BIOIPA®IKO ZzZHMEIQMA

ONOMATENMQNYMO : ANAPITZOZ IQANNHZ
ONOMA TNATEPA : TEQPI'1IOZ
ONOMA MHTEPAZz : OQTEINH

IAIOTHTA : ANATIAHPQTHZ KAGHIHTHZ ZE MPOZQIMOMNAIH 6EZH
AIEYOYNZH : KOYMOYNAOYPOY 86

NMOAH : 41222 NAPIZA

THAE®QNO : (2410)-684.345 & 257.929

HMEP.FrENNHZHZz : 28-05-1952

TOMOZ FrENNHZHZ : BOAOZ
APIO.TAYTOTHTAZ :[1.192909/10-03-1989
Email : andritsos@teilar.gr

ErFKYKAIEZ ZIMOYAEZ

30 AnpoTIKO ZxoAeio BoAou (1958-1964).
20 lupvaaoio - AUkeio Bohou (1964-1970).

MANENIZTHMIAKEZ ZINOYAEZ

Mruxiouxoc ®uoikdoc TnG DuoikopadnuaTiknG ZxoAn¢ Tou MavenioTnuiou
ABnvaoV (1971-1976).

METANTYXIAKEZ ZNOYAEZ (D.E.A)

>Tnv HAekTpovikn, kateuBbuvon Enikoivwvieg - MikpokUpaTa kar OnTikr) (1976-
1978) and 1o MavenioTrpio TG Limoges - FaAAiac.

METANTYXIAKEZ ZMNOYAEZ (DOCTORAT DE TROISIEME CYCLE)

A1dakTopikd oTnv HAekTpovikn, kateuBuvon Enikoivwvieg, MikpokUpaTa Kai
OonTikn (1978-1981) ano To Mavemornuio TnG Limoges — FaA\iac. O¢fua
di1dakTopIknG d1aTpIBNG: Aiadoon Tou pubpou TE;; péoa ot €va kaunuAo
KUKAIKO kupatodnyo (Propagation du mode TE;; dans un guide
circulaire courbe).

ZTPATIQTIKEZ YNOXPEQZEIZ : (1981-1983)
AIAAKTIKH KAI EPTAZTHPIAKH EMIEIPIA

[1]. AvanAnpwTtnig Kabnyntic oe npoownonayry 6éon Tou TPAWATOG
HAekTpoAoyiag Tng ZxoAng Texvoloyikwv Egappoywv Tou TEI/Adpioag anod Tov
Maio Tou 1984 péxpl kal onuepa o B€on HAEKTPOVIKOU HE QAVTIKEINEVO
HAexTpovikd Ioxuog, Biopnxavika HAektpovika kai H/Y.



[2]. YneuBuvoc Tou EpyaoTtnpiou HAekTpovikng IoxUog kai Biopnxavikwv
HAEKTPOVIKQV.

[3]. Moviyog ouvepydaTtng Tou napapTipatog Tou EAKEMA BOAQY kai AAPIZAZ
kKabw¢ kal aANwv @opeéwv (AHMHTPA, EYPQNAHPO®OPHXH, MAGHMATIKH
ETAIPEIA, NOMAPXIAKH AYTOAIOIKHZH AAPIZAS KkAn.) PE QVTIKEIHEVO TNV
eknaideuon kal TNV KatapTion o€ Bgpata Zuyxpovng Biopnxavikng Texvohoyiag
(HAhextpovikGd IoxUoc kai Biopnxavikd HAekTpovika) kabw¢ kar Béuata
MAnpo@opikng Texvoloyiac (FAwooeg MpoypappaTiopou, Baocelg Acdopevwy,
AikTua HAekTpovikwv YnoAoyioTwyv, EneEepyaacia eikdvag kAn).

EMIMEIPIA 2TO TEI AAPIZAZ KAI
2YMMETOXH ZE EYPQIAIKA MPOrPAMMATA

[1]. NpoioTapevog Tou TERKaTog HAekTpoAoyiag (1997-2000).

[2]. Mélog TnG emiTponng epeuvwv and 02-11-1995 pexpl 09-11-2001 wg
EKAEYHEVOC €KMPOOWINOG TOU TUNMATOG HAekTpoAoyiag kabwc Kal €KAEYHEVO
MEAOG Tou Eidikou Opyavou Tng Emmponng Epeuvav.

[3]. YneuBuvog Tou €pyou pe TiTAO «KevTpo ZupnAnpwpaTikng Eknaideuong
MruxioUxwv Kevrpikng EAMaAdoc» Tnc evépyeiac 3.4y «[lpoypdupara
ZupnAnpwpaTikng Exnaideuong» Tou 1°° ENEAEK and Tov deBpoudpio Tou
1998 p<ypi Tov IoUvio Tou 2000, oTa nAgioia Tou onoiou uAonoinenkav 26
MnN ageiBopeva  eknaideUTIKA NPOYPAMMATA aPXIKAG KAl OUMNANPWHATIKAG
gknaideuonc og diapopouc TOUEIC yia epyalOPEVOUG Kal anogoiTouc TEI/AEL.

[4]. ZuppeToxn oTo npoypaupa avaBabuionc Tou npoypdupaToc onoudwy Tou
Tunuatog HAekTpoAoyiac To onoio XpnuatodoTnenke ano To 1° ENEAEK.

[5]. Zuppetoxn oto npoypappa agloAoynong Tou Tunuatog HAekTpoAoyiag To
onoio xpnuatodoTnénke anod To 1° EMEAEK

ENMAITEAMATIKH EMINEIPIA

Ano To 1992 auioboc ouvepydTnC TNG eTaipeiac Mapaywync Aoyiopikou
Modular Sofware pe oTOXO :

[1]. Tnv oUvTa&n oAOKANPWHEVWV HEAETWV OKOMIKOTNTAG.

[2]. Tnv avaAuon kai oxediaon PNXavoypapIkwv EPapHOYwV.

[3]. Tnv uAonoinon npwTtonopiakoU AoyIoHIKOU Yia TNV Hnxavoypagenon
IdiwTikwv Iatpeiwv, OdovTiaTpeinv, IaTpikwv — AlayvwoTikwv KévTpwv Kal

OdovTiaTpikwv Kevtpwy, IdimTikwv kKal NoGoKopEeIakwv KAIVIKWVY.

[4]. Tnv eknovnon kai ulonoinon ekNaidEUTIKWV MNPOYPAPHATWY O BEpara
NANPOPOPIKNG.



2YITPA®IKH APAZTHPIOTHTHTA AHMOZIEYZEIZ KAI MONOIPA®IEZ

[1]. C. FRAY, 1. ANDRITSOS, A. PAPIERNIK : "Additional losess and time
delay fluctuations of TE11 modes in curved circular waveguides - Application to
feeder antennas". Electronics letters, May 1981, vol.17,No.11, pp.362-364.

[2]. C. FRAY, I. ANDRITSOS, A. PAPIERNIK : "Excess loss of TE11 modes
in curved circular waveguide". IEE conf.publ. 195,1981, pp.525-529.

[3]. I. ANDRITSOS, C. FRAY, A. PAPIERNIK : "Cross polar discrimination
between the fundamental modes of curved circular waveguides - Application to
feeder antennas". 7th colloquium on microwave communication, Budapest 6-
10th September 1982.

[4]. I. ANDRITSOS : "Propagation du mode TE11l dans un guide circulaire
courbe". Rapport de stage du D.E.A, Novembre 1978.

[5]. I. ANDRITSOS : "Propagation du mode TE11l dans un guide circulaire
courbe". These de 3eme cycle, Fevrier 1981, Universite de Limoges France.

[6]. I. Avdpitoog : HAekTpovikd Ioxuog. MNa Toug onoudacTeg Tou 4ou
g€aurvou Tou TunRPartoc HAekTpoAoyiac.

[7]. I. Av3piToog : Epyaotnpiakég Aoknoeic HhekTpovikwv IoxUoc. MNa Toug
onoudacTeG Tou 4ou eEaunvou Tou TUNEaTog HAekTpoAoyiag..

[8]. I. AvdpiTtoog : DpovTioTnpiakeg Aoknoelg HhekTpovikwv Ioxuog MNa Toug
onoudaoTEC Tou 4ou eEaurvou Tou TUNHaTog HAekTpoAoyiac.

[9]. I. AvdpiToocg : Opyavwon kai diaxeipion Apxeiwv - Aopec Aedopévav. MNa
Toug onoudaaoTEG Tou 4ou eEaprvou Tou TuNHaTtog HAekTpoAoyiac.

[10]. I. Avdpitoog - I'. ZOUATNG : ONOKANPWUEVEC EPAPHOYEC APXEIWV OF
vyAwooa BASIC yia IBM/PC/XT & cuppaTouc (1987). BiBAio nou £kdoBnKe OTO
eAelBePO gndpIo kal dlavepovTav anod Tnv etaipeia KAeidapiduoc.

[11]. I. Avdpitoog : ZToIxeia ApiBuNTIKNG AvaAuonc, Zxediaouoc Mpoypap-
HaTwv Kal Epappoyec - AAyopiBuol. Ma Toug onoudaoTEC Tou 40U €EAURVOU Tou
TUAMaTog HAekTpoAoyiac.

SENEZ TAQ2ZEZ

FAAAIKA : MoAU kaAd.
ATTAIKA : ApkeTd kaAd.
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EAAHNIKH AHMOKPATIA

Texvonoyiké Exmaidevuxé ISpupa (T.E.L)
AAPIZAZX

TEI AAPIZAX
YXOAH XTE®

Adpwooa  29-1-2003
Toy.Alvon:T.E.L. Adpioac ApwW.Illpot: 4154
T.K.41110
[Tinpogpopiec:
Tniéowvo:

BEBAIQXH

BeBaidvetan 6t 0 k. Avdpitoog lodvvng avorinpwtic kabnynthg detéhece
IIpoictépevog tov Tunuatog Hiektporoylog e ETED amd 1-9-1997 £wc 31-8-2000
(3796/17-6-1997 dwmototikn mpdén [poédpov TEI/A).

Tax. A/von: T.E.l. Adpicag, 411 10 AAPIZA - TnA. 0410 . . - Fax: 0410 610.803
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EAAHNIKH AHMOKPATIA

Texvodoyiké ExmaiSevuixké ISpupa (T.E.L)
AAPIZAZX

EIITPOIIH EKITAIAEYXHX
KAI EPEYNQN

[TAnpogopiec: O. Napn

Tay. A/von : T.E.I Adpioog
41.110 Adapoa

THA.- FAX :2410-611994

BEBAIQYXH

An6 ta tnpodueve oty Emrpom Exraidevong ko Epgovov tov TEI
Adpioog otoygeia, PePordverar 61, o  IQANNHX ANAPITXIOZL,
Av. Kofnyntig tov tufpatog Hiektpohoyiag tng ZxoAng Texvoloyikav
Epoppoyov (ETE®) tov TEI/A, om didpkew g Onteiag tov g pérog
E.IL. tov TEI Adpiooc, Katd Ta YpoviKd SlcTNpaTa:

1) an6é 1-11-1995 {og ko 1-11-1998 dietédece pérog g Emrpomniig
Epeovov 100 TEI/A, ®¢ exheypévog €KTPOGONOG TOV  TUNHOTOG
HAektpoloyiag, kabdg kot ekieypévo pérog tov Ewducov Ilevrapelovg
Opyavov (E.IL.O) g Emtponiic Epevvav tov TEI/A, (ApOu amé@oong
6007/1-11-95 Ipoédpov TEI/A) kot

2)  am6 2-11-1998 fmg 9-11-01 dietéhece pélog g Emrpomnig
Exnaidsvong kot Epevvdv tov TEI/A, o¢ exheypévog eKmpoOcmOTOG TOV
tpuquotog Hiektporoyiog, xabdg kor ekheypévo pérog tov Eidikod
Entopehodg Opydvov (E.E.O) g Emtpong Exnaidevong kor Epgvvov,
(Ap1Op. amé@aong 7523/2-11-98 Ipoédpov TEI/A)

Xopnyovue v mopodoa Pefaiwon otov evOlaPePOUEVO, UETH OO
aitnom TOL, Yo VoL TNV XPTCUYLOTOMWGEL GE KAOE VO Xpnom.

: ..e',.f%“:.:‘.Oﬂal(')SSPOQ‘L‘ Emitponng
: - Exnaidevong kot Epgovov

duoeog I'. Adkkag
Avtinpoedpog TEI Adpioag

Tax. A/von: T.E.l. Adpicag, 411 10 AAPIZA - TnA. (0410)____ . . . .. - Fax: (0410) 610.803
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EAAHNIKH AHMOKPATIA

Texvodoyiké Exmardesvnixé ISpuvpa (T.E.L)
AAPIZAZX

EIITPOITH EKITAIAEYXHX
KAI EPEYNQN

[TAinpogopiec: ©. Napn

Toy. A/lvon : T.E.I Adpioag
41.110 Adpoa

THA.- FAX :2410-611994
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MEPIAHWH THZ AIAAKTOPIKHZ AIATPIBHZ

H AidakTopiky Hou dlaTpiBr) anoTEAEOE avTIKEINEVO oupBoAdiou Tou
Epyaotnpiou HAekTpovikig kal MikpokupaTtwv Tou MavemoTrnuiou Tng Limoges

kal Tou EBvikoU KévTpou TnAenikoivwviakwv Epeuvav Tng MaMiag (C.N.E.T).

H epyacia aut npayupaTtonoinénke Pe TNV UNOOTAPIEN Tou kabnynTn A.
Papiernik nou 8INUBuve Tov €peuvnTIKO TOMEA 81Ad00NG NAEKTPOMAYVNTIKAG
akTivoBoAiag, Kepaiwv Kal VEWV TUNWV YPAUHWV HETAQOPAG PE MOAU HIKPEC

anwAeleg evepyelag (Laboratoire des lignes a faibles pertes).

To B€pa Tng S10akToPIKNG Pou dlaTpIBAG NTav «Aiadoon Tou pubpou
TE;1; HE€oa o€ Eva kapnUAo KUKAIKO kupaTtodnyo (Propagation du mode

TE;1 dans un guide circulaire courbe)>.

To avTIKeipeEVO TNG £pyaciac auTng NTav aPIiEpWHEVO OTNV €nidpaacn Tng
kapnuAotnTag otn diadoon Tou pubBuou TEi; Weoa o€ €vav pn €uBUypappo
KUKAIKO KupaTodnyo yia ouxvoTnTeG HeyaAuTepeg and Ta 10GHz, pe okono va

xpnoiponoinBei og dilacuvdeon oTabuou - kepaiag yia dopuPOpIKN EMIKOIVWVia.

3T0 nNPWTO KePAAalo Yyivetal pia oUvToun avaokonnon Twv
NAEKTpopayvnTIKWV 1010TATWYV Tou pubpoU TE;; Tou €uBUYpaMHOU KUKAIKOU

KupaTodnyou.

>T10 OeUTEPO KEPAAQIO YiveTal Npoondabeia yia Tov NPocdIopIGHO Tou
OUOTAMATOC TWV JIAPOPIKWV EEICWOEWY MOU IKAVOMOIEITal and Toug dIaPpopouC
pubuolc nou Oladidovral OTO €0WTEPIKO TOU KAUMUAOU  KUPATOONnyou
(napaoiTikn diEyepon AOYyw TnNG kapnuAdTnTac). Eiodyovrag éva veéo oUoOTnMa
OUVTETAYMEVWV MOU AapBavel unodyn Tou TNV YEWMETPIKN NApapoppwaon Tou
KupaTodnyou (ouvtetaypevec SERRET-FRENET) oTic e€lowoelc Tou Maxwell kal
avanTuooovTac TIC €YKAPOIEC Kal OIAUNKEIC OUVIOTWOEC TOU HAyVNTIKOU Kal

NAeKTPIKOU nediou o€ 101001avUoUaTa Kai I0100UvVapTNOEIC AvTioToIXd, NPOKUMTEI



€va ouveleuydévo HIyadikd cuoTnua €€ 0AOKANPWTIKO-OIAPOPIKWV EEICWOEWY
npwTou PabuoU ME aAYVWOTOUG TOUC OUVTEAEOTEC TOU avanTuypaTtog. H
avanTuén Aoindv Tou nAekTpopayvnTikoU nediou og 1010pubPOUC O Hia diIaToun
TOU KupaTtodnyoU kavovtag Xpnon Twv efiowoewv Maxwell odnyei oe €va
ovoTnHa €€lowoswv Nou Ikavonolgital and Toug dlIagpopouc pubpoUc ol onoiol
gival 1kavoi va diadoBouv peca o' autov. Etol Aoindv anodei€ape OT N
KauNUAOTNTa €l0dyel KaTa npoTepaldTNTa dUO KATEUBUVOEIC (NOAWOEIG) N Mia
nNapaAAnAn npog To €ninedo GUMPMETPIAG TOU KupaTodnyou kal n aAAn KAaBetn
oTo eninedo auTd. Avaloya pe To eninedo Aoindv o pubuog TE;; anodei€ape OTI

eival og gUCeUEn Ke Toug NapakaTw pudpoug :

TEzq, TEoq, TMyq ‘ KaBetn noAwon

TEzq, TMoq, TMyq ‘ MapaAAnAn noAwon

Eniong anodei€ape OTI oI OUVTEAEOTEG OUCEUENG €ival OuvapTACEIG TNG
ouxvoTNTag Aciroupyiag, kair avaloyol Tou Aoyou (a/R) onou a n akriva Tou

KupaTodnyou kal R n akTiva KaunuAdTnTag Tou.

>T0 TPITO KEPAAAIO £yIve NPoondbela yia TNV €NiAUCn TOU OUCTANATOG
Twv OlaQopIkwV E€EIOWOEWY avanTUooovVTAG TOU OUVTEAEOTEG OUCEUENG o€
aKEPAIEC OeIpEC akoAoubBwvTag TIGC aufouoec Ouvauelc Tou Aoyou (a/R).
Mpokelgevou va anopUyoUe OpouG nou anelpifovral HEoa oTnV €KPPAcn Tou
nediou, kavape xpnon piag noio eEeAypevng Pebodou (HeBddoc POINCARE) pe
npootyylon OeUTEPAG TAENG NOU HAG 0dNynoE O aVAAUTIKEG EKQPACEIC yIa TIG
oTabepeg d1adoonG TwV PUBUWV TEn Kal TMyq OTO ECWTEPIKO TOU KUPATODNYOU.
>TN OUVEXEIQ Ol OPIAKEC OUVONKEC oTnV €i0000 kal TNV £€000 Tou KupaTodnyou
HOC ENETPEWPAV VA OUVAYOUHE TIC AVAAUTIKEC EKPPAOEIC YIa TO €UPOC Kal TNV
IoxU nou peTapepeTal and Tov pubud TEi;. kal va unoAoyiooupe TO €UPOG Kal
TNV 10XU NOU anoppo@ouV ol NapaciTikoi pubpoi nou eugavifovral oTnv €icodo
Kal oTnv €€000 Tou Kupatodnyou. XTo i0I0 KEPAAAIO N MOAUNAOKOTNTA TWV

UMOAOYIOPWV HAC avaykaoe va KATapUYOUHE Kal O Mia OeUTEPN avaAUTIKN



MEBODO MPOKEINEVOU VA IGXUPONOINCOUKE TNV HEBodO Tou Poincare, kavovTtag
Evav EVeEPYEIOKO 100AOYIONO Kal unoloyiovtac Tnv porn Tou dlavuouaTog
Poynting nou €&€pxeTal and OAn Tnv enmaveia Tou kupatodnyou (napanAeupn
enm@aveia kar ol dUo OIaTOUEC €10000U kal €EO00U TOU) KATAPEPAUE VA
unoAoyiooupe TNV 10XU nou avakAatar aAAd kai oiadideTal yia kabe pubuo
EexwpioTa. TEAOC OTO  KEPAAAIO aQUTO  AOXOANOBAKAME KAl  ME  TIC
NAEKTPOHAYVNTIKEG IDI0TNTEG DIAdOXIKWV KAUNUAWY THNUATWV KUPATodnyou nou
ouvdeovTal PETAEU TOUC ME KOMMATIA €UBUYpPAUHOU KUKAIKOU Kupatodnyou

KaBopIGUEVOU WNKOUC.

2TO TPITO KEPAAAIO AoInov n HEBodog Tou Poincare pag odriynoe o€ avaAuTIKEG
EKQPACEIG NOU Hag eneTpewav va doule Tnv €nidpacn TnG KaunuAOTNTAG OTn
d1adoon Tou pubuou TE;;. H afonioTia autwv ekppdocwv eival kateuBeiav
ouvOedepEVN e Tov AOyo a/R mou €xel eMIAEyEl WG NAPAPETPOG AAAG Kkal TNG
ouxvoTNTaG AsIToupyiac. 2ZTO TETAPTO KEPAAAIO  €nIXEIpNOAPE va
enaAnBeuooupe Ta Baoika anoteAeopara (oTabepd 61adoanG Kal PETaPePOUEVN
EVEPYEID WECA OTOV Kupatodnyo) Mou nNApage and Tnv avaAuTik aAAd
NPOoOoEYYIOTIK HEBOdO, Pe pia pEBOGO MIVAKWV n onoia pag eNETPEWYE va
eMAUOOUPE apiBunTIKG TO OUCTNHA TWV JIAPOPIKWV EEICWOEWV NMOU Bprkape
oTo 0eUTEPO KEPAAaIo. Ta NpoypdUUATa NOU UAOMOINCANE anodeixTnkav noAu
anoTeAEOUATIKA apou pac unoAoyilav Taxutata OAd Ta nAEKTpopayvnTika

XapaKTNPIOTIKA TOU KaunUAou KupaTtodnyou.

2TO NEPNTO KEPAAAIO £yive N oUYKpIon Twv OU0 PEBOdWV Kal n eneEepyaaia
TWV anoTEAEOUATWY TOCO TWV AVAAUTIKWV 000 Kal TWV apiBunTIKwv. H peAETN
ENIKEVTPWONKE KUPIWG OTNV  HETABOAN TwV NPOCOETWV anwAEIwWV, OTNV
KUPATWOoN Tou Xpovou diadoong TnG opadac kalr ortnv evoodiapoppwon
(dlapwvia) yia Tnv nepinTwon Twv O0U0 NOAWOEWV Yyia &va N MNePIooOTEPA
KaunuAa TPAPaTa. Ma TouG UMoAOYIOUOUC XPNOoIMonoindnke o kapnUAog
KupaTodnyoc WC-109 pe avoiypa 90° (éva TeTapTnuopio) Kal SIAPOPEC AKTIVEC
KAUNUAOTNTAG, evw n OIQUETPOG Tou NTav 2,779 cm. H oulykpion Twv U0

HEBOOWV £0€i€e MwC N avaAuTikn PEBOdOC e€ival anodekTn VYIA AKTIVEC



KAUNUAOTNTAG HEYAAUTEPEC Twv 50cm npdypa nou ival anoAUTwG oupBaTo HE
TIC OUVONKEG KATw and TIC OMOIEC XpnoIdornolsiTal €vag Wn  €UKAPNTOC
KUPaTodnyoc. To anoTEAEOHA TNG €PEUvAC HAC ENETPEWE VA CUMMNEPAVOUUE
BeTikG@ Aomndv yia Tnv duvatoéTnTa XPNonG KN E€UKAPATWV  KaunUuAwv
kupatodnywv. Or1 unoloyiopoi €dei€av OTI O NPOCOETEC aANWAEIEC Kal N
KUPMATWOoN Tou Xpovou O1adoong TnG opadac e€ival apeANTEEC yia AKTIVEG
KAUNUAOTNTAG PEYAAUTEPEG TOU €VOC HETPOU. TEAOG n TAuTOXpOvn MHETAPpOopa
O0Uo noAwoewv Oev @aiveral duvaTtn Aoyw Tng evoodiapoppwonc (dilapwvia)

nou €l0ayeTal AOyw TNG KaunUAGTNTAG Tou KupaTodnyou.
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RAPPORT CONCERNANT LA THESE DE DOCTORAT DE 3e&me CYCLE PRESENTEE
PAR Icannis ANDRITJI'SDS

Titre de la thése : "Propagation du mode TE11 dans un guide circulaire courbé”.

Membres du Jury :

Président : Yves GARAULT Professeur & 1'Université de LIMOGES
Examinateurs : Jacques CITERNE Professeur & 1'I.N.S.A. de RENNES
Claude FRAY Maitre-Assistant & 1'Université de LIMOGES

Albert PAPIERNIK Professeur & 1'Université de LIMOGES.
Le mémoire présenté par Monsieur Ioannis ANDRITSOS est consacré aux effets
de la courbure sur la propagation du mode TEqq dans un guide circuldire surdimen-
sionné. L'objectif est 1'utilisation au-dessus de 10 GHz d’'un guide circulaire non
rigide comme liaison feeder pour infrastructure hertzienne.

A l'aide d'une décomposition du champ en modes propres, Monsieur ANDRITSOS
a d’abord établi le systéme d'équations différentielles qui traduisent 1'excita-
tion des modes supérieurs dans les coudes. Ce systéme a été résolu par deux métho-
des : l'une analytique (par perturbations), 1'autre numérique (par résolution matri
cielle). La comparaison de ces deux méthodes montre gue la méthode de perturbation,
plus simple & mettre en oeuvre, est valable pour des rayons de courbures supérieurs
a 0,5 metre (ce qui est compatible avec les conditions d’utilisation d'un guide
non rigide).

L'exploitation trés approfondie des résultats effectuée par Monsieur ANDRITSOS
permet de calculer les pertes additionnelles, 1l'ondulation du temps de propagation
de groupe, la modification de la constante de propagation pour les deux directions
privilégiées, dans le cas d'un coude ou de plusieurs coudes successifs. Une étude
de la diaphonie existant lors d'une utilisation simultanee des deux polarisations
en a également été effectuée.

L'ensemble des résultats permet & Monsieur ANDRITSOS de conclure positivement
en ce qui concerne la possibilité d'utilisation d'un guide circulaire non rigide.
Les pertes additionnelles et 1'ondulation du temps de groupe sont en effet négli-
geables pour des rayons de courbure supérieurs & un m@tre. Cependant, le transport
simultané de deux polarisations ne semble pas possible, en rayon de la diaphonie
introduite par les coudes.

o il v
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Le travail effectué par Monsieur ANDRITSOS est de grande qualité. Il a
su mener & bien 1'emploi - trés difficile - de la méthode des perturbations
et tirer des conclusions claires et utiles en ce qui concerne 1'utilisation
du guide qu'il a étudieé. ¢

La rédaction de son mémoire est excellente et 1'exposé qu'il a présenté
lors de la soutenance montre d’indéniables qualités pédagogiques.

Pour 1'ensemble de ce travail, le jury a tenu & lui adresser ées félicl-
tations.

Yves GARAULT
Professeur & 1'Université de LIMOGES.



ADDITIONAL LOSSES AND TIME DELAY
FLUCTUATIONS OF TE;; MODES IN
CURVED CIRCULAR WAVEGUIDES—
APPLICATION TO FEEDER ANTENNAS

Indexing terms: Waveguides, Losses, Antenna feeders

The additional losses and fluctuations in time delay in TE,,
operating curved circular waveguides have been determined.
The results obtained reveal that additional losses are less than
01 dB and time delay fluctuations are less than 0'5 ns at a
bend exit (curvature radius one metre). This permits the use of
nonrigid circular waveguides as feeders to antennas in com-
munication systems operating at frequencies above 10 GHz.

Straight circular waveguides operating in the TE,; mode are
used sometimes as feeders to tower-mounted antennas at
frequencies above 10 GHz. The TE;, mode of the circular
waveguide is a low-loss mode around a frequency 15 times its
cutoff frequency. For instance the loss of the WC 109
(27-79 mm) straight guide is about 4 dB/100 mm at 10 GHz. So
circular waveguides offer distinct advantages over elliptical or
rectangular waveguides (with losses about 15 dB/100 m at 10
GHz) as antenna feeders. Above this frequency, the circular
waveguide is slightly overmoded and the irregularities of the
transmission line can cause generation of higher-order modes.
So, the bend presence introduces mode coupling which results
in consequent loss of signal and a deterioration in the group
delay characteristic. This article presents a study of the addi-
tional losses and fluctuations in time delay arising out of the
bends in the transmission line. For simplicity, the ohmic losses
are neglected.

14811

Fig. 1 Schematic representation of a curved circular waveguide with tor-
oidal system

The most convenient co-ordinate system (p, 0, s) to study a
circular curved guide of inner radius a and curvature radius R
is the toroidal system. The electromagnetic field components in
a cross-section when expanded in terms of eigenfunctions
together with the Maxwell equations lead to a system of
coupled differential equations. A study of the coupling® reveals
that an mth-order symmetric mode does not couple to any
modes other than those of order m + 1. In the case of TE,,
mode operation, there exist two preferred directions of propa-
gation determined by the plane of polarisation at the entry of
the bend (Fig. 1):

(a) E', denoting a plane of polarisation parallel to the plane of
symmetry of the bend, coupling to TE,,, TM,,, TM,,

() E*, denoting a plane of polarisation perpendicular to the
plane of symmetry of the bend, coupling to TE,,, TM,,, TE,.

Since a/R < 1, we have chosen a 2nd-order perturbation
method? to resolve the system of coupled differential equa-
tions. These differential equations have been solved systema-
tically in the following sequence:

a/R
TE{) —— TMY), TES),
a/R

TMG,(TEG])

TE® for E!(E)

By this method, the propagation constants y{, and yi, of the
TE,; mode into the bend and the complex amplitudes b}, and

bi, of the reflected and transmitted waves at the entry (s = 0)
and the exit s = 1 of a bend can be expressed in analytical form
as below:

P = P11

2
i a ;
M = T Ry M =0) =; boklka)

2 5
bIEA(1) = b |1 + oy T ka)| exp (=it
where y,, is the propagation constant of the TE,; mode in the
straight guide, ka = wa/c the normalised frequency, and b the
amplitude of the TE;; mode at the bend entry; &(ka), Q(ka)
and T(ka) are frequency-dependent functions.?

At the bend exit, the additional losses in the two polarisa-
tions can be expressed by the equations:

aup = — 10 log (P,/P;)
with

(P,/P) = 1 + (2a*/R?) Re {T' V(ka)}

14812 ka
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Fig. 2 Envelope of minima of 2 Re {T(ka)} as a function of normalised
frequency for E' and E*

where P,and P; are, respectively, the transmitted power at the
bend exit and the incident power at the bend entry. The vali-
dity of these expressions has been verified by matrix method.?
The transmitted power is an oscillatory function with several
maxima and minima of amplitudes determined by a/R and ka
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Fig. 3 Time delay fluctuations as a function of normalised frequency for

perpendicular direction at 90° bend exit in a WC 109 waveguide with 50

cm radius of curvature

Reprinted from ELECTRONICS LETTERS 28th May 1981 Vol.17 No.11 pp.362-364



in accordance with Jouguet angles.* Fig. 2 presents an en-
velope of the minima of 2 Re {T'“)(ka)} as a function of the
normalised frequency for E! and E*. It is apparent that the E!
losses are more important than those of E* losses. The losses in
the two directions can now be easily determined for various
given values of a/R. For the case of the WC 109 waveguide the
additional losses are less than 0:02 dB for the E* waves and less
than 0:06 dB for E! waves with a radius of curvature R = 1 m.
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Fig. 4 Time delay fluctuations as a function of normalised frequency for

parallel direction at 90° bend exit in a WC 109 waveguide with 50 cm
radius of curvature
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In the case of an arbitrary oriented plane of polarisation at the
entry, the theoretical analysis does not pose any problem since
it is simple to project the vector on E! and E* whose influence
is known. The phase difference between the two polarisations
¢ and ¢; at the exit of a bend are only marginally different
from that for a straight guide ¢, of the same length I. To show
clearly the fluctuations in the time delay, we have calculated
the difference in phase differences for the two polarisations as
below:

'Y = ¢, — pI©
with

bw =711l
and

pi) = arg (b1 ()

The time delay fluctuations can easily be analysed by differen-
tiating the above relation with respect to the frequency, and
Figs. 3 and 4 present these for the two polarisations at the exit
of a 90° bend in a WC 109 guide with a 50 cm radius of
curvature. The amplitudes of these fluctuations are negligibly
small for telecommunication applications. Typical values are
2 ps for E* and 15 ps for E. At the cutoff frequencies of
unwanted modes, the oscillations are perturbed which, at
times, are so strongly pronounced as to those of E! waves
(Fig. 4) appearing at the cutoff frequency of the TM,; mode.

These results can be generalised to the case of successive
bends in the same or different planes separated by straight
sections of varying lengths. As a first approximation, in the
above case, the losses may be added to obtain the overall
losses.

The utilisation of a nonrigid circular waveguide as feeder to
tower-mounted antennas above 10 GHz is therefore a feasible
proposition because the additional losses are less than 0-1 dB
per bend, and the time delay deteriorations are less than 0-5ns,
which fall within the admissible limits.
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EXCESS LOSS OF TEll

C. Fray, J. Andritsos, A. Papiernik.

MODES IN CURVED CIRCULAR WAVEGUIDE

*
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INTRODUCTION

The circular waveguide operating on its
fundamental TE;; mode can be used as a feeder
to tower-mounted antennae at frequencies abowe
10 GHz. Compared with elliptical or rectan-
gular waveguides (whose losses are about

15 dB/100 m at 10 GHz), circular waveguides
(whose losses are about 4 dB/100 m at 10 GHz)
give reduction to feeder attenuation. In
addition a circular waveguide can simultane-
ously carry the TE;) mode with two polari-za-
tions.

But, the presence of bends produces mode
conversion. When these undesirable modes can
be propagated, the transmitted TE,; mode is
attenuated by transferring energy to other
modes. In this paper, the additional attenua-
tion is calculated by the perturbation method
for a perfect bend. For simplicity, the chmic
conduction losses are here neglected.

Field expansion in the cross-section

The most natural coordinate system (p,8,s)
for a curved waveguide is toroidal. s denotes
the distance measured along the curved axis
of the guide and (p,0) are polar coordinates
in a cross-section of the guide with an origin
at the guide axis. The inner radius of the
guide is denoted a and the radius curvature
by R. The element of length in this system

is :

ar? = ap? + p2ae?+ (1 - £ cos 0)2as?

The fields are expanded in eigenfunctions
omq(olﬁ),ﬁmq(o,e) of the circle of radius 3

(X)is

ET =E E (aqumq + bmq(us wamq)}
H, - E (o g XV b5g) + Bug¥ g}
m q
B =B 0. 4o, oW e 350 Y
SRl R N e ST e

wherem = 0,1,2,3 ..., 9 =1,2,3

The expressions of eigenfunctions and of the
corresponding eigenvalues L and v are

mg mg
co g R B
omq 50 (u_) m mgq a cos mb
m+1 "' "mg
un ]
qu = —;9 5 Ml th root of J_
1/2
qu(g/') o sin mé
v e T ) ( )
mgq o | m' 'mg a’ ‘cos mé
a(vmq m )Jm(vmq)
vmg th
v mq 8! ' vmq q root of J'o

with €=1form=0 ,§=2 form # 0

TABLE 1 - Coupled differential equations verified by the TEll mode.

ds qst
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These eigenfunctions are normalized :

j ¢2 ds =1
s

2
d ds =1
mg an £ ¥ mg

The coefficients :

amq(S), bmq(S), cmq(S), °mq(s)’ qu(s),

y__(s) are given by differential equations

g by expanding the fields into eigenfunc-

tions, introducing them into Maxwell's equa-
tions and enforcing the boundary conditions
atp= a.

Coupled differential equations. After a lot
of calculation, we got a set of first-order
differential equations verified by the TEmgq
and TMpg mode coefficients. For instance,
the ell?s)r b11(s) coefficients of the TE;;
mode verify the following system written in
Table 1.

Z = (u/e)l/2 is the impedance of the medium,
* ¢ the permittivity, p the permeability.

ka = wa/c is the normalized frequency and c
the light velocity.

The normalized TE;; wavenumber in the strai-
ght waveguide is written :

2

= ((ka)? - v2

Y1)
H and E (
cO8fficients.
The first system denoted E" corresponds to
the TE;; mode polarized in parallel with the
curvature plane and the second system denoted
E* with the perpendicular direction.

m = 0 or 2) are the coupling

TABLE 2 - Analytical expressions of coupling coefficients - ka is the normalized frequency ;

TABLE 3 - Numerical values of the coupling
coefficients for g = 1

MODES COUPLING COEFFICIENTS
TE,, Hi, =-0.388(Kka) +3.505 (ka)™*
Hi. = 0.388(ka)
Hy =-0498(ka)+3.634(ka)*
TE,,

H: =-0498 (ka)

TM,, | Eo = 0493(ka)

™ = 0079(ka)

)
2
|

24

From these equations we see that the TE;;
mode is coupled with :

Tqu(an'“zq)' TE:q(qu,bzq), TMOq(aoq.aoq)

for E" whereas it is coupled with :

L

T™, , TE boq) modes for ET .

29 2q" TEog! Bogr
The Table 2 presents the analytical expres-
sions of coupling coefficients. The table 3
presents their numerical values for g = 1. It
appears clearly that the coupling coefficient
of the Tle mode is lower than that of others.

H

1
v and umq are the roots of Bessel function Jm and J 0

ng

MODES COUPLING COEFFICIENTS
ey = B ULV U2 U - 2kal 3 (KalVE, - v (02 -1) Y20

TEg s

Hey = 2V2 Vo Ui (Ra) (U5, -U2) (U -1) 1"

Hag = Hag = UiV (4o U - Vi) LIk - U2 ) (02 -0 w2, - )71
TE,‘ - 2 ‘22 a /2 S

Haq = 20Ka)Uaq (Ve U3~ Vs VR L U, (05 - VAV (U3 -0 " (v -0)* 1
™., oy = BtRoOM LV G U0
™, Bug = (RO, L Vuc (UG - Vis XU - 1)1




and coupling coefficients of the TMy; mode
are relatively higher than those of the TEg;
mode.

Consequently the parallel polarization will
be more pertiurbed than the perpendicular po-
larization.

Fields in the curved waveguide. Since a/R<<1
in practical applications, we have selected
the perturbation method to solve the diffe-
rential coupled equations. The coefficients :

qu(s), bmq(s) for m = 0,1,2
and

amq(s),a (s) form= 0,2

mg
of the modes can be written :

2 n
A(s) = a9y % A (g)+ i§ A(Z)(s)+..§ﬁA(nks)

The field of zero-order approximation will
be the ordirary TE;; wave of the straight
waveguide. To simplify the study, the solu-
tions are restricted to the second-order.
Then, we have solved the equations order by
order following the schematic representation
for BY 2

(o) &R o fih " pa 1) ooty

TEll —R=y 2q TEZq ! ogq
first-order

(2)
TEll

zero-order second-onder

and for E' :

(o)
TE11

zero-order

R ' a/R
(1) (1) (1)
TMZq' TEZq' Tqu_____.

first-order second-order

(2)
TEll

The propagation constants of these modes are
slightly perturbed. For instance, the TE;;
normalized propagation constant in the wave-
guide curvature is

:(l E Y11
2
L T ey
R

for E"(E*)

§"(s*) is a constant formed by the coupling
coefficients and the normalized propagation
constants of the coupled modes. The analyti-
cal expressions of these constants are

written in table 4, the normalized propaga-
tion constants of the TEpg and TMpg modes are
respectively :

& 2501 5179 4 20 20 /n
Ymg = { (ka) -vmq} " nq ={ (ka) umq}
The figures 1 shows the relative divergence
between the»TE1 propagation constants in

the curved waveéuide (yy, and Yil ) and in
the straight waveguide, "for a perturbation
parameter a/R = 2.779 10-2 (for instance

2a = 27.79 mm and R = 0.5 m). From these dia-
grams, we see that the perturbed propagation
constants are very near to the unperturbed
propagation constant.

Transmitted power and additional losses for
a bend. The electromagnetic field is comple-
tely determined within a bend of s; length
from the following boundary conditions :

- at the input port (s = 0) :

a TEy; incident wave and TEj;, TM2qs TEpq
TMogq ©Or TEgq backward waves.

- at the output port (s = s;) :

TE1y, TMpgq, TEzqs TM,
waves.

q or TEpg transmitted

After lots of calculation we have obtained
the analytical expression of the transmitted
(2) power at the output of a bend. But we
omitted it from this paper.

Transmitted power for the two cross-polarized
modes are illustrated in figure 2 for a fixed
wavelength when the angle of the bend is
varied. These curves show that the TE;) mode
is transmitted without losses according to
Jouguet's angle (2) for discrete frequencies.

The TEj] mode attenuation at the bend output
can be written :

Y o 10 log Pt/ Py

P, and Pi are the transmitted and incident
powers.

TABLE 4 - Analytical expressions of constants §", &'.

(Eq)(va4334)
" - \ ’ EEgesma gy
) _ pr 3| (Ha) (k) 2Hy kal¥i MRS, (€, 008.300) | ud 0% 3%)
) Iy + +
T (ka)* uzq (¥74- ¥ ) A (V- W) (M8, ) (ko) 2mi, k2 (ke a2 RO,

(ko) Usq(te, - 30)




Figure 3 shows the additional losses for a

90° bend with a/R = 0.02779. We see that the
transmitted mode is heavily attenuated for a
polarization plane in parallel to the curva-
ture plane (E") because the coupling with the
TMo) is strong. When ka increases, the curves
giving the losses oscillate deeper and deeper.

CONCLUSION

This theoretical study shows that the addi-
tional losses of the two-cross polarized TE];
modes through a bend aren't the same. So, in
feeder application with a bandwitch between
10 GHz (ka = 2,9) and 14 GHz (ka = 4), with
2a = 2.779 cm, R = 0.5 m, the losses don't
exceed 0.1 dB, for a polarization plane in
perpendicular to the plane curvature (E* )
whereas they exceed this value for a polari-
zation plane. Consequently, when the polari-
zation plane of the TE;; mode is arbitrary

at the input port of the bend, this property
will produce a plane polarization rotation

at the output port. In addition, the diffe-
rence between the propagation constant accor-
ding to E" and E! will cause an elliptical
polarization at the output port.

1,6%10
4
- 2
T 1.2x10
E
-
-3
1. 0,8x10
- =
s
= ‘ _2
a/R=2,779%10
0.ux1073
2
a/R=1.389x10-
0,0

2 3 4 5
normalized frequency (ka)

A - Polarization in perpendicular to the
curvature plans.

Figure 1 - Relative perturbation of the TE11 propagation

: a/R = 2.779x1072.

parameters
> a/R = 1.389x10~
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CROSS-POLAR DISCRIMINATION BETWEEN THE FUNDAMENTAL MODES OF CURVED
CIRCULAR WAVEGUIDES. APPLICATION TO FEEDER ANTENNAS.

I. ANDRITSOS - C. FRAY and A. PAPIERNIK 5

The fundamental TE.,, mode of the circular waveguide is a low loss

mode around a frequency 13; times its cutoff frequency. For instance, the
attenuation of the WC 109 (diameter 27.79 mm) straight guide is about
4 @B/100 m at 10 GHz. This value is clearly lower than those for rectangu-
lar and elliptical waveguides (about 15 dB/100 m at 10 GHz). In feeder to
tower-mounted antennas, circular waveguide not only minimises attenuation
but also can simultaneously carry the TE11 mode with two polarizations. But,
for the frequency band 10-1k4 CGHz, the circular waveguide is slightly over-—
moded and the inevitable presence of bends causes generation of higher or-
der modes which perturbs the TE11 mode propagation. In a previous theoreti-—
cal study 1_2, we have shown that the additional losses and the time delay
deterioration are respectively less than 0.1 dB and 0.5 ns at the output
pért of a bend of radius curvature one meter for the WC 109 guide. These
" values being within the admissible limits, promise the possibility of using
nonrigid circular waveguide as feeders to antennas. Further, in the case
where two polarizations are used in a single waveguide, it is necessary to
determine the coupling vslues.

Since the curvature radius R is much higher than the inner radius a
of the guide, we selected the perturbation method to study the bend effect
on the propagation of the TE11 mode and verified its validity by a matrix
method. So, for the WC 109 guide, the perturbation method may be used in
the fgequency band 10-1L4 GHz for radie of curvature egqual or up to 50 cm 3.

From this analysis we have shown that there exist two prefered directions of
propagation into a bend :
. the first denoted by EA/ is in parallel with the curvature plane

and the TE,. mode is coupled with the TM, , TE. , TM_ _ modes
11 q 29 oq
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. the second denoted E J--is in the

E L E L perpendicular direction and the TE,,
. : i
mode 1s coupled with the TJeq, Tqu
i TS o sl modes.
i b \ 4 S ; &
i \ / // 8 Along these two directions, the
— b LA
\‘ ] E// |\ / II E// propagation constants Y 4/1 and Y _|1_1
’
\‘~ La’, \\\“J ’// are different. So, when the orien-
Wi oty Ll axit tation of the plane of the polariza-
“Piirs = tion of the TE,, mode is arbitrary

at the bend entry (fig.1), the theo-
retical analysis does not pose any problem since it is simple to resolve the
vectors along E// and E l-whose influence is known. At the output port of the
bend of length (1), we obtained two components of electrical vectors whose com-

plex amplitude is given by the following relations :

i 166 AN
2 Y91 2 =J 74l
b// (1)=b cosg {1+ T// (ka)} e bt : - (1)=b cos 6 {1+ 2= ’I‘-L(ka)} e i
11 R2 1t R2
b is the incident amplitude of the TEH mode. 1is the orientation of the inci-

I, ol (W)

dent linearly polarized wave with respect to E ka) is a complex func-
tion of the normalized frequency ka = wa/c, introduced by the parasite modes
coupling to TE11 mode. So, at the bend exit (figure 1), the TFJ11 mode is sli-
ghtly attenuated (b' < b) and the direction of polarization somewhat rotated

( 8'~ 6). In addition, the wave, initially linearly polarized, now tecomes el-
liptically polarized. In the case of two linear polarized waves, this phenome-
na of elliptic p?larization at the exit introduces coupling amongst them.

// !

The additionnal losses according to E'° and E — are very low for
curvature radius equal or up to one meter. They are oscillatory functions with
several maxima and minima of amplitudes determined by the ratio a/R and ka in
accordance with Jouguet h. The figure 2 presents an envelope of these maxima

as a function of the normalized frequency for E// and E 1. For the WC 109 guide,
it may be noted that the 10 to 14 GHz frequency band corresponds approximately
fo ka values between 3 and 4. Figure 3 shows the phase difference between the

components along E// and E l-expressed by the relakion :

6, = Arg {b</1(l)} - Arg {b1|T (1) (dotted lines)
and its reduced form when the imaginary part of T(ka) is neglected :
= T e
¢p £ ( Y11 Y1] )l (Solld llnes)

Latter formula predicts phase variation with good accuracy. These
results show that coupling between polarized waves may be deduced from the fol-

lowing expressions :
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Figure 2 - Additional losses enveloppe as a function of the normalized frequen-
cy at the ?fnd exit with 2a = 27.79 mm (WC 109 guide) :
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Cross—polar discrimination coefficient defined by the relation :

D(dB) = -20 log (minor axis / major axis)

is shown in figure L as a function of normalized frequency for various values
of 6 in the case of a 90° bend in a WC 109 guide of curvature one meter. When
6 is equal to zero or w/2, the coupling does not appear because the two line-
arly polarized waves propagate along the prefered direction EA/ and E l—. When
8 is different from zero the coupling appears and reaches a maximum value for

8 =:45°,

The utilization of nonrigid circular waveguides as feeders to tower
mounted antennas above 10 GHz is a feasible proposition because the addition-—
nal losses and the group delay deteriorations at the bend exit full within the
admissible limits in the case of TE11 mode. However, in the case where two po-
larizations are used in a single waveguide, it is necessary their orientations
are closed to the symmetric axis of the bends in order to keep cross-—polar

discrimination below 30 4B.
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Figure 3 - Phase difference between
the components E// and E L at 90° Figure 4 - Cross—polar discrimina-
bend exit for the WC 109 guide. tion at a 90° bend exit for the

WC 109 guide.
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