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METAMATEPIAJIM B AHTEHAX 3ACOBIB MOBIJIBHOT O 3B’A3KY

B pobomi pozenanymi ocobnusocmi nodyoosu ammeHHUX cucmem 3acooie
MOOIIbHO2O 38°A3KY HA OcHO8I Mmemamamepianie. Ilpusedena knacugpikayis
Memamamepianis, posensaHymi gizuka ma npunyun 0ii. B x00i docniodcens suznaueni
npiopumemmui HANPIMKU BNPOBAONCEHHST MEXHON02Ii Memamamepianié 8 AHMEeHHY
mexHixy. Hasedeni pesynomamu mooenoeanns aumen 6 naxemi Ansys HFSS 3
BUKOPUCMAHHAM Memamamepiaiis.

Kniouosi cnosa: memamamepian, anmena, Ansys HFSS.

Beryn

CydacHl BHMIpIOBaJbHI Ta TEJIIEKOMYHIKAI[IHHI CHCTEMH HE OOXOAsThCs 0e3
aHTEH 1 XBOJEBOHUX CTPYKTYp. HeoOXiAHICTh MiJBHUINEHHS YYyTIMBOCTI JO CIa0KHX
CUTHAJIIB, 3a0€3MEeUEHHs YaCTOTHOI 1 IPOCTOPOBOI BUOIPKOBOCTI TUKTY€E HOBI BUMOTH
70 JaHUX MPUIAiB, Kl 4acTO He 3a0e3Meuyl0Th CTaHJAPTHI MiAXOAH PaJAlOTEXHIKH.
OnuH 13 NUIAXIB BUPIMICHHS JaHOI MPOOJIEMHU € 3aCTOCYyBaHHS MeTaMarepiaiiB —
IITYYHUX CEPEOBHUIL, IO MAlOTh EJIEKTPOMArHITHI BJIACTUBOCTI, HENPUTAMaHHI
MPUPOTHUM MaTepiajiaM

OcHOBHA yacTHHA

Sk BiAOMO, Maiike BCl MPUPOJHI PEYOBHUHHU MAlOTh MOCTIHHY AIENIEKTPUUHY Ta

MarHiTHy IPOHUKHICTE OibIe HyJs (puc. 1). CyTTeBo, 1m0 y mepeBa)HOi O1IBIITOCTI

3 HUX B HaWLIKaBIIIUX JJI1 MPAKTUYHOIO BUKOPUCTOBYBAHHS Jlalma3oHax 4acToT i



napameTpH, sIK MPaBUJI0, B3araii OuIbIIl a00 piBHI OAWMHUIN. 3a3BUYal, iX HA3UBAIOTh
no/BiiHI mo3uTuBHI Martepianu (double positive, DPS). Marepianu, y skux
HETaTUBHUH JIMIIIE OJMH 3 €JICKTPOMATrHITHUX mapameTpiB (& abo u), GIrypyroTh mif
Ha3BOIO MoOHOHeraTuBHUX (single negative, SNG). B Ttakux cepemoBuIax
€JIEKTPOMATHITHI XBUJIl HE PO3MOBCIOIKYIOTHCA 1 MIBUAKO 3aTyXarOTh. 3aJIEKHO BiJl
TOTO, SIKAW caMe 3 MmapaMeTpiB MpuiiMae HETaTUBHI 3HAYCHHS, PO3PI3HAIOTH BA THUITH
SNG-cepenopumr: Tak 3BaHi ENG (e-meratuBHi, 11 skux € <0 1 4 >0) 1 MNG (u-
HEraTUBHI, TOOTO Taki, mo MarTh & >0 1 u <0). BHacmi10k HEraTUBHUX 3HAY€Hb 000X
BKa3aHUX IMapaMeTpiB JaHl Marepiaid O Ha3WBalOTh OIHETaTUBHUMHU CEPEIOBUIIAMH
(double negative, DNG).
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ENG Material DPS Material
(£<0,020) (£>0.16>0)

Plasmas Dielectrics
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DNG Material UNG Material

(2 <0, <0) (20,0 <0)
Not found in nature, Gyrotropic
but physically realizable magnelic materials

Puc. 1. Knacugixayisa gizuunux cepedosuiy, 3a1edcHo 8i0 3HAKY 8eAUUUH

OienekmpuyHoi (€) i MacHimHoi (1) NPOHUKHOCMEL

['oBopsiun mpo peanizauii NpuiiMagbHO-NIEpEJaBaIbHUX AHTEH B HA3€MHHUX
tepminanax Ka i Ku niama3oniB nist oprasizaiii CymyTHUKOBOTO 3B'SI3Ky B pyci CHiA
3a3HaunTH, 1m0 kommanis Kymeta Corporation mae Hamip MpeACTAaBUTA HA PUHOK
aHTEHY 3 eJICKTPOHHUM CKaHYBaHHSM IPOMEHIO Ha OCHOBI MeTamartepiana (puc. 2). B
po3pobkax Kymeta Corp. iieTbes Ipo pi3HOBUIM aHTeH noBepxHeBoi xBuil (Leaky-
wave). Y TpaAuliiHUX aHTeHaX JaHOTO TUIy CKaHYBAaHHS IPOCTOPY 3A1MCHIOBAIOCS

HUIIXOM 3MIHM YacCTOTH JKMBJISTYOTO CUTHANy. B po3risHyTi KOHIENIli yacTtoTa



BUIIPOMIHIOBaHHS 3aJIMIIAETHCS (PIKCOBAHOIO, a OCOOJMBHUM YHUHOM 3MIHIOIOTHCA
JUIIEe eJeKTPOMAarHiTHI MapaMeTpud Marepialy aHTeHH, B  SKOCTI  SIKOTO
BUKOPUCTOBYETHCS TaK 3BaHUI MeTaMmarepial.

Inest anTeH moBEpPXHEBOI XBIWJII HA OCHOBI JIIHIHM TIepeaadi 3 MeTaMaTepiaiiB HE €
HoBO. (i 3a3HauMTH, MO HaBITh MEpeXiJ J0 BUKOPUCTAHHS MACHUBHHUX
(HexkepoBanux) MeramatepianmiB Ttuny CRLH-minili nepemadi g03BoauMB y pasi
OJTHOBUMIPDHOT aQHTEHHM TIIOBEPXHEBOI XBWUJI OTPUMATH TO3UTUBHUN e(eKT —

CKaHyBaHHS MPOMEHEM B OOMBI CTOPOHHM B1Jl HOpMaJIi 10 JiHIMHOI aHTCHHU.
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Puc. 2. Aumena 3 enexkmpoHHUM CKAHYBAHHAM NPOMEHIO HA OCHOBI

memamamepiasy

Y 3BUYAWHUX aHTEHAaX IMOBEPXHEBOI XBWJII MOJJIMBE BIIXHWICHHS MPOMEHIO
JUIIe B OAHY CTOPOHY BiJ HOpMaJi, ik OM HE 3MIHIOBaJlacs yacToTa curHany. [lpu
BUKOPUCTAaHHI METaMarepiajiB 3MiHA HaNpsIMKY BUIIPOMIHIOBAHHS B 3aJIeKHOCTI Bij
YaCcTOTH BiZIOYBA€THCSA HACTYMHUM YrHOM (puc. 3):

® Ha  YacTOTI  pe30HAaHCy W,  EJIEKTPOMAarHiTHE  BUIPOMIHIOBAHHS

KOHLIEHTPY€ETHCS B HAPAMKY, NEPIIEHIUKYISIPHOMY TUIOLIMHI aHTEHU;



® Ha YaCcTOTaxX, BUIIE PE30HAHCHOI BeMUYMHU (W>Wj), BHIIPOMIHIOBAHHS
(bOKyCyeTbCSI B HAINpsIMKY TMOIIMPEHHSI EJIEKTPOMArHiTHOI XBWJII B3IOBXK JiHIT
nepeaayi;

® Ha YacTOTax, MEHIINX pe30HaHCy (W<Wy), BUIIPOMIHIOBAHHS BiIOYBA€ThCS B
3BOPOTHOMY HAIpPsIMKY, 31 3MIIIEHHSIM MIPOMEHIO B CTOPOHY MOPTY JKUBJICHHS aHTCHH
(source).

OnHak, HETOJIKOM YacTOTHOT'O CKaHyBaHHsS € HeoOXifgHa JIs Horo peasizarii
HEMOCTIWHICTh YaCTOTH CHUTHANy, IO ICTOTHO YCKJIAIHIOE TOOYyIOBY 3aco0iB
TEJIEKOMYHIKaIIii.

B pa3i 3acrocyBanus niHii nepeaadi CRLH, eMHICTb, 1110 BXOIUTH B KOMIPKY,
3aMIHIOETbCA BapakTOPHHM JI0JIOM, €MHICHI BJIACTHUBOCTI $IKOTO PETYJIIOIOTHCS

KEPYIOUOI0 HAIIPYTrol0, SIKa IT1IBOJIUTHCS 330BHI.

w = )

BROADSIDE

WRF < (W < ()X)

wy < W < WEF BACKWARD

FORWARD <
..... source

Puc. 3. Ilpunyun wacmomnoeo ckanysamnus 6 aHmeri NOBEPXHEBOI X8UL HA

OCHOBI Hepe2ybO8AH020 Memamamepianry

Kyt naxuny npomento B 3a3HadyeHii CRLH-aHTeH1 BH3HA4aeThCsl 4acTOTOIO
CUTHaIly. 3aMiHIOIOYM KOHeHcaTopu, BkitoueHi B CRLH komipku, Ha BapakTOpHI
1011, MOXKHA PEryJIIoBaTH HE TUIbKM KyT HaXWIy MPOMEHIO JJs 33JaHOl Y4acTOTH
CUTHAIly, aje ¥ IUPUHY NpoMeHio. [[1s BIAXWUIIEHHS NMPOMEHIO B 3aJaHE KyTOBE

MOJIOKEHHST 3MiHA KEPYIOUOi HANpyrd Ha BapakTopax MOBHHHA OYyTH JIIHINHOMWO, 3



PETYISIPHUM MPUPOCTOM BiJ 1072 10 Aio/a Ha (IKCOBaHY BEIMYHUHY, 3HAUCHHSI SKO1
BHU3HAUAETHCS 3aJJaHUM KyTOBHUM 3MIIICHHSAM MPOMEHIO BiJ HOpMali 10 TUIOIIMHU
anTeHu. J[ns HanmamrTyBaHHS HEOOXIAHOI MIMPUHHU MPOMEHIO PO3IMOALI HAlpyrd Ha
BapaKTOpax IMOBUHEH, HABMaKd, OyTH HEOMHOPIAHMM. MOKiIMBa KOMOIHAIlIS ITHX
JIBOX TI1JIXOJTIB, KOJM HEOOXITHUM JJI BIIXWJICHHS MPOMEHIO JIHIHHUMA 3aKOH 3MIHH
KEepYIOUHMX HaIlpyT Ha BapaKToOpax JOMOBHIOETHCS HOTO HEOHOPIAHUMHU JI€BIaIlISIMU.
AHANOTIYHUM YHHOM PEai3y€eThCsl YIPABIiHHSI CTAHOBUILEM MTPOMEHIO 1 B IBOX
KyTOBUX IUTOIIMHAX. HeBenuki 3a rabaputaMu napiiajibHI aHTEHHI PEIITKA MOXYTh
KoHpIirypyBatuca y (a3oBany anteHHy pemnitky (DAP) Oinmpmmx posmipi i3
3arajJbHUM (pa30BUM LEeHTpoM. [lops 3 BUKOPUCTaHHIM MeTamaTepialliB sIK OCHOBH
CTBOPECHHSI aHTEH IIOBEPXHEBOi XBWJI, IHIIMM HaNpsIMKOM iX 3acTOCYyBaHHS B
CYIyTHUKOBHUX TEpMiHAJIaX MOK€ OyTHM BUTOTOBJEHHS PaJlONpO30pUX OOTIUHUKIB
OAP ab6o IIAP. [nroctpariiero Takoro pojay € KOHCTPYKIIIS IIJIOCKOI, TOPHU30HTAIBLHO
po3ramoBaHoi ®AP, orTodyeHa O0O0OJOHKOIO 3 CHEMialbHO MPOQIITLOBAHOTO
MeTaMarepialy 3 HEraTUBHUMHU 3HAYEHHSAMM JIEJIEKTPUYHOI € 1 MAarHiTHOI [

MPOHUKHOCTSAMHU (pHc. 4).

Puc. 4. Oomiunux AP 3 memamamepiany

3a3HaueHUi MeTamarepial B JAHOMY BHUIAJKy BHUKOHYE POJIb 3aJOMIIIOIOYOL
JiH3M, 110 3a0e3nedyye pO3LIUPEHUN CEKTOp CKAaHYBAHHS MPOCTOPY TOJIOBHUM
MpoMeHeM jiarpamu crpsimoBaHocTi PAP 3 OXOIIeHHSM KyTOBHX HamNpsMKIiB,
OJIM3BKUX A0 JiHIT TOPU30HTY. B naHOMy BHMaaKy BHUKOPHCTaHUI MeTamarepial 3

HEKEpPOBAaHMMHM MapameTpamMu. Tomy MONaiblIMi PO3BUTOK JAHOI 171e1 MOXKE WUTH



IUIIXOM 3aCTOCYBAaHHS EJIEKTPUYHO-KEPOBAHUX MeTaMarepiaiiB, aHaJOT14yHO
aateHam Kymeta Corporation, 1m0 103BOJUTH BIJIMOBUTHCS BIJ BapilOBaHHS
TOBUIMHOIO METaMmeTapiaay MO Mipi 3CyBY BiJ 3€HITHOI 00JlacTi OOTIYHHKA [0
wionmHan ocHOBH DAP. 3 MeToro miATBEepIKEHHS OCHOBHUX TOJOXKEHB MO0
napamMeTpiB aHTeH Ha 0a3l MeramarepiaiiB OyJi0 BUKOHAHO MOJIEIIOBAHHS 32
nornoMororo nakety Ansys HFSS. Ha ocHOBI oTpuMaHux pe3yibTaTiB IpPOBEIECHUN
aHaJi3 E€JIEKTPOMATHITHOTO TOJIs, MOOYIOBaHO jiarpaMy HampasieHocTi (puc. 5).
[Ipu 1uboMy, BiIHOCHA MAI€JNIEKTPUYHA NPOHUKHICTH B MeTamarepiajiax Mpuiimana
saadenns 50 1 100.

3MIHIOIOYM 3HAYEHHS BITHOCHOI JieJeKTpuyHOi mpoHukHOCTI Ha 70 1 120,
MOKHa MOOAYUTH 3HAYHI 3MIHM B €JIEKTPOMAr”iTHoMy moji (puc. 6) Ta aiarpami
HanpaBieHocTi (puc. 7). Takoxk, 3a3HaueHWid e(EKT CIIOCTEePIraeThCsl IS

BiMOBITHUX 3Ha4YeHb 30 1 80 (puc. 8).

100 o)

Puc. 5. Enexmpomaenimne none 6 aumeni i 3D-diaepama nanpaenrenocmi (50,

100)



0 50 100 (mm)

Puc. 7. Exekmpomaenimne none 6 anmeni i 3D-0iacpama nanpasnenocmi (70, 120)
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Puc. 8. Enexkmpomaenimne none 6 anmeni i 3D-0iacpama nanpasnenocmi (30,80)



BUCHOBKHA

ANBTEpHATUBHOIO KOHIEMIIEIO MO BiJHOIIEHHIO /0 3aCTOCYBaHHS LU(POBHUX
aHTEHHUX PEIIITOK € BUKOPHUCTAaHHSA MeTamarepiamiB. Ui CKaHyBaHHSI IPOCTOPY,
3aMiCTh TPAAMIIMHOT 3MIHH YaCTOTH >KUBIISTYOTO CUTHAITY, YACTOTa BUIPOMIHIOBAHHS
3aIIMIIAETHCS (DIKCOBAHOIO, @ OCOOJIMBUM YMHOM 3MIHIOIOTHCS JIMIIE €IEKTPOMArHiTHI
napaMeTpu MaTeplaly AaHTEHH, B SIKOCTI SIKOIO BHKOPUCTOBYETHCS TaK 3BaHUU
metamatepiai. 11lo0 3a0e3meunT ckaHyBaHHS MPOCTOPY MNpPHU HE3MIHHIN YacTOTI
€JIEKTPOMArHITHUX KOJMBaHb, KOHCTPYKIISl aHTEHH MO>KE€ BUTOTOBJISITUCS 32 KIJIBKOMa
BaplaHTaMHM KEpPOBAaHMX MeTaMaTepialiB B 3aJ€KHOCTI BiJ MPHUHIMITY YIPaBIiHHS
napaMeTpaMu MeTayapyHOK, HalpHUKJIaA, KEepyBaHHS 3a JIOTIOMOTOIO BapaKTOPIB.
[IpoBenenuii  aHaii3 MPIOPUTETHUX  HANPSAMKIB  BIOPOBAXKEHHS  TEXHOJOTIT
MeTaMmarepiaiaiB B aHTEHHIM TEXHil[l. OCHOBHUMH 3 HUX CJ1J BBa)KaTU CTBOPEHHS
KEpOBaHUX AaHTEH MOBEPXHEBOI XBWJII Ta BUTOTOBJIEHHS PaJlIONPO30PUX OOTIUHUKIB

(dazoBanux ab0 NUPPOBUX aHTEHHUX PEIIITOK.
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