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JuceprartiiitHa po6oTa MpUCBSiYEHA PO3POOJICHHIO Ta MPAKTUYHIN peaizailii
(YHKIIOHATBHUX MOAYIIB CHUCTEM IPOBIAHOTO Ta OE3MPOBIAHOIO MEpeaaBaHHs
enekTpomardiTHux (EM) curnamniB. OcHOBHA yBara 30cepe/iKeHa Ha BUKOPUCTaHHI
CTPYKTyp 13 mapanenbhux mnpoBigHukiB (CIIII), mo mo3Bosisie TOKpalUuTH
XapaKTePUCTUKHU TMPUUMANIbHO-TIEPEIaBaIbHOTO TPAKTy B IIMPOKOMY Jiama3zoHi
YacTOT, a TAKOXK 3a0€3Ieuy€e MOKIIUBICTD 1X TapaMeTPUUHOT 11eHTU(IKAIII].

Y Berynmi OOIpyHTOBaHO akTyallbHICTb TEMHU JUCEpPTaliiHOI PoOOTH,
c(hOpMyJIbOBaHO METY Ta 3aBIaHHS MPOBEICHUX JOCIHI/KEHb, BU3HAYEHO HAYKOBY
HOBH3HY Ta MPAKTHYHE 3HAUEHHS OJEPKAHUX PE3YyNIbTaTiB, MPEACTABICHI METOH,
00’€KT 1 MpeaMET AOCTIHKEeHb, 3a3HaY€HO OCOOMCTUI BHECOK 3/100yBaua, a TaKoX
HABEJICHO JIaH1 OJI0 MyOJIiKaIlii 3a TEMOO AUCEpPTAallii.

VY mepumomy po3aiii 31HCHEHO aHaji3 JIITepaTypHUX JIKEPEIl, TPUCBIYECHUX
JOCIIIPKEHHIO CTPYKTYP 13 TpoBiAHKKIB pi3Hux TUMiB — CIIII, cynepmnins, cTpykTyp
13 MPOBIJHUKIB, IO PO3XOAAThCA (TINEPIiH3), Ta CTPYKTYp 13 BHUIAJAKOBHM
pO3MILIEHHSM MPOBIAHUKIB. [IpoBeneHO neTanbHUl aHami3 psAay iX 3aCTOCYBaHb,
BKJIFOUAIOYM TPUCTPOi TepenaBanHs eHeprii EM XBuib, JpkepenamMu SKuX € K
TOYKOBI JpKepesa TakK 1 111l 300pakeHHsl, K Yepe3 MpsMi UM KacKaJHl CTPYKTypU —
XBUJIEBOJIM, TaK 1 BUTHYTI — €HJIOCKOIH; MPUCTPOI TEPMO(DOTOBOIBTATKN; aHTCHH,
TOmO. BHUBYEHO MOMIIMBOCTI BUTOTOBJICHHS TPOBIJTHUKOBUX CTPYKTYp IS iX
BUKOPUCTAHHS B PI3HUX Jllalla30HaxX 4yacToT, 110 BKIIFOYAIOTh Jl1arna3oHu Bij cyo-I' 11
Ta aX N0 1H(PPaYepBOHOTO Jiana3oHy 4acTOT. BUABIEHO CKIIAHICTh y peani3arlil

CTPYKTYpHU 13 MPOBIJHUKIB, IO PO3XOAATHCS, Ta CTPYKTYpPU 3 BHUIIAJKOBUM



po3mimieHHsIM TpoBinHUKIB. [le Oe3mocepenHbo BiAOMBAETHCS HA 1X MOXKIIUBHX
3aCTOCYBaHHSX, TOJ1 K octanHl gocaimpkenus CIII nmpoxeMoHCTpyBain 3HaUHUN
porpec Ta MOXJIMBICTh (DYHKIIOHYBaHHS HE JIMILE HA YacTOTaX pPE30HAHCIB
®abpi-Ilepo, a ¥ y mmUpoKOMy iama3oHl YacTOT. 3 ypaxyBaHHSIM IThOTO
c(hOpMyJIbOBaHO OCHOBHI BUCHOBKH I1I0JI0 aKTYaJbHOI MPOOJIEMaTHKU JOCIIKEHb
CIIII.

JApyruii po3aiii TPUCBSIYEHO PO3POOJICHHIO XBWJIEBOAY (€HIIOCKOIA) Ha
ocHoBi CIII (ECIII) pns woxnuBocTi mnepenaBanHs EM  xBuib, ski
BUIIPOMIHIOIOTBCS ~ OKPEMHUMH  JUCKPETHHMHU JDKEpEIaMH, OJHOYACHO  TIO
napajienbHux kaHanax ontuyHo gosroi CIIII. J{ns mporo po3nisiHyTO MOXKIIMBICTb
nepeiaBaHHs yepe3 OANH OKpeMui kaHai — enemeHnTapHy koMipky (EK). Octanus
CKJIQJAETHCS 13 YOTUPHOX MPOBIJHUKIB, SIKI Y MOMEPEYHOMY Mepepisl (popMyroTh
KBaJIpaT pO3MIPHICTIO @ Ha a (a — BIJICTaHb M1 MPOBITHUKAMH ), B /11al1a30H1 YaCTOT
0,5-2ITu (aBa mnepmri pe3onancu Dabpi-Ilepo). Pesynbratu  gocinikeHb
IPOAEMOHCTPYBAIM MOMJIMBICTh (DYHKIIIOHYBaHHA TAaKOTO XBHJIEBOLY MIXK
pesonancamu ®Dadpi-Ilepo. Takum uywmHOM, Oyna po3podinena moxens CIIII
po3MipHicTio 10 Ha 10 MeTaneBUX NPOBIAHUKIB, HA OCHOBI SIKOi JOCIIIKEHO
Koeili€EHTH TPOXOKEHHsT Sy yepe3 koxHy EK. SIk Hacmimok, Oyno BH3HAYEHO
MOJIUBY PO3AUTbHY 3MaTHICTH y momnepeunomy mepepiszi CIIIT 13 MOXIMBICTIO
MOJANBIIOTO TIEPEAaBaHHS PACTPOBHX 300pakeHb, C(HOPMOBAHMX MAaCHBOM
JTUCKpeTHUX Jxepesl EM xBuib (eNeKTpUYHO MajuX JUMOJBHUX BUIIPOMIHIOBAYIB).
3M1ACHEHO MepeaaBaHHs pacTPOBUX 300pakeHb pi3HOT PopMU (JTaTUHCHKI JIiTepu R,
NTaY)yuacrtornux aianazonax — cyo-I'T (0,3-1 I'T'm), [T (1-4 I'T'y) Ta cyo-TI '
(0,1-1 TT'r) 3 metoro Bukopuctanas Takux ECIIII sk 6araTokaHaabHUX XBUJICBO/IB
Paaio4acTOTHOTO Jiara3oHy Ta JJIsi MEIUYHOI €HI0CKOITIT 1 crieKTpockorii cyo-TI
nianazony. IIpoBeneHO OIIHKY TOMHJIKOBO BIJHOBJICHHX OITIB PacTpOBOTO
300pakeHHs, [0 MEPEAAETHCSA Yepe3 ONTHYHO JOBTrUi eHmockom Ha ocHoBi CIIIT
HUIIXOM PO3pPaxyHKy CIEKTPY 3HadeHb KOE(QILIEHTIB OITOBUX MMOMMJIOK, IO
3acBIAUMIIO €(EKTHBHICTh POOOTH TPHU 3HAYCHHSX BIIHONIEHHS CUTHAJ/IIYM

15-20 nb.



HaykoBa HOBHM3Ha pe3y/bTaTiB, OTPUMAHHUX Yy APYIOMY PO3/iJi, MOJIATae

y TOMY 110:

Bnepuie 3an1ponoHOBaHO Ta €KCIEPUMEHTAIBHO MIATBEPIXKEHO METOIUKY
npencrasnenas CIIII y Bumismi ONTHYHO MOBrOrO €HIOCKOMA IS
nepefaaBaHHs pacTpoBUX 300paxkeHb Yy 1mupokomy cyo-ITi/I'Tn
(0,3-41Tmm) Ta cyo-TI'm (0,1-1 TT'm) miama3zoHax 4YacTOT —MLISAXOM
muckperuzamii CIIIT na EK macuBy XBUIIEBOMIB, alepTypy SKUX MOXHA
PO3MIIAIaTH SIK OKpEMI MIKCeN po3MipaMu 2a Ha 2a, JIe a — BiJICTaHb M1k
NpoBiAHUKAMU. [le yMOXIMBUIO AOCSATHEHHS PO3AUIBHOI 3/1aTHOCTI
MeHiie Hix 0,26/ s cyo-I'Tw/I'T ' gianazony yactot Ta MeHIe Hixk 0,134
st cyo-TI ' gianazony yactot npu nepenaBaHHi eHeprii EM konuBaHb
B1JI OKPEMUX HEZAICIKHUX JIKEPET;

Habye nooanvuiozo po3eumky Ta EKCICPUMEHTAIBHO ITATBEPIKEHO
METOJ] BIJHOBIIEHHS 300paskeHHs Ha npuiiManbHiil croponi CIIII, skuit
noJisirae B ouuQpyBaHH1 300paKeHHS, 1110 IETEKTYBaJIOCS Ha MPUITMaIbHIM
aneprypi, IUISIXOM 3aCTOCYBaHHsS MOPOTOBOTO 3HAYEHHS, aBTOMATHYHO
BU3HAaYeHOTO 3a jomnoMororo wmerony Omy. EdexktuBHicTh MeTOTY
NepeBipeHa IUISXOM OIIHIOBAaHHS TOMMJIKOBO BIJIHOBJIICHHX OITiB
pacTpoBOrO 300pak€HHS Ha OCHOBI PO3paxyHKy CIEKTPY 3HA4YeHb
koe(dimieHTa OITOBUX TMOMUJIOK Ta JIOBEICHO €(EeKTUBHY CTaJiCTh

BIJTHOBJICHHS ITPU 3HAYCHHSX BITHOIICHHS CUTHA/TIyM OtbIie Hixk 20 1b.

VY TpeTrboMy po3aiJii BUBYABCS BILIUB KOHCTPYKTUBHMX napametpiB CIIII na

il EM xapakTepHCTHKH Ha OCHOBI 3MIHM pajiyCcy MpPOBIAHHUKIB Ta BIACTaHI MIX

HUMU. JlocmimKyBaMch Koe(iIlieHTH BiJOWBaHHS S|} XBUJIEBOIHOTO TIOPTY

moaudikoBanoro CIIII. IIpomemMoHCTpoBaHO, IO TOJOXKEHHS PE30HAHCIB

®abpi-Ilepo, B3mOBXK dYacTOoTHOI Oci, Moke 3wmiHtoBatucs Bix 1,138 T mo

1,178 I'T1t (3cyB Ha 40 MI'm) mpu 3MmiHi pagiycy npoBiaaukiB Big 0,01 MM 10 1 Mwm.

Ile Bimnosimac 3HaueHHIO KOe(illi€HTYy 3amoBHEHHA MeTanoM Bix 3,14 x 10 no

3,14 x 102 gnsa  (iKCOBAHOrO 3HAYEHHS IEPiOAY PO3MILIEHHS MPOBIIHUKIB

a = 10 mm. Skm1o x koeiIieHT 3aTIOBHEHHSI METAJIOM PETYIIOETHCS MIJISIXOM 3MIHU



3HAYE€HHS TMeploy PO3MIILIEHHS MPOBIIHUKIB, TO BiAOYBa€eThCS 3MiHA HIMPUHU
cMyrd poOouux dyactoT. [linTBEepMKEHHAM IBOTO CIYT'YIOTH TMOPIBHSHHS JBOX
excriepuMmenTaibHo peanizoBanux CIIII posmipuicTio: 17 Ha 7 (TpOBIIHUKH
niametpom 2r=1,5MM Ta 3 mepiogoM po3TamryBaHHS @ =6 MMm) Ta 27 Ha 13
(npoBigHUKK giamMeTpoM 2r=1MM Ta 3 mepiooM po3TamyBaHHA a = 10 MM)
METAJICBUX TMPOBIAHUKIB, KOC(IIIEHTH 3allOBHEHHS METAJOM SKHX BIJIOBIIHO
cranoBunu 0,049 ta 0,00785. Lleit migxix A03BONMB KEepyBaTH CMYTor poOOUumx
yacTtoT B miama3oHl Bixg 40 MI'm mo 80 MI'm, mio Moxke 3aJIOBUILHUTH BHMOTH
CydacHUX cucteM Oe3mpoBigHOro 3B’s3ky, Takux sik LTE, LTE-A, 5G, a Takox y
pajapHUX TEXHOJIOTIAX, A€ 3a3BUyail BUMaraetrbcst 5-10 % cmyru poOoumx 4acToT
B1J1 3HAYE€HHS HOCIMHOI YaCTOTH.

HaykoBa HOBH3HA pe3y/ibTAaTiB, OTPUMAHUX Y TPETHOMY PO3iJii, MOJsirae
y TOMY 110:

- Bnepuwie 3anporniOHOBAaHO Ta EKCHEPUMEHTAIBHO MIATBEPHKEHO METOJ

KOHTPOJIIO 3Ha4YeHb 4acTOT pe3oHaHciB Dabpi-Ilepo (Bim 1,138 I'T 1o
1,178 I'Tu) Ta ix yactotHoi cmyru (Big 40 MI'm no 80 MI'm) mnuisixom
3miHu pazaiycy nposiaHukiB CIIIT Ta mepiogy ix po3TalryBaHHs, MpU
IIbOMY 3HAUEHHS KOe(]iIll€eHTa 3arOBHEHHS METaJOM 3MIHIOBAIUCH Yy
mianmasoni Big 3,14 x 10° mo 3,14 x 102, mo mamo 3Mory po3poOUTH
aHTEHY, 3JaTHY 3HAWTH CBO€ 3aCTOCYBaHHA Yy CY4YaCHHUX CHCTEMax
6e3mpoBigHoro 3B’ 53Ky, Takux sik LTE, LTE-A, 5G, a Takox y pagapHux
TEXHOJIOT15IX, Jie 3a3Bru4ail Bumaraethcs 5-10 % cMyru poOoYux 4acToT Bif
3HAUEHHS HOCIMHOI YaCTOTH.

YerBepTHii  po3Ais1  NpPUCBIYEHO ~ AWMHAMIYHOMY — KOHTpomo EM
xapaktepuctuk CIIIT 3 mMeTor iX MomanbuIOro 3aCTOCYBaHHSA Yy BUMIPIOBAIBHHUX
CUCTEMaxX: a) uepe3 MOAMQIKaII0 TOYKOBOTO JKepena EM XBuUib — neTekTyBaHHS B
30HI CHJIBHOI OJM3BKO-TIONBOBOI B3a€MOJIli; 0) depe3 OIliHIOBaHHS €(QEKTUBHOI
ot poscitoBanHs (EIIP) — nerekTyBaHHS B 30HI JalieKO-IIOJIBOBOI B3a€EMOJIII.
[nsxoM iMITaIifHOTO (KOMIT FOTEPHOTO) MOJICITFOBAHHS 3[ICHEHO aHaJIi3 BIACHUX

MOJ Ta Koe(ilieHTy JOOPOTHOCTI B 3aJI€KHOCTI Bl PIBHS CTUCKAHHS/PO3TATHEHHS



CIIII o oci x Tta y nnst CIIT po3mipHicTio m Ha 1, ne m = n = [2:2:6]. Buznadeno,
110 ONTHUMAJILHOIO € PO3MIpHICTh 4 Ha 4. Po3po06neHHs ekcriepuMeHTaIbHOTO MaKeTa
JTIO3BOJIMJIO BUPIIIUTU aKTyajJbHE MUTAHHS peajizallii CTPYKTYp Takoro THIY, IO
JIO3BOJISIIOTh  CTUCKAHHS/PO3TATHEHHS: a) BUOIP THYYKOTO J1€NEKTPHUYHOTO
Matepianay, 37aTHOTO PO3MIIIYBaTh MPOBIIHUKU (¢~ 1), Ta 0) KOHCTpYIOBaHHS
TPUMaYiB JUIsl TMPOBIIHMKIB, CIPOMOXKHHMX 3a0e3leuyBaTH 30€pEeKECHHS CTajoi
BiICTAaHI MIK HHUMH B3JOBX OCI, fKa HE CTHUCKAaeTbca. Sk pe3ynbrar
EKCIIEPUMEHTAIBHUX JOCHII)KEHb, OTPUMAHO MOXJIMBICTh JETEKTYBAaHHS PIBHS
CTUCKAHHS/PO3TATHEHHSI 13 po3auibHO 31aTtHicTio 0,0024 mpu  cepenHboMy
3HA4YEHHI CePEeTHHOKBAAPATHUHOTO BIIXMIICHHS /IS CTUCKAHHS B3JJOBXK OCEH X Ta ),
o y coro yepry ckianu 0,84 % 1 0,5 % BiANOBIAHO, 1O Hapa3l € PeKOPIHUMU
NOKa3HUKaMU. Pe3ynbTaTv 1MITAlIHOIO MOJENIOBAHHS Ta EKCIIEPUMEHTAIbHUX
JOCHIPKEHb  MIATBEPAWIA  MOXJIMBICTh  BIIJIAJIGHOTO JCTEKTYBaHHS  PIBHSA
ctuckanHs/po3tsiruenHs CIIII Ha ocHoB1 Bu3HaueHHs 3Ha4eHb EITP.

HaykoBa HOBH3Ha pe3yJbrariB, OTPUMAHUX Yy YeTBEPTOMY PO3iJi,

MOJIATA€ Y TOMY 1O0:

- Bnepwe 3anponoOHOBAaHO Ta EKCHEPUMEHTAIBLHO MIATBEPIKEHO METOJI
monyssitiii  EM - mapamerpiBs  CIIII mtwisxoMm 3MiHM — BiJICTaHI  MiX
POBITHUKAMU CTPYKTYPH, a OTKE, 3MIHU EMHOCT1 CTPYKTYPH B LIJIOMY Ta,
AK pe3yJbTaTr, KOHTpOJII0 3HadeHHs pe3oHaHciB dadpi-Ilepo. Lle
YMOXKJTUBUIIO OLIIHIOBAHHSA BEJIMYUHU JIHIAHOT nedopmarrii
CTUCHEHHS/PO3TATHEHHSI eKCllepuMeHTainbHo aociipkerHoro CIIIT 3
tounicTio 0,0024, 110 € PEeKOPAHOI PO3ALIHLHOIO 3MATHICTIO JJISi TaKUX
CHCTEM Ha JJaHUH MOMECHT;

- Habye nooanvuiozo po3eumky Ta EKCIEPUMEHTAIHHO MiATBEPIKEHO
METOJl  BIJJTAJICHOTO KOHTpoito JiHiMHOI  gedopmamii CIIT 3
BUKOPUCTaHHSIM paJapHUX CHUCTEM, IO YMOXJIHMBIIOE OI[IHIOBAHHS
BEJIMYMHU CTUCHEHHS/pO3TATHEHH 1I1sixoM Bu3HaueHHs EITP B gianazoni

gactoT 0,8-12 I'Tm.



IIpu BUKOHAHHI AMCcepTaliifHOI pOOOTH OTPMMAHO HACTYIHI NPAKTHYHI

pe3yabTaTu:

Po3pob6nieno OararoxkananpHui XxBuieBin Ha ocHoBl CIIIT (moBxkuHa
ctaHoBUTh 5,34 Ha yactoti 4 I'T'1), 3marHuit onHouacHo nepenaBaru EM
XBWJIl BIJ AUCKPETHUX JKepesl. TakuMmu jpkepenamMu Oyiau €IeKTPUYHO
mami (< 0,124 gns mianazony wactor 0,3-4 I'T) aumonbHI aHTEHH.
[lepenaua 3nificHioeThCS 1O napanensbHux Komipkax CIIIT i3 po3niapHOIO
3gatHicTIO 0,264 1 MeHIIIE;

Po3po0neno Mozens onTUYHO AOBroro enpockona Ha ocHosi CIIII y
cy0-TI' miama3oni yactoT 13 po3Mipamu 0,58 MM 3aBTOBIIKM Ta 2 MM
3aBnoBxku (6,64 Ha wactotTi 1 TI'm). Po3poOka € mepcrneKTUBHOKO s
MEJIMYHOI EHJOCKOMIi Ta CIEKTPOCKOMIi, 30KpeMa sl TepeaaBaHHS
pacTpoBUX 300pa)keHb, JCTEKTYBAaHHS UYXOPIAHUX KIITHH Yy KpOBI
narieHTa Ta po3pi3HEeHHs OakTepii pi3HOro poay. JJocArHyTO pO3IIIBEHY
3matHicTh 0,134 1 MeHIIIE;

Po3po0neHo aHTEHHY KOHCTPYKI[I0O 31 3MIHHUMH Ta KEPOBaHUMU
YaCTOTHUMHU XapaKTEPUCTHUKAMU Ha OCHOBI Moauikalii XBHIJIEBOIHOIO
NOpTy IUIIXOM BMOHTYBaHHA B ioro amneprypy CIIII. AmnHrteny
npoTecToBaHO B Oe3exoBidi kamepi yHiBepcuteTy Aanto (M. Ecrmoo,
QiunsgHAIsA), cepTU(IKOBaHIA [ BUMIPIOBaHb y MIKPOXBUIHOBOMY
miarma3zoni actor Bim 1 I'Tm mo 30 I'Tm. JlochimkeHHS ITOKa3aliH, IO
aHTeHa e(exkTuBHO Tmpairoe B gianazoni yactor ~1,138-1,178 I'Tn i3
pobouoro cmyroro g0 80 MI'n. BomHowac BoHa Moxe OyTH JIETKO
MoaudiKoBaHa JJIs IHIIUX Jiala30HIB YacTOT Ta aJanToBaHa O BHUMOT
CydacHUX cucteMm Oe3mpoBigHOTO 3B’s3KY, 30kpema LTE, LTE-A, 5G, a
TaKOX paJlapHUX TexXHoJori# S-, C- Ta X-iama3oHiB 4acToT;

Pospob6nieno CIIII-pe3onarop, 3maTHUM JWHAMIYHO 3MIHIOBAaTH CBOIi
TC€OMETPHUYHI ITapaMeTpH, IO JO03BOJISIE KEPYBATH 3HAYCHHSIMHU PE30HAHCIB
®dabpi-Ilepo. Taka cTpykTypa Moxke OyTH BUKOPUCTAHA SIK 'y pO3pOOIeHH1

aJallTUBHUX AaHTCHHUX CHCTEM, TakK 1 A1 CTBOPCHHSA BHCOKOTOYHHX



CEHCOPHHMX TEXHOJIOTIH, 30KpeMa BpaxOBYIOUM BHCOKY TOYHICTbh, IO
cranoButh 0,002/, y mianazoni yactoT 1-12 [Tu. EdexTuBHicTs poboTH
Ii€i CTPYKTypu OyJia MpOTECTOBaHA B 0O€3€XOBili KaMepl YHIBEPCUTETY
Tens-ABiBa (M. Tennb-ABiB, [3painn), cepTudikoBaHiil 1jisi BUMIPIOBaHb Yy
MIKPOXBHJIbOBOMY jAiamna3oHi yactoT Bif 1 I'T'iy go 20 I'T.

Kuro4uoBi cjoBa: Meramarepiaiu, CTPYKTYpH 3 MapajedbHUX MPOBITHUKIB,
noJisApu3amisi, 1HTEp(epeHInis, eIeKTPOMarHiTHa XBWIS, BHUIIPOMIHIOBaHHS,
BUIIPOMIHIOBaHHS €JIEKTPOMArHiTHOTO CIEKTPY XBWJIb, ONTHYHA aHI30TPOIIis,
po3citoBaHHS (00’€KT pO3CitOBaHHS), €EKTUBHA IUIOLIA PO3CIIOBaHHS, Aiarpama
CIIPSIMOBAHOCTI, BI3yamizamisa (OloMeauuyHa  Bi3yalizallis), MepeaaBaibHO-
npuiimManbHa aHTeHa (pe30HAaHCHA aHTeHa), Koe(dilieHTH BiAOUBAHHS 1

IIPOXOKEHHS, PE3YJIBTaTH MOJICIIFOBAHHS.

ABSTRACT

Khobzei M. M. Wire media for wired and wireless electromagnetic signal
transfer — 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 is devoted to the development and practical implementation
of functional modules for systems of wired and wireless transmission of
electromagnetic (EM) signals. The main focus is on the use of wire media (WM),
which allows improving the characteristics of transmit-receive path in a wide
frequency range, and also provides the possibility of their parametric identification.

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 analyzes literary sources devoted to the study of structures
made of different types of wires — WM, superlenses, structures made of diverging
wires (hyperlenses), and structures with random location of wires. A detailed
analysis of a number of their applications has been carried out, including devices for
transmitting EM wave energy, the sources of which are both point sources and entire
images, both through straight or cascade structures - waveguides, and curved ones -
endoscopes; thermophotovoltaic devices; antennas, etc. The possibilities of
manufacturing WM structures for their use in various frequency ranges, including
ranges from sub-GHz up to the infrared frequency range, have been studied. The
complexity of implementing the structure of diverging wires and the structure with
random location of wires was revealed. This directly affects their possible
applications, whereas recent studies of WM have demonstrated significant progress
and the possibility of functioning not only at the Fabry-Perot resonance frequencies,
but also in a wide frequency range. Taking this into account, the main conclusions
on the current problems of WM research are formulated.

The second section is devoted to the development of a waveguide
(endoscope) based on WM (EWM) to enable the transmission of EM waves emitted
by separate discrete sources simultaneously through parallel channels of an optically
long WM. For this purpose, the possibility of transmission through one separate
channel — a unit cell (UC) — was considered. The latter consists of four wires, which
in cross-section form a square with dimensions a by a, in the frequency range
0.5-2 GHz (the first two Fabry-Perot resonances). The results of the studies showed
the possibility of functioning of such a waveguide between the Fabry-Perot
resonances. Thus, a model of the WM with dimensions of 10 by 10 metal wires was
developed, on the basis of which the transmission coefficients S,; through each UC
were investigated. As a result, the possible resolution in the cross-section of the WM
was determined with the possibility of further transmission of raster images formed
by an array of discrete sources of EM waves (electrically small dipole emitters). The
transmission of raster images of various shapes (Latin letters R, N and Y) in the

frequency ranges of sub-GHz (0.3-1 GHz), GHz (1-4 GHz) and sub-THz



(0.1-1 THz) was carried out with the aim of using such endoscopes based on WM as

multi-channel waveguides of the radio frequency range and for medical endoscopy

and spectroscopy of the sub-THz range. An evaluation of erroneously restored bits

of a raster image transmitted through an optically long endoscope based on a WM

was carried out by calculating the spectrum of values of bit error rates, which

confirmed the efficiency of operation at signal-to-noise ratio values of 15-20 dB.

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

the fact that:

For the first time, a method for representing the WM in the form of an
optically long endoscope for transmitting raster images in a wide
sub-GHz/GHz (0.3-4 GHz) and sub-THz (0.1-1 THz) frequency ranges by
discretizing the WM on the UC of an array of waveguides, the apertures of
which can be considered as individual pixels with dimensions 2a by 2a,
where a is wire spacing, has been proposed and experimentally confirmed.
This made it possible to achieve a resolution of less than 0.264 for the
sub-GHz/GHz frequency range and less than 0.134 for the sub-THz
frequency range when transmitting EM oscillation energy from separate
independent sources;

The method of image restoration on the receiving side of the WM was
further developed and experimentally confirmed, which consists in
digitizing the image detected at the receiving aperture by applying a
threshold value automatically determined using the Otsu method. The
effectiveness of the method was verified by evaluating erroneously
restored bits of a raster image based on calculating the spectrum of bit error
rate values, and the effective stability of restoration was proven at

signal-to-noise ratio values greater than 20 dB.

In the third section, the influence of the design parameters of the WM on its

EM characteristics was studied based on changing the radius of the wires and their

spacing. The reflection coefficients S;; of the waveguide port of the modified WM

were studied. It is demonstrated that the position of the Fabry-Perot resonances,



along the frequency axis, can vary from 1.138 GHz to 1.178 GHz (a shift of 40 MHz)
when the radius of the wires changes from 0.01 mm to 1 mm. This corresponds to a
metal filling factor value of 3.14 x 10 to 3.14 x 102 for a fixed value of the wire
spacing a = 10 mm. If the metal filling factor is adjusted by changing the value of
the wire spacing, then the width of the operating frequency band changes. This is
confirmed by a comparison of two experimentally implemented WM with
dimensions: 17 by 7 (wires with a diameter of 2r = 1.5 mm and a spacing a = 6 mm)
and 27 by 13 (wires with a diameter of 2» = 1 mm and a spacing @ = 10 mm) of metal
wires, the metal filling coefficients of which were 0.049 and 0.00785, respectively.
This approach made it possible to control the operating frequency band in the range
from 40 MHz to 80 MHz, which can meet the requirements of modern wireless
communication systems such as LTE, LTE-A, 5G, as well as in radar technologies,
where 5-10 % of the operating frequency band of the carrier frequency value is
usually required.

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

fact that:

- For the first time, a method for controlling the values of the Fabry-Perot
resonance frequencies (from 1.138 GHz to 1.178 GHz) and their frequency
band (from 40 MHz to 80 MHz) by changing the radius of the WM wires
and their spacing was proposed and experimentally confirmed, in doing so,
the values of the metal filling factor varied in the range from 3.14 x 10 to
3.14 x 1072, which made it possible to develop an antenna capable of
finding its application in modern wireless communication systems, such as
LTE, LTE-A, 5G, as well as in radar technologies, where typically 5-10 %
of the operating frequency band of the carrier frequency value is required.

The fourth section is devoted to the dynamic control of the EM

characteristics of WM with the aim of their further application in measuring systems:
a) through modification of the point source of EM waves — detection in the zone of
strong near-field interaction, b) through estimation of the radar cross-section

(RCS) — detection in the zone of far-field interaction. By means of simulation



modeling, an analysis of the eigenmodes and quality factor was carried out
depending on the compression/stretching level of the WM along the x and y axis for
the WM with dimensions m by n, where m = n = [2:2:6]. It was determined that the
optimal dimension is 4 by 4. The development of an experimental model allowed us
to solve the urgent issue of implementing structures of this type that allow
compression/stretching: a) choosing a flexible dielectric material capable of
accommodating wires (¢ = 1), and b) designing holders for wires capable of
maintaining a constant distance between them along the axis that is not compressed.
As a result of experimental studies, the ability to detect the level of
compression/stretching with a resolution of 0.0024 was obtained with an average
value of the root mean square deviation for compression along the x and y axes,
which in turn amounted to 0.84 % and 0.5 %, respectively, which are currently
record indicators. The results of simulation modeling and experimental studies
confirmed the possibility of remote detection of the level of compression/tension of
the WM based on the determination of RCS values.

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

the fact that:

- For the first time, a method of modulating the EM parameters of the WM
by changing the distance between the wires of the structure, and therefore,
changing the capacitance of the structure as a whole and, as a result,
controlling the value of the Fabry-Perot resonances, was proposed and
experimentally confirmed. This made it possible to estimate the magnitude
of the linear compression/tension deformation of the experimentally
studied WM with an accuracy of 0.0024, which is a record resolution for
such systems at the moment;

- The method of remote control of linear deformation of WM using radar
systems has been further developed and experimentally confirmed,
which makes it possible to estimate the magnitude of compression/tension

by determining the RCS in the frequency range of 0.8-12 GHz.



work:

The following practical results were obtained during the dissertation

A multi-channel waveguide based on WM (the length is 5.34 at a frequency
of 4 GHz) has been developed, capable of simultaneously transmitting EM
waves from discrete sources. Such sources were electrically small (<0.124
for the frequency range 0.3-4 GHz) dipole antennas. Transmission is
carried out over parallel WM cells with a resolution of 0.264 or less;

A model of an optically long endoscope based on WM in the sub-THz
frequency range with dimensions of 0.58 mm thick and 2 mm long (6.64
at a frequency of 1THz) has been developed. The development is
promising for medical endoscopy and spectroscopy, in particular for
transmitting raster images, detecting foreign cells in a patient's blood, and
distinguishing bacteria of various kinds. A resolution of 0.134 and less has
been achieved;

An antenna design with variable and controllable frequency characteristics
has been developed based on the modification of the waveguide port by
embedding the WM in its aperture. The antenna was tested in the anechoic
chamber of Aalto University (Espoo, Finland), certified for measurements
in the microwave frequency range from 1 GHz to 30 GHz. Studies have
shown that the antenna operates effectively in the frequency range of
~1.138-1.178 GHz with an operating bandwidth of up to 80 MHz. At the
same time, it can be easily modified for other frequency ranges and adapted
to the requirements of modern wireless communication systems, in
particular LTE, LTE-A, 5G, as well as radar technologies of S-, C- and X-
band frequencies;

A WM resonator has been developed that is capable of dynamically
changing its geometric parameters, which allows controlling the values of
the Fabry-Perot resonances. Such a structure can be used both in the
development of adaptive antenna systems and for the creation of high-

precision sensor technologies, in particular, taking into account the high



accuracy of 0.0024 in the frequency range of 1-12 GHz. The efficiency of
this structure was tested in the anechoic chamber of Tel Aviv University
(Tel Aviv, Israel), certified for measurements in the microwave frequency
range from 1 GHz to 20 GHz.

Keywords: metamaterials, wire media, polarization, interference,
electromagnetic wave, radiation, electromagnetic wave spectrum radiation, optical
anisotropy, scattering (scattering object), radar cross-section, radiation pattern,
imaging (biomedical imaging), transmitting-receiving antenna (resonant antenna),

reflection and transmission coefficients, numerical results.
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