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CBET/1I0/ NAMATU BOPUCA AHTOHOBUYA KAJTMHNKOCA

(12.07.1945 - 07.11.2020)

7 Hosa0ps 2020 1. Ha 76-M rofy >KU3HHU B pe3yJbTaTe TSHKEIO0H 0O0JEe3HU CKOHYANICSA JOKTOp (PU3UKO-
MaTeMaTH4YeCKUX Hayk, mpodeccop kadenpel DOT, naypear I'ocynapcreennoi npemun CCCP, 3acayxeHHbIH
nestens Hayku P®, 3aciyxennsiid mpodeccop CIIOIDTY "JIDTU", rmaBHbIil pemxakTop *kypHaia "HU3BecTust
BBICHIMX yueOHBIX 3aBeneHui Poccun. Pagnosnexktponuka” bopuc Auronosud Kaaunukoc.

Bea npodeccuonanbHas kusHb bopuca AnToHOBHua Kanmumkoca Obuta cBszana ¢ CIIOIOTY
"JIDTU". Tlocne okoHwyanus B 1969 r1. (akynpTeTa DJJIEKTPOHHOW TEXHHWKH JICHHUHIPaICKOTO
EKTPOTEXHUYECKOTO MHCTUTYTa bopuc AHTOHOBHY IpOILIEN BCE CTyNEHH ciyxeOHO# iecTHuIbl.. C 1989
o 2018 rr. 3aHMMAaJ AOJKHOCTh 3aBEIyIONIero Kadenpoil gpuzndeckoil snekTpoHuku u texHoioruu (PIOT),
OBLI TIpencenaTeneM HayqIHO-TeXHUIeCKo KoMuccnu yaeHoro coBera CIIOIDTY "JIDTU" MHOTHX CO3BIBOB.

Bopuc AHTOHOBHY SIBIISIETCSl OJHMM N3 OCHOBATeNIeil HAay4HOTO HAIMPABICHUS ''CIHH-BOJIHOBAS
anektponnka CBUY". B ero paborax ObLIM BIEpBbIE OOHApPYXKEHbI CIIMH-BOJHOBON PE30HAHC B TOHKHX
(beppuToBbIX mIeHKaX (1972), conmuronsl orndaromeii (1983) n codcTBeHHas MOAYJIAIMOHHAS HEYCTOHYNBOCTD
(1985) criunoBBIX BonH. IIpeanoxensr MeTonsl aBToreHepanuu 'cBeTiasix’ (1998) u "remusix" (2000) crun-
BOJIHOBBIX CONMUTOHOB. OOHapyxeHbl (pakrtansl (2006) u xaoc (2011) comutoHoB orubaromeit. Hayunbie
JIOCTIKEeHUST boprica AHTOHOBHYA XOPOIIIO U3BECTHHI U IpU3HAHKEI B Poccuu u 3a pyOeskom. MHOTHE TOIBI OH
ObUT pyKOBOAMTENEM Benylleid HayuHoi mmkonbl [Ipesupenta Poccuiickoit ®enepamuu  "CBU-
MHKPOIJIEKTPOHHKA",

Kammankoc bopuc AHTOHOBHY BIIOXKHJI MHOTO CHJI B IIOATOTOBKY MOJOIBIX TaJaHTIUBBIX
CIeNMaInCTOB Kak B Poccum, Tak u 3a pyoexxom. [1on ero pykoBoACTBOM OBUIH 3alllUINEHBI 4 AUCCEPTAIMH Ha
COMCKaHWEe CTelleHH JOKTOopa Hayk, Oosee 20 muccepranuii Ha COMCKAaHHWE CTENICHM KaHIWAATa Hayk,
HNOJATrOTOBIIEHBl COTHU CIIEUUANKCTOB. Jl0 MOCIETHEr0 BpPEMEHH OH SBJSUICS HAy4YHBIM PYKOBOIMTEIIEM
aCTIMPaHTOB, PYKOBOMII LIEJIBIM PSIIOM Hay4HO-HCCIE0BATEIBCKUX paboT, aKTHBHO Pa3BUBAI HOBOE HAYy4YHOE
HanpasneHue "Pagnodoronnka’.

Tpynosas nesrenbHocTs bopuca AutonoBrua KanuHukoca oTMeueHa MHOTOUHCIEHHBIMI OYETHBIMU
rpamMoTaMH W OJarofgapHOCTAMH yHHBepcuteTa, ['ocymapctBenHoi mpemumeir CCCP B obmactu Haykw,
MIOYETHBIM 3BaHUEM ''3acily>KeHHbIN neatenb Hayku PO", menaneio "B namats 300-netus Cankr-IlerepOypra”,
rpamoroii [Ipesnnenta Poccniickoit @enepanun.

Bopuca AHTOHOBHMYA Bcerja OTIMYAIN CHIIA XapaKTepa, MPOo(ecCHOHATN3M, LENCYCTPEMIICHHOCTS,
TpyaomoOue u JoOpoXkeNaTeslbHOe OTHOIIEHHE K JioasaM. bopuc AHTOHOBMY OBUI M BCerja OCTaHEeTCS
MIPUMEPOM CITY>)KSHHS HayKe U B TIOBCEAHEBHOW KM3HU. Jl0Opast maMATh O HEM HaBCET/Ia COXPAHUTCS B CepALax
POIHBIX M OJU3KUX, KOJJIET, Npy3eH, YICHHKOB.
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MaI'HI/ITOMETpI/Iﬂ, adKyCcTuyeckme  "HepumasibHblé TEXHO/OIMM NIOKaZ1bHOIo
MNO3NLUNOHMPOBAaHUA B 34paBO0OXpPaHeHn

W. B. YepenaHoBa®, W. B. MocnenoBa, 4. C. BparuH, B. H. CepebpsikoBa

HayuHo-nccnego0BaTeNbCKUA MHCTUTYT KapAMONOrnmM, TOMCKUIA HaUMOHANbHbI
nccnefoBaTeNbCKUA MeANLIMHCKIY LeHTp Poccuniickoli akageMum Hayk, Tomck, Poccust

™jv-sushkova@mail.ru
AHHOTaUmA
BBepeHue. OnpegeneHne MeCTOMONOXEHNSA MOABMXKHBIX 06 bEKTOB B 3aKpbITbIX MOMeELLEHMAX obpeTaeT BCe
60/1bLLYI0 aKTya/lbHOCTb B cdepe 34paBooxpaHeHus. CnexeHne 3a nepemeLleHaMN NaLneHToB B pexunme pe-
aJlbHOro BpeMeHW No3BoJIeT 0KasblBaTb MM CBOEBPEMEHHYH MeANLIMHCKYHO MOMOLLb MPY PE3KOM YXYALLEeHWN
XWM3HEHHbIX NokasaTenell. OCO6eHHO BaXXHO OTCNEXMBaTb MECTOMON0XeHNe NaLMeHTOB, NepeHecLUnX X1pyp-
rmyeckme BMeLLaTeNbCTBa, Tak Kak pUCK HacTynaeHns CMepTu BCeACTBME BO3HUKHOBEHMWA NOC/ieonepaLoH-
HbIX OCNIOXHEHWN 415 HUX KpaiiHe BbICOK. [TprMeHeHne TeXHONOMMIA TOKaIbHOro NO3ULMOHNPOBAHNS B COCTaBe
TenemeAnLMHCKUX CUCTEM MO3BOJIAET PeLLnTb YKa3aHHY nNpobiemMy, TeM caMblM CHU3MB YPOBEHb CMEPTHOCTY
NaLVeHTOB 1 MOBbLICMB Ka4eCTBO MeANLMHCKOro 06CNy>XKNBAaHNS.
Lienb pa6oTbl. V3yyeHre NPUMEHUMOCTM MarHUTOMETPUN, MHEPLMANbHbIX U aKyCTUYeCKUX TeXHONOrui Ans
JloKanusaummy naumeHTa B 34aHnn KIMHNKN.
MaTepuanbl U MeToAbl. [poBeseH aHaNN3 OTeYeCTBEHHbIX U 3apy6eXHbIX HayUYHbIX ICTOYHMKOB, MOCBALLIEHHbIX
NIOKaNbHOMY NO3MLIMOHMPOBAHUIO Ha 6a3e nepeyunciieHHbIX TeXHONOrMIA. BkaoueHHble B 0630p paboTbl ony6au-
KoBaHbl He paHee 2016 r. BOABLUNHCTBO N3 HUX NPeACTaBAEeHO B XXypHanax ¢ impact-gakTopom He Hue 3.
Pe3synbTathbl. B pesynbTate aHanusa cjenaH BbIBOA O TOM, UTO HU OfHa U3 PACCMOTPEHHbIX TEXHONOTUIA He MO-
XeT MCMOb30BaTbCA CaMOCTOATENbHO. MIHepLManbHble AaTUMKK 061aAat0T BbICOKOM TOYHOCTBIO, HO CO BpeMe-
HeM MorpeLlHOoCTb N3MEPEHN BO3pacTaeT, MO3TOMY OHU HY>XAAtTCA B MOCTOSHHON KOppeKkTupoBke. Mo3unuumo-
HVpOBaHMe Ha 6a3e reoOMarHWTHOro MO 3aTPYAHSAETCS MOMexamu, Bbl3blBaeMbIMI paboTor annapaTos mar-
HWTHO-PE30HAHCHOM TOMOrpadun 1 PeHTreHOBCKMM YCTaHOBKaMM, MOBCEMECTHO UCMOJb3YOLMMUNCA B Meju-
LIMHCKUX yUpexAeHUaxX. AKTUBHAsA MarHUTOMETPUS TakxKe MeeT psaj HeJoCTaTKoB, 3aTPYAHSOLWMX NoKanbHoe
no3nunoHnpoBaHue. Mo3numoHpoBaHne Ha 6ase yabTpa3Byka MOXET OCMOXHATLECA MOMexamu, BO3HMKa0-
LMK B pe3ynbTaTe paboTel annapaToB Y3W. icnonb3oBaHMe CbILLMMOro 3ByKa CO34aeT LyMOBOe 3arps3He-
HVe N HeraTMBHO BAUSIET Ha 340pOBbe MauneHToB. [MOMUMO 3TOro akycTuYeckme TeXHONOrMN He CMOCOBHbI
obecneunTb 6e30MacHbIN KaHan CBA3W AN 06MeHa AaHHbIMM.
3akno4yeHmne. PekoMeHAO0BaHO KOMBVHMPOBAaTb PAaCCMOTPEHHbIE TEXHOOMN MO3ULIMOHNPOBAaHWS C APYrMNA
TEXHOMOTMAMU B LIeNIAX YCTPAaHEHNS 0603HAYeHHbIX HEJOCTaTKOB.

Kntouesble cnoBa: IPS, TenemeanLiHa, MarHUTOMeTpUS, MHepLUanbHOe No3VLVOHVPOBaHE, yIbTPa3ByKoOBOE
no3nLmnoHnpoBaHme
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poBaHus B 3apaBooxpaHeHun / W, B. YepenaHoBa, W. B. MNocnenosa, A. C. bparuH, B. H. Cepebpsikosa // 3B. BY-
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Abstract

Introduction. The problem of localization of moving objects inside buildings becomes more urgent in healthcare.
Tracking the movements of patients in real time allows one to provide them with timely medical support in case
of sharp deterioration in their vital signs. It is especially important to track the location of patients undergoing a
surgery, since the risk of death due to postoperative complications for them is extremely high. Using indoor-
positioning technologies in telemedicine systems can solve the problem, thereby reducing the mortality rate of
patients and improving the quality of medical care.

Aim. To study the applicability of magnetometry, inertial and acoustic technologies for patient's localization in a
hospital.

Materials and methods. The analysis of domestic and foreign scientific sources devoted to indoor-positioning
based on the above technologies was carried out. Material published not earlier than 2016, was chosen for the
analysis. Most of the papers were published in journals with impact-factor not lower than 3.

Results. After analyzing the information received, it was concluded that none of the technologies can be used
independently. Inertial sensors possess high accuracy, but over time, the measurement error increases. There-
fore, the sensors need to regular correction. Indoor-positioning based on geomagnetism is hampered by inter-
ference that can be induced by the operation of magnetic resonance imaging scanners and X-ray equipment,
which are usually used in medical facilities. Active magnetometry does not allow to keep track of moving objects
due to specific of hardware used. Ultrasound-based positioning can be complicated by ultrasonography appa-
ratuses interference. Using an audible sound creates noise pollution and exerts a negative impact on patient’s
health. Also, acoustic technologies are unable to provide a secure communication channel for data exchange.
Conclusion. It is recommended to combine the reviewed positioning technologies with other technologies in
order to correct the indicated disadvantages.
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BBenenue. OnpeeneHnue MECTOMONOKEHUS 00b-
€KTOB BHYTPH TIOMEIICHU SBISIETCS aKTyaJIbHOH 3a-
Jlauell B COBPEMEHHOM MHPE, TaK KaK OHO MO3BOJISIET
OCYIIECTBJISATh KOHTPOJIb 32 JIFOIbMU U TEXHUKOH, TEM
caMbIM MOBBIIIAS PPEKTUBHOCTL U OE30MACHOCTD
MIPOU3BOJICTBA. B CBSI3M ¢ 3TUM JIOKAJIBHOE TTO3UIINO-
HI/IpOBaHI/Ie BOCTpeGOBaHO BO MHOTHX OTpaCHHX ye-
JIOBEUECKON NEeATENIbHOCTH. MeauIuHa He SBIISIETCS
uckimodeHrueM.  JIokanbHOE€ — TO3UIIMOHUPOBAHKE
YCIIETHO TIPUMEHSIETCS B COCTaBE TEICMEIUIIMHCKUAX

CHCTEM TSI OTCIEKUBAHUS MECTOIOIOKEHHS TTaIi-
€HTOB B PEXHMME peajbHOro BpeMeHu. OmgHuM U3
HanOoJIee BaKHBIX HaMpaBIICHUH TPUMCHEHHUS CH-
CTEM JIOKQJILHOTO MO3UITMOHUPOBAHUS SBIISICTCS Clie-
JKEHUE 32 MEePEMEIICHUSIMH TTAIIUeHTOB, TIEPEHECITNX
CIIOHBIE XHUPYPTHUECKUE BMEIIATEIIbCTBA: TIPH Pe3-
KOM YXYIIICHUH )KU3HEHHBIX TIOKa3aTenell B CBA3U C
TOCJICONIEPAIMOHHBIMU  OCIIOKHEHHUSIMH BaYKHO BO-
BpeMs OOHAPY>KUTh MAIMeHTa U OKa3aTh eMy HEOOX0-
JUMYIO MEAUIIMHCKYIO TOMOIIT.

8 Mal"Hl/lTOMeTpl/Ifl, AKYCTHY€CKHUE U HHEePUHAJBbHbIC TEXHOJOIMH JIOKAJIBLHOI'0O
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TexHONMOTMU TIOOATBFHOTO MO3HIIMOHUPOBAHHUS
(GPS, ITTTOHACC, HazeMHBbIEC COTOBBIEC CETH) TIOIXO-
IIT 17151 HABUTAIIMU Ha OTKPBITOH MECTHOCTH, OHAKO
HE MOTYT UCIOJIB30BAThCS IS JTOKAIU3AIIH HEOOb-
[IUX MTOJBIDKHBIX OOBEKTOB BHYTPH 3aKPHITHIX TIOME-
mieHnid B cwily psaa ¢aktopoB. Ha ucnonb3oBanue
CPE/ICTB TII00ATBFHON HABUT AU MOTYT BIUATH CTCHBI
U TIEPEKPHITHS, a TAaKKe TOMEXH, BHI3BAHHEIE HCIIONb-
30BaHHEM OBITOBOM M 3JIEKTPUIECKON TEXHUKH [1-6],
CHIDKasl TOYHOCTh TIO3UIIMOHUPOBAHU 10 JICCATKOB, &
uHOTHA U coTeH MeTpoB. IlommmMo 3Toro, B mIyOHHE
MTOMETIICHHST BO3MOKHA TTOJTHAS TOTEPS CITyTHUKOBOTO
curHaia [2—6]. BeciencTBue yka3aHHBIX HEIOCTATKOB
HE0OXOIMMO HCITOIB30BaTh UHBIE PEIICHHs, 001a1a10-
e OOINbIeH HaJIeKHOCTBIO M TOYHOCTHIO TIO3HIHO-
HupoBanus [1-6]. B HacTosimiee BpeMs CylIecTByeT
MHOXECTBO METOJIOB, Ha 0a3e KOTOPhIX pa3padaThiBa-
FOTCSl TIPOTPaMMHO-aIIapaTHEIE CHCTEMBI ITO3HIIHO-
HUPOBAHUS OOBEKTOB BHYTPH MOMEIICHUSI, HUMCHYe-
Mble Indoor Positioning System (IPS). Bwibop Toit
WM HHOU TEXHOJIOTHH 3aBUCUT OT OOJIACTH IPUMEHe-
Hus IPS.

CyIecTByeT MHOXKECTBO TeXHOJOTHI indoor-11o-
3uIonnpoBanwus [ 1-6]:

— ONTHYECKOE MO3UIIMOHUPOBAHNE, OCHOBAaHHOE
Ha CBOMCTBaX CBETOBOTO M3JIyUCHHUS;

— WHEpIHaIbHOE MMO3UIHOHNPOBAHUE, OCHOBAH-
HOE Ha OLIEHKE TEKYIIeH MO3UINH 00bEKTa C YIETOM
€ro paHee M3BECTHOH MO3UIMHU, CKOPOCTU H HAaIpaB-
JICHUA OBUXKCHUS,

— pamMovacTOTHOE IMO3MIHNOHUPOBAHUE, MO3BO-
JSIOIIEe  OMPEACIATh MECTOIONIOKEHHEe OOBEKTOB
TIPY TIOMOIIY PaTHOBOIH PAa3IMIHON YacTOTH;

— TO3UIMOHMPOBAaHWE, OCHOBAHHOE Ha CBOW-
CTBax YJIbTPa3ByKa M aKyCTUKU;

— TIO3UIMOHMPOBAHKE Ha 0a3e MAIIMHHOTO 3PEHU;

— TO3UIMOHHMPOBAaHWE, OCHOBAHHOE Ha CBOW-
CTBaX MarHUTHOTO MOJIs (MATHUTOMETPHS);

— TUOpPHIHOE MO3HUIIMOHUPOBAHKE, KOTOPOE MO-
KET OOBETUHATH HECKOIBKO Pa3HBIX TEXHOIOTHA.

B Hacrosiiiee Bpemsi CyIIecTBYeT psiji KOMMepUe-
CKHUX pe]_HeHI/Iﬁ U pa3sBEPTbIBAHUA MEIUITUHCKUX
IPS Ha 6a3e mepevncIieHHBIX TEXHOIOTHH:

e Real Trac [7] — MomynbHas cucTeMa MO3UIHO-
HUPOBAHUA U CBA3U JIJId METULIUHBI. HaHHaH CHUCTEMA
OCHOBaHa Ha PaJMOYaCTOTHOW TEXHOJIOTUU U TI03BO-
JISIET OTCIIEKHMBATh MECTOIOJIOKEHHUE TIepCOHANa, Ta-
OUEHTOB U OGOpyJ]OBaHI/IH B 3JaHUU KJIIMHUKHU.

e Situm indoor positioning [8] — TuOpumHas cu-
crema indoor-HaBUranyy, COBMEILAOIIAS MarHUTO-

METPHIO, UHEPUUATIBHYIO U PaJHOYacTOTHYIO TEXHO-
norun. CucteMa IMo3BOJISET OTCIIEKUBATH MECTOIIONO-
JKEHHE TAIMCHTOB, YIPABISATh PAa3MEIIEHHEM TOCITH-
TAJIM3UPOBAHHBIX MAUCHTOB B KIMHHUKE, 00CCIIeun-
BaTh KOHTPOJb TOCTYIIa B TOMEIICHUS U T. 1.

e InfSoft Smart Connected Locations [9] — ru-
Opuanas mequnuHcKas [PS, coBmemaromias onTuye-
CKO€ U PaIiovacTOTHOE MO3UIMOHNPOBaHue (MH(ppa-
KpacHoe W3Jy4eHue u TexHojoruro Bluetooth Low
Energy). Cucrema npemHa3zHadeHa IS OTCIICKHBA-
HUS TIOJIOXKEHUS AIMEHTOB B 31aHuu rocrutans. [To-
MHMO CJIEXKCHHUS 3a IepeMelIeHHeM NalHueHTOB CH-
CTeMa OIOBEIIaeT MEAUIIMHCKAN TIepCOHAN B CIIydae
NaJICHUs MAIMEeHTa, a TaKKe B clydae MmepeMenieHHs
MAIIMEHTOB, KOTOPBIM HEJIb3s BCTABATh C TIOCTEIH 110
MEIUIIMHCKUM TTOKa3aHHUSIM.

¢ Navigine [10] — menunuHckas IPS Ha 6a3ze paguo-
YAaCTOTHOM TEXHOJIOTWH, TIO3BOJISIONIAS OTCIIEKUBATH
MIOJIOKCHUE TIAIMEHTOB B 3MaHIU KIMHUAKHA B PEKUME
peanpHOrO BpeMeHu. [ B3anMOoIeiCTBUS CHCTEMBI C
JIMCTICTYEPOM HCHONB3yeTcsl web-HHTepdelic.

e Indoors Healthcare [11] — emie onHa MeaHUITUH-
ckas IPS Ha 6a3e paxuo4acTOTHBIX TEXHOJIOTHH, 103-
BOJISIIOIIAST  OTCJICKMBATH IIOJIOKEHHE ITAllMCHTOB,
nepcoHana U OOOPYJOBaHUS B PEXHUME PEaTbHOTO
BpeMmeHH. Hapsimy ¢ 3TuM cucTeMa MpemocTaBisieT
MOOHIIEHOE TIPEIIOKEHUE IS MAIIMEHTOB, 00Jerda-
I0l[ee HABUTALIMIO TI0 37[aHUI0 KITMHHKH.

Bo3MOKHOCTE IPUMEHEHHST HEKOTOPBIX W3 TIepe-
YHCICHHBIX TEXHOIOTHHA TO3UIIMOHUPOBAHUS B PaM-
kax co3manus IPS Oomnee nmetanbHO paccMOTpeHa B
[1-4, 12, 13].

[lempro HacTOAIIEH CTAaTBU SIBISIETCS W3YYECHHE
BO3MOXHOCTHU MPUMCHCHUSA MArHUTOMCTPUH, UHEP-
OUATBHBIX U aKyCTHUECKUX TEXHOJIOTHIA O3UIIOHH-
pOBaHUS 1151 pa3pabOTKH MeauIuHCKUX IPS.

Bbi0op oneHo4yHbIX KputepHeB. i1 oLeHKU
MIPUMEHUMOCTH PAaCCMaTPUBAEMBIX TEXHOJIOTHU IS
indOOr-TIO3UITHOHNPOBAHKSL ~ BHYTPU — MEAUIIMHCKIX
VUpeKICHUNA HEOOX0IUMO 0003HAYUTH PSAZl KPUTCPUEB:

— TOYHOCTh MO3HIIMOHHPOBAHHS: ITOJIOKECHHUE
0OBEKTOB JIOJDKHO OIPENeNsAThCS ¢ TOYHOCTBIO IO
KOHKPETHOTO TIOMEIICHUS ¥ IOTPEIIHOCTh HE JTOJDKHA
MpeBbIaTh 1...2 M;

— BO3MO)KHOCTh OJHO3HAYHOW HICHTU(DHUKAIIH
KOHTPOJHPYEMBIX O0BEKTOB;

— paamnyc IEHCTBHS CBSI3H;

— NIOMEXOYyCTOWYMBOCTh: MEIULMHCKHE y4pe-
JXKJIEHUS 000PYIOBAHBI TEXHUKOM, KOTOPAs MOXKET CO-
3[1aBaTh CHJIBHBIC HJICKTPOMATrHUTHBIC TIOMEXH, MPH-

MaFHI/lTOMeTpl/lﬂ, AKYCTHYE€CKHE U HHEPUHUAJIBbHBIC TEXHOJOIMH JIOKAJIBbHOI'O 9
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BOJAIINE K YXYIIICHUIO KAYECTBA CBSA3U M 3HAYUTEIb-
HOMY CHIDKEHHIO TOYHOCTH MTO3UIIMOHUPOBAHNS;

— 0e30IacHOCTh
JIOJDKHA 00ecTiednBaTh Oe30MacHY0 TIiepeiady JaHHbIX;

KaHaJla CBSI3U: TEXHOJOIHS

— BBICOKasi MPOIYCKHasg CIOCOOHOCTh KaHaja
CBSI3U: CKOPOCTH Mepeadn JaHHBIX JI0JDKHA OBITh 10-
CTaTOYHOH JUIS TOTO, YTOOBI 00€CTIeUnTh MO3UIIUOHH-
pOBaHUE B peXKUME PeajbHOIO BPEMEHH;

— HebonpIMe Macca U radapuThl UCIIOIb3YEMOTO
000pynOBaHHUS;

— HU3KUU YPOBEHB SHEPronoTpedIeHus;

— MPOCTOTA pa3BepThIBaHUs U 0OCTyx)uBaHus [PS.

HNuepumanbHasi TexHosorusl. IHepruanbHas
TEXHOJIOTHSI OCHOBaHA Ha OIEHKE TeKyIIeH MO3ULIUU
00BEKTa C y4eTOM ero paHee M3BECTHOW IO3UIINH,
CKOPOCTH U HarpasiieHus ApkeHus [ 1-3]. Ykazannas
TEXHOJIOTHS CTPOUTCS Ha 6a3e MU POBBIX HHEPIUATIb-
HBIX JIaTYMKOB (@KCEIepOMETPOB, TUPOCKOIIOB, TATIH-
KOB YIJIOBOTO MoJiokeHusi u ap. [1, 2, 4, 14, 15]). dna
OTIpENeICHUsl TIOJIOKEHHsI O0bEeKTa HHepIHaIbHas
TEXHOJIOTUSl HUCMOJNB3YeT METOJ HaBHTAIlMIOHHOTO
CUHMCJICHUS ITyTH, TAKXKe Ha3bIBa€MbIi METOIOM HHEP-
[HMATbHOM HaBUTAIIUU.

OcHoBHas 3aJ1a4a MeTo/1a 3aKJTI0UaETCsl B OTIpeie-
JIEHUH CPEIHETO [Iara, Tak Kax JJIMHA YeJI0BEYECKOro
11ara HEMOCTOSIHHA: OHA 3aBUCUT OT CKOPOCTH ABHIKE-
HUs 00BbEKTa, ero pocTa U T. A. Takke HeoOXOTUMO
pacro3HaBaTh Hadajia Ka)XI0ro HOBOTO IIara, BO3HHU-
KaIoIIEro B MpoIecce YernoBedeckoi Xomp0bl. Hemo-
BeUeCKas X0b0a MMEET IUKIMUYECKYIO IPUPOY, U €€
MOKHO Pa3lieNuTh Ha 4 OCHOBHEBIE (Da3bl:

— OTTaJIKUBaHUE OMOPHOW HOTOM OT 3EMJIH;

— BBINPSAMIICHUE IEPEHOCHON HOTH;

— HaKJIOH IOJIEHU OIIOPHOI HOTH BIIEpe U Hayajlo
MepeHoca LEeHTpa TSHKECTH Ha IEPEHOCHYIO HOT'Y;

— OTTaJKUBaHUE ONMOPHOM HOTW OT moja (mociue
3TOr0 OHA CTAHOBUTCA IEPEHOCHON) K OKOHYAHUE I1e-
peHoca [EHTpa TSHKECTH Ha IEPEHOCHYIO HOTY, KOTO-
pas, B CBOIO O4epeb, CTAHOBUTCS OMOPHOM.

[lepBas u TpeThst (ha3bl HUKIA XOOBOBI XapaKTePH-
3yIOTCSl IIOBBIIIEHUEM OIOPHOM peakluu, BTOpas U
yeTBepTast — ee NoHwkeHneM. DakT miara onpenesns-
€Tcs IIPU paclio3HaBaHUU KaXKA0H U3 IBYX ATUX TPYII
(a3. Jlna pacuera cpeaHer ATHMHBI IIara UCTIONB3YFOTCS
pazIM4HbIe METONBI: SMIIUPUYECKHUE, AlPOKCUMALIMOH-
HbIE, METOJIbI, OCHOBAaHHbIE HA MHTETPUPOBAHUHU YCKOPE-
HUsI IPOMIEHHOT O 111ara,  TIp.

Taroke 1 OIpeIeNieHu st TOJI0KEHHS 00BeKTa HeoO-
XOOUMO 3HAaTh HAIpaBJICHUE €ro ABWKCHHUSA, KOTOPOC
MOYKHO OIpEJENIUTh Ha OCHOBE IOKa3aHUi, MOIy4eH-
HBIX OT aKCeJIepOMEeTpa U THPOCKOIIA.

Hcnone3oBanue indoor-mo3uIMOHUPOBAHKS HA
0a3e MHEPIMAILHBIX TATYUKOB 00JIaaeT PSAIOM Ipe-
nmytiects [4, 14-27]:

— aBTOHOMHOCTBIO M IIPOCTOTOM pa3BepThIBAHUS.
g onpeneneHus MONOXKEHUsSI 00bEKTa JOCTaTOUHO
TOJILKO MHEPLMAIBHBIX JaTYUKOB U He TpeOyeTcs HU-
KaKOH JTOMOHUTETLHOW HHPPACTPYKTYPhI  000pY-
JIOBaHUS. YUYUTHIBas, YTO OOJIBLIMHCTBO COBPEMEH-
HBIX MOOWJIBHBIX YCTPOWCTB CBS3M OOOPYIOBAaHBI
BCTPOCHHBIMU aKCEJIEPOMETPAMU U THUPOCKOIIAMH,
HET HeOOXOMUMOCTH B pa3paboTKe OTACIBHBIX HHEP-
[HATBHBIX JaTYHKOB;

— TIOMEXOYCTOMYMBOCTHI0. CyIIECTBYIOMIME BUIBI
TOMeX He BIIUSIOT HAa TOYHOCTH H3MEPEHHUH.

[maBHBIM HETOCTATKOM WHEPLUAIBHOW TEXHOJO-
MU ABJISETCS HAKOTUIEHHE TIOTPEITHOCTH U3MEpEHUH U,
KaK CJICICTBUE, YMCHBIIICHHE TOYHOCTH TIO3UIIMOHHPO-
BaHUs ¢ TedeHreM BpemenH [ 1, 2,4, 14-17]. Yka3aHHbIi
HEJIOCTATOK SBIISICTCSI OCHOBHOM ITPOOJIeMOM, BO3HHKA-
foleld mpu paspaborke wHeprmanbHbIX IPS. [ ee
YCTpaHEHHs MPUMEHSIOTCS Pa3IMYHbIe MPOrpaMMHbIC
(bUITETPBI, HO ATOTO, 3a4aCTYI0, OKA3bIBACTCS HEIOCTa-
TouHO. Benenersue 3toro B cucreMax indoor-mo3uimo-
HUPOBAHUSI TOJIKO HHEPIUATIbHAS TEXHOIOTUS UCIIOJb-
3yetcst penxo [3, 14]. Yare Bcero [yist MOBBIIEHUS TOU-
HOCTH TIO3WIIMOHUPOBAHUS WHEPIUATBHYIO TEXHOJIO-
THKO COBMECLIAKOT C ,Z[pyFI/IMI/I TEXHOJIOTUSAMHU TTO3UILHO-
HupoBanus [2—4, 16, 18-27].

HaunbGonee pacnpocTpaHeHO COBMEIIEHUE WHEP-
LHAIBHOW TEXHOJIIOTUU C MAarHUTOMETPUEH, paguoda-
CTOTHOM M ONITHYECKOM TEXHOJOTHUIMH, a TAKXKE C Ma-
IIMHHBIM 3peHHeM. B kauecTBe pagmodacTOTHOU Co-
CTaBJISAIONICH HauboJIee YacTO MCIIONB3YIOTCS TEXHO-
norun Wi-Fi [28], Bluetooth [22] u ZigBee [23]. 1ns
peanuzanuu [PS B moMemeHNsIX MOHTUPYIOTCS -
POKOBEIATENbHBIE PaTA0OYaCTOTHBIC JATYUKH. AK-
THUBHBIN MasgK COCTOUT U3 I/IHeleI/IaJ'H)HI)IX JAaTYUKOB U
MHKPOCXEMBI C PaJuoTepeaaroM MoayineM. Me-
CTOIOJIOXKEHHE 00BEKTA BBIUUCIISIETCS C UCIONIBb30Ba-
HHUEM JaHHBIX, HepenaBaeMblx 10 paZ[I/IOKaHaJ'[y
(wame Bcero Ha 0Oaze Mmeroma Received Signal
Strength Indicator (RSSI) u anroputma Tpmiarepa-
M), MHepuuansHasi COCTaBISIONIast IPH 3TOM HC-
TOJIB3YETCS JIsl TIOBBIICHHSI TOYHOCTH TTO3UITNOHHU-
pOBaHUS U KOPPEKTUPOBKH TIOJIOXKEHHS 00bEKTa, BbI-
YHUCJIICHHOI'O Ha OCHOBAHWH JaHHBIX, HOJ'Iy‘IeHHbIX pa—
IMOYacTOTHOM cocrassaromeii IPS.

IIpu coBmenIeHNH UHEPLMOHHOW U ONTHYECKOU
TEXHOJOTUH yarnie Bcero ucnoisiyrorcsi MK-TexHo-
noruu [18] wim Visible Light Communication (VLC)

[19-21]. HWnepumanpHas COCTaBISIOIIAs HrpaeT
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BCIIOMOTATENBbHYIO POJIb U UCIIOJIB3YeTCs AJIsl TIOBHI-
IICHUS TOYHOCTH TIO3UIMOHHUPOBAHUS: aKTHBHBIN
MasiK JOMOJTHUTEIHPHO OCHAIAeTCS HHEPUUATEHON
CHCTEMOM, n3MepsIoIeil OTHOCUTENBHOE TIepeMelLie-
HUE 00BeKTa. Masik MOYKET BBIIIONHATHCS B BUAE Ca-
MOCTOSITENTbHOTO ycTpoiicTBa [18-20], mbo B kaue-
CTBE HETO WCIIONB3YeTCsS MOOWIBHOE YCTPOKMCTBO,
OCHAIIIEHHOE KaMepoW W HHEepLUUATIbHBIMH JaTyH-
kamu [19-21].

IPS Ha ocHOBe KOMOMHALMM UHEPLUUATIBHON TeX-
HOJIOTUM ¥ TEXHOJOTMH MAalIMHHOTO 3peHus [16, 24,
25] B [IOMONMHEHHE K WHEPLUAIbHBIM JaTYdKaM HC-
MONB3YIOT BUAeoKaMephl. Kamepa B pexumMe peaiib-
HOTO BpeMEHH (PUKCUPYET HH(OPMAITHIO 00 OKPYKaro-
nieit cpese, KoTopasi aHaIU3UPYETCsl CPEACTBAMU Ma-
[IMHHOTO 3peHHs. AHAIU3UPYs TONyYeHHbIe U300pa-
JKEHIS, AJTOPUTMBl MAIIMHHOTO 3PEHHS CIIOCOOHBI
OIIPENIENIUTh TPACKTOPHUIO JIBIKCHUSI 00BbEKTa OTHOCH-
TENFHO BU3YaIIBHBIX OPHEHTHPOB, XPAHSIIIIXCS B 0a3e
IaHHBIX CHCTEeMBI. BusyambHas mH(pOpManus, moIry-
YeHHas B pe3yabrare padoThl alTOPUTMOB MAILTMHHOTO
3pEHUS, TAKXKE MOXKET OBITh HCIONB30BaHA IS TI0-
CTpOCHUSI LU(PPOBOH KapThHl IMOMEUICHHUSI C MEIbIo
VIPOIICHUS] TIO3UIMOHUPOBAaHUS B  JaJIbHEHIIIEM.
Yame Bcero B TaKMX CHCTEMAaX HCIIONB3YIOTCS HHEp-
[UaJbHBIC JATYAKA M KaMepa MOOWIBHOTO YCTpPOWi-
crBa. Jlns peanu3aluy MAIIMHHOIO 3pEHHsS MOTYT
MIPUMEHSITHCS KaK YK€ TOTOBbIE Tu1aTdopmbl (B [24] wc-
nonesyercst mwiatgopma Google Tango), Tak u camo-
CTOSATENBHO pa3paboTaHHbIe adropuTMel [16, 25].
WnepumansHoe W BH3yalbHOE ITO3HIIMOHUPOBAHIE
(YHKIMOHHUPYIOT HE3aBUCHMO APYT OT napyra. M3me-
peHHas MH(OPMAIUS COMOCTAaBISETCS, M HA OCHOBE
MOJTYYCHHBIX PE3YIBTATOB BBIYHCIIETCS TOYHOE TIOJIO-
JKEeHHEe 00bEKTa.

IPS, xoMOuHHMpYyIOIINE MHEPIHATIbHYIO TEXHOJIO-
THIO C MarHuTOMeTpueH [23, 26, 27], momumMo akcere-
poMeTpa M TUPOCKONA HCIONb3YIOT MarHUTOMETP.
Ponp nHeprmansHON cocraBisomeit B Takux IPS 3a-
BHUCHT OT THIIA apXHUTEKTYpBI, Ha 0a3¢ KOTOPOU peatu-
30BaHa MarHUTOMETpHYecKas 4acTh (AKTHBHAS WU
nmaccuBHasi). bonee moapoOHO 3TOT BONIPOC PacKphIT B
paszene cTaTbu, MOCBALICHHONW MarHUTOMETPHU.

[Ipu mo3urronnpoBaHUy Ha 6a3e TONBKO MHEPIIH-
QIPHOM TEXHOJIOTUH TpeOyeTcsi OMHOBPEMEHHOE HC-
M0JIb30BaHUE HECKOJIBKUX BUJOB MHEPIUAIBHBIX JaT-
ynkoB [14, 17]. Tak kak HEpUHATbHBIE AATYUKH, UC-
MONB3YIOMKECS B MOOWJIBHBIX YCTPOHCTBAX, UMEIOT
OOIBIIYIO TOTPEIIHOCTh U3MEPEHUMH, MCIOIB30BAHNE
TOJEKO MOOMIIBHBIX YCTPOHCTB B TAKHX CHCTEMaX He-
BO3MOXHO [3, 14]. Jlns IPS pa3pabarsiBaetcst oTneNb-

HOE€ YCTPOMCTBO, B COCTaB KOTOPOTO BXOIAT MHEPLIH-
AJIBHBIC TAaTYMKH ¢ 00JIee BBICOKOW TOYHOCTHIO. [Tomy-
YEHHOE YCTPOICTBO OOBIYHO 3aKPEIICTCS Ha CTOIE
00bEKTa, MECTOIOIOKEHUE KOTOPOro HEO0OXOIHUMO
onpenensrs [ 14, 26]. IlozummonnpoBanne oCyIecTs-
JseTcs 3a CcYeT (DPUKCAMU TPACKTOPHH JBIDKCHHUS
CTOIIBI MOJIL30BATENSI B MOMEHT OCYIIECTBICHHSI UM
miara. [71aBHast CIO)KHOCTH TaKOTO POIa CHUCTEM 3a-
KITIOYaeTCsl B ONPENEIICHNH caMoro (pakra denoBede-
CKOTO 1Iara W B UCKJIIOYEHUH BO3MOXKHOCTH Pacrio-
3HaBaHMS JIOKHBIX [IATr0B, TAK KaK 3TO MOXET IIPHBE-
CTH K OIIMOKE BEIYMCIIEHHI. B CBsI3u ¢ 3THM maHHBIE,
MOTYYEHHBIC ¢ WHEePIMATBHBIX ATYUKOB, TOIBEPra-
FOTCS CIIOKHOW MaTeMaTu4ecKoi oOpaboTKe.

1151 yBenr9IeHus TOYHOCTH ITO3UIHOHUPOBAHIIS B
HEKOTOPBIX CHUCTeMax HCIONB3YIOTC LHU(POBLIE
KapThl M TUTaHbI 30aHui [14, 17, 25]. Ha 6a3e mudpo-
BOH KapThl CTPOUTCS CBSI3HBIN Tpad, peOpaMu KOTo-
pOro SBJISFOTCS BCE BO3MOXKHBIE MYTH JABWKEHUS 110
30aHAI0. Pe3ynapTaTel HHEPIATBHBIX H3MEPEHHH CO-
MTOCTABIIAIOTCS C TIOCTPOCHHBIM Tpa)oM, U TEeKyIee
MOJIOKEHUE 00BEKTa KOPPEKTUPYETCSI B 3aBUCUMOCTH
OT pe3yIBTaTOB 3TOTO COMNOCTaBIeHMs. B cucremax,
KOMOMHHPYIOINX WHEPIUAIBHEIC TAaTIAKH C MAIIHH-
HBIM 3peHueM [25], Ui yIpoIueHus OpUCHTHPOBAHUS
o U poBoii KapTe BHYTPESHHNE IIOMEIIICHHUS TIOMeYa-
IOTCS CHEIUATHHBIMI METKaMU-OPHEHTUPAMH, H300-
PaXKEHHUSI KOTOPHIX MOXKHO pPAacro3HATh U COMOCTa-
BUTH ¢ 02301 JaHHBIX.

Marnutomerpus. [l omnpeneneHus: MoJoxe-
HUsA O6’b€KTOB BHYTPU NOMCHICHUA MOI'YT HpUME-
HATBCS CpeAcTBa MarHuToMeTpuu. PaccmarpuBae-
MBIt MeTOZl 6a3UpyeTCsl Ha U3MEHCHUN HAIPsHKEHHO-
CTH MAarHuTHOTI'O IOJISI B 3aBUCUMOCTHU OT KOOpAWHAT
o0beKTa B 37aHnH. B kauecTBe akTUBHOTO Masika IPS
Ha 0a3e MarHUTOMETPUHU HCTIOIB3YIOTCS YCTPOICTRa,
OCHAIIIEHHbIE MATHUTOMETPOM [2].

PasnmuaroT akTUBHYIO W MACCUBHYIO MarHHUTO-
MeTpuio [29].

ITaccuBHas MarHuToMETpuUs UCIIOJIB3YET IJIA 10~
3UIUOHUPOBAHUS 00BEKTOB KAPTY MATHUTHBIX MOJEH
3nanus [1,2,4,5,29,30-32]. DnexTpoobopynoBaHue
U MCTAJUIMYCCKUE KOHCTPYKIINU SHaHHﬁ BIIUSAKOT HA
(bukcupyeMoe 3HaYeHUE €CTECTBEHHOTO MarHUTHOTO
(oHa 3emutn, Aenas ero YHUKAIbHBIM B KOKIOH TOUKe
3ganus. B IPS, ocHOBaHHEIX Ha MACCUBHON MarHMTO-
METpPHH, OYEHb YaCTO B KaYeCTBE MASKOB HCIIOJIb3Y-
FOTCSI MOOMIIBHBIE YCTPOWMCTBA, MMEIOIINE BCTPOCH-
[30-33],
TOJIBKO ITpHEM, HO B 00paboTKy curHaia. Kakoit-nibo
JOTIOTHUTEIBHON HH(PACTPYKTYPBI, KPOME TOIBIK-

HBIN MarHuToMeETp BBIITOJIHAIOIIUE HE
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HOTO TpUEMHHKA, TAacCHBHAs MarHUTOMETpUS He
MpeayCMaTpUBACT.

IPS Ha 0a3e maccHBHON MAarHUTOMETPHH HCIIONb-
3yIOT B Ka4€CTBE aJITOPUTMa TIO3ULIMOHNUPOBAHUS TAKTH-
JIOCKoT4ecKyto uaeHtudukarto [1-3, 30, 31, 33, 34],
AJITOPUTM KOTOpOH BKitodaeT 2 atana [3, 30, 31, 33]:

1. [IpenBapuTeNbHBIA 3Tal cOOpa JaHHBIX, HA KO-
TOPOM U3MEPSAETCS HANPSKEHHOCTh MAarHUTHOTO
TOJISt B KaXKIOM TOUKE 3/[aHusl ¥ 3aIiCh MOMYYEHHBIX
n3Mepennii B 6a3y maHubix (B1). COop maHHBIX MO-
KET OCYIICCTBILITHCS KaK BPYIHYIO, TaK ¥ C HCIONb-
30BaHMEM aJITOPUTMOB MalIMHHOTO 00y4yeHnusd. B nep-
BOM CITy9ae oneparop 0OXOmUT 34aHue, 3aMepsist ypo-
BEHb MarHUTHOTO TIOJIS1 B PA3NIMYHBIX TOUKAX 3aHUS
BPYYHYIO W TaKXkKe BPYUYHYIO NOOaBJIsAs Pe3yNbTaThl
mmepennit B bJ[ IPS. Bo Bropom ciydae omeparop
TaK)xe OOXOIUT 3/1aHUE, HO BBIOOP TOYEK, BHITIONHE-
HUE 3aMePOB U 3aHECEHHE Pe3yIbTaTOB U3MEPEHHI B
B/l cuctembl oCyIIeCTBISETCA NPHU MOMOILIU CIIEIH-
aJBHOM Tporpammbl, pa3paboTaHHOW Ha 0Oaze airo-
PUTMOB MalIMHHOTO 0Oy4YeHUsl. DTOT 3Tall SBIISAETCS
TPYAOEMKHUM U 3aHAMAET MHOTO BPEMEHH.

2. Drtan no3unoHupoBanusd. Ha stom stane mo-
JIBWKHBI TIPUEMHHK 3aMepsieT 3Ha4eHWEe MAarHuT-
HOTO IT0JIS1 B KOHKPETHOM TOUKE 3MaHWS, U MOTyUeH-
HbIC UBMEPCHUS CPABHUBAIOTCA C JaHHBIMH, XPaHALIN-
mucst B B/I. Tlpu nannuuu B B/ coBmanenuii cuura-
€TCs, YTO MECTOITOJIOKECHHE O0BEKTa OOHAPYKEHO.
B cuny Toro, uTo TOUHOE COBNaJIeHUE AaHHbBIX U3 B[
C pe3yjbTaTaMH U3MEPEHUH Ha CTOPOHE MPHUEMHUKa
HEBO3MOXXHO, U3MEPEHHBIC 3HAYCHUS TIOIBEPTalOTCs
MPOrpaMMHOIl (DUIBTpaly, aNropuT™M KOTOpPOH OT
peamuzaru IPS. B [33] s ¢punsTpannn u3MepeHui
MIPUMEHsIETCS MeToT Orkaiimero cocena. B [31] mist
00pabOTKH PEe3yIbTaTOB HM3MEPEHHI HCIONIb3YeTCs
LIEJBIN Pl aJITOPUTMOB, BKJIIOYAIOIINH B ce0s1 METOI
OnKaiIIero cocena u (GHUIIBTPAIHIO HA OCHOBE aJIro-
PUTMOB HEHPOHHOM ceTu.

21_]'[5{ TMOBBIMICHUA TOYHOCTHU MO3HUIIUMOHHUPOBAHUSA
MHorue IPS uCHonme3yloT [ONOMHUTENBHBIE IPO-
rpamMMHbIe QUIBTPBI. Yalie Bcero 3To pa3MvHbIC Ba-
puanuu ¢punsrpa Kamvana [30, 31]. TouHOCTB Maccus-
HBIX MarHuTomerpuyeckux IPS cocraBisier B cpennem
1...2 M [4]. OcHOBHOI HEAOCTATOK MO3UIIMOHUPOBA-
HUs Ha 0a3e MacCUBHOM MarHUTOMETPUH 3aKIIF0YAETCsl
B TOM, YTO Ha €CTECTBEHHBI TE€OMAarHUTHBIN (OH MO-
T'YT BIMATH PA3TIMYIHBIC HIICKTPUIECKIE MPUOOPHI, TPo-
BOJIKa, METAJNIMYECKUE KOHCTPYKIMU U 1p. B cBsizu

1B HekoTopsix IPS npexycmoTpeno npoBeneHne cepruu Takux
HU3MEpPEeHUH.

COTUM TMACCHBHYI0 MATHHUTOMETPHUIO YacTO COBMeE-
HIAOT C APYTUMH TEXHOJIOTUSMH JIOKAITEHOTO TTO3HITH-
onnposanus [31, 32].

B [31] onucana rubpumHas cuctema Ha 0a3e Tex-
Homorun Wi-Fi m maccuBHON MarHutomerpuu. [lo-
cKoJbKy TexHonorus Wi-Fi obnamgaer HU3kol TOYHO-
CTBIO MO3UIIMOHUPOBaHUA (3...25 M), MacCUBHAsI Mar-
HUTOMETPUS 3[1€Ch UCIIONB3YETCSI KaK JOTOIHUTENb-
Has TEXHOJIOTHS, TO3BOJISIOIIAS IOBBICUTH TOYHOCTb.
B kadecTBe MONBM)KHOTO MPUEMHHKA B yKAa3aHHOMN
CUCTEME HCTIONB3YIOT MOOMILHOE YCTPOUCTBO, 000-
PYOOBaHHOE BCTPOSHHBIM MarHuToMeTpoMm. Jlis
OTpeIeICHUS MOJIOKEHU 0OBEKTOB CUCTEMA HCTIONb-
3yeT alTOpUTM NaKTHIOCKOIMYECKOH HICHTU(HKA-
[IAH, 9aCTO MCIOIb3yEMbI HE TOJIBKO B ITACCUBHOU
MarHUTOMETPHH, HO ¥ B MTO3UITMOHUPOBAHUY Ha Oa3e
texHosoruu Wi-Fi. Ha atamne cOopa maHHBIX aBTOPHI
HCTIONB3YIOT CaMOOOYYarOIIyIOCsl HCKYCCTBEHHYIO
HEIPOHHYIO CETb.

[TaccuBHYI0 MATHATOMETPHIO TaKKEe OOBEIUHSIOT
C MHEepUMaIbHOMN TexHojoruen [32]. B kagecTse mpu-
€MHHKa B TIPE/ICTABJICHHON CHCTEME TaK)Ke MCIIONb3Y-
eTcst MOOMITBHOE YCTPOHCTBO, IIOMUMO MAaTHUTOMETPA
HMeIolIee BCTPOCHHBIC WHEPIUAIBHBIC TaTINKH (aK-
CellepOMeTp U rupockor). B kauecTBe anropurma mo-
3HUIMOHAPOBAHMS HCTIONB3YETCSI JAKTHIOCKOITNUECKAsT
uaeHTUUKAIWS. [I7151 TOBBIIIIEHIS TOYHOCTH ITO3HITH-
OHHPOBAHUS MPEATIOKEHO UCTIOIB30BATh METO, COTIO-
CTaBIICHMS U(PPOBBIX KAPT, KOTOPHIE MOTYT OBITH 3a-
IPY’KEHBI B CUCTEMY WIJIM CTEHEPUPOBAHbI aBTOMaTHYE-
CKH B Tpo1iecce ee paboThl.

[TozutmonnpoBanme Ha 6a3e TaCCUBHON MarHUTO-
METPHUH 00JIaIaeT CIICAYIOIUMH PEUMYILIECTBAMHU:

— 71t GYHKIIMOHUPOBAHUS CHCTEMBI IOCTATOYHO
aKTUBHOTO Masika [3, 29, 33]; HeoOXoAMMOCTb B JIOTIOJ-
HUTENBEHON HH(PACTPYKTYPE OTCYTCTBYET;

— aBTOHOMHOCTb,

— BBICOKas 3aIuIeHHOCTh [PS BeiencTre oTcyT-
CTBUS JOTIONHUTEIBHON HH(PPACTPYKTYpPHL. DTO TO3-
BOJISIET CHU3UTH 3aTpaThl HAa pPa3paboTKy IOMOJHH-
TEIBHBIX CPEACTB C LENBIO YIOBICTBOPEHHUS TpeOoBa-
HUIA 110 HHPOPMATUOHHON O€30IIaCHOCTH, MIPEITyCMOT-
PEHHBIX JUIs cUCTeM 00pabOTKH M Tiepeadn TaHHBIX,
HCIIONB3YEMBIX B 00JIaCTH 3APaBOOXPAHEHHS Ha TEPPH-
topuu Poccuiickoit @enepanny;

— paboToCIIOCOOHOCTS MPU OTCYTCTBHHU TPSIMOI
BUIIMMOCTH MEKIY HCTOYHHKOM U TIPUEMHHKOM CHTHAJIA
BBHJIy CJIa00OTO 3aTyXaHWsl TEOMarHUTHOTO IOJIS TIPH
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MIPOXOXKICHUH Yepe3 CTEHBI U MOTOJIOYHbIE TIEPEKPhI-
tus [34]. Oto ynpomaer IPS u ynemesnsier poriecc ee
MIPOEKTHPOBAHMS;

— OTHOCHUTENIFHOE IMOCTOSHCTBO MH(OPMALIMOH-
Ho#t 6a3s1 IPS — mMarauTHOTO MO 3EMIIK — B TCUCHHE
JUTUTETTHLHOTO BPEMEHH.

K Hemocratkam macCMBHOW MarHUTOMETPUU
MOXKHO OTHECTH:

— BIIMSIHUE Ha TOYHOCTD MMO3UIMOHNPOBAHUS Mar-
HUTHBIX TTOJIEH HU3KOM vacToThI [1, 3, 5];

— HU3KYIO TOYHOCTH (0KkoJ0 1.5 M) [4, 57;

— BBICOKYIO CJIO)KHOCTh TEXHMUYECKOW peasin3a-
UM, CBSI3aHHYIO C TPYAOEMKOCTEIO Tpoliecca coopa
TAHHBIX JJIS IOCTPOCHISI MATHUTHOH KapThI, a TAKKe
C QJITOPUTMHUYECKOH CIIO)KHOCTBIO BBIUHCIEHUH, TPH-
MEHSEMBIX JIJISl IPOTPAaMMHOM (UIIBTpaIliK pe3yibTa-
TOB U3MEpEHU [5].

AKTHBHAsT MAarHATOMETPHS HCIOIB3YeT LIS
OTIpeNIeICHUs TIOJNIOXKEHHSI 0OBEKTOB TeHepaTophl UC-
KyCCTBEHHOTO MarHuTHoro moss [29, 34-38]. B co-
CTaB TAaKOTO T€HEepPaTopa BXOAUT KaTYIIIKa MHIYKTHB-
HOCTH, TIpH 1oJja4e TOKa (TOCTOSHHOTO, TIEPEMEHHOTO
WA UMITYJIbCHOTO) CO3MaroIasi BOKPYT ce0s MarHUT-
HOE IT0JIe OTpeIeIeHHON KoHduryparmu (crarroHap-
HOE, TIEPEMEHHOE M UMITYIIbCHOE COOTBETCTBEHHO).
IPS ¢ wucmonk3oBaHHEM IOCTOSIHHOTO MarHUTHOTO
MOJIsl B HAacTOAIIEee BpeMsl HEe HallTd IUPOKOTO TPH-
MEHCHUS, TTOCKOIBKY ATH ITOJS HEBO3MOXKHO OTHE-
JUTH OT MarHUTHOTO TIOJISI 3eMITH, BHOCSIIIETO TIOTPETII-
HOCTb B pe3yJIbTaThl H3MEPEHHH, UTO HE ITO3BOJISIET MPO-
BECTH U3MEPEHHS C IOCTaTOYHON TOUHOCTEHIO.

[puaun padoter IPS Ha 6ase ABYX Jpyrux KOH-
¢urypanuii MarHUTHOTO TIOJSI TPOMJUTIOCTPHUPOBAH
puc. 1. I'enepartop co3aeT NCKyCCTBEHHOE MAarHUTHOE
Tone Hy>kKHO# koH¢uryparmu. [1oaBHXHBIN IPUEMHUK
000pyIOBaH MarHUTOMETPOM JUTS TPOBEICHUS M3Me-
pennii. KonTposiep ynpapisier paboToll reHepaTopa
MarHuTHOTO TIONIsA. AHanoro-mudpoBoli MHTEpdEC
mpeo0pasyeT aHAJOTOBBIE CHUTHABI OT IOJBH)KHOTO
MPUEMHHKA B IH(POBEIE JJIs1 BRIYUCICHHS MECTOIIONO-
JKEHIS PUEMHUKA, a TAKXKE BEIPA0aTHIBACT IU(PPOBHIC
CHTHAJIBL, HEOOXOMUMBIE T (DYHKIIMOHUPOBAHUS KOH-
Tpoyiepa. BerauciuTtens paccuMThIBaeT KOOPIWHATHI
TEKYIIETO MECTOTOJIOKEHUS TIOIBUKHOTO MTPUEMHHKA
OTHOCHUTEJIBHO T'eHepaTopa MarHUTHOTO TOJIS, a TAKXKe
OTBevaer 3a ynpasienue [PS.

O06o0Omennast apxutekrypa IPS Ha 6aze akTuB-
HOW MarHUTOMETpUHU M300pakeHa Ha puc. 2. [o me-
PUMETpY 3[1aHHUs YCTAHOBJIEH PsiJi T€HEPAaTOPOB Mar-
HUTHOTO TIOJIS, Ha3bIBAEMBIX OINOPHBIMH CTAHIMSIMHU

T'eneparop TTonBHKXHBII
ﬂeTele/IHPIpOBaHHOFO HpI/ISMHI/IK
MAarHUTHOTO IOJIS

!

Kontposnnep

Amnanoro-nuugpoBoit
uHTepdeiic

Beraucnurens

Puc. 1. ITpuarm pa6oter IPS Ha 6aze reHepanyin MarHUTHBIX
HOJIEH UMITYJIbCHOH MM IIEPEMEHHOH KOHPHUTypaIiu

Fig. 1. The Operation Principle of IPS based on the Generation
of Magnetic Fields with Impulse or Alternating Configuration

WM SKOPSIMHM, KOOpAMHATHI KOTOPBIX 3apaHee W3-
BeCTHBI cucteme. I[IpueMHUK TpeacTaBiser coOoi
MHUKPOCXEMY CO BCTPOEHHBIM IU(PPOBBIM MarHUTO-
MeTpoM. ['eHepupyemoe sKkopeM MarHuTHOE I10J1€ BbI-
3bIBA€T MHIYKIMOHHBIA TOK B LEMSIX MPUEMHHUKA.
Paccrosinue Mexny NHOABMKHBIM TNPUEMHUKOM H
OIOPHOHM CTaHLUMEH OLIEHWBAETCS II0 3HAYEHMIO
HaIpsHKeHUs Ha BBIXOJIE PE30HAHCHOI'O KOHTYpa MpH-
eMHuKa. [lonoxeHne mprueMHHKa B TIOMEILEHUH Olle-
HUBAeTCsl MPHU IMOMOLIM aJTOpUTMa TpUJIATEPaLIUu.
ConracHo 3TOMY alrOpUTMY, AJIsl OpeAeIeHUs 10JI0-
JKCHUA NPUCMHHUKA B €ro 30HC BUAUMOCTU HOJIKHBI
MPUCYTCTBOBATh Kak MUHUMYM 3 sikopst [34-38]. [a-
Jiee BBIYUCIISAIOTCS PaCcCTOSHUS MEXKAY IPUEMHHUKOM 1
skopsMu. [lpennonaraercsd, 4To NPUEMHHUK Haxo-
JIUTCSl Ha TIEPECEUEHUN TPEX OKPYKHOCTEH C paany-
CaMH, PaBHBIMHM PACCTOSHHMIO OT KaXXIOro U3 Tpex
sikoper 1o mpuemMHuka. Ha 0oCHOBaHMM M3MEpPEHHBIX
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~ ( ) e
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e ~
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Puc. 2. Obo6menHas apxutektypa IPS Ha ocHoBe
aKTUBHOMU MaroHuTOMETPpUH

Fig. 2. Generalized Architecture of IPS based on
Active Magnetometry
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PAcCTOSIHUM BBITIONHSIOTCA BBIYUCIEHHS, pe3yibTa-
TOM KOTOPBIX SIBISTIOTCS KOOPAWHATHI IIPHEMHHKA
[34-38]. TlomoxkeHHWE MOXET OIPEACTATHCS JIMOO
HETIOCPEICTBEHHO B MPHUEMHHKE, €CITH OH 000pYIOBaH
BBIUMCITUTEIBHBIM YCTPOMCTBOM, WJIM Ha LIEHTpaJlb-
HOM cepBepe CHUCTeMBbl. B mepBoM ciiydae mpueMHHK
nepeaeT eHTPABHOMY CepBEpY KOOPIHHATEI CBOETO
MOJIOXKEHHS, BO BTOPOM — JIaHHbIE, MOJyYEHHbIE OT
OTIOPHBIX cTaHIwi. [lepenada JaHHBIX OT TOABMKHOTO
MPUEMHIKA Ha IIEHTPAJIBHBIN CepBep Jalie BCEro 0Cy-
mectisierca 1o uHTepdericy WiFi mm Bluetooth.
LlenTpaybHBI cepBep 0OpadaThIBaeT NAHHBIC, TIONY-
YEeHHBIC OT MTOIBIDKHOTO IPHEMHUKA, U TIePEIacT NX Ha
aBTOMaTH3UpOBaHHOE pabouee Mecto (APM) omepa-
TOpa IS MX TIOCTICAYIOIICH BU3yaIH3aIIUL

[lepenaga DaHHBIX MEXAY OMOPHBIMH CTaHIIH-
SIMM 1 TIPUEMHUKOM BO3MOXHA C MCIOIb30BAaHHEM
MOZIYIISIUA MarHUTHOTO TIOJISI HAa CTOPOHE SKOPEHi.
CxeMbI MOIYISIINH Pa3IHYaroTCs B 3aBUCHMOCTH OT
KOH(UTYpaLlUd T€HEPUPYEMOTO0 MATHUTHOTO MOJIA.
[Ipy wcnonbp30BaHUM TEPEMEHHOTO MArHUTHOTO
OJISI UCTIONB3YETCS BPEMEHHOE HIIH YaCTOTHOE Pa3-
nenenne [34-36]. Kaxnas onopHas CTaHLUS TeHe-
pHpYET MarHUTHOE IOJIe TIPH BPEeMEHHOM pasfelie-
HUH B OTBEJEHHBIN €l BpeMEHHON HHTEpBA, MPHU
YAaCTOTHOM — B CBOEM YAaCTOTHOM JAuana3oHe. Takoi
MTOJIXOM TIO3BOJISICT OCYIIECTBIATH IIepeiady JaHHBIX
OITHOBPEMEHHO HECKOJIBKUMH OMOPHBIMH CTaHIIH-
SIMH, YTO CIIOCOOCTBYET JOCTIKCHHIO OONbIIeH Ya-
CTOTBI UBMEPEHU.

ToYHOCT IO3UITMOHMPOBAHNS Ha 0a3e ePEeMEHHBIX
MarHUTHBIX IIOJICH 3aBUCHUT OT HAJIMYUsA B nmoMeuie-
HUHM ¥ KOHCTPYKIMSX 3[aHHUS TOKOIPOBOISIINX dJIe-
MEHTOB, TaK KaK 3T ITOJsI HABOIAT B HUX BHXPEBHIC
TOKHU, BIUSAIOIIME HA pe3y/bTaThl u3MepeHuil. Benen-
CTBUE ITOTO HCTONB30BaHue Takux [PS 3aTtpynHeHo B
3AaHUAX, UMCIOIINX )Keﬂe306eTOHHI)I€ KOHCTPYKIIUN
U IEKTPUUECKYI0 NpoBoAKy [34]. [lyig no3unuoHu-
pOBaHUS B 3IaHUSX C JKEJIE300€TOHHBIMU KOHCTPYK-
IHUAMHA HaI/I60.]'IeC MMPUMCEHHUMBI UMITIYJILCHBIC MarHuT-
HBIC IIOJIA. 32]er A niepeiadyni JaHHBIX UCIIOJIb3Yy-
€TCsl UMITYJIbCHAsl CXeMa MOIYJISILIMY, COIIaCHO KOTO-
pOii TeHepupyeTcsl MOCIEA0BaTeIbHOCTh UMITYIbC-
HBIX MarHUTHBIX TOJIEH pa3nuyHON opueHTaruu [35,
36], 4uro mOCTUraeTcsi W3MEHEHHEM HaIlpaBJICHUS
TOKa, ITOCTYMAIOIIEr0 Ha KaTyLIKy WHIYKTUBHOCTH
sxopsi. Kaxknast Takas mociieoBareIbHOCTh OTAES-
€TCsl May30ii, IPU KOTOPOM BCce reHepaTopbl MarHuT-
HOTI'O ITOJISI BBIKJTFOYAKOTCA. HpI/ICMHI/IK HU3MEPACT Kax-
IBIH TakOW MMITYJIEC, U HA OCHOBAaHHWH IMONTYyYCHHBIX

JAHHBIX BBIYUCISIET €r0 MeCTOHaxXokaeHue. [Ipume-
HEHHE UMITYIIbCHOTO MarHUTHOTO ITOJIS IIO3BOJISIET U3-
0eXaTh BIMSAHUS BUXPEBBIX TOKOB, HABOAUMBIX TOKO-
MIPOBOMASAIIMMY 3JIEMEHTaMH, Ha TOYHOCTH MTO3HIINO-
HupoBaHwus [35-38].

YacroTa U3MepeHuii IPH UCTIONB30BAHUN HMITYJTb-
CHBIX MAarHUTHBIX HOJICH Ha MTOPSIOK HIDKE YaCTOTHI H3-
MEpeHHH B ClIydae MEepPEeMEHHOTO MArHHUTHOTO IO
BcenenctBre  3TOr0  MECTOIONIOKEHHE  TBIDKYILETOCS
00BEKTa MOXKET OIPEAEIISTHCS C 3aJCPKKaMH, 9TO He-
TIPUEMIIEMO TSI CHCTEM PealTbHOTrO BpeMeHu. laxe 1o-
clie TIPOBEICHHSI XUPYPTUUESCKOTO BMEIIATEICTBA T1a-
LFEHT MOYKET TIePEeMEIIaThCS 110 3MAHUIO KITMHUKH, T10-
3TOMY JIr00ast BpeMeHHasl 3aJieprkka rpu padore [PS mo-
JKET TIOMEIIaTh €ro CBOCBPEMEHHOMY OOHApPYKCHHUIO B
Cllydae Pe3KOro YXYIIICHHUS IIOKa3areieil >Ku3Hemes-
TEJLHOCTH.

715 IOBBIMIEHNST TOYHOCTH MO3HIUOHUPOBAHIIS
1 YMEHBIICHHUS BIUSHUS 2JIEKTPOMAarHATHBIX TTOMEX B
AKTHBHOW MArHATOMETPHUH MPUMEHSIOT JOTOTHH-
TeJbHBIC U(POBBIC PHILTPHI (Jale BCEro aaarTHB-
Hble) B auddepeHIrpoBaHNe MATHUTHBIX CHUTHAJIOB.
Cucrema [35] noapazaenser NOTyYeHHBIE HIEKTPO-
MarHUTHBIC CHTHAJIBI HA OTJCIbHBIC KIaCTePB TAKIM
00pa3oM, 4TOOBI KaXKIbIi KjacTep BKIIOYAl B cels
N3MCPCHHS, MOMYUCHHBIC B TCUCHUEC OOHOI'O MHTEP-
Bajyia MEXKAY MEPEKIIOUCHUEM HaIpaBICHHS TOKa Ha
OTIOPHBIX CTaHIWAX. [ paszereHus CUTHAIIOB
OTIPEICIISICTCST B3aMMHAsI KOPPEIALS MEKIY CHUTHA-
JIOM, 3aXBa9CHHBIM MPUEMHUKOM, H CUTHAJIIOM OTIOP-
HOU cTaHiuu. Takxke B IENSX MOBBIIIEHUS TOYHOCTH
TMO3UIITMOHUPOBAHUA B IEPEMEHHOM MArHUTHOM IIOJIE
WM YBETIMYCHUS CKOPOCTH MTO3UIIHOHUPOBAHIS B M-
MYIECHOM MarHUTHOM TIOJIE aKTHBHYIO MarHATOMET-
pUI0 KOMOWHUPYIOT C APYTUMH TEXHOJOTHSIMH, B
YaCTHOCTH, ¢ MHepHHanbHoi [36—38]. st mo3ummo-
HUPOBAHUS B TPEXMEPHOM MPOCTPAHCTBE HEKOTOPHIE
CHCTEMBI BKJIFOYAIOT B CBOM COCTaB 6apoMeETp, 3a CUET
KOTOPOTO MOYKHO OIIPEICIISATh BHICOTY OOBEKTA CIICHKe-
Hus. Cucrema [36] ucnons3yer mukpocxemy ADIS
16480, coneprkalyto Takue IUPPOBbIC JaTUUKH, KaK
aKCeJIepOMETp, THPOCKOM, 0apoMeTp, MarHETOMET,
JATYHK TEMIEePaTyphl U 1p. TeXHIUeCKUe XapaKTepH-
CTUKH JTaTYUKOB MUKPOCXEMbI NPHUBOIAATCA B JTOKY-
MEHTAI[M Ha MHUKPOCXeMy. B momojHeHue K 3aBOi-
CKOW KaTMOpOBKE JaTdrKa B PEKUME PEATBHOIO Bpe-
MCHHU BBIIIOJIHACTCA WHAWBHUAYaJIbHAsA OIICHKa I10-
IPEIIHOCTH U3MEPEHMUS, YTO 0OSCIICUMBACT KOPPEKTH-
POBKY cHcTeMaTHdeckoi morperHocta. HabmroneHust
32 OTHOCHTENBHBIM IABICHHEM BO3/IyXa IO3BOJLIOT
OTIPENIEINTD BHICOTY C TOUHOCTHIO MeHee 0.5 M.
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K npocromHcTBaM aKTUBHOM MarHUTOMETPUHU
MOXHO oTHecTH [34-38]:

— OTCYTCTBHE HEOOXOIMMOCTH MPSAMOI BUIUMOCTH
MEXIy MCTOYHHKOM M NPHUEMHHUKOM CUTHaja H3-3a
HE3HAUYUTEJIbHOTO 3aTyXaHHs MarHUTHOIO IOJIS IIPU
MIPOXOXKIEHUH Yepe3 CTEHBI U MOTOJIOYHBIE TePEKPBITHS
(ecru mepeKphITHE BKITIOYACT B ceOsl TOKOIPOBOMASLIME
IEMEHTBI, TO MPUMEHAETCS NO3ULMOHUPOBAHUE B MM-
MYJIbCHOM MarHUTHOM I10J1€);

— MEHbLIee, [10 CPABHEHUIO C CUCTEMaMHU I1aCCUB-
HOM MarHUTOMETPHH, BIUSHIE HU3KOYaCTOTHBIX Mar-
HUTHEIX TIOJIEH;

— BBICOKYIO TOYHOCTb TIO3ULIMOHUPOBAHMUSL.

Henocrarku aktuBHOM MaruuTometpuu [34—38]:

— BBICOKasi CTOMMOCTh 000pYAOBaHUS;

— BBICOKas CJIOKHOCTH MPOEKTUPOBAHHUS, TEXHH-
YeCKOM peanu3alyy U pa3BepThIBAHUS;

— MaJblil paauyc cBszu (1o 16 m);

— HHU3Kasl TOYHOCTH IMO3UIIMOHUPOBAHMS B 3/1a-
HUSAX C KOHCTPYKLMSIMM, COAEPIKALIMMH TOKOIIPOBO-
JAIIKE SJIEMEHTBHI, IPU UCIIOJIb30BaHUU MTEPEMEHHBIX
MarHUTHBIX I0JIEH;

— HEBO3MOXXHOCTh MO3UIIMIOHUPOBAHUS TTOABIK-
HBIX 00BEKTOB B PEKUME peajbHOr0 BpeMEHH IpH UC-
I0JIb30BaHUH UMITYJIbCHBIX MAaIrHUTHBIX T1OJIEH;

— Oonbme rabapuThl MPUEMHUKA U OMOPHBIX
CTaHINH.

Buennuii BUJ IpYMEMHUKA HAIIPSMYIO 3aBUCUT OT
peanu3anuy KOHKPETHON CUCTEMBI, TaK KaK TOTOBBIX
KOMMEPYECKUX PEeLIeHUH sl TAKOro pojia MpUeMHHU-
KOB HE CYILLECTBYET. 3a4acTyl0 IPUEMHUK MpeICTaB-
TseT co00M MUKPOCXEMY, 3aMasHHYIO B KOPITYC, KOTO-
pasi KpemuTCs Ha OISk Ty WM Ha TeJI0 00bEKTa OTCIIe-
KUBaHUs. BMecTe ¢ TeM CylIecTByIOT CUCTEMBI, B KO-
TOPBIX TabapUTHl MPUEMHUKOB JOCTATOYHO BEIHKU
JUTS KCTIONTb30BAHUS B KQYE€CTBE MOCTOSHHO HOCHMOTO
ycTpoiictBa (OOBIYHO OHM IPEBBIMIAIOT TabapUTHI
CTaHJIAPTHOTO CMapT(OHA), YTO MOXKET JOCTaBISThH
JUCKOM(OPT TAIMEHTY.

Heo0xomuMo 0TMETHTB, YTO TOYHOCTh MO3UITHO-
HupoBanus B IPS, ucnonp3yromux MarHUTOMETPHIO
(kKaK aKTHBHYIO, TaK U NMACCHUBHYIO), CHUKAIOT CHJIb-
HbIE [TIOMEXH, TeHEpUpYEMble TPUMEHEMBIMU B Me-
JUIUHCKUX YYPEXKIEHUSIX MarHUTHO-PE30HAHCHBIE
ToMOTpadbl M PEHTTCHOBCKHE YCTAHOBKH.

AKycTH4yeckoe mosunuonuposanme. [Ipu onpe-
JICTICHUN MECTOITOJIOKEHHS 00BbEKTOB Ha 0a3e aKyCTH-
YECKUX TEXHOJOTHH HCTIONB3YOTCS CBOWCTBA 3BYKO-
BBIX BOJH. J{JIs1 HAXOXKIIEHUS] PACCTOSHUS MEXIY UC-
TOYHUKOM Y IIPUEMHUKOM 3ByKOBOI'O CUI'HaJIa IIPUMeE-
HAIOTCS CIIeAyIolue MeToasl [2, 6, 39—43]:

— Time of Arrival (TOA) — meTon, paccyuTbIBa-
IOLUH paccTOSTHUE 10 BPEMEHU NPOXOXKACHUS aKy-
CTUYECKOTO CUI'HaJa OT UCTOUHUKA K IPUEMHUKY;

— Time Difference of Arrival (TDOA) — meTon,
HCTIONIB3yeMBIi B CHCTEMAaX C TpeMs U Ooiee IpueM-
HuKaMu. PaccTosHue 0 MCTOYHMKA aKyCTUYECKOIO
CHUTHaJla ONpeeNsieTcs 3a CUeT pa3HHULIbI BO BpEMEHH
MPUOBITHS CUTHAJIA HAa pa3HbIe IPUEMHUKH [44].

Hcnonb3oBaHue yKa3aHHBIX METONOB TpeOyeT
CHUHXPOHU3AIMU 110 BPEMEHH, YTOOBI pa3HbIE Iepe-
JAaTYNKHA HE BEIA OTHOBPEMEHHO BO HM30CKaHWE
KOJUTU3MH. 151 ollpeeeHus MOJIOKEHUs OOBEKTa 3a-
YacTyI0 HCHONB3YIOT AaJTOPUTM TpHJIAaTepaluu U
MynsTHIATepanuu [2, 6, 39, 41, 45].

AKYyCTHYECKHE CHUCTEMBI IO3MLMOHUPOBAHUS
HOZIBEPKEHBI 3 (PEKTYy MHOTOIYUEBOIO paclpocTpa-
HEHHS W Pa3IHYHBIM ITyMaM, 9TO CKa3bIBaeTCs Ha
TOYHOCTH MO3UIIMOHUPOBAHUS. JIJIs1 TOTO YTOOBI CHU-
3WUTH BIMSHHE IIIyMa Ha Ka9€CTBO aKyCTHYECKOTO CUT-
Hajla, MPUMEHSIOTCS IOMOJHUTEIBHBIE IPOrpaMM-
Hble (DUIBTPHl (HANpHMeEp, CKPeMOIHpPOBAaHUE aKy-
CTHYECKOTO CHTHAJla C MCIONB30BAHNEM KOJa ITICEB-
nomyma [39] uimu koo [omnna [41]).

IPS Ha 0Ga3e akycTHKH MOApPA3AESIOTCS Ha 2
OONBPIIMX KJIacca: CHCTEMBI Ha 0a3e CIBIIIAMOTO
3ByKa W YJIBTpa3ByKoBble cucteMbl [2]. IPS Ha 0aze
CJIBIIIIMOTO 3ByKa MCIONB3YIOT TEXHOJIOTHIO HaHeCe-
HUS MU(PPOBHIX BOITHBIX 3HAKOB HA YK€ UMEIOIIIIACS
3BYK [2].

udposoit BomsHOI 3HAK MpeACTaBIIeT COOOM
0CO0OBIM 00pa30M 3aKOAMPOBAHHYIO MOCIIEIOBATEIb-
HOCTB ayHOCHUTHAIIOB, HECYIIIYIO OTIPEICICHHYIO HH-
(dhopmanmro. DTa MOCIENOBaTENBHOCTh AyTMOCHTHA-
JIOB HAaKIaIbIBaeTCSI HAa OCHOBHYIO 3BYKOBYIO IO-
POKKY B HE BOCHPHHHMACTCS YETIOBEUCCKAM CITyXOM.
B ciyuae IPS B xauecTBe LU(PPOBBIX BOASHBIX 3HAKOB
KaXIBId HCTOYHUK TPAHCIUPYET B OKPYKAIOIIYIO
cpeny HHGOPMAIUIO O CBOEM MECTOIIOJIOKEHHUH.

B kauecTBe mpHEMHHKa BBICTYNIACT MHUKPO(OH
(vame Bcero BCTPOCHHBI B MOOMIIBHOE YCTPOWCTBO).
[ocrtynaromuit Ha MUKPOQOH 3BYKOBOW CUTHAI aHa-
JU3UPYETCS, U HA OCHOBE IOJIyYECHHBIX JAaHHBIX Me-
TOAOM TpuUJIaTCpaliu pacCUYUTHIBACTCA IIOJIOKECHUEC
IpueMHUKa. Takoro poma CUCTEMBI HCIOIB3YIOTCS B
OOIIECTBEHHBIX MECTaX, TPAHCIUPYIOLIUX MY3bIKY U
ayIrocooO0IeH s (HalpuMep, TOProBble W pa3BiIeKa-
TEeJIBHBIC IICHTPHI). TeopeTHdecku BO3MOXKHO CO37a-
Barb [PS Ha 6a3e MCKYCCTBEHHO T'€HEPHUPYEMBIX 3BYKO-
BBIX CUTHAJIOB.

B nenom onpeneneHue MONOXKEHUsS MALUEHTOB B
3[aHUM CTAIOHApa NP MTOMOIIY CIBIIIIMOTO 3ByKa
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HMMeeT MHOTO HEJIOCTaTKOB U HE PEKOMEH1yeTCsl K pH-
MeHeHHIo. Mcnonp3oBanne IU(POBBIX BOAIHBIX 3Ha-
KOB TpeOyeT YCIIOKHEHHUS CHCTEMBI, a caM 3BYK (KaK
UCKYCCTBEHHBIH, Tak U (DOHOBBIN) CO3Ja€T IIYMOBOE
3arpsA3HEHNE U HEraTUBHO BIIMSET Ha IICUXUYECKOe U
¢u3IIecKoe 300pOBbE YETIOBEKA.

VnbrpaszsykoBsie [PS ucmons3yror amst mo3ummo-
HUPOBAHUS 3BYKOBBIE YacTOTHI, HE BOCIPUHUMAaEMbIE
yenoseueckuM yxoM (40...130 k['u). Paguyc cBsizu Ha
0aze ynbTpasByka coctapisier ot 3 1o 10 M. OCHOBHBIM
MPENMYIIECTBOM YIBTPa3ByKa SBISIETCS TOT (DAKT, 9TO
OH IPAKTUYECKH HE PACTIPOCTPAHSICTCS CKBO3b CTCHBI
Y TIperpaibl, TEM CaMbIM 00eCTIeurBasi TOUHOCTh TIO3H-
LIMOHUPOBAHUS B KOHKPETHOM ToMmeleHuu [2, 6, 39,
42, 46].

IPS na 6a3e ynmsrpa3Byka MOTYT ObITh aKTHBHBIMHU
1 nmaccuBHbIMU [2]. B [46] onucana rubpunnas IPS Ha
0aze ynpTpa3Byka M PpaJHOYacCTOTHOH TEXHOJOTHH,
CrocoOHast paboTaTh B JBYX pPEKUMaxX: aKTHBHOM H
nmaccuBHOM. AkTHBHBIC IPS 3auacTyro KOMOUHHPYIOT C
PagoyacTOTHOM TEXHOJIOTHEH, KOTopasl yNpOIIaeT
MpOLIECC CUHXPOHM3AIMU OIIOPHOIO CUTHAJIA IO Bpe-
Menu [2, 39, 41, 46]. Takue cucTeMbI BKITFOYAIOT B ce0s
CTaIlMOHAPHBIE TIPUEMHUKH, UMEHYEMBIC SKOPSMH, U
MOOMJIBHBIN aKTUBHBIM YIBTPa3ByKOBON H3IydaTelb-
Masik. U skopsi, 1 akTUBHBIE Masiki OOOPYIOBaHBI pa-
IMOYacTOTHRIMU ipreMotiepenaTankamu. [IpneMankn
VIBTPa3BYKOBOTO CHTHaJa (PUKCHPYIOTCS MO TEpH-
METpy TIOMEIeHUs, WX KOOPAMHATHI 3apaHee W3-
BECTHbl. AKTHBHBIM MasiK OJHOBPEMEHHO TpPAHCIIU-
PYeT YIBTPa3BYKOBOH M PaJlOYaCTOTHBIA CHTHANBI B
OKpyKaromtyto cpeny. CKOpoCTb pacpOCTpaHSHHUS pa-
JIMOYaCTOTHOTO CHT'HAJIa 3HAYUTENTFHO BHIIIIE, YEM aKy-
CTUYECKOTO, TTO3TOMY OH paHbIIE JOCTUTAcT IMpHUEM-
HUKA. VI3MepuB pa3HUIy BpeMeH MEXIy IPIXOIOM pa-
IIFO- ¥ YABTPa3BYKOBOTO CHTHAJIOB, MOYKHO BEIYHCITUTh
paccTosiHME OT HCTOYHHUKA JI0 TpUeMHUKa [36, 41, 46].
Kaxnplii Masik obnamaer coOCTBEHHBIM YHUKAIBHBIM
HICHTU(PHUKATOPOM, YTO ITO3BOJIIET OJHO3HAYHO OTIpe-
JETUTH OOBEKT TIO3UIUOHHPOBAHHSL.

ApXUTEKTypa TacCUBHBIX YIBTPa3BYKOBbIX [PS
BKITIOUAeT B ce0sl epeaTIuky, IMEHYEMbIE STKOPSIMH,
Y TIPUEMHUK-MasK, OCHAIIICHHBIA MUKPO(HOHOM (Harie
BCEro MOOMJILHOE YCTPOMCTBO). SIkops ycTaHaBiMBa-
FOTCS TI0 IEPUMETPY MOMELICHHUS, UX KOOPIUHATHI 3a-
paHee M3BECTHBI. [IpHEeMHUK TIOyYaeT CUTHAIIBI, I1e-
PHOIUYECKH TPAHCIHUPYEMBbIC SIKOPSMH, 1 HA OCHOBA-
HUM TIOJYYEHHBIX JAHHBIX BBIYHUCIIAET CBOE TEKYILEe
MecTonosiokeHue. Tak Kak ynbTpa3BYKOBOW CHIHAJ
OTPA’KACTCsI OT CTEH W INEPEKPBHITHH, PEKOMEHIYETCSI
pasMeInars SKOpsl MO HOTOJKOM JJISI MaKCHMalIbHO

BO3MOXKHOTO 0O€ecTIeueHHs MPAMOM BUIUMOCTH MEKITY
HWCTOYHUKOM U pueMHHUKOM [40, 42—-44 46].

HeobxonuMo OTMETUTh, YTO aKyCTUYECKHH Ka-
HaJl JOCTaTOYHO YS3BUM U HE MOXET B JOJDKHOM
Mepe obecrieynTh 0e30MacHOCTh Tepeay JaHHbBIX.
3JIOYMBINIUICHHUK JIETKO MOXXET HAapyIIUTh CBA3b
MEXIYy MPUEMHHUKOM U MepeaaTIuKoM, TPaHCIUPYS
3BYKOBOW CHUTHAJl HA TEX K€ YacTOTax, Ha KOTOPBIX
OCYIIECTBIISIETCS Mepenaava JaHHbIX. [Ipy ucnomas3o-
BaHHM B KavyeCcTBE KaHala CBS3U YAbTpa3Byka 0e3
CIeUANIbHOTO 000PYIOBaHUS TaKOrO poja BMella-
TEJIBCTBO CIIOXHO OOHapykuTh. Takke aKycTuye-
CKHIA KaHaJl MOYKHO TIPOCITYIIATh, HCIIOJIB3YS CIICIIH-
ajgpHOE obopynoBanue [47].

Hocrouncrsa IPS Ha 6a3e yibTpassyka [2, 6, 39,
41-46]:

— CHUTHAJI He BOCTIPHHUMAECTCS YSTIOBEUECKUM CITY-
XOM;

— BBICOKAsI TOYHOCTH TIO3HITHOHHUPOBAHHUST,;

— BO3MO)KHOCTb OTMPEIENUTh MOJI0KEHHE 00BbEeKTa
B KOHKPETHOM ITOMEIICHHH;

— HE CO3/IA0T MOMEX MIIEKTPHUUECKUM MPUOopam 1
paxuoanmaparype;

— HHU3Kasi CTOMMOCTh 00OPYIOBAaHUS;

— IPOCTOTA Pa3BEPTHIBAHUSL.

Henocratku ynbTpa3ByKOBOM TEXHOJOTWU IO3H-
UOHUpOBaHUs [2, 6, 39, 41-47]:

— HU3Kas 3alMIIEHHOCTh KaHajla CBSI3H,

— HH3Kas IOMEX0YyCTONYNBOCTh, B TOM YHCIIC HH3-
Kasi yCTOMYMBOCTh K TIOMEXaM, BBI3bIBAEMBIM BBICOKO-
YaCTOTHBIMH HCTOYHUKAMH 3ByKa (Hanmpumep, armapa-
tamu Y3N);

— BBICOKAsI CTOUMOCTh pealTi3allny;

— MaJIblil paguyc ACUCTBUS CBS3H;

— HEOoOXOAMMOCTh TPSAMON BHIUMOCTH MEXIY
MMPUEMHHUKOM M UCTOYHHKOM 3BYKOBOTO CHTHAJIA.

Pesyabrarpl. CpaBHEHHE OCHOBHBIX XapaKTepH-
CTHK PAacCMOTPEHHBIX TEXHOJOTWil indoor-mo3umuo-
HUPOBaHUs TPEJCTaBICHO B Tabmuie. Xapakrepu-
CTHKH OICHUBAIOTCS 10 MATHOAIBHOM INKaie, Iie
3HaueHue | SIBIISIETCSl HAMXY/IIIEW OICHKOH, a 5 —
HaWIy4lIeH.

PaccMmoTpeHHBIC TEXHOIOTUH TTIO3UITHOHUPOBAHUS
00aIatoT Kak JOCTOMHCTBAMM, TaK M HEIOCTaTKaMHU.
HecmoTrpsi Ha BBICOKYIO TOYHOCTH WHEPIIHAIBHBIX
JATYNKOB, OHU TOJBEPKEHBI HAKOIUICHUIO OIIUOKH
U3MEPEHUS U HYKIAIOTCS B MOCTOSHHON KOPPEKTH-
pOBKEe, B TIPOTMBHOM CITydae C TEUCHHUEM BpPEMEHH
TOYHOCTH TIO3UITMOHUPOBAHMS OyeT najaTh. Maruu-
TOMETpPHS, KaK aKTUBHAs, TaK U MACCHBHAS, CIIOKHA
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CpaBHeHI/Ie XapaKTEPUCTUK PACCMOTPEHHBIX TexHoJjorui indoor -IMO3UITUOHUPOBAHUS

Comparison of the Characteristics of the Reviewed Indoor-positioning Technologies

AKTUBHAs MArHUTOMETPHS
O — Huepuunanpuas ] I/I IlaccuBHas Akycruyeckas
paTep TEXHOJIOTHsI CPCMCHHOC MITYIBCHOC | s rHuToMeTpHst TEXHOJIOTHsI
oJie noJie

TouHOCTh NO3KIIMOHMPOBAHHS 5 5 5 3 5
Pammyc neficTBus cBsi3n ABTOHOMHas 3 3 ABTOHOMHas 3
CII0’KHOCTb Pa3BepPTHIBAHUS 3 1 1 4 4
OHeproapheKTHBHOCTD 5 5 5 5 5
KommakTHOCTB 5 1 1 5 5
[IponyckHast clocOOHOCTH

pory! ABTOHOMHAas 3 1 ABTOHOMHAas 4
KaHalla CBS3H
TTomexoycTOH4YHNBOCTH 5 3 5 4 3
Unentuduxamus oobekra

¢ 1 5 5 1 5

CIIEKECHHS
3alUIIEHHOCTh KaHalla CBA3U 5 5 5 5 2

IUTSL peaH3aliil U K TOMY XKe ITOJBep)KeHa BIMSHUIO
MOMEX, CO3MABAEMBIX MEIUIIMHCKUAM 000pYIOBaHHEM
(TaKuM, KaK PEeHTTEHOBCKHE YCTAHOBKH M MarHUTHO-
pe3oHaHcHbIe ToMOTrpadsl). [laccuBHAs MarHUTOMET-
PHS OpHEHTHPOBAaHA CKOpEee Ha HABUTAIIHIO MTOIH30Ba-
TeJNs BHYTPH ITOMEILEHHs, UeM Ha CIIeKEHHE 3a M0JIb-
30BaTelieM B PEeXHMME peabHOro BpemeHH. st Toro
9T00BI MMO3WINOHNPOBATH MAICHTA BHYTPU 34aHUSL
OOJBHUIIBL, TPEOYETCS NCIIOIB30BAHUE TOTIOTHUTEIb-
HOU HWH(PACTPYKTYPHI, YTO MOXKET YBEIHUYHUTH 3a-
Tparthl Ha pa3paboTKy U BHenpeHue IPS.

AxTuBHas MAarHuTOMCTpPHS TAKIKEC UMECT PsJ] HE-
noctaTtkoB. [Ipy ompeneneHr: MeCTOIIONOKEHHUS 00b-
€KTOB B IIEPEMECHHOM MarHUTHOM IIOJIE¢ Ha TOYHOCTB
NO3UIIUOHUPOBAHUA CYIICCTBEHHO BJIUAKOT TOKOIIPO-
BOZAIINE DJIEMEHTHI, TIOATOMY JAHHYIO TEXHOJOTHIO
HEBO3MOYKHO HICIIOJIF30BaTh B 3IaHMSIX C JKEIIe300€TOH-
HBIMU KOHCTPYKIUSIMU U MIEKTPONpoBoAKoil. Micnosns-
30BaHHE UMITYTECHOTO MATHUTHOTO TOJS HE II03BO-
JSI€T OTCJIEKHBATh TONBIDKHBIE OOBEKTHI B PEKUME
peanIbHOrO BPEMEHH B CBSI3M C HU3KOH 4acTOTOH 00-
HoBleHus1 uamepenuil. [Ipu npoexrupoBanuu IPS Ha
0a3e aKTUBHOW MAarHUTOMETPHM TpeOyeTcs paspa-
00TKa M U3TOTOBJICHHE COOCTBEHHOTO OOOPYHOBAHUSI

IUTS IOCTPOCHUST HHPPACTPYKTYPEI, YTO YBEIHINBACT
3aTparsl.

IPS Ha 06a3e 3ByKa aKyCTHYECKOTO JHara3oHa Co-
3Ia10T IIIyMOBOE 3arpsi3HEHIE U HETaTUBHO BIUSIOT HA
TICUXUYeCcKoe B (HU3MYECKOEe 3M0POBhE UEIOBEKa TPH
JUTUTEIIEHOM HCIIONb30BAaHUH, YTO HEIOMYCTUMO B Me-
IUIIIHCKOM yupexaeHuu. [lo3uimonnposanme Ha oc-
HOBE YIBTPa3BYKa MOXKET OCIOXKHSTHCS ITOMEXaMH,
BO3HHUKAIOIIMMHU IIPU UCIIOIB30BaHUU BBICOKOYACTOT-
HOTO MEJMIIMHCKOTO 000pymoBaHus (HallpuMep, amma-
paroB Y3UM). Taxke Kk HemocTarkaM CHCTeM Ha 0ase
YIBTPa3Byka MOXKHO OTHECTH MAalyl0 JalbHOCTh
CBSI3M, HU3KYIO TIOMEXO3aIIUIIEHHOCTh U cIadyro 3a-
OIMIIEHHOCTh KaHalla Mepefaddl JaHHBIX OT CTOPOH-
HETO NPOHUKHOBCHUS.

3akaouenne. Ha ocHOBaHWH TIpENCTaBICHHOTO
0030pa MOXKHO CIIENIaTh BEIBOI O TOM, YTO HH OIHA U3
PACCMOTPEHHBIX TEXHOJOTWH HE MOXET HCIOJIb30-
BaThCsl CAMOCTOSITENFHO T indoor-no3uInOHNPOBa-
HUSI B MEAMITHCKOM yUpeskaeHun. TeM He MeHee, pac-
CMOTPEHHBIC TCEXHOJOIMU MOXHO KOMGI/IHI/IpOBaTL
C IPYTUMH TEXHOJOTHAMH indoOr-o3UIHOHIPOBAHUS
IUTS TIOBBIIIEHHSI TOYHOCTH M HAZIEKHOCTH pa3padaThl-
BaeMbIx [PS.

ABTOPCKUI BKNaj,

Yepenanosa Upuna BraguMupoBHAa — MarHUTOMETPHS, aKyCTUYECKOE MMO3UIIMOHUPOBAHUE, CIIMCOK JIUTEpa-
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Iocnenosa Upuna BiaaaiuMupoBHAa — aHHOTAIMs, ONIMCAHNE HHEPLIMAILHOW TEXHOJIOIMH, IEPEBOJ] HA aHTJIUH-
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ANOCBA3N, TUAPO- N PAANONOKALNI, aKYCTUKM, TEXHNYECKON AnarHocTnkn. OLeHBaHne NoANHOMMANBHBIX KO-
3dPnumeHTOB da3bl ABNAETCS aKTyaNbHOW 3ajaveli B TeOpUW CUrHanoB. B HacTosee Bpems npesnoxeHo
60/bLLOe KONNYECTBO aNrOPUTMOB OLleHVBaHUSA. ONTManbHbIM CNOCOBOM SIBASETCS METOZ MakCMManbHOro
npasgonozobusa. OgHako ero peanmsauus cBsisaHa C NpoBejeHneM MHOTOMEPHOro MOMCKa, YTO fenaeT MeToj
ManonpuUrogHbIM ANs NpakTuyeckor peanmsauynn. CyLlecTBytoT 61M3KMe K ONTUMaNbHbIM CNOCOBbI OLeHMBa-
HUA, Cpean KOTOPbIX MOXHO BblgennTs HAF-anropuTM, KOTOPbI OCHOBaH Ha BblYMCAeHUN GYHKLMM Heonpeje-
JNIEHHOCTM curHana Bblcokoro nopsaka (High order Ambiguity Function), n CPF anropnTtm, KOTOpbI MCNONb3YyeT
BbluMcieHne Kybunueckon dpasosoin dpyHkUmn (Cubic Phase Function) n gaet 6an3kme K ONTUManbHbIM OLEHKMN
ANS CUTHanNa ¢ KBaApaTUYecKMM 3aKOHOM YaCTOTHOM MoAynsumn. HeoCTaTKoM NepBoro U3 Ha3BaHHbIX MeTo-
[0B ABNSeTCH 60/bLUOe KOANYECTBO KOMBUHATOPHbIX LLYMOBbIX KOMAOHEHT, BO3HMKAIOLLMX B NpoLecce peLle-
HUA. HegocTaTkaMuy BTOPOro — OrpaHuYveHHas 06/1acTb NPYMeEHeHNs 1 peannsaumsa o4HOMePHOro Nomcka oLe-
HOK 6€3 BO3MOXHOCTV NPUMEHEHUS aAropUTMOB BbICTPOro BblUUCIeHNS NpeobpasoBaHns dypbe.
Lenb pa6oTbl. CHTE3MPOBAaThL aNropmuT™M OLeHNBaHMA Ko3dduLumeHToB $a3oBoro NOJANHOMa NPOU3BOIBHOIO
nopsaka, AatoLwmii Manoe KOINYeCcTBO LLYMOBbIX KOMBMHATOPHbLIX COCTAaBAAIOLLUMX U OCHOBAHHbIA Ha NCMONBL30-
BaHWM BbICTPbLIX aAropUTMOB NpeobpasosaHna Pypbe.
MaTepuansl n MeToabl. B cTaTbe BBEAEHO MOHATUE peLuaroLleri GyHKUMN, KOTOpas paccUmUTLIBAeTCA TaknMm
obpasom, UTobbl ee dpasa cogepxana ToONbKO MOHOM NepBOro Nopsgka ¢ Ko3pPULMEHTOM, PaBHbIM CTapLUeMy
K03pPuLMeHTy $pa3oBoro NnoaMHoOMa curHana.
Pe3synbTaTtbl. HOBbI anropnTMm OLLEHMBaHWS, 0COBEHHOCTBIO KOTOPOro SBASETC BO3MOXHOCTb MCMNONb30Ba-
HUA 418 HAaXOXAEHWSA OLLeHOK BbICTPbIX afirOPUTMOB BblYMCIeHUA NpeobpasoBaHns dypbee. Kaxabii noanHo-
MUanbHbIN KO3GGULMEHT OLLeHNBAETCA Ha OCHOBE YHNGULIMPOBaHHON NpoLeAypbl, KOTOpas yMeHbLUaeT Koan-
4YeCTBO KOMBMHATOPHbIX LLYMOBbLIX KOMMOHEHT B NPOLecce NonCcKa OLeHOK.
3akntoveHme. CNHTE3VPOBaHHbLIM anropmnT™ JaeT acuMAToTUYeckn 3$PekTBHbIE OLIeHKN MPU MEHBLLLX OTHO-
LeHMAX CUrHan/LyM No CPaBHEHUIO C aArOPUTMOM, OCHOBAHHbLIM Ha BblUMCAEHUW GYHKLMM HeonpejeneHHo-
CTV BbICOKOro nopsaaka (HAF-anropntmom).

KnioueBble cnoBa: NMofMHOMMWAaNbHbLIA 3akoH $a3oBON MOAYNALMK, MOANHOMMANBHbIE da3oBble KO3GdULN-
eHTbl, GYHKLNS HeonpeaeneHHOCTX BbICOKOro nopsaka, kybudeckas ¢asoBas GpyHKLMSA, OLeHKa napameTpos
CUrHana

Ansa yuutupoBaHusa: MoHakos A. A. OLieHKa NapameTpoB CUrHasna c NoMHOMMa IbHBIM 3aKOHOM (pa30Bol MOAY/Ist-
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Abstract

Introduction. Polynomial phase signals frequently appear in radar, sonar, communication and technical appli-
cations. Therefore, estimation of polynomial phase coefficients of such signals is an urgent problem in signal
theory. Currently, a large number of estimation algorithms have been proposed. The best way is the maximum
likelihood (ML) method. However, its implementation is associated with a multidimensional retrieval, which
makes the method unsuitable for practical implementation. A number of alternative strategies have been devel-
oped to circumvent the ML difficulties. These strategies are very close to optimal. Among them one can single
out the HAF-algorithm based on the computation of the High order Ambiguity Function and the CPF algorithm,
which uses the computation of the Cubic Phase Function and produces very accurate estimates for signals with
the quadratic frequency modulation. However, both algorithms have obvious drawbacks. The HAF algorithm pro-
duces a large number of combinatorial noise components. The CPF algorithm is limited in its implementation to
the third order polynomial signals and does not use fast algorithms, such as the Fast Fourier Transform.

Aim. Synthesis of an estimation algorithm that produces a small number of noise combinatorial components
and uses the Fast Fourier Transform computation algorithms to find coefficient estimates of an arbitrary order
phase polynomial.

Materials and methods. In the paper a concept of a decisive function was introduced. It was calculated so that
its phase contained only a first-order monomial with a coefficient equal to the highest coefficient of the signal
phase polynomial.

Results. A new estimation algorithm was proposed able to use Fast Fourier Transform computation algorithms
to find estimates. Each polynomial coefficient was estimated on the basis of a unified procedure, which reduced
the number of combinatorial noise components in an estimate search.

Conclusions. The synthesized algorithm gives asymptotically efficient estimates for lower signal-to-noise ratios
in comparison with the HAF-algorithm.

Keywords: polynomial phase modulation, polynomial phase coefficients, high-order ambiguity function, cubic
phase function, signal parameter estimation
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Beenenue. CUrHanoM ¢ NOIMHOMHATIBHBIM 3aKO0-
HOM (pazoBoit momymanun (IIOM-curHanm) HasbIBa-
eTcs AUCKPETHBIN CUTHAN BUA

P
s(n)=Agexp|i X, (apnp) ,ne[0,N-1], (1)
p=0
rie A, — ammmtyna; ap, p €[0,P] — nonmnomuas-

Hble k03¢ duiments ¢asel ([IKD); N — purensHOCTh

curHaina; P —nopsinok ¢dazoBoro nmonuHoMa. ITono0HbIe
CHTHAJIBI YaCTO BCTPEYAFOTCSI B PAIMOTEXHUKE, aKyCTHKE,
TexHu4Ieckor nuarnoctuke [1-8]. [IOM-curHansr uc-
TIOJIB3YIOTCSL B CUCTEMAaX CBA3M, THAPO- U PaJOIOKaLIMK
B CITy4asiX, KOryia HCOOXOIMMO BBITIONHHUTE BBICOKUE TPe-
00BaHMS K YPOBHIO BHETIOJIOCHOTO M3TydeHUs (HAIpH-
Mep, CITyTHUKOBBIE CUCTEMBI CBSI31, MHOTOIIO3ULIMOHHBIE
paMONOKAIIMOHHBIE cUCTeMbl). OOpaboTKa MOMOOHBIX
CHTHAJIOB — YacTO BCTPEYAOLIascs 3a1a4a B paJrosIoKa-

Ouenka napamMeTrpoB CMr1aJja ¢ noJIMHOMHAJIbHBIM 3aKOHOM (1)830B0171 MOOyJasAlMH 25
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TOpax ¢ CHHTE3UPOBAHHOM arepTypoii, PaIrOIOKAIHOH-
HBIX U aKyCTHYECKHX CHCTeMaX HaOFONCHIIS 3a IBIDKY-
IIUMHCS 00OBEKTaMH, OMOJIOKAIMH, CHCTEMAaX KOHTPOJIS
COCTOSTHUSI MEXaHHYECKUX CHCTEM. B CBSI3U ¢ 3THM Bax-
HOMW TIPAKTUYECKOM 3ajaueil SIBISIETCS OIEHKA TMOJMHO-
MUAJIBHBIX KOI((HIMEHTOB B Clydae, KOLJa CUTHAI
s(n) nmpunuMaeTcs Ha doHe Georo mymMa ¢ M3BECT-

HbIMU CTAaTUCTUYCCKNUMHU XapaKTepI/ICTI/IKaMI/I:
z(n)=s(n)+w(n),ne[0,N -1],

re z(n) — HaOuroxaeMblii Ha MHTepBAle MpHeMa
[0, N —1] CHUTHAJ; W(n) — Oenblil IyM ¢ U3BECTHOM

cpennert MomHocTei0 B,,. K HacrosmeMy BpemeHH

MPEIIOKEHO HECKOIBKO METOIOB pEIIeHHsS TaHHOH
3amaun [9-20]. B craree [17] nan pa3BepHyTHIA aHa-
JIU3 IPeUIOKeHHBIX METO/IOB, a TaKkXKe Hauboee uc-
YyepnbIBaoIMii ondauorpapuueckuii cnucok pador
Ha TAHHYIO TEMY.

OnrTUManbHBIM CIIOCOO0M SIBJIICTCS. METON, MAaKCH-
MaJIbHOTO mpaBaononoous [9, 17]. OmHako ero peanusa-
Ml TpeOyeT MHOTOMEPHOTO IOKCKA, YTO JIENaeT METox
MAJIONPATONHBIM UL TIPAKTHYECKOTO TPHMEHEHHSL
B cBs131 ¢ 3THM CYIIIECTBYIOT aJIBTepHATUBHEIC CTPATErUX
TOMCKA OLIEHOK, MAJIO YCTYMaroIIre 1o 3(hQEeKTUBHOCTH
onrrumasibHOMY. CoracHo [17] omHuM 13 HarOomee po-
CTBIX ¥ 3()(PEKTHBHBIX AJITOPUTMOB PEIIICHHUS ITOCTABIICH-
HOM 3amaud SIBIIETCS AITOPUTM C HCHOJIB30BAHAEM
(GyHKIMA ~ HEONPENENeHHOCTH — BBICOKOTO  TOpSIIIKa
(®HBIIL; High-order Ambiguity Function — HAF), xoto-
PpbIi OBLT BIIEpBBIC MpeVIOKeH B [18] U B AaybHEHIIIEM
Oyzmer HazpBathest GHBII-anroputMom. STOT atroputM
CBOIMTCS K TOCTIeNoBaTebHOMY ITU(dhepeHIIMPOBAHUIO
(ha30BOro IMOJNMHOMA C TOMOIUIBIO CIIEAYIOIIEH peKyp-
PEHTHOW NPOLETYPBI:

PD!(m7y)=2"(n—7)z(n+1),

PDQ (n;rl,‘tz,...,rQ)z

:|:PDQ_1(n —‘CQ;‘C]_,‘C2,...,-CQ_1):|* y
X PDQ_l<n +’EQ;’E1,’E2,...,’|:Q_1)’

ac * oneparop KOMIUICKCHOI'O  COIIPSDKCHUS

4,72, TQ — 3apaHee BHIOPAHHBIC MTAPAMCTPHI C/IBHIa
orcueros curvama z(n); Q=12,...,P—1 — nopszok

(hyHKIHH PDR (n;Tl,Tz,...,TQ) .

IIpu orcyrcreuum myma

PDP_l(n; Tl>1:27""TP—1) =
P-1 —
=Cexp|in2” “Pla, []ty |,
p=l
rae noctosiHHast C HE 3aBUCHUT OT AUCKPETHOIO Bpe-
MeHH n. CnenoarenbHo, cortacHo @HBII-anroputmy
otreHka crapiero [IK® pasna:
1
P-1

P-1
2" Play [ [ 7p
p=1

max|HAF (1, 75, tpg )

ap =

rae Q — nudposast 4acToTa; * — OLIEHKA COOTBETCTBY-
OLIET0 IapaMeTpa;
HAF(Q; ‘Cl,’tz,...,’l?p_l) =
=> PDP(n;ty, 1y, tp_g )exp(—iQn) ~
n
(YHKIUS HEONpENeCHHOCTH (P —1) -TO TOpsAAKA.
Ouenka ciemyromero no crapmuHcTBy 1IKD ap_q

OCYILIECTBIISIETCS. TEM JKE CIMOCOOOM, HO MPUMEHH-
TenbHO K curHamy Zp_q(n)= z(n)exp(—iépnp )
JITst TONyYeHnsT HAMIYHIIero KayecTBa OLECHUBAHUS
pexoMmenyercs 6parh 1 =Ty =...=Tp_1 = N/(2P)
[17, 18]. O4eBuaHO, YTO TPY HAIWYUW LIYMOB B CO-
z(n),ne[0,N —1] B

CTaBC curaajia

PDp(n;tl,rz,...,rp_l), p=L.., P-1l mnomumo on-

HOM CHUTHAJIBHOI MPHCYTCTBYIOT IIyMOBBIE KOMOWHA-
TOpPHBIE KOMIOHEHTHI. HecoxKHO mopcunTars, 4To ux

KOJIMYECTBO PABHO 22P_1 —1. Takoe GombIIOoe KOTHYE-
CTBO KOMOMHAIIMOHHBIX IITyMOBBIX KOMIIOHEHT (HaIpH-
Mep, mpu P =4 wux koimdectBo OyneT paBHO 255)
JOJDKHO HETaTUBHO BJIVSTH Ha KA9ECTBO OLICHUBAHKS.

[epcreKTHBHBIM AJITOPUTMOM OIICHKU MOJTHHOMU-
AITBHBIX (ha30BbIX KOA((DHUIIMEHTOB CUTHAIA C KBAIPaTH-
YECKUM 3aKOHOM 4acTOTHON Momyssiuuu [17, 19, 20]

s(n)=A exp[i(a?,n3 +a12n2 +a1n+a0)]

n e[O, N —l], KOTOPBIN SIBIISIETCS YaCTHBIM CITydacM

[I®M-curnana, siBiseTcs ajJrOPUTM, OCHOBAHHBIM Ha
HCIIONB30BaHUH KyOndeckoi (azoBoit pyrkmmm (KOD;
Cubic Phase Function — CPF):

(N-1)/2
C(nQ)= Y, z(n—m)z(n+m)exp[—iQm2] ()

m=0

KOTOPBIA B JaHHOH cTaThe OyIeT Ha3bIBAThCS

26 Ouenka nmapaMeTpoB CUrHaJja ¢ NoJJMHOMHAJbHBIM 3AKOHOM (I)a30301”4 MOOYJISAIMH
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KD ®-anropurmom. KO®-anroput™, BiepBbIe IPEAIO-
*keHHBIH B [ 19, 20], mo3BoIseT mocie0BaTeIbHO HAUTH
onenxu [TK® a, (p=3,2,1,0) uammmryst Ay:

f)(n):argmgx|C(n,Q)|2,

i =<[0(m)-0(0)] & =200, ©

& =arg max|Zl(oo)|2, 4 =argzg, Ay =|zg|,
(O]

rie Ny — 3apaHee BBHIOPAHHBI MOMEHT BpEMEHH
(B [19] pexomertyercst BeIGop My = 0.11N ); Z1(0)-

npeobpazoBanue Pypbe OT curHaia
z1(n)= z(n)exp[—i (é3n3 + éznz)};
1 A
0= WZ 71 (n)exp[-i&n].
n

Kd®d-anroputm obiagaer ABYyMS OYEBHIHBIMHU
HEJIO0CTaTKaMU: BO-TIEPBBIX, U3 BCEX BO3MOXHBIX OT-
CUETOB AWCKPETHOTO BPEMEHHU # B (HOPMUPOBAHUHU
OLICHOK, Kak cieayeT u3 (3), UCIOIb3YITCS TOJBKO
nBa: Ng =0 u Ny ; BO-BTOPBIX, IJIs yCKOPEHHS pacue-
TOB 1pH BbruucieHnu KO (2) Hesb3st UCTIONb30BaATh
AITOPUTMBI OBICTPOTO BBIUUCIICHHUS IPE0OPA30BAHS
®dypbe. Kpome Toro, He SICHO, KaK MOYXXHO 00OOITUTH
K®®-anropurm Ha IIOM-curnas! ¢ nporu3BOIbHBIM
MOPSIZIKOM (pa30BOro MOJTMHOMA.

Lespto peICcTaBICHHOM CTAaThH SBJISAETCS CHHTE3
TaKOrO aJlTOPUTMa OLICHUBAHUSA, KOTOPHIH MO3BOJISAET
YCTPaHHUTh Henocratku ~ OHBII
nu KOd-anmroputmoB. CraThsi CTPYKTypUpOBaHa
crenyomM o0pazoM. Brauame ommcaH cuHTE3
HOBOTO anropuTtMa otiennBanus [IK®. Jlanee mpuse-
JIEHBI PE3YJIbTaThl MATEMATHYECKOTO MOJICTTUPOBAHHMSI
CHHTE3UPOBAHHOTO  allTOPUTMa  IPUMEHHUTEIHHO
K CUTHQJIy C KBaJ[pATUYECKHM 3aKOHOM YaCTOTHOM
monyisauuu (UM) (P = 3) u curHainy ¢ KyOu4ecKum
3akoHOM UM (P = 4) cootBercTBeHHO. [laetcs cpas-
HUTEIIbHBIN
¢ KOO- u OHBII-anroputmamu. B Ilpunoxenun
OTIpENIeICHbl COOTBETCTRYIONIHE TpaHuIlbl Kpamepa—
Pao (I'KP) st onenok [TK®D, KoTOpBIE UCTIONB3YIOTCS
MpU CPaBHUTEJIBHOM aHAJM3€ paccMaTpUBAEMbBIX
B CTaTbe aJITOPUTMOB.

OTMCUCHHBIC

aHaJiu3 mpejlaracMoro ajaropurma

Cunre3 anropurma ouenuBanus [IK® npous-

B JlaJIbHEHIIIEM Ha3bIBAEMOro peraromend GyHKIuei
(PD), KOTOPBIIA, o100HO CUTHAITY
PDP_l(n;‘cl,rz,..., tp_1) B ®HBII-anropurme, mos-
BOJIICT MPOCTEUIINM CIIOCOOOM TONYYUTh OLIEHKY
crapurero IIK® ap . i atoro B dase cunresnpye-
MOTO CHTHaJla JOJDKHA OCTaThesl TMOO KOMITOHEHTA,
JUHEWHO 3aBUCAIIAs OT IJUCKPETHOIO BPEMEHH N ,
100 MOCTOSHHASI COCTABIIAIONIAs], KOTOPbIE 3aBUCST
oT crapiuero ko3 dunuenta ap . B mepBom cirydae
OLEHKAa ap Oy#eT NpOBOAUTHCH, KaK U B Cllydae
OHBII-anroput™Ma, ¢ UCIIOIH30BAHUEM OIICHKH CITEK-

Tpa cuHTe3upyemoi PO zz(n;to,tl,...,tQ_l), BO

BTOPOM — IIOCPEACTBOM OIICHKH €T0 (a3bl.

BeiGop 3azepxek 10,1, ..., TQ-1 NPEACTABISLCT
cO00OH CaMOCTOSTEIbHYI0O BOXHYIO M TPYIHYIO 3a-
Jady, TOCKONIBKY CBS3aH C aHAJIW30M TOYHOCTH

onenuBanus [IK®. B cBsa3u ¢ 3tuM B HacTosmien
cTarbe OyleM monararb:

N
=0——, 0,Q-1j.
R q2P QE[ ]

Takoit BEIOOD, XOTS H SIBIISETCS CAMBIM IIPOCTHIM
U OUEBHJHBIM, BIONHE omnpasjan ceds B @HBII-an-
TOPUTME, MTOCKOJIBKY, KaK MMoka3ano B [21], oH sBus-
eTcs ONMU3KUM K ONTHMAIBHOMY IUISL 3TOTO airo-
puTMma.

Ilycte  curnan z(n), ne [0, N —1] CONICPKUT
CUTHaJIbHYIO KOMITOHEeHTY BHJa (1). PaccmoTpum pas-
JEJIBHO 2 ciryyvast.

A. JlommycTM, 9TO OICHKA CTapuIero koaddurm-
eHTa (pa3oBoro MoJIMHOMa OCHOBaHa Ha 00paboTke PD

Q-1
ZZA(H;’Co,‘Cl,...,TQ_l) = Hqu (n,rq ),
g=0

rae p(n,rq):z(n—rq)z(nJrrq); Q>0, NgeZ
u Tq €Zx0,q€ [O,Q—l] — LleNble YHCHIa, TOJIexKa-

wue onpenenenuto (Z u Zsg — MHOKECTBO LENBIX

1 TIeJBIX HEOTPHIATENIFHBIX YHCEJI COOTBETCTBEHHO).
3amernm, uto caydaii Ng <0 He nekimodaercs unpu

HaJIM4uH curaaia (1) COOTBETCTBYET UCTIONB30BAHHIO
OIepaly KOMILJIEKCHOTO COMPSIKEHUS:

*

BoJbHOro IN®M-curnana. llensro cunTesa sBIIA- N N

4 p(nq)= p‘ q‘(”'fq) : @)
€TCsl CO3JaHU€e TaKOro CUTrHana ZZ (n; TQs TLrees ‘CQ_l),
OueHKa napaMeTpoB CHIHAJIA ¢ MOJMHOMHUAILHBIM 32aKOHOM (DAa30BOM MOIYJISIIUM 27
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Boruucium CUTHAJIbHYIO KOMIIOHCHTY:

P (n7q)=

0

IR p |
= exp |Zap(n+rq) +ap(n—rq) =
=0
IOP P _ .
= exp iZapZanp‘”ré[u(—l)J] ,
=0

kel
Il

rne C H, — OuHOMUANBHBIN ko3¢ dunuent. Torna
ZZA (n;To,‘Cl,...,TQ_l) =

P E _
—exp(2i > ap . Cliljsj-np_J ,
p=0  je[0,p]
(E)
e CYMMa Z 6epeTC${ TOJIBKO I1O0 YCTHBIM 3HA4YC-
0-1

HUsL MHICKCA | (aHIIL Even); Sj = z qu({.
g=0

ITycts P — Heuetnoe unciio. Torna

S

2 ap >, Cpsjntl=

p=0  j€[0,p]
=a0C880+a10f)80n+...+ap_1><

X (Cg_lsonp_l + C%_lsznP_S +...+ CFI?__%SP_]_) +
+ap (chonP +C8s,nP2 +...+c§—1sp_ln).

ITorpeOyem, 4YTOOBI TpHM 3aJaHHBIX 3aIEPIKKaX

Q) T+ TQ—1 BBITIOTHSUIHCH CIIEYFOLIUE YCIIOBHS:

Q1

D> Ngt4=0,j=02,..,P-3
Si-loa

D Ngrd=X=#0,j=P-1,

g=0

rje X — HEeU3BEeCTHOE HATYPAbHOE YUCIIO, BEIOUpPA-
emoe Taknm obpasom, 4To6sr Ng_1 =1. Chopmy-

1 1 ... 1
N
2 2 0 0
L] -1 Np |0
15"1 rf_l rpj NQ-1 X

Jlns Toro uToObl 3Ta CUCTEMA MMeJa pElIeHHE,
HeoOX0MMO BhITIONHERKE yeosust Q = (P +1)/2.

Taxum obpazom ompeneneno Q . Pemenue noiy-
YEHHOW CHCTEMbl YpaBHEHHH OTHOCHTEIHHO HEW3-
BectHBIX Ny, 0 € [0, (P —l)/2] He TpeaCTaBiseT
cinoxxHoCTH. IIpu 3TOM

ZZA[n;TO’Tl""’T(P—l)/ZJ =
=exp[i2X (apPn+ap_y)],
Y KOMIIOHEHTa (ha3bl CHTHANIA ZZp (n; TO:Tseees rQ_l) ,

cogepxkamas crapmmii [IKO ap, kak u TpeboBa-

JOCh, SIBISETCS JUHEHHOW (DyHKIMEH TUCKPETHOro
BPEMEHU A.
ITycts Temeps P — geTHoe uncio. Torma

S ST
2 ap X, Cpsjntl=
p=0  j€0,p]
=aOC850 +a1C1050n+...+ap,1><
X (Cg_lSonP_l +C|%_182np_3 + ...+C|:F>):128p_2n)+

+ap (C,f%sonP +C3s,nP2 +...+C§sp).

[ToTpeOyeM, YTOOBI BBHIMOIHSUIUCH CIICTYFOIIHE
YCIIOBHSL:

Q1
Ngt¢=0,j=02,..P-2;
S0
D Ngty =X =0,j=P,
g=0

rie X — HeM3BECTHOE HATYPalIbHOE YKCIIO, BHIOHpac-
Moe TakuM 06pasom, 9To6s1 Ngy_1 =1. Chopmymnupo-

BaHHBIC YCIIOBUS MPENCTaBIAIOT c000il cucTeMy nu-
HEIHBIX ypaBHEHUIl OTHOCHTENBHO HEU3BECTHBIX

Ng(a=0,...,Q-1):
L 1. 1)y,

0
JTUPOBAHHBIE YCIIOBHS MPEACTABISIOT CO0OH cH- 1:% 112 01 Np 0
CTEMY JINHEHHBIX YPABHEHUH OTHOCUTEIBHO HEU3- R ST
BecTHBIX Ny (9=0,..,Q-1): Tg rf 1—5_1 No- X
28 OueHka NapaMeTpoB CHIHAJIA ¢ NOJIMHOMHAILHBIM 32KOHOM (ha30Boii Moy IsAIMH
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st Toro 4To0BI 3Ta CUCTeMa UMelia pellieHre, Heoo-
XOZMMO BBITIONTHEHHE YCII0BHUSI Q = P/ 2+1.

Takum o6pazom ompenesneHo Q. Pemenre nomyyeH-
HOHM CHUCTEMBl YPaBHEHHH OTHOCHUTENIBHO HEM3BECTHBIX

Ng (a=0,...,Q~1) TaKxke He npencTaBIsET 3aTPyIHE-
it [Tpu sToM zzA(n;rO,rl,...,rp/z)=exp[i2Xap],

u (haza 31oit PO sBiIsieTcst MOCTOSHHOMN U JTMHEHHO 3aBH-
cur ot crapmero [IK® ap.

b. JlomyctiM, 4to OneHKa crapiero koadgpuimeHra
(ha30BOTO TIOJIMHOMA OCHOBaHA Ha 00paboTKe PO

Q-1
g (n;To,’Cl,...,TQ_l) = H qu (n,rq),
g=0

e r(n,rq):z*(n—rq)z(n+rq); Q>0, NyeZ
" Tg €”Z0,q e[O, Q—l] — LIEeJIBIE YHCIIA, TTOIUIEKAILE

onpeznienenmto. Ciyyaii Ng <0, xak 1 npeskne, ne ne-

KJTFOYAETCS ¥ COOTBETCTBYET HCIIONIBL30BAHHIO OTICPAIN
KOMILIEKCHOTO COMPSLKEHNS (4).
BbraucivM cHrHaTbHYRO KOMITOHEHTY:

qu(”’TQ)=
PRI p p|
=exp |Zap(n+rq) —ap(n—rq) -
p=0
= S " cinpnif1_(_q)
exp4i ) ap Y Cn rq[l (-1) } .
p=0 j=0

Torna 2z (n;‘to,Tl,...,TQ—]_):
P ©) -
—exp ZiZap Z CFJ)SjnP—J )
p=0  je[0.p]
(©)

e cymma Z 6epeTc;1 TOJIBKO 110 HCYCTHBIM 3HA4YC-

Q-1 .
Hust mHjekea | (aHnn Odd); S = z qucjl.
g=0
IIycts P —uerHoe uncino. Torna

IlorpeOyem, uTOOBI TpH 3aJaHHBIX 3aAEPHKKaxX

TOsTLreems ’EQ_l BBITIOJIHAJIUCH CICAYIOIUC YCIIOBUA:

Q1

D Ngty=0,j=13,..,P-3
Si=loa

D Ngd =X#0,j=P-1

q=0

rae X BBIOMpAaeTCS U3 yCIOBHS NQ—l =1. Chopmy-

JTMPOBAaHHBIE YCIIOBHSA IPEICTABIIIOT COOO0M crcTeMy
JMHEWHBIX YPaBHEHUH OTHOCUTENIBHO HEU3BECTHBIX

Ng(a=0,..,Q-1):

10 T . ’EQ_]_ NO 0
3 3 3 N

T U - 104 i _| 0
pP-1 _P-1 P-1 || No_ X

T0 T TQ—l Q 1

Jst Toro 9To0bI 3Ta CHCTEMa MMela pelleHue,
HEOOXOIMMO BBITIOJHEHHE yclnoBus Q = P/2.

Takum ob6pazom onpexaeneHo Q. Pemenne nomy-
YEHHOW CHCTEMbl YpPaBHEHHM OTHOCHUTEIBHO HEU3-

BECTHBIX Nq,qe[O,..., P/2-1] cymectsyer n

22 (n;ro,rl,...,rp/z_l):exp[iZX (apn+ap_q)].

KomrmoneHnra (as3pl curHana ZZ(n;‘Co,’Cl,...,‘CQ_l),

cozpepxkamas crapmuii [IK® ap , sBusercsa nuHel-

HOH (pyHKINEH TUCKPETHOTO BPEMEHH N .
IIycte Teneps P — HeweTHOE uncio. Torma

P Qi
2 ap 2, CasjnPl=
p=0  jeLp]
= alq:_len + aZC%Sln +...+ ap_l X
X (C,lg_lslnp_z + Cg_183np_4 + ...+C§__128p_2n) +

tap (c%,sln" +C35anP2 +...+c§sp).

[ToTpeOyeM, 4TOOBI BHIMTOIHSIIUCH YCIOBUS:

PO . Q1
Ya, Y ClsjnP=acCs; +2a,Cisn+...+ap g x D Ngt=0,j=13,..,P-2
p=l  jeLp] s = q=0
Q-1
1 o P2,~3 o P-4 p-1
X(CP—lsln +Cp_1S3n +---+CP—1SP—1)+ Ngtd =X #0,j=P,
_ _ _ q=0
tap (c%,slnP LicdsnP34.4CP 1Sp_1n).
OHeHKa napamMeTrpoB CMr1aJja ¢ noJIMHOMHAJIbHBIM 3aKOHOM (1)33030171 MOOyJasAlMH 29
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rie X BoiOnpaercs us yenosnst No_g =1. Cdopmy-

JIMPOBaHHbIE YCIOBHSI IPEACTABIISIOT COO0I cucTeMy
JIMHEUHBIX YPaBHEHHH OTHOCHTEIIBHO HEU3BECTHBIX

Ng(a=0,...,Q-1):

0 T ’EQ_]_ NO 0
B T%—l Ny |_| 0

PP p | Nos) | x
0 T ‘EQ_]_ Q 1

J171st TOro 9TOOBI 3T CHCTEMA UMEIIa peltieHre, Heo0-
XOZMMO BBITIONTHEHHE YCI0BHUA Q = (P+ 1)/ 2.

Taxum o6pazom omnpenesieHo Q. Pemenve momyyeH-
HOW CHCTEMbI YPAaBHEHHI OTHOCUTEIIFHO HEM3BECTHBIX

Nq,q=0,...,(P—1)/2 TaKkKe JIETKO Homyunth. [Ipu
3TOM
zzB[n;ro,rl,...,r(P_l)/z]=exp[i2Xap].

CriemoBaTenspHo, ¢aza cur”aia

7z [n;TO’Tl’---’T(P—l)/ZJ MOCTOSIHHA W 3aBHUCHUT OT
crapurero koadhuuuenTa ap .

Onenka IIK® cursaga ¢ KBaapaTH4ecKoOMH
YM. Torma P = 3. Paccmorpum ciyuan A u bB.

A. Tlockomeky P — HedeTHoe, O = 2 U cucTeMa
YpaBHEHHH, HEU3BECTHBIMHU B KOTOPOH ABIAIOTCA N

u Ny, mpumer crnenyrouuii Bua;

(5 &8-()

PemrenmieMm cucteMnl SIBIAETCS
Ny =—Ng = x/(«.—f -3),

nosTomy X =(112—r%) u Ny =—Ng=1. Cnenosa-
TEJIBHO,
3
Zzg)(n;ro,rl):p*(n,ro)p(n,rl)z
:z(n—rl)z(n+rl)z*(n—ro)z*(n+10).

B mocnenHeM ypaBHEHHHM MOXKHO IIOJIOKHUTD
10 =0 " 17 =1, IOITOM
0 1

3 *
2z (n,O,r):z(n—r)z(n+r)[z (n)} )
B. B aTom ciiyyae Q =2 u cuctemMa ypaBHEHHH ¢

HensBecTHBIME Ng u Nq mpumer Bug

T ou (Noj_(oj
B o )\N ) (X))
PemennemM cucteMsl SBISIOTCS

No =+ Ny, Nj = X

A
1] ’Cl(’l?l —’Co)

nosToMy X = rl(tlz —1(2)). OTMeTnM, 9TO B TaHHOM

CIlydae He BO3MOXHBI pemenns ¢ 1g =0, 7 =0 mm
Tg =71, TaK Kak cucrema Jus HaxoxaeHus Ng, Np
CTaHOBHTCS BBIPOXKJIEHHOH. Ci1e10BaTeNbHO, MOKHO
IOJIOXKUTh T =T U Ty =27. . llpu stom Ny =1 u

Ng =—-2. Torna
zzg) (nt,21)=

=" (n-20)2(n+20) 2(n-1)2" (n+ 1) |

P® sz) (n;0,7) u zzg) (n;7,2t) MoryT HCIOE30-
BATBCA U1 HAXOXKIECHU OLeHKH cTapiiero IIKD ag.

Hmst maxoxnenns npyrux [IK® npumenmm toT
ke npuem, uro u B GHBII-anroputme. Ilocne nony-
YEHHMS OLICHKU &3 BBIYUCIIACTCS CUTHAI

zp(n)= z(n)exp[—ié;gnﬂ,

KOTOprﬁ I/ICHOJ’IL?;yeTCH JUIsT HAaXOXXACHHUS OLICHKU
cienyromero ITIK® a, . i 5Toro MOryT MCHob30-

Barbcs cnenytonue PO (ypaBHEHUS TSI HUX BBIBO-
ISITCS TEM K€ CIIOco00M, 4To 1 Aist PO onenku ag):

22 (n:0,7) = z(n—r)z(n+t)[z*(n)T;
ZZ(BZ) ()= z*(n —-1)z(n+1).

@K a1,ay v ammauryga Ay OLEHUBAIOTCS aHAJO-

ruuHo KOd-anropurmy (3).
Haitinennrsle PD i1 BEIYHCIIEHHS OIIEHOK BCEX
[IOK crnenyeT oObeAMHWUTH B CIEAYIOIIHAE Taphl:

[zz(:’) ,zz(Bz)} u [zzg’),zz(Az)}, Tak Kak y MepBoi

napel (aza PO nuHEHHO 3aBHCHT OT AWCKPETHOIO
Bpemenu N, a y Bropoii mapel P® ¢asa mocrosHHA.
Takoe pasOmenune yHUDUIMPYET anropuTM obOpa-
OOTKH, IIOCKOJIBKY BHE 3aBUCHMOCTH OT HOPSIKOBOTO
HoMmepa [TK® mist ero oLeHKH UCHONB3yeTCsl OAUH U
TOT XK€ CIOCO0. AJNTOPUTM, UCTIOIB3YIONIHHA TIEPBYIO

30 Ouenka nmapaMeTpoB CUrHaJja ¢ NoJJMHOMHAJbHBIM 3AKOHOM (I)a30301”4 MOOYJISAIMH
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napy, Oynem B JaJibHEHIIIeM Ha3bIBaTh aJITOPUTMOM 1,
a BTOPYIO Mapy — aJiTOPUTMOM 2.

C uenplo ompeneneHus: KauecTBa Ipe/jiaraéMbix
aJTOPUTMOB, a TaKKe UX cpaBHEHUs ¢ KOD-anroput-
MOM, KOTOPBIN CYMUTAETCSI JTYUIINM I pacCMaTpUBa-
€MOM 3aJ1a4H, UCITOIL30BaJIOCh MaTEMaTHIECKOE MO-
nenvupoBanue. i1 MonenupoBaHus ObUT BEIOpaH CHT-

HaJl, npeuIokeHHbId B [19], ¢ IIK® paBupivMu ag =1,
& =0.125xn, ap =0MK(  agz =001

noii Ag=1. Ha puc. 1 npuBeneHsl 3aBHCHMOCTH

U aMIUIMTY-

CPeIHEKBaIpaTU4eCcKo OWMOKN B Jernubenax i
ounenok IIK® &g, 8;,48y,483 OT OTHOIIEHMS CHT-
Hay/mrym (OCI) q2 = Ag / Ry . H310Mm Ha rpadukax

cooTBeTCTBYeT moporoBomy 3HadeHuto OCII, korto-
poe pazaenser o0IacTH MHOTO3HAYHOCTH W OXHO-
3HAYHOCTH OLIEHOK. XapakTepucTuku ouneHku ITKD

)50 Ha PUCYHKaX OTCYTCTBYIOT. [IJTUTEIBHOCTH CHUT-
HaJsa Oblia BeiOpaHa paBHoM N =511, npudem cepe-
JMHA CUTHAJIa COOTBETCTBOBAIA Hayady OTCYeTa JAUC-
kpernoro Bpemenn N e[ —(N—-1)/2,(N -1)/2]. Ko-

JIMYECTBO CTATUCTUYECKUX UCIIBITAHUN IIPU MOJEIIU-
poBanuu 6bUT0 BeIOpaHO paBHBIM K =1000. Ha pu-
CYHKaXx TakXe npuBeaeHsl rpaduku HkHel ['KP, ko-
TOphble onpenenensl B [Ipunoxenun.

MSE
100 =
120
1140

-160

Kak cnenyer u3 pucyHka, anroputMm | 3Ha4u-
TEJIFHO MPEBOCXOIUT IO KauecTBy anroputm 2. [1pu-
YUHOW 3TOTO SBISETCA BBICOKHH YPOBEHH IIIYMOB,
BO3HUKAIOMMX Mpu popmupoBannu PO Bcnencteue
OOJIBIIIOTO KOIMYECTBA KOMOWHAIMOHHBIX ITYMOBBIX
KOMIIOHEHT. Tak, HampuMmep, IpH OLIEHKE CTapIIeTO

(3)

IIK® u ucnonp3oBanun PO 7z A (n;O, r) KoJIHnye-

CTBO KOM6I/IHaIII/IOHHI)IX OTYMOBBIX  KOMIIOHCHT

Kw= (24 —1) =15, a mnpu wucnonp3oBanuun PO

zz(s) (N;7,2T) WX KOIMYECTBO YBEIMYMBACTCS IO
B » T, yB P
Kw =(26 —1) =63. Anroput™ 1 Mo CpaBHEHHIO C

K®®-anroputMoM MpoOUTphIBAET MOCIEAHEMY B I10-
porosom 3Hauennn OCII, mpu KOTOPOM CpemHEKBAI-
patudeckasi omuoOka cTaHOBUTCS cpaBHUMOM ¢ I'KP.
Y KO®d-anropurma, Kak clelyeT U3 PUCYHKA,

q2:—3/:[B , B TO BpeMs Kak y ajroputma I

q2 =2 ab. OgHako npu q2 >21b TOYHOCTH OLIEHKH

[MK® amns 060Mx aJropuTMOB MIPUMEPHO OJUHAKOBA U
ommska k IKP.

Ouenka IIK® curnana c¢ kyomueckoit UM.
Haiinem P® nmns curaana ¢ P = 4. Tlockonbky crap-
mrasi CTeneHb (PasoBOro MOJMHOMA — YETHOE YHUCIIO,

a

‘‘‘‘‘‘

-5 0 5 10 15  o? b -5 0 5 10 15 o ab
—— Prop. alg. 1 = = Prop.alg.2 e CPF alg --=- CRB
Puc. 1. CpenHexBaapaTuueckas omnoka onenku [TK® s curnana c P =3
Fig. 1. MSE of the polynomial phase coefficient estimates for a signal with P =3
Onenka napaMeTpoB CUTHAJIA € OJUMHOMHAJIBHBIM 3aKOHOM (a30Boii MOy IALUU 31
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B coydae A Q=3. Tornma cucrema ypaBHEHUH AJIst Halinennsie PO cnenyer NpuCcOENMHUTH K IPYIIIAM,
OIIPEe/IeNICHHBIM paHee:

B anE )

C nenbio ompefeneHus KayecTBa MpeagaraeMbix
aJrOPUTMOB, a Takxke ux cpaBHenus ¢ OHBII-anro-
PUTMOM JUISI MOZIJIMPOBAHUS ObUT BHIOpaH CUTHAJI CO

3HAYEHUSIMU TIK®D ag =0, = 5.25‘10_2,

BbIuMcIeHusA Hen3BecTHRIX Ng, Np, Ny :

1 1 1)\N 0 0
r% 112 r% Ny =] O
Té rf r‘zl N2 X

Pemenne cucrems! npu X = (T% - 1(2) )(r% - 112)

et B a,=7.32-10% a3=236-10% 2, =210 wau-
N r% - 112 N 'c% - rg No =1 mmrynoi Ay =1. Ha puc. 2 npHBeneHbI 3aBUCUMOCTH
0= Ny =- N =1. .
-1 ¥ -13 CPEIHEKBA/IPATHYECKON OLIMOKK B JIEMUOENax sl OLle-
Homaras  19=0,1 =1,1p =21, momyunm  HOK [IK® &, &, &y, 83, 84 u ammmTymer Ay oOT

OCII. AmuTenbHOCTh CUTHAJIA ObLTa BHIOpaHa paBHOM

N =513. Cepenuna curhHaiza COOTBETCTBOBaJa

ZZ(4) (n; 0, r) . (n B 21) ; (n + 21) y Haydaixy orcyera JUCKPETHOTO BpEMEHHU
A

ne [—( N-1)/2,(N-1)/ 2] . Komruecto cratmeri-

Ng =3, N =—4, N, =1. Torga PO

4 6
X[Z*(n—r)z*(n+r)} [z(n)]". y
YEeCKHX HCTBITAHUN MPH MOMACTUPOBAHUH OBLIO BBI-
JelicTBys aHAaJIOTUYHO, B cliydae b momydaum: 6pano pasubiv K =1000. Ha prcynkax takoke npu-
A BeneHsl rpaduku HokHei ['KP. B cuny Toro, 4o Ko-
ZZ|(3 ) (n;t,21) = JIMYECTBO [IYMOBBIX KOMOMHAIIMOHHBIX KOMITOHEHT y PD
* *
=z(n-2t)z(n+ 21)[2 (n-t)z (n+ T)J zz|(34) (mt2t) pasmo Ky =(2%-1)=15 npomms
MSE MSE |
-140 & ~100
160 -120
-180 ~140
—200F -160
-220 -180 :
— 2 .
5 0 5 10 15 b 5 0 5 10 15 @ aF
a1
| |
-5 0 5 10 15 ¢ af

15 @ 1b
—— Prop. alg. 1 = = Prop.alg.2 e CPF alg. --=- CRB

Puc. 2. CpennexBaaparudeckas oumnoka onenku [TK® mis curnanac P =4

Fig. 2. MSE of the polynomial phase coefficient estimates for a signal with P =4

32 OlIeHKa nmapaMeTpoB CUrHaJja ¢ NoJJMHOMHAJbHBIM 3AKOHOM ([)2130301”4 MOOYJISAIMH
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Ku=(222-1)=4194303 y P> 224 (n:0,7) , armro-

putM 2 He paccMarpuBaics. AnroputM 1 mokaszan
OYeHb Xopoluue pesyasrartel. Ero moporosoe OCIII
q2 =5 b mporus q2 =9 nb y ®HBII-anroputma.
CpenHekBajpaTyeckas ommoOKa anropurma 1 oim3ka K
I'KP. Takum 06pa3oM, IpeyIaracMplii aITOPUTM MOKET
OBITH UCHOJIB30BaH 1t oLeHKH [ TK® curuasios ¢ mnonu-
HOMUAJIGHBIM 3aKOHOM (pa30BOI MOIYIISAIIHIL.
3axiodyenne. B cTaThe IpeniokeH alroputMm
oreHKH K03 uimeHToB (pas3pl CUTHATA C TOJTUHOMHU-
QIBHBIM 3aKOHOM (ha30BOI MOIYIISAIINH TPOU3BOIB-
HOTO nopsiika. BesieHo noHsATHE pernaromeit GyHK-
UM, KOTOpasl TOJTy9aeTcsl U3 UCXOMHOTO CHTHANA U
PacCUMTHIBACTCS TAKMM 00pa3oM, YTOOHI ee (ha3a co-
Jieprkana TOJIbKO MOHOM IIEPBOI0 MOpsiIKa ¢ Ko Qu-

[UCHTOM, PaBHBIM cTaprieMy koddduiuenty daszo-
BOTO IOJMHOMA CHTHaNa. brmaromapst atoMy B ipen-
JaracMoM aJTOpUTME IIPH OUCKE OLIEHOK MCIIONB3Y-
FOTCSL aJiTOPUTMBI OBICTPOTO BBIYMCIICHHS JTHUCKPET-
HOTO npeoOpazoBanust Dypre. [1o cpaBHEHHUIO ¢ W3-
BECTHBIM aJITOPUTMOM, OCHOBAHHBIM HA BEIYUCIICHUN
(GYHKIUA HEOMPEIEeTCHHOCTH BBICOKOTO TOpSIKA —
HAF-ajropuTMoM, CHHTE3UPOBAHHBIH  alTOPUTM
JaeT OICHKH JIy4IIleT0 KauyecTBa.

3TO 00BICHAETCS TEM, YTO KOJIHMYECTBO KOMOU-
HAIIMOHHBIX ITyMOBBIX KOMIOHEHT, HOPOXKIAEMBIX B
MIpoIIecCce BEIYMCICHUS PEMIAlOmuX (yHKIUH, B CHH-
TE3UPOBAHHOM aJITOPUTME 3HAYUTEIHEHO MEHBIIIE,
yeMm y HAF-anroputma. MeTogoM MaTeMaTHIeCKOro
MOJICITUPOBAHUS ITOKA3aHO, YTO MOTYIaeMbIe OIICHKU
NOJMHOMHUAIBHBIX  KOI(PPHUIUEHTOB  SBJISAIOTCS
ACUMIITOTHYECKH 3(H(DEKTUBHBIMH.

IIpunaoxenne. I'panunsl Kpamepa—Pao pus ITIK®

Boerurcnum ['KP s nucnepeun omm6ok [TK®.
Jlorapudm ¢ynxmun npasgononodus (JIDIT) BbI-

6opku curhana z(n),n e[—(N -1)/2,(N —1)/2] B

paccMaTpHBaeMOM CIIydae PaBeH:

L(onapv pe[O,P]?Z(n)’”e[_NT_l’NT_lD:
2

P
:const—PiZ z(n)—Agexp|i Y apnP

W n p=0

Heaxner muddepennupys JIPII mo oneHuBae-
MBIM IapaMeTPaM U YCPEIHSS 110 IIIyMaM, HECJIOXKHO
MOTy4YuTh HHPOPMANMOHHYIO Marpuily Puiiepa, Ko-
TOPYIO YIOOHO Tepenucarh B OJIOUHOM BHJIC:

/288 0 0
F=2Ng’| 0 Sg 0 |
0 0 So
rac
So S Sq4 .- S S4  Sg
e - S 54 Sg ,So= S4 S Sg
S4 S¢ Sg --- S S8 S10

(N-1)/2
wsg=1sym=2N"1 3 kM m=12...
k=1

Marpuna Sg coorsercTByeT 4eTHBIM [IK®D, MmaTprma
So — nevetHeM TTK®. Jlns perancnenus ['KP veobxo-
JIMMO 00paTHTh MaTpuity £. OqHaKo HecMOTps Ha O110u-
HBII BUJT ClIeIaTh 3T0 03 YIPOIICHHH 3aTPyAHUTEIBHO,
TOCKOIIBKY 3HAYEHHS MIEMEHTOB Marpull Sp U Sg
OBICTPO PacTyT C YBEIUYCHUEM MX MHIICKCOB MPU OO0Tb-
IIOM pa3Mepe BBIOOPKU N, M 3TH MaTPHIIBI CTAHOBSATCS
IUIOXO OOYCIIOBTIEHHBIMU. B CBsI3M € 3TUM CHavasa orpe-
JeMMM  aCHMIITOTHYECKOe — 3HAYeHHE  JIEMEHTOB
Som (M=1,2,...) npu Gonbiumx N, a 3aTeM MpeCcTaBUM

Marpuibl Sg U S B BUJIE, YIOOHOM UL OOpaIleHus.

ACHMITTOTHYECKOES 3HaYCHHE TEMEHTOB
Som(M=1,2,...) npu Gonbimx N MOKHO BBIYHCIHT,
3aMEHUB CyMMY B YPaBHEHHH JUISl 9THX 3IEMEHTOB Ha

UHTETpaJI:

N-1
N 2md ~ 2 (N_1)2m+1

2
on =i T G )

2m
~ ﬂ 1 ,m=12,....
2 2m+1

Torma MaTpuibl SE )41 SO MOXHO MPEACTABUTL B

~
~

BUJIE MATPUYHBIX IPOU3BEACHUI:

Sg =DgMEgDg; So = DoMp Do,

e Dg :diag[l,(N/Z)Z,(N/2)4,(N/2)6,..} .
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Dozdiag[(N/Z)l, (N/2)*, (N/2)°, } — ma-

TOHAJIbHBIC MaTPHUIIbI;

1 13 15 ... 13 15 17
3 15 Y7 ... 5 17 19 ...
Me|Je 1o 1 Mozijz_gj//_n:..'

E™ Ys Y7 49 .|

Iomy4eHHBIE IPEACTABICHAS MaTPULl Sg B S MO3BO-

JSTIOT 6€3 Tpy/Ja ¥ TOUHO HaWTH 00paTHYIO MaTpHILy:

28 0 0
Ft :LZ 0 Sgt o
2Na) 5 o st

Takum o0Opa3oM, 3agada o BerurciaeHud I'KP pe-
mieHa. Tak B ciyyae curHana ¢ KBapaTH4eCKUM 3a-
koHoM UM, monarast P =3, momyuunm:

o=/ (Ng?);
o2 ~1.125/(Ng?); of ~37.5/(N3¢?);
o5 ~90/(N°¢2); o3 ~1400/(N"¢2).
Hmst [IOM-curnana ¢ P =4 cooTBETCTBYIOIIHE
CpPENHEKBAAPATUYECKUE OIIMOKY PABHBIL:
o4 ~3.515625/(Ng?),
o3 ~2205/(N%?),

oh = A3 /(Na?),
o? ~75/(N3q?),
o% ~2800/(N7q?), o ~44100/(N%?).
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Abstract

Introduction. Simultaneous operation of numerous sources of radio emission form complex signal environment.
Different devices with the common name “wideband analyzers” (WBA) are widely used to analyze and to control
such environment. There is currently a need for developing the quantitative characteristics of a complex signal
environment, which will make it possible to predict the stability of the WBA operation.

Aim. The development of the indicator of the signal environment complexity, which will make possible the quan-
titative assessment of such environment.

Materials and methods. To provide the desired indicator, simulation and mathematical tools for random events
description are used. All calculations are performed using MatLab.

Results. The principles of disturbances in the WBA receiver and algorithmic errors in the processing of overlapped
signals are described. To quantify the “complexity” of the signal environment it is proposed to use the probability
that pulses from several sources overlap in time. This allows one to compare signal environments with each
other. The new analytical expression for estimating the pulse overlap probability is proposed. Functions of the
pulse overlap probability from the complex signal environment parameters were obtained.

Conclusion. According to the comparative analysis of the calculations using proposed analytical expression and
simulation, the new expression allows one to achieve the calculation speed up to 6 orders of magnitude higher
with an error below 7% compared to the simulation. The high performance of the calculations using the proposed
expression allows one to simulate the complex signal environment in dynamics more efficiently.
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Introduction. Modern means of communication,
navigation, radiolocation, and radio control solve a
wider range of tasks in everyday life beginning with
road traffic control and ending with the smart house
[1-3]. The necessity of simultaneous operation of var-
ious radio-electronic devices has led to the expansion
of the frequency range in use. In order to improve the
electromagnetic compatibility (EMC), the number of
the used signal types has also increased. However,
even with all these measures having been taken, very

these factors lead to the formation of a complex signal
environment. Therefore, wideband analyzers (WBA)
are used as practical means that help analyze and con-
trol the signal environment. Such devices must solve
the problems of detection and discrimination of sig-
nals from various sources with parameters that over-
lap in time and frequency domains. For this purpose,
it is necessary to measure the parameters of each re-
ceived pulse, such as carrier frequency, pulse width,
amplitude, time of arrival (TOA), and direction of ar-
rival (DOA) [4, p. 317, 5].
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Many sources use pulsed signals that often have a
burst structure. Pulses from different sources inevita-
bly overlap in time in the complex signal environ-
ment, which can disrupt the normal functioning of the
WBA. Such overlaps affect the operation of both the
analog and digital paths of these devices.

WBA receive path disturbances. WBA can be
built based on a single-channel scanning superhetero-
dyne receiver with a digital signal processing (DSP)
device. The instantaneous signal reception and pro-
cessing bandwidth of such receiver, as a rule, does not
exceed 1 GHz. Pulses with the close carrier frequency
overlapped in the receiver can cause interference in
intermodulation receiving channels [6]. Moreover,
mixers and amplifiers of the receiver fail to work
properly in linear mode at the high input power. As a
result, a wide ensemble of additional harmonics is
formed at their output.

WBA also can be built according to a multi-chan-
nel scheme. In this case, digital analysis is performed
either in all channels simultaneously or in one of the
channels. At the same time, in order to increase the
sensitivity of such system, the input wideband radio
frequency amplifier common to all channels is rou-
tinely used. For the aforementioned reasons, even
greater number of spurious harmonics appears in the
amplifier. These harmonics go further to digital pro-
cessing.

The third WBA implementation is based on the in-
stantaneous digitization of a broad frequency band (up
to 18 GHz) using monobit analog-to-digital convert-
ers (ADC) [7-10] or undersampling technology [11—
13]. With this approach, the problems arising in the
analog path are eliminated. However, with a strong in-
put signal, harmonic components are similarly formed
at the ADC output. Along with that, monobit ADCs
rarely allow distinguishing time-overlapped signals.
With regards to analyzers with undersampling, the
problem of separating the pulse sequences folded to
the first Nyquist zone from all the zones has to be
solved. This is an even more difficult task than the
pulse sequences deinterleaving in traditional DSP
methods.

In all these cases, predicting the frequencies of
spurious harmonics is virtually impossible, so they
cannot be excluded from processing.

Another problem that arises in the complex signal
environment is the reception of powerful out-of-band
signals. In this case, in addition to the occurrence of
the spurious harmonics in the reception band, a sensi-
tive input amplifier can be damaged. Another effect is

the decrease of sensitivity of the WBA due to the opera-
tion of the automatic gain control system (if it is used).

WBA DSP device disturbances. Even without the
above described effects, the overlap of the pulses
makes it difficult to measure their width, amplitude,
and DOA. Therefore, a number of algorithms have
been designed whose purpose is to eliminate these dif-
ficulties.

The algorithm described in [14] allows to detect
and to measure the TOA, width, and amplitude of sev-
eral time-overlapped pulses. This algorithm remains
operational at low signal-to-noise ratios (SNR). How-
ever, signal detection in the WBA is performed in hard
real-time conditions. Execution of the algorithm pre-
sented in [14] under such conditions, according to the
authors, will require the WBA to be equipped with
high-performance central processor unit and graphic
accelerators for the implementation of parallel com-
puting. Such equipment significantly increases the
complexity, cost, power consumption, and the overall
dimensions of the WBA.

If the time-overlapped pulses have close carrier
frequencies, which is likely in conditions of high radio
band load [15], their analysis in the frequency domain
will also be significantly more difficult [5]. A litera-
ture review conducted by the authors of this paper
could not identify works that would offer suitable for
the WBA solutions to the problem of measuring the
parameters of the pulses overlapped in both time and
frequency domains. In [16, 17], this problem is solved
with application to radars that operate in a narrow fre-
quency band with a priori known information about
the receiving signals. In [18], an algorithm is de-
scribed for separating the overlapped in the time and
frequency domains responses on the radar probing
signal. This algorithm is based not on digital pro-
cessing of the received signal, but on the beamforming
in the radar antenna; it cannot be used in the WBA for
the same reason as the previously mentioned ones.

One of the tasks of the broadband frequency anal-
ysis is to determine which of the received pulses be-
longs to a specific source. Omissions, as well as incor-
rect measurements of the parameters of the pulses can
significantly complicate the operation of the algo-
rithms that solve these problems. There are a few al-
gorithms that take this factor into account. For exam-
ple, the algorithm described in [19] allows determin-
ing the pulse repetition intervals (PRI) in four over-
lapped pulse sequences with an error below 2.5 %,
even if 25 % of the pulses in these sequences were
missed. However, the implementation of mathemati-
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cal operations required by this algorithm in the mod-
ern real-time systems will be extremely difficult. The
computational complexity of the algorithm described
in [20] is lower, but, according to its authors, the per-
formance of this algorithm rapidly degrades with the
increasing proportion of the missed pulses. Thus, even
at 5 % of the omissions, the algorithm incorrectly clas-
sifies more than 10 % of the pulses.

Considering the above discussion, it can be con-
cluded that the pulse time-overlap in the input of the
WBA receiver leads to negative consequences for
both the analog receiver and the digital signal pro-
cessing device. The effectiveness of the WBA func-
tioning in the complex signal environment is signifi-
cantly deteriorating. Therefore, there exists a need for
a quantitative assessment of the signal environment
“complexity”. As the means of such an assessment, we
propose the use of the probability of the time overlap
of the pulses coming from several sources. The use of
such quantitative indicator will make it possible to
predict the stability of the WBA operation, as well as
to compare various signal environments.

Determination of the pulse overlap probability.
The probability that the pulses from n sources overlap
in time is a function of these sources’ signal parame-
ters, 1. €.

P=f(tp o T T T @ T T Ta @iy @)
where n — the number of sources considered;
tj — pulse width of the i-th source; T; — PRI of the i-
th source; ti — pulse burst width of the i-th source ra-
diated in the WBA direction; T;' — pulse burst repeti-
tion interval of the i-th source radiated in the WBA
direction; @; — the initial phase of the i-th source sig-

nal. The described signal structure is shown in Fig. 1.

T
-
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Fig. 1. Burst signal structure

The vectors of the sources’ signal parameters
(7. T;,%, T, ¢,) are independent, but the joint proba-
bility densities of the elements of these vectors are un-
known. The nature of the functional dependence itself,
which connects the probability P with the indicated
parameters of the signals, is also unknown. This

makes it impossible to determine the statistical char-
acteristics of the probability P.

At the same time, the parameters of the signal are
largely determined by the tasks solved by its source
and by the underlying internal structure of that source
[21]. Therefore, the radical changes in the signal pa-
rameters during the operation of its source in one
mode are extremely unlikely. Consequently, the vari-
ances of the signal parameters within one mode of its
source operation will be small. Taking this into ac-
count, it would be a reasonable assumption to replace
each of the considered sources having the signal struc-
ture described by a random parameter vector
(’E,T T, go) with the source having the signal struc-
ture described by a deterministic parameter vector
(?,'IT,?’,'IT') and a random initial phase ¢ . In doing

so0, the average values of the elements of the vector of
random signal parameters can be used as the elements
of the vector of deterministic parameters.

However, when predicting the potential signal en-
vironment, an accurate description of the signal in one
or another mode of its source operation is usually un-
known. Therefore, to provide the possibility to deter-
mine the probability P, it is useful to characterize the
signal by its average duty cycle

G
LW

In the rest of this paper, for the convenience of
writing the formulae, we omit the averaging signs of
the parameters t,T,7,T', R, always implying the use
of the averaged values of these parameters. The aver-
age duty cycle of the pulse sequences tj / T; depends

on the type and the operation mode of its source and
can be estimated from the information contained in the
reference literature or from the available data about a
similar source.

If the pulses are emitted in bursts (for example, by
radar), the average duty cycle of the pulse bursts’ se-
quences tj / Tj depends on the scan pattern used by

the radar. For example, in the case of a circular scan
in the azimuthal plane, this value can be defined as
o./ Ac., where a is the radar antenna beamwidth and
Ao is the width of the radar scan area in this plane.

Thus, the function of the pulse time-overlap prob-
ability P can be represented as

P=f(Ry Ry @1, 0 )-

Nevertheless, even with all the assumptions made,
the problem of analytical determination of the proba-
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bility P has not been significantly simplified. The
probability density functions of the signal initial

phases W; (x) are still unknown, as well as the na-

ture of the function f. Moreover, the estimation of the
statistical characteristics of the random vector of the

signal initial phases (q)l,(pz,...,(pn) is impossible, be-

cause these phases depend on the circumstances of the
particular situation in which the signal sources are
used, their relative position, the actions of the opera-
tors, as well as many other factors, accurate prediction
of which is impossible.

We can conclude, therefore, that the analytical cal-
culation of the probability P, when considering it as a
function of random variables, is not possible. This
leads to the need of finding another way to solve the
problem at hand.

Methods. The first and the obvious way is to sim-
ulate the simultaneous operation of several signal
sources multiple times with different values of the
vector ¢, and then to average the results. In this case,

the signals are replaced with periodic sequences of
unipolar pulses having the same duty cycle. The initial

phases @; of the signals vary from 0 to (1/ R; )’EX,

where 1, is any positive number assumed to be the

same for all the sources under consideration and
changing with a fixed step A¢. In the process of the

described simulation, the following sequence of ac-
tions should be implemented as an iterative procedure:

1. A certain specified combination of the signal
initial phases is set.

2. A long-time simulation of their simultaneous
operation is carried out, and the intervals of the pulse
overlaps are determined.

3. The probability of the pulse overlap is deter-
mined, and the next specified combination of the sig-
nal initial phases is set.

After many iterations, the arithmetic average of
the found probability values is calculated.

The time required to complete such simulation
can be approximately calculated using the formula

T=tong” (N 7Y, 1)

where N, is the number of variations of the signal in-

itial phases, NV is the number of considered sources, tp

is the time spent on one simulation with the fixed com-
bination of the initial phases. In order to correctly de-
termine the desired probability, this time should sig-
nificantly exceed the maximum PRI of the simulated

pulse sequences defined above as (1/ R; )‘EX .Itcan be

seen from (1) that the simulation algorithm has the

computational complexity O(n(';l ) . It means that the

time of the full simulation rapidly increases with the
increasing of the considered signal environment com-
plexity, as well as with the increasing of the required
accuracy of the analysis. In addition, in cases where
the signals with the low value of the average duty cy-
cle R are considered, more simulation iterations and,
hence, a smaller step of the initial phases’ variation are
required in order to achieve the required simulation
accuracy. In other words, the simulation time is deter-
mined by the reciprocal of the smallest average signal
duty cycle. These circumstances make it difficult to
use the simulation for the analysis of the complex sig-
nal environment.

The second way to solve the described problem is
to consider the desired probability as the probability
of a random event. Most of the works using this
method [22-25] consider the problem of pulse overlap
in relation to the task of the signal interception. With
this approach, periodically occurring conditions nec-
essary for the interception are presented in the form of
window functions. Examples of such conditions in-
clude the algorithm of space scanning by the antenna
and the algorithm of frequency range scanning in a
tunable receiver. Since in this paper the event of over-
lap of the pulses from N sources is defined as the over-
lap of any number of pulses from 2 to N, it is not pos-
sible to apply the results of the abovementioned works
to the solution of the stated problem. However, the
general approaches to the mathematical description of
the pulse sequences are universal. Thus, the authors of
the classical work in the field of signal interception
analysis [22] interpret the average duty cycle R; as

the probability of detecting a pulse from the i-th
source at a random moment in time at any point in this
pulse duration. If we adopt this interpretation, the task
of determining the probability of time-overlap of
pulses from several sources can be formulated as the
task of finding the probability of the random event that
two or more from N possible events having the prob-

abilities Rj,i= 1_N will occur simultaneously.
In this case, the probability that there are no pulses
in any of N sequences at a random moment in time can

be determined as
N

R =T1(1-R).

i=1
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and the probability that there is a pulse in only one of
N sequences at a random point in time is

N N
R=[RII(-Rj)}

i=l| =i
Therefore, the probability that there is no pulse over-
lap at a random time is equal to

Q=R +A,

and the probability that there is an overlap of two or
more pulses can be determined as

N N N
P=1-Q=1-| [](1-R)+X|RIT(1-Rj) || @

i=1 i=1]

Since not just one, but several samples of the re-
ceived signal are used in its digital processing, the
short-time pulse overlaps may not pose a threat to the
accuracy of the results. In this case, when calculating
the probability P, it is possible to limit the minimum
allowable duration of the overlap t, by modifying

the probabilities R; as follows

o G
T T
The complexity of calculating the required proba-
bility by using (2) is O ( N 2) .

Further in this paper, instead of the average signal
duty cycle R, the average signal duty-off factor
S =1/R is used, since it is more familiar to human

perception. To determine the signal duty-off factors of
the typical sources, a review of reference materials [1]
of the International Telecommunication Union (ITU)
was performed on the example of radars. These mate-
rials contain the characteristics of typical radars oper-
ating in the frequency range from 30 MHz to 36 GHz.
The brief results of this review are presented in the ta-

ble below.
Signals’ duty-off factors of different type radars

Ne Radar type Signal duty-off factor
1 Target tracking Tens...hundreds
5 Surveillance and target Hundreds...tens of
search thousands
3 Navigation Thousands ... hundreds
of thousands

Cellular stations can be used as an example of tele-
communication sources. Thus, the GSM standard im-
plies the use of time and frequency division multiplex-
ing. The frequency range allocated to the station is di-
vided into 200 kHz sub-bands. Within each of these sub-

bands, the time-division multiplexing is used by further
subdividing the sub-band into 8 time slots [26, p. 27].
The best-case scenario for the WBA is the work in an
extremely low populated area. If the cellular station
serves one subscriber, it can be considered as a nar-
row-band source with S =8. If there are 8 subscribers
to serve, the signal received by the WBA in one GSM
frequency channel will become continuous, i. e. S =1.
With the number of subscribers greater than 8, the sta-
tion can utilize other frequency sub-bands and can be
considered as several sources with signals’ duty-off
factors ranging from 1 to 8. When a cellular station is
operating in data transmission mode in UMTS net-
works that implement code-division multiple access,
many subscribers can use one frequency channel with
awidth of 5 MHz [26, p. 121]. With a large number of
subscribers, e. g., in an urban area, each of such chan-
nels can be considered as a narrow-band source with
continuous signal S =1.

Results. To experimentally compare the time of
calculating the pulse overlap probability by simulation
and by the use of the analytical expression (2), this
probability was calculated for a signal environment
with three identical sources. The simulation was per-
formed for various values of S; its results are pre-
sented in Fig. 2.

— Simulation
- - - - — Analytical method

10% |-

100

102

10% -

0 100 200 300 400 S
Fig. 2. Calculation time of the pulses from three sequences
overlap probability as a function of their mean duty-off factor

Fig. 3 shows the relative deviation of the proba-
bility Rjj,, obtained in the simulation from the prob-

ability Py, calculated using (2) plotted against the

value of S. The deviation is calculated as

AP = Fsim — Fan _
Pan
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Fig. 3. Difference between analytical calculation of the pulses
from three sequences overlap probability and its calculation by
simulation as a function of the sequences mean duty-off factor

The dependencies of the pulse overlap probability
presented in Fig. 4 and Fig. 5 are calculated using (2).

The probability of pulse time-overlap P is plotted
against the number of signals’ sources N in Fig. 4.
These dependencies are obtained for different duty-off
factors S of the pulse sequences.

Practice shows that in the complex signal environ-
ment most frequently from 10 to 100 of signals’
sources are operating. Therefore, the individual de-
pendencies were plotted against the range of the
sources’ number N, similar to those shown in Fig. 4.
These dependencies are presented in Fig. 5.

Discussion. Fig. 2 shows that, when fixing the ac-
curacy of calculation and the number of considered

pulse sequences, an increase in these sequences’ duty-
off factors leads to a nonlinear increase of the simula-
tion time. This is because with an increase of the sig-
nals’ duty-off factors the desired probability de-
creases, and its estimating requires the accumulation
of more data. Fig. 2 also shows that the analytical ap-
proach does not have this drawback, i. e., the time of
calculation of the same probability remains constant
with the increase of the considered signals’ duty-off
factors. To determine the probability of the pulse time-
overlap even for three sources (with the signals’ duty-
off factors of several hundred), the simulation requires
more than 100 seconds (All calculations described in
the paper were performed in the MATLAB R2020a
using the laptop with an Intel Core 15-8250U proces-
sor and 16 GB of random-access memory.). Accord-
ingly, the use of this method in the analysis of the
complex signal environment is extremely difficult. At
the same time, Fig. 3 shows that the results obtained
by using the proposed analytical expression differ
from the simulation results by no more than 7 % for a
wide range of the analyzed signals’ duty-off factors.

Fig. 4 shows that the probability of the pulses’
time-overlap strongly depends on their duty-off fac-
tors: for some duty-off factor values this probability
does not exceed 1% for almost any number of
sources, and for some it tends toward 100 % even for
the number of considered sources less than 10.

=
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Fig. 4. Probability of the pulse overlap as a function of the pulse sequences number for different sequences duty-off factors,
N=2...1000
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Fig. 5. Probability of the pulse overlap as a function of the pulse sequences number for different sequences duty-off factors,
N=10...100

Fig. 5 shows that, if the complex signal environ-
ment is formed to a greater extent by the signals of the
navigation radars, there is no threat to the stability of
the WBA functioning. Even with 100 navigation ra-
dars located in the WBA coverage area, the probabil-
ity of these radars’ pulse time-overlap does not exceed
0.01 %. If the complex signal environment is formed
by target tracking radars, the situation worsens signif-
icantly, i. e., even with 10 to 20 operating target track-
ing radars, the probability of their pulses’ time-overlap
can exceed 10 %.

Thus, due to the various effects in the complex
signal environment, the number of false detections is
significantly increasing, and the errors are occurring
in determining the time and frequency parameters of
the individual pulses. All this reduces the reliability of
the signal types’ determination and, accordingly, the
classification of the signal sources. The quantitative
indicator of a signal environment "complexity" pro-
posed in this paper allows predicting the stability of

various types of WBAs in a potential signal environ-
ment. Depending on the expected operating condi-
tions, additional circuitry and algorithmic tools can be
foreseen in the WBA design. This will improve the ef-
ficiency of the WBAs developed to date, especially of
those that are based on new principles.

A comparative analysis of the calculations using
proposed analytical expression and the simulation us-
ing real signals shows that the new expression allows
one to achieve the computational speed of 2 to 6 or-
ders of magnitude higher with an error below 7 %.

The authors’ further plans include the develop-
ment of more complex dynamic models of the com-
plex signal environment that take into account the mu-
tual motion of the signal sources and WBA carrier, the
orientation of the antenna patterns, and the signal mul-
tipath propagation. The high performance of the cal-
culations using the proposed expression will allow
more efficient simulation of the complex signal envi-
ronment in dynamics.
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MeToA ANCTAaHLUOHHOW NAEHTNPUKALMU COCTOAHUS CHE)XKHO-NIeASTHOro NOKpPOoBa
No OTHOLUEHUAM K03¢pPULIMEHTOB oTparkeHUst dpeHens

B.Tl. MawkoB =

BoeHHbI yuebHO-HayuHbIl LeHTp BoeHHO-BO3AyLLHbIX C11 "BOEHHO-BO3AYLLIHAasA akajeMus
nMm. npood. H. E. XXykosckoro n HO. A. FarapnHa", BopoHex, Poccus

“mvgblaze@mail.ru
AHHOTaumMA
BBepeHuMe. B HacTosiLLee BpeMs pa3paboTka cncteM 6e30MacHOM NOCajKkm BePTOeTOB Kak Hanboiee CNoXHOro
1 OMacHoro sTana noseTa ABASETCA OAHOW U3 NPUOPUTETHLIX 3a4a4, peLleHreM KOTOPO 3aHNMAaeTcs 3Hauun-
TenbHOe YMcIo UPM B Halleln cTpaHe 1 3a pybexoM. Nocajka Ha HeMOAroToB/eHHble (He0bopyAOBaHHbIE)
NAOLLAAKM CO CHEXHO-NeAAHbIM MOKPOBOM MOXET 6bITh Bbl3BaHa HEOOXOANMOCTLIO JOCTaBKM NoApa3AeneHnii,
rpy3oB 1 6oenpunacos B 60eBbIX YC/IOBUAX, MONCKOBO-CMacaTeNbHbIMY onepauusamMu, 3Bakyaumeri nocTpajas-
LWKX N T. A. KnroueBbIM GakTOpoOM B MPUHATUN peLleHNs Ha NOCaAKy ABASeTC MHPOPMAaLMS O BbICOTE CHEXHOro
1 rnybuHe nejsHoro nMokpoea. B faHHOW cTaTbe npejsioxeHa AVNCTaHUMOHHAs MAeHTUOUKaLMUA COCTOAHNS
CHEeXHO-N1eASAHOr0 MOKPOBA, NCKH0YatoLLAs He0BX0ANMOCTb NPUCYTCTBMA YeoBeKa 13 YMCaa sK1naxa uian cna-
caTenew Ha NocaAgo4YHON NAOLLAAKE.
Lenb pa6oTbl. PazpaboTka MeToAa ANCTaHLUMOHHON NAeHTUGUKALMN COCTOSHNUA CHEXHO-NeAAHOro NOKPOBa,
NCMONb3YeMOoro B onpejeneHn BOSMOXHOCTY BbIMONHEHNA 6e30nacHoN NocaAky BO3AYLLHOMO CyAHa BepTo-
JIETHOrO TMMNa Ha BOOEM CO CHEXHO-/TeAHbIM MOKPOBOM.
MaTepuanbl n MeToAbl. YncieHHOe MoAenpoBaHue B cpese MatLab nonsapr3saumoHHOro oTHOLWEHNS KO3¢-
durLmeHToB oTpaxeH s PpeHenst IX0CUIHAN0B C BEPTUKaNbHOW Y FOPU30HTaNbLHOM NonspusaLumeli B uHTepBane
ot 25 po 45°.
PesynbTatbl. VIHTepBaibl NONAPU3aLMOHHBLIX OTHOLLUEHWI COOTBETCTBYHOT MHTEpBasam MI0THOCTel CloeB

CHeXHO-NeINHOr0 MOKPOoBa AN GpUKCMPOBaHHLIX yrnoB. Tak, Hanpumep, npu 6=34° ana cyxoro cHera

Py =100..500 Kkr/M? (g4 =1.162..1.984) - R, =5.6915..3.3266; Cyxoro @uUpHa Py =500..700 Kr/m3

(E'df=1.984...2.51) - PR, =33266..2.8311; cyxoro nbaa py =700..917 kr/m? (Eldi=2.51...3.179) -

R, =2.8311...2.4753. PelleHvie 06paTHON 3a4a4n PEKOHCTPYKLIMN CNOEB OCYLLIECTBIAETCA NOCPEACTBOM KOCBEH-
HOro ornpejeneHns KOMMAEKCHOW OTHOCUTENbHOM AM3NEeKTPUYECKON MPOHNLAEMOCTU Kax0oro nocneaytoLwero

HUKENEXaLLero CNosi C paspeLleHneM Mo AeVCTBATENLHONM uyacTy 1072, YCTaHaBAMBAETCS TOXAECTBEHHOCTL
MOJTyYEHHbIX XapaKTepUCTVK C/I0EB CHEXHO-EAAHOr0 NMOKPOBa C pacyeTHLIMU (06Pa3L0BbIMU) 3HAYEHUSAMM.
3aktoueHue. JMCTaHLMOHHAs NAEHTUPUKALMS COCTaBAAIOLLMNX SNEMEHTOB CTPYKTYPbl CHEXHO-NeAsSHOro no-
KpOBa NMO3BOJISIET aBTOMATM3NPOBAaTb MPOLLECC OLLEHKN BO3MOXHOCTU BbIMOHEHNS MOCaAKU, TEM CaMbIM CHU3MB
BpeMs MPUHATUS PeLLEHNs 1 MOBbICUB YPOBEHb 6€30MacHOCTW. B oTanuUMe OT U3BECTHbLIX METOAOB UAEHTU K-
KaLmmn NpUnoBepXHOCTHOTO C/1051 OCYLLECTBAAETCS AEHTUNKALMS CIOEB MHOTOCIOMHOM Cpejbl.

KntoueBble cnoBa: COCTOsIHME CHEXHO-1e4SHOro NMOKPOBA, NMOACTUIAOLLAA MOBEPXHOCTb, AN3NEKTpUYecKas
MPOHNLLAEMOCTb, HaK/IOHHOE 30HANPOBaHMe, KO3GULMEHT OTpakeHUs PpeHens

Ana yutnposBaHma: Mawwkos B. I'. MeTog ANCTaHUNOHHOM naeHTUGMKaLNM COCTOAHWSA CHEXHO-Ne4AHOro Mno-
KpOBa Mo OTHOLLEHMAM KoabduLmeHToB oTpaxeHnsa ®peHens // N3B. By3oB Poccun. PagrnoanekTpoHuka. 2020.
T. 23, Ne 5. C. 46-56. doi: 10.32603/1993-8985-2020-23-5-46-56
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CraTtbsa noctynuna B pegakumio 04.09.2020; npuHATa K nybankaumm nocsie peyeHsmpoBaHus 12.10.2020;
onybankKoBaHa oHnarH 25.11.2020

© Mawkos B. T., 2020

46 KoHTeHT goctyneH no anueHsunm Creative Commons Attribution 4.0 License @ @
This work is licensed under a Creative Commons Attribution 4.0 License e


mailto:mvgblaze@mail.ru

N3Bectns By3os Poccun. Pagnosdnexrponnka. 2020. T. 23, Ne 5. C. 46-56
Journal of the Russian Universities. Radioelectronics. 2020, vol. 23, no. 5, pp. 46-56

Radar and Navigation
Original article

Method for Remote State Identification Snow-Ice Cover by the Ratio
of Fresnel Reflection Coefficients
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Abstract
Introduction. Currently, the development of safe helicopter landing systems as the most complex and danger-
ous stage of a flight is one of the priority tasks. A significant number of companies in Russia and abroad are
engaged in its solution. Landing on unprepared (unequipped) sites with snow-ice cover may be caused by the
need to deliver units, cargo and ammunition in combat conditions, search and rescue operations, evacuations of
victims, etc. A key factor for a landing decision is information about the height of snow and about the depth of
ice cover. In the paper remote identification of the state of snow-ice cover, excluding the need to present any
person (crew member or rescue worker) on a landing site is proposed.
Aim. To develop a method for the remote identification of the state of snow-ice cover used to determine the
possibility of a helicopter - type aircraft safe landing on a reservoir with snow-ice cover.
Materials and methods. Numerical simulation of echo signals Fresnel reflection coefficients polarization ratio
was realized in MatLab. Vertical and horizontal polarizations in the range from 25 to 45 degrees were simulated.
Results. Intervals of polarization relations correspond to the interval density of snow-ice layers for fixed angles.

For example, when 8=34° for dry snow Pgs =100...500 kg/m? (s'ds =1.162...1.984) - Py =5.6915...3.3266,
dry firn pg =500..700 kg/m? (s'df =1.984...2.51) - P, =3.3266..2.8311, dry ice py =700..917 kg/m?
(E'di = 2.51...3.179) - P, =2.8311..2.4753. Alayer reconstruction inverse problem was solved by indirect deter-

mining of complex relative permittivity of each successive underlying layer with 1072 real part resolution. The
identity of the obtained characteristics of snow-ice layers with calculated (standard) values was established.
Conclusion. Remote identification of components of a snow-ice cover structure allows one to automate the pro-
cess of evaluating of landing possibility. Thereby it reduces a decision-making time and increases a level of safety.
In contrast to the known methods of identification of the surface layer the identification of multilayer medium
layers was carried out.

Keywords: state snow-ice cover, underlying surface, permittivity, inclined sensing, the coefficient of Fresnel re-
flection
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Beenenue. IIpyu BbINOIHEHNH 10CAZ0K Ha 3aCHE-
JKEHHBIX, MECUYaHbIX WM IBUILHBIX INIONIAJKaX BO-
KpyT BEPTOJIETa BO3HUKAIOT CHEXHBIC WIIA MBUTLHEIC
BUXpH, yXYALIAOLUe BUAUMOCTb 3KUNaxy. B npo-
[ecce BBITIOJIHEHUS TIOCAJIKH BEPTOJET BXOAWT B
CHEXXHOE (IBLTLHOE) 00JIAK0, MPU 3TOM YXYAIIAeTCs
BUJIUMOCTh OPHEHTHUPOB, HAMEUEHHBIX IS TIOCAJIKH,
C JaJIBbHEHUIINM X HCKIIoYeHuneM. Eciyu BUOUMOCTH

OpUEHTHPOB (ZleTasiell penbeda) mpomomKaeT yxya-
[IaThCSI, CHIDKCHHE MPEKPAIafoT, BEIIONHIS 3aBUCA-
HUE U pa3ayBas CHexHoe (TbuTbHOe) obmaxo. [locie
3aBUCAHUS DKUMAXK TPOJODKAET CHU)KEHHUE BEPTO-
JieTa MIAaBHO C TaKMUM PacyeToM, YTOOBl K MOMEHTY
VXYAMICHHUS TOPH30HTATBHOM BUIUMOCTH ObLITa 00ec-
MeYcHa HaJeKHAS BEPTUKAIBHAS BUITUMOCTD BILUIOTh
JI0 MOMEHTA MPHU3EMIICHUS JTNO0 UMEIICS] BU3yaIbHBIN
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KOHTAaKT C 3eMJiell dYepe3 IepenHee OCTEKJICHHE.
B mporuBHOM citydae 3ampemaeTcs BepTHKAIbLHOE
CHIDKEHHE U TIPU3EMIICHHE, & TAKXKe 3allpeniaeTcs 1mo-
HCK OPUEHTHPOB MOCPEICTBOM IepeMelleHuil BepTo-
JleTa y 3eMHOil TOBepXHOCTH B cTopoHbil. IIpu mo-
CaJIke B YCIOBHSX OTpaHWMYEHHOW BHIUMOCTH WIIH
BO3MOXHOTO €€ YXYALLIEHUS] KOMaHAUP dKHUIaxa 0J1-
JeH ObITh B TOCTOSIHHOM TOTOBHOCTH K IIEPEXONy Ha
MWIOTHPOBAHKE IO MPUOOPaM.

Ha cerogusiiranii MOMEHT OLIEHKA BO3MOYKHOCTH
MMOCAJIKK BO3AYIIHOTO CyIHa BEPTOJETHOTO THIIA
(BCBT) Ha 3acHeXeHHYIO TUIOIIAJKY 3aKII04YaeTCs B
OTIPENIEICHUN TIIyOMHBI CHEXXHOTO TOKPOBa YesioBe-
KOM, JBUTAFOLIMMCS 10 TOCaA0YHOM miomazake!. 1o
MOXET OBITh, HalIpUMep, OOPTOBOW TEXHHK JIHOO Ue-
JoBeK M3 umcna chacareneii (puc. 1, a2, 1, 63). Ilpu
3TOM HallpaBJICHUE BETPa U IPUMEPHYIO €T0 CKOPOCTh
Y MOBEPXHOCTH OIPEJEIISAIOT 110 IBIMY BBICTPEIIOM K3
PaKeTHHULBI UK cOpocoM aApMoBOi mamku ¢ BCBT.
[Ipn oTcyTcTBHM dYenoBeKa Ha MOCAJOYHOH IUIO-
IaJIKe BEpOSATHOCTh BRIOOPA IUTOMAKH JIJIs Oe3o11ac-
"ol mocanku BCBT muanmainsHa.

[Tocanka Ha HEMTOATOTOBIIEHHBIE (HEOOOPYIOBaH-
HBIE) TUIONIAIKK MOXKET OBITh BhI3BaHA HEOOXOIUMO-
CTBIO JTOCTABKH TMOJpa3IeIICHH, TPY30B H OOenpHIia-
COB B 0OEBBIX YCIIOBHSIX, IIOMCKOBO-CIIACATCIIbLHBIMH
onepauursMy, sBaKyaluen nocrpaaasmux u 1. 1. Io-
caJka Ha BOJOEM CO CHEXHO-JICASHBIM TOKPOBOM
(CJIIT) TpeOyeT MOMOIHUTENBLHOTO OIPENeSIEHUs CO-

a

CTOsTHUS Jbja. JlucraHumonHas uaeHTudukanus co-
CTaBJISIOLTUX AJieMeHTOB cTpyKTypbl CJIII mo3Bomsier
aBTOMAaTU3UpPOBaTh IMPOLECC OLEHKH BO3MOKHOCTH
nocagku BCBT Ha Takue muioniaaky.

OddexTuBHOE CKAHUPOBAHUE PATUOCHTHAIOM
CKBO3b CHEYHYIO B3BECH [TOACTHIAIOIIEH TOBEPXHOCTH
3086l Tocagku BCBT B Bume CJIII mosBomsier ocy-
LIECTBISITh  TUCTAHIIMOHHOE 30HIUPOBAaHUE MHOTO-
CIIOWHOM CTPYKTYphI. 3aiada oueHku coctosiaust CIIIT
CBOIMTCS K WICHTH(HKAIMN €ro CJIOCB B BHAE CHETA,
¢upHa, 1112, TAK KaK X KOJIMIECTBO U CTPYKTYpa OIpe-
JEIBTIOTCS. (POPMUPOBAHKEM TIPU BO3ICHCTBUH LETIOTO
KOMILJIEKCa THAPOMETEOPOSIOTMIECKUX YCTIOBHA C TO-
CIIEITYIOIINM OIpeieNIeHHeM TITyOUHBI CHEXKHOTO U TOJI-
LIMHBI JIEISHOTO TOKPOBOB, SBIIAIOILMXCS KIIIOUEBBIM
3BEHOM B MPHUHATHH penieHns Ha mocaaxy BCBT Ha ve-
TIO/ITOTOBJICHHYIO0 (HEOOOPYIOBAaHHYIO) CHEXKHO-JICHS-
Hyto momaaky [1-3]. IiyOuHa CHEXHOTrO MOKpOBa
BBIIIIE JOMYCTUMON WM TOJIIMHA JIEISHOTO MOKPOBa
MEHBIIIE AOMyCTUMOU B 3aBrcuMocTH oT Tuma BCBT
MOXET PUBECTH K MTPOBAIMBAHUIO TIOJI CHET, JIeJT WJIN K
ornpokuapiBaniio BCBT nHeM U HOYBIO, B IIPOCTBIX U
CIIO’KHBIX METEOYCIIOBHSIX (TyMaH, IBIMKA, TOXKITb, CHET,
3alBUICHHOCTh WJIM 3aJ[bIMICHHOCTh aTMOC(epbl), a
TaKOKE B YCTIOBHSIX MOJJHATOIO CHETa €r0 BPaIAFOIIIMCS
BHHTOM .

Pemenne npo6nemsr nocaaku BCBT Ha Henon-
TOTOBJICHHBIC  (HEOOOPYJAOBaHHBIC) 3aCHEKCHHBIC
wiomaaku uwiu Bopoem co CJIIT Buautcs B paspa-

B

b ¢ ¢

0

Puc. 1. Tlocaaka Ha HEMOATOTOBRJICHHYO TuomANKy: a — S-61 BC CILA; 6 — MU-8
Fig. 1. Landing on an unprepared platform: a — S-61 of the U.S. armed forces; 6 — the MI-8

! Tpuka3 Muntpanca PO ot 31 utonsg 2009 r. Ne 128 «O06 yrBepxe-
Hun ®esiepanbHBIX aBHAMOHHBIX TpaBuil «I1oAroToBKa M BBITIONHE-
HHE TIOJE€TOB B  TIpaxaaHckod  apumamum  P®».  URL:
https://base.garant.ru/196235/

CaxxaeM BEpTOJIET BCIICMHYIO: 0030p TEXHOJIOTMH CHHTETHYECKOTO
3peHusL. [®oro] URL: https://www.pvsm.ru/nauchno-
populyarnoe/185283 (nara obpamenus 07.12.2019)

Ha Slmane u3-3a Merenu 3aJepXKMBAIOTCS BEPTOJIETHBIC PEHCHI.
[@®oro] URL: https:/tass.ru/ural-news/4709945 (mara obparueHus
07.12.2019)
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00TKe cuctembl ynpasienus nocaakoi (CYII) BCBT
B Takux ycnoBusax. OnauM u3 anementoB CYII sBmus-
€Tcs paJWOJNIOKAIlMOHHAS CHCTeMa 30HIUPOBAHUS
noactunaromeit nosepxuoctu (PJIC 3I1IT), mo3Bons-
romas uaeHtTuunuposats ciou CIIII u cpaBHUTD U3-
MepEeHHbIE 3HaYEeHUS TITyOHH C TOPOTOBBIMU IS IIPH-
HaTus perrennst Ha mocaaxy BCBT.
HNnenTndukanms cioeB CHEKHO-JIEISTHOTO MO~
KpoBa. B [4, 5] xomIuiekcHas OTHOCHUTENbHAs ITU-
ANEKTPUIECKasi IPOHUIIAEMOCTh MaTePHAaJIOB C OTe-
psmu B CBY-1mnamna3one n3MepsieTcsi KOCBEHHBIM ITy-
TEM [0 3aBHUCHUMOCTH KOX(QQUIIMEHTa OTpaKCHUS
OpeHens WIOCKOro o0paslia Marepuaja oT yria ma-

nenus B pepenax 0 =40...90°, koraa SIeKTpUIecKoe
IT0JIe BOJIHBI MapaJuIeIbHO TUIOCKOCTH TaJIeHUs, T0-
cJIe Yero 1mo TrpaduKy 3aBUCHMOCTH KOd(h(HUITHCHTA
orpakeHust OpeHenst oT yria MaJeHUs ONPENeNIOT
yron bprocrepa Og , a OTHOCHTENBHYIO KOMILIEKC-

HYI0 IUDJIEKTPHUYECKYIO MPOHHUIAEMOCTh & oOpasma
MaTepualla Wil y4acTka IOBEpPXHOCTH 3€MJIM PacCyuu-

2
TBIBAIOT 110 (hopMyIIe g=(tg GB) .

B [6, 7] Ha ocHOBE 00ITy4eHHsT KOHTPOIHUPYEMOTO
y4dacTka Mopckoii noBepxHoctd CBY-pagroBonHamu

HA HAKJIOHHOW MOJISIpU3alivuy B HHTEpBaie 0 =25...75°
PETUCTPUPYIOT paccesiHHbIN Ha3aj CUTHAJI, OIpe/iesie-
MBIl OpAITOBCKIM MEXaHHU3MOM PACCEsHUS, OTHOBpE-
MEHHO Ha BEPTUKAJIBHOW U TOPU30HTAIBHON MOJISIpU3a-
HUAX, BBIYUCIIAOT MOJIAPHU3AIIMOHHOC OTHOLICHUE HOP-
MHUPOBAaHHBIX CEUEHUI 0OPATHOTO pacCesiHuUS, U3MEPEH-

HBIX Ha BEPTUKAJIBLHOU 68\/ U TOPU30HTAJILHOU Ggh

MOJIIPH3AINSIX, U PACCUUTHIBAIOT OTHOCHTEIBHYIO TH-
ANEKTPUIECKYIO MPOHUIIAEMOCTh CPEJIbl TIOJ TPaHHLICH
"armocgepa—okean".

CHE)XHO-JIeITHON  TTOKPOB TPEACTABIAET COOOM
MHOTOCTIOHHYIO CTPYKTYPY C Pa3IHYHBIMH ILTOTHO-
CTSIMH, JOJSIMH COJICPIKAHUSI BOABI U COOCTBEHHBIMHU
cTpyKTypamu. [1pH onpeneneHnu rpaHuIl pasiena cpej
"Bozayx—cHer" (air—snow), "cHer—iex" (snow—ice),
"men—Bona" (ice—water) ISl TTOCIIEAYIOIETO BhIYHCIIC-
HISI TITYOWHBI CHE)KHOTO M TOJIIMHEI JISJSTHOTO TTOKPO-
BOB YCTaHOBJICHHE TOXK/ICCTBEHHOCTH CBOWCTB (IUAJIEK-
TPUUECKOI POHUIIACMOCTH) CJIOEB SIBIISICTCS. BAYKHBIM
(axTopom mipu onpenenenuu cocrostaust CJIIL

Pasnuure AMANEKTPUYECKUX MPOHUIIAEMOCTEH
CIIOCB TIO3BOJISICT IONYYHTH NMUKH SXOCUTHAJIOB OT

4
Ounkensiureitn M. U., Jlazapes 2. U., Ymwxkos A. H. Pagnonoxanu-

OHHBIE a3pOJICIOMEPHBIC ChbEMKH PeK, 03ep, Bogoxpanmwmmnt. JI.: 'ua-
pomerteonsnat, 1984. 112 c.

rpanun pasgena cnoes CJIII [8], 3a uckiroueHueM
CIIy4aeB PaBHOMEPHOIO YIUIOTHEHHS CHEXHOTO IIO-
KpOBa TakUM 00pa3oM, YTO Ha [PAHALE S—i &5 ~ & U

OTpak€HHE OT T'PAHHUIBI S—i BOOOIIE OyleT OTCyT-
cTBOBaTh?. OGBIYHO CHEKHBIN HOKPOB MMEET CIIOM C
Pa3IMYHBIMUA KOMILJIEKCHBIMH OTHOCHUTENBHBIM JIH-
UIEKTPUUECKUMHU TPOHULIAEMOCTIMHY, YBEIMYUBAIO-
ecs B NyOMHY. DTO CBSI3aHO € UX YIUIOTHEHHEM B
MPOLIECCE CHETONAN0B, OTTENENEH, MOXOIOAAHMMI
U T. ., 4TO MTO3BOJISAET M10JIy4aTh SXOCUTHAJIBI OT Ipa-
Hull paszaena cioes CJIIL.

CymmapHslii ko3 dunueHT otpaxenus OpeHens
ot CJIIT 6e3 yyeTa MHOTOKPATHBIX OTPaKEHUH MEXTY
rpaHUIlAMH CJIOEB MpPH HAKJIOHHOM 30HAWPOBAaHUH
miockumMu CBY-paainoBoiHaMu ¢ BEPTHUKAIBHOW M
TOPU30HTAIBHOM MOJSAPU3ALUAMHI ONPEAEIAETCS M0
pexyppeHTHou dopmyne [4]:

Ri,i+1 + Ri+1,m eXp(_j4nhri+1/7‘\lgri+1)

im~ ) , (D)
1+ R iaRvisam EXp(‘J4“hri+1/7‘x/8ri+1)
e hy,, — mybuna (i+1)-cnos; A — ymHA BONHBI

30HIUPYIOIETO CUIHAIa; M — komdecTBo cioeB CJIIT;
_ \Brid ~ B
i+l :
VEri+l T V&

Jst BepTUKaNbHOU MONspU3aiuu (VV — IEpBbIH
HMHJEKC 30HAUPYIOLIET0, BTOPOM — HPUHSITOrO
pamuocurHana) [4]:

2
{Sri+1 cosd; _\lgri [Sri+1 & (Smei) ”
Wi i+l ~ ik
{Sri+1 cos0; + \jgri [gri+1 — & (sinf;) }}

e 0; =arcsin(sin91/a /sri )
Hns  ropuzontanbHOi monmspusamuu  (hh  —

MEPBBI  WHIEKC 30HAMPYIOMIETO, BTOPOM  —
TIPUHSTOTO paguocurHana) [4]:

{ﬁcosei _\/[Sriﬂ ~ &y (sin®; )2”

thi,i+1:{ N E)

. 2
\Ecosei +\/[8ri+1_8ri (smei) }}

Pacuers! BemonHsnuce B cpene MatLab. Ha 3aBu-
CHMOCTH Kod(uImeHTa orpaxenuss Pperens ¢ Bep-

Rii:O,m¢i,m¢i+1, R

@
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THKaJIbHOW Noysipu3anuei R, , paccuuTaHHOMU 1O (2),
OT KOMIUJIEKCHON OTHOCHTENBHON AMANEKTPHUIECKON
HNPOHHIAEMOCTAMH CPeIbl €, H yINa 30HIUPOBAHUS B

npenenax 0=0...90° HaOmromaercs SPKO BBIPAKEH-
HBIW TIpOBaJl 3HaUYeHUH (pUC. 2, a), UMEHYEeMBIH YIIIOM
Bproctepa, Mo cpaBHEHHIO C 3aBUCHMOCTBIO K03(du-
nyeHTa oTpakeHust OpeHens ¢ Topu30HTAIBHOM OIS

pusauueii R, paccunranHoi no (3) (puc. 2, 0).

IIpu  BocctaHoBineHun  cTpykTypsl  CJIII
(mociemoBaTelbHOM —~ JISMOHTa)K€  CIIOCB [8])
HEOOXOOMM  Y4eT CKOPOCTH  paclpoCTpaHEHUs

AJIEKTPOMArHUTHON BoNHBI (OMB), MOCKOIBKY OHA
HIDKE CKOPOCTH pAacIpOCTpaHEHHS B BO3AyXE, B
3aBUCHUMOCTH OT €r0 IJIOTHOCTH, JOJIU COAEpXKaHUs
BOJBI M CTPYKTYpHl. [lng cyxoro chera (dry snow)
Vys =278.1..212.7 m/mxkce, cyxoro ¢upha (dry firn)

Vs =212.7...189.0 m/Mkc u cyxoro jpaa (dry ice)

Vg =189.0...167.9 M/MKC, T.€. 3TH IIOKa3aTeln

BE€ChMa 3aMCTHO U3MCHAIOTCA B 3aBUCUMOCTH OT JOJIH
COACPpIKaHUuA BOIbI, IMOCKOJIbKY JIA YHUCTOM BOJBI

(pure water) Vpw =32.74...4197 M/MKC,
MPEUMYIIECTBEHHOM OPUEHTHPOBKU U (hopMbl
BKJIFOUEHUH JIbJIa ¥ BO3/MyXa B cHere [3, 9].
IToacrasus B (1) MIMHY BOTHEI B CI0€
A
Miyg =—
\f‘c'ri+1
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
: 0.1
0

Y OTHOCHUTENBHYIO TiTyouny (i +1) -crost

H _ hri+1

ri+l — )\‘ri+]_ ’

MOIy4aeM:

~ R1,2 + R2,3 exp(yl)+ R3,4 exp(y1 +y2)+...

im~—
1+ R1,2R2,39Xp(71)R3,4 exp(y1+y2)><...
AR exp(vy +7, +.-+7;) "
CX Ri+1,m exp(yl+y2 +...+yi)
47h 47h
: r2 R r3
rne T1=-) s Y= S oeees
7Lxl'grz A 3
_ 47thri+1 __-4nHri+1
Yi="1 =-] .
A v Erinl

MoiuHocTs oTpaxkeHHoro curHaiza ot CJIII
omnpenensiercs popmyoii [10]:

P, 1 2G2 ‘Rilm‘z

T 20y

)

e Ptx — MOIIHOCTb TEPENAIOIIEr0 YCTPOWCTBa; A —

JUTHA BOMHBL, G — KOO((UIMEHT YCUICHHST aHTEHHBI;
h —Beicora BCBT.

Ha o6eux mnomspusanusx pampocurHan (5) B
KOHKPETHBIHI MOMEHT BPEMECHH MMEET OJIHU M TC XKE

1
0.9
[Ron 08
0.8 0.7
0.6 0.6
04 L e
0.2 L 04
0 m\l\wull 03
" g0 8
“Mo1

0

Puc. 2. 3aBucumocts Kodh¢unmenta orpaxenns Openens (a — ¢ BepTHKAIbHOH monapusanueit R, ; 6 — ¢ TOPU3OHTAIBHOI

nonsApusauedt Ry, ) OT KOMILIEKCHOH OTHOCHTENBHOH THITEKTPHUECKOH MPOHUIIAEMOCTH CPEMBI &, U yIJIa 30HIUPOBAHUS B

npenenax 0 =0...90°

Fig. 2. Dependence of the Fresnel reflection coefficient (a — with vertical polarization R, ; 6 —with horizontal polarization

R, ) on the complex relative permittivity the medium ¢, and the sensing angle within 0 = 0...90°
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mapamerpsl Py, A, G, h, mu, mockomeky sta

3aBHCHUMOCTh HHBEIHPYETCS TPU  BBIYUCICHHU
oTHOMICHUsT KO3 UIMEHTOB oTpaxkeHuss DpeHens
BEPTHKAIbHO M TOPH30HTAJIBHO MOJISPU30BAHHBIX
CHTHAJIOB, OTHOIICHUE OYIET OMPENENAThCS TPeMsI
napameTpamu: gy, 0 u fi . Beipaxenue (5) He

YUHUTBIBAET IIepoxoBaTocTh cioeB CJIII, mockonbky
paZMoOBOJIHA HE  3€pKaJbHO  OTpakaercs, a
pacceuBaeTcs IOJ Pa3IMYHBIMU yIJIaMH, HO IIpHU
BBIYHCIICHUN OTHOILICHU k03¢ duIeHToB
orpaxeHUs1 OpeHenst BepTUKAIBHO U FOPU30HTAIBHO
MOJIIPU30BAHHBIX CUTHAJIOB 3Ta 3aBUCUMOCTb TaKXkKe
HUBEIHUpYeTCS.

ContacHO NPEIyIOKEHHOMY METONY 30HIMpPOBa-
HUE PaMOCUTHAIOM OTHOBPEMEHHO C BEPTUKAIBbHOMN
U TOPU3OHTAJBHON MOJSIPU3ALUIMH KOHTPOIUpPYE-

moro yuactka CJIII B mpenenax 6 =25...45° mo3Bo-
JISIeT ONPENETIUTh 3aBUCUMOCTh KO3((UIIMEHTOB OT-

paxenus OpeHens ¢ BEpTUKAJIBLHON Rwi j41 ¥ ropu-
30HTAIBHOM Ry, i j1 TOIApH3ANUAMY, (I, |+1)—rpa-

HUIIBI pa3/iena cIOeB OT yIiia MaJeHus! paJHOBOIHEIL.

OTHOCHTENFHBIE IUAJICKTPUUYCCKIE MPOHHIIA-
emoctu cioeB CJIII ompenenstorcst W3 OTHOIICHUN
k03 urneHToB orpaxkernss @peHens Mo MOIIHOCTH
Prm  (puc.3) curHamoB C BEPTHKAIBHOW IOMSA-

(cm. puc. 2, a), TOTyYEHHBIX 110

2
puzanuen ‘R Wir m)‘

dhopmynam (2), (4), ¥ TOPU30HTAIBHOH TOJISIpU3aICH

2
‘th(rm)‘ (eM.  pmc.2,6), TONYyYEHHBIX IO

dhopmynam (3), (4):

2
am=E@ﬂmQ, ©)

e ‘th(rm)‘z' ‘RVV(rm)‘2 ~ KopQuumeHThI OTpa-

xeHUs @DpeHens MO MOLHOCTH (OTpaskaTelbHas
CIIOCOOHOCTB), H3MEepEeHHBIe Ha Topu30HTaNEHOH (hh)
1 BEPTHKAIBHOH (VV) HOJSPU3AIMIX COOTBETCTBEHHO;
m — KOINMYECTBO MHUKOB 3XOCUTHajna (IpaHull paszena
ciioeB CJIII ¢ pa3HbIMU OTHOCHUTENIBHBIMU JUIEKTPU-
YECKUMHM MPOHHUIAEMOCTSIMU), COOTBETCTBYIOIINX
konuuectBy cioeB CJIIL

MakcuMalIbHBIN Yol HAKJIOHHOTO 30HIMPOBAHUS

6 =25...45° xourponupyemoro ygactka CJIII ompe-

nensieTcs MeHbIMM yriia bproctepa 0 =46° mns

citog CJIII ¢ HauMeHbIIEH OTHOCHUTEILHOM IHUIIIEK-
TPUUYECKOW TPOHUIIAEMOCThIO cyxoro cHera (dry

snow) — &,4. =1.07 — j0.0008.
Ha puc. 3 npencrarieHbl OTHOIICHHUS KOAPDHUITH-
CHTOB OTpaxeHUss DpeHens M0 MOLIHOCTH Py, it

CJIOC€B C KOMIINICKCHBIMHU OTHOCHUTCIIBHBIMH IHOJICK-
TPUYCCKUMHU TNPOHULIACMOCTAMU B 3aBUCUMOCTU OT

yIvla 30HAMPOBaHMs B npenenax 0 =25..45".

Puc. 3. OtHoutenus kodddunnenToB orpaxenuss Openens

TI0 MOIIHOCTH P, CHrHalO0B C BEPTHKANILHOI (I10/y4EeHHBIX

o gopmyiam (2), (4)) 1 ropu3oHTAIBHOMN (MOTYYEHHBIX 110
thopmyram (3), (4)) nomspuzanusIMu:

1-g,=12-j0.0008; 2— g5 =19~ j0.0008;
3— g4 =2.5- j0.0008; 4 g5 =3.2—j0.0008;
5- € = 74 — j B 3aBUCHUMOCTH OT yTJIa 30HIUPOBaHUSI

B mpezenax § = 25...45°
Fig. 3. The ratio of Fresnel reflection coefficients for the

power Py, signals from the vertical (obtained by formulas
(2), (4)) and horizontal (obtained by formulas (3), (4))
polarization: 1 — ., =1.2 - j0.0008;

2— g5 =1.9-j0.0008; 3- g, =2.5- j0.0008;
4-g5=32-j0.0008; 5- g4 =74— j depending on the
sensing angle within 6 = 25...45°

IlocnenoBaTenbHOE OMpENENCHUE AUDIECKTPHU-
YECKOW MPOHUUAEMOCTH KaXIOrO IMOCIEAYIOIIEro
HIDKENeXaIlero cnos &y, rme m=2,3,..,. M -

HoMep ciost CJITI, ocymiectisiercs mo ¢opmyie

+L(e)zsin(9)2 tg(@)z, @)
(1P ©®)

YTO COOTBETCTBYET rpadukam (prc. 3) 3aBucuMoctH (6).
Wurepsanam mmotHocterd CJIIT Oymyt cootBet-

em =11
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CTBOBAaTh MHTEPBAJIbI OTHOLLIEHHH KOA(PPHUIIMEHTOB OT-
paxxenus OpenHensa mo MOIHOCTH P, . Tak, manpu-

Mep, pu 0 =34 s cyxoro cHera (dry snow)
Pgs =100...500 ko (4 =1162...1984) -

Pm =5.6915...3.3266, cyxoro ¢upna (dry firn)

— 3 Lo
Pgr =500...700 koA ey =1984..251) -

Pm =3.3266...2.8311, cyxoro uapma (dry ice)

P =700..917 ki’ (eg;=251..3.179) -

Pm =2.8311...2.4753. C yBenu4eHHeM COAEpkKa-

HUS BJIard 3HaYCHUS OTHOIICHUH K03()(HUITUEHTOB OT-
paxenus @penens 1mo MOWHOCTH Py, ymeHnbma-

I0TCSI, CTPEMSICh K 3HAUCHHsAM I Bombl J{ms mop-
CKOH BOOBI &gy, =74 (sea water) COJNEHOCTBIO

Sqw =35 r/kr — By, =1.1923, a 114 9uctoii (Tanoit)

BOZIBI C glpw =87 (pure water) — By, =1.1760.

Hns unentudukanuu cioe CJII  ycranas-
JIMBAETCSI TOXKAECTBEHHOCTh MOJTYYEHHBIX 3HAUCHUN
JUDJIEKTPUYECKUX TPOHULAEMOCTEH CIOEB €y C

3aJlaHHBIMH  PacueTHbIMU (00pa3lOBBIMU) 3Haue-
HUSIMH  JHDJIEKTPUUECKUX IPOHUIIAEMOCTEH CIIOCB

j— . n L n
€yyp 1O YCIOBHIO &y =&, © "CHEXKHBIH MOKPOB",

nn

"¢upH", "nexsHoii nmokpos" mubo "Boma".
Pacuyernsblie (00pa3noBbie) 3HAYEHUS THIIEKT-

pUYecKHX NpPOHMLIaeMOCTell cJjoeB. PacueTHbie

(oOpasmoBble) 3HAUCHUS AMIICKTPUUECKUX HPOHU-

maemocteir cimoes CJIII €yp KaK TPEXKOMIIO-

HEHTHOM cpelibl, COCTOSIEH U3 JIbAa C BKIIOUEHUSIMU
BOJIbI M BO3JIyXa, OTPEACIISIOTCS 1Mo hopmyrre

Evra = Eyvra T JEyra

VIA HeﬁCTBHTeJ’ILHaH U MHHUMasd 4acCTb

e &, U €

pacdeTHBIX (00pa3LOBBIX) 3HAYCHUH AMAIICKTPH-

yeckux nponunaemoctet cnoes CJIIL
JelicTBHTENBHAS YaCTh pacdyeTHHIX (0OPa3OBBIX)

OTHOCHUTEJIBHBIX JIRJICKTPHIECKUX

MMPOHHUIACMOCTCHU BJIAXKHBIX CPEI SVI’ A - 8VS A T CHCTra

3HAUYEHUU

(snow), €, — Gupma (fim), &,;, — 7bma (ice)

ompezensiercs o hopmyne [3, 9, 11-13]:

3
EvrA :[g’/;(l—Pwa)+PW(€/;+Pwa —PW)} ,

rae s'r ( SIS — cHera (snow), s‘f — ¢upna (fim),

e -

| (ice)) ¢
pr=100...917  xo/M® (pg=100...500  Kr/m’;

Jbaa TIJIOTHOCTBIO CJ104

pr =500...700 koMY p; =700..917 xrA); gy

(ng A H €gy — THCTOH BOIBI (pure water) 1 MOPCKOH

BOZIBI (Sea water), ompeaensemMbple eOacBCKoO Moze-

ae10); Py — oOmas J0insd  conepKaHHUs BOABI

u Bo3nyxa; R, — oOmas noms conepiaHus BOIbL
Hampumep, Ha rpadukax (cM. puc. 3) npu 0 = 34°

COOTBETCTBYIOIIIHMEC  ITOJIAPU3ALUOHHBIC  OTHOIICHHA

BBIISISIT CIICAYIOIIUM oOpasom: [ — Pr2 =5.4553,
2 - Pr3 =3.4396, 3 Pr4 =2.8381, 4 -
Pr5 =2.4668, 5 — Pr6 =1.1923, 4T0 COOTBETCTBYET:

€, =1.2-j0.0008 - CyXOMY CHETY,
€5 =1.9-0.0008 - CyXOMy CHETY,
€4 =2.5-]0.0008 - CyXOMY ¢bupmy,

€5 =3.2-)0.0008 — cyxomy mpay, gg=74-] —
MOPCKOH BOJIE CONEHOCTBIO Sg, =35 I/KL.

Omnpenesienne riIy0OUH €J10€B CHEKHO-JIEASTHOTO
nokpoBa. B ocHOBy ompeneneHus TIyOWH CIIOEB
CJIIT 3anokeH YaCTOTHBIN TIPUHIMI BBIICICHUS
4acTOThl OWEeHWs (Pa3HOCTHOIO CHWTHAJa), TOIy-
JaeMoi Inpu MEPEMHOKCHHUU TIPUHATOIO U 30HIU-
pyromero (OrOpHOTO) CUTHAIOB, C TIOMOIIBIO OBICT-
poro npeobpazoBanus Oypee ¢ nociexyromei omud-
POBKO# U peanu3anueii aaropuTMoB UGpoBoit 00pa-
00TKH. 30HIUPOBAaHHE KOHTPOIHPYEMOTO YdacTKa
CJII ocymecTBisieTCsl THHEWHO-YaCTOTHBIM MOJTY-
mupoBaHHBIM (JIUM) curHangoM, c(OpMHUPOBAaHHBIM B
nepearomeM yctpoiictse ¢ vactoroit fi, (t) [10, 14],

9TO TO3BOJSIET IOMYYUTh DIXOCHTHAJBI OT TpaHHMII
cinoes CJIIT Ha pa3HbIx yacToTax [15]

fix ) =Ty +aty, VO<ty <Ty, ®)

rac fo — Ha4daJibHag 4YacCcToTa, 0O — CKOPOCTb

(xpytmzHa  JIUM);

JJIUTCIIBHOCTL  OTACJIBHOIO MHe€puoga MOAYIALUA

U3MEHEHHS] YaCTOThI th -
JIUM-curnana (OeicTpoe Bpems); T, — TepUOn
monyiauuu (JIYM-curnana) u npueM 5XOCHUTHANIOB
IIPUEMHBIM YCTPOMCTBOM € yacToToii [10, 14]

frx (D =Ty +a(thy—1), Vi<t,<Tp. (9

3nech BpEMEHHas
9XOCHUTHaJa OT TpaHul paznena cnoes CJIIT.

T — 3aACpKKa IPHUHATOIO
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BpemeHHas 3aiepikKKa Ty B m-CIOE IIPUHATOTO
9XOCHUTHAJNa MEXQy TpanuiaMu paznena cinoeB CJIII
HIpONOpLUOHANbHA IIIyOuHe hyy, H ompenenseTcs

BBIPKEHUEM
Trm = 2m /Vrm s (10)
rIe Vyy, — CKOpOCTh pactpoctpanetus IMB B m-cioe
3,9, 11-13].
YacToTHAs  COCTABISIONIAS  OWEHHUS fy

HETOCPEACTBEHHO CBSI3aHA C 3aJICPKKOM IXOCUTHAIIA
(10), sBnssich pasHuLeit BeipaxkeHui (8) u (9):

fb = fix = frx = oty =2hy B/(Vran ), (11)

rne B — mupuHa monockl JIYM-curnana. 13 (11)
omnpenesnstorcs rryouns! cnoes CJIII, Bo3HMKaromue
MEXIy Pa3HOCTHIO PACCTOSHUM, KOTOPBIE MPOXOIST
W3IIy9CHHBIH W  OTPaXXCHHBIH  CHUTHANBI  TIPH
30HAMPOBAaHUN TOACTHIIAIONIEH TIOBEPXHOCTH B
Haaup, onpenaensemMsie o gopmyne

by = fVimTn /(2B).

[Momnoe Bpemsa mpoxoxaeHust cioe CJIII B
o01mieM Buzie onpeaessercs mo Gopmyie

Ty =Ty = Tas T Ts +7; =20 /e + 255 [vg + 21, [vi

e Tyg — BPEMCHHAA 3a/1CpiKKa A0 IpaHUIbI pa3aciia

cpenbl  "BO3AYX—CHEXKHBIH IOKpPoOB", Tg , T; —

I
BpEMCHHas 3aJICP)KKa B CHCXKHOM H  JICAIHOM
IIOKpOBax COOTBETCTBCHHO, ha — pPacCTogHHUE OT

BCBT no rpanunsl pasmena cpen "BO3myx—cHer';
hy — BBICOTAa CHEXHOTO IOKPOBA; hi — TiyOuHa

v -

pacnpoCcTpaHeHUs 3JIEKTPOMArHUTHON BOJIHBI B CHETe
U JIbIE COOTBETCTBEHHO.

Pe3yabrarsl. Pestomupys HU3m0KeHHOE, MOKHO
OTMETHTH cienyromniee. HopMaasHOE 30HANPOBaHHE

JICASAHOIO TIMOKpPOBA, Vs, CKOpOCTHU

noacTuiaronieit mopepxHoctu B Buae CJIII e noka-
3BIBACT OTIIMUMTENBHBIX 0COOCHHOCTEH apaMeTpoB
MPUHUMAEMBIX PAJUOCUTHAIIOB C BEPTUKAIBHON U
rOpU30HTAJIBHOM nonspusanuamu. Ipu ysennyenuu
yIila HaKJIOHA 30HANPOBaHUs ¢ 25 no 45° Habmona-
€TCS YBEJIMYCHHUE OTHONICHHH KO3((UIIMEHTOB OT-
paXeHus OT TPaHUI] paslesia CIOEB C Pa3IUYHBIMU
JIUAJIEKTPUIECKUMU TTPOHUIIAEMOCTSIMHU.

Pemenne oOparHOW 3ajaunl  PEKOHCTPYKIIUU
cnoes CJIIT B Buae cHera, (UpHA, JbJIa U BOJABI OCY-
LIECTBISIETCA TOCPEICTBOM KOCBEHHOTO OMpeesne-

HUS KOMIUICKCHOW OTHOCHTENFHOM JUAIEKTPUICCKON
MIPOHUIIAEMOCTH KaXKJIOTO TOCJIEAYIONIETO HIXKele-
JKaIero CIIosi C pa3pelieHrueM M0 ACHCTBUTENHHOMN
0=34" JUIS
€7 =1.07 - j0.0008 ¢ mONAPHU3ALMOHHBIM OTHOILIE-

4acTH, HarpuMmep npu

HUEM Pr7 =6.401, nus &g = 1.08 — j0.0008 ¢ mos-

PpY3alIOHHBIM OTHOIIEHHEM Pr8 =6.312, coorBer-

CTBYIOILIEH 1072,

[Iprem 3X0CHTHAJIOB OCYILIECTBISIETCS HA TEX KE
MOJISPU3AIIHAX, U ONIPEACIIIIOTCS OTHOMICHUS KO3(h(hH-
LUEHTOB OTPaXCHUSI PAJHOCUTHAIIOB B 3aBUCHMOCTHU
OT yIUIa TTaJIeHUsI HA TPAaHHIBI pa3zeia CI0eB KOHTPO-
JUPYEMOT0 y4acTKa ¢ MOCIEAYIOIIUM BBIYHCICHUEM
OTHOCHTEIBHON ITUAJIEKTPUIECKON TPOHUIIAEMOCTH
Ka)XJI0T0 moclenyromero Hmwkenexamero cios CJIIT.
[Hanee ciemyeT ycTaHOBIEHHE TOXKIECTBEHHOCTH BEI-
YHCJICHHBIX 3HAYEHUI C PacueTHBIMHU (0OpPa3IOBBIMH)
3HAYCHUSMHU OTHOCHTENILHBIX JTUIICKTPHUCCKUX IPO-
aunaemoctei cinoeB CJIII ¢ 1enpro TUCTAaHIIMOHHON
uaenTudukanmu coctostaust CJIIT.

CBepXIIUPOKOMIOIOCHBIN CHIHAJ C JIMHEHHO-4Ya-
CTOTHOW MOZIYJSIMEH MO3BOJSET IONYIHUTH SXOCHT-
HaJ Kak OT TpaHull pasaena "Bo3ayx—cHer", "cHer-
nen", "nem—Boma", Tak W OT TPaHUI] pa3felia CIOEB
CHEHOTO W JISASTHOTO TOKPOBOB Ha OCHOBE KOHTpA-
CTa MX JUIEKTPUICCKUX MpoHUIaemMocteii. Onperne-
nenue niryouH cinoe CJIIL, peanu3yromee YacTOTHBIN
NPUHIINI, OCYIIECTBIAETCS TOCPESICTBOM JICMOIYJIs-
UM, IEPEMHOXXCHUAEM MPUHATOTO M 30HIUPYIOLIETO
(OIIOPHOTO) CHUTHAIOB, BEIICTICHUEM YaCTOTHI OMEHUS
(pazHOCTHOTO CcUrHama) u onu(POBKH C MOCIETYIO-
mel peanusanueil ajaropuTtMoB 1H(pPoBoi o0Opa-
OOTKH CHTHAJIOB.

IMonoca 6 I'Tu cBepxmupokonoaocHoro JIYM-
curHaia c gactotoit ot 2 I'T' mo 8 I'T'1y mo3Bossiet yBe-
JMYNTH Pa3peIIaloNylo CIoCOOHOCTh 10 TIIyOuHE 10
3HaueHus okojo 4 cm [10]. Ilpu 3ToM MeTonuueckas
HOTPEIIHOCTh ONPEICICHUSI OTHOCUTEIILHOM JTHUIJICK-
TqueCKOﬁ MPOHHUIIAEMOCTH CJIOEB IO OTHOLICHUAM
ko3¢ durmeHToB orpaxenus OpeHers nmpu 3aJaHHBIX
pacyeTHbIX (00Pa3OBBIX) 3HAYCHUSIX OTHOCHTEILHON
JIICKTPHIECKON MPOHUIIAEMOCTH U COTIACHO TPE-
JOKeHHOH (hopMyre cocTaBisieT He O6omnee 1.5 %.

HOqueHI)I HUHTEPBaJIbI MOJISIPU3AIMOHHBIX OTHO-
[ICHUH, COOTBETCTBYIONIMX HHTEPBAJIAM IIOTHOCTEH
cioeB CJIIT mist puKCHpOBaHHBIX YIIIOB. Tak, HaNpH-

0=34° UL CyXOro
_ 3 o
Pgs =100...500  kriw® (4o =1162...1984) -~

Mep, 1pH cHera
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Pm =5.6915...3.3266, ¢$upna

Pgr =500...700  xrie’ (e =1984..251) -

CYXOro

Prm =3.3266...2.8311, CyXoro IbJa

P =700..917 ki’ (ey=251..3179) -
P = 2.8311...2.4753,

3akunrouenne. Takum 00pa3soM, AUCTAHIMOHHAS
UIEHTH(UKAIHS COCTABIISIOIIIX MEMEHTOB CTPYKTYPBI
CHEXHO-JIEJISTHOTO MOKpOBa MO3BOJSET ABTOMATU3HUPO-
BaTh IPOLECC OLIEHKH BO3MOKHOCTU BBINOIHEHUS II0-
CazIK{, TEM CaMbIM CHU3MB BPEMs IIPUHATUS PELICHUS] U

TIOBBICHB YPOBEHb 0€30MacCHOCTU. B omiume ot usBect-
HBIX METONOB WACHTU(UKAIIMN TPHIIOBEPXHOCTHOIO
crnosi [4-7] ocyriecTBisieTcs WACHTH(HUKAIASA CIIOCB
MHOIOCIIOMHOM Cpefbl B BUIE CHEXHO-IEASHOIO II0-
KpoBa Bozoema. [lomydeHHOe 3Ha4YeHre METOOUYIECKOM
MOTPELTHOCTH OMPEAETICHHS] OTHOCUTEIBHON TUAIEKTPU-
YeCKOl MPOHUIAEMOCTH CJIOEB MO OTHOLIEHUSIM KO3(-
¢rweHToB oTpakeHIs OpeHerts MpH 3a1aHHBIX pacyeT-
HBIX (00Pa3LOBBIX) 3HAYEHUSX U COIIACHO IPEJIOKEH-
HOHM (popMyse CBHUIETEIBCTBYET O IPABOMEPHOCTH FHIC-
MOJIb30BAHUS JTaHHOTO MeTona mpu nocagke BCBT na
HENOTOTOBNIEHHYO Iiommaxy co CJIIT.
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Abstract

Introduction. Heterojunction silicon solar cells represent one of the most promising directions for the develop-
ment of solar photovoltaics. This is due to both their high power conversion efficiency and reasonable likelihood
for further growth in performance, as well as good commercial potential of this technology, which relies on a
transition from conventional diffusion-based processes to thin film deposition.

Aim. The paper describes results of optimization and fabrication of heterojunction silicon solar cells using the
AK-1000 inline tool, adapted for processing of 6-inch wafers.

Materials and methods. In the manufacturing of solar cells, crystalline silicon wafers were subjected to wet
chemical processes, and then electron, hole, and intrinsic types of conductivity of the layers based on amorphous
silicon were deposited by plasma-chemical deposition. Precipitation of oxide transparent conductive layers was
carried out by magnetron sputtering. To optimize the processes of obtaining solar cells, measurements of the
reflection coefficient, of lifetime of minority carriers, and of current - voltage characteristics were used.

Results. As a result of the work, heterojunction solar cells were obtained in a laboratory in Kazakhstan with an
efficiency of 20% without using of traditional diffusion processes for solar cells manufacturing.

Conclusions. The output parameters associated with light conversion efficiency demonstrate the possibility of
further optimization of the parameters affecting the performance of heterojunction solar cells.
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Introduction. Being the second most abundant
chemical element in the earth crust, superseded by
only oxygen, silicon is poised to dominate the field of
large-scale terrestrial photovoltaics through years to
come [1,2]. Among the silicon-based photovoltaic
devices, the highest power conversion efficiency is
currently demonstrated by heterostructured solar cells
employing a semiconductor junction between crystal-
line and amorphous silicon. The technology of for-
mation of such a heterojunction relies on plasma
chemical vapor deposition of thin films of hydrogen-
ated silicon (a-Si:H) onto a monocrystalline silicon
wafer (c-Si). This combination enables to obtain solar
cells with record power conversion efficiencies ex-
ceeding 26 % [3-5]. One of the confirmations of the
high promise of this technology is its successful com-
mercialization in the Commonwealth of the Inde-
pendent States (CIS) [6, 7]. Further expansion of this
technology is linked to demonstration of the industrial
capability of the heterojunction silicon cell technol-
ogy and its expansion to various parts of the world.

A monocrystalline silicon wafer is the main
component for photovoltaic devices. Upon formation
of the semiconductor junction, high-quality pas-
sivation of the wafer surface is required to reduce sur-
face recombination of the charge carriers. The surface

lifetime 14 of minority carriers in a wafer with thick-

ness W, diffusion coefficient D and surface recombi-
nation rate S can be determined from the following

expression:
w 1(W 2
Tg=—+—| — | ,
2S D\ =

where both sides of the wafer are considered to be
identical. The effective (measured) lifetime of the car-

riers Tef is obtained via

— =
Tef Tb 'CS

where 1, is the bulk lifetime, which depends on the

quality and purity of initial silicon ingots used for slic-
ing of the wafers. The use of intrinsic amorphous hy-
drogenated silicon (i-a-Si:H) for passivation of crys-
talline silicon demonstrates the possibility of signifi-
cant improvement in the lifetime of minority carriers
in the wafer [8, 9]. This represents an important factor
for achieving high power conversion efficiencies
demonstrated by heterojunction silicon solar cells.
This paper describes the results of optimization and

fabrication of a heterojunction silicon solar cell with
a power conversion efficiency of 20 %.

Experimental methods. The process of fabri-
cation of heterojunction silicon solar cells has been
reported previously elsewhere [10]. At the first stage,
wet chemical treatment of crystalline wafers compris-
ing a variety of operations targeting removal of sur-
face contaminants and wafer texturing. During the
process, the wafers were sequentially immersed into
caustic and acidic solutions and rinsed with water to
conduct the processes of saw damage etching, textur-
ing, oxidation and oxide layer removal. Deionized
water with resistivity of 1...2 MQ-cm, measured di-
rectly in rinsing baths, was employed for cleaning and
texturing. Following removal of the oxide layer, the
wafers were loaded into a plasma chemical deposition
chamber for coating with intrinsic amorphous silicon
and amorphous silicon doped with boron (B) and
phosphorous (P) impurities, utilizing, respectively,
monosilane (SiHs), trimethylborane (B(CH3)s) and
phosphine (PH3) as process gases. Further, indium
tin-oxide transparent electrodes were deposited on
both sides of the samples. Wafer metallization was
performed using the DEK Eclipse tool. Minority car-
rier lifetimes, reflectivity and current-voltage charac-
teristics were measured using the Sinton WCT-120,
PV Measurements QEX10 and PV Measurements I'V-
16L tools, respectively.

Results and Discussion. Texturing of the sili-
con wafers is performed in order to reduce their re-
flectivity and enhance optical absorption. Table 1
shows the reflectivity values of a non-textured wafer,
as well as the wafers subjected to the texturing pro-
cess at various concentrations of the etching agent.

Table 1. Dependence of reflectivity of the silicon wafer
samples (R) at optical wavelength of 600 nm on
concentration of the etching agent (C) following texturing

C, mll R, %
Initial wafer 39.0
6 17.4

8 15.5

10 13.0

12 12.4

It is evident, that the reflectivity is significantly
reduced with the etchant concentration, however
above 10 ml/1 the rate of reduction in reflectivity with
concentration slows down significantly. Surface im-
ages of the initial and textured wafers obtained by
means of scanning electron microscopy (SEM), are
shown in Fig. 1.
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The size of the resulting pyramids is approxi-
mately 5 pm, the concentration of the etching agent is
12 ml/l, and the corresponding reflectance is
12 %. Similar results were obtained in [11], where for

X2,700 5um 0000 1045 SEl

10 39 SEI

X2,700 Supm 0000

20pm 0000

X700 10 39 SEI

C

Fig. 1. Surface SEM images of the samples:
a — an initial untreated wafer (top-side view);
b — following texturing at the etching agent
concentration of 12 ml/l (side view);
¢ — following texturing at the etching agent
concentration of 12 ml/I (top view)

pyramids of 5 pm the reflection coefficient varied in
close values of approximately 12.5...19 % at the inci-
dent light wavelengths of 400, 500, 600, and 700 nm.
It also notes that usually a reflection coefficient of
14...15% 1is typical for pyramids with sizes of
2...8um. In another work [12] by our team,
textured samples with the lowest reflectance of the
order of 12...13 % were obtained with a pyramid base
of 5 pm.

Table 2 presents the results of minority carrier
lifetime measurements in monocrystalline silicon wafers
following the deposition of intrinsic, as well as n- and p-
doped amorphous silicon layers on both sides.

The measured lifetime values correlate with
Table 2. Minority carrier lifetimes in a monocrystalline
silicon wafer following passivation with intrinsic
amorphous silicon

di, nm T, US
0 50
11.6 656
134 1505
16.4 1775

the results of other authors and indirectly confirm the
results of computer simulations on the influence of
amorphous layer thickness on solar cell output param-
eters, in particular, the open-circuit voltage [13, 14].
It must be noted that, according to our preliminary
study, the optimal thickness of the intrinsic amor-
phous silicon layers in the heterojunction cell is
around 10 nm, as higher thicknesses result in reduc-
tion in the short-circuit current and, consequently,
power conversion efficiency due to the growth in the
device series resistance [15].

Current,

ol 1 v

01 02 03 04 05 06 0.7 Voltage,
\Y%

Fig. 2. llluminated current-voltage characteristic of the
fabricated photovoltaic cell
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Fig. 2 demonstrates the current-voltage charac-
teristic of the fabricated photovoltaic cell.
Output cell parameters are given in Table 3.

Table 3. Output characteristics of the fabricated
photovoltaic cell

n, % FF, % Voc, V Isc, A

0.721 8.93

20.00 75.92

The efficiency of the device exceeds 20 % at
the open-circuit voltage of 720 mV, which is some-
what lower than the conventional values for this class
of solar cells, showing the potential for further growth
in power conversion efficiency upon optimization of
fabricating conditions and an improvement in the
quality of silicon wafer surface passivation.

Conclusion. This paper demonstrates the tech-
nological sequence and results of fabricating hetero-
junction silicon solar cells based on the semiconduc-
tor junction between crystalline and amorphous sili-
con. The influence of concentration of the etching
agent on reflectivity of textured wafers, as well as the
impact of thickness of intrinsic amorphous silicon on
its surface passivation are investigated. Output pa-
rameters of the fabricated cell with efficiency exceed-
ing 20 % demonstrate the possibility of further opti-
mization. Nevertheless, the obtained result, according
to the available data, is a record for a solar cell whose
main fabrication steps have been performed within
Kazakhstan. It also shows the simplicity and safety of
the heterojunction technology, which is based on dep-
osition of thin films of semiconductor materials, ra-
ther than conventional diffusion-based processes.
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AHHOTaUmA
BBepeHue. Pe3oHaToOpbl Ha OCHOBE 3MUTAKCMaNbHO BbIPALLEHHbLIX MOHOKPUCTANNNYECKNX MIEHOK Xese3o-
NTTPUEBOro rpaHaTa HaxoAAT NpUMeHeHe B CBEPXBbLICOKOYACTOTHOM 31eKTPOoHMKe. 3BeCTHO, UTO C pOCTOM
najaroLen Ha pesoHaTtop CBY-MOLHOCTM HaUNHAKT NPOSIBAATLCA Pa3nNyHble HennHenHble 3 dekTbl: 3dpdekT
61CTabUNBHOCTY, HENVIHEWHBIM CABUI YacTOThl, HEIMHEHOe 3aTyxaHne 1 Ap. B HacTosLee Bpems nepeyunc-
NleHHble HeNMHelHble 3¢ deKTbl 40CTaTOYHO XOPOLLO 3KCNepUMeHTanbHO UccneoBaHbl. PaHee npu onucaHum
KonebaHnn pasNnYHbIX AMHAMUYECKUX CUCTEM HeIMHeNHOoe 3aTyxaHWe N HeNVHEeWHbIM CABUT YacToTbl 06bIY-
HO paccMaTpuMBanUChb MO OTAENbHOCTU. MI3BECTHO, UTO 3TW 3PPeKTbl MOryT BO3HMKATb OJHOBPEMEHHO B Mie-
HOUHbIX peppPOMarHUTHbIX pe3oHaTopax C POCTOM aMMINTYAbI KONebaHNA HaMarHUYeHHOCTU.
Lienb pa6oTbl. [TocTpoeHre MOAENV BbIHYXAeHHbIX KonebaHni B claboHennHelHbIX cucTeMax C y4eToM He-
JINHENHOro CABMra YacToThbl M HENMHENHOro 3aTyxaHus, a Takxe ee 3KCnepuMeHTasbHOe 060CHOBaHMe Ha
npumepe njeHo4YHoro ¢eppoMarHMTHOro pesoHaTtopa.
MaTtepuanbl M MeToAbl. [10CTPOEHME MOAEeN NMPOBOANIOCE METOAOM MeANeHHO MEeHSAILMXCA aMianTya.
JKCnepyMeHTanbHoe ncciejoBaHne NPoOBOAUIOCL Ha MakeTe MAeHOYHOro ¢peppoMarHUTHOro pesoHaTopa.
Mcnonb3oBancd BeKTOpHbIA aHanmsaTop Leneli Rohde&Schwarz ZVA 40. N3mepsanack 4acToTHas 3aBUCUMOCTb
KoapPuLmeHTa oTpaxeHna CBY-curHana ot pesoHaTopa.
PesynbTaTtbl. Mogenb HeNMHeERHbIX KofebaHni HamarHNYeHHOCTU C OAHOBPEMEHHbLIM YYeTOM HeIMHEeHOro
CABWUra 4YacToTbl N HEIMHENHOro 3aTyxaHus. KCNepuMeHTaabHO M3MepeHbl Pe30HaHCHbIe KpYBble NMpu pas-
JINYHBIX YPOBHAX NajatoLleil Ha pe3oHaTop CBY-MoLHOCTY. MoKa3aHo, YTO HennHenHoe 3aTyXxaHne orpaHu-
UMBAaeT HeNVHEWHBIV CABUTM YacTOTbl KONebaHNM HaMarHNYeHHOCTN B KacaTeslbHO HaMarHW4YeHHOM MieHou-
HOM $peppOMarHMTHOM pe3oHaTope.
3aknto4yeHmne. NoCcTpoeHHaa MoJenb afekBaTHO OMMChbIBaeT MOBeAeHNe Pe30HAHCHbLIX KPUBbIX MAEHOUHbIX
dbeppoMarHMTHbIX pe3oHaToOPOB MpPY MOBbILLEHHbIX YPOBHAX CBY-MOLLHOCTW. HenvHeHoe 3aTyxaHne nNpuBo-
ANT K pacLUMpPeHnto pe30HaHCHbIX KPUBBIX, TEM CaMbIM yBennynBasi notepu. 3ToT agdeKkT Takke yBenn4mBaeT
Ko3pPuLMeHT oTpaxkeHns CBY-cMrHana ot pesoHaTopa.

KnroueBble cnoBa: naeHoYHbI GeppOMarHUTHLIA pe3oHaTop, Xene3oUTTpureBbIi rpaHaT, CMMHOBbIE BOJIHBI,
HeNMHelHble KonebaHus
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Abstract
Introduction. Resonators based on epitaxially grown single-crystal films of yttrium iron garnet are used in var-
ious applications of microwave electronics. It is known that with increasing of microwave power incident on a
resonator, various nonlinear effects begin to manifest themselves. There are: bistability effect, nonlinear fre-
quency shift, nonlinear damping, etc. By now, the listed nonlinear effects have been quite good studied exper-
imentally. Previously, when describing oscillations of various dynamical systems, the nonlinear damping and
the nonlinear frequency shift were usually considered separately. At the same time, it was known that, when
studying nonlinear magnetization oscillations in ferromagnetic film resonators with an increase in oscillation
amplitude, these effects could occur simultaneously.
Aim. Development of a model of magnetization oscillations taking into account the nonlinear frequency shift
and nonlinear damping, as well as its experimental justification for a ferromagnetic film resonator.
Materials and methods. The development of the model was carried out by the method of slowly varying am-
plitudes. An experimental study was carried out with a ferromagnetic film resonator. For the measurements,
we used Rohde & Schwarz ZVA 40 vector network analyzer. We measured the frequency dependence of the
reflection coefficient of the microwave signal from the resonator.
Results. A model of nonlinear magnetization oscillations was developed taking into account both a nonlinear fre-
quency shift and a nonlinear attenuation. The resonance curves were experimentally measured at various levels
of the microwave power incident on the resonator. It was shown that nonlinear damping limits the nonlinear fre-
quency shift of the magnetization oscillations in a tangentially magnetized ferromagnetic film resonator.
Conclusion. The developed model adequately describes behavior of the resonance curves of ferromagnetic
film resonators at high microwave power levels. The nonlinear damping leads to broadening of the resonance
curves, thereby increasing losses. This effect also increases the reflection coefficient of the microwave signal
from the resonator.

Keywords: ferromagnetic film resonator, yttrium iron garnet, spin waves, nonlinear oscillations
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Beenenue. PezoHaTopel Ha OCHOBE SIMTaKCH-
aIBHO BBIPAIICHHBIX MOHOKPHUCTAJUTMYECKUX TUICHOK
AKEJIE30UTTPUEBOTO IPAHATA HAXOIAT Pa3InuHOE IpUMe-
HEHHE B CBEPXBBICOKOYACTOTHOM 3neKTpoHuke [1-5].
N3BecTHO, 4TO € pocToM najarolieil Ha pe3onarop CBY-
MOII[HOCTU HAUMHAIOT TPOSIBIATHCS PA3IMYHbIE HEU-

HeliHble 3ddektsr: 3ddexr OucrabmisHOCTH [6-17],
HeNMHEHHBIH casur vactoThl [18-20], HenmHeliHoe
3aryxanue [18, 21], napamerpuueckas pereHeparusi
konebanuit [20] u ap. K HacTosieMy BpeMeHH mepe-
YHCIICHHBIC HENMWHEHHBIE 3((EKTH TOCTATOUYHO XO-
POIIIO SKCIIEPHUMEHTAIBHO UCCIICTIOBAHBI.

64 Henuneiinble Koj1e0aHNsi HAMATHUYEHHOCTH B KacaTeJIbHO HAMArHUYeHHOM

NJIEHOYHOM (pepPPOMATHHTHOM pe30HATOpe
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Panee mpu ommcaHum koneOaHWM pazIMIHBIX
IUHAMIYECKIX CHCTEM HEIWHEHHOE 3aTyXaHHe U
HEJMHEWHBIA CIABUT YacTOTBl OOBIYHO paccMaTpHBa-
JIUCH 110 OTAENBHOCTH (CM., Harpumep, [16]). Bmecte
C TE€M HM3BECTHO, 4TO 3TH 3(P(EKTH MOTyT BO3ZHHUKATh
OHOBPEMEHHO B TUICHOYHBIX (hEPPOMATHUTHBIX pe-
30HATOPaxX C POCTOM AMILUTUTYABI KOJIeOaHMA Hamar-
HuueHHoctn [18].

Lenbto HacTOAIIEH CTaThH SIBISIETCS MOCTPOSHHUE
MOJIJI BBIHYKJICHHBIX KojieOaHW B ciaboHEeH-
HEWHBIX CHCTEMax C YYETOM HEJIMHEWHOTO C/BHTa
YacTOThl U HEJIMHEHHOTO 3aTyXaHus, a TAKKe €€ IKC-
MepUMEHTAIEHOE OOOCHOBaHHE Ha MpUMepe Iue-
HOYHOTO ()eppOMAarHUTHOTO PE30HATOPA.

Monenp BBIHYKIECHHBIX HeJIMHEHHBIX KoJIe-
O0anmii. 13 Teopum kosjeOaHWA M3BECTHO, YTO BBI-
HYXJICHHbIE KoJleOaHWs B JMHEHHBIX TUCCHUIIATHB-
HBIX CHCTEMax OIMCHIBAIOTCS YPABHEHUEM

%+ 25% + wdx = Pcos( pt),

Ie X — HOpMallbHas KOOpJAUHATa; & — IapaMeTp pe-
JaKcalliM, y — PE30HAHCHAs YacTOTa CBOOOIHBIX

konebanuii; P — aMmiuTyga BBIHY)KIAIOIIEH CHIIBI,
p — dactoTta BeIHYXAatouieil cuibl. [Ipu Bo3aeiicTBuM
Ha TaKyl0 CHCTEMY MEPUOAMYECKON BHEIIHEH CHIIHI,
BapbUpPYysl €€ YacTOTY, MOXKHO HaOIONaTh U3BECTHOE
SIBJICHHE PE30HAHCA.

IIpu OMHOBPEMEHHOM yYeTe HEIUMHEHHOTO 3aTy-
XaHUs U HEJMHEHHOrO CIBMra 4YacTOThl ypaBHEHHE
KoJIeOaHuH MpHoOpeTaeT BU

%+ 20%(1+ 5@ ) + wfx (1+yx2) = Pcos(pt), (1)

rae B, v — ko3 dunmeHTs HEMTUHEHHOTO 3aTyXaHus U
HEJIMHEWHOTO CIIBUTa YacTOTHI COOTBETCTBEHHO. Ilepe-
YHUCIICHHBIE TMapaMeTpbl SBJISIOTCS (HEHOMEHOIOTH-
yeckuMHU. OHHM BO3HUKAIOT B PE3YJBTATE PA3IOKCHUS
mapaMeTpa AUCCHIALNH ¥ YaCTOTHI B CTETICHHOH PsI.

Vpasuenwue (1) Oymem pemiath METOIOM MEIJICH-
HoMeHsronmxcst ammutyd [21]. CHavyaga npuBenem
YpaBHEHHUE K BUY

K+ x=pf (x, X t), (2)

e U <1 — Ko3(PHUIHMEHT, MOKa3bIBAIOIINI MaJoCTh

npaBoil yactu (2) M HE YYACTBYIOIIHI B pacyerax.
Bynem uckars peuienue (2) B Busie

x = A(t)cos[t+ 9(1)], (3)

rae A(t) u 9(1) — dyHKIMH, C TeueHHEM BpeMeHH
T = pt W3MEHSIONINECs MEJICHHO.

HenuHeitHble KoJ1e0aHNsI HAMATHHYEHHOCTH B KacaTeJIbHO HAMATHUYeHHOM

IJIEHOYHOM (pepPOMArHUTHOM pe30HaTOpe

0 "

Puc. 1. PezoHaHCHBIE KPUBBIE IPH HYJIEBBIX U HEHYJIEBBIX
ko3 huIenTax HeMMHEHHOTO 3aTyXaHUs ¥ HETMHEHHOTO
C/IBUTa JaCTOTHI

Fig. 1. Resonant curves for zero and nonzero coefficients
of nonlinear damping and frequency shift

ITocne psima MaTreMaTH4ecKHUX NpeoOpa3oBaHUil Io-
JIy4UM BBIpaXEHHE, ONMCHIBAIOIIEE PE30HAHCHYIO
KPHBYIO HEJIMHEIHOTO OCIMILIATOpA!

p? = jN —25°D? +

(P2 2) (26707 ~af)” ~fNZ, (@

e N =1+3/(4yA?); D=1+3/(4pA%).

Ha puc. 1 noka3aHbl Ka4eCTBECHHBIE TEOPETUUECKUE
3aBHUCHMOCTH, PACCUMTAaHHBIE N0 (4) IS Pe30HAHCHON
YaCTOTHI M NPH JIMHEHHBIX Koebanmsx (B=0, y=0)

¥ B ClIydae HeMHelHbIx koneGanuit (B>0, y>0). U3

rpadMKOB BUJIIHO, YTO MOJYYEHHOE BBIPAKEHHE OIHO-
BPEMEHHO YYHTHIBACT HEJIMHEWHBIA CIBUT YaCTOTHl H
HENMHeWHoe 3aryxaHue. HenmuelHoe 3aryxanue npuBo-
JT K PacIIMpPEHHIO PE30HAHCHON KPHUBOM U K YMEHb-
IICHAIO aMITIATYIIBI KOJICOAHWH, a HETMHCWHBIA CIBUT
YacCTOThI BBI3BIBAET CIBUT' MAKCUMYMa aMIUTUTYIIbI KOJIe-
0aHMi1 ¥ TOsIBIIEHNE OUCTAOMITEHOCTH.

DKcnepuMeHT. DKCIIEPUMEHTAIBHOE HCCIIEIOBAHUE
TIPOBOIMJIOCH C LENBIO N3YYEHUS peKUMa HETMHEHHBIX
KONeOaHNii HAMATHUYCHHOCTH B IDICHOYHOM (eppo-
marautHOM pe3onarope (II®DP). Pesonarop Gbut u3ro-
TOBJICH U3 IUICHKH jkeie30uTTpreBoro rpanara (OKUT).
Oopazer [1OP (puc. 2) nmen B IITOCKOCTH KBAIPaTHYIO
¢dopmy ¢ pasmepamu ctopoH a=Db=1wmm. Tommmna
IUIEHKH cocTaBsia L =7 mxm. HamarauueHHocTs

HacelmeHna Mg =0.175 Tn. Pesonarop Obul Hamar-

HUYEH B IUIOCKOCTH mosieM Hg =14-10% A/m (puc. 2).
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Puc. 2. Cxemarnueckoe n300pakeHIe MaKeTa pe30HaTopa:
1 — moT0kKKA U3 TAUIHI-TaIOJMHUEBOTO I'PaHaTa, 2 — IJICHKA
JKUT', 3 — KOpOTKOE 3aMbIKaH¥He, 4 — MUKPOIIOJIOCKOBAs
aHTEHHA

Fig. 2. Schematic diagram of the resonator layout:
1 - GGG substrate, 2 — yttrium iron garnet film resonator,
3 —short circuit, 4 — microstrip antenna

HccnenoBanne pe30HaHCHBIX KPUBBIX IJICHOYHO-
ro (eppOMarHUTHOTO pPe30HATOpa MPOBOAMIOCH HA
OKCTIEPUMEHTAIBHOW YCTaHOBKE,
BEKTOpHOTO aHanm3aropa remneii Rohde&Schwarz
ZVA 40, sKcriepuMEeHTaIBLHOTO MakeTa pe30HaTopa
MMOCTOSTHHOTO MarHuTa. XapaKTepPUCTHUKH PEe30HATOpa
Ha menke JKWI' u3mepsuiuch B AMana3oHe 4acToT OT
5.1 no 5.3 I'Tu. Onpenensizics Ko3QOUIMEHT oTpaxe-
Husi CBU-curHana ot pe3oHaTopa Kak (YHKIHMS Ya-

crothi: Sy1 =1010g[ Porp /Prag | 1€ Porp 1 gy —

COCTOSIBIIIEH U3

otpaxenHas u magatomas CBU-momHoCcTH cOOTBET-
CTBCHHO.

Pesyabrarel. Ha puc. 3, a uzo0paxeHsl 3aBHUCH-
MocTH Kod(huimenta orpakenus CBU-curnana or
pe3oHaropa Sqq, MOKa3bIBAIOLUINE PE3OHAHCHBIE KPH-
BBIC, COOTBCTCTByIOHII/Ie KOHGGaHI/IHM HU3IICTIO TUIIA.
W3MepeHus MpOBEACHBI MPH MaIarolield MOIHOCTH B
muamazone ot 0.01 o 10 MBt. Ha puc. 3, 6 nzobpa-
JKEHBl 3aBUCUMOCTH HOPMUPOBAaHHOMN IIOIVIOIIEHHOM

MOIIHOCTH Py, OT 4acTOThl, IOIy4YEHHBIE IIepe-

S11(f) mo  dopmynam

S11 :10|og[P0Tp/Pna;1] 1 Piorn = Puag — POTp'
Oocy:xnenune. [[1s TeopeTMUECKOro OMHCAHUS

XapaKTEPUCTUK HUCCIELYEMOIO pPE30HATOpa MCIOJb-
3yeM MOJIeNIb BBIHYKACHHBIX HEJMHEHHBIX KojeOa-

CUETOM 3aBHCHMOCTEH

HUH, paccMOTpeHHyl0 paHnee. IIpu paccMoTpeHun

5.24 5.26 5.28

f,ITu

-30

S11, 1B

P

o1

P

TIorJI max|

0.8
0.6
0.4

0.2

5.24 5.26 5.28 f, IT

Puc. 3. 3aBucumocty ko3 duieHTa orpaxkeHus (a)
1 TIOTJIOIEHHON MOIIHOCTH (0) TNICHOYHOTO
JKUI-pe3onaropa OT 4aCTOTHI

Fig. 3. Frequency dependences of the reflection coefficient
(a) and absorbed power (6) of the YIG film resonator

Koe0aHWi HAMarHMYEeHHOCTH 3a MEPEeMEHHYIO
BO3bMEM TPOEKITHIO BEKTOpa MepeMeHHONH HamarHu-

YeHHOCTH M Ha och X. Torna (3) mpuMeT BUJ
my =|m(z)|cos[t+ 9(1)].

3anuiieM mapameTp pesaKcaiuy ¢ y4eToM BIHUs-
HUS aMIUTUTYAbl KojeOaHWii HaMarHU4eHHOCTH B

CJICOYIOIIEM BHJIC.
or (U?) = 25(1+ B UI2),

rae |U|:|m|/ (\/EM)— HOPMHPOBAHHASI aMILIUTYIa
konebanuii HamarandeHnoctu [10].

3HaveHns 20 U [} MOMYYEHBI IO pe3yiIbTaTaM JKC-
neprMeHTa. B skcriepuMeHTe, BBIMTOJTHEHHOM TIPU HU3-
KOM YPOBHE MOIIHOCTH, moiydeHo 20 =3.32 Ml
3HayeHne napaMerpa HEJIMHEHHOro 3aTyXaHus, olpe-
JICTICHHOE W3 YCJIOBHS COBIAACHHS HKCIEPUMEHTA
U Teopui, cocraBwio P =3.7 10715 Fu_z.

[To pesympraTam 00pabOTKH H3MEpEHHU pE30-
HAHCHBIX KPUBBIX (pHUC. 3) MONydeHa SKCIEPHMEH-
TaJbHas 3aBUCUMOCTb YacTOTHI pelaKcaluu Koneda-

HUM HaMarHMYEHHOCTH OT 3HAYCHUS IONIONIICHHOW
wieHouHbIM JKUI -pezonaropom momrHOCTH (pHC. 4).

66 Henuneiinble Koj1e0aHNsi HAMATHUYEHHOCTH B KacaTeJIbHO HAMArHUYeHHOM

NJIEHOYHOM (pepPPOMATHHTHOM pe30HATOpe
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3.0 | | |
0 2 4 6 Prorn» MBT

Puc. 4. 3aBUCMOCTB 9aCTOTHI peTaKcaluy KoJieOaH it
HamarHnueHHoctu mienouHoro KWL -pezonaropa ot
TOTJIOIICHHONW MOITHOCTH. MapKepbl — SKCIIepUMeHTaIbHbIe
JaHHBIE, JINHUS — Pe3yJIbTaT TEOPETHUECKUX PAaCUETOB

Fig. 4. Dependence of the relaxation frequency
of magnetization oscillations of a YIG film resonator
on the absorbed power. Markers — experimental data,
line — the result of theoretical calculations

N3 Hee caenyert, 4To0 ¢ pOCTOM MOIIOUIAEMOM MOIIHO-
CTH pacTeT W 4acTOTa pelaKcarnuu. JTa 3aBUCUMOCTh
MPOSBIACTCA B VIIUPEHUU PE30HAHCHBIX KPHUBBIX.
OTcrofa MOXKHO cJieNiaTh BBIBOJ, YTO Pa3BUTHE HEJH-
HEHHBIX TPOIIECCOB YMEHBIIAET HArpYKEHHYIO I00-
POTHOCTb PE30HATOPOB M YBEJIMYMBAECT BHOCHUMBIE B
CUCTEMY TIOTE€pH, YTO HEOOXOAMMO YUWTHIBATH TPHU
pa3paboTKe IPUOOPOB HA OCHOBE TAKHX PE30HATOPOB.

Pe3oHaHCHYI0 4acTOTy M €€ HETUHEHHBIN CIBUT
ONpeneluM C IMOMOIIBID JUCIIEPCHOHHOIO YpaBHE-
HUs, B KOTOPOM YYTCHA 3aBUCUMOCTH 4aCTOThbI CIIU-
HOBBIX BOJIH OT KBaJpara HX HOpMHpOBaHHOﬁ
AMIUTUTYIBI. DTO YpaBHEHHE UMEET BU/T

ok
02 (UP) =] oy +on, (1-UP)| 2=2—

k kL
<] wp +oy, (1-1UP) Ty 1—% G

e oH :ZTUYHo, (DMO =2TC’YMO; kzaék)z, +k2,

npuuem Ky =nm/a; k, =mm/a (M u n — nemsie

yHca, ompenenAlnme  MoAy  KoiebaHuii);
MI'-m
y=0.035TLI — THUPOMAarHUTHOE OTHOIIICHUE.

B Teopun ncnionb3yoTcs 0003HaYCHHS UKIHIECKOi
Y4acTOThl ®, KOTOpas CBsi3aHa ¢ yacTotoil f m3Bect-
HBIM COOTHOLIeHHEM @ = 27tf,

3aBUCHMOCTh AMIUTUTYIBI KONEOAaHWH HaMarHH-
YEHHOCTHU OT MOLITHOCTU MOXKHO 3aIlUCaTh B BUJE

\A PHOFJI / B (6)

HenuHeitHble KoJ1e0aHNsI HAMATHHYEHHOCTH B KacaTeJIbHO HAMATHUYeHHOM

IJIEHOYHOM (pepPOMArHUTHOM pe30HaTOpe

5.2664

5.2662

6 P

Tori’

5.2660
0 MBT

Puc. 5. 3aBUCHMOCTB PE30HAHCHOI YaCTOTHI PE30HATOPA
OT TOTJIONICHHON MOIIIHOCTH. MapKephl — SKCIIEpUMEHTATBHEIC
JIAHHBIE, CTUIONIHAS JIMHUS — PE3YJIbTaT TEOPETHUCCKUX
pacyueToB, MTPUXOBAS JTMHUS — MIOCTPOCHUE IS ONPEICTICHHS
KO3 GHITHEHTa CBA3H

Fig. 5. Dependence of the resonant frequency of the resonator
on the absorbed power. Markers — experimental data,
solid line — the result of theoretical calculations,
dashed line — plot for determine of the coupling coefficient

rme B — KoapUIHMEeHT CBSI3U MEKAY MOIIONICHHOM
MOIIHOCTBIO U aMIUIUTYHOH COOCTBEHHBIX KojeOa-
HUM (¢epputoBoro pesonaropa. Ilpu coBmageHun
YaCTOTHl BBIHYXJICHHBIX KOJIeOaHWH ¢ COOCTBEHHOM
4acTOTOM pe3oHaTopa u3 (6) numeem:

U — PHOFJ'I/B ) (7)

20,0

Koaddumment B BBenaeH mis comocTaBiICHHUS
TEOPETUYECKON W HKCIEPUMEHTAJIBbHOW 3aBHUCHUMO-
CTE pPE30HAHCHOM 4acTOThI OT IOIVIOIIEHHOW MOIL-
HocTH. OH CBSI3bIBaCT MONIOIICHHYIO MOIIHOCTh U
KBaJ[paT aMIUTUTYAbI KOJIeOaHWH HAMarHUUEHHOCTH

Pror = B|Uo[*. 8)

3HaueHue KordduireHTa ObIIO OMPENENEeHO CO-
MOCTABJICHHEM JKCIIEPUMCHTAIILHOW W TeOopeTHYe-
CKOM 3aBHCHMOCTEN PE30HAHCHOW YacTOTHl OT IO-
[JIOIIIEHHOM MOIIIHOCTH Ha HA4YajJbHOM JIMHEHHOM
yuactke (puc. 5, mrpuxosas aunus). Vcrnosbsys (7)
u (8), moixyueno B =2185Br. ITocne 3Toro Teope-

THYECKas 3aBUCUMOCTh PE30HAHCHOW YacTOTHI OT
MODJIOIIEHHOW MOIIHOCTH Oblia paccuurtana mo (5)
(puc. 5, crulomIHas JIMHUS).

3akiiloueHne M BBIBOABI. XOpOIIEe COBMAJIE-
HUE KCTIEPUMEHTAIBHBIX (pHC. 5, MapKephl) U TEO-
peTrueckux (puc. 5, CIUIONMIHAS JTUHUS) PE3YIbTaTOB
MMO3BOJISCT CHIeNIaTh BBIBOA O TOM, YTO METOHA M-
JICHHO MEHSIOLIUXCS aMIUTUTYA NPUMEHUM JJIsl OMU-
caHus HEJIMHEHHBIX KojaebaHWii HaMarHMYeHHOCTH
C Y4EeTOM KaK HEJIMHEWHOTo CABHUIa YacTOTHI, TaK
W HEJIMHEWHOro 3aryxanus. HenuHeliHOe 3aTyxaHue
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MPUBOINT K YIIMPEHUIO PE30HAHCHBIX KPHUBBIX, TEM
CaMbIM YBEJIMYHBAs TMOTEPH. DTOT 3PPEKT TakkKe
yBennuuBaeT Kodpdumuent orpaxenus CBU-
CUTHaJIa OT pe3oHaTopa. Hanmmune HenuuenHoro 3a-
TyXaHUS MO3BOJISIET CYIIECTBEHHO OTPAHHUYUTH BIIHU-
SIHUE HEJIMHEWHOrO CIBUTa 4YacTOThl KoJieOaHHi
HaMarHu4eHHocTH B [1DP.

Ha ocHOBe wuccienoBaHHBIX  HEIMHEHHBIX
3¢ HEKTOB BO3MOKHO CO3JAaHHE Pa3IMYHBIX MPHUOO-
poB s 0o0paboTku u reHepanuu CBY-curnanos.
B kauectBe mpumepa npusenem CBU-orpannunrenu
Y IIyMOTIOAaBUTEIIH.
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3HameHaTeNbHble AaTbl

K CTONNETUIO CO AHA POXAEHUA HO. M. KASAPUHOBA

Ipodeccop 10. M. Kazapunos
(1920-2017)

23 Hos6ps 2020 r. ucnosnHseTcst 100 et co aHS
poxaeHus 3aciykeHHoro mpodeccopa CIIGIDTY
«JIDTW», 3acayKEeHHOTO AeATeNs] HAYKd U TEXHHUKH,
JIOKTOpa TeXHUYeCKUX Hayk, npodeccopa Kazapu-
HoBa Opus Muxaitnosuua.

10. M. KazapunoB noctynun B JIDTHU B 1938 1.,
B 1941 r. mocie okoH4aHus 3-TO Kypca BMECTO Mpo-
nowkenns yueOsl B JIOTU emy npunutocs npoiTtn
YCKOPEHHYIO IIOJITOTOBKY B apTHIUICPUICKOM YUH-
JIUIIIE U YK€ BeCHOU 1942 T. mpUHATh KOMaHI0BaHUE
Oatapeeit B 60sx mox XappKkoBOoM. B mioHe TOTO %€
rojia OH OBUT MEPBBIH pa3 paHEH, HO cymell OBICTPO
BEPHYTHCS B CTPOM U B ajbHEMIIEM MPUHUMAI y4a-
CTHE B KPOBONIPOJUTHBIX CpaxeHHAx Ha CeBepHOM
Kaskasze. [Tocne Tspkenoro panenus B 1943 r. gemo-
OmnM30BaH B 3BaHWMHW KamuTana. B 1944 r. mpomon-

xwun yueOy B JIDTU. Bynyun crynenrom-¢ppoHTOBH-
KOM, PYKOBOAMJ BO3BpALICHUEM HWHCTUTYTa W3 dBa-
KyalllH Iocjie ocBOOOXAeHUs JIeHnHrpaga ot OIo-
kajpl. OxoHumn ¢ otnuuueM JIOTU B 1948 1. o Ho-
BOH cnenmaibHOCTH "'Pamuonokarus’, BepBbie OT-
kpbrToid B CCCP Ha BHOBB CO3/TaHHOM PaHOJIOKaIH-
OHHOM (haKyJbTeTE.

C 1948 1. }O. M. KazapunoB pabotain Ha kadeape
pamguocucteM. O0mui crax padotsl B JIITU 69 ner.
Kangunat rexanyeckux Hayk (1951), nonent (1952),
IOKTOp TexHmdyeckux Hayk (1963), mpodeccop
(1964), 3acoy)keHHBIH AeATEIb HAYKH W TEXHHKH
PCOCP  (1979), 3acayxeHHwlidi  mpodeccop
CIIoI'DTY "JIDTU" (2003), [oueTHsIid mpodeccop
HoBropoackoro rocymapCTBEHHOTO YHHUBEpCHUTETa
um. Spocnasa Myzaporo (2001). B teuenue 36 ner
(1953-1989 rr.) 3aBemoBain Kadeapoi pagrOCHCTEM.

10. M. KazapuHoB — ocHOBaTejIb 1 MHOTOJIETHUI
rinaBa HayuHo# mkossl JIOTU B o6nactu paanosnek-
TPOHHBIX KOMIUICKCOB ITO3MIMOHUPOBAHUS IBIKY-
HIUXCS 00BEKTOB. B €ro mocy>KHOM CITUCKE HAyYHOE
pykxoBojcTBo Aecsitkamu HUP, nmeBmmx cratyc npa-
BUTEIBCTBEHHBIX U MOCBSIICHHBIX aKTyalbHBIM TEO-
PETUYECKUM U TEXHOJIOTHYCCKHM acIleKTaM pPajuo-
JIOKAITUH, PaJMOHABHUTAIIMU U YIPABIICHHUS BO3.YIII-
HBIM JABWXeHHEeM. [IpuHIMNMAIBHON OCHOBOHM TIO-
JIOOHBIX pa3palbOTOK SIBISUIMCH CaMble TMEpeOBhIE
Ujieu Takux obyacTell 3HaHuUs, Kak Teopus nHpopMa-
UM, CTATUCTUYECKAs PaJHOTCXHUKA, TCOPHUS YIIPaB-
nenus, udpoBas MUKpOIIeKTpoHuKa u 1p. Kak py-
KOBOJIMTEIb M KOOPJAMHATOP HAYIHBIX UCCIICAOBAHUIN
10. M. KazapuHoB Bcera HalenmBa KOJUIET Ha Mac-
mTaOHbIC 3a/1a4U, CBSA3aHHBIC C aBaHTAPIHBIMH TCH-
JeHIsiIMA B MX npodeccruonanbHoit chepe. Ero op-
TaHW3aTOPCKUN TaJIAHT SIPKO IPOSBILUICS B YMEIOM
(opMHPOBaHUN HAYYIHO-TIOMCKOBBIX HOJpa3ACICHUM
u mongdope ux nuaepoB. bmaromaps sTomy Ha Ka-
dbenpe u B ee 0TpacieBhIX 1a00PATOPHSIX B COIPYIKE-
CTBE C BeIYIIMMHU NPEIIPUITUIMH CTPAaHBI OBIIH pe-
aNM30BaHBl BeChbMa 3HAYMMBIC U PE30HAHCHBIC TPO-
exThl. Tak, B 60—70 IT. 0JJTHOH M3 MCCIIeIOBATEILCKHUX
rpynm kadeapsl ObUT co3aH psii 00pas3IoB MEPBBIX
OTEYECTBCHHBIX II(DPOBBIX MPUEMONHIUKATOPOB CH-
CTeM JajbHEH paTuoHABHTAMU HA3eMHOTO 0a3mpo-
BaHus. [IpopbhIBHOM XapakTep OCYIIECTBJICHHUS IIO-
JIOOHO¥ IporpaMMBI OBLT CBSI3aH C TEM, UTO MPE/IIIe-
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CTBYIOII[asl OTEUECTBEHHAs ammapaTrypa yKa3aHHOTO
Ha3HA4YeHHUs1 OCHOBBIBAJIACH UCKIIIOYUTEIBHO HA aHa-
JIOTOBBIX TEXHOJIOTHSAX, a 3apyOeKHBIE TUIAHEI 110 CO-
31aHUI0 HU(POBBIX HABUTATOPOB YBUAEIH CBET JIUIIb
Toraa, koraa npudopst JIOTHU yxe mpoxoaunu noi-
HOMAacCIITaOHBIE TIOJIEBBIE TECTHl. 3aMedaTeIbHO, YTO
YIIOMSIHYTasl TEXHUKa TMpeJCTaBIsAia cOO0H He Mpo-
CTO JIMHEHKY MOJENbHBIX MMPOTOTUIIOB, HO PEaJbHO
9KCIUTyaTHPOBANIACh KaK MHCTPYMEHT KOOPIUHATHOMH
MPUBSI3KA B TEOJIOTO-T€O(U3NUECKUX, H3BICKATEIb-
CKUX M TUAPOTPaAPHUCCKHUX IKCIICIHUIUSIX B PETHOHAX
Atnantideckoro u Tuxoro okeanos, Cpenn3eMHOT0
MOpsA M OKeaHCKuX Iueib(poB. C BO3SHMKHOBEHHEM
CIIyTHUKOBOW HaBUTAIMU Kadeapa aKTUBHO MOIKIIIO-
YHJIaCh K paboTaM M 3TOTO MPOQUIIA, 3aBSPIIHBIIH-
MHUCS K KOHITy 80-X IT. CO3laHMEM OPUTHHAIBHOTO
npuemnuka GPS/TJIOHACC, nepenanHoro B mpo-
MBIIUICHHYIO JOBOJIKY.

Baxnbie uccnenoBaHusl BRIIOIHSUTUCH PYKOBOAU-
Mol FO. M. KazapuHOBBIM KOMaHIOH M B OOJACTH
OMDKHEW HaBUTAIINH, CaMOJIETHOTO IMPHBOIA U TIO-
CaJIKi, pa3HOOOpa3zHOW paanoaBUOHUKU. WHTEepec-
HBbIE HJIEH, POJAMBIINECS B HeApax dTOro HallpaBlie-
HUs, OBDIM, B YaCTHOCTH, IPUHATHI HA BOOPYXCHUE
pa3paboTYMKaMi HABUTALIMOHHOTO KOMIUIEKCa CO-
BETCKOTO KOCMHUYECKOTO ueHoKa "bypan".

1O. M. KazapuHOB HEM3MEHHO NpHUaBajl IPUOPH-
TETHOE 3HAYCHHE MpOoMaraHae Hay4HbIX JOCTHXECHUH
BO3TJIABIIEMOTO KOJUICKTUBA, BCSUECKH TTOOIIPSIS
MyOJIMKAIIMOHHYIO aKTHBHOCTH €ro WwieHoB. B 60-80-¢
TOJIbl YBHUJIENH CBET COTHH CTaTe€d COTPYAHUKOB Ka-
(dbeapsl B BeIyNHMX 00MIECOI03HBIX XKypHAIaX, BEIOM-
CTBEHHBIX COOpHWKAaX W TpyHxax koHgpepenuuii. [la-
paIIENbHO IIEHTPATLHBIMU MPOGUIBHBIMU H3/1aTENb-
CTBaMH OBLT BBIIYIIEH PsI HAYYHBIX MOHOTpaduii, B
KOTOPBIX POJIb KIFOYEBOTO aBTOpA WM THUTYIHHOTO
penaktopa mnpuHamiexana FO. M. KazapuHosy.
B 1975 r. B u3natensctBe "CoBeTcKoe pajno” BHIIILIA
MoHorpadus "Tlowck, oOHapyXeHHE W H3MEpEHHE
MapaMeTpoB B PaJIMOHABUTAIIMOHHBIX CUCTEMaX ' O]
penakuuerr HO. M. Kazapunosa (B. II. HMnaros,
10. M. Kazapunos, 0. A. Komomenckuit, 10. JI. Yib-
STHUIKWK ), 00OOIIMBIIAs WCCIIEJIOBAHUS aBTOPOB B
00JIACTH CTATUCTUYECKOTO CHHTE3a II(PPOBEIX alro-
PUTMOB OOpa0OTKM CHUTHAIOB HA3€MHBIX CHCTEM
JlaTbHEeW HaBUTAIMH, a BBITyIIEHHbIE B 1985 1. KHUTH
"JIluHaMHYECKUE CUCTEMBI, YCTOHYMBBIE K OTKazaM"
(Ipummmua 1O. II., Kazapuno 0. M., "Pamno u
cBs3p") 1 "l[IpoekTupoBaHne yCTPOMCTB (PUIBTPALIUH
paauocurHanos” (Kasapunos 0. M., Cokonos A. 1.,

Opuenko 0. C., Uzn-Bo JII'Y) noasenu UTor MHO-
rojieTHel paboTe aBTOPOB MO ONTUMHU3ALKHU cOOpa U
KOMITJICKCHPOBaHMS HHOOPMALIUN B CHCTEMaX a’3po-
JIPOMHOW HaBUTallUH U TIOCAIKH.

Bropas monoBuHa 70-X 03HaAMEHOBAJIACh PEBO-
JIONMOHHBIMU TTOJIBFOKKAMH B 00JacTH IHQPPOBOMA
MUKPODJIEKTPOHUKH, U B YaCTHOCTH, MOSIBICHHUEM
Mukpornporeccopos. 0. M. KazapuHoB Ob11 B uncie
MEPBBIX, KTO CBOEBPEMEHHO MIpeayrajgayl MepCHeK-
THUBBl MX BHEIPEHHUS B PaJMOTEXHUYECKUE pazpa-
OOTKM M COJEHCTBOBAJI COOTBETCTBYIOIIUM MOHCKO-
BBIM HMHHUIIMATHBAM COTPYIHUKOB ITOABEIOMCTBEH-
HBIX ToJpa3JeNeHuid. Pe3yiabTaToM OCBOCHHA Ka-
denpoil mepenoBBIX HAa TOT MOMEHT TEXHOJOTHI
SIBIJINCH HE TOJBKO 00PAa3mbl M MaKeTHl Pa3IHIHBIX
MH(OPMALIMOHHBIX YCTPONCTB, HO W MOHOTpadus
"MUKpPOTIPOIIECCOPHl B PAAMOTEXHUUYECKUX CHCTE-
Max" (I'pumud 1O. I1., Kazapunos 0. M., Katukos
B. M., "Paguo u cBsi3p", 1982). JlansHeliiee pa3su-
THE DTOrO HaIpaBJICHUS OOYCJIOBHIIO TMOSBICHHE
nByx kHHUT: aBTopoB Kazapuuona 0. M., Homoxo-
HoBa B. H. u @ununnosa @. B. "[IpumeHeHne MUK-
porpoiieccopoB 1 MUKpOOBM B paIiHOTEXHUYECKUX
cucremax" W "MHKPOIPOIECCOPHBIA  KOMILICKT
K1810" ("Bricmas mkoia", 1988 u 1990 rr. coot-
BETCTBEHHO).

ITocne pacnaga Cosetrckoro Coro3a By30BCKas
HayKa Poccun nummnace B umciie npovYux MEKAyHa-
POIHO TPU3HAHHOTO TMPO(ECCHOHAILHOTO TMeYaT-
HOTO pecypca: xypHana "HU3Bectus ByzoB CCCP.
Pannosnextponuka", uznasasiierocs B Kuese. [1o-
cienoBaBmue 90-¢ I'T. OKa3aauch MEPHOOM Oe3Bpe-
MEHBS UIA OTSYSCTBEHHOM BBICHIENM TEXHHUYECKON
mkojsl. Ha 3ToM HeGaronpusTHOM (POHE BBIABUHY-
tag FO. M. Ka3zapuHOBbIM Hjes BO3pOXKACHUS Kyp-
HaJla paIguoTeXHWYECKOH HAIpaBICHHOCTH Ha 0Oaze
JIOTU He BcemH BOCIPUHMMAIACH KaK 3JI000HEB-
Has ¥ )ku3HecriocoOHas. OiHako 6aroaaps HacTOM-
guBOCTH ¥ dHTYy3na3my 0. M. Kazapunosa u cop-
MUPOBAHHOM MM HHMIMATUBHON TIpyNIbl XXypHal
"M3BecTus BBICHIMX Y4YeOHBIX 3aBeleHui Poccuu.
Pamnosnextponnka” Obu1 B 1998 I. yuUpekaeH U yxe
Ooree JBAAIATH JIET PETYISIPHO W3JIAETCS HAIINM
YHHBEPCUTETOM, OOpETS aBTOPHUTET B IKCIIEPTHOM
COO0IIECTBE U IIPECTIKHBIHN CTaTYC.

Heonenums! 3acayru 0. M. Kazapunosa B noa-
TOTOBKE HAayYHBIX KaJpOB BBICIICH KBaTH(PHUKALINH.
JecATky ero mUTOMIEB — KaHAUAATOB U JOKTOPOB
HayK — B Pa3HBIC I'OAbl BO3TJIABJIAIN ]'[pO(bI/I.]'ILHI)Ie
MO/Ipa3JIeIeHus] BY30B M MCCIEA0BATEIbCKUX LIEH-
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TPOB HA MIPOCTOPAX CTPAHBL, YCHEIIHO IepeaaBas MO-
JONEKHU 3HAHWS U OIBIT, MOJYYCHHBIE BO MHOTOM
Onmaromapsi Y4UuTeIio.

HayuHast koMIIOHEHTa TECHO TeperuieTanach B Jie-
steapHOCTH FO. M. KazapuHOoBa ¢ yaeOHO-TIe1aroru-
yecKkoi. MHOTMM MOKOJIEHUsIM BbITycKHUKOB JIDTU
MaMSITEH CTPOTHUH, JIOTUYECKH MOCICIOBATCIBHBIA U
BBIPAa3HTEIBHO-00pa3HbIA CTHIIB ero JieKnuid. Heymu-
BHUTEINBHO, UTO sipkuil MmeToauueckuit gap 0. M. Ka-
3apHHOBA BOILIOTHJICS B IENOW CepUH y4eOHHKOB U
y9eOHBIX TOCOOWH, BBIMYIIEHHBIX LEHTPAIHHBIMA
m3gparensctBamu CCCP, a 3atem Poccnn. Haunnas ¢
60-X IT., peryJIIpHO BBIXOMIN KOJUICKTHBHBIE TIOCO-
OWsl IO pacyeTy UMIYJIbCHBIX M IU(POBBIX paaHo-
TEeXHUYECKUX ycTpoicTB oA pemakmueit 0. M. Ka-
3apuHOBa, a B 1968 r. Obu1 uzgan nepseiii B CCCP
yueOHUK "'PamuorexHmdyeckue cUCTeMbI” (M31-BO

"Paguo u cBs3b"), cTaBIINK HA JIOJITHE TOJbI OCHOB-
HBIM PYKOBOJICTBOM IIO COOTBETCTBYIOIIMM [HICIIH-
TJTMHAM TS CTYJIEHTOB-PAIICTOB BCel cTpaHbl. Brio-
cleficTBUM M3garenbera 'Beicmas mkona” (1990)
u "Akagemus’ (2007) BeITyCTHIIM OOHOBJICHHBIC BEp-
cnr yueOHHKa, aBTOPCKHUN COCTaB KOTOPBIX BapbUPO-
BaJICs IPH HEU3MEHHOM TUTYJIBHOM PEAaKTOpeE.

JKuznennsiit myTs 0. M. KazapunoBa 3acinykeHHO
YBEHYaH BBICOKMMH Harpamamu. 6oeBbiMu (KpacHoi
3Be3npl, Benukoit OTeuecTBEHHON BOMHBI) U TPYAO-
BbIMH (JIernnna, TpynoBoro KpacHoro 3Hamenu, 3Hak
[lowera) opmeHamn, MHOTUMH MEOAIAMH W TIOYET-
HBIMH 3HaKaMu. [lepedeHb O(UIMANBHBIX OTIMYHI
HEJIb3s1 He NTOMOJHUTH Oe3TpaHWYHBIM YBa)KCHHEM U
HeTIpepeKacMbIM aBTOPUTETOM, KOTOPBIMH OH HEH3-
MEHHO TOJIB30BAJICS B cpele KoJuler mo mnpodeccuu,
YYEHUKOB U ITOCIICAOBATEICH.
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MpaBuna gns aBTOpOB cTaTel

B penmakmro xxypHana "H3Bectust By30B Poccnu. PagmosnexTpornka" He0OX0IUMO IPEACTaBUTh:

— pacrieyarky pykomucu (1 5K3.) — TBepAyro KOmHio (aiina cTaTbu, MOANUCAHHYIO BCEMH aBTOpaMu (00beM
OpUTHHAJILHOW CTaThU HE MEHEE 8 cTpaHuil, 0030pHOI cTaThu He Oonee 20 cTpaHuI);

— 3JIEKTPOHHYIO KOIIHIO CTaThy;

— OTHENbHBIN (Gaiisn A1t KKJIO0Tro PUCYHKA M KaX0i Tabnuipl B hopMare TexX pelakTopoB, B KOTOPBIX OHU ObLIN
MIOATOTOBJIEHBI. Pa3zmeliene prcyHKa B JJIEKTPOHHOM KOIMU CTaThbU HE 0CBOOOXKAET OT €ro IpeCTaBlICHUs
OTIETBHBIM (aifiom;

— DKCIIEPTHOE 3aKIF0YCHHUE O BO3SMOKHOCTH OITyONTMKOBaHUS B OTKPBITOH medaTH (1 3K3.);

— CBEJICHHS 00 aBTOpax M WX AIIEKTPOHHYIO KOIHIO (Ha PYCCKOM U aHIIIMHCKOM s3bIKax) (1 3K3.);

— peKOMEHIAIHIO Kadeaps! (TIOapa3IeiieH ) K OITyOMKOBAHHUIO (CTIeIyeT YKa3arh IMpeioiaraeMyto pyopuky) (1 3x3.);

— CONPOBOAUTENHFHOE HCEMO (1 9K3.).

IIpuHMMaleTCsl K MyOINKALMHM CTATBH HA PYCCKOM M AHIVINMIICKOM fI3bIKaX.

PyKOHI/ICL HE MOXKET OBITh OHy6J’II/IKOBaHa, CCJIM OHA HC COOTBCTCTBYCT INPCABABIACMbBIM TpC6OBaHI/I$IM " Marcpuajiam,
NPEACTaBIACMBIM C HEM.

CTpykTypa HAyYHO#H CTAaTbH
ABTOpaM peKOMEHIyeTCs IPUAEP>KUBATECS CIETYIONIEH CTPYKTYphI CTaThU:

e 3aroyloBOYHAs 4acTh:
— V]IK (BbIpaBHUBaHHE TI0 JIEBOMY Kpalo);
— Ha3BaHUE CTaTbH;

— aBTopHI (mepeyeHpb aBTopoB — @. M. O. aBTOpa (-0B) MOJHOCTHIO. VIHUITHANIBI CTABATCS Mepell (haMUTHIMHU,
MocJie KaXJ0ro WHHIMAla TOYKa M MpoOels; WHUIMABI He OTPBIBAIOTCS OT ¢amminu. Ecou aBTopoB
Heckonmbko — @. M. O. pasnensroTcs 3amsiTbIMH), €CJIA aBTOPOB OoJjbiie 3, HEOOXOAMMO B KOHIIE CTaThU
yKa3aTh BKJIaJ K&KJOTO B HAIMCAHUE CTaThH,

— MECTO PabOTBHl KaXXIOTO aBTOpa W IOYTOBBIN ampec opraHW3alud. Ecim aBTOpBI OTHOCATCS K PasHBIM
opraHu3alusM, TO IOCJE yKa3aHUs BCEX aBTOPOB, OTHOCSILMXCA K OJHOM OpraHu3aluu, JIaeTcs ee
HAaUMEHOBAaHUE, a 3aTEM CIIMCOK aBTOPOB, OTHOCSIIMXCS KO BTOPOW OpraHU3allMy, HAUMEHOBAaHUE BTOPOM
OpraHu3aiuu, u T. 11.;

— agHoTauus — 200-250 ci10oB, XapaKTepU3yIOIIUX COAEpKAaHUE CTAThbH;

— KJIFOYEBBIE CJIOBA — 5—7 CJIOB W/WIIM CIIOBOCOYETAHU, OTPAXKAIOUIMX COJEP)KAHUE CTAThb, Pa3eieHHbIX
3allIThIMH, B KOHIIC CIIMCKA TOYKa HEC CTABUTCA,

— UCTOYHUK (PMHAHCUPOBAHUS — YKa3bIBAIOTCS MUCTOYHUKU (DMHAHCUPOBAHUSI (IPAHThI, COBMECTHBIE ITPOESKTHI
u T. 1.). He criienyer ncnons30Bate COKpalieHHbIe Ha3BaHUS MHCTUTYTOB M CIIOHCHUPYIOIIUX OPraHU3alni;

— OnaromapHocTH. B maHHOM pasfelie BrIpaXaeTcs IPU3HATEIBHOCTh KOJUIEraM, KOTOPBIE OKa3bIBAIU TOMOIIb
B BEINIOJIHCHUH WCCIICIOBAHUS WJIM BBICKA3bIBAIM KPUTHUYCCKUE 3aMECUaHHS B ajpec CTaThu. [Ipexe dyem
BBIPa3UTh OJIaroJapHOCTh, HEOOXOANMO 3apYUUTHCS COTJIACHEM TeX, KOTO IUIaHUPYeTe MOOIaroJapuTh;

— KOH(UIMKT WMHTEPECOB — aBTOPBl ACKIAPUPYIOT OTCYTCTBHE SIBHBIX M IOTCHIHAJIBHBIX KOH(MINKTOB
MHTEPECOB, CBA3aHHBIX C MyOIMKalied HacTosel cratbu. Hapumep, «ABTOpPBI 3asIBISIFOT 00 OTCYTCTBUU
KOH(JIMKTa HHTEpecoB». Ecin KOHMIMKT HMHTEPECOB BO3MOXKEH, TO HEOOXOJMMO IOsSICHEHHE (CM.
https://publicationethics.org).

e 3aroj0BOYHAs 4aCTh HA AHITIMHCKOM SI3BIKE:
— na3panue (Title);

— aBTOpHI (Authors);
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— Mecto pabothl kaxnaoro aBropa (Affiliation). HeoOxoqumo ybenanTbess B KOPPEKTHOM (COIVIACHO YCTaBY
OpraHM3allii) HalMCaHUW ee Ha3BaHHs Ha aHIIMHCKOM s3bIke. IlepeBon Ha3BaHUsS BO3MOXKEH JIMIIb MPH
OTCYTCTBUH aHIJIOSI3BIYHOTO Ha3BaHU B yCTaBe. Ecin aBTOPBI OTHOCSTCS K pa3HBIM OpPraHU3aIHsM, TO TTOCIIE
YKa3aHUsI BCEX aBTOPOB, OTHOCSIINXCS K OTHOM OpraHHU3alliH, TaeTCsl ee HAaMMEHOBAaHUE, 3aTeM IIPHBOIUTCS
CIIUCOK ABTOPOB, OTHOCSIIMXCS KO BTOPOH OpraHW3alny, HANMEHOBAaHNE BTOPOH OpraHU3aliy, U T. 1.

— anHoTaius (Abstract);
— xmoueBkie ciioBa (Keywords);
— UCTOYHUK (rHaHcupoBanus (Acknowledgements);
— xoHmukT nHTEepecoB (Conflict of interest).
e Tekcr crarbu.
e [IpunoxeHus (Ipu HATUYUN).
e  Amtopckuii BKIan. Ecim aBTopoB Gompie 3, HE0OXOANMO yKa3aTh BKJIA]] K&KIOTO B HAIIMCAHUE CTAThU.
e  Cnucok nuteparypsl (Oubnuorpadguyeckuii Cucok);

e Uudpopmanus o6 aBTopax.

Ha3Banue cTaTbH J0DKHO OBITH MH(GOPMATUBHBIM, C HCIIOJIb30BAaHUEM OCHOBHBIX TEPMHHOB, XapaKTEPHU3YHOLIHX
TEMY CTaTbU, U YETKO OTPaXkaTh €€ COJAep)KaHHe B HECKOJBKHX CJIOBaX. XOpouio copMyaHpOBaHHOE Ha3BaHUE —
rapaHTHs TOTO, YTO paboTa MPHBJIEUET YUTATENbCKUI MHTepec. ClesyeT MOMHHTh, YTO Ha3BaHHE pabOoThl IPOUTYT
ropaszio Oolblie JIfo/iel, 4eM €€ OCHOBHYIO YacTh.

ABTOpPCTBO U MECTO B IEpPEYHE aBTOPOB OIpPEENIeTCs JOTOBOPEHHOCTBIO nocieaHux. [Ipu mpuMepHo paBHOM
ABTOPCKOM BKJIaJle PEKOMEHyeTCs ali(paBUTHBIN TOPSAOK.

AHHOTaIUS TIPEICTABIAET COO0I KpaTKoe ONMCAHWE COAEPKAHUS M3JIOKEHHOro Tekcra. OHa JOMKHA OTpaXaTh
aKTyaJbHOCTb, IIOCTAHOBKY 3a/aud, IIyTH €€ pEHICHUs, (aKTUYECKH IIOMy4YCHHbIE pPE3YIbTaThl M BBIBOJBI.
CozeprxaHue aHHOTAIMK PEKOMEH/IyeTCs IPEICTABUTh B CTPYKTYPUPOBAHHON (opMe:

Beenenue. [IpuBoauTcs obliee onrcaHue UCCIEayeMol 00IacTH, SBICHHs. AHHOTALIUIO HE CIIelyeT HAYHHATh
cimoBamu «Crarhsi MOCBsleHa...», «llenb Hacrosimeit cTarbW...», TaKk KaK BHaJaje HaJ0 I[OKa3aTh
HEOOXOIMMOCTh JaHHOTO HCCIEIOBAHUS B CHIIy MpoOelia B HAYYHOM 3HAHHH, IMOYEMY M 3a4eM MPOBEICHO
uccie0Banne (OMUcaTh KPaTko).

Hean pa6Gorbl. IlocranoBka menu wucciegoBanus (Ieb MOXET ObITh 3aMEHEHA THUIOTE30W WU
UCCIIE0BATENHCKUMH BOTIPOCAMH).

MaTepPla.]IbI H METOAbI. O06o3HaueHHE HCHOHLSyeMOﬁ METOAOJIOTHUH, METOAOB, NPOLUCAYPHI, I'1€, KAaK, KOrAa
MMPOBEACHO UCCIICTOBAHUE U TIP.

PesyabTarbl. OCHOBHBIE pe3yNIbTaThl (IPUBOMATCS KPATKO C YIOPOM Ha CaMble 3HAUUMBIE W TIPUBJICKATEIbHBIE
JUTSL YMTATENIs/HAyIHOTO COOOIIECTRA).

Obcy:xnenne (3axiawuenune). ConocrapieHne ¢ IPyrUMH UCCIIEAOBaHUSIMY, ONTMCAHNE BKJIaJa UCCIIEA0BaHMUS
B HayKy.

B AHHOTAallUM HE CJICAYCT YINOMHHATL HCTOYHUKHU, HCIIOJIB30BAHHBIC B pa60Te, MEPECKA3bIBATh COJACPIKAHUC
OTACJIBHBIX pa3aciioB.

HpI/I HaAallMCaHWUHU aHHOTAIMH HeO6XO]1PIMO CO6H}O}I&TB 0COOBIN CTHJIb M3JIOKEHMS: HU30erarb JUJIMHHBIX W CJIOXXHBIX
npe}lnoncepmﬁ, BbIpaXXaTb MBICIIM MAaKCUMAJIbHO KpParKO U YCTKO. CocTaBisITh MPEATIOKEHNA TOJIBKO B HACTOAIIEM
BPEMEHHU U TOJIBKO OT TPETHETO JIMIA.

Pexomennmyemsrii 00bem anHOTamu — 200-250 cios.

KiroueBbie c10Ba — Ha0Op CJIOB, OTPa)KaOMIUX COACPIKAHUE TEKCTa B TEPMUHAX OOBEKTa, HAYYHOW OTPACIH H
METO/IOB HCCIEIOBaHUsI. PekoMeHIyeMoe KOJIMYECTBO KIIFOYEBBIX CIIOB/(Ppa3 — 5—7, KOIMYESCTBO CJIOB BHYTPH
KITFOUeBOM (ppasbl — He Ooiree 3.
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TekeT cTraTby M37araeTcsi B OMNPEICICHHOW IOCIe0BATENbHOCTH. PekoMeHayeTcs: mpuaepKuBarhesi (opmara
IMRAD (Introduction, Methods, Results, Discussion; Beenenne, Metonst, Pesymsrarsl, O0cyxaeHue):

BBenenue. Bo BBeneHUH aBTOP 3HAKOMUT C IPEIMETOM, 3ala4aMH M COCTOSHHEM HCCIICIOBaHHUHN 10 TeMe
MyOMUKaIMK; TTPH 3TOM HEOOXOTMMO 00s3aTeTHHO CCHIIATHCS HAa MCTOYHUKH, U3 KOTOPHIX OepeTrcs MH(OpPMAITH.
ABTOp TIPHBOIUT OMHCaHHE "OENBIX IATEH" B MpOOJIEeMe WM TOTO, YTO eIlle He CHeNaHO, M (GOPMYIHPYeT LEeNHd U
3aJ1a4u MCCIIeIOBAHMS.

B TekcTe MoryT ObITh IPUMEHEHBI CHOCKH, KOTOpBIE HyMepyloTcst apadckumu udpamu. B cHockax MoryT ObITh
pa3MeIneHsl: CChUIKM Ha aHOHUMHBIE UCTOYHHUKH n3 MHTepHeTa, cCchutkn Ha yaeOHukH, yuebnsie mocodms, [OCTHl,
aBTopedepaThl, AUCCEPTALMU (€CII HET BOSMOXKHOCTH NPOLUTUPOBATH CTaThH, OIYOJMKOBaHHBIC MO pe3ylbTraTaM
JIMCCEPTALMOHHOTO HCCIICIOBAHMS).

MeTtonsl. HCO6XO,HI/IMO OImrcarb TEOPCTUYCCKUEC WJIM OKCICPUMCHTAJIBHBIC MCTOJAbI HCCICAOBAHUA,
HCIOJIB3YEMOC OGOpy)lOBaHI/Ie uT 1., YTOOBI MOXKHO OBLIO OLCHUTH W/unm BOCHPOU3BECTU HUCCIICAOBAHUEC. MeTton wnu
METOIOJIOTHIO TIPOBEACHUA UCCIIENOBAHNA uenecoo6p33H0 OITUCBHIBATH B TOM ClIyda€, €CJIM OHU OTJIINYArOTCA HOBH3HOM.

Hayunas craTest 10JDKHA 0TOOpaXkaTh HE TONBKO BHIOPAHHBIN MHCTPYMEHTAPUH 1 MTOIy4YEHHbIE PE3yNIbTaThl, HO U
JIOTHKY CaMOT0 HCCJIEAOBAHUS WIH IIOCJIENOBATEIbHOCTh PACCyXICHUH, B PpE3ylbTaTe KOTOPHIX ITOIYYEHBI
TeopeTHYecKre BeIBOABI. [10 pe3ynbTaraM SKCIIEpUMEHTAIbHBIX HCCIIENOBAHUN IeIecO00pa3Ho OMHcaTh CTAIUN U
3Tansl SKCIEPUMEHTOB.

PesyabraThl. B 3TOM pa3smene mpencTaBiieHBI 3KCIIEPUMEHTAIbHBIC WIM TCOPETUYCCKHE JIaHHbIC,
MOJIYYCHHBIC B XOJIC MCCIICIAOBaHMs. Pe3ynbTaTsl Aal0TCs B 00pabOTAaHHOM BapuaHTE: B BHUIC TaOIUIl, TpaduKOB,
JaMarpaMM, ypaBHeHHH, (ororpadwuii, pucyHkoB. B 3TOM pasziene HpUBOAATCS ToibKo (aktel. B omucanum
MOJIYYCHHBIX PE3YJIbTaTOB HE TOJDKHO OBITh HUKAKUX MOSCHEHHUI — OHM Jat0TCs B paszaene «O0cyx aecHue.

Oocyxnenue (3akirouenre M BeiBoabl). B 310l yacTu cTaThu aBTOPHI MHTEPIPETHPYIOT MOTyYEHHBIE
pE3yAbTaTbl B COOTBCTCTBHUU C IIOCTABJIICHHBIMU 3ada4aMU HCCICAOBaHHA, MPUBOAAT CPABHCHHUEC ITOJTYUYCHHBIX
COOCTBEHHBIX PE3YJBTAaTOB C pe3yJbTaTaMu APYTruX aBTOpoB. HeoOXoauMo mokaszarh, YTO CTaThs pEIIaeT HAyuYHYIO
npoOJieMy WITH CITYKHUT NPUPAIIESHHUIO HOBOTO 3HaHHs. MO)KHO OOBSCHATH NONTYy4YSHHBIE PE3YJIBTAaThl HA OCHOBE CBOETO
ombiTa ¥ 0a30BBIX 3HAHW, NMPUBOAS HECKOJIBKO BO3MOXKHBIX OOBSICHEHHWIl. 3[€Ch M3JIaraloTcsl MPEIOKEHHS I10
HalnpapJICHHUIO OYIYILHX UCCIICIOBAHUH.

Cnucok jurTeparypbl (0ubauorpadMuecKuil CUCOK) COJACPKUT CBEACHHS O IUTHPYEMOM, pacCMaTpHBAEMOM HIIH
YIOMHWHAaEMOM B TEKCTE CTaThU JIMTEPATypHOM MHCTOYHHKE. B CHHCOK JUTEpaTypbl BKIIOYAIOTCS TOJBKO
PEIeH3UPYEeMbIe HCTOYHUKH (CTAaThU M3 HAYYHBIX JKYPHAJIOB U MOHOTpaduu).

Cnmcok JuTeparypsl ODKEH MMETh HE MeHee |5 MCTOYHMKOB (M3 HUX, NpH Hanuuuu, He Oonee 20 % — Ha
cOOCTBEHHBIC Pa0OTHI), UMEIOIUX CTATyC HAYIHBIX ITyOIHKAINH.

[TpuBeTcTBYIOTCS CCBUIKM Ha COBpPEMEHHBIC aHINIOs3bIYHbIe u3naHus (TpeboBanust MHBJ[ Scopus — 80 %
LUTHUPYEMBIX aHIVIOS3BIYHBIX UCTOYHUKOB).

Cchuiku Ha HeOHy6J'II/IKOBaHHLIC U HETUPAKUPOBAHHBIC pa6OTBI HE JOITYyCKaroTCs. He JAOITYCKArOTCA CCBUJIKM Ha
y‘IC6HI/IKI/I, y‘I€6HLI€ HOCO6I/I}I, CIIPABOYHHKH, CJIOBApH, JUCCEPTALNU U APYTUC MAJOTUPAKHBIC U3AaHUS.

Ecnu onmckiBaeMas myonukaiius umeeT nudposoit unentuduxarop Digital Object Identifier (DOI), ero HeoOxouM0
yKa3bIBaTh B CaMOM KOHIe OuOnmorpaduyeckoii ccouiku B dopmare "doi: ...". IlpoBepsars Hamuune DOI cratbu
cnenyet Ha caiite: http://search.crossref.org unu https://www.citethisforme.com .

HesxenarensHbl CCUIKMA HAa HCTOYHUKH Oojiee 10—15-meTHel JaBHOCTH, MPUBETCTBYIOTCS CCHUIKH HA COBPEMCHHBIC
HCTOYHHKH, Metotre uaeHtudukatop doi.

3a I0CTOBEPHOCTh M MPABWIBHOCTH O(QOPMIICHHS TPEACTABIAEMBIX OHMONMHOrpaUIecKrX AaHHBIX aBTOPHI HECYT
OTBETCTBEHHOCTh BIUIOTH JI0 OTKa3a B IpaBe Ha MyOIHMKAIHIO.

AHHOTAIUSl HA aHIIUICKOM s3bIKe (Abstract) B pycCKOS3BIYHOM H3TAaHMU M MEXAYHAPOAHBIX 0a3ax JaHHBIX
ABJSIETCS JUII MHOCTPAHHBIX YMTaTelell OCHOBHBIM M, KaK MPaBUIIO, €IWHCTBEHHBIM HCTOYHHKOM HMH(OPMAIUH O
COZIep’KaHUM CTAaThbH M M3JIOKEHHBIX B HEH pe3ynbrarax MccieAoBaHUi. 3apyOexHble CIEUAINCThI 10 aHHOTAIuN
OLIEHHMBAIOT ITyOJIMKAIUIO, ONPEEISIIOT CBOM MHTEpEC K paboTe POCCHHCKOrO YyYEHOTO, MOTYT HCIIOJIb30BaTh €€ B
CBOEH ITyOJIMKAIMK M C/IeNIaTh Ha HEe CCBUIKY, OTKPBITh AMCKYCCHIO C aBTOPOM.

TexcT aHHOTAIMM TOIDKEH OBITH CBSI3HBIM U MH(OPMAaTHBHBIM. [Ipy HaNMCaHUM aHHOTAllMK PEKOMEH/IYeTCsI HCTIONB30BaTh
Present Simple Tense. Present Perfect Tense siBnsiercst nomyctumbiM. Pekomenyemsiii oobem — 200250 cios.
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Cnucok smreparypbl (References) i 3apyOe:kHBIX 0a3 JaHHBIX MPUBOIUTCS MOTHOCTHIO OTJCIBHBIM OJIOKOM,
MTOBTOPSIS CIIMCOK JIUTEPATYPhI K PYCCKOSI3BIYHOM yacTh. EClTu B CIIEICKe TUTEPaTyphl €CTh CCHUIKH HAa HHOCTPAHHBIC
MyOJIUKAIMK, TO OHU TIOJHOCTBIO MOBTOPSIOTCS B CIMCKE, TOTOBAIIEMCS B poMaHckoM andasure. B References
COBEPIICHHO HENOMyCTHMO Wucmonb30oBath poccuiickuit [OCT 7.0.5-2008. Bubnuorpaduveckuii CIUCOK
MPEJICTABISICTCS C MEPEBOJIOM PYCCKOSI3BIYHBIX UCTOYHHKOB HA JIATHHUILY. [Ipy 3TOM MPUMEHSAETCS TPAaHCIUTEPaIUs
o cucteme BSI (cwm. http://ru.translit.net/?account=bsi).

Tumossle mpuMeps! onucanns B References npuBeneHs! Ha caiite )xypHaia https://re.eltech.ru .

Caenenus 00 apTopax

Bxumroyaror i1 Kaxa0ro aBTopa (haMuIIMIo, UMsI, OTYECTBO (TIOJHOCTBHIO), YUCHYIO MJIM aKaJleMHYECKYI0 CTEleHb,
ydeHoe 3BaHMe (C JaTaMH IPHCBOCHUS U MIPHUCYKICHU ), TOYECTHBIEC 3BaHMS (C JaTaMH IPHCBOCHUS U IPUCYXKICHNUA),
KpaTKyIo HaydHyI0 Onorpaduro, KOIMYECTBO IEYaTHBIX paboT U chepy HaydHBIX MHTEpecoB (He Ooiee 5—6 cTpok),
Ha3BaHHE OPTaHW3aLNH, TOJDKHOCTD, CITY’KCOHBI U JOMAITHIH ajpeca, CIIy)KeOHBIH U JOMaITHAN TereOHbI, axpec
AIIEKTPOHHOM MMOUTH. Ecim yueHBIX W/WnM akaIeMHYecKHX CTENeHeW W 3BaHWH HET, TO cIeqyeT yKa3aThb MeCTO
MOYYCHHSI BBICIIETO OOpa3oBaHMs, TOJ OKOHYAHHS By3a W CIEIHUAJIbHOCTh. Tarke TpeOyeTcss BKIIOYATh
napeHTHuKannonHed HoMmep wuccaenoBatenss ORCID (Open Researcher and Contributor ID), KoTopsrii
otoOpakaercsi Kak aapec Buaa http://orcid.org/xxxx-Xxxx-XxXxx-xxxx. [Ipu 3ToM BaxHO, 4TOObI KaOWHET aBTOpa B
ORCID 6511 3amonHeH nH(opMaIuei 00 aBTope, UMell He0OXOMMBbIE CBEJICHUS 0 er0 00pa30BaHKH, Kapbepe, Ipyrue
ctatbu. BapuaHT «Het obuienoctynHoi unpopmanuu» npu odpamenun k ORCID He momyckaercs. B cBeneHusx
CleIyeT yKa3aTh aBTOpa, OTBETCTBEHHOTO 32 MPOXOXKICHUE CTaTbU B pElaKILIUH.

IIpaBunia odopmiieHHs TEKCTa

TekcT crarbM MOATrOTaBIMBaeTCS B TEKCTOBOM pepaktope Microsoft Word. ®opmar OGymarm A4. Ilapamerpsl
CTpaHUIIBL: TOJI — BEpXHee, JIeBOe U HIDKHee 2.5 cM, mpaBoe 2 ¢M; KOJIOHTUTYIBl — BEPXHUM 2 cM, HIXKHUK 2 CM.
[TpumeHeHne Moay)KUPHOTO U KYPCHBHOTO IIPU(TOB JOMYCTUMO NP KpaliHel HE0OXOJMMOCTH.

JIOTIOMHUTENBHBIN, TTOSICHAIOUIMN TEKCT clieyeT BBIHOCUThH B MOJACTPOYHbIE CCBHUIKHM IPH IMOMOIIHM 3HAaKa CHOCKH, a
npu OosbioM oObeMe — 0GOpMIIATE B BHAE NMPHIOKEHMS K crarbe. CChUIKM Ha (GOPMYINBI U TaONUIBI AAIOTCS B
KPYIJIIBIX CKOOKaX, CCBUIKH Ha UCIIOIb30BaHHBIC HCTOYHUKH (JIUTEPATYpPy) — B KBaJIPATHBIX MPSMBIX.

Bce cBemeHmss wW Tekct craThu  HaOmparorcst rapHuTypodi "Times New Roman"; pasmep mpudta
10.5 pt; BeIpaBHHBaHHE N0 MIHPHWHE; a03amHEIM oTcTym 0.6 CM; MEXCTpOUYHBIH WHTepBan "Muoxwurens 1.1";
aBTOMAaTHUECKasl paCCTaHOBKA ITEPEHOCOB.

[TpaBuiia BEpCTKU CIKCKA JIUTEPATYPHI, (POPMYII, PUCYHKOB M TaOIHUI] TOIpoOHO onrcaHsbl Ha caiite https:/re.eltech.ru.
IlepeyeHb OCHOBHBIX TEMATHYECKUX HANPABJIEHHUT KypHaJia
TemaTuka xypHana COOTBETCTBYET TPYIIaM CIEIHATbHOCTEH HAYIHBIX PAOOTHHUKOB:

e 05.12.00 — "Pammorexumnka u cBsa3p" (05.12.04 — PagmorexHWka, B TOM YHCIE CHCTEMBI M YCTpOMCTBa
teneBuaeHus, 05.12.07 — Anrennsl, CBY-ycTpoiictBa u ux texnonorud, 05.12.13 — Cucremsl, cetu u
yCTpoiicTBa TeaekoMmMyHukanui, 05.12.14 Paguronokanus v paguoHaBUTAIINA);

e 05.27.00 — "Dmexrporuka" (05.27.01 — TBepmoTenbHAs 3JIEKTPOHUKA, PaTHOIIEKTPOHHBIE KOMIIOHEHTEHI,
MHKpPO- ¥ HAHORJIEKTPOHHMKA Ha KBAHTOBBIX ddderrax, 05.27.02 — BakyymHas u 1ra3MeHHast 3J1eKTPOHUKA,
05.27.03 — KsantoBast snektpoHuka, 05.27.06 — TexHonoruss W oOOpyIOBaHUE ISl TPOU3BOACTBA
MOy TTPOBOAHHUKOB, MATEPHUAJIOB M IPUOOPOB NEKTPOHHON TEXHUKH);

e 05.11.00 — "[IpubopocTpoeHne, METpOJIOTHI ¥ MHPOPMAILIMOHHO-U3MEPHUTEIIbHBIE IIPHOOPHI U CHCTEMBI" B
penakunu npukaza BAK or 10.01.2012 Ne 5 (05.11.01 — ITpubopsl n MeToas! M3MEpEHUs MO BUAAM
n3mepennit, 05.11.03 — I[IpuGopsr HaBuranny, 05.11.06 — Axycrudeckue npudops! u cucremsl, 05.11.07 —
Onruueckye U ONTHKO-3JIEKTPOHHBIE MPUOOPH! 1 KoMIutekesl, 05.11.08 — PagnonsmepurensHble IpuOOpEI,
05.11.10 — IIpuGOpBI ¥ METONBI AL N3MEPEHUSI HOHN3UPYIOMINX W3ITyYeHUH M PEHTT€HOBCKUE MPUOOPHI,
05.11.13 — ITpuOops! ¥ METOIBI KOHTPOJIISI ITPUPOTHOI CPEAbl, BEIIECTB, MaTepHaIoB U u3zenuii, 05.11.14 —
Texnaonorust mpubdopoctpoerusi, 05.11.15 — Merponorust u MeTponorudeckoe obdecmeuenue, 05.11.16 —
WnubopmMannoHHO-U3MEpUTENbHBIE U YIpaBisiomue cuctemsl (mo orpacisiM), 05.11.17 — IpubGopsr,
CHUCTEMBI W U3AeNMs MeauiuHcKoro HasHadeHus, 05.11.18 — IlpubGopsl m MeTomsl mpeoOpa3oBaHUA
U300paKEHHI 1 3ByKa).
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VYka3aHHBIC CHEINATBHOCTH MPECTABIAIOTCA B KypHAJIE CICIYIOIINMI OCHOBHBIMH PyOpHKaMH:

"PagnoTeXHHKA U CBS3L'":

PannorexHnueckue cpeacTBa nepenadu, npuemMa 1 00paboTKU CUTHAIOB.
[TpoexTrpoBaHue U TEXHOJIOTHS PaHOIICKTPOHHBIX CPEICTB.
TeneBunenue u 06padoTka n300paKeHUH.

ONeKTpoANHAMUKA, MUKPOBOJTHOBAsI TEXHUKA, AHTCHHBI.

CHCTEMBI, CeTH U YCTPOWCTBA TEIEKOMMYHHUKAIIHH.

Papnonokanus n paXuoHaBHT LML,

"DnexTpoHuKa':

e  MuKpO- ¥ HAHORJICKTPOHHUKA.

e KganToBas1, TBepIOTENbHAS, IIIA3MCHHAS M BAKyYMHAs DJICKTPOHHKA.
e Pamnodoronuka.

e  Dnexrponuka CBY.

"IIpubopocTpoenue, METpPOIOrus 1 HHHOPMAIOHHO-U3MEPHUTENBHBIE TPUOOPBI U CUCTEMBI':
e  [Ipubopsl 1 CUCTEMBI U3MEPEHUS HA OCHOBE aKyCTUYECKUX, ONTHIECKUX U PaIHOBOIIH.
e  Merposnorus 1 HUHOOPMAIOHHO-U3MEPHUTEIbHBIE TIPUOOPHI U CHCTEMBI.

e  [IpuOopsl MEAUIIMHCKOTO Ha3HAYECHUS, KOHTPOJISI CPE/Ibl, BEIIECTB, MAaTEPHUAJIOB U H3/IEITHIA.

Anpec penakunuonno#t komuteruu: 197376, Cankr-IlerepOypr, yin. Ilpod. Ilomosa, 5, CIIGIDTY "JIDTH",
penakius xypHana "/3BecTus BRICIINX yueOHBIX 3aBeneHuid Poccuu. Paguosnexrporuka”

TexHUYECKHE BOMPOCH MOKHO BBISCHUTH 10 aapecy radioelectronic@yandex.ru
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