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MpoAoyog

H tmapouca SiatpiBfi €xel oav AVTIKEIMEVO TNV WEAETN TNG OKEDAONG NAEKTPOUAYVNTIKWV
KUMATWY aTTo ETTIPAVEIEG, OPOOYWVIKEG OOUEG KAl TUVOETEG KUAIVOPIKES DIATAEEIG E EQAPUOYT OTNV
TEPIOXN TwV TNAETIKOIVWVIWY. EktovABnke utmd Tnv emifAewn Tou Kabnynt) K. lwavvn O.
Bapdigutraocn kai evidooeTal OTa TTAQICIO TNG €peuvnTIKAG OpacTneidTNTaG TOU TUAMATOG
HAekTpovikwv Mnxavikwv Tou EAAnvikou Meooyeiakou lMavetmiotnuiou (EAMETTA).

2av eAdyioTo deiyha avayvwpiong Kal EuyvwPoouvng BEAwW, Katapxnyv, va eKQpacw TIG
eINKpIVEIG euxaploTieg pou otov KaBnyntA K. 1.O. Bapdidutraon, 1Tou wg PEVTOPAG Pou Kal TTEpa
ammd Ta TUTTIKG, €ixe TTOAudIdoTaTn KaBopIOoTIKN €midpacn oTnv OAn Tropeia. Tov euxapioTw
I01aiTEPa yia TNV duvaTOTNTA TTOU POoU €O0WOE va EKTTOVIICW TNV TTapouaa diaTpifr}, aAAd kal Tnv
TTPOOTIABEIA TOU Va PE KOTEUBUVEI agIOTNIOTA KAl JE TOV 0PBO ETTIOTNHOVIKO TPOTTO OTa £vOOTEPA TNG
NAEKTPOUAYVNTIKAG Bewpiag Kal Twv epapuoywy TnG. OuolaoTIKd, Kal 60Xl JOvVOo, KaTAPEPE va oU
METOQEPEI TOV EVOOUTIOONO, TNV AVEYVWPIOHEVN EPEUVNTIKA EUTTEIPIA TOU KAl TIG YVWOEIG TOU YIda TO
uTTOWN ETTIOTAMOVIKO TTEDIO.

IS1aiTepa BepPEG euxapIOTieG EKPPACwW, €TTiIONG, O0TnV Ka. lwavvidou MeAiva, KaBnynTpia Tou
Aigbvoug TMMavemotnuiou ™G EANGSOG (Tunua Mnyxavikwv TAnpo@opikAG Kal HAEKTPOVIKWV
2uoTnPATWY) Kal Tov K. Kokkivo Eudyyero, AvatrAnpwtr) KaBnynti tou TuAuatog HAEKTPOVIKWY
Mnxavikwyv Tou EAMETA, 1ToU atroteAolV Kal péEAN TNG TpIneAoUS ZUupBOUAEUTIKAG ETNITPOTING TNG
O10aKTOPIKAG dIaTPIRAG Hou. TOUG EUXAPIOTW YIA TNV EEAIPETIKA OUVEPYATIa TOUG, TIG OTOXEUMEVES
TTAPATNPNOEIG KAl CUUPBOUAEG TOUG, TNV CUVEICQOPA TOUG OTNV ONUOCicuon ATTOTEAECUATWY TNG
£PEUVAG, KAl YEVIKOTEPA OTO OTI JOU PETEQEPAV TNV TTOAUTIUN EPEUVNTIKI EUTTEIPIA KOl YVWOTN TOUG
o€ BEuaTa NAEKTPONAYVNTICUOU Kal AoUPHUATWY ETTIKOIVWVIWV.

EmAéov, Ba ABeAa va euxapioTiow Kal Ta akOAouba téooepa péAN AENM Tou TunRuartog
HAekTpovikwv Mnxavikwy tou EAMETA, 1ou civar kai yéAn mg E&etaoTikhg EmTPOTG TNG
TTapoucag SI6aKTopIKAG dIATPIRAG, YIa TNV CUNTTOPACTACTH TOUG O€ ETTIPEPOUG OTAdIA TNG £pYACiag
MOoU WOWVTAG PE OTO va atmodwow TO KAAUTEPO duvaTd, KABWG Kal OTA £TTOIKOOOUNTIK& OXOAIa Kal
TIPOTACEIG TTOU €KAVAV:

K. Tatapdakn MixanA, Kanyntn,
K. Xatgakn lwavvn, Kabnyntn,
K. KwvoTtavtdapa Aviwvio, AvammAnpwTtr KadnyntA,

K. NikoAétTouAo XpAoTo, Emikoupo KaBnynt.
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ZUVOAIKA, €mMOUPW va ekPPAcw TNV amePIOPIOTn €KTiunon pou oTtov KaBnynth Kai
AieuBuvty Tou Epyaotnpiou TnAemkoivwviwv & HAektpopayvnTikwv E@apuoywv k. 1.0.
Bapdigutraon yia tnv eummioTooUvn WE TNV oTroia pe TTEPIEPAAAE, KOBWGS Kal yia TNV OUCIACTIKA
OUMBOAR Tou Kal oupTTOpEUCn Tou ag OAn Tnv didpkela ekTTévnong Tng diatpifrig autig. Tov
EUXAPIOTW, OTTWG Kal Ta uttoAoita péAn Tou Epyactnpiou, 6x1 uévo yia Tov d@bovo xpdvo TTou
01€Be0e, kaBodnywvrag kal evBappuvovtag HeE, aAAG Kkal yia To TTveUua Ouvepyaoiag TTou
KOAAIEPYNOE OTNV OAN EPEUVNTIKI TTPOCTTABEIO ETTIOEIKVUOVTAG TO ATTAITOUNEVO B0G Kal OTAON.

TENOG, €va peyAAo €uXapIOTW OTAV OIKOYEVEIA YOU, yIa TNV OTAPIEN TNG OTNV TTPOCTTABEIA
MOu va ektTovAow Tnv OlaTpIBy avexOuevn Tnv ouvertayouevn O1dBeon xpovou JEXpPl TNV

oAokAApwaor TNG.

Xavia KpAaTtng, Noéuppiog 2022
NAI0dAKNG X. Iewpylog
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MepiAnyn

H mmapouca Siatpiry aoxoAsital he TNV PEAETN TTPORANUATWY OKESACNG NAEKTPOUAYVNTIKWY
KUMATWY oTTé €MIQAVEIEG, OPOOYWVIKEG OOMES KAl oUVOETEG KUAIVOPIKES dlaTdelg. Méow TnG KaTd
TEPITITWON KATAAANANG povTeAoTToinong, didovTal NUIOVAAUTIKEG AUCEIG yIa TO OKEDALOUEVO TTEDIO
EMTTEOWV NAEKTPOPAYVNTIKWY KUPATWY Kal €§dyovtal diaypauuaTa akTivoBoAiag TToU agopouv
OIAPOPES TNAETTIKOIVWVIAKESG EQAPUOYEG.

EidIkoTepa, oT0 Kegpdhaio 1, vyivetar pia yevikf oploBétnon Twv  TTPoRANUaTWY
NAEKTPOUAYVNTIKAG OKEDOAONG OE QVTIKEIMEVA ME KaAvoviK i pn Ooun, 0¢ Ouvduaouod MPE Ta
TpoBAAUaTa OKEDAONG TToUu e€EeTAOTNKAY OTnV Trapouca OlaTpifry. Mapouaidlovtal, €TTiong, Ta
KUpIa Brpata TnG 0ANng diadikaciag avadAuong Kal €TTAUCNG QUTWY Twv TTPORANUATWY okédaong,
KaBWG Kal N onuavTikOTATA TWV OTTOTEAECPATWY O€ TTPAKTIKO ETTITTESO YIO TNV QVTIMETWITION
BepdTwy akTivoBoAiag Kal padioueTadoong.

210 Kepdhaio 2 sicdyetal 1o padnuatiké mAaicio emiAuong TTpoBAnudTwy okEdAONG Kal
yiveTal pia avaokOtnon Twv UTToBécewv TTou €XOuv UIoBeTNBEl Kal Twy PEBOdWY TTou €£XOouv
akoAouBbnBei otnv BIAloypagia yia Tnv €emiAucn OUYKEKPINEVWY TTPORANUATWY okédaong.
Mapoucialovtal, €1miong, ammd  UTTOAOYIOTIKAG TTAEUPAG oI TTOIKIAEG BOOIKEG TTPOOEYYIOEIG
QVTIMETWTTIONG  TwV  TTPORANUATWY OKEDAONG ME TOUG OUVAPEIG OXETIKOUG TTEPIOPICHOUG,
MEIOVEKTAPATA Kal TTAEOVEKTAMATA. [MiveTal, ETITTAEOV, Hia ETTIOKOTTNOT TWV TEXVOAOYIKWV TTEPIOXWV
EQAPUOYNG TNG OKEDAONG NAEKTPOMAYVNTIKWY KUUATWY, WE 101aiTEPN €u@acn oTo BEua Tng
PEANICTIKAG POVTEAOTTOINONG  QAIVOPEVWY  OKEDAONG YIa TNV TIPAYMATWON €vOG  EEUTTVOU
TEPIBAAAOVTOG PABIOETTIKOIVWVIAG.

210 Kepdahaio 3 mapoucidletal n emmiAucn Tou €uBéwg TTPOBAAMATOG OKEDOONG €VOG
ETTITTEDOU NAEKTPOPAYVNTIKOU KUPATOG ME Tuxaia TTOAWON KAl TuXaia ywvia TTpOCTITWOoNG TTou
okedAleTal Ao pia ouvOeTn KUAIVOPIKR dopr. H dopr autr atroteAcital ammd €vOeTeg TTAPAAANAEG
OTPWHATOTTOINUEVEG DINAEKTPIKES Kal PE ATTWAEIEG KUAIVOPIKES PAPBOOUG KUKAIKAG dIaTOUAG, Kal N
oTroia  TrePIBAAAETal ammd  €vav  Xwpic oOpia  OINAeKTpIKO Xwpo. Méow Tng TTPOKUTITOUCOS
NUIAVaAUTIKAG AUoNG eival duvartr) n AWn OXETIKWY dIaypauPATWV akTivoBoAiag oTo Yakpivo TTedio
Kal TNG OUVOAIKAG OlaTtoung okédaong TnG ouUvBeTNG KUAIVOPIKAG OOMPNAG Yia OIGQPOPES TIUEG
YEWMETPIKWYV KAl NAEKTPIKWY TTAPAPETPWY QUTAG.

210 Ke@dAaio 4, peletaral BewpnTikd Kal eEETAZETaI aTTO TTPOKTIKAG TTAEUPAG N ETTIdPACN

NG okédaong KTipiwv TTou Ppiokovral oTo €yyUug Tedio akTivoBoAiag U0 TUTTWV KEPAIWV
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EUPUEKTTOMTTNG (MOVOTTOAO KaI YPOAUMIKE OTOIXEIOKEPQia dUO OTOIXEIWV) OTA OXETIKA diaypauuaTa
OKTIVOBOAIGG Twv uttown Kepaiwv oTo Pakpive medio. Mpiv Tnv etmiAuon kai autoU Tou €uBEwg
TTPOBAANOTOG OKEDAONG, TTPONYNBNKE N KATAAANAN POVTEAOTTOINON TWV KEPAIWY EUPUEKTTOUTTAG,
TNG NAEKTPpOUayvNTIKAG d1Iddoaong, Kal Twv KTIpiwyv OTTou UIoBETABNKE TO ava@epduevo wg wire- grid
MOVTEAO.

TéMog, oTov Emridoyo, kai oTnv BAon TOCO TwV TTPOCEYYICEWV KOl TWV ATTOTEAEOUATWY TNG
TTapoucag d1IaTPIRAG, aAAG Kal TNG XPriong eMITTPOCOETWY PHOBNUOTIKWY EPYOAEIWV Kal TEXVIKWY,
QVA@EPOVTAI OUYKEKPIPEVES KOTEUBUVOEIG VIO TTEPAITEPW £PEUVA TWV PAIVOUEVWY OKEDOONG O€ VEQ

QVOIKTA TTPORAAMATA TTOU APOPOUV TOV TOUED TWV TNAETTIKOIVWVIWY.

Ni0daKng . Mewpyiog: AidakTopikr AiatpiBn 6



Abstract

The aim of this dissertation is to study problems related to the scattering of electromagnetic
waves over surfaces, orthogonal structrures, and circular cylindrical dielectric complexes. Through
the appropriate for each case adopted modeling, semianalytical solutions for the scattered field of
plane electromagnetic waves are provided and radiation diagrams are extracted, for various
telecommunication applications.

More specifically, in Chapter 1, a demarcation of electromagnetic scattering problems for
objects with canonical or non-canonical form in conjunction with the scattering problems examined
in this dissertation, is carried out. Furthermore, the basic steps of the overall analysis and solution
procedures of these scattering problems, as well as the importance of the results for radiation and
transmission issues, are exposed.

In Chapter 2, the mathematical framework for treating scattering problems is introduced.
Moreover, a review of the assumptions as well as of the approaches for solving specific scattering
problems, is presented. In addition, an overview of these approaches from a computational point of
view, along with their limitations, drawbacks and benefits, is provided. Finally, a short survey of the
application areas of electromagnetic scattering is included, whereas focus is given to the realistic
modeling of scattering due to anomalous reflection for the realization of the so called smart radio
environment.

In Chapter 3, the solution to the direct scattering problem of a plane electromagnetic wave
with arbitrary polarization impinging with an arbitrary angle of incidence on a complex cylindrical
structure consisting of a group of parallel stratified circular lossy dielectric cylinders, embedded in a
dielectric circular cylindrical region and surrounded by unbounded dielectric space, is presented.
The resultant semianalytical solution allows the extraction of the relevant far field radiation
diagrams, as well as of the corresponding total scattering diagrams for various values of the
geometrical and electromagnetic parameters of the overall structure.

In Chapter 4, the impact of scattering from buildings that are within the near field of a
broadcast antenna (i.e., either a monopole or a two-element linear antenna) on the far field
radiation characteristics of these antennas, is theoretically studied and commented from a practical
point of view. Before proceeding to the solution of this direct scattering problem, the modeling
assumptions for the broadcast antennas, the electromagnetic transmission itself and the buildings

(i.e., the wire-grid model), are explained in detail.

Ni0daKng . Mewpyiog: AidakTopikr AiatpiBn 7



Based on the approaches followed and the results presented in previous chapters, along
with additional mathematical tools and techniques, the epilogue of this dissertation contains
relevant implications and proposes further research directions for new open scattering problems

arising in the telecommunications area.
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Koptrta ocopfoAa

Kegpdahato 2: Ilept oxedaong H/M xopdtov

Einc
Hinc

ESC

Ot
En,m

Almpiuuv

-HAextpiko nedio npoorintovrog H/ M kdpatog
-Mayvntiko nedio npoorintovtog H/M xodpatog
-HAextpiko nedio okedalopevoo H/M kdparog
-Mayvntuko nedio oxkedalopevoo H/M xopatog
-Atavoopa TOA®ONG TOL NAEKTPKOL mediov

-Alavoopa OA®ONG TOL PLAyVITIKOD IS0
-Awavoopa Poynting tov oovoAikod H/M nedioo
-Awavoopa Poynting Tov npoomnintovtog H/M xopatog

-Awavoopa Poynting tov okedalopevoo H/M xbdpatog
-Atavoopa Poynting Ttov Opov mov mpoxvmtel amd TV  AMInAemidpaocn Tov

IIPOOTIIITOVTOG e To okedalopevo medio

-TToootnta evépyetag oL aAroppPOPATAL AIIO TOV OKedAOTH)
-X0VOAKT| dratopr) okédaong

-HAextpko nedio mov oxkedadetat amod kdabe otoryeio piag RIS

-X®P1KI| TOKVOTTA KTIPlV

Kepahawo 3: TlpoPAnpa xvAwvOpikod oxedaoty pe évleteg otpopatonoupeveg OuAeKTpukég

KOAWVOpKeEg pafdovg
O, -Zoompa covietaypévav tov e€mtepkol KoAlvdpoo tng OAng diatalng
(r, 6, (p) -ZQAIPIKEG OLVTETAYPEVEG
(P, 9,z) -KoAwdpukég oovretaypéveg
p. - ASovikn anootaon PETagd ToV coOTPATOY KOAWVOPIK®V OOVIETAYPEV®V
P (0g) kat (Oy)
€ - AuAexTpikr) emrpentotta o Kabe meploxr) i
K - Mayvnuikn dwanepatotnta oe kabe meploxr) i
o, -Ayoypomta oe kabe meprox) i
p - Awavoopa Béong mapatmpntr)
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Einc , Hinc
Eiznc , Hiznc
Eg, HI*
ESC’ ﬁSC
E, HY
EY, H

E“(p), ' (p)
EX'(P), HY'(P)
ES'(P), H(p)

J

n
I,

2
H (x)

B¢

-ITpoomninrtov H/M niebio
- Alapnikelg ooviotmoeg tov rpoorintovtog H/ M nediov

- ¢ —OoLV10T®OoEG ToL Ipoortintovtog H/ M nediov

-2xedalopevo H/M nedio

- Ataprkelg ooviotwoeg Tov okedalopevoo H/M nediov

- ¢ -oLV10T®OEG ToL okedalfopevoo H/ M mediov

- ZovoAwo H/M niebio otnv 0éon mapatnpnt)
- Alaprketg ovviotwoeg ToL oobvoAkod H/M mediov oty O¢on mapatnpnt)
- ¢ -ouV10T®OoeG Tov oLVOAKov H/M mediov oty O¢on napatnpn)

-Zovdptnorn) Bessel taéng n
- I[Ipwt napaywyog g oovaptnong Bessel talng n
- Zovaptnon Hankel devtepoo eidovg, tang n, xat pe optopa x

- Kronecker delta oovaptnon tov petaPAntov { kat

Kegpdalato 4: Movtelonoinorn kat perétn okedaong oe OOOTATA EDPVEKIIONIILG

inc
Ez’

(r.6.9)

EEG I!EI Efpﬂﬂ

Eﬂ,mou L Hl.p,mo n

-Mrjkog Kopatog

-Mrjkog, MAATog Kat DPog KTipiov

-Mr1)kog COPHATLVOL THIPATOG

-Zovteleotég okedaong petadd TOV CUPPATIVOV THNHATOV i KAt j
-Pedpa ovppdrtivoo TpIpatog |

-Atavoopatikd Sovaptkod mov IPOKAAELTAL AIIO TO CUPPATLVO TP i

-E@artopeviki) ouviot®od To0 IPOOIIITTOVTOG NAEKTPIKOV ITEGIOD OTO KEVTPO
TOD CLPPATIVOD THHPATOG i

-ZQAIPIKEG OLVTETAYPEVEG
-Zoviotooeg tov okedalopevoo H/M mediov

-Mn) pndevikég oLVIoTWOoEG MedIOL yia TO POVOIIOAO (HAKPLVO medio)
- Mn pndevikeg ovviotmoeg 11ediov yia To POVOIIOAO (eyyLg 11edio)

-Mn) pndevikég oovioTwoeg mediov yia TV ototyelokepaia (paxkpvo medio)
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Epars Ezam -Mn pndevikég oLVIoT®OoEG ITEGLOL Y1a TV OTOlKEl0KEPaid (LAKPVO medio)
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Zxnpa 2-13: Yrobeoeig mov apopovy Tov okedAoTr) Ipog ermhoor mpoPAnpdtov okedaong.

Zxnpa 2-14: Baowr) katnyoptonoinon mpooeyyioeav eniloong mpoAnNpdtov okedaong.

Zxnpa 3-1: Tevikn yeopeTpikr] OtaTadn Kat NAEKTPIKA XAPAKTPLOTIKA TOL DO avdalvorn okedaotr) (topr
kdBetn) 0T0 OAO COPIAEYpA TOV KOAIVOPQV).

Zxnpa 3-2: (a) Anewkovion Tov Toydaid HOA®PEVOD Kal Toxdid HpoorminTtoviog eminedov xovpatog. (B)

Tpiotdotartr) evOelKTIKI) amelkOVior ToL oKedaoTr) pe Tpelg evleteg KOAWVOPKEG paPdovg KoxkAkrg Sratoprs.

Ixnpa 3-3: Autypappa pakpvoo mediov g z-ooviotdoag tov nektpikoo mediov |EX ()] yia tov okedaotr)

too oxnjpatog 3-1, otav: L=3, az=0.1A0, as=0.2\0, D»=0.4A0, ep=e1=e2=¢4, £3=€5=2€0, pi=po kKat ;=0 (i=1,2,3,4,5),
Eo=1, Ho=0, L|:=nr = 007, xat 8" = 30°, 45°,90°,

Zxfpa 3-4: Awdypappa paxpivod mediov g z-0bvioT®Odg ToL PayvnTikod mediov [HEf (@) | yia tov

okedaotr) Tov oxnpatog 3-1, otav: L=3, az=0.1Ao, as=0.2Ao, D5=0.4\o, eo=e1=€2=¢4, e3=€5=2€0, Pi=po Kat 0;=0

(i=1,2,3,4,5), Eo=0, Hy=1, ¢' = 0°, ka1 8' = 307, 457, 90°.

Iynpa 3-5: Awdypappa pakpwvod medlov g z-ovviotooag tov nAektpikod mediov [EX(¢;)| ywa tov
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okedaoty tov  oxnuatrog 3-1  otav, L=3, Dy=ky, &=g,, a,=0,4=03%;, &3=€5=9.6¢;,
o3 =05=0.11( £,=84=¢(,2.32¢(,4.34¢;, n;=L,, kat 6;=0 (i=1,2,3,4,5), ev Ey=1, Hy=0, 6’=60° xat ¢'=45°.
Iynpa 3-6: Alaypappa pakpivod mediov g z-0oviotoodag tov okedalopevov nhektpikoon mediov |E (¢)) |
ywa tov okedaotr) tov oxfpatog 3-1 otav, L=3, Dy =Xy, & =g, & =¢g,=232¢, a,=0y=04%,,
€3 =85 =4.34¢g,, o3=05=02%,, W, =y (i=12,3,4,5), 6, =03=05=0, xau 6, =04 =0,10,50S/m, evaw
Ey=1, Hy =0, 0'=70°, xat ¢' =45°.

Ixnpa 3-7: Alypappa pakpvoo mnediov mg z-ooviotooag tov okedafopevoo nlektpikoo nediov [EX ()|
(p=9;) yua tov okedaotu] tov oxfpatog 3-1 otav, L=5, Dy3=D;3,=D,;s=D,s=0.8},, D24:D35:0.8\/E I
€1 =€, =€4=€5=Eg =€), O3=05=0,=0=0.2X, &3=€5=67=6¢=2.32¢,, W;=ly, kat ¢;=0 (i=1,2,3,4,5,6,7,8,9), eve
Ey=1, Hy=0, ¢'=45°, xat 0'=30°,45°,90° .

Zxynpa 3-8 Awdypappa pakpwvod meSiov TG z-ovVioT®odg Tov okedalopevov payvntikod medioo
H (0| (9=¢;) ywa Ttov okedaow) tov oxfpatog 3-1 otav, L=5, Dy;=D3,=D45=D,5s=0.8%,
D24:D35:0.8\/57\.0, €176, =€, =€c=E€g =€), O3=0s=07=09=0.2h,, &3=€s=€;=€9=4.34¢,, W;=l,, kat ;=0
(=1,2,3,4,5,6,7,8,9), evao Eg=0, Hy=1, 6'=90°, xat ¢'=0°,40°,90° .

Zxnpa 3-9: Kavovikonowmpévn covolikr) diatopr) okédaong (kys, ) covaptroet g ¢ yia mv evbetn didtadn

mov mpokovmtel ano to oxnpa 3-1, otav L=3, & =gy, &) =84 =232¢), op=04 =024y, e3=e5=4.34¢(),
O3 =0y :0.17\40, K = Mg, O =0 (1:1,2,3,4,5),])23:04}\,0,067\40,08}\,0,7\40, EO :1, HO :O, 9'=450, yua

014 ' D /2.
wipopeg Tipeg To0 D,/ A

Zxfpa 3-10: Kavovikonowpévn oovolwkr dwatopry okédaong (koo,) ocovaptioet g ¢ yia mv évbern
dwaraln mov mpoxomtel amod to oxnpa 3-1, otav L=3, g =gy, Dy =Ly, & =g4=4.34¢;, &5 =¢5=9.6g,
az;=0s5=0.1), p;=py, 0;=0 (i=12,3,4,5), o,=0a,4=02%),0.3%),041,, E; =0, Hy=1, 6'=75°, yua
OLAPOPEG TIEG TOV AKTIVOV 0y KAt Oy .

Zxnpa 3-11: Kapmdleg obdykAong tov oxetikod Adboog e, ywa v évletny dopur) tovo oxfjpatog 3-5 moov
npokorrtet and to oxfpa 3-1 otav Eg=1, Hy=0, 6'=45°, ¢'=45°, L=3, , g,=¢, &,=g,4=1.6¢, 83=e5=2.32¢,
W=, 0;=0 (i=1,2,3,4,5). (a)o,=0,=0.61g, Dy3=1.6A; xar o;=05=0.1A, (pavdpn xapmdAn), oz=os=0.3%,
(koK KapmoAn), oz=05=0.5A, (pmAe xapmoAn). (B) a,=0,=0.3%,, o3=05=0.1A; xar D,3=0.6L, (paven
Kapmoln), Dyy=1.0& (koxkivn kapmoAn), Dy;=1.5, (prmhe xkapmodAn).

Zxnpa 3-12: Kapmodleg odykAong tovo oxetikod Adbovg e, yia v évbetn dopr) tov oxnparog 3-5 moo
npokvmtet and to oxnpa 3-1 otav Ejg=1, Hy=1, 6'=30°, ¢'=60°, L=3, g =¢,, &, =¢g,=1.06¢g,
o, =ay =03%,, & =g=23g, o3=05=02%,, W, =Ly, 0;=0 (i=12,3,45) xatDy; =0.6, (uavpn
KapTOAN), Doy =1.04 (kdkKivn KapTUAN), Dys =1.5A4g (uTrAe kapoAn), Doz =2.0A, (@oUgia KapTTuAn).

Zxnpa 4-1: H yeopetpia (a) evog ooppeTptkod ypappikod durodov prikovg 2h, xat (B) piag otoyelokepaiag
aro dVo COPPETPIKA YpAppKdA OirmoAa prjkoog 2h.

Zxnpa 4-2: Movtelomoinon xtipiov &g opboymvio mapaAnAeminedo Kat IpooavatoAlopon Tov oe oXEor) pe

dimolo prjkovg 2h.
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Zxnpa 4-3: Oplovtia (a) kat katakopoen (B) Topr) g Statadng tov oxnparog 4-2.

Zxnpa 4-4: Movtelonoinon KTipilov oav éva XopuKo NAEYHA dIIO ay®YId YPAPHIKA ovppatd (HOVIENo wire
grid).

Zxnpa 4-5: Alaypappata aktivoPoAiag yia 1o HovOoroAo otov ehedBepo xdpo (Havpr ovvexrg YPApn) Kat
pe TV mapovoia KTipiov (Staxekoppeveg Kat didotikteg ypappeg) pe L = 10m = (LOSA kon W = 10m = 0.054.
Anewkovion ya tpia Stagopetika vyn ktpiov H (PAéme Tipég ave 8eSid oe kabe empépoovg oxnpa) xat
R = 100m = 0.34. (a) g-eninedo xat (B) B-eminedo.

Zxnpa 4-6: Awaypappata aktivoPoliag pe tig idieg vrobeoelg wg oxnpa 4-5, extdg g anooTaong HeTasn
povomolov xat xtipiov (R = 200m &= 1).

Zxnpa 4-7: Alaypappata aktivoPoAiag yia 1o HovOoroAo otov eAedBepo xdpo (Havpr ovvexrg YPApLn) Kat
pe Vv napovoia ktipiov (Staxekoppeveg Kat daotikteg ypappes) pe L = 60m & (.34 kot W = 10m & 0.024.
Anewovion ya tpia otagopetika vyn ktpiov H (BAéme Tipég ave 0eSid oe kabe empépovg oxnpa) xat
R = 100m = 0.54. (a) g-eninedo xat (B) 8-eminedo.

Zxnpa 4-8: Awaypdappata aktvoPoliag pe tig idieg vmobéoelg wg oxnpa 4-7, ektdg TOV IAPAPETPOV TOL
ktipioo yia L = 10m & 0,054 koo W = 60m = 0.34.

Zxnpa 4-9: Aaypappata aktivoPoAiag yia 1o Hovorolo otov ehedbepo xmpo (pavprn ovvexrg yYPAappL)) oto
- emtredo Kat pe v napovoia dvo ktipiev 30 x 10 x H m*. Anewovion yia Tpia S1a@opetikd vy Ktipion
H (BAéme Tipeg avoe SeSia oe kabe empepong oxna) Kat pe amootaot) petalop povorodlov kat kdabe xtipiov (a)
A =100m & 034 xa (B) & = 200m & 4.

IZynpa 4-10: Awaypdappata aktvoPoliag yia v otolyelokepaia otov eNevbepo xwpo (pavpn ovvexrg
YPAppn) Kat pe v mnapovoia evog Ktipiov pe L = 3l0m & 01681 xat W = 10m # 0.0341. Anewovion yia
tpla dwagopetika oyn ktipiov H (PAéme tipgg dve OeSia oe xabe empépong oxXNUa), e armooTaot) petadd
otoyelokepatag kat ktpiov ion pe B = 100m = 0.3364. (a) g-eninedo kat (P) B-eminedo.

IZynpa 4-11: Awaypappata aktvoBoliag yla v ototyelokepaia otov ehedBepo xwpo (pavprn oovexrg
YPApI) KAt pe v Iapoooid evog ktipiov pe L = 10m & 0.033621 xat W = 10m & 0.0344. Anewovion) ya
tpia Sragopetika vyn ktiptov H (BAéne tipég ave SeSia oe xabe empéponvg Oxfpd), e armootaoct petadd
otoielokepaiag kat ktipioo ton pe B = 100m # 0.3361. (a) w-eninedo xat (B) f-eminedo.

IZynpa 4-12: Awaypappata aktvoBoliag yla v ototyelokepaia otov ehedBepo xwpo (pavpn oovexrg
YPORHL)) KAt pe TV mapovoia evog Ktiptov pe I = 30m & 0L10087.1 xon W = 10m # 0.033621. Anewovion)
yia tpia dwagopetika vyn ktipioo H (PAéme tipeg avm 6edia oe kabe empépoog oxnpd), e ArooTact) PETASL
oToL ElOKEPAtag Kat Ktptov ton pe R = 100m = 0.3364. (a) g-eninedo kat (B) #-erminedo.

Zxnpa 4-13: Aaypdppata aktivoPoAiag yua v ototyelokepaia Onmg oto oxfjpa 4-12, pe povn dragopd ott
R =200m = 0.671. Anewovion ywa tpia dwagopetika vy ktipiov H (BAénme tipég ave deia oe xdabe
EMPEPOLG OXNPa). (a) g-emimedo kat (P) &-ermimedo.

Zxnpa 4-14: Awaypdppata aktivoBoliag yla v otolyelokepaia otov elevbepo xopo (pavprn oovvexng
YPORHL)) KAt pe TNV Iapovoia evog KTipiov pe L= 20m = 0.067254 xar W = 10m = 0.033621. Anewovion

Ni0daKng . Mewpyiog: AidakTopikr AiatpiBn 16



yia tpia dwagopetika vyn ktipioo H (PAéme tipeg ave 6edia oe kabe empépoog oxnpd), e arooTact) PETASH
otolelokepaiag kat ktpioo ton pe B = 100m = (13364 (a) g-eminedo kat (B) B-eminedo.

Zxnpa 4-15: Awaypdppata aktivoBoliag yla v otolyelokepaia otov elevbepo xopo (pavprn oovexng
YPORHL)) KOt pe TNV Iapovoia evog KTipiov pe L= 20m » 0.067254 xar W = 50m = 0.168121. Anewovion
yia tpia dwagopetika vyn ktipioo H (PAéme tipeg avm 6edia oe kabe empépoog oxnpd), e ArooTact) PETAsn
otolelokepaiag kat ktipioo ton pe B = 100m = 0.3364. (a) ¢-eninedo xat () B-emimedo.

Zxnpa 4-16: Awaypdppata aktivoBoliag yla v otolyelokepaia otov elevbepo xopo (pavprn oovvexng
YPAPHL)) Kat e TV Iapovoia d0o KTipiov (Katd pjKog ToV X- KAt y-asovev) moo éxoov L = 20m » 0.067254
kat W = 10m = 0.033621. Anewovion yia tpia Swagopetikd vy xtipiov H (PAene tipég ave SeSia oe kdabe
EMPEPODG OXIHA), P& AIIOOTAOL) HeTASL otolyetokepaiag kat kabe ktipiov ion pe R = 100m & 0.336A. (a) -
errtniedo xat (PB) B-emimedo.

Zxnpa 4-17: Awaypdppata aktivoBoliag yla v otolyelokepaia otov elevbepo xopo (pavprn oovexng
YPAPHL)) Kat pe TV Iapovota d0o KTipiov (Katd pIjKog ToV X- KAt y-asovev) mov éxovv L = 80m & 0.268994
kat W = 10m = 0.03362X4. Anewovion ywa tpia otagopetika oyn ktipiov H (PAéne Typég ave dedia oe xabe
EMPEPOVG OXIIA), P AIIOOTAOL) HETASL oTolyetokepaiag kat kabe ktipioo ion pe R = 100m = 0.336A. (a) op-
errtniedo xat (PB) B-eminedo.

Zxnpa 4-18: Iopeia emilvong tov mpoPAfjatog oKEOAOG OTO OOOTIIA EDPVEKITOPIIL|G.

ITivakeg

[Tivakag 3-1: ZOyKAon Tov |E; (g — @, = 45%) | yua avavopevo N, .
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KEDPAAAIO 1

1. Elcaywyn

O1 1010pIKEG KATABOAEG Twv TTpoBAnuUaTwWyY okédaong ouvdéovtal pe TNV TTEPIBAaon
(diffraction) oe KuAivbpoug KUKAIKAG Siatopng i o€ o@aipeg, Kal O1Tou TéTola TTPORARUATA givail
KAQOOIKEG TTEPITITWOEIS TTOU CUVAVTWVTAI TOOO OTOV NAEKTPOUAYVNTIOKO, OG0 KAl OTNV AKOUCTIKH.
EidIkOTEPA, TO TPOPANPa TNG okédaong amod €vav OINAEKTPIKO KUAIVOPO KUKAIKAG OIATOMNG
€MAUBNKE yIa TTPWTN @opd atd Tov Rayleigh [1881, Rayleigh], evw n okédaon atmod pia SINAEKTPIKN
o@aipa €mAUBNKE apxikd@ ommd Tov Lorenz [1890, Lorenz]. AvaAdywg, n TrepiBAacn Twv
nAekTpopayvnTikwy (H/M) Kupdtwy atmd aywyiya cwpata (Téoo KUAivopoug KUKAIKNG SIaTOUAG,
600 Kal a1rdé oPaIpIKd cwuata), TTapoucidotnke ammd tov Thomson [1893, Thomson]. MNMapdAa
auTd, n BewpnTIKN €TTIAUCTN Tou TTPOPAARUATOG oKEDAONG aTTO £va GQAIPIKO OWHA, gival yVwoTH wg
emmiAuon Mie Adyw 1ng [1908, Mie]. Ta mpoavagepdueva TTpofARpaTa okédaong, Kabwg kal autd
TQ OTToIa TTPOEKUYAV ASYW TwV BIaPOPWY OXETIKWY EQAPUOYWY, AVTIMETWTTIOTNKAY OTNV OUVEXEIQ
MEOW aTTAOUCTEPWY KAl TTIO CUHPTTAYWY HMOBNUATIKWY SIOTUTTWOEWY, OTTWG QUTEG OTTOTUTTWVOVTAI
oTnv oXeTiKA BiBAloypagia [1998, Volakis], [2002, Pike], [2005, Molinet], [2006, Katsenelenbaum],
[2017, Osipov].

JHsc))

(Einc-

ZxApa 1-1: kédaon emimedou H/M kipaTog.

leviKd, N QvTIUETWTTION €VOG TTPORARuUaTog okédaong atraitei dUo Pacika oToixeia (BAETTE
oxAqua 1-1): Tnv mpootmitrouca H/M akTivoBoAia kai Tov okedaoTh (To avTikeipevo, dnAadn, Ye 10
otroio aAAnNAemdpda n TrpooTriirouca H/M akTivoBoAia). INa tnv €mmiAucn Tou nAeKTpopayvNTIKOU
auToU TTPoBAANOTOG, Ba TTPETTEl va opIOTOUV-ETTIBANOOUV o1 KATAAANAEG OpIOKES TUVONKEG OTNV

em@aveia Tou okedaoTh. O CuvbnKeG aUTEG ATTAITOUV TNV OUVEXEID TWV E€QATTTOPEVWY
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OUVIOCTWOWY TOU NAEKTPIKOU KOl TOU HayvnTikou Trediou oOTnv  ETTIQAVEIA TOU OKeEdAOTH
(utroBETOVTOG OTI BEV UTTAPXOUV ETTIPAVEIOKE PEUUATA).

2 OTI agopd Tov oKeDOOTH, AUTOG UTTOPEI va £xel OPUO TuXaia | @OpUa TTOU avagEpETal
wg¢ kavovikr (canonical shape), 6TTwg Ta oXeTIKA TTapadeiyuata TTou atreikoviovral ato axnua 1.2.
MapadeiydaTa KAVoVIKWY QOPUWY Yia oKeEBOOTEG atToTeAOUV N emTiTredn dietragr) (planar interface),
Mia KUAIVOPIKA paR&0G KUKAIKAG SIaTOUAG, Hia o@aipa, évag KUKAIKOG BIOKOG, £va nUIETTITTEDO, 1) éva
TPIYWVIKO TTpiopa (wedge). H etriAuon Tou TTpoPARpaTog oKEdAONG yia évav okedaoTh PE Tuxaia
olatouy dev odnyei o€ KAEIOTO pabnuaTikd TOTTO, aAAG Ta TTedia ouvRBwg uttoAoyifovTal Péow
OXEOEWV TTOU EUTTEPIEXOUV OAOKANpWHaTA. AvTIOETa, yia KATTOIEG ATTO TIG ATTAOUCTEPES KAVOVIKEG
Mop@éc okedaoTwy, eivar duvath n €Upeon KAEIOTWV AVOAUTIKWY Ox€0ewv TOOO yIa TO

okedalouevo 1edio, 600 Kal yIa TO ECWTEPIKO TTEDIO TOU OKESATTH.

ZxAua 1-2: Mapadeiypara dIodIACTATNG YEWHETPIKAG OOUAG OKEDATTWV.

270 TTAQiCIO TTou opieTal aTTd Ta avwTéPpw, OTNV TTapouca dlaTpIfry yiveral, apyIK&
(Ke@dAaio 3), ettiAucn Tou €uB€wg TTPoPARUATOG OKEDAONG VIO Wia oUvOeTn KUAIVOPIK dour TTou

amapTiCeTal attd €va oUvoAo TTapdAAnAwy, A&Teipou PAKOUG KAl OTPWHATOTTOINMEVWY KUKAIKAG
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d1aTouAG BINAEKTPIKOUG KUAIVOPOUG UE ATTWAEIEG TTOU gival €VOETOI O€ Wia ATTEIPOU PAKOUG KUKAIKAG
O1aTouAG BINAEKTPIKN TTEPIOXA (N oTroia TTePIBAAAETaI aTTO €vav Xwpig Opia SINAEKTPIKO XWPO).
lvetar n uéBeon 6T 1a H/M kOpaTta TTPOCTITITOUV WE TuXaia KatelBuvon otnv OAn oUvBeTn
KUAIVOPIKA Ooun, evw n TOAWON autwyv WPTTopei va eival Tuyxaia. H diatdmmwaon Tou uttéwn
TpoBAAuaTOg okédaong BacileTal oTNV TTPOCEYYION MECW OPIAKWY CUVONKWY, 0 CUVOUACHO WE
TNV JEBODO TOU YEVIKEUMEVOU BlaXwpPIGHoU Twv JeTapAnTwy. EmimmAéov, agou 1o H/M Tredio o€
KABe TrEPIOX) TOU XWPOU avamTuxBei pe Tnv PorBeia  KUAIVOPIKWY KUPOTOOUVAPTHOEWY,
epapudCeTal To translational addition theorem autwy Twv CUVaPTACEWY YIa va Yivel TTPOCAPUOYH
TWV ouvioTwowv Tou H/M T1Tediou o€ KABe KUAIVOPIKA OIETTAPN KOl VA £QAPPOCTOUV Ol OPIAKEG
ouvOnkeg. To amoTéAeopa TNG avaAuong auTtng gival éva oUOTNUA ATTEIPWY YPAUMIKWY OAYERPIKWY
eClowoewy, He AyvwoTtoug Ta TAGTR Tou H/M kuUpatog. H etmiduon Ttou Trpoava@epduevou
OUOTAMATOG €EI0WOEWV YiVETAl JECW OTTOKOTTIAG OPWYV TWV OEIPWY, KABWGS Kal hEow (apIBuNTIKAG)
avaoTpo@ng Trivaka. TEAIKA, TTPOKUTITEI Hia nUIavaAuTIKr) AUon 1000 yia 1o okedadéuevo H/M kuua
OTO MakpIvé TTedio, 600 Kal yia TV OUuVvoAIK diatoury okédaong, yia Tnv OAn egetalduevn
KUAIVOPIKA dopr). Méow Tng AUong Tou uttdwn TTpoBARuaTog okédaong, HEAETATAI N eTTiIOpach TwWV
YEWMETPIKWY KAl NAEKTPIKWY XOPOKTNPIOTIKWY TNG 6ANG doung, TTpofaivoviag o€ PETAROAEG TTou
0@QOPOUV TNV BIATOWN ETTIMEPOUG KUAIVOpWY Kal TNV PETAEU Toug atrdéoTacn, TNV aywyihgotnTa Kal
TNV HayvnTikr  SIamrepatotnTa Twv  OINAEKTPIKWY  OTPWHATWY, KABWG Kal Tnv Kateubuvon
TpéoTITWOoNG Tou H/M KUpaTog.

21nv ouvéxela (KepaAaio 4), yivetar n digpelvnon Tng €midpaong Twv KTipiwv oTa
olaypdupaTa akTivoBoAiag kepaiwyv eupuekTTouT S (broadcast antennas) mTou Aeiroupyouv oTnv
MF Cwvn ouxvoTtAtwy [1977, Cunningham], [1993, Lundin], Aéyw Tou okedalduevou oe autd H/M
ediou. ZuyKeKpiPéva, eEETAOTNKAY OUO TTEPITITWOEIG KEPAIWY EUPUEKTTOUTTAG: H TTepiTTTwon pe éva
pMovotToAo TTou Aeitoupyei ota 1494 KHz, kabwg kai n Tmepimtwon 600 HPOVOTTOAWV TTOU
Agitoupyouv ota 1008 KHz. Ta kTipia povreAotroiénkav wg opBoywvia TTapaAAnAETTITTEdO pE
aywyiga cupudativa TAéyparta (wire grid model), kai BewpouvTtal 611 BpiokovTtal aTo £yyUg TTEdIO TNG
ekdoTote akTivoBoAoloag Kkepaiag. lMevikdTepa, oTnv TTEPIOXN Miag akTivoBoAoUucag Kepaiag
olakpivoue [2005, Balanis]: (1) Tnv 1epioxr aAAnAettidpaong Tou gyyug TTediou (reactive near-field
region), (2) Tnv TTeploxr akTivoBoAiag Tou eyyug Trediou (radiating near-field region) 1y repioxn
Fresnel, kai (3) Tnv Tepioxr pakpivou Trediou (far-field region). O dlaxwpioudg PETALU TWV TPIWV

auTtwv TrepIoXwv (BAETTE Kai oxAua 1-3 atrd apioTepd TTPOg OeEId, avTIOTOIXA) YiVETAI KUPIWG ME

Niodakng Z. Fewpyiog: AidakTopiki Alatpipn 20



KpITAPIO TNV KateuBuvon Tou diavuouaTtog Poynting. Evw, dnAadn, n teploxn eyyug mediou (1)
XOPOKTNPIZETAI OTTO TNV OTTOUCIa OKTIVIKA EEPXOMEVNG PONG IOXUOG KAl N TTEPIOXT JaKPIvoU TTediou
(3) xapaktnpiletal ammd pon 10XU0G aKTIVIKA KAaTeuBuvOouEevnNG TTPoG Ta £Ew, N Trepioxn Fresnel (2)
EXEl MIKTH) CUMTTEPIPOPA Kal XapakTnpiletalr atrd Ox1 €€ OAOKANPOU AKTIVIKG KaTeEuBuvOuevn pon
IoXUog. To amotéAeopa Tng 6Ang avdAuong okédaong, AoITov, a@opd Tov UTTOAOYIONO TNG
OUVOAIKNAG €VTOONG TOU NAEKTPIKOU TTESIOU OTO MOKPIVO TTEDIO TNG EKACTOTE KEPAIOG EUPUEKTTOPTTAG,
w¢ TO GBpoicua Tou oKedalOPEVOU ATTO TO KTipIO TTEDIOU Kal TOU TTEDIOU TTOU EKTTEUTTETAI OTTO TNV
KEPQIO EUPUEKTTOPTIAG OTOV €AEUBEPO XWPO. ATIO TTPOKTIKNAG TTAEUPAG, TO ATTOTEAEOUA TNG OANG
avaAuong oKEDAONG ETTITPETTEI TNV £CAYWYI CUPTIEPACUATWY OXETIKA PE TOV POAO TTAPAPETPWY TNG
MovTeAoTToinoNnNg Tou odnyouv o€ aAAayr] Tou diaypdupaTog akTIvOBOAIag Tng eKAoTOTE KEPAiQg
EUPUEKTTONTING.

TéNog, 010 KepdAaio 2, yivetal apxikd pia eicaywyn o Béuara okédaong H/M mediwv Kkai
opifovtal Bacika ueyEBN OTTWG o1 diaTouég okEdaong, avagEépovTal ouvhBelg UTTOBETEIS yia TV
QVTIMETWTTION BIaPOpwWY TTPORANPATWY OKEDAONG, KABWG Kal avaoKOTINON TWV TTPOCEYYIOTEWV YIa
TNV emmiAuon Toug. EmmmAfov, yivetar ava@opd kal oTnv e€loayouevn amd Tov oxedlaoTtrh evog
OUCTHAMOTOG OKEDAON TTOU TTPOKUTITEI AOYyWw TNG EOKEPUEVNG €QAPHOYAG TOU YEVIKEUMEVOU VOUOU
avdakAhaong tou Snell, [2011, Yu], o¢ éva aocUppaTto BiKTUO, PECW TNG XPAONS dIaTAgewy TTOU
ouvhBwg avagépovtal wg Reconfigurable Intelligent Surfaces (RISs). H kupiapyxn 18éa icw ammo
TNV eiIcaywyn Twv RISs, €ival va kataoTioope KATToIa TUAPATA TOU OAoU TTEPIBAAAOVTOG HETAdOONG
oe¢ éva oUoTnUa aoUPUATNG ETTIKOIVWVIOG OuvTovI(OuEVa Kal PUBuICOPEV, HEOW  KATTOING
NAEKTpOUAYVNTIKAG AciToupyiag (6TTwg n  avwpoAn avdkAaon). [pofaivoue, &nAadn, o€
TPOTTOTTOINCN TOU acUpuaTou KavaAiou petddoong, ommoTe kaBioTtartal, TTAEov, EQIKTO va TTPOROUE
o€ pia atmd kolivoU HE TOUG TTOPTTIOUG Kal TOUG OEKTEG PBEATIOTOTTOINCN TOU OAOU CUGTHMATOG
ETTIKOIVWVIOG Kl ETTINEPOUG KUpIwV OeIkTwyV atrédoong autou (Key Performance Indicator- KPI).
‘ET01, Tépav TNG HETAdOONG TNG TTANPOPOPIAG-OeOOUEVWV PETAEU TTOPTTOU Kal OEKTN, EXOME Kal TNV
UTTapEN €vOg UNXaviopou TTou TTpoBaivel aTnV TTpoava@epOuevn BEATIOTOTTOINGN PEOW aVTAAAQYAG
TWV KATAAANAWY TTANPOQOPIWY HE TOV TTOUTTO, TOV OEKTN KOl TO aoUpPaTO KavdaAl petddoong
(S140TIKTEG YpaPpéG Tou oxnuatog 1-4). H Tmpocéyyion auth, TTOU avo@épeTal wg EEUTTVO
mepIBAAAoV padiosTTikoivwviag (smart radio environment), atroTteAei yia TOAU véa TTpooéyyion Kal
atroTeAEi ouo1WdN AVATPOTIA O€ OXECN WE TOV PEXPI TWPA OXEDIOOUO TV ACUPPATWY CUCTNUATWY,

OTToU TO aoUpPaTO TTEPIBAAAOV QVTIMETWTTICOVTAV WG KATI TO OTATIKO TTou Ogv PTTOPOUCE va
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TpoTToTroINGEi Kal OTTou o1 €MOPACEIS TOU PTTOPOUV va avTIOTOOUIOTOUV POVO PEOW OUVOETWY
TEXVIKWV O€ TTOPTTO Kal O€KTn. H €peuva oxeTik@ pe Tnv ulotroinon Tou €Eutrvou TTEPIBAAAOVTOG
emkoivwviag péow RISs Bpioketal o€ oAU TTpwiho oTtédio [2021, Liang], [2020, Di Renzo], [2020,
Wu], ka1 oTnv TTapouca diaTpIfr) TTPOTEIVETAI N ETTICHPAVON ETTIHEPOUG ETTIAOYWV YIA TNV PEANIOTIKN
MovTeAOTTOINON TETOIWY CUCTNUATWY ETTIKOIVWVIAG TTPIV TNV TIBavr) alotroinon Toug o€ JEAAOVTIKEG

uAoTroioeig (1r.x. diktua 6G).

/

W

(o)

(1) @) 3)

ZxAMa 1-3: ETTOTITIKA €IKOVA TOU UJEAETWHPEVOU CUCTAPATOG, KABWG Kal TNG TTEPIOXNS AAANAETTIOpaong Tou

€yyUg mediou, TNG TTEPIOXAG Tou £yyUg TTediou, Kal Tou pakpivou Trediou Hiag Kepaiag.

Acupuaro kavdAl petddoong (AK)

A

A€kTNG (A)

MopTrég (M) / \ / /

i KatoTrpIki AvwuoAn g
avakAaon avakAaon

ATT6 Kolvou
BeATioTOTTOINON TWV
KPI=f(I, AK, A)

ZxAuMa 1-4: Tevikr) dmown uAoTToinong Tou £EUTTVOU TTEPIBAAAOVTOG PABIOETTIKOIVWVIAG.
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ZUVOAIKd, n TTapouaa diatpIBn TTpoTeivel Kal avadelkviel Ta akdAouba onueia:

e Mia euéNIKTN NUIavaAuTIKr) AUon o€ TTpoBAAuaTa okEDAONG TTOU aPOPOUV OUVOETEG KUAIVOPIKES
O0EG, XWpIG TNV atraiTnon UTTAPENG TTEPIOPICHWY OE OTI APOPA TIG YEWMETPIKES IDIOTNTEG TNG
OoUNAG (apIBuGG EvOeTWY KUAIVOPWYV, HEYEBOG KAl BEON AUTWYV) Kal T NAEKTPIKA XOPAKTNPIOTIKA
TWV OTPWHATOTTOINHEVWY KUAIVOPIKWY BINAEKTPIKWY PABRdwvY (Yo TNV TTEPITITWON, €VVOEiTal,
TT0U 01 PARdOI auToi dev ETTIKAAUTITOVTAN).

e Tnv duvatdTNTa VA Yivel XpAoON Tou avwTEpw TTOANATTAWY TTUPAVWY KUAIVOPIKOU HOVTEAOU
e€€Taong TG OkEDAONG TIPOG TTPOCOUOIWON-MEAETN TNAETTIKOIVWVIOKWY CUCTNPATWY VIO
AGYyOoUG nAekTpouayvnTIKAG ouuBaTéTNTAG.

e  Mia nuiavaAuTiky AUon yia Tnv €0peon TNG CUVOAIKAG £€viaong TOU NAEKTPIKOU Trediou OTO
MOKpIVO TTEQIO KEPAIWV EUPUEKTTOPTTIAG, OTTOU AdpBAveTal utTTOWN Kal N TTEOKUTITOUCA aTro
KTipla okédaan.

e Tnv aglomoinon TG NUIAVOAUTIKAG AuTAG AUoNG yia TNV €aywyr diaypauudTwy akTIVOBOAIag
TNG EKAOTOTE KEPAIAG EUPUEKTTOMUTING, ME TTPOKTIKO QVTIKPIOWA TNV HEAETN €TTidpacng Twv
KTIPiWV OTNV AcIToupyia evdg CUCTANOTOG EUPUEKTTOUTTAG.

o Avadeikviel TNV OITTA @UON WG TTPOG To BEua TNG okESOONG TWV CUCTNUATWY ETTIKOIVWVIAG
Tou uTtrooTnpifovral amd RISs, kai TTpoTeivel onueia TTOU CuveIoPEPOUV OTNV PEQAIOTIKN
MovTeAOTTOINON Kal MEAETN aTTédoong auTwyv oTa TTAaiola uAotroinong evog  €Euttvou

TTEPIBAANOVTOG PABIOETTIKOIVWVIOG.

+ EuBU popAnpa okédaong

HIM ©cwpia * ZTPWHATOTTOINHEVES
IKEdAoNS KUAIVOPIKEG OOHES
*HpavaAuTikn péBodog

+ ZK£000T Ao KTipIa
s EyyU¢ & pakpivo edio kepaiag

ZuoTnHa :
, e —— ) EUPUEKTTOMTING
AwarpiBi EupuekTropmic *MovTéAo wire-grid
‘Egumrvo * AvipaAn avdakhaon kai RISs
MepipdAAov « ZKEGaon Adyw diddoaong
Padioemmikolvwviag * PeahioTiki povteAoTroinon

ZxAMa 1-5: ETNOTAPOVIKEG TTEPIOXEG/UTTOTTEPIOXEG Kal ETTINEPOUG BépaTa ThG dIaTPIRNAG.

Niodakng Z. Fewpyiog: AidakTopiki Alatpipn 23



Bdoel Twv avwTtépw, TO TIEPIEXOMEVO TNG TTapoucag OIaTPIBAG ATTTETAI TwV KATWOI
ETMOTNUOVIKWY TTEPIOXWV/UTTOTTEPIOXWV KAI TWV ETTINEPOUG BEPATWY AUTWY TWV TTEPIOXWYV, OTTWG

OUVOTITIKA QTTOTUTTWVETAI OTOUG TPEIG AEOVES TTOU PaivovTal 0TO oXNpa 1-5.
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KEDPAAAIO 2

2. Nepi okédaong H/M kKupdatwyv

2.1. Baoikég évvoieg

Me Tov 6po okédaaon (scattering) NAEKTPOPAYVNTIKWY KUPATWY ava@ePOUAOTE, YEVIKA, OTNV
d1adIkaoia TNG ETTAVEKTTOUTING €vOg TrpoaTrimToviog H/M klUupatog amd éva UuAike. Katd Tnv
diadikacia TnG okédaong, oT1o TpooTimTtov H/M kipa evdéxetar va ocupPolv aAllayég oTa
XOPAKTNEIOTIKA auTou. EvOelkTIKG TTapadeiyuata TETOIWY OGAAQYWY UTTOPEI va gival N JETATPOTTH Tou
H/M kUpatog atro eTriredo o€ o@aipikd, n aAkayr TnG KaTelBuvong PHeTddoon G Tou, TNG eAang Tou
N TNG katdoTtaong TOAwONG Tou. Ta nAekTpopayvnTikG TTedia Ta oTroia okedadovTal TTAVW C€ Wia
UAIKA dopn (TTou ava@épeTal wg oKESOAOTAG) TTAPEXOUV  TTOAUTTAEUPEG TTANPOPOPIEG AVAPOPIKA HE
TIG YEWMETPIKESG 1010TNTEG KAl TIG 1IB16TNTEG UAIKOU TOUu OKEDOOTH, TNV B€0n TOU OTOV XWPO, TOV
TPOCAVATOANIOUO TOu, TnVv ToXUTNTA TOou, KAT. 'ETOl, yia TTOpadeiypa, o€  £QOPUOYEG
TNAETIOKOTINONG (remote sensing), kdvovTag xprion tng okédaong H/M kupdtwyv ptropolpe va
MEAETACOUPE ATTO ATTOOTOON KAl PE WN KATACOTPOPIKG TPOTTO TOV XWPEO KOl TO QVTIKEIMEVA TTOU
TePIBAAAOUY TOV EVOIQQPEPOUEVO TTAPATNPNTH.

MNa v e€aywyn TNG TTANPOoYopiag TTou ival evowpatwuévn oto okedadduevo tedio, €ivail
aTTapaiTNTN N KaTavonon TnG QUOoIkAg diadikaaiag Tng okEédaong (dnAadn, Tou TTwg Ta H/M Kuuata
aAANAemOpOUV pe TNV OTToIa UTTO €€€TAON UAIKA dour Kal okeddlovTal atré auTrv). EmimmAéoy, yia
TETOIO KOTAVONON, MAG gival XproIUn Kal yia TNV TTEPITITWON TTPOCON0IWoNg avaAoywy @aIvOUEVWY
okédaong. Autd kaBioTatal TTPOYAVEG yia TNV TTEPITITWON TNG padloueTddoong, OTToU N £TTidpacn
TOoU £0dPOUG, TWV KTIPIWV, TWV dEVOPWY, KATT. dev PTTOPEI va KaTavonBei Xwpig Tnv ouciwdn yvwaon
TWV OXETICOPEVWY WE TNV OKEDAON @aivouévwy. Mia TETola yvwaon agloTroIEiTal OTNV CUVEXEID YIa
TOoV OXedIAOUO OloTALEWY KAl OUCTAPATWY  PABIOETTIKOIVWVIAG, MIKPOKUUATIKWY KOl OTTTIKWY
OUCTNUATWY, KATT.

EidIkoTEPQ, N Bewpia TNG NAeKTpoUAyvVNTIKAG OKEdAONG eival £€vag KAGDOG Tou eupUTEPOU
ediou TOU NAEKTPOMAYVNTIOKWOU TTOU TTEPIYPAQPEI, EPUNVEUEI KAl TTPORAETTEI TNV CUPTTEPIPOPA TOU
H/M mediou Otav €XOue TNV TTAPOUCia UAIKWV QVTIKEIMEVWY Kal 6TTou AauBdvetal TTARPWS N
KUMOTIKR @Uon Tou H/M mrediou. OuolaoTikd, n Bewpia TnG NAeKTpouayvnTIKAG okEdaong £dpadeTal
otnv diaotalpwon TnG €moTANNG TNG PuoikAG pe autr) Twv Mabnuatikwy. Me agetnpia Tnv

aduvapia epunveiag aivouévwy okédaong PE TNV TTPOCEYYION XPAONG OKTIVWY, € GUVOUACUO JE
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TNV avAykn €MAUCNG TWV KUPATIKWY EEI0WOEWY TTOU WONCE OTNV avaTITUgn ETTINEPOUG TTESIWV TNG
MaBnuaTIKAG €MOTAPNG (TTPORAAMATA OPIAKWY TIMWY, AVATITUEN AVOAUTIKWY, AOUUTITWTIKWY KAl
apIBUNTIKWY HEBGdWYV yia Tnv €TMAUCH OAOKANPWTIKWY Kal OIAQOPIKWY EEICWOEWY, KATT.),
onuIoupynRBnkav ol CUVEPYATIKEG €Keiveg TTPOUTTOBECEIC yia Tnv avdamTugn Tng Bewpiag Tng
NAEKTPOPAYVNTIKIAG OKEDAONG.

AVOAUTIKOTEPA, N ONUAVTIKOTNTA TNG KATAVONONG TWV QUOIKWY UNXOVIOPWY TNG oKEdAONG
(&nA. 10 MWG Ta H/M kUpata aAANAemdpoUV e Ta OTTOIO AVTIKEIUEVA Kal okedAlovTal attd auTd)
dikaloAoyeital kar atré Tnv emidpacn TG ouxvotntag Tou H/M KUuaTog, Kal 6TTou N hEAETN péow
XPNAONG OKTiVwy odnyei 0 Un €TTAPKA TTEPIYPAPN Kal KATavonon TwV KUPOTIKWY Qaivouévwy. MNa
Tapadelyua, dedopévou OTI Ta CUYXPOVA CUCTANATA PAVTAP VIO TNAETTIOKOTTNON ASITOUpyoUv KaTé
KUpPIO AOYO O€ PIKPOKUMATIKEG ouxvoTnTEG peTagu 100 MHz kai 100 GHz, autd avTIOTOIXEI O€ UAKN
KUMJOTOG peETalu 3 m kai 3 mm. TETola pnRkn KOPATOG, OUWG, €ival ouykpiolga (MIKpoTEpa A
MEYOAUTEPQ) pE TO HEYEBOG €vOG TUTTIKOU OKedAOTH OTO TTEPIBAAAOV XproNnNg QuTwv Twv
ouOoTNUATWYV. AVTIOTOIXQ, YIO TNV TTEPITITWON aloTToinoNg Tou 0paTOU QPACHUATOG PE OUXVOTNTEG
peTagu 430 kai 770 THz (ue TIPEG, eTTOPEVWG, PAKOUG KUpaTog 390 kal 700 nm), n KUMATIKR @UCN
NG okédaong Oev JTTopEl, opoiwg, va ayvonBei. Autd cupfaivel yiati, 0€ €QAPUOYEG OTN
VAVOETTIOTAMEG i KOTA TNV ATHOCQAIPIKA HETADOON G€ TETOIEG OUXVOTNTEG, TA OXETIKA WrKN KUUATOG
MTTOPEI va gival JIKPOTEPQ, CUYKPIOIPA, 1] HEYAAUTEPA OTTO TO YEYEBOG EVOG vavoowuaTIdiou 1 piag
oTayoévag vepou. MapdPoleg TTapaTnPnoelg JTTopouV va Yivouyv, €TTioNg, Kal yia TV TTEPITITWON TNG
PadIOPETAdOONG, OTTOU Ol £TMOPACEIG TOU £DAPOUG, TWV KTIPIWYV, Kal TWV OEVOPWY OV gival EQIKTO
va KartavonBouv xwpig TNV agiotmoTn yvwaon Twy JNXaviouwy Tng okédaong.

Bdaoel Twv avwTtépw, O ETMPEPOUG QUOIKOI pnxaviopoi Tng H/M okédaong utropolv va
MeAETNBoUV oTnv Bdon Twv eflowoewv Tou Maxwell. EmimAéov, Ta avTtioToixa TTpoRARuaTa
OUVOPIOKWY TIJWV PTTOPOoUV, ouvhBwg, va emAUBOUV evdeAeXxWG PE TNV Bondeia oToIxEIwdwy A
€IBIKWV OUVOPTACEWY, OAOKANPWUATWY A OTTEIPABPOICUATWY, Kal £Eaywyr] Twv AUCEWV YIO TOUG
HNXQVIOUOUS OKESAONS PECW QOUNTITWTIKAS AvAAUGNC. A¢ UTToBéTopE, Aoimov, 6t EMC kar HM®
gival To NAEKTPIKO Kal payvnTikG Tedio Tou Tpoomimrovioc H/M kupatoc, ES¢ kai H® Ta
avTioToixa TTedia Tou okedAlOPEVOU KUPATOG, TOTE TO CUVOAIKO NAEKTPIKO Kal JayvnTiKO TTedio oTnv
TTEPIOXT EKTOG TWV Opiwv evog okedaoTA Ba eival
E=E"™+E* (2-1)

H=H"+H", (2-2)
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otrou
Fine — FoUkFon (2-3)

Hmc _ Eoe(ji?-jm) (2-4)

KAl k TO KUPATOSIGVUCHA TTOU a@opd To TrepIBAAOV péco petadoonc, eviwy E° kar HY eival Ta
dlaviopaTa TTOAWONG TOU NAEKTPIKOU Kal payvnTikoU Trediou, avTioToixa. OcwpwvTag 1o dIGvuoua

Poynting Tou cuvoAikoU Trediou, £xoue OTI

5 1

SZERe[E xH"]. (2-9)

H avwtépw oxéon utmopei va ypagei ocav ouvadpTnon TOu TIPOCTTITITOVIOG KOl TOU
oKedaOPEVOU TTEDIOU WG KATWO!:

S= Re[ B x ™ i Re[ B x H=' ] Re[E™ = + B x 1™ -

IR (2-6)
— SmC+SSC+Se,

émou S™ eival To didvuoua Poynting Tou TrpooTritrtovrog H/M kuuatog, S* gival T avTIoTOIKO TOU
okedaloduevou KUUATOG, Kal S¢ gival o Opog TTOoU TIPOKUTITEl a1rd TNV aAAnAetidpaon Tou
TIPOCTTITITOVTOG [E TO OKeEDalOEVO TTEDIO.

Ag BewpAooue, Twpa, 0TI S cival n em@avela Tou okedaaoTr. TOTE N TTOCOTNTA EVEPYEING
TTOU aTTOPPOPATAl OTTO TOV OKEDAOTHA UTTOPEI VA UTTOAOYIOTEN WG

Wa = —J‘ ;l . SdS, (2-7)
S,

sc

60U n gival TO povadiaio didvucopa TTou gival KABETO oTnv emQAvela Tou okedaoTh. H 1o0étnTa
oTnv oxéon (2-7) egnyeital ammd TNV CUVEXEID TWV EQATITOUEVIKWY CUVIOCTWOWY TOU NAEKTPIKOU Kal
MayvnTikoU TTediou oTnv £TM@AveIa Tou okedaoTr). MTTopEi, epapudlovTag TO deUTEPO DIAVUCHATIKO
Bewpnpa Tou Green, va amodeiyxBei [2006, Doicu], [2018, Frezza] 611 To oAoKAfpwPa TNG ox£0NG
(2-7) 1000TaI YE TO AVTIOTOIXO OAOKARPWHA TTOU AQOPd Hia OQAIPIKN ETTIQAVEIA PE KEVIPO OTOV
OKedOOTA Kal PE AKTiVa 000dNTTOTE PEYAAN. AUTO £XEI WG CUVETTEID, VA UTTOPOUNE va TTAPOUE TNV
KaTwTEPW oxéon (2-8) trou divel TNV TTO0OTATA TG NAEKTPOUAYVNTIKAG EVEPYEIAS TTOU ATTOPPOPATAI

atrod évav okedaaoTr, WG aKoAoUBwG:

W. = _.[Sﬁ : gdS:Winc-Wsc""We, (2-8)
6TIou

Wine = —Lﬁ -Seds,
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Wee = — Lﬁ .S*dS,
We = — J'Sﬁ-§°ds. (2-9)

MNa Tnv TepimTwaon Tou yia Adyoug amAdTnTag Becwprioope évav oKedaoTH TTou Oev
atmoppo@d evépyela (dNA. yia Tnv TTEPITTTWON OTTOU OAn N TTPOCTTITITOUCA 1I0XUG Bewpeital
EI0EPXOMEVN Kal eEepXOpEVN aTtd Tov okKedaoTh), T0Te 10 Wi TNG Oxéong (2-9) undevileTal, kai
ETTOPEVWIG EXOUE:

We=WatWee. (2-10)

Apa, pia euaoikr eppnveia Tou 0pou We gival 10 0TI atroTeAEi TO GBPOICHA TNG EVEPYEIQG TTOU
aTTopPOYATAl aTTO TOV OKEDAOTA KAl TNG oKedalOpEVNG evépyelag (OnA. gival To TTood TNG EVEPYEIQG

TTOU aQalpeital aTrd To TTPOCTIITITOV KUUA, Adyw TNG aAANAETTIOpACHG Tou e Tov okedaoTh).

2.1.1. Zkédaon Kal peyédn diatopwv okEdaong

Ta peyéOn diatopwy okEDAONG, OTTWG aAUTA TTOU OpifovTal KATWTEPW, XPENOIUOTTOIOUVTAI
EUPEWG O€ TTOANEG TTPAKTIKEG EQAPUOYEG YIO VA TTEPIYPAWOUV TNV OKEDACT TWV NAEKTPONAYVNTIKWY
KUMATWY OTo Hakpivo TTedio. Aev pIAGUE, dnAadr], yia pia uévo TTapaueTpo, aAAd yia éva cUvoAo
TTAPaPETPWY TTOU TTEPIYpA@ouv didgopeg owelg Tng diadikaciag okédaong. OuoiaoTikg, uia
olatoun okédaong PAG TTANpo@opei TTOCO 1IoXUPG éva avTikeievo okedadel To H/M Tredio og pia
OUYKEKPIYEVN KaTeUBuvan, €dv auTto digyeipeTal atrd éva 6edouévo TTPoaTTiTIToV KUWa. Ev yével, pia
olatoun okédaong Oev 1I00UTAI PE TNV YEWMETPIKN OloTOUA TOou OKedAOTH, evd TO OKEDALOUEVO
TedI0 — KAl CUVETTWG Kal Ta JEYEBN okEDaoNG- eCapTwvTal ATTd TTOAAOUG TTAPAYOVTEG OTTWG:

v' 10 péyeBog Tou OKEDAOTH,

v' 10 OXfjua Tou OKedAOTH,

v’ TOV TTpOCavaTOANIOUO Tou oKedAOTH o€ axéan We TNV TTNyr Tou H/M KUuaTog Kai Tnv 8€on TTou
n okedadodpevn 10xUG AapBaveral,

v' 1n auyvotnTa Tou H/M kUpaTog,

v' TNV TOAWGON TTOU XPNOIUOTIOIEITAI-OEIOTTOIEITAI OTIG KEPAIEG EKTTOUTTAG Kal AfWnG.

OewpwvTag, TWPA, TNV CUVOAIKA TTapaTnEoUpevn okedadouevn 1I0XU atmd OAEG TIG YWViEG
TToU TTEPIBAAAOUV TO avTIKEINEVO-OKEDAOTH Wse TTOU ava@épBnke oTnv evotnta 2.1, To KATWTEPW
MEyeBOG os TNG oxéong (2-11) TTou avagépeTal wg diatopr) okEdaong (scattering cross section) kai
TTOU TTPOPAVWG €XEl DIAOTACEIG ETTIPAVEIAS, TTPOCBIOPIfEl TNV SIATOMN €VOG QVTIKEIMEVOU TToU Ba

TTapriyaye auth TNV ouvoAikp Wse 10x0. Me GAAa Adyia, n diatouy okédaong avTITTPOCoWTTEUEl TO
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000 TNG I0XUOG TTOU OKEDAZETAI ATTO TO AVTIKEINEVO O€ OXE0N WE TO TTOOO TG I0XUOG avd povada
EMPAVEIQG TTOU PETAPEPETAI OTTO TO TTpoaTriTITovV H/M KUpa. ‘Exoue, Aoy, ot

Wi (2-11)

mc

Osc —

AvtioToixa, Oewpolue Tnv diatour) atmoppd®nong (absorption cross section) Trou
QVTITTPOCWTTEUEI TO TT000 TNG 10XU0G TTOU aTTOpPOPATAl OTTd TOV OKESAOTH O€ OXEON HE TO TTOCO
NG 10XU0G ava povada eTIPAVEING TTOU PETaPEPETal aTTd TO TTpooTriTrTov H/M kUpa, kail Sivetal atro
TNV oxéon:

W (2-12)

Oa =‘—.

§inc

TéNog, n ouvoAikn diatouny okédaong (total cross section A AAAWG avagepduevn extinction
cross section), avTiTpoowTTevEl TO TTOOO TNG CUVOAIKAG I0XUOG TTOU a@alIpeiTal aTrd TO TTPOCTTITITOV
KUuya o€ oxéon ME TO TTO00 TNG I0XUOG avd povAda ETTIQAVEING TTOU PETAPEPETAl ATTO TO
TTPOCTTITITOV KUMA, Kol diveTal atrd Tnv oxéon:

We (2-13)
Ot = 7——.

§inc

AvrtioToixa e Tnv oxéon (2-10), 1oxUel Kai yia TIG dIaToPEG TOU OKEdAOTH OTI:

Ot =0a + Osc

ATIO Ta PEXPI TWPO eKTEBEVTA yIa TO BEPa TNG okESaoNG Kal Ta OXETIKA peyEBn SlaToung okédaong,
OTO OXNUa 2-1 avagépovTal Ta TTPOKUTITOVTA €uBU Kal avTioTpo@o TTPORAnua okédaong HeE Ta
avTioToIXa £EQYOUEVA HECW TWV OXETIKWY UTTOAOYIOUWV.

* YTTOAoYI0HO¢ oKedalopevou H/M KUpATog.

EuBU mpopANpa okEdaong * YTToAoYIoU6G BlaTOpWY OKEBAONG.

* YTTOAOYIOHOG HEYEBOUG, OXAMATOG, UAIKWY Kal
AvTioTpo@o TTPORANMG OKEBAONG  Kivnong TOU QVTIKEINEVOU-OKEDAOTT).

ZxAua 2-1: EuBU kai avtioTpo@o TTpoRANua okédaong.
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2.2. 2k€daon Kal EQAPUOYEG

Av Kal To Béua TNG okESAoNG TWV NAEKTPOUAYVNTIKWY KUPATWY €XEl ATTACYXOANOEI- OTTWG
Exoue Q0N ava@épel- TNV EPEUVNTIKA KOIVOTNTA Yyia TTOAAEG OEKOETIEG, Ta TTPORBAAUATA TTOU
oxeTiovialr pe Tnv okédaon eEakoAouBoUv va atmoteAoUV QVTIKEIUEVO BlEPEUvNONG O TTOAAEG
ETTINEPOUG ETTIOTNUOVIKEG KAl TEXVOAOYIKEG TTEPIOXEG. TETOIEG TTEPIOXEG E€ival Ol PIKPOKUUATIKEG
Ceuteig, n nAekTpopayvnTik oupBaTtéTnTa, T ouoTiuarta peTddoong oe OiKTua KIVNTWY Kal
OOPUPOPIKWYV ETTIKOIVWVIWY, Ol TEXVOAOYieG SIOOTAUATOG, N YEWQUOIKA, N TEXVOAOYIO OPUKTWVY
TTOPWY, Ol APUVTIKEG TEXVOAOYIEC Kal T oUva@A OUCTAUATa ac@AAEiag, n Bloiatpikr TexvoAoyia, n
METEWpPOAOyia, KATT. ‘ETol, TTPOKUTITEI Yia TTANBwPa €QApPOYwWY OTNV OTroia TTEPIAaUBAvovTal N
TTpooopoiwon okédaong ot dIAQopeg oUVOeTEG OOUEG-OIaTAEEIG, N avaAuon TPOTTwY (modes)
METAdOONG O KUPaTOdNyoug, N TIPOCOUOIWON TNAETTIKOIVWVIOKWY YPOUMWY Kal KOAWiwV
XPNOIUOTTOIOUHEVWY O€ BIOOTNUIKEG EQAPHOYES (BAETTE EVOEIKTIKG TTapAdEyHATA TETOIWY KAAWSiwV
ME eTTTA aywyoug, KUAIVOPIKG oTpwHa SINAEKTPIKAG HOVWONG, KABwWG Kal OTPWHATA TTPOCTACIAg Kal
MNXAVIKAG avTOXAG OTO OXNUa 2-2), N €TTTEUEN €TTIKOIVWVIOG YOO o€ TOUVEA Kal YEVIKOTEPA O€
UTTOVEIEG KATOOKEUEG, N avixveuon f/kal €TTOTITEIQ AEITOUPYIAG aywywWV-CWAAVWY Kal UTTOYEIWV
TOpwV. AVOAUTIKOTEPA, OE OTI APOPA TIG TNAETTIKOIVWVIOKEG €QOPUOYEG, Adyw TNG avaykng yia
aglotroinon  oAoéva  Kal  uWPnAOTEPWY  OUXVOTATWVY  (XINIOOTOMETPOKUMOTIKEG — ETTIKOIVWVIEG,
gMMKoIVwvia oTtnv Tepioxn Twv THz) 1mpog emmiteuén uwnAOTEPWY XWPENTIKOTATWY KAVAAIOU, N
MEAETN TwV TTPOPRANUATWY OKEDAONG E€ival ONUAVTIKA YIOTI AQTTOOKOTIEl OTNV IKAVOTIOINGN TNng
augnuévng CATNong vyia eupog Cwvng. EmmpdoBera, otnv TexvoAoyia Twv pavtdp, HECwW Tou
okedafoéuevou H/M kupaTog TTou AauBdveral atrd pia Kepaia atTOKAAUTITOVTAI XAPAKTNPIOTIKA TOU
QVTIKEIUEVOU-OTOXOU (OTTwG N B€0n Kal n Kivnon autou) kal TTpocdlopileTal N ava@epOUEVn WG
evepyog diatopr) okédaong pavrap yia Toug dIAPOPOUG AUTOUG GTOXOUG.

2TIG BIOIOTPIKEG EQAPPOYES EXOME TNV TTEPITITWON PETASOONG MIKPOKUUATIKWY, OTITIKWYV N
OKOUOTIKWYV KUPATWYV TTou diadidovTal péow BloAoyikwyv péowyv, n 6 okédaon auTwy atmo didgopa
MEPN TOU CWHOTOG XPNOIKOTTOIEITAI YIa dlayVWOTIKOUG OKOTTOUG. 2TV WETEWPOAoyia, n okeédaaon
TWV KUPATWY PTTopEi va dwael TTANPOPOPIES YIa TIG ATUOC@AIPIKEG TUVOAKES (OTTWG TO PEYEDOG, N
TTUKVOTNTA KAI N Kivnon TG BPOXNG, TNG OMIXANG, Kal CwuaTIdiwy VEQOUG), TTou agloTrolouvTal yia
TTPORAEYN TWV KAIPIKWY CUVONKWY Kal TRV YEVIKOTEPN KATAOTAON Tou TTEPIBAAAovTOG. ETTiTAéov,
Ta TeAeuTaia xpovia €xoue TNV avaduon vEéwv TTediwv e@apuoyng, Adyw Tng Xprong METAUAIKWYV

OTNV QWTOVIKA KAl TNV VAOVONAEKTPOVIKT).
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ZxAHa 2-2: KaAwdia xpnoipoTtroloUevo o€ DIaoTNUIKES epapuoyEg (eTaipia Marmon Aerospace & Defense).

2.3. Zkédaon ot acuppara dikTua utrooTnpifopeva amod RISs

2Tnv Tapouca evotnTa Ba e€etacTolv Ta BépaTta okEdAONG TTOU APOPOUV TN TTOAAG
UTTOOXOMEVN TEXVOAoyia Twv ETTOVOPAZOUEVWY  ETTAVOPUBUICOPEVWY  EEUTTVWV  ETTIQAVEIWV
(Reconfigurable Intelligent Surfaces- RISs) pe avapevouevn agiotroinon ota acupuata OiKTua
emopevng yevidas. Q¢ RIS em@aveia evvoeital, yevikd, pia €TiTedn m@Avela TTOU aTrapTifeTal atrd
évav heyaAo apiBud akTivoBoAouvtwy TTabnTikwyv oToixeiwv. KaBe TéTolo aToIXEiO aTToTEAE évav
eTavapuBuIféuevo okedaaoTr) TTOU AVOKAG TO TTPOCTITITOV O QUTOV Orfua ot KatelBuvon TTou
eCapTdrtal aTrd pia eAeyxoOuevn WETATOTTION @AoNG TTou AauBdavoue atrd KaBéva atmod Ta TadnTikd
otoixeia NG RIS emdveiag. 'ETol, dicuBeTwoviag KATAAANAQ TIG TTPOOVAQPEPOUEVESG HETATOTTIOEIG
@Aaong, Ta AVOKAWMPEVO OAUATA PTTOPOUV va aBpoicTouv €TTOIKOSOUNTIKA O€ €vav OEKTN yia TV
BeAtiwon Tou AauBavopevou atmmd autov Adyou onpaTog-mpog-66puBo SNR (Signal-to-Noise
Ratio). Eival duvartdv, evvoeital, 6Tl uTropei JEow ETTIAEYUEVWYV PETATOTTIOEWY QACNG VA £XOME KAl
TNV avTiBeTN TNG ETTOIKOdOMNTIKAG ABPOIoNG YIa TTEPITTTWOEIG aglotroinong Tng RIS em@daveiag Tpog
QVTIUETWTTION TTAPEUPBOAWY 1] yia Adyoug ac@dAciag Tng emmkoivwyviag. Me Bdon Ta avwTépw, N
Baoikn Aeimoupyia TTou TTpoo@épel pia RIS em@edveia cival mapduola e TNV AIToupyia Twv
TTapadooiakwy TUTTWV JopoTtroinong déoung (beamforming). Emeidr], 6pwg, n texvoAoyia Twv RIS
EMPAVEIWV OEV KAVEI XPAON TEXVIKWVY ETTEEEPYOTIOG GAPATOG 1 EVIOXUONG TOU CAPATOG, ATTOTEAEI
Mia oxedov oudétepn (nearly passive) ammd evepyelokAg TTAEUPAG TEXvoAoyia Kal —yia Tov AGyo

QuTOV- avaQEPOPOOTE O€ QUTAV WG TTaBNTIKA PopgoTtroinon déoung. lMevikdtepa, n xpnon RIS
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EM@AVEIWV OTA OiKTUA ETTOPEVNG YEVIAGS (TT.X. dikTUa 6G), TTPOKEITAI VA OTTOTEAEDEI Yia EUEAIKTN KOl
MN KooToBopa TeEXVIK AUOn Ot BIAQPOPES ETTINEPOUG OEVAPIA ETTIKOIVWVIOG, TTapoucidlovTag Ta
akOAouBa TTAEovEKTAATA:

e AlgUpuvon TnG TePIOXNAS padlokAAuywng, Adyw Tng dnuioupyiag €IKOVIKWY eUEEWV PE OTITIKN
ema@n (Line-of-Sight, LOS) o¢ mrepIioxég evog KUWPeAWTOU CUOTAPOTOG TTou dev KAAUTITOVTAI
eMOPKWG (T.X. XaunAd Signal-to-Interference-plus-Noise, SINR) 1 oe Treploxég 10U
avagépovtal wg vekpég fwveg (dead-zones), Kai yia xprioteg Tou Bpiokovral T000 yia
€EWTEPIKOUG, OO0 KAl yIa XPrOTEG O€ ECWTEPIKOUG XWPOUG.

o AU&non NG XwpenTiKOTNTAG KavaAioU, OTTwG auTtd uTttoAoyileTal ammd Tnv TIUA Tou £pyodikou
emMTEUEIMOU puBPOU peTadoong R = E{log2(1+ SINR)} .

o  ETiteuén ao@aleiag, kavovtag SuoxepEOTEPN TNV TTEPITITWAON QviXvEUONG TOU CNUATOS TWV
XPNOTWV aTT6 YN £€0UCIOBOTNHEVOUG XPOTEG.

e Evepyeiokr) atmmodoTiKOTNTA, AOyw TOU TIPOAvVaPEPOUEVOU, €V YEVEL, OXEOOV TTaBNTIKOU
xapaktipa Twv RIS emigaveiwy.

levikd, TTépav TNG ouolaoTIKG avwuaAng avdkAaong (anomalous reflection) pe Tov TpdTTO

TTOU ava@épBnKe avwTéPw UTTOKOUOVTAG OTOV YEVIKEUPEVO VOUO avdakAaong Tou Snell kai tTou

oXeOOV aTTOKAEIOTIKGA PEAETATAI ETTI TOU TTAPOVTOG, €ival duvaTég Kal AAAEG BaoikéG AsiToupyieg eTi

Tou TrpooTriTiToviog o€ dia RIS H/M trediou [2020, Di Renzo], [2022, Liodakis], 6TTwg auTtég TTou

TTapoucialovTal OTo OXAHa 2-3.

(Anomalous)
Reflection

Refraction Absorption

Focusing Polarization

Splitting Analog processing Collimation

ZxAMa 2-3: Baoikég Asimoupyieg €1Ti Tou TrpoaTriTrTrovTog H/M trediou o€ RISs.

Niodakng £. Mewpylog: Aidaktopiki AiatpiBr 33



Avo eival o1 Baoikoi TpoTTol uAoTroinong piog RIS: O mpwTtog TpdTTO¢ Baciletal oTnv
d1081a0TaTN €KOOXA METAUAIKWY, TA OTToia €ival TEXVNTA OUVOETIKA UAIKG Ta OTToia TTapPouCIdlouv
NAEKTPOPAYVNTIKEG 181OTATEG O1 OTTOIEG OEV ATTAVTWVTAI OTA QUOIKA UAIKA. ‘ETOI1, Ol ETTOVOUOOMEVES
peTa-em@aveieg (meta-surfaces), ammaptifovral amd évav peydAo apiBud amod oToixeia (elements)
KAl OTTOU JE ETTITEUEN CUVTOVIOMOU (TT.X. ME NAEKTPOVIKO TPOTTO péow PIN 8160wy 1 d16dwv ue
METABANTA XwpnTiKOTNTO-varactor) Twv OTOIXEIWV TNG eAEyxeTal n €mBuunT aAAayr) @dong Tou
mpooTriroviog H/M kiUpatog. ©a mpémel va onuelwdei 611, 1600 o1 dlooTAdoelg, 000 Kal n
a1réoTO0N YETAEU TWV OTOIXEIWV Piag METO-ETTIQAVEIOG Ba TTPETTEI va gival TTOAU JIKPOTEPES ATTO TO

MAKOG KUPaTog Tou uttown H/M kopaTtog.

I
R
(3 2 2 3
SRR
FEEEE
SRR
B B

IxAMa 2-4: AciToupyiko didypauua piag Tutrou reflectarray RIS.

Q)

Control
Circuit ,
Board Va

O deuTepOg TPOTTOG UAOTTOINONG Miag RIS Baailetal atnv Aoyikr Twv Kepaiwv TUTTOU reflect-
array, OTTOU €XOME TNV Trapoucsia evog peyaAou TTAABoUG (exkartovtadeg A kal XIANIAOEG) atmod
avakAaoTIKG oToixeia Tou avagépovtal wg Antenna Elements (AEs). Ta avakAaoTikd autd AE
oToixeia  €xouv OIAOTAOEIC OUYKPIOIYEG WE TO MWAKOG KUPATOG TNG  TTPOCTTITITOUCOS
NAEKTPOUAYVNTIKAG aKTIVOBOAIag (T1.X., A2), TommoBetnuéva o€ pia N*M didtagn 6mmwg auTtr TTou
egpavietal oto oxAua 2-4. H didtagn auth atmoTeAei otnv oucia évav TadnTikéd reflect-array, kai
OTTOU PEOW TOU NAEKTPOVIKOU €EAEYXOU TOU TEPUATIOPOU KABe AE aToixeiou atmd 10 eu@avi{OPEVO
OTO OXNMa 2-4 KUKAWMO eAEyxou emTITUYXAveTal N avé AE oTtoixeio emBuunt petaBoAn ¢dong. H
emOuunTA auth PETABOAN @aong kaBopiletal atmd Tov eAeykTA TG RIS oTtnv Bdon mTAnpogopiwv
O1TTwg n kKaraotacon Tou KavahioU (Channel State Information, CSI), TTou ptmopoUv va cuAAexBouv
atrd Tov id10 Tov RIS eAeykT) 1 petadidovral oe auTtdv aTrd Tov TTAPAKEiuEVO oTaBud Bdong (2B)

TOU KUWEAWTOU CUCTHANOTOG ETTIKOIVWVIOG MECW OXETIKAG Ceugng. Evw, Aoimmdv, kdBe AE oToixeio
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Aeitoupyei oav évag diffuse scatterer, otnv Aeiroupyikr) arreikovion TG RIS Tou oxAuarog 2-4, n
OUVOAIKA AgIToupyia auTrG aTTOOKOTIEI OTNV OTTioBIa okédaon Tou TrpooTiTrToviog H/M KUuaTog
TPOG TNV €mMOuUPNTA KaTtelBuvan (T.X. yia évav XpAoTn Tou KUWeAWTOU OUCTAPATOG). ATTO

MaBnuatikAg TTAEUPAG, Ta aVWTEPW ATTOTUTTWVOVTAI HECW TNG OXEONG:
_ N M 2-14
Esc — ZzEn,m ( )
n=1 m=1
6mou, E* kai E™ €ival To OUVOAIKG okedalopevo nAeKTPIKG TTedio atmd Tv RIS Kal To NAEKTPIKO

medio TTou okeddleTal atrd KABe aToixeio TNG RIS, avrioToixa.

2.3.1. PeaAioTik povreAotroinon pe utrapén RISs

H ouvTpITtTIKA TTAEIoVOTATA TNG PEXPI TWPA OXETIKA TTEPIOPIOHUEVNG £peuvag eEakoAouBei va
Kdvel uttoBéoeig TTou Baaifovtal o€ 16avikEG atrd TTAEUPAG OKEDOONG OUVORKeS PETAdOONG, OTTWG
Qaiveral kal ato oXAMa 2-5 pe Tnv UTTapén duo LOS Ceugewy yia Ta duo emuépoug kavdaAia 2B-RIS
Kal RIS-XpAoTng Tng 6Ang katepyxopevng atmo dkpo o€ dkpo auvdeong. Me dAAa Adyia, utroTiBeTal
ot pia RIS okedddlel To pooTrirtov H/M aTToKAEIOTIKA TTPOG i emOUPNTA KaTEUBUVOTN, XWPIG va
An@BoUv uTtéYn TTaPACITIKA TTapayoueva AOyw Tng e€mdIwkKopevng okédaong H/M kuuata TTou
oladidovTal oe pn €mMOuPNTéG KaTeubuvoelg. TéTola, Opwg, TTapaciTikd H/M kuuata ptropei va
TTPOKUWOUV AOYyw OXEBIACTIKWY CUUBIBACUWY, KATOOKEUQOTIKWY aTeAEIWY Twy RISs, evamoébeong
okovng Kal otayovwy Bpoxng otnv emedveia Twv RISs, kKA. EmmpdoBeta, Adyw Tng utmdBeong
Twv OU0 aTmoKAEIOTIKA LOS CeUewv Tou oxAuaTog 2-5, 0dnyoUPaoTe € UIOBETNON POVTEAWV
attwAeiwv diadpoung (path loss models) yia 1o cuvoAikd-cuvduaoTIKO KavaAl ZB-RIS-XproTtng Ta
otroia dev QAVTATTOKPIVOVTAI OTIG TIPAYUATIKEG OUvOnKeg peTddoong oe acupuarta diktua [2021,
Ellingson]. Mépav, ouvertwg, TNG €mOIWKOUEVNG OkEDaoNG TTou éxope o€ pia RIS, mpémel va
OUMTTEPIANYBEI Kal n TTapoucsia okédaong ota empépous Kavdahia (dnAadn, ZB-RIS kal RIS-
XpNoTng) yia atd dkpo o€ AKpo eTTIKOIVwvia. Autd ATav KATI TTOU ayvoouvTav PéEXpl TTpdo@aTa
[2021, Basar], 6mou TpoTrdbnke va AngBei umdéwn n Trapouadia TTOAAATTAWY euTTOdiwy A
avaKAQOTHPWV/OKESOOTWY 0TO OA0 ZB-RIS-XpAoTng kavaAl, kaBwg kal n cuptrepiAnwn Twv RISs
MEOW TPOTTOTTOINONG TWV AKOAOUBOUNEVWY OUYXPOoVWY 5G QuUOIKWY PovTEAwV padiokavaAiol. Me
auTd Tov TPOTTO, Ba UIoBeTNOEI, TEAIKE, £va vEo BacIKO POVTEAO-ava@OPA yia TNV UOVTEAOTTOINGN
TOoUu ouvduacoTIkoU KavaAiou 2B-RIS-Xpriotng oTto pakpivé medio.

H onuacia Tou va An@Bouv uttéyn o1 EMTITWOEIS TNG OKEdAONG 0TO OAO KavdAl diddoong

yla TNV YEAETN ammodoong e€vog CUOTHPATOG ETTIKOIVWYVIAG TTou uttooTnpifetal atmd RISs yivetal
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TTEPAITEPW KATAVONTH KAl aTT0 Ta oevapia xprnong RISs 1ou gugavifovral ota oxrfuata 2-6 Kai 2-7.
EidikéTepa, oTO oXrpa 2-6, yivetal aglotroinon d0puUPOPIKAG-TTPOG-ETTIVEIAS ETTIKOIVWVIOG PME XPAON
RIS 1mpog emmékTaon NG TrepIoxng PadlokAAUWNG o€ Wia aTTOUAKPUOMPEVN aypOoTIKA TTEPIOXN VIO
eQapuoyég Tou dladikTuou Twy TTpayudtwy (Internet of Things - |oT). AvrtioToixa, oto oxfua 2-7,
EXOME TNV TTEPITITWON €VOG UN eTTavOpwuévou evaépiou oxnpaTtog (Unmanned Aerial Vehicle- UAV)
TToU gival epodiacuévo pe pia RIS yia va augnoel, 6tav autd gival avaykaio, Tov €mTeUEINO pUBUO
METABOONG, OTIWG O€ XPNOTEG TIOU KIVOUVTAl OTA Opld Miag KUWEANG A yia XPNOTeG TTOoU
XPNOIMOTTOIOUV £QAPUOYEG ETTAUENMEVNG KAl EIKOVIKAG TTpayuaTikéTnTag (Augmented Reality - AR,
Virtual Reality - VR). Eival eggavég 011 kKal 0TIG OUO TTPOAVAPEPOUEVES TTEPITITWOEIG EXOME, £V YEVEL,
TNV TTapoucdia evog «TTAouaiou» TTePIBAAAOVTOG okédaaong, To oTToio Kal Ba TTpétmel va An@Oei

uTTOWN KATA TNV OXETIKI JovTeAOTTOINDN.

(3]

[

ZxAMa 2-5: LOS Ceuteig (2B-RIS kal RIS-XpRoTtng) o€ katepxouevn olvOeon KUYEAWTOU CUCTHNATOG.

Mia &AAn didotaon yia TV PEAMIOTIKA MOVTEAOTTOINON ACUPMOTWY CUCTAPATWY
ETMKOIVWVIOaG uttooTnpI{OpEVWY aTtod RISs agopd Tnv XwpikA katavourn 1660 Twv idlwv Twv RISs,
000 Kal TWV UTTOAOITTWYV OVTOTATWY auTwV (2B Kal xprioTeg). ZT1a TTAQicIa auTd, £xEl XpnNOIUoTToINOEI
oTO0 TTAPEABOV yia povteAoTToinan acupuatwy OIKTUWV aTov 8Io8IA0TATO XWPO, O KAADOG Twv
EQAPUOCUEVWY HABNUATIKWY TTOU AVOQEPETAI WG OTOXAOTIKI YEWUETPIO WE TA ETTIHEPOUG EPYAAEia
NG (TUXQia XWPIKA HOVTEAG KOTAVOWNG, TUXAIEG WN@IBWOEIG TOU XWEOoU yia Béuata padiokdAuywng,
Tuxaiol ypdoeol yia Béuata ouvdeoiudtnTag) [2009, Haenggil. To TTAéov XPNOIMOTTOIOUNEVO
OTaTIOTIKO POVTEAO BI0SIAOTATNG XWPIKAG KATAVOUNG €ival TO opoloyevéG Poisson povtéAo (BAETTe
oxnua 2-8), kupia Adyw Tou OTI €MTPETTEI TNV €§aywyn KAEIOTWV AVAAUTIKWY OXECEWV yia Ta
Oldpopa  péTpa aTrédoong €voG QCUPHOTOU CUCTAMATOG €TTIKOIVWVIAG. To MoviéAo auTd
XOapakTnpeifel TNV TTARPN TuxXaia katavour) otov dIodIGcTATO XWPEOo Twv UuTtéyn ovioTATWY (Twv
XPNOTWYV, yia TTAPAdEIYUa) HEOW Wiag Kal ovNg TTapapETPOU, TNG TTIUKVOTNTAG A (TO Aypnorey, ONAGDI

0 apIBUBS XPNOTWY ava km?, gival TrEVTATTAGGI0G GTO OXAUG 2-8B 0€ axéon WE To OxANa 2-8a). Aev
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MTTOPEl, OPWG, va POVTEAOTTOINCEI ALIOTTIOTA TTEPITITWOEIG TTOU WTTOPEI va TTPOKUWOUV Ot éva
aoUppaTo SIKTUO (OUYKEVTPWON XPNOTWV O€ Evav XWPO, OTTWG O¢ éva OoTAdIo ] OE €va EUTTOPIKO
KEVTPO, YIO TTapAdelypa), oUTe TNV TPICOIACTATN XWPEIKA KATavou OVTOTATWY (OTTWG auTég TwV
OXNMATWYV 2-6 Kal 2-7). EvaAAakTiké Tou diodidoTtaTtou Poisson povtéAou, xwpig, OuwG, TRV EUKOAIa
TTOU auTO TTPOCYEPEI OTNV €YWY OVAAUTIKWY ATTOTEAECHATWY, €ival T XWPIKA HOVTEAQ TUTTOU
ouoTadag (BAETTE, EVOEIKTIKA, OxAMa 2-9) 1 armwbnong PETAU Twv TTPOG XWPIKK MOVTEAOTTOINON
OVTOTATWYV €vOG aoUpuaTtou dIKTUOU. Ze KABe TrepitrTwon, BERaia, yia Adyoug peAETNG atmddoong
€VOG aOUPPATOU CUCTAPATOG €TTIKOIVWVIAG Ba amaitnBei évag cupuBIBacpog PeTagl YabnuaTikng-

QvaAUTIKAG eueAICiag Kal peAAIOTIKAG MOVTEAOTTOINONG.

ZxAMa 2-7: Air-to-ground emmkoivwvia pe agiotmoinon RIS.
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ZxAMA 2-9: XwpIKA KaTtavoury UP@WVa P 810dIA0TATO HOVTEAO GUOTADAG.

‘Evag GANOG KAGBOG TWV €QAPPOCUEVWY HOBNPATIKWY, N Otwpia Twv TUXaiwv oxXnUATwv-
Mopewv (Random Shape Theory), €xel apyioel TTpéo@aTa va oTToTEAE éva XpAOIUO £pyaAcio yia
TNV avaAuon TpoBAnudaTwy nAekTpopayvnTikKAG d1ddoong Adyw Twv eUTTOdiWV O€ £va aoUpPUATO
ovoTnua emmkoivwviag. EidikdTepa, €xel mpotadei [2014, Bai]l n povredotroinon Twv euTTodiwy
KdvovTag xpron Tou Aeyduevou ypauuikou Boolean povtéAou. ZUpgwva pe autd, To HECO KABe
euTTrodiou (6TTWG €va KTiplo) Bewpeital 0TI aTToTEAEI ONPEIO pia OTATIOTIKAG XWPIKAS d1adikaaiag
TUTTOU Poisson PE XWPIKN TTUKVOTNTA Acrpiwy, EVW TO HUNKOG KAl O TTPOCAVATOAIOHOG TWV KTIPIWV-
eMTTOdIWV pTTOpEl va aKOAouBei pia ouykekpiyévn TOAVOTIKA KaTavour (opoidpop®n, via
Tapddelyua). 2TV - TEPITITWON, OJwG, €vOG 0aoUPUATOU  ETTIKOIVWVIOKOU  CUOTAUATOG
uttooTnpiféuevo amd RISs, kd&mmoia KTipia ptmopei va Asitoupyolv w¢g oKedOOTEG AOYW TNG
QVWHAANG avakAaong TTOU TTPOKUTITEI ATTO TNV €YKATAOTOON WA WETA-ETTIQPAVEIAG I Wiag Kepaiag

TUTTou reflect-array. ETropévwg, oe pia Tétola mepimtwon, armmaireital va AGBoue utmoywn Kal pia
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EMTTPOOOETN XWPIKF TTUKVOTNTA Aris=P™ Adripiwy YIO VO HOVTEAOTTOINBET TO TTOCOOTO TWV KTIPIWV TTOU
éxouv emikaAu@Oei pe pia RIS kar dnuioupyolv ouvbnikeg okédaong. lMa pia 1o agiémoTn
MovTehoTtroinon, BERaia, Ba TTPETTEl va KATGQUYOUE O€ TTIO OUVOETEG TTPOOEYYIOEIG TTEPAV TOU
TTpoavaPepOPEVoU Ypaupikol Boolean povtéAou, e TO va EVOWPOTWOONE OTA YPOUMIKA TUAMATO
N oe emimeda opbBoywvia oxnuara kol Tnv didotacn Tou Uwous. 'ETol, Ba kataoTei €QIKTA Mia
TpI00IGoTATN POVTEAOTTOINON TTOU Ba emMITPEWEN TNV PEAETN ATTOOOO0NG CUCTNUATWY ETTIKOIVWVIAG
mTou utrooTtnpifovtal amé RISs, cav autd Tou oxnuarog 2-10. EidikoTepa, oto oxnua 2-10, Ta
EMTTODIO-KTIPIO PE TTOPTOKOAI Xpwa gival autd TTou dev emTpémTouv TNV Utrapén LOS Ceuewv
METOEU ZB Kal XpnoTwv (MAUPEG OUVEXOUEVES YPOMMEG), EVW TA €UTTODIA-KTIPIO PE WTTAE XPWHO
givar epodlaopéva pe RISs mou péow karteuBuvouevng okédaong ammd €va 1 kal dUo Kripia

onuIoupyoUV eikovikéG LOS Ceugeig (uaupeg SIAOTIKTEG YPAUMEG).

ZxApa 2-10: TpiodidoTatn atreikdvion EEUTTvou TTEPIBAAAOVTOG PABIOETTIKOIVWVIOG UTTOOTNPICOUEVO aTTO

RISs (MTTAokapiopéva A un HOVOTTATIA ETTIKOIVWVIAG HECW OUVEXOUEVNG 1 BIAOTIKTNG YPANMNAG, avTioToIXa).

Emmpdobeta, n meploxy ouxvotTwy TToU Agimoupyei pia RIS (kdtw amd 1a 6 GHz,
ETTIKOIVWVIO PEOW XINIOOTOUETPIKWY KUMATWY, avauevopevn aglotoinon cuyxvothTwy oTnv THz
TepIoxn), €mnEeddel ox1 uévo Ta otroia eu@avifoueva Béuata okédaong, aAAd Kal Tnv dlaxeipion
KIVNTIKOTNTAG Twv Xpenotwv (mobility management) kai tnv émoia e@apuolouevn dladikaoia
evaAAayng KuwéAng, Adyw Tng etmidpacng Twv eutrodiwv TTou 0dnyouv otnv dnuioupyia NLOS
Ceugewv OTIC UWNAOTEPEG OUXVOTNTEG. 2€ OUVOUOOMO pE 60 ava@eépBnkav avwTtépw TTEPI TNG
avdykng yia TpiodidoTarn pgovreAotroinon, yivetal katavonTtd OTi pia YeAETN atrédoong Ba TTpETTEl
va a@opd TTAov OxI aTTOKAEIOTIKG OTIG dUO SIa0TACEIG, AAAG va ava@EépeTal OTIG TPEIG DIAOTACEIG.

MNa mapddelyua, v N @ACUATIKN Kal N eVEPYEIOKN atTodoTIKOTNTA 0Ta 4G Kai 5G atroTiyouvtay o€
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bps/Hz/km? ka1 bps/Hz/km?/Joule, avtioToixa, n épeuva yia Ta 6G dikTua Ba TIPETTEI va OTOXEUEI OE
BeATioToTroiNON WE 6poug bps/Hz/km?® kal bps/Hz/km?/Joule.

TéNOG, n TTOAUTTAOKOTNTA TV 6G SIKTUWY AdYWw TNG ETEPOYEVEIAG KAl APXITEKTOVIKAG AUTWY
KAl TWV VEWV £EEAIYUEVWV £QapPoywV TTou auTd Ba uttooTtnpiouv [2020, W. Saad], aAA& kal Adyw
TNG &VOWMATWONG VEWV OVTOTATWY OTTwG ol RISs, avaupévetal va emnpedoouv TNV TUTTIKN
TTPOCEYYIoN PJovTeAOTTOINONG KAl avaAuong TTou akoAouBouvtav péxpl Twpa. ‘Etol, avauéveral pia
KOTA TTEPITITWON OUVOUAOHEVN XPNON TNG HABNUATIKAG avaAUONG PE TEXVIKEG UNXAVIKNAG NABnong
ME OTI aUTO CUVETTAYETAlI O€ OPOUG AKPIREIAG Kal dUVATOTNTAG £EaYWYNG AVOAUTIKWY AUCEWY KaTA

TNV JovTeAoTToINON, OTTWG OTTOTUTTWVETAI OTO KATWTEPW OXNMa 2-11 [2020, Liodakis].

Machine

; 158
Learning '

e,

ZxAMa 2-11: MovTteAoTroinon acUpPaTWY CUGTNPATWY ETTIKOIVWVIOG PE/XWPIG TEXVIKEG UNXAVIKAG NAGBNnong.

2.4. YmoBéoeig yia eriAuon rpoBAnUdTwWY oKESAaoNng

ZxAMa 2-12: YmoB<oeig Tou agopouv To H/M kdua 1rpog etriAuan TTpoBANPATWY okEdAONG.

Mpiv TTpoxwprooue o€ avackotnon Twv dla@opwyv TTpoBAnudaTwy H/M okédaong TTou

éxouv e€etaoTei oTo TTaPeABOY, Ba yivel ava@opd OTIG KUPIEG UTTOBECEIG TTOU YyivovTal Katd Tnv
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emiAuon TéTolwv TTPoBANudaTwy. O1 uTToBETEIg auTéG apopouv TOoo TO idlo To H/M kUpa, 600 Kai
TOoV UTTOWN okedaoTh. 'ETol, 0TO0 OXAPa 2-12, ava@épovTal ol TTEPITITWOEIG YIa ETTITTEDO 1} CQAIPIKO
NAEKTPOUAYVNTIKO KUHA (TT.X. YIa MEAETN OTO MAKPIVO 1 KOVTIVO TTEdI0), YIO OMOIOYEVEG R JN-
opoloyevég H/M kupa, yia Tnv KABeTn 1 Tuxaia TpdoTTwaon tou H/M Kuuatog avdAoya Kal Pe Tnv
EQapuoyr TTou Bewpoupe, KABWG Kal yia TNV ouxvoTnTa Tou TTpooTrirroviog H/M kdpaTtog.
AvtioToixa, oto oxAua 2-13, ava@épovral Ol  TIEPITITWOEIC OTTOU Ol OKEDAOTEG
dlagopoTTolouvTal WG TIPOG TNV diatour Toug (TT.X. KUKAIK i Tuxaia o&iatoun), tov Babud
EKKEVTPIKOTNTOG TWV ETIPEPOUG OKEOAOTWV OE Mia OUVOETN YEWMETPIKA aTTEIKOVION Tou OAou
okedaoTi, TNV UTTapén 1 N OI0OTPWHATWONG HE  OIOQOPETIKA NAEKTPIKA 1 uayvnTiKG
XOPAKTNPIOTIKA, TNV OUOIOYEVEIA ] KN AUTWY TWV XAPAKTNPIOTIKWY, TNV QVICOTPOTTIO TWV UAIKWV

TWV OKEBOAOTWYV, KABWG Kal TNV evOEXOMEVN TTEPIOBIKOTNTA TWV ETTINEPOUG OKESATTWY avAAoya e

TNV UTTOWN £QapUOoyn.

Alatopn
ETIEPOUG
OKEGATTUN
Meprodikomra eKKEE?peIEg'l?nTGG
o1d >
?TLC:EL% L‘;N TV ETMHEPOUG
el OKEBATTUN
YTroBéceig
TPOog eTiAuon
TPOBANMdATWY
H/M okédaong
AvigoTtpoTria Mopen
UAIKOU BlaCTPWHATWONG
OKEBATTUN TWV ETMHEPOUG
oKedATTUNV
Opoloyéveia
NAEKTPIKWY Kall
HayvRTIKGw
1510TATWV
OKEBGATTUNV

ZxAMa 2-13: YT0B£0¢€I1g TTOU agopoUv Tov OKeDATTH TTPOG £TTIAUCT TTPORANUATWY OKEDAONG.

ApxIkd, n okédaon emiTredwyv H/M KupdaTwy atré 800 XwpIoToug TTapdAANAoUG PETAgU TOUG
KUKAIKNG d1aTour G KUAIVOPIKOUG okedaaTég OTav Ta H/M auTtd KUuata TTpoCTIiTITouV KABETa O€ éva
okedaaTH, atmmoTeAei Eva atrd Ta atrAoUoTEPA GXETIKG TTPOBANRMATA Kal N OIaTTPayUATEUCH TOU EYIVE
TpIv TTOAAEG dekaceTtieg [1970,0laofe], [1978, Hongo], [1987, Elsherbeni], [2000, Roumeliotis]. H
avtioTtoixn €¢€taon NG Tuxaiog TpooTTwong H/M kuuatog e€etdotnke oTig gpyacieg [1988a,
Yousif] kai [1988b, Yousif].

Mia GAAN, oXeTIKG ATTAr, YEWMPETPIKA OOMN TTOU TTPOCEAKUCE QPKETO EPEUVNTIKO EVOIQPEPOV
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atroTéAede auTrh evOg aywyigou 1l SINAEKTPIKOU KUAIVOPIKOU OKEDAOTH KUKAIKAG SIOTOUNG TTOU gival

€VOETOG OUOKEVTPA I EKKEVTPA O€ Mia KUAIVOPIKR dour, [1979, Uzunoglu], [1980, Roumeliotis],

[1991, Parrikar], [1994, Roumeliotis]. H tepimrTrwon tng okédaong amd PN OUOYEVEIG KUAIVOPIKEG

OouéG peAeTABNKe atnv [1976, Chang], o1 &g TepimTwoelg TTpéoTTwong H/M kupdtwy pe Tuxaia

TOAWGON Kal Tuxaio ywvia TTPooTTwong WEAETABNKaV o€ OINAEKTPIKOUG KUAIVOPIKOUG OKESAOTEG

EMKAAUTITOUEVOUG aTTO TaIVieg (strips) kal o€ SINAEKTPIKOUG NUIKUAIVOPOUG TTOU Eival €QOBIACUEVOI

ME YEIWMPEVEG eTTITTEDEG OXIONEG OTIC epyacieg [1995, Tsalamengas] kai [1998, Vardiambasis],

avTioToIXA. ZXETIKA TIPOOQPATA, €LETAOTNKE KOl N TEPITTTWON OKEdAONG aTrd  OINAEKTPIKOUG

KUAIVOpOUG TTou €ival €KKEVTPA ETTIKOAUMMEVOL aTTO KUAIVOPIKG KEAUQPN atrd ueTauAikd [2011,

Zouros].

MNa tnv emmiAuon TTPORANUATWY OKEDAONG OTTWG TA AVWTEPW, €XOUV TTPOTAOEI KOl akoAouBnBei
TTOIKIAEG TTPOOEYYIOEIG €iTE PEOW QVOAUTIKWV OXECEWV, E€iTE PEOW aAPIBUNTIKWY TEXVIKWV. Mo
ONUOPIAAG PEBOBOG yia TNV €€éTaon auTwy Twv TTPORANUATWY OoKEdAONG €ival N AVATITUEN TwV
e€lowoewv Tou H/M 1rediou péow KUAMIVOPIKWYV KUUOTOOUVOPTACEWY UE AYVWOTOUG OUVTEAEOTEG, Ol
oTroiol uTttoAoyifovTal €@apPUOlOVTOG TIC QVTIOTOIXEG OPIAKEG OUVORKeG Kal ETMAUOVTAG TO
TIPOKUTITOV CUCTNPO €EICWOEWY aTTOTEAOUEVO aTTO ATTEIPO OUVOAO OTTO YPAUMIKES €CICWOEIG
MEOW aTTOKOTTAG Opwv (truncation) kai avacTpo@ng Tivakwy [2017, Osipov]. EvOeIKTIKESG gival ol
TTAPATIOEPEVEG CUVOTITIKEG TTANPOPOPIES YIA TIG OKOAOUBEG EPEUVNTIKEG TTPOCTTABEIEG:

e H utroAoyioTIKr pEB0SOG TWV POTTWV XPNOoIhoTToINBNKE yia TNV peAéTN TNG H/M okédaong atrd
IDAVIKA NAEKTPIKA ayWYIMOUG KUAIVOPOUG TUXaiag dIATOUNG KAl APKETA DINAEKTPIKA OTPWHOTA
[1989a, Arvas], [1989b, Arvas].

e Mia oplaky ouvlrikn 2" Ta¢ng yia TNV euTédnon XPENOIMOTIOINBNKE yia va €EeTAOEl TIG
EMOPACEIG DIAPOPETIKWY DINAEKTPIKWY ETTIKAAUWEWYV TTAVW aTTO 10aVIKA NAEKTPIKA AyWYIKNOUG
KUAivdpoug [1990, Volakis].

e [MAaouatikég TTNYEG TUTTOU filamentary ypnoipgotmoiénkav yia tnv TTpocopoiwon Tou H/M
Trediou TToUu oKedAeTal aTTO £vav ETTEVOUMEVO PE OINAEKTPIKO ayWyYIUO KUAIVOPO, KaBWG Kal Tou
ediou eviog TNG BINAEKTPIKAG ETTIKAAUWNG, PEéow TNG HEBGOoU Twv poTtrwv [1988, Leviatan].

o H e&étaon Tng okédaong atmmd EKKEVIPOUG OTPWHATOTTOINKEVOUG KUAIVOPOUG PEAETABNKE TNG
EMPROAAG TWV OPIAKWY OUVONKWY ETTI TwV KUAIVOPIKWYV ETTIQAVEIWY, TOCO YIa ThV TTEPITITWON
KaBetng [1992, Kishk], 600 kai yia Tnv TepITTwon Tuxaiag TpéoTTwong tou H/M tediou

[1999, Yousif].
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e Xpnon piag TeXVIKAG TTou BacileTal o€ éuueco mode matching kal oto 2° vector theorem Tou
Green yia Tnv emmiAuon TpoBAnuaTwy H/M okédaong atmmd ouvBeTeg KUAIVOPIKEG dopég [1996,
Stratigaki], [2004, loannidoul].

o XpAon 1ng Rigorous Coupled Wave Analysis (RCWA) yia Tnv peAETN TG okédaong o€ [N
OMOVEVEIC WG TTPOG TNV OINAEKTPIKA ETTITPETTITOTNTA £KKEVTPEG TTOAU-KUAIVOPIKEG OOMEG O€
OITTOAIKG cuoTnua cuvtetTayuévwy (81odIdoTaTto oUCTNPA OPOOYWVIWY CUVTETAYMEVWY TTOU
BaaoileTal atoug ATToOAAWVIOUG KUKAOUG) [2003, Jarem].

e Méow Tng T-matrix ueBodou e€eTGoTNKE TO TTPORANUA TNG OKEDOONG PE KABETN TTPOCTITWON
Tou H/M KUuatog ae €vav dINAEKTPIKO KUAIVOPO TTou duvaTal va EPTTEPIEXEI KUAIVOPIKEG BOPEG
OINAEKTPIKWYV, a€pa | NAEKTPIKA 18aviKoUg aywyoug [2003, Toyamal.

o 2TV [1997, Konistis] yivetar peAétn Tou 181aiTEPa TTOAUTTAOKOU TTPORANMOTOG OKEDOONG ME
Tuxaia TpooTTwon Tou H/M KUpatog o€ avioOTPOTTIKEG KUAIVOPIKEG OOWEG TTOU Eival
EVOWMOTWHEVEG O€ €vaV  QVIOOTPOTTIKO XWPO, OTToU Kal AauBdvouv Xwpa €evOOYEVEIQ
MNXQVIOUOi gayvnTonAEKTPIKAG OUCEUENG.
levikdTEPQ, KAl OTAV BACN TwV TTOPATIAVW EPEUVNTIKWY TTPpooTTabeiwy, n okédaon Twv H/M

EMTEOWY KUPATWY OTTé SOPEG TTOU EVOWMPOTWYVOUV APKETEC TTAPAAANAEG KUAIVOPIKES paBdoug uE

KUKAIKN [1992, Elsherbeni] ] Tuxaia diatoun) [1990, Lee], [1994, Felbacq] €xel ueAetndei 1600 yia

TNV TEPITITWON TNG KABETNG TTPOCTITWONG, 00 Kal AUTAV TNG Tuxaiag TpoTTwong [1990, Lee]. Mo

ouvleTa TpoBAAMaTa OKEDAONG Kal AOYyW TNG YEWMETPIKAG OTTEIKOVIONG QAUTWY, a@OpPOoUV

TEPITITWOEIG OKEDAONG ATTO TTOAAATTAA BINAEKTPIKA KAl HETOANIKA QVTIKEIUEVA TTOU PEAETWVTAI UE

TNV MEBOSO T-matrix [1998, Sahin], TTepITTWOEIG TUXAIOG TTPOCTITWONG O€ TTOAUETTITTEOOUG TTIVAKEG

amd  dIa0TAUPOUNEVOUG  KUKAIKAG dlaTouAg  KUAivdpoug [2003, Yasumoto], okédaon atrd

METOAAIKOUG KUAiVOpoug Tuxaiag SlaToung o€ TTapdAAnAn mepiodikn didtagn kai TmiAucn péow NG

S-matrix peBodou [2004, Jia] 1 amd TapAAANAOUG aviooTPOTTIKOUG KUAIVOPIKOUG OKEDAOTEG TUTTOU

chiral kai emiAuon péow piag eTavaAnTTikig diadikaoiag okédaong [2004, Sharkawy], kabwg kai

aTré TEPITTTWOEIG OKEDAONG o€ TTEPIOBIKES BlaTAEIS KUAIVOpwyV [2007, Ludwig], [2011, Watanabe],

[2012, Watanabe].
2e OTl agopd TIC €PEUVNTIKEG TTPOOTTABEIEG TWV TEAEUTAIWY €TWYV, exwpilouv ol KATWOI

EPYAOTiEG:

e Z1nv [2020, Jandieri] yivetal n peAéTn TpoBANuUdaTWY OKEdOONG O€ SOMEG WE 1IBIaITEPO OUVOETEG

KOl CUPHPETPIKEG YEWMETPIKEG ATTEIKOVIOEIG.
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e X7 [2017, Aslanyurek] kai [2018, Aslanyurek] €etaletal n OoKESOON OTPWUATOTIOINKEVWV
OINAEKTPIKWY Kal JETAAAIKWYV QVTIKEIMEVWY TWV OTTOIWV N dlaToMN €XEI TUXaia oxruata r; 0TTou
Ta Opla PETAEU TWV ETTINEPOUG OTPWHATWY €XOUV ywvieg. H Auon €xel TNV pop@r o€Ipag Kal
Baoiletal oTnv UTTapEn ouvéxeiag Tou H/M trediou ota épia HETAEU TWV ETTIHEPOUG OTPWHATWV.

o 2mv [2018, Tsalamengas] £xope Tnv TIEQITTTWON £VIOVA QVOUOIOYEVWYV OTNV  OKTIVIKH
d1eUBuvVON BINAEKTPIKWYV KUAIVOpwWVY 0TOUG oTroioug To H/M KUpa €xel Tuxaia TTpdoTITWwaon, Kal
omou n emiAuon Paoifetar otnv €miAuon €vOG OUCTANATOG OCUCEUYMEVWY  YPOAPMIKWV
oAokANpwTIKWYV Volterra e§lowaocwv deuTépou €idoug.

o 21V [2020, Guan] spapuootnke n Spectral Integral Method (SIM) yia Tnv TepiTTTWON TNG
OKEDAONG OE TTOAUCTPWHATIKOUG HayvnTOBINAEKTPIKOUG KUAIVOPOUG.

e 2TV [2019, Mindrinos] diepeuvnBnKe 10 TTPORANUG TNG okédaong o€ £vav dlaTTePaTd BITTAG
ouvOeOUEVO KUAIVOPO (N €EWTEPIKN TTEPIOXN Eival DINAEKTPIKO, N OE ECWTEPIKN TEAEIQ NAEKTPIKOG
aywyog) pe Tuxaia mpoéoTTwon tou H/M kldpatog. H Ummapgn kair povadikdtnta tng Auong
yiveTal péow Twv TOTTWY Tou Green Kail TNG HEBOBOU OAOKANPWTIKNG £€icwong.

e 2TIG [2020a, Dinia], [2020b, Dinia] ka1 [2021, Dinia] £xel uloBeTnBei pia yevikeuuévn avaTTuén
ammd Vector Cylinder Harmonics (VCH) yia tnv emiAuon tou TTpoPAfuatog okédaong o€
TTOIKIAEG KUAIVOPIKEG BOUEG.

o 2mg [2021, Wang] kai [2022, Zhang] £XOde TNV TTEPITITWON OIACTPWHATIKWY KUAIVOPIKWV
Oopwv Kal OTTou PEAETATaI TO TTPORANUA TNG OKEBAONG YA TNV TTPOCOMPOIWCN KUAIVOPIKWV
PWTOVIKWYV KPUOTAAWYV. ZTIG BUO aUTEG pyaacicg, MEAETATAl N atToppdPnon Kal n avakAaon
Twv H/M kupdtwyv o€ 1Teplodikég SOPES TTOU TTEPIAAUBAVOUVY KAl OTPWHATA YPOQITH HECW TNG
transfer matrix method, kai mpoTteiveral N uAoTroinon TTOAU-aIGONTAPWY TTOU aTToTEAOUVTAI

Q1O PJayVvNTIOPEVO TTAACHA Kal ICOTPOTTIKA SINAEKTPIKGA OTPWHATA, QVTIOTOIXA.

2.5. Npooeyyioeig yia Tnv €miAuon TPoRANUATWY OKESAONG

Mevikd, pia eTakpIBAg emiAuon TTPORANUATWY OKESAONG HECW TWV egiIcwoewy Tou Maxwell
gival otraviwg €QIKTA, yivetal Pe TNV uI0B€Tnon dlo@opwyv uTtoBéocwv (BAETTE evoTnTa 2.4), Kal
atroTeAei pia TTOAUTTAOKN dladikacia. EISIKOTEPA, PTTOPET va Yivel TTEPIOPIOTIKA yia OKEOAOTEG ME
KOVOVIKEG OOUEG, OTTWG: eTTiTTedn OleTTa@r (avokKAwPeva Kal PETAdIOONEVA KUUATA, ETTIPAVEIAKA
KUPOTa), KUOAIVOPO!I KUKAIKAG OIATOMAG Kal OoQaipeg (avakAaon atmd KUPTWUEVEG ETTIQAVEIEG,

UQEPTTOVTA KUPATA, €0WTEPIKOI OUVTOVIOUOI), NUIETTITTESa Kal o@nvoeldeic dopég (Kupata Adyw
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mePIOAaONG oTa AKpa), KUKAIKOUG Oiokoug (TTepiBAwpeva kuparta). Tautdxpova, Ba TTpETTel n
ouoTaon Twv okedaoTwv va eivalr atmAr] (I0avikd aywylhol oKedOOTEG, XPHON OMUOYEVWVY 1
OTPWHATWY OHOYEVWY UAIKWVY, KATT.) Kol n OkEDOON va TTPOKUTITEI ATTO Mia KAVOVIKN TTnyn
(emriTreda, KUAIVOPIKA, 1 o@alpikd kuupata) [2017, A.V. Osipov]. NMapdha autd, n avaykaidtnTa
UTTapéng TETolWY €TTOKPIBWY AUCEwvV péow eflowoewy Tou Maxwell gival 1laitepa onuavTikn yia
d1apopoug AOyoug: (1) Ze TTONAEG TTEQITITWOEIG N O1aBeCIUOTNTA ETTAKPIBWY AUCEWV TTOU AQOPOUV
€€10QVIKEUPEVEG TTEPITITWOEIG TTPORANMATWY OKEDAONG €ival ETTOPKAG yIa avTioToIiXa TTPORARUaTA
TTOU a@OpPOUV TTIO PEANIOTIKEG CUVOQEIG TTEPITITWOEIG 1 BondnTik oTa TTAcicia SIadIKaCIWY
BeATioTotroinong, (2) Aedopévou OTI o1 eTTaKPIBEIG AUCEIG PTTOPOUV, TUTTIKA, va SivovTal JE PMEYAAN
apIBuNTIKA akpifela, ecivar XpNolpes yia Tnv €maAfBeuon Twv AUcewv TTOoU divovTial PECW
utToAOYIOTIKWYV diadikaciwy, (3) Adyw Tou 611 01 eTTaKpIBEIG AUCEIG UTTOPOUV HECW TTPOCEYYIOEWV i
QOUUTITWTIKAG avaAuong va dWoouv atTAEG aVAAUTIKEG 1 NUIAVOAUTIKEG ] KAEIOTAG HOPPNG OXETEIG
TTou agopolv Ta H/M media, umropolv va TTPOoCc@EPOUV [ia SIEIOOUTIKN €IKOVA ) va EVTOTTIGOUV
TTOIOTIKEG KO TTOOOTIKEG OXECEIG METAEU TWV dIAQOPWYV TTOPAUETPWY VOGS TTPORANMATOG OKEDAONG
(kaBioTWVTAG, £TC1, EQIKTA TNV Epunveia kal TNV TTPORAEWn TNG cuuTTePIPopds Twv H/M tediwv o€
MO VEVIKEG 1 TTIo oUvBeTeg TrepImTwoelg), (4) Mia aoupTmTwTIK AUOn yia €§I0AVIKEUUEVES
YEWUETPIEG oKedAOTWY PTTOPET va alotroindei oav OOMIKO OTOIXEIO TTPOCEYYIOTIKWY AUCEWY TTOU
TTPOKUTITOUV UECW TIPOOOMOIWONG (TT.X., TTPOCEYYIOTIKEG AUCEIC MEOW QUOIKAG OTITIKAG) via
TEPIMTTWOEIG e H/M uwnAAg ouxvoTnTag.

EVOANGKTIKG Twv eTTOKPIBWV PEoW Twv £§lowaewv Tou Maxwell AUoewv Twv TTPoBANUdATWY
OKEDOONG ME TA TTPOAVOAPEPOUEVO MEIOVEKTHMOTA KAl TTAEOVEKTAUATA, €XOWE TNV UTTAPEN TWV
ammeuBeiag apIBuNnTIKWyY PeBOdwY (computational electromagnetics) yia pecaiou peyéBoug
OKedOOTEG O OXEON WE TO UTTOWN WAKOG KUpaTtog. H TTpoaéyyion auth, utroBonBouuevn Kal atrd
TNV €EENIEN TWV TEXVOAOYIWV UTTOAOYIOHUOU, TTPOCQPEPEI XPHOIKNEG UTTOAOYIOTIKEG QTTEIKOVIOEIG TTOU
OTTOTUTTWVOUV TNV CUMTTEPIPOPA Twv okedalouevwy TTediwv [2022, Z. Chen]. OuciaoTiKd, Yéow
NG XPNong Twv PeBOdwY autwyv yia TTpoARuaTa OKEdAONG, TTAipvOUE AUCEIG OTIG £CI0WOEIG TOU
Maxwell 1| e€lcwoewv TTOU TTPOKUTITOUV ATTO AUTEG TTOU IKAVOTTOIOUV OAEG TIG GUVOPIAKEG OUVONKEG,
TIG NAEKTPOMAYVNTIKEG 1I810TNTEG TWV UAIKWV Kal TIG OUVORKeS BIEyepong TTou €XOuE O€ Eva OEOOUEVO
TPORANUa okédaong. Méow Twv apIBUNTIKWY PEBOBdWY YiveTal JovTEAOTTOINON TWV UQIOTAPEVWY
PUOIKWYV OIadIKOCIWY TTOU U@IoTAVTAl TA NAEKTPIKG Kal Ta PayvnTiKA tedia kKatd tnv okeédaon,

oupTrepIAauBavopévng TG aAANAeTTIOPACNG TOuG PE TO UAIKO TOU KATA TTEPITITWOon okedaoTr]. Ta
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TTPOG MovTEAOTTOINON WEYEDN €ival CUVAPTACEIG TOU XWPOU Kal Tou Xpovou (uia didotaon yia Tov
XPOvo, Kal pia, dUo A Tpelg SIOOTACEIG OTO XWPO avAaAoya HPE TO KOTA TTEPITITWON HOVTEAO).
OcwpwvTtag €va TTAaiolo diakpitotroinong (discretization), Aappdvovral dciypata GTov XWPEO Kal
OTOV XPOVO, OTTOTE TTPOKUTITOUV Ol AEYOUEVEG KUWENIDEG Xwpou-xpovou (space-time cells).
ZUVETTWG, Ta BIA@opa NAEKTPOPaYVNTIKA UEYEDON (NAekTpIkO TTEdio, payvnTIKO TTedio, KATT.) Kail Ol
TTAPAPETPOI TOU UAIKOU (NAEKTPIKA ETITPETTTOTNTA, WAYVNTIKA SIATTEQATOTNTA, AYWYIUOTNTA, KATT.)
utroAoyiovTal eVTOg TwV TTPOAVAPEPOUEVWV KUWEAIDWY KAvovTag xprion S1apopwv aAyopiOuwv.
Eival rpogavég o1, Adyw TNG €@apuolouevng dIAKPITOTTOINONG, T TTPOKUTITOVTA POVTEAA divouv
TIPOCEYYIOTIKEG AUCEIG OTIC €§lowoelg Tou Maxwell (ekTOG €IDIKWYV TTEPITTTWOEWY). ETmTTAéov,
avaAoya HhE TOV HABNUATIKO QOPHOAICHO O OTTOI0G XPNOIUOTIOIEITAI VIO va PovTEAOTTOINBOUV Ol
IOXU0OUCEG €EI0WOEIG, €XOME TNV akOAouBn didkpion o€ OTI aPopd TIG TTPOKUTITOUCES AUCEIG JE
auTéG TIG atTeuBeiag apiBunTikéG ueBOdoUG: AUCOEIG PEow OAOKANPWTIKWY eflowaoewyv (integral
equation solvers) kai AUceig péow dlagopikwy efilowoewyv (differential equation solvers). Oa
TPETTEl va  OnUEIwBEl, Ouwg, OTI o1 apIBunTIKEG auTég pEBOdOI UTTOKEIVTOI O OOoRapoug
TTEpIOPIoUOUG. EIdikéTepa, Mia oTTeuBeiag e@apuoyn TEXVIKWY SIOKPITOTTOINONG O€ apIBUNTIKES
MEBOBOUG (OTTWG N HEBODOG TwV TIETTEPACHEVWY OTOIXEIWY, yia TTapddelyua) o€ OKeDAOTEG
MEYOAUTEPOUG ATTO KATTOIOV APIOUO UNKWY KUPATOG Kal TTAvw, odnyEi 0€ oUOTAUATA £CI0WOEWY UE
EKATOUMUPIA QYVWOTOUG. € Mia TETOIO TTEPITITWOTN, TTPOKUTITOUV BEUaTa Un PEAAICTIKWY XPOVWY
EKTEAEONG TWV UTTOAOYIOHWY KOl UYNAWV aTTAITACEWY O€ PVAKN YIO TNV €Eaywyr] Hiag apiBunTikAg
AUoNG evog TTpofANRpaTog okédaong. EmITTAéov, UTTAPXE! KAl TO JEIOVEKTAUA OTI OV €ival EQIKTN pia
TTOIOTIKA KAl ammd TAeUpds QUOIKNAG eppnveiag Oicioduon oToug PBacIKOUG WNXaviopoug Tng
okédaonG.
21N Baon Twv avwTtépw, UTTAPXElI KAl N avaykn yia Tnv avarmTtuén TTPOCEYYIOTIKWY Kal
aITloAoynuévwy atrd QUOIKAG TTAEUPAG TTPOCEYYIOEIG-TEXVIKEG ETTIAUONG TTPORANUATWY OKEdAONG,
Kal ol oTroieg Ba oupTTAnpwvouv TIG atreuBeiag avaAuTIKEG ueBOdouUG, TTapéxovTag APECA Kal
a&IOTTIOTa aTTOTEAEOUATA VIO OKESAOTEG PE OIA0TACEIS TTOAU UEYOAUTEPEG ATTO TO EKACTOTE UTTOWN
MAKOG KUPaTOG Twv TPooTTTOVIwY H/M kupdtwy (8nA. yia uywnAég ouxvotnteg). TéToleg
TTpoceyyioelg gival ol KATwo!:
o H yewpeTpiKA OTITIKA, N oTroia atmmoTeAei Hia KAAOOIKA TEXVIKN YIO TNV TTEQIYPAPN Kol PEAETN
OTITIKWV KAl JIKPOKUUATIKWY TTEdiWV JEow TTEdiwV akTivwy. EIBIKOTEPQ, YiveTal Xprion amiAwv

vOuWV yia TNV 81ddoan aTov eAeUBEPO XWPOo, KaBWG Kal yia Béuata avakAaong Kal erddoong
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oTIG SIETTAPEG PETAEU TWV BIAPOPWY UAIKWV. Opwg, N EQAapPocIgoTnTa TNG TTPOCEYYIONG QUTAG
TTEPIOPICETAI O€ TTOAU PIKPA PAKN KUPATOG KAl OTTOTUYXAVEI OTIG AEYOUEVEG KAUOTIKEG TTEPIOXEG
(Trepioxég otToU, TUTIKA, n éviaon Tou H/M Trediou ecivar péyiotn kai AapBdvouv xwpa
onuavTika @aivoueva). EmimmAéov, dev ptropei va Trepiypdwyer Tnv dieicduon Twv aKTivwy Tou
H/M mrediou oe TTepPIOXEG TTOU ATTOKPUTITOVTAI aTTO évav okedaoTh | Tnv OlEyepan TTOAAWV
TUTTWV H/M T1ediwv o€ YEWUETPIKES 1IBIAITEPOTNTEG KAl IBIAITEPOTNTEG UAIKOU TNG ETTIQPAVEING
EVOG OKeDAOTH, OTTWG AIXMEG OTA AKPA €VOG OKEDAOTH I OTTOTOPEG OAAQYEG OTIG TIMEG
TTOPAPETPWY TOU UAIKOU TOU OKEDQOTH.

o H yewpetpik Bewpia TNG TTEPIBAAONG, N OTTOIO ETTEKTEIVEI TNV YEWMETPIKA OTITIKA PECW TNG
TTPOCOAKNG VEWV TUTTWV OKTIVWYV TTOU SNUIOUPYOUVTal G€ AIXHEG TWV AKPWY VOGS OKEDAOTH, O€
KWVIKA onueia, kar og okiwdn opla Tng okeddlouoag em@dveiag. Ouwg, n Tpooéyyion auTh
OEV QVTIMETWTTICEI TA PAIVOUEVA OTIG TTPOAVAPEPOUEVEG KAUOTIKEG TTEPIOXEG, KATI TTOU KAVEI N
ETTEKTAOT) TNG KAI AVOQEPETAI WG eviaia Bewpia TnG TTEPIBAaONG.

e H o@uoiki oTmIKA, OTTWG KAl n €TTEKTACH TNG TTOU AVOQEPETAl WG QUOIKA Bewpia Tng
TePIBAaong, amoTteAouv TTpooeyyioelg mou Bacgifovral oto pevpa. Eidikétepa, 1o H/M tredio
TTou oKkedAleTal atrd £va avTiKeipevo, Bewpeital 0TI akTIvoBoAsiTal atmd deutepeUovTa peUPATA
Ta omoia emdyovral atmd TO TrpooTriTiov H/M kuupa. EmmAéov, n @uoik Bewpia Tng
TePIOAaoNG dIopBwvel Ta ETTIPAVEIOKA PEUPATA GTNV TTEPIOXN YEWUETPIKWY IDIAITEPOTATWY KAl
I0IITEPOTATWY UAIKOU, KAvovTag XpAon AUCEwv ammd kKavovikd mTpoBAAuata okédaong Trou
emodExovTal ETTOKPIREIG AUoEIS péow Twv e€lcwoewy Tou Maxwell. H ettiAuon mmpoBAnudTwyv
oKEDAONG PE AUTEG TIG OUO TTPOOCEYYIOEIG (QUOIKA OTITIKA, QUOIKA Bewpia Tng TTEPIBAAONC)
Xpnoigotroigi Tnv apxn Tou Huygens, n otroia atroTeAel pia evOeAexy onUAVTIKA oX€on METAEU
Twv TTediwv o€ KABe onueio Tou Oykou evog OKedAOTH Kal TwV TIMWV Twv TTediwv o¢ dia
oedopévn (TTPAYUATIKA i HOBNUOTIKN) ETTIQAVEIQ TTOU TTEPIKAEIEl aUTO TOoV OyKo. H xpnoiudtnrta
TwVv OU0 QUTWV TTPOCEYYICEWV Eival GNUAVTIKI O€ TTEPITITWOEIG OTTOU Wi TTAKPIBAS MEOW
eClowoewv Tou Maxwell dev eival TTPAKTIKA | dIABECIUN, KOBWG KOl O€ TTEPITITWOEIS OTTOU N
OlaKpITOTTOINON TWV aTTeEUBEiag apiBuNTIKWVY PEBOdWV 1 TNG TTPOCEYYIONG MECW QKTIVWY (TT.X.
YEWMETPIKA OTITIKN) OEV UTTOPOUV VA EQAPUOCTOUV.

O1 avwTépw TTPOCEYYIOEIG-TEXVIKEG ETTIAUGNG TTPORANUATWY OKEDAONG (OTTWG N YEWMETPIKA

KOl N QUOIKN OTITIKA TTOU ATAV YVWOTEG TIPIV ATTO TN NAEKTpopayvnTIkr Bswpia Tou Maxwell wg

EMTTEIPIKEG TEXVIKEG) PTTOPOUV va 10wBoUV o€ ouvduaoud pe TIG PEBOBOUG Kal TIG TEXVIKEG TTOU
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XpnoigoTroiouvTal yia TNV €TTiIAUCT TTPORANPATWY OKEDOONG PEow Twv e€lcwocwy Tou Maxwell yia
va eTaAnBeutei N opBATNTA TOUG, OI CUVOBEUTIKEG UTTOBETEIG KA ATTAOTTOINOEIG TOUG, KABWG KAl GTO
va BeATiwOei n akpifeid Toug. O Povog TPOTTOG, GUWG, YIa va yivel autd TTPoUTTOBETEl TNV €EETAON
A0oewyv péow Twy eglowoewyv Tou Maxwell yia xapakTnpioTIKA Kavovika TTpoAnudra okédaong
(6TTwg autd TTou egeTdlovTal OoTa KEPAAaia 3 Kal 4 TNG TTapoucag SIaTPIRAG). ZUVOAIKA, Kal Bdoel
TWV AVAQPEPONEVWY TNV TTapoUaa evOTNTA TTPOCEYYIOTIKWY HEBGOWY, Yia CUVOTITIKN TTapoudiaaon

TWV BaCIKWYV TTPOCEYYIOEWV Yia TNV €TTiIAuon TTPoBAnudTwy okédaong @aiveral ato oxnua 2-14.

Ngei péow Ameubeiag MpogeyylaTikeg
L apiBunTIKEg Aot
Maxwell uéeoaol ' .
i . - i y
Avahutikég  HulavaAuTikég . =. FEGETOKN , Puaiki}
Aioeig i Aoegpéow Mdoeig O#Tiifﬂ r[ rﬁg’aﬁr?c':‘ﬂ ommA &
(kheom)  couprwrikés  oAoKANpWTIKGY - [FQ mpie)\%cqg ‘é’UU"STI
UopﬂP)ﬂ f hioeig EEI0oEWY E'gg&%‘;‘u‘*}’\:’ nap?gﬁg "
un

ZxAMa 2-14: BaoiKA KATNyopIoTroinon Trpoasyyioewyv emiAuong TTpoBANUATWY oKEdAONG.
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KEDQAAAIO 3
3. MpoBAnpa KuAivopikoU ZkedaoThy pe EvOETEG ZTPWHATOTTOINMEVES

AinAekTpikég KuAivopikég PaBdoug

3.1. TEWMETPIKA ATTEIKOVIOT TOU TTPORAAUATOG

210 TTOPOV Ke@AAaio yivetal €TTiAucn 10 0pBoUu TTpoBAAuaTog okédaong o€ pia ouvoeTn
KUAIVOPIKA dour, OTtav To TTPOCTITITOoV TTedio agopd éva emimedo KUua e Tuxaia TTOAwoN TTou
TIPOCTIITITEl PE Tuxaia TTPOTTTWON oTnv OAn Trpoava@epdpevn KuAivopikp doun [2022, G.S.
Liodakis]. H 6An &icdiaotarn yewuetpik d1GTaén Tou umO e€€Taon TTPORAAPOTOS OKEdAONG
Tapouoidletar oto  oxnua 3-1, Omou  €vag  KUKAIKAG OIaTouAg  OINAEKTPIKOG  KUAIVOPOG
(opioBeToUpevog oTnV Treploxy 1) TOTTOBETEITAI €VTOG TOU BewpoUpevou Xwpig Opla eAelBepou
xwpou (trepioxny 0). Eviog Tou avwtépw OINAEKTPIKOU KUAivOpou, €xouv TTapeuBAndei L-1 TOV
apIBuo kal TapdAAnAol 1600 HETACU Toug 600 Kal PE Tov BINAEKTPIKG KUAIVEpOo Tng TreploxAg O,
oTpwpaToTroinuévol KUAIvOpol. KdaBe évag amd Toug £vOETOUG OTPWHATOTIOINWEVOUG aUTOUG
KUAivOpoug atrapTtifetal atrd dU0 SINAEKTPIKA OTPWHATA TTOU TTAPOUCIAloUV OTTWAEIEG KAl OTTOU N
0pI0BETNON TWV OINAEKTPIKWYV OTPWHATWY QVTIOTOIXEI OTIG TrEpIoXES 2, 3, 4, 5,...,2L-2,2L-1.
KaBe, Aoitrdv, TepioX ME KUAIVOPIKY Hop®n 1 Jop®r KUAIVOPIKOU dakTuAiou TTpoodiopileTal atro
évav Oeiktn i (i=0, 1, 2, 3, 4,..,2L-2,2L—1) KAl XapaKTnpiZeTal ammod Tnv XwpIkA didoTacn (aKTivag
0;), TNV OINAEKTPIKA EMTPETTOTNTA €, TNV HAYVNTIKA SIOTEPATOTNTA i KAl TNV NAEKTPIKN
aywyluétnta o, H améotaocn peTalU Twv afOVWV TwV TIPOAVOPEPOUEVWY L KUAivVOpwv
oupBoAiCeTal pe Dyg (p,g=1, 2,..., L). EmiTTAéov, opifope L—1 TOV APIBUO «TOTTIKWV» OUCTNPATWY
ava@opdg pe KUAMIVOPIKEG ouvTetayuéveg O,(p,,0,,2) ME p=1,2,..., L, Y& KaBéva amod autd va
TTPOCOELVETAI OTOV AEOVA TOU AVTIOTOIXOU P KUAIVOPOU, VW TO oUCTNPA CUVTETAYMEVWY O (p,;,2)
TTOU aQOopPa ToV €EWTEPIKO KUAIVOPO TnG OAng didtaéng tou oxAuatog 3-1 atroteAei 10 oUoTnua
OUVTETAYUEVWV aVaQopPdG.

To 1redio diyepong eival éva H/M etTiredo KUPaO pe Tuxaia TTOAWGON TTOU TTPOCTIITITEl TNV
OAn uttéwn didtagn amd Tnv Trepioxn 0, otnv otroia Trepiox Kai diadidetal. O diavuopaTikég
KUMOTOPIBUOG Tou TTpoavagepopevou trediou diEyepang SideTal ammd TNV KaTwTépw oxéon 3-1 Kai
QTTEIKOVICETAI OTO OXNAPA 3-20, evw Mia TPIOBIAOTATN €VOEIKTIKI KAl OTTAOUCTEPN QATTEIKOVION TNG
OANG uTTOWN dIATAENG TTOU TTEPIYPAPNKE AVWTEPW OTTEIKOVICETAI OTO OXNHa 3-23:

k™ (9’,(;)’):kp/l;g’C +PBz=kysin®' (cos@'x +sin¢' )+ kycosd' z (3-1)
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OTTOoU ©'Kal @' €ival o1 ywvieg Tou Tuxaia TTpooTriTToviog H/M KuuaTtog, B =kcos® eival n otabepd

51adoong Tou KUPATOG KaTd Tov agova TG KUAIVOPIKAG BouNg, k, =k,sin®" Kal ky=wm\/g, E€ival 0

KUMATAPIOPOG Yia TOV €AeUBEPO XWPO (6TTOU ® N KUKAIKA ouxvotnTa).

-1 Moot Exnt)r1> Magutyei

(n)

ZxAMa 3-1: MevikA yewWETPIKN OIATAEN KAl NAEKTPIKA XAPOKTNPIOTIKA Tou UTTO avaAuon okedaoTr (TouN

KABETN 0TO OAO GUUTTAEYHO TWV KUAIVOPWYV).

levikd, evidg KaBe TTeploxns i (i=1, 2, 3, ..., m) TG doung Tou oxAMaToG 3-1, o1 SIGUAKEIS Kal
Ol €YKAPOIEG ouvioTwoeg Tou H/M Trediou ptmopolv va €KQPACTOUV OTO KUAIVOPIKO cUOoThua
OUVTETAYUEVWY OUPQWVA PE TIG akOAoUBEG oxéoelg (3-2)

E' = pE. + GE' + 2E!
p p (p (0] Z (3_2)

b

H' = pH,, + oH,, + zH,
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OTTOoU (EiZ,HiZ) gival o1 JIOUAKEIG OUVIOTWOEG, (Ei ,Hip,Ei(p,Hi(p) Ol €YKAPOIEG OUVIOTWOEG, Kal

(p,d,2) Ta avrioToixa povadiaia diavuouarta.
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ZxApa 3-2: (a) Ameikdvion TOU Tuxaia TTOAWPEVOU Kal TuxXdio TTPOCTTITITOVIOG ETTTTEdOU KUPATOG. ([B)

Tp1o0d1GaTaTN EVOEIKTIKA ATTEIKOVION TOU OKEDAOTH HE TPEIG EVOETEG KUAIVOPIKEG PAROOUG KUKAIKAG SIOTOUNAG.

EmmpooBeTa, o1 eykdpoleg ouvioTwoeg uttoAoyifovTal atrd TIG SIOUAKEIG CUVIOTWOEG PATEI
TWV KaTWTEPW oxéoewv (3-3) kai (3-4), evwy o1 DIAUAKEIG ouVIOTWOES aTrd TNV oxéon (3-5) Bdaoel

[1991, A. Ishimaru] w¢ akoAoUBwG:

Eo| 1 poe " Tiop |[E]
Hl k2| . o 10| H (3-3)
9 o | —jog— -—jp——1L z
op p 0p
. —JBQ —jo 1£ .
E, | 1 dp =
H| k2| 1a o |H (3-4)
P cl jcogi—a— —jBa— z
p O P
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HI b T b N B

OTTOU HiZ Kal HimZ gival, avTioTolXa, To NAEKTPIKG Kal TO payvnTIKO BaBuwTd duvapikd Tou Hertz, k;
gival o KupaTapiBuos ki = o gL, » K B —w¢ avwTépw- n oTabepd d1ddoong ToU KUPATOG KATA TOV

agova g KUAIVOPIKAG SOUNG.

3.2. YmroAoyiopog Tou mediou okédaong

To emiredo H/M KUua pe Tuxaia TOAwaon, 1o oTToio dleyeipeTal o€ KATTOIO BEON TNG TTEPIOXNAS
(0) TNG KUAIVBPIKAG BOWNG Tou oxAHATog 3-1 kal TTpoadlopifeTal Héow TwV SIAPAKWY (EN(p) kal
HI™(5)) kal eykdpoiwv ouvioTwowv (EM @) kai H™(p)) autol amd v katwTépw oxéon (3-6)
OTTOTEAEI TO TTPOCTTITITOV KUUA TOU UTTO PEAETN TTpoBAAuaTog okédaong (n XPOoVvikn eEGpTnon Tou

KUPOTOG £XEI atTaAEIPOE yia AOyoug aTTAoUCTEUONG):

[E™ @), H @] e =[2E;* )+ EY(p), zH* () +H(p)] & " (3-6)

Kdavovtag xpAon tou O; OUCTAUOTOG CUVTETAYMEVWYV TOU €EWTEPIKOU KUAiVOpou Tng 6Ang
didaragng Tou oxAuarog 3-1, o1 SIGUAKEIG CUVIOTWOES TOU TTPOCTIITITOVIOG H/M Trediou ptropouv va

YpPa@TOUV W¢ akoAoubwg [1991, A. Ishimarul]:

n=—00

Elznc(ﬁ) |:E0:| .7inc — |:E0:| < -n_jn(e1—9")
R Il R 1, (k, ino1-0"), 37
{H;“C(ﬁ)} H, xp(—jk,'* -P) H, D Tukeop)) e (3-7)

otmou Ejkal H €ival, avtioToixa, n £€vraon Tou NAEKTPIKOU Kal payvnTIKou TTediou, VW p; Kal ¢, Eival
ol TTONIKEG OuvTeETaypéveG TNG Béong p oOTO ouoTnua ouvretaypévwy Oy, kg a/@ Kal
T0J,(x) aopd pia cuvdptnon Bessel 1a¢ng n pe 6piopa x [1971, M. Abramowitz].

AvTioTOIXQ, Ol ¢ —COUVIOTWOEG TOU TTPOCTTITITOVIOG TTEdioU, PTTOPOUV va EKPPACTOUV WG

OoKOAOUBWG:

Einc(ﬁ) E o _ ‘ '

e | [H} 2 "Golpy) " e, (3-8)
H(p (p) 0 n=—o0

OTTOU TO ”Cz}f (p) atroTeAei GuvVTOUEUDN TOoUu aKOAoUBoU TTivaka

Pn Jou,

2 o Jn (kc[ p) J;z (kci p)
n~J . ci ci
ORI o , (3-9)
-, (ki p) 5 (ke p)
ci ci
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Kal J),(x) €ival n TpwTn TTapaywyog TnG ouvaptnong Bessel 1aéng » kal ye 6piopa x .

To H/M medio [E*(p), B (p)le P =[ZES(P)+EF(p), zHE () + H(p)] ¢ P* Tou dieyeipetal oc
KABe onueio TTapaTAPNONS p TNG KUAIVOPIKAG TTEPIOXAS (1) ME i=0,1,2,3,..,2L—1, QTTOTEAEl TO
okedalouevo medio Adyw TNG UTTAPENG TwV L SINAEKTPIKWY OTPWHATOTTIOINKEVWY KUAIVOPpWY Tou
oxAuaTtog 3-1. Oa mpétrel va onuelwBei o011 o1 TePIoXES (i) pe i=2,4,.,2(s—1),.,2(L-1) Kkal
i=3,5,.,2(s=1)+1,..,2(L-1)+1 avagépovtal OTO TTEPIBANUO Kal OTOV TTUPRVA, AvTioTolXd, TOU HE
apidpnon s KUAIVOpOU (s =2,3,..,L ). OEwpwvTag, TWpa, TO TOTIIKO OUCTNHA CUVTETAYUEVWY (O, )
TOU PE apiBunon g KuAivdopou, ol BIAUAKEIG OuvIOTWOoEG E° kal HY® Tou okedalduevou Trediou

MTTOPOUV va ypa@oUV O GUUTIAYN HopPr WG aKOAOUBWG:

i+l

Eic(ﬁ) _ < jno ait 2) jno, | n
[H?@J—n_z_:w{(l—&,o”n(kci pgle b +8; 5(g-nHy " (Ke; pg) e P
(3-10)

L _ 2051 T !
+8; LI (kg p)e | 8 HP (kg py)e® |
5=2 dn dn

OTToU TO i UTTOBEIKVUEI TNV KUAIVOPIKK TTIEPIOXN TOU PE apiBunon g KUAivdpou, p, Kal ¢, aTroTeAOUV
TIG TTOAIKEG OUVTETAYUEVEG TOU ONUEIOU TTAPATAPNONG p OTO KUAIVOPIKO OUCTNUA CUVTETAYHEVWV
(0,), evw ol d,c Kal b, d' amroTeAOUV TOUG AyVWOTOUG OUVTEAEGTEG TNG QVATITUENG OE OEIPG TOU

oKeSAZOPEVOU NAEKTPIKOU Kai payvnTikoU Trediou, avtioToixa. Etriong, éxope om k, =+k? —p*,

k; =\/£l- W, 0% — jou, o; , T0 8; . agopd Tnv Katd Kronecker delta guvaptnon Twv petaBAnTwy ikai £,
evid n HP (x)eival n Hankel ouvdptnon Seutépou €idoug, TGENG n, Kal pe Opiopa x [1971, M.
Abramowitz].

To atreipodBpoioua o1o 6e€i6 okéAoG TnNG e€iowong 3-10 avTirpoowTrelel To H/M tredio
okédaoNG o€ KABE TTEPIOXN TOU XWPEOU avaloya JE TNV KaTd TTepITTwon Tiun Twv Kronecker delta
ouvapTtioewv. EidIkoTEPQ:

e To H/M medio okédaong oTov Xwpig Opia EWTEPIKO EAeUBEPO xwpo (TTepioxr) 0) ekppddleTal pe
OpouUG TNG HOPPNG Hfj(kwplj TTOU QVTIOTOIXOUV OTOV TETOPTO ETTIMEPOUG TTPOOBETED TNG
oxéong (3-10) (Ocdouévou OTI O OUYKEKPIMEVOG TTPOCOETEOG ugioTaTal POvo OTav i=0).
EmmAéov, n Tpoavagepduevn Hankel cuvdptnon deutépou €idoug AapBavel Tnv doper evog
QTTOKAIVOVTOG KUAIVOPIKOU KUMOTOG MOKPIG aTTé ToV dgova TnG 6AnG KUAIVOPIKNG doung (oTav,
onAadn, k.op, > 1).

e To H/M tredio okédaong eviog Tou eEwTePIKOU KUAivOpou (TTepioxr) 1) atrapTideTal, Katapxnyv,

atmd TNV ouvelIoPopd KABE eCWTEPIKOU €VOETOU OTpWHATOTTOINWEVOU KUAIVOpOU TTou €£XEl TV
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Hop®ry €VOG QTTOKAIVOVTOG KUAIVOPIKOU KUpaTtog. AuTd Ta Tredia okEDAONG eKQPAlovTal UE
OpouG TNG HOPPNG nff‘k K.10<) TTOU QVTIOTOIXOUV OTOV TPITO ETTINEPOUG TTPOCBETED TNG OXEONG
(3-10) (dedouévou OTI O OUYKEKPIPMEVOS TTPOCBETEOG ugioTaTal Povo otav i=1). EmmmAéoy,
otnv Tepioxn 1 €xoue Kai Tn okEdaon AOyw TnNG CUVEICPOPAG TOU €EWTEPIKOU Opiou Tou
eEWTEPIKOU KUAiVOpOU, TTOU QVTIOTOIXEI OTOUG Opoug WE TIG ouvapTioelg Bessel Tou mmpwTtou
TpooBeTéou TNG oxéong (3-10) yia i=1.

e AvrioToixa, 10 H/M medio okédaong evidg Tou Trupriva KABe €vBeTng KUAIVOPIKAG paBdou,
0ideTal atmd TOUG OPOUG TOou TTPWTOU TTPoCcBeTéoU TNG oxéong (3-10) yia i=3,5, ..., 2(L-1)+1.
OAoi o1 6pol Tou avaTTiyuaTog TTEPIEXOUV Pévo ouvapTioelg Bessel Tou TTpwTou €idoug,
Kabwg 1o H/M tredio Ba trpétmel va gival Kavovikd o€ KABe apxh TOU «TOTTIKOU» CUCTHHATOG
avagopag (9;) (dnAadn, yia pg — 0).

e TéNog, oe O,m agopd 10 H/M T1edio okédaong oTo KUAIVOPIKO OTpwua KABe €vOeTng
OINAEKTPIKAG pARdou, autd TrePIAaUBAVEI OPOUG TTOU EUTTEPIEXOUV TOOO OUVapPTAOEIG Bessel,
600 kai ouvapTAoelg Hankel, kaBwg n apxf Tou «TOTTIKOU» OUCTAMATOG ava@opdg Oev
mrepIAapBaveTal o€ auTég TIG TTePIOXES. EIBIKOTEPQ, oI Bessel auvapThioeig Tou TTpwTou €idoug
eJeavifovrar oTov  TIPWTO TIPpocBeTéo TOoUu Oeflou péAoug Tng oxéong (3-10) vyia
i=2,4,..,2(L-1), evw ol ouvaptioeig Hankel deutépou €idoug oToug Opoug avaTTUyHaTOG TOU
TPITOU TTPOGOETEOU.

E@appdlovrag, Twpa, oTig ouvapTthoelg Bessel kai Hankel 1o translational addition 6swpnua,

pTTOPEl va atrodeixtei [1997, K. Konistis], [1971, M. Abramowitz] oTi:

Jn (kcl pl)ejmpl = z Jn—m (kchlq ) eJ(n_m)q’lq Jm (kclpq )eJm(Pq s (3-1 1 CX)
m=—0
. ) 0 ( _ ) >S . < s
H£12) (kcl ps)ejmp‘\ = z ngz—)m (kcl p;,s )eJ s Jm (kcl p;,s )eJm(Pq, ’ (3-1 1 B)
m=—0

oT1Tou
p;,s = max {pq s Dsq } ’ p;,s = min {pq > Dsq } /

. . 3-11
= fepites=p, . [, ife;, =p, (3-11v)

(Pq,s = . 4 (Pq,S = . 4
05y-1f Py =Dy, Psq- i PG5 =Dy

eV (Oy) Kal (O,) gival Ta CUCTAUATA CUVTETOYUEVWY TIOU OUVOEOVTAl UE TOV AGOVA TWV pE

apibunon s Kal g KUAiVOpwv, avTioToIXa. TNV CUVEXEIQ, avTIKaBIoTwvTag TIG oxéoelg (3-11) otnv
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oxéon (3-10), o1 dlouAKEIG OUVIOTWOEG Tou okedalouevou Trediou o€ KABe TTepIoxn (i) didovTal atrd

TNV KATWTEPW oxéon (3-12):

B 2 o [
= 1-98 1-6.,)J (k q
Li"(ﬁj nzj( N e [b,,

i+1 ]

Jjno,
:l +81 ,2(g-1) Hn (kcz pq)e ! [dH_l

n

bl (3-12)

n_|

1 - 1
o | € o ' 4
+8;,0 HP (kgo pp) e [dr; :l+6i,1[ D Jum (kchlq) M (kcl Pq)ejm(p" { &
n m=—

2(s-1)

2) >\ Lin=m)e] <\ imey | Cn

+ Szzmz H -m ( cl pq,s) € ‘]m (kcl pq,s) |:d3(Y 1):l :l}
Me avaAoyn diadikagoia, ol ¢, CUVIOTWOEG Tou Trediou okEdaong e pia Béon TrapatnpnTy

p € (i) didovTtal atrd TNV KAaTwTéPpw oxéon (3-13):

[Ef;(ﬁ)

Hy (p)

i z+l

© n= ; a
]= > {(1-61-,0)(1-6,-,1) Gi(py)e™™ L’;] + 8,501 "Gl (p e [ it

n=-o n n

1 0 17
= . c — . o a
+ 810 "Gl (o)™ [ K }6,-,1 > "G, )e" 3, (kg ) [ M
n m=—a0 n |

(3-13)

L 0 . !
|:Z Z |:8/ n— m ) J(n—m)e, T (kchsq)eJm(PSq

2(s=1)
B 2) n=m)py m=1 imo, || €n
+(1-8,)HP, (kyD,, ) "% "Gl (p, e q][d,f“ 1)”}

otou & =1 (eavp, ; =p,)N 0 (edvp,,=p,), O OPOG "(=},H(p) aTTOTEAEI OUVTOUEUON YIA TOV KOATWTEPW

TTivaka
n JC‘)H '
i eI S R
"GHpy=| ¥ , i
i (p)= j05; 465 o) Br o (3-14)
————H, (ks p) —S—H, (ki p)
ci kg

Kal 0 6pog H'® (x) ammoTeAei TNV TPWTN TTapdywyo Tng Hankel ouvaptnong Seutépou €idoug Kal
TAENG N WG TTPOG TO OPICHA QUTAG x .

Bdoel Tng TTponynBsioag avaAuong, To cuvolikd H/M Tredio [E© (p), H (p)]e P* o€ pia Béon
TAPATNPENTH P € (i) UTTOPEI va €KQPACTEI YE TNV KOTWTEPW Oxéon (3-15), kdvovrag xprion Twv

oxéoewy (3-7), (3-8), (3-12) kai (3-13):

tot = sc = inc — E“Y5 E (o EinC =
{Ezfp)HEz <p)}5i’0[Eé (p)} o @) _|E® o EE)) 3-15)
H' ()] [HF () HZ(p) Hy'®) | [He ®) Hg“(P)
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3.3. Epappoyn Twv oplakwVv cuvOnKwyv Kal TTedio okEdAonNg oTo HOKPIVO TTEdIO

MNa Tnv €@appoy Twv KATAAANAWY oOploKwY ouveOnkwy, emIBAAAETAI N CUVEXEID TwV
ouvioTwowv Et, HY', EJ*, Hy' Tou ouvolikol H/M mediou Travw o€ kGBe KUAIVOPIKA GUVOPIOKT)
EmM@Aaveld NG OAng peAetoupevng KUAVOPIKAG doung (dnAadn, yia py=oy, p, =0y, ), Kali
Pp =Capnss ME p=2,..L). ZTNV OUVéxela, TTOMNamAaoiafope kai TG dU0 TTAEUPEG KaBepiag
TIPOKUTITOUCAG AGYW TNG EQOPUOYNG TWV OPIOKWY OUVONKWYV €5i0wOoNg PE TOV OPO exp(—jM¢,,) Kal
Tpofaivope o€ oAokANpwaon pe 6pia OAOKAPWONG aTio ¢, =0 £wg ¢, =2n. ETTopévwg, €xoue oTnv
01400 pag éva oUVOAO aTTd YPOUMIKEG AAYERPIKES €CICWOEIC E AYVWOTOUG TOUG OUVTEAEOTEQ
avaTITugnG o€ Oelpd Tou NAEKTPIKOU Kal PayvnTikoU Tediou okédaong o, ., b, d., ya

(1=0,1,2,..,2L—1), TTOU UTTOPEI Va ypa@ei oTn cuptTayn popen (3-16).

JM (kcqaq )T _Hg\i) (kcl(x“q)T
Bg.2(00)| =5 MZEH
Gq (aq ) - Gl (aq )

H
H

= 2 =
Ty (ke )T —H(A/(kc(ql)aqn“

+(6q’1+6q’2(p_1)+1){ MG (a,) —MC:E(H y(a,)
q\"q g-)\ g

g&

i
H(z) k T g+1 J k T q-1
+5 M( cqaq (CM J 5 M( c(qfl)aq) (HM J
q,2(p-1) = 1| 7 9q.2(p-D+1 = 1
MGIq_I(aq) d]l\]lJr MGgqfl)((x’q) b&
= (3-16)
8 i T, a (kyDy, )"0 Ty (kertg) 1 [“5]
“g,.2(p- n-M Kce1P1p — X
"Gy |0l
T (26
S HO. (D) elme, I (keorg) T 126D
+z n—M( cl sp)e M=I1 2(s—1)
;;i Gl(aq) dn
00 L i H(z)(k o )T CZ(S—I)
+& 1 z ZJ 7M(kch l)ej(n_M)(P“l M= cl™1 n
A= Gy (@20
ol T (koo T |TE
:Sq,l jM e—_]M(p [ AL(:jO 1) :l|:HO:| .
Go(ay) 0

H oxéon (3-16) mepiypdgpel €va ATTEIPO OUVOAO OTTO YPOPMIKEG OAYEBPIKEG €EIOWOEIG,
KaBooov 0 deikTNG M ptropei va AGBel TINEG M =0,+1,+2,..., +o. [NapauévovTag otnv oxéon (3-16),
EXOME OTI p=1,...L, ¢=1,234,..2(L-1),2(L-1)+1, s=23,.,L, VW T sival 0 2x2 TAUTOTIKOG
mivakag. Emiong, 1o péyebog Dy, ATOTUTTWVEI TNV AGOVIKN OTTO0TOON UETASU TWV CUOTNPATWY
KUAIVOpIKWY ouvTeTaypévwy (O ) kai (O, ), To péyeBog oy, apopd Tnv ywvia B¢ong Tou (O,)

KUAIVOPIKOU CUCTAPATOG CUVTETAYMEVWY O€ ax€on ME TO (O, ) KUAIVOPIKO OUCTAPO CUVTETAYMEVWV.
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TENOG, 01 OPOI )y 1yyy KA 0y, gy UTTODSNAWVOUV TNV AKTIiVA TOU TTUPRvVa Kol Tou TEPIBARATOG,
avTiaTOIXA, VIO TOV JE apiBunan p KUAIVOpO.

H mAnBwpa Twv ayvwoTwyv OUVTEAECTWY aVvATITUENG OE O€IpA TOU NAEKTPIKOU Kal
MayvnTikoU Trediou okédaong atnv oxéon (3-16) ptropei va eAatTwOei onuavTiKa atmoKOTITOVTAG
0poug Tng GBpoiong 1600 o€ O,TI agopd 10 n, 600 Kal o€ O,TI aYopd TIG TIWEG Tou M. 'ETOl, av
opiocope w¢g N, Tov apiBud Twv Opwv NG GBpoiong Tmou Ba An@Bouv uttdwn, T0 cUCTNUA TWV
eClowoswv TG oxéong (3-16) kataAnyel va eival éva oloTnua 20(2N, +1) x20(2N, +1) YPOUUIKWV
OAYEBPIKWY €§lowoewyv. Oa TTPETTEl va ONUEIWBED OTI, €TTEION TA OTOIXEId TWV TIVAKWY Kal Ol
oTaBepoi 6pol TNG oxéong (3-16) arroreAouvTal KUPIa atTd 6POUG TTOU EUTTEPIEXOUV TIG CUVOPTACEIG
Bessel kai Hankel kai divovral ammd ammAéG avaAuTIKEG EKPPACEIG, €XOME OTNV OUCIa va KAVOUE
KaT'apynv Pe TepITrTwon ox€éong o€ KAEIoTH yopen. Etiong, emmeidr o square coefficient matrix dev
gival gn avaoTpEWIPog, n opifoucd Tou gival un UNOEVIKA. ZUVETTWG, O AVTIOTPOYOG AuToU TTiVAKAG
MTTOPEl va uTToAoyIOTEl atTeuBeiag, OTTWG Kal £yive PEOW KWOIKA TTPOYPANMATIONOU 0TV YAWoOoO
Fortran 90. TeAkd, 0 UTTOAOYIOPOG TWV OUVTEAECTWV QVATITUENG O€ O€Ipd TOU NAEKTPIKOU Kal
uayvnTikoU Trediou okédaong d., ¢, b, d., yia (i=0,1,2,..,2L~1) Twv oxéoewv (3-12) kai (3-13)
MTTOpPEI va yivel ypriyopa, e akpiBeia Kal e aTTOTEAECUATIKO TPOTTO.

2UVOAIKA, To TTedio okédaong OTO PaKpIvo TTEdIO PTTopPEi va uTToAoyIoTel attd Thv oxéon (3-
10) B£tovTag plpo,¢) €(0)Kal p; — . 'ETOI, HEOW TNG ACUPTITWTIKAG TTPOCEYYIONG TNG OUVAPTNONG
H? (k.0 VIO HEYAAN TIUA TOU opiouatog auTrg [1971, M. Abramowitz], ol z- Kal ¢p-CUVIOTWOEG TOU

H/M Trediou oTo pakpivo TTedio kaBopifovral atrd TIGg akOAoUBeg eTTIHEPOUG OXEOEIS (3-17):

ES(o . © . cl
s P ritanmn |2 S5 cintoenin)| (3-17q)
HZ (p) nchpl n=—oo dn

[Efﬁﬁ)} :[ 0 zo(sine')“]r?(ﬁ)] (3-178)

HE ()| | —~(Zosing)" 0 H ()

OTTOU ko = k3 —B% =k, sin@ Kal Zy =+Ji, /& -

3.4. MNapouciaon ATTOTEAEOPATWY avAAuong oTo HOKPIVO TTeEdio

ZTnv Tapouca evotnTa Ba TTaPoUCIOCTOUV Ta TTPOKUTITOVTA diaypdupaTa akTIVOBOAIGG, oTn
Baon Twv amoTeAeOPATWY Yia Tov uTToAOyIOuO Tou TTediou OKEDOONG OTO MAKPIVO TTeEdio, yia

mepimTwoelg E- kai H- méAwong [2022, G.S. Liodakis]. Ta diaypduuata autd aktivoBoAiag Ba
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aQopoUV EIBIKEG TTEPITITWOEIS TNG OUVOETNG KUAIVOPIKAG O0OuAG Tou oxXAuatog 3-1, JE TIPEG
TTAPAPETPWY (YEWMETPIKA XAPOAKTNPIOTIKA TWV ETTIMEPOUG KUAIVOPWYV Kal NAEKTPIKA XOAPAKTNPIOTIKA
KaBe Treploxng) Tou Ba gugavidovral KATw ammd KABe oxnAua, Kabwg kal €vOeTn aTTAoIKN
avatrapdoTaon TnG e€eTalOpeVNS YEWUETPIKAG didTagng. MNa OAa Ta atroteAéopaTta, Bewpeital 611 OI

mepiox€g 0 kal 1 kaAUTTTOVTAl ATTO EAEUBEPO XWPO.

— 6'=90" 20°

e v I

= [1976,Chang Fig.5]

1.5 -
270°

IxApa 3-3: Aidypapya pakpivoU Tediou TNG z-OUVICTWOAG Tou NAEKTPIKOU TTediou {EZ{@ )| yia Tov okedaoT
Tou oxnuatog 3-1, otav: L=3, 03=0.1Ag, 0a5=0.2A, D23=0.4Ag, €0=€1=€r=€4, €3=€5=2€g, Mi=Ho Kai 0;=0

(i=1,2,3,4,5), Eg=1, Hp=0, @" = 90°, ka1 8" = 30°,45°,90°.

AvoAuTikéTEpa, oTO0 oxAua 3-3 €xoue Tnv  TEPITTTwon O&U0 avopolwy  EvOETWY
OTPWHATOTTOINHUEVWY KUAIVOpWYV ( L =3) 1Tou dieyeipovtal atmd éva Katd E-mmroAwpévo eTTitredo kiua
TTOU TTPOCTTITITEl ETTI QUTWY, Kal OTTOU EUQAVICETAI TO HPETPO-TTAATOG TNG Z-CuvIoTWOoag (XPAon
TTONKWV OUVTETAYPEVWYV) TOU OKEDAJOPEVOU NAEKTPIKOU TTEdiou |ESS(@)| OTO pakpivo Tredio yia
OAeg TIG ywvieg @ Tou TrapatnEnTy (0° — 360°), yia @' =90° kKai yia Oidpopeg TIWEG TNG B
(oupTtrepIAapBavouévng TNG TTepITTwaong 8" = 90° yia KABeTn TTPOTITWON). EmITAéov, 0TO OXAMa 3-

3 EUTTEPIEXETAI KAI TO AVTIOTOIXO ATTOTEAEOMA (Yia B’ = 90° ) amd TTaAaidTePn £peuva [1976, Chang],
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OTTOU KOl SIOTTICTWVETAI TTAAPNG TaUTION. H €TTidpaon Tng ywviag Tapatrpnong ¢ 1600 oTnv Jopen
Tou dlaypdupatog Tediou, aAAd KUpla oTo TTAATOG TNG TTEDIAKNG OUVIOTWOOG, €ival EUPAVAC.
EmmpdoBeta, tmTaparnpolpe OTI yia TNV TTEPITITWON TNG &' = 20° €xOoue ONUAVTIKA aAAayr) Tou
olaypdupaTog mediou Adyw TnG TTapouaiag 1IoxupoU otricBiou Aofou.

AvrtioToixa, oto oxfiua 3-4, yia Tov idla WG TTPONYOUNEVWG TTEPITTTWON Twv U0 avOouoiwv
OTPWHATOTTOINKEVWY KUAIVOPpWV (L =3) TTou digyeipovTal atmod éva Katd H-TToAwpévo eTTiTredo KUua
(Eo=0, Ho=1) TTOU TTPOOCTIITITEI TUXQIO ETTi QUTWYV, EPPAVICETAI TO PETPO-TTAATOG TNG Z-OUVIOTWOOG
TOU oKedagopevou payvnTikou Trediou iHI (@) f, yia @' = 90° Kal yia TIuéEG TG 8" = 307,457,507 (n
TEPITTITWON 8" = 90° a@opd TNV TEPITITWON KABETNG TTPOTITWONG WG avagopd). EmimmAéov, oTo
oxAua 3-4 EUTTEPIEXETAI KAl TO AVTIOTOIXO ATTOTEAEOpa (yia &' = 20°) amo TTaAaIdTEPN £pEuva
[1992, Elsherbeni], 6tmou kai diammioTwveTal TTARENG TAUTION. AIGTTIOTWVETAI N €UEAVAS €TTiIdpaAcn
NG ywviag TpooTITwong & oTo TTAATOG TNG TTEDIAKNG CUVIOTWOAG, OTToU 600 PEYOAUTEPN Eival N
ywvia auth, 1600 PeYaAUTePO gival Kal TO TTAGTOG TnNG TTEDIOKAG OUVIOTWOOG (EVW N HOopPPry Tou
diaypdupaTog Tediou, avtioToixa, dev degixvel va diagopoTrolgital aiodnTd).

210 oxAuata 3-5 kai 3-6 TrapoucidleTal To TedI0 OKEDOONG MaKpivou Trediou yia Tnv
|E5° (@) | YI1Q TRV TTEPITITWON UTTAPENG OUO OTPWHATOTIOINUEVWY EVOETWY KUAIVOPIKWY PARdwY Kal
OTTOoU OTNV OAN KUAIVOPIKF) douA Tou okedaoTr TTPOCTTiTITEl éva emTiTredo H/M 1edio pe Tuxaia ywvia
TPOCTITWONG. EIdIKSTEPA, 0TO OXAHA 3-5 EXOME OTI &' =60° KOl ¢'=45°, ev) OTO OXAUA 3-6 £XOUE
OTI 0'=70° Kal ¢ =45°. EmTTAéov, oto oxfua 3-5, yia oTaBepEg Kal i0€G TINEG TNG BINAEKTPIKAG
oTaBePAG TWV TTUPAVWY TwV BUO0 €VvOETWV KUANIVOPIKWY, €geTadeTal n €Tidpacn TNG OINAEKTPIKAG
ETMTPETITOTATAG TOU TIEPIBANMATOG QUTWY OTO |EX ()| (d1aTnpwvtag, OpwG, OTI &, =¢g,).
AvrtigToixa, oto oxfjua 3-6, e€eTdleTal n €midpACN TG NAEKTPIKAG AYWYINOTNTAG TWV TTEPIBANUATWY
TWV €VOETWV KUAIVOPIKWY pAaRdwv (dlatnpwvtag, OJwg, o,=04) OTO |EX(¢)|. H Baoikn
TTapaTiPNOoNn TTou UTTopEi va e€axPei ammd Ta oxAuara 3-5 kair 3-6 €ival o1 €xope Tnv UTTAPEN
OPKETWV AOBWV, PE TOUG KUPIOUG AOBOUG va ep@avifovTal OTnV ywvia ¢, ~229° (yia TNV TTEPITITWON
€y =&4 # &, TOU OXAUOTOG 3-5) KOI OTAV Ywvia ¢, ~227° (yia TNV TEPITITWON G, =6, TOU OXAUATOG
3-6). ZuveTtwg, Kal oTa dUo autd oxnpata, n 6€on Tou Kupiwg Aofou dev e¢aptaTal Eviova aTrd Ta
NAEKTPIKA XOPOKTNPIOTIKA TwV TTEPIOXWY TTEPIBANUATOG TWV £VOETWY OINAEKTPIKWY KUAIVOPWV.
Eival, emmiong, oca@ng n emidpacn 1Tou £xel TO UAIKO ToU TTEPIBARMATOS TWV SINAEKTPIKWY KUAIVOPWV
(BAETTE OXrpa 3-5) oTnv dlagopoTroinon Tou Trediou oKEDAONG YIa TIG SIAPOPES TIUEG &, =&, . TENOG,

Kal oTnV BAon Twv gu@avifopevwy oTo oxAua 3-6, Ba TPETTEl va onPEIwBEi N onuavTiKA peiwaon
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TOU TTAGTOUG TOU OKEOACOUEVOU KUMATOG VIO QUENMEVES TIMEG TNG AYWYINOTNTAG TOU TTEPIBAAUATOG

TWV OINAEKTPIKWY KUAIVOpwWY, Kal OTI pia TTEpAITEPW aUgnon OTIC aYyWYINOTNTEG o, KOl o4 TTEPAV

TWV TIHWV G, =c, =50S/m Bev éxel TTidpaon.

N

124 O Q — Pl
- ,-" “.\
0

—30°

' T T T T
0 60 120 180 240 300 360

IxApa 3-4: Aidypapua pokpivoU Trediou TNG z-OUVIOTWOOG TOU HayvnTIKoU Trediou  1HE (@) | yia TOV
okedaoTr Tou oxnuatog 3-1, otav: L=3, a3=0.1Aq, 05=0.2\g, D23=0.4\g, €9=€1=€2=€4, €£3=E€5=2€y, Ki=Ho KaI 0;=0

(i=1,2,3,4,5), E¢=0, Ho=1, @' = 0°, ka 8 = 30°, 457, 90°.

210 oXAua 3-7 TTAPOUCIAZETAl VIO o' =45° Kal yia dIAPOPES ywvieg 4’ To TTedio oKEDAONG
Makpivou Trediou yia TNV |E3(¢)|yia TNV TTEQITITWON UTTAPENG TECOAPWY OTPWHATOTTOINUEVWY
EvBETWV KUAIVOPIKWV pdRdwyv, Kal 6TTou oTnv OAn KUAIVOPIKA dourf Tou OKEdAOTA TTPOCTTITITEI éva
emmimedo H/M medio pe E-mméAwaon. Mapatnpouue, katapxnv, o1 0 KUpIog AoBdg TTapauével o€
ywvia ¢=225°, ave¢dptnta amod Tnv TIUA TNG ywviag mpéoTrtwong ¢'. Eival, dpwg, cagng n
ETTIOPAON TNG Yywviag &' Kupla oTo TTAATOG TOU OKEDAZONEVOU KUPATOG, AANG Kal OTnv PJoper Tou
dlaypdppaTog Tediou, Kal OAa auTtd ave¢dpTnTa aTo TNV ywvia mapatipnong. Eidikd, &g, yia Tnv
TEPITITWAON TNG KABETNG TTPOOTITWONG (0 =90°), €XOME TNV TTapoudia Aiav 1I0XUPWY TTAEUPIKWY

AoBwv.
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IxApa 3-5: Aidypaypa HakpivoUu TTediou TNG z-OUVIOTWOOG Tou nAekTpikoU Trediou |EX (@) | yia Tov
okedaaTi Tou oOxAMatog 3-1  oOtav, L=3, Dy =iy, g=g, 0,=04=03L;, & =¢£5=9.0¢g,
o3 =05 =010 &5 =84 =5(,2.32¢(,4.345), W, =Hy, kal ;=0 (i=1,2,3,4,5), evid Ey =1, Hy=0, 6'=60°,

Kal @' =45°.

210 oxAua 3-8 trapoucidleTal yia OIGPOPES TIMEG TOU ¢’ KOl yia ywvia &'=90° 1o T1edio
oKédaong MaKpIivou Trediou yia TNV |[H}'(p)| Yyia Tnv TEPITTwOn UTTapgng TEOOApwvV
OTPWMATOTTOINUEVWY €VBETWY KUAIVOPIKWY pAaBowv, Kal 6TTou oTnv OAn KUAIVOPIKA Oour) Tou
okedaoTA TTpooTiTrTel éva eTTiTedo H/M tredio pe H-réAwaon. Autd TToU KUpIa TTapaTnpPEiTal gival n
évrovn emidpaon TNG ywviag mTpoédmTwong ¢’ 1000 OTo TTAATOG TOU OKEDACOUEVOU HayvnTIKOU
mediou KATA TNV Z-OUVIOTWOA auToU, 600 Kal oTnv B€0n TTapaTAPNOoNG TNV OTToia EugavifeTal o
KUpIog AoB6g. AvtiBeTa, n eTmidpacn TNG ywviag TTPOTITWONG ¢’ 0TO PEYEBOG TWV TTAEUPIKWY AoBwvV

gival aoBevéaTepn.
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Ixnua 3-6: Aidypappa pakpivol Tediou TG z-OUVIOTWOAG Tou okedagopevou nAekTpikoU Tediou | E5 (¢)) |
yia Tov okedaoty Tou oxAMatog 3-1 Otav, L=3, Dy,3=L,, & =¢g;, & =¢g,=232¢,, a,=04=04%,
83 :85 :4.3480, OL3 :(X’S 2027\10, Mi = MO (l = 1,2,3,4,5), Gl :(53 :GS :0, Kal (52 :(54 20,10,50 S/m, EVW

EO:1/ H():OI 9,:700, and ¢(=450.

3.5. Mapouciaon aroTeAeopATWY CUVOAIKNG dIOTOMNG OKESAONG

H akTivikp ouvioTwoa Tou dlavuouatog Poynting divetal amd mnv katwTtépw oxéon (3-18),
oTnV oTroia TTPofaivoue o€ OAOKAAPWON yia TNV eMIQAVEIO KUAIVOPOU ATTEIPNG AKTIVAG (o — o0 ) KOl
TIETTEPACHEVOU UNKOUG dZ yio VO UTTOAOYIOOUUE TNV OUVOAIKK) OKTIVIKG OKedagouevn I0XU P .
AkoAoUBwg, Baoel Tng [1991, A. Ishimaru], ymmopoUue va UTTOAOYiCOPE TNV OUVOAIKY OlOTOUA
OKEBAONG o, TNG OANG KUAIVBPIKAG SoUAG péow TNG axéong (3-19), 6TouZ, = /u, /&, Kal S™(p)
eival To diavuopa Poynting Tou rpooTritrtovrog eTtitredou H/M kUuatog:

_ 1 _ 2
S?(PFm[ E?(P)‘ +Z5
0

2
Hy () } (3- 18)
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2
1
- inc — ing' 2 2 +‘ZO dn
IS™(p) |dz sG] Ej +ZoHg n=—x

2). (3-19)

ESC

| |
180 240

IxApa 3-7: Aidypappa pakpivol Trediou TG z-OUVIOTWOAG Tou okedagopevou nAekTpikoU Trediou | ES (¢)) |
(¢ =¢) yia Tov okedaoTr Tou oxAuarog 3-1 étav, L=5, D,3 =Dy =Dy5 =D,5 =0.8%,, Dy, =D35 = 0.8v2 Ao s
81:82:84:86:88:80, (13=a5=(x7=(19=027u0, 83:85:87:89:2.3280, ”iZMOr KAl (51-20

(1=12,3,4,5,6,7,8,9), eviy E; =1, Hy =0, ¢'=45°, ka1 8’ =30°,45°,90°.

AKOAOUBOUV €VOEIKTIKA OXNMATA TTOU OTTOTUTTWVOUV TNV KAVOVIKOTTOINUEVN (WG TTPOG TOV
KUMaTapIBuo yia Tov €AEUBEPO XwWPO) OUVOAIKN diaTour) okédaong (kyo, ) OUVAPTACEl TNG ywviag
TPOTITWONG ¢ YIA BIAPOPES ETTIAOYEG TWV YEWUETPIKWYV KAl NAEKTPIKWY XAPAKTNPIOTIKWY TG OANG
KUAIVOPIKAG Oopng Tou oxAuatrog 3-1. EdIKOTEpa, oTO0 Ooxnua 3-9, Ttaparnpoupe Ot n
KavovikoTroinuévn ouvoAikA dlatoury okédaong (kyo,) €ival CUPPETPIKA yUpw aTTO TO XZ-ETTITTESO
(¢'=90°) kai Traipvel TNV WEyloTn TIMA TNG oTtnv dielbuvon ¢ =90°. EmmAéov, e€ival 1oxupd
eCaptwpevn atd TNV amooTacn D,; (augavouévng Tng amoéoTaong D,s/ie, augdvetal n kqo, ),

€IOIKA YIa TIG YWVIEG 54° < ¢’ <126°. Me AAAa Adyia, €ival eUKOAA €QIKTA N aAAayry TNG OUVOAIKAG
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dlaTtouAg okédaong PECW TNG PUBPIONG TNG OTTOCTAONG METAEU Twv EvOETWV OICTPWHATIKWY

KUAIVOPIKWYV paRdwv.

| |
240 300 360
ZxAMa 3-8: Aidypauua Makpivou TTediou NG z-OuvIOTWOOG Tou oKedalouevou payvnTikou Trediou
|H (¢) | (p=¢y) yia Tov okedaoti Tou oxAupatog 3-1 otav, L=5, D,3=D3; =Dy5=D,5 =0.8),
D24:D35:08\/§7\.0, 81:82:84:86:88:80, (13=a5=(17=(19=027u0, 83:85:87:89:4.3480,

W =Ho, kal 0; =0 (i=1,2,3,4,5,6,7,8,9), evio E; =0, Hy =1, 6’ =90°, ki ¢’ =0°,40°,90° .

AvrtioToixa, oto oxfua 3-10, £xoue TNV TTEPITITWON TNG idIa WG AVWTEPW DOUNAG Kal TNV idia
KQVOVIKOTTOINON, OAAG €XOPE TTAPAPETPOTTIOINCN WG TIPOG TIG OKTIVEG TWV TEPIBANUATWY TwV
KUAIVOPIKWYV paBOwyv. Mépa atmd Tnv avapuevouevn CUMMETPIO WG TTPOG TO XZ-€TTITTEDO (¢’ =90°),
gival eppavig n  éviovn €€APTNON TNG OUVOAIKNAG SIOTOUNG OKEDAONG G, WG TTPOG TIG EEWTEPIKEG
OKTiVEG (OKTIVEG TTEPIBANMATOC) TWV EVOETWY KUAIVOPIKWY pABdwYV yia TNV PeydAn TTAsioyneia Twv
YWVIWV TTPOCTITWONGS ¢ . H TTpoava@epdpevn €€4pTNON CUVETTAYETOI KOl OTNV TTEPITITWON QUTA TV
€UKOAQ €QIKTA-ETIOUMNTH aAAayr) TNG OUVOAIKAG diatour] okEdaong, HECW AAAAYAG TWV TIHWV TWV

Oy, Oy .
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IxApa 3-9: Kavovikotroinuévn ouvolikr diatopr okédaong ( ko, ) ouvaptioel TNG ¢ yia Tnv €vBeTn didTagn
TTOU TIPOKUTITEI amé TO oxnua 3-1, oétav L=3, g=g;, &,=g,=2.32¢;, a,=0y=02),, &3=€5=4.34¢,,
a;=05=0.1Ao W, =Ny, 0;=0 (i=1,2,3,4,5), D,3=0.44,0.6%,,0.8%y,Ay, Eq=1, Hy=0, 6'=45°, yia didpopeg TIEG

Tou D),/ A, .

3.6. E&€raon oUykAiong Tng AUong Tou TTPpoBAARUATOG OKESAONG

H nuiavaAuTtikp AUon TTou €TTe€nynOnKe AETTTOPEPWS OTIG evotnTeG 3.2 Kol 3.3 Kal o
avTIOTOIXOG KWOAIKAG AOYIOMIKOU TTOU avaTrTuxbnke, eTTOANOEUTNKAV PE ETTITUXIO ECW EAEYXOU TNG
apoIBaidTNTaG Kal TNG dIaTAPNONG TNG €vEPYEIAg. AVOAUTIKOTEPQ, N apoIBaIdTNTA £CETACTNKE YIA
TTOAAEG DITTAEG EKDOXEG TWV KATEUBUVOEWY TTPOCTITWONG Kal okEdaong. AvtioToixa, n diatipnon
TNG evEPYEIAg EAEYXONKE XPNOIKMOTTOIWVTAG TO OTITIKO Bewpnud, cUPPWVA PE TO OTTOI0 N CUVOAIKN
olatoun okédaong Ba TpETTel va TauTifeTal e Tnv extinction cross section, yia Tnv TTEPITITWON TTOU
Ta UAIK& TTou atraptifouv Tnv OAn uttd €Eétaon KUAIVOPIKN Sour Ogv TTaPOUCIAouV OTTWAEIEG

[1991, A. Ishimaru].
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IxApa 3-10: Kavovikotroinuévn ouvoAikry diatour) okédaong (kyo,) ouvaptioel Tng ¢ yia Tnv €vOeTn
diGragn Tou TpokUTITEl amd To oXAua 3-1, otav L=3, g =¢g;, Dy =%y, &, =g4 =4.34¢;, &5 =¢5=9.6¢g,
(X,3 = (X’S :017\10, Mi = Ho, Gi = O (l = 1,2,3,4,5 ), (1,2 = (1,4 :027\40,037\,0,047\40, EO :0, HO :1, 9’ = 750, Y|G

DIAPOPEG TIMEG TWV AKTIVWV Oy KA Oy .

2e OTl agopd Tnv oUykKAion TnGg Along Tou utown TtpoBAAuatog okédaong, €yivav
UTTOAOYIOUOI TNG éviaong Tou OKeDACOPEVOU NAEKTPIKOU TTEDIOU YIa DIAPOPES APXITEKTOVIKEG KOl
TTAPAUETPOUG TOU OAou OKedaoTH MEOW OIadOXIKNG augnong Tou aplBuolu N, yia ETTiTEUEN
okpifelag 7 dekadikwv wn@iwv. EVOEIKTIKO OUuyKeKpIUEVO TTapddelyua €EETaong TG oUykKAiong
TTapouciddetal otov Tivaka 3.1, 6TTou €XOME TIG TIWEG TOU |ES°(g —> o, =45°)| yIa TIG SIAPOPES
auéavopeveg TIHEG Tou N, . Eidikétepa, 1O OTOIXEiO TOU Trivaka 3-1 a@opouv TNV TTEPITITWON-
diaragn Tou oxnuatog 3-5 pe O'=¢'=45°, Ey=Hy=1, L=3, Dy3 =07k, & =g, & =g, =2.32¢,
a, =a, =0.3),, g5 =65 =4.34g;, a3 =05 =021, W; =, KAl 6, =0, =03 =0, =05 =0. Eival TTpopavig
atré Ta ePavifoueva apiBunTikG aToixeia 0TI n oUyKAIoN TNG AUoNG Tou TTPORANNATOG OKEDAONG

MEOW TNG akoAouBouUpevng peBodoloyiag eival Taxeia kal otaBepr], KABWG pia HIKPA TIWA Tou
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N, OTTwg TO va €ival ion pe 12 gival ETTAPKNAG YO TOV TTPOCBIOPICHO TNG €VTOONG MAKPIVOU TTEdioU

ME 6 onUavTIKA deKadIKA Wnoia.

Mivakag 3-1: Z0ykAion Tou | E5° (g — o0,¢, = 45°)|yia au€avopevo N,

N, |[EX (A = ©.,0, =45%)|
7 56.99990
8 57.30295
9 57.24285
10 57.24623
11 57.23580
12 57.23515
13 57.23517
14 57.23517
15 57.23517

H ouUykAion Tng TTpoTeivouevng atréd tnv diatpiBr AUong dlepeuvABnKe Kal HECW UTTOAOYICHOU

TOU OXETIKOU AdBoug Bdoel TG KaTwTépw oxéong (3-20) [2021, P. Barati]:

eﬂ:—————JUN:Lzﬁwaw (3- 20)

6tou o1 6pol oY kai oM agopolv TNV CUVOAIKY Blatour okESAONG TNG OANG UTTO £€£TOONG

KUAIVOPIKAG BopNG, OTTWG auTr) uttohoyiceTtal atrd otnv oxéon 3-19 kai Tnv ouptrepiAnyn N kar N+1
Opwyv, avtioToixa. O1 KauTTUAEG OUyKAIoNG Tou oxfiuarog 3-11 agopouv Tnv TIEPITITWON €vVOG
mpooTrimroviog H/M kUpatog pe E-mOAwon, evw @aivovial Kal Ta YEWMETPIKA Kal NAEKTPIKG
XOPAKTNPEIOTIKA TNG e€eTaldpevng TepiTTwong okédaong. Mapatnpoupe OTI OAEG O KAUTTUAEG
oUYKAIONG TNG AoyapIBUIKAG TIWAG Tou OXETIKOU AdBoug akoAouBouv Tnv idia Tdon peiwong Tng
TINAG aUTAG, KABwg augdveral o aplBudg N, . H 1don autr) ATav avapevopevn, aAAd Kal avaykaia
yla Tnv dlac@AAion TnG oUykKAIoNG TNG AUONG Tou TTPORANMATOG OKEDAONG, EVW £XEI ava@ePBOEi Kal
otnv [2021, P. Barati] yia Tnv digpelivnon Twv eKei EEETACOPEVWV TTEPITITWOEWYV OKEDAONG.
EmmpboBeta, oto oxrjpa 3-11a maparnpoupe OTI n TIUAR Tou apiBpyol N, dev e€TnPeAlel
éviova TNV TIUA TOU UTToAOYI(OpEVOU OQAAPATOS YIa TIG OIAPOPES dIAOTACEIC TwV €vOETWY
OINAEKTPIKWY PARdwv, €IdIKE yia TNV TTEPITITWON TIOU QUTEG €ival OXETIKA MIKPES (ExOoME, yia
TTAPAdEIYUA, OXETIKA CUUTITWON TNG Jaupng Kal TNG KOKKIVNG KAPTTUANG). AvTiBeTa, 6TTwG @aiveTal

oTo oxnua 3-11B, PTTOopoUE VO CUUTTEPAVOMPE TNV IoXupn €midpacn Tou aplBuolu N, OTO
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UTTOAOYICOUEVO OQAAUA yia TIG OIAQOPEG TINEG OTTOOTOONG METAEU Twv EVOETWV OINAEKTPIKWV
papRdwyv. lMa Tapddeiyya, yia TNV TEPITTWON ME D,; =0.64, (MaUpn KapTTUAn), UTTOpPEi va
emMITEUXOET akpiBeia 3 wn@iwv pe N, ~7, evw n TiuA Tou N, augavetal o 13 yia Tnv idia TTavra

¢nToupevn akPiBEeIa GV Dyy =1.5, (UTTAE KAPTTUAN).

E,=1, Hy=0

oy “E
2 QS 4
j=)] o0
S - k=]
54 \/\
" \
L] 064,
Ry T \\
g | —— 154,
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 2 3 4 5 6 7 8 9 10 11 12 13 14
N, N,

(a) (B)
ZxAua 3-11: KaptruAeg oUykAiong Tou OXeTIKOU AGBouG e, yia Tnv £vBeTn doury Tou oxrjuarog 3-5 Trou
pokUTITEl ammd To oxAua 3-1 6tav E,=1, Hy=0, 0'=45°, ¢'=45°, L=3, , g =g;, & =g, =1.6g,
g3 =85 =232¢;, W; =lg, 0;,=0 (i=1,2,3,4,5). (@), =0y =0.6ky, Dy =1.6A; ka1 az =05 =0.1A, (uaupn
KauTIOAN), o3 =05 =0.3X, (KOKKIVN KOPTTUAN), o3 =05 =0.5%, (UTTAE KapTUAn). (B) o, =0y =0.3%,,
o3 =05 =011y and Dy3 =0.6A; (palpn KaputOAn), Dy =1.0A (KOKKIVN KapTrOAn), Dy =1.5A (UTTAE

KOQUTTUAN).

H mpoavagepopevn 1oxupn €midpaocn Tou N,OTnV TIPR TOU UTTOAOYICOPEVOU OXETIKOU
AdBoug yia dIGQopeg TIUEG TNG aTTOOTOONG METAEU Twv EVOETWV Egival gu@avig Kal yia Tnv
TEPITITWON  TuXaiag TOAwong Tou TipooTrimrovio¢ H/M kuuatog. ‘Etol, oto oxAua 3-12
TTapaTnPEOUPE OTI 600 HEYOAUTEPN €ival n ammdoTacn autr) D,;, TOOO HEYOAUTEPN E€ival Kal n
atraitoupevn TiY Tou N, yia Tnv ETTEUEN Miag OUyKekpiyévng akpiBeiag ouykAiong Tou

UTTOAOYICOUEVOU OPAAUATOG.
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ZxAMa 3-12: KautruAeg oUykAiong Tou oxemikoU AdBoug e, yia Tnv €vBetn dour) Tou oxruarog 3-5 tou
mpokUTITEl amd To oxApa 3-1 otav Ej=1, Hy=1, 6'=30°, ¢'=60°, L=3, € =¢,, &, =g4 =1.6gg,
(X.z = (X.4 = 03}\40 , 83 = 85 = 2380 , (1,3 = (1,5 = 02}\40 , Kl =Hg, O; = 0 (l = 1,2,3, 4,5 ) Kal D23 = 067\/0 (pal’Jpr]

KapToAn), Dy =1.0&, (kdkkivn KapmoAn), Doy =1.54 (uTTAe KaptTOAN), Doz =2.04 (Polgia KapTIUAN).
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Vardiambasis, “Electromagnetic wave scattering by a multiple core model of composite cylindrical wires at
oblique incidence”, Applied Sciences 2022, 12, 10172. https://doi.org/10.3390/app121910172.
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KEDPAAAIO 4

4. MovteloTtroinon Kai MeAéTn ZkéEdaong og ZuoThpata EupueKTTOUTTAG

4.1. Zuvroun avaokotrnon fgpdrwy diadoong H/M kKupdatwyv Adyw eptrodiwv

Av kal To Bépa Tng diadoong Twv H/M kupdatwy otig MF (medium frequency) kai HF (high
frequency) {wveg OUXVOTATWY O€ KOTOIKNUEVEG TTEPIOXEG €XEl €¢eTaOTEl ammd TaAid [1978, J.H.
Causebrook], utdpyxel évag TTOAU TTEPIOPICUEVOG aApPIBUOS €PEUVWOV TTOU va €oTIddouv OTnv
eTTidpacn Twv dIaPOpwV EUTTOdIWV OTA dIAyPANMATA OKTIVOBOAIAG KEPAIWY EUPUEKTTOUTING OTIG
TTPOAVAPEPOPEVEG TTEPIOXEG auxvoTTWwY [2022, W. Zhu]. EIdIKOTEPQ, OI TTEPICOOTEPEG EPEUVNTIKEG
Epyaoieg EXouv dIOTTPAYUATEUTEI TNV ETTIOPACN TWV EUTTODIWV YIA TNV TTEPIOXH CUXVOTATWY Avw Tou
1 GHz [2006, A. Dagdeviren], [2011, P. Alitalo], [2018, Y.Z Goh], [2020, R. Rodriguez-Cano].
Emiong, o1 TeEpICOOTEPEG OXETIKEG EPEUVNTIKEG TTPOCTIABEIEG TTOU apopouv Tnv diaddoon Twv H/M
Kupdtwy oTig (wveg ouxvothTwy MF kal HF goTiafouv otnv mTapoucia gutmodiwy, 0TTwG Ta KTipIa,
Kal TTpofaivouv og die€aywyh METPAOEWV Kal 0€ TIPOBAEWn Twv ATTWAEIWY PETASOONG.
AVOAUTIKOTEPQ, Wia €TIOKOTINON TWV TTAEOV CUVAQWYV PE TNV JOVTEAOTTOINCN KAl TA ATTOTEAEOHATO
TOU TTapOVTOG KeE@aAaiou TnG dIATpIPNG, EXEl WG KATWO!:

e 2Tnv [1968, J. Wait] avaAubnke n diddoon Katd PAKOG EVOG OTPOYYUAEUUEVOU AOPOU TTOU EXEI
éva eutrodio TutTou knife-edge yia 1iIg HF kai VHF TTepIox€g auxvothTwy.

e 2mnv [2000, L. Lichum] mTpotdBnKe n €icaywyrn TPIWV TTOPAPETPWY TTOU QVAQPEPOVTAl WG
building-complex TTapdueTPOI yia va ATTOTUTTWOOUV TNV €TTIOPOCN TWV KTIPiwv aTnv d1ddoon
ETTIPAVEIAKWY KUPATWY 0€ AoTIKEG TTEpIoXEG oTnv HF Cwvn cuyvoThTwy.

e 2mnv [2002, J. Pedersen] peAetiOnke n padiopetddoon otig HF, VHF kai UHF Cwveg
OUXVOTATWYV O€ Mia TToikIAia TePIBAAAOVTWY PETAdOONG, CUMTTEPIAGUBAvOUEVNG TNG ETTIOPACNS
TWV KTIPIWV 0TNV EAATTWON TNG ATTOOTACNG METAdOONG YIa KaBepia atrd TIG TTPOAVAPEPOUEVES
CUWVEG CUXVOTHTWV.

o 2mnv [2007, S. Lopez] peAetnBnke n €€acBévion anpartog otnv MF Cwvn CuxvoTATWY PECW
MovTeAOTTOINONG TWV avWHPAAIWY Tou £6AQouUg UE Hop®PN triangular-wedge.

e 2Tnv [1998, W. Zhang] €¢cTdoTNKE N €TTdPACN TWV KTIpiWV OTO POKPIVO TTEdIO yIa pia Kepaia
EUPUEKTTOUTTNG XPNOIUOTTOIWVTAG Hia uEBOSO TTETTEPATUEVWV OIOPOPWV.

e 2mg [1981, H. Chen] kai [1983, H. K. Chen] €fetdotnke n emidpacn Twv KTIpiwv TToU

MOVTEAGPOVTAI GAV TTAPACITIKA JOVOTTOAQ ] 0V OTTEIPOU HAKOUG 1I8AVIKA aywyIhog KUAIVOPOG,
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KaBWGg Kal n Xprion CUCTOIXIWV KEPAIWY, AVTIOTOIXA.

e 21nv[2017, C.M. Moon] o1 aAAay€g aTnv aTtOKpIon TNG Kepaiag, kaBwg kal Béuata HF direction
finding TToU OxeTICOVTQI PE TNV YEWHETPIO TWV KTIPIWV, avaAuBnkav pe Tnv xprion Tng Heboédou
TWV POTTWV KaI TNG PUOIKAG OTITIKAG.

o 2TIG EpEUVNTIKEG gpyaoieg [2021, X. Sun], [2021, J. Xu] kai [2021b, J. Xu], £yive povteAoTToinon
Kal TTPOCOMOIWGCN TNG EMdPACNG TWwV KTIPiWV OTA OfUATO CUCKEUWV TTAorynong yia
EQAPHPOYEG OEPOTTAOIOG.

e XTIG gpeuvnTIKEG epyaaoieg [2020, J. Zhang], [2021, J. Zhang] kai [2021, W. Yang], e¢etaoTnkav
BépaTa atTOKAEIoNOU 1I0XU0G TTAPEUPOAWY Kal N €midpacn Twyv KTIPIWV PEOW TwV PEYEBWV
interference kai power gain.

o 21nv [2021, J. Tan] pyeAeTABNKE N a1TOS00N KEPAIWYV TTOU €iVal EVOWPATWUEVEG O OKUPODEUQ
ME TNV XPROoN VEUPWVIKWY BIKTUWV.

e 2Tnv [2022, W. Zhu] avaAUBnke n €TTidpacn eUTTOdiWV OTA XAPAKTNPIOTIKA OKTIVOBOAIag Twyv
KEPQIWV Kal TTPOCBIOPIOTNKE Hia oxéon YETAEU TNG KEPAIOG KAl TOU PEYEBOUG TOU eUTTOdIOU.

TéNog, AauBdvovtag utréwn o1 mepirou 10 80% TNG OIKTUOKAG Kivnong AauBAavel xwpa

EVTOG TWV KTIpiwV, N €TTIOPACN TG HOPPOAOYIAG TWV KTIPIOKWY UTTOOOUWYV £XEI ATTOKTHOE! IDIAITEPN

onpacia yia TNV acuppaTtn petddoon eviog Twv KTipiwv. ‘ETol, éxel eicaxBei mmpdo@ata n

d1a0epaTikn-OiemoTnuovik 16éa Tou Building Wireless Performance (BWP) tou ag@opd Tig

ETTIOTAPOVIKEG KOIVOTNTEG TWV ACUPHATWY ETTIKOIVWVIWY KAl TOU OXEBIQOUOU KTIpiwV. ZTa TTAdicIa

QuUTA, EVOEIKTIKEG €ival Ol KATWOI EpYaTiEg:

o 21NV [2021, J. Tan] pyeAeTABNKE N aTTGS0O0N KEPAIWY TTOU €iVOIl EVOWMPATWUEVEG O OKUPODEUQ
ME TNV XPAON VEUPWVIKWY OIKTUWV.

o 21nv[2022, J. Zhang] TTapaTiBeTal pia emokoTTNON TTEPi TOU BWP.

e 2Tnv [2022, Y. Zhou] egetdotnke N BWP 6tav uttdpxel OAOKARPpwWON TwV SOPIKWY UAIKWV HE

OUGTOIXIEG KEPAIWV.

4.2. MovTteAoTroinOoN KEPAIWV EUPUEKTTOUTTAG Kal d1adoong

O1wg avagépbnke otnv evotnTa 4.1, JEOW TWV OXETIKWYV EPEUVNTIKWYV TTPOCTTOBEIWLV N
AeIToupyia HIOG Kepaiag O XAMNAEG, Kupiwg, ouxvoTnTeg €TmMpEeddeTal ammd Tnv Trapouadia
euTTOdiWY, OTTWG TA KTipIa Kal TO €8a@og. MevikOTEPA, TTOAAEG KATAOKEUEG TTOU BpioKovTal KUpiwg

oT0 €yyUg medio akTivoBoAiag uiag Kepaiag, OTTWG Ta AYWYIKG TUAPATA TwWV KTIpiwy, o1 aTUAol
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QPWTICPOU 1 o1 YETAAAIKOI QPAKTEG, UTTOPOUV AVETA VA AEITOUPYAOOUV OQV YEIWHPEVA TTAPACITIKA
MovOTTOAQ.

2€ 0,7l aQopd TIS KEPAIEG EUPUEKTTOUTIAG oTnv Cwvn ouxvoTATwy MF, 6TTwg auTég TTou
XPNOIUOTIOIOUV Ol PadIoPwVIKOi OTABUOI, gival KATaKOpU@OI aKTIVOBOANTEC e UWOG TTOU TTOIKIAAEI
atmd A6 wg 5N/8, avaloya pe Ta €MOUPNTA AEITOUPYIKA XOPOKTNPEIOTIKG Kal JE TO TTPOKUTITOVTA
OIKOVOMIKA PeEYEDN. To TTpayuaTiKO UWoG TWV KEPAIWY AUTWYV TTaipvel TINA atrd 46 m wg 274 m,
KaBIOTWVTOG avaykaio Kal TTPAKTIKA TN XPrnon Tupywv wg akTivoBoAntég. Or TUpyol autoi, ol
oTToioI UTTOPEi Va gival oTnpifouevol e avinpideg (guyed) R autooTnpi{opevol (self-supporting), ite
MovwvovTal atrd 1o £€0a@og aTn Bacn Toug (oTaBepns BAong), €iTe XpNOIKMOTTOIOUVTAl AV YEIWUEVOI
oKTIVOBOANTEG (shunt-excited). Ava@opIKd PE Ta XapaKTNPIOTIKA aKTIVOBOAIGS QuTWY TWV KEPAIWY,
ol MEyIoTEG TIMEG TNG akTivoBoAiag PBpiokovralr oTto opifovTtio eTTiTedo. AVAAUTIKOTEPA, TO
akTivoBoAoupevo Tredio ammod éva poévo TTUpyo Eival ouoIOUOPPO OTO OPICOVTIO ETTITIEDO KAl EXEI
€vraon TTOoU MEIVETaI 600 augdvel n ywvia aviuywong Tadvw atmmd Tov opifovra (Péxpl TNV
Katakopuen Oieubuvon otrou pndevidetan). AKTIVOBOANTEG PE UWog TTavw atrd A2 €xouv Kal évav
MIKpO deuTepeUovTa AoBS akTivoBoAiag yia peydAeg ywvieg aviywaong, TTou To PEyEBOS Tou augdvel
Kabwg To UWog TnG Kepaiag augdavel atrd 0.5A wg 0.72A, yivetal péyioTo yia Uwog 0.72A, Kal oTn
OUVEXEIQ MEIVETaI KABwG To Uwog augdvel mavw amo 0.72A. EmmAéov, kepaia pe 0wog A
oKTIVOBOAei apeAnTéa evépyela oTo OpICOVTIO €TTiITTEDO, €VW KEPAiEG PE UWOG TTAvw aTtd 5A/8
uAoTroloUvTal, OTav TEPAYXiooUphE Tov TTUPYO o€ dUO TURUATA PRKouG TrepitTrou A2 (kepaia Franklin)
Kal TpPOQOOOTACOUHE KABE TUNHA JE PEUMA TTOU £XEI idIa OXETIKI @AaOn.

270 TTapov Ke@AAalo Kal oTta TTAdioid TNG MEAETNG yia Tnv €TTidpacn euTTodiwyv, Kal
€IOIKOTEPA KTIPIWYV, 0€ £€va oUOTNUA EUPUEKTTOUTING oTnV {wvn Twv MF, Ba Bswpricope dUo TUTTOUG
Kepalwy eupuekTTOuTAG [2022, G.S. Liodakis]. O mpwtog TUTTOG Ba eival éva KaATakOpu@o
MOVOTTOAO, TTOU QVTIOTOIXEI O€ Mdia KATOKOPUPN YPOUMIK KUAIVOPIKA Kepaia. EdIkoOTEpQ,
UTTOBETWVTAG OTI N Kepaia auTr) €xel PAKog h = 84m TToU Acitoupyei o€ ouxvotnta 1494 kHz
(A=c/f=200.803m), pIAGue yia éva KaTaKOPUPO PovottoAo prikoug A=0.418L (=84/200.803)
TTou Tpo@odoTeital ot BAon TOU yia TNV EKTTOUTIN I10XUOG, €0Tw, P =50 kW. EmmAéov,
uttoB€TOVTaG OTI TO KUAIVOPIKO GUpHa Tou povTéAou pag éxel diduetpo D=1.94m, 10 povétrolo
Mag xapokTnpigouevo atmmd Adyo diapétpou Tpog pAKog oupupatog D/h=0.023 kol ammé Adyo
dlauéTpou TTpog PAKOG Kupatog D/A=0.0097 pTtropei (oplokd) va BewpnBei wg yYPAUUIKr AETTTA
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Kepaia (kaBwg pia Kepaia oUpPaTog Bewpeital AeTTTh, 6tav n SIGUETPOG TOU aywyou Tng eivail
D<0.01A [2005, C.A. Balanis]).

O 0eUTEPOG TUTTOG KEPAIAG EUPUEKTTOUTTIAG TTOU Ba BewpnoouE €ival PIa GTOIXEIOKEPAIQ
atroteAoUpevn a1rd dUO KATAKOPUPES YPAMUIKEG KUAIVOPIKESG Kepaieg pRkoug 149 m (A = 0.5014)
TToU amméxouv d = 75 m peTagu toug. O1 dU0 YPOUMIKEG KUAIVOPIKEG KEpaieg TpopodoTouvTal OTN
Baon Ttoug kai ekmépTouv 1oxeic 33 kW kai 17 kW, avrioTtoixa, o€ ouxvornta 1008 kHz
(A=c/f=297.619m). ‘Et0l, n Oetwpoluevn OTOIXEIOKEPAia aTToTEAEITAI AT OUO KOTOKOPUPA
povotroAa unkoug A=0.501A (=149/297.619). Me avdAoyo OKETTIKO OTIWG Kal yid TOV
TTPONYOUMEVO TUTTO KEPAIOG O€ OXEON ME TIG TIPAYMOTIKEG KEPAIES, €ival AoyikO va uTToBéocoupE OTI
ol 1000UvauEG KUAIVOPIKEG Kepaieg €xouv akTiva 0.97 m. OtcwpwvTag, Aoimtdv, OTI Ta KUAIVOPIKA
oUpuata Tou PovtéAdou pag €xouv diauetpo D=1.94m, ta povotroAa pag xapaktnpi{opeva atod
A6yo dlouéTpou TTPog urkog auppatog D/A=0.013 kai ammd Adyo SIapéTpou TTPOG MIAKOG KUMATOG
D/A=0.0065, utropouv (dveta) va BewpnBolv Kal TTAAI WG YPOUUIKEG AETITEG KEPAIEG. ZUVETTWG,
oav IKAavoTroINTIKO HOVTEAO Tou OeUTEPOU TUTTOU  KEPAIOG EUPUEKTTOUTING Oewpouue pia
oTolxelokepaia amd dUo Katakdpu@a AeTrTé povoTtoAa pnkoug A=0.501A, kKaBwg o1dxo¢ pag dev
gival n akpIPNG aTTelkOvVIon Tou dIaypAuHaTOS aKTIVOBOAIOG TOU CUYKEKPIKMEVOU TUTTOU KEPQIAG.

e 0,11 agopd Tnv povtehotroinon Ttou e€dd@oug, dedouévou OTI AuTO TTAPOUCIAlEl ouvron

aywyluoétnTa .. =10"- 10° mho/m , dev pmropei va BewpnBei kahdg aywydg (6>10" mho/m ) ki €101

soil
OEv PTTOPEI VO AVTIMETWTTIOTEF WG 10aVIKA aywylyo. MAAIoTa, n XaunAf auTth aywyluotnta Tou
edapoug emTpETTel TN dlEioduon NAEKTPIKOU TTEQIOU OTO EOWTEPIKO TOU, HUE ATTOTEAECHA TNV
EUPAVION WHIKWY aTtwAeiwyv. ‘ETol, n akTivoBoAia piag kepaiag Tavw atmd TTPAYHATIKO £0a@og
olapépel aloOnTd atrd TNV akTIVOBOAia Tng idiag Kepaiag TTavw atrd 1I0avika aywyiuo £€5agog, av Kal
n Bewpia Twv €1IdWAWV e{akoAouBei va 1oxvel. H diagopd cival 0TI TO0 €idWAO OTO TTPAYUATIKG
£00QOG £XEI PEUNATIKI KATAVOUR MIKPOTEPOU PEUPATOG aTTd auTh Tou €1dWAoU OTO 1IDAVIKG £DaPOg
(kaBwg TO TTOCOOTO TOU AVATITUGOOUEVOU PEUNATOG €EAPTATAI OTTO TNV TIMF TOU OUVTEAEOTA
avakAaong Tou €dd@oug). MNa autd TTpooTrabouue TTAvTa va dnuIoUPyoUUE OUVONKES 16aviKou
€0AQPOUG, €iTe TOTTOBETWVTAG TNV Kepaia oe trapabaAdooia pépn (WOTe n aywyiudtnTa TOu
“eddpoug” va eival PeydAn), €iTe KATAOKEUAZOVTOG «TexvnTo» €0a@og. e O,TI agopd Tnv
TTpoava@epOpevn delTePN ETTIAOYH, TTOAU KAAS «TeEXVNTO» £0AQPOG WTTOPEI VO KATOOKEUAOTE JE TN
XPNOoN MIOG PETOANIKAG ETTIPAVEING TTOAU PEYAAUTEPNG aTTO TIG dIAOTACEIG TNG KEpaiag. ETreidn,

OMWG, KATI TETOIO dev eival duvaTd yia TIG XaunAég ouxvotnTeg (Tr.x. yia f=1494kHz) Adyw Twv
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TEPAOTIWY OIOCTACEWY TNG ATTAITOUMEVNG ETIQPAVEING, TTPOTINATAI OTnV TPAgn n Auon Tou
OKTIVWTOU CUCTANATOG YEIWONG, XPNOIMOTIOIWVTAG AYWYIMEG AKTIVEG TTOU oxnuaTifouv, TEAIKA, éva
I0aVIK& ayWwyIHo TEXVNTO £00P0OG TTPOG TTEPAITEPW avAAuan.

‘ETO1, yIO TNV TTEPITITWON TOU KATAKOPUPOU HOVOTTOAOU HE TO AKPO TOU OTO £00QOG, TTOU
eceTaloupe €dw, TO PeUA TTOU PEEl KATA UAKOG Tou PovOTToAou digyeipel pelua PETATOTTIONG OTTO
TNV KEPQIiQ TTPOG TOV A€PA Kal PEUPA AyWYINOTNTAG ATTO TO £€80QOG TTPOG TN BACN TNG KEPAIAG, EVW
TO QKTIVWTO ouoTnua yeiwong €Cao@alilel peiwon Twv ATTWAEIWY KOTA PAKOG TOU €8GQOUG.
AvOAUTIKOTEPQ, BewpoUpe OTI uTTdpyouv aTn BAonN TOU KATAKOPUPOU HOVOTTIOAOU TOTTOBETNUEVO
ava 2°, 180 aywyiya akTIVIKG gUpuaTta Yikoug 50 m kai réyoug 2 mm, TTpdyua TTou e€acpalilel
(ocUpewva pe 60a avagEpape TTapattdvw) 6T dnuioupyouvTal cuvenkeg TEAEIOG yng. ‘ETol, Aoitroy,
oav POVTENO Tou €8AQPOUG VIO TO KATAKOPUQPO LOVOTTOAO Ba XpNOIKWOTTOINCOUNE TO 16aVIKO (TEAEID
aywyigo) €dagog. TeAikd, Opwg, pe XpAon Tng Bewpiag Twv €idwAwv [2008, C.M. Furse], n
KaToKOpU®N Kepaia-uovotroAo prnkoug 0.418A tavw amd TéAeia yn oxnuaTifel éva vEo WOVTEAO,
autd TnG Kepaiag-OitroAou pRAkoug 24=0.836 OTOov €AEUBEPO XwPO, TO OToi0 Kal Ba

XPNOIUOTIOINCOUKE OTNV TTopeia TG OANG avaAuong (BAETTe oxnua 4-1a).

™~

~

Ry

h )
Im: e }’
- y v — >
Pt
X - o
X h
h

(a) (©)
IxApa 4-1: H yewpetpia (a) evOg GUUPETPIKOU YPaUpIKOU dITTOAOU prikoug 2h, Kai () pI0g OTOIXEIOKEPQIOg

atrd 6U0 GUPPETPIKA ypauuIKG diTToAa pfkoug 2h.

AvTiOTOIXQ, yIO TNV KEPAIO EUPUEKTTOUTTAG TUTTOU OTOIXEIOKEPAIAG, BEwpPOoUPE OTI UTTAPYXOUV
oTn Baon g TomroBeTnuéva avd 3° 120 aywyiha akTIviKd oUpUoTa WAKOUS 75 m Kal TTdyxoug 2

mm, yia Tnv dnuioupyia cuvlnkwyv TéAglag yng. Opoiwg, kal o e@apuoyr TnG Bewpiag Twv
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€1IdWAWY, ol dU0 KATAKOPUPEG Kepaieg-povoTToAa pkoug 0.501A TTavw atod TéAsia yn oxnuaTti¢ouv
éva véo povTéAo, autd Tng aoTolxElokepaiag atrd dUo kepaieg-OimtoAa prikoug 24=1.002A aTov
€AEUBEPO XWPO, TO OTTOIO Kal Ba XPNOIUOTIOINCOUKE YIa TNV auvéxeia (BAETTE axiua 4-1B3).
2¢ OTI a@opd TNV KATAVOMN TOU PEUNATOS OTA MOVTEAQ TwV KEPAIWV TTou Bewpolpe, Ba
TIPETTEI KATAPXAV VA AN@BEi uTTOWN OTI Jia KEPAia PE YVWOTH PEUPATIKA KaTtavour akTivoBoAei H/M
medio, TOU uTtoAoyileTal ammd TNV UTTEPBEON Twv OJIAQPOPIKWY TTEDIOKWY CUVEICPOPWY TWV
oToIXEIWOWYV SITTOAWYV aTrd Ta OTToia UTToPEl va BewpnBei 6T atroTeAeiTal. Av Kal JTTOpoUUE EUKOAQ
va PETPAOOUME TNV TAON Kal TNV €viaon TOU PEUPATOG OTOUG OKPOOEKTEG €100D0U TNG YPOUMNAG
ouvdeong Tou TTOUTTOU WE TNV KEpaia, oTnv TTPAEN N PEUPATIKA KATAVOWR £TTi TNG Kepaiag eival
AyvwoTn Kal Ptropei va Bpebei povo pe T AUOTN Tou OXETIKOU TTPORANMATOS OPIAKWY OUVBNKWY,
TPAYHa TO oTroio atrofaivel SUCETTIAUTO OTIG TTEPIOCOTEPES TTEPITTITWOEIG. MTTOpoUpE, OUWG, va
EXOME Hia KOAR TTPOCEYYION TNG KATAVOUNG PEUUATOGS YIA TNV AETTTH YPAUMIKY DITTOAIKA KEpaAia Tou
oxnUaTog 4-1a 1mou eEeTACOME, NEOW Miag NUITOVOEIBOUG OUVAPTNONG ME MNOEVIKEG TIEG OTA AKPQ
TOu ditTroAou Kai dideTal atrd TNV KaTwTépw oxéon (4-1) [2005, C.A. Balanis]:
m : r r
=i, ey <o @

omou k = 2m/A €ival O KUPOTOpPIOUOG, :’mniﬂ(;\’.h}=\fm gival To pelya OTO oOneio
Tpo@odoaiag (yia apeAnTéEg ammwAeIeg), Kal Z,, n oUvBeTn avtiotaon €00d60u OTO Onueio
TPOPOdOCiag TNG. MNa va uttoAoyiocouye TN PEYIOTN TIPM Tou peuyatog I, Bewpolpe OTI N Kepaia
Tpoodorteital pe IoXU P=50kW ka1 £xel ouvBeTn avrioTaon €10680uU OTO ONUEIO TPOPODOTIag TNG

Z.=300 -j217.5. Av ayvorjooupE TIG ATTWAEIEG TTAVW OTA QYWYILA PEPN TNG Kepaiag aAAd Kar TIg

AvTioTOIXQ, VIO TNV OTOIXEIOKEPAIQ TOU OXNUATOG 4-1B, N peyIoTn TiuA Twv peupdtwy I, kai I,
0TO onueio TpoPodoaiag Twv avtioTolxwv dioAwv eival I =26.87 A yia autd TTou eKtTEuTTEl 33

kW kai I ,=-j11.31A yia autd Trou ekmrépTtrel 17 KW.

4.2.1. H/M 1redio KEPAIWV EUPUEKTTOUTTG OTO £YYUG KAl HOKPIVO TTEDiO

Av Bewpnroope, KaT'apxryv, uia SITTOAIKF) KEPQIQ TTOU EKTTEUTTEI OTOV EAEUBEPO XWPO, OTTWG
ava@Epinke kal oto Ke@daAaio 1, o XWpog TTou TNV TTEPIBAAAEI PTTOPE va dlaXwpPIOTEI O€ TPEIG
eploxég: (1) Tnv Trepioxn aAAnAettidpaong Tou eyyug rediou (reactive near-field region), (2) Tnv

TepIoxn akTivoBoAiag Tou eyyug trediou (radiating near-field region) i mepioxn Fresnel, kai (3) Tnv
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meploxn poakpivou Trediou (far-field region). EIOIKOTEPQ, QUTEG o1 TTEPIOXEG OpIOBETOUVTAI WG

!

2/ (2R)3/ 4, (Tepioxn 2) yia

a3}

akoAoUBwg [1983, H. K. Chen]: (Trepioxn 1) yia atrootaoelg & <+ < 0.
amooTaoelg 0.62/ (2R)3 /1 = r < 2(2R)* /1, kai (Trepioxn 3) yia amooTdosig r = 2(2h)%/A. ‘ETal, yia
TNV TTEPITITWON TOU MOVOTIOAOU TToU eKTTéUTTEl OTa 1494 KHz Otou €xope 2h = 0.8361 e

A =200803 m, Ta O6pia TWV QVWTEPW OPICOUEVWV TPIWV TIEPIOXWVY €ival 0 < r < 9516 m,

95.16 =< r < 280.68 m, KaI r = 280.68 m, avTioToixa. Me TTapopoio TpOTIO, yIa TNV OTOIXEIOKEPAIO
Tou Asitoupyei ota 1008 KHz, €xope 2h ~ A = 297.619, T dc OpIA TWV TPIWV TTEPIOXWV €ival

n = 104
T e A

[w]
i
oo
oo
3

|. .1
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oo
oo
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.76 m, avTioTOIXO.

2€ 6,7 apopd TIG evtaoelg Tou H/M trediou 0T0 €yyUg Kal 0TO PHAKPIVO TTEdI0 Twv dUO TUTTWV
KEPAIWY TTOU PEAETWVTAI, Ol OXETIKEG OXEOE€IS gival yvwoTég [2005, C.A. Balanis]. AvaAuTikéTepa, ol
MN MNOEVIKEG OUVIOTWOEG TTEDIOU yIa TO PMOVOTTOAO OTNV TTEPIOXN TOU PAKPIVOU TTEdioU, £XOUV WG

KATWO!I:

I~ [cos(khoosf) — cos(kh) Eg ..
E_ m H _ T8.mon (4_ 2)

2mr sind gmon -

1

E B .rmon

O1ToU TO ¢ = 1207 (1)

QVOAQEPETAl OTNV XAPOKTNPIOTIK OUVOETN avTioTOON TOU €AEUBEPOU XWPOU.

O1 avTioToIxeG OX£OEIS YIa TO £yyUg TTedio didovTal atrd TIG aKOAOUBEG OXECEIC:

I i' E—_r'le E—ijz E_‘”':T}
E o = J(——1(z—h) +(z+h) — 2z cos(kh) I (4-3a)
pmon IS g | R, R. R I
2mp | R, R, |
| [e—JkRi p—jkR: oIk
E mon = _)T':ﬂl o +— - 2"-103{‘]"""1?«) I (4-38)
4mw| R, R, T
I, . i i
ot s ik Ly )
H g o —;4_—W[§ JRBy 4 gmIRR2 _ D eoz(kh) eI ] (4-3y)
2 2 . (02 L e — 12 M2 L roe L h2 — Z
ommou Ta peEyEdN p? =x2+y?, Ry =4p?+(z—h)?, R,=p?+(z+h)? ka r=.p*+z

arrelkovidovTal oto oxAua 4-1a.
EmAéov, yia Tnv oToixelokepaia, ol un uNdevIkEG ouvioTwoeg Tou H/M tediou 010 pakpivo

Kal 0To gyyug 1redio divovTal atmo TiG oxEoelg (4-4a) Kai (4-4[3), avTioToixa:

] it
Eﬂ,ar = Eﬂ,mons ('9! ®), H-;o,a'r = % (4'4G)

4-4
Byor = EomenS0.9),  Eoor = EenS©.9).  Hoar = Hypnon S©,9) (4-48)
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OTTOoU TO 5{#, @) OideTal ATTd TN OXEON

) . font oo m
98, @) = 1 — j 2 pikdsinfcosg (4-5)

]
g

i

4.3. MovteAoTroinon KTIpiwv Kal oKéEdaon atrd KTipia

‘Eva kTipio ptropei va  povteAotroinBei wg €va opBoywvio TTOPOAANAETTITIEDO WE WNKOG
Tpoéooyng i, TAatog W, kai bwog H [2022, G.S. Liodakis]. ©@a utroTtebei 611 ammapTideTal atmd 2 £wg

16 opdPoug, Pe TOV KABE OpoPo va €xel em@Avela TOUAAGXIOTOV 50 m? Kal UYog Trepittou 5 m.

Emouévwg, ta peyédn L, W, kai H ymmopolv va Kupaivovtal ota akdAouBa opia 10 = L = 50 m,

10

A,

W =< 50 m, kol 10 < H = 80 m, avTioTOIXA.

‘Eva dA\o B€ua TTou oxeTieTal UE TNV JOVTEAOTTOINON EVOG KTIPIOU Eival O TTPOCAVATONITHOG
ToUu. @a Bewpriooupe OTI OAa Ta KTipIa gival TOTTOBETUEVA PE TNV TTPOCOWN TOUG TTPOG TNV KEPaia
Mag [kal BpiokovTal €iTe KATA PAKOG TOU X-Afova (OTnv TTEPITTITWON €vOG KTIpiou), €iTe KATA PAKOG
T600 ToU X-Agova 600 Kal Tou y-Agova (oTnv TTEPITTTWon 800 KTIPIWV)], Kal JE TETOIO TPOTTO WOTE Ol
€uBeieg TTOU XapAdooouue aTrd TNV KepAia TTPOG TO KEVTPO TwV KTIpiwy, va gival HeECOKABETOI TwV
avTIOTOiIXWV TTpoodyewv. 'ETol, dedopévou OTI n Kepaia ToTToBeTEITAI KATG PAKOG TOu Ggova z, To
MAKOG L €vO¢g KTIpiou PHETPA OUCIAOTIKG TNV TTpOcoWr Tou, 6TTwG QaiveTal oTa oxnuara 4-2 kai 4-3,
1O pé€yeBOg W Bewpeital TTapdAAnAo oTov GEova y, Kal To péyebog H eival TrTapdAAnAo otov déova

Z.

Y

ZxAHa 4-2: MovteAoTroinon KTipiou wg opBoywvio TTAapaAANAETTITTESO Kal TTPOCAVATOAICUOU TOU O€ OXE0N WUE

ditroAo prkoug 2h.
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Y

(a) (B)
ZyxApa 4-3: Opigdvtia (a) kai kataképuen (B) Toun TNG dIGTagNS Tou OXAKATOG 4-2.

€ OTI agopd Ta did@opa UAIKG atrd Ta oTroia atroTeAeiTal €va KTiplo, €ival TTpo@avég OT
auTd Oev €xouv TIG iBIEC NAEKTPIKEG 1IO1IOTNTEG, KAI CUVETTWG N OXETIKA MovTeEAOTToinoN kabioTtaral
ouoxepns. OuolaoTikd, £va KTiplo €ival 0TV TTPAYHATIKOTNTA £VAG KATECOXNV AVOMOIOYEVHG OYKOG,
KaBwg atroTteAeital amd aywyiya pépn (OTTwWG 0 aTOAAIVOG OKEAETOG, N XAAKIVR KaAwdiwaon, n
METAAAIKI) CWARVWOT, Ta AAOUUIVEVIA TTOPTO-TTAPABUPA Kal 01 SIAPOPEG HETAANIKEG KOTOOKEUEG OTO
E0WTEPIKO TOU), aTTd TTOAU AlyOTEPO AYWYIMA UAIKA (OTTwG To UTTETOV, T TOURAQ, oI coBddeg, Ta
UAIKA IOVWOonG ToiXwy, Ta Japuapa Kai Ta TTAGKAKIA, ol EUAIVES €TTevOUCEIG Kal Ta TCAUIA), aAAG Kal
a1rd aépa 010 €0WTEPIKO Tou. ETol, Kupiwg yia Adyoug atmAdTnTag, Ba PeAETACOUPE TN XEIPOTEPN
TEPITTTWON  (600vV agopd Tnv €midpacn OTnv OKTIVOBOAIO Tou eKACTOTE TUTTOU KEPQIiag
EUPUEKTTOUTTNG, MOVOTTOAO 1} OTOIXEIOKEPQiQ) VOGS TTAAPWGS AYWYIKOU KTIpiou, KAl TTIO OUYKEKPIYEVA
Ba PJOVTEAOTTOINOOUUE KABE OIKOOOUIKN KATAOKEUN Gav £va XWPIKO TTAEYUA aTTd aywyINa YPOUMIKG
oUppuata (povtéAo wire grid) [1966, J.H. Richmond]. ZuvoAikd, Aoimtdv, oav IKavoTroinTIKG JOVTEAO
OTTOIOUBNTTOTE KTIpiou Bewpolpe TO €IKovI(OPEVO OTa oxAuata 4-2 Kal 4-3 aywyigo opBoywvio
TTapaAANAeTTiTTEDO PE PAKOG L, TTAATOG W Kol Uyog H, To o1roio BpiokeTal o€ améotacn R amd Tnv
Kepaia (Kabwg To KTipIo gival TTpocavaTtoAIouEéVO €101 WOTE N opICOVTIa uBtia TTou diEpxeTal aTTd
TNV KEPAia Kal a1 TO KEVTPO TOU KTIPIOU va €ival JEGOKABETOG TNG TTPOCOWNG). TNV CUVEXEIQ,
QVTIMETWTTICOUMYE QUTO TO HOVTEAO WG CUPHATIVO TTAEYUa PE TN HEBODBO wire-grid, OTTWG QaiveTal aTO
oxnua 4-4. MNa autd 10 CUPUATIVO TTAEYUA, XPNOIKNOTTOIOUUE OUOIa CUPUOTA TTOU ICATTEXOUV PETAEU
Toug (Kal oTig 3 dleubuvoelg) KaTd A Kal éxouv aktiva a = A/10 [1974, J.L. Lin]. 'Etol, n

Ic0dUvaun O1atagn evog Kripiou e pAKOG L, TAAGTOC W Kol UWog H, aTtroTeAcital atrd
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r

N=({L/A+1)x{W/A+1)x{H/A+1) ouppdtiva TuAPata otnv  OIdtagn TTAEyUaTOG  TOU
oxXAMaTOG 4-4.

2¢& KaBéva atd autd Ta CUPUATIVO TPAPOTO PAKOUG A €TTAYETAI OpoIOPop®a (dTav A < 1)
ayvwaoTo dlapnkeg NAEKTPIKG pedpa I, TTou pe Tn o€Ipd Tou dieyeipel 0TO KEVTPO KABe auppdTivou
TUHAMATOG | NAEKTPIKO TTEdio (TTou diveTal atrd TIG oxéoelg (4-14) éwg (4-16)) YE EQOATITOMEVIKI) OTO
OUPUATIVO TUAMA i cuvioTwod Sij, n otroia divetal atmd TNV oxéon (4-18). Me dAAa Adyia, kaBe
OUPMATIVO TUAPO PAKOUG A, atTOTEAET évav OTOIXEIWDON OKEDOOTH Kal N éviaon NAEKTPIKOU TTediou
auTAG TNG TTNYAS (dNAadr], Tou okedaldpevou TTediou atrd KABE CUPPATIVO TUNMA) UTTOPED, YEVIKA,
va eKQpacTei wg éva emm@avelokd oAoKANpwua TTdvw oTnv EMIQAVEIA auToU. ZTn OUVEXEId, Ba
MNOEVIOOUE TNV EQATITOMEVIKA] OUVIOTWOA TOU OUVOAIKOU (TTPOCTTITITOVIOG Kal OKedalOuevou)
NAEKTPIKOU TTEdIOU OTO KEVTPO KABE CUPUATIVOU TUAMATOG i (YIO va IKAvOTTOIoUVTAl Ol OPIOKES
OUVONKEG, EQO0OV Ta oUPPATA €XOUV APKETA MIKPR OKTiva), KI €101 va KataAfgope o éva Nx N
YPapuIKé oloTnua eglowoewv (BAETTE katwTépw oxéon 4-10), pe ayvwaoToug Ta pedpara I; Twv
OUPMATIVWV TUNUATWY j Kal uE 0TaBEPOUG OPOUG TIG TIMEG TNG EPOTITOUEVIKAG OUVIOTWOOG TOU

TTPOCTIITITOVTOG NAEKTPIKOU TTESIOU Ef™€ GTO KEVTPO TOU GUPUATIVOU TUAUATOG i.

| ——— " A
.,.1,; A
+ " ,ﬂ/ 'u
| ’//
..-d”’_,’—"”.‘
h
H ] ’_,,-’"d
-—P J"‘/
——— i 7
| P ﬁ

Wﬂ

ZxAHa 4-4: MovTeAoTroinan KTipiou oav éva XWPIKO TTAEYUa aTTd ayWwyINa YPAUUIKG oUpuaTta (JOVTEAO wire

grid).
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AvaAuTikoTEPa, dedopévou 0TI To TTEdio akTIvoBoAiag piag kepaiag alolwveTal aiobnTtd atmo
TNV €yyUG TTOPOUCIO €VOG AYWYIMOU QVTIKEINEVOU, TO OUVOAIKO TTEDIO €xel TTAéOV DUO OUVIOTWOEG
yla Tnv €getaloduevn TEPITTTWON: To TTEdiI0 TTOU TTPOCTIITITEl OTO XWPEO aATTO TOV AKTIVOBOoANTH
(TTpoEPXOMEVO aTTO TNV TTPWTOYEVH aKTIVOBOAIa KaBevog TUTTOU aTTd TIG £CETACOMEVEG KEPAIES) KAl
TO TTedi0 TTOU OKEDAZETAI OTO XWPEO OTTO TO QVTIKEIMEVO (TTPOEPXOMEVO aTTd TNV TTPOCTITWOTN ToU
TTPWTOYEVOUG KUUATOG TTAVW OTO MOVTEAO TOU KTIpiou TTou Bewprjoaue). ‘ETol, 10 1edio TTou
OKeDAZETAI ATTO TO CUPMATIVO TTAEYPA OTO XWPO €ival duvaTtov va UTToAoyIoTEl, av 1coduvaua
Bewpnooupe OTI N akTivoBoAia auTr TTpoépxeTal amd Ta €Tayoueva OTa oUpHATa PeUPATA.
2UVETTWG, TO OKEDALOPEVO TTEDIO aTTO KABE CUPMATIVO TUNPA, ME PAKOG A PIKPO O OX€On PE TO

MAKOG KUMPATOG, JTTOPEI VO UTTOAOYIOTEI OTTé TIG KATWTEPW OXEOEIS (4-6), (4-7), kai (4-8) [1966, J.H.

Richmond]:
[ —JkR2 -jkR,
E,(p. 0, )—p [ +jkR,) Y —(1+ij1)e?] (4-6)
2 1
Eq)(p9(PvZ) =0, (4_7)
E.(p,¢ Z)zﬂ Af [2r2(1+jkr)— (p* +a2)(3+3jkr—k2r2)] e dt (4-8)
T arjk 3, r ’

o1Tou (p,,z) €ival 0l KUAIVOPIKEG OUVTETAYUEVEG TOU ONUEIOU TTAPATAPNONG, k=m+/|/e Kal

r=yp’+a’ +(z=1)>, R =+/p*+a>+(z+AI2), Ry=\p +a’+(z—A/2) (4-9)

BéBaia yia va IKavOTTOIoUVTaI Ol OPIOKEG CUVONKEG, Ba TTPETTEI Ol EQATITOPEVIKEG GUVIOTWOEG
TOU OUVOAIKOU (TTPOOTTITITOVTOG KOl OKEDALOMEVOU) NAEKTPIKOU TTEdiOU va pndeviovtal TTAvw oTnv
eM@Aaveia KaBevog aywyiuou cupudrivou TuApatog. Qotdéoo, oTnv TTEPITTTWOoNR pag otou Ta
oUppaTa €XOuv MIKPR akTiva, yia va €XOUde akpifr] amoTeAéopaTta apkei va undeviooupe TIg
EQATITOUEVIKEG OUVIOTWOEG TOU NAEKTPIKOU Trediou oe éva POvo onueio oto KEVIpo KAOe
ouppdTivou TuAuatog. TMpérrel, AoITTOV, va UTTOAOYIOOUUE TNV E€QATITOMEVIKI] OUVIOTWOO TOU
NAEKTPIKOU TTEDIOU TTOU BIEYEIPETAI ATTO TO CUPUATIVO TUAMA j OTO KEVTPO TOU CUPUATIVOU TUAPATOG
i, ONAadr Toug OUVTEAEOTEG OKEDAONG S,.j. ‘ET01, £XovTag MOVTEAAPEl TO UTTOWN KTipIo wg £va
TAEYUa oTTéd aywyiya oUpHATa KAl PNdEvioOUPE TNV €QATITOMEVIKA OUVIOTWOO TOU NAEKTPIKOU
ediou OTO KEVTPO OAWV TWV CUPHATIVWY TUNHATWY TOU TTAEYHATOG, KATAAYOUNUE OTO akOAouBo

YPOUUIKG ouotnua N egiowoewy:
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S.I.=——Em =12 N (4-10)

OTTOU Ij gival To dyvwoTo pelpa Tou GUPPATIVOU TUAPOTOG j kai E™ n epatrropevikr ouvioTwoa

TOU TTPOCTTITITOVTOG NAEKTPIKOU TTEDIOU OTO KEVTPO TOU CUPUATIVOU TUAPATOG i.

4.3.1. YITOAOYIONOG TWV OUVTEAECTWV OKESAONG

Katapxfv Ba uttoAoyiooupe TIG KUAIVOPIKEG CUVTETOYMEVEG TOU KEVTPOU TOU OCUPMATIVOU
THAPATOG | 0€ €va OUCTNUO CUVTETOYHEVWY UE ApXA TO KEVTPO TOU CUPUATIVOU TUAUATOG j KAl PE Z-
agova 1ou gival TTapdAANAOG pe Tov Agova Tou GUPUATIVOU THAKMATOG j. Ta KEVTPA TWV CUPUATIVWV
THNUATWY | Kal j €XOouv OPBOYWVIKEG CUVTETAYUEVEG (xi,yi,zi) Kal (xj,yj,zj), avTioToIxa, Kai

QTTEXOUV METAEU TOUG ATTOCTAON:
2 2 2
G=yXTYyt2Zy ., X=X=Xj, Yi=Yi~Yj, Z;=Z—Zj. (4-11)

Ta povadiaia diavucuata i kal 3 TTou €ival TTapAdAAnAa pe Toug AEoveg TWV CUPUATIVWV
TUNUGTWYV i Kal j, avTioToIXa, MTTOpPOUV va TTpocdlopioBouv amd Tig ywvieg a; Kal a; Tou
oxnuariouv Ta i kai 3 avTioToIXQ, ME TO Xy-€TTTTEdO KaI OTO TIG ywvieg b, Kai bj TTOU
oxnuaTti¢ouv ol TTPOROAEG ETTI TOU Xy-€TTITTEOOU TWV i Kkai 3 avrioToixa, Me Tov x-GEova. Mo
OUYKEKPIMEVQ:

i=Xcosa; cosb; +ycosa;sinb, —~Zsina;, j=Xcosa;cosb;+ycosa;sinb;-zsina;. (4-12)

2TN OUVEXEID OV OPICOUME €va OTPOUMEVO KUAIVOPIKO GUCTNUA CUVTETAYMEVWV (p',(p',z') ME
apXf OUVTETAYMEVWY OTO OnuEio (xj,yj,zj) Kal ge z'-agova 1rou TauTifeTal pE TOov Agova Tou
OUPMATIVOU TUNMOTOG j, Ol OXETIKEG CUVTETAYHEVEG TOU KEVTPOU TOU GUPHATIVOU TUAMOTOG i WG TTPOG

auTé To cUCoTNUA €ival:

r_ : : r_ 2 12
z'=x; cosa;cosb;+y;cosa;sinb; —z;sina;, p'=,r;-z" . (4-13)

‘ET01, TO T1€di0 TTOU SIEyEipEl TO CUPUATIVO TURMA j OTO KEVTPO TOU CUPHATIVOU TUAPATOC i,

YPAQETAI:

E,=p'E,+1E,; p'=[kx,+9y,+22,— 17 |fp (4-14)

oT1Tou
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/e . o kR . o IkRy
E' (p,¢,2)=—>—|(1+ jkR —(1+ kR, )=——|, 4-15
=L ) (15

2 1

A2 — jkr

E;(P',¢',Z')=I4L./gj [27° (14 jhr) = (0" + ) (34 3jkr— k) | S, (4-16)
”Jk ~A/2 r
r=Ap? 40l +(Z =), R=Ap?+a’+(Z+A/2)7, R =yp?+a’+(z—A/2). (4-17)

TeAIKA, TTAipVOVTAG TNV EQATITOUEVIK] OTO CUPMATIVO TUAPA | OCUVIOTWOA TOU Eij, TTPOKUTITEI N
akéAouBbn ék@paon yia TOV EKAOTOTE {NTOUUEVO OUVTEAEOTH OKEDAONG Sij :

S;=1E; =(E’Z -7'E}, /p’) [cosai cosa; (cosbi cosb; +sinb; sinb; )+Sil’lai sina; ] +

+E| (xij cosa; cosb; +y; cosa; sinb; —z;sina, )/p' . (4-18)

4.3.2. YToAoyiopO6Gg TOU HOaKpAV okedalduevou rediou

Otav 10 Onueio TTaparipnong (ME OQAIPIKEG OUVTETAYMEVEG 1,0,¢) PBpiokeTal o€ peyAAn
amoéoTaon ammd TOoV OKedAOTH, TO dIAVUCHATIKO SUVOUIKO TTOU TTPOKAAEI TO CUPUATIVO TUAMA i,

oivetal atmod Tn oxéon:

(4-19)

a a =
ﬂ1="“115=

OTTou 1 €ival To povadiaio diavuoua TTou gival TTapdAANAo pe Tov déova Tou CUPUATIVOU TURAMOTOG
i, s; €ival TO KOG Tou THAKATOG i (ioo pe A oTnV TEPITITWON pag), 1. gival To pevpa Tou TPAPATOG
i, KQl (xi,yi,zi) €ival ol CUVTETAYMEVEG TOU KEVTPOU TOU THAMOTOG i.

‘ET01, TO NAEKTPIKO TTEDIO TTOU OKEDALETAI ATTO £va CUPUATIVO TTAEYHA OTO XWPO YPAPETAL:

N
E;® = —ij[cos&cosai(coscpcosbi + singsinb;) + sinfsina;] 4, (4-20)
i=1

N
ESf® = jwz (singcosh; — cosgsinb,) A,cosa; (4-21)
i=1

OTTOU Ol YWVIEG a; Kal b; kaBopifouv Tov TTPOcavaTOAITuS TOU CUPPATIVOU TUAUATOG .

4.4. Ailaypdappara akTivofBoAiag yia TRV KEpaia HOVOTTOAOU

Ta atmoteAéopata  TTOU  TTapoucidfovial oTnv  Trapouca  evotnTa  Bacifovrar oTnv
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MovTEAOTTOINON Kal avaAuon Tou Trponynénkav oTig dUO TTponyouuEeveS evOTATES. EIBIKOTEPQ,
TTapoucialovTal Ta diIaypAauuaTa akTivoBoAiag pakpivou Trediou yia TV TUTTO KEPAia JOVOTTOAOU WG
Kepaia eupuekTTouTAG [2022, G.S. Liodakis], Ta otroia TpokUTITOUV £TTEITa atTd OoKEdAON O¢€ éva N
OUo KTipIa, evw yia Adyoug oUyKpIong TTapouciadeTal Kal TO avTioToixo SIAypauua akTIVOBOAiag
oTov €AelBepo xwpo (dnAadh artroucia okédaong, BAéTTe oxéon (4-2)). Ta mapoucialdueva
OTTOTEAECPOATA OTTOTUTTWVOUV TNV ETTIOPACN TWV OKESAOTWY (KTIpiwv) oTnv {wvn cuxvotnTwv MF,
Mia emidpacn TTou Traparnpeesital kar otnv ¢wvn ocuxvotAtwv HF [2022, W. Zhu], 600 kal o€
uynAoTepeg ouxvotnteg [2006, A. Dagdeviren], [2011, P. Alitalo], [2020, R. Rodriguez-Cano]. Ta
TTapoucialoueva diaypdaupaTa akTIVOBOAIGG ATTOTUTTWVOUY, OUCIOOTIKA, TNV £VTaon TOU NAEKTPIKOU
Tediou O OQAIPIKEG CUVTETAYPEVEG OTO MOKPIVO TTedio TTou €xel TTpoKUWEl wg dbpoiopa Tng
évraong Tou pakpivou Trediou yia éva PovOTIoAO OTov €AeUBepo Xwpo (oxéon (4-2)) kal Tou

okedaddpevou TTediou TTou dideTal atrod TIG oxEoelg (4-20) kai (4-21).

Y| H T H

i}
1.90 50 D 18 . L }
Y 40m~ 0.2 30— 2 e 40 m - 0,20
g O, e 60 m ~ 0.3% - s ST— 60 m ~ 0,31
= R O 43 £ M === BOm~ 044
ot .\_\_ B0m -~ 0.4n S i \\\\
£ 095 £ o9 300/ 60
= 5 .-";
:3: 5 / H
;”G' 1 [
< 007 S o0 270 ¢
= -3 [
~Z =
e =
f o \ i
= 08 = 09 20 A20
| =
= 5 7
210~ e
o 12 o
(a) 8)

ZxAHa 4-5: AlaypduuaTta akTivoBoAiag yia To JovoTToAo oTov eAeUBepo xwpo (Malpn ouvexng yYPauun) Kal
ME TNV TTapouaia KTipiou (OIOKEKOUMPEVES Kal DIAOTIKTEG YPAMMES) Ye L = 10m & 0.054 kot W = 10m & 0.052.
Atreikévion yia Tpia dIAQOPETIKA Uyn KTipiou H (BAéTTe TINEG dvw Oe€id o kABe emmpépoug oxAUaA) Kal

R = 100m #~ 0.5A. (a) @-emimedo kai (B) B-emimedo.

AVOAUTIKOTEPA, BewpPWVTag TNV aTTOOTACN A METALU OUO CUPUATIVWV QYyWYWv ion HE
2.5m ~ 0.01254, AapBdvope diaypduuata akTivoBoAiag yia dIAQopes TIUEG TwV TTapauéTpwy L, W,
H kai R. ‘E1ol, Ta oxApata 4-5a kai 4-6a ava@Epovtal 010 @-eTmiTTedo (YIO OUYKEKPIPEVN Ywvia
8 =89°), evw Ta oxnuata 4-58 kai 4-6B aTtreikovifouv To A-emmimedo yia @ = 90°. ZTa

TTpoavaPEPOUEVA OXAUATA Ol TTAPAPETPOI PAKOUG Kal TTAGTOUG TOu KTIpiou €xouv dlatnpnOei
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oTaBepég, €101 WoTe va OlgpeuvnBei n emidpaon Tou UWoug H Tou KTipiou oOTO dldypauua
akTIvooAiag Tou povottoAou. EmTTpooBeTa, yia va e¢eTaaTei n emmidpacn tng améoTtaong R petagu
TOU POVOTTOAOU Kal TOu KTIpiou oTo OIAypappa akTivoBoAiag Tou povottoAou, BewpriBnkav 800
TIMEG Tou R TToU €ival TETolIEG WOTE va dlac@aAileTal OTI TO KTipIO va gival eviog Tou gyyug TTediou
TOU PovoTtoAou. Mo cuykekpipéva, €xope TIG TIWEG B =100 m kai R =200 m yia Ta oxAuata 4-5 kai

4-6, avtioToixa.
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ZxApa 4-6: Alaypdupata aktivoBoAiag pe Tig idleg uttoBéoelg wg oxXAua 4-5, ekTOG TNG amméaTaong PETAgU

povoTTéAou Kai KTipiou (R = 200m = A).

E¢etadlovrag ta dlaypdupara akTivoBoAiag Twv oxnudtwyv 4-5 kai 4-6, PITopouue va
oupTtTEPAvopE OTI TO UWOG €VOG KTIPioUu TToU PBPIioKETal OTNV £yyUG TTEPIOXA €VOG AKTIVOBOAOUVTOG
MovoTToAou pTTopei va etrnpedoel onuavtikd 1o dIdypappa akTivoBoAiag Tou povotmoAou OTo
MakpIvé TTedio yia Oyn H = 0.3A (dnAadn yia Uyn H = 60m) otnv ouxvotnta Twv f = 1494 KHz,
Uyn TTOU avTIOTOIXOUV O€ £€va KTiplo 12 opd@wv pe Bewpoupevo UWog opdpou 5 m. Evw, dnAadn, n
MTTAE DIGOTIKTN Ypapun (H & 0.21) oxedOV CUUTTITITEI JE TNV JOUPN CUVEXT YPAMMI TTOU AVTIOTOIXEI
oTnV TEPITITWON Wn UTTapéNg KTipiou, oTnV TTEPITITWON TTAPOUCIiag KTipiou pue H ~# 0.3A 1 H &~ 0.4A
E€XOoME onuavTik aTTrékAIon Twy dlaypauddaTwy akTivoBoAiag amd Tnv opolokateubuvTtikoTnTa. H
TTAPATAPENON QUTH I0XUEl KAl yia TIG U0 Bewpoupeveg atmooTdoelg (dnAadr, R ~ 0.54 = 100 m Kal
R~ A = 200m) peTaglu TOU POVOTTOAOU KOl TOU KTIPIOU. ZUVETTWG, AUTO TTOU CUVAYETAl ATTO TO
oxnuata 4-5a kar 4-6a, €ivar 011 n amdéoTOONn PETAEU POVOTTOAOU KOl KTIPIOU UTTOPEl va €XEl
emidpaon oT1o diIAypaupa akTIVOBOAIOG Tou povoTtoAou poévo otav To UWog Tou KTipiou givail

MEYOAUTEPO OTTO TNV KPIoIUN TIWA Tou 0.3A.

Niodakng Z. Fewpyiog: AidakTopiki Alatpipn 90



vl H 7 H

1.90 i 0 1.82 —E — 0
A : 20m~0.12 : 0 ) e 20 m~ 014
50 m ~ 0.25 P N - 50 m - 0.25%
80 m ~ 0.4% # N 80 m -~ 0.4
Vi ",
0.95

ool 300/ X0

|4
0.00 0.00 27q:..-- -

0.95

[E (r =3 km, 6 =89", )| (in V/m)

081 240, A2

[E (r=3 km, 0, ¢ =90")| (in V/m)

1.90 182 ———

(a) (8)
ZxAHa 4-7: AlaypduuaTta akTivoBoAiag yia To JovoTToAo oTov eAeUBEPO XWpo (Palpn ouvexns ypauun) Kai

ME TNV TTapoudia KTipiou (OIOKEKOUUEVEG KOl OIACTIKTEG YPAMMEG) ME L = 60m & (.34 Kl W = i0m # 0.054.

Amreikévion yia Tpia SIa@OpPETIKG Uyn KTipiou H (BAETTE TINEG Avw Oe€id o KABE ETINEPOUG OXNUA) Kal
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ZxApa 4-8: Alaypdupara akTivoBoAiag pe Tig idleg UTTOBECEIC WG axXAUa 4-7, eKTOG TWV TTAPAPETPWY TOU

KTIpiou yia L = 10m # 0.054 ka1 W = 60m = 0.34.

H emidpaon tou peyéBoug TOou KTIpiou (TTANV Tou UWoug auTtou) OTa XOPOKTNPIOTIKA
OKTIVOBOAIGG TOU HOVOTTOAOU aTTEIKOVICETAI HECW TWV OXNUATWY 4-7 Kai 4-8. EidIkOTEPQ, TO oXAua
4-7 avagépetal og éva KTiplo 60 x 10 x Hm?® (dnAadr €xel 1o idl0 TTAGTOC WE TO KTipIO TTOU

€CeTAOTNKE OTA OXAMaTa 4-5 Kal 4-6), aAAG ue £€1 OpEG peyaAUTEPO WRKOG. AvTiBeTa, To oxAua 4-8
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2

avagEpeTal o€ €va KTiplo 10 x 60 x H m® (dnAadr| €xel 10 id10 TTAATOG YE TO KTIPIO TTOU €£EETACTNKE

oTa oxnuoTa 4-5 Kai 4-6), aAAG pe €1 QOpEG HEYAAUTEPO TTAGTOG.
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ZxApa 4-9: Alaypdupara akTivoBoAiog yia To HOVOTTOAO aToV €AeUBEPO XWPO (Malpn CUVEXAS YPAMML) OTO

(- ETMITTESO Kal Ye TNV TTapoucia dUo KTipiwv 30 x 10 X H m?. ATeik6vion yia Tpia SIaQopeTIKG Uyn KTipiou H

(BAETTE TIMEG Avw OE€IG O€ KABE ETTIUEPOUG OXNMA) Kal JE aTrOaTAcn PETAEU PHOVOTTOAOU Kal K&Be KTipiou (a)

f = 100m ~ 0.54 kal (B) & = 200m ~ A.

E¢etalovrag Ta dlaypduuata akTivoBoAiag Twv oxnuaTwy 4-7 Kai 4-8 Kal OUyKpivovtdg Ta
ME AQUTA TOU OXNUATOG 4-5, uTTopoUpE va doUpe TNV OTToIA ETTITITWON TOU PIAKOUG KAl ToU TTAATOUG
TWV KTIPiwV oTa diaypduuaTa akTivoBoAiag TNG uttOwn KEPQIAG EUPUEKTTOUTTAG. AVOAUTIKOTEPQ, N
OXETIKA d1AQOPOTIOINCN TWV TTAPAPETPWY PETALU Twv OXNUATWY 4-5 Kal 4-5 a@opd TO PAKOG TwV
KTIpiwv (L = 0.05% = 10 m oTo oxfua 4-5, évavtl L =~ 0.34 = 60 m oT10 oXAua 4-7). AvrtioToixa, n
OXETIKA SIaQOPOTIoiNCN TWV TTAPAUETPWY HETAEU Twv axnUdTwy 4-5 Kai 4-8 agopd 10 TTAATOG TWV
KTIpiwv (W & 0.054 =10 m oTto oxAua 4-5, évavri W ~ 0.3A =60 m oT0 oxjua 4-8). Ad 10
oxAuata 4-7 kai 4-8 ouptrepaiveTal 6Tl TO UAKOG Kal TO TTAATOG £vOG KTIpiou Oev QaiveTal va £XOUV
onUavTIKh €Tidpacn oTo dIAYPANKa aKTIVOBOAIOG TNG UTTOWN KEPQIOG EUPUEKTTOUTTIAG, €QOCOV TO
UYog Tou KTIpiou diatnpeital KATW atrd pia kpioiun TiyA. Autd cuvayetal atrd tnv oXeddév TauTion
TWV OIACTIKTWV MTTAE KAUTTUAWY Twv oxnudtwyv 4-5, 4-7, kal 4-8 (6mou oe OAa 1oxUel OTI
H = 20m # 0.13) ge TNV KAUTTUAN TTOU UTTOBNAWVEI TNV OHOIOKATEUBUVTIKOTNTA. KaBwg, duwg, 10
Uyog Tou KTIpiou augavel (BAETTE KOKKIVEG DIAKEKOMMEVEG KAWTTUAEG TwV oxnudTwy 4-5, 4-7, kai 4-
8, O0mou H=50m~ 0.251), TO OIAypaupa OKTIVOBOAIGG oTToKAivel €Aa@pwg aTmé  Tnv

opolokaTeuBuvTIKOTNTA. EmiTTAéoV, O€ TrepiTTwon TTepaITépw augnong tou Uwoug (H = 0.31), n
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OKTIVOBOAIQ  TNG KEPAIOG EUPUEKTTOUTING OTTOKAIVEI OPKETA ATTO TNV  OMOIOKATEUBUVTIKA
OUMTTEPIPOPA (OTTWG AUTO ATTOTUTTWVETAI ATTO TIG HAUPEG OIOKEKOUMUEVEG-OIAOTIKTEG KAPTTUAEG TWV
oxnuatwy 4-5, 4-7, kai 4-8). Me dA\a Adyia, oc pia TéTola TTEPITTTWON, n €midpacn 1600 Tou
MAKOUG, 600 Kal Tou TTAATOUG Tou KTIpiou, €ival ca®Ag. TéAog, TTepaimépw dlgpelivnon yia Tnv
eTidpacn Tou TTAAGTOUG TOU KTIpiou (OTTWG OIOTTIOTWVETAI KAl ATTO TIG MAUPEG OIAKEKOUMEVEG-
OIAOTIKTEG KAUTTUAEG TwV oxNUATWYV 4-5a Kal 4-8a), deixvel 0TI AuTth N €TidpaCT] gival PIKPr) TTANV —
BePaiwg- TNG a1TOKAIONG ATTO TNV OUOIOKATEUBUVTIKOTNTA.

Ta diaypduuata akTivoBoAiag Tou oxAuatog 4-9 agopolv Tnv TTEPITITWON TTapouadiag duo
OMOIWV KTIPiWV oTNV yUpw atmd 1o PovotToAo Treploxy. To éva KTiplo eival TotroBeTnUéVO KOTA
MAKOG Tou x-A&ova, evw To deUTEPO KATA PAKOG TOu y-agova. lNivetal n Bewpnaon 611 KABE KTiplo ival
o¢ amooTtacon 100 m (oxAMa 4-9a) | 200 m (oxnua 4-9B) amd Tnv Kepaia eupuekTTouTg. Ta
dlaypduuata akTivoBoAiag avagépovTal oTo  @- €TiTTedO yia & = §9° Kal yla Ta Tpia onueloUPEva
EVIOC TwWV OXnuUdatwv Uwn kTipiou H. Mia ypriyopn pamid ota Siaypdupata akTivoBoAiag Tou
oxnuaTog 4-9, utrodnAwvel 6T AuTd TTEPITTOU aKoAouBoUv Tnv idia TAon TTou dIATTIOTWONKE Kal O€
avTioToixa diaypduuaTa akTivoBoAiag dTTou gixape Tnv TTapouadia evog KTipiou. H Tdon autr €xel va
KAvel Pe To OTI TO UYWOoG evog KTIpiou gival n TTAEoV ONUAvTIKY TTAOPAPETPOG TToU KaBopilel To €Av ol
GAAeg TTapdpeTpol (OTTWG N aTTéoTACN WETALU TOU POVOTTOAOU KAl TWV KTIpiwV A N OXETIKN B€éon
auTWV) Ba eTTNPeGooUV NPAVTIKA To didypauua akTivoBoAiag. ETmi Tng ouciag, 6tav Ta dUo KTipia
€Xouv 20 m Uyog, ToTE TO dIdypauua OKTIVOBOAIGG yia R = 100m & 0.54 (UTTAE dIAOTIKTN YpauunA
TOU OXNMOTOG 4-90) OXEOOV CUUTTITITEI JE TOV HAUPO KUKAO TTOU QVAPEPETAI OE OUOIOKATEUBUVTIKN
OUMTTEPIPOPA. 2TO oXAua 4-9B 61Tou n aTrdéoTaon PETAEU Tou PovOTToAOU Kal KABe KTipiou EXEl
dirAaciaoTei (dnAadh, €xoue 0TI R = 200m ~ 1), TOTE, TTAPA TO OTI N aTTO0TOON PETAEU TWV KTIPIWV
£xel aAGEel, 1o didypappa akTivoBoAiag (UTTAE SIACTIKTN YPAPUNA TOU OXAKATOg 4-9B) TTapaTTéUTTE
Kal TTaAI o€ opolokaTeuBuvTiKOTNTA. KaBwg, Opwg, To UWog Twv KTIpiwv aufdvel, TOTE Ta
dlaypdupoTa  akTIVOBOAiag  Teivouv  va  dIA@EPOUV  ONUAVTIKA  atmmd TNV TIEPITITWON
OMOIOKATEUBUVTIKOTNTOG, N O¢ €midpacn Tou R oT0 OlIAypauua oKTIvOBOAiag va yivetal TrIo
onpavtikA. MNa Tapddelyua, ol JaUpeS DIOKEKOPMEVEG-OIAOTIKTEG YPAUMES TwY oXNUATWwyY 4-9a Kal
4-9B TTOU AVTIOTOIXOUV O€ OXETIKA uwnAd KTipia (dnAadr, H = 60m ~ 0.31) ammokAivouv onuavTikd
ammd TOo va UTTOONAWVoUV opolokaTeuBuvTikéTNTa. Me GAAa Adyia, OTnv TTEPITITWON auTh, Ol
OTTO0TACEIG PETAEU TwV OUO KTIPIWV KOl Ol OXETIKEG BECEIS TOUG KaBioTavTal onuavTikéEG OTO va

KaBopifouv TO OxNAMa Tou dlaypduuatog akTivoBoAiag aAAalovtag To. Mia emTTpocOeTn
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TTAPATAPNON UTTOPEI va Yivel av ouykpivoue Ta aoxnuata 4-9a kai 4-9B ue 1a oxAuata 4-5a kai 4-
6a, avrtioToixa. Autd TTou TrapartnpoUue eival OTI n AtmmokAIon aT1rd TNV OMOIOKATEUBUVTIKOTNTA
TTPOKUTITEI VIO EAAPPWG PIKPOTEPEG TIMEG TOU UYWoug H (H =~ 0.21) étav uttdpyouv dUOo KTipia KOVTa

OTO MOVOTIOAO, G€ GUYKPION KE TNV TTEPITITWON TTAPOUTIiag VoG HOVO KTipiou (H = 0.32).

4.5. Alaypdupata akTivoBoAiag yia TRV OTOIXEIOKEPAia

Me avaAoyo TpOTTo, OTTWG AUTOV TNG voTNTAG 4.4, TTAPOUCIACOVTal OTNV TTapouca evoTnTA
Ta dlaypdudaTta  akTivoBoAiag pakpivou Trediou yia Tov TUTTO OTOIXEIOKEPAIAG WG  Kepaia
eupuekTTOuTIAG [2022, G.S. Liodakis], Ta omroia TTpokUTITOUV £TTEITa aTTO  OKEDAoN o€ €va R dUo
KTipIa, evw yia AOyoug oUyKpiong TTapoucIAdeTal Kal TO avTioToixo SIdypaupa akTivofoAiag atov
eAeUBepo xwpo (dnAadn amroucia okédaong, PAETTE oxéon (4-4a)). EmmAéov, 6TTwg Ba diagavei
amé Ta Trapouciadépeva dlaypdupata  akTivoBoAiag, ol TTapatnprjoeig TTou  agopoucav  TIG
TIPONYOUUEVEG TTEPITITWOEIG OTTOU WG KEPAIA EUPUEKTTOPTIAG ATAV TO MOVOTTIOAO, I0XUOUV Of€

MIKPOTEPO 1 HEYAAUTEPO BABUG Kal yia TNV TTEPITITWON TNG OTOIXEIOKEPAIAG.
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ZxAua 4-10: AlaypdupaTa akTivoBoAiag yia Tnv oToIXEIoKEPaia oToV EAeUBEPO XWPO (HaUpn CUVEXAS YPAMML) Kal YE TNV
TTapouaia evog KTipiou pe L = 50m & 0.168A4 kot W = 10m & 0.0344. Amreikdvion yia Tpia SIaQopETIKG Uyn KTipiou H
(BAétre TINEG AGvw OefId O KABe E€TMPEPOUG OXAMA), ME ATTOOTACN METAEU OTOIXEIOKEPAIAG Kal KTIpiou ion e

R = 100m ~ 0.3364. (a) @-emimedo kai (B) B-emimedo.

AvVaAUTIKOTEPA, OTO KATWTEPW oxnpaTa 4-10a kai 4-10B, apouaidlovTal Ta diaypaupaTa
akTIvoBoAiag yia €vav TTapatnenTr TTou Bpioketal o ammootacn 3 km atrd Tnv OTOIXEIOKEPAIA yIa TO
@-€1iTTedO (yIo pia ouykekpipgévn Ty Tou B, dnAadr 6 = 90°) kal To B-eTmiTedo (yia @ = 90°),

avTioToixa. H atméotaon PeTagu TG OTOIXEIOKEPAIAG KAl TOU KTIpiou R = 100m & 0.34A uttodnAwvEl
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OTI TO KTipIo BpiokeTal aTnV TTEPIOXT GAANAETTIOPAONG TOU £yyUg Trediou. ATTo Ta oxrjuata 4-10a kai
4-10B, cival sypavég O €va Kriplo dlaoTdoswy 58 X 10 x Hm® og amdéotaon 100 m amd v
OTOIXEIOKEPQIia, MTTOpEi va emTnpedoel Ta TTPOKUTITOVTA OlaypduuaTa akTivOBoAiag poévo otav
H = 0.2, Z& avdAoyo CUPTTEPOCHA KATAAYOUE Kal yIQ TNV TTEPITITWON TTOU N HOvn aAAayr agopd
TO WNAKOG Tou KTIpiou (BAETTE avTioToixa dlaypdupaTa akTIVOBOAIAG o€ @-eTTITTEDO Kal B-ETTITTEdO Tou

oxAuarog 4-11).
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ZxApa 4-11: Aigypduupata akTIVOBOAIAG yia Tnv OTOIXEIOKEPAia OTOV €AEUBEPO XwWPO (Paupn OUVEXNS

Tpia dla@opeTikG Uwn KTipiou H (BAETTE TIWEG dvw OeCId o€ KABE €TMIUEPOUG OXNMA), ME QATTOCTACH METALU

1

OTOIXEIOKEPAIQG Kal KTIpiou ion ye R = 100m =& 0.3364. (a) w-emimedo kai () 8-etriedo.
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IxApa 4-12: Aigypduuata akTIVOBOAIGG yia Tnv OTOIXEIOKEPAia OTOV €AEUBEPO XWPO (Uaupn OUVEXNS
YPOUMNA) KAl JE TNV TTApouUadia evog KTipiou pe L = 30m & 0.100874 kot W = 10m ~ 0.033624. Ameikévion yia
Tpia dlapopeTik& Uwn KTipiou H (BAETTE TINEG Avw BeCId o€ KABE emmPEPOUG OXNMA), YE aTTOOTOCN METALU

OTOIXEIOKEPAIOC Kal KTIpiou ion pe R = 100m # 0.3364. (a) @-cmimedo kai (B) B-emimedo.
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ZxAHa 4-13: Alaypduuata akTivOBOAIag yia TNV OTOIXEIOKEPAia OTTWG OTO OXNMA 4-12, pye pévn diagopd oTi
R = 200m = 0.674, Ameikdvion yia Tpia dia@opeTikd Uywn kTipiou H (BAETTE TINEG Gvw JegId o€ KABE ETTINEPOUG

oxAua). (a) @-emimedo kai (B) H-emrimedo.
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ZxAua 4-14: Algypduuarta akTIVOBOAIGg yia Tnv OTOIXEIOKEPAia OTOV €AEUBEPO XwpPOo (Paupn OuveXNS
YPOUUN) Kal 4E TNV TTapouaia evog KTipiou pe L = 20m & 0.067254 kai W = 10m # 0.033624. Atreikdvion yia
Tpia dla@opeTikG Uwn KTipiou H (BAETTE TIWEG Avw OeCId o€ KABE €TMIPEPOUG OXNMA), ME QATTOCTACH METALU

OTOIXEIOKEPAIAG KOl KTIpiou ion ye R = 100m # 0.3364. (a) @-emimedo kai (B) B-emiedo.

Ta oxAuata 4-12 kai 4-13 armeikovifouv Ta diaypdupaTa akTivoBoAIag yia évav TrapatnenTh
TToU BpiokeTal o€ améoTacn 3 Km atrd TNV GTOIXEIOKEPAIA YIA TO @-ETTITTEDO (YIA Yid CUYKEKPIPEVN
TIyA Tou B, dnAadny B = 90°) kai TO B-emiTTedo (yIa @ = 90°), avrioTOoIXA, Yia dUO TINEG TNG
aTTO0TOONG WETAEU TNG OTOIXEIOKEPAIOG Kal Tou KTipiou (R = 100m kai R = 200m), KAl yia TIMEG

Uyoug Tou KTIpiou H=20m, 40m, 60m. ATT6 Ta SlaypdpuaTa akTivoBoAiag Twv oXNUATWY auTwy gival
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oa@Eg OTI HOVO YIa TNV TTEPITITWON OTTOU R = 100m (TO KTipIo EVTOG TNG TTEPIOXAG £YYUG TTEDIOU) KOl
H = 0.2 éxope ouoiwdn alAayn ota diaypdupata akTivoBoAiag, evw yia TNV TTEPITITWON OTTOU TO

KTipIO €ival evTOg TNG TTEPIOXNS Fresnel, n emidpacn Tou UYPouS TOU KTIpiou gival axedov aueAnTéa.
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ZxAMa 4-15: Aigypduuata akTivOBoOAiag yia Tnv OTOIXEIOKEPAia OTOV €AEUBEPO XwpPo (Paupn CUuveXNS
YPOUMA) KAl YE TNV TTapouaia evog KTipiou e L = Z0m & 0.067254 kal W = 50m &~ 0.168124. Amreikévion yia
Tpia SlaopeTikG UWn KTipiou H (BAETTE TINEG Avw BEe€Id o€ KABE emMIPEPOUG OXNMA), YE aTTOOTOCH METALU

OTOIXEIOKEPQIOG KAl KTIpiou ion ye R = 100m # 0.3364. (a) @-emimedo kai (B) B-emimedo.

Ta oxnuata 4-14 kai 4-15 armeikovifouv Ta diaypduuaTa akTIvVOBOAIag yia évav TTapatnenTh
TTOoU BpiokeTal o€ atmréoTacn 3 km atrd TNV CTOIXEIOKEPAIA VIO TO @-ETTITIEDO (YIA Yia CUYKEKPIMEVN
TINA Tou 8, dnAadn 8 = 20°) kal To §-emiTedo (yia ¢ = 90°), oTa avrioToIXa ApPIOTEPG Kal deCId
ETMPEPOUG OXNHATA, VIO BUO BIOPOPETIKEG TINEG TOU TTAATOUG £VOG KTIpiou (W = 10m kal W = 50m),
Kal yia TIgEG Uyoug Tou KTipiou H=20m, 40m, 60m. ATO Ta Odlaypduuata akTIvOBoAiag
oupTtTEpaivope OTI 6Tav R = 100m, n €mMidpacn Tou TTAATOUG TOU KTIpioU apyilel va yiveTal ENQAvAg
otav H = 0.2A.

TéNOG, oTa KATWTEPW oxAMUaTa 4-16 kai 4-17, atreikoviovral Ta diaypauuaTa akTivoBoAiag
yla évav mmapatnpnTh TTou BpiokeTal o€ amoéoTacn 3 Km atmd TNV OTOIXEIOKEPQIA IO TO @-ETTITTESO
(yio pia ouykekpipévn TiuA Tou B, dnAadn 8 = 90°) kal To B-TiTTedO (YIO ¢ = 90°), OTA AVTIOTOIXO
apIoTEPA Kal OegId ETMIUEPOUG OXNAMATA, Yia U0 OIOQOPETIKEG TIUEG TOU MNAKOUG €VOG KTIpiou

(L = 20m Kal L = 80m), Kal yia TIUEG UWPoug Tou KTIpiou H=20m, 40m, 60m. ATt Ta diaypduupaTa
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aKkTIVOBoAiag cuutrepaivoue OTI 0Tav R = 100m, n €midpacn Tou TTAATOUG TOu KTIpiou apxilel va

YivVETQI EPAVAG yIa H = 0.24, Kail 1010iTEpa OTAV L = &1,
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ZxAMa 4-16: Alaypduuata akTIvVOBOAIGg yia Tnv OTOIXEIOKEPAia OTOV €AEUBEPO XwpPOo (Paupn OUuveXNS
YPOUUN) KAl YE TNV TTapoudia U0 KTIpiwv (KAt PAKOG TWV X- Kal y-a§OvwV) TTou £Xouv L = 20m ~ 0.067254
Kol W = 10m ~ 0.033624. Amreikovion yia Tpia SIaQopeTIKA Uwn KTipiou H (BAETTE TIPEG dvw Oegid o€ KABE
EMPEPOUG OXNKA), UE aTTOCTOON UETALU OTOIXEIOKEPAIOG KAl KAOE KTIpiou ion pe R = 100m ~ 0.3364. (a) ¢-

emitredo kai (B) 8-emimredo.
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ZxAMa 4-17: Algypduuarta akTIVOBOAIGg yia Tnv OTOIXEIOKEPAia OTOV €AEUBEPO XwpPo (Paupn Ouvexng
YPAUMRA) KAl JE TNV TTapouaia dUo KTIpiwv (KaTd MAKOG TWV X- Kal y-afévwy) Trou éxouv L = 80m & 0.263994
kar W = 10m & 0.033624. Ameikévion yia Tpia dla@opeTik@ Uywn kTipiou H (BAETTE TINEG Avw Oe€Id o€ KABE
EMPEPOUG OXAMA), HE ATTOOTOCN METALU OTOIXEIOKEPAIAG KAl KABE KTIpiou ion e R = 100m & 0.3364. (a) -

emritedo kai (B) B-gtmiedo.
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4.6. Avookotnon emiAuong TpoBARHaTOG OKEDAONG KAl ATTOTEAECHATWV OF

EUPUEKTTOUTTA

To katwTépw oxAua 4-18 aTtreikovifel TNV YeviK Tropeia €mmiAuong Tou TTPORAANOTOS
okédaong oto UTTOWn oUCTNHUA EUPUEKTTOMUTING, CUMTTEQIAQUBAVOUEVWY i EVOEIKVUOUEVWY TWV
Baoikwv oxeTikwv oxéoewv. OuoiaoTikd, To oxnua 4-18 TmepiAapBdvel Ta kUpia onueia Twv
evotTwy 4.2 Kal 4.3 pe E€TTOTITIKO KAl OUVOTITIKO TPOTTO, PE TEAIKO €Eayouevo Ta diaypduuaTa

OKTIVOBOAIQg TTOU TTOPOUCIACTNKAV OTIG EVOTNTEG 4.4 Kai 4.5.

YT1roAoyIop6G TV CUVTEAECTWV
okédaong S;; (Xxéon 4-18)

l

MovteAoTtToinon kTipiou:
Alootdoeig (H, L, W) &
N ouppaTIiva TUAPATA TTAEYHATOG

]

'I:v"] =
[¥ 5]
I
|
5]
-
I
'_A
B
=

1}
=

[

MovTeAoTToinon KEPAIag EUPUEKTTOUTTAG
(MovéTTOAO 1 OTOIXEIOKEPQIiQ):
E€aywyn un PNOEVIKWY GUVIOCTWOWY
TTOU EKTTEUTTOVTAI OTO £yYUG TTEdIO

EtriAuon ouocTAUATOG N YPAUMIKWV
eClowoewv: YTTOAOYIONOG TwV
L.i=1.2..... N

YTtroAoyiopdg Tou okedalduevou
NAekTpIKOU Trediou E5° kan E5™

Méow TOu SlavuouaTikoU duvapikou
A: (oxéon 4-19)

y

Alaypdupara akTivopoAiag yia 1o
OuVOAIKS TTedio aTnv B€an Tou
TTapaTnENTA (@ Kai 8- TTiTedo)
via atrooTaon r=3km

ZxAua 4-18: Mopeia emiAuong Tou TpoBAAuaATOog okéEdAONG OTO CUCTNHA EUPUEKTTOUTTAG.

2€ OTI aQopd TNV POVTEAOTTOINGN TWV KTIPIWV aKoAOUBRBNKeE N TTPAKTIKN TNG Bewpnong evog
KTIPIOU WG aywyihou avTiKEIuévou, KATI TTou yiveTal OxI Jovo 6Tav n povrehotroinon agopd 1ic MF
kar HF Cwveg ouyvotnTtwy [2022, Zhu], [1998, Zhang], [1981, Chen], aA\& kai o€ uwnAdTEPES
ouxvotnTeg [2011, Alitalo], [1983, Chen], [1995, Maeda]. EmitrAéov, o€ OTI apopd TNV YOPPr TOU

Niodakng Z. Fewpyiog: AidakTopiki Alatpipn 99




KTIpiou, n povTeAoTroinon ATav pe opBoywvia popen (0TTwg Eyive kal oTig [2022, Zhu], [1983,
Chen], [1995, Maeda]), evw evaAAaKTIKG PTTOpEi va yivel péow KUAIVOpIKAG pop@erig [2011, Alitalo],
[1981, Chen], [1983, Chen]. Emiong, Tapduoia YovTeEAOTTOINGN HECW CUPUATIVOU TTAEYUATOG £YIVE
kKai otnv [1995, Maeda], o¢ cuvbuaoud pe TNV WEBOBO Twv poTtwv. TEéAog, pia TTpdoaTn
MovTeAoTToinon péow oupudTivou TTAEypaTog ATav Kal auTh NG [2022, Zhu], e cuvdUaCuO e dia
TTANPWGS apIBuNTIKA PHEBOSO PECW TOU EUTTOPIKOU Aoyiouikou FEKO.

To oloTnUa YPAPMIKWY €EICWOEWV TIOU TTEPIYPAPETal ammd Tnv oxéon 4-10  AuBnke
apIOUNTIKA MPEOW OTPOYYUAOTTOINONG Kal avaoTPO®AG TTivaka Kal €TTOKOAOUBo €Aeyxo Tng
oUYKAIONG TNG AUONG, HECW KWAIKA 0TNV YAWwooa TTpoypauuaTtiopou Fortran 90. H Trpocéyyion Tng
uI0B£TNONG TOU WOVTEAOU TOU QYWYIKMOU CUPUATIVOU TTAEYUATOG O OouvOUAOHd HE TOV KWOIKA
AOYIOUIKOU, uTTopEi va BewpnBei wg pia nuIavaAuTIKh AUon oTo TTPORANUa okEDAONG HE TIG KEPAIES
EUPUEKTTOUTING TTOU €EETAOTNKE, KABWG EPTIEPIEXEI TNV APIOUNTIKA €TTIAUCNH TOU OUCTAMATOG
eClowoewv TG oxéong 4-10. Autd, pe TNV O€IPA TOU, ONPAiVEl OTI TIPOKEITAI VIO Yia aTTOOOTIKN aTTd
TIAEUPAG XPOVOU KAl PUVAKNG TTPOCEYYIOT €TTIAUONG, EVW KAl N TTOAUTTAOKOTNTA TTOU ThV CUVODEUEI
OXETICETOI UE TUYKEKPIPMEVOUG aVAAUTIKOUG UTTOAOYIOHOUG TTOU YivovTal ATrag. Ao Tnv AAAn pepid,
0ev ATAV €QIKTA N TTPOCOMOIWCN TNG MOPPNAG I TWV UAIKWV Twv KTIpiwv HPE peydAo Babuod
AetrTopépeiag. Aedopévou, OPwG, Tou OTI N akpifeia TNG PovTeAoTToinong dgv Tav To TTPWTEUOV, N
TPOCEYYION TIOU OKOAOUBNBNKe Trapéxel dia atmmodekTr) AUcn ot éva pPealioTikO TTPORANUa
okEdAONG KATA TNV EUPUEKTTOUTIH). Oa TIPETTEl, €TTIoONG, va ava@epBei 0TI n OAn emmAeyeEioa
TTPOCEYYION aPOPA TNV CUYKEKPIPEVN Cwvn MF ouxvoTrTWwV Kal, CUVETTWG, OEV UTTOPEi va BewpnOei
OTI uTTOPEl VO akoAouBnBei kail yia TNV TTEPITITWON TToU Ba a@opouce UWNAOGTEPEG CUXVOTNTEG.

H emiAuon Tou TTpoBAAaTOg OKEDAONG O€ éva OUCTNO EUPUEKTTOPTIAG TTOU £EETACTNKE OTO
TTapPOV KeEQAAaio TnG dIaTpIBAG ATTOOKOTTOUCE OTO VO EKTIMAOCEl TAV €TTIOPACN TNG UPICTAMEVNS
TTAPOUCiag 1 TNG MEANOVTIKAG UTTaPENG AOYW KATOOKEUAG KTIPiWV OTO €yyug TTedio  piag kepaia
EUPUEKTTONTIAG, €£TOI WOTE va Pnv eummodifeTal n Asitoupyia autig. H povrehotroinon péow
OUPUATIVOU  TTAEYUATOG QYyWYWV YIO TA KTipIA ATTOTUTTWVEL TNV QUOUEVECTEPN TTEPITITWON
AgIToupyiag ava@opik@ PE TNV €TOPACN OTA XAPAKTNPIOTIKA AKTIVOBOAIAS Twv eEETACBEVTWY
KEPAIWY, XWPIC va eyyudTal eTTakpIfr] povreAotroinan. Ta atmoteAéopaTa UTTodEIKvUOUV OTI TO UWOg
TWV KTIpIWV gival n TTAéOV onuUAvVTIKA TTAPAPETPOG TTOU UTTOPEI va PETABAAAEl T XOPAKTNPIOTIKA
OKTIVOBOAIGG TwV KePAIWY OTOV EAEUBEPO XWPO. TO PAKOG Kal TO TTAATOG TWV KTIPiWV, KaBWG Kal n

aTTO0TAOH TOUG ATTO TNV KEPQIA EUPUEKTTOPTIAG UTTOPOUV va £XOUV ONUAVTIKR E£TTidpacn oTd
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dlaypdpuaTa akTivoBoAiag pyévo oTnv TTEPITITWAON TTOU TO UWOG QUTWVY UTTEPPRaIVEL Pia Kpioiun TIun.
H kpioiun aut iy BpéBnke va gival Trepitrou ion pe Trepitrou 0.24 yia TNV TTEPITITWON EKTTOPTIAG
MovOTTOAOU OTO oTroio TrapepPBallovral dU0 KTipla A yia TRV TTEQITITWON EKTTOMTIAG ATTO TNV
ecetaoBeioa oToixelokepaia otnv otroia TTapeuBaAlovTal Eva i duo KTipia. ETmTpdoBeTa, n Kpioiun
QUTA TINA ATav eAa@PWS uwnAOTEPN (TTEPiTTOU 0.31) OTav OTO HovOTToAO TTapepBdaAAovTtav éva
YEITOVIKO KTiplo. ETTOpéVWG, yIa TO SUOUEVEDTEPO OEVAPIO EUPUEKTTOUTTAG aTTO TIG £¢eTaoBEioeg MF

KEPQIiEG, Ta KTipia Ba uTTOpoUV va BpiokovTal akOua Kal o€ atmréoTaon 0.54 OO QUTEG, UTTO TNV

TTPOUTT60e0N OTI £X0UV AlyOTEPOUG ATTO OKTW 0POPOUG (UWoug 5 m, 0 KaBévag).
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EMIAOIoz

2UlBOoAR TNG B1IBAKTOPIKAG S1aTPIBG OTNV TTPOAYWYN TNG ETTICTAKNG

H tTapouca diatpifr) €xel oav aToxo Tnv €TmAuon €uBEwv TTPORANUATWY OKEDOONG MECW TNG
MEAETNG KAl JOVTEAOTTOINONG TTEPITITWOEWY TTOU ATTOVTWVTAI O€ ETTIUEPOUG TOUEIG KAl EQAPHOYES
TWV TNAETTIKOIVWVIWY. H yeVIKOTEPN TTPOCEYYION TTOU aKOAOUBNBONKE rTav auTh TG JovTeAOTTOINONG
MEOW avOAUTIKWY OXETEWYV, £TOI WOTE VA €ival GUETA avayvwpiolun n €TTidpacn Twv ETTINEPOUG
TTOPAUETPWY OTA TTPOKUTITOVTA dlaypduuaTa akTivoBoAiag. Ta mrapoucialdueva ammoTeAéouaATa Kal
Ol TTPOTEIVOUEVEG HOVTEAOTTOINCEIG APOPOUV UPU TTEDIO TTOAAIOTEPWV KAl VEWTEPWY EQAPUOYWV.

Eidikétepa, 1O €mMpEPOUG KUpIa onueia TnG Trapoucag diatpiBrig mou cuuBdAAouv oTnv
TTPOAywyYA TNG ETTIOTAUNG €ival Ta €ENG:

o H emiduon péow piag nuiavaAuTIKAG AUonG Tou €ubBéog TTpoPARuaTog okédaong eTTiTTEdWY
NAEKTPOUAYVNTIKWY KUPATWY, TTapouadia piag ouvBetng KUAIVOPIKAG dour G atroTeAoUuevng aTrd
EVOETEC OTPWHATOTTOINUEVES BINAEKTPIKEG KUAIVOPIKEG PABOOUG UE ATTWAEIEG.

e H emiduon Tou €uBéog TTpoBARpaTOG OKEDAONG OTO MOKPIVO TTedio o€ éva ouoThua
EUPUEKTTOUTTAG oTnv MF Cwvn cuyxvoTATWY, PE OTTWTEPO OTOXO TNV PEAETN eTidpacng Tng
okEdaONG TWV KTIPiwV TToU BpiokovTal 0TO eyyUg TTEdI0 dUO TUTTWV KEPAIWY EUPUEKTTOUTTAG.

o H digpedvnon TG PEAMIOTIKAG WOVTEAOTTOINONG ACUPUATWY CUCTNUATWY ETTIKOIVWVIAG TTOU
utrooTtnpifovtal atmd RISs, mpog emiAuon Tou TTPOKUTITOVTOG TTPORAAMATOG E€I0AYOUEVNG
okEdaong oTa TTAaiola uAoTToinong evog £EuTTvou TTEPIBAAAOVTOG PABIOETTIKOIVWVIAG.

H AemrTopepric avadAuon Twv TTPOAVAPEPOUEVWY ONUEiwWY OUPPBOARG TnG dIatpIBAG PE Ta
ouvagn otoixeia (uttoBéoelg, pabnuatikoi utToAoyiopoi, dlaypduuarta akTivOBOAiag, €TTINEPOUG

oupTTEPAoUATA, KATT.) yiveTal, Katd TTEPITITWON, OTa TTPoNynBEévTa KEQAAaia.
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MeAAOVTIKEG ETTEKTACEIG-EQPAPHUOYES TNG OIOAKTOPIKNAG d1aTPIBAG

H Ttapouca diatpiBi WTTOpei va €TTeKTOBEl /KAl va €QOPUOOTEI ME TIG ATTOPAITATEG

TPOTTOTTOINCEIG O€ OIAPOPES KATEUBUVOEIG YIa TIG TPEIG ETTIOTNMOVIKEG TTEPIOXEG/UTTOTTEPIOXEG

(nAekTpopayvnTikp  Bewpia okédaong, E€Euttvo  TTEPIBAAAOV  ETTIKOIVWVIAG,  OUCTHPATO

EUPUEKTTOMTING) ME TIG OTIOiEG aoyOAeital. AvaAuTIKOTEPA, TTIOAVEG MEAAOVTIKEG ETTEKTAOEIG-

Kateubuvaoelg, YTTopei va givai:

H emmékTaon tnG TTPOTEIVOUEVNG NUIOVAAUTIKNG TEXVIKAG YIA TTEPITITWOEIC OKEDAONG OTTOU Ol
O1apopeG KUAIVOPIKEG BOoPEG Ba atroTeAoUvTal, TTAEOV, ATTO OUVOETA UAIKA 1} 8108IACTATEG DOPEG
a1rd METAUAIKA (MeTa-eTMIQAvEIEG). EIBIKA yia TNV TTEPITITWON HETA-ETTIQPAVEIWY, Ba TTPETTEl va
An@Bei uTTOYn n UTTAPEN EMEAVEIOKWY KUPATWY, TO OTIoi0 OTTOTEAOUV TTEPITITWON HN
opoyevwyv H/M trediwv.

H evotroinuévn Trpocéyyion oxedlaopoUu yia CUCTAPATA OoUPUATNG  ETTIKOIVWVIAG TTOU
utrooTnpifovral ammd em@aveieg RISs, péow xpAong TeXVIKWV ammd Tnv Bewpia TOU
NAEKTpOUAYVNTIOPOU  (ME OTOXO TnVv BEATIOTOTTIOINON TWwWV OTIOIWV  XPNOIUOTTOIOUUEVWYV
AeIToupylov  evog H/M  KUupatog) Kal Twv TNAETTIKOIVWVIWV (ME QVTIKEIMEVIKO OTOXO TNV
MEYIOTOTTOINON TNG XweNTIKOTATAG KavaAiou). ‘ETol, yia mapddeiyua, Ba Atav emBupnt) n
MEAETN aTTOdOONG €VOG TETOIOU CUCTAUATOG ETTIKOIVWVIOG PEOW aflotroinong Tng okEdaong
TTOU TTPOKUTITEI Adyw avwpaAng avakAaong oTig RISs, yia Tnv mTepiox Twv XINIOGTOUETPIKWY
Kal THz ouxvoTATwyY, PE XPAON €PYOAEiWV TNG OTOXAOTIKNAG YEWMETPIAG -OTTWG Ol XWPIKEG
ONMEIOKEG OTOXAOTIKEG O1adIKAOiEG- yIa TRV PovTeAOTToinon Kal TG Béong Twv RISs kal Twv
KTIPiWV.

H d1a@QopETIKI) JOVTEAOTTOINCN TWV KTIPIWV YIO TNV VIETEPUIVIOTIKA TTEPITITWON OKEDOONG O€
OUCTAMOTA EUPUEKTTOUTING TTOU €EEETAOTNKE, TOOO MWE GAAAD POPQEG-OXAMATA TTEPAV TOU
opBoywviou TTAPAAANAETTITTESOU (O6TTWG o1 KUAIVOPOI 1 GAAa KUpTA cwuata), 600 Kal PE TIG
NAEKTPIKEG 1IDIOTNTEG TWV UAIKWYV OTTO TA OTTOIA £iVOI KOTAOKEUAOUEVO.

H agiomoinon tng random shape theory otnv povrehotroinon Twv KTipiwv. Me GAAa Adyia,
0edopévou OTI N okedalOMEVN 1I0XUG CUVEICQPEPEL €V YEVEI ONUAVTIKA OTNV PadIoKAAuywn Wiag
QOTIKAG TTEPIOXNAG, Ta dlaBéoipa epyaleia TnG Bewpiag auTtrig TToPoUV VA PHOVTEAOTTOINCOUV TNV
OTATIOTIKI] CUMTTEPIPOPA EUTTOBIWY, OTTWG TA KTipIO. ZUVETTWG, N TTPOEKTACN Ba agopd Tnv
avAaTITugn e€vog OTOXOOTIKOU TTAQIGIOU yia TO TTWG N TUXAIOTATA XOPAKTNPIOTIKWY (OTTWG TO
MEyEDOG, UWog, TpooavatoNIouog kal Béon Twv KTIpiwv) emnpeddel Ta  diaypduuaTa

aKkTIVOBoAiag o€ éva oUOTNUA EUPUEKTTOUTING KAl X1 HOVO.
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Abstract: A complex cylindrical structure consisting of a group of parallel stratified circular lossy di-
electric cylinders, embedded in a dielectric circular cylindrical region and surrounded by unbounded
dielectric space, is considered in this paper. The scattering of electromagnetic (EM) plane waves by
the aforementioned configuration was studied; the EM waves impinged obliquely upon the structure
and were arbitrarily polarized. The formulation used was based on the boundary-value approach
coupled with the generalized separation of variables method. The EM field in each region of space
was expanded in cylindrical wave-functions. Furthermore, the translational addition theorem of
these functions was applied in order to match the EM field components on any cylindrical interface
and enforce the boundary conditions. The end result of the analysis is an infinite set of linear alge-
braic equations with the wave amplitudes as unknowns. The system is solved by the truncation of
series and unknowns and then matrix inversion; thus, we provide a semi-analytical solution for the
scattered far-field and, as a consequence, for the scattering cross section of the complex cylindrical
structure. The numerical results focus on calculations of the electric- and magnetic-field intensity
of the far-field as well as of the total scattering cross section of several geometric configurations
that fall within the aforementioned general structure. The effect of the geometrical and electrical
characteristics of the structure on the scattered field was investigated. Specifically, the cylinders’ size
and spacing, their conductivity and permittivity as well as the incidence direction were modified
in order to probe how these variations are imprinted on scattering. Moreover, comparisons with
previously published results, as well as convergence tests, were performed; all tests and comparisons
proved to be successful.

Keywords: arbitrary polarization; dielectric cylinders; electromagnetic scattering; layered cylindrical
structure; oblique incidence; scattering cross section; space wire; stratified cylinder

1. Introduction

Although the scattering of electromagnetic waves by cylindrical structures has been
broadly investigated for many decades, it still draws interest nowadays because of the
variety of scientific areas it is associated with, such as microwave engineering, electro-
magnetic compatibility, mobile and satellite communications, geophysical and mineral
exploration, space and military technologies, defense and the security sector. It's ap-
plications include simulating complicated structures, analyzing modes in waveguides,
simulating communication lines and space wires, controlling the radar cross section of
various targets, communicating within tunnels and underground constructions, detecting
and monitoring pipelines and subsurface resources.

Plane-wave scattering by two stand-alone parallel circular cylinders at normal inci-
dence is one of the simplest pertinent problems and it was treated some decades ago [1-4],
whereas oblique incidence at the same structure has also been examined [5,6]. Another,
relatively simple, geometric configuration that has drawn strong interest consists of a
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circular conductive or dielectric cylinder embedded in a host cylinder either concentrically
or eccentrically [7-10]. The case of scattering by inhomogeneous cylinders has also been
studied [11], while arbitrary polarization and oblique incidence on either dielectric cylin-
ders loaded by strips [12] or dielectric semi-cylinders loaded by ground plane slots [13]
have been considered. More recently, scattering by dielectric cylinders eccentrically coated
by cylindrical metamaterial shells has been investigated [14].

The most popular method to treat such problems is the expansion of the electromag-
netic (EM) field expressions in cylindrical wavefunctions with unknown coefficients, which
are found by applying the corresponding boundary conditions and solving the consequent
infinite set of linear equations by truncation and matrix inversion [15]. However, various
analytical formulations and numerical techniques have been proposed to deal with scatter-
ing from cylindrical structures; the latter may be far more complex than the ones mentioned
in the previous paragraph. Indicative works are cited below.

The computational method of moments has been used to study electromagnetic scatter-
ing by perfect electric conductor (PEC) cylinders with arbitrary cross sections and several
dielectric layers [16,17], and an impedance boundary condition of 2nd order has been
employed to examine the effects of different dielectric coverings on PEC cylinders [18],
while fictitious filamentary sources have been used to imitate the EM field scattered from a
coated cylinder [19]. Scattering from eccentrically stratified cylinders has been addressed
by enforcing the boundary conditions directly upon cylindrical surfaces at normal [20] and
oblique incidence [21], while a new technique based on an indirect mode matching and 2nd
Green’s vector theorem has been introduced to solve problems of EM-wave scattering from
complex cylindrical structures such as eccentrically stratified cylindrical inclusions embed-
ded in a host cylinder [22,23]. The rigorous coupled wave analysis in bipolar coordinates
has been used to investigate scattering from eccentric multi-cylinder configurations [24]
and the T-matrix method has been employed to study scattering by a cylinder with eccentric
cylindrical inclusions [25]. The more complicated case of bianisotropic cylindrical inclu-
sions in a host cylinder which is embedded in a bianisotropic space, at oblique incidence,
has also been treated [26].

The scattering of electromagnetic waves by structures that involve several parallel
cylindrical rods has been considered by many researchers; a common geometric configu-
ration comprises cylinders with a circular [27] or arbitrary cross section [28,29] at normal
incidence, while obliquely incident plane waves have been also examined [30]. More
complicated problems/geometries include scattering from multiple dielectric and metal-
lic objects studied by using the T-matrix method [31], oblique incidence at multilayered
crossed arrays of circular cylinders [32], an S-matrix solution to scattering from periodic
arrays of metallic cylinders with an arbitrary cross section [33], an iterative scattering
procedure applied to parallel anisotropic chiral cylinders [34] and scattering from various
periodic arrays of cylinders [35-37].

Over the last few years, interest in problems of scattering by cylindrical structures
remains vivid, albeit the geometries /problems treated become even more sophisticated [38].
A series solution based on continuity has been presented for scattering from multilayer
cylinders of arbitrary shapes [39,40], a Voltera integral equation formulation has been
proposed for scattering by radially inhomogeneous cylinders in the case of oblique inci-
dence [41], the spectral integral method (SIM) has been employed in the case of scattering
by multilayer magnetodielectric cylinders [42], a hybrid integral equation method has
been investigated in the case of scattering from doubly connected cylinders at oblique inci-
dence [43] and a generalized vector cylinder harmonics (VCH) expansion has been applied
for the scattering of an inhomogeneous plane wave by various cylindrical structures, such
as a multilayer cylinder and an ensemble of stratified cylinders [44-46]. Recently, multilay-
ered cylindrical geometries have been adopted to simulate photonic crystals [47,48]. The
absorption and reflection of EM-waves by such crystals has been examined by using the
transfer matrix method [47], while a multiphysics sensor consisting of magnetized plasma
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and isotropic dielectric layers with a periodic cylindrical structure has been proposed by
Zhang et al. [48].

In this paper, we extend the method applied in [26] as a means to address and ef-
ficiently solve the problem of electromagnetic scattering of plane waves with arbitrary
polarization, as they are obliquely incident upon a complex cylindrical structure of infi-
nite length consisting of a group of parallel stratified circular lossy dielectric cylinders,
embedded in a dielectric circular cylindrical housing surrounded by dielectric space. To
the best of our knowledge, except [49] where scattering from a similar configuration is
addressed as an engineering electromagnetics exercise from an educational point of view,
this cylindrical structure is one of the most complicated configurations considered so far
at oblique incidence. Admittedly, even more complex geometries may be found in the
literature [23,24]; however, the EM wave is assumed to impinge normally on these struc-
tures. Thus, the main contribution of this paper is a solution to EM-wave scattering by
combining a rather complicated cylindrical configuration with EM waves at obliquely
incidence, which, in addition, are arbitrarily polarized. Furthermore, a semi-analytical
method is used to address the problem, the only approximation being the truncation of the
infinite series and the (numerical) matrix inversion.

The composite cylindrical wire considered in this work offers great flexibility in
complex cylindrical object modeling because the analysis does not impose any restrictions
on the physical properties (its multitude, size, position) and the electrical characteristics of
the multi-layered cylindrical rods enclosed in the outer cylinder, provided that they are not
overlapped. The multiple core model presented herein may be used for the simulation of
space wires with applications in EM compatibility problems.

This paper is organized as follows. A description of the geometric configuration is
given in Section 2. Additionally, the semi-analytical solution is developed in the same
section. The end-result of the analysis is the calculation of the scattered electric and
magnetic field intensity as well as the total scattering cross section of the structure. The
indicative results are included in Section 3; the convergence of the solution is also examined
therein. A discussion of the results is provided in Section 4, together with comparisons
with previously published works. Finally, our conclusions are presented in Section 5.

2. Materials and Methods

A geometric configuration of our problem is depicted in Figure 1; Figure 1a displays
the cross section of the general structure, while Figure 1b offers a 3D view of a simpler
configuration that may serve as an example. The general configuration consists of a circular
dielectric cylinder (affiliated to region 1) which is placed within the boundless free space
(affiliated to region 0) and comprises L — 1 parallel circular stratified cylinders (each with two
lossy dielectric layers, affiliated to regions 2, 3, 4, 5, ..., 2L — 2, 2L — 1). Each cylindrical
region of space is identified by the index, i (i =0, 1,2, 3,4, 5, ...,2L —2, 2L —1),and is
characterized by its dielectric permittivity, ;, magnetic permeability, y;, electric conductivity,
0;, and radius, «;. All L cylinders (the external as well as the embedded ones) are parallel to
each other, with their axis-to-axis distances symbolized by Dy, (p, ¢ =1, 2,..., L). We define
L — 1 local cylindrical coordinate systems, O, (pp, qop,z), withp =1, 2,...,L and each one
attached to the axis of the corresponding p-th cylinder, while the O; (p1, 91, z) system devoted
to the outer cylinder’s axis is used as reference.

The primary excitation is provided by an EM plane wave with arbitrary polariza-
tion, impinging on the configuration of Figure 1a from the external region (0), where it
propagates. The vector wavenumber of the aforementioned EM wave is given by

, in
—inc —me

kK (0,¢) =kok, + Bz =kosin® (cos ¢’ x +sing’ y)+kycoso’ z, 1)

where 0’ and ¢’ are the angles of plane wave oblique incidence shown in Figure 2,
B = kcos ©’ is the propagation constant, k, = ko sin®’ and kg = w,/€pHy is the wavenum-
ber of free space when w implies the circular frequency. Henceforth, the EM field
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[E™(p), H™(p)] ¢/P* = [z E)“(p) + B (p), z H}(p) + H,'(p) ] ¢7P* with arbi-
trary polarization, which is excited at p € (0) of the cylindrical structure, is referred to as
the incident field. The harmonic exp[j(wt — Bz)] dependence on time and z is suppressed
throughout the analysis for brevity.
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Figure 1. (a) Cross-section (normal to the complex cylindrical structure’s axes) of the general configu-
ration under consideration, consisting of L — 1 parallel stratified circular dielectric cylinders (2,3, ...,
L), embedded in a dielectric circular cylindrical housing (1) surrounded by unbounded empty space
(0). (b) A specific example of the configuration, consisting of a host cylinder with three cylindrical
inclusions (3D view).

Figure 2. Geometry of the arbitrarily polarized and obliquely incident plane wave impinging upon
the general cylindrical structure of Figure 1.
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Using the coordinate system (O;) of the outer cylinder, the longitudinal components
of the incident electromagnetic field may be written [50] as follows:

En°(p E .ine _ E = n in(eq—o'
|:H§nc((‘:)))] = [H(())] exp(—] kp 'p) = {H?)} n;@]n(kcopl)] e (P1—¢ ) 2)

Ey and Hj, in Equation (2), are the magnitudes of the incident electric and magnetic fields,

whereas p; and @1 are the polar coordinates of p in (O4), koo = \/k2 —B%and J,(x) stands
for the Bessel function of order n and argument x [51]. The @-components of the incident
field can be expressed as

Eg(®] _ [Bo] v »3 i ojn(@1—¢’)
) = L) K Coton e ®

where "E{(p) is the abbreviation for

Pk p) T (ki p)

FE;s . , (4)
IO (ki p) (BT (ke )

"G(p) = {

and J,(x) is the first derivative of the Bessel function of order n with respect to its argu-
ment, x.

The EM field [E*(p), H(p)] e 78 = [ 2E5(p) + By (p) , zH(p) + Hy (p) | e 1=
excited at any observation point p of the cylindrical region (i), withi =0, 1,2, 3, ..., 2L —1,
is referred to as the scattered field due to the existence of the L dielectric stratified cylinders
of Figure 1. It should be noted that regions (i) withi =2, 4, ..., 2(s —1),..., 2(L —1) and
i=35..,2(s-1)+1, ..., 2(L—1)+ 1 designate the cladding and the core regions for
the s-th cylinder (s = 2, 3, ..., L), respectively. Regarding the local coordinate system of
the g-th cylinder (O,), the longitudinal components E* and Hj® of the scattered field may be
written in compact form as

i
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where i indicates the cylindrical region of the corresponding ¢ cylinder, p, and ¢4 signify
the polar coordinates of the observation point p regarding the cylindrical coordinate system
(Oy), ay, ¢, and by, dj, denote the unknown coefficients of the series expansions for the elec-

tric and magnetic field intensity, respectively, k.; = \/kiz — B2k = \/ & W w? —jw y; oy,

d; ¢ stands for the Kronecker delta piecewise function of i and ¢ and H,(lz) (x) is the Hankel
function of the 2nd kind, order n and argument x [51].

The infinite sum at the right-hand side of Equation (5) represents the scattered EM
field in every region of space according to the values of the Kronecker delta functions,
as explained below. The scattered wave in the unbounded external empty space (region

0) is expressed in terms of H,(qz) (kcopp), as indicated by the fourth term in the sum of
Equation (5), since this term exists only for i = 0; the aforementioned Hankel function of
the second kind acquires the form of a diverging cylindrical wave far from the axis of the
structure (i.e., for kggp; > 1). The EM field inside the host cylinder (region 1) comprises
the contribution of each internal (stratified) cylinder in the form of a diverging cylindrical

wave; the latter is expressed in terms of H,(lz) (ke1ps), as denoted by the third term in the
sum of Equation (5), which exists only for i = 1. An additional term, regular at p; — 0
(since it contains Bessel functions of the first kind), is included in the modal expansion
of the EM field in region 1 to account for the contribution of the outer boundary of the
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cladding; this term is actually the first term in the sum of Equation (5) for i = 1. The EM
field inside the core of each cylindrical inclusion is represented by the first term in the
sum of Equation (5) fori = 3, 5, ..., 2(L —1) + 1; the modal expansion contains only
Bessel functions of the first kind since the EM field should be regular at the local origin
Oq (ie., for pg — 0). The expansion of the EM field inside the cylindrical layer of each
inclusion should comprise both Bessel and Hankel functions since the (local) origin is not
included in these regions. The Bessel functions of the first kind appear in the first term
at the right-hand side of Equation (5), fori = 2, 4, ..., 2(L — 1), whereas the third term
represents the expansion in Hankel functions of the second kind.

By applying the Bessel and Hankel functions translational addition theorems, one may
prove that [26,51]

Ju(ket p1) @91 = Y7 Ty (keaDig) 791 g, (Keapy ) €, (62)

m=—oo

HP (e ) @0 = Y. HE, (ka 07.) 0" ™95, (ka 07,) 9%, (6b)

m=—o0
where
p;s = max{pql Dsq}/ p;s = min{pqr Dsq}r

(P< — (qu lf ptﬁs = pq > — (Pq/ lf p(is = pq
o Psq, if P;s = Dsq, Psgq, if p;s = Dsq,

(6c)

and (Os) and (Oy) are the coordinate systems attached to the axis of the s-th and g-th
cylinder, respectively.

Substituting (5) in (4), the compact general expressions of Equation (7) for the excitation
electromagnetic field in any region (i) are obtained:

G | =, Efa -

+3i0 HY) (keo pp) €1

jnoe ;1 (2) jne c#l
1-3%; )]n( ci pq) e bl + 612( 1) H;™ (kei pq) enr d#l
0 . i 1
o £ stsgom oo (3]
L

=) . > . < 2(571)
£ Bl o) o [ 4]

SH:H

—~

§s=2m=—00

By expressing the ¢ ;-components of the scattered field at p € (i), the analysis yields

Ee®) T _ § L1 5,0)(1—831) "Chlpg) @ a | 0 | 550 1) CH(p,) eves| )
HZ(): (?) == i,0 il i\Pg bi i2(g—1) i \Pg d;:rl
+5i,0 nGOH(pl) el [ ;? :| + 6i,l Z mG{(Qq) e P ]nfm (kchlq) e](nfm)q)lq (1,11
n m=—oo n
L <) — . . ’ (8)
+3i1 [ 22 Y [ 5"15”_”‘G?(pq) el(n—m)@q T (kchsq) el ®sq
=2 MmM=—00
) 2(s—1)
+(1=84) HiY, (kaDsg) @090 G (p,) o4 [ B H }
n
where &5, = 1 (if ps = py), or 0 (if ps = py), "EP(p) stands for the abbreviation
”GH( ) kz 7(1 )(kci p) %H/S) (kci p) (9)
i \P) = .
l Li;“‘ HY (ko p)  S5H (ke )

and H',(12) (x) is the Hankel function’s first derivative with respect to its argument, x.
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The total EM field [E tOt(p) tOt(p)] e JPZ at p € (i) may be expressed, by using
Equations (2), (3), (7) and (8), as follows:

5] (50 () 66 (5] e () o

HY ()] [HZ¥(P) Hz'“(p) Ho'(p)] — [Hg(P) Hg (0)

Subsequently, we apply the appropriate boundary conditions, imposing the continuity
of the total EM field’s components EX°t, H!!, Et(‘p’t and Ht(gt over each cylindrical boundary
(p1 = 1, pp = tp(p_1)and p, = Az, 1)41; P = 2,..., L) of the complex configuration.
Then, we multiply both sides of each of the resulting equations by exp(—jM@,) and inte-
grate from @, = 0 to ¢, = 271. Thus, we obtain an infinite set of linear, algebraic equations
for the unknown expansion coefficients, which is written in the following compact form:

[6 2p-1) Tulkegeg) T —Hyy (<o) I}
Y MGJﬂ(“q) *MG?(%) ]
—|—(§ 4 5 ) []M(kcqocq)l 7H(2) (k (q l)OLq) f|] Z%)
1 2(p—1)+1 = q
q 9.2(p—1)+ MGJI(CX‘J) MGEI7 1)(0({1) <29/I>
M

(2) 7 g+1
Hy/ (kegog) I} [ €
+5, 1[ 1% ]<M1>—5,2 1)
7.2(p-1) MGIq—I( %) d‘j\j[ 7.2(p—1)+

[ee]

Tm (ke q1)°‘qﬁ al!
MGJ (o) | \bh!

j(n—M I %
Og2(p-1) L []”M(kchll’) e []M( 1oc5,)4| (Z}) (11)

+o1 L Zln w(kaDyy) ell-Mea | H

n=—o0 s=2

MGJ( )

L
+ X Hflm(kchsp) el(=M)@sp
s=2
S#Pp

Tu(kaog) I] (Y
MG]( ) drzl(sfl)

HYY (ko) I| (7Y

MG (o) A2
_ M —ime' |Tm(keoor) I| [Eg
=8;1j)" e IM® [MG]( )] {HO}

Equation (11) represents an infinite number of linear, algebraic equations since the
index M may take the values M = 0, £1, +£2, ..., £oco. Moreover, in Equation (11),
p=1 ..., L;q=1,2,34,...,2(L—1),2(L-1)+1;s=2,3, ..., L, 1is the identity
matrix of order 2 x 2, Ds; denotes the axis-to-axis distance separating the (O;) and (O,)
cylindrical coordinate systems, s, stands for the location angle of the (O,) cylindrical
coordinate system with reference to the (Os) one, while o, _1)11 and ay(,_1) are the radii
of the core and the cladding regions of the p-th cylinder.

The multitude of the unknown expansion coefficients in the equation set of (11)
may be considerably reduced by truncating the summations over n as well as the values
of M; the truncation number is denoted as N,. Thus, Equation (11) result in a set of
20 (2N; 4+ 1) x 20 (2N, + 1) linear, algebraic equations. It is worth mentioning that the
matrix elements and the constant terms consist mainly of sole-term Bessel and Hankel
functions and are given by simple analytical expressions; thus, they may be considered
in closed form. The square coefficient matrix is non-singular, its determinant is non-zero
and its inverse can be calculated straightforwardly. For this purpose, a custom computer
code was developed in Fortran 90. Addressing the equation set of (11) results in the
fast, accurate and efficient evaluation of the field expansion coefficients a’,, ci,, b/, and d/,
(i=0,1,2,...,2L — 1) that appear in Equations (7) and (8).

The scattered far-field may be obtained from Equation (5) by letting p(py, ¢1) € (0)

p—1

and p; — co. Through the large argument asymptotic approximation of the H,SZ) (keop1)
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Hankel function [51], the z- and @-components of the electromagnetic far-field are given by
the analytical expressions of Equation (12)

E;C(ﬁ) — o j (koo p1—7t/4) 2 - jn(@1+7/2) C%
) = TRt 2, . (129

— . —1 —
Ee) [ o e Ee) 12b)
HG ()] | ~(Zosine')” 0 HZ(p)
where kg = 1/k3 — B2 = kosin @’ and Zg = \/11y/ €0.
The radial component of the Poynting vector is given by:
_ 1 N2, 52 2
SC _ sC SC
S5(0) = 5z smar B + 2 [HE@)F]. (13)

The total radial scattered power, Pf, may be found by integrating S (p) on the surface
of a cylinder of infinite radius, a; — oo, and finite length, dz. Consequently, the total
scattering cross section, oy, of the structure is obtained by [50]

2 1
+ |20 d)

psc 1 2 2 1 2
(Y:.p=>0‘:[_ ] <‘cl >, 14
e T ke ne | Bz . (9

where S™¢(p) is the Poynting vector of the incident plane wave.

3. Numerical Results and Convergence

Indicative numerical results, derived from the analysis presented in Section 2, are
given in Figures 3-10. The scattered far-field, as well as the total scattering cross section,
are presented for specific configurations of the general structure of Figure 1, considering
both polarizations. Each configuration considered herein is depicted as a small inset in the
corresponding Figure, for the sake of clarity. All details that concern the configurations
examined, such as the geometric characteristics of the cylinders and the electrical character-
istics of each region of space, are given in the captions; they are omitted from the text for
the sake of brevity.

— =90° o
""" ot il
—— 0=30°
»  [1976,Chang Fig.5] 1 0 O
o
/. SHL o
\‘ 07

180° o'y
’ ~
07 ; ’ oo e .

- -
L

..

54
270°

Figure 3. The far electric field pattern (in polar coordinates) for the inset structure, arising from that

of Figure 1 when L =3, Doz = 0.4Ag, €1 = €3 = &4 = €9, a3z = 0.1Ag, a5 = 0.2Ag, €3 = €5 = 2y,

W =ygand o; =0 (i =1,2,3,4,5), while Eg =1, Hy = 0, ¢’ =90  and ¢’ = 30, 45", 90".
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300

—0'=90°
- - 0'=45°
- - .- 0'=30°
. [1992,Elsherbeni]

T

270

180

Figure 4. The far magnetic field pattern (¢ = 1) for the inset structure, arising from that of Figure 1
when L =3, Dy3 = 047, €1 = €3 = €4 = €9, a3 = 0.1y, a5 = 0.20g, €3 = €5 = 2¢q, ; = g and
0;=0(=1,23,4,5),whileEg =0,Hy =1,¢' =0 and 6 =307, 45, 90".

270

180

Figure 5. The far electric field pattern (¢ = ¢;) for the inset structure, arising from that of Figure 1 when
L=3, D23 = )\0, €1 = €0, K = X4 = 0.37\0, €3 = €5 = 9.680, X3 = X5 = 0.17\0, &) = &4 = &, 2.3250, 4.3450,
W =ypand o; =0(i =1,2,3,4,5), while Eg = 1,Hy = 0,0/ =60 and ¢/ = 45".



Appl. Sci. 2022,12,10172 10 0f 18

270 90

120

180

Figure 6. The far electric field pattern (¢ = ¢1) for the inset structure, arising from that of Figure 1
when L =3, D23 = )\0, €1 =&, € = &4 = 2.32&0, Xy = g = 0.4}\0, €3 = &5 = 4.3450, X3 = X5 = 0.27\0,
W =wo(i=127345),0, =03 =05 =0and o, = o4 =0, 10, 50S/m, while Eg = 1, Hy = 0,
0’ =70" and ¢’ =45".

D,/h,——1.0= = 0.8—-— 0.6 0.4

Figure 7. The normalized total scattering cross section (kgoy) versus ¢’ for the inset structure, arising
from that of Figure 1 when L =3, 1 = ¢g, &2 = €4 = 2.32¢0, xp = g = 0.2, €3 = &5 = 4.34¢,
X3 = X5 = 0.1?\0, K = Yo, 07 = 0 (i = 1,2,3,4,5) and D23 = 0.47\0, 0.6?\0, 0.87\0, 7\0, while E() =1,
Hp =0and ¢ =45".
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Figure 8. The normalized total scattering cross section (kgo¢) versus ¢’ for the inset structure,
arising from that of Figure 1 when L = 3, &1 = ¢, Dps = Ag, €3 = €4 = 4.34¢g, €3 = €5 = 9.6¢,
X3 = 5 = 0.1}\0, K = W, 0 = 0 (l = 1,2,3,4,5) and Ky = g = 0.27\0, 0.37\0, 0.47\0, while EO = 0,
Hy=1and ¢ =75".

270

Figure 9. The far electric field pattern (¢ = ¢1) for the inset structure, arising from that of Figure 1
when L =5, D23 = D34 = D45 = D25 = 0.87\0, D24 = D35 = O.S\ﬁ 7\0, €1 =€) = &4 = € = €8 = &0,
a3 =05 =0y = o9 =02y, €3 = €5 = €7 = €9 = 2.32¢q, ; = pand o; =0 (i =1,2,3,4,5,6,7,8,9),
while Eg =1,Hy =0, ¢/ =45 and ¢’ =30, 45", 90".
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Figure 10. The far magnetic field pattern (¢ = ¢1) for the inset structure, arising from that of Figure 1
when L =5, D23 = D34 = D45 = D25 = 0.87\0, D24 = D35 = 0.8\& 7\0, €1 =€) = &4 = € = €8 = &0,
a3 =05 =0y =09 =02y, €3 = €5 = €7 = €9 = 4.34¢g, 1; = ppand 0; =0 (i =1,2,3,4,5,6,7,8,9),
while Eg =0,Hy =1,6/ =90  and ¢’ =07, 40", 90".

Moreover, the analysis presented herein and the corresponding computer codes were
verified using reciprocity and energy conservation internal tests. The reciprocity was
examined for multiple duets of scattering and incidence directions. Energy conservation
was tested using the optical theorem, according to which the scattering cross section should
be identical to the extinction cross section when all materials constituting the complex
cylindrical structure are lossless [50]. All these tests were successful, and the corresponding
results are omitted for brevity.

Figures 3 and 4 correspond to a pair (L = 3) of dissimilar dielectric cylindrical rods,
Figures 5-8 correspond to a pair (L = 3) of similar lossy dielectric doubly-layered cylinders,
while Figures 9 and 10 refer to a quadruplet (L = 5) of similar dielectric cylindrical rods.
Regions 0 and 1, in all cases, are considered as vacuum.

In order to check the convergence of the algorithm, we calculated the scattered electric
field intensity, for several configurations, by sequentially increasing the truncation number,
Ny, until the achievement of accuracy with seven digits. An indicative example is presented
in Table 1, where the values of |ES (01 — oo, ¢1 = 450)‘ are shown for an increasing N;. The
geometric configuration used for the production of Table 1 corresponds to the inset of Figure 5
with @ = ¢ = 45,E) = Hy = 1, L = 3, D = 07\, &1 = €0, €2 = &4 = 2.32¢,
(045 2064:0.3?\0,83285 24.3480,063 = 5 :0.2?\0,}17' = poand(rl = 0p = 03 = 04 = 05 =0.
Evidently, the algorithm converges very rapidly and steadily, since an N; as low as 12 is sufficient
to determine the far-field value within six significant decimal digits.



Appl. Sci. 2022,12,10172

13 0f 18

Table 1. [Ef¢(p1 — o0, ¢y = 45 )| when increasing truncation number N for the structure shown in
the inset of Figure 5.

N; | ESC(p1—00,p1=45 ) |
7 56.99990

8 57.30295

9 57.24285

10 57.24623

11 57.23580

12 57.23515

13 57. 23517

14 57. 23517

15 57. 23517

The convergence of our semi-analytical solution was further investigated through
Figures 11 and 12. We calculated the error from the following relationship [52]:

‘ N+1 _ ’
e = | ,N=1,2,3,...,N; (15)

where olN and oN*! stand for the total scattering cross section of the structure, computed

from Equation (14), after truncating the infinite sum to N and N + 1 terms, respectively.
Figure 11 refers to the E-polarized incident plane wave, while in Figure 12 the incident
wave is arbitrarily polarized. The main remark to be made about Figures 11 and 12
is that all curves follow the same trend: the error function decreases as the truncation
number increases. This is an expected outcome, which is necessary to guarantee the
convergence of the solution and has also been reported by other researchers, albeit for
different configurations [52].

log (e,)

Ey=1, Hy=0

E,=1, Hy=0

log ()
A

T
7 8 9 10 11 12 13 14 1 2 3 4 5 6 7 8 9 10 11 12 13 14

(a) (b)

Figure 11. Convergence curves of magnitude error, with E,, given by Equation (15), for the inset
structure of Figure 5, arising from that of Figure 1 when Eg = 1, Hy = 0, o' = 45, (p/ =45 ,L =3,
€] = €, &g = €4 = 1.6eg, €3 = &5 = 2.32¢p, ; = Hgand 0; = 0 (i = 1,2,3,4,5). An E-polarized
incident plane wave is assumed. (a) xy = oy = 0.6A\g, D3 = 1.6Ag and a3 = a5 = 0.1Ag (black curve),
oz = a5 = 0.3\ (red curve), g = ag = 0.5A¢ (blue curve). (b) xy = oy = 0.3Ng, a3 = a5 = 0.1Ag and
Dy3 = 0.6\ (black curve), Dy = 1.0A (red curve), Dyz = 1.5\ (blue curve).
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Ey=1, Hy=1

0g (e,

1
O

I
1 2 3 4 5 6 7 8 9 10 11 12 13 14

r

Figure 12. Convergence curves of magnitude error, with E;; given by Equation (15), for the inset structure
of Figure 5, arising from that of Figure 1 when By = 1, Hy = 1,6 =30, ¢/ = 60, L =3, ¢; = ¢,
€)= & = 1.650, Xy = Xg = 0.3)\0, €3 = &5 = 2.380, X3 = 05 = 0.27\0, W = Ho and 0; = 0 (l = 1,2,3,4,5).
Dy3 = 0.6\ (black curve), Dy3 = 1.0Ag (red curve), Dp3 = 1.5A¢ (blue curve), D3 = 2.0A\g (magenta curve).
Arbitrary polarization of the incident plane wave is assumed.

In addition, Figure 11a suggests that the truncation number does not depend strongly
on the size of the inner cylinders, especially when they are rather small; the black and
red curves almost coincide. However, by inspecting the curves of Figure 11b, one might
conclude that the truncation number is strongly affected by the distance between the inner
cylinders. For example, for Dy3 = 0.6A¢ (black curve), 3-digit accuracy may be achieved
with N, = 7, while 13 terms are necessary for the same accuracy if Dy3 = 1.5A¢ (blue curve).
The rather strong dependence of the truncation number on the separation between the
inner cylinders may also be verified for the arbitrary polarization of the incident wave
(Figure 12). It is evident from Figure 12 that the greater the distance between the rods, the
greater the truncation number required in order to achieve a specific accuracy.

4. Discussion and Comparisons

Figure 3 illustrates the scattered electric far-field polar pattern |E5°(¢1 )| of the structure
shown in the inset, for ¢/ = 90” and for several values of §'. The structure is stimulated
by an E-polarized plane wave which is obliquely incident. In Figure 4, we present the
scattered magnetic far-field polar pattern |H; (¢1 )| of the inset structure, in the excitation
case of an obliquely incident H-polarized plane wave with ¢/ = 0" and ¢ = 30°, 45, 90".
The occasion of normal incidence, i.e., 8/ = 907, is included in both figures for reference.

Moreover, exhaustive comparisons with previously published results that correspond
to much simpler, marginal cases of the complex geometric structure treated herein were
performed. Two examples are provided in Figures 3 and 4 by plotting the corresponding
numerical results, for normal incidence, given in Figure 5 of [11] and Figure 3 of [27],
respectively, as indicated in the insets. It is evident that our results coincide with the
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published ones. Other results, not presented herein for the sake of brevity, indicate that
our general solution is capable of reproducing Figures 3-10 of [22]; all these plots refer to
normal incidence and the corresponding configurations fall within the geometry illustrated
in Figure 1.

The scattered far-field pattern |E;°(¢q )| of two stratified cylinders for oblique incidence
(as shown in the inset) is depicted in Figures 5 and 6. The former is produced by setting
0’ = 60" and ¢’ = 45", while 8’ = 70" and ¢’ = 45 were assumed for the latter. Several
values of the dielectric constant of the cladding regions, with e = ¢4, are tested in Figure 5,
whereas the effect of the electric conductivity of the cladding regions (0, = 04) on |E5¢(¢1)]
is investigated through Figure 6. The main remark to be made about Figures 5 and 6 is
the presence of several lobes, with the main one at ¢; ~ 229° for the case €; = &4 # €
(Figure 5) or at ¢ &~ 227" for the case 0, = o4 (Figure 6). Figures 5 and 6 suggest that
the position of the main lobe does not depend strongly on the electrical characteristics of
the cladding regions. Moreover, it should be noted that a further increase in the cladding
regions’ conductivities 0, and o4 has practically no effect on the solid curve field pattern
that corresponds to 0, = 04 =50S5/m.

Figures 7 and 8 present the total scattering cross section normalized to the free space
wavenumber (ko) versus the incidence angle ¢’ for the configuration shown in the insets;
several values for the off-axis distance, Dy3 (Figure 7), or the cladding regions’ radii, «,
and o4 (Figure 8), were considered. Due to the symmetrical scatterer geometry, the koo
values are also symmetrical about the vertical xz-plane (¢’ = 90°). Figure 7 indicates that
ot is strongly dependent on Dy3, provided that 54" < @’ < 126, while the dependence of
the total scattering cross section oy on the cylinders’ radius (size) is rather strong for most
values for the angle ¢’. Thus, changing Dy3 and/or «p,x4 properly may offer the feasibility
to handle the scattering cross section of the cylindrical structure.

The scattered far-field patterns |E;°(¢1)| and |H; (¢1 )| are depicted in Figures 9 and 10,
respectively, for the dielectric cylinders” quadruplet shown in the insets. E-polarization
and several values of §', for ¢/ = 45, are considered in Figure 9, while H-polarization and
several values of ¢/, for 8 = 90", are assumed in Figure 10. On the one hand, as regards
the patterns of the electric field intensity, Figure 9 suggests that the main lobe remains at
@ = 225’ regardless of the angle 6’. On the other hand, as far as the patterns of [H*(¢;)|
are concerned (Figure 10), no trend is observed regarding the lobes; the formation of the
latter depends strongly on the angle ¢'.

5. Conclusions

The problem of electromagnetic scattering by a group of stratified lossy dielectric
cylinders enclosed in a cylindrical core which is surrounded by a boundless dielectric space
was treated herein in the uttermost general instance of an arbitrarily polarized and obliquely
incident plane wave. A boundary-value approach was employed, and the Bessel /Hankel
function’s translational addition theorem was applied, in order to form a group of linear
equations for the unknown expansion coefficients of the scattered electromagnetic field
intensity. The resulting solution may be considered as semi-analytical and exact since the
only approximation used is the truncation of the multipole expansions. The validation of
the developed computer codes was performed by checking the convergence of the solution
and by carrying out extended comparisons with available published results, which were
all successful. Plots of the total scattering cross section and the scattered far-field of various
geometric configurations manifested how the structure and the material of the composite
cylindrical model are imprinted on scattering.
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Abstract: This study aims to investigate the impact of the presence of buildings on the radiation
characteristics of MF broadcast antennas. Two different antennas are considered: a monopole
operating at 1494 kHz and a two-element linear array radiating at 1008 kHz. The buildings were
modeled as wire-grids and the total electric field intensity was calculated as the sum of the scattered
field by the wire-grid and the field radiated from the antenna in free space. The radiation pattern
of the antennas, when one or two buildings were situated in their vicinity, were the end result
of the analysis, and they were compared to the corresponding patterns in free space. The results
demonstrate that the radiation characteristics of antennas are mostly affected by the heights of
buildings. If these heights are less than a critical value, the buildings do not significantly obstruct the
operation of the antenna, despite the value of other parameters, such as the length and the width of
the buildings, as well as their distance from the antenna.

Keywords: AM broadcasting; antenna radiation; building modeling; MF antenna; wave propagation;

wave scattering; wire-grid model

1. Introduction

Although the problem of the propagation of MF (medium-frequency) and HF (high-
frequency) waves in built-up areas has long been considered [1], there is a very limited
number of available studies focusing on the effects one should expect on the radiation
characteristics of MF and HF broadcast antennas due to blockage [2]. Most papers that deal
with antenna blockage focus on frequencies higher than 1 GHz [3-6].

Studies that deal with the propagation of MF and HF waves in the presence of ob-
stacles, such as buildings, concentrate mostly on the prediction and measurements of the
propagation losses [1,7-11]. The propagation along a rounded hill assumed to have a
knife-edge obstruction was analyzed by Wait [7]. MF and HF ground-wave propagation
in urban areas were examined by introducing a new method for the modeling of build-
ings [8]. Propagation in HF, VHFE, and UHF bands, in a wide range of environments, was
the subject of [9], including the study of the effect that building blockage has on degrading
the propagation distance at each frequency band. The signal attenuation caused by the
terrain obstruction of path profiles in the MF band was investigated in [10] by modeling
the terrain irregularities as triangular-wedge-shaped obstacles. The impact of buildings on
the far field of a broadcasting antenna was examined in [11] by using a finite-difference
method. Furthermore, the effect of buildings on the radiation characteristics of an antenna
or an antenna array was studied in [12,13].

The impact of local terrain topology on the radiated electric near field of HF broadcast
antennas was examined by [14], in an attempt to assess human exposure to electromagnetic
radiation in close proximity to high-power HF transmitters. The changes in the antenna
response associated with the geometry of the buildings and the effect of the latter on the
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HF direction was analyzed by using the method of moments (MoM) and the physical
optics (PO) technique [15]. Recently, blockage effects on HF antennas were studied; their
influence on the radiation characteristics was analyzed and a relationship between the
antenna and the size of the blockage was determined [2]. Furthermore, the modeling
and simulation of the influence of buildings on the signals of navigation devices for
aviation were presented in [16-18]. Recently, the wireless performance of buildings has
been extensively studied [19-23]; interference-signal blockage is examined in [19], the
interference gain and the power gain are adopted to assess the impact of buildings on the
power of signals in [20,21], the building wireless performance (BWP) when the building
materials are integrated with antenna arrays is evaluated in [22], while an overview of
the BWP is offered in [23]. Moreover, the performance of concrete-embedded antennas is
investigated in [24] by using artificial neural networks.

In this study, we present an investigation of the antenna blockage by buildings in MF
broadcasting; our literature survey revealed that similar studies are particularly lacking
and there is a lack of models that address pertinent problems. The aim of this study is to
estimate the distance from a broadcast antenna at which buildings have negligible effects
on its radiation characteristics by taking into account the size /height of these buildings.
Since broadcast antennas may be found near residential areas, it is essential to determine
how far from the antenna we may construct buildings and the maximum number of stories
that permit the unimpeded operation of the antenna. The main contribution of our work is
a solution to the aforementioned “real-life” problem by combining existing methods and
techniques. The buildings are modeled as wire-grid bodies, considering their steel frame
construction; the presence of these bodies in the vicinity of a radiating antenna is taken
into account in order to determine the change in the antenna’s free-space radiation pattern.
Evidently, buildings are far more complex bodies and contain a variety of components
with different electrical and mechanical characteristics. However, the accurate modeling
of buildings is beyond the scope of this paper. The wire-grid model used herein implies a
perfectly conductive body; thus, it may be considered as the worst-case scenario regarding
the effect of buildings on the radiation characteristics of the antenna.

A description of the models used herein for the antenna and the buildings is given
in Section 2. Two types of MF antenna are considered, and the buildings are assumed to
consist of wire segments that form a rectangular parallelepiped mesh. Both components
of the electric field intensity, i.e., the field radiated by the antenna and the scattered field
by the building-model, are taken into account. The indicative results concerning the
antenna radiation pattern in the presence of buildings, are provided in Section 3, while
the discussion in Section 4 focuses on establishing a quantitative relationship between the
size of the building and its effect on the antenna radiation. Finally, Section 5 comprises the
conclusions of our study.

2. Materials and Methods
2.1. Antenna and Ground Modeling

Two types of antenna were considered: (a) a vertical, linear antenna named, hereafter,
monopole, and (b) a two-element array consisting of two vertical monopoles, simply
termed array.

The monopole was assumed to operate at 1494 kHz; its length was h = 84 m, i.e.,
h = 0.418A, with A standing for the wavelength. The antenna was fed at its end point and
the transmitted power was assumed to be P = 50 kW. Since the diameter of the (cylindrical)
wire was D = 1.94 m, D/h = 0.023 and D/A = 0.0097. Thus, the monopole may be
considered to have a negligible diameter [25].

The two monopoles that constitute the array were assumed to operate at 1008 kHz;
their length was 149 m (h = 0.501A) and their distance was d = 75 m. They were fed at their
end point and the transmitted power by each element was P; = 33 kW and P, = 17 kW,
respectively. The diameter of each (cylindrical) element was assumed to be D = 1.94 m.
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Therefore, the monopoles may be considered of negligible diameter, since D/h = 0.013 and
D/A = 0.0065.

The antennas were assumed to be mounted on the ground, which, generally, is not a
perfect electric conductor (PEC) since its usual conductivity does not exceed 10~! mho/m.
However, since the radiation characteristics of an antenna depend on the ground conduc-
tivity, it is convenient to “create” an artificial PEC ground. The latter may be formed by
mounting the antenna above a metal surface much greater than the antenna dimensions,
which is prohibitive for MF antennas. Alternatively, the PEC surface may be replaced by
metal strips or wires arranged on the ground, radially, around the antenna. As regards the
monopole, 180 metal wires, 50 m long with a 2-mm diameter, were placed radially (every
2 deg) on the ground. A similar artificial PEC ground was assumed for the array; 120 metal
wires, 75 m long, were arranged radially (every 3 deg) on the ground, around the antenna.

It is well known that a monopole of length / sitting on a PEC ground plane is equivalent
to a center-fed, linear dipole of length 2#, in free space [26]. Thus, the monopole on the
PEC ground plane, as described above, may be modeled as a dipole of length 2/ = 0.836A
(Figure 1a), whereas the monopoles that constitute the aforementioned two-element array
are equivalent to dipoles of length 2 = 1.002A (Figure 1b) in free space.

z
\

A
4
h
h il
Im2 gl ¥
x Y v — v
'
X e d
X h
h
v
v
(a) (b)

Figure 1. Geometry of the antenna models. (a) Equivalent dipole of length 2k and (b) equivalent
two-dipole array.

2.2. Current Distribution

For a very thin dipole, such as the model described in the previous section, a good
approximation for the current distribution is [25]

v oo [ELysink(h—2")], 0<z' <h
Iy, 2) = {2Imsin[k(h+z’)}, h<z <0 M)

where k = 27t/ A stands for the wavenumber and I, sin(kh) = \/2P/Re{Z;,} is the current
at the feed point (for negligible losses); Z;, represents the input impedance of the antenna.

As regards the dipole in Figure 1a, we assume that P = 50 kW and Z;,, = 300 — j217.5,
thus, the amplitude is readily calculated: I,, = 37.306 A. For the dipole array in Figure 1b,
L1 = 26.87 A and I, = —j 11.31 A, where I,,;; refers to the antenna that emits 33 kW and
Iy to the dipole that emits 17 kW.

2.3. Building Modeling

A building may be modeled as a rectangular parallelepiped with facade length L,
width W, and height H. It is assumed to comprise from 2 up to 16 stories, each story being
at least 50 m? and about 5 m high; thus L, W, and H may span the range 10 < L < 50 m,
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10 < W < 50m, and 10 < H < 80 m, respectively. An issue that arises when modeling a
building is its orientation. As shown in Figure 2, the antenna is placed along z-axis, whereas
the length L is assumed to be parallel to the x-axis, i.e., the fagade of the building faces the
antenna; W is taken parallel to the y-axis and H is parallel to the z-axis.

z

v - A >
L. N
R — A
« — v
Y //
—
h — L
/
_—
H — L —]
— L—
I
/ PO v
/ '/ / =
X h - >
W
v

Figure 2. The orientation of a building with reference to the antenna. The building is modeled as a
wire-grid rectangular parallelepiped.

The materials of buildings are, obviously, not uniform and difficult to model. They
comprise several conductive (steel frame, copper cables, metal pipes, etc.) and dielectric
(bricks, glass, concrete, marble, etc.) parts that may or may not exhibit a certain conductivity.
Herein, the buildings are modeled as wire-grid bodies [27], for the sake of simplicity. It
should be noted that, since the wires were taken as PEC, the aforementioned model
constitutes the worst-case scenario in terms of the effect on the radiation characteristics of
the antenna. The grid consists of similar wires at a distance A; the radius of each wire is
a = A/10 [28]. Thus, the whole building comprises (L/A+1) x (W/A+1) x (H/A+1)
wire segments arranged in a mesh, as shown in Figure 2.

2.4. Scattering from a Wire Grid

A point-matching solution to the problem of scattering by a wire-grid model has
already been developed by Richmond [27]. A brief outline of this solution is given below.

The elementary scatterer is a short, thin wire segment of length A. By assuming that
A < A, the current density may be taken as uniform over the surface of each segment.
The electric field intensity of this source, i.e., the scattered field of each segment, may be
expressed as a surface integral over the surface of the wire. Subsequently, we enforce the
boundary conditions: the tangential electric field intensity should vanish everywhere on
the surface of each PEC segment. However, if the wire is thin, it is sufficient to zero the
tangential electric field at just one point at the center of each segment. The end result of
the analysis described above is a set of N linear equations, where N is the total number
of segments:

N ,
Y Sili=—E", i=12,... N @
j=1

In Equation (2), S;; represents the scattering coefficient, i.e., the tangential component
of the electric field intensity radiated by segment j (with unit current) when the observation
point is at the center of segment i, [; stands for the (unknown) current induced on segment
j, and EI"¢ is the tangential component of the incident electric field intensity at the center of
segment i. The scattering coefficients S;; are calculated in the Appendix of [27]; the explicit
expression for S;; is given by Equation (24) in [27] and is omitted for the sake of brevity.

The system (2) may be solved numerically in order to obtain the unknown currents,
provided that E" is known. Herein, the latter is actually the field intensity radiated by
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an antenna, and it is discussed in Section 2.5. Subsequently, the vector potential A; is
calculated from:
A=A 2 Us; Il' . . . . . 2
= A= exp[—jkr + jk(x; sin @ cos ¢ + y; sinf sin ¢ + z; cos 6)]1 (3)
The unit vector 7 in Equation (3) denotes the direction parallel to segment i, s; is the
length of segment 7, which is equal to A for the case examined herein, and (x; y;, z;) are the
Cartesian coordinates of the center of segment i. Finally, the distant scattered field is found
as follows:

N

Ezca = —jw Z [COS 6 cos a; (cos @ cos b; 4 sin @ sin bi) -+ sin 6 sin ai]A,‘ (4a)
i=1
N
Ey" = jw ) (sin ¢ cosb; — cos ¢ sin b;) A; cos a; (4b)

i=1
The angles a; and b;, in Equation (4), denote the orientation of segment i according to:
1 = X cosa;cosb; + fJcosa;sinb; — Zsina;.

2.5. Radiation of the Antennas in the Presence of Buildings

Let us consider an antenna that radiates in free space. It is well known [13] that
the space surrounding the antenna is subdivided into three regions: (a) the reactive near-

field, where 0 < r < 0.621/(2h)°/A; (b) the radiating near-field, where 0.621/ (21)° /A <

r < 2(2h)?/A; and (c) the far-field, where r > 2(21)%/A. In terms of the monopole
that radiates at 1494 kHz, 2 = 0.836A with A = 200.803 m. Thus, the boundaries for
the reactive and radiating near-field are 0 < r < 95.16 m and 95.16 < r < 280.68 m,
respectively, while the far-field is at a distance r > 280.68 m. For the array operating at
1008 kHz, 2h =~ A = 297.619 m and the boundaries for the reactive and radiating near-field
are 0 < r < 184.88 m and 184.88 < r < 596.76 m, respectively. For r > 596.76 m, the space
may be considered as far-field.

Explicit expressions for the electric field intensity at the aforementioned distinct
regions, for both antennas, may be found in [25] and are given below.

The non-zero components of the far field of the monopole are:

E
’ Hgo,mon: G,énon (5)

.. Lye ¥ [cos(kh cos §) — cos(kh)
Eomon = J€ 27ty sin 6

where { = 1207 (Q)) stands for the free-space impedance. The non-zero components of the
radiating near-field of the monopole are given by:

I e IRk e /KR eIk
Egmon = ]g% (z—h) +(z+h) o 2z cos(kh) p (6a)
B . Im e—ijl E_ijZ e—jkl’
E; mon = —J@E R, + R, 2 cos(kh) p (6b)
i ‘ ‘ .
Hpmon = ]ﬁ [e_]le + e /R _ 2cos(kh)e_]kr] (6¢)

with 2 = x2 4% Ry = \/p2+ (z—h)%, Ry = \/p>+ (z+h)?, and r = \/p? + 22 are

depicted in Figure 1a.
For the array, the corresponding non-zero components of the far field are:

Eq
Ef),ar = EG,monS(G/ (P)r HWU = éur (7)
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whereas the non-zero components of the radiating near-field are written as follows:
Ep,ar = Ep,mons<9/ (P)/ Ez,ur = EZ,mOnS(G/ q))/ Hga,ar = H(p,mons(el 90) 8)

5(6, ¢) in Equation (8) stands for the array factor and is given by:

5(9, q)) =1 _]‘%ejkdsinecosq) ©)

The appropriate Equations (5)—(8), should substitute Ef"c in Equation (2) in order
to formulate the linear set of equations for the unknown currents I;. Obviously, it is the
distance R between the antenna and the building that determines the appropriate equations,
depending on the region of space. R is defined as the length of the perpendicular bisector
from the antenna to the fagade of the building, and it is shown in Figure 3. All results
presented in Section 3 were produced by assuming that the buildings are in the radiating
near-field region of the antenna. Thus, the unknown currents [; for the monopole are
calculated from the linear set of equations obtained by substituting Ei" in Equation (2) by
Equation (6), whereas, for the array, E;"“ in Equation (2) is substituted by the electric-field
intensity given by Equation (8).

W

(a) (b)

Figure 3. (a) Horizontal and (b) vertical cross-section of the configuration depicted in Figure 2.

The set of linear equations resulting from Equation (2) is solved numerically by
truncation and matrix inversion after checking the convergence of the solution. For this
purpose, a custom computer code was developed in Fortran 90. The wire-grid method
used herein, together with the associated computer code, may be considered as a semi-
analytical solution to the problem, since it involves the numerical handling of the final set
of equations. Thus, it possesses the pros and cons of any such solution. On one hand, it
is time- and memory-efficient, whereas its complexity is only related to certain analytical
manipulations (carried out once). On the other hand, it may not simulate the shape or
material of the buildings in detail. However, since the accurate modeling of the latter is not
our main purpose (as explained in the Introduction) the method provides an acceptably
accurate solution to the “real-life” problem. It should be noted that this method was chosen
in conjunction with the frequency band considered herein and, evidently, it may not be
suitable for higher frequencies.

3. Results

The results presented herein focus on the radiation patterns of the monopole and the
array in the presence of buildings; all the diagrams include the radiation pattern of the
corresponding antenna in free space, for the sake of comparison. It was found that the
radiation pattern, among other antenna characteristics, such as the gain and the voltage
standing wave ratio (VSWR), were particularly influenced by antenna blockages, not only
at the HF band [2], but also at much higher frequencies [3-5].



Appl. Sci. 2022,12, 6525 7 of 14

The radiation patterns plotted herein are actually a graphical representation of the
magnitude of the far electric-field intensity of the antenna in polar coordinates. The
magnitude of the far electric-field intensity in the presence of buildings resulted from the
sum of the far-field in free space (i.e., Equation (5) for the monopole or (7) for the array)
and the scattered field given by Equation (4). It should be noted that the corresponding
radiation patterns in free space were plotted by using (only) Equation (5) or Equation (7)
for the monopole and the array, respectively.

3.1. Radiation Patterns of the Monopole

Indicative radiation patterns of the monopole in the presence of one or two buildings
are plotted, herein, for different values of the parameters L, W, H, and R. The distance A
between two adjacent wire segments was taken to be equal to 2.5 m ~ 0.0125A.

The patterns in Figures 4a and 5a refer to the g-plane (at a specific value of 6, i.e.,
6 = 89°), while Figures 4b and 5b depict the #-plane for ¢ = 90°. The length L and the
width W of the building (given in the inset) were kept constant in order to investigate
the effect of the height H on the radiation pattern of the antenna; three different values
of H were considered (given in the inset). Moreover, the impact of the distance between
the antenna and the building on the radiation pattern was examined by considering two
values of R, i.e., R = 100 m (Figure 4) and R =200 m (Figure 5). Both values indicate that the
building was in the radiating near-field region of the antenna.

Z
vi f H
1 0
g 1.8 E §
1 e B T N ——— 40 m ~ 0.2 : 330..- - o T gy 40 m~ 0.2%

g _____ 60 m ~ 0.3% ré- P ™~ 60 m - 0.3%
== | TN el 4 pERENL 043 80 m ~ 0.4%
= 80 m ~ 0.4% S
g -
= 0.95 30 = 09
= [ =
N F AP = )88
o) Y =2}
Df i Il
o 000 Io —X S oo

- | f=t
.S / é ‘\ ‘-"‘
@ / / e \ “ /

I = / T \ N : ) e /
E 095 /430 L 09 240 Az20
= & \ /
. /
240~ __ T80
1 T e
90 1.8 180
(b)

Figure 4. Radiation patterns of the monopole in free space (black, solid curve) and in the presence of
a building with L = 10 m ~ 0.05A and W = 10 m = 0.05A. Three different heights H are considered
(dashed and dotted curves, as indicated in the upper right corner). The distance between the antenna
and the building is R = 100 m ~ 0.5A. (a) ¢-plane and (b) 6-plane.
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Figure 5. The same as Figure 4, except for the distance between the antenna and the building

(R =200m = A). (a) p-plane and (b) #-plane.

The influence of the building size on the radiation characteristics of the antenna was

investigated through Figures 6 and 7. Figure 6 refers to a building 60 x 10 x H m3, i.e., it
has the same width as the building considered in Figure 4, albeit it is six times longer. In
Figure 7, the building is 10 x 20 x H m?, i.e., its length is kept the same as the building in
Figure 4, albeit its width is six times greater.

(@)

H
— ¥
-------- 20m~0.1%
fffff 50m~0.25%
=== 80 m - 0.4}

90| (in V/m)

3 km, 0, ¢

[E(r

1.82

0e1

1.82

zt
H
o 8 ——
e -1-\\30 -------- 20m - 0.1

i, e 50 m~0.25%
\ ------- 80 m~0.4%

Figure 6. Radiation patterns of the monopole in free space (black, solid curve) and in the presence of
a building with L = 60 m = 0.3A and W = 10 m =~ 0.05A. Three different heights H are considered
(dashed and dotted curves, as indicated at the upper right corner). The distance between the antenna
and the building is R = 100 m ~ 0.5A. (a) ¢-plane and (b) f-plane.
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90°)| (in V/m)
g
/ \\

3km, 0, ¢

[E (r

Figure 7. The same as Figure 6, except for the building size (L = 10 m =~ 0.05A and W = 60 m =~ 0.37).
(a) p-plane and (b) 6-plane.

Subsequently, two identical buildings were considered in the vicinity of the radiating
antenna. The first was placed along the x-axis, whereas the second was along the y-axis.
Each building was assumed to be 100 m (Figure 8a) or 200 m (Figure 8b) from the antenna.
The patterns refer to the 6-plane for ¢ = 90°, while the ¢-plane was omitted for the sake of
brevity. The effect of the height H on the radiation pattern of the antenna was investigated
by considering three different values of H (given in the inset).

i i ¥l H
90 — 0 90 — 0
1.72 - =]
20m~0.1x
40 m~0.2% E
60 m ~ 0.3 =
=
~— 0.86
_
S
o
o
T
o 000
g
-
0]
l
2 0.86
=
1.72

(b)

Figure 8. 6-plane of the radiation patterns of the monopole in free space (black, solid curve) and in
the presence of two buildings 30 x 10 x H m?3. Three different heights H are considered (dashed and
dotted curves, as indicated at the upper right corner). The distances between the antenna and each
building are (a) R = 100 m ~ 0.5A and (b) R = 200 m =~ A.

3.2. Radiation Patterns of the Array

The indicative radiation patterns of the array radiating at 1008 kHz in the presence of
one or two buildings (including the corresponding curves in free space) are plotted herein.
The patterns in Figure 9a,b refer to the ¢-plane (at a specific value of 0, i.e., § = 90°) and
the 0-plane (for ¢ = 90°), respectively. The length L and the width W of the building were
constant (given in the inset), whereas three different values of H were considered. The
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distance between the antenna and the building (R = 100 m ~ 0.34A) indicates that the
latter was in the reactive near-field region of the antenna.
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Figure 9. Radiation patterns of the array in free space (black, solid curve) and in the presence of a
building with L = 50 m ~ 0.168A and W = 10 m =2 0.034A. Three different heights H are considered
(dashed and dotted curves, as indicated at the upper right corner). The distance between the antenna
and the building is R = 100 m ~ 0.336A. (a) p-plane and (b) 6-plane.

4. Discussion

By examining the patterns in Figures 4 and 5, one may conclude that the height of a
building situated in the vicinity of a radiating monopole may affect the radiation pattern
of the antenna significantly for H > 0.3A, i.e., H > 60 m for f = 1494 kHz, a height that
corresponds to a building with 12 stories, provided that each story is 5 m high. It may be
readily verified that the blue dotted curve (H = 0.2A) almost coincides with the black solid
curve (the pattern in the absence of the building), whereas the patterns in the presence
of a building with H ~ 0.3A or H ~ 0.4\ deviate considerably from the omnidirectional
pattern. The same remark holds for both distances (R ~ 0.5A = 100 m and R =~ A =200 m)
between the building and the antenna. Moreover, a comparison between Figures 4a and 5a
may lead to the conclusion that the distance between the antenna and the building may
affect the radiation pattern only when the height exceeds the critical value of 0.3A.

The impact of the length and width of the buildings on the antenna’s radiation pattern
was examined by comparing Figures 6 and 7, respectively, with Figure 4. The parameters
used to produce Figure 6 were the same as those in Figure 4, except for the length of the
building (L ~ 0.05A = 10 m in Figure 4, L ~ 0.3A = 60 m in Figure 6), whereas the
parameters that appear in Figure 7 are the same as those in Figure 4, albeit the width of the
building is six times greater (W ~ 0.05A = 10 m in Figure 4, whereas W =~ 0.3A = 60 m in
Figure 7). Figures 6 and 7 indicate that the length and the width of the building do not seem
to have a significant impact on the radiation pattern of the antenna, as long as the height
of the building is kept below a critical value; the blue dotted curves in Figures 4, 6 and 7
(all of which correspond to H = 20 m ~ 0.1A, whereas L and W differ according to the
captions) are all the same, and they practically coincide with the omnidirectional shape. As
the height increases (red dashed curve of Figures 4, 6 and 7, i.e.,, H = 50 m =~ 0.25A), the
pattern deviates slightly from the omnidirectional pattern; however, L (W) has a negligible
effect on the pattern, as may be readily verified by comparing the red dashed curve in
Figure 6 or Figure 7 with the curve in Figure 4. However, for H > 0.3, the radiation of
the antenna deviates considerably from the omnidirectional behavior, as indicated by the
blue dashed-dotted curves in Figures 4, 6 and 7. In this case, the effects of the length and
the width of the building are more pronounced. For the width in particular, a comparison
between the blue dashed-dotted curves in Figures 4a and 7a shows that the two patterns
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differ slightly from each other, apart from the deviation of the omnidirectional shape. It
should be noted that several patterns were produced by varying the parameters of the
configuration in order to ensure that the above remark held in a vast number of cases.
All the results support the aforementioned conclusion and they are omitted for the sake
of brevity.

The effect of the presence of two (identical) buildings on the radiation pattern of the
monopole is examined in Figure 8. Even a casual glance at the plots in Figure 8 suggests
that they follow roughly the same trend as those obtained in the presence of a single
building, i.e., the height is the most important parameter that determines whether the other
parameters (such as the distance between the antenna and the buildings or the relative
position of the buildings) affect the radiation pattern significantly. Indeed, when the two
buildings are 20 m high, the pattern for R = 100 m ~ 0.5A (blue dotted curve in Figure 8a)
almost coincides with the black circle denoting omnidirectional behavior. In Figure 8b, the
distance between the antenna and each building is doubled (i.e., R = 200 m ~ A). The
latter implies that the distance between the two buildings also changed. However, the
blue dotted curve in Figure 8b suggests that the pattern is still almost omnidirectional.
As the heights of the buildings increase, the patterns tend to differ significantly from the
omnidirectional shape, and the impact of R on the radiation of the antenna becomes more
significant. For example, the blue dashed-dotted curves I Figure 8a,b, which correspond to
relatively high buildings (i.e., H = 60 m ~ 0.3A), deviate considerably from the circular
shape. In this case, the distances between the two buildings and their relative positions
become important because the shape of the radiation pattern is altered. This may be readily
verified by comparing the shape of the two blue dashed—dotted curves in Figure 8a,b.
Moreover, a comparison between Figure 8a,b, Figures 4a and 5a, respectively, indicates
that the deviation of the omnidirectional shape occurs at slightly smaller values of H when
there are two buildings near the antenna (i.e., H ~ 0.2A) than in the presence of a single
building (H ~ 0.37).

The remarks reported above for the monopole also hold, more or less, for the two-element
array The radiation patterns presented in Figure 9 suggest that a building 50 x 10 x H m3, at
a distance 100 m from the antenna, may affect its radiation pattern only for H > 0.2A. The
other results (including radiation patterns in the presence of two buildings), not shown
herein for the sake of brevity, indicate that the radiation characteristics of the array may
depend on the parameters L, W, and R only if the height of the building exceeds the
aforementioned critical value (i.e., 0.24). The latter was found to be slightly greater for the
monopole (i.e., 0.31), but the trend was roughly the same.

Table 1 offers a comparison of the study presented herein and pertinent works found
in the literature. The first three lines in Table 1 comprise three studies [2,11,12], respectively,
which, together with the current study, deal with the impact of buildings either on the
radiation characteristics of antennas or, more generally, on the far field at MF or HF
frequencies. However, ref. [15] deals with the HF band, albeit it focuses on the influence
of buildings on direction finding. The familiar result of the present study, i.e., that the
height of the buildings is the most important parameter in the distortion of the radiation
pattern, was also obtained by other researchers [2,12]. In addition, the conclusion that the
impact on the antenna pattern is greater if the size or height of the blockage is larger than
A/2[2]is not very far from the finding of our study that the effect on the radiation pattern
is significant if the height of the buildings is greater than 0.3A. The rest of the studies cited
in Table 1 [4,6,13,29] refer to higher-frequency bands. Thus, a direct comparison between
these works and the present study is not possible; the works are included for the sake of
completeness. Moreover, it is interesting to note that, even at such high frequencies, the
presence of buildings may distort the radiation patterns and produce side lobes [4,6,13].
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Table 1. Comparative synopsis of studies dealing with the effect of buildings on antenna radiation.

Study Frequency Range Antenna Model Building Model Method Purpose Main Results-Conclusions
- Decrease in field intensity up
T . A/4 parasitic Reciprocity or Impact of building to 2.3 dB.
-type, 60 m in monopole or ; , . - .
[12] MF (990 kHz) hei P dyadic Green’s on radiation pattern The radiation pattern is
eight infinite-long PEC . . R . .
; function technique and field intensity mostly affected by the height
cylinder a7
of the building.
The reduction in field
intensity around a building
. N a3 may be up to 8.4 dB (building
[11] MEF (990 kHz) A/2 dipole I;E.C, three dl'fferer\t Finite difference Impact of bul}dmgs 30 m high, 100 m from the
eights considered method on the far field . )
antenna), while the field
variation becomes negligible
400 m from the antenna.
Only the radiation pattern
Rectangular (among gain, VSWR,
Logical periodic parallelepiped Full-wave Impact of buildings impedance) is affected by
[2] HF (2-30 MHz) dipole antenna (mesh of metallic simulation software  on radiation pattern, building blockage. The
(LPDA) wire segments and package (FEKO) gain, VSWR. impact on patterns is greater
triangles) if the size or height of the
blockage is larger than A /2.
The antenna response
Actual buildings changes due to the presence
12-element (bodies of concrete Commercially Impact of buildings of buildings, resulting in
[15] HF (cross-loop antenna) or wood of available software on direction finding estimation error of the DF
circular array appropriate (FEKO) (DF) system (up to 1° for the
size/shape) azimuth and 7° for the
elevation).
Deviation of the direction of
Infinite-lon the principal radiation lobe
. ong Impact of building and production of side lobes,
2-element broadside conductive or MoM and o . .
[13] - - . . . on radiation pattern depending on the distance
or endfire array dielectric, unimoment method d field i . b h d th
rectangular cylinder and field intensity e’fwgen the antenna and t. e
building and the permittivity
and size of the building.
Impact of walls on The radiation pattern is
Commercially P S distorted (compared to the
. the radiation
Rectangular patch Complex wall available software A free-space pattern) when the
[6] 2.45 GHz - characteristics of .
antenna structures (CST Microwave . antenna is mounted on
. access-point
Studio) complex wall structures,
antennas .
especially corners.
Derivation of EM The calc'ulated results were
Electric dipole field distribution in validated through
[29] 30 MHz-1 GHz N po ¢ Wire-grid body MoM measurements and the
inside the building and around -
buildines resonant characteristics of the
& building were determined.
The (uncloaked) objects
Single solid-metal Numerical Design of the produce Stronz‘? sidelobes to
) ; simulation (by ; the antenna’s radiation
[4] 0.75-5 GHz Horn antenna cylinder or a set of . appropriate cloak to
such cvlinders using the tool reduce the blockage pattern (compared to free
Y Ansoft HFSS) g space) and decrease its
directivity.

The height is the most
important parameter that
determines whether other

Current MF (1494 kHz & Monopole and Rectangu'lar Po'mt—matchmg Impact of buildings parameters Of. th.e buildings
parallelepiped solution and custom - affect the radiation pattern

study 1008 kHz) 2-element array on radiation pattern . .
computer code considerably. The impact on

(wire-grid body)

the radiation pattern is
significant if the height of the
building is greater than 0.3A.

For the modeling of buildings, it is common practice to assume that they are con-
ductive bodies (as in the present study) not only at the MF/HF bands [2,11,12], but even
at higher frequencies [4,13,29]. The preferred shapes are either cylindrical [4,12,13] or
rectangular [2,13,29]; the latter is also assumed herein. The wire-grid method, adopted
in our study to model the buildings, has also been used by other researchers [29], albeit
in conjunction with the MoM. Recently, Zhu et al. [2] adopted a mesh of metallic wire
segments for the simulation of buildings combined with a completely numerical method
based on a commercially available software package (FEKO).
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5. Conclusions

The influence of the presence of buildings on the radiation pattern of a monopole and
a two-element linear antenna array, operating at the MF band, was examined in this paper,
in an attempt to assess the distance from a broadcast antenna at which we may construct
buildings without obstructing its operation. The buildings were modeled as wire-grid
bodies; this assumption constitutes the worst case in terms of their impact on the radiation
characteristics of the antenna, although it may not ensure accurate modeling. Our results
indicate that the height of the buildings is the most important parameter that may alter the
free-space radiation characteristics of antennas. The length and the width of buildings, as
well as their distance from the antenna, may only have an impact on the radiation pattern
if the height exceeds a critical value; the latter was found to be roughly equal to 0.2A when
the radiation of the monopole was obstructed by two buildings, as well as when one or two
buildings were situated in the vicinity of the two-element array, whereas it was slightly
greater (about 0.31) when the monopole radiated with one building nearby. Thus, the
worst-case scenario suggests that buildings may be constructed as close as 0.5A from a
radiating broadcast MF antenna without obstructing its operation, provided that they have
less than eight stories (each about 5 m high). Our future work may include the examination
of other shapes (such as cylinders) and materials for building modeling, in conjunction
with different methods for the calculation of EM fields around radiating antennas.
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1. INTRODUCTION
Reconfigurable Intelligent Surfaces (RISs) are expected to be a key enabling physical-layer
technology for beyond 5G (B5G) and 6G networks, towards the implementation of a smart radio
environment (i.e., by making the wireless environment programmable and controllable).
Irrespective of the specific hardware implementation of an RIS, RISs consist of a large number of
reflective elements that are capable of manipulating the propagation of incident electromagnetic
(EM) waves. In other words, alteration of the channel realization is achieved, a situation that may
be quite beneficial for the multifarious use cases envisioned for B5G/6G wireless networks.
From a communication point of view, potential benefits of RISs include:
e Radio coverage enhancement, by creating virtual Line-of-Sight (LOS) links in low
coverage areas or dead-zones for outdoor or indoor users.
e Increase of channel capacity, as calculated by the ergodic achievable rate R=
E{log2(1+SINR)}, whereas SINR is the instantaneous Signal-to-Interference plus Noise-
Ratio.
e Security enhancement, by worsening the signal detected by eavesdroppers.
e Energy efficiency, mainly due to the nearly-passive operation of RISs.

In essence, aside the (anomalous) reflection capability provided by an RIS, other EM elementary
functions may be applied by them on the incident EM wave for communication purposes, as
depicted in Figure 1 (see Di Renzo et al. (2020) for more details). However, the great majority of
papers in open literature are focused on engineering the diffuse scattering occurring on the RIS, due
to the anomalous reflection of the EM wave of interest via the RIS’s reflective elements.
Furthermore, taking into account the scattering issues related to the propagation medium, it
becomes evident that the scattering nature of RIS-aided wireless networks becomes of paramount
important when proceeding to their performance evaluation.

(Anomalous)
Reflection

Refraction Absorption

Focusing Polarization

Splitting Analog processing Collimation

Figure 1. EM-based elementary functions for RISs
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In such a framework briefly described above, the aim of the paper is to point out the scattering
nature of RIS-aided wireless networks in a qualitative manner, without resorting to complex
mathematical analysis. Thus, in Section 2, we interpret an RIS as an array of diffuse scatterers
which contribute to the passive beamforming of the incident information bearing EM wave. In
Section 3, the scattering issues that may occur across an end-to-end link are commented, in
conjunction with some indicative use cases envisaged for the B5G/6G networks. Finally, Section 4
concludes the paper, by pointing to research directions that should account the scattering nature of
RIS-aided networks.

2. SCATTERING AND RISs

Two main RIS implementations have been proposed and investigated in the literature:
reflectarray-based and metasurface-based implementations. The conceptual block diagram of an
N*M reflectarray-based RIS implementation is shown in Figure 2, whereas the dimensions of each
reflective element (i.e., Antenna Element-AE) is comparable to the wavelength (e.g.,A/2) of the
incident to the RIS EM wave. The overall RIS is, essentially, a passive reflectarray whose AEs’
termination can be controlled electronically through the control circuit board under the supervision
of the RIS controller. The aforementioned control of each AE has to do with the phase-shifting of
the incident EM wave, which results to backscattering the EM wave to a particular direction. In
essence, each AE acts as a diffuse scatterer and the whole RIS implementation is sometimes
referred as a “digitally controlled scatterer”. Thus, in our case with N*M AEs for the RIS under
consideration, the total electric field due to scattering at the desired location (e.g., the location of a

mobile user-MU), is as follows:
N M
ESCZZZEn,m

n=1 m=1

BEEEan .
AEs; AE.,. . .
Circuit
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BEEEAR | '
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Figure 2. Conceptual diagram of an N*M reflectarray-based RIS with associated control

Q)

The second RIS implementation option is based on a metasurface that is comprised of a large
number of resonating structures which are closely packed (both their dimensions and the space
between them, are much smaller than the wavelength of the incident EM wave). It should be
further noted that a metasurface is the 2D form of metamaterials, which are man-made synthetic
materials with electromagnetic properties not found in naturally occurring materials. Although
the two aforementioned RIS implementations are different and metasurface-based RISs offer
increased flexibility (e.g., in terms of phase shifts’ granularity), they may be regarded as
virtually the same from a scattering point of view.
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3. SCATTERING AND E2E TRANSMISSION

Most of prior research on RIS-enhanced wireless networks is based on ideal scattering
modelling assumptions. In particular, it is assumed that the RIS scatters the incident EM field
towards a single desired direction without generating parasitic scattered waves towards unwanted
directions. However, such parasitic diffuse scattering may occur due to design trade-offs,
construction inaccuracies, deposit of dust and raindrops on the RIS surface. As it concerns the
cascaded Base Station (BS)-RIS-MU channel for end-to-end (e2e) transmission, pure LOS links are
assumed (see Figure 3). By adopting, however, such simplifications as in (Ellingson, 2021), the
pathloss models derived limit their validity in real-world networks. Thus, going beyond ideal
scattering modelling assumptions for the whole BS-RIS-MU channel, a new line of research is
proposed in (Basar et al., 2021). More specifically, the authors, by considering the presence of
multiple obstacles or reflecting/scattering objects in the BS-RIS-MU channel and integrating RISs
into state-of-the-art 5G physical channel models, formulate a baseline cascaded physical channel
model for the far-field regime.

R

[

Figure 3. E2E (BS-to-MU) transmission with LOS links

The importance of taking into account the scattering effects of the cascaded BS-RIS-MU
channel may be exemplified by the use cases presented here. In Figure 4, a scenario for achieving
energy efficiency through minimizing the network power consumption by RIS-aided Multi-access
computing (MEC) is depicted, Hua et al. (2020). Thus, especially in case of a rich scattering
environment, the aforementioned minimization for the computing tasks that may be performed by
multiple BSs, the optimization variables may include the set of tasks for each BS, the transmit
power of MUs’ devices, and the RIS phase shifts. In Figure 5, for the space-to-ground
communications for 10T in a rural area and in order the desired coverage enhancement to be
achieved, all relevant scattering effects should be taken into account. The same, also, holds for the
use case of Figure 6, whereas higher achievable rates with RIS-equipped UAVs for both the cell-
edge and Augmented/Virtual Reality (AR/VR) users, is desirable.

T @
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Figure 4. MEC between multiple BSs through RIS
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Figure 6. Air-to-ground communications for cell-edge and AR/VR users

4. CONCLUSIONS

The dual scattering nature of RIS-enhanced networks presented in this paper has direct
consequences for the analysis, optimization and deployment of future B5G/6G wireless networks.
Thus, the adoption of an EM-based framework becomes inevitable and is expected to promote the
examination of various theoretical and practical issues related to the overall design and performance
evaluation of RIS-enhanced networks. More specifically, the reliable e2e channel modelling of
these networks is of primary importance as there exists the need for modelling, not only the
attenuation caused by the environmental objects, but also their scattering behaviour. This scattering
behaviour is more influential in case of a rich scattering propagation environment, such as in case of
dense urban network and indoor deployments. Furthermore, scattered-related issues should be
examined correspondingly, as migration to higher frequency bands (such as mmWave, terahertz and
optical frequencies) will proceed further and become technologically mature. Moreover, in order the
smart radio environment by the exploitation of RISs to be feasible, the dynamics of the
communications environment should be taken into account (e.g., for moving users and UAVS).

Other enabling technologies of 6G, such as Artificial Intelligence/Machine learning (Al/ML),
may be integrated with RIS operation for optimizing and controlling the reflecting elements (as
dictated by the necessity for channel estimation, for instance). More generally, and towards the
implementation of the Joint Communication, Sensing, and Computation (JCSC) framework for the
6G, the scattering nature of RIS in conjunction with their high focusing capability in the radiative
near-field, may be exploited for beyond communication applications (e.g., radio localization,
sensing and wireless power transfer).
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1. INTRODUCTION

Reconfigurable Intelligent Surfaces (RISs) are recently considered as one of the promising
technology enablers for the next generation wireless networks, such as 6G cellular networks. RISs
have the capability to modify the radio waves of signals impinging upon them in ways that can be
programmed and controlled by using external stimuli, Renzo et al. (2020). Actually, RISs may
become the paradigm shift for implementing the so-called smart radio environment. In such a case,
the uncertain and formerly uncontrollable wireless environment is considered as an optimization
variable which, along with transmitters and receivers, may allow a joint treatment of them for
various optimization tasks.

Moreover, it is anticipated that future wireless networks will be characterized by a much
greater complexity in comparison to past and current networks, due to network architectural issues,
the heterogeneity of demanded services, etc. As a consequence, the typical modeling approach
through the derivation of mathematical models with the associated trade-offs between their
accuracy and tractability is not adequate anymore. Machine learning techniques may enhance the
overall modeling approach for various tasks (network design and deployment, optimization
procedures, performance evaluation, network operation, etc.), as depicted in Figure 1.

Machine
Learning

Figure 1. Modeling wireless networks with/without machine learning techniques.

Research for exploiting the concept of RISs towards the smart radio environment realization
is relatively limited, especially as it concerns modeling efforts for the subsequent network
performance evaluation. More specifically, early major research efforts include Renzo and Song
(2019), Hou et al. (2019), Kishk and Alouini (2020), Zhu et al. (2020), and Ntontin et al. (2020).
Two mathematical tools for modeling wireless networks have a prominent role in these early
research works: stochastic geometry theory and random shape theory. Thus, in this paper, we pave
the way for meaningful performance evaluation of RIS-enabled communications by identifying
basic network modeling choices related to the Mobile Stations (MSs), the Base Stations (BSs), the
communication blockages and the RIS-equipped blockages in various deployment scenarios. Prior
to these modeling choices (Section 3), Section 2 provides some background information about the
RIS-enabled communication environment, whereas Section 4 concludes the paper.

2. BACKGROUND ON RIS-ENABLED COMMUNICATIONS
RISs constitute a physical-layer technology that alters the wavefront (e.g., the phase,
amplitude, frequency, polarization) of the impinging signals on appropriately man-made structures.
More specifically, these structures (internal walls, front facades or entire buildings, etc) are being
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transformed to electromagnetically active surfaces by realizing elementary electromagnetic-based
functions (reflection, refraction, absorption, splitting, collimation, focusing/beamforming, etc.),
Yang and Rahmat-Samii (2019). In practice, RISs are implemented either by smart surfaces made
of discrete tiny antenna elements, or by smart metasurfaces usually made of some reconfigurable
material.

RISs may be employed for a variety of application scenarios envisaged in 6G cellular
networks, such as facing signal coverage issues, ensuring signal secrecy at eavesdroppers,
improving localization accuracy, etc. For example, as shown in Figure 2, due to the non-existence
of direct Line-of-sight (LoS) links between the BS and users u; and uz, the RIS-equipped blockage
R1 can provide indirect Line-of-sight (LoS) links to the corresponding MSs. The Ry may consist of
a 2D array of reflective units that alter the impinging radio waves and are controlled by a
microcontroller, whereas the reconfigurability is achieved by low power tunable electronic circuits
with electromagnetic functions.

From a smart radio environment point of view, we should notice that the use of RISs may
result in a move of functions usually implemented at the radio end-points to the communications
environment itself (e.g., beamforming). All in all, however, the appropriate exploitation of RISs
requires a careful examination and dimensioning for the overall communication chain and is
amenable to realistic modeling assumptions.

[ Blockage £555 RIS-equipped Blockage Blocked path -- = Unblocked path

Figure 2. RIS-enabled communication environment, Kishk and Alouini (2020).

3. TOWARDS REALISTIC MODELING

The evolution of future wireless networks, such as 6G cellular communication networks, will
pose new demanding challenges on performance evaluation issues. In particular, a shift from spatial
to volumetric performance metrics is envisaged. For instance, current approaches for spectral and
energy efficiency should be elaborated in 3D. Thus, a move from bps/Hz/km? (4G) and
bps/Hz/km?/Joules (5G) to bps/Hz/km®/Joules for 6G, should be strived for performance evaluation
purposes. The same, also, holds for the basic performance metrics (e.g. the direct and indirect LoS
probabilities between a BS and a MS, the reflection probability of RISs, the probability of
associations through an RIS) of the overall analytical framework for realistic modeling purposes.

Other major modeling assumptions are related to the exploitation of multiple frequency bands
(below 6 GHz, mmWave, THz). In particular, a scenario specific modeling is required for the
realization of mobile mmWave networking and for the introduction of “tiny cells” with a radius of a
few tens of meters (in case of THz communication). As a consequence, the incorporation of new
high-frequency mobility management techniques and user-association algorithms should be taken
into account for meaningful performance evaluation.
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Modeling the spatial deployment of BSs and MSs for current network implementations is
dominated by the use of tools from stochastic geometry (spatial distribution models, random
tesselations for coverage studies, random graphs for connectivity issues). However, the great
majority of research works adopt 2D models, mostly due to the use cases under examination. More
specifically, the 2D Homogeneous Poisson Point Process (HPPP) spatial distribution model is the
most widely adopted model for analytical tractability reasons. This PPP model (upper part of Figure
3) is used to denote the complete spatial randomness of both BSs and MSs by the consideration of
two independent spatial stochastic processes with only the aid of the density parameter 1 (e.g., Ass
for each set of BSs, Aws for the MSs). However, the 2D HPPP model cannot capture use cases with
clustered users (lower part of Figure 3) or the use cases envisaged for 6G (e.g., in the presence of
UAVSs). In other words, along with the appropriate spatial distribution model for each of the
communicating entities and the 3D communication requirements of future networking scenarios, a
compromise between analytical tractability and realistic modeling is required.
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Figure 3. HPPP and cluster spatial distribution models.

Another branch of applied mathematics, i.e., the Random Shape Theory, has been recently
applied to analyze the blockage effects on system performance. In particular, the authors of Bai et
al. (2014) used the line Boolean model for the blockages. According to this model, the midpoints of
the blockages are modeled as an HPPP with spatial density A», while the length and orientation of
the blockages are assumed to follow a specific probability distribution function (e.g., uniform
distribution). However, in case of RIS-enabled communications, some blockages may act as an RIS.
Therefore, an additional spatial density Azs=a4, as a fraction of ip, should be defined for the

surfaces that are composed of a number of reflective elements. Moreover, this number of reflective
elements should be defined also as either a fixed number for each RIS or a random variable with a
specific probability mass fumction. Other possible modeling approaches beyond the line Boolean
model include the line segments with height and the rectangle with height models, in order to be
inline with the 3D communication setup under examination.
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In essence, practical considerations and restrictions may lead to other options for modeling
the incorporation of RISs in each use case. Thus, one should discriminate between indoor and
outdoor scenarios, between RIS random deployment as described above and RIS planned
deployment at strategic locations, as well as between the inclusion of one or more sides of a
building to be covered with RISs. Finally, there is the need to model the hardware imperfections of
the tranceivers (non-linearities, in-phase and quadrature imbalance, phase noise, etc.) in a RIS-
enabled communication system, as such imperfections significantly limit the wireless system
performance, Boulogeoorgos and Alexiou (2020).

4. CONCLUSION

Various modelling paths striving for realistic models of RIS-enabled communication and
based mainly on the exploitation of stochastic geometry and random shape theories were examined
in this paper. Such a realistic modelling will promote the seamless integration of RISs to the future
more spectral and energy efficient wireless networks and will facilitate a greater synergy with other
state-of-the-art and emerging technologies (small cells, massive MIMO, use of mmWave and THz
frequencies, energy harvesting, etc.). The achievement of realistic modelling will be, also, of great
benefit for mobile network operators. More specifically, it will provide them a greater flexibility
due to the exploitation of a smart radio environment and will facilitate a more reliable techno-
economic analysis, thus contributing to the viability of future deployments (e.g., beyond 5G and 6G
networks).
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