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# #5070597221 : MAJOR ELECTRICAL ENGINEERING
KEYWORDS : OPTICAL PHASE CONJUGATION / WAVELENGTH DIVISION MULTIPLEXING
| WAVELENGTH-SHIFT-FREE / DISPERSION / KERR EFFECT

PATTARAKAMON RANGSEE : WAVELENGTH DIVISION MULTIPLEXED
TRANSMISSION USING OPTICAL PHASE CONJUGATION WITHOUT WAVELENGTH
SHIFT. THESIS ADVISOR: ASST. PROF. PASUKAEWPLUNG, Ph.D., 110 pp.

This thesis studies the compensation of both dispersion and Kerr effect in WDM
transmission using the wavelength-shifi-free optical phase conjugator (OPC) which is
implemented on the Sagnac fiber interferometer. For WDM transmission, we explore the
characteristies of the wavelength-shifi-free OPC when it is applied for the simultaneous
conjugation of WDM signal. In this case, the wavelength-shift-free OPC (single channel) acts
as the "band—shift~fr_!~'a‘ OPC (WDM), because the wavelengths are unavoidably shifted in
this scheme. The analysis results of éama important parameters and their relations such as
the conversion efficiency and the supported bandwidth are used for designing the OPC to
achieve the maximum performance. First, we design the optimal OPC for single signal
transmission. We optimize the length of f-lfnlr. the type of fiber, the pump separation, signal
power and pumps power. -Thm. we apply the optimally designed Sagnac-based optical
phase conjugator in WDM transmission. In WDM transmission, the new pump separation
varies when the number of signals changes. In this thesis, we design the OPC for using in 4-
channel, 8-channel, 10-channel, and 15-channel WDM tnlnsmisslﬁn systemns. Finally, we find
the maximum cﬁannel and distance that completely compensates the signal distortion.

Accurdi'ng to the obtained results, we achieve the optimal design of the Sagnac-
based optical phase conjugator, constructed with the 120-m-long. highly-nonlinear photonic
crystal fier (HNL-PCF) for generating FWM effect. Also, we use 2 OPCs for WDM
transmission that has 15 channels through 900 km with (O factor larger than 7 and BER less
than 10™.
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z@fy’wmamLﬁ”ﬂumﬂmﬁ@umul"m%ﬂmmwﬁm Bi-NLF memummuéﬁu‘lﬂLLmﬁ@gjﬁ'
Uszanns 100 D9 500 wwas Tinednanawiull laaainnimasesaigaaed Yan Geng et
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T4ty ouIns Fordhsndinya 40 Go/s Tntiada@ulanassiia HNL-PCF 16A1 conversion
efficiency 11NN91 -20.3 dBm Lﬁ@ﬂ@uﬁmmﬁmﬁmﬁ 25 dBm [32]
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apaTiinAn THalAeUANLENNARL (Wavelength-shift type) [18]1[30] [31] uaz TialaiaaL
mwmfmfﬁlu (wavelength-shift-free type) [25][26][27] Tmgl OPC mﬁmﬁ@ummmamﬁlu
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attern Generator B ShnTaliee :
; Photo= "4 1, EDFA |
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uas Seatlnaiuaasaaunialu OPC NlilAseas19 Sagnac  interferometer azuanlugili
1.4 Toalunismeaas  [25] AN19aaUANENIAAWTANATYTY A UAINANTLIATY Y IUAY

Binaananfuantiasnalidunaa nasunesdynynneugine ld

Power (dBm)

pump—pulﬁh FWH products

70 B e YRR\ W
1546 1548 16560 1852 1554 1556 1558
Wavelength (nm)
717 1.4 anlnmiuaesadulu OPC faetemnlageas 1 lugin 1.3 Tnaiinaiaeuaaueg
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Anenfinusativilinecdesit OPC Alluszuvdeansinudulunasuuunaianana

a A qo o \ 2 A % oo ! = A o ! '
gapan e lidinlawmsuadamg lnasiaanldguasnidsnang AsaziEusunangludoures
svuvdeansiudulauasszasnisinawuuvantasanenapay luiadedn 2.1 uazngunig
dedtyayouuasrinudnlouassaniialoyymsing FARATEIE L auas luiadied 2.2 aaniu
aznanaenanilindseauesdtyinusvaianes ORPC luindiah 2.3 uazauiinafiaanig
N9urealATagFILLL sagnac interferometer - daiflulasedsnsres OPC Miaenldlu

Anentnusaiiuilwindan 2.4

2.1 s2UURDAFHIUL AU LA ULARILANNENIAAY

U LN PR A 7H UL AW LA LU LA RN 1A AL (WDM) A% fuetiig
wninane luilaqait zﬁ“ﬂ;ﬁyﬁmLLmﬁ'qnzﬁmmiﬂﬂ“&ﬂmamwuﬁmmmmmuﬁqﬁq WA
(power attenuation) LﬁmmfmﬁmLﬂyﬂummgﬂﬁmmﬁmﬁuﬁmmmﬂﬁmmaaLw'a%sﬁ”u
(dispersion)  uwaziloymipanu ldidludaudu (fiber nonlinearity) 289&ulauas Favisly
mﬁﬂi:ﬂfauﬁyugmmms:uums%mwﬂmﬁulaLLmv%qLLﬂ fetsznevlifanginsnids
Anyrynniuas (optical transmitter)  Wduleuad (optical fiber) wazginsnifudnynnniuas
(optical receiver) azfaalFA ”@i?]Lwﬁﬂ%ﬁmmﬁmmqmmmfmﬁu (wavelength division
multiplexer) (@ l#auasnde ”a;mwmi%w’émﬁuﬁawmamwmfm?i'u ginsnlaeng
Aryrynniuas (optical amplifier) L'ﬁ'@LLﬁhﬂﬂ;Wﬂ'ﬁ@mvmummﬁfm”mm wazainsnilunig
ﬁmLmﬂﬁmmamwﬁsﬁmmzﬁmmmm”bitﬂuﬁqL%uLﬁuLﬁuL?ﬂwiﬂ‘Luizuu ﬁummiugﬂﬁ'

2.1
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DATA fout]
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Mon|rcar U
Gy tread Any Mg Campangahar Qpfical Ampier X
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DUATA [In)
Eledhrical Sgral 1

717 2.1 aefsznavaaersuunsRaansi WELle LA TIU WDM NEN9288 4Ty ny e

o

whlaTyuafaweiMunssdyuinn bhdudaduaaadulawas

ﬁqmmﬂﬁtym&nmumﬁL&"@ﬂ’l,"ﬂu?:uu% 7 blsin dumdin EDFA iesannanunsn
penedtyn e iinaendas C-band dafludananneienauildfunnnlussunieans
AR ATNCNTEN muﬂﬂmmﬂlumﬂmmﬂﬂmmﬁmLwaﬁuummmimﬂuﬁqL%i?mfu Tu
Ineninusaruilsdenld sdsgatianassneqilnn 1738091 OPC Gaaznanai

seaziaanuad OPC luiadan 2.3 salil

2.2 nouimededynanussinuidulaugesaansymeng 9 iaeatuludulauas

|
=

W ”tytyﬂml,mLﬁumqiﬂiméﬁu‘lﬂLL@Q%?:HWWW%%L?}mmﬁ?amﬁﬂummgﬂ
Ty sflunansznunianiymsamwaifunastiuaanyldidudadusaaduly
= = A o °o Yy =
was NaANEINIsAWUANgU N uA s ARMENTRAaS AT AN ILANN T =N LA TN SNANT 0N
AnNNINNTIATNNTesdtyannnas ludulanas delTaFananasiniuiledn annisaanula

dludaduaesaisanaans (Nonlinear Schrodinger equation, NLSE) [34]

oA 1

el 2 (2.1)
—= +iy]A”A
AR ﬂ ? 8T2 A
Tne?d = A Af NTALAAY (envelope) 1R&TYUN
a Ae ANdNLs @nan1Tanna (Attenuation Constant)

B An ANALNUBNDNANAIA (group-velocity dispersion, GVD)
¥ Aa Adulsz@nsannuladifwd@audu (Nonlinear coefficient) aa9dulaugs
z Aa szazn Ny nnaanunsludulonas

T e L’Jmﬁgﬂ normalize ﬁfmmmﬁqmju (group velocity, vg)
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ANHITANGN HANMNANAUSAIANNIIN (2.2) WAz (2.3) AMNAIAL

_2m, (2.2)
APy
T {5 (2.3)
Vg
Tne? n, Aa nonlinear refractive index
2 AB ATAINENIAAY
= A
A?ﬁ AR effective core area
A t:ll o/ U a I
t AR LIAN mm’mu@ﬂﬂun’mmumqmum

A1naunas NLSE aztapansifadasing <) AKasedayo ae A 1Haia1sInaiimag
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= o
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uaaAunlmEuwlgnas aunsagaiennasd o oslds ] Jallalala¥It: N
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3. waneslsngnisalimed (Kerr effect) wsaringnisnimonulaiilumdadu ()
maluéulauasini lfimaaesdrynnuasdasuulasldmuszasnaiazdanali

aulnpinvesdeyyniaengean Ingaaanguiazedlsngnisniinesludulauas

! o o

AzAuAMUIAIN1ANIUEI4R (peak power) BBNAT U UTIALNS TuEW LAY
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wunw ludulauaslfifinauiamey Seazeiinanaaziden luinden 2.2.1 0192.2.3

ANNAAL
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2.2.1 NNFAANDUNIRY tusunu (Attenuation)

[
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an9AAul sz 850 pm utidulauasinaanianiazanidnlfasaznuqaaeniiia
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o

AryrynnuilAngeattduilarlugiin 2. 2 uasansuiin1awmn e Unsaldedny oy oumnauassin

o
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11geAR 3 (third window) N1A2NANIARL 1550 nm AL LansDdRIIN9gaLdsdnynyin

1
=

Agah 0.2 dBikm Tunasldnuiunuilunisdenutieyassazdis) 1y ssuu LAN (s
1arldanna1arann 850 nm dauluszuudiiiudaganiglnaasldnaues1anaui 1550
nm tlaqiiuinewmunaslinudulawaslugan 4 (forth window) Geiiunisldmnueny

AALWINALDL 1625 nm
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917 2.2 AouduRusagudenisaanaudiya uaeaulanasiuaauenneay [35]
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2.2.2 Adwasiuratduleauas (Fiber dispersion)

Pane s ianete nsenseentesWAdAT(InLET (broadening) e ANy
duletlag gndnagluvae ps/(nmx km) Anestuaannsniisduli Wuleuasynaiin
el uiudnunizaewinddunin: TnaviluAsmassuiin il ldussdnansaus
aanlfifluaasilszinnlun) Ae Aamastuseudnaluun (intermodal dispersion) Faaziiniu

wnazludnlowaaiuy MME  washdmesdunte lulusa (intramodal.  dispersion 138

v v
= o

chromatic. dispersion) Miiatuis hudulausauty MMF uag SMF g wiiunisdedayaciin

Wulauasszaznslng azimenlfidulauaiuy SMF a1z SMF annnsndedieyasaadns

' '
! A

dangendnilasannuuuaaadilunisasiayganitendisanlufedmnsinisannaunngs
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dynunuiasniiasndn aatiuAnfana ffundsnansenusadymyinlussuunisdadanssnu
Eulauasszaznislnaaailudszinn chromatic dispersion ity
Chromatic dispersion Md"i'aﬂ’mqnﬁmfi’] group velocity dispersion (GVD) dlunng
o o/ dl a dl J dl v a 1
P8I Nadd Y A AaInAdRLaILFazANgaaanlinanlun1saunely
wiriu (luszazniaivint) iesanauandfaesasuiangs (v,) darldviniuluusaz
dl o Y o o/ dl v dl a =3
ANeNaAaU N0 IiWaddyandilsenen lufaguanamannesnaafuaunieislananig
TdnBanriu U7 2.3 uARIFAREINT2IAINITINARIAZATINIZ AN TBNAINEINGH (GVD)

WauiuANeNpaNTiRlFiI A NTINgNIBdIRazAINEN AR LR AT LANE ST LLAZAY

'
a

HengeganAfameiuiiugud lnsanunsausdvae Ramwaituléiilu 3 499 A normal

dispersion ( S, > 0), zero dispersion ( £, = 0) Wa¥ anomalous dispersion ( 3, < 0)

A ((group velocity )
\

GVD

o
|
|
|
|
|
|
i

\
|
|
[

(5A) Apoojan dnoub

chromatic dispersion (GVD)

zero dispersion

wavelength

wavelength

317 2.3 A udNRUFIENI9AINIEINANLAZNNINITANTB9AY INEINAN TuIsaz ANENY
=
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|
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| o dla o &9/ o Y o 4 a 1 [ % 1 2 dl o I
sengaRAdNAATuNINTUAWTN THWaddNwaeeliaunsaegaadu e tngnsiasnnaunis

ginsnliudny e Asdlennaiaadnuiananalunssinawla (error  decision) 99
o i 1% @ A : A A s = o v ' o
drynyrnsuasidednunaesasiduiin 10 vizedn ‘0 Aedsingnisaliudeuscuineiad

4
o =

ArynynauBizandn n1sunsnaanszudewad (inter-symbol interference, 1SI) Adlugii 2.4

= = A a o o = 3 Y = ,
TILLAAIDN [SI V]Lﬂﬁqqﬂﬂ’]?ﬂﬂ’]ﬂmqm'ﬂqv\l@ﬁﬁ/ﬁqummmﬂ@JL@WLLUU@QWNWNLL@\‘]@QHUW 1,
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91071 2.4 NANUARINIIAA inter-symbol interference

2.2.3 anwbiitluidaduaaadulanas (Fiber nonlinearity)

ponttiilwandurevdulouasgnuiveaniiluaastlssinnian < Ae nonlinear

stimulated inelastic scattering %QLﬂumﬁ‘m‘zﬁmmmuam‘ViijuLLﬂ: nonlinear refraction
Wunsulasuunlagdnagsaiiing (refractive index, n) NauetjiuszALIanaIdty ol
dulawasuuy i@ vizaianandaniiedl Unngnisniiees (ke effect) Tnelu
a a I o dsj = 1 G a 7 k7 dl g '
InenAnufarivuiasAnmalogmienalduEaduandulawamuaaindsangnisaiines
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dgrngnasalipesifluilaang ansaineasaiinwuasuslas ldeauseauaeands
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fael indaasdty sl aauuiasldanuszauaneannasdynninasiiazizandn nns
o Mo .y , o . ¢ eda
wauaadngludifludady (nonlinear phase shift) TaNNTnLLNdTIngnaline SN

Aadymrnnasiaunsludulauasfifuarndszinnasll dezinnusn wlaaesdiyoiu



24
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four-wave mixing (FWM)

1. Self-Phase Modulation (SPM) finaannasidasuulaunaaesdynulneszay
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2. Cross-Phase Modulation (XPM) taingnisnfiiinasiiladidoysynniuas 2 doyoyo

v o A
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.. a o dld tﬂl ! o dl =
3. Four-Wave Mixing (FWM) IAnandyayiaeifdpnnafnieiu4  aonuduazd
ANNANRUS RN N RIIT8IN19ALARINND (frequency matching) UazRauly
2194N194UGMA (phase matching) TnuRaulazeasnisdugandazyinlitianig
1 o Y v I o o v o a o o Adl uﬁ” dl a
denwaedirwlfuiiulaziunianiesnalndy evadao e lva@nun Jaia
A ndeyayanuiaduans ) desdnley nRAYINAFINT THNINANRATWIU NAT29
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dsngnisnl FWM Tunsaiidesdtynynnamani3endn Intra-channel FWM (IFWM)

o
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2.3 Lﬂ""émﬁ'qqmwmma (Optical Phase Conjugator: OPC)

1
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FBnsraegldyruiifianisaanaeanuasiaiauitiasannilymifaine f4u

wazau ldillumduduaeadulouasnilsc@nsnndtuils Ae 35n13AouqInadtynynl

(phase con ugated Imﬂ'ﬂ’]ﬂﬂﬂf]i')’]\nﬂiﬂ\i N m‘vxlmmq (optical phase conjugator, OPC)

vLsz A 2
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0z 2 & 2

+1 ‘A ‘ (2.5)

ANRIGNNITUAAINITAUNS TUAIBATININ LA LA I UATINAILRI7E UL TUANN I
(2.1) uaz (2.5) muatsu azwiulfdndadyinuaadunludiuazaun ld szaznnamils

aziinfdesiuIl NgNsndunaliaindl B, uaziHednn10iARUAINATIEANNIAIN

OPC fFpamaiuanauily — 4, MliiApamaifuninativanndyyInuasimunig

1
cao a a

] 1 v v
AR TN AL RN ST R AT WA L AR LB TN A TR ueng

29789 OPC AZfiadagiananavasssasnavionnn ialiidengnisnifame ifugnanias

IHanysnd Auanslugln 2.5
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DATA (out)
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_____________ 4 i —_—— e e e —
v v v v
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l ] 2
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naudidndanisdegamaasazldanunmanaalsngnisaiinefldetnsanysnd

dl Lo 1 k4 6 o/ 1 a2
Lummmnﬁmm‘umﬂﬂﬂ{]m?m SPM LLﬁ]ﬂqﬂﬁl‘ﬂ\‘]ﬂqﬁ“ﬁﬂL‘Hﬂﬂﬁ‘qﬂ{]ﬂ’]ﬁfﬂéﬁx‘]ﬂ@WQ@?\‘i ]
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Tunnuuasluszuunisfugedtynunmulitduss [36] N1l dispersion-decreasing  fiber
[37] n514 Raman amplification [88] WaznnseanuuL AL MTesglnsadlusruunsTu4a

&rynynnu [39][40][4 1] ilusins

2.3.1 nsniladeeAraedtyad (Conjugated signal)

as o A P4 b4 :// A ad P o
ANIIABUILNAATYEUTUNTANITATIN OPC anniauleiasiy Aedan1sasedagn

3

% =
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aa o

Usngnisal FWMANARINA IR aies 4 dggaynadiaunesaniuluidule
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4 4 ”ﬂ;mﬁm%ﬁmﬁmmﬁlLL@zLWmmmméﬁmﬁuL'ﬁ@ﬂﬂﬂ"nﬁﬂ@ﬂ%ﬁ (frequency
matching condition) Lm:ﬁﬂuhmﬁmjl,m (phase matching condition) AYLARSLILANNIT
7 (2.6) WAZ (2.7) AMNAAY

mmwﬁeuﬁmﬁudmmﬁ (frequency matching condition)

= (2.6)
zﬁumaﬁau%mﬁu@m@ (phase matching condition)

k, =k +k, —k, (2.7)
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o
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pure CW pump

input signal

phase conjugate

optical power (10 dB/div.)

T VAl IF AAL S &L © 1 T 1
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A, nm

317 2.8 sz@nBnnaes OPC TunstindnyryouiludimanuivisamanuenaAauAani [31]
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wanan@An 5 lunsindnyaantlud anunwiaiu (f = f,) LaziAMNEIIARY
Winfu zero-dispersion  wavelength 1a9L&WluLaswan azlnuel ; fae n, TEINIT

v
AunnlFanaunssesalln

1, (1) =¢*(1)exp(-al) (2.8)

Tne Aa ANgraaadulanasn1EnElu OPC amn

-8

= - - PR - =
¢ (1) A nonlinear phase shift mﬂummmnﬂifmgm@mmmmmmm

ANNEANN

p(1) = LR SRl (2.9)

a

Tng? | Py A8 ANRIRITRY pump

ANANNTIN (2.8) WAz (2.9) @xiudn 7, wilsdumssiu P dudedieiuen P,
=y 59 « = . ' ' PP = o .
WMILRD 77 NAZANTULLINNAIRDS €0UAT 77, TATdARINNEDPAUTa IR oA u s
Winri zero-dispersion - wavelength aaiduleiay azfasAnnanssnuaeslsingnisnisa

waftuninail £, T9ha A1 GVD aavdtyninsTu arunsnAuanlfainannissallil
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ﬂ(')=[¢(l)wlzexp(—al) (2.10)
mel
1 2 2 %
K=S1al0[0+ 9t (2.11)
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e Q AeAduysnirasNasiieszidasaNhaasdey o uluiudynyinuaanon

ling OPC TeanunsnAuansliiann

o :47P0[1—exp(—al)} (2.12)
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% -
p ~——Negative 1
(=] 4
iz ]
@
E ]
S :
] . A e ) -
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Wavelength Shift [nm]

717 2.9 FiraeinAIRANNLEIR Y conversion efficiency ALNARNNTZMIN9AINENIARLTDN

o

Arynyrounasiazdtynyanidulunstidl GVD parameter ( 3, ) HAfluion au uaz Al [18]
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a ] a PRSI A o L "
mﬂgﬂ‘w 2.9 NUAINRTNTNIAY Q VIEL‘VW’]'T n GLuﬂﬁ‘MVIﬂ'] By Wlual HANNINNGIAN

n lunsaliidn g, Jududingizananaaed modulation instability (M) Taiflunannain

=

AT IUTINNY

o

dsngnisalineiuaiamaidui

2.3.3 N5LAARINMUARUILNANAANNNUBIRY UL NUAN AN

dl 1 ¥ v Y i 2 dld a A o o =
"Wﬂ‘ﬂﬂ@q’ﬂﬂLL@QluﬁQﬁlﬂﬂ’ﬂuﬂuquﬂ\?ﬂ']’i‘Lﬂﬂ EUEUEUABULNALND Q_IIQ_II’]M‘IjﬂJﬂJ

A o0 & o L= a A o o
AINHDLNIN (fl = fz) luﬂqsll‘ﬂquﬂ@q'lﬂ\‘lﬂq'ﬂﬂﬂ's{wﬂJWMﬂﬂu'ﬂLﬂmLNﬂ fyfqu‘]jlwm

Al NDN I (£, = f,) AsuaasTugl? 2.10
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- Pump: 4, CF'h_ase
ignal £
[*] Freq a1, onjugate
Sizmal: 4, Signal: A,
Freq.: @, A A Freq.: 6,
-
couplar Monlingar Amp
mediurm
Pampl : 4,
Freg.:a --"1# -"1],:
A
[4
- : ; .
@, o = (ak Gy, W

91171210 nasasnadtyrya e NN A

22ULUNATAAGATUUURAN L AINNE 1 AAY TR Aty lESunansenuann

dsrngnienl FWM ilesaanddtueynamanodyayinanunaslinwienduludulanag

= o o = - s P A N o % o
LAEIAN LS V]\‘]uﬂqﬂﬂﬂﬂ?qﬂgﬂ’]?m FWM Iuﬂ?mu'ﬂ?ﬂﬁu‘ﬂuﬂuﬂuq’uﬂ?mm fyfl.}l']m‘]jﬁxlm\‘]@@\‘]

~ Aay v 1 o A A o i o L aAa &
NV’]QWNQV]»LNLV]']ﬂu WQWLLZQ@QELNELIVI 2.10 sﬁ\?ﬂq@\?ﬂ‘ﬂ\iﬂmﬁquﬁ@uﬁLﬂm(Pcon) NENAUU

AN ERNNANN13N 2.13 [42]

) [1—exp(—aL):|2 (2.13)

2

Pon(L) :%Dzﬁpmppzps exp(—a'L -

Tned Ppy - AR ANIAS ”mfqul,l,mﬁmmﬁmfmzﬁ’mﬂ;}mﬁuﬁ 1. fp,)
Po, AR AN "m“a&mﬁmumﬁmmﬁ'mmﬁmfyﬁmﬁuﬁ 2 (fp,)
P, AR ANNA ”tycyﬁmumﬁmm’?ﬁmz@mqmum (fs)
L A0 ANEN9 89 A ags PIH lunn 38319 OPC (fiber length)
a A8 ANNI3aANe LTl legs (fiber attenuation coefficient)

D A8 AN degeneracy factor TeRANMNTL 3 duFUNIel degenerate LAz 6
&1915un3tl non-degenerate

£ An ANdulszangAaan lutluidedn (nonlinear coefficient)

uaLlszANENINTRINARAUIINGNIINE FWM (7eyy ) Y0 LAANENNNN 2.14 [42]
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o 1+4exp(—aL)sin2 (AkL/Z) (2.14)
o’ +Ak? [1—exp(—05L)]2

Mewm =

W9l Ak AEANALAE (phase-matching factor) TeazluatiuAIRdINaSTUTas
Eulauasuas ATy inesyna1elieNdtynunmd (channel spacing) Te@nu1snasueléile

ANNN9N 2.15 [42]

2772 y —tm 2.15
Ak:{ : AfPlSAfPZSj{DC+[Z.d7.(Afpls+Afpzs)ﬂ} (2.15)

1 e_aLeff
_]:y(PP1+PP2—PS)[ ]:i
al g

Tnen D, “AaAlAsAnAameffutewdnlauas
dDC A 1 o a o o b L
i AR ANANNTULDIAALNAITU (dispersion slope)
a4 4 " N
A AB ANAINEINARUABNAUUNULAIN AIND f

WaAndsz@nsniwaane1aaadulengs (Effective length, L, ) LAZA1IZRIZUN9TEUING

dasdrynyroumnlfannannnsy 2.16 Laz 2.17 muaaLl

o

zl—exp(—aL) (2.16)
eff a

Af =|f, —

mn m n|

Toed  f uazf  Aa e wdaesdynanilueaun 1 ()  dyniuidusaui 2

A

(f,,) 198 drysyrnuuaa (f,)

WAZAMNIANITNATDY chﬂanmmuamm (Conversion..efficiency,..i ) &11N0un 14
NI AIUTEVI WA A YN DUARUA INAUAIBANANN OPC UNIA9T 8940 fY LAY

AU OPC Aadun19N 2.18

| 18 (2.18)
PS
Toat P, Aa Anasdtynnuasiavuduesdtyoyiosnaugine ( f)

1
oAl al 1

ANANNIIN 2.13 D9 2.18 NUINAMNTRnes R Nasan il daullasuednsnig

' >
' a

\AneNdnyy uAauang lAun Poy, Pp, P War L SSUINWIIHIABSMA TN ANNNTY
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-19.24 T T T T T

-19.26 %

-19.28

-19.30

-19.32

conversion efficiency

-19.34

'1936 il A Il | . 'l
A0 -5 0 5 10 15 20

power of signal

o

dl o '8 1 o dl o Qs o/ o a
a“ﬂ‘ﬂ 2.12 ANNAUNUEIEWINERIN NI AT LA eeN18Y UM ULANNUAMNTINTINA

VR9SRYRYIUARURINA

conversion efficiency

0.0 4 1.0 186 20
fiber length (km)

I~ v o & e = Y oy
qﬁj"ﬂ‘V] 2.13.ANNGNNRF Tz aRs Nl as ulUasaasANe 9 TesEu e Lash 1 lun g

4314 OPC ALEA NN AT AT AN WADUILNG

o 1

u@nmnﬁ%iﬁLﬁud’]ﬂizam%mwluﬂwlﬁmﬂmngmmﬁ FWM 192 uiuan

o [ % {

nonlinear coefficient () ne’lu core TavdulanaailudrAyaniag Tnedulouasniian
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] 2
X o oA

y 49 aziinafalsngnisal FWM unnaiu dessusenmdulauasilafuaoniiautionn1d
¥ ! 1

Tun196%19 OPC aziimaimunliidn  gaawivaiindsed@nsnanlunisfingsngnisal

FWM #ail TugaBuusn OPC aza3ennanidulauasailn DSF usidulauasatiniazilan

!
=

y Aaudingmn (Uszunns 2 w'km') Wagann,Sio, dufludannlinn core fAn n, Aaudinesn

q

=

(Uszunne 2.4%X10%° mw’) ilafan T8Maun130 (2.12) Nudmnfasnisiinel » Tunn

< o Ny aal i ] & ' 2 o < P
AU @:ﬁﬂ’]ﬂ’]?ﬂm'ﬂﬁ@ﬂ\ﬂ]ﬁﬂ@ NAFLNNAT N, IM@]ﬂmuLLQZﬂq?@ﬂﬂq A%f‘f EL‘VW]"I@Q sﬁ\im'ﬂﬂq‘l@l

3
=

Wenundasuiiudulauas e HNLF - delunssuaunisnanaaddulauasann il léninng

1
aa

AN n, WaranAl A detsAn iﬁqﬁ”u IagmmianL&ule Lastiin DSF 18eA1 Ay
agilszunny 50 um?® anawAes)a 10 gm? UAZAT N, ﬁqmﬁﬁ”u‘tmmiﬁ@ﬁm
wasiilan (Ge) avhllu core g bugenInIw S L st ia HNLE S n,
zgﬁyu (Wszunadx 10V m W’ 9 6X10°% mw ) Saiflucald y ﬁmﬁ”u Uz 10 w
"k 249 30 wkm Y ndAesi W@ n LA LaeTTin HNLF AA013 OFS Furukawa 7

{An ywindu 11.5 wikm ' [43] uazsneeinanisifrauiay n, aesdulouasiin HNLF fu

[ o

Wulauasailn DSF AR 1401 luNA9RasIRAUANGNALAIGLIN 2,14 [44]

a

HNLF SMF
~30mol%GeQ, n 3
Siopff | A~ 3%
~4mol%GeO,
Si0, or F-SiO, Si0; v A ~0.4%
= SiO, b2
~3um 10um

9171 2.14 Faegnanisulrennie refractive index (n,) profile 1aiulauasmiin HNLF Ay

viulewasiin DSF [42]

1
=

49/ A‘ 1 = dl o % d‘ o 2 o
UANANAN NIELANAT N, Anvunianienalalaenianlasudaain i core an
Si0, flu Bi,O, #9fAN N, gaaundMANNan (Weznns 60X 107 m’w’ s 80X10™° m'w’)

denalil y gandndulouasaiin DSEuavdnlauas il HNLF a8nann Deszdy 1000, w

e ol |

km™ Aadnagdulanasailn Bi-NLF aan [43] 860 ;0 49049 18360 w'km™ aginglafinan

v v
nsuanduleuasiln Bi-NLF Tndaqii fnauiiesludiesdfiRnasddemini deldiing

a

sruugramnssuusiedneln  Asiuluiagiudulowaenlfiiuantisntiinnldaiie opC

Padulauastin HNL-PCF [45] Tnaidulauaetiaiilan y dssune 11w km avlndimes
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Audulaugssiin HNLF [46] usidanldisnisandn Ay MiAas wdellszann 6 um?
v v
o a %

! v & a d”v (<1 a dl ¥ o s
wintiu anvisiaseasanie luseadule LANTUAUENYNABNULINA dunarina lddniueu

nieansliinaLsngnisal FWM anfas

2.3.4 1UAARI0PC
Tnavialduda oPC . @masauLiean lFliluaasrinnuaue1anauaasd Y

AAUAINA AD THALABUAIINENIARK (wavelength-shift type) uaz TlinlHiRauAINENIARY

(wavelength-shift-free type)

2.3.4.1 1ATRIAE ANALEIT L ALRRUATINETIAAY
Taani  OPC valuazifluatiaaaualaneaanAaiiiindann lunseuqun1sas9

[YNUABUANETAEYUATUABHAINA AaNAsaN AN ENe) IngzanAdtyny autTaiivess

oy
ftynynumzwinti gl 2,15
Signal Phase
: Conjugate
mignal: A signal: A
Freg.: a, Freg.: @

Pump: 4, 14;,
Freg.: a, A A
=
| -
i ek -:ii‘ff_5 e}

1 P

9107 2.15 N17a3194TY Y ITUABLANALLLLABUAIINENIAAL

Aang1l72. 159z 1iiud im0 91 dey ayrnutlunesdaurunannan Inaagrionastleu

o o A o =< g A A oldya
fynanmﬁwmmmamu @, "INLﬂuﬂﬂ]’m%l’mﬂ@umLW/TJJ’]?JZQNVI@ZiVI’WELMLﬂﬁﬂﬁ"WﬂQﬂ’]?m

b

FWM  denaliitindyyininauqinaau wadtynuaeuqinanlfaziaauaniaaud

dl A dl o a d” dld dl o o
wasuhlasmnueaaduaesdnyureuginaaziinluianinuismesdnyny iy
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A msunsraatlsngnisaifameifusion OPC alinnenANEIIARLTILAL e
= o 1 dl 1 dl o v dl v a
Hnsauruszaznludauassusnuazszaen e udaurmas i van e liinazessia
6 o dl a dgj ! dJ dJ o o a a dgj =2 a dgj
RS TUNAATUIUAIUATILINUALATNAIANAATUNER N1ITALTLANNHALNEUAIAZITATY
% [ Ce dl A o o 1 dl a Adl
Tratisanysnd Insannisn i lunisAanmnauntinnizanlunimig OPC siniaau

ANMHENAAY Hlusssa il

(2.19)
Bol@,)x L, = (o) x(L-L,)

T o,  Ae AINDESHNIB9ATY Q0L lAGILEN
R (W et ATt REC AL TN ST BT N T T a R IY BT ENPIR,
L A8 szeeniluasaugn
A o ! aa//
L A szagn N lumafudednynyanianan

2.3.4. 2 1p5asfsgAdugsTinliiaauANE19AR Y

opC aiaililsangnnsnl FWM lunasaindeyauaninauqinaduipeniu udazli

o o

2 1 | v
UIUABUALNALAATUARIINEIIARULAEAT WA LATY UL LALAN A9uluN19657

il
o = v o o ¥ aa dll 1 o o dl
e EUARUALNAAAFBRN A ATy s U NABNER U AUNHA N EIAAUANNTY A93LR 2.16

Fhase

Conjugate
i Signal: 4
Signal E’% AN
- - -
S ignali 4, .
Freq.: @, SIreuatET
3-dB
coupler
Pump: 4, Panp: 4,
Freq.al, Freq.: m ,
"'fpl Apz
A A, *
A
=i -
il il P al

Al W (H]

317 2.16 neaiedrynyrupeuqinauuyiideuANENIAAY
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1
=

ANz 2.16 doyoyrauiiuusnazegnanuennay oy, wardiyniudunsesayes
4 A o

1 2 v 1
NANE1IAAN @, WaANe1IAdLLsdy uuisaessenndasiuninRaulay

D

naliifiatsngnisal FWM uaziiaanuenapduiminnzasiueds azinliinanenanauted

v 1 1 1 ]
AU UABUANARATUN AN NI AAWA R TWALATY U UUAUANTIAYINENIARY @, WA

o o

NAA YN BN AT YN AR NIRRT AR AR A NATy U ILASLAN wasHANNNAY

s~

Do

1
o a

NUNANNINATY A HANALLLITTALABUAIIN IR AUEN ANt

Vet dny Y IuAeuIaN AN AR U LAY uLasLAN W 15innetin

EQ
o
o

Lo

‘”ﬁya&nmmu@mm@ﬂmﬂﬁn&lﬁyﬂmumLauﬂ@ﬂml’*ﬁmuﬁmmﬂ’mém’mmﬁyu srariu
oPC 1iialslAeunnugnauiss g sendulrssairau Sagnac interferometer e
1 lun1suandny e uqnAaanIAIN A IBEIAN Intazna1a e tAsea s
Sagnac uuuaz@tn lwiadiesiald lnantssametsngnisnifamesiusion OPC 1tinly

o 4 & 0y % & o @
LRRAUAITNENIAAUULNEIINN OPC VL’?JG]N’ﬂﬂﬂ\mZQ’N"II@\T??JFJZVYNSLUTH?ZQ@ZQEUWQJ’]MVNMNﬂﬂ

AZANNNIOLALTEIAHR A NI IR AN 1IT0T

2.4 TAged519uL Sagnac interferometer

Sagnac Interferometer g’ﬂﬁuwuimﬂﬂ’ﬂwamﬁ‘ﬁ’mﬂﬁ%ﬁLmﬁl@ Georges Sagnac Ml
1913 LﬁfaLmiﬁmmmﬂz\ifaﬂﬁrymammumﬁﬁmmLmza'qﬁ%ﬁmﬁmﬁmﬁumqL%h”l,ﬂfj"\a
interferometer  MUAANINANAUIINAUABAARINMNUINNY  (clockwise) WATRANILLTN
mﬁﬂ’] (counterclockwise) Eﬂ"lmzﬂ::m\‘iﬁLVi’lﬁu N@m?ﬁ'ﬂ'ﬂﬂmmﬂ interferometer
ﬂmmﬂmmuﬁmLLameumdN?ﬁqLﬁmmnn’mmsﬂmmﬁummﬁmmﬁmmﬂuﬁmmﬁm/m
quﬁymﬂmq‘wﬁ@uﬁqLmﬂqﬁzﬁ”n;mﬁmumﬁumu% interferometer azN 1iiAnAHNAN9IWE
m@qﬁmagﬂmumﬁmmh interferometer 41 TmﬂmmﬁmmW\Imﬁyu@%'ﬁmmm’“éq GRHEY
(angular  velocity) ﬁﬂﬁm’m’]ﬁ‘ﬂﬁﬁuQMMW‘HNﬁﬁ@ﬁﬂﬂ%ﬁﬂiﬁi&ﬁﬁﬂWJ’]NG]I’NLW@“H@\‘]

. g 5
drynyanuuasifiasnisié

1
el A

Sagnac interferometer dn3satiIRNUssgns Winidnlauasiaairailugnsning

sz leriinnnune Tnenilalusinfiae nonlinear fiber Sagnac interferometer (NFSI) @il

o

gunanintun 1 lun1sas1e OPC 1linliiraundnanaduasingaa luda luindana

v A
N
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241 mﬁﬂsznauﬁuﬁmmm Sagnac interferometer

OPC Tiiilassasnauny Sagnac interferometer Usznavldaegunsnivan sesellil
1. dulaugennnueng L fidhaniuseuaufidnsosiiiu loop Lﬁ@iﬁﬁmﬂmﬂgmmﬁ
FWM Funneluiiond] dausinenazendudulouasaiin DSF  [25][47) el y
Aaudinsmnagiitsznm 2 wkm ! winasmeassdaulug udaquulFimunnn i
luaeniin HNL-DSF [26](27] Fafled /- gsauesfidszsnns 10 w'km” 8930 w
k' Toefier y geasilisz@vsnawlun1s@adsngnisal FWM anndumna

v

11l Bnviadainlirraentveadvlousifundangos

2. 3-dB coupler m"wﬁﬂmumimw%Lmﬂz@cyﬁmummm ”mmf]mﬁwﬁmﬁmuﬁ
Winriu wsa 50:50

3. circulator Lﬂuqﬂﬂizﬁlﬁ 3wain lnaarutsnaudmn nuasliiduazaanlunain
Atmunly

4. FanTedTaemag (Optical band-pass filter, OBPF) &1 115unsas ”ﬂgﬂ;ﬁmumﬁ@
LenenzdhnanifiFeniseenan sy
Wail opc  Jaialildeunanugnannez A aaniuacietleniding Sagnac

interferometer v%qummmuﬁmmﬁm Tur drynyaauuasiioya 1 zﬁ”aalaal’]mm:z@a&nmﬁu 2

Arynynu uanssagilin 217

reflected pump 1 reflected pump 2
reflected signal phase conjugaie

unwanted FWM products
wide-band optical

band-pass filter
%—; Phase

_ Conjugate
Sigmal —— B Circulator

Fump 1 Pump 2

11 247 wanslngeasuazasdlssnaunugnuaas Sagnac interferometer [26]
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2.4.2 BANNISNINIUTDIOPCEUA LI ADUAIMNENIIAAUNDIALTASIHEIILUY

Sagnac interferometer
drynunnungnilewding Sagnac  interferometer  HagiiannasN&tyauI tHun
Ty AT AINENIAAY o, wasdnynnidudesdynyiafinnuenanay o, +Q i

o, —Q ANAAL FagnunsneauelE luannsie2.20) uax (2.21) [25] Asil

E, = ¢, exp{i[wt= (@, 2]} (2.20)

Ep1pe= a1 52 €X0{il( 0, Q) - B( @, £ Q) 7]} (2.21)

Tnen & AB AN complex amplitudes 123 VQ_,I TOULLAN
&, P AN complex amplitudes UBIATY ﬂmﬂmn 1
£, PBAN complex amplitudes m@\‘]zﬁ'ﬁyz’yﬂmﬂmﬁ 2
B(w) e Aanaigesnatiunieaedaytyiod (propagation constant) Ainauena
r
AR @

o

v AR T¥ElTN NS NLLANNN (distance of propagation)

Tagaonue12 AR ATYNLLAYaZat] 0 AANNNANNIEUINAINENIARUT AN

o

uaades sty (TR LA N ANTARTYR N UADUAINAAZ LA ATUN AN LAY

S
2

o o o

21IARULAENUALATY LAY

Wadtygrauasgnilewdinlilsandudaanniuaaui 1 Taaande coupler Tunns
994 wmﬁmﬁmmtﬂfamﬁi@ﬁﬂﬂﬂ”ﬂ wainy 1 Tuaneidtynaniinaau 2 azgnilaudin

11¢is wafm® 2 @89 Sagnac interferometer &TUEUNMILAIANN NaFAT 1 LAZ WaSAT 2 Az
' A a v 4y Ao o & = AN A <
H1u 3-dB coupler ivataungdingdulunasniansuziilu loopvisaaiazananaaniiagn
Sagnac loop Tneidnymaniazgnuiiidunieniaimiuniseaniuaasianig Ae AAniuLds
1IN (clockwise) LaTAANALENWINNA (counterclockwise) T941NITDANUIRIANAUDS
Ayanuisaeadunelfneduniai (2.22) uaz (2.23) [25] Al

o dlda <1 <>
Ay UNRNAANIDNUIANT

E, =i(Ep1+ES+iEp2) (2.22)



42

AN N RN ANLE NI AN

v o

E -t (iE,, +iE, +E,, ) (2.23)

s

%

Tnafidrynyrounauqing asunalinsannigy (2.24)

E03,04 03 04( ) exp{l[a)t ﬂ( ) Z]} (224)

&
o

aniuNe ATy A La Aty Nt ABAT A Ul s Sagnac loop

WraNULAY A1 complex amplitides UBIATURINUARUANA &,, UAT &, AINITDATUIN

v o = W =} ' o /4
18magunnsh (2.25) wag (2.26) [25] lasdiea g5 (L) uaz e, (L) aztimanneivay 5
LTLAEIL

e CE)=ne 18,8 (2.25)
ANy W TN (2.26)
et 5 A AndsgAnsnanaesnisimlsang)n1ead FWM naelu Sagnac loop

o o o

WAIRINNATY YN ULANNINATLFAL Sagnac loop WA NNARUATYYIDMAZAENAIN

loop waanauiing 3-dB coupler BnA3e Tnadtyayaniasiudtyyniluaaui 1 azeanun
. A 4 o 4. -

N9 Wasan 1 U89 coupler TuanERdnynmilui 2 Audtynimeauginnaziun1gaanun

AN NedRT 2 E9EINIIDNINIRsIRARLATYRIRIARUAINA LA lazIN131IAY complex

amplitude NATENLS WaseR 1 way wWadan 2 AR NgNnI1sh (2.27) waz (2.28) [25]

Coutl \/7{|8 ( ) (L)}=O (227)

(2.28)

E¢ out2 \/’{803 ( ) + igC4 ( L)} = \/Eingplgng:

AINANNNIN(2.27) Uay (2.28) wapaWitAudnAmumbinainia aliidnnm

= o :

ARLALNABRANHILAE AIUULNANINLLUT ALATT Wﬂ.lﬂ.l’?ﬂéﬂ'ﬂu@Lﬂﬂﬂ@ﬂNqV}’NW’ﬂﬁ‘[ﬂﬁ 2 1N

sagnac loop intu i idtynynnuasriu ”ﬁymﬂmmuﬁgmmmmmmmummﬁu an

2

wenaanainiulnasssngaAaelaseaieuuy Sagnac interferometer T9dtyry1tUNaanNuN
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circulator Lﬁ'ﬂLﬁ’]@:ﬁ'}ﬂ?’a\‘iﬂ’mmmﬁ (optical band-pass filter, OBPF) N@uenian
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594 1556 1558

s 2.18 SuaeeAaunaly OPC 71 n?ﬁmterferometer [25]
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uni 3
NMFAANLULLASAIAILANALANTNA LRa UAINENIARY

AnAlAnanmaEuazainged OPC udaluuni 2 Tuuntazilusuaziaen
Tudau89N1998NULL OPC - AINNNTIAINZIN IO B uasigaiina fiaun1931a89nia

AmnAans TnaanAurTidn An AN conversion‘efficiency () uazAn Q factor T9pn 5 1w

FonnuuadnsNanaduMpanaing Insazaantd OPC MiliiAn , Nnge wazA Q

Add‘ o

factor AN NUARNITIUCNATIAABY OPC. 11843 NAa. Q. factor 2894Tyry TN
oprc Tlsatanamngazdiasda nannda 7 viza Bit error rate Haeindn 1077 agazauisnily
dl o % o‘/l del a 'S a a ]
Pueniuls  ielllupaseanuyy’ JOPC,  annasdeIteingangearivaisoun ludou
asflsznausiae) 2a90PC” Thun siinveudulanasiiaenld Aanereaudulauasd
a1 1491 OPC uaszagvingssmansdyunnuiiasisdasluindian 3.2 ansiuluiadan 3.3
aziflun12 M LUUA 8N NAIAAIZASINARANLLIL OPC  BATUIHATAINITILATIZINN
= = o/ v o =Y o Y dl £ -]
N EYNIFTELNELILNALNNT uLLRIae I IAIAA and luiadien 3.4 gadinatin
o a ' 1 o o/ o/ % o Adl v v dld
WULANAN NALAAIR AT N ANANAsesd o nLaduazdny ool e liild OPC 71A

ngnluadien 3.5

3.1 MANUNFYIMARURINANNAAIN OPC  FilaliiRauAueIIARuianAy

1A999519UU sagnac interferometer

annaeiluiade 2.3.4.2 vinliinsaudn OPC alinliidarAINNIARWIL Aziiin

1 1 v
A % o

o aa dl a o o = dl
ynosneuang ( f,) nRANRmesiuiudnIuas ( f,) Wadainuasiuianiud
I d‘ I o o dld -dl o a L%
agasanenansgnadyniiunmnNn f, waz f, lnadnansiiadonnunauqng
199 OPC aiinliidaumanuanapdaudaunsa tfaindada 2.3.3 Ananadenaiadoynyio
ARLAINALNEA AN TIASAT) N A THLANEN T HTNANTAY, 77 e INENN187.(2.14) T
wnuaslugnnan (2.28) dauiluanniueddynannauainANannnIe wagni2 1es OPC

az15A1 complex amplitude ADIATYTYIUABUYING (&,) AIUAASIUANNIN 3.1

1 QRN (3.1)

v v
o {

= o o o . ¥
YNUAINIAIINATYDY1UAAURLNA (Conjugate power, Fg)uﬂmmn

P =l (3.2)
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wazAn Conversion efficiency 183 OPC (77,0 ) B8R IIAUAMNENIARUNAARITATIAENS
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R 3.3
Tlopc :E 3:3)

4 ) A g
A8 A1 complex amplitude 1addnttuIadiTiuAA LN 1
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a3 _ e - I
&, P8 AN complex amplitude 18RRI LINARLY 2
Aa A .complex-amplitude 109800 LA

P AR AN NAIIRIATY TN LA

3.2 N15AATIEAIM NG LNaaanuLy OPC gialiiaauanaandunandy
TAgId59ULLIL sagnac interferometer

v Y dl % 1 a 1 dl dl dl o

anvindief 3.1 199810 ATHIUNIAT Ngpe. A LillABUAINENIARUN A AT
Thgea319uL sagnac interferometer WAL AT 1705 HWTUALBIAUTENBLFNG 7
Muna$19 OPC i aRnaewdulauasdNiAd nonlinear coefficient () AuANFIGTY

" - - . . 2 4

ANENTesdulaua (1) MM Sagnac loop s9uDesztzANszndedny sy uiliAann 1

o

Audtyunnuifuaaui 2 uazAIiIas ety LA vNAT i Wwdun lw OPC fae

3.2.1 Memrinrasdulawgsnyiali OPC §iRn conversion efficiency Nn#gn

v
o

asfilsznounanaes OPC  Aawkulauasiililunnsifindsannnisal FwM - dadu
FUReULIN U9 INNTIINILY OPC AskesBNAuaINnsiRen i lanasivinli OPC Tdn
uNAign Lﬁﬂlmo’ﬁmﬁﬁﬁwmﬁmmﬂmmugmm*ﬁmnﬁ'qmﬁ-’ifm Tnendulowasiiinnn
fansaunilvionua 7 sia dsznaulifan SSMF [48] DCF [49] DSF [50] NZ-DF [51] NZ-
DSF [52] HNLF [43] 8% HNL-PCF [46] duidimlanasusiazaiafidnmfinaisig 7] o

Lane 1315797 3.1
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NZ- HNL-
SSMF DCF DSF NZ-DF HNLF
DSF PCF
a
[dB/km] 0.2 0.38 05 0.20 0.25 0.90 8.1
D, @ 1550 nm
18 -85 0 4.5 4.5 -0.25 1.27
[ps/nmikm]
D3
) 0.086 -0:35 0.085 0.05 0.05 0.019 0.0031
[ps/nm [km]
e
[W'lkm'l] 149 5 2 2510 2.19 11.5 1
Ayt
) 84.948 26 52.810 b2 55.417 1.7 6.1575
[’
n
§ 3.3428 | 3.1973 | 2.7276 | 2.7625 | 2.9849 | 3.3092 | 1.6658
@ 1545.32 nm
Tmeif a AB AR ANALIRINIAIATYI 0L (attenuation)
D, AR AN Group velocity dispersion
D,  ~a A" Dispersion slope
¥ A@ A1 nonlinear coefficient
Ag 7a pn effective fiber core area
n, A8 AN refractive index 1a9Aa &L laLAa

AINAEIN 3.1 AzWLINAT » TediERlauAsTiin HNLF HAININT4n 999890178

Euleuasatin HNEPGFE.DCF NZ-DSF NZ-DF DSF #az SSMF ANNATAL T9R1NNGHuas

wnedulanandulaim ; wan dnlauasmtisiussliitss@anannlunaaindsangnisnl

FWM igaaunnlalfoe uazmniansninmn A, asadulonasudo aznudndulauasniin

HNL-PCF aziipnfiesngn aemunguivandulavadlaidl Ay tes dulauasiiazli

dszBnsawlumafindsangnasal FWM  Asnanddulouasihifien Ay W0 ASiiunas

9
AR RN ALAN NN 249INR ATNIZ D e ad A e laann idn un snaIm Az L& e LEs

MNUIZANANTUN1TUNNNR519 OPC Aatdulaiganiin HNLF Lwaz HNL-PCF yi9iluanann

' ' o A A Vo Y o i o o o Y A =
ATy RCAN &ﬁ ﬂJﬂﬂL@MiﬂLLNW@%NN@M@M n HRIUU V’]']ﬂ’]@\‘isﬂﬁﬂ\‘]ﬂﬁyqum‘]jﬂ RGN
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AaudsdnAty WasanndynnutluniAnaedyyugedanlilsz@nsninluniaia
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v
[ a g Y

dsngnienl FWM  igedine AsiunisdinsziidessinainnisdunnAinisiinaiaeealy
v A % all o v o Y KX v o a c
annnsnndieaglunisiaenidulawasiazinunlivin OPC 15 asfiasadenisiinazinig
= ¥ % v 1 o a

nEananniziniuidinngelunisingla

lunimeaauiAl » aIMERlELAIINT, 1Hn AzfiesinuuaAInisIHneiau o) 7
Y = o af | Al vt |
Nendenunannsfiesnis Inalunisneaesiiagnivinnal A i i AN 1A NN INAa89FIg

Q; 1 dl [ 1 dl” rd‘ v a % a ¥ o [

7 NN Failupiigmeesgdnsainun lAasslufiesnanauaz e lEdmiunimeaes
degfiu AnnsdmesnfiasnvuallseneyldfagArmraanenazesidulengawingy 500 m
ANNNAITBIATYNLEY (P) 1fU 3 dBm- (2 mW) Aanasaaedny1nutlusivans
(Pop,) WiNMiL 20 dBm (100 mW) ANANENIARUIDIATYBIN LAY (4,) WL 1520 —
1570 nm (C-band) LagsaeinNaznidnya il Nd U ndlas (pump  separation)
AIUAT 1.2 nm [EURINAIAIINLAUAIREYI N ULAIVINAL 1545.32 nm (ITU-grid 194 THz)
ANAINENIARUTIAR U IUTNAR WA 1 (A,) AEHBNNANAIGL 1544.12 nm LAZAIAIIN

21AAULIATY YAUTNARURA 2 (A,,) WML 1546 62 nm

1
=

annIATaNnAN T AZlien ;89 OPC flanannibulauasia 7 2iiai
WANFNNAY ﬁ\‘igﬂﬁ 3.1 FauanaPUINANWUEIEII 1A conversion efficiency 284 OPC v
N1 ndulaugeniin SSMF DCF DSF NZ-DF NZ-DSF HNLF waz HNL-PCF fiuA1ueng
m?iummzﬁ“tymﬁmmﬂumq C-band (1520 — 1570 nm)

anglil 3.1 azdunalidndulauasaiin SSMF i, tszanns 23 925 dB
wazilouseniin DCF e 4 dszanns 50 v -100 dB Teainddnlauacdn 5 1iiadi
e TiRAN - tszanns -19 e -20 dB Aeduilerudulauaais 5 8nunuBeufou el

Wiunaatwdnaulffgly 3.2
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9171 3.1 A NANALFILIIN9 conversion efficiency TILIAANNENIAAUTBIATY N DILAS

1129 C-band 1a9dulenadmiin SSMF DCF DSF NZ-DF NZ-DSF HNLF waz HNL-PCF

Conversion Efficiency [dB]

-20.0

-20.1
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2D Graph 10

—@— DSF
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= NZ-DSF
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917 3.2 A udNRLEIEININg conversion efficiency TLIAAANENIARUTBIATY TN DINES

a9 C-band a9tdwleaaniin DSF, NZ-DF, NZ-DSF, HNLF wag HN-PGF

anguh 3.2 azag1éidn dwlouasnfin HNL-PCF  azliien ; geiign an

LASTRALE

o

N

1
=

v
o

aLdnle

e 5 NInaAENiuRaaAta9 C-band AEUIZNIL-19.98 dB  TNAINAIN
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dlhunnenfiasnis OPC  Narnnsnldeauldalunnaruanaduaesdny i nnastas C-

band satiuludnaninusetiutadaanldidulauasnin HNL-PCF 11&319 OPC  uwuuly

1
a v

” A4 & A py a )y Yy < T |
weuANe1AaY Tule lfaiareadulausdifiaanisiudo antduluidesallazman

A NENTaadUlEuaIduEL sagnac loop 1Azl OPC HAn 5 unnwige

3.2.2 NMIMIANNENAA UK U LELRINN1H OPC 81 conversion efficiency &N
=
ngm

% o

Wulouasaia HNC-PCF  ilwidulauasmumnzanigadniuiiinnlda31e OPC
a |4I dl dl o v n o :f o v dgj
1A IR UAMNENIARUNAIAE 798 519U sagnac interferometer Aasiulusindiaiiazun
v dl o Yoy dl e | dl
ANENITR AU laNAINaNN 14979 sagnac loop M 1TdY ; HanTgn

AMNANNITN2.13 Ay 244 aziiulAdiannuenonaadule L aaluafaA1n1a9189

1 v
== 1

) uazAIUaE @ BN N LRINNNALSINYNNTAL FWM (770 ) B9

c

ftueunuAeuqinm (P
aasazifluinivilfingwnnen 7 199-0PC Aunntasiiesla Inamane P uay 7, NA
NN A1 5 Hazanaalifng

HanAa y uInvaaaanaxnasuiadien 3.1 Inananuar w1 Hmesd1uiunig

1 = v o v Y dl ' d‘ A A o d‘d |
neauAgiuiUiadien 3.2.1 nanusdranuasilinnaeuhednyyrounasidan
AYNENIARLWINGAL 1545.32 nm B9HAINENIARKEL D3 ARNINANTBTI C-band LATIN
nsaeniannuannaeduloiassisus 0.1 D9 2 km avazlinanesen ; Auanslugily 3.3

AINgLN 3.3 AN AUANGIUIUAUTINGANTNINELNN AN e TaaLEW e uaei 1N
sagnac loop §Ana uanasaINAINENRTesEUlaLasLlszNA 0.2 km AN ; azanasatng
997137 TetaeAnNenfTeduleuaamnlien , uannge atilszannl 0.1 09 0.2 km WENAT
: | A qy y PP = £ A 3 a
AN n anavetigad e lfidulauasndaaanenwinunay e nidulouasaiin

o o

HNL-PCF {ANanmanaaan1aedtya naAauings An 0.9 dB/Km LHadny o tulasienng

k2
1 o o o <

Wlauasnlszaznneenaty An1aaedd i muasiasiades o audenaliidnnig

NARTY U IUADUAINAAARIAY AINWHANARDIUIAT 1 AINAINENITBILEU I LAIRLINa

v 1
ATIBEARILA 100 D19 200 m AZlANANIMAABIUAAIAIZLN 3.4
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917 3.3 A uARTUEIZA4 conversion efficiency fiuANe1ee e uaTTin HNL-

PCF 7inunlda519 OPC sialilifeuarine1ona uni lAsea 519wy sagnac interferometer

-19.0

-19.2 |

194 }

=186 |

Converslon efficlency [dB]

-19.8 |

=20.0 ‘=

U7 8.4 Ao dniufsrudae conversion efficiency A N 1998 du e uass in HNL-

Fiber length [km]

PCF M#A1 conversion efficiency g3aawviafis -19.05 dB

a1ngUn 3.4 aziulfduileldidulauassiin HNL-PCF XA218819 0.12 km %38

120 m &M13Ua3519 OPC aiinlilinaunnneanau azléien  1nge

1 s

WU -19.05 dB
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3.2.3 NM9UITEAzRNTEUINA UM NNIEaINYiN L OPC &A1 conversion
efficiency N’mﬁﬂﬂ
anfinanasnudndinsdiuindulonasiia HNL-PCF fiflanuenawiniu 120 m azl
I tzl o o ) v v a A A tzlld v
AN Hnngadmiutiannldai1e OPC siinlliReuANEIARLTEATES LY sagnac
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nezfuliidtynyrnuasiadangnasal FWM natilwsagnac loop Livevinlii OPC HAn 5
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UINNKA

q

|
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N unasiaazfiasl panunnaziandaduld lnaluns il el dnyyiniuas 1

o

Tty ashunensaniudnyainay 2 deyoyaadding sagnac loop tnefiAangnapaLYes
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o

dnemnaseull sy auas anliinadeyny dlvaddy Ae AU UABUNR GRS

o
1 v

gaARRENWAURTY LS Tne gt wfqumugmmwLﬁmu%m@mmﬂﬁlw,lmgﬂéw

a

1 v
o =

Aynauideuiuiudngnuas AiunIgaIin Aol MuAauaInaNINYiTatia e le

b

ABUagAUAINAT UM A iTNTISa 0 NazhiaslAINEIIAAUNAaAARD Y

a

o

wHNzANAUATY Y MLEINNNTIgAAIE

v o

(%
1 ==

Aaaz Iuag iuANDvasdTy U LATLAL

L)

AMNANNNN 2.15 aziiulfdadnAlaw

|
=

”mgm’wmﬁu TA2N19ANUAIINNAN 7 AINANNITTI6FIY LU AN LULITD ”mgmgﬂmﬁuﬁ'
mmx@u‘ﬁ'qmimam@ﬁ@ﬂ | mﬁum"ﬁLmﬂwmﬁmmqmﬁm@ﬂmwWﬂﬁmmqmummﬁ”u
ey I FainhdeL ey ﬂmLmeummmem@u 1529.55 nm 1545.32 nm WAz 1561.42
nm Gmmummmmﬁlummu TNAN tavdNtansuesdtynyatudag C-band NG
%”L’ﬁim’mlLL@mmmﬁuﬁuﬁriwdwiwzﬁﬁwmz@mﬁmﬁmﬁuﬂ"] conversion efficiency

AagLin 3.5
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16 ' r ' ' '

AT} .
o
E-E el 4
5=
S c
S<-19} .
==
w o
SE -
o o
s =
= =

21 4
=
© =3 152055

22} | == 154532 -

= 1561.42
_23 'l 1 'l 1 'l
0 2 4 5 8 10 12

Pump Separation [nm]
917 3.5 PaudniUEsznang conversion efficiency Muszaizasgzmdnadnynynuily (pump

separation) NAA1 conversion efficiency a4AWINML -16.97 dB

ANgUN 3.5 AzWingNLHaITszUn99Ensa Aty i ae NN NAUALAUIA

wia Ay Aazanasiset 7 T93aedssasvngsendNdyonnlunliicn , geazegszudng

o

0.1 nm DN4nm Ilaganedalasiieaziasn axlsAnI nLanA NN NUE Iz

srazvinsrasdnyounnsturius conversion efficiency A43117 3.6
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A7.00 -

A7.05 | -

A7.10 -

A7.15 -

Conversion Efficiency [dB]
Mathematical Analysis

AT7.20 | -
—— 154532

_1 Flzﬁ L L L 'l 'l
1 2 3 4 5

Pump Separation [nm]

91071 3.6 ANANIRUTIZIINY conversion efficiency. AllsveiziIazyad Tyl (pump

separation) NdAN conversion efficiency d3gaWiary -16.97 dB

& 2
[ L 1 o

an3in 3.6 M liimsnudamedymamduisdecatiinaiu 2.4 nm  1iFa1eann

L1l

P

UNULAIAUAZ 1.2 nm  aznalid it namna sl 1 dy o nuaaieaing

1
1 1 I oo

oy
fynnsneuqnpIuNa silaangn seazliifn » Wiarl 16.97 dB Tasdtyoyniuasis

%

ANNENIARY 1529.55 nm HuazhaseIAadmnamiiuniaueaAdl 1528.35 nm iy

o =

1530.75 nm €9 uA Y IUUESNNANENIAAY 1545.32 nm waz 1561.42 nm azfasanAe
Aoyl uRAINENAARUIVIAIL 1544.12 nm. 11 1546.52 nm. Az 1560.22 nm 1L
1562.62 nm ATNAIAL

AQ1IUNII8RNULL OPC Aa1NANNIN M enf linsudniasesdse pinauasadinla
dl A Ao o ) a a e o A A o
aeuANNIAAUARlaTeas LIl sagnac interferometer lwAnantinusatiutiaziaan’ls
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. L LY. A ¥
YU ILARUTTHNANAI N ENI AR UUINANN T B ULAWINFLL 4.2 nm

3.3 MmeneagaukalagliuuudraaInandinAdnsnaalilsinsu OptiSystem 8.0

dl Y A Y 1 ¥ 1 o/ ot dl o
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a
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. A o = o Ay y ° ey o
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A o a o o o a Ly = ng/, dl A 1% v ¥ dl dl 1o
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gun 3.7

317 3.7 Taseain9189 OPC afialuiiaeuAfnue1AaBILL sagnac interferometer 711411

ANV INUF 2T
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v v 1 1
v a
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4
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INATY QY MEaznnsa Nl g cganuTiAR A1 A9t 3-dB coupler. AnNUL
fynyouisaesaziding wesen 1 289 bi-directional coupler ek uwlldudulauasaiin
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wunnsludulauasaiin HNL-PCF  wHauru dryeunnutluisaesazdnamnasaull1s

frynyouuas M liadsngnisal FWM uaza31edyaynnireauqinaniacuana

1 1
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Abstract

This is the first report showing the simultaneous
bandwidth-shift-free phase conjugation with @ factor
larger than 7, of 1510 Gb/s WDM signal on F1.15-nm
bandwidth located from 1539.77 to 1550.92 nm, using
the optimal designed Sagnac based optical phase
conjugator constructed by the [20-m-long highly-
nonlinear photonic crystal fiber.

Keywords:  optical fiber transmission, dispersion
compensation, Kerr effect, optical phase
conjugation, Sagnae interferometer

1. Introduction

In the long-haul WDM transmission system, the
chromatic dispersion and the Kerr effect are the main
sources of signal distortion. The optical phase
conjugation is one of attractive techniques to realize the
compensation of both dispersion and Kerr effect. [1] By
converting the transmitted signal to its phase-conjugated
replica and re-transmitting this conjugated signal for the
remained distance of the transmission, the accumulated
waveform distortion before conjugation is self-
recovered. In [1], a transmission of 22 = 20 Gb/s
DOQPSK WDM signal over 10,200 km was successfully
demonstrated by the significant assistance of this phase
conjugation technique.

Optical phase conjugation is all-optically
performed by optical phase conjugators (OPCs), which
mostly utilize the four-wave mixing (FWM) process in
various types of optical fiber such as dispersion shifted
fiber (DSF) [2], highly-nonlinear. fiber (HNLF) [2], and
highly-nonlinear photonic crystal fiber (HNL-PCF) [4].
In comparison, the DSF _exhibits the nonlinear
coefficient of about 2.1 W'km"', which is lower than
that of the HNLF (10 W'km™") and the HNL-PCF (11
W'km™). The higher nonlinear coefficient implies that
the length of the optical fiber can be shorten,
consequently results in the improvement of both
conversion efficiency and signal quality. Recently,
simultaneous phase conjugation of 6 x 40 Gb/s WDM-
DPSK signal was accomplished by using a 50-m-long
the OPC based on highly-nenlinear photonic erystal fiber
{HNL-PCF). [5]

The OPC for single-channel conversion can be
categorized into two types: the wavelength-shift and the
wavelength-shift-free  types. Among these, the
wavelength-shift-free OPC was implemented on the
Sagnac fiber interferometer, which also provides the
filter-free characteristic of the conjugated idler from the
original signal [6].

In this paper, we first explore the characteristics
of ‘the wavelength-shift-free OPC based onm Sagnac
interferometer when being applied for the simultaneous
conjugation” of WDM signal. In this case, this
wavelength-shift-free OPC (single channel) will behave
as the “band-shift-free” OPC (WDM), since the
wavelengths are unavoidably shifted in this scheme. The
analysis shows the results of some important parameters
and their relations such as the conversion efficiency and
the supported bandwidth that used for designing the OPC
to achieve the maximum performance. Finally, the
computer simulation showed, the possibility of the band-
shift-free conjugation with @ factor > 7, of 15 = 10 Gb/s
WDM signal on 11.15-nm bandwidth located from
1539.77 to 155092 nm, using the optimally designed
Sagnac based OPC constructed by 120-m-long HNL-
PCF.

2. Configuration of band-shift-free OPC

~ Fig. 1 shows the configuration of the
bandwidth-shift-free OPC implemented on Sagnac
interferemeter. We use a HNL-PCF whose nonlinear
coefficient is 11 W+1km-1[4] as Sagnac loop. The HNL-
PCF exhibits relatively high attenuation of 9.1 dB/km,
and dispersion of 1.25 pskm/nm at 1545 nm with
dispersion slope of 0.0031 pskm/nm2. Two continuous-
wave (CW) with different emission wavelengths injected
laser pump into the Sagnac loop at different ports to
stimulate the FWM process. with the WDM signals
whose bandwidth must be well within the wavelength
separation between the wavelengths of the two pump
lasers. The signal is launched to the port#l of bi-
directional 3-dB coupler with pump#1. The conjugated
replica is newly generated inside the loop, and is output
with pump#2 from port#2 of the coupler, without the
necessity of filtering the original signal out, as shown by
the spectrums in Fig. 2.

Fig. 2(a) and 2(b) show the spectrums at the
input end (point#1) and the output end (point#2) of the
HNL-PCF- based Sagnac loop, respectively. It is clearly
seen from Fig. 2(b) that all channels are successfully
converted to their conjugated replicas on the same
bandwidth. Fig. 2(c) and 2(d) show the spectrums at the
output port#]l  (point#3) and port#2 - (point#4),
respectively. These spectrums in Fig. 2(d) show the
filter-free characteristic of the conjugated idler from the
original signal. Also in Fig. 2(b), (c), and (d), the by-
product spurious FWM sidebands can be observed, with
the suppression of about 3.5245 dB as shown in Fig.
2(d).

n'mhﬂu"n'1n1mﬂi“ﬂinﬁm=mrd:=qnﬂhmﬁw1iﬁirﬂ 5 (NCOA-5) 5 nunAud 2553 i vinufusrruaiant

24



3. Conjugation bandwidth of Sagnac-based OPC

To explore the conjugation bandwidth that can
be obtained by the Sagnac-based OPC, tune the optical
field of a signal at the frequency of ws denotes by es, and
the fields of pump#1 and pump#2 at the frequencies
s+ and ws—L) denote by epl and ep2, respectively. If
the frequency of the signal is located at the middle
frequency between those of pump#] and pump#2, the

101

field of conjugate replica (ec) is then generated exactly
on identical frequency of signal. For WDM signal, the
conversion bandwidth is exactly the same as the original
bandwidth. However, the conjugate replica of each
WDM channel is generated at the opposite wavelength,
with respect to center wavelength between the two pump
lasers, and that is the reason why we call this OPC
“bandwidth-shift-free” OPC.

XEXT

L

Figurel. Configuration of bandwidth-shift-free OPC.
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Figure2. Spectrums of WDM signal on 11.15-nm bandwidth located from 1539.77 to 1550.92 nm at (a) the input end
of HNL-PCF in Sagnac loop, (b) the output end of HNL-PCF in Sagnac loop, (c) the output of port#1, and (d) the

output of port#2
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Assuming that FWM inside the Sagnac loop
occurs only from the two pumps to a signal and its

conjugate replica without pump depletion, the
conjugated optical field can be expressed as [6]
8. =2y 6,16,05, (1)

where 7pmy is the efficiency of FWM in the Sagnac
loop, and can be obtained as [7]

(o]

(2)
where a is the fiber attenuation coefficient, and L the
loop length. The intensity-dependent phase-matching
factor Ak is given by

o R RO+ A

]] (3)

where ¢ is the vacuum speed of the light, Dc the fiber
dispersion, dDc/d). the dispersion slope, y the nonlinear
coefficient, Leff the fiber effective length, As the signal
wavelength corresponding to the signal frequency of fs,
and Afmn=fm-fn, (m, n = s, pl, p2) is the channel
spacing, where Pp,, Pp,, Ps are the input powers of
pump#1, pump#2, and signal at frequencies fpl, fp2, fs,
respectively. The power of conjugate replica is Pc= hclz,
then the conversion efficiency becomes i = Pe/Ps.
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Figure3. Conversion efficiency as a function of the
signal wavelength for types of optical fiber such as DSF,
NZDF, NZDSF, HNLF, and HNL-PCF

Next, we use Eq. (1)-(3) to evaluate n that
achieves from different types of fiber. The results are
shown Fig. 3 in terms of 5 as a function of C-band
wavelengths. We can clearly observe that n obtained
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from HNL-PCF is greater than -20 dB, which is higher
than those from other types of fiber. Moreover, this
value of 7, obtained from HNL-PCF, is almost constant
over the entire C band,

In order to achieve the highest n , we use Eq.
(1)+3) to optimize the length of HNL-PCF with the
channel signal input power of 3 dBm, and the input
power of both pump lasers are set at 20 dBm. Fig. 4
shows 1, as a function of fiber length of HNL-PCF.
From Fig. 4, we can obtain the highest 7 when the length
of HNL-PCE is 120-m. This optimal length is then
confirmed with computer simulation result that agrees

'well with Fig, 4,

Fig. 5 shows the relation between 7 and pump
separation, obtained from Eq. (1) - (3), comparing to
those obtained from computer simulations. The signal is
CW whose input power is 3 dBm, and the input power of
both pump lasers are set at 20 dBm. The two results,
obtaiped from Eq. (1)(3) and from computer
simulations, are in a well-similar characteristic, however;
with the 7 obtained from simulation is lower about 16
dB. This is due to the pump depletion and the by-product
spurious FWM sidebands are not taken into account in

5 20
Fiber length [lom]

Figured. Conversion efficiency, as a function of fiber
length of HNL-PCF. _The maximum conversion
efficiency is where the length of HNL-PCF is 120 m.

At C-band edge wavelengths of 1529.55 nm
and 1561.42 nm, as well as, C-band center wavelength of
1545.32 nm, ny appears to be independent of wavelength,
while the maximum pump separations are, respectively,
10.93 nm, 10.57 nm, and 10.36 nm, among which the
difference is smaller than | nm. For these 3 wavelengths,
as well as, others in C band, the maximum n about -
33.392 dB can be obtained equivalently at the pump
separation of 2.4 mm, with respect to the signal
wavelength placed at the center of pump separation (at
1.2 nm from each pump wavelength). Noted that this
value of 2.4 nm can also be obtained from (2), therefore;
it consistence with the simulation result.
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Figure5. Relation between n and maximum pump
separation at 1529.55, 1561.42, and 1545.32 nm.

4. Simultaneous conversion of C-band WDM
signal

In this section, we explore the perfoermance of
Sagnac-based OPC in displaying the phase conjugation
of WDM signal in C band (1529.55-1561.42 nm) with
the channel spacing of 0.8 nm simultaneously. Each
channel is externally modulated by a Mach-Zehnder
modulator in NRZ shape with data rate of 10 Gb/s. The
signal consists of 1024-bit pseudorandom sequence. The
powers of both pump lasers are identical at 20 dBm.

In order to achieve the highest ny , the length of
HNL-PCF is set at the optimal length of 120 m, and
channel signal input power is 3 dBm. The pump
separation is also at the optimal value of 2.4 nm, which
also yields the smallest spurious FWM sidebands. By
using the computer simulation, we also adjusting the
bandwidths of the 6™-order Bessel band-pass filter (14
GHz) and the 6™-order Bessel low-pass filter (20 GHz),
including the gain of pre-amp (30 dB) to obtain the
highest quality of conjugate replica through the
measurement of  factor,

26 H —o— 3 channeis ¥
=g 9§ chanmels
== 15 channal
== H channala
a0 H
515F
3
LT S
Bk
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1530 1538 = 1640 . 1545 1650 = 1865 1680
Signal wavelength [nm]

Figure6. (0 factor versus wavelengths of WDM signal
composed of 3, 9, 15, 21, and 39 channels after being
conversion to its conjugate replica.

Fig. 6 shows Q factors versus wavelengths of
WDM signal composed of 3, 9, 15, 21, and 39 channels
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after being converted to its comjugate replica by the
Sagnac-based OPC. If we set the acceptable Q factor as a
value larger than 7, Fig. 6 shows that, after being
conjugated, the maximum number of WDM channels
that achieves the  factor exceeds 7 is about 15
(1539.77-1550.92 nm) with placing the pump#] and
pump#2 at 1538.58 and 1552.12 nm, respectively. Fig. 7
show the eye patterns of the worst channel at 1542.94
nm (@ = 7.98945), comparing with the best channel at
1550.92 nm (@ = 25.9204).

i
' (b)

Figure7. Eye diagrams of channels which exhibit (a)

minimum @ factor, and (b) maximum @ factor.

5. WDM transmission employing the band-shift-
free OPC

In this section, we evaluate the performance of
the band-shift-free OPC for 15 = 10 Gb/s NRZ WDM
transmission over SSMF by computer simulation. The
configuration setup is the same as shown and explained
in the previous section. The OPC is placed at the
midpoint of the transmission line.

i —&— Bkm
-y ) i 5 kM
' —y— 240 km |-

1540 1542 154 1546 1548 1350
3ignal wavelength [nm]

Figure8, O factor versus distances composed of 80, 160

and 240 km.

If we set the acceptable bit-error rate (BER) as a
value smaller than 107" (equivalent to Q > 7), Fig. 8
shows ( factors versus distances for transmission
distances of 80, 160, and 240 km. For the 15-channel
WDM transmission, the maximum distance that achieves
BER < 10" is about 160 km. According to the
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transmission results over 160 km, Fig. 9 show the eve
patterns of the worst channel at 1542.94 nm (BER = 1.6
x 10" or @ = 7.8), compared with the best channel at
1550.12 nm (BER = 3.2 x 107 or @ = 16.6).

Figure9. Eye diagrams of channels which exhibit (a)
minimum @ factor, and (b) maximum Q factor in 160
km transmission.

6. Conclusion

For the first time to our knowledge, we have
investigated the characteristics of the band-shift-free
OPC based on Sagnac interferometer, which is
constructed by HNL-PCF. We demonstrated that 15 x
10 Gb/s NRZ WDM signal are transmitted over an 160-
km can be converted to its conjugate replica with the @
facter higher than 7.
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Abstract—This is the first report showing the simultancous
bandwidth-shift-free phase conjugation with @ factor larger
than 7, of 1510 Gb/s WDM signal en 11.05-nm bandwidth
located from 1539.77 to 1550.92 nm, using the optimal designed
Sagnac based optical phase conjugator constructed by the 120-
m-long highly-nonlinear photonic crystal fiber.

Keywords-optical fiber transmission; dispersion compensation;

Kerr efffect; optical phase conjugation; Sagnac inlerferometer

L INTRODUCTION

In the long-haul WDM transmission system, the
chromatic dispersion and the Kerr effect are the main
sources of signal distortion. The optical phase conjugation is
one of attractive techniques to realize the compensation of
both dispersion and Kerr effect. [1] By cenverting the
transmitted signal to its phase-conjugsted replica and re-
transmitting this conjugated signal for the remained distance
of the transmission, the accumulated waveform distortion
before conjugation is self-recovered. In [1], a transmission
of 22 = 20 Gb/s DQPSK WDM signal over 10,200 km was
successfully demonstrated by the significant assistance of
this phase conjugation technique.

Optical phase conjugation is all-optically performed by
optical phase conjugators (OPCs), which mestly utilize the
four-wave mixing (FWM) process in various types of
optical fiber such as dispersion shifted fiber (DSF) [2],
highly-nonlinear fiber (HNLF) [2], and highly-nonlinear
photonic crystal fiber (HNL-PCF) [[4]. In comparison, the
DSF exhibits the nonlinear coefficient of about 2.1 W 'km",
which is lower than that of the INLF (10 W'km™) and the
HNL-PCF (11 W'km™). The higher nonlinear coefficient
implies that the length of the optical fiber can be shorten,
consequently results.in the improvement of both conversion
efficiency and signal quality. Recently, simultaneous phase
conjugation of 6 = 40 Gh/s WBDM-DPSK signal was
accomplished by using a 50-m-long the OPC based on
highly-nonlinear photenic crystal fiber (HNL-PCF). [5]

The OPC for single-channel conversion can be
categorized into two types: the wavelength-shifi and the
wavelength-shift-free types. Among these, the wavelength-
shift-free OPC was implemented on the Sagnac fiber
interferometer, which also provides the filter-free
characteristic of the conjugated idler from the original signal

[6].

F75-0-T695-3982-9 10 526,00 © 2010 [EEE
DO 10,1109 TOCEA.2010.176

Pasu Kaewplung
Department of Electrical Engineering
Chulalongkomn University
Bangkok, Thailand
Pasu.K@Chula.ac.th

In this paper, we first explore the characteristics of the
wavelength-shift-free OPC based on Sagnac interferometer
when being applied for the simultaneous conjugation of
WDM signal. In this ease, this wavelength-shift-free OPC

(single channel) will behave as the “band-shift-free” OPC
(WDM), since the wavelengths are unavoidably shifted in

this scheme. The analysis shows the results of some
impertant parameters. and their relations such as the
conversion efficiency and the supported bandwidth that used
for designing the OPC to achieve the maximum
performance. Finally, the computer simulation showed, the
possibility of the band-shift-free conjugation with Q factor >
7, of 15 = 10 Gb/s WDM signal on 11.15-nm bandwidth
located from 1539.77 to 1550.92 nm, using the optimally
designed Sagnac based OPC constructed by 120-m-long
HNL-PCF.

Il.  CONFIGURATION OF BAND-SHIFT-FREE OPC

Fig. 1 shows the configuration of the bandwidth-shifi-
free OPC implemented on Sagnac interferometer. We use a
HNL-PCF whose nonlinear coefficient is 11 W'km™'[4] as
Sagnac loop. The HNL-PCF exhibits relatively high
attenuation of 9.1 dB/km, and dispersion of 1.25 ps'km/nm
at 1545 nm with dispersion slope of 0.0031 ps/km/nm’. Two
continuous-wave (CW) with different emission wavelengths
injected laser pump inte the Sagnac loop at different ports to
stimulate the FWM process with the WDM signals whose
bandwidth must be well within the wavelength separation
between the wavelengths of the two pump lasers. The signal
is launched to the port# [ of bi-directional 3-dB coupler with
pump#l. The conjugated replica is newly generated inside
the loop, and is output with pump#2 from port#2 of the
coupler, without the necessity of filtering the original signal
out, as shown by the spectrums in Fig. 2.

Fig. 2(a) and 2(b) show the spectrums at the input end
(point#1) and the output end (point#2) of the HNL-PCF-
based Sagnac loop, respectively. It is clearly seen from Fig.
2(b) that all channels are successfully converted to their
conjugated replicas on the same bandwidth. Fig. 2(c) and
2(d) show the spectrums at the output port#l (point#3) and
port#2 (point#4), respectively. These spectrums in Fig. 2(d)
show the filter-free characteristic of the conjugated. idler
from the original signal. Also in Fig. 2(b), (c), and (d), the
by-product spurious FWM sidebands can be observed, with
the suppression of about 3.5245 dB as shown in Fig. 2(d).
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1. CONJUGATION BANDWIDTH OF SAGNAC-BASED OPC

To explore the comjugation bandwidth that can be
obtained by the Sagnac-based OPC, tune the optical field of
a signal at the frequency of @y denotes by & , and the fields
of pump#1 and pump#2 at the frequencies a3+(} and a0
denote by & and &g, respectively. If the frequency of the
signal is located at the middle frequency between those of

106

pump#1 and pump#2, the field of conjugate replica (&) is
then generated exactly on identical frequency of signal. For
WDM signal, the conversion bandwidth is exactly the same
as the original bandwidth. However, the conjugate replica of
each WDM channel is gencrated at the opposite wavelength,
with respect to center wavelength between the two pump
lasers, and that is the reason why we call this OPC
“bandwidth-shift-free” OPC.

A

XCEmo

[F3

Figure 1. Configuration of bandwidt-shifi-free OPC.

T

Figure 2. Spectrums of WDM signal on 11.15-nm bandwidth located from 1539.77 1o 1550.92 nm at (a) the input end of HNL-PCF in Sagnac loop, (b) the
output end of HNL-PCF in Sagnac loop, (c) the output of port#1, and (d) the cutput of porté2
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Assuming that FWM inside the Sagnac loop occurs only
from the two pumps to a signal and its conjugate replica
without pump depletion, the conjugated optical field can be
expressed as [6]

£ = ﬁir},waﬂsﬂe,.
where ey is the efficiency of FWM in the Sagnac loop,
and can be obtained as [7]

a_l

Newy = o +{&}
where « is the fiber attenuation coefficient, and L the loop

length. The intensity-dependent phﬁc-mll.dﬂn; factor Ak is
given by

2J'r..i.]

. T

|-

=)

where ¢ is the vacuum speed of the light, D. the fiber
dispersion, dD,/dA the dispersion slope, » the nonlinear
coefficient, L,y the fiber effective length, A, the signal
wavelength corresponding to the signal frequency of f; , and
Afw=fota, (m, n =35, pl, p2) is the channel spacing, where
Py, Py, P, are the input powers of pump#1, pump#2, and

P

.-.|:?I{F’r+P’1-'P.}[

signal at frequencies f;, fp2, /i, respectively. The power of
conjugate replicais P.=
= PJP,

|&*, then the conversion efficiency
becomes i

s

-]
b

-
[

B
-

Ceonversion EMclency [dB]

1540 1545 15:51
Signal wavelength [nm]
Figured. Conversion efficiency as n function o the signal wavelength for
types of optical fiber such as DEF, NEDF, NZDEF, HNLF, and HNL-PCF
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Next, we use Eq. (1)-(3) to evaluate i that achieves
from different types of fiber. The results are shown Fig. 3 in
terms of 77 as a function of C-band wavelengths. We can
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clearly observe that 7 obtained from HNL-PCF is greater
than -20 dB, which is higher than those from other types of
fiber. Moreover, this value of 1, obtained from HNL-PCF,
is almost constant over the entire C band.

In order to achieve the highest i , we use Eq. (1)-(3) to

(1) eptimize the length of HNL-PCF with the channel signal

input power of 3 dBm, and the input power of both pump
lasers are set at 20 dBm. Fig. 4 shows 7, as a function of
fiber length of HNL-PCF. From Fig. 4, we can obtain the
highest 77 when the length of HNL-PCF is 120-m. This
optimal length is then confirmed with computer simulation
result that agrees well with Fig. 4.

Fig. 5 shows the relation between 5 and pump
separation, obtained from Eq. (1) - (3), comparing to those
obtained from computer simulations. The signal is CW
whose input power is 3 dBm, and the input power of both
pump lasers are set at 20 dBm. The two results, obtained
from Eq. (1)-(3) and from computer simulations, are in a
well-similar characteristic, however; with the 5 obtained
from simulation is lower about 16 dB. This is due to the
pump depletion and the by-product spurious FWM
sidebands are not taken into account in (2).

140 15 kX |

Fiber length [lkm]
Figure 4. Conversion efficiency, as a function of fiber length of HNL-
PCF. The maximum conversion efficiency is where the length of HNL-PCF
is 120 m.

At C-band edge wavelengths of 1529.55 nm and
156142 nm, as well as, C-band center wavelength of
1545.32 nm, n appears to be independent of wavelength,
while the maximum pump separations are, respectively,
10.93 nm, 10.57 nm, and 10.36 nm, among which the
difference is smaller than 1 nm. For these 3 wavelengths, as
well as, others in € band, the maximum r about -33,392 dB
can be obtained equivalently at the pump separation of 2.4
nm, with respect to the signal wavelength placed at the
center of pump separation (at 1.2 nm from each pump
wavelength). Noted that this value of 2.4 nm can also be
obtained from (2), therefore; it consistence with the
simulation result.
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IV. SIMULTANEOUS CONVERSION OF C-BAND WDM
SIGNAL

In this section, we explore the performance of Sagnac-
based OPC in displaying the phase gonjugation of WDM
signal in C band (1529.55-1561.42 nm) with the channel
spacing of 0.8 nm simultaneously. Each channel is
externally modulated by a Mach-Zehnder modulator in NRZ
shape with data rate of 10 Gb/s. The signal consists of
1024-bit pseudorandom sequence.  The powers of beth
pump lasers are identical at 20 dBm.

In order to achieve the highest rj , the leagth of HNL-
PCF is set at the optimal length of 120 m, and channel
signal input power is 3 dBm. The pump separation is also at
the optimal value of 2.4 nm, which also yields the smallest
spurious FWM sidebands. By using the = computer
simulation, we also adjusting the bandwidths of the 6*-order
Bessel band-pass filter (14 GHz) and the 6"-order Bessel
low-pass filter (20 GHz), including the gain of pre-amp (30
dB) to obtain the highest quality of conjugate replica
through the measurement of O factor.

E el S . F-Ew.w_"
1638 1640 1545 1560
Signal wavelength [nm]

Figure 6. (2 factor versus wavelengths of WDM signal composed of 3, 9,
15,21, and 39 channels after being conversion to its conjugate replica.

1630 1665 1660
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Fig. 6 shows Q factors versus wavelengths of WDM
signal composed of 3, 9, 15, 21, and 39 channels after being
converted to its conjugate replica by the Sagnac-based OPC.
If we set the acceptable O factor as a value larger than 7,
Fig. 6 shows that, after being conjugated, the maximum
number of WDM channels that achieves the @ factor
exceeds 7 is about 15 (1539.77-1550.92 nm) with placing
the pump#1 and pump#2 at 1538.58 and 1552.12 nm,
respectively. Fig. 7 show the eye patterns of the worst
channel a1-1542.94 nm (Q = 7.98945), comparing with the
best channel at 1550.92 nm (Q = 25.9204).

(&)

Figure 7. Eye diagrams of channels which exhibit (a) minimum @ factor,
and (b) maximum  facior.

V.. CONELUSION

For the first time to our knowledge, we have
investigated the  characteristics of the band-shift-free
Sagnac-based OPC constructed by HNL-PCF for
simultaneous C-band WDM signal phase conjugation. We
demonstrated that 15 = 10 Gb/s NRZ WDM signal can be
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