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ABSTRACT

The purposes of this research were to develop the APRUS channel allocation
methodology in DWDM optical network, and to compare the four-wave mixing effect
reduction capability between APRUS channel allocation methodology and ES
channel allocation methodology. The research tools consisted of the APRUS channel
allocation model, and MATLAB programming language for simulation of four-wave
mixing. The results of this research show that the four-wave mixing effect reduction
capability of the APRUS channel allocation methodology is better than the ES
channel allocation methodology. Moreover as a side benefit, an additional channel is

gained which is equivalent to a gain of 10 Gbit/s higher data transfer rate.
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wwuLnaElan vioiies fmﬂgﬂ%l,ﬁu’hmivhmwuaﬂﬁu Lﬁaﬁﬂﬂéjqé’agcymuawawsﬁm
oralassanaasiuldanudureutu dilugui 2.89

A. saUdneailawmes (Optical Filter) 1unsmuuaanilefinarauasdy
91n1# vdNMILugUwesuLansdesu 2.9n Adlmmaluladuesflanuis (Thin Film)
finantaniinmun edeuasuuinssuiurowusuunila fsmaedeuiiauusienaiivansty
unazduelaianilumiloutu Snvarlasanarul nilvuasfumenuuiseuenady
gnufeniuly Turasfuansauenaduansnfumasnuooniule wdldnuaaaiei
nEnn1INILLesRRTafinane (Demultiplexer) Hulos anAuantHased armnma
Tnssasradunasadngdesuit 291 Tnsnelunassiluawmnarmemeduniula wasrinass
wwdivedlnuasu neasdiooufneafiamesdniuly Aawmesdoonuuulmanzuasifiny
gmaduiinesmakulawniy ouduwaseiuaugnieduduasienisasveu nilmemng
anmeidadusassudiiinnanuenieidu (nvesdyyin) éﬂaamLazwgauﬁ%Lﬁumqé
Uaneyamaly ieluladflauunsil o1dluedeviivundaneulaevesaulouniuiuas e
Tmadloumuuandugunsaiifinuaudfiduilamesiumedla

& Bu wu nsaaauleunauiuas (Fiber Grating) MIOUILANTUIULUUELIE
(Array Planar Optical Waveguides) uny

M—»—;/—:>

A+A
A B e

A1) 2x2 AUWABSHUUTEUIU

i e NI

y—of—r " S

Ny — ) g Ij>
+

7\‘4 /_\ 7\.1+}\.2 }\,3+)\,4

) AULAaBIHUUSEUIUNILASIAS 1T UL DU

sUN 2.8 lassassiiuguvesdlivassiuussunu [2]

= =

uaslugaenugnInau

waedvINNNTZNY :
T X fideemsnnusanid

urinufilaeauld duune (thin film)andageineaiiou
n). uaandsuld vussuvvasiavtusuuiala
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Famosnlviudaanis

M Aug1aRAUElE
—_
— VA
A
5 —_ )_/
)\’ \( «— 7\'4
6 \\ L — ,
6
)\.7 —_— )-/
—
%) — WawNAINEIIAALGNEIBEN

U 2.9 nénmsmauvesesyfaaeaflaieslugy n) way MUX lusu ) [2]

2.1.5  aantvenedyyraludulowiauiugs (Optical Amplifier (OA))

wdnnIMIuTesan I dvene e w3e Optical Amplifier Andnnislu
yueRBIfUNITaTILANAYES TsorfndnnsfiugumsiEnaflonsnseaundenuan
aeueniluluaans uamilunsindeuiivesdidnasevlussmesvesiuinnisiuasuuias
LALeaNsITHATeIBIANATOU ﬁu%l@immmmaqlamazlﬁmaaﬁulﬁy LaraINN15i
didnaseulasundsnunszauannisueniiveulnountniiy fussaendsnuaiuiAuiy
penunlugUvesndsnuuaifaNeInay S?Tuagﬁ’wﬁmLLammauﬁ’a%aamiLﬁaﬁﬂﬁ
5L§ﬂmauﬂﬁuﬁamw@u1§ mndenletagiuanzan wisuawiuiididnnsounis
pon faznanadundinureamuiinnonisia fanansluguil 2.10 MNL31E319 Optical
Ampl |ﬂer IMLHWUUUULEWFLEJLLﬂ’J‘Ll’]LLﬁQlfﬂL@EJ av3unndu “OFa (Optical Fiber Amphﬂer)”
i/iiEJLi‘EJﬂﬁu‘] 2 “Fiber Amplifier” Qﬁ@‘ﬂﬂ?M’ﬁﬂL‘UaﬁLLmﬁLWEJ’JﬂULLﬂQ‘V]EL“UIinUUﬁEJﬂ’ﬁWJ‘EJ
wuloumunaslunszuIunisves Fiber Amplifier ivia1gvile U ﬁml,aait,uw (Erbium)
wluasoonulurisniuemedu 1.55 luaseu wassnilofidon (Neodymium) a¢lnuas
senunlurisaueedy 1.33 luasou

Tumsuftauloumuuasdafiavizgnaseiu ndaudsenevvesans
wantegluauasosvonauloumuiuas lussuudomsdagtuinidenlusnooaidouna
wrtuileuniluauvesnesvenaulowniuiuas viﬂﬁl,guismﬁmwmeﬁmﬁgm‘%sﬂiw “EDF
w38 Erbium-Doped Fiber” dslassastananiennaziidnuassuieniuauloumuiuas
s35um il uazidloun EDF willunisuenedyaiauasaziionin “EDFA w38 Erbium-
Doped Fiber Amplifier” wasiiumenuaulowniuuasein EDF %ﬁwqamiumﬁau
wumsluaulownuiuasialy AoLARNITaANOUdYIMuaZLAA Dispersion MuUsnA Lag
srludnsdeunadiag ﬁuﬁzy}zyﬂmsajmﬂa LLGigwhmsﬂizéJuLé/ﬂaLLfT’mﬂLLmﬁmwf‘: o
nsUeundsinunasiiiniiuenindu 980 nm niu EDF %aagaumﬁmmmm?iu 1.55
luaseu fAuymanualuly EDF aggnynlndindnudiuinndy sudesnainnssuiu
Vl’]ﬂﬁ’JﬂﬂJL{J,iJLLﬁW@Gf@QﬁMLﬁMﬁﬁ?%@uﬂaﬁUﬁJEyij’lmLLaﬂ faseanuilval 2nn1snszay
ndly Guantaestinodvunnnuenaduiinsstiy) Suaueusunisveed yayia
ﬁgaaﬂaLLaq fidunsluszuvaneadniiarnuvunduaniinty wazsnseuflezduniddly
svoznsiilnaseniula
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dd1s :D wastlasann

WAIILAINNBUBN

5U# 2.10 Maiiauasvesaansidegnnsenu [2]

Signals
T ——

m / Doped Fiber

Pump

g‘dﬁ 2.11 #&8nNSMIIUea EDFA [2]

gﬂ‘ﬁ 2.12 uanslassasvosaaniiniudyanadily EDF aounsnian
Tlusyuvansas %’e)iﬂﬁLLﬂﬂIUi”UU%@ﬂﬁﬁﬁﬂ’]’]Mﬂﬂﬂﬁl‘u 1.55 luasou aziiunisiudy
Waostaulouniuiuas (Fiber Coupler) ) panly Tuvay wammmauwmaﬂmwuwamﬂ
Waestaulouniuiuas 9z mﬂaumaLaLezJaimemmmasz Wy 980 nm Fardugaad
mmvaﬂumﬁﬂﬁu@u EDF uawisansiiuniasiuiy sonanduiassiuriswesaulouniun
Lassssuanagluiiovlsiiniu %ayjauauauﬁﬁamﬁmmﬁmLLmhiuJ?ismLUaa dlowaanfuniy
wrlUluaruwes EDF wasiiinrmenindu 980 nm agnsgaudifnasoulnindsnuiigadu
ﬁaﬂiwmiﬁu (Pump) LLavLﬁaﬁLé‘ﬂmaumﬂwé’mmaaﬂmLﬁa%’ﬂmam’avmaﬂ&hﬂu azle
LmeJmmmmau 1.55 lmiau LuaﬁamwamaLLawmmmmmaummu Raznln
Fyanaiaduasdmauuuiasivdumuaue1ives EDF waramnsaiumaniuluey
TSLLﬂauwLmﬁiimfmLﬁumaaqlmmaw Tuﬁumvmmﬂuwawmamawmmﬁu (§1 980 nm)
Aezfimanasuaz mwwlﬂiwam ou19lsAnINILIAAIILEIVe EDF wummm il
‘mnEJm7a,J'mmﬂwmmmmm‘lumwmUammmumL‘wmumuama LLGH]JU‘LJEJEJﬂUGU‘um
AN AN ANANAT T qUﬂsm Optical Isolator mwuiugﬂ mmmmugumma
vosuashaumslUlufiennsfinesns wayluasneunduunsuniufusyuy Isolator Haeidl
violufifuatunaninlngsiuvesszuy waznislenulunsufif ssuu OFA fidu EDFA
fhavfvunadnifissunlssananasslanuasini
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Laser
Diode v
Fusion Fusion

pump
_» splice splice »——  —» >
> - (o )
— — . — — > —
Wavelength Erbium-doped Optical
division fiber Isolator Optical
multiplexer Filter
Wavelength
s ' o )
) WEHIMINLEAINITN I UVDIED N UVENY q;apml@mcal
multiplexer Filter
| Pump Pump Light
Pump Signal
@
2
&
Signal

) dyeynuuasignnisvenglag EDFA
JUN 2.12 lassaswaniiniudeyaauasily EDFA [2]

2.1.6 qﬂnmﬁwwaﬁa;wa%%’u (Dispersion Compensator)

qﬂﬂiajﬁiﬁgém%’uwL%Ui’mgmizﬁamwai‘%buﬁLﬁmﬁuﬁ’uﬁm@mﬁaéum '1‘7i
LﬁumﬂmgﬂaLLf;JaLhLLmﬁaLﬂquﬂsajﬁéau%Mm wazdindnmsfinoutndurou daay
BnF0E9R i

n) msluaulownuuasmiafuunsnlulussmnessevaneas 35n15tey
odendnns msinpamestuluaulowmusadineiduuinuaray (Msadinanans)
ﬂé?ﬁlga@LﬂuﬁmmﬁmﬁaéLLmLﬁdiﬂG] Fnumduaulownauuas Fadyaaiaduaniumsly
laszezmanie dugamsuiueen Arennnamestuiliduuinuazay ddlundyaraiad
a]vl,ﬂumﬂmaau ﬂwﬂmwaamuaaﬂmaﬂumﬂ mmu%aulaummLLmaaaLaummaLm
meiiu Tnsiaulounuuasunaziany 3 mmamummimmmamaiﬁnumaﬁmmu NadWSAReAAd
mesTuinnsTnIeviEenaunEn (Compensate) AevlnuwanunIewasdALesn
vieuduguelasiiie)

%) mslansanaaulounauueas (Fiber Grating) azillaseasamiloufuiaule
LmeLLmﬁiiummUsumi LLmaﬂwﬂMquWﬂmamaimwmmmwmLauiaLLﬂauﬂLLaa
feduirnundasusdannnuesmusyerne wnailvasmsiUdsuuUasivuney fuanslu
Ut 2.13 Gslugasszminsgeiidandedvnmuinuazuos ardedvnnvosnasagiia
WasuuUateemeliein NN LesuALIINUBELININ FHITLELMINTENINE AL
FaiinimnngafieglnaduiFenan “Auvennsnia vie Grating Period” daazdialuannie
Tuwmenvesuluuasaslulasiuns amsunmnuenvewisdiseivnmeesnes Taswasadu
INTARIZININ “AINUBINNTART 58 Grating Length” tnsanataulowniuiuas ialasesns



16

mananitedunsaisaulouniuinasiuuwusn JeliteSenanizan “Fiber Bragg Grating
(FBG)”

: S v oA b
AAIUNUAINVURNLRUDEY

N
1
T/

: S v oA
AAUNUAINVURNLKANIN

>
| i | druvasnastudulondaninas
2 )

JUT 2.13 lassasnitugiuveansaiaaulowniuiuas (Fiber Grating) [2]

InseREUlELNIUILES ﬁ@mauﬁ’aﬂﬁugmﬂgﬂaﬁ’uazmumzf\m CGRFET
Vaseluuasiidrusnaduuawisen wumsinuesnidla luvasiiefusaduriwesnin
sAAUTAD zaTNoUNdUsenI Wiou FBG mﬂi”ﬂauL%ﬁﬁ’uaﬂﬂsajmmawwaéw f19
Ul 2.14 amﬂvﬂmﬂﬂimmﬁu Dispersion Compensator mm‘uaﬂﬂimmﬂu Circulator
mmuiusﬂuu findnnismaueatsfuiadou Iuwasfunisuduuniing deiulliee
waafﬂ,mﬂau Lasfazpunisesnlunieiy amdundnnisues Circulator Waiu14197n
isolator Apsinlyndnn1sAunIIHUYBLaHIUGINaNIfiandnslsedure swanud
A9AUR

{l \Fiber Bragg
(l Grating (FBG)

A A
» (0 )—

Circulator

gﬂﬁ 2.14 auUs¥NoUTe Dispersion Compensator #ilas Fiber Grating [2]

2.1.7 gunsalfafiwdndiinuasnsaudosdnyyras (Optical Add/Drop
Multiplexer)

OADM vimﬂwﬁiﬁamfﬂmwU?‘%aa'ﬁam'ﬁa%’ugﬁa;ﬁaLLmLawwsuaqﬁzgﬁgmﬁ
e LLaz’Léﬂy@zﬂalUé'fwmww Tnglamesdyaias (AusTAaULE) Anmunmsguiy
§nva OADM Seanunsaunsniiuarlvluansdnia luraeszmnsaaniladnane wdnnns
y9uRiugIuTes OADM wansnaesUgunsniass Seazly FBG iumueaientu veyaly
ﬂiaqé’zy,mwwmﬁ]zgﬂéqaaﬂ%%LﬁmLﬁgwlﬂ’Lu FBG ualdsMounduniu Circular dsaonldds
Uaen1a §nwaizves FBG way Circulator Miduaulowniuiuas fuutadndszanany
fiude uardimnuenvesgunsaniies 5-15 wuiluns i
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1
2
2
(D)— mmmmmle— ()
Circulat Fiber Bragg irculat
or Grating or
(FBG)
4 4
Drop Add

U 2.15 TAssas1eiiugu OADM [2]

2.1.8 Optical cross connect (OXC)

OXC Wisuaiioufuanfisalavaisaunisdeandn auindeslngq (Lﬁa
Wisuiailowaulowniuiuas) emLﬁuwwmi@amimmamaaﬂL‘Uasmaumﬁa‘lmmi e
dunelddanensitnesnisie Iﬂiaaiwuaa OXC LLUUﬁuﬂuaﬂwmumawamLLaaLL‘U‘U
58UV (Optical Planar Waveguide) Afmadunaman (use) mmwamﬁym dlouas
wumawldlursnansilasesddnuazaunuiu uawsinnsfuuas (Coupling) 5emina
nevikslugdnnonihaiinesnisuasenlugatsmala fdlauautinisduduasnsiuoy
fUANETIVEMBUILET SnvzaIulag 5T ﬂvﬁ'viaﬁwLLamNﬁ’uiﬂ’«auﬁamﬁ%ﬁﬁﬂmaq
mﬂmqmﬁummuama #57U (Substrate) \Juau Fsmseenuuy OXC wuuifvmeaunud
A maﬂmmwmuamnwuamm

sUT 2.16 TAseas1s OXC #ily Optical Planar Waveguide [2]

2.1.9 Optical Demultiplexer (DeMux)
NANNTIN19IUYDI Demultiplexer TanwuzlvuLAeInU Multiplexer laguns
gunsafiiu Multiplexer sinanusanisudu Demultiplexer lanae 1wy Optical Filter 9
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Twszuu Multiplexer finanuua aweneenylyfasmnunfiviu Demultiplexer TuLeq
[2-3]
1 & a 174 p74 4 o . . .
2.2 anulaiiduldaduvaaduleniaiuegs (Non-linear Fiber Optic)

aulindudaauluauloumuuas LﬁummmmmﬂmaﬁvwaamimaLLm waly
muﬂmamummﬁuﬂsuiwu wardnuaizfineandniass ézm pesuRasan el
geNLUUTEULUARANTSYY wN"LﬂaLLazuam’]miawayjaqq FamuneAusInE sEdUNSay
LLﬁﬂﬁQﬂsﬁua’w warlunsaifidnmsasdyanadiinruenadunatsy alunsens fu nansznu
finnuanainnisdeanslududaan lawn

1. fuuuninsiiudu

2 w\laLLazgﬂéwwaaé’mﬁmmmﬁaﬂﬂ

3. MIATeE A ANATALE IR UE LY Lﬁaﬁmﬂ%ﬁwé’waﬂé’zyzymiuqmL'%'mgfu

4 é’ay,ﬁg’mﬁumu%wﬁm (Cross Talk) sevadnyaafifanueinduwanansy

wazn1sinanlsvesdayaauas

FawanszMuaINaeInTaAllsn 1ANAINA1THDYLANLUY Self-phase arursounblle
Uselomilunsasdledneu msleiadluguuuvvedlednoulunisaseya Tuanoudusiag
uasiAnnaunasznshamesiu wagaulududaay Inglvauluidudaauluaule
wusnansiunafiintuandamestunuulasinin (Chromatic Dispersion) nilwilaagi
g ivluleumiivszneumennuladudaeay waluflanuiaiien videLanuguing
Tunsdif 3 uaz 4 WunansenuiliAinan Stimulated Raman Scattering w38 Stimulated
Brillouin Scattering ‘ma Four Wave Mixing mmmsamluiwiviwﬂmLuamaqmiﬁﬁw
Waeve18AILEIRAUTRILEY wanansznusinainazdudeiinemandsdulmintuly
svuulpeiiag U

wanszyuanelududaauluadenniuiugs (Nonlinear Optic)  awiindufiu
fynauasifasefundanuiige wasunsnszanglusvozmslna Wemunsyuiunisvens
“zyﬁgﬂml,mﬂﬁﬁmmmea%uamaUmzﬁ EDFA setfunsaeansiifsvesnslng (dudaded
iy wwﬂ,mﬂmmaﬂivmmﬂmmluLﬁuml,au ﬁﬂﬁuﬁgﬂﬂiﬁﬁi’]ﬁ@ﬁ’]M%Uﬂ']iﬂgﬂL?ijﬁlﬂﬁ]’lﬂ
wansgnuanendlidudaan  lwaulownuuadionssuiumsiimlnansety v
Tnafesiudsiomesiuinnfnvemdsnuluaulownuiuasmeuiu [1]

1 a }74 }73 v o

2.3 wansegnuanauliidudaduludulennunuwes

Tuhvetlaznandmansznuainaulududaau (Nonlinear) Tuiaulowniuinas N3
HansENUlnenTIResEUU DWDM turamindyaufinisssulatsndinioouas

' ! o . ¥ Yoo A a Y oAy 'a ' o a £ !

NauIAdU (Waveguide) taulawniuinaaingnainuninlufiadulseandanuladu
Waay wpoeslsAnunszuiunisvesnnulududaaniiuy ausaneduladuadulsyans
ianuangs wagniswnsnszangluwaulounivnaiiisseemslng fawunssAundsnuay
= ! a = Id‘ a a v s ¥ g ! dld ! i ! QI
fanduund (fedlun 10 Tadden) angluaulosniuwasiiiaanuuas lnsnnizey1aes
neluaulewnuisasrialvunien fadusiandeulyiussrawnsvatswaziussansain
Faflvwnaneysening 107 uaz 10° cm? Faunluaanuwuiiawn Mw/cm? agnslsiniy
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msdeansfiiszeznidlng fevadendnadey Adunanlmisanulududaautiues iy
nssuIumsTiminaiianmsety velnawiesiu Savanidemansenuainaulidudaan
flupesnisiu fheziermesiuinntavemdnuluaulowniuieas mdenmsines
Suq wu wlafiintulunseiu dufueresuluimsdonaanueiniu niesveyszning
aueInanuluszuu WOM wioenvvziisivesiunisesnwuuneuadwaulewn e
DGR

nansznuanaulaidudaadluauloumuiuas Aeusngmsaiiinlvdya auas
Angusily namfeuasiifimmusluanmzunidumsuaulouniuuas avamalndydin
ekl (Refractive Index) Tenaulaumuiudwnouausndunuuiaunss (Linear) walo
LLﬁﬂﬁﬂ’J’mLGZ’JJZJQQRNﬂﬂ’]ﬂ%@ﬂﬂ’iﬂjﬂmﬁlﬁ@ﬁyﬂmum (AMNNTAF Y Y URAMAIEAINTIAAY
TUnseuiiu) azasualn Refractive Index 1inAaalnduiBanay wazn1suNINTza18v0 s
(Polarize) Winanulundudadumeisuriv

wansevvnnailududaauluadownuuasiuinn 2 awaudnlaun Biean
nsanveuLazRawestu (Dispersion) vasuastudanas wazn1siasunaswosduiiinm
YaIuas Minan Self Phase Modulation (SPM) Cross Phase Modulation (CPM) wkag Four
Wave Mixing (FWM)

Jaymmansznuanaylindudaaluailownuiuas iedulussuuirdesdauy
DWDM annnsasdyanaaduaulounuinadluidusze zmqiﬂaﬂ uwﬂﬂﬂ’lﬂ{;’dﬂﬂiﬂj
mswaé’mmmm ‘Erbium Dope Fiber Amplifier” (EDFA) Lwaﬂiumﬂmmmmmﬂmmm
L‘*ZJ@JEN"U‘H mmaﬂsvmimammmvwmiaqaamammwamammw 10 Gby/s [4]

Qd

Tusguu DWDM ‘Cff,ymmﬂan%mmumwawm EDFA GUEJWEJE{QJ/@JWQJWWUL?N‘%BQ%JU

(%

Uangmatuies wandlugun 2.17) ey uaignasasnuingeus funagvesdyyiu

i FWM ﬁﬁwiﬁé’mapmﬂﬂgﬂéwiﬂﬁw N-channel DWDM MUX sfaduiiefinnsvene
Fyaauuasne EDFA azdedwaluiin nansznuananlududaaulualouniuiues
Junino

agmfﬁl,ﬁmaqLLaaﬁﬁmthLﬂm%aLgu%gﬂmauﬁuugaéqr;hulﬂé’qf?hﬂmq FaAnaNns
sufufuurasnidauaeifianuey msunsnszaeUszneulumsensevesaiidaanas
Tuwaiziilalna AeWanduaulududuauinnnaanuanvesaubiviafiunllssuly
anmzUnd lalwaasintuifiesduiier nedvewuasiifarulududaaugnasesnty nis

unsnsgagluinatsivangay nelunaiinnduaswesaunuli

p=ely CHy® 0t = p, + oy 2.1

Faluwonvas XﬁLﬁuL%QLgué’u@fU 2 wazdudiu 3 nszurumsveseulinduids
wulaesunenaiiintulmifiute 2 $u videsnnveuwaaulowns arnlnanlsganuladu
Fadu v Usenoumewoniaunvessusu 2 LLﬁ%ﬁUﬁUﬁQﬂ%ﬂlU paENNIS (2.1)

woududu 2 luaunsdl (2.1) @iAeavesiu x?) azedunsfs 3 Usngnisl
PAURnauiY U sintuvesensladiad 2 weududu 3 aveluneinsruiunisues FWM
way Stimulated Scattering Phenomena (UiﬂﬂgmiajmiﬂszLﬁaﬁgﬂmw?u) Tunsdlvoiey
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Townrurwas nszurun1seusu 2 laemldiinazdululule wanansenusanatvani
nosnsauuaunns lunswirdusiailuiisunss nansenududu 3 (igrveadiu y%)
WINNSNRTUVBIBNTIUTAT 2 @nunsadunsle

Nonlinear Optics Effect

D et [iy| N-Channels
: DWDM
Data in| Transmitter B MUX Optical Fiber
= ITU Ch.2
‘ N-Channels Receiver A || Data out
Data in| Transmitter C DWDM ITU Ch.1
ITU Ch.3 De-MUX - '
° Receiver B || Data out
° ITU Ch.2

Data in| Transmitter n =

ITU Ch.n Receiver C || Data out

ITU Ch.3

—>  Receivern | Dataout
% ITU Cha | =P

JUN 2.17 wansgnuananuluidudaauluaulownuues [1]

nsfufduiusiusEmIvauwakazn1sinallsy aunsnesunelaeauniIsAaul
Tududaau

2 &p
Vi 4 e, —= = M.

(2.2)

do ¢ uay p Aewasiuvesauinlny waznsinanlsenlududaauilauneaus wazdle no
ABAABTIINLIVDIAINGNY AUNTRRUITUTIURY 2 AvilANanaailor uduAuULINATY Slowly
Varying Envelope Approximation (SVEA)

O°E

o << 2z OE
zZ

el (2.3)
A Oz

e £ Ao Complex Field Amplitude Arumunewes SVEA Aonsilasunlasszezninuning
Adntuluszzanuemaay idvwalng Wedlsutunsdouuladusammsasuudas
Tusgasifieatu aunsvesnduazuenmumanuiviofianisnisunsnszats duiunadwsie
aunaidseyusisansiues nele SVEA tududuusn AumanfiduniseSunemaifiaiu
vioanasetsve Misvestunszuiunsraufuresduuasiues
aunoInsamsuaiinssiuduadulnalseilududaay wazauslivii
Rervesfunisasenduuninszaefidumaieity aanuiweaadiaimidy fadu
nszuaumsimimianssiuluaulowmuuaniy asfvestuaumsd (2.1) msuiduius
yosaduiiinmeLansinalssianafedtu wuieafunisueguaniuy Self Phase
uay Cross Phase uifgafunaidesvesnisufduiuseiin “Ker” wazaunsfl (22) 3
UIUNINTLLIIUUY Stimulated (Raman and Brillouin) uenivileannisueganiuy Cross
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Phase LiEU89AU 2 ANNEIAAY NSEUIUNTVES FWM 187903 UAINEIARLALANANS
fu annsadntulasumailunssiu wdesamsanilussuuiivssavinimgs deuaiu
lmﬂm%u%uﬁlmﬂmﬂﬁu anunsaLRRTUNSNY %amammmwiawnﬁm ﬁmaﬁaﬂiyﬁw%mw
suaqmaue] wammumﬂm’mluLﬁul,w,auuﬂLﬂmiﬂ,uﬁﬂwaa muummmaaammmiam
AUsEAviBHamBNIsIisufuAINd1aae summiwamﬂusumwammmwaamﬂsuawﬁmw

nsiinnansynuainanulaidudaauluaulowniuinasdu %36U1J@§JJH‘U
svgymaszwnslusluedevisiifinsdenloswmiu wariufinndavesaulouniuiuas
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2.4.1 Stimulated Brillouin Scattering (SBS)
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2.4.2 Stimulated Raman Scattering (SRS)
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7 a1naunsd (2.19) wag (2.20) uenainilesntsznousudusn Aenumusuuiad dudu
mIfineLNMeaASURY 2 Armdnu (Chirp) Weosnamaiduansuusiad ﬁﬂwﬂa%ﬁuag
fudadnval al/at ﬁa@mﬁﬂwmuéuﬁéﬁm Tnstannzluiaulonniuiuas sauan1snane
ANFINNTUBALALUY Self Phase 8199zt fiunioanain Chirp nvualasfamesduidy
ﬂémwm%ugu p1fiAmna98e Chirp AMFUNTNOYANLUY Self Phase wazfiainosiuity
nau Tumnanduduiiu fnaneusy ammwmﬂmmu Lﬁumiuﬂﬂamﬁai’m Optical Soliton
Tuszuusssumitllaly Soliton nsuegLanLUU Self Phase %maammwmimmmﬁuw
o Vlf\]uLﬂ@ﬂiimﬁu%i@ﬂ%’mLﬁEJ‘VHEJG]@UiuaVlﬁﬂ’]‘Wﬂﬁ‘VIN’m nsaseitad (Fsenasaudans
Juda vien1svene) ansnsniatule esnslsfinny szuudinarlunimgud anunsoln
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UsgAnsamiiniden uenantuluszuunsvenedyanaduaulowniuiues (Fiber Amplifier)
szmlmAamsiasunladussiifnmuesuas Misavestumsasdayaianeg suiuly
wosidey (Erbium) azuansmiiun naiiiatuaziisavestudadevesseansnindiung,
1 wansznuiistufiuifannsoiaiula SonquitaaaiUandufifamestunuuiinunaly
ulownInug ﬁaéﬁmm%qmmsaLﬁmsﬁulﬁﬁumamﬂmiua@Lam‘ﬁiziLLﬁuau Fan15n191u
sufussmnedamesdu waznasnaulududaauiiasotad ez neluanaaluades

HULDY

2.5.2 mMsuagLanuyu CP (Cross Phase)
AzAEEU SPM Tianfaydens 2 wuull axdl ”ﬂwmzw}}auﬁuﬁ’u waWadasiidnuae
A9 (WY ALARANANAY Wionsunsnsyane) fWad 1 U azUumdvdvesiinans
é?fqLﬁumiﬁfﬂﬂﬁmiuaaLamLWamaaﬁaéﬁ%auﬁu XPM ﬁaﬂmaLﬁuﬂalﬂwﬂmﬂmamuzyﬂm
SUNIURIAEA (Cross Talk) 5¥1a1a 2 ﬁaﬂé’zyﬁyw

E,

a

Oy, . » OBy, _
a4 _
82 ﬂla at ﬂ2a

EOa +15;/1E0b‘ E, - ’ EOa (2.21)

oFE
L+, __ﬁZb Ob +l7/b‘E0b‘ Ey, "‘lé‘ﬂEOb‘ E, - ) EOb (2.22)

Tuaunsi frg-a,b) Lﬁuﬂ'cjmmsﬂiﬁwaaﬁaéﬁ 2 auivdelnailsauuvuie
ILYENN B LﬁUWWi’]ﬁLﬁl@%ﬂﬁﬂizﬁﬂﬂﬂﬁiﬂJ fiRevostuvosiadides V=2 wj/cAep o
Ay Aoflufinundnusansnavestnuaaylownuinas mduussand 5 famiu 2
amsuitaaiinanlsesuiuvesmuiiuanasiy uaziln 2 dewaadulnanlsguwuuwy
(Cross Polarized) aﬂwmvmamLaamﬂmiLmeivmamstam‘Uﬁvam oy \Ounsduiivgu
sULLwamma‘maﬁmsmml,wiﬂsvmsjma SPM 9N Tadie Eoa Lﬂuimwumamﬂ@wﬂﬂ
MnEuNS (2.21) 108MINUAAT Eoe- 0 luimeuniuannvesaunisii (2.21) way (2.22)
p5UIBNANIENUTIAATY YBaN13NTEAIBRITRINGN SPM XPM LazAgaLde aun1sAanann
annsauniale Inglomadamsauandioes
FEmsvilsitamsananidsmansenuananuladudaaluaulownuadleafe
n1san FWM Tnedamsdavesdayaramuulv faznaniduieil 3.2

2.6 wansznuan FWM ludulewdaunues

FWM ﬁa ﬂ')qﬂﬁiﬁﬁﬁLﬁﬂ%ﬂQqﬂﬂ'ﬁa@ﬂLLV]'ﬁﬂ'ﬁ%M'ﬂlflﬂfsfu LﬂUﬂ')'TfLI&ALﬁ']VLlII(;]IE]Qﬂ'ﬁ
Eméf';aa'msziu éﬂmfmﬁuaa fFWM17‘]‘Lﬁﬂﬂﬂ"iﬂﬂﬂ'TﬁLL‘V]iﬂaE]ﬂﬁEVT'J"NﬁuﬁﬂaﬂsﬁlaﬂﬁW yﬂmmaa%a
fu 3 el ssduiusiuauiuawesosduae 3 Aud £ fuas fi fa 1J1'7i 2.26 Way
Wulusuaunis
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fewn=Ji+ [ = Jok #1,] (2.23)

HUNIAUEUNUSVIAAUAINDENATT (2.23) Hanunsauendiuseneunisiin FWM

Juanlunulananue 12 Anud fadl

h=rlitli-Joh=litfi-Johi=fitfi-fpla=tit )= Jots=fit i = 1
fe=tit 1=t =l h = Lo fs = Sty fo = fo t fi = s ho = i+ 5 = i
=ttt fi=tfpto=tt 1= 1

91NF08190INS IR IdY I 3 ARG frm aziiulandadinsiiialey
Yoy ULINTUNT 2 Yosdaaaduly azawmalvdune frm launBetu

/ /i /

fFWM

fFWM =ﬁ+fj_fk

E'Uﬁ 2.25 E‘ULLUUﬂ’ﬁﬂi%ﬁ]’]Ej(ﬁT’m@ﬂﬂ’J’maLLﬁQGUEN FWM 71970 Sa0nwnInse I ey

F108794NFNAUILKATINANND FWM TAnTulaeuiuuiyesdaunan wWuxa
mindayauesuat INMITATLITYYIULUY ES 13U 12 veadyayad Asgui 2.26

ook B B f S f f o fu fo
Signal Light Frequency

A Signal Light Power

JUN 2.26 n159nvesdyayIauuu ES Niuiu 12 vesdyayiu

v v

PNANUNTT 2.23 ANUITONTLAUMILUTANUATLAATY WAIUINIMIAIUIUAIND FWM

ST AN lasd
O {fi, 2. 34, 11, /o, fa}, 1, 1o, S5, {10 o S, 111, 1, 133, U0 20 R, 1L, 12 SO, L1,
Siok, 11, fo, fi1d, {fi, f2, fi2}
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o 5 a3, 12, 15, 58, 2 13, ok, V2 13, 7k 2 13, J8Y 2 13, 9% 12, 3, ok 12, 3,
Ju {2, f3, fi2}
B, fa, 53, (B, fa, fob, 15, fa 103, 5 fa 81 115 fa, O3, A5, S, o, U5, o find, {5, fa,
fi2}
a, /5, fob, Ua, /5, 173, Ufa, S5, S83 fa, S5, O3, {fa, S5, frob, {fa, f5, find, Hfa, f5, fro}
{fs, fo, f11, 15, fo, 13}, {5, fo, Job, {fs, fo, fro}, {fs, fo, fui}, {fs, fo, fi2}
{fe, /1, 133, s, f1, Job, s, /2, frok, s, 2, fuid, {fs, /7, f12}
{11, fs, fo}, 117, fs, fio}, {f2, fs, furd, {2, fs, fi2}
{18, fo, fiok, {fs, fo, fu1d, {18, fo, fi2}
{fo, fio, f11}, {fo, f10, fi2}
{fi0, f11, f12}
O {1, fiv, fi2d, {2, fun, fi2d {5, fin, fi2d {fa, S, fi2d {5, i fi2d s S, fi2d {3, S,
S}, {fs, fi1, f123, {fo, f11, f12}
{1, fro, fisd 12, fro, fuh {5, fro, fund, {4, fro, fisd {5, fro, fiid, {fs, fio, fui, {2, fro,
ful, {fs, fio, f11}
{1, fo, fiok, {2, fo, fiok {5, fo, frok, {fa, fo, fro}, {F5, fo, frok, {fe, fo, fio} {7, fo, fio}
{1, fs, fo3, 12, fo, JoX, 3, f8, fol, {fa, /s, fol, {fs, fs, fob, {fe, fs, Jo}
{1, f2, 183 12, fo, 83 A, o, fY, W, o, 8, UFs, 1, sl
{1, fo, 113, 12, fo, 13, {3, fo, f73, {4, fo, /73
{fi. 15, fo}, (12, 15, fo}, {3, /5. fe}
{1, fa, 153, 12, fa, S5}
{1, f3, fa}
O {1, f3, fi2 11, fa, fi2d, 1, S5, fiad 0, fo, fiad 0 12, frad 0, fs frad, {1, o, fiah
{f1, fio, fi2}
i, S5 b 4 fa b 0, fs b 46 fo i, U0, o i, U0, fe i, {0 fo, find
{1, /3 frok, 1, fa, fiok, {1, 15, frod, {1, fe, fiok, {71, /7, fiol, {1, 18, fio}
{1, f3, fo}, 11, fa, fob, 1, /5, fol, {1, fe, fol, {1, 17, o}
{fi, o /83, 1, fa, 53, 0, 15, 8), (0, fo, SR}
i, f3, 13 1 fa, 123 1 s, f73
{1, f3, fo}, 1, fa, fo}
{fi, f3, f5}
O {2, fa, f12}, 12, /5, fia}, {2 fo, J12}, 2, 12, frak, (o &, 12, {2, fo, fiod 2, fro, fi2)
o, fa, ful 2, fs, fuub A2 fo, fuud 2 f2, b 2 S, ik A2 fo, find
{2, fa, fiok, {2, f5, ok, {2, fo, ok, {2, 1, fro}, {2, f&, fro}
{2, fa, 193, 12, /5, fo, {2, fe, JoX, {2, 17, Jo}
{2, fa, 133, 12, 5, 183, 12, fo, S}
B, fa, 1), 16, f5, 7}
{12, fa, f6}
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O {5, /5 fi2k, 13, fo, f12}, 13, /2, 12}, 3, fo, J1ad, {5, o, frok, {5, fo, fr2}
{3, 15, ful, 13, fo, Suid, if, f2, f1id, 45, /s, fuud, {3, 9, i}
{13, f5, fio}, {55, fo, fio}, {5, f1. fio}, {3, s, fio}

1, 15 1% 13, fo, 1o}, {5, 12, fo
i, f5. 133, {5, fo, 3}
i /5 17}

O {fa, fo, f12}, Ufa, /1, fi2}, o, f&, f12}, {fa, fo, fi2}, {fa, fro, f12}
{fa, fo, find, {fa, fo, i1}, {fa, S5, 11, {fa, o, fi1}
{fa, fo, f10}, {fa, f2, fro}, {fa, S, fio}

{fa, f6, 13, {fa, 11, 1o}
{fa, /6, f3}

O {fs, f2, fi2}, Ufs, /3, fia}, {5, o, fi2}, {f5, fio, fia}
5, /1 fub 15 fo fisd {5, fo, find
{5, /1, fiok, 15, 1, fio}

{5, /1, fo}

O {fs, f3, f12}, {fs, fo, fi2}, {f6, fro, f12}
{fs, /3, i}, s, fo, fi1}
{fs, /3, fio}

O {f1, fo, fi2}, {f2, fio, fi2}
{7, fo, fi1}

O {fs, fo, fi2}

SUT 2.27 asnUsznauvesdyn MMAsTign N-channel DWDM MUX fimarmieniadu
1529.55-1560.61 nm

FWM mmmsuuiuavuumazummmu DWDM wimmaﬂuﬂmuu AaTua1nnsin
%aaammmwu ES fimln FwM mmflmul,mmsuu Luaqmﬂmmimmmwaqammmﬂu
mmumﬂmm N-channel DWDM MUX LLam"lwmmﬂuaﬁuauﬂiugﬂw 2.27

FWM aznanatdudgaasuniu (Noise) Foupudives Noise s‘ﬁaﬁq AroNaTINYDY
AR S AU n Thuesiaunsi 2.24

f, = anWM(i) (i=L12,...m) (2.24)
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Toed m duamnuduun
114@115%’8516@1@i"’s’mmmwmwawaﬂsz‘vmmﬂ FWM v99dnyaynadiiad 2 62 Taun
Total FWM Power uag Total FWM Efficiency 8nvieddlaidusndinlunisiseuisuves
Bnsinvesdyqraiiviaueiuisun ﬁﬁiﬁgaéuga mmaa%mammﬁ'mﬁhﬂénlgﬁmf
Total FWM Power (TP) vnede MEes FWM N mwmwmmu PNMIABAUTH
5wmwﬂwuawammmm Asudanumaneesan TP Tuie Builmvesdudansdenny
EuLLiQuE]EJ LLmu@mqua dnsaesune TP lnanaunisil (5-6]

Peowr(J,) = Z ZZPFWM(fijk) (2.25)

Simfiidtu 1,
1089 Prwar(foy A NASOUTRIAUATLAATUIINAIND S WAY P i AOWRIIUNLIARIA
FWM Aa9naua fix Aatiu Total FWM Power (Prmufm) 813750971990

10247°(d, 291, \
ijk eff

n*22c? Ay

Beyr(f) = x BP.Be "1, (2.26)

dlo P Pyuas Py ﬁaﬁwé’qauwmﬁm’mﬁﬁ £ uaz fi auandiu n fie pdivnivuesnes Ade
ANAUEIAAY ¢ fB AALEILETIUDINA Ay fie NuTinunaUsyansha o Aeadulsy
dnsnisanneu L fle Anuenivendulowniuiuds diy e ssndszneuiivananiziden
(djk =3 310 i = j uae dyx= 6 Wio i )¢ fe aarwlindudaaususu 3

Total FWM Efficiency (TE) nuneds Usgan3aimnissiufunieainuiives FWM fu
Yosdayauo 5?50Lﬁuﬁaﬁwaﬂwﬁqﬁﬁzé’ummwLLiW@ﬂNamgmﬁLﬁﬂ%uma FWM 2pane
fu TP Tnefien TE flamuesannilns ejaammaﬁammguuiaﬂaaaumﬁu uaglulsmves
mmﬁa‘uLﬁsm@mmﬂumﬁmﬁmﬁm@mﬁa AHANSENURINaITAUBEAY ARIITISNS
Sovoedayarauiug ﬁ@mmmgﬂum

TE wlnanaunsis [5-6)

Mewy = Zn;WM(i) (2.27)
i=1

W9 Ny A0 Total FWM Efficiency, wagi = 1 2 ..., m wu1eie aduiivesanuiu

U398 90aMsiin FWM wagUsednsnin FWM (Fpp,,) 90NWaag Source m1laann

- o’ 1+4e‘“’-sinz(A,Bl/2) 08
T at+(apy (1-ef ’

A1 Ap ADNATINVDIANANULANAIVDIALDTIRUATUN SN AsgaeluaulannIun

(15N

/1 dD

2c d/iqf f|

8= A, - fk\[

)} (2.29)
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e /i fuay fi fe Aewdleq lussuy fo Aemuiiensds D fe anlasunfndanesdu
dD/d). #e Peuduresiamestu  fe mdulszansvessnsinsaaneu A fen1ALe
AAukaY ¢ Ao mAnuduadlueinia

dlounaunisiiunlafu Nonzero Dispersion Shift Fiber (NZDSF) @nansaideuaunis
Tnallondu

i qu

2p=-" -1 - ) 2.30)

n1san FWM fidetulussuuasdyanamuy DWOM 7i3snssnvesdayanamuy ES
ﬁﬁiﬁz}uﬂmagﬂuﬁﬁ]ﬁ;ﬁ’uﬁ?u mlagnsuiinsesdyaimuas (Optical Filter) 11589 FWM ‘1‘71'@;@
N-channel Demux fetuiiloladsnsdnvesdyaauuulny avauisaannislefinses
Fyanauasiathues

2.7 9ns1Unkiawana (Bit error rate)

dn3dnianan Ao é’m’]é’gumaqéwuauﬁmﬁmwawmﬁwmmENé’mwmiéa%gaéa
Muudanimunresdninisaeya Amnsguiivenivlavessasdnfanainfe 10°
Lﬁaamﬂmmmﬁmwmmiumsﬁ'amié’mzumumﬁéﬁmuimgu’[ﬂLLfTamLLmﬁ?u finfinnane
UeEun 1ua15mam BER uuwﬂmmﬂmqwgmiﬂi UIUATLUULNIALEEY (Gaussian
Approximation) Fan1591 BER WU 13192A0MIUAN Pe neu

P. f® mmm%Lﬁumaqazycym%lmuwamwumﬂ FWM Tuszuuasdanamuy
DWDM ﬁi%mimag]l,am LUU ONn-Off Keying (OOK) anilaanaunisi [5-6]

17 1
P = exp t (2.31)
27[ o 2

e ¢ Ao L1an O Ae YademuAmnI (Quality Factor) Familaain [5,6]

bP,

Q:
\/Nzh+Nsh+NFWM+\/N_th

\9991nn"5gaydeves Thermal Noise (V) Wz Shot Noise (Ny) Hauseunn Lile

(2.32)

WIBUWIBUAU Newy Tusguunsasdeyeiadiuy DWDM fatiumn Q AU nNanssny
w3 FWM anansauansiiiuaaaunisnaneluil

bP_ 2bP /P 2 Pe™

0=—F——=
\/NFWM \/bZPPFWM \/PFWM \/PFWM

(2.33)

a

o Ps ADN183UD9 ”@y@ymuaqmﬂﬂ waz Newy A9 mmq gLdeinaIn FIWM a1u150m1
a9 nannisi

Ny = 20°P [%) (2.30)
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a

= aa = ¥ &
ey b A L5aUBUYIn %Qaqﬂqﬁﬂwaﬂﬂqﬂaﬂﬂqiu

e nel
-2 = (2.35)
W he
o 5 FouszAvEnmenaudi e Ao Uszadiinasouuay h Aenasiivosndsanivualuiial
WA (6.626x10%s) TusuAdetiniumualn Avalanche Photo Diode (APD) # = 80% [7-8]



unil 3
A5ATUUN15IY

mATedes Anwiamsdavedyaaniioan FWM luszuueiovieruailouniu
WaAdLUY DWDM EJSJ{]'EJVL(;H wuptumeuwa@sa Wium3de Tl
3.1 AnwiEnsdnvesdygauaauunie lussuu DWDM
3.2 9oNWUUIENTSnvesdyynuauU i

1 o/

3.1 ANWIITNISINYDIFUEUIULEILUUAG S TUsEUU DWDM

v v

Bsdnvesdmya e ﬁmaimamqGiaUiz?ﬁ%%mmﬂ’ﬁéﬁagﬂmzwm‘%aﬂiwr}hu
eulonnIuILEILUY DWDM %a%ﬁﬂWi%’msﬁaqﬁ@mmLLaaﬁI%agja%aluﬁmﬁu ABISN1TAN
YosdMUUATszEzmunfy (Equally Spaced Channel : ES) un3sn1sdnvesdaayiol
wasanandelasunansEnuaIn FWM agjmn Tnensiiin FWM dustriinlunsdifidnases
Funras aneq Yesduananiue mumm;’em i

deswnransznuann FwM Wudymitdninnisenaunnlneuadey wezlad
mﬁfﬁ'aLﬁ'agwﬁ%miﬁﬁ]gmmamﬁﬂmmﬁmén Fanundnuiseatuauniniiunaus
wedansundaymituanasiuly wariinsunnneunsestsmoiiie Sslasnmsnuan
ﬁ’]ﬂ,ﬂiaLLf;Jﬁj'ﬂWﬁlGTaﬂ’llﬁLaﬂu%ﬁUMﬁQ INNIANHINUI ﬁmmmm‘iiﬁ’aﬂmﬁl,l,gﬁw 513
ammammmuauwuwm gzl (Unequalty Spaced Channel US) [9 14]
asnandyminanstnuann FWM lainan 35msdnvesdyaauuuiiissesmaniiu
(ES)

(%

v ! aov a v a o ! aa ' ! ' Y
foe1eulTeNodumatdanisinresdyyianasniszozuislumadu (US)

QmUazaqﬁLﬁ'agaqmiammmummﬁ FWM TiAad Lﬁuwawﬂﬁlﬂsz’fauﬁuﬁaaﬁ@@wf,u‘vié'ﬂ
miﬁé’mmmLLm‘ﬁm%a%’uﬂawmaﬁméauaq Felasunisanunlulnsansnieivnisia
Fodpsamiulylussuudevnoniuaulowniuinasuy DWOM tu [13] lomadanisen
YoudyIauuasfiidedn URUS Fuduwmafinnisun Base Unit fifidean “RUS” fifianud
mMeluaiuau 5 aruduazniely Base Unit Szossenineosdya iy 4 vesdyeyio
antiundunisuiten Base Unit unidsenaiy Tneilsyogsnasewang Base Unit 99uau 3 A1
Ao Afi, Ab waz Af AMLAITU JUASULUUAIAS TneA il 24 Yesdqaie Fatuna
ApeniBaslaviisaziadl

O 9 wuANLA FWM ity 2555

O Total FWM Efficiency -3.57 dB

O Bit Error Rate -20.51 dBm

O Power Penalty 0.378 dB

ﬂ%%’a?jamﬂivLﬁuﬁﬂ‘mLa‘wwvf‘ﬁms%’mﬁéaqé’i’mmml,wﬁﬁiwzﬁ’mhiwﬁﬁ’u Lﬁawﬁ%

o

dd v

NN ﬂiuﬂ’]iLLﬂﬁfUVﬂ I(ﬂﬁlN’J"i]EJI@’JR]EJLW@E]E]ﬂLLUU'JGﬂ’]'i"i]WU@QﬁEUEUWﬂALLﬁQLL‘U‘USLWEJ""] E]EJ’N

LAg7)

G]’EJL ’EN GZN‘\]WﬂNﬁQ’]U’J‘UEJVINWU%J’]I@Nﬂ’]i‘iﬂLa‘LJ’e]LLa SENUBLNS aﬁmiamjaﬂammmuaamm
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fauduaoy  Ametu §asmamariiduiedinndmuiiidunadwsainnmsite
Mmﬂﬂﬁﬁal,t,z:’;é’qlﬁﬁfmu wmﬂmmﬁi{fmuﬁa laun F3n15dnvesdyanauamuy Equally
Spaced Repeated Alternate Unequally Space (ERAUS) [15], Paired Unequally Repeated
Alternate Unequally Space (Paired URAUS) [21], Symmetrical Paired Repeated
Unequally Spaced (SPRUS) [16], Repeated Base-unit Unequally Spaced (RBUS) [17],
Base-unit Repeated Unequally Spaced (BRUS) [18] tkeiz Symmetrical Unequally Spaced
Repeated Unequally Spaced (SURUS) [19], Invert Repeated Base Unit Unequally
spaced (IRBUS) [22] winadwsitladluiduiiumela

PNNSANYAITNSTRvasd g muauUn1eq Tussuu DWDM ansaasuussiiu
a 1deylu2 afe

1) 3Bnsdnvedyauauuuiiiszesmaniiu Falaun T39aveq ey U UL AU
ES wag

2) Freenawanuideilaismsdnvesdugramawuuiidszermslamiu Tawn
FBn159PveIdILAIUU Paired URAUS way 35n15dnvesdyqnaiaduuu IRBUS

3.1.1 Ansdavesdynrauauuuiitssesinaviniu

[

%ﬁmﬁmmaag@wmlﬂmuu ES (ES Channel Allocation) A835n1549
ﬂjaaammmuaaLLuwmuammmﬂu mimmaaﬁ]iﬂuﬂawu TusvuuieSorrenuaule
LmeLLmLLUU DWDM Tagainn1s@nuyianuide wmwwmawamamwﬂmmwmw ’Jﬁﬂ’]i

ﬂﬂ%aﬂﬁ@@’]mLLﬁﬂLLUU ES “mLﬁ‘lﬂﬁﬂ?‘iﬂWUEN?!QJ}QJ}%MLLUUV]Sﬁ%EJ%‘VI’N (Space) 'izmmmaz

oy (A% luvwiaiiimig fudy Samiluifasansenuves FWM lusedugs awnse
LaRlUNaNTIRYRIT Y LAY ES AegUR 3.1

i« Bes >
Ae N

fCl fC2 fC3 fC4 an—l Cn
Signal Light Frequency

>
N
>
N

)
Y
A
N
4
A

5UM 3.1 luman1sdnvesdeysyinuaawuu ES

o

INJUN 3.1 for - fon MRvasdyaIaiuadluiaulownIuInas 31wy 40 Yoadayeyn

[20] Afi AO3v8¥MIeTEnInevesdyyIauas fiauinmie fu fe 100 GHz intlusyuy
DWDM % quﬁaémaﬁﬂimwmﬂﬁq@

Bes D WUUAIASIINT LA 9INN1TTAYOITYAYINUATUUY ES d@115anbnann
duns il

B, =(N, —1)Af. (3.1)
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a FWM %Lﬁm%ﬂuﬁqm SYEYMITEI YOI NMLAT (A%) Tag FWM fana1aay
wnue fiwa-fi lussuuilsenuaiseyludagtulsisundymiles nislugunsal Optical
Fitter Tudaiadoafuuanenis (Receiven (Judinsesdyaios FWM 08n a1u1sauans
mAEBNNITInTed MUY ES fanns1edt 3.1

= ' aay ¥ o W
A15199 3.1 AAURNlaaINNITIRYes UEUULENLLUY ES

Channels 1 2 3 => 38 39 40
AfcGHz) 100 100 => 100 100
fiTHz | 1921 192.2 1923 => 19538 195.9 196.0

NA9199 3.1 UANIFIBE1IVBINTTATEIF Y IUUAILUY ES laauiiamiu
YOI Y IUWINA 192.1 THz auﬁﬂﬂawmﬁﬁlsnguaww§uﬁaaqmﬁwEJﬁa 196.0 THz 3ai
SYHENNTEMINYeId LA Tas LA TIVNAY (Af) fie 100 GHz fia Tuuvesdyaio
LATTavLA 40 ﬁaﬂﬁmiyﬂm ANNUINTZIU ITU-TG.694.1 [20]

MnmsAnedymnsia FWM filaesutsuuaitiu wurlussuuedorennuay
Toumuiuasuuy DWOM Alaiinsdavesdyanuaiuy ES Suinransznuain FWM u
TEAUFS nATANNST YRS YN MLAIUURTS ﬁagﬂﬁmmﬁﬁumLﬁ@%ﬁ%%’mj'mé’ingWLLmﬁ
AnsaanransznuaIn FWM ladna

3.1.2 /N15InYasdyqIauaskuunissesinlivinu
3.1.2.1 BN15INYDIAYYIUMEALUY Paired URAUS

n159nvesdymnuasLuUU Paired URAUS [21] 1udsnisilaann

a o d‘ ¥ a U ! U ! ' U tﬂl

NuIdBLRasNanIznuan FWM anglanunannisdnesdgaauaanuulumiiu (US) &9

WunwiAniunnn1991n35n1sdnvesdygraunasiuu ES 3aanuaideasulinnaiunsoan

HANTENURIN FWM 1afin11n159nTeed g adhdsiuy ES @1usouanslunanisdn
YOIFY Y IUAILUU Paired URAUS Aeguin 3.2

paired URAUS

A
A 4

L BoL . BB P pa By e PR B0y 1 BT
[DE— > ] kepy
Af; Af Afs

5UN 3.2 luman1sdnvesdeysyinuiaawuy Paired URAUS

mﬂgﬂﬁ 3.2 wansmiiuianainian1sinvesdyIauasuuy Paired URAUS Tng
AsUIUAAY Base Unit 3ndugiiu Taefl AUS,, AUS,, AUS,, AUSs, AUSs Ly AUS fie Base
Unit fiusznaumsgaauiaelumafu {75 50 150 125 1003, {125 150 50 75 100}, {50
150 125 100 75}, {125 100 75 50 150}, {100 75 50 150 125} wae {75 100 125 150 50}
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AINANAU LAz Afi, Af waz Af A SPEEMETZNIN Base Unit Siamnfu 62.5 GHz, 56.25
GHz 1ag 50 GHz sua 16U

mamwueﬁ%ms%’wﬁmé’mzyﬂmu,aﬂ m"LGTImes%’U@J'ide AUS; AU AUS,, AUS;
U AUSq waz AUSs fu AUS, Ingunagaazinameriu uaAUMETYEZIITEMY Base Unit
Faununae Afi, AB uaz Afs muaey TauATuAILaIuILLULn SRS Wulumusnsgiu
TU-T G.694.1 Tnauwuusinssaves Paired URAUS azanlaannauns

n—1
BpairedeRAUS = n(Bbl +Bb2 ot an)+ ZAfd+Bi‘es (32)
d=1

dlo Ao 9 1w Base Unit
By 79 LUUAINSURY Base Unit
By, 10 LUURIRS TR
gjﬂLLﬂ@ﬂﬁWﬂ?’lmaﬁigﬁ]’lﬂﬂ’]iﬁﬂ?ﬁlaﬁﬁiyjiyﬁiL!LLﬁQLL‘U‘U Paired URAUS 3151971 3.2

A1519% 3.2 AIANLDNIAIINNNTINVOIF I AULLESLUY Paired URAUS

Channels 1 2 3 4 5
Af: GHz) 75 50 150 125 100
fiTHn | 192.1 192.17 192.22 192.37 1925
Channels 6 7 8 9 10
Afe(GHz) 125 150 50 75 100
fiTHz) | 1926 192.72 192.87 192.92 193.0
Channels | 11 12 13 14 15
Afc(GHz) 62.5 50 150 125 100
fi MHz) | 1931 193.16 193.21 193.36 193.48
Channels | 16 17 18 19 20
AfcGHz) 75 125 100 75 50
fiTHz | 19358 193.66 193.78 193.88 193.96
Channels | 21 22 23 24 25
A fe(GHz) 150 56.25 100 75 50
fiTH2 | 19401 194.16 194.21 194.31 194.39
Channels | 26 27 28 29 30
Afe(GHz) 150 125 75 100 125
fiTHz) | 194.44 194.59 194.71 194.79 194.89
Channels | 31 32 33 34 35
Af.(GHz) 150 50 50 75 50
fiTH2 | 19502 195.16 195.21 195.26 195.34
Channels | 36 37 38 39 40
AfcGHz) 150 125 100 50
fiTHz) | 19539 195.54 195.66 195.76 195.81
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AT 3.2 LLamﬂ'ﬁﬂ’;m?iﬁlmymﬂmﬁmﬁéaﬁcgzyﬂmLL@NLL‘UU Paired URAUS
AudamSUTeIdIuwINfe 192.1 THz auﬁqmmﬁlqmﬁwﬁa 195.81 THz 2lna1uau
FodyansITauaRe 40 vesdynas Tnonmualu Afiflean 62.5 GHz A iiAn 56.25
GHz uaz Afi i 50 GHz

NTYunINIsin FWM Aaosuneniua M3TnvesdyIanaLUY Paired URAUS
filaanunsnan FWM ladwe dansdia 1uueud FWM Adstumnfu 4211 (21 gidedla
WannmafinnsIaYesdnyaauatuy IRBUS nely

3.1.2.2 BN15INYDIAEYYIULEIUY IRBUS

[y

ﬁmﬁmmam@muaauvu Invert Repeated Base Unit Unequally
Spaced (IRBUS) [22) ifudnuiifisfignitauniu ileannansevuann FWM nglauuafnnis

dnvosdygraasiuuluminiu (US) aunsalansliinan1sdnsesdya uuastuy IRBUS #
U7 3.3

< 5 IRBUS >

B ey B3y By B8 B8, B
PR P o> > R— P o>y
A Af: Ay A Af: A

UM 3.3 lunan1sdnvesdayayraiasuwuy IRBUS

mﬂ'gﬂﬁ 3.3 LLam"LﬁLﬁuﬁqLwﬂﬁﬂﬁ%‘ﬂﬁ%’mfaaﬁﬁymwmLLaqLLUU IRBUS Tagn1sun
Base Unit 3ndniFeauuuiuen deideulanunuiinisidunufinisiaussesvisnoudls Base
Unit han Lﬂuﬂmﬁfméjusuaamiaﬂ FWM Feeonuuulviinisdainsunas Base Unit Tngiau
SYHEMITENIN Base Unit mmnmaﬂumﬂmLma‘mu%aua IUL'iast] "Luaﬂwmumaqmnum
TUaUATUIWILLUUATAS mmnmmu ITU-T G.694.1 $491n9 1138 8MUIN520M 195291719
Base Unit (Afi Afx Afs wae Afa) fnnzay laun 62.5 GHz 58.3¢ GHz 54.18 GHz way 50
GHz mnua 19U

ANNTORARIATAINLADINNTTATE A QUMM UU IRBUS Fap151971 3.3

A1919% 3.3 AIALANIAINNTINTOIA QYR ULLESLUY IRBUS

Channels 1 2 3 4 5
Af:GHz) 62.5 150 125 100 75
fiTHz | 192.1 192.16 192.31 192.43 192.53

Channels 6 7 8 9 10
Afe GHz) 50 58.34 150 125 100
fiTHz | 19261 192.66 19272 192.87 192.99

Channels | 11 12 13 14 15
AfeGHz) 75 50 54.18 150 125
fiTHz) | 19309 193.17 193.22 193.27 193.42




A1919% 3.3 AIANLDNIEAINNNTINTRIF QYR 1UUU IRBUS (D)

Channels | 16 17 18 19 20
Afe GHz) 100 75 50 50 150
fiTHz) | 19255 193.65 193.72 193.77 193.82
Channels | 21 22 23 24 25
AfeGHz) 125 100 75 50 62.5
fiTHz) | 193,97 194.10 194.20 194.27 194.32
Channels | 26 27 28 29 30
Afc(GHz) 150 125 100 75 50
fiTHz) | 194.38 194.53 194.66 194.76 194.83
Channels | 31 32 33 34 35
Afe(GHz) 58.34 150 125 100 75
fiTHz) | 194.88 194.94 195.09 195.22 195.32
Channels 36 37 38 39 40
Af:GHz) 50 54.18 150 125 100
fiTHz) | 19539 195.44 195.50 195.65 195.77
Channels | g1 42 43
Afe GHz) 75 50
fiTHz) | 19587 195.95 196.0

9INAITNN 3.3 WANIAIAUDTIEAIINNITINYDIFEYQYILAILUY IRBUS 271n9U3TY
n wumNda WTwesdasnAe 192.1 THz auiieaudannie 196.0 THz agla 1wy
YOI Y IUTININUA 43 vosdeyQIal BINUAAIAAU Afi - Afs WU 62.5 GHz, 58.34
GHz, 54.18 GHz wag 50 GHz aua 19U

' 13 aa [ ! o @ v !

pe13lsinn In199nv0sd Yy IuLaILUY IRBUS Afiluaiuisaannansznuain
FWM laviaviain §9mefianwiundnud FWM Afiadumniiu 1658 [22] widedslaiaumaile
nsdnvesdagranaswuulniien) APRUS tielwanunsaaanansznuain FWM laagedu

3.2 N1999NLUUIGNITINTBIA ey auma Ul
A3nssnvesdyyrauasuulnuiiunaued d3e13n21 Asymmetrical Paired
Repeated Unequally Spaced (APRUS) ﬁLﬂumiﬁmmﬁULﬁmmmﬂﬁ%mﬁmaﬁmmm
LLaQLLuummvavmﬂmmﬂu puave 3. 12 mﬂam,l,gaﬁgwmu Imamﬂmmaiwummu
FWM UoENI 1658 total FWI\/\ power UoENI -28.3 dBm Total FWM Efﬂoency Uy

fm -0.2 dB e Bit Error Rate uaamw -1.8 dBm [23] mmumaumiaamwu mu

o

3.2.1 @9nuuulaseainansdnnguadnutvastesdyyinuaniely Base Unit
NASANENUATETIINYIes dnan1sidefiuandmiuil nsnIunIIwIL
rosdye a1y Base Unit NdaunAy 5 sesdygia aamalnal FWM Aiiauuoas

[12-14, 20] #3380 WuAlvBase Unit unuadgta RUS NUsznauneanativasvesdayn o
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WA WY 5 YOIEI0s UWUAIY fi- £ KN 50 5 100 125 uaw 150 GHz axa iulaed

%BQ’J’NSBWJ’NGUBQﬁQJ}UW’]mLL?I\‘iﬂWEJI‘L! Base Unit 91124 4 989 WAazwodvunn 25 GHz 69

T 25GHz T 25GHz T 25GHz T 25GHz T

SUM 3.4

fi

fi

-

RUS

/s

>

UM 3.4 lassasnansdnnauanudivesesdyyinuaaniely Base Unit

#d191niilalassasninisdnnauaiudvesyesdygyiauasnigly Base Unit

La7 WAIIMIANANTZNUIIN FWM LAY TABUIAIAIINDUDITOIF Y IUUEAINS 5 A1

' A A a X ¥ o ! Y 9
A ﬂmmmmmuwvLﬁumaiamaw MUWUAINUD FWM ‘VlLﬂ@?JUVlVLUGZJEJUWUGUENﬂiUEUWMVFGﬂ

‘?jﬂﬁ]”lﬂi‘dLL‘U‘Uﬂ’]i"ﬂ@ﬂﬁmﬂ’J’]Nﬂ‘U@ﬂ‘U@\‘iﬁﬁJﬁJ’WmLLﬁﬂ gty Base Unit ‘vﬂ,mmu LELI’EJ‘LJ’]

ﬂ?ﬂ’)’]@Jﬂ‘U@ﬁﬁﬂJﬁJ’]mLLﬁ\iW\‘i 5 mmmqaamulﬂm TnenA TURINGAT 5! ‘lﬂiULLUUWLﬂu‘lﬂlﬂ

U 120 i‘ULL‘U‘UVIhJ"U’]ﬂH ‘vimmﬂuummmmmaqammmuaﬂuLmaw Base Unit 41

ATUIUR U ﬁZLIﬂ"I‘i‘VI 2.23 L‘WE]‘W]@"INaﬂﬁ Nnuxn FWM sZJ’eN‘le‘i 120 i‘ULL‘U‘U Iﬂﬂ?ﬁiﬂiﬂ@

mamamimmmlmmﬂ ‘U‘VW] 2 mmmasﬂmwammumm FWM 284 Base Unit ‘Vl\‘1 120

Pl LY Flapsnedi 3.4

A1519% 3.4 ANANSENUINN FWM 989 Base Unit 919 120 g‘tJLL‘U‘U

sUuuu?l | Anudianelu Base Unit | FWM | sUuuudt | enudinnelu Base Unit | FWM

1. 50 75 100 125 150 4 61. 100 125 50 75 150 9
2, 50 75 100 150 125 4 62. 100 125 50 150 75 4
3, 50 75125100 150 | 10 63. 100 125 7550 150 | 10
a, 50 75125150 100 | 10 6. 100 1257515050 | 10
5. 50 75 150 100 125 9 65. 100 125 150 50 75 4
6. 50 75 150 125 100 9 66. 100 125 150 75 50

7 50 100 75 125 150 4 67. 100 150 50 75125 | 15
8. 50 100 75 150 125 4 68. 100 150 50 12575 | 10
9 50 100 125 75 150 9 69. 100 150 7550 125 | 10
10, 50 100 125 150 75 9 70. 100 150 75 125 50 5
11, 50 100 150 75 125 5 71. 100 150 12550 75 | 10
12, 50 100 150 125 75 5 72. 100150 1257550 | 10
13, 50 125 75 100 150 | 10 73. 12550 75100 150 | 15
14, 50 125 75 150 100 5 74. 12550 75150 100 | 10
15, 50125100 75 150 | 10 75. 125 50 100 75 150 9
16, 50 125 100 150 75 5 76. 125 50 100 150 75 5




A15199 3.4 N1SUIANANTENUAIN FWM Mandunielu RUS (19)

aq

sUuuuil | mwdnnelu Base Unit | FWM | sUnuudt | anudinnelu Base Unit | FWM

17. 50 125 150 75 100 7. 125 50 150 75 100 a4
18. 50 125 150 100 75 8. 125 50 150 100 75 a4
19. 50 150 75 100 125 79. 12575 50 100 150 15
20. 50 150 75 125 100 10 80. 125 75 50 150 100 15
21. 50 150 100 75 125 4 81. 125 75 100 50 150
22. 50 150 100 125 75 4 82. 125 75 100 150 50 4
23. 50 150 125 75 100 5 83. 125 75 150 50 100 10

. 50 150 125 100 75 0 84. 125 75 150 100 50 5
25. 7550 100 125 150 8 85. 125 100 50 75 150 12
26. 7550 100 150 125 9 86. 125100 50 150 75 9
21. 7550 125 100 150 10 87. 125 100 75 50 150 a4
28. 7550 125 150 100 10 88. 125100 75 150 50 5
29. 7550 150 100 125 4 89. 125 100 150 50 75 a4
30. 7550 150 125 100 q 90. 125100 150 75 50 4
31. 75100 50 125 150 9 91. 125 150 50 75 100 a4
32. 75100 50 150 125 5 92. 125 150 50 100 75 5
33. 75100 125 50 150 5 93. 125 150 75 50 100 8

. 75100 125 150 50 0 94. 125 150 75 100 50 a4
35. 75100 150 50 125 4 95. 125 150 100 50 75 9
36. 75100 150 125 50 4 96. 125 150 100 75 50 a4
37. 75125 50 100 150 10 97. 150 50 75 100 125 a4
38. 75125 50 150 100 10 98. 150 50 75 125 100 10
39. 75125 100 50 150 99. 150 50 100 75 125 9
40. 75125 100 150 50 4 100. 150 50 100 125 75 9
a1. 75125 150 50 100 10 101. 150 50 125 75 100 10
az. 75125 150 100 50 5 102. 150 50 125 100 75 5
as. 75150 50 100 125 9 103. 150 75 50 100 125 12
a4. 75150 50 125 100 4 104. 150 75 50 125 100 9
as. 75150 100 50 125 5 105. 150 75 100 50 125 9
ae. 75150 100 125 50 5 106. 150 75 100 125 50 10
ar. 75150 125 50 100 4 107. 150 75 125 50 100 a4
as. 75150 125 100 50 9 108. 150 75 125 100 50
49. 100 50 75 125 150 9 109. 150 100 50 75 125 15
50. 100 50 75 150 125 8 110. 150 100 50 125 75 10
51. 100 50 125 75 150 4 111. 150 100 75 50 125 15




a5

A15199 3.4 N1SUIANANTENUAIN FWM Mandunielu RUS (19)

52. 100 50 125 150 75 4 112. 150 100 75 125 50 10
53. 100 50 150 75 125 10 113. 150 100 125 50 75 10
54. 100 50 150 125 75 10 114. 150 100 125 75 50 10
55. 100 75 50 125 150 10 115. 150 125 50 75 100 10
56. 100 75 50 150 125 4 116. 150 125 50 100 75 9
57. 100 75 125 50 150 10 117. 150 125 75 50 100 9
58. 100 75 125 150 50 5 118. 150 125 75 100 50 4
59. 100 75 150 50 125 4 119. 150 125 100 50 75 8
60. 100 75 150 125 50 4 120. 150 125 100 75 50 4

N7 3.4 r;mmLaaﬂsﬂLLUUmsf\mﬂaummmawaqamzumummsflu
Base Unit fifinmansenuain FWM uawama UL 24 (RUS; = 50 150 125 100 75)
Faflan FWM = 0 LLauE‘ULLU‘U‘VI 34 (RUS, = 75 100 125 150 50) A1 FWM = 0 i 1l
u 1lublunsesnuuulumansdavesdyaauanuu APRUS lute 3.1.3 aely

3.2.2 99NLUUTEEYN (Channel Spacing) 3¢1714 Base Unit
91NUAIFIU ITU-T G.694.1 N wualnloayaauadiugag 1539.55-1560.61
nm %30 192.1-196.0 THz rg‘i%’aﬁamwumlﬁ A3n13n19¥nTedy oMUy APRUS Saute
WUURING TUsznaune Base Unit 9113w 4 YA AD RUS; 91U 2 YA kag RUS, 91U 2
Y9 wazn Uil szezmasEnIng Base Unit fidanlunfuaiuiu 2 avde Afi uaz Af
WislrAsunue wuLUURIRsTin MuA
f1500001 Afi way Af Tnangaudiae Fedwalvinansznuain FWM fian
ﬂaaﬁqﬂﬁa 9nnsnvunla RUS = {fiffs fi f5) Iﬂaﬁmmﬂmmﬁ'ﬁaaq@ (i} lum
A WINER {f5} 9N MUAABAN ULV Afi Uag Af lagtail
1 Afi ezmoddialunesnn fi
2. Ap amedimliinnni f
Tusuddeil ﬁgﬁi’alﬁmmmﬁ Afiuay Af iU 58.3 GHz way 62.5 GHz
puasiu amsululslunsesnuuulumanisinvesdaygauasuy APRUS lute 3.1.1
naly

3.2.3 29nuUUlUAANTTINYRIRUYIMUAILUU APRUS
3231 N1309NUUUTULUUNISIAIN Base Unit $uil 1
[iDM13ULUUN138M274 Base Unit sanuaiiiiulule wazidon
sUMUUMEAN9 Base Unit fifiawansgnuann FWM Saiuesiian 2 1w 2 3uuuu
378 lALUITILUUATASA NN SEIU TU-T G.694.1 ponidu 2
g fu TneflunazaiuazUszneunie 4 Base Unit laun RUS; 9717u 2 49 uaz RUS,

U 2 YA IALTLANANNAY INTUMFURUUNITIAIG 4 Base Unit Uag 2 538en9 (Afi
way Af) Mulule Manue 156 JULUY AI9N197 3.5




A15199 3.5 N1599719 Base Unit A13lsgee1195¢1319 Base Unit Ly

a6

gULLUUﬁ n53ngULUL Base Unit 2 WUV FWM
1. RUS: | Af RUS; Afh | RUS, | RUS, 349.5

2D | RUS; | Af, | RUS; | Afi | RUS, | RUS, 248.5
3. RUS; AV RUS; Afs RUS;, RUS; 402.5
4. RUS; Af RUS, Afi RUS; RUS; 316.5
5. RUS; Afi RUS; Afs RUS; RUS, 461.5
6. RUS; Af RUS, Afi RUS, RUS; 370.5
7. RUS, Afi RUS, Af RUS; RUS; 369.5

RUS, | Af, | RUS, Af, | RUS; | RUS; 242.5
9. RUS, M RUS; A RUS, RUS; 4335
10. RUS, Af RUS; Afi RUS, RUS; 326.5
11. RUS, | AA RUS; Af | RUS: | RUS, 422.5
12. RUS, Af RUS; Afi RUS; RUS; 3525
13. RUS; | RUSI Afi A RUS, RUS; 376.5
14. RUS; | RUSI Afa Afi RUS, RUS; 376.5
15. RUST | RUSZ Af1 Af2 RUST | RUS2 548.5
16. RUS; | RUS; A Afi RUS;, RUS; 548.5
17. RUS: | RUS, | A/ A RUS, | RUS; 562.5
18. RUS; | RUS; A Afi RUS; RUS; 562.5
19. RUS, | RUS; Afi A RUS; RUS; 346.5
20. RUS, | RUS; A Afi RUS;, RUS; 346.5
21, RUS, | RUS: | A/ A RUS, | RUS; 538.5
22. RUS, | RUS; A Afi RUS; RUS; 538.5
23. RUS, | RUS; Afi A RUS; RUS; 564.5
24, RUS; | RUS, A Afi RUS;, RUS; 564.5
25. RUS, | RUS: | Af; RUS, | Af RUS; 272
26. RUS; | RUS; | Af RUS, | Af RUS, 318
27. RUS; | RUS, | Af RUS: | &p RUS, 354
28. RUS; | RUS, | Af RUS: | Af RUS, 400
29. RUS; | RUS, | AA RUS, | Af RUS; 391
30. RUS; | RUS; A RUS; Ay RUS; 388
31. RUS, | RUS, | AA RUS: | &p RUS; 268
32. RUS, | RUS, | Af RUS; Ay RUS; 284
33, RUS, | RUS: | Af RUS, | Af RUS; 339
34. RUS; | RUS, A RUS; AV RUS; 364
35. RUS, | RUS: | Af RUS; NG RUS; 400




A15199 3.5 115997719 Base Unit A13l528211195231719 Base Unit Ly (1)

ar

gULLUUﬁ n53ngULUL Base Unit 2 WUV FWM
36. RUS; | RUS; A RUS; AV RUS; 418
37. RUS; Afi RUS; RUS; | RUS; Af 587.5
38. RUS; A RUS; RUS; | RUS; AV 676
39. RUS; Afi RUS, RUS; RUS; A 651.5
40. RUS, | Af RUS, | RUS; | RUS, | afi 740
a1. RUS; Afi RUS, RUS; | RUS; A 603.5
42. RUS: | Af RUS, | RUS, | RUS; | af 416
43. RUS; Afi RUS, RUS1 | RUS; A 587.5
a4. RUS; A RUS, RUST | RUS; Afi 676
as. RUS; Afi RUS; RUS; | RUS; A 651.5
46. RUS; A RUS; RUS; | RUS; Afi 740
ar. RUS; Afi RUS; RUS; RUS; A 465.5
4s. RUS; A RUS; RUS; | RUS; Afi 676
49. RUS; | RUS; Afi RUS; | RUS, A 350.5
50. RUS; | RUS, | Af RUS, | RUS, | Af 704
51. RUS; | RUS; Afi RUS; RUS; Af 454.5
52. RUS; | RUS, | Af RUS; | RUS, | AA 872
53. RUS; | RUS; Afi RUS; | RUS; A 590.5
54, RUS; | RUS, | A RUS, | RUS; | AA 792
55. RUS, | RUS; Afi RUS; RUS; Af 684
56. RUS, | RUS, | Af RUS: | RUS: | &Af; 704
57. RUS, | RUS; Afi RUS; | RUS; Af 542.5
58. RUS, | RUS, | Af RUS, | RUS: | A 872
59. RUS; | RUS; Afi RUS; | RUS; A 590.5
60. RUS; | RUS; Af RUS; | RUS; Afi 792
61. RUS; | RUS; RUS, Ay RUS; A 490
62. RUS; | RUS; RUS, A RUS; Afi 676
63. RUS; | RUS, | RUS; Ay RUS, | Af 566
64. RUS; | RUS, | RUS; Af | RUS, | Af 622
65. RUS; | RUS, | RUS, NG RUS: | Ap 518
66. RUS; | RUS, | RUS, Af | RUS: | Af 676
67. RUS; | RUS; | RUS; AV RUS; A 490
68. RUS, | RUS, | RUS; A RUS: | AA 676
69. RUS; | RUS; RUS, AV RUS; A 566
70. RUS, | RUS; | RUS;, A RUS: | Af 740




A15199 3.5 115997719 Base Unit A13l528211195231719 Base Unit Ly (1)

48

gULLUUﬁ n53ngULUU Base Unit 2 TWUVDY FWM
71. RUS, | RUS; | RUS i RUS, | Af 518
12. RUS; | RUS; RUS; Af RUS; Afi 676
3, RUS; | RUS; | RUS, | RUS, | Af N 1116
a. RUS; | RUS; RUS; RUS, A Afi 1116
5 RUS; | RUS, | RUS; | RUS, | Af N 1276
6 RUS; | RUS, | RUS; RUS, A Afi 1276
RUS; | RUS, | RUS, | RUS: | & N 1116
8. RUS; | RUS; | RUS; RUS; A Afi 1116
9. RUS; | RUS; | RUS; RUS; Afi A 1116
80. RUS; | RUS; | RUS; RUS; A Afi 1116
81. RUS, | RUS; | RUS, | RUS: | &f N 1276
82. RUS; | RUS; RUS; RUS; A Afi 1276
83. RUS; | RUS; | RUS; RUS, Afi A 1116
84. RUS; | RUS; RUS; RUS, A Afi 1116
85. RUS: | AA RUS: | RUS, | Af RUS, 425
86. RUS; Af RUS: RUS; Afi RUS; 400
8. RUS: | AA RUS, | RUS: | &Af RUS, 428
88. RUS; Af RUS; RUS, Afi RUS; 398
89. RUS; M RUS; RUS, A RUS; 390
90. RUS: Af RUS; RUS; Afi RUS; 308
91. RUS, | Af RUS, | RUS: | Af RUS; 446
92. RUS; Af RUS; RUS, Afi RUS; 364
93. RUS, | AA RUS: | RUS, | Af RUS; 446
94. RUS, | A% | RUS; | RUS, | Af RUS; 364
95. RUS, | AA RUS: | RUS: | Af RUS, 368
96. RUS; | Af RUS; RUS; Ay RUS; 338
97. Afi | RUS: | Ap RUS; | RUS, | RUS, 486.5
98. A RUS; M RUS; RUS; RUS; 554.5
99. M RUS; Af RUS, | RUS; RUS; 536.5
100. A RUS; M RUS, | RUS; RUS; 597.5
101. A | RUS: | Af RUS, | RUS, | RUS 517.5
102. A RUS; M RUS; | RUS; | RUS; 583.5
103. Afi RUS; Af RUS, | RUS; RUS; 5335
104. A RUS; M RUS; | RUS; RUS; 579.5
105. Afi RUS; Afa RUS; RUS; RUS; 603.5




A15199 3.5 N1599719 Base Unit Nilseee11958917149 Base Unit luwniy (mo)
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gULLUUﬁ n53ngULUU Base Unit 2 WUV FWM
106. A RUS; Afi RUS; RUS, RUS; 643.5
107. Afi RUS; Af RUS; RUS; RUS, 449
108. A RUS; Afi RUS; RUS; RUS, 531
109. Afi RUS; RUS; Af RUS, RUS, 401
110. A RUS; | RUS; Afi RUS, RUS, 356.5
111 Afi RUS; RUS, Af RUS; RUS, 490.5
112. A RUS; | RUS; M RUS; RUS, 536.5
113. Afi RUS; RUS, Af RUS, RUS; 538.5
114. Afh | RUS: | RUS, Af; RUS, | RUS 5185
115. Afi RUS; | RUS; Af RUS; RUS; 470
116. Af RUS; | RUS; Af RUS; RUS; 326.5
117. Afi RUS; | RUS; Af RUS, RUS; 590
118. A RUS; | RUS; M RUS, RUS; 518.5
119. Afi RUS; | RUS; Af RUS; RUS, 475
120. Af RUS; | RUS; M RUS; RUS, 520.5
121. Afi RUS: RUS, RUS; Af RUS; 381
122. Afh | RUS: | RUS: | RUS, | Af RUS, 510
123. Afi RUS: RUS; RUS, Af RUS; 434
124. Af | RUS; | RUS, | RUS; | A RUS, 606
125. Afi RUS; RUS; RUS; Af RUS, 418
126. Af | RUS; | RUS, | RUS, | Af RUS; 506
127. Afi RUS, | RUS; RUS, Af RUS;, 351
128. Af RUS; | RUS; RUS; M RUS; 490
129. M RUS; | RUS; RUS; Af RUS;, 526.5
130. Af | RUS, | RUS; | RUS, | Af RUS; 566
131. Afi | RUS, | RUS; | RUS; | &p RUS, 389.5
132. Af | RUS, | RUS; | RUS; | A RUS, 544
133. M RUS; | RUS; RUS, | RUS; A 773
134. Afh | RUS: | RUS; | RUS, | RUS, N 1116
135. M RUS; | RUS; RUS; RUS, A 885.5
136. Afh | RUS: | RUS, | RUS; | RUS, N 1276
137. Afi RUS; RUS, RUS, RUS; A 751.5
138. Af RUS; RUS, RUS, RUS; Afi 1116
139. M RUS; | RUS; RUS;, RUS;, A 74
140. Af RUS; | RUS; RUS; RUS; Afi 1116
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A15199 3.5 N1599719 Base Unit Nilseee11958917149 Base Unit luwniy (mo)

gULLUUﬁ n53ngULUL Base Unit 2 WUV FWM

141. Afi | RUS, | RUS; | RUS, | RUS; IN; 897

142. Afy RUS; | RUS; RUS; RUS; Afi 1276
143. Afi | RUS, | RUS; | RUS; | RUS, | &p 763

144. Af RUS; | RUS; RUS; RUS, Afi 1116
145. Afi Af | RUS; | RUS; | RUS, | RUS, 7185
146. Af Afi RUS; RUS; RUS, RUS; 718.5
14 . Afi Afr RUS; RUS; | RUS; RUS; 850

148. Af Afi RUS; RUS; RUS; RUS; 850

149. Afi Af RUS; RUS; | RUS, RUS; 827.5
150. Af Afi RUS; RUS; RUS, RUS; 827.5
151. Afi Af RUS, RUS; | RUS; RUS; 819.5
152. Af Afi RUS, RUS; RUS; RUS; 819.5
153. Afi Af RUS, RUS; RUS, RUS; 965.5
154. Af Afi RUS, RUS; RUS, RUS; 965.5
155. Afi JAV! RUS, RUS; RUS; RUS; 715.5
156. Af Afi RUS; RUS; RUS;, RUS; 7155

9INAI5NT 3.5 WAnIN158M319 Base Unit 7ifiszagnasenang Base Unit luwmndu
TAEAIUIUNIAINANTZNUDIN FWM suaqLLGiazgiJLLUU MINauNISH 2.23 LLE;/’JU’IFWI’]ﬁI{;M’]
Busasuanueslumun Tnglasuusanuivesduaiauanniu 20 mudiilszezis
lawniu Tnsanunsonsosnamse wunlaainiued 2.8

NANISATUIMIANANTTNIUIIN FWM éﬁﬁmﬁaﬂgﬂuwmﬁm‘%m Base Unit #ifiAn
NanTENUIIN FWM ﬁmﬁaaﬁqmﬁa gULLUUﬁ 2 (RUS; + Af + RUS; + Afi + RUS, + RUS,)
NAdWSAD FWM = 2485 uay JULUUT 8 (RUS, + Af + RUS, + Afi + RUS, + RUS,) Hadws
Ao FWM = 2425

3.2.3.2 M30NLUUFULUUNNTINING Base Unit i 2

Lﬁamgmwumﬁmw Based Unit Aimszaudi qm“ UNANTETNUIN
FWM tositan

éﬁ%ﬁlﬁ@ﬂgmwumﬁﬂ’m Base Unit #iflanuauaanud FWM vee
ﬁq@ AIUNINIFIY ITU-T G.694.1 [20] 91915797 3.5 119U 2 pAUNUY Tawn giJLLUUﬁ 2
Ay ﬁiJLLUUﬁ 8 ﬂﬁﬂﬁuﬁau 1Base Unit iULLUUﬁ 2 LLa”'EULL‘UUﬁI 8 11N mu@ﬁmwumﬁmw
LLUinmﬂulﬂl@ Imsﬂmﬂﬂu lmﬂqumiamimaaﬂmmmu 2 ﬁJLLUU'ImJ ﬂ@iULL‘UU A
uazsUwuy B waqmﬂuumﬂ MNNATHANTENUDIN FWM ALENNS 2.23 Y093 2 pUALY
meim Fapn3197 3.6
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M1519% 3.6 N159NLUUFULUUNITIAING Base Unit Yuil 2

FULUY M5IngULUY 2 WUV FWM
A SURUUT 2 JULUUT 8 594
JULUUT 8 sULUUT 2 569

2119197971 3.6 UAAINTTEANUUUTULUUNNTIAISE Base Unit ludunauganis
2119w 2 Uuu FAdeidensUuuuiifinmanssnuain FWM uesfian dufide suwuu B Tng
A158M214 Base Unit AugURULT 8 119 UMLIATILTN LAZIN Base Unit muguuuuil 2
MIurLRIvEs wadwsiiniuaalla #o sUuuun1sTAnng Base Unit sULUU B fian FWM
AU 569 %ﬂﬂaaﬂdﬂgmwu A wé’amaﬁ#uﬁwwgﬂuuumﬁmm Base Unit 3Uuuy B U
gonuuulinan1s3nYeIdnyy MUY APRUS é’hgﬂﬁ 3.5

APRUS >
Pl e e B B BBy B0 B B8

5UN 3.5 lunan1sdnveadayayraiuasuuy APRUS

3.2.4 m3muuadauBaalinans3nvTasdymInuaILUY APRUS
nmseenuuulunansinTedya auaUY APRUS Faltunauiuny

FuAve 3.2.1 3.2.2 3.2.3 uay 3.2.4 aziiulan I‘LlLLﬁiaz%gu@@u%‘iﬁﬁJngﬁﬂ”ﬁ@@ﬂLL‘U‘Uﬂ’]i
1ABIAUATATUIE Lﬁamgmmuﬁlﬁwaé’w&ﬁum FWM ‘Jaafqm é’aﬁ?u%waaﬂhw&fauﬂa
anaq Alalunnse g el

1. RUS; = {50 150 125 100 75} GHz
RUS, = {75 100 125 150 50} GHz

3. Afi =583 GHz

4. Ap = 62.5 GHz

éﬁﬁamhwﬁumﬁaﬂén m%’m’mmmimaa%waﬂumamﬁﬂﬁaqé@mmLLaq
WUy APRUS m’mgﬂﬁ 3.5 TnganansouanmmLaninannsTavesdayyniuds fn1se
3.

N

A1919% 3.7 AIANLANIAINNNTINYRIF Y IUUAILUU APRUS

Channels 1 2 3 4 5

Af:(GHz) 75 100 125 150 50
fiTHz | 1921 192.17 192.27 192.40 192.55

Channels 6 7 8 9 10

Afe GHz) 75 100 125 150
fiTHz) | 192,60 192.66 192.73 192.83 192.96
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A919% 3.7 AIANLANIAINNNTINYDIF Qe TUNAILUU APRUS (910)

Channels | 11 12 13 14 15
Afe(GHz) 50 50 150 125
fiTHz) | 19311 193.16 193.22 193.27 193.42

Channels | 16 17 18 19 20
Af.(GHz) 100 75 50 150 125
fiMHz) | 19254 193.64 193.72 193.77 193.92

Channels | 21 22 23 24 25
Af.(GHz) 100 75 50 150 125
fiMHz) | 194.04 194.14 194.22 194.27 194.42

Channels | 26 27 28 29 30
Afi GHz) 100 75 ) 50 150
fiMHz) | 194,54 194.64 194.72 194.78 194.83

Channels | 31 32 33 34 35
Af. GHz) 125 100 75 58.3 75
fiTHz) | 194.98 195.10 195.20 195.28 195.34

Channels | 36 37 38 39 40
Af. GHz) 100 125 150 50 75
fiTH2) | 19541 195.51 195.64 195.79 195.84

Channels 41
Af. (GHz)
fiTH2) | 19591

nm5197t 3.7 Wunsnuuamauivestesdyaiad niulsnulussuuieiosds
WUU DWDM mallamanisdnvesdayanasuy APRUS ilau nasouaaiiu Tnsiawizgasmaud
Flasuie 192.1-196.0 THz fnsauatuiu 41 vesduaa fwaulafeansaiivaiuay
sosdanale dowdsuifisuiunssavesdyanauuy ES duliies 40 vosdymnm amdu
ﬁéaqé’mmﬂmﬁLﬁmﬁummﬂﬂwﬁmﬁiaqé’@ﬁg’]ml,t,uu APRUS 1y mﬂﬁﬁé’mﬁﬂﬁéﬁamﬂmﬁuﬁu
§n 10 Gb/s Fedordureiilaiiuiy uenwiloanmsannansznuain FWM nane

nudteilleiimsnmunamsfiwesiiadyvenaulauniuuas dielaslunisanaes

159 TWVDITHUU FIRN51371 3.8

Funoumsanduemiseluadudaly fuanduund 4 Wunsmussansamlunis
AANANTENUTEY FWM 90333n159n v & ey 10uaauy APRUS wazn1siU3euiiieu
Uszandsnnlunisaanansgnuues FWM maﬁ%mﬁmj'aqé’igapml,mLLUU APRUS f1U38n13
Forosd e IULAILUY ES %ﬁLﬂugﬂLLUUﬁﬁmﬂ%ﬂmﬁﬂuﬂwﬁu
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A1519% 3.8 AN AINaAYveLaUluLNIUILET ANMUALIEINSUNITIIARINITNINY

YDITEUU

a Wil W91fines sc’faa,gaa MY

1. iinvoaaulonniu ua Dispersion shift fiber (DSF)

2. | swewdilean 1526.55 -1560.61 nm /192.1 - 192.6 THz

3. |n wé’qmﬁ*ﬁgﬁmmgmﬁuwm Pin) 10 dBm

4. | Tasundndawessu (D) 0 ps/kmmm

5 | suvesdamestu dDdh 0.06 ps/kmmm’

6. | suinumenaulowniu ues o 1.45

7. | anuSeuasluennid 3x10° ms

8. | enulanudaaususiu 3 6x10%°

9. mﬁﬂizﬂauﬁuamamwﬁau dijp | 3 o i=j ey 6 o i#

10. ﬂammwamﬁu’[mﬂyau LGAN0) 80 km

11, | 5308n9UsEaNINE Lep 20 km

12. é’uﬂazﬁw‘émiqulﬁa @ 0.2 dB/km




unii 4
NAaN15398

MNM5ITEIEes Anviisnssavesdyananiiean FWM lussuuinietneniueaule
WATUTHEIUY DWDM Imaﬁi’mqﬂizm@iﬁaaamwuLLazmﬂszﬁw%mMumiammamzwu
90 FWM va333n1sdnvesdyayranawuulng SJ%'ﬂ’li{]JWUIa\iﬁiyﬁg’lmLLﬁQLLUUIMﬁﬁIGy{ﬁ]’m
Aded $9e5enn “Asymmetrical Paired Repeated Unequally Spaced” (APRUS) i 1o
waileisnsdavesdyanauauuuiidsvesmsamiy Tnefidmunglniiaay FwM dee
71 1658 total FWM power waena1 -28.3 dBm Total FWM Efficiency uaeni1 -0.2 dB
uaw Bit Error Rate 1oun -17.8 dBm [23]

;g%%’alﬁmaam’lwwmﬁma% delvamiun1sinsemdaiiavaieaunis aae
TUsunsy MATLAB Tnglammisfiwesvenaulewniuiuas aun1s1ad 3.8 deluauddei
;giﬁmzﬂmiMWLawwwaﬂiwumﬂ FWM (Four Wave Mixing) tuanday aglufinnsan
NaNIENUAIN SPM (Self-phase Modulation) ag wansgnuain CPM (Cross-phase
Modulation)

MATeses Anwiimsdavesdyaiauaniiean FWM lussuuedereniuaule
WA TALUUDWDM fiansise el

4.1 WAN1IPBNLUUITNITINYDIFYYIULAITEUITaaANANTINUIN FWM Tu

syuutATadnenuLdulenA2LEaI Uy DWDM

;;‘i%’algaamwuimmamﬁm%ﬁzywmLLaQLLUU APRUS Fugiiteannansznuain
FWM Tuszuuiadevioriuaulonniuiuasuuy DWDM é’a'gﬂﬁ' 4.1 (s19azdualunis
aamwwsmgagﬂuwﬁ 3)

< APRUS >

PRI |<....'.3..l.’.%...>| B3 e B e B3, PN 307 P8 »

5UN 4.1 lunan13dnveadayayiaiuasuuy APRUS

4.2 wanswidszansnnlunisaanansenuain FWM

Aswidszansnmlunisaamanssnuain FWM t ;;’i%’ammumiﬁmmﬂ 4 U298
Taun 91uauALE8s FWM (Number of FWM) ann auss@vnaues FWM (Total Power
of FWM) A1UseanEAImaaInI1ud FWM (Total Efficiency of FWM) wag a18ns19m
Aawana (Bit Error Rate) Ineiinaannnise na@aszuumudadeodin mualalagsl
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421 HAN331A0991UIUAMNAYDY FWM (Number of FWM)

Mamquiluunil 2 lanands FwM feanudlnaiiintuainnisaenunsn
sewnetu Sadunuiiilunesmsiminiy mmﬁé’méwﬁLﬁwﬁuwlﬂ%uﬁwﬁmﬁ@mm
WEN UNUAIE frmr HansENUAInAEETInamlnduaaiiadludiaemdaesuas
TnsanuisaiSeufisuaiuiuainuives FWM lusnazyesdyqginuas 189350159n
YOIFYIULAIUY APRUS fUIEnsdnvesdyayiaiuaawuy ES, Paired URAUS, IRBUS #3
U 4.2

2000 T T
® S
XX XXX !
1800 0®® o ® ®0¢qy| * paired-URAUST]
' 2
o®® * |RBUS
1600 .
o® —®— APRUS
® e
1400
=
= 1200
o
[
¢}
~ 1000
9}
Q
E 800
=}
=
600
400
A A A R A Al A
A A A
200 A A X A A A A A
aa 2 ForAeal X — %
e e Y Nl N e SR R
o Mmbaavgaraeeraee S T EE E T BN T ey

0 5 10 15 20 25 30 35 40

Number of Channels

31] §i 4.2 9 WwuAudves FWM fiinainnsdnvesdayaiauas
WUU ES, Paired URAUS, IRBUS wag APRUS

mﬂgﬂﬁ 4.2 wanansiUSeuisuanuiunuives FWM Viﬁmaaqﬁmaﬁmmgm
ITU-T G.694.1 Taefianuiu 40 ¥esdayia Fensrurunisinszmdasiavduy ;g%é’fsj
A UIUWIATA UILAINE FWM Imﬂ%ﬁ’;LLUsﬁ(THz) MUY 40 ANE NANST 3.1, 3.2,
3.3 U8 3.7 WIANUIINITLIUAINETE FWM anuaunis 2.23 melusunsy MATLAB lne
mmaméhasmﬂ'ﬁﬂ m’m"l,ﬁymﬂﬁa%aﬁ 28

mmﬂm 4.2 WU’J’]RJ’]U?NWJ’]:LIE]‘UEN FWM 21718181 Yod ey 1uv09isnIsin
“UENﬁEUiUWmLLE‘NLLUU APRUS uuaam MNITEI 6] mmumimummaawwmmmmmﬂ‘m 4.2
NATINVIMUAVEIIIUIUAITNE FWM mﬂmuiul,mazﬁumaigapm WANUARIUAY 40
Yosdyna Inefiunuuey () Lmuéjwmmusﬁaqa’agiyﬂm LAZLAUGS (y) WNUAIEIIUIY
AU FWM Thifinu é’ul@?uﬁﬁ%%’@ﬁmﬁ@g@yﬂmLLmLLUU ES, Paired URAUS, IBRUS way
APRUS thy wunmasinvesiaaafilaie 33820, 4211, 1658 uay 569 aua U wansbnidiu
21 33nsdavesdyqrauuy APRUS fuflanunuanuiives FWM ﬂaaﬁqﬂ mmiﬂaqﬂiﬁfh
FBnsdnvosdyminiuas wuu APRUS a131508A91UIUAINAVES FWM lawna3sn1sda
YOI IUMAWUY ES
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4.2.2 HanN1591809ANNaIUSEaNSNaTaY FWM (Total Power of FWM)
M&UsEavEHaTes FWM 1finduan mssiufuvesnnudlmadiiaduainms
gonunsnsennety iupudilunesnistuiniy ninaadundsluaenunsnnidman
aswalviAn Nonlinear Polarization nlunisaseyalussuuiadorisauiaulowniuiuas
WUy DWDM Tafluszdnsam anunsananinisilSeuifisumnidsUssandnaves FWM fiiin

INNTIPTDITYIULAIRUU ES, paired URAUS, IRBUS uaz APRUS é’ﬁgﬂ‘ﬁ 4.3

-5 T T

® £S5
A phired- ®
210 cooo® paired-URAUS 9
PR S A * IRBUS
°
= Le0®’ ~ B APRUS
c 15 ®
o o*?
e °®
20
§ .
.
o
5 252 AsaAAAsLLY
- Ak *HK
= AAAA‘AA x*""***
9] ° AAAAAA T *x
g AAA -
A *x . - g } .
DC_J -30 AAA.....t-...“..._ EEEEREREEEEEEEN
— AL e x % X: 20
© Alw v:-302
S
'9 35 ;1
&
*
-40 |-t
*
45

0 5 10 15 20 25 30 35 40

Number of Channels

UM 4.3 nswSeuiiiguann 1§UTEVENAYEY FWM Aina1nnnsdnvesdyayiaiuas
WUU ES, paired URAUS, IRBUS wag APRUS

mmﬂﬁ 4.3 LLammiLﬂ%ﬂULﬁaumé’qmvaw%wa%q FWM ﬁaﬂaml{malgmm
1AIFIU TU-T G.694.1 Imaummu 40 suaaﬁmmm mﬂﬁumummmﬁ%mmmLasuuu
maammmmummmaa FWM 1/1mmuuumLmuwawaqammmm‘mmmmu 40
YRy WA WAINIEIUsEANSNaTes FWM auaunisit 2.25 aaeldsunsa
MATLAB

am¥unserumndasEansaaves FWM ﬁLﬁ@ﬁfummgUﬁ 4.3 agliBnsAs1en
finumusisnansuuninsyesduyynaiionmnauiy 40 vesdyaia Wnefiunuuey () wiy
P8R IO WAZUALRS (y) WNuAIEAINIEaUsAvNaTes FWM Tiintu tufiean
N 1W@UsEANTNAYDI FWM ﬁLﬁﬂﬁuuu%aqﬁmmwmﬁ 20 Huied AN FaUszAnSuaves FWM 7
Lﬁmﬁumﬂmi%’mmé’mﬁyﬂmLLaag‘Uufuwﬁm WU -12.0, -26.61, -28.3 way -30.2 dBm
ALY mﬂwaé’wéﬁiguamﬂﬁﬁu’iﬁ%mi%’@ﬁz}aqé@fgwmLLaaLLUU APRUS @nusanilen
N 1§UszavENaTes FWM anas taunnnandsnts  davesduanauauuy ES dmalunisiiy
UsyAvEnmnsasteyalussuuaoteruaulonni WaLuy DWDM
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4.23  HaN5IRReUsEAVEAMNYRIANE FWM (Total Efficiency of FWM)

MTIATIEIUsEENS AMMUeIAILE FWM a8dinsevlnennuduiusvosa
ﬁLﬁmﬁusumwwaﬂﬁmmmﬁmﬂﬁﬁ%mﬁaﬁu TusruuiTorenuaulounILILAIUY
DWDM 1u umiaaawwwmuawumﬂ’;’manﬂauiﬂamamumﬂe‘] nay mm’;waw
%aqammmLﬁjuwawﬂmﬂmmswmuﬂu 3981150 AT IEIMINANSENUTLAATY 99nA7
UsEAnSn1mn155 N uve9AILE FWM

M5UIUSEANBAMUBIAINLE FWM 1 LﬁmmﬂmmLmehwaqm’m?{ﬁéam
‘Wiam ﬂuiuiuuuLmam8mul,au181,l,mml,tml,l,w DWDM il fFWM LL‘V]‘UWJEJ mmmaq
FWM wag fo LL‘V]‘LJGTJEJ AudRamesTudiATU 0 mwuml‘mfo aamnamwummﬁ "ZN"UulI
3 UWILVBIAMIUE FWM gean aunsauanInIsUSsuiisuyssansnnuesanud FWM fiis
mﬂmsé’fmsﬁaﬁé’agmmuauwu ES, Paired URAUS, IRBUS wag APRUS Gﬁ’qg‘dﬁ 4.4

20 T T
ES

paired-URAUS ||
IRBUS
~ APRUS

15 ....e"
S A

LI A )

10

A &
a m.AMaR ,lll!i!l: Al A
i %

="

-
] ||
J I. \

-10

Total Efficiency of FWM (dB)

-15

20 n
2 15 1 05 0 05 1 15 2

Frequency Difference (THz)

UM 4.4 nsidSeuiieudseAnSainvesnnud FWM Ainannisdnvesdeyayinues
WUU ES, Paired URAUS, IRBUS Wag APRUS

mﬂsﬂﬁ 4.4 wanan13 e unauUszansaan mis’mﬁ’umqmmﬁﬁuaq FWM
maaﬂamaimmummam TU-T G.694.1 Imammmu 40 %aaamﬁmm ‘U\‘m’i”U’mﬂ']'ﬁ
’JL@‘J’]JVTL“ZNG]’JL&SUUU mwmmmmummmm FWM 1/|mmuuumumwawaqammm
WASTMLARIUIY 40 YoIdaIa UINIAMUIUMIAINIEIUTEANE AMUeIANE FWM §4
wiselyauntsd 2.27 melusunsy MATLAB Womnadwsveunaiian1sdnyesdayiauas

Y
v
v

Wane 4 sUluUAe ES, Paired URAUS, IRBUS @z APRUS
Fn1seruaindsseansamussainud Fwm ﬁLﬁﬂ%u%ﬂﬂgUﬁ 4.4 u mlaons
AnsEnTinuusianassuuains Tnefieudfanestuiianmiu o ?z'iuﬁua;mﬁl,ﬁﬂmmﬁ
FWM gegn Tnefiunuueu () WiuAIBAINLERANEsTULETAURT (y) kNUAIBAINIS
UszAnsnmwesaaud FWM fiintu fafunadnsiilafeussansnmnissa e
Y99 FWM ﬁLﬁmﬁuaﬁﬂﬂﬁiﬁmﬁaqﬁ@mwmLLaqgﬂLL‘uwmv] AuAIFUIMATU 16.20, 1.5, -0.2
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waz -1.7 dB nKadNsAla FTiINISN15N5InveIFUIMLAILUU APRUS @1unsanila

AR}
o

Uszansnmuesnud FWM anaslainnniisn1sdnvesdyeiauasiuy ES

4.2.4 wan1331889MInIUARANANR (Bit Error Rate)
nsdasdnianaiaiu mlalnensuianidaes FWM 1ndesza tnean
Snadnfianarnluszuvdearsiiluaglumifu 100 Wisuifisunidednidunane
PRI WAFTVSUNTTADA I8 Y AN IUT S U AT 08Tl WN I UATUY
DWDM Faiidnsrdinfionatauasinn gidedslunammsinmsnadnianaialamiy 10°
[12-14] FapsnsrdnRnwanaiiay "Lﬁ”mmﬂmé’mﬁgwﬁaﬁagmmiumu (SNR)
mawFeuitsusnmdnfanataiia 1@l egniglanuanmsgiu ITU-T G.694.1 T
2 WU 40 Tosdyaal FanszuiumsieTenidsiuauiy ;;%ifau PIAMIUALTVEI FWM
AT VLA LU DYDY YU INUADILIY 40 YosdaaIn WIATUILNISAIITn
HANAIR %aﬁgﬁé’sﬁammiﬁ 2.31 melusunsu MATLAB TnganunsauansnsiUSeusiiausng
ﬁmﬁmwmm’?iLﬁmmﬂmﬁﬂﬁmé’ag@muw ES, Paired URAUS IRBUS wag APRUS mmgﬂﬁ
4.5

10 b - - ® s & =
10° % &S U
L5 * A A paired-URAUS
10720 A L
* *— |RBUS
1 N
—8— APRUS
40 . k
10 LN *
. ]
9
© -60
o .
— n
5 N
=
=
0% =
= N
[ea)
-
107100
[ ]
10-120 -
]
-140

-20 -19 -18 -17 -16 -15 -14 -13 -12 -11 -10
Power at the receiver (dBm)

5UN 4.5 nsilSeuiieudnsUnranainiiina1nn1sinvesdayaaueadnuy ES, Paired
URAUS IRBUS e APRUS

mﬂ?dvu 4.5 LuaammﬂmammmmmwmwLﬂmrmmﬁaamimLLmuummamwm
mwwmmuaama aﬁmimumammmmmwmm Imsmu,ﬂuuau (x) WnuAIEAIMEITASeesy
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Abstract In this paper, we propose a novel channel allocation scheme, i.e., the asymmetrically paired repeated unequally
spaced (APRUS) scheme, for the dense wavelength division multiplexing (DWDM) transmission system. The APRUS scheme is
capable of virtually eliminating the four-wave mixing (FWM) noise in the DWDM system, thus effectively addressing the FWM
problem plaguing the conventional equally spaced (ES) channel allocation scheme. The APRUS allocation scheme was simulated
and validated on four performance metrics; the number of FWM frequencies, total FWM power, total FWM efficiency and bit
error rate. The simulation results revealed that the APRUS scheme outperforms the conventional ES regime on all four metrics.
In addition, the FWM noise under the APRUS scheme is negligible such that no optical filters are required to filter out the noise
at the DWDM’s receiving end. Moreover, an extra signal channel is accommodated under the APRUS allocation scheme, which is
equivalent to a gain of 10Gbit/s data transfer rate.

Keywords: dense wavelength division multiplexing, four-wave mixing, nonlinear optics, erbium dope fiber amplifier, non-zero dispersion

shift fiber

1. Introduction

The four-wave mixing (FWM) phenomenon contributes
to the third-order nonlinear optical effects in the DWDM
transmission system [1], and the situation is further com-
pounded in the long-distance data transmission as the sig-
nals are significantly weakened upon arriving at the destina-
tion. To address the issue, the erbium-doped fiber amplifier
(EDFA) is normally deployed to enhance the signal inten-
sity, which in turn exacerbates the four-wave mixing effect.
The optical filters are thus required to mitigate the FWM.

A typical DWDM transmission system operates based
on the conventional equally spaced (ES) channel allocation
scheme, which is in accordance with the ITU-T G.694.1
standard [2]. The standard specifies the use of light
in the wavelength range of 1539.55-1560.61nm (192.1-
196.0THz) to transmit signals along 40 channels separated
by fixed 100GHz spaces. The ES channel allocation scheme
nevertheless suffers from a large number of FWM light
waves and, despite numerous research attempts to minimize
the FWM using alternative channel allocation schemes, e.g.
the unequally spaced (US) allocation schemes [3-8], the re-
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sults have been less than satisfactory.

To efficiently tackle the issue of FWM, this research
has thus proposed a novel channel allocation algorithmic
scheme (i.e. the asymmetrical paired repeated unequally
spaced (APRUS) channel allocation scheme). In fact, the
APRUS scheme is an improved version of the invert re-
peated base-unit unequally spaced (IRBUS) channel alloca-
tion scheme [9]. In the simulations, this research assumed
that the transmission was carried out via the dispersion
shift fiber (DSF) which is free of the self-phase modu-
lation (SPM) and cross phase modulation (CPM) noises
and thereby only the FWM noise would be of concern
[10,11]; and that the spaces between channels must be at
least 50GHz, which is one of the limitations of the optical
multiplexer and de-multiplexer [12].

The organization of this research is as follows: Sec-
tion 1 is the introduction. Section 2 details the theoretical
concepts, while Section 3 discusses the proposed APRUS
channel allocation scheme. Section 4 deals with the simu-
lation results and discussion. The concluding remarks are
provided in Section 5.

257



2. Theoretical Concepts

The ultimate aim of the proposed APRUS channel
allocation scheme is to minimize the four-wave mixing
(FWM) noise. It is thus necessary to establish an under-
standing of the fundamental principles of nonlinear optics:
the general nonlinear effects and FWM effects in optical
fiber transmission.

Fig. 1 A geometry of the DWDM transmission system
afflicted by the nonlinear optical effect

2.1 General nonlinear effect in optical fiber transmission

The nonlinear effect pollutes the light signal in the
DWDM transmission system by distorting the shape of the
light signal. A normal-intensity light travelling through
an optical fiber exhibits a linear refractive index response
and thus the light signal is neither affected nor weakened.
On the other hand, the simultaneous transmission of high-
intensity lights of multiple wavelengths from a light am-
plifier could induce a nonliner refractive index response
as well as nonlinear polarization. These nonlinear effects
originate from two sources: the dispersion and attenuation
of light in the media; and changes in the refractive index
attributable to SPM, CPM or FWM noises [13].

The nonlinear effect in the DWDM transmission sys-
tem, particularly those with a transfer rate above 10Gbit/s,
could be attributed to the requirement for an erbium-doped
fiber amplifier (EDFA) to amplify the high-intensity lights
of multiple wavelengths. As seen in Figure 1, the prob-
lem develops immediately beyond the EDFA when a small
amount of FWM noise associated with the output of the
N-channels DWDM MUX is inadvertently amplified hun-
dreds of times by the EDFA. This current research has thus
proposed a solution to address the issue whereby the FWM
is suppressed from development using the novel channel
allocation algorithmic scheme (i.e. the APRUS scheme).
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Fig. 2 The real spectrum of light signals at the output end
of an N-channel DWDM MUX

2.2 FWM effect in optical fiber transmission

The FWM phenomenon contributes to the unwanted
frequencies from the interference between adjacent sig-
nal frequencies. Specifically, an FWM frequency (frwas)
originating from the interference between three-adjacent
signal frequencies (i.e. f;, f; and fi) can be expressed as

frwm = fi+ fi— fi. k #10,] (D

Given the equation, a total of 12 FWM frequencies are
generated as follows: fi = i+ fi—fi, b= fi+fi—fi. 5=
fitfi=fpfa=fi+fi—f 5= fitfi=fpJo = fi+[i—
fofi=fitfi—fokh=fitfi—fifo=fit+fi—Tfi fio=
fitfi—Jebu=f+fi—Jfpfe=ftfi—f

Notably, Equation (1) is applicable to the instances with
three adjacent frequencies. Meanwhile, if more light sig-
nals of multiple frequencies are being simultaneously trans-
mitted, a larger number of FWM frequencies would be gen-
erated.

The FWM frequencies are illustrated in Figure 2 as the
high baseline noise. Specifically, this noise (f;,) is the sum-
mation of n FWM frequencies (frwas), as expressed in
Equation (2)

fo= f;‘WM(l.) i=12....,m) 2)
where m is a positive integer.

In this current research, the severity of the FWM ef-
fect is quantified in terms of total FWM power and total
FWM efficiency. Both metrics are subsequently deployed
to evaluate the performance of the proposed APRUS chan-
nel allocation scheme against other allocation schemes.

Total FWM power (TP) is the total power of all FWM
frequencies generated from the interference of all adjacent
signal frequencies. Typically, the lower the total FWM
power is, the less severe the FWM effect and thus the higher
the transmission quality. Essentially, TP can be calculated
by the following equation [14,15]

> D Prwmfi) 3

Se=fitfi—fm fi fi

Prwm (fin) =

where Prwy p (fin) is the total power of FWM at frequency
fm and Prwa(fiji) is the power of FWM generated from
the interference of a combination of adjacent frequencies
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fijk. Specific to this current research, Equation (3) is
rewritten as

102476 ( dijixVLegs )2
n4/12c2 Aeff
XP;:P;Pre” " nij 4)

Prwm(fin) =

where P;, P;, and Py are the input power at f;, f;, and
Jx respectively, n is the fiber refractive index, A is the
wavelength of FWM noise, ¢ is velocity of light in vacuum,
A.yy is the effective core area of fiber, a is fiber coefficient,
L is the fiber length, d;;x is the degeneracy factor (djjx =
3 fori = j and d;jx = 6 for i #j),andx® is the third order
nonlinear susceptibility.

Meanwhile, total FWM efficiency (TE) is the combined
efficiency of all FWM sources. Similar to TP, the lower the
TE, the less severe the FWM effect and thus the higher the
transmission quality. In addition, TE can be calculated by
the following equation [14,15]

m

Trwm = Z TEw m) &)

i=1

where n;’,WM isTEand i = 1, 2,..., m is the index of n
sources of FWM. Specifically, the efficiency of an FWM
source can be calculated by the following equation

a? ( . 4eal . sinz(A,Bl/Z)) ©
a? + (AB)? (1 — ey
and Ag is the sum of all different frequencies propagating
in the optical fiber, i.e.

Nijk =

B 2772
Coc

A% dD

R AR | G
where f;, fj, and fi are any given frequencies in the trans-
mission system, fy is the reference frequency, D is the
chromatic dispersion, dD/dA is the derivative of the dis-
persion coefficient of the fiber, « is the fiber loss coefficient,
A is the wavelength of FWM noise, and c is the velocity of
light in vacuum. Given the non-zero dispersion shift fiber,
Equation (7) is rewritten as

AB Afi= fil- 1= Rl [P+

A

d
a8 =" 2 (1fi = fl +15; - fl)-

(1=l 15-5)  ®

To address the FWM noise in the DWDM system,
under the conventional ES channel allocation scheme, the
optical filters, one for each channel, are incorporated into
the system at the input end of the N-channels De-MUX. By
contrast, the proposed channel allocation scheme (APRUS)
generates virtually no FWM and thereby no optical filters
are required.
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2.3 Bit error rate

The bit error rate (BER) is a measure of transmission
quality at the receiving. Specifically, BER is the ratio of the
number of erroneous bits to the total number of transmitted
bits. The current standard for acceptable BER in optical
fiber transmission is below 10™°. In a transmission simula-
tion, BER is calculated by the Gaussian approximation (P, )
of the probability that the signal is affected by FWM in a
transmission modulated by on-off keying (OOK). In other
words, BER can be calculated by the following equation
[14,15]

) ZZ

P, exp (7 ) dt 9

where ¢ is time, Q is the quality factor, and « is the fiber
coefficient. Q, in turn, can be calculated by the equation
below

bPg

(10)

0=
\/Nth + Ngp + Newpnr + VNth

Since the thermal noise (N;;) and the shot noise (Nyp)
are low relative to Npwas in a DWDM setting, Equation
(10) can be approximated as

_bP, _ 2bP,

~ VNrwm V2P, Prwm
2R
~ VPrwm  VPrwm

where P; is the received optical signal strength, Npw s is
the power of FWM noise, i.e.

Q

11

PFWM)

Newar = 27 Py( 3

(12)
and b is the responsivity that can be calculated by the fol-
lowing equation

ne neAd
" hf he (13)
where 77 is the quantum efficiency of detector, e is the
elementary electric charge, A is the wavelength of the FWM
noise, and 4 is Planck’s constant (6.626x10734/J.s). In
the simulation, this current research assumes an avalanche
photo diode detector, for which = 80% [16,17].

3. APRUS Channel Allocation Scheme
Channel allocation exerts a direct influence on the

optical transmission of the DWDM system. Under the
conventional ES allocation scheme, the FWM noise
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Fig.3 The optimal configuration given the APRUS channel
allocation scheme

is inevitable, and numerous attempts have been made
to mitigate or address the FWM issue. To this end,
this current research has proposed the APRUS channel
allocation scheme that is capable of virtually eliminating
the FWM noise.

In fact, the proposed APRUS channel allocation
scheme is an improved version of the paired URAUS and
IRBUS channel allocation schemes [9,18]. Specifically,
the APRUS scheme is expected to satisfy the following
performance metrics [6-8]: the number of FWM less than
4,211, the total FWM power less than -28.6dBm, the total
FWM efficiency less than 1.4dB and the bit error rate
below -16.3dBm.

The working principle of the APRUS scheme is first
to divide the bandwidth of ITU-T G.694.1 standard into
two bands, each consisting of four base units of two types
(RUS; x2 and RUS, X 2), each base unit of which has five
fixed unequal channel spaces (f1, f2, f3, fa, f5), acceptable
in [8]; and then allocate two empirically determined
unequal spaces (A f; and A f,) between the four base units
of each band. The two arrangements of all five-factorial
arrangements of the five fixed unequal channel spaces (50,
75, 100, 125 and 150GHz) in a given base unit whose
FWM noise is the lowest are subsequently determined
[9,18], as tabulated in Table 1.

Table 1 All possible five-factorial arrangements associated
with the five fixed unequal spaces in a given base unit

No. f bh f fa f Number of FWM
1. 50 75 100 125 150 4
2. 50 75 100 150 125 4
3. 50 75 125 100 150 10
4. 50 75 125 150 100 10
24. 50 150 125 100 75 0
34. 75 100 125 150 50 0
120. | 150 125 100 75 50 4

The values of A f; and A f, with the lowest FWM noise are
then empirically determined under two constraints: first,
A fi cannot be smaller than the smallest space of the five
fixed unequal channel spaces in a base unit (RUS) due
to the limitation of DWDM De-MUX, and, second, Af>
cannot be larger than the next smallest space. The optimal
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Af) and A f, are respectively 58.3 and 62.5GHz. The two
arrangements of all possible arrangements associated with
four base units and Af; and Af,, given half the entire
bandwidth, whose FWM noise is the lowest are determined.

Table 2 Possible arrangements of unequal spaces between
base units

Number of
No. Arrangement FWM
I.| RUSI Afi  RUSI Afy RUS2 RUS2 3459
2.l RUSI Af, | RUSI | Afi RUS2 RUS2 | 2485
3.] RUSI  Afi RUS2 Af, | RUSI RUS2 | 4025
4. | RUSI Af, RUS2 Afi RUSI  RUS2 316.5
5.l RUSI Afi RUS2 Afp RUS2 RUSI 461.5
6. | RUSI Af, RUS2 Afi RUS2  RUSI 370.5
7.| RUS2 Afi RUS2 Afp | RUSI RUSI 369.5
8. | RUS2 Af, RUS2 Afi RUSI  RUSI 242.5

23.| RUS2 RUSI Afi Af, | RUSI RUS2 564.5
24.| RUS2 RUSI Afp Afi RUSI  RUS2 564.5

35.| RUS2 = RUSI Afi | RUSI Afy RUS2 | 400.0
36.| RUS2 RUSI Af, | RUSI Af RUS2 418.0

47.| RUS2 Afi | RUSI RUSI RUS2 Afp 465.5
48.| RUS2 Af, | RUSI RUSI RUS2 Afi 676.0

95.| RUS2 Afi | RUSI RUSI Af, RUS2 368.0
96.| RUS2 Afy  RUSI RUSI Afi RUS2 338.0

155 Afi Afy RUS2 | RUSI RUSI RUS2 715.5
156 Afp Afi RUS2 = RUSI RUSI RUS2 715.5

Table 2 presents a total of 156 possible arrangements and
the two arrangements with the least numbers of FWM,
i.e. arrangements #2 (248.5) and #8 (242.5). Both ar-
rangements are individually applied to the first and second
halves of the bandwidth and then subsequently alternated
to identify the configuration with the lower FWM noise.

Table 3 Two possible configurations associated with two
optimal base unit arrangements

Type | Configuration | Number of FWM
No.2 No.8 594
No.8 = No.2 569

] =

In Table 3, the minimum FWM noise is achieved under
the condition that arrangement #8 is applied to the first
half of the bandwidth.
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Table 4 Channel frequencies and space allocation under
the APRUS channel allocation scheme

Channels 1 2 3 4 5 6
Af(GHz) 75 100 125 150 50 62.5
fi(THz) 192.10 19217 19227 19240  192.55 192.60
Channels 7 8 9 10 11 12
Afe(GHz) 75 100 125 150 50 583
fi(THz) 192.66 19273  192.83 19296  193.11 193.16
Channels 13 14 15 16 17 18
Af(GHz) 50 150 125 100 75 50
fi(THz) 19322 19327 19342 19354  193.64 193.72
Channels 19 20 21 22 23 24
Af.(GHz) 150 125 100 75 50 150
fi(THz) 193.77 193.92  194.04 194.14 19422 194.27
Channels 25 26 27 28 29 30
Af.(GHz) 125 100 75 62.5 50 150
fi(THz) 19442 194.54  194.64 19472 19478 194.83
Channels 31 32 33 34 35 36
Af.(GHz) 125 100 75 58.3 75 100
fi(THz) 19498 19510 19520 19528 195.34 195.41
Channels 37 38 39 40 41
Afe(GHz) 125 150 50 75
fi(THz) 19551  195.64 19579 19584 19591

Table 5 The simulation parameters specific to this research

Parameters Specifics/Value
Transmission Dispersion shift fiber(DSF)
Wavelength range(2)/ 1,526-1,560.61nm/
frequency range 192.1-196.0T Hz
Input Power(P;;,) 10dBm
Chromatic dispersion(D) Ops/km/nm
Derivative dispersion 0.06ps/km/nm?
coeflicient of fiber
Fiber refractive index(n) 1.45
Velocity of light in vacuum(c) 3x108my/s
Third-order nonlinearity(y>) 6x10~15
Degeneracy factor(d; i) 3fori=j
and 6 for ,i # j
Fiber length(L) 80km
Fiber effective length(Le 7 1) 20km
Fiber coefficient(a) 0.2dB/km
Effective core area of fiber(Ac s 5) 50um?
Avalanche photo diode (77) of 80%
quantum efficiency

Table 4 tabulates the target signal channel frequencies and
the allocated spaces between the frequencies, according
to the proposed APRUS channel allocation scheme.
Specifically, the target frequency range of 192.1-196.0THz
contains 41 frequency channels. Interestingly, an addi-
tional channel is made available with the implementation
of the APRUS allocation scheme, compared with the
number of channels (40) allocated by the conventional ES
allocation scheme. The extra channel under the APRUS
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scheme translates into the enhanced data transfer rate by
another 10Gbit/s, which could be regarded as a windfall in
addition to the FWM noise elimination.

The following paragraphs encapsulate the steps
algorithmically undertaken under the APRUS channel
allocation scheme to determine the optimal allocation and
arrangement of signal frequencies and interval spaces.

The first step involves identifying the two arrangements,
whose FWM noises are the smallest, of all possible ar-
rangements of the five fixed unequal channel spaces within
a base unit. In this research, the results are arrangement
#24 (i.e. RUS1= 50, 150, 125, 100, 75) whose FWM is
equal to 0 and arrangement #34 (i.e. RUS2 =75, 100, 125,
150, 50) whose FWM noise is also O (Table 1).

The next step is to determine the arrangements
of the two base units identified in the previous
step and two unequal spaces (Af; and Af,) be-
tween these base units, which collectively result in
the least FWM numbers. The findings point to ar-
rangement #2 (RUS1+Af+RUS1+A f1+RUS2+RUS2)
whose FWM is 248.5; and arrangement #8
(RUS2+A f+RUS2+A fj+RUS1+4RUS1) with the FWM
number of 242.5 (Table 2).

The final step is to identify the optimal configuration
of the two arrangements determined in the second step
(i.e. arrangements #2 and #8) by alternating between both
arrangements. The optimal result with regard to the lowest
number of FWM (i.e. 569) is achieved with the application
of arrangement #8 to the first half of the bandwidth and
arrangement #2 to the second half (Table 3).

Figure 3 illustrates the optimal configuration subse-
quent to the aforesaid steps, and Table 4 tabulates the
channel frequencies and space allocation under such an
optimal configuration.

4. Simulation Results and Discussion

The simulations were carried out on four performance
metrics, i.e. the FWM number, total FWM power, total
FWM efficiency and BER, under three channel allocation
schemes using MATLAB. The three channel allocation
schemes under investigation include the ES, IRBUS
and APRUS schemes. The allocated signal channel
frequencies and the spaces between channels associated
with the allocation schemes were simulation inputs. The
simulation results were graphically compared in Figures 4,
5, 6 and 7, corresponding to the performance metrics.

Table 5 lists the simulation parameters specific to this
research.

Figure 4 compares the simulated numbers of FWM
frequencies under the three channel allocation schemes
(ES, IRBUS and APRUS) in relation to the number of
channels (40 channels). The simulated numbers of FWM
frequencies under the ES, IRBUS and APRUS channel
allocation schemes were respectively 33,820; 1,658; and
569. By comparison, the number of FWM under the
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Fig.4 Numbers of FWM frequencies under the ES, IRBUS
and APRUS channel allocation schemes

proposed APRUS scheme was 60 times as few as those
under the ES regime.

Figure 5 compares the total FWM power under the
three allocation schemes in relation to the number of
channels. The total FWM powers under the ES, IRBUS
and APRUS allocation schemes at the mean number of
channels (i.e. 20) were respectively -12, -28.3, and -30.2
dBm. By comparison, the APRUS scheme generated over
300 times less total FWM power than did the conventional
ES scheme.

Figure 6 depicts the total FWM efficiencies under the
three allocation schemes relative to the difference between
the FWM frequency and the reference zero-dispersion
frequency. The total efficiencies of FWM under the ES,
IRBUS and APRUS allocation schemes were respectively
16.20, -0.2 and -1.7dB. The proposed APRUS scheme
exhibited over 4,600,000 times less total FWM efficiency
vis-4-vis the conventional ES scheme.

Figure 7 compares the bit error rates (BER) under
the three allocation schemes in relation to the transmitted
power at the receiver. The acceptable bit error rate for
optical transmission is below 10™°. The BERs under
the ES, IRBUS and APRUS allocation schemes were
respectively -5, -17.8 and -20.6dBm. By comparison, the
proposed APRUS scheme exhibited a BER 30 times lower
than did the conventional ES regime.

Interestingly, the FWM noise and the total FWM power
and efficiency under the APRUS channel allocation scheme
were negligible such that no optical filter is required at
the input end of the N-Channels DWDM De-MUX. In
addition, with the implementation of the APRUS channel
allocation scheme, an additional signal channel could
be accommodated while strictly adhering to the ITU-T
G.694.1 optical transmission standard.

This phenomenon is attributable to the fact that under
the proposed APRUS scheme the entire allocated space
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Fig. 5 Total FWM powers under the ES, IRBUS and
APRUS channel allocation schemes

is smaller than that under the conventional ES scheme.
Furthermore, given the same optical fiber, the extra
channel enhances the DWDM transmission rate by another
10Gbit/s.

5. Conclusion

This research has proposed the asymmetrically paired
repeated unequally spaced (APRUS) channel allocation
scheme to minimize the four-wave mixing (FWM) phe-
nomenon in the DWDM transmission system. In the sim-
ulation, the APRUS allocation scheme could reduce the
number of FWM frequencies by more than 30 times and
the total FWM power more than 300 times, vis-d-vis the
conventional ES channel allocation scheme, thereby elim-
inating the need for optical fibers to filter out the FWM
noise at the DWDM’s receiving end. In addition, an extra
signal channel could be accommodated under the APRUS
scheme, leading to a gain of another 10Gbit/s in the data
transfer. In fact, the decrease in the FWM noise is in large
measure attributable to the asymmetrical pairing of two
base units, i.e. Af; # Af>.
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