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AnHoTtanust. [IpencraBieHsl pe3ynbTaTbl NCCISIOBAHNS BIUSHNS Ha KPHCTAUINIECKYIO CTPYKTYpPY M MarHHT-
HBIC CBOWCTBa coenuHCHHU Ha ocHOoBe NiMnSb mpu 3amemniennu karnoHoB Ni Ha katnosbl Fe u Co. TBepabie
pactBopsl cucteM Ni;_ .M, MnSb (M = Fe, Co) cuHTe3UpOBaHbl METOJOM TBepA0(ha3HbIX peakiuil. C MOMOIIbIO
PEHTIEHOCTPYKTYPHOTO aHAJIN3a YCTAHOBJIEHO HAJIMYHE KOHIIEHTPAIMOHHOTO CTPYKTYpHOTO mepexoxa. [lonne-
POMOTOPHBIM METOJIOM OOHapy)KEHO, YTO TEMIIEpaTypsl (a3oBOTr0 MPEBPAIICHHsS «MAarHUTHBIN MOPSIOK — Mar-
HUTHBII 0ECHOPSI0K» CHUKAIOTCS 10 MEpe 3aMEIlIeHHsT HUKeIs )Kene30M U kobansroM. [loneBble 3aBUCHMOCTH
yAENbHONH HaMarHMYEHHOCTH JIEMOHCTPUPYIOT TUIIMYHOE MOBEICHNE MarHUTOMATKOTO (heppomarHeTrka. IIpuse-
JICHBI PE3YJBTaThl IKCIICPUMEHTA 110 U3yYEHUIO KPUCTAJUTMUECKOM M MarHUTHOH CTPYKTYPBI TBEPJBIX PacTBOPOB
cucteM NiggoMg oMnSb (M = Fe, Co) ¢ nomorsio 1udpakiuy TEMIOBbIX HEHTPOHOB B HHTEpBaJle TEMIEpaTyp
(3-300) K. Obnapy:xeHO, 9TO HCCIEAYEMBIE COCTABHI 00TaTar0T (epPOMATHUTHBIM YITOPSAOUYECHHEM BIOIb OCH C.
Ha cnekrpax TBepabix pacTtBopoB Nij9oCog ;oMnSb B oOmactu 20 = 28,6° nabmonaeTcs MOABICHHE pedIiek-
ca, YKa3blBarouero Ha (hopMupoBaHue aHTH(GEPPOMArHUTHOTO yropsiioueHus. B pamkax teopun (yHKIMOHAIA
IUIOTHOCTH IIPOBEJICH ab initio pacdeT MarHUTHBIX MOMEHTOB st Ni;_ M MnSb (M = Fe, Co; x =0; 0,125; 0,250).
Pe3ynbrarhl TEOPETHYECKUX PacyeTOB IPEJICKa3bIBAIOT CYIIECTBOBAHNE MarHUTHBIX MOMeHTOB y HoHOB Fe u Co,
U OHM aHTH(EPPOMArHUTHO CBSI3aHBI CO CIIMHAMU HOHOB Mn 1 Ni.

KroueBble cjioBa: MHTEPMETAIUIN/IBI, PEHTICHOBCKAs AN(PAKIHs, HAMArHUYEHHOCTb, TU(paKkuns HEHTPOHOB,
KPHUCTAJUIMYECKasi U MarHUTHAs CTPYKTYPBI, ab initio pacyer.

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

BuaaronapHocts. PaboTta BhIMONHEHA B paMkax coBMecTHOTo rpaHta «BPOOU-PODU M-2021» (rpant
Ne T21PM-029 1 Ne 20-52-04003 ben_mon_a).

Jast murupoBanusi. OCOOCHHOCTH KPUCTAUTHYCCKOW CTPYKTYPhl M MArHUTHBIX XapaKTEPUCTHK TBEPIBIX pac-
tBOopoB cucteM Ni;_ M, MnSb (M = Fe, Co) /I. C. Pumckuii [u np.] // Hoxmager BI'YUP. 2022. T. 20, Ne 8. C. 5-13.

http://dx.doi.org/10.35596/1729-7648-2022-20-8-5-13.
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Abstract. The results of studying the effect on the crystal structure and magnetic properties of compounds
based on NiMnSb when Ni cations are replaced by Fe and Co cations are presented. The solid solution
Ni,_MMnSb (M = Fe, Co) systems were synthesized by the method of solid-phase reactions. With the help
of X-ray diffraction analysis, the presence of a concentration structural transition was established. Using the
ponderomotive method, it was found that the temperatures of the “magnetic order — magnetic disorder” phase
transformation decrease as nickel is replaced by iron and cobalt. The field dependences of the specific magnetization
demonstrate the typical behavior of a magnetically soft ferromagnet. The results of an experiment on the study
of the crystal and magnetic structure of solid solutions of the Nij 99Mg ;0MnSb (M = Fe, Co) systems using thermal
neutron diffraction in the temperature range of ~(3—-300) K are presented. It is found that the studied compositions
exhibit ferromagnetic ordering along the ¢ axis. On the spectra of Nij 99Co( 1,MnSb solid solutions in the region
of 20 = 28.6° the appearance of a reflection indicating the formation of antiferromagnetic ordering is observed.
Within the framework of the density functional theory, an ab initio calculation of the magnetic moments
for Ni;_,M,MnSb (M = Fe, Co; x =0; 0.125; 0.250) was carried out. The results of theoretical calculations predict
the existence of magnetic moments for Fe and Co ions, and they are antiferromagnetically coupled to the spins
of Mn and Ni ions.

Keywords: intermetallics, potential diffraction, magnetization, neutron diffraction, crystal and magnetic structures,
ab initio calculation.
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BBenenune

[Torck MaTepuanoB mJisi CHUHTPOHUKH SBIISICTCS OMHOM M3 aKTyaJdbHBIX 3a1ad (U3UKH KOHICHCH-
poBaHHOTO cocTostHUA. CIMHTPOHHUKA — OOJIACTh COBPEMEHHOW 3JICKTPOHHKH, UCTIONB3YIOMIas KaK 3a-
PSAd, TaK W CIIUH DJICKTPOHA, MOXKET MPEIJIOKHUTh HOBOE MOKOJIEHUE YCTPONCTB, COUETAIONINX B cebe
CTaH/IaPTHYIO MUKPOIJIEKTPOHHUKY CO CITUH-3aBUCHMBIME dpdekTamu [ 1]. [lomymerammmnueckue Gpeppo-
MarHeTUKHU MPECTABIISIOT 3HAYUTEIBHBIN HHTEPEC B CBSI3U C UX BO3MOXKHBIM IIPUMEHEHUEM B T€TEPO-
CTPYKTYpax yCTPOWUCTB CHUHTPOHHKH [2]. DTO BBI3BAHO TEM, UTO MOI00HBIE BEIIECTBA, SBIISISCH METAI-
JaMU TSI OTHOM TIPOSKIMH CITMHA U MTOJIYIIPOBOTHUKAMHE TSI TIPOTHBOIIONIOKHON, UMEIOT Ha TIOPSTIOK
pa3HbIE CIMHOBBIE BKIIAJIBI B SJIEKTPOHHBIE TPAHCTIOPTHBIE CBOMCTBA, YTO MO3BOJISIET MUCTIONB30BaTh X
B Ka4eCTBE CTOYHHKA ITOJIIPU30BAHHBIX AEKTPOHOB [3]. briarogapst BRICOKMM BEJIMYHMHAM TEMIIEPaTyphl
Kropu (~(730-750) K) u oxxugaemori 100%-Ho¥ CTUHOBOY MOJSAPU3AIMK K TAKUM MaTepualiaM MOXKHO

6
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otHectd 1 NiMnSb, oHako Ha MMPaKTHKE BETMYUHA CITHHOBOH MOJISIpU3aIiy, JocTuraeMoit B NiMnSb,
ocraercst He3HaunTeNbHOH [4]. B coennnennn NiMnSb 3a ¢uznyeckue CBOHCTBa OTBEYAET KOJIMUYECTBO
BaJICHTHBIX 3J€KTPOHOB [5]. [ToaToMy yacTuyHOE 3aMeleHne HUKES JPYyTUM MEPEXOAHBIM IEMEHTOM
MOJKET CyIIECTBEHHO U3MEHUTh MarHUTHBIE U TPAHCIIOPTHBIE CBOMCTBA COETMHEHNS.

Lenp uccnenoBaHuii — W3y4eHHE BIHMSHUS 3aMEICHUs HUKEJsl KaTHOHAMHM Kejie3a M KoOallbra
Ha (OPMHUPOBAHME KPUCTAJUIMUECKON CTPYKTYpPBhl U MarHUTHBIX XapaKTEPUCTHK TBEPHABIX PACTBOPOB
cucteM Ni;_ M MnSb (M = Fe, Co).

MeTtoauka MpOBEICHUSA IKCIICPUMEHTA

Teepapie pactBopsl Ni;_ M MnSb (M = Fe, Co) Obutn CHHTE3UPOBaHBI METOIOM TBEPAO(a3HBIX
peaxnuii B BAKYyMHUPOBAHHBIX KBapIIEBBIX aMITyinax. YUCTOTa MCXOMHBIX MOPOIIKOB COCTABIISIIA IS
Mn — 99,98 %; Fe u Co — 99,99 %; Sb — 99,999 %. Cunre3 ocyuectsisuii mpu temieparype 1020 K
B TeueHue 24 4 ¢ nocienyonen 3akaikoi. 3yueHne KpucTaunueckol CTPYKTYPBI U OLICHKY (a3oBoro
COCTaBa BBIMOJHSIN METOAOM MU PAKIMHA PEHTIeHOBCKUX Jtydeid B CuK -m3myuenun (A = 1,5418 E)
IIPU KOMHATHOM TeMIieparype. DKCIEPUMEHTaIbHbIC 3HaU€HHs INIOTHOCTH M3MEPSUIM NPU KOMHATHOM
TeMIepaType METOAOM THAPOCTATUYECKOTO B3BEIIMBAHUS B YETHIPEXXJIOPHCTOM yriepone. Temmepa-
TYPHBIC 3aBUCHUMOCTH Y/IEIbHOW HAMarHMYeHHOCTH CHHTE3UPOBAHHBIX COCTABOB M3Yy4ald B MATHUTHOM
nosie ¢ uaayknuen B = 0,86 Ta monaepoMoTopHEIM MeToI0M. [10IeBbIC 3aBUCUMOCTH YACIHHON HaMar-
HUYEHHOCTH U3y4asld BUOPALIMOHHBIM METOJIOM B MAarHUTHBIX TOJISAX ¢ MHAYKUMer 10 10 To.

OKCIEpUMEHTBI 110 HEUTPOHHON audpakuuu 1 coeauHenuit NiMnSb u NijgoFe) ;MnSb npo-
Bogunu Ha crekrpomerpe H-12 mmmynbcHOro BeIcOKomoToyHoro peakropa WMBP-2 (aboparopust
HelTpoHHOH Qu3ukn mmenn M. M. ®@panka OUSU, r. JlyOHa), a o HEWTPOHHOW AM(PPAKINN IS
Nij 99Co0g 10MnSb — na qudppakromerpe «IMCK» (nnmna Bonnsl A = 2,41 E) HEWTpOHHOTO HCCEn0Ba-
TenbeKoro crannoHapHoro peakropa MP-8 (HULL «KypuaroBckuii HHCTUTYT»). XapakTepHOe BpeMs 13-
MEpPEHUsI OJTHOTO CIIEKTPa COCTABIISLIO 2 4. AHAJH3 MOTYYCHHBIX AU(DPAKIMOHHBIX JJAHHBIX BBITTOTHSITN
MeTonoM PutBenbaa ¢ momomsto nporpammsl FullProf.

Pacuets! u3 nepBbIx npuHIunoB ¢yHkuonana miotHoct DFT (Density Functional Theory) mpo-
BonwiH ¢ mcrnonb3oBanueM nakera Quantum ESPRESSO c¢ mpubmmxerneM 06001eHHOTO TpaineH-
ta GGA (Generalized Gradient Approximation) u mapamerpu3anuu PBE (Perdew—Burke—Ernzerhof).
s coemuaennii NiMnSb u Nij 75M( ,sMnSb (M = Fe, Co) ncnone3osanu 12-aToMHYI0 5€MEHTapHYIO
A4eiKy, a Takke 24-aromuyo 1 Nij g7sMg 1,sMnSb (M = Fe, Co). [l pacueToB HauanbHON KOHMHTY-
pamyu NCroab30BaNi (PePPOMATrHUTHYIO KOH(PHUTYpAII0 aTOMOB Mn.

Pesyabrathl u uX 00Cy:KIeHHe
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Puc. 1. Pertrenorpammel (a) ¥ TeMIepaTypHbIe 3aBUCHMOCTH yACTbHON HaMarHM4eHHOCTH (D)
TBepasIx pactBopoB Ni;_,Co, MnSb
Fig. 1. X-ray patterns (a) and temperature dependences of the specific magnetization (b)
of the solid solutions Ni;_,Co,MnSb
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Ha pentrenorpamme ncxognoro coenuaernst NiMnSb miposiBisieTes pediiekce cradoit HHTEHCHBHOCTH
(ue 6omnee 3 %), onUCHIBaEMBbIi B paMKaX FeKCaroHaJIbHONH CUHTOHWH, aHTUMOHM A HuKels (NiSb) [4].
AHanu3 CHEeKTPOB CBUAETENBCTBYET, UTO MONy4YeHHbIe coennHeHus a0 x = 0,35 u x = 0,45 3amerne-
HUS HUKEJIS J)KEJIe30M U KOOAIBTOM COOTBETCTBEHHO OMMCHIBAIOTCS KyOnueckoi cummerpueit Tuna Cl,,
(IIpOCTpaHCTBEHHO# rpymmbl F43m).

[Ipu 3aMereHUN HHUKEIS JKEeNIe30M M KOOAaTbTOM B TBEPABIX pacTBopax cucteM Ni_ M, MnSb
(M = Fe, Co) BbIIe yka3aHHBIX KOHIIEHTPAIIMH MPOUCXOAUT KOHIIEHTPAIIMOHHBINA CTPYKTYPHBIN Iie-
PEXOJI, YTO BBIPAXKAETCA B IOABJIECHUH Ha PEHTIEHOrpaMMax JH(PPaKIMOHHBIX PEPIEKCOB CBEPXCTPYK-
Typbl (IpOCTpaHCTBEHHAs Tpynna Fm3m ¢ YacTUYHBIM MMO3ULMOHHBIM OECIIOPSIKOM aTOMOB JKele3a
u koOanbTa). JlaHHast CBEPXCTPYKTypa ONMUCHIBACTCS KPUCTAIUTMIESCKOM SUCHKOM, BKITIOYatoIel BOCEMb
AIIEMEHTAPHBIX sYeeK KyOuueckod cuHronuu tumna Cl,, KOTOpble MOKHO TPEJICTABUTh KaK Yepeyro-
muecs CTPyKTypHble equHUIl MoMnSb (M = Fe, Co) m MnSb (NaCl — momo6Hoe pacmoioskeHne
aTOMOB) B TIOJHOH TeHCIepoBoil cTpykType. B mcxomnom coennaennn NiMnSb kakaplii cioil cBu-
raercsi OTHOCUTEIBHO MPEAbIIYILEro Ha MoJeprona B 00e CTOPOHBI B KOOPIMHAIIMOHHON IIOCKO-
CTH, TOTJ]a KaK B CBEPXCTPYKTYPE CABUTAIOTCS aHATOTHYHBIM 00Pa30M KaK/ble IBa CIIOSI, YTO MOXKHO
00BsicHUTh cMenienneM atoMoB Fe/Co u Sb ¢ ux mosunmii B ctpykrype Cl,. Takas cTpykrypHas
OpraHu3aiys MPUBOAUT W YABOCHHUIO NMEPUOJA dIEMEHTAPHON SUYSHKH CBEpXCTPYKTYphl. B orimune
oT Kyomdeckor cmaronuu tuma Cl,, B KoTopoit atomsl 3anuMaroT mo3urwn: 4c Ni u Fe/Co (1/4; 1/4; 1/4),
4a Mn (0; 0; 0), 45 Sb (1/2; 1/2; 1/2), a no3umus (3/4; 3/4; 3/4) octaercs BakaHTHOH, KpUCTAILTNYEC-
Kas pelIeTka CBEpXCTPYKTYPBI COAEPKUT oaHy no3uuuro ajst atomoB 32/ Ni u Fe/Co ¢ koopannaramu
(0,12; X; X), Tpu mo3unuu mapranna 4a Mn; (0; 0; 0), 4b Mn, (1/2; 1/2; 1/2) u 24d Mnj; (0; 1/4; 1/4)
C OTHOCHUTEIBLHBIMU 3aCEIICHHOCTAMU mo3uiuit 1:1:6 u aBe mo3unmu cypbMbl 8¢ Sby (1/4; 1/4; 1/4)
u 24e Sb, (0,749; 0; 0) ¢ OTHOCUTENBHBIMHU 3aCEICHHOCTSIMH MO3UIUH 1:3.

YCTaHOBIIEHO, UTO TIPH 3aMEMIeHUH HUKes keme3oM x = (0,90 Ha peHTreHorpaMmax HaOIromacTCs
MOSIBIICHNE PE(IICKCOB OMUCHIBAEMOM B PaMKax OPTOPOMOMYECKON CMHIOHMH HPOCTPAHCTBEHHOH IPyI-
nbl tina Pnnm, FeSb,. Uncnennsle 3Hau€HNs OCHOBHBIX BEJIMYMH, ONHUCHIBAIOIINX KPHUCTAJUIMUECKYIO
sTYelKy TBepAbIX pacTBopoB cucteM Nij M MnSb (M = Fe, Co), npeacrasnens! B Tabn. 1. OOHapyxke-
HO JIMHEHHOE yMEHBLICHHE MapaMeTPOB KPUCTALTNYECKOH SUEHKN a TI0 Mepe YBEIMYCHHS COICPKaHUs
kesiesa U koOanbra. [lapamerp KpUCTAUIMYECKON sICHKM @, TOMyYeHHBIH i coenuHeHnii NiMnSb
(a=0,592(6) am) 1 CoMnSb (a =2x5,89(4) HM), comtacyeTcsi ¢ paHee MoTydYeHHBIMHU pe3yiIbTaramu [0, 7].

Tabauua 1. 3HaveHns MapaMeTPOB @, PACYETHON dpyeq U IKCTIEPUMEHTANBHON ey TWIOTHOCTEN
KPUCTAJUTMICCKON STICHKH TBEpABIX pacTBopoB cucteM Ni;_ M MnSb (M = Fe, Co)
Table 1. Values of parameters a, calculated d,,;. and experimental d,,, density of the crystal cell
of solid solutions Ni;_ .M, MnSb (M = Fe, Co) systems

Ni;_Fe MnSb Ni;_.Co,MnSb

X a, HM ey, T/CM3 s T/CM3 X a, HM ey, T/CM? yens T/C3

0 0,592(6) 7,51 7,19 0 0,592(6) 7,51 7,19
0,05 0,592(6) 7,51 7,16 0,05 0,592(6) 7,52 7,19
0,10 0,592(4) 7,52 7,18 0,10 0,592(5) 7,51 7,18
0,15 0,592(2) 7,52 7,16 0,15 0,592(6) 7,52 7,20
0,20 0,592(0) 7,53 7,20 0,20 0,592(4) 7,53 7,18
0,25 0,591(8) 7,53 7,20 0,25 0,592(1) 7,54 7,24
0,30 0,591(6) 7,53 7,24 0,30 0,591(9) 7,55 7,24
0,40 0,591(5) 7,53 7,22 0,40 0,591(7) 7,56 7,27
0,50 1,181(4) 7,54 7,22 0,50 1,182(0) 7,58 7,25
0,60 1,180(8) 7,54 7,22 0,60 1,181(2) 7,59 7,28
0,70 1,180(4) 7,55 7,22 0,70 1,180(0) 7,62 7,31
0,80 1,180(0) 7,56 7,21 0,80 1,179(4) 7,63 7,30
0,90 - - - 0,90 1,177 (6) 7,64 7,33
1,00 - - - 1,00 1,174(8) 7,65 7,32
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TemrieparypHble 3aBHCHMOCTH YIEIbHOH HAMAarHUYEHHOCTH Ha IPUMEpPE TBEPIBIX PAacTBOPOB
Ni;_,Co,MnSb npencrasnensl Ha puc. 1, b. Haubonpmeil BenuunHONW ynenbHOW HaMarHHYEHHOCTH
npu temneparype ~80 K obnanaror coenunenus NijosM osMnSb (M = Fe, Co). [Ipu nanbuelimem
YBEJIMUEHUHN KOHIEHTPAINN 3aMEIISeHHUS HUKEIs Kelle30M M KOOaIbTOM HaOIIONAI0TCs YMEHbBIIEHUE
BEIMYMHBI MarHUTHBIX MOMEHTOB, m3MepeHHBIX 1pu 80 K, a Taxxe cHmkeHne Temneparyp (asoso-
rO MPEBpAIIEHUs] «MArHUTHBIA TOPSIOK — MarHUTHBIA Oecriopsinok» (7). OmHako mpu 3aMeIIeHun
HUKENsT KOOAJTBTOM YMEHBIIIEHUE MPOUCXOAUT ToibKo 110 x = 0,50. Temmeparypa Kropu cHwkaeTcs
or 725 K pna NiMnSb o 396 K nna Nig »oFe goMnSb n 485 K s CoMnSb. [onmyuennsie 3naue-
Hus T ans NiMnSb u CoMnSb cornmacyrotes ¢ paHee Moy4eHHBIMA pe3ylibratamMu [6, 7.

CHmxeHne TeMrepaTypsl (Pa30BOro MAarHUTHOTO TIepexo/ia MOXKHO OOBSICHUTh H3MEHEHUEM B3arMO-
neiicteuii Mn—Mn u Ni-Mn BciecTBUe 3aMelIeHNsT HUKENS Kelle30M B KobanbToM. Ha Temmeparyp-
HBIX 3aBUCHMOCTSIX TIPH KOHIIGHTPAINY 3aMeteH s Hukess skene3oM x = 0,30 pu ~410 K u kobasTom
x = 0,40 mpu ~490 K HabiromaeTcst M3710M, XapakTepHBIX ISl HEOAHO(A3HBIX COCTABOB C JIBYMS Mar-
HUTHBIMHU (pa3aMH, Pa3IMIHBIMHU [0 MATHUTHBIM XapaKTEPUCTHKAM, YTO COTIIACYETCS C pe3ylbraTaMu
peHTreHo(}ha3oBoro aHaNM3a.

Ha puc. 2 npuseneHs! mosieBble 3aBUCMMOCTH HaMarHUYEHHOCTH HAa MPUMEPE COCTABOB TBEPIBIX
pactBopoB cucteMsl Nij_ Fe,MnSb npu temneparypax 5 u 300 K, a B Ta0n. 2 — 3HaUCHHS CPEAHUX Mar-
HUTHBIX MoMeHTOB TipH 80 1 300 K, Temneparyp Kiopu T B TBepapix pactBopax cucteM Nij_ M, MnSb
(M = Fe, Co).

T=5K T=300K
Ni;_, Fe, MnSb Nij_, Fe MnSb
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Puc. 2. [ToneBpie 3aBUCHMOCTH HAMarHMYCHHOCTH TBEPAbIX pacTBopoB Ni; Fe MnSb mpu T @ — 5 K; b — 300 K
Fig. 2. Field dependences of the magnetization of the solid solutions Ni;,_.Fe MnSb for > a — 5 K; b — 300 K

Taoauuna 2. 3HaueHns cpenHux MarHUTHEIX MoMeHToB U ripu 80 u 300 K, remneparyp Kiopu 7
B TBEpABIX pacTBopax cuctem Ni;_, M, MnSb (M = Fe, Co)
Table 2. Values of average magnetic moments p at 80 and 300 K, Curie temperatures 7
in solid solutions Ni;_,M,MnSb (M = Fe, Co) systems

Ni_Fe,MnSb Ni;_Co,MnSb

x Ugok> UB W300k> UB Te, K x Ugok> UB W300k> UB Te, K

0 3,81 3,64 725 0 3,81 3,64 725
0,05 3,94 3,74 702 0,05 3,83 3,66 703
0,10 3,84 3,65 688 0,10 3,80 3,62 693
0,15 3,80 3,53 683 0,15 3,73 3,58 679
0,20 3,75 3,36 674 0,20 3,68 3,48 674
0,25 3,70 3,29 665 0,25 3,64 3,47 646
0,30 3,66 3,21 — 0,30 3,61 3,44 636
0,40 3,57 3,02 — 0,40 3,56 3,34 —
0,50 3,47 2,76 — 0,50 3,84 3,42 —
0,60 3,36 2,50 — 0,60 3,83 3,35 —
0,80 3,28 2,29 396 0,80 3,82 3,27 490
0,90 — — — 0,90 3,82 3,23 490
1,00 — — — 1,00 3,79 3,21 485
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HamarandenHoCTh HachimeHus coenrHeHuss NiMnSb, koTopoe mpencTaBiseT coOoi morymerar-
JTUYECKHil peppOMarHeTHK, MmoquuHseTcs npasmry Cueitrepa-IlonnHra, onuceiBaeMOMY BBIpAKEHUEM
Mp = (Zp — 18) pg/d. e., Tne Mp — mONHBIA MarHUTHBIA MOMEHT; Zp — 00Ilee YKCII0 BAICHTHBIX DJIeK-
TPOHOB B AJieMeHTapHOM stuerike. J[mst NiMnSb Zp = 22, a nojHbI MarHUTHBIA MOMEHT JIOJDKEH OBITh
paBeH 4 Up/¢. €. DKCIEPUMEHTAIIBHO U TEOPETUUECKH ONPEICICHHbIC 3HAYCHUSI CTIOHTAHHON HaMarHH-
YEHHOCTH TBEPABIX pacTBOpoB cucteM Ni_ M, MnSb (M = Fe, Co) npencrasieHs! B Ta0I. 3.

Ta0nnua 3. 3HaueHuss HAMarHUYEHHOCTHU HachleHus g pu 5 1 300 K u TeopeTndecku paccuMTaHHbIE
3HAYEHUS [TOJTHOTO MarHUTHOTO MOMeHTa Mp B TBepabIX pacTBopax cucreM Ni_ M MnSb (M = Fe, Co)
Table 3. Saturation magnetization values g at 5 and 300 K and theoretically calculated values
of the total magnetic moment Mp in solid solutions Ni;_ .M, MnSb (M = Fe, Co) systems

Ni,_.Fe.MnSb Ni;_,CoMnSb
X | Hssks MB/G- €. | ts3ook, B/ e.| Mp, ug/. e. X | sk, Hp/®. €. |Ussooxs Me/P. e.| Mp, pp/d. e.
0 3,94 3,69 4,0 0 3,94 3,69 4,0
0,10 3,88 3,70 3,8 0,10 3,88 3,65 3,9
0,20 3,84 3,43 3,6 0,20 3,79 3,53 3,8
0,30 3,78 3,24 34 0,30 3,75 3,47 3,7
0.40 3.72 3.07 3.2 0.40 3.70 339 3.6
0,60 3,51 2,54 2,8 0,60 3,89 3,34 3,4
0,80 3,12 2,33 2.4 0,80 3,90 3,31 3,2
1,00 — — — 1,00 3,90 3,27 3,0

[TomyueHnble 3HaYEHUS U3MEHAIOTCA 0T 3,94 tp/d. . 1 NiMnSb 110 3,12 pp/d. e. s Nig ,oFep goMnSb
1 3,90 pg/d. e. niast CoMnSb. 3HaueHHs CIIOHTAHHON HAMAarHWYEHHOCTH TBEP/BIX PACTBOPOB YMEHbIIIA-
IOTCSI C YBEJIMUEHUEM 3aMELICHUS] HUKES JKele30M U KoOanbsroM. IloseBrie 3aBUCMMOCTH IEMOHCTPH-
PYIOT TUIIMYHOE MOBEACHUE MarHUTOMSTKOTO ()eppOMarHeTHKa ¢ KOSPLUUTUBHBIM I10JIEM B MHTEpBase
CPaBHHUTEJIBHO HEOONBIINX MarHUTHBIX nojie ~15 MTn u nonem Haceimenus: npumepsao 1,0-1,5 T,
oCTaro4vHas y/ielibHas HAMarHW4eHHOCTh MMeeT BeauYuHy nopsiaka ~1,0 A-m2-kr1.

Metonom anpaknuy TEIOBBIX HEUTPOHOB Ha criekTpoMeTpe [IH-12 BIMOTHEHBI HCCIIEAOBAHMUS
MarHUTHOHM CTPYKTYphl coenunennii NiMnSb u Nij ogFe ;)MnSb. Yeranosneno, 4to Bee uccieayemMbie
TBEPJIbIC PACTBOPBI 00JIAIOT KyOHMYECKOM CTPYKTYPOH € POCTPAHCTBEHHOW TpyNIoi F43m , rie aToMbl
3aHUMAIOT nmo3utu Mn 4b (1/2, 1/2,1/2), Ni/M 4c¢ (1/4, 1/4, 1/4) u Sb 4a (0, 0, 0) (tun MgAgAs (C1,)),
a TaKKe (PeppOMarHUTHHIM YIIOPSIIOYEHNEM BIOJb OCcH ¢. [Ipu noHMmkeHnH TeMneparypsl HaOIH0AaeTCs
HEeOOJIBbIION POCT UHTErPaJIbHONH MHTEHCUBHOCTH CTPYKTYPHBIX ITHKOB, YTO YKa3bIBaeT HA YBEIMUYCHUE
MarHMTHBIX MOMEHTOB HOHOB Mn. Ha He#Tponnbix cnekrpax Nij9oCog oMnSb (puc. 3) B untepsane
temneparyp 4 K <7< 75 K B obnactu 20 = 28,6° HaOnroqaeTcs NOsSBICHNE TOTIOJHATEIBHOTO pedrex-
ca, yKa3bIBaroIero Ha (hopMupoBaHHe aHTU(EPPOMATHUTHOTO YIIOPSJOUCHHUSL.

NiO’QOCOOJOMnSb | NinCoOJ oMnSb
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Puc. 3. ©parmMenTs! HEUTPOHHBIX CIIEKTPOB Nij 90C0g 1oMnSb (a u b), m3mepennsie Ha guppaxTomerpe «AUCK»
Fig. 3. Fragments of the neutron spectra of Nig 9gCog ;o(MnSb (a and b) measured on a DISK diffractometer
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UwncneHHpIe 3HaYeHUS] MATHUTHBIX MOMEHTOB HOHOB Mn B coequaernr NiMnSb u TBepAbIX pacTBo-
pax cucteM Nij oM, ;o)MnSb (M = Fe, Co) npencrapnenst B Tadmn. 4. [{nsg NiMnSb MaruuTHbI MOMEHT
noHoB Mn coctaBnser M = 3,8 g, a 8 CoMnSb Mn cocraBnsier M = 3,8 ug. OTu 3Ha4eHHUs corlia-
CYIOTCS C paHee MOJIyYeHHBIMHU pe3yabpTaramiu [§, 9].

Tabauna 4. 3HadeHns MArHUTHBIX MOMEHTOB MoHOB Mn (M) B NiMnSb u Nij goM, ;)MnSb (M = Fe, Co)
B 3aBHCHMOCTH OT TEMIIEPaTyPhl
Table 4. Values of the magnetic moments of Mn ions (M) in NiMnSb and Nij ¢oM; ;0MnSb (M = Fe, Co)
depending on temperature

NiMnSb Nig.00Feq oMnSb Ni,90C00,1o0MnSb
T,K M, pg T,K M, up T,K M, tg
13 3,7(2) 13 4,0(1) 4 4,1(2)
- — 30 4,0(1) 25 4,1(2)
50 3,7(2) 50 4,0(1) 50 4,02)
— — - - 75 4,02)
100 3,7(2) 100 3,9(1) 100 4,02)
-~ — - - 120 4,1(2)
150 3,7(2) 150 3,9(1) 150 4,02)
200 3,8(2) 200 3,6(1) 200 3,8(2)
250 3,7(2) 250 3,7(1) 250 3,7(2)
300 3,8(2) 300 3,5(1) 300 3,6(2)

Jis BBIACHEHUS TPUYMHBI BOSHUKHOBEHHWS aHTH(EPPOMarHUTHOW (a3bl Ha CIEKTpax HEUTpO-
HOB TIpom3BenieH pacder ¢yHknnoHana miuotHoctd DFT mns coemwnenwit NiMnSb u Ni_ .M, MnSb
(M = Fe, Co). [lonyueHnHble pe3yabTaThl MOATBEPXKIAIOT CTAOMIBHOCTD UCXOAHONW KyOU4eCKOW CHHIO-
uuu Cl;, IPOCTpPaHCTBEHHOI rpymbl F43m npu 3aMemenun atoMoB Hukens Fe u Co B TeopeTHUecKH
nccnenoBaHHbIX npenenax (x > 0,25). TeopeTndeckn pacCYUTaHHBIC 3HAYEHUs MATHUTHBIX MOMEHTOB
B 3aBUCHMOCTH OT KOHLIEHTPAIMH 3aMEILeHHUs TIPEICTaBICHbI B Ta0MI. 5.

U3 pacueroB PDOS ycranoBieHo, 4to B TBepbix pactBopax Nij_ Fe MnSb (0 < x < 0,25) natmto-
JIaeTcsl CIIMH-TIONISIPU30BAHHOE MOBEJCHUE, 00IACTh ¢ HUKHUM CITMHOM — IIeNb, @ 00JacTh C MPOTH-
BOTIOJIOKHBIM CITHHOM — HOpMaJbHOE MeTajuindeckoe nmoseaenue. lupunaa menn B mojaoce HIKHEro
CIIMHA MIPH 3aMEIICHUH HUKENS Kene30M cocTaBisieT okoio 0,4 3B must x = 0,125 u o x = 0,250. PDOS
B OCHOBHOM XapakTepHu3yeTcs OONbLIMM OOMEHHBIM paclleIUIeHHEeM d-COCTOSHMIM Mn, pacroyioxeH-
HBIX 0KoJs1o —3 B. D10 co3naeT B 3HAYNTENBHON CTENEHU JIOKAJIN30BaHHbIE CITMHOBBIE MOMEHTBI OKOJIO
3,6 ug B y31ax Mn, 4yTo UMeeT periaroliee 3Ha4eHue Il MOSIBICHHS MOJyMEeTaNINYeCKUX CBOWCTB
B coenuHenud [10]. Crimabl Ni (eppOMarHuTHO CBSI3aHBI CO CIIMHAMU Mn MalbIMA UHIYIIUPOBAH-
HBIMH MarHATHBIMH MOMEHTaM# okoio 0,2 [p M3-3a ¢1ab0oro 0OMEHHOTO pacIIerieHus, a CIIUHBI Sb
aHTU(EPPOMArHUTHO CBsi3aHbI co cimHaMu Mn. Pesympratet DFT mpenckassiBaroT cymiecTBOBaHHE
MAarHUTHBIX MOMEHTOB y HoHOB Fe u Co.

Tabauna 5. TeopeTHueck paccyMTaHHbIE 3HAYEHHSI MArHUTHBIX MOMEHTOB HOHOB L1 B NiMnSb
u Ni;_ M MnSb (M = Fe, Co) B 3aBUCUMOCTH OT KOHIICHTPAIMH 3aMEIIIAOIIEeT0 3JICMEHTa
Table 5. Theoretical calculated values of the magnetic moments of ions (p) in NiMnSb
and Ni;_ M MnSb (M = Fe, Co) depending on the concentration of the substituting element

Mn Ni M
* T Ty W, g
NiMnSb
0 3,637 | 0,2059 —

Ni,_Fe,MnSb

0,125 3,578 0,2130 —1,637

0,250 3,534 0,2160 —1,631
Ni;_,CoMnSb

0,125 3,586 0,1960 —0,309

0,250 3,625 0,2000 —0,321
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Oo6napyxeHo, uto criuabl Fe n Co aHTH()EeppOMarHuTHO CBsA3aHbI co ctmHaMu Mn u Ni, 9T0 00B-
SICHAET BOSHUKHOBEHHE aHTH(PEPPOMArHUTHOTO pediekca Ha CIIeKTpax HEUTPOHOB U MOJKET CIIYKUTh
MPUYMHON CHWKEHHUS! OOIIeH HAaMarHMYEHHOCTH TP 3aMEIICHHH HaONIOIaeMOi TpH HCCIeNOBAaHUU
yAENBbHON HAMarHUYEHHOCTH TBEpABIX pacTBOpoB cucteM Nij_ M, MnSb (M = Fe, Co). B cBs13u ¢ Oonblieit
qyBCTBUTENBHOCTHIO Audpakromerpa «IMCK» o cpaBaermto ¢ nudpaxromerpom JIH-12 He mabmoma-
ercs peduiekc B o0mactu 20 = 28,6° Ha HENTPOHHBIX CIIEKTPax TBEPAOTo pacTBopa Nij ooFey ;oMnSb.

Amnanus 3apsana beligepa nmokassiBaet, 4To NpU 3aMELICHUN KAaTHOHOB HUKEJISI KATHOHAMM KeJe3a U
KoOaJIbTa 3apsi/ibl KATHOHOB MapraHia, HUKEJS U CypbMbl H3MEHSIOTCS HE3HAUYUTEIbHO. DTO O3HAYACT,
YTO KaTHOHBI KeJe3a U KoOallbTa He Y4acTBYIOT B IEPEHOCE HJIEKTPOHA C KATHOHAMU MapraHLa, HUKEIIs
U CypbMBI.

3aKk/oueHue

C noMOIIBI0 PEHTTEHOCTPYKTYPHOTO aHAIN3a YCTAHOBJICHO HAIMYUE KOHIIEHTPAIIMOHHOTO CTPYK-
TyPHOTO NEPEX0/1a U3 KyOuuecKold cuMMETpHH (IPOCTPaHCTBEHHAs rpynna £ 43m) B CBEPXCTPYKTYPY
(npoctpancTBeHHas rpynna Fm3m ). [1oH1epOMOTOPHBIM METOOM OOHApYKEHO, YTO TeMIlepaTyphl
Kropu CHIKAIOTCS 110 MEpEe 3aMEICHUsT HUKEIS JKesie30M 1 kobasisToM ot 725 K st NiMnSb 0 396 K
nas NigooFeygoMnSb n 1o 485 K g CoMnSb. Ilonesble 3aBHCHMOCTH yIeIbHOW HaMarHHYEHHO-
CTH IEMOHCTPHUPYIOT THITMYHOE ITOBEICHNE MarHUTOMSTKOTO (peppomarHeTnka. Ha HEHTPOHHBIX Crek-
Tpax TBepAbIX pacTBOPOB Nij 99Coy 19)MnSb B 06nactu 20 = 28,6° Habmonaercs nospieHue peduexca,
yKa3bIBAIOIETro Ha JOPMUPOBAHUE aHTU(EPPOMATHUTHONH KOMIOHEHTHI B (heppOMarHUTHOW MaTpHIIe.
Jannbrii pediexc ucueszaer npu 7 = 75 K. McuesnoBenne anTudeppoMarautTHoro pediekca mpu 75 K
B TBEpIOM pacTBope cucTeMbl Nij 99Cog 1oMnSb MOKHO 0OBACHUTL TE€M, YTO HEHTPOHHAS JUPPAKIMS
MTOKA3bIBAET YCPEIHEHHBI MArHUTHBII MOMEHT CHCTEMEI TT0 BCEMY MCCIIElyeMOMY COCTaBy Kak st ep-
POMarHUTHOM, TaK W JJIsl aHTU(EpPOMaHUTHOMN (ha3. M3-3a TeTIOBhIX KoeOaHMIA ¢ TIOBBIIIICHUEM TEMIIe-
parypsl OOIIHIf MATHUTHBII MOMEHT CUCTEMBI YMEHbIIIaeTcs. B paMkax Teopuu (hyHKIIMOHAIIA IUIOTHOCTH
MIPOBEZICH ab initio pacueT MarHUTHBIX MOMeHTOB st Ni;_ .M, MnSb (M = Fe, Co; x = 0; 0,125; 0,250).
PesynbTarsl TEOPETHYECKUX PACYETOB MPEICKA3bIBAIOT CYIIECTBOBAHIE MATHUTHBIX MOMEHTOB Y HOHOB
Fe u Co, u oHu anTH()EeppOMarHUTHO CBSI3aHbI CO CIIMHAMU HOHOB Mn u Ni.
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BJIUSIHUE YCJIOBUM BBICTPOT'O TEPMAYECKOI'O OTKHTA
HA BEJIMYUHY YIEJBHOT'O CONTPOTUBJIEHUA OMUYECKUX KOHTAKTOB
METAJUIM3ALUU Ti/AlI/Ni/Au K TETEPOCTPYKTYPE GaN/AlGaN

A.]J1. IOHUK, 5. A. COJIOBBEB

OAO «MHTET'PAJI» — ynpasnaowas komnanus xonounea « MHTET'PAJDy (e. Munck, Pecnyoauxa benapycy)
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© Benopycckuii rocy1apcTBEHHBIH YHUBEPCUTET HH(POPMATUKH U PaMOdIeKTPOHHUKH, 2022
Belarusian State University of Informatics and Radioelectronics, 2022

AHHOTanust. Vi3aMepeHns MU 110 METOJy JJTMHHOM JIMHUH YCTAaHOBIICHO BIIMSHUE YCIIOBHH OBICTPOTO TEPMUYECKO-
TO OT)KHTA Ha BEJTMYUHY YACIFHOTO COMPOTHUBICHUS OMHUYECKUX KOHTAKTOB MeTaumu3amn Ti/Al/Ni/Au ¢ Tommm-
Hamu cioes 20/120/40/40 um k rerepoctpykrype GaN/AlGaN ¢ 1ByMepHBIM 3JIEKTPOHHBIM ra30M Ha candupoBoit
TIOTIOKKE. BBICTPBIi TepMUUECKHIA OTHKHUT 00pa3I0B MPOBOIMIN KOHTAKTHBIM HArPEBOM CO CTOPOHBI carnpupoBoit
TIOJUTOXKKHU B CpeJie a30Ta MpH TeMIiiepaTtype B auamnasone ot 750 mo 1000 °C B teuenne 30, 60 u 90 c. Ycranos-
JICHO, YTO 3aBHCHUMOCTD Y/IEJIbHOTO KOHTAKTHOTO CONPOTHBICHHUS OT TEMIIEpaTyphbl COAEPKHUT JBa TEMIIEpaTyp-
HBIX ONTHMYMa, IPU KOTOPBIX YAEIbHOE KOHTAKTHOE COIPOTHUBIICHHE OMHYECKOT0 KOHTAKTa COCTaBIISIET MEHEe
1 - 104 Om-cm2. BO3HHKHOBEHHE TIEPBOTO TEMITCPATYPHOTO ONITUMyMa 00YCIOBICHO YMEHBIIICHHEM PACCTOSHHUS
ot hponTa quddy3un HUIKOOMHOTO CJI0sI HHTEPMETAIUIHIO0B, 00pa3yIoIerocs npyu ObICTPOM TEPMHIECKOM OTKH-
re metayumzaimu Ti/Al/Ni/Au, 10 06acTy IByMEpPHOTO JIEKTPOHHOTO Ta3a. 3a MpeienaMy IIepBOTo TeMIepaTyp-
HOTO OTNITUMyMa HabIIOIaeTCs POCT YACTBHOTO KOHTAKTHOTO COMPOTUBICHHUS 10 9 - 1073 OM-cM2, 00y CITOBICHHBIN
nortomerneM cinost AlGaN HU3KOOMHBIM CJIOEM MHTEPMETAJUINAOB, YTO MPUBOANT K JIETPATalluy JBYMEPHOTO
ANIEKTPOHHOTO T'a3a MO KOHTAKTAMH U YXYIIIEHHIO €r0 MPOBOASAIINX CBOWCTB. BTopoii TemneparypHslit ontiMym
00yCIIOBIIEH pOoXOkKaeHNEeM (ppoHTa mrddy3nn o6macTi IByMEPHOTO AEKTPOHHOTO Ta3a U yCTAaHOBICHHEM OOKO-
BOTO KOHTAaKTa MEXJly HU3KOOMHBIM CJIOEM MHTEPMETAJUTHIOB U JIBYMEPHBIM 3JICKTPOHHBIM Ta30M, YTO MPUBOJIHUT
K YMEHBIICHHIO YJIEJTbHOTO KOHTAKTHOTO COMPOTHBIEHHMs. [1pH yBenmueHnn BpeMeH! OBICTPOTO TEPMUYECKOTO OT-
xmura ot 30 o 90 ¢ HabmromaeTcs CMEIIeHNEe HHTepBala IepBoro TemmeparypHoro ontumyma ¢ 800 mo 775 °C
Jutd HUoKHe# rpanuns 1 ¢ 825 no 800 °C st BepxHel, a BTOporo temmneparypHoro ontumyma — ¢ 875 no 850 °C
JUTSL HYOKHEH TpaHulilel 1 ¢ 950 mo 875 °C i BepxHE, 94To 00yCIIOBICHO YKBUBAJICHTHBIM YBEIIMYCHUEM TITyOH-
HBI U dy3un komrmoreHToB Metammu3ayn Ti/Al/Ni/Au. TloxydeHHbIe pe3ynbTaThl MOTYT OBITH HCITOIB30BAHBI
B TEXHOJIOTMH CO3JaHus U3eauid Ha ocHoBe GaN ¢ IByMEpHBIM 3JIEKTPOHHBIM Ta30M.

KutioueBble ¢j10Ba: HUTPHUJ TaUIMs, T€TEPOCTPYKTYpa, IBYMEPHBIA DJIEKTPOHHBIM Ta3, OMMUYECKHH KOHTAKT,
OBICTPBIN TEPMUIECKUIN OTIKUT.
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EFFECT OF RAPID THERMAL ANNEALING CONDITIONS ON THE SPECIFIC
RESISTANCE OF THE OHMIC CONTACTS OF Ti/Al /Ni/Au METALLIZATION
TO THE GaN/AlGaN HETEROSTRUCTURE
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Submitted 18.07.2022

Abstract. Effect of rapid thermal annealing conditions on the specific resistance of the ohmic contacts
of Ti/Al/Ni/Au metallization with layer thicknesses of 20/120/40/40 nm to the GaN/AlGaN heterostructure with
a two-dimensional electron gas on a sapphire substrate has been discovered by transmission line measurement.
Rapid thermal annealing of the samples was carried out by the contact heating from the sapphire substrate side
in a nitrogen atmosphere at the temperature range from 750 to 1000 °C for 30, 60, and 90 s. It has been discovered
that the dependence of the specific contact resistance on the temperature contains two temperature optimums,
at which the specific contact resistance of the ohmic contact is less than 1 - 10-4 Ohm-cm2. The appearance of the
first temperature optimum is due to the decrease of the distance from the diffusion front of the low-resistance layer
of intermetallic compounds formed during the rapid thermal annealing of the Ti/Al/Ni/Au metallization to the
region of the two-dimensional electron gas. Outside the first temperature optimum, an increase in the specific
contact resistance of up to 9 - 10-3 Ohm-cm? is observed, due to the absorption of the AlGaN layer by a low-resistance
layer of intermetallic compounds, which leads to the degradation of the two-dimensional electron gas under the
contacts and deterioration of its conductive properties. The second temperature optimum is due to the passage
of the diffusion front of the two-dimensional electron gas region and the establishment of a side contact between
the low-resistance intermetallic layer and the two-dimensional electron gas, which leads to the decrease in the specific
contact resistance. With an increase in the fast thermal annealing time from 30 to 90 s the shift of the interval
of the first temperature optimum from 800 to 775 °C for the lower boundary and from 825 to 800 °C for the upper
boundary, and for the second temperature optimum from 875 to 850 °C for the lower boundary, and from 950
to 875 °C for the upper boundary is observed, which is due to an equivalent increase in the diffusion depth of the
Ti/Al/Ni/Au metallization components. The results obtained can be used in the technology for creating GaN-based
products with a two-dimensional electron gas.

Keywords: gallium nitride, heterostructure, two-dimensional electron gas, ohmic contact, rapid thermal annealing.
Conflict of interests. The authors declare no conflict of interests.
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BBenenune

OmHAM W3 KITFOYEBBIX BOTPOCOB B TEXHOIOTHH CO3JIaHUS yCTPOWcTB Ha retepocTpykrypax (I'C)
GaN/AlGaN c nBymepHBIM 3IeKTpOHHBIM Ta3oM (A3I) sBisieTcst popMUpOBaHNE OMHUUECKUX KOHTAK-
TOB C HU3KHUM YPOBHEM Y/I€JIbHOT0 KOHTAKTHOTO COTIPOTUBIIEHNS. B HacTos11Iee BpeMs cpeii MHOTOKOM-
MTOHEHTHBIX METAJTU3AINH IS TOTyYeHUs] OMUYECKOTO KOHTaKTa K reTepoCcTpyKTypam Ha ocHoBe GaN
HanOOJIBITIIEe PACTIPOCTPAHEHHUE TTONYyUHMIN MeTaumm3anuu Ha ocHoBe Ti/Al. Mcmonb3oBanme Ti n Al
CBSI3aHO C UX HHU3KOH paboroii Beixona (4,33 u 4,28 3B cooTrBeTcTBeHHO). Ti Takke aKTUBHO BCTYIAeT
Bo B3anMojeiicTere ¢ GaN mpu 6sicTpoM TepmudeckoM omxkure (BTO) ¢ oOpa3oBanneM Ha rpaHuie
pasznena coenuHeHui Tuna TiN, KOTopble Takke 001a1atoT HU3KoH padoToii Berxoga. OopazoBanue TiN
JOTIOJTHUTENFHO JIaeT TaKoe BaKHOE MPEUMYLIECTBO, Kak auddysus atomoB azora uz GaN (AlGaN),
MpUBOIAIIAS K 00pa30BaHMIO BaKaHCHUH a30Ta, KOTOPBIE, B CBOIO OYEpElb, SIBISIOTCS IOHOPAMH U yBE-
JMYMBAIOT YUCTYIO KOHIIEHTPAIMIO HOCUTENeH o rpanuiieit kontakra. Kpome toro, mpu bTO xonTax-
TOB Ha OCHOBe Ti1 yMEHBITaeTCsl KOMUIECTBO (hopMupyromerocs Ha moepxaoctu GaN (AlGaN) ecre-
cTBeHHOTO okcnpa rammus (Ga,0s) [1, 2].

Cpeny MHOTOKOMIIOHEHTHBIX MeTayutn3aruii Ha ocHoBe Ti/Al /i OMHYECKHX KOHTaKTOB K reTe-
poctpykTypam Ha ocHoBe GaN Hambojee 4acTo MPUMEHSIOTCS JBa THNa: 0e3 MCIIOIb30BaHHS 30JI0Ta
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(tax Ha3piBaeMasi Au-free-rexHonorus) [3] u 3010TOCOnEPKAIINE MHOTOCIOWHBIE CTPYKTYPBI THUIA
Ti/Al/X/Au, tne B kauectBe X MOTYT BbIcTynaTh Ni, Mo, Pt, Ti, Ta, Nb, Ir u op. [4].

Ha BenuuuHy yneiabpHOTO CONMPOTHUBICHUS! KOHTAKTOB K reTepocTpykrypaM GaN/AlGaN oxa3biBaeTt
BIIMSTHUE LENBIHA psijt pakTopoB, Takux Kak TonmuHa cinost AlGaN u copeprkanus B HeM Al, cooTHOIIEHNE
TOJIIIMH CJI0€B B MHOTOCJIOMHOM METaJIJIM3alliH, ITOAroToBKa nmoBepxHocT AlGaN niepesi npoBeieHueM
mpouecca HanbuleHUs u 1p. OqHako ogHM U3 HauOojee 3HaYMMBIX (DAKTOPOB — yCIIOBHS IPOBEACHUS
BTO, a uMeHHO — CKOPOCTh U TEMIIepaTypa Harpesa, BpeMsi TepMOOOPAOOTKH M UCIIONIb3yeMast ra30Bast
cpena. Kak npaBuiio, MeTaiuM3auuu Aj1st pOPMUPOBAaHUST KOHTAKTHBIX CTPYKTYp K GaN (AlGaN) nox-
Bepratorcst bTO npu remneparypax ot 600 1o 900 °C B teuenue 30-90 ¢ B armocdepe azora [4].

Haubonee nmoaxoasimM pexMMOM HarpeBa MOAJIOKeK (B ToM uucie cTpykTyp Ha ocHoBe GaN) BTO
SIBIISIETCSI PEXKUM TETUIOBOTO OaslaHca, XapaKTepHU3YIOUTHIiCS BpeMeHeM Harpesa 6oiee 1 ¢, mpu KoTopom
IIPAKTUYECKU OTCYTCTBYIOT TEMIIEPATypHbIE I'PAJUEHTHI IO TOJNIIMHE NOMLIOKKH [5]. B OomplimHCTBE
COBPEMEHHBIX NMPOMBINUICHHBIX cucteM bTO HarpeB mookek OCYIIECTBIISIOT OJHO- WM JIBYCTO-
POHHHM HEKOT'€PEHTHBIM CBETOBBIM MOTOKOM [6]. OnHaKo mpu JaHHOHM cxeMe HarpeBa IeTepOCTPYK-
Typ GaN/AlGaN ¢ metannuzanueil Ha canupOBbIX MOAJIOKKAX TeHEepaLus Teria OyaeT IPOUCXOANTh
B pasnuuHbX eMenTax ['C, miaBHbIM 00pa3oM B CIIOSIX ¢ HAMOONBIIMMH KO3 UIIEeHTaMH MTOTJI0-
LIeHNs CBeTa, Kak, HarpuMep GaN [7]. DTo mpuBOIUT K TpaJi€HTaM TEMIIEPaTyp MEXKIY Pa3InIHBIMU
CJIOSIMU T€TEPOCTPYKTYPBl ¥ C(HOPMUPOBAHHBIMU B HEIl TONMOJIOIMYECKUMHU 3JIEMEHTAaMH, 4TO, B CBOIO
odepeb, 00yCIIOBIMBACT BOZHUKHOBCHHE MEXaHMUECKUX HANIPSKEHUH BILIOTH 10 paspyuenus ['C. Ta-
KUM 00pa3oM, HanOoJiee IepCIeKTUBHBIM criocoOoM Harpesa rerepoctpykryp GaN/AlGaN ¢ mertanm-
3anuel Ha canUpOBBIX MOAJOKKAX SBISETCS KOHTAKTHBIA HArpeB ¢ 0OpaTHON CTOPOHBI MOAJIOKKH Ha
MOBEPXHOCTH TOPSUCH TUTUTHI C 3aJJaHHOU TeMIieparypoii [6].

B crarpe paccMoTpeHO BIMSHHE TeMIepaTypHO-BpeMeHHBIX ycioBuil BTO KOHTakTHBIM Harpe-
BOM C OOpaTHOI CTOPOHBI MOMJIOKKHM HA YIEIbHOE COINPOTHBICHUE OMHUYECKUX KOHTAKTOB METaJlIH-
3armu Ti/Al/Ni/Au k rerepoctpykrype GaN/AlGaN c JIOI.

MeToauka NMPOBEACHUSA IKCIIEPUMEHTA

UcnonwzoBanu rerepoctpykrypsl GaN/AlGaN ¢ 101" va momnoxke candupa nuamerpom 100 Mm.
CymmapHnast Tonumnoi cioes I'C cocraBuna nopsiaka 3100 am (puc. 1). AByMepHBIii 2JEeKTPOHHBIH ra3
XapaKTepH30BaJICs BEIMYMHON MOIBHKHOCTH OCHOBHBIX HOCHUTENeH 3apsia nopsaka 2100 cm2-B-1-c1
IpU KOHIEHTPAIUH 37IeKTpoHOB 1,0 - 1013 ¢cM~2, uTo 0OecmednBano CIoeBOE COMPOTUBICHHUE TTOPSII-
ka 320 Om/o.

M3omnsrutio snmemenToB B I'C ocymecTBIsIIN Me3akaHaBKaMy TyOmHOU mopsaka 700 am. Tpasme-
Hue cioeB ['C BBIMOIHAIM IIa3MOXMMUYECKUM TPABICHUEM B XJIOPCOIEpXKALIeH Cpeie Ha yCTaHOB-
ke ICP200EC (3AO «HTO», Poccust). Muorocnoitayro Merammusamuio Ti/Al/Ni/Au ¢ TommuHamMu
cioes 20/120/40/40 HM COOTBETCTBEHHO HAHOCWJIM Ha YCTaHOBKE DJIEKTPOHHO-JIYYEBOTO HAIBLICHUS
STE EB71M (3AO «HTO») ¢ npuMeHeHneM MpeaBapuTeIbHON OYNCTKH HOHAMH aproHa B Teuenne 30 c.
Ommnueckue KOHTakThl popmupoain MeTonoM B3pbiBHOH (lift-off) doronurorpadum.

GaN cap (2-3 nm)

AlGaN (20-22 nm)

AIN spacer (1-2 nm)

GaN channel
Nucleation and Buffer
Sapphire (0001)
Puc. 1. [Tu3aiiH reTepoCTpyKTyphl

Fig. 1. Heterostructure design
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DNeKTpopU3NIECKIe CBOMCTBA KOHTAKTOB OMPEICISIIN MyTeM H3MEPEHHs COTPOTUBICHUS MEXK-
Iy KOHTaKTHBIMH TIOLIAKaMH Ha TECTOBBIX 3JEMEHTax, CHOPMHPOBAHHBIX COIIACHO METOLY AJIMH-
voit muanu (MJIJT) [8] ¢ paccTossHuEM MEXAy KOHTAKTHBIMHU IUTOMAAKaMu L; = 2 MKM, L, = 4 MKM,
Ly =8 MkM, Ly = 16 MKkM, L5 = 32 MkM. MI3MepeHne BosbT-aMIepHbIX XapakTepucTuk (BAX) u conpo-
TUBJICHNS KOHTAKTOB MPOBOAMIIHN C TMIOMOIIBIO aHAIM3aTOpPa CUIIOBBIX IMOIYHIPOBOAHUKOBBIX MPHOOPOB
B1506A (Keysight, CILIA).

BenuunHy yaensHOTO KOHTAKTHOTO COTIPOTUBIICHHUS OTIPEIEISLTH UCXO/S U3 TTOydeHHBIX 3HaYeHU T
COIIPOTHBIIEHUH COIIACHO METOLY AJIMHHOM JIMHUM 110 hopmyJie

py=RLI. ()

rae R, — KOHTaKTHOE COTPOTUBIICHHUE, onpeaensemMoe mmepeHusmu 1o M/JL, Om; L, — addextuBHas
JUIMHA KOHTaKTa, onpezaensemas no MJIJI, Mkm; W — mupuHa KOHTaKTHOM MJIOMIAKH, COCTABIIAIO-
mas 100 MxM.

BrIcTpbIi TepMUUecKHii OTKHUT 00pa310B MPOBOAMIIHN B cpejie a30Ta Ha yctaHoBke ASMaster S20HT
(ANNEALSYS, ®pannus). KontakTHbIil HarpeB 00pa3ioB co CTOPOHBI carupoBOi MOIIOKKH 00e-
CIIEYMBAJIM IIyTEM €€ IOMEIIEHHUS B 3aKPbITHIM MOUIOKKOAEPKATENb U3 KapOuaa KpeMHUsl, KOTOPBII
MOJBEPTaIM OAHOCTOPOHHEMY HarpeBy KBAaplEBBHIMH I'aJOT€HHBIMH JaMIaMu. Temreparypy MOAIOX-
KOJiepKareist KOHTPOIMpoBasu ¢ TOUHOCTHIO 1 °C npu nomontu tepmonapsl P130-039A tuna K u BbI-
COKOTEeMIIEpaTypHOTo nmupomeTpa (puc. 2).

Infrared radiation

I + & & 1 &

Thermocouple

S~
Pyrometer ‘ — fast heat transfer — slow heat transfer

Puc. 2. Cxema Harpesa obpasia
Fig. 2. Sample heating technique

Temneparypy BTO Bapsuposanu B auanazone ot 750 go 1000 °C ¢ marom 25 °C. CkopocTh Harpesa
cocranisiia nopsaka 20 °C/c. BpeMmsi BbIIEpKKH IIPH COOTBETCTBYIOLIEH TEMIIepaType OTKUTa Bapbu-
posainu ot 30 10 90 ¢ ¢ marom 30 c.

Pe3yJ'ILTaTbI HCCJ’[e}IOBaHHﬁ H UX oﬁcym)]elme

BenuunHa yneiapbHOro KOHTaKTHOTO COTIPOTUBIICHHS 00pa3ioB 1o nposeaeHus bTO Haxonumnack Ha
ypoBae 6oiee 1 - 10! Om-cM2, 4TO, OYEBHIHO, CBA3AHO C HATTMYHEM BBICOKOOMHOTO citost AlGaN Mex-
ny metannuzarueit u 31 Ilpu BTO B teuenne 30 ¢ mo mepe nossimieHus temmneparypst bTO ot 750
10 800 °C Habmomanoch pe3koe yMEHbIIEHUE YAETBHOTO KOHTAKTHOTO conpoTuBiaeHus ¢ 102 Om-cm?2
10 3 - 1075 Om-cm? (puc. 3). JanpHelimee mosoimenne TeMmeparypsl BTO mo 850 °C mpuseio K pocTy
Y/IEILHOTO KOHTAKTHOTO conpotuBieHus a0 1 - 104 Om-cm2. TTossimenune Temmeparypst BTO o 875 °C
CHOBA MPHUBEJIO K YMEHBIICHHUIO YIEIbHOTO KOHTAKTHOTO compoTuBieHus 10 4 - 10> Om-cm2, a 3areM
npu nossiieHny Temneparypsl bBTO no 1000 °C BennunHa yAeIbHOTO KOHTAKTHOTO COMPOTHUBIECHUS
BHOBb MOHOTOHHO Bo3pocia jio 2 - 104 Om-cm2. Takum obpasom, npu puteasHoctd BTO 30 ¢ 3a-
BHUCHUMOCTD Y/IEIbHOTO KOHTAKTHOTO COMPOTHBIIEHHS OT TEMIIEPaTyphl COAEPIKUT JIBA TEMIIEPATYPHBIX
ONTHMYMa, TIPH KOTOPBIX €ro 3Ha4YeHHe He npeBbiimaet Beaunduny 1 - 104 Om-cm2. TepBblii U3 HUX Ha-
omonaeTcs B muanasone Temreparyp ot 800 go 825 °C, Bropoii — ot 875 mo 950 °C.
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m 1,00E-02-1,00E-01
u 1,00E-03-1,00E-02
= 1,00E-04-1,00E-03

B1,00E-05-1,00E-04

Specific contact
resistance, Ohm-cm?

1,00E-01
1,00E-02
1,00E-03
1,00E-04
60

1,00E-05

RTA time, s

RTA temperature, °C 925 950

975

1000

Puc. 3. 3aBHCHMOCTD y/IEIFHOTO KOHTAKTHOTO CONPOTHUBIICHHUS OT TEMIEPATYPbl I BPEMEHH BBIICP)KKN
OBICTPOTO TEPMHUUECKOTO OTIKUTA
Fig. 3. Dependence of RTA temperature and RTA time on the specific contact resistance

MexaHn3M BO3HUKHOBEHHSI JBYX TEMIIEPATyPHBIX OITHMYMOB MOXET ObITh OOBSICHEH C TOUKH 3pe-
HUSl 9TAroB NPOXOKIeHUs (poHTa Au(pdy3un HU3KOOMHOTO CJIOS MHTEPMETAJUINAOB, KOTOPBII 00pa-
3yercs B nnpouecce bTO MHOrokoMnoHeHTHON MeTannu3anuu. Ha nepBom 3Tare no Mepe MOoBBIILIEHUS
temmnepatypbl BTO paccrosinue ot ¢pponta quddy3nn HU3KOOMHOTO CJIOSI HHTEPMETATUIOB 10 00J1a-
ctu JID1" ymensbImaercs, 4To MPUBOAUT K YMEHBIICHHIO YJ€IbHOTO KOHTAKTHOTO CONPOTUBIIEHNUS (TIep-
BBII TEMITEPATYPHBIN ONTUMYM). 3aTeM MpH noBbitieHu: Temreparypbl BTO ¢poHT nuddysun Hu3Ko-
OMHOTO CJIOSI MHTEPMETATHAOB MPUOIMKASTCS JOCTATOUHO O1M3K0 K obmactr JIOI 3a cueT morore-
Hus cinost AlGaN, KoTopbIif urpaeT KiroueByto poib B popmupoanuu O Takum obpazom, D1 oz
KOHTaKTaM{ Ha4MHAeT AErPaaAupoBarh, €ro MPOBOISIIUE CBOMCTBA YXYIAIIAIOTCS, U, COOTBETCTBEHHO,
yAeIbHOE KOHTAKTHOE CONMPOTHBIICHHE HAuYMHAET yBennumBarbes. [locie Toro kak gppoHT nuddysuu
MOJTHOCTBIO MPOXOAUT 00nacTs JOT, HauMHaeT ycTaHaBINBATHCSI OOKOBOH KOHTAKT HU3KOOMHOTO CJIOS
nHTepMeTAINI0B K IO, mpuBOoAsAImINit K yMEHBIICHHUIO YIeTHHOTO KOHTAKTHOTO COMTPOTHBIIEHUS (BTO-
poit TeMmieparypHbIii ontuMyMm). [lpn mampHelmem moBbeimennn Temmneparypsl bTO nmpoucxomut 3Ha-
YUTEIbHAas JIeTpajanns OCHOBHEIX ciioeB rerepocTpykrypsl (GaN, AlGaN), oOycnonennas auddysu-
el ramuus [3], 4TO IPUBOAUT K POCTY YIEIBHOTO KOHTAKTHOTO COMPOTHUBIICHUSI.

[Tpu mmurensHOCcTH BTO 60 ¢ HabmonaeTcs CX0KU XapakTep 3aBUCUMOCTH YIEIbHOTO KOHTAKTHO-
IO COIIPOTUBIICHUS OT TEMIIEPATYPBI C TOM Pa3HULEH, YTO IIEPBbII TEMIIEPaTypPHbIH ONTUMYM HaXOJUTCS
B quarazoHe remmeparyp ot 775 go 800 °C, a Bropoit — ot 850 mo 900 °C. CMemienne auamnazoHa TeM-
TepaTypHBIX ONITUMYMOB TipH yBeaudeHnn muTenbHoctd BTO ot 30 mo 60 ¢ B 06macTh 6o1ee HU3KUX
TeMIeparyp 0ObSCHACTCS SKBUBAJICHTHBIM yBEIMUCHUEM IIIyOHHbI TU((y3Ur KOMIOHEHTOB METaJIJIH-
samuu Ti/Al/Ni/Au.

AHaNOTUYHBIA BBIIEPACCMOTPEHHBIM CIIydasM XapakTep 3aBHCUMOCTH YAEIBHOTO KOHTAaKTHOTO
COIIPOTHUBIICHUS OT TemIeparypsl Habroaaercs u it Bpemern bTO 90 c. [Tpu aToM nuanazon nepBoro
TeMIepaTypHOTo onTuMyMa cocrtasisieT ot 775 1o 800 °C, a Broporo — ot 850 o 875 °C, uto Takxe mos-
TBEPKIAcT BEIBOJ 00 DKBUBAJICHTHOM YBEIMICHNH TITyOWHBI KOMITOHEHTOB MeTaymmu3arun Ti/Al/Ni/Au.
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Taxum o6pazom, ipu BTO rerepoctpykryp GaN/AlGaN ¢ JIOI" Ha candupoBoii MOIOKKE KOH-
TAKTHBIM HarpeBoM ¢ 0OpaTHOH CTOpOHBI B AuanazoHe Temieparyp ot 750 mo 900 °C moryTt ObITh
MOJyYSHbl OMUYECKUE KOHTAKThI C BEJIMYMHOHN YIETBbHOTO KOHTAKTHOTO COMpOTUBICHUS oT 2 - 1073
no1-104 Om-cm2.

3aKk/oueHue

1. YcTaHoBIIEHBI 3aKOHOMEPHOCTH BIMSHUS TEMIIEPaTypPHO-BPEMEHHBIX YCIOBUH OBICTPOTO TEPMHU-
YECKOT0 OT)KMra KOHTaKTHBIM HarpeBOM ¢ oOpaTHOM CTOPOHBI MOUIOKKH Ha YIEIBbHOE COMPOTHBIIC-
HUE OMUYECKHX KOHTakToB Metau3annu Ti/Al/Ni/Au k rerepoctpykrype GaN/AlGaN ¢ nBymepHbIM
JJIEKTPOHHBIM I'a30M.

2. 3aBUCHUMOCTh Y/IEJIbHOIO KOHTAKTHOTO CONPOTHUBIIEHHS OT TEMIEPaTyphl COAEPKHUT JBa TEM-
MEepaTypHBIX ONTHUMYMa, IPU KOTOPBIX yAEIbHOE KOHTAaKTHOE COMPOTHBICHHE OMHYECKOTO KOHTAaKTa
cocrapiser meHee 1 - 104 Om-cm2. BOSHUKHOBEHHE MEPBOTO TEMIIEPATyPHOTO ONTHMyMa O0YCIIOB-
JICHO YMEHBIIIEHHEM paccTOsHHS OT (hpoHTa AU((y3ur HU3KOOMHOTO CJIOSI HHTEPMETAITHI0B, 00pa-
3YIOMIETOCS MPU OBICTPOM TEPMUUCCKOM OTKHTe MeTayumm3aruu Ti/Al/Ni/Au, 1o ob1acTa IByMEpPHOTO
3JIEKTPOHHOTO Ta3a. 3a mpeaeaaMy IepBOro TEMIIEPaTyPHOrO ONITUMYMa HaOMIONAEeTCsl POCT YAEIbHOTO
KOHTAKTHOTO conpoTuBieHust 10 9 - 10-3 Om-cm2, oOycioBneHnbli nmornomennem ciost AlGaN Hu3Ko-
OMHBIM CJIOEM MHTEPMETAJUIUAOB, YTO MPUBOIAUT K AErpajalliy ABYMEPHOTO HJIEKTPOHHOIO ra3a Moj
KOHTaKTaMU M yXYyALICHUIO €ro NPOBOASIINX CBOMCTB. BTOpoii TemmepaTypHblid onNTUMYM 00YCIOBIICH
npoxokaeHueM ¢pponra auddysun 06IacTH AByMEPHOTO JIEKTPOHHOTO ra3a U yCTaHOBJIEHHEM OOKO-
BOT'O KOHTAaKTa MEKAy HU3KOOMHBIM CJIOEM MHTEPMETAJUIUAOB M JBYMEPHBIM SJIEKTPOHHBIM Ta30M, YTO
MPUBOJUT K YMEHBIICHHUIO Y/IEIbHOTO KOHTAKTHOTO COMPOTHBIICHUSI.

3. [Ipu yBennueHHH BpEMEHHU OBICTPOro TepMuueckoro orkura ot 30 1o 90 ¢ nabmromaeTcst cme-
IIeHNe UHTepBaa nepBoro temmneparypuoro ontumyma ¢ 800 mo 775 °C st HUKHEH TpaHuibl U ¢ 825
1o 800 °C st BepXHEH, a BTOpOro TemMreparypHoro ontuMmyMa — ¢ 875 mo 850 °C myst HrKHEH TpaHuIIbI
u ¢ 950 o 875 °C mist BepxHEH, 4TO 00yCIIOBICHO SKBUBAIICHTHBIM YBEeTHUEeHUEM TTyOuHbI 1 dy3un
KOMIOHEHTOB MeTautn3armu Ti/Al/Ni/Au.

4. IlosryueHHbIE Pe3yIbTaThl MOT'YT OBITH UCIIOIB30BaHbl B TEXHOJIOTUH CO3JaHMs U3JCJINI HAa OCHO-
Be GaN ¢ JBYMEPHBIM SJIEKTPOHHBIM Ta30M.
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HECTAIIMOHAPHBIN SJIEKTPOJIN3 CILIABA OJIOBO-ME/Ib
. 10. TVIIBIIA, U. U. KY3BMAP, JI. K. KYIIIHEP

Benopycckuii cocydapecmeennblii yHugepcumen uH@GOPMAmuKu u paouo1eKmpoHuK
(2. Munck, Pecnybnuxa Benapycs)

IHocmynuna 6 pedaxyuro 11.10.2022

© Benopycckuii rocy1apcTBEHHBIH YHUBEPCUTET HH(POPMATUKH U PaMOdIEKTPOHUKH, 2022
Belarusian State University of Informatics and Radioelectronics, 2022

AHHOTaHHﬂ. MeTO[[OM HECTAUMOHAPHOTO DJBJICKTPOJIM3a IMOJYUCHBI JJICKTPOXUMUUYCCKUEC TOKPBLITHUA CIIJIaBOM
0JI0BO-M€Zlb. YCTAHOBJIEHO BJIMSHHE TapaMETPOB MMITYIbCHO-PEBEPCUPOBAHHBIX TOKOB (CKBa)KHOCTH, YacTOTHI,
OTHOIICHHMS JUINTEILHOCTHU MPSIMOTO X 00PaTHOTO UMITYJILCOB) Ha KHHETHKY IIpoliecca, CTPYKTYpY, cOCTaB, (DyHK-
IMMOHAJIBHBIC U 3alIUTHBIC CBOMCTBA O0CaaKoOB. I/IMHyJ'H:-CHbIﬁ QJICKTPOJIN3 MO3BOJISACT CABUHYTH IMOTCHIIMAJIBI CO-
OCaXJICHNSI METAJUIOB CIUIaBa, PACIIMPUTH MTPEAEIBI NCTIOIb3YEMBIX TOKOB M ()OPMUPOBATH OCAIKH MPHU OONBIINX
MX MTHOBEHHBIX 3Ha4eHUsX. CoepikaHne MeIU B IOKPBITUSX, TOTYYEHHBIX HA YHUIIOISPHOM HUMITYJILCHOM TOKE,
BapbHUpyeTcs B npeaenax 3,31-4,77 mac.%, a Ha UMITYJILCHO-PEBEPCUPOBAHHOM — B mipeaenax 1,59—1,69 mac.%
(2,87 mac.% Ha nmocTostHHOM TOKe). OcakeHNEe Ha UMITYIbCHO-PEBEPCHPOBAHHBIX TOKAX MO3BOJISET YBEJINIUTD
3HaueHue koddduirenta pacrekanus mpunos ¢ 96,38 mo 98,20 % u CHU3UTH BEIWYMHY KOHTAKTHOTO JJIIEKTPO-
conpoTusieHNs MokpeIThit ¢ 2,0133 10 1,5067 MOM 10 CpaBHEHHIO C OCaAKAMH, TIOJIyYEHHBIMH Ha TOCTOSHHOM
Toke. [IOKpBITHSI, IOTy49eHHBIE Ha UMITYTECHOM Toke 9acToToi 10 ' m ckBaskHOCTEIO 3,33 C comepKaHneM MeaH
B CIIaBe, OJIM3KUM K 9BTEKTHYECKOMY, 00J1aal0T BEICOKMM KOA((UIIMEHTOM pacTeKaHHs IPHUITOS U HU3KUM KOH-
TAKTHBIM CONPOTHBIIEHHEM. PEeKOMEH/I0BaHbI /JI MCIOJB30BAHUS B PaAuo- U MUKPO3JIEKTPOHHOU ammaparype
JUTS TIAaHKH TTOABMYKHBIX M HETOJIBIKHBIX AJIEKTPUIECKUX KOHTAKTHBIX COCTHHEHHH.

KioueBble ci10Ba: 371€KTPOXHMMUYECKUE TOKPBITHS, CIUIAB OJIOBO-ME/Ib, HECTAIIMOHAPHBIN JIEKTPOIIH3.
KongummkT nnTepecoB. ABTOPHI 3asBISIIOT 00 OTCYTCTBHU KOH(IIMKTa HHTEPECOB.
Jas umurupoBanus. ['ymema, JI. HO. Hecrtammonapusri smextponm3 cmraBa omoBo-mens / JI. FO. T'ymbma,

. U. Kyssmap, JI. K. Kymnep // Joxmanet BI'YUP. 2022. T. 20, Ne 8. C. 21-27. http://dx.doi.org/10.35596/1729-
7648-2022-20-8-21-27.
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Abstract. Electrochemical coatings with a tin-copper alloy were obtained by the method of non-stationary
electrolysis. The influence of the parameters of the pulsed-reversed currents (duty cycle, frequency, ratio of the
duration of the forward and reverse pulses) on the kinetics of the process, structure, composition, functional
and protective properties of deposits has been established. Pulsed electrolysis makes it possible to shift the
coprecipitation potentials of alloy metals, expand the limits of the currents used, and form deposits at their high
instantaneous values. The copper content in the coatings obtained on the unipolar pulsed current varies in the range
of 3.31-4.77 wt.%, and on the pulse-reversed 1.59-1.69 wt.% (2.87 wt.% at direct current). Deposition on pulse-
reversed currents makes it possible to increase the solder spreading coefficient from 96.38 to 98.20 % and reduce
the value of the contact electrical resistance of the coatings from 2.0133 to 1.5067 mOhm compared to the deposits
obtained with the direct current. Coatings obtained on the pulsed current with the frequency of 10 Hz and the duty
cycle of 3.33 with a copper content in an alloy close to eutectic, have a high coefficient of solder spreading and
low contact resistance and are recommended for use in radio and microelectronic equipment for soldering movable
and fixed electrical contact connections.

Keywords: electrochemical coatings, tin-copper alloy, non-stationary electrolysis.
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BBenenune

ONEeKTPOXUMUYECKUE MOKPHITHSI CIUIABaMU Ha OCHOBE OJIOBA MCIIONB3YIOT B COBPEMEHHOMN 3JIEK-
TPOHHOW MPOMBIIITIEHHOCTH IPU MPOU3BOJCTBE MEUATHBIX IUIAT, Pa3IMYHBIX MOJBUKHBIX U HETOABHIK-
HBIX 3JIEKTPUYECKUX KOHTAKTHBIX COEJUHEHHM, BBIMOJIHEHHBIX MalKOM, ONpeaensionmx HaleKHYI0
paboTy BCEero yCTpoicTBa WIIM CHCTEMBI. B yCIOBHSIX MaccOBOrO MPOHM3BOJCTBA IEMEHTOB MHKPO-
1 pajinOIEKTPOHUKY OAHUM U3 IEPCIEKTUBHBIX SIBJISIETCSI OMHAPHBIN CIUIaB OJI0BO-Meb. Meroxn He-
CTaLlMOHAPHOTO 3JIEKTPOJIN3a, KaK ¥ TPAJULMOHHOE HAMPaBICHNUE YITyUIICHHs KaueCTBa MIEKTPOXUMU-
YECKUX MOKPBITHH MyTeM MOIU(HUKALNU COCTaBa AEKTPOIUTA PA3TUYHBIMH MHOTOKOMIIOHEHTHBIMHU
JNOOBKaMH, MO3BOJISIET NOTy4aTh MOKPBITHS BEICOKOTO KadecTna [1]. M3mensst popmy u mapaMeTpsl mo-
JISIPU3YIOIIETO TOKA, MOYKHO YIPABIISATH NMEKTPOAHBIM MOTEHIMAIOM U TepepacrpeielieHneM napiu-
aJbHBIX TOKOB pa3ps/ia KOMIOHEHTOB, CTPYKTYPOH, COCTaBOM M CBOWCTBaMH MOKPBITUH CIulaBamMu [2].
HccnenoBanbel 0coOOEHHOCTH IIponiecca (POPMUPOBAHUS IEKTPOXUMUUECKUX TOKPBITHH CIUIABOM OJIO-
BO-ME/lb U YCTaHOBJICHBI 3aKOHOMEPHOCTH BIIHMSHMSI I1apaMETPOB MMITYJIbCHBIX TOKOB Ha KHHETHKY,
HX COCTaB, CTPYKTYpPY U CBOMCTBA.

MeToauka NMPOBEACHUSA IKCIIEPUMEHTA

Jist SIeKTPOOCAXKICHUS OJIOBSIHHBIX MOKPBITUH OBbUI MCHONB30BaH 3JIEKTPOJIUT CIIEAYIOIIETO CO-
ctaBa: coisiHas kuciora 1,998 M, cepuokucioe onoso 0,2 M, tuomoueBuna 0,1997 M, noBepxHoCT-
Ho-akTuBHOE BeriecTso ([TAB) 0,0259 M, ruapoxunon 0,0045 M. 1y ocakeHns CIiaBa 0JI0BO-MeIb
B AJIEKTPOJIUT BBOJMIN cepHOKHUCITYIO Meab 0,04 M [3]. [ToKkpsITHS MTOTydai METOAOM SIEKTPOXUMHYEC-
koro ocaxknenus Ha moctossaaoM (I1T), mvmmynscHO-yHUTIONIpHOM (UT) (¢ wacroroit ot 1 go 1000 I'mr)
¥ UMITYIIbCHO-peBepcupoBaHHOM (0T 9,09 10 90,90 I'm) Tokax (PT).

Kunerndyeckne 3aKOHOMEPHOCTH HpOLECCa 3JIEKTPOOCAKACHUS MOKPHITUH H3y4add METOIOM
BOJIBTaMIIEPOMETPHH C HCIOIB30BAaHUEM UMITYJIbCHOTO MOTeHIMocTara-ranpeaHocTara Elins P-45X npu
JMHEHHON CKOPOCTH pa3BepTKH noteHimana 5 MB/c. [ToTenman pabodero snekTpoaa U3MEpsiI OTHO-
CHUTEJBHO XJIOPCEPEOPSTHOTO AIEKTPO/Ia CPAaBHEHHUS M NIEPECUUTHIBAIM OTHOCUTEILHO CTaHJAPTHOM BOJIO-
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poaHoi mKaisl. [1o momspr3aioHHBIM KPUBBIM, CHATEIM B TOTCHIMOAMHAMHUYECKOM PEXXUME, HaXOIWIN
IIpe/iesIbHBIN TOK. 3HaUeHHs TOKa 0OMEeHa jj ¥ Kod(h(UIKMEeHTa IepeHOCca oL BBIYUCIIUTH C MCIIONb30BaHUEM
rpaduueckoro npeacrasinenus ypasuenuid Tadens [4]. PaccuntbiBanu katomublid BeIxoa o Toky (BT,).

DJNeMEHTHBI COCTaB MOKPBITUI HCCIEAOBAIN PEHTTCHO(MIYOPECIICHTHBIM METOAOM Ha CIEKTPO-
Mmetpe ElvaX, Mukpopesbed NOKpBITHIA — C TOMOIIBIO pACTPOBOTO IEKTPOHHOT0 MUKpockona S-4800.
®Da30BEIi COCTAB MOKPHITHH YCTaHABIUBAIN Ha peHTTeHOBCKOM mudpakromerpe JIPOH-3.0. UeTripex-
30HA0BBIM METOIOM U3MEPSUTN KOHTAKTHOE MIEKTPOCONPOTHBIICHHE, a AJIsT OLEHKH CMaunBa€MOCTH T10-
KPBITHH IPUIIOEM PaCCYUTHIBAIM KOI(PPHULIUEHT pacTeKanus [2].

Pe3yJ'II)TaTbI HCCJ’[e}IOBaHHﬁ H UX 06cy>w]e}me

[Tomy4geHs! 2IEKTPOXUMUIECKHE TTOKPBITHS OJIOBOM H CIIAaBOM OJI0BO-Menb. Ha puc. 1 mpencrapme-
HEI MTOJISIPU3AIMOHHEIC KPUBBIE, OMTUCHIBAIOIINEC KHHETHKY TIPOIIECCOB OCAKICHHUS OCAIKOB Ha MTOCTOSH-
HOM ¥ TIepruoiaeckoM Toke. CTarmoHapHBIH TOTSHIINA HE3aBUCHUMO OT YCIIOBHIH 2JICKTPOIIN3a COCTaB-
nst (0,400 £ 0,005) B. [poriecc anekTpoocak/IeHHs U 0JI0Ba, U CIUIaBa MOTYHHSIETCS 3aKOHAM CMEIIIaH-
HOU KMHETHKHU. B cocTaBe aleKTpOIUTOB MPUCYTCTBYET MOBEPXHOCTHO-AaKTUBHOE BEILIECTBO, KOTOPOE,
a71copOupysICh Ha TIOBEPXHOCTH KaToja, 00pa3yeT MacCUBUPYIOINIYIO IJICHKY M CIIOCOOCTBYET IMOJTyde-
HUIO TUIOTHBIX MEJIKOKPUCTAUTMYSCKUX OCAAKOB. Ha MONMSpU3allMOHHBIX KPUBBIX MOXKHO BBHIICITUTH
YYIaCTOK «IUIaTO», Ha KOTOPOM IPOUCXOAUT POCT MOTCHIIMANIA AIICKTPO/Ia TIPU BETUYMHAX TOKa, OJIN3-
KHX K MpeJebHOMY. 3HaYeHHE MPEIeTbHOTO TOKa MpH (OPMHUPOBAHHUH CIUIaBa OJIOBO-MeENb OOJIbIIIe,
YeM JJIs1 YUCTOTO OJI0Ba, U cocTapiseT 3,2 + 102 mpotus 2,8 - 102 A/cm2,

20pF
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14 14
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Polarization (V) Polarization (V)

a

Puc. 1. [TonspuzannonHble KpUBBIEC IIPOLIECca OCAXKICHUS MTOKPBITHH o1oBoM (1, 3, 4)
U CTIJIAaBOM OJIOBO-MeIb (2, 5, 6), MOMy4YeHHbIC IPU PA3IUYHBIX (popMax TOKa:
a — TIOCTOSTHHOM 1 MIMITYJIbCHOM;, b — IIOCTOSTHHOM U peBepCUPOBAHHOM (3, 5 — Eins 4, 6 — E o)
Fig. 1. Polarization curves of the process of deposition of coatings with tin (1, 3, 4) and tin-copper alloy (2, 5, 6),
obtained at different current shapes: a — direct and pulsed; b — direct and reversed (3, 5 — Epin; 4, 6 — Ejnay)

Konebanus moteHmana Karoja Ipy UMILYJILCHOM JIEKTPOJIN3E B 00JIee OTPULATENbHYIO HIIH HOJIO-
KUTEIFHYIO CTOPOHY Jaf0T BO3MOXKHOCH YITPaBIATh afncopouuneit/necopouueii [IAB, a Takke katogHOH
MOJISIpU3alMel U COCTAaBOM MOKPBITHS. VIMIYJIBCHBIN 3JEKTPOIN3 MO3BOJSIET CABUHYTH MMOTEHIMAIBI
COOC@KICHUS METAJUIOB CIUIABA, PACIIMPUTH MPEAEbl UCIOJIB3YEMBIX TOKOB, (hOPMHpPOBATH OCAIKU
Ipu OOJBITMX MTHOBEHHBIX 3Ha4eHHUAX TOKOB. [lpu ckBaxkHoctH ¢ = 3,33 m wactore /= 10 ['11 3HAUe-
HUS MPEISNIbHOTO TOKA Mpu (POPMHUPOBAHKHU 0JI0Ba ¥ cruiaBa cocTaBar 13,86 - 102 1 4,94 - 10-2 A/cm?2
COOTBETCTBEHHO. B Tabin. 1 npuBeneHbl KHHETHYECKHUE XapaKTEPUCTUKHU MPOLIECCa IIEKTPOOCAKICHUSI.
JlumuTHpytomel cragield B KaTOQHOM MPOLECCE MTPU UMITYJILCHOM JIEKTPOJIN3E, KaK U B CIIydae ¢ Io-
CTOSIHHBIM TOKOM, SIBJISIFOTCS N1 (y3HOHHbIE OTPaHUUEHHSI CKOPOCTH.

Tadauna 1. Kunetnueckue XapakTepUCTHKH MPOIECCA DIEKTPOOCAKICHUS
Table 1. Kinetic characteristics of the electrodeposition process

VCIIOBUS IEK- [octostarbie Tademns / Tok oOmena, A/cm?2/ Koshdumment nepenoca /
TPOOCaXKIACHNUS / Tafel constant Exchange current density, A/cm? | Charge transfer coefficient
Electrodeposition Sn Sn-Cu Sn Sn-Cu Sn Sn-Cu
conditions a b a b Jo Jo a a
T 0,200 |0,133] 0,097 | 0,048 0,086 0,016 0,300 0,630
UT, 10 ' 0,053 0,091 | 0,050 | 0,078 0,264 0,231 0,320 0,371
PT, 90,9 T'u 0,044 10,060| 0,011 | 0,068 0,182 0,679 0,488 0,430
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OpnHako abCONIOTHBIE 3HAYEHUST CKOPOCTEH IEKTPOIHBIX PEAKIHHA TPY UMITYJIHCHOM JIEKTPOIIH3E
Ooubllie, YeM TpU CTAIMOHAPHOM pexknMe. Bo BpeMst 0OpaTHOTO MMITYJIbCa PEBEPCHPOBAHHOTO TOKA
IIPOUCXOUT CHUKCHUE KAaTOIHOTO MTOTEHIMAIA JI0 3HAYCHHUs CTAallMOHApHOTO. HecranmoHapHbIi 3ek-
TPOJIU3 aKTUBU3UPYET ICKTPOJHBIC MPOIECCH U BIMSAET HA CUMMETPUYHOCTh KAaTOJHBIX U aHOJIHBIX
nporieccoB. C yBeIMUEHHEM YacTOThI UMITYJILCHOTO ToKa oT 10 10 100 't 3HaueHne Toka oOMeHa yBe-
JIMYUBACTCS U YMEHBIAETCS HA PEBEPCHPOBAHHOM TOKE, KaK JUIsS OJIOBSHHBIX MOKPBITUH, Tak M JUIS
CIIIaBa OJI0BO-Meb (Taom. 1).

[lomyueHHBIE B YCIOBHSX HECTAIMOHAPHOTO AIIEKTPOJIHM3a MOKPHITHS CIUIABOM IUIOTHBIC, MEJIKO-
3epHUCTHIE, cBeTIO-cephie (puc. 2). Ha puc. 3 mpencraBieHa 3aBUCMMOCTD BBIXOZAA MO TOKY CILIaBa
OT YCJIOBHI DJIEKTPOOCAKICHUSI.

Puc. 2. POM-n300paxeHne MoBepXHOCTEH IEKTPOXUMUYECKUX TTOKPBITUH, TTOMYYSHHBIX TIPH PA3THYHBIX
YCIIOBHSIX 3JICKTPOOCAXKICHUS: ¢, b, ¢ — Sn Ha mocTossHHOM, uMITyiib¢cHOM (10 I'm) u peBepcupoBarHoM (90,9 I'x)
ToKax; d, e, f— Sn-Cu Ha nocrossHHOM, uMITysibcHOM (10 I'tr) u perepcupoBantom (90,9 I'r) Tokax
Fig. 2. SEM-image of the surfaces of electrochemical coatings: a, b, ¢ — Sn at direct, at pulsed (10 Hz) and
at reversed (90.9 Hz) currents; d, e, f— Sn-Cu at direct, at pulsed (10 Hz) and at reversed (90.9 Hz) currents
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Puc. 3. 3aBUCUMOCTb KaTOHOTO BBIXOJIA [0 TOKY OT PEXKHMA IEKTPOOCAKACHHS TIOKPHITHIT OJIOBOM
U CIUTABOM OJIOBO-ME/Ib: 1 — MOCTOAHHBIH TOK; 2, 3 — UMITYIBCHBIHA TOK (2 — Tyymymca: Trays —30:70 M,
3- Tl/lMl‘llebCa:rl'IaySbI =300:700 MC); 49 5- PCBEPCUPOBAHHBIN TOK (4 - Tl‘lpﬂMOFO umnynbca:TOGpaTuoro HMITYJIbCa =10:1 MC,

iz 74

—
[\S}
W
I

5- Tl‘[pi[MOFO nMnyﬂbca:To6paTH0ro HMITYJIbCa =100:10 MC)
Fig. 3. Influence of the electrodeposition mode on the cathode current output: 1 — direct current;

2,3- impU1sed current (2 ~ Timpulse* Tpause — 30:70 ms, 3 — Timpulse- Tpause — 300:700 ms);
49 S5— lmpulse'reversed current (4 — Tforward impulse:‘creverse impulse — 10:1 ms, S5— Tforward impulsezrreverse impulse — 100:10 ms)

MaxkcumanbHO€ 3Ha4eHHe KaTOJHOTO BBIX0/Ia 110 TOKY 76 % Ha MMIYJIbCHO-PEBEPCUPOBAHHOM TOKE
HaOJII0IAaeTCs P YacToTe MmoJisipusyromiero Toka /= 90,9 ', YMeHbllleHne 3HAYeHUI 4aCcTOThI IIPUBO-
IUT K YBEIMYSHHIO BBIXOJIA 110 TOKY.

AHanu3 pe3yNbTaToB UCCIE0BAaHUS COCTaBa MOKPHITHI CIIaBOM ITOKAa3ajl, YTO COJECpKAHUE METU
C POCTOM YaCTOTHI UMITYJbCHOTO ToKa OT 10 10 100 'y ymensiaercs ¢ 4,77 1o 3,31 mac.% (2,87 mac.%
Ha MOCTOSIHHOM TOKke) (puc. 4). Ha peBepcHpoBaHHOM TOKE KOJMYECTBO MEAM B CIIaBE CHHMKAETCS
1o 1,59-1,69 mac.% BciieAicTBHE MPEUMYIIECTBEHHOTO PACTBOPEHHsI 00Jiee IEKTPOOTPUIIATEIHHOTO
KOMIIOHEHTa (0JI0Ba) BO BpeMsi 00PaTHOTO UMITYJIbCA.
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Cu content, mass.%
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Puc. 4. 3aBUCUMOCTb COCTaBa M CBOMCTB CIIJIaBa OJIOBO-ME/Ib OT PEXKUMOB JIEKTPOOCAKACHUSL:
1 — TIOCTOSHHBIA TOK; 2 — HMITIICHBIA TOK Tyymymca: Tnays = 30:70 MC; 3, 4 — peBepCHPOBaHHBIN TOK

(3 - 1:r[psnv[oro ]/lMl'lyﬂbCa:T06paTH0FO HMITyTBCA 10:1 MC, 4- THpﬂMOl‘O I/IMHyJTBCa:ToﬁpaTHOTO uMITyIbCA 100:10 MC)
Fig. 4. Effect of electrolysis mode on Cu content, solder spreading factor and contact resistance:
1 — direct current; 2 — impulse current Tiypyise: Tpause = 30:70 ms; 3, 4 — reverse current

(3 — Tforward impu]se:‘creverse impulse =10:1 ms, 4- Tforward impulse:Treverse impulse — 100:10 l’IlS)

Ha puc. 5 nmpuBenen ¢a3oBbIif COCTAaB MOKPHITHI CIIIIABOM OJIOBO-MEb, TIOTYUYEHHBIX Ha TIOCTOSH-
HOM, UMITYJIbCHOM (COOTHOIICHHE IMTEILHOCTH UMITyJIbca | 1ay3bl 30:70 MC) U peBepCUpOBaHHOM
(CooTHOIIIEHUE ATUTEILHOCTH MPSMOTO M 00paTtHOro uMiryiabcoB 10:1 Mc) Tokax. Jlis Bcex Tpex ciny-
4aeB XapaKTepHO o0Opa3oBaHUe HecKoNbKux (a3: o-(Cu, Sn) — TBepHbIii pacTBOpP; Sn — MOYTU YUCTOE
0710B0; XxuMuueckue coenuHenus CugSny,, C-Cu;oSns, n-CugSns, 5-Cuy;Sn, (Cug;Snyy).
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PeepcrpopaHHELT TOK
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Puc. 5. PertreHorpamMMel aneKTpoxuMudeckoro mokpeITas Sn-Cu: m — Cu; @ — Sn; ¢ — 5-Cu; A — CugSnyy;
V — {-CuyoSnz; € —1n-CugSns; B — 5-Cuy;Sn, (Cug;Sny,)
Fig. 5. XRD pattern of the electrochemical coating Sn-Cu: m — Cu; ® — Sn; ¢ — 3-Cu; A — Cug;Snyy;
\ = C-CulOSn3; « - T]-CU6SHS; > — S-CU4ISI]X (Cu8lsn22)

Ha puc. 4 u B Tabin. 2 npencTaBieHbl pe3yabTaThl UCCIEIOBAHUS BIUSIHUS PEKUMOB JIEKTPOOCAK-
JeHnst Ha QyHKIMOHANBHBIE CBOMCTBA TOKPBITHA Sn-Cu. Ocaxk/JeHne Ha UMITYJICHO-PEBEPCHPOBAHHBIX
TOKaX TO3BOJISIET YBEIMYHUTD 3HaYeHNE Kod(duimenTa pacrekanus npuros ¢ 96,38 no 98,20 % u cHu-
3UTh BEJIMYHMHY KOHTAKTHOTO 3JIEKTPOCONPOTHUBICHUS NOKpbITHH ¢ 2,0133 mo 1,5067 MOM mo cpas-
HEHUIO C 0CaJIKaMH, MOJyYSeHHBIMHU Ha MTOCTOSHHOM TOKe. B pesysibrare mpoBEIeHHBIX UCCIEOBaHUI
YCTaHOBJICHO, YTO HCIIOJIb30BaHUE O0JIAAr0IIEro OOMIbIION BAPUATHBHOCTHIO IMAPaMETPOB METOJIa He-
CTAallMOHAPHOTO BJIEKTPOJIM3a MPU CIIaBOOOPAa30BaHUHU TIO3BOJISIET YIPABISATh COCTABOM, CTPYKTYPOH
M CBOMCTBaAMH DJICKTPOXUMUUCCKUX HOKpLITHﬁ. HOKpBITI/HI, TMMOJIYYCHHBIC HAa UMITYJIbCHOM TOKE 4acCTO-
toit 10 't m ckBaskHOCTEIO 3,33 ¢ comeprkaHueM MEIIU B CIIaBe, ONM3KUM K DBTEKTHUECKOMY, O0JIa1aloT
BBICOKHM K03(h(pHUIIMEHTOM pacTeKaHUs MPUIIOSI 1 HU3KUM KOHTAKTHBIM COTIPOTHUBIICHUEM.

Tabauua 2. Biusiaue ycroBuit 3JeKTpoOCaXIeH!s Ha PYHKIIMOHAIBHBIE CBOWCTBA TIOKPHITHs Sn-Cu
Table 2. Influence of direct and impulse-reversed currents on the functional properties of the Sn-Cu coating

Koaddunpent pacrexanus npunost, % /
KonraxrHoe Solderability, %
conpotusiiecare, | CKOPOCTh KOPPO3HH,
Pexum snexrponnsa / MOM / /(M) / CBexeocax/1IeHHOE [TokpriTHe oCHEe
Electrolysis mode . . MOKpbITHE / 6 MecsAIeB XpaHeHus /
Contact resistance, | Corrosion, g/(m2-h) p i ) p
mOhm Freshly dgposﬁed Coating after 6 months
coating of storage
T 2,0133 1,6533 96,38 97,53
UT, 10 I'n 1,7067 1,4953 98,20 97,45
PT, 9,09 I'u 1,5067 1,8667 97,40 98,20
PT, 90,9 T'u 1,7067 1,8800 97,83 96,95
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3aKiIoueHue

W3ydyeHo BO3eWCTBHE MapaMeTPOB MMITYJILCHOTO TOKa Ha mpouecc (GOPMUPOBAHMS AIEKTPOXHMHU-
YECKMX MOKPBITHH CIUIABOM OJIOBO-MEJlb. YCTAHOBIIEHO, YTO MCIIOIb30BAHHE HECTAIMOHAPHOIO TOKA IO-
3BOJIIET PETYIHMPOBATh COCTaB OCAJKOB B IIMPOKOM MHTEpBaJIe KOHIIEHTPAIHA, YIIPaBIATh CTPYKTYpOi
u cBolicTBaMu. [oKpBITHS, TOTyYeHHbIE Ha UMITYTbCHOM Toke yacTtoToi 10 I'tr u ckBaskHoCTHIO 3,33 C Cco-
JiepKaHueM Me/IY B CIIIaBe, OJM3KUM K 9BTEKTHYECKOMY, 00JIa1af0T BEICOKMM Kod(duitmenTom pacreka-
HUSI IPUIIOS. M HU3KUM KOHTAKTHBIM COIIPOTUBICHHEM. BO3MOXXHO MX MCIIONB30BaHUE B PAIHO- U MUK-
POIEKTPOHHOM ammaparype AJsl MaiKu MOIBM)KHBIX M HETOABMIKHBIX AJIEKTPUYECKHX KOHTAKTHBIX
COEIMHEHHN.
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Abstract. The article introduces the technique for manufacturing flexible electromagnetic shields based on resis-
tive materials (powdered charcoals and sheet foil), as well as the results of experimental justification of the use
prospects of this technique in the development of new functional materials. This justification consisted of: 1) manu-
facturing of the experimental samples in accordance with the presented technique; 2) carrying out the measu-
rements of the electromagnetic radiation reflection and transmission coefficient values in the frequency range
of 0.7-17.0 GHz of the manufactured experimental samples. It was discovered that flexible electromagnetic shields
based on the powdered charcoals manufactured in accordance with the presented technique are characterized by the
electromagnetic radiation reflection coefficient values in the frequency range of 0.7-17.0 GHz, reaching —10.0 dB,
when electromagnetic radiation reflection coefficient values reach —20.0 dB . Due to this fact it is possible to recom-
mend to use them in order to ensure electromagnetic compatibility of radioelectronic equipment and to protect
people from exposure to radiation, emitted by such equipment, as well as to hide ground objects from detection
in the radar wavelength range.
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TEXHOJIOT WA U3T'OTOBJIEHUA THBKUX SJIEKTPOMATI'HUTHBIX 9KPAHOB
HA OCHOBE PE3UCTHUBHbBIX MATEPHUAJIOB
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Tocmynuna 6 pedaxyuro 28.09.2022

AHHOTauus1. B crarbe npencTaBaeHbl TEXHOJIOTHS U3TOTOBIICHUSI THOKUX AJIEKTPOMArHUTHBIX YKPAHOB HA OCHOBE
PE3UCTHBHBIX MaTEePHaJIOB (ITOPOIIKOOOPA3HOTO YINIA M JUCTOBOH (DONBIU), a TaKKE Pe3yabTaThl HKCIICPHMECH-
TaJBHOTO 00OCHOBAHUS MEPCIICKTUB UCIIOIB30BAHUS ATOM TEXHOJIOTHUH MPH Pa3pabOTKe HOBBIX (DYHKIIMOHAIBHBIX
MaTepuangoB. DT0 000CHOBAHME 3aKTIOUATIOCh B CIEAyIONmEeM: 1) M3roTOBIEHUE IKCTIEPUMEHTATBHBIX 00pa3IoB
COTJIACHO TIPEJICTABICHHONW TEXHOIOTHH; 2) MMPOBEICHUE N3MEPEHUH 3HaYeHUH K03(D(DUITMCHTOB OTpaskeHUS U TIe-
penayu 3JIEeKTPOMAarHUTHOTO M3ilydeHus B auanazoHe 4yactoT 0,7-17,0 I'Tu M3roToBIEHHBIX SKCIEPUMEHTANb-
HBIX 00pa3IoB. YCTAaHOBJIEHO, UTO THOKHE JIEKTPOMArHUTHBIE KpaHbl HA OCHOBE TIOPOITKOOOPA3HBIX APEBECHBIX
yTIIeH, N3TOTOBJICHHBIC COTIACHO MPEACTABICHHONW TEXHOJIOTUH, XapaKTePU3YIOTCS 3HAYCHUAMHU KOdPQHUIIIEHTa
OTpaXXEHUS AIIEKTPOMArHUTHOTO M3JIydeHus B auanazone yactot 0,7-17,0 ['Tu, nocturatomumu —10,0 nb, npu
3HAYCHUSIX KOd(PPHIIMEHTA OTpaKeHUs AIeKTpoMarauTHoro u3nydenus —20,0 1b. B ¢Bsi3u ¢ 3THM MOXHO peKo-
MEH/IOBAaTh WCIOIH30BAHIE TAKUX HKPAHOB IS OOCCICUCHHS IEKTPOMATHUTHOW COBMECTHMOCTH PaJdO03JICK-
TPOHHBIX CPEJCTB U 3aLIUTHI JIIOAEH OT BO3IEHCTBUS U3ITYUCHHUs], TCHEPUPYEMOT0 TAKUMH CPEJICTBAMH, a TaKXKe
JUTSI CKPBITHSI HA36MHBIX 00OBEKTOB OT OOHAPY>KEHUS B PATUOIOKAIIMOHHOM JMAa30He JJIUH BOJH.

Ki1ro4eBble cj10Ba: 3JIEKTPOMArHUTHBIN 9KpaH, PE3UCTUBHBIA MaTepHall, TEXHOIOTHSL.
KonguaukTt untepecoB. ABTOp 3asiBiIsieT 00 OTCYTCTBHU KOH(IIMKTa HHTEPECOB.

BaarogapHocTs. ABTOp BhIpaXkaeT OIarogapHOCTb JOLEHTY Kadexpbl 3ammuTbl MHpOpManuu benopycckoro
TOCYJJapCTBEHHOTO YHHUBEPCHUTETA NHPOPMATHKH M paarodaekTpoHukn boinpas O. B. 3a momoies B n3MepeHnu
3HaueHUH KOd()(PUIIMEHTOB OTpPa)KEHUsSI M IEpeiayd 3JIEKTPOMArHUTHOTO HM3JIy4eHUsl 00pa3loB M 3a ydacTue
B 00CY’K/I€HUHU PE3YIBTAaTOB ITUX U3MEPEHHH.

Jus uurupoBanusi. Aiian, X. TeXHOIOTHs H3TOTOBICHUS TMOKHX 3JIEKTPOMAHHTHBIX JKPAHOB Ha OCHOBE
pesuctuBHbIX Matepuaio/ X. Aitan // Joxnanst BI'YUP. 2022. T. 20, Ne 8. C. 28-33. http://dx.doi.org/10.35596/1729-
7648-2022-20-8-28-33.

Introduction

Nowadays electromagnetic shields are used to solve the following tasks:

1) hiding objects from detection in the radar wavelength range;

2) ensuring electromagnetic compatibility of radio-electronic equipment;

3) protection of people from exposure to radiation from radioelectronic equipment.

Electromagnetic shields are made on the basis of magnetic and / or resistive materials (that is,
materials characterized by high values of magnetic permeability and / or electrical conductivity) [1].
Electromagnetic shields based on magnetic materials are narrow-band. This means that they provide
absorption of the energy of electromagnetic radiation in a narrow band of radio frequency range
(the difference between the boundary values of this band is 0.5-1.0 GHz) as shown in papers [2—4]. Due
to the fact that electromagnetic shields based on magnetic materials are narrow-band, they are suitable,
as a rule, to solve of the third task presented above.

Electromagnetic shields based on resistive materials are wide-band compared to radio absorbers
based on magnetic materials, which is confirmed by the results of studies presented in the papers [5-7].
That’s why they are suitable to solve all tasks presented above. In this regard, the objects of the current
research are electromagnetic shields based on resistive materials. The main problems currently being
solved in the field of electromagnetic shields improvement are:

— reducing the time spent on the manufacture of radioabsorbers (or increasing the radioabsorbers
manufacturability);

— reducing the cost of radioabsorbers based on resistive materials.
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The first of the presented problems is due to the fact that most modern electromagnetic shields
based on resistive materials are polymer composites obtained by distributing carbon materials (carbon
black, carbon nanotubes, carbon fibers or nanofibers, graphene, graphene oxide) in the bulk of a liquid-
phase polymer matrix with further molding and drying under standard or specially designed conditions
of the resulting material [8]. The second of the presented problems is due to the high cost of carbon
materials listed above. In addition, both of the presented problems are due to the fact that the process
of manufacturing of electromagnetic shields based on resistive materials is accompanied by the need to use
a wetting agent to improve the adhesion of the binder to filler (i. e. resistive material (-s)) particles [9-11].

To solve the above problems in the field of improvement of electromagnetic shields based on
resistive materials, nowadays powdered charcoals are proposed for their manufacture [12—14]. The aim
of the current work was to develop and experimentally justify new high-manufacturability technique
of charcoal-based electromagnetic shields obtaining.

The following tasks have been solved to achieve the aim:

1) the developed technique has been described;

2) the experimental samples have been made according to the developed technique;

3) the measurements of the electromagnetic radiation reflection and transmission coefficients
values of the manufactured experimental samples have been carried out in the frequency range
0.7-17.0 GHz;

4) the regularities of changes of the electromagnetic radiation reflection and transmission coefficients
values in the frequency range 0.7-17.0 GHz of the manufactured experimental samples have been
established and substantiated, depending on the type of charcoal contained in their composition;

5) the recommendations for the practical application of radioabsorbers manufactured in accordance
with the developed technique have been proposed.

Materials and methods

The developed technique for radioabsorbers obtaining on the base of the listed resistive materials
includes the following stages:

— preparation of rectangular canvases of polyurethane foam (Fig. 1) — the size and shape of such
canvases should correspond to the requirements to the developed radioabsorbers;

— preparation of rectangular canvases from the mesh made of polyethylene (Fig. 1) — the size and shape
of such canvases should correspond to the requirements to the developed radioabsorbers;

— preparation of rectangular canvases from the polyethylene film with a thickness of 10 microns — the
size and shape of such canvases should correspond to the requirements to the developed radioabsorbers;

— arrangement the canvas based on a polyethylene mesh on top of the canvas based on polyurethane
foam (Fig. 1, a);

— obtaining powdered charcoal: grinding pieces of charcoal to powder with a particle size of up
to 200 um;

— preparation of alkaline earth chlorides aqueous solutions at equilibrium concentration;

— mixing the obtained powdered charcoal with the prepared aqueous solutions in a volumetric ratio
of 2:1 (Fig. 1, b);

— application of the resulting mixture with a layer of (3.0 + 1.0) mm thick on the surface of canvases
based on polyurethane foam and polyethylene mesh;

— arrangement of the canvas based on a polyethylene mesh over the applied mixture;

Fig. 1. Illustrations of the results of the developed technique main stages implementation
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— arrangement of the canvas based on polyurethane foam on top of a polyethylene mesh cloth;

— sealing the resulting structure by placing it between rectangular canvases based on a polyethylene
film with a thickness of 10 um and further joining along the perimeter of these canvases using the
soldering method (Fig. 1, ¢).

In comparison with analogs, the developed technique is characterized by such advantage as reduced
time costs for implementation, which is due to the following features:

1) the absence of the stage associated with the creation of conditions for drying the binder, due to the
fact that the retention of powdered charcoal particles in the volume of radioabsorbers manufactured in
accordance with the developed technique is ensured not by the binder, but by the mesh and polyurethane
foam (i.e. the use of binders is not provided within the framework of the manufacturing process
of radioabsorbers in accordance with the developed technique);

2) the absence of the stage associated with the use of wetting agents.

In accordance with the developed technique, three groups of experimental samples of radio absorbers
have been made, differing in the type of charcoal contained in their composition. Tabl. 1 provides
information on these samples.

Measurements of the electromagnetic radiation reflection and transmission coefficients values of the
manufactured samples have been performed in the frequency range 0.7—17.0 GHz using a scalar network
analyzer. The measurements have been carried out in the specified frequency range due to the fact that
most of the modern transmitting and receiving equipment operates in it, and also due to the fact that
unwanted emissions of modern radioelectronic equipment are characterized by frequencies whose
values belong to the specified range [15].

Results and discussion

Fig. 2 shows the frequency dependences of the electromagnetic radiation reflection coefficient in the
range of 0.7-17.0 GHz of the manufactured samples.

Table 1. Information about the manufactured experimental samples

Name of the Type of the charcoal, . Quality
. . . . Weight of ;
experimental contained in the Thickness, mm 1 m2. k of the experimental
samples group experimental samples K8 samples in the group
Samples Non-activated 1.5+ 0.05
of the group 1 wood charcoal
Samples Activated 20+ 1 1.6 £0.05 10
of the group 2 wood charcoal
Samples Activated 1.65+£0.05
of the group 3 coconut charcoal
f. GHz /. GHz
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Fig. 2. Frequency dependences of the electromagnetic radiation reflection coefficient in the range
0f 0.7-2.0 GHz (a) and 2.0-17.0 GHz () of the manufactured samples: 1 —samples of the group 1;
2 —samples of the group 2; 3 — samples of the group 3
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It follows from Fig. 2 that the lowest electromagnetic radiation reflection coefficient values
in the frequency range 0.7-17.0 GHz are found in samples based on non-activated wood charcoal. These
values range from —1.0 to —20.0 dB. Samples based on wood and coconut activated charcoals in the
frequency range 0.7-2.0 GHz are characterized by the electromagnetic radiation reflection coefficient
values ranging from —0.5 to —6.0 dB. In the frequency range 2.0-17.0 GHz, the values of the considered
parameter for such samples, respectively, vary in the range from —2.0 to —15.0 dB and from —2.0 to —8.0 dB.

Lower values of the electromagnetic radiation reflection coefficient in the frequency range
0.7-17.0 GHz of the samples based on non-activated wood charcoal compared to samples based
on activated wood and coconut charcoals are due to the following features:

1) the value of the reflection loss of electromagnetic radiation, provided by the material, is directly
proportional to the value of its specific electrical conductivity [15];

2) it was experimentally established that the value of the specific electrical conductivity of a mixture
of unactivated wood charcoal and CaCl, aqueous solution is 9 S/m and below the values of the specific
electrical conductivity of the mixture of activated wood charcoal and CaCl, aqueous solution (25 S/m)
and the mixture of activated coconut charcoal and CaCl, aqueous solution (75 S/m) [13].

Fig. 3 shows the frequency dependences of the electromagnetic radiation transmission coefficient
in the range of 0.7—17.0 GHz of the manufactured samples.
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Fig. 3. Frequency dependences of the electromagnetic radiation transmission coefficient
in the range of 0.7-2.0 GHz (@) and 2.0-17.0 GHz (b) of the manufactured samples: 1 — samples of the group 1;
2 —samples of the group 2; 3 — samples of the group 3

It follows from Fig. 3 that the electromagnetic radiation transmission coefficient coefficient values
in the frequency range 0.7-17.0 GHz of the manufactured samples vary within the following limits:

1) from —10.0 to —15.0 dB — for the samples based on non-activated wood charcoal;

2) from —20.0 to —25.0 dB — for the samples based on activated wood charcoal;

3) from —-25.0 to —35.0 dB — for the samples based on activated coconut charcoal.

Experimental samples based on activated coconut charcoal are characterized by lower values of the
electromagnetic radiation transmission coefficient in comparison with other experimental samples due
to the fact that a mixture of activated coconut charcoal and CaCl, aqueous solution is characterized,
as indicated above, by high values of the specific electrical conductivity compared to the mixture of non-
activated wood charcoal and CaCl, aqueous solution and to the mixture of activated wood charcoal
and CaCl, aqueous solution.

Conclusion

Based on the results of studying the samples of electromagnetic shields manufactured in accordance
with the developed technique, the following conclusions can be drawn.

1. Electromagnetic shields based on activated coconut charcoal seem to be promising for use
in the manufacture of partitions intended for placement between units of radioelectronic equipment,
as well as workwear for people serving radio electronic equipment, which is a source of high-
intensity electromagnetic radiation. This recommendation is due to the fact that these shields are
characterized by low values of the electromagnetic radiation transmission coefficient (up to —40.0 dB)
in the frequency range 0.7-17.0 GHz.
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2. Electromagnetic shields based on wood charcoal (non-activated and activated) are promising

for use in the manufacture of structures designed to hide ground objects from detection in the radar
wavelength range. This recommendation is due to the fact that these shields are characterized
by low values of the electromagnetic radiation reflection coefficient (from —10.0 till —20.0 dB)
in the X-frequency range.
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© Bbenopyccknii rocy1apcTBEHHBIH YHUBEPCUTET HH(POPMATUKH U PaMOdIEKTPOHHUKH, 2022
Belarusian State University of Informatics and Radioelectronics, 2022

AnHotauus. [Ipy oMoy 4MCIEHHOTO MOJEIMPOBAHMS YCTAHOBJIEHBI 3HAYEHMs] TEXHOJIOTMUECKUX Iapame-
TpOB, obecrneunBaroMX 3(Q(PEKTUBHYIO IBYXJIYUCBYIO JIA3CPHYIO0 OYHCTKY KBapIIEBOIO ChIPbs. BhImosHeHa OII-
TUMH3AIHSA JBYXJIYYCBOH JIA3EPHOI OYMCTKH KBAPIICBOTO CHIPHS C MCIIOIB30BAHUEM TCHETHYECKOTO aTOpUTMa
MOGA B nmporpamme ANSYS Workbench. C npuMeHeHHeM I'paHElEHTPUPOBAHHOTO BapHaHTa IEHTPaIbHOIO
KOMITO3MIIMOHHOTO TUTAHA DKCIIEPUMEHTA TMOJydyeHa PEerpecCHOHHas MOJIENb JBYXJIYYEBOW OUYUCTKH KBapIIEBOTO
CBIphs. B KauecTBe BappHpyeMbIX (haKTOPOB MPUHUMAIH IDIOTHOCTH MOIIIHOCTH JIa3epa ¢ AJTIMHOM BOJHBI U3Tyde-
Hus 10,60 MKM, MJIOTHOCTH MOIIHOCTH Jia3epa C JAJTUHON BOJIHBI u3inydeHus 1,06 MKM, paguyc 4acTUIbl KBaplia,
paaryc YacTHIIBI MPUMECH B BpeMs 00paboTKU. B kauecTBe OTKIIMKOB — MaKCHMaJIbHBIE TEMITEPaTyphl KBApIIEBHIX
YacTHUI[ C IPUMECKIO U Oe3 mpuMmecH. [IpoBeneHa mpoBepka perpecCHOHHON Monend. [lomydeHHbIe pe3ynbTaThl
MTO3BOJISIOT CJICNIATh BBIBOJI O HAJIMYMU HEOOXOAMMOTO COOTBETCTBHSI PETPECCHOHHON MOJICIIH JAHHBIM KOHEUHO-DJIe-
MCHTHOTO aHaJin3a. BBIMOJIHEHA OlCHKA BIMSHUS apaMeTpoB 00pabOTKH Ha MAKCHMAJbHBIC 3HAYCHHUS TEMIIC-
patypsl KBapIeBbIX 9acTIl. ONTHMH3ANUIO IBYXITyUeBON JTa3epHOW OUYMUCTKH KBAPIIEBOTO CHIPBS OCYIIECTBISLTH
[0 KPUTEPUI0 MUHUMYyMa BPEMCHH OOpaOOTKH MPH JTOCTHKCHUW 3HAUCHHUI MaKCUMAaJIbHBIX TEMICpaTyp KBap-
IIEBBIX YACTHII C TIPUMECHIO TeMITEpPaTyphl MJIABICHUS U TIPU OTPAHUYEHUH 3HAYCHUH MaKCHMaJbHBIX TeMIlepa-
Typ KBapIEBBIX YacTUI] O€3 MpUMECH 3HAYCHUSIMH HIDKE TeMIIepaTyphl IUiaBleHus. ONTHUMHU3AINIO BEITIONHSIH
JUTS IByX KOMOHMHAIUI pa3MepOB KBAPIEBBIX YACTHIL M YaCTHII IIpuMecH. [IpoBeicHO CpaBHEHHE TApaMETPOB, I10-
JIy9€HHBIX B PE3YJIbTaTe ONTUMH3AINH, U TTAPaMETPOB, TTOTYUYEHHBIX MPU KOHEYHO-3JIEMEHTHOM MOJICTUPOBAHUH.
MaxcuManbHass OTHOCHTENbHAS TIOTPEITHOCTh JaHHBIX, PACCYMTAHHBIX C MCTONb30BaHHeM anroputMa MOGA,
He npeBbicuia 2,5 % npu onpeaeneHud MaKCUMaNbHBIX TeMIieparyp. B pesynbrare MoaeTupoBaHusi yCTaHOBJIe-
HBI TTapaMeTpbl 00pabOTKH, UCTIOIH30BAHIE KOTOPBIX 00ECIIEUUT MOBBIIIICHHE TIPONU3BOIUTEIBHOCTH JIBYXTYUEBOM
OYHCTKH KBapIIEBOTO CHIPHS.

KunioueBble cJioBa: JiazepHOe U3IIyUYEeHUE, cenapanus, npuMech, ontumuzanus, MOGA, ANSYS.
KondaukT HHTEpecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBHUHU KOH(INKTAa HHTEPECOB.

Jas uuTupoBanus. ONTUMH3AIS TapaMeTPOB IBYXTy9EBOH JTa3epHOI OYMCTKU KBAPIIEBOTO ChIphsi / B. A. EmMenbs-
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Abstract. In the work, with the help of numerical simulation, the values of technological parameters are estab-
lished, which provide effective two-beam laser cleaning of quartz raw materials. The optimization of two-beam
laser cleaning of quartz raw materials was performed using the MOGA genetic algorithm in the ANSYS Work-
bench program. Using the face-centered version of the central compositional plan of the experiment, a regression
model of two-beam cleaning of quartz raw materials was obtained. The power density of a laser with the wave-
length of 10.6 pum, the power density of a laser with the wavelength of 1.06 um, the radius of a quartz particle, the
radius of an impurity particle, and the processing time were used as variable factors. The maximum temperatures
of quartz particles with impurities and quartz particles without impurities were used as responses. The regression
model was tested. The results obtained allow us to conclude that there is a necessary correspondence between the
regression model and the finite element analysis data. An assessment of the influence of processing parameters
on the maximum values of the temperature of quartz particles was made. Optimization of two-beam laser cleaning
of quartz raw materials was carried out according to the criterion of minimum processing time when reaching the
maximum temperatures of quartz particles with an admixture of the melting temperature and limiting the maxi-
mum temperatures of quartz particles without an admixture to values below the melting temperature. Optimization
was performed for two combinations of quartz and impurity particle sizes. The parameters obtained as a result
of optimization and the parameters obtained as a result of finite element modeling are compared. The maximum
relative error of the results obtained using the MOGA algorithm did not exceed 2.5 % when determining the
maximum temperatures. As a result of the simulation, processing parameters have been established, the use
of which will provide an increase in the productivity of two-beam purification of quartz raw materials.

Keywords: laser radiation, separation, impurity, optimization, MOGA, ANSYS.
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BBenenune

®doToMa0IOHBI SIBIISIOTCS BAXKHOU COCTABJISIOIIEH MPOU3BOJICTBA MUKpOcxeM. [Ipu ux u3rorose-
HUU IIAPOKO HCIIONIB3YETCS KBAPIIEBOE CTEKIIO0, KOTOPOE YCTOWYMBO K BO3ACHCTBHUIO BOBI, METOTHBIX
7 KUCJBIX pacTBOpOB. HeoOXomMMOCTh MPUMEHEHHUS JIA3ePHOTO M3ITYYCHHS] MEHBINICH JUTMHBI BOJHBI
TIPU YMEHBIIICHUN Pa3MEPOB TPAH3UCTOPOB TaK JKE OMPEALIISICT 1eJIeco00pa3HOCTh TPUMEHEHUS KBap-
LIEBOTO CTEKJIA JUI U3rOTOBIeHUs (HOTOImadaoHOoB [1].

UwrcToTa KBapieBoOro ChIphs, MPUMEHSIEMOTO MTPH U3TOTOBJICHUHU (POTOIIA0IOHOB, OKa3bIBACT 3HAYH-
TEJNBHOE BIUSHHE Ha JKCIUTyaTallHOHHbBIE MMapaMeTpbl MUKpocxeM [2]. B Hacrosiee Bpemst UCTIONb3Y-
FOTCSI DIIEKTPUYICCKHIE, MATHUTHBIC M XUMUYECKHE METOIBI OYMCTKU KBAPIIEBOTO CHIPHS OT pumMecei [3].
HenocTarku BeIIenepedncIeHHBIX METOIOB B PSIC CIydaeB yAaeTCs MPEOI0JIeTh 3a CUST MPUMEHEHUS
JIBYXJIyYEBOTO CTI0CO0a JTa3epHOI OYMCTKH KBAPIIEBOTO CHIPHS [4—6].

OntuMu3zaiusi mapaMeTpoB JIa3epHOW OYHCTKH KBapIIEBOTO CHIpbS — BakHas 3anada. lIpumepsr
MOBBIIICHUS 3(PPEKTUBHOCTH Ja3EPHBIX TEXHOJIOTUH B PE3yJbTaTe ONTUMHU3AIMU COOTBETCTBYIOIINX
TEXHOJIOTUYECKUX TMapaMeTPOB C HMCIOJIb30BAHUEM T€HETUYCCKUX aJTrOPUTMOB IpHBEACHBI B [7, §].
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Omna u3 3(PQEeKTUBHBIX TEHETHUECKUX ainroputMoB — anroputM MOGA (Multi-Objective Genetic
Algorithm) [9, 10]. Pe3ynbrars! onTUMHU3aLMy TAPaMETPOB KOHCTPYKLMH U TEXHOJIOIMYECKUX ITPOLIECCOB
¢ ucnons3oBanneM MOGA, peanuzoBannoro B Mmozayie DesignXplorer mporpammsl ANSY'S Workbench,
npezcrasiensl B [7, 8, 10, 11]. Pemienue 3agaun onpeieseHus: mapaMeTpoB oOpabOTKU C MOMOIIBEO
MOGA B monyne DesignXplorer obecriednT d(pQEeKTHBHYO peatn3alimio JIBYXIy4eBO JIa3epHON OYHCT-
K{ KBapLIEBOTO CHIPBSI.

KoHeuH0-3/1IeMeHTHBIH aHAJIHN3

Pacuer TemmeparypHBIX TOJEH, (POPMUPYEMBIX MPH IBYXJIYYEBOH JIa3epPHON OYHMCTKE KBapIIEBOTO
CBIPbHS, BBITOJHSIN C WCIOJIh30BAHUEM IpOTrpamMMbl Ha si3bike mporpammupoBanus APDL (ANSYS
Parametric Design Language) B koMIulekce KoHeUHO-3IeMeHTHOro anainu3a ANSYS [12]. dns mozne-
JTUPOBaHUS CHOPMUPOBAIN CPEPUICCKYIO KOHCUHO-IIIEMECHTHYIO MOJICIb YACTHIIBI KBaplia ¢ BKIIHOUC-
HUEM TpHMecH, cocTosryto 3 183 643 snementor Solid 87. [Tpu pacdyerax HCIONB30BaIN CBOWCTBA
KBapIia M CIOAbI, KaK OCHOBHBIX BHIIOB NIPUMECEH, COAEPKAINUXCS B KBapleBOM Chipbe [13, 14].
[Ipu MomenupoBaHUY YYUTHIBAIH, YTO KBAPIl MPAKTHIECKH HE MOTIONIACT JIAa3ePHOE HIITyICHNE C JITH-
HOH BonHbI 1,06 MKM, a u3iiydeHue ¢ IMHOM BOiHbI 10,60 MKM IOMIOIIAETCS B TOHKOM ITOBEPXHOCT-
HOM clioe kBapua. [Ipu 3ToM sHEprus ga3epHOro U3ydeHus ¢ JIMHOU BoiHbI 10,60 MKM morsiomaeTcs
MIPUMECSIMHU, BXOASIIUMHU B COCTAaB KBAPIIEBOTO CHIPHS.

B Tabin. 1 mpuBeneHbl napaMeTphbl JABYXJIYUYEBOTO JIA3ePHOIO BO3CHCTBUS HAa KBapIeBOE ChIpPhE,
HCTIOJI30BAHHBIC TIPH KOHEUHO-3JIEMEHTHOM PacueTe TeMIIePaTyPHBIX TOJICH.

Tabéauua 1. [TapameTpsl AByXITyu€BOTO BO3JEHCTBUS Ha KBAPILIEBOE CHIPHE
Table 1. Parameters of two-beam exposure to quartz raw materials

[Tapametp / Parameter 3nauenue / Value
[110THOCTH MOIIIHOCTH My4Ka ¢ JUInHO# BojHbI 10,60 MM Py, B1/m2 0,5- 106
ITT0THOCTH MOIITHOCTH ITYYKa C JUIHHOM BOMHEI 1,06 MkM P,, B1/M2 2106
Pamuyc actuis! kBapua R, M 3,5-10%
Panuyc npumecu R,, m 3,5-105
Bpems 06paboTki £, 1

Ha puc. 1 npencrasieHo MONydYeHHOE B Pe3yJIbTare MOJICITHPOBAHUS pacTpe/ieiecHUe TeMIeparyp-
HBIX TIOJICH TIPU JIBYXJIy4€BOM BO3JICHCTBHU Ha YACTHIIBI KBapIa ¢ BKIIOUCHUSIMH IPUMeEcH U 0e3 Hee.
B 00owux ciyuasix pacnpeescHue TeMIepaTypHbIX MOJeH XapakTepu3yeTcs HATHYUEM 00JIacTH BBICO-
KHUX TEMIIEPaTyp Ha MOBEPXHOCTH KBApIEBON YacTHUIIbI, CHOPMUPOBAHHOM B pe3yNbTaTe BO3ACHCTBUS
Ja3epPHOTO U3Iy4YeHUs ¢ JiuHoU BoiHBI 10,60 MxMm. [Ipu 3TOM npucyTCTBHE IpUMECH 00yCIlIaBIUBaeT
MOBBIILICHHE TEMIIEPATyp B MECTE €€ JIOKAIU3alUK U3-3a TIOMIOIIEHHS JTa3ePHOTO U3TYUYEHUS C JUTMHON
BOJIHbI 1,06 MKM, 1 IIPUBOJAUT K TOITOJTHUTCIIbHOMY MOBBIIICHUIO TEMIIECPATYPBI HA ITIOBEPXHOCTHU YaCTU-
6 KBap1a [2].

=  —— I
1300 1400 1500 1300 1400 1500
1350 1450 1550 1350 1450 1550

a b
Puc. 1. Pacnipeenenne TeMnepaTypHOTO IO IPU IBYXJIy9EeBOM BO3IIEHCTBUN HA YaCTHUIIHI KBapia, K:
a — ¢ IpuMechio; b — 6e3 npumecu
Fig. 1. Distribution of the temperature field under two-beam exposure in a quartz particle, K:
a — with an impurity; b — without impurities
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Onpenesienne ONTHMAJBHBIX MIAPAMETPOB MpoLecca ABYXJYUYeBOi JIa3epHOI 0YNUCTKH
KBapLEBOI0 ChIPbSI

OnTuMu3aluio MapaMeTpPoB JA3epHOM OYUCTKHA KBApPLEBOTO ChIPbs BBIMONHSUIA B  MOZYIE
DesignXplorer pacuerHo#t cpensl Ansys Workbench u ocymiecTBisiiin B COOTBETCTBHHU C IOCIIEA0BA-
TENBHOCTBIO JCUCTBUH, pejicTaBiIeHHbIX B [7]. B Mmoayne DesignXplorer Obi1 chopMupoBaH rpaHe-
LIEHTPUPOBAHHBIN BAPHAHT IEHTPAILHOTO KOMITO3UIIMOHHOTO TJIaHa SKCIICPUMEHTA JIJIs IIATH (DAKTOPOB
P1—Ps [15], tne Py — IUIOTHOCTH MOIIHOCTH Iy4Ka ¢ AnuHOW BomHB! 10,60 MxMm Pq; P, — IIIOTHOCTH
MOIIIHOCTH TTy4YKa ¢ JUIMHOU BoJIHBI 1,06 MkM P,; P; — paauyc yacTuiel kBapua Ry; P, — paauyc npu-
Mecu R,; Ps — Bpems o0paOoTku f. B COOTBETCTBHHU € IJIAHOM AKCIIEPUMEHTA BBITOIHEHBI PacyeThl
JUTst 27 KOMOMHAIIUN BXOAHBIX TapamMeTpoB. [1pu 3ToM onpeerisiig ciie Ay oue BEIXOAHbBIC TapaMeTpPhL:
MaKCUMAJIHYIO TeMIIepaTypy 4YacTHIIbI KBapia ¢ npuMecbio 77 u 0e3 npumecu 7,. Takum oOpazom,
MOJICJIbI0 00BEKTa MCCIICIOBAHMS SIBIISUTUCH (DYHKIIMHM OTKJIMKA, CBSA3BIBAIOIINE BHIXOJHBIC MTAPAMETPhI
T\, T, ¢ hakropamu Py, Py, Ry, R, t.

YpaBHEHHUST perpeccHur, TMOMyYCeHHBIE C HCIOJb30BaHHEM Momyis DesignXplorer mporpaMmMbl
ANSY'S Workbench, umerot cienyromuii BUI:

Y, =8,2+3,9-10°VPP, ~1,1-10*R, + 3,6t —8,0-10 " B> +1,2-10" R* —
~8,1-107'4*~7,0-10“BP, -3,5-10° RR, —3,6- 10 B,R, + (1)

+5,6-10°PR, +7,8-10° Pt ~2,3-10' R R, —1,4-10° Rt +6,9-10° Ryt;

I8 (2)

Y, = 6,2+2,2-10°P ~5,7-10°R +2,2¢-5,5-10° P> +5,0-10°R? —5,1-107'#* —=4,0-10*R,t; (3)

T, = (%0,075+1

)1/0,075 _

T, =e" -1, )
T7Ie e — 9UCIIo Duepa.

J1J1s OLIGHKH IOJIyYCHHBIX PErPeCCHOHHBIX MOJIEIICH HCIIOIB30BAIIHU CIICAYIOIINE KPUTCPHUH:
— K02(DPUITUEHT TeTePMIHAIIIHI

n

Z(di —Ji )2

R=1-E— )
> (d,~d)
i=1

— Cpe/HIoK a0coMoTHYI0 omuoOKy (anri. Mean Absolute Error, MAE)

MAE =13|d, - (©)
1

— cpeHoI KBajpaTnyHyto omuoOKy (Root Mean Square Error, RMSE)

1 2,
RMSE = /;;(di—yi) ; (M

— CpenHIo abCONMIOTHYIO MpoteHTHY0 ommoOKy (Mean Absolute Percentage Error, MAPE)

MAPE :lzn: u

nio

-100, )

i

rae d;, y; — 3Ha4eHUsl, OIIPEAEICHHbIC METOIOM KOHEUHBIX JIEMEHTOB U C UCIIOJIb30BAHUEM PErPECCHOH-
HBIX MOZIETIEN COOTBETCTBEHHO.

Ha tecroBom HaOope ganHBIX (Tabi. 2) MpOBEIH MPOBEPKY PErPeCCHOHHON MOJeNH. 3HAYCHUS KPH-
TEpUEB, UCTIONB3YEMBIX JJISI OLIGHKU PErpecCHOHHON MOJIeN, peAcTaBieHbl B Tabm. 3. [lomydyeHHble
JTAaHHBIE MTO3BOJISIOT CAENAaTh BHIBOJ O HAJHMYMU HEOOXOAMMOTO COOTBETCTBUS PErpeCCHOHHOM MOAETH
pe3yabpraTaM KOHEYHO-3JIEMEHTHOTO aHAIN3a.
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Tabauna 2. TecToBbIil HaOOp MapamMeTpoB
Table 2. Test set of parameters
P, P, Ps P, Ps
Py, Br/m? P,, Br/m?2 Ry, ™M Ry, M t,c K K
750000 1500000 0,0003 0,00003 0,75 1949 1881
750000 2500000 0,0003 0,00004 1,25 3384 3043
1250000 2500000 0,0003 0,00003 0,75 3236 3121
1250000 1500000 0,0004 0,00004 1,25 3998 3913
750000 2500000 0,0004 0,00004 0,75 1567 1482
Tabauua 3. Pe3ynsTaTsl OIICHKH PEerpecCHOHHON MOJICITH
Table 3. Results of the evaluation of the regression model
. Hab6op nannbix / Data set
Kpurepwnii /
Criterion LEHTPAJIBLHOTO KOMITO3UI[HOHHOTO IJIaHa TECTOBBII

Tl TZ Tl T2

MAE 62 11 68 44

RMSE 87 17 102 53

MAPE 2,1 0,4 2,5 2,1

R, 0,9989 0,9999 0,9877 0,9964

[IpoBoAMIM OICHKY BIMSTHHS BXOIHBIX IMapaMETPOB Ha BBIXOAHBIC. YCTAaHOBJICHO, YTO Ha 3Haue-
HUSI MAKCUMAJIbHBIX TEMIIEpaTyp KBapLEBbIX YacTUL] C IPUMECHIO OKa3bIBAIOT BIUSHUE BCE BapbUPY-
emble (DaKTOPbI, IIPH ITOM HauOoIbliee — MIIOTHOCTh MOLIHOCTH JIa3epa C AJIMHOM BOJIHBI N3TYUECHUS
10,60 MxM, pa3Mepsl KBapIIeBOI YaCTHIIBI M BpEMs BO3JEHCTBHSI Ta3epHOro u3inydenus (puc. 2—4). [lpu
ONTUMM3ALUH [TAPaMETPOB MPOIiecca JABYXJIyUeBOH JIa3€PHON OYMCTKH KBAPLIEBOTO CHIPHS C HCIIOIb30-
BaHHEM MHOTOKPHTEPHAIBHOrO reHeTudeckoro anroputMa MOGA 4uciio HHIMBUIOB HadalbHOH IMO-
MYJSALIUN U 9UCII0 MHAWBUIOB 32 UTepalnio 06U paBHbI cooTBeTcTBeHHO 5000 1 1000.

JloxkanbHaa 4yBCTBHTENEHOCTD (%0)
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Puc. 2. JluarpamMmma 4yBCTBHTEIEHOCTH ONTHMU3UPYEMBIX ITAPAMETPOB!

Py —P\,Py,—Py,P3—R|,Py— Ry, Ps—1, P — T

Fig. 2. Sensitivity diagram of optimized parameters: P — Py, P, — Py, Py — R, P4 — Ry, Ps—t, P¢— T}
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15" 3 5007 50
Puc. 3. 3aBucHMOCTh MaKCHMaIBHOM TeMmeparypsl 7 Puc. 4. 3aBucuMoCTb MaKCHUMaJIBHON TeMIIEpaTypsl 7
oT mapameTpoB o0pabotku P =Py, P, =P, OT napamerpoB 00paboTku P; =R, P, =R,
Fig. 3. Dependence of the maximum temperature 7 Fig. 4. Dependence of the maximum temperature 7
on the processing parameters P = Py, P, =P, on the processing parameters P; = Ry, P4 =R,

OnTUMU3AIHIO BHITTONHSITN JUTS IBYX KOMOWHAIIMK pa3MepOB KBAPIEBBIX YACTHIL M YACTHI] IPUME-
c: R =3-104M,R,=3-105mMuR;=4-10%m, R, =4 - 105 m. OTMETHM, YTO HET MPHUHIUITHATHHON
CJIOKHOCTH JIJIsl IPOBEACHUS ONTHMH3ALNN [TaPAMETPOB IByXJIy4eBOM JTa3€pHOM OYMCTKH KBapLIEBOTO
CBIPBS C JPYTUMH pa3MepaMu KBApLEBBIX YACTHUI] U YACTHUL] IPUMECH. Pe3ynbTaTel ONTUMHU3aL1K IpPUBeE-
nenbl B Ta0n. 4. [Ipu onpenenennu 7 u 7, MakcUMajbHas OTHOCUTEIbHASI IOTPEIIHOCTD PE3yIbTaToB,
MOJIyYEHHBIX ¢ UCTob30oBanueM ainropurMa MOGA, He nipeBbicuiia 2,5 % (B CKOOKax yka3aHbl 3Haue-
uus Ty u T, HaliIeHHBIE IPU KOHEYHO-AJIEMEHTHOM MOJIEIUPOBAHUH).

Tab6auua 4. Pe3ynbsraTsl ONTUMU3ALNN
Table 4. Optimization results

P,—P|,Bt/M2 | P,—P,,Bt/™M2| P;-R;,M P,—R,,m Ps—t ¢ 7., K 7, K
1,1-106 2,6 - 106 3104 3-10° 0,5 éggg) (}g;g)
1.4-106 2,8 106 4.104 4.10° 0.5 ég;i) (}g‘g‘f)
3akiro4yeHue

[Toka3zaHa BO3MOXXHOCTH ONITUMHU3AIMHU MTAPAMETPOB JIA3ePHOH JBYXITy4E€BOH OYHCTKH KBapIEBOTO
CBIPbS C UCIOJIb30BaHUEM TeHeTnueckoro anropurtMa MOGA, BetpoeHHoro B Moayis DesignXplorer
nporpamMmmbel ANSYS Workbench. C nmpuMeHeHneM TrpaHEleHTPUPOBAHHOTO BapuaHTa LEHTPAILHOTO
KOMIIO3UITMOHHOTO TIIaHa JKCIEPUMEHTa TOJyueHa PErpecCHOHHasl MOJICNb JIBYXJyYEBOH OYHCTKH
KBapIIEBOTO CHIPbs. YCTAHOBJICHO HAINYNE HEOOXOIMMOTO COOTBETCTBHSI PErPEeCCHOHHON MOJEIH pe-
3yNbTaTaM KOHEYHO-3JIEMEHTHOTo aHaiu3a. C IMOMOIIBI0 YHUCICHHOTO SKCIIEPUMEHTa OIPE/IeNICHbI Oll-
THMAaJIbHBIE TTapaMETPhI IBYXJTy4EBOH JIa3epHOI OYMCTKU KBAapIIEBOTO CHIPhs, 00€CIEUHBAIOIIHE MaKCH-
MaJIbHYIO IPOM3BOAUTENBHOCTH MPOLEcca.
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A. B. OBCSIHHUKOB!, B. M. KO3EJI2

! Benopycckuil 2ocyoapcmeaennuiil yuusepcumem (2. Munck, Pecnybnuka Benapycs)
2Benopycckuil 20CY0apCcmeentbiil YHUGePCUMem UHGOPMAmuKL U paouod1eKmpoHUKU
(2. Munck, Pecnybnuxa benapycs)

Ilocmynuna 6 peoaxyuio 18.04.2022

© Bbenopyccknii rocy1apcTBEHHBIH YHUBEPCUTET MH(POPMATUKH U paMOdIeKTPOHUKH, 2022
Belarusian State University of Informatics and Radioelectronics, 2022

AnHoTanusi. B crarbe paccmarpuBaeTcs rucTorpaMMHBIN (HIBTP C HACTPOWKOM mapameTpa criiakuBaHus. ['n-
CTOTPaMMHBIN (PUIIBTP MOXKET OBITh (PPEKTUBHO IPUMEHEH B 3a]a4ax HICHTH(UKAIMHN (pacrio3HABaHMS ) 3aKOHOB
pacripeseneHus Al MaJibIX 00bEeMOB JaHHBIX. [lapaMeTp criaXnBaHUs ONPEIEIsieTCs] ¢ YIeTOM MMEIOIIeHCs B
HaJIMYUH allPHOPHOIT MH(OPMALIKM OTHOCHTENILHO MPEAINONIaraeMoro 3aKoHa pacipe/ieieHus. YCTaHOBIICHO COOT-
HOIIICHUE MEXIYy MaTeMaTHUCCKUMH OKUTAHUSIMH KPUTEPHS COTTIACHS XU-KBaIpaT CTAaHIAPTHON THCTOTPAMMHOM
OLICHKH U C MCIHOJIb30BAaHHEM THCTOTPAaMMHOTO (HibTpa. Takoe COOTHOIIEHHWE OIpeAenseTcs KO PUIMEHTOM
criaxuBaHus. YuciaeHHoe 3HaueHne Ko duIeHTa Crila)KUBaHuUs 3aBUCHUT OT IapaMeTpoB: 00beMa JIaHHBIX, KO-
JIUYECTBAa MHTEPBAJIOB TPYIIIIHPOBAHUS JAaHHBIX, TapaMeTpoB (OPMBI 3aKoHA pacrpeneneHus. [Iposenen anamms
LENIeCO00Pa3HOCTH MPUMEHEHUSI THCTOTPAMMHOIO (DMIIBTpA C yYETOM COOTHOLICHHWS YKa3aHHBIX BBIIIE I1apa-
METpOB. 3aBUCUMOCTb KOd((HUIMEHTa CIIaKMBaHHs OT STHX MapaMETPOB MO3BOJISIET OIPEACIUTh B3aUMOCBSI3b
MEXJTy KOJMYECTBOM MHTEPBAJIOB TPYNIMPOBAHUS JAHHBIX U UX 00beMoM. [mcTorpaMMHBINA QUIBTP ABIACTCA
TIPOCTBIM ISl PEAIN3ai HHCTPYMEHTOM, KOTOPBIH JIETKO MOXKET OBITh BCTPOCH B JIFOOOI OTKPBITHII alropuT™M
uaeHTH(UKannY (Pacro3HaBaHMs1) 3aKOHA PacIpeielICHHSI.

KioueBble ciioBa: rucTOrpaMMHBIH GUIBTD, HACHTH(DUKAINS, KOOPPUIHESHT CIIIaKUBAHUSI, 00bEM JIAHHBIX, HH-
TepBaJ IPYNIHPOBAHHS, IUIOTHOCTh PACIIPEACIICHUS BEPOSTHOCTH.

Kon@aukT unTepecoB. ABTOPHI 3asBJIAIOT 00 OTCYTCTBUH KOH(IMKTA HHTEPECOB.
Joas murupoBanusi. OBcsiHHUKOB, A. B. I'mcrorpamMMHubIii uibTp ¢ HAacTpOWKOW Mapamerpa CriIaKUBaHUs /

A. B. OBcsaunnkoB, B. M. Kozen // Joxmaget BI'YUP. 2022. T. 20, Ne 8. C. 42-50. http://dx.doi.org/10.35596/1729-
7648-2022-20-8-42-50.
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HISTOGRAM FILTER WITH SMOOTHING PARAMETER SETTING
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Abstract. A histogram filter with smoothing parameter settings is discussed in the article. The histogram filter
can be effectively applied in the problems of identification (recognition) of distribution laws for small amounts
of data. The smoothing parameter is determined taking into account the available a priori information regarding
the proposed distribution law. The relationship between the mathematical expectations of the chi-square fit criterion
of the standard estimation histogram and the use of the histogram filter has been determined. This ratio is determined
by the smoothing factor. The numerical value of the smoothing coefficient depends on the following parameters:
the amount of data, the number of grouping intervals, and the shape parameters of the distribution law. The paper
analyzes the feasibility of using a histogram filter, depending on the ratio of the above parameters. The dependence
of the smoothing coefficient on the specified parameters allows one to determine the relationship between the
number of data grouping intervals and their volume. 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, smoothing coefficient, data volume, grouping interval, probability
density distribution.
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BBenenue

[Ipobremarrka THECTOrPaMMHBIX OIIEHOK TIOTHOCTH pacmupenenenus BepostHoctr (ITPB) xoporo
M3BECTHA: OTCYTCTBUE €IMHBIX B3IVIAJOB Ha ONPEACICHUE YNCIIa UHTEPBAJIOB I'PYNIIMPOBAHUS JaHHBIX
(P 50.1.033-2001 «Ilpuknagnas craructuka. [IpaBuia mpoBepkH coOTIacHsi OMBITHOTO pacrpererne-
Hus ¢ TeopetnueckuM. Yacts 1. Kputepuu tuna xu-kBajpar») U CHIIbHAs U3PE3aHHOCTh THCTOIPaM-
MBI TIPY OTHOCHUTEJILHO MajioM 4uciie HaOroneHui [1, 2]. OcoOyro BaXXHOCTh U aKTyajJbHOCTh TOYHBIC
THECTOIPAMMHBIE OLICHKH 3aKOHA paclpelelieHHs PUOOpPETaloT B cirydae TpeOOBaHWH ero ObICTpPOi
uaeHTHGUKAWH (pacro3HaBaHus), BOBMOXKHOM BBICOKOW CTOMMOCTH M3MEPHTEILHOTO IKCIIEPUMEHTA
WJIM TIpoIiecca TMONydeHus JaHHbIX. TpeOoBanue OBICTPON MACHTHU(UKAIMH (pacTIO3HABaHUs) 3aKOHA
pacrpeneneHys B JaHHOM CIIy4ae MOXKHO CUYMTaTh SIKBUBAJICHTHBIM MaJIOMy 00beMY JaHHbIX.

YerpaneHue mpoOieM H3pE3aHHOCTU THCTOTPAMMBbl 3aKJIIOYAETCSl B NMPUMEHEHHH THCTOTPAMM-
HbIX QuasTpoB (I'D), HarTpUMep, YCPEIHSIONMIETO, METUAHHOTO, TaycCOBCKOTO U 1p. [1, 3—5]. B TO e
BpeMs UX MCIIOJIb30BaHUE SMIMPHUUECKN HHTYUTUBHO U UCXOAUT B OCHOBHOM M3 INPAKTHUYECKUX CO00-
pakenuid. B ctarbe mpemaraercs TeOpeTHUYECKH 00OCHOBaHHAs METOAMKa peannzanuu I'D, pabota-
IOLIETO Ha HEOOJIBIIOM KOJIMYECTBE JaHHBIX, YCTPAHSIOUIETO U3PE3aHHOCTh THCTOTPAMMBI, AAIOLIETO
«TIPaBUJIbHYIO» HICHTU(PHUKALUIO 3aKOHA pacIpeaeeHus], 0caalsioIIero 3aBUCUMOCTD «ITPABUIIBHOM
HUACHTHU(HUKAUH OT YMCIJIa MHTEPBAJIOB IPYMNITUPOBAHUS JaHHBIX. Tarkoke pa3BUTHI HICH, TPESIOKESHHBIE
B [6]. [Ipex e Bcero, peKOMEHTyeTCsl OTKa3aThes OT AMHUYHON (DYHKIIUH BKITFOYCHUS JAHHBIX B HHTEP-
BaJI TPYNIUPOBAHUS: JTAHHBIE MOTYT HAXOIUTHCSl BOJIM3U IPaHMI] MHTEpBAJA U MIPH U3MEHEHHUHU YHCIIa
MHTEPBAJIOB 0Ka3aThCs B COCETHEM HMHTEpBaje; ISl OTHOCUTEIHFHO HEOONBIIOrO KOIUYECTBA JAaHHBIX
yctpanenue 3(hdexra n3pe3aHHOCTH TUCTOTPaMMBI MOXKET OBITh OCYIIECTBIICHO CITTaKUBAHHEM TaHHBIX
Ha HECKOJIbKUX COCEIHUX MHTEpBajax. B aToM ciydae 1esiecooOpa3Ho 3aMEHUTh €AMHUYHYIO (DYHKLIUIO
BKJIIOUCHMS B3BELICHHOW (pyHKUMEH, yUnTHIBAIOIICH BO3MOXHBIM BEC «OMIMOOYHO» MONABLIMX B CO-
CEIIHME UHTEPBAJIBI IAHHBIX: U; = 0V;_ + kv, + Bjviy, a; + k; + B; = 1, T1€ v; — 4ncino JaHHbIX, MOTMaB-
KX B j-H MHTEPBAJ IPYNIUPOBAHUS; {0, k;, B;} — BECOBbIE KOO (GHUIMEHTHI MHTEPBAJIOB (IAPAMETPhI
criaxkuBaHus). B mpocreiimem ciyyae BecoBbie KO3 QUIIMECHTHI SIBISIOTCS TOCTOSHHBIMU BETHYMHAMHI
U MOTYT OBITh BBIPa)KCHBI Uepe3 OMH KOXQPHUIIMEHT k — mapameTp CrilaKuBaHUs. BBejeHue BECOBBIX
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K03(UIMEHTOB AJIS1 MaJIbIX 0OBEMOB JAHHBIX MO3BOJISIET MEPErPYIIITUPOBATh 3TH AAHHBIC TaK, YTOOBI
o0ecreunTh MEHBIIYIO U3PE3aHHOCTh TUCTOIPAMMBI, YBEIMYHB IIPU 3TOM €€ CIIIaKEHHOCTh U OBICTPYIO
UICHTU(DUKALIUIO.

Brluncnenne napamerpa criiaXXHBaHUs, OUEBUIHO, TPeOyeT HEKOTOPOH anpHOpHOW WHOpMaIUn
00 unentudunupyemoii I1PB. IIpunsTo, uro Takas uneHTHOUKAIMS TPOBOIUTCS C TOMOIIBIO KpHUTE-
pus comIacusl XU-KBaJpaT, HCIOIb30BAHNE KOTOPOTO OCHOBAHO HA MPEATIOIIOKEHIH O BOZMOYKHOM BHJIE
naentuduuupyemoii IIPB. Takum o0paszom, arpropHast HHGOpMaNKs SBIASETCS €CTECTBEHHBIM M HE00-
XOZIUMBIM 3JIEMEHTOM nocTpoeHus ['D.

Lenp nccnenoBaHuii cocTosia B pealn3aldi TUCTOTPAMMHOTO (HUIIBTPa ¢ HACTPOHKOHM MapaMeTpa
CTIIQ)KMBaHHS HA OCHOBE anpruopHOi nHpopmaimu 00 uneHtupunmupyemoii [1PB.

OO0mast MeToIMKA MOCTPOEHHS THCTOIPAMMHOTO (PUIBTPa
¢ HACTPOI KO MapaMeTpa CIVIaKUBAHUSA

Ilycth uMeeTcst BBIOOpKA CIyYalHBIX JAHHBIX {X;}; i=Ln n OTpe/IeNieHO pa3OueHNEe YUCIOBOU
MpSIMOM Ha M HENEePECEKaoLUXCs U HpI/IMI)IKaIOIHI/IX ApYT K JpYyry MHTEPBAIOB A;; j= I,_m paBHOI
mHbl A, =X, — X, =(xmaX - mm)/m X\ x =Mmax.x; X, =x, —minx e X; — rpaHuIIbl
UHTEPBAJIOB;, R=x —Xx . =mA_ —pa3Max Auana3oHa I[aHHI)IX 3aMCHI/IM OGLIqHon UHJIMKaTOPHYIO
(hyHKIIMIO, HCTIONB3YyEeMYIO TIPY CTAaHAAPTHOM CIIOCO0E TOCTPOCHHUS TUCTOTPAMMBI, BECOBOH CTyIeHYa-
TOU yHKIMEN p(x;), 0 < p; < 1, A, > A, koTopast OyJeT XapaKTepu30BaTh NPUHAIICKHOCTD TAHHBIX
MHTEPBaTy IPyNIHAPOBAHUS A; :

uj(x)z{k pasg A a=(1-k)/2 pna 4, I/IAjH}, j=2,m—1
‘ e
W) ={(A+k)/2 mna A o ARA A i 3oy | J =L

Takoi BBI60p BC€COBEBIX KOB(l)(bI/I]_II/IeHTOB 00€eCIeYnBaeT BEITOIHEHHE O6H_II/IX YCJ'IOBI/Iﬁ HOPMUPOBKHU:

1) Z =1, t1=2,m—1; 2)22“1 )=n. )

Hcnonb3yss B KauecTBe KPUTEPUS OLEHKU Koa(i)(bMuMeHTa CITIAKMBAHMSI KPUTEPHUM XU-KBaJl-

2 - _
par ¥ 3aMEHMB YHMCIO V; B KPUTEpHHM X*(v) HA 4uCIO u; =av, +kv,+ov,, M j=2,m-1

v u; =(1=a)V; + 0V pyimsyimtys(m-ty ABLJ = 1, m, nonyunm

Xiq) (u)= Z;[uj - npj]2 Inp;, —> rnkin. (3)
J=

Pemenre onTuMu3aiMOHHOM 3a/1a4¥ (3) MPUBOIUT K BEIPAKEHHIO [T KO3(D(OUIIHEHTA CTIIa)KUBaHUS
0 BBIOOPKE JTAHHBIX
m 2 -l m m 5 -l m
ke =142 ZUJ /npj Z(Vj —npj)Uj /npj =1+2 ZU‘]‘ /npj Zijj /npj, 4)
= J= J=l J=l
tne U, =v,  =2v, 4+ v, U, ==V, +V(_y(m-3)/(m-1)+(m-1) — KOHEIHAS] PA3HOCTH BTOPOTO MOPSIIKA COOT-
BETCTBEHHO ISl UHIEKCOB j=2,m—1uj=1, m; ZU ; =0; p; — runoreTnyeckas BEpOSITHOCTb.
Jj=1
Craructndeckast KOHKpeTu3aus Gopmyisl (4) TIPUBOAUT K COOTHOIICHHIO
4(m-1 1
k=1- ( 4) —=1- y - —, %)
6(m—1)+nALACS. /) 1,5+0,25nA% (m=1)" A(1.1")

rne A(f, 1) = I( I ) fdx — xoaddurment dhopmel [1PB, skBuBanenTHbIi nHbpopManun Duriepa

BTOPOTO l'[OpSlL[Ka [7]; f— runoternueckas [IPB; =  lim [u / nA ] — 3KBUBAJICHT WJICHTUDUIIH-
Jj—0,A =0

pyemoti [1PB; J. fdx =y — noBepuTenbHas BEPOITHOCTD.
R

44



Jloknager BI'YUP Dokrapy BGUIR
T. 20, Ne 8 (2022) V. 20, No. 8 (2022)

[IpoBenem ynpormeHHoe o6ocHoBaHKE (GopMyIsl (5), UI 4ero Nocae0BaTeIbHO PACCMOTPUM KOM-
MOHEHTBHI, BXosmue B (4). COBOKYIHOCTb CTaTUCTHYECKO-IKCIIEPUMEHTAILHOTO METO/1A, HHKEHEPHO-

To moaxoda v MpakTU4YCCKUuxX Hpe,[[CTaBJICHI/IfI MMPUBOAUT K CICAYIOUIUM BbBIPAKCHUAM:
m—1

in /np; = Z(f,*,l —2fi+ J'*H)/fj +(‘f1* +f2*)/f1 +(_fr;1k +fnj4)/fm;

Jj=1 =2

m xmafo.r
im YU, /np,=(R/m) [ f" ) fac+A (£ =i 1);
Xpin TA

m—»0

AX—>0/'=1
m oy . m\y.  +v. |V, U U
M| YL = 2(n+m-1)+M (v ’”)-’Jrvl Lyt 2o o 2 (m—1)-2M (v, +v,,);
j=1 "D; j=2 np; np, np,,
. n V‘U' . *
lim M| Y~ |= lim M —2(m—1)—2jfdx =-2(m-1); (6)
m—>00 — Np; m—>00
A, —0 J J A, —0 A,
m 2 m— 2 2 2 m— -
hmM ZU_J — llmM ZIM _211mM levj_]vj Vj_1Vj+l+2vjvj+l
m—»0 —Ihp; m—>0 — np . m—»0 - np .
A, >0 =L A,—0 J=2 J A,—0 J=2 J
2 2 +\2
-V, +V -V 4V "
+ lim M ( ! 2) +( = ”’_1) z6(n+m—1)—6n+nAij I~ fdx = 7
Z’:::% npl npm R f

=6(m—1)+nAlA(f./").

Hanee, moactasisisi (6) u (7) B (4), HOTYyYUM HETIOCPEACTBEHHO BhIpaskeHue (5). @opmyina (5) mo3Bo-
JHACT caciarh psAaa BaXXHBIX BBIBOIOB.

Bo-mepBbIX, MpY HEOTPAaHWMYCHHO BO3PACTAMONIEM 4YHCIE JaHHBIX 71 —> 0O OYEBHJHO, YTO KO-
3G PUIMEHT CrTaXUBaHUsI TOJDKEH CTPEMUThCS K IMHUIIE, 9TO U cieayeT u3 Gopmynsl (5). B atom
ciydae I1enecooOpa3HocTh npuMeHeHUs ['® wucuesaer. [lpum 3HAUEHUM KOMIIOHEHTHI 3HAMEHATEINS

o= 0,25nAj (m—-1)"A(f, f7) Menbme expHuUBl WK mpH & —> 0 KOAPQHUIHEHT CIIAKUBAHUS CTPE-

mutes k 1/3. Takoe 3HaueHne KOdh(GUINEHTA CTIIAXXKUBAHUS OTBEYACT CIIyYar0 CHILHOW M3PE3aHHOCTH

TUCTOTPaMMBI; BO3MOXKHO, BCIIE/ICTBHE HEMPABUIHHO BHIOPAHHOTO (OTHOCHTEIHHO OOJBIIIOTO) 3Haue-

HUSl KOJIMYECTBA WHTEPBAJIOB MPU OTHOCHUTEIHHO HEOOJNBIIIOM KOJIMYECTBE AAHHBIX. | MCTOTpaMMHBIN

¢uIIbTp B 3TOM ciydyae nmpeoOpasyercsi B 00bIUHBIN yepeanstommid Gpunsrp. Takum o0Opa3oM, Auana3oH

W3MEHEHUS 3HaYeHUH Kod(ppunreHTa criaxuBanus 1/3 <k < 1.

Bo-BropbIX, mojcTaisis 3HaueHue koddduiineHTa criaxupanus (5) B popMyiy JUist KpUTEPHsI CO-

. S 2

mIacus XU-KBaJpar, MoJydyaem X12~q, (u)= X2 (v) - ZU _,-2 / np ' Zij j / np; | . Otcroma cienyer
J=1 J=1

COOTHOILIEHUE MEXAY CPEIHUMHU KpUTepus Xu-kBaapar: M (qu)) =kiM (X2 ), M ( x’ ) =m-—1.

Takum 00pazom, npumeHenre ['D no3BossieT yMEHBIIUT 3HaYEHHE CTAaHAAPTHOTO KPUTEPHS CoTa-
cust B k pa3. COOTHOLICHUE BXOISIINX B KOA(PPHUIMEHT MapaMeTPOB XapaKTepU3yeT 1eIeco00pa3HoCTh
npuMeHenus 1 3hdexTuBHOCTh HaeHTHuKanuu ['®. Tak, npu HEOONBIINX 3HAYCHUSX KOMIIOHEHTHI 3Ha-
MeHarens O < | 3HadeHne KPUTepHs XU-KBaApar Mmociie MpUMEeHEHHs (PIITBTpa MPAKTHIECKH YMEHBIITAeTCs
B TPH pa3a, B IPOTUBHOM CITydae MpH 71 —> 00 3HAYEHHE KPUTEPHUS XU-KBAIPAT CTPEMUTCS K CTAaHJAPTHOMY
(k-1 M (qu)) — (m—1) ), u npumenenue I ® nenenecoodpasHo. CnenosarenbHo, d3pdexTuBHOCTS I'D
MOYKHO OIIEHMBATH BETMYUHOMN, 00paTHOM 3HaUYeHMIO Ko duIMenTa CraXuBanus: Dy, = k1.

[Tokazarenb 3 HEKTUBHOCTH MOKET OBITH UCIIOIB30BaH B LIEJISAX HAXOKICHUSI ONTHMAIBHOTO COOT-
HOIICHHUSI MEXK]Ty YMCIIOM JaHHBIX W YMCIIOM MHTEPBAJIOB MX TPYNIHUPOBaHU. 3aHKCHPOBAB HEKOTO-

0
poe kenaeMoe 3Ha4eHne SPHEKTHBHOCTH D, , Ha OCHOBaHHH (5) MOTydacM

n _2K K_3_3r(b_3k_1
m*(m-1) R'A" 9,-1 1-k

®)
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VYpaBuenue (8) HenMHEHHOE, TpeOyolee YMCICHHBIX METOIOB pelleHus B o0mmeM ciaydae. U3 dop-
MYyJIbI CJIEYET, YTO YUCJIO UHTEPBAJIOB I'PYNIIMPOBAHUSA JAHHBIX 3aBUCUT HE TOJIBKO OT YMCJIA JAHHBIX,
HO 1 0T ko3 dunmenta popmet [TPB A(f, f*), u oT quanaszona nanaeix R. J{ns ciyyas m >>1 BO3MOXK-

v £
HO MPHUOMIKEHHOE aHAIUTHYECKOE pPelIeHHe HeJMHEeHHOoro ypaBHeHus (8): m = {/nR“A( . f )/ 2K.

[Mocnennsist popmyna Onu3Ka K BeIpaKeHUsM BHIa m ~ n9-2, npuBeneHHbIM B [1, 8] ¢ ko3hdpunneHTOM
MIPOTIOPLIMOHANTBHOCTH, 3aBUCSIINM OT napameTpoB [IPB u anpuopubix ycranoBok ['® mo ero adpdek-

THUBHOCTHU B(F)q).

B-tperbux, nepepacnpeenacHie 4acTH JAaHHBIX MEXAY COCEIHUMHU UHTEPBAjaMU HE TOJIBKO YMEHb-
IaeT U3PE3aHHOCTh THCTOTPAMMBI, HO M CTIOCOOCTBYET Oclla0eHUI0 TpeOOBaHWH K BRIOOPY UMCIa
HHTEPBAJIOB rpynnupoBanus. OUKCUPYS HEKOTOPYIO HUKHIOK TPaHMIly 3HAueHUs 3PPEKTHBHOCTH

ro (Bgcp), MOYKHO OTIPE/ICIUTh 3HAYCHUE YHCIIa HHTEPBAJIOB IPYNIUPOBaHus 110 Gopmyiie (8) u3 ycio-
Bus m* (m—1)= O,SnR“A(f)(K)_l .

B-ueTBepThIX, MPEAMONI0KUB BBICOKYIO all0CTEPUOPHYIO TOYHOCTH oreHku [TPB, miotHoCTh f* B KO-
apdunmente Gpopmbl popMaTEHO MOXKHO 3aMEHUTH THITIOTETHYECKOH U, CIIeJOBATEIbHO, MOAH(UITUPO-

BaHHBIN K03 GuuueHT Gpopmbl npumer Bun A(f) = I( " f )2 fdx. B atom ciyuae hopmyist (5) u (8)
R

CTaHOBSATCS TOJIHOCTHIO OTpeAeNieHHbIMU. CIielyeT 3aMeTHTh, YTO BBIYHCIEHHE ATOTO KoddduimeHTa
TpeOyeT cyliecTBoBaHMs Bropoii mpousBonHoii [IPB. Oxnako, eciu Takoil MPOU3BOIHON HET, HYKHO
BOCTIOJIb30BATHCSI MHKEHEPHBIMHI COOOpaKEHUSMH MPAKTHYECKOW peanu3annu. B yactHocTH, Ui paB-
HomepHoi [TPB Moxuo npunste " =0 u, cienoBarenbHo, koddduipent popmsl A(f) = 0. Toraa uuc-
JIEHHOE 3HauYeHHe KodddunrenTa crnaxuBanus oynet 1/3, u ['d npeobdpasyeTcss B OOBIIHBIA YCPEIHS-
oIl QEIBTP, 94TO B CiIydae uaeHTUUIIpyeMoit pasHoMepHOit [IPB BnionHe oueBmmHO.

PexoMenanum mo peaausanuy rucTOrpaMMHOro GuisTpa

[Tonmy4eHHBIE TEOPETHUECKUE PE3YAbTAThl IOKA3BIBAIOT LesIeco00pa3sHoCTh npuMeHeHus I'® ¢ ne-
7610 3(h(hEeKTUBHOM U OBICTPOH (HA MaJIbIX 00beMax JaHHBIX) HICHTH(PHUKAIINY H3MEHSFOIINXCS 3aKOHOB
pacmpeneneHuss B OMKUCATEIbHOM CTaTHCTUKE NpU 0OpaboTke rucrorpamMm n3oOpaxkeHuid. [Iporpam-
MHast peanu3anusi ['D yierko BcTpanBaeTcsl B CYIIECTBYIOIINE OTKPBITBIC aITOPUTMBI IOCTPOCHUS T'H-
CTOTpaMM, Hanpumep, B GyHKIuH hist, histfit mrarhpopmer MATLAB.

CrpykTypa anroputMma uneHtudukanmm (pacno3HaBanus) [IPB ciemyromast.

1. IlonyueHue BBIOOPKH JaHHBIX 00BEMOM 1, OIIPE/ICIICHUE pa3Maxa BEIOOPKH R.

2. Ha ocHoBanuu npenmnonoxenuit 00 uaenrudunupyemoit [IPB Berancnenne kosddunuenra dpop-
MBI A(f).

3. Ha ocHoBaHWM BBIOpaHHOTO YHCJIa MHTEPBAJIOB TPYNIIMPOBAHUS JTAHHBIX, pa3Maxa BBIOOPKH,
o0bema JJaHHbIX, K0d(hdurrenTa GopMbl BEIMHUCIIETCs 3HaUeHHe KoddduienTa critaxupanus 1o gop-
myie (5).

4. Ilpumenenue I'D:
j=2,m-1;

u;=ow,  +hv, +ov;,,

u; = (1- a)"j OV =3y (m-lys(m-ty> S = 1,m; ©)
a=(1-k)/2.

5. Beraucnenne KpUTepusl cormacusi Xu-kBaapaT. Ha ocHOBaHWHM 3aaHHOTO YPOBHSI 3HAYMMOCTH
MIPUHATHE PEIIeHUS 00 HICHTU(UKAIINH.

[pouenypy unentuduxanuu [1PB MoXHO crenaTh MHOTOKaHaNbHOM, T/ KKl KaHall Oyner
OpPUEHTHPOBAH Ha OIPE/ICIICHHBIN 3apaHee Bo3MoxHbId By [IPB. [Ipunstue pemenus o6 uaeHtudu-
Kallid B 3TOM CJIy4ae MOXKET ObITh PEaIM30BAHO PA3IMYHBIMU METOJAMH, HAIIPUMED, MPOCTHIM KU
B3BEIICHHBIM I'0OJI0COBAHUEM.

MojesinpoBaHie ruCTOTPAMMHOTO puiIbTpa

Ha puc. 1 (n =100, m = 9, xonmuaectBo cepuii sxciepumenToB 100) mpuBeaeHB! TPUMEPH PabOThHI
I'® ma [TPB: HOpManbsHOit (puc. 1, a, ks = 0,64, 3,6 = 1,56), moructuueckoit (puc. 1, b, ks = 0,74,
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Ous = 1,35), akcnonennmanbHoit (puc. 1, ¢, ky, = 0,53, O,.6 = 1,89), paBHOoMepHO# (puc. 1, d,
kops = 0,36, Dy, = 2,78). Bepxusist yacTh Ha puc. 1 COOTBETCTBYET OOBIYHOM THCTOTpaMMe, HIKHSS —
pesyabrar o0pabotku ['D. Bo Bcex mpuBEeNeHHBIX Ha PUCYHKE CIIyYasiX BBITIOJHSETCS COOTHOIICHUE

2 2 2 2
Yegp < Xxp SX > THE Xyp — KPUTHYECKOE 3HAYCHHME KPUTEPHS COIIACHS TIPU 3aJaHHOM YPOBHE 3HAYH-

moctu (0,05). Pe3ynbraTsl MOeMpoBaHus HAMISHO TTOATBEPXKIAIOT uaeto npuMeHenus: ['®. Dddek-
TUBHOCTh UCIIOJIb30BAHUS THCTOIPAMMHOTO (DHITETPa Ha OTMEUCHHBIX TUIOTHOCTSIX YKa3bIBA€T HA CyIIe-
CTBEHHOE €T0 IIPEBOCXO/ICTBO MEPe]l CTAHIAPTHON TMCTOrPAMMHON OILEHKOH.

0.4 v ! . T v T T T 0.5

0.3k 04f
03
0.2¢
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Puc. 1. Pesynbratel paboTHI THCTOTPAMMHOTO (DPHITBTpPA

Fig. 1. Histogram filter results

B Tabn. 1 (konmugectBo cepuii sxcniepumeHToB 100) comepxarcs HEKOTOPBIE Pe3yJIbTaThl MOJICIIUPO-
BaHUsI paboThl ['D ¢ yuetom Gopmysisl (4) B CONMOCTABICHUH C TEOPETUYECKUMHU PE3ybTaTaMu, IMOJTy-
YeHHBIMH Ha ocHOBE (5) 1 Tpex [IPB: HopManbHOMN, JIOTHCTHYECKOM, JTarIacOBCKOH.

Tadmuna 1. Koagduupents! crnaxuBanus 1 3pekTHBHOCT rucTorpaMMHoro ¢unsrpa, n = 100
Table 1. Smoothing coefficients and histogram filter efficiency, n = 100

[TnoTHOCTH pacnpenesieHnst BEpOSITHOCTH
m HopmanbHast, A(f) = 1,73 moructudeckas, A(f) = 2,14 naracoBckast, A(f) = 0,99
Konio k O Konio k Orp kawo k Orp
5 0,80 0,96 1,04 0,96 0,98 1,02 0,98 0,99 1,01
7 0,81 0,81 1,23 0,90 0,92 1,09 0,94 0,97 1,03
9 0,66 0,61 1,64 0,75 0,77 1,30 0,86 0,91 1,10
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Ha puc. 2 npuBeneHsl 3aBUCUMOCTH KO3((hUIeHTa CriaXMBaHusl, BBIYMCICHHOTO 110 hopmyie (5),
OT KOJIMYECTBA MHTEPBAJIOB IpynnupoBanus 7 st nByx [1PB: HopmansHOH (kpuBsbie 1, 2) 1 amiacos-
ckoil (kpuBble 3, 4). Uncnennsle (Tadn. 1) u rpaduueckue pe3yasrarsl (puc. 2) MO3BOJSIOT CAEIaTh
BBIBOJI O TOM, YTO 3HaueHHE Kod(pduIMeHTa crinaxuBaHusi HETMHEHHO YMEHBIIAETCSI C YMEHBIICHUEM
o0beMa JTaHHBIX. DTO OOBSICHSIETCS TEM, YTO MPH yMEHBINAIOIIEMCsI 00beMe JIaHHBIX yBEIHMUHUBACTCS
M3pe3aHHOCTH OOBIYHOM rucTorpaMmHoi oreHku I1PB u, ciemoBarensHo, TpeOyeTcs ee OombIas criia-
JKEHHOCTh, CTPEMSIINAsACA K paBHOMEPHOMY (YCpemHSomeMy) crtaxuBaauto (K — 1/3) mpu omHOM U
TOM K€ YHCJIe MHTEPBAJIOB IPYIIIMPOBAHHUS.

1

09

0s

07

06}---

(L] S—

04

5 10 15 20

Puc. 2. Koodduuuenrs criaxusanus rucrorpammuoro guisrpa: 1, 3 —n=100; 2,4 —n =500
Fig. 2. Histogram filter smoothing coefficients: 1,3 —n =100; 2, 4 — n =500

Ha puc. 3 (xommuectBo cepwuii sxcriepumenToB 100) Ha ocHOoBe (opmynsl (8) (kpuBbie 1.1-1.3)
MIPUBEACHBI 3aBUCMOCTH Mey 00bEMOM JIaHHBIX M KOJMYECTBOM MHTEPBAJIOB UX TPYIIIUPOBAHMS IS
JBYX IUIOTHOCTEH — rayCCOBCKOH (pHC. 3, @) U JIOTHCTHYECKOH (puc. 3, b) — Ui pa3iuyuHbIX 3HAUYCHUH
koo duumenta sddexrnsroctu: I, =1,5 (k= 0,(6)) — xpusas 1.1; 3, =1,3 (k= 0,77) — xpusas 1.2;
I,y =L1 (k= 091) — xpusas 1.3. Ha puc. 3 1151 conocTapieHus MPUBEIEHBI CTAHAAPTHO MCIOJIb3Ye-
mbie popmyisl Crapmreca m = 1 + log,n (kpuBas 2) u popmysa m = C(E,)n%* (kpuBas 3), mpuBeacHHAs
B [1, 8], tme C(E,) = (E, + 4,5)/6; E, — ko3 durnent 3xcrecca [1PB.

Py i j i i i i i s
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500

a b
Puc. 3. 3aBHCUMOCTH KOJIMUECTBA HHTEPBAJIOB TPYIITUPOBAHHMS JAHHBIX OT 00beMa JTAHHBIX
Fig. 3. Dependence of the number of grouping intervals of data on the amount of data

3aKJII0ueHue

1. PaccMoTpeHHBIN THCTOrpaMMHBIA GHIBTP (9) ¢ HACTPOMKOW mapaMeTpa CIIIaKUBAHUS MOXKET
ObITh 3(h(hEeKTUBHO NMPUMEHEH B 3a/1a4ax WIAeHTU(OUKANH (PacIiO3HABAHUS ) TUIOTHOCTH paclpe/ielIeHHs
BEPOSITHOCTH [T MaJIbIX 00BbEMOB JIaHHBIX C YyYETOM MMEIOIICHCS B HATMYUH allpHOpHON HH(OpManuu
0 MPEATOIaraeMoi INIOTHOCTH pacTpeiesIeH s BEPOSITHOCTH.
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2. YCTaHOBICHO COOTHOIICHUE MEXIy MATCMAaTHYCCKHUMU OKUJIAHWSIMHU COIVIACUST KPHUTEPHUS
XHU-KBaJIpaT MpU CTAaHJIaPTHOM ITOJIX0/I€ IIOCTPOSHUS TUCTOIPaMMHOMN OIIEHKH U C UCTIONB30BaHUEM TH-
cTorpamMmmHoro ¢uisrpa. Takoe cOOTHOIICHUE onpeesnseTcs Ko3(pQHUIneHToM CIriiaKuBaHus, onpee-
nsieMbIM 0 popmyie (5). YnuciaeHHOe 3HaueHUE KOA(PPUIIMCHTA CIITaXKUBAHKS 3aBUCHUT OT CJICTYIOIINX
rapaMeTpoB: 00beMa JaHHBIX, KOJMYECTBA HHTEPBAJIOB IPYNIUPOBAHUS JaHHBIX, 1aPaMeTPOB (POPMbI
IUIOTHOCTU PACTIPE/ICTICHUSI BEPOSATHOCTH. 3aBHCUMOCTh KOA(QQHIIMEHTA CIIIAXKUBAHHS OT YKa3aHHBIX
apamMeTpoB MO3BOJSET ONMPEACTUTh B3aUMOCBS3b MEXK/Yy KOJMYECTBOM WHTEPBAJIOB IPYMITUPOBAHUS
JAHHBIX M KX 00BEeMOM. DTa 3aBUCUMOCTh HEITMHEWHAsI, HE UMEIOIIast aHATUTHYECKOTO petieHus. B ciy-
yae BEIOPAHHOTO OOJIBIIOTO KOJIMYECTBA UHTEPBAJIOB IPYIIHUPOBAHUS JAHHBIX MOXET OBITh MOJTyYeHa
npubImKeHHas Gopmyra B sBHOM Buje (8).

3. I'uctorpamMMHbIH (UIBTP SBJSETCS MPOCTHIM YIS Pean3aliid HHCTPYMEHTOM, KOTOPBIH JIETKO
MOXKET OBITH BCTPOCH B JIFOOON OTKPBITHIA aJTOPUTM HICHTH(HUKAIMHN (pacro3HaBaHUs) IIOTHOCTH
pacrpe/eneHus BEpOSITHOCTH.
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Abstract. A method for selecting spoofing signals in consumer equipment with a multichannel antenna system
is proposed. The method provides for consistent filtering of the received signals at the outputs of all antenna
system elements and by ranging codes of all navigation satellites, detection and measurement of the time delay
of the true and false navigation signals in each code channel by the output signal of one of the antenna system
elements, measurement of the phase difference of the signals at the outputs of the antenna system elements and the
selected reference element for the estimated time delay in each channel by code. Compensation of spoofing signals
is carried out in the spatial domain by estimating the correlation matrix of processes at the outputs of the antenna
system channels by the corresponding countdown of code channel signals after matched filtering and forming
of a weight vector while minimizing the output power of spoofing signals by directly inverting the estimate of the
correlation matrix and carrying out weight processing of the adopted implementation. The simulation results are
presented, confirming the efficiency of the method.

Keywords: global navigation satellite system, spoofing, multichannel antenna system, statistical hypothesis
testing, navigation signal, receiving channel, phase difference.

Conflict of interests. The authors declare no conflict of interests.
For citation. Saad H. Kh., Loban M. A. (2022) Spoofing’s Selection and Compensation in the Global Navigation

Satellite System Consumer Navigation Equipment with Multi-Channel Antenna System. Doklady BGUIR.
20 (8), 51-58. http://dx.doi.org/10.35596/1729-7648-2022-20-8-51-58.

51



Joknager BI'YUP Dokrapy BGUIR
T. 20, Ne 8 (2022) V. 20, No. 8 (2022)

CEJIEKIIUS U KOMIIEHCAIIUSI CUTHAJIOB CIIY®UHTA
B T'PA’XKJIAHCKOM AIIITAPATYPE ITIOTPEBUTEJIS
IJIOBAJIBHOM HABUTAIIMOHHOMN CIYTHUKOBOUW CUCTEMBbI
C MHOTOKAHAJBHO NPUEMHOM CUCTEMOM

X. X. CAAJl, M. A. IOBAH

Benopycckuil eocydapecmeennvlil yHugepcumen uH@GOPMAmuKy u paouod1eKmpOoHUKU
(2. Munck, Pecnybnuxa benapycsy)

Tocmynuna 6 pedaxyuro 28.06.2022

AnnoTtanus. [IpeiokeH METO CENCKIMK CUTHAIOB ciy(uHra (0T aHI. spoofing — moxMeHa) B rpakIaHCKOM
ammaparype MOTpeOUTeNs ¢ MHOTOKaHAaTbHOH aHTCHHOM CHUCTeMOW. MeTOoa MpeAroaracT CONIaCOBAaHHYIO
(UIBTpaio TPUHIMAEMBIX CHTHAJIOB HA BBIXOIAX BCEX JIEMCHTOB aHTCHHON CHCTEMBI U 1O AabHOMEPHBIM
KOJIaM BCEX HABUTALMOHHBIX CITyTHHUKOB, OOHApPY)KCHHUE U M3MCPCHHE BPCMEH 3aJCP)KKH MCTHHHBIX U JIOKHBIX
HABUTAIMOHHBIX CHTHAIIOB B Ka)KIOM KOJJOBOM KaHAJI¢ IO BBIXOJHOMY CHTHAITy OJHOTO M3 3JICMEHTOB aHTCHHOM
CUCTEMBI, U3MEPCHHE PAa3HOCTH (Da3 CHUTHAIOB Ha BBIXOJAX JJIEMCHTOB aHTECHHON CHCTEMBI M BBIOPAHHOTO
OIOPHOTO AJIEMCHTA 10 PACYCTHBHIM BpPEMEHAM 3aJICPKKH B KaXKJOM KaHalle Mo Komy. KoMrieHcanus CUTHAIOB
cry(uHra OCYIICCTBIISICTCS B IMPOCTPAHCTBECHHON OONACTH ITyTEM OICHUBAHUS KOPPEIAIMOHHOW MaTPHUIIBI
MPOIECCOB HA BBIXO/IaX KAHAJIOB aHTCHHOW CUCTEMBI TI0 COOTBETCTBYIOIIMM OTCYETAM CUTHAJIOB KOJOBBIX KAaHATIOB
MTOCJIC COTNIACOBAaHHOM (PrITBTpanuu, GOpMUPOBAHUS BECOBOTO BEKTOPA IPU MHHUMU3AIMH BBIXOIHOW MOIIIHOCTH
CUTHAJIOB CITy(hMHTa IyTeM HEMOCPEICTBCHHOTO OOpAICHUS OIICHKH KOPPEISIIHOHHON MATPUIIBI U MPOBEACHUS
BECOBOW 00pabOTKM MPHHATOW peanu3anuu. [IpencTaBIcHBI pe3yabTaThl MOACIHPOBAHUS, TOATBEPIKIAIOIIIC
3¢ PEKTHBHOCTH METO/IA.

KiawueBble ciioBa: riodanbHas HaBUralqMoOHHasA CIyTHUKOBas CUCTCMaA, CHy(bHHF, MHOI'OKaHaJIbHas1 aHTCHHas
CHUCTEMA, IPOBEPKA CTATUCTUYCCKUX I'MIIOTE3S, HaBI/II‘aIII/IOHHHﬁ CHUT'HaJI, HpI/IeMHHﬁ KaHall, pa3HOCTb (1)33.

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

Jos mutupoBanusi. Caan, X. X. Cesekiust 1 KOMIICHCAIMsI CUTHAJIOB CIy(QHHTa B TPAXIAHCKOHM armaparype
moTpeOUTENs MI00AEHOW HABHTAIIMOHHON CIYTHHUKOBOW CHCTEMBI ¢ MHOTOKAHAJIbHON MPHEMHOW CHCTEMOH /
X. X. Caan, M. A. Jlo6an // Joknanet BI'YUP. 2022. T. 20, Ne 8. C. 51-58. http://dx.doi.org/10.35596/1729-7648-
2022-20-8-51-58.

Formulation of the problem

Nowadays, Global Positioning System (GPS) spoofing or Global Navigation Satellite System
(GNSS) spoofing in general in addition to other types of either intentional or unintentional interference
have been a main risk for the PVT solutions attained by the consumer navigation equipment. To clarify
more what we are talking about, intentional interference such as jamming which is confined in emit-
ting for example a low power signal similar to the GPS transmitted signal (L1 carrier frequency in our
situation) is enough to mask the GPS navigation signal preventing the CNE from receiving the true nav-
igation signal the way which will lead to the blockage of the receiver’s functionality. Add to that, spoof-
ing which is more dangerous than jamming is considered one of the main challenges dealing with the
intentional interference facing the GPS receiver’s accuracy; it can be defined as transmitting fake GNSS
signals with the same navigation message’s parameters (latitude, longitude, altitude, time, etc.), thus de-
ceiving the user’s segment, leading him/her to follow a different path than the intended one. Furthermore,
unintentional interference such as the internal GPS receiver noise which is considered as a source of the
navigation signal’s distortion and the multipath (reflection of the desired navigation signals) is also clas-
sified as a pivotal base for errors affecting the accuracy of the receiver. On the other hand, and according
to the previous explanation, and in order to get rid of such challenges (we will focus on the most harmful
type  spoofing), we propose in this article a methodology that should be able to detect the GPS spoofing
signals from the true navigation satellites’ signals with the ability for post processing attaining the com-
pensation and the suppression of the false signals (spoofing signals) in addition to the jamming signals
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and other sources of interference. In order to achieve our goal, an adaptive array antenna or adaptive
beamforming technique must be used, thus the use of multichannel array antenna (using multi-elements).

The aim of such process is keeping the receiving system antennas’ radiation steered towards the
desired signals [1-3] in addition to the nulling toward any other suspicious signal (jamming, spoofing,
etc.); such procedure will be able at the end to save the receiver’s accuracy stability giving the precise
PVT solutions. Some of the results obtained previously make use of complex algorithms for adapting and
suppression for the jamming and spoofing signals, using Spoofing and Jamming Suppression Method
(SJSM), multiple signal classification (MUSIC), AntiJamming-AntiSpoofing (AJ-AS) algorithms, etc.
One of the main problems in such results is the inability of spoofing suppression or the fair anti-spoofing
results. Some of the results show that the some of these algorithms can only suppress jamming without
the ability to suppress spoofing attack, and vice versa [4]. We can notice that the used algorithm for
such results obtained can’t lead to the integrity between jamming and spoofing prevention. At the end
of this part, we can say that a brief description of the situation model and the receiving system (general
geometry, number of channels, spoofing tool problem, etc.) is given highlighting the essential neediness
to face such types of interference.

Preliminary signal processing

In this section, the main preprocessing operations will presented and mathematically formalized;
such stages can be confined in the compression of signals at the outputs of antenna system elements in
all receiving channels by code, detection of navigation signals (true and false) and estimation of their
delay times, measurement of the phase difference of signals at the outputs of antenna system elements
for estimated time points.

Assume T'=NpTy; m=1LM; M=FT; M, =FT,, where N; isthe number of signal durations
in the simulation interval and 7}, is the duration of the navigation signal; F is a sampling frequency, M is
the number of the samples in the simulation interval, and M, is the number of samples in the duration
of the navigation signal.

Note that the vector Y =(y,, ¥,, ... ¥, ) defines the multichannel implementation at the input of the
Y.

2,m>

. T .
processing system, which is composed up of vectors y,, = (Y " YL’m) of signal sampling Y, ,

1,m>

of the /th receiving channel of the array antenna system, / =1, L, L is the number of receiving channels.
We will perform consistent filtering of the apuvdapted multichannel implementation for all visible
navigation satellites

sn(m):MFn (ym)5 (1)

where MF, (o) is the operator of matched filtering (convolution with the impulse response of the

optimal filter) in the nt receiving channel; n=1,N; N is the number of the navigation satellites;
S, = (sn @, ....s, (M)); s,(m)= (S‘n L,m), ..., Sn (L,m))T is a matrix of signals’ samples in the output
of the match filters; Sn (I,m) is the mth sample of the signal in the output of /th element array and match
filter for nth satellite.

For each navigation satellite (channel by code), we will find the index of the maximum of the signal

module at the output of the first (or any other reference channel) at the interval of the duration of the
navigation signal

i, =arg max |S,(1,m)|, )
T
and we estimate the phases’ vectors @' = ((p%l,)q, v (pg?n) ,
where
o) =argS, (i) 3)

is the signal’s phase at the output of the receiving channels for finding the maximum.
Let ‘s take the first receiving channel as a reference and recalculate the phase estimation according
to the rule, knowing that it should be in the interval [0, 27]
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Ao, ., Ao, , <2m;
A, =) —ol);

Vl,n = A(p[ n . — (4)
A(pl,n —2In 2 ’ ? A(pl,?l >2TC; A(Pln =A(pln +2TC7 lfA(pln <O’ l=2’L’
T , , ,
and we form a vector of phase differences of signals at the outputs of the receiving channels
T
v, = (vz,n, vL’n)
with dimension is L — 1 for first maximum.
Similarly, we will find the second maximum and perform the same operations:
k, =arg max |S,(l,m)]; (5)
m:lr,nvu
meiy +Am

where Am = [FS / Afo] is the bandwidth of the compressed signal’s samples, and we estimate the vectors
@) @\

0 =(o(2, . 0f))
(Pg,zn) =argS'n (l’kn) (6)

of phases of the signals at the outputs of the receiving channels for the second maximum.
And recalculate the phase estimates according to the rule

A(Pl,n9 A(pl,n < 27-[7

A
A(Pl n_ 27'C|: (pl’”
’ 2n

— n(2) (2).
AQ;, =01, — 0,5

T (7
} Ag,, >2m A, =A@, , +2n, if Ag,, <0; [=2,L

l’ll,n =

and we form a vector of phase differences of signals at the outputs of the receiving channels

T
= (i)
Vectors v, and p, are the bases for the selection of spoofing signals and the result of preprocessing.

Selection of the spoofing signal

Taking into account the periodicity of the phase, we define the Euclidean distance between two
phase values ¢ and ¢, as

D, (9,9, )= arccos (cos g, cos @, +sin@; sing, ), D(¢;,9,)>0 (8)

and the Euclidean distance between the two vectors of phase differences at the outputs of the receiving
channels as

L
D(v,w)=>.D,(v,, 1), D>0. 9)

1=2

Let’s form an upper-triangular matrix of Euclidean distances between the measured vectors of phase
differences at the outputs of the receiving channels with a dimension of 2N rows and columns

0 D(vy,vy) D(vy,vy) .. D(vy,vy) i D(vi,py)  D(vi,p,) o D(vi,uy)
0 D(v,,v;) .. : ! : : : : :
0 : ! : : : : :
0 D(VN—I’VN)ED(VN—I’MI) D(vy_y51;) o D(Vy_ps1y)
D= o] 0 __. L DOy)  DOyoHy) oo DOvyoby)
! 0 D(u,py)  D(pyspy) oo D(wy,py)
i 0 D(H27“3) :
! ) :
i o Dy Ry)
| 0
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The element D, , of the matrix corresponds to: n = g satellite and i, samples if g < Nand ton =g - N
satellite and £, samples if N < g < 2N; n = p satellite and i, samples if p < N and to n = p — N satellite
and k,, samples if N < p < 2N.

Let’s find the minimum element of the matrix D from above the main diagonal, the indices ¢in, Pmin
of this element

(Gumins Pmin ) =2rg min D,,. (10)
p>q,qg;p #0
These indices determine the numbers of navigation satellites and corresponding maxima for which
the Euclidean distance between the phase measurements is minimum.
When the following condition is met

minD, , <hp, (11)

where #,, is the threshold for deciding that the signals are coming from a single source (spoofer), let’s
include b, =q,,,,b, = p,;, indices; q,..., P, 10 the vector b indices of spoofing signals.

In addition to that, if the above condition isn’t achieved, then there won’t be a presence of spoofing
signals. Let’s add the b vector with the column indices of all elements in the ¢,,;, row and the indices of
all elements in the p,,;, column whose values are less than the specified threshold:

Vp. D, »<lp. P> G J

. (12)
qu Dq,pmi" < hD» q < Prin

b <—Add(

As a result, vector b will contain indices of the corresponding signals received from one direction.
This process can be considered as the process of dividing (clustering) the selected maxima into two
regions containing signals from one direction and from different directions.

Spatial domain spoofing compensation procedure

The main operations for compensating spoofing signals in the spatial domain are presented
and mathematically formalized: estimation of the correlation matrix, calculation of the weight vector,
and weight processing. In a multichannel array antenna system, we can compensate for the source
(or several sources) of interference, as well as the spoofing signal.

Using the obtained indices, we estimate the correlation matrix of signals coming from one direction
(spoofing signals) as:

_ 1 & W)
R iy 2 2 S () il (0, ), =

where H is the Hermitian conjugation (transpose and complex conjugation); ®(b) is the length of vector b;

b, b, <N; i,(b,).b,<N;

p )=l 0 b )=
n( q) {bq—N’bq>N; m( q) k,,(bq),bq>N; (14

n, mrepresent the number of satellite and the number of samples respectively corresponding to the index b,.

Since the correlation matrix is estimated by a relatively small number of samples (typically
Ny =4-5,0(b) =4-8, N; ©(b) = 16-40) in accordance with [4, 7], it is recommended to regularize
it in accordance with the expression

R, =R+p.cl, (15)

where |, is a regularization’s coefficient; Gé is a power of internal noise in the output of the match filter;
I is the unit matrix of the corresponding dimension.
Then we can calculate the weight vector as [4]

w=R"e, (16)
where e = (1, 0, ..., 0)T, after normalization of the weight vector, we get
w="_ (17)
|w|
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Weight vector can be used to weight processing signals Y, S to input of receiving channels or to the
output of match filters according to expressions

Y =wly S (m)=w"s, (m). (18)

As a result, there is a rejection of spoofing signals. If there is masking interference from one or
more directions in the received implementation, it will also be suppressed. The stages of algorithm
shown are in Fig. 1.

Y S Selection of the 2 Phase difference Find the Euclidean
relimina . .
—_— Y >| maxima with the [—| Measurement at the | | distance of the
signal processing hichest litud output of the . .
ighest amplitude receiving channels obtained previous
Selection of the minimum Calculation of the Calculation Compensation| Y™, ™ (m)
distance by the intersecting of —>>|correlation matrix > of the weight —{of the spoofing F————>
. . Signal without
the related row and column and it inverse vector signal
spoofing

Fig. 1. The main stages of the processing algorithm for spoofing compensation

Knowing that if the radial velocity is negative, Doppler shift will be positive, they are inversely
proportional to each other. Moreover, if the reflection is very high value, then the processing of spoofing
suppression will decrease and the power of the output noise in the processing operation will decrease too.
Also, and dealing with the power of noise, as the last at the output filter increases, then and accordingly
to the time delay of the true navigation signals, the accuracy will be minimized.

Simulation results and discussion

The simulation of the model is done using Matlab software. In our mode, we set the positions
of the array antenna elements, the directivity of these elements, the coordinates of the GPS navigation
satellites, coordinates of the spoofer, jammer, false positioning coordinates; add to that all the parameters
related to the GPS NSs, power transmitted by the GPS NS, power of the spoofer, jammer, azimuths and
elevations for all the NSs, spoofer, jammer, etc... In our model, we calculate the signal at the input
of the receiving channels and processing procedure is done according to the formulas (1)—(18). Then
we detect the navigation signal, estimate the time delay, and measure the coordinates of the CNE. In the
simulation process, we set the following parameters: the carrier frequency f, = 1575.42 MHz, A = c/f;,
bandwidth of the receiving channels is 4 MHz, T, = 1 ms, F, =4 MHz, L = 4, Ny = 4, the distance
between the elements of the array antenna system is A/2, the spectral power density of the noise power
is Ny = 1020 W/Hz. Note that the power of the spoofer is 0.01 W. Moreover, the parameters of the GPS NS
are standard [5, 6]. We assume that the coordinates of the spoofer and the false position are respectively
the following: (-1500, —5000,20) and (7000,8000,0). Furthermore, the coordinates of the array antenna
elements are (0,0,0). The gain in zenith for the array’s elements is 3 dBi for each; the directivity of the
array elements is represented as the cosine of the angle between the zenith and the source’s direction
(spoofer, NS, jammer, etc.).

The results of the simulation are shown in Fig. 2. In the first part of the figure, we can notice
obviously that at the output of the filter the indices of maximum for the four true signals and the four
spoofing signals, and after the operation of the processing algorithm, the compensation and the suppression
of the spoofing signals while receiving only the navigation satellites’ signals (true signals) with increasing
in the amplitudes dealing mainly with the first and the second true signals.

Tabl. 1 shows the gain values for the adapted directional pattern towards the directions of the spoofer
and the NSs in decible unit with reference to the isotropic antenna (dBi) for 10 iterations. Add to that,
there are also the values for the NSs’ signal to noise ratio (SNR) and the resulting error in estimating the
coordinates of the navigation receiver. Note that the values of the signal-to-noise ratio exceeding 5-6
are not random.

The results in table 1 show that for all gain values of the adapted directivity towards the spoofer
<-40 dBi; for 5-6 navigation satellites, the gain of the adapted antenna system is 1.0—1.5 with a typical SNR,
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Fig. 2. The true and the spoofing signals at the output of the match filter for the 15t channel and after
the processing algorithm: a — at the output of the match filter for 15t channel; b — after the processing algorithm

Table 1. The adaptive beamforming towards the spoofer and the NSs in addition to the NSs” SNR

Ne of Gain, dBi, Gain, dB / SNR, to NSs Error,
processing |to spoofer 1 2 3 4 5 6 7 8 m
1 <40 |1.6/41)|2.1/58]0.6/27|/0.1/6|1.2/1,1(0.01/0,3]/1.2/0,3]0.01/1.1] 52
2 <40 |1.1/32]1.1/31]04/20]|0.1/8 | 1.9/420.03/1,6/0.6/10]0.02/4.8] 37
3 <40 1/35 | 14/54]105/14]10.1/1]19/68 |0.04/1.0] 1.0/27 ]0.01/0.5] 66
4 <40 |[13/47]|1.1/3410.6/29|0.1/6 | 1.5/540.04/7.010.4/0.9]0.01/1.4] 129
5 <40 |0.8/32(1.3/47.4/0.4/25]|0.07/4]19/190.03/0.7 1.3/31]0.01/1.6] 10
6 <40 |1.5/60[1.4/34.8] 0.6/8 |0.04/4]1.2/0.2/0.03/1.7/1.2/3.1]0.01/1.8] 36
7 <40 |1.6/46(1.9/589]/0.7/21|0.1/8 |1.2/2410.02/1,2/0.8/0.1]0.01/0.9| 54

8 <40 |14/47]1.6/40.1/0.8/35]|0.07/4] 1.3/23 |0.04/1,9/0.1/0.3]0.01/1.5| 84
9 <40 |12/29]13/489/0.6/21|009/1]|1.6/2.6]0.03/1,80.8/0.3]0.01/1.3| 22
10 <40 |15/42]13/42 |05/15]0.1/9]1.4/0.20.03/0,7/0.7/1.4]0.01/0.7] 80

but there are 2 NSs in the direction of which the gain is close to zero. This may be due to their close
location to the direction of the source of spoofing, or may be a random result in digital diagram formation.
The error is typical for 1 repetition for the NS signal.

The variable parameters of the algorithm for a given geometry of a multichannel receiving system
are: the threshold value /4, for the selection of measurements of the phases of signals related to one di-
rection and the number N;. - of repetition periods of the navigation signal used in the selection. The thre-
shold value %, can be determined based on the assumption that the matrix elements D representing
the differences in the signals’ phases estimation will have a normal distribution with zero mathematical
expectation and variance determined by the formula of potential measurement accuracy. Therefore,
the threshold can be determined based on the probability of a random variable falling into a given inter-
val, or, in a particular case, according to the “three sigma” rule.

With an increase in the number N~ of the navigation signal’s repetition periods, the accuracy of the
estimation of the correlation matrix by spoofing signals increases. This leads to an increase in the degree
of suppression of spoofing signals and an increase in the signal-to-noise ratio due to a decrease in the
norm of the vector of weighting coefficients [7] and a decrease in the power of internal noise after weight
processing.
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The total number of independent samples used in the evaluation of the interference correlation
matrix is Ny N, , where N, is the number of navigation satellites for which spoofing signals are present.
If the COl’ldlthl’l Np N, 2 2N is met, where N, is the number of elements in the array antenna system,
the signal-to-noise loss will be less than 3 dB [7]. With a further increase in the number of counts
used, losses are reduced. Therefore, at N,; = 5-6, it is enough to choose N =2-4. With the specified
parameters, the detection of the spoofing signal and the adjustment of the weighting coefficients
in the multichannel receiving system can be carried out periodically with an interval of 50-100 ms.
This will ensure timely detection of spoofing signals, including with the initial coincidence of true and
false navigation signals by the delay time and a “smooth” change in the delay time and the Doppler shift
of the false signal frequency [2, 3].

Conclusion

After showing the main steps of our implementation concerning the different interference sources
mainly jamming and spoofing taking in consideration the various variables and parameters and their
impact in the processing algorithm, we attained at the end the expected results with the compatibility and
the stability of the proposed adaptation in the multichannel receiving system. Detection of the spoofing
signals and selecting them is considered a successful technique in the way of protecting the consumer
navigation equipment, but going beyond this and suppressing such fake signals is the most essential aim,
and that’s what we have reached in this article.
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COIUNIACOBAHUE MMATY-AHTEHHBI C KPOCC-TIOJIIPU3ALIMEN
JJIA TEOJIOKAIIUA

M. A. AHLHEBUY, I'. A. DUJIUIIIIOBUY

Boennas axkademus Pecnyonruxu benapyco (e. Munck, Pecnyonuxa berapycy)

Ilocmynuna 6 pedaxyuio 12.09.2022

© benopycckwii TOCYIapCTBCHHBIH YHUBEPCUTET WHPOPMATHKH U PAIHOIICKTPOHUKH, 2022
Belarusian State University of Informatics and Radioelectronics, 2022

AHHOTanusl. B cratbe npesncTaBieHsl pe3ynbTaThl HCCIIET0BaHMsI BO3SMOYKHOCTEH pacIIMpeHus: pabodel monoch
YaCTOT IaTY-aHTEHHBI 32 CUET IIMPOKOIOJIOCHOTO COIIACOBaHMs. B KauecTBe CHCTEMHOrO IMOAXO0/a Mpe/Jiaraer-
cst 0000mIeHHBIH MeTo J{apIuHTTOHA C MCTIONB30BAHNEM THOKUX alpPOKCHMHUPYIOMUX (PyHKIHNA, 00J1aTaf0IITIX
TIOBBIIICHHBIMH BapUAaTUBHBIMUA CBOWCTBAMH. DTH CBOMCTBAa HEOOXOAMMBI ISl PA3pEIINMOCTH CUCTEMBI OI'PaHH-
YeHHUH Ha MPEeesIbl COracoBaHus. Pe3yasraTsl cuHTe3a o 06001IeHHOMY MeToay JapauHITOHA ¢ MpUMEHEHHEM
THOKHUX anmpoKcHManuii ooecreunBaroT nonocy cornacoBanust 10 %, o1HaKO UMEIOT TTOBBIICHHYO 1yBCTBUTEIb-
HOCTh HOMHHAJIOB COCPEIOTOYECHHBIX 3JIEMEHTOB. Take Npe/icTaBiIeHa METOIMKAa CHHTE3a B PacIpeelICeHHOM
2JIEMEHTHOM 0a3uce. B cuHTe3e cornacyroleil nenu Ha pacrpeeIeHHbIX AIeMEHTaX HCIO0Ib30BaHO Mpeodpaso-
BaHne Puuapzca 11t OAHOPOIHBIX MUKPOTIONIOCKOBBIX JIMHKHN. [IpefcTaBieHo cpaBHEHHE TEOPETHUECKUX U IKC-
TICPUMEHTAJILHBIX PE3yJIbTaTOB COIIacCOBAHMS aHTCHHBI. CHHTE3 Ha paclpe/iesIeHHBIX 3JIeMeHTax o0ecredn no-
nocy 17 % npyu MUHUMaTbHOM KOJIMYECTBE COTIIACYIOIIMX AIEMEHTOB. MeToInKa CHHTE3a B PacCIpeIeICHHOM dJie-
MEHTHOM 0a31Cce MOXKET HCTIONb30BaTHCS AJISl COTTIACOBAHMS IIIMPOKOTO Ki1acca BUOPATOPHBIX M IEJICBBIX aHTCHH,
pa3Mepbl KOTOPBIX KpaTHBI YeTBEPTH JJIMHBI BOJIHBI.

KiroueBble ciioBa: AHTCHHA, IMHWPOKOIIOJIOCHOC COITIAaCOBAHUEC, AIIPOKCHUMAIUA, paCIpPECACICHHBIC 3JIEMCHTHI,
METOAUKA, JJINHA BOJHBI, MOAECIIb, COITPOTUBJIICHUE, ITaPaMETPhI, MUKPOIIOJIOCKOBAs JIMHUA.

KonpaukTt unTepecoB. ABTOPHI 3asBJIAIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.
Jas uurupoBanust. Suuesny, M. A. ConlacoBaHue Mar4y-aHTEHHbI C KPOCC-TOJISIpU3aIMeil Uisi TeonoKauu /

M. A. fIanesny, . A. @ummmnmosnd // Joknanet BI'YUP. 2022. T. 20, Ne 8. C. 59—66. http://dx.doi.org/10.35596/1729-
7648-2022-20-8-59-66.
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BROADBAND MATCHING OF PATCH-ANTENNA FOR GEOLOCATION
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Abstract. The article presents the study results of the possibilities of expanding the working frequency band
of a patch antenna, due to the broadband matching. As a systematic approach, a generalized Darlington method is pro-
posed using flexible approximating functions with increased variable properties. These properties are necessary
for the solvability of the system of restrictions on the agreement limits. The results of synthesis by the generalized
Darlington method using flexible approximations provide a matching band of 10 %, but have an increased sensi-
tivity of the values of concentrated elements. A synthesis technique in a distributed element basis is also presented.
In the synthesis of a matching chain on distributed elements, the Richards transform for homogeneous microstrip
lines is used. A comparison of theoretical and experimental results of antenna matching is presented. Synthesis
on distributed elements provided a 17 % band with a minimum number of matching elements. The synthesis
technique in the distributed element basis can be used to match a wide class of vibrator and slot antennas,
the dimensions of which are multiples of a wavelength quarter.

Keywords: antenna, broadband matching, approximation, distributed elements, technique, wavelength, model,
resistance, parameters, microstrip line.
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BBenenue

AHTEHHBI JJIA T€OJIOKAIU C UCITOJIb30BaAaHUEM OECITMIOTHBIX JIETAaTEIbHBIX arnmnaparoB JOJI)KHBI 00-
JaaaTh W30TPOITHOW AuarpaMMoi HampasieHHocTd (/IH) B asmMmyTambHOHM MIOCKOCTH, OBITH HHU3KO-
PO(UIBHBIMU ¥ IMETH JOBOJIFHO IMHUPOKYIO pab0odyIo TOJI0CY YacToT. Takke aHTEHHA JTOJKHA UMETh
MUHUMAJIEHO BO3MOYKHBIC Ta0apuThl TIpH 00ECTICUSHUH MEKTPUIECKUX XapaKTePUCTHK, TIPEIbsIBIIsIC-
MBIX K HeH. JlOTOTHUTEIBHBIM YCIIOBUEM SIBIISICTCS HEOOXOIUMOCTh Pa0OThI aHTEHHBI B JIBYX OPTOIO-
HaJbHBIX TIOCKOCTsIX JIH.

HpI/IeMJIeMBIM BaprUaHTOM MOXXHO CHUTATh MaT4-aHTCHHY, OCHOBHbLIC JOCTOMHCTBA KOTOpOfI — aceuie-
BH3HA U IPOCTOTA B M3TOTOBIEHUH. OAHAKO ONMH U3 TPOOIEMHBIX BOTIPOCOB — COTJIACOBAHNE TTaT4-aH-
TEHHBI, KOTOpasi, 10 CYIIECTBY, ABISETCS PE30HAHCHOW. Pam myOnmmkannii HOCAT NMPENMMYIIECTBEHHO
YACTHBIA XapaKTep U OTMEUYAIOT TUITMYHbIE 3HAUCHUS MOJIOCHI COrNacoBaHus 5—7 %, 4TO HE BCEraa OKa-
3BIBACTCS JIOCTATOYHBIM, KOTJ[a HEOOXOIMMO HUCIIOIh30BATh CIEKTP CUTHANOB 110 coTeH MI 1. [Toatomy
HHTEPEC JIJIsl MHKEHEPOB MOXKET IPEJICTABRIIATH HCCIICIOBAaHNE, HATIPABJICHHOE Ha UCIIOIb30BaHUe OoJiee
OCHOBATEIHHBIX CUCTEMHBIX METOJIOB ITUPOKOTIOIOCHOTO COTJIACOBAHUSI.

MOZ[eJIHpOBaHHe nmaT4y-aHTCHHBbI

AHTeHHa npencTaBisieT co00 KBaIpaTHBIN JIETIECTOK Ha OTHOCTOPOHHEM (DOJILIMPOBAHHOM CTEKJIIO-
tekcronute FR4 (puc. 1), moaBemeHHbINH Ha AUICKTPUICCKUX BCTABKAX HAJ KBAJAPAaTHOU IIACTUHON
(3emus). {unnexTpuueckuil cioif genecTka oOpalieH B CTOPOHY 3€MIISTHOM MJIaCTHHBI.

AHTEHHa, 110 CYIIECTRY, — ITOJIYBOJTHOBBIH IIEIEBOM pe3oHaTop. M 1Mo 3Toi npudnHe OHa SBISCTCS
y3kononocHoi. CorflacoBaHMe TaKOi aHTEHHBI Yallle MPOU3BOIUTCA 32 CYET BHIOOPA TOUKH TTOIKITIO-
yeHus [1]. [loaToMy mHTEpec mpencTaBiseT UCCIe0BaHNE, HAIIPABICHHOE Ha OIEHKY BO3MOXKHOC-
TEW COMMTacOBaHMS MPHU UCIOJNb30BAHUM CUCTEMHOIO aHAJIUTUYECKOTO MOAX0/Aa, B OCHOBE KOTOPOTO
JSKHUT 0000IEHHBIN MeTo cuHTe3a 1o [lapnunrtony [2]. Bo3sMOXXHOCTH aHAJIMTUYECKUX METOJIOB
CYIIECTBEHHO 3aBUCAT OT c0Cc00a MPEACTaBICHUS MOJCIH BXOIHOTO COTPOTUBIICHUS COTTIACyeMOM
Harpys3KH.
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a b
Puc. 1. Koncrpyknus anrennsl (B cpene CST STUDIO): a — Bup cBepxy; b — BuI cOOKy
Fig. 1. Antenna design (in the modeling environment CST STUDIO): a — top view; b — side view

Jly1s naHHOH aHTEHHBI XOpOoLIeH U PU3MUECKU MPO3PAYHON MOJEIBIO SIBISETCS BXOJHOE CONPOTHUB-
JICHHE MTOJYBOJIHOBOW JIMHNH, 00pa30BaHHOH JICTIECTKOM aHTEHHbI U 3EMIISIHON IJIACTUHOMN U Harpys>KeH-
HOM Ha COIPOTHUBIIEHUE U3JTyUYEHHUS aHTEHHBI.

qDYHKIII/ISI BXOOHOI'O COIMMPOTUBJICHUA JIMHUU UMCCT BU/L

R +pj tan (27/ 1)
z(f)=— : Q)
1+ gjtan(anr)

r7e R — CONpOTUBIICHHE M3ITyYCHHsI aHTCHHBI, P — BOTHOBOE COTIPOTUBIICHHE JIMHHUU; T — MOCTOSIHHAS
BpeMEHH (BpeMsl 3a7IeP’KKH ) MUKPOITIOJIOCKOBOW JTHHUH.

YacTOTHBIE 3aBUCUMOCTH ACHUCTBUTEIBHON U MHUMOM YacTEil BXOAHOTO CONPOTUBIICHUSI AHTCHHbI
IpeacTaBieHb! Ha puc. 2. Takue 3aBUCHMOCTH XOpouIo annpokcuMmupytores RLL,C-uensio [3], GyHK-
s conpotusieHus ¢ napamerpamu R = 150 Om, C = 12 n®, L = 2,8 ul'n, L; = 4 ul'H a1s koTopoit
OTIpEENseTCs BHIPAKCHUEM:

_ LCLRs’+LLs>+R(L+L)s
- LCRs® + Ls + R '

Z(s)

[TapameTpsl CONPOTHBICHUSI AHTEHHBI ONPEIENICHBI 10 pe3yJbTaTaM €¢ MOJICIMPOBAHUS B Cpene
CST u yTOuHEHBI 110 JAaHHBIM M3MEPEHUs] H3TOTOBJIEHHOTO o0pasua. HopMupoBaHHbBIE OTHOCHUTEIBHO
Hecymiel yacTotsl (869 MI'm) monocer npomyckanust (15 %) u comporusienus (50 Om) napamerpbl
umerot 3HaueHus: R =3 Om; C=0,491 ®; L =0,0458 T'n; L, = 0,065 T'H.

Re (Z(S) Im (Z(f))
150 /\ 150
. 1 — RLC-3KBHBaJICHT 1 — RLC-3KBUBaJICHT
12 / 2 — Mopeiib aHTEHHBI 100 2 — Moneib aHTeHHBI
90 / 50 // ‘\
” / ' >——-
30 1 / \ -50 \ i
S AN (g
L 2 ——
0,6 0,7 0,8 0,9 1,0 /. I'Tu 0,6 0,7 0,8 0,9 1,0 fITu
a b

Puc. 2. YacTOTHBIC 3aBUCHMOCTH COMPOTHUBIICHHUS SKBUBAJICHTA U MOJICITH AHTCHHBI:
@ — IeUCTBUTENBHASL 9aCTh; b — MHUMas 4aCTh
Fig. 2. Frequency dependences resistance of the equivalent and model antenna: a — real part; b — imaginary part
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CoracoBaHue naT4-aHTeHHLI B COCPEA0OTOYCHHOM 3JIEMEHTHOM 0azuce

[IpencraBneHHas MoJeNnb HArpy3KH MO3BOJISIET MUCIIOIB30BATh KJIACCUYECKHE ANNPOKCUMALUH Ya-
CTOTHOM XapaKTEPUCTHUKH 1IETIN COITIaCOBAHUS, OTHAKO AUAIAa30H apaMeTpoOB MOAETH HE 00eCIeUnBaeT
COoIIacoBaHUE aHTCHHBI B 3aaHHOM Auanas3oHe. [loaToMy B McciaeqoBaHUH WCIIONb30BaIM THOKHUE arl-
npokcumupyronme GyHkuun (AD), XopoIro 3apekoMeHI0BaBIIre cedst B psijie 3a/1a4 IHPOKOTIOIOCHOTO
cornacoBanus [4, 5]. OnuH U3 BApHAHTOB HU3KOYACTOTHOTO MPOTOTUNA [T TAKOW (PYHKIIMU MIMEET BUJT

K
Kp((’)): 2 2 2 2
VIO F V0" +. V0
1+¢

VitVy+ty,

e K € (0;1] — k03(QDUIMEHT ypOBHS Tiepeiadyll MOUTHOCTH; € € (0;1] — K03(O(UIMEHT PETYINPOBKU
TIOJIOCHI COTIacOBaHUS (aHajor Kod(pHUIMeHTa MyIbcauii YeObIIEeBCKON almpOKCUMHUPYIOIIeH QpyHK-
IIMH); V; — BApbUPYEMBIN TTapamerp.

Jlnst opMupOBaHHS COTNACYIONIMM YCTPOHCTBOM TTOJIOCOBOM YaCTOTHON XapaKTEPUCTUKH K BBIpa-
XKEHUIO (2) HeoOX0AMMO MPUMEHHUTH H3BECTHOE PEaKTaHCHOE YaCTOTHOE Mpeodpa3oBaHme

mz—mOZ
w—>—,
Bo

rIe @) =,/® O, —IeHTPalbHAs YaCTOTa; 0
ca TPOITyCKaHUs YaCTOTHOU XapaKTePUCTUKH.

[locnemyrone neicTBUS TPOU3BOIATCS TMOCIE aHAIUTHYEeCKOTo mpoxomkenns AP (1) Ha mio-
CKOCTh KOMILIEKCHOW 4acTOThI. J{anee ¢opmMupyercs u pemaeTcsi CucTeMa ypaBHeHHI, 3a1aromux Gop-
MY YaCTOTHOH XapaKTEPUCTUKH, 00CCIICUNBAIOIINX YCIOBUS (PU3NIESCKOM peann3yeMOCTH U OrpaHuye-
HUS, HAKJIaJbIBaEMbIC HATPy3Koii [4, 5].

CuHTE3UpOBaHHAS CXEMa ITHUPOKOIIOJIOCHOTO COTIACYIOIIETO YCTPONCTBA IS COMPOTHBIICHUS
HMCTOYHWKA CUTHAJIOB BMECTE C DKBUBAJICHTOM Harpy3KH MpeICcTaBlIcHa Ha prc. 3. UnCIeHHbIe 3HAYSHUS
aneMeHToB Ha puc. 3: k=0,175; C; =0,1023 n®; C, =0,021 nd; L; =317,58 ul'w; L, = 16030 ul'H.

Ha puc. 4 npencraBneHbl YacTOTHBIC XapaKTEPUCTUKH ko3 dunmenTa crosiueii BonHbl (KCB).

wpl» ®ppy — TPAHUYHAS 9aCTOTa; B =, — O, — 10510~

C
|

I« 3 of o f e ()

Puc. 3. [IpuaiunuransHas cxemMa MIMPOKOIIOIOCHOTO COTTIACYIONIETO YCTPOHCTBA C HATPY3KOH
Fig. 3. Circuit diagram of the wideband schematic of the matching device with load

KCB(/)
5

0,826 0,870 0,913 ST

Puc. 4. YactoTHast xapakreprcTiKa KodduipieHTa crosyeld BOJIHbI: 1 — Harpy3ku; 2 — cOIacCOBaHHOM Harpy3KH
Fig. 4. SWR frequency response: 1 — load; 2 — matched load
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[Tomy4eHHBIN pe3yabTaT CUHTE3a XOPOILIO MIUIIOCTPUPYET BOBMOXHOCTH THOKHMX allpPOKCUMALIUI,
HO BBI3BIBAaET MPOOJIEMBI pealn3alii Ha COCPEIOTOUCHHBIX IEMEHTaX BBULY PEIKON CETKH CTaHAAp-
TOB JUIS pEaKTHBHBIX 3JIeMeHTOB. OIHaKO MpHU pa3paboTKe yCTPOHCTBA KaK MHTETPabHON CXeMBbI, KOTIa
3JIEMEHTHI «BBIPALTUBAIOTCSD Ha MOJIOKKE NeYaTHO MJIaThl, MOTYYEHHbBIE pe3yIbTaThl MOTYT OKa3aTh-
s TIOJIE3HBIMU. TeM He MeHee /ISl IOJTHOTHI MCCIIEOBAaHUS BAXKHO OIIEHUTH BO3MOXKHOCTH ISl pealu-
3aLUM PE3YJIbTATOB COIVIACOBAHUS HA PACIIPEAEICHHBIX IEMEHTAaX, Ul KOTOPhIX IPoOJIeMbl TOUHOCTH
BOCIIPOU3BEACHUS TEOMETPUUYECKIX Pa3MEpPOB MIPOBOAHUKOB MPAKTUIECCKH HET.

MeTonmka coriiacoBaHus B pacnpeaeJJleHHOM 3JIeMeHTHOM Oa3uce

Pacnipenenennas MoJelib aHTEHHBI, OMUChIBaeMas BeipakeHueM (1), mpescrasiser co0oi 0Tpe3oK
MHUKPOTIOJIOCKOBOH JINHUM TMEPEAaun C NEKTPUUCCKON UIMHOM, OMU3KOH K TOJOBHHE AJUHBI BOJIHBL
Jiist perenust 3aja4u COrIacOBaHMS HCIIOIb30BAIN TOYHBIM METO/ CHHTE3a, aHAJOTUYHbI METOY CHH-
Te3a AMEKTPUICCKUX (PUIBTPOB HA OMHOPOIHBIX (commensurate) MUKPOITOJIOCKOBBIX JIMHHUSX, B OCHOBE
KOTOPOTO JISKHUT YaCTOTHOE MpeoOpazoBanue Pugapmca [6]. @opMaabHO 3Ta Oneparys 03Ha4aeT 3aMCHY
JaCTOTHOM mepeMeHHOH p = +jtan(0). OcoOeHHOCTh CHHTE3a GUIBTPOB HA OTHOPOIHBIX JIHHUSAX COCTO-
UT B TOM, YTO KQXKJbI OTPE30K JIMHUH (EIUHUYHBIN 3JIE€MEHT) UMeeT (PMKCHPOBAHHYIO UIMHY [ = A/4.
3TO 00CTOATENBCTBO BIIEYET 338 COO0M HEOOXOOMMOCTD MCIIOJIB30BAHUS MOJIEIIM aHTEHHBI C TAKOU K€
aNeKTpuieckor anuHo. dusndeckyro Mosenb anTeHHbI (1) MOKHO TPEICTaBUTh KaCKaJHBIM COCIH-
HEHHEM YEeTBEPTHBOJHOBBIX OTPE3KOB C OJJMHAKOBBIM BOJHOBBIM CONPOTHBICHUEM. DYHKIINS BXOHOTO
COIIPOTUBIICHUS TAKOW aHTEHHBI OYIET ONPEACISITHCS BhIPaKEHUEM

_ _Rp*+2pp+R

Z,(p) 2 .
pp° +2Rp+p
st pyHKIMK conpoTuBiieHus (3) YMCIUTENb YeTHON YacTH 3aIUIIeTCs B BUJIC
2
2 2 2
M) =R( 1)
13 KOTOPOTO CJIEAYET, YTO CONPOTUBIICHIE aHTCHHBI UMEET HyJIb IIepelauy Ha BEIIECTBEHHOM ocu p ==*1,
a MOJeJb CONPOTHBICHUSI AHTCHHBI MOXKET MCIOIb30BaThCs I CHHTE3a OJHOPOIHBIX COMTACYIOLIHX
uernei 6e3 CHIKEHUSI TOUHOCTH PacyeToB.
B kauyectBe 6a3zoBoit AD BeiOepem GyHKIMIO (2). YUUThIBast, 4To nopsaok GyHkuuu (3) paBeH 2,
MOPSAZIOK ampOKCUMUpYIOMIer (pyHKINH TOKeH ObITh He MeHee 4. DyHKuus nepenaqn (3) mocie ya-

CTOTHOTO TIpeoOpa3oBanus [6], obecrieunBaroniero B AD HysM Niepeayn eUHIYHBIX YIIEMEHTOB p = 1,
MPUHUMAET BH/

3)

K

K(-p*)= : )
&2l - \’1192 + V2p4 _ V3p6 " V4p8
A U B U B )
1+ 2 7! 6 8
Vip V2P Vip V4P

1_pr2+(1_p,2)2 (l_p,2)3+(l_p,2)4

e p' = jtan (2me,B ); T =0,286; f; 5 — HHKHAS MJIM BEPXHssS PaHUYHAsA 4acTOTa, BEIOpPaHa ¢ 3aracom,
fi=1

OyHkus nepenadu (4) xapakTepusyeT CBOMCTBA KAaCKaJHOTO COCOMHEHHs YEThIPEX CIUHMYHBIX
3JIEMEHTOB M COJCPKUT TOJBKO HYJHU IEepeJady Ha BELIECTBEHHOM OCH, KOTOPBIE IPUCYTCTBYIOT U B CO-
MpoTUBJIeHUH Harpy3ku (3). M3 aToro ciemyer, 4To BapHaHT Z-NapaMeTPOB A, T. €. TAKOH ke, KaK v JJIs
peanu3anyu CoCpe0TOUCHHBIMHU 31eMeHTaMu. Kak U Ju1s KakJI0i pacrpeeieHHOH CTPYKTYpBI, QyHK-
st (4) sIBISIeTCSl IEPUOIMUYECKOM, U [T Hee pabouast 4acToTa ONpeAessieTes: AIEKTPUIeCKON JUTMHON

CIMHUYHOTO 3JICMEHTA B COOTBETCTBHHU C BBIpAXKEHHEM [ = c/ 4@ .

Merto/iiKa CHHTE3a COCPIKUT BCE JTAIbl, OMMCAHHBIC BBIIIC JJISI COCPETOTOYCHHON pean3aln,
OJIHAKO MMEET CBOM OCOOEHHOCTH. B COOTBETCTBUM C MOJOKEHUSIMU 000OIIEHHOIO METOAA CHHTE3a
o JIapmuHTTOHY 715 KaXKI0TO HyJIS TIepeadr Harpy3KH (MX KpaTHOCTH 2) BCE MOJIMHOMBI Z-TIapaMeTpoB

o0OpariaroTcs B HyIb.
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[TosTOMy € y4eToM KpaTHOCTH HYJs NEpelayd Harpy3kKd CHUCTEMa OTPAHHUYECHUN MMEET CIEIYIo-
IIUH BUJ;
P(p )| p=1 = 0’
dpP ( p) (5)

—7 =0,
dp Ip=1

rae P(p)z((a1 +b1)p+(a3 +b3)p3)p(p2 +1)—((a0 +b0)+(a2 +l)2)p2 +(a4 +b4)p4)2Rp — nonu-
HOM 3HaMeHaTes z-llapaMeTpoB.

Cucrema orpaHiueHHI B IPOCTPAaHCTBE Puuapsca Takxke uMeeT cBOM 0COOCHHOCTH, 00YCIIOBIICH-
HBIC XapaKTepoM Hyllei niepenaun. B pacnpeieieHHOM CHHTE3€e HYIIH Tepe/iayr He TOJKHBI COJIepIKaTh-
Csl B z-TIapaMeTpax, I03TOMY B IIPOLIECCE CUHTE3a OHM COKPALIAIOTCS B OJIMHOMAX BCEX zZ-IIapaMeTPOB.
3nech ke APYrux HyJeW mepemadu, Kpome p = t1, HeT, U aHajora B CHHTE3€ C COCPEIOTOYCHHBIMHU
napamMeTpamH Uil 3TOTO HYJIsl TOXKe HET. BeimonHenue ycinoBuid (5) NpUBOANUT K MOHMKESHUIO TOPSIIKA
Z-TIapaMeTPOB Ha OO COMHOXHUTEND (p2 — 1)2.

Pesynbrare! mony4yeHsl npu 3HaueHUH K03 dunpenToB Gpynkuun anmnpokcumanuu (4): K = 0,737;
e =0,763; vi = 37,344; v, = —812,62; v3 = 1521; v, = —745,299. BoHOBEIC CONPOTUBIICHUS COTIIA-
cyromux orpe3koB p; = 105 Om, p, = 135 Om. OnbITHBINA 00pa3en aHTeHHBI MIPECTaBIeH Ha puC. 5.
[IuTanue nemectka OCyLIECTBISIETCS Yepe3 M30JMPOBAHHBIE OTBEPCTHS (IITHIPH), a IUTHIPEH — yepe3
MHKPOTIOJIOCKOBBIE COTJIACYIOIINE YCTPOUCTBA HAa 0OPAaTHOIN CTOPOHE 3eMIISTHOM TUIACTHHBI.

a b

Puc. 5. KoHnctpykius aHTeHHBI: @ — BUJ cOOKyY; b — BUJI c3a11
Fig. 5. Antenna design: a — side view; b — back view

Coenunenus ¢ anTeHHO# — depe3 pazbeMbl SMA. Tlonoca cornmacoBanus mo ypoHio KCB = 2 co-
ctaBisgeT 17 %, 9To SBISAETCS XOPOIINM PEe3yIbTaTOM M 00eCIeunBaeT IpHeM U Mepeaady CUTHAJIOB B
nosioce 150 MI'u. Pe3ynbrar skcriepuMeHTa XOpOIIo COMIACYETCs C PE3yAbTATOM CUHTE3a, YTO BUAHO U3
COIIOCTABJICHUSI XapaKTEPUCTHK Ha puc. 6.

KCB (f)

oy It
=)
~_/

0,79 0,87 0,94 J ITu

S\

1.7

Puc. 6. YacrorHas xapakTepucTiKa Kod(duienTa crossueii BOIHBI COTIaCOBAHHOM aHTEHHBI:
1 — TeopeTnueckuii pe3ynbrarT; 2 — npomoaenuponano B cpeae CST; 3 — skciepumMeHT
Fig. 6. SWR frequency response: 1 — synthesis; 2 — CST model; 3 — experiment
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Pesynbrarsl cuHTE3a OTpakaloT MOTEHLMAIBHBIE BO3SMOKHOCTH IPEIEIOB COIIACOBAHUS, KOTOPHIE
peaocTaBisieT rudkas annpokcumupyromas GyHkuus (4). Bo3sMoXHO, MosIBATCSL Apyrue TMOKHe ar-
MIPOKCUMAIINH, TTO3BOJISIOIINE YITyqIlIaTh Pe3yJIbTaThl.

3akJ/ouenue

1. PesynbraThl HcCIeIOBaHMS BO3MOXXHOCTEH IIMPOKOIIOIIOCHOTO COTIACOBAHMSI PE30HAHCHOU aH-
TEHHBI MMOJITBEPIKAAIOT MPABOMEPHOCTh UCIIOIb30BAHUS CHCTEMHOIO METO/[a, OCHOBAHHOTO Ha IpUMe-
HeHnu 006001IeHHOTO MeToAa JlapmuHrToHA.

2. PaspaboTaHHass METOIHMKA B BHIIC 3aKOHUCHHON IMporpaMMbl B cpene Mathcad moxeT ucmomnn3o-
BaThCsl B MHXKCHEPHOW MpakTuke. [[puMeHeHre TMOKUX anmpoOKCUMHUPYIOMNX (QYHKIUH 3HAYATETLHO
pacimmpsieT BO3MOKHOCTH HIMPOKOTIOIOCHOTO COTJIACOBAHUS KaK B COCPEIOTOUEHHOM, TaK M B pacipe-
JICJICHHOM DJIEMEHTHBIX 0a3ucax.

3. Mertoauka cuHTe3a B paclpeeIeHHOM JIEMEHTHOM 0a3rce MOXKET MCIONb30BaThCs ISl Coryia-
COBaHUA IMHUPOKOIo Kjiacca BI/I6paTOpHBIX " HICJICBBIX aHTCHH, pa3sMEpbl KOTOPBIX KpaTHbBI YE€TBECPTU
JUTUHBI BOJIHBI.
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AHHOTanus1. PaccMOTpeHbI BONIPOCH! COMTACOBAHUS BOJTHOBOIHOM JTMHUM NIEPEIAYH C AUOaMU MUJITTUMETPOBOTO
JranazoHa JIUH BoiH. Omrcana peann3anus mepexosia ¢ IpsMOyTroIbHOTO BOTHOBOA HA MUKPOITOJIOCKOBYIO JTH-
HUIO MIepefayd B BUAC JTMHUH THIA QuH-MaifH. [Toka3zaHbl pe3ylbTaThl KOMITBIOTEPHOTO MOJCITUPOBAHUS MOYJIS
ko3 durenTa nepenaun pa3paboOTaHHOTO 3IeMeHTa U K03(D(UIMEHTA CTOsTUCH BOHBI [0 HATIPSIKCHUIO OTHCIh-
HO TIepexofia C MPsIMOYTOJIFHOTO BOJTHOBOAA HA MUKPOTIOJIIOCKOBYIO JIMHHUIO MIEPEAAadX U B COCTABE aMILIUTYIHOTO
nerekropa. [IpencraBiieHa peanm3amnus COBMECTHOTO MIPUMEHEHHS pa3pab0TaHHOTO AJIEMEHTa ¢ MHKPOIIOIOCKO-
BBIM JICTEKTOpOM Ha 0a3e auona [llortku B quanazone yactot ot 118,1 10 178,4 ['T11. [IpuBeneHs! pe3yibTarhl 13-
MEpPEHHS ero MapaMeTPOB H ONPENEICHUS YyBCTBUTEIFHOCTHU. [IpH OIICHKE MOTYYCHHBIX JaHHBIX MOATBEPIKICHA
BO3MOKHOCTbH ITPHUMEHCHHS Pa3pab0TaHHOTO 3JIEMEHTA COTIIACOBAHUSI BOITHOBOIHOW JIMHUY MIEPEAavX C TUOIOM B
MUJUTUMETPOBOM JIMAIa30He JIJTMH BOJIH.

KiroueBblie ciioBa: 3ieMeHT COoriraCoBaHMsA, BOJTHOBOAHAA JIMHUA IEPEAAYN C TUOAOM, ICTEKTOP MUJJIUMETPOBOIO
JHraria3oHa JJIMH BOJIH, CMECHUTCIIb, (1)PIH—JIaI>'IH.

KOHq)J'[l/IKT HHTEPECOB. ABTOpBI 3asBIISIOT 00 OTCYTCTBUU KOH(l)J'II/IKTa HUHTEPECCOB.

Jluist uuTHpoBaHMsl. DIIEMEHT COITIACOBAHUS BOJIHOBOHOW JTMHUHM Tepenadu ¢ auoaom / M. A. 3axapos [u ap.] /
Hoxnaner BI'VUP. 2022. T. 20, Ne 8. C. 67-74. http://dx.doi.org/10.35596/1729-7648-2022-20-8-67-74.
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Abstract. The article deals with the issues of matching a waveguide transmission line with millimeter wave diodes.
The implementation of the transition of a rectangular waveguide to a microstrip switching line in the form of a line
of the fin-line type is described. The computer simulation results of the transmission coefficient module of the
developed element and the standing wave coefficient by voltage separately for the transition from a rectangular
waveguide to a microstrip transmission line and as part of an amplitude detector are shown. A joint application
of the developed element with a microstrip detector based on a Schottky diode in the frequency range from 118.1
to 178.4 GHz is proposed. The results of measuring its parameters and the results of determining the sensitivity
are given, as well as the evaluation of the results obtained is performed. The obtained results proved the possibility
of using the matching element of a waveguide transmission line with a diode in the millimeter wavelength range.

Keywords: matching element, waveguide transmission line with a diode, millimeter wave detector, mixer, fin-line.
Conflict of interests. The authors declare no conflict of interests.

For citation. Zakharov 1. A., Karmanova O. A., Gusinsky A. V., Kasperovich M. M., Bulavko D. G.,
Kuzyukov A. N., Lisov D. A., Shevaldina Y. V. (2022) Element for Matching a Waveguide Transmission Line with
a Diode. Doklady BGUIR. 20 (8), 67-74. http://dx.doi.org/10.35596/1729-7648-2022-20-8-67-74 (in Russian).

BBenenune

OnHUM 13 BaXKHEHIINX BONPOCOB NMPH pa3padO0TKe BOJIHOBOAHBIX YCTPOMCTB MUJUIMMETPOBOTO M-
arna3oHa JUIMH BOJH, TaKUX KakK JE€TEKTOPbI, CMECUTENN, YMHOKUTENN U T. 1., IBJISIETCA COIVIaCOBaHUE
BOJIHOBOJIHOM JIMHUM Iiepejadu ¢ quojaamu. IIpu 3ToM B JaHHOM JMara3oHe 4acTOT UCCIIEI0OBAaHUN J0-
BOJIBHO Masio. OCHOBHBIE TPeOOBaHMUS, KOTOPBIE YUUTHIBAIOTCS IIPH pa3pabOTKe IEMEHTa COITIaCOBAHUS
BOJIHOBOJHOM JIMHUY [I€PEAadu ¢ AUOIO0M, — 00eCIIedeHNe KOHLEHTPALMU CUTHAJIA Ha U0/, LIMPOKUI
YaCTOTHBIN AMana3oH, MUHMMHU3ALMs] MaccorabapuTHBIX MapaMeTpoOB, MUHUMHU3ALNS IIOTEPh CUTHAIA
B MIEPEXOZIC C MPSIMOYTOIBHOTO BOJHOBOAA HA MUKPOIIOJIIOCKOBYIO JIMHHIO TEpeJadr MpH 00ecredeHnn
MaJioro koddduuuenrta crosyei BoiaHbI o Hanpsbkeruto (KCBH).

Jiist perieHust MOCTaBICHHBIX 33/1a4 TIPOBEJH aHaN3 CYIECTBYIOIIUX PELICHUH U BRIOpau peau-
3allMI0 ¢ IPUMEHEHWEM JIMHUW TUTa GUH-TaliH. B craTbe onmmcaHbl pe3ynbTaThl IPOBEACHHOTO MOJIC-
JUPOBAHUA C MOCIEAYIOIEN NX pealn3anueil B KOHCTPYKIUU aMIUIUTYIHOTO JETEKTOpa B JUAra3oHe
gactot ot 118,1 mo 178,4 I'T. B kauecTBe KpUTEpHs OIIEHKH KaueCcTBa pean3alui pa3paOdOTKH BbI-
Opasin 4yBCTBUTEJIFHOCTh AETEKTOPA M MOCTaBHJIM 33/1a4y OOECHEYUTh YyBCTBHTEIBHOCTH HE MEHEE
500 B/Bt nipu ypoBHe BxoaHoii MomHocT 20 MKBT. IlpenctaBnensl pe3ynbraTsl UCTIBITAHUH MOCIE
MPAaKTUYECKOU peaan3aluu.

DJIeMeHT cOIJIacOBaHMsl BOJTHOBOIHOM JMHUM MepeJadyl ¢ MUKPOIOJ0CKOBOM JTUHUEH

DJeMeHT coracoBaHusl (Iepexo/] ¢ MPSMOYTOJIbHOTO BOJTHOBO/Ia HA MUKPOIIOJIOCKOBYIO JIMHMIO T1e-
penadu B BUE JIMHUM THITA (PUH-JIAH) IPEICTaBIIeT COO0H MUKPOIIOI0CKOBYIO JIHHUIO, PA3MEIICHHY IO
B E-TIJIOCKOCTH BOJTHOBOJIA, KOHCTPYKITHS KOTOPOH mpeacTariena Ha puc. 1 [1].

Kak mpaBwito, TUTaCTHHBI MPEICTABISIOT COO0M METAUTMYECKHEe TUIEHKH Ha TOHKOW JHAIIEKTpHYe-
CKOM MOJVIOKKE, CMOHTHUPOBAHHOU B E-IUIOCKOCTHU MPSIMOYTOJIBHOTO BOJIHOBOAA. J{JI11 OCHOBHOI MOJIbI
TOK ITPOTEKAET B OCEBOM (TIPOOIBHOM ) HAITPABIICHUH, TAK YTO XOPOIIHIA 3JCKTPUICCKUI KOHTAKT MEK-
Jly TUIAaCTMHAMH U BOJIHOBOJIOM HE cyIliecTBeHeH. [1o cyiecTBy, (pMH-JIalH ABISICTCS SKPAaHUPOBAHHOMN
IEJIeBOM IMHUEH U MOXKET OBITh COTTIaCOBaHA C MPSMOYTOILHBIM BOJTHOBOIOM TTOCPEICTBOM TIEPEXOTHOM
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CEKIIMH, UCTIONb3Ys OMH MM HECKOJIBKO YETBEPTHBOIHOBBIX TpaHC(OpMATOpoB uMneaanca. OuH-naiH
roxutces st npumenenust B CBU-nensx, kKoTopsle cofepkaT ABYyXIOIIOCHBIE YCTPONCTBA, TAKUE KaK THO-
Ipl. TpaH3uCTOPBI HE MOTYT OBITH MOAKIIOYEHBI K (PHH-JIAHH, TOCKONBKY SBJISIFOTCS TPEXIOMIOCHBIMU
ycTpoiicTBamu [2].

Jn35eKTpuK ITnracTuHbL

N =il [}

a
Puc. 1. BoHoBo#HAs JMHUS THIIA HUH-TAKH

Fig. 1. Fin-line waveguide line

KOHCprKTHBHBIﬁ 3JIEMEHT COIVIaCOBAHUA MI/IKpOl’[OJ’IOCKOBOﬁ JIMHUU Nepeaavn ¢ AmoqaMu

MHUKpOIIOIIOCKOBAas JIMHUS — OAMH M3 HauboJee pacpoCTPaHEHHbIX THIIOB IUIAHAPHBIX JMHUH Iie-
penayum, UCIoiIb3yeMbIX B MUKPOBOJIHOBBIX U MUJUTMMETPOBBIX CXeMax, B MEPBYIO OUepeab H3-3a BO3-
MOXXHOCTH €€ M3TOTOBJICHHS METOIaMH (OTONUTOTrpaduu JIErKoro WHTETPUPOBAHUS C APYTHMH Mac-
cuBHbIMH W akTHBHBIMH CBU-kommnonentamu. Ha ee ocHOBe peanu3yeTcst OONBLION psifi MACCHBHBIX
YCTPOHCTB, TAKUX KaK (DUIIBTPBI, PE30HATOPHI, IUTUICKCEPBI, PACIIPEACTUTEIBHBIC CXEMBI U COITIACYIO-
e KOMITOHEHTHI [3].

DNeMEeHT COIIacoBaHUs B CBOEM COCTaBe MMEET IPOBOIHUK IIMPUHOMN 0, HAHECCHHBIN HAa TOHKYIO,
3a3eMJICHHYIO IUDJICKTPUUECKYIO TOUIOKKY TOJNIIMHON d M OTHOCHTENIFHON IPOHULIAEMOCTBIO €,. Ecnu
Obl He ObUIO UANEKTPUKA (€, = 1), Oblna Obl IMHUS MEPEIauM, MPEACTABISAIOMAs COO0H IBYXIPOBOJI-
HYIO JIMHUIO, COACPIKAIIYIO JIBa TUIOCKUX NMPOBOJHHMKA INIUPUHON (0, pa3liesIeHHBIX paccTosHueM 2d
(3emuIHas TUIACTHUHA — OCHOBAHHUE, MOXKET OBITh YCTPAHEHO M3 PACCMOTPEHHUS B COOTBETCTBHUH C TEOPH-
el orobpaxenus) [4].

Hannune nusnextpuka M (Qakrt, yTo IMAICKTPUK HE 3aMEHSET BO3LyX B OOJIACTH BBILIE IOJIOC-
KH ) > d, yCIOXKHSIOT CBOMCTBA U aHAJIN3 MUKPOIIOJIOCKOBOM IMHUK. B oTiM4Me OT M0JI0CKOBOH JIMHUH,
7€ BCE MOJIsI COAEPIKATCs BHYTPH OTHOPOIHON 001aCTH AMAIIEKTPUKA, MUKPOIIOJIIOCKOBAS JINHUSI UMEET
B 00J1aCTH JAMDIIEKTPUKA YacTh (0OBIYHO OOJBIIYIO) JIMHHI MOJISl, CKOHLIEHTPUPOBAHHBIX MEXKIY TTOJIO-
CKOBBIM NTPOBOTHUKOM B OCHOBHOM (3eMJISIHOM) TUTacTHHE (OCHOBaHWM), M HEKOTOPYIO YacTh B BO3TYII-
HOM 00J1acTH HaJ MOJIOKKOM.

Pe3yabTaThl MoaeIMPOBaHUS

C uenplo onpeneneHus HEOOXOMUMBIX MapaMeTpoB Pa3pabOoTaHHOTO YCTPOMCTBA 10 €r0 MPaKTH-
YEeCKON pean3alii MpoBeIrd MOJIeIUpoBanue. [l 3TOoro cocTaBuiIM MOJIETh Tiepexo/ia B BUE JINHUU
(un-1aliH, a TakKe MOAEIb MHUKDPOIIOJOCKOBOI JIMHUH IIE€PEAadn JIETEKTOpa COBMECTHO C pa3pabo-
TaHHBIM IIEPEXOfoM. B KauecTBe MU3IEKTpHUKa BBIOPAIN YITIEBOAOPOAHYIO KEPAMHUYECKYIO MOMJIOXKKY
RO4350B, obnanaromuryto cBOWCTBaMHU, HEOOXOIUMBIMH Pa3pabOTYMKaM PagroyacTOTHBIX MHUKPOBOJ-
HOBBIX LIENIEH U COMIACYIOLINX CETEH, a TaKKe JIMHUN TIepeiadi ¢ PeryInpyeMbIM nMIiesancoM. Huszkue
JUBJIEKTPUYECKUE MTOTEPH MO3BOJISAIOT UCIOIb30BaTh MaTepuaiisl cepur RO4000 Bo MHOTHX cilydasXx,
rae OoJiee BRICOKHE paboyre YacTOThl OTPAHNYHUBAIOT TPUMEHEHNE OOBIYHBIX MOJIOKEK IS TEYaTHBIX
wiat. TemneparypHblii KOAQPULIUEHT AUNIEKTPUIECKOH MPOHUIIAEMOCTH SIBJISIETCSI OHUM M3 CAMBIX
HU3KUX CPEIU BCEX MAaTepHalOB NEYaTHBIX IJIAT, a IUIEKTPHUECKasi IPOHULAEMOCTh CTA0MIbHA B LIH-
POKOM Mara3oHe 4acToT [5]. DTo aenaet kepamuueckyro noannoxkky RO4350B uaeanbHol s npume-
HEHUS B MIWIJIMMETPOBOM JMana3oHe JUIMH BosiH. Ha puc. 2 npeacrasieHa 3aBUCUMOCTb MOJIYyYEHHOTO
0 pe3yabTaraM MOJENNPOBaHUs KodQduimenTa nepegadn pa3paboTaHHOTo Mepexoa OT YaCTOTHI.

[Tpu MonenMpoBaHUM MOTYYEHO, YTO BBIOpAHHASI CTPYKTypa BHOCHUT HE3HAYMUTENIBHOE 3aTyXaHHE
cUrHasa, JalbHelinee CHIDKeHHE oclallieHust 3a CUeT YMEHBIICHUSI PasMEpOB CTPYKTYpPbI MPHUBOIUT
K noBbimeHuto 3HaueHuss KCBH, uto mpoTtuBopeunT nocrasieHHoi 3amade. Ha puc. 3 mpencrasneH
rpa¢ux KBCH pazpaboranHoro nepexosa, MoJIy4eHHOTO 10 pe3yabraTaM MOACTHPOBAHHS.
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Fig. 2. The dependence of the transfer coefficient on the frequency of the developed transition
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Puc. 3. KoadurmeHT crostueil BOIHBI 110 HAMPSLKEHHIO pa3pab0oTaHHOTO Mepexojia
Fig. 3. Voltage standing wave ratio of the developed transition

Ha cnenytomiem sTare npoBoaniIz MOAETNPOBAaHIE TIEPEX0/ia C MPSAMOYTOIHHOTO BOJIHOBOAA HA MU-
KPOIIOJIOCKOBYIO JIMHUIO NE€peJadd COBMECTHO C aMIUIMTYAHBIM AETEKTOpoM Ha Oasze auoxa IlloTTku.
CTpyKTypa IeTeKTopa COBMECTHO C IIEPEX0l0M IIOKa3aHa Ha puc. 4.

m—

Puc. 4. [Tnara nerexropa: a — BUA CBEPXY; b — BUJ CHHU3Y
Fig. 4. Detector PCB: a — top view; b — bottom view
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Ha puc. 5 m3o6paxen rpadux KCBH, momy4deHHbIH 110 pe3ynbrataM MOJIEITUPOBAHNS ITePEX0/ia COB-
MECTHO ¢ JeTekTopoM. HeoOxonumo ormeTuts, uro Ha 3HaueHne KCBH orpomuoe BiusiHue okasbiBaioT
0COOEHHOCTH MPUMEHIEMOTO THOAA.

5.00

4.507

4.007

KCBH

120.00 130.00 140.00 150.00 160.00 170.00 178.40
Yacrora [[T]

Puc. 5. KoaddummeHT crosrdeit BOIHBI 10 HAPSHKESHHUIO,
HOTy4YeHHbIH [0 pe3y/IbTaTaM MOASIUPOBAHUS IEPeXoa COBMECTHO C A€TEKTOPOM
Fig. 5. Voltage standing wave ratio of the transition together with the detector

ITomyueHHble pe3ynbTaThl MOIEIHMPOBAHUS IIO3BONIMIIM TEPEUTH K MPAKTUYECKOM peanm3anuu
YCTPOMCTBA M ONPEIEIEHUIO €70 XapaKTEPUCTHK HA MTPAKTHKE.
IIpakTHyeckas peajuzauus

KpI/ITepI/IeM yCHeIIIHOﬁ HpaKTH‘{€CKOﬁ peanmm3annu ABJIACTCA 3aKOHYCHHOC U3ACTINEC, KOTOPOC IO~
TBEPAUT PE3YJIbTAaTbl MOACIMPOBAHM. Baemnui BU/J MOJTYYCHHOT'O ACTCKTOPA IIOKAa3aH Ha puUC. 6.

Puc. 6. Buemnuii Bua getexropa
Fig. 6. Received detector

Texunueckue XapaKTCPUCTUKHU U3TOTOBJICHHOI'O JCTCKTOpA MPUBCACHLI B TabI. 1, a XapaKTCpUucTu-
KU IoKa3aTeaeu Ipu U3MEPCHUHN €TI0 YYBCTBUTCIBHOCTH — B Tabn. 2.

Tabauua 1. TexHnyeckue XapaKTEpUCTUKU U3TOTOBJIEHHOTO JETEKTOpa
Table 1. Specifications of the manufactured detector

HaumenoBanwne mapamerpa / Parameter name Texamueckas xapakrepuctuka / Technical specification
Junamnazon padounx gactot, [T 118,1-178.,4
CeueHne BOJIHOBOIA, MM 1,6x0,8
[opt BxOma [psimoyromeusrit Graner; cormacHo TOCT 13317-89
ITopt BBIXOZA Koaxcuanshnsiii Tun IX, Bapuanr 1
JlonycTumas BXxo[Hasi MOLIHOCTb, MBT 10
UyscTBHUTENBHOCTH Ha ypoBHE 20 MKBT, B/BT He menee 500
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Tadauua 2. XapakTepuCTUKH MOKa3aTeNei IpH U3MEPEHUH 9yBCTBUTEIEHOCTH JETEKTOPA
Table 2. Detector sensitivity

YyBCTBUTENBHOCTD Heonpenenenrocts
Yacrora, [T/ | Momuocts, MBT/ | Hampsbkenue, MB / y u3mepenuii 3, % /
o HanpsbxkeHuto 3, B/Br / .
Frequency, GHz| Power level, mW Voltage, mV e Uncertainty of
Voltage sensitivity 3, V/W
measurements 3, %
1,00 367,0 367 10
129 0,10 86,3 863 17
0,02 32,2 1610 26
1,00 346,2 346 10
135 0,10 80,2 802 17
0,02 30,2 1510 27
1,00 363,0 363 10
140 0,10 82,0 820 17
0,02 30,5 1525 27

B mporecce sKcriepiMEHTaNbHBIX MCCIEIOBAaHUHN OIpe/iesieHa YyBCTBUTEIBHOCTh Pa3padOTaHHOIO
JICTEKTOpa, MPOBEACHBI 00paboTKa PE3y/IBTaTOB U OLEHKA ITOMYYCHHOH HEONPEeAeTIeHHOCTH N3MEPECHUI.
J1J1s1 OlIGHKH MapaMeTpoB JCTEKTOpa MUCIIOIb30BaI 00opynoBaHue: reHeparop ['4-161, Barrmerp M3-75,
nudposoit myneTEMETp BM867S, 61ok muranus Mastech HY3005B, m3mepuTtens KOMITIEKCHBIX KOA (-
(urmenToB orpakeHus u nepeadn P4-MBM-178.

Jiist onpenesieHus 4yBCTBUTENILHOCTH AieTekTopa 3, B/BT, coctaBmim Monens n3MepeHus 6e3 yuera
paccoriacoBaHusi, ONUCHIBaEMYI0 (OPMYIOH

U
BZP_+6U+6FQH+8P’ (1)
BX
riae U — u3MepeHHOe 3Ha4Y€HHUE Pa3HOCTHOIO HaNpshKeHust, B; Py, — N3MEpEeHHOE 3HAYEHNE BXOAHON MOILI-
HocTH, BT; 8y — HeonpeaeneHHOCTh u3MepeHHii HarpshkeHus, B/BT; J,, — HeonpeieleHHOCTh H3MEpeHN I
MOIITHOCTH, TI0ZlaBaeMOii Ha geTekTop, B/BT; 0p — HeompeneneHHOCTh M3MEepEHH BaTT™MeTpa, B/BT.

[Tonyuyennas xapakrepuctuka KCBH npeacrasnena Ha puc. 7.

HecoBnanenue skcTpeMyMOB Ha rpaduKax, NOITYUESHHBIX MO PE3yIbTaTaM MOJICINPOBAHUS U H3ME-
peHuit, 00yCIIOBIEHO MHINBHYaTbHBIMU XapaKTePUCTUKAMH IPUMEHIEMOTO THOAA.

3,0

¥ T
T
] AN

3

2,0

>

KCBH

L N Ji A
WAV

12 !

1,0
116,0 122,4 1288 1352 141,6 1480 1544 160,8 1672 173,6 180,0

Yacrora [[T]

Puc. 7. KoaddunumeHT crosdeit BOIHBI 10 HAIPSHKEHUIO H3TOTOBJICHHOTO AETEKTOPa
Fig. 7. Voltage standing wave ratio of the fabricated detector
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3aKiIoueHue

1. [IpencraBneH MOTYYEHHBIA B pe3yJIbTaTe MOICITUPOBAHUS DIIEMEHT COIIACOBAHHS B JHArIa30-
He yactot ot 118,1 no 178,4 I'Tu, no3BoisIOUIMI BBITOJHUTE MNEPEXO] C IPSIMOYTOJIBHOTO BOJIHOBO/IA
Ha MHKPOTIOJIOCKOBYIO JIMHUIO Mepe/ladd. DJIEMEHT UMEET MaJlbie COOCTBEHHBIE MOTEPH U KOIPPHUIIUESHT
CTOSTUCH BOJTHBI 10 HANPSKECHUIO, UTO MO3BOJSET IPUMEHUTD MOIYYCHHYIO CTPYKTYPY Ha IPAKTHUKE.

2. BBINOJIHEHBI UCCIICIOBAHKUS COBMECTHOIO IPUMEHEHHS pa3pab0OTaHHOTO 3JIEMEHTa ¢ MHUKPOIIOJIO-
CKOBBIM JIeTeKTOpoM Ha O6aze nuoma lllorTtku B auamazone gactoT ot 118,1 mo 178,4 I'T. Koaddurment
CTOSIUCH BOJIHBI TI0 HAIPSDKEHHUIO pa3pa00TaHHOTO YCTPOMCTBA HE MPEBHIIIACT 3, a UyBCTBUTEIHLHOCTH

ero rpu 20 MkBT — He menee 500 B/BT.
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AHHoOTanus. BEITIONHEH CPaBHUTEIBHBIN aHAIN3 MPOTOKOIOB Iiepeaaun naHHbIX [Pv4 u IPv6 mis obecnieueHus
3aJaHHOrO KadecTtBa obOcmykuBanus (QoS). B kadectBe mapamerpoB QoS mpoaHaIH3MPOBAHBI 1OJIOCA TPOITY-
CKaHUs U C HEH CBA3aHHAsl CKOPOCTh NEpeayy, BEIMUMHA 3aI€PKKU U JUKUTTEP — BapUalllM 3aJepKKU. B Bune
TaONUIIBI TPEACTABICHBI OCHOBHBIEC HEJOCTATKH U IIPEUMYILECTBa 000X NMPOTOKOJIOB. Pazpaboran u peannzoBaH
MaKeT PeaJlbHOTO B3aWMOJICHCTBUS CeTel, (PYHKIMOHUPYIONUX Ha 0aze mpoTokosnoB IPv4 u IPv6. IIpoBeaeHsr
HM3MEPEHUs MPOITYCKHON CIIOCOOHOCTH, BETMYMHEI 3a/ICPKKU U JDKUTTEpa I ceTH Ha Oa3e mpotokona [Pv4 u
cern Ha 6ase nporokoia IPv6 s paznuunbix pazmepos nakeroB (MTU) anst UDP- n TCP-tpaduka. Crenans
BBIBOJIBI O BO3BMOXKHOCTH M MEPCHEKTUBHOCTH MCIIOJIb30BaHUs MPoTokoia IPv6 aist obecriedeHus 3a1aHHOTO Ka-
4ecTBa 00CITY)KUBAHNS.

KaroueBbie ciaoBa: nporokonsl [Pv4 n [Pv6, kauecTBo 00CIy)XKHMBaHUS, TPOIYCKHAsE CIIOCOOHOCTh, BEIMYHHA
3anepxku, xkuTTep, UDP- n TCP-tpaduxk.

KoHpaukT HHTEepecoB. ABTOPHI 3asBIAIOT 00 OTCYTCTBHH KOH(INKTA HHTEPECOB.

Jas murtupoBanus. bauuno, B. B. CpaBHuTenbHbIM aHamu3 BO3MOXKHOCTEH mnportokonoB IPve u IPv4 nns
o0ecrieyeHUs 3aITaHHOTO KauecTBa oocayxuBanus / B. B. bauuno, B. U. Jlpasuma, H. U. Jluctonax // Jlokmaast
BI'VUP. 2022. T. 20, Ne 8. C. 75-83. http://dx.doi.org/10.35596/1729-7648-2022-20-8-75-83.
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Abstract. The paper presents a comparative analysis of the IPv4 and IPv6 data transfer protocols to ensure a given
quality of service (QoS). As parameters of QoS, the bandwidth and the associated transmission rate, as well as the
amount of delay and jitter — delay variations are analyzed. The main disadvantages and advantages of both protocols
are presented in the form of a table. A model of real interaction between networks operating on the basis of IPv4
and IPv6 protocols has been developed and implemented. The throughput, delay and jitter were measured for
an [Pv4-based network and an IPv6-based network for various packet sizes (MTU) for UDP and TCP traffic.
Conclusions are drawn concerning the possibility and prospects for using the IPv6 protocol to provide a given
quality of service.
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BBenenue

B nocnennee Bpems ceteBoit iporokon IPv6 ctanoBuTCst Bee Oosiee BOCTpeOOBaHHBIM. JTO BbI3Ba-
HO, MIPEXKJIE BCETo, HEXBATKOW m100anbpHOTO aapecHoro IPv4-npoctpancrsa st 3pQekTuBHOTO QyHK-
LIMOHUPOBAHUS CETEBBIX yCTpoicTB. HoBelimue MeToap! KOMUpoBaHus, pacTylue o0beMbl IiepeiaBae-
Mo HH(OpPMaLNU, COBPEMEHHBIE KaHAJIbl CBS3H U BBICOKOIIPOM3BOAUTEIIEHOE 000PYIOBaHHUE — BCE 3TO
MPUBOJIUT K TOMY, UTO CaMbIil pacpoCTpaHEHHbIN B Hallle BpeMsl ceTeBoi nmpoTtokon IPv4 ctanoButcs
Y3KUM MECTOM B IVI00AJIBHBIX CETSIX U SIBJISIETCS CEPHE3HBIM NPEISITCTBUEM /IS AaIbHENUIIETO Pa3BUTHUS
ceTeil nepefavuu TaHHbIX.

Pazpaborannsiii B 1981 roay Internet Protocol version 4 (IPv4), nmo3Bossitonuii yHUKaIbHO UJICH-
TUGUIUPOBATh 4 MJIPA YCTPONCTB, YTO Ka3aJlOCh HEBEPOATHBIM YHCJIOM HA TO BPEMs, B HACTOSIIUI
MOMEHT YK€ HE MOXKET 00€CIICUUTh 3alpoChl BCEX HYKAAOLIMXcA B uIeHTU(uKanuu. [Iposaiinepsl
JOCTYyTIa B IFI00aJIbHYIO CETh ObITH BBIHYKICHBI HATH HA PA3IMUHBIC YXHUILPEHUS C LENbI0 00eCedeHus
nHTepHeTOM Kakjoro. Tak Obut co3man NAT (Network Address Translation) — mpoToko:1, 1O3BOJISIO-
muid mpeodpa3oBbIBaTh OJMH [P-aspec Bo MHOKECTBO. B 3TOT MOMEHT HapyIaarch OCHOBHBIC Mapa-
nurmbl [P-ripotokona: kaxsiil [P-agpec yHuKanbsHbIM 00pa3oM HICHTHHUIIHPYET TOIBKO OHO YCTPO-
cTBO B Mupe; NAT HapyIaeT «CKBO3HOW» MPUHITUII, COTIIACHO KOTOPOMY, KaXKIBIH XOCT B JIFOOOH MO-
MEHT BPEMEHH JJOJKEH YMETb OTIIPABIIATH HaKeT JitoooMy apyromy xocty. NAT npeBpainaet HHTEpHET
13 ceTH 0e3 yCTaHOBJICHHSI COSIMHEHNUS B HEUTO MOJ00HOE CETH, OPUCHTUPOBAHHON Ha coequHeHue [1].

Hpyroii npo0i1eMoit siBIIIeTCsl TO, YTO 3aroyioBok [Pv4 nepemeHHON IMHBL DTO OBLIO MPUMEHU-
MO, KOTJla MaplIpyTH3alus OCYIIECTBIUIaCh UCKIIOUUTENBHO MTPOrpaMMHBIM obecriedenneM. OHako
B HACTOsIIIee BpeMsl MapIIpyTH3aTOPhI pa3padbaThIBalOTCS B CBOEM OOJBIIMHCTBE C amapaTHOM IMojI-
JEPKKON MHOXKECTBA BO3MOYKHOCTEH, U UCIIOIB30BAHUE 3ar0JIOBKOB IIEPEMEHHOM JIIMHBI 3HAYNTEIBHO
Harpy’>xaeT Ux. DTO SBJSIETCS OCHOBHBIM 3aMEAJISIOMNM (aKTOPOM B MapIIPyTH3aTOPaX MPOMBIIIICH-
HOTO Ha3HAuCHMS, YePe3 KOTOpbIE UAET BeCh TpaduK.

[Iporokon xe I[Pv6 mMeeT (UKCHpPOBaHHBIH 3arojoOBOK, B HEM HE PAaCCUUTHIBACTCS KOHTPOIb-
Has cymma. Bee 3T0 CBOIMT K MUHMMYMY KOJIMYECTBO OIEpalluii, MPOU3BOMMBIX HaJl MakeToM. Beco-
MBIM apTyMEHTOM B TIOJIb3y HOBOTO IPOTOKOJNA SIBIISIETCSA MPOCTOTa €ro KoH(urypupoBanus. Hecmotps
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Ha YBEIWYMBINUICSA M ycnoXHUBIIMKCS (opmar [P-agpeca a1 KOHEYHOTO MOJIB30BATElNs, B HOBOM
MIPOTOKOJIE OBUIN 100aBICHBI MEXaHU3MBbI TaK HA3bIBAEMOT0 AaBTOKOH(GUTIYPUPOBAHHMS, YTO 3HAUUTEIHLHO
yIpOLIaeT HACTPOUKY CETH, U B IIEPBYIO OYepeb MpoBaiiiepam.

B crarbe npuBeieH CpaBHUTENBHBINA aHAN3 (DYHKIIMOHUPOBAHUS JBYX BBIIICHA3BAHHBIX MTPOTOKO-
JIOB /7151 o0ecreueHus 3aJaHHOTO KadecTBa oocmykuBanus QoS. [lapamerpamu 115 aHanmm3a KayecTna
00CITy>)KUBaHUSI BEIOPaHBI POITYCKHAsI CIIOCOOHOCTh KaHAJIOB CBSA3M, BEJIMUMHA 3a/ICP)KKU U JDKUTTED.

CpaBHUTeJBHBII aHATH3 TPOTOKOI0B IPV6 1 IPv4

OnHUM U3 OCHOBHBIX TpeOOBaHM IpH pa3zpaboTke npoTokoia [Pv6 Obuia ero coBMECTUMOCTD CHH-
3y-BBEpX C MPEABIAYIINMU BEPCUSIMH, B 4acTHOCTHU ¢ [Pv4. B oToif cBs3u BHeapeHue mpoTtokona [Pvo
U sl €r0 HOBBIX (DYHKIMI HE BIUSIOT HA pabOTy CYIIECTBYIONIMX PUIIOKESHUH, pabOTAIOIINX OBEPX
ceTeBoro ypoBHs creka nmporokosoB TCP/IP, u MoryT mpuMeHSThCS Hapsiy ¢ PyHKIUSIMH MTPOTOKOIA
[Pv4. PaccMoTpuM OCHOBHBIE TIPEUMYIIIECTBA W HETOCTATKH 000MX MIPOTOKOMIOB [2, 3] (Tabm. 1).

Taoauna 1. Pasnuuns nporoxonos IPv4 u IPv6
Table 1. Differences between IPv4 and IPv6 protocols

TToxazarens /

IPv4 IPv6
Index

Anpec 32 outa (4 Gaiita). AIpec COCTOUT U3 128 6wut (16 Gaiir). [lepBrie 64 O6uta
ajipeca CeTH U aJpeca X0CTa, ONpe/IeJieHNe | 3aaloT HOMEp CEeTH, & OCTaJIbHbIE — HOMEp
KOTOPBIX ITPOMCXOUT XOCTaMH C MOMOIIBIO | XocTa. HacTo agpec XocTa CoCTaBIsIeTCs C
macku. O6mee ymcio 4 297 967 296 ncnone3oBanneM MAC-aapeca. Obmee gyucio
aJpecoB azapecos 3,4 - 1038

[IpoTokon ITpumensiercss ARP anis onpenenenust MexaHu3M onpeeneHns aIpecoB KaHAIbHOTO

OTIPEZICTICHUST | aJJpeCcOB KaHAIBHOTO YPOBHS YPOBHSI BCTPOCH B IIPOTOKOJ OOHAPYKEHHS

a/IpecoB cocezeit Neighbour Discovery, koTopblit

SIBJISIETCS 9acThio mpoTokona ICMPv6

Turer agpecoB | Unicast, Broadcast, Multicast Unicast, Multicast, Anycast

Hactpoiixa [epen Tem kak cucrema cMoxkeT oOmmarscsi | HacTpoliky TpeOyeTcst BHIIOIHSTE TOJIBKO
C IPYTMMH CUCTEMaMH, B HeH HEOOXOMMO | JUIsi IPUMEHEHUsI HEKOTOPBIX (DYHKIIH.
MPOIIUCATh aIPEC U MAPLIPYTHI Wntepodeiicer [Pv6 HacTpanBaioT camu ceOst

IIyTeM aBTOMaTn4eckoil HacTpoiiku IPv6
0e3 COXpaHCHHSI COCTOSTHUS
O®parmenTanus | Ecim maker ciumikoM BenMK, OTHpaBUTENb | DparMeHTal0 MOXKET OCYIECTBUTH TOIBKO

WA IPOMEXKYTOUYHBIE MapIIPyTH3ATOPEI OTIIPABUTEIIb
MOTYT pa30HThb €Tr0 Ha HECKOJIBKO ITAKETOB

ICMP [Tpumensiercs st oomena nadopmanuein | [Ipumensiercst 1uist oomena uHpopManmeit
0 ceTu 0 CeTH, a TaKXke J00aBICHBI (YHKIIMH ITOUCKA

cocezielt, onpeaeIeHust MapIpyTu3aropa
U JIpyTUX CB3aHHBIX (yHKLUH

3aromoBok Cocrasnser ot 20 mo 60 6aiiT B CocrasisieT poBHO 40 OaiiT, CTpyKTypa mpoIie,
3aBHCUMOCTHU OT HAJIM4Msl JONOJHUTENBHBIX | 4eM B IPv4
apaMeTpoB

NAT OpnHa w3 OCHOBHBEIX (yHKINH (hatiepBoiuia, |Kak TakoBOH MOANEPKKH HET U
BCTpOEHHas B cTek npotokoioB TCP/IP HEOOXOIMMOCTh B HEH OTCYTCTBYET B CBSI3U

CO 3HAYUTEIILHBIM PACIIUPEHUEM aIPECHOTO
npoctpancTBa. CymectByeT NAT 64

Jutst ipeoOpaszoBanust ajapecos IPv6 B IPv4
Pa3mep nakera | MakcumanbHbIN pa3Mep NakeTa MakcuManbHbII pa3Mep NakeTa MOXET
65535 Gaiit npeBsinIaTh 65535 Gait 1o 4 I'b npu
UCIIOJIb30BAaHUU MO (DUIIMPOBAHHBIX
IIPOTOKOJIOB TPAHCIIOPTHOTO YPOBHS

Br16op Onun unmy Heckonbko IP-anpecos, Amnanornuso IPv4. Ectb oniHO cyliecTBeHHOE

MaplpyTa CBSI3aHHBIX C MMApOH 3HAYEHU, KOTOpas om4ue: MappyTsl [Pv6 cBsA3aHbI
BKJIIOYAET B C€OS UM JIOTHYECKOTO ¢ ¢uznvecKknM, a He C JIOTHUECKUM
nnrepdeiica u IP-aapec ciemyromiero nHTepdeiicom

TPAH3UTHOTO y3J1a
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Kak BugnOo 3 Tabm. 1, mpotokon IPv6 nuimieH HEKOTOPHIX HEMOCTAaTKOB MpoTokoma [Pv4: ympo-
CTHJINCh 3arojOBOK M HAaCTPOMKA CETH, YBEIMUWIOCH aJIpeCHOE NMpOocTpaHCcTBO. OAHAKO B JINTEPAType
MPAaKTUYECKU OTCYTCTBYET MH(OPMAIMs OTHOCHUTEIFHO MPAaKTHUECKUX PE3YJIbTaTOB CPAaBHUTEIBHOTO
(YHKIIMOHMPOBAHUSI TPOTOKOJIOB MO 00ECTICUCHHUIO MAapaMEeTPOB 3aJJaHHOTO Ka4ecTBa 00CITyKUBaHHUSI.

Pe3y.]'II)TaTLl IKCNICPUMEHTAJbHBIX I/ICCJ’[CZ[OBaHHﬁ

Bout paspaboTan 1 coOpaH MakeT CETH, COCTOSIINI U3 IBYX HE3aBUCHUMBIX IMOJICETEH: OHA (PyHK-
HMOHMpPOBaja Ha 0a3ze mportokoya IPv4, Bropas — Ha Oa3ze mpoTtokojia Bepcuu 6 — IPv6. Maker cetu
MpeJIcTaBlieH Ha puc. 1.

IPv4 Network
Tunnel Broker

216.66.80.162 |

,"2001:470:70:227::1
Q

Y
&
R
\"
22
7
’
’
’
’
’

4
,*2001:470:70:227::2/64
»’ fe80::3:b27c:d1f0/64

IPv6 Network

172.31.255.254/14
2001:470:6331:28::1/64
fe80::764d:28ff:fe0d:423c/64

172.27.255.254/14
2001:470:6331:24::1/64
fe80::764d:28ff:fe0d:423b/64 / Mikrotik
Router OS

172.28.0.7/14
2001:470:6331:28:76d4:35ff:feb2:da4f/64
fe80::76d4:35ff:feb2:da4f/64

test02

172.24.0.8/14
FEEEEE 2001:470:6331:24:96de:80ff:fea5:5d5/64

testOl  fe80::96de:80ff:fea5:5d5/64

Puc. 1. MakeT cetu AJist pOBEACHUSI SKCIIEPUMEHTAIBbHBIX UCCIIE0BaHUN
Fig. 1. Network layout for experimental studies

B kadecTBe y310B OTHpaBHUTENS W TMOTy4areisl ObLTH TOATOTOBJICHBI /IBE WACHTHYHBIE pabodmne
cTaHnuu ¢ cereBbIMU KapTamu Qualcomm Atheros AR8151 Gigabit Ethernet Controller 6e3 kakux-mi6o
crienuaibHbIX HacTpoek L2- u L3-ypoBHeill. B kauecTBe onepallnOHHOM CUCTEMbI Ha KOMITBIOTEPaX BbI-
crynana Ubuntu Linux Server 18.04.4 LTS.

Tak kak kK MOMEHTY mpoBeneHus: uccienoBanuii ISP Pecnyonuku benapych He mpemocTaBisiia
azipecHoe nmpocTpancTBo [Pv6 mnst pusnveckux Juil, ObUIO PEIICHO BOCTIONB30BATHCS YCIYraMu TYH-
HenmpHOTO Opokepa Hurricane Electric. [lockombky mis opranmsanum 6to4 COSAMHEHHS IO CepBepa
TYHHEJIBHOTO Opokepa HeoOxoauM BHemmHud Oenbiii [P-agpec [Pv4, npyroii 0cCOOCHHOCTBIO TIpOBEIe-
HUS SKCTIEPUMEHTAIILHBIX HCCIIEAOBAHUHN SBUIIOCH TO, YTO OT mpoBaiinepa ByFly Obu1 momyden agpec
178.124.209.240.

B ponu mapmpyrtuzaropa Beictynan Mikrotik hAP AC2 ¢ nsitero Gigabit Ethernet mopramu u ycra-
HOBJICHHOW Ha HEM ceTeBoM omepaiuoHHoi cuctemoit Mikrotik RouterOS 6.46.6. PaGouue craniuu
TTONKITIOYATNCH HANpsAMyIo k Mapmpytu3atopy UTP-kabemem kareropum Cat.SE. Bo Bpems skcmepu-
MEHTa JIOCTYI K CEeTH UHTEePHET ObLT orpaHmyueH. KpoMe AByX y4acTBYIOIIMX B OKCIIEPUMEHTE pad0Inx
CTaHLUH K MapLIPyTH3aTOPy IpyTrue CTAaHIUHU Ha TOAKIIOYAIUCh.
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[TopThl MapIIpyTH3aTOPOB HACTPAUBAIUCH B pa3HbIC JIOTHUYECKHE MOCTHI (IpOrpaMMHas peanu3a-
LU YOPaBIIeMbIX CBUTYEH) Tak, uro ctaHuus test0l Obina B Bridge24 m VLAN24, a npyras pabo-
yast ctaHnus Haxonwiack B Bridge28 m VLAN28. Ilox sxkcniepuMeHT ObUIO BBIAETICHO JIBE JIOTHUECKUE
IPv4-nionceru: 172.24.0.0/14 u 172.28.0.0/14. IPv4-aapeca Haznauanuch aBromarndecku DHCP cepse-
pom. Ciry>xeOHbIH TpauK CBOAMIICA K MUHIMYMY ITyTEM OTKIIIOYEHHUS BCTIOMOTaTeIbHBIX CITYXK0 MapIiI-
pyTu3zaropa.

Wzmepenns npoBoawmu uiss TCP- u UDP-tpacduka, mpu 3TOM 9acTh 3aMepOB BBITTOIHSIIHA TIPU CTaH-
nmaptHoM MTU (Maximum Transmission Unit; MakcumalnbpHasi €IMHHIIA TIepEladyd O3HA4YaeT MaKCH-
MaJIbHBINA pa3Mep MakeTa, KOTOPBIA MOXKET OBITh MepeaaH 1o cetu 0e3 ¢pparmenTanuu), pasaom 1500.
Hpyryto gacts uzmepennii ocymectsisu npu MTU = 9000. Ins renepannu Tpaduka U IpOBEACHUS
M3MEpPEHHH MCIOIh30BaIN MTporpaMMHbIii komiuieke D-ITG — cBoboqHOE mporpaMMHOe obecniedeHne
C OTKPBITBIM HCXOJIHBIM KOJIOM, paboTaroliee o onepauoHHbIME cucteMaMu Windows u cemelicTBa
Linux.

Bce mpencraBneHHble M3MEpeHHs MPOBOAMIM JUIA IAKETOB pa3HOro pasmepa (or 64 Oaifr
10 1048576 Gaiit). TO O3BOIUIO AMYAUPOBATH CKOPOCTH PA0OTHI C PA3TUUHBIMU CIYKOaMU.

Ha nepBom 3Tarie BBITOTHSITH U3MEPEHUS MTOJI0CHI MPOIYCKAHUS IS IBYX POTOKOIOB. Kaskplii 3a-
Mep MPOU3BOJIMIIN B TEUCHHUE IISTH MUHYT U TIOBTOPSIJIM TPH pasa. B ntore BeIOMpau cpeHee 3HaUCHHe.
Pe3ynbraTe! ncciaenoBaHus PenCTaBIeHbI HA pHC. 2, 3.

1050000 290000
o

° 950000 e 285000
€ 850000 £

: £ 280000
é 750000 S

S 650000 g 275000
8 3

S 550000 g 270000
= =

° 450000 E 265000

<

350000 9

g 2 260000
5. 250000 g

|:8‘ 150000 = 255000

50000 250000

60 600 6000 60 600 6000 60000
IPv4 IPvo Pa3mep makera, GaiiT IPv4 IPv6 Pa3mep nakera, GaiT
a b

Puc. 2. 3aBucumocts npomyckHoi ciocooHoctu UDP- () u TCP-tpaduxa (b)
oT pa3Mmepa nakera npu MTU = 1500
Fig. 2. Dependence of UDP- (a) and TCP-traffic (») bandwidth on packet size at MTU = 1500

1050000 1050000
© 950000 £ 950000
% 850000 % 850000
2 750000 S 750000
% 650000 & 650000
S 550000 S 550000
= 450000 = 450000
£ 350000 S 350000
g 250000 g 250000
= 150000 g 150000
50000 50000

60 600 6000 60000 60 600 6000 60000

IPv4 IPv6 Pasmep nmaketa, Gaiit [Pv4 IPv6 Pasmep naxera, Gaiir

a b
Puc. 3. 3aBucumocts npomyckHoi ciocooHoctu UDP- () u TCP-tpaduxa (b)
oT pa3zMmepa nakera npu MTU = 9000
Fig. 3. Dependence of UDP- (a) and TCP-traffic (») bandwidth on packet size at MTU = 9000
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AHanu3upys HoIy4eHHbIE H3MEPEHHsI, MOKHO BUAETh HE3HAUNTEIbHOE MaJCHUE TPOILYCKHOMN CIIOo-
coOHOCTH KaHana rpu ucnonb3oBanuu [IPv6 TCP-tpaduxa (ot 0,5 % npu MTU = 9000 no 1,7 % npu
MTU = 1500) u uyTh Oomnbiuee mageHue npu ucnoiab3zoannu [Pv6 UDP-tpaduxa (3 % npu MTU = 1500
u MTU = 9000). CrieyeT OTMETHTb, YTO IPU HEOOJBIINX pa3Mepax MakeTOB pa3HUIA YBEITUUNBACTCS
Y YMEHBIIIAeTCs TI0 Mepe POCTa pa3Mepa MakeTa.

BTopsIM dTanoM m3MepeHuil cTano ompeneiacHue 3aaepxkek oopadboTku naketos (delay). YeiaoBus
OCTaBAJIMCh TEMH K€, HO TEHeph Iepe] HauajaoM TeCTa Yyachl pabouuX CTAHLUUN CHHXPOHU3HPOBAJINCE,
a 3alMCaHHBIC PEe3yNbTaThl MEPEJaHHOrO TpauKa CpaBHUBAJIMCH. Pe3yibTaThl UCCIEJOBAaHHN Npe-
CTaBJIEHBI Ha puc. 4—7.
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1Pv4

Puc. 4. 3aBucumocts 3aaepxku 00padorkn UDP-tpaduka ot pazmepa nakera npu MTU = 1500
Fig. 4. Dependence of UDP traffic processing delay on packet size at MTU = 1500
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Puc. 5. 3aBucumocts 3anepxku 00padotkn TCP-tpaduka ot pazmepa nakera npu MTU = 1500
Fig. 5. Dependence of TCP traffic processing delay on packet size at MTU = 1500
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Puc. 6. 3aBucumocts 3amepxku 00padborkn UDP-Tpaduka ot pazmepa makera mpu MTU = 9000
Fig. 6. Dependence of UDP traffic processing delay on packet size at MTU = 9000
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Puc. 7. 3aBucumocts 3agepxku 00paborku TCP-tpaduka ot pasmepa makera mpu MTU = 9000
Fig. 7. Dependence of TCP traffic processing delay on packet size at MTU = 9000

Kax BUAHO U3 PUCYHKOB, 3aJ€pPKKU MPU UCHONIB30BaHUU TPOTKOJIoB IPv4 u IPv6 mpaktuuecku
onuHakoBbie. OJTHAKO OXKHJIANIOCH CHIDKCHHE 3ajiepxek [Pvo-Tpaduka. YuuThiBas, 4TO OHH OCTaJIKCh
MIpUMEPHO Ha ypoBHE [Pv4, MOXHO MPOTHO3MPOBATH, YTO C POCTOM IMOMYJSIPHOCTH MPOTOKOJA TPO-
rpaMMHOE obecrnieuenre OymeT ontumm3upoBano. [1pu UDP-noToke 3aaepxku Mmenbiire, dem mpu TCP.
Y UDP-noToka ¢ pocToM MakeTa majaroT 3aAep>KKU, OAHAKO IIPU STOM BO3PACTAIOT OTEPHU AKETOB.

TpeTbuM 1m1arom cTasio u3mMepeHue JUKuTTepa. Kak n3BecTHO, Ha JUKUTTEP BIUSIOT TaKue (PakTopél,
KaK 3arpy’>kKeHHOCTh KaHaJjla CBS3H U 3aJIcpKKa BO BPEMEHU Ha BOCCTAHOBJICHHE MAKeTOB (puc. 8, 9).

0,0006
0,0005
0,0004

0,0003

Jlxurrep, mc

0,0002

0,0001

0~

60 600 6000 60000 600000
1Pv4 IPv6 Pa3mep makera, Oaiit

Puc. 8. 3aBucumocts BenmmunHsl mxuTTepa UDP-Tpaduka ot pasmepa makera npu MTU = 1500
Fig. 8. Dependence of UDP traffic jitter value on packet size at MTU = 1500
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Puc. 9. 3aBucumocts Benmuunsl mxurTepa TCP-Tpaduka ot pasmepa nakera npu MTU = 1500
Fig. 9. Dependence of TCP traffic jitter value on packet size at MTU = 1500
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3aBucumoct BenuunHbl xutTepa UDP- n TCP-tpaduka ot pasmepa makera mpu MTU = 9000
1uis ipoTokoiioB IPv4 k IPv6 uaeHTHYHBI, KpUBBIE B TOYHOCTH COBIAIAIOT, TOBTOPSI IO (hopMe 3aBH-
cumocTu puc. 11. Takum oOpazom, 3HaUeHHS [PKUTTEpa Ui TpaduKoB poTokonoB [Pv4 u IPv6 cyme-
CTBEHHO He omimuaroTcs. bombiime 3nauenus [Pv6 UDP-tpaduka B [IPv4 moryt o3HauaTh OOJIbIIIHE
IOTepH MaKkeToB. M3 mpeCcTaBIeHHbIX 3aBUCUMOCTEN TaKXKe cliefyerT, 4To ¢ yBenuuenneM MTU Benu-
YMHA JUKUTTepa yMeHblnaeTcs. OTcrona HanpalinBaeTcs BbIBOJ, YTO €CJIM 3a1E€HCTBOBATH PACIIMPEH-
HBIE 3aroJIOBKH NakeToB [Pv6 (Mcronb3oBanue TEroB Uil OTHOTO OTOKA), 3HAYCHHSI JPKUTTEPA JOIKHbI
CHM3MTCS, IOCKOJIbKY JOJIKHA YBEIHIUTHCS CKOPOCTh 00pabOTKU MAKETOB MAPILPYTH3aTOPOM.

3aKiIroueHue

1. CpaBHUTENBHBIN aHamU3 NpoToKoIoB IPv4 n IPv6 nns obecnieyenus 3a1aHHOTO KauecTBa 00CITy-
JKMBaHUS TIOKa3al, YTO TpeOOBaHUS MO TaKUM MapameTpaM, Kak MPOIMyCKHasl CIIOCOOHOCTh KaHaJIOB
CBSI3U W 33JIepKKH y mpotokona [Pv6, Heckonbpko Xyxe. [Ipu mucciegoBanum 3aepKKu KaHada CBSA3H
OBLIO 3aMEUeHO HEe3HAUUTEIbHOE UX Bo3pacTanue npu mnepexoje ot [Pv4 k IPv6. 3to MmoxeT ObITh 00b-
SICHEHO HEHCIIONb30BaHNeM Takux (pyHkiui [IPv6, kak MeTkn Tpaduka, KOTOphIE 3HAYUTETHLHO YCKOPSI-
10T 00paboTKy Tpaduka Ha MapIIPyTH3ATOPAX.

2. Bennunna 3aaepxku rpu nepexoze ot [Pv4 x IPv6 takke He3HaunTenbHO Bo3pacTaet. Mccneno-
BaHUE JUKUTTEpa [10Ka3ajl0 HE3HAUYUTENbHOE €ro yYBelInueHue mnpu nepexone ot [Pv4 k IPvo.

3. YuutbiBasg 04eHb OJIM3KHE CKOPOCTH (DYHKIMOHUPOBAHUS MPOTOKOJIOB, & TAKKE HOBU3HY IPO-
TOKOJIa ¥ TIPEUMYIIIECTBA, KOTOPHIMU OH 00JIa/IaeT B IJIaHE MPOCTOTHI PabOThl H MACHITAOHUPYEMOCTH,
13 TIPOBEIEHHBIX HCCIIEIOBAHUI CIELyeT, 4TO HOBas BEPCHUs NPOTOKOJIA SIBISETCS] NEPCIEKTUBHOMN
C TOYKH 3pEHMs 00eCIeueHHsI 3aJaHHOIO KauecTBa 00CTy KUBaHHS.

4. Ilporoxon IPv6 mMoxkeT ObITh 3 peKTUBHO HCIIOIB30BAH € YBeNHYeHneM o0beMa Tpaduka, a Tak-
K€ B CBSI3U C POCTOM YHCJIa MHTEJUIEKTYyallbHBIX CUCTEM, KOTOPBIM HE0OX0ANMO 00IIaThes APYT C Apy-
T'OM HaIpsIMYyI0, HaIIPUMEp, B CETAX WHTEpHETa BelleH.
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AHHOTanusl. B crarbe nmpejcTaBieHbl pe3ylbTaThl aHaIM3a HCI0JIb30BAHHS UTEPAIIMOHHBIX YUCICHHBIX aJITOPHT-
MOB BBIYHCIICHHS KOpHEH cHcTeM HeNMMHEeHHbIX ypaBHeHH! (JIeBenOepra-Mapksapara, anroput™M HeroToHa, Mo-
JuduupoBaHHbIi anroput™M HbIOTOHA, TOCIIEIOBATENbHBIX UTEpAnil H TPAJIMEHTHOTO CITyCKa), OIIMCHIBAIOIIIX
MIPOIIECC BBIYKMCICHUS MPOCTPAHCTBEHHBIX MPSIMOYTOJIBHBIX KOOPANHAT UCTOYHUKOB PaIOM3IIyYSHUs B YIIIOMeEp-
HO-Pa3HOCTHO-JAJIbHOMEPHBIX KOMILIEKCAX MACCHBHOM JOKALMHU C Pa3IMYHOM KOH(UTyparuen (comepiKammx
B CBOEM COCTaBE OT JIBYX JIO YETHIPEX IPHEMHHKOB). McciieoBaHms BKITIOYAIN B ce0sl ONpeiesieHHe ONTHMAIb-
HOTO YHCJIa MPUEMHBIX ITYHKTOB M BBIOOp HanOouee apheKkTrBHOTO criocoba npeodpa3oBaHus KOOPAWHAT BEKTOpa
HaOII01aeMBIX TAapaMeTpoB (COBOKYITHOCTH OLEHOK PAa3HOCTEH AadbHOCTH M YIIIOBBIX KOOPIMHAT M3ITy4arOlINX
panuocurHaibl 00bEKTOB B IPHUBS3KE K IIPOCTPAHCTBEHHOMY PACIOIOKEHUIO IPUEMHHKOB CHCTEMBI) B BEKTOP H3-
MepsieMbIX ITapaMeTpoB (IIPOCTPaHCTBEHHBIE MPSMOYTOJIbHBIE KOOPIUHATHI 00bekTa Habmonenus ). Kpurepusmu
JUISL TIOCJIEAYIOIIETO CPAaBHEHUS PE3yNbTaTOB HCIIOIb30BAHUS aHAIM3UPYEMBIX AJITOPUTMOB OBUTH OIpE/IesICHbI
CJICIIyIOIIHNE XapaKTePHCTHKH: pabodasi 30Ha KOMILIEKCa [TaCCUBHOM JIOKAIMK (4acTh MPOCTPAHCTBA, B IIPEeax
KOTOPO# OTKJIOHEHHE OIIEHOK KOOPJMHAT LeJIeH OT MX UCTHHHBIX 3HaUC€HWH HE MPEBBIIaeT MAKCUMAJIBHO JIOMy-
CTUMBIX 3HAYEHHI); CPEAHsS OIINOKA BEIYMCICHUS IPOCTPAHCTBEHHBIX KOOPANHAT Liesieil B pabodeli 30He; Yncio
9TAIOB BBIYHUCIICHUS KOOPIUHAT NCTOYHUKOB PaJIMOU3ITyUCHHUS B HCCIIEyeMOI YacTH MIPOCTPAaHCTBa. Pe3ynbrarst
CPaBHHTEIILHOTO aHAIIN3a MOJTyYeHHBIX YUCIICHHBIX 3HAY€HUI BHIOPAHHBIX KPUTEPHUEB ITO3BOJIMIIN C/IENaTh BHIBOJIBI
0 TOM, YTO ONTHUMAJBbHBIMH SIBISIOTCS pealn3alys yIIOMEPHO-Pa3HOCTHO-AaIbHOMEPHBIX KOMIUIEKCOB MACCHB-
HOM JIOKAIIMN B COCTABE YETHIPEX MIPUEMHBIX IIYHKTOB U IIPUMEHEHHE JUIsl BBIYUCIICHUS ITPOCTPAHCTBEHHBIX KOOP-
JIMHAT MCTOYHHUKOB PaJMOM3IydeHust anropurMa Jleenbepra-Mapksapara.

KioueBble ci1oBa: yrioMEepHO-Pa3HOCTHO-IAILHOMEPHBIH KOMILICKC ITACCHMBHOW JIOKAILMH, MPSMOYTOJIbHBIE
[IPOCTPAHCTBEHHbBIE KOOPIUHATBI, YACIICHHBIA METOJI PEIICHUS] CUCTEMbI HEJIMHEWHBIX YPaBHEHHUH.

KondaukT HHTEpecoB. ABTOPHI 3asIBIISIOT 00 OTCYTCTBUU KOH(DIMKTa HHTEPECOB.
Jas uurupoBanus. Jmutpenko, A. A. BrrumcieHne MpOCTPaHCTBEHHBIX KOOPAWHAT IIEJIeH B YIIIOMEPHO-
Pa3HOCTHO-IATFHOMEPHBIX KOMIDICKCAX ITACCUBHON JIOKAIMM YHCICHHBIMH HWTEPANMOHHBIMA METOIAMH /

A. A. Imutpenxo, C. FO. Cenprmes // Jloxknanst BI'YUP. 2022. T. 20, Ne 8. C. 84-91. http://dx.doi.org/10.35596/
1729-7648-2022-20-8-84-91.
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Abstract. This paper presents the analysis results of the iterative numerical algorithms use for roots calculating of
nonlinear equations systems (Levenberg-Marquardt, Newton’s algorithm, modified Newton’s algorithm, sequential
iterations and gradient descent) describing the process of spatial rectangular coordinates calculating of radio emission
sources in the angle-difference-rangefinder passive location complexes with different configurations (containing from
2 to 4 receivers). The main objectives of the work include determining optimal number of receiving points and choos-
ing the most effective way to transform the coordinates of the observed parameters vector (a set of range differences
and angular coordinates estimates of objects emitting radio signals in relation to the receiver spatial location of the
system) into a measured parameters vector (spatial rectangular coordinates of the observation object). The criteria
for further comparison of the using analyzed algorithms results were determined by the following characteristics:
working area of the passive location complex (the part of the space within which the targets coordinates estimates
deviation from their true values does not exceed the maximum allowable values); average error of calculating the
target spatial coordinates in the working area; number of coordinate calculating stages of radio sources in the stud-
ied part of the space. The results of a comparative analysis of the obtained numerical values by the selected criteria
allowed us to conclude that the optimal implementation is the implementation of the angle-difference-rangefinder
passive location complexes consisting of four receiving points and the use of the Levenberg-Marquardt algorithm
for calculating the spatial coordinates of radio emission sources.

Keywords: angle-difference-rangefinder passive location complex, rectangular spatial coordinates, numerical
method for nonlinear equations system solving.
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BBenenune

B xommnekcax naccuBHoii nokauuu (KI1JI) koopauHaTsl nenei onpeaensiorces: myteM oopaboTku
COBOKYITHOCTH TIEPBHUYHBIX M3MEPSIEMBIX MapaMeTpPOB: YINIOBBIX HANpPaBICHUH (a3MMYT, yTroji MecTa)
WM pa3HOCTEN NaJbHOCTU MPOXOXKJICHHS paJliOCUTHAIOB OT IIeJU JI0 paclpeieieHHbIX B IPOCTpaH-
crBe nprueMHbIX yHKTOB (I1I1) cucremsl. [1o cpaBHEHHUIO C aKTHBHOM JIOKalMe HEOOXOAUMBIM yCIIO-
BUEM SBIIAETCS HAINYKME HA OOPTY LENH U3TyHaroluX paaloCUTHAIIBI CUCTEM.

B 3aBucumocTé OoT mepBOHAYAIBEHO OMpPEENIEHHOr0 Habopa MCXOAHBIX M3MEPSEMBIX ITapaMeTpOB
MOTYT OBITh PEATM30BAHbI CIEIYIOIINE THITH KOMIIEKCOB ITACCHBHON JIOKAITUH:

— YIJIOMEPHBIH (IIpU UCIIOIb30BAHUH TOJIBKO OLICHOK YIVIOBBIX HAIPaBJICHUH HA UCTOYHUKHU PAIHO-
mnydeans (MPN));

— Pa3HOCTHO-/1aIbHOMEPHBIE (TIPH UCIIOIB30BAHUH TOJIBKO OLIGHOK Pa3HOCTEH 1ajIbHOCTH);

— YDJIOMEPHO-Pa3HOCTHO-AanbHOMepHBIH (YPJl) (mpu Hcnonbp30BaHUM OLEHOK KaK YIVIOBBIX Ha-
npasienuil Ha UPU, Tak u oueHok pazHocted naabHocTH Mexay MUPU u cooTBeTCTBYIOIIMMU TapaMu
MPUEMHBIX ITYHKTOB KOMILIeKca) [1].

AHanM3UpyeMblii B CTaThe YITIOMEPHO-Pa3HOCTHO-IATbHOMEPHBIN cIocod 00anaer, mo cpaBHe-
HUIO C IPYTUMH, CICAYIOIIUMU IpeumMyIiecTBamu [2—4]:

a) BBICOKas MOTEHIMAJIbHAS TOUHOCTH OMPEAETIeHHsI TPOCTPaHCTBEHHBIX KoopanHat UPU;

0) HampaBlieHHAs! aHTEHHAsi CUCTeMa HeOOXOJMa TOJIBKO Ha OJHOM IPUEMHOM ITyHKTE (B CpaBHE-
HUU C YIIIOMEPHBIM KOMIUIEKCOM);

B) OTCYTCTBHE HEOOXOIUMOCTH CIIOKHON CHCTEMBI KOOPIWHAIINK 0030pa MPOCTPAHCTBA CHCTEMOM
HaIlpaBJICHHBIX AHTCHH (B CPABHEHUHU C YIJIOMEPHBIM KOMIIJIEKCOM);
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T') TSl OLIEHKW pa3HOCTel BpeMeHH 3ara3siBanus curaainos MIPU 6a30Bo-koppensimoHHoi o0pa-
OOTKHM OTCYTCTBYET HEOOXOAMMOCTh B TOYHOM MH(OpMAIIMH O TIapaMeTpax U XapaKTepucTukax oopada-
THIBAEMBIX CUTHAJIOB;

1) oOecrieueHne HanOoJIbINeH padouel 30HbI [4].

[IpoBeneHo MaTeMaTHIECKOE UMUTAITMOHHOE MOJISTTUPOBAHNE TIPOIECCa BEIYUCICHUS TPSIMOYTOIh-
HBIX IPOCTPAaHCTBEHHBIX KoopauHat MIPU myTeM penieHus: pa3auyHbIMU YHMCICHHBIMA UTEPALMOHHBI-
MU CIIOCOOAMH CHCTEM HEITMHEHHBIX ypaBHEHUH, 00eCIIeYnBaoONnX Mpeodpa3oBaHie BEKTOpa HAOIO-
JTAeMBIX TTapaMeTPOB (COBOKYITHOCTB OLIEHOK Pa3HOCTEH NajJbHOCTHU U YITIOBBIX KOOPAMHAT NCTOYHUKOB
paauou3IydeHHs) B BEKTOP U3MEPSIEMBIX MapaMeTpoB (IIPOCTPAHCTBEHHBIE MPSAMOYTOIbHBIE KOOPAU-
HaThl 00BEKTA HAOJIIOICHUS) C IEJIBI0 OMPE/ICIICHUSI ONTUMAIBHOTO YKCIa TPUEMHBIX MYHKTOB Y PJ]
KOMILJICKCOB [TACCUBHOM JIOKAIMU U BbIOOPA Hanbosee 3h(HEeKTUBHOTO ajlropuT™Ma KOOPAMHATHBIX TIpe-
00pa3zoBaHUi.

IlocTanoBka 3agaun

B ymimoMepHO-pa3HOCTHO-ZATbHOMEPHBIX KOMIUIEKCaX MaCCUBHOM JIOKAIIMH HEMIOCPEICTBEHHO OlLie-
HUBAIOTCS CIENYIOIINE MTapaMeTpsl: YIIoBble HanpasieHus Ha IPY u pasHocTr BpeMeHU 3amas/bIBa-
Hus curdanoB PU otHocutensHO onpenenennsix nap I111, koTopele nanee nepecuynThIBaOTCSA B Pa3HO-
ctu ganpHOocTel. KoHeuHoMy mOoTpeOuTeNo npeacTaBieHne KOOPAMHATHON HH(POPMAITHA HEOOXOJMMO
B JICKapTOBOU IIPSIMOYTOJIbHOM cucTeMe KoopAuHar. IT0CKOIbKY 3TH CHCTEMBI KOOPAUHAT CBS3AHBI MEK-
Iy co00¥ HeJMHEeHHO, Il TpeoOpa3oBaHust KOOPIUHATHON WH(POPMAIMH U3 OJTHOW CHCTEMBI B APYTYIO
HaJI0 COCTaBUTH U PEIIUTH COOTBETCTBYIOIINE CUCTEMBI HeMMHEHHBIX ypaBHeHul (CHY). M3naganbsao
n3BeCTHBIMM napameTpaMu B CHY sBIstOTCS KOOpAMHATHI MPUEMHBIX ITyHKTOB KOMILIEKCA, 3HAUEHUS
OLIEHOK YIJIOBBIX KOOPAWHAT (a3uMyTa) U pazHocTu nanbHocTedl IPU oTHOCHTENBHO COOTBETCTBYIO-
mwmx nap 1. JIns popmupoBanus coorBercTBytoumx CHY Hy>KHO NPUHATH pellleHHe O YUCIIe MPH-
EMHBIX ITyHKTOB, M3 KOTOPBIX OYyJ€T COCTOSITh KOMIUIEKC [TACCHBHOM JIOKALIUH, & TAKKe 0 KOHKPETHOM
Habope MePBUYHBIX MU3MEPSAEMBIX KOOPIMHATHRIX MapameTpoB Ha 3Tux [II1. Ilpn npunsaTHu pemeHus
HEOOXOIMMO YUHUTHIBATh CJICAYIOIINE BO3MOKHBIE OTPAaHUIUTENIbHBIC (PaKTOPHI:

— JUISI CHIDKCHMS CJIOKHOCTH M YMEHBILICHHS KOHEYHOH CTOMMOCTH KOMIUIEKCA ILIeJIeCO00pa3Ho
BKJIIOUUTDH B €70 COCTAaB MUHUMAJILHO HEOOXOANMOE YMCIIO TPUEMHBIX ITYHKTOB;

— B ONPEICICHHBIX yCIOBUAX B3auMHoro pacnoioxenus UPU u I KIUI (manpumep, npu Bxoae
nenu B padouyto 300y KI1J) yacTh NepBUYHBIX OLIEHOK U3MEPSIEMBIX [TaPaMETPOB SIBIISIOTCS HEIOCTYII-
HBIMU.

C y4eroM BbIIIEyKa3aHHBIX OTPAHUUCHUN PACCMOTPEHBI TPU BO3MOYKHBIC CUTYaLlUH.

1. Kommiekc naccCMBHOM JOKallU COCTOUT U3 IBYX IIPUEMHBIX ITyHKTOB. [[epBHUHBIMU H3MeEpsEMBI-
MU IIapaMeTpaMU SIBISIFOTCS OJIMH a3UMYT M OJIHA Pa3HOCTh JajbHOCTEH. BrIxomHas KoopAMHATHAS UH-
(dopmanus mpeacTasisieT co0oi ABe mpsiMoyronbHble KoopauHatel MPU (X, Y). Cucrema HennHEHHBIX
YPABHEHUH B 3TOM Clly4ae UMEET BUJL:

J& =%+ (0 =07 =05, =207 + (s = ) = Ay =0;

—x
Y=N

(M

atan

+3(2—sign(x—xl)—sign(x—xl)sign(y—yl)) —B, =0.

2. Komriekc macCMBHOM JIOKAIIMM COCTOUT M3 TpeX NMPUEMHBIX MyHKTOB. IlepBUuHBIMU H3Mepsie-
MBIMU TIapaMeTpaMu SBISIOTCA OJUH a3MMYT U JBE Pa3HOCTU AalibHOCTEN. BrIxonHas KoopanHaTHAS
nH(pOopMaIHs MpeaCcTaBIsAeT co00i Tpu npsAMoyroibHble KoopanHatel UPU (X, Y, Z). Cuctema Henu-
HEUHBIX ypaBHEHUM B 3TOM CITydae UMEET BUI:

\/(xl —x)2 +(y _J’)z +(z _2)2 _\/(xz —x)2 +(», _J/)z +(z, _2)2 —An, =0;
O =27 + (0 =90 + (5, =2 = (5 =) +(3y =) + (2, —2)* —Ary = 0; )

y=n

atan +3(2—sign(x—xl)—sign(x—xl)sign(y—yl)) -B, =0.
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3. Komrurekc maccuBHOM JIOKAIIUKM COCTOUT U3 YETBIPEX MIPUEMHBIX ITYHKTOB. [lepBUuHbBIMU H3Meps-
€MBIMHU [TapaMeTpaMH SIBIIIOTCS OJIMH a3UMYT M TPU PA3HOCTHU JaJIbHOCTEH. BbIXoqHAast KoOpAMHATHAS
nHpOpMALHS IPEACTABIsET COOOH TpH MpsaMoyronbHbie koopaunatsl MPU (X, Y, Z). Cucrema Henu-
HEUHBIX YpaBHEHUM UMEET BUJL:

\/(xo —x)2 + (¥ _y)2 +(z, _2)2 _\/(xl —x)2 +( _)’)2 +(z _2)2 —Ary =05
JGo =0 + (g =20 + (20 =2 (5 =) + (7, =) + (2, —2)° — Any, =0;
J& =27+ (=20 + (20 = 2 =y =) + (73 =) + (25 = 2)* = A =0; ®)

Y=Y

atan +g(z—sign(x—xo)—sign(x—xo)sign(y—yo)) —B, =0.

B dopmymax (1)—(3): x;, v;, z; — koopamuuats! 111 KIUL; x, y, z — Beraucnsemsie koopauHatsl PU;
Ar; j — ouenku pasnocreit nansnoctu UPU; B; — ouenku asumyra UPU.

Juis Beraucnenus kopHeit npencraBineHHbIX B (1)—(3) CHY He cymectByeT noctarodHo 3¢ ¢GexTus-
HBIX CIIOCO0OB 001Iero xapakrepa. [Ipy pemeHnn TaHHbIX CUCTEM MIPUIOIHBI TOJIBKO NPUOIHKEHHBIC
YHUCJIEHHBIE METO/IbI, KOTOPBIE ITyTEM TOCJIE0BATENbHBIX UTEPALU TP ONPEIEIEHHBIX YCIOBUAX MO~
3BOJISIFOT MTPUOJIM3UTHCS K UICTUHHBIM 3HAUEHUSIM MPOoCcTpaHCcTBeHHBIX Koopannat UPU: X, = (xy, Vi, z1),
k=0,1,2, ..., n. ECi uTEparimOHHBIN MPOIICCC CXOMAUTCS, TO TPAHNYHOE 3HAYCHUE SBIISICTCS PEIICHUEM
CUCTEMEI ypaBHEHHUH [5, 6].

st perieHnst cOPMUPOBAHHBIX CHCTEM HETMHEWHBIX YPaBHEHUH NPUMEHSIIM CIIEAYIOLIUE aJro-
put™mel: Herotona, MoguduuupoBaHHbIi anroput™M HproTOHA, rpaiueHTHOTO CIyCKa, MOCIE0BATEb-
HBIX uTepauuii u JleBenOepra-MapkBapara. CpaBHUTEIBHBIN aHAIN3 PE3YJIBTaTOB MX MCIIOIB30BAHUS
MIPOBOJMIIN HA OCHOBAHUU CIIEAYIOUINX KPUTEPHEB KauecTBa:

— pabouast 3012 KIIJI — 06acTe mpoCcTpaHCcTBa, B Ipeaeax KOTOPOH OTKIOHEHHE OIIEHOK KOOPIU-
HAaT LeJeld OT UX HCTUHHBIX 3HaYE€HUH HE MPEBBIIAeT MAKCHMAIbHO JOIYCTUMBIX 3HAYCHH;

— cpenHsist OIIMOKa BBIYMCIICHUS IPOCTPAHCTBEHHBIX KOOpAnHAT B padoueii 3oue KITI;

— YHCIJIO0 UTepaluii Berancienns koopauHat MIPY B ananusupyeMoil yacTu mpocTpaHCTBa.

HCXOIleIe YcjioBusl MIPOBEICHUA I/ICCJ'IeIIOBaHI/Iﬁ

B cnyuae nannuus B cocrae KILI aByx nmu tpex 111 onu pacnonaranuce Ha ynanenuu 20 KM oT
Havalla CUCTeMbI KOOPAMHAT MPHU YITIOBBIX cMemeHusx 120° otHocuTenbHO Apyr apyra. [lpu ananmse
pab6otsl KI1JI, B cocTaB KOTOPOTro BXOMIIM YETHIPE MPUEMHBIX ITyHKTa, ellie oinH neHTpaabHbii [111 Ha-
XOIWJICS B Hadasle CHCTEMBI KOOPIWHAT. 30HA MCCIEOBAHNS MPEICTABIsLIA CO00M 00IacTh MPOCTpaH-
CTBa, OrpaHnuYeHHy0 creaytommmu napamerpamu: 400x400 kM Ha TUTOCKOCTH TIPH (PUKCHPOBAHHOM
BeicoTe HaxoxaeHuss UPU 10 xm. BHyTpn nmanHo# oOmactu mockoctHele koopamHatel UPU (X, Y)
BBIOMpATHCH TUCKPETHO ¢ marom 10 kM.

Jnist KaKI0W U3 aHAIN3UPYEMBIX TOUEK MPOCTPAHCTBEHHOTO PACIIONOKEHUS 00bEKTa HAOMIONCHHUS
pPaCCUUTHIBAIM YITIOBBIE KOOPAMHATHI M PAa3HOCTH JajbHOCTEH (C yd4eToM n3BecTHhIX koopauHat 111
KIII u UPU). Ilocie ero BRIYUCIISUIA TIPOCTPaHCTBEHHBIC kKoopauHaTel IPU myTeM pacdera kopHei
CUCTEM HEeJNMHEHHBIX YPaBHEHUH Ka)KIbIM U3 aHAIN3UPYEMBIX CIIOCOO0B.

B cocraB paboueii 30861 KITJI BKIIFO9any IHITs TE TOYKH aHATTU3UPYEMOH 00IacTH MPOCTPAHCTBA,
B KOTOPBIX OMIMOKHM BBIYMCIICHUSI TPOCTPaHCTBEHHBIX KoopauHat MPU e mpesbimanu 2 kM. [anee
MIPOM3BOAMIIM OLIEHKY CpEeIHEeH OIIMOKM BBIYHCICHUSI KOOPAMHAT B TOYKAX, MOMABIIMX B pab0OUuyI0 30HY
KIIJIL. [nst OlleHKH BBIYMCIUTENHLHON 3(PPEKTUBHOCTH pacCMaTPUBAEMBIX aJTOPUTMOB (PHKCHPOBAIU
KOJIMYECTBO UTEPAIlUi pacueTa MPOCTPAHCTBEHHBIX KOOPIUHAT IICJICH 10 BCEH 00IacTn aHAIM3a.

Pe3ynbrarhl uccie10BaHuii U UX 00Cy:KIeHUe

OtcyTcTBHE BO3MOXKHOCTH OOPALIEHUS MAaTPULb! SIKOOH 110 IPUUUHE €€ BBIPOXKIEHHOCTHU CIENajI0
IpuMeHeHue anroputMoB HeroToHa (Kak 0ObIYHOTO, TaK M MOAU(DULIMPOBAHHOTO) HEBO3ZMOXKHBIM. 11pn
HCIOJIB30BAHUH QJITOPUTMA MPOCTHIX UTEpaLnii ObI0 0OHAPYKEHO OTCYTCTBUE CXOAUMOCTH UTEpaLH-
OHHOTO Tporecca noucka pemenust CHY. Ilo 3tum npudnHam B JajibHEHIIEM B pACCMOTPEHUH OCTaBU-
JIM TOJIBKO TPAJIMEHTHBIN alNropuT™ U anroputM JleBenbepra-Mapksapra.
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3aBUCHMOCTH BEIMYMHBI OIMMUOOK BBIYHCIEHHS TUIOCKOCTHBIX KoopawHat X, ¥ MPU ot ero mpo-
CTPaHCTBEHHOT0 pacnoiokeHus npu Hannuuu B coctase KIUI nByx I1I1 npusenens! Ha puc. 1.
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Puc. 1. 3aBHCHMOCTD BETMYMHBI OLIMOOK BBIYHCICHUS KOOPAUHAT X, Y MCTOYHUKA PaJUOM3IYYCHHUS
OT €ro PacIONOKEHHUS B IPOCTPAHCTBE NPH BKIIIOYCHUH B COCTAB KOMIUIEKCa ACCHBHOI JIOKALIMU
JIBYX PHEMHBIX IIYHKTOB: d, b — METOJ] I'paJJHeHTHOTO CITyCKa; ¢, d — Meton JleBeHOepra-Mapksapara
Fig. 1. Dependence of radio source coordinates X, ¥ error value on its space location when 2 receivers
are included in passive radar: a, b — gradient descent method; ¢, d — Levenberg-Marquardt method

Pasmepsl paboueil 30HBI, 3HaYCHHE CPEJHEH OIIMOKH BBIYKMCICHUS KOOPIWHAT B pabodeill 30HE,
a Tak)Ke YMCJIO UTepalliil IPY BBIYMCICHUN KOOPIWHAT B aHATM3UPYEMON 001acTH MPOCTPAHCTBA MPH
Hammuuu B coctaBe KIUJI nByx IIIT u onpenenenuu ABYyX MpOCTpaHCTBEHHbIX koopauHat X, ¥ PU

MIpUBeIeHBI B Ta0M. 1.

Tadmumna 1. [Tokazarenn kauecTBa KOMIUIEKCA TACCUBHOM JIOKalMK (BBIYMCICHHE JIByX KoopauHar X, ¥
MCTOYHUKA PAJUON3ITYUICHUSI, IBYX IPUEMHBIX ITyHKTOB B COCTaBE KOMILIEKCA ITACCHBHOMN JIOKAIMN)
Table 1. Passive radar quality indicators (calculation of 2 coordinates X, Y of IRI, 2 receivers are included)

Merton rpamuentHoro ciycka / | Meton JleenOepra-Mapksapra /

Kpurepuii kaecrsa / Quality criterion Gradient descent algorithm Levenberg-Marquardt algorithm
Pabouas 30Ha, % aHAIN3UPYEMOH 30HBI 25,8 7,5

Cpennsist onmbka BI:IV‘II/ICJ'IeHI/IH 726 1095

KOOpIHMHAT B pabodell 30He, M

Yucito ureparyii Ipu BEIYUCICHUH 1,029 - 107 1,588 - 107

KOOPJMHAT B aHAJIN3UPYEMOIl 30He
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3aBUCHMOCTH BEITMYMHBI OMTUOOK BhIUUCIIEHUS KoopauHar X, Y, Z UPU ot ero mpocTpaHCTBEHHOTO
pacnionoxxenus npu Hanuunu B coctase KI1JI tpex I1I1 npusenens! Ha puc. 2.

Titerr, KM
200 nPu

Oyx,yz> M

ripu, KM
0
0 2200 ~100 0 100 200
Fupi, KM 100 200 Gy M 0 10000
a b
rupn, KM
200 NPU
100
ripu, KM
100
200 ‘
100 2200 100 0 100 200
Fitpits KM 200 Gy M 0 I ) 000
c d

Puc. 2. 3aBHCHMOCTD BEIMYHHBI OITUOOK BBIYUCICHUS KOOpAUHAT X, Y, Z NCTOYHUKA PaJHOH3ITyYCHHS
OT €r0 PacIOIOKEHHUS B IPOCTPAHCTBE MIPH BKIFOUCHUH B COCTAB KOMILICKCA MTACCHBHOM JIOKAIHH
TpexX MPUEMHBIX IIYHKTOB: @, b — METOX TPaINEHTHOTO CITyCKa; ¢, d — MeToxn JleBenOepra-Mapksapara
Fig. 2. Dependence of radio source coordinates X, Y, Z error value on its space location when 3 receivers
are included in passive radar: a, b — gradient descent method; ¢, d — Levenberg-Marquardt method

Pa3meps! pabodeil 30HBI, 3HAUEHHE CPETHEH OIMMOKM BBIYMCIEHHUS KOOpAWHAT B paboueil 30He,
a TAKXK€ YMCII0 UTEPALM IPH BBIYMCICHUU IPOCTPAHCTBEHHBIX KOOPAMHAT B aHAJIU3UPYEMON 30HE IIPU
Hanunuuu B coctase KILJI tpex III1 u onpenenenuu Tpex npocTpaHCTBEHHBIX KoopauHar X, Y, Z UIPU
MIPUBEACHBI B Ta0M. 2.

Tao6aumna 2. [Toka3arenn kauecTBa KOMIUIEKCA ITACCUBHOH JIOKAIWH (BBIYUCIICHUE TpeX KoopawHar X, Y, Z
HCTOYHHKA PaJOU3ITyUeHHs], TPEX MPUEMHBIX ITYHKTOB B COCTaBE KOMILJIEKCA TACCUBHOM JIOKAIINH )
Table 2. Passive radar quality indicators (calculation 3 coordinates X, Y, Z of IRI, 3 receivers are included)

Merton rpaguentHoro ciycka / | Meton JleBenOepra-Mapkapra /

Kpurepuii kasecrsa / Quality criterion Gradient descent algorithm Levenberg-Marquardt algorithm

Pabouas 30Ha, % aHanM3UpPyeMOn 30HBI 18,4 8,9
Cpemusis ommoka BLI:{I/ICJ'IGHI/ISI 340 1
KOOpJIMHAT B paboyeii 30He, M

Yucio urepaiuii Ipu BEIYUCICHUH 1378 - 107 1,328 - 107

KOOPJMHAT B aHAIU3UPYEMOI 30He
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3aBUCHMOCTH BEITMYMHBI OMTUOOK BhIUUCIIEHUS KoopauHar X, Y, Z UPU ot ero mpocTpaHCTBEHHOTO
pacnionoxenus npu Hanuuuu B coctase KILJI uetsipex I1I1 npusenens! Ha puc. 3.

rupu, KM

Oypoa M 200

100

rupn, KM

-100
vpy, KM

100

-200
-200 -100 0 100 200
200 Gy M 0 I — 2-10°
a b
200 rvpy, KM

100

0 vpu, KM
~100
2050 100 100 200
100 ~ - 0
rypu, KM 200
ey M 0 I S 10

c d
Puc. 3. 3aBUCHMOCTb BETMYMHBI OIIMOOK BBIYMCIICHUSI KOOpAUHAT X, Y, Z NCTOYHUKA paION3ITyYCHUS
OT €T0 PACIOIOKEHNUS B IPOCTPAHCTBE MPH BKITFOYEHHH B COCTAB KOMIUIEKCA TACCHBHOM JIOKAIIH
YeThIpeX NPUEMHBIX IIYHKTOB: ¢, b — METOJ I'PaJIMeHTHOTO CITycKa; ¢, d — MeTon JleBenOepra-Mapksapara
Fig. 3. Dependence of radio source coordinates X, ¥, Z error value on its space location when 4 receivers
are included in passive radar: a, b — gradient descent method; ¢, d — Levenberg-Marquardt method

Pa3meps! paboueli 30HBI, BeIHMYMHA CpPEeTHEH OIMMOKM BBIYMCICHHUS KOOpAWMHAT B paboueil 30He,
a TaKOKe YHUCIIO UTEPALUi IPU BBIYMCICHUN KOOPIMHAT B aHAJIM3UPYEMOH 00JacTH MPOCTPaHCTBA IIPU
BritoueHuu B coctaB KIUT yersipex I1I1 u onpeneneHuu Tpex npoCcTpaHCTBEHHBIX kKoopAuHAT X, ¥, Z
WPU npusenens! B Tad1. 3.

Taoauna 3. [Toka3arenu kauecTBa KOMIUIEKCA ITACCUBHOH JIOKAIWH (BBIYUCIICHUE TpeX KoopauHar X, Y, Z
UCTOYHHKA PaIMOU3ITyUCHHUS], YEThIPEX IPUEMHBIX ITyHKTOB B COCTaBe KOMILJIEKCA)
Table 3. Passive radar quality indicators (calculation of 3 coordinates X, Y, Z of IRI, 4 receivers are included)

Merton rpaguentHoro cirycka / | Merton JleBenGepra-Mapksapara /

Kpurepuii kauecrsa / Quality criterion Gradient descent algorithm Levenberg-Marquardt algorithm

Pabouas 30Ha, % aHaNN3UPyEeMOil 30HEI 99,6 100
Cpennsist E)nmﬁlca BBIYHCIICHHSI KOOPIUHAT 15 3,550 . 109
B paboueli 30H, M

Uuncto  wrepaumii 1pH  BBIYUCICHUH 3.621 - 106 2,152 - 104

KOOPJIMHAT B aHAJIM3UPYEMOIl 30HE
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3aKiIoueHue

ComnacHo cpaBHUTEIBHOMY aHAJIM3Y MTOJYYEHHBIX XapaKTEPUCTUK U 3aBUCHMOCTEH, MOYKHO CENaTh
cienyromue BeIBOAbL. Metoasl HproTona (B TOM 4mcie MOTU(GHIMPOBAHHBINA) U MOCIEIOBATEIbHBIX
HTEpalil OKa3aJIuCh HEMTPUMEHUMBI BO BCEX PACCMOTPEHHBIX ciaydasx. [Ipu Hanmunm B cocTaBe KoM-
IUIEKCOB MTACCUBHOM JIOKAIIMU ABYX M TPEX NMPHEMHBIX IyHKTOB pa3Mepbl pabodel 30HbI He TPEBBICHIIN
25,8 %, 4TO HeNb3s Ha3BaTh IPUEMIIEMBIM PE3YIBTATOM. B ciiydae Hanmn4Ms B cOCTaBe KOMIUIEKCOB Iac-
CHBHOM JIOKallM¥ YETHIPEX MPUEMHBIX ITYHKTOB pazMepsl padoueii 30061 coctaBuii noutu 100 % ot ana-
JM3UPYEMOH MTPU MCIIOIB30BaHUN METO/IOB I'PaIMEHTHOTO ciiycka u JleBenOepra-Mapksapara. [Ipuuem
BTOPOIl METOA OKa3aycsi MEHEe 3aTPaTHBIM B BHIYMCIUTEIBHOM IUIaHe (Ha J1Ba TOpPAIKa), a TaKKe 00e-
crieuns1 Oosiee BBICOKYIO TOUHOCTH (Ha JIEBSTH MOPSAAKOB). TakuM 00pa3oM, ONTHUMaIbHBIM B paCCMOT-
PEHHBIX YCIOBHUSAX SIBJISIETCS BKJIIOUEHHE B COCTAB YITIOMEPHO-Pa3HOCTHO-/1aIbHOMEPHBIX KOMILIEKCOB
[TACCUBHOM JIOKAIIMH YEThIpEX MPUEMHBIX TYHKTOB U HCIIOJIb30BaHHE JIs1 BBIYMCIEHHS TPOCTPAHCTBEH-
HBIX KOOPAMHAT UCTOYHUKOB paJron3nydeHus metoaa Jlesenoepra-MapkBapara.
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© Benopycckuii rocy1apcTBEHHBIH YHUBEPCUTET HH(POPMATUKH U PaMOdIEKTPOHHUKH, 2022
Belarusian State University of Informatics and Radioelectronics, 2022

AHHOTanus. B K1accHuecKkux rHpOTPOHAX YACTOTA TEHEPALUHN M ~ k®,, TIE ®, = eBy/m — MUKIOTPOHHAS YacTo-
Ta BpAIICHUS JJIEKTPOHA B OAHOPOTHOM IMPOIOJIFHOM MATHUTHOM IOJIC C MHIAYKIUEH By, e — 3aps]] AJIEKTPOHa,
m — Macca dJIeKTpoHa, k =1, 2, 3... — HoMep pabodell TaApMOHHUKH IIUKJIOTPOHHON 9acTOTHI. To €CTh mepecTporika
4acTOTHI TCHEPAIINH  BO3MOYKHA TOJBKO 32 c4eT n3MeHeHus By Takoii Iy Th He 04eHb yI00eH: He0OX0iMa JI0TIOI-
HUTeNbHasH (YIPaBIISIONIasi) 0OMOTKA COJICHOM A, DTa TPYAHOCTh MOXKET OBITh YCTPAHEHA B TUPOTPOHAX CO CKpe-

LIEHHBIMU MOJISIMU — JIEKTPUUECKUM E M MarHUTHBIM B0 , IpuyemM E 1 B B takux ruporpoHax BO3MOKHa I1e-
pecTpoiika 4acTOThI 33 CYET U3MEHEHHSI EO, KOTOpasi MOKET OBITh peai30BaHa, o KpallHEeH Mepe, B IBYX CITyYasx:
TUPOTPOH Ha KOAKCHAIIBHOM PE30HATOPE C paaralibHBIM E(; YeThIPEX3ePKATbHBII FI/IpOTpOH Ha Oerymmux T-Bon-

Hax C MONEPEUYHbIM IO OTHOMICHUTO K BO 1 K HaITpaBJICHUTIO 6eryu11z1x BOJIH OJHOPOAHBIM EO .B TMEPBOM THUIIC T'Mi-
o N 1 )
POTpOHA MOHOBHHTOBOU 3JICKTPOHHBIM IIOTOK MMECT YITIOBYIO YaCTOTY BpPALICHUA , = E((,OH + (DIZ1 + 4(Di ), rae

eV, AV

0, = 02 , Vo= b , AV — pa3HOCTh MOTEHINAJIOB MEX Ty BHYTPEHHUM (paauyc b,) u BHEUTHUM (paanyc b,)
mry n 2
2

MIPOBOTHUKAMH KOAKCHAJa, ¥y — PaJNyC BPAIICHNS ITydKa. TakuM 00pa3oM, JacToTa TeHepanuu o ~ ko, onpene-

JsIeTCsl KaKk IpH omoutu By, Tak u AV. [Ipudem npu AV = 0 npubop CTaHOBUTCS KJIACCHYECKUM BBICOKOOPOHT-
HBIM THUPOTPOHOM, IIpu B = 0 — knaccuueckuM renutpoHoM. [Toatomy npu By # 0 u AV # 0 ero cienyer Ha3BaTh
THPOTEIUTPOHOM, JacTOTa T€HEPAIMi KOTOPOTo MEPECTpanBaeTCs MEKTPHIECKUM CIIOCO00M — n3MeHeHneM AV
B crarbe npuBeneHb! cXeMbl KOHCTPYKIHHA THPOTreTUTPOHA U JBYXITyYKOBOIO UETHIPEX3EPKAILHOTO THPOTPOHA. B ToM
U IPyTOM CIydasix yKa3aHbl be30JIEKTPUUYECKHE YCTPOICTBa CHHXPOHHON MEPeCTPONKH 4acTOThl PE30HATOPA,
YTO JIeJIaeT MPUOOPBI MOTHOCTBIO AIEKTPUUIECKH YNPABIIEMbIMH. ISl THPOTEIUTPOHA MOITYyYEHBI CIECIYIOMNE
pesynsratsl. [Tone pe3onaropa — H,;j, B3aMMOJIEHCTBIE Ha BTOPOI FTapMOHMKE (; &) Y3KOIIOJIOCHAs TIepecTpoiKa
10 %: makcumanbubiid KIJT = 55 %, munnmansueiii KT = 25 %; By = vo/c = 0,27; g = vy, /v = 2; 6) mmpo-
KorronocHast mepectpoiika 58 %: makcumansubeii KITJ[ = 18 %, muammansasrit KII = 14 %; By = vo/c = 0,2;
g = vo1/v = 2. TlonyueHnnsie 1isk TAPOTENUTPOHA PE3YNILTATHI YKA3BIBAIOT HA MEPCIIEKTUBHOCTE MCIIONIb30BAHMUS
ANIEKTPUUYECKOI MepecTPORKH 4acTOTHI B KoakcHaabHOI rupo-JIOB u monock! ycunenus B rupo-JIBB, mockonbky
B ATUX NPHOOPAX HET HEOOXOIUMOCTH B NbE30UIEKTPUIECKON MEPECTPOIKE IEKTPOIMHAMUYECKUX CTPYKTYD.

KuiroueBble cjioBa: TUPOTPOH, JJIEKTPUUECKAs MEPECTPOMKAa YacTOThHI, IMbE30IEKTPUUECKasi MepecTporKa
pe3onaropa, nosoca nepecrpoiiku, KITJI, GpasoBas cenekiust 3IeKTPOHOB.

KonpaukT uHTEpecoB. ABTOPHI 3asBJIAIOT 00 OTCYTCTBHH KOH(IMKTA HHTEPECOB.
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ELECTRICALLY TUNABLE GYROHELITRONS WITH CROSSED FIELDS
ALEXANDER A. KURAYEV, VLADIMIR V. MATVEYENKA

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

Submitted 12.09.2022

Abstract. The generation frequency is ® = k®,, in classical gyrotrons, where m, = eBy/m is the electron cyclotron
rotation frequency in a uniform longitudinal magnetic field with induction B, e is the electron charge, m is the
electron mass, k=1, 2, 3... is the cyclotron frequency working harmonic number. Thus, the generation frequency
® being tuned is possible only by changing B,. This way is very inconvenient. It’s necessary a solenoid additional

(control) winding. That difficulty can be eliminated in gyrotrons with crossed fields - electric EO and magnetic Eo,

here EO L l§0. The frequency can be tuned by changing E,. This possibility can be realized at least two ways:
a gyrotron based on a coaxial resonator with radial field Ey; a four-mirror gyrotron on traveling 7-waves with

transverse in respect the traveling wave direction to uniform crossed fields — electric £, and magnetic B,. The

. . 1
single-screw electron flow has a rotation frequency o, = E(mﬂ + w/mfl + 4mg ), for the first gyrotron type, where

lnﬁ

2
conductors, 7y is the electron flow rotation radius. Thus, the generation frequency ® ~ kw, is determined by both

By and AV. Moreover, at AV = 0 the device becomes a classical high-orbit gyrotron, at B, = 0 a classical helitron.
Therefore, at By # 0 u AV # 0 it should be called a gyrohelitron, the generation frequency of which is tuned elec-
trically - by changing AV. The article presents the design schemes of a gyrohelitron and a two-beam four-mirror
gyrotron. In both cases, piezoelectric devices realize synchronous tuning of the frequency, just it allows the devi-
ces becoming fully electrically controllable. The following results were obtained for the gyrohelitron. Resonator
field — H,,;, interaction on the second harmonic m,; a) narrow-band tuning 10 %: maximum efficiency — 55 %, mini-
mum efficiency — 25 %; By = vo/c = 0.27; ¢ = vy, /v = 2; b) broadband tuning 58 %: maximum efficiency — 18 %,
minimum efficiency — 14 %; By = vo/c = 0.2; ¢ = vy, /v = 2. The given results for the gyrohelitron indicate that it is
promising to use electrical frequency tuning in a coaxial gyro-BWT and the amplification band in a gyro-TWT,
since these devices do not require piezoelectric tuning of electrodynamic structures.

’ v, A . D . . . .
0, = e—‘;, v, = A7 , AV is the potential difference between the inner (radius ) and outer (radius b,) coaxial
0

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

K snexrponnsiM npudopam CBY ¢ BHHTOBBIMHU 3JIEKTPOHHBIMH TTOTOKaMH OTHOCSITCS /1B BH[A!
remutpoH [1-8] u ruporpor [9-13]. OHM KapAWHAIBHO Pa3IUYAIOTCS TI0 MEXaHU3MaM Kak (GOopMHUpPO-
BaHUs dneKTpoHHOro rotoka (OI1), Tak u mpornecca B3aumozeiicteus. B remurpone D11 popmupyetcs
C HCIIOJBb30BAaHUEM LIEHTPOOEKHO-3IIEKTpocTaTHuecKoil GokycupoBku (L[DP), npu xoTopoii neHTpo-
OeXHasl cuiia IPH BPAILCHUH BJIEKTPOHA KOMIIEHCHPYETCS HEHTPOCTPEMUTEIBHOM CHUIION pagualibHOTO
UEKTPOCTATUUECKOTO MO KoakcHalnbHO! muHuu [14]. BBuay pasHoil paanaabHON 3aBUCUMOCTH 3THX
cui, 1[O® abcomtotHo ycroiuuBa [8]. B rupoTpoHe, B 4aCTHOCTH B KOAKCHAJILHOM MOHOBHHTOBOM,
(hOoKyCHPOBKa OCYLIECTBISETCS IPOAOJIBHBIM MArHUTOCTATHYECKUM TIOJIEM.
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HOE)TOMy YIJ10Bas 4aCToTa BpaAlICHUS 3JICKTPOHOB B I'CJIMTPOHC U TUPOTPOHE ONPCACIIACTCA Pa3HbI-
MU ITOJIAMU

— B TenuTpoHe [8] ®, = |—;

— B THPOTPOHE O, = —,
m

rae e, m — 3aps U Macca MeKTpoHa; V, =AV /Inb, / b,; AV — pa3HOCTb MOTEHLUAIOB BHYTPEHHEH
(r = by) v BHEwHEH MUHUIT Koakcuana (1 = b,); 1y — paJlyC BPaLICHUs IEKTPOHA; By — MHIYKIIHUS TIPO-
JOJIBHOI'O MarHUTOCTaTH4YCCKOI'O I1OJIA.

W3 onpenenenus o, v ®, HEMOCPEACTBEHHO CIIEYET, YTO ., M3MEHsETCS (YIpaBIsAeTcs) HAPsHKeHN-
eM AV, a ®, — HHIYKIUEH MarHuTHOTO Moyt By. Takum oOpa3om, mepecTpoiika 4acTOTHI B TEIUTPOHE
OCYILECTBIISIETCS HaNpsbkeHneM AV, B THPOTpOHE — MarHUTHBIM 1osieM By. B 3ToMm mepBoe npenmyiie-
CTBO TeIUTpOHAa — Oe3MHEPLHOHHAs U OECTOKOBas MEpecTpoiika reHepupyeMoil 4acToTsl. Bropoe mpe-
HUMYIIECTBO — OTCYTCTBHE MAarHUTHOW CHCTeMBI (OKYCHpOBKM. Ho 3TH mpemmymiecTBa mepeKpbIBacT
CYIHCCTBGHHBIﬁ HCAOCTATOK — OTIPaHUYCHHUC MPECACIIBbHO BO3MOXKHOM YaCTOTBI TCHCpaluu. OH BBITEKAET
Y3 TPUHIUIHAAIBHOTO (PU3UYECKOro orpaHudenHust V(. JleWcTBUTENbHO, YIIoBask CKOPOCTh AJIEKTPOHA

eV eV
Vo O = —Y < raec— CKOPOCTb CBETa B MyCTOTE, T. €. —02 < 1. HyxHoO y4ecTb Takke, 4To Hepa-
m mc

BEHCTBO CJIETyeT YCHUIINTh, TIOCKOJIBKY V,, = N vz2 <v<c. Burore V<5 - 10° B, u 4acToTHbI#1 inarna-

30H TeMTpoHa npH 7 = 1,57 - 1073 M orpanuden (fype, ~ 3 - 10° T'm). B rupoTtpone ke — Ha Tpu nopsiaka
oouere [10, 11].
C npyroil CTOpOHBI, B KOAKCHAJIbHOM THPOTPOHE Takxke MoXHO BBecTH AV, Torma yactoTa Bpaiie-

1
HUSI DJICKTPOHA O, = —| O, + (1)2 + 4(&)2 , T. €. 3a CHCT UBMCHCHHUA (O, AV) MOXHO IT OU3BOJUTH JJICK-
N 2 H H C c

TPUYECKYIO TIEPECTPOHKY YaCTOTHI T€HEPAIMU TUPOTPOHA CO CKPEIICHHBIMH TTOJISIMH — TUPOTEITUTPOHA
B nuanas3one npumepto 3 - 10° I'u. UccnenoBannio 3hGEKTUBHOCTH THPOTSIUTPOHA B TIPHOIMKCHUH
3aJaHHOTO TIOJIS TTOCBSIICHA TAaHHAS CTaThsL.

CxemMa KOHCTPYKIMHU I'HPOTeJIUTPOHA

Ha puc.1, a mpencrasneHa cxemMa KOHCTPYKITUH THPOTEIUTPOHA C (PMKCHPOBAHHOW HACTPOIKOH pe-
30HATOpA.

//W% s 7

Puc. 1. Cxema KOHCTPYKIIUU THPOTEIUTPOHA: @ — C (GPUKCHPOBAHHOW HACTPOUKON pe30HaTOPa;
b — ympaBisitomas yacTh ¢ Mbe30MepecTPONKON pe3oHaTopa
Fig. 1. Construction diagram of gyrohelitron: a — with a fixed resonator tuning;
b — control part with a piezo resonator being tuned
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O6o03Hadenus Ha puc. 1, a: [ —oOMOTKa dIIEeKTpOMarHuTa EeKTPOHHO-onTu4eckoi cucremsl (D0C);
2 — KOJIBLIEBOM TEPMOKaTox; 3 — BBIBOJ KaTOAHOTO OJIOKa; 4 — aHOJ, COCTABJISIIOIIUI OIHOBPEMEHHO
KOJIBLIEBOW 3a30p MarHuTHOH cucteMbl JOC, GopMupyromei Bpalaromuics MOHOBUHTOBOH 3JIEK-
TPOHHBIA TOTOK (3JIEKTPOHHAS ITyIIKa Xappuca); 5 — BHEIIHUN HUINHAP KOAKCHAJIHHOTO pe3oHaropa
pamuycom b,; 6 — BHYTPEHHHA TPOBOJHUK PE30HATOPA PATUYCOM b;; 7 — MOHOBUHTOBOU AJICKTPOHHBIN
TTOTOK PaTNyCOM 7; 8 — KOJIBIICBOU KOJUIEKTOP; 9 — BHEITHUN COJICHOM], CO3MAIOIMINN B 00TaCTH B3an-
MOJCHCTBHSI IPOAOJILHOE MarHUTHOE 110J1e; /() — KOHUYECKNE CKOChl Ha BHYTPEHHEM IIPOBOAHUKE, 00-
pasyrolume 3aKpuTHIecKre ooaacT ajst BOHbL H, | koakcuana; // — nupakinOHHBINA BBIBOJ SHEPTHU
yepes paJualbHyto JUHUI0 [2, 13, 14, 15 — BaKyyMHO-IUIOTHBIE U30JISTOPHI; /6 — IUPKYJApHAas BOASHAs
(unu BO3myIIHAS) CHCTeMa OXJaKAeHUs Kojulektopa. Ha puc. 1, b nzo0paxena ynpasisiomasi 4acTh
KOHCTPYKIIMY THPOTEIUTPOHA C TIHE30TePECTPONKOI pe3oHaropa: /7 — TeIeCKONMMYECKOe MOABIKHOE
COYJICHEHHE IPOBOIHUKA PE30HATOPA, €T0 MOJOKEHUE JOJKHO COOTBETCTBOBATH Y3IIy a3UMYyTaJbHOMN
COCTABJISIOLIEH MAarHUTHOTO TOJISl PE30HATOPa (B CEpEeAMHE JJTMHBI PE30HATOPA IPH HEYETHOM IPOI0JIb-
HOM uHzekce [ konebanust H,, pe3onaropa); /8 — IUAIEKTPUUECKUI PE30HATOP OMOPHOro cTakana 20
nee3onakeTa; /9 — rudkas BaKyyMHOIUIOTHAs [uadparma, COeJMHEHHAsE CO IITOKOM Tepemenienus 2/
KPBILIKK pe3oHaropa; 22 — nbe3onaket (0osee mogpoOHO ero KOHCTPYKIIHS ONKCaHa Jajiee).

MartemaTuueckasi MoaeIb THpPOreJ;IMTpoHa

bespazMepHble ypaBHEHUS IBUJKEHUS «KPYIHBIX YaCTUID), MOAEIUPYIOLIUX NIEKTPOHHBIA MOTOK
B 1osie f1,,;; KOAaKCHaIIbHOTO PE30HATOPa, UIMEIOT BUJ:

ar, 1 (vBe 0 :

E:F _.(p_E’_B(PiBz-’-BziB‘P_F; _B(piF ’

_(pl:L _M_BziBr +BriBZ +BriF ,

dZ Bzi }’; (1)
dp, 1 .

E:B_zi(_BHB(P +B<PiB”)’

d B, do,_ 1 do,_ 1

dz B, " dz B. " dz B:i ’

. . . 1
rae 0 <z < d; i — HOMep dIeKTpoHa (KpynHOH YacTuupl), i =1,N; v, = —= \/1 +P? +P¢2i +P;
VI-B;
Bi = vilc; Bri = vilC; B = v2/C; V2 i = Vil €; € — CKOPOCTB CBETA B MyCTOTE; 0; = 0t;; z = z'w/c = 2nz'/A,;
Z' — pa3MmepHas UIMHA BIOJb OCH, M; r = r'w/c = 2mr'/A; ¥ — pa3MepHBIH pamuyc i-TO DJIEKTPOHA;
P. =1v.B, — 06e3pa3MepHblii UIMITYIIbC i-TO JIEKTPOHA.
Hauanbneie ycnoBus k cucteme (1) uMeroT BUA:

(0)= |5 By (0)=-25 B,,(0)=0; B, (0) =4 F' =—, 3
l/;( ) M_F B‘Pl( ) ns Brl( ) le( ) q P n(z) ()
nS
el eB,
roe D= 7> F= ; Mg — Macca TOKOs DJIEKTPOHA; (» — pabodast 9acToTa reHeparopa.
myC mO(D

bespaszmepHbie COCTaBIAIONIME CHHXPOHHON KOMIOHEHTHI MO H,; MOIBI ¢ KPYTrOBOM MOJsIpU3a-
LIMEH 3aluIlyTCs B BUAE:

E,= Ay nlr; Fyicos(ng; — 0,)sin(nlz / d) | 2, E,= —Ay P, sin(ng; — ;) sin(nlz/d)/2;
B,=— Ay P, cos(ng; — 0,)cos(nlz/ d) | 2, By=Agnl/d - nlr; F,y sin(ne; —0,)cos(nlz/d)/2;  (4)
B.=-A4y(1 — (nl/d)?) F,, cos(ng; —0,)sin(nlz/ d) /2,
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tne F, = J,k,rib)J (%) — Ny, 1r~/b YN (%,1); %, — KopeHb ypaBHeHus; N,(x) — (yHK-
mus Beccenss 2-ro poma n-ro mnopsaka; Z,; = %1/bi[J j(u /BT (%)) — N (k1 7/D)IN (00115
J %, )IN (1) = T (0,))/N (0%,1); & = by/by, J(x) — dyrkmus Beccens 1-ro poaa n-ro mopsika;
J o) = dJ,(x)ldx; N',(x) = dN,(x)/dx; Ay = €E g/ (MoCOTy1mas); by = 27by I by = 21by b d = 2 /s
HITPUXOBBIC BETUUNHBI — Pa3MEPHBIC, M.

ONTUMU3AIHIO TETUTPOHA TPOBOAUIH TIO KH,Z[ KOTOPBIH OMpeaestsuiy mo Gopmyiie

Yo —v,(d)
n(z)= Z;, o1 (5)

PesyabTarhl pacyera ruporeJMTPOHA

PacueTsl rMporenMTpOHa MPOBOAWIH ISl KOHCTPYKITUH, TIPUBEICHHONW Ha puc. 1, a, ¢ (ukcupo-
BaHHOW HACTPOMKOHN KOAKCHAIILHOTO PE30HATOPA HA YACTOTY ® Kojebanust H, ;. Jlnamna3zon BO3MOXKHOMI
ANIEKTPUYECKOM TIEPECTPONKU B SKBUBAJIGHTHOW KOHCTPYKIHMHU (puc. 1, b) ¢ mbe3ornepecTpoiikoit pe3o-
HAaTOpa OMPEACIISIIN M0 «3aMEIIEHUI0» MArHUTHOTO TOJIS F 3JIEKTPUUECKUM TosieM D Tpu COXpaHEeHUH
o, = 0Flyg, ®, = oD / ry,.

1. BapuanTsl ¢ y3koi nepectpoiikoii (By = 0,27, ¢ =2,1y=0,5616,5,=0,3,a=17,5=1,04,d = 10m):

a) ruporpon — D = 0: F=0,52, 4 =0,0026, n = 0,25;

0) ruporenutpon — D = 0,052: F=0,47, 4 =0,008, n =0,55.

Bo3moxHBINM AManma3zoH NepecTPOrKH sl KOHCTPYKIMU TUPOreIUTPOHA IO COOTHOIICHUIO 3HAaYe-
uuii F' coctapnsin 10 %. [Ipuunnsl peskoro nossimieHust KIIJ[ ruporenutpona mo cpaBHEHUIO C TOU
K€ KOHCTPYKITHECH THPOTPOHA 3aKITIOUAIOTCS B TOM, YTO B THPOTEIUTPOHE B JOIOIHECHHUE K MPOIIECCY
00BIYHOHN (ha30BOM TPYIITUPOBKH OCYIIECTBISETCS PEKUM (Ha30BOM CENEKITUH DIICKTPOHOB, OCaKIae-
MBIX Ha BHYTPEHHHI MTPOBOIHUK. Takoil pekuM CYIIECTBYeT U B THPOTPOHE, HO TaM OH MeHee P dek-
TuBeH. 3aMeTuM: 3d ekt (pa3oBoii ceneKkuy B reIUTpoHe moapoOHO recnenosaics B. U. [lepmskoBeiM
B 1965 roxy.

2. BapuaHTBbI ¢ IIMPOKOM MEPECTPONKOM 1 CIaOO0PENATUBUCTCKUAM SIIEKTPOHHBIM TTOTOKOM (B = 0,2,
q=2,1=04,b=033,a=24,5=1,d=10n):

a) rupotrporn — D =0: F=0,5, 4 =0,0026, 1 =0,14;

0) ruporenutpon — D = 0,0242: F=0,21, 4 =0,0073, 1 =0,18.

Bo3MoskHBII AMana3oH NepecTporKH B 3TOM cilydae cocTaBisieT 58 %o.

Ha puc. 2 npuenensl rpaduku NpOSKIUN JBUKCHUS JIEKTPOHOB B IUIOCKOCTH #Z JIJISi TUPOTe-
autpoHa. OHU OTYETIIMBO WILTIOCTPUPYIOT Mpoliecc (a30BOU CEJICKIUH 3JICKTPOHOB, MOIMAJIAOIINX
Ha BHYTpPEHHHH crepkeHb ¢ b; = 0,33. Dra cenekuus NPUBOAMUT K MOJIOKUTEIbHOMY 3(dekry B oT-
vomenun KIIJ[: 3amensieHHbIe AIEKTPOHBI, OTAABIINE SHEPTHIO DJIEKTPOMArHUTHOMY TIOJIO, OCEAI0T
Ha BHYTPEHHEM CTEpKHE Pe30HATOpa W YK€ HE YJacTBYIOT B JaJIbHEHIIIEM B3aUMOACHCTBUH C ITOJIEM,
KOTOpOE IPHUBEIIO ObI X K YCKOPEHHUIO.

z
0.9 , :

0 S 10 15 20 25

Puc. 2. JIBiKeHHe 2JIEKTPOHOB B INIOCKOCTH 7Z ISl THPOTe€INTPOHA
Fig. 2. Electron motion plot in the 7z plane for a gyrohelitron
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3aKiIoueHue

1. B xoakcuanbubix rupo-JIOB u rupo-JIBB co ckpemennbiMu £y u By IOASIMU BO3MOXHA 3IEKTPU-
yeckasi IepecTpoiika 4acTOThl MPU OAHOBPEMEHHOM IEKTPUUECKOM Mbe30IepecTPONKe YacTOTHI pe30-
Hatopa B nojoce 10-20 %.

2. Bo3MOXHO 3HAUUTENBHOE TIOHIKEHNE TPeOyeMOoi HHAYKIIMH MarHUTHOTO TIOJISI B THPOTEIIUTPOHE
(mo msaTH pag).

3. CymecTtBeHHyto poib B moBeimeHnn KIIJ[ ruporenutpona (10 55 % Ha BTopoii rapMOHUKE ITHK-
JIOTPOHHOW YacTOTbI) UrPaeT (Pa30oBasi CENEKLUUS ITEKTPOHOB.

4. Caenyet yka3arh Ha TIEPCIIEKTUBHOCTD HCIONIB30BaHUs CKPEIICHHBIX MOJIEH B SMEKTPUUIECCKH Tie-
pecTpanBaeMbIX KoakcuaidbHbIX THpo-JIOB u rupo-JIbB (mepectpanBaemas monaoca yCHICHHS ), B KOTO-
PBIX HET HEOOXOJMMOCTH IhE30NIEPECTPONKH KAaKUX-JIN0O CTPYKTYD.
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Ipunooicenue

ITO3APABJIEHUE ITPOPECCOPY
KYPAEBY AJIEKCAHAPY AJIEKCAHAPOBUYY

11 dexabps 2022 200a ucnonnunoce 85 nem
3acnyscennomy desmento HayKu

Pecnybnuxu benapyco,

00KmMOopy U3UKo-Mamemamuyeckux Hayx,
npogheccopy, [louemnomy npogeccopy
benopycckozo eocyoapcmeennozo ynueepcumema
ungopmamuru u paouod1eKmpoHUKU

Anexcanopy Anexcanoposuuy KYPAEBY.

Konneeu uckpenne nozopasnsiom

Anexcanopa Anexcanoposuua u 8blpasxcarom emy
2nyOoKoe ysasicenue u NPUHamenbHOCms 3d 6K1A0 8
pazeumue u CmaHosleHue Hay4Ho2o HanpagieHus
«AHmMeHnH u ycmporicme c8epxeblCOKUX YACTOM».

Anexcannp Anekcarnpoud pomuics 11 mexadbps 1937 roga B ropone Caparose. B 1945-m nocry-
MW B CPEJIHIOIO IIKOJTY, KOTOPYIO OKOHYMWI B 1955 roay ¢ 3050Toil Menaineto, B 1960-M — ¢ omiinuuem
okoHuMI ¢u3nueckuii paxynsrer CaparoBckoro rocygapcrsenHoro ynusepcurera (CI'Y) no cneuu-
anbHOCTH «PaanosnekTpoHnkay ¢ mprucBoeHneM Kanudukanun « DU3nK-UccIe0BaTeIb», B ITOM e
rogy noctynui B aciupantypy CI'Y. B 1962-m neperen Ha T0KHOCTE ctapuiero nuxxkenepa HUM me-
XaHUKHU 1 GU3UKH [TpU YHUBepcuTeTe. B 1965 romy 3ammTiin KaHAWAATCKYIO AUCCEPTAIUIO (crienrema)
Y HavyaJsl padoTaTh UCIIOMHSIONINM 00S3aHHOCTH JOLIeHTa Kadenpsl anexTpopaanoTexHuku CI'Y.

B cenTsa6pe 1966 rona B cBsA3M ¢ H30paHNUEM 110 KOHKYPCY B MUHCKOM paJIHOTEXHHYECKOM HHCTUTYTE
nepeexan B MUHCK U cTaj padoTaTh B JOJDKHOCTH JOLEHTa KaQeapbl TEOPETHIECKUX OCHOB JIEKTPOTEX-
HuKH (1966—-1967), kadenpsl AMEKTPOHHBIX, HOHHBIX U ITOTYIPOBOAHUKOBBIX IPpHOopoB (1967-1970), ka-
(benpbl aHTEHH U yCTPOUCTB CBepXBbICOKUX 4acToT (1970-1981). C 1981 no 1992 ron — 3aBeayromiuii
ka(eapoil BHIYMCIUTEIBHBIX METOJOB M IMPOrpaMMUpoBaHusi, ¢ 1992-ro — 3aBeayrouuii kadenpoi
AQHTEHH M YCTPOWCTB CBEPXBBICOKMX 4YAcTOT. [loAroTOBMI M 4nTan Cleayromiie Kypehl sl CTyAeH-
TOB, MAarUCTPAHTOB U acCUPaHTOB: «OCHOBBI TEOPUH IEKTPUUECKUX LieNei», « DIEKTPOHHBIC, HOHHBIE
1 MOJTYHPOBOIHUKOBBIE TPUOOPED», «DJIEKTPOHHbBIE M KBaHTOBbIe TpuOopsl CBY», «BrruncnurensHas
TEXHHKA B MH)KCHEPHBIX U SKOHOMHUYECKUX pacueTax», « BapuannoHHble METOABI U OCHOBBI TEOPUH OII-
TUMAJIBHOTO YIPABICHUS», «DIEKTPOJANHAMUKA M PAaCIPOCTPAHEHUE PAMOBOIIHY, «JINEKTPOMArHuT-
HBIE MTOJISl U BOITHBIY, «CrielnanbHbIe TIaBbl BEICIIEH MaTeMaTHKI», « OCHOBBI COBPEMEHHBIX HH(pOpMa-
LIMOHHBIX TEXHOJOTHI», «MeTopl MOAECTUPOBAHNS U ONTUMH3AINN», « Teopust 1 MpaKkTUKa HaydHBIX
HCCIIEJOBAaHUIY.

B mae 1980 rona B Mucturyre paguorexHuku u 3nekTpoHuku AH CCCP 3amutui JOKTOPCKYIO
muccepranuto, B 1982-m BAK npu CoBmune CCCP npucBoun emy 3Banue npodeccopa xadenpbl
anTeHH u ycrpoiictB CBU. B 1999 rony Vkazom Ilpesunenta Pecnybnuku benapycs 3a yenexu B Ha-
y4HBIX ucciefoBaHusx A. A. KypaeBy npucBOEHO Mo4YeTHOE 3BaHUE «3acily’KEHHBIN AesTelb HayKd
Pecnyonmuku bemapychy.

[TepBas nayunas padota A. A. Kypaesa, onyonukoBanHas B 1961 romy, Obliia oOCHOBaHA Ha MaTepHa-
Jax ero AUIUIOMHOTO ITPOEKTa M NOCBsIIeHa 00IIeH TeOpHUH JaMIlbl OeTyIel BOIHBI C AUCKPETHBIM B3a-
nMojeiicTBHEM. 3aJI0KEHHBIE B HEMl MJIEN YCIEIIHO NCIIOIB3YIOTCA U B HAILIE BpeMs IIPU aHaJIu3€e U OIl-
TUMH3ALUH JIaMITbl OeTyIIel BOJHBI Ha LETIOYKE CBSA3aHHBIX PE30HATOPOB U CYOMUIUTMMETPOBBIX JIaMIT
OeryIieit BOJIHbI Ha U30THYTHIX BOTHOBOAaX. [Toce npuesna B 1966-mM B MuHcK AsiekcaHap AJIeKCaH/I-
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POBHY OPraHW30Baj U BO3MIABMJI B MHHCKOM PaJHOTEXHUYECKOM MHCTHUTYTE TPYIHILY CIICLHAIHCTOB,
AKTUBHO Pa3BHMBAIOIIMX HOBBIE HAIIPABIEHHS — TEOPETHUECKOE HCCIIEI0OBAaHHE, MAaTEMaTHUECKOE MOJIe-
JUPOBaHKUE M ONTHUMHU3ALNIO JIMHEHHBIX U HETMHEMHBIX 3JIEKTPOMArHUTHBIX MPOIIECCOB, MPOTPAMMHYIO
peanu3anmio 1 NpUIoKeHNe K 3ajiadaM JEKTPOHUKH U 3JIEKTPOTMHAMUKH.

OcHoBHBIMHE JOCTHXKECHUSIME KypaeBa sBisitoTcs pa3paboTka cTporoi Teopuu BO30YKICHHS TIPOU3-
BOJIbHO-HEPETYIISIPHBIX IOJIBIX, KOAKCUAJIBHBIX, CIIUPAJIbHBIX BOJIHOBOZOB; CO31aHUE HEIMHEHHOM Teo-
PHUH THPOPE30HAHCHOTO B3aUMOACHCTBHSI MOILHBIX 3JIEKTPOHHBIX OTOKOB € JIEKTPOMArHUTHBIMHU I10-
JISIMH TIPOU3BOJIbHO-HEPETYIISIPHBIX MEKTPOJMHAMUYECKUX CHCTEM C YUETOM KBAa3UCTAaTHYECKUX U JIU-
HaMHUYECKHX CHJI MPOCTPAHCTBEHHOIO 3apsja IMMy4yKka ¥ HEOJHOPOJHOCTH HANpaBIIAIONIEro MarHUTHOTO
noJst; pa3paboTka BapHallMOHHO-UTEPAIMOHHOTO METOJIa PEIICHHs 33/1a4 ONTHMAaIbHOTO YIPaBICHUS
HEeTTMHEHHBIMHA TUHAMUYECKUMHE TiporieccaMu — AYC-MeTona (anmpoKCuMaIiis ypaBieHUs B Kilacce
JOIYCTUMBIX IO (PU3UYECKUM YCIOBUAM (DYHKLMH M MCHONB30BaHUE CONPSIKEHHBIX 1O ['aMUIIBTOHY
MIEPEMEHHBIX [Tl aHATUTUYECKOTO ONPEAEICHNUS IPAJUEHTa LeNeBOH (DYHKIINH).

B nocnennue roast ¢ pextuBHOCTs AY C-MeTo/ia CyILIECTBEHHO TOBBILIEHA 33 CYET UCIIOIb30BaHMs
aTOMapHBIX (YHKIHH, JOKAIBHOCTh U alNPOKCUMUPYIOIINE CBOWCTBA KOTOPBIX B HAMOONbIIEH cTere-
HHM OTBEYAIOT CMBICTY 3TOoro mMerona (padotsl coBmecTHO ¢ B. @. KpaBuenko). Ha ocHoBe pa3BUTBIX
1 000CHOBaHHBIX TeOpHWH, a Takke AYC-MeToma Co3aHbl IUKIIBI BEIYMCIUTENBHBIX HKCIIEPUMEHTOB,
C IIPUMEHEHHEM KOTOPbIX HalIeHbl ¥ UCCIIE0BAHBI ONTUMAJIbHBIE TI0 33JAHHOMY KPUTEPHIO KauecTBa
BapHaHTHI psia mpuoopoB CBY: rupoTpoHOB, THPOKIUCTPOHOB, THpo-JIBB, JIBB, knncTpoHOoB, IEHHO-
TPOHOB U 1p. /[l BCeX BapuMaHTOB XapaKTEpHbI HEOPIWHAPHBIE THUIBI PACIPENESIIEHUS CTAaTHUECKHUX
noJiel ¥ MpoUIN SNEKTPOIUHAMUIECKUX CUCTEM.

Ha ocnoge nposenennoro A. A. KypaeBbIM U €r0 COTpyJHUKaMH BBIYHCIUTEIBHOTO SKCIIEPUMEHTA
BIIEPBbIC OBLITH TPE/ICKa3aHbl U UCCIIEIOBaHBI (D(EKTH HETMHEWHOTO U3ITYUYCHUSI TIPEIBAPUTEIHLHO MPsi-
MOJIMHEHHOTI'0 JIEKTPOHHOTO NTOTOKA B HHTEPHEPUPYIOLINX BPALIAIOLUINXCS HIEKTPOMAarHUTHBIX MOJIIX
E- u H-tumoB B ycnoBusix HopMmansHOTO 3ddexTa Jommepa (1973—-1990); 6ucTaOMIsHOCTD HU3TydeHUs
BasunoBa-UepenkoBa B HenmMHEHHBIX cpenax (1986); «uedexT» sHeprun npu 4epeHKOBCKOM B3aUMO-
JIECTBUM AJIEKTPOHHBIX TIOTOKOB C AIEKTPOMAarHUTHOW BOJIHOM, KOTOPBIH KOMIIEHCUPYETCSl Ha KOJIJIEK-
TOpE 3a CYCT YCKOPEHUs DIEKTPOHHOTO CTYCTKAa CHMJIAMHU DJIEKTPOCTaTHUeCKoro uzo0paxkenus (1991);
apdexr O-THHA TIONIEePEUHO MPOMOITYIUPOBAHHBIX JIEKTPOHHBIX TTOTOKOB B IMTPOIOIBHO HEOTHOPOIHBIX
MarHUTOCTaTHYECKUX ToJsx (1982).

HccnenoBanue BrepBble 0OHAPYKEHHBIX AJleKCaHAPOM AJieKcanApoBHYeM 3(H(EKTOB U MEXaHU3-
MOB HM3JIyYCHHMS ITO3BOJIMIIO IPEAJIOKUTH HOBBIE 3 deKTuBHBIe TUIB TpubopoB CBY: rupokoH ¢ npo-
JOJBHBIM MarHUTHBIM TOJIEM, TUPOTOH (IIPHOOP ¢ KPYTOBOH pa3BepTKOM PESITUBUCTCKOTO IMy4Ka U I'H-
POPE30HAHCHBIM OTOMpATEieM), TUPOTOH Oeryined BOJIHBI Ha cBs3aHHbIX Ei; m H;; Bonnax, JIEB-0
CO CITUPAIM3UPOBAHHBIM JJEKTPOHHBIM TIOTOKOM M ONTHMAIILHO MPOQUINPOBAHHBIM YIIPABISIONIAM
MarHUTHBIM I0JIEM, TUPOTPOH C MHOTO3€PKAJIbHBIM PE30HATOPOM Oeryiueil BOJIHbI, THPOTPOH C Mar-
HUTHBIM 3€pPKaJIOM, THPOKJIMCTPOH C PE30HATOPOM Ha BTOPOH rapMOHMKE padovel 4acTOTHI B IPYIIIH-
poBareJie, KIMCTPOH ¢ ONepeyHol Monymsnuei. Ha KoHCTpyKunu 3THX IpuOOpPOB U HEKOTOPBIE TUIIBI
pPE€30HaTOPOB MOJTyYEHbl aBTOPCKUE CBUIETEILCTBA.

A. A. KypaeBbIM Ha OCHOBE MOHATHS U30oMopdu3Ma cHhopMyTUpOBaHbl YpaBHEHHS BOJIHOBOH Teo-
puu pocTpaHcTBa-BpeMeHH. OnpeaesieHbl SHEPTHH MPOCTPAHCTBA U BPEMEHH, 3aKOH COXPAHEHUS IS
Hux. Ilokazano, 4to BonHbI e bpoiis naeHTHYHBI BOJIHAM NIPOCTPAHCTBA-BPEMEHH, U3 YErO CIEAYET,
YTO BCE HJIEMEHTApHBIE YaCTHLBI — 3TO MaKEeThl BOJIH IPOCTpPaHCTBAa-BpeMeHU. «TeMHast mMarepus»
SIBIISIETCS. XaOTHYHBIM aHcamOJIeM BOJIH POCTPAHCTBA-BPEMEHH C Pa3IMYHBIMU YHEPTUSMH, 4aCTOTa-
MU, aMIUTUTYyAaMH, TOISPU3ALMIMU U BOJIHOBBIMH BEKTOpaMH. DJIEMEHTapHbIE YaCTHLBI 00pa3yloTCs
U3 «TEMHOM MaTepum» 3a CueT MHAYKIMH U CaMOMHAYKUWHU. Teopus BOJIH MPOCTPaHCTBA-BPEMEHH
00BsICHSICT HAOOABIINECS SIBIICHUSI OOPATHOTO XOJ/Ia BPEMEHH, HHBEPCUH TPUYMHHO-CIIC/ICTBEHHBIX
CBsI3€Hl B OIBITaX 110 F'€HEPALMH U [IPUEMY CBEPXKOPOTKHX JIA3€PHBIX UMITYJIbCOB. JTa TEOPUS TAKKE
OOBSICHSIET CYIIHOCTb SIBJICHMS I'paBUTAlMM. HelaBHO OTKPBITHIC BOJHBI IPaBUTALMU (T. €. BOJHBI
KPUBH3HBI MPOCTPAHCTBA) — MPOCTPAHCTBEHHBIE COCTABIIAIOLINE BOJH MPOCTPAHCTBA-BPEMEHH, UYTO
MOATBEPHKAAET UX CYILIECTBOBAHHE.

ITon pyxoBoacTBoM Anekcanapa AnexcanapoBuya Kypaesa 3ammuieHo 5 goktopckux u 16 xanmu-
JlarcKux auccepranuii. im omyosukoBano 16 monorpaduii u 6omnee 300 crareii, oH coaBTop 12 MaTeHTOB.
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