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OBaj pax je y uenoctu ypahen Ha MuctutyTy 3a pusuky Ilpuponno-matemaTruukor
¢dakynrera Yausepsurera y Kparyjesity, non Bohctom [Ipod. ap Ceerucnasa CaBosuha.

JKenema Owx na wu3pa3sMM HEU3MEPHY 3aXBAJTHOCT CBOM MeHTOpy [Ipod. np
CeetucnaBy CaBoBuhy 3a Bepy KOjy je ©UMao y MEHe, BEJIUKH TPYJ KOjH j& YI0XKHO Kako Ou
panm ¥MMao OBakaB OOJHUK, CTPIUBEHC, HAYYHO W JKUBOTHO 3HAKE KOjeé MH je TPEHEo,
CBECTpaHy M HeceOMUHy oMOh M MOJPIIKY KOjy MU je TPYy»ao CBE BpeMe m3paze pana. bes
ETOBE TMOJIPIITKE OBAj paj CBaKako He Ou 6mo mMoryh.

Taxobe ce 3axBasbyjeM wiaHoBuMa komucuje, [Ipod. np [ejany [lantenuhy, [Ipod.
np Mwunany KosaueBuhy, [lou. np Bpanky Jlpsbaum KOju Cy CBOjUM HHTEPECOBABEM U
KOPUCHHM CyTeCcTHjamMa JONMPUHENN YCICITHOM 3aBPIIETKY OBE TUCEPTAIIH]E .

3axBanmHoct ayryjem u llpod. np Amnekcannpy bopheuhy, ca ['paackor
VYuusep3urera y Xonr Konry, 3a KopcHe KOMEHTape U CyrecTHje.

OrpomMHy 3aXBaJIHOCT JIyTyjeM CBOjOj TOPOAMIIA HA CTAIHO] U Oe3pe3epBHOj MOPIIIN
KOjy Cy MU NPY>KUJIM TOKOM M3pajie OBE AUCEpTaLHje.

3axBajbyjeM ce CBHUM KoJlerama M IpujaTesbuMa, KOjU Cy MU NPYXKHWIN MOJAPUIKY M

nmomoh.
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YBOJI

[IpBe onTHyke KOMyHHKAIMje HACTalle Cy Ipe OKO JBa BEKa, HACTAHKOM ,,0ITHYKOT
tenerpada“. UnHno ra je cuctem oj HU3a ceMadopa MOHTHpPAHUX HA Kyjama, ca KOjuX Cy
orneparepu npociehuBanu mopyke ca jeqne kyne Ha apyry (Kmox Yam, 1790. rogune).

Y wmehyBpeMeHy, HOBa TEXHOJOTHja je JaraHo MOCTaBJbajla OCHOBE 3a pellleHe
mpobJieMa mpeHoca CUTHalla y ONTHYKUM KOMyHUKanujama. Tpebano je ucnuratu peHOMEH
TOTaJlHE YyHyTpalimhe peduexcuje, koju omoryhaBa Boljeme CBETIOCTH Yy MarepHjary
OKpPYKEHOM JIpyI'MM MaTepHjajioM HIKEer HHJIEKca IMpeslaMama, Kao IITO je CTaKiIo Yy
Bazayxy. Jlo kpaja 19. Beka, UCTpaKMBauM Cy YCHENHU Ja OCTBape Boheme CBETIOCTH YK
3aKpHUBJbCHE KBapIlHE IUNKE. TeopHjy MpocTupama CBETIOCTH Kpo3 BiakHa 1910. romune,
teopujcku cy objacHmmm Jl. Xonapoc u I1. [Iebu [1], A0K je eKcriepuMEHTaIHH paja Ha Ty
TeMy o0jaBibeH o crpane Llpusepa, 1920. roxune [2].

Mebhytum, mpBH 4YOBEK 3a KOra ce Be3yje IEMOHCTPHpame IMPEeHOca CIIHKa Kpo3
CBEXam ONTHYKHX KabioBa Omo je Xenpux Jlam , crymeHT menunuae y Munxeny. Hheros
uJb je 6uo na omoryhu riename HEMPUCTYMAYHUX JIeToBa y Tely 4doBeka, u 1930. roaune
00jaBHO je pax O MPEeHOCYy CIIMKa MOMOhy CBETIIOCTH KpO3 CBEXam KpaTKHX BiakaHa [3].
MelyTtum, BakHO Oe3 oMOTa4a MPEHOCKIIO j& CITUKY JIOIIET KBAIUTETA.

Kpyuujanau Hanpenak y pa3Bojy ONTUYKWX BJIaKaHa HAMpaBUO je BaH XWI, KOjU je
OMO TOJCTaKHYT pa3roBOpoM ca amepudkuM Qusndapem bpajanom O6pejuom. Csa
J0Taalllkha BIaKkHa Ouia cy “roia”, ca TOTAIHOM YHYTPalIlkboM pedieKkcujoM Ha TpaHuYHUM
MOBpIIMHAMA CTaKII0-Ba3lyX. Ban Xun mpekpuo je “rona” BiakHa O]l CTaKjia WIH IUIACTHKE
ca TpaHCIAPEHTHUM OMOTayeM Mamer MHiaekca npenamama. Jlo 1960. roauHe crakieHa
ONTHYKA BIIAKHA Ca OMOTadeM uMana cy cladibeme o1 oko 1 dB/m, mTo je 6mio cacBum
MPUXBATIEUBO 33 IPUMEHY Y MEIUIIMHH, aJli MIPEBHUIIIE 33 ONITUYKE KOMYHHKAIIH]eE.

HcnutuBama ONTHYKHX BIIaKaHa cy Oo0WiIa Ha 3Hadajy kama je 1960. rommue
HAINpPaBJbCH MPBH Jacep. YOP30 HAKOH TOra KOHCTPYHCAH je MPBU Jiacep KOjU je pajuo y
KOHTHHYaJTHOM pexuMy Kopuctehum komOmnammjy racoBa He i Ne. Hekommko rommna
KacHUje, yBOhemeM XEeTepOCTPYKTypa oMoryheHo je QyHKIMOHHCAHme MOIYIPOBOJIHUYKUX
Jacepa Ha COOHOj TemIlepaTypH, YnHehW OBe Jlacepe HICaIHUM H3BOPOM CBETIIOCTH 3a

ONTHYKE KOMYHUKAIIH]je.
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Yapn Kao je momao 10 eKCHepUMEHTAIHUX pe3yiTaTa KOju Cy TOKa3alH Jja BEITUKH
ryOMIM y ONTHYKUM BIIAKHMMAa HACTajy ycCleJ arlcophiyje W pacejama CBETJIIOCTH Ha
Heunctohama y Binakny [4]. Yapnc Kao je Ouo yBepeH na ce ryOHIM y ONTHYKUAM BIaKHHMA
Mmory cBectH ucnoa 20 dB/km. JIaGoparopuje mmpom cBeTa nmokymiane cy Ja cMambe ryOuTke
ONTHYKUX BJIakaHa. MHOT0 HCTPaKMBAUKHX Ipyla IMOKYIIABAJO j€ J1a OYUCTU jeIUHCHE
CTaKja Koje ce KOPUCTH y CTaHJapJIHOj OITHIIHM, KOje OM ce JIaKO TOMWUJIO M OOJIMKOBAaJo y
BJIAKHO.

UctpaxuBauku Tum n3 CGW (Corning Glass Works) xopumrhemem xemujcke meroe
CVD (Chemical Vapor Deposition) HamipaBuiiu Cy IWIHMHAPUYHY (HOPMY O] KBapPIIHOT CTaKIa
MaXJbUBO KOHTposmiryhu HuBo npumeca. 1970. rogune, oHu Cy 00jaBWiIM J1a Cy HampaBUIIU
JETHOMOJTHO BJIAKHO Ca CJIa0JheHeM Ha TalIacHO] JYKUHH XeINjyM-HEOHCKOT Jiacepa ox 633
nm, ucrox 20 dB/km [5]. I'pyna u3 CGW HampaBmia je THME Haj3HauajHUjH MPOIOP O] CBUX
UCTpaXKMBa4ya M OTBOPHUIIA BpaTa 3a Pa3BOj ONTHYKUX KOMYHHKanHja. Y HapeIHUX HEKOJIHUKO
roJiuHa, TYOUIM ONTHYKHUX BJIaKaHa Cy 3HAYAjHO OTAJIH.

[TpBH MpeKOOKEaHCKH ONTUYKH Kali moctaBibeH je 1988. rommue, T1€ Cy Y OCHOBH
TEJIEKOMYHHUKAIUjCKOT crcTeMa Oniia ONTHYKa BIAKHA KOja Cy MPEHOCHIIa CBETIIOCT TajacHe
nyxuHe 1300 nm. OBa TexHoNOTHWja je TMouena Jia ce TMpUMemyje W Yy Jpyre
TeJIeKOMYHHKAIIMOHE CBpXeE, U IT0CTala CTaHIapT 32 MHOTE CUCTEME KOjH Cy Ce 3aCHUBAJIHU Ha
ONTUYKUM BIaKkHWUMa. [7oOalHe KOMYyHHKallMje, HapOYUTO HWHTEpHET W MehyHaponHa
TenedoHUja, JaHAC Cy IPBEHCTBEHO 3aCHOBAaHE Ha TEXHOJOTHjU ONTHYKHUX BIIaKaHa, MoMohy
KOjUX ce BEJIMKOM Op3MHOM MPEHOCH BelMKa KOJIMYMHA HH(pOpMAIIH]ja.

HarnuM pas3BojeM MH(DOPMAIMOHMX TEXHOJIOTHja TOCIEIHBUX TOJUHA U Ca MPaBOM
excranzujom MHTepHeTa, cBe cy BehM 3aXTEBU TpXKUINTA 332 BEIUKUM Op3WHAMa MpeHoca
uHopmMalja u nponycHuM orncerom. IlpeaHocTu npenoca nogaraka ONTUYKUM BiIaKaHUMa
HacIpaM TIpeHoca ToAaTaka METaJHHM MPOBOJHHUIIMMA WM OSKHYHUM IyTEM Cy: BeoMa
Benuka Op3uHa mpeHoca nojataka (Hekonuko Gbit/s), mpemonihaBame BEIMKUX pacTojamba
0e3 peneTuTopa, UMYHOCT Ha CIIOJbAIlbE €JIEKTPOMArHeTHO 3payeme, MoryhHoct nosehama
KalanyTeTa ¥ HaKOH YTrpalib-e ONTHYKOT Kabia, 0e30eTHOCT mpeHoca moiaTaka, BeoMa TaHaK
Ka0JI 1 EKOHOMHYHOCT. 300T HaBEJCHNUX KapaKTEPUCTHKA ONTHYKA BIAKHA 3ay3MMajy BeoMa
OWTHO MECTO y pa3Bojy TEJICKOMYHHUKAIIH]ja.

Benuku Opoj MCTpaknBaukuxX Ipyla IIMPOM CBETa paju Ha UCIUTHBAKY ONTHUKUX
BJIaKaHa, EKCHEPUMEHTAIHO W TEOPHjCKH, Ca IIMJbEM MNOOOJbIIakha HHHUXOBHX HPEHOCHUX

Kapaktepuctuka [6,7,8,9,10]. Jenan on HaumHa moOOJbIIAKa MPEHOCHUX KapaKTEPHCTUKA
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BUIIEMOJTHMX ONTHYKUX BIIAKaHA jECTe NPOHAIAKEHEC ONTHUMAJIHE CTPYKType WHIEKca
npeiaMama, Koja y BEIMKOj MEpH yTHYE Ha IPEHOCHE KapaKTepUCTHKE BiakHa. OnTHUMaiHe
CTPYKType HWHJIEKCa TpeliaMarma BHIIEMOJHUX ONTHYKHX BIIAKaHA MOCTIDKY c€ H300poM
rpagujeHTHOr U W HHJEKca mpelamama. EKCliepiMEeHTaqHO je TMOoKa3aHO Mo0O0JbIIamke
MIPOITYCHOT OIICera IJIAaCTUYHUX ONTHYKHUX BiIakaHa ca W MHJIEKCOM IpejaMama y 0JHOCY Ha
BnakHa ca crenieHactTuM (CU) u rpagujentanm (I'N) nanexkcuma npenamama [11].

Pa3BujeHo je BHIIEe METOAA 3a MCIUTHBAKE MPEHOCHUX KapaKTEePUCTHKA ONTHYKHX
Biakana. Hajuemrhe kopumhenn npuctynu cy reomerpujcku [12], enekrpomarnetsu [13]
nomohy jeanaumHe mporoka cHare [14]. Luib oBor pama je TEOpHjCKO HCIHTHBAME
MPEHOCHUX KapaKTePUCHTKA BHIIEMOJHOT ONTHYKOI BIaKHA ca W WHIEKCOM IpelamMama
MPUMEHOM jeTHauYnHe MMPOTOKA CHAre.

Y paHHjUM TEOPHjCKUM HCIHTUBAKbMMAa TPEHOCHHX KapaKTEPUCTHKA ONTHYKHX
BiakaHa ca W MHIIEKCOM TIpellaMama y3UMaH je y 003up caMo YTHIA] IUPUHE YHYTPAIIHeT
OMOTa4a 1 Koe(DUIIMjeHT crpe3ama MOJIoBa. Y 0BOj JIOKTOPCKO] AWCEPTAIHjH, TOpe]] YTUIIAja
[IMPUHE YHYTpAIlker OMOTaya M KOe(PHIMjEeHTa CIpe3arma MOIOBA, MCIUTAH je W YTHIAj
OyOuHEe YyHYTpallmber oMoTaya, Kao U yTUIla] yIjla ¥ LIMPHHE YJIa3HOTI CHOINA CBETJIOCTH Ha
IIPEHOCHE KapaKTepUCTUKE BiIakHa ca W MHAEKCOM Ipenamama. JloOujeHu pesynraTH ce
MOT'Yy KOPUCTHUTH 3a NMPOHAJIAKEHEe ONTHUMAIHOT Npoduia nHAeKca npenamama W BIaKHa U
KapaKTEepUCTHKA YJIa3HOT CHOIA CBETIOCTH, y3uMajyhu y 003up oJHOC 10OM]jEHOT TIPOIyCHOT
orcera v ryOuTaKa.

Pan je konnunupan Ha cnegehy HauuH.

[TpBa rmaBa nocseheHa je oCHOBaMa TeOpHje MPOCTHPAha CBETIOCTH. Y OBOj IJIaBU je
o0janrmeHa TallaCHO-YeCTHUYHAa NpPUPOJia CBETIOCTH, MpHWKa3aH je 3aKoH ojad0ujama u
IpejaMama CBETJIOCTH, Kao M JIe0 CIEKTPa eJIeKTPOMAarHeTHOT 3payerma KOju ce NMpHMemYyje
KOJI OTITUYKHX BJIAKaHA.

VY npyroj riaBu je omMcaHa CTPYKTypa ONTHYKOI BJIaKHA, HAYUH IPOCTHpama
CBETJIOCTH KpO3 ONTHYKO BJIAKHO W THIIOBH ONTHYKHX BJIAaKaHA. Y OBOj TJIaBH Cy Jare U
neuHUIje OCHOBHUX I10jaBa U MIapaMeTapa Be3aHHX 3a ONTHYKA BIIAKHA.

Tpeha rinaBa ce 0aBM UCIIUTHBAKHEM MPOCTUPAHA CBETIOCTH KPO3 ONITHYKO BIAKHO ca
W uHIeKkcoMm mpeiaMama MPIMEHOM eIeKTPOMAarHeTHOT IPUCTYIIA.

VY 4eTBpTOj TNaBU je 00jallllbeHO MOJICNOBalkE MPOCTUPAa CBETIOCTH MPHUMEHOM
BPEMEHCKH-HE3aBHUCHE jeTHAUYMHE TPOTOKA CHAre KoJ BiIakHa ca W HHIEKCOM MperaMamba.

ITpuka3aH je HyMEepHUUKH METO[] pelllaBarkba BPEMEHCKU-HE3aBUCHE jeIHAYMHE MPOTOKA CHare

13



VBox

Ko/ BiakHa ca W HHAEKCOM mpeiaMama. HakoH Tora cy mpuKa3aHd pe3yiaTaTtd JoOHjeHU
NPUMEHOM OBOT MOJIeJla Ha ONTHYKA BiakHa ca W MHIEKCOM IpesiaMarba.

[lera rmaBa ce 0aBU MOJEIOBAKEM IPOCTHPAEHA CBETIOCTH NPUMEHOM BPEMEHCKH-
3aBHCHE jeJJHAYMHE MPOTOKA CHAre KoJl BiakHa ca W WHIEKcoM mpenamama. Objanrmena je
pasznuka u3Mel)y BpEMEHCKH-HE3aBHCHE M BPEMEHCKH-3aBHCHE jeJHAUYMHE MPOTOKA CHAre u
MpHUKa3aHu cy JOOWjeHN HYMEPUYKH Pe3yNTaTH 3a (PpPEKBEHTHU OA3UB M MPOIYCHHU OIICET 32
BJIakHa ca W HHIIEKCOM IpeaMama, Kao U 'yOHIIN HACTaIl YCIIe/ ClIpe3amka MOJ0BA.

Ha kpajy je mat 3akspydak ca IperienoM J00HjeHuX pe3yliTaTa.
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OCHOBH TEOpHj€ CBETIOCTH

1. OCHOBH TEOPUJE CBETJOCTH

Onrtuka je neo ¢u3mke Koja ce 0aBM W3ydyaBameM IPHPOJE CBETIOCTH U HEHOM
MHTEPAKIHjOM ca MarepujoM. [IpocTupame CBETIOCTH KpPO3 ONTHYKA BIaKHA o0jalImaBa ce
OCHOBHHUM 3aKOHHMa T'€OMETPHjCKE ONTHKE, CTOTa j€ HEOIXOIHO Pa3yMETH OCHOBHE ONTHYKE

MIPUHIIAIIE ¥ HHTEPAKIH]y CBETIOCTH Ca MATEPH)OM.

1.1 CBeTJ10CT Ka0 TAJIAC U YeCTHUIA

Ca ¢Qusnuke Tauke TIEAMINTA CBETJIOCT CE€ MOXE [OCMATpaTH y OOJUKY
CJICKTPOMATHETCKUX Tajlaca WM Yy OOJIMKY 4YecTHlia Koje ce HasuBajy (ortonu. OBoO je
Mo3HaTa TaJacHO-4YeCTHYHA (JlyallHa) TeopHja.

[Ipn nocmartpamy CBETIOCTH TAJACHUM IPHUCTYIIOM, CBETJIOCT C€ KpO3 CPEIHHY
HpoCTUpe y OOJIMKY €JIEKTPUYHHMX U MAarHETHUX NOJba, Op3uHOM c. OBa 1oJba Cy HOpMaHa
jeIHO Ha JApyro, a IpaBall U CMep KpeTama MM C€ MOKJIama ca MNpaBlIeM M CMEpOM

MpocTUpama cBeTIocTH (ciuka 1.1).

y1 EnexkTpuyHo norse
MarHeTHo norse

—_—

/‘0° 90° P 180° 270 360° X
7 /
z/ | e

Cnuka 1.1. ExextpomMaraetsu tajiac.

\
~

[Ipoctupame Tanaca omucyje ce CUHYCHOM (PYHKIIMjOM, a TajlacHa JyXuHa A KOJI
TpaHCBEp3aJTHUX Tajaca je HajMame pacTojame u3Mely JBe cycelHe Tadyke Tajlaca Koje
ocumtyjy y ucroj ¢asu (cimuka 1.1). Bpoj ocrunanmja y cekyHau Ha3uBa ce ppekBeHImja f .
TanacHa nyxwHa U QpeKBeHIHja Cy OOpHYTO MPOTMOPIIHjallHE BEIUYHHE, U Y BaKyyMy ce

OQHOCE Kao:

15



OCHOBH TEOpHj€ CBETIOCTH

A= (I.D

~ln

r7ie je ¢ Op3uHa CBETIIOCTH Y BaKyyMy.
@®oTOH je KBaHT eJIEeKTPOMAarHeTHE CEHEepruje Koju Takohe TNpeacTaB/ba KpaTKH
TaJaCHM TAaKET, 0]l HEKOJIMKO Tallaca, KOju Op30 CTHTHY JIO CBOj€ aMIUIMTY/E M UCTO TaKO Ce

Op30 u u3ryde (ciuka 1.2).

A

Cnuxa 1.2 ®0OTOH Kao KpaTKU TaJaCHH MAKET.

Enepruja kojy Hocu jeman ¢orton 3aBucu oj ¢pexsenunuje f: mTo je Beha
¢bpekBennmja Tamaca To je Beha eneprumja ¢dorona. Enepruja jemnor ¢orona nara je

jETHAYHHOM:

E=hf (1.2)

e je h =6.626x107** Js, Ilnankosa koHcTanTa. EHepruja N ¢oToHa je:

E = Nif (1.3)

Jlaxie, CBETJIIOCT HCTOBPEMEHO TOCE/Yje U YeCTUYHA U TajlacHa cBojcTBa. OBa AyalHOCT HHjE
CBOjCTBEHA CaMo CBETJIOCTH Beh M eneMeHTapHUM YecTHIama Kaja ce Kpehy.
[Tpn mcnuTHBamy CBETIOCTH OJ] 3Hadaja je mpaheme myTrama KOjuMa Ce CBETIOCT

erhe, CTOora €€ CBCTJIIOCT MOXKC IIOCMATpPATU KaoO 3pakK KOjI/I CC alpoKCuMHpa IMpaBOM
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OCHOBH TEOpHj€ CBETIOCTH

JUHUAJOM, a JO0 CKpeTama 3paka J0Ja3d caMO TPH HErOBOM KOHTAKTy Ca TpaHHYHUM

MoBpIIMHAMa n3Mel)y MaTepujamHux cpeanna [15].

1.2 EfnekTpoMarHeTHu CleKTap

OHO mTO ce Ha3mWBa ,,CBETIOCT je BeOMa Mald €0 CIEKTpa €JIEKTPOMAarHeTHOT
3pauema. Pa3nuka m3mel)y 3padema y pa3inauTuM JeIOBHMA €JIeKTPOMArHETHOT CIEKTpa je

y TajacHoj AyXWHH U (PEKBEHIU]HU, Kao U 'y eHepruju Gortona (ciuka 1.3).

OnTudkK cnekTap

Paguo M lava
nkpoTanacu
Tanacu ° X-3paumn apauy
Buarsmea
— |
CBETNOCT
YrrparsybrnyacTto
I/IH(bpaupBe o /3paqu=e
_spaverwse | | | R
OpekseHumja ,

106 107 108 10° 1070 101" 1012 1073 1014 1075(10¢ 1017 1018 101° 1020 102! 1022

Erepruja dhoTtoHa ) ) ) ) ) ) )
(eV) 10-¢ 107 106 105 104 103 102 10'| 1 10 102 10 104 105 10 107 108

TanacHa AY>XunHa ! ! ! ! ! ! ! ! ! ! ! ! ! !
(m) 102 10 1 10" 102 103 104 105 10€ 107 10 10-° 10-1910-1110-1210-1310-14

Cnuka 1.3. EnekTpoMarHeTHu criekTap.

Kox ncnutuBama 1 mpuMeHe ONTHYKKUX BIIaKHA O]l MHTEpECa je caMo jeJJaH MaJH 10
enekrpomarsetHor cnekrpa (0.4 — 15 pum) (cimmka 1.3). OBa obnact ykipydyje BUAJBUBY
CBETJIOCT M MJIU J1€0 HH(PALPBEHOT U yATPasbyOHUYacTor Aeja CIeKTpa.

TamacHe ayXWHE KOje c€ OOMYHO NPUMEHY]y Y KOMYHUKAIMH U TPOCTUPY C€ KPO3
CWJIMKAaTHa ONTWYka BiakHa cy of 0.75 go 1.7 pm, Ha KojuMa je CHIMKATHO CTaKJjo
HajTpaHcnapeHTHHje. CTakiieHa U CHIMKAaTHA BJIaKHAa MOTY MPEHOCUTH BHUJIJBMBY CBETJIOCT, a
CTeljaliaH THIl CHJIMKATHOT CTakjia (KOHIEH30BaHU KBapIl) MOXKE IMPEHOCHTH CBETIIOCT
Omucky ynTpasbyOudactoM 3pademy. [lmactmunHa onrTuyka BiakHa HajOosbe mpeHoce

BHIIJBHBY CBETJIOCT [15].
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OCHOBH TEOpHj€ CBETIOCTH

1.3 UnHaekc npenaMama

bp3una npoctupama CBETIOCTH Y BaKyyMy je ¢, = 299792458 m/s. [Ipu npoctupamy

CBETJIOCTH KPO3 pa3zIHyUTe MaTepHjalHe CpeauHe meHa Op3uHa omama. OmHoc Op3mHE

CBETJIOCTU Yy BaKyyMy ¢, U Op3UHE CBETJIOCTU Yy HEKO] CPEJUHH C, HNpPEeACTaBJba MHAEKC

npeiiaMmama TS CpEANHC!

n=— (1.4)

1.4 llpenramame, oa0Mjame U TOTAJHA YHYTPalllkbha pedJiekcrja cCBeTJI0CTH

CBeTJIOCT MPH NPOJTACKY U3 jeIHE MaTepHjallHe CPEIUHE Y IPYTY MEHa CBOjy Op3uHY
W TIpaBall MPOCTHpama, Tajaa JoJia3d J0 T0jaBa TMO3HATHX Kao MpeiaMame W OJI0Hjame
CBETJIOCTH. 3aKOH OJI0Mjama CBETIIOCTH Kake J1a YHaTHH 3paK, OJ0HMjeHH 3pak M HOopMaja
MOBY4YEHAa Ha T'PAaHUYHY MOBPII JBE CPEAMHE W3 YNaJHE Tayke, JIe)Ke Y UCTOj paBHH; Yrao

on0ujeHor 3paka ¢, jeHak je yriy ymaJHor 3paka 6, y oIHOCYy Ha HopMmaiy (cnuka 1.4)

I
Hopmana
|
I

OnbwnjeHn

3pak 3pak

Crnuka 1.4. OnOujame CBETIOCTH.

Ha cnumm 1.5a npuka3aHo je npenaMame CBETJIIOCTH IPU yJIacKy 3paka U3 CpeluHe ca

MambUM HHJEKCOM IpenamMa (7,) y cpeAuHy ca BehuM MHIEKCOM IpenaMama (7, ). YIaaHu
3paK U3 IpBe CpeauHe (7,) 10Ja3u Ha TPAHUYHY HOBPIIMHY, U IPH YJIACKy y APYTY CPEIUHY

(n,) momaszum 1m0 mMpoOMEHe MpaBIla MPOCTHpama 3paka KOjU ce IMoMepa Ka HOpMasd. YTao
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OCHOBH TEOpHj€ CBETIOCTH

ymagHor 3paka 6,, Behu je ox yria mpeinomsbeHor 3paka 6,. Ha cnunm 1.56 mpukasaHo je
npesiaMame CBETJIOCTH IPH yJIacKy 3paka U3 cpenuHe ca Behum mHaexcom npenama (n,) y
CpeIMHYy Ca MambHM MHJIEKCOM Mpenamama (7, ), Taja JI0Ja3u 10 IPOMEHe MpaBla NpoCcTHpa

3paka Koju ce momepa oj Hopmaie, 1j. 6, <6, [16].

Hopiana Hop:Mana
|
| |
| I
| |
I
I Nt <n : ni=>n2
|
| |
! |
T
| N2 I Mpenomreexn
| [
| |
: B2 \ Mperomenn |
| 3pak
l—" :
2 : 6) |
| |

Crnuxa 1.5. [Ipenamame cBeTiiocTH

Besa usmely unnexca npenaMama ABe CpeiuHe, n, U n,, U yHajaHor yria 6, u yria

npenamama 6, , mo3Hata kao CHEJIOB 3aKOH, JaTa je jeJHAYNHOM:

sinf, _ n, (1.5)

sinf, n,

KonnuHuk MHIEKca mpenaMama 7, U 1, Ha3MBa CE PEIATUBHM MHJIEKC IpellamMama Jpyre
CpellMHe Y OJJHOCY Ha MpPBY. 3aKOH MpeiaMama CBETJIOCTH, KOjU YKJbyuyje jeanauuny (1.5),
KaXke Jla yIaJHu 3paK, NpeJIOMJbEHH 3pak U HOpMaJjia, TOBY4Y€Ha Ha TPaHUYHY MOBPIIMHY JIBE
CpeIMHe U3 yIaJaHe TaukKe, JIEXKe y UCTO] PaBHHU.
VY cnyuajy kaga je n, > n,, ¢ nopehameM ymagHor yria cBeTIOCTH, nosehasa ce u
(o}
yrao mpenamama U npubimkaBa BpeaHoctd o 90° (cnmka 1.6a). Kaga ce yrao ymamgHor

3paka moBeha W3Haj] HeKe KpUTHYHE BPEIHOCTH, Koja je yBeK Mama oa 90°, mpenoMibeHn
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OCHOBH TEOpHj€ CBETIOCTH

3paK BHIIE HE MOCTOjH, a YIAJHU 3paKk ce 00Mja y HUCTy CPEANHY U3 KOje je KPeHyo (ClnKa

1.66).
I
Hogmana
I
I
n1>n
N1 >n2 ! 2
YnagHu OnbujeHn
MpenomrbeHn 3pak 3pak
3pak - N1 .
I N2 : !
I
| 900 |
| | 61 > ec
I I
I I
I
a) : 0) [

Crnuxka 1.6. KpuTudnu yrao v ToTajgHa yHyTpallba pediaekcuja.

OBa mojaBa ce Ha3uWBa TOTAlIHA yHyTpallkha pediekcuja U 01 KIbYYHOT je 3Haudaja KoJ

OlmMCHBama MpoOCTUpaka CBETIOCTHU KPO3 OINTHYKO BJIAKHO. KpI/ITI/I‘-IHI/I yrao ynaaHor 3paka

onpehyje ce u3 CHenoBOr 3aKoHa!
. . ane
n,sin@. = n, sin90

. n
0. = arcsin—=
n

(1.6)

(1.7)
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ONTHYKO BJIAKHO

2. OIITUYKO BJIAKHO

OnTHYKO BIIAKHO j€ AWENEKTPHYHA CTPYKTypa 3a BOhEHmE M TPEHOC EHEepruje Ha
TaJacHOj Jy>KUHH KOja 0JroBapa WHPPALPBEHOM WU BHIAJHHBOM OTICETY €JICKTPOMArHeTHOT
cunekrpa (ox 400 nm mo 1500 nm). OnTHyka BIakHA MMajy KPYXXKHH MONPEYHH MPECeK U
carpalleHa cy O TpW cjOja TpaHCIAPEHTHOT MartepHjaia. [lompedyHu mpeceKk ONMTHYKOT
BJIAKHA j€ J0CTa MaJY, YIIOpPEeIuB ca 1e0JbUHOM JbyICKe AjaKe. JeTHa oBaKkBa CTPYKTypa Koja
Ce cacToju Of TPW LIJIMHAPHYHA CJI0ja KOja HAJeXKy jelaH Ha JAPYTH MpUKa3aHa je Ha CIUIHN
1.7. lleHTpanHM cJI0j c€ Ha3uMBa Je3rpo BJAKHA M KpO3 Hera ce MNpoCTHpY BolheHU
€JIEKTPOMArHeTHU TajlaCH U KaHaJMIIe eJleKTpoMarHeTHa eHepruja. Ha jesrpo Hanexe npyru
CJI0j AMENEKTPUYHOT MaTepujana, oMOTad BJaKHA, ¥ Ha Kpajy, OBa JIBOCIOjHa BohHIa je
o0aBHjeHa jeJHUM 3alITHUTHUM CII0jeM KOjU Ce Ha3uBa 3amTUTHH oMoTad. OBaj clioj ce He

y3uma y 063I/Ip IIpY aHAJIU3KU OINITUYKHX BJIaKaHA.

L

Jesrpo OmoTau

N

3awTuTta

Cruka 2.1. ONTHYKO BJIAKHO Y CJI0jeBUMA.

2.1 Pacnogesia uHAEKCA NpeiaMamba

CBojcTBa ONTHYKUX BiakaHa ojpeheHa cy kapakrepuctnaHoM QyHKIUjoM 7n(r), Koja
ce Ha3MBa pacrojenia MHJEKca IpejlamMama BIIaKHA, TIe je 7 paaujaJHa KOOpAMHATa y
unrepBanty 0 <r <b; b je paaujyc nomnpeyHor npeceka BiakHa. Ha ciunu 2.2 npukasana cy
ONTHYKAa BJIAKHA Ca CTENEHACTUM WHAEKCOM TNpelaMama, TPaJWjeHTHUM HHACKCOM
npejaMama U TPOyraoHUM MHIEKCOM IpenaMama (ciauka 2.2). [Topea onTHUkuX BilakaHa ca
OBE TPH pacmojiesie WHIEKCa IMpejaMama, Hajuemhe ce KOPHCTE W ONTHYKA BIaKHA ca J[Ba
oMoTaya (BraKkHa ca W MHAEKCOM IpelaMarma), ONTHYKa BIaKHA ca TPY OMOTaya U ONTHYKa

BIIaKHA ca yAyOJbeHmheM Y je3rpy (cimka 2.3).
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A n n n
Ny Nz N
0 r 0 0

Cnuka 2.2. TumoBM ONTHYKMX BilakaHa (a) ONTHYKO BJIAKHO Ca CTEIEHACTHUM
WHIEKCOM Tpenamama (0) ONTHYKO BIAKHO Ca TPaadjeHTHHUM WHACKCOM
npenamMama (B) ONTUYKO BIAKHO Ca TPOYTaOHUM MHACKCOM IpejiaMarba.

'n n n
a) 6) B)

0 r 0 r 0 r

Cnuka 2.3. Ilpumepu pacmozene WHAEKca Npelamarma KOJ BIIakHa ca (a) JBa
omoTtaua (W uHzaeKc npenamama) (0) Tpu oMoTaya U (B) yayOJbemheM y je3rpy.

OnTHYKO BIAKHO ca CTENEHACTUM MHJEKCOM IpejaMara MMa KOHCTAHTHY BPEIHOCT
MHJIEKca TMpejlaMama Iy’ LEeJIOr MOMPEeYHOr Ipeceka je3rpa BiakHa (ciuka 2.2a). Ilytame
CBETJIOCHUX 3paKa y OBOM BJAKHY Cy IpaBe JIMHH]jE, NP YEMY CE CBETJIOCHU 3palu NpHU
MPOJIACKY KPO3 BJIAKHO O0J0Mjajy Ha TPAaHWYHO] MOBPIIMHU W3Mel)y jesrpa W omoraya, u
MOHOBO ce Bpahajy y jesrpo (cimka 2.4). Pacmomena wiHaekca mpeiamarma KoJl BJaKHa ca

CTCIICHACTUM MHJCKCOM IIpCjiaMaba MOXKE CC U3PA3UTH Y cneneheM O6J'II/IKy§

n(ry=n, r<a

n(r) = n,,

@2.1)

r>a

IJIe je a MOMyNPEYHHK je3rpa BIaKHa, IPH YeMy je 7 e >

om *
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Njez

Cnuka 2.4. Ilytame 3paka y ONTHYKOM BIIAKHY Ca CTEMEHACTUM HHAEKCOM
npejgaMama.

Onrtnyka BJIaKHA ca TPaJUjeHTHUM HHAEKCOM IpellaMama HMajy je3rpo uYuju ce

HHACKC IpélaMakba MCHa pa):[I/IjaJ'IHO TaKO ITO pacCTe MOCTCIICHO OJ BPECIAHOCTU HMHICKCA

mperamMama oMoTava 7, A0 HeKe MakcuMmaiHe BpenHoctu n (r = 0) myx oce BiakHa (CluKa

om
2.26). Unnekc npenamama oMOTaya KOJ OBHX BIIaKaHa je KOHCTaHTaH. [lyTame CBETIOCHUX
3paka KOjH ce MPOCTHPY KpO3 BIAKHO Ca T'PaJidjeHTHUM MHICKCOM IpeiaMama NpUKazaHe Cy
Ha cimuuy 2.5. Pacmosena mHAekca mpeiaMama KOJ BJIaKHA ca TPaJUjeHTHUM HHIEKCOM

mpeaMama MOXe ce n3pasuTH y cienehem o0muky [17]:

g
2 2 r
no(r) =nj,._o| - A(Zj r<a

(2.2)
n(ry=n,, r>a
TZIe je g eKCIIOHEHT WH/IeKCa TIpeiaMama, a A je 1aTo U3pa3oMm:
2 2
n jez(r=0) nom
A== e (2.3)
2n

jez(r=0)
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-

- 1=

Nom

Njez

Cmuka 2.5. Ilyrame 3paka y ONTHYKOM BIAKHY Ca TPaadjeHTHUM HHICKCOM
pejaMama.

BpenHoct excmoHeHTa WHIEKCa TpelamMama g yTHYe Ha OONHMK pacrojeie HHAEKca
nperaMama. Y ciydajy Kajga je g=2 pacrojenia WHJAeKca MpejamMama y je3rpy BIakHa MMa

o0k mapaborte, a 'y cirydajy kana je g=1 uma obnuk tpoyria (cimka 2.6) [18].

a 0 a r
Cnuka 2.6. Pacmonmene uHAekca MpesiaMama 3a pa3IHudTe BPEAHOCTH g Y
jenHaumHu (2.2).

2.2 IIpeHocC CBETIOCTH KPO3 ONITHYKO BJIAKHO

Kao mito je Beh moMeHyTO, ONTHYKO BJIAKHO YWHE je3rpo, KPO3 KOje ce CBETJIOCT
NpOCTHPE, U OMOTaY, KOjU TOTIYHO Hauexe Ha je3rpo (cmuka 2.1). MHnekc npenamarma
jesrpa Behu je ox MHIEKCa MpenaMama OMOTada, TaKo Jla CBETIIOCT KOja Ce MPOCTHPE IYK

jes3rpa OKpYXEHOI OMOTayeM, YBPCTO je Be3aHa y je3rpy 3aKOHOM TOTAJHE YHYTpallkhe

pedrekcuje.
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Pagu jemHOCTaBHOCTH MOCMAaTpajMO CBETJIOCT Kao 3pak. Jla Oum ce cBeTIocT
MpoCTHpajia Kpo3 BIAKHO HA MPHHLUITY TOTANHE pediieKcHje, YIaJHu yrao CBETIOCTH 6 y

OJTHOCY Ha HOpMairy Mopa na Oyne Behu ox kpuruasor yria 6., (ciuka 2.7).

OCa BnakHa
—_—— e —— e T e
z

ny je3rpo

N2 omoTay

Cnuka 2.7. ToranHa yHyTpalimba pedaekcHja CBETIOCTH Y ONTUYKOM BIIAKHY.

N3 Cuenosor 3akoHa n,sin@, =n,sind,, ciemu na je 6, =6, xana je 6, =90°, jep je

sin 6, =1, ma umamo:

sin @, = % 2.4)
1
0. = arcsin:;—2 (2.5)
1

YobuuajHO je &a ce y aHaIM3H NPOCTHpama CBETIOCTH KPO3 BIAKHO IOCMAaTpPajy

yrioBu u3Mely mpaBia 3paka U oce BlakHa. Taja ce y jelHauMHE YBOJIU T3B. KOMIUIEMEHT

KPUTHYHOT yIJa:

Q= arccosn—2 (2.6)

n

W3 jemnaumne 3a kpuTHuHHU yrao (2.5) cieam nma he ce camo 3pamy CBETIIOCTH KOjU
umMajy yrao 6 > 6, y ogHOCy Ha HOpMaly, Tj. €, < ¢ Yy OIHOCY Ha OCy BJIaKHA, KPETaTH TyX

werosor jesrpa (cauka 2.7). C 003upoM Jja KpUTHMYHHM Yrao ONTHYKOI BJIAKHA 3aBUCH O]
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MHJIEKCa MpelaMama MaTepujaja jesrpa M OMoTaya, HNOTOAHHMM H300poM Marepujana 3a

je3rp0 1 OMOTa4Y BJIaKHA, ITOCTHKE CC KECJbCHU KPUTUYHU yrao BJIaKHA.

2.3 IlpuxBaTHHU yrao

[TocmaTpajyhu mpocTupame CBETIOCTH Y ONTHYKOM BJIAKHY MPHHIIMIIOM TOTAJIHE
YHyTpalme peduiekcrje, MPUMEHOM TeOMETPH]jCKE ONTHKE, MOXE CE OJPEIUTH OJHOC YyIJia
YIaJIHOT 3paKa KOjH JI0JIa3Hu M3 HEKEe MaTepHjaTHe CPEANHE, ¥ HErOBOT yIiia YHYTap BIaKHA.
Crora, camMo ymajHH 3paly ca OAroBapajyhum yrioBuma y OJHOCY Ha OCy BJIaKHA OCTajy

BOl)eHM NPUHITUTIOM TOTaJHE YHYTpallkhe pediekcuje.
Ha cnuum 2.8 mpukasaH je ynmaaHu 3pak A, KOjUu IO yrioM €, y OJHOCY Ha ocCy

BJIAaKHA yJla3d Yy BJIAKHO, M HAKOH IIpejaMama Ha T'PaHMULM CIOJballlkba CpeIuHa-je3rpo,
TOTaJHO ce pedeKxTyje Ha IPaHUYHOj MOBPLIM je3rpO-OMOTay, MPOCTHUPYhH ce Kpo3 BIAKHO.

CBu 3pauu koju cy ybadeHu moj yriaom sehum ox €, Hehe Outu BoheHH nyx BIakHa
MPUHIMIIOM TOTaJHE YHyTpalme pediekcuje. Ha ciammu 2.8 oBakBa cuTyamnyja miIycTpOBaHa
je 3pakoM B, koju je ybauen moj yriom Behum onx 6,, Ha IpaHHIM je3rpo-oMOTad ce
mpenamMa M mocTaje u3rybibeH 3pak. Jla Ou ymamHu 3pak Owo BoljeH MPUHIIMIIOM TOTATHE
YHYyTpalmbe peduieKcHje yHyTap BIaKHa, MOpa C€ yBECTH y BIAKHO MO yIJIOM MamuM o1 6, .
Crora 6, =0,,,, je Hajeehu yrao y ofgHOCY Ha OCy BJIaKHa IOJ KOJUM C€ CBETJIOCT MOXKeE

YBECTH Yy BIIAKHO J1a OW ocTajia BoljeHa JyK BIaKHA W Ha3MBa CE MPUXBATHU yTao.

o / \N@J‘beH apak

PUXBaTHU yrg

OCa BInaKkHa
—_——,— e —
. z
|es3rpo
omoTaM

Crnuxa 2.8. [IpuxBaTHU yrao ONTHYKOT BJIaKHA.
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2.4 Hymepuuka aneprypa

VY reoMeTpujcKoj aHaTW3U TMPOCTHpama CBETIOCHUX 3paKa KpPO3 ONTHYKO BIIAKHO
Moryhe je Hahu Be3y m3mel)y mpuxBaTHOT yria W WHJAEKCA MpellaMama je3rpa, omMoraya u
CpeIrHEe M3 KOje CBETJIOCHHW 3pakK ylia3u y BiIakHO (Hajuenthe je To Basmyx). To Bomm ka

neduHucamy yecTo KopuiheHor 1mojMa Koju ce Ha3uBa HyMepHiKa anepTypa BlIaKHa.

Omax\_|A 0, oca BlakHa

—_—— —_— — — ——— — — — — — — — S e

No 90 C zZ

N1 jesrpo

n2 omoTay

Cnuka 2.9. Ilyrama CBETJIOCHOI 3paka KpO3 ONTHYKO BJIAKHO yOadeHOr MHoJ
YIJIOM MambHUM OJ1 IPUXBATHOT yIjla BJIAKHA.

Ha ciouim 2.9 npukasaH je CBETIOCHHU 3paK KOjU je y BIAKHO yBEJEH MO yIiioM 6, y
OJIHOCY Ha OCy BJIaKHA, KOJU je Mamu O] NpuxsatHor yrima 6@,,,. CBETIOCHH 3pak u3
CpeluHE ca MHJIEKCOM IpejaMama 7, yJla3u y je3rpo ca MHIEKOM Mpenamama n,, KOjH je

mano Behu Ol HHACKCa IIpCJlaMiba OMOTada n, . HpHMeHOM CHenmoBOr 3akoHa JaTor

jennaunnoMm (1.6), mobwuja ce:
n,sing, =n, sin @, (2.7)

Pasmarpamem tpoyrna ABC ca ciuke 2.9, cneau:
0=""_¢ (2.8)

rzae je ¢ Behe ol KpUTUYHOT yIjla BIaKHA IOCMATPaHOT y OJHOCY Ha HOpMaJly TIOByYeHY Ha

TpaHMIM je3rpo-oMoTad. JeaHaunHa (2.7) mocraje:

n,sin@, = n, cos@ (2.9)
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Kopucrehu penanujy sin” @ +cos” @ = 1, jennaunna (2.9) Moxe ce HAUCATH:

n, sin@, = n,4/(1-sin’ 9) (2.10)

Cnuka 2.10. Hymepuka anepTypa ONTHYKOT BJIaKHa.

VY rpaHnyHOM ciy4ajy, Kaja ce pazmarpa TOTajlHa yHyTpallmwa pediekcuja (cauka 2.10),

nocraje jeHako 6, , Koje je u3paxeHo jenHauuHoM (2.4). Takobhe, y rpaHuuHOM ciayuajy, 6,

[0CTaje MpUXBAaTHU yrao BiakHa 6,,,, . Jennauuna (2.10) nocraje:
n,sin@,,,, =+n’ —n; (2.11)
Jennaumna (2.11) ciryxu 3a neuHNCame HYMEPUYKE arepType BIaKHa:
NA =n,sin6,,,, =n. —n’ (2.12)
V cnyuaj kaga je n, =1 , umMamo:

NA =sin6,,,, =+n} —n’ (2.13)

Benuku MNPpUXBATHU Yrao BJIaKHa 0MoryhaBa Ja BJIAKHO IIPUXBAaTU U IPCHECEC

CBETJIOCT KOja C€ EMHTYj€ M3 CBETIOCHE JHOJe, KOja MMa IMHPOKY yraoHy PacIojelry cHare
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CBETNIOCTH. Malln IPUXBAaTHH yrao BIAKHA 3aXTeBa YMOTPeOy y>KeT CBETIIOCHOT CHOMA KOjU
ce 00MYHO MPOM3BOIM TTOMONY Jlacepa.
Hymepuuka anepTypa MOXe ce€ H3pa3UTH M INPEKO pa3IMKe HHAEKCA IpellaMama

jesrpa u oMoTaua, Tako IITO MPBO Ae(PHUHUIIEMO:

2 2
n—n, nm—m
=~
2n; 2n,

A= sa A<<l (2.14)

nna KoMOWHOBameM jenHaunHa (2.13) u (2.14), nobujamo:

NA =n,"2A (2.15)

Beha nymepuuka aneptypa Bnakaa omoryhaBa npuxBaTame Behe KonuuuHe CBETIOCTH, YHME
ce mocTtmxke Beha najbMHa mpeHoca cBeTiocTH. MelyTuMm, ako je HyMmepudka ameprypa
BJIaKHA CYBHWIIIE BEJIMKA, NMPOIYCHU OIICET CHUCTEMa Ce CMamyje ycien noBehama MopaanHe
mucnepsuje [19]. Tpeba HanoMeHyTH Jia je U3MepeHa HyMepHyKa arnepTypa BIakHa OOMYHO
pasnu4nuTa O HEHE TEOPHjCKE BPEIHOCTH, jep €0 CBETIOCTH KOja C€ YBOAU Y BIAKHO

0JUIa3M y OMOTAay BJIaKHA, U MOXKE C€ [10JaBUTH Ha M3J1a3y BJIAKHA.

2.5 ®dpenesioBe pediiekcuje

[Mpu yOamuBamy CBETIOCTH Yy ONTHYKO BJIAKHO, MOTPEOHO j€ OIPEIUTH MPOICHAT
CBETJIOCTH Koja he ce oA0uTW o TpaHWYHE TMOBPIIMHE Ba3dAyX-je3rpo, jep ce Taj Jeo
CBETJIOCTH HE MpPEHOCH Kpo3 BiakHO. [Ipum mpenacky CBETIOCTH W3 Ba3ayxa HHIEKCA
npesamMama 1, y CpeluHy HHJEKca IpeamMama #,, 1e0 CBeTJIOCTH ce o10uja u Bpaha Ha3aqy
Ba3dyx, u To ce Ha3uBa OpenenoBo ondujame (pediiexcuja). OQHOC Mema CBETIOCTH KOja ce
0J10Mja Ha TpaHUIIM OBE JIBE CPEIUHE W YKYITHE CBETIIOCTH Koja ce ydaIyje y BIaKHO, MOXeE

ce onpeantu momohy uspasa [20]:
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p=|—2—L (2.16)
n24—n1

Wi u3paxeno y dB:

G =10log,,(1- p) [dB] 2.17)

ITocmaTpajMo ciydaj Kaja ce CHONI CBETIOCTH yOamyje u3 Basayxa (n,= 1) y je3rpo

ONTHUYKOT BJIaKHA MHJEKca npenamamwa n, = 1.5. Taga je p=0.04, mro 3Ha4u ga ce camo 4%

0]l YKYyIIHE CBETJIOCTH Koja ce ybalyje y BIAkHO oaduja, a 96% of yKyIlHe CBETJIOCTH ce
MPEeHOCH Kpo3 BiakHO. [lakie, penaTMBHO Malld J€0 CBETJIIOCTH ce 010uja O TpaHUYHE

MOBPLINHE Ba3AyX-j€3rpo BJIaKHA U HE MPEHOCH C€ KPO3 BIAKHO.

2.6 Ilyrama CBETJIOCHUX 3PAaKa y ONITHYKOM BJIAKHY

VY HactaBKy Tekcra OaBuhieMO ce KOHCTPYKIHjOM IyTame CBETIOCTH MPUMEHOM
3aKOHa TEOMETPHjCKE ONTHKE, Ka0 M KBAIUTATHUBHOM aHAIM30M caMme IyTame. [lyTama
CBETJIOCTH yYHYTap ONTHYKOT BIIAKHA ca CTETIEHACTHUM WHJEKCOM Tpeiamama obnmka (2.1),
npuka3zaHa je Ha ciunu 2.11. Ca cinuke ce BUIM Jla ce TMyTama 3paka cacToju Ol
MPAaBOJMHM]CKUX CETMEHATa KOjH OAT0Bapajy y3acTOMHUM pediekcrjama 3paka. AKO ce 3pak
CBETIOCTH pediekTyje y Tauku P u npu Tome 3akiama yrao €, ca ocoM BilakHa, OH moraha
CYIIPOTHY CTpaHy BJIakHa y Tauku Q ¥ HAKOH TOTallHEe peduieKcHje Ha pa3/IBOjHO] TIOBPIIUHU
je3rpo-oMoTay, Hampesayje AyX je3rpa BiakHa. [lyrama cBeTiiocTn n3Mel)y JBe y3acTorHe
pednekcuje je mpaBodWHHMjCKUM cerMeHT PQ; W mpu peduiekcuju oJf TpaHWYHE TOBPIIMHE
jesrpo-omoTad, npasar pediiekToBaHor 3paka je oapehern CHEIOBUM 3aKOHOM: yIaJIHH 3pak,
pedexToBaHM 3paKk W HOpMasia (HopMala je y paaujalHOM NpaBlly) JeKe y MCTO] paBHH, a
yHaaHu yrao U peduekroBanu cy Mel)ycoOHo jeaHaku (YIIIOBH y OAHOCY HA HOPMaJy Y TauKH
pednexcuje). Ha cnunm 2.9 je nprkazaHa v pojeKuyja MyTame Ha paBaH MOMPEYHOT IpeceKa

BJIaKHa.
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&)
©) P9¢

0o

Crnuxa 2.11. IIpoctupame CBETIOCTH KPO3 ONTUYKO BIAKHO; a) IUK-IAK ITyTamba
MEpUIMOHATTHUX 3paka, U 0) XeJIMKOWJHA MyTama T3B. UCKOIICHUX 3paka (skew
rays). Ha ciumm je Takolje mpuka3ana u nmpojeKija myTame Ha PaBaH MOMPEYHOT
IpeceKa jesrpa BiIaKHa.

VY BnakHMMa ca TpaJijeHTHOM PacIioIeNIOM HHIEKCa MpeflaMamba, IpojeKja MyTame
OBHX 3paka je y oOnuky enurcu (ciuka 2.12a), ¥ OBM 3pany ce Ha3WBajy XEIMKOUIATHU
3pany, a y noceOHOM CiIy4ajy ImyTama 3paka Moxe OUTH y 00nuKy KpyxHHLE (cnuka 2.120)
[19].

a) 0)

Crnuxka 2.12. a) XenukonaaaHu 3pany 1 0) UCKOIICHH 3palld Y ONTHYKOM BIIAKHY
ca rpaJivjeHTHUM HHJIEKCOM MpenaMama [19].

2.6.1 MepuauoHAJHH M UCKOIIEHH 3panu

[Tocmatpano npema 0OJIMKY TpajeKTOpHje CBETIOCHUX 3paKa, y ONTHUYKOM BIAKHY ce
pasnuKyjy JBE TpyIe 3paka: MpBy TpyIy YHHE 3palyl KOju ce MPOCTUPY YBEK Y PaBHU Koja

MIpOJIa3y Kpo3 OCYy BIAKHA, M TaKBE 3paKke Ha3MBAMO MEPHIMOHAIHU 3paly, JOK IPYry Tpymy
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YHHE 3paly KOjH HUKaJa HEe CEKy OCy BJIaKaHa M Ha3WBajy ce UCKOIIEHH 3pamu (ciauka 2.11).
Ca cnuxke 2.11a ce BuaM 1a MEPUAMOHAIIHYU 3palil YBEK JIEKE Y PaBHU 4YHja je IUPHUHA 20 U
Ta paBaH yBEK CaJpku ocy BiakHa. C Jpyre cTpaHe, UCKOLIEHU 3palll c€ MPOCTHPY AYK
XeIIMKOUAANIHE TyTame, 4dja je MpOojeKluja Ha paBaH MOMPEYHOT MpeceKa BiaKHA jeaHa
MOJIMTOHAJIHA JIMHUja KOja HEe Mopa OuTH M 3aTBopeHa juHMja (cnuka 2.116). Cpenmwa Tauka
u3mel)y 1nBe y3acTomHe pediiekcHje YBEK JIeKM Ha LWIMHIPUYHO] TOBPIIM YHjU je

MOJIyNIPEYHUK 7,

ic?

KOja ce Ha3WBa jOIl W YHYTpallkbU KayCTUK. MepUIUOHAIHH 3paly ce

MOTIYHO OIUCYjy 3ajlaBameM yria @_; To je yrao uzmel)y myrame 3paka u z -oce, Koja ce y

z
n3a0paHoj TeOMETPHjU TIOKJIana ca OCOM BIIaKHA.
3a omucuBame MCKOLICHHMX 3paka, OcHUM yriaa 6, (Koju ce joml Ha3uBa U Yrao
WHKJIMHAIM]j€e), TOTpedaH je U JOAaTHU Yrao KOjH OIMCYje YBPTame OBUX 3paka. ¥ Ty CBpXY

ce yBoaM yrao 6,; TO je yrao y paBHH IONPEYHOr Tpeceka BiakHa u3Mel)y TaHTeHTe Ha

pa3aBOjHOj TOBPIIMHU Y Tadykd pediiekcHwje, W TMpaBlia MpOjeKIHje MyTame 3paka Ha

NONpeYHH Tpecek (camka 2.116). Yrao €, uMa yBek UCTy BPEIHOCT NPH CBAKO] pedIieKcHju

jEIIHOT UCTOT CBETIOCHOT 3paKa.

2.7 MoaoBM Yy ONTHYKOM BJIAKHY

BrnakHo MoxkemMo mocMmarpaTH Kao ONTHYKHM TalacoBOA, j€p MPEHOCHU CBETJIOCT Y
00JIMKYy eJeKTpOMarHeTHuUX Tanaca. Kajga ce ucmuTyje mpolec MpeHoca CBETIOCTH Kpo3
ONTUYKO BJAKHO, OJ HHTEpeca je MO3HaBame paclofesie eNEeKTPOMATHETHOI MoJba U
WHTEH3UTETa CBETJIOCTH Yy BIAKHY, KOjU Ce€ MOTy JOOWTH pemiaBameM MaKCBEIOBHX
jenHavyMHa y3 MO3HABaWke KOHKPETHHX TPaHMYHUX ycioBa [21]. Moxke ce mokaszaTu Jia ce
pemaBambeM MaKCBEOBUX jeHAYMHA 3@ ONTHYKO BIAKHO AO0OHja KOHadaH Opoj pelema y
001uky becenoBux ¢yHkmMja, Koje ce Ha3uBajy MOI0BHU [22]. CBETIOCHU CUTHANT MyTyje HU3
OIITHYKHU TaJaCOBOJ Y OOJIMKY CKyIa Pa3InYUTUX MOJOBA KOjH C€ MPOCTHPY MO pa3IuIUTUM
yIJIIOBUMAa y OJHOCY Ha OCy BJIaKHa, IITO pE3yJTHpa HHHUXOBUM  pa3IMYUTUM
KapakTepucTUKaMa, Kao IITO Cy rpynHa Op3uHa U TajacHa AyxuHa. OBO y3poOKyje NPOMEHY
00JIMKa CBETJIIOCHOT CHTHaja y TOKY H-ErOBOT MPEHOCA QY BJIaKHA, U yTUYEe Ha MPOIMYCHU

OIICCT BJIaKHA.
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Jenmna on BakKHHX BEJIMYMHA NPH ONMKMCHBamy Opoja MOIOBA KOje BIAKHO MOXE 1a
MpeHoCcH je Oe3MUMEH3MOHa BeNWYMHA V KOja ce Ha3WBa KapaKTePUCTHUYHU TajlacOBOIHH

napaMmeTap, HOpMaJIH30BaHU TanacHu 6poj, mim "V Opoj* [20]:

,_ 2m(NA)

P (2.18)

IJie je a TONYNpEeYHUK je3rpa, A TanacHa JIy>)KWHa cBeTiocTH W NA HyMepuuka aneprypa
BiakHa. Ako je "V Opoj" Biakaa Mamu o 2.405, camo jelaH MOJI C€ MOE TMPEHOCUTH KPO3
jesrpo BiakHa (jeJHOMOJHO BJAKHO). Y CYNPOTHOM, pagd C€ O BHIIEMOJHOM ONTHYKOM

BIakHy. Bpoj Mo10Ba y BHIIIEMOTHOM BIIAaKHY ca CTENIEHACTUM MHJEKCOM Tpenamama je [20]:

N=— (2.19)

N (2.20)

2.8 Cra0d/beme cHare CBEeTJIOCTH Y ONITHYKOM BJIAKHY

YCJ'IC,Z[ ImpocTrupama CBETIOCTU KPO3 OIITHYKO BJIAKHO, CHara CBETJIOCTH OIllaga ca

AYXKWUHOM BJIaKHA. JC):[HaUII/IHa KOja HOBC3YjC OIITUYKY CHary Ha nNo4€TKy U Ha Kpajy BJIaKHA.
—a'L
P, =Pe 2.21)

rae je F, cHara cBeTIIOCTM Ha IIOYETKY BIaKHA, P, CHara CBETJIIOCTH Ha Kpajy BIakHa, L

Ay)KHHA BIakHa W ¢« je KoehHUHMjeHT ciabibema. Y MPakCH je MOTOAHHje H3Pa3UTH

kKoepuuujeHT cnabbena ¢ y obnuky [19]:

P
a= %bg?o =4.343¢' [dB/km] (2.22)

L
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o cnabipema cHare CBETJIOCTH y ONTUYKOM BIIAKHY JI0JIa3H YCJed YHYTpAIlbHUX U
croJballmbuXx ryouTtaka cBeriaocTd [19]. YHyrpammu ryOumu Hactajy 300r amcopruuje u
PejnueBor pacejama cBeTOCTH. ATcopnudja yATpajbyOMYacTor 3paderma H3a3uBa
eJIEKTPOHCKE IpeJia3e BaJICHTHUX €JIEKTPOHA Y aTOMMMa MaTepHjaja BIaKHa U MIOBE3aHa je ca
CJIEKTPOHCKOM  CTPYKTypoM aroma. Bpegnoctu ryOuraka  ycien — amncopiiuje
ynrpassyondacror 3pauewma cy oko 0.1 dB/km. Ilpu ancopnumju nndpanpBeHor 3padema
J0Jla3d 10 aTOMCKMX M MOJIEKYJICKMX BHOpauuja y MaTepujaly je3rpa BiakHa (KozX
IUTACTUYHUX ONTHYKUX BiakaHa, Hnp. C-H monekynn). TunudHa BpegHOCT ryOuTaKa ycien
oBe amcopriuje je oko 0.5 dB/km. Pacejame cBernmoctu y je3rpy BiakHa ycien
HECaBPILEHOCTH Yy MaTepUjajHOj CTPYKTYPH BJIaKHA U JOAATHUX MpHUMeca 4Hje cy IUMEH3Hje
pena BeIMYMHE TalacHe IyKHWHE MPUMEHEHE CBETIIOCTH, MO3HATO je Kao PejnueBo pacejame
(cnuka 2.13), M MHTEH3UTET OBAKO pacejaHe CBETIOCTH MPOMpolMoHanaH je ca 1/A%.
Pacejanu cBetnocHu 3pauu ce oabujajy Ipyrauuje Hero mrto 6u Tpebamno mo CHenoBOM
3aKOHYy, Ia 300Tr Tora JIe0 pacejaHe CBETIIOCTH Npeia3u y omoTad. OBaj ryOMTaK CBETIOCTU
MOXe OWTH MHHHMAJIHM30BaH y TOKY Ipolieca NPOM3BOIHE BIIAKHA HETOBUM IaXXJbUBUM

xnahemeM.

Pacejare ceeTnoctn

e N\ L

(@) > ®

Yectuue

CeTnocHu
3paum

Crnuxka 2.13. PejnujeBo pacejame.

Cnospamilbl TYOMIIM CBETJIOCTH HACTajy yclel MHKPOCKOICKUX aedopmanuja y
BIIAaKHY ¥ CaBHjarma BIIAKHA TPU HETOBOj MHCTANAIM]H. MUKpOCKOTICKe edopMalivje BIaKHa
o0yxBaTajy HEpaBHHHE KOj€ C€ jaBJjhajy Ha TIpaHUIM u3Mely jesrpa u omoTaya BIIaKHA,
¢daykTyaryje BpeJHOCTH MPEYHUKA je3rpa BIaKHA W Malla 3aKpUBJhEha BIAaKHA KOja HACTajy
y Ipolecy merose mpousBoame (ciauka 2.14). 'yOunm ycnen 3aKkpuBiberma BIaKHA MOTY Ce

00jacHUTH MOJIEJIOM CBETJIIOCHUX 3paka. Kaja je BIIakHO MpaBoO CBETIIOCT je Be3aHa YHYTap
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BIIaKHA TPUHIMIIOM TOTallHE YHYyTpallmke pedrexcuje (cnuka 2.14a). Yeaen MaKpoCKONCKOT
WJIA MEKPOCKOIICKOT 3aKpHBJbEHha BIIAKHA MEHa CE yrao IO/ KOjUM CBETIIOCHHU 3paK yrajaa Ha
IpaHNUYHY TOBPIIMHY je3rpo-oMOTad U JI0Ja3H JO0 MpejaMarma 3paka KOju OAJa3H y OMoTad

(cnuka 2.140,B).

npaBo BNakHoO

3aKpMBIBLEHO BI1AKHO

MUKPO3aKpUBIbeHa Y
BnakHy

Cmuka 2.14. T'yOumm y BiakHy KOjH HACTajy yclie, MakKpOCKOICKHX H
MHUKPOCKOIICKHX 3aKpUBJbEHA BIAKHA.

AHanuza cna0sbemha CHare CBETJIOCTH y BJIAKHY Y 3aBHUCHOCTH O TajacHE AYXKHHE
CBETJIOCTH, TIOKa3aja je Jia ocToje TPH INIaBHa MUHUMYMa KOjU ce Haiaze y WH(ppaIpBeHoj
o0JacTy eleKTPOMAarHeTHOT CHEeKTpa, Ha TalacHUM aykuHama: a) 850 nm, 6) 1310 nm u )
1550 nm [19]. UnTepBanu Tanacuux ayxuHa ox 800 nm o 900 nm, ox 1250 nm mo 1350
nm u ox 1500 nm mo 1600 nm Ha3uBajy ce "ONTHYKU MPO30pPHU", U Y HHMa CE CBETIOCT
Hajyemhe NpeHOCH Kpo3 ONTHYKa BiakHa. Hajmame cnabibehe y ONTHYKOM BIAKHY MOCTIDKE
ce Ha TamacHoj myxkuHU 1550 nm, omgHOCHO KopumihemeM Tpeher "onTmukor mposopa’.
Bumemonna onTuyka BlakHa ca CTEIEHACTUM WHAEKCOM IpellaMama KOPHUCTE ce 3a pajd y
OpPBOM U JpyroM "ONTHYKOM Mpo30py", BUIIEMOJHA ONTHYKA BIIAKHA ca T'PaJdjeHTHUM
WHJEKCOM TMpeiaMama Hajuemhe ce KOpUCTe y ApyroM "ONTHYKOM Tpo3opy", JOK ce
jemHOMO/IHA BJaKHA KOpUCTe y ApyroMm u Tpehem "ontuukom mpo3opy". Ceeriehe nuone ce
KOpPHCTE€ Kao M3BOP CBETJOCTH y CBa TPH "ONTHYKA Mpo3opa’, IOK ce Jiacepcka AUoAa

KOPHCTH Ha TaJlaCHOj AYXKHHH 01 0Ko 650 nm.
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2.9 Incnep3uja y oNTUHYKOM BJIAKHY

Jucnep3nja y ONTHYKOM BIAKHY INPEACTaB/ba BPEMEHCKO IIHPEHE CBETIOCHOT
UMIyJica KOjU ce MpOCTHpe OyK BilakHa. HacTtaje xao mocienuna CBUX OHUX Tpoleca y
ONTUYKUM BIIAKHHMA, YCJeJ KOjuX c€ MOjaBJbyje pa3iuKa y BpEeMEHHMa MOTPpEOHHM Ja
pa3IMuuTH MOAOBH Mpel)y oapeleHy ny>KuHY BiakHa.

AKO TIpETIOCTAaBUMO J]a CBETIOCHM UMIYJC KOjU ce ybailyje y BJIakHO MMa OOJHK
l"aycoBe pacrnionene, (ciuka 2.15), Taga ce yKyIMHO BPEMEHCKO MIMPEHE CBETIIOCHOT UMITYJICa

ycle ] mucnep3uje 1obuja u3 uzpasa:
At=\lt. -t (2.23)

rae je f, U ¢, IyHa MKApHUHA Ha noaoBuHU MakcuMyma (FWHM) ceernocHor ummyica Ha

ylla3y ¥ H3la3y BJIAKHA, PECHEKTHBHO. 300T MIMpEHha CBETIOCHHX HMITYJICAa JOJA3H 0
BUXOBOT Mel)ycoOHOT mpekianama, Ma NpUjeMHUK Ha Kpajy BIaKHa HE MOXE I10jeJJMHAYHO

Jla UX PErUCTpyje, YMMe Ce CMambyje IPEHOCHH KamaluuTeT BIakHa (ciuka 2.16).

Pul Piz ¢

A

a) 6)

tul tiz

Crnuxa 2.15. Hlupeme CBETIOCHOT UMITYJICA IPY MPOJACKY KPO3 ONTHYKO BIAKHO:
a) CBETJIOCHU MMITYJIC HA yJa3y y BJIAKHO M 0) CBETJIOCHM UMIYJIC Ha M3Ja3y U3
BJIAKHa.
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Cnuka 2.16. Unyctpanuja NpUMEHE IUTMTAIHOT CHUTHAJa CacTaBJBEHOT Of
ouroBa 1011, rme je cBaku OuT oapeheH jeAHHM CBETIIOCHHUM HMITYJICOM
onpeheHe mupuHe a) Ha yja3dy y BIakHO 0) Ha Qy)KWHHW BIakHa L; B) U Ha
MyXuHM BiakHa Ly (Lo > Ly).

Jlucniep3nja y OITHYKOM BIIAKHY Y3pOKYj€ J1a Ce BIaKHO MOHAIIA Ka0 HUCKOIIPOIYCHH
¢unrep, OAHOCHO MEHa KapaKTEPUCTUKY YJIa3HOT CUTHAJA, C UMITYJICHUM OA3WBOM A(f) uiu
npernocHoM (pynkuujom H(w) [19]. UmmyncHu oa3uB M mpeHocHa (yHKIHMja HMPEACTaBIbajy
®dypujeoB Tpanchopmanrjcku map, mna je 3a oapehuBame aucnep3urje T0BOJLHO U3MEPUTH /i(f)
wm H(w). MepemeM UMITyJICHOT 0O/A3HMBa 10o0uja ce MH(pOpManMja O MHUPEHY CBETIOCHOT
UMITyJIca TIpU TPOJAcKy KpO3 BIAKHO, JOK C€ MEpEemeM INpeHOCHEe (yHKIMje TUPEKTHO
no0uja MPOIYCHU OTICET BIaKHA.

Tpeba umatu Ha yMy J]a CBaKM MOJ| y BJIAKHY MMa CBOjy KapaKTEepUCTHUHY MyTamby,
rpynHy Op3uHy, TajacHy IYXHHY M Tonapusanujy. Jucmepsuja CBETIOCTH y ONTHYKOM
BIIAKHY C€ MOJXKE CBpPCTaTH y JIBe KaTeropuje: a) MojaiHa W 0) XpomarcKka JIucIep3uja.

XpoMarTcka Jucrep3udja ce lajbe JelH Ha MaTeprjaiHy U TaJacOBOJHY JUCIIEP3H]Y.
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2.9.1 Mopanna nucnep3uja

Kao mTo cmo Beh momeHynwu, pasamyuTH MOJOBH KOjH C€ MPEHOCE KPO3 ONTHYKO
BIIAKHO MMajy pa3iuuuTe MyTame, 300r Yera CBETIOCHU CUTHAIM KOje TMPEHOCE TH MOJOBH
CTIDKY Ha Kpaj ONTHYKOT BJIAKHA 3a Pa3JIMuMTa BPEMEHA. Y3MHUMO, Ha MpUMEpP, MO KOjU
HajOpKke cTUTHE N0 Kpaja BmakHa ¢ =0 W MOJ KOjU HajcropHje CTUTHE J0 Kpaja BIaKkHA

a=a,.,(ciuka 2.17).

max

L2 'Ymax a 2

Clmax |

// ) L4 " 1 m\‘

Cnuxka 2.17. Mnyctpanuja usBohema uspasa za At ,

Tana ce pasnuka y BpeMeHUMa Af_, OTPEOHUM Ja MOAOBU CTUTHY [0 Kpaja BIIaKHa, J0OHja

Ha cienchy Hauny:

t :Llﬂ (2.24)
n, Ln 1 L n?
PO S R e W s Wl 2.25
R c siny,, cn (2.23)
At =t,—t =L, ”? ”ln‘”z (2.26)
2

CBeTIIOCHU CUTHAJ KOjH C€ CaCTOjH OJI BETUKOT Opoja MOJIOBa, HA Kpajy BIaKHA UMa IIUPY
pacrozielly y OJHOCY Ha CBETJIOCHH CUTHAJ Ha MOYETKY BJakHAa. To MpakTHYHO 3HAYU Ja

JI0J1a34 JI0 KBapema CUrHajla Ha Kpajy BIIaKHA, YUME CE CMambYyje MPOIYCHH OIICET BJIaKHA.
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2.9.2 Xpomarcka aucnepsmja

XpoMarcka jucriep3dja oOyxBaTa MaTepHjallHy H TallaCOBOJHY JIHCIIEP3H]y.
TamacoBomHa amcriep3vja HacTaje, y MPHUHIMITY, 300r 3aBUcHOCTH " V-0Opoja" on TajacHe
Jy’)KUHE CBETJIOCTH, Tj. IPEHOCHE KapaKTepUCTUKe Moja (HIp. rpynHa Op3uHa) cy QyHKIIHja
OJIHOCA TONYTIPEYHHKA je3rpa W TajacHe Iy)KHUHE CBETIOCTH. J[pyruM pednma, TalacoBOIHA
JHcrep3rja HacTaje 300T Tora mITo Aoja3u o0 mperiacka oapeheHor 6poja HajBUIIMX MOAOBA
10 pa3NM4uTUX TyOMHAa y OMOTady KoOje 3aBHUCE O] TajlaCHe IY)XHHE CBETIOCTH. Tako
HacTajo MIMPEHE CUTHANA j€ 3aHEeMapJbUBO y OJHOCY Ha LIMPEHE CHUTHAjJa yClIed MOJAIHe
muctiepsuje. OBaj edekaT je 3Ha4YajaH caMO KOJ jEJHOMOJHUX, a 3aHeMapJbUB je KOI
BUIIIEMO/THUX BJIaKaHA.

MarepujanHa Jaucmep3dja ce jaBjba YCJed 3aBUCHOCTH BPEIHOCTH HWHJEKCA
npeiaMama MaTepHjajia OJl TajacHe MY)KWHEe CBETJIOCTH. [IomTo CBETIOCHM CUTHAN HHje
MOTITYHO MOHOXpOMATCKH Beh 00yxBata ojjpeljeHr orcer TalacHUX MyKHWHA, OHJIAa MaTepHjal
IPEeKO HHAEKca IMpellaMama pa3IMduTo yTU4Ye Ha Op3uHy MpOoCTHpama I0jeAMHUX
KOMITOHEHTH CUTHala. J[eo CBETJIOCHOT CHTHajla KOju MMma Behy TamacHy ayxuHy Kpehe ce
Kpo3 BiakHO BehoM Op3MHOM y TOpEACHY C JEJIOM CBETIOCHOT CUTHAla KOjU UMa Mamby
TajmacHy nIykuHy. Jlakie, MaTepWjaiHa IHCIIEp3Hja 3aBUCH OJf CHEKTpPAJHE UIMPHHE
CBETJIOCTH €MMTOBAaHE U3 CBETJIOCHOI M3BOpa M3 KOra Ce CBETJOCT yOallyje Yy BIIaKHO.
TunuuHa cnekTpaiHa HUPHHA CBETIO0CHUX auoaa je ox 30 nm no 60 nm, a Jacepckux Auoaa
ox 3 nm go 5 nm [23].

BpemeHncko mmpeme CBETIOCHOT CHUTHAJIA YCIEeA MaTepHjaiHe AWCIEepP3Hje TaTo je
cnenehum m3pazom [23]:

At =L ap )

mat 2

C

LAAM(A) (2.27)

rae je L myxuHa BlakHa, AA CHOeKTpajdHa IIMPHHA CBETIOCHOT W3BOpa, n(A) HHIEKC
mpejaMarma je3rpa BIaKHa KOjU 3aBHCH O] TajllacHe Oy>KMHe cBeTiocTH U M (A) mapamerap

MaTepujajgHe Jucrepsuje.
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2.10 IIpomycHu omcer ONTUYKOT BJaKHA

[IpomycHn omcer onTWYKor BiakHa je moryhe neduHHcaTH Ha BUIIE HAayuHA. Y
CYIITUHH, NPOIYCHH OIICET ONTHUYKOT BJIAaKHA MPEICTaBJba HHTEPBaAJ (PpEKBEHIINja ONTUUKOT
CHTHaJla KOjU Ce€ MO)Ke NMPEHETH KpOo3 BIAKHO Y3 MPUXBATIEUBO Cllabibeme curHaia. OBne
hemo natu jour jenHy JeQUHHIM]Y TPOIMYCHOT OICEra ONTHYKOT BIIAKHA KOja Ce y TpakKch
4ecTO KOPUCTH: MPOIYCHU OTICET BllakHa B je ¢pekBeHIMja Ha K0joj ce aMIUIMTY/Ia CHHYCHO
MOJYJIMCaHOT MOHOXPOMATCKOT CBETJIOCHOT CUTHAJIa KOjU Ce MPEHOCH KPO3 ONTHUYKO BIAKHO
CMamH Ha TOJIOBUHY, 0JJHOCHO 3a 3 dB, (ciuka 2.18) [23].

3a BHIIEMO/HA ONTHYKA BIAKHA KOPHUCTH CE TIPOU3BOJ TPOITYCHOT OTICera M Jy>KUHE
BIIaKHA Jla OM ce omucale meroBe MpeHocHe kapaktepuctuke. Ha mpumep, 2 MHz-km 3Haun
na 2-10° cBeTIOCHMX MMITyJca MyTyje Kpo3 ONTHYKO BIaKHO jayxkuHe 1 km Tako jga cBaku

CBETJIOCHHM MMITYJIC MOJKE JIa C€ TI0jeJJMHAYHO PETUCTPYje Ha KPajy BIIAKHA.

Piz

10 dpeKBEHTHN 0A3UB

0.5

0.0
B dpekBeHUMja

Crnuxka 2.18. Unycrpanuja neduHUIIje TPOITYCHOT OTICera ONTHYKOT BIaKHA.

[TpomycHu oricer BUIIEMOTHOT ONTHYKOT BJIAKHA Y Tpakch ce decto mnosehasa
y0aluBameM y BIAKHO CHOIA CBETJIOCTH KOjU MMa MaJly IIMPHUHY YraoHE paclojiene cHare u
O] MaJIUM YTJIOM Y OJHOCY Ha OCy BIIakHa. J[pyru HauwH je kopuctehu paznmuuure puirepe
MoMONy KOjUX ce U3 BJIIAKHA OJCTPamyjy MOJOBH HajBULIeT pena. Ha Taj HaumH ce mocTike
Jla ce Kpo3 BIAKHO MPEHOCH MamU Op0j MOJIOBa YHME Ce CMarbyje MOJIaIHA AUCTIeP3Hja.

[To3HaBame MPOITYCHOT OICera BIaKHA HHUje JOBOJHHO J1a OM Ce OJpearo MPEHOCHH
KalanuTeT ONTUYKOT JMHKA. 32 TO je MOoTpeOHO MO3HAaBaTH U MOCTYHaK MPEeHOca CBETIIOCTH

Ka0 M KOMIUIETHY NPEeHOCHY (QyHKIMjy cucTema. Ha mpomycHH KamamureT ONTHYKOT JIMHKA
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Takohe yTruue u u300p BPCTE ONTHUYKOT CUTHANA (JUTUTAIHU WIM aHanorHu). [lomeHnmo jor
Jla TOopelx JMHEapHUX ONTHYKHX edekara, Kao MITO Cy ClIa0bJbeme CHare CBETIOCTH U
JHCIIEp3Hja, IPU TPEHOCY CBETJIIOCTH KPO3 ONTHYKO BIAKHO MOTY C€ jaBUTH U HEIMHEAPHU
onTHYku edekTu [24], kao mWTO Cy: comcTBeHa ¢a3zHa MoAylaluja, caMOPOKycUpame,
Memame "derupu Tanaca', PamaHoBo pacejame, bpuiyeHoBo pacejame, IBOGOTOHCKA
ancoprniuja U KepoB edakar, koju Takohe yTudy Ha MPEHOCHE KapaKTEPUCTUKE OMTHYKHX
BilakaHa. OBe HelMHeapHe II0jaBeé Cy 3HAauyajHe NpPU IPEHOCY CBETIOCTH BEIHUKOT
MHTEH3WUTETa, KaJa OATOBOP ONTHYKOI CHCTeMa Ha moBehame WHTEH3UTETa CBETIOCTH

nocTaje HelnnHeapHa QyHKIMja HHTeH3UTEeTa.

2.11 Kaacudukanuja onTHYKUX BJIAKAHA NIpeMa BPCTU MaTepujaJia

OnTHuka BIaKkHa ce MpeMa BPCTU MaTepHjana Hajuemhe CBPCTaBajy y TpH KaTeropuje:
CTaKJIeHa BIJIAaKHA, BJIAKHA Ca CTAKJICHHM jE€3rpPOM M IUIACTUYHUM OMOTadeM M IUIACTUYHA
BrnakHa. CrakjeHa BJaKHA c€ TpaBe OJ CWIHMLHjyM JHOKCHAA ca JOJATKOM IpHMeca.
JonaBameM npuMeca Mema ce HHACKC IpejamMama jesrpa 1 omorava. ['epmanujym u pocdop
ce 1o1ajy na 6u ce moBehao nHACKC Npenamama, a 00p U Quryopuan aa Ou ce CMambUO HHJIEKC
npenamama. OBa BIIaKHA Ce KOPUCTE 3a MPEHOC BEJIHMKE KOJWYMHE MH(pOpMaIja Ha BEIUKa

pacrojama. thuxoBa Hymepuuka ameptypa je mana (NA =0.2), mTo Moxke aa pe3yirupa

BEJIMKMM MOYETHUM TryOuiyMa npu yOalMBamy CBETJIOCTH y BiakHO. IIpeunuru jesrpa
BrnakHa cy Hajuemhe 50 pm, 100 pm u 200 pm. YKynHM TyOWIM CTaKJIEHUX BIlaKaHa Cy
Hekojimko dB/km [25].

OnrTuyka BiIaKHAa ca CTAKJIEHHM je3rpOM M OMOTadeM O] IUIaCTHKE Cy IMOTroJHa 3a
kpaha pactojama, OOMYHO 10 HEKOJIMKO CTOTMHA MeTapa M 3a MPEHOC CPedHme KOIWYMHE
nndopmanuja. Hymepuuka ameprypa um je Beha (NA~0.4), anmu cy u ryounn Behu u
uzHoce oko 8 dB/km. IIpeunuxk jesrpa oBux Biakana je oouvyao ox 200 pm xo 600 um.

[InacTuyHa onTHYKa BJakHa UMajy je3rpo U OMOTay OJf IUIacTUKE. Y OTpedbaBajy ce
Ha KpaTKuM pactojambuma, o0nvyHo 10 100 m. CtanmapiHu NpevyHULM OBHUX BiakaHa cy 250
pm, 500 pm u 1000 pm, a npeuynunm mUXOBUX je3rapa cy 240 pum, 490 um u 980 pm,
pecriektuBHO [19]. Hymepunuka aneprypa uMm je Hajseha (NA ~0.5), a ryoumm ce kpehy u 1o
Hekonmuko crornHa dB/km. IlnacthyHa omTHdYKa BiIakHA Cy Jiaka 3a PYKOBamke€ M HUXOBA

[JIaBHAa TMPEIHOCT Y OJHOCY Ha Jpyre BpCTE ONTUYKUX BJaKaHa je INTO MMajy BEJIUKH
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NPeYHUK, ITO oMoryhaBa HHXOBO Jakmie chajame. [lmacTudHa ONTHYKA BIAKHA JIAKO
MPHUXBATajy CBETIOCT M3 CBETJIIOCHE NIMOJE, IITO UM OMOTyhaBa MIMPOKY KOMEPIIHjaTHy
NPUMEHY Kao JaKo-TIPEHOCHBHX BOJOBA 32 JHCILIEje M KOJl CUCTEMa 3a HCIIOPYKY CBETIOCHE

CHare pasJIMYUTUM BpcTama ONTUYKHUX ceH3opa [25].

2.12 Metoae 3a aHAIU3y ONTHYKHUX BJIAKAHA

3a omuCHBamE KapaKTEepUCTHKA MPOCTHpAma CBETIOCTH KPO3 ONTHUKU TaJacoBO
MOTY c€ NMPUMEHUTH TPH MPHUCTYyNA: eIeKTPOMAarHeTHH (TajacHa TeopHja), TEOMETPHjCKU U
kopuctehu jenqHaunHy poToka cHare. TajacHa TeopHja ONTHYKUX TaJIacoBOJa 3aCHOBAHA je
Ha MakcBeloBUM jelHauMHAMa ¥ TPUMEHH OCHOBHUX 3aKOHA EJIEKTPOAWHAMHUKE.
Henocratak enexkTpoMarHeTHOT MPHCTyNa je MTO c€ Yy OMNIITEM clydajy jJo0Wjajy Beoma
KOMIUIMKOBaHE jeJHAYMHE U pellekha 3a BEIUKH 0poj mojeauHadyHux mozosa. [lo3Hato je u3
KJIaCHYHE ONTHKE, Ja Y CpeJrHaMa TJe ce WHACKC MpejlaMama HE3HATHO MEHha Ha PacTOjemby
pena BeIMYMHE TajacHe JyKWHE (OBO je THIUYHO 32 BHUIIEMOJHE ONTHYKE TalaCOBOJE),
MOYE C€ 33 ONHCHUBAKE MPOCTHPAa CBETIIOCTH KPO3 TAJIACOBO KOPHCTUTH M TEOMETpPHjCKa
ontuka. llpuMena oBor Mmeroja cBoau Ha mpaheme wHCTOpUje TMOjeMHAYHUX 3paka
3aHemapyjyhm TamacHe edekTe CBeTIOCTH. MoIen Koju je 3acHOBaH Ha TIPUMEHH
TeOMETPHjCKEe ONTHKE HMa HEJ0CTaTak jep je MOTpeOHO TeHepucaTh BEIUKU Opoj
MojeIMHAYHUX 3paKa, MITO 3aXTeBa BEJIHMKO pPadyyHapCKO Bpeme. Takolje, Bpio je akTyenaH
METOJl KOjU C€ 3aCHMBA Ha jeJHAYMHU IPOTOKA CHAre, a MpHUMEHkYje Ce y aHalu3H
BUIIIEMOJHUX ONTHUYKUX BilakaHa. OBaj METOJl Ce 3aCHUBA Ha pellaBamy [ J1oreose jeHaunHe
MpoToka cHare u Ouhe jeTasbHO O0jallmbeHa y JajbeM TeKCTy. Y HaBeICHHM TOTJIaBJbHMA,

IMpUKa3aHe Cy OCHOBHEC KapaKTCPHUCUTKE OBOT MECTO/1a.
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3. OIITUYKA BJIAKHA CA W UHIAEKCOM ITPEJIAMAIBA

3.1 YBoa

OcHOBHa yIioTa ONTUYKOT BJIaKHA je J1a CBETJIOCT BOJH O MpeAajHUKa 10 MPHjeMHHUKA
ONTHYKOT CHUTHAJa y3 IITO Mame ryOuTke W mTo Behm mpeHocHm kamammreT. OnTHYKa
BJAaKHAa Cy JaHac TOCTaja HMHAYCTPHUJCKH CTaHIApH 3a 3eMaJbCKe TEeNEeKOMYHHKAIIN)CKE
CHUCTEME M TpeHoce OKO 85% yKymHOr KoMyHHKaluoHOr caoOpahaja. CrakieHa omTuyka
BnakHa (COB) cy Hajuenthe kopumhen NnpeHOCHU MEAMjYM Y KOMYHUKAIIMOHUM Mpekama ca
BEJIMKHM KallallATETOM TPEHOCa Ha BEJIMKHM YyJIaJbeHOCTHMA, 33 PAa3NIMKy OJ IUIACTUYHUX
ontnukux BiakaHa (ITOB) xoja ce o6uuHO ynorpebibaBajy Ha KpaTKuM pacTojamuma (<100
m).

[MoTpeba caBpeMeHor apymTBa 3a cBe Behom Op3WHOM M KamamuTETOM IpeHoca
nHpopMaIja pasior je 3a Jajba MCIHUTHBaKka M Mo00JbIIaka MPEHOCHUX KapaKTEepPHCTHUKA
ONITHYKUX BJaKaHa. JemaH o]l HaYMHA MOOOJbIIAFa MPEHOCHUX KapaKTEPUCTHKA ONTHYKHX
BIIaKaHa je yHamnpeheme qu3ajHa HHIeKca MpelaMamka BUIIEMOHUX ONTHYKHUX BiakaHa. Twm
ONTUYKUX BJAKaHa KOjU IIOKa3yje MOoOOJbIIake Yy OBOM CErMEHTy jecy BiakHa ca W
WHACKCOM npenamama (W BiakHa). EkciepuMeHTanHo je moKa3aHO M000JbIIamke IPOIMyCHOT
oIicera INIAaCTHYHUX ONTHYKUX BIIaKaHa y OJHOCY Ha BIIAKHA ca cTerneHacTuM uHaekcom (CH)
npenamama U rpagdjenTHuM uHaekcoMm (M) mpemamama [11]. Tlpemmoxena cy apyra
peliema y OTKIamamy OBUX OrpaHWYeha, Kao HIP. MPOCTOpHA Moayianuja [26], TexHuka
nerekimje [27], xommensanuja mopanhe gucrepsuje [28] u cenextBHO MoOyhuBambe
MonoBa [29, 30]. U mopen Tora, HEMOBOJEHO je ypaleHO Ha aHAIM3U M JM3ajHY ONTHYKUX
BJaKaHa Ca acleKTa IUXOBUX NPEHOCHUX KapaKTepUCTHKA, MOCEOHO MPOIYCHOI OIICera.
Crora ce nomaTtHo MoOOJbIIaEkE MPOIYCHOI OICEra MOXKE OCTBApUTH Kpo3 yHampeheme
IM3ajHa UHJEKCa MpejlaMamka BUILIEMOIHUX ONTHYKHUX BIIaKaHa.

3a paznuky o]l BlakaHa ca je3rpoM u jeqHuM omoTadeM (SC - single clad), W BiakHo
mocejyje jesrpo u ABa oMOTada, YHYTpalllbi U crojbamimpi (cauka 3.1). OBakBa cTpyKTypa
W BnakHa o0e30ehyje Oojby Be3aHOCT BOEHMX MOJIOBa, Tj. CMamyje M0jaBy MOJAJHE
nucriep3vje v nopehemy ca oxaroeapajyhum SC BmakHOM. YHyTpamsmu omoTrad W BIakHA

cMamyje Opoj BoheHMX MoJ0Ba, cMamyjyhu epekTHBHY HYMEpHUKY amneprypy, 4YuMe cy
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OnTryka BiakHa ca W HHIEKCOM IpejlaMamba

BoljeHu Mozi0BU O0Jbe Be3aHu y je3rpy BinakHa [31]. [Ipomycuu omcer crakineHor SC BIakHa
je oxo 30 MHz-km, a craknenor W BnakHa oko 50 MHz-km, nox je kox mmactuuamx SC

BiaakHa 15 MHz-km, a kox miactuunux W Biakaa 200 MHz-km [32, 9,33].

cnosrballkbn oMoTay YHYTpPallbn OMOTau

jearpo

Cnuxa 3.1. 'eomeTpuja u pacnozena nHaekca npenaMama W BiakHa [34].

[TonynpeyHuk je3rpa BIakHa je ¢, IIUPUHA YHYTpallker oMoTaua je o-a (ciuka 3.1),

a CrHoJhalllhbil OMOTau ce y3uMa Jia je Heorpanudene mupuHe (cnuka 3.1). [lapameTtpu g u

P 33J10BOJbaBajy ycios [34]:

1>p>gq (3.1)

Brnakna ca cTeneHacTMM HMHJIEKCOM mpeinaMama U jenHuMm omotadeM, SC, n SCq
BJIaKHA, MpPHKa3aHa Ha CIUIM 3.2, MOTY ce KOPUCTUTH Kao pedepeHTHa SC BiakHa Ipu
MOJIEJIOBalbY W WCHUTHBalKy IPEHOCHUX KapakTepucTuka W BlakHa, Kajga IIMPHUHA
yHyTpalimer omoTaya W BrakHa Texu Hynmu (0—0) wim OGeckoHauyHoCTH (0—0),
pecniekTrBHO [34]. HopmanusoBana ¢pexseHiuja koja oarosapa SCqy BIakHy AedHUHUCAHA je

Kao [34]:
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v=nk,a(l-q*)"* (3.2)

rae je k, TamacHu Opoj y BakyyMy u U3HOCH 277/ A .

n n
No No
Pno Pno
— F—-W I - SCp
| | | — _|'— W
ano SCq ano

»r > r
0 0
a) 0)

Cnuka 3.2. a) pedepeHTHO BIakHO ca jeaHuM oMmoTadyeM (SCq) kaga d—oo u 0)
pedepenTHO W BIAaKHO ca HyJITOM Je0/bMHOM yHyTpammer omoTada (SCp).

Kana ce BpeanocT Hopmanu3oBaHe GppekBeHuuje v nosehasa:

a) EnexTpomaruetHo mosbe Mpor3BOJEHOT BOEHOT MOJIa jade je Be3aHO Y je3rpy.

0) EdexTuBHN MHIECKC IpenamMama CBAaKOr BoheHor mona, aedunucanor ca f/k,, Texu n,

(y GnusuHu QpekBeHLHje oJcellamba, MHAEKC NpeaaMama Moaa f/ k, je 6ausy gn, ).
1) bpoj Bohennx momoBa ce mosehasa.
Hajsehu ytunaj na xapakrepuctuke W BiakHa umajy mapamerpu ¢,p u o . llome

BoljeHux mMojioBa W BIIaKHa MOXKE Ce alpOKCUMHUpATH MojbeM oaroapajyher SC BiakHa u

3aBUCH JECIUMHMYHO OJ BPEIHOCTH p M O, ald HAjBUIIE O BPEIHOCTH ¢ . bpoj BoheHHx

Mozi0Ba ozpeheH je HopmanuzoBaHoM (bpekseHIHjoM SC, BIakHa, Koja je 1aTa u3pas3oM [34]:

v =n,k,a(l-p*)"? (3.3)

Bbpoj Bohenux momosa 3aBucu u ox ogHoca (1—¢g)/(1— p). Koncranra cinabibema mypeher

MOJ1a 3aBHCH 0]1 Opoja Mojia, HOpMajn30BaHe (PPEKBEHIIM]jE U MIUPUHE YHYTPAIIKHET OMOTada.
Ito je mmpuHa yHyTpammer omoTada Beha, KOHcTaHTa ciabibema je Mama. Ctora,

MEHabhEeM IIUPUHE YHYTpPAIIBbEr OMOTaua MOKe Ce yTUIAaTH Ha cialibeme 1ypehux MozoBa.
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3.2 Mexanu3aM Bohjem-a M0/10Ba KPO3 BJIAKHO ca W MHIEKCOM MpejiaMamba

[Tocmatpajmo W BrnakHo Ha cimiy 3.3a, KOJ Kora je:

021

(p-q@)/(1-p)>>1 (3.4)

Bohenn MmomoBu nocrtoje ako je TajacHa Iy>KWHA CBETIOCTH KOja ce MPEHOCH Kpo3 W BIaKHO
MHOT'0 Mama 0] NOJYIpPEeYHHKa je3rpa BiakHa a. Kaja je tanacHa ayKMHa CBETJIOCTH MHOTO

Beha o monmynpeyHuKa je3rpa BilakHa a, Tajac ,,BUIU  e(peKTUBHU MHIEKC Npenamaba [35]:

ny (1+8)> +qn[1-1/1+8)*]  r<(5+1)a
n = (3.5)
pn, r>(0+1)a

I'opwa jemnaunHa y (3.5) mpenacraBiba cpefmU HMHIEKC IpenamMama 3a r<(0+1)a.
EdextuBHu nnaexc npenamama 3a r < (0 +1)a je Mamu o pn,, TaKO Ja HAJHUKU MOJ yBEK
nMa GpEeKBEHIH]Y OJiceliama.

PasmoTpumo cana pactiofeny KOMIIOHEHaTa TPAaHCBEP3AIHOT 110Jba HajHW)KUX MOJIOBA
y W BrmakHy ca cimuke 3.3a [35]. 3a BolhjeHM MOJ, TOJE Y CHOJBAIIEHLEM OMOTAUY
SKCITOHCHIIM]aTHO 0Taia, 0K CE Y je3rpy MpocTHpe y o0NHKy KocuHycHe dQyHkiuje. [Tosbe y
CHOJbAITIEM OMOTady je KOHCTAaHTHO Ha (DPEKBEHIUjU OJicellama, JOK je OONHMK ToJba Y
YHYTpalllbeM OMOTady y CYIITHHH WCTH M Ha (PEKBEHLHUJU OJCElara, TaKo Ja OOJIMK
YUTABOT MMOJba M3TJIEAa Kao MITO je MpuKazaHo Ha ciunu 3.4 [35]. V cayyajy kaga @ — o,

MoJbe je UBpPCTO Be3zaHO y jesrpy (cmuka 3.4) [35]. dpyrum peunmma, OuTaH mapametap

u = kyayn; - nj/ , KOJH TIpeNICTaBJba TPAHCBEP3aIHy (Da3Hy KOHCTAHTY y je3rpy, HE Mema ce

3HA4YajHO C TMopacToM (peKBeHnWje, OX (pEeKBEHIHMje OJcenama MO0 OCCKOHAUHE
¢dpexBenyje. 3ato ycnoB (3.4) Tpeba KOPHCTUTH Kao yCIOB 3a YBPCTO Be3aHo moJke. Ca
JpyTre CTpaHe, 3a BIaKHA ca ciabo Be3aHWM MoJpuMa (ciuka 3.30) He moCcToju (ppeKBeHIH]ja

oJccuama 3a HajHI/I)KI/I MOA.
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n/ng n/ng
A V' N
— — 1 s 1
1-p 1-p
. —p — A_ 1_ _:'_ p
pal L{_1_1_ I ! d
—4d Pa Pl
— — 5 l—
_.! i ! >/ - > r/a
0 1 ra 0 1
5>1 wm (p-q)/(1-p)>>1 o<<l M (p-g)/(1-p)<<1
a) 0)

Cnuxka 3.3. (a) O6nuk wHIEKca MpenaMama KoJ W BIaKkHA ca YBPCTO BE3aHUM
nojbeM y jesrpy (0) OOnuk wmHIEKkca Tpenamama kKoa W BiakHa ca cinabo

BC3aHHUM IIOJbEM.

Et, Ht
M —>0 _
Ha (ppekBeHLnjKn
VOnceuaH:a
| ' 0 Co or
n
I
n
I 0 I pno
'lqno
| > r
0 a

Cnuka 3.4. Pacnogena nosba kox W BiakHa ca YBPCTO BE3aHUM IOJbEM, Ha
(bpexBeHIUjH ofcenama U 32 @ — . E, u H, cy TpaHCBep3aJHE KOMIIOHEHTE

CJICKTPUYHOI © MAri€THOT I10Jba, PECIICKTUBHO.

[pernoctabajyhn na je cmpesame cmabo, mmn da >> A/27(1—¢*)"*, mocroju Bumte

BO)EHMX MOJOBa OBUM ‘‘NepTypOOBaHMM™ BIAKHOM IMpeACTaBbeHUM Ha ciauiu 3.50. 3a
MOjeIMHAYHA U-TH MOJI, MOXe ce JeuHUcaTH ¢EeKTUBHU HHJCKC MOJa n?, nepuHUCAH

Kao:

n® =9 Ik, (3.6)
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rae B npenctaBba (asHy KOHCTaHTY H-TOT MOJA, [OK je k, TaqacHu 6poj y BakyyMmy
usHocu k, = (e, / u,)"> (&, W g4, Cy TEPMUTHBHOCT M TNEPMEaOHIHOCT BaKyyMa,
PECIIEKTUBHO). AKO je e()eKTHBHU MHAEKC MoJa (y Ja/beM TeKCTy ckpaheHO Ha3MBaH WHIEKC
mozna) n'”) mamu o pn,, Mos he ce CIPErHYTH ca TATacoM KOjH e TIPOCTHPE Y CTIOJbALIHEM
OMOTa4y ca CKOpo MCTOM BpenHomhy /. Bohenn mMox BnakHa Taga mocrtaje ypehu Tanac.
Crora camMo MOJOBH ca €(pEeKTHBHMM HHAEKCOM Moja Behum onx pn, ce NMpOCTHPY Ayxk

BrakHa. [Tocrmenuma TOFajC, Ja CC CII0Jballllb OMOTAa4Y ITOHAIlIa Kao (1)I/IJ'ITep MOOOBA.

n n
A A
pedepeHTHO neptypbauuja
T I BNakHo -7
1 | 1! b | pedepeHTHO
neptypbauuija BMaKHoO
> r >
0 0
a) 6)

Cnuka 3.5. Pa3zaBajame W BiakHa Ha “pedepeHTHO BIAKHO” M “NepTypOarmony
CTPYKTYpy”. (a) M3BpIIeHa je mepTypOanmja yHyTpalmer omorada (0) n3BpiieHa
je meptyp0balyja criospalmber OMOoTaua.

3.3 TanacHa TeopHja ONTHYKOI BJIAKHA ca W HHIEKCOM NpejiaMamba

OBo mormaBjbe ce O0aBM OCHOBHMUM jeTHAaUYMHAMa HEONXOTHHM 33 aHAIU3y
IMETICKTPUYHUX TalacoBOAa Yy OKBUpPY TamacHe Tteopuje. [laxkma he Oumtm mocBehena
eNICKTPOMAarHeTHOM TIPHCTYNy 32 IWJIMHIPUYHO ONTHYKO BIAaKHO ca W HHAEKCOM
npenamama. C 003upoM Ja je 1wib Au3ajHUpaTH CTpyKTypy W BiakHa koja he BoauTu
Tajace, z oca je IMocTaBjbeHa Kao JIOHTHTYJUHATHA 0ca, H MPETIOCTaBJbha Ce Jla C€ CHepruja
npoctupe Ayx z oce. KopumhemeM eneKTpoMarHeTHOT MPUCTYIIA, JOO0Hjajy ce jeJHaYNHE Y
(GYHKIMjU TOHTUTYIMHATHIX KOMITOHEHATa T0Jba Y TaJacoBoy ca W HHAEKCOM IpeliamMama.
[Tpukazahemo u jenHaunHe 3a M3payyHaBamke TPAHCBEP3ATHMX KOMIIOHEHATa IOJba Ha

OCHOBY JIOHTUTYAWHAJIHUX KOMIIOHCHATA.
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3.3.1 MakcBesoBe jeqHAYMHE

OnpehuBame CTPYKType €JIeKTOpPMAarHeTHOr MOJba Yy TaJacOBOJIMMA, MOJpa3yMeBa
pemaBame cucreMa MakcBenoBUX jeaHadmHa. 30or Tora hemo wucmmcarm MaxkcBenoBe
JeHauMHe y OMUITeM OOJMKY M JaTH HEKOJMKO HallOMEHa O HAaYMHY H-HXOBOTI pelllaBamba.

Kommneran cuctem MakcBeloBHX jeTHAYMHA CAlp)KU YETHPH NapiyjaiHe audepeHnnjanne

jenHaumHe, Koje MelycoOHO TOBe3yjy, jauMHy €NEeKTPUYHOr TMoJba FE, eNeKTpuduHy

VHIyKIMjy D, MarHeTHy MHAyKIMjy B ¥ jauMHy Mar€eTHOT 1oJba H , BEKTOp TYCTHHE

crpyje J ¥ TyCTHHY HaelleKTpucama p . MakcBeJIOBEe jelHauyMHE y BEKTOPCKOM OOJIHKY

rmace [13, 12]:

0B(7,1)

Vx E(F,t) = - o (3.7)

V x H(F,t) = J(7,1) +% (3.8)
V-B(F,t)=0 (3.9)

V- D(F,t) = p(F,1) (3.10)

Y H30TpomHUM W JMHEapHUM cpeAwHamMa, jenHaunHama (3.7-3.10) Tpeba

OPUAPYKUTH U cieehe Tpu MaTepujaiHe jeiHaunHe:

D=¢E (3.11)
J =okE (3.12)
B=uH (3.13)

rpne cy &, u 1 0 NCPMUTUBHOCT, HepMea6I/IHHOCT " IIPpOBOAHOCT CPEANHE, PECIICKTUBHO.

3a TanacoBojie KOje MU aHAJTM3UPAMO, Y3UMa Ce:

c=0 u =ulp, ¢ =¢cls, (3.14)
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roe ¢y 4, U & pellaTuBHA HepMea6I/IJ'IHOCT U NCPMUTUBHOCT CPCIAUHE, PECIICKTHBHO.

BpesHOCTH OBUX KOHCTaHTH 3a BakyyMm cy &, =8.854-10"F/m u u=4r-10"H/m. 3a

ONTHYKE TANACOBOJE je 11 = /&, , IPU YeMy je 7 MHJCKC IpeliaMarba CPeIUHE.

IIpernocTaBba ce Aa ce paad O XOMOIEHOj, JIMHEAPHO-U30TPOIIHO] CpeIuHH Oe3

HaeJleKTpUcama, y K0joj HeMa TryOuTaka, Tako Ja cucteM MakcBenoBux jeanaqnHa (3.7-3.10)

nocraje [13]:

VxE = _9B
ot
VxH = 8_D
ot
V-B=0
V-D=0
Marepujanne jennaunne (3.11-3.13) nocrajy:
D=¢E
J=0
B il

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)
(3.20)

(3.21)

Axko jemnaumne (3.11) u (3.13) 3amenumo y (3.15) wm (3.16), pecrnexTHBHO,

MakcBenoBe jeqHaYMHE ce CBOJIE Ha cieehn morogan o0IuK:

. OH
VXxE=—yu—o
ﬂaz
Vxlrlzea—E
ot

(3.22)

(3.23)

HpI/I AHAJIM3M OINTHYKHX BJIaKaHa MPUMCHOM TaJIaCHEC OIITHUKE, TPETHpa CC np06neM

eJIEKTPOMArHETHOT T0Jba BJIAaKHA Tpakehm pemiema Koja ce 0JHOCE Ha MPOCTONEPUOTUIHHI
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3aKOH BpPEMEHa, TIPETNOCTaBsbajyhu y ropmbuM jeHaunHaMa unHmwian e ysnoba £ u H .
OBzie je @ KpyKHa Y4eCTaHOCT JlaTeé MOHOXPOMAaTCKe KOMIIOHEHTE I10Jba, a [ je UMaruHapHa

jemuauna. Crtora ce BEKTOpU TMOJba MOTY HAMUCATH y OOJHKY, E(r,t):E(r)ei”” u

H(r,t)= H(r)e'™ , a jennaunne (3.22) u (3.23) mocrajy [13]:

V x E = —iwouH (3.24)

VxH =iweH (3.25)

360r npupoae npo6neMa HUIMHAPHUYHOT TaJlaCoOBOAA, KOPHUCTEC CC NUIMHAPUIHEC KOOPANHATE

r,0 M z,aoca z ce IOKJIama ca OCOM TajacoBoaa. Ako HanmumeMo MaKkcBeloBe jelHaunHe
(3.24) u (3.25) y uunMHAPUYHUM KOOpAMHATaMa, N0OWjaMO CHUCTeM O] HIeCT CKaJIapHHUX

jenHavMHa:

1oH, oH, =iwekE, (3.26a)
r 06 Oz
1 6E. CE,
ot 2 = —iw 3.260
PE R (3.260)
oH, oA, =iwek, (3.27a)
oz r
OE. OF
———==—iouH 3.276
o o 1O 4 ( )
l3( 9)—15HV = iweE., (3.282)
r or r 0
10 1 E
il el A 3.280
o B )=~ —2 = ieuH, (3.286)
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TpaxemeM pemniema Koja MMajy OOJMK MPOTPECHBHOT Tajlaca Y MO3UTUBHOM CMEpY z -0Ce,

3aBHCHOCT KOMIIOHEHATA T10Jba OJ1 Z je jgaTa GyHKiujoM e, ma cuctem jennaumna (3.26 —

3.28) mokemo Hammcatu y cienehem oomuky:

10H,

Y +ipH, =iwsE, (3.29)
—ipH, - oH, =iweE, (3.30)
or
10 1 0H
-2 - —iweE 3.31
r@r(r /) r 00 HOeEs (3-31)
12E, +ipE, = —iouH , (3.32)
r 060
—ifE, — oF, =—iouH, (3.33)
or
lﬁ(r 9)—18Er = —iouH (3.34)

ror FY

Axo ce u3 jeqnauyuHa (3.29) u (3.33) enumunume H,, a u3 jennauusa (3.30) u (3.32) H,,

100MjaMO TpaHCBEp3aJHE KOMIIOHEHTE €JIEKTPUYHOI M0Jba y (YHKLHJU JIOHTUTYIUHATHUX

komnoHeHata E_u H_ [13]:

i ( OE. wuoH
E =— AR et & 3.35
' K’ ('B or r 06 j ( )
i (poE oH
E. —_ Uttt 2 z 3.36
¢ K’ (r 00 wH or j (3:36)

teje K =k>—p* kP =w'eu , e=¢cy6, =0’ M U=yl Uty K W B TPEACTaBIbajy

TpaHCBEP3aJIHY U JIOHTUTYIMHAIHY KOMIIOHEHTY TaJIACHOT BEKTOpa K , PECIIEKTUBHO.
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AHAJIOTHUM TOCTYIKOM, enuMmuHMmmhu E, u E, W3 HUCTUX IAapoBa jeAHAYUHA,

no6ujamo [13]:

or r 06

i
H =——
r KZ

(IB(?HZ we aEZJ (3.37)

/ H E
H,=—— BOH. | e (3.38)
k- \r 00 or

Axo ce H u H, y jennauunu (3.31) uspase nomohy jeanauuna (3.37) u (3.38), nobujamo

audepeHnrjaiHy jefHauuHy 3a KoMnoHeHty £ [13]:

O’E. 1
or? r or r* 00

2
10B, \ 198, | op _ (3.39)

2 z

Wnentnuna jenqHadyuHa ce nobuja 3a H_, ako ce E, n E, y (3.34) 3ameHe oxarosapajyhum

nzpazuma (3.35) u (3.36) [13]:

0*H. 10H

4 4

1 0°H,
- 2 2

2
R ; +x°H_=0 (3.40)

Jennaunne (3.39) u (3.40) mpencraBibajy ABE TajlacHE jeIHAYMHE, 32 CICKTPUYHO U
MAarHeTHO I10Jb€, PECIICKTUBHO, YHjUM PEIIaBamkeM Hala3uMO KOMIIOHEHTE mosba E. u H .

HpOGJ’ICM HaJIaXXCba JJIOHT'UTYAMHAJIHUX KOMIIOHCHATA I10Jba, CBOAM CC Ha pPC€IllaBambC TaJlaCHE

jenHauynHe 00IMKa:

o’f 1of 10°f o°f ,
e +—+ =0 3.41
or* ror r*of* oz’ - ( )

PemaBame OBakBOT THIIA je,HHa‘-II/IHe HU3BOJH CC HOMOhy CTaHAapAHOI MOJ¢ciia pasleajaH,a

NPOMEHJPUBUX, TakKo Jla Ce€ Kao pemema 100ujajy JOHTUTYIAHHATHE KOMIIOHEHTE
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SJIEKTPUYHOT U MarHETHOT T10Jba Y je3rpy, YHYTPAIIHEM U CTIOJhAIIEbeM OMOTady. 3aBHCHOCT

1oJba OJ BpeMEHa U KOOpJAMHATe z jara je y obnuky exp j(wt—fz). Ja Ou nosbe Oumno
BOheHO yHyTap BJlaKHa MOpa OUTH 3aJ0BOJBEH YCIOB 1k, < f < pn k,.

VY3umajyhu 10 y 003up, JTOHTHTYINHATHE KOMIOHEHTE TI0Jba Y je3Tpy, YHYTpAIIHEM

U CHOJhalllheM OMOTauy jare cy y cieaehem oomuky [35]:

(3.42)

E_ =A4J, (hr)cosn@exp j(wt — fz)
r<a
H_ =BJ, (hr)sinn@exp j(wt — pz)

E_, =[CI (&r)+ DK (ér)|cosn@exp j(wt — ffz)

. NN . a<r<(+1a (3.43)
H_,= [Fln (ar)+GK, (ar)]sm nbexp j(ot — pz) }

E . =LK, (ar)cosnBexp j(ot — fz)

_ ) } r>(©0+1)a (3.44)
H_, = MK (ar)sinn@exp j(wt — fz)

rae je J, becenmoBa ¢yHkuuja mpee BpcTe H-TOr pena, [, je moauduxosaHa becenopa
¢dyHKIMja mpBe BpcTe H-TOT peaa, a K, moaudukosana becenosa ¢yHKIMja aApyre BpcTe H-
Tor pexa (moanpukoBana Bebeposa dynkumja). A, B, C, D, F, G, L u M cy uHTerpaImone
KOHCTaHTE.

[Mapamerpu i ,a u o patucyy obauky [35]:

h =niks — B’ (3.45)
a’=p>-q’nik; (3.46)
a’=p—p’nik; (3.47)

Kama nobOujena pemiema 3a JOHTUTYAMHAHE KOMIOHEeHTe mojba (3.42-3.44)
3aMEHHMMO Yy TIPETXOJIHO JOoOujeHe TpaHCBep3aliHe KoMmoHeHTe mojba (3.35-3.38), nobujamo
pemema 3a KOMIIOHEHTE TPAaHCBEP3ATHOT I0Jba Y je3rpy, YHYTPAIIEM M CIIOJhAIlbEeM

omorauy [36]:
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E, =sinnfexp j(ot — pz)(jn kyalu)AJ . (ur/a)
E  =cosn@exp j(ot— pz)(jn,kyalu)AJ, (ur/a)
H, =YcosnOexp j(ot — pz)(jn kyalu)AJ, (ur/a)
H,, =-Ysinn@exp j(ot - pz)(jn kyalu)AJ,, (ur/a)

r<a (3.48)

E,, =sinnfexpj(ax — )(jn,k,a/ W)(-CI _,(wr/a)+ DK, ,(Wr/a))

E,, =—cosnOexp j(at — fE)jnokyal -CL,., (ir/ a) + DK, , (r/ a)
H,, =—Ycosn@expj(ax — [E)(jn,k,a/ W(-CI ,,(Wwr/a)+ DK, (Wr/ a))
H , =-Ysinn@expj(ax — f&)(jn,kya!/ W)(-CI _,(Wwr/a)+ DK _,(Wr/ a))

a<r<(@+a (3.49)

E,, =sinn@exp j(ot — fz)(jn kyal/w)- LK, ,(wr/a)

E . =—cosn@exp j(owt — pz)(jn,kya/w)- LK . (wr/a) r> (64 Da (3.50)
H,, =-Ycosn@exp j(wt - fz)(jn,k,a/w)- LK, (wr/a)

H . =-YsinnOexp j(wt - pz)(jn,k,a/w)- LK, (wr/a)

1/2

rneje Y =n,(g,/p,) " un#0.

C 003upoM Ha JOMEH y KOME C€ padyHa eJIeKTPOMArHeTHO MOJbE TAIacOBOJIA, MOJIEI
TajacoBoja ca OeckoHayHO jacbenuM omoTavueM Hamehe rpaHWyHE yCIIOBE HEMPEKUIHOCTH
TAHTCHIIMjAJTHUX KOMIIOHCHATa BEKTOpa jayWHE CJICKTPUYHOT W MAarHeTHOT TI0Jba Ha

pa3ABOjHIM LWIMHAPUYHUM TOBpmHHAMa »=a W r = (0 +1)a. IlpBu TpaHndHn ycioB

HETIPEKUIHOCTH JIOHTMTYJIMHAIHUX KOMIIOHEHATa EJCKTPUYHOI M MarHeTHOr IMoJba Ha
TpaHUYHUM MOBPIIKMA j€:
E.(a)=E.,(a)
H.\(a)=H _,(a) (3.51)
E_,((6+1)a)=E_((6+Da)
H_,((0+Da)=H_((d+1)a)

JIpyr TpaHUYHU YCJIOB jE€AHAKOCTH JIOHTUTYAMHAIHUX jayMHA eJIEeKTPUYHMX IoJba Ha

TpaHUYHUM MOBPIIMHAMA je:
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E,(a)=E,(a)
H,(a)=Hy,(a)
E,((0+Da)=E,;((6+1)a)

H,, (6 +1a)=H,;((6 +1)a)

(3.52)

W3 npBor rpaHUYHOT ycii0Ba J00Mjajy c€ BPeIHOCTH MHTETPallMOHUX KOHCTaHTH A, C, D u L,

a U3 Jpyror rpaHUYHOr yciaoBa 1o0uja ce cneaehu cucreM jenHaunHa [35]:

nly (11 nKy (11 ; K, I
wolw wt) 1xelwt w2 ) Polwk, i,

[ P°K,' qzjo’ s [ P°K,' qzko’ ”jo 1 1
Pl ——=| PK - —
wK, Wi, wKy, WK, ) 1+o\w" W

C

D
(44 /ng‘go)l/zF

(4 /négo)l/zG

(3.53)
=0

rae cy u=ha,W=0Qa u w=qa HOPMAaIM30BaHE TPAHCBEP3AIHE MPONArallHOHE KOHCTAHTE

y je3rpy, YHyTpallkheM | CIOJbaIlleM OMOTauy, peciekTuBHO [35]. Takole je:

J=J, (u)
I,=1,0%)
Iei = Kn (‘;{))

I, =1,((5+1)W)
K, =K, (5 +1)W)

K, =K, (6 +D)W)

J =J,(u)
I =1,(%)

K =K,(W)

I, =1 ((5+Dw)
K, =K. ((5+1)W)

K, =K, (5 +1)W)

P’ =k, ! B) =W’ +w)(p*u® +w?)

(3.54)
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Beza I/I3Meljy HOPMAJIM30BAHUX TPAHCBCP3AJHUX MPONarallMOHUX KOHCTAHTU u,ﬁ/ n w, u

HOPMAJIN30BaHUX (PpeKBeHIMja L U O uma oouk [36]:

u* +w = (nkya)’(1-q*)=v? (3.55)

u’ +w’ = (nkya)’(1-p*)=v? (3.56)

Jlonrutynunanna daszHa KoHcTaHTa je [36]:

B? = (noky)* —(u/a)’
= (qnok,)* +(W/ a)? (3.57)
= (pnyky)* +(w/a)’

3.3.2 KapakrepucTHYHA jeJHAYNHA U H-€HO pellee

Kapaxtepuctuuna jennauusa (3.53) je Beoma KOMIUIMKOBaHa 3a peIlaBamke U HeMa
aHAIMTHYKO peniewme [34]. Paam mojenHocTaBibema, Hajabe he ce MTUCKYTOBaTH O clabo

BoljeHom W BiTakHy KO Kora je [36]:

I-p<<l 1-g<<l (3.58)

[IpetnocTaBba ce aa je yHYTpalllbd OMOTad JIOBOJHHO JieOco. OBaj yCIIOB ce M3pakaBa y

"2 On uHTepeca je mojbe umja je BpeMeHCKa

cenehem obmuky &-a>> A/2m,(p*> —q°)
3aBHCHOCT W 3aBHCHOCT OJl z Jarta y oOmuky exp j(wt— fz). a Ou mocrojamu BoheHH

MOJOBM MOpa OWUTH 3al0BOJbEH YyclnoB nyk, < < pn,k,. Bohenm mogoBu cy

knacudukoBanu y rpyny xubpunuux mogosa EH u HE u tpancBepsanaux TE u TM mojoBa,
gyHje cy Kapakrepuctuke mare y tabdemu 3.1 [37]. [IpBo he ce pemaBaru kapakTepucTHIHA

jeHavYHMHA 32 XUOPHIHE MOJIOBE.
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Tabena 3.1. Jlucta pasnmUUMTUX THIOBA TalaCHUX MOJOBA Y ONTHYKOM

TAJIACOBOY.
JloHruTyAMHATHE TpaHcBep3anHe
Howmenknatypa KOMIIOHEHTE KOMIIOHEHTE
e
TEM E.=0,H.=0 E, H,
(TpaHCBep3aIHU ENEeKTPOMArHETHH) z z
TE E. =0,H. +0 E,H,
(TpaHCBep3aTHU €NEKTPUIHH ) z z
™ E #0,H =0 E, H,
(TpaHCBep3aTHN MarHETHN) z :
HE w EH E #0.H. %0 E, H,
(xuOpugHM) : :

VY3umajyhu cBe HaBeneHe MpeTnocTaBke y 003up, U3 MpBOT TpaHudHOT ycioBa (3.51)
KOoHCTaHTe 4 u L Mory ce mu3pasutu npeko koHctantu C u D, a y3umajyhu y o063up apyru

rpannyHu ycioB (3.52), jennaunHa (3.53) ce cBoau Ha cienehu o6k [36]:

K s =1 - _J -
Kn (W) ++1+L+l In (W) ~ o + = b
wK, uJ, wl, uJ

K K I K
K, (cfv)(&—ﬁJ -1, (cw)(n_ﬂJr#ﬂJ

cwK, cwK, cewl,  cwK,

=0 (3.59)

raeje c=1+0,a K, /cwK, je ckpahenuna ox K -, (cw)/cwK  (cw).

n¥l

3a xubpuane MojoBe Aoouja ce [36]:

']n _ Kn _ 1n+1 (W)Knﬂ (C‘;{/) In 4 Jn
1;‘\}[<n+l Kn+1 (W)Inﬂ (C‘;{/) WI}’!+1 MJ
(Kn /ewK,, — K, /cwK,,, ]

I, /ewl, +K,/cwK

n+l

(3.60)

n+l
u’ +w? = (nkya)’(1-q*)=v? (3.61)

u’ +w' = (nkya)’(1-p*)=v? (3.62)
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Jennaumna (3.60) 3ajenno ca jemmaumHama (3.61) wum (3.62) mpencraBiba
KapakTepUCTUUHY jeqHadnHy ciabo Bohenor W BiakHa. JleBa m nmecHa cTpaHa jeaHadnHE
(3.60) ckpaheno cy o3nauene ca F(u,w) u &(u,w,w), pecieKTuBHO [36].

VY pemaBawy jennaunne (3.60) ce mpeTnocTtansba ga ce W BIAKHO MOXKeE MPEACTaBUTH
Kao KoMOMHOBaHU cucteM ojrosapajyher SCy BlakHa M CIOJballIlel OMOTada MHJIEKCA
npenaMama n,. OBaj OIPUCTYI j€ ONpaBAaH Kajia Cy 3aJ0BOJbEHH YCIIOBU:

a) Jla ce mom mpoctupe oxaromapajyhom ¢pexBeHIMjoM Koja je u3Hah (HpEeKBEHIIH)E
oJicenama.

0) Jla je jaunHa mospa Ha rpaHul| » = (0 +1)a MHOTO Mama HETO HA ¥ =d..

CaojcTBeHe BpeqHOCTH u B W oxarosapajyher SCq Biakna o3HauaBajy ce ca U u W,

pecniektuBHO. OHe cy penieme jeqHaunHa [36]:

Jn /UJnH _Kn /WKnJrl = O (363)
Ur+W?=p? (3.64)

[Mpernocrasipajyhu nxa cy cBojcTBene BpeaHoctu U u W mnosHate [Snyder, 1969], nempemem

jemnaunHa (3.61) u (3.62) nodwuja ce:

wh =W (1-p)I1-¢*)-U(p* —¢*)(1-¢*) =W* (3.65)

Tpaxumo pemewe jeqHaunsa (3.60-3.62) y 6musunn U, Wouw. IIpBu uiaH Ha JECHO]
crpann jexnaumne (3.60), ([1,, (WK, (ew)/I, (cw)K, ., (W)]), Texn exp(—25Vf/ ). Us

ApPYyTOor yCJIOBa CJICOU:

K (5+DW /K, (W)=~ exp(—W) <<1 (3.66)

Pememe jemnaunna (3.60-3.62) nato je y popmu:
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u=U+Au
W=W + AW (3.67)
w=W +Aw

3amenomM (3.67) y (3.60) u (3.61), u 3anemapyjyhu HajBuUIIE WiaHOBE, 100MjaMoO:

K R
SN TIPS VR NI A (3.68)
du\UJ dw \ WK,
UAu +WAW =0 (3.69)

PemraBajyhu jemnauune (3.68) u (3.69) mo u , noduja ce:

A = —SU) (3.70)
U +1/ W) 1 -20K, | WK, )

Kom6unyjyhu (3.57) u (3.70), nobuja ce:

EUW W)/ T?

BAB=-UAu/T* = - -
’ /U +1/W*)(1-2nK, I WK,,,)

(3.71)

reje 57 = (nk,)* —(U/a)’.

V jemnaunnama (3.70) u (3.71), umamo:

n n

o W0 (3.72)

5__( J I J'K,HI(CW)IM(W).Kn/cWK,Hl—Kn/cWK

UJ”“ WIVH] Kn+1 (W)In-H (CW) In /CWIVHI + Kn /CWKVH—I
7 7 D _ (2) (2)

5 - _ Jn Aln . Kn+1 (CAW)I)'I+1 (I/I,\/) . Kn /CVYK;'HI Hn /CBHn+1 3a W2 :_B2 <0 (373)
ul,. wi,,) K, ,0WI, (W) I,/cWI, +H®/cBH?

rie je H'” Xankenosa dyHkuuja apyre BpcTe pena 7.
Kana je W? >0, S, u AB cy pealne, na Tako ocMaTpaH BoljeHH MOJ[ ca (azHOM

KOHCTaHTOM f3 caMo ce He3HaTHO pasnuKyje of oarosapajyher SC Bnakna. Kana je W2 <0,
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u3 penanuje (3.57) ce nobuja ma je f < pn,k,. Ileprypbaumonn mox muma Behy dasny

Op3uHy 071 Op3KHE PaBHOT Talaca y CIOJbAIIBEM OMOTady U I'y0JbeHe CHare oBOT MO je Y
dopmu 3padema, ma OH HE ocTaje Ayro BoheHm ™on, HOK mypehm Tamac Koju

EKCITOHEHIIN]jaJTHO cJIadu ce MpoCcTupe AyX BiakHa [36].

3.3.3 VYciaosu oacenama Moaa

V3umajyhn y o003up CBe MNPETXOAHO HABEACHO, amnpoKcHMalmja (pPEeKBEHIH]e

oxceuama v, oapehena je u3 cienehux yciosa [36]:

F(U,W)=0 (3.74)
U +W* =7 (3.75)

A /2
U=v,=v, [(l—pz)/(l—qz)]1 (3.76)

IITO je eKBUBAJIEHTHO ca W =0.

TpeTrocTaba ce 1a je & -a JOBOJBHO BENUKO, Tj. &-a >> A/2m,(p* —q*)"*, a 10

j€ CKBUBAJICHTHO 3aXTeBY oW >>1 Ha ()peKBEHIIMjU OfCcelama npBor peaa. [la 6u oBaj ycios
010 3a710BOJbeH KopHUcTe ce jeaHaunHe (3.61), (3.75) u (3.76).

PemaBamem jeqnaunna (3.63) u (3.64) nobujajy ce U -0 kpuBe 3a cBaku MOJ (CITHKa
3.6). MecTa npeceniama KpUBe u -V ca MPaBOM JIMHHjOM u =V OAroBapajy (ppekBeHIMju

oxceuama v, . Obmact usmel)y oce v, u mpaBe JuHUje u =V, OArOBapa 00JACTH BOHCHUX

tamaca. Y obnactu m3melly KpUBHX # =V W u =V, CBaKM MOJ moctaje nypehu rtamac. V
npeocTanoM ey, usMel)y oce u W JMHHMje u =V, HeMa MPOCTHpama MOJOBa YK
onropapajyher SC BnakHa u mepTypOalMoHa Teopuja ce He Moxe mnpuMmeHuTH. Obmact
¢dpekBeHIuja o3HaueHa kao obnact Il Ha ciammm 3.6 je obnacT BeIMKHUX ryOUTaKa U oroBapa
i mypehemM Moty ca BUCOKHMM TyOHUIIMa WM MOJY ca HUCKUM TyOHIMMa Kora je Hemoryhe

TIOBOJHHO TTOOY1uTH [38].
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]
u OBNACT UYPERMX
u=v MOZOBA
HE33, TEo2, TMo2
HE41, EH21

mn
OBJIACT BEJIUKUX HE4 u=v
i F'YBUTAKA

HE31,EH 14

HE21,TE01,TMo+

| HE 11

OBINACT BOBEHUX
MOLOBA

2 4 6 8 10

P " " " P " " " " " " 7\'

54 3 2 15 10 09 08 ™

Cmuka 3.6. Tpu oGmacti mpoctupama MojoBa. CBaka KpuBa MPEICTaBiba U - O
KapakTepucTuky ojapehenor moma pedepentHor SC BnakHa. Y W BiakHy,
onpehenn Moy je Bohen y obnactu [ u mocraje mypehu Moy y obnactu I1. Obnact
III je obnacT Benmukux ryOuTaka. Majau KpyroBM Ha CBaKOj KPHBOj O3HAYaBajy

ycnoBe oncemama W BJIaKHa, JOK KPCTHNH TPENCTaBJbajy YCIOBE OJCelama
pedepentHor SC, BinakHa [36].

dpekBenIMja oncernama W BIaKHa 3aBHCH O] BpeIHOCTH O . DpeKBeHIIMja ojicelama
npBor pena v, nedunucana ca (3.74-3.76) He y3uma y o03up . Crora je HEOMXOIHO
u3BeCTH (DPEeKBEHIMjy oOJncenama Apyror pema. POpekBeHIMja oOJcCelama JIpPyror peaa

O3HaYeHa je kao V. CBOjcTBEHE BPEJHOCTH ¥ M W 3a V =V _, o3HaueHe cy ca U +du u

W + 6. U3 (3.60-3.62) nobujamo [36]:

F(U + 8u,W + W) = EU + u,W + Sv,W) ~ EU, W ,0) (3.77)
(U +6u)* + (W +6w)* =V (3.78)

SulU =wIW (3.79)

Jennaunna (3.79) nobuja ce u3 jenHaYNHE:
U+du=[1-p>I(1-¢>)]"?v, (3.80)

PemaBajyhu jennaunse (3.77-3.79) o v, , nobuja ce:
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S S __
VcZ _Vcl - A A -
U @F 10U+ W (oF 10W)) Gs1)
K (L, 0) (J,/UJ .+, I WL, '

KON (W) [(J,WU) 1, U) +(K,W)/K,, (7))]

CmamemeM 1yOMHE YHYTpalIler OMOTaya CMamyje ce obnacT Iypehux MojoBa,
ynMme ce moBehaBa obnmacT BoheHux mojoBa. OapeheHn MOI je W3HAJ WM HMCIOJ YCIOBa

oicemama kama v, nepunncaso y (3.62), je sehe wim mame ox u,, TAe u, TpeACTaBba

0>
CBOjCTBEHY BPEIHOCT OJ U, Kafga v — oo. Ctora 6poj Bol)eHHX MOJ0BA HAjBHIIC 3aBHCH O]
p kao y penanyju (3.62), 10K HUje MHOTO OCETJHHB Ha TIPOMEHY ¢ . Jlpyraumje peueHo, 6poj
BO)EHMX MO/IOBa HajBHIIE 3aBUCH O]l je3Trpa U CIIOJbAIIHET OMOTaua, JOK Cy KapaKTepUCTHKE

BOl)eHMX MOJ/IOBa YIJIaBHOM ofipeh)eHe je3rpoM U yHyTpallbUM oMoTadyeM [36].

3.3.4 Koncranra caadbewa nypehux mogosa

KoncranTa cnabspema mpBor pena mypehux HE MOJIOBA JaTa je Kao MaruHapHU

n+l,m
neo on f3, + A momHoxkeH ca -1. C mpeTnoctaBkoM 1a je [, peaiHo, ysuMajyhu y o03up

penanujy (3.71), nobuja ce [36]:

! S W) } (3.82)

a=—-Im(Af)=—-Im A n
(&5) {/)’OT2 /U +1/W*)(A-2nK, /WK )

rae ce £ nobuja kopucrehu jeqnaunny (3.73). Kana cy W w B mmuoro sehu og 1, nobwuja ce:

1 (2/W)exp(=26W) 2WB
- 2( )2 p( 9 ) 2B (3.83)
Ba> (JU*+1/W?) W?+B

KoHcranra cmabiema 3aBUCH 0/ HOpManu3oBaHe (pekBeHIMje u Opoja moma. C

003upoM J1a BOhEHH MOIOBH TIOCTOje Kaja je vV >V, KOHCTaHTa cliabJberba Te)KH HyIH Kajaa
Vv > v, . U3y3eB Beoma Oam3y V., u Ha QpekBeHIHMju oncenama SC BIakHA, JOMHHAHTAH

¢axrop y penammju (3.82):
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Ly MK, (W), (cW)K,.,(F) = exp(-26W) (3.84)
JHame o1 ppexBeHnuje oncenama oarosapajyher SC BiakHa rpyoo ce moduja [36]:
W=0w>-UH"?2v-U/20~V—u>/20 (3.85)

e je u’ m-ta nyna on J,(u) 3a HE mojose. Crora loga ce anmpokcumupa y3 nomoh

n+l,m

JIMHEepaHoT u3pasa ca oapeherum v 3a Hajsehu neo obmactu Il Ha cruiu 3.6.

3.3.5 I'pynna Op3uHa u pacnojeja cHare BoheHux MomaoBa

da3na xoHcTaHTa Boh)eHMX MomoBa myxk W BiakHa nata je pemanujom (3.57), koja
3aBHUCH O] CBOJCTBEHMX BPEIHOCTH u,w U w. OOmuHO je ciy4aj na je Af << f,. Vsnan
(dbpexBeHIMje o/cenama, (ha3Ha KOHCTaHTa U OOJIMK MOJba Cy BeoMma OJIMCKH OONHKY TOJha

pedepentror SC BnakHa. MehyTum, Mopa ce oIpeinuTH 3aBUCHOCT (ha3He KOHCTAHTE O V
BeoMa ONM3y ycJoBa OJICelama, jep y OBOj OONAaCTH BEJHMKH €0 eJICKTPOMAarHeTHEe CHare

oz[peljeHor MOJa Ipeijia3u 'y ClioJballlltbu OMOTAaY.

3.3.5.1 /lucnepsuona penauyuja 6au3sy ghpexeenyuje ooceuarsa.

Kanma ce ucnuryje moHamame #, w U W Ha Majlo BHIIMM (pEeKBEHIHjaMa O
¢dbpekBeHIMje ojcenama, Mopa ce KopuctutH jemHaumnHa (3.60) ymecto (3.70) 36o0r
MIPUCYCTBA CIIOJBAIIHET OMOTa4ya KOjH 3HATHO MEHa EIEKTPOMArHeTHO MoJbe JaTor Mona. Ha

¢pexBenumju oncenama v,, HE MoOJI0Ba, obuja ce [36]:

n+l,m

F(u, W) = E(u, w,0) (3.86)
u +w =v’ (3.87)
u=|1-pHa-q*]"v. (3.88)

Jasbe he ce TpaKuTH 3aBUCHOCT W o1 AV =V —V_. AKO ce CBOjCTBEHE BPSIHOCTH O3HAYE Ca

u+Au,w+Aw ,u v=v,+Av, nobuja ce [36]:
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F(u+Au,w+ Aw) = E(u + Au, w+ Aw, w) (3.89)

Ony3umajyhu (3.86) ox (3.89), u 3anemapyjyhu Buie MosioBe, 1oouja ce [36]:

OF 08\, (OF 0&\,. .o oo .o
(au 6ujAu+(6ﬁ/ afvjAW 5, W, w) =, %,0) (3.90)

Jennauwnna (3.90) ce moke Hammcatu y cienehem 00Ky [36]:

a_F Au + a_F A J” + In . In n+1 (CW)In+1 (W) x
8W u n+l C

au Jn+l WI n+l WI n+1 (W)Inﬂ (CW)
1/In(1.781cw/ 2) : n=0 (3.91)
x3(c*w /4)In(1.781ew/2)(1/ 2+ 1, / cWl,)*
—c*w [8n* (n—=1)A/2n+1, /Wi, )] n>2
ulu + WwAW =v_Av (3.92)
2ulu+w’ =2[(1-p*)/(1-q¢* )V, AV (3.93)

PemapameM jennaunna (3.91-3.93)3a n=0 u n=1, Moxe ce nokasatu ga w’ /Au

u w’ /AW Texe nymu kaga AV — 0. U3 jenrnaunna (3.92) u (3.93) nobuja ce:

1/2

Au=|1-p2)ia-g)]"a (3.94)

1/2

A =[(p? g 1-g>)]"A (3.95)

Kana ce oBe aBe penanuje 3amene y (3.91), nobuja ce [36]:

‘;(Jo " K, ]( Ky " 1, J_Kl(CW)A(VAV)
l78lew Ao WK, LK, bl ] KWDIED g .9
2 AVI(Jo )/ J, ()" + (K, (W) / K, (W))"]
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2

21

| 1+ [, () T, () + (K, (W) K, (W))*]

1.781cw ( cw]zj (1)1 T, ()* + (K, (%)/ K, (7)) a0

2 J, + K [ K N 1, ) Ky(ew)I, (W) v,
wly WK, ) (WK, cbly ) Ky, (eh)

221

3a n=1 (3.96)

V cnydajy kafa je n > 2, aecHa cTpaHa jenHadnHe (3.91) je pema w’ y ciydajy xaga w— 0
W HE TOCTOJH CHHTYJApUTET, TaKO Ja CE MOXKE 3aHEMapUTH jep je TpOMOpIHjaiHa ca
exp(—26w) . lpyrum pednma, Kaaa je n > 2, 3aBUCHOCT # MU W O V je CKOpO HCTa Kao KOJ

onroapajyher SC BrnakHa.

3.3.5.2 3asucnocm ¢ppexeenyuje 00 cpynne op3une

3aBHCHOCT (peKBeHIMje U Opoja MOJOBA O]l TPYIHE Op3WMHE Wrpa BaXKHY YIIOTY KOX
aHalM3e Kalllkbema MOoj0Ba. Teopuja IMENEKTPUYHHMX TajlacoBoja mpeasuba, Kama ce

npuMemYyje Ha ananu3y W BlakHa, jaa je [36]:

P,.+q'P,+p’P
1 1 . Jez q uo p SO (3.97)

=3
vag n080/u0 F)jez + Puo + Ra

rne P,_, P, n P, mpeicraBba NPOTOK CHare y jesrpy, yHYTPallleM U CIOJbAllHbEM

jez? uo

oMoTady, pecnektuBHO. Pa3zHa u rpynHa Op3vHA O3HAYEHE Cy €A V, U V,, PECIEKTUBHO.
Takohe je v, =1/(pn,(&, 14,)"?) Ha dpeKBeHIMjH OJceaka M MOHOTOHO OMaja Kana ce

CKBCHIIM]a ITOBE€NnaBa. a w=VU, uMaMO Ja jJ€ v = n\& . aJla C€ pasmaTtpa
p j hasa. 3 0 je v, =1/ny(g,u)"?). K p p

veku on HE, , HE TE,, nm TM,, ™monoBa Ha (pekBeHIMjU OJIUCKO] (PpEeKBEHLHjU

1m > 2m >

oJiceliama, CKOpPO CBa cHara je y criojbanimem omotauy. C nmoBehameM dpekBeHiyje cee Behn

Jieo cHare npenasu y jesrpo. Kopucrehu penanujy (3.97) Moxke ce NpeBUNETH 3aBUCHOCT V,

cBakor Mozia o/l ppexseHumje. ['pynua 6p3una jennaxa je 1/(pn, (g,1,)"'”) Ha dppexsenuumjn

oJcellama Kaja ce pasmarpa Heku on HE, , HE, , TE, wn TM, wmonosa. Cnuka 3.8

1m » 2m

T0Ka3yje TUIIMYHY IPOMEHY V, CBAKOI MOJIa y 3aBUCHOCTH O (hpekBeHuuje [36].
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Vp;Vg
X1I(n0(u080)112) 1/p A B c D
N R ~ \~ ~
1.0002 N N - .
AN -
T~ -
1.0 . v
| 5 — 15
| // /
09998 . 1
|/
0.9996 |-

Cnuka 3.8. 3aBUCHOCT HOpManu3oBaHe (peKkBeHLHje o1 (pa3He U TpynHe Op3uHe
3a HEKOJMKO HajHmwkmx wmomoBa. A, B, C um D mnpeacrasmajy HE,
HE;+TEy+TMy;, HEs+EH;;, HE;;, pecnektuBHo. Tauka-muHHja KpUBE
o3Ha4aBajy (a3Hy Op3uny. Ilapamerpu cy a =0.99821, 5 =0.99966 u 6 =0.5.
Taukacta nuHHUja je pememe jennaunne (3.99) 3a HE;; mox. 3a ocrane momose
HYMEPHUKO pellee Ce OATUYHO craxe ca (3.99).

Tpeba HanmomeHyTH 112 je:
v, =V, =1/(pn0(80,u0)”2) (3.98)

Ha (peKkBeHIUjU oAcelawma 3a ceaku on HE,, HE,, TE, ,TM, u HE,, moznopa, u
vg<1/(n0(50,u0)”2) Ha ¢(pexBeHUUjU oicenama 3a HE;, u EH, wonose. [lazeko on

¢dpekBeHIje ojcenama, TpynHa Op3uHa MomoBa y W BIakHy, ampoKCHMHpa ce ca

oxrosapajyhum SC BiakHowm, 1a ce nobuja 3a HE,,, , Monose [36]:
v (&ott) =1+ (1=1/v)) - (1/2= K, , (WK, ,(W)/ K (W) (3.99)

Mla Ou ce ananusupana Op3vHA NPOMEHE V,, MOpPajy ce MCKOpucTUTH penaumje (3.57) u

(3.96). 3 (3.57) u (3.61), nobuja ce (BT)* = p*v* /(1—¢*)+w’, ma mmamo [36]:
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- = 1— ~
Vg no[( q )80/'[0] [p2 /(1—q2)+(W/l;)2]1/2 (3100)

~ ny (1) p {1+ (1= g%) - [(w/ V) (dw! d V)~ (w/ V) 121/ p*}
3a HE,, mox, w u jenHaunsa (3.100) mory ce Hamucatu y ¢popmu [36]:

w= Aexp(-B/AV) (3.101)

L ny otg) p+[( =) P 1A 9.)-(BIADY=1/20)e P47} (3.102)
A%

g

3.3.5.3 Pacnooena cnaze y cea mpu cnoja W enakua

OOwnuHo, HajBehu €0 cHare eleKTpOMAarHEeHTHOT ToJba BOhEH je Kpo3 je3rpo BIakKHa.
VY 6nu3nHE (PpeKBeHIHje o/Icenama BE3aHOCT 1M0Jba Y je3rpy ce cMamyje. [lo3HaTo je ma xox

SC Bnakna, Ha ()pEKBEHIUjU OJCEIama, CBa CHara ce MpoCTHpe Kpo3 omoTad 3a HE

1m >

HE, , TE,, wu TM,, monose. Mehytum, Ha ¢pekBeHIMju ofcenama HE ww HE,

n+l,m
MozoBa (n > 2), 1/n nmeo cHare ojf yKyIHE CHare MojoBa je BohjeH Kpo3 omorad. Y ciydajy
W BnakHa, Ha ()PEKBEHLUjU OJCELlama, CBa CHara Bol)eHa je Kpo3 CIHOJbAIlllbU OMOTad y

cnyyajy HE, , HE, , TE, w TM, w™onosa. Ca apyre cTpaHe, MHOTO MambHU [IE0 CHAre oJ

1m >

1/n ykymHe cHare je BOeHO KpoO3 CIOJballllbl OMOTad 3a HE wm HE , ~ Mouose

n+l,m
(n>2) 300r BeNMWKOT TpPaHCBEP3aTHOT clalJbermha IMpH MPOCTHPAKY KPO3 YHYTpAIlbU
oMOTaY.

EnexktpomarHeTHa cHara y jesrpy, YHYTpalllbeéM M CIOJbAllllbeM OMOTauy,

PECTIEKTUBHO, A00H]ja ce u3 u3pasa [36]:

T
Py =(A/u) [ J} (ur ! T)rdr (3.103)
0
cT
P, =(1/w)’ j [CI,(Wr/T)— DK,(Wr/T) rdr (3.104)
T
P, =(L/w) [ K} (wr/T)rdr (3.105)

cT
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e napamerpu 4,C, D u L 3a710B0JbaBajy yCloBe:

AJ,(u)=CI,,,(W)+ DK, (W) (3.106)
LKnH (CW) = C1n+l (‘2}) + DKnJrl (C‘/’{}) (3 1 07)
K K 1 K
DK, (cW) ——2———"—|=CI (W) —F———F (3.108)
cwK,,, cwK, ewl,,, cwkK,

Wurerpanujom (3.103-3.105), n 3aHeMapuBameM WiaHoBa pefa exp(—20w) Koju cy

3aHCMApJbMBU 'y OJHOCY Ha jeIlI/IHI/II_Iy, " CIICMUHUCALEM KOHCTAHTH HNPOINOPHMUOHAIHOCTH,

nobujamo [36]:

P ot K22 0) — ], (), @) (3.109)

B, o K2OW(E, (1) —1) - K2 (@(E, () 1) (3.110)

P, o K2 (e)E, () -1y x | 14 22O e (O K, Jonk,y 28, TRy 5 4y
I, (WK, (ew) I, /cwl, ,+K, /cwK,

rae je ¢, (x) osnaka 3a K, (x)K,  (x)/ K (x). P,. He Ou Tpebano 3aHeMapuTH y OIU3MHHA
dpexBeHuuje oacenama (w— 0) kagaje n=0 unu n=1, jep Taga P, — 0 y ciaydajy Kaaa
w—0.3a n>2, P, je pena exp(—26w) 4Yak W Ha (pPEKBEHIUjH OJCEIaba U MOXKE Ce

3aHemaputu. Jpyru 4iaH Ha qecHOj cTpanu u3pasa (3.110) ce Moke 3aHeMapwuTHy, jep je pena
exp(—20w) y ogHOCY Ha TpBHU WwiaH. MelyTum, He 3aHeMapyje ce y ciiydajy Kajaje ¢ = p |
crora w=w. Jlaneko o1 (¢peKkBeHIHje ojcenama w>1, P, ce MOXe 3aHEMapHTH KaJa je
exp(—2ow) << 1

PenatuBHM OIHOC CHare y je3rpy W yKyIHE CHare Koja ce MpeHocH Kpo3 BIAKHO [36]:

P (P, +B,)=(/0)[(V/V) +1/{,(W)]

Jjez

(3.112)
~1—u?/v?

[Mocnenma jeHAYMHA BaXKH Kafgaje v >>u u w>> 1.
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ATIPOKCUMATHBHE METOJ KOjH je TPEICTaBJbCH je HAMEHEeH 3a aHaium3y W BIIaKHa.
Meron ce 3acHMBa Ha MpPETHOCTaBLM cinabo BoheHor Ttamaca. OBaj MeTON MOXKe ce
NpUMEHHUTH 3a aHanmu3y cienehmx kapakrtepuctuka W BiakHa: ocobmue Iypehmx momoBa
ucnoJ ppeKBeHIuje oJicelama, rpyrnHe Op3uHe Kao U HENMPaBHIHOCTH pacIofielie CHAare MaJio
m3Haa (QpekBeHIMje oxcenama. HemoctaTak oOBOr MPUCTyHa je INTO je HEONXOIHO
aHAIM3UPATH BEJIMKH Opoj TOjeIMHAYHUX MOJOBA, a IPH TOME c€ He y3uma y o03up
Crpe3ame MOJOBa KOje HMMa BEJIMKH YTHIA] Ha INPEHOCHE KapaKTEPUCTHKE ONTHYKUX

BJIaKaHa.
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4. IPUMEHA BPEMEHCKU-HE3ABUCHE JEJHAYUHE ITPOTOKA
CHATE HA OIITUYKA BJIAKHA CA W HHIEKCOM
ITPEJIAMAIbA

[IpeHocHEe KapakTepUCTHKE ONTHYKUX BilakaHa ca W HHIEKCOM IpejlaMarma 3aBHCE
Ol MOJAITHOT clabJberha, MOJANHE HCIiep3uje M crpe3ama MonoBa. Crpesame MoI0Ba
npejcTaBjba MpeHoC eHepruje u3Mel)y MomoBa, Koju je mpe cBera MOCIeAnIa YHYTPAITHIX
nepTypOanoHux edexara KOju HacTajy yclied NMpHCYcTBa HeurcToha M HEXOMOTCHOCTH Y
BJIAKHY HACTAJIMX Y IPOLECY MPOU3BOIE, MUKPOCKOIICKHX 3aKPHBJbEHHa, HETTPABUIHOCTH Ha
T'PaHUIM je3rpO-OMOTad U MPOMEHE MH/EKca IpesiamMama. MoainHa ucnepsuja npeicTaBba
BPEMEHCKO IIUPEHE CUTHAla YCle[ pa3fdyhTe AyKMHE IyTa KOjy Mpeliaze pazInduTH
MOJIOBH KOju ce Kpehy Kpo3 BIIaKHO TOJ pa3IHYUTHUM YTIIOBHMAa Yy OJHOCY Ha OCY BIIaKHA.
MopanHo crnabseere MpeacTaBba ClabJbehe CUTHANA KOje 3aBUCH OJ] yIJia IOJ KOjUM Ce
NpOCTHPE MOJA Yy OJHOCY Ha OCy BIIaKHA. YCIel chpe3ama MOJOBa JONa3d 10 MPOMEHe
yraoHe pacrojene yJa3HOr CHoma cBemiocTH. llpomec cmpesama MOmoOBa OJBHja ce€ IO
KapaKTepUCTUYHE Jy>KUHE BIaKHA L. Ha K0jOj Ce OCTBapyje PaBHOTEIKHA pacrojena MoJoBa
(PPM), omgnocHO 10 onpeheHe myXWHE BIIaKHA z, KaJa HAacTaje CTalMOHApHA pPacrojerna
monoBa (CPM) [25]. Cope3ame MOJ0Ba C jeHE CTpaHE CMambyje MOJAIHY AHWCIPE3Hjy Y
BJIIAKHUMa, aJli ¢ Jpyre cTpaHe nmoBehapa ryOMTKe Y 3aKpUBJ/EHUM BiiakHuMa [39].

W BrakHO, KOje MMa je3rpo u [Ba OMOTaya MMa Jpyraddje KapaKTePUCTUKE Y OTHOCY
Ha SC BmakHOo 300r mocrojama Iypehux MomoBa y yHyTpammem omorady W BIakHa.
YHyTpalmy nepTypOanonn eeKTH, Ka0 U MaKPOCKOTICKa 3aKPHBJHCHA M CIIOjCBH BIIaKaHA
M3a3MBajy CIpe3ame MOJ0Ba, Y3poKyjyhm mpeHoc eHepruje m3melhy momoBuma. To 3a
MOCJIEIUIYy UMa TI0jaBy BHIIMX MOJIOBA HA HM3JIa3y M3 BIIAKHA, MAKO Cy Ha yJa3y y BIAaKHO
noOyhenn camo HKH MonoBH. [lojaBa BHUIIMX MOJOBa CMamyje MPOIMYCHU OICET BIAKHA,
CTOra je HeONXOJHO AM3ajHUpATH ONTHUMAJIHU WHJEKC IpeiaMama BIaKHa Koju he ymMamuTu
rpymnHo Kamimeme u3Mel)y monosa [40]. Crnpesame MO0Ba, MOJAITHO CIIA0JbEHE U MOTAITHA
IWCIIEp3Hja, BEOMa YTHYYy Ha TPEHOCHE KapaKTepucTHKe W ONTHYKHX BJIaKaHa, CTOTa je
notpebHo Hahm MeTox kojuM he ce To wcnmraTH. JeqaH o HAYMHA MCHHMTHBAMA IpoIeca
crpe3ama MOJI0OBa M MOJANHOT CllabJbeha je HCIUTHBAKEC yraoHe pacrhojesie CHare

CBETJIOCTH Yy (QYHKIHMjH Ty )KHHE BIIAKHA M JPYTUX MapamMeTapa BIaKHa.
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VYraona pacrojena cCHare CBETJIOCTH Ha Kpajy BIaKHA MOXKE C€ OJIPEIUTH TCOPHjCKU U
eKCIIeprMeHTaTHO. Teopujcku, KopuiihemeM reoMerpujcke omrtuke [41, 42], jenHaunHe
npoTtoka cHare [14, 43, 44, 45, 46], xao u ®okep-Ilnankose u JlamxkBeHoBe jeaHaunHe [47],
oBe pacrnojiene cy oapeheHe kao (GyHKIMja yIa3HOI CUTHAJIA HA MOYETKY BJIAKHA M JTyXKHHE
BJIAKHA.

OBne hemo aHanu3upaTH BpPEMEHCKH-HE3aBHCHY jeJHAYMHY @POTOKAa CHare M
MOKa3aTH Kako C€ OHA INpHUME’Yyje Ha BUIIEMOJHAa ONTHYKA BiakHa ca W HHIEKCOM
npernamama. [IpBo hemo mati kpaTtak mpuka3 kako je ['more [14] u3Beo jenHaunHy mpoOTOKa
cHare. 3aTUM je IIPHUKA3aHO KaKo je MO MPBHU MyT BPEMEHCKU-HE3aBUCHA jelHAUMHa IPOTOKa
CHare Koj BiakHa ca W HHIEKCOM IpejlamMama pelleHa eKCIUIMIIUTHAM METOJIOM KOHAYHHX
pasnmuka. [IpuMeHOM BpEeMEHCKH-HE3aBHCHE jeJHAUYWHE NPOTOKA CHare, TOpeN yTUlaja
MIMPUHE YHYTPAIIher OMOTada W Koe(HIMjeHTa crpe3ama KOju Cy W paHHUje TEOPH)jCKU
WCTIMTUBAHM, IO TIPBU IyT j€ TEOPHjCKH UCTIUTAH YTHIA] TyOMHE YHYTpALImher OMOoTada, Kao
U yTULAj yIVIa ¥ IIUPUHE yJIa3HOT CHOIA CBETJIOCTU Ha JYXKHHE Ha KOjUMa Ce yCIIOCTaBJbajy

PaBHOTECXKHA U CTallHMOHApHaA paciiogcjia MOa0Ba KOJ BJIaKHa Ca \\% HHACKCOM IIpCliaMama.

4.1 U3Bohewe BpeMEHCKU-HE3ABHCHE je/ITHAYMHE IPOTOKA CHare

. Tnore [48] je mpeanoxuo Ja ce yMecTO MocMaTpama IMOjeIMHAYHUX MOJIOBA Y
ONTMYKOM BJIAKHY YBeJle KOHTHHYYM MOJIOBA, IOJl YCJIOBOM Ja jé HUXOB OpOj OBOJBHO
Benuku [14]. [lokazaHo je ma ce KoJ Bequkor Opoja MOJIOBa MapaMeTpH KOjU KapaKTepHUIy
CyCe/IHE MO/IOBE HE3HATHO PAa3JIuKYyjy, Na C€ HBUXOBE JAUCKPETHE BPEIHOCTH MOTY 3aMEHHUTH
KOHTHHYaJHUM IpOMEHJbUBHMA. [Jlore je Takolhe yBeo MpETNOCTaBKy Ja Ce€ CIpe3ame
MozoBa goraha camo m3mely cycemnux mozoBa. [lokazaHo je ga je rpemika Kojy yKJbydyje
OBa TMpPETIIOCTaBKa Maja y OJHOCY Ha cllydaj Kaga ce y o03up y3uMa U CIpe3ame
[OCMAaTPaHOI MoOJla ca MOJOBUMA KOjU Cy yJIaJbeHHjU O cyceaHux Mojosa. Iloctoje u
eKCTICpUMEHTAIHU JIOKa3H J1a jeé OBAKBO MOHANIAFkE MOJOBA 3aWCTa MPUCYTHO KOJ MPAaBHX
BumeMoHNX Biakana [49,50]. YBoxehu oBe mpermoctaBke, ['nore je moOmo mapiujanHy
mudepeHnrjanHy jeJHAYMHY KOja OIHCYje pacIloeNy cHare y (GpyHKIHju Ty)XKHUHE BIaKHA U
KOHTHHYaJHOT MOJAJHOT TapaMeTpa ¢, Koju TpeacTaBjba Yrao HpOCTHUpama MoJa Iy
BJIAKHA MEPEH Y OJJHOCY Ha OCYy BIJIaKHA.

VYTI0BY IO KOjUM C€ TIPOCTUPY CYCEIHH MOJIOBU Y BIIaKHY Ce€ pasiuKyjy 3a [14]:
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AG = 4
4an,

(4.1)

T]€ je a TIOIYNPEeYHUK je3rpa BlIakHa, A TalacHa Qy)KUHA CBETJIOCTH Y BaKyyMy, a 7, HHIEKC

IperaMama je3rpa BilakHa.

I'nore je u3Beo jenHaunMHy NMPOTOKAa CHare MpeTnocTaBibajyhu Aa ce y BpeMEHCKHU-
HE3aBUCHOM CJIy4ajy IpOMeHa cHare m-Tor Mona (dP,,) nemasa 300r:
a) pacuIama U pacejama, MITO ce OIucyje 4IaHoM —a, P dz,
0) crnpe3ama ca OCTaJUM MOJOBHMMa (TpeMa HaBEIEHOj MPETHOCTAaBLU CaMO Ca CYCeIHUM
MOJIOBHIMA).

Ha Taj Ha4YuH IMPOMCHY CHAre m-Tor Mmoza, 1o Ay>XWMHHU BJIaKHA, MOXXCMO HAIIUCATH Y 06HHKy

[14]:

dP

d_m = _aum + dm (Pm+1 - Pm )+ dm—l (Pm—l - Pm ) (42)
A

rae je d, xoeuuujeHT cnpesama usmehy Monosa pena m+1 u m. Ilpenasak y KOHTHHYYM

3axTeBa Jia Ce pa3irKa CHare n3Mel)y MooBa HanmiIe y o0JMuKy audepennyjana, ma iMaMo:

})erl _})m — d})m (43)
0 ..—6  do

Kako je 6,,, — 0, =A0, jenrnaunny (4.2) MOXKEMO HAIHCATH y OOJIUKY:

ﬂ =-a,P, + Ag(dm ﬂ - dm—l %j (4.4)
dz deo deo

dP, o
Pasznuka d - d _ 3aXTE€Ba UCTOBCTHH IIpECiia3, I1a UMaMoO:
m m—1

do
dP dP dP
a g dn_pgdf, 4L, (4.5)
do do ao\"" do
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3ameHOM WHAEKCA m ca (PyHKIMOHATHOM 3aBUcHOINy oa & nobujaMo jeaHauYuHy MPOTOKa
cHare y cinenehem oomuky [14]:
dP(z,0)
dz

=—a(0)P(z,0) + (AO) aa (d(@) ap c(zze a)j (4.6)

V ciydajy IMIMHAPUYHOT BIIAKHA WHIEKC 7 TPEJCTaBiba IpyIy o m MoxoBa. Kako 6u ce
no0uia jeqHaYMHa MPOTOKA CHAre 3a /M-Ty TPYIy MOJOBA MOpPa Ce M3BPIINTH CYMHPAHE CBUX
m 4diaHoBa y jeqHauuHu (4.6). Koedbunujentu o, u d, 3aBuce camo of m U CTOra Cy UCTH 3a

cBe uwiaHoBe. MelyTum, cmpeszame HIKUX MOJOBa MOXe ce JecuTd camo usmeby m-1

YjIaHOBa, CTOra UMaMo:

f’l’lddi - _maum + md (P Pm)+ (m - l)dm—l (mel - Pm) (47)
zZ

Kopuctehu (4.3) u npena3 ananoras (4.5), nobuja ce:

aPz0) __ @ P+ (A0 - 2 dr, (4.8)
dz m 6(9 do

Kaxko je 6 =mA/4an, umamo:

dP(0,z 10 dP(0,z
% a(0)P(0,z)+ (A¢9)2 20 (Hd(e) c(l¢9 )) (4.9)
rJie je:
o P(0,z) yraona pacnojena cHare CBETJIOCTH,
o Z pacTojame Koje CBETJIOCT MpeJia3u Iy BIaKHa (MEPEHO O OYETKA BIaKHA),
. @ yrao mpoctuparma CBETIIOCTH Yy OHOCY Ha OCY BJIaKHa,
o d(0) xoedunujeHT crpesama,
. o 0) moanHo cnabibeme,
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Koedwurujent mogantor cinadsema o €) MockeMo HamucaTu y oomuky [14]:
a@)=a,+ 460" +... (4.10)

rle o, NpeAcTaBiba I'yOMTKe 3ajelHUYKE 3a cBe MoJoBe. OBU r'yOHIIU MOTY C€ KaCHHj€ Y3eTH

y 003Up MHOXEHEM KOHAYHOT Pellera u3pasoM e “°. 4@’ obyxBara ryOMTKE Ha FpaHHIHA
jesrpo-omoTau. A je ¢akTop MYJITHIUIMKAIUje Apyror peaa y uspasy (4.10) 3a koedunujeHt
ryouraka cHare «(6) Koju y3uma y o03Hp arcopIiynjy U pacejame CBETIOCTH Y BIAKHY.

Koedwumujent crpesama ce Moke Hanucat y oonuky [46, 51]:

6.\
d(0)=d, (;J 4.11)

r7ie cy dy U g KoHcTaHTe 3a onpeheHo BiakHo. 3a g=0, jeqHaunHa (4.9) ce MOXKe HaMUCaTH y

o0NHKy:

P D P

OP(0,2) =—a(0)P(0,z) + Do gm (4.12)
0 00 00

e je D=d, (A6)2 =d, (A/4an, )2 KOHCTAHTa CIpe3ama, d, je WIaH HyJTOT peia y u3pasy

3a KoeduuujeHT crpesama d(0)=d,+a(0)0” +---. Jennaunna (4.12) he ce xopucrutH 3a

JaJba HyMEepUiKa H3padyHaBama y OBOj IJIaBH.

I'pannunu ycnoBu 3a jennaunny (4.12) cy [14]:

Pl (4.13)

PO.,z)=0 D— =
©..2) =N

riae je 6, KpUTUYHU yrao BiakHa. IIpBu ycioB 3HauM Ja MOIOBU 6>6. He NMpeHOCe CHAry.

JIpyTH yCIIOB 3Ha4H J1a je CIpe3ame MOI0BAa OTPaHUUEHO caMo Ha MojoBe ca 6> 0.
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4.2 Hymepu4KH MeTOI pelliaBalkba BpeMeHCKH-He3aBUCHE jeJHAYNHe
NMPOTOKA CHAre

BpemeHncku-He3aBuCHa jeqHa4YMHA TMPOTOKA CHAre je mapiujaiHa audepeHrmjanHa
jenHaunHa napabonuykor tuma. [la Ou ce OoIpeausio HEHO HYyMEPUYKO pPElIeHe, MOIy ce
KOPUCTHUTHU CTaHJIapJHe HyMEpHUUKe METO/Ie Kao LITO Cy METOJl KOHAYHUX eJIeMeHaTa, METO.
KOHAaYHUX Pa3ivKa U HOJAJTHO-UHTETPAIHA METON [52, 53, 45]. MeToa KOHAYHHX elleMeHaTa
je eduKacHUjU OJ] IPYTrUX HYMEPUYKHX METOJa Kaja ce mpoOjeM MPOCTUPama CBETIOCTH
KpO3 BJIAKHO TOCMaTpa y TpU MNpocTopHe auMmeHsuje. Kamga ce mpocTupame CBETIOCTH
MOJIeyje Y jelHOj MPOCTOPHO] MTUMEH3HUjH, Kao MITO je TO CIydaj C jeTHAYMHOM IMPOTOKA
cHare, METOJl KOHAYHHX Pa3JIMKa je Hajoobu u300p.

Panmje cy ce WMIUTMIMTHE METOJEe KOHAYHUX pa3iuka dYemhe KOPHCTHWINA O
eKCIUTMIIUTHUX METo/a KOHayHuX pas3nuka [44]. Ca pa3BojeM caBpeMEHHX Op3uX padyHapa,
TO ce MPOMEHMWJIO M JJaHaC ce MoJjeaHako kopucte obe merone. C 003upom na je Hajuemrhe
0e3yCIIOBHO CTa0WiIaH, WMIUTUIIMTHA METOJ KOHAYHHMX pa3jiuKa 1o3BoJkaBa Behe kopake
WHTETpalfje HEero CKCIUIMIIMTHA METOJ KOHAYHWX pasjihka, 4uMe ce ckpahyje Bpeme
nmoTpeOHo Ja ce momohy pauyHapa pemu oapehenu npobiem. Mnak, oBo ce He ojjpa)caBa Ha
Behy padyHCKY e(pHKacHOCT MUMIUTMIMTHOI METOJa KOHAYHUX pasjiiKa jep ce y CBaKOM
pauyHCKOM KOpaKy MOpa MaHHUIIYJIMCAaTH ca BPJIO BEJIMKUM MaTpullaMa. 3aTo ce Moxe pehu
Ja je eKCIUIMIUTHU METOJ KOHAYHHX Pa3iiKa, MaKO OCETJbUBHUjU Ca aCleKTa CTaOMIHOCTH
HyMEpHUYKe I[IeMe, jeJHOCTAaBHUjU U eQUKACHUjU O] HMIUIMLIUTHOT METOJa KOHAYHHX
pasnuka. To je pa3ior 3amTo ce y HOoCieHhe BpeMe eKCIUTMIIUTHI METO/I KOHAYHUX pa3iuKa
cBe uemthe kopuctu. Hymepuuko pememe jenHaunHe nporoka cHare (4.12) mpumeHom
SKCIUTMIIUTHOT METOJ]a KOHAYHUX pa3sivka mpBU myT je poodujeno 2000. rogune [45]. [Ja 6u

ce MPUMEHHO 0Baj MeTo, jenqHaunna (4.12) ce mume y cnenehem o0nuky:

ama@:_mmﬂaﬂ+2@ma@+Dypwg)

4.14
oz 0 00 06* .14

Kopucrehn memy nenTpanse pasiuke 3a mssoge (0P(6,2))/00 u (6*P(0,z))/060* [52, 54]:

P, .—-P_ .
(6]’(9, Z)j _ i+1,j i-1,j + 0(A0)2 (414)
060 ), 200
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2 P,,.-2P +P_ .
OP0.2) | _ T Tl | oAy (4.15)
00 (AO)
¥ IeMy TIpelimhe pasiuke 3a mBoy (0P(60,z))/0z :
P. —P.
(ap @, Z)j =W O(Az) (5.17)
oz ), AG
jennaunHa (4.14) ce Mmoxxe Hamucatu y o0muKy [55]:
AzD  AzD 2AzD AzD  AzD
o =(——-——"—)P_ +(- - Az)P , +(———-—)P,,, (4.18
i,j+1 (Aez 291A02) i-1,j ( Aaz i ) i,j 201A0 Aez) i+l,j ( )

I7le MHICKCH i M j O3HauyaBajy OUCKpeTHe Kopake A6 u Az 3a yrao 6 W AyXHUHY z,
pecniekTuBHO. OBO je jeaHoctaBHa ¢opmyna 3a Piji y (ij+l) - Toj Tauku Mpexe y
(GYHKIMjH TIO3HATUX BPEIHOCTH 33 YraoHy pacloJiesly CHare QyX j-Te€ BPCTe Mpexe (ciauka

4.1). T'peuika npu oxpehusamy P;,;+ nomohy jemnaunne (4.18) je pena O(Az,A0%)[52].

] P(.+1)

O —

Cnuka 4.1. Mityctpanuja Mpexe 3a eKCIUTMIUTHA METO KOHAUYHUX pasiuka [25].

I'pannunu ycnosu (4.13) capa mocrajy [55]:

(4.19)
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rie je N=6,/A0 numensumja mpexe y ¢ mpasmy. Jla Om ce m3berao mpobGiem

CHHTYJIApHOCTH y Taukama Mpexe 0=0, kopuctu ce cneneha penammja [45]:

(4.20)

2
2 (020) 227
006 060\ 00 00

6=0

Pacniogeny cHare CBETJIOCHOT CHOIA Ha yja3y y BJIAaKHO, Koja je y oonuky ¢yHkuuje f(6),

MNHUIEMO Kao:

P(0) = f(0) (4.21)

rae f(0) najuemrhe uma o6nuk ['aycoBe pyHKIHje.

4.3 Metoae 3a onpehuBame koepuumjenra cnpesamwa D

4.3.1 Meroa 3yOue u capaaHuka

Ha 6ucmo objacHUIM Uiejy oBOT MeToa [56], MpeTnocTaBUMO J1a IMaMO ONTHYKO

BJIAKHO IyXHHe L y Koje ce yOallyje CHON CBETJIIOCTH NOA YriaoM 6, KOju MMa OOIMK

paBaHcKor Tanaca (cinuka 4.2).

He-Ne nacep

(

Poa

0 B5558 oo OO

P.M. K C.M.

Cnuka 4.2. lllema excriepMMeHTa 3a MEPEHE yraoHe PacIojiesie CHare CBETIOCTH
Ha Kpajy omrumukor BrakHa ([C - nemuress cHoma, P®J] - pedepentHn
¢doronerekrop, CD/] - curnanau poronerekrop, PC - porammonu cramak, CM -
CUTHAJTHU MynTuMeTap, PM - pedepentnu myntumerap, K - kommjyrep) [56].
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[TpernocTaBuMO /ajke 1a c€ y UCTO ONTHUYKO BIAKHO yOallyje UCTH paBaHCKHU Tallac, ajl MOJ
yrioM 6,. YraoHe pacmojielie cHare CBeTJIOCTU Ha Kpajy BiakHa P(x,,L) u P(xy,,L),
npukaszase cy Ha ciauuu 4.3. [IpuMetumo na ce QyHKIMje yraoHe pacrojelie u3jla3He cHare
CBETJIOCTH CEKy y Tauku 6, .

Osaj meton oMoryhaBa na ce ogpene KOHCTaHTe D Tako IITO ce MepH yrao 6, Ha

KoMe ce jorahja mpoMeHa u3na3He pacrojielie CHare CBETIIOCTH U3 O0JIMKa MPCTEHA y OOJHK
JIUCKa, ¥ Ha OCHOBY jOII JIBa J0JIaTHA MEpEerma HM3JIa3HUX paclojelia CHare CBETIIOCTH Ha
Kpajy BJIaKHA 3a J[Ba pa3IMyUTa yJia3Ha yIiia CBETJIIOCHOT CHOIIA KOjJU CE YBOJHW Y BIIAKHO, U3

KOjUX ce 3aTuM ojipel)yje mpeceuHa Tayka THX M3JIa3HUX PacIiojieiia CHAre CBETIOCTH.

=30 =20 =10 0 10 20 30
0

Cnuka 4.3. YraoHe pacnojefic M3Ja3HE CHare CBETJIOCTH Ha Kpajy BIaKHa
nyxuHe L=3 m 3a ynmazHe YriioBe cHoma cBeTiocTH 031=16.5° u 0y,=21.5°,
I00MjeHe pelaBamkeM jeJHAYHHE TIPOTOKa cHare [56].

4.3.2 Merton CasoBuha u HBopheuha

Ogaj merox 3a oapehuBame KOHCTaHTE cripe3ama D ce 3aCHUBA Ha YHIH-CHHIN Ja TIPH
yOalMBamy CBETJIOCHOI CHOMA KOju UMa ['aycoBy pacnojeny y ONTHYKO BJIAKHO Ty’ HEroBe

oce (yIa3HH yrao CHOIA CBETJIOCTH je Taga 6, = 0°), CBETIOCTHHU CHOII Ha KpPajy BIaKHA UMa

o0uk aucka (I"aycujan je mo3unmonupan Ha € =0), 6e3 003upa Ha AyXUHY BiakHa [57]. 3a
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OBaj ciIy4aj, jeJHaYnHa NMpoToka cHare (4.12) 6e3 uwnana «(0)P(0,z) koju onucyje ryourke,

D(dP) . .
u 0e3 ujaHa 7\ 78 jep Hema npomeHe nosuuyje ['aycoBe pacnozene, nma o0JIMK:

oP(6,2) _ ,3*P(62)

4.22
Oz 06* ( )

C nosehamem qykKuHE BIIaKHA ycjen Clpe3ama MOJOBa A0ja3u caMo 10 noBehama muprHe
yraoHe pacrojesie cHare CBETJIOCTH Ha Kpajy BJIAKHA, Ca MAKCUMYMOM YHjU C€ TOJI0XKa] U
JlaJbe HaJla3W Ha OCH BJIAKHA.

Axo P(é’,z) ocMaTpaMoO Kao BEpOBaTHONy yraoHe pacrojesie CHare CBETJIOCTH,
jemnaumnHa (4.22) mocraje dokep-lIlnankoBa jegHaunHa ca KOHCTAaHTHUM JTU(Y3UOHUM
koepumujenTom D. Pememe jennaunne (4.22) je [58]:

92

P0,z)=

exp| — (4.23)

1
\27o, 207
Bapujanca o’ yraoHe pacrogene cHare (4.23) Ha Kpajy BlakHa IyXuHE z, 100Wja ce 3

uspasa:
ol =0’,+2Dz (4.24)

rie je o, BapujaHCa yraoHe pacIOJeNe CHAre yJIa3HOT CHoma cBeriaocTH. KoHcraHTa
crpe3ama (audy3rnoHa koHcTaHTa) D je Ha OCHOBY jeaHaqynHe (4.24):
2 2
O-z _0-2:0

D=—=2—=0 4.25
>, (4.25)

Jla Ou ce onpeauia KOHCTaHTa cipe3ama D 3a HEKO BIIAKHO, MOTPEOHO je OIpeIuTH camo

BapHjaHCy o. yraoHe paclojelic CHare Ha Kpajy BlakHa myxuHe z. [Ipn Tome BapujaHca
yraoHe pacro/iese CHare yJia3or CHOIA CBETIIOCTH ¢._, MOpa OUTH yHaIlpe. Io3HaTa. AKO TO

HUje clIy4aj, OHJla ce KOHCTaHTa cnpe3ama D onpelhyje momohy uzpasa:
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2 2
o, —Uzl

Zz

D=—2 2 4.26
2(z,—z) ( )

2 2 .
rje ¢y O, ¥ O, BapujaHCe YraoHe paclojesie CHare CBETIIOCTH y BIAKHY MEPEHE Ha

pacTojamy z, M z, O] MIOYETKA BJIAaKHA.

4.4 Ilpumepu nNpuMeHe BpeMEHCKH-HE3aBHCHE jeJHAYMHE MPOTOKA CHAre

VY oBoM mnornaBjby Hajipe hemMo MNpeAcTaBUTH METOA 3a ofpehuBame ayKuHE
crpe3ama L., Ha K0joj HacTaje paBHOTEKHA pacojesa MOJ0Ba, MEPEHEM MIPOIYCHOTI OIcera
OIITHYKOT BJIaKHA. 3aTUM heMo OJpenuTH IyKUHE crpe3ama L. Ha OCHOBY NMPOMEHE O0JMKa

H3JIa3HC YraoHE€ paclioAeiic CHare CBCTJIOCTH y OIITHYKOM BJIIAKHY M IYy>KHHC Z , HA KOjI/IMa Cce

MOCTHKC CTallMOHApHa pacrioaciia MoJ0Ba.

4.4.1 OnpehuBame qy:kuHe cnpe3ama L. MepemeM NPOIYCHOT Orcera onTu4IKor

BJJAaKHa

Ha ocHOBY ekcrieprMEeHTaTHUX TOAaTaka IMoKa3aHo je Jla ce MPOITYCHH OICeT BIaKHA
B Memwma ¢ nIy)XMHOM BIakHa z, Kao Bocl/z, cBe 1OK je OyXHMHA BIaKHA Mama O]
KapakTepUCTUYHE AYXHHE L. (peXuUM clpe3ama MOAOBa IpE IMOCTH3ama PABHOTEKHE
pacniogene mozioBa) [59]. 3a nykuHe BiakHa Behe o1 L., MPOMYCHU OTICeT BIIlaKHA MEHa Ce C

2 (pexuM cIpesama MOZOBa IIOCIE [OCTH3AHA PABHOTEKHE

Ty’>KHHOM BJIaKHa Kao Boc 1/z
pacroziene MoJ0Ba). AHamM3MpajMO caja MPOMEHY IIUPUHE CBETJIOCHOT cHrHama Wy
¢byHKUju nyxuHe BiakHa. [Ilupruna ceiocHor curHaa ce nosehasa ¢ moehameM TyxuHE
BJIAKHA, TIPH YEMY j€ OHa JIMHEapHO MPOTOPIMOHATHA Iy)KUHH BllakHa W oz ako je z<L.. 3a
BJIaKHA YHja je Jy)KWHa z>L., IUPHHA CBETIOCHOT CHTHANA CE MEHha y (QYHKIHjH JTYKHHE

12
BJIaKHa Kao Wocz

. Maxne, 3a AyXuHe BJakHa z>L. IIMPUHA CBETJIOCHOI CHTHajla ce
cnopuje noBehaBa ¢ moBehameM Ay)XMHE BJaKkHa HEro IITO je TO CIIydaj Kaja je JIy>KhHa
BJIAaKHA Mama O] Ty>KMHE cIpe3ama BiakHa (z<L.). OBakBO MoHallIamke MPOITyCHOT OICera u
IIMPUHE CBETJIIOCHOT CUTHaJla y 3aBUCHOCTH O[] Ty’KHHE BJIaKHa NpeaBuaeo je [nore y cBoMm

pany u3 1973. romune [14], amammsupajyhm jemHaumHy mnpoTtoka cHare. Ha commm 4.4
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MpHKa3aHa je 3aBHCHOCT HIMPUHE CBETJIOCHOT CHWTHANIa KOjH CE€ MPOIMYCTH KPO3 MIACTHYHO
OTITHYKO BIIAKHO O] AyXKWHE BiakHa [59]. YouaBa ce na Ha qy>KWHU BllakHa ~15 m monasu 10
npoMeHe (YHKIMje 3aBUCHOCTH IIMPHHE CBETJIOCHOT CHUTHANA OJ JyXXKUHE TIACTHYHOT

2

ONTHYKOr BIAKHA W3 00nMKa Wocz y obmuk Woecz'?, mro je jacHa mmmukarmja nma je

KapaKkTepUCTUYHA y’KUHa cipe3ama L~15 m, KaJja HacTaje paBHOTEHA pacrojiesa MO10Ba.

800~
700
600

500
400§~

3001

W(ps)

1001~

z(m)

Cnuka 4.4. llluprHa CBETJIOCHOT CHTHAJIa KOjU CE MPOIYyCTH KpPO3 IUIACTUYHO
ONITUYKO BJIAKHO y PYHKIMjH Ty’KWHE BiIakHa ((0) — HyMEpHUKa anepTypa yjia3or
caona je NA=0.65, ([]) — aymepuuka anepTypa yiaa3Hor cHoma je NA=0.4 [59]).

4.4.2 OnpehuBame ny:;kuHe cripe3ama L. Ha 0CHOBY IPOMeHe 00/1MKa U3JIa3He YraoHe

pacmoaesie cHare y OnNTH4KOM BJIaAKHY

VY ciy4ajy KpaTKOT ONTHYKOT BJIAKHA, YTaOHA PacIojiesia CHare CBETIIOCTH Ha Kpajy
BJIAKHA MMa OOJIMK NIPCTEHA ca MAKCUMYMOM Ha BPEeIHOCTH ( 6, ) KOjy MMa yraoHa pacrojesna
CHOIIA CBETJIOCTU NPH yOalMBamy y ONTHYKO BiIAkHO (6,,), (cauka 4.5). OBo ykasyje na npu
MaJIiM JTy>)KHHaMa OTITHYKOT BJIAKHA JT0JIa3H JI0 3aHEMapJbUBOT cIipe3ama MooBa. [loBehame
Iy’KMHE BJaKHa JIOBOAM J10 MHTEH3UBHMjET IpeHOca €Hepruje n3Mely MojoBa HIDKEr peja

IITO IOBOAM JO TOTa Ja Ce HHXOBa yraoHa pacrojeina cHare momepa ka € =0°. damum

noBehameM y)XHHE BIaKHA J10a3M JI0 CIpe3ama M BHIIMX MOJOBA IIPU YeMy C€ U HUXOBa
yraoHa pacrojieyia cHare Ha u3jiasy u3 BilakHa noMepa & =0°wu Ha oapeheHoj Ay kuHU OmBa

no3unuonupana Ha @ = 0°.
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Oul

Cmuka 4.5. OOnuK yraoHe pacrojeiie CHare CBETJIOCTH Ha Kpajy ONTHYKOT
BJIAKHA MaJie JTy>KUHE.

Jly>)knHa BJakHa Ha KO0jOj yraoHa pacrojelia HajBUIINX MOJOBa KOjU MOTY Ja ce
MPOITYCTE KPO3 BIAKHO TIPENia3d M3 OOJMKA MPCTEHa y OOJUK TUCKA, TPEICTaBiba JYKUHY
cripe3ama L.. Jlakie, na 6u ce oxpeamia qyKWHa cripe3ama L. Ha KOjoj HACTaje paBHOTEIKHA
pacriozienia MOJIoBa y BIIaKHY, HOTPEOHO je eKCIIEPUMEHTAIHO WM PELIaBabeM jeTHAYHHE
MPOTOKA CHAare OJPEIUTH Ha KOjoj MYXKMHM BJAKHA HAJBHIIM MOJOBH Y BJIAKHY HMajy
M3Ja3Hy pacrojely CHare Koja rpenasu u3 00JIrKa MpCcTeHa y OOJIHK TUCKa.

OBUM METOJJOM MOXE C€ YTBPAWTH M Iy)XHHA Ha KO0jOj HacTaje cTaloHapHa
pacrioziesia MOJIOBa, a TO je Ay>KHHA HAKOH KOje M3JIa3Ha pacrojesia CHare He 3aBUCH O] yriia
NOJ KOjUM je yOadeHa CBETJIOCT y BJIAKHO, Tj. KaJga Cy W3JIa3HE paclojesie CBHX YJIa3HUX

YraoHUX PacIojena ,,IPeKIOMbeHe .

4.5 Metoae 3a nojaana}be Ccripe3dama MOoA0Ba y OIITUYKUM BJIAaKHHUMA

Beh je momeHyTO 1a je crpe3ame MOJIOBA, KOje TIPECTaBIbha MPepacloieily eHEprHje
u3Mel)y Moji0Ba, y3pOKOBaHO YHYTPAIIBUM MEPTypOAMOHUM e(eKTUMA KOjU HACTA]y yCie.n
MPUCYCTBA HEYUCTONA W HEXOMOTCHOCTH Y BJIAKHY HACTAUX Yy TPOIECY TMPOU3BOIE,
MUKPOCKOIICKMX 3aKpPHUBJbCHa, HEMPABUIHOCTH HA TPAHHIM jE3rPO-OMOTad W TIPOMCHE
WHICKCA mpefiaMarba. Y clie]l Crpe3ama MoJjoBa oBehaBajy ce TyOHIIM BUIUX MOJIOBA, YHME
ce MojallHa JUCIep3Hja cMamyje, a mpomycHH omcer noBehasa. Ctora, cnpe3ame MOJIOBa
3HAYajHO YTHYE Ha MPEHOCHE KapaKTePUCTUKE ONTHYKUX BIIaKaHa.

Ycenen cnpezama MOAOBa, ¢ TIOPACTOM JAY)KMHE BIIAKHA, JIOJIA3U JI0 yCIIOCTaBJhbakbha
pPaBHOTEKHE pacrojieliec MOJoBa. PaBHOTEXKHa pacrojena MOJOBa yCIOCTaB/ba C€ Ha

onpeheHoj my>kuHM BIakHAa L, KOja 3aBUCH Of jauWHE CIIPe3ama MOJOBA, al U Of IIUPUHE
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yIIa3HOT CHOMA CBETJIOCTH W HYMEpHWYKe amnepType BiakHa. HakoH ycrmocraBibama
pPaBHOTEKHE pacriojie]iec MOJIOBa, C JaJbuM TNoBehameM JyKWHE BIaKHA, pacliojeia MOIOBa
ce He Mema 3Ha4yajHO, 1Ma HAKOH Te AY)KWHE MEpEHEe BPETHOCTH MOJATHOT clabjbema U
MOJIaJTHE JTUCTIep3Hje BlIaKHA Cy J00po neduHucaHe.

IToctoje pa3He mMeTone KOje MMajy 3a IIMJb JJa CE PAaBHOTE)KHA pacIojiesia MOJoBa y
OINTHYKOM BIJIAKHY YCIIOCTaBH Ha IITO KpahuM aykuHama ja O ce IITO paHHje YCIIOpUO Maj
IIPEHOCHOT OIICera ca TYXHHOM BJIakHa. JellaH o MEeToJa je yBOheHme CBETIOCHOI CHOIAa Y
OINTHYKO BJIAKHY W3 APYTor BJIAKHA CIMYHUX KapaKTepUCTHKA, a y KOMe je Beh mocTuruyra
paBHOTEX)Ha pacnojiena mojosa [60]. Tume ce moctrxke na je Beh Ha caMoM yna3y y OnTHUYKO
BJIAKHO YCHOCTaBJbEHA PAaBHOTEKHA Pacrofiesia MOJI0BA yJIa3HOI CBETJIOCHOT CHOIIA.

Jlpyre MeToie 3acHHBajy ce Ha NPUMEHH NepTypOanmuoHHX edekara H3a3BaHHX
CTIOJBAIIFIM MEXaHUYKUM CHJIaMa Ha MaJIMM MOYETHUM JTy’KHHaMa BIIaKHA, Ca IUJBEM JIa Ce
1ojaya CHpe3ame MOJOBAa M CMamM AY)KMHA BJIAKHA HA KOjOj C€ YCIOCTaBJba PAaBHOTEXKHA
pacmionena MmostoBa. OBakBH ypehaju, Koju 1mojadaBajy cripe3ame MOIOBa Y ONTHYKOM BIIAKHY
Ha MaJIMM JTy>KWHaMa TO3HaTH Cy Kao Memadn MojoBa (engl. “mode scramblers®) u puntepu
MO/JIOBA.

Memau mMozmoBa moBehaBa cHary BHINMX MOJIOBAa M CMamyje CHary HIKHX MOJIOBA,
JOK (huiTep MOJIOBa CMamyje CHary BHUIIMX MOJIOBA, a HE yTHYE 3HAYajHO HA CHAry HMKHX
MmojoBa. Kox ymorpebe ¢unrepa MogoBa Kao U3BOP CBETIIOCTH KOPHCTH C€ CBETIIOCHA TUOA,
na 6u ce moOyano mro Behu Opoj BUIIMX MOZOBH, 3a Pa3IHKy O] MeIlaya MOJIOBa, TJE Ce Kao
M3BOP CBETIIOCTH KOPHUCTH Jlacep Ja Ou ce MPeTe:KHO MOOYAMIH HIKU MOZOBH.

Memame MOI0Ba MEXaHUYKH CE M3a3MBa NepTypOalujama y BIakHy YCIel 1eJI0Bamba
croJballllbMX cuia Ha BiIakHo [61]. Ha ciumum 4.6a mpejacraBibeH je jemaH off HadWHA
peanuzanyje Mellama MOJIOBA, TJI€ C€ Ha ONTHYKO BIAKHO KOj€ je OKPYKECHO METATHHM
’KMLlaMa BPIIM IIPUTHCAK OJ] CTpaHe TepPMOCKYIUbajyhe omHe. JoII jefjan o1 METoAa pUKa3aH
je Ha ciuim 4.60, Te ce BIAKHO Hala3W W3Mel)y jemHaKko ynajbeHHX JKUIlA, KOje M3a3uBajy
CHHYCHO 3aKpuBJbeH-¢ BiakHa. Kox oBor meroma moryhe je yTHIATH Ha IPOMEHY jauWHE
crpe3ama IPOMEHOM Opoja JKHUIla, YNMe Ce MEHha MEePHOJI, U MPOMEHOM IMPEYHHKA Xula d U

BUXOBOT MeljycoOHoOT pacTojama s (cimka 4.60) [62, 63].
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d s
BrnakHo
Kuua
Tepmockynrbajyha
onHa B |

JTaKHO
Mepwvon

a) 0)

Crnuka 4.6. Memaun Mmoi0Ba: a) ca TepMOCKyIUbajyhoM omHoMm [62] 6) 3acHOBaHM
Ha 3aKpUBJbEHY BlakHa [61].

VY jenHoj on TexHHKa (GUITPUpama MOJOBA, ONTHUYKO BJIAKHO C€ HamMoOTaBa OKO
LWIMHPUYHE IIUINKE, KOja 3aKpHUBJbyje BJIAKHO M MOCHEIIyje JOJaTHO CIpe3ame MOJ0Ba
(cuka 4.7a). ONTHYKO BIAKHO C€ YETHUPH J0 MET IyTa 0OMOTOBA OKO IIHIIKE MpeuHuka o1 20

10 30 mm, HaKOH Yera ce ycIocTaBJba PaBHOTEXKHA pacrojena MojoBa [64].

(5>
9

EeTeKTo@

OyYX1MHA crpe3ana BraKkHO
a)
CnojHuya
| I
0 O HeTtekTop

dountep OYX1Ha BITAKHO

MOLOBa  crnpesatba
0)

Cmuka 4.7. IlocnemmuBame ycroCTaBJbaba PaBHOTEKHE DACIIoNiesie MOJIOBa Y3
nomoh ¢untepa MoioBa: a) 0OMOTaBamEeM BIIAKHA OKO IMMIMHIPUYHE HIUIMKE O)
HNPUMEHOM JIpyror BJIaKHa.

Jpyru MeTo GuiaTpupama MOJIOBa, KOjU je Beh MOMEHYT, KOPHCTH IPYTrO ONTHYKO
BJIAKHO CIIMYHUX KapaKTepHCTHKa, y KoMme je Beh ycrmocraBuia paBHOTEXHa pacrojena
MOJIOBA, TAKO IITO CE CBETIOCHH CHOII Ca Kpaja TOT BIAKHA YBOIH Y TJIABHO ONTHYKO BIAKHO

(cnuka 4.70).
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4.6 IlpumeHa BpeMeHCKH-He3aBUCHE jeITHAYHHE MPOTOKA CHare Ha
ONTHYKA BJaKHA ca W HHIEKCOM NpeiaMamba

VY 0BOM TOTNIaBJby MpHKA3aH je€ METOJ pellaBarma BPEeMEHCKH-HE3aBUCHE jeHAUYNHE
MPOTOKa cHare Koj BiakHa ca W MHAEKCOM Mpenamama. [I[pumMeHOM BpeMeHCKU-HE3aBUCHE
jeHauMHE NPOTOKa CHare AoOMjeHe Cy M3Ja3He yraoHe paclofejie CHare CBETJIOCTH 3a
pa3nu4nuTe CTPYKTYpHE IapaMeTpe BIlaKHa, Koe(HWIMjeHTe chpe3ama W KapaKTepUCTHUKE
yJIa3HOT CHOIIA KOJ BJIaKHA ca W HMHIEKCOM IIpeIaMamba.

Onpehene cy ayxuHe zg Ha KOjUMa C€ YCIIOCTaBJbajy CTal[IOHapHE paclojeie
MOJIOBA, 32 PA3JIMUNTE MIMPHHE YHYTPALIHET OMOTadya H KoeQHIUjeHTe crpe3ama. Mcnuran
je yrunaj nyOrHe yHyTpallmher OMOTaya Ha YraoHe pacIojiesie CHare CBETJIOCTU U Ty KHUHY Zs,
Ipyd TIPOMEHHM HIMPHHE YHYTPAlIkher OMOTada M jaunHe CIpe3ama, KOoJ BiIakHa ca W
WHACKCOM IIpejiaMamba.

Hcnuran je yTumaj yria yjna3HOT CHOINA CBETJIOCTH M IIMPUHE YraoHe pacroiese
yJIa3HOT CHOTIAa Ha AYXHWHE L. U zs HA KOjUMa C€ YCIIOCTaBJbajy PAaBHOTEKHA U CTAI[HOHApHA
pacmnojiena MOJOBa, PECIIEKTUBHO, MPU MPOMEHH LIHUPUHE U TyOWHE YHYTpalllber oMOoTada u

Koe(uIjeHTa crpe3ama.

4.6.1 Hywmepu4yky MeTOJA pelIaBamka BPeMEHCKH-He3aBHCHE jelTHAYHHe MMPOTOKA CHare

KoJ BJakHa ca W HHIEKCOM npejgaMmama

Pacniogena nnnekca npenamama W BlIakHa, Koje heMo pa3marpartu, IpHUKa3aHa je Ha

ciunu 4.6.

jearpo
n
A
YHYTpaLLHsu
omMoTay
cnorbalubu Mo
omoTauN\
— - N ——
_ nq
| | > T
a a+éa

Crnuxa 4.8. Pacrionena unaexca npeinamama W BIakHa.
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[TonmympeyHuK je3rpa BiakHa je g, IMpUHA YHYTpaIlker oMoTada J -a (J - HopMalu30BaHa
[IMPHHA YHYTPAlIkBEer OMOTada), HHACKCH TpelaMarma je3rpa, YHyTPAIImher U CIIOJhallmber

OMOTa4a O3HA4CHHU Cy n,, I’lq nu np , PECIICKTHUBHO. HpeTHOCTaBIBa CC a € I’lq < np <n,.

Hedunumy ce cnenehe nBe BEIUYHHE:

A =22 A=t ¢ (4.27)

KOje Mpe/CTaB/bajy pa3MKe MHJAEKca IperaMama JBa oAronapajyha pedepeHTHa BilakHa ca
jennum omotadeM SC, u SCg, pecnektuBHO. Bnakna SC, nu SC, npencrasmbajy W BlaKHO,
KaJa INMpUHA YHyTpauimer oMorada W BiakHa Texku Hynu (6—0) mim GeCKOHAYHOCTH
(0— ), pecTeKTHBHO.

Baakno ca W ungekcom npeiiaMamkba MOXKE CC MPECACTABUTH KaO0 CUCTCM CaCTaBJbCH

on SCq BIaKHa ¥ OMOTaya MHIEKca npenamarma n, [36]. Kpurnyan yrao SCg Bnakua je 6, ,
na CBM MOJIOBH KOjH C€ IPOCTUPY TOJ| yIIIOM MamKM OJl KDUTHYHOT yria ¢, Ousajy BoheHn
nyx Bnakha. Kana ce Bnakuo SCq 06aBuje OMOTaueM MHEKCA MpENamaa 1, , YAMe HacTaje
W BIaKHO, CBH MOJIOBH KOJH C€ NMPOCTHUPY MOJ| yIIIOM MarmbUM OJ1 KputHuHor yria 6, 3a SC,

BJIAKHO, OCTajy Bol)eHM ayk BiakHa. MelyTum, MOJOBH KOjU C€ MPOCTUPY IOJ YIJIOBMMA

usmehy 6, u 6, nocrajy nypehn monosu [65], kao wTo je nprkasano Ha cauuy 4.9.

- npuxsaTHW yrao
4 BONEeHX MoaoBa uypehu mog,

No

NMEWXBaTHWN yrao
Lypehunx mogoea

Cnuxa 4.9. IIpoctupame Bohenux u mypehux momosa y W BrnakHy.
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[pernocraBmajyhu na je A, <A <<l, [OHCKPETaH CIEKTAP MOJOBA MOXKE CE€

anpoOKCHUMUPATH KOHTHHYYMOM MOJI0Ba Y (DyHKIMjH poMeHJbHBE ¢, KOja MpeacTaBba yrao
MpoCTHpama MOJAa y OJHOCY Ha Ocy BiakHa [65]. AKO MpeTrnocTaBUMO Jla Ce CIIpE3ame
Jemana caMo u3Mel)y cyceqHHX MOIOBa, y TOM CIIydajy MOKEMO KOPHUCTHTH BPEMEHCKH-
HE3aBUCHY jeJHAYMHY MPOTOKA CHare 3a BUIIEMOJIHA ONTHYKA BiakHa y cieneheM o0iMKy

[14]:

oP(0, z) 10 oP(0, z)j
25 o _a(O)P(0,2) + ——| 6D(0) 2 4.28
e a(0)P(0,z) 080( ) 20 (4.28)
JennaumHa ce MOke HammUcaTu y GOpMH:
2
O.2) __(0)P(0,z)+ PO PO:2) | 50 P0:2) (6;’ 2) (4.29)
oz 0 00 00

rne je P(0,z) yraoHa pacmojena cHare CBETJIOCTH Ha PacTojamby z OJ yjiasa y BIakHO, O je
yrao nmpocTHpama CBETIOCTH y OJAHOCY Ha OCy BiakHa, D(H) je koeHIHjeHT crpe3arma
MOJIOBA 3a KOjU C€ MPETNocTaBsba 1a je kouctantad ( D(6) = D) [14, 44] u a(6) je momamHO
cnabibewme. MonanHo crnabseme a(d) Moxe ce mpeiacraButu kao a(f)=o, +a,(0), tae

o, TIpeJcTaBJba T'yOUTKE yCIIe allcopluuje U pacejama. OBU IyOUIU MOTY C€ KaCHHj€ y3eTH

y 0031p MHOXEHEM KOHAYHOT pellekha H3pa3oM e %, ma ce ¢, 3aHeMapyje.
Beh je namomeHyTO 1@ MOJOBM KOjH C€ TPOCTHPY TOJ yrioBUMa u3Mehy
0, ~(2A p)” ‘u 0, ~(2A q)”2 cy nypehu monoBu. Koncranra cinabipema mypehux MomoBa

naTa je y oonuky [66]:

2 _02\" 0*(6° - 62
aL(0)4((1 02”)1)/2 4922;2 92;exp[2§an0k0(6’q202)”2] 4.31)
all— 9 \Y% " "p

rae je k, tamacHu BekTop y Bakyymy. Koxg SC BnakaHa, eKCIEpUMEHTAIHM peE3yITaTH

MOKa3yjy Jia ciabJbeme OCTaje KOHCTAHTHO Yy 00JacTu BOhEHHWX MOJOBa, W TMOCTENEHO ce
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noBehapa y oOnactu uzpaueHux mMojoBa [67]. YV ckiaay ca TUM, MOAAITHO clabibeme Koa W

BJIaKHA MOXKEC CC HAIIMCAaTH Kao.

0 0<0,
a,0)=1a,(0) 0,<0<0, (4.32)
0 92(9q

I'pannunm ycnoBH 3a jennauvny (4.29) cy [14]:

z)=0 D@_P:

P@,,
©n 00

0 (4.30)

rae je ¢, MakCHMaJHU yrao IOJ KOjUM C€ CBETJIOCT MOXE MPOCTHPATH Y BIIAKHY.

Jennaunna nporoka cuare (4.29), ca KOHCTaHTOM cnabibema Mypehnx MomoBa JaTOM
jenHaunHoM (4.31) HeMa aHANIUTHYKO peEIIeHE, TAKO Ja CE HEHO PEIICHEe MOpa TPaKUTH
HYMEPHUYKH.

Kopucrehu memy nenrtpanue pasmuke 3a nssoae (0P(6,z))/06 n (0°P(6,z))/06°
(4.15 1 4.16) v memy npenmwe pasnuke 3a u3BoA (0P(6,z))/ 0z (4.17) [52], jennaunna (4.29)

ce MOJKe MpeJICTaBUTH y ciieeheM o0IuKy:

AzD AzD 2AzD AzD AzD
P = (A_ez - W]Pk_l,z + (1 VI (o) AZ)Pk,l + (W - A—QZJPJHU (4.33)

rIe MHAeKCH k u [ o3HauaBajy MUCKpeTHe Kopake AJ u Az 3a yrao € u AyXuHy Zz,
PECIIEKTUBHO.

Koedurujent mogantor cinadibema je:

0 0<0,
40 -0:)"" 6.6, -6;)

a(l1-0)"? (9;(49; —9;)
o0 0>0

q

a,(0) = expl-28un k, (02 —67)*| 6, <6<6, (434)
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['pannunn ycnosu mocrajy Py, =0 u B, =F,, tne je N=6, /A0 nuvensnja

Mpexe y € mpably.
Ja 6u ce uzberao mpobieM CHHIYJIApHOCTU Yy Taukama Mpexke 6 =0, KOpUctu ce

cneneha penamuja [55]:

1(0 apjzzaz_P (4.35)

1 J— —_—
009\ 00 06’

6=0

Kopuctehu BpemeHCKH-HE3aBHCHY jelHadnHy mnpoToka cHare (4.29) moOujajy ce

yraoHe pacrojelie CHare CBETIIOCTH Ha Pa3IHMYUTHM Jy)KHHaMa 3a BIAKHO ca W HWHIEKCOM
npejaMama, Ydja je LWMpMHA YHYTpalliber omMoraua o-a, a aybuna 6, -6 [68]. 3a

pemaBame mnapuujanHe audepeHnujanae jenHaunHe (4.29), xopumheH je padyHapCKH

nporpam CaBoBuha u capagHUKa HamKcaH y mporpaMckoM jeauky Fortran 90 [68].

4.6.2 OnpehuBame Ty’KMHE Z; HA KOjOj HACTaje CTAIIMOHAPHA paciojejia MoOg0Ba y

ONTHYKOM BJIAKHY ca W HMH/IeKCOM MmpeJiaMamba

Kopuctehn BpeMeHCKH-HE3aBUCHY jeTHAUMHY MPOTOKA CHAre MCIUTAHO j€ CIpPe3arhe
MOJIOBAa M MOJIaJIHO CJ1a0Jbee Y ONTHYKOM BiakHy ca W MHAeKkcoM mpenamama. Onpehene
Cy Ay)XHHE BJIaKaHa Ha KOjHMa C€ IMOCTIXKY CTAallMOHApHE PAcIoeie MOIOBA 3a Pa3INIUTe
HIMPHUHE U AyOMHE YHYTpAIlker OMOTaya U pa3jinuuTe BPEJHOCTH Koe(ulMjeHaTa crpe3ama
[68].

AHaTM3UPAHO je BUIIECMOJHO ONTHYKO BIaKHO ca W HHJIEKCOM IpeliaMarma Koje je
TEOPUjCKH UCITUTUBAHO Y paHUjuM pasioBuma [32, 66, 65]. Unaekc npenamama je3rpa BiakHa

je n, =146, npeunux jesrpa 2¢ =60 um ¥ mHUpHHA yHyTpammer omorada 30xJ um.
BpeaHocTn HopMaM30BaHe MUPUHE cpelmer ciioja cy 6 =0.2 u 6 = 0.5. Pa3nuke unmekca

npenamama ¢y A, =02% wu A =0.7%, kpurtnunu yrnosu 6, ~3.62° u 6, ~6.76".

Bpemnoctn koedummjenta cmpesama cy D=2.3x107rad¥m, D=2.3x10"rad’m wu

D=2.3x107rad*/m. TanmacHa TyuHa IpUMEE-CHE CBETIOCTH H3HOCH A = 0.84 1m .
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VY HyMepHuKMM npopauyHMMa KopuilheHe Cy yla3He YraoHe paclojene cHare

CBETJIOCTH y clly4ajy €, ekcuuranuje:

P(0.0)=1 0<0<0,;

ay cnydajy 6, ekcuuraumje:

P(0.0)=1 0<0<0,;

z=0

z=0

(4.36a)

(4.366)

JloOujeHo HyMEepHUYKO pelIekhe BPEMEHCKU-HE3aBUCHE jeTHAYNHE TIPOTOKA CHAre J1aje

HOPMAaJIM30BaHy M3J1a3HYy yraoHy pacIojiesly CHare CBETJIOCTH 3a ojapeleHy TyKUHY BIIaKkHa

[66]. Ha cnukama 4.10-4.12 npuka3aHe cy yraoHe pacrojiefie CHare CBETJIOCTH 3a BPETHOCTH

koedummjenta cnpesama D=2.3x10"rad’m, D=2.3x10°rad’m u D=2.3x10"rad’/m,

PECIIEKTUBHO, 3a HOpPMajM30BaHE IIMPUHE YyHyTpaummer omoraua o =0.2 u 0.5, 3a

pasnuunTe Ty)KUHE BiakHa. [lyHe KpHuBe Ha TpadumIuMa MPEICTaBJbajy yraoHE pacriojese

CHare CBETJIOCTU KaJa Cy Ha yJa3y y BiIakHO noOyhenu cBu BoleHu u cBU Iiypehu MomoBU

(6, excuuranmja). YraoHe pacmojeine CHare CBETIOCTH Kaja cy noOyhenu camo Bohenu

MOJIOBH, KOje 01roBapajy ¢, eKCUMTalUj1, O3HAYEHE Cy UCIIPEKUIAHUM JINHHI]aMa.

Pz}

1.0

Q81

0.6

0.4

02

LI
|:IIZ.'l

f=0.5
D=23:107 radrm |

T

Pz}

1.0

Q81

0.6

04t
el 2
o.a| D230 " rad®im
0.0 .
o 1 2

T

Crnuxka 4.10. Hopmanu3oBaHa u3na3zHa yraoHa paciiojiefia CHare CBETJIOCTH 32 a)
5=0.5u6) 8=02, u xoedurujent crnpeszama D=2.3x10"" rad®/m (ueHTpanHu

ynasuu cuon). ((—) - 6, excuurauyja, (---) - 6, excuurauuja).
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a) 0)
1.0 - 1.0
z=( KM
Q.81 oal
0.6 0.6
) )
& 04} = 04f
=0.5 =02
Pa2 310° rads 3x10® rag®
02 3x10°® rad®rm ~ o.a| D=23x10° rad’im 1
b b %
00 00 -
"o 1 2 3 4 5 B "o 1 2 3 6
ady By
Crnuxa 4.11. Hopmanu3oBaHna u3na3Ha yraoHa pacliofiefia CHare CBETJIOCTH 32 a)
5=0.5u6) 6=0.2, u koeurmjent cnpesama D=2.3x107° rad®/m (enTpamHn
ynasuu cHon). ((—) - 6, excuuranmja, (---) - €, excuuranuja).
a) 0)
. ¢ =0 ki =0 ki
= n.0z2
0.8 0.8
‘1 0.
0.6 002 0.6
N 3
g 04} by ™ g 04} 0.2
=0.5 AN =02
5 o2 - 5 o2
o.a| D=23x10° rad’im pga o.a| D=23x10° rad’im 1
0 e B, ",
00 N gl A
0 1 2 3 4 5 & 0 1 2 3 4 5 &

ady By

Crnuxa 4.12. Hopmanu3oBaHa u3ja3Ha yraoHa pacliofiefia CHare CBETJIOCTH 32 a)
5=0.5 u6) 6 =02, n koedurmjent crpesama D=2.3x 10 rad*/m (ueHTpasHm
ynasuu cuon). ((—) - 6, excuurauyja, (---) - 6, excuurauuja).

Y cnyyajy €, excuuranuje IMPHHA YTAOHE PACTIOENE CHATE CBETIIOCTU HAKOH MHUILH]alHOT

CMameHa, HaCTaBJba Ja ce nosehasa ¢ mopacToM ayxkuHe y ciydajy o =0.5, u 1a onazga y

cayyajy 6 =0.2. Kog € excuuramuje, cHara y mypehum MozoBHMa ocTaje Ha Behum
y4dajy q ) y uyp i

nyknHama y cnydajy o =0.5, y omHocy Ha ciydaj o =0.2. OBo je mocinenunia Behux

ryouraka mypehnx MomoBa y ciiydajy Mame HIHPHHE YHYTpammber oMotada (ciuka 4.13). Ha

92



ITprMeHa BpeMeHCKH-He3aBUCHE jeTHaYNHe IPOTOKA CHAre Ha ONTHYKa BIakHA ca W MHIEKCOM IpellaMama

ciuiu 4.13 mpezacraBibeHO je Kako ce IyOounu mypehux MoJoBa cMamyjy ca IOpacToM

LIIMPUHE YHYTPAIIkHEr OMOTava.

— |
g 1u 3 - - A= ?
= .-~ @=0.4 A
g - =5 S
1k

E flr f
= o |
P ] ;
= ¢ 1
T o0} £
=1 i
= !
éun1- H
[l [

]

40 45 50 55 60 65
B (™)

Cmuka 4.13. T'yOumu mypehux MojoBa 3a pa3iuuuTe MIUPUHE YHYTpalIber
oMoOTaya.

Ha ciaukama 4.10-4.12 Moke ce BUJIETH Ja 32 Mamky IMIMPUHY YHYTpPAIIkbEr OMOTaya,
Iy’)KUHE z  Ha KOjUMa Ce yCIOCTaBJba CTALIMOHAPHA PACIOZeNa MOI0Ba Cy Mame y nopehemwy
ca BehoM mupruHOM yHyTpammer oMmoTaya. Ko Behe mmpune ynyTpammer omoraya irypehu
MOJIOBH NMajy Mame TyOuTKe, na cy Bol)enn Ha BehuMm nyxuHama, m3uckyjyhu Behe nyxune
Z_ 332 OKOHYAIbE BUXOBOT CIIPE3amba.

Ha caukama 4.10-4.12 Takohe ce MoOXe yOUMTH Ja KOJA HWACHTHUYHUX LIMPHUHA
YHYTPAIIEeI OMOTa4a YraoHa pacnojiesia CHare CBETJIIOCTH IOCTENeHo ce momepa o SCq
BJAaKHAa C IOPacTOM jauyMHE CIpe3ama. YTaoHa paclojeia CHare CBETJIOCTH C IMOPacTOM
Iy’)KWHE BJIAaKHA TOCTENEHO TEKM CTAMOHAPHO] PAcIHOAETH MOJOBa 3a 00€ EKCIMTAIH]e.
CrammonapHa pacmojiesia MOJIOBa HE 3aBHCH CaMO O] IIMPUHE YHYTPALImHEr oMoTada, Beh u

Ol jaumHe cmpe3ama MomoBa. C IOpAacTOM jauMHE CIpe3ama, AyKHHA z  Ha KO0joj ce

yCIIOCTaBJba CTallMOHAPHA pacmoiesia MOIoBa ce cMamyje (ciuka 4.14). 300r jader cipesama
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MOJIOBa, Y3pPOKOBaHOI BehuM yHyTpalmlmbUM MNepTypOanvoHUM e(peKTUMa Yy BIIAKHY,

npepacrnozena enepruje n3mely BoheHux MoaoBa je Opika, ma Cy Ay:KUHE z_ Mambe.

10

z_ (km)

L]

0.1t

107 10" 10°
D {rad’/m)

Cnuka 4.14. IlpomeHa noykMHE z,  Ha KOjO] C€ YCIOCTaBJba CTal[MOHApHA
pacroziena MoJI0Ba y OJTHOCY Ha KOoe(HIMjeHT crpe3ama D .

JlobujeHe W3Ma3He yraoHe pacHojiesie CHare CBETJIOCTH BapHupajy usMely
oarosapajyhux SC, m SC, BnakaHa Cc NIPOMEHOM MLIMPHUHE YHYyTpallmer omoTada. OBO
MOHAIIAKE j€ YCIOBJFEHO PA3IMKOM y ryOMmmMa Iypehux MoIoBa 3a pa3IHyuTe MIHPHHE

yHyTpalmer omoraya (ciuka 4.13).
Ha nmyxwune z , Ha KOjUMa ce yCIIOCTaBJba CTAI[IOHAPHA PACIIOfENa MOAOBA, HOPEX

yTHIaja IIMPUHE YHYTPAlIkher OMOTada W jaddHEe CIIpe3ama MOJOBa, yTHUe W yOWHA
YHYTpaIlmker oMoTaua, Memajyhu 6poj mypehux momosa [69]. Jla OucMo ucnuTamm yTUIa]
IyOWHE yHYTpaIll-eI OMOTa4ya Ha YraoHy PacIojelly CHare CBETJIOCTH Yy BIAKHY, WHACKCH

npenamama jesrpa 7, W CHOJbAIlKEr OMOTaua 7, OCTaIH Cy HenpoMereHu. JlyOuna
YHYTPAIIFber OMOTaua je MEWmaHa IPOMEHOM MHUIMjanHe Bpeanoctd A, =0.7% 3a £15 n
+25%.  AHammsupaHum  Ccy  CIyYajeBH  Kajga e A, =0.525%(6,~5.87°),

A, =0.595% (0, ~625°), A, =0.7%(6,~6.76"), A, =0805%(0,~727") u
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A, =0.875% (6, ~7.58°). Tlpomena nyOuHe yHYTpAIIler OMOTaya 3a KOHCTAaHTHO O,

yThue Ha TyOuTke mypehux OpojeBa, a THME W Ha BUXOB Opoj. ['younu mypehnx mMomosa 3a
pasnuuuTe AyOWHE YHYTpallllber OMOTauda Cy mpukazanu Ha ciuiu 4.15. Ha cowmm 4.15 ce
MOYXe BHICTH Ja ce ¢ noBehameM AyOWHE YHyTpallmber oMoTada, ryounu mypehux momosa

CMamyjy.

—m

=
=]
Ty

=== A =0B05S%
— A =0BTI%

E ). 1

MyEuus uypshe monoea (dB/m)
L]

3 i

3
Bt

Cmuka 4.15. I'yOumm mypehmx MomoBa 3a pasnuuumrte ayOWHE YHYTpPalImber
OMOTava.

Cnuke 4.16-4.21 mpezacraBibajy M3ia3He yraoHe pacmofieliec cHare CBETIOCTH y W
BIaKHY NpH NPOMEHH AyOuHe yHyTpammer omorada A =0.7% 3a £15 u £25%, 3a
mypuHe yHyTpammer omotada o0=02 uw J0=05 wu xoedpunmjeHre cropesama
D=2.3x10"rad*/m, D=2.3x10°rad’/m n D=2.3x10°rad*/m. Ilyne nunnje Ha rpaduurMa
Ipe/ICTaB/bajy yraoHe paclojelie CHare CBETIOCTH KaJa Cy Ha yna3zy BiakHa (z=0)
noOyhenu cBu BoheHn u cBu uypehu mMozoBu (6, excuuTanuja). Yraone pacrofeie cHare
CBETJIOCTH Kana cy moOyheHum camo BoheHM MomoBH, Ha rpaduIuMa Cy NpUKa3aHe

MCTIPEKU/IAHOM JIMHUjOM (6, ekcuuTanuja).
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Cnuka 4.16. Hopmann3oBaHa M3na3Ha yraoHa pacrojiefia CHare CBETJIOCTH 3a a)
A, =0.525%, 6) A, =0595%, B) A, =07%, 1) A, =0805%, n)

A, =0.875%, 3a wmpuHy yHyTpauimer omorada 6 =02 un xoepuuujeHt
crpesama D=2.3x 107" rad*/m (nenrpannu ymasuu cuon). ((—) - 0, excuurauyja,

(---) - 6, excunTauuja).
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Crnuxa 4.17. Hopmanu3oBaHa u3na3Ha yraoHa pacliofiefia CHare CBETJIOCTH 32 a)
A, =0525%, 6) A, =0595%, B) A, =07%, 1) A, =0.805%, n)
A, =0.875% , 3a mupuHy yHyTpammer omoraya o =0.5 u koepuuujeHT
crpesama D=2.3x10" rad’/m (ueHTpanHu ynashu cHon). ((—) - €, excuuranmja,

() - 0, excuurarja)
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Crnuxka 4.18. Hopmanu3oBaHa u3na3Ha yraoHa paciiojiefia CHare CBETJIOCTH 32 a)
A, =0525%, 6) A, =0595%, B) A, =07%, 1) A, =0805%, n)

A, =0.875%, 3a mwmpuHy yHyTpaumber omoraya 6 =02 u koepuuujeHt
crpesama D=2.3 x 10~ rad*/m (nenrpannu ymasuu cuo). ((—) - 0, excuurauyja,

(---) - 6, excrmTarmja).
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Cnuka 4.19. Hopmanm3oBaHa m3na3Ha yraoHa pacrojiefia CHare CBETJIOCTH 3a a)
A, =0525%, 6) A, =0595%, B) A, =07%, 1) A, =0.805%, n)

A, =0.875%, 3a wmpuHy yHyTpauimer omorada & =05 u koepuuujeHt
crpe3ama D=23x10"rad*’m wu (ueHtpannu ynaswu cHom). ((—) - 0,

ekcuuranmja, (---) - 6, excuuranuja).
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A, =0.7%,

7
0.01 z=0 km

.02

r)

B
Cnuka 4.20. Hopmanm3oBaHa M3na3Ha yraoHa pacrojiesia CHare CBETJIOCTH 3a a)

A, =0.805%, )

A, =0.875%, 3a wmpuHy yHyTpauimer omorada & =02 u xoepuuujeHt

cnpesama D=2.3x107 rad’/m (ueHTpaHu ynashu cHon). ((—) - €, excuuranmja,

() - 0, excuuraruja).
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Cnuka 4.21. Hopmanm3oBaHa W3na3Ha yraoHa pacrojiefia CHare CBETJIOCTH 3a a)

A, =0525%, 6) A, =0595%, B) A, =07%, 1) A, =0.805%, n)

A, =0.875%, 3a wmpuHy yHyTpauimer omorada & =05 u koepuuujeHt

cnpesama D=2.3x107 rad’/m (ueHTpanHu ynashu cHon). ((—) - €, excuuranmja,

() - 0, excuuraruja).
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Tabena 4.1. Jlyxuna z , Ha KO0jOj C€ YCIIOCTaBJba CTAI[IOHAPHA pPACHOAENa
MOJOBAa 3a pa3NUUUTE BPEIHOCTH KOoepHUIMjeHTa chpe3ama D, IIupuHe
YHYTpAIIIber oMOoTaua § U JyOuHE yHYTPAIIber OMOTaua A .

D(rad*/m)

2.3%x107

2.3x10°°

2.3x107°

0.2

0.5

0.2

0.5

0.2

0.5

Ay(%0) z(m)
0.525 3500
0.595 4000
0.7 4700
0.805 5000
0.875 5500
0.525 7500
0.595 9000
0.7 11000
0.805 12000
0.875 13000
0.525 400
0.595 500
0.7 600
0.805 700
0.875 800
0.525 900
0.595 1000
0.7 1100
0.805 1300
0.875 1400
0.525 50
0.595 70
0.7 80
0.805 110
0.875 120
0.525 100
0.595 120
0.7 130
0.805 160
0.875 180
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Ha cnukama 4.16-4.21, Moxe ce BUJCTH Jia je MAKCUMYM YJa3HE yraoHe pacrojelie

CHare CBETJIOCTH Ha ocH BiakHa (6, =0°), ¢ moBehameM ayXHHE BIAaKHA OCTaje HA OCH
BIIaKHA, aJli Ce [IMPHHA YTaOHE paclojielie cHare Mewa. 3a 6,, Kao W 3a 6, eKcuuTaumjy,
IIMPUHA yraoHEe PACIMOJIENE CHAre OMaja ca Jy)KMHOM BJAakHa 3a CBE BpemHOCTH A . Y
ciydajy ¢, excuuranmje, ¢ nosehamem nyOMHE yHYTpallker OMOTaya, cHara y mypehum
Mozi0BUMa ocTaje BoheHa Ha BehuM nyxuHama y nopehemy ca 6, excuurauujom. Y tabenn

4.1 MoXe ce youuTHu Jia ¢ IOpacToM AyOHHE YHyTpalllmer oMoTaua, Jy)kKHHa z, Ha KO0joj ce

MOCTHIKE CTAllMOHAPHA pacriofiesia MOJO0Ba pacTe 3a CBE BPEJIHOCTH KOS(HIINjEHTA CIIpe3ama
D u mupuHe yHyTpammer omorada o . C moBehamem ayOuHe YHYTpallmber oMoTaya
ryounu mypehu MozioBa ce cMamyjy, moBehasajyhu 6poj mypehux MomoBa kKoju ¢y BoheHH Ha

Behum nyxuHama Biakna. 3a sehu 6poj moznosa (Behe A , 1j. ,) norpebue cy Behe nyxuue

z, 1a Ou ce mpoIIec CIpe3ama OKOHYAO.

Vraona pacnog€ia CHar€e CBETJIOCTH IIOCTCICHO TEXU CTaI_II/IOHapHOj pacmogeinmn

CHare ¢ ImopacToM JIy’HHe, 32 00e excuurauuje. [ly’)kuHa BIakHa z , Koja je moTrpebHa 3a

MOCTHU3alC CTALIMOHAPHE pacnociic MOAO0Ba, Omaga C nosehamem ja‘II/IHC cripe3amba MOAO0Ba

3a CBE MCIIUTaHE IIUPUHE U AyOUHE yHyTpallber oMoTaya (cnuka 4.22).

10F - ]
1 |
E. a={.2 |
i "
= —a— 4 =0.525% {
fd 1 1
TS g A, =0, B8 %

U —a—a 07 |
—r— 4, =0 805%
—a— 4 =0 ATE% |

0.01 - - -

107 10* 14°

O (radim)

Cmuka 4.22. 3aBHCHOCT Iy)KHMHE Ha KO0jOj C€ YCIOCTaBjba CTaIliOHapHA
pacrnoziesa MOIoBa z, M KoedHIUjeHTa cupe3ama D .
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4.6.3 YTHunaj mmMpuHe yjaa3He YraoHe pacrojese CHare CBeTJI0CTH HA PABHOTEKHY H

CTallMOHAPHY pacnoaejay MoaoBa 'y W BJ/IAKHY

VY 0BOM mOINIaB/by MCIUTAIN CMO YTHIA] IIMPHUHE yJa3HE yraoHe pacrojelie cHare
CBETJIOCHOT CHOMNA Ha JY)XHHE Ha KOjUMa C€ YCIOCTaBJbajy PABHOTEKHA M CTallMOHApHA
pacnogeny mogosa 'y W Biakny [70].

Y HyMepHYKuM TpopadyyHUMa KOpWIINEeH je YIIa3HH CHOIl CBETIOCTH KOjU HMa

I'aycoBy pacnogeny:

(9_‘90)2

P(0,2) = exp| ———— (4.37)
(o2

npu uemy je 0<6 <6 , rae je 6, cpenmwa BpeAHOCT yIila paclojene yaa3HOT CHIHajia, ca
MIyHOM LIMPUHOM Ha MOJOBMHU MakcumyMa FWHM = 2042102 =2.3550 (o - ctannapana
JieBUjanuja) .

[lpn pemaBamy jemqHauMHE MPOTOKA CHAre KOPHIINEHW Cy YJIa3HM CUTHAJIU ca
l'aycoBoMm yraoHoMm pacnofienioM ca IMyHUM IIMpHHaMa Ha MOJOBHMHM MakcuMyma FWHM =
1°13°, u cranpapauum aesujanujama o = 0.425° u o =1.274° , peCIeKTHBHO.

Ha cmmmm 4.23, npukazaHo je HyMEpHUYKO pPEHIeHhe jeTHauYnHe MPOTOKAa CHAare, 3a

A,=07%, 6=02 un D=23x10"rad’m u 3a laycoBy pacmopgeny ynasHoOr cHoma ca

FWHM=1° [70]. Ilpukazanu cy pe3ynTaTH 3a YETHPH Pa3NIUYUTA YIJa YJIa3HOT CHOIMA
ceemioctu 6, =0,1.2°,2.4° u 3.6° (MepeHU yHyTap BIaKHA Y OJHOCY Ha OCY BJIAKHA).

Ha cimn 4.23 Moske ce yOuuTH, KaJa jeé MaKCUMyM yJla3He yraoHe pacrtojelie cHare
cBeTiocTd Ha ocu BiakHa (6, =0°), ¢ mopacToM IyXXKMHE BJIaKHA, MAKCHUMyM YTraoHE

pacrioziernie CHare CBETJIOCTH OCTaje Ha OCH BIIAKHA, ajld c€ IIMPUHA YTaOHE pacliojielie CHare
Mewa. Ha couum 4.23a, y ciydajy KajJa MakCUMyM Yyja3HE yraoHe pacHojiesie CHare
CBETJIOCTU HMje Ha ocu BiakHa (6, #0), Ha Manoj AykuHU BiakHa (z=40 m), MOJI0OXKaj
MaKCUMyMa yraoHe pacIojiesie CHare ce He Memwa 3HauajHo. C mmopacToMm Ay)KHMHE BJaKHa,
crpe3ame je jaue m3mely HIKHX MOJOBa, IMa MaKCHUMYM HbUXOBE YraoHE pacrojerne Opike
texxn 0° (cimka 4.236). Cripesame BUIIMX MOJIOBA MOXE CE€ YOUUTH TeK KOJ Behux JIyKuHa

BlIakHa (ciuka 4.23B).
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Cnuka 4.23. Hopmanu3oBaHa W3Ja3Ha yraoHa pacrojiejia CHare CBETJIOCTH Ha
pasnuuMTUM naykuHamMa y W BJIaKHy, 3a CBETJIOCHE curHaje ca [‘aycoBom

pacnogenom moj yriosuma 6, =0° (—), 6,=12°(- -), 6,=24" (=) n

6,=3.6"(—-—-) 3a (FWHM).-=1°, Ha a)z=40 m 6) z=700 m B) z=1680 m

r) z=2400 m n) z=6800 m. Kapakrepucruke Biakua cy A, =0.7%, mupuna

yHyTpammer oMoTada o = 0.2 u koedumujeHT cnpesama D=2.3x107" rad*/m.
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Ha nyxwunu cnpeszamwa L.=2400 m, cBe u3n1a3He yraoHe pacmojiejie CHare CBETJIOCTH
moMepajy cBoje MakCHMyMe Ha ocy BiakHa (€ =0°), og MOYeTHUX YIa3HHX YTJIOBa
6,=0, 1.2, 2.4 u 3.6°, kaga HacTaje paBHOTEX)Ha pacmnojaena (ciauka 4.23r). Ha ciuiu
4.23 1 mpukazaHa je cTallMOHapa pacrnojesia MoaoBa Ha JyxuHHU z, = 6800 m. Ha ciunu

4.23 taxkolhe ce Moke BHJIETH Ja C€ yraoHEe pacIofiesie CHare 3a CHONoBe y0aueHe Moj
MambHUM YIJI0BUMA, yCJeJ Ipolieca Clipe3ama IIHUpe, a yJla3He yraoHe paclojese cHare
3a cHomoBe yOaueHe moj Behmm yrmoBmma, cyxkaBajy. Hamme, kama je ynmasHH CHON
ybadeH moja MamHUM yrioMm, noOyheHM MOOOBHM HHUCY H3BaH IIHpPUHE CTAalHMOHApHE
pacrozesne MoOJI0Ba, Ia ce ycle] clipe3ama MOoJI0Ba yraoHe pacmnojeine cHare mupe. Ca
JIpyre CTpaHe Kajaa je yJda3Hu cHoml yOadeH moj Behum yrimom moOyheHH MOJIOBU Cy
W3BaH MHPUHE CTAllMOHAPHE pacIojese MOJOBa, Ia ce yCie Clpe3ama MOJ0Ba yraoHe
pacrojiesie cHare cy’kaBajy.

Hobujene BpeaHOCTH 3a OyxkuHe L, um z, jate cy y tabenu 4.2. Moxe ce
3aKJbYUUTH Ja C IIOPACTOM jauyuHe CIpe3ama, A0Ja31 10 ONajama TyKUHE crpe3ama L,
Ha K0jOj Ce yCIIOCTaBJba PAaBHOTEXKHA PacIHojeia MOJ0OBA, KAa0 U AYXKHHE z, Ha KOjoj ce
yCIocTaBjba CTallMoHapHa pacrojaena moaoBa [70]. 30or jauer cmpesama MOJOBA,
y3poKoBaHOT BehWM  yHyTpammuM  TepTypOamuoHUM  edexkTuMa y  BIAKHY,
npepacnojena esepruje usmely BoheHux MomoBa je 6pxka, ma cy qykuHe L U z Mame
3a 00e mUpHUHE YIa3HOT CHOIA CBETIOCTH. 3a IIHPY yJa3Hy YraoHy paclojeny CHare
CBETJIOCTH PAaBHOTEXKHE M CTallHOHApHE pacIojesie MOJI0Ba Ce YCIOCTaB/bajy Ha Kpahum
Iy’)KMHama BiJakHa. EHepruja koa IIMpe Yylla3He YraoHe paclojeie cHare je
yHupopmuuje pacrnopehena mehy Bohenum mMomoBa, y OJHOCY Ha yXe ylla3HE yraoHe
pacmozene, na cy AyXHHE Ha KOjUMa C€ YCIOCTaBJbajy PABHOTEKHE M CTallMOHAapHE

pacmnoaejic MoaoBa Mame.
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Tabena 4.2. JlyxuHna crpe3ama L, U Ay)KHHA z; HA KOjO] HACTaje CTALIOHAPHA
pacrionena MomoBa y W BIAKHY 3a pa3lIMudTe BPEIHOCTH KOe]HIMjeHTa
crpe3ama D, MIMPUHE YHYTpPAIIkET OMOTada o , JyOWHE YHYTpallmher oMoTada
A, v mmpuHe ynasue yraoue pacnogene caona (FWHM),—.

D(rad*/m)

d

Aq (%)

zg (m)

(FWHM).-=1°)
(FWHM).-=3°)

L. (m)

(FWHM).-=1°)
(FWHM).-=3°)

0.525 5000 4800 2090 1720
0.595 5700 5400 2205 1805
0.2 0.7 6300 6000 2400 1965
0.805 7000 6500 2690 2230
532107 0.875 7600 7400 2890 2505
0.525 10500 10000 3420 3030
0.595 12000 11000 3570 3260
0.5 0.7 13500 13000 3660 3430
0.805 15000 14500 3690 3505
0.875 17000 16500 3700 3510
0.525 850 750 230 188
0.595 900 850 249 204
0.2 0.7 1000 900 279 233
0,805 1100 1000 312 269
53210 0.875 1250 1100 328 290
0.525 1500 1250 341 305
0.595 1650 1400 351 322
0.5 0.7 1800 1550 357 333
0.805 2000 1800 359 337
0.875 2100 1900 359 338
0.525 90 80 27 22.5
0.595 120 100 29.5 25
0.2 0.7 150 130 32.5 28.5
0.805 170 150 34.5 31.5
. 0.875 190 170 35.5 32.5
2.3x10 0.525 110 90 34.5 31
0.595 140 120 35.5 32.5
0.5 0.7 170 150 36 33.5
0.805 190 170 36 34
0.875 210 190 36 34
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IToBehame nyxuHe crpeszama L., ¢ nosehameM ayOMHE yHYTpalller OMOTada je

OUMIVIEJHU]E y Cly4yajy Mame LIMpUHE YHyTpaumer omoraua (6 =0.2). Y caydajy Behe
MIMpUHE YHyTpammer omorada O =0.5, rybumm mypehux momoBa Ccy Mamu, ma cHara y
mypehum mMomoBuMa octaje BoheHa Ha BehuMm ayknHama BIlakHa, a THME CE€ PABHOTEKHA U
CTallMOHApHAa pacrojiesia MOAOBa YCIOCTaBJbajy Ha BehMM AyXMHama y OJHOCY Ha Mamy
HIMPUHY YHYTpallker oMoTada. Y ciIydajy Kaja ce TyOMHa YHYTpallbher oOMOoTaya He Mema,
CMamkelhe IMIUPUHE YHyTpallmer oMoTada, o 6 =0.5 mo 6=0.2 yruue Ha omazame
BPEIOHOCTH L, U zj.

Moxe ce BUIIETH, Ja c€ IIPOMEHOM IUPHUHE YHYTpalIkber oMoTada W BIIaKHA JTyKUHE

cpezama L, (Tabena 4.2), Memajy usMemy oxarosapajyhux L, myxwuHa 3a SC, 1 SCq
BiakaHo (Tabena 4.3), ca NMPOMEHOM IIMpHHE YHyTpamlmer omorada. Kpahe myxune

crpe3amwa L oxrosapajy SC, BlakHy, jep ce KOJ TOTI BIaKHa CIIPe3ambe MOJO0Ba Je1IaBa caMo

nu3Mel)y BoheHux Moa0Ba KOju ce MPOCTUPY Ay BIaKHa MoA yriaosuma @ koju cy usmelhy 0
u 3.62°. Behe nyxuHe crpesama Koje Cy KapaktepucThdHe 3a SCq BIAKHO, MOCICAHIA CY
Beher Opoja BoheHHX MoJOBa KOju ce mpoctupy ayxk SCq BIakHa HOA yriaoBuma 6 Koju cy

usmely 0° u 6.75°.

Tabena 4.3 JlyxxunHa BiakHa L., Ha KOjO] C€ YCHOCTaB/ba CTallMOHApHA

pacnozena Monoa kox SC, m SCy BiakaHa, 3a pas3IUUYUTE BPEIHOCTU
koeduijenTa crnpe3ama D u mupuHe ynazHor caona (FWHM) .

SC,, B1akHo SCq B1akHO

) L(m) L (m) L(m) L (m)
D(rad”/m)
(FWHM),_=1°) | (FWHM),=3°) | (FWHM),=1°) | (FWHM),_=3°)
|

2.3x1077 1880 1560 6600 6100
2.3x107° 202 157 650 610
2.3x107° 19 16 65 61

Moxxe ce 3akibyduTH Ja cy gyxkuHe L, U z; y W BiakHy onpeheHe CTpyKTypHUM

napamMeTpruMa BJIAKHA, ja‘-II/IHOM crpe3amba MOJOBAa W IIHPUHOM YJIa3HC YraOHC pacCIlOACIiC

cHarc CBCTJIOCTH.
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0.1 :
107 10 10°

D (rad/m)

Cnuka 4.24. 3aBucHOCT TryOMTaka KOjU HacTajy ycien chpesama MOAOBa O
Koe(uIjeHTa crpe3ama MOJI0Ba.

Ha ciuu 4.24 Mo>xe ce BUZIETH Jla ce TyOMIH ycnes cripesama MooBa nosehanajy ox SCq
ka SC, BJIaKHYy, Kako IIMPHHA YHYTPALIkEr OMOTada onaja (ciauka 4.24). I'younu ycien

crpe3ama Mo1oBa Takohe pacty ca moBehamem koedunujenTa cupesama D.
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5. IPUMEHA BPEMEHCKU-3ABUCHE JEJJHAYUHE ITPOTOKA
CHAT'E HA OIITUYKA BJJAKHA CA W HTHIAEKCOM
ITPEJIAMAIbA

VY mperxomHO] TTaBH aHAJIM3WpaHa je BPEMEHCKH-HE3aBHCHA jeTHAYMHA ITPOTOKA
CHare W TPHKAa3aHO je HCHO HYMEPUYKO pelieme. PerraBameM BpEeMEHCKH-HE3aBHCHE
jeIHaYMHe TPOTOKA CHare J00Mja ce M3Jla3Ha YyraoHa pacliofiela CHAare CBETJIOCTH y BIIAKHY.
Kopucrehn msnaszHy yraoHy pacnopeiy cHare CBETJIOCTH y BIAakHy Moryhe je oxpeauTH
BEJIMYMHE Kao IITO Cy Jy)XHHA CIpe3ama M Jy)KMHAa Ha KO0joj J0Ja3H /O CTallMOHAapHE
pacriogene mMozmoBa. Mehytum, momohy BpeMEHCKH-HE3aBHCHE jeJHAUYMHE NPOTOKA CHare
HHje Moryhe oznpeauTH (pEeKBEHTHH O/3MB M MPOIYCHHU OIICET BIakHa. 3a oapehuBame OBHX
BEJINYMHA KOPHCTH CE BPEMEHCKU-3aBHCHA jeTHAYMHA TIPOTOKA CHAre.

VY 0BOj INIaBM NpPHKa3aHO je KaKo je MO NPBHU IIyT BPEMEHCKH-3aBHCHA jeJHAYMHA
MPOTOKa CHAare KoJx BiIakHa ca W HHIEKCOM MpelaMarma, pellieHa eKCIUTMIUTHIM METOI0M
KOHAYHUX pas3nuka. [IpuMEHOM BpPEMEHCKH-3aBHCHE jeJHAYMHE MPOTOKA CHAare, IOpex
yTHIdja IIUPUHE YHYTpAIIlkeT OMOTaya M KOoepHIMjeHTa Cchpe3ama KOju Cy W paHHje
WCTIMTUBAHM, TI0 TIPBU MYT je MCIHUTAH YTHUIA] TyOWHE YHYTpalImher OMOTava, Kao U YTHIIA]
yIia ¥ MUPUHE YIIA3HOT CHOTIA CBETIIOCTH Ha ()PEKBEHTHH OJI3UB, IIPOITYCHU OTICET M TYOHUTKe

KO BJIaKHa Ca \\% HHACKCOM IIpCiiaMama.

5.1 Hymepu4yku MeTO/l pelIaBakba BPEMEHCKHU-3ABUCHE je[ITHAYHUHE MPOTOKA
CHare KoJ BJIakHA ca W HHAEKCOM NpejiaMamba

VY 0oBOM MOTNIaBJby MPHUKA3AHO j& peliaBambe BPEMEHCKU-3aBHCHE jeTHAYMHE IPOTOKA
cHare KopucTehm eKCIDIMIMTHH METOJ KOHAYHHMX pasinKka KOJA BiIakHa ca W HHIEKCOM
npejgaMama.

V nornasiby 4 mokasanu cMo Kako je ['ore n3Beo BpeMEHCKU-HE3aBUCHY j€THAUYNHY

MPOTOKa CHare, koja uma ook [ 14]:

oP(6 0 8P(¢9,z)} 5.1

opo,z) _ . 210 opP0,z)
= —a(O)P(0.2)+(A0) 989{&1(9) =
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Koedwumujent crpesama ce Moke Hanucat y oonuky [46, 51]:
6.\
d©)=d, ZC (5.2)

rie ¢y dp 1 q KoHcTaHTe 3a oxpeheno BnakHo. 3a ¢=0 , d(0) = D, jennauuna (5.1) ce Moxe

HalucaTH y 0OJHKY:

D 0 ( ,0P(0,z)
dP(0,z) =-a(0)P(0,z)dz + ——| 0 d. 5.3
(0,2) = —a(0)P(0,z)dz 6’60( 20 )Z (5.3)
Ako je P pyHKIMja BpeMeHa, TajJa MOXeMo Harucatu [48]:
ap@.z.1)= L (g’ 20 g4, OF (‘Z;Z”) di (5.4)
4

W3jennayaBameM aecHUX cTpaHa jenHaunHa (5.3) u (5.4) u nebemeM ca dz , 1odujamo:

(5.5)

OP(0,z,t) Jr@6P(¢9,z,t) _ —a(@)P(@,z,t)+2i[(98p(€’z’t)}
oz 0z ot 6 06 06
IITO MPENCTaBJhba BPEMEHCKU-3aBUCHY jeIHAYNHY MTPOTOKA CHAre.

Wsson dz/dt mpencraBiba 6p3uHy MpeHOCa CHATE Koja ce IPOCTHPE TIof yriioM &, Tj.

rpynHy Op3uHYy MOJIa KOjH C€ TIPOCTHPE MO KapakTeprucTuaHuM yriaom 6. Kopucrehn omHOC
m3mehy 6 u TpaHCBep3anHOr TajacHor Opoja u =nk@, MOXKEMO OAPEIUTH OBY Op3UHY,

M3Y3€eB 32 HEKOJIMIIMHY MOJIOBa Oyin3y dpeKkBeHIje oacenama [14]:

%_ c

dt  n(1+6%/2) (>-6)

Oga penanyja moBe3yje Op3uHY MoJia ca OP3WHOM CBETIIOCTH Y BaKyyMy, ¢, KOja je yMameHa

3a MHJIEKC IpenaMarba 71 i 3a wian 0°/2 Koju ce jaBsba ycuen mopeharma QyxuHe myTa 3paka

360T WEroBe M3NOMJbEHe TyTame. M3Boj Koju ce jaBiba y jennaumnn (5.5), dt/dz, je
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pPELUNpPOYHA BPEAHOCT Op3MHE MOJa, W MPEACTaBJba YKYITHO KAllkhEhe MOJA MO jeAWHHIN
TyXHHE. AKO 3aHEMapiuMO Kallbewme 71, /c, KOje je 3ajeJHHYKO 3a CBE MOJOBE, PEIaTHBHO

KallliheHhe MOJIa MOXKE C€ M3Pa3uTH Ha ciefehu HauwH [48]:

ng 1 _myf, 0% _
"0)="t = (1+ ZJ 7, +7,(0) (5.7)

HpBI/I YJIaH 7, KapakTCepHIIC CBC MOIOBC, I1a C€ MOXKC 3aHCMAapHUTH. v O63I/Ip CC 3aT0 y3uma

camo 4iaH 7,(0).

Cmenom jemnnaunne (5.7) y (5.5), nobujamo jemnaumny (5.8) [48], koja ommcyje
NPOCTHPAE CBETIIOCTH Y ONTHYKOM BIakHy ca W HHIEKCOM MpejaMarma MOMOohy TpH
byHKIM]je, KOje TPEICTaBIbajy TPH IIaBHE KapaKTEPUCTUKE BUIIEMOJHHMX BIaKHA: MOJATHO-

3aBHCHO cllabibebe a(f), Momamna aucrniep3uja 7(6) u cnpeszama MojgoBa D(6).

OP(0,z,1) oP(0,z,1) D 3 [,0P0,z21)
(O = —a(O)PO, 50 + aae{e—aa } (5.8)

raeje @ =2nf yraona ¢gpexBeHuyja.
BpeMeHcku-3aBUCHA jeHAUYMHA TPOTOKA CHAre ce peliaBa padyyHameM IMPEHOCHE

¢byHKIHje cucTema, Tma cTora npumemyjemo ®ypujeoBy Tpanchopmanmjy:
(0,z,0) = j P(O,z,t)e " dt (5.9)

Ha jeqHauuHy (5.8), u mobdujamo:

P29 | ie(0) p(6,2,0) = -a(8) p(6z, co)+23{9M
0z 1) 060

~ } (5.10)

Hakon mpumene ®ypujeose Tpanchopmammje, u3Box OP/Of je mpemao y 4wiaH j@, ma

jenxauwna (5.10) campku camo U3BojE M0 z 1 6.
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I'pannunu ycnosu 3a jennaunny (5.10) cy:

DM =0 (5.11)

0.,z,0)=0
p0.,z,0) 0 |,

rae je ¢, kpuTH4yHYU yrao. IIpBu IpaHHMYHU yCIOB 3HAYH Ja MOJOBHU KOjH C€ IPOCTUPY MOJ
yriioM 6>, He NpeHoce CHary, JOK APYrd TPaHUYHM YCJIOB 3HA4M Ja je CIpe3ame MOA0Ba

OrpaHWYEHO CaMO Ha MOJIOBE KOjH Ce MPOCTUPY oA yrioMm 6 > 0.

OuurnenHo je na je p(6,z,w) KOMILUIEKCHO, na p(6,z,®) MOXEMO pa3/lBOjUTH Ha

peajiHu fe0 p’ M UMAaruHApHU €0 p', ¥ HANMCATH y OOJHKY:
p(0,z,0)=p"(0,z,0)+ jp' (0,z,0) (5.12)

Jemnaumna (5.10) ce caga Moke HamucaTd y o0ONMMKY cienehe JBe CIperHyTe

nudepeHiyjaiHe jeJHaunHe:

op' (0,z,w) D op”(0,z,m) 62p’(c9, Z,0) ;

_ = +— +D + 0,z, 5.13a
. ,+, 20 20 op'(0,z,0)  ( )

p'(0,z,0) D op'(0,z,0)  0°p'(0,2,0) ,

p\920) _ _ » 2 +D - 0,z, 5.136
% Pt 0 20? o' (0,z,0) ( )

3a pemaBame mnapHujanTHux AudepeHnujamHux jeanauunHa (5.13) kopumihen je

CKCIUVIMIIUHTH MCTOA KOHAYHHX pa3JIMKa. KOpI/ICTehI/I meMy LCHTpaJIHC pa3IMKE 3a U3BOAC

(Op(8,z,))/00 u (6’ p(6,z,w))/06" [52, 54]:

(6])(«9,2,@)) _ Pivis = Priy +O(AB)? (5.14a)
00 . 2A0
2 -2p,, +
op ((9,22,60) _ Pru pk,12 Py +O(AB)? (5.146)
00 o (A0)
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W eMy npefmbe pasnuke 3a usson (Op(6,z, w))/oz :

(ﬁp(ﬁ, Z,@)

P = Pry
=— ~—+ O(Az 5.15
= ) P o) (5.15)

jennaumse (5.13) mocTtajy:

AzD  AzD 2AzD - AzD  AzD a)nOAz

kel = (W 26, Ae) jrg (1= AG? — (@) A2) piy + (20 N AHz) k1,1 T@zpﬁ»,z
(5.16a)
; AzD  AzD 2AzD ; AzD  AzD_ won,Az .
Pria = (F 20, Ag)pk - DV (@) Az)py, + (29kA9 TAD? )Diars — ZOC szpk,l
(5.160)

Wnnexken k w | o3HadaBajy OucCKpeTHe kopake AP u Az 3a yrao € u IyXuHYy z,
pecnektusHo, p;, = p,(6,,z,,®) u p;, = p,(6,,z,,®). Monainso ciabibetse je AedUHICAHO

y OOJIHKY:

0 0<0,
K02 -0°)" 00 -8))

41(1—6’,{2)1/2 6’;(6’; —49]3)
0 0=>0

q

a,(0) = expl-28un ky (02 —02)*] 0, <0<0, (5.17)

raecy 6, u 6, xputnanu yriosu pepepentux Buakana SCy u SCq, pECIEKTHBHO.

I'pannunu ycnowu (5.11) cama mocrajy:

Py =Py, =0 (5.18a)

Po, =Pl Pos =Py (5.186)
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rae je N=6, /AH IuMeH3uja Mpexxe y 6 mpasiy. Kako Ou ce u30erao CHHTYIapUTeT y

taukama @=0, KOpHuCTH ce ciiefieha penaruja [45]:

2
1im1i(ea—pj—za p (5.19)

050000\ 00) ~00*

6=0

Haxkon onpehuBama p” M p', peKBEHTHH OJ3UB JOOHMjaMo KopucTehH jeaHauuHy:

27 [6]p" (0.2.0) + jp' (0.2, )16
H(z,0) =—2 (5.20)

6,

27 [ 6]p" (6.0,0) + jp' (6.0,0) 10
0

a HaKOH M3paydyHaBama ()PEKBEHTHOT OJ3UBA 3a pa3IMYUTE AY>KUHE BIaKHA, MOKEMO JOOUTH
W TIPOIYCHHU OTICeT BJIaKHA. 3a pellaBame mapiujaine audepennujanae jeanaunne (5.13) u
onpehuBame (pekBeHTHOT oA3uBa Koag W BiakHa, KOpUIINEH je pauyHapCKH MpOorpaM Koju

cy CumoBuh 1 capaIHUIM HAMIKMCAIH Yy porpaMckoM je3uky Fortran 90 [71].

5.1.1 VYrTunaj mupuHe U AyOMHe YHyTpalIlber OMOTa4a HA IPEHOCHE KapaKTepHCTHKe

BJIaKHa ca W HHIeKCOM MmpejiaMamba

OBae hemo mpukazaTu pesyirare J0OHMjeHE 3a TPOMYCHHU OICeT W TyOWUTKEe ycien
cope3ama MOJOBAa y ONTHYKOM BiakHy ca W wuHAekcoMm mpenamama [71]. a Gucmo
UCIUTANN yTHLA] NyOWHE YHYTpalllker OMOTada Ha (PPEKBEHTHU OJ3MB M MPOIYCHU OIICET

BIaKHA, HMHICKCH MpelamMama je3rpa 7, M CHOJbAallkber OMOTa4a 7, Cy OCTalu
HenpoMeweHn. WMunnujanna nyOuna yHyTpammer omorada A =0.7% je BapupaHa 3a
+25%, na uMamo A, =0.525% (6, ~5.87%), A,=0.7% (6,~6.76") u
A,=0.875% (6, ~7.58°) [68]. Bpemencku-3aBucHa jenHauuHa MpoToka cHare (5.13)

pelnieHa je KopucTehn eKCIITUIUTHA METOJT KOHAYHUX Pa3lIiKa 32 BPEJAHOCTH Koe(uIrjeHTa

cnpesama D=2.3x10" rad’m u D=2.3x10°rad*/m, 3a mer pa3IHYUTUX HOPMAaJIU30BAHUX
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MIMpHUHA YHyTpaumer oMmotada o =0.15, 0.2, 0.3, 0.4 u 0.5 (mupune oa cy 0.15-30 pm,
0.2-30 pm, 0.3-30 pum, 0.4-30 um, 0.5-30 pm, pecneKTHBHO). Y HYMEPHUKHM
MpopadyHHUMa KOpHIINeHe Cy yla3He yraoHe pacrnozelie cHare y oomuky (4.36).

Jlo6ujena peniema jeqHaunHa (5.13) kopucte ce 3a oapeljuBame GpeKBEHTHOT OA3UBa
BiakHa (5.20). UnycTpanuje nobujeHnx (ppekBeHTHUX OJ3MBa MpHKazaHe cy Ha ciaunu (5.1)
3a BpeJHOCT jauuHe crpesama D=2.3x107 rad*/m, IMPUHE YHYTpalmer oMoTaua o = 0.2 u

0 =0.5, n nybune ynyrpaummer omorada A, =0.525% , A, =0.7% u A, =0.875% , npu
6, excuuTalyju, Ha xykuHu Braksa 1000 m.

Ha ciunu 5.2 npencraBsbeHa je 3aBUCHOCT IPOIYCHOT OICera OJ AYXKHHE BJIaKHA 3a
Koe(uIujeHT crpesama D=2.3x107" rad*/m, 3a pasIuuuTe MIUPUHE YHYTPAIIBET OMOTa4ya o

u nybune A, =0.525%, A, =0.7% u A =0.875% , npu 6, excuurauuju. Ha mamum

IOy’KMHama BJIaKHa, MPOIIYCHH OIICEr Omaja MpOIOPIMOHATHO AY)KMHHU BiakHa. Ha Behum

AYy’)KHMHaMa BJIaKHA, HAKOH YCIOCTaBJbalkbda PABHOTCIKHE pacroaciic MOJ0Ba, Oladame

TIPOITYCHOT OTICETa ca Iy)KMHOM MPOTOPIMOHAJIHO je ca 1/z” . Moke ce yOuuTH Jia IPONyCHHU
oncer W Bnakna Bapupa usmehy SC, u SC, Bnakana c¢ mosehameM IIMPHHE YHYTPALIHET
oMoraya. CMmamemeM IIUpUHE YHYTpalller oOMoTaya, ryounu nypehux MonaoBa ce
noBehaBajy (ciuka 4.11) ycnesq yera ce cMamyje BUXOB 0poj, Ma ce cMamyje U MOJaTHa
aucriep3nja W moBehaBa mpomycHHM oricer BiakHa. CMamemeM NIMPHHE YHYTPAIImbET

oMoOTaya, CMaH)yjy CC M NOYXWHC BJIaKHa Ha KOjI/IMa Aaojadu o0 IPOMEHE 3aBHCHOCTH

TIPOIyCHOT Oficera of AyXuHe, ca 1/z wa 1/z'°

, jJep ce KOJl MamUX LIIMPHUHA YHYTpAIlber
OMOTa4a paBHOTEKHA PacIoiesia MOJI0Ba yCIIOCTaB/ba Ha MalkbUM JyKMHaMa BilakHa (Tabena
4.2) [68], ma crora jgoja3u 10 MOOOJbIIAKA TPOIYCHOT Ofcera Ha MambUM JAYyXKHHAMA.

Hajmama nyxuHa crnpesama KapakTepucTHdHa je 3a SC, BhakHo, jep ce koj SC, BiakHa

crpe3ame MOJIOBa JielaBa caMo u3Mel)y BoheHHX MOJOBa, KOjU C€ MPOCTUPY AYX BIaKHA

nox yrnosuMa @ umsmeby 0 u 3.62°. Behe nyxuHe cnpesama cy kapakrepuctuuHe 3a SCq

BJIAKHO, jep je Behm Opoj MOIOBa KOjU C€ MPOCTUPY KPO3 OBO BIAKHO, MOJ yrioBuma &

m3mehy O u 6.76°.
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Cnuka 5.1a. ®@peKkBeHTHU O/3MB BiIakHa Ha AyxuHu 1000 m, 3a 6, excuuraumjy,

D=23x10"rad’m, =02 u a) A,=0525% 6) A,=07%u B)
A, =0.875% .
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Cauka 5.16. OpekBeHTHH 0131B BiakHa Ha nyxunn 1000 m, 3a 6, excuuraumjy,
D=23x10"rad’/m, §=05 u a) A, ,=0525% 6) A,=07% u B)
A, =0.875% .
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Ha cnunum 5.2 ce Moke BHIETH Ja ce IPOIyCHM OICer BiakHa moBehaBa kama ce
nyOuMHa yHyTpalllser oMoTada cMamyje. CMamemeM nyOWHE YHyTpalllber omMoTaya,
noBehaBajy ce ryouru mypehux Mmonosa (cimka 4.13) (cmamyje ce 6poj mypehux MomoBa), ma
ce MoJajHa IMcIep3yja BIaKHa cMamYyje, a MPOIyCHH orcer BiakHa nosehasa. Kaga nyOuna
YHYTpaIIber oOMOTaya Omaja, CMamyjy ce M AyKMHE Ha KOjUMa Ce yCIIOCTaB/ba PaBHOTEKHA
pacnogena monoBa (tabena 4.2), ma ce moOoJbIIAKE MPOIYCHOT OICEra jaBjba HA MambHUM

y>KHama.

1000 — 1000 R

MpomycHa oncer (MHz)
MpomycHa oncer (MHz)

A 0.2 0.5 1 2 5 10

MoormycHy oncer (MHz)

1 0.2 0.5 1 2 3 10
Dyvasa (km)
Cnuka 5.2. 3aBUCHOCT NPOITYCHOT OIIcera O/ Ty’KUHE BIAKHA 32 ¢, €KCLUTALH]y,

D=23x10"rad’/mua) A, =0.525% 6) A, =0.7% B) A, =0.875% .

Cnuka 5.3 mokasyje MPOMEHY IMPOITYCHOT orcera ca ayxuHoM W BiiakHa 3a Behwm

. 6. 12
xoeduiujeHt crpezama D=2.3x 10 °rad”/m, u 3a ucTe mpeocTane mapamMeTpe BIaKHA KA0 Ha
caunu 5.2. Moke ce 3ama3uTy J1a ce IPOIyCHH omcer nmosehasa ¢ mopacToM jaurHe crpe3ama

MozoBa. Cripezame MOJI0Ba MMOOOJBIIABA MPOIYCHH OICET BIAaKHA M Ha MamkUM U Ha Behum
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Iy’)knHama. Jade cmpesame MOJOBa, HacTaje yciel Behux yHyTpammux HepTypOanmoHuX
edekara y BIakHy, Tj. Opke mpepacnojene eHepruje n3mely Bol)eHuX MoznoBa, TO TOBOAU

IO CMamkEelkha MOJIANTHE UCTIEP3Hje BlIaKHA U oBehama mpoITyCHOT OTiceTa BlIaKHa.

B T = T L S —

MpomycHW oncer (MHz)
MpomycHW oncer (MHz)

1 02 05 A 2 5 10 0.2 05 A 2 5 10
Dy#awsa (km) Dy#awsa (km)

S B S

—

MoormycHy oncer (MHz)

1 0.2 0.5 1 2 5 10
Dyvasa (km)
Cmuka 5.3. 3aBUCHOCT NPOITYCHOT OIIcera o/ Ty)KUHE BIAKHA 32 ¢, €KCLUTAlH]y,

D=23x10"rad’’mua) A, =0.525% 6) A, =0.7% us) A, =0.875% .

Ha cnaukama 5.4 u 5.5 npukasana je mpoMeHa MPOITYCHOT OTIcera ca AY>KMHOM BJaKHa

y cnydajy 6, excuutaumje. [lopehemwem cinka 5.2 u 5.4, kao u cnuka 5.3 u 5.5, Mmoxe ce
BUJIETH [1a je Y Cilydajy ¢, excuuTanuje npomycHu omcer BnakHa Behn y mopehemwy ca 0,
excuuranmjom. IloGyhusamwe camo Bohenux wmomosa (6, exuuraumja), Boau Behem

MPOITYCHOM OTICETY M Ha MamkUM U Ha CPedmbUM Ay)KHHaMa BJIakHA y nopehemy ca cirydajem

Kazia cy nobyhenn u Bohenu u uypehu monosu (6, excuurauyja).
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a) 0)
1000 R 1000 —_—

MponycHy oncer (MHz)
MponycHy oncer (MHz)

1 02 0.5 1 2 & 10 1 02 0.5 1 2 & 10

MoormycHy oncer (MHz)

=

1 02 0.5 1 2 5 10
Dyvasa (km)
Cnuka 5.4. 3aBMCHOCT HPOIYCHOT OIICETa OJ1 Iy’)KMHE BIakHa 3a 6, eKCuuTauujy,

D=23x10"radmua) A, =0.525% 6) A, =0.7% us) A, =0.875% .

Hanme, xon 6, excumranmje, ponasu n0 mnodyhuBama BHUIMX MOJAOBA KOjH
nosehasajy Monanny aucnepsujy, cMamyjyhn OporyCHH OINCET BIakHa y mopehemy ca 6,
excuuranmjom. Kama cy nobyhenn camo Bohenu mMonosu y Biakuy (6, ekuurauuja), Marme

Cy OYXHUHE Ha KOjI/IMa AoJIa3u A0 IpejlacKka 3aBUCHOCTH IPOITYCHOI' OIICE€ra OJ AYXKUHE

piakHa ca 1/z wa 1/z"?

, Tj. T0OOJbIIIaKk-a MPOITYCHOT OIICera JelliaBa ce paHuje.
Y cnydajy 6, excuuranmje, yTulaj WMPUHE M AyOMHE YHYTPAIIbEr OMOTa4a je

cnabuju Ha MawbuM NyxuHama Brakxa. Kox € excuuranuje, Ha MabuM y)KMHaMa BIIakHa

noOyhenu cy camo Bol)eHH MOAOBH, AOK je Opoj moOyheHux mypehux monoBa Beoma Maj,

CTOra je yTHUIa] UPHUHE U 1yOWHEe YHYTpaIIkher OMOTaua MaJH.
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1000

MponycHy oncer (MHz)
MponycHy oncer (MHz)

= = |

1 02z 05 1 2 510 1 0z 05 1 2 510
Mytaa (k) Dystasa (km)

MoormycHy oncer (MHz)

=

1 0.2 0.5 1 2 5 10
Ay#aesa (km}
Cuka 5.5. 3aBMCHOCT MPOIYCHOT OIICETa OJ1 Iy’)KMHE BIakHa 3a ¢, eKCUuuTauujy,

D=23x10"rad’/mua) A, =0.525% 6) A, =0.7% us) A, =0.875% .

C mopactoMm ayXuWHE BIakHa, Opoj ypehnx MoJ0Ba pacTe ycien cIpe3ama MOAOBa, Ia ce
YTHIA] LIUPUHE U AYOMHE YHYTpallbher OMOTaua jaBjba TeK Ha BehuMm nykmHama BilakHa. Y
ciydajy 6, excuuraudje, yTHULaj WMPUHE M TyOMHE YHYTPALIFEr OMOTaya Ha MPOIYCHHU
OTICET BJIAKHA je U3PaKEHUjHU Yy CiIydajy jader crpe3ama MoJoBa (ciuka 5.5), jep ce Taga 0poj
mypehux MoJioBa mosehaBa Ha MambUM JIy’)KHHAMA BIIAKHA.

Cnuke 5.6 m 5.7 mpuka3zyjy 3aBHUCHOCT IMpPOIyCHOI OIcera W TyOuTaka yclen

crpesara MOJIOBa, 38 0, u €, ekcuuTanuje, pecreKTuBHO. Buau ce ma ce nporycHu oncer

BIIaKHA MOXe TMO00JBIIATH CMamyjyhn IHpUHY W JOyOWHY YHYTpalllker oMoTaua,
nojadaBajyhu cupesame MonoBa u noOyhyjyhu camo Bohene mogose. Ha cnukama 5.6 u 5.7
MOXKE ce BWJIETH Ja ce TyOWIM KOju HacTajy yclieJ clpe3ama MOJAOBa Hajase u3Mely
BpeaHocTu ryouraka 3a SCqu SC, BIaKkHa, KaKo ce IIMPHHA YHYTpPAIIkEr OMOTada CMamyje.

[MoBehame crpe3ama MOAOBa yTHUYEe Ha MOpacT OBHX Tyourtaka. CTora, MpH IWU3ajHUPAHY
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ONTUMAITHOT OOJIMKa MHJIEKCa IpenaMama W BIIaKHA, HEOMXOIHO je y3eTH y 003HMp OJHOC
u3mel)y mpomycHor oricera u ryoutaka. CMameme MUPUHE U AyOUHEe YHYTpaIlher oMoTava

JIOBOZM 10 Mamer noseharba ryburaka HEro npu Mopacty jaunHe cnpesama. Usbop 6, win
0, excuuranuje Takohe yTude Ha NPOHATAKEHE ONTHMAIHOI OAHOCA H3MeEDy mpomycHor
omcera u TyOuTaKa Koju HacTajy yciea crpesama mMonosa. Ilpu 6, ekcuuraumju, nporycHu
orcer BinakHa je Behu, a ry0uumM Koju Hactajy ycieln cnpesamba MouoBa cy Mawu. [lpu 0,

eKCUUTaIMj¥, ModyhuBameM CBHX Iypehnx MoJ0Ba KOjU MMajy BelUKe T'yOUTKE, YKYIMHHU
rybunm ce 3HauajHo nosehasajy y nopehemwy ca 6, excuurammjom, rae ce nodyhyjy camo

BOl)eHU MOJIOBH.
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Crnuka 5.6. 3aBUCHOCT IPOITYCHOT OIcera o ryOuTaka yciel cipe3ama MOI0Ba
3a 0, eKcuMTauMjy, 3a pasnMudTe jayuHe cnpesama u a) A, =0.525% 0)

A,=0.7% uB) A, =0.875% .
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Cnuka 5.7. 3aBHCHOCT TPOITYCHOT OTICera OJ T'yOuTaKa yclie] cupesama MOJI0Ba
3a 6, exkcuurauujy, 3a pasnuudre jauumHe cnpesama u a) A =0.525% 0)

A,=0.7% uB) A, =0.875% .

5.1.2 ¥YTunaj yriaa v liMpuHe yJIa3HOT CHONA CBETJIOCTH HA NMPEeHOCHe

KapaKTepUCTHUKE BJaKHa Ca W unagexcom npejagaMmama

OBae cy mpukazand OOOWjeHH pe3yiATaTH 3a MPOIMYCHU OICEr U TyOUTKE yclen
crpes3ama MOJOBA y ONTUYKOM BIakHYy ca W HHAEKCOM IpejiamMara 3a pa3inyuTe yrioBe U
mUpUHE yaa3Hor cHoma [72]. [la 6u ce ucnurao yTriaj MHUpUHE YIa3HOT CHOIA Ha TPEHOCHE
KapaKTepUCTHUKE BllakHa ca W MHIEKCOM IpeliaMama, IPeTINOCTaBJbEH j€ YIa3HU CUTHAM ca
[aycOoBOM pacriofIejioM cHare ca IyHHM HIMPUHAMa Ha moyoBiuHu Makcumyma (FWHM) 1° u

3%, u cranpapaauM aeujanujama o = 0.425° u 1.274° , pecrieKTUBHO. YTJIOBH MO/ KOjUM Ce

CHOIl YBOAM Yy BJIAaKHO Yy OJHOCY Ha ocy BiakHa cy 6,=0°1.2°2.4° u 3.6°. lyOune
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yHyTpammer omoraya ¢y A =0.525% , A, =0.7% u A =0.875% [68], BpeaHocTu

xoeduiujenTa crpezama D=2.3x107 rad/m u D=23x10"rad*/m, a HOPMAJIN30BaHe
HIMpUHE YHYTpalmber oMoTada uzHoce o =0.2 u 0.5.
Ha cnukama 5.8 - 5.11 npukasana je 3aBUCHOCT MPOITYCHOT OTICera O] Iy>KMHE BJIaKHa

3a 1yOuHy yHyTpaumber omoraya A, =0.7% . Ciuke 5.8 u 5.9 npukasyjy oBy 3aBUCHOCT 32

mpuHe ynasanor ciona FWHM =1° u 3°, pecniekTuBHO, 3a yna3He yriose (a) 8 =0°, (0)
0=12°, (B8 6=24° u (r) 6=3.6°, npum BpeAHOCTH KoepHLHUjeHTa CIpe3ama
D=2.3x10"rad*/m. Ha ciukama 5.8 i 5.9 Moxe ce younTH ja ¢ nopehameM yria i MHpHHe
yJIa3HOT CHOTIA CBETJIOCTH MPOITYCHH OIICET BIIAKHA OIlajia Ha MambUM Jy>KHHaMa BJaKHa, IITO
je mocnenuna Behe MonanHe Aucrep3dje y ciy4dajy Beher yrima m mmpuHe yla3HOT CHOMA
cBeTNOCTH. Y cny4ajy Beher yria W IIMpHHE YIIA3HOT CHOIA CBETJIOCTH JI0Ja3u JI0
noOyhuBama BHIUX MOJIOBa, KOju mosehaBajy MomanHy aucnep3wjy H cMamyjy MPOMyCHH
orcer BiakHa [72]. Ha BehuMm nykmHama BIakHa 300T jader cIpe3ama MOJOBa JOJA3H JO
CMamemka MOJIATHE JTUCTIEpe3nje, Ma je YTHUIA] yIiia U IIUPUHE yIa3HOT CHONa CBETJIOCTH Ha
npormycHH oricer W BJIaKHa 3aHEMapJbHB.

Ha crmukama 5.8 1 5.9 Moxe ce youuTH Ja MpOITyCHHU OICET BJIaKHA Bapupa miMehy
BpenHoctd npomycHux omcera SC, m SC,y BnakaHa. CMamemeM IIUPUHE YHYTPAIlmbET
OMOTaya, 3a CBE aHaJHM3HpaHe YII0Be U IIUPUHE YIa3HOT CHOMA CBETIOCTH, TYOHIH Iypehux
MozmoBa ce mnosehaBajy, ycimen dyera ce MojajHa JIuclep3dja cMmamyjy, nosehaajyhun
MPOIyCHU OfceT BiiakHA. Takohe ce Ha ciukama 5.8 w 5.9 Moxe BUACTH Jla HA MambUM
IOy’)KHHaMa BIIaKHA, MPOIYCHH OTICET OIlaja MPOIOPIMOHATHO JAYKWHHU BiIakHa. Mehytum, ¢

nosehameM AYKUHE BJIaKHA, Ollalakb€ MPOITYCHOT OIIC€ra Ca AYKUHOM IIOCTCIICHO TEXKU

3aBucHoctH 1/z"% [68].

Ha cmmkama 5.10 m 5.11 mpukaszaHa je 3aBHCHOCT IMPOIYCHOT OTICETa OJf ITyKHHE
BiaKkHa 3a ynasHe cHormoBe FWHM =1° u 3°, pecniekTuBHO, 3a Cpe/he BPEIHOCTH YIiIoBa
ynasne [aycoe pacmogene (a) =07, (6) §=12°, (B) 6=24° u (1) 6=3.6°, u
Koe(UIUjeHT crpe3ama D=2.3x10"rad’/m. Axo ynopeauMo rpaduke Ha cilimkama 5.8 u
5.10, u rpaduke Ha ciukama 5.9 u 5.11, MoXe ce YOUHTH Jia je MPOIYCHH OTICET, Ha MambUM
nyxkuHama, Behm 3a Mamy BpeIHOCT KoeduimjeHTa crpeszama D. C ob3upoMm ga cy
aHaJM3MpaHe UIMPUHE YTaoHEe pacliojielie cCHare yJla3HOor CHOIAa CBETJIOCTH Mame OJ1 IIMpHHE
yraoHe pacrmojelie CHare Ha K0joj ce TOCTHXKE CTallioHapHa pacrojelia MojaoBa, ybadeHn

CHOIIOBH CBETIIOCTH C€ yclie/ CIipe3arma MoJioBa mupe, y3pokyjyhu mosehame mojanHe
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nuctiepsuje. IlomrTo je mupeme yraoHe pacrojeiie CHare CIopuje y ciydajy ciadujer
crpe3ama MOJI0Ba, MOJIalHA JUCTIEp3Hja je y TOM clydajy Mama, 300r dera ce qo6uja Behn
MpOIyCHH OICer Ha MamUM Ay)KHMHaMa BJaKHA 3a MamU KoeduuujeHT crupesama D. C

[OpacToM AY)KHHE BJAKHA, CIIpe3ame MOAOBA MOYHMIE 3HATHHUjE Ja yTHYe Ha IPOIYCHU

oricer, ycrnopasajyhu onaaame npomycHor oncera ca 1/z ma 1/z'7.
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Cnuka 5.8. 3aBHCHOCT MpOMYCHOI OICera OJf Iy)KHMHE BIaKHa 3a IIMPUHY
ynazanor cuona FWHM =1°, 3a ymasne yriose a) d=0°, 6) 6=1.2°, B)
0=24° m 1) 0=3.6°, nybuny yuyrpammer omorada A =0.7%, wu

koeduumjent cnpesama D=2.3x 107" rad*/m.

Axko ce ymopene rpaduim 5.8 u 5.10 ca rpadunuma 5.9 u 5.11, yoyaBa ce na y
CiIydajy jader crpesama MOJOBA, Mpepacrojeia eHepruje u3mel)y mMomoBa je HA MamuM
JQy’KHHaMa BJIaKHA, 11a c€ MPOMEHA 3aBHCHOCTH MPOITYCHOT OIlcera of AyKuHe, ca 1/z Ha
1/z"?, nemaBa panumje, mo6osbmaBajyh MPOMyCHH ONCEr BIAKHA HA MAHBUM ITyKHHAMA.

Crora ce Ha BehuM myxuHaMa BiakHa, opehemeM rpaduka 5.8 u 5.10 ca 5.9 u 5.11, mory
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youuTH Behe BpeHOCTH IPOMYCHUX orcera 3a Behe koeduiujente crpesama D [72].
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Cnuka 5.9. 3aBUCHOCT HPONMYCHOT OICEera Of AYKMHE BJIaKHA 32 IIUPUHY
ynazanor ciona FWHM =3°, 3a ynmasHe yriose a) #=0°, 6) 6=1.2°, B)
0=24° m 1) 0=3.6°, nybuny yuyrpammer omoraya A =0.7%, wu

koedummjenT crpesama D=2.3 x 107 rad®/m.

Kana je ynasuu caon cetnoctt FWHM = 3° yBeneH y BnakHo nox yriioMm 6, =3.6°

W KajJa je IUpHHA YHyTpallmer oMoTadya o = (0.2, BpeOJHOCTH MPOIYCHUX OIICera 3a jaue
crpes3ame MOJoBa cy Behe Ha CBUM QyKMHama BiakHa. Taga nonasu 1o modyhusama MOIOBa
KOjU Cy M3BaH IIMPHUHE CTAllMOHAPHE PAcIojiesie MOIOBA, Ia YCIIel CIpe3ama MOA0Ba Joa3u
IO CyKaBama yJa3He yraone pacmonenie cHare. C moBehameM jaunHe crpe3ama, CyKaBame
yraoHe pacmojielie CHare je MHTe3WBHH]je, MOJAIHA JUCTIEP3Hja je Mamba, YUME Ce TPOITYyCHH

OTICET BJIaKHa MmoBehaBa M Ha MalliM M Ha CPelliUM JTy’)KHHaMa BiakHa (ciuke 5.9r u 5.117).
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Cnuka 5.10. 3aBUCHOCT NPOMYCHOT OICera OJ AYXKMHE BJaKHA 3a MIUPUHY
ynazanor cHona FWHM =1°, 3a ynmasue yrioe a) =0°, 6) 6=1.2°, B)
0=24" u 1) 0=3.6°, nybuny ynyrpammer omorada A =0.7%, wu

koeduIumjenT crpesama D=2.3 x 10~ rad®/m.

Ha cmmkama 5.12 m 5.13 mpukaszaHa je 3aBHCHOCT IMPOIYCHOT OTICeTa O] ITy>KHHE

BJIaKHA 3a JyOuHe yHyTpammer omoraya A, =0.525% u A, =0.8075%, pecnektuBHo, 3a

__ 10
mupuny yrasanor caormra fF WHM =17y cpenme Bpennoctn yrinosa ymasse pacronene chare

(@ 6,=0", (6) 6,=12°, (B) 6,=24° u (1) 6,=3.6", u KoehHULHjEeHT cCIIpe3ama

D=2.3><1077rad2/m. Ha cmmkama 5.12 m 5.13 Moxe ce BuaeTu na ¢ noBehamem mayOmHe
YHYTpallllel OMOTada MPOIyCHH OIficer BiakHa omazga [71]. OBo je y ckiaay ca HalluM
paHUjUM 3amakamhMa, Ja Ce CMamemheM AYOMHE YHYTpalllber OMOTada, cMamyje Opoj
mypehux MosoBa, cMamyjyhu MomanHy aucnepsujy u nosehasajyhu nmpomycHu omncer BiakHa

3a CBE aHAJIM3MpPAHE YIJIOBE U IIUPUHE YJIA3HOT CHOIIA.
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Cnuka 5.11. 3aBUCHOCT NpOMYCHOT OICcera OJ AYKMHE BJaKHA 32 MIUPUHY
ynazaHor caoma FWHM =3°, 3a ymasme yrnose a) =07, 6) €=1.2°, B)

0=24°

koeduIumjenT crpesama D=2.3 x 10~ rad®/m.

u 1) 6=3.6", nybuny yHytpaumer omoraua A =0.7%, wu

CmamemeM 1yOuHe yHyTpallller OMOTaya, JTy>KHHE Ha KOjUMa ce yCIIOCTaB/ba paBHOTE)KHA

pacmojiena MOJIOBa Ce CMamyjy, Mo0OoJsplliaBajyhui MPOMyCHW OICeT BIAaKHA HAa MambHUM

Jy’)KHWHaMa 3a CBE aHaJM3UpaHe yriioBe U IMPHUHE yla3Hor cHoma (Tabena 4.2) [72].

VY cnyuajy Mame IIMpUHE YIIa3HOT CHOIIA CBETIIOCTH Kaja cy nmodyhenu camo BoljeHH

MOJIOBH, MaJH je Opoj mypehux mMoj0Ba Ha MajuM Ay)KHMHaMa BJIaKHA, a THME je U yTHLj

mHUpUHE W AyOMHE YHyTpaimer omorada manu. C moBehameM OyXKuHE BiIaKHA, YCiex

crpes3ama MOJOBa, 0JIa3H 10 mopacTa Opoja mypehux mMozoBa, yuMe ce yTHLA] IIUPHUHE U

IyOWHE YHYTpAIIker OMOTadya Ha MPOIYCHHU OITICET BJIaKHA 3Ha4yajHO moBehasa.
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Cnuka 5.12. 3aBHCHOCT MpPOIYCHOT OICera oOjf Iy>KMHE BIJIaKHA 3a UIMPUHY
ynazanor cHona FWHM =1°, 3a ynmasue yriose a) =0°, 6) 6=1.2°, B)
0=24" u r) 0=3.6°, nybuny yuyrpammer omoraua A =0.525%, wu

koedummjenT crpesama D=2.3 x 107 rad®/m.

C nmoBehameM yria u MUpPUHE yIa3HOT CHOIMA CBETJIIOCTH, JIOJA3M JI0 Topacta Opoja
nypehux MozmoBa Ha MakbUM Iy)KMHaMa BJIaKHA, TUME ce moBehaBa yTUIaj IIUPUHE U AyOrHe
YHYTpalIlker OMOTa4ya Ha MPOITyCHU OICET BJaKHA M HA MamKMM W Ha Behum myxmHama. Y
CydYajy jader cmpes3ama MOJIOBA, YTHIQ] IIUPHHE W JYOWHE yHyTpallkher OoMOTada Ha
MIPOITYCHH OTICET BJIakHA je Behu n Ha MamuM 1 Ha BehuM qyxrHaMa BIaKHA 33 CBE yCJIOBE
eKCIHTaImje, jep ycien noBehama crpes3ama MOAOBA J0JIa3H J0 TojaBe Iypehux MomoBa Ha

MambUM JyXNWHAMa BJIaKHA.
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Cnuka 5.13. 3aBHCHOCT MpPOIYCHOT OICera ojf Iy>KMHE BIJIaKHA 3a HIMPUHY
ynazanor cHona FWHM =1°, 3a ynmasue yriose a) =0°, 6) 6=1.2°, B)
0=24" u r) 6=3.6°, nybuny yuyrpammer omoraua A =0.8075%, u

koedummjenT crpesama D=2.3 x 107 rad®/m.

VYTuiaj mpoMeHe HWIMpPUHE YHYTpALIkET OMOTadya Ha NpPOIMycHH omcer W BlakHa
U3pAXKECHUJU j€ KOJI MamUX Hero Koja Behux AyOMHa YHYTpalller OMOTaya Ha MambUM
Iy’KrHaMma BiakHa. To je 3aTo MITO KOA MamuX IyOWHA yHYTpallmker OMOTaua, A0Ja3u J0
nmojaBe ypehnx MogoBa Ha MambHUM IyKMHama BiakHa y mnopehemy ca Behum nyOunHama
YHYTpaIIlker OMOTaya, Ma ce yTHLAj IIUPUHE YHYTpallmber oMOoTauya JellaBa Ha MamhM
IyknHama BinakHa. C mopacToMm yria W IIMPHHE YJa3HOT CHONA CBETJIOCTH, Kao M jauMHE
crpe3ama, Behu je Opoj moOyhenux mypehnx MomoBa Ha MambUM AyKHHAMa, Ma CE yTHIIA]
IMIMPUHE YHYTpAIlker OMOTaya IoMepa Ka MamUM Jy)KMHama 3a CBE AyOMHE yHYTpallmber

omoraua (cnuke 5.8, 5.12 1 5.13) [72].
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Crnuxka 5.14. 3aBUCHOCT MPOITYCHOT OTICera oJf TyOWTaKa yciel crpe3ama MOI0Ba
3a a) 6=0°, 6) 6p=1.2°, B) 0p=2.4° u 1) 6,=3.6°, rne je FWHM,=1° u 3°, 6=0.2 u
0.5, A,=0.525%, D=2.3x10""rad’/m u D=2.3x 10 °rad’/m.

Ha cnukama 5.14 - 5.16 npencraBibeHa je 3aBUCHOCT MPOITYCHOT Ofcera oJ] ryOuTaka

KOjU HACTajy yClie]l Cpe3ama MoJIoBa 3a Tpu JyOuHe yHyTpauimer omotaya A = 0.525% ,

A,=0.7% n A, =0.875%, pecnektuBHO, 3a mmpuHe ynasHor cHona FWHM =1° wu

FWHM =3°, ynasue yraose (a) d=0°, (6) 6=12°, (B) 6=24° u (r) #=3.6" nu

BpenHOCTH KoeduumjeHara cnpesama D=2.3x107 rad*/m u D=2.3x10°rad*/m, Ha xyxunHu

BrnakHa 1000 m. CBaka kpuBa Ha ciukama 5.14 - 5.16 mpezacTaBba OAHOC MPOMYCHOT OTICEra

U ryObuTaka 3a HOpMaJW30BaHE IIMPUHE YHyTpammer omorada 0 =0.2 u 6 =0.5 koje ce

Hanase nzmehy oarosapajyhux SC, u SC, Bnakana.
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Crnuxka 5.15. 3aBUCHOCT MPOITYCHOT OTICera oJf TyOHuTaKa ycie crpe3ama MOI0Ba

3a a) 6=0°, 6) 6p=1.2°, B) 0p=2.4° u 1) 6,=3.6°, rne je FWHM,=1° u 3°, 6=0.2 u
0.5, A,=0.7%, D=2.3x10"rad’/m u D=2.3x 10 °rad*/m.

Moxe ce BUETH Jia Cy NMPOIYCHH OIICer ¥ I'yOMLM yclies crpe3ama MoaoBa Behu y ciyuajy
Mame IIUPUHE yIa3HOI cHoma cBeTiaocTH. C mopacTtoM yriaa 6 yla3HOT CHOINA CBETJIOCTU
J07a3u 10 3HAYajHUjer CMamema I'yOuTaka, JOK IPOIYCHH OICer ofaja clopuje ca
noBehameM MUpPHHE YHYTpallmber oMoTaya. Moske ce 3aKJby4HTH Jla ce IPONycHHU orncer W
BJIaKHA MOX€E TMO00JpIIATH CMamkbyjyhn IIHPUHY W OyOMHY YyHYTpalllker omoTada,
nojayaBajyhu cmpeszame MoOJ0Ba, M KopucTehW IeHTpajgHy yla3Hy pacHofely cHare
cBeTiocTH Mane wmupuHe. CMmamemeM IIMpPUHE M AyOMHE YHYTpallllber OMOoTada, u
BPEIHOCTH yIJIa yJIa3HOT CHOIA CBETJIOCTH, IOPACT ryOMTaKa je MamM Hero mnpu nosehamy

jauuHe crpe3ama MojioBa [72].
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Cmuka 5.16. OmHoc m3Mmel)y mpoIrycHOT oricera W ryOWTaka yclieJ] crpe3ama
MojioBa 3a a) §y=0°, 6) 6=1.2°, B) ;=2.4° u r) 6y=3.6°, rne je FWHM.-=1°u 3°,
0=0.21 0.5, A,=0.875%, D=2.3x10""rad’/m u D=2.3x10"°*rad’/m.

JoOujenu pesynaratu Mmokasyjy Ja ce MPOMEHOM IIHPUHE M NyOWHE YHYTpallmher
oMoOTaya, MPOMEHOM Koe(HIIMjeHTa crpe3ama MOI0Ba, Kao U M300poM oarosapajyher yria u
LIIMPUHE YJIa3HOT CHOTIA CBETJIOCTH, MPOIYCHHU OICET MOXKe MemaTH y uHTepBary on 20-250
MHz-km, npu yemy cy ryOuIm ycien crpe3ama MojoBa y uHrepBaiy ox 0.3-25 dB/km 3a
aHAJM3MPAHO CTAKJICHO BIAKHO ca W HMHIEKCOM Ipeiamama. [IpomycHH oIcer CTakJIeHHX
BUIIIEMOTHUX ONTHYKHX BJIAaKaHA ca jeJITHUM OMOTa4eM, Koja ce JJaHaC KOPUCTE Y MPAKCH, je Y
uaTepBany ox 5-50 MHz-km. Moxe ce 3akbyuntd Aa ce y3 ojrosapajyhm uzbop
CTPYKTYpHHUX TIapaMmeTrapa aHaJIW3UPaHOT CTakieHor W BIIakKHA W KapaKTEPUCTHUKA YJIa3HOT
CHOIIA CBETJIOCTH MOXe 100uTH Behu mporycHu oricer y nopehemy ca cTakJIeHUM ONTHIKAM

BJIAKHOM CajeI[HI/IM OMOTA4YEM.
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3akspydax

6. 3AK/bYYAK

Tema oBe aucepranmje je UCIUTHBAKHE NMPEHOCHHX KAPAKTEPUCHTKA BHUIIEMOIHUX
ONITHYKUX BJakaHa ca W WHIEKCOM MpeiaMama MPUMEHOM jeTHauyMHE MPOTOKa CHare. 3a
pa3NuKy Of BIIaKaHA ca je3rpoM M jeIHUM omoTadyeM, W BIAaKHO TMOCeayje je3rpo U JBa
omoTtaua. OBakBa cTpykrypa W BiakHa 00e30elyje Oosby Be3aHOCT BOhEHHMX MOJOBa y
jesrpy, 4MMe ce cMamyje MoJajHa JucIep3uja W moBehaBa TPOIMYCHU OICer BJaKHA Y
nopehemy ca oaroBapajyhnm BIaKHOM ca jeIHUIM OMOTAa4EM.

VY aumcepranyju je IpBO OINHMCAHO MOJENIOBAaEmE MPOCTHpPama CBETIOCTH Kpo3 W
BIIAaKHO TIOMONY BpeMEHCKH-HEe3aBUCHE jeJHauUnHE MPOTOKa cHare. [1o mpBu myT je qo0ujeHo
HYMEPUYKO pelIeHhe BPEMEHCKU-HE3aBUCHE jelHauMHe NMPOTOKA CHAre y Cilydajy BJaKHa ca
W uHzAeKcoM mpenamMama KopucTehn eKCIUIMIMTHY MEeTO/ KOHAUYHUX pas3iinka. AHaJIU3UpaHO
j€ BHIIEMOJHO ONTHYKO BIAKHO ca W HHAEKCOM MpeiaMama Koje je UCTIMTUBAHO y PaHHjHM
pamoBuMa Jpyrux ayrtopa. OppeheHe cy nIykMHE BJlakaHa Ha KOjUMa ce€ IIOCTHXKE
CTallMOHApHA pacrojesia MOJIOBa 3a pa3IH4yHTe MHPHHE U NyOWHE YHYTpalIlkber oMoTada U
pa3nu4HuTe BPEIHOCTH KOe(HIIMjeHaTa cripe3ama. Y HyMEpUYKHM IpopadyHuMa KopuirheHe

Cy ynasHe yraoHe pacnogene chare cserinoctu P(6,0)=1 3a 0<0<6,, y ciyqajy 6,
excuuraumju 1 P(6,0)=1 3a 0<0<6,_, y cnyuajy 6, excuuraumju. [lokazano je na y
ciydajy ¢, exkcuuranmje, cHara y uypehum MogoBuMa octaje Ha Behum Jy’kKuHama y ciydajy

Behe mupuHe yHyTpammer omoTaya (0 =0.5), y olHOCY Ha Mamy IIUPUHY YHYTpallber
omotaua (0 =0.2). OBo je mocneaunna Behux ryburtaka mypehux MomoBa y ciydajy Mame
MIMpUHE YHYTpalmmer oMoTada. [loka3aHo je kako ce ryounu mypehux MoJioBa cMamyjy ca
[OpPacTOM LIMPUHE YHYTpPAIIBHEr OMOTaya. 3a Maby MIUPUHY YHYTPALIbhEer oMoTava, TyKHHE
Z, Ha KOjUMa C€ yCIIOCTaBJba CTAl[IOHApHA paclojella MOJAOBa Cy Mame y nopehemy ca
BehoM mmpuHOM yHyTpamimer omotada. Kox Behe mmpune yHyTpammer omorava mypehn
MOJIOBH MMajy Mame TYOuTKe, a cy BoheHn Ha Behum nykuHama, u3uckyjyhu Behe mayxune
Z_ 3a OKOHYAHE BUXOBOT crpe3ama. C MopacToM jauuHe CIpe3ama, TyXKHHA z, Ha K0joj ce
yCIIOCTaBJba CTAllMOHAPHA pacmojesia MOJOBa Ce cMamyje. 300T jader cnpesama MOJIOBA,
y3pokoBaHOT BehuMm yHyTpammuMm nepTypOanuoHUM epeKTHMa Yy BIAKHY, Mpepacrojeia

eHepruje u3mely BoheHuX MoJ0Ba je OpxkKa, Ia Cy JyKHHE zZ, Mambe.
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Onpehene cy myxuHe BiIakHa Ha KOjUMa Ce€ IOCTH)KE CTAalMOHApHA pacrojeia
MOZIOBa 32 pa3iuyuTe AyOMHE YHyTpallkher OMOTaya IPH IMPOMEHU LIMPHHE YHYTPAllbher
oMoTaya W Koe(uIHjeHTa crpe3ama. [IpomeHa mayOuWHE yHyTpalllker oMoTada yTHYe Ha
ryourke mypehunx OpojeBa, a TUMe U Ha BUXOB O0poj. JloOujeHo je na ce ¢ moBehameMm ayouHe

YHyTpallber oMoTa4a, ryduuyn nypehux mMonoBa cMamyjy. ¥V ciydajy 6, exkcuuraumje, ¢

noBehameM 1yOWHE yHYyTpamlmer oMOTaua, cHara y mypehuM mMoioBuMa ocTaje BoleHa Ha

Behum nyxunama y mopehemwy ca 6, excuuraumjom. IlokasaHo je na ¢ mopactom 1yOuHe
YHYTpalIlber OMOTaya, JyKUHAa z, Ha KOjO] C€ MOCTHXKE CTAalMOHApHA PacHojesia MOAOBa

pacTe 3a cBe BpeIHOCTH KOoe(pHIIMjeHTa cripe3ama D ¥ MUpUHE yHyTpallmker omoTtada o . C
noBehameM nyOWHE yHyTpammer omMoTada TryOurnm Iypehn wojoBa ce cMmamyjy,
nosehagajyhu 6poj mypehux MomoBa koju cy Bol)eHrn Ha BehuM qy’KMHama BiiakHa. 3aTO Cy 3a

Behu O6poj MozoBa norpedHe Behe nyxuHe z, Aa OM ce Mpolec crpe3ama OKOHYao. [lyxuHa
BIaKHA Z , KOja je MOTpeOHa 3a IOCTU3ame CTAIlMOHApHE pacIojeiie MOJOBa, ONajaa C

noBehameM jaunHe cripe3ama MOJAOBA 32 CBE HCIHMTAaHE IIUPHUHE M AYOMHE YHYTpPaLIHmheT
OMOTaua.

Kopuctehu BpemeHCKH-HE3aBHCHY jeHaYMHY IPOTOKA CHAre, MCIHUTAH j€ YTHUIAj
LIMpUHE yJa3HE YraoHe paclojelie CHare CBETIOCHOT CHOMa Ha PAaBHOTEKHY U CTALMOHAPHY
pacmojeny MoIOBa, NpU MPOMEHHM IIMPUHE W JyOMHE YHyTpallmber omoTrada, H
Koe(uIMjeHTa chpe3ama 3a BJIaKHO ca W HMHIOCKCOM TIpenaMama. Y HyMEpPHYKUM
npopadyHuMa KopuIlheH je yiaa3Hu CHOII CBETIOCTH KOju uMa ['aycoBy pacronieny ca myHUM
IMpUHaMa Ha mosioBUHM Makcumyma 1° m 3°. TlokaszaHo je ha 3a IIMpE YJIa3HE YraoHe
pacmoziene CHare CBETJIOCTH paBHOTE)XKHAa M CTallOHapHa pacrmojiena MoOJOBa ce
yclnocTaB/bajy Ha KpahuM gyKMHama BIakHa, L. W z;, PECHEKTHBHO 3a CBE€ BPEIHOCTH
mHUpUHE U NyOWHE YHYTpalllkber oMoTada UM KoeduuujeHTe cupes3ama. EHepruja xox mupe
yla3He yraoHe pacmojelne cHare je yHudpopmHHuje pacnopehena mel)y Bohenum mozosa, y
OJJHOCY Ha YK€ YyJIa3He yraoHe pacrojeie, na Cy IyKMHE Ha KOjUMa Ce€ YCIIOCTaBJba
PaBHOTEXHA U CTallMOHApHA pacrojesia MoJoBa Mame. [loka3aHo je ga ¢ mopacToM IIHUPHUHE
U OyOMHEe yHyTpalllker OMOTaya, TyXKHHE BlakHa L, U z, ce nosehaBajy. ¥V ciyuajy Behe
IMIMpUHE U NyOMHE YHYTpallber oMoTada TryOuiu mypehux mMomoBa cy MamH, Ia CHara y
nypehum mMozoBrMa octaje BoljeHa Ha BehuMm AyXKMHaMa BIIaKHA, a THME C€ PABHOTEXHA U

CTallMOHApHA pacrojeNna MOJ0Ba YCIOCTaB/bajy Ha BehuMm nyxkuHama. [lokazaHo je aa ycien
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jader cmpesama MOJOBA, Y3pPOKOBAaHOT BehMM YHYTpalllbUM NEpTypOalMoHuUM edeKThMa y

BJIaKHY, Ipepacnojiena eHepruje usmelhy Bohennx mojoBa je Opika, ma cy JyxkuHe L U z_

Mame 3a 00¢e MUpUHE YIa3HOT CHOMA CBETIOCTH. [IprKasaHo je u J1a TyOuIM yclie]] cpe3ama
MOJI0Ba pacTy ¢ noBehamem koedunujeHTa cpezama. Moxe ce 3aKJbYYHTH J1a Cy Ty’KHHE Ha
KOjIMa C€ YCIIOCTaBJhba PAaBHOTEXKHA W CTallOHapHa pacrojaeida MoaoBa y W BIakHY
oapeheHe CTPYKTYpHHUM NapaMeTprMa BIlaKHA, jaYMHOM CIpe3ama MOJ0Ba M IIUPUHOM
yJla3HEe YyraoHe pacIojelie CHare CBETIOCTH.

Kopuctehun BpeMeHCKH-3aBHCHY jeJHaYMHY MPOTOKA CHAre WCIHWTaH je YTHIIA]
MIMPUHE ¥ TyOWHE YHYTpallmber oMoTada W BJIaKHA Ha TPOITYCHHU OICET BIIAKHA M TYOHUTKE
KOjU HaCTajy yclie]] crpe3ama MOJIOBa 32 PAa3INIUTE BPEAHOCTH KOCPUIMjCHTa CIpe3armba H
ynazHe ekcriuranudje. [lo mpBu myT M00HjeHO je HYMEPHUYKO pEIICHE BPEMEHCKH-3aBHCHE
jeIHaYnHe MPOTOKA CHAre KOpucTehn eKCIUIMIMTHE METO/I KOHAYHHUX Pa3jIMKa KOJ| BIaKHA ca
W wuHAekcoM mpenamama. Ha MamuM Jy)XKMHamMa BJIaKHA, HPOMYCHH OIICeT OIaja
NPOMOPIMOHANHO JY)KUHM BiakHa. Ha BehuM aykMHama BiakHa, HAKOH YCIIOCTaBJbamba

paBHOTEKHE pacrojesie MOJI0Ba, OMaJame MPOIYCHOT OICera ca JyKHHOM MPOMNOPIIMOHAIHO

je ca 1/z°. CMamemeM IIMpHHE YHYTpalllher oMoTada, Tybumu mypehmx Momosa ce
noBehaBajy, ycnen yera ce cMamyje BUXOB 0poj, Ia ce cMamyje U MOAaliHa AWCIep3uja u
nosehaBa npomycHU oncer BaakHa. CMamemheM MIMPUHE YHYTPALIBEr OMOTavya, CMamyjy ce

U y’)KHHE BJIAKHA HAa KOjUMa J0JIa3H JI0 IPOMEHE 3aBUCHOCTH MPOIYCHOT OIICera OJ] Ty>KUHE,

cal/z ma 1/z"?, jep ce koJ MamKX MUPUHA YHYTPAIIKET OMOTa4a PABHOTEKHA pacrosiena
MOJIOBa YCIIOCTaBJba Ha MamHM JIyXKMHaMa BiakHa. [loka3aHO je 1a ce NMpOIMyCHH OICeT
BlakHa mnoBehaBa kama ce QyOWMHA YHyTpallmer omoTada cMmamyje. CMamemeM ayOuHe
YHYTpaIlllber oMoTaya, nmoBehasajy ce ryounu mypehux momoBa (cMmamyje ce O6poj mypehux
MOJIOBa), TIa ce MOJaJIHA JUCIIep3Hja BIlaKHA CMamYje, a POIYCHH OIICeT BiIakHa moBehara.
Kana nyOuna yHyTpammer oMoTada omajia, CMamyjy ce B Ty>)KWHE Ha KOjuMa ce YCIOCTaBIba
paBHOTEKHA paclojiesa MOJOBa, Ma ce MoOoJblIamke MPOIYCHOT OICera jaBjba Ha MamUM
Ty)KHHaMa.

IMokazano je nma ce mpomycHu omcer W BiakHa mnosehaBa ¢ mopactom jaunHe
crpe3ama MozoBa. Cripe3ame MOJ0Ba MOOOJBIIABA MPOIYCHH OTICET BJIAKHA M HA MAamHUM U
Ha Behum nmyxwmHama. Jade chopeszame MomoBa Hacraje ycien Behux yHyTpammux
neprypOanuonux edekara y BIakHy, Tj. Opke mpepacmnozene eHepruje uizmel)y BoheHHX

MOAO0Ba, IITO JOBOAHW A0 CMalkbCHha MOJAIHE ):[PICHCpSI/IjC BlIaKHa M IToBchama IpoImyCHOT
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orcera BiakHa. ¥ ciydajy ¢, excuuranuje NporycHU OICET BIaKHa je Behu y nopehemwy ca
0, excuuranmjom. IloGyhusamwe camo Bohenux momosa (6, exuuraumja), Boxu Behem
MPOITYCHOM OTICETY ¥ Ha MamHM U Ha CPEIIbHM Ty)KUHaMa BIIaKHA y mopelemy ca ciaydajeMm
kaga cy noOyhemn u Bohenu u uypehu monosu (6, excuuranmja). Haumme, xox 6,
eKcIuTaIuje, 1oias3u 10 nodyhusama BUIIIMX MOJIOBa KOju ToBehaBajy MofaliHy Tucnep3njy,

cMmamyjyhu mpornycHu omcer BiakHa y nopehemy ca €, excuuraumjom. Kana cy noGyhenn

camo BOhEHM MOJIOBH y BIakHy (6, eKUMTalMja), Mambe Cy NyKHHE HA KOjUMA J0Na3u 110

2

Tpenacka 3aBUCHOCTH MPOMYCHOT OTiceTa ol AykuHe BiakHa ca 1/z wa 1/z'%, 1j. Ha kojuma

jonasu 10 mnoboJpliaka MPOIYCHOI OIcera Koje ce jeliasa panuje. Y ciuydajy 6,
eKCLUTaIje, yTHIA] MIMPUHE W JyOWHE YHyTpallkher oMoTada je clabuju Ha MamuM
nyxunama Binakna. Kon 6, excuuranuje, Ha MamuM Jy)XKMHaMa BIakHa nobyhenu cy camo
BoheHH MOJIOBH, NTOK je Opoj moOyhenux mypehmx momoBa Beoma MajH, CTOTa j€ YTHUIA]
mypuHe U 1yOnMHEe yHyTpalmer oMotaya Manu. C mopacToM Jy>KWHE BllakHa, O0poj mypehux
MOJIOBa pacTe yclei cIlpe3ama MOJOBa, Ma C€ yTHLAj LIMpUHE M NyOWHE YHYTpallmber
oMoTaya jaBjba TeK Ha BehnM HyxuHama BilakHa. Y ciydajy 6, eKCUHTauuje, yTHIa)
mHUpUHE W AYOMHE YHYTpalllker OMOTauya Ha MPOIYCHH OIICET BJIAKHA j€ H3PAKEHUjU y
CIy4ajy jader cupe3ama MOJIOBa, jep ce Tajga Opoj mypehmx momoBa moBehaBa Ha MamUM
Oy’XUHaMa BJIaKHAa. 3aKJbY4€HO je Ja ce NPOIMYCHM OICeT BJaKkHa MOXKE M000JbIIAaTH
cMamyjyhn mupuHy ¥ AyOMHY yHyTpallmber oMoTada, rmojadaBajyhu crnpesame MOAOBa U
nobyhyjyhu camo Boljene MomoBe.

Hob6ujenHa je Takol)e ¥ 3aBUCHOCT MPOITYCHOT OICera M IyOUTaKa KOjU HacTajy ycien
crpe3ama MOJOBA 33 pa3NyuTe MUPHHE W AyOMHE YHYTpAIIkEer OMOTauya U KOCPUIIHjeHTE

cipesama, npu ¢, n 6, excuuraumju. [losehame crpesama MOLOBa yTHYE HA MOPACT OBUX

ryouraka. [lokazaHo je ma cMameme MUPUHE W AyOMHE YHYTpAaLImber oMoTada JOBOIU O

Mamer nosehama ryburaka HEro npu mopacty jauuHe cnpesawa. M3bop 6, wmu 0,

CKCL[I/ITaI_II/IjC TaKObC YTHUYEC Ha NPOHAIAXKCHE ONITUMAJIHOT OJHOCA I/I3Meby IIPpOMmyCHOT OoIIcera

u ryburaKa Koju HacTajy ycien cnpesama Monosa. Ilpu 6, excuuraunuju npomycHu omcer
BiakHa je Behn, a rybuuu Koju Hactajy ycien chpesawma MopoBa cy Mawu. Ilpu 6,

eKCLUUTalMju, modyhuBameM CBHX Iypehnx MoOIOBa KOjU MMajy BEIUKE I'yOUTKE, YKYIMHHU
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ryouim ce 3HauajHo nosehasajy y nopehemy ca 6, exkcuuraumjom, rae ce modyhyjy camo

BO)eHH MOJIOBH.

VcnmraH je n yTHIaj yIiia U IMUPHUHE YIIa3HOT CHOIA CBETIIOCTH Ha MPOITYCHU OTICET U
ryOUTKE KOjU HACTajy ycieJ CcrHpe3ama MOJOBa KOJ ONTHYKOT BIakHAa ca W HWHAEKCOM
nperaMama. Y HyMEpHUYKHM NpopavyyHHMa KOpUIINEH je yJIa3HH CHOIl CBETIIOCTH KOjU MMa
TaycoBy pacrojielly ca mIMpUHAMa Ha mosioBUHU Makcumyma 1° u 3°. TlokasaHo je nma ¢
noBehameM yria W NIMPUHE YJIa3HOT CHOMA CBETJIOCTH MPOIYCHH OICEr BIIaKHA Omaja Ha
MamHUM JyXXHHaMa BIIaKHa, IIITO j€ Mociennna Behe mMomanHe aucmepswje y ciydajy mIuper
yIIa3HOT CHOTIA CBETIIOCTH Yy Mopehermy ca yKUM CHONIOM. Y ciiydajy Beher yrma u mupuHe
yJIa3HOT CHOMA CBETJIIOCTH Jo0ja3u a0 mnoOyhuBama BHIIMX MOAOBa, Koju moBehaBajy
MOJIaJTHy JUCTIEP3Hjy U CMambyje MPOIyCHH oricer BiakHa. Ha Behum myxuHama BrnakHa 300T
jader cmpes3ama MOJOBa JIONAa3u JI0 CMamelka MOJANIHE JHCIIepe3uje, Ma je yTHIa] yria u
IIMPHHE yJIa3HOT CHOIIAa CBETJIOCTH Ha MPOMycHU orncer W BlakHa 3aHeMapJsbuB. [lokazaHo je
Jla ca CMamemheM IIMPHUHE U TyOMHE YHYTpaIllkher OMOTaya 3a CBE aHAJIM3UpPaHE YIJIOBE U
MIMpUHE YTa3HOT CHoma ryOounm iypehux mojoBa ce moBehaBajy, ycien vera ce MoJaiHa
JUcTiep3nja cMamyje, moehaBajyhum mporycHHM oficer BiakHa. YOYEHO je Jla Ha MamHM
IOy’KMHamMa BJIaKHA, MPOIIYCHM OIICET Ofaja IPONOPIHOHAIHO [yKUHM BJIAKHA, a C

noschameM AY>KUHE BJIaKHA, Ollalakb€ ITPOITYCHOI OIIC€ra Ca AYXHUHOM IIOCTCIICHO TEXKU

3aBHUCHOCTHU 1/21/2 3a CBC aHAJIM3WPAHE YIJIOBE U IIUPUHE YJIa3HOI' CHOIIA.

Jlo6ujeHo je na je mpomnycHu oricer W BIIaKHa, HA MambUM JTy)KHHaMa BllakHa, Behu 3a
Mamy BpenHocT KoeduiujenTta cupe3ama D. C 003upom /1a cy aHaNH3UpaHe NIUPUHE YraoHe
pacroziesnie cHare yJjga3HOT CHOIAa CBETJIOCTH Mame OJ LIMPUHE YraoHE paclojiesie cHare Ha
KOjOj ce TOCTIDKE CTal[iOHapHa pacrojesia MOJIOBa, YOaUeH! CHOIIOBU CBETIIOCTH C€ yCIen
crnpe3ama MojioBa Immpe, y3pokyjyhu noeehame monanne aucnepsuje. Ilomro je mupeme
yraoHe pacrojielie CcHare CIOpuje Yy ciydajy cialujer cope3ama MOJ0Ba, MOJajIHa
JUCTIEp3Hja je Y TOM CIIy4ajy Mama, 300r dera ce mobuja Behu mpoImyCHHU OIcer Ha MamUM
Oy’)KMHaAMa BJaKHAa 3a MamM KoepuuHjeHT cnpeszama D. C mopacToM JyKWHE BIIAaKHA,
crpe3ame MOJIOBA MMOYUIbE 3HATHHjE J]a YTHYE Ha MPOITYCHHU OIICET, yCropaBajyhu omamame
MPOIyCHOT oricera. Y clydyajy jader cHpe3ama MOJIOBa, IMpepacrojiena eHepruje uzmely

MOJ0OBa je Ha MaBbUM OYyKHHaMa BJIaKHaA, I1a C€ IMPOMEHA 3aBUCHOCTU ITPOIYCHOI OIICEra O/

2

nyxune, ca 1/z ma 1/z"? nemasa pannmje, mo6ossiaBajyhn mpoIyCHH OICEr BIAaKHA HA

MambuM JyKUHaAMa.
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Kana je caomn ynasue cemioctt FWHM = 3° yBeneH y BiakHo mox yriiom 6, =3.6°,

M KaJa je OIMpUHA YHyTpammer oMorada ¢ = (.2, BPeJHOCTH HPOITYCHHX OIICera 3a jaue
crpe3ame MOJIoBa cy Behie Ha cBUM AyXHHaMma BiakHa. Taga monasu o modyhusama MoioBa
KOjH Cy M3BaH HIMPUHE CTAIlMOHAPHE PacIiofiesie MOI0Ba, a YCIea CIpe3amka MOJ0BA JI0JIa31
70 Cy’KaBama yja3He yraoHe pacrnozeine cHare. C nosehameMm jaunHe crpes3ama, Cy’KaBambe
yraoHe pacrojelie CHare je MHTe3UBHUje, MO/IaliHa TUCTIep3Hja je Mama, YAME C€ MPOIyCHU
OIIceT BJIaKkHa noBehaBa M HAa MaJM U Ha CPEIHbHUM Ay>KHHAMa BIaKHA.

VY cnyuajy Mame MIMpUHE yIa3HOT CHOIA CBETIIOCTH Kaja cy mobyhenu camo BoljeHH
MOJIOBH, MaJH je Opoj mypehux MomoBa Ha MalluM Qy>KMHama BJaKHA, U Ja je yclel Tora
yTUIlaj IUpUHE U AyOuHe yHyTpaimer omoTada Mainu. C nosehameM ayXnHe BIIaKHa, yCIex
crpe3ama MOJOBA, JI0JIa3u 0 Hopacta Opoja mypehnx mMomoBa, ynMMe ce yTWIaj IMIUPHHE U
nyOMHe yHYTpalller OMOTa4ya Ha MPOITyCHU OTICET BIaKHa 3HauajHo noBehasa. C moBehameM
yria ¥ MIApPHHE YJIA3HOT CHOMA, J0Ja3u J0 mopacra Opoja mypehux MomoBa Ha MamHM
IOy’)KMHaMa BJIaKHa, THME ce NoBehaBa yTumaj mmpuHe W AyOMHE YHYTpallmer oMoTadya Ha
MPOITYCHH OTICEeT BJIAKHA W Ha MamuM W Ha BehuMm myxwuuama. Y ciiydajy jader crpesama
MOJIOBa, YTHIIA] IIUPHHE U JyOHHE YHYTPAIIker OMOTa4ya Ha MPOIMYCHH OTICET BJIaKHA je Behn
W Ha MambUM U Ha BehuM aykuHaMa BIIlaKHA 3a CBE YCJIOBE €KCLIUTAIlM]e, jep ycien nosehama
crpe3ama MOJIOBa JI0JIa3H A0 TojaBe mypehnx MoIoBa Ha MalUM Ty)KHHAMa BIIAKHA.

VYTunaj mpoMeHe MMpUHE YHYTpAIllker OoMOoTaya Ha HpOIycHHM orcer W BiakHa
M3pAXKECHUJH je KOJ MamUX Hero Koja Behux ayOWHa yHyTpalllker OMOTadya Ha MambHM
IOy’kKMHama BJIakHa. To je 3aTo INTO KOJ MamMX AyOuMHa YHYTpallmber oMoTaya, J0ja3u 10
nmojaBe Iypehnx MojoBa Ha MamHMM JQy)KMHama BiakHa y mopehemy ca Behum nyOuHama
YHYTpalIler OMOTaya, Ma ce YTHIAj IMUPUHE YHYTpAIIlher oMOTada JellaBa Ha MambHM
nykuHama BiakHa. C rmopacToM yria U IIMPUHE yJa3HOT CHONA CBETJICOTH, Ka0 U jadMHe
copesama, Behu je 0poj moOyhennx mypehux momoBa Ha MambHUM Iy)KHHaMa, Ma CE YTULA]
[MIMPUHE YHYTpAIIkEr OMOTaya ImoMepa Ka MamHUM Ay)KHHama 3a CBE AyOHWHE yHYTpaIlmber
oMoTaya.

VcnutuBaHa je 3aBHCHOCT TNPOIYCHOT OIcera W TyOWTaka KOjH HACTajy YcCien
crpe3ama MOJOBa IPHU MPOMEHHU IIMPHUHE M yIja YMagHOI CHOMNA CBETIOCH 3a pa3iIuduTe
BPEIHOCTH LIMPHHE M TyOMHE YHYTpalllher OMoTadya U KoeuIMjeHTa crpesama. [lokazaHo
je Ja cy TpOMyCHH OIICEeT W TyOUIIN yclie]] cripe3ama MOI0Ba Behn y cilydajy Mame IHUpUHE
yJa3Hor cHoma cBeraocTH. C MopacToM yIyia yjga3HOI CHOMA CBETJIOCTH JOJa3H M0

3HauYajHUjeT CMamelha TyOHWTaka, JIOK MPOIyCHH OIICeT omnajaa cropuje ca mnoBehameM
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IMIMPUHE YHYTpalllker oMoTada. Ha Kpajy 3akjbydeHo je Ja ce MpoIycHHU orcer W BIIakHa
MOXe Mo0oJpIIaTH CMakyjyhul MUpUHY W AyOWHY YHYTpalllber OoMoTadva, IojadaBajyhu
crpe3ame MOJOBa, W KopucTehm LeHTpaiHy yinasHy pacmojelly CHare CBETIIOCTH Malie
mypuHe. CMambemeM HIMpUHE U TyOuHe yHYTpalllker OMOTaya, U BPEAHOCTU yIja yJIa3HOT
CHOIIA CBETJIOCTH, TIOPACT ryOuTaKa je MamH Hero Npu noeehamy jaunHe crpe3ama MOJIOBA.
[TpomycHM omcer CTakJeHUX BHIIEMOIHHMX ONTHUYKHX BJIAKaHA Ca jeJHUM OMOTayeM
KOja ce JaHac KOpUCTe Yy MpakcH je y uHtepBany oa 5-50 MHz-km. /loOujenu pesynaratu
MOKa3yjy Ja MIPOMEHOM LIMPUHE U JyOWHE YHYTpAIIker OMOTa4a, IPOMEHOM KOe(HIINjeHTa
crnpe3ama MOJIOBa, Ka0 U U300poM oAroBapajyher yriia u muprHe yJIa3HOT CHOTA CBETIIOCTH,
MPOIyCHU OICer aHanu3upaHor W BIIakHa MOXKE ce MewaTd y uHTepBany ox 20-250
MHz -km, npu duemy cy ryounu y untepsany on 0.3-25 dB/km. [lakne, mpomycHu omcer
aHaJM3MpaHOr cTakieHor W BiIakHa Mo)ke OMTH 3HATHO Behm o1 mpoceuHMX BpeIHOCTH
MPOITYCHOT OIICe/a CTAaKJICHOT BHIIEMOJHOT BJIAKHA ca jeIHMM oMoTadeM. Tpeba mmatu y
BUy na ¢ moBehameMm mpomycHor omcera W BiakHa, noBehaBajy ce u TyOoumm ycien

Crip€3ama MOoJ0Ba.
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Wupekc mojmosa

CAKETAK

Y pamy cy HCUHTHBaHE IPEHOCHE KAapaKTEPUCTHKE ONTHYKHX BiakaHa ca W
WHJIEKCOM IIpejlamMama IOMONy BpPEMEHCKH-HE3aBUCHE W BpPEMEHCKH-3aBHUCHE jEIHAYMHE
npotoka cHare. OxpeheHe cy nykuHe BIIaKHa Ha KOjUMa HAcTa)y paBHOTEXXHA U
CTallMOHApHA pacrojesia MOJIOBa, TYOHWIU YCIIe] CIpe3ama MOJO0Ba, ()PEKBEHTHH OJ3UB U
IPOIYCHHU OTICeT 3a Pa3IMuUTe CTPYKTYpHE MapaMeTpe BJaKHA, 3a pa3jIM4YuTe YIJIOBE U
IMIMPUHE YJIa3HOT CHOMA CHOMAa CBETJIOCTH, W 3a Pa3IUuUTE jaunHE CIpe3ama MOJOBa.
JloOGujeHn pe3ynraTu ce MOTY KOPHCTUTH TpHU oJipehuBamy ONTHMAIHOT AM3ajHa ONTHYKUX

BiakaHa ca W HHIEKCOM npejraMama.

ABSTRACT

Time-independent and time-dependent power flow equation have been employed in
order to determine transmission characteristics of W-type optical fibers. Fiber lengths at
which equilibrium mode distribution and steady state distribution is achieved, mode coupling
loss, frequency response and bandwidth have been determined for different structure
parameters of W-type optical fiber, mean angles and widths of the launch-beam distribution,
and mode coupling strengths. The results obtained could be applied when designing W-type
optical fibers.

K/bYYHE PEUH KEY WORDS
OnTruka BrakHa ca W HHJIEKCOM TIpenaMama W- type optical fibers
JennaunHa mpoToKa cHare Power flow equation
PaBHOTEXHa pacrojiena MoaoBa Equilibrium mode distribution
CranmoHapHa pacroeiia MojoBa Stady-state distribution
OpEKBEHTHH OJI3UB Frequency response
IIponycHu omcer Bandwidth
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Using the power flow equation, we have calculated spatial transients of power distribution and a
steady-state distribution that are due to coupling of guided to leaky modes in W-type optical fibers
(doubly clad fibers). A numerical solution has been obtained by the explicit finite difference method.
Results show that power distribution in W-type optical fibers depends on both the intermediate layer
width and the coupling strength. W-shaped index profile of optical fibers is effective in reducing modal
dispersion and therefore in improving the fiber bandwidth. We have also shown that explicit finite
difference method is effective and accurate for solving the power flow equation in W-type optical

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

There has been a large increase in the demand for transmission
capacity of communication links. Singly clad (SC) glass optical
fibers have been the preferred transmission medium in high-
capacity communications networks and long-distance commu-
nications systems. In contrast, SC plastic optical fibers (POFs) are
usually considered for short data links. POF systems show limita-
tions in the achievable transmission rate due to their limited
bandwidth and high attenuation. Numerous efforts and solutions
to overcome those limitations have been proposed, ranging from
spatial modulation [1] and detection techniques [2], equalization
[3], modal dispersion compensation [4], and restricted modal
launc. In spite of variety of efforts to improve multimode fiber
based systems, only limited work has been done recently in
multimode-fiber profile design and analysis. For the reasons
described above, there is a need for practical multimode fiber
design which could result in the improvement of the fiber
transmission characteristics, especially fiber bandwidth. One of
the promising choices is to employ W-type fibers. Recently, it has
been experimentally demonstrated that POFs with the W-shaped
index profile enabled fiber bandwidths in excess of those asso-
ciated with graded index POFs [5].

The W-type optical fiber has a wider transmission bandwidth
and lower bending losses compared to those of a corresponding SC
optical fiber. This is due to the fact that the number of guided

* Coresponding author. Fax: +381 34 335040.
E-mail address: savovic@kg.ac.rs (S. Savovic).

0030-3992/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.optlastec.2012.01.018

modes in W-type fiber is reduced because the intermediate layer
decreases the effective numerical aperture of the fiber and hence
the number of guided modes, and also because the guided modes
are tightly confined within the core region [6]. A typical bandwidth-
distance product for glass optical fibers is ~30 MHz km for SC and
~50 MHz km for W-type, whereas the corresponding figures for
POFs are ~15 MHz km (SC) and ~200 MHz km (W-type) [5,7-9].

Transmission characteristics of multimode optical fibers depend
strongly upon the differential mode-attenuation and rate of mode
coupling. Modal attenuation is the result of light absorption and
scattering in the fiber material. Mode coupling is diffraction of light
that transfers power from one mode to another due to random
anomalies in multimode optical fibers (microscopic bends, voids
and cracks, diameter variation and density fluctuation). Due to
mode coupling, steady-state power distribution is achieved at
some distance z; from the input fiber end whereby a unique
normalized intensity distribution results across the far field disk
pattern regardless of the mode(s) launched. Steady-state distribu-
tion indicates the complete independence of the output light
distribution from launch conditions. Modal attenuation limits the
power that can be transmitted along the fiber. Modal dispersion in
optical fibers is reduced through mode coupling. This increases
fiber bandwidth but, on the other hand, it also increases the
amount of power radiated in fiber curves or bends [10], signifi-
cantly changing the output-field properties and degrading the
beam quality. W-type fibers, having an intermediate layer between
the core and cladding, have somewhat different properties from
those of SC fibers due to the existence of lossy leaky modes in
the intermediate layer. Mode coupling from guided to lossy leaky
modes in W-type fibers has not been fully analyzed yet. Many fiber
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junctions and static bends are expected in the W-type optical fiber
networks, presenting an additional cause of mode coupling. Due to
mode coupling, the optical energy of the low-order modes would
be coupled to higher order modes even if only the low-order ones
are launched selectively by the restricted launch condition. Since
these higher order modes can degrade the bandwidth performance
of the W-type fibers, the group delay difference among all the
modes (from lowest to highest) should be minimized by the
refractive index profile [11]. Because of the influence that modal
attenuation, modal dispersion and mode coupling have on fiber
transmission properties, it is necessary to have effective and
accurate methods for calculating their rate in W-type optical fibers.

Output angular power distribution in the near and far fields of
an optical fiber end has been studied extensively. By employing
the power flow equation these patterns have been predicted as a
function of the launch conditions and fiber length. The rate of
mode coupling, which is the power transfer between modes, has
been described by the “coupling coefficient” D [12-17].

In this work, using the power flow equation, we have investi-
gated the influence of the width of the intermediate layer and the
strength of mode coupling on spatial transients of power distribu-
tion as well as on the steady-state power distribution that are due
to coupling of guided to leaky modes in W-type optical fibers.

2. Power flow equation

The time-independent power flow for multimode SC fibers is
described by the following coupled-power Eq. [12]:

oP0,2) Do oP(0,2)
0D P02+ 5o (0 “ ) 1)
This equation can be written in the following form:

aP(0.2) DoP(0,z)  &*P(0,2)
5 = —UOPO.D+ 5=+ 7 )

where P(6,z) is the angular power distribution at distance z from
the input end of the fiber, 0 is the propagation angle with respect
to the core axis, D is the coupling coefficient assumed constant
[12,13] and o(0)=0o+a4(6) is the modal attenuation, where oq
represents conventional losses (absorption and scattering). The
term o leads only to a multiplier exp( —0pz) in the solution and is
thus neglected. The boundary conditions are P(6,,,z)=0, where 6,
is the maximum propagation angle, and D(6P/60)=0 at 6=0.
Consider a W-type fiber with index profile shown in Fig. 1. The
relative refractive index difference Aj=(no—ng)/no between the
core and intermediate layer is larger than the difference
Ap=(no—np)/ng between core and cladding, where no, nq and n,
are refractive indices of the core, intermediate layer and cladding,
respectively. In this structure, the modes whose propagation
angles are between 0,=(2A,)"? and 0,=(2A,)"? are leaky
modes [14]. Attenuation constants of leaky modes are given as [15]:

40°-02)" 07 (02-0%)
a(1-0%)"2 02(02-03)
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- nq
L1
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Fig. 1. Refractive index profile of a W-type fiber.

where kg is the free-space wave number, a is core radius and da
intermediate layer (inner cladding) width. In a SC fiber, experi-
mental results show that attenuation remains constant throughout
the guided-mode region and rises quite steeply in the radiation-
mode region [16]. Consequently, the modal attenuation in a W-type
fiber can be expressed as:

0 0<0,
ag(0) =4 ou(®) 0, <0 <bq “4)
00 0>0q

A W-type fiber can be regarded as a system consisting of SC,
fiber and cladding. In the SC, fiber, modes having propagation
angles smaller than the critical angle 04 can be guided. When the
SC, fiber is coupled with surrounding medium of index n,, the
lower order modes, whose propagation angles are smaller than
the critical angle of the SC, fiber 0,, remain guided. However, the
higher order modes with angles between 0, and 0, are trans-
formed into leaky modes. Because of the strong dependence of
o;(0) on the intermediate layer width oa, it is expected that the
steady-state characteristics of a W-type fiber also depend on da
and coincide with those of SC,, and SC, fibers in the limits of 6 -0
and J— oo, respectively. These two types of fiber have quite
different features and need to be evaluated carefully so that
conclusions could be applied in system design.

3. Numerical method

Since analytical solution of the power flow Eq. (2) with the
attenuation constants of leaky modes in the form of (3) is not
known, one has to solve Eq. (2) numerically. We now report, in
our knowledge for the first time, the solution of the power flow
Eq. (2) in W-type optical fiber using explicit difference method
(EFDM). One should mention here that with respect to the
stability and accuracy, it is more difficult to numerically solve
Eq. (2) with modal attenuation given by Eq. (4) than it is for the
case of a singly-clad fiber where «(0) ~ oo+A6? [17].

In the 1970s and 1980s, implicit finite difference methods
(IFDMs) were generally preferred over EFDMs. This trend has
been changing with the advancement of computers, shifting the
emphasis to EFDMs. Being often unconditionally stable, the IFDM
allows larger step lengths. Nevertheless, this does not translate
into IFDM’s higher computational efficiency because extremely
large matrices must be manipulated at each calculation step. We
find that the EFDM is also simpler in addition to being compu-
tationally more efficient [14,17].

We used the central difference scheme to represent the
(6P(6,2))/60 and (8%P(6,2))/66° terms, and the forward difference
scheme for the derivative term (oP(0,z))/6z [18]. Then, Eq. (2)
reads:

AzD  AzD 2AzD
Pyii1= (F‘m)l)k—l,l"‘ (1— A —(OCa)I<AZ>Pk,l

AzD  AzD

+<W+W>Pk+l,l (5)
where indexes k and [ refer to the discretization step lengths A6
and Az for angle 0 and length z, respectively, where:
0 O < Hp
40202112 02 (62 —0?
%ogioz—og exp|~20anoko(0g—0%)'*] 0 < 0 < g
00 Hk = Hq

(ad)l< =

(6)

In the difference form, boundary conditions become Py;=0
and Po;=P;;, where N=04/A0 is the grid dimension in 0 direction.
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To prevent the problem of singularity at grid points =0, we have
used the following relation [17]:

2
lim12 <96P) _7P

1moa0\Ya0) =250 @)

0=0

The input condition also has to be expressed in a finite
difference form. For the 0, excitation, it is in the form:

P@0,00=1, for 0<0<0, z=0 8)
while for the 0, excitation, it is in the form:
P@0,00=1, for 0<0<0; z=0 9

In this manner, we could determine angular power distribu-
tion at different lengths of W-type fiber whose intermediate layer
is characterized by the width éa and depth (04—0,). A typical
solution run takes up to 15 s on the Intel (R) Core (TM) i3 CPU 540
@ 3.07 GHz personal computer for the longest fiber analyzed
(of 10 km in length).

4. Numerical results

In this paper, we analyze spatial transients of power distribu-
tion as well as a steady-state distribution for the mode coupling
condition from guided to leaky modes in a W-type optical fiber.
Figs. 2-4 show angular power distributions in W-type fiber for two
different normalized intermediate layer widths 6 (6=0.2 and 0.5;
actual widths éa are 0.2 - 30 um and 0.5 - 30 um). This was obtained
by solving the power flow Eq. (2) using EFDM, for the coupling
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0.8 |

04+ =05
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00 1 1 1
0 1 2 3

Propagation Angle (deg)
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coefficient D=2.3x10"7, 23x107% and 2.3 x 10~ °rad?/m,
respectively. The fiber characteristics were: no=1.46, 4,=0.2%
(0p=3.6°), 44=0.7% (04 = 6.7°) and 2a=60 pm [14]. Critical angles
0, and 04 are also marked in Figs. 2-4. Solid curves in the figures
represent power distribution when guided and leaky modes are
equally excited at the input fiber end (z=0). This exciting condition
is defined as 0, excitation. The power distributions when only
guided modes are equally excited (0, excitation) are shown by
dashed lines. One can see from Figs. 2-4 that when the launch
distribution at the input end of the fiber is centered at 0,=0, with
increasing distance from the input fiber end, the power distribu-
tion remains at the same angle, but its width changes. For 0,
excitation, the width of the power distribution decreases with fiber
length, both for 6=0.2 and 0.5. For 0, excitation, the width of the
power distribution after initial decrease continue to increase with
fiber length in the case of 0=0.5, and it decreases in the case of
0=0.2. For 04 excitation, the power remains in leaky modes for a
rather long transmission length for the 6=0.5 case. It rapidly
attenuates within a short length for the §=0.2 case. This difference
is caused by the difference in leaky mode losses. For thick
intermediate layer widths, the lower leaky modes are substantially
guided because of the low leaky modes losses. One can observe in
Figs. 2-4 that for identical intermediate layer widths, the power
distribution shifts towards that of the SC, fiber as the coupling
strength becomes larger. Power distributions gradually approach
certain steady-state distributions as the transmission length
increases for any excitation condition. Steady-state distribution
varies not only with the intermediate layer width but also with the
mode coupling strength. With decreasing the width of the
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Fig. 2. Spatial transient of power distributions for §=0.5 (the graph at left) and §=0.2 (right) and for the coupling coefficient D=2.3 x 10~7 rad?/m (centrally launched
input). The power distributions when only guided modes are equally excited (6, excitation) are shown by dashed lines. Solid curves in the figures represent power
distribution when guided and leaky modes are equally excited at the input fiber end (0, excitation).
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Fig. 3. Spatial transient of power distributions for 6=0.5 (left) and =0.2 (right) and for the coupling coefficient D=2.3 x 10~° rad?/m (centrally launched input).
The power distributions when only guided modes are equally excited (0, excitation) are shown by dashed lines. Solid curves in the figures represent power distribution
when guided and leaky modes are equally excited at the input fiber end (0, excitation).
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Fig. 4. Spatial transient of power distributions for 6=0.5 (left) and =0.2 (right) and for the coupling coefficient D=2.3 x 10~° rad?/m (centrally launched input).
The power distributions when only guided modes are equally excited (6, excitation) are shown by dashed lines. Solid curves in the figures represent power distribution
when guided and leaky modes are equally excited at the input fiber end (0, excitation).
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Fig. 5. Fiber length z; at which the steady-state distribution is achieved. (Lines are
drawn for visual aid.).

intermediate layer, there is a decrease in the fiber length zs which
is necessary for achieving the steady-state distribution. It can be
seen from Fig. 5 that this length also decreases with increasing the
strength of mode coupling, which is more pronounced in the case
of 6=0.5 for weaker mode coupling.

It is well known that an increase in mode coupling improves
the fiber bandwidth. It can be seen from Fig. 5 that increase of
mode coupling results in the decrease of the length at which a
steady-state distribution is achieved. It can also be seen from
Fig. 5 that the length of fiber at which a steady-state distribution
is achieved is shorter for thinner intermediate layer width.
Therefore one can conclude that fiber bandwidth can be improved
either by reducing the intermediate layer width or strengthening
the mode coupling process. Since the mode coupling increase
results in an increased steady-state loss, in practice a trade-off
relation between bandwidth and loss has to be considered.

5. Conclusion

We report on the explicit difference solution of the power flow
equation in multimode W-type optical fibers. Spatial transients of
the power distribution for different intermediate layer widths are
calculated. They approach certain steady-state distribution deter-
mined by the structural parameters and strength of mode
coupling. Calculated power distributions vary between those of
the reference SC; and SC, fibers with the width of the

intermediate layer. This behavior is due to the difference in leaky
modes losses for different intermediate layer widths. We have
obtained that with increasing the strength of mode coupling,
there is a decrease in the W-type fiber length that is necessary for
achieving the steady-state distribution. This dependence is more
pronounced in the case of thicker intermediate layer for weaker
mode coupling. This length also decreases with decreasing the
width of the intermediate layer. Finally, we have shown that the
explicit finite difference method is effective and accurate for
solving the power flow equation for W-type optical fibers.
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For different depth and width of the intermediate layer, a power flow equation is used to calculate spatial
transients and steady state of power distribution in W-type optical fibers (doubly clad fibers with three
layers). A numerical solution has been obtained by the explicit finite difference method. Results show
how the power distribution in W-type optical fibers varies with the depth of the intermediate layer for
different values of intermediate layer width and coupling strength. We have found that with increasing
depth of the intermediate layer, the fiber length at which the steady-state distribution is achieved
increases. Such characterization of these fibers is consistent with their manifested effectiveness in
reducing modal dispersion and improving bandwidth. © 2012 Optical Society of America

OCIS codes:  060.2310, 060.2400.

1. Introduction

Optical fiber communication links have been facing
ever-increasing expectations for capacity and range.
The transmission medium for most long-distance
communication or high-capacity networks have been
glass optical fibers with single cladding (SC). Appli-
cation of plastic optical fibers (POF's) in communica-
tion has been limited to short data links and local
area networks because of these fibers’ comparatively
high attenuation and modest bandwidth that limit
the transmission rate. Attempts to surpass these
performance confines include spatial modulation
[1] and detection techniques [2], equalization [3],
modal dispersion compensation [4], and restricted
modal launch. Yet comparatively little attention
has been devoted to the analysis and design of the
profile of the multimode fiber with a view of advan-
cing fiber characteristics, particularly transmission
bandwidth. With their intermediate layer, the
three-layered W-type POFs have potential in this

1559-128X/12/204896-06$15.00/0
© 2012 Optical Society of America

4896 APPLIED OPTICS / Vol. 51, No. 20 / 10 July 2012

respect as their bandwidths have been shown experi-
mentally to exceed those of graded index POF's [5].
Waveguide dispersion is smaller in the W-type fi-
ber than it is in the SC fiber [6]. The W-type fiber is
also easier to splice. It has a wide transmission band-
width and lower bending losses compared to a corre-
sponding SC fiber because the number of guided
modes in the W-type fiber is reduced. The reduction
is by the intermediate layer, which decreases the fi-
ber’s effective numerical aperture, and therefore the
number of guided modes, and confines the guided
modes tighter to the core [7]. In the case of glass op-
tical fibers, while the bandwidth—distance product is
typically around 30 MHz - km for the SC variety, it is
around 50 MHz - km for the W-type. For POFs, these
figures would typically be 15 MHz - km for the SC
and 200 MHz-km for the W-type [5,8-10] fibers.
Mode coupling and differential-mode attenuation
strongly affect the transmission performance of mul-
timode optical fibers. The latter is a consequence of
absorption and scattering of light within the fiber
material, which reduces the transmitted power.
The former is a form of light diffraction, which trans-
fers power between individual modes and is caused



by fiber anomalies that are random in nature (such
as cracks, voids, microscopic bends, and density and
diameter/shape variation). Mode coupling leads to
the formation of a steady-state power distribution
that is reached some distance z, from the input fiber
end. This steady state is characterized by the devel-
opment of an intensity distribution in the far field
that is one and the same whatever the launch mode
that produced it. In other words, the steady-state
output light distribution is independent from launch
conditions.

On the positive side, mode coupling reduces modal
dispersion, thus increasing fiber bandwidth. The
negative consequence of mode coupling is that it in-
creases loss in fiber curves [11], changes properties of
the output field, and degrades the quality of the
beam. With their intermediate layer situated be-
tween the cladding and core, W-type fiber properties
differ from the ones pertaining to SC fibers. This is
because of the lossy, leaky modes in the intermediate
layer. The coupling of modes from guided to lossy,
leaky ones in W-type fibers has not been explained
in the literature sufficiently. Bends and junctions
of the fiber are expected in any optical fiber network,
including a W-type fiber network, representing one
more cause of coupling. It causes the energy carried
by the low-order modes to couple to higher-order
ones. Consequently, regardless of whether only the
low-order modes were launched by selectively re-
stricted conditions, higher-order modes will always
appear in the output. Such higher-order modes re-
duce bandwidth of the W-type fiber and necessitate
that the group delay difference between modes be
minimized by optimizing the fiber’s refractive index
proﬁle [12]. As modal attenuation, coupling, and dis-
persion affect transmission of the W-type optical
fiber, methods for calculating their rates are needed.

Much work has been reported about the angular
power distribution across the near and far field out-
put from the fiber end. The use of the power flow
equation was reported in determining these distribu-
tions and predicting them for the given fiber length
and launch input, whereby the power transfer
between modes as the rate of mode coupling was
modeled by the coupling coefficient D [13-18]. Con-
catenating to this approach, we investigated in this
work how the depth of the intermediate layer of
W-type optical fibers influences the coupling of
guided to leaky modes and the consequent transient
and steady-state power distribution across the fiber.

2. Power Flow Equation

The time-independent power flow for multimode SC
fibers is described by the following coupled-power
equation [13]:

oP(0, z)
0z

0P(0,2)
-a(0)P(0,z )+939(9 30 ) (D

This equation can be written in the form

P(0,2) _

2
¢ DoP(.2) , ,0°P(0.2)

0 90 062 @

—a(0)P(0.2) +—

where P(0,z) is the angular power distribution at
distance z from the input end of the fiber, 6 is the pro-
pagation angle with respect to the core axis, D is the
coupling coefficient assumed constant [13,14], and
a(0) = ag + a4(0) is the modal attenuation, where
ap represents conventional losses (absorption and
scattering). The term a, leads only to a multiplier
exp(—apz) in the solution and is thus neglected. The
boundary conditions are P(9,,,z) = 0, where 6,, is the
maximum propagation angle, and D(JP/96) =0
at 0 =0.

Consider a W-type fiber with index profile shown
in Figure 1. The relative refractive index difference
A, = (ng - nq)/ no between the core and intermediate
layer is larger than the difference A, = (ng —n,)/ny
between core and cladding, where no, ng, and n, are
refractive indices of the core, intermediate layer, and
cladding, respectively. In this structure, the modes
whose propagation angles are between 6, = (2A,)V2
and 6, = (2A,)V? are leaky modes [15]. Attenuation
constants of leaky modes are given as [16]

462 - 6272 0262 - 6°)
a(l-60%)V2 2(62 - 62)
x exp[-25angky (62 — 62)V?], 3)

ap(0) =

where k, is the free-space wave number,a is core
radius, and a is intermediate layer (inner cladding)
width. In an SC fiber, experimental results show
that attenuation remains constant throughout the
guided-mode region and rises quite steeply in the
radiation-mode region [17]. Consequently, the modal
attenuation in a W-type fiber can be expressed as

0 0<6,
ag(0) = { ag(6) 6, <0<0,. 4)
oo 020,

A W-type fiber can be regarded as a system consist-
ing of SC, fiber and cladding. In the SC, fiber, modes
having propagation angles smaller than the critical
angle 6, can be guided. When the SC, fiber is coupled

n

L1
0 aaté-a

Refractive index profile of a W-type fiber [15].

Fig. 1.
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with surrounding medium of index n,, the lower-
order modes, whose propagation angles are smaller
than the critical angle of the SC, fiber 6,, remain
guided. However, the higher-order modes with angles
between 6, and 6, are transformed into leaky modes.
It is shown that because of the strong dependence of
ar(0) on the intermediate layer width Sa, steady-
state characteristics of a W-type fiber depend on Sa
and coincide with those of SC, and SC, fibers in
the limits of § - 0 and 6 — o, respectively [16,19].
Another parameter that influences the power distri-
bution in W-type optical fibers is depth of intermedi-
ate layer (Fig. 1). In this work, we investigate how
this depth influences the power distribution in
W-type optical fibers for different values of inter-
mediate layer width éa and coupling strength D.
The results obtained could be applied when design-
ing W-type optical fibers.

3. Numerical Method

Because an analytical solution of the power flow
equation [Eq. (2)] with the attenuation constants of
leaky modes in the form of Eq. (3) is not available,
one has to solve it numerically. We have done that
for the W-type optical fiber using the explicit differ-
ence method (EFDM). We used the central difference
scheme to represent the (0P(60,z))/00 and (02P(0, z))/
002 terms, and the forward difference scheme for the
derivative term (dP(6,z)) /9z [20]. Then, Eq. (2) reads

AzD AzD
Priq = (A—QQ—W)Pk—u

2AzD
+ (1 - W - (ad)kAz)Pk,l

AzD  AzD
+ (m + W)P}H—l.l’ (5)

where indexes k& and [ refer to the discretization
step lengths A9 and Az for angle 0 and length z,
respectively, where

The input condition also has to be expressed in a
finite difference form. For the 6, excitation, it is
z=0, (8)

P©.0)=1, for0<6<6,;

while for the 6, excitation it is in the form

P@©.0)=1, for0<6<4,; z=0. 9
In this manner, we could determine angular power

distribution at different lengths of W-type fiber.

4. Numerical Results

In this paper, we analyze spatial transients of power
distribution as well as the steady-state distribution
for the coupling of guided to leaky modes in a W-type
optical fiber. The fiber structural characteristics were
A, =02%(0, =3.6°, A, =0.7%(, =6.76°), and
2a = 60 ym [15,19]. Further, ny =146 and 1=
840 nm were used in the calculations. In order to in-
vestigate the influence of depth of the intermediate
layer on the power distribution in this fiber, we
consider the case when the core index n, and outer
cladding index n,, are fixed. The depth of the inter-
mediate layer is varied by changing the initial value
of A, = 0.7% for £15 and +25%; thus we analyzed
cases where A, = 0.525%(0, =~ 5.87°), A, = 0.595%
(0, 26.25°), A, =0.7%(9, =6.76°), A, =0.805%
(0, 2 7.27°),and A, = 0.875%(60, = 7.58°). The chan-
ge in 6, for constant 6, changes the number of leaky
modes as well as their attenuation [Eq. (3)]. Leaky
mode losses for different intermediate layer depths
are shown in Figure 2. One can observe in this figure
that when the intermediate layer width is constant
(6 = 0.2), the leaky mode loss changes significantly
with the intermediate layer depth.

We solved the power flow Eq. (2) using EFDM for
the coupling coefficient D = 2.3 x 1077, 2.3 x 1075,
and 2.3 x 10~® rad?/m and for two different normal-
ized intermediate layer widths § (6 = 0.2 and 0.5;
actual widths 6o are 0.2-30 pum and 0.5-30 ym).
The relevant numerical values obtained for different

0 0, <0,
4(92 _ 02)]/2 92(02 _ 92)
(aay = | — (f_ gé’)yz - ( o g’g) exp[-28anqky (62 - 62)V2] 6, < 6}, < 6, . (6)
q\’q p
00 020,

In the difference form, boundary conditions become
Py, =0and Py; = Py;, where N = 0,/A0 is the grid
dimension in € direction. To prevent the problem of
singularity at grid points 6 = 0, we have used the
following relation [18]:

2
10 ( BP) 0°P e

imsa0\%30) =23

6=0
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intermediate layer depths are summarized in Table 1
to facilitate easier comparisons. As an illustration,
Figs. 3, 4, 5, 6, and 7 show angular power dis-
tributions in W-type fiber for different depths
of the intermediate layer, for intermediate layer
width 6 =0.2, and for the coupling coefficient
D =23x10" rad’m. Critical angles ¢, and 6,

are also marked in Figs. 3,4, 5,6, and 7. Solid curves
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Fig. 2. Leaky mode loss for different intermediate layer depths.

in the figures represent power distribution when
guided and leaky modes are equally excited at the
input fiber end (z = 0). This excitation condition is
referred to as the 6, excitation. The power distribu-
tions when only guided modes are equally excited
(6, excitation) are shown by dashed lines.

One can observe from Figures 3, 4, 5, 6, and 7 that
when the launch distribution at the input end of the
fiber is centered at 6, = 0, the power distribution
remains at the same angle as the distance from

Table 1. W-type Fiber Length z, at which the Steady-state
Distribution Is Achieved for Different Values of the Coupling
Coefficient D, Intermediate Layer Width §, and Intermediate

Layer Depth 4,

D(rad%m) 5 A, (%) 2,(m)
0.525 3500
0.595 4000
0.2 0.7 4700
0.805 5000
0.875 5500
2.3 x 1077
0.525 7500
0.595 9000
0.5 0.7 11000
0.805 12000
0.875 13000
0.525 400
0.595 500
0.2 0.7 600
0.805 700
0.875 800
2.3x 1076
0.525 900
0.595 1000
0.5 0.7 1100
0.805 1300
0.875 1400
0.525 50
0.595 70
0.2 0.7 80
0.805 110
0.875 120
2.3x107°
0.525 100
0.595 120
0.5 0.7 130
0.805 160
0.875 180

1.0
0.1 z=0 km

Normalized Power

04+ $=0.2
D=2.3x10" rad’/m
02}
0
q
00 1 1 1 \

Propagation Angle (deg)

Fig. 3. Spatial transient of power distributions for A, = 0.525%,
& = 0.2 and for the coupling coefficient D = 2.3 x 107 rad®/m (cen-
trally launched input). Shown by dashed lines are the power dis-
tributions resulting when only the guided modes are excited and
are excited equally (the 6, excitation). Solid curves in the figures
represent power distribution when guided and leaky modes are
equally excited at the input fiber end (the ¢, excitation).
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Fig. 4. Spatial transient of power distributions for A, = 0.595%,
5§=0.2 and for the coupling coefficient D = 2.3 x 107 rad%/m
(centrally launched input). Shown by dashed lines are the power
distributions resulting when only the guided modes are excited
and are excited equally (the 6, excitation). Solid curves in the fig-
ures represent power distribution when guided and leaky modes
are equally excited at the input fiber end (the 6, excitation).
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Fig. 5. Spatial transient of power distributions for A, = 0.7%,
5=0.2 and for the coupling coefficient D = 2.3 x 10~7 rad%m
(centrally launched input). Shown by dashed lines are the power
distributions resulting when only the guided modes are excited
and are excited equally (the 6, excitation). Solid curves in the fig-
ures represent power distribution when guided and leaky modes
are equally excited at the input fiber end (the 6, excitation).
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Fig. 6. Spatial transient of power distributions for A, = 0.805%,
6=0.2 and for the coupling coefficient D = 2.3 x 10~7 rad®m
(centrally launched input). Shown by dashed lines are the power
distributions resulting when only the guided modes are excited
and are excited equally (the 6, excitation). Solid curves in the fig-
ures represent power distribution when guided and leaky modes
are equally excited at the input fiber end (the 6, excitation).

the input fiber end increases, but its width changes.
Both for 6, excitation and 6, excitation, the width of
the power distribution decreases with fiber length for
all values of A, that were analyzed (0.525%, 0.595%,
0.7%, 0.805%, and 0.875%). For 6, excitation, the
power remains in leaky modes for the longest trans-
mission lengths in the case of the largest depth
(A, = 0.875%) of the intermediate layer. One can ob-
serve from Table 1 that with the increasing depth of
the intermediate layer, the fiber length z; necessary
for achieving the steady-state distribution increases
for all values of the coupling coefficient D and inter-
mediate layer width § that were analyzed. The
reason for this is in the number of leaky modes.
The larger this number (larger A, and consequently
6,), the longer fiber length it takes for the coupling
process to complete.

We have also obtained that for the fixed intermedi-
ate layer width and depth, the power distribution
shifts towards that of the SC, fiber as the coupling
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Fig. 7. Spatial transient of power distributions for A, = 0.875%,
5=0.2 and for the coupling coefficient D = 2.3 x 10~7 rad®m
(centrally launched input). Shown by dashed lines are the power
distributions resulting when only the guided modes are excited
and are excited equally (the 6, excitation). Solid curves in the fig-
ures represent power distribution when guided and leaky modes
are equally excited at the input fiber end (the 6, excitation).
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strength becomes larger. Power distributions gradu-
ally approach certain steady-state distributions as
the transmission length increases for any excitation
condition. Steady-state distribution varies not only
with the intermediate layer width and depth but also
with the strength of mode coupling. The fiber length
z, necessary for achieving the steady-state distribu-
tion decreases with the increasing strength of mode
coupling (Fig. 8).

Finally, because leaky mode loss decreases with in-
creasing the width of the intermediate layer, power
remains in leaky modes for a rather long transmis-
sion length in the case of § = 0.5, which results in
longer fiber length, which is necessary for achieving
the steady-state distribution if compared to that of
the 6 = 0.2 case. Thus the bandwidth can be im-
proved by reducing the intermediate-layer width,
which results in faster attenuation of leaky modes.

5. Conclusion

Spatial transients and a steady state of the power
distribution are calculated by the power flow equa-
tion for different intermediate-layer depths and
widths of multimode W-type optical fibers. It is found
that the deeper this layer, the longer length z, it
takes to achieve the steady-state distribution. This
is explained by the correspondingly increasing num-
ber of leaky modes. It is similarly shown that the
stronger the mode coupling, the shorter the W-type
fiber it takes for the power distribution to reach
its steady state. We have also obtained that, because
leaky mode loss decreases with increasing the width
of the intermediate layer, power remains in leaky
modes for a rather long transmission length in the
case of § = 0.5, which results in longer fiber length,
which is necessary for achieving the steady-state dis-
tribution if compared to that of the § = 0.2 case. As a
consequence, the bandwidth improvement can be
achieved by reducing the intermediate-layer width.

The work described in this paper was supported by
a grant from the Serbian Ministry of Education and
Science [Project No. 171011].
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1. Introduction

The transmission medium for most long-distance communica-
tion or high-capacity networks have been glass optical fibers with
single cladding (SC). Application of plastic optical fibers (POFs) in
communication has been limited to short data links and local area
networks because of these fibers’ comparatively high attenuation
and modest bandwidth that limited the transmission rate.
Attempts to surpass these performance confines included spatial
modulation [1] and detection techniques [2], equalization [3],
modal dispersion compensation [4], and restricted modal launch.
Yet, comparatively little attention was devoted to the analysis and
design of the profile of the multimode fiber with a view of
advancing fiber characteristics, particularly its transmission band-
width. With their intermediate layer, the three-layered W-type
POFs have potential in this respect as their bandwidths were
shown experimentally to exceed those of graded index POFs [5].

Waveguide dispersion is smaller in the W-type fiber than it is
in the SC fiber. It has a wide transmission bandwidth and lower
bending losses compared to a corresponding SC fiber because the
number of guided modes in the W-type fiber is reduced. The
reduction is by the intermediate layer, which decreases the fiber’s
effective numerical aperture and therefore the number of guided
modes, and confines the guided modes tighter to the core [6]. In
the case of glass optical fibers, while the bandwidth-distance

* Corresponding author at: University of Kragujevac, Faculty of Science,
R. Domanovica 12, 34000 Kragujevac, Serbia. Tel.: +381 343 35039.
E-mail address: savovic@kg.ac.rs (S. Savovic).

0030-3992/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.optlastec.2012.11.033

product is typically around 30 MHz km for the SC variety, it is
around 50 MHz km for the W-type. For POFs, these figures would
typically be 15 MHz km for the SC and 200 MHz-km for the
W-type [5,7-9] fibers.

Differential mode-attenuation and mode coupling strongly
affect the transmission performance of multimode optical fibers.
The former is a consequence of absorption and scattering of light
within the fiber material, which reduces the transmitted power.
The latter is a form of light diffraction, which transfers power
between individual modes and is caused by random fiber-
anomalies (such as cracks, voids, microscopic bends, density and
diameter/shape variation). On the positive side, mode coupling
reduces modal dispersion thus increasing fiber bandwidth.
Namely, the transfer of energy between modes with different
propagation velocities tends to average out the total propagation
delays, thus reducing the intermodal dispersion and increasing
the fiber bandwidth. The negative consequence of mode coupling
is that it increases fiber loss, especially in curved fiber [10],
changes properties of the output-field and degrades the quality
of the beam. With their intermediate layer situated in-between
the cladding and core, W-type fiber properties differ from the
ones pertaining to SC fibers. This is because of the lossy leaky
modes that are found in the intermediate layer. The coupling of
modes from guided to lossy leaky ones in W-type fibers was not
explained in the literature sufficiently. Bends and junctions of the
fiber are expected in any optical fiber network including W-type
fiber network, representing one more cause of coupling. It causes
the energy carried by the low-order modes to couple to higher
order ones. Consequently, regardless of whether only the low-
order modes were launched by selectively restricted conditions,
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higher order modes will always appear in the output. Such higher
order modes reduce bandwidth of the W-type fiber and necessi-
tate that the group delay difference between modes be minimized
by optimizing the fiber’s refractive index profile [11]. As modal
attenuation, coupling and dispersion affect transmission of the
W-type optical fiber, methods for calculating their contributions
are needed.

The far-field pattern of an optical fiber is determined by the
optical power distribution that depends on the launch conditions,
fiber properties and fiber length. Light launched at a specific angle
0o > 0 with respect to the fiber axis will form a sharply defined
ring radiation pattern at the output end of only short fibers.
Because of mode coupling, the boundary (edges) of such a ring
become fuzzy at the end of longer fibers. Up to a “coupling
length” L. from the input fiber end, the extent of this fussiness
increases further with fiber length and the ring-pattern evolves
gradually into a disk extending across the entire fiber cross-
section. An equilibrium mode distribution (EMD) exists beyond
the coupling length L. of the fiber. It is characterized by the
absence of rings regardless of launch conditions, even though the
resulting light distribution of the disk-pattern may vary with
launch conditions. EMD indicates a substantially complete mode
coupling. It is of critical importance when measuring character-
istics of multimode optical fibers (linear attenuation, bandwidth,
etc). Indeed, measurement of these characteristics would only be
considered as meaningful if performed at the EMD condition
when it is possible to assign to a fiber a unique value of loss per
unit length [12].

In order to determine the fiber length L. where the EMD is
achieved, one can perform either pulse broadening measurements
as a function of fiber length [13,14] or can analyze the change of
the output angular power distribution as a function of fiber length
for different launch angles [14]. In the former case, L. is the fiber
length after which the bandwidth becomes proportional to 1/z!/2
instead of 1/z (z is the fiber length). In the latter case, L. is the
fiber length after which all output angular power distributions
take the disk-form regardless of the incidence angle. The shorter the
length L, the earlier the bandwidth would switch from the functional
dependence of 1/z to 1/z' (faster bandwidth improvement).

Much work has been reported about the angular power dis-
tribution across the near and far field output from the fiber end.
The use of the power flow equation was reported in determining
these distributions and predicting them for the given fiber length
and launch input; whereby the power transfer between modes as
the rate of mode coupling was modeled by the coupling coefficient
D [13,15-20]. Adding to this approach, in this work we investigated
how the width of the launch beam distribution influences coupling
length for achieving the equilibrium mode distribution in W-type
glass optical fibers for various depths and widths of the inter-
mediate layer and coupling strengths.

2. Power flow equation

The time-independent power flow for multimode SC fibers is
described by the following coupled-power equation [13]:

oP0,2) Do oP(0,2)
This equation can be written in the following form:
aP(0.2) DoP,z2)  8*P(0,2)
& = ~OPOD+ 5=+ 7 )

where P(0,z) is the angular power distribution at distance z from
the input end of the fiber, 6 is the propagation angle with respect
to the core axis, D is the coupling coefficient assumed constant

L1
0 aatd-a

s

Fig. 1. Refractive index profile of a W-type fiber.

[15,16] and a(0) = og+0oq(0) is the modal attenuation, where ag
represents conventional losses (absorption and scattering). The
term o,y leads only to a multiplier exp( — «oz) in the solution and is
thus neglected. The boundary conditions are P(0,,,z)=0, where 0,
is the maximum propagation angle, and D(dP/00)=0 at 0=0.

Consider a W-type fiber with index profile shown in Fig. 1. The
relative refractive index difference 44 = (np—nq)/no between the
core and intermediate layer is larger than the difference
Ay, = (ng—nyp)/ng between core and cladding, where ng, nq and
n, are refractive indices of the core, intermediate layer and
cladding, respectively. In this structure, the modes whose propa-
gation angles are between 0, = (2Ap)1/2and 0q = (2Aq)1/2are
leaky modes [16]. Attenuation constants of leaky modes are given
as [17]

a(e?-62)" 07 (02 -?)

O(L(B): a(1792)1/2 63<03_0§>

exp {—Zéanoko ((93—92) 1/2} 3

where kq is the free-space wave number, a is the core radius and
Ja intermediate layer (inner cladding) width. In an SC fiber,
experimental results show that attenuation remains constant
throughout the guided-mode region and rises quite steeply in
the radiation-mode region [18]. Consequently, the modal attenua-
tion in a W-type fiber can be expressed as:

0 0<0,
o (9) — o) 0,<0<0q 4
00 0>0q

A W-type fiber can be regarded as a system consisting of SCq
fiber and cladding. In the SCq fiber, modes having propagation
angles smaller than the critical angle 04 can be guided. When the
SC, fiber is coupled with surrounding medium of index n,, the
lower order modes, whose propagation angles are smaller than
the critical angle of the SC, fiber 0,, remain guided. However, the
higher order modes with angles between 0pand 0, are trans-
formed into leaky modes. It is shown that because of the strong
dependence of o;(0) on the intermediate layer width da, steady-
state characteristics of a W-type fiber depend on da and coincide
with those of SC, and SCq fibers in the limits of 6 >0 and § — oo,
respectively [17,20]. Another parameter which influences the
power distribution in W-type optical fibers is a depth of inter-
mediate layer (Fig. 1). In this work, we investigate how depth and
width of intermediate layer influence the transient and EMD in
W-type glass optical fibers for different strengths of mode
coupling and different widths of launch beam distribution. The
results obtained could be applied when designing W-type glass
optical fibers.
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3. Numerical method

Since analytical solution of the power flow equation (2) with
the attenuation constants of leaky modes in the form of (3) is not
available, one has to solve it numerically. We have done that for
the W-type optical fiber using the explicit finite difference
method (EFDM). To start the calculations, we used Gaussian
launch-beam distribution of the form

- (0—00)}

P(0,z) = exp { —
203

)

with 0 < 0 < 0., where 0, is the mean value of the incidence angle
distribution, with the full width at half maximum
(FWHM),_o=2009+2In 2 =2.35506( (0¢ is standard deviation of
the incidence angle distribution). We used the central difference
scheme to represent the (6P(6,2))/60 and (SZP((J,Z))/EEGZ terms,
and the forward difference scheme for the derivative term
(6P(0,2))/oz [21]. Then, Eq. (2) reads as follows:

AzD  AzD 2AzD
Prii1= < >PI<71,I+ <1— A _(‘xd)kAZ>Pk,l

A2 20,A0
AzD  AzD
+ (29’<A0+F>Pk+l,l (6)

where indexes k and [ refer to the discretization step lengths A6
and Az for angle 0 and length z, respectively, where

0 O < 9p
4(()&4}?,)1'2 02 (02-02)
o(1R) " (03 %)

[e9) OkZOq

> > 1/2
(Gt = exp | —28angko (oqfak) 0p < O < 0q

(7)

In the difference form, boundary conditions become Py;=0

and Pg;=P;,;, where N=04/A0 is the grid dimension in 0 direction.

To prevent the problem of singularity at grid points 6 = 0, we have
used the following relation [19]:

2
lim L 2 (95’3) _7F

imoao\%%0) =% ®)

0=0

In this manner, we could determine angular power distribu-
tion at different lengths of W-type fiber.

4. Numerical results

In this paper, we analyze spatial transients of power distribution
as well as the EMD for the coupling of guided to leaky modes in a
W-type glass optical fiber. The fiber structural characteristics were
as follows: 4,=02% (0p~3.62°), 4¢q=0.7% (0q=6.76°) and
2a=60 pm [16,20]. Further, np=1.46 and /=840 nm were used in
the calculations. In order to investigate the influence of depth and
width of the intermediate layer as well as coupling strength and
width of launch beam distribution on the power distribution in this
fiber, we consider the case when the core index ny and outer
cladding index n, are fixed. The depth of the intermediate layer is
varied by changing the initial value of 4,=0.7% for +15% and
+25%, thus we analyzed cases where 44=0.525% (04~ 5.87°),
A4q=0.595% (0q=6.25°), 4q=07% (0q=6.76°), 443=0.805%
(0q =7.27°) and 44=0.875% (04 = 7.58°) [22]. The change in 04 for
constant 0, changes the number of leaky modes as well as their
attenuation (3). We solved the power flow Equation (2) using EFDM
for the coupling coefficient D=23x10"7, 23x10"°% and
2.3 x 1073 rad?/m and for two different normalized intermediate
layer widths ¢ (6=0.2 and 0.5; actual widths da are 0.2 x 30 pm and
0.5 x 30 um). We solved the power flow equation by selecting
Gaussian launch-beam distribution with (FWHM),_o=1° and 3°

Table 1

W-type glass fiber length L. at which the EMD is achieved for different values of
the coupling coefficient D, intermediate layer width ¢, intermediate layer depth 4,
and width of the launch beam distribution (FWHM),_,.

D (rad?/m) é Aq (%) L (m) L (m)
((FWHM),_o=1°) ((FWHM), _0=3")
0525 2090 1720
0.595 2205 1805
02 07 2400 1965
0.805 2690 2230
77 0.875 2890 2505
2.3x10 0525 3420 3030
0.595 3570 3260
05 07 3660 3430
0.805 3690 3505
0.875 3700 3510
0525 230 188
0.595 249 204
02 0.7 279 233
0.805 312 269
. 0.875 328 290
23x10 0525 341 305
0.595 351 322
05 07 357 333
0.805 359 337
0.875 359 338
0525 27 225
0.595 295 25
0.2 0.7 325 28.5
0.805 345 315
. 0.875 355 325
2.3x10 0.525 345 31
0595 355 325
05 07 36 335
0.805 36 34
0.875 36 34

by setting ¢ =0.425° and 1.274° in Eq. (5), respectively. The relevant
numerical values are summarized in Table 1 to facilitate easier
comparisons. As an illustration, in Fig. 2, our numerical solution of
the power flow equation is presented by showing the evolution of
the normalized output power distribution with fiber length for W-
type glass fiber with characteristics 44=0.7%, 6=0.2 and
D=2.3 x 10~ rad?/m, for Gaussian launch-beam distribution with
(FWHM),_o=1°. We show results for four different input angles
00=0, 1.2°, 2.4° and 3.6° (measured inside the fiber). Critical angles
0, and 0 are also marked in Fig. 2.

One can observe from Fig. 2 that when the launch distribution
at the input end of the fiber is centered at 6,=0, the power
distribution remains at the same angle as the distance from the
input fiber end increases, but its width increases due to mode
coupling. Radiation patterns in Fig. 2(a) of non-centrally launched
beams in short fibers are centered at values which are close to
their initial values. With increasing the fiber length one can
observe from Fig. 2(b) that coupling is stronger for the low-
order modes: their distributions have shifted more toward 6=0°.
Coupling of higher-order modes can be observed only after longer
fiber lengths (Fig. 2(c)). It is not until the fiber’s coupling length L.
that all the mode-distributions shift their mid-points to zero
degrees (from the initial value of Oy at the input fiber end),
producing the EMD in Fig. 2(d) of L. =2400 m.

One can observe from Table 1 that with increasing the strength
of mode coupling (D), there is decrease in length L. which is
necessary for achieving the EMD. This is because stronger mode
coupling, which is due to larger intrinsic perturbation effects in
the fiber, forces energy redistribution among guided modes to
occur at shorter fiber lengths. The lengths L. are shorter for wider
launch beam. This is because the energy of a wide launch beam is
more uniformly distributed among guided modes in the fiber,
which forces the EMD at shorter distances than for a narrow launch
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Fig. 2. Normalized output angular power distribution at different locations along W-type glass optical fiber calculated for 4 Gaussian input angles 0,=0° (solid curve),
1.2° (dashed curve), 2.4° (dotted curve) and 3.6° (dotted-dashed curve) with (FWHM),_o=1° for (a) z=40 m, (b) z=700 m, (c¢) z=1680 m and (d) z=2400 m. The fiber

characteristics are 44=0.7%, =0.2 and D=2.3 x 10”7 rad?/m.

Table 2

SCp, and SCq fiber length L. at which the EMD is achieved for different values of the coupling coefficient D and width of the launch beam distribution (FWHM),_o.

SC, fiber SC, fiber (Aq=0.7%)
L (m) Lc (m) Lc (m) L (m)
D (rad’/m) ((FWHM),_o=1°) ((FWHM);_o=3") ((FWHM),_o=1°) ((FWHM),_o=3°)
23x1077 1880 1560 6600 6100
23x10°° 202 157 650 610
23x107° 19 16 65 61

beam. With increasing depth of the intermediate layer, the fiber
length L. at which the EMD is achieved increases. This is explained
by the correspondingly increasing number of leaky modes. The
larger number 44 (larger 4qand consequently 6g), the longer fiber
length it takes for the coupling process to complete. This increase is
more pronounced in the case of narrower intermediate layer width
(0=0.2). Since leaky mode loss decreases with increasing the width
of the intermediate layer, power remains in leaky modes for a
rather long transmission length in the case of §=0.5, which results
in longer fiber length which is necessary for achieving the EMD if
compared to that of 6=0.2 case. Similarly, for a fixed value
of Aq, decrease of ¢ from 0.5 to 0.2 results in approximately the
same decrease of L. if compared to the case of changing 44 from
0875 to 0.525% for a fixed value of 6. One can also see
that coupling length L. of W-type glass fibers (Table 1) varies
between those of the reference SC, and SC, fiber (Table 2) with the
width of the intermediate layer. The shortest coupling lengths
characterize SC, fiber. This is due to the fact that mode coupling
occurs only between guided modes which propagate along the
fiber with propagating angles 0 between 0 and 3.62°. The longer
coupling lengths which characterize SCq fiber if compared to those
of SC, fiber are due to a larger number of guiding modes which
propagate along the SC, fiber with propagating angles 0 between
0° and 6.76°.

Steady-State Loss (dB/km)

0.1 . L

D (rad’/m)

Fig. 3. Dependence of steady-state loss on mode coupling strength. (lines are
drawn for visual aid).

We can conclude that L. is determined by fiber structural
parameters, mode coupling strength and width of launch beam
distribution. The bandwidth can be improved by reducing the
intermediate-layer width, strengthening the mode coupling process
or selecting a narrow launch beam distribution [16]. It is evident
from Fig. 3 that the steady-state loss changes from that of SCq to SC,
fiber as the intermediate layer width becomes thinner. Since the
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mode coupling increase results in an increased steady-state loss
(Fig. 3), in practice a tradeoff relation between bandwidth and loss
has to be considered in designing the optimum W-type index
profile. Controlling the intermediate layer width entails a smaller
sacrifice in loss than an increase in coupling strength. A narrow
launch beam distribution leads to a higher bandwidth at small and
intermediate fiber lengths if compared to that of wide launch beam
distribution [16]. A wider launch beam distribution forces band-
width shift from 1/z proportional to 1/z'/? proportional curve to
occur at shorter fiber lengths (Table 1), which results in bandwidth
improvement at shorter fiber lengths. At a certain fiber length
where steady-state modal distribution is achieved, the bandwidth
converges to a launch independent behavior.

Finally, one should mention here that similar approach has
already been applied for photonic crystal fibers [23]. A large mode
area Yb-doped rod-type photonic crystal fiber design with a low
refractive index ring in the core is proposed in Ref. [23] to provide
an improved suppression of the first higher-order mode compared
to the case of uniform core doping, in a way which is more robust
against fluctuations in the refractive index value. Results have
demonstrated the effectiveness of the low refractive index ring in
suppressing the higher-order mode, thus providing an effectively
single-mode behavior for the rod-type fibers.

5. Conclusion

We have shown how the width of the launch beam distribution
influences coupling length for achieving the equilibrium mode
distribution in W-type glass optical fibers for various depths and
widths of the intermediate layer and coupling strengths. It is shown
that wider the launch beam, the shorter the length L. which is
necessary for achieving the EMD in W-type glass fiber. This is
because the energy of a wide launch beam is more uniformly
distributed among guided modes in the fiber, which forces the EMD
at shorter distances than for a narrow launch beam. It is similarly
shown that the stronger the mode coupling, the shorter the W-type
fiber it takes for the power distribution to reach its modal
equilibrium. Since leaky mode loss decreases with increasing the
width of the intermediate layer, power remains in leaky modes for
a rather long transmission length in the case of 6=0.5, resulting in
longer fiber length which is necessary for achieving the EMD if
compared to that of §=0.2 case. It is found that the deeper the
intermediate layer, the longer length L. it takes to achieve the EMD.
This is explained by the correspondingly increasing number of leaky
modes. The bandwidth can be improved by reducing the
intermediate-layer width, strengthening the mode coupling process
or selecting a narrow launch beam distribution. In practice a trade-
off relation between bandwidth and loss has to be considered in
designing the optimum W-type index profile. Controlling the
intermediate layer width entails a smaller sacrifice in loss than an
increase in coupling strength. A narrow launch beam distribution
leads to a higher bandwidth at small and intermediate fiber lengths
if compared to that of wide launch beam distribution. A wider
launch beam distribution forces bandwidth shift from 1/z propor-
tional to 1/z'/? proportional curve to occur at shorter fiber lengths,
which results in bandwidth improvement at shorter fiber lengths.
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1. Introduction

Singly clad (SC) glass optical fibers are often used for signal
transmission in long-distance communication and high-capacity
networks. In contrast, plastic optical fibers (POFs) exhibit com-
paratively high attenuation and low bandwidth. This limits the
achievable transmission rate of POF systems and restricts their
application in the communications field to short data links and
local area networks. To mitigate these performance boundaries,
the application of spatial modulation [1] and detection techniques
[2], equalization [3], modal dispersion compensation [4], and
restricted modal launch have been reported. A potential for
additional bandwidth enhancement seems to be achievable
through improved design of the profile of the multimode fiber.

Doubly clad “W-type” optical fibers have three distinct optical
layers. They exhibit reduced dispersion compared to their singly
clad counterparts. They are also easier to splice, have a reduced
number of guided modes, wider transmission bandwidth and
lower bending losses. It is the W-type fiber's intermediate layer
that reduces the number of guided modes, which lowers the
fiber's effective numerical aperture by keeping the guided modes
tighter to the core [5]. For reference, the bandwidth-distance
product of SC and W-type glass fibers may be around 30 MHz km
and 50 MHz km, respectively, and 15 MHz km and 200 MHz km
for the corresponding POFs. [6-8].

* Corresponding author. Tel.: +381 34 335039; fax: +381 34 335040.
E-mail address: savovic@kg.ac.rs (S. Savovic).

0030-3992/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.optlastec.2013.10.024

Transmission of multimode optical fibers is affected strongly by
coupling and differential mode-attenuation. The latter reduces the
transmitted power by absorption and scattering within the fiber
material. Mode coupling, on the other hand, is a form of light
diffraction. It transfers power between propagating modes and is
caused by fiber-anomalies of random nature (such as voids, cracks,
microscopic bends, and variations in fiber density, diameter and
shape). The positive effect of mode coupling is that it reduces
modal dispersion because the transfer of energy between modes
with different propagation velocities tends to average out the total
propagation delays. This reduces the intermodal dispersion and
increases bandwidth. On the negative side, mode coupling
increases fiber loss, particularly in curved fibers [9], and alters
the output-field properties or beam quality.

It is the lossy leaky modes in the intermediate layer (between
the outer cladding and core) that distinguish properties of the
W-type fiber from those of the corresponding SC fibers. Therefore,
coupling of guided to lossy modes in the W-type fibers deserves a
closer examination. The unavoidable fiber bends and inevitable
junctions in the fiber network additionally couple low-order
modes to higher-order ones. Higher order modes will therefore
always be present in the fiber output even if only low-order modes
had initially been launched by some selective input conditions.
Because this affects fiber bandwidth, it is desirable to optimize the
fiber's refractive index profile [10] with the objective of minimiz-
ing the group delay difference between modes. In addition to
coupling, modal attenuation and dispersion also affect transmis-
sion of the W-type optical fiber; hence, methods for calculating
their contributions are needed.
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Launch conditions, fiber properties and fiber length determine the
output optical power distribution, and hence the far-field pattern, of
an optical fiber [11]. A ring-pattern launch at an angle of 6o > 0 to the
axis can be reproduced in the output field pattern of only short fibers.
Such ring becomes fuzzy at the end of longer fibers due to more
extensive mode coupling. This fussiness of the output pattern
increases with fiber length up to some characteristic value referred
to as the “coupling length” L. where the pattern appears like a disk.
The ensuing “equilibrium mode distribution” (EMD) for lengths in
excess of L. preserve no ring patterns regardless of the launch,
although the resulting light distribution across the disk-pattern may
still vary with the launch indicating a substantially (but not fully)
complete mode coupling. Moreover, from length L. onwards, the
bandwidth is proportional to 1/z'?? instead of 1/z (z being the length
variable). In fibers with shorter lengths L., the bandwidth switches
earlier from the functional dependence 1/z to 1/z'/ (faster bandwidth
improvement). Further mode coupling (beyond L.) leads to the steady-
state power distribution at some fiber length z;. From there onwards,
the same intensity distribution results in the far field regardless of the
modes launched (the steady-state output light distribution becomes
independent of the launch conditions). We investigate in this work
how fiber bandwidth, steady-state loss, and mode coupling strength of
W-type optical fibers are affected by the depth and width of its
intermediate layer.

2. Power flow equation
The time-dependent power flow for multimode W-type fibers
is described by the following coupled—power equation [12]:

ap(0,z,t)
o

ap(9,z,t)
0z

9p©,z,0) _
ot

+1(6) —a(0)p(0, z, t)+ —— {QD(H)

M

where ¢ is time; p(6,z,t) is power distribution over angle, space,
and time; z(0) is modal delay per unit length; D(9) is the mode-
dependent coupling coefficient; and a(6) = ap+a4(0) is the modal
attenuation, where ag represents conventional losses (absorption
and scattering). The term «g leads only to a multiplier exp( —apz) in
the solution and is thus neglected. The boundary conditions are p
(Om,z,t)=0, where 6,, is the maximum propagation angle, and D(9)
(ap(6,z,t)[00)=0 at 6=0.

The frequency response is obtained more conveniently in the
frequency, rather than time, domain. Fourier transformation is
therefore applied to Eq. (1):

oP(0,z, w) _ oP(0,z,w)

oz +jot(0)PO,z,w) = —a(0)p(0, Z, w)+ 290 {GD(H) 79}
)

where o = 2zf is the angular frequency, and

400

POz = [ pO.z.0exp(~jotdt 3)

The boundary conditions are

P(Om, 2,0) =0, D(H)W —0 )

It is apparent that P(9, z, w) is complex. By separating P(9, z, w) into
the real P;(0,z,w) and imaginary part P;(d,z,»), and assuming a
constant coupling coefficient D [13-15], Eq. (2) can be rewritten as
the following simultaneous partial differential equations:

oP(0,z, ) DoPr(0,z, )
0 —a(0)Pr(0,2, )+ — 0 o0
% +wtPi(0,2,w) (5a)

oP;(0, 2, w) DoP;(0,z, a)) asz(H, Z, @)
o = —aOP0.2.0)+ P

—wtPr(0,2z, w) (5b)
where
P(0,z, w) = Pr(0,z, w)+jPi(0,z, w) (6)

If P(0,z,0) and P;(0,z,w) are obtained by solving Eq. (5), the
transmission characteristics can be calculated. Thus the frequency
response H(z,w) at fiber length z is

27 [o" 6[Pr(0, Z, ) +jPi(6, Z, )1dO
27 [o" 6[Pr(6, 0, w)+jPi(6, 0, w)|do

H(z,w) = )
The modal power distribution Pr(6,z, ) and the spatial transient
of power P;(z, w) can be obtained by

Pr(0,2,0) = [P(0.2, )" + Pi(0.2, 0)*]"/? )

Om
PLZ ) = 21 / OP+(0, 2, w)d0 )
Jo

Consider a W-type fiber with index profile shown in Fig. 1. The
relative refractive index difference 44 = (19 —ng)/ny between the
core and intermediate layer is larger than the difference
Ap =(ng—np)/ny between the core and cladding, where ng, nq
and nj, are refractive indices of the core, intermediate layer and
cladding, respectively. In this structure, the modes whose propa-
gation angles are between 6, = (24,)"/? and 6, = (244)'/? are leaky
modes [14]. Attenuation constants of leaky modes are given as [15]

40%—03)'? 0*(0; — 0
a(1-0%)'"? 03(07—05)

ag(6) = exp[ — 28anoko(6; —6%)'/?] (10)
where kg is the free-space wave number, a is the core radius and sa
is the width of the intermediate layer (inner cladding). In an SC
fiber, experimental results show that attenuation remains constant
throughout the guided-mode region and rises steeply in the
radiation-mode region [16]. Consequently, the modal attenuation
in a W-type fiber can be expressed as

0 0<6,
ag(@) =< a@) Oy <0<y an
) 0=>0q

Modal delay is expressed in terms of ¢ by [14]

2
qy=To 1 Mo <1+ 0 ) — 20+74(0) 12)

ccos0” ¢ 2

where c is the velocity of light in free space. The first term zg is
common to all modes. It is the difference in group delay that
determines the transmission bandwidth. Therefore, only z4() is to
be considered in the calculations.

A W-type fiber can be regarded as a system consisting of SCq
fiber and cladding. In the SC, fiber, modes having propagation
angles smaller than the critical angle 6, can be guided. When the
SC, fiber is coupled with surrounding medium of index n,, the

n

11
0 aatda

Fig. 1. Refractive index profile of a W-type fiber.
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lower order modes, whose propagation angles are smaller than
the critical angle of the SC, fiber 6, remain guided. However, the
higher order modes with angles between 6, and 6, are trans-
formed into leaky modes. It is shown that because of the strong
dependence of a;(#) on the intermediate layer width sa, steady-
state characteristics of a W-type fiber depend on éa and coincide
with those of SC, and SC, fibers at limits §—0 and §— oo,
respectively [15,17]. Another parameter which influences the
power distribution in W-type optical fibers is depth of the
intermediate layer (Fig. 1). In this work, we investigate how depth
and width of the intermediate layer influence the bandwidth and
steady-state loss in W-type optical fibers for different strengths of
mode coupling. The results obtained could be applied when
designing W-type optical fibers.

3. Numerical method

Because analytical solution of the simultaneous partial differ-
ential Eq. (5) with the attenuation constants of leaky modes in the
form of (10) is not available, one has to solve it numerically. We
have done that using the explicit finite difference method (EFDM).
In the 1970s and 1980s, implicit finite difference methods (IFDMs)
were generally preferred over EFDMs [14]. This trend has been
changing with the advancement of computers, shifting the
emphasis to EFDMs. We now report, in our knowledge for the
first time, the solution of the simultaneous partial differential
Eq. (5) using EFDM. Being often unconditionally stable, IFDM
allows larger step lengths than EFDM. Nevertheless, this does
not translate into IFDM's higher computational efficiency because
extremely large matrices must be manipulated at each calcula-
tion step. We find that the EFDM algorithm is also simpler in
addition to being more efficient computationally. We used the
central difference scheme to represent the (dP(0,z,w))/00 and
(0*P(6,z, w))/00* terms, and the forward difference scheme for
the derivative term (oP(0,z, w))/0z [18]. Then, Eq. (5) reads

AzD AzD 2AzD
Pijo1= ( >P1r<_1,1+ (1 v —(ad)/<AZ>Plr<,1

AG? 20,00
AzD AzD wNgAz i
(29/<A9 + W) e 1.0+ Tef el (13a)
i AzD AzD i 2AzD i
el 1= (F - W) 11+ <1 VR _(ad)kAz>P;<,l
AzD  AzD\ ; oNgAZ 5
(26),<A9 + A_92> k10~ 50 OkPh (13b)

where indexes k and [ refer to the discretization step lengths A@
and Az for angle 6 and length z, respectively, and where P} ; = P, (6.
z,w) and PL,:P,»(@,(,z,,w). Modal attenuation expressed in the
finite difference form is

0 Ok <6p
402 —02)'? 0202 — )
a(1-62)'"72 0202 —67)
00 Ok =g

(@ = exp[—28anoko (07 —67)'*] 6, <6, <6y

(14)

In the difference form, boundary conditions become P}y, =Py, =0
and Py, =P} |, Py, = P}, where N=6,/Ad is the grid dimension in 6
direction. To prevent the problem of singularity at grid points §=0,
we have used the following relation [13]:

2
1o (03P>_20P

im—-— (60— )=2— 15
00000\ 00 00° 15)

6=0

4. Numerical results

In this paper, we calculate bandwidth and steady-state loss
in a W-type optical fiber. The fiber structural characteristics were:
A,=02% (0p=3.62°), A4=0.7% (64=6.76°) and 2a=60um
[13,14,17]. Further, np=1.46 and A»=840 nm were used in the
calculations. In order to investigate the influence of depth and
width of the intermediate layer as well as coupling strength and
excitation on the power distribution in this fiber, we consider the
case when the core index ng and outer cladding index n, are fixed.
The depth of the intermediate layer is varied by changing the
initial value of A;=0.7% by + 15% and =+ 25%; thus we analyzed
cases with A;,=0.525% (0,=5.87°), 44=0.595% (6,4 =6.25°),
Aq=0.7% (0q=6.76°), 44=0.805% (0q=7.27°) and A,=0.875%
(64 =7.58°) [17]. The change in 6, for constant ¢, changes the
number of leaky modes as well as their attenuation (10). We
solved the time-dependent power flow Eq. (2) using EFDM for the
coupling coefficient D=2.3 x 10~7 and 2.3 x 10~ ® rad?/m, for five
different normalized intermediate layer widths 6 (6=0.15, 0.2, 0.3,
0.4 and 0.5; actual widths éa are 0.15-30 um, 0.2-30pum,
0.3-30 um, 0.4-30 and 0.5-30 pm). As an illustration our numer-
ical solution of the time-dependent power flow equation is
presented in Fig. 2(a), (b) and (c) by showing the evolution of
the bandwidth with fiber length with D=2.3 x 10~7 rad?/m, for
different widths of intermediate layer 6, for 4,=0.525%, 0.7% and
0,875%, respectively, for ¢, excitation. One can observe in Fig. 2
that bandwidth of the W-type fiber varies between those of the
reference SC, and SC, fibers. One can also observe in Fig. 2 that, for
short fiber lengths, bandwidth decreases proportionally with fiber
length. However, the bandwidth's decreasing tendency gradually
switches to the 1/z'/2 functional characteristic at shorter fiber
lengths for thinner intermediate layer widths (smaller §). This is
explained by EMD occuring at shorter fiber length in the case of
thinner intermediate layer [17]. The shortest coupling lengths
characterize SC, fiber. This is because mode coupling occurs only
between guided modes that propagate along the fiber with the
propagating angles @ between 0 and 3.62°. Longer coupling lengths
are associated with the SC, rather than SC, fiber because there is a
larger number of modes in the SC, fiber that propagate at angles ¢
between 0 and 6.76°.

Fiber bandwidth increases as depth of the intermediate layer
decreases. This is consistent with our earlier observation [13] that
as depth of the intermediate layer (4,) decreases, EMD occurs at
shorter fiber lengths (faster bandwidth improvement) - which is
attributed to the correspondingly decreasing number of leaky
modes. The smaller the number A, (smaller 44 and consequently
0,), the shorter fiber length it takes for the coupling process to
complete. This decrease is more pronounced in the case of
narrower intermediate layer widths (smaller §). Since the leaky
mode loss increases by decreasing the width of the intermediate
layer, power remains in leaky modes for a rather short transmis-
sion length in the case of thicker intermediate layer; consequently,
it takes a shorter fiber length for achieving the EMD compared to
the case with thinner intermediate layer.

Fig. 3 shows the bandwidth change with fiber length for a
W-type fiber with larger coupling coefficient D=2.3 x 10~ rad?|
m and for the same fiber's structural parameters as shown in
Fig. 2. One can observe an increase of fiber bandwidth with the
increasing magnitude of mode coupling. Mode coupling improves
fiber bandwidth, both at short and long fiber lengths. Larger mode
coupling, associated with stronger intrinsic perturbation effects in
the fiber, forces energy redistribution among guided modes to
occur at shorter fiber lengths.

The evolution of bandwidth with fiber length for 6, excitation is
shown in Figs. 4 and 5. One can observe from Figs. 2-5 that ¢,
excitation leads to the increase of fiber bandwidth compared to
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Fig. 2. Transmission length dependence of bandwidth for 6, excitation, D=2.3 x 10~ 7 rad?/m, and (a) Aq=0.525%, (b) 4,=0.7% and (c) 4,=0.875%.
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the 6, excitation. Excitation of only guiding modes (¢, excitation)
leads to higher bandwidth, both at small and intermediate fiber
lengths compared to the excitation of both, guiding and leaky
modes (6, excitation). Furthermore, the switch of the functional
dependence of bandwidth from 1/z to 1/z'/? shifts to shorter
fiber lengths when only guiding modes are excited; improving
bandwidth.

For 6, excitation, the influence of width and depth of the
intermediate layer is smaller at short fiber lengths. For this
excitation, only guiding modes are excited so that there is only a
small number of leaky modes at short fiber lengths. With increas-
ing fiber length, the number of leaky modes increases due to mode
coupling and, therefore, the influence of the width of the inter-
mediate layer starts to occur at longer fiber lengths. In the case of
0, excitation and stronger mode coupling (Fig. 5), the influence of
the width of the intermediate layer § on fiber bandwidth is more
pronounced. This is because a stronger mode coupling shifts the
onset of leaky modes to shorter fiber lengths.

Figs. 6 and 7 show the trade-off relation between bandwidth
and steady-state loss for ¢, and 6, excitations, respectively. We
have shown that bandwidth can be improved by reducing the
intermediate layer width, decreasing the intermediate layer depth,
strengthening the mode coupling process or exciting only guiding
modes. It is evident from Figs. 6 and 7 that the steady-state loss
changes from that of SC, to SC, fiber as the intermediate layer
width becomes thinner. Since stronger mode coupling results in an
increased steady-state loss, in practice a trade-off relation between
bandwidth and loss would have to be considered in designing the
optimum W-type index profile. Controlling the intermediate layer
width and depth entails a smaller sacrifice in loss than an increase
in coupling strength. Furthermore, a choice between 6, and 6,
excitation also influences trade-off relation between bandwidth
and steady-state loss.
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5. Conclusion

Bandwidth and steady-state loss are calculated by the time-
dependent power flow equation for different intermediate layer
depths and widths of multimode W-type optical fibers for different
mode coupling strengths and excitations. It is shown for the first
time that the shallower the intermediate layer, the higher the fiber
bandwidth. With decreasing the depth of intermediate layer, EMD
occurs at shorter fiber lengths resulting in faster bandwidth improve-
ment. Bandwidth increases with decreasing the width of the inter-
mediate layer. Since the leaky mode loss decreases with increasing
the width of the intermediate layer, power remains in leaky modes
for a rather long transmission length in the case of large intermediate
layer width, necessitating longer fiber length for achieving the EMD
than would be needed with a smaller intermediate layer width. Thus,
the bandwidth can be improved by reducing the intermediate layer
width that attenuates leaky modes faster.

Similarly it is shown that the stronger the mode coupling, the
higher the fiber bandwidth. This is because stronger mode
coupling (larger intrinsic perturbation effects in the fiber) forces
energy redistribution among guided modes to occur within
shorter fiber lengths, resulting in shorter fiber length for achieving
EMD and resulting in faster bandwidth improvement.

Bandwidth can be improved by reducing the intermediate layer
width, decreasing the intermediate layer depth, strengthening the
mode coupling process or exciting only guiding modes. In practice,
a trade-off relation between bandwidth and loss would have to be
considered in designing the optimum W-type index profile. Con-
trolling the intermediate layer width and depth entails a smaller
sacrifice in loss than an increase in coupling strength. Excitation of
only guiding modes leads to a higher bandwidth both at small and
intermediate fiber lengths compared to the excitation of both
guiding and leaky modes. With the excitation of only guided
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Fig. 6. Trade-off relation between bandwidth and steady-state loss for 6, excitation, for different coupling strengths D and (a) 4,=0.525%, (b) A;=0.7% and (c) A;=0.875%.
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modes, the switch of the functional relations for bandwidth
from 1/z to 1/z'/? shifts to shorter fiber lengths, improving the
bandwidth.
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