AHATOIIA

Tkau B.O. Monyasiuisi eJIEKTPOMATHITHUX CHTHAJIB 3 BUKOPHCTAHHAM
MeTAaNoOBEePXOHb ISl MOKpPAIleHHsl JeTeKTyBaHHsA Ta  ineHTudikamii
po3ciroBauiB. — Kpamnigikariiina HaykoBa mpartist Ha paBax pyKOITUCY.

Juceprariiss Ha 3100yTTS HAyKOBOTO CTyIeHs JokTopa (inocodii 3a
cunemianbHicTIo 172 — TenekomyHikamii Ta pagioTexHika. — YepHIBEIbKUI
HallloHaIbHUH yHiBepcuteT iMeHi FOpis @enbkoBuya, YepHisii, 2025.

HuceprariiiiHa poOoTa MNpUCBIYEHA BUBYEHHIO elieKTpoMarHiTHUX (EM)
BJIACTUBOCTEH MeTaMmarepialiB Ta IX CKJIaJOBUX KOMIIOHEHTIB 3 METOI iX
3acToCyBaHHs JUIsl Moau(iKalli JiHINA nepenaBaHHs 1, K pe3yJbTaT, PO3pOoOJIeHHS
CMYTOBUX (PUIBTPIB 13 33JJAHUMH XapaKTEPUCTHUKAMH, 30KpeMa, KEPOBAaHUMHU B 4acl;
PO3pOOJIEHHIO KOMIIAKTHUX CTPYKTYP 3 IIBUILIEHUM 3HAYEHHSM €()EKTHUBHOI IO
poscitoBanus (EINP) nis mokparieHHs: paaioioKaIiiiHol BUIUMOCTI MAJIOIOMITHUX
00’€KTIB; a TakoX BUKOPUCTAHHIO TAKHX PE30HATOPIB JUIsl MapKyBaHHS Ta,
paaioyacToTHO1 iieHTudikarii 6e3nutoTHux JitanbHux amnapatiB (BI1JIA) Ha ocHOBI
Paai0JIOKAI[IHHOTO PO3MI3HABAHHS YHIKAJIbHUX MMAaTEPHIB 32 PAXyHOK €(EeKTy MIKPO-
Homnepa B1a6uTOi Bix 00’ ekty EM-XBHIII.

Y Berynmi OOTpyHTOBaHO AaKTyallbHICTh TEMHU JUCEpTaIliiHOl poOOoTH,
chopMyIbOBaHO METY 1 3ajadi MPOBEACHUX JAOCHIIKEeHb, BU3HAUEHO HAYKOBY
HOBU3HY Ta MPAKTUYHE 3HAUCHHS OJIEPKAHUX PE3YJIbTaTIB, MPEICTaBICHI METO/H,
00’€KT 1 MpeaMET NOCTIHKEeHb, 3a3HaY€HO OCOOMCTUI BHECOK 3/100yBayua, a TaKoX
HaBEJICHO JIaH1 10/10 MyOJIiKalliii 3a TEMOO JucepTallii.

VY nepmomy po3aiji 311iiCHEHO OIS/ aKTyaIbHUX Ha ChOTOJIHI JIITEpAaTyPHUX
Jokepen. Po3misiHyTo MexaHi3Mu po3citoBaHHs eHeprii EM-XBWIIb Bi pi3HOTO THUITY
HEPYXOMHUX Ta pyXOMHUX 00’ €KTiB, OCHOBHI (pi3MUHI OOMEXKEHHSI, [0 HAKIAAAr0ThCS
Ha PIBEHb pO3CIIOBAaHHSA Ta MOXKIHMBOCTI peajisallii po3cioBadiB, IO 37aTHI
MEePEBUIIUTH 111 OOMEXEHHS, — HaApo3CitoBauiB. BcTaHoBIEHO, IO peanizalis
HAJJPO3CIIOBa4YiB MOXKJIMBA 13 BUKOPHUCTAHHSIM MeETaMmarepiaiiB, MpoTe iX au3aitH

3a3BUYail BUMara€ BHUCOKOI TOYHOCTI PO3PaxXyHKIiB, 110, HA CHOTOAHIIIHIN JEHB,



BUPIIIYETHCS IUIIXOM OINTHMI3AIli MapaMeTpiB iX CKJIaJOBUX KOMIIOHEHTIB —
JOBKHH TPSIMHUX METAJICBUX IPOBITHUKIB (€JIEKTPUYHUX JUIONIB) 1 3arajibHUX
PO3MipiB, Opi€HTAIIEI0 1 MOAU(IKALIEIO PO3PI3Y PO3PI3HUX KUIBLEBUX PE30HATOPIB
(PKP) (marHiTHUX aunoiniB). OQuH 3 NOMUPEHUX METOAIB ONTUMI3AIll]l MOJsTae y
BUKOPUCTAaHHI TE€HETUYHHX aJTOPUTMIB Ha OCHOBI IITY4YHOI HEHPOHHOI MEpPEXKi.
AKTyaspH1 3aBIaHHS Cy4acHOI paIioJIoKarlii, MoB’s3aHi 13 TOKPAIICHHSIM BUTUMOCTI
BITIA 13 manum 3HadeHHsiM EITP, MoxxyTh OyTH BUpIIIEHI IIJISIXOM 3aCTOCYBaHHS
Hajpo3scitoBadiB. [lle ogarM KpOKOM 110 30UTBIIEHHS Pai0TOKAIIHOI TOMITHOCTI
00’€KkTiB, OCOONMBO IJIsl 3a7ay JETEKTyBaHHS Ta 17eHTUdIKaIlli, € Po3pOOJICHHS
METO/IIB Ha OCHOBI e(eKTy MiKpo-/loriepa, MPUHIIUIN Ta TPUKITAIA BUKOPUCTAHHS
SKOTO TaKOXK PO3MISIHYTO B MeKax po3ainy. OKpiM TOTo yBary npuaiIeHO METO/IaM
IMIIETAaHCHOT Ta MEXaHIYHOT MOIYJIALII1, IO TTOSICHIOIOTh BUHUKHEHHS €(DEKTy MIKPO-
Homnepa.

JIpyruii po3misi npUCBSYEHO aHali3y Ta ONTUMI3alli IMapameTpiB Pi3HUX
reomeTpuyHuX KoHpirypamiii PKP 3 Meroro kepyBaHHS iX YaCTOTHHUM BIJITYKOM,
30KpeMa, 3HAYEHHSIM PE30HAHCHOI 4acTOTU. MOJIE/IIOBaHHS Ta €KCIIEPUMEHTAIbHI
JlaHl TTOKa3ajau MOXKIUBICTh 3actocyBanHs PKP y mianazoni wactor 0,6-2,2 I'T'1ii mpu
He3MmiHHIM momi PKP. Takok mnpoaeMOHCTPOBAHO MOMKIIMBICTh KEpyBaHHS
EM-xapakrepuctukamu PKP B waci nuisixom BBEIEHHS B PO3pi3 OIMOJSIPHOTO
TPaH3UCTOPA, IO MpaIfoe B KIo4oBoMy pexumi. Ha ocHoBi ontumizoBanux PKP
po3po0JeHO CMyroBl (UIBTPU Ta EKCIEPUMEHTAIBLHO MPOJEMOHCTPOBAHO
MOKJTUBICTh KEPYBAHHS CMYTOIO iX poOOYMX 4acTOT. 3aBASIKA BUCOKINA Uy TIIMBOCTI
PKP no nienexTpudHux 00’ €KTIB, 11l CTPYKTYPHU TO3BOJISIIOTH CTBOPIOBATH CEHCOPHI
MPUCTPOI, IO pearyroTh Ha MOsBY 00’€KTIB B 30H1 Onm3bkoro mois. Lleit edekr
BUKOPHUCTAHO ISl PO3POOJICHHS MPUCTPOIO 3IaTHOTO JIETEKTYBaTH I1i 3MIHU B Yaci
Ta KOHBEPTYBATH iX y HM(PPOBI iMITylibcH. L1 po3poOka cTana 0CHOBOIO CEHCOPHOTO
MPUCTPOIO BUSABJICHHS JOTHKIB TAaJbIsl JIFOMUHA Ta BUKOPUCTAHHS MOTO SIK

CKJIaJIOBOI CUCTEMH KOHTPOJIIO JJOCTYITY.



HaykoBa HOBHM3HA pe3yJibTaTiB, OTPUMAHHUX Yy APYIroMYy PO3iJii, MOJIArae

y TOMY 110:

Yoockonaneno wmeron cuntesy PKP nuomsixoMm 3MiHM  BHYTPIIIHIX
rE€OMETPUYHHUX MapaMeTpiB, M0 YMOXKIMBUIO KOHTPOJIb iX PE30HAHCHOT
YaCTOTH y HaAIMHUPOKoMYy miama3oni gactot Big 0,65 I'Tm mo 2,2 [T Ta
3aCTOCYBaHHS B MPUCTPOSX KOHTPOJIIO TOCTyIy 3 koMOinyBaHHsM PKP 3
PI3HUM 3HAYEHHSM PE30HAHCHUX YacTOT Il (DOPMYBaHHS YHIKaJIbHUX
CHUCTEM CEHCOpPIB 3 HAaJ3BHYAalHOI0 UYTJIMBICTIO y 30HI CHJIBHOI
OTU3BKOIIOIBOBOT B3a€EMOJIIl, a TaKoX MOOYyIOBU CMYroBUX (IIBTPIB Ha
ocHoB1 MoaudikoBanux PKP.

Habye nooanbuio2o pozeumky MeTOo]l KEPyBaHHSI CMYTOI0 pOOOYUX YaCTOT
aJIalTUBHOTO CMYTOBOTO (hiIbTPa MIKPOXBUILOBOTO Jl1alia30Hy Ha OCHOBI
PKP muisixom BBEOEHHA KEpOBAaHUX pPAJIOCIIEMEHTIB, TaKUX SK:
BAapakTOPHUWA JIOJ JJIA HENEpPEpBHOI 3MIHM €MHOCTI 1, BIAMNOBIIHO,
HETePEePBHOTO KOHTPONIO pe3oHaHcHoi dactotm PKP Ta Oimonspuuii
TPAH3UCTOP, IO MPAIIOE Y KIIOYOBOMY PEKHUMI JJISI TUCKPETHOT 3MIHU
emuocti PKP Mixx nBoma cranamu. Lle yMOXIMBHIO CHHTE3 aJallTUBHUX
CMYTOBUX (DUIBTPIB, 1110 BUKOPUCTOBYIOTh BAPAKTOPHUI 1101 SIK TapaMeTp
HajamrtyBaHHd EM-xapakrepuctuk PKP Ta 3a0e3neuyroTb MOXKIMBICT
KOHTPOJIIO CMYTH TMpoITycKaHHs B miama3oHi Big 110 MI'm mo 180 MI'n

HAaBKOJIO LIeHTpaiabHO1 yactotu 1,1 I'T.

Tpetiii po3aisi NpHCBIYEHO BUBYCHHIO SIBHINA HAJIPO3CIFOBAHHS, KOJIU B

JIOCUTh MaJIoMy (TIO BiJTHOIICHHIO JI0 JOBXKHHH XBUJI1) 00’€Mi1 KOHIEHTPYETHCS

MacHB OJUWHOYHHUX PE30HATOPIB, IO SIK 00’€MHA CTPYKTypa XapaKTEePHU3YEThCS
) Y

30umpieHor0  EIIP (mopiBHAHO 31 CBOIMH JIHIMHUMH po3Mipamu). Y poOOTi

Bukopuctano PKP, mo € MarHiTHUMU AUNONSMHU, Ta MPsSAMI MPOBIAHUKH, IO €

CJICKTPUYHUMH JUTIONISIMU. 3ajadya ONTHUMI3allli TaKOro PO3MIIICHHS CKJIajHa,

OCKUIBKHM B 30HI CHJIBHOI OJM3BKOIOJIBOBOI B3a€EMOIII KOKEH KOMIIOHEHT Mae€

TEHJEHIII0 0 «CIEKTPAIBbHOTO PO3MOPOUIEHH» BIACHUX PE30HAHCHUX PEXHUMIB.

VY Bumanky BETUKOi KUTBKOCTI CKJIQJIOBUX KOMITIOHEHTIB 3HAYHO 3POCTA€E KUIHKICTh



napameTpiB (po3mipu PKP Ta ix nmpocropoBa opieHTarlis, 10BKHUHA MPOBIIHUKIB Ta
iX MPOCTOpOBa OpI€EHTAIliS, TOIO), IO YHEMOXIIMBIIIOE aHAIITUYHI PO3PAXYHKHU.
Yepes 1e ans onTuMizalii BUKOPUCTAHO TEHETHMYHHUUN aJTrOPUTM 3a JOMOMOTOI0
SKOTO OTPUMAHO METACTPYKTypH, IO JEMOHCTpYyIoTh 30uibmieny EIIP. 3
ypaxyBaHHSIM CIHIBBIAHOUICHHS (DI3UYHUX pO3MIPIB 10 JOBXKUHU XBWJI, Taki
METACTPyKTYypH MO)KHa BITHECTH JI0 KJIacy HaJpo3ciioBayiB. ExcriepuMeHTaIbHO
peai30BaHO CTPYKTYPU PO3MIPHICTIO 2X2X2 ejleMeHTH BUCOTO 10MM Ta 3%x3%3
eneMeHTd BuCOTOI0 20 MM. 3a paxyHOK MaluX MacorabapuTHHX pO3MIpIB Ta
Bucokoro 3HaueHHs EIIP, HagposcioBaul MOXYTh TNPUKPIIUIIOBAaTUCA /10
MaJIOTIOMITHUX  OO’€KTIiB  30UIBLIYyIOYM  iX  pajioOJIOKAllliiHy  BUJIUMICTb.
ExcriepumenTanbHi  JOCTIKEHHST TIPOBEACHI Ha BIJKPUTOMY MPOCTOpl 3
BUKOpUCTaHHAM KBajpokontepa DJI Mini 2 noka3zanu, 0o BiICTaHb JE€TEKTYBaHHS
pagapom 3pocTae BiJ 1,5 10 5 pasiB B 3aJ€KHOCTI Bl pO3MIPHOCTI CTPYKTYPH.

HaykoBa HOBM3Ha BHCHOBKIB, OTPMMAHHUX Y TPeTbOMY PO3/iJi, MOJsATa€
y TOMY 1I0:

- Bnepuwie 3anponoHOBaHO METOJ CHHTE3y 00 €MHHX METACTPYKTYp 3i

30ubIeHor0 ETTP nuisixoM eBorOIIHHOT onTHMI3allii pO3MOALTY BIACHUX
MOJl pPE30HaTopiB, IO 3a0€3MEUy€eThCd KOHTPOJIEM PO3MOALTY iX
MYJBTUIONIB 3 METOI MIJIBUILEHHS BIACTUBOCTEN po3citoBaHHs. Lle, B
3aJIEKHOCTI BiJl PO3MIPHOCTI CTPYKTYPH (2X2X2 yu 3%3X3), yMOKIUBHUIO
30ubieHHs EITP y 16 ta 80 pa3iB nns mapkoBanoro BIUIA tumy DJI Mini
2 MOpPIBHSHO 3 HEMAapKOBAaHWUM, IO TMPHU3BEJIO JO 3POCTAaHHS BiACTaHI
NeTeKTyBaHHA y 1,5 Ta 5 pa3iB BiAMNOBIIHO.

YerBepTHii Ppo3aiyl 30cepe/KEHUI Ha PO3BUTKY Ta peanizamii iei
mapkyBaHHsi BIIJIA macuBHuMEM pe3oHaropamu st ix igeHTudikamii. CyThb
MPOMO3HUIIl y BUKOpUCTaHHI edekTy Mikpo-Jlomiepa, mo mosjsArae y 3MiHl
XapaKTEepPUCTUK BTOPUHHOTO BUIIPOMIHIOBAaHHS MpU BIOAOMBAHHI CHUTHANYy BiJl
CKJIaZI0BUX 00’ €KTY, SIK1 3MIMCHIOIOTh MIKPOKOJIMBAaHHs a0o0 BiOparli (Hampukia,
nponenepu BIUIA, rBUHT BepTOIBOTY, pyKH 1 HOTH JIFOAMHM, KPHJIA MITAX1B, TOIIO).

KokeH 13 mmx MIKpOpyXiB Ma€ CBId OCOONMBHI TaTepH, IO MOXKE OyTH



11eHTU(PIKOBAaHUN MUIAXOM aHaji3y CHEKTpy BiaOUTOI Bijg Hboro EM-xBuii.
[Ipobnema nosnsrae B Tomy, 110 Maji BITJIA xapakTepu3yoTbcs MOAIOHUM /10 ITaxiB
sHadeHHsM EITP, wacTo moaiOHOI0 9acTOTO0 00epTaHHS MPOTIENIEPIB Ta 3A1HCHIOIOThH
MOJILOTH TaM, € 1 NTaxu. B cydacHHX HAyKOBO-TEXHIYHUX PIIICHHSIX MpoOieMy
po3mi3HaBaHHS Ta Kiacuikamii Takux 00’€KTIB YaCTKOBO BHPIIIY€E IITYYHUN
IHTEJIEKT, MPOTE€ HOro 3acTOCyBaHHS MOTpeOye HaI3BUYANHO BEIMKOI KUIBKOCTI
EKCIIEPUMEHTAJIbHUX JTaHUX JUIsl HABYAaHHS, 110 YacTO CTa€ MpoOieMaTudyHuM abo
HEMOXJIMBUM. Bapro 3a3HaunTH, 110 IITyYHUN IHTENEKT B3araji HE BHPIIIye
3aBnanHs posmizHaBaHHA bBIIJIA onHiei cepii. 3amporioHoBaHe MapKyBaHHS
IporenepiB pe30HAHCHUMHU MAaCUBHUMU KOMIIOHEHTAMM TMOKJIMKaHE pPO3B’s3aTu
3aBJIaHHS PO3PI3HEHHS IITYYHHUX Ta NPHUPOIHUX OO’ €KTIB 3 HU3BKUM 3HAYEHHSIM
EIIP Ta yMOXIMBUTH 1AeHTH(IKAIIIO OJHOTUIIHMX 00’€KTiB. JlocmimkeHHs
MOKa3aJju, 10 B 3aJ1€KHOCTI BiJl KUTbKocTi Jonareit BITJIA, moxxHa 3aaBaTu 3Ha4HY
KUIBKICTh KOJ1B-11eHTU(DiKaTopiB (Hanpuknaa, DJI Mini 2 mae 4 nponenepa no 2
Jomari, TOMYy MOXHA 3aJaBaTd &-pO3pAIHUNA KOJ, MPOTE 3a BUKIIOYCHHSIM
CUMETPpUYHUX KoMOiHamiil). [nsaxoM MoeItoBaHHS Ta EKCIEPUMEHTAIbHUX
JOCJTIIPKEHb BCTAHOBJIEHO, IO Pi3HI KOMOiHAIl JEeMOHCTpPYIOTh BiamiHHI EM-
BIIT'YKH, SIKMM BIANOBIAAIOTh YHIKaJdbHI CHEKTpajbHI MaTepHHU. Taki CHUTHAJIM
3HAYHO BIAPI3HAIOTHCS BIJl MPUPOAHUX, A, OTKE, JIETKO 1I€HTU(PIKYIOTHCS pagapoM.
310paHi ekcriepuMEeHTaIbH1 1aH1 BUKOPUCTAHO I HABYaHHS AJITOPUTMY B YUUCTOMY
BUIJISI/IL Ta 31 IITYYHUM JOAaBaHHSIM IIyMiB. HaBueHy MoJenb 3aCTOCOBaHO st
po3mizHaBaHHs bBIIJIA 3 BHUIAAKOBOIO TPAEKTOPI€D TOIHOTY. IMOBIPHICTH
npaBuwiIbHOI ineHTudikamii nepesuiryBaia 98% mpu 3HAUYECHHI CITIBBITHOIICHHS
curHain/mym 20 ab. Po3mi3HaBaHHS  TaKOX  MOXJIMBE TP MEHIIMX
CHIBBIIHOIIEHHSAX CHUTHAJ/IIIyM, TPOTE 3aJeKHUTh BIiJ BiACTaHI XeMiHTa MiX
KOOBUMH KOMOIHAI[IIMH.

HaykoBa HOBH3Ha pe3yJbTariB, OTPUMAHUX Yy YeTBEPTOMY PO3iJi,
MOJIATAE y TOMY 1O0:

- Bnepwe 3anporionoBano Merton iaeHtudikamii  BIUJIA  nuisixom

MapKyBaHHSI HOTO Jiomareii MacMBHUMH PE30HAHCHUMH PO3CIIOBaYaMU,



10, B 3aJIe)KHOCTI BiJ iX B3a€MHOTO PO3MIIIEHHS, TO3BOJISE 3a/1aBaTH
KOJIU-1ICHTU(IKATOPH, SKI MOXKHAa PO3PI3HUTH Ha OCHOBI aHAII3y
1HAMBIAYaTbHUX CIIEKTPATbHUX PO3IOALTIB, 3yMOBICHUX BIUIUBOM €(heKTy
Mikpo-/lomaepa Ha BiOuTi EM-XBuii. EdekTuBHICTE METOIY TIepeBipeHa
NUIIXOM peajizaiii aJropuTMy pO3pi3HEHHS CHUTHAJIIB Ha OCHOBI
3TOPTKOBOI HEWpPOMEpEeki, /A€ OTPUMAHO WMOBIPHOCTI MPaBHIBHOTO

posmizHaBaHHs He MeHIe 0,98 npu criiBBiAHOMIEHH] curHai/ym 20 nb.

IIpu BUKOHAHHI qMcepTaliiiHOI pO0OOTH OTPMMAHO HACTYIIHI NPAKTHYHI

pe3yJibTaTH:

Po3pobneno aBroHOMHMI TpuUCTpiidi Ha 0a31 MiIKpokoHTposepa Arduino
nano jis aHamizy AYX B mianazoni yactot Big 0,1 [T mo 2,5 I'T, mo
XapaKTePU3YETHCS HUKUOIO COOIBAPTICTIO B TIOPIBHIHHI 3 aHAJIOTAMHU.
PeanizoBaHo mpUCTpiii KOHTPOJIO TOCTYIY Ha OCHOBI JIIHII ITepeIaBaHHs
monudikoBanoi PKP 13 pizuumu EM-xapakrepuctukamu. Ilpuctpiit
XapaKTEepU3y€EThCSI BUCOKMM pIBHEM 3aXUILEHOCTI, OCKUIBKH MPOCTIpP
KIt04iB K 3a1exuth BiJ KiibkocTi PKP 13 pi3HUM 3HaYEHHSAM pe30HAHCHUX
4acTOT, HAPHMKIAJ, JuId fociijkenux 14 tumis PKP K = 1015,
Po3pobneno agantuBHU cMyroBuil GpiiasTp Ha ocHOBI Moaudikarii PKP 3
MOMJIMBICTIO AMHAMi4yHOi 3MiHM Horo EM-xapakTepucTuk NUIIXOM
BBEJICHHS KEPOBAHOIO pajloeieMeHTa (BapakTOpPHOTO Jiofa 4YH
TPAH3HUCTOpPA), IO JO3BOJISIE 3a0€3MEYUTH KOHTPOJIb pOOOYOi CMYTH
mypuHoo 10 180 MI'1 HaBKOJIO LIEHTPaAJbHOI YaCTOTH, 110 CTAaHOBUTH
1,1 ITn. OcoGnuBicTh MPUCTPOIO TOJIATA€ B TOMY, IO 3HAYCHHS
LHEHTPaJIbHOI YACTOTH MOXKE 3MIHIOBATUCH IUIAXOM 3MIHM BHYTPILIHIX
reomerpuyHux mapamerpiB PKP mpu 30epexxeHHi HOro 3arajibHHX
po3MipiB B aiana3oni yactot Big 0,65 I'T'y go 2,2 I'T.

Po3po6isieHo HanposcitoBay, 3aCTOCYBaHHSI SIKOTO J03BOJISIE 30UIBIIUTH
MaKCUMaJIbHY BIJICTaHb JE€TEKTyBaHHs MajonoMiTHUX 00’ ekTiB (BILJIA 13
ManuMm 3HadeHHaM EIIP 6museko 0,01 m?). Takuii HagposciroBad €

00’eMHUM MeTamMaTepiaioM y BHUDISIAI KOMOIHAIIl eIeKTPUYHUX 1



MarHiTHUX JUIIONIB, IO € KOMITAKTHOIO CTPYKTYpOI Y TOPIBHSHHI 13
poO0YOI0 JOBKHMHOK XBUJII (IUIsI CTPYKTYPH PO3MIPHICTIO 2X2X2
eqeMeHTH rabaputHuii po3mip ckmamae 100 mm Ha 100 MM 3 BHCOTORO
10 MM ab0 cTpyKTYypH po3MipHIcTIO 3%X3%3 exeMeHTH — po3MipoM 150 MM
Ha 150 MM 3 BucoTOor0 20 MM, III0 CTAHOBHTHL 3,3 Ta 5 JOBXKWHHU XBHJII
BIJIMIOBIIHO), TMPOTE XapaKTepu3yeTbcs BHCOKMM 3HaueHHsSM EIIP, mio
craHoBUTH BimnosizHo 0,16 mM? ta 0,8 M2 lle m03BONIMIO 30IABLIIMTH
BIJICTaHb JIETEKTYBaHHS y 1,5 pa3u 175l CTPYKTYPH PO3MIPHICTIO 2X2X2 Ta
y 5 pasiB 715l CTPYKTYypH PO3MIpHICTIO 3%X3%3,

- 3anporoHOBAaHO BUKOPUCTAHHA MAapKyBaHHS IUIACTHUKOBHUX Jiomaren
BIUIA nuisixoM 3alaHHsI YHIKQJIbHUX KOA1B-17€HTU(IKATOPIB MACUBHUMU
PE30HAaHCHHUMHM PO3CiFOBaYaMU, 1110 BIIKPHUBAE MOXIIMBICTD 1IeHTU(IKALIIT
BIUJIA onHie€i cepii, 32 yMOBH NPOBEACHHS MapKyBaHHA JJIsI BU3HAYEHUX
KOMOIHAIIIH JIOIaTeH.

KiarouoBi ciaoBa: Meramarepiai Ta  METAlOBEpXHI, MOJSPHU3ALLis,
1HTEpEpEeHIlisi, BUIPOMIHIOBaHHS, PO3CiIOBaHHS (00’€KT po3citoBaHHA), (a3a Ta
aMIUTITy/la CHUTHAy, MOMAYJAIS CUTHamB (aHajgoroBa Ta ImdpoBa), miarpama
COpPSMOBAHOCTI, YAaCTOTHHM Jiala3oH, TepeaaBalibHO-TIpUMaIbHa aHTEHA
(pe30HaHCHA aHTEHa), OE3MUIOTHI JITajbHI amapaTd, pe3yJabTaTH MOJEIIOBAHHS,
edextr mikpo-omiepa, mTydHa HEWpoOHHA Mepeka, Koe(illieHTH BiIOUBAaHHS 1

IMPOXOIKCHHA.

ABSTRACT

Tkach V.0. Metasurfaces-based electromagnetic signal modulation for
scatterers detection and identification enhancement. — Qualifying scientific work
in the form of a manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 172 —
Telecommunications and Radio Engineering. — Yuriy Fedkovych Chernivtsi

National University. Chernivtsi, 2025.



The dissertation work is devoted to the study of electromagnetic (EM)
properties of metamaterials and their constituent components with the aim of their
application for modification of transmission lines and, as a result, the development
of bandpass filters with specified characteristics, in particular, time-controlled ones;
the development of compact structures with an increased value of the Radar Cross
Section (RCS) to improve the radar visibility of low-visibility objects; as well as the
use of such resonators for marking and, as a result, radio frequency identification of
unmanned aerial vehicles (UAVs) based on radar recognition of unique patterns due
to the micro-Doppler effect of the EM wave reflected from the object.

The Introduction substantiates the relevance of the dissertation topic,
formulates the purpose and objectives of the research, determines the scientific
novelty and practical significance of the results obtained, presents the methods,
object and subject of research, indicates the personal contribution of the applicant,
and also provides data about publications on the topic of the dissertation.

The first section reviews the current literature. The mechanisms of EM wave
energy scattering from various types of stationary and moving objects, the main
physical limitations imposed on the level of scattering, and the possibilities of
implementing scatterers capable of exceeding these limitations — super-scatterers —
are considered. It has been established that the implementation of super-scatterers is
possible using metamaterials, however, their design usually requires high accuracy
of calculations, which, to date, is solved by optimizing the parameters of their
constituent components - the lengths of straight metal conductors (electric dipoles)
and overall dimensions, by orientation and modification of the cross-section of split
ring resonators (SRRs) (magnetic dipoles). One of common optimization methods
is the use of genetic algorithms based on an artificial neural network. Current tasks
of modern radar, related to improving the visibility of UAVs with a low RCS value,
can be solved using super-scatterers Another step towards increasing the radar
visibility of objects, especially for detection and identification tasks, is the
development of methods based on the micro-Doppler effect, the principles and

examples of its use are also considered within the section. Attention is also paid to



the methods of impedance and mechanical modulation, which explain the
occurrence of the micro-Doppler effect.

The second section is devoted to the analysis and optimization of parameters
of various geometric configurations of SRRs, in order to control their frequency
response, in particular, the value of the resonant frequency. Simulation and
experimental data showed the possibility of using SRRs in the frequency range of
0.6-2.2 GHz with a constant SRR area. The possibility of controlling the EM
characteristics of the SRR in time by introducing a bipolar transistor operating in the
switching mode into the cut is also demonstrated. Based on optimized SRRs,
bandpass filters were developed, and the possibility of controlling their operating
frequency band was experimentally demonstrated. Due to the high sensitivity of
SRRs to dielectric objects, these structures allow the creation of sensor devices that
respond to the appearance of objects in the near-field zone. This effect was used to
develop a device capable of detecting these changes over time and converting them
into digital pulses. This development became the basis of a sensor device for
detecting human finger touches and using it as a component of an access control
system.

The scientific novelty of the results obtained in the second section lies in
the fact that:

- The method of synthesis of SRRs was improved by changing their internal
geometric parameters, which made it possible to control their resonant
frequency in an ultra-wide frequency range from 0.65 GHz to 2.2 GHz and
use them in access control devices with a combination of SRRs with
different resonant frequencies to form unique sensor systems with extreme
sensitivity in the near-field zone interaction, as well as to construct
bandpass filters based on modified SRRs.

- The method of controlling the operating frequency band of an adaptive
bandpass filter of the microwave range based on a SRR was further
developed by introducing controlled radio elements, such as: a varactor

diode for continuous change of capacitance and, accordingly, continuous



control of the resonant frequency of the SRR, and a bipolar transistor
operating in a switch mode for discrete change of the SRR capacitance
between two states. This enabled the synthesis of adaptive bandpass filters
that use a varactor diode as a parameter for tuning the EM characteristics
of the SRR and provide the ability to control the bandwidth in the range
from 110 MHz to 180 MHz around the center frequency of 1.1 GHz.

The third section is devoted to the study of superscattering phenomenon,
when an array of single resonators is concentrated in a fairly small (relative to the
wavelength) volume, which, as a volumetric structure, is characterized by an
increased RCS (compared to its linear dimensions). The work uses SRRs, which are
magnetic dipoles, and straight conductors, which are electric dipoles. The task of
optimizing such placement is difficult, since in the zone of strong near-field
interaction each component tends to “spectral dispersion” of its own resonant modes.
In the case of a large number of components, the number of parameters (SRRs
dimensions and their spatial orientation, conductor length and their spatial
orientation, etc.) increases significantly, which makes analytical calculations
impossible. Therefore, a genetic algorithm was used for optimization, with the help
of which metastructures demonstrating increased RCS were obtained. Taking into
account the ratio of physical dimensions to the wavelength, such metastructures can
be classified as super-scatterers. A structure with dimensions of 2x2x2 elements with
a height of 10 mm and 3x3x3 elements with a height of 20 mm has been
experimentally implemented. Due to their small size and weight and high RCS
value, super-scatterers can be attached to low-visibility objects, increasing their
radar visibility. Experimental studies conducted in open space using the DJI Mini 2
quadcopter showed that the radar detection distance increases from 1.5 to 5 times
depending on the size of the structure.

The scientific novelty of the results obtained in the third section lies in the
fact that:

- For the first time a method was proposed for synthesizing volumetric

metastructures with increased RCS by evolutionary optimization of the



distribution of resonator eigenmodes, which is ensured by controlling the
distribution of their multipoles in order to improve scattering properties.
This, depending on the structure dimensions (2%2x2 or 3x3x3), enabled
an increase in RCS by 16 and 80 times for a marked DJI Mini 2 UAV
compared to an unmarked one, which led to an increase in detection
distance by 1.5 and 5 times, respectively.

The fourth section focuses on the development and implementation of the
idea of marking UAVs with passive resonators for their identification. The essence
of the proposal is to use the micro-Doppler effect, which consists in changing the
characteristics of secondary radiation when the signal is reflected from components
of the object that perform micro-oscillations or vibrations (for example, UAV
propellers, helicopter propellers, human arms and legs, bird wings, etc.). Each of
these micro-movements has its own specific pattern, which can be identified by
analyzing the spectrum of the EM wave reflected from it. The problem is that small
UAVs have similar RCS values to birds, often similar propeller speeds, and fly where
birds do. In modern scientific and technical solutions, the problem of recognizing
and classifying such objects is partially solved by artificial intelligence, but its
application requires an extremely large amount of experimental data for training,
which often becomes problematic or impossible. It is worth noting that artificial
intelligence does not solve the problem of recognizing UAVs of the same series at
all. The proposed marking of propellers with resonant passive components is
designed to solve the problem of distinguishing artificial and natural objects with
low RCS values and enable the identification of objects of the same type. Studies
have shown that depending on the number of blades of the UAYV, a significant number
of identifier codes can be set (for example, the DJI Mini 2 has 4 propellers with 2
blades each, so an 8-bit code can be set, but with the exception of symmetrical
combinations). Through simulation and experimental studies, it has been established
that different combinations exhibit distinct EM responses, which correspond to
unique spectral patterns. Such signals are significantly different from natural ones,

and therefore are easily identified by radar. The collected experimental data was used



to train the algorithm in its pure form and with artificial noise addition. The trained

model was applied to recognize UAVs with a random flight path. The probability of

correct identification exceeded 98% at a signal-to-noise ratio of 20 dB. Recognition

is also possible at lower signal-to-noise ratios, but depends on the Hamming distance

between the code combinations.

The scientific novelty of the results obtained in the fourth section lies in

the fact that:

For the first time, a method of identifying a UAV by marking its blades
with passive resonant scatterers has been proposed, which, depending on
their mutual placement, allows setting identifier codes that can be
distinguished based on the analysis of individual spectral distributions
caused by the influence of the micro-Doppler effect on reflected EM
waves. The effectiveness of the method was verified by implementing a
signal discrimination algorithm based on a convolutional neural network,
where the probability of correct recognition was obtained at least 0.98 at a

signal-to-noise ratio of 20 dB.

The following practical results were obtained during the dissertation

work:

An autonomous device based on the Arduino nano has been developed for
frequency response analysis in the frequency range from 0.1 GHz to
2.5 GHz, characterized by a lower cost compared to analogues.

An access control device based on a transmission line of modified SRR
with different EM characteristics has been implemented. The device is
characterized by a high level of security, since the key space K depends on
the number of SRRs with different values of resonant frequencies, for
example, for the 14 types of SRRs studied, K = 10",

An adaptive bandpass filter has been developed based on a modification of
the SRR with the ability to dynamically change its EM characteristics by
introducing a controlled radio element (varactor diode or transistor), which

allows for control of the operating bandwidth up to 180 MHz wide around



the center frequency of 1.1 GHz. A feature of the device is that the value
of the center frequency can be changed by changing the internal geometric
parameters of the SRR while maintaining its overall dimensions in the
frequency range from 0.65 GHz to 2.2 GHz.

- A superscatterer has been developed, the use of which allows increasing
the maximum detection distance of low-visibility objects (UAVs with a
low RCS value of about 0.01 m?). Such a superscatterer is a volumetric
metamaterial in the form of a combination of electric and magnetic dipoles,
which is a compact structure compared to the operating wavelength (for a
structure with dimensions of 2x2x2 elements, the overall size is 100 mm
by 100 mm with a height of 10 mm or a structure with dimensions of 3x3x3
with a height of 20 mm, which is 3.3 and 5 wavelengths, respectively, but
is characterized by a high RCS value, which is 0.16 m? and 0.8 m?,
respectively. This made it possible to increase the detection distance by 1.5
times for a structure with dimensions of 2x2x2 and by 5 times for a
structure with dimensions of 3x3x3.

- It has been proposed to use marking of plastic UAV blades by assigning
unique identifier codes to passive resonant scatterers, which opens up the
possibility of identifying UAVs of the same series, provided that marking
1s carried out for certain combinations of blades.

Keywords: metamaterials and metasurfaces, polarization, interference,
radiation, scattering (scattering object), signal phase and amplitude, signal
modulation (analogue and digital), radiation pattern, frequency range, transmitting-
receiving antenna (resonant antenna), unmanned aerial vehicles, numerical results,
micro-Doppler effect, artificial neural network, reflection and transmission

coefficients.
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