kpereka, B quana3oHe yactor ot 10 kI
70 1 I'T'. TIpensyioxkeHsl peKOMEHAAMHN 110 MOAM(UKAIINH JIEMEHTOB MEXaHNIECKOTO KPETICHNS U ONITUMHU3aInN
rapamMeTpoB Jpocceneil HU3KOi 9acTOThI.

KarwueBbie cjioBa: TMOMEXOTOAABIISIOIIMN (1)I/IJ'II>Tp, NapasuTHLIC MMapaMETpPbl, aMIINIMTYAHO-4YAaCTOTHAA XapaKTEe-
PUCTHKA, MOACIUPOBAHUEC.
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Introduction

A noise-reduction filter is required for pulsed power supplies to protect the supply lines of the pri-
mary and secondary circuits from high-frequency interference generated by a pulsed transformer. This
filter must protect against both in-phase and antiphase interference at the same time. In-phase interfe-
rence is formed between the supply line and the common wire of the circuit, and antiphase interference
is formed between two wires of the circuit. The parameters of the developed and manufactured device
often do not meet the expected ones, what is caused by the spread of the parameters of the electric com-
ponents or their parasitic parameters, as well as due to the presence of its own capacitance and the in-
ductance of the PCB assembly.

The relevance of the problem is directly related to the real tasks that engineering and technical
workers of commercial enterprises have to solve. The authors were interested in the task to find out
the reasons for the underestimated attenuation coefficient of the broadband noise-reduction filter, which
for many years has been successfully tested according to the methodology approved in the technical
specifications for the product. However, studies of filters using modern hybrid techniques have revealed
a discrepancy between parameters (frequency response and attenuation coefficient, for example) of real
manufactured device and parameters declared in technical specifications. Determining the cause of this
discrepancy is not an easy task, which includes an in-depth analysis of the product design and the use
of indirect evaluation methods.

Simulation software and technique

In order to find out the reasons for the discrepancy between real and required filter parameters,
we combined laboratory tests, real component measurements and computer modeling for a qualitative
analysis of the interaction of components. The open source QUCS software [ 1] was chosen for modeling
purposes due to verbatim results [2], convenient filter modeling [3], and possibility to measure the S-pa-
rameters of a quadripole, which is useful for designing high-frequency circuits. The only disadvantage
is the impossibility to simulate the electrical circuits in real-time mode.

The scheme of the initial filter is shown in Fig. 1, it is a U-shaped filter that protects against sym-
metrical and asymmetric interference. Elements of £ are ceramic noise-reduction filters of B14 type,
designed to filter high-frequency interference. The attenuation coefficient within the operating range
must be at least 60 dB for specific frequencies of 0.05, 0.1, 10, 30, 100 and 400 MHz.

T T T 3
~220VGI I ) _I_I I IOut
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Fig. 1. Electrical diagram of the noise-suppressing filter

First of all, we will model a filter with ideal parameters in order to have a reference frequency res-
ponse for a reference. Since two filter channels are identical, it is enough to model only one channel
to evaluate the parameters. The parameters of the capacitors are known, and the inductance parameters
are determined experimentally, their measurement will be explained below.

The filter model is shown in Fig. 2, 3 — its frequency response. Neither the parasitic parameters
of the components nor the influence of the elements on each other are considered here. It should be noted
(and this will be true for almost the entire article) that the modeled frequency response makes it clear
to represent the behavior of a quadripole at different frequencies only, but does not quantify its attenua-
tion: the data is incorrect.
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Fig. 3. Frequency response of the ideal filter

Binding to the obtained values of the attenuation coefficient is possible only at relatively low fre-
quencies, where the nonlinear parameters of the components are not affected yet and they can be consi-
dered relatively ideal. Practically, these are frequencies up to 50-100 kHz.

The filter pole lies between 10 and 20 kHz, the spike at a frequency of 3 MHz is due to the resonance
of the middle element. For further analysis, it is necessary to supplement the model with parasitic pa-
rameters that exist in any real component.

System model

A. Real components parameters

Depending on the type of capacitor, its characteristics and frequency range, a real capacitor can
be represented by various equivalent circuits. In the most general form, the circuit of a real capacitor
is shown in Fig. 4 (on the top).

Ic € Rg
Rp
Ra L

S

Fig. 4. Replacement circuits of the capacitor (top) and the inductor (bottom): L is the inductance
of the terminals and plates of the capacitor; R, is the active resistance of the dielectric;
Ry is the equivalent series resistance; R, is the active resistance of the terminals and plates of the capacitor

The measurement of intrinsic inductance presents certain difficulties, since it strongly depends
on the length of the terminals, their relative position and orientation relative to the device and its termi-
nal devices. It is enough to slightly change the location of the wires or the orientation of the capacitor
terminals during measurement, as it is possible to obtain a new inductance value that differs several
times from the previously measured one [4].

The value of the dielectric resistance R, is rarely used for practical tasks, since it is a sufficiently
large value, which is inconvenient to operate. The measure of energy loss in a dielectric is much more
widely used, to do this, a special variable was introduced: the tangent of the dielectric loss angle (tan d).
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The measure of energy loss in a dielectric is much more widely used — the tangent of the dielectric loss
angle tand. Then we can write an expression for the active power dissipated by the dielectric

P,=U’X_tand, (1)

where U is the voltage applied to the capacitor; X is the reactance of the capacitor at a given frequency.
The dielectric loss tangent itself for a given substitution circuit is defined as

tand = (R,0C) ", )

where R is the dielectric resistance; o is the cyclic frequency; C is a capacitance of the capacitor [4].

B. Measurement of parasitic parameters of components

Not all parasitic parameters can be measured directly. These parameters include the equivalent series
resistance of the capacitor Rg and the capacitance of the coil C;. The equivalent series resistance of the
capacitor is usually fractions of ohms for capacitors with high capacitance and low voltage, and can
reach two or more ohms for elements with low capacitance and high voltage.

For the combined capacitors K75-10 used in the noise-reduction filter under study, the equivalent
series resistance will consist of the active resistance of the plate R, and the active resistance of the ter-
minals R,

Ry =R, +R;. 3)

The equivalent series resistance is measured by applying a square wave with a frequency
of about 50 kHz and the amplitude equal to several dozens of volts to the tested capacitor, which is con-
nected in series with a low-resistance resistor. The AC voltage that occurs in this resistor is measured
and displayed on the indicator.

Measuring the parasitic capacitance of inductors is a more non-trivial task. Depending on the fre-
quency at which the coil operates, different measurement methods have to be used. One of the ways
to determine the parasitic capacitance is to determine the O-factor (Q) of the oscillatory circuit formed
by the inductance and its parasitic capacitance. As is known, the Q-factor of the circuit is a measure
of the ideality of the oscillatory circuit, showing how many times the impedance of the oscillatory circuit
changes at the resonant frequency compared to the low-frequency value. For an ideal parallel oscillatory
circuit at a resonant frequency, the impedance tends to infinity, for a real one, it will increase by Q times.
The O-factor for a parallel resonant circuit is generally defined as

0=RJC/L. )

It’s necessary to emphasize that calculating of the O-factor of a particular contour is a task de-
pending on various parameters [5—10]. In practice, it’s possible to measure the O-factor using a special
device, so-called Q-factor meter. For this study, the £4-11 model was used. It operates in the frequency
range of 30300 MHz and measures Q-values from 10 to 1000. Its convenience is the direct reading
of the values on the scale of the measuring head. Furthermore, this device makes it possible to measure
the inductance of the coils and (what is important) the parasitic capacitance of inductors. Note that for
a minimum measurement error, the coil terminals must be connected directly to the meter terminals,
without any intermediate wires.

The authors made a sample from a batch of B14 filters in the amount of 36 items and measured their
parameters. The average values were as follows: parasitic capacitance — 1.67 pF, filter inductance —
17 nH. The obtained values will be used in the future for modeling. It was not possible to measure
the parasitic capacitance of other filter coils using a O-factor meter, since the resonant frequency of the
chokes is much lower than the operating frequency of the £4-11 meter. The method of direct measure-
ment of the resonant frequency works better here. Since the inductor with its parasitic capacitance rep-
resents a parallel oscillatory circuit, then its parasitic capacitance is calculated by determining the reso-
nant frequency of the coil and measuring its inductance.

The circuit of the measuring unit is shown in Fig. 5. The oscillating circuit is powered by a low-fre-
quency oscillator with a frequency adjustable in the range of 10 Hz to 10 MHz. A precise oscilloscope
was used as a resonance indicator. The resonance indicator is connected to a current sensor — a resistor
plugged in series with the circuit.
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Fig. 5. Experimental setup for determining the parasitic capacitance of inductors:
G — generator; O — oscilloscope

The resonance is determined visually by the minimum amplitude of the oscillation on the oscillo-
scope screen. Since the accuracy of visual control is low, there is no frequency meter in the installation
to accurately determine the resonance frequency; the resonant frequency is read directly from the sight
of the frequency adjustment knob. The capacity was measured for 20 devices, the average value was
equal to 82.6 pF.

C. Filter model with parasitic parameters

Taking into account all the above, the filter scheme can be represented as shown in Fig. 6. This mo-
del considers the parasitic capacitances of low-frequency coils and ceramic filter, the intrinsic resistance
of low-frequency coils and equivalent series resistance of capacitors. Model settings: input and output
impedance of 50 Ohms, modeling range of 10 kHz to 1 GHz. The frequency response of such a model
is shown in Fig. 7 and differs significantly from the ideal filter model.
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Fig. 6. Filter circuit with parasitic elements
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Fig. 7. Frequency response models with parasitic components

It was noted above that in the low-frequency range, the attenuation data can be considered plau-
sible. Therefore, it should be noted that at the frequency of 50 kHz the attenuation coefficient is less
than the required —60 dB. This section is shown on an enlarged scale in Fig. 8. It is possible to increase
attenuation at a given frequency by increasing the capacitance of capacitors or the inductance of coils
of low-frequency links.
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Fig. 8. Frequency response of the model in the range of 10-50 kHz

Since in the real design we are limited by the dimensions of the chassis, it is easier to increase the in-
ductance of the coils by winding a certain number of turns on the magnetic circuit than to put larger
capacitors. We will increase the inductance to 1 mH (Fig. 9).
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Fig. 9. Frequency response of the model with a modified inductance of coils in the range of 10-50 kHz

At the moment, the attenuation coefficient has become equal to —66 dB, which is within the ac-
ceptable range. To find the reasons for discrepancy between the attenuation coefficient required at high
frequencies, let’s simulate the frequency response of the filter in the short-circuit and idle mode (Fig. 10)
in the range of 100 Hz to 1 GHz. The resistance is changed by scanning the parameter. We will set
two values: 0.5 Ohms for short circuit and 50 kOhms for idle mode.
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Fig. 10. A model for studying the operation of the filter in short-circuit and idle modes

It was suggested that the capacitance of ceramic filters B14 has a significant effect on the attenua-
tion coefficient. Therefore, the manufacturer rejected all available B14 by capacity. As a result, filters
with higher capacity values were installed in the products. Let’s try to find out how much the capacity
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of the ceramic filter within the tolerance affects the frequency response of the product. The simulation
parameters are the same as in the study of short-circuit and idle modes. As a deployable parameter,
the capacity of the ceramic filter is taken from 1.8 to 2.8 nF in increments of 200 pF (a total of 6 values).
As a result, there were six frequency characteristics that completely coincide with each other. Hence,
it was concluded that the change in the capacity of the B14 filter within the tolerance does not affect
the frequency response of the product at all.

The influence of structural elements on the frequency response

In a high frequency range (100-300 MHz), the radiating properties of the structural elements rise
dramatically. So, a metal screw located near the inductor turns into a pin antenna, starting to take some
of the energy from the coil and radiate it into the surrounding space. Also, structural elements that can be
considered short-circuited coils (fasteners, metal clamps, etc.) start interfering with the normal operation
of the device (taking energy from inductive elements and re-emit it). Another danger of short-circuited
coils is a decrease in the Q-factor of inductive elements located near, which worsens the resonant pro-
perties of the oscillatory circuits and, accordingly, their protective properties. Therefore, minimization
in the design of elements that are potentially energy emitters is very important for the competent ap-
proach to high-frequency equipment design.

The filter under investigation consists of two compartments shielded by walls and a partition,
in each of which there are two low-frequency U-shaped links: half of the upper channel according
to the scheme (Fig. 1) and the lower one. The compartments are connected through a ceramic filter (B14).
The inductors of each channel are mechanically connected through a common screw passing through
both compartments. Low-frequency capacitors are fixed with metal brackets on the partition.

The inductor screw can additionally be considered as a common magnetic core for two inductors.
It leads to the presence of a workaround for interference around the ceramic filter, which is why the
attenuation coefficient drops. Also, metal brackets holding capacitors can be called parasitic, since they
are short-circuited coils.

To assess the influence of structural elements on frequency characteristics, we need to modify the
model. The modified model is shown in Fig. 11. To create a common magnetic field between two coils,
a transformer Tr1 is connected in series with them with almost ideal characteristics: a small inductance
of the windings and a transformation coefficient equal to one. Transformers Tr2—Tr5 (with parameters
similar to Tr1) are connected in series with low-frequency capacitors. Their primary winding simulates
the inductance of the capacitor plates, the secondary winding is a short—circuited loop of the mounting

bracket.
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Fig. 11. A filter model that takes into account parasitic elements

Fig. 12 shows the frequency response of the new model. It’s obvious, in the frequency from ~5
to 150 MHz, the attenuation drops and becomes much less than the required attenuation coefficient
of —60 dB. In other frequency ranges, attenuation is also weakened significantly, although it remained
within the acceptable limits.
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Fig. 12. Frequency response of a model that takes into account parasitic structural elements

Research results

The article considered an approach to the theoretical solution of practical problems of the de-
velopment and modernization of noise-reduction filters. It was shown that in the low-frequency part
of the range, the studied filter does not provide the necessary attenuation according to its parameters.
For guaranteed compliance with the requirements, it is necessary to increase the inductance of the coils
from 0.517 to 1.000 mH. The assumption made about the influence of the capacitance of the noise-re-
duction capacitor on the frequency response of the filter is refuted. The influence of the filter elements
on its frequency response was found significant, so it’s recommended to change the mechanical faste-
ners and holders of the elements.

It is impossible to consider all various factors affecting the work of the manufactured device, using
one simulation software only within the framework of modeling. Therefore, in the future, the authors
will continue the research aimed at modeling the volumetric filter model in electromagnetic compatibi-
lity modeling software, for example, HFSS.

Conclusion

Thus, it was found that the studied filter does not provide the necessary attenuation in the low-fre-
quency and high-frequency range. To increase the attenuation coefficient in the lower part of the range,
it is necessary to rise the inductance of low-frequency chokes. The parameters of the capacitors and ce-
ramic filters don’t affect the operation of the device. The characteristics of the filter are noticeably
worsened by the attachment of low-quality capacitors and low-frequency chokes, which provide a para-
sitic capacitive connection between the compartments. To optimize the electrophysical characteristics,
it is necessary to change the way the components are connected. This can be achieved by replacing
the metal pin of the choke holder with a polyamide one. Mounting brackets for chokes must also be made
out of a dielectric material.
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SJIEKTPUUYECKHU MEPECTPAUBAEMBbIN
YETBIPEX3EPKAJIBHBIN THPOTPOH CO CKPEIIIEHHBIMH ITOJISIMA
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Belarusian State University of Informatics and Radioelectronics, 2023

AuHoTanusi. B deThIpex3epKaibHOM TUPOTPOHE MIMPOKUI MYJIBTHBUHTOBOM 3JIEKTPOHHBIA TOTOK, HAXOMSACH
B CKPEILEHHBIX AJIEKTPHYECKOM M TPOIOJILHOM MarHUTHOM TOJISIX, IpeH(yeT co ckopocThio v, = E /B, B Halpas-
JICHUH PACTIPOCTpaHEHUs! T-BOIHBI MEXKAY 3€pKajaMu pe3oHaTopa (MOMyTHAs BOJIHA) WIIK B TPOTHBOMOIOKHOM
HarpaBlneHuH (BCTpedHast BoiHa). [Ipu aToM B cooTBeTcTBUH ¢ 3 dekTom Jlomnepa yactoTa reHepaiuu o onpe-
JEIISACTCS] U3 YCIIOBHH CHHXPOHH3MA Kak ® ~ ko, (1+p,), B; = v, /c. Takum obpa3oMm, u3MeHeHHE F, MCHICT O,
T. €. OCYIIECTBISICTCS ANEKTPUUECKAsI IEPECTPOiiKa YaCTOThL. B crarhe npuBe/ieHa cxeMa KOHCTPYKIUH ABYXITyd-
KOBOT'O YETBIPEX3ePKaIbHOTO TMpoTpona. PacueTsl nposomumu ais B, = 0,5, ¢ = B /B, = 2, B3aumoneiicTaue
OCYIIECTBIISIIOCh HA HOMEpe rapMOHUKU 4acToThl k = 1. Tlonoca mepectpoiiku coctaBuna 20 %. Makcumab-
ueiit KI1J1 — 48 %, muanMansasiii — 33 %. ITockombKy pacyeTsl BBITOIHSIIN AJsI Oe3pa3MEpHBIX MMapaMeTpoB,
T. €. IMEIOIIUX YHUBEPCATbHBIN Xapakrep, PU3NIeCKUe XapaKTePUCTUKU TUPOTPOHA TPH JITUHE BOJHBI A = 6 MM
(fo = 50 I'T'n) u HarpyxeHHOU m00poTHOCTH pe3oHaropa O, = 200 ObLIM CICAYIOIIMMH: TOK IMy4Ka JJICKTPOHOB
1I,=60 A, By =2 Tn, nanpsuxenue U, = 79 kB, KIT/I = 48 %.

KiroueBble ciI0Ba: THPOTPOH, DJICKTPHUYECKas IEPECTPOWKA YaCTOTHI, ITHE30AJICKTPUUYECKas MepecTpoika
pe3onaropa, mosnoca nepectpoiiku, KI1JI, ¢pa3oBast cenekIust IeKTPOHOB.

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

Jas unrupoBanns. Kypaes, A. A. DIeKTpUUECKH NepeCTpauBAEMBbI YEThIPEX3EPKAIbHBIA THPOTPOH CO CKpe-
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Abstract. In a four-mirror gyrotron, a wide multi-screw electron beam, being in crossed electric and longitudinal
magnetic fields, drifts with a velocity v, = E,/B,, in the direction of the T-wave propagation between the resonator
mirrors (co-current wave) or in the opposite direction (counter-propagating wave). In this case, in accordance with
the Doppler effect, the generation frequency  is determined from the synchronism conditions as ® = ko,(1£f,),

+= vy/c. Thus, a change in E,, changes o, i. e. electrical frequency tuning is carried out. The article presents a diag-
ram of the design of a two-beam four-mirror gyrotron. The calculations were carried out for B,=0.5, g = B/, =2,
the interaction was carried out at the frequency harmonic number £ = 1. The tuning band was 20 %. The maximum
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efficiency is 48 %, the minimum is 33 %. Since the calculations were performed for dimensionless parameters, i.¢.,
having a universal character, the physical characteristics of the gyrotron at a wavelength A = 6 mm (f, = 50 GHz)
and a loaded resonator quality factor O, = 200 were as follows: electron beam current /, = 60 A, B, =2 T, vol-
tage U, = 79 kV, efficiency = 48 %.

Keywords: gyrotron, electrical frequency being tuned, piezoelectric resonator being tuned, tuning band, efficiency,
electron phase selection.
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BBenenue

Baxunim TpeGOBaHI/IeM K MOIIHBIM BBIXOAHBIM I'€HEpaTropaM B COBPEMCHHBIX CUCTEMAax paanoJio-
Kalli{ U ParoNPOTHBOACHUCTBUS SIBISETCS BOZMOXXHOCTh OBICTPO MepecTpoiiku 4acToThl. OOBIYHBIE
THPOTPOHBI TaKUM CBOWCTBOM HE O0Ja/IalOT, MOCKOJIBKY WX pPE30HATOPHI, 00pa30BaHHBIE OTPE3KOM
HEPETYJISIPHOTO IOJIOTOTO BOJIHOBOJA, HE MOTYT OBITH IEPECTPOCHBI. B mpemiaraeMoil KOHCTPYKIIUU
YeTBIPEX3EPKATBLHOIO TUPOTPOHA MEePECTPOiiKa pe30HaTopa BO3MOXKHA 3a CUET MEePEMEILECHUS 3epKall,
KOTOPOE MOXKET OCYIIECTBIATHCS C TOMOUIBIO DJIEKTPUUYCCKOTO CUT'HAJA, TT0/1aBaeMOr0 Ha IMbe30I1a-
KETBI, MEXaHUUCCKHU CBSI3aHHBIC C 3epKalaMu pe3oHaTopa. B [1-6] momepednoe sneKkTpudeckoe moje
MIPEIaraioch UCIIOIB30BATh ISl CEIEKIIMU OETYIINX BOJIH B THPOTPOHAX C HTUPOKHUM 3JIEKTPOHHBIM
ITOTOKOM ¥ Y€THIPEeX3epKaJIbHBIM Pe30HATOPOM Oerymux 7-BoiH. DTO JaBajo BO3MOXKHOCTH y3KOIIO-
JIOCHOU IIEKTPUYECKON MePECTPOUKHI YACTOTHI B IMANIA30HE JTTMHBI BOJIHBI A = 6 MM 3a CUeT U3MeHe-
Hus Ey/(Byc) (E, — HanpsbDKEHHOCTh MOTEPEUYHOTO AIEKTPUIECKOTO TOJIST; By — MPOJ0JIbHOE MarHuT-
HOE TI0JIC; ¢ — CKOPOCTh cBeTa B Bakyyme) oT 0 10 0,05 npu ofTHOBpEMEHHOM U3MEHEHHUU HATPSIKCHHUS
Ha nbesonakere Uy, ot 0 10 1600 B, ynpapisromero paccTosHUEM MEXy 3epKalaMu pe3onaropa [5].
IIpu 3ToM B cooTBeTcTBHH € 3P dekTom Jlomepa yacToTa reHEPAITHH (O OIIPEISIAETCS U3 YCIOBHM CHH-
XpoHH3Ma Kak o = ko,(1£B,), B, = v,/c (k — HOMep TapMOHHMKH YaCTOTHI, ®, — YIJIOBas YacTOTa Bparlle-
HUS JIEKTPOHOB). 3HAK «+» OepeTcs, €CIIM BOJHA TOMYTHAs, «—» — €CJIH BCTpeuHas. Takum o0pazom,
u3MeHeHue E, MEHsET M, T. €. OCYIICCTBISCTCS IEKTPUUECKas MmepecTpoiika 4acToThl. JlaHHAs BO3-
MOKHOCTB paCCMOTPEHa B CTaThe. PaHee Ucronb30BaHue paauaibHOTO SMEKTPHYECKOTO MOJIS B KOAKCH-
AJIbHBIX TUPOKIIMCTPOHAX C Tp}I6anBIMI/I IMOJIMBUHTOBBIMHU SJICKTPOHHBIMU IMOTOKaMHU OLLIO IIpEaJIONKE-
HO B [ 1] A7 KOMITEHCAIIUX YTIIOBOTO Pa3dpoca CKOPOCTEH AIEKTPOHOB B TPyOKe npeiida u 1t ha3oBoit
MOJTYJISIIIAHA CUTHAJIA.

YeT1oIpex3epKaJbHbI THPOTPOH C NMbe30NepecTPoiikoii pe3oHaTopa

Ha puc. 1 npeacTraBiiCHa MPUHOUIIAAJIbHAA CXEMa KOHCTPYKIHUU YCTBIPCX3CPKAJIbHOIO TMPOTPOHA
C YIPAaBJIAKOIINUM 3JICKTPOAOM U MbC30IMaKETOM MEXaHUYECKOMN HepeCTpOﬁKH pe30Haropa.

Puc. 1. Cxema KOHCTPYKIIMH YETHIPEX3EPKAILHOTO THPOTPOHA
CO CKpELIEHHBIMU TOJIIMH U NTbE30IIEPECTPOUKON pe3oHaTopa
Fig. 1. Construction diagram of the four-mirror gyrotron
with crossed fields and with a piezo resonator being tuned

Ha pucyHKe npuBeieHBI Clieyrone 0003HaueHus: | — MpoKIaaku u3 MeTHOH (onbru Ui nepena-
YW YIPABISIIONIETO HAMPSDKEHUST; 2 — Mbe30IeKTPHUYECKUE MaiObl n3 TuTanata Oapus; 3 — HaOOpHBIT
IIbE30MAKET; 4 — OJIOK YHPABJIAIOLIETO HANPSDKEHUS; 5 — TePpMOCTaOMIN3UPYIOIUI KOPIYyC U3 MHBA-
pa; 6 — WTEIps NepeMelnIeHus (ToJKaTelb); 7 — ONOpHas Liaiida BHELIHEro Kopiyca ruporpoHa 11;
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8 — MONOXUTENIFHO 3apsDKCHHBIM yNPaBISIOIINI 3JIEKTPOI ¢ HEOoTpakaroliel (paccenBarolleil Miu
MOIVIOIIAONIEH) TOBEPXHOCTBIO, KaK M BHELIHUH KOpIyC rupoTpoHa 11; 9 — mmpokwuii (o Beaymum
LEHTpaM) CIIHPaTU30BaHHBIN MEKTPOHHBIH MOTOK; 10 — BakyyMHOIUIOTHast THOKas MeMOpaHa, )KeCTKO
CBsI3aHHAas CO LIThIpeM; 12 — mapa 3epkaj pe3oHaTopa, IepeMellaeMas B HallpaBIeHUH Ly ToIKaTeseM
oT nbe3onakera. Ha cxeme KOHCTPYKLHMH YEThIPEX3epKaIbHOIO IMPOTPOHA MEPECTPOoiiKa pe3oHaropa
OCYILECTBIISIETCA 3@ CUET NepeMEILeHHs 3epKai 12, KoTopoe peann3yeTcs IpU IOMOILH YIPaBIIAIOIIEro
Harpsokenust U, TI01aBaeMOT0 Ha IbE30IaKEThl, MEXaHUYECKH CBA3aHHBIE C 3€PKAIaMU PE30HATOPA.
3aBUCHMOCTD YIIMHEHMS Nbe3onakera A/ OT ynpapisromero Hanpsokenus Uy, npusenena B [S].
Bricora nee3zonakera BMecTe ¢ koxkyxoM 80 mm, nuametp 30 mm. I[Ipu cemu nbe3oaneMeHTax B Mbe30-
nakeTe MakcuMaibHoe ero yamunenue Al ms Uy, = 1600 B cocrasnsier 300 mxm. [pn yBennuennn
YHCIla THe303JIEMEHTOB yNInHEHHE A/ MOKET OBITH MTPOITOPIIUOHATIHHO YBETUUEHUIO UX KOJIHMYECTBA.

MaremaTunueckasi MOAEJIb YE€TBIPEX3€PKAJIBLHOTO THPOTPOHA

VYpaBHEHUS IBUKEHUS NIEKTPOHOB B NIPSIMOYTOJIBHON CHCTEME KOOPAMHAT, OPUEHTUPOBAHHOU TaK,
KaK 3TO TIOKa3aHo Ha puc. 1, B 6e3pa3MepHBIX EPEMEHHBIX IMEIOT BU/:

WB)__L (. [55))

dz :

~ BZI (1)

dfj_i _ ﬁJ_i del _ 1 i=1L.N

d - B d - ’ — s

Z Bzi Z Bzi
7 D . _ .
Iae i — HOMCD 3JICKTPOHA (prHHOI/I ‘IaCTI/II_[BI) z=2Z (,O/C = )COX + yOyl rJ_i’ Bxi = in/C,
C
yt = yz /C = Vzi/C; Gi = (’OOti; Xis Vis Zis 9,- — 663pa3MeprIe KOOpPAWHATBI 1 BPEMs HaCTHULL B ICKAPTO-
. N 1

BOU CUCTCMC KOOPAUHAT, Y; — PCIIATUBUCTCKUHU MaCC-(i)aKTOp, ’Yl- = —F————=, Oy — LCHTpPAJIbHAA 4aCTOTa

J1-PB2
ToNocKl nepectpoiiku npu Ey = 0; E = Xy A cos[W (6; £y ]+x0E0, B=47,4 cos[W 0, +y;) ]+ ZoF;
ek, eB AV, eE;
W=oloy A=—n—; F=—20_; Ey= do ; By = —0 . E,, — aMmimTyaa BOIHBI, B, — IPOIOIIB-
my)C my0 myw,C
HO€ MarHuTHoe moiue; AV — pa3sHOCTb IOTEHIUAJIOB IIOJIOKUTENIBHON LIEHTPAIbHON IIJIACTUHBI U KOP-
IIyca TUPOTPOHA; e, My — 3apsil U Macca II0KOsl IEKTPOHA; ¢ — CKOPOCTh CBETA B BaKyyMe; 3HAK «+»
OTHOCHUTCSI K HOMYTHBIM (OTHOCHTENBHO y-Apelda 3IeKTPOHOB), «—» — K BCTPEUHBIM I-BOJIHAM;
A, F, E,, W — 6e3pa3MepHble aMIUINTY/ia BOJIHBI, IPOA0JIBHOE MArHUTHOE M0JI€, HAIIPSKEHHOCTD IoIIe-
PEYHOrO EKTPUUECKOTO MOJIS U YaCTOTa COOTBETCTBEHHO.
Just pemienust nudepeHInanbHOr0 ypaBHeHUs ( 1) ObUIM MCIONB30BaHbI CIEAYIOIINE HAadyallbHbIE

yenosusi: X, (z=0)=r,cos9;; y,(z=0)=rsing; ¢, =2mi/N; B, =-P,sing; P, =p,cosq;

B.oi =By rOZBL’Y%’; Yo = 1*2 - 12 >’ Z:O,L; L=WZO%.
=B 1ot -

Onexrponnstit KIIJ 1, onpenensiu mo Gpopmymne

no(2) = Z“ Vi (Z). 5

B cootBetctBun ¢ [1-3] pabounii TOK THPOTPOHA PACCUNUTHIBAIH U3 BRIPAKCHUS

_ 4> 1,679

—r 3
n Ou(vo-1)’ ©)

3
rae V; — 6e3pa3MepHblit 00beM pe30HaTopa, 3aHATbIHM Oerymielt 7-BosHOH, V, = (co%) V!; Oy — Harpy-
JKCHHasl JOOPOTHOCTh pe30oHaTopa.
Pesynbrarsel pacueTa uYeTHIpEX3epKaJLHOTO THPOTPOHA IPH PA3IUYHBIX W 1 COOTBETCTBYIOIIMX
uM E, TpuBeIeHBI B Ta0M. 1.
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Taonnua 1. Pe3ynsrarsl pacueTa 4eThIpex3epKaaIbHOIO THPOTPOHA
Table 1. Calculation results for a four-mirror gyrotron

IToxkaszarens / Index Berpeunas Bosna / Back wave [TomyTHas BosiHa / Traveling wave
w 0,840 | 0,850 | 0,870 | 0,910 | 0,950 | 1,000 | 1,000 | 1,050 | 1,075 | 1,100 | 1,140 | 1,160
E, 0,1550,145{0,125|0,095| 0,050 | 0 0 10,070|0,105|0,125|0,145 | 0,165
A 0,010 0,010 {0,010 | 0,011 | 0,010 | 0,010 [ 0,012 | 0,013 | 0,014 | 0,018 | 0,027 | 0,038
KIIA 0,190 | 0,330 | 0,410 | 0,480 | 0,471 | 0,317 | 0,320 | 0,370 | 0,430 | 0,430 | 0,470 | 0,430

[Ipu pacuete Bcex mokasareneit B Ta0m. 1 mcmomp3oBanm cieayromue ganaeie: F = 1,1, B,= 0,5,
L =20,5, g =2. DT naHHbIE MOJHOCTBHIO KOPPEIUPYIOT C NPUBEIECHHBIMU B [2, 3, 6]. B mpouecce BbI-

o 2
YUCTICHUH (YHKITUS 1‘7 ( A) MeJia TTOJIOKUATEILHYIO MTPOU3BOIHYIO, YTO B COOTBETCTBHH C (3) 03HA-

HacT IMOJIOKUTCIbHYIO ITPOU3BOAHYHO 0 dA’ T. €. PEKUM CaMOB036Y)KI[€HI/I$I JJIA BCEX MoKazaTejeh

B Tabm. 1 — «msarkuit». Pacuer pusmuecknx apaMeTpoB I Ao=6 MM (fy=50 I'Tm) mw mpu O, ~ 200
JIaJI cIeyrolue XapakTepuctuku: I, ~ 60 A, B, =2 Tn, U, ~ 79 kB, E,, < 100 kB/cwm. IIpu aTom Bech
JIMAIa30H MePECTPONKN pe30HaTopa 00CCIICUNBAIICS JBYMsI MTbE30NAKETaMU C HETIPEPHIBHBIM I10 JIHa-
na3oHy usMeneHueM U,,,. PasHocts nmoteHuunanos AV, Bxoasias B £, HAYNHAIACh ¢ MAKCUMAIIbHO-
ro E,= 0,155 na Husmeit gacrore W = 0,84 HacTpoiiku pe3oHaTopa (BCTPEUHBIC BOIHBI) U JOCTUTAIIO
HyIsg Ipu W = 1; 3aTeM BHOBB ITOBHITIATIOCK, focTUTast 3HaueHus £y = 0,165 npu W = 1,16 (nomyTHBIE
BOJTHBI).

Ha puc. 2 mokaszana mpoeKus TPAeKTOPHH ABMKCHISI DIIEKTPOHOB Ha TIOCKOCTh yz must W = 0,91
(BcTpedHas BOITHA): DJEKTPOHBI PABHOMEPHO APEH(PYIOT B HANPABICHUN —), UX BUHTOBBIE TPACKTOPHH
COMIKAIOTCS, @ PajnyChl BpalleHUs OOJBIIMHCTBA DJEKTPOHOB YMEHBINAIOTCS BCIIE/ICTBHE OTAAYH
SHEPTHUH BPAIIEHHUS dJIEKTPOMArHUTHOMY TIONIO 7-BOJTHBI.

| | I I

0 5 10 15 20 Z

Puc. 2. Tpaexropus 37€KTPOHOB B IIJIOCKOCTH )z Ul BapuaHTa ruporpoHa ¢ W= 0,91
Fig. 2. Electron trajectory in the yz plane for the gyrotron version with W = 0.91

3aKJIIoueHue

1. B geTsIpex3epKabHBIX THPOTPOHAX CO CKPEIICHHBIMH 3JICKTPHUICCKAM W IMPOTOTEHBIM MarHHUT-
HBIM TIOJIIMHA BO3MOXKHA 3JIEKTPUYECKas MepeCcTPOiKa 4acTOThI MPU OJHOBPEMEHHOH JJIEKTPUUYECKON
MbE30MEePECTPOIKE YacTOTHI pe3oHaTopa B nmosoce 16 %.

2. BO3MOKHO 3HAUUTEIILHOE YMEHbBIIICHUE TPeOyeMON WHAYKIIMA MAarHUTHOTO TOJIsl, KAK U B THPO-
TeJIUTPOHE.

3. B oTuume OT TUPOTENUTPOHA B YETHIPEX3EPKATHHBIX THPOTPOHAX MOIIHOCTH MOKET OBITH 3HA-
YUTENBHO yYBEIMUCHA.

4. MOXXHO MCTIOJIB30BaTh CKPEIICHHBIE IO B DJIEKTPUYECKH repecTpanBaeMbix rupo-JIOB u ru-
po-JIBB (mepecTtpanBaemasi mojioca yCHIJICHHS), B KOTOPBIX HET HEOOXOAWMOCTH IMbE30IEePECTPONHKU
KaKHX-JIN0O CTPYKTYD.
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AHHoTanusl. [ToBBIIICHHBIN HHTEPEC K IPUMEHEHHIO HEOXJIAXKIAEMBIX TEIIOBBIX AETEKTOPOB OOJIOMETPHUIECKO-
ro Tuna (MUKpoOOJIOMETPOB) B HH(PAKPACHOM WIIM T€ParepIrioBOM IoJIe OOHAPYKEHUS 000CHOBAH MX KCILTya-
TAIIMOHHBIMH U TEXHOJIOTUYECKUMH XapaKTEPUCTUKAMH, B YACTHOCTH: OTHOCUTEIBHO HU3KOH CTOMMOCTBIO M3T0-
TOBJICHHS, BRICOKOH 3()(heKTHBHOCTHIO OOHAPYKEHHS, COBMECTUMOCTRIO ¢ KpeMHueBoit KMOII-texHomoruei, pa-
60TOCIIOCOOHOCTBIO IIPH KOMHATHOH TeMIeparype. XapakTepUCTUKU TaKUX AETEKTOPOB 3aBUCST OT ONTUMH3ALUH
KPUTHYECKUX TTapaMETPOB, KOTOPBIE OMPEAEIIAIOTCS FEOMETPHEN KOHCTPYKIINH, @ TAKKE 3IEKTPUIECKUMH, ONTH-
YECKUMH U TETIIOBBIMH CBOMCTBAMH MIPUMEHAEMbIX MaTepranoB. OnpeneneHne ONTHIECKUX TapaMeTpoOB SIBIISIET-
Csl OIHUM M3 PEIIAIOINX (DaKTOPOB IPH MPOESKTHPOBAHNU NPUOOPHBIX CTPYKTYP MUKPOOOIOMETPOB. B cTarhe mc-
CJI/IOBaHBI ONITHYECKHE MapaMeTPhbl TOHKMX IUIEHOK KOHCTPYKIIMOHHBIX MaTepHaIoB MUKPOOOIOMETpa Ha OCHOBE
TEPMOYYBCTBUTEIBHO TUIEHKN OKcHa BaHaaus, m3roToBIeHHBIX B OAO «MHTETPAJD». [lpuBeneHs! pe3ynbTaTsl
OIIPEZEIIEHHS TIOCPECTBOM MPUMEHEHHUSI METOAA OTPAKEHUSI-IIEpEJaun ONTHUECKUX KOHCTAHT (Ko3((duneHTos
TIPEIOMIICHUSI 71 ¥ IOTVIOIICHNUS k) TOHKHUX MJICHOK MO KPUBOH MPOITyCKaHHs. BBIMONHEHO cpaBHEHUE PE3ylIbTaToOB
KOMIIBIOTEPHOTO MOJIEIIMPOBAHNS CIIEKTPOB MPOITYCKAHHS, OTPAKEHHS 1 TOTIOMIEHHS C YIE€TOM ITOTyICHHBIX 3Ha-
YeHUH KOA(PPHUINEHTOB 71 M k C TAaHHBIMHA HATypHOTO SKCIICPUMEHTA.

KioueBble cjioBa: HEOXJIAXKIAEMbIH TEINIOBOW JETEKTOP OOJOMETPUYECKOro THIIA, MHUKpOOOIOMETp, MH(pa-
KpacHBbIIl JE€TEKTOp, ONTUYECKUE apaMEeTPhl, OKCUJ BaHAUs, MOJCIUPOBAHHUE.

Kon@uukT uHTepecoB. ABTOPHI 3a4BISAIOT 00 OTCYTCTBHH KOH(MINKTA HHTEPECOB.

BaaropapHocTs. MccnenoBanus BEITOTHEHBI B paMKax peleHus 3a1a4 3a1auus 3.3 ['ocynapcTBEHHOH TpOrpaMMbl
Hay4YHBIX HcciieoBaHni «POTOHMKA 1 AJIEKTPOHMKA [Tl HHHOBALUID.

Jist nuTHpoBaHus. Pacyet ONTHYECKHUX MapaMeTPOB TOHKUX IUICHOK KOHCTPYKIIMOHHBIX MATEPHAIIOB TEIJIOBOTO
HeoXJIaXJ1aeMoro jaerekropa 6onomerpuueckoro tuna / Yan Bau Uwuey [u np.] // Joknagsr BI'YUP. 2023. T. 21,
Ne 5. C. 73-80. http://dx.doi.org/10.35596/1729-7648-2023-21-5-73-80.
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Abstract. The increased interest in utilizing uncooled thermal bolometer-type detectors (microbolometers) within
the infrared or terahertz detection field is justified by their operational and technological characteristics, in parti-
cular: relatively low manufacturing cost, high detection efficiency, compatibility with silicon CMOS technology,
and operation at room temperature. The performance of such detectors depends on optimizing critical parameters,
which are dictated by both the geometrical design and the electrical, optical, and thermal properties of the materials
used. The determination of optical parameters stands as a decisive factor in the design of microbolometer structures.
This article delves into the examination of optical parameters of thin films of structural materials of microbolo-
meter based on thermosensitive vanadium oxide film manufactured at JSC “INTEGRAL”. The investigation show-
cases the results of determining optical constants (refractive indexes »n and absorption coefficients k) of thin films
from the transmission curve by applying the reflection-transmission method. Furthermore, a comparison is carried
out between the results of computer modeling of the transmission, reflection and absorption spectra — taking into
account the obtained values of the coefficients n and k — and the empirical data from the in-situ experiment.

Keywords: uncooled thermal bolometric detector, microbolometer, infrared detector, optical parameters, vanadium
oxide, modeling.
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BBenenune

Cdepbl IpUMEHEHHSI TETUIOBBIX IETEKTOPOB IMOCTOSIHHO PACILUPSIOTCS, HAMPUMEP B TaKUX o0Jac-
TSX, KaK CHCTeMbl O€30MacHOCTH W HaONoneHHs, NoKapoTylieHue, Ouomenuiuna. Haubonee mep-
CTIIEKTUBHOE HalpaBlieHUE Pa3BUTHUS YCTPOMCTB JaHHOIO THIA — CO31aHHE d(PPEKTUBHBIX KOHCTPYK-
LU HEOXJIaXKAaeMbIX TEIUIOBBIX AETEKTOPOB OONOMETpHYecKoro tumna (MuKpoOonmomeTpoB). Pabora
MHUKpOOOJIOMETpa OCHOBaHA HAa W3MEHEHUH JIEKTPUYECKOTO COMPOTUBIEHUSI TEPMOUYYBCTBUTEIBHOTO
Marepuana (TepMOpPE3UCTOpa) 3a CUET MOTIOUICHHUS MaalolIero HHQPaKpacHOTo U3MydeHus. Marepu-
aJl TepMOYYBCTBUTEIBHOTO CJI0S MUKPOOOJIOMETpa AOJKEH 00JialaTh BHICOKUM 3HAY€HHEM TeMIlepa-
TypHOTO K03(duuenta snekrpuueckoro conporusierus (TKC) n ManbiMu 3HaUCHHSAMHU YAETBHOTO
COTIPOTHUBIIEHUS, TEIUIONPOBOAHOCTH U IIYMOB. Takke BaXKHOM SIBISIETCSI BO3SMOXKHOCTD UCIIOJIb30BaHUS
JTAHHOTO MaTepHuaJia B CTaHAAPTHBIX TEXHOJIOTMUYECKHX MTPOLECCaX U3TOTOBIEHHUS MOy IPOBOJHUKOBBIX
HWHTETPATbHBIX MUKPOCXEM, YTO MO3BOJISIET (POPMHUPOBATH MHKPOOOJIOMETPHUYECKYIO MATPUILY H CUUTHI-
BAaIOIIYIO AJIEKTPOHUKY Ha €AMHOM KpucTaiuie. OJJUH U3 MaTeprajoB, COOTBETCTBYIOUINX OMUCAHHBIM
TpeOOBaHMSM, — 3TO oKcH[ BaHaaus VO,, TUIEHKH KOTOPOTo 00JalaloT HAaMTyYIlInM COUYETaHUEM MTOKa-
3ateneil: cpaBHUTEIBHO BEICOKUM TKC, HU3KHUM yaenbHBIM CONPOTHBICHUEM U HU3KOHM CIIOCOOHOCTHIO
K co3nanuo nomex [1]. Ctpykrypa Mukpobdonomerpa B Buie pezonatopa Padpu-Ilepo [2], a Taxxke
MaTepuabl, UCTIONIb3yeMbIE B CTPYKTYpe (TOHKHE IMJICHKH HUXPOMa, HUTPUa KPEMHUS M OKCHJa BaHa-
I1st), 00ecreynBaloT paBHOMEPHOCTD MOTVIOMICHHUS U3IYUCHHUS B IIMPOKOM JIMANa30He YacToT.

[Tpu NpOMBIIIIIEHHOM MTPOM3BOACTBE TOHKUX IUICHOK HAOIIOAaeTCs 001ast TeHICHINsT HU3KOH BOC-
NPOU3BOJMMOCTH KPUTHYECKUX TapaMeTpoB. To ecTh Mcronb3oBaHHe 0a30BBIX MoJeNei 1 Ipuou-
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JKSHUH JUTsS TPE/ICKa3aHus U OMMCAHUS XapaKTePUCTUK U3ICTHN MPUBEICT K OONBIIIOMY PACXOXKICHUIO
MEXJy pe3yJibTaTaMH MOJICIIMPOBAHUS U HATYPHBIX 3KCIepuMeHTOB. ClieoBaTeNIbHO, PAHOHAEHBIM
MTOIXO/IOM K PEUICHUIO JAHHBIX 33134 SBISICTCS CKBO3HOE MPOCKTHUPOBAaHUE [3], YTO TO3BOIUT COKpa-
TUTh PACXOJIbI TIPH HATYPHBIX FKCIIEpUMEHTaX. B mporiecce uccieoBanuii aBTopaMu pa3paboTaH U Be-
pUGUIIMPOBAH METOJ pacdyeTa ONTUYCCKUX MapaMEeTPOB TOHKHX TUIEHOK KOHCTPYKIIMOHHBIX MarepHa-
JI0B MUKpoOoioMeTpa ¢ ucnosibzoBanuem CAIIP.

MeToz]mca onpeae/JjeHusd ONTUYCCKUX K03q)(l)l/llll/leHTOB NMpeJTOMJICHUA U MOIJIOIICHUSA

[Ipu IpoeKTHPOBaHUM MTOCPEICTBOM KOMIIBIOTEPHOTO MOICTUPOBAHHS YCTPOMCTB, Y KOTOPBIX BaXK-
HBI UX ONTHYECKUC TTApaMEeTPhI, TaKue Kak oTpaxkeHue (R), mpomyckanue (1) u momiorieHue (A ), uccie-
JIYIOTCSl MaTe€pHalIbl, U3 KOTOPBIX OHHU COCTOAT. Kaknplil U3 ONTHYECKUX MapaMeTPOB COCTOUT U3 pas3-
JMYHBIX KOMITOHEHTOB, BAXHEUIITUMH W3 KOTOPBIX SBISIOTCS KOA(PPHUIIMEHTHI IPEJIOMIICHHUS (71) U TIO-
romenus (k). HecMoTpst Ha TO, 94TO BBIpa3uTh R 1 7 depe3 n u k (1 Ha000pOT) HECIIOKHO IMTOCPEACTBOM
pelIeHUs] HEMMHEWHBIX YPaBHEHUN YHCICHHBIMU METOAAMH, aHATUTUUYECKOE PEIICHUE STUX BBIpaXKe-
HUU 3aTPyJHUTENIBHO M3-3a BBICOKOU cTeneHu HenuHeHocTH [4]. CyliecTByeT HECKOIBKO YHCICHHBIX
MIOJTXOIOB ISl pEIICHUS JaHHOH 3a1a4u [S]. HaubomnpIuiii ”HTEpeC MpencTaBiseT MOAX0, OCHOBAHHBIN
Ha ureparroHHoM Metoie HeroroHa-Padcona [6], MOCKOIBKY IOUCK PELICHUS OCYIIECTBIIICTCS IyTEM
ITOCTPOCHHS TOCIICAOBATEIHHBIX MPHONMKEHNI 1 OCHOBAH Ha MPUHIIAIIAX TPOCTOW mreparuu. B [7]
NPUBEIEHO HECKOJBKO PELICHUH Ha Ka)KI0H JJTMHE BOJHBI, BKIOYas (U3UUECKU PEJIEBAaHTHOE pellie-
Hue. [IpuBeneM ypaBHEHHS, C TIOMOIIBIO KOTOPBIX MOXKHO BEIpa3uth R u T uepe3 n u k:

2 -5, |?
1y N ‘toze ]
total — _is 2 _is 272 (1)
o 1—‘7‘206 2 ‘rﬁe 2
2 i 2 i 2
2 |tzo| ‘toze o "’236 0 )
Ry :|”02| + 512 PV @)
— 02 02
1 ‘rzoe ‘rBe
n,—n, .
Iy = =8 +lhij’ 3)
n+n,
2n.
— 1 — o .
tij‘_m_1+gij‘+lhz]‘7 (4)
i J
I’lj = nj - lk], (5)

e g, hy; — NeNCTBUTENbHAS ¥ MHUMAs KOMIIOHEHTBI COOTBETCTBEHHO.

da3oBsIit yroa 8, = (27 / Ay)nd,, 00yCIIOBICHHBIN MMO/JIOKKOM, BEIUUCISETCS 110 KOMILUICKCHOMY
WHACKCY MOJUIOKKH 7, U €€ TONIIHNHE d,. BHE 3aBUCHMOCTH OT TOTO, YTO MCIOJIB3YETCSI METO] KOM-
IUIEKCHBIX KBaJIPaToB, BKIIAJ OT O, MOKET OTIIHYaThes oT 1, ecnut k, > 0. YpaBuenwus (1), (2) 3anucanbl
B TEPMUHAX KOMIUIEKCHBIX 9(QPEKTUBHBIX K0d(puunentos Openens ¢; u r;;. CliesyeT OTMETHTB, YTO
KOT/a [ U j — «COCEIHUE», KAK B Fy3 U 1,3, Konddunmentsl Openens [8] 3amarorcs dpopmynamu (3),
(4). IlpuBeneHHbIC aHANUTHYECKUE YPAaBHEHHS HCITONB3YIOTCS IS BBIPAKEHUS ONTHYECKHX KOHC-
TaHT. B ciaydae Hen3BeCTHOM TICHKH (HA W3BECTHOH momioxkke) Gopmynsl (1), (2) mHBEpTUPYIOTCS,
T.€. pemaem (n;, k;) B TepMUHAX W3MEPEHHBIX UHTEHCUBHOCTEH R,,(=R,,.) U T, (=T;ya1), ACTIONB3YS
BapuaHT dncieHHoro Merona Hrtorona-Padcona. C momomrsio Mmerona Hetotona-Padcona mist mo-
JTy4eHUs n ¥ k He0OX0AMMO HalTH Hyu ABYX QYHKIMA: F(1, k) = R sccamrammoc(Ms Ky d) — Rysyeperoe = 0
u G(n, k) = Thaccamamoe(s & d) — Typvepennoe = 0. TakuM 006pasoM, U3 TaHHBIX BBIPQKEHUH METOIOM
ONTUMHU3ALUHU BO3MOXKHO MOJyYUTh 71 U k.

Pe3y.]'II)TaTI)I HATYPHOT0 3KCIIEPUMEHTA

st onpeniesieHUst ONTHYECKUX KO3()(UIIMEHTOB MPEIOMIICHHS M TIOIIOIEHHUS KOHCTPYKIMOHHBIX
MaTeprasoB MUKPOOOIOMETpPa MOJIyYeHbI CHEKTPhI MPOITyCKaHUs, NOMIOIEHUS U OTPaKCHUSI Ha Tec-
TOBBIX 00pa3max, u3rotoBieHHbIX B OAO «MHTEI'PAJI». TecroBble 00pa3iisl mpeacTaBisid coOoi
TOHKHUE TUIEHKH KOHCTPYKLIMOHHBIX MaTepralioB MUKpOOOJIOMETPOB, HAHECEHHBIE HAa KPEMHHUEBYIO MOA-
noxky KbJI-12 tonmunoit 320 mxm: Ne | — KpucTaIIMYeCKU KPEMHUHN Cl1a00JIernpOBaHHbIA TOMIIH-
Hoii 320 mxm; Ne 2 u Ne 3 — nnenka Huxpoma NiCr rommuuHo# 10 u 50 HM cootBeTcTBeHHO; Ne 4 — MIIeH-
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ka Si;N, tommmnuo# 100 HM, chopmupoBanHas npu Temreparype 250 °C; Ne 5 — rurenka SizN, Tommu-
noii 100 um, chopmuposannas npu 300 °C; Ne 6 — nnenka okcuza BaHaaust VO, toimuaoi 100 HM.
CriekTpbl MPONYCKaHMs, MOMIOMIEHUsI 1 oTpakeHus nonydenbl Ha UK-Dypee cnekrpomerpe Bruker
VERTEX 70. Pe3ynbsrar usmepeHus rnpejicTaBieH Ha puc. 1.
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Puc. 1. CriekTpsl OTpakeHUs U MIPOITyCKaHU 00pa3IioB
Fig. 1. Reflection and transmission spectra of samples

Ha xaxxmpom criekTpe B Juana3oHe JJIMHBI BOJHBI 9 MKM CYLIECTBYET MPOBaJl, KOTOPBIH 00yCIOBICH
BIIMSIHUEM OKpY)KaloLIel Cpelibl, MPOUCXOAMT MaJACHUE BETUUMH MPOIYCKaHUS U OTpaskeHUs1 oOpasia,
U TIPU 5TOM HAOIIOAAETCs POCT MOMIOLIEHHUS N3IydeHus Bo3myxoM [9]. [TockonbKy Bce 00pasibl B CBO-
€M COCTaBe HMEIOT KPEMHHUEBYIO MOJIOKKY, OHA OKa3bIBACT BIMSHHUE HA CIIEKTPBI OTPAKEHHS U MTPOITY-
CKaHMs1 00pa3loB B 3aBUCHMOCTH OT MaTepHaja M ero TOJMIIUHEL. Tak, s IUIGHOK HUTPHJA KPEMHUS
(oOpasupsl Ne 4, 5) pnusiHAE MOJUIOKKHU B OOJBIICH CTETIEHU MPOSIBISIETCS AJIsl CIIEKTpa MPOITYCKaHus,
a st TIeHOK Huxpoma (00pasibt Ne 2, 3), Ha000POT, BIUSIHUE SPKO BBIPAKEHO JUIS CIIEKTPA OTPAKCHUSI.

Omnpenesenue onTHYeCKUX KOIPPUIIUEHTOB 1 U k

Ha si3pike mporpammupoBanust Python peanr3oBan anropuTM omnpenesieHus mapaMmeTpoB # u k 1o-
cpeacreom metozia Herorona-Padcona. [oaxrouanucs 6ubnuoTeku math jyist ©CIoIb30BaHUS BCTPOCH-
HBIX MaTeMaTruecknx GyHknwii u openpyxl [10] — mis BoamoxkHocTr paboTsl ¢ Excel-(aitmamu, 3anmcu
n yreHus ¢ Hux. Ha puc. 2 npeacrasiieHsl pe3yabTaTbl pacueToOB 3aBUCUMOCTHU # U k OT [UINHBI BOJIHbI
a/IA0IIET0 U3ITyUYCHUSI.

[TockonbKy 3aBHCUMOCTH 7 M k UMEIOT 0OJIbIIOE KOJMUYECTBO TOUEK, a TAK)KE HEKOTOpBIE (DIyKTY-
anyu, ObIJIO MPHHATO PEILICHUE MPOBECTU CIVIAKUBAHUE MOJYUYEHHBIX JAHHBIX METOIOM CKOJIB3SIIEIO
CpEeIHero ¢ OKHOM ycpeaHeHust 50 HM. 3aBUCUMOCTH # U k OT JAJIMHBI BOJIHBI, TOJyYEHHBIE C TIOMOLIBIO
pacdera, KaYeCTBEHHO COBIAAIOT C 3aBUCUMOCTSIMU, IIPECTABICHHBIMHU B OTKPBITHIX HCTOYHHUKAX!.

! Database of Optical Constants. Available: https://refractiveindex.info/?shelf=main&book=Si&page=Aspnes (Accessed
22 September 2023).
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Puc. 2. 3aBucuMOCTH 71 ¥ k OT JJIMHBI BOJIHBI TAIAI0IIET0 W3ITyYCHHS
Fig. 2. Dependences of n and k on the wavelength of the incident radiation

Pe3yJ'ILTaTLl MOAC/IUPOBaAHUSA

C ucnonp30BaHUEM PACCUNTAHHBIX MAPAMETPOB /1 U k U METOAa KOHEUHBIX PA3HOCTEH BO BPEMCH-
Hoit obnactu (FDTD) mpoBeneno MopenpoBaHue CIEKTPOB MOTIONICHHSI, TPOMTYCKAHUS U OTPasKEHUS
CTPYKTYp, COOTBETCTBYIOINX oOpasnam Ne 1-6. 2D-Moznens Oblia BRIOpaHa M3-32 CHMMETPHH BIOJb
oceit X u Y. [lamaronuii cBeT ¢ JUIMHOM BOJHBI OT 8 710 12 MKM pacnpocTpaHsics BI0db ocH Z (puc. 3).
[Tepuonuyeckue rpaHUYHbBIC YCIOBUSA U UACAIBHO COMTACOBAHHBIC CIOW MPUMEHSIIUCH MEPHEHANKY-
JISIPHO M MapauIeNIbHO OCH Z COOTBETCTBEHHO. Pa3mep MojenupyeMoit ceTk ObLT yCTaHOBIICH OT 1 HM
quist ciost NiCr 1o 50 HM 1151 BO3ayxa.

X

7 | | UneanbHo coracoBanHbii ciioit (PML)

Boznyx 4%1:

Si3Nyg / NiCr / VO,
Si
Boznyx

W neanpHO cornacoBanHbIi cioit (PML)

Puc. 3. FDTD-moznens o6pa3ion
Fig. 3. FDTD sample model
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Ha puc. 4 MNpeaACTaBJICHO CPAaBHCHUC PE3YJIbTATOB MOIACIHMPOBAHUSA W HATYPHOI'O0 SKCIICPHUMCH-
Ta, IA€ CIIJIOIIHBIMHA JIMHUAMU 0003HAYEHBI MOJECJIHN CIICKTPOB, a4 KPYKKaMU — CIICKTPLI, MOJYYCHHBIC
IpU MPOBCACHNUU HATYPHOI'O 3KCIICPUMECHTA.
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Puc. 4. CpaBHeHHe pe3yabsTaToOB CIIEKTPOB,
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Fig. 4. Comparison of spectra results obtained by in-situ experiment and modeling

HauGonpmas MakcumalibHasi OMIMOKa HAOIIOMASTCsl MPU MOJCIMPOBAHUM CIEKTPa MPOITYCKaHUS
1uist o0pasuoB Ne 3 u 4 u cocrasnsiet 7,53 % (B nuamazone A ot 8 10 9 Mmxm) u 7,87 % (A = 11-12 Mxm)
COOTBETCTBEHHO, a Cpe/Hss olnbKka — He Ooee 5,86 % st oOpasia Ne 3 u 4,88 % st Ne 4. [1pu atom
CpeaHsis omMOKa CIEKTPOB OTPaKeHMsI [Tl JaHHBIX 00pa3ioB He mpesbiinaet 0,79 %. HauMenbias
omuOKa TIPU MOJIETHPOBAHUH CIIEKTPOB MPOITyCKAHUS M OTPAXEHUS MOTydeHa st oopasmoB Ne 1, 2:
cpenssis ommoOKa He mpesbimaet 0,26 % (MakcumansHas — 0,65 %) u 0,41 % (0,81 %) cOOTBETCTBEHHO.
st ocTanbHBIX 00pa3loB BeIUUMHA CPEAHEH OmMOKH JeKuT B AuanazoHe 0,60-2,22 %. Takum obpa-
30M, pacCYMTaHHbIE ONTHYECKHE KOA(PPUIMEHTHI KOHCTPYKLIMOHHBIX MaTEPUaIOB MOTYT OBITH HCIIOJb-
30BaHbl U JAJIBHEHIIETO UCCICOBAHUS ONTHYCCKUX XapaKTEPHUCTUK MHKPOOOJIOMETPOB MOCPEICT-
BOM KOMITBIOTEPHOTO MOJICJIMPOBAHUSI.

3ak/IoueHue

[IpencrariieHa METOIMKA OIIPEICIICHUS ¥ KATHOPOBKH IMOCPEICTBOM IPUMEHEHHS PeaIi30BaHHOIO
Ha sI3bIKe TTporpamMmupoBanust Python merona Herotona-Padcona koadhuitmeHToB # u k, MpAMEHIEMBIX
MPU KOMIIBIOTEPHOM MOJICIMPOBAHUH ONTHYECKUX XaPAKTEPUCTUK KOHCTPYKIIMOHHBIX MATEPHUATIOB Te-
IJIOBOTO HEOXJIAXKIAEMOTO JIETEKTOpa OOIOMETpHUYecKoro Tuma. [Ipu cpaBHEHUN pe3yIbTaTOB MOJIEIH-
POBaHUS M HATYPHOTO SKCIEPUMEHTA I CTPYKTYP, COJCPKAIIMUX TOHKUE IJICHKH KOHCTPYKIIMOHHBIX
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MaTepuaoB, HAHECCHHBIX HAa KPEMHHMEBYIO MOAJIOXKKY, YCTAHOBJIEHO, YTO CPEIHSS OMINOKa COCTABISIET
He Oonee 5,86 % ans criekTpa npomyckanus u 2,23 % ans cnekrpa orpaxenus. Haumenpinas ommoka
IIpU MOJIEJIMPOBAHUH CIIEKTPOB MPOIYCKAHUS U OTPAKEHUSI MOJyUYeHa I KPUCTAJUINYECKOTO KPEMHUS
(cpemusist ommOka He npeBbimana 0,26 %) n mnenkn Huxpoma NiCr tommpaoi 10 aMm (0,41 %).
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AnHoTanus. PaccMOTpeHBI ynpaBieHUeCKne OU3HEC-TIPOIIECCH BOCITUTATEIEHOW PaOOTHI B YUPEKACHUH CPE-
HETO CIIENHUAIBHOr0 00pa30BaHus: MNIAHUPOBAHUE HICOJIOTNUYECKOM, BOCITUTATEIBHON U HH(POPMAIIMOHHOI pabo-
TBI, OpraHu3anus padoThl Kyparopa, OpraHu3anus 1 (POpMUpPOBaHHE KYJIBTYphl 0e30MacHON KU3HEAE TeIbHOCTH,
ObITa, MocyTa, PU3MIecKoil KyIbTYPHI U 3I0pOBOTO 00pa3a ku3Hu. [IpuBeaena Moaens Ou3Hec-mporecca « Ympas-
JieHHe paboToi Kyparopa» B HoTauuu BPMN. C moMOIIbI0 TEOPHH MHOKECTB TPEICTABICHBI BBIXOIHBIC TaHHBIC
Mozesell OM3Hec-IPOIeCCOB BOCIINTATENLHOM padoThl. Pa3paborana oHTONIOTHYECKAs MOJIENb BOCIIMTATEILHOM
paboTHI B YIPESIKICHUN CPETHETO CIIeIHAIEHOTO 00pa3oBaHus. JlaHHas MOJeNs 0TOOpakaeT KIacChl, SK3eMITISIPBI
U CBSI3U MEXY HUMH, YTO [O3BOJISIET CTPYKTYpUPOBATh ¥ YHU(PHUIIMPOBATh 0a3y 3HAHUI paccMaTprBaeMoil npe-
METHOH 007acTu.

KitoueBble cjioBa: OU3HEC-TPOIIECChl BOCIUTATEIBHON PaboThl, CpeHee CrelraibHoe 00pa3oBaHue, OHTOIO-
rUYeCKast MOJICITb.
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Abstract. Management business processes of educational work in an institution of secondary special education,
such as the planning of ideological, educational and information work, organization of curator’s work, organi-
zation and formation of culture of safe life activity, everyday life, leisure, physical culture and healthy lifestyle
are considered. The business process model “Curator’s work management” in BPMN notation is presented. With
the help of set theory, the output data of business process models of educational work are presented. The onto-
logical model of educational work in an institution of secondary specialized education is developed. This model
displays classes, instances, and relations between them, which allows structuring and unifying the knowledge base
of the subject area under consideration.
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BBenenune

CoBpeMeHHbIE II00aIbHbIE YKOHOMUYECKUE U COLMANIbHBIC N3MEHEHUS CTaBsIT 3a/1a4H, CPEAN KOTO-
PBIX — MOBBIICHHE HALMOHAIBHONW KOHKYPEHTOCIIOCOOHOCTH B YCIOBHUSIX COIIMATbHO-IKOHOMHYECKUX
TpaHchopMaluii. DTH 3a/1a4u HE MOTYT OBITh pelleHbl 0e3 co3aHus eIMHOT0 HU(PPOBOrO MPOCTPaH-
cTBa, nu(poBoil TpaHchopMalrK, 0€3 HOBBIX TEXHOJOTUH M HOBBIX 3HAHWH, BAKHEHIIINM UHCTUTYTOM
KOTOPHBIX ABIISIETCS cucTeMa oopazoBanus. OOIIeCTBY HY)KHBI 00pa30BaHHbIE, HPAaBCTBEHHBIE, TTPEPH-
HMMYMBbIE 1 KOMIIETEHTHBIE JINYHOCTH, CIIOCOOHBIE CAMOCTOSITEIbHO IPUHUMATh OTBETCTBEHHbIE pelile-
HUS B CUTyauuu BeIOopa. [l MOAroTOBKM TakuX Jitoneil TpeOyroTcsi OOHOBJIEHHE CHCTEMBbI 00pa3oBa-
HUSl 1 OPUEHTALUs Ha JIMYHOCTh 00yYaromerocs, MepeHoc akleHTa ¢ NeJarornieckoi AesaTeIbHOCTH
Ha MPOAYKTHBHYIO yU4eOHO-TI03HABATEIbHYIO JeSITeIbHOCTD oOydatomierocs [1].

B cBs3u ¢ 5TUM B 00pa30BaHUM U BOCITUTAHUY HAOIIOMACTCSI IEPEXOJT K CO3aHUI0 YCIIOBHHU JUISI ca-
MOYTBEPKIECHHs, cCaMopealn3alii U caMooIpeesieHust JInyHocTu oOy4daromerocs. Ilpu sTom ocobas
POJIb B yUpEXAEHHUIX 00pa30BaHMs OTBOIUTCSA KyparopaM y4eOHBIX TPy, KOTOpPbIE NPU3BaHbI OCY-
LIECTBIIATh B3aUMOJACHCTBHE C OOyYarolMMHCSA C MO3ULUHA COTPYJHMYECTBA, MEAATOTHMYECCKON MOA-
JEeP>KKH U TUYHOCTHO-PABHOIPABHBIX OTHOILICHUH.

B crarbe packpbiTa mpoOnema ynpasieHHsl padOTOl Kyparopa B YYPEKACHHUH CPEIHEro CIICIH-
aIbHOTO 00pa30BaHMsI B KOHTEKCTE BOZMOXKHOTO IyTH HU(PPOBOH TpaHChOpMaIiyu OU3HEC-TIPOIIECCOB
HICOJIOTHYECKON W BOCIHTATEIBHOW paboThl. i 1udpoBHU3aIiy OU3HEC-TIPOIIECCOB HEOOXOIUMO
IIPOM3BECTH 00O0OIIECHHE JaHHBIX O ACATEIBHOCTH B YUPEKACHUSIX 00pa3oBaHUS 3a CUET MOAPOOHOMH
(hopManHM3aLny MyTeM MOCTPOCHUS KOHLENTYaJIbHOM CXeMbl — OHTOJOTHHU. [Ipr MoaenMpoBaHH OHTO-
JIOruu OM3HEC-TIPOLECCOB UCIONb3YyeTcs (hopMaIbHas MOAEb, KOTOPYIO MOYKHO MPEJICTABUTh CIETYI0-
[IAM BBIPAKCHUEM:

O=<T,AR>, (1

rae 7 — MHOXKECTBO TEPMHUHOB IIPEIMETHON 00JIaCTH OHTOJIOTHH; A — MHOXECTBO aTpUOYyTOB KOHKpET-
HOTO TEPMHHA, OTIMCHIBAIOIINX KJIACCHI OHTOJIOTHHU; R — MHOXKECTBO OTHOIIIEHUH MEXITy TePMHHAMHU.

OcHOBHAaf YaCTh

Wneonornueckas U BocruTarenbHas paboTa B yUPEKICHHH CPEIHEro CIEIHalbHOrO 00pa3oBa-
Hus (YCCO) BkiroyaeT B ce0sl COBOKYIHOCTb YNPaBICHYECKUX OM3HEC-POLECCOB: MIaHUPOBAHUE
HJICOJIOTMYECKON, BOCIIUTATEIILHOM U MH(POPMAIIMOHHON PabOThI, OpraHU3aIMi0 padoThl KypaTopa, op-
raHu3anuio 1 GOpMHUPOBaHKUE KYJIBTYPbI O€30MacHOM KU3HEIETEIbHOCTH, ObITa, 10CYTa, (GU3NUECKON
KYJIBTYpBI B 3I0POBOTO 00pa3a KU3HU. J{J1s1 moapoOHOTO MpeCcTaBIeH s KaXK/I0TO U3 BBIIETICHHBIX Ha-
MIpaBIICHUH YIPaBICHYECKUX OU3HEC-TPOIIECCOB BOCTIUTATEILHON ICATEIIHPHOCTH OBLITH CIIPOSKTHPOBA-
HbI MOZIeJIU yTpaBiieHus B Hotauuu BPMN [2].

Paccmotpum ofHy M3 3THX MoJelieil Ha mpumepe Ou3Hec-mpolecca « YnpasieHne padoToil Kypa-
Topa». Monenb pa30uTa Ha MocieoBaTeIbHbIC YacTH I BU3YaIbHOTO CTPYKTYPHPOBAHHS MOJACIIH-
pyembIx netictBuid. Ha puc. 1, a 0ToOpaykeH anropuT™ peams3aiu 3Toro ousHec-mpoiecca. CormacHo
aNTOPUTMY, HA OCHOBAHWY aHaNN3a y4eOHOW HArpy3KH IMPEToaBaTebCKOTO COCTaBa Ha CIIEAYIOIHHA
y4eOHBIN TOJ] ¥ INYHBIX JeJ IPeroaBaTeieil 3aMeCTUTENb JUPEKTopa IO BOCIIUTATEIbHON paboTe ro-
TOBWT IPOEKT IPHKa3a O HA3HAUYCHUM TIperojaBareiieldl KypatopaMmu ydeOHbIX rpynm. [anee kypato-
PBl OpPraHM3yroT U30paHue akTUBa TPYIIBI U MPEICTABISIOT CIIMCOK aKTHBA 3aMECTUTEIIO TUPEKTOpa
10 BOcIIUTaTenbHON padore. KypaTopbl Ha 0CHOBE aHaNM3a JUYHBIX JEJ yJallluXcs BMECTE C COIHalb-
HO-TIemarorudeckoil u ncuxonorndeckoit ciayxoamu (CIITIC) cocTaBisMioT cOMUaIbHO-TICUXOIOTHYIC-
CKHE XapaKTepHCTUKH yueOHbIX rpymnm. Kyparop cocraBnser miaH paboThl Isi KOHKPETHON y4eOHOM
TPYTITBI ¢ y9eTOM OOIIMX 3a/1a4 ¥ HallpaBJIeHH BocruTarensHor paboTel B Y CCO, KOTOPBIH yTBEepK1a-
€TCs 3aMECTUTEIIEM JIMPEKTOpa IT0 BOCIUTATENBHOM padore. B cooTBeTcTBUY C MI1aHOM paboThl KypaTo-
pa B y4eOHOI TpyIiIie OpraHu3yIOTCs BOCITUTATEIbHBIE MeporpusTus (puc. 1, b).

3aBepuaroIuM JeicTBUEM SIBIIsIeTCs OJIOK aHanu3a (puc. 1, ¢), KOTOpbId NpeanonaraeT OTYeThl Ky-
paropa o mpoJelaHHOW BOCIUTATEeIbHOM paboTe, MpeloCTaBIeHNe CTaTUCTHUSCKUX MTOKa3aTeNeil KoH-
CTPYKTHUBHBIX aKTHBHOCTEH OOydarommxcsi, HHGOpMaluu 00 ydacTuu Kyparopa B padoTe MeTonuye-
CKOTO OOBEAMHEHUS KypaTopoB, OTKPBITHIX 3aCEJaHMi MeIarornieckoro coera. [lomydennsie JaHHbIe
0 paboTe KypaTopoB SIBISIFOTCSI COCTaBHOW YaCcThI0O MOHUTOPUHTA BociHTaTenbHOM padotsl B YCCO.
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Puc. 1. Monenu niepsoro (a), Broporo (b) u Tpethero (c) 010KoB
om3Hec-mporiecca «YmpasieHne paboToil kypatopa»: BP — Bocriurarensnas pabora; 3BP — 3amectutens
JHMpPEKTOpa Mo BocmurarelbHol pabote; [1C — mpenogaBarenbcKuil COCTaB;
JK — mupextop Komepka (YUpekaeHus CPEIHEro CIeUalbHOr0 00pa3oBaHus)
Fig. 1. Models of the first (@), second () and third (c) blocks
of the business process “Curator’s work management”: VR — educational work; ZVR — deputy director
for educational work; PS — teaching staff; DK — director of a college (institution of secondary specialized education)
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busnec-npouecc «Ymnpasiaenne paboTol Kypatopa» B TCOPUN MHOXKECTB MOXKET OBITh NPEICTABICH
CIICIYIOIIUM 00pa3oM:

V=10,

e 9

AL,SP,SL,SJ,SR}, ()

rme V|, — OusHec-mporiecc «YpasieHue padoToii Kyparopay; O,. — IpUKa3 0 Ha3HAUCHUHU MIPeToaaBare-
JieH KypaTopaMu y4eOHBIX Tpyni; AL — CIIUCOK akThBa y4eOHOH rpymibl; SP — connaabHas XapakTepu-
CTHKa y4eOHOH rpymIibl; SL — 3al0THEHHBIN XypHAI Kyparopa; SJ — 1uian paboTsl Kypatopa; SR — oT4eT
Kyparopa o mpojeiIanHol padore.

[To ananorum ObUTK pa3pabOTaHbI IPyTUe HAMpPaBICHUs OM3HEC-MIPOIIECCOB YIIPABICHUS BOCIINTA-
TENLHON paboToi, O pe3yNbTaTtaM KOTOPBIX TOTYyYEHbI CIEeYIONIIe MHOKECTBA:

V,={E,.P,. WP, WP} 3)
V,=10,C.DR.CO,4,,.LC.S,,,.P,,.CW}; @

V,= {CPmS,OrgC,DR,COMPO, Asg,LT,Pwmp,FPwmp,CW}; %)
Vs = {OESIPG7T1"nfoday’[MRl’WA’RIir;foday}ﬂ (6)

e V, — busHec-mporiecc « YpaplieHHe TNIAHHPOBAHUEM HICOIOTHUSCKOW U BOCTIMTATEIBHON padOThI»;
E, — nnan BocriurarenbHol pabotel (BP) yupexnenns obpasosanus; P, — mian BP B o6mexutun, Ky-
paropa, CIIIIC, Bocriutarens, kiyOooB no untepecam; WP, — miaH paboThl METOAMYECKOTO O0BbEIH-
HEHUsI KypaTropoB U Bocnurtareneil; WP, — mian paboTel Kypatopa; V5 — Ou3Hec-1porece « YipaBieHue
TMOPAIKOM OPTraHM3alMd U MPOBENEHUs KOHKYpcoBy; O,,C — cmucok oprkomutera B YCCO mo nos-
TOTOBKE M TIPOBEJCHHUIO KOHKYpca; DR — MPOEKT MOJOKEHHUs O MpOoBeAeHUuH KoHKypca; CO — mpuka3
0 IPOBEACHUM KOHKYpPCa; A,,, — 3asBKH YYaCTHHKOB KOHKypca; LC — CIHCOK YYaCTHHUKOB KOHKYpPCa;
S,.on — CLIEHApUI TIPOBEACHUS KOHKYpCa; P, — IPOTOKOJIBI JKIOpH KOHKYpca; CW — numioMsl HobeanTe-
neit; V,; — OusHec-npolecc «YpaBieHHe NOPSIKOM OPraHU3aliK U MPOBEICHUS CIIOPTUBHBIX COPEBHO-
Banuii»; CP,, — KaleHapHbli IJIaH COPTUBHO-MACCOBBIX MeponpusTuii; O,,C — CIUCOK OPrKOMHUTETA
yupexaeHnss 00pa30BaHMs MO MOATOTOBKE M MPOBEIEHHIO CIIOPTUBHBIX COPEBHOBaHUM; DR — MpOEKT
TIOJIOKEHUSI O TIPOBeicHuH copeBHOBanus; C,,,,0) — IPUKa3 O TPOBEICHUN COPEBHOBAHUS; A, — 3aABKH
OT y4€OHBIX IPYIII HA y4aCTUE B COPEBHOBAHUM; LT — CIIMCOK KOMaH/1-y4aCTHHIL COPEBHOBAHHUS; P, —
HPOTOKOJIbI COPEBHOBAHMH; FP,,,,,, — MTOTOBBIE IPOTOKOJIBI PE3YJIBTATOB COPEBHOBAHMI; Vs — OU3HEC-TIpO-
Hecc «YrpasjieHHe MOPSIKOM OpraHU3ally U MpoBeaeHUsT HH()OpMaMOHHOH padoTey; OES p; — npH-
Ka3 O CO3JaHMM M COCTaBe MH()OPMALMOHHO-TIPOIIATAHUCTCKON TPYIIIBL; Ty, — TEMATHKA M MATEPHU-
Ikl eIMHOTO JHS HH(MOopMUpOBaHus; IMy, — nHDOPMAIOHHBIE MaTepHabl PeCITyOTMKaHCKOTO YPOBHSI,
WA — nuCbMEHHBIE OTBETHI HA BOTPOCHI; Rl 4, — OTIET O MPOBEICHUM EIMHOTO JHS HHPOPMUPOBAHHUSL.

Juis mepexona k mudpoBoil TpaHchOopMaIK OM3HEC-TIPOLIECCOB YUPEKICHUS CPEIHETO CIIeIHallb-
HOrO 00pa3oBaHMsI HEOOXOIUMO peaqnu30BaTh MPUHLIUI OTKPBITOCTH CHCTEM, KIIOUEBBIM CBOWCTBOM
KOTOPOTI'O SIBIISIETCSl MHTEpoliepadebHOCTh. B cBOIO ouepenp, HHTEponepadebHOCTh BKIIFOYAET TAKHUE
YPOBHH, KaK OpraHM3allMOHHBIN, CEMaHTHUYECKUH, TexHndyeckuil [3]. B nensx mpoexkTupoBaHus cemaH-
THUUYECKOI'O YPOBHS MPOAHAIN3UPOBAHbI MOAENN OM3HEC-NPOLECCOB M MHOKECTBA, XapaKTEPU3YIOLINE
HICOJIOTUUECKYIO U BocIUTaTenbHyIo padoty B YCCO. Ha ocHOBaHMH OHTOJIOTMYECKOTO MOAX0AA K pea-
JM3aLUU CEMaHTUYECKOTO YPOBHsI ObLIIM BBIICIICHBI ClIeNyoue Kiacceel: «McnonauTensy, «lokymeH-
Tanus», «MHbopMannoHHBIN 00BEKT», «MeponpusTuey.

OnTonornyeckas Moaens ousHec-mporecca «Maeonornueckas U BocuTaTeNbHas padoTay Ipe-
CTaBJIEHA Ha pHC. 2, TAE KaXXJbli U3 BBIIEIEHHBIX KJIACCOB ACTAIU3UPOBAH U MPEJCTaBIIEH B BUJE -
KOMITO3HUINH, 00pa3ys nepapxuio kiaccoB. CBSI3U MEXIy KIIacCaMH OHTOJIOTUH OTMEYEHBI CTPENIKaMH,
0003HAYAIOIIMMH XapaKTep WX B3auMojeicTBui. Mojenb ousHec-tiporiecca «Mmeomornaeckast U Boc-
nuTaresbHas paboTa» 0TOOpakaeT JIOTMKY CEMAaHTUYECKOIO YPOBHS KaK €IMHOE IPEICTABICHUE BCEX
JAHHBIX MEXIy HHpOpPMaIMel 1 areHTaMu.

Kracc «Mcnonuautensy (puc. 3) HILTIOCTPUPYET B3aUMOJICHCTBHE CYOhEKTOB BOCIIUTATEIBLHOIO ITPO-
uecca. C o1HOI CTOPOHBI — 3TO yueOHas TPpyIIa, BKJIIOYAIOIIAsl cCaMUX 00YYalOLINXCs U aKTUB TPYIIIIBL,
KOTOpasi fABJseTCS CyOBEKTOM BOCHHUTAHHSA M B TO K€ BpPEMs BBICTyIaeT OOBEKTOM, Ha KOTOPHIHA Ha-
MIPaBJICHBI MPOLIECCHl BOCTIUTATENIbHON AesTenbHOCTH. C APYroil CTOPOHBI — 3aMECTUTENb JUPEKTOpa
10 BOCIIUTATENBHOW padoTe, Kyparop, pyKOBOIUTENb (PU3MIECKOTO BOCIIMTAHHUSI, PyKOBOIUTENb 110 BO-
E€HHO-TIAaTPHOTHYECKOMY BOCIIUTAHHUIO, [IEJIaror-opraHn3aTop, COUUaIbHbII IeJaror, neiaror-rncuxonor,
peanusyroniie 1 KOHTPOJIMPYIOLINE BOCIUTATEIbHBIN Mpolecc.
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Wneonoruueckas
1 BOCIUTAaTEIbHAs paboTa

BBIITOJTHACT

/ OpraHusyer

perIaMeHTUPYET nHdopMupyer
Hcnonnurens Meponpusitue

< JlokymeHTamust > @Hq)opMaL[I/IOHHHﬁ 06%61(9

Puc. 2. OnToNnornveckas Moaens OusHec-mporecca «Mneonornyeckas U BociTareIbHas paboTay
Fig. 2. Ontology model of the business process “Ideological and educational work”

< Hcnonaurens >

T
BKIIFOYAcT

COCTOMT
PyxoBoauTens 1no BoeHHO-

KIIaCCHDHIIHPYETCst
Kyparo 3amecTHTeNb AUPEKTOPA
Yparop 0 BOCIIUTATEbHOM paboTe
A
< CIIIIC < VYueOHas rpymnmna )\Pymm}lmenn (I)I/ISBOCHI/ITaHI/ISD

IaTpUOTUICCKOMY BOCIIMTAHUIO

< CoumalbHbli egaror x Ilenaror-opranusarop
< Ilenaror-ncuxonor > < AKTHB TpyNIIB] >

< Vuamnuiics >

Puc. 3. Jlexomrio3uius kiacca «VICronHUTENby
Fig. 3. Decomposition of the “Executor” class

N

Knace «MupopmMauuoHHbII OOBEKT» MOKa3bIBACT MEXAaHH3MbI PACIpPOCTPaHEHHs WHPOpMaIUN
0 TporeccyaibHoM conepkanuu Bocriutanust B YCCO (puc. 4).

@H(I)OpMaHI/IOHHHﬁ 06’561(9

peanmsyercs yepes

( Caiit @IH(bOpMaLIPIOHHLIﬁ CTeH,ED
< ConnanpHble ceTn >

Puc. 4. Jlexomnosunus kiacca «MHPOpMaLMOHHBIH 00BEKT»
Fig. 4. Decomposition of the “Information object” class

Kinace «Mepomnpusitue» (puc. 5) oTpaskaeT OCHOBHBIE BBl MEPOIPHUSITHI COTIIACHO HAMIPABICHUSIM
HJICOIOTMYECKON M BOCTIUTATENIbHONW paldoThl, onpesneneHHbIM [IporpaMMoil HepephIBHOTO BOCTIHTA-
HUA JeTel u yuarieiics monoaexu Ha 2021-2025 roasl: UaCOIOTUYECKOE, TPAXKIAHCKOE U MaTPUOTU-
YECKOEe BOCIUTAHUE; KYJIbTypa 0€30IIaCHOM KU3HEACIATEIIBHOCTH U 3JI0POBOTO 00pasa ®U3HH, TPYI0BOC
U TpO(eCCHOHANBHOE BOCIUTAHKE; TICUXOJIOTHUECKasl KYIBTYpa, KyJIbTypa ObITa M JIOCyTa; CeMEHHOE
U TIPAaBOBOE BOCIIUTAHNUE; 3aIIMTA TIPAB M 3aKOHHBIX UHTEPECOB U 1Ip. [4].
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C Meponpusitue >

T
KJaccuuupyeTcs

Kynsrypa Oe3onacHoi .
YIPTYP Wneonoruyeckoe Cemeiinoe
JKU3HEIESTENILHOCTH
Kynerypa 3m0poBoro
YARTYD P I'paxxganckoe [IpaBoBoe
00pasa ®KHu3HU
/ v
TpymoBoe u npodec- 3amuTa npaB 1 3aKOHHBIX
Py pod [NarproTnyeckoe P
CHOHAJILHOE BOCIIUTAHUE HHTEPECOB

IIcuxonornueckast
KyJBTypa

(Kynmypa ObITa 1 10cyra

Puc. 5. Jlekomno3zunus knacca «MeponpusiTue»
Fig. 5. Decomposition of the “Event” class

Krnacc «/loxkymentanusa» (puc. 6) oroOpaskaeT uepapXuio JOKYMEHTOB IIPH TNIAHUPOBAHUH BOCITH-

TaTeITHLHONU PabOTHI.
< JlokymeHTanus >

I
BKJ'IIO‘IaeT

Inan BocuTaTe/ibHON
pa6OTI>I

CBsA3aH

Tonoxenue o Kox—u(ypce>

Tlnan paGoTst ITnan paboTst
Ieflarora-opranu3aTopa METOANYECKOT0
OGLCI[I/IHGHI/ISI KypaTopoB

I1nan BocriuTaTeabHOM OJIOXKEHHUE O NPOBEACHUU
U UICOJIOTHYECKOH paboThI <HnaH paboThl KypaTopa> COPEBHOBAHMS

B OOLLEKUTUN

A 4

IInan BociuTaTe IbHOM
[lnan paGotst CHHC W HJIC0JIOTHYEeCKON paboThI

\ B y4eOHoII rpyrme

ConnanpHast
XapaKTEePUCTHKA yueOHOU C Ortyer Kyparopa >

TPYIIIBI

Puc. 6. lexomno3unus kiacca «JJoxkyMmeHTanus»
Fig. 6. Decomposition of the “Documentation” class

[IpencrariieHHast B CTaThe UCCIIEOBATENILCKAS TTO3UIUS B BUC TIEPECEKAIONIUXCS MHOKECTB OU3-
HEC-TIIPOIIECCOB U OHTOJIOTHYECKON MOJIEIM HJICOJOIrMUECKOM U BOCIUTATEIIBHON pa0OThI, MO3BOJIMIIA
OUYEPTUTH OTIEPAITMOHHBIC TIPOIIECCHI B YUPEKICHUH CPEIHETO CIeIHAILHOTO 00pa3oBanwms. Ha ocHoBa-
HUU OHTOJIOTHYECKOTO TIOIX0/1a MIOKa3aHa BO3MOXKHOCTh ONTHMH3AINY HHTETPAIlii OM3HEC-TTPOIIECCOB
C IIEJBI0 JABHEHINEro MOHUMAaHUsI OM3HEC-TIPOLIECCOB BHYTPH B3aHMMOJICHCTBYIOIIIX CHCTEM.
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3aKJIroueHue

1. Ilpencrasiena MoJesb OJHOTO U3 HalpaBiIeHUH OU3HEC-IPOLIECCOB « YIpaBieHHe paboToi Kypa-
TOpa» B COOTBETCTBHM C OpPraHM3alUell BOCIUTATEILHON PadOThl B YUPEKACHUH CPEITHETO CIeHalb-
HOTO 00pa3oBaHMsL.

2. Ha oCHOBaHMHM TEOPHH MHOKECTB MPUBE/ICHBI BHIXOJAHBIC JaHHBIC MOJEICH OM3HeC-TPoIeccoB
BOCIUTATENbHON padOThl. BhIenenHple MHOKECTBA SBISIOTCS 0a3MCOM Ui TIOCTPOEHUS OHTOJIOTH-
YEeCKOM MOZeNN BOCHUTATEIbHON paboThl, KOTOPas 0TOOpaXKaeT KJIACChI, SK3EMILISIPBI U CBSI3H MEKAY
HUMH.

3. PazpaboTaHHasi OHTOJOTMYECKass MOJEIb BOCHHTATEIbHOM PaOOTHl MO3BOJIUT CTPYKTYypHPO-
BaTh U YHU(UIMPOBATh 0a3y 3HAHWH paccMaTpUBACMOM MPEMETHON 00JIaCTH, OTKPHITH BO3MOKHOCTh
JUIsL ONITHMHU3AIHA OM3HEC-TIPOLIECCOB B YUPEIKICHUU CPETHETO CIICIIMAILHOTO 00pa30BaHusl.
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AHHoTanus. B cTaTthe paccCMOTPEHO yCTPOHCTBO PaIHOIOKAI[IOHHOTO PACIIO3HABAHHS, TO3BOJISIONIEE HAa OCHO-
BaHUM aHAJIN3a KOHCTPYKIMH JBUTATEIbHOW YCTAHOBKH OMPEACISATH Kiacc (THIT) HAOII0ZAeMOro BO3IYIITHOTO
o0bekTa. OmpeneneHne Knacca (THIa) HaOII0IaeMOro 00beKTa OCYIIECTRISIOCH ITyTEM HCCIICIOBAHUSA COOTHO-
IICHUH MOIYIISAIIUOHHBIX YaCTOT CIIEKTPAIIEHOTO PaHOIOKAIIIOHHOTO TIopTpeTa. [lomydens! pemraromiee mpaBuio,
a TaKkXKe CTPYKTYPHAs CXeMa yCTPONCTBA, MTO3BOJISIOIINE ONPEIENIATh KJIACC U IOTIOIHUTEIHHO THIT HabII0gaeMoro
BO3AYIIHOTO 00BEKTa, OCHAIIIEHHOTO TypOOPEaKTUBHBIM ABHUTaTeNeM. 11 GOopMUpOBaHHS all0CTEPHOPHOH IIJIOT-
HOCTH BEPOSITHOCTH HCIIOJIb30BaIM uncieHHbI MeTo Mounte-Kapio. [IpeacrasieHsl pe3ynbraThl MareMaruye-
CKOTO MOJICITUPOBAHMS, MOATBEpIKAatoIue 3P HEKTHBHOCTD MPE/JIOKEHHOTO YCTPONUCTBA.

KuroueBble cj10Ba: pajloOKallMOHHOE PACMO3HABaHUE, BTOPUYHAS MOAYJISLHNS, CIEKTPAIBHBIN pajnoIoKaIy-
OHHBII OpTpeT, TypOuHHAs MoayJsinusi, Mmetox Monrte-Kapio.

KoHpukT HHTEepecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.

Joas nurupoBanus. 3aiiko, E. B. PacniozHaBanue adpogquHaMHYeCKUX OOBEKTOB MO CIEKTPAIBHBIM MOPTPETaM
C YYETOM KOHCTPYKTHBHBIX OCOOEHHOCTEH TypOopeakTuBHbIX Jpurareneil / E. B. 3aiiko, I1. H. Hlymckuii //
Hoxnangst BI'VUP. 2023. T. 21, Ne 5. C. 88-95. http://dx.doi.org/10.35596/1729-7648-2023-21-5-88-95.

RECOGNITION OF AERODYNAMIC OBJECTS ON SPECTRAL PORTRAITS
TAKING INTO ACCOUNT DESIGN FEATURES OF TURBOJETS
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Abstract. In the article the device of radar-tracking recognition allowing on the basis of the analysis of a design
of impellent installation to define a class (type) of observable air object is considered. Determination of the class
(type) of the observed object was carried out by studying the ratios of the modulation frequencies of the spectral
radar portrait. The solving rule, as well as the device block diagram are obtained, allowing to define the class and,
in addition, the type of the observed air object equipped with a turbojet engine. To form a posteriori probability
density, the numerical method of Monte-Carlo was used. The results of the mathematical modelling, confirming
the efficiency of the proposed device, are presented.
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BBenenune

PaagnonokamoHHbIE CUCTEMBI M CPEACTBA MOHUTOPUHTA BO3AYIIHOW OOCTAaHOBKH SIBIISIFOTCS HCTOY-
HUKOM I10JIe3HOW MH(POPMALMH, KOTOPasi UCIOJIb3YETCs AJIsl OBBIICHUS 3(PEKTUBHOCTH YIIPABICHUS
Ha pa3nuuHbIX ypoBHsIX. MH(opmanus o kinacce (Tumne) HabIr0AaeMOro 00beKTa MO3BOJISIET BBIOUPATH
HanOoJiee OMacHbIe LENN B HAJIETE, ONPECISTh COCTAB TPYIIIOBBIX LEIICH, CEIIEKTUPOBATh LEH 10 pe-
L1aeMbIM 3aJja4aM, BCKPBIBas 3aMbICEN MPOTHUBHUKA, U T. 1. OmpenesneHne kiacca (Tuna) HabaroaaeMoro
BO3/YIIIHOTO 00BEKTa — Pe3yJibTaT pelieHus 3a1auu pacrno3naBanus [1]. [ToBeimenue adgpdexruBHOCTH
KJIaCCU(UKAIIMK HAOIIOaeMbIX 00BEKTOB — BECbMa BOCTPEOOBaHHAS U aKTyaslbHasl 3aJiaua.

st onpenenenus kinacca (THIa) HaOMIOIAEMOTO0 00BEKTa MCIONB3YIOTCS pa3lIndHbIe Kiaccu(u-
KallMOHHBIE MPU3HAKU (CUTHAJIbHBIE, TPAEKTOPHBIE, TAKTHUECKHUE U Jp.). B pannonokannoHHBIX cHc-
temax (PJIC) B xauecTBe CHTHAJBHBIX MPU3HAKOB, KaK MPaBUIIO, IPUMEHSIOTCS PaJnOIOKAIINOHHBIE
noptpetsl (PJIIT) o6bexroB Habmronenws [1]. HecMoTpss Ha mMpOKUii aCCOPTUMEHT CYIIECTBYIOIINX
PJIII, nx mpakTU4YecKOe HCIOJIb30BAHUE 3a4aCTYI0 OIPAaHMYEHO BO3MOXKHOCTSIMH PaJUOIOKAllMOHHBIX
cucteM. OnpeneeHHBIA MPAaKTUYISCKUH HHTEPEC BBI3BIBACT CIIEKTPANTLHBIN paTuoIOKAIMOHHBINA ITOPT-
pet (CPJIIT), KoTOpBIil XapaKTepu3yeTcsl BEICOKOH MH(POPMATUBHOCTHIO M MPOCTOTON (POPMHPOBAHUS
B coBpeMmeHHBIX KorepeHTHBIX PJIC. CPJIII nmpencraBisier cob0il yopsI04eHHYI0 COBOKYITHOCTh KOM-
IUIEKCHBIX aMIUINTYJ OTPaXEHHOT'O CHTHaja, OTHOCSIIUXCS K Pa3IUYHBIM BJIEMEHTaM pa3peLIeHust
o yacrore [1]. O600mennsiii CPJIII BkiIroyaeT Tak Ha3bIBaEMYIO INIAHEPHYIO COCTABIISAIOLIYIO CIICKTPa
OTPaXCHHOTO CUTHaJIa, OOYCIIOBJICHHYIO OTPa)KEHHEM CHTHaja OT KOpIlyca HaOIrogaeMoro oObekTa,
a TaKXe CIEKTPaJbHbIC MOAYJSIIIMOHHBIE KOMIIOHEHTBI, O0OYCIIOBJICHHBIE OTPa)KEHHUEM CHI'Hajla OT Ha-
OJrOaeMBIX BPALIAIOLIMXCS SIEMEHTOB KOHCTPYKLUH IIeTH (TaK Ha3blBa€MblE COCTABIIAIOLINE CIICK-
Tpa BropuuHoi moayssinuu (BM)) (puc. 1). B xadyecTBe HCTOUHMKOB (POPMUPOBAHUSI KOMIOHEHT BM,
KaK MPaBUJI0, BBICTYIIAIOT JIONIACTH HECYIINX BUHTOB BEPTOJIETA, TATOBbIE BUHTHI ABUraTeseil 00bEeKTOB,
CTYIICHH BUHTOB TYpOWH TypOOBHUHTOBBIX U TYpOOPEaKTUBHBIX ABHTraTENICH CaMOJIETOB, JIONACTH pyJie-
BBIX (XBOCTOBBIX) BUHTOB BepTOJeTa U T. 1. [2—4].

lMnaHepHasn cocTasAoWas

—7<
- ~

T Y
- S, S~ 1SU)
~
- MopaynaunoHHble // S o
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— —

~

—
—

F~(fo+ B T F~(fo+ B Tn F~(fy+ B, T

Puc. 1. nmocTpanust CIEKTPaIbHOTO PaJAHO0IOKAlMOHHOTO OPTPETa Pa3IMYHBIX KJIACCOB
Fig. 1. Illustration spectral radar-tracking portrait of various classes

[Ipu pacno3HaBanuu kinacca HaOmomaemoro oowekra 1o CPJII, kak mpaBuio, orpaHHYUBAIOTCS
AHAJIM30M aMILTUTY/bI (MOITHOCTH) CIIEKTPAIbHBIX COCTABIISIONIMX, & TAKKE UX PACIIPEIICIICHUS BIOJb
ocu gactot [2—4]. Ciieqyer OTMETHUTD, YTO TIOJIOKEHUE HA OCH YaCTOT KOMITOHEHT BM 3aBucHT OT psiga
WH()OPMATUBHBIX MAPaMETPOB, B KAU€CTBE KOTOPHIX MPUHATO pacCMaTPHBATh KOJIMYECTBO HabOIOmae-
MBIX JIOTIACTeH BUHTA N, a TaKKe PEKUM pabOThI JBUTATEILHON YCTAHOBKH, ONPEICIISIONIHIICS TeKY-
UMM 3HAYEHUEM YaCTOThI BpalleHus F,,. 3HaUYCHHUs TIPUBEIEHHBIX TAPAMETPOB, KaK MPABUJIO, OTINYa-
FOTCSI IJIS1 Pa3IMYHBIX KIIACCOB (THIIOB) 00BEKTOB [2—4].
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Llenbro UCCIIEI0BaHUIA SBISUTUCH Pa3pabOTKa CTPYKTYPhI YCTPOMCTBA PAIUOTIOKAIIHOHHOTO PacIios-
HaBaHUs Kiacca (THIa) HAOIIOIAEMOTO adPOJMHAMHUECKOTO OOBEKTa, YUUTHIBAIONIIETO OCOOCHHOCTH
KOHCTPYKIIUHU €T0 JIBUTATEIbHBIX YCTAHOBOK, a TAKXkKe aHaIu3 3PPEeKTHBHOCTH (HYHKITHOHUPOBAHUS MO~
JIYYSHHOTO KJIacCU(UKATOPA.

OcHoBHAafl YaCcTh

[Tpu oOmydeHH 30HANPYIOIIUM CUTHAIOM PaIHOJIOKAIIMOHHON 1IeJIM BO3HUKAET AP (PeKT BTOPUIHO-
ro m3nydeHus [2]. Bubpupyromiue u Bpammaromuecs: 3JIeMeHTBl KOHCTPYKITUH HAOII0IaeMOro 00hEKTa
B TIPOIIECCE BTOPUIHOTO U3ITYUCHHS BBI3BIBAIOT MOYIIAIIMIO ITAPAMETPOB PAINOIOKAIIMOHHOTO CUTHATA.
OT10 00ycnaBIMBaeT BOSHUKHOBEHHUE B CIIEKTPE OTPAXKEHHOTO CUTHAJIA CIIEKTPAIBHBIX KOMITOHEHT BM.
B 3aBucHMOCTH OT UCTOYHUKA BOZHUKHOBEHHS KoMIIOHEHT BM paznuyaror [2]:

— IPOTIEIICPHYIO0 MOIYTIALIUIO, UCTOYHUKOM KOTOPOI SIBIISIOTCSI KPYTHOTa0apUTHBIE BPAILAIOIIHECS
JIOTIACTH BEPTOJICTOB MIIHM OBICTPOBPAIIAIOIIUECS JOMACTH BUHTOB TYPOOBUHTOBBIX CAMOJIETOB;

— TypOMHHYIO MOTYIAIINIO, 00yCIOBIEHHYIO OTPAKEHHEM CUTHAJIA OT BO3/LyX03a00pHUKOB H JIOTIac-
Tel TypOMH TypOOPEaKTHBHBIX CAMOJIETOB;

— BHOpPAIMOHHYI0 MOAYISIHIO, 00YCIOBICHHYIO OTPaXCHHSMH OT BUOPHPYIOIIMX AIIEMEHTOB
Kopryca 00beKTa, 00ycIOBICHHYIO pabOTOH BUTATENbHBIX YCTAHOBOK, IEPErpy3KaMu B MpoLecce
roJieTa u Jp.

Crnenyer OTMETUTh, YTO KaXKIbI U3 PaclO3HABAEMbIX TUIIOBBIX BO3IYIIHBIX 00BEKTOB XapaKTepu-
3yeTCsl KOHKPETHBIM THUIIOM JIBUTATEIHbHON yCTaHOBKHU. [Ipu 3TOM pabounii muana3oH 3HAYCHUA 4aCcTOT
BpallleHus Bajia JBUTATEIbHONW YCTAaHOBKH WA Komrpeccopa Huskoro nasienns (KHJI), a Taxxe 3Ha-
YEHHSI YMCIIa JIOTIATOK JIBUTATENBPHON YCTAHOBKH OOBEKTa aHAJIM3UPYEMOTO Kiacca (THIa) SBISIOTCS
ero nH(GOpPMaTHUBHBIM KiIacCH(PHUKAIIMOHHBIM Tpu3HakoM [S]. Takum oOpa3oM, CHEKTpaIbHBIA COCTAB
HaAOMI0MaEeMBIX PaIMOJIOKAIIMOHHBIX CUTHAJIOB XapaKTepu3yeT He TOJBKO Kiacc 00beKTa, HO U €ro TUIl
[2—-4]. PaccmarpuBas CPJIIT BO3AyNIHBIX OOBEKTOB, OCHANICHHBIX TypOOPEAKTHBHBIMU JBHIATEIISIMHU,
CIIeZTyeT OTMETHTb, YTO KOHCTPYKIIHS TypOHMH TperycMaTpUBaeT HAJINYHE HECKOIbKUX CTYITHEeH BWH-
toB KH/I, oTu4aromuxcst KoiMm4ecTBOM Jionarok (puc. 2) [5].

\ i TR 7
\ CTYIICHL # CTYTICHb|
1-1 cTyneHs i L - o

Puc. 2. [Tpumeps! TypOOpEaKTUBHBIX JBUTATENICH C pa3IMYHBIM YHCIIOM CTYICHEH
Fig. 2. Examples of turbojets with various number of steps

[Ipomecc oOmydeHNs pagrOIOKAIIMOHHBIM CUTHAJIOM TypOOPEaKTHBHOTO ABUTATEIIS HAOIIOMAEMOTO
0o0beKTa o0yciiaBnuBaeT BO3HHUKHOBeHNE d(hdekra TypOuHHON Momyssimu [2]. Ilpu aTom paauonoka-
LMOHHBIM CUTHAJI MHOTOKPATHO MEPEOTpaXkaeTcs oT Heckonbkux cTyneneit BuntoB KH/I. B pesynsrare
IIPOUCXOUT O0OTAIEHUE CIICKTPa OTPAKESHHOTO CUTHAJIA: KPOME MOYJISIIIMOHHOM COCTABIISIIOIICH CHT-

HaJla Ha 4acToTax kNJlIFBp L k=1,+£2, .. (N }1 — KOJIMYECTBO JIONATOK B nepBoi ctynenu BuHToB KH]T),

KOTOPBIE XapaKTEePU3YIOTCS OTPasKeHUEM CUTHaIa oT epBoi ctynenn KH/I, BO3HHKaIOT crieKTpasibHbIe
1 2
COCTABIIIOLINE HA KOMOMHALMOHHBIX uactotax (KN, +k,N)F, ,k=%1,£2,... (N, — xonnuecTso
sonarok Bo BTopoi crymean KH/I) [2, 3].
[Ipu pamnoToKaIlmOHHOM paclo3HaBaHUH KJIACCOB (THUITOB) HAOIIOMaeMBIX 0OBEKTOB Ieeco00pas-
HO HCTIOJIb30BATh APUOPHBIC CBEJICHUS O KOJIMYECTBE JABHUraTesieii 00beKTa, KOJINYECTBE JIOMATOK BUH-
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TOB WJIN CTyIIEHEH BUHTOB ABurareneil [2, 3, 6]. KpoMe Toro, cieayeT y4uTblBaTh TEKyIIEe 3HAUCHUE
4acTOTHI BPAIIEHHsI Bajla ABUrATENIbHBIX YCTAHOBOK OOBEKTA.

B psane mpakTudeckd BaKHBIX CIy4aeB, XapaKTEPU3YIOLIMXCS BBICOKUMH OTHOIIEHUSMH CHI-
Han-myM, B CPJIIT Hanbonee MHTCHCUBHO MPOSBISIFOTCS KOMIIOHEHTBI YacTOTHl TYpOMHHOW MOTYIIsi-
MM, 00yCIIOBIICHHBIE OTPAaXEHUEM OT IEPBOW M BTOPOM cTymneHe asurarens [3, 6]. C yueTom JaHHOTO
(bakTa, B MHTEpECAX PACIIO3HABAHUS a3POANHAMUYIECKUX O0BEKTOB C TYPOOPEAKTUBHBIMH ABUTaTEIIIMU
o CPJIII B kauecTBe KiIacCU(HUKALMOHHBIX MPHU3HAKOB, KPOME 3HAYEHUH CHEKTPAIbHBIX KOMIIOHEHT,
¢dopmupyembix nepBoil crynensio KH/I, nenecoo0pa3Ho AONONHUTENBHO HCIOJIB30BATH CHEKTPaIb-
HbIE KOMIIOHEHTBI, 00YCIIOBICHHbIE KOMOWHAIIMOHHBIMU YacTOTaMH. Takoi Moaxoa MO3BOJIMI OLIEHH-
BaTh M YYHWTHIBaTh NPU paclo3HABaHUM JOTIOJHUTEIbHBIH NPU3HAK-KOIDOUIIMEHT, MPOIOPIUOHAIb-
HBII OTHOLICHHUIO MOLYISIHUOHHBIX 4acTOT aHanu3upyeMbix cryneneil KH/I. B paMkax naHHoOW crarbu
JUIs1 OTIPEZIEJICHHSI THIIA PACIIO3HABAEMOI'0 O0BEKTa OrPaHUYMMCS HCIIOIb30BaHUEM CIIEKTPAJIbHBIX KOM-
MTOHEHT TYpOWHHOW MOYIISAIINHU OT TIEPBOM U BTOPOI CTyTIeHEH IBUTATEs.

[Ipaktuueckoe ucnonb3oBanue CPIII g knaccuduranuy HaOI01aeMbIX OOBEKTOB HECKOJIBKO 3a-
TPYAHSIETCS] HAIMYMEM PaKypCHOW 3aBUCHUMOCTH, a TaKXkKe CJI0KHOCTBIO MPOLEAYPHl OLIEHKH 3HAUEHUs
4acTOTHI BpallleHHs BaJsia ABUrareist. [[poBeeHHbIE HCCIIeIOBAHMS TOKA3aIH, YTO IpHUeMIIeMoi dddek-
TUBHOCTBIO OOJIaJal0T ajNrOpUTMBbl, OCHOBAaHHbIC HA TIOCIIEAOBATEILHON MpOlenype KiaccCupuKaiuu
IIPU KOMILJIEKCUPOBAHUHU CUTHAJIBHBIX U TPAEKTOPHBIX KJIACCU(PUKALMOHHBIX NPU3HAKOB C UX ajanTa-
e K ycnosusaM Habmronenus [7]. [locnenoBarenbHoe MpaBUIIO MPUHATHS PELICHUS O Ki1acce 00beKTa
umeet Buf [7]:

n+l n+l

Z(f,4.)> Z(f;

Ag), g=LM, g+k;
to A, nHaue A, "
J+ln(—l_HM+1 ' o
IT, (D)
4,), g=1,M, g#k, 10 4,

—msn+ 1 <K, ecnin M ,
Z(£,]4,)> | > )

i=1,i#k

n+l

—man+ 1=K, ecau Z(f;+1|Ak)>Z(f'

n+l

rae Z(f’

Ag) — 3HAYEHHUE JIorapu@ma npasaonofoous B g-M KaHaje 00pabOTKH ¢ IEPBOro IO TEKY-
it (n + 1)-it koHTakT; [l — CTOUMOCTb MPUHATHSI PEIICHUS O POIOKEHUH HaOmoneHus; K — 3Ha-
YCHHE HOMEpa KOHTaKTa, MPU KOTOPOM TPUHUMAETCS PEIICHUE O KJlacCe 00beKTa 03 BO3MOXKHOCTH
IIPOJIOJKEHUS HabmtofeHus; f,| — COBOKYIIHOCTb peald3aliiil IPUHIATOrO OTPaKEHHOIO CUTHAJIA C IIep-
BOTO 10 TeKYIIHH (n + 1)-il KOHTAKT; A, — IPUHATOE PEIICHHE O Kiacce 00beKTa, k =1, M +1; M — konu-
YECTBO PaCIIO3HABAEMBIX KIIACCOB; M + 1 — rumoresa o MpoJIoIKEHUN HAOTFOICHHS.

Ha BbIxOmax kaHasioB 00paOOTKM CHUTHAIBHBIX M TPAEKTOPHBIX MPU3HAKOB 00BEKTa (POPMHUPYIOTCS
OTHOIICHUS MTPABAONON00US, XapaKTePU3YIOIIUE CTEIIEHb TOCTOBEPHOCTH MTPOBEPSEMBIX TUIIOTE3 Ha TE-

n+l

kymeM (n + 1)-M koHTakTe Z (f !

Ag), g =1,M. llony4yeHusle 3HaYEHUs MOCTYNAIOT Ha YCTPOUCTBO

[IOCJICIOBATEILHOIO IPUHATHS PELICHHsI, 00eCIIeurnBasl MPUHIATAE PELICHUS O KJlacce HaOIIIaeMOro
o0ObeKTa AZ, k=1,M.

C y4eToM HaW4usi B CIEKTPE aHAIM3UPYEMbIX CUTHAJIOB KOMOWHAIIMOHHBIX 4acTOT B IMOCIIEHO-
BaTeJIbHOM YCTPOMCTBE PaMOIOKAIMOHHOTO PaCclOo3HABaHUs KJIacca HabI01aeMoro 00beKTa 1eneco-
00pa3HO pealin30BaTh BO3MOXKHOCTH OIPEACICHHs THIa 00bEKTa, OCHAIIEHHOIO TYPOOPEaKTUBHBIMH
JBUTaTEIIIMU. B 3TOM ciiyuae nmpaBuiio IPUHATHS PEIICHUS O TUIIC HAOII01aeMOro 00beKTa, OCHAIIICH-
HOTO TypOOpPEaKTHBHBIM JIBUTATENIEM, TPUOOPETACT BUJI

ccm Z(8N|Aq)>Z(8N|A,), 1=1,0, I#q, 10 4, )

e Z (SN |Aq) — K03 QUIHEHT TIpaBaONONO0Ns ¢-TO THTAa 00BEKTa Kiacca «TypOOpeaKTHBHBIA ca-
MoJieT»; ON — K03 (UIUCHT, XapaKTePU3YIOIIHA COOTHONICHUE MEXKIY 3HAYCHUEM MOYISIIMOHHBIX

4acTOT nepBoi u Bropoit ctynenent KH/I; A; — pemenue o ture oobekta (g =1,0, O — 4ncio pacros-
HABaE€MbIX TUIIOB OOBEKTOB).

CTpyKTypHasi cxema yCTpOMCTBa paguoioKkaloHHOro pacrnosnaBanus (PJIP) ¢ momonHuTensHbIM
orpe/ieNieHHeM TuTa 00beKTa Kilacca «TypOOpeaKkTHBHBIM caMoJIeT» Tpe/ICTaBlIeHa Ha puc. 3.
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Puc. 3. CTpykTypHas cxema yCTpOWCTBA PaANOTIOKAIIMOHHOTO PaCO3HABAHUS
C OMpe/ICNICHUEM THIA 0OBEKTa Kilacca «TypOOpEaKTHBHBIH CaMOIeT
Fig. 3. Structural diagram of a radar recognition device with the definition
of the type of object of the class “turbojet aircraft”

B ciyuae npunsTHs pemieHus o HaOmoaeHNH 00bEKTa, OCHAILEHHOTO TypOOpEaKTHBHBIM JIBHUTa-
TeseM (Hanmpumep, pelieHne A, — Kiacc «TypOOpeakTHBHBIM caMOoJIeT»), Ha BXOJ KaHaJoB 00pabOTKH
ycrpoiictBa PJIP tuma o6bekra mocrynaror Hadmonaembie orcuetsl CPIIIT (€ ,,). B 6moke 06paboTku
CPJIII ¢ momMompi0 aJanTHBHOTO TIOPOTa BRIOUPAIOTCS COCTABIIAIONINE CIIEKTpa, 00yCIIOBICHHBIE Typ-
ounnoit Mmomymsiueit CPJIIL. B 61oke pacuera koaddummenta ON ornpenensercs BeTnIrHa, POTIOPIIH-
OHaJIbHasl OTHOILEHHUIO YKMCIIA JIONIATOK TepBoil U BTOopoi cryneHedt BuHTOB KH/I, ¢ yueTom Tekymiero
3HAuUEHHS YaCTOTHI BpallleHus Bana IBuraress. OnpeneneHue CrieKTPalbHbIX COCTABIIONUINX, 00YCIOB-

JIEHHBIX 3HaUEHUAMH F ) N !, a TaxKe KOMOMHAIMOHHBIMU YaCTOTAMH MEPBOii U BTOPOI CTyINeHeii BUH-
toB KH/| F;pN i " OCYIIECTBIISIETCS IMyTEM aHajIM3a JoKaJlbHbIX MakcuMymoB CPJIIT.

Crenyer OTMETUTb, UTO MOMyYeHHAs OlleHKa Kod(huimeHTa SN XapakTepusyeTcs HaJINIHEeM OIIH-
00K orleHMBaHUs. B CBSA3M ¢ 9THM A5 OlleHUBAaHUA TUIOTHOCTH BeposiTHocTH (I1B) Texyreii onenkn Ko-
s punmenta SN 11eJIeco00pa3HO UCIIOIL30BaTh YUCIICHHYIO alIPOKCUMAITHIo MeTomnoM MonTe-Kapio.
B ocHoOBe 3TOro MeToz1a JEKHUT alpOKCHMAIUs HPOU3BoiIbHOMU IIB p(N) COBOKYHHOCTBIO CITy4aifHBIX

oTcueToB N (s), s=1,N,., N, >>1, cucnonp3oBaHreM HOPMUPOBAHHBIX BECOB ATUX OTCYETOB w*) [8].

Jlnist anmpoKCUMAIK YUCICHHBIM MeTooM MonTe-Kapio ucnonb3yercs 0000IMeHHBINH TayCCOBCKUIN
3aKOH pacnpeneseHus (pgyqp(x)) [9]:
P
B )
—e

2A(p,o)

x—p
A(p.o)

Pcep (x)= > (3)

rne A(p,c)= \/(021"(1 / p)) / I'(3/p) —napamerp pacipenenenus; I'(x) = J. t'e”'dt —ramma-(yHKIHS;
0
G — CpelHeKBaAPaTHUECKOE OTKIIOHEHHUE; L — MATEMATHYECKOE 0KHIAHKE; p — HapaMeTp (GOpPMBbL.
[pu annpokcumaruu [1B p(SZV ‘SN , Aq) B KAUECTBE MATEMATHUECKOTO OKMIAHUS UCIIONb30BAHBI

dopmupyemas oueHKa 3HadeHnst SN, mapamerp GopMel p = 10, a 3HAYCHHE CPEIHEKBAPATHIECKOTO
OTKJIOHCHHS OTIPENIEIIOCh TOYHOCTBIO OTPEACICHHSI YaCTOThI MOAY/ISIITUOHHBIX COCTABIISIFOIINX.

B Omoke pacueTa OTHOIICHUS MPaBIONON0OMS HaXOAWIH KOd(DPHUIIHMEHT MPaBIOIOT00ws KayKI0TO
pacrno3HaBaeMoro ¢-ro Tuma o0beKkTa

z(sN4,)= | p(SN‘Aq)p(SIV‘SN,Aq)dSN, ¢=10, o)
"y
e V" — obmacTh, onpesienseMas COOTHONIEHHEM YHCIa JIOTIATOK MePBOH M BTOPO# cTymeHeii norma-

creit KHJI nBuraresns ¢g-ro tuna o0beKTa Kiacca «TypOOpEeaKTUBHBIN caMoeT,; p(6N | Aq) — anpuop-
Hasl INIOTHOCTh BEPOSTHOCTHU pacipeaesicHust Koapduuuenta ON Juist g-ro Tuia 00beKTa Kiacca «Typ-

OOpEaKTUBHBIN CaMOJICT; p(SN ‘ ON, Aq) — IUTIOTHOCTH BEPOATHOCTH PaCIIpPENEIeHUs OIEHKH K03 (-

umenra SN (byHKIIHS TIPaBIOTIONOOWS).
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B KaXXI0M KaHalJIiC 06pa6OTKI/I 00BeKTa ¢-TO THUIIAa IIOJIYYCHHAsA YHUCJICHHASA alllpOKCUMaluA

I1B p(SN ‘ ON, Aq) ko3¢ punmeHTa 8N comocraBismach ¢ anpuopHeiMu [1B 3HaueHnt Kordpurmen-

Ta ON pacro3HaBaeMbIX THIIOB OOBEKTOB p(SN |A,), /=1,0, anmpoKCHMMHPOBAHHBIX 00OOIIECHHBIM
rayCCOBCKHM 3aKOHOM pactpeneicHus (puc. 4).

PN |4)) ) Z(5N|Aq
p(3NJSN, 4)  [——— 20 [ 0
--------- Cy-27 0,05
ﬂ — — — Cy-25 0,001
— — — F18 0,949
— — — F22 0
-
\
\~— 77 7~
" - VA " N
2 6 8 10 oN

Puc. 4. [Ipumep annpokcuManuu MIOTHOCTEN BEPOATHOCTH YUCIEHHBIM MeToioM MonTe-Kapno
Fig. 4. Example of approximation of density of probability a numerical method of Monte-Carlo

B pesynsrate 00pabOTKM B KakIOM KaHaie (opmupyercs Kod(Q(OHUIMEHT NpaBIonogoous

Z (SN |Aq ), q =1,0, IpUMEHHUTETHHO K aHATTM3UPYEMBIM THUTIAM HaOIIF01aeMbIX OOBbEKTOB KJIacca «Typ-
OopeakTHBHBIN camoneTy. B Ooke mMpuHSTHS peleHuil B COOTBETCTBUU C BhIpakeHHeM (2) orpene-
JSUTA TUT HaOMF0JIaeMoro 00beKTa Kilacca «TypOOpeakTHBHBIN camoneT». Ha Boixone ycrpotictea PJIP

THma 00BEKTa KITacca «TypOOPEaKTUBHBIN caMOIeT» (hOPMUPYETCS PEIICHHE A;.

[peanoxeHHbI OAX0 00ECIEeUNBACT paciiupeHre (yHKIIMOHATBHOCTH HM3BECTHOIO ANTOPHUT-
Ma PaJUOJIOKAIIMOHHOTO PACMO3HABAHMS Kiacca HaOMI0IaeMoro o0beKTa, MO3BOJISS JAOMONIHUTEIHHO
OIPENEIATh TUIl OOBEKTOB, OCHAIICHHBIX TypOOPEaKTHBHBIMU JBHrareismMu (Hanpumep, B-52, F-16,
Mur-29, F-22, Mirage-2000 u . 11.).

Onenka >(pdexTuBHOCTH (QyHKIIMOHUpOBaHUS ycrpoiictBa PJIP Tuna naOnromaemoro oObekTa
Kllacca «TypOOpEaKTHBHBIH CaMOJIETy MPOU3BOAMIACHE METOJOM MAaTeMaTH4ecKOro MOJICITHPOBAHHMS.
Juis aToT0 OBUTH BRIOpAaHBI HECKOIBKO 0OBEKTOB KiTacca «TypOopeakTuBHEIHN camoret» [3, 5]. Ilpu dop-
MHUPOBAHUHU BXOJHBIX CHUTHAJIOB HMCIOJNB30BAach 000OINECHHAS MaTeMaTndyeckas MOJENIb UMUTATOPA,
YYUTBIBAOIIAS] 3aKOHOMEPHOCTH OTPAKEHUI CUTHAJIOB OT JIBUTATEIIBHBIX YCTaHOBOK [6]. B kauecTBe
roKasaresnei, xapakTepu3yromux 3pGeKTHBHOCTh (PYHKIIMOHUPOBAHMSI YCTPOHCTBA PaluOIOKAIIMOH-
HOTO PAacTiO3HABAHMUSI, PACCMATPUBAIIUCH 3HAYCHHsI BEPOSITHOCTH MPAaBUIIBHOTO pacro3HaBanus D(p),
IJic P — OTHOIIICHHE CHI'HAJ-IIYM Ha BBIXOJIC YCTPOMCTBA KOTepeHTHOTrO HakoruieHus [1]. Pe3ymbrarst
MaTeMaTUYeCKOro MOJICTUPOBAHHSI B BUJIE TPAPUKOB YCIOBHBIX BEPOSITHOCTEH MPABUIIBHOTO paciio3Ha-
BaHUsI TPUBE/ICHBI HA PHC. 5.

D(p)y
1,0

. - —o — O0— - —9

_o__e'—‘e

0,8 —_—— == ==

— Mul-29
— — (Cy-27
0,6 ce== F18
—— F-22
—o— (y-25
0,4
110 ' s ' 20 p,ab

Puc. 5. BeposiTHOCTH NTPaBUIIBHOTO PACcIIO3HABAHMS THITA HAOIIOIaeMOT0 00beKTa
KJ1acca «TypOOpeaKkTUBHBIN CaMOJIeT
Fig. 5. Probabilities of correct recognition of observable object type of a class “the turbojet plane”
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Pe3ynbrarbl uccienoBanmii

[Tonydyennsle pe3ynbTaThl MMOKA3bIBAIOT, YTO IPU BBHICOKUX OTHOILUEHUSX CHUTHAJ-IIYM IMPEACTaB-
nenHoe ycrpoicTtBo PJIP mo3BossieT ¢ mpuemiieMoil 10CTOBEPHOCTBIO ONMPEAEISITh THUII HAOII0IaeMOro
o0beKTa Kilacca «TypOopeakTHBHBIN camoneT». OIHAKO CTOUT OTMETHUTD, YTO TIPH MAJbIX OTHOIICHHIX
curHan-myMm st 06bekroB Cy-27 u Mirage-2000 HaOmromaeTcst HU3Kasi IOCTOBEPHOCTh pacrio3HaBa-
HUs, cBsi3aHHast ¢ TeM, uTo ux CPJIIT TepstorT KOHTpacTHOCTD 10 oTHOIEHHUO K aApyruM CPJIIT Ha done
myMoB. [lomydennbie pe3yasraTsl He MPOTHBOpEUYaT (GPU3NIECKUM acTIeKTaM ¥ TIOATBEPXKIAIOT AP dex-
TUBHOCTh PACCMOTPEHHOTO YCTPONCTBA ONpeIeNIeH s THIIAa HaOII0IaeMoro 00beKTa.

3aKiIroueHue

1. TIpenynoxkeH BapuaHT pacimupeHust GYHKIIUOHAIBHBIX BO3MOXKHOCTEH yCTPOHCTBA painoIoKaIy-
OHHOTO pacro3HaBaHUsI 0OBEKTOB IO CIIEKTPALHBIM MopTperaM. [IpencraBieH BapuaHT yCTpPOHCTBA
PaJMOJIOKAIIMIOHHOTO PAaCIIO3HABAHMUS, KOTOPBIH JIJIsl 00bEKTa Kilacca «TypOOpPEaKTHUBHBIN CaMOJIeT» J10-
MOJTHUTEIBHO TIO3BOJISICT ONPEACTUTh THIT HA0II01aeMOro 00beKTa.

2. [IpoBeneHo MaTeMaTHIeCKOE MOJCIIUPOBAHIE, PE3YITBTAThl KOTOPOTO IMOKa3aIi BEICOKYIO A dek-
TUBHOCTH Pa3pabOTaHHOTO yCTPOWCTBA PACIIO3HABAHUS THUIA HAONIOMaeMoro o0beKTa MpU OOIBIINX
OTHOIICHUSIX CUTHAJ-IIIYM. PaccMOTpeHHOE yCTPOHCTBO MOXKET OBITh JOCTATOYHO MPOCTO PEATH30BAHO
B COBPEMEHHBIX KOTEPEHTHBIX PaJHOJIOKATOpaX.

Cnucok JuTepaTyphl

1. PaanosnexkTpoHHBIE CUCTEMBI: OCHOBBI IOCTPOCHUS U Teopus. 2-¢ u3l., nepepad. u pom. / . 1. Hlupman
u [ap.]. M.: Pannorexnuka, 2007. 512 c.

2. Cmocapp, H. M. Paccesnne u BTOpWYHas MOZYJSLUS PaJHONOKAIMOHHBIX CHTHAJIOB JHHAMHYECKUMH
oobekramu / H. M. Cirocaps. Munck: Boew. akan. Pecn. benapycs, 2015. 288 c.

3. Cmocaps, H. M. YacToTHBIE CHEKTpHl CHUTHAJIOB, OTPAKCHHBIX OT CaMOJIETOB C TypOOpPEaKTHBHBIMU
meuratensmu / H. M. Cmocaps / MHGopManmoHHBIE pagloCcHCTEMBI U paaroTexHomoruu — 2020: marep.
Pecny6. Hayu.-ipakT. KOH(]., T. MuHCK, 28-29 okt. 2020 . MuHck: Benop. rocyn. yH-T HHGOPM. U PaTuodIL.,
2014. C. 257-267.

4. Teiictep, C. P. AmantuBHOE 0OHApYKEHIE-PACIIO3HABAHHUE C CEIEKIINEH ITOMEX TT0 CIICKTPAEHBIM ITOPTPETaMm /
C. P. Teiictep. Munck: Boen. akaz. Pecn. benapycs, 2000. 172 c.

5. Military Jet Engine Acquisition: Technology Basics and Cost-Estimating Methodology / Obaid Younossi
[et al.]. USA: Santa Monica, 2002. 167 p.

6. Hanrouwii, B. H. HccienoBanne ocoOeHHOCTEH ONMCaHMs MPU3HAKOB PAHOIOKAIIMOHHOTO PACTIO3HABAHUS
BO3YIIHBIX IEJICH B OOPTOBBIX paanooKaMoHHbIX cucremax / B. H. Haarouwit // CoBpemeHHas Hayka:
aKTyasibHbIe TIpoOIeMbl Teopuu U pakTuku. 2017. Ne 10. C. 20-24.

7. CuHTE3 ONTHUMAaJIBHOTO YCTPOMCTBA IIOCIIEIOBATEIBHOIO CUTHAIBHO-TPAEKTOPHOTO PACIIO3HABAHMS C ajarl-
Taluel K MPOCTPAaHCTBEHHOW opueHTanuu HaOmomaemoro oobekra / C. H. Slpmonuk [u ap.] / Bectuk
Boennoit akagemun Pecrryommku bemapycs. 2020. Ne 3. C. 80-91.

8. Ocobennocty ucnonb3oBanust Mmetoa MoHTe-Kapio uist annpokcuManum CTaTHCTHYECKUX pacipeeIeHu
PE3y/IbTaTOB HEJIMHEHHBIX TPEOOpa30BaHuil B paarooKannoHHbIX 3am1adax / A. C. Comonap [u ap.] // Becri
HarmpisnaneHait akagamii HaByk bemapyci. Cepris ¢izika-ToxHIgHBIX HaBYK. 2016. Ne 4. C. 91-98.

9. Jlykun, B. B. OuennBanue napamerpa ciBura Juis ceMeWcTBa 0OOOIEHHBIX IayCCOBBIX PAClpeneIeHui /
B. B. Jlykun, JI. A. Kypkun, A. A. Poenko // PagrosnekTpoHHbIe U KOMIbIOTepHbIe cuctembl. 2011, T. 50,
Ne 2. C. 37-44.

References

1. ShirmanJ. D. et al. (2007) Radioelektronic Systems: Bases of Construction and the Theory. 2" ed., res. and ad.
Moscow, Radio Engineering. 512 (in Russian).

2. Sljusar N. M. (2015) Dispersion and Secondary Modulation of Radar-Tracking Signals by Dynamic Objects.
Minsk, Military Academy of the Republic of Belarus. 288 (in Russian).

3. Sljusar N. M. (2014) Frequency Spectrs of the Signals Reflected from Planes with Turbojets. Information
Radio Systems and Radio Technologies — 2020. Materials of Republican Scientifically-Practical Conference,
Minsk, Oct. 28-29, 2020. Minsk, Belarusian State University of Informatics and Radioelectronics. 257-267
(in Russian).

4. Gejster S. R. (2000) Adaptive Detection-Recognition with Selection of Hindrances on Spectral Portraits.
Minsk, Military Academy of the Republic of Belarus. 172 (in Russian).

94



Jloknazgel BI'VUP
T 21, Ne 5 (2023)

Dokrapy BGUIR
V.21, No 5 (2023)

Obaid Younossi et al. (2002) Military Jet Engine Acquisition: Technology Basics and Cost-Estimating
Methodology. USA, Santa Monica. 167.

Nadtochy V. N. (2017) Research of Features of the Description of Signs of Radar-Tracking Recognition
of Air Targets in Onboard Radar-Tracking Systems. Modern Science: Actual Problems of the Theory and
Practice. (10), 2024 (in Russian).

Yarmolik S. N., Zaiko E. V., Khramiankou A. S., Svinarskiy M. V. (2020) Synthesis of the Optimum Device
Consecutive Signal-Trajektory Recognition with Adaptation to Spatial Orientation of Observable Object.
Bulletin of the Military Academy of the Republic of Belarus. (3), 80-91 (in Russian).

Solonar A. S., Yarmolik S. N., Khramiankou A. S., Michalkovsky A. A. (2016) Features of Use of a Method
of Monte-Carlo for Approximation of Statistical Distributions of Results of Nonlinear Transformations
in Radar-Tracking Problems. Vesti National Academy of Sciences of Belarus. Gray Physics and Technical
Sciences. (4), 91-98 (in Russian).

Lukin V. V., Kurkin D. A., Roenko A. A. (2011) Assessment Parametre of Shift for a Family of Generalised

Gaussian Distributions. Radio-Electronic and Computer Systems. 50, (2), 37-44 (in Russian).

Bxuaa aBropos / Authors’ contribution

ABTOpBI BHECTTH PaBHBIN BKJIa B Hanncanue cratbu / The authors contributed equally to the writing

of the article.

Caenenusi 06 aBTopax

3aiiko E. B., M. H. c. HAyYHO-HCCJIEIOBATEIHCKON YacTH
Boennoit akagemun Pecnyonmku Benapychb

Mymcxkmii I1. H., K. T. H., AOLEHT, 3aMECTUTEIb AUPEK-
TOpa 1o Hay4yHoW pabore LlenTpa paguorexnuku Ha-
LMOHAJILHOM aKajieMuu Hayk benapycu

Afnpec 1/ KOppeCIOHeHIIHH

220057, Pecrybnuka benmapycs,

r. Munck, npocn. HezaBucumoctu, 220
Boennas akagemus Pecryonuku benapych
Tesn.: +375 29 810-02-09

E-mail: zaiko.eugene@mail.ru

3aiixo EBrenuit Bukroposuu

Information about the authors

Zaiko E. V., Junior Researcher at R&D Department
of the Military Academy of the Republic of Belarus

Shumsky P. N., Cand. of Sci., Associate Professor,
the Deputy Director for Scientific Work of the
Radio Engineering Center of the National Academy
of Sciences of Belarus

Address for correspondence

220057, Republic of Belarus,

Minsk, Nezavisimosti Ave., 220

Military Academy of the Republic of Belarus
Tel.: +375 29 810-02-09

E-mail: zaiko.eugene@mail.ru

Zaiko Eugenie Victorovich

95



Joknager BI'YUP Dokrapy BGUIR
T.21, Ne 5(2023) V.21, No 5 (2023)

@) |
http://dx.doi.org/10.35596/1729-7648-2023-21-5-96-103
Original paper

UDC 519.65+534.1+004.3+004.42+004.9

IMPLEMENTATION OF DECISION-MAKING SYSTEMS BASED
ON ATYPICAL DECISIVE ELEMENT

PETER Y. BRANCEVICH

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

Submitted 21.02.2023

© Belarusian State University of Informatics and Radioelectronics, 2023
Benopycckuii rocynapcTBEHHBIH YHUBEPCHTET HH(POPMATHKHI U PATHOAIEKTPOHHUKH, 2023

Abstract. As large amounts of data are received and accumulated, the need to create automated and automa-
tic decision-making systems for a wide variety of tasks becomes more and more urgent. In the technical field,
one of them is technical diagnostics, and in medicine, diagnostics of the human condition. Currently, dozens
of computer systems for continuous vibration control and monitoring of complex rotary-type units are in com-
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AnHoTanus. ITo Mepe momyueHus ¥ HAKOIUICHHUS OONBIINX 00BEMOB JAHHBIX BCE OOJIee aKTyalbHOW CTAHOBUTCA
HEOOXOIUMOCTh CO3/IaHUS aBTOMATU3NPOBAHHBIX 1 ABTOMATHYECKUX CUCTEM NPUHSITUS PEIICHUH Ui CaMbIX pa3-
HOOOpa3HBIX 3a/1a4. B TexHn4eckoil cepe 0qHON U3 HUX ABIAETCS TEXHHUECKAs JUATHOCTHKA, a B MEAUIIUHE —
JUAarHOCTUKA COCTOSHUS ueloBeka. B HacTosImiee BpeMs B MPOMBIIIJICHHOW SKCIUTyaTallud HaXOAATCS JCCSTKH
KOMIIBIOTEPHBIX CHCTEM HEIPEPHIBHOTO KOHTPOJIS BUOpAIMK ¥ MOHUTOPHHTA CIIOKHBIX y3JI0B POTOPHOTO THIIA,
KOTOpbIe (OPMUPYIOT BpeMEHHBIE TPEHBI TT0 14 mapameTpaM BUOpAIIMH C IIArOM IO BpeMeHHU 1—8 ¢ A Kaxaon
KOHTPOJIFHOW TOYKH Ha IKCILTyaTHpyeMblil 00BbeKT. [Ipennosker GpyHKIIMOHAT YHUBEPCATIHLHOTO MO MPHHS-
THUS PEIICHUH, BXOAHBIMHU JaHHBIMH KOTOPOTO SIBIISIOTCS TMTapaMeTPhl U XapaKTePUCTUKN HAOII01aeMOro 00BeKTa,
¢ TpeOyeMBbIM pe3yIbTHPYIONIIM BBIXOAHBIM PELICHUEM.

KuaroueBble ci1oBa: mapaMeTp, XapaKTEpUCTHKA, PEIICHUE, BUOpAlUs, CUTHAJ, U(poBas 00pabOTKa, aMILIH-
TYAHBIN CHIEKTP.

Kondaukt unTepecoB. ABTOp 3asBISACT 00 OTCYTCTBUU KOH(PIUKTA HHTEPECOB.
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7648-2023-21-5-96-103.

Introduction

In production processes, a significant part of the operating costs are the costs allocated to ensure
the operability of production equipment. It is believed that the equipment with rotational motion
is the most worn out (turbines, generators, engines, gearboxes, pumps, compressors, fans). It is pos-
sible to reduce the cost of its operation by introducing modern maintenance systems based on the use
of technologies for monitoring, assessing the state, diagnosing, predicting the development of defects,
which, from the point of view of their organization and functioning, are intelligent systems [1].

The state of production equipment can be characterized by many parameters of the main and secon-
dary processes that develop during its operation. For control, it is advisable to choose those that reflect
the functional state of objects quite well and do not require too much expenditure for their measurement.
In this regard, for mechanisms with rotational motion, these are the vibration parameters [1, 2]. Based
on the analysis of the vibrational state of a group of the same type of mechanisms during their operation
in different modes, in different technical conditions and for a long time, diagnostic signs can be substan-
tiated and formulated to localize the places and causes of increased vibration. This creates the condi-
tions for building automated or automatic systems for assessing the technical condition and diagnostics,
which greatly facilitate the work of engineering and technical personnel [3].

Medical diagnostics, as a set of rules, methods and solutions that allow one to come to a conclusion
about the presence or probability of a person having a particular disease, has much in common with
technical diagnostics [4]. The discovery of new and improvement of existing methods for assessing
the human condition is an important area of medical research. In this regard, the formalization of deci-
sion-making systems based on the data obtained is very relevant, and more and more accessible for crea-
tion, at least for many special cases, due to the growing computing and information power of the tech-
nical means used.

Model of the basic element of the decision-making system

Currently, there is a need to monitor the state of not only technical objects, but also living organisms,
including humans. The state of the observed technical or natural object is described by parameters and cha-
racteristics. In this article, these terms and characteristics will correspond to the following definitions.

A parameter is a property (indicator) of an object or system that can be measured. The result of mea-
suring a system parameter is a number or quantity, and the system itself can be considered as a set
of parameters that need to be measured in order to model or evaluate its behavior. Sometimes parameters
are also called quantities that change very slowly compared to other quantities (variables). Examples
of vibration parameters are: root mean square value (RMS) of vibration acceleration (vibration velo-
city), amplitude of vibrations, amplitude of vibrations at a certain frequency, calculated by proces-
sing the vibration signal generated by primary transducers (sensors) mounted on the bearing support
of the mechanism.

A characteristic is a set of distinctive properties of someone or something. A characteristic in en-
gineering is a graphic or tabular expression of the dependence of one parameter on another, as well
as a function that expresses or describes this dependence. For example, a characteristic of an object
is the amplitude spectrum of the vibration signal excited on the housing of the bearing support or the seg-
ment of the temporal realization of the vibration signal.

In order to evaluate the state of the observed object, some kind of decision-making or decision sup-
port system is required. The following model of the basic decisive element of the decision-making sys-
tem for assessing the state of the observed object or developing recommendations for the impact on this

object is proposed. The base element inputs are: x; — parameter value i; i=1...N; 0, ( Vidoeeesy j’k) -

characteristic j at discrete values of the argument y,; j=1..M;o, ( Y, (t)) — characteristic j at a conti-
nuous value of the argument y,, j=1..M .
In relation to the input initial parameters and characteristics, the following primary processing func-

tions are applied: f,(x,), where /=1...B;and o, (o;)j) , where m=1...C.
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Moreover, different functions f, can be applied in relation to the same parameter x,;, and diffe-
rent functions @,,, to the same value of the characteristic ®,. There can also be complex multi-para-
meter-multi-characteristic functions: \Vn(xl.,..,xj,..,xk,(o,,..,oom,..,oop) , where n=1...D; i,j,kel..N;
I,bm,pel..M.

Inrelationto the feature set: f, (xi), 0, ((Dj) SV, (xl.,..,xj,..,xk,co,,..,(nm,..,oap) generalizing functions
are applied: y, =¥, [fl (x,)./=1..B; ¢, (oaj), m=1..C; vy, (x,.,..,xj,..,xk,co,,..,mm,..,oop), n= 1...DJ;
k =1...L. And already in relation to y, apply various decisive functions: S, ( Vi ), n=1...P.

The result of the function S, (y,) determines one of the possible states of the analyzed object,
the type of the object itself, and the decision to be made. In Fig. 1, this model is presented graphically.

f1(x1)

o fela)
. * \Pk
fl(xN)

s | S
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Wy

feGen)
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Fig. 1. Model of the basic decision-making element for assessing the state of the observed object

In the simplest case, the parameters of the proposed decision-making model will have the following
form:

fi(x)=ax,, where I=1..B; ¢,(,)=b,0,,

where m=1...C; a,, b

m

— real numbers;

N N
v, (xl.,..,x_i,..,xk,(x),,..,oam,..,cop) =c, (Z};xi +Zsjwj] ,
i=1 =1

where n=1..D; i,j,kel..N; l,m,pel..M; r,, s; —real numbers.
B C D
Ve =2, () + D Vi (03‘/.)+an,k\|/n (x,.,..,xj,..,xk,w,,..,mm,..,wp),
=1 m=1 n=l1

where k=1..L; u,,, v,,, , w,, —real numbers.

mk ° n

S (»)=p, > n=1..P.

The fundamental difference between the proposed basic element of decision-making about the state
of'an observed object, event, action, for example, from a neural network [5] is that it provides functional
variability in the primary processing of the obtained parameters and characteristics, as well as the possi-
bility of making decisions as a result of observing an object on over some time interval. The typification
of the decisive element makes it possible to configure complex decision-making networks on their basis
and create intelligent systems for processing various data.
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Application of basic element of the decision-making system in automatic protective shutdown
of a turbine unit based on vibration parameters

The most important task of modern vibration control and diagnostic systems is to prevent accidental
damage to the protected object in the event of a sudden malfunction or mechanical damage in its com-
ponents, or in the event of a significant deviation of any technological parameters from the nominal
ones. However, the fact of the occurrence of a situation requiring the shutdown of a technical object
in many cases has an ambiguous reflection in the vibration parameters. The standardized protection cri-
teria [6] reflect the most general relationships obtained on the basis of long-term operating experience
and research of mechanisms with rotational motion, and by no means always fully satisfy the operating
and management personnel.

Vibration control and protection systems built on the basis of computer technology make it possible
to implement various and complex protection algorithms focused on specific types of defects and emer-
gencies. This, in turn, makes it possible to avoid unreasonable (“false alarm™) trips of the protective
shutdown and prevent “missing a defect” [7, 8]. Implemented and tested on a number of turbine units
is an algorithm for protective shutdown by vibration, which takes into account several factors.

1. Factor of the low-frequency component of the vibration

Under the low-frequency vibration (LFV) is understood the mean square value of the vibration ve-
locity (RMS) in the frequency zone equal to half the reverse. A protective shutdown signal is generated
if the following situation occurs for any bearing support of the turbine set: RMS vibration velocity LFV,
measured for the vertical direction and for the transverse-horizontal direction of any bearing support,
exceeds v mm/s for 4-6 s and, at the same time, for at least one of these directions, it exceeds 3v mm/s
during the same time. The level v is determined by the type and operating frequencies of the movement.

2. The factor of the reverse component of vibration

The reverse component of vibration is understood as the RMS of the vibration velocity of the spect-
ral component with a frequency equal to the frequency of rotation of the shaft (rotor) of the unit.

2.1. The value of the RMS of the turnover component

For each bearing support and each of the directions of vibration measurement, the RMS value
of the vibration velocity of the reverse component is set, corresponding to the emergency level, which
is selected taking into account the design, functional and operational features of the controlled mechanism.
A protective shutdown signal is generated if, at four or more control points, the RMS of the vibration
velocity of the reverse component exceeded the emergency level specified for the corresponding point.

2.2. Increment vector of the turnover component

For each bearing support and each of the vibration measurement directions, the value of the tur-
nover component increment vector is set, corresponding to the emergency level. A protective shutdown
signal is generated if at four or more measurement points the turnover component increment vector has
exceeded the emergency level specified for the corresponding measurement point.

3. The factor of the high-frequency component of the vibration

The high-frequency component of vibration (HFV) is understood as the RMS vibration velocity
in the frequency band, the lower limit of which is equal to the double reverse frequency, and the upper
limit is the upper limit of the frequency range in which the vibration control of the observed mechanism
is performed. A protective shutdown signal is generated if, for any two directions of vibration mea-
surement for any bearing support, high-frequency vibration exceeded the alarm level set for this object
for 3-6s.

The signal for the protective shutdown of the controlled mechanism is generated if it is generated
according to one of the specified criteria, or according to several criteria simultaneously. To implement
this system for making a decision on a protective shutdown, the following characteristic is used as input
data: T7,(xy,-...Xy_, ), j=1..M — temporary implementation of the vibration signal; M — the number
of control points for the observed turbine unit. For each bearing support, vibration control is carried out
at three points-directions: vertical, transverse-horizontal, axial.

Function ¢, [TI]. (xo,...,fol),tA] , j=1..M; A=1,2,...designed to calculate the RMS of the re-

verse component of vibration 4., ; (circulating component of vibration); t — discrete time that deter-
mines the frequency of receiving the initial vibration signals.
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Function (1)2,],A [TIJ. (xo,...,xN_l),rA], j=1..M; A=1,2,... designed to calculate the phase of the
reverse component of vibration @, ;.
Function ¢, ; , [le (xo,...,xN_l),rA], j=1..M; A=1,2,... is designed to calculate RMS LFV.
Function ¢, ; , [TI/. (xo,...,fol),tA] , j=1..M; A=1,2,... is designed to calculate RMS HFV.

Function f, ; , (ACC,,J,CI)CCV’].,IHJA), j=1..M; A=1,2,... is designed to calculate the increment
vector of the reverse component.
Generalizing functions of the first level have the form:

Yoa =W 0y, ( Simaii=l.MA=12,.. ]
Vo =Wiaa 000 ( Nij=loM;A=12,.];

Y3 _\PIBA[fle( )’ Tj=1.M;A=12,. ]
_‘P14A|:¢4JA )

The result of each of the generalizing functions of the first level ¥, N ), k=1..41is y,,, which
takes two values: zero or one. y, , are input parameters k , for the generalizing function of the second

ity =l.MA=12,.].

level: z, =Y, , (xLA = Viar Xon = Vons Xsa = Vias Xan = Van ) The result of the generalizing function
of the second level z,. The value z, =1 corresponds to the decision to trigger a protective shutdown.
The value z, =0 corresponds to the normal mode of operation of the controlled object.

Model of a living organism that makes decisions

Currently, there is a need to monitor the state of not only technical objects, but also living organisms,
including humans. Let us assume the hypothesis that a person is a material organic entity, consisting of:

— a set of various primary information converters (vision, hearing, smell, taste, receptors for asses-
sing the state of the environment and one’s own organs, nerve endings, etc.) that convert the state of the
environment and the body itself into electrical signals transmitted to the neural network the human brain;

— organs of life support, survival, nutrition, reactions, working capacity, reproduction of their own
kind (heart, stomach, liver, spleen, etc.);

— actuators (arms, legs, fingers, vocal cords, teeth, facial organs, etc.);

— control device — the brain, which makes decisions based on existing knowledge and received elec-
trical signals from primary transducers, and generates control signals transmitted to actuators.

Like any other, organic human matter is subject to wear and aging, which, in the end, leads to the ces-
sation of its activity — the death of a person. As a result of scientific research, it was found that the main
functional element of the brain is what is called a neuron [5]. However, the question of the interaction
of brain neurons remains problematic. On the basis of empirical and theoretical experience, it can be
assumed that the general structure of the brain can be represented as a nucleus and its surrounding shell.
The state of the nucleus is given to a person from birth. It defines the abilities and capabilities of a person
and, most likely, does not change or is subject to minimal changes. It is possible to assume that the core
of the brain can also undergo quite serious changes under the influence of strong external disturbances,
for example, radiation, poisoning of the body with chemicals, the introduction of substances into the hu-
man body that affect the functioning of the biological elements of the body. The activity of the nucleus
of the brain determines our abilities and exercises supreme control.

The second part of the brain is a self-learning neural network that has the ability to reconfigure, re-
ceive, accumulate information and adjust the processing functions and transmission coefficients for sig-
nals coming through the synapses to the neuron, thereby forming a decision-making system for a given
moment in time, the essence of which depends on the surrounding space and the state of the organism,
information about which is transmitted to the neural network by primary information converters. All ac-
tions and sensations that a person receives and reproduces are the essence and reflection of the decisions
made by the neural network of the brain. Self-training of the neural network is carried out empirically,
or under targeted influence, including at the request of the neural network, i. e. decisions taken by it
to carry out certain actions to obtain new information.

If we follow this model, then we can argue the conclusion that human behavior is determined
by the initial tuning of the neural network of the brain, and the subsequent reconfiguration of the self-
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learning, multilevel, volumetric neural network of his brain, which occurs as new information is received
or the existing information is processed. The work of the brain is accompanied by a change in the elec-
tromagnetic field, which can be fixed by special primary transducers and converted into changing pa-
rameters of current or voltage, which happens when an electroencephalogram is taken. The electrical
parameters of the brain work for each performed action are different and they tend to be repeated with
an acceptable spread for each action. The issues of brain control of prostheses have already been worked
out quite well, there are even developments when a person mentally controls the movement of a robotic
object [9].

Studies of the work of the brain of dogs have shown that several (5-6) tasks are solved in paral-
lel in their brain [10, 11]. The brain itself is not very fast, but it instantly switches priority to solving
the most important task for it at the moment. A simple example. A person may be fascinated by watching
a movie, but if his hand is imperceptibly touched by a hot object, he will instantly withdraw his hand,
because the nerve responsible for measuring the temperature of the hand will detect its unacceptable
overheating, transmit this information to the brain, and the brain will decide that you need to change
the position of the hand and give an indication of the execution of this action.

As a result of the experiments, obtained experimental and empirical data, we assume that the ma-
terial carrier of information about different events is not the excitation of different neurons, but va-
rious complexes of self-excited neurons (neural networks). New responses are produced and stored
by the neural system either on the basis of the creation of new synaptic connections between existing
neurons, or on the basis of a change in the efficiency (transfer coefficients and transforming functions)
of existing synaptic connections. Memorization (long-term) of information is a change in the ability
of some neurons to be excited when other neurons are excited.

Most likely, information in the brain is stored in the form of certain configurations of the neural
network or an influencing sequence that controls the change (reconfiguration) of the neural network,
including changes in the transmission coefficients at synapses. It is possible that some data associated
with memorization is transmitted to the core of the brain or the core of the brain controls the processes
of memorization, further storage and change of memorized information, including the level of repro-
duction of this information and its transmission to the shell of the brain. In the works of specialists
in the field of educational methods, memory processes and psychiatry, it is said that the age peak of in-
formation assimilation occurs at the age of 25-26 years [12, 13]. When considering memory issues, this
factor should be taken into account, as well as the degree of concentration of a person, since random
distractions and absent-mindedness will significantly affect this process.

Of particular interest is the question of the reconfiguration of genes as carriers of information
about the further exceptional features of a particular person. What affects this, why are the proba-
bilities of the appearance of human males and females almost the same for the human population,
and with a slight predominance of males? Here, perhaps, we can talk about some kind of external con-
trol and regulatory impact on the viability of the human population. At the same time, one should not
exclude the possibility that in ancient times the earth was also inhabited by intelligent beings who had
the ability to self-learn the brain, but the structure of their body did not allow complex effects on the en-
vironment. It is quite possible that intelligence was transferred from one living species to another with
the disappearance, for some reason, of the ancestor and, in the end, the mind passed to a human-shaped
species that developed into a modern person.

Mankind is increasing the amount of general information, but human primary information conver-
ters and actuators remain practically unchanged, and the complexity of decisions made by the human
brain has not changed over the past millennia. If we assume that we live in a matrix, then it turns out that
earthly life is a system for observing and studying the behavior of a certain reasonable set of individuals,
their population. If you read or set the settings of the human brain at the beginning of life, then register
external functional effects on the body, and then fix the state of the neural network and memory before
the end of a person’s life, then you can get a huge amount of information to evaluate the laws of develop-
ment of intelligent life, taking into account various factors of influence, both physical and social, social,
political, informational. Perhaps this experiment is conducted by a civilization that is at a much higher
level of development. After all, humanity knows so little about the structure of the universe. Moreover,
our solar system is unique in the Milky Way galaxy. None of the star systems discovered in this galaxy
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is similar to ours. In all discovered star systems, large planets are in near stellar orbits, and in our system,
small planets Mercury, Venus, Earth, Mars are near the star, and large Jupiter, Saturn, Uranus, Neptune
are in distant orbits, protecting small planets from space debris. At the same time, the distances of the or-
bits of the planets of the solar system have a rational mathematical relationship between them, which
is also surprising. It looks like fantasy, but there is no reliable evidence that this is not reality.

It is quite obvious that all human sensations formed by the neural network of the brain are possi-
ble only in the presence of a material and living body. The absence or inoperability of the body leads
to the loss of sources of primary information for the control organ of the brain, which can, in a sense, be
considered the source of spirituality. If we allow the possibility of reading the state of the brain and the
information stored in it, and then transferring it to another, similar or similar, subject (object), then this
process can be represented (defined) as the transfer of the life of one person to another body, not nec-
essarily human, and maybe into the body of some other creature with similar or similar capabilities, or
even into an inorganic structure. At the same time, with a high degree of probability, it will be necessary
to reconfigure and retrain the transferred settings and memory of the neural network to the level neces-
sary for self-learning and decision-making by a new intelligent being.

In the limit, one can admit both organic and inorganic, or mixed, structure of this new rational
entity. As a result, it seems possible to achieve eternal life enriched with new knowledge. It is likely
that this is already happening, since from the birth of the human body, to its aging and death, the brain
is self-learning with previously acquired and stored knowledge, as well as the creation, accumulation
and preservation of new knowledge, which are transferred to a new generation of eternal life. The pos-
sibility of transferring the neural network of the human brain into an inorganic structure provides much
greater opportunities for transferring life to other planets and other stellar systems, ensuring its non-
disappearance.

Thus, the development of systems and means for obtaining information about the state of a person,
the neural network of his brain, about their change over time and under external influence, is very rele-
vant and will allow solving many complex problems. And the construction of decision-making systems
that model individual functional elements of the brain of living beings will make it possible to give
artificial intelligence systems new opportunities.

Conclusion

The proposed model of the basic element of the decision-making system allows you to configure
various structures designed to assess the state of complex technical and natural objects. An example
of the implementation of a decision-making system for assessing the state of a multi-support power
unit is presented, as a combination of basic decision modules, which has been put into commercial
operation [14—16]. The considered approach can be used in modeling various decision-making systems,
including living organisms, the control device of which is a multi-level, multi-layer, volumetric neural
network, the typical element of which has the form of the proposed basic decision-making element.
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Annoranust. [IpoBesieHO Uccien0BaHUE 110 KOHTPOIIIO MyJIbCa YesIOBEKa B OOBIYHOM COCTOSIHUM M BO BpeMsl Ha-
XOXKICHUS B BUPTYAJIbHON peaqbHOCTH. YCTAaHOBJIEHO, YTO MYJbC YeTOBEKAa MOYKET 3HAYUTEIBHO yUalarhes, Koraa
OH HaXO/UTCS B BUPTYaJbHOHM peasbHOCTH. [IpH 3TOM MOTYT CyIiecTBOBaTh pa3IMdHbIC CTPECCOBBIC CHTYAIHH,
BO BPEMsI KOTOPBIX IyJIbC PE3KO y4allaeTcs B HECKOJIBKO pa3. B mpouecce uccnenoBanuii Obu1 CliporHo3upoBaH
ITyJIbC YEJIOBEKAa HA OCHOBE HECKOJIBKUX MOJIeJeil MallIMHHOTO 00y4eHH s, YTO O3BOJIMIIO TPEICKAa3aTh COCTOSIHUE
YeJIoBeKa B OrKaiiee BpeMsl M CKOOPIMHUPOBATH PSIJ ICHCTBHI IO IpeJoTBpalieHnio piuckos. Hanbonee noxu-
XOJISIILIMMH MOJIEJISIMH OKa3aJIUCh JIMHEIHas perpeccust U SSA, KOTOpbIE IT0Ka3aly caMble TOYHBIE U PaBJIOII0100-
HBIE Pe3yNbTaThl. braronaps KOHTPOIIIO YaCTOTHI CEPICUHBIX COKPALICHUH YeJI0BEeKa B BUPTYaJIbHOH pearbHOCTH
MOXXHO KJIACCH(HIIMPOBATH CIIEHBI BUPTYAIbHON PEaJIbHOCTH MO CTEIECHU WX BIMSHHS Ha OPraHU3M YEJIOBEKa.
3T0 MO3BOJISIET YUYECTh JIOAEH C Pa3IMYHBIMU XPOHHYECKMMH 3a00JIEBAHUSIMU M HE TPEJIOCTABIST UM JIOIYCK
K CIIeHaM, KOTOpBIE UM MPOTHBOIOKA3aHbl. Pe3yIsTaToM HCCIeIOBAaHUH SABIISAETCS MPOTPAMMHBIA KOMITIEKC, 110-
3BOJISTIOILNH HETIPEPHIBHO COOMPATh ITOKA3aTEIN YaCTOTHI CEPACUHBIX COKPAIIEHUH BO BPEMs HAXOXKICHUS B BUP-
TyaJIbHOH peasbHOCTH ¢ ycTpoiicTBa Bluetooth Low Energy.

Kiro4eBble c10Ba: BUPTyaibHAS PEANTBHOCTD, YCTPOMCTRA VISl yIaI€HHOTO MOHUTOPHHTA 3J0POBbSI, 4ACTOTA Cep-
JICYHBIX COKpaleHni, Texuosnorus Bluetooth Low Energy, ¢putHec-6pacier, nporao3upoBaHne BpeMEHHOT0 Psifa.

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

Jos mutupoBanusi. Mazyp, C. B. ABTOMarn3npoBaHHbIH KOHTPOJIb (PU3UOJIOTHUECKUX TTapaMeTpPOB YeIOBeKa
BO BpeMsl HaXOXKACHHsI B BUpTyaibHOU peanbpHocTH / C. B. Masyp, A. U. lonosareiii // Joxnaasr BI'YUP. 2023.
T. 21, Ne 5. C. 104-111. http://dx.doi.org/10.35596/1729-7648-2023-21-5-104-111.

AUTOMATED MONITORING OF HUMAN PHYSIOLOGICAL PARAMETERS
WHILE BEING IN VIRTUAL REALITY

STANISLAV V. MAZUR, ALEXANDR I. GOLOVATY

Belarusian State University (Minsk, Republic of Belarus)
Submitted 24.02.2023

Abstract. A study was conducted on the control of a person’s pulse in the normal state and while in virtual reality.
It has been established that a person’s pulse can increase significantly when he is in virtual reality. In this case,
there may be various stressful situations, during which the pulse sharply quickens several times. In the process
of research, a person’s pulse was predicted based on several machine learning models, which made it possible
to predict a person’s condition in the near future and coordinate a series of actions to prevent risks. The most suit-
able models were linear regression and SSA, which showed the most accurate and plausible results. By monitoring
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the human heart rate in virtual reality, virtual reality scenes can be classified according to the degree of their effect
on the human body. This allows to take into account people with various chronic diseases and to limit their access
to scenes that are contraindicated for them. The result of the research was a software package that allows to con-
tinuously collectheart beat rate data while in virtual reality from a Bluetooth Low Energy device.

Keywords: virtual reality, wearable health devices, heart rate, Bluetooth Low Energy technology, fitness bracelet,
time series prediction.
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BBenenune

B Hacrosiiiee Bpemsi MPOMCXOOUT OypHOE Pa3BHTHUE TEXHOJOTMH B3aWMOACHCTBHS KOMIIBIOTEPA
u yenoseka. [lopoii MHTerpanus TakKuX TEXHOJOTHI MOKET ObITh BeCbMa HelpeackazyeMol. Bupryaib-
Has peanbHOCTh (VR) M cpeacTBa ee qocTmkeHHs — HE UCKIIIOUeHHE. JlaHHAs TeXHOJIOrHs «0OMaHbI-
BacT» MO3T YeJIOBeKa. /IBIKEHHE M TIOJIOKECHHUE Tella B IPOCTPAHCTBE (DPUKCUPYIOTCS BECTHOYISIPHBIM
anmnapaTroM, KOTOpBIN NOJAaeT CUrHajbl B MO3T. Ho BMecTe ¢ 3TUM B MO3T IOCTYMAET €Ile U 3pUTeIbHAs
nHpopmanus. [lokasarenu MOTYT pacXoIUThCs, TOITOMY YEJIOBEK BO BPEMSI HAXOXKICHUS B BUPTYallb-
HOM pealbHOCTH MOXKET UCTIBITHIBATh Pa3IMYHbIE HEJJOMOTaHHs, TAKHE KaK rOJI0BOKPYKEHHUE, FOJIOBHAs
00J1b, TOITHOTA. DTOMY CHOCOOCTBYIOT Pa3IMUHbIE CTPECCOBBIE CUTYallUH, IPUCYTCTBYIOLINE B HEKO-
TOPBIX BHUPTYaJbHBIX clieHaX. COOTBETCTBEHHO HEOOXOAMMO KOHTPOJIMPOBATH COCTOSHHE YeJOBEKa
BO BpeMs HaXOXAEHUs B BUPTyaJIbHON peanbHOCTH. OIHAKO JaHHBIN Mpoliece claeyeT aBTOMATU3UPO-
BaTb, IPUBJIEKasl pa3InUHbIC CPEICTBA MOHUTOPUHTA 340pOBbs. Hy)KHO ydecTh TOT (haxT, 4To HE BCE Me-
JULMHCKHUE MTPUCIIOCOOICHUS] MOTYT MOJONTH [Tl KOHTPOJISl IOKa3aTesel Opranu3mMa 4eloBeKa B BUP-
TyaJbHON peaJbHOCTH.

BuptyanbHas peanbHOCTh MOMEIIAET YYaCTHUKOB B MHOTOMEPHYIO KOMITBIOTEPHYIO BUPTYaJIbHYIO
cpeny, co3/1aBasi WILTIO3UIO PeObIBaHUS BHYTPH HCKYCCTBEHHOTO MUPA, & TAKXKe MPE0CTaBIIsis COC00-
HOCTb JEWCTBOBATh TaM. TexHonorus VR mo3BosisieT 3aMeHUTh TEJI0 Y4aCTHUKA BUPTYaJIbHBIM TEJIOM,
BUJUMBIM OT IIE€PBOTO JIMLA, YTO JAET BO3MOXKHOCTH NMPOBOAUTH MIMPOKHUH CIEKTP Pa3IUyYHBIX 3a]ad
(Hay4HBIe MCCIIEAOBAHNUS, Pa3BIeUeHNUS U JIp. ). 1 momHoro norpy)eHus TpeOyroTcst BU3yallbHbIE, CITy-
XOBBIE U TAKTHJILHBIE YCTPOMCTBA BMECTE C CUCTEMOM CIIC)KEHHS, YTOObI MH(pOpMaMOHHAs TEXHOIOTUS
MOTJIa TOCTaBUTh YYaCTHUKY MJUTIO3HIO HAXOXAEHUS B KAKOM-TO MECTE U TO, YTO MPOUCXOAUT B ITOM
Mmecte [1]. Ho eif TpeOyercst oTcnexuBaTh IBMKEHHE YYaCTHHKA, YTOOBI aIallTUPOBaTh OTOOpaKeHNE
BUPTYaJIBbHOM Cpe/ibl K 3TUM JABIKEHUSIM. [109TOMY HE0OXOANMO OTCIIEKUBATh KaK MOJI0KEHHE TOJIOBBI,
Tena, Tak ¥ JBIKCHHE TIa3.

®u3noJ0ruuecKye nNoKa3arejam 4ejaoBeKa

3/10pOBBE YETIOBEKA — 3TO COCTOSHUE OPraHMU3Ma, KaK KMBOM CHUCTEMBI, XapaKTepU3yIoleecs MoJ-
HOIi ee ypaBHOBEIIEHHOCTBIO C BHELTHEH CPEAOi M OTCYTCTBUEM KaKUX-JIMOO BBIPAKEHHBIX U3MECHEHHI,
CBSI3aHHBIX C 00JIe3HBIO [2].

AptepuanabHoe gaBiaeHue (AJl) — cuna, c KOTOpoi KPOBb BO3CHCTBYET Ha CTeHKH apTepuil. Cepa-
e paboTraeT, Kak HacocC, C KayIbIM yIapoM o0ecrieunBasi OnpeieeHHbIH YPOBEHb apTepHaIbHOTO AaB-
JICHUSL.

YacToTa ABIXaHUS — 9TO KOJMYECTBO BJOXOB-BBIJOXOB 32 €MHUIYY BpeMeHH. OOBIYHO B X0/1€ 00b-
€KTUBHOTO MCCJIe/IOBaHNs CHavdajla ONPEeNoT U MOACYUTHIBAIOT MYJbC, a 3aTeM — YHCIIO JbIXaTelb-
HBIX JBIKCHUH 32 OJJHY MUHYTY, ONIPEACIISIOT TUT (TPYAHOM, OPIOUIHOM MM CMELIaHHBIN) U TIIyOHHY
JIBIXaHHUS, €T0 PUTM.

TemmnepaTypa Tes1a npeacTaBiIsieT KOMIUIEKCHBIHN ITOKa3aTelb TEMIOBOI0 COCTOSTHUS OpraHu3Ma ye-
JIOBEKA W SIBJISIETCS] OTHUM U3 OCHOBHBIX M CTapEHIINX OMOMapKEepOB.

I'eMor;100MH MoKa3bIBaeT KOJINYECTBO KMUCIOPO/Ia B OpraHU3Me, KOTOPOE€ HaXOUTCsI OAHOBPEMEHHO
U oCcTOsiHHO. Ecnu magaet KoaumuecTBo reMorio0MHa B KPOBH, TO YBEJINYHBACTCS YUCIIO ABIXATEIbHBIX
JIBIDKCHUI.

JIto60e OTKIOHEHHE OT HOPMBI [IEPEUNCIICHHBIX BBIIIE TApaMETPOB OTPAKaeTCsI Ha 4acTOTE cepey-
HbIX cokparmienuii yenoseka (UCC), yuarias uid 3aMmeisis ee.

YacroTa cepedyHBIX COKpAlLleHUH — 3TO (U3NUECKas BEIHMUYUHA, TIOIydaeMasl B pe3ysibTare Hu3-
MEpEHUsI Yucila CepAEUHBIX cucToN B enunuily BpemeHu. YCC nucnonb3yercss B MEAUIUMHCKON U CIIOP-
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TUBHOW TIPaKTHKE KaK (PM3MOIIOTHYECKUI MOKa3aTre’lh HOPMAILHOTO PUTMa CepIieOneHNs U SBISETCS
BaXHBIM ITPU3HAKOM JIJISl IEPBUYHOTO Pa3IMueHMs] HOPMAIILHOTO PUTMa CEep/Illa U pa3HOOOpa3HbIX Ha-
pYLICHUN €ro puTMa.

Tak unu uHAue, MEPEUNCIICHHBIE TIOKA3aTeNn CBI3aHbl MEXKAY COOOH, M N3MEHEHUE OIHOTO U3 HUX
MIPUBOANT K U3MEHEHUIO apyTux. ClenoBaTenbHO, IPH KOHTPOJIE HAIWYHS HETIPEeICKa3yeMbIX H3MEeHe-
HUH COCTOSIHUS YeJIOBEKa B HEKOTOPHIX CIydasiX MOXKHO orpaHn4nThes uzmepennem YCC.

CpencrBa MOHUTOPHUHTA 310POBBS
1 0ecrnpoBOIHAS CHCTEMA PErHCTPAIIMH H NMepeaadn JaHHbIX

B 90-e rompr XX Beka Oblia co3aHa TEXHOJIOTHSI, KOTOPast ITO3BOJISUIA yAAIEHHO KOHTPOJIUPOBATE (hH-
3MOJIOTHYECKUE NTOKA3aTEI M YeI0BeKa. YCTPOWCTBA AJIsl yAaJICHHOTO MOHUTOPHHTA 310poBbs (Wearable
Health Devices, WHDs) — 3T0 COBOKYIHOCTb CPEACTB, MpeIHa3HAYEHHBIX AJISI HEMPEPHIBHOTO aMOy-
JIATOPHOTO KOHTPOJIS KU3HEHHO Ba)KHBIX TOKa3aresned 370pOBbs YelOBEKa B IOBCEIHEBHOM KU3HU
(Bo Bpemst paboThI, OMa, IIPH 3aHATUAX CIIOPTOM) WIIM B YCIIOBHUAX KIUHUKH [3]. X mpeumymiecTBo —
MUHUMH3AIHS TMCKOM(pOpTa ¥ BMEIIATeIbCTBA B OOBIYHYIO )KU3HEAEATENFHOCTD YeJIOBEKA.

['mOxue MeaMIMHCKNE NAaTYUKU SIBJISIOTCS KIIOYEBBIMM 3JIEMEHTAMU B YIAJICHHOH CUCTEME MOHHU-
TOPHHTA 310POBbsI, KOTOPBIE MOTYT IPE0OPa30BbIBATH (PU3NOJIOTUIECKHE CUTHAIIBI YeIOBEUECKOTO Tela
B IEKTPUUECKHUE CUTHAJIBI JJIS1 KOJIMYECTBEHHOTO aHAJIM3a U OLIEHKH COCTOsIHMSI opranu3ma. Ousmnosno-
THYECKUE CHTHAJIbl COOMPAIOTCS B pEKUME pealbHOro BpeMeHU. C MOMOIIBIO YCTPOUCTB yAaJeHHOTO
MOHUTOPHWHTA 3/I0POBbSI MOXKHO PETUCTPUPOBATH Pa3InUHbIe (PU3NOIOTHUYECKHE TIOKA3aTe Il YeJI0BEKa!
OKT, UCC, temriepaTypy, apTepuaabHOE AaBlIeHUE, caTypanuio u ap. s Toro 9To0Bl HE CKOBBIBATh
JBIDKCHMS YEJIOBEKA BO BpeMsl HaxokaeHus B VR, HeoOXonMMO NMPHUMEHSTH CpPeACcTBA MOHUTOPUHIA
30POBBSI, KOTOPBIE MOJAEPKUBAIOT OESCIIPOBOAHYIO Mepeaady NaHHBIX. I 3TOro MOXKHO HCIIONB30-
BaTh TexHojnoruto Bluetooth Low Energy (BLE), opuenTiupoBanHyio Ha MpUMEHEHHE B CUCTEMaxX MO-
HUTOPHWHTA B cOOpa IaHHBIX C ABTOHOMHBIM [TUTAHUEM.

KoHnenusi TEXHONIOTHH HampaBlieHa Ha ONTHMH3ALUI0 MHHUMAIBHOTO JHEPromnoTpedieHus,
Ha yMEHBIICHHE MTUKOBOTO TOKA MEperadynd U BPEeMEHHU IMpHeMa 3a CUeT KOPOTKHX IaKkeToB. TexHOoIIo-
rust BLE mo3Bossier mocTponTh CEHCOPHYIO CETh JUIs TOTO, YT00BI cBa3aTh AaTtauku [3]. Ctex BLE co-
CTOWT U3 IByX OCHOBHBIX YacTel — KOHTpoJuIepa 1 y3i1a ceTd. KonTposep peannsyercs B BUAE CUCTEMbI
Ha xkpucraiie (CuK) u Bkimouaet B ce0s Gu3nMUecKuii M KaHAJIBHBIM YPOBHH. Y3€JI CETH Pean30BaH Ha MH-
KPOKOHTPOJUIEpE MPUIIOKEHHUH 1 BKIIIodaeT B ceOst mpoTokon agantaiuu (Adaptation Protocol — L2CAP),
npotokon arpudyToB (Attribute Protocol — ATT), nporokon arpubytoB npoduieii ycrpoiicts (Generic
Attribute Profile — GATT), mpotoxon obecnieuenus: 6ezomnacuocTr (Security Manager — SM), mpoToxomn
obecrieueHus noctyna K ¢yHKIwsM npoduis ycrpoiicts (Generic Access Profile — GAP). B3anmoneii-
CTBHE MEX]Ty KOHTPOJLIEPOM U Y3JIOM CeTH ocyIiecTBisieTcs ¢ momornibto Host Controller Interface (HCI).

J51i MOHUTOPUHTA U MPOTHO3MPOBaHMS (PU3MOIOTMUYECKUX IOKa3aTeNe uesoBeKa BO BpeMs Ha-
XOXK/ICHUS B BUPTYaJIbHOH pealbHOCTH HEOOXOJMMO HCIONIb30BaTh TEXHUUECKUE CPEICTBA IS U3ME-
pEeHHMS TTOKa3aTeNeil BMECTe ¢ MPUIOKEHHEM U cepBepOoM 00paOOTKH JIaHHBIX, KOTOPbIE MPECTABICHBI
Ha puc. 1. BaxxHoii 3a1a4ei SBISIFOTCS HENMpephIBHBIN cO0p nHpopMmanuu U ee iepenada ¢ BLE-ycTpoiict-
Ba Ha niepcoHaibHBIN KoMmbioTep (I1IK). He crout 3a0b1Barh nipo 0a3y maHHBIX, KOTOpast AOJDKHA Xpa-
HUTb Pa3IMYHbIEC TUIIBI JAHHBIX, KOTOPBIE OyoyT UCIIOIb30BaHBI ISl HCCIIEIOBAHUI 1 00yUeHH pa3iny-
HBIX MOJIeJIE TPOTHO3MPOBAHNS.

Mnouwaaka e
ona VR ‘

— I111I)
Puc. 1. Apxutekrypa MOHUTOPHHTOBOM CUCTEMBI
Fig. 1. Monitoring system architecture
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ocTpoenne npuiiokenus 1ist B3aumoneiicteusi ¢ BLE-ycTpoiicTBom

Apxurekrypa BLE npencrasisier co0oii cTEK IPOTOKOJIOB, Iie OO0IbLIOE BHUMAHUE YAEISIETCS PO-
TOKOJIy AOCTyHa K arpuOyTam u caMmuM arpuOyTtam. LleHTpanbHOE yCTpOHCTBO AOIKHO 3HATH, YTO CY-
HIeCTBYET NepudepuitHoe ycTporCcTBO st cBsi3u ¢ HUM. [loaToMy mepudepuitHoe ycTpoiicTBo Oyner
peKJIaMHUpOBaTh CBOE NMPUCYTCTBHE B IIMpOKOBelareasHoM pexkuMme BLE. B atom pexxnme ycrpoii-
CTBO HMCHONB3yeT npoduipb obmero goctyna GAP miist ornpaBky HEOONBIIOTO KOMWYecTBa HH(pOpPMa-
UK («PEeKJIaMbl») C TMOCTOSIHHOW cKopocThio. [locie oOHapyxeHus
O0OMEH NaHHBIMH MEXIY YCTPOWCTBAMHU BBINOJHSIETCS C [TOMOLIBIO
nporokona GATT [4]. < Ak g

BLE-ycTpoiicTBo pacronaraer 6a30i JaHHBIX MEPEMEHHBIX CO- =  Devices DISGONNECT
CTOSIHUS, TJIC 9TH TEPEMEHHBIE TPYMITUPYIOTCS B CIYXKOBI HA OCHO-
Be (yHKUMOHAIBHOCTH. OOBIYHO NaHHBIE MEPEMEHHbBIC HA3bIBAIOT

MI BAND 3
BONDED ADVERTISER [k 0C 5004 X

xapaktepuctukamu. Kaxxgas xapakTepUCTHKa COAEPKUT OMUCAHUE T CLIENT  SERVER
tuna 3HaueHus [4]. CepBUCHL, XapaKTEPUCTUKHU U UX BCIIOMOTaTElb- e
HbIE aTpHOYTHI (IECKPUITOPHI) SBIIAIOTCS OCHOBHBIMH OOBEKTAMU Alert Notifcation Service
MMOAKIIFOYCHHOI'O peKruma. UUID: 0x1811

Jlns koutposns UCC dyenoseka ObUIO pa3spabOTaHO MpPHIIOIKE- vk
Hue. B kadecTBe sA3bIKa MporpaMMupoBanus BeiOpamn C#, Tak Kak ot
MatikpocodT mpeoCcTaBIiseT MOPOOHYI0 TOKYMEHTAIIHIO 10 pabo- PRIVARY SERVICE
te ¢ BLE-ycrpoiictBamu. B kauectse mmardopmer Beiopamm WPF. s
Jis Toro 4TtoObl NPUIIOKEHHE OBUIO JIETKO PACHIMPSIEMbIM, TeC- PRIMARY SERVICE
TUPYEMBIM, & TakXKe YIOOHBIM Ui pedakTOpUHTa HCIOIb30BAN (o R Hissmmant #
narrepH MVVM, xoropeiii npumen Bmecre ¢ WPE. Ilockonbky Propertics: NOTIFY
B KadecTBe ycrpoictBa i MoHutopunra YCC mpeamonaraioch e O &
ucnonb30Barh purHec-6paciaer Mi Band 3, neo6xomumo ObL1o yoe- T
JUTBCS, YTO K HEMY MOXKHO TOJKIIOYUTHCS M y HETO CYIIECTBYIOT - i =+
BCE CIIYXOBI M XapaKTePUCTHKHU, TPEeOyeMBbIe O] paccCMaTpUBacMbIe Fioportiee: READ WRITE
3amaun. s aToro Bocmosb3oBanuck mpuiioxkenneM nRF Connect, Unknown Service
uHTepdeiic KoToporo mpeacTasieH Ha puc. 2. C MOMOIIBIO TaHHOTO e e B e
MIPUIIOKEHHUS MOKHO HAaXOIWTh M POCMOTPHUBATH CITYXKOBI, XapaKTe-
puctukn Mi Band 3. B uccrnenoBanusix ucronbs3oBanu ciyx0y Heart _
Rate u xapakrepuctuxy Heart Rate Measurement. [lognucasiunck Puc. 2. Ciyx0bI
Ha OOHOBJICHHUS JaHHOW XapaKTECpUCTHKH, MOXHO momydars YCC u xapaktepuctuku Mi Band 3
yesioBeka. [locie 3Tux NeHCTBUH MOXKHO MOIKJIFOYATHCS K CITy»)0am Fig. 2. Services and
U ITOJIINCHIBATHCS HA YBEAOMIICHUS OT XapaKTEPUCTHK. characteristics of Mi Band 3

KoHTpoJIb 4acTOThI cepAeYHbIX COKPALICHUI YeJI0BeKAa B BUPTYaJIbHOMH PeaJibHOCTH

B mporecce nccnenoannii mpoBoamiau kKoHTpoas YCC yenmoBeka BO BpeMsi ero HaXOXKIEHHUS B BHP-
TyaJbHOW PEaJbHOCTH, a TaKKe MPOTHO3UPOBAHUE €ro cOocTOsHUs. OTCIIeKNUBAIN, MCHSCTCS T (QH-
3MOJIOTHYECKOE COCTOSHUE YesloBeKa, KOIja 3alyllieHa BUpPTyajbHas clieHa. VcnbITaHus npoBOAMIN
C HECKOJIbKMMH CIICHAMU M Pa3IMYHBIMU JIFOABMH. B KauecTBe CIIEH MCIIOIb30BAIM UTPOBBIE, KOCMHYE-
ckue u ap. KoHTponmpoBau myiasc 4eI0oBeKa /10 BKIFOYSHHs CIICHB. B kadecTBe muiemMa BUPTyallbHOM
peansHOCTH Hcions3oBaa HTC VIVE Pro 2.

B XO0JZ€ NIEPBOIro Buaa MUCIbITAHUA ObLIa HurpoBas cueHa ¢ MUKPOCTPECCOBBIMU CUTYyAllUAMU U HE-
00JIBIION PU3HUYECKOH aKTUBHOCTBIO NOJIb30BaTestst. [lomydeHHbIe pe3ynbTaThl MOKAa3hIBAI BPEMEHHYO
3aBucuMocTh n3MeHeHust YCC, npeacrasneHHyto Ha puc. 3. Kak MOKHO 3aMeTUTh U3 puC. 3, y MOJb-
30Baressi ObUT IOCTATOYHO CTAOMIIBHBIN MYJIBC JIO BKJIIFOYCHHS CLIEHBI, TO €CTh, KOTJ[a OH HE HaXOIHJICS
B BUPTYyaJbHOH peanbHOCTH. [locie BKITIOYEHHUS CIIEHBI IyJbC YElIOBeKa CTaJl PACTH, OIHAKO TO3KE
OpPraHM3M aJIaTHPOBAJICS K HOBBIM ycloBHsiM. CIyCTs HEKOTOPOE BPEMsl CIYUYHIICS CKa4OK ITyJIbCa,
HO 3TO HE BBIOPOC, TaK KaK 3TO HEe eAMHUYHOE 3HaueHHe. MOXKHO CKa3aTh, YTO JaHHBIA CKadOK CBS3aH
C MUKPOCTPECCOM, KOTOPBII MOSIBUIICS KaK peakliys OpraHu3Ma Ha Ipoucxojisiiee B cuene. B nanbHei-
mem YCC genoBeka Obla JOCTATOYHO CTAOMIBHOM.

Ha puc. 4 mokazansl m3menennss YCC denmoBeka MPU IMPOBEACHUH IKCIIEPUMEHTOB, B KOTOPBIX
JIBa YeJIOBEKa HAXOAMUINCh B OIMHAKOBOM ciieHe. Vcxons u3 rpaduka, MOXKHO C/IeTaTh BBIBOJ, YTO BHP-
TyallbHas PEaIbHOCTh OKa3bIBaCT PA3HOE BO3/ICHCTBUE HA JIBYX JIFONICH, HAXO/SIIUXCS B OTHOM U TOM JKe

107



Joknager BI'YUP Dokrapy BGUIR

T 21, Ne 5 (2023) V.21, No 5 (2023)
The Graphic shows heart rate in gaming scene
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Puc. 3. I3MeHeHnE 9aCTOTHI CePICUHBIX COKPAIICHUH YeIOBeKa B UTPOBOH CIICHE
Fig. 3. Changing the heart rate of person in a game scene
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Puc. 4. VI3mMeHeHue 4acTOThI Cep/ICUHbIX COKpaIleHUH IBYX 4eioBek (1, 2) B OIMHAKOBOM CLieHE
Fig. 4. Changing the heart rate of two people (1, 2) in the same scene

CIICHC. HOSTOMY, YTOOBI KOHTPOJHUPOBATH COCTOAHUC YCIIOBCKA, HCO6X0,Z[I/IMO HOZ[6I/IpaTL UHAWBUAYAJIb-
HBIC TapaMCTpPhbI, YTO OBLIIO PCain30BaHO B IMPUIIOKCHUHU. B kauecTtBe WHAWBUAYAJIbHBIX IMapaMETPOB
B UCCJICAOBAHUAX NTPUHUMAJIMCh BO3PACT U 4aCTOTA CEPACUHBIX COKpaHJ;eHI/Iﬁ ITOKOA.

l'[porﬂomponalme HYacCTOThI CEPACUYHBIX coxpameﬂm“l Y€JI0BECKA B Bl/lpTyaﬂbHOﬁ PCaIbHOCTH

BoIpIIMHCTBO JaHHBIX, CBA3AHHBIX C APUTMUEH, TIPECTABIISIOT COO0I BPEMEHHOM Psij] — MOCIEN0-
BaTEIHFHOCTH 3HAYCHUN HEKOTOPOU IMEPEMEHHOM, PETUCTPUPYEMBIX Uepe3 ONpeIeICHHBIC TPOMEKYTKH
BpeMeHH (peryisipHble Win Heperyisipablie). CyIecTByeT MHOKECTBO CTATUCTHIECKIX METOJIOB aHAIU-
3a COCTABIISIONIUX BPEMEHHOTO Psijia U €T0 MTPOTHO3UPOBAHUS.

Lenp mporHo3upoBanus TOBOJIBHA Mpocta. HeoOxomaumo npenckaspiBath 3HaueHHe UCC yenoBeka
JUISL TOTO, YTOOBI HE HABPEJIUTh €MY M CMSTYUTH BIIMSHUE CLICH BUPTYaJIbHON peajbHOCTH, TMHAMHYEC-
KH U3MEHSSI UX YPOBEHBb CIOKHOCTH. PaccMOTpUM HECKOIBKO METOMOB Juisi iporHo3upoBanus YCC
YeJloBeKa U CPaBHUM HX Mex1y coboi. s nmporHosuposanns UCC yenoBeka B BUPTYaTbHOHN pealb-
HOCTH HCnojib30BaHbl 0nbanoreku Darts 1 ML.NET, HO B COOTBETCTBUH € TEXHOJIOTHYECKUM CTEKOM
MIPIIIOKESHUS TIOCIIEHSS — HarOoee moaxosias. HabopoM maHHBIX it 00ydeHHs MOJIeNeH SBISETCS
KOHKPETHBIA MyJIbC YEJIOBEKa BO BPEMsI HAXOXKJICHUSI B BUPTYyaJIbHOW PEalbHOCTU B OJHOM U3 CIICH.
[TpoBonuiu 00ydeHUe MO IPOTHO3UPOBaHUS Ha HAOOpe JaHHBIX IyJbCa YeJI0BEeKa B Pa3HbIX Clie-
HaX BUPTYaJIbHOW PEaIbHOCTH U CPABHUBAIH WX S()()EKTUBHOCTD.

HauBHasi MoneJsib. YcTaHoBKa 0a30BOH TOYHOCTH — CTaHIApTHAS MpakTUKa. J{s 3TOTO MpH Tpo-
BEJICHUH HMCCIIEIOBAHMIA CO3/1aBaId HAMBHYIO MOjieIh. HamBHBIN MPOTHO3 — camasi mpocTasi MeTOuKa
porao3upoBanusi. OH OCHOBBIBAETCS HA MPEIOJI0KEHUH O TOM, HACKOJIBKO MPOTHO3HPYEMOE 3Haue-
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HHUC 6y,[[6T COOTBETCTBOBATH 3HAUYCHUIO B IIPCAIICCTBYOIIEM IIEPUOAC. ITO MOMOXKET OLCHUTH IPONU3BO-
JUTCJIIBHOCTL JOCTATOYHO CJIOKHBIX MO,Z[CJ'Ieﬁ, KOTOPBIC TCOPECTUUCCKHU NOJIZKHBI UMCTh boiee BBICOKYIO
TOYHOCTB. HOJ'Iy‘IeHHI:IC PE3YIbTAaThI NPCACTABJICHBI HA PHUC. 5. Kak MO>XHO 3aMETHUTh U3 PUCYHKA, HAUB-
Has MOJCJIb q)aKTI/I‘-ICCKI/I TMMOBTOPSICT KPUBBIC, B3ATHIC C OIIPCACIICHHBIM HIAIrOM.
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Puc. 5. TIporuo3 4acToThl CEpACUHBIX COKPAIIECHHI C TOMOIIIBI0 HAUBHON MOJIEN
Fig. 5. Heart rate prediction using the naive model

IKCNOHEHIHAJIbHOE CIVIasKMBaHue. J{aHHbIe MOJIEIN UCTIONB3YIOT CPEIHEB3BCIICHHBIC 3HAUCHUS
MPOIIBIX HAOIFOMCHHI IS MPOrHO3UPOBAHUS HOBBIX 3HAYCHUU. 371€Ch MJI€s COCTOUT B TOM, YTOOBI
MpHUIaTh OONbIIee 3HaUeHUe HETaBHUM 3HAYCHUSAM B ceprud. Takum 00pa3oM, 1o Mepe TOTo, Kak HaOIo-
JICHHSI CTaperoT (CO BpeMEeHeM), BAKHOCTD ATHX 3HAUEHUH SKCITOHEHIINAIBHO yMeHbInaeTcs. [lomyden-
HBIE PEe3YNbTaThl MPEACTABICHBI HA pUC. 6. DKCIOHEHIUAIBHOE CIMIAKUBAHUE JACT JIYUIIUNA MPOTHO3
B OTJIMYHME OT HAMBHOM MOJEIH.
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Bpewms, ¢
Puc. 6. [IporHo3 4acToThl CEPACUHBIX COKPAIIEHHI ¢ TIOMOIIBIO KCIIOHEHIIUAIBLHOTO CIIIAKUBAHUS
Fig. 6. Heart rate prediction using exponential smoothing

Jluneiinas perpeccusi. B mocnenHue roJpl MOAEIN MAITUHHOTO OOyYEHUS IUPOKO MUCIOIh30Ba-
JUCh TIPU MPOTHO3UPOBAHUH BPEMEHHBIX PSJIOB KaK abTepHATUBA KIIACCHYSCKUM ToaxoaaM. [Ipocto
JI00aBJISISL 3ara3/bIBAIONIUE 3HAYCHHUS B Ka4eCTBE MPH3HAKOB B HAOOp JaHHBIX, MOXKHO TPEBPATUTh
MIPOTHO3UPOBAHKIE BPEMEHHBIX PSIAOB B 3aJady perpeccud. [lomydeHHbIC pe3ynbTaThl MPeCTaBICHBI
Ha puc. 7. Clexyer OTMETUTh, YTO JIMHEHHAs PeTrpeccHs MPEBOCXOANT HAMBHYIO MOJIETh U KCITOHEHIIU-
aIbHOE CTIIA)KWBaHUE.

C nomorpto BcrpoeHHbIX KitaccoB ML.NET mMoxxHO 00yuarh pa3inuyHble MOJCITH Kak JUIs aHAIIN3a,
KJ1accu(huKaIiu, TaK v JijIsl IPOTHO3UPOBaHUs AaHHBIX. [lepen npruMeHeHreM Mojieu ee 00y4YriIn Ha KOH-
KpPEeTHOM HaOOpe JIaHHBIX MyJIbCa YSJIOBEKA, KOTOPBIN Momydanu u3 *.csv daiina. Jlanee onpeaensum Mo-
JIelib, €€ KOHKPETHBIC TapaMeTphl, pa3Mep o0yuaroliel BHIOOPKHU, pa3Mep OKHA U BBIXOJHOTO 3HAYCHUS
u T. 1. O6y4varomas Beioopka YCC genmoBeka B BUPTYTLHOM pealbHOCTH TIPEACTaBIeHa Ha puC. 8.
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Fig. 8. Human heart rate training sample

Puc. 9. [Tporuo3 4acToTsl CEpACUHBIX COKPALEHUI
YeJI0BEeKa C MOMOINBI0 SSA
Fig. 9. Human heart rate prediction with SSA

in virtual reality

bubnnoreka ML.NET noctarouno HOBasi, 103TOMY B HEl MPUCYTCTBYIOT HE BCE MOJEIHU IS IIPO-
THO3UPOBAHUSI BpEMEHHBIX psiioB. Hanbonee momxoasiieir Moaesbio Uil aHalu3a BPEeMEHHBIX PSIO0B
B ML.NET Oynet SSA (meton rycenunsl). C nmomorpio Hee poBenu rporao3 YCC yenoBeka B O1HOM
W3 CIIEH BUPTYaJIbHOH peanbHOCTH [6]. Pe3ympraTer mpuBeneHsl Ha puc. 9. Kak Bumno u3 puc. 9, SSA
CIIPaBUJIACh HE XYK€ JJUHEHHOU perpeccuu.

3aKJIIoueHue

1. B pesynbrare ucciemoBaHUs MPOBEACH KOHTPOIb IyJbCa YEIIOBEKa B OOBIYHOM COCTOSHHH
1 BO BpEMS HAXOXKACHUSI B BUPTYaIbHOU pealbHOCTU. YCTAHOBIICHO, UTO MYJIbC YEJIOBEKA MOXKET 3HAUU-
TEJBHO YYaIlaThCs, KOrJa OH HaXOJUTCS B BUPTyalIbHOU peadbHOCTH. [Ipu 3TOM MOTYT CylliecTBOBaTh
pa3IuYHBIC CTPECCOBBIC CUTYAITNH, BO BPEMs KOTOPHIX MYJIbC PE3KO yUAIIAETCsl B HECKOIBKO pa3. Ilo-
ATOMY HEOOXOIUMO KOHTPOIHPOBATH COCTOSIHHE YEIOBEKA, YUTOOBI CBECTH BPEIl BUPTYAIHHOU peabHO-
CTH K MUHAMYMY.

2. BBINIONTHEH MPOTHO3 IyJbCa YeJIOBEKa Ha OCHOBE HECKOIBKHUX MOJIENIel MAaIlMHHOTO O0ydeHus,
YTO MO3BOJIWJIO MPEICKA3aTh €r0 COCTOSIHUE U CKOOPIMHUPOBATH Psi ACHCTBUI MO NPeAOTBPAICHUIO
puckoB. Haunbosee noaxoasiimumMu MOJICIISIMUA OKa3aJlMCh JIMHEHHAs: perpeccusi 1 SSA, KOTOpbIC TIOKa-
3ayu 0oJiee TOUHBIC U MPaBAONON00HEBIE Pe3yIbTaThl. biarogapst mporHO3UPOBAHUIO MOKHO HE TOJIBKO
MIPEICKA3bIBATh 3HAYCHIS YACTOTHI CEPIICYHBIX COKPAIICHUN YeJIOBeKa, HO U TUHAMHUYECKH PETYIUPO-
BaTh COCTOSTHUE BHPTYAIBbHOM CIIEHBI, €CJI OHA TO TIO3BOJISET.

3. IIpu KOHTpOJIE YACTOTHI CEP/IEUHBIX COKPAICHHUI YEIOBEKa B BUPTYAIbHON PEaTbHOCTH MOXKHO
KJIACCU(DUIIMPOBATH CIICHBI BUPTYaJIbHON PEANIBHOCTH 10 CTEIICHU MX BJIMSHUS Ha OPraHU3M YeloBe-
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Ka. DTO MO3BOJIICT y4ecCThb HIO,HGﬁ C pa3JIMYHbIMU XPOHUYCCKUMHU 3a00JICBAHHUSIMU U HE IpeaAOCTaBIIATh
UM JO0ITIYyCK K CII€HAM, KOTOPbIC UM ITPOTHUBOIIOKA3aHbI.
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CKEJIETU3AIIUA HU3KOKOHTPACTHbBIX
SAIIYMJIEHHBIX TOJTYTOHOBBIX U30BPAKEHUN

MA 113IOHbB, B. IO. IIBETKOB, A. A. BOPUCKEBINY

Benopycckuii eocydapecmeennblil yHugepcumen uH@GOPMAmuku u paouod1eKmpOoHUKU
(2. Munck, Pecnybnuxa benapycsy)

Tocmynuna 6 peoaxyuro 22.02.2023

© Benopycckuii rocyjapcTBEHHBI YHUBEPCUTET HH(POPMATUKK U PaIM0dIeKTPOHHKH, 2023
Belarusian State University of Informatics and Radioelectronics, 2023

Annoranusi. PaccmoTpena 3agaya opMHUpOBaHUS CKEIETOB MOJTYTOHOBBIX N300paKEHHUH C ABYXMOJIOBBIMHU T'H-
CTorpaMmaMu SpKOCTU B YCJIIOBUAX U3MCHCHHS KOHTpacTa 1 }leﬁCTBI/IH mryma. Ha Taknx TUCTOTIpaMMax oJiHa MoJia
COOTBETCTBYET 00BEKTaM, a Apyras — (GpoHy. braronaps naHHOH 0cOOEHHOCTH M300paKEHUST OTHOCHTEBHO TIPO-
CTO OMHAPU3HMPYIOTCS, a 3aTeM CKeNeTH3UPYIoTCs. CKeJIeT OHOPOIHOH IO SIPKOCTH 00JIACTH MPECTABISET COO0H
MHO>XXCCTBO TOHKHX (B nmpeacie O}IHOHI/IKCGHBHLIX) CBsI3aHHBIX HHHHﬁ, 3aKJIFOUYCHHBIX BHYTPHU 3TOM O6J'IaCTI/I 1 KOM-
MIAKTHO ONHCBIBAIOIIUX €€ CTPYKTYpY. B yCIIOBHSAX BBICOKOrO KOHTpacTa u caboro myma Ha HCXOAHOM IOJTyTO-
HOBOM M300pa)KCHNH IIUPOKO HUCIIONB3YIOTCS alTOPUTMBI OMHApHON cKeneTu3anui. OHH OTHOCHTEIBHO MPOCTHI
U MOTYT OBITh YCTOHUYMBBI K MYJABTHUIUTMKATHBHOMY IIIyMY, IPOSBIISIOIIEMYCs Ha TpaHUIaX obiacTeil mocue 6u-
Hapuzaimy. OJHAKO IPU CHU)KEHUH KOHTPACTA U YCUIICHUH 3alIyMIICHUS HCXOJHOTO IOy TOHOBOTO H300paKeHHUS
CKeJIeThl, (POpMUpYEMbIe TaKUMH aJITOPUTMaMH, Pa3pyIIAIOTCs MO JACHCTBUEM aJUIMTHBHOTO LIyMa, MPOSIBIISIO-
IIErocs B MTyOnHe 001acTell CKeNeTH3NPyeMoro OMHaApHOTo H300paskeHus. [ yMeHbIICHNs OITMOOK CKeJIeTH3a-
LMY B TAKKX CITy4asX NPUMEHSIOTCS aJTOPUTMBI, OCHOBaHHBIC Ha NIPEBAPUTEIILHON HU3KOYaCTOTHON (DHIIBTPALIU
HCXOJJHOTO TOJyTOHOBOTO M300paxkeHHs. JIJIsi TTOBBILICHNS] YCTOMYMBOCTH CKEJIETOB MOJYTOHOBBIX M300pakeHNI
C ABYXMOJIOBOI THCTOTPAMMOM SIPKOCTH K LIYMY B CTaTbe NPEJIOKEHA MOJENb CKEJIETU3AlMU, YUYUTHIBAOLIAs Ha-
JIMYUE MYJIBTUIDIMKATHBHONW M aJTHTUBHOMN COCTABIISFOLIMX IIyMa HAa OMHAPHOM CKEJICTU3HPYEMOM H300paKCHUH.
Ha ocnoBe nanHOW Monenu pa3paOOTaH aJITOPUTM CKEJICTH3AIMH, OTIMYAIOIINICS YYETOM HCKaXEeHHH (Gopm
obacTeil CKeNneTH3npyeMoro OMHAPHOTO M300paKEHHs B PE3y/bTaTe HU3KOYACTOTHOW (DMIIBTPALUM MCXOIHOTO
IOy TOHOBOTO M300payKeHHS ¥ TIO3BOJIIOLIMI YMEHBIIUTh OIIMOKH CKEJICTU3ALUH IOy TOHOBBIX H300paKeHUI.

KiroueBble cj10Ba: CKENETHU3AIMS MTOTYTOHOBBIX M300paXKEHUH, MYJIBTUINTUKATHBHBIN [IyM, aIJIATUBHBIN IITyM,
YYBCTBUTEIBHOCTh CKEJIETA K IIIyMYy.

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

Js uutuposanusi. Ma [[3t00b. CkesieTH3arus HU3KOKOHTPACTHBIX 3alTyMIICHHBIX TOJYTOHOBBIX H300paXeH i /
Ma I3tonb, B. 1O. lgetkoB, A. A. bopuckesuu // lokmanst BI'YUP. 2023. T. 21, Ne 5. C. 112—119. http://dx.doi.
org/10.35596/1729-7648-2023-21-5-112-119.

SKELETING OF LOW-CONTRAST NOISY HALFTONE IMAGES

MA JUN, VIKTAR YU. TSVIATKOU, ANATOLIY A. BORISKEVICH

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

Submitted 22.02.2023

Abstract. The problem of forming the skeletons of halftone images with two-mode brightness histograms under
conditions of changing contrast and noise is considered. On such histograms, one mode corresponds to the objects,
and the other to the background. Thanks to this feature, images are relatively easy to binarize and then skeleto-
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nize. The skeleton of a region uniform in brightness is a set of thin (limited by one-pixel) connected lines enclosed
within this region and compactly describing its structure. Under conditions of high contrast and low noise on the
original halftone image, binary skeletonization algorithms are widely used. They are relatively simple and can be
resistant to multiplicative noise that appears at the boundaries of the regions after binarization. However, when
the contrast is reduced and the noise of the original halftone image is increased, the skeletons formed by such
algorithms are destroyed under the influence of additive noise, which manifests itself in the depth of the regions
of the skeletonized binary image. To reduce skeletonization errors in such cases, algorithms based on preliminary
low-pass filtering of the original grayscale image are used. To increase the stability of the skeletons of halftone
images with a two-mode brightness histogram to noise, the article proposes a skeletonization model that takes into
account the presence of multiplicative and additive noise components in a binary skeletonized image. Taking this
model into account, a skeletonization algorithm has been developed, which takes into account the distortions in the
shapes of the areas of the skeletonized binary image as a result of low-frequency filtering of the original halftone
image and allows to reduce errors in the skeletonization of halftone images.

Keywords: skeletonization of halftone images, multiplicative noise, additive noise, sensitivity of the skeleton
to noise.
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BBenenue

BonbIIMHCTBO M3BECTHBIX aNTOPUTMOB CKEJIETH3aIMN 00palaThIBalOT OMHApHBIE M300pakeHus,
Ha KOTOPBIX CIMHUYHbIC 3HAYECHUS] COOTBETCTBYIOT CKEJIETU3UPYEMOM 001aCTH, a HyJIeBble 3HAUEHUS —
¢ony [1]. Takue OuHapHBIE N300pa’KeHUS MOMYUAIOTCS U3 HOJIYTOHOBBIX C IIOMOIIBIO TOPOrOBOM 00-
pabotku. [Ipu 3ToM 6a30BOH MOAENBIO MCXOJHOTO MOIYTOHOBOIO HM300payKeHUs ABISIETCS (PyHKUHMS
pacnpeneneHus 3HAYEHUH TUKCENel ¢ IByMsI MOAaMH, MEKAY KOTOPBIMH MIOCEPEANHE BEIOUpaeTcs 3Ha-
YEHHE Mopora OWHAPHU3AIINY.

OnuH 13 OCHOBHBIX TOKa3aTeliel kayecTBa OMHAPHOH CKEJIETH3aIUU — yCTOWYHBOCTD K OUHAPHOMY
KOHTYpPHOMY IIyMy. Takoi IIyM SIBIII€TCS MYJIBTHUILUIMKATHBHBIM M CBS3aH C MCKaXCHHUAMHU 3HAYECHUHI
IPaHUYHBIX MTUKCEIeH Ha UCXOTHOM IT0JIyTOHOBOM M300pa’keHNH, BOSHUKAIOIIUMH H3-32 A1 TUTHBHOTO
myma. V3BecTHbIC alnropuTMbl OMHAPHOW cKeneTu3anuu [2—4] He YUUTBIBAIOT CBSI3b MEXKIY aIINTHB-
HBIM LTYMOM Ha MCXOJHOM IIOJyTOHOBOM M300paK€HHH U MYJIBTIIMKATUBHBIM IIIyMOM Ha CKEJICTH3H-
pyeMoM OMHapHOM M300paKEHHH, a TaKKe€ BOZMOKHOCTH MOSIBICHUSI OMHAPHOTO aJINTUBHOTO HIyMa
Ha CKEJIETH3UPYEMOM H300paKeHWUH MPH YCWJICHWH aJIMTUBHOTO IIyMa Ha MCXOJHOM IOJYyTOHOBOM
M300paKEeHNU.

AJNTOPUTMBI CKEJIETHU3alNN TONYTOHOBBIX M300paxkeHu#t [5—7] dopMmupyror Oonee ycToH4HMBBIE
K mymy ckeseTsl. Cpean HUX 0COO0eHHO 3 PEKTUBEH alTOPUTM, IPEIIOKEHHBIN B [6], B KOTOPOM BBI-
00p mapaMeTpoB HU3KOYACTOTHOTO (PUIBTPa OCHOBAH Ha BBIYMCICHUH MUHHMAJIBHOTO 3HAUYEHHS MET-
PUKH 4yBCTBUTEIFHOCTH CKelleTa K Irymy. CKeneT MOKeT (pOPMUPOBATHCS C TIOMOIIBIO JTF0OOTO anro-
puTMa OuHapHO ckenernzannu. OCHOBHOW HETOCTATOK airoputMa [6] COCTOMT B TOM, YTO MCIIONb-
3yeMasi B HeM METPHKa UyBCTBUTEJIBHOCTH CKeJIETa K LIyMY HE YUUTBIBAaeT UCKaXKeHUs GopM odnacteit
CKEJICTU3UPYEMOro OMHApHOTO M300paKEHUS B PE3yJbTare HU3KOUACTOTHOW (MIIBTPALIMU HUCXOIHOTO
MOy TOHOBOTO M300paKEHHSL.

Lenbio vccnenoBaHui SBISUIOCH YMEHBIIEHNE OIIMOOK CKEIEeTU3AIMHU MOy TOHOBBIX H300paskeHUH
C JIByXMOJIOBBIM pacipeziefieHueM IpKOCTH B YCIOBHAX IIyMa.

Mopaeans ckeleTH3alU H300pakeHuit

Ckener OJHOPOAHOHM MO SIPKOCTH OO0JACTH TPEACTaBIsCT cOOOW MHOXECTBO TOHKHX (B Ipe-
JieJie OAHOTMKCENbHBIX) CBA3aHHBIX JIMHUM, 3aK/IIOYEHHBIX BHYTPH JTOH OONACTH W XapaKTepH3y-
IOLIMX €€ JIOKAIbHbIe M IIoOaibHble cBOWCTBA. 11 (OpMHpOBaHUS CKeJeTa HCIOJb3yeTcsl OuMHap-

HOE H300pakeHHe B=||b( y,x)"( pasmepoMm YxX mnukceneu, conepikaiiee eIUHHUYHYIO

y:O,Yfl,x:O,X—l)
oOnacte A. 1/1306pa>1<eHHe B (I)OpMpreTCﬂ B pe3yJbTare 6I/IHapI/IBaI_II/II/I HCXOIHOI'0 MOJIYTOHOBOIO

n3zo0paxenust [ :”i( y,x)”( C JIByXMOJIOBBIM pacHpeiesieHHeM SPKOCTH 1o mopory 7g:

y=0,Y=1,x=0,X~1)

B=f, (I) ,rae f, — QyHkius GuHapu3anuy, TaKas, 4To (b(y,x) = 1) A (b(y,x) € A) A (i(y,x) € AHT)
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upu i(y,x)>Ty; (b(y,x) = 0) /\(b(y,x) ¢ A)/\(i(y,x) ¢ AHT) npu i(y,x)<Ty; Ay — olnacte
MUKCeJIel Ha IOJYTOHOBOM M300pakeHUU [, COOTBETCTBYIOIIAst obacT 4 Ha OMHAPHOM H300pake-
Hun B. B pesynbrare CKeHeTI/ISaHI/II/I n3o0paxenust B GopMmupyeTcs CKeleTH3NpOBAaHHOE H300paxke-

Hue S =||s(y,x || (=750 1) fs( ), rae fg — (QyHKLUs CKeleTUu3aluy, Takas, 4To s(y,x)zl

JUJIS1 DIIEMEHTOB CKEJIETa U s( y,x) =0 s 2neMeHToB (hoHa.
dopmupyemMbie B PealibHBIX YCIOBUSAX IMOJyTOHOBBIC H300PaXKCHHS COJACPIKAT a/JINTUBHBINA IIyM.

PeanpHOe (3amrymiienHoe) u3oOpaxkeHue [ =Hi( y,x) MOXKHO TPEICTABUTh CyMMOW HC-

(y=0,Y-1,x=0,x-1

XOIHOTO HE3alIyMIEHHOr0 H300paxkeHus [/ ¥ aJAMTHBHOro myma N, = ||nHT Y, X ||y ek

;( y,x) =i ( y,x) + My ( V,X ) [Tocie OnHapu3anmu n300pakeHNe 1 peoOpasyercs B 3alIyMIIEHHOE O1-

(y=0Y=1,x=0,x~1)

HapHoe n3o0paxeHnue B = Hb y,x) : B= Is (I ), KOTOPOE COCTOMUT U3 UCXOIHOIO HE3aLIyM-

[IeHHOT0 H306paKetus B 1 Gunapuoro myma Ny: B=B® N, u l;(y,x) =b(y,x)®ny(y x) e ® —
onepauus CIOKEHHUS 110 MOAYJIIO JBa. I/I3o6pa>1<eHMe B COJICP’KUT CIUHUYHYIO 00JIaCTh A= A+ Ny,
HMCKAKEHHYIO OuHapHbIM HyMoM Ny . OGnactu A na OMHapHOM H300paKEHUH B COOTBETCTBYET 00-
JacTh AHT Ha IMTOJIyTOHOBOM H300pakKCHHUH 1.B pe3yabTaTe CKEeJIeTU3AINH 3alTyMIICHHOTO U300paxe-

. B pe-

(»=0,7-1,x=0,x-1)
3yiabTare aeicTBus myMa Ny, 0a30BO€ CKEeIETU3NPOBAHHOE N300paKEeHUE S MOXKET Pa3pyILIUThCA.
B cBs3u ¢ 3TMM mpennaraeTcss yTOUHEHHas MOJeNlb OWHAPHOTO CKEIETH3UPYyeMOro u3o0paske-

HUSL B QopMupyeTcs MCKaKeHHOE CKeJIETH3UPOBaHHOE U300paxkeHue S = ”s( y,x)

HUS B, OCHOBaHHAasg Ha ydYeTe MYyJIBTUINIMKATUBHON Ny =||nBM ( y,x)” U aJIuTHB-

(»=0,Y=1,x=0,X~1)

HOH Ny, = ||nB NE2AS || COCTABJIAIONIMX IIYyMa M MO3BOJIAIONIAs YMEHBIIUTH OIIHOKU (op-

yOleOXl)

MUPOBAHUS CKeJleTa S. Dra MOJI€Ib YUUTBIBAET JBa IPOLECCA U3MEHEHUsS CKEJeTa O] AeUCTBUEM
nryma: geopMaiiui, BbI3BaHHbIE MYJIBTUTLTUKATUBHBIM IIIYMOM, M pa3pyllleHHs, BbI3BAHHBIC a/ITUTHB-
HBIM IIIyMOM. MaTeMaTHuecku MofielTb JOPMHUPOBAHUS CKeJIETa MOYKHO TIPEACTaBUTh B BHJIE TPEX B3au-
MOCBSI3aHHBIX COOTHOILIEHUI:

So (B) npu B= B;
S =1185(B).(So (B)USyo (B.Nyy )} mpm B = B® Ny; (1
{8, (B.Nyy ) (S, (B.Nyy )USyis (B Ny Ny ))} mpm B = B® Nyyy ® Ny,

rIe U — omepamus  «OOBETUHEHUEY; So (B) = ||s0 (B, y,x)”(y:m w-0) —  0a3oBbIE

COCTABIAIONINE  CKeJIeTa, COXPAHAIOIMecs B  YCJIOBMAX  MY/JBTHIUIMKATUBHOTO  OMHApHO-
ro myma; Sy, (B,Ngy)= ||SMO (B, Ngy» 3, %) (0705
CTAaBIAIOIIME CKENeTa, MOABIAIOIMECS B YCIOBUAX BO3IEHCTBHS MYITHIUIMKATHBHOIO OH-

— JONOJIHUTEIBHBIE K S (B) co-

HapHOro Imyma; S A(B,NBA)ZHSA (B,NBA, y,x)” — cKeneT, c(OpMHUpOBAHHBIA 107 JeHCTBU-
€M aJUINTHMBHOIO OMHAPHOIO INyMa, HE COAEpXKalmMi 0a30BbIE COCTABIAIONIME CKeneTa S (B);
Su (B Nga, Npy =||SMA(BvNBAaNBM’%x)”(y:m,x:m)

JIAKOIIHE CKEJICTA, NOABIIAIONINCCA B YCIIOBUAX BOBHeﬁCTBHﬂ MYJIBTUIIJIMKATUBHOI'O 6I/IHapHOl"0 mryma.
HpOSIBJ'ICHI/Ie MYHLTHHHHKaTHBHOﬁ N, v 4 a[[,[[HTPIBHOﬁ N, pa COCTABJIAIOMIMX IITyMa Ha CKECJICTU3HUPY-

— JOTIOJIHUTENBHBIE K S, (B,NB A) COCTaB-

eMOM OMHAPHOM M300paKCHUU B 3aBUCHUT OT 3HAUCHUH SIPKOCTH MUKCEJICH U aMIIUTyAbl Ny, =1 —1

[IymMa Ha UCXOJTHOM IOy TOHOBOM M300paKeHUH I
(i(y,x) < TB)/\(g(y,x) > TB)v(i(y,x) > TB)/\(;(y,x)S TB):>
= (b(y,x) € E= ngy (y,x) < l)v (b(y,x) e(A4-E)= ny, (y.x) <—1), (2)
rae £ — MHOXECTBO I'paHUYHBIX MHUKCeNei b( y,x) obnactu A buHapHoro n300paxkenus (puc. 1, a).
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Aflprocte T
mv) | [
TB-—l—r—rT—l—-rk..:—~——--——

T O - T I

EEREEN

Bl

Xk Xk+1 Tx
A

»
B

BepostHocTs

Puc. 1. Mnmoctpanus mpoiiecca CKelleTU3aiy IOy TOHOBOTO H300pakeHHs:
a — (hopMUpOBaHKE CKeJIeTa MOJYTOHOBOTO H300paXkeHus1; b — MpoHIIh SPKOCTH U TUCTOTPAMMa
MOJIyTOHOBOI'O M300pa)KEHHs B YCIOBUSX LIyMa U CHIDKEHHSI KOHTPAcTa
Fig. 1. lllustration of the halftone skeletonization process: a — halftone skeletal shaping;
b — brightness profile and histogram of the halftone image

C yueToM MakCHUMaJbHOIO 3HAUCHMS LIyMa max (|NHT|) u (1) MmoxxHO onucars ycnoBusi GopMHUPO-
BaHUsI CKEJICTOB C TOMOIIBIO BBIPAXKECHHIA:

(min(AHT ) —max(|NHT|) > TB)/\ (max(AHT ) + max(|NHT|) <T, ) = (1§ = B) = (§ =S, (B)); 3)

(min(AHT —Ey)- max(|NHT|) 2T, ) A (min(AHT NEy)— max(|NHT|) <T ) A
/\(max(A_HT N Ey; ) +max (|Nyy,|) 2 T, ) =
- (fa = B® Ny, )= (5=56(B) V(S0 (B)® Syo (B, Ny, )) ) @)

(min(4y; — By )~ max(|Ny ) < T )= (B = B@ Ny, @ Ny, )=
= (8 =5, (B Ny )V (S (B, Ny ) ® Sy (B, Ny Ny )) ) (5)

W3 (5) caemyer, 4To IpU MHTEHCUBHOM LIyMe N, Ha UCXOJHOM IIOJIyTOHOBOM H300pa>kKeHUU 1
BO3HUKAET aJIUTUBHBIN OMHApHBIN myM N,, Ha H300paKeHUU B (puc. 1, b). DTO IPUBOIUT K CUITb-
HBIM H3MEHEHHSM B CKelleTe S H3-3a OTCYTCTBHS B HEM IIOCTOSHHOM COCTAaBIIAIONIEH, 3aBUCSILEH TOJIb-
KO OT u300paxeHus B, u aenaer Hed()(HEKTUBHBIMU aJTOPUTMbI OMHAPHOHN cKesieTh3auuu. [t moBbI-
IIEHUSI YCTOMYMBOCTU CKEJIETOB K IIyMy NN, Ha HCXOIHOM IOJ[yTOHOBOM H300paKeHUH I MOXHO
CHM3WTh JaHHBIHM LIyM, HAIIPUMEP C MOMOLIbIO HU3KOYACTOTHOTO (PUIILTPA, ISl IpeoOpa3oBaHus BbIpa-
skerust B=B® Ngpy @ Ny, K B=B® Ny, Takum 00pa3zoM, akTyalnbHBIMH 3a/1a4aMU SIBIISIOTCS pas-
paboTKa YCTOWYHBOTO K aJIMTUBHOMY IIyMYy QJTOPUTMa CKEJIETHU3AIIUH TOJIYTOHOBBIX M300paxKeHUn
Ha OCHOBE NPeBapUTEIbHON HU3KOYACTOTHON (DMIIBTPALIUU U OLIEHKH €10 3()(hEeKTUBHOCTH.

AJITOPUTM CKeJIeTU3ALUH M0JIYTOHOBbIX H300pasKeHn i
HA OCHOBE AJANITUBHOIl HU3KOYACTOTHOH (PUIbTPALINHU

Jnst ckeneTu3aluy TONYTOHOBBIX H300pakeHW [ C JBYXMOJOBOM THCTOIpaMMOM SIPKOCTH
B YCJIOBHAX aJJIUTUBHOIO IIyma IPENIaracTcsl ajJrOpuTM, OCHOBAHHBIM Ha aJaNTUBHBIX HU3KOYa-
CTOTHOW (uIbTpanui W OWHapu3anuu s (OpPMHUPOBaHUS CKEJIETH3MPOBAHHOTO HW300paKeHUs

S=[s(),

AU
(y’ )(y:O,Yfl,x:O,X—I)
HUA C ,Z[I/ICHepCI/II/I rayCC-(bI/IHBTpa, 06CCHCqI/IBaIOH_IerO MHUHHUMAJIBHOC 3HAYCHUC MOILI/I(I)I/ILII/IpOBaHHOf/'I

U OMHApPHOTO

C MCIOJIL30BAaHUEM CIIa)KeHHOro [ = Hl(y,X)H
0,Y-1,x=0,X-1) (

y=0,Y=1,x=0,X-1)

n300pakeHnii. CyIIHOCTh JTaHHOTO aJITOPUTMa COCTOMT B BBIOOpE 3HAYe-
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METPUKH YYBCTBUTEIBHOCTU CKEJIETa K IIyMy, YUUTHIBAIOLIEH HCKaXeHHUs (opM OMHApHBIX oOnacTeit
CKEJICTH3UPYEMOT0 H300pakeH!sl B pe3ybTare HU3KOUYaCTOTHON (PHIIBTPALIMU UCXOAHOTO TI0JIyTOHOBO-
r'0 M300pa’keHHUs1 ¥ BEIYUCIISIEMOH € TIOMOIIBIO BBIPasKEHHUS

o 1 Y-1 X-1 o
M;(B,B,S)=——=3 3 m(B,B,y,x), (©)
NS (S) y=0 x=0
rae N (M B) — (yHKUMS, onpenensionas KOJIM4eCTBO eIUHUYHBIX 3JIEMEHTOB B OMHApHOW MaTpuIle
Y-1Xx-1
M, = ||mB (y,x)”(y:ﬁ’x:m) , Ny (MB ) = Z ZmB (y,x) ; mg(y,X) — 4yBCTBUTEIBHOCTb K JIOKallb-
y=0 x=0

HBIM UCKaKCHUSAM CKCJICTA, OIIpeAcsieMas C IOMOIIBIO BbIPAKCHU A

1, mpu (NES(y,x) >2)v(§(y,x)€r);(y,x)=1);

ms(l},}?},y,x)z 5, npu jzlillz,(y+j,x+i)=0 /\(NES(y,x)>1); %
10, Hpn(NS(E)—NS(E)‘/NS(§)>O,OZ)V(R(S‘);tR(S‘));

0 B mpyruxcJiayuasax;

R(B), R(B) — KONMYECTBO oOnmacTeil Ha u3o0paxenusx B u B; N (7,x)=9— Z Zs(y +j,x+10)
. Je—li—1
— KOJIMYECTBO TPAHMYHBIX THKCENEH IS KayKI0TO THKCENs CKENeTa.

ANTOPUTM COCTOUT U3 CIAEAYIONIMX I11AroB.

1) Muunumanu3anys 3HaYCHUH MEepEeMEHHBIX alropuTMa: nucnepcuu (6 =1), KonuuecTBa uTepa-
it (n=0), MaTpuIlbl ONHAPHOTO N300paKEHUS B (2\3 =f3 (} ))

2) Havano uukiia BBIYUCIICHHUS] MCTPUKH 1yBCTBUTEIBHOCTH. DOPMUPOBAHHE CIIIAXKCHHOTO H300pa-
Keuus I B pe3yibraTe CBepTKH UCXOHOT0 u3o0paxenus [ ¢ syupom [aycc-dumnbrpa.

3) ®opMupoBaHUE THCTOTPAMMEI SIPKOCTH CTIIAKCHHOTO H300pasKeHUS In OTIpEJICIICHHE TI0 HeH I1o-
pora 6unapuzauuu 7, . DopmupoBaHue OGUHAPHOTO U300paKEHUs B ¢ [OMOLIBIO aNropuTMa aJlanThuB-
HOI1 moporoBoit 0opadotku Otsu [2]. R

4) ®opmMupoBaHHe /7-TO CKEIETU3UPOBAHHOTO M300paKeHHUS S (n) C TIOMOIIIBIO AJITOpUTMa OnHap-
Hoi ckenernsauuu (Hanpumep OPTA [3] m mp.).

5) Beruucnenue n-ro 3HadyeHust MeTpuku M (B, B,S,n) 4yBCTBUTEIBHOCTH CKEJIETA K IIyMy C HC-
I0JIb30BaHUEM BhIpaxkeHus (0).

6) [Ipupaienue 3Ha4eHHsI TUCTIEPCUH: G =G + 1.

7) llpupatenue cueTyrKa KOJIN4eCTBa UTepanuit: n=n+1.

8) IIpoBepka cueTymka KOIMYECTBA UTEPAIM HA JOCTIKEHHE MaKCHUMAaJIbHOTO 3HAYCHHS, HAIPH-
Mmep 20 (3aBUCHUT OT JOCTYIHBIX BEIYUCIUTENBHBIX pecypcoB). Ecim n < 20 — nepexon Ha mar 2.

9) Ilorck MUHMMAIBHOTO 3Ha4eHUs M . METPUKH YyBCTBUTEIBHOCTH CKENETa K IIyMy U HOMeE-

pa N

S'min

min
WTepaluu s Takoi Mmerpuku npu 7 =0,19.
10) 3aBepuieHue anropurma u GopMUpoBaHUE pe3yibrara: S (N Smin ) .

Ouenka 3¢ (peKTHBHOCTH AJTOPUTMOB CKeJIeTH3alNHU MOJTYTOHOBBIX H300paKeHUH

s onieHku 3()(HEKTUBHOCTH aJrOPUTMOB CKEJIETU3ALMK MCIIOJIb30BaHbl TECTOBBIC MMOJyTOHOBBIC
M300pakeHNsI C KOHTPOJIMPYEMBIM KOHTPACTOM M YPOBHEM aJINTUBHOTO Iryma. Ha puc. 2 mpusene-

Hbl KOMOMHHPOBaHHbIE U300paxeHus ( B+ S ), chopMupoBaHHBIE B pe3yJbTare CIOKEHHsI OMHAPHBIX
n300pakeHnil B, MoMy4YeHHBIX MOCe aJaTHBHON OpOroBoil o6padoTKu, 1 OMHAPHBIX CKEIETH3UPO-

BaHHBIX N300pakeHUH S, MorydeHHbIX ¢ momotibio anroputMoB OPTA, ATF u npennoxxennoro ATFM.
W3 puc. 2 cnemyer, uro anroput™m ATFM mo3BomseT popMupoBaTh CKENEThI, 00JIee YCTOHINBBIC K IITyMY
(MMEroT MeHbIIIe CTPYKTYPHBIX UCKaXkeHuH ), o cpaBHeHUIo ¢ OPTA u ATF.
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AJITOpUTM Cy=0,1 Cy=0.2 Cy=0,25 Cy=0,35 Cy=0,45

OPTA

w WO W | W B | B

ATFM

Puc. 2. CkeneTn3npoBaHHbIE H300paskeHHs, ToMydeHHbIe TpH & = 1,0, Ay = 10
Fig. 2. Skeletonized images obtained at 6 = 1.0, A= 10

JI71s1 IOy TOHOBBIX M300pakeHUH ¢ pasInuHbIMU KodpduirenToM C,; MOIU(PHUKAIMU THCTOrPaM-
MBI, IAPAMETPOM Pa3sMbITUS. G M aMIUIMTYIOH Ay, LIyMa M Pa3IM4HBIX aIrOpUTMOB B Tabn. 1 mpu-
BEJICHbl 3HAYEHUs] OTKIOHEHUs E( OT ATAJOHHOIO CKElleTa IPH OTCYTCTBUM IIyMa, BBIYHCIIAEMbIE
C TIOMOIIIBIO Pa3HOCTH N300paKeHUH cKeaIeToB S 1 S| P OTCYTCTBUH U HATMYUH aINTUBHOTO ITyMa

(=S wm S=S§ B3aBUCUMOCTH OT AITOPUTMA) B YCIOBUAX 33JaHHOIO KOHTpacTa

Y-1X-1 ~ Y-1X-1
E = ZS—S/Z;Z(;S, mpu y=0,Y -1, x=0,X —1. (8)
g

y=0 x= X

Tabauna 1. Onenka nmoxasareneit 3pEKTUBHOCTH aJTOPUTMOB CKEJICTH3ALNH
Table 1. Evaluation of performance indicators of skeletonization algorithms

E Tp, C
Moxasarens /Index| Gy ~orm T2 re TaTeM]|  © " T | I | In [OpTAT ATF JATEM
0,10 | 0,005 | 0,631 | 0,151 | 0,326 | 0,799 | 125 | 230 | 30 | 0,225 | 3,089 | 2,855
410 0,20 | 0,010 | 0,613 | 0,154 | 0,244 | 0,566 | 141 | 204 | 55 | 0211 | 2,903 | 2,827
s 0,25 | 0,106 | 0,695 | 0,318 | 0,203 | 0,459 | 151 | 191 | 68 | 0212 | 2,962 | 2,870
’ 0,35 | 1,121 | 0,681 | 0431 | 0,122 | 0262 | 164 | 166 | 91 | 0384 | 2,923 | 2,847
0,45 | 11,773 | 0,766 | 0,631 | 0,040 | 0,082 | 180 | 140 | 115 | 1,066 | 4,048 | 4,058
0,10 | 0,246 | 0,582 | 0,574 | 0,326 | 0,798 | 119 | 230 | 32 | 0,289 | 3,765 | 3,669
P 0,20 | 0,968 | 0,713 | 0,441 | 0,244 | 0,567 | 119 | 204 | 55 | 0,443 | 3,848 | 3,741
s 0,25 | 1,648 | 0,812 | 0,554 | 0,203 | 0,459 | 128 | 191 | 67 | 0,426 | 3,880 | 3,893
’ 0,35 | 5249 | 0,649 | 0,585 | 0,122 | 0,263 | 134 | 166 | 91 | 0972 | 5,119 | 5,061
0,45 | 15,727 0,645 | 0,413 | 0,040 | 0,082 | 156 | 140 | 116 | 0,493 | 3,502 | 3,821
0,10 | 1,074 | 0,635 | 0,356 | 0,313 | 0,766 | 128 | 230 | 38 | 0373 | 3,861 | 3,767
4= 10 020 | 1,017 | 0,713 | 0,151 | 0,234 | 0,543 | 143 | 204 | 61 | 0,395 | 3,898 | 3,790
e 0,25 | 1,342 | 0,663 | 0,156 | 0,195 | 0,441 | 146 | 191 | 72 | 0,389 | 3,866 | 3,785
0,35 | 2207 | 0,617 | 0,597 | 0,117 | 0,252 | 164 | 166 | 94 | 0,501 | 3,967 | 4,036
0,45 | 12,663 | 0,713 | 0,587 | 0,039 | 0,079 | 182 | 140 | 116 | 0,995 | 4,497 | 4812
0,10 | 1,756 | 0,699 | 0,654 | 0,313 | 0,767 | 109 | 230 | 38 | 0,489 | 4,008 | 4,063
P 0,20 | 2,305 | 0,064 | 0,515 | 0,234 | 0,543 | 115 | 204 | 58 | 0,538 | 3,962 | 4,142
- 0,25 | 2,833 | 0,663 | 0,679 | 0,195 | 0,441 | 123 | 191 | 71 | 0,583 | 4,111 | 4,254
o 0,35 | 6,049 | 0,667 | 0,649 | 0,117 | 0,251 | 141 | 166 | 94 | 0,971 | 5,893 | 6,347
0,45 | 15,372 0,738 | 0,859 | 0,039 | 0,079 | 148 | 140 | 116 | 0,406 | 3,745 | 4,103
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Taxoke B Tabn. 1 mpuBeneHsl 3HaueHus kouTpacra C,, Bapuanuu V), agantusHoro nopora 7, , omnpe-
JeIeMOro ¢ nomMoupto anropurma Otsu, MUHUManbHOE [, M MakCcHUMajibHOE [ 3HAaueHHs IHK-

celell MOITyTOHOBOTO M300pakeHust Oe3 miyma u BpeMs I, cKeleTu3auuu. 3HaueHus koHTpacta C|
U Bapuanuy V| BBIYUCIISIIN C TOMOIIBIO BBIPAKCHUMN:

Y-1 X-1 N\ 2
ZZ( (v)-n(7)) ©)
y =0 x=0
Dy, (1)
V,=—T"22, (10)
L)
1 Y-1 X-1
rae u(] ) — CpelHEe 3HAYCHHE SPKOCTH THKCeNe Uil m300paxxeHus I, u :E i( V,X
y=0 x=0

D, (I ) — qucnepcus 3HAYCHUH TTUKCEICH 71 M300paxeHus 1.

J171st TOTTy TOHOBBIX M300paKEHUH ¢ pe3KuMU TiepenanaMu sipkoct (pu ¢ = 0,5) anropurm ATFM
MIO3BOJISCT:

— MOBBICUTH YCTOMUMBOCTH CKEJIETOB K IIyMy B cpaBHEHHUHM ¢ anroputMoMm OPTA;

— MPHU HU3KOM ypoBHE IyMa (Ayp = 10) 1 HU3KOM KOHTPACTE MOBBICUTH YCTOHUYMBOCTH CKEJIETOB
K IIyMy B cpaBHeHHH ¢ anroputmoM ATF;

— TIpY BBICOKOM YpoBHE IrymMa (At = 20) COXpaHUTh YCTOHYMBOCTH CKEJIETOB K IITyMYy B CPaBHEHUHU
¢ anroputmom ATF.

[Ipennoxennsiit anroputm ATFM nmeeTr onuHakoByr0 ckopocTh ckeneruszauuu ¢ ATF. Jlng anro-
purmos OPTA [3] u ZS [4] npoaHanu3upoBaHbl 3aBUCUMOCTH OTKJIOHEHUS L, OT OTHOLIEHHS KR,
CUTHAJI/IIyM, BBIYHCIISIEMOTO 110 (popMyIie:

1 Y-1 X—

i X _Imin
R — YX y=0x=0( (y ) )
W DST (NHT)

IIpp ¢=0,5, 0,17>V,>0,16 amroputm ATFM mno3Bonsger yMEHbIIMTH OTKJIOHECHHS CKEJIETa
OT DTAJIOHA TIPH:

— R, =2 npumepHo B 3,6 pasa B cpaBHeHHU ¢ OPTA (npu npourpsiie anropurmy ATF Ha ocHOBe
OPTA B 1,2 pa3za) u B 2,1 pa3za — B cpaBHEHHH ¢ ZS (IpH BBIMIPHILIE IO CPaBHEHUIO ¢ anroputMom ATF
Ha ocHoBe ZS B 1,03 paza);

— R, =1 npumepno B 19,4 pasa B cpaBHenuu ¢ OPTA (1pu BBIMIPBILIE 110 CPABHEHUIO C JITOPUT-
moM ATF na ocnoBe OPTA B 1,2 pa3za) u B 12,5 paza — B cpaBHeHUH ¢ ZS (IIpU BBIUTPHILIE 110 CPaBHE-
uuto ¢ anroput™MoMm ATF Ha ocHoBe ZS B 1,02 paza).

Ilpn =10, V;=0,65, Ry, =5 anroputm ATFM no3BoiA€T yMEHBIIUTh OTKIOHEHHE CKeJeTa
OT dTajoHa mpuMepHo B 5,2; 2,8; 1,6 m 1,03 pasza B cpaBuenuu ¢ OPTA, ATF nHa ocnose OPTA, ZS
n ATF na ocnose ZS coorBercTtBeHHO. [Ipu 6=1,0, V; =0,164 anroputm ATFM no3Bonsier ymeHb-
IIUTHh OTKJIOHEHHE CKeJIeTa OT 3TaJOHA TIPH:

— R,y =2 npumepno B 4,8; 1,0; 2,7 u 1,1 pasa B cpasaenun ¢ OPTA, ATF na ocHoBe OPTA, ZS
n ATF Ha ocHOBE ZS COOTBETCTBEHHO;

— Ry, =1 npumepro B 16,7; 1,0; 11,3 u 1,06 pa3za B cpaBaennu ¢ OPTA, ATF na ocaose OPTA, ZS
u ATF Ha ocHOBE ZS COOTBETCTBEHHO.

(11)

3aKJIIoueHue

1. IlpemyioskeHa MOMETh CKEIETH3AITNH TIOJTYTOHOBBIX M300paKeHIH, OCHOBAaHHAS Ha JBYXMOOBOM
THUCTOTPaMMe SIPKOCTH 1 YYWTHIBAIOIIAS BIMSHAE KOHTPACTHO-IPKOCTHBIX MTApaMeTPOB, MYIBTHILTHKA-
TUBHOW M aITUTHBHOMN COCTABIISAIONINX IITyMa HA Ka9eCTBO CKEIETU3NPOBAHHOTO N300pakeHns. Moziens
MTO3BOJISIET OINPENENUTE yCI0BHS d(h(HEKTUBHON CKETETH3AINH TTOTyTOHOBBIX N300pakeHui, MPH KOTO-
PBIX UCKaXKEHUSI 00yCIIOBIIEHB! BIUSHUEM TOJIBKO MYIBTHIUIMKATHBHON COCTABIIAIONIEH MM KOMOWHA-
MEN MYJIbTUTUIMKATUBHON U aJITATUBHON COCTABISIONIMX LIyMa.

2. PazpaboTan alropuTM CKEJIETU3AINH ITOJTyTOHOBBIX N300pakeHN, OCHOBAHHBIN Ha MIPEIIOKEH-
HOHM MOJICIIH M aallTHBHON HU3KOYACTOTHON (PMIIBTPAIINN, OTIMYAIOIIHACS OT U3BECTHBIX aTOPUTMOB
y9IeTOM UCKaKeHUH (hopm obmacTelt OMHApHOTO CKEIETU3UPYEMOTO H300PaKCHHSI B YCIOBHSX aITUTHB-
HOTO TITyMa.
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3. OHpC,Z[eJ'IeHBI YCJI0BU: BIUAHNA KOHTPACTHO-IPKOCTHBIX TapaMeTpPOB H306pa)l(eHHﬁ Ha Ka4€CTBO
CKEJICTU3aIlH.
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IMPHUJIOKEHHUE

B crarpio «BnusiHne TepMuueckoll Harpy3Kku npu GopMupoBaHHH KOHTakToB Al-Al Ha snexTpu-
YeCKHe MapaMeTpbl MHTETPAbHBIX MHKPOCXEM C KOHTAKTaMU aJIOMHHUI-TIOJIMKPEMHHUN» aBTOPOB
B. A. ITmmunenko, B. A. Comomyxa, H. C. Koanmpuyk, 5. A. ConoBeés, /1. B. lllectoBekwuii, /1. B. XKu-
T'YIIH, onyOnukoBaHHYTO B xypHane «Jlokmaasr BI'YUP», T. 20, Ne 7, 2022 (c. 20-27), ObIITH BHECEHBI
n3MeHeHus. B cBs3u ¢ 3TUM puc. 3 ciieyeT UnTath B HOBOM pelaKiHH.
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Puc. 3. 3aBHCHMOCTD BETMUMHBI 0a30BOT0 TOKA OT HAMPSHKCHUS IMUTTEP-0a3a 1yisi mprOOpoB
¢ popmupoBaHueM omHdecknx KOHTakTOB Al-Si n Al-Al ¢ mpumernenneM gmutensHBIX (450 °C, 20 MuH
B cpeze N») (1) u 6picTpoit TepmoobpadoTok (450 °C, 7 ¢ B cpene N») s hopmupoBanus koHTakta Al-Al (2)
Fig. 3. Dependences of the value of the base current on the emitter-base voltage for devices with the formation
of ohmic Al-Si and Al-Al contacts with the use of long (450 °C, 20 min in N, medium) (1)
and the use of RTP (450 °C, 7 s in N, medium) for forming Al-Al contact (2)

Ha caiite xxypnana «loxkmanst BI'YUP», T. 20, Ne 7, 2022, pa3zmernieHa akTyaiabHasi BEpCHUsI CTaThU.
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