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# #4870287121 : MAJOR ELECTRICAL ENGINEERING
KEY WORD: CROSS-PHASE MODULATION / FORMAT CONVERSION / KERR EFFECT / ON-OFF
KEYING / PHASE-SHIFTED KEYING
MNATTAPOL KULSUWAMN : ALL-OPTICAL OOK-TO-BPSK CONVERSION USING CROSS-PHASE
MODULATION. THESIS ADVISOR : ASST. PROF. PASU KAEWPLUNG, Ph.D., 81 pp.

The next generation optical networks have been inclined to employ advance modulation formats
based on optical phase-shifted keying, especially the differential phase-shift-keying (DPSK) because it
gives 3-dB benefit in detection over the conventional on-off keying (OOK). During the transition from
OOK-based transmission to DPSK-based transmission, it is unavoidable to have both OOK-supported
equipments and DPSK-supported equipments operate in the same system. This presents the necessity of
some devices that can transparently and all-optically convert from OOK to DPSK and vice versa in order
to diminish the expensive electrical-to-optical-to-electrical (OEO) equipments.

This thesis studies a new method to conwvert the modulation format from OOK to binary-phase-shift
keying (BPSK) by using the gross-phase modulation (XPM) effect in a highly nonlinear dispersion shifted fiber
(HNL-DSF). Our conversion system can be achieved by transmitting the OOK and probe signal into HNL-
DSF at the different wavelength; thus, the phase of the probe signal will be changed by the XPM according to
the OOK signal's power. However the oulpul prabe signal will have unequal intensity among signal bits
because the four-wave mixing (FWM), so cur proposed scheme launches both an assist probe signal and
probe signal into other HNL-DSF and combines with the old probe signal to equalize the intensity.

The numerical Simulation results showed that the power penalties of the back-to-back detection for
the OOK-to-BPSK-converted signal to the back-to-back detected pure DPSK are as low as 0.23 and 0.38
dB for the data rates as high as 20 and 40 Gbit/s, respectively. We also demonstrated that the converted
signal sufficiently exhibits tolerance against the dispersion for the range of -100 and 200 ps/nm for 20
Ghit/s, and for the range of -25 and 50 psinm for 40 Gbit's both at the numerical Q factor of 6.9. We showed
the effect of imperfect OOK signal by various OSNR, dispersion and power. The‘effective conversion will
occur when the OSNR.is above 45 dB, the dispersion for the range of -200 and 200 ps/nm for 20 Gbit/s,
and for the range of -50 and 50 for 40 Gbit/s, and the power mismatches are not exceed for the range of -10
and 10 mW. Finally, we showed that the converted signal obtained by our proposed method achieves the
2.3-THz effective conversion bandwidth by fixing the probe signal's wavelength at 1552.52 nm.
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andeniildnannan widlddnlasednentuas (Optical network) Aldidulauaadu
fanandedoroniy Rasmumanzanedredelunisldidulassraunuman (Core
Network), Tasedineandeszazing (Long-haul Network), tassanasdianingaa (WAN) wia
winssialasstnaunsvass (MAN) usidanpnadeanissndeyafidalegetndlidda o
Wiansinsiamnlasdianisuasedesieiiies igu aasmenatnlunisandasinis
grdeludulonas [4], nsszhngieiessadynynuoudienia (EDFA) [5], nns
dansuansznuaashawaiiusiaeas Dispersion Management [6], nnsldRsdeeainauss
(Optical phase conjugation, OPC) iileannanssnuzesdaine Munazanslsidudadu
[7], nsdedeymyrasnuunatsaanenanan (WDM) [8] wuaznisasupuasnuiinwais
aaaih (FEC) [9] lus Gamiseunsenanaanunsndae iiuuuusiniuazszasnige
Tnsetne/ld usdaniled et fnmausinnsldlnsednemasuasn Ae nnsuanLaRdnyy
(Signal Modulation) figianslénswagamdueunauuidlada (On-off keying, OOK) e
luuuingugewd (Retum-0-zero, RZ)uaz wuulsingugsue (Nonretum-to-zero, NRZ) &
mﬂf’ﬁgﬂme?tfymﬁmﬁqﬂ@mgﬂiﬁmmmﬁqLm@Tﬂﬂmwﬁ'LLﬁ@?wmImwjmuﬂ%ﬁié’
sounsaedll dnsueniandoyonidugs (Advanced Modulation Format) [2] v
Taluwn? (Duobinary), el (Alternate mark inversion, AMI), dagensuan (Carrier-
suppressed return-to-zero, CSRZ) uas #veaun (Phase-shift keying, PSK) ansnsndae iis
Ussansnmaaslassing s Beianazadredanislénisuegianuuuifieain (DPSK) [10]
Geiiferndn 00K Ae fianusenisdnmdandansedinnsunauniuas (OSNR)
dersavitanes 00K ielflddnspanidianaindn (BER) fuvinfuileldmuiasesiu
fynnnsuuuanna (Balanced Detector) [10] uazdsianununiusenauldifudadu
vauduluuas (Fiber nonlingarity) gq ilesanniiindsdryynifinsuazdingraening
ndn 00K wlaldingseuadeiintu

§uiadauda DPSK s dousidl a.a. 1980-1990 iilesannansnsndsluidlnandn
00K wilal4findednndiviaiu LLm'Lﬁ@ﬁm@ﬁuwuqﬂmaimmmﬁ"n&lfmmuuu EDFA s
Awiieailu DPSK anas manzindeaufildlunmsdednynralldlédudesinansely v
514 DPSK daiinanugeennlunisiudyaniiifesldqunsauuuaiug (Coherent) an
Al Lwﬂuﬂwﬁumuﬁﬁﬂmfﬁ 00K lunnsdedryaynndldaniededniauda sofuanise
asftmiAeBunduananlanisld DPSK Bnafamils sadueniads [11] wannsdedoyoyns
RZ-DPSK wuu WDM anuau 80 desdnynynu dnsiindesdnynynmaz 42.7 GOPS sauiflu
3.2 Thps wfluszeiznne 5200 km, [12] sinnnsdedryeynns RZ-DPSK wu DWDM Qnuau



373 desdnyoyrns dnadmdednynyinas 10 GOPS sanilu 3.73 Thps ifluszaznig
11,000 Alawms, [13] innnsdednyryrow RZ-DPSK ueuiteudu RZ-00K waz NRZ-
DPSK wieuiieuiu NRZ-OOK Taads 100 desdnynyine az 10 Ghps wudnfledald
szeizna 9180 Alawms &ryeynow DPSK An Q Andndryrynns O0K agl 3 wndiua, [14]
ninsdedryoynos RZ-DPSK wfFauifiaudu RZ-00K luszuy WDM 1nelddmsniin
gasdoyayruas 10 Ghps wudileld Spectral efficiency siny &yaynow 00K axiipounam
findn DPSK wileuiin Spectral efficiency qetiiu 0.2 bisHZ wudtyeyrns DPSK uas
OOK flmunwlndiAeariu uazd s Spectral efficiency Wgandn 0.4 bisHz wudn
deyrynns DPSK azandndmynns 00K eeiaifulédnuas [15] Aivntsdedoyeyns DPSK
Wisuiieufudoyeyns 00K 7 160 Gbps ffinannnissindayeyns 40 GBPS wavinns
Multiplexing wuw OTDM wirdadeyayns DPSK ansinsawita Receiver sensitivity ‘laa 4 dB
f«]’mLLmI‘quﬁm@mﬁﬂmu@mﬂmﬁ"uiﬂﬁﬁ%ﬁﬂmi@ﬂﬁi@iumﬂﬂﬁﬂumim@mm
drynyauluisiazlagaaing %ﬁm&ﬂmmdqﬁﬁqmrﬁ’f@qﬁfamifaﬁu@g FaviuAataaudeanns
aunsafanansaAauguundaynnuszudns 00K waz DPSK 14 Tnaianizduiu
@qﬂﬂiﬂiﬁmmimﬂ?{ﬂugﬂLL‘uua‘@agﬁmimﬂ%miﬂizmm‘@mqmmqLmemim R
mmsmmﬁmaummaﬂmm’%Lﬁﬂm@ﬁﬂz{'ﬁ'r?”vaq'mﬁﬂmimﬁﬂuﬁmfyﬁmumLﬂuiﬂ/\lﬁmmz
{Huuasdnais (Optical-to-electrical-to-optial, OEQ) &lasstineeilsnsndniige gunsnl
Bidnnaaiindlu OEO fidesinsuiaauiagemialdan Sefdeafigennall fasigui
wazlu [16] wuinuenannaunsafBidnnsaiindazilinauidageudadfosinnsneuauasiil
fae Fagunand OEQ azdesilrnn Rise time fisniilalivnemlfetnaiitsz@ninm
ﬁm@ﬁnm%%@qﬂnmﬁﬂixm@mmﬁvfyfquuuumqLLmﬁwum@g’mnmﬂ S !
qunsalAuanindeyeyns (Signal Regeneration) [17]-[19], qunsalildeunsnusnaniu
(Wavelength Conversion) [20]-[23], aunsalu/deugduunfeayayasszwing RZ waz NRZ
[24], [25] qunsaliasudyoyrnmegaanisaaaiiluma [26], qunsaliniiunisnssnz
(Logic Operation) [27], ansafilaenudnianasiaganasumnainailuwannaqn [28] i
Frd LLrﬂ'miLﬂalﬂugﬂLLUUﬁmmﬂm@’mﬂ’ﬁuﬂ@L@MLL@MWE@@LﬂuLW@ faden Rt
[29] fisiniauenisudasdrysyiniann NRZ-OOK 1flu RZ-BPSK Tagiinieaiesaane
dryrynnuuuuansnesia (Semiconductor optical amplifier, SOA) sinsnsieruluuuyuiauan
la (MZI, Mach-Zehnder interferometer) faanansaurlasgduvyudeyeynnidisnandeya 10.7
Anzdnsiedunit Tnedl Power penalty 2.9 dB leieuiunisdawuy OOK dadninuns
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winldanaulnaiuaesdnyginivandlugn 2.10

Optical spectrum
Optical spectrum

Frequency Frequency
(n) (1)

s1l91 2.3 aulnniuuaz Eye diagram aesdyayaos 00K wuw (n) NRZ (1) RZ

u

21112 nmswegiasmideys

[

nsuagueadsyataldlunsdsdnonuuasia DPSK Gadunisuagianiiviu

¥ a yd‘ 1 o [ dl 1 dl IS 2 7 a
‘IJ@N”Z\]UMLL"JVM’JWNLLMT']MW\?LW@“}J@Q@Q_}Q_’IWM fagUn 24 ACWUINUNANFABINITANLDY AR 1

a

warasdyniagldildguidas uilagasnisdedn 0 sneedyginazidasuuilald

a dJ [3 ¥ dl | [ % o b% o/ o/ 1
A P dsnnafiudeyaimaauansdranasesdyoyiuinlflunsfudyyinla
anflusaslddyyrumadnsdaniiautunisdsdnyoyrnuun BPSK Gaflunafudayain

Tuniaresdunnnulagmnga

o o
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Bt 0011010
NRZ L s s

51?1 2.4 nsuapiandaynyios DPSK

u al o

aunsnfildlunasdednyeyrauuy DPSK tsznevudan 3 dau #e 1) Light source
Fnatin i i uumaet il dornddsiinanaifi fesnisaadtyyns 2) Phase Modulator
et aeuaaesdyaasdlmasndesdoyn addninlaadmiudoyyns DPSK
azfesmadiouieuiinnen uaz 3) PUlse carver fadudoufinuiiiuiuiidees
&oyyrosuasarnuuy NRZ iduuuu RZ Taaardadny ool duouledifdusady
founas Inedautias 1 ddmsunsdednuaynuun RZ-DPSK winviu Anwouznissiagilnend

M lunsdsdnyoyrouunn DPSK azuanslugild 2.5

212 iduleugg

dolauaatamtinfidusonandunnsinduanauasaindunislufalaneanng
louasiildruegazutiveanidu 2 aflouan Ao SMF uaz MMF spanuunnsnspasiduls
LasasesTiiade sunavewunt SMF azilausiidinndn MMF Ssaunaunufiidnniniazsin
Iflusvidadunislunisduuaslu SMF fiaadunigiman vinldanisaanau waznisiie
Dispersion #ifasindn MMF seriu MMF Raianzaslunnsdluszasmadigu gu meludu
nsgnsal visenneliifes wazdwiin SMF agifludulduacdiilulassienouas aziluis
aanidudnuanasdactunisuciania Dispersion 1w SSMF, DSF, NZDSF viian1sutismnu

Anu Il &e i HNLF
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LUngaNn

Differentially encoded
NRZ data

b
[ laser I—-‘ phase mud.l—-|pulse car\rer}—» RZ-DPSK

DPSK ) OOK

Ditli::al power

w||0jf w T ]| O 0 000

5". ,'. 1 Time 4
e . Drive voltage Yy
Optical ﬁeld‘.‘ : ! difference u,(t)-u(t) Intensity dips

Mach-Zehnder )
transmission
optical power

v

| DPSK drive signal

Time

QOK drive signal

g1l71 2.5 ﬂ’]?ﬁiﬂﬂqﬂﬂ?ﬂiﬁimum?m Aryny1os DPSK

NG : J

12

SSMF \fuikulouasiinAgune S umngaiinaneanapaaudszana 1310 nm s
esannidulouasaziidaameusngad 1550 1M Fedudinnman DSF AfiAamne i
fnged 1550 "M maefuLFionsdiinasaaneusnganed usi DSF dlawanzlunsds
Frynnailuszuudaiwanduanggesdy syaoannsaanueananau (Wavelength Division
Multiplexing, WDM) Assinnswain NZDSF Fuusn dassdileuasuun HNLF azfudnilouasd
winzanluniain ld 4w nandldifwidadu (Nonlinear devices) wiv Regenerator [19]
waz Nonlinear optical loop mirror (NOLM) [21] ilesanniduidulauasiisinanslsifuda
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2.1.2.1 &uleuasuy HNL-DSF

ranunsaldidulenasuuy DSF anldlugtinsnfuuulaiiludaduld Wasanien
AutlszAndpuldifudadungandr SMF wsinnsin DSF anldiusidusacdinonuens
vaneilawmsaull  esanndslAnduilsransannldidudadunldgenn el

awiade [22] Thauelididulouasuun HNL-DSF Gedidnduilsz@nsaaalaifludadugs

¥
a

24 20.4 WHkm? wnu Taefineazi@annnsaenuuunazanansAdsil

717 2.6 uampnudnuaizaesiaiinwasudulouswuy HNL-DSF taaen D uas
D wansAuansinassudndaiinmsuainasaes Core uaz Cladding fusssusaiisi
waedanniigni Tasidau Core wes HNL-DSF azgn dope #ammefuniles
(Germanium) Wi Failvinmuunseiies (Graded index profile) wazdau Cladding azgn
dope #nengessu (Fluoring) #lii D = 35% wielkdudszaninisasmaniias lu
ai3se [22] wusndnld DY = 2.9 azldidulonasiildussdns s sidwidadudu 204
WHm? uazlnnani@an felugtii 2.7 Gausnsdurlez@nanisaanauusziane ugag
dulauasuuy HNL-DSF fidipaausnaptusine uwas anssii 2.1 Geuansgniauifisne
283 HNL-DSF uaz DSF Toeluimaninusilasididlauasiininnasiiinilewsu HNL-DSF
wuit A lumnnedi 2.1 Gelindudlssananisaaneusngnd 1550 unluiams wazilnanuduia
wafiudu 0,032 psim/km?

Ge0,-Si0; ~ [\

A+

SiO; Level

A-=0.35%

TS,
F-SiO,

519 2.6 grudnenuzaesdniivinuaesdulouauuy HNL-DSF
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35 : 15
= 300 | 110 €
£ 3'07 *o=1550 nm 10 £
& 20- Slope = 0.032 ps/km/nm? 15 E
CE \: £
c I 3 38
§ 15- 'I(.f"" —————————————— 10 &
= | e
5 - S
£ 101 0.51dB/km |75 §
g e g
< 0.5¢ 3 A

0.07 L | I | I | i | I

1200 1300 1400 1500 1600 1700

Wavelength (nm)
g9 2.7 Autlsz@nEn1sanveuuasRamestunaue1Infusnge

p31efi 2.1 poumsisidsings 1as HNL-DSF uuu A uaz B uaz DSF

D' D Attenuation Aeff g | Slope

e o o (o) () (k) om) (pskmid)

HNL-DSFA 29 035 0.51 107 204 1550 0.032
HNL-DSFB 21 0.35 0.34 138 132 1551 0.032
Conv.DSF - 7 0.20 50.0 2.1 1547 0.066

213  masudyganuas

nnsfudnyeyrnsuaanuy 00K aamnsnld Photodetector iteasiaumanlunnsu

o

tyoynos Lilesann Photodectector anunsaidsuingeaesdyyinuanduinderes
oyl lne s ﬁﬁlqmﬁumimqmmuu 00K

nsfudrynyrnsuaaiy DPSK anansnldgiinenlls 2 wuu Ae Single-end detector
ua Balance detector danansluguil 2.8 lnggunsafaaeaziesitgynsal 1-Bit Delay
wileniu G 1-Bit Delay iluguinsaf interferometer afinuilsaivinwiing Delay dnrauwii
wunsnaenfuintlaqiiu vinldeansas 1-Bit Delay azddaaiu 2 wasmaa Constructive
port uaz Destructive port Tneiledoyeyrnidnfiunsnasniudimaiivieusuasinad
z@aym@@ﬂmﬁ' Constructive port wazluntenduiudnasreiuiazivaddymyio
aanwni Destructive port taagyd 2.8 (n) deuansgunsaffudeyayns DPSK wuy Single-

end detector #ryoynnslninitldiinanninindoysurnauasann Constructive port snsiewdin
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#u Photodetector 1 & iteulaendyarasuaadudoyanaddnin axdiulgansay ldwad
”wn;ﬁmivxlﬁﬁﬁﬁﬁnwm%ﬂmmu OOK uazd~u¥u Balanced detector azsiasande

WM@’]ﬂVN Constructive uaz Destructive port TeinnsiAeudoyimugsann port
12 hudnyoyrndlniingae Photodetector 2 sia annsdusindoyayradlwing ldanindnaii
fanslugddl 2.8 (2) Sauansdneaizdeyoradnilritléann Balanced detector dery
drynyrasidlutasuaniiiann Constructive port uazdasauiisnann Destructive port 4«ded
aas Balanced detector Feiinanuls (Sensitivity) Agandn Single-end detector iilesann

Aneuznienianinaes Balanced detector finasindrynnnddyynusunautluag 2

dryey
Y
9

Fruoynuaninaneniu Aann lfdamusunaudesas viielddny Wi Alian SNR

wnndnuuw Single-end detector

Amplitude

Time

L]
i

Time

Amplitude

707 2.8 Sntrnuzrasgunsal uazdeanyrndlninlgan
(n) Single-end.detector () Balanced detector

avFlsznavdndeunesaiinsafudnynnuasssanBdynulafugs Aaeas
AU (Decision circuit) sinwsinfisindwindoyaynaslniini ldmasazidudn ‘0’ vie ‘1’ G

56
%u surn Decision threshold 7ildlunaassindu
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214 misdedeyaninudulouascesing

AwmFusruunisdedagyanudulawasszezina (Long-haul transmission system)

a

waneliiulugd 2.9 aziiulddnsaniudesfigunsnfaanadyoyimmiuas (Optical
amplifier) v3a gunsafmaudtysyros (Repeater) anvAuszudnannailugae 1iesainnis
= o o dl a é’ 9 49{ [ 1 o a £ o
grudenasuiiiaauludulauadnaazinegfuAduilss@ninisaanaudy yinmig
wasluusiazenuaanuanaaau (Optical attenuation coefficienta dB/km) sinlsnindeanu

Aynnuasanasuazataaziflunalieilnsalnsadudyyrnuas (Optical detector) 1l

1
a

ANNNINATRAUNAINULAN L AuFuAndseInaIganglnninsaadudnyninnasay

3

! Y
=]

amnsouasindsnuuaaiundsnulindinliaeaaaanula (Sensitivity) deaveg

o

ULFIAL

riinvevgUnsningadudeynin

O )

Opfical Fiber OpiicalFiber I

Tx

Rx s @ uAmp @ amp | — — _ _ _
Optical Fiber N Optical Fiber

s1% 2.9 szundedyonniiuidulanasluszaznnglng

u

22 nguimadednyanarinudulawss

dl o d‘ 1 =3 a d‘ o g:/ ] dl dl v o
Hasaandnymnuasiupauusivan fatiauile Asiuaunissineinaadesiu

o o

Ty muastenianudiusiiuanntsresunndiaad (Maxwell's equation) Tne S
RATNNNIAUN N TOIATY U TWUASANANNNTAIINALIUUUN FLUALATANNITAIIN
puuLLaununan auteiige aglfaunimninfuniaesdyguuasindulo
duldfaannis (2.1) Sefiteundnetnmitedn annsaanaliduidadusessisenaes

(Nonlinear Schrsdinger equation, NLSE) [30]
A 1 i TPA g A° A (2.1)

—=--aA-—b,—+i
9z 2 2 9T
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el A lunseunaw (Envelope) sesdynym, a udndudsz@nsnisaanau

aalal

(Attenuation Constant), b, Tlurnitisueniiesnaa (Group-velocity dispersion, GVD), g
Hundunszanianwldiduidadu (Nonlinear coefficient), z Wuszaznaidyinuas
Funsludulouas uaz T ilunseudnadananiindeuiiliindeniuannadongu (v, ) 3

amnsnudnssialugunis (2.2)

-t- 2
T =t v (2.2)

Tae® tiflunaiad WaRanswnatinianileveasannig (2.1) Geuandistladandng

o o o

savaddyyns walusnAanisgouide (LOSS) nadsdnyns Fsnnaulmusyazniaes

|
o o

dlouas uiansnTnme i Asdtynaslddg At esteane Aoy mnniuas dviumaitfiaes
#ia GVD (b,) dedenal¥fyanifadasnaninsean uazdwiunadgatine fe naaes
Usngnisalinaf (Kerr effect) %mﬂuﬂ@mgmmﬁmmiﬁ Hudaduneludulouasiing
Wmlmmzﬁ”nampmumLﬂ?}lﬂuuﬂmﬂmmwxmq wazdsualiallnainaasdnyoiuaeis

= ¥ dl L 9 é’ 1l 0 o
aanansag InanArnguwszesdsngnisaliaesludulanasazaueg funnaaanugegn

(Peak power) aasdnyryans luiadedaliliflunsuaniiarsuntiadenAnasawaddny oo

o ANy o , a
ﬁ\?‘ﬂiﬂﬂ@qﬂlﬁxﬂLL@Q@ﬂqﬂﬂzL@ﬂﬂ

221  nrgoudsrinasdtyqans (Attenuation loss)

dn9n19gayiduaedniasaesuasnnun ludulanas iudoudrAryaesnisinuun

AuansurluniseanuuulasdanI9La LHeIaINAINI IR UUANIAIIUABEaNAN

o

ATade Ay e A TMNIZaNTUzaznstaadulanas, AnuliresiaTesiy
Fununouuas uasiBunainasldieasstadtyninuas Tnannnegoydanidsludulauss
a o A =) . dl a A o a
Anan 3 aammuanae n1sgada (Absorption) AifinainAnaNTRe09TaRLes, N1INT2IA
(Scattering) MiAnanviAaNiRaasTanuaz AN llanysniaasiatinaau (Waveguide) uas
nsunsssd (Radiation) MAnainginssrasduleuas

dl a 9 o =
uasiaun s udulauasazgnannaundsusiuend inuuuiaalnuseaenig

o o

Tnedlk P(0) Aa Nty iadniuasiipsasdsdnyny e dudaendundiua (dB),

o

P(L) An nMasaasdynniiadnisuasnazas L aantpsasaedny oy dudaeniluindiua

o o

|
a

(dB) uaz a Aa AnpvFRgnsNTaanaundnleu indiua/flamng (dBkm) azlddmnainng

[

anydaniawaauaslumaaesnFiuaneannis (2.3)

a
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P(L)=P(0)- aL (23)
TnenAasiaanisannau (a ) azluansreiullluusazaaueapaudegii

al

2.10 (n) Seuansnisimmnidulauaslildnsnisqoydefidesasizes Inelugausn (First

1
oo A

Window) wiwldaauenaaautlszanm 850 unluwms Geazdaesnddnsnisgoidaludule

~ ~

waseangannanlalumouidy wasandulainiswmundulawadliinisgoy@anias

q
|

dyryrauiivionas lugad 2 (Second window) Gewanslaedulss inanuensaau 1310 un
Tuwms fdnsnisgoydeindedunimsngt 05 dBkM wazludaed 1977 Nippon
Telegraph and Telephone (NTT) léwamuanasldeszunidulauasungyai 3 (third
window) #ildnasdedrygyrmuasiinanuaiapau 1550 unluwms Aildnsinisgaide
doyeyreusngadu 0.2 dBKM waslutaqiiuusin Al-Wavee fiber anunsneenuuuiduls
LLmﬁlﬁﬁmqmiqagL?ﬁﬂﬁf]ﬁﬁﬂ;ﬂ;ﬂmﬁmmmmmﬂﬁ‘u 1400 wnTuiums daaunls ag
namduiuu 307 2.10(n)

First ~ ~~~~~~~~~~~~~~~ Early 19705 A

OH- resonance 1

N
o

Modern Fiber

—_
o

v
o

Second
window/’ \\ Third

7 | |‘window
I /.’ /
=i

/I/' i /% /

’ SN /

. / - ‘/jé - RN I

X — / &
sl N/'//‘ \\\\ fl’rE' g”

"/ UV material loss ~ 1& =

I% N =
‘ ‘ ‘ ] ; 0.01 . ! ! ! ST
1000 1200 1400 1600 1800 0.8 1.0 1.2 16 20

Wavelength (nm) Wavelength (um)
(n Q0]

919 2.10 monuduiugazudnsdnnsgnyidaniassiu uazandeananau (n) §nsinng

u k1l

g
=)

. ]

. Ny

01 >~ Rayleigh W

S scattering loss—" I‘\\
~

Attenuation (dB/km)
P
T

o
tn
I

Attenuation (dB/km)

\

grudemaadulaugsinanuisaustia, 1970 (1) asdlsznausesnisge@eludulauss

o

Tugtl? 2.10 (1) wamsasflsznauaesnisgoidanidedypinludulouss @

Usenavlildan dauusnde nnsgodaludas (Material LOSS) Geilag 2 unupauiiae d1w

o a o

Sedanalaleianiinandunisgadsdiinmsan (Electronic absorption bands) was
duSdaunlansafiinanununsduaaseznen (Atomic vibration bands) deuiiaesie
nsgayidaannnisnszidauasuunieda (Rayleigh scattering 0ss) GuiRnannnisduiiesann

¥

TanaF1azaandanuuuLUrldminTunaasdula gy wszlanaitsarnanaaanionld
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1
o 9 a

= 13 o o ' 1 dg/
ndulauaiilassaiamidudnenizasinissansanuuguassluana S0, uazuananni

!
vy A 9 !

wianldvindulouasialdaulsznauaastanaauinldld SI0, ezl w GeO, uaz P,0;

v
v o 1 v A o

usiu Asiussaiinimeadulouasarian ldnsnnasaiaduiinliinanisqgoidea
X 4

A ) & A aa T A 4 a 9
A7UU LLAZAAUAANEIAR ﬂ’]i@;fymﬂwLﬂﬂ@’]ﬂTNL@Q@‘ﬂmu’] Lu@ﬂ@qﬂluﬂumﬂuN@mL@ulﬂ

q

uasazdimnudueg Mnlidluanases OH eduludulawas dsluianatiazaaidndnynyos

waannepud daflupauifinseAnnisduias (Resonance) sasaunaluana OH

2.2.2 Group velocity dispersion (GVD)

Tnevialu Aaiwesd (Dispersion) AiAsmuludulouas Sasssvinmdaniv Ae
dutnafluneandiwasdw (Inter-modal dispersion) dvuiudulanasuuuvanalun
(Multimode fiber, MMF) ua2 Tasansinaamasdu (Chromatic dispersion) dnuiuidulauas
wuulueien (Single-mode fiber, SMF) lunnsdadiagyasinudulanasszezlng snazidenld

SMF w1z SMF anunsodsdayasaadnsniinigendifiasarnuuusiailunisdedaga

v 1
o

v 1 =K o al o o dl v 1 [ a co a [
N3INNAN ‘EQNiﬂﬂﬂ’ﬂMi’m’]ﬁ‘Qﬂ&IL@ﬂﬂﬁ@ﬂmuwu@ﬂﬂm ANUUARLNDTT @QN@ﬂU?ZUUQZLﬂu
wuu Chromatic dispersion

A

GVD
o
i
|
i
i
|
i
\@
i
i
i
i
i
i
|
i
[
I
A1100]9A dnoug

Zero dispersion
Wavelength

Wavelength

51U 2.11 nrsuanuasresaramsonasiay GVD aufuAIueInpAaL

u qQ

[

Chromatic dispersion &ryayrnuuasusiazaanuenandudaauidanguiladvinm 11

&y uiadnsznaudavatsauanaadua w1 isdatanisldnfeududuna

o

Tidyauouiadnianensaensasn 3ui 2.11 uanstissinatinanisuanuasanuifonguuas
a

o

GVD Weudumuatapau dadulddnarudanguaeusazanuatanauidwansneni
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D

|
1 A

LararilA1g9gaNANENIARLT
ZDWL)

raunsnuLvdwaashamwesiuluglin 2.11 aanidu 3 4eqldun Rawasiuilns

Suiflugue (Zero-dispersion  wavelength,

)
>
=
)
b=
=
=

b
)}

£

(Normal dispersion) daflugaafifien b, > 0 aelugasiidnyauiianueniutesas

aFanguunnndn, Adwasduiiating (Anomalous dispersion) @aflugasfisian b, <0
Tneludaatidnyaunandauanadutieaaziaouinguiiaandn uas Aaiwesduiiugue

(Zero dispersion) Faifugasiiaen b, = 0 Tnedtyayrndinani
“1” “Q” il

I I \
/\ /\ - Separated pulses
| | \
— — .

| | |

Mistinguishable pulses
| | | ‘
. L R | h _

\ | - Barely distinguishable
pulses

Inter-symbol interference | | - Indistinguishable
pulses

Distance along fiber ——»

s1l?1 212 nsuapeniaida Inter-symbol interference

=

GVD azfianinasianmuninassdynimiadacnaunnlunsdifiinsdedny oy

(7
|

Wmfmmmuﬂﬂﬂiﬂlumu‘lﬂLmemvﬂ”mqiﬂm wazdnyaaniiadnatfniuazilania
Benfuuinty (Overlap) auinlfifianasunsnaenannsinadoyanwsal (Inter-symbol
interference, ISI) wazanaazsinliinamanuiananalunissad@ula (Eror decision) 4
Fynrauuasiidnunaasazsilu Tn 1 vite Ta ‘0 %mmmﬂ%ﬁuiugﬂﬁ' 2.12 Gauamsdianng
A IS 171|Lﬁm’mmﬂmﬂﬁa@@ﬂm@aﬁmmwmﬁmﬁImm?“'u WIN Gy UL LILINE AR
duuaedaadn 1,0, 'l muansu dypraiadsznandnuanaanainiuadnednian iln
founinuiadAunaldulauganaaes GVD s lsidoyunniiadusneioen annssiaia IS
uawes 15| vinlsindsnuaesdynraiigaaaan (Time slot) Tn ‘0’ isdu uazenasali
panadudyyiniiisnatnannda 0 naneuin ‘1 windndyooiisdusniasn

PaLANLATaIRTIAa LAY YR Ra 1
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223 dsingnisalines (Kerr effect)

dangnisaliresfidulangnisaiiiiaainerssdinwiniadasuudacllniw

o

MAsu denaliiavesdyyruidaransdinnadasuidaslduazanlnafuansdyoyin
¥ 49( 1o o o o o dl dl dgld 1
ndsaeningliuegiuiidnuaesdyyin asesdyoyruilfeuudadiFandn nns
weumlaaenslaidwdadu (Nonlinear phase shift) snansnsautiatlsingnisalinesniug
Aadnyoyniiunnslussunidulanaseanidu 3 dszinnudnae Self-phase modulation

(SPM), Cross-phase modulation (XPM) was Four-wave mixing (FWM)

2.2.3.1 Self-Phase Modulation (SPM)

[« & dJ d‘ (= A dl s e—dl o £% o

dulsngnisaiuflenidunaduidesunaindangnisalinesiinliailnniuaes
Fouoynnuseneeandleuniell ludulauas Inallefaisunannis (2.1) Inaldardietona
savpameasiu (b, = 0) uag ununsaUAAUFILLENNAALsTIAg W (Normalized Amplitude)

U(zt ) fiRnnazeanisgadanias ansannns (2.4) Geagliuaseannis (25)

Azt) =P, exp(- az/2U(zt ) (24)
M A2
SN uj’u (2.9)

\WHauaniansuaannas (2.5) lugtueanasauazidalas 1 U =Ve'™ Tnadl V As

waNwAqe uaz f, Aa iavesdon azldnassannis (26) e L, =(P,) "
f e—az
NV -0 uas M:—V2 (2.6)
9z 9z ~N

T9aung (2.6) uanslimiuledn SPM lidsnasiannsilasuilasuaunaqgn usideng
ranniasuulaanasesdiyin uazideninisauinamnannis (2.6) azlduaiaasialil

pagNnag (2.7)
U(L,T) =U(O,T)exp[if , (L,T)] (2.7)

o L
ht fyu =V (0,T)|2L;erf (2.9)

NL

Tned Ly =(1- e )/a Aeszaznialaz@ninaiifanaresaanuliifwdadu

(Les ) Feazdundnszaznneade (L) iesanndseuiinisgodallnuszaznig uazlu

aunng (2.8) Ananasponuliiiludsduaziaunnigeadaag iaunsnnaddny oyl

u
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LaNnAqAgegn WuAaninaaesiaddynyin (T = 0) duias Auluagldaunisamans
pnldiludadugegailussannig (2.9)
L
_ et _
fNL,max - L _gDOLef‘f (29)

NL

]
=]

wazdeganunsnunAndslansaatnd (Frequency chirp) Taifumrfidsuanianis
wasuulasesAtlsznaumanu ilanapfsnansaesiadaasdnyonns Tnaaiunsaualgann

ﬂ'mmmﬁm’]miLﬂﬁlﬂuLWmmmmiu’Lﬂuﬁqﬁmmﬁmﬁmmﬁm lussannng (2.10)
dw(T)=- - =-c <= ju©OT) (2.10)

gﬂﬁ' 2.13 (n) usnamapansnasldidu@adn Sedeiadanyynuuninmdideuss
aunns (210) Tneileunuenaslugunis (2.8) f«]mmmiﬁwﬂ%mmmwxllugﬂﬁ' 2.13 (n)
wazgU 2.13 (1) wanaidfluesnanaifeazldannisunuanannis (2.10) aslugunas (2.10)
Ieifluannng (2.13)

& o M0
U(0.T) = expe gi% (i (2.11)
g €lho
2
é ,.2m
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2.2.3.2  Cross-Phase Modulation (XPM)
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2.2.3.3 Four-Wave Mixing (FWM)
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Ananimnau 2 5 orenwasoulinuiWneuniiaguunluddn 2 2 feeiudluaunis

(2.21) anunsniinauladiendd
A A, 221
Fanedngilaialiiantdsangnisnd WM wuuniaesiiazseslsd Dk, luaunis
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W =w, - W, =w, - w, (2.23)
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Jwidadu Gawansznuann Material dispersion #ie Dk, sailénanaluuda, wanszmuann
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2) wanldaonunaasdnyoyiniisians ZDWL Twin1i Dk, Wnaaeiu Dk, + Dk,
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Tnefnauyiliintsuanuasanrntiazifunesdynnnin 0 uay 1 danwoiedu
= = | | = Vo
NN Aza1N1Inagunfsatkatandiaviiuluglresaefsua ALY
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(2.35)
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NL,Fiber #1 = f SPM +f XPM = g ’ m ) PProbe,U Leﬁ + 2 >g ’ POOK,U ’ Leﬁ (3I5)
f NL,Fiber #2 :f SPM +f XPM = g >(1- m) ’ PProbe.OLeff + 2 >g ’ PA$§SI,U ’ Leff
m P = PAg‘sx,o a POOK,O (37)

> Probe

nsulsurings Probe Signal ann HNLF#2 Tnanasitensn Splitting ratio #iwanzas
Tzt ldinnseenuunszundeadentd Coupler Aflaanuana Coupling region Amne s A«
W Tnnaduusts (Tune) szuvlsianuanldivanzlunngldaneis FarunnseenuuLsTULT
mNNzanndiAanisienglnsniannaudygiuuald ﬁmmiugﬂﬁ' 3.7 #ftnnsrien
qunsafanneudoyayiaisndeviaaann HNLF#2 waz14 50550 Splitter iivewandeyeyos
Probe Signal ‘ldefs HNLF vt 2 Win fu SeaginldiAsnindeumaiiiosann SPM flwiniu

Aliaflugdadldannig (3.7) ansia'lyl
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[ Probe Signal

/\/\/\MN\MZ

' TOMRTOOT

/ Probe Signal

g TNWYYW\

[0)  TOMTTOO0T
Probe Signal
HNLF#2 T 2
AYYYYYYY ,
Attenuator | TAAMTTTTTTTTT
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41  Awsdmesuaznissieglnsanldlumsanaainnentinmans

Tun12389NanAmAANEAT AN HNusH a2 lddulanasndaon i umadn

aeziia HNL-DSF (Highly nonlinear dispersion shifted fiber) [22] Goudulauasigniden

1
a

e RANRR A AT Tugung 1550 MAtdesanniinanaenaaumidugaciiin
1ﬂLLmﬁﬁm’]mmmmuﬁ@ﬂ%m inlfansnsaidenldaanuenananassdy oo 00K was
Fryaraiwanlusuwmisiviieann ZDWL windulduasdeiansinisanvendaedas dui
TnsgmuanTisae 203 HNL-DSFuaz danaadinediiae Aldlunasanans uaadlily
p9nad 4.1 Tnedoyeynos Data Signal azifudtysynns 00K uuuinndidewiial Duty cycle
50 %, Probe Signal udtysyouiadsieiiesdia Duty cycle il 66% wazdnynynns Assist
Probe Signal \fludysyrnuiadsieiiiequunindidzuiia Duty cycle 50%
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A 1g

ATWNINHLART LATANATLNE el
a 051 dB/km
dmsnnsannauaas HNL-DSF
ZDWL
o 1550 nm
A neaadundagwa i ulugudaas HNL-DSF
Dispersion Slope
0.032 s¥/(nm.km
pnudunanasans HNL-DSF Pl )
Nonlinear Coefficient
. 204 W.km) *
Audszanaaanuliidudaduaas HNL-DSF (Wm)
Length
3.054 km
pauenazes HNL-DSF
I
probe . f 155252 nm
puenamauans Probe Signal
looc | 1547.72 m
Auenamauaes Data Signal
s . . 1547.72 m
auenamauan Assist Probe Signal
I:)probe,O . 2 mW
nasAeanaes Probe Signal
Fooro | 378 mw
nasAeanaes Data Signal
P
0 , , 378 mw
nasAneanaes Assist Probe Signal
A on
ftennuatio 218 dB
AnnsannaulugLinaniaaneaudoyoyin
mpling Frequen
Sal pJ g Frequency 198 THy
AINND lWNN9EN
PBRS .
21 Bits

Auudndayauuuianguinasy
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Taendaianisaunmuminasnis (3.1) azwudinindewnadifinainilsingnisnl

XPM 15w P wasuansluaunng (4.1)-(4.3)

a=e - 05 4,47 (4.1)
4343 4343
_ aeal - 0.117'3.054
L, =& -1-¢ — 2566 (4.2)
a 0117
fyow = 2P oL =2° 20.4° 30e- 3° 2566 43
=3.141»p '

arnannas (4.1)-(4.3) azwuiniaderneesinnlfiviaes Probe Signal waewly p
waildne 30 MW usiilesaaniuntsiusniluannng (4.1)-(4.3) Widsilsdanazediaines
FuiinaludulauaddaiiadannineansfeenuazinfeAeenana FarfuAsFouiin
fdareadiynyans Data Signal AkgetuluBniandessaitaiunisinaainesdu uazh
dnry Data Signal iiludiyeynasnuiiad 00K wuninidideuieasiitndegeqn wnng
frumibeRananaiad dedunnsiaewinlaaes Probe Signal 1 p fiaziintawisfisiumis
Asnansiadiduiu ieluinazes Probe Signal dauluafidenllugaszunm P azfes
Fisndarnaenses Data Signal WasdundnAniidnuandls feuanslugud 4.1 Sagannnas
anaesnuinazfacldnindsaaenaas Data Signal ilu 37.8 mW

Po > 30 mW
Po=30 mW

Phase shift

> —
Time

s1l91 4.1 ndsesdyayos Probe fimanunann HNLF#2

gﬂﬁ' 4.2 uansgtluuunssiegiinsnisine lunisdnaeaneadinatans Inedsznay
Tdaagnsnldedtyrynns 3 giinsnida Data Signal, Probe Signal uas Assist Probe Signal
antasinnsuLisdnyeyrns Probe Signal eeniflu 2 daudae 50:50 splitter iierinlisan

w0 Data Signal uaz Assist Probe Signal udadadnludadulauasiisiannaldidudadugs
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Eun 1 uaz 2 mussu andwihdygianeanaindulauaadun 2 unsdau Attenuator
dl o/ o o o/ L% o/ o o o/ Q} Y Y ts' ts' a
Walfunasdynliaunsaaaaiunasdy i ldaeadulouaadun 1 fife
aandsngnisal FWM uasindrygyraunesnanidulanasdtynyinsniuudonsedliivae
annzdryrynos Probe Signal faaflaimeinisuas uazdaugatinedeginsnliudynyiu
wuy Balanced detector Gsilsznauliaaa 1-Bit Delay, Photodetector wa= Decision

Circuit



0L0. i
PRES Generator Gaussian Pulse Generator

iy

¥ =i
Cli Laser (Data Signal) Mach-Zehnder Interferometer

Frequency = 1547 7% nm
Power = 37.2 m

Forl 1x2

Corntinuous Bits GeMRZ Pulse Generator Sine Generator

Bectrical Gain_1
Gain = -1

Combiner

HHL-DSF #1
Langth = 3.05 km

]

CWIf Laser (Probe Signaly
Frequency = 156262 nm
Power = ¥ miff

htach-Zehnder hiodulator
LiHb W Wiodulator

0101

Cortinuous Bits Generator Gausgian Pulse Generator

]

==
3 Bessel Optical Fiker
50150 Splitter Combiner Frequency = 1552.52

HHL-DSF #2
Length = .05 km

HULL Optical Atenuator

Optical Hull_1 Phatodetector PIN

Combiner

*9 [
Cli Laser (Aesist Probe Signal) Mach-Zehnder Interferometer
? nm

Frequency = 1547 7
Power= 20 mu

sun 4.2 glununissieginandsine lunisansesnispiinAnans

Electrical Substractor

Low Pass Bessel Fitter Decision circuit
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BEF: fnalyzer
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42  msufFaudisuat Q wasdyimnHdiunisulaInIsanandyyIn Ny

o

dryrunae DPSK a34

dl o = o dl 4 o o
LW@VI’]ﬂ’]iLlﬁEIULVIEIU@Mﬂ'WW‘H@Q mmﬂmwimmﬂmmﬂmn’ﬁm@L@m YN

gndidunisuagaauuy DPSK Taamss awnsoinlélaeuBauiaud Q wes

3
o =

nisdesnannig (2.34) luunii 2 Taefidyeios Probe Signal #l4lunnssnaesil

2

o

anfhuftyosiadsieiiesdin Duty cycle u 66% mufdaldinRBonifeusudoynin
DPSK i Duty cycle 66% e

Tunsunpmunnaesdgyi i laguady s 2 warnugilnsalannau

frynynnu (Attenuator) ieanfindenesdtnmas lesainnisld Attenuator asnsouny

o @

1
[ =

ANBUZN1TAARITAINASA A UR I8z 19T LAUN 1S L] luiduleuas 9Nt
Fryoynuitldsiell dagdnsniiu dyaaunuy Balanced detector e aaudtyynniuas
gyl wasidyanodiitn ildumen Q Feasinlildanuduiugsyning
AT Q wazinasderynyrnsuasneutdnalnsndiudoyayan

TuninFeuiieunnsdedyuidnsdeya 20 Gps 1duandn Q 1levians

1
o

wasuindsresdoyoynneudngunaniiudeyaaiidusdsinge 15lunneen 4.2 uazlu

T o

9117 4.3 THuananananudusiusazidiesn Q uaznidsaesdnyyrnuasnauidngilnsnl

e e

udtyouns azsiulddlaiunidvaesdnannuasau fazin lianaesdnnyinmse sl

[ 17

ab

¥ 1
=2 A

al 6o o dl o 1 ad 1 dl
inauLlesan gunsalfudnyrauasnldldiduuuigpunsne liaunsaulasu

O

Foyoynnunasdudya i uuuulsdulaenss wiazsasiinnafindnynyisunaudiun

v !
o o a o

22 At dsrasdnyyunaudngUnandudy il ndesasdena lipnd o

hol

1 |
o

adryryrusunauaztiinuanauinlinnininaesday i fuldanas uazilaianson

[ T o

=3_

o A A

daraedoynaniiaaiiefidin Q 1w 6.9 (vieRdnmanuianaiadmdu 101 deds

Do

o a |y PR No o :
EUNEUNBRATIUR 20 GbpS WU"J’]@fyﬂ&l’]mwN’]uﬂflﬁ\LLﬂﬂﬁﬂqﬁ‘N@@L@ﬁ]mﬂq@QVIQQﬂqq

anmiineganuun DPSK Tnumss aef 0.23 0B siseEundrilen Power penalty 0.23 dB

2

waznaanaasnisdedyniansia 40 Gops duanslumised 4.3 uazgiln 4.4 wudndl
#in Power penalty 0.38 dB #ignsnaauiiananadn 10% iy Gagendndnsndin 20 Ghps
at] 0.15 0B waridlspaddnlaiunnideiauiudensasdoynio DPSK finndrdmyynn O0K

atjiia 3 0B
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a919% 4.2 A1 Q aesdtygurauiiinunisuilasnnsuagan uazdnyoyins DPSK a3s finngs

dounununawdasesiu Walddnsdeya 20 Ghps

nNAsTasdny unau Q Yedryry 0T Q aasdtynyros DPSK a3q
dwisessu (dBm) wilaenisnegLan
-41 4.0506 4.2493
-40 4.6882 4.8012
-39 52998 5.3640
-38 6.1049 6.2073
-37 6.9710 6.7570
-36 1.9121 1.9203
-35 8.4902 8.7704
-34 9.4880 9.7306

10 T T — —_— T —

@=—=o Pure DPSK )P
9t /A

@— —& Converted Signal 'l

2
8 L
7
0
o7t 7
6.9 v
7
6 L
7

5 7

= -37.15; -36.92
4F'|/ L Il L ) Il é 1 1
41 -40 -39 -38 37 36 35 34

Received Power (dBm)
(n)

g1 4.3 (n) nsrpanuduiugizninge Q uazniaed
a

1 v zﬂl o o ts'
ysunaunaudesesiudyon 7
dnsadieya 20 Gops (1) Eye diagram aesdmyoyrnudiciunisulasnisuenaafinids
drununouniewdazesiu -37 dBm (m) Eye diagram aesdrynynns DPSK a3efinnds

Koyoyrunewdrresiudnynyin -37 dBm
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a919% 4.3 A1 Q aesdtygurauiiinunisuilasnnsuagan uazdnyoyins DPSK a3s finngs

dounununawdasesiu Walddnsdeya 40 Ghps

nNavaasdry o e

Q ve9dynyuinIuNIg

Q aesdtynyras DPSK a3q

wisesu (dBM) wilaenisnegLan

-38 4.1468 4.3783
-37 4.8740 50234
-36 54433 5.5806
-39 6.1647 6.2922
-34 6.8038 7.0710
-33 71,6871 8.0311
-32 8.3504 8.7861
-31 9.3591 10.1950
-30 10.3641 11.0838
-29 12.1351 12.5962

13 : ; ; - .

12r {@—e Pure DPSK j 7

1 @— —& Converted Signal b/

10 7"

4
o g 4 ﬂ
al s
e /8
6l
5t Z
-34.21; :-33.83
40 38 36 34 32 30 -28

Received Power (dBm)

(n)

qu 44 (n) nemlponudniugizudnedn Q uaznndsdrynyininewdaresiudoymin 7

dnandasa 40 Gbps (1) Eye diagram sesdryaynasiisnunisudasnisuegianiiings

doynyreunendueiesiy -34 dBm (n) Eye diagram aesdeyeayros DPSK a3eiitnes

Koyoyrunewderesiudnynnn -34 dBm
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1
o

nsRdnynyIniRunsul asnnsuagrandinuniwandndnysyins DPSK agf 0.23

waz 0.38 dB iflasannnisiiintsangnisnl FWM 1w HNL-DSF Gailunasanemmasalues

auepdulual fnlivintunasn Iuednaugluuuindeyaaes Data Signal inlknas

1
o =

anasluusazdnldvinm daanslugld 4.5 (n) Gawansdyyrnieanainidulousadu

o @

! o o = [ o 1 o dl o ! a v
kTN WU’J’]W@Z&@‘L}IGA’]M@ZN?Z@UWZ\NQ’]‘H@% 2 ‘J“Zﬁ‘].lLu@ﬁ@qﬂW@ﬁUWQ@’JHLﬂUVI'NVLﬂW?@N

v a

fuiin 0 209 Data Signal @wazliiia FWM sinlfdenidsdnyynufigeaniniadiimae G

o o

Aunslinanduiin 1 eeq Data Signal vinlidaann FWM wsinnsanasaesindedoy oy

¥
o K

Hlivinfuaediugtuuuauouia 1 Afaduaas Data Signal uaziletindnynnanunen

u

b

o 1 9

aaanudnynidwdulansaduiaesiagid 4.5 (1) o fuiadiidsmesdoyonuvindu

nnda ISRy ugaialeEnndawhiviniuluwsasiindon fuandlugili 4.5 (p)
wazillevindryounouitlseetinsafudty ooy Balanced detector azvinlifiannsunsn
aanriulu Delay interferometer wuuiasuuazinaanlainanasinlddyoyraWinlad

AN Nanaa g

Probe Signal from Fiber#1

Converted Signal

Probe Signal from Fiber#2

(r)

(1)
51lft 4.5 dnwouzadaes Probe Signal (n) fleanann Fiber#l (a) Aeanann Fiber#2 uas

(r) Foyrpnnmrnunasudlasnisiegas

'
o

43  naulfauidisunansznuaasfdinasiuninasaf i uuaan1sulag

sluuy uasAnyeyauDPSK a3q

dsngnisifameifuinanesdiszneuanuneess 1eedtynnaimnunigludu

NHA 3 1 Agluanflunazsiag

0y
laugslfiFaldwindu seluiaddynyauniansueinasuimilawiu a
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Aanansznuraspdnastunuiounis Tuanainusiasdninmedaunasaspainasdu
A o PRy = ~ o o dl

Pdadyy dsunisulasnisuagramFaufauiudyyiuinegianuuu DPSK
Tnemss TelunimadeunasesfdinafiuasldniraraaenisiAaun9asd oy 1und 2 diu
ulaugs 2 s5inAe SMF waz DCF daidulauasisazldidaamasiuiluuanuazay iy
Arynyrnuteilavandidlu 1552.52 nm taelunneneit 4.4 azuanspmuaniaasdulauass 2
19ip Lazan9i 4.5 uassAnhanaftuazanaasdyyunanuaiaaan 1552.52 nm s

Aunndiudulauaauuy SMF uay DCF fiszaenicsine

a51991 4.4 auasifuesdulouasuiun SMF uae DCF

Attenuation  Dispersion @ 1550 nm  Dispersion slope

.
ber (dB/km) (pstkm/nm) (pstkm/nm?)

SMF 0.2 17 0.075

DCF 0.2 -85 0.3

9199 4.5 Adamediudzannuszaznaesdyindianuetaaan 1552.52 unTuiums

Waiunag il hudulowasunn SMF uaz DCF fSannanuenasineg

Dispersion : Length
Fiber
(ps/nm) (km)
-200 DCF 2.332
-150 DCF 1.749
-100 DCF 1.166
-75 DCF 0.875
-50 DCF 0.583
50 SMF 2909
75 SMF 4.363
100 SMF 5.818
150 SMF 8.726
200 SMF 11.635

o o

o dl v dl o o o/
nan"saNaeIAnIaesdy o undnsdeya 20 GHPS wWesinnisaaneunng

o o

sevdryynuasnawdigunsaffudyniudaa Attenuator e ludas -41 fe-20 dBm
wazinansgnuanagwaiiudy -200, -100, 100 uaz 200 psinm uaas1Flunnaei 4.6 G
Wun1s1guansdn Q uargid 4.6 uaasnsinanudniusszudnedl Q warnnavaes

[% o dl o ¥ dl [ o [ % o
ynLas wazranisaaasiansdaya 40 Ghps ilevinnisannaunnderesdnymyiu
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waanaudnginsnliudtyuinudian Attenuator 1vas ludng -38 fie -17 dBM waszflnanseny
annaguasidu -75, -50, 50 uaz 75 psinm wanal3lunnseh 4.7 Tadunimuansan
Q uazgi 4.7 uanens A udniuisrndnean Q uaznANaIA I ILAS WIN
Aryrynowia 2 Namandaiu 20 waz 40 Gbps WelsFunansenuaashawasiuuinau Tddd
aziflu Anomalous w3a Normal Dispersion (AawasfuwuuAruanviean) fazinls
o zﬂl a 6 o/ o v a 6 t£| o v o o
AN INTRIATY Y IUAnAY tHasanAdnasiuinlmiAndsngnieal ISl Ganinlinnds

dryoynnuaesdadraiAeunsunaunnasesinnsnang

A1919% 4.0 A1 Q aesdtyquruiiiauniauilasnisuanian uavdoynynns DPSK idadfama sl -

200, -100, 100 ua 200 ps/km fifnaseskoynyniasansine Tnsdnadeniu 20 Gbps

Pispersion 200 100 100 20
(ps/nm)
signal
Rece CS DPSK|-CS DPSK| €S DPSK| CS DPSK
eceived

Power (dBm)
-41 - - 3.8120 4.0490 | 4.1354 3.9978 | 3.6309 -
-40 - - 4.2967 4.6638 | 4.6896 4.5979 | 4.2715 -
-39 3.9125 4.0296 | 4.8338 5.2864 | 5.3397 5.2699 | 4.7980 3.9131
-38 4.4947 4.4317 | 5.4150 5.9803 | 5.9284 5.9154 | 5.3402 4.4501
-37 4.8078 4.8186 | 6.1794 6.5250 | 6.8097 6.5889 | 6.0307 4.8030
-36 5.2960 5.1488 | 6.7688 7.2554 | 7.5771 7.2388 | 6.6137 5.1295
-35 56844 57171 | 7.8903 8.0094 | 8.4325 8.1474 | 7.3114 5.7889
-34 6.2158 6.0846 | 8.4296 9.0732 | 9.0/56 8.9534 | 7.9576 6.1968
-33 6.5008 6.5063 | 9.2777 9.9401 | 10.4656 9.8367 | 9.0550 6.7200
-32 6.9904 6.8947 | 10.1324 - - - 9.6609 6.9636
-31 7.1816 7.2344 - - - - 10.2857 7.2058
-30 7.6043 7.6168 - - - - - 7.7159
-29 7.917 @ 7.9329 - - - - - 7.9054
-28 8.1480 8.4007 - - - - - 8.2636
-27 8.4300 8.5822 - - - - - 8.3971
-26 8.7369 8.5914 - - - - - 8.6183
-25 8.7078 8.7990 - - - - - 8.9248
-24 8.9014 8.8313 - - - - - 8.9880
-23 9.0667 9.0916 - - - - - 9.1565
-22 - 9.2320 - - - - - 9.2604
-21 - 9.2384 - - - - - 9.3754
-20 - 9.2805 - - - - - 9.3366

iia CS #a Converted Signal
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A919% 4.7 A1 Q aesdnyqurauiiinunnsuilasnisuaganuazdnynyins DPSK iladfame iy

75, -50, 50 uaz 75 psikm fifnasesdrynnmasesine Tnadsnsdnidu 40 Gbps

Dispersion 75 50 50 75
(ps/nm)
signal

Received CS DPSK| CS DPSK | CS DPSK | CS  DPSK

Power (dBm)
-38 = - = 4.1175 | 3.9264 4.0612 - -
-37 - - 3.9415  4.4965 | 4.3883 4.4492 - -
-36 - 4.1060 | 4.1856  4.9015 | 4.9744 4.9135 | 4.2288 4.1205
-35 - 42855 | 4.8205 5.5111 | 5.5683 5.4953 | 4.6530 4.3127
-34 3.8783 4.6514 | 5.3727 6.0425 | 6.1544 6.0054 | 4.9303 4.6787
-33 4.1793 5.0692 | 59131 6.8192 | 6.9365 6.8713 | 5.3507 5.1051
-32 4.4779 5.3620 | 6.5481 7.5507 | 7.6836 7.5181 | 5.8395 5.4412
-31 4.7589 5.6448 | 7.0389 @ 7.8843 | 8.3576 7.8581 | 6.1832 5.6754
-30 4.9788 5.9498 | 7.4939 8.5430 | 9.4204 8.5426 | 6.8140 5.9313
-29 5.0745 6.1540 | 8.1387 9.1316 | 10.2091 9.3947 | 7.0036 6.2142
-28 5.3300 6.3315 | 8.6409 10.0615 - 10.0101 | 7.4703 6.3369
-27 5.5369 6.5421 | 9.0231 - - - 8.0087 6.5262
-26 5.6983 6.5935 | 9.6063 - - - 8.3644 6.6434
-25 5.7958 6.8523 | 10.1621 - - - 8.7330 6.8877
-24 5.9533 6.8919 = - - - 9.0417 6.9298
-23 5.9605 7.0461 - - - - 9.3156 6.9701
-22 = 7.0602 - - = - 9.6136 7.1968
-21 - 7.1787 - - - - 9.7906 7.2407
-20 = 7.2620 = - 5 - 9.9742 7.2978
-19 = 7.2637 = - = - 10.1438 7.2915
-18 - 7.3259 = - - - - 7.3401
-17 - 7.3148 - - = - = 7.2951

ia CS #a Converted Signal



48

1 T T T T T T T T T
/
/ i
)/
= / K22 i
c S e
2
n
o i
]
T
]
>
c i
o
)
S No Dispersion
o — — - Dispersion 100 ps/nm | 7
— - = Dispersion 200 ps/nm
— - — Dispersion-100 ps/nm | ]
-------- Dispersion-200 ps/nm
- - 1 1 1

32 30 -28 -26 -24 -22
Received Power (dBm)

4/
/ /__;-i-'—‘
ot Dispersion LT _
-100 & 100 ps/nm P
v‘/:‘.
8+ 7 X g
(% ‘,.“‘, Dispersion
% A F B ) { b —ZO(L&ZOO ps/nm i
g |62 7
=
= 6 L 4 -
o ’2
© No Dispersion
5r — — - Dispersion 100 ps/nm |
y — - - — Dispersion 200 ps/nm
4k 7 /"' — - — Dispersion-100 ps/nm | |
------- Dispersion-200 ps/nm
1 1 1

3—345 -40 -35 —3I0 -25 -20
Received Power (dBm)
(9)
ﬂl o/ o/ 6 U 1 o o/ [ dl ] o/
E‘IJ‘VI 46 AAMHANNUTTEUINNAN Q HRACNIAITBANATU U (ﬂ) VIN’Mﬂ’]?LLﬂ@QLL@t (°IJ) EUEUNRL

o

DPSK reuudngtlnsaffudayayod itedinamesiudlu-200, -100, 100 uaz 200 psim lnefisnsia

flu 20 Ghps
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11 T T . .

/ -
10+ a - .
/. 7
9 : e .
_
8t i
o7 _
ot S, 00 ]
s\ St T No Dispersion |
— — — Dispersion 50 ps/nm
— - — Dispersion 75 ps/nm
4r — - — - Dispersion -50 ps/nm |]|
----------- Dispersion -75 ps/nm
3 1 1 - 1
-40 -35 -30 -25 -20 -15
Received Power (dB)
(n)
1 Y . — .
o )4 T
o /v\ Dispersion
/ Dispersion -75&75 ps/nm
8 .
’» -50 & 50 ps/nm f
Q7 7/ % 4 C T
: P
6f / A ]
/ ’_;-"“ No Dispersion
5t 7 ‘,.—/ — — — Dispersion 50 ps/nm i
/ ‘,/ — - - — Dispersion 75 ps/nm
4L 7/ 7 — - — - Dispersion -50 ps/nm
----------- Dispersion -75 ps/nm
3 1 1 1 1
-40 -35 -30 -25 -20 -15

Received Power (dB)
(2)
51t 4.7 pudiiugazudnean Q waztdesdyayin (n) ikiunnsuilasuas (1) dyaynos
DPSK raudingilnsniudnyyns Fedaamesuiu-75, 50, 50 uaz 75 psinm Tneiinsindu 40
Ghps

o

o = Ny A = = | | 9
NIFTFIUTBNATY YN HAN AR AN BRI A NEANA AT At luda 10
fa 10 soiuludnanfinusiayldrrdnmanuiianainded 107 dusddannnim e
dl ! L7 1 1 o a a 4 dl o
AanuNit 2 wudanatnsnldan Q unuAtAdnsANEanaInlinld tnanidnsaann
fAawanadadu 102 azmsaiuen Q flu 6.9 feiulunisundn Power penalty fisinumiaen
Q flu 6.9 dAwFunisudasdynyrauidnanin 20 Ghps azlamsgli 4.8 uazdmiudne

2in 40 Gbps azléwagud 4.9
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w— —= Pure DPSK /]
/
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e——o Converted Signal

Power Penalty (dB)

0 L L L i L
-200 -100 0 100 200
Dispersion (ps/nm)

519 4.8 punusienamwasiuaesdnindinunisulas

u

uazdtyeyaos DPSK fidmsndasa 20 Ghps
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gl i /]
) \ e——>2 Converted Signal /
) /
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o
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o
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-80

Dispersion (ps/nm)

59 4.9 pounusefamefiunesdaannithuniulad

whzdtyeyns DPSK figsndaya 40 Gbps
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angu 4.8 uargild 4.9 wudn
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lugaeiiduanauvide Normal Dispersion |

a

AR UNN TR aY AN NUAR A dLNa T
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a

faeindndryoy1os DPSK wsilusgnsdimame i
{uruansie Anomalous dispersion doysyrnsfisiunisudasasdaanamusename e
snnndn iiesannidangnaanl XPM Geagvinaduas Probe Signal 13 Nonlinear Positive
Chirp sslugtift 4.10 Feuans Chirp Asausmissine seswaddnymyim Wiulddiuiinnnans
vasiadazil Chip Afldnunsdudunsiuazinaudunnndt 0 viadanda Positive

Chirp sk chirp ludaniasansnsnsindreru Negative Chirp ves Anomalous dispersion
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Geuanalugilf 4.10 wuriu Taa Chirp aas Anomalous dispersion azdanmuzifudunsed
o v 1 =< o o v dg/ 1 o 1 o 1 A a
auduttaendt 0 Gedneuznisindreuusiiazadnefunisdednyoyrouun Soliton e

arnnisindneiuszugng Chirp ass SPM uazAamesiu dsuanlugid 4.11 Gadinladn

al o

funiderneT] 2aeiaddy sy umauusniesflsznaumnudsne nszansagvintu (@a0
wazBraiuesAlszneunnuiiauazgenuansu) Wuesdisznaudsingnisal SPM az
i liesdlsznauasudnAwiiesine 2esiadilasullinendnenzaesiaddang

=) a ! a & o o t% & dld o 1 | o dl
wmiauAN dauRamestuasinliesdlsznaupraadnaiunesing veaiadidasulluas
davinliaddtynyinindeaudan AsmidaliialsngnisaiisaeamFaniuazinliiia

o v o v
A AN,

Anomalous dispersion

\/\
N
S xem ~.

CHIRP

Bit Period

s1l71 410 Chirp sa< Anomalous dispersion uaz XPM

s1l71 4.11 nvsin&refuaas Positive chirp aas SPM.fu Negative chirp aas Anomalous
dispersion aesisngnnsal Soliton

Qs Ld 1

44 wanszvuaasdygrasuniuludyaindayanaunisuilainisuagian 9

o

nasapumMWlumsulasnisuagiandy i

o o

annisanaadnaunti e lfviinisutlasnisuegandnynyins Inaandudynyos

v

Data Signal #1flusunapuasivingu Aa Data Signal eanunanniesesdsdnyyinlnanss

watiiagannisldeuadedyoyno Data Signal fidinundeszuuuilasnisuegianiuazdl
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XoyoynusunauLlzLhuangae sinliien OSNR aesdnynaiirntienas feiuluideiiaani
N1INARALNANITNUADIATY Y EUTUNIL Tnein Frynyanusunawdnlilu Data Signal R
unaariindtynyinsunausnaingUnsafaenedoyoyans (Amplifier) fluntssaesilazld
&ryryrnusuinauuuy Gaussian White Noise sinlsfwaddryeynns Data Signal fidnsnuzsiagil
7l 4.12 Tneidryynnsunauiisnainangdnsafaenadoyeyrns (Noise figure) &l 10,
20 uwaz 30 dB vi3a iauidudn OSNR aasdyayoulaiflu 59.234, 48.820 wax 38.781 dB
auansy drusuaasdaflu 20 Ghps waziflu 58,578, 48.164 uaz 38.125 dB dwiu
dmardmiflu 40 Ghps azinlgdnilefianBnndn prasunaulfunnduasinlswad
fyﬁmﬁm@Lﬂ?}lﬂmzﬁuﬁnﬁqé{fymﬁmwmmn‘%u Faazdaliinlinisdeunases

Ay
foyeynou Probe Signal #ifaannusngnnsal XPM finnauwlduuladliesndldseidias

(n) (1) (7) (9)

51l#t 4.12 Waddoyryans Data Signal (n) wilelsifdrynyrnisunau

2
(1) &nyeyanusunau 10dB (a) 20 dB (<) 30 dB

pnsnaft 4.8 wazmiensd 49 uansranisaaesiiienidn Q e lddyoyinisunou
angunsnfuenadypnoni 10, 20 uaz 30 dB Tnevinnasaanaunidsaesdyyiniuas
Aaudngiinsnliudycuanusian Attenuator e ludag -41 T -23 dwsudnsniin 20 Ghps
uazlugas -38 fe -23 dwsusnaniin 40 Ghps davigilii 4.13 uazguld 4.14 Feuansnsnl

1
a

ANANNUBIZUd WA Q RATUEyIUNNIUATsIUAY AuR1AsIULaInaud191nsaiiy
Aryeynnd e lddrynunisunauansing aznuduiaiE Aty nusunauazinlfiunauiay

nldnummaesdtynilfanniaddddrazddnsndnn 20 uae 40 Ghps
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A1919% 4.8 A1 Q esdtyqurauiiinunnsuilasnisuagas Weddnyouiasunoulu Data

Signal 1w 10, 20 ua 30 dB #igasniia 20 Gbps

Noise Figure
_ (dB) 10 20 30
Received
Power (dBm)
-41 4.2262 4.0572 3.8262
-40 4.5973 4.5969 4.2117
-39 5.2542 5.2746 4.7364
-38 6.0512 6.0421 5.2866
-37 6.8095 6.7374 5.6111
-36 7.4721 7.5056 6.1489
-35 8.5040 8.2883 6.6098
-34 9.3019 9.2689 7.0126
-33 10.4458 9.9594 7.3270
-32 - 11.1127 7.7076
-31 - - 8.2726
-30 - - 8.4667
-29 - - 8.6501
-28 - - 9.0196
-27 - - 9.1917
-26 - - 9.3296
-25 - - 9.6204
-24 - - 9.6375
-23 - - 9.7585
12
11+ -
10 T
9l ) - .
8t P -
(@] . 7
val _
o1 No-Noise ]

Noise Figure 10 dB
Noise Figure 20 dB
Noise Figure 30 dB

3
-42 40 -38

519 4.13 nauanspnduiusazudnamdsdyaounewdngunsaliudynyin

-36

-34

-32

-30 -28 -26 -24

Received Power (dBm)

-22

uazAn Q wasdtynyunsnunisulainisuagian Walddluasidnyyinsunouwlu Data

Signal 11w 10 dB, 200B, 300B il 4&msniia 20 Gbps
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A1919% 4.9 A1 Q aesdtygurauiiinunsuilasnisuagas Weddnyouiasunowlu Data

Signal 1w 10, 20 ua 30 dB Aigmsniia 40 Gbps

Noise Figure
_ (dB) 10 20 30
Received
Power (dBm)
-38 4.1334 4.2063 -
-37 4.8768 4.7384 4.0603
-36 5.4364 5.2005 4.4941
-35 6.1644 6.0531 4.8019
-34 6.8671 6.7145 5.1235
-33 RET'O3 7.4202 5.6132
-32 8.3767 7.8998 5.8258
-31 9.3256 8.8482 5.9442
-30 10.5663 9.6761 6.4612
-29 - 10.8684 6.7266
-28 - - 6.9307
-27 - - 7.0792
-26 - - 7.1893
-25 - - 7.2742
-24 - - 7.5400
-23 = - 7.6493
11 .
10 .
9 i
8 i
< P
7k A &
61 No Noise
— — —Noise Figure 10 dB
3 Wil 4 CQOVOON F & Noise Figure 20 dB
— - — - Noise Figure 30 dB
4 1 1 1
-40 -30 -25 -20 -15

59 4.14 nauanapnduiusazudnamdsdyanounewdngunsaliudynyin

Received Power (dBm)

uazAn Q wasdtynyunsunisulainisuagias Waldduasidnyyinsunouwlu Data

Signal 11w 10 dB, 200B, 300B il 4&msniia 40 Gbps
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Tuglf 4.15 Geuansrn Power penalty doycyraudivinlddrdnsnsiananadailu

|
A

102 leldamsndmdu 20 waz 40 Ghps wudnilelddryeyns Data Signal 7iA1 OSNR
unndn 45 0B Aeyeyrnuuasaziasldan Power penalty fivien dewnnefennninges

Kyudsunisulasnisuagrananasain dgyoyrns Data Signal wuudldfdnyoyins

= [~3 2
TUNYULNENLANURE

7 . . . .

6 4
8 °f b |
3 40 Gbps
>
£ 4} .
©
3
e 20 Gbps |
]
2 €} 2
S .
a5 L Fd i

"
N
i
1 < .
N
0 | 1 - T 1 — _‘_'_e
35 40 45 50 55 60
OSNR (dB)

51171 4.15 nawluansanudusiugszudng Power penalty uazen OSNR aasdzyeynns Data
Signal e damandmi 20 waz 40 Ghps

45  wanszvuvwasndinestuludyuindayanaunisulasgluuy Anasa
AuMwlunisudasnisuagiandyyin

aqﬁ@mmu@mmwmm frycunou Data Signal NdnunTuszuuulaenisnang ae

a o dl % % v Y 1 v % o = a
wananazldryaunasuniui idnagaeulludaluiadane untinugn ﬂﬂNﬂiWﬂﬂ{]ﬂ’]ﬁ‘ﬂAﬂ@

wwafdu dedana TEVAdA N9 ULAZANAIANEAAR A AIHURAINESTUAzdINa

¥

neznusanunwluszuLnlasn1suaganiiasdnyyos Data Signal azsiasdinn

o

SGRELER

v
a o o

109dty U uNmNNzaNAsazaunnilaswviaaas Probe Signal lewas sadunamwasdulu
P

1
Y a oo

Data Signal azvinl¥nnadsesiaddnyynianas uazdndaiumngme fuaullanazsinlk
o o o = é’ é’ [ = o dl

nawesdnyonadanuainuansuinaulneduseiugluuuvesdnsuanslugila 4.16
TnadulszaseAunidwnuattaaiuiizandniuszuuulainisuegandnyoyin as

winlgdndefinfamesduiu 150 psinm indwsuaraesuesdyoyruazanasmnes fuly
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weinzda uazillefdinasduaullandu 250 psim wudnindwnuaeniinisundsdangs

a

wnuazgLseresiadiaieulluininlfnunwaasdyoyios Probe Signal finunns

Lilasanag

j\/\ /w’\ M MDispesion 150 ps/nm

Dispersion 250 ps/nm

a1 4.16 dnwouziaduesdunuidnsdniu 20 Ghps

el lHunsdinamediuidu 150 uwaz 250 psinm

pnsnaft 4.10 uandnannasaaediianidn Q wiedlnamesduludy iy -250,
-200, -100, 100, 200, 250 psinm Tnesinaanaunidsaasdnyoynuasiauidiglnsnliy
deyeyreudnn Attenuator Iaglugias -41 4 -28 dBM dwisuénsnin 20 GHPS wazansai
4.11 ugmsranissnansiianndn Q Ls‘j@ﬁﬁmmﬁuluﬁmmﬂmﬂu -5, -50, -25, 25, 50,
75 psinm Taewinaanaunnasuesdn o ouuasnawdnetnsaFudny s Attenuator 15

at/lutng -38 S -17 dBM dusudnsniin 40 GhpS dausuli 4.17 uazguii 4.18 Geuans

'
a

NINANANNUSIENINAT Q eddtyninaunenunfsuwlas Aundwuasneawdnglnend

1 ¥
=S

Sudnynnos Wedyauiladinesiuinnauliddnazidu Normal  w3e Anomalous
Dispersion (Frauvidauan) fazvinlfgniniwaasdyauildananaclddn ddnadnn 20

uaz 40 Gbps



a1919% 4.10 A1 Q aesdynyrauiiinunisutlasnisuegian Ialladnamwasiuly

dryrynandlu-250, -200, -100, 100, 200, 250 ps/nm figmsdn 20 Ghps

5/

Dispersion
coes/nm) 950 200 | <100 | 100 | 200 | 250
Power (dBm

-41 - 3.8408 4.1453 4.1337 3.8307 -
-40 3.8186 4.3844 4.5851 4.6045 4.3072 3.9055
-39 4.2060 4.9608 5.2208 5.1848 4.9602 4.2368
-38 4.9323 5.4140 5.8436 5.7683 5.4313 4.8886
-37 5.2654 6.0668 6.3993 6.5295 6.0848 5.2565
-36 5.6484 6.8461 7.1460 7.3268 6.6582 5.6780
-35 6.4528 7.6880 7.9297 7.7521 7.6079 6.3547
-34 6.8826 8.3827 8.5913 8.6280 8.5211 6.8525
-33 7.5402 9.5190 9.3329 9.7287 9.2233 7.3923
-32 7.8914 10.2209 | 10.3398 | 10.5928 10.2045 7.7990
-31 8.4212 - - - - 8.5606
-30 9.1636 - - - - 9.1604
-29 9.2718 - - - - 9.6121
-28 10.2568 - - - - 10.1867

11

10 g

] ~

5t >

G 7

519 4.17 nauanspuduRusIzrIan1aedny

7

u

No Dispersion
— -D=-100 ps/nm
— — —D= 100 ps/nm
D =-200 ps/nm
+ = D = 200 ps/nm
— —D =-250 ps/nm'|
D = 250 ps/nm

-38 -36

-34

Received Power (dBm)

-32 -30 -28 -26

nyunewdngUnsniFudny i

wazAn Q weadrynufidunisulasnisnagan Waelifuazdnamasdulu Data Signal

(Tl -250, -200, 100, 100, 200, 250 ps/nm 15iel4smanain 20 Gbps
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a1919% 4.11 A Q aesdynynauiiiaunisulasnisuegan addnyyiusunouwlu Data

Signal 1w 10, 20 ua 30 dB Aigmsniia 40 Gbps

Dispersion

e M g5 B0 |25 | 25 | B0 | 75

Power (dBm)
-38 - 3.8905 4.1434 4.1780 3.8318 -
-37 - 4.4312 4.6455 4.7092 4.3593 -
-36 - 5.0488 5.3198 5.3147 5.0560 -
-35 - 5.6689 5.8627 5.8853 5.7450 -
-34 4.0232 6.3527 6.6727 6.7232 6.2815 3.8318
-33 4.4739 6.9640 7.4191 7.3198 7.0450 4.3593
-32 4.6146 7.6574 8.0225 7.9796 7.7083 5.0560
-31 4.9136 8.4977 8.9796 8.7724 8.4460 5.7450
-30 5.3018 9.2945 9.8905 | 10.0644 | 9.5864 6.2815
-29 5.5119 | 10.4762 | 10.7772 | 10.868 | 10.6028 | 7.0450
-28 5.8297 - - - - 7.7083
-27 6.0051 - - - - 8.4460
-26 6.2365 - - - - 9.5864
-25 6.3727 - - - - 10.6028
-24 6.5913 - - - - 3.8318
-23 6.6572 - - - - 4.3593
-22 6.7044 - - - - 5.0560
-21 6.7972 - - - - 5.7450
-20 6.8872 - - - - 6.2815
-19 6.9849 - - - - 7.0450
-18 7.1082 - - - - 7.7083
-17 7.0609 - - - - 8.4460
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1 ' '
(——————No Dispersion )
ol — + = :D=-25ps/nm |
— — —D= 25ps/nm
Y Y / /S R D =-50 pS/nm 7
— + + = D= 50ps/nm
ol - —D=-75ps/nm | |
G D= 75ps/nm )
O 7 L /0 — —
°l // |
5¢ 1) |
A i
3 . : ~2 I
_40 FES 30 -~ 20 "

Received Power (dBm)

519 418 navluansmmuduiusszudnaniasdynunewdneilnsniiudoonn

Q v (4

wazAn Q wesdtyuiidunsuwlasnianagan waliiuaziasmwefulu Data Signal

(=75, -50,-25, 25, 50, 75 psinm wilel4&msn 40 Gbps

Tugulf 4.19 Geuansrn Power penalty dtyayanuiivinliddnsinisiananadailu

107 Feldemanimin 20 wudrdyruns Data Signal 7#idaaineslugas -200 de 200

pSInm dyeyreuiisnunisutasazilan Power penalty ides waziilelddnsndndu 40

|
a

wusndeyeynos Data Signal fidiAaumesugas -50 fs 50 psinm doysyrnufisiunisudasasd]

o o

fin Power penalty fidfeeguriu ennsiia Power penalty. fidesusnedanmninaes

1aa o o

udsunsulasnsuaganaranasan doyoinsiliinamasiuinasianiaason
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1
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Signal ialdlunaulasnivaaesdojoras Probe Signal windu adulddnesdname
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Lﬂuﬂ"lﬂﬁ?ﬂ@ﬂﬂq3N@ﬂﬂm56ﬂ@\1ﬂq@\1@§yﬁquﬂLMNﬂuﬂu N@ﬂqiqq@@QQQiﬂ ELUEUNTUN

o

ArunwlndiAaaiuliddndryoyins Data Signal azfiaame fuauanvideay
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[ERN
o

l [

12 + B
.10 ™~ .
% 40 Gbps
2 8f .
[~}

C
[+]
o
1) 6 [ |
[«]
2
]
o 4l |
20 Gbps
LS N
S S
. —— ——
-300 -200 -100 0 100 200 300

Dispersion (ps/nm)
519 4.19 nawluansannudasinsazudns Power penalty wazanfaimefuaasdnyniu

Data Signal i5iel4&msndimdn 20 uaz 40 Gbps

46  wanszvurainsulaguniasrasdyanadagalianAmnnizan Adne
paAuAWluNIsLUaINITNaALAAd T BI

dlasanszuuulasnisuaganluineafinusdldeanuuyludny gy Data Signal

AAITAANNIUNANNGAL ARAzARIRNIaUAILaaN N zaNTy 37.8 MW faaznale

Xewrynou Probe Signal Hulafiiaenly prad wed seiudarndsuanzeaesdyyin
Data Signal FidruidannasainAil Az iR wlunisilaIn e andnynianad
s ludeiiadldinmageunisuaeuindsrineesresdnyyno Data Signal l#anqa
fimnzan andvesi A deaTis Uil asnastagiasiannsnineulfed el
szAnanIn

53797 412 warmnsred 4.13 ‘519197 4.10usmndnannsanaesiilannen Q ile
nasAteanuesdtyoynu Data signal wlaguazanimunzanty -20, <15, -10, -5, 5, 10, 15
uaz 20 MW Taevinasmaunndspasdrynyiniuasnawdngilnsndfudyynnsiae Attenuator
Ifaejludag -41 g -25 dBM dusudnaniin 20 uazludag -38 i -24 dmiudmaniin 40
Gbps dawgdil 4.20 uazgulii 4.21 Geuamansmanuduiugaznined Q vesdyaynd

daunnsuias AunfdseuuasnaudigUnsafudnygyin wudlenidsasanaas
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2

fryrynns Data Signal anlaaullannafimanzanunn fazvinlfgnininaesdoy g udils

anmaudasananas lidnldenaing 20 uaz 40 GbpsS fnna

a919% 4.12 A Q aesdynynauiiinunnsutlasnisuesian llanasAaan ety

o

Data Signal waeuassniiwanzasly -20, 15, -10, -5, 5, 10, 15 uaz 20 mW #igmsniim 20

Ghps
Power
Receivel (mwW)| 178 | 228 | 278 | 328 | 428 | 4718 | 528 | 57.8
Power (dBm)
-41 - - - 4.0272 | 3.9713 - - -
-40 - - 4.1218 | 4.5936 | 4.4728 | 4.0248 - -
-39 - - 4.6404 | 5.1773 | 5.0647 | 4.6321 - -
-38 - 40880 | 5.1927 | 5.8319 | 5.736 | 5.0785 | 4.0248 -
-37 - 46194 | 58648 | 6.5667 | 6.5798 | 5.6967 | 4.6321 -
-36 3.7983 | 5.2325 | 6.5957 | 7.2816 | 7.495 | 6.2915 | 5.0785 | 4.1088
-35 4.2365 | 5.8706 | 7.3074 | 8.1729 | 8.0924 | 7.0304 | 5.6967 | 4.3896
-34 4.7097 | 6.5443 | 8.0365 | 9.1673 | 9.0476 | 7.8565 | 6.2915 | 4.8901
-33 5.3242 | 7.0716 | 8.9861 | 10.3089 | 10.0637 | 8.9205 | 7.0304 | 5.5355
-32 5.8144 | 7.7637 | 9.8501 - - 9.656 | 7.8565 | 6.0549
-31 6.4233 | 8.5727 | 10.991 - - 10.7253 | 8.9205 | 6.7663
-30 6.8043 | 9.4240 - - - - 9.656 | 7.0696
-29 7.4215 | 10.4211 - - - - 10.7253 | 7.597
-28 8.2297 - - - - - - 8.3605
-27 8.6336 - - - - - - 9.0566
-26 9.2922 - - - - - - 9.2552
-25 10.1149 - - - - - - 9.9022
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11 . - - ' " . Powermismatch
/_s-10&10mW
10} / / |
ol _
ol _
Power mismatch
O 7 20&20mMW |
6 ' |
—— —— Converted Signal
% /7 I Power mismatch
5 A 5,-10,-15,-20mW | ]
K 7 ¢ Power mismatch
Al ’\ 510,15 20 mW |
Power mismatch Power mismatch
5&5mw , -15&315mW_ L n I

-42  -40 38 36 -3¢ -32 -30 -28 -26 -24
Received Power (dBm)

59 4.20 nauansmoanduiusazudnanidsdayaunnunawdngunsaliudynyins
1 o a} 1 dl Ao o H
warAn Q ravfeyry anEINNITLLAINNINBALAR WHENNIAYANLaATEY Data Slgnal

wlasuazAimanzanlyl -20,-15, -10. -5, 5, 10, 15 uaz 20 MW wilel4smsndin 20 Ghps

a1919% 4.13 A Q aesdyaunaiidounisuilasnisuesian llanasAtan ety

[

Data Signal waeuassnfiwiainzaslal -20, 15, -10, -5, 5, 10, 15 uaz 20 MW 7igmsniin 40

Ghps
Power
_ (mW)| 178 | 228 | 2718 | 328 | 428 | 478 | 528 | 578
Received
Power (dBm)
-38 - - 3.8098 | 4.0937 | 4.0962 - - -
-37 - - 41011 | 4.6635 | 4.6056 | 4.0444 - -
-36 - 3.7302 | 4.6981 5.223 5.1584 | 4.7439 | 3.8125 -
-35 - 4.3352 | 5.2851 | 6.0079 5.851 5.3046 | 4.4025 -
-34 - 4.9334 6.047 6.6873 | 6.5503 | 6.0696 | 4.8086 | 3.8421
-33 3.8946 | 5.3522 | 6.7158 | 7.3386 | 7.2159 | 6.5354 | 5.5905 | 4.3156
-32 4.2564 | 5.9762 | 7.6696 | 8.2755 | 8.0715 | 7.1899 | 6.2656 | 4.7251
-31 4.8515 | 6.7124 | 8.2243 | 9.4778 9.143 8.2213 | 6.7871 | 5.1607
-30 5.2137 | 7.4689 9.433 | 10.5963 | 10.3053 | 9.2557 | 7.5036 | 5.7211
-29 5.9029 | 8.4674 | 10.489 - - 10.4161 | 8.1936 | 6.4091
-28 6.5553 | 9.1156 - - - - 9.2337 | 6.7507
-27 6.8208 | 10.4445 - - - - 10.1522 | 7.4325
-26 7.9632 - - - - - - 8.0783
-25 8.4754 - - - - - - 8.7635
-24 9.1835 - - - - - = 9.1758
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1 ' ' ' ' Power mismatch

—— —— Converted Signal

. / -10 & 10 mW
TOF | ceeeeeennee Power mismatch
-5,-10,-15, -20 mW /
ob| — Power mismatch %

5,10,15,20 mW

Converted Signal

- Power mismatch

6 -20 & 20 mW .
5 i
4 i
3 Povilsel;g‘n;i;qmvctch Power mlismatch -1 SI& 15 mW | |

-38 -36 -34 -32 -30 -28 -26 -24

Received Power (dB)

s1l71 4.21 newlianspnadniusssninsingdadyaninewdnglnsaBudayn o

WAzl Q mmz@m&mm‘?‘l‘mummﬂmmma@L@m lefiindernaanans Data Signal
wWatuazenfimsnzaaal -20, -15,-10, -5, 5, 10, 15 waz 20 MW iiiedananiin 40 Ghps
lugul7i 4.22 Gewanarin Power penalty deysyrouiivinlsirrdmsnisiananadedu
102 e uiusn Power Mismatch iileldamsndinilu 20 uaz 40 Gbps wudndryaynns
Data Signal #ififnasrnaansnsiuindrraeafimunzediudasszudne -10 de 10 mW
dryrynnifiiunisudasaziian Power penalty idfes dennsd Power penalty dendies
mnefenmn ey adiiiunisulasnisuegianazanasann e lddoyaio Data

Signal adrnaseneannmanzanana 37.8 MW ieianiiae
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7 T T T T T T T

i
(G——OZOGbsz
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\ G— 40 Gbps

5t _
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S
2 4t -
c
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o
~ 3f .
(<]
2
g

2F i

1r i

0 =,

-20 -15 -10 -5 0 5 10 15 20

Power Mismatch (mW)
qU 4.22 navuanspanduingszmdte Power penalty uazAmnuusnsinsansings
sfallally

dreyrynou Data Signal furiniiimsnzas (Power Mismatch) 7 20 uaz 40 Gbps

o o

47  wanszvuresmsulagsuanugandutesdynnudayallanmimanzas
ninasanuaIwlunIsulasnIsNaaand UM

annnaseanuuuszuuluumn 3 1 ldmaruananauaas Data Signal u Probe
Signal 1faansiangunuiniu Geineatlusumdadivineaan ZDWL wine fwiials XPM
= a a dl [ % :I/ v Y dyd o dl dl
HilsAnEnngangn AuiuluiadetiasminiamagaunansenuaaINsaguAINE19ARY
109 Data Signal luannAnfimanzas ilenidasmauenapaunszunulasnisuagLan
anunsnnnanulfeeneldss@nsnan

as1an 4.14 uaznnaien 4.15 ugasranisdanaeaiiennAl Q WawdasuaAinneng
pavaasdoyoynou Data signal 1w 1546.92, 1542.14, 1536.63 uaz1530.33 nm Taesin
aanaun A nuuasnandeilnsnliudnyainasian Attenuator Wesilutaq -41 de
-28 dBm dnwsudmnsniin 20 uazludas -38 fia -27 dmiudnadn 40 Ghps daugila 4.23
uazgiin 4.24 Fsuananswarnduiussendnedn Q aasdyayiniiiiunisuilas Aunnas

1 ¥ 6o o/ 1 dl dl o o
nuuasnawdnginniFudynyin wudndannuaaaduaesdnynyaaesdnyyios Data
Signal glaulaawlilannsn 1547.72 nm wan fazsinlfpnininwaesdyoruildainnisudlas

anmnad ddn1danendni 20 waz 40 Ghps Amna
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a9 4.14 A Q sesdtyrynuisinunnsuilasnisuegian alddnyoyos Data Signal

finAnuenneailu 1546.92, 1542.14. 1536.61 wax 1530.33 nm #igmsniin 20 Ghps

519 4.23 nauanimu NN Us Iz Ianaedny

u

Received Power (dB)

7

Wavelength
. (nm) 1570.42 | 1565.50 | 1558.98 | 1557.36 | 1546.92 | 1542.14 | 1536.61 | 1530.33
Received
Power (dBm)
-41 3.4244 | 3.5968 | 3.5365 | 3.8211 | 3.9312 | 3.7328 | 3.6407 | 3.4262
-40 3.8825 | 4.0806 | 4.0448 | 4.2781 | 4.3319 | 4.0842 | 4.1856 | 3.9272
-39 4.2092 | 4.5237 | 4.6754 | 4.8948 | 5.0957 | 4.7423 | 4.7503 | 4.1744
-38 4.7330 | 5.1896 | 5.1369 | 5.4371 | 5.6541 | 5.3640 | 5.2495 | 4.7624
-37 5.0090 | 5.8814 | 5.8058 | 6.1216 | 6.2757 | 6.1196 | 5.9527 | 5.0308
-36 5.6222 | 6.3386 | 6.3536 | 6.8402 | 6.9328 | 6.5315 | 6.4593 | 5.6131
-35 5.9512 | 7.1420 | 7.1728 | 7.4156 | 7.6729 | 7.2707 | 7.1850 | 5.9044
-34 6.2321 | 7.9415 | 8.1354 | 8.3417 | 8.3586 | 7.8550 | 8.0294 | 6.1488
-33 6.5703 | 8.4947 | 8.8980 | 8.8871 | 9.4014 | 8.7923 | 8.8713 | 6.4862
-32 7.0420 | 9.2008 | 9.4780 | 9.6744 | 9.9396 | 9.6500 | 9.8720 | 6.8744
-31 7.3698 | 10.0843 | 10.6472 | 10.3332 | 10.8574 | 10.3036 | 10.7046 | 7.2008
-30 7.3654 - - - - - - 7.3681
-29 7.8019 - - - - - - 7.5776
-28 7.8616 - - - - - - 7.7960
11 T T T T T - T
101
9 -
8 -
C TF (- Converted Signal\
— - - —1570.42nm
6L —— — —1565.50 nm
— = -1558.98 nm
- - 1557.36 nm
5t — — — — 1546.92 nm
-------- 1542.14 nm
At e lHrN PN O I1 O 100 ON O 757K 1536.61 nm
| | | , , | \ ----- 1530.33 nm )
§42 40 -38 -36 -34 -32 -30 -28

nysnewdngUnsniFudny i

wazAn Q weadnyufidiunisulasnisuagan e Data Signal Saanuenamawiluy 1547.72

(Converted Signal), 1546.92, 1546.12 ua 1545.32 nm wile4&msniin 20 Ghps
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m19199 4.15 A Q aesdtynuirinunisutlasnisuagian ialddnynns Data Signal

flanuenandwiu 1546.92, 1546.12, 1545.32 uax 1544.53 nm #amsniin 40 Ghps

Wavelength
. (nm) 1565.50 | 1558.98 | 1557.36 | 1546.92 | 1542.14 | 1536.61
Received
Power (dBm)
-38 3.4431 | 3.2704 | 3.7249 | 3.8853 | 3.8139 | 3.6909
-37 3.6637 | 3.8913 | 4.1523 | 4.4867 | 4.3558 | 4.0618
-36 4.0875 | 4.2840 | 4.6290 | 5.2003 | 4.8600 | 4.4878
-35 4.2973 | 4.7207 | 5.2267 | 5.6972 | 5.5482 | 4.9581
-34 45862 | 5.3508 | 5.7924 | 6.4343 | 6.1015 | 5.4509
-33 4.9349 | 5.9837 | 6.5355 | 7.0041 | 6.5979 | 5.9982
-32 5.1797 | 6.6107 | 7.2892 | 7.9009 | 7.1595 | 6.3078
-31 5.5501 | 7.3715 | 8.0213 | 8.6412 | 8.2861 | 6.6835
-30 5.7938 | 8.0738 | 9.1346 | 9.7683 | 8.8364 | 7.1338
-29 5.8230 | 8.8771 | 10.2682 | 10.8836 | 9.4446 | 7.7719
-28 6.1315 | 10.0776 | 11.0019 | 12.0965 | 10.6192 | 7.8935
-27 6.2582 - - - - 8.2251
12 T T T T
1t i Converted Signal\ i
—— — 1565.50 nm
10k — - — 155898 nm |
— - — - 1557.36 nm
ol — — — 1546.92 nm |
------ 1542.14 nm
N N T e - 1536.61 nm )]
o
7F = Se— —_— = s
/
6 - -
5 - -
41 i
3 1 1 1 1
-40 -35 =30 -25 -20 -15

Received Power (dB)

s1l#1 4.24 nawluansanuduiusssuinaindsdoygnneudnglnaafudoymyin
wazAn Q Tesdtyrynsiniunisuasnisuegian e Data Signal frauennadudu
1565.50, 1558.98, 1557.36, 1547.72 (Converted Signal), 1546.92, 1546.12 uaz 1545.32
nm wilel4smandin 40 Gbps
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Slefiansauningenes foueyrnunewdngunsaliudeynynn ﬁﬁﬂﬁzﬁagapmﬁ%ﬂ&fﬁ
A1 Q ilu 6.9 videsmsnsiiamanadmiu 10 secdysynidisnain 20 uas 40 Gbps
aznudnileiAgunnueamaussdyyins Data Signal ldanndnilmanzasde 1547.72
nm «nn %ﬁﬁﬂﬁ@mmwmmﬁagmﬁmﬁ'mumﬂm@mmmLﬁmmﬂm’mﬁfm@jmm
doysynes Probe Signal waz Data Signal uansinariusnniu viiedandndsangnasal Walk-
off effect 1ures Tneddauuui@ailunisudasdoyanos Data Signal 1w 18.45 nm w3a
{u 2.3 THZ dwsudnandn 20 Gps waziflu 6.4 nm vizaiflu 0.7 THZ dwsudnsniin 40

Ghps

14 T T T T T T T T
12 F E—E4OGbpS -
G- — © 20Gbps
_1of .
(o)
z
2 8f -
o
c
&
S 6r 7
2
S P
/ i
/
/
/e.——-—({ i

0 1 1 1 1 1 1 1 1
1530 1535 1540 1545 1550 1555 1560 1565 1570 1575
Wavelength (nm)

51l71 4.25 nawluansanudusiugszudng Power penalty LATATHENIAALTBAT 0
Data Signal itesigmsnimdlu 20 uaz 40 Gbps

48 " WansEyILAaIANIANANTAIATNENURULEUAIIERS NANAFHDANNIN
lunsudasnisnaniandoyaynn

IS o =

ts' z£| Y v dld azadl
anniseanuuuszuLluumi 3 vlddulouasniauaniinmleuiulacinag
ts' 1 o 1 [ ¥ a 9 dl EJZ// 9 = Q} [
afviniu usludneuenslduasedulonasinldisaaduataasianueain ldminiu

Ao o - = o A g
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NRTR LﬂuL%QLﬁuQQ%QQQQLﬁuﬁ e i Taerinn1sugaspnnauAn AN RIA M
gndlauasiszuunisulasdnsanunsornanddednedissd@nsamn

nsnadt 4.16 uazansai 4.17 uansnanissnanaiiiendn Q ieduleuasildd
AaNeasinaii 1, 5, 7.9 uaz 10 mm Tnevinaaneuniasaesdynyninasnandginsaliy
&ryryanudiaa Attenuator 1vasi ludng -41 G -30 dBM dwiudmaniia 20 wazludgog -38 s -
28 dnususmanin 40 GbpS daugilit 4.26 uazgul 4.27 Geusnansannadusiusazuing
A1 Q mmz@apmﬁmummﬂm Aun1dsInuiasnaudnglnsnifudy oy wudniile
mwmer;ifmfﬂmm’mmqLéﬁulﬂLLm34f]ﬂ%u%ﬁﬂﬁ@mmwﬁlummﬂmmim@Lzm
Frynynnianas i 48mandnd 20 vie 40 Ghps finna

angulit 4.28 Geuanspanndaiugazudnsan Power penalty wazaanauansnsans
pnenadulauaaiiefiarsmafisnsanisianadadaidu 10 fsnsdndu 20 uaz 40
Ghps Tnenuinfigasdapnamsnusenauana1ssesnsenadulauas duanndd

|
[ a =

dnanDngeiiasaInANNITasiadd U NansTRAarnSand e R dngs uazdy

1
1Al

wudrhenenda 20 GOPS szuumlasnisuaganaiunsaninaulfacnafilsz@ninwiiied
puuAnATeIrEeanadulawasliiinu 8 mm uazndnsnia 40 Gbps szuumlasnisue
granaunsaniulfesnelilszansnimiednnuuansnsaesnmedulouaclaiiv 2
mm

m1519% 4.16 A1 Q ansdunynamriaunisutlaenisuagian

SedileusanlFfiannueaanaiu 1, 5, 7.5 uaz 10 mm fgnaiin 20 Ghps

Mismatch length
mm
Received mm ! 5 75 10
Power (dBm)
-41 4.0759 4.0238 3.8721 3.7111
-40 4.6261 4.5929 4.6613 4.1651
-39 5.1984 5.2170 4.9783 4.5753
-38 5.9300 5.9039 5.7047 5.1099
-37 6.6745 6.6781 6.2892 5.5187
-36 7.3430 7.2953 7.0524 5.9860
-35 8.2766 8.2997 7.9702 6.5509
-34 9.6212 9.2774 8.5573 7.0092
-33 - 10.5016 9.5384 7.5750
-32 - - 10.8539 8.0165
-31 - - - 8.2496
-30 - - - 8.8358




Hadulouasnldimnuenasneiu L, 2.5 uaz 5 mm fdnanin 40 Ghps

a9199 4.17 A1 Q aesdynynauiiiaunisutlasnisuegian
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Mismatch length
(mm)
Received 1 2:5 >
Power (dBm)
-38 4.2238 3.8579 3.8164
-37 4.8893 4.3085 4.2431
-36 5.4145 4.8440 4.7844
-35 6.0413 5.3253 5.0738
-34 6.8732 5.8259 5.5607
553 7.7323 6.3082 6.0433
=8y 8.4290 6.9234 6.5426
-31 9.2932 7.5444 7.0065
-30 10.3199 8.2717 7.5853
-29 S 8.7069 8.0642
-28 - 9.2169 8.5356
1 1 T T T T T
10k Converted Signal " / ]
— — 1mm Ad /
9r | — — - —75mm ]
_— — . ) /
8 P : 4
o 7F =
6 4
5F 4
4 -
3 1 1 1 1 1
-42 -40 -38 -36 -34 -32 -30

Received Power (dBm)

519 4.26 navluanspouduiusszudnainasdynunewdielnsniiudoyonn

Q 7

. . d, d g o 3=
wazA1 Q wasdnyry nuneinunisutlasnisnenian Weidulanadnldd

Anmenasinariu 1, 5, 7.5 uaz 10 mm dlaldémsnin 20 Ghps
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59 4.27 newluamspanuduiusszidaniasdanunewdigunsaiudnyyn

v o

: o A A g g o
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fpnnuenasnau 1, 2.5 waz 5 mm 7igkhsndn 40 Gbps
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a 1F E
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o — 0
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919 4.28 nswluanspauduiugszndne Power penalty uazanuumnsnsans

u

puenadulanas Wedldnsdmdu 20 uaz 40 Ghps
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1
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%
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g7

1
A
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Abstract: We propose an all-optical on-off keying to
binary-phase-shifted keying conversion using cross-phase
modulation. Our simulation shows that the converted
signal has error-free conversion with power penalty as
small as 0.23 dB.

1. Introduction

Next generation long-haul transmission systems have
been inclined to employ advance modulation formats
based on optical phase-shifted keying. A format that is
currently receiving a lot of interest is the differentia
phase-shift-keyed (DPSK) modulation becauseiit gives 3-
dB benefit [1] over the on-off keying (OOK). During the
transition from OOK-based transmission to DPSK-based
trangmission, it is unavoidable to have both OOK-
supported equipments and DPSK-supported equipments
operate in the same system. This presents the necessity of
some devices that can transparently and al-optically
convert from OOK to DPSK and vice versa. There were
many works had focused on the al-optical signal
processing techniques that can diminish the expensive
electrical-to-optical-to-electrical (OEO)  equipments.
However, there are rarely reports concerning the all-
optical conversion techniques which can be served as an
interconnection between OOK and DPSK systems. The
most recent work [2] used the optical amplifier-based
Mach-Zehnder  Interferometer ~ (SOA-MZI)  and
demonstrated an error-free conversion at 10 Ghit/s.

In this paper, we propose a new method to convert
modulation format from OOK to binary-phase-shift
keying (BPSK) by using the cross-phase modulation
(XPM) in a highly nonlinear disperson shifted fiber
(HNL-DSF) [3]. Our smulation shows an error-free
conversion at a bit rate of 20 Ghit/s.

2. XPM-based OOK -to-BPSK conver sion

Fig. 1(@ shows a schematic diagram of XPM-based
OOK-to-BPSK conversion in a single HNL-DSF. When
we trangmit two signals (data which is OOK ' at
wavelength | ; and probe signal which is the continue
pulses at wavelength | ;) into HNL-DSF, the phase of the
probe signal will be changed by the XPM according to
the data Sgnal. It is obvious that XPM in a single HNL-
DSF can achieve data transfer from intensity of the input
signal to phase of the output signal. However the output
signal will have unegual intensity among signal bits
because the four-wave mixing (FWM) simultaneoudy
occurs with the XPM when both data signal bit and probe
signal bit exist. The FWM effect transfers power of both
data and probe signals to two new signals at different
sideband frequencies. The inset figuresin Fig. 1(a) show
the spectrum of the data signal and probe at the input and
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output ends of the HNL-DSF, obtained by computer
simulation.

For simulation setup, the average loss of HNL-DSF is
0.51 dB/km, the zero disperson wavelength (ZDW) is
1550 nm with the dispersion sope of 0.032 ps?/(nmm),
the nonlinear coefficient is 20.4 (Wxkm)™, and the length
is 3.054 km. The wavelengths of the data and the probe
signals are 1547.72 and 1552.52 nm, respectively. These
wavelengths of the data and the probe signals are selected
equally far from a zero dispersion wavelength in order to
have identical group velocity for maximizing the XPM
efficiency. The input powers of the data and probe
signals are 37.8 mW and 1 mW, respectively. We can
observe clearly the strong FWM between data and probe
signals from the spectrum of the output of HNL-DSF.
This intensity fluctuation among signal bits will be
transferred to phase fluctuation by the Kerr effect.

Data Signal
£+ 10111001
a| /\ //\(\/\ /\ i > HNL-DSF Probe Signal
Probe Signal > . - |
WWY\' =7 \ Trommmoon

p Probe Signal
Data Signa 0
10111001 P. I,

Fiber#l TUTTT

MATATNTT

Probe Signal
YA
(b)

T

Probe Signal Pyt Pt ProbeSigna

Assist Probe Signal ﬁ TURTTUUT

Fiber#2 P%& 1
Figure 1 OOK to BPSK conversion (a) Single HNL-DSF (b) Power
equalizationin a pair of HNL-DSFs

The Intensity fluctuation of the converted data using
XPM in signal HNL-DSF can be eiminated by our
proposed scheme using an assist probe signal as shown in
Fig. 1(b). The probe is split in to two directions, one into
fiber#1 which is smilar to Fig. 1(a), the other is launched
into fiber#2. Also into fiber#2, the assist probe signal at
the same wavelength as the data signal is launched with
optimal power in order to shift the phase of al probe
signa hits by p rad. When the probe signals from two
fibers combine together at the output end of HNL-DSFs,
the destructive phase interference (p-0) causes the
reduction in the intensity of that bit, while the
congtructive phase interference (p-p) causes the
enhancement in the intendty of that bit. As a result we
can achieve the equalization of al converted sgna bhits
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by using the optimal power of the assist probe signal in
combination with the optimal attenuation which reduces
power of the probe signa from fiber#2 to (Py-P, )/2 as
shown in Fig. 1(b).

3. Smulation

We perform the numerical simulation in order to explore
the performance of our proposed OOK-to-BPSK
converter. In the simulation, the parameters are the same
as used in section 2 except the power of the probe is
increased to 2 mW. The signa is consisted of 2"-1 bits
pulse train whose data rate is 20 and 40 Ghit/s. The
optimal attenuation used in the simulation is 21.8 dB. The
performance of the converter is expressed in term of the
Q factor obtained from back-to-back detection. Fig. 2(a)
shows the Q factor as a function of received power of the
back-to-back converted signal comparing with the Q
factor obtained from the back-to-back detection of pure
DPSK signal without format conversion. The result from
Fig. 2 shows that, at the bit-error rate of 10™ (Q = 6.9),
the OOK-to-DPSK converted signal using our proposed
scheme exhibits only 0.23-dB and 0.38-dB power penalty
from the pure DPSK at bit rate 20 and 40 Ghbps,
respectively. Fig. 2(b) and (c) show the eye diagrams of
the back-to-back detected converted signal and the back-
to-back detected pure DPSK signal at received power of -
37 dBm &t hit rate 20 Gbps, while Fig. 2(d) and (€) show
the eye diagrams of the converted signal and the pure
DPSK signal at received powers -34 dBm at hit rate 40
Ghps.

11

10

o— —o Pure DPSK.

s—a Converted Signal

O-Factor
i w N ~ o0 o

2023 038

-42  -40 -38 -36 -34 32 -30
Received Power (dBm)

olelole

Q=6.9710 Q=6.7570 Q=6.8038 Q=7.0710
(b) (© (d) (e)
Fig. 2: Result of smulation, (a) Relation between Q-Factor and receiver
power of pure DPSK and back-to-back: converted signal, (b) Eye
diagram of converted signal at bit rate 20 Gbps, (c) Eye diagram of pure
DPSK at hit rate 20 Gbps, (d) Eye diagram of converted signal at bit

rate 40 Gbps, and (€) Eye diagram of pure DPSK at bit rate 40 Gbps.

Fig. 3 shows the dispersion tolerance of the converted
signal at 20 Gbps in term of the power penalty resulted
from an amount of dispersion added to the signal. From
Fig. 3, the dispersion tolerance for the converted signa is
significantly stronger than pure DPSK especialy in an
anomalous dispersion region. However, in norma
dispersion region and the pure DPSK seems to yield
higher tolerance than the converted dgna. This is
because the nonlinear positive chirp of XPM on the signal
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cancels with the linear negative chirp of the anomalous
dispersion.
5

o— —a Pure DPSK /
—~ 4 . /
% o—o Converted Signal /
23 /
= /
2 /
/
£ 1 /
/
— -0
0 —
-200 -100 0 100 200

Dispersion (ps)

Fig. 3: Dispersion tolerance of the converted signal and the pure DPSK
in term of power penalty.

Fig. 4 shows power penalty of the converted signal
when the OOK signal power is deviated from the optimal
value. At the power penalty of 1 dB, the appropriate
range of power mismatch is-8.14 to 7.5 dB.

7

Power Penalty (dB)

S = N W R B

-20 -15 -10 -5 0 5 10
Power Mismatch (dB)

15 20

Fig. 4: Power penalty of the converted signal at receiver when the
power of OOK signal is deviated from the optimal value.

4. Conclusion

We have demonstrated a novel OOK-to-BPSK format
converson using the XPM effect in a pair of HNL-DSFs.
The smulation results demongrated that received power
pendties of the back-to-back detected OOK-to-BPSK-
converted signal to the back-to-back detected pure BPSK
are as low as 0.23 and 0.38 dB athough the data rates are
as high as 20 and 40 Ghit/s, respectivey. We aso showed
that the converted sgna exhibits sufficiently tolerance
againg the dispersion and the power mismatch.
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