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Mopov E. Kapmitdkng
Aaktop Hiektpoddyog Mnyavikog kot Mnyavikog Y ToAOyIoT®dV

Copyright © Mbpwv E. Kapmitdkng, 2011.
Me emeoraén Tavtog dikawdpotog. All rights reserved.

Amayopevetol 1 ovIIypopn, omoBNKELOT KOl OlOVOUN TNG TOPOVGOS €PYOoiag, &5 oAlokAnpov 1
TUNUATOG OVTNG, Y0 EPTOPIKO okomd. Emttpénetat 1 avatdnmaet, omodikeuon Kol Slovopn Yo GKOTo
Un KePOOOKOTIKO, EKTALOEVTIKNG 1| EPEVVITIKNG GVONG, VIO TNV TPovVTOBeon v avapépeTal Ty
TPoEAEVOTG Kot va dtaTnpeitol To mapodv pivopa. Epomuote mov a@opodv tn yprorn e epyaciog yio
KePOOOKOMIKO GKOTO TPENEL VAL OTELOVVOVTAL TPOG TO GLYYPAUPEC.

Ol amOYELS KOl TO, CUUTEPACLATO. TTOV TEPLEYOVTAL GE AVTO TO EYYPOUPO EKQPAlOVY TO GLYYPUPEN KoL
dev mpémel vo, epunvevbel 0Tt avtrpocmnevovy Tig emionpes B€oeig Tov Mavemopiov Oeccatiog.
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IHHEPIAHYH

Yxomdg TG TopovsOS OWAKTOPIKNG dSwTpPng elvar M avdAvon Kol oyedioon
LIKPOKVUOTIKGOV HETODMKOV pécmv d1adoons. Ta petabika (metamaterialsgueavilovv
TAVTOYPOVO APVNTIKESG TIUEG TOV GLVTAKTIKAOV TOVS TOPAUETPOV € KOL [L GE OPIGUEVO EVPOG
OLYVOTNT®V, UE OMOTEAECUO OPKETA EVOLAPEPOVTO YOPAKTNPIOTIKA, OTMG M EUEAVION
apvnTikoO deiktn d1a0Aaonc, 1 avTioTpoen Tov @awvouévov Dopplerkot to yeyovog 6t m
ToYOTNTO PAOTG Kot 1 TaOTNTe OpAdaS, oL yoapaktnpiletl v KatevBuvon petddoons g
1oYVOG, £xovv ovTifeteg KatevBivoelg. H nAlektpoduvapky cupmeptpopd VAIK®OV HECMV LE
apyntikd oeiktn owblaong peremnOnke yw mpdT @QOpd amd to Pdoo emomuova
Veselagoto 1968, 0 omoiog katéAnée o610 GLUTEPAGHO OTL TETOOL €100VG VAIKA eV
VILAPYOVV oTN EHON, 0AAAL gival duvatd Vo KATOoKELAGTOOV TeXVNTd. To Béua dev étuye
TeEPALTEP® dlepevvnong omd T S1ebvr| EMOTNUOVIKY] KOWOTNTO OTIC EMOUEVES OEKOETIES,
puéxpt kor 1o 1999, 4tav emaviABe o100 mMpooknvio amd TV oudda tov Bpetavon
emotnuova. Pendryoto mavemotmuio Imperial, o omoiog mpoteve pion puébodo ya tnv
EUGAVION OPVNTIKNG HAYVNTIKNG O0mepATOTNTAG 1L ad aywyovs. H doun mov mpotdbnike
amoteAovvtay amd pio cvototyio daympicpévav daktuiiov (Split Ring Resonatorsyot
enpdvile apvntikd P yopw amd éva otevd €0pog {dvng cvyvotntmv. O GUVOLAGUOS TNG
doUNG TOV OO MPIGUEVOV OOKTUMMOV HLE AETTO UETOAAMKG CUPULOTO TOPELXE OPVNTIKNY
LAYV TIKT OlOTEPATOTNTO L KOl OINAEKTPIKY| EMTPENTOTNTO € AVTIGTOLYN, OONYADVTAS GTNV
avamTuEn €vOg GUVOETOL LAIKOV e apvnTikd deiktn 01d0laong amd pio opdda epguvnTdV
oto mavemotuo g Kaiipopvia (UCSD). To yeyovog avtd eiye ©¢ omotéAespo m
avATTUEN HETODAMKOV HECWOV VO OTOGYOANCEL 1O10HTEPO TNV EMGTNUOVIKT KOWOTNTO TNV

televtaio dsKoEeTio.

2mv mapovca dttpiPn tpoteiveTon pio TEAEIMS S1OPOPETIKT SOUN OC VITOYNPLO UETADAIKO
pnéco, m omoio KOOGTA EVKOADTEPN TN QULOIKN TOL VAOTOINGN KOl TPOCOEPETAL Y10l
Aertovpyio t6c0 otig pikpokvpatikés (GHz) 660 kot o vynAdtepeg ovyvotnteg (THz). H
doun mOL EMAEYETOL YO0 TN MOVIEAOTMOINOT TOL HETAOAIKOV ovviotatolr omd £va
TPLOOIAOTATO KUPIKO TAEYHO OINAEKTPIKAOV GOALPOV, Ol OTOIlEG Vol LOyVNTIKA 0OPOVEIC.
H ovykekpyiévn dopn eKUETOAAEDETOL TO POIVOLEVO TOV NAEKTPOLAYVITIKOD GUVTOVIGLOV
TOV GOOPOV TOV TPAYLOTOTOIEITOL GE GUYKEKPUUEVEG GUYVOTNTESG KoL EXEL MG OMOTEAEGLLA
N peyloTomoinon tov mAdtovg tov okedalopevov H/M nediov. Inusidveral eniong 0Tl TO

HEGO GTO GUVOAD TOL EUPOVILEL IGOTPOTIKT) GUUTEPLPOPH, YEYOVOS TO OO0 GE GLVIVACUO
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HE TNV TEPLOOKOTNTA TNG OOUNG, OLEVKOAVVEL TNV AVAALON TNG NAEKTPOUOYVNTIKNG TOV
CUUTEPLPOPEG. ATOOEIKVOETOL OTL 1) EVEPYOS LOYVNTIKY| OLOMEPOTOTNTO Lleff KO 1 EVEPYOS
OMAEKTPIKY GTOOEPA Eeff TNG CLVOAKNG SOUNG £E0PTMOVTAL AUESH OO TO GUVTOVIGHO TOV
LELOVOUEVOV GOALPOV KOl Ol TILES TOVS EULPAVICOVY OTOTOUES OVEOUEIMGELS YOP® OO TIg
oLVYVOTNTEC GLVTOVICUOD TOV HOYVNTIKOV Kol NMAEKTPIKOV KLUUATOV OVTIGTOW(O, WE
OTOTEAECLO, VO TTPOKVTITOLV OPVNTIKEG € OPIoHéEVO €vpog Lovne. Tnv 1d0Ta avt
EKUETAALEVOLOOTE GT OMULOVPYIO EVOG HEGOL HE apynTikO dgiktn SO aong (ueTabikd),

TOV 07010V Ol GLVTOKTIKEG TOPAUETPOL € Kot L AAUPAVOVY TAVTOYPOVO OPVNTIKES TULEC.

To 1° «xepdloio g OSwrpific Eekivd pe pic odvioun IGTOPIKH  OVAGKOTNON
TOPOVCIALOVTOG TO GTOLOALOTEPN OTMOTEAECUOTO TOV EMOTNUOVIKOV UEAETOV GTO TENIO
épevvag tov metamaterialscot tig onpavtikOTEPEG TOOVEG EQOUPUOYES TOV UETADAMKOV.
[d1aitepn avagopd yivetar 6t dvvatdtnta avartuéng evog téletov paxov (perfect lens)o
OmO10C EMTVYYAVEL €O0TIOGCY HE OWOKPITIKN KOVOTNTO UEYOADTEPT OO TO QPAYUO TOV
UNKOVG KOUATOC, KOOMDS Kot 0TO KUKAMUATIKE 1G000VOUO TOV LETADAIKDV TOV EMLTPETOVV

TNV KATOoKELN SLOTAEEDV e PEATIOUEVA YOPOKTNPIOTIKA AEITOVPYIOG,

210 20 KEQAAOLO HEAETOVTOL O1EE0OIKA Ol POGUATIKESG OIOTNTES TOV UETADMKOV HECHV
Jad00NG, TPOKEWEVOL VO KOTAANEOVUE GE YPNOUYL0. CUUTEPACUATO Yo TNV 10laitepN
NAEKTPOUOYVITIKN TOVG GLUTEPLPOPA. [l TIg avaykeg TG avdivong Bempeiton pio mAdKo
amd petaviko. H pébodog avatvone Paocileton otovg petacynuatiopovg Fourier kot to
H/M medio ekppaleton mg emoriniio emmédmv kopdtmv. Eniong, n ©Anpng neptypagn tov
NAeKTPOLOYVNTIKOD eSOV GuvicTatal T060 amd T0 SKPITOd (ETPAVEINKA KOUOTO) OGO
Kot oo T0 cvvexé (aktivofoAiovpeva Kopata) eacua 181otipn®y. To Kiplo copnepdopoTo
TPOKLTTOVV OO TNV KAUTOAN S106TOPpAg Tov HEGov, 6mov amewkoviletal 1 HeTafOAN TG
otafepdg d1doong Kabd¢ Kot TG otabepds andoPeon GLVAPTNGEL TG CLYVOTNTOG, GTO
€0POG GLYVOTNTOV ONOV Ol GUVIOKTIKEG TOPEUETPOL € KOL L TPOKVLITTOVV TOLTOYPOVO.
APVNTIKEG. XVYKEKPIUEVO, Olokpivovior ot Oldpopeg Katnyopieg MAEKTPOUOYVNTIKOV
KOUATOV Tov &lvarl duvatd vo vVTooTnpiel N TAGKO amd UETADAMKO o aviifeon pe Ta
ovvNON VAIKA péca Ko Tpokvmtel To Pactkd cvumépacuo Ot 1 otabepd 61d000mMG Yo T
draddopeva Kot eBivovta ETPOVELOKH KOUOTO LEWWVETOL LE TNV aENCN TNG GLYVOTNTOC,
HE OMOTEAEGHO M TOYXVTNTO OMASOS KOl 1 TOYVTNTO (PAoNg v &ival ovTumopdAANAEC,

yeYovog oV dev Tapatnpeitanl oTo LV O LAIKE pe BeTikd € Kot L.

Y10 3’ kepdhowo mapovoidletar m mpotewduevr Souf yw T HOVIEAOTWOINGN TOVL

peTaAkol pHécov, 1 omoia amoTeAeiTan amd Eva KUPIKO TAEYHO OMAEKTPIKAOV GOAPOV, Ol
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omoleg elvar poayvmrikd adpoveic. H ovykekpipuévn douny xabiotd €OkoAn ™ @QULGIKN
vAomoinon Tov VIO OYEdlOOT  HETADAIKOD KOU TPOCPEPETOL YO AETOVPYID OTIC
piKpokvpatikég ovyvotntes. H pébodog avéivong mov axorovdeitan Paciletar otn Bempio
T0VL evepyol pécov (effective medium theorylgopewvo pe v onoio évo H€Go d146001MG
yapaxktpiletor g evepyd otav éva mpoomintov H/M kbduo dev avtilapfdvetar Tig
acVVEYEES TOL HEGOV. O KOPLOC TEPLOPICUOG TOV TPEMEL VO IKAVOTTOLEITOL v OTL TO
UMKOG KOpatog aktivoBoliog oto mepipdirov péco (host mediumpénel va givarl apketd
HeyoADTEPO amd N Oldpetpo TV oeapmdv. To yeyovdg ovtd pog emiTpémel vo
GLGYETICOVUE TIC TOPAUETPOVE GKEdOIONG amd pia pepovouévny opaipa (okédacn Mie) pe
NV €VEPYO OMAEKTPIKY EMITPEMTOTNTO KO LOYVNTIKY] SOTEPAUTOTNTO TOL GLVOAOL TWV

COALPOV.

To kepdloto Eekvd pe T peAétn Tov TPOPANLOTOG THG OKESUONS OO LELOVMUEVT CPaipa
KOL TOV (QOIVOUEVOD TOL TMAEKTPOLOYVITIKOD GLVIOVICUOD TV COUPAOV. XTH GULVEYELD,
nmapovotaletal 1 Osmpio Tov evepyod pécov, N onoia Paciletor otn Bedpnon TV GPUpOV
®G 1600VVOLOV NAEKTPIKMOV KOl LAYV TIKOV OUTOAMY KOl 00MYEl G€ AVAAVTIKEG EKPPAGELS
Yo TNV €vePYO OMAEKTPIKY] oTafEpd Kot EvEPYO HOYVNTIKY SOEPATOTNTA TOV GUVOAOL
TOV oQopdV. O NAEKTPOUAYVNTIKOS GUVTOVICUOG TOV COOpOV ivar dlaitepa EvTovog
OTOV TO0 LAMKO TV c@apdv eueavilel vynAn dimAektpikn otabepd, e tdéng tov 100.
OepOVTOC TETOWN DAIKA, 1 EVEPYOS HOYVNTIKY SOEPATOTNTO KO 1) EVEPYOS OMAEKTPIKT
otofepd TPOKVLTTOVV OPVNTIKEG O €val €0POC GLYVOTNTMOV YUP® OO TIG GUYVOTNTEG
GUVTOVIGLOV TOV HOYVNTIKOV Kol NAEKTPIKOV KUUATOV avTiotolyo. Qo1dc0, N Heavion
apyntikov Ogiktn StbAaong Yy 10 GOVOAO NG OOuUNg TPoLmOBETEL 1 PAyVNTIKNY
damepatdTNTA Kot 1) OINAEKTPIKT oTafepd Tov PEGOL va. AapPdavouy oto 1010 evpog {mdvng
apvNTIKEG TIEG, OMANd VO CLUTITTOVV Ol GLYVOTNTEG HOYVNTIKOD Kol MAEKTPIKOD
GUVTOVIGLOV, YEYOVOG OV 0V UTOPEL va, cuuPel av OAEG O oQaipES OMOTEAOVVTOL OO TO
010 dmAexTpKd VAKO ko €ovv TNV 1O oaktiva. To mpoPAnua ovtipetomileTo
Bewpmvtog 0TL 1) doun amoteleital amd dV0 €10N CEUPDOV SUPOPETIKNG AKTIVOG OAANL OO
10 1010 VAKO. Agdopévov OTL 01 MAeKTpIKoi cuvtovicpol piag ceaipag epeavifovtal og
oLUYVOTNTEG UEYOAVTEPEG OO TOVLG OVTIIGTOLOLG HOYVNTIKOUG Kol Ol GUYVOTNTEG
GUVTOVIGLOV &Vl OVTIOTPOP®MG AVAAOYEG TNG OKTIVOC TNG oQaipag, Ol Ol0GTACELS TMOV
ocQUP®V NG OOUNG EMAEYOVTOL £TOL MOTE VO GUUTITTOLV 1 GLYVOTNTO TOV TPMTOL
LOyVNTIKOD GULVTOVIGHOD TOV COUPOV HIKPNG OKTIVOG HE TN GuYvOTNTe TOV TPMOTOL

NAEKTPIKOD GLVIOVIGHOD TOV GQAPOV peyolvtepng axtivag. O deiktng 61d0laong tov
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GUVOAOL TV GOAIP®Y VTOAOYILETOL 0md T GYE0M Nyc = /U et Kol TO TPAypOTIKS
HEPOG TOV TPOKVITEL TPAYLLATL OPVNTIKO YOP® O T1 GLYVOTNTO GLVTOVIGLOD.

Y10 TéAOC TOL KeEPOAiOL Tpayuatomoleitol mpocopoimon g owrtaéng (full wave
simulation) pe t Ponbeia tov Aoywopkov makétov HFSS (High Frequency Structure
Simulator), to amoteAéopoTo TNG OMOI0G TOLOTIKA EMPEPALOVOLY TNV  AVOAVLTIKA
TPOoGEYYIoN Ue TN Bempia Tov evepyol HEGOVL, pEe TN dapopd 0Tl To VPO (VNG 6TO 0moio
TPOKVTTEL OpVNTIKOG deiktng dtdbAaong eivar pukpdtepo amd avtd mov vroloyiletor pe
avaAvTikég pebodove. Evtovtolg, n uébodog avéivong mov akolovbeitar oto 3 ke@dlato
elvar plo wpdng TAENC TPooEyylon Tov  mPOoPANUHaTOog oL  TapExel  aSlOTIoTO
ATOTEAECUOTO LOVO OTOV TO UNKOG KOUOTOG 6T0 TEPPAAAOV LECO lval apKETH LEYOADTEPO
™G OUETPOV TOV GPULPAOV KOl €V OMOTEAEL TNV TANPN AVGN, APoD ayVOel GUVEICPOPES

amo avATEPTG TAENG PLOLOVS KOOMG Kot TIG AAANAETOPAGELG LETAED TOV CPUIPDOV.

Y10 4° kepdhono Toapovstdletor n TARPNg Abomn Tov TpoPAfuatog epapuoloviag t Bempio
NG TOALOTTANG GKEDUONG, COUPMOVO LE TNV OTOi0l TO TPOCTIMTOV Tedio o€ KAOe caipa
elval 10 aBpoopo OAV TV KLUATOV Tov okedalovtol and Tig vorowmeg cpaipes. H
Bewpla ™G mOAAATANG oKESaONG amodidel emakpiPdg TIc aAAniemdpdoels petalh Tov
oQUPAOV Kol £QapUOleTOl oveEapTNTOC TEPLOPIGUAOVY, o€ avtifeon pe tn Bewpio Tov
evepyoL péocov. To kepdhato Eekva pe Tn HEAETN TG OKESAONG OO LELOVOUEVT CQOIpOL
Kol NG ok&daong omd £€vo  EMIMES0 OCQUP®V, TEPLOOIKA OlATETAYUEVOV. AOY®
nePLOdIKOTNTOG NG d1dTaéng, To okedalopevo kKOpa amd ™ oeaipa oty Béon R dapépet
a6 to okedalouevo KOO amd TN GEOIpA GTNV 0Py TOV GUVTETAYUEVOV UOVO KATH Evov
napdyovto edone (Oempnua Bloch) dievkoidvovtag v avdivon. Zvurepaivovue 0Tt TO
okedalopevo KOpo amd €va eMMEdO GPUPOV EKQPALETOL GLVOPTNCEL TOV TIVAK®OV
oKESOONG amd UEUOVOUEVN oaipa, TV otofepdv doung €, ot omoiot ekEpAalovv Tig
OAMNAETIOPACES HETOED TOV COOUPAOV TOL EMTEOOV, KOODC KOl TOV CLUVIEAEGTMOV
avémtoéng tov mpoomintoviog mediov. Or otabepéc doung peAeTdvVTOL O1eE0dKd
KOTOAYOVTOG OE OVOAVTIKOUG TOMOLG KOl AEMTOUEPELEG YLOL TOV 1OlOUTEPU TOAVTAOKO
vroAoyiopd tovg. EmumAéov, mpoodiopilovial ot cuvteAeoTé avAKAOoNG Kol HETAO0ONG
amod 10 emimedo ceapmv ekepdloviag 1o okedaldpevo medio wg vmépbeon emmédwv
KOUATOV. TN CLUVEXELD, YIVETOL LEAETN TNG OKEDNONG OO TEPICCOTEPN EMIMEON GPALPDV,
aeoy TO UETODAMKO amotedeital amd TNV €MOAANMO EVOALUGGOUEVOV EMTEOW®V OO
oQaipeg, £T01 MOTE o€ KAOE eMimedo o1 opaipeg va Egovv TV 1010 akTiva, dALL 6TO OUECHG

EMOUEVO EMIMEDO N OKTIVOL TOV GOAPOV va gival dopopeTikn. Apyikd vroloyilovtol ot
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mivokeg OEAELONG KoL OovOKAOoNG Yoo 000 emimedo oQAUP®V  cLVOVALOVTOS TOVG
aVTIGTOYOVG TIVOKEG Y10 KAOE eminedo. OewpdvTog 0Tt TO HETADAIKO omoTeLEiTOL OO Evay
nenepacpévo apBpd eravorappavopevov covletov mlokwiov, Kabéve amd to omoia
TEPEXEL OVO EMMEdN COUPADV JPOPETIKNG aKTivag, Tpoodopilovtal ot avticToryot
mivakeg OtEAevong Kol avakioong, duriactalovioag tov aplBud Tov TAaKdiov ce Kabe

o01610.

Téhog, eEbyetar 1 oyéomn S106mOPAS TOv UETADAKOD HECOV, amd TNV Omoio. GLVAYOVTOL
Baowd ocvumepdopato yoo TG WOTTEG TG ovvOetng doung. Ewdwodtepa, m oxéon
J0oTOPAG TEPLYPAPEL TN HETAPOAN TOL KLHOTAVOGHATOS Oadoong K, cuvapthicel tng
oLYVOTNTOG AELTOVPYiOG KOl oLVIOTA £€val TPOPANUE 1OI0TIUAV-1O100IVUGHATOV OV
vroroyiCovron apOuntikd. o dedopévn cuyvotnta amd Oheg Tig WoTipég Tov K, , kapio n
oV KOAVTEPN TEPIMTMON WEPIKES UOVO TPOKVTTOVV TPUYUOTIKEG KOl Ol OVTIGTOUYESG
1O10AVCELG TOPIGTAVOLV O1AOIOOUEVO KOHOTO HEGO GTO GUVOETO PETODAIKS. Ot VTOLOITES
Twég tov K, eivon pyadikéc kot ot aviiotores WOOANGELS avVIITPOcmRELOVY PhivovTa

KOUOTO, TO TAUTOC TV Oomoiwv peldveTol eKOeTIKd Kol o avtiBeon pe ta dtodddpeva
KOLLOTO, OEV VPIOTAVTOL MG PLGIKEG OVIOTNTEG OTOV AMELPO KPVOTOALO. Ot TEPLOYEG AVTEG

KahoOvTal poTovikd ydopata (photonic bandgaps).

Y10 «kepdiao 5 ovvoyilovtar To  oplBunTiKd amoteAéopato oL  AapPdvovton
epapuolovtag 1 Bewpion TOAATANG OKESOONG KO GLYKPIVOVTOL UE TO OVTIGTOLYO. TOV
KePoAaiov 3. Ao ™ pEAETN TG KAUTOANG OAGTOPAS TPOKVTTEL OTL LITAPYEL £VOL EVPOC
CdvNng ovyvotHT®V €VTOG TOL OTOIOL 1 TOYVTNTO GACNG KOl M TOLTNTO OuddaG eivat
AVTITAPIAANAEG. TNV TTEPLOYN TN 0 deikTNG O1AOAAGNC TOV HEGOV TPOKVATEL APVITIKOC,
ONAodn to pE€cOo cuumEPLPEPETAL MG PETADAKO. Q6TOGO, 1) £VTAGT TOL POIVOLEVOL KOl TO
ebpog Cdvng eivar onuovtikd piKpotepa omd O,TL OTNV TMEPIMTOON NG OVOALTIKNG
nmpocéyyons. Evtoltolg, pe pikpn tpomomoinon g Sdtang TV oQApOV €VIOC TNG
JOoMIKNG povddag, £tol dote va avéndel 1 ovlevén HeTa&y TV cEUPOV, T0 g0pog {DOVNG
0T0 0moi0 0 O&lkTNG SLIOANONG TPOKVTTEL APVNTIKOG OVEAVETOL CMUOVTIKA. XMLOVTIKN
avénon oto evpog LOVNG TOL EUIVOUEVOL Topatnpeiton emiong kol pe avénon g
dmAektpikng otabepdg Tov mepiPdArlovtog pécov, yeyovog wiaitepa emBountd. [dwaitepn
EMIOPAOT GTO PALVOUEVO £YOVV KOl Ol ATMAELES TOV SINAEKTPIKOV TOV GPOIPAOV, Ol OTOIEG
EYOVLV G OMOTEAEGLO TO POVOLEVO VO LETPLALETAL CNUAVTIKE MG TPOG TNV £VTOCT KOl VOl

eCapaviletor Yo epamtopévn anoAsl®v peyoivtepn and 10 3 %e YEVIKEG YPOUUES TTAVTOGC
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n ooun eppovifel v emBopnt GLUTEPLPOPE UETODAMKOD YOP® aTO TIC CLYVOTNTEG

GUVTOVIGLOV TMV COUPOV ETPERALDVOVTOC TOVS OPYLKOVS BEmPNTIKOVE oG 1GYVPIGLOVG.

Y1 ovvéyeia Tov 57 kepaiaiov Tapovoidletar pio TOavy eopuoy TOL HETADAIKOD, TOL
aQOpa TN YPNON TOL Y T PeATioon Tng tKavotnTag £0Tioong EVOS LPPLOKOD GUGTHOTOC
EVOOKPOVIOKNG OmEKOVIoNS Kol Oepaneiag copemva pe 1 pébodo g vrepbepuiog. To
OLYKEKPIUEVO GUOTNHA £YEL avOmTVYOEl GTO EPYACTNPIO HIKPOKVUATOV KOl OTTIKAOV VOV
tov EMII kot elvoar éva pn emepPatikd cOOTNUO TOV YPNCUUOTOLEITAL HUE GTOXO TNV
EMAEKTIKN OEpUavon TOV TEPLOYDOV EVOLUPEPOVIOG TOV €YKEQPAAOVL (vmepBeppiia), Vo
TOAPAAAN A TOPEYXEL TN SVVOTOTNTO OTEIKOVIONS TS Beppokpaciog TG aKTIVOBOAOVUEVIC
TEPLOYNG TOV EYKEPAAOL o€ TpayHatikd ypdvo. H mepoyn cvyvotitwv Aettovpyiog tov
anekovioTikob cvotnuatog eivar 1,5-3,5 GHz.To cvomuo aneikdviong Paciletor o
LIKPOKLUOTIKY padtopeTpio, pion teyvikn pétpnong mov evtomilel ) @uoikn Oepuikn
aKTIVOPOAID OV EKTEUTMETOL OO TNV VAN, €vd TOo ovotnua OBepomeiog PacileTor o
puébooo ¢ vmepOepuiog, piog Bepamevtikng teXVIKNg Tov Kopkivov. H avdmtuén tov
UETODAKOD OV TEPLYPAPNKE TOPATAV®D EYEL G amOTEAEGHO TN Pertiwon TG eotioong
o0V cvotuatog Bepaneing, 6cov agopd 610 PdBog deicdvong ¢ axtivoPoriag, KabMOS
KOl OTY YOPIKY Ol0KPITIKY KOVOTNTO TOV GULOTHUOTOS OmEWKOVIONS. MdaMota, yiveton
mpoomdhelo. EDPECNC TOV KATAAANAOL VAIKOD oL Ba ypnoomombel Yo TV KOTOoKELT

TOV OINAEKTPIKAOV COUPDOV UE GTOYO TNV TEPAUATIKT EMPEPAIDON TOV VTOLOYICUDV LOG.

10 keParoro 6 e€etdleTor To evoegXOUEVO AEtTOLPYiaG TNG OOUNG otV meploy twv THZ,
YEYOVOG TOL EMPEPEL ONUOVTIKY Helwon oTlg dotdoels tov petabiwkov. H doun
TPOTOTOLEITON KOl OmOTEAEITOL TTAEOV OO £val 100G GPAUPDV, Ol 0Toieg TEPIAAUPAVOLY dVO
oTpoOuaTe and SlPOPETIKG dinAekTpikd vAkd (coated spheres)o vikd tov mTvpnva
dwbétel vymAn dmAektpikn otabepd TG Taéng Tov 100 0dMydVTOG GE 1oYLPO UAYVNTIKO
GULVTOVIGUO, EVA TO VAIKO TOL TEPIPANUATOS RPavVIel CLUTEPIPOPE TAAGHATOS YOP® omd
™ ovyvomta Aettovpyiog (e < 0) odnydviog oe NAEKTPIKO GLUVTOVICUO. YTOYHPLOL VAIKA
UE TNV TOpamdvem coumeplpopd eivar kepoapukd vikd (m.y. LiTaOs) yi 10 VA6 TOL
TUPNVOL KO NULOY®YOL TPOCSUIEE®V e CLUTEPIPOPE TAACUATOC oTNV Tteployr] Tov THZ yia
T0 VAIKO TOL TePPANUATOS TV oPopdV. TEAOC, avaKEQPOAMVOVTOL TO. KLPLOTEPQ

CLUTEPACULATO TNG SATPIPNC.

AEEEIG-KAEWOWA: UETODAIKE, GUVTOVIGUOG GPOIPADV, apvnTikdg OeikTng dtablaong, oyéon

JoTOPag, evepyd HEGO, TOALOTAT oKESUOT, VIEPOEPLLia, KPOKVUATIKY] POOIOUETPIO.
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Abstract

The main purpose of the dissertation is the analysis and design of microwave metamaterial
propagation mediums. Metamaterials possess simultaneously negative values of their
constitutive parameters,u in a certain bandwidth, resulting in a variety ofrigning
characteristics, such as the exhibition of negative index of refraction, the reversal of
Doppler effect and the fact that phase velocity and group velocity, characterizing the
direction of power transmission, are antiparallel. The electrodynamic behaviour of
mediums with a negative index of refraction was firstly studied by the Russian physicist
Veselago in 1968, who concluded that such materials cannot exist in nature, but it is
possible to be artificially manufactured. The subject did not attract the attention of the
international scientific community during the following decades, until 1999, when British
scientist Pendry in Imperial College suggested a method to provide negative permeability
from conductors. The suggested structure consisted of an array of split ring resonators and
possessed negative values of permeability over a narrow bandwidth. The combination of
the structure of split ring resonators with thin metallic wires provided negative permeability

w and permittivitye respectively, resulting in the development of a casitpanaterial with
negative index of refraction from a research team at the University of California (UCSD).
As a result, the development of metamaterials triggered the interest of the scientific
community during the last decade.

In the following dissertation a totally different structure is suggested as a candidate
metamaterial medium, which facilitates its physical implementation and can be used for
operation in microwave (GHz) and higher frequencies (THz) as well. The selected structure
modeling the metamaterial consists of a cubic lattice of dielectric spheres, that are
magnetically inactive. The specific structure exploits the phenomenon of electromagnetic
resonance of spheres, that is present at discrete frequencies and results in the maximization
of the amplitude of the scattered electromagnetic field. It is noted that the medium exhibits
isotropic behaviour, a fact that in conjunction with the periodicity of the structure,
facilitates the analysis of its electromagnetic behaviour. It is shown that the effective
magnetic permeabilityier and effective permittivitye of the whole structure depend
strongly on the resonance of the isolated spheres and their values exhibit steep variations
around the resonant frequencies of the magnetic and electric waves respectively, becoming

negative in a certain frequeny range. This property is exploited in the development of a
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medium with negative index of refraction (metamaterial), whose constitutive parameters
g, are simultaneously negative.

Thefirst chapter begins with a short historical review presenting the most important results
of the scientific studies at the area of research of metamaterials and the major applications
of metamaterials. Special reference is made to the development of a perfect lens that
achieves focusing with spatial resolution greater than the wavelength limit and to the
equivalent circuits of metamaterials allowing the construction of devices with improved
operation characteristics.

In the second chapter, the spectrum properties of metamaterial propagation mediums are
thoroughly examined in order to reach some useful conclusions for their peculiar
electromagnetic behaviour. In our analysis we assume a slab of metamaterial. The analysis
method is based on Fourier transforms and the EM field is expressed as a superposition of
plane waves. Furthermore, the full description of the electromagnetic field consists of the
discrete (surface waves) and the continuous eigenalue spectrum as well (radiating waves).
The main results are obtained from the dispersion curve of the medium, representing the
variation of the propagation constant and the attenuation constant as a function of
frequency, at the range wher@ possess simultaneously negative values. In paatjcihle

various kinds of electromagnetic waves that can be excited in the metamaterial slab are
summarized in contrast with the ones excited in usual mediums and it is concluded that the
propagation constant for ordinary and evanescent surface waves decreases with the increase
of frequency. As a result, group velocity ad phase velocity are antiparallel, a fact that is not
observed in usual mediums with positive.g,u

In the third chapter the suggested metamaterial structure is presented, consisting of a cubic
lattice of dielectric and non-magnetic spheres. The specific structure is facilitates the
physical implementation of the metamaterial and can be used for operation at microwave
frequencies. The analysis method that is followed is based on the effective medium theory,
according to which a medium is characterized as effective when an incident EM wave
cannot detect the discontinuities of the medium. The main limitation that needs to be
satisfied is that the wavelength in the host medium must be much larger than the size of the
spheres. This fact allows us to correlate the scattering parameters from an isolated sphere
(Mie scattering) with the effective permittivity and magnetic permeability of the aggregate
of spheres.

The chapter begins with the study of scattering from an isolated sphere and the

phenomenon of electromagnetic resonance of spheres. Then, the effective medium theory is
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presented, which assumes that spheres behave as equivalent electric and magnetic dipoles
and results in analytical expressions for the effective permittivity and magnetic
permeability of the aggregate of spheres. The electromagnetic resonance of spheres
becomes very intense when the material of spheres has very high dielectric constant,at the
order of 100. Assuming such materials, the effective magnetic permeability and effective
permittivity become negative in a bandwidth around the resonance frequencies of the
magnetic and electric waves respectively. Nevertheless, in order to obtain negative index of
refraction for the aggregate of the structure, magnetic permeability and dielectric
permittivity should be simultaneously negative, so that frequencies og magnetic resonance
and electric resonance coincide. The latter cannot happen if all spheres consist of the same
material and have the same radius. The problem is faced assuming that the structure
consists of two kinds of spheres with a different radius, but from the same material. Given
that electric resonances of spheres appear at larger frequencies than the magnetic ones and
resonance frequencies are inversely proportional to the radii of spheres, the dimensions pf
the spheres are selected in such a way that the frequency of the first magnetic resonance of
the spheres with small radius coincides with the frequency of the first electric resonance of
the spheres with larger radius. The inde of refraction of the aggregate of spheres is

calculated from the relationeh= +/ue® and its real part becomes negative around the

resonance frequency.

At the end of the chapter a full wave simulation of the structure is performed using
commercial software package HFSS, the results of which qualitatively confirm the
analytical approximation (effective medium theory), with the difference that the bandwidth
where the index of refraction becomes negative is smaller than the one calculated by
analytical methods. The analysis method that is followed at the third chapter is however a
first order approximation that provides reliable results only when the wavelength in the
host medium is much larger than the diameter of the spheres and does not characterize the
full solution, as it neglects hoger order contributions and interactions between spheres.

In chapter 4, the full solution is presented applying multiple scattering theory, according to
which the incident EM wave in each sphere is the sum of all the waves scattered from the
rest of the spheres. Multiple scattering theory takes into account the interactions between
spheres and is applied without limitations, in contrast with effective medium theory. The
chapter begins with the study of scattering from an isolated sphere and scattering from a

plane of spheres, periodically ordered. Due to periodicity of the structure, the scattered
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wave from the sphere at position R differs from the scattered wave from the sphere at the
origin only by a phase factor (Bloch theorem) facilitating the analysis. We conclude that
the scattered wave from a plane of spheres is expressed in terms of scattering matrices from
an isolated sphere, structure constantslescribing the interactions between spheres and
coefficients of the incident field. Structure constants are thoroughly studied resulting in
analytical formulas and details for their complex calculation. Furthermore, reflection and
transmission coefficients from a plane of spheres are determined, expressing the scattered
field aw a superposition of plane waves. Scattering from more planes of spheres is then
studied, as the metamaterial consists of the succession of alternating planes of spheres in
such a way that in each plane spheres have the same radius, but at the next plane sphere
radius is different. Initially, transmission and reflection matrices for two planes of spheres
are calculated combining the corresponding matrices for each plane. Assuming that the
metamaterial consists of a finite number of recurrent complex slices, each of which
includes two planes of spheres with different radius, the corresponding transmission and
reflection matrices are determined, by doubling the number of slices in each stage.

Finally, the dispersion relation for the metamaterial medium is extracted, from which we
reach to basic conclusions for the properties of the composite structure. Especially, the
dispersion relation describes the variation of the propagation wavevects & function

of the operating frequency and consists an eigenalue-eigenectors problem that are
calculated using numerical methods. For a given frequency, from all the eigenvalyes of k
noneor a just a few are real and the corresponding eigensolutions describe propagating
waves inside the complex metamaterial. The rest of the values are complex and the
corresponding eigenvalues represent evanescent waves, the amplitude of which is
exponentially decreased and in contrast with propagating waves, they do not exist as
physical entities in the infinite crystal. These regions are called photonic bangaps.

In chapter 5, numerical results are summarized applying multiple scattering theory and are
compared to the results of chapter 3. Studying the dipersion curve, we observe that inside a
specific bandwidth phase velocity and group velocity are antiparallel. In this region, inde of
refraction becomes negative, thus the medium behaves as a metamaterial. However, the
intensity of the phenomenon and the bandwidth are a lot smaller than the case of the
analytical approximation. Nevertheless, with a slight modification of the set-up of spheres
inside the unit cell, in order to increase the coupling between spheres, the bandwidth where
index of refraction becomes negative is increased significantly. An increase in negative

refraction index (NRI) bandwidth is also observed with the increase of the dielectric

-14-

Institutional Repository - Library & Information Centre - University of Thessaly
19/04/2024 19:52:46 EEST - 3.21.244.156



constant of the host medium, which is very desirable. It is also observed that the losses of
the dielectric of spheres have a special impact on the phenomenon, as they result in the
decrease of its intensity. The phenomenon disappears for loss tangent greatef’than 10
Generally, the structure exhibits the desired metamaterial behaviour around the resonant
frequencies of the spheres, confirming our initial theoretical assumptions.

In what follows in the % chapter, a possible application of the metamaterial is presented,
regarding its use to optimize the focusing properties of a brain hybrid monitoring and
treatment system with the method of hyperthermia. The specific system has been developed
at the laboratory of microwaves and fiber optics of National Technical University of
Athens and is a non invasive system that is used for the selective heating of regions of
interest (hyperthermia), while it can monitor the temperature of the radiated brain region in
real time. The operating frequency region of the monitoring system is 1.5-3.5 GHz. The
monitoring system is based on microwave radiometry, a measurement technique detecting
the natural thermal radiation emitted by matter, while the treatment system is based on
hyperthermia, a cancer treatment technique. The development of the metamaterial
described above, results in the enhancement of the focusing properties of the treatment
system, in terms of penetration depth of the radiation and the spatial resolution of the
monitoring system. In fact, efforts are made in order to find the appropriate material to be
used for the construction of the dielectric spheres to experimentally confirm our
calculations.

In chapter 6 the possibility of operation of the structure at the area of THz is examined,
decreasing the dimensions of the metamaterial. The structure is modified consisting of one
kind of spheres, which incude two layers of different dielectric materials (coated spheres).
The material of the core has a high dielectric constant, at the order of 100, resulting in a
strong magnetic resonance, while the material of the coating behaves as a plasma around
the operating frequency € 0) causing an electric resonance. Candidate rakltavith the

above behaviour are ceramic materials (e.g. Lg) 4@ the material of the core and doped
semiconductors with a plasma behaviour in the range of THz for the material of the coating

of the spheres. At the end of the dissertation, the main conclusions are summarized.

Keywords: metamaterials, spheres resonance, negative index of refraction, dispersion

relation, effective medium, multiple scattering, hyperthermia, microwave radiometry.
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Evyoaprotieg

Kotd ™ ddpkelo g ekndvnong mme SOaKTOpIKNIG Hov OaTpifrg €lya TNV OLCLUCTIKT
oTHPIEN TOL ayomnToL pov emiPAénovta, Kadnynm. k. ['edpylov ZtopodAn, Kabdg Kot Tov
KaONyNT| Hov amd TNV TEPI0O0 TV TPOTTLYOKMOV LoV GTovd®dV oto EBvikd Metodpio
[Tolvteyveio k. NikdAaov Ovlovvoyrov. Tovg evyOPIETO TOV HOL EUTIGTEVTNKAY OVTO TO
TPOTOHTLTO Kot 1daitepa evolapépov epeuvnTikd 0épa. H npepio mov evémvevoav otov
TPOTO dOVAELAG LoV Kal 1) 0EVAEPKNC Kabodnynomn Toug vanpéav akpoywviaiot Aot g
emtuyiog Tov OAov eyyelpnuatos. Oa NTov emiong mOPAAEYn Vo UMV avoeepH® otV
TOAOTIUN GLVEICEOPA ToV K. Bacikeov Tavvomana, eniikcovpov kabnyntn Tov TUNHOTOS
Emomung Yakov tov [oavemommuiov [Hotpov. Emumiéov, Ba ffela va guyapiotion ™
Ap. Eippvn Kapavdaoiov tov EMIT yio tqv dpiom cuvepyaocia pog kad OAn m didpketa g
dwrpipng. Evyapiotd Oeppd emiong tovg kabnyntég mov CULUUETEIYOV OTNV EMTOUEAN
eetaotikn emtpomn. TELOG, vXapIoTd W104TEPO TV OIKOYEVELD LOV YloTl VITOoTNPIEE LE

K@Oe TpOTO TNV TPOGTAOELL LoV aVTY| Ko Elvat TavTa dimAa pLov.
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KEDAAAIO 1

EIZATQIH XTA METAYAIKA

O 6pog «etablkd» (metamaterialspioferrOnke mTpokeévov va yopoaktnpicel pio véa
Katnyopio VAMK®V, ta omoio epeoavifouv a&loonuelmteg NAEKTPOUOYVNTIKESG 1O10TNTEG KoL
Kataokevalovror texvntd. To petabikd opilovtal SEBVAOC OC TeYVHTES EVEPYA OUOYVEVEIS
NAEKTPOUOYVNTIKES OOUES UE aoVVHOLOTES 1010THTES TOV dev TTapoTnpovvTo