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Transmission optige longue distarce avecle formatMB-OFDM cohérent a
100 Gbps

Resumé:

La demande de services a forte bande passante comne la vidéo a la demande, les réseaux
saciaux, le cloud,.., est en croissance pemanente. Afin de fournir ces wices aux
utilisateurs, la capadté dans ke réseau daccés doit augmenter, entrainant ainsi ure
augmentation du dbit dans lesréseaux de transport métro / coaur.

Dans ke pass, la répons a cete demande de capadté dans ke réseau de transpat WDM
longue-distance a été rendue possible par [*augmentation du débit des canaux NRZ-OOK de
2,5 Gbpsa 10 Gbpset par la compensation de la dispersion chromatique (CD). Augmenter
encore la cgpadté des canaux OOK n“était plus possibd; la dispersion modie de
polaisation (PMD) constitte une contrainte forte a la monée en débit dans les
infrastructures ce fibre aduelles. Heureusement, la technologe cohérente qui pemmet la
compensation de CD et de PMD dans ke donmeine éledronique et aussi lutilisation des
moduktions multiniveaux a pemis ke rédiser des transmissionsa de tres hauts debits.
Aujourdhui, le format « Quedrature Phase Shift Keying » avec multiplexage de polarisation
(DP-QPSK) opérant a 100 Gbpsest devenue un sandard pou la transmission WDM longe
distance

Une dtemative au format DP-QPSK permettant d“atteindre des débits de 100 Gbpset au-
dela (400 G & 1Thp}est|” « Othogoral Frequency Division Multiplexing » (OFDM). Ce
demier est intrinséquement robuse a la CD et a la PMD et permet d“atteindre une grande
efficadté spedrale. Mais, des interrogations subsignt quant a sa robusess aux effets non
linéares.

Dans cdte these nous avons éudié le poentidl de la technologe OFDM pou la
transmission WDM longe distance a 100 Gbps. bk traitement du sigral est ditaill € ainsi
gue la mise en cauvre du transmetteur et récepteur OFDM opérant a 100 Gbps. Nous
présentons aussi ks résultats expérimentaux de la transmission olenus dns pluseurs
configurations. Dans |“une de ces configurations, B canal moduk avec le format Co-DP-
OFDM est multipexé avec 40 canaux modués en DPRQPSKa 100 Ghps. ks canaux ont
ensuite éé transmis su 1000 km & fibre G.652 sns gestion ¢k la dispersion chromatique.
Dans ure autre configuration, les canaux CoDP-OFDM et Co-DP-QPSK sontcombinés
avec 78 canaux 10 Gbps NRZOOK et transmis su 1000 km @ fibre G.652avec gestion &
dispersion.

Nous avons démonté que le CoDP-OFDM e CoDP-QPSK ont és performances
similaires aprés ure transmission @ 1000 km sub ure ligne sans gestion ¢ dispersion, et
nousavonsaussi ggmonté que la transmission d ces ceux formats su une infrastructure de
fibre actuell e (présence des canaux 10 Gbps NRADOK) est possibd a condition e réduire
de 5 dB k puissnce des canaux 10 Gbps NRZOOK par rappart aux canaux 100 Gbps Co
DP-OFDM et Co-DP-QPSK.

Ces résultats sont pédeux pou la prochaine généraion de sysemes WDM a 400 Gbps ou
1 Thps.

Motsclés: 100Gbps CeDP-OFDM, 100 Gbps CG®P-QPSK, tansmission WDM.
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100Gbps Coherent MB-OFDM for Long-Haul Optical Transmission

Abstr act:

The demand for more broadband rvices sich as video on dcemand, saial networking,

cloud/grid computing...is expeded to gow up. To suppa and provide these sewvices to the
users, the cgoadty in access retwork must ircrease, driving thus dita rate increae in

metro/core transpat network.

In the past, the demand for mare cgpadty in WDM long-haul transpat network has been

enabled by increaing the cgpadty from 2.5 Gbps to 10 Gbpsaded on the NRZ-OOK

moduktion, and by owrcoming the impad of chromatic dispersion (CD) through tre

insertion along the transmission lie of inline dispersionfiber moduks. However, upgading

more the cgpadty of the OOK channels while keeoing the legacy G-652 fiber based

infrastructure was not possild due to the detrimental impad of the polanizaion mode
dispersion (PMD) at high dita rate. Fatunately, the coherent technology that pemits the
compensation of CD and PMD in tle eledronic domain and the use of multi-level

moduktion has enabled high dita-rae transmission. Tody the 100 Gbpscoherent dual

polarizaion quedrature phase shit keying (DP-QPSK) is sendardized as the industia

solutionfor long-haul WDM transmission.

Another atemative format to DP-QPSK that pemits also toread a data rate of 100 Gbps
and beyond (400 Gbps & 1Tbpsis the coherent arthogora frequency division multipkexing

(Co-OFDM) format. This last ore is intrinsicaly robustagainst CDand PMD and pemits
high sgdral efficiency. However a doubtexists whether the OFDM can be as efficient as

QPSKfor long-haul WDM transmission da to its suppoad higher sensitivity to nonlirear
effeds.

In this thesis, we have investigated the potential of Co-DP-OFDM for 100 Gbps WDM
transpat. The digital signal processing agorithms are detailed and aso, tre different

experimental set-upsrequired to carty outand validate the 100 Gbpsransceaver areshown.
We aso pesent the transmissionresults obéined with sverd configurations. In ore of

these corfigurations, tle 100 Gbps C&P-OFDM channel is multiplexed with forty

100 Gbps DRQPSKchannels and all these channels aretransmitied over 1000 km &6 DCF

free G.652 fiber, while in another configuration, the Co-DP-OFDM and CoDP-QPSK
channels are combined with 78 NRZOOK channels and transmited ower 1000 km &

dispersion managed G.652fiber line.

We have demonstated that OFDM and QPSK lave nealty the same performance after a
transmission oer 1000 km & DCFfree fiber line, and also we have demonstated thet the
transmission b these two formats oer legacy fiber infrastructure (with the presence of the

10 Gbps NRZOOK channels) is possibé uncer the condition d decreaing the 10 Gbps
channel power with resped to the 100 Gbps C&P-OFDM and CoDP-QPSKchannels by 5
dB.

The results pesented in this thesis are very valuable when consicering the next generaion

of 400 Gbps ol Tbpsfor WDM sysems.

Keywords : 100 Gbps C&OP-OFDM, 100 Gbps CG®P-QPSK, WDM tansmission.
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Résumé delathese

La demande toujous plusforte pou des rvices aforte bande passante (TVHD, streaming
HD, peering, jeux en ligne, grid & cloud computing, ...) dans les réseaux d'accés pourrait
débouwcher sur une saturation des réseaux de transpat longue distance, quil est nécessaire
d'anticiper en augmentant toujous plus lefficadté spedrale des sysémes WDM. Avec la
croissance du débit transpaté par chagque longueur donde, saccoit également la sensibilité
du cana optique a l'interférace entre symboks, et plus mriculieranent a la dispersion
modale de polanisation (PMD) et a la dispersion chromatique (CD). Récanment, la
moduktion Pohirizaion-Multiplexing Quatemay Phese Shift Keying cohérente avec
multiplexage de polarisation (Co DRQPSK) est devenue un sandard pou la transmission
WDM longue distance a 100 Gbps. @ce a la détedion cohérente et a I'égalisation
éledronique implémentée au niveau du réceteur, cete technologe est robuse a 30 ps @
PMD et & 35000 ps/nm &l CD. Gependant, ure autre technologe, intrinséquement robuse
au CD et PMD, est fort utile quand les contraintes en termes defficadté spedrae et
dinterférance entre symboks sont impdantes: c'est I'OFDM (Orthogoral Fregquency
Division Multiplexing). Cette technologe semble étre une solution péférantielle pou la
transmission WDM longe distance pou des cebits au dela de 100 Gbps. Mis, des
interrogations subsignt quant a sa robusesse aux effets non liréares. L'objedif de cette
thése est e réponde a ces interrogations en mettant en ocauvre une comparaison
expérimentale des performances du format multi-bandes OFDM avec multiplexage de
polaiisation (DP-MB-OFDM) et DP-QPSKa 100 Gbps pauure transmission suure ligne
G.652 ¢k 1000 kmavecet sans gestion ce dispersion.

Evolution de la capacité dans les transmissions opiques

La demande croissante pou des ®rvices a forte bande a nécessie la mise en place de
nouweles tedinologes et |“utilisation des formats de modulation adéquats pemmettant
["augmentation de la capacité dans les réseaux métro et coaur. La technologe la plus
importante dans [“histoire des télécommunications optiques était [“invention des
amplificaeurs a fibre dopée Erbium « EDFA ». les EDFAspermettent d*amplifier le signal
de facon touk optique en évitant la conversion optiqe-dedrique-optique. En plus ils ont un
gain d‘amplification qui s‘éale sur une bande passante de 40 THz (bande C) e méme su
80 THz (bandes Cet L) pemettant d“amplifier plusieurs canaux simulnément et donrant
ainsi raissance a ure nouvelle technologie appelée multiplexage en longueur d‘onde
« WDM ». Cette demiére consise a coupler dans ure méme fibre un gand nomlie de
canaux modulés, chacun sur une longueur d*onde différente, ce qui permet d‘augmenter la
cgpadté totale des sysémes. Les sysémes WDM ontété déployés dans kb moitié des années
quatre-vingt-dix. Chaque longueur d*onde portait un débit de 2.5 Gbps et une totalité de 40
canaux modués en NRZ-OOK ontété transmis su 600 km @ fibre SSMF. Augnenter plus
la longueur de transmission touen augmentant le débit n“est alors plus possil@ a cause de
I"impact de la dispersion chromatique.

De nouwles tedniques ont permis d‘augmenter la cgpadté des sysémes ce transmission
WDM de 2.5 Gbpsa 10 Gbps. Nous pouvomter la gestion ce la dispersion chromatique et
les codes correcteur d*erreurs FEC permettant d*augmenter de fagon significative la marge
tolérable de dégradation des sigraux.

Améliorer encore la capacité des canaux OOK n“était plus possible; la dispersion modie de
polarisation (PMD) constitte une contrainte forte a la monte en débit dans les
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infrastructures e fibre aduelles. Heureusement, la tecdnologe cohérente, introduite par
Nortel en 2008, qui pmet la compensation de CD et de PMD dans ke domaine éledronique
et aussi lutilisation des moduétions multiniveaux a pemis de rédiser des ransmissions
detrés hauts cebits.

Aujourd'hui, le format DP-QPSKcohérent opérant a 100 Gbpsest devenu un séndard pou
latransmissionWDM longue distance

OFDM

Afin de pouvor réponde a une demande toujous plus gande de cgpadté dans ke futur, et
en raison ck la disponibilitt du rmetérid nécessaire pour la mise en place d‘un émetteur /
récegpteur OFDM cgpable de traiter des sigraux éedriques aux oébits tres éleves, la
tednique OFDM afait |'objet d'un cettain nombre de travaux de recherche dans le donmeine
de communcation optigle. Le premier travall expérmental consisant a transnettre un
signrd OFDM cohérent a un cbit de 8 Gbps su1000 km @ fibre SSMFa été sigrelé par
Shieh et a. [Shi07], rapidement suivie dune autre expérnence de transmissiond‘OFDM
cohérent a 20 Gbps su4160 km @& SSMFrédisé par Jansen et a. [Jan07]. En 2009, ua
transmissiona 100 Gbps su1000 km & SSMF a été déciite [Jan09. Actuellement,
I"OFDM est consicerécomme un concurrent au format DP-QPSK pou les hauts debits.

Principedel’OFDM

Le principe de I"OFDM consiste a répattir I“information a transmettre sur un grand nombre
de parteuses en pardlée, individuellement moduées a bas dbit. Les spdres ce toutes les
sousporteuses résultant d‘un filtrage de mise en forme rectangulaire, sont des sinus
cadinaux qui ® remuwent mutellement. On obtent ainsi ure excdlente efficadté
spedrale. Et vu que le signd OFDM vérifie la condition cruciale d‘orthogonalité,
I“information patée par chaque sousporteuse peut étre extraite sans pétir d'interférences
dles a la poteuse voisine. L“orthogonaité entre les sous-porteuses réecessie que
|“espacement entre deux sous-spoeuses adjacentes soitéga a l“inverse du temps symbole
OFDM.

Laduéedun symboé OFDM est genérdement beaucoup plus longa que la duréeduretard
induit par uncanal, limitant ainsi l'impad de I“interférence entre symbole (ISl) su ure petite
partie de chaque symbok OFDM. Pou éviter completement I'ISI, un inerval e de garde est
inséréentre les symboés OFDM sucessis. S duréeest choisie pou étre plus longe que
le retard maximal induit par le canal de transmissionet il est formé par une extension
cycliqgue du symboé OFDM, d*ou |“appellation préfixe cyclique. Le préfixe cyclique pemmet
aussi & maintenir I'orthogordité entre les sousporteuses et ainsi d*éviter les interférances
entre sousporteuse (ICI). En optiqe, le préfixe cyclique donre une robusesse faceaux CD
et PMD, et sa duréeest choisie pou étre plus gande gque la duréemaximale de la CD et du
PMD.

Structure du tr ansmetteur et récepteur OFDM

L “architecture du transmetteur OFDM est représentéedans ka Figure 1. Les donrées biraires
sont modutes avec une moduktion M-QAM, convetties en pardléle et apres transmises
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vers ure IFFT (Inverse Fast Fouier Trandorm). L*IFFT permet de conwettir le sigrel
OFDM du dorsine fréquentiel au dorreine temparel. A la sortie de I'IFFT, on obtént des
symboks OFDM complexes ; on gpare les parties rédle (I) et imaginaire (Q) et on les
transiet en pardlele vers deux convertisseurs analogiques nuneriques (DAC). Apres, les
signaux | et Q analogiques sonffiltrés par desfiltres passe-bas afin de suppimer les adiasing
généres par les DACs. Fimlement, I(t) et Q(t) sont moduds par [TT1ITI0L[1) et
OO0, (M respedivement et sontcombings ensemble. Le sigral généréest paté par une
fréquence intermédiaire’};.

G .

Binary_ . _ .| FL @ X(t)
data Mappin 11 Fl '
P c_\gc—l
—sin(EE.fIFf)
cos(27. IFI)
()| LeF

O[] [ o
I

— sin(Z:r.f]Fz)
Figure 1: Emetteur et récepteur OFDM

Le récegoteur OFDM consise a envoyer le sigrall OFDM requ su deux branches pardl éles ;
une branche est multipliée par [TT11100 1 et "autre par LTI 1) Derriére deux
filtres pase-bas sont misen placepou suppimer les fréquences élevées. Les deux sigraux
filtrés sont tansmis \ers des convertisseurs analogiques nuneriques (ADC). Les deux
sigraux a la satie des convertisseurs sontcombinés pou former des symboés OFDM
complexes. A ce niveau, ure FFT (Fast Fouier Transform) est appliquée & ces symbogs.
Les donrées sont don converties du donaine temparel au dorraine fréquentiel, permettant a
ce niveau l'implémentation des algorithmes e traitement du sig@l nécessires pou
retrouver les donrées émises.

Emetteur del’OFDM optique

L'architecture de I'émetteur présenté ci-dessus done un aperqu générd sur la générdion
d'un sigrd OFDM pou toutes sates dapplicaions. En optige, la conversion du sigal
éledrique en un sigmal optique peut étre rédisée de deux maniéres différentes: soiten
utilisant un simpé modubteur Mach-Zehnder (MZM), ou un MZMcomplexe (CMZM).
L“émetteur se basant sur un MZM est représenté sur la Figure 2.a. Le sigrl OFDM parté
su ure fréquence RF inermédiaire est converti en un sigral optique gracea un MZM. La
conversion gnéreune bande latérde non souhitée qui est finalement éliminée par unfiltre
passe-bande optique (OBPH.

Le deuxieme émetteur, représenté su la Figue 2.b, a éé essentiellement motive par la
disponibilitt commerdale du CMZM [Fuj07]. Dans cedte approche, la conwersion est
rédisée en combinant optiquement les sigraux | et Q par un CMZM. Ainsi, e CMZM
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élimine le besoin de |“étape de passage su ure fréquence intermédiaire éledrique ainsi que
le besoin d‘'un OBPF (aucune image latérale n“est généréeici). Pou toutes ces raisons, &
CMZM estaduellement utilisé par la plupart avecla détedion cohérente.

cos(Efr.fIFrj
=6
= CcP
QAM & A e ——
FIN o T -- I VA
T o m . m
3 Qazn . . 3 S
d. - ECL 0 ffF Filtered out fopl
sm(Z;T‘fIsz by an OBPF
Before MZM After MZM
| Y
QAM E C&P —.—y‘.‘ f-
pls 0 opt
b T Before CMZM After CMZM

Figure 2: Schémas expérimentaux des émetteurs OFDM optiques: I’émetteur a. utilise un simple
modulateur Mach-Zehnder (MZM ), alorsquel’émetteur b. utilise un MZM complexe (CMZM ).

Détectaur cohérent

La détedion cohérente est la techniqgue de détedion la plus appropriee pou les
transmissions longes distnces, gacea sa meill eure sensibilité et a sa grande efficadté
spedrale (par rappat a la détedion direde). La biréfringence des fibres engendre une
fluctuation de la polaiisation du sigal requ. Un récepteur cohérent a diversité de
polarisation pemet de déteder le sigral sur la base de 2 pohrisations athogorales

Le détedeur cohérent a diversité de polarisation est constitlé de deux hylrides 90°(un pou
la polarisation X et un pou la polarisation Y), qui pemmettent de séparerla compognte en
phase (I) de lacomposnte en quedrature (Q) dans ke sigrel OFDM. Les saties des hylrides
90° sont envoyees su les entrées e quaire photaécepteurs équilibrés, eux-mémes
conredés aux quetre convertisseurs analogiques nungériques (ADC).

ECL Hybrid
90°

Hybrid
90°

Balanced
Photodiode

PBS

Figure 3: Détecteur cohérent a diversité de polarisation.

Dimensionnement

En raison & la performance limitée des convertisseurs nungériques-analogiques (DAC)
embargqués dans kes ggnéraeurs ce sigraux arbitraires (AWG), il estaujourd’hui trés difficile
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de faire tenir 100 Gbps dans ure seule sousbande OFDM. Comne par aill eurs la résolution
verticde des DAC (~ 5.5 bitseffedifs), le bruit de phase des lasers et sutout le bruit de
phase nonlinédre généré par la propagation su fibre interdisent dutiliser des moduétions
de type QAM (Quatemary Amplitude Modulation) avec un nombe élevé déats dans a
cons#llation, nousavons choisi e partager le débit nomirel de 100 Gbpsentre quetre
sousbandes OFDM indgpendantes multiplexées en polrisation.

Afin d'étre competible avec un espacement entre canaux de 50 GHz, chague sousbande a
une largeur de 8 GHz dans ke domeine optigwe, tandis gue l'espacement entre les
soushandes est ce 10 GHz.

Le débit nomirel a adreser lorsque I'on consicere 100 GbEtlemet de charge utile (payload)
avec 4% d"overheal dedié aux protocoles et 7 % pour le codage de canal assa@ié (FEC) est
de 111 Gbps. Mis un sig@l OFDM nécessie un cettan nombe doverheals
suppkmentaires, liés a I'gout du péfixe cyclique, des fquences dapprentissage et des
sousporteuses pilotes. Le préfixe cycligue procure a I'OFDM s robusesse face a
I'interférence entre symboks (PMD et CD), et a é&é dimensionré ici pour ure ligne de
1000 km e fibre G.652 sns compensation périodique de la CD (ce qui correspond a
~ 17000 ps/nm & CD cumulée) Les symboés dapprentissage et les sousporteuses pilotes
sont B pou pemettre la syrchronisation, l'estimation de canal, et la compensation du buit
de phase des lasers. Le débit effedif a transmettre est alors e ~ 128 Ghps. An de ne pas
étre trop ensible a I'acamulation du bruit de phase nontlinédre au cours ce la propagation
et du bruit de phase des lasers, nousavonschoisi ¢k faire porter a chague sousporteuse une
moduktion QPSK. le débit effedif parté par chaque sousbande su une polarisation est
dornc de ~ 16 Ghpsll estcontenu dans~ 8 GHz de bande passante dans ke domaine optique.
Le préfixe cyclique, quant a lui, va occuper un slot empael de 1.5 nsau début e chaque
symbok OFDM. Pami les 256 poteuses, 85 sougporteuses sont miss a zém (su les bads
du spedre) afin dinduire un su-échantillonnage, pemettant de séparer le sigrdl OFDM
utile de l'aliasing ¢gnéré par les DACs. Claaune des quetre sousbandes OFDM compie
alors 170 sougporteuses. A noer que la sousporteuse centrale est mie azém. La duréedes
symboks OFDMest de 22.75 ns. kfréguence d'édchantillonnage des DACsa été fixéea son
maximum ce 12 GSy/s.

Les valeurs résultant du dimrensionrement sont pésentées dans le tableau ci-dessous :
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Débit nominal 100 Gbps
Nombre de sousbandes 4 sousbandes
Débit en comptant les overheals induits prle FEC (7%) et le protocole (4%) | 111.28 Gbps
Débit effedtif 128 Gbps
Débit parté par chaque sousbande multiplexéeen pohrisation 32 Gbps
Modulation utilisée 4-QAM
Bande passnte 8 GHz

Bande de base 4 GHz
Fréguence d"échantillonnage fs 12 GS's

Dispersionchromatique cumulée

17000 ps/nm

Taill e du préfixe cyclique

18 édhantillons

TalledelaFFT

256

Sousporteuses utilisées

170 sougporteuses

Sousporteuses mies azemn

85 sousporteuses

Fréquences Piloes ([1;)

5 sousporteuses

Duréedu symbat OFDM sans péfixe cyclique ts 21.33 ns
Nombre de symbol es d“apprentissage formant une séquence d"“apprentissage 5 symboés
Nomlre de symboks OFDMentre | es séquences d“apprentissage 100 symbats
Duréedu symboé OFDM avec prefixe cyclique Ts 22.83 ns
Espacement entre sousporteuses Af 46.9 MHz
Bande de garde entre deux bandes OFDM 2 GHz
Espacament entre canaux 50 GHz

Tableau 1: Principaux parametres du syséme OFDM propos.

Génération d'une sousbande OFDM multiplexée en

polarisation

La généraion dusigral MB-OFDM patant un @bit de 100 Gbps écessie en premier lieu
la génération d“une bande OFDM multiplexéeen polarisation et ayant un cbit de 25 Gbps.

RF Driver
LPF

p DAC MZM
ECL

Training
symbol
insertion

Binary
data

Symbol
mapping

pilot tone
insertion

Cyclic

b
prefiy || Clipping ’; %

e

MZM )5

DAC LPF D j

Coupler

(&= hybrid ADC
Ecr 20 ADC 5 .
T Synchronization Lo / Remove channel phase noise
hybrid anc jo [ compensation | | cp estimation compensation
’

Balanced

Photodiode

Coherent phase/polarization diversity
coherent receiver

PBS

1 Symbol
delay

Polarizer

Figure 4 : Schéma expérimental de |'émetteur / récepteur OFDM mis en ceuvre pour générer une sous

bande OFDM.
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La Figure 4 monte le schéma expérimental de |“émetteur et récepteur OFDM implémenté
afin de généreret déteder une sousbhande OFDM. La mise en cauvre expé&imentale de ce
syseme était faite en pluskeurs étapes siwccessives qui sont iéntifiées par des couleurs
différentes su cete figure et qui ont été menées successivement afin dévaluer et valider
I'émetteur et le récepteur.

Dans la suite, nousalons ddvelopper les différentes expériences expérimental es.

Back-to-back éectrique

La premiere expérience consise a valider en deux étapes le syseme en badk-to-badk
éledrique. Tout d*abord, les saties filtrées e I'AWG ont été conredées aux ADCs
incorporés a l'intérieur de I'oscilloscope (DPO). Les blacs e cette étape sontrepérés par la
couleur orange su la Figure 4.

Le spedre dedrique du sigra I(t) a la satie du DAC est illustré su la Figue 5. Ure
différence dintensitt de l'ordre de 8 dB est ob®wvée entre la premiére et la demiére
sousporteuse du sigral OFDM. Cette atténuation est inaccetable et nécessie une
corredion de la répon® fréquentielle non idkde des DACs. Plusturs edniques existent
pou faire cette corredion. Ici, nousavons choisi ce profiter de la fonction d“égalisation
fournies par I"AWG et qui permet dégaliser la puisance des différentes sousporteuses
OFDM. Aprés égadlisation, le spedre est unforme et il estreprésenté a droite de la Figure 5.

L
L

Intensity
Intensity

Bandwidth > Bandwidth’

Figure 5: Spectredel’OFDM en bande de base observé sur un analyseur de spectre électrique a la
satiefiltrée d’un des DACs (a gawche) sanset (a droite) avecégalisation du spectre.

Dans la deuxiéme étape de vaidation du systme en badk-to-badk éledrique, nousavons
inséréles divers ceriiéreles filtres ducoté transnetteur. A ce niveau, ure optimisation des
valeurs datténuation au niveau des entrées es divers RF a été nécessaire pou que ces
dispositfs fonctionnent dans leur régime linédre.

Afin d*évaluer les performances du systeme en back-to-badk éedrique, nousavons tacé
dans la Figure 6 les courbes dutaux d“erreur binaire (BER) en fonction durappart sigrel a
bruit (SNR) pou un canal AWGN. Le bruit a été gouté au sigrdl OFDM avant de le
transnettre aux ADCs. Les courbes sont ole#nues dans ke cas ou ks saties filtrées des
DACs sontconredées aux ADCs et dans ke cas ou k driver est également ingré Ces
courbes ont é&é comparées avec la courbe théorique. Les trois courbes sont supmpostes
indiquant qu“aucun des composants éectriques n“induit de pénalité.
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Figure 6 : BER en fonction du SNR dusignal OFDM électrique.

Back-to-back optique

Nous dlons déciire dans cette sedion les étapes rédisées siccessivement pou générerun
sigral OFDM optique multiplexé en polrisation et portant un debit de 25 Gbps.

Génération d’'une bande OFDM a 12.5G

Le passage au donaine optique a nécessie I“insertion d*un modulateur CMZM derriére les
drivers et la mise en placedu d&tedeur cohérent. Ce demier est connedé aux convertisseurs
anaogiques nungériques (ADC) fonctionnant a une vitesse d“écdhantillonnage de 50 G/'s.
Un laser a cavité exteme (ECL), ayant ure largeur de raie de ~100 kHz est conredé au
modubteur CMZM et au récepteur cohérent. Le laser génére un kruit de phese, et par
congquent induit ure erreur de phase commure affedant tous €s sousporteuses dans
chague symbok OFDM. Pou compenser le bruit de phase du laser, nousavons impémenté
I*algorithme du CPE (common phase error) [Pet07].

L“é&ape la plus cruciale dans cete partie était le réglage du transnetteur OFDM et
spédalement le CMZM.

Réglage du CMZM

A la satie des convertisseurs, les deux compoants| et Q du sigal OFDM empruntent deux
trgets différents. Clague trgjet est constitié d*un filtre passe-bas (LPF), un atténuateur, un
driver, et un céble RF. Ensui¢, les deux sigraux | et Q sont optigament combinés par un
CMZM. Par congquent, pluseurs composnts pésents dans [émetteur peuvent étre la
souce dun déséquilibre 1Q. Un déséquilibre 1Q est dha une différence de gain entre les
bras| et Q,a ure déviation de la phase de 90° entre les deux voies, oua unretard temparel
entre les deux composnts du sigal OFDM.
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Figure 7 : Spectresdel’OFDM observés sur un analyseur de spectre optique. a) représente le spectre
lorsque la composarte continue est suppriméedu signal.Les autres spectres représentent la bande
supérieure du signal OFDM. On identifie dans B un réglage parf ait du transmetteur, dansc) un
déséquilib re de phase ou de gain, dans d un retard temporel entre | et Q, et danse) la présencede la
composarte continue dans k signal.

Une différence de gain entre les voies | et Q peut étre présente a cause d‘une différence
légere entre les valeurs ks atténuateurs mises en placedans la chaine RF su chaaune des
deux voies | et Q, oud‘une difféerence des gains des divers RF.En plus, un gtit écat entre
lalongueur des composnts éedriques  traduira par un emps e retard entre les sigraux |
et Q. Erfin, un réglage inexad de tension & déphasage du GMZM peut provoquer une
déviation de 90°.

Le réglage du transmetteur OFDM peut se faire d*une fagcon expérimentale. On envoie sur
un analyseur de spedre optigue les fréquences positives (ou jusement négative) du sigral
OFDM. La présence d*un déséquilibre 1Q se manifeste par la présence des fréquences
négatives qui sont uaimage des fréquences positives par rappat ala porteuse optiqLe.

Pou suppimer le déséquilibre IQ dGa ure différence de gain entre les voies| et Q, onrégle
les tensions du dver de sate a maximiser la différence de puissnce entre la bande des
fréquences positiwes et négatives. Corcemant le retard temparel induit entre les deux voies,
on ingere des lignes ¢k retard su les deux voies touten les gjustant pou minimiser la
puissance de la bande image. Finalement, pou régler un dgphasage de 90°, ongjuste dans ke
méme principe latension & la phase du CMZM.

Dans |"étape du réglage de transmetteur, il reste a suppimer la composnte continue
présente dans ke spedre du sigral. Cette étape est mie en place par un réglage fin de la
tension s deux MZMs (qui constittent le CMZM). Une fois que les ensions @
polarisation des deux MZMs sont bén réglés au niveau du point émission nule, la
porteuse optique est dliminéeet on obtent le spedre monté dans la Figue 7 (aou b.

Le taux derraur binaire (BER) a été mesuré en fonction durappat sigral a bruit optique
(OSNR dans ure larmgeur de bande de référece égale a 0.1 nm. la sensibilité en
badk-to-badk mesurée est comparéea la mesue de badck-to-badk obtenue dans [JanMOg].
Dans cete référance, les auteurs ont gnéré deux sousbandes OFDM, chaaune portant un
débit de donrées lrutes ce 10 Gbps. [@s algorithmes ce traitement de sigraux numériques
trés simikires ontété mis en ceuvre, exception faite pour la compensation de bruit de phase.
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Dans la référance [Jan09], les auteurs ont mis en cauvre la méthode du pilote RF. Les deux
courbes e performance sont pésentées dans b Figure 8. Nousavons nesuré un BER =10°
pou ure valeur dOSNR @& 6,5 dB, dors ge dans la référence considérée, I"OSNR est
supglieure a 8,7 dB. @nérdement, aux petits OSNRs, not syséme a de meill eures
performances qle le syseme de référence, et des performances simikires sont obdnues a
des OSNRélevées, \didant ainsi notre syseme.

0
A Single-polarization OFDM-QPSK 15.9 Gbps
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Figure 8: BER en fonction de 'OSNR (mesuré dans 0.1 nnm en configuration simple polarisation. La
courbe de la référence[Jan08 est aussitr acée ainsi que la limite théorique pour un signal QPSK pat ant
15.9 Gbps.

Implémentation en back-to-back optique de I'"OFDM en multiplexage de
polarisation :

La troisiéme expérience présentée en bleu dans k Figure 4, a pemis la généraion dun
sigral OFDM multiplexé en polarisation.

Cette étape a nécessité |“insertion du module de multiplexage de polarisation, a la sortie du
CMZM, qui est basé su la mise en cauvre d'un retard temporel d'un temps symbole
(correspondint a ~ 22.75 n¥ su l'un ds lras du multipexeur. Du coté sdtware
|“algorithme d'égalisation de canal a é&té implémenté afin de Séparerles deux composntes en
polarisation du sigml OFDM. Pou cefaire, cing symboés congautifs, dont @ux symboés
portent des donmes et trois symbods sont vids, sont assaiés dans lk séquence
d'apprentissage de la maniere présentéedans b Figure 9. Aprés multiplexage de polarisation
et trandert dénergie entre les deux polrisations, ks symboés vides e la séquence
d'apprentissage contiennent de I'énergie. En comparant les symboés requs et le symbok
d'apprentissage émis contenant de l'information, onestime le canadl, et |"égdisation est faite
aveclatednique du « Zero Facing » (ZF).

Deux méthodes ont éé combinées pour améliorer “estimation du canad. La premiere
connte sous &€ nom ¢ «Intra-Symbol Fequency Averaging » (ISFA) [Liu08] consise a
améliorer |"estimation du canal en moyennant la réponse du canal obtenue su les sous
porteuses voisires. La répons du canal obtenue par la méthode ISFA su chaque symbok
est ensuie moyennée su  deux symboles dapprentissage constituant la séquence
d“apprentissage (méthode de moyennage tempael des symboles d“apprentissage). Pou plus
de détails, voir le chapitre 3.
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Figure 9: Structure des fquences d’ appr entissage.

La courbe de sensbilité a été tracéeet comparéea la courbe en simpk polanisation. E@ant
donré que su toute la gamme dOSNR mesués lécat entre les deux configurations
fluctuent entre 2.7 dBet 3.5 dB,aors la pénalité induite par le processus @ Separaion de
polarisation et I'égalisation ZF est regligeable.
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Figure 10: BER en fonction de 'OSNR (mesuré dans 0.1 nm en configur ation simple et double
polarisation.

Détecion hétérodyne

Jusqua présent, la détedion mise en placeétait une détedion homodye. Dans cette demiere
étape, ure déetedion hétérodyne est établie en utilisant deux lasers différents pou le CMZM

et le récepteur cohérent. Les blacs suppémentaires récessaires pou cete expérience sont
représentés en nor dans b Figure 4. Le passage de la détedion homodye a la détedion
hétérodyre induit un dfset de fréquence (CFO). La compensation de |“offset de fréquence
est ure étape esentielle & implémenter derriére la syrchronisation du sigal OFDM. Une
erreur sur |“estimation du CFO peut se traduire par des interférences inter-porteuses ou ben
par une dégradation compléete de la performance du syséme.

L offset de fréquence se décompo® en ure partie fractionnaire égale a ure fraction de
|“espacement entre deux sous-porteuses [.[f ([<1) et en ure partie entieren.f (n estentier
positif ou regatif), qui peut étre au dela de 1 GHz. La partie fractionnaire du CFO(C.Lf
avec [ <1) est estimée par la méthode déciite par [LiY06]. L"estimation de la partie entiere
du CFOconsise a comparerle spedre émis et requ. Nous pésentons @ns b Figue 11 e
spectre du signal OFDM a I"émission et a la réceotion. Nousremarguons ge la demiere
fréquence du spgedre est repéréesu une autre frequence. Ce décdage est dia ure rotation
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du spedre de labande OFDM acause duCFO. Apés corredion de la partie fractionnaire, et
apres la FFT ce décdage est estimé. La méthode d“estimation et de compensation est bien
détaill éedans le chapitre 3.
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Figure 11: Superposition des spectresdu signal OFDM al’émission et alaréception. Ony visualise la
partieentiere de |’ offset de fréguence corre spondart a 21Af

La Figure 12 monte les courbes du BERen fonction d‘OSNR obénues avec une détedion
homodyre et une détedion hétérodyre. Pou la détection homodyne, I*estimation de CFO
n'est pes necessaire et la courbe de sensibilité corresponant (carrérose su la Figure 12) est
utilisée comme référence Nous revons s ob®rvé de différences signficaives entre les
deux courbes ce performance Ced valide I'efficadgté de notre méthode de compensation du
CFO.
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Figure 12: BER en fonction de 'OSNR (mesuré dans 0.1 nm en configuration double polarisation
mesuré avec détecions homodyre et hétérodyne.

Transmetteur OFDM a 100 Gbps

La Figure 14 monte le montge expérimental de |"émetteur pemmettant de genérerle sigral
MB-OFDM avec multiplexage de polarisation opérant a 100 Gbps. Un @gne de porteuses

22



optiques espacés ce 10 GHz (Figure 13) est ggnéré gracea un modudteur Mad-Zehnder
(MZM) dimenté par ure fréquence RF a 10 GHz ayant ure grande amplitude, selon les
recmmmandations & la référence [Sak07]. Cependant, 'aplatissement spedral est établi en
réglant finement la tension c polarisation du MZM.

OSA resolution: 20MHz

Figure 13: Peigne de sousporteuses espacées de 10 GHz obtenu a la satie du M ZM.

Une combiraison ces lignes a retard interférométrique et a maintien de polarisation de
20 GHz et 40 GHz (PM-DLI) pemet de diviser le peigne initial de sousporteuses espaces
de 10 GHz en quetre peignes ce sousporteuses espacés e 40 GHz. Chague peigne est
moduk individuellement par un CMZM, et les quetre sigraux optiqles obenusa la satie
des CMZMs sontcombinés ensemble par l'utilisation dun coupleur a maintien de
polarisation 04:01.

En ce qui conceme la généraion des sigraux OFDM en bande de base, nous pofitons du
fait que les AWGs pruvent fournir a la fois un sigal | / Q complexe et soncomplément.
Ainsi, globdlement, deux AWGs, AWGlet AWG2, (au lieu de 4) sont stfisants pou
générerles 4 sigmux complexes corresponant aux quetre sousbandes. Afin dassuer que
les donmes ranspatées par les sousbandes voisires sont @éorrélées, AWGL gnere des
donrées pou les premiéreet troisieme soushandes et AWG2 ¢gnéreles dones pou les
deuxieme et quatrieme sousbandes. Un amplificaeur EDFA a maintien de polarisation
(PM-EDFA) compense les pertes intoduites par le MZM, les DL, les CMZMs et le
coupleur et alimente le moduk de multiplexage de polarisation. A la satie de ce moduk, un
filtre passe-bande optique (BPF de bande passante de ~ 40 GHz est utilise pou séledionner
les quetre sousbandes OFDM. Le spedre de notre sigrel 100 Gbps DRMB-OFDM a la
satie de I'émetteur estaffiché dans fencart de la Figure 14.
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Figure 14: Schéma expérimental de I'émetteur OFDM mis en cauvre pour générer quatre sousbandes
OFDM multiplexées en polarisation et port ant un débit total de 100 Ghps.

| mpact des effets linéaires su le signal OFDM

Dans cdte sedion, nousétudions limpad de la PMD du premier et du £oond adre su la
performance du syséme cohérent 100 Gbps PMVB-OFDM avec détedion homodye. La
polaiisation du sigrml est krouillée par un krouilleur de polarisation (PS pemnettant de
varier|“état de polarisation a ure vitesse de 70 ° / ms. le PSest placéavant I'émulateur de la

PMD.
Dans ka deuxiéme partie de cete sedion, nousévauons, dans le cadre d*une détedion

hétérodynre, la performance du syséme en présence de laPMD du pemier et second adre et

aussi celaCD.
Une soushande OFDM a 25 Gbpschoisie au milieu du multipex MB-OFDM, a sewvi pour

étudier ["impact des effets linéaires sur notre systéme.

| mpact dela PMD

s Coupler
RF Driver 1 Symbol i _ T hybrid [ 12{aDC
delay Polarizer ; 90°
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PBC 1° & 2° order PMD PBS Balanced
Ps Generator Photodiode
Transmitter Receiver

Figure 15: Montage expérimental. La trace del’ éat de polarisation sur la sphérede Poincaréa la satie
du brouilleur de polarisation (PS) est aussi donrée
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Afin de streser le sigral avec la PMD tout en s mettant dans les conditionsrédistes du
terrain, un brouilleur de polarisation suivi d*un émulateur de PMD ont été insérés en amont
du récepteur cohérent. Le brouilleur permet de modifier la vitesse de variation de |"état de
polarisation. 1l est capable d*atteindre une vitesse de 70°/ms qui est la plus grande valeur
mesuéesu le terrain, et ["émulateur de PMD est capable d*émuler une valeur de PMD de
premier ordre (FOPMD) égale a 180 pset de PMD du ®ond adre (SOPMD égde a
8220 ps2.

L“impact de la PMD su une bande OFDM multiplexées en pohrisation a éé évaué. La
Figure 16 nous mome les courbes ce sensibilités mesuées avec quetre différentes
configurations ce PMD du pemier et second adre: 0 ps /0 ps?, 180 ps/ 0 ps?, 112.6 ps /
6052 ps2et 128.4 ps / 8220.6 ps2.

Les courbes e sensibilité ont monté qu‘aucune combinaison de PMD du pemier ordre
aveclaPMD du £mondordre n‘aun impad su le sigrdl OFDM.

0 = FOPMD = 0 ps / SOPMD = 0 ps?
4 FOPMD = 180 ps / SOPMD = 0 ps?

17 AFOPMD = 112.6 ps / SOPMD = 6052 ps?
- © FOPMD = 128.4 ps / SOPMD = 8220.6 ps?
@x -2 zo
m ao
- nt®
237 ?ooa
- | = D%

4 - m
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5 6 7 8 9 10 11 12 13 14
OSNR ¢.1 nm (dB)

Figure 16: BER en fonction deI’OSNR (mesuré dans 0.1nm) mesur é avec différentes configurationsde
PMD du premier et second ordre et avec une vitess de brouillage de polarisation de 70°/ms.

| mpact de la CD et de la PMD

Dans cedte demiére expérience de caradérisation du systme en badk-to-bad, nousavons
inséréen plus du bouilleur de polaiisation (P et de |"émulateur de PMD, unémulateur de
la dispersion chromatique a base de fibres de Bragg (Teraxion CleaiSpedarumTM DCMEX)
émulant ure valeur fixe de CD de 10000 ps/nm. & but ici éait d'évauer I'impad de la CD
et de la PMD su le sigrdl OFDM en l'absence des effets nonlinédres. Le monige
expérmental corresponant est déciit dans ka Figure 17.
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Figure 17: Montage expérimental.

Le BER en fonction d"OSNR est évalué dans dfférentes configurations. Le syséme a été
stres€ par. 10000 ps / nma&CD uniguement, -10000 ps / nm&CD et 180 ps @ FORVD,

10000 ps / nm & CD, 128 ps d FOPMD et 8220 ps? d SOPMD. les résultats sont
présentés dans b Figure 18. Les courbes ce sensibilités obenues en badk-to-badk avec
détedions homodye et hétérodyre et sans ka présence des effets linéares sont tacées pou

fournir une référence

Aucune péndité d"OSNR n“a été obsrvée pou des BER a valeurs supgrieures & 10°. Par
contre pou des valeurs ce BER irférieurs, un pancher derreur appardt autou de 10,

montrant gque les valeurs éevées e CD et de PMD ont un impad su la performance du
syseme.

0 £ without CFO
< with CFO
-1 COwith CFO / CD = 10000 ps/nm
< with CFO / CD = 10000 ps/nm / FOPMD = 180 ps
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Figure 18: BER en fonction deI’OSNR (mesuré dans 0.1nm) mesur é avec différentes configurations de
PMD et de CD et avecune vitess de brouillage de polarisation de 70°/ms.

Transmission ogique

Dans cete sedion, nouscomparons ks performances des sigraux cohérents 100 Gbps
DP-MB-OFDM et 100 Gbps DFQPSKapres ure transmission d 10x100 km suunre fibre
G.652 ans inertion des modués ce compensation de la dispersion (DCM). Ce type de
configuration de la ligne est connu sousd nom ¢ transmission DCHree. Deux sysémes
différents sontainsi étudiés: le premier corresponda la configuration "Single-Channel" dans
lequel seulement deux canaux bien espacés patant chaaun un dabit de 100 Gbps sont
transmis(un patant le format DP-MB-OFDM et 'autre le format DP-QPSK), tandis qie les
autres longweurs donde ne transpatent pas e donrées, le seowmnd correspond a la
configuration "WDM", ou les deux canaux précalents sontcouplés avec des longueurs
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d'ondes espacés e 50 GHz et moduks avec 100 Gbps DRQPSK. Nous émontons qe le
100 Gbps DRMB-OFDM est aussi robuse que le 100 Gbps DFQPSK pou une
transmission d 1000 kmavec les configurations "Single-Channel”" et "WDM": ces résultats
appartent ure répong claire aux suppositions ggdisant que I"OFDM est plus ensible aux
effets nonlinédres dans kafibre.

Un deuxieme appart original de notre travail provient de la compardson ds performances

des ceux formats cohérents DRMB-OFDM et DP-QPSK pou ure transmissionavec un

débit de 100 Gbps suure ligne G.652 avec insertion des modués e gestion & la

dispersion (DM). Dans un pemier temps, uls les canaux a 100 Gbps, DAMB-OFDM et

DP-QPSK, ontté transmis su cette ligne. Cette configuration fournit une référence pou les

expériences qui ontété faites dans ure semnde étape. Ces expériences reproduient les

mémes configurations ce transmission sules infrastructures ce fibre existantes, qui sont
constitlees ke fibre G.652a gestion e dispersion et un syséme WDM avec des canaux

10 Gbps NR-OOK. Dans ce schéma, les canaux a 100 Gbps sont multipkés avec les 78
canaux a 10 Gbps. @tte configuration pemmet deffeduer une augmentation de débit des

syseémes WDM déployés a 10 Gbps d*une fagon dowce et progressive.

Nouscomparonsainsi les performances ce ces deux tedhniques de moduktion su ure fibre

G.652 a gestion & dispersion et de longweur 10x100 km. Nous mordns qe les deux

sigraux a 100 Gbps a sont @s en mesure dopérer sous ¢ seuil FEC néme en présence

d'une bande de garde entre les canaux a 10 Gbpset a 100 Gbps. €pendant, en réduisant la

puissance des canaux NRZ-OOK par rappat a cdle des sigraux a 100 Gbps, €

DP-MB-OFDM et DP-QPSK @gnent un peu de performance et peuvent étre consicerés

comme exempts derreurs (aprés FEQ. Pou cette configuration particuliére nous monbns
gue le 100 Gbpscohérent DP-MB-OFDM nlest pas désavantagé par rappat au 100 Gbps
cohérent DP-QPSK.

Transmission ce DP-OFDM et DP-QPSK su une ligne sans @stion
de la dispersion

Le sigral 100 Gbps DAVIB-OFDM déciit précaemment est paté par la longueur d*onde a
1552,93 nnet est introduit dans un multipéx de quarante longueurs donde espacés ce 50
GHz et moduEes en 100 Gbps DRQPSK(Figure 19). Un sul canal DP-QPSKa 100 Gbps
est modué parun ECLa 1548,11 nm,andis que les frente-neuf autres canaux sont moduds

par des laser diodes (LD). Les canaux 100 Gbps DRQPSK pirs et impairs sont multipéxés

separément, indépendamment modués, et combirés avec le 100 Gbps DRMB-OFDM via
un coupleur. La ligne de transmissionest constitiee de 10 s@ns & 100 km & G.652
separés par des amplificaeurs EDFA. Au mileu de la ligne est ingré un égalisateur de gain

afin d*aplatir la puissnce des canaux optiqes aprés ure transmission @ 1000 km.
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Figure 19: Montage expérimental des émetteurs de DP-M B-OFDM et DP-QPSK, de la ligne de
transmissionet du détecteur cohérent.

Les sgnaux DP-MB-OFDM et DP-QPSK sont éedés par un détedeur cohérent et le
traitement offline des sigraux estrédisé.
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Figure 20: Spectre des 41canaux patant chacun un débit de 100 Gbps ycompris les deux canaux
DP-MB-OFDM et DP-QPSK qui font I’ objet de toutes les mesures.

Résultats expérimentaux

Deux corfigurations ont été évaluées ; la premiere notte su la Figue 21 mr « Singe
Channel » correspond au cas ou juse les deux canaux 100 Gbps DAMB-OFDM et
100 Gbps DRQPSK sontransmisavec 39 canaux non moduds. La deuxieme configuration
notée par « WDM » correspondau cas ou tousds canaux sont modugs.

Afin de comparer la performance des sigraux DP-MB-OFDM et DP-QPSK dins ces deux
configurations, ks courbes de BER en fonction de la puisg@nce injedée par cana (PIN
SPAN) ont éé tracés. A noter qu‘un cana OFDM correspond & un multipex de 4
sousbandes OFDM.
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Figure 21: BER en fonction de la puissance d’ entrée par canal (P, span) du DP-QPSK (a gawche) et du
DP-MB-OFDM (a droite) apréstransmission su 1000 km cefibres G.652 sansegtion de dispersion
mesurés dans a@ux configurations différentes: “ Single-Channel” et “WDM” .

Les courbes morirent que la configuration « Singe Channel » a de meill eures performances
que « WDM » ; la différence d*une décale entre « Singe Channel » et « WDM » et la
différence de 1dB ce puissnce injedée montent que, dans ure transmission DCHreg la
configuration WDM est impadée par la modubtion de phase croisée (XPM) et son
corollaire lamoduktion de polaiisation croisée (XPolM).

Dans ke cadre de comparasonentre le 100 Gbps DRVIB-OFDM et 100 Gbps DFQPSK, on
trouve que moins d‘une demi-décale existe entre les deux courbes au point & puissance
optimum inpdée montrant ansi que les deux formats 100 Gbps DMB-OFDM et
100 Gbps DFRQPSK ont gasiment les mémes performances.

Transmission ce DP-OFDM et DP-QPSK su une ligne avec gestion
de la dispersion

Une autre configuration étudiéeici, note par "10G WDM" su la Figure 24, correspondau

cas ou ks canaux a 100 Gbps sonté@bloyés dans un sysme de transmission WDMavec
des canaux 10 Gbps NRZOOK. Deux canaux NRZ-OOK sontéteints et sontremplacé par

les deux canaux cohérentsa 100 Gbps.

Les sigraux DP-MB-OFDM et DP-QPSK tansmisrespedivement su les longleurs d*onde

1552,93 nmet 1548,11 nm sontombinés avec un multipex de 78 longweurs donde

espacés e 50 GHz et modukes a 10,7 Gbpsavec NRZ-OOK. Les canaux NRZOOK

sontalimentés par des laser diodes (LD) avec de longueurs donce alant de 1529,16 nnma
1560,61 nm. & 78canaux pairs et impairs sont thbord codés avecuncode RS(255, 239,

multiplexés sparément, inddpendamment moduks avec des fquences PRBS 2-1, puis
couplés avecles deux canaux a 100 Gbps.

Dans k ligne de transmission, és modués ce gestion ¢k la dispersion chromatique ont été

insérés aprés chague span et un modué de pré-compensation a été inseréen debut ce ligne

alors qu‘un module de post-compensation a été inséré a la fin de la ligne de transmission.
L“égalisateur de gain est placéau milieu de laligne.

Du coté récepteur, les sigraux a 100 Gbps sontétiedés par des détedeurs cohérents alors

gu‘un sigral a 10 Gbps sité tout grés d‘un cana a 100 Gbpsest détedé avec une détedion

direde.
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Figure 22: Montage expérimental des émetteurs de DP-MB-OFDM, DP-QPSK et NRZ-OOK, dela ligne
detransmission aecgestion de la dispersion et des détectaurs cohérent et direct.

L“alternance entre les fibres SSMF et DCM génere un profil de dispersion cumulée appelé
"carte de dispersion” du sysme comne indigué dans la Figure 23.
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Figure 23: Evolution de la dispersion chromatique a 1550 nm & long de la ligne.

Résultats expérimentaux

La Figure 24 ci-dessous montre bien qu“aucun des canaux a 100 Gbps ransmis,avec les
canaux a 10 Gbps, su1000 km @ fibre G.652 avec gestion & la dispersion re peut
fonctionner vu que les performances sont au-dessus @ la limite FEC. Les effets
nonlinédres &ls que le mélange a quatre ondes (FWM), XPM et XPolM induits far les
canaux 10 Gbps NRADOK dégradent consicerablement la qualité de transmission ds
signaux cohérentsa 100 Gbps.

Afin de limiter I'impad de FWM, XPM et soncorollaire, un pemier schéma a été testé, et

consise a insérerune bande de garde de 100 GH et 150 GH, correspondint & l“extinction
d‘un et de deux canaux a 10 Gbps d chaque coté des canaux a 100 Gbpgconfigurations
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«GB = 100 GH » et « GB = 150 GHb»). Le BER s Ry span €st fracé pou les deux
sysemes su laFigure 24.

Ce schéma améliore légérement le BER des canaux a 100 Gbps, ras pas sufisamment pou
étre en-dessous d la limite FEC. Noez également que I"élargissement de la bande de garde
de 100 GHz a 150 GHz n“améliore pas les performances de transmission.
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Figure 24 : BER en fonction de la puissance d’entr ée par canal du DP-QPSK (a gawche) et du
DP-MB-OFDM (& droite) apréstranamission su 1000 km cefibres G.652 aecgestion de dispersion
dans ure configuration “WDM” avecet sans ingrtion de bande de garde.
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Figure 25: BER en fonction d’OSNR mesuré en back-to-back avec 100 Gbps DPMB-OFDM, 100 Gbps
DP-QPSK et 10 Gbps NRZOOK.

Une autre possibilie pou réduire I'impad des effets nonlinédres entre les canaux 10 Gbps
NRZ-OOK et caux a 100 Gbpsest la réduction de la puissnce des canaux a 10 Gbps. Ain
de vérifier la faisabilité de cete deuxieme solution, nousavons tacédans ka Figue 25 le
BER en fonction de 'OSNR mesuréeen configuration badk-to-badk pou les trois différents
formats ce moduktion utilisés dans ke syseme WDM: 100 Gbps DAMB-OFDM, 100 Ghps
DP-QPSKet 10 Gbps NRZOOK.

Lesformats 100 Gbps DI)PSKet 100 Gbps DRMB-OFDM ont s mémes performances
en badk-to-badk. Parcontre, le sigrall NRZ-OOK a 10 Gbps pésente, pres ce lalimite FEC,
un avantage en OSNR @ 5 dB ar rappat aux sigraux 100 Gbps DRQPSKet 100 Gbps
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DP-MB-OFDM. Cet avantage en OSNR @ 5 dB peut étre utilisé pou réduire I'impad des
effets nonlinédres dans kafibre.

Afin d*améiorer les performances des systemes a 100 Gbps, uadifférence de puissance de
5 dB est mie en placeentre les canaux a 100 Gbpset 10 Gbpsa la transmission. @tte
configuration dite « No GB/P (100G-P (10G=5dB » représente une transmission ds
canaux de 10 Gbpsavec les canaux a 100 Gbps ans ure bande de garde entre les canaux
mais avec une différence de 5dB entre la puissnce injedée pou les canaux a 100 Gbpst
cdle pou 10 Gbps.
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Figure 26: BER en fonction de la puissance d’entrée par canal du DP-QPSK (a gawche) et du
DP-MB-OFDM (& droite) apréstransmission su 1000 km cefibres G.652 aecgestion de dispersion
obtenus awectoutes les configurations étudiées.

Cette solution améliore le BER des sigraux 100 Gbps DRQPSK et DP-MB-OFDM de
maniére signficaive: prées dune décale est gagnée par rappart a la configuration antérieure
ou ure bande de garde était introduite. En méme temps, h puisgnce dentrée optimale par
cana est renforcée par rappat a la configuration "No Garde-Band", de 3 dB pou
DP-QPSKet de 2 dB pou DP-MB-OFDM soulignant la réduction de I"impad des effets
nonlinéares causes par les interadions entre les canaux 10 Gbps NRZOK et ceux a
100 Gbps.

Notez quaucune erraur n'a été détedéepou les deux canaux a 10 Gbpsés plus poches des
canaux a 100 Gbps DRMB-OFDM et DP-QPSK(ala puissnce dentrée optimale par canal
su les courbes e la Figure 26). La Figure 26 monte également que dans les différentes
configurations éudiées le 100 Gbps DRQPSK a unre performance légérament suggrieure a
cdle du 100 Gbps D®B-OFDM.
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Conclusion

Nous avons pésenté la mise en cauvre dun émetteur / récepteur multi-bandes OFCM a
doubk polarisation (DP-MB-OFDM) fonctionnant a 100 Gbps pauune transmissiorlWDM
longue distance Le débit de 100 Gbpsgcontenu dans 50 GH de bande passante, est obenu
par multiplexage de quatre sousbandes OFDM indgpendantes patant chaaune un quart du
débit total.

Nous avons d&montré experimentalement que le format DP-MB-OFDM est ure solution
credible pou une transmission WDM DCHreea 100 Gbps.

Sur I"infrastructure de fibre actuelle, la transmission sul1000 km @ fibre G.652 as canaux
100 Gbps DRQPSK et DP-MB-OFDM est possil#, a condition ¢ diminuer la puissnce
des canaux 10 Gbps NRZDOK de 5 dB marrappat aux canaux cohérentsa 100 Gbps. Bns
cete configuration, les formats 100 Gbps DMB-OFDM et 100 Gbps DRQPSK ont ue
performance a peu prés ssmblable. Méme si la performance de I"OFDM est légerement plus
dégradée que cdle du 100 Gbps DI)PSK, ces résultats sont tes encourageants si lon
consicere la prochaine généraion de sysemes WDM visant les débits de 1Tbps ou 400
Gbpset baséesu latechnologe OFDM.
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Chapter 1
| ntroduction

Opticd fiber communcaion sysemsareplaying an impatant role in ou lives. We areable
to communcae amost inséntaneously kEetween any two points on ta globe. A few terabits
of information can be transmitied through ore thin opticd fiber. The network providing this
capability is based on optcd fibers criss-crossing tle eath: uncer the seas, ower land, and
across mourdins. Subnarine, the underseanetwork, allows interantinental conredion with
links reading disances d more than 2000 km (~6000 km for transatlantic cables and
~10000 kmfor transpadfic ones) and suppating high dita rates. Currently cartying a total
data rate of 96x10 Gbps, thunderseanetwork is expeded, however, to ke upgaded in the
future to 96x40 Gbps by usingeturn-to-zero quaetemary phase shift keying (RZ-QPSK)
moduktion in placeof the return-to-zem onoff keying (RZ-OOK) moduktion currently in
ue. Conwersaly, terrestria telecommuncaion networks are basicdly divided into three
major types: core, metro and access retworks. They differ in their geographicd coverage
range. The core networks cover typicd distances d up toa few hunded o kilometers and
are used for conreding cities a counties with data rate of ~1 Tbps(96x10 Gbps The
metro conreds the access and core networks and covers disences d severd tens d
kilometers. At the end d the global network is the access retwork which provides
conredivity to the users. However, the demand for mare broadband s1vices sich as TV on
demand, s@ia networks, retwork gaming, gid/cloud computing & steage, home working
... and other potential future services, isexpeded to gain further impartance and to putan
additional burden on tre transpat networks. It will force the access retwork to suppeot and
provide these services to the end ugers. Congquently, for mobile transmission, th fourth
generdion of mobile communcations (LTE) starts to ke deployed, while for the opticd
access retwork, fiberto-the-home (FTTH) technology kecomes mae and mae popukbr
(4000 rew custorrers ead week adopt FTTH by @ange). The fourth generaion of mobile
communcaion is expeded to povide 1 Gbps in downlinkapplicaions by using OFM
moduktion wherea FTTH iscgpable of delivering up to 2.5 Gbps to ¢huser, based on
nonreturn-to-zero NRZ modudtion and it isexpeded toread 10 Gbps in tcoming years.
The dramatic upgade in network capadty can only ke provided by tre introduction of
efficient transpat technologes into the existing longdistance transpat networks.

In the past, the explosive demand for network bandwidth has been provided using
wavelength-division multiplexing (WDM) tedhnologes, combined with erbium-doped fiber
amplifier (EDFA). EDFA hes a huge gain bandwidth and pemmits the amplification o a
multiplex of opticd signals having a wavelength in tre [1530 nm1565 nnj spedral region.
EDFAs have allowed transcontinental communcations, and, additionally multiplied the
cgpadty of asingk fiber.

Furthemore, duing recent decales, the quest for further cgpadty has required the
deployment of 10 Gbps NRZOOK channels operaing on a 50 GHz channdl grid and
transmitied ower typicd distances o 10062000 km oer the existing legacy fiber
infrastructure. The maximum cgpadty transpated by 10 Gbps WDM londpaul transmission
sysems in thke C-band (15301565 nmn) is ~1Tbps,corresponding taa spedral efficiency of
0.2 bit/s/H. Chromatic dispersion (CD) which sverdy impairs sysém performance (as it
induces intersymbol inerference (ISl)), can be overcome by the insertion o dispersion
compensation fiber (DCF) moduks. However, besides CD, NRZOOK transmission ogr
opticd fiber also sufers from pohrizaion mock dispersion (PMD) impairments, espedaly
in the context of high dia rate long-haul transmission. Coresjuently, upgading the
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10 Gbps WDM transmission sysins from 10 Gbps to 40 Gbps by simplycreaing tre
symbolrate of the OOK moduétion format is nota viable solution.

The technologrd bresthrough that allowed the increase of datarate up to 40and 100 Gbps
was therevival of coherent opticd detedion, made possibé by the advent o very-high-data-
rate digital circuits. Coherent detedion allows the use of any kind d high ader moduktion,
and further provides the oppatunity to doubé links cgpadty through tre use of polarizaion
division multiplexing. Within the coherent recaver, digital signal processingalgorithms are
used to compensate, in the eledricd domain, for transmission impirments swech as CD and
PMD.

Nowadays, the nedl for increasing the global cgpadty of WDM long-haul transmission bs
foundan answer in the implementation of coherent dwal-polanzaion quetemary phase shift
keying (CO DRQPSK) transponers which operae at 100 Gbps. Within ta ITU WDM
grid, cettain channels at 10 Gbpsare upgaded to 100 Gbps using ¢hCO DRQPSK
technique. The aim is to ranspat 100 Gbps WDMchannels on tke 50 GHz ITU grid,
enabling 2 bits/s/H spedra efficiency and the reath of a maximum cgpadty of ~10 Tbps
over long heul transmission sysins. Tre CO DRQPSK isa moduktion format resistnt to
transmission impirments sich as CDand PMD. Howvever, coherent dual-polarnzaion multi-
band OFDM (CO DRMB-OFDM) has also been suggsted in the past few yeas for
100 Gbps application, and remains currently a very interesting candidate for WDM
transmissiorat 400 Gbpsand 1 Tbps.

OFDM is intinsicdly resisiant to CDand PMD and involwes in particular a simple sigrel
equali zation technique to recver the transmitied data at the recaver side. OFDM also hes
other interesting advantages, dwe to its \ery well-defined nmarrow spedrum and to its
individually modulated subcariiers. In particular, opticd aggregation/disaggregation can be
redized at the subband level. Such a thin sgedrum ganularity alows the users to access
and manipulate very smdll portions d the transmited spgedrum. Maeover, OFDM
tedhnology is suible for dired and coherent detedion and thuscan be adapted to various
networks (access, netropolitan and core networks). Dired detedion benefits from a simpler
and chegoer recaver as it onlyrequires a single photodioa, but with lower sensitivity and
spedra efficiency. Colerent detedion, on the other hand, has a higher sensitivity and
spedral efficiency, but it comes with additional cost and complexity. Dired detedion is
generdly preferra for access applicaions, while coherent detedion is mae suitable for
core and metro long-haul transmissiorgpplications.

In the future, the demand for afurther increase of data traffic in opticd networks isexpeded

to be amplified. This pompts tle neal for the next generdion of opticd transmission,
enabling 400 GbE oup to 1 ThE prchannel. Multi cariier transmissionédniques arevery

likely to be used at swch data rate. Two candidates todhy appear to have found generd

approval: NyquistWDM (N-WDM) and MB-OFDM technologies. However, a debate exists
conceming the ability of OFDM to manage fiber nonlireaities in longhaul WDM

transmission, da to its suppoad higher sensitivity to nonlirear effeds. The target of this
thesis is toanswer this question by impeémenting an experimental performance comparison
of DP-MB-OFDM and DRQPSKat 100 Gbpsfor a transmission ogr 1000km DCFfree
and disgersion-managed G.652fiber line.
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Report structure
Thisreport is divided intofive chapters:

Chaper 2 gives a generd overview on the cgpadty evolution d opticd fiber transmissionlt
then discuses the main physcd impairments encounered by the sigral during the
propagation along the fiber. It finally introduces tre principles & OFDM, and the generaion
of high bitrate OFDM sigrals for long-haul opticd transmissions.

Chaper 3 first describes the design d the OFDM moduétion format consicered in this
work. The dimensioning pocess kals tofour polarzaion multiplexed OFDM subbands.
Ead subband cariies a date rate of 25 Gbps withiran 8 GHz bandwidth. The digital signal
processingarditedure of the digital transmiter andrecaver is also inroduced.

Chaper 4 describes the basic experimental steps that we have followed in arder to redize,
for the first time in France, a coherent DP-MB-OFDM sysem operding a 100 Gbps.n
particular, severd experiments have been cariied out tocharaderize either the eledricd or
opticd comporents and to \dlidate the corresponding digil signal processingalgorithms.
The impaa of CD and PMD on tle sysem performance has also been investigated.

Chaptr 5 addresses transmissionsexperiments ower DCFfree fiber line as well as
transmissions osr legacy transpat infrastructure, mixing G.652fiber and 10 GbpsWDM

sysems. Sverd performance comparisons & DP-MB-OFDM and DRQPSK at 100 Gbps
have been caried out. To tke best d our knowledge, it is the first time that sich

experimental performance comparisonsareredized.

Chaper 6 gives a generd conclusionabout the results d this wak, and also opens upa few
perspedives for further researd.
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Chapter 2
OFDM for optical communication systems

Orthogora Frequency Division Multiplexing (OFDM) has recaved consicerable attention
in the recent past as it provides a simplk and effedive mean for combating frequency
seledive fading channels [ScaD(]; thus it tas keen widely employed in nurerous digitl
standards for a broad range of applicaions sweh as digital audio/video broadcasting and
wirdine/wireless communcaion sysems. The resilience of OFDM to svere channe
conditions can be further enhanced by means d an adaptive bit loading algorithm. The
cariiers unaergoing stong sigral attenuation are disabled or carty low bit rate; conversely,
the bit rate is maximized ower the cariiers kenefiting from favorable transmissionconditions
[Yan0§. Bit loading has keen first ugd with siccess in digitl subriber loop (DSL).

Recently sone researcy wark has consicered OFDM as an attradive transmission
tedhnology to ircrease the data rate in fiber optics communcaion sysems. Although tle

opticd fiber channdl is notfrequency seledive, it is very dispersive due to the presence of

polarizaion mocke dispersion (PMD) and chromatic dispersion (CD). By inserting a cyclic

prefix at the beginning d ead transmitied block of data, the OFDM moduétion format can

be made naturally robustagainst channel dispersion. The cyclic prefix can be designed for

propagation across disénces as longas 2000 km oeven beyond, ower the instaled sandard

single mock fiber (SSMA transpat networks.

This chapter gives an owewiew of the opticd communcaion donmain and the OFDM
tedhnique. We begin the chapter by reviewing the evolution d opticd fiber transmission
cgpadty from 2.5 to 100 Gbps.ater on, we present the opticd fiber imparments that occur
in long-haul transmissionand degrade the sysem performance They can be divided into
two main caegories; the first caegory is knownas tte lineareffeds; anong whch we find
CD and PMD. The seoond caegory comprises the non lirear distations indwced by Kerr
effed, suwch as =lf-phase modubtion (SPM), cross plase modubktion (XPM), four-wave
mixing (FWM) and cross poanizaion moduétion (XPolM). In the last dion o this
chapter, OFDM for opticd long-haul high data rate transmission is escribed. We also
sumnarize the latest OFDM tansmissionrecords attained in either offline or red-time
OFDM experiments.

2.1 Capacity evolution of optical tr ansmission

The ever increaing cemand for information and communcation requires cgpadty evolution
from the metro and core networks. Duing the last decale, the quest for further cgpadty in
the wavelength division multipgxing (WDM) sysem has implied the deployment of
10 Gbps NorReturn-to-Zero On/Cif Keying (NRZ-OOK) channels operaing ona 50 GHz
channdl grid. The maximum cagpadty transpated by 10 Gbps WDM londpaul transmission
sysems is~1Tbps in tle C-band (15301565 nn) corresponding toa spedra efficiency of
0.2 bit/s/H. Increasing further the spedral efficiency can be dore either by kroadening the
amplifier gain bandwidth whtch is mwch lower than the total usable fiber bandwidth[Ess1(),
or by increasing tre data rate cariied by ead channel. The top d Figure 2-1 represents tre
cgpadty evolution d single channel as well as WDM sysems ower amost 2 acales
achieved in varous reoord researt experiments [Ess1(. Also shown in th bottom d this
figure is the spectral efficiency attained by such systems. Around the nineteen”s the data rate
cariied bya single channel was 10 Gbpslt was attained thanks to CDcompensation and the
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implementation of forward error corredion codes (FEC). Then the WDM tedhnology
developed in the mid-1990s las rapidly boosed the total cgpadty. Later, around 2008 tk

implementation of the coherent detedor has enabled a data rate of 100 Gbps ina single

channel. Coherent detedion is consiceral as a technologca breathrough that allows high

data-rae long-haul transmission. Thisetdhnology isalso expeded to pky a crucia role for

any technique consicered in the future in order to further raise cgpaaty. The bottom plot 6

Figure 2-1 shows tle evolution d the spedral efficiency, it attained 2 bits/s/Hi around 2000
and increased up to 10 bits/s/Ein 2010. This is ought by tle use of advanced moduétion

formats thet have quickly replaced the NRZ-OOK sysems in the long-haul transpat.
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Figure 2-1: Evolution of experimentally achieved single channel bit (green circles), and aggegate per-
fiber capacities (triangles) usingwavelength-division multiplexing (WDM) [Ess1qQ.

We review quickly in this sdion the evolution d opticd channel capadty from 2.5 to
100 Gbpsand open the prosped for datarate beyond 100 Gbps.

2.1.1 What has permitted the EDFA invention?

The first mgjor milestore in the evolution d opticd fiber transmission sysins wes the
invention d the etbium-doped fiber amplifiers (EDFA) at the end d the 80"s. It replaces the
expensive opticd-to-eledricd-to-opticd (OEO) regenerdors and it is able to amplify a
multiplex of optica signals having their wavelength inside the amplificator bandwidth. This
pemits the increse of the sysem cgpadty by aggregating <everd wavelengths
simultaneously without irtreasing the data rate cariied by a wavelength. Multiplexing data
over severd wavelengths iscdled WDM.

Currently EDFA is the most padicd way to amplify 50 GHz or 100 GH: opticd channels
within the ITU-T grid in the C-band. It is charaderized by its low pover consumptionand
its gain bandwidth lacaed in the [1530 nm1562 nnj spedral region (C-band) (Figure 2-2)
that lines up with tke low lossattenuation window d SSMF(minimal at 1550 nm) [Ram02.
However, a pe&k appeara around 1530 nm deito the high excitation levels. Thus @in
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flattening is required and it can be obtained through a filter desigred to have an inverse
profile of the gain spedrum.

EDFA can be also designed to have its gain bandwidth in the Long, o L-band, from
approximately 1570 nm to 1610 nm. Uslly, its gain is optimized in ore of these bands.
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Figure 2-2: Typical gain bandvidth of the EDFA located in the C band.

2.1.2 From 2.5to 10Gbps bagd on OOK for mat

WDM sysems were deployed in the mid nineties with a wavelength dita rate of 2.5 Gbps
and with a total of 40 channels per fiber for a transmission ogr 600 km & SSMF. This
cgpadty was mede possibé by the compensation of fiber loss tlanks to tle EDFA, and by
the negligible impaad of CD and PMD a swh a low data rate. However, as EDFA
amplificators were progressively added on fiber links, the transmission disince [} was
increaed up to tke point where acaumulated chromatic dispersion (L1} [ becane a
major impairment for increasing further the bit rate. The relation between the maximum

transmission éngth [}, -, before being affeded by chromatic dispersion and the data rate [,

in case of NRZ-OOK format, is cdculated by[Cha08]:

0
O
H oo U Epgr Eq. 21

where [lis the chromatic dispersion expressed in ps(nm.km) and ] is the wavelength at

1550 nm. De to thisequation, the theoreticd [} - attained by 10 Gbps NRZOK channel

over SSMF, laving a CD coefficient o 17 ps(nm.km), is around 61 km. Thisength is
divided by 16 wlen the channel cgpaaty is upgaded to 40 Gbps. Thus, CDets a limit on

the sysem cgpadty and must ke overcome to read sverd thousand kilometers at a bit rate

as highas 10 Gbps er channel.

Fortunately, new tedhniques have enabled the transition from 2.5 to 10 Gbps. Eh
deployment of the inline dispersion compensation fiber (DCF) and the implementation of

forward error corredion codes (FEC) have allowed the channel data rate to read 10 Gbps
[Ram02. The inline dispersion compensaion consists incompensating the chromatic

dispersion by ingrting a fiber that exhibits a dispersion d opposié sign withresped to the

arealy instlled fiber, while the FEC consists inadding additional redundant information to

the sigral in order to corred transmissiorerrors at the recaver. 10 Gbpsransponers were
equipped with (255,239 Reead-Solomon(RS) FEC codes which provide about 6 dB @in in

opticd to sigrel noise ratio (OSNR.
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Figure 2-3: WDM tr ansmission sysem [Falll].

In order to further increase the transmission disince, Enhanced-FEC (EFEQ with 8.5 dB
gan in OSNR lave replacal RScodes. On tke recaver side, EDC (Eledronic Dispersion
Compensation) was also implemented, either in the form of a linear equalizer or a more
complex MLSE (Maximum Likelihood squence estimator) [Pinl]. All these sysems
however still relied on the same modubtion format, NRZ-OOK, a form o intensity
modulktion coupled with dired detedion at the recever.

2.1.3 Toward 40 Gbpstechnologies

In this subsdion, we present the cgpaaty transitionfrom 10 to 40 Gbps. Ewupgading to
40 Gbps bsed on tle NRZ-OOK, which is the moduktion format already used for the
10 Gbps sysins, was not possild as we will seein the first part of this subedion. It was
the implementation of coherent opticd tedhnology that made possibé the jump to dita rate
of 40 Gbps. Th coherent 40 Gbps systn architedure is introduced in the secnd mart of
this subsdion.

2.1.3.1 10to 40Gbps bazd on OOK for mat

The rapid advances in optcd, eledronic, and optaledronic device technologes, pemitted
a this level to increae the capadty up to 40 GbpgWinzl12]. In particular, chromatic
dispersioncan be overcome by the insertion of inline DCF modué and as suich, dces not &t
a hard limit for increasing the date rate. On tke other hand, PMD, whch did notaffed
10 Gbps NRZOOK links is no longr negligible when raising to symbolrate to 40 Gbps.
Indeed, the maximum alowable PMD on tte link is given by[Ten0q:

u
000 0— :
- Eq. 22

where(}, is the bit period.

For polanzaion preserving fiber the PMD increases lineaty with the fiber length [1[Agr97);
however becaie of random coupling lketween the two modes, indwced by random
perturbations d birefringence, PMD is popationa to the squareroot d the fiber length [
and it is then given by[Ten0q.

where [ [ is the PMD coefficient which is sgdfied by the manufacturer for
commerdally avail able fibers.

Acocordingly, upgading OOK systms from 10 to 40 Gbps etreaes the maximum
cumulated PMD tokraed by 10 Gbps sysins bya factor of 4. The tolerance accepted by
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the NRZ-OOK WDM sysem is 10 psat 10 Gbps whi 2.5 ps is tk limit a 40 Gbps,
therdoy reducing the transmission éngth. Maeover, chromatic dispersion tokrance is
divided byafactor of 16 at 40 Gbps witlresped to 10 Gbpsand the required opticd signal-

to-noise ratio (OSNR) has to ke improved by 6 dBa 40 Gbps to m@ntan the same
performance with resped to 10 Gbps syein at fixed BER [Pin11Kam1(]. Besides, tre
coexistence between the 10 Gbpsand 40 Gbps NRZDOK channels into a same WDM

transmission systn leads to stong nonlirear distations. Futhemmore the 40 Gbps NRZ
OOK was notcompliant with the configurable opticd add dop multipexers (ROADM)

which are uswally desigred for sysems waking with 50 GH: channel spadng at 10 Gbps
[Pin1].

2.1.3.2 Thecoherent detecion revival

The technologcd bre&through that allowed the increasing d datarate was the introduction
of coherent optcd tedinology by Neotel in 2008 [Sun0§. Two things klped the
implementation of this tdinology [Kik08]. The first is the ability to deted the sigrdl
amplitude and plese, therdoy opening the way to the use of multilevel modulktion formats in
opticd communcdion sysems. By doing so, ancan achieve spedra efficiencies mwch
greder than intensity moduétion with dired detedion which is limited to ~1 bit/s/Hz (0.8
bit/s/Hz in pradice) Seoond, coherent detedion can be efficiently combined with digital
sigrdl processing (DSP algorithms able to fully compensate for CD and PMD dredly in
the eledricd domain, at baseband. Thuscoherent technology avoids tre need for inline
dispersion compensation fiber (DCF) in the transmission lie, which reduces in tun the
impad of nonlineaities and improves the recaved OSNR.It has keen shown in[Pin13 that
transmission oer DCFfreefiber line has a better resistance to nonlireareffeds.

Figure 2-4: 40 Gbps coherent DP-QPSK tr anscever card [Sun0§.

Vaious transmission édniques have been studed for 40 Gbps DWDM iansmission
sysems. Colerent dual-polarizaion quatemary phase shift keying (DP-QPSK), coherent
dual-polarizaion binary phase-shift keying (DP-BPSK), and two subcariiers, coherent dual-
polanzaion binary phase shift keying (201 DP-BPSK) have been suggsted by equipment
supplersfor 40 Gbps longhaul WDM transmissior Pink11]].
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In existing kegacy networks, optimezed for 10 Gbps NRZ-OOK transmission,chromatic
dispersion is compensated through tle insertion o the inline DCF modué after eath
amplifier, 40 Gbps ransponers stisfy the required conditions to cross reconfigurable
opticd add dop multipkexers (ROADM) and aso have the same read than classicd
10 Gbps NRZOOK transponers.

2.1.4 100Gbps coherent DP-QPSK sysems

40 Gbps sysmsarrived on the market in mid 2000 but deto the growing requirement for

additional cgpadty, an upgade to higher data rate was already in arder. This time cgpaaty

upgading did notfollow the traditional approadh which consists in dfining next generaion

sysems having four times the cgpadty of the previous generdion. Indeed Opticd Transpat

Network (OTN), the successa to SONET/SDH, dfined by the ITU-T, will be based upon
100 Gbps Etbmet, leading to thke standardization of 100 Gbps links instd of

160 Gbp#ax40 Gbpy [Gorl(]. As taffic growth today is largely dominated by IP chta
[Shi07, 100 Gbps Etbmet is consicered by many as the next-generdion transpat standard

for IP retworks [Bor07, Winz10Q]. In addition, 100 Gbpsetchnology iscosteffedive since it

pemits to reuse the arealy instlled equipments (Mux/Demux, ROADM, EDFA, DCF
moduks), contraiily to the 160 Gbpseadinology.

The coherent 100 Gbpsddinologyappearal in 2010.1t relies on tle DP-QPSK modudtion

format arealy in use for 40 Gbps WDM sysins. The convergence to 100 Gbps DR)PSK
was largely fadlit ated by the maturity reated by 40 Gbpsddinologyand by the bandwidth
compatibility of the eledric and optcd devices with the 100 Gbps da rate requirements.
100 Gbp<hannels arecompliant with 50 GH channel spadng and 50 GH-based ROADM

cascade. They operae on the 50 GHz ITU-T grid and arerobust to te PMD level toleraed

by existing 10 Gbps WDM sysins. However, based on the same FEC codes alrealy in use
in 40 Gbps 100 Gbps PIQPSKcannotread the 2000 km naximum transmission disince
achieved by 40 Gbps PMQPSK,and arelimited toabout 1200 km only. But with &hadvent
of sdt-dedsion FEC tlat will provide extra OSNR narmins to tle sysem, the maximum
read of 100 Gbps PMQPSK isexpeded to ke enhanced.

2.1.5 Beyond 100 Gbps

Nowadays the implementation of coherent DP-QPSK channels operaing a 100 Gbpsand
enabling 2 bit/s/H spedral efficiency has keen privil eged for long heul transmission. But in
pardl e, experimental studies d 100 Gbps OFDM wreswcesdully cariied out ina numter
of researdqy works [Jan09. The OFDM sigral spedrum is approximately redangular,
allowing the juxtaposition d severd OFDM bands without inérband interference This
spedra propetty is particularly attradive when consicering the use of suger-channels, which
consists in juxdposing in tke frequency domain a set of very compad bands. Thus OFDM
seans to e a convincing solutionfor high bitrate transmission byond 100 Gbp$400 Gbps
and 1 Tbp3. In order to assess the performance of OFDM in the context of high cita rate
date long haul transmission, & will experimentally focus on opitd OFDM in this tlesis.
Another competitor for opticd data transmission bByond 100 Gbps is # Nyquist
wavelength-division multiplexing (N-WDM) that consists ingpplying an eledricd or opticd
Nyquistfilter to the single cariier sigral in order to obin aredangular spedrum.
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However in order to pave the road to high dta rate long haul transmission, severd
tedhnologicd evolutions are still required. In particular, the speed of the eledricd devices
and the DSP pocessingrate must [ improved. RF divers, ransimpedance amplifiers, 1Q
moduktors, photerecevers and the digital to analog and analog to digil converters must
be made mare effedive. Also efficient algorithms to compensate for the nonlinear effed
must ke implemented.

2.2 Main physical impairments in longhaul optical fiber
transmission

Long-haul high-data-rae transmission oer opticd fiber sufers from sverd impairments.
Depending on tke transmission vavelength, fiber loss reduces the sigral launched power,
cdling for the perodic insertion of EDFA in the link. In tun, EDFA generaes amplified
sponaneous noie (ASE) that resembles white noie. Besides ASE, sverd other
propagation impairments exist. Clromatic dispersion (CD) and pohrizaion moce dispersion
(PMD) cause intersymbol inerference (1SI) and aretwo impatant limiting factors for long
haul high bit rate transmission systn. CD and PMD are classfied as linearimpairments.
But thereexistsalso nonlireardistations in optcd fiber, mostly indwed by the Kerr effed.
Among tre nonlinear effeds that deserve attention, Sif phase moduktion (SPM), Cross
phase moduktion (XPM), Crosspolanzaion moduktion (XPolM) and Fou-wave mixing
(FWM) usually arethe most pevaent.

In this ®dion, we briefly review the physcd causes as well as the impad of linearand
nonlineareffeds on tle transmitied opticd sigral.

2.2.1 Attenuation

Attenuation refers to tre loss d opticd power observed duing light propagation aong the
fiber. The attenuation is given by:

[h
U U — U — 2
0o 0 0075 Eq. 24

when consickring an input pover [, injeded intoafiber of length Jand deteded at the fiber
end withareceved poweri.

The attenuation in optcd fiber is caused by sverd fadors sich as Rayleigh scdtering,
absaption and bending loses [Agr97]. Fiber scatering is die to the interadion of light with
density fluctuations within a fiber. The related loss @creaes when the wavelength
increases, reducing the loss ¢ higher wavelength (Figure 2-5 reproduced from [Ess1().
Besides the Rayleigh scaterning loss, tle presence of impurities in the opticd fiber may
absab light. OH is the most impetant impuity that affeds fiber loss.lIt is responsibé for
the pe&ks ob&ved in 1380 nm, 1250 nrand 950 nm. Tody, G.652fibers do not lve an
OH- pe& at 1380 nm, whsh decreaes the level of losses from ~ 0.5 dB/km to~0.3 dB/km
[Falll] and allows thusa transmission in th entire region locaed between 1300 and
1700 nm.In thisregion, the fiber loss is éss tlan 0.35 dB/Km. Padicdly, the transmission
bandwidth is limited by the bandwidth d amplificaion.
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Another type of absarption contributing tofiber loss iscaused by the property of silica Pue
silica leads to two intinsic absaption regions whch are the ultraviolet and the infrared
above 2000 nnregions.

By acmountingfor the contribution d al the intrinsic losses, we can sefrom the Figure 2-5
that around 1550 nm thloss attains its minimum @ue of about ~0.2 dB/km in sdndard
G.652and G.655fibers; as a consequence the distance between two coneautive amplifiers
can be between 50 kmand 100 km é@pending on tle total transmissionéngth. Fa long-haul
terrestrial transmission sysin, the distances between EDFAs aretypicdly 80-100 kmfor a
total transmissionéngth ketween 1500and 3000 km.

The total loss must iclude the bending losss and the losses die to the conredion of two
fiber pieces.

O5 T T T T T T T

. O-band E-band | S-band C-band L-band U-band
0,45 N\ — R S I | TR P 1 IS | R ¢ A T S i
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OH ﬂhsﬁl‘ptf{)w
¥ 5 i

Fiber loss coefficient (dB/km)
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Figure 2-5: Attenuation in dB/km Vs wawelength in nm for atypical SSVF and a fiber without the water
absa ption peak [Ess10.

2.2.2 Chromatic Dispersion

Chromatic dispersion is tle phenomenon by whch different spedral comporents d a pulse
propagate along the fiber with different velocities. It induces pul® broadening and leals to
significant 1SI that degrades sysém performance

The effed of fiber dispersion is lest described by expanding the modepropagation consant
linto a Taylor series around tle center frequency 11 -

O O
000 0W0= 0 0,0 QJEH]DDUDD—DDHEH]DDHUJDD Eq. 25

Where
o7 O
h 0O EI—DD (0 O OO O Eq. 26
000g

The first dervative is the inverse of the group \elocity [T} [ éD and the seoond

denvative, T}, is responsibé for the pulse broadening and cdled group \elocity dispersion
(GVD) paraneter.
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1 is the result d the contribution d the materia dispersion and waveguide dispersion.
Materia dispersion acurs because the refradive index [LI]LIof silica the matenal used to
make opticd fiber, is frequency dependentl 111 [Agr97]. Sirce different spedral
comporents areassaiated with the opticd pulse, and sirce the light velocity is determined
by (TT11 1] the different spedral comporents d a pulse travel at different velocities. We
recdl that waveguide dispersion acurs when the speed of a wave in a waveguide (such as
an opticd fiber) depends on itdrequency for geometric ressons.

The wavelength corresponding to | [ [Jis [}, and cdled zero disgersion wavelength.
However, [ is the dispersion parameter in the units d psfkm.nm) that is commonly ugd to
indicate the amount d dispersion infiberrather than GVD. [ isrelated to [ by

00 0— :
DJEL Eq. 27

For wavelengths seh asti (] [}, [ ][] (or ][] [, the fiber is said to have norma
dispersion.In thiscase, the highest frequency (lowest wavelength) comporents d an opticd
pulse travel slower than the lower (higher) comporents. On tle contrary, for (1 [}, [ [1 [
(or L) the fiber is sid to have anomalous disgrsion and the high frequency
comporents ravel faster than the low frequency comporents[Agr89].

We should notte that the amount d CD, PMD as well as the attenuation at a spedfic
wavelength depends on tle fiber charaderistics. In Table 2-1 we report the value of the
linearproperties d severd well-known commeraally available fibers, ramely SSMF whth
is the major deployed fiber, large effedive areafiber (LEAF) (corning), terdight (Dracg,
truewave (OFS and the pure silica core fiber (PSCH (corning vascade Ex2000fiber). The
CD and attenuation values aregiven for the referance wavelength 1550 nm.

Fiber Type ITU standard CD @1550 Nm | PMD goeft (pS/km™?) a @1550 nm Effective area
(ps/nm/km) (dB/km) (um?)
SSMF G.652 +16/17 <0.08 0.19 80
LEAF G.655 4.2 <0.04 0.21 72
Terdight G.655 8 <0.04 0.21 62
Truewave G.655 6 <0.04 0.21 55
PCSF G.654 20 <0.04 0.16 -805

Table 2-1: Values d CD, PMD, attenuation and effective area for different fiber types.

2.2.3 Polarization mode dispersion

During last few years, PMD las been remgnized as the mgjor impairment factor limiting
high data rate transmission. Th origin is found firstly in the manufacturing process and
lastly in the deployment conditions; inan ided environment, the core fiber is an isotropic
maternal due to its perfed cylindricd geometry. Thus, wlen a pulse propagates across tle
fiber, its pohrzation in the x diredion would notcouple with the polarizaion in the y
diredion and both padrizaions would tavel at the same velocity.

However, in pradice the fiber is notas perfed as we desire, as a consequence of the
manufacturing process and resulting inan ellipticd core instead o circular core. Besides,
due to the fiber condition dgployment and the temperaure varation, the distations d the
core may be enhanced [Spa06]. The core asymnetry means thet the refradion index is not
the same in both poarnzdion sktes resulting ina slow and fast axis. Subsquently, the two
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pdarzaion modes ravel aong the fiber at different velocities. This property is referred as
modal birefringence

As shown in Figee 2-6, consicering a uniform birefringence along a shat fiber and for a
given stte of polarizaion (SOB denoted in the figure by x and vy, the x and y pohrizaion
travel through tle fiber at different velocities die to the difference in the refradive indices
Hand [ 1.

The birefringencein a shat fiber can be expressed as the difference between the propagation
constants d the slowand fast axis:

00 ED]DD%D; with (0101 01,0 [ Eq. 28

l[)( D

Transmitted pulse Received pulse

‘ ,

Fast and slow axes X

Opticalfiber

Figure 2-6: Effect of PM D in a shat fiber.

Birefringence induces a delay [} between the two modes referral to as differential group
delay (DGD) and kroadens the transmitied sigral which is the result d the two pohlrization
comporents (Figure 2-6). The DGD can be cdculated by[Agr97]:

0O 0
000 B— 0 —00 00y, 0 Oy MM Eq. 29
o U

The PMD is the average of the DGD and causes ISI.

For a long fiber, birefringence is no longr uniform, and the fiber can be modded as a
concaenation of birefringence segments whog birefringence axes change randomly. Fo
eah sgment, the birefringence and the orientation of the birefringence axis sty consant
but different from the other juxtaposed segments (Figure 2-7). When the pulse is launched in
asegment it is cecompo®d to the slow and fast axes d this ssgment. As the next segment is
charaderized by a different birefringence, the pulse crossing tle first sgment is again
decompogd to the slow and fast axes corresponding to tha next ssgment. Along the opticd
fiber, the randomaxes cause polarizaion moce couplingand meke PMD arandom \ariable.
The statisticd nature of PMD makes compensation very difficult in opticad domain.

Birefringence axes

\
C 6C C D
~ |

Fiber segments

Figure 2-7: Mod€ling a longfiber as aconcatenation of birefringent segments.

The first PMD ader is represented by [Fra98g]:
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MO0 e Eq. 210

[IT[lis the PMD vedor in the Stokes sm@ace []is the group delay difference between the
principle state of polarizaions PSP{DGD) given the magnitude of the vedor [Tand [Tis a
unit vedor that points in tke diredion o the slow ginciple axis of the PSPsln shat fiber,
the PSPs simplycorrespond to tk birefringence axes; it is defined swch that for a spedal
input SOP tlk output SOP is ingbendent o frequency to first ader. In stoles sface the
slow PSPaxis is cenoted by (1

For a given fixed input SOFor different frequencies, PMD will manifest as a change of the

output SOPZwith frequency acarding to tre relation [She04):

OO
0

0 0000 800 Eq. 211

[II[is the PMD vedor at frequency (1. As can be seen from equation 2-11, the PMD

describes how tle output(ichanges around tle PSPas the frequency varies, given the fixed
input SOR(seeFigure 2-8) [She04].

Figure 2-8: The variation of the SOP on an ac of circle onthe Poincaré sphere [She04)].

Then, the measure of the DGD [ lis the rate of rotation of the output SOParound tle PSP
and isexpressd as:

0 O O Eq. 212

] is the amount d rotation about tre PSP.If [H11lis aligned with 111 Cthen the output SOP
is frequency independent.

Sewnd-order PMD is described by tre frequency derivative of [Tand is given by[Spa06]:
(@ 0 00 000 O Eq. 213

The subgript [ indicaes differentiation with resped to [1. The firstcomporent is pardl el to

the vedor [1as the first PMD \edor, and causes a dependency of the DGD with the

frequency. It is knownas RCD (polanzation dependent chromatic dispersion) and it is
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viewed as the chromatic dispersion \aration dependent on the polanzaion. The ssoond
comporent describes the rotation of PSP withfrequency.

2.2.4 Optical amplification

As we have seen in subgdion 2.1.2, tle opticd amplifier was the first mgjor invention thet
allowed a significant increae in the maximum tansmission disince It avoids tre OEO
conversion and pemits the deployment of WDM sysem. Currently the EDFA is the most
used opticd amplifier for terrestrial transmission sysims. The principle of EDFA is lased
on exciting the Erbium ions to higkr energy levels. Two pumpsat 980 and 1480 nm will
excite ethium B** ions. Wten the numter of atoms in tte higher energy level is greaer than
the numler of atoms in tle lower energy sete, a phenomenon cdled popubtion inversion
results, whch is esentid for sigral amplificaion [Des9]]. As a result, the opticd signal
passing tmough tke amplifier causes the Er3+ ions toreturn to a lower energy level and to
emit a photon. Tle photon will indwce the emission & new photons. This mcess iscdled
stimulated emissionand generaes photons &ving the same energy, same wavelength, and
being in phese with ead other.

However the sigral will ad as a pumpand will excite the ions. After relaxation, photonsare
emitted in the wavelength kand 15201570 nm with a random plase. This is cdled
sponaneous emission. This pocess is acompanied by the genergion o amplified
sponaneous emission (ASE). Indeed, the photon witha random plase propagates with the
sigrd and in tun can be amplified by stimuéted emission. This noisis knownas ASE
noise and is cumulated by massing tmough ead amplifier. The ASE noi® reduces
transmission disince It is quantified by tre opticd signal to noisratio (OSNR.

L3

. Fast decay

RN
L2
Pump Pump Spontaneous emission
980 nm 1480 nm 1520-1570 nm Stimulated emission
— — \_ Signal 1550 nm

1550 nm | —
— D ——

L1

Figure 2-9: Principle of EDFA operation [htt07].
The OSNR is @fined as:

0o g R0 oo Eq. 214

HJLU DD]DL mN D]EJLLL

where [ is the reference opticd bandwidth. The factor [ is dwe to the random
distribution d the noise on the two pohrzations. [}, denotes the power spedra density o
ASE in ore polarization, and is given by
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where [ is the sponaneous emissionfactor, [1is Planck"s constant, [1is the frequency of
the light ([ 1is the photonenergy) and [ is the EDFA gain.

Generdly, an EDFA ischaraderized by its @in(l and noi® figure [J[]. The noise figure
pemits us to qantify the noise added to tre sigral after amplificaion; it is expressed by
[Ban0Q:

O g0
DDDEDEFD (] Eq. 2-16

Terrestrial long-haul opticd fiber transmission linksare uswlly made of severd spans
separaed byamplifiers. It is schematicdly represented in Figue 2-10.

- B © P . Pp O PO "
Pnoise C1 CN 1 PASE
G, G,

GN‘l

Figure 2-10: Example of atypical transmission line comprising sveral EDFA amplifiers.

The [Tt theend d the sysem (receaver side) is then expressed by [Fri03]

Chomm
DDDD DULL[L QDJD,D D Eq 2-17
- Choom
where
0
O oo O
Choom HHI My Eq. 218
o
0 0
Thoom b, U E 00 UpptH o My Eq. 219
000 _mo0o '

000 B Mg s M
M0

"His the loss intoduced duing the propagation along a span between two amplifiers;
is the power spedral density d the noise inserted in the firstamplifier.

As the sigrel passes through multipke spans and amplifiers, thereis an amplificaion of the
ASE powver; and [} is expresed as the ASE pover generaed and a amplified by eah
amplifier (first erm of EQ.219) and as the sum & the power noise injeded in the first
amplifier (seamnd £m o Eq. 219)

If the injeded power, at the output & the amplifier, in the span is the same, it means
OoCHO Dand the amplifiers have the same gain and nois figure, while the noise before
the firstamplifier is negleded the LICTIL IS then expressed by

]
[y I - Eq. 220
PR e = O (O “
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With 0 0 (1 and LI, O DO then,

MM O Gy, 0 Doy D 00 O 0000000 000 00 Eq. 221

2.2.5 Nonlinear effects in optical fiber

Modem opticd communcaion sysem are now using advanced modubtion format in
combiretion with coherent detedion. High sgdral efficiency can then be adchieved while
DSP is ued to owercome and even cancd the detrimental effea of PMD and CD. But CD
and PMD are not the only distations encounered in an opticd fiber. Ins@ntaneous
variations d sigral power within the channel may cause changes in tre refradive index,
which may leal in tun to a sigrel phase change. This effed is knownas SPM. Tle fiber
refradive index aso dgpends on te power varnations d the other co-propagating channels
inside the fiber. This iscdled XPM. Futhemore, the co-propagating channels can interad
to crede sigrels at new frequencies, resulting in FWM.In addition, tre SOP ¢ a transmitied
sigrdl is affeded by the SOP & the other co-propagating channels leading to XPolM.

SPM, XPM, XPolM and FWM are al speda instances d a mae generd physicd
phenomenon cdled the Kerr effed, which finds itsroots in tle dependence of the fiber
refradive index on the sigral power [Agr89]. The refradive index inside the fiber is
expressed by:

O
OO0 000 0400 000 o,

Eq. 222
[

where [1is the linearpart of the refradive index, [} is the nonlinearindex coefficient, [ is
the opticd power, [ 1 is the effedive core areaand | is the opticd intensity. The value of [
is approximately 1.5 wrerea [ is aroundII T -[1-T] . We can inducefrom the equation
abowe that either high optcd power and/a small [, increae the impad of Kerr effed.

The propagation of an opticd pulse within a single-mode fiber obeys the nonlinear
Schroédinger equation, which can be written as [Agr89]:

DDD DDDDD DDDDDDDDDE@D 223
— — — [ — E )_
To e EE P q

In the above equation, [ is the complex field envelope, [is the distance, and [ is the
nonlinearcoefficient that is expressed by:

OO,
DD[D[

HIN

0 Eq. 224

wherel(] is the effedive transmission digince, given by:

(0] DUUL
Uyp U -0 Eq. 225
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We nate above that [} takes intoacmunt tre fiber attenuation (.

We mention thet the influence of Kerr effed is the strongest in the first part of the fiber of
length [}, after the EDFA sirce that, after this ransmission éngth, the sigrel power is
reduced due to the presence of fiber attenuation.

Another generd class d nonlirear effeds is simubted inelastic scatering. The two
important effeds related to this class are Stimulated Brillouin Scatering (SBS and
Stimulated Raman cattering (SRS [Agr89] but these two effeds will not recave further
attention in tre present work.

In the following o this subsdion, we develop in mae details the phystcd origin as well as
theimpad of SAM, XPM, XPolM and FWM.

2.2.5.1 Sdf-phase modulation

Therefradive index is intensity dependent and leads toa nonlinearphase shift expressed by:
D000 O 00D Eq. 226

We note that the nonlinearphase depends on tle effedive transmission digince, and also on

the opticd power [I[1T1of the sigral, meaning thet the transmitied pulse modiies its own

phase. SPMcauses a phase change without changing the envelope of the pulse. It induces an
instantaneousfrequency deviation (frequency chirp) given by:

005 maEan
MOD0 0—= 0 00y B — Eq. 227

The chirp [T increaes in megnitude with the transmission disince Thus rew frequency
comporentsarecontinuously gneraed as the pulse propagates down tle fiber.

The SPM indwed chirp is independent of the sign d the dispersion. However the combined
effed of CD and SPM indges two diferent phenomena depending on tle sign d the
dispersion. In the normal dispersion regime, SPM enhances the effed of dispersion whth
results ina significant broadening d the spedral pulse [Agr89]. On tre contrary, in the
anomalous disgrsion regime, the effed of CD is reduced and the pulse is compressd.
When the effed of SPM lalances the effed of CD, the pulse shepe can be preserved duing
the propagation down tle fiber, leading to a particular form of sigral propagation cdled
Soliton. Howvever, in pradice, fiber attenuation reduces the sigrel power aong the fiber,
decresing in tun the effed of SPM. Conersely the CD value remains stble, thus
preventing ided Soliton propagation.

2.2.5.2 Crossphase modulation

Another consequent effed of the dependency of the fiber refradive index on tre time
varying sigral intensity is XPM. It ocaurs when two a more opticd signals cariied by
different wavelengths co-propagate inside the fiber. When the sigrels are overapped, the
combired intensity o all transmitied channels indwces a nonlinearphase shift given by:
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Thefirst em of the equation is the SAM, while the second &m denotes the contribution d
XPM. Thusa propagating opticd signal not only modiies its own plse, butalso the phase
of other neighbaing co-propagating sigrals. The factor 2 infront d the second £m implies
that XPM has two times mae impad than SPM on tle consicered sigral. XPM causes
spedral broadening, timing jitier and amplitude distation in time donain.

The presence of CD reduces the impad of XPM. Sigrels at different wavelengths tavel at
different velocities, limiting the interadion time between channels. If the channels are
separaed far apart from ead other, the XPM effeds are relatively wee becaise the two
sigrels walk off from ead other quickly. On the other hand, XPM isall the more significant
that the channel spadng is rarrow.

2.2.5.3 Crosspolarization modulation

Polarizaion division multipkxing is €en today as an attradive technique to increase
spedra efficiency by doubling tle data rate caried by a wavelength. The sigrd is
transmitied in both ethogonal SOP"s of each co-propagating wavelength channel. However,
the SOP ¢ a transmitied sigral can be affeded by tre SOP ¢ the other co-propagating
channels which evolve randomly throughout tle fiber due to PMD [Win10]. This effed,
knownas XPolM, keals toa sigral depolarnzation. The effed of XPolM is described by the
following equation:

BE
— 000 :
R [H O Oh Eq. 229

with
hoO Oh

O

"}, denotes the Stokes vedor of channel [ [}, comprises the sum d all Stokes vedor of al

wavelength channels in the WDM sysem and [}, is the stoke vedor of channel [, for which
we analyze the nonlinear polarizaion shit induced by the co-propagating channels. The
effed of XPolM takes the form of arotation of the state of polarizaion o channel 1 around
the instantaneous sum b the Stokes vedors d the co-propagating channels [}, This cross
polanzaion moduétion dramaticdly influences pohrzaion de-multiplexing at the recaver
and domirates ower the noma XPM penalty in multi-channel polarzaion division
multiplexing transmission.It induces crosstlk and can be modeled as an additive Gaussan

noise souce[Winl1qQ].

We should nag that when the sigrels are either in the collinear or orthogora polarization
states, the polarizaion of the sigrels is notaffeded.

2.2.5.4 Four wave mixing
In WDM sysem, the intensity dependence of the refradive index causes nonlirear phase

shift and in addition gives rise to sigrals at new frequencies. This &st pkenomenon is tle
FWM that leals to tander energy to another creded sigrdl.
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For the WDM sysem with cariier frequenciestl), [}, and [}, the FWM generaes rew sigrals
cariied by [}, that areexpressd by:

O O B0 0, Eq. 230
The numker of FWM generaed sigrals is given by:

0 0 00
0——— Eq. 2-31
|
with N being the numter of channels carrying data inside the WDM sysem.
If the generaed sigrels fall into other WDM channels, the sysem performance will be
seriously degraded due to the cross alk amongchannels.

FWM depends on tle channel spadng and fiber dispersion. Decreaing the channdl spadng
or decreaing tre fiber dispersion ircreaes thre FWM effed. Fa G.652 SSMF ware the
50-GHz channels are suficiently spacal apart from ead otter, the effed of FWM is
negligible. On tre other hand, ina G.655 LEAF wlereCD is low, tre effed of FWM can be
significant for a similar channel spadng.

SSMF is tody the mostcommonly aployed fiber. The insertion of inline DCF modués in
SSMFfiber link has made possibé high ransmission disince for the 10 Gbps NRZOOK
sigrel, which is intinsicdly robust to nonliear effeds. On tke other hand, in DCFfree
SSMFfiber link, CD reduces the impad of the nonlineareffeds as the sigrals walk off from
eadt other quickly, making the SSMFfiber a favorable medium for high bitrate (100 Gbps
and beyond) long-haul transmissionfor DP-QPSK o DP-OFDM sigral which are robust
against CDand PMD.

2.3 OFDM for optical trangmission

In respong to the demand for increasing dita rate across disprsive opticd transmission
sysems, and taking advantage of the avail ability of transmiter and recever equipment able

to processeledricd signals a very high citarate, OFDM tedhnigue has been the subgad of

a numkbker of researcr waks in the field of opticd communcaion sysems. The first

coherent opticd (CO) OFDM transmissionexpeliment was reported for 1000 km SSMF
transmissionat 8 Gbps by Steh et a. [Shi07, quickly followed by another CO-OFDM

transmissionexperiment over 4160 km & SSMF a 20 Gbpsredized by JBnsen et a.

[Jan07]. In 2009, 100 Gbps GOFDM transmission ogr 1000 km & SSMF was described

[Jan09. Curently, CO-OFDM is consicered as an attradive competitor to the DP-QPSK
single-carrer transmissionformat currently in use at 100 Gbpdor next generaion high bit
rate long-haul opticd transmission sysins.

In this ®dion we begin by presenting the generic principal of the OFDM technique, with an
emplhesis on tle orthogordity concept and the crucia role of the cyclic prefix. Then we
introduce the principles & CO-OFDM for long-haul opticd transmission. Sice hardware
constaints limit today the generdion of a single-band high bitrate OFDM sigral, we
discuss tke attradive concept of multi-band OFDM (MB-OFDM). We then review the
offline as well as red-time experimental records attained with the OFDM tedhnique. Finally,
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the last two subgdions povide a quick overview of two closely related concepts, ramely
all-opticd OFDM and no gard interval coherent opticd OFDM.

2.3.1 Generic principles d OFDM

The basic principle of OFDM is to splita highrate data stream into a numkber of lower rate

data steans thet are transmitied simuleneously ower a numter of sulrariers. Each

sulkcarieris individually modulated by using Qadrature Amplitude Modulation (QAM) or

Phese Shift Keying (PSK) and charaderized by a sinc spedrum allowing overapping in the

frequency domain. Then, acyclic prefix is added at the beginning d eacn OFDM symbol to
avoid ISl and to naintain the orthogorality among the sulrariers. When a suficiently high

numker of sulrariers is consicerad, the OFDM spgedrum hes approximately a redangular
shape which enables high spdral efficiency.

The OFDM principles, the transcever ardhitedure, the orthogorality concept and the role of

the cyclic prefix will be detailed hereater.

2.3.1.1 OFDM principles

Let [, denote the numkber of sulrariers, [}, the OFDM symbol duation, [1[11]the impulse
respong of the pulse shaping filter, and [}, be the complex information symbol tansmitied

on the subrarier [1in the OFDM symbol () The complex baseband OFDM sigml in the
eledricd domain is then expres=d by:

oo Upto

oo 0O poag DHJD]}ULL:U Eq. 2-32
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More explicitly, [} is caried by the frequency [}, related to the sulcarier, and the [
modukted sulrariers are added together. The resulting sigral is filtered by a redangular
timedimited filter (1L 11]in order to ob&in an OFDM symbol. Fothe sake of simplicity, and
since the OFDM sigral 1111 is constitued o the concatenation of all the OFDM symbols,
we will omit the time index [in the following and the transmitied sigrel will b e restrained to
the generaion of one OFDM symbol.In thiscase [ [1Ireduces to[LiY10]:

OO0

Do O oyodes
ood

Eq. 234

In order to stisfy the orthogordlity condition (discussed later) the sulxariers must le
spacal apart by a quantity inversely propationa value to the OFDM symbol duation. As
we shell see later, this condition pemits the separdion of the sulrariers without any
interference between them. The sulrarier frequencies are defined through tke following
relation:
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Here [J[is the useful OFDM symbol duation which dces not ircludes the duration o the
cyclic prefix (the cyclic prefix will be introduced later on in this sedion).

The block diagram of the OFDM moduétor is represented in Figue 2-11.
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Figure 2-11: The basic principle of the transmitter set-up [Nee0(].

When the numler of sulrariers is karge enough, tle OFDM sigral [ 11 lis approximately
band-limited to the frequency interval [T L[—Ef GEU[D] Then, acarding to the SrannonNyquist
sampling theorem, [l can be perfed;lyfrecrinsructed by the sequence of its samples
H O DD][—mDobiainedatthesampling rateu—g:
m
Oo0 o
L0 O GO o
oog

Eq. 2-36

Inspedion o equation 2-36 reveds that the time-domain samples [}, with [ (] (110 (10 [0 [
can be obtained by computing tke length-[J |, inverse Discrete Fourier Trandorm (IDFT) of
the frequency-domain modubted symbols(} for (101 [ till O [L In pradice [ is
uswally chosen as a power of 2 so tlat a compugtionaly -efficient Fast Fouier Transorm
(FFT) is usd in place of the IDFT. The continuoustime OFDM sigral [ [1is finaly
obtained by supplying tk sequence of time-domain samples toa digital to analog convertor
(DAC). By doing so w replacethe bank of analog moduétors in Figue 2-11 bya simplke
and efficient digital signal processing ogréion (IFFT) performed in dicreetime, followed
by a digital-to-analog sigral conversion.

The demoduktion process that consists in gtting badk the frequency-domain complex
information symbols’}, from the time-domain samples (], is performed in a very simplke and

od
similar manner by computing tte FFT o the discrete-time recaved sigral (1" 01 7.

2.3.1.2 Transmitter and recaver sructures
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The OFDM transmitter set-up is shown in Figte 2-12. The binary data are mapped onto M
QAM symbols, @rdlelized and then snt to the IFFT. After applying the IFFT to the
symbolsil};,, we obtain a complex OFDM symbol.We split it intored (I) and imaginary (Q)
comporents. The two comporents are then tranderred simuleneously to two digidl to
analog convertors (DACs). At the output d the DAC, we get an analog sigral mixed with an
diasing sigal. Subgquently, low pass filters (LPF) are usd to eliminate the aliasing
replices and isobte the sigral of interest. Firdlly, the I(t) and Qt) are modukted
respedively by [T land [T, [ land combined together. The generaed sigrel

is thuscariied by the intermediate frequency!(ll;,, which is herethe central frequency, and is
written as:

000 .
[ X
000 oot oo oo o Eq. 237
000
cos(Efr.fIFt)
T
i 3
B : t
®
—sin(Zﬂ'.fIFf)
cos(27. IF'!)
‘ LPF ADC g,
P
! /
H\‘l—c.\i—i S

O[]
i

- sin(zﬁ.fIF.!)
Figure 2-12 OFDM tranamitter and recever set-up.

The corresponding spdrum o [} [I1Jis represented in Figue 2-13.

Bd = OFDM Bandwidth

0 p 7B_d r Bd frequency
iF 2

Figure 2-13: OFDM spectrum.

The OFDM recaver, aso shown in Figre 2-12, redi zes the inverse sieps to dowrconvert
and cemodulktes the recaved sigral [1L[1) First, [IL[1]is split into two @rdlel ams through
the ue of 1:2 coupler. Ore am is multipled by (TT111},[Iand the second by
CCIC0, T Two low pess filters are used on the pardlel ams to remowve the high
frequencies. We obtain (L1111 TT1on ore arm and [ILITICICTT]on the second am, where
(I1Tis the impulse respong of the continuoustime baseband channel. These two sigrals
feed two analog to digitl convertors (ADCs), and then they arecombired together through
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a multiplexer (Figure 2-12). At this level an FFT is applied, yielding the discretetime
qguantities [}, where [, is the complex channel coefficient for the sulcarier [ An
equali zer (see Chapter 3) is applied in arder to retrieve the information symbol}, which is
finally demapped soas torewver the binary transmitied sequence

2.3.1.3 OFDM ort hogonality concept

Onre of the most impatant property of the OFDM sigrdl is the orthogordity between the
subcariiers. This athogordlity in the frequency-domain is achieved by imposing a
sulrarier spadng equal toll] [] é O é By doing so, it is possiblto demodukte eah
subrarier without any interferance from the other sulcariers [LiYO6]. The spedrum d an
OFDM sigrdl made of 4 sulzariers is shown in taright hand sice of Figure 2-14. We can
notice that ead sulzarier has a sinc spedrum. But mee impaortantly, at the maximum peek
vaue (center frequency) of ead sulzarier spedrum, al other sulcarier spedra are zen.
This explains the absence of intercarrer interferexce (ICl). In the time domain,
orthogordity between sulrariers transktes into an integer numter of cycles for eath
sulrarier within the symbol duation (left hand sice of the Figure 2-14).

Fraty 5 \II I 2 ¢ \ 2 g A
/- . I\ 'II '\ f' L \Illll I.. )Iflf \ |'. I" IIJ lIl

AN WA/ \XY SOOI LIS

M

Figure 2-14: Thetime domain (left fig.) and spectra (right fig.) of 4 sulzarr ierswithin an OFDM
symbol.

Unfortunately, the orthogorality property bre&ks down in tle presence of channel
dispersion. As ve shall see now, this poblem can be solved by adding a cyclic prefix to
eadt transmitied OFDM symbol.

2.3.1.4 Avoiding ISI: Cyclic prefix concept

The OFDM symbol duation is usaly much longer than the channel delay spread, which
limits the impaad of ISl to a smell part in eacr OFDM symbol. Tocompletely avoid the
effeds d 1SI, a guard interval nedals to e inserted between siwccessive OFDM symbolslts
duration, [}, is chosen to ke longer than the maximum delay spread of the channel. In arder
to maintain the orthogordity between sulzariers and thusavoiding ICI, the guard interval
between two OFDM symbols isormed by cyclic extension d the next OFDM symbol,and
is thuscdled cyclic prefix. By doing so, tk integer number of cycles within tre FFT time
window is peserved, and so is tke orthogordlity between sulzariers. In context of opticd
transmissions, thcyclic prefix offers robustressagainst CDand PMD povided [}, is chosen
to be bigger than the CD meximum duation [}, and the maximum DGD related to a
fiber, [} -, so that we must tave: [} 0 0F 0 O O e
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We illustrate below the impad of CD on tle OFDM signdl, first withoutadding a cyclic
prefix and sewmnd with the insertion of a cyclic prefix at the beginning d eacy OFDM
symbol.

In the first row on the left hand sice of Figure 2-15, we have plotted the time domain
representation of three different sulzariers within an OFDM symbol.The first sulzarier
has the lowest frequency while the last sulzarier has the highest frequency. On the right
hand sice, the three sulcariers are represented at the recaver after undergoing chromatic
dispersion. The CD indwes propagation of the sulrariers at different velocities. Therefore,
the first sulzarier is delayed with resped to the last ore by the time [}, ;. Con®quently,
the DFT window natches the duration o the first sulzarier while, due to the CD, the other
waveform sulzariers are not completely inside the DFT window; a smell part of the
neighbaing symbol vaveform falls inside the DFT window d the corresponding symbol.
Congquently interferaice between symbols ocurs and furthemmore, the orthogorality
condition that consists in lving a complete numtler of cycles insice the DFT window is
broken, lealing to inerference between sulzariers.

In the second part of Figure 2-15, we present the impad of CD on tle OFDM symbol in tle
presence of a cyclic prefix. The cyclic prefix is formed by cyclic extension d the OFDM
sulrarier waveforms within the guard interval, whose duration is choen geder than o
equd than the maximum delay [}, induced by CD. The drawing cleaty shows how th
cyclic prefix absabs the time-domain overlapping d neighbaing OFDM symbolscaused
by channel dispersion. As suh, an additional phase shift is indwed onead sukzarier. This
phase shift is dedt with throughchannel estimation.

Thanks to tle time-domain stucture cyclic prefix, the DFT window remains free of
intersymbol inerferece and a complete numler of cycles is peserved insice the DFT time
window, so tlat orthogordity is maintained in the frequency-domain, avoiding intercarrer
interferece during the demodulktion process.
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Figure 2-15: The left side of th|sf|gure representsthe subcarr iers d an OFDM symbol on the
transmitted side while theright side the subcarr iers is dfected by CD. The impact of CD on an OFDM
symbol inthe case where the cyclic prefix is not implemented is represented on thefirst row and when

the cyclic prefix is implemented, it is represented onthe second row.

2.3.2 OFDM for long haul coherent optical transmission

Having introduced the generic principles & OFDM, we now present in this gdion how the
OFDM concepts have been adapted to tre peaulianties o long-haul fiber optics
transmissions.In particular, we justify the choice of coherent detedion for long-haul
transmissionand also describe the two possibé transmitier ardhitedures thet can be used in
suwch cenarios.

2.3.2.1 Appropriate detecion technique for long-haul tr ansmission

Two different detedion tedniques can be used with OFDM modudtion. We briefly review
the two approaches.

In the first ednique, cdled dired detedion (DD), a photedetedor conwerts the opticd
sigrdl into the eledricd domain by prodwcing a current propartional to the square of the
recaved opticd field amplitudelll. The photaurrent isexpressed by

00 00 DDD Eq. 238
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wherel(]is the responsivity é the photedetedor.

This detedion tedhnique requires thet the transmitied OFDM signal satisfies two nmandatory
conditions toensue sigrel detedion without distation: firstly, the opticd carier must &
transmitied with the sigrel; and oondly, tte OFDM sigral spedrum must le separded
from the opticd cariier by a guard band equal to the sigral bandwidth [Low09, Fen09.
Because of this guard band, only talf of the required bandwidth isalocaed to tre sigrel;
consequently the spectral efficiency is not optimized. In addition, half the power is “wasted”
for the optica carier, which explains the worse sensitivity of DD-OFDM [higher bit-error
rate at a given OSNR with resped to the case wherethe cariier is not tansmitied [Jan17].
Yet dired detedion is well regarded when targeting low cost sysems, as required for
example in accessand/a metro applicaions.

In contrast, coherent detedion has higher complexity than dired detedion [Fen09, KamO0§g].
The phase diversity coherent recaver requires a locd oscill ator, an hykrid 90° as well as
balanced photedetedor in order to convert the sigrel into the eledrica domain. The sigrel
and LO are split into two f@hs. A plase difference of 90° isadded to ore LO path; then
eadt part of the sigral is combired with ore part of LO (Figure 2-16).

The photaurrents [} and [} obtained at the output d the two photedetedors constituting

one baanced photedetedor, and [} and [J[found at the output ¢ the other two phote
detedors d the other balanced photedetedor areexpressed by, respedively [KamO0§:

o U .
8ro100 Ml 0 = OIS O Wy 9 000 MO0, 0

(00 MhpO O =M O M, B0 WD (0
Thus tle sigrels at the output ¢ the balanced photedetedor aregiven by:
00 ZOD0 QD0 00 0 000, M5, 00 Eq. 2-40
00 00 00 00 0 00 LIS, 00 Eq. 241

and [] arethe in-phase and guedrature tributanes o the downconverted receved OFDM
sigrel and [} is therecaved sigral.

We note that the sigrel deteded by a phase diversity coherent recaver neals to ke preasely
aligned with the Eigen axis of the coherent recaver, as the sigral polarizaion evolves with
time. This condition is no longr needed with phese and pohrizaion diversity coherent
recaver. Suwch a recaver consists in gparding the two pohirizaion comporents d a
polarizaion multiplexed sigral as well as the in-phase and quedrature tributaries d a sigrdl,
similarly to the phase diversity coherent recever.
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Figure 2-16. Phase diversity coherent recever.

Coherent detedion cancds the unwanted mixing in tke sigral bandwidth (Eq. 240, 41 and
conzeves al the information on the complex amplitude of the transmitied opticd sigrel
after detedion. Also this @tedion type does notrequire sending tte opticd cariier with the
sigrel, nor the presence of a guard band between the useful sigral and the opticd cariier. So
CO-OFDM is mare spedrdly efficient than DD-OFDM and adhieves better sensitivity
[lower bit-error rate at a given OSNR. All these advantages explain why coherent detedion
is the preferrad choicefor high-cgpadty long-haul optica transmission sysins.

2.3.2.2 Typical OFDM trangamitters dructures

The transmiter architedure presented in the beginning d this ®dion gives a generd
overview of the generdion of an OFDM sigra for al kinds o applicdion. In pradice
however, up-conversion d the baseband eledricd signal into the opticd domain can be
caried out in two diferent ways: ether by usinga simpke Mad-Zehnder moduktor
(MZM), or a complex MZM (CMZM) made of two MZMs. Also, ore the discrete-time |
and Q tibutaries areconverted into analog sigrals via the DACs, sigral up-conversion can
be implemented through two diferent designs[Shi0§. This yields different possibé designs
for redizing a coherent opticd OFDM modukbtor, ead design having its posand cons.We
briefly review and comment on the two mostcommon OFDM tansmitier designs.

Thefirst ore is represented on Figue 2-17a. The | an Q sigrals areeledricdly mixed, and
the sigrdl is first caried by an intermediate RF frequency. Then a MZM is used to convert
the eledricd OFDM sigrdl at 11}, into the opticd domain. The up-conversion generdes an
undesired image sideband which isfinally removed byan opticd band pessfilter (OBPH.
The seond ransmiter, shown on Figre 2-17.b, was esentialy motived by the commeraal
avail ability of advanced CMZM [Fuj07]. In this approad, the up-conversion iscariied out
by opticdly combining tke | and Q sigrls througha CMZM. Thus tle CMZM €eiminates
the nedl for an intermediate eledricd stage as well as for the OBPF(no image sideband is
produced here) Far al thesereasons, this isurrently the preferral designfor mostcoherent
detedors.
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Figure 2-17: The basic tranamitter design architectures bagd onthe use of aMzZM (first row) and
CMZM (second row) andthe corre sponding OFDM spectra before and after optical up-conversion.

2.3.3 Multi-band optical OFDM approach

Long-haul transmission © high dbta rate is conditioned to the availability of high

performance anaog to digiel (ADC) and digia to analog (DAC) conwertors. The

generdion o ore singlke-band 40Gbps/100Gbps OMD requires ore pair of DAC with

consicerably high kandwidthsand sampling rates. Given the charaderistics & commeraally

avalable DAC and ADC, the generdion o high bit rate single-band OFDM sigml is

currently notfeasible. Conersely, the multi-band OFDM (MB-OFDM) approadch decreaes

consicerably the pressue put on tle bandwidth and sampling speed of DAC/ADC and is
more suitable for long-haul transmissiorepplicaions. The MB approach consists in splitting
the global data rate into severd OFDM subbands gnerded by sverd transmiters at

different wavelengths. Each OFDM subband hes then lower bandwidth and lower data rate.

Afteiwards, the subbandsarecombired together and ransmitied. At the recaver eat band

is deteded separaely; a filter with bandwidth slightly karger than the bandwidth d ead

band can be used to ®led the desired band. Figue 2-18 showsa particular instance of MB-

OFDM where the complete OFDM spedrum is diviced into N athogora bands. The
orthogordlity condition ketween subbands imples thet the guard band between two
adjacent OFDM subbands must b a multiple of sulcarier spadng (). This £heme
pemits the multiplexing and de-multiplexing of OFDM bands without inérband
interference and pemits ore to achieve high sgedral efficiency since the guard band can be
a zeo o very small. This concept is referral to as athogoral-band-multiplexed OFDM
(OBM-OFDM) [Shilq.

P TSRO Complete OFDM Spectrum ..................... »
Anti-alias filter 11 Anti-alias filter |
s T T T T T A —_——— = -
and 1 _i fs Band 2 Band 3 ‘ Band N-1 Y Band N

e A

Frequency

Figure 2-18 Concatenation of several orthogonal sub bandgShilQ.
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Different methods can be used to generde severd OFDM sub kands on distiot opticd
cariiers, and without recessarly enforcing the orthogordity constaint. Basicdly the
implementation technique requires a whole transmitier corresponding to th desired numler
of subbandsand relies on tle use of a comb gnerdor that produces the optica tones. The
tones are split tofeed an opticd modultor driving the two tributaries d the OFDM sigral
where the CMZM is used (Figure 2-19). A scheme pemitting the generaion of multiple
tones a diredly multiple OFDM bands onaredrculating frequency shifter loop cetailed in
[MaY10] deserves to ke highlighted here The generdion of multiple tones recessittes
having a continuous vave laser coupler, a CMZM tunable band pessfilter and amplifiers.
The dud ams d the CMZM are driven by the same RF tores except that they are phase
shifted by 90°. Tlen the first produced tore is shited with resped to the opticd wavelength
by a vaue equal to the RF frequency, while the seaond tore by twice the value of RF
frequency and soforth. The numter of tores iscontrolled by the bandwidth d the opticd
band pess filter in the loop. The existence of amplifiers insice the loop is required to
compensate for the losses. Also the delay of the redrculating loop can be adjusted to an
integer numbker of the OFDM symbol riods in ader to generae orthogoral bands
[MaY10] (right hand sice of Figure 2-19).
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Figure 2-19: Comb generator (left fig) and recirculating frequency shift loop (right fig).

The comb gnerdor is an attradive experimental solution that alleviates hardware
constaints while increaing tre total datarate.

2.3.4 Optical OFDM experiments:. state of the art

Opticd OFDM has gained subsantial interest because of its high sgdra efficiency and its
intrinsic robustress against CD and PMD. The OFDM performance technique and all the
developed algorithms have been evaluated in a number of researdqy warks with dfline
processingat the transmiter and at the recaver. But the fast progress in opttd OFDM also
has prompied red-time development. Experiments have been cariied out to \aidate the
developed technigques and agorithms withred-time transcavers.

Red-time OFDM consists in impgmenting the DSPat high sged usingfield programmable
gate arrays (FPGA) or applicaion spedfic integrated circuits (ASIC). The FPGA dfers
costeffediveness and flexibility for experimental work with resped to the ASIC. In any
case, the processing spad o the processa is muwch sndller than the ADC sampling speed;
thus @yload neels to ke de-multiplexed into multipe channels [Yan1Z. Opticd OFDM
experiment records with “offline” and “real-time” implementation are sumnarized in the
table below, which do notclaim to be fully comprehensive.

81



Transmssion d coherent dffline OFDM over standard singk moce fiber
Author (year) datarate | QAM | subbands | DP | Distance(km) | Amplificaion
(Gbps) order number scheme
Jansen (2008 20.2 4 2 No 4160 EDFA
[JanMO§]
Takahashi (2009 404 16 8 s 640 Raman/EDFA
[Tak09]
Takahashi (2009 448 32 8 ¥s 240 Rman/EDFA
[Tak09]
Ma (2009 1080 4 36 ¥s 600 EDFA
[MaY09]
Yang (201]) 1080 16 50 és 1040 EDFA
[Yan1]]
Qian (2012 101700 128 370x4 a5 165 Riman
[Qial2]
Red-time OFDM
Author (year) datarate | QAM | subbands | DP | FFT sie | Distance | Tx/Rx
(Gbpg order numker (km)
Yang (2009 54 4 15 No 128 0 Rx
[Yan09] (CO)
Benlachtar (2009 8.36 4 1 No 128 1600 Tx
[Ben09
Giddings(2010 11.25 64 1 No 32 25 Tx&R
[Gid10] (BD)
Schmorgrow 84.4 16 1 No 128 400 Tx
(2017 [Sch1]]
Inan (2011) 23.9 4 1 No 1024 0 Tx
[Inall]
Buchali (2009 109 4 9 No 256 400 Tx
[BucQ9]

Table 2-2: Optical OFDM experiment recordswith “offline’” and “real-time” implementation.

2.3.5 All-optical OFDM solution

The excdlent transmission prformance of opticd-OFDM is due in large part to the progress
of high-speal digital signal processing. Highspeed eedronic processing, however, has the
drawbadk of high power consumption, whth increases with the processing sped [Kanl1]].
In addition even if the processing spal is impoved, it will still be limited by the eledronic
DACs. Maeover the lineaity of E/O conversioncould also affed the quality of the OFDM
sigrdl [Hua09).

Thus, an attradive and atemative approac could ke to perform the sigral processingall-
opticdly, preferaly using f@assive devices. In particular, an al-opticd DFT, which is the
criticd operaion for channelizing arthogorally multiplexed sulzariers, can be implemented
by combining two optid passive devices: the delay lines and the opticd phase shifters,
required to adjust the opticd phases d the delay lines.

Figure 2-20 shows th transmitier and recaver diagram for generaing an al opticd OFDM,
described in cetall in [EIIO8]. At the transmiter, a comb generaor generaes sven comb
lines, s@aceal at predsely the symbolrate in order to stisfy the orthogorality condition. This
comb is bunched into the data encoding blak, where ead line was demultiplexed and
independently encoded. Time delays and optcd phase delays were optimized and then a
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passve combirgtion o the seven modubted subchannels gave the total capadty. At the
recaver, ead individual sub-channel was then measured after opticd demultiplexing, using
an asymnetric Mad-Zehnder dis-intedleaver, and band-passfiltering.

Comb Generator Phase Preserving Data Encoding Transmission
cal |
| Ly é optica : 0km :
| awe | Mod] El | — ; SSME DCEEN
o I « — Eg In o Mmin o0 |
| . phase * 5B .
DFB H MZ H MZ ‘Dv ey e v E TT ATT
! — - optical | " | ﬂpsumresi.duall
Mod. A;ﬁ; delay : dispersion per span
426 Goit's
equences 3 %,

Receiver

ATT ‘Kﬂf > . ..' :" D]::;or

Figure 2-20: Typical diagram of an all optical-OFDM sysem [EII08].

2.3.6 No guard interval coherent optical OFDM

Another related and wath-mentioning approad is neguard interval CO-OFDM (NGI-CO-
OFDM), illustrated in Figue 2-21. The sulcariiers are opticdly generaed from a unique
laser soucethrougha comb generaor. The sulcarier spaang equals the symbolrate of data
moduktion so tke multiplexed sigral is orthogoral [San09. NGI-CO-OFDM has the
advantage of reducing overheal, compared to classcd CO-OFDM, sirce the cyclic prefix is
not generaed. Besides, this sheme can re-use the conventiona transmitier setup arealy
deployed for single-carrer transmissionfShil(.
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Figure 2-21: Tx and Rx design with the DSPfor a no-guard interval CO-OFDM [San09.

The sulxariers generded by a comb generdor aresplit to feed ead, an opticd moduktor.
Then the modubted sulzariers arecombired and pohrizaion multiplexed. On the recaver
side, the sigrels are deteded by a polarizaion diversity coherent recaver. The sigrels are
converted badk to the digital domain with ared-time o<tilloscope (DPO). Then the "offline"
DSP is erformed sparaely for eat sigral.
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2.4 Conclusion

Opticd transmission stiers from sverd impairments espedally in the context of high data
rate long heul transmission.Chromatic dispersion (CD) and pohrizaion moce dispersion
(PMD) are two impatant linear factors limiting high dita rate long haul transmission.
However the use of advanced moduktion formats sich as athogoral frequency division
multiplexing (OFDM) overaome these two effeds but do notemedy the detrimental impad
of the nonlinear effeds. The presence of nonlireareffeds is dwe to the dependence of the
fiber refradive index on the transmitied sigral power. It is responsibé for self phase
moduktion (SPM), crossphase modubtion (XPM), crosspolarizaion moduktion
(XPolM) and four-wave mixing (FWM).

Fiber impairments have not pevented the capadty to increae in wavelength division
multiplexing transmission systms. Fa high bit rate long haul transmission tke coherent
multi-band OFDM was poposd to owercome the linear transmission imgpirments while
enabling high bitrate. The neal for a multi-band approadh is prompeed here by the limited
sampling frequency and bandwidth d the DAC and ADC, whch prevent the generaion of
high bit rate singe-band OFDM sigml. At the recever side, we have seen that coherent
detedion is the most suidble technique long haul high dhte rate transmission senarios,
owing to its letter sensitivity and high sedral efficiency.

Severd types & OFDM syséms have been investigated for opticd fiber transmission. Vé
can distinguish ktween the typicd offline OFDM, all-opticd OFDM and red-time OFDM.
All the schemes ty to increae the data rate more and mae. In this thesis, we
experimentally study dfline OFDM. Ou main objedive is toassess tte performance of the
100 Gbpsoherent multi-band OFDM systm in WDM transmission oer 1000 km 6 G.652
fiber line. The corresponding OFDMformat as well as the related digital signal processing
algorithmsaredescribed in the next chapter.
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Chapter 3
Dimensioning & signal pracessing achitedure of the 100 Gbps
OFDM format

The previous chapter has provided a genelic overview on the generaion of high bit rate
OFDM signals for long-haul opticd transmissions. Téam of this chapter is to describe the
spedficaion of a 100 Gbps OFDM sigah alowing the transmission b 2 bits/s/H in a
50 GHz channel over 1000 km & G.652fiber line. Thischapteris arganized as follows. In a
first sep, we describe the targets and constaints consicerel in this tlesis, and dicuss tle
design choices consequently adopted. Orce the key parameters d the OFDM sigral have
been defined, the transmitier architedure is introduced. We finally discuss tle impartant
isste of the digital OFDM recaver design. In particular, the main transmission impirments
are charaderized, and appropriate sigral processingalgorithms are introduced in arder to
guaranteedemodulktion of the transmitied data with suficiently low error probability.

3.1 OFDM parameters design

The main objedive of this thesis is to tanspat a 100 Gbps OFDMhannel within a 50 GHz

ITU grid, enabling 2 bits/s/lt spedral efficiency for the pupos of assessing its
performance in WDM transmission ogr 1000 km & G.652fiber line. CD and PMD whch

arethe main impairments in seh alink for 10 Gbps NR2ZOK sysém, areovercome in the

OFDM technique thanks to tle combined use of a cyclic prefix (defined to ke longer than the

maximum channel dispersion) and pertone equalization in the frequency-domain. Besides

the cyclic prefix, severd other key parameters d the OFDM transmissionformat like FFT

size, total data rate and various owerheads must b well-defined soas to achieve the target

spedral efficiency of 2 bits/s/H while guaranteang high systm performance However the

implementation of an OFDM tansmiter/recaver for high-bit-rate long-haul transmission is
constaned by sverd hardware limitations. In this ®dion, we first describe the

spedficdions, fargets and nmeterial constaints consiceral in this thesis, and diguss tle

design choices conequently adopted. The design nethodology is tlen explained and

afterwards applied to the transmission eenario of interest in ader to obgin the parameters

of the OFDM sysém that will be used for therest d the thesis

3.1.1 Transmissiontar gets, ha dware condraints and design choices

The target of this wak is toassess the performance of 100 Gbps optid OFDM transmission
over 1000 km & G.652fiber, in the presence of Ty 0 0 Dof chromatic dispersion

and [0 of PMD. This requires the use of ADC and DAC with high grformances.
However, these two devices are up to now, argely imperfed in terms d sampling frequency
4, bandwidth (-1}, Jand verticd resolution, whch represents the possibé output
voltage levels and is charaderized by tre effedive numker of bitsTI /0], Fa the DAC,
we consicered [ [ (IO O D000 and D000 O CII0m while for the ADC, the
constaints on [}and [, are more relaxed. In addition, upand downconversion d the
opticd OFDM sigral areachieved using &sers which introduce phase noise impairments all

the mare severe that the laser has a large line-width, encouraging the use of high-quality

lasers with line-width of the order of 100 kHz or even below.

93



To ded with the transmission gels and meterial constaints presented above, or simply to
reduce the implementation complexity of the sysem, sverd design choices have been made
in this wak. They arediscussed below.

The first design choice results from the transmission arget: as 100 Gbps & to ke
transmitied over 1000 km with high spdral efficiency, coherent detedion is ugd sirce as
discussed in Chapter 2, it dfers a higher noise margin and higher spedra efficiency than
dired detedion.

A second impatant designchoiceis the outcome of our dedsion toreduce the number of RF
comporents at the transmitier side. As shown in Chpter 2, two dfferent approaches can be
used to perform up-conversion d the baseband digit signal into the opticd domain. Ore is
based on tre use of MZM whil e the other uses CMZM. CMZM have been retained in this
thesis, as this solution pmits dred up-conversion d the OFDM sigral into the opticd
domain without thre need for an intermediate eledricd stage. In addition and as ®e Iin
Chapter 2, it eliminates the need for an opticd BPF.

Having presented the hardware design choices implied either by the transmission
spedficaions a by ou desire to reduce the implementation complexity, we now present
additional designchoices indwced by hardwareconstaints.

To a first approximation, the nomirel data rate [1 can be related to tte OFDM sigral
bandwidth [T}, by (seee.g.[Jan09 and[Shi0]):

0 0 OO0 O, cq 31

where [] is the size of the consgllation andl [ []for single polarizaion transmission, o
(101 [for polarizaion multiplexed transmission. Bsed on thisrelation, Table 3-1 gives the
minimum OFDM landwidth required in singk and duwal polanzaion configuration (DP), to
achieve the transmission arget of 100 Gbps with QPSKM=4) and 16 QAM (M=16) sigral
sets.

QPSKorder [ forp=1 [ for p=2
M=4 50 GHz 25 GHz

M=16 25 GHz 12.5 GH

Table 3-1: Mini mum OFDM bandwidth, Bg, required in single (p=1) and dual polaization (p=2) to
achieve 100 Gbps wih QPSK (M=4) and 16QAM (M=16).

We note that the most favorable case, corresponding to 18AM with (10 [ uss a
minimum kandwidth d 12.5 GH. This is notcompatible with our hardware constaints
sincethe DAC limitations implies that the total signal bandwidth must b less ttan the DAC
maximum sampling frequency [ [1 [T IT10] This predudes a singé-band approah. Thus
we have consiceral inseal a multi-band (MB) OFDM sysem. In addition torelaxing the
pressue on the DAC/ADC spedficaions (cf Chapter 2), MB-OFDM aso dfers interesting
advantages in £m of flexibility at the network level [Blol11]. In this wak, the following
MB setup hes been retained: the 50 GHz WDM channel is divided into 4 subbands d width
8 GHz, eat subband carrying 25 Gbps usingoherent opticd dual polarizaion OFDM (CO
DP-OFDM) (or, equivalently, 12.5 Ghps er polarizaion). A guard interva of 2 GHz is used
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to separae conseautives subbands.The proposd MB setup is illustated in Figue 3-1. Note
that a total bandwidth d 8 GHz (per sulkband) is nowcompetible with the DAC maximum
sampling frequency.

50 GHz

8GHz  26H:

jlall

Figure 3-1: Proposed Multi-Band OFDM configuration for carr ying 100 Gbps in a 50 Gi4 WDM
channel (X and Y are thetwo polarization axis).

The last design choice follows from the imperfed redangular shape of frequency respong
of the anti-aliasing low essfilterat the DAC output. According to the sampling theorem, an
OFDM sigrel having a bandwidth d 4 GHz at baseband idedly requires a minimum
sampling frequency of 8 GHz (firstrow o Figure 3-2). If this minimum ampling frequency
is usd, thereis no gward band sparding the original spedrum and its perodic replica so
that if the DAC LPF daes not fave an ided redangular shepe, diasing arses and credes
sigrdl distartion [Tra0§]. It is thus peferale to sample the sigral at a frequency higher than
8 GHz (seoond row of Figure 3-2). Here we propo% to operde the DAC at a sampling
frequency of 12 GHz, which is the highest ssmpling frequency suppeted by ou AWG, in
order to guaranteean efficient sparaion o the useful sigral from the aliasing poducts.

4 GHz 8 GHz 4 GHz Aliasing
| p L8 .,ylﬁ
o r ¢ AfterlPF |1
0 8 f ' 0 8 f
4-G|Hz 8 GHz 4 GHz
After LPF

o) 12 f ‘ 0 12 f

Guard band of 4 GHz

Figure 3-2: Spectrum of an OFDM band with a basband bandwidth equal to 4 GHz samplked at 8 GHz
(first row) and 12 GHz,(second row) shown kefore and &fter filtering through a 4 GHz filter.

In an OFDM sigral, the guard band ketween the baseband sigral and the diasing poducts
can be generaed diredly in the digital transmiter, before the IFFT operdion, by tting to
zew the highest sulzariers ([ ). The remaining sulzariers cenoted by (- will define
the total useful bandwidth d the OFDM sigral, .. The input d the IFFT isrepresented is
illustrated in Figue 3-3.
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Figure 3-3: IFFT inputs ast is defined in Matlab; the unused subcarr iers inthe middl e represent the
highest and lowest frequencies stto zero for oversampling.

In the next subgdion, we show how to gsigna DP-OFDM transmissionformat that can
transmit 25 Gbps i@ maximum d 8 GHz in ead subband.

3.1.2 OFDM sub-band design methodology andresults

The pupos of this subedion is to atemine the key paraneters d the OFDM format
namely the FFT sie, cyclic prefix, modultion arder and various owerheads. The parameters
arechosen soas to ned the transmission drgets and the design constaints, which consists
in generaing 4 pohrzaion multiplexed OFDM subkbands, ead cartying a data rate of
25 Gbps withina total bandwidth no arger than 8 GHz. As explained in the previous
Sedion, a sampling frequency of 12 GHz is used in the DAC.

The first sep consists in demining the minimum cyclic prefix size [, (in numler of
samples) or duration [}, (in seondg required to avoid ISl between siwccessive OFDM

symbols.We must lave [}, [] L—ED* O Chowith O o0 O Oy oo U Oh oo [JanMO0§], then

yO 0000,0 0 MO0, o

O
. Eq. 32

where []is the CD, [1is fiber length, []-lis the required OFDM hkandwidth, [/ the opticd
cariier frequency and [is the speed of light. The first term of this equation gives the delay
spread caused by CD; whik the second em (1011 is the maximum DGD related to a
fiber. It is uswlly equal to 3.5 times the PMD [Ten0¢]. Then the cyclic prefix duration must
be at leastequal or greder than [}.

For a target read[11[] (111101, dispersion parameter [1 [ DDﬂIﬁtﬂ]m oo P000

() opticd cariier [}, [ LT and meximum OFDM kandwidth [ (1 CII00 we
obtain

0 O Oeo Eq. 33

or, equivaently, [, [ LI T In the following, we choose [ [ L] LI
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Oncethe size of the cyclic prefix is chosen, the second sep consists in dtermining the FFT
size ;. Here we require that the «cyclic prefix overheal, given by

h Og . . . . .
Dm0 — 0 =, is less than a prescribed maximum value [} ;75 - This yields:

(o 0 ——1
- DD[D]]D]I o Eq. 34

For (b - O LI and [ ) [, we obtain (1,01 240.By rounding up this &ue to the
nearest power of two, the FFT ske [, is then obtained, yielding [ 1 (I in this case,

which corresponds ta cyclic prefix ovethead [} [ t—i 0 oo,

From the FFT ske we can now cdculate the OFDM time duation [J, and the sulcarier
spadng [ Jand the total symbol duation(};

U

H H - EREEINEIE
& 3 1] Eg. 35

[
HEEN E 0 O o Eq. 36

O O My
00— — O oo Eq. 37

Note that the cyclic prefix overhead may be further reduced by consicering larger FFT skes.
On this otler hand, increasing tre numker of sulxariers increases in tun the OFDM symbol
duration (at fixed sampling rate) and thus tle sensibility to phese noise.

At this level, it remains to determine the modubtion arder [1 and the vanous OFDM
overheals soas to stisfy the target datarate and bandwidth constaints.

We assune that the OFDM transmission is iganized into frames, eat frame being formed
of [1 training symboldollowed by (1, OFDM symbols. Within ta (][], sulcariers
composingeatch OFDM symbol, v assune that only (- sulrariers are used for
transmission, teremaining [, () [, () [ "being et to 0 soas tocrede a guard interval,
as explained in Sedion 3.1.1. W further assune that among trellll- | 'sulcariers, [, pilot
tones are dedicated to common plase error (CPE) estimation. Each data sulcarier caries
MrH O E information bits, wlere [1denotes the message lengthand [1is the codeword length

at the FEC output. Fially, taking into acount the extra overhead introduced by the Ethemet

protocol, we assune that only a fraction Df of the information bitsredly conwvey information.

Then, consicering all possibke overheads in the transmission, th information rate cariied out
by ore polarzation can be expressed as:

Oe O, M O
Uooo mmU il Eqg. 38

and tre total used and unusd sulzariers aredetermined by:
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0N O
0P D—E 0 E[ O

Oy O Oy O 0840 Ea. 39

Theraw datarate of 12.5 Gb in which no owerheals isacounted, may be expressd as:

O Oqp 0 0, [Rmo
U EEM DI[DDD_LEUEDDD DEE'E[ [EL Eq. 310
or, equivalently
O O —E%[ = DIDDD D“DD DLDE&EEF”D 2 pmm,mo Eq. 311
oo oo ] Urrm 4 0 CHE
yielding the following mae compad expression:
O 0 M0 G0 Gy 00 GADO GipdD 0 G000 G ORI ¢ co. 312

wherewe have introduced the oversampling owerhead [}, [ LD—D which, from Eqg-2.9, nay be
mn|

0od
the (255, 239 RScode over GH256) [Azall], the cyclic prefix overthead [} [ — , the

O00g

equivalently defined as [} [1 [T][] L—EB*D the FEC owerhea [} [] ELD[L ] — if we consicer

Ug

pilot tore overhead (for phase noiss compensation) [}, [ ——, the training symbol

O

overhead (for channel estimation pupos) [ Dﬁ, and tre Ethemet protocol
o aa

oo
O\K3d1eE[i[thULUJJ[J-_[_-'

We will seein Sedion 3.3as well as in the next chapter that 5 training symbols povide a
good tade-off between performance and owerhead. In addition, the experimental results
presented in the next chapter will validate the assumption tht the opticd channel can be
consicered as approximately time-4nvarant duing at leasst 100 sacessive OFDM symbols.

Thus tre training symbol oerhead [}, has been st to: [}, [ ——— (1 —. We aso
Oqp 00pp - 000

propos hereto us the full OFDM bandwidthT- [ (10010 Accordingly, from Eq. 3.9, th
numker of used sulzariers has to e set to (1=~ ") (11 Then ou remaining degrees o
freedomare( ] and [].. Under the previous assumptions, wnow lookfor the smell est value
of [ which guarantees a data rate at least as highas the target data rate, assuming tht all
non zer cariers convey information (no pilot tore). Then the remaining extra data rate, if
any, isfinally allocated to the pilot tores.

Herewe consicer QPSK tansmission oread sulzarier ([1 [1 [). Thischoiceis compatible
with the ADC ENOB constaint of 5 bits,and results ina datarate of [ 11111 [Gbps wheh is in
excess withresped to ou target of (1171 Gbps.

Up O OO0 0 O0me O cho
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We conclude that QPSK B stuificient and popo to alocae the extra bandwidth to pilot
tones, yielding [ [1 [ pilot tores. As we will seelater in this chapter, 5 pilot sulzariers
turn out to ke suficient tocompensate for the common plase error caused by plase noise.

Table 3-2 below sumnarizes the main parameters d the proposd MB-OFDM format.

Datarate 100 Gbps
Number of sub-bands 4 sub-bands
Data rate with FECoverhead (7% and protocol overhead (4% 111.28 Gbps
Overall datarate 128 Gbps
Data-rate carried by each dual-polarization sub-band 32 Gops
Modulation used 4-QAM
By 8 GHz
By in baseband 4 GHz
Sampling frequency fs 12CGS/s
Qumulated chromatic dispersion D.L 17000 ps/nm
Ny 18 samples
FT size Ny 256 points
effective subcarriers used 170 sub-carriers
No 85 sub-carriers
Pilot tones (L) 5 sub-carriers
Symbol duration without cyclic prefix ts 21.33ns
Nrs 5 symbols
Ngym 100 symbols
Symbol duration with cyclic prefix Ts 22.83ns
Qubcarrier spacing Af 46.9 MHz
Guard band between consecutive sub-bands 2GHz
Channel spacing 50 GHz

Table 3-2: Main parameters d the proposd OFDM for mat.

3.2 Transmitter / recaver set up

Having defined the parameters d the OFDM sigral, we will now describe the transmitier
and recaver ardiitedure in charge of generaing and processing tle coherent DP-OFDM
sigrel within ead subband. We also introduce the modd of the transmitied sigral.

3.2.1 25Gbps Trangmitter set up

Figure 3-4 shows tk block diagram of a generic DP-OFDM transmitier sysem. It is
basicdly constitued of two OFDM tansmiters operding in pardlel, ead generding a
baseband OFDM sigral (one per polarizaion). The two eledricd signals are then up
converted and mepped, into tre optica domain, onto tle two principal states d polarization
of the laser souce
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Figure 3-4: Transmitter set-up for the generation and processing d one OFDM sub-band.

Within ead baseband eledricd OFDM transmiteer, the input digital data stream is split into
substreans d (1111101 bits, where [] is the size of the moduktion aphabet. [
consautive substreans are mapped onto (1, complex information symbol} through a
serid to pardlel conversion followed by a symbol napper. These [, complex symbols
define an OFDM symboland are simulianeously modusted onto( ;- orthogoral sulxariers
by applyingan IFFT d size [, thereby generaing the time domain OFDM sigral. A cyclic
prefix formed by the copy d the last [, samples d the block is finaly appended at the
beginning d eacr OFDM symbol toabsab channel dispersion, yelding the following
expression for the [ (][], time-domain samples defining OFDM symbol [] on
polanzaionI 117 [IT113

(]| — .
T D 0o qmﬂjﬂ“ﬁ], 00 00y M0 O Eq. 213

Note that owing to tre presence of the cyclic prefix, [} T oo for 00, 0 00 D

This dicretetime sigral is split intored (I) and imaginary (Q) parts and nt to two DACs
operding at a sampling frequency [} 1 —, where "} is the useful OFDM symbol duation
(cyclic prefix excluded). At the DAC output, tke aliasing poducts areremoved by an anti-

aliasingfilter. Assuming igéd DACs with pul shaping function [I1T] the baseband analog
sigral can be conveniently expressed in vedor form as:

OO0
[HHT MO0
o Dﬂ;[ﬂ:ﬂjm 0 0 DO 0y O Mo
0 ooo Eq. 314

where [}, is the duration of the cyclic prefix, [}, [ [} [] [} is the total duration of an OFDM
symbol, [}, [J [T}, and

0,
Bl By

The baseband OFDM eledricd signal at the output d ead transmitier is diredly up-
converted into the opticd domain by usingan opticd 1Q modubtor which iscompo®d o a
pair of MadZehnder modubtors (MZMs) with a 90 degree phase shift. Let (1 and [
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denate the angular frequency and the instantaneous plase of the laser souce respedively.
Then the two optcd OFDM sigrals are multiplexed together onto the x and y PSPs fothe
laser througha polarizaion beam combirer, and the transmitied opticad OFDM sigral can be
written as:

NIRRN (005001
SR DDDEﬂ:ﬁ]D S Roeote Eq. 315

3.2.2 Recaver setup

As dicused in Sedion 3.1, a dual-polanizaion recaver based on coherent heterodyne
detedion is consicered here The filtered sigral and the locd ostillator are split into
orthogoral polarization comporents tirough two pahiizaion bean splitiers (PBS). Fa eat
polarizaion, a 90° hylrid mixes the incoming sigra with the loca oscill ator (LO). Thel and
Q outputs bthe two 90° hylids aresent tofour balanced photaediodes and ssmpled byfour
ADCsfor subgquent dffline processing.

ECL Hybrid
90°

Hybrid
90°

Balanced
Photodiode

PBS
Figure 3-5: OFDM coherent recever set-up.

The find 2x2 baseband OFDM recaver moduk has the crucial task o performing the
OFDM demoduktion and correding diredly into the eledricd domain the varnous
impairments encounterad duing the transmission, sas torewver as reliably as possiké the
transmitied data bits. The design d thisfundamental block is the subpad of the next sedion.

3.3 OFDM digital recaver design

During the transmission, t DP-OFDM sigral faces a numker of distations whch, if left
uncompensated, can lead to ®vere performance degradations a even link failures. These
distations may originate from optaledronic devices imperfedions (eg laser phase noise at
the transmitier and recaver LO), or from the propagation itself along the fiber. In particular,
we have seen in Chapter 2 thet in the linearregime, the opticd fiber introduces chromeatic
dispersion as well as pohrzaion mode dispgersion whth cause in turn intersymbol
interference Finally, the recaver aso has to cope with severd synchronizaion issies. In
partticular, since heterodynre detedion is consicered here thereexists a frequency and plase
mismetch between the transmiter and recaver ECL. In addition, the propagation delay is
alsoa priori unknown to tlerecaver. All these impairments reed to ke taken intoacount by
the baseband OFDM recever in order to achieve reliable communcation. This is usdly
redized by cascading dedicaed and dten sophisttated sigrel processingfunctions.
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In this Sedion, we first provide an overview and sigral processing moels for the prevalent
impairments consicerel in this tlesis, and introduce the generd arditedure of the OFDM
digital recever. Then we swcessiwly charaderize eadh impairment and introduce
appropriate algorithms tocompensate for it.

3.3.1 Transmission imparments and signal pocessing moahl

The end toend sigral processing mod! relating the discretetime sigrals at the DACs inputs
to the discretetime sigrels at the ADCs output is pesented in Figue 3-6 below.

rnj,:e

ADC >

Knj,x Xyl t)
»| DAC w\; b (1)

Tnj,y

iy bac ﬂ®4 hyy (t)

ADC

ny(t)

Figure 3-6: End-to-end signal processingmodel of the transmission link.

We assune herethat the optica fiber can be modeled bya linearsysem who® 2x2 impule
respong is denoted:

g oD Ol

In order to simplfy the exposition, we first ignae the presence of phase noise. After down
conversion, tre recaved sigrdl, in the eledricd domain, on the two pohlirizaions can be
written in vedor form as [Mor07]:

DOm0 e MO0 (00 00
— - - - Eq. 317

Where [ is the (unknown propagation delay, [ [ % is the relative frequency

off set between the transmiter and recever ECLs, and [ 111 [THLITITHTITTis a circulady
symnetric complex gaussen veaor mockling the ASE noi® [Sin0§. Setic phase off sets
have been implicitly taken into acomunt into tle channel impulse respong [I11] It is
interesting to no¢ here that the frequency offset impads both padrizaions inexadly the
same way. We assune here that the channel impulse respong can be consicered time-
invanant over severd successive OFDM symbols.
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The recaved eledricd sigra is finally sampled by the ADCs, at ratell}} [ LEEH' and the

recaved sample in vedor form at discrete time [T} [ % is given by[Mor07]:

Op 00

00 OOBU0Mmomom U O Eq. 318
o

0J
nIRE nelsEinEEnEE=
e

for 00 0D M 00O
In the previous expression, [} [11Jfor [JCJ [T [T}, [] [Jdenotes the impulse responeg of the

discrete time channel relating the transmit poarizaion (117 [T to the recave polarizaion
(100 L) while 00 114 is the integer part of the timing off set.

For ead receved symbol[) the OFDM demoduktor discads the cyclic prefix and passes
the remaining [, time-domain samples [}, [ (11 (1)1 [Jto a DFT unit. Fo propery
designed OFDM syséms, the cyclic prefix length (1 is bigger than the maximum channel

impulse respong span [} [1 [} in order to avoid interferance between siwccessive symbols.
Then, assuming prfed time (111 [) and frequency [ (] [IIsyrchronizaion, the DFT
output on subarier [1for symbollis the following 2x2 MMO sysem:

U UopUd Opptd Chap - Do

10
with 0, [0 DEUUULLDMDDDdM;t 00 MMdand 0 0 00 M, 0 O

Equivaently, the previousexpressioncan be written in mae compad form as:

O U Onbp U Op Eq. 320

In the presence of phase noise, an additional phase noise term [ TTJmust ke consicered at the

recaver input, whch acountsfor the phase noise introduced by tre transmitas well as the
recave lasers. In thiscase, the recaved eledricd signal becomes:

OOmg PP oo MBIHMADO 10 [0 000

Eq. 321
and the ADC output nowreads :
. g 00
WU o e e e ot OO hmomom U Bao Eq. 322
mo

with [0 0] (T [0 [

In order to propery retrieve the transmitied data, the OFDM haseband recaver has to go
through ®verd steps d digital signal processing. Tk first sgp consists in leaing the
OFDM frame starting point byestimating the time offset [1and properly aligning the DFT
window with eacn OFDM symbol. Tkn the cariier frequency offset [ /i estimated and
correded. Afterwards, tre cyclic prefix is removed and an FFT isapplied to conwert the
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signa badk into the frequency domain. Channel estimation is then performed, followed by
channd equalization which ams at separaing the two pohlrzaion comporents and
compensating for the channel gain/phase offset on ead sulrarier. Findly, the residua
phase error common toall subcariers inead OFDM symbol iscorreded, and the resulting
symbolsare demodubted to poduce a dedsion on tke transmitied bits. This yields the
generd signal processingarditedure shown in Figue 3-7 for the OFDM baseband recaver.

r. - .
wx | Timin : Binary data
2 g — CFO estimation r 22MIMO || Phalse ncl>|se E_..
estimation & Remove F channel estimation Demodu- /
Fis & L] compensation cp 7| | estimation& | & [ation S |Binary data
correction equalization compensation

Figure 3-7: Signal processing achitecture of the 2x2 bagband electrical OFDM recedver.

In the following we will describe in mare details ead of the prevalent impairments, and
introduce dedicaed DSPagorithms tocope with them.

3.3.2 Timing Synchronization

In this ®dion, we study tle impad of the timing dfset [1on the performance of the OFDM
demoduktor. We show tlat timing syrchronizaion is criticd in the sense that an incorred
estimation o the start of the OFDM symbol nay result in both inersymbol inerference (1SI)
and intercarrer interferece (ICl), leading to ®vere performance degradation. Then we
present and compareseverd timing syrchronization algorithms popo%d in the literaure.

3.3.2.1 Impact of atiming off set

In order to simplfy the discussion, prfed frequency syrchronizaion as well as the absence
of phese noise areassuned in the following. In the sole presence of an integer* timing off set
[}, expressd in units & the sampling period (11}, the recaved sigral can be written as
follows :

[ 00
Mp0 0 OAD0Gomon O Do
mo Eq. 323
St D000
Hppn EE_@JEEFLM Ho o O My
000

As depicted in Figue 3-8, four typicd scenarios real to le consicered here

1 A small fractiona timing offset neads not to ke consiceral here sirce, as we shell see
later, it causes a phase shift which may be consicered as part of the channel adion, and thus
will be autometicdly correded by the channel equali zer.
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Channel impulse response Cyclic Prelﬁiduration

CP CP CP

precise DFT window
safe region for synchronisation
induce Interference
induce Interference

Figure 3-8: The 4 typical scenarios arising in OFDM timing synchronization. Cases a and b showtwo
acceptabletiming instantsfor synchronization. Cases c and d cause interference,

In the ided case for which (11 [1(perfed syrchronization, Case a in Figue 3-8), the sigrel
is remveral withoutany interferanceand the DFT output is gien by:

U U Onlp0 O Eq. 324

In the seond enario (Case b in Figue 3-8), the DFT window sarts within the safe region
of the cyclic prefix which is notaffeded by smples from the previous OFIM symbol. This
corresponds to thacase [1[1 (110 [0 [} [ L1000 O O OO0 (0000 The DFT output then
reads[Min03]:

1
[
00 0 Do ™% 0 O Eq. 325

In thiscase, the timing dfset generaes a phase shift increasing lineaty with the offset [1and
the sulzarier index .. This im@irment needs not to ke taken into acount sirce it will be
autometicdly correded by the channel equalizer (the linearphase shiftt may be absabed into
the definition of the channel trander function). Note also that scenario a is a particular case
of scenario b. In both senarios, the orthogorality between sulzariers is maintained and the
trandormed sigral is free of interferexce This enario is illustrated in Figue 3-9 which

depicts the receved consellations lkefore (left figure) and after (right figure) channel

equali zation. 4QAM modulktion and an ided, noise-freechannel wereconsicered. The left
figure shows in prticular the linear phase shift arising when the FFT window sarts within
the cyclic prefix. After simple channel equalization, the rotation iscorreded and the symbols
arelSl free
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Figure 3-9: Receave congellations before (left fig) and ater (right fig) channel equalization, when the
FFT window starts within the ISI-free region inside the cyclic prefix (scenario b). 4QAM was usd for
transmission.

Corsider finaly scenarios ¢ or d in which the DFT window sarts ether in the part of the
cyclic prefix affeded by the channel, or outsice the cyclic prefix. In bothcases, the DFT
window contains not only @t of the OFDM symbol d interest, but isaso affeded by
samples from the previous a the next OFDM symbol, tlereby causing inerferance In swch
situations, the DFT outputcan be written as [Min03]:

[
[T=—
Oop 0 Oy P B0 Do Eq. 326

In addition to tke linearphase shift, the symbol d interest on subariier [1is attenuated by a
coefficient [ which is a function of [. The temm [ ac®untsfor both ICI and ISI. Swch a
scenario is illustrated in Figue 3-10, where the syrchronizaion begins at (1011 [}, one
sample outsice the cyclic prefix (again, 4-QAM transmission oer an ided noise free
channel was consicerad). As shown on th left hand sice of this figure, the phase rotation
propationa to the sulcarier index still exists. We aso noe the presence of interference
which broadens the consgllation points. Ascan be seen on the right figure, channel
equalization cannot compensate for the interference. The broadening o the consellation
points isall the more important thet the time off set (1] extendsfar from the corred locdion.

5

0k

]

£5

: m
5 A L]

T R I L -2

L

Figure 3-10: Recave congellations before (left fig) and dter (right fig) channel equalization when the
DFT windows darts ore sample outside the cyclic prefix (scenariosc or d).
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As shownin Figure 3-11, the transmitied data can never been recoverad corredly in the
presence of very large timing off sets.

Figure 3-11: Recave constellations before (left fig) and dter (right fig) channel equalization in the
presence of a very largetiming off set.

3.3.2.2 Timing synchronization algarithms

The pupos of timing dfset estimation is to lacae acarately the start of OFDM symbols
within the recaved sigrdl, in order to avoid ISl and ICI. We have shown in tle previous
sedion that this task is mandatory for corred demoduktion o the recaved sigral.

Many timing syrchronizaion algorithms have been proposd in the literaure. In this wak,
we will focus ona particular family of timing algorithms kased on OFDM taining symbols

formed by tre [+fold repetition of a pre-determmined besic pattem B o length % possibly

with atemation o signs. Tle generd structure of the training symbol, @noted later by TS1,
is shown in Figte 3-12.

+/-B| +/-Bf = | +/-B| +/-B

|
OFDM symbol duration

Figure 3-12: Generic sructure of thetraining symbol inthe time-domain.

Acoordingly, the recaved sigral is correlated with itself (auto-correlation) over sliding
windows d Iength%D in order to find the repeded pattemsand thus to loae the start of the
training symbol TS1. This is deby maximizing a metric of the form:

0 [

where (] is an appropriate autocorrelation metric, [1 is an energy namalizaion metric, and p
ranges ower the admissibk time indices. We now present sverd classicd algorithms whch
belong to this gnerd family.
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The first estimator of thisform was poposd by Shmidl and Cox [Sch97)]. It is based ona
training symbol whos two halves areidenticd in the time domain. Hence [11] [1and TS1
has the structure [+B +B]. The timing metric is known toexhibit a plateau dwe to the
presence of the cyclic prefix, which introduces urcettainty in the estimation and daes not
guarantee that the DFT shits within the safe region [Ren05. Fa this reason thisestimator
has not teen further consicerel in this wak.

Latter, a more robust timingalgorithm was goposd by Minn and Barghava [Min03]. Their
method extends the Schmidl and Cox aigina approach by allowing more than 2 repetitions
of the basic pattem, and introducing sign inersion ketween cettain repetitions. These two
modificaions were shown to impove timing dfset estimation by ruling out tre plateau
problem and yielding timing netrics with seeper roll-off. In [Min03], Minn and Barghava
focused on the cases [11] 4, 8and 16,and found that the best performance were obtained
with training symbols 6the form [+B +B +B-B], [+B +B-B -B +B-B -B -B], and [+B —
B -B +B +B +B-B —-B +B B +B +B-B +B —B —B], respedively.

In [Kai04], Shiand Serpedin refined the results obéined by Minn & Barghava. Consickring
the particular case 11 [} they obtained a mare advanced timing netric denved from the
maximum likelihood critenon. They also shoved that for L=4, the training symbol stucture
[+B +B —B +B] (the B can be located anywhere)leas to tle lowest false detedion and the
highest corred aaquisition probability.

Table 3-3 sumnarizes ina unified manner the similarities and differences between the three
abovementioned algorithms. The following nogtion is ugd in the table:

O

LRSS DDD[[@% . EEDD[[[DL%EDD L Eq. 328
Schmidl and Cox | Minn and Barghava Shiand Serpedin
TS1 [+B +B] [+B +B +B-B] [+B +B -B +B]
Timing 0o 0 J 0o
metric (1 Oy ommm Dob0 00
is atime OO pamm | D D g o
index)
000 CF im0 m[Enn 00
Sum d 0 O 01,00 0 L7 000 o 0 a0
the pairs 0 o Iam,000 0 of My M . 0,00
of 0 [ a0 0 0 00y, 000 0 00 000
products
0o O 0
Receaved | [ C0ymrib oot | 000 o o) Co OO0 0 O, F
energy ooo 0oo

Table 3-3: Timing metric of three different estimators: Schmidl and Cox, Minn and Barghava and Shi
and Serpedin (only the case L=4 isconsidered for the last two algarithms).

In this wak, we have investigated by simuétion the performance of the Minn and Barghava
and Shi & Smedin algorithms. Figue 3-13 compares the timing metric of these two
estimators for a training symbol nade of (1] [repetitions. Nore of them exhibits a plateau.
However we notice that both estimators present high sicdlobe pe&ks, which are more
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impartant in the case of the Minn & Bhargava estimator than in the Shi & Serpedin ore. We
conclude that, for a given numler of repetitions [ (eg L=4), the Shi & Serpedin estimator is
more reliable than the estimator of Minn & Bhargava. This was to ke expeded sirce Shi &
Serpedin consicer all possibe combirations d pattems auto-correlations in the derivation of
its timing nmetric. The metric of Minn & Bhargava is esentially a simplified version d the
Shi & Sempedin metric.

—— Shi&Serpedin
0.9+ —— Minn&Barghava L=4

BOO -300 -200 -100 0 100 200 300 400
Time (samples)

Figure 3-13: Comparison d the Shi & Serpedin and Minn & Barghavatiming metricsfor atraining
symbol macke of L=4 repetitions.

Figure 3-14 shows th timing netric for the Minn & Barghava algorithm in the case of a
training symbol nade of [ [ repetitions. We obsrve that the metric trgedory has a
stegoer roll-off with much lower sidedobe pedks than in the (1] [ case. Unfortunately the
optimal TS1 stucture for the (1] [] case under the maximum likelihood criterion was not
given explicitly by Shi & Serpedin, preduding acomparison in simikr conditions fere

1
| — Minn&Barghava (L=8)
0.9} =

08r

07}
8
E 06f
o 05
£
Eo4)
'_

0.3r
0.2

0.1¢ | MMJJ

1
-200 -300  -200 -100 0 100 200 300 400
Time (samples)

Figure 3-14: Minn & Ba rghavatiming metric for atraining symbol mace of L=8 repetitions.

We finadly compare by simubtion the performance of the Shi & Serpedin agorithm with
111 [1to the performance of the Minn & Barghava estimator with (111 [}, after 1000 km &
transmission oer G.652 SSMHKiber (only chromatic dispersion has been consicered). The
bit error rate (BER) has been evaluated as a function o opticd signal-to-noise-raio (OSNR
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in aresolution d 0.1 nmfor a single-band OFDM signal. The sensitivity curve of the two
different syrchronizaion methods are represented in Figue 3-15 and compared to the
theoreticd performance of QPSK uneér IS free transmissionWe conclude that athough the
Minn & Barghava metric is not tleoreticdly optima, a TS mede of [1[] [] repetitions
provides better performance and increaed robustress ttan a TS made of (111 [ repetitions
but with an optimal metric. Note that this comparson is fair in the sense that both
approadhes approximately have the same complexity (both involve 6 a 7 autocorreations,
athough not 6 the same size).

10° T T T

theoretical case
—=— Shi&Serpedin
Minn&Barghava L=8

BER

107

= | | | | | |
1 2 ) 4 5 6 7 8 9 10
OSNR

10
Figure 3-15: BER vs OSNRfor thetwo syrchronization methods.

3.3.3 Frequency synchronization

Once the corred timing is acquired, the next step consists incompensating for the relative
cariier frequency offset [ between the transmit and recave lasers. We first charaderize
the impad of the CFO on tle sysem performance, and show tlat it is mandatory to corred,
a least martially, the CFO lefore applying the FFT. Then we discuss CFOestimation and
compensation. In patticular, an ariginal algorithm is intoduced and validated for the
estimation o the integer part of the CFO.

3.3.3.1 Impact of CFO

For the sake of clarty, we ignare the presence of the noise in the following exposition. Tle
recaved sigral, sokly affeded by a frequency offsetll),, can be expressed in the time
domain as follows:

DO 5005000 Al ile

o - ne2
GO0 - 00 OO0 Dol 0 0D My, O 00 Eq. 329
oo

where [0 [ 00 [ D:u:u: 0 LQ:E: is the nomadized carier frequency offset with
resped to sulcarier spadng [ :

At the DFT output, ve obtain:
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0,0 0 Qg TS Eq. 330
Qoo
COMMID 6005 60000
—a - D]IEDD[
OMOI0077790 0 0 000

o 000 mo

Here [, is a phase offset common toall subcariers in symbolll As we shell seelater in
sedion 3.3.5, suh a consent phase shift will be autometicdly correded by the common
phase error (CPE) corredion that follows channel equali zation.

Two cases can be distinguisted here We first consicer the particular situation that arises
when [ has integer value, or, equivalently, when [ is an exad integer multiple of the
subrarier spaang [ In swch acase, the sigral at the DFT output simpfiies into:

D[[D D 7_}.[[[@ %DDL 0 Eq. 331

where L1117 [ denotes the value of (1] [reduced to the interval [T [ [1) We obseve
that orthogorallty is maintained, but the frequency multiplex appeass shited at the DFT

output, in seh a way that the information deteded on tre [ 1] sulcarier corresponds to té
information transmitied on the [T10] [1IT] sulkcarier. This sitwtion is illustated in Figue
3-16 below, wherewe show tle constllation obtined at the DFT output in tle presence of
normalized CFOL1[] [, for severd successive OFDM symbols. A 4QAM constllation was
used at the transmiter. No ICI is ob®rved on tle left figure, but we note the impad of

rotation [ “which is a function of Dand— and which increases lineaty with the symbol

index [ The right figure presents tte cons'ell ation obtined after corredion of the phase shit
- by the CPE. An ictd 4-QAM constllation isretrieved.

i 3 ; T e ] a5 0 05 ] T]

Leip,
sk
-

Figure 3-16: Constellation at the DFT output in the presence of a narmalized CFO e = 1 (left fig: before
CPE/right fig: after CPE). A 4-QAM congellation is used at the transmitter .

In the mare generd case of ared-valued namalized CFO (] the receved OFDM symbolat
the DFT outputcan be expressed as:
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Apart from the phase shift [} already discussd abowe, we see that the CFO results ina
complex attenuation [ -I1/common toall the sulxariers and OFDM symbols,and in ICI.
The first erm will be autometicdly compensated for by the channel equalizer, while the
latter will results inan irreducible performanceloss.

In order to illustrate how fast ICI evolves as a function o [ we show in Figue 3-17 and
Figure 3-18 the consellations obéined a the DFT outputfor normaized CFO \alues
(0 I and O, respedively. In both cases, 4QAM moduktion was usd at the
transmiteer. Far (111 (171}, the 4-QAM consetllation cannot ke distinguisted even after CPE
corredion.

Figure 3-17: Constellation at the DFT output in the presence of a namalized CFO e = 0.02(left fig:
before CPE/right fig: after CPE). A 4-QAM congellation is used at the transmitter.

W L T CAT it i \ag =g i .
-3 2 1 ] 1 ) S 26 B A A5 -0 oOE 1 16 & %

Figure 3-18: Congellation at the DFT output in the presence of a namalized CFO e = 0.32(left fig:
before CPE/right fig: after CPE). A 4-QAM condellation is used at the transmitter.

Finally in order to assess mae preasely the impad of the CFO on tle sysem performance,
we show in Figue 3-19 (reproduced from [Shil() the evolution d the SNR penalty as a
function o [} for a QPSK modudted OFDM sysém with [ [1 [11] sulcariers and at a
target bit error rate of 10°. We observe that (110 [I1results ina 2 dB penaty, while as much
as 8 dB enalty is obtained for [ [l We conclude that the residual CFO should b kept
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below 0.07 in ader to maintain the penalty below 1 dB. Note that, in the presence of a CFO,
BER performance curves typicdly exhibit a flattening at high SNRs, so #t much higher
penalties may be measured at BER below107,

a8 +—

L o]
1 I
T T

SNR penalty (dB)

0 t f f f f f f f f |
0 .02 0,04 006 008 0. 0.12 0.14 0.16 0.18 0.2
Frequency offset

Figure 3-19: SNR penalty as afunction of the frequency offset for 256-subcarr ier QP SK modulated
OFDM systems[ShilQ.

3.3.3.2 CFO estimation and correction

We have shown tlat an acarate CFO estimation is mandatory in order to guarantee corred
performance Onre problem is that the CFO encounteread in pradice is quite large. Another
problem is that the CFO evolves with time, due to the wavelength insgbilities o the ECL
used a the transmiter and recaver. Since as we shell see later, frequency estimation
algorithms usually have limited estimation range, the uswal approach is to cecompo® the
CFOTlinto afractional partia and an integer part ([LiY06]:

MO0 000
Eq. 333

Estimation and corredion of [Jis then performed in two seps:

1. Estimation of the fractional part [ in time domain (before the DFT uni) and
corredion of the fractional CFO

2. Estimation of the integer part [in the frequency domain, and corredion of the integer
CFO

We now dkescribe spedfic algorithmsfor redizing ead of those two seps.

3.3.3.2.1 Estimation of the fractional part d the CFO

Thereexist many methodsfor estimating a frequency offset in the literaure. The algorithms
consicer in this wak exploit the repetitive structure introduced in the training symbol usd

for timing aqquisition.

Consicer, for the ease of exposition,a transmission ogr an ided ISl free noiselesschannel.
By constuction of the TS1, we know thet:

hgH DLLM%LL HHH Eq. 334

where ] denotes the numker of repetitions d the basic pattem within TS1.
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From Eg. 334 and sircewe have assuned, for simplicity, that (1, [ [1(1SI freechanndl), the
recaved samples corresponding to TS1asisfy [LiYO06]:
O L
EELDuLL%u U M) ﬁt&j Eq. 335

An estimate of the normali zed CFO [TTlis then given by:

0 0
00 =& D]]DIE@D[[&_[D:DD Eq. 3-36

In order to improve the acaracy of the previous estimate in the presence of noise, the
estimation can be averaged overthe%u samples constituting tke basic pattem of the training
symbol, yelding:

Eq. 337

Since (1011 [ITIIII1] [} the aquisitionrange is limited to [ — 0 (10 —

We can conclude that the estimation range of [lcan be improved by:

1. Consicering a training symbolcompo®d o a higher numkber [ of repetition of the
basic pattem

2. Consicering only correlations ketween conseautive subsymbols(ie focusing on ¢1)
Let us saalizethe previousresult to the particular case of the Minn & Barghavaand Shi &
Serpedin timing syrchronizaion agorithms disussd eatier. Fa the Minn & Barghava
algorithm with (][] [, TS1 tas the structure [+B +B +B-B]. Hence

N
00 EDD]]]EEEH]%[H]DD CH D, 000 CF 000,00 Eq. 338

where vedors [} /[T1 are defined as in Eq. 3.28and wtere [Idenotes here the start of the
training symbol in tle recaved squence, as estimated by the timing syrchronizaion
algorithm.

Similary, for Shi & Serpedin timingalgorithm, TS1 fas the structure [+B +B -B +B] and

0
00 E[H]]D]_:E[H][H_E.EEEDD CH 00,100 CF 000,00 Eq. 339

In both cases, 11 (] and the estimation covers the range I (1) [l Thus we may
decompo® [as :
OO0 mwith CICT 0 0 D and [0 D with [ an integer.

The previous algorithm will then estimate the fractional part(ll, and thuscompensate for it in
the time domain asfollows:
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0
MO=—
Lhpd 0™ 0w 0 oy Eq. 340

By dang so; tte correded symbol_[hL presented at the DFT input is now sdly affeded bya
residual integer CFO11I] [11. We now consicer the problem of estimating [

3.3.3.2.2 Estimation of the integer part of the CFO

Upon corredion o the fractional CFO [, and capitdizing on tre results established in
sedion 3.3.3.2 tle sigrel at the DFT outputreals:

(1
Hon U U g ;o Eq. 341

Thus estimating Lis tantamount to estimate the integer shift affeding the modubted
sulrariers a the DFT output.

We propos herea simple method toestimate this frequency shift. Ou method exploits the
presence of null sulzariers on both sigs d the spedrum, and attempts to Icae the edges
of the sigrel spedrum at the DFT output.It operaes in two seps,asfollows:

1. Average the receved sigral power on eat sulzarier over [1 swcessive OFDM
symbols:
0 0
DQDDLDED M0 (M0 0000 0 Eq. 342
RN
2. Crosscorrelate this average power spedrum with an appropriate frequency mask in

order to deted the edges d the sigral spedrum, and deduce the correspondingfrequency
shift [from the location of the edges.

Step 2 performsa maximization o the form (seard for a correlation pek):

ooo 0
0 0
0moo mmmm —eeeon Eq. 343
0 0 E[’@D ED[[@

where [1]{!is the consicered frequency mask, d length 1. Since we aim at locaing the
spedrum edges, tre following simpk mask o length (1 [J (1] has keen retaned in ou
expernments:

{mnt 0o oo o

U o oo oo o Eq. 344

wherel]is an integer less than half the numter of null sulzariers (11-).

Oncethe edge locaion [has been obtined, the integer part of the CFO isfinally given by:
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0
00 B0 Mo 000 B%D Eq. 345

In ou simulation and experiments, the paraneter [1 was st to 7. (Here the notation of
sulcariers corresponds to th position ¢ [}, at the IFFT input as defined in matlab (see
Figure 3-3)).

Compensation of the integer part of the CFO is usdlly cariied out in time domain, in front
of the DFT modug, jointly with the corredion o the fractional part of the CFO. Anotler
approad consists in prforming the compensation diredly in the frequency domain, after the
FFT, by shiting the spedrum circularly by —[Ipositions.
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Figure 3-20: Power spectral density vs. subcarr ier index of the transmitted and receved OFDM signal
(here, the CFO = -21 Af is measured).

3.3.4 Channe equalization

Ignaring phese noise and assuming prfed timing and frequency syrchronizaion, the sigrel
at the DFT outputfor OFDM symbol [ican be expressed as:

DDEI]IDDDD D[[DDD DDD NN &Dﬂ D[D]]

%LH_L[U_H_I %LUDDD DUL DDED%DH - %Luﬂm

The next step is thus tle separdion of the two pohirizaions and the compensation for the
channel distortion (phase rotation and attenuation) onead sulzarier. Fa the sake of clarity,
we first inroduce channel equalizaion in the single polarization case, extend it to the dual
polarizaion (DP) case, and finaly discuss and compare severd approaches to impove
performanceat this stge.

3.3.4.1 Channedl equalization for single polarization OFDM tr angmission

In ou sysem, channel estimation is kased on taining symbols priodicdly inserted in the
flow of OFDM data symbolsat a rate that depends on tle channel coherence time. As we
shell seein the next chapter, experiments have shown tlat the opticd channel can be safdy
consicered as timednvanant duing the transmission 6 [ [ [11] swccessive OFDM
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symbds. Once the channel estimate is obtined, equdizaion is performed in ader to
compensate for sigral distartion.

In the single polarization case, the recaved sigral simplifies into:
Uop O U U B0 O Eq. 346

Since the modubted symbols(}, composing tle training symbolare known to tle recever,
the channel frequency respong on ead sulzarier can be estimated acording to tre least-
square(LS) criterion, by solving tle following optimization problem [ChiO7):

B, O 000 M, O O Eq. 347

The solution is gien by:
Up
@DDE[HDDD]D 00000 Eq. 348

The channel estimate computd from the training symbol is tlen used to equalize severd
(100 in our case) sweeessive OFDM data symbols. Tl role of channel equadlization is to
compensate for the distation (gain/phase) experienced by the sulrariers. Zero-Forcing (ZF)
equdizaion is a common and simpé approach to channel equalizaion which dces not
require any other knowledge than the channel frequency respone. It has the additional
advantage of being optimal for opticd channels sirce their frequency respong has unit
magnitude (L1100 (1) thereby avoiding the classcd problem of noise enhancement. The
output d the ZF equali zeris:

Un

@, O Eq. 349
@E q

In pradice, the channel estimate [T/ is usd in placeof the true channel frequency respong
Op.

Note that in addition tocompensate for channel gain and phase distation onead sulzarier,
channel equadlizaion also addresses implicitly the linear phase shift caused by snall timing
errors (they are autometicdly consicered as part of the channel frequency respong
cdculated from the training symbol,and thuscorreded by the subgquent ZF equali zer).

3.3.4.2 Extensionto CO DP-OFDM tr ansmission

In a DP configuration, the receved sigral on ead sulzarier [1is a MIMO 2x2 linear
sysem:

DDDHD[ED D[[[H]D DDD NN E«im D[E

%UU_ELUU %LUDDD DUL DDED%DH - %Luﬂm

The sigrel recaved on eat pohrizaion is a linear combiration (mixing) of the two
polanzaion-multiplexed transmitied sigrels. Spgedficdly, for a given sulzarier [, [ [T
and [T represent the energy tranderred from the transmit pohrizaion x towards tre
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recave polanzdions x and vy, respedively. Similady, (1 [Tl and [ [T1]represent the
energy tranderred from tansmit pohirizaion y towvards recave polanzaions x and v,
respedively.

For convenience, the above equationscan be represented in matrix notation as follows:

Urnp U Op U Bp U Oog

where represents thelll[J [ channel matrix describing the polarzaion effeds and
Op O %m Clis the 2x1 vedor of transmitied data symbol on sugarier [

2x2 MIMO least-square channel estimation can be cariied out ina similar way than in the
single polarizaion case, a the notable difference that 2 training symbols insgad of 1 must
now ke used (on ead polrizaion), otheiwise an uncerdetermined linear sysem arises. In
addition, a 2x2 metrix inversion isalso required. A spedal structure for the training symbols
can be used to aleviate the computtional complexity. In particular, as aiginaly suggested
by [Jan0§ and depicted in Figue 3-21, we can choos to transmit only on oe of the two
polanzaions inead time slot, and altemate between the adive polarizaions letween the
two training symbols.

AT LI v BT BT T, pol=x
([ lv,-l.ll [ .. CCTT T T Txpol=y
H}m _.:Hm,r HW
Hp CICEETTT] ... CCTTTITT Rx, pol=x
.,
SPENEETT ... CEEEEEE Rx pol=y

Figure 3-21: Particular structure of the two training symbols usd for channel estimation in the DP case.

Then the following sysem arises:

Unm, Uormomm O+ O [
3, fm [ ”u o 4 VA 0 Eq. 350
O DD]I[M D[[[DD O 0 Chooom

In thiscase, 2x2 LSchannel estimation reduces to 4 sdar LS channel estimation problems,
who< solutionsare given respedively by:

0 Op Wil
Duu[ﬂ]DD ;LDDJ DLLDDDD —
thom thomoom
Eq. 351
0
Op00 —= N B|gpeseules
,U; ,AL oam

In this way we replacethe costly 2x2 natrix inversion by 4 sdar divisions.

Once the 2x2 channd estimate is obtined, it is u®d to equalize severd OFDM data
symbols. Tle output d the 2x2 MIMO ZF equalizeris then given by:
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85007 00m Eg. 352

where (1" is the inverse of the 2x2 channd frequency respone (or, in pradice its

estimate) for sulxarier [. Note that for an opticd transmission impired by CD and RVID,
the 2x2 channel matrix is unitary and verifies [ (1~ [ [JLIThen the matrix inversioncan be
advantageouslyreplacal bya simplke Hemitian transpoe.

3.3.4.2.1 Improving channel estimation

In ou previous description, only ore training symbol (two in the DP case) is usd to
comput the channel estimate. The presence of noise will affed the quality of the channel
estimation, and degrade in turn the performance of the equalizer. A generd approach (but
not uniqwe) to improve channel estimation is tocompute severd estimates and average them.
Two different methods fave been consicered and compared in this wak. The first ore sends
more than ore training symbols,and performs averaging in the time-domain. The seand
method daes notrequire additional training symbols, but @rforms inseal averaging in the
frequency-domain by assuming tht the channel is approximately constint over neighbaring
sulrariers. Wefinally discuss tle combiretion o these two different techniques.

3.3.4.2.2 Time domain asreraging

Time domein averaging (TDA) (seeeg [Jan07]) consists in ending perodicdly a group d
(0 Ctraining symbolgor [1in the DP case), computinga different channel eﬁtimate for
ead training symbol (] [I[1 [in the groupand eat sulzarier ] (usingeg the LS methods
described in the previous subsdion), and then averaging these [ichannel estimates, yielding:

= 0 O
0 0 O M0 0y 0o
B 0-C0 D—DD i -

SH ch Eq. 353
N 0
oo oao o -

We have simubted the performance of this method by consicering DCFRfree singke
polarizaion transmission ogr 1000 km with 17000 ps/nmf @umulated CD and a variable
numker [0 (100 [ of training symbolrepetition. The resultsareshown in Figee 3-22 (BER
vs OSNR. We first ob&rve an OSNR pnalty of 3 dB with resped to the theoreticd
performance (ided channel estimation) when a singlke training symbol is ued ([0 [).
Increasing [ beyond 1 impoves the performance The OSNR pnalty reduces to
approximately 0.75 dBfor [ [1 No further improvement is obewed beyond this \aue.
We recdl here that using moe than ore training symbol ircreases the transmission
overhea.
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Figure 3-22: BER vs OSNRfor the time-domain aweraging method for several values o thetraining
symbolrepetition factor .

3.3.4.2.3 Frequency domain averaging

In order to reduce transmission oerheals while maintaining a high channel estimation
acaracy, another method cdled intra-symbolfrequency averaging (ISFA) was proposd in
[LiuO8]. It relies on tlke implicit assumption tet the channel frequency respone [ is
approximately constent over severd neighbaing sulzariers. Then based ona single training
symbol (or 2 in the DP case), an improved estimate on sulgarier [ can be obtained by
avergying the channel estimate obtained on the (1] [J [Jsulrariers in the range (1] [ [11[]

00
o 0,000 OO0
[ 0 840 0 - = 7 Eq. 354
0 00 0 00 D Oy D
ooono oooo

In an opticd transmissioncontext, the previous assumptionrequires that the acamulated
CD be not too arge and the sulzarier spadng be small enough to holdapproximately true.

The performance of the ISFA nethod res keen evaluated by simuétion in the same
transmissionconditions tlan for the TDA method. The varable parameter is now tle
numker (1 of neighbaing sulrariers consicered on the left and right, respedively, of the
sulrarier of interest. Noe that classcd LS channel estimation described in subgdions
3.3.4.1and 3.3.4.2Zorresponds to thcase [ [1 [1 Theresultsareshown in Figoe 3-23. We
first noe that the OSNR penalty is reduced from 3 dB to 1 dB by simplgveraging ower 3
subkzariers (1 ] [). No signficant improvement is ob®rved for [ [1 Jand [J [1 [l The
performance quickly deteriorates as we increae m beyond 3. This is dethat owing to CD,
sulrariers far apart from ead other experience different phese rotations and thus te
channel can no longer be consicered as consant in swch frequency ranges.
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Figure 3-23: BER vs OSNRfor the intr a-symbol frequency averaging method basd on atotal of 2n+1
subcarr iers,for several values o m.

3.3.4.2.4 Combination of TD and FD averaging

We have shavn that TDA yields the best performance (OSNR penalty reduced to 0.75 dB
with resped to ided channel estimation) butat the cost d a significantly increased overheal
(5 training symbolsrequired). On tte other hand, ISFA reduces the OSNR nalty to about
1 dB, withoutany owverhea sirce a single training symbol is ued. These two approaches are
in fact complementary. Thus we propos to combire them, in ader to get the best possibé
performance with minimum owerhead.

The channel estimate obtained by combining TDA lased on [ training symbolg[ 1 iin the DP
case) with ISFA based on(1] [] [sukcariiers is given by:

0 oo 0
]
@D_DDDDD 0 0 Oy s e
00000 goo

The performance of the combined approach has been investigated in the same transmission
conditions tlan previously. The resultsareshown in Figue 3-24. Raraneter [] was %t to 2,
while paraneter | varies from [ [to (] [1 We obsrve that the OSNR @nalty is reduced
to 0.6 dBfor (1] [. No performanceis ob®rved beyond this \alue.
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Figure 3-24: BER vs OSNRfor the combination of ISFA (m=2) and TDA with a varying number | of
training symbolrepetitions.

These resuts suggpst thet periodicdly inserting [, [ [Itraining symbolg4 in the DP case)
every [ [J [111OFDM data symbols is sfiicient for the channel estimation performance
point d view.

3.3.5 Phase noise compensaion

Up to now, ve have ignared the presence of phase noise in order to simplify the description
of the dgorithms. However, in pradice, lasers phase noise is a major impairment limiting the
performance of OFDM syséems.

In thisfinal Sedion, we first disuss tle modeling and the impad of phase nois. We then
discuss gverd ways tocompensate for it, at least partialy.

3.3.5.1 Impact of phase noise

Assuming prfed time and frequency syrchronization but igneing nois for the sake of
clarity, the time-domain sigral at the DFT input nay be expressed as follows:

OO0

O
OO0 0%e O Q_@ﬂjm%j? Eq. 356

oo

In the frequency domain, at the DFT output ve get:

000 %@
MoE—
Ot O _DLLDﬂj - Eq. 357
oog
OO0 000 .
o

000 0% 0 O e

ood ma
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By deaomposng the phase noie term affeding OFDM symbol j into a mean rotation
1 [0+ and arandomfluctuation [[]-around tke mean

DLUDD DL D DDDLLD]D] Eq 3_58

the previous expression nay be rewritten as follows

Omud Umdd Umdd

m = . - LULL[m[[ E 359
0,000 W:DQ[_HJDD 0 oo [ O g.
0090 0710 HHPCooooEED cooooooooD
O & RN

We ob=ive that phase noise has two diferent kinds ¢ effed on tre OFDM sigral. At the
DFT output, tle modubted sulzariers are affeded by an attenuation [1{and a phase shift
) [, [0 which arecommon todl subcariiers in symbol., but \vary from symbol to symbol.
We also not the presence of ICI. If we assune that the phase noise trgjedory slowly evolves
around its nean along the OFDM symbol duetion and regled the small fluctuations [0,
then [,[] [Iso that, besides ICI, only the common plase error (CPE) term [J [ [] has to ke
consicered and correded [Pet07].

3.3.5.2 Phase noise compenséation

Esentidly two methods lave been proposd in the literaure in order to compensate for the

laser phase noise. The first org, first developed for wirdless OFDM sysms, iscommonly
cdled common plase error (CPE) estimation. It uses pilottones (known dita on cettain

sulcariers) to estimate and corred the phase rotation common toall subcariers in an

OFDM symbolat the FFT output, but des notaddress the ICI [Xin07]. The other one was

proposd in [JanM08] and iscommonlyreferral toas the RF pilot(RFP) method. As shown
in Figure 3-25, at the output ¢ the two DACsembedded insice an AWG, a DC dfset is

inserted in the | and Q tibutaries o the OFDM sigral before the IQ modubtor. As a result

an RF pilotappeass at the null frequency. As the DC dfset is up-converted simulaneously
with the OFDM sigral, the RF pilot will be in the middle of the opticd OFDM sigral

spedrum. This pilot tore will experience the same phase noise than the whole OFDM sigral.

At the recaver, alow-passfilteris usd to extrad this RF pilot toe, which is then used in

turn to compensate for the phase noise affeding the receved sigral, by simpk conjugation

and sigral multiplication (right sice of Figure 3-25). This method das not onlycompensate

for the CPE butcan also address the fast ttmpara fluctuations d the phese (as well as a

residual cariier frequency off set), thereby signficantly reducing ICI at the FFT output.
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Figure 3-25: Principle of insertion (left figure) and extr action (right figure) of the RF pilot tone in the
RF pilot method for compensaing phase noise [JanMO08].

Due to time and hardware constaints, only pilottone-based CPE estimation has been
consicered in this wak. Thus, only te common plase shift [J [J, ] is consicered and
addressed by ou digital baseband recaver.

Once syrchronizaion, FFT, channel estimation and channel equalizaion have been
performed, the pilot sulrariers dedicaed to the phase noise estimation are extraded from
the equalizer outputfor eadr OFDM symbol I Then, the phase difference between the
recaved pilot tores and the transmitied ores is cdculated. The CPE [ - [ affeding
symbol s finally obtained by averaging the phase difference over the pilot tores:

0 0 M0
B, 000 — 0 B 0 Wil
N O O 080

- [T

Eq. 360

where[Jis the set of pilot tores sulzarier indices, d size (], [0 is the equalizer outputfor
the pilot tore of index [}, and [} is the known tansmitied symbol on this pilot tom

The CPE isfinadly correded by multiplyingeadc OFDM symbol by th conjuggte of the
complex exporential function o the corresponding CPE.

(B0 O mE O Eq. 361

In ou experiments, we have verified that [ [ [J pilot tones were suficient to corredly
address plase noise isSLes.
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3.4 Conclusion

In this chapter, we have spedfied an OFDM sysem alowing the transmission 6100 Gbps
over 1000 km oer G.652fiber line in a 50 GHz ITU grid. Bandwidth as well as DAC
sampling speed constaints have required us toresat to a Multi-Band approach, and thus to
split the data rate between four polarzaion-multiplexed OFDM subbands. Tlen by
acountingfor the various ransmission ogreals the data rate cariied by ead subband, d

width 8 GHz, is increaed up to 32 Gbps. ThIFFT ske is st to 256, from which 170
subrariers aremodubted by the 4-QAM moduktion while the highest frequencies are set to

zelo, in ader to provide a 2-GHz guard band ketween the OFDM baseband sigral and the

aliasing poduwcts at the DAC output. Among tb nonzerm sulzariers, five pilot tores are
dedicaed for common plase error corredion. In addition a first raining symbolformed by
repeding severd times a basic pattem duing the symbol duwation is ingered at the
beginning d the sigral for the syrchronizaion operdion and two taining symbolsare
repeded eath 100 OFDM symboldor channel estimation. A cyclic prefix of 18 samples,

defined in ader to meke the OFDM symbolsresistant to inersymbol inerference (1SI)

generaed by the chromatic dispersion acamulated over 1000 km & G.652 sandard singke

mock fiber (SSMB, is added at the beginning d eady OFDM symbol.

We have aso intoduced in this chapter appropriate digital signal processing (DSP)
algorithms allowing recovery of the transmitied data with low error probability. Four main
steps are involved: timing syrchronization using tle algorithm developed by Minn &
Bhargava, two-steps frequency syrchronizaion, improved channel estimation combining
time and frequency-domain averaging, followed by 2x2 MMO zero-forcing equali z&ion,
andfinaly compensation of the common plase noise generaed by the ECLs using pilot sub
cariers.

Having defined the parameters o the OFDM sigral and spedfied the DSP agorithms
required at the transmitier and recaver side, the next step is now to impement and validate
the proposd 100 Gbps DMMB-OFDM ftransmission sysin in experimental conditions.
This is the purpose of the next chapter.
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Chapter 4
Experimental implementation o 100GbpsMB-OFDM transmitter
with polarization dversity coherent recever

As dscussd in the previous chapter, current ADC/DAC limitations led us to digibute the
total data rate of 100 Gbps intdour polanzaion multiplexed OFDM sub-bands.Each sub
band will adually transpat 32 Gbpsrather than 25 Gbps, toacmunt for the varous
transmission oerheads (pilot tones, cyclic prefix, training symbols,as well as FECand
protocol overheal). The OFDM sigral in eah subband hes a bandwidth d 8 GHz and
operdes at a sampling frequency set to 12 GH in order to fadlit ate adiasing elimination at
the DAC output. 256points FFTIFFT are used, among whch only 170 subariiers carty
information, using 4QAM moduktion. Coterent detedion has keen retained in arder to the
transmission drget of transpoting a spedra efficiency of 2 bits/s/H over 1000 km @
SSMF.

The aim of this chapter is to describe the experimental implementation of the 100 Gbps
coherent OFDM sysem. Severd experiments lave been caried out to \aidate the

comporents ugd and to overcome the sysem impairments. Frst, the proposd methodology
is expoed in Sedion 1. Then, the following sdions cttail the successive steps required for

sweeesdully building the polanizaion multiplexed OFDM syseém cariied out inead sub

band. In Sedion 2, the eledricd badk-to badk arrangement is cetailed. After that, Sedion 3
describes the testbed pemnitting the up-conversion into tle opticd domain and the

homodyre detedion of the opticd OFDM singk subband sigral. We propos in particular a
simple method tofine<tune the opticd 1Q moduétor while avoiding 1Q-imbalance on the

transmitier. Later on in Sdion 4 we generde and deted a polarizaion-multiplexed OFDM

sigrel. Heterodyne detedion, for which a carier frequency misnetch exists ketween the

transmiter and recaver lasers and hes thus to b compensated for, is adso investigated.

Having achieved the description of the experimental implementation of the 25 Gbps OFDM
sysem and validated the results through a comparison with theoreticd performance we

present in Sedion 5 the experimental set-up o the 100 Gbps OFDM sysin. The sysem

performance is then compared to the performance of 100 Gbps DRQPSK systm. Firdlly

theimpad of CD and PMD on tle OFDM sysém performanceis investigated.

4.1 Proposed methodology

The CO-OFDM sysem has a complex transmiter and recever architedure, the latter
comprising a coherent detedor and advanced digital signa processing. Thus its
implementation requires an optimizaion of the variouseledricad and optcd comporents, as
well as the validation o the developed algorithms.

We will describe in this £adion the swceessive steps cariied out to builda dual polarnizaion
(DP) CO-OFDM sysem operding at an effedive datarate of 25 Gbps.
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Figure 4-1: Experimental set-up of the OFDM transmitter andrecever.

Figure 4-1 shows the experimental set-up d the proposed Tx/Rx OFDM sysem. Sverd
colors are usd on thisfigure to identify the different implementation seps swcessively
cariied out toevaluate and validate the transmiter and recever architedure.

The first experiment caried out was the eledricd badk-to-bad validation, completed in two
steps. The blocks o thefirst sep areidentified by the orange color and consist inconneding
the filtered outputs ® the AWG to the ADCs embedded insice the red-time digita
oilloscope (DPO). The next step in the eledricd badk-to-badk experiment was the
insetion of RF divers. At this bvel an optimizaion of the attenuator values at the RF
drivers inputs ves required in ader for these devices to wak in their linearregime.

The ssoond experiment consists in ugconverting the eledricd OFDM sigrdl into the opticd
domain, and, on tle recever side, in establishing homodye coherent detedion. The extra
stepsrequired in addition to the badk-to-badk eledricd validation arerepresented in geen in
Figure 4-1. Up-conwersion onto tle opticd domain is redized by impessing tle filtered
eledricd | and Q sigrls at the output ¢ the DACs ontoan opticd cariier usinga CMZM.
The same laser feeds both tle CMZM and the coherent detedor. However this laser induces
phase noie and thusa common plase error affeds al subcariers within eady OFDM
symbol. The compensation dof this phase shift is achieved by the CPE corredion agorithm
introduced in Chepter 3, Sedion 3.3.5.

The third experiment, figured in blue, has adlowed the generaion o a polarizaion
multiplexed OFDM sigral by the insertion, at the output ¢ the CMZM, of the Polrizaion
Division Multiplexing (PDM) unit. Now ctedion o the two pohlrnzaion multiplexed
OFDM bandsrequires the use of the 4 ADCsembedded insice the DPO. On tle DSP si,
channel estimation and equali zaion based on ZFMIMO processing fave been developed in
order to sparde the two pohrizdions.

Until now, detedion was based on homodye detedion. In the final step, heterodyre
detedion is established by using two dferent lasers for the CMZM and the coherent
recaver. The additional blocks required for this experiment are represented in bladk in
Figure 4-1. The transition from homodye to heterodyre detedion indwces in particular a
carier frequency offset (CFO) that must ke compensated for by appropriate syrchronizaion
algorithms.
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4.2 Electrical back-to-back arr angement

The first experiment to carry out was the eledricd badk-to-badk setup. We first describe in
this sdion the preliminary expernment that consists inconreding the filtered output @ the
two DACs to tle two ADCs. Sigal pre-emphasis wes found to e necessary in order to
corred the frequency respong of the DACs, as well as clipping of the OFDM sigral. Then
we present the complete badk-to-badk experiment. In particular we conred RF divers at the
DAC outputs,and optimie the drivers ttings so tlt the RF divers ogerae in their linear
regime.

4.2.1 Preliminary experiment

The preliminary experiment, shown in Figte 4-2, consists incombining togther the AWG,
anti-aliasing RFfilters and red-time digital oscilloscope (DPO).

Signal
processing

Figure 4-2: Experimental set-up of the basic electrical back-to-back experiment.

The OFDM sigral generaed dfline is split intored (I) and imaginary (Q) parts and snt to
two DACsembedded insice the Tektronix AWG 7122Barbitrary waveform generaor. The
latter is st to operae at a sampling rate of 12 GR/s to gnerde OFDM haseband sigral.
The in-phase (I) and inquadrature (Q) comporents d the OFDM waveform have a
bandwidth d ~4 GHz. The output ¢ ore of the DACs is shown in Fige 4-3. The dliasing
products are removed by an anti-aliasing filter. The two filtered 1 and Q sigmls are then
conreded to two different input channels (i.e. ADC) of the DPO. The DPO is usd at a
sampling rate of 50 GHz. After detedion, the data is processed dffline. Note here that the
AWG continuously tansmits te sigrels to the DPO, thus requiring a timing
syrchronizaion process to le implemented in the digital OFDM recaver (cf Chapter 3).

M

Intensity

Bandwidth™

Figure 4-3: OFDM spectrum before filtering.
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4.2.1.1 Clipping and Pre-emphasis

The OFDM sigral waveform generaed dfline can exhibit very high amplitude fluctuations
in the time domain. Such sigral pedks indwcein turn an inefficient use of the global dynamic
range of the DACs. Sirte the DAC has limited resolution, limiting thke sigral amplitude
variations within a pre-detemmined range is an impatant sep that has to ke caried out
before digital-to-analog conversion d the discretetime sigral. The data at the output & the
IFFT who® vaues exceal a pre-detemined maximum level are thus clipped to this
maximum level (Figure 4-4) [LiY06]. Note that clipping introduces distation and thus nay
cause severedegradation of the sysem performanceif sigral pegs accur frequently.

Clipping level

Lid Ll )

Amplitude

Clipping level

3 r 5
Time (ns) x10*

Figure 4-4: Therare peaks d the OFDM exceealing the clipping level are clipped to this value.

Besides the limited DAC resolution, tte frequency respong of the DAC has a sinuscardinal
(C11) envelope [Yan0§g wherea for an ided DAC, the output isa train of impulses in the
time domain and thus tle corresponding spdrum hes a redangular shepe. Pradicd, DACs
hold the voltage consent duing a period of [} ([}, [ (I TJ[] Theinput sigral, [}, is expressd
at the output d the DAC by [ which is given by:

DDi

M,000 00 OO0 O, OO TT—20 Eq. 41

Ch

O

In the frequency domain this effed translates intoa multiplicaion of the sigral spedrum by
alniiifunction, yielding:

0 |
Onop 000 DED 00 0@ P PP o mogO
0

Eq. 42

We note that the sumnation includes al perodic replicas d the sigral centered at
frequencies [ }(whereTll is an integer factor [Opp99. Afterfiltering, the replicas with [1[] [
areremowved. However, the frequency respong of the sigral of interest is notflat; instea,
due to the (1 Jtem, it is attenuated espedally at high frequencies. The eledricd spedrum
of |1 channel before pre-emphasis is shown in Fige 4-5. An inensity difference of about
8 dB is obswved between the first and last sulzarier of the OFDM sigral. Suwch an
attenuation in the frequency respong is uraccetable and cdls for corredions edniques in
order to obain a flat frequency respong. Fatunately, severd tedhniques are available to
cope with the nonided frequency respong of the DAC. The mostcommon edniques are
pre-equali zaion filtenng, and postequalization filtering. The filter coefficients are chosen
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from the inverse of thellIT]  function. Herewe chose to take advantage of the pre-emphesis
function provided by the AWG to equalize the power of the various OFIM sulcariiers. The
OFDM beseband sigral with pre-anphesis is shown in Fige 4-5. The pre-anphesis is
tuned in sich away that the intensity after the 1Q mixeris equal for all the sulzariers.

o~

Intensity
Intensity

Bandwidth > Bandwidt

Figure 4-5: OFDM baseband electrical spectra without (left fig) and with pre-emphasis and low pass
filtering (right fig).

4.2.1.2 Results

Figure 4-6 below shows te 4-QAM consellation retrieved ofline with our sigral
processing algorithms. In order to wenfy the sysem performance in badk-to-badk
configuration, the OFDM sigral was impaired by additive white Gaussan noie (AWGN).
The noise was simubted in disrete-time at the transmitier side and added to the OFDM
sigrel, before sending the OFDM tributaries to the two DACs.

The Bit Error Rate (BER) has keen plotied as a function of SNR in Figuie 4-6. To didate
the good opraion o ouw OFDM sysem, the results are compared to tre theoreticd
performance of 4-QAM given by: (10101 [ LI CCTTETTI O] The theoreticd curve and
the curve resultingfrom the preliminary badk-to-badk experiment aresugerimposed, thereby
validating the basic RF chain. Thisaso allows us toconclude that, for 4-QAM cons#ll ation,
the ENOB limitation of ouwr DAC/ADC does not affed the sysem performance, at least
down toa BER d 10°.

Theoretfical curve
~f— Back-to-back curve

£
i

0ar

05+

-1. . : ‘ ; i 2
Sl E 05 0 05 1 14 SHR Es/M (dE)

Figure 4-6: 4-QAM congellation (left fig.); BER vs SNR oltained after digital demodulation of the
electrical OFDM signal (right fig.).
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4.2.2 Completeexperiment

In the preliminary badk-to-badk experiment reported before, the DAC outputs werefiltered
by 4 GHz bandwidth low passfilters (LPF) and then diredly conreded to tre ADCs. But in
fad, the DACs outputsannot ke diredly conneded to the IQ moduétor since the moduktor
must ke fed by an RF diver. In addition, the IQ modubtor has a pushpull structure and is
dual-drive: it requires consequently differential signal inputs, whch are provided by an
appropriated RF diver, having itself differentia inputs and outputs.In order to feed
acaordingly the two RF divers (one for the I comporent and another one for the Q
comporent) and the IQ moduktor, it is necessary to insert a comporent which generaes the
sigrdl and itscomplementary counterpart: this ceviceis cdled “fanout’. In thisexperiment
we have completed the initial eledricd badk-to-badk expernment by adding the fanoutsand
the RF divers at the outputs 6 the AWG. In arder to meintain good sysém performance,
the fanoutsand RF divers inputs lave to be caretilly optimized soas to gwarantee linear
regime operaion o these two key comporents. The method retained to perform this
optimization will be described in detail hereater.

We first have conreded eat of the filtered | and Q sigmls to the previously described
fanouts. Tlen, by conreding the fanouts outputs to # ADCs, a new badk-to-back
characerizaion o the RF chain can be obtained. In particular, we areable to ture predsely
the respong of the fanouts tlat we want to ke as linearas possiké. To do so, w insert a
manually variable attenuator between the AWG and the fanout(see Figure 4-7). Through tre
examination of the 4-QAM constllation quality as well as through BER neassurementsat a
given SNR \alue, we detemmine the attenuation value that gives the best performance and
makes the fanout kehavior linear In ou setting, the optimal attenuation was found to e
16 dB,corresponding taan output diferential peak-to-pedk voltage of 450 mVpp.

AWG 7122B
|o o' Qo OQ

[
Fanout Fanout
oUT1 |OUT1 OUT1|OUT1
] I I o
| — I i} l

|_ATTeds | | _ATTeds | |_ATTede | |_AaTTeds |
= . ‘ ‘ = A
1 RF Drivers |

Figure 4-7: Experimental set-up of the electrical experiment.

In a second sep, we have conreded the outputs 6 the fanouts to tle RF divers (seeFigure
4-7 abowve). The RF diver outputsare then conreded to tre DPO.In order to optimie the
input levels of the RF divers, we use the same procedure than for the fanout, by ingrting
variable attenuators between the fanout outputsand the RF divers inputs. V& present in
Figure 4-8 the 4-QAM constllation diagram for severd tested attenuator values. Fo an
attenuator value of 0 dB, a constllation of poa quality is obtained after sigral processing,
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proving thet the RF driivers operae outsice the linearregime. At the opposig, an attenuation
value of 20 dBresults ina high quality consgellation diagram. However, a 20 dBattenuation
value corresponds toan output ak-to-peek voltage of 270 mVpp, whth is too small to
drive corredly the IQ modubtor and results inan inefficient use of the total linearrange of
the moduktor. Other attenuator values have been tried out in ader to find the best trade-off
between good lireaity of the RF diver respong and a suficiently high output volége
delivered by the driver. With attenuators d 6, 10, 13and 16 dB, ve obfain approximately
the same performance than tho® obtained with the 20 dBattenuator. An attenuation value of
6 dB wes therebre finally retained in the following of this wak, corresponding tcan output
single-ended pedk-to-pedk voltage of 1.1 Vppand output diferential pedk-to-pe& voltage
of 2.2 Vpp.

attenuator value=0 dB attenuatorvalue=6 dB attenuator value=10 dB
output driver voltage=2.400 Vpp output driver voltage=1.1 Vpp output driver voltage=630 mVpp
2 2 z rens e - -
15 3 j ; 15 i e 1.5 A o
08 a5 K T 0s - o
o aQ o
a8 0.5 3 05
: ‘% @ . @
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21 1 (a] 1 2 -2-2 1 i 1 2 ?‘n ] (] 1 F
attenuator value=13 dB attenuator value=16 dB attenuator value=20 dB
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Figure 4-8: 4-QAM congellation diagram observed by testing different attenuator values & the RF
driver inputs, with a peak-to-peak input voltage equal to 450 mVpp.Theinput driver voltage is
measured after the insertion of the attenuator.

In arder to verify the sysem performance of this kbadk-to-badk experiment including the
complete RF chain, we have plotted the BER as a function of SNR on tle AWGN channel
using 4QAM modulktion (Figure 4-9). To validate the good oraion of our OFDM syséem
in badk-to-badk, we comparethe results with tle theoreticd performance given by: (11117 [
CWOCITITITIOT The curves resulting from the preliminary badk-to-badk experiment
(DAC filtered by 4 GH bandwidth LPF and from the complete badk-to-badk experiment
(which includes the fanoutsand RF divers) are supetimposed on the theoreticd curve,
showing tlat no penalty is induced by any o the eledricd comporents in®rted into the RF
chain.
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Figure 4-9: BER vs SNR d the generated electrical OFDM signals andthe theoretical case.

Wondering about tre capability of owr DAC / ADC to gnerdae and deted higher order M-
QAM constelation, we have replacad the QPSK modudtion by 8QAM and 16QAM
moduktions and upgaded ou digital recaver algorithms to ated swch constllations. The
resultsare given in Figue 4-10 below. Inspedion of these consellations sugests that the
sigral quality is good enough toenvisage a possibé experimental implementation, at least
for 8-QAM which was shown to b suficiently robust to tle acaumulation of phase noise
into the opticd transmission lie [Jan09. This extension will ke studied in forthcoming
400 Gbpsxperiments whth arebeyond the scope of this thesis.
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Figure 4-10: Congellation diagram obtained with 8-QAM and 16-QAM modulations.

4.3 Single polarization Tx/Rx design and validaion

The eledricd bad-to-badk experiment has been caried out and charaderized. We have
inserted al the RF comporents and we have optimized their input level to obin a linear
operaion of the RF chain. The next step, described in this gdion, consists in ugconverting
the eledricd OFDM sigrdl into the opticd domain by inserting an 1Q modubtor, and, at the
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other end, davn-conwerting the opticd sigrel by using a polanzéion/phese diversity
coherent recaver. However, sverd imperfed transmitier adjustments swh as plase, gain
and/a time delay mismetch between the | and Q mths can ocaur, leading to 1Q imbalance
problems. Thus we propos and describe a new and simpk method toadjust the transmiter
soas toavoid Tx IQ imbalance problems. Lastly we present the experimental results.

4.3.1 Experimental set-up

Figure 4-11 represents the experimental set-up d our coherent singke-band OFDM
transmitier/recaver. At the transmitier, the | and Q sigrls generded by two DACs are
filtered, amplified through two RF dvers waking in their linear regime, and mixed
together thanks toa Fujitsu FTM7960EX optd 1Q moduétor. The laser used to feed both
the transmiter and the recaver is an extema cavity lasers (ECL) having a line-width o
~100 kHz, in order to limit as miwch as possibé the intrinsic phase noise. At the recaver
side, the polanzaion diversity coherent recaver, constitued of two 90° hylids, alows the
separdion of the in-phase (I) from the quadrature-phase (Q) comporent. Their outputsare
conreded to four balanced photerecavers, which are themselves coupled to the four 50
GSa/s ADCs ¢ the DPO. Homodye detedion is consicered here so tlat the same laser
feeds in @rdl el the IQ modubtor and the coherent detedor through the use of a 1:2 coupler.

The offline digital recaver performs first timing syrhronizaion, followed by FFT
demoduktion, channel estimation, and zer-forcing equali zaion. Pilot tores arefinally used
to compensate for the common plase error caused by phase noi<.
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Figure 4-11: Experimental set-up of the homodyre optical OFDM single-band signal.

4.3.2 Transmitter adjustments

One of the mostcomplex steps d this experimental implementation is tre finetuning d the
opticd 1Q moduktor, or equivalently of the complex Mad-Zehnder moduktor (CMZM).
The CMZM is constitued o a Mad-Zehnder suger-structure comprising two Mad-
Zehnder modubtors (MZM) in pardlel, anda [/2 phese shifter which is ingerted for instance
in the loweram of the CMZM super-structure. The CMZM has thus tiheebias voltages thet
neeal to ke finely adjused. They arecdled Bias 1, Baes 2and Bias 3 in Figue 4-12 kelow,
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respedively. The optimal bias for MZM1 and MZM2 corresponds to ta null transmission
point, wherea the optimal bias for MZM3 is the quadrature point.

Bias 1
MZMT -
MZMZ2 —

Bias 2

Figure 4-12 CMZM str ucture.

The threebiases d the CMZM can be st as follow:

1. Apply and adjust all the bias voltages to gt maximum optcd power without RF
sigral.

2. Adjust bies voltage Bias 1 to @t 25% of the maximum power.

3. Adjust bias voliage Bias 2 to gt minimum pover.

4. Apply PRBS sigals to the RF input & MZM1 and MZM2, then adjust Bias 3 to @t,
with intensity detedion, the optimum waveform for dual quadrature phase shit
keying (DQPSK) as shown in Figte 4-13. At this kbvel, the relative phase between
the two ams d the CMZM is <t to 90° but tle bias voliages & MZM1 and MZM2
arenot pedsely adjusied at the null transmission point.

5. Generge an OFDM sigra, visudlizeits optca spedrum at the output ¢ the CMZM
on an opticd spedrum anayzer (OSA) and optimie Bias 1 & Bias 2 tofully
suppess tle DC comporent of opticd spedrum ob®wved in the middle of the
spedrum when ore of the two bias voltages is iracairrately adjusted (Figure 4-14).

The CMZM is a thermal-sensitive comporent. Snall temperaure varations can modiy the
three optimum bas voltages. To ad with possibé deviations, tte last two seps must b
repeded onadaily basis.
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Figure 4-13: DQPSK waweform after direct detecion. Here, the CMZM biases ae adjusted precisely.

140



{

!

8 GHz

Figure 4-14: OFDM spectrum after CMZM. The CMZM biases ae adjusted precisely.

The method described above for finetuning the IQ modubtor is complex and requires daly
modificaions d the transmiter/recever arcditedure (substitution & the OFDM transmitier
by a PRBS ¢eneraor, and replacanent of the coherent detedor by a dired detedion
recaver). In addition, it dees notaddress al possibk transmiter imperfedions so tht the
problem of I1Q imbalance at the transmitier is notremoved. 1Q imbalance degrades sysém
performance since it generaes a mirror image of the sulcariier kth on the -kth sulrariier and
vice versa [Sch08. Severd methods exist in the literaure to mitigate Tx 1Q imbalance
[Ami10, Caoll]. Hereater we propo® a new, simpk and aiginal method to avoid 1Q
imbalance in the transmiter. Our approacd is soly based on tre obsrvation of the OFDM
sigrel spedrum. Asa by-product, this method pemits also to suppess tle DC comporent
which dces not indee 1Q imbalance but consunes a large partion o the sigral power,
therdoy aso degrading performance[Tan07].

The opticd signal at the output ¢ the CMZM is represented by the following equation
[Shild:

0 0,0 0 0, 0O O
O1mo DDD]DBEE[%DW[DD]DD]DEEBE%D@MMLL Eq. 43

where [}, and [}, stand for the | and Q tibutary voltages d the sigrel at the input d the
CMZM, [} is the DC bias voliage of the moduktor and [, is the frequency of the ECL
feeding thre CMZM.

To fully suppess tle DC comporent from the sigral spedrum, the bias voltage
Bias 1 & Bias 2 d the MZMs must Ie finely-tuned on the [}, value ([}, is the half-wave
switching voliage of eady MZM). Fa instance, we have represented in Figue 4-15¢, the
OFDM sigrel spedrum corresponding to th case whereore of the two bias voliages is not
corredly adjused. We note here that DC comporent removal can be caried out
experimentally whether both tre positive and regative frequencies carty data, or if just the
lower or upper band cariies data. Orce the bias voliages & MZM1 and MZM2 have been
propedy tuned at the null transmission point, & obtain the spedrum illustrated in Figue
4-15a.

At the optimal null bias condition™},, [1 [}, and as V, and Vg are smell, we can write:

OO 000 ook 32 0 200 0 omeE 3200 0 2 32
0 0o 0O0g O 0 Up 0 g

Then Eq. 4 3 becomes:
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This equation shavs thet the baseband sigral ([} [0 [}, [is lineaty up-converted to tre
center frequency % [Shild.
The baseband OFDM signal can be expanded as follows:

U
o
Eq. 45
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Note that, for notational convenience, the sulrariers are numkered differently from the
previous chapters, and we have (1}, [] é[ﬂ]D O D%M N é% 00
Then,
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Severd stages in the transmitier structure can be the souce of an 1Q misnstch, e.g.,a gain
difference between the | and Q amms, a deviation from the [1lIphase-shift between the two
paths,and/ar atime delay mismetch between the | and Q tibutaries o the OFDM sigrals.

A gain mismatch between the | and Q @ths nmay come from different attenuations values in
the | & Q RF chain, or by a gain difference between the | & Q tributaries at the RF divers
level. Imperfedions in the transmitier structure may result in | and Q eledricd paths with
different length, ead path being compod of an RF cable, attenuators, LPFand diver. A
smell difference of length ketween any of those eledricd comporents will result in a time
delay between the | and Q sigrls. Firally, an inacarate tuning d voltage bias 3can cause
deviation from the [T optimal point.

By sake of simplicity and given thet the up-conversion gocess is lirear (Eq. 45), a mode
of the OFDM haseband sigral affeded by |Q imbalanceis:

o O
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g N
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where [} [1and [1 model the Tx time, gain and phase mismatch, respedively. Rearranging
the terms, we obtain:
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or, equivalently,
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wherethe coefficient [}, and [, aredefined as follow:

0
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Therecaved symbol’ at the FFT output on sutarier [1is then given by:

[% O Oppth O D[DDIHD Eq. 48

It can be concluded from the Eq. 48 thet, in the presence of 1Q imbalance, the kth sulcarier
is given by the transmitied information symbol on tk kth sulcarier multiplied by a
complex factor [}, plus the complex conjugate of the symbol tansmitied on the -kth
subkzarier multiplied by another complex factor (1. In case of perfed matching (i.e.[]
00 O OIO0m O 0), O 0 Dandd O 0

We have chosen to sole the 1Q imbalance imperfedions in an experimental mannrer,
without the need for additional signal processing. Ou method is lased on obsgwing the
upper bandof the OFDM signal on a highresolution(20 MHz or 0.16 pn) opticd spedrum
anayzer(OSA).

In case of apath misnatch between the | and Qcomporents d the OFDM sigrdl, the impad
of the IQ imbalance appeass \very cleaty on the OFDM spedrum. Mare predsely, a mirror
image of the sulxarier(lwill be obsrved on tre -kth sulcarier since [} is notzem (Eq.
4-8). The OFDM spedrum obtined after the CMZM is represented in Figue 4-15d.

A simple remedy to path length misnatch is the insertion of a delay line in ead of the | and
Q eledricd paths. Then, bya simple obsvation of the OFDM spedrum, we can finely tune
the delay lines in aderto minimize the power level of the lower side-band.

To cope with phase deviations from the optimal 11 setting, we can also insged the upper
band d the opticd spedrum o OFDM sigral after the CMZM, and adjusting tle phase
voltage Bias 3 soas to maximize the power difference between the upper and lower band
over the opticd spedrum (Figure 4-15c).

Finally, the spedrum d the OFDM sigral in the presence of a gain mismetch between | and
Q paths is simiar to the spedrum obtined with a phase misnmetch (Figure 4-15c). This
particular case of imbalance can thus le solved byfinely controlling the | and Q voliges at
the output @ the driver.
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Figure 4-15: Spectra of the OFDM signal for different Tx IQ i mbalanceissues. @ representsthe upper
and lower bands d the OFDM signal when the DC componrent isremoved. The other cases represent the
upper-band of the OFDM signal: we identify in b) the ideal settings, inc) a phas/gain mismatch, in d) a

time mismatch; and in e) the presence of the DC component.

To sumnarize 1Q imbalance is the result d either a phase, power or delay mismatch
between the | and Q tibutaries d the OFDM sigrals. To counkerad the impad of the 1Q
imbalance in the transmitier, we just reed to obgrve the OFDM spedrum at the output d
the CMZM. Fine tuning d the bias voliages (Bias 1 and Bias 2 of the two MZMs
embedded into tre CMZM can be used to remove the cariier that may appearin the middle
of the sigrel spedrum, while fine tuning d the phase (through tte bias voltage Bias 3, of
the gain (through the use of attenuators) and/ar of the delay (by inserting appropriate delay
lines) imbalance between the | and Q mths can be adiieved by viswa inspedion o the
opticd power contained in the lower side-band.

4.3.3 Experimental results

The BER hes been measured as afunction of OSNR ina 0.1 nmreference bandwidthfor the
finely adjusied OFDM sysém. The measured badk-to-badck sensitivity of this singe-band
OFDM sigral is compared to the badk-to-badk measuement obtined in [JanMO0§g]. In this
referance, the authars have generaded two OFDM sukband sigrals, ead carrying araw data
rate of 10 Gbps. Qué similar digital signal processingalgorithms have been implemented,
exception mede for phase noise compensation. Reference[JanMO08] indeed implemented the
RF-pilot tore method wherea pilottone-based CPEcorredion with 5 pilot tores hes been
caried out in ow experiments. The two performance curves are shown in Figue 4-16. We
measured a BERTI (11" at an OSNR \aue of 6.5 dB, wierea in the consicered reference,
the required OSNR isabove 8.7 dB. Gnerdly, a low OSNR ow sysem has better
performance compared to the reference sysem, and approximately the same performance at
high OSNR. Thusgven though pilottone method is notable to cope with the ICI caused by
the fast empara fluctuations d the phase and besides the fact that only 5 pilot tores are
used here the sysem performance is satisfactory. Generdly, when extema cavity lasers
with line-width around 100 KK areused and linear or quasi-linearconversionfrom optcd
to eledricd domain and vice versa is adhieved, the pilot-tone approad is an efficient
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method tocompensate for the impairments caused by plrase noise at reasoreble complexity.
Note however that RF pilotcan be used to handle any phese distations affeding the OFDM
sigrdl, carier-frequency off sets included [JanMO0§].

For referexce pupos, we have aso ploted the theoreticd performance of 4-QAM
moduktion at the same data rate. The theoreticd BER is given by: 000 [ (IO
CTIITTOIOCIT] In order to compare the sensitivity curve of the single polanizaion with the
theoreticd curve, the eledricd SNR must le related to thre OSNR by tle following relation
[Ess1(:

[T
0o o

man e Eq. 49

where []is equal to 1 in the case of single polanzaion transmission, o 2 in the case of
polaiizaion division multipexing. Herewe have [ [, [ is the symbolrate and [1171-is
the sigrel to noise ratio measured in ore polarization.

When we comparethe sensitivity curve of the single polarizaion with the theoreticd curve,
we obIve a larger penalty at high OSNRs. A BER d 10° corresponding tcean OSNR 6
6.5 dB, tle OSNR pnalty with resped to the theoreticd curve is 2 dB, whik the penalty
increaes to 5 dBat a BER d 10° (the corresponding OSNR is 12.5 ¢BThis is de to the
significant impad of ASE on tle sysem performance at low OSNRs, wbkrea, at high
OSNRs, tle impad of ASE isreduced and consequently the sysem is limited by the residual
phase error.

A Single-polarization OFDM-QPSK 15.9 Gbps
@ Jansensingle-polarization OFDM-QPSK 12.9 Gbps

==Theoritical Limitfora 15.9 Gbps QPSK
@

[ ]
@

Log4o(BER)

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
OSNR .1 nm (dB)

Figure 4-16: BER vs OSNRfor optical single-band back-to-back OFDM signal, also we have reproduced
the sensitivity curve of the reference [JanMO08].

4.4 Dual polarization Tx/Rx design and validaion

The implementation of a single-band OFDM Tx/Rxable to transpat a total data rate of
~16 Gbps ina bandwidth d 8 GHz has been siwccessully cariied out in the previous ®dion.
But in ader to achieve a total transmissionrate of 100 Gbps, th tota data rate must e
increased to 32 Gbps in t same bandwidth. Thiscorresponds toan information rate of
25 Gbps, oerheals excluded. This ircrease in data rate will be redized by means d
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padarzaion-division multipkxing of two 16 Gbps OFM sigrals in eat subband. At the
recaver side the separaion of the two pohlrizaion tributaries isacdhieved by a zero-forcing
MIMO equadlizer.

In this ®dion we describe the design and the vaidation o the polanizaion division
multiplexing OFDM sysém. The performance is evaluated for two different detedion
scenarios: the first ore is homodye detedion, in which the CMZM and the coherent
detedor share the same laser; the second enario corresponds to te more redistic case of
heterodyre detedion, in which two diferent lasers areused in the transmiter and recaver,
respedively. In the latter case, a carier frequency offset (CFO) arises and must e
compensated in ader to avoid ICI and thus @gradation of the sysem performance. This
task is usally acomplisted by means d appropriate frequency syrchronization algorithms
in the digital recaver.

4.4.1 Experimental validation with homodyne detecion

In order to doube the spedral efficiency, polarizaion-division-multiplexing is impkemented
based on homodya detedion in afirst sep. Two diferent transmitiers generae two OFDM
sigrels of equal bandwidth, and a polarization bean combirer is usd to combire the two
polarizaion comporents into o DP-OFDM sigrdl. Since this approach requires sverd
pars & DACs and CMZMs, it is \ery expensive to implement in a researd laboratory. A
simple method toemulate a CO DROFDM sysem at reduced cost is apicted in Figue
4-17 kelow.
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Figure 4-17: Experimental set-up of the CO DP-OFDM system.

In this approad, a single OFDM transmiter is used, inseal of two, and conreded to a
partticular polarizaion-division-multiplexing (PDM) unit maede of a 3 dB coupler (which

splits the sigrel into two equal comporents), a delay line, a varnable opticd attenuator

(VOA), two pohrizers and a polarization bean combiner (PBC). The VOA locaed in the
lower am of the PDM unit is usd to adjust the opticd power in the two ams so tlat the
two polanzaion multiplexed tributaries have equal power. The delay line is redized using
~5 meters o fiber and is ued to celay the OFDM sigral cariied by the X polanzaion by
one OFDM symbol eriod with resped to the OFDM sigral cariied by tre Y polanzation.

Fine tuning d the delay line is dore through tte variable opticd delay line (ODL) locaed in
the lower am. This ore-symbolperiod delay is required in arder to distinguish btween the
training symbols on th two pohizations sirce they will be receved ore after the other
[Jan0g. As we have seen in sdion 3.3.4.2 6 Chapter 3, two nonzer training symbols
distributed amongfour time slots wereshown to e suficient for obtaining acairate channel

estimates. Becaise of the use of the PDM unit, tre OFDM preanble will now include five
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training symbols instad of four, organized acaording to the structure [0 TS 0 TS () oneadt
polarizaion. As illustrated in Figue 4-18, the one-symbotperiod delay inserted between the
X and Y pohrizaions will guaranteethat the training symbols ent in eat polrizaion will
not owerlap in time at the recever side.

oo AT O] OO ... T, pol=x
/o[ RIS 0 ... T pol=y
Hy Hyy Hyy
Hy: BIEEEFEPIE .. Rx, pol=x
- EEEEETIL ...Rx pol=y

Figure 4-18: Structure of thetraining symbols used for channel estimation. The transmitted OFDM
signal on polaization X is delayed by one OFDM symbol with respectto the signal on polaization Y
duetothe PDM unit.

In pradice the sigral state of polarizaion (SOP does not reman consént ower long
distances in tre fiber. This leals toa power exchange between the two pohliizaions d the
propagating DP-OFDM signal, but the orthogordity between the two pohlrnizaion
multiplexed bands is naintained. We have been able to reproduce such a dynamic behavior
in ou laboratory experiments by ingrting a fully random Padwization Srambler (PS after
the PDM unit. Tren the sigral is opticdly amplified, filtered and snt to the o<cilloscope
(DPO).

The digital OFDM recaver performs timing syechronizaion, channel estimation based on
combining tine and frequency-domain averaging methods, 2x2 MMO zer-forcing
equali zation and CPEcorredion using pilot toes.

The BER for the DP-OFDM sigral has keen plotted as a function of the OSNR neasured in
aresolution d 0.1 nm in Figee 4-19. In arder to validate and assss the performance of the
MIMO channel estimation and equalization processfor the DP-OFDM sigrel, we compare
its sensitivity curve with the ore previously obtined with the single polarzaion
transmissionexperiment. Recdl that a 3 dB diference should, in tleory, be measued
between the curves corresponding to th single and dual polarizaion OFDM sigrals.

An OSNR dfference ranging from 2.7dB to 3.5dB is esued between the two
performance curves in Figue 4-19. Hence we conclude that the proposd MIMO channel
estimation and ZFequali zaion algorithms daes not intoduce any additional OSNR penalty.
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Figure 4-19: BER vs. OSNRfor single and dual polarization OFDM signal.

4.4.2 Experimental validation with heterodyne detecton

Having validated the performance of CO DROFDM transmission in ta simplified case of
homodyre detedion, we now consicer the more redistic situation of heterodyre detedion,
in which two diferent laser souces areused to dive the CMZM and the coherent detedor,
respedively. A frequency mismatch between the wavelengths @ the transmiter laser and
locd oscillator will then occur, indwcing intercarrer interference (ICl) and performance
degradation of the sysem. The correspondingrecever set-up is dpicted in Figue 4-20
below. A frequency-syrchronizaion algorithm has keen inserted between timing
syrchronizaion and FFT aémoduktion, in ader to estimate and compensate for the carrier
frequency off set.

Coupler

1 1

i hybrid “E.' ADC

Ec % HZ&Kfapbc F _
g Remove Remove TS Bina
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! hybrid @_I_ ADC | & CFO cP 'IE & pilot tone demodulation data

i 90 |&H{ADC v

| PBS Balanced | Channel estimation

: Photodiode : & phase noise

""""""" L. compensation

Coherentphase/polarization P

diversity coherentreceiver
Figure 4-20: Receaver set-up for experimental validation with heterodyne detecion.

In order to quantify the speed of varation of the CFO oer time, we have plotted with blue
colors in Figue 4-21 the fluctuation of the narmalized CFO[](see Chapter 3 Sedion 3.3.3
for the definition of [) during an ob®vation period of 50 minues. The integer part and
fractional part of [1arerepresented in red and geen, respedively. From the first to the last
measuements, obéined 50 minues apart, we measue a frequency deviation of 8. f

(0000 03— O Omomog).

Within the digital recaver, estimation and compensation of the CFO arethus gerformed in
two seps;first we estimate a frequency offset in the range of +2(f ([ f being the subcarier
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spaang), by following the Minn & Barghava approach (Chapter 3, Sdion 3.3.3.2 and
exploiting the particular time-domain stucture of the training symbol usd for timing
syrchronizaion (As 8 repetitions d a basic subsymbol with a sign inversion ketween
celtain repetitions wereconsicered, after timing syrchronizaion, we have atered the sign d
the subsymbols pecaled by a negative sign, and then we have concaenated ead two
consautives subsymbols togther in order to estimate the CFO fractional part acarately).
Once the fractiona pat of CFO has keen estimated and correded, we estimate the
remaining integer par of the CFO by neasuing the frequency shift experienced by tre last
filled OFDM subcariiers, and then compensate for it [Karll].

5 T

—s—Total CFO
Fractional part
—=—|nteger part

Normalized CFO

| | | | |
0 500 1000 1500 2000 2500 3000
Time(seconds)

Figure 4-21: Temporal fluctuation of the normalized CFO, including the integer and fr actional parts.

Figure 4-22 compares the evolution d BER as a function of the OSNR neasued in a
0.1 nmreference bandwidth, for the homodyre and heterodyre detedion experiments. In
both cases, the generaed DP-OFDM sigral feeds the polanzaion srambler (PS, the
amplifier, the filter and then the DPO. Fo homodyre detedion, CFO estimation is not
required and the corresponding ensitivity curve (pink square in Figue 4-22) is usd as
referance, wherea the CFO estimation agorithm is swithed on for heterodyre detedion.
We do not obsive any relevant differences between the two performance curves. This
validates the efficiency of our CFO syrhronizaion method.
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Figure 4-22: BER vs. OSNR(in 0.1 nm) for the CO DP-OFDM system with/without CFO.

4.5 100Gbpstrangamitter set-up and validation

After completed the experimental generaion of ore polanzaion multiplexed OFDM sub-
band cartying an information data rate of 25 Gbps, & describe in this dion the transmitier
set-up for generaing the 100 Gbps multband (MB) OFDM sigral. The sysem is validated
by comparing its performance with a referexce 100 Gbps DRQPSK systm. The
comparison isfair in the sense that both systms transpat the same effedive data rate of
100 Gbps. Nat however that the two transmissionformats have different owerheals, and
thus dfferent totl data rate, namely 111 Gbpsfor the DP-QPSK systm, comparel to
~128 Gbpdor the DP-MB-OFDM sysem.

4.5.1 Multi-band approach for 100Gbps OFDM signal generation

Figure 4-23 shows th experimental transmiter set-up ued to generde the 100 Gbps
DP-MB-OFDM sigral. A comb d opticd cariiers s@ceal by 10 GH (shown in Figue 4-25)

is generaed by diving a dual-atm Madh-Zehnder moduktor (MZM) with a large amplitude

10 GHz RFfrequency acording to the recommendations d reference[Sak07].

Thus, higter order side band frequency comporents withresped to the continuous lightare
generded. These comporents are used as a frequency comb lecaise the sigral has a

constnt frequency spadng. However, the spedra flattening is established by finely

adjusting tte voltage bias d the MZM.
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Figure 4-23: Transmitter set-up for the 128 GbpsDP-MB-OFDM signal. The corre sponding sgectrum is
shown inthe inset.

As we can eon Figure 4-25, the frequency comporents around tle center frequency have
approximately the same intensity and all the frequency comporents areequally spacel. We
mention herethat the central frequency corresponds to tfrequency generaed by the ECL
while the other frequencies are dependent on the harmonic order of the MZM. In order to
separde the different cariers, pohrnzaion-maintaining delay line interferometers (PM-DLI)
have been used. The incomingcomb d opticd cariers is split into twoributaries. The first
am sleds the even frequencies, multipes d its desigred frequency, while the sescond am
seleds the oddfrequencies, aso multiples d its desigred frequency (Figure 4-24).

Transmittance

ﬂ 3f, 5f, 7f,
Figure 4-24: Transmittance of one arm of DLI.

Hence a combination of 20GHz and 40 GH polanzdion-maintaining delay line
interferometers (PM-DL1) allows to split tke initid comb d 10 GHz-spacead subcariiers into
four combs & subcariers s@cal by 40GHz. Each comb is individaly modulated by a
complex-MZM (CMZM), and the four resulting modudted optica signals are combired
together through tle use of a 4:1 pohrzaion maintaining coupler (Note that an OBPF is
inserted to ®led only 4 sulsariers). Regarding now tle generdion of the OFDM hbaseband
sigrals, we take advantage of the fact that or AWGs can provide botha complex 1/Q sigrel
and its complement. Hence, owerdl, two AWGSs (instead of 4) are suficient to build tle 4
complex tributaries corresponding to th four subbands d owr 100Gbps multiband OFDM
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signad. In order to ensure that the data transpated in reighbaring subbandsaredecoorrelated,
AWG 1 generaes cata for the firstand thrd subbands whie AWG 2 generdes data for the
secondand fourth subbands. A pohrizaion-maintaining Erbium-doped fiber amplifier (PM
EDFA) compensates for the losss inroduced by the MZM, DLIs, CMZMs and coupler and
feeds a polanzaion-multiplexing moduke. Then a square flat-top optcd band-pass filter
(BPP of ~ 40GHz bandwidth is usd to ®led the four opticd cariers at the transmitier
output. Tle spedrum d our 100Gbps DPMB-OFDM sigrel at the transmitier output is
shown in tke inset of Figure 4-23.

OSA resolution: 20MHz

Figure 4-25. Spectrum of the 10 GHz-spaced optical carriers & the M ZM output.

4.5.2 Performancecomparisonwith 100 Gbps DPQPSK sysem

In order to validate the proposd DP-MB-OFDM sysém, we have compardl its performance
in badk-to-badk configuration with the referace performance of the 100 Gbps DFQPSK
single-carrer sysem su@ndardized for 100 Gbps londhaul opticd transmissions.In
patticular, if the OFDM sysém is found to le inferior to the single carier approac in
badk-to-badk configuration, this pedudes the neead to further consicer CO-OFDM for
opticd transmission.

We have plotted in Figue 4-26 the BER d 100 Gbps DRMB-OFDM and 100 Gbps
DP-QPSK as a function o OSNR ina 0.1 nm reference bandwidth, in ladk-to-badk
configuration. Fa referace pupos, the performance of 10 Gbps NRZOOK isaso shown.
The transmitier and recever set-ups d the 100 Gbps DRQPSKand 10 Gbps NRZDOK
sysems aredeveloped in chapter 5 in paragraphs 5.2.1and 5.4respedively. Note that these
threeformats operae within a bandwidth d 50 GHz. We ob<eive that the OFDM and QPSK
sysems lave approximately the sasme OSNR prformance. This confirms tre fact that
OFDM is inceal robust to CDand PMD, and suggsts tlat DP-MB-OFDM may be an
atemative solution to DPQPSK for high bit rate transmission povided it also exhibit
performance similar to DR-QPSK in tle presence of nonlineareffeds. Suh investigations
will be the subpd of the next chapter.

Comparison d performance between the 100 Gbps sigals and the 10 Gbps sigd showsan
OSNR dfference of about 5 dBat a BER d 107, in favor of the NRZ-OOK sigral. Hence
raising the data rate by a factor of 10 increaes the OSNR bya factor of ~4. We conclude
that the 100 Gbps CAGDFDM and 100 Gbps CEPSK systms pesent a good tadeoff
between increased data rate and OSNRrequirements.
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Figure 4-26: BER versus OSNR(in 0.1 nm) measued in back-to-back for DP-MB-OFDM, DP-QPSK,
and NRZ-OOK signals.

4.6 Impact of Lin ear impairments impact

In this sdion, we investigate the impad of firstand sond-order PMD on the performance
of the 100 Gbps palizaion-multiplexed multi-band coherent OFDM sysem with
homodyre detedion. The sigral polanzaion is randomly rambled a the rate 70°/ms
before the PMD emulator, for more relevant "field" conditions. Tlen we investigate the
performance of CO-OFDM unckr first and soond ader PMD, as well as CD, and with
heterodyre detedion. This studyfocuses on tle performance of one 25 Gbps OFDM
subband, chosen in the middle of the MB-OFDM multiplex.

4.6.1 First and oond PMD impact onthe OFDM sygem perfor mance

In theory, the presence of the cyclic prefix alows to the CO-OFDM recever to mitigate
PMD without tre need for additional signal processing in tle digital recever. Many
simulation resultsas well as experimental measurements cariied out in sétic conditions by
consicering the worst stte of polanzaion (SOB case at the PMD generaor input inceed
confirm the intrinsic robustress d CO-OFDM against firstorder PMD (FOPMD). But these
measurements have not keen dore in redistic conditions. Asexplained in the previous
sedion, the SOP \aries with time during sysem operdion, with varation speels as fast as
72°/ms neassued in the "field" [Sal09]. In order to investigate the robustress d the
proposed coherent DR-OFDM sigral in such redistic transmissionconditions,experiments
have been cariied out by ingrting a "Generd Photonts" PMD emulator able to generae
firstorder PMD (FOPMD) up to 180 psas well as mndorder PMD (SOPMD up to
~8220 ps2. Th correspondingexperimental setup is aepicted in Figue 4-27.
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Figure 4-27: Experimental set-up. In inset, the Poincare sphere at the output of the scrambler is
represented when the input signal is singly polaized.

The first ader PMD, which is the average of the DGD, indiwces a phase rotation on ead
OFDM sulzarier [}, that can be compensated diredly through appropriate MIMO
processing.

The ssoond-order PMD effeds arerepresented by frequency dependent terms; tre first tem,
known as PDC (polanizaion dependent chromatic dispersion) as acwounts for the
polanzaion-dependent vanations d the chromatic dispersion vanation. The secnd em isa
result d the rotation of the PSP withfrequency (see chapter 2). Then, the impad of first
order or second ader PMD on tle CO-OFDM performance is a sulcarier polarizaion
rotation thet can be esasily treded throughchannel estimation and then dces not indee any
impairment on the coherent OFDM sigral.

In the experimental setup d Figure 4-27, ou coherent DP-OFDM transmiter generdes ore
polanzaion-multiplexed OFDM subband and is conreded to the random poarzaion
scrambler (P able to emulate SOP \anation speed up to 70°/ms. Téresulting optcd
sigrdl is processed by the "Generd Photonts” PMD emulator, and finaly sent to the
coherent recaver.

Severd experiments have been dore. The first experiment consists inevaluating the
influence of the speed of SOP \ariation on tle OFDM sysem performance in the presence
of FOPMD. Tre FOPMD was st to 125 ps, whée the SOP \aration speed vaned between
0°/msand 70°/ms thnks to ow PS. No¢ that the sigrel SOP at the PS output is tatly
random,as shown in th inset of Figure 4-27, where the SOP @ a singlejpolarized sigrdl
recorded owver one minute is represented. By sake of simplicity, we have dore the
measurementsfor a pre-determined value of the OSNR(equal to 9.7 dB corresponding tca
BER=10° in the bad-to-badk case. As shown in Figre 4-28, the increase of SOP \ariation
speed up to 70°/ms & no im@a on tre OFDM sysem performance. Compared to the
OFDM frame structure which is constitued o 105 OFDM symbols foduration 22.75 nsa
SOP aration speal of 70°/msrepresentsa minar change of ~0.17° ger OFDM frame. Thus
the channel can be safdy consicered as time invanant along the OFDM frame duration.
Note aso thet the BER isevaluated over more than hunded frames.

The second experiment aims at measuing the impad of FOPMD on tle DP-OFDM sigrel
under the abovementioned redistic field conditions. So th SOP \ariation sgedl is fixed to
70°/ms whie the FOPMD is \aned between 0 psand 180 psat a fixed OSNR & 9.7 dB.
Once again, we obsrve in Figue 4-28 thet the increase of FOPMD up to 180 ps @s not
impad the OFDM sysém performance. That is dwe to the presence of the cyclic prefix
whos duration was chosen to ke larger than the maximum delay introduced by the various
souces d dispersion in thefiber (CD and PMD,cf chapter 3).
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Figure 4-28: Left fig: BER vs. SOP vaiation speed when FOPMD =125 ps— Right fig: BER vs. FOPMD
when SOP vaiation speed is equal to 70°ms.

Finally, the third experiment represents the sensitivities curves for four different
configurations d FOPMD / SOPMD, ramely: O ps / 0 ps?, 180 ps / 0 ps?, 112.6 ps / 6052
ps?,and 128.4 ps / 8220.6 pshe SOP wariation sped is still fixed to 70°/ms. Figre 4-29
shows tle BER evolution as a function of OSNR. All the sensitivity curves experience an
OSNR pnalty with resped to the O ps/ 0 pstase which is lower than ~0.5 dB, poving that
neither the high FOPMD waues na the high combired FOPMDand SOPMD wues have a

red impad on tre performance of the CO-DP-OFDM syséem.

© [ FOPMD = 0 ps / SOPNMD = 0 ps?
& FOPMD = 180 ps / SOPMD = 0 ps*

-1 AFOPMD = 112.6 ps / SOPMD = 6052 ps?
— © FOPMD = 128.4 ps / SOPMD = 8220.6 ps?
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Figure 4-29: BER vs. OSNR(in 0.1 nm) with SOP vaiation speed equal to 70°/msfor various
configurations d FOPMD and SOPMD.

4.6.2 Impact of PMD and CD onthe sygem perfor mance

In this bst heterodyne badk-to-badk charadernzaion experiment, we have inserted to the
random poérizaion srambler (PS followed by a PMD emulator and a fixed fibre Bragg
grating-based CD emulator (Teraion CleaSpedrum DCMEX) of 10000ps/nm. Qu
purpose herewas to assess tle impad of CD and PMD on tle OFDM sigral in the absence
of nonlineaities. The correspondingexperimental set-up is shown in Figre 4-30.
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Figure 4-30: Experimental set-up of the dual polarization OFDM sub-band affected by PMD and CD.

The BER as afunction of the OSNR neasured in a 0.1 nmreference bandwidth isevaluated

for varnous configurations. Tre CO-OFDM sysem was stesed out using sccessively:

-10000 ps/nm ©CD only, -10000 ps/nm ©oCD and 180 ps b FOPMD, -10000 ps/nm o
CD, 128 ps bFOPMD and 8220 ps?2 oSOPMD. Tl resultsare shown in Figue 4-31. No
OSNR penalty is measured in al these configurations at BERs higler than 10%. At lower
BERs, hovever, an error floor appeas around 10°, showing tlat high values & CD and
PMD do immd the sysem performance Note that the presence of CD and PMD d@s not
impad ou CFO estimation algorithm as thiserror floor around 10° has aso been ob®rved
in the case of homodyre detedion.

The CD emulator is suseded to ke the cause of thiserror floor. Indeed, as we will seein the
next chapter, the floor does notappear after sigrel transmissionalong 1000 km & SSMF,
and tetter performance is obtined around BER 6 ~10°; however we arenotable to know f

an error floor still exists elow this BER limit sirte the sysem performance is then limited
by intra-channel nonlineaities.
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Figure 4-31: BER vs. OSNR(in 0.1 nm) with and without CFO for various configurations o CD,
FOPMD and SOPMD.
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4.7 Conclusion

In this chapter, we have detailed the swccessive experimental implementation seps that we
have followed to swcesdully demonstate a CO DRMB-OFDM sysem operding at
100 Gbps.

Briefly, the transmiter set-up is constitued o an AWG with two DACs opraing at
12 GS¥sfor | and Q sigrls generdion, followed by anti-aliasing low ssfilters, fanouts,
drivers and an opticd IQ mixer. At the output d the opticad moduktor, the opticd OFDM
sigral feedsa PDM unit. The raw datarate of the generaed DP-OFDM sigral is 25 Gbpsln
order to obtin a total data rate of 100 Gbps ina 50 GHz bandwith, a multi-band OFDM
sigral compo®d o 4 pohlrnzaion multiplexed 25 Gbps DFOFDM subbands is gneraed,
by means d a comb gnergor comprising a MZM driven by an RF frequency with high
amplitude, followed by the combiration o 20 GHz and 40 GH: polarizaion-maintaining
delay line interferometers (PM-DLI). We obtain 4 combs & subcariers that feed 4 optcd
moduktors ead driven by the | and Q comporents d the 4 OFDM sigrals. The sigrels at
the outputs 6 CMZMs arefinally polarizaion multiplexed and filtered.

At the recever side, orne subband OFDM sigml is deteded by a polanizaion diversity
coherent recaver usinga ~100 kHz bandwidth extemal cavity laser as locd oscill ator. The
sigrdl is converted badk to the digital domain using a 50 GS¥/s red-time o<tilloscope
(DPO). "offline" digital signal processing (DSP is then performed to retrieve the
transmitied data.

The sysem performance and the developed digital signal processing lave been validated.
The impad of CD and PMD on tle sysem performance has also keen investigated and was
shown to le negligible (no penalty) for BERs geaer than or equal to 10,

This chapter did not consicer the impaa of nonlinear effeds on tke sysem performance

This is the subpa of the next chapter, which investigates the performance of the proposd
OFDM format in aWDM transmissiorcontext over 1000 km & G.652fiber line.
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Chapter 5
100 Gbps TransmissionExperiments

The maximum cgpaaty transpated by 10Gbps WDM long-haul transmission sysins
operaing ona 50 GHz channel grid is ~ 1 Tbps on th C-band, corresponding toa spedral

efficiency of 0.2 bit/s/H. Today Colerent Dual-Polarizaion Quedrature Phase Shift Keying

(DP-QPSK) is the industial solution for 100 Gbps londhaul WDM transpat [Alc]. Two
strategies are envisaged to deploy the 100 Gbps édinology. Tlhe first stategy consists in
upgading legacy sysem infrastructure at 100 Gbps tlough tke insertion of DP-QPSK
channels into the existing disgersionmanaged 10 Gbps NRzbased WDM sysem. The
seand stategy consists in impgmenting 100 Gbps DIQPSK WDM systém for DCFfree
transmission, so i al 10 Gbps channels will be replaced by 100 Gbps DE)PSK
channels. In both stategies, the am is to ranspat 100 Gbps WDMchannels ona 50 GHz
ITU grid, enabling 2 bit/s/H spedral efficiency.

Coherent DP-QPSK isa transmission échnique resistant to lineartransmission imgirments
swch as CD and PMD. On tle other hand coherent duel-polanzation multi-band OFDM
(DP-MB-OFDM) has been dso proposd in the past few years for 100 Gbpsapplicaion, and
remains tochy a vetry interesting candidate for WDM transmissionat 400 Gbpsand 1 Tbps.
However, a debate exists about whether OFDM can be as efficient as singe-carier QPSK
moduktion for long-haul WDM transmission, deto its supposd higher sensitivity to fiber
nonlineaiti es.

In this chapter we start our investigations by comparing the performance of 100 Gbps
coherait DP-MB-OFDM and 100 Gbpscohereit DRP-QPSK sigmls for 10x100 km
transmission oer G.652 fiber without ingertion of any dispersion compensation fiber
moduke (DCM). This type of line configuration is ketter known uner the name of DCFfree
configuration. Two dfferent schemes are thus studid: the first ore corresponds to tl
“Single-Channeél” configuration in which only two well-spacel channels carly 100 Gbps
data traffic (one suppating DP-MB-OFDM moduktion and the other one DP-QPSK
format), while the other wavelengths do not renspat any traffic; the second ore
corresponds to th “WDM” configuration in which the two previous channels are coupled
with 50-GHz spacal wavelengths modudted with 100 Gbps DR)PSK modudtion. We
demonstate that DP-MB-OFDM is as robustas DRQPSKfor 100 Gbpsrensmission in th
“Single-Channel” and “WDM” corfigurations: thisresult krings a clear respong to the
uswal point o view predicting that OFDM is intinsicdly more sensitive to fiber
nonlineaities. It constitues an arigina and rew input to tke debate over the respedive
performance of OFDM and singe-carrer modubtion tedhniques for long-haul WDM
transmission.

A seoond aigina contribution d owr work has consised in comparing the relative
performance of 100 Gbpscoherent DP-MB-OFDM and 100 Gbpscoherent DP-QPSK
formats for transmission oer a G.652fiber-based dispersion-managed (DM) line. In a first
step, only 100 Gbpschannels cartying either DP-MB-OFDM o DP-QPSK lave been
implemented ower this DM transmission lie. This configuration provides a reference for
experiments whth have been made in a second sép. These experiments correspond to tk
case of legagy transpat infrastructure, constitued exclusively of G.652fiber and 10 Gbps
NRZ-OOK WDM sysem. In this £heme, 100 Gbpschannels areintroduced by swithing-
off 10 Gbps wvelengths. Thiscosteffedive configuration enables to carry out a smooth
and pogessive up-grade of arealy deployed 10 Gbps WDM links. Tiough the
simultaneous popagation o two well-spacel 100 Gbpscoherent DP-MB-OFDM and
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100Gbps coherent DP-QPSK channels in a 78x10 Gbps RZ-OOK WDM transmission
sysem we compare the respedive performance of these two moduétion techniques ower a

10x100km DM G.652fiberdased line. We show tlat both 100 Gbps DiRB-OFDM and

100 Gbps DFQPSKarenotable to operae under the FEC thresholdeven in the presence of

a guard-band between the 10 Gbpsand 100 Gbpghannels. However, by reducing the power

of 10 Gbps NRZOOK channels with resped to thet of the 100 Gbps sigals, 100 Gbps
DP-MB-OFDM and DRQPSK channels recver sone performance and can be consicered

error-free (after FEQ after 1000km propagation. Futhemore, even for this particular

configuration quite detrimental for fiber nonlineareffeds, we show ttat 100 Gbpscoherent

DP-MB-OFDM is not so diadvantaged when compared to 100 Gbpsoherent DP-QPSK
moduktion. Thisresult isaso rew and aiginal, and provides sone constuctive answers to

skepticd people who kelieve that OFDM is highly meoe sensitive to fiber nonlineaities than

single-carrer DP-QPSK modudtion.

5.1 Representation of the performancecurves

The performance assessnment of 100 Gbpscoherent DP-MB-OFDM and 100 Gbpsoherent
DP-QPSK sigmrls for 10x100 km tansmission oer G.652fiber are cariied out by plotting
their sensitivity curves in two dfferent moce of representation. Ore of them is the
representation of the BER as afunction o the input pover per span per channel denoted by
Pin span- Pin span IS the output pover of any amplifier inserted at the beginning d a span so
that the same power Py span IS launched into all the spans. A £ond representation mock
consists in plotting t BER as a function of the receaved OSNR neasued in a 0.5 nm
reference bandwidth, using tk fad that an increae of 1 dBm in R\ span increases the
recaved OSNR by~1 dB. This tye of representation permmits the sugerimposition d the
sensitivity curves obgined after transmission with th one measued in badk-to-bad,
therdby deducing the transmission OSNR gmalty which is cefined as the OSNR diference
measured between the badk-to-badk and the sensitivity curves at the optimum BER oldined
after transmission.

We show in Figue 51 the two mods d representation for the 100 Gbpscoherent
DP-MB-OFDM sigrd after transmission ogr 10x100 km & G.652 without tlk insertion of
the DCM moduk. The BER infunction of P span is plotied in the left hand sice of Figure
5-1. The Py span is incremented by 1 dBat ead meassurement. The optimum input power
obtained after transmission is 1 dBm gén the lowest BER ¢ ~2.5x10°.

The BER as a function of recaved OSNR neasured in 0.5 nm is plo#d in the right side of
Figure 5-1. The sensitivity curve after the transmission ratches the sensitivity curve of the
badk-to-badk ore at low OSNRs(below 13 dB) reveding that the sysem performanceis just
limited by the acaumulated amplified sponéneous (ASE) nois generaed by the amplifiers.
A better performanceis obtined around the BER d ~2.5x10° corresponding taan optimum
OSNR d 15 dBand resulting inan OSNR @nalty of 2 dB. However for an OSNR higler
than 15 dB, tke sysem performanceis limited by intra-channel nonlineareffeds.
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Figure 5-1: BER vs. Byspn (l€ft fig) and BER vs.received OSNR s i, (I€ft fig) after 1000 km of
transmission oer the DCF-free G.652 fiber linein “ Single-Channel” and after the back-to-back design.

5.2 Mixed 100 Gbps DP-MB-OFDM and 100 Gbps DRQPSK
tr anamission ower DCF-free fiber line

The DP-MB-OFDM and DRQPSK sigrals operding both at 100 Gbps are now
simultaneously ransmitied over or 10x100 km G.652iber line. Note that in this ®dion,
the transmission lire adopts tle DCFfree configuration, i.e. no inline chromatic dispersion
compensation moduke (DCM) is usd o, equivaently, dispersion management is not
implemented. Rerformance comparison ketween the two moduétion techniques (100 Gbps
coherent DP-MB-OFDM and 100 Gbpsoherent DP-QPSK is cariied out rerefor the two
following configurations: the first ore is the “ Single-Channel” configuration, in which ead
of the two widely spaceal channels (the first ore carying the 100 Gbps coherent
DP-MB-OFDM channel, and the other one the 100 Gbpscoherent DP-QPSK sigml) are
transmitied ower the transmission lie while the other wavelengths do notranspat any
sigrdl; the second configuration isthe “WDM” one, for which the two previouschannels are
coupled with 50 GH-spacal wavelengths carrying 100 Gbpscoherent DP-QPSK  sigmils.
Before investigating the transmission prformances d the OFDM and QPSK sysims, we
will begin by infroducing the DP-QPSKexperimental set-up.

5.2.1 100Gbps DP-QPSK transcaver description

The DP-QPSK tansmiter structure is described in Figue 5-2. A CMZM which includes
two MZM moduktors in its two prdlel ams isfed by an extema cavity laser (ECL).
Subgquently, the light is split into two tibutaies and then ent to thke two MZM
moduktors. Each MZM moduktor is driven bya 2*>-1 psudo random birary bit sequence
(PRBS and then generates an optical signa with two phase levels {0, [}. However, as the
phase of the sigral passing tlough o armm of CMZM is shifted by (/2 with resped to the
secondam, the output d the CMZM produces four phase levels, {0, [12, [] 3(/2}, whichis
equivalent to the generaion o the four QPSK symbols. Rer that, the dua-polanzation
QPSK sigal is generaged by conreding the output ¢ the CMZM to a polanzaion-
multiplexing modué. A 10-ns timing aélay is inroduced between the two replicas d the
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QPSK sigrdl into the polarzaion-multiplexing modug in order to de-crrelate the two
polarizaion multiplexed QPSK sigals.

The targeted 100 GbEaw datarate is ~104 Gbps. Ater including ®6 owerheal for Forward

Error Caredion (FEQ), the globel data rate of DP-QPSK channels is increased up to
112 Gbpslin that case, the total data rate caried by ead polrnzaion is equa to 56 Gbps
and corresponds to tl data rate generaed at the output ¢ the CMZM. Consequently, eah

MZM modulator must orae at a symbolrate of 28 Glaud and subsquently must e fed

by a 2'°1 PRBSat 28 Gbps. Th signfficant reduction of the symbolrate offered by the

DP-QPSK modudtion format in comparison with two evels formats without poarnzaion

multiplexing makes the 28 Glaud DRQPSK sigmal compliant with the 50 GHz channel

spadng (or, equivalently with the 50 GHz ITU grid).
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i
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Figure 5-2: DP-QPSK tranamitter and recever set-up.

At the recaver side, the sigrdl is seleded by a square flat-top optcd band-pass filter
(OBPH of 0.4 nm landwidth, and deteded by a polanzaion diversity coherent recaver
usinga ~100 kHz line-width ECL as a locd oscill ator (LO). The sigrels areconverted badk
to the digital domain by the use of a 50 GS¥s red-time o<illoscope (DPO). "Offline"
digital sigral processing(DSP) is then performed. It is based on blindequali zaion and mae
particuladly on the consent modulusagorithm (CMA) which caries out pohrizaion
separdion and residuad chromatic dispersion (CD) compensation [Sav08]. The
~17000 ps/nm CDacamulated in the line is compensated for through tle well-known
time-domain-equali zaion (TDE) method described in [Sav08] which pemmits to determine
the coefficients d the two finite impulse respong (FIR) filters for the polarizaion X and Y.
Frequency offset compensation and cariier phase estimation are dore by the methods
described in[LyGO06]. Differential deading is usd to avoid cycle slips iss@s.

5.2.2 100Gbps Transmission performance

Our previously described 100 Gbps DRMB-OFDM transmitier operaing at 1552.93 nm is
introduced into a multiplex of forty 50-GHz-spaceal wavelengths modudted at 100 Gbps by
the DP-QPSKformat (Figure 5-3). Only ore 100 Gbps DFQPSKchannel is fed byan ECL
at 1548.11 nm, whé the thirty-nine other channels arefed by seindard laser diodes (LD).
The 100 Gbps DFQPSK oddand even channels are separaely multiplexed, independently
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moduated, combined with the 100 Gbps DRMB-OFDM transmitier througha coupler. The
transmission lie is constitued of 10 s@ns d 100 km & G.652 séndard singke-modke fiber
(SSMB separaed by EDFAs with 20 dB gn and a 5.5 dB noig figure. In the middle of
our transmission lie, a dynamic gain equalizer (DGE) is inserted in arder to flatten the
multiplex power after 1000 km. No disprsion compensation fiber (DCF) is introdued
between the SSMF spns, resulting in optinal propagation conditionsfor the channels.
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Figure 5-3: Spectrum of the fort y-one 100Gbps channels including the two channels under
measurement, i.e. the 100 Gbps DRQPSK and 100 Gbps DPMB-OFDM channels.
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Figure 5-4: Set-up of the 100 Gbps DRMB-OFDM and DP-QPSK transmiters, 1000 km DCFree
transmission lire and coherent receaver.

At the recaver side, the sigrels are deteded by a polarizaion diversity coherent recaver
using a ~100 kHz line-width ECL as LO. Tle sigrals are converted badk to the digital
domain with a50 GS/sred-time ocilloscope (DPO). In the DP-MB-OFDM detedion case,
the LO wavelength is tured to the centre of the OFDM subbands un@ér measurement. Then,
digital signal processing is rformed as described previously for eadc o the two
moduktion formats (i.e. DP-QPSKand DRMB-OFDM).

5.2.2.1 Experimental Results: BER Vs PIN SPAN
Two different configurations have been evaluated here In the first ore referral to as

"Single-Channel" configuration in Figue 5-5, the wavelengths vere not modusited except
for the channel at 1552.93 nm wtuh caries the 100 Gbps DRMB-OFDM sigral and for the
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channd at 1548.11 m which transpats the 100 Gbps DFRQPSK sigm@l. The second
configuration, cdled "WDM" in Figure 5-5, corresponds to ta WDM propagation of mixed
100 Gbps DRVB-OFDM and 100 Gbps DR)PSK channels as described in the previous

paragraph.
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Figure 5-5: BER vs. span inpu power per channel for 100 Gbps DRPMB-OFDM (right fig) and
DP-QPSK (left fig) after 1000 kn of transmission oer DCF-free G.652 fiber linein “ Single-Channel”
and “WDM " configurations.

Figure 5-5 sumnarizes ou experimenta results. On tle left and right hand sidces d Figure
5-5 the BER is ploted as a function of the Py span for the two 100 Gbps DE)PSK and
100 Gbps DRMB-OFDM channels, respedively. When we compare the “ Single-Channel”
configuration to the “WDM” one, we notice that the “Single-Channel” configuration is
better than the “WDM?” one by approximately one decade in BER and ~1 dB in Ry span for
the two formats uncer study. It cleaty signifies thet the XPM and its corollary XPolM
exacerbated by the “WDM” scheme badly impact the WDM transmission even in its DCF-
free configuration. The pe&-to-averagepower-raio (PAPR of 100 Gbps DRMB-OFDM
and 100 Gbps DRPSK ircreaes regulaly over a DCFfree transmission lie. In the
“Single-Channel” configuration, only the SPM excited at the locaions d the high ped&s
impads the transmission prformance, while in the “WDM” configuration, the inter-play
between the high-pe&s in the neighbaing channels through XPM and XPolM adds an
extra{penalty to the WDM system performance

When we compare now the two moduétion formats ketween them, we notice that in the
“Single-Channel” configuration, after 1000 km tansmission, tB 100 Gbps DFQPSK
channdl (BER~1X105 a PN span — 1 dBn’) is a little better than the 100 GbpS
DP-MB-OFDM channel (BER~2.4x10° at Py span~ O dBm) both in ems ¢ BER and
optimal span input pover. Also, inthe “WDM” configuration, DRQPSK (BER~6x10° at
PN span~ O dBr‘r) is still Sllghﬂy ketter than DP-MB-OFDM (BER~17X1O4 a PN span
~0 dBm). This indcaes a slightly higher sensitivity of the 100 Gbps DRMB-OFDM format
to nonlireareffeds when compared to 100 Gbps DI)PSK. This obatvation is related to
the exacebation of FWM that occurs between OFDM sulgariers [Low07]. However, in this
case, this effed is controlled duwe to the continuousacamulation of chromatic dispersion
along the line in this “DCF-free” transmission configuration: the phase matching conditions
which are mandatory to exacebate inter-band FWM arerardy met, and this limits in tun
the FWM impad [Liu09].
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It should @ noted at this point tlat no algorithm for fiber nonlineaities compensation o
limitation was implemented o even consicerad here Algorithms for nonlinear
compensation can be found in[Shi0Og and [Liu09].

5.2.2.2 Experimental Results: BER Vs OSNR

On the left and right hand sices o Figure 5-6, we present the same resultsas previously but
with a different moce of representation. The BER is ploted as a function o the receved
OSNR neasued in 0.5 nmfor the two 100 Gbps DFQPSKand 100 Gbps DMB-OFDM
channels, respedively. As explained abowe, this moa of representation is particulaly
valuable becaise it pemits to suglimpoe the sensitivity curves obtined after transmission
with the ones measured in badk-to-badk, alowing to immediately meassue the OSNR
pendty induced by the transmission.
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Figure 5-6: BER vs.receved OSNRgs5,m for 100 Gbps DRMB-OFDM (right fig) and DP-QPSK (left fig)
after 1000 km of transmission oer the DCF-free G.652 fiber linein “ Single-Channel” and “WDM”
configurations and dter the back-to-back design.

Under “ Single-Channel” corfiguration, for the two sysems unekr study, tie OSNR @nalties
arevery similar, ~ 2dB at the optimum spn input pover for both 100 Gbps DI®)PSKand
100 Gbps DRMB-OFDM formats, respedively. However, as drealy noticed, the BERS &
the 100 Gbps DRVIB-OFDM and DRQPSK channels are slightly different and better for
the DP-QPSKformat. These resultsconfirm ou previous inerpretations. Noe as well that
glokally the 1 dB channel power increase at the span inputs results in 1 dB OSNR
improvement, but somtimes thereis sone imperfedions dwe to power fluctuations in tine
of the power of the 100 Gbpschannels at the transmitier side. It is thus tle fit of the curve
which is impatant, and not tle curve which passes byead measuement points.

In the “WDM” configuration, at the optimum spn input pover, the transmission OSNR
pendlties areequal to ~ 3.2 dBfor DP-QPSKand ~ 4 dB for DP-MB-OFDM. This 0.8dB
extra-penalty confirms tret the 100 Gbps DRVIB-OFDM channdl is slightly mae sensitive
to fiber nonlineaities than the 100 Gbps DFQPSKchannel.
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5.3 Mixed 100 Gbps DP-MB-OFDM and 100 Gbps DRPQPSK
transmission ower dispersionrmanaged (DM) fiber line
without the presenceof 10 Gbps NRZOOK channels

The same multiplexing scheme as previously presented in Figue 5-3 is ugd here However,
hereatfer the transmission icaried out over a DM G.652fiber line. The DM transmission
line shown in Figue 57 is constitued o a pre-compensation sitge of -1000 ps/nmat
1550 nm,followed by &n smns d 100 km & G.652 SSMF, eparaded by doubé-stage
EDFAs with 30 @ gain and a 5.5 dB noig figure, who® interstage is equipped with a
DCM adapted to 90 km SSMF sms. In the middle of our transmission lie, a DGE is
inserted in arder to flatten the multiplex power after 1000 km. A postompensation sige of
-700 ps/nm bngs kad to ~0 ps/nm tle cumulated disgersion d the channel at 1550 nm.
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Figure 5-7: Set-up of the 100Gbps DP-M B-OFDM and DP-QPSK tranamitters, 1000 km DCF
transmission lire and coherent recaver.

Figure 5-8 shows tke chromatic dispersion map. Noe that this disgrsion management is
typicd of the dispersion management currently used ower the legacy 10 Gbps WDM
sysems.
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Figure 5-8: Evolution of the chromatic dispersion & 1550 nm.

In the following, the dispersion management and DCFfree schemes are denoted by
“DM/Single-Channel” and “Single-Channel” for single channel transmissionand by
“DM/WDM " and “WDM” for QPSK WDM transmissionyespedively.

5.3.1 Transmission performance comparison of the *Single-Channd”
configuration with and without dispersion management

The first configuration evaluated is the “Single-Channel” configuration, in which the
channel at 1552.93 nmcaries the 100 Gbps DRMB-OFDM sigral and the channdl at
1548.11 nncaries the 100 Gbps DRQPSK sigml. As previoudly, in this “ Single-Channel”
configuration; the other channels are present but not modwdted. The two moduéted
channels and the thirty-eight unmodudted wavelengths are transmitied ower the alrealy
described 10x100 km disprsion-managed G.652fiber line.

In Figue 5-9 are plotted the BER as a function o the Py span for the 100 Gbps DRQPSK
(left fig) and 100 Gbps DMB-OFDM (right fig) channels. As reference, we have also
plotted on this figure the results corresponding to th “Single-Channel” configuration
previously obtined ower the DCFfree line. The dispersion nmanagement and DCFfree
schemes are denoted respedively on Figue 59 by “DM /Single-Channel” and “Single-
Channel”.
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Figure 5-9: BER vs. span inpu power per channel for 100 Gbps DPMB-OFDM (right fig) and
DP-QPSK (left fig) after 1000 km of transmission oer the DCF and DCFfree G.652fiber linein
“Single-Channel” configuration.

Inspedion of Figure 59 cleaty shows that the introduction of dispersion management
significantly degrades the transmission prformance both in ems d BER (~1 decale is lost
due to disgersion management) and optimal span input pover per channel (which hes to ke
decreaed by 1 dB wlen dispersion management is ugd). Cleaty, dispersion management
exacerbates fiber nonlinearities, as soon as the “Single-Channel” configuration is
consicered. Let us now consicer Figue 510 kelow, which illustrates the waveform
evolution d a phase-modukted sigral adong the transmission lir, first a the transmiter
side, then in the middle of the link, and finaly at the recever side, for both tre DCFKfree
(top d Figure 5-10) and disgersion-managed (bottom d Figure 5-10) cases, respedively. It
can be obseved that the envelope of the sigral waveform changes with the acamulation of
the chromatic dispersion,and thet the locaion o the power pe&s evolves with this bst ore.
Congquently, fiber nonlineaities (in particular here SAV) ads homogneously oer al the
parts d the sigral and areaveraged ower al the duration of the sigral and daes notaffed
more particulaly a spedal locaion of the waveform. At the opposie, in the dispersion
management configuration, the power peaks areaways located at the same time instants in
the sigrel waveform as far as a given locaion o the dispersion mep is consicered.
Congquently, SPMaffeds periodicdly always the same locaions d the sigral waveform,
destroying progressively this waveform due to acamulation of nonlinear phase shifts in
speda waveform locations. Een if the PAPR d the sigrel waveform is higter over the
DCF-free than over the dispersionrmanaged line, the transmission prformance is better in
the DCFfree case for the above reasons. Anotbr explanation is the regular presence all
along the line of DCFfiber in which nonlireaities arealso slightlyexacebated in spit of a
DCF input pover per channel which is tured soas to limit their impad.
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Figure 5-10. Waveform evolution of a phase-modulated signal along atr ansmission oer DCF-free line
(top fig) and ower dispersion-managed line (bottom fig) [Jan12.

In spte of the fact that the two channels undergo the same nonlineaities acaimulation over
the 1000km transmission © dispersionrmanaged G.652fiber line, DP-QPSK performs
slightly better (BER~1x10* a Py span ~ 1 dBm) than DP-MB-OFDM (BER~4x10* at
Pinspan ~ 0 dBm), due probably (as there is no otler WDM channels) to a stronger
contribution & FWM and XPM inermlays insike DP-MB-OFDM channel than in the
DP-QPSKchannel, in particular in the dispersion-managed configuration.

5.3.2 Performance comparison ketween “dispersion-managed WDM”,
“Single-Channd” and “WDM” configurations

The sewmnd configuration evaluated here is the “WDM” configuration over the
dispersionrmanaged transmission lie, denomireted here by the “DM/WDM?” acronym in
the following plots. Asrepresented on Figue 57, al the channels are modukted with
100 Gbps DFQPSK, except the channd a 1552.93 nm with caries the 100 Gbps
DP-MB-OFDM sigral. This configuration does notcorrespond toany industial 100 Gbps
deployment case, but is ineresting from a scientific point d view to identify the limitations
of 100 Gbps DRMB-OFDM transmission. Te BER as afunction of P\ spanfor eat o the
two channels under meassurements is ploted in Figue 511 and sugrimposd with the
sensitivity curves already measured previously in the DCFfree configuration.
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Figure 5-11: BER vs. span inpu power per channel for 100 Gbps DPMB-OFDM (right fig) and
DP-QPSK (left fig) after 1000 kn of transmission oer the DCF and DCFfree G.652fiber linein
“WDM” configuration and over DCF fiber linein “ Single-Channel” configuration.

Observation of Figue 511 shows tit WDM transmission is &ry unfavorable to the
100 Gbps DRVIB-OFDM moduttion ower the DM line when compared to 100 Gbps
DP-QPSK.In particular, compared to the previously measured “Single-Channel” case, the
performance degradation is less ttan 2/10 d¢ decales with 100 Gbps D)PSKand ~ 9/10
of decales with 100 Gbps D®MB-OFDM, pointing out tk higher sensitivity to cross
nonlineaities (XPM & XPolM) of 100 Gbps DRMB-OFDM with resped to 100 Gbps
DP-QPSK. Now compared to the “WDM” configuration over the DCF-free transmission
line, the performance degradation over the DM line is ~1/2 BER decale with 100 Gbps
DP-QPSK and 1.3 ckcales with 100 Gbps DMMB-OFDM, pointing out tke higher
detrimental influence of the dispersion management owver the 100 Gbps DRMB-OFDM
when compared to 100 Gbps DR)PSK in this“WDM?” configuration.

Two different interpretations can be then deliverad to explain these behaviors. The
explanations introduced in the previous part for the “ Single-Channel” configuration are still
valid to justify the better transmission prformance of the DCFfree configuration over the
“DM” one. The “WDM” configuration emphasizes the impact of nonlineaities becaise
what has keen explained in the previous aragraph for one channel is now ce-multiplied by
the presence of the other channels. But wtat is new here is the higher sensitivity to
nonlineaiti es exacebated by tre dispersion management of 100 Gbps DRVIB-OFDM with
resped to 100 Gbps DIQPSK in the “WDM” configuration. The higher PAPR of OFDM
over QPSK cumulated ower al the WDM chanrels is a possibé explanation o this
difference of behavior between the 100 Gbps DRVIB-OFDM and 100 Gbps DR)PSK in
this “WDM” configuration over the DM line. This higher PAPR further exacerbates all the
nonlineareffeds which arise in the OFDM transmission: SPM, XPM, XPolvand FWM.

The curves BER vs. OSNR shown in Figei5-12 confirm this bst interpretation. The OSNR
penalties, which globally increase when we switch from the “Single-Channel” case to the
“WDM?” one, are significantly increased for the 100 Gbps DPMB-OFDM moduétion when
compared to 100 Gbps DIE)PSK: whik the OSNR pnalty increases from 2.1 dB to 3.8 dB
with 100 Gbps DFQPSK, 100 Gbps MBDP-OFDM experiences an OSNR nalty increase
from 3 dB to 5 dB between the “ Single-Channel” and the “WDM?” configurations.
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Figure 5-12: BER vs.received OSNRg sy, for 100 Gbps DRMB-OFDM (right fig) and DP-QPSK (left
fig) after 1000 km of transmission over DCF G.652 fiber linein “ Single-Channel” and “WDM”
configurations and dter the back-to-back design.

5.4 100Gbps DP-MB-OFDM and 100 Gbps DPRPQPSK
tr angmission o\er legacy infr asr ucture including dispersion-
managed (DM) fiber line and presence of 10 Gbps NRZ
OOK channels

The last configuration studed here denoted by “10G WDM?”, corresponds to the case in
which the 100 Gbpschannels are deployed owver an existing saturated 10 GbpsWDM
transmission sysins. By switching-off some 10 Gbps NRZOK channels and repladng
them by 100 Gbpshannes, the sysem cgpadty can be gradually increaed. Noretheless,
swch 100 Gbps upgde of alegacy 10 Gbps sysin results in dawbadks thet will be pointed
out in the following paragraphs.

Let us first describe the experimental set-up. The 100 Gbps DAMB-OFDM transmitier
operaing at 1552.93 nmand the channel at 1548.11 nmcartying a 100 Gbps DFQPSK
sigrel arecombined with a multiplex of 78 wavelengths spcal by 50 GH and moduéted at
10.7 Gbps by NRZDOK. The 78 NRZ channels at 10.7 Gbpsare fed by sandard laser
diodes (LD) with wavelengthsranging from 1529.16 nm to 1560.61 nm. 88 oddand
even 10 Gbpschannels are firstly encoded with an RS255, 239 FEC code, sparaely
multiplexed, independently modubted with de-correlated 2°>-1 PRBS,and then coupled
with the two 100 Gbpschannels. The DM transmission lie has not keen changed with
resped to what has been previously described.
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Figure 5-13:Set-up of the 100Gbps DP M B-OFDM, 100 Gbps DRQPSK, 10.7 Gbps NRZOOK
trangmitters, 1x100 km G.652fiber tr ansmission lire, coherent recaver and direct detecor with RS
(Reed-Solomon).

At the recaver side, the 100Gbps DPMB-OFDM and DRQPSK sigmls are seleded by a
squareflat top OBPF 6 0.4nm bandwidth,and deteded by a polarizaion diversity coherent
recaver usinga ~100kHz bandwidth ECL as LO. The sigrels are converted badk to the
digital domain using a 50 G¥s red-time DPO. The 10.7Gbps NRZ channel under
measurement is sleded by a Gaussan OBPF & 0.25 nm landwidth, deteded by a 10GHz
photorecaver, which feeds the FEC cecoder and a 10.7 GH clock and dita recovery
(CDR). The FECcard snds the decoded [ 11 [1PBRS toa 9.95Gbps BER éster (BERT).

5.4.1 Impact of the insertion of a guad band between the 10 Gbps
NRZ-OOK channels andthe 100 Gbpschannels

Figure 514 below shows ery well that, with both 100 Gbps DBPSK and 100 Gbps
DP-MB-OFDM, the 10x100 km tansmission ogr the G.652fiber DM line is noterror-free

The impad of crossnonlineaities sich as XPM and XPoIM letween the 100 Gbpschannels

and the 10 Gbps NRZOOK ores consicerebly degrades the transmission prformance of

100 Gbps sigds. Futhermmore ore can ob®rve that the performance degradation is mae

important in this configuration than in the previous ore, namely with the DM line and only
100 Gbps DRQPSK and 100 Gbps D®B-OFDM channels. The intensity moduétion of

10 Gbps NRZOOK neighbas impads mae the quality of transmission 100 Gbpschannels

than the phase moduktion of 100 Gbps DRQPSK reighbas (trandormed into inensity

fluctuations by tle chromatic dispersion).

In order to limit the impad of FWM, XPM and its XPolMcorollary between the 10 Gbps NRZ
channels and the 100 Gbps oes [Xie09], a first sheme has been tested, that consists in
inserting a guard band d 100 GH and 150 GH, corresponding to oe and two 10 Gbps
channels switched-off from ead sice of the measured 100 Gbpschannels ("GB=100 GH" &
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"GB=150 GH" configurations). The BER vs R\ spanis plotted for both systms ower Figure
5-14.

This option slightly impoves the BER d 100 Gbpschannels while increasing the optimum
span input pover per channel of both 100 Gbps DI)PSKand 100 Gbps DMB-OFDM, but
not suficiently to be below the FEC limit. Not aso thet increasing tre guard band widthfrom
100 GHz to 150 Gk does notfurtherimprove transmission prformance
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Figure 5-14: BER vs. span inpu power per channel for 100 Gbps DPMB-OFDM (right fig) and
DP-QPSK (left fig) after 2000km of transmission over the DCF legacy fiber infrastructurein “WDM”
configuration with and without adding a guad band between the 10 G and 100 Gchannels.

5.4.2 Impact of the insertion of a power dissymnetry between the
10 Gbps NRZ-OOK channels andthe 100 Gbpschannels
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Figure 5-15: BER versus OSNR(in 0.1 nm) measued in back-to-back for the 124 Gbps DPMB-OFDM,
112 Gbps DRQPSK, and 10.7 Gbps NRZOOK signals.

Another possibility toreduce the impaa of inter-channel nonlineaities between the 10 Gbps

NRZ-OOK channels and the 100 Gbps oes is tke reduction of the power in the 10 Gbps
channels. In arder to ched the feasibility of this mnd solution, & have plotted in Figue
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5-15the BER as afunction of the OSNR neasued in 0.1 nm in hd-to-badk configuration for

the three different moduétion formats ugd in the WDM sysem: 100 Gbps DRMVIB-OFDM,

100 Gbps DFQPSK and 10 Gbps NRAZDOK. As adready shown, 100 Gbps DRPSK and

100 Gbps DRMB-OFDM have the same OSNR ensitivity curves in the badk-to-badk

configuration. But tre more interesting thing is tiat 10 Gbps NRZOOK sigral has 5 dB OSNR
advantage over the 100 Gbps DFQPSK and 100 Gbps DMMB-OFDM in badk-to-badk near
the FEC limit. This 5 dBadvantage of 10 Gbps NRZOOK channels in badk-to-badk can be

used to reduce the impad of fiber nonlineaities. Rovided that transmission iserror-free for

these 10 Gbps NRZOOK channels after the 10x100 km G.652iber line, we reduce the power

of the 10 Gbpschannels of 5 dB withresped to that of the two 100 Gbpshannels uncer study
at the transmitier side. As a consequence, the power of 10 Gbpschannels at the beginning d

the fiber spans isalso reduced by 5 dB. Ater the FEC ceaoding, we do not notte any error for

the 10 Gbpschannels after the 1000km transmission. V& start then the measurement o the

performance of our two 100 Gbps DRQPSKand 100 Gbps DMMB-OFDM channels.
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Figure 5-16: BER versus span inpt power per channel after the dispersion-managed 10x100-km G.652
fiber linefor the 112 Gbps DRPQPSK andthe 124 Gbps DPMB-OFDM signalsfor the various
configurations under study.

So, povided that the 10 Gbps NRZchannels have an advantage of 5dB in ems d
badk-to-badk OSNR ensitivity over both 100 Gbps DIMB-OFDM and DRQPSK sigials,
in the transmitter, the power of the 10 Gbpschannels isreduced by 5 dB withresped to thet
of the 100 Gbps sigas ("P(100G-P(10G)= 5 dB" configuration). This solution impoves
the BER d 100 Gbps DRQPSK and DRMB-OFDM signficantly: neaty one decale is
gained with resped to the previous configurations where a guard-band d 100 GH and
150 GH was introduced. At the same time, the optimum spn input pover per channel is
enhanced by 3 dBfor DP-QPSKand by 2 dBfor DP-MB-OFDM when compared to the "No
Guard-Band" configuration, pointing outa decreaed impad of the nonlineaities caused by
the interadions etween the 10 Gbps NRZOOK channels and the 100 Gbps oes.

This configuration pemmits the recvery of sysem margins and ensues an error-free 1000
km transmission, suggting thet the 10 Gbpschannel power reduction option isa viable
solution to limit tke impad of XPM, XPolM, and FWM in sih legacy infrastructure.
Nonetheless, tle BER obtined in the "Single-Channel" configuration in which the intra-
channel nonlineaities areonly excited is notrecovered. Not that noerror has keen deteded
for the two 10 Gbps earest reighbas d the 100 Gbps DRVIB-OFDM and DRQPSK
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channels (at the optimum spn input paver per channel over the curves d Figure 5-16).
Figure 516 aso points out th the 100 Gbps DRQPSK showsa slightly higher
performance than the 100 Gbps DIMB-OFDM, which is less ttan half a BER decale in the
various configurations uner study. Tk optimum spn input pover per channel is aso
slightly higrer (up to 1dB in the DP-QPSK case, indicaing an upper resistance of
100 Gbps DFQPSK oer 100 Gbps DRVB-OFDM to inter-channel nonlineareffeds.
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5.5 Conclusion

We have experimentally demonstated that DP-MB-OFDM is a credible solutionfor modem

DCFfree 100 Gbps WDM ransmission sys&ms. At the opposie of what is currently

reported, in sich a DCHfree configuration, 100 Gbps OFDM ds performance comparable

to the industial 100 Gbps DRQPSK solution.These results are redly new, and should
requalify OFDM as a credible solutionfor next generaion of WDM systems waking at data

rate higher than 100 Gbps.

Furthermore, our expenments have confirmed that dispersion management is \ery

detrimental for OFDM transmission in th absence or in the presence of 10 Gbps NRZOOK

channels. When the 10 Gbps NRAZADOK channels are present in the DM transmission
sysem, the transmission 6 100 Gbps DFQPSKand 100 Gbps DMB-OFDM cannot e

error-free Ore has then to modfy the architedure of the transmission sysin to recover

sone margins and restare the performance The first tested solution las consised in

inserting a guard-band ketween the 10 Gbpsand 100 Gbpschannels. Urfortunately, this

solution de&s not stficiently improve the transmission prformance to read the FEC limit:

inserting a guard-band o 100 o 150 GH does not nake the transmissionerror-free In

contrast, we have shown in thischapter that reducing the power of 10 Gbps NRZOOK

channels by 5 dB withresped to the power of 100 Gbpschannels is a relevant solution to
restare the performance and redize error-free transmission 100 Gbps DFQPSK and

100 Gbps DRVIB-OFDM sigrels. We aso show that, even in this configuration, the

difference of performance between the 100 Gbps DFRQPSKand 100 Gbps DMB-OFDM

channels is less ttan half a decale in BER. It is thus possilel to inroduce 100 Gbps
DP-QPSKand 100 Gbps DMB-OFDM channels over alegacy WDM transmission sysm

using G.65%iber, dispersion management and 10 Gbps NRZOK channels.

As a generd conclusion, we can notice that, even if the performance of coherent 100 Gbps
DP-MB-OFDM is slightly wase than that of coherent 100 Gbps DFQPSK, tle resultsare
very encouraging when consicering the next generaion of 400 Gbps b 1 Tbps WDM
sysems tased on OFDM ednology.
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Chapter 6

CONCLUSION

This thesis bys out gverd experimental set-upscaried out in ader to build for the first
time in France an OFDM transcaver operding at 100 Gbpsand to \elidate the different
digital signal processing stps recessary to recover the transmitied data. It then establishes a
performance assessnent of the OFDM sigral with resped to the single-carrer QPSK sigal,
for atransmission oer 1000 km & G.652fiber line.

The nomiral data rate of 100 Gbps, ioreased up to 128 Gbps tacount for the various
transmission oerheals (7% for FEC, 6% for protocol, 7.03%for cyclic prefix, 5% for
training symbols,and 2.9%for pilot tores), is split ketween four polanzaion-multiplexed
OFDM subbands. Each subband cariies ~32 Gbps ina bandwidth d ~8 GHz while the
subband s@dng is 10 GH.

A comb generaor compising a MZM driven by an RF frequency, followed by the
combirgtion of 20 GHz and 40 GH polarizaion-maintaining delay line interfelometers has
allowed the generaion of 4 combs & subcariers thet feed 4 optcad modulktors ead driven
by the | and Q comporents d the 4 OFDM sigrals. The sigrels at the outputs ® CMZMs
arepolarnizaion multiplexed and then filtered.

However severd stages in the transmitier structure can cause an 1Q misneich, e.g., a gain
difference between the | and Q amms, a deviation from the [1lIphase-shift between the two
paths, and/ar a time delay mismatch between the | and Q tibutaries d the OFDM sigrals.
We have proposd a simpke method to finely tune the transmiteer. It is based on tre
obsvation of the OFDM sigral spedrum and consists in sup@ssing tke optica power
contained in the lower side-band when just the upper-band cariies data or vice versa.

On therecaver side, the sigrel is deteded bya polarizaion diversity coherent recaever using
a~100 kHz bandwidth ECLas locd oscill ator. The sigral is converted bad to the digital

domain usinga 50 G%¥/s red-time osilloscope (DPO). The offline digital signal processing
(DSP is then performed with four basic steps: syrchronizaion acording to the algorithm

developed by Minn & Bhargava, which also alows the estimation of a frequency offset

(CFO) in therange of +2Af (Af being the sub-cariier spadng); however, the CFOcan exhibit

high values thet result in inecarrer interferences (ICI) and performance impairment o the

transmission systn when it is notcompensated for. The estimation of the CFO isacieved

through tlke implementation of a new and simpke method. Tre CFO is found just by
detemmining the frequency shift of the last filled OFDM subcariier located just lefore the

zero a empty subcariiers area which isrequired in arder to isobte the OFDM sigral from

the diasing poduwcts generaded by the digital-to-analogue converters (DAC); improved

channel estimation combining time and frequency-domein averaging, followed by 2x2
MIMO zemw-forcing equadlizaion; and finally compensation of the common plase noise

generaed by the ECLs using th pilot subcariers.

The performance of the 100 Gbps DRMB-OFDM sysém iscomparel to the performance of
100 Gbps DRQPSK singk-carrer sysem in badk-to-badk configuration. We obrve that
both systms have the same performances.

Also the impad of CD and PMD on tle OFDM sysém performance has been investigated.
The 100 Gbpscoherent DP-MB-OFDM syseém was stessed by-10000 ps/nm oCD, 180 ps
of FOPMD, and 8220 ps?2 ©SOPMD whik the SOP \ariation spead was fixed to 70°/ms.
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We have shawn that the impad of these effeds on tle OFDM performance is regligible for
BER wase than 1x10".

After evaluating the impad of CD and PMD on tle sysem performance the 100 Gbps
DP-MB-OFDM and 100 Gbps DR)PSKaretransmitted over 10 sans d 100 km ¢ G.652
fiber, with or without disgersion nmanagement, in pesence or in absence of 10 Gbps
neighbas. We have experimentaly demonstated that DP-MB-OFDM is a credible solution
for mocem DCFKfree 100 Gbps WDM ransmission. 100 Gbpsoherent DP-QPSK and

DP-MB-OFDM transmission oer legacy infrastructure (with dispersion management and

presence of 10 Gbps mighbas) is possibe over 1000 km & G.652fiber, but unar the

condition to acreae the 10 Gbpschannel power with resped to 100 Gbpschannels by
5 dB. In such redistic conditions, 100 Gbps DRIB-OFDM and DRQPSK fave a neaty

similar performance Even if the OFDM performanceis slightly wase than that of 100 Gbps
DP-QPSK, tlese results are very encouraging when consicering the next generdion o

400 Gbps ol Thps WDM sysims lased on OFDM ednology.

Perspectives

As network traffic, driven by highbandwidth digiel applicaions is gowing exporentialy,
the cgpadty of WDM sysem will read its <dability limits. To med the ever increased
growth incgpadty, severd solutionscan be helpful.

The first solutionrelies on tke use of a polarizaion-multiplexed high QAM consgllation.
However, acaumulations d both ASE noie and fiber nonlinearties prevent the use of high
QAM moduktion and limit the maximum transmission disince of the sigral. Even if
severd techniques have been proposd for the eledronic compensation of the impad of
nonlinear effeds, for example, digita bad-propagation (DBP), its compensation is at the
expene of a high computtiona complexity. Moreover, the implementation o those
tedhniques will not ke pradicd as it requires knowkdge of the opticd path. To cope with
the fiber nonlineaities, an ultralow loss,and sur large effedive areafibre can be strongly
recommended to reduce nonlireareffeds and ASE noig acamulation.

A semnd solution is vided by repladng the EDFA by Raman amplificaion. Raman
amplification is able to distibute the gain into the line fiber pemitting a significant
improvement in the receaved OSNRat the end d the WDM link, and thusalso increaes
significantly the maximum read of the WDM transmission sysim and alows the use of
higher order moduktion sirce the fiber nonlireaities may be reduced. Futhemore, the
Raman amplification opens a bandwidth d ~100 nm byextending tre WDM bandwidth
overS, Cand L bands.

Another potentialy strong solution to cade up the cgpadty of opticd transpat networks
further, is smtial division multipkexing (SDM). An SDM systm uss M pardlel
transmission pths per wavelength,and thus multiples the avail able cgpadty of a given link
by a factor of M. These pardlel opticd paths could ke multiple cores within a multi-core
fiber, or multiple modes within a multi-mode waveguide. Impartantly, SDM is highly
scdable since M can poentially be chosen to ke very large. Thiscredes high hops for the
use of SDM as a method to stisfy the data traffic growth for the next decale and beyond.
After the integration of SDM, nonnegligible crossalk between multiple pardle
transmission pths is intoduwced, so multipkinput multipke-output (MIMO) sigrel
processing edniques should kb used. However this solution is not ¢t mature: it requires
the development of new fibers and amplifiers for spacedivision multipexing (SDM).
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In addition to any of thase possibé solutions, tie use of supger-channels which reduces the
frequency guard interval between the sub-channels allowing thus tle bit rates to ke further
increased is fundamental. The concept of the super-channel has been proposed to enable an
overdl capadty per WDM channel of 400 Gbps b1 Thps oer long ransmission disinces
by usinga set of very compad subchannels with spadng close or equal to the symbolrate.
Nyquist wavelength-division multipkexing (N-WDM) and OFDM are both suigble formats
for adhieving high sdra efficiency super channels.

The first format achieves a high sgedral efficiency by applying eledricd or opticd Nyquist
filtening to the single-carrer sigral in order to have an idedly redangular spedrum with a
bandwidth equal to the symbolrate. Consquently, as thereis no sjedral overap between
the neighbouing subchannels, inter-channel crossilk is remowved. Quesi-Nyquist
wavelength-division multiplexing (QN-WDM) transmission can also be acdiieved by
relaxing the Nyquist condition and usinga filter that approximates the ided case with a
channel spadng which is slightly arger than the symbolrate.

The atemative format, OFDM, hes a narrow opticd spedrum without te use of sharp cut-
off filters. Severd descendants d this kind d moduktion are under study for opticd
transmission. Among #se, we can mention the Reduced Guard Interval (RGI) CO-OFDM
and DFT spead OFDM. In the proposed RG CO-OFDM scheme, the cyclic prefix duration
is reduced. Its duation is suficient to pevent IS, induced by an error on the estimation of
the beginning d the sigrel, or by fiber polarizaion-mode dispersion (PMD). However CD is
compensated for prior to OFDM sigral processingat the recaver. Thisapproac enables the
reduction of the CP and then the increae of spedra efficiency. Conwersely, DFT-Spread-
OFDM is a technique usd in wirdess communcation (LTE for uplink applicaions) and
offers lower pe&k-to-averagepower-raio (PAPR than conventional OFDM at the expense
of higher complexity, since a DFT and IDFT areaso implemented at the transmiter and
recaver side, respedively. It has recently been adopted in opticd transmission,and hes
shown higler nonlinear tolerance over conventional OFDM, espedally with a dispersion
managed transmission eheme.

The two formats would e expeded to achieve similar maximum transmission disinces and
similar high sgedral efficiency. However, which is the format that will be consicered for
long-haul transmission disinces? Which type of fiber must ke retained? Will we continue to
keep the same fiber infrastructure and adopt Raman amplificaion? Or will the potentia
technology irclude ultra low loss and sur large areafiber, multi-mode or multi-core
fibers? Maybe different, lowloss and large effedive areafibers combined with Raman
amplificaion would sole the nead for an everdincreaing optcd fiber cgpadty and for
reading transmission diginces beyond 1500 km.

The answer to these questions will ke provided in the very nearfuture.
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