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No te quedes inmóvil  

al borde del camino  

no congeles el júbilo  

no quieras con desgana  

no te salves ahora  

ni nunca  

no te salves  

no te llenes de calma  

no reserves del mundo  

sólo un rincón tranquilo  

no dejes caer los párpados  

pesados como juicios  

no te quedes sin labios  

no te duermas sin sueño  

no te pienses sin sangre  

no te juzgues sin tiempo  

 

pero si  

pese a todo  

no puedes evitarlo  

y congelas el júbilo  

y quieres con desgana  

y te salvas ahora  

y te llenas de calma  

y reservas del mundo  

sólo un rincón tranquilo  

y dejas caer los párpados  

pesados como juicios  

y te secas sin labios  

y te duermes sin sueño  

y te piensas sin sangre  

y te juzgas sin tiempo  

y te quedas inmóvil  

al borde del camino  

y te salvas  

entonces  

no te quedes conmigo. 

 

(Mario Benedetti, No te salves) 
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Quan surts per fer el viatge cap a Itaca,  

has de pregar que el camí sigui llarg, 

ple d'aventures, ple de coneixences. 

Has de pregar que el camí sigui llarg, 

que siguin moltes les matinades 

que entraràs en un port que els teus ulls ignoraven, 

i vagis a ciutats per aprendre dels que saben. 

Tingues sempre al cor la idea d'Itaca. 

Has d'arribar-hi, és el teu destí, 

però no forcis gens la travessia. 

És preferible que duri molts anys, 

que siguis vell quan fondegis l'illa, 

ric de tot el que hauràs guanyat fent el camí, 

sense esperar que et doni més riqueses. 

Itaca t'ha donat el bell viatge, 

sense ella no hauries sortit. 

I si la trobes pobra, no és que Itaca 

t'hagi enganyat. Savi, com bé t'has fet, 

sabràs el que volen dir les Itaques. 

 

Més lluny, heu d'anar més lluny 

dels arbres caiguts que ara us empresonen, 

i quan els haureu guanyat 

tingueu ben present no aturar-vos. 

Més lluny, sempre aneu més lluny, 

més lluny de l'avui que ara us encadena. 

I quan sereu deslliurats 

torneu a començar els nous passos. 

Més lluny, sempre molt més lluny, 

més lluny del demà que ara ja s'acosta. 

I quan creieu que arribeu, sapigueu trobar noves sendes. 
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Bon viatge per als guerrers 

que al seu poble són fidels, 

afavoreixi el Déu dels vents 

el velam del seu vaixell, 

i malgrat llur vell combat 

tinguin plaer dels cossos més amants. 

Omplin xarxes de volguts estels 

plens de ventures, plens de coneixences. 

Bon viatge per als guerrers 

si al seu poble són fidels, 

el velam del seu vaixell 

afavoreixi el Déu dels vents, 

i malgrat llur vell combat 

l'amor ompli el seu cos generós, 

trobin els camins dels vells anhels, 

plens de ventures, plens de coneixences. 

 

(LLuis Llach, El viatge a Itaca) 

 



 v

 

 

« hai voluto la bicicletta, adesso pedala… » 
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Résumé 

La transmission des données sur fibre optique a révolutionné le monde des 
télécommunications et a joué un rôle majeur dans l'avènement de l'ère de 
l'information en offrant des solutions permettant de soutenir l’explosion de la 
demande en bande passante induite par le développement de l’Internet et 
l’introduction du « world wide web ». Les estimations actuelles prévoient encore une 
augmentation soutenue du trafic de données de l’ordre de 50% par an pour les dix 
prochaines années. 

Les fournisseurs de télécommunications emploient les systèmes de 
communication par fibre optique dans la plupart des réseaux dorsaux, régionaux et 
métropolitains pour répondre à ce besoin de capacité. Les systèmes de communication 
par fibre optique n’ont pas cessé d’évoluer depuis la première démonstration 
commerciale, transportant des données téléphoniques réelles, menée par la compagnie 
« General Telephone and Electronics » le 22 avril 1977. Différentes innovations clefs 
ont permis de surmonter progressivement les obstacles rencontrés, telles que :  

• l’introduction des fibres monomodes,  

• l’invention des amplificateurs à fibre dopée Erbium (EDFA) qui a permis 
le déploiement efficace des systèmes multiplexés en longueur d’onde 
(WDM),  

• l’utilisation des codes correcteurs d’erreurs (FEC)  

• et aussi, les techniques de gestion de dispersion chromatique.  

Typiquement, les distances de transmission dans les réseaux métropolitains, 
régionaux et dorsaux sont de moins de 300 km, entre 300 et 1000 km, et plus de 1000 
km, respectivement. Le travail de thèse décrit dans ce manuscrit se concentre sur les 
systèmes longue distance utilisés pour les réseaux dorsaux. La norme aujourd’hui 
dans les systèmes longue distance terrestres est d’utiliser des fibres monomodes, du 
multiplexage en longueur d’onde (WDM) avec un espacement spectral de 50 GHz 
entre canaux, lesquels sont simultanément amplifiés par un amplificateur optique 
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(typiquement EDFA), de la gestion de dispersion et des codes correcteurs d’erreurs. 
Ces systèmes peuvent généralement transporter jusqu'à 80 ou 100 canaux multiplexés 
en longueur d’onde, ce nombre étant principalement limité par la bande passante 
restreinte des amplificateurs optiques actuels. 

Transmitter Transmission link Receiver

laser
laser
laser
laser
laser mod.laser

NnNn

Pre-comp

demod.

nn

Post-compEDFA DCF

xN

Trans. 
fibre

D
E
M
U
X

M
U
X

 

Fig. a: Configuration typique des systèmes de communication par fibre optique 

longue distance. 

La modulation de l’intensité de la lumière combinée avec la détection directe 
a été la technique de référence pour les systèmes commerciaux de transmission par 
fibre optique jusqu'à récemment. Cette option combine des émetteurs et des 
récepteurs rentables avec une qualité de transmission suffisante pour des 
transmissions allant jusqu’à 10 Gb/s. Néanmoins, pour répondre à la demande 
incessante d’augmentation de la capacité, des débits plus élevés sont nécessaires, à 
savoir 40 et 100 Gb/s. Le défi est que la transmission par fibre optique devient 
généralement de plus en plus difficile avec l’augmentation du débit par canal car le 
rapport signal à bruit optique (OSNR) requis en fin de liaison augmente tandis que la 
robustesse face aux effets physiques (linéaires) de propagation, tels que la dispersion 
chromatique et la dispersion modale de polarisation (PMD), se réduit sévèrement. 
Dans ce contexte, de nombreuses études ont porté sur la modulation par déplacement 
de phase (PSK) combinée avec de la détection (directe-) différentielle durant les dix 
dernières années. Néanmoins, la tolérance aux effets linéaires de propagation est 
restée une des contraintes majeures pour le déploiement commercial. Ainsi, une 
solution en rupture, permettant d’augmenter la capacité totale transmise tout en 
étant robuste vis-à-vis des effets linéaires de propagation, a été nécessaire. 

Parfois, les nouvelles solutions ne viennent pas de découvertes vraiment 
récentes mais de l’association innovante de technologies existantes. En effet, la 
détection cohérente optique fut proposée dans les années 1980 pour améliorer la 
sensibilité du récepteur. À cette époque, aucune pré-amplification optique n’était 
employée en amont du récepteur et la performance était principalement limitée par le 
bruit thermique des photodiodes et amplificateurs électriques. Ainsi, un oscillateur 
local beaucoup plus puissant que le signal permettait une amplification cohérente. 
Néanmoins, le développement des amplificateurs EDFA comme préamplificateur 
optique causa le déclin de l’intérêt pour la détection cohérente. Il a fallu attendre les 
progrès récents en électronique ultra-rapide, surtout en convertisseurs analogique-
numérique, et le traitement du signal pour que la détection cohérente se révèle 
comme l'un des outils les plus puissants pour réaliser des transmissions optiques à 
haut débit.  
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En effet, les récepteurs cohérents fournissent l'amplitude, la phase et la 
polarisation du champ optique ce qui permet de profiter de l'excellente sensibilité au 
bruit optique associé à la détection homodyne, comme l’illustre la Fig. b, avec les 
avantages supplémentaires du traitement de signal avancé. Plus de détails concernant 
ce sujet et la définition du facteur Q2 (ou Q2 factor) sont mentionnés dans le Chapitre 
3 et l’Annexe A, respectivement. 

 

Fig. b: Comparaison de la sensibilité au bruit d’un signal BPSK à 21.4 Gb/s détecté 

dans un détecteur cohérent  avec et  sans décodage différentiel et  détecté dans 

un récepteur différentiel avec décodage différentiel. 

Grâce aux techniques avancés de traitement de signal numérique, les 
récepteurs cohérents offrent aussi la possibilité d’opérer avec des oscillateurs locaux 
non-verrouillés en fréquence et de compenser les effets de propagation linéaires ce qui 
rend les transmissions à haut débit possibles. Parmi ces effets linéaires de 
transmission se trouvent la dispersion chromatique (CD) et la dispersion modale de 
polarisation (PMD), par exemple. 

De plus, les récepteurs cohérents permettent la détection des signaux 
multiplexés en polarisation (PDM) sans aucun composant supplémentaire au niveau 
du récepteur. En comparaison aux signaux classiques qui portent l’information sur 
une seule polarisation, les signaux multiplexés en polarisation doublent l’efficacité 
spectrale, c’est-à-dire le nombre de bits par Hertz, car ils portent des informations 
indépendantes sur chacune des deux polarisations orthogonales du champ optique. 
D’un autre point de vue, les signaux multiplexés en polarisation permettent de diviser 
par deux le débit symbole par rapport aux signaux utilisant une seule polarisation, 
pour un même débit binaire. 

En plus des effets linéaires de propagation et du bruit optique, les systèmes 
optiques peuvent être limités aussi par des effets non-linéaires de propagation 
provenant principalement de l'effet Kerr. Les dégradations causées par ces effets non-
linéaires peuvent dépendre du débit binaire, du format de modulation et de la 
technique de détection. En effet, l’interaction entre les signaux multiplexés en 
polarisation et les effets non-linéaires peut être différente de celle des signaux 
classiques (utilisant une seule polarisation) dû au fait que les deux tributaires de 
polarisation peuvent interagir non-linéairement au long de la propagation, comme le 
montre l’exemple de la figure suivante :  
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Fig. c: Tolérance aux effets non-linéaires intra-canaux après une propagation de 1600 

km à travers de fibres monomode standard (SSMF).  QPSK à 20 Gb/s et  

PDM-QPSK à 40 Gb/s. Le débit symbole des deux types de signaux est le même : 

10 Gbaud. L’OSNR est fixé dans le récepteur pour obtenir approximativement la 

même performance quand la transmission est principalement limitée par le bruit 

optique, c’est-à-dire, à puissances faibles.  

Par ailleurs, la majorité des opérateurs ne prévoit pas de déployer des réseaux 
spécifiques pour les signaux portant les nouveaux débits de 40 et 100 Gb/s. Au 
contraire, ils demandent que les signaux aux nouveaux débits soient compatibles avec 
les réseaux existants conçus pour des signaux à 10 Gb/s. Leur motivation est de 
répondre progressivement à la croissance prévue du trafic d'environ 50% par an 
mentionnée auparavant. En conséquence, un scénario réaliste et probable pour la 
mise à niveau des réseaux actuels à 10 Gb/s est d’insérer progressivement des canaux 
à des débits supérieurs parmi des canaux à 10 Gb/s et de les faire se propager 
ensemble sur des liens conçus pour opérer à 10 Gb/s, avec espacement entre canaux 
de 50 GHz et gestion de dispersion. Ainsi, les paramètres clefs pour déterminer la 
pertinence d’une solution pour mettre à jour les systèmes actuels seront la tolérance 
aux distorsions linéaires (dispersion chromatique, PMD et le filtrage étroit) et la 
cohabitation correcte avec des canaux existants à 10 Gb/s modulés en intensité 
(OOK, on-off keying) avec non-retour à zéro (NRZ). 

La première partie de ce manuscrit, constituée par les chapitres 1 et 2, traite 
de la fibre optique en tant que canal de transmission et des principes des systèmes de 
communication longue distance par fibre optique. Dans ces deux chapitres, je décris 
la fibre optique en tant que milieu physique de propagation ainsi que la structure des 
systèmes de transmission longue distance basés sur la détection cohérente, utilisant 
des signaux modulés en phase et multiplexés en polarisation.  
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Fig. d : (a) Schéma d’une fibre optique et (b) profil d’indice de réfraction. 

Dans le chapitre 1, je discute des principaux effets physiques de propagation, 
linéaires et non-linéaires, dans le cadre des systèmes de transmissions longue distance 
utilisant le multiplexage de polarisation. Dans le chapitre 2, j’explique les 
considérations générales des émetteurs et récepteurs basés sur la détection directe, y 
compris les formats de modulation considérés tout au long de ce manuscrit. Le 
chapitre 2 est également consacré aux différentes techniques utilisées dans les 
systèmes typiques de longue distance telles que le multiplexage en longueur d’onde, la 
compensation périodique des pertes et la gestion de la dispersion. De même, je discute 
dans ce chapitre des principes de multiplexage de polarisation et de la structure de 
l'émetteur. De plus, j’illustre la sensibilité au bruit optique des signaux multiplexés en 
polarisation à travers de résultats expérimentaux, comme le montre la figure suivante 
présentant une comparaison entre un signal multiplexé en polarisation et un signal 
portant l’information sur une seule polarisation. 
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Fig. e: Sensibilité au bruit d’un signal  QPSK à 56 Gb/s et un signal  

PDM-QPSK à 112 Gb/s. Le débit symbole des deux signaux est le même, 28 Gbaud. 

Dans le chapitre 3, la deuxième partie du manuscrit, je décris le mélangeur 
cohérent et les algorithmes que j'ai utilisés pendant ma thèse, illustrés dans la Fig. f 
et la Fig. g, respectivement. 
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Fig. f: Schéma d’une réalisation d’un récepteur cohérent à diversité de polarisation. 

C’est un récepteur cohérent de ce type que j’ai utilisé au long de mes travaux de 

recherche. 

Le récepteur cohérent fournit les composantes en phase et en quadrature (le 
long des deux polarisations de la lumière) résultant du battement entre le signal 
modulé et l'oscillateur local (qui n’est pas verrouillé en fréquence) :  

( )

( )

( )

( )

1 11 14

2 13 12

3 24 21

4 22 23

1
cos ( ) ( )

2
1

sin ( ) ( )
2

1
cos ( ) ( )

2
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sin ( ) ( )
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PD PD PD Rx LO Rx nx

PD PD PD Rx LO Rx nx

PD PD PD Ry LO Ry ny

PD PD PD Ry LO Ry ny

I I I P P t t t

I I I P P t t t

I I I P P t t t

I I I P P t t t

ω φ φ

ω φ φ

ω φ φ

ω φ φ

 ′= − ∝ ∆ ⋅ + +

 ′= − ∝ ∆ ⋅ + +


 ′= − ∝ ∆ ⋅ + +


′= − ∝ ∆ ⋅ + +




 

où PDmnI  sont les photocourants fournis par les photodiodes, ( ) 2S LO fω ω ω π∆ = − = ∆  

est la différence entre les fréquences porteuses du signal émis et de l’oscillateur local, 
PRx et PRy sont les puissances du champ le long des deux polarisations ( x̂  et ŷ ) à 

l’entrée des mélangeurs cohérents, PLO est la puissance de sortie de l’oscillateur local, 
ϕRx(t) et ϕRy(t) sont les phases modulées du signal reçu, et ϕnx(t) et ϕny(t) 
représentent le bruit de phase sur les deux polarisations de la lumière. Les 
composantes en phase et en quadrature du battement entre le signal et l'oscillateur 
local sont transformées dans le domaine électrique par quatre photodiodes équilibrées 
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et traitées numériquement hors ligne dans un ordinateur. L’algorithme de traitement 
du signal est composé des différents blocs représentés sur la Fig. g.  
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Fig. g: Traitement de signal numérique réalisé dans un récepteur cohérent. 

Tout d’abord, l’algorithme compense numériquement la dégradation du signal 
causée par la dispersion, comme le montre la Fig. h.  
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Fig. h: Dépendance de la performance d’un signal PDM-QPSK à 40 Gb/s en fonction 

de la dispersion chromatique résiduelle  avec et  sans l’application d’un filtre à 

réponse impulsionnelle (FIR) dédié à la compensation de la dispersion chromatique, 

placé avant l’égaliseur. 

Ensuite, il démultiplexe les tributaires de polarisation tout en égalisant le 
signal. L'égaliseur est continuellement mis à jour afin de suivre les perturbations du 
canal, comme par exemple la PMD (Fig. i).  
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Fig. i: Dépendance de la performance en fonction de la PMD pour un signal 

PDM-QPSK à 100 Gb/s. (a) Distribution des Q2 factor, and (b) probabilité cumulée 

(b) avec une PDM de   <1 ps,  8 ps et  20 ps. 

La dernière étape de l'algorithme, appelée estimation de la fréquence et la 
phase de la porteuse, consiste à verrouiller en fréquence et en phase l’oscillateur local 
et le signal reçu. En compensant les décalages de fréquence et de phase entre le signal 
et l'oscillateur local, cette opération relâche grandement les contraintes de réalisation 
pratique de la détection cohérente en permettant l'opération avec un oscillateur local 
non verrouillé en fréquence. 

Les chapitres 4 et 5 constituent la dernière partie de ce manuscrit. Dans ces 
deux chapitres, je discute de la combinaison de signaux modulés en phase et 
multiplexés en polarisation pour la prochaine génération des systèmes de 
communication longue distance par fibre optique aux débits de 40 et 100 Gb/s. Le 
chapitre 4 est dédié à l’étude de l’insertion des canaux à 40Gb/s dans les systèmes 
actuels conçus pour et transportant des canaux 10 Gb/s modulés en intensité avec du 
NRZ. Dans ce contexte, nous étudions et comparons deux solutions différentes à 40 
Gb/s : les signaux multiplexés en polarisation modulés par déplacement de phase 
quaternaire (PDM-QPSK) et les signaux multiplexés en polarisation modulés par 
déplacement de phase binaire (PDM-BPSK). Les deux solutions présentent les 
avantages d’avoir une excellente tolérance au bruit et aux effets linéaires de 
propagation grâce à la détection cohérente. En conséquence, l’investigation se centre 
sur leur tolérance aux effets non-linéaires de propagation. La Fig. j montre la 
tolérance aux effets non-linéaires de propagation pour un signal PDM-QPSK à 
40 Gb/s dans trois configurations différentes : monocanale (sgle ch), WDM avec 80 
canaux PDM-QPSK à 40 Gb/s multiplexés en longueur d’onde avec une grille 50 
GHz (WDM homog.) et WDM avec 79 canaux modulés en NRZ à 10 Gb/s et un 
canal PDM-QPSK à 40 Gb/s inséré au milieu. 
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Fig. j: Tolérance aux effets non-linéaires de propagation des signaux PDM-QPSK à 

40 Gb/s après 1600 km de SSMF.  Configuration monocanal,  configuration 

WDM homogène comprenant des canaux PDM-QPSK à 40 Gb/seulement et  

configuration WDM hybride comprenant un mélange des canaux PDM-QPSK à 

40 Gb/s et NRZ à 10 Gb/s. Le débit symbole de tous les canaux est 10 Gbaud. 

Après avoir identifié que les dégradations plus sévères proviennent des effets 
non-linéaires générés par les canaux voisins NRZ à 10 Gb/s, nous portons une 
attention particulière aux systèmes dits hybrides. Dans ces systèmes, plusieurs canaux 
à débit plus élevé (à savoir 40 ou 100 Gb/s) sont progressivement insérés dans les 
systèmes conçus pour les canaux NRZ à 10 Gbit/s. Ainsi, les canaux à débit plus 
élevé peuvent être distordus par les effets non-linéaires générés par les canaux NRZ à 
10 Gb/s qui se propagent en même temps dans la même fibre. Cette thèse démontre 
que dans cette configuration la solution PDM-BPSK à 40Gb/s est plus robuste que la 
solution PDM-QPSK à 40 Gb/s vis-à-vis des effets générés par les canaux NRZ à 10 
Gb/s, comme le montre la Fig. k. 
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Fig. k: Comparaison de la tolérance aux effets non-linéaires générés par les canaux 

NRZ à 10 Gb/s se propageant en même temps à travers d’une fibre à faible 

dispersion au milieu de la bande C (1546.52 nm).  PDM-BPSK et  PDM-QPSK à 

40 Gb/s. Pour cette figure, la puissance est normalisée prenant en compte les 

différents portés : 800 km pour PDM-QPSK and 2400 km pour PDM-BPSK.  
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Le chapitre 5 à son tour discute de la tolérance aux effets non-linéaires des 
signaux PDM-QPSK, ici à 100 Gb/s. Nous démontrons que les canaux 100 Gb/s 
PDM-QPSK sont compatibles avec l’espacement spectral standard de 50 GHz tout en 
permettant une augmentation de la capacité totale transmise d’un facteur 10 par 
rapport aux systèmes actuels à 10 Gb/s. Nous portons un intérêt spécial à l’évolution 
de l’impact des effets non-linéaires lorsque le débit augmente de 40 à 100 Gb/s et 
nous démontrons que cette évolution diffère de celle des systèmes classiques basés sur 
la détection directe. Comme le montre la Fig. l, le seuil non-linéaire (NLT), c’est-à-
dire, la puissance à partir de laquelle les dégradations non-linéaires deviennent 
dominantes, augmente avec le débit. Autrement dit, les signaux PDM-QPSK 
deviennent plus tolérants aux effets non-linéaires de propagation quand leur débit 
augmente. 
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Fig. l: Tolérance aux effets non-linéaires des signaux PDM-QPSK à (a) 40 Gb/s, (b) 

80 Gb/s (c) and 100 Gb/s dans des configurations  monocanal et  WDM 

homogène après 1600 km de SSMF. 

Je discute également dans les chapitres 4 et 5 des investigations que j'ai 
proposées, mises en places et réalisées expérimentalement à propos de l’interaction 
entre la dispersion modale de polarisation (PMD) et les effets non linéaires. Je montre 
que le résultat de l'interaction entre la PMD et les effets non-linéaires dans les 
systèmes cohérents multiplexés en polarisation peut différer de ceux des systèmes 
classiques (employant une seule polarisation) avec modulation d'intensité et détection 
directe. Ces investigations démontrent que le résultat de cette interaction se révèle 
plus complexe que la simple addition de l'impact de ces deux effets physiques 
séparément.  
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Contrairement aux systèmes existants où l’effet de la PMD est toujours 
pénalisant, nous prouvons que la PMD s'avère souvent être bénéfique dans les 
systèmes cohérents en réduisant les pénalités causées par les non-linéarités lorsqu’elle 
est distribuée. En effet, les résultats de la Fig. m montrent que l’effet de la PMD peut 
induire une amélioration de la distribution de Q2 factor non seulement en termes de 
valeur moyenne mais aussi en termes de largeur de la distribution, comme pour le cas 
NRZ-PDM-BPSK. En revanche, la PMD n’affecte quasiment pas la performance dans 
le cas du iRZ-PDM-BPSK. 
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Fig. m: (a,c) Distribution des Q2 factor, and (b,d) probabilité cumulée avec une PDM 

de 0 ps (a,b) et 22 ps (c,d) pour les signaux  NRZ-PDM-BPSK et   

iRZ-PDM-BPSK à 40 Gb/s après 4000 km de SSMF dans une configuration WDM 

homogène. 

En revanche, quand la PMD est localisée, elle peut augmenter la dégradation 
causée par lesdites non-linéarités en fonction de l’endroit où elle a lieu. Les résultats 
de la Fig. n illustrent que la présence de PMD en début de ligne (dans ce cas précis, 
au niveau du transmetteur) peut augmenter l’impact pénalisant des effets non-
linéaires de propagation, par exemple en augmentant le nombre d’occurrence de 
résultats en dessous de la moyenne, c’est-à-dire, en élargissant la distribution des 
facteurs Q2. Au contraire, quand la PMD est localisée en bout ligne (au niveau du 
récepteur), la PMD n’interagit pas avec les effets non-linéaires de propagation et 
n’augmente pas les pénalités introduites pas ceux-ci. 
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Fig. n: (a, c) Distribution des Q2 factor, and (b,d) probabilité cumulée (b, d) avec 

une PDM de 8 ps et (c, d) 20 ps, quand la PMD est placée au niveau du  

transmetteur ou au niveau du  récepteur. 

Finalement, comme preuve de l'intérêt porté par les opérateurs aux 
technologies à 100 Gb/s, le chapitre 5 contient aussi les résultats d'un essai de terrain 
que nous avons mené récemment sur le réseau de Telefónica en Espagne montrant le 
potentiel des technologies cohérentes pour moderniser les réseaux existants. J'ai 
participé activement à la réussite de cet essai de terrain aussi bien concernant le 
déploiement et la mise en place du système que la réalisation des mesures.  
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Fig. o: Essaie terrain sur les équipements Alcatel-Lucent installés de Telefónica 

comprenant une distance de 1088 km entre Madrid-Sevilla-Mérida. Le lien est 

composé de fibres SSMF, amplificateurs EDFA et 5 nœuds optiques. (a) situation 

géographique, (b) allocation du spectre (portant des donnés réelles), (c) évolution du 

Q2-factor durant plus de 24 heurs et and fonction de densité de probabilité. 

De plus, nous avons proposé, pour la première fois (à notre connaissance), 
d’utiliser les avantages de la détection cohérente combinés avec des signaux modulés 
en phase pour augmenter la capacité totale des systèmes sous-marins sans répéteur. A 
cet effet, l’Appendix B décrit la première démonstration expérimentale de 
transmission de canaux PDM-QPSK à 100 Gb/s sur des systèmes sans répéteurs. J’ai 
mené cette expérience conjointement avec des collègues de Alcatel-Lucent Submarine 
Networks. 
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Fig. p: Performance mesurée pour les 26 canaux après 401 km de transmission sans 

répéteur. 

Les résultats présentés dans ce manuscrit ont été obtenus essentiellement 
grâce à des recherches expérimentales. La plupart de ces résultats ont déjà été publiés 
et présentés en tant qu’articles dans des revues scientifiques et des conférences 
internationales. Ces articles, dont je suis auteur ou co-auteur, sont répertoriés dans la 
dernière section du manuscrit appelée Publications. 
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Foreword 

Ever since the development of the internet and the introduction of the world wide 
web (www), the demand for data capacity has increased exponentially. Current 
predictions foresee indeed a long term traffic growth of about 50% per year [1], driven 
by heavy-content applications such as Youtube, Skype, Google earth, Facebook, and 
video-on-demand services, for example. The data transmission over optical fibre has 
revolutionised the telecommunication landscape and has played a major role in the 
advent of the information age.  

Telecommunication providers employ fibre-optic communication systems for 
most of the backbone, regional and metropolitan transmission links in order to 
respond to this need for capacity. Fibre-optic communications systems have not 
stopped evolving since the first commercial demonstration of live telephone traffic 
over optical fibre on 22 April, 1977, carried out by the General Telephone and 
Electronics company. Different key enablers have progressively contributed to 
overcome the encountered bottlenecks such as the introduction of single mode fibres, 
the invention of optical Erbium-doped fibre amplifiers (EDFA) allowing the efficient 
deployment of wavelength division multiplexing (WDM), the utilisation of forward 
error correction (FEC), and the arrival of chromatic dispersion management 
techniques. Typically, the transmission distances in the metropolitan, regional and 
backbone networks are less than 300 km, between 300 and 1,000 km, and more than 
1,000 km, respectively. This thesis focuses on these long-haul fibre-optic systems used 
in backbone networks. Today’s standard long-haul terrestrial systems employ single 
mode fibres, WDM with 50-GHz channel spacing, optical amplification, dispersion 
management and forward error correction. Due to the limited bandwidth of current 
optical amplifiers, these systems carry typically up to 80 or 100 WDM channels. 

Until recently, simple intensity modulation of light combined with direct 
detection has been the choice for commercial optical transmission systems. This 
option combines cost-effective transmitter and receiver structures with a sufficient 
transmission performance enabling the realisation of 10-Gb/s long-haul transmission 
systems. Nevertheless, to keep responding to the ceaseless increasing demand for 
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capacity, higher bit rates per channel are required, namely 40 Gb/s and 100 Gb/s. 
The challenge is that fibre-optic transmission becomes generally more are more 
difficult with the increasing bit rate since the requirements on the end of link optical 
signal-to-noise ratio (OSNR) increases whereas the robustness against linear 
transmission impairments, namely chromatic dispersion and polarisation mode 
dispersion (PMD), is drastically decreased. In this context, phase shift keying (PSK) 
modulation formats using (direct) differential detection have been widely studied over 
the last decade. However, the tolerance to linear impairments remains one of the 
major concerns for their field deployment. Therefore, a disruptive solution allowing 
the capacity increase while being robust against linear impairments is required. 

Sometimes, disruptive solutions do not come from really new discoveries but 
from the innovative association of available technologies. Thus, optical coherent 
detection was firstly proposed in the 1980’s to improve receiver sensitivity. At that 
time, no optical pre-amplification was used in front of the receiver and the detection 
was mostly limited by the thermal noise of the photodiodes and electrical amplifiers. 
Hence, a local oscillator much more powerful than the signal allowed for coherent 
amplification. However, the development of the EDFA as an optical pre-amplifier 
implied the decline of the interest on coherent detection. It was not until the recent 
advances in digital signal processing and high speed electronics, especially in analog-
to-digital-converters, that coherent detection has revealed as one of the most powerful 
tools to achieve high-speed optical transmissions. By providing access to the 
amplitude, the phase and the polarization of the optical field, coherent receivers enjoy 
the excellent sensitivity to optical noise associated with homodyne detection with the 
added benefits of advanced digital signal processing. Thus they offer the possibility to 
operate with unlocked local oscillators and to compensate for linear impairments 
making high bit rate transmissions possible. Moreover, digital coherent receivers 
allow detecting polarisation division multiplexed (PDM) signals without any extra 
component at the receiver side. In comparison to singly-polarised signals, PDM can 
double the spectral efficiency, i.e. the number of bits transmitted per second per 
Hertz, as it modulates independent data onto each of the two orthogonal 
polarisations of the optical field. Besides, PDM halve the symbol rate with respect to 
singly-polarised signals for a given bit rate. 

On top of linear fibre effects and optical noise, optical communication systems 
may be limited by nonlinear fibre effects stemming mainly from the Kerr effect. The 
penalties caused by nonlinearities may depend on channel bit rates, modulation 
formats and detection techniques. Hence, the behaviour against nonlinearities of 
polarisation-multiplexed signals detected with coherent receivers may differ from that 
of current (singly-polarised) intensity-modulated direct-detected schemes, due to the 
fact the two modulated polarisation tributaries may interact nonlinearly along the 
transmission, for example. Besides, most of carriers do not intend to build specific 
networks from scratch for the new data rates and they require the future upgrade at 
higher bit rate to be compatible with their (legacy) 10-Gb/s networks. Their 
motivation is to smoothly respond to the predicted traffic growth of about 50% per 
year mentioned above. Therefore, one likely scenario for upgrading 10-Gb/s 
infrastructures is to progressively insert higher bit rate channels among other 
10-Gb/s ones and propagated them links designed for 10-Gb/s operation with 50-GHz 
channel spacing. Hence, the key parameters to determine the suitability of one 
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solution for overlaying existing 10-Gb/s legacy networks will be its tolerance to linear 
distortions (chromatic dispersion, PMD and narrow filtering) and the correct 
cohabitation with co-propagating 10-Gb/s non-return-to-zero on-off keying 
(NRZ-OOK) channels. 

The first part of this thesis, constituted by Chapter 1 and 2, treats the 
fibre-optic transmission channel and fibre-optic communication systems for long-haul 
distances. In these two chapters, I give a fresh look at the optical fibre as a physical 
transport medium and at the structure of long-haul transmission in the light of 
coherent systems using phase-modulated polarisation-multiplexed signals. In Chapter 
1, I discuss the principal linear and nonlinear impairments in long-haul transmissions 
using polarisation multiplexing. In Chapter 2, I review general considerations of 
transmitters and direct-detection receivers including the modulation formats 
considered throughout this thesis. Chapter 2 deals also with different techniques used 
in typical long-haul systems such as wavelength division multiplexing, periodic loss 
compensation and dispersion management. Likewise, I discuss in this chapter the 
principles of polarisation multiplexing and the transmitter structure. In addition I 
also illustrate the noise sensitivity of polarisation-multiplexed signals through 
experimental results.  

In Chapter 3, the second part of this thesis, I describe the coherent mixer and 
the algorithms I have used during this thesis. The coherent receiver supplies the 
in-phase and quadrature components (along the two polarisations of the light) of the 
beating between the signal and the unlocked local oscillator. These components are 
transformed into the electrical domain by four balanced photodiodes and processed 
off-line in a computer. The algorithm realises digital chromatic dispersion 
compensation, equalisation and polarisation demultiplexing. The equaliser is 
continuously updated so as to follow channel perturbations Moreover, the last stage 
of the algorithm, named carrier frequency and phase estimation, is able to 
compensate for frequency and phase mismatches between the signal and the local 
oscillator, allowing thus the operation with an unlocked local oscillator. I report also 
in Chapter 3 experimental results where I show the excellent tolerance of digital 
coherent receivers against linear transmission impairments, namely chromatic 
dispersion and PMD.  

Finally, the last part of the thesis is formed by Chapters 4 and 5. I treat in 
this two chapters the combination of phase-modulated polarisation-multiplexed 
signals and digital coherent receivers for the next generation of ultra-long haul 
systems at 40 Gb/s and 100 Gb/s. Chapter 4 focuses on the upgrade of legacy 
10-Gb/s systems to 40 Gb/s. In this context, we investigate and compare two 
different solutions, namely 40 Gb/s PDM-Quaternary-PSK (PDM-QPSK) and 
PDM-Binary-PSK (PDM-BPSK). Both solutions benefit from the excellent tolerance 
to linear impairments brought by coherent detection. Our investigation therefore 
mainly concerns their tolerance to nonlinearities. Having identified that the dominant 
nonlinearities come from co-propagating 10-Gb/s NRZ channels, we pay especial 
attention to hybrid systems. In these systems, several channels at higher bit rate 
(namely 40 or 100 Gb/s) are progressively inserted in wavelength slots originally 
designed for NRZ channels at 10 Gb/s and co-propagated together with 10 Gb/s 
NRZ channels. Hence, higher bit rate channels could suffer from (cross) nonlinearities 
stemming from co-propagating 10-Gb/s NRZ-OOK channels limiting their 
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performance. Chapter 5 in turn deals with the tolerance of PDM-QPSK against 
nonlinearities, now at 100 Gb/s. We demonstrate that 100 Gb/s PDM-QPSK is 
compatible with standard 50-GHz channels and allows a tenfold increase of the total 
transmitted capacity compared to current 10-Gb/s NRZ systems. We particularly 
investigate the evolution of the impact of nonlinear effects when increasing the bit 
rate from 40 to 100 Gb/s.  

I also report in Chapter 4 and 5 investigations on the interplay between PDM 
and nonlinear effects that I proposed, designed and conducted. I show that the effect 
of the interplay between PMD and nonlinearities in PDM coherent systems may 
differ from current (singly-polarised) intensity-modulated direct-detected systems. 
Moreover, we demonstrate that the effect of this interplay reveals more complex than 
the simple addition of the effect of both effects separately. 

As a proof of the carriers’ interest onto 100-Gb/s technologies, Chapter 5 also 
reports the results of a field trial we have recently conducted on Telefónica’s network 
in Spain. I have actively participated in the success of this field trial deploying the 
set up and performing the measurements together with other colleagues from the 
business unit. 

In addition, we propose for the first time, to best of our knowledge, to 
increase the transmitted capacity of unrepeatered submarine systems by taking full 
advantage of coherent detection combined with polarisation-multiplexing and 
multilevel modulation formats. Hence, I report, in Appendix B, the first experimental 
demonstration, of coherent 100 Gb/s PDM-QPSK over an unrepeatered transmission 
link. I have conducted this experiment together with the colleagues from Alcatel-
Lucent Submarine Networks. 

The results presented in this manuscript have been primarily obtained 
through experimental investigations. Most of these results have been already 
published and presented in different peer-reviewed journal articles and conference 
contributions which I have authored or co-authored. These articles are listed in the 
last section of the manuscript named Publications.  
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List of acronyms and 

symbols 

List of acronyms 
 

ADC  analog to digital converter 

AMI  alternating mark inversion 

Apol   alternate polarisation 

ASK  amplitude shift keying 

ASE  amplified spontaneous emission 

AWG  arrayed waveguide grating 

AWGN additive white Gaussian noise 

BER  bit error rate 

BPSK  binary phase shift keying 

CD  chromatic dispersion 

CMA  constant modulus algorithm 

CPE  carrier phase estimation 

CRZ  chirped-return-to-zero 

CSRZ  carrier-suppressed return-to-zero 

CW  continuous wave 

DBPSK differential binary phase shift keying 

DCF  dispersion compensating fibre 

DEMUX demultiplexer 

DFB  distributed feedback laser  

DGD  differential group delay 

DML  direct modulated laser 

DPSK  differential phase shift keying 

DQSPK differential quaternary phase shift keying 

DSF  dispersion shifted fibre 

EAM  electro-absorption modulator 

ECL  external cavity laser 
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EDFA  erbium doped fibre amplifiers 

FEC  forward error correction 

FIR  finite impulse response 

FSR  free spectral range 

FWM  four wave mixing 

GVD  group velocity dispersion 

IFWM intra-channel cross-phase modulation 

ISD  information spectral density 

ISI  inter-symbol interference 

IXPM  intra-channel cross phase modulation 

ITU   international telecommunication union 

LMS-DD least mean squares decision-directed 

LSPS  loop synchronous polarisation scrambler 

MUX  multiplexer 

MZM  Mach-Zendher modulator 

NF  noise figure 

NLPN nonlinear phase noise 

NLT  nonlinear threshold 

NZDSF non-zero dispersion shifted fibre 

OFDM frequency division multiplexing 

OSA  optical spectrum analyser 

OSNR  optical signal to noise ratio 

PBC  polarisation beam combiner 

PBS  polarisation beam splitter 

PDM  polarisation division multiplexing 

PLL  phase-locked loop 

PMD  polarisation mode dispersion 

PM-DL polarisation maintaining delay line 

PMF  polarisation maintaining fibre 

POLMUX polarisation multiplexed 

PolSK  polarisation shift keying 

PRBS  pseudo-random bit sequences 

PSBT  phase shaped binary transmission 
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PSCF  pure silica core fibre 

PSD  power spectral density 

PSP  principal state of polarisation 

QAM  quadrature amplitude modulation 

QPSK  quaternary phase shift keying 

RDPS  residual dispersion per span 

ROADM reconfigurable optical add and drop multiplexer 

RZ  return-to-zero 

SBS  stimulated Brillouin scattering 

SE  spectral efficiency 

SER  symbol error ratio 

SNR  signal to noise ratio 

SOA  semiconductor optical amplifiers 

SOP  state of polarisation 

SPM  self-phase modulation 

SRS  stimulated Raman scattering 

SSMF  standard single mode fibre 

ULH  ultra-long haul 

WDM  wavelength division multiplexing 

WSS  wavelength selective switch 

XPM  cross phase modulation 

XPolM cross-polarisation modulation 
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List of symbols 
 

·   ensemble average 

αααα  attenuation coefficient 

ββββ  mode-propagation constant 

λλλλ  optical wavelength 

λλλλ0  zero-dispersion wavelength 

γγγγ        nonlinear coefficient 

ΦNL  nonlinear induced phase modulation 

ηsh  shot noise 

ωωωω        angular frequency 

Aeff  effective fibre area 

B  birefringence 

Bref  reference bandwidth    

c  speed of light in the vacuum (c=2.99792·108 m/s) 

d12  walk-off parameter 

dmin  minimum Euclidian distance 

D  dispersion factor 

D’  dispersion factor slope 

f  frequency 

F  noise factor 

gR  Raman gain coefficient 

G  gain (amplifier) 

Geff  effective Raman gain 

GON/OFF on-off Raman gain 

h  Planck’s constant (6.626068·10-34 J·s) 

I  in-phase component 

IPD  photocurrent 

L  fibre length 

LB  polarisation beat length 

LD  normalised dispersion length 

Leff  effective fibre length 
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Lw  walk-off length 

n  refractive index 

N0  noise power spectral-density 

Np  neper unit 

Nspans  number of spans in the transmission line 

n0  linear refractive index 

n2  nonlinear refractive index 

NF  noise figure 

ng  group refractive index 

nsp  spontaneous emission factor 

P  power 

Pch  power per channel 

Perror  error probability 

Perror_d  error probability of differentially-decoded sequence 

Q  quadrature component 

R  photodiode responsivity 

Rb  bit rate 

r  analog received signal 

ŝ  estimated sequence 

ŝd  estimated differentially-decoded sequence 

t  time 

TS, T0  symbol period 

vg  group velocity 

vp  phase velocity 

Vpp  peak-to-peak voltage 

Vππππ  characteristic voltage of a modulator 

z  transmission distance 
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Chapter 1. The fibre-optic 

transmission 

channel  

In the telecommunications landscape, optical fibres are massively used as a physical 
medium to transfer information from one point to another by means of an optical 
signal. Optical fibres are cylindrical nonlinear dielectric waveguides commonly made 
of silica glass. Since Kao and Hockham proposed their use for telecommunications at 
optical frequencies in 1966 [2], they have not stopped to evolve [3]. The most common 
structure consists of three concentric cylindrical sections: the core, the cladding and 
the coating, as depicted in Fig. 1.1-a. The light is confined within the core through 
total internal reflexion thanks to a difference between refractive indexes of the core 
and the cladding [4]. The core refractive-index of silica fibres is n1~1.48 whereas the 
refractive index of the cladding, n2, is between 0.2 and 3% lower, as shown in Fig. 
1.1-b. This difference between the refractive indexes can be achieved either by 
increasing the refractive index of the silica within the core, through 
Germanium-Oxide (GeO2) doping, or by reducing the refractive index of the cladding, 
through fluoride (F) doping. 
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Fig. 1.1: (a) Optical fibre scheme and (b) refractive index profile. 
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Depending on the number of existing modes of propagation, one can talk 
about single-mode (one mode) or multi-mode (several modes) fibres. The number of 
modes supported by an optical fibre at a given wavelength depends on its design 
parameters, namely it scales with the core radius and the difference of refractive 
index between the core and the cladding. Single-mode fibres are the most widely used 
today, avoiding thus detrimental pulse broadening induced by intermodal dispersion. 
The most commonly employed fibre for telecommunications purposes is standard 
single-mode fibre (SSMF). The radius of its core is 4.5 µm which ensures single-mode 
transmission in the telecommunications bandwidth around 1550 nm. The core of 
SSMF is doped with GeO2. Since this doping slightly increases fibre losses, better 
attenuation characteristics can be obtained by doping the cladding with fluoride [5]. 

In this chapter, the principal impairments for long-haul transmissions are 
discussed. They are divided into linear and nonlinear effects, according to whether 
they are independent of the signal power or not. The former group is composed of 
fibre attenuation, chromatic dispersion, polarisation mode dispersion and polarisation 
dependent loss. Nonlinear effects comprise Kerr-effect related impairments (such as 
self and cross-phase modulation, four-wave mixing, intra-channel cross-phase 
modulation and four-wave mixing, cross-polarisation modulation), as well as 
nonlinear phase noise and non-elastic scattering effects (such as stimulated Raman 
and Brillouin scattering).  

1.1. Linear transmission effects 

1.1.1 Fibre attenuation 

Fibre loss is one of the main limiting aspects of the optical communications systems, 
as discussed in section 2.4. As in any other physical medium except the vacuum, 
when an optical signal propagates through an optical fibre its power is attenuated 
due to absorption and scattering loss. The power of the optical signal P(z), in [W], 
decreases exponentially along the propagation, as shown in Fig. 1.2, following the 
equation: 

( )0( ) expP z P zα= ⋅ −  (1.1) 

where P0 is the injected power in the fibre in [W], z is the distance in [km] and α is 
the attenuation coefficient in [Np/km]. For practical reasons, the attenuation is 
commonly expressed in [dB/km]. Both values are related by 

[ ] [ ]( )( ) [ ]1010 log exp / 4.343 /dB km Np km Np kmα α α= ⋅ ≈ ⋅  (1.2) 

The attenuation suffered by the propagating signal depends on its frequency 
(or wavelength) as shown in Fig. 1.3. The wavelength, λ, and the frequency, f, of a 
spectral component are related by  

c

f
λ =  (1.3) 

where c is the speed of light in the vacuum, c=2.9979·108 m/s. Two fundamental loss 
mechanisms govern the attenuation profile of an optical fibre: Rayleigh scattering and 
intrinsic absorption of the SiO2 [1][4]. The former results from imperfections of the 
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silica such as microscopic fluctuations in the material density created in the 
manufacturing process. These imperfections imply a fluctuation in the refractive 
index causing scattering. Since the distance between these imperfections is 
significantly smaller than the wavelength of the light, shorter wavelengths are more 
attenuated than longer ones [6]. For wavelengths longer than 1600 nm, the harmonic 
resonances of the optical signal with the silica molecules that make up the glass 
become dominant causing the intrinsic absorption of the SiO2. 
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Fig. 1.2: Power profile of an optical signal propagating over an optical fibre with an 

attenuation of 0.2 dB/km as a function of the distance (a) in [mW] and (b) [dBm]. 

Apart from these two mechanisms, a peak of attenuation is observed at 
1.39 µm which corresponds to the absorption of the OH- ions. Nevertheless, it can be 
nearly eliminated by reducing the concentration of hydroxyl (OH−) ions in the core of 
the optical fibre [5][7][8]. This absorption peak separates two low-loss regions 
historically used for optical-fibre transmissions located around 1300 nm and 1550 nm. 
More precisely, the telecommunication standardization sector of the international 
telecommunication union (ITU-T) defined six bands for transmission using single-
mode fibre [9]: the O, E, S, C, L and U-band, as seen in Fig. 1.3. Although the 
attenuation is lower in the C-band, former transmissions were done in the O-band 
(around 1300 nm) because of the light sources available at that time. Advances in the 
opto-electronic components have allowed realizing transmissions around the C-band 
(around 1550 nm) where the minimum of attenuation is located. This value is 
typically around 0.2 dB/km and can be as low as 0.148 dB/km [10]. As a comparison, 
the attenuation of electrical cables is in the range of 100 and 1000 dB/km (for signals 
with carriers lower than 100 MHz) [11] whereas the conventional window glass shows 
an attenuation approximately of 100 dB/km.  

Most of today’s transmissions use the C-band, nevertheless the bandwidth can 
be enlarged by using the long-wavelength band, L-band (around 1590 nm) to increase 
the transmission capacity and/or the number of transmitted wavelength channels. A 
total of approximately 160 wavelength channels can be transmitted on a 50-GHz grid 
when combining both bands [12]. 
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Fig. 1.3: Fiber attenuation dependence on the wavelength and frequency. 

Although fibre loss is small, it remains one of the main limiting aspects for 
optical communications systems. Hence optical signal must be reamplified along the 
transmission link to increase the maximum reachable distance, as discussed in section 
2.4. 

1.1.2 Chromatic dispersion 

Chromatic dispersion (CD) refers to the wavelength dependence of the fibre refractive 
index which implies a phase-shift between the different spectral components along the 
transmission translated by a pulse broadening in time domain. This causes 
inter-symbol interference (ISI) and therefore limits the maximum reach achievable of 
optical transmission systems without chromatic dispersion management (see section 
2.5).  
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Fig. 1.4: (a) Schematic representation of the effect of a chromatic dispersive fibre 

(neglecting the effect of the attenuation) over a single impulsion and (b) over a 

sequence of symbols. 

The speed of light travelling in an optical fibre, as in any other dielectric 
material, is lower than c and may be frequency dependent. The phase velocity, vp, of 
any spectral component of a wave which propagates over an optical fibre is: 
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δ ω
=

+
 (1.4) 

where 2 fω π=  is the angular frequency in [rad/s] and 0 ( )n nδ ω+  is the refractive 

index of the fibre which is larger than 1. The dependency of the refractive index on 
the angular frequency is known as material dispersion. The effect of the dispersion 
can be described by considering the mode-propagation constant [13], β , which is 
related to the phase velocity by : 

[ ]0( ) ( )
p

n n
v c

ω ω
β ω δ ω= = +  (1.5) 

Expanding equation (1.5) in Taylor series with respect to the central frequency, 

0ω , gives: 

2 3
0 1 0 2 0 3 0

1 1
( ) ( ) ( ) ( ) ...

2 6
β ω β β ω ω β ω ω β ω ω≈ + − + − + − +  (1.6) 

where βi is the i-th derivative of the propagation constant with respect to the angular 
frequency. 
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β0 in [km-1] implies a constant phase-shift whereas β1 in [ps/km] is related to 
the envelope propagation speed also called group velocity, which is defined by 
vg = 1/β1. Therefore a group index is also defined as ng=c/vg. The second order 
derivative corresponds to the acceleration of the spectral components in the pulse and 
is responsible of the pulse broadening in time domain. β2  is called group velocity 
dispersion (GVD) and is expressed in [ps2/nm]. Finally, β3 in [ps3/nm] is the GVD 
slope and expresses the variation of GVD as a function of the angular frequency. 

From a fibre-optic transmission systems point of view, it is more common to 
use the dispersion factor, D, and its slope, D’, which are wavelength dependent and 
are related to β2 and β 3 by: 
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(1.8) 

D, and D’ are expressed in [ps/(nm·km)] and [ps/(nm2·km)]. Apart from material 
dispersion, another dispersive effect existing in single-mode fibres is waveguide 
dispersion. Waveguide dispersion is related to the fact that the wave is not perfectly 
confined within the core and therefore a fraction of the field propagates through the 
cladding [14]. Since cladding and core have different refractive indexes, the part of 
the field propagating through the core and through the cladding travel at different 
velocities causing thus dispersion. Zero dispersion is obtained at the wavelength λ0, 
called zero-dispersion wavelength, in which the influence of material and waveguide 
dispersion are equal but with opposite sign. A different dispersive-regime is observed 
on each side of λ0 as see in Fig. 1.5. 
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• When D<0, i.e β2 >0, we talk about “normal” regime. In this case, 
short-wavelength spectral-components travel at a lower group velocity than 
longer ones. 

• In contrast, when D>0, i.e β2 <0, we talk about “anomalous” regime. Here, 
long-wavelength spectral-components travel at a lower group velocity.  
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Fig. 1.5: Schematic representation of both (a) normal and (b) anomalous dispersion 

regime. 

The pulse spreading in time domain may cause ISI in fibre-optic transmission 
systems. Normalized dispersion length, LD, characterizes the distance after which a 

Gaussian pulse of initial width T0 broadens by a factor of 2  [15] due to the GVD: 

2
0

2
D

T
L

β
=  (1.9) 

T0 is inversely proportional to data symbol-rate. As it can be clearly appreciated, the 
tolerance to dispersion scales therefore with the inverse of the square of the symbol 
rate. 

The magnitude of waveguide dispersion depends on parameters of the 
structure of the fibre such as the difference of refractive index between the core and 
cladding or the radius of the core. Consequently, specific fibre-design is realised in 
order to obtain different dispersion characteristics. Standard single mode fibres 
(SSMF) have a zero-dispersion wavelength around 1320 nm [16] and a dispersion 
coefficient of 17 ps/(nm·km) at 1550 nm with a slope of 0.057 ps/(nm2·km). λ0 can be 
shifted to longer wavelengths (near or within the C band) by increasing the 
magnitude of waveguide dispersion. Thus, dispersion shifted fibres (DSF) and 
non-zero dispersion shifted fibres (NZDSF) have been developed [13]. DSF shows a 
zero-dispersion wavelength at 1550 nm whereas for NZDSF there is no unique 
standard and each fibre manufacturer develops their own fibre, for example: Alcatel 
TeraLightTM, Corning LEAFTM and Lucent TrueWaveTM. Nevertheless, in general, 
NZDSF have a zero-dispersion wavelength around 1450 nm and a dispersion of 
between 2 and 8 ps/(nm·km) approximately at 1550 nm. 



1.1. Linear transmission effects 

 35

Wavelength [nm]Wavelength [nm]Wavelength [nm]Wavelength [nm]

D
is

pe
rs

io
n 

[
D

is
pe

rs
io

n 
[

D
is

pe
rs

io
n 

[
D

is
pe

rs
io

n 
[ p

s/
(n

m
ps

/(n
m

ps
/(n

m
ps

/(n
m

·· ·· k
mkm kmkm

)])] )])] 20

0

10

15

5

-5

1300 1350 1400 1450 1500 1550 1600
 

Fig. 1.6: Dispersion dependence on the wavelength 

A fibre with negative dispersion in the C-band and negative slope can be 
created by using a complex refraction index. Such kind of fibres is commonly used in 
long-haul transmissions in order to compensate for the cumulated dispersion and is 
known as dispersion compensating fibre (DCF). Different types of DCF exist with 
different dispersive characteristics. The most widely used DCF compensates for the 
dispersion and the slope of the SSMF and have a dispersion around -170 ps/(nm·km) 
and a matched slope following the same ratio between both dispersions. 

1.1.3 Polarisation mode dispersion 

Polarisation mode dispersion (PMD) arises from the birefringence of the fibre, i.e. the 
dependence of the refractive index on the signal polarisation. However before talking 
about PMD, differential group delay (DGD) should be introduced. An 
arbitrarily-polarised optical wave can be represented as the linear superposition of 
two orthogonally polarised modes. In ideal fibres, the propagation properties of the 
two modes are identical due to the cylindrical symmetry of the waveguide. 
Nevertheless, real fibres contain some amount of asymmetry owing to an accidental 
loss of circular symmetry during the manufacturing process and/or caused by 
external forces in handling or cabling or by temperature conditions. Therefore the 
symmetry axes of the fibre are no longer equal and the propagation of both modes is 
not exactly the same leading to birefringence B and a difference in group velocity 

1β∆  [15]:  

0
S F S F

c
B n nβ β

ω
= − = −  (1.10) 

where βS and βF are the propagation constants of the slow and fast modes 
respectively provided the refractive indexes verify nS > nF. The difference between 
mode-propagation constants implies a periodic change in the polarisation of the light 
with period /BL Bλ=  in [km] when the signal is coupled into the fibre in between 

both orthogonal axes as well as a delay between the modes propagating over the 
different axes: 

1, 1,· S F
gS gF

L L
t L

v v
β β∆ = − = −  (1.11) 
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where 1,1 / Sβ  and 1,1 / Fβ  are the group velocities of the slow and fast modes, 

respectively. Fig. 1.7-a depicts the effect of the PMD in the time domain over a fibre 
with constant birefringence. Two pulses sent at the same time over the slow and the 
fast axes respectively are delayed by an amount ∆t after a given distance. This 
amount ∆t in [ps] is known as DGD or first-order PMD. This effect can cause pulse 
broadening or even a split into two different pulses. 

t tt

Fast axis

Slow axis

t

∆t = DGD

a.

b.

……

 

Fig. 1.7: (a) Time-domain effect of first order PMD or DGD over a fibre with 

constant birefringence and (b) schematic representation of a real fibre model as a 

concatenation of infinitesimal birefringent sections randomly coupled. 

Polarisation maintaining fibres (PMF) verify the hypothesis that birefringence 
and DGD can be considered constant along the length and time. A large asymmetry 
between both birefringence axes is induced during the fabrication process of these 
fibres so as asymmetry caused by external forces and temperature can be neglected. 
In contrast, fibre constraints, and consequently birefringence, vary randomly with 
distance and time due to environmental changes in standard transmission fibres. 
DGD is therefore a stochastic process and PMD is indeed defined as its mean value 
[17]. Standard optical fibre can be modelled as a concatenation of infinitesimal 
randomly coupled birefringent sections, as seen in Fig. 1.7-b. Considering this 
concatenation, there is an input state of polarisation (SOP) for which the output 
SOP remains unchanged. This input SOP is known as principal state of polarisation 
(PSP). In PMF, the PSP corresponds to the birefringence axes. The DGD at the 
output of a standard fibre is the result of the contribution of every infinitesimal 
birefringent section and can be modelled by a Maxwellian probability density 
function as shown by Poole et al. [18], so as: 

2 2

3 2

32 4
( ) exp

t t
P t

t tπ π

 ∆ ∆
∆ = ⋅ ⋅ − ⋅ 

 ∆ ∆ 
 (1.12) 

where  denotes the average and t∆  is the DGD. This distribution is represented in 

Fig. 1.8 for a 43 ps PMD fibre measured during 6 months. One can easily deduce that 
it is difficult to guarantee permanently the correct operation of a fibre-based 
communications system since there is a non-zero probability of having a very large 
DGD. However, one can guarantee that the DGD will not exceed a given value 
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during more than a certain fraction of time per year which is called system outage 
probability (by assuming that DGD is an ergodic process over one year). A 
commonly accepted value for this fraction of time is 5 minutes per year or, in other 
words, an out-of-service probability of 1·10-5. 
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Fig. 1.8: Statistical distribution of measured DGD of a fibre with 43 ps PMD over 6 

months [19]. 

For PMF, PMD is equivalent to DGD and scales linearly with the length, 
whereas for standard transmission fibres, PMD scales with the root-mean-square of 
the length due to the random orientation of the birefringent waveplates that 

constitute them. Thus, the PMD coefficient, in [ ]ps km , multiplied by the square 

root of the fibre length L, gives the total PMD value of the fibre link. The physical 
units of the PMD coefficient indicate that the maximum tolerable amount of PMD 
decreases linearly with the increasing symbol rate, R, whereas the maximum reach 
limited by the PMD scales quadratically with R. Modern optical fibres have a PMD 

value in the order of 0.05 ps km  [20] while older already installed ones may have a 

much higher PMD coefficient. 

It has to be noted that when along the transmission link there are points with 
high local PMD, the model of infinite small consecutive birefringent sections 
randomly coupled does not apply. This local PMD can be caused by thermal 
conditions or mechanical vibrations of roads or railroads for example. In this case the 
outage probability may depend on the optical frequency and the Maxwellian model 
may lead to an overestimation of the outage probability [21][22]. 

1.1.4 Polarisation dependent loss 

Another polarisation effect stemming from the asymmetry of the fibre is 
polarisation-dependent loss (PDL). PDL refers to the fact that the two orthogonal 
polarisation modes suffer different attenuation during propagation. The PDL of a 
given component is usually expressed as the ratio between the maximum and the 
minimum power transitivity in decibels [23][24]:  

max
10

min

10 log
T

PDL
T

 
= ⋅  

 
 (1.13) 

It is mainly introduced by optical components such as optical isolators or 
amplifiers. PDL is therefore randomly distributed and translates into signal power 
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fluctuations depending on the random evolution of the SOP. These power 
fluctuations cause OSNR variations and depolarisation when PDL axes are not 
aligned with the birefringence axes since PSPs, or more properly fibre eigenmodes, 
are no longer orthogonal to each other.  

PDL
PDL

ζ
φ

a. b. c.  

Fig. 1.9: PDL effect, (a) reference signal without PDL, (b) PDL aligned with 

polarisation axes and (c) PDL with an angle / 4ζ π=  with respect to polarisation 

axis. 

The impact of PDL can be stronger in systems exploiting SOP to transmit 
information as for example polarisation division multiplexed (PDM) systems 
(described in section 2.2) which encodes information in both polarisation tributaries 
(parallel and perpendicular) [25][26]. Consider one isolated PDL element. When its 
axis is aligned with the polarisation tributaries of the PDM signal, PDL further 
attenuates one of the two polarisation tributaries compared to the other, as depicted 
in Fig. 1.9-b. This translates in a different OSNR for each polarisation tributary, 
degrading hence the total performance. In contrast, PDL results not only in a loss of 
OSNR but also in depolarisation of the signal when there is an angle,ζ , between the 

PDL axis and the polarisation tributaries. I find that the resulting angle between 
parallel and perpendicular tributary, ϕ , is: 

( )1 1 1
tan tan tan tan

2
PDL

PDL

π
ϕ ζ ζ− −  ′= + −  ′ 

 (1.14) 

where max min/PDL T T′ =  is the linear PDL. Other expressions leading to the same 

result can be found in the literature [25]. 

At the output of the PDL element, polarisation tributaries are no longer 
orthogonal, as illustrated in Fig. 1.9-c. This translates in crosstalk between 
polarisation tributaries at the receiver side if a polarisation beam splitter (PBS) with 
orthogonal axes is used. This effect is maximum when the angle between the PDL 
axis and the polarisation tributaries is 4ζ π= , which results in an angle: 

( )12 tan PDLϕ − ′=  (1.15) 
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Fig. 1.10: Evolution of the angle between the two (originally orthogonal) polarisation 

tributaries at the output of a PDL element (ϕ ) versus the relative angle between 

PDL and polarisation axis (ζ ) for different PDL values:  0 dB,  1 dB,  3 dB 

and  6 dB. 

1.2. Nonlinear transmission effects 

1.2.1 Kerr effect 

Kerr effect is the main cause of the nonlinear distortions experienced by the optical 
signal in WDM transmissions. Indeed, Kerr effect creates changes in the refractive 
index of the material in response to an electromagnetic field depending on its optical 
power |E|2 [14]:  

( )
2

2

0 2, ( )
eff

E
n E n n

A
ω ω= +ɶ  (1.16) 

where Aeff is the effective core area of the fibre in [m
2], n0(ω) is the linear contribution 

of the refractive index and n2 is the nonlinear one in [m
2/W]. The typical value of n2 

for silica is around 2.5·10-20 m2/W and is weakly dependent on the type of fibre. On 
the contrary, the effective area strongly depends on fibre parameters such as the core 
radius and the core-cladding index difference and critically influences the strength of 
the Kerr effect. Effective area is defined by [15]:  

( )2 2

4

( , )

( , )
eff

F x y dxdy
A

F x y dxdy
=

∫∫
∫∫

 (1.17) 

where F(x,y) is modal distribution for the fundamental fibre mode. Typically, Aeff can 
vary in the range 20–100 μm2 in the 1500–μm region depending on the fibre design.  

The propagation of a signal along a sufficiently long randomly birefringent 
transmission fibre including attenuation, chromatic dispersion and nonlinearities is 
described by the modified nonlinear Schrödinger equation (NLSE) [27]: 
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(1.18) 

where E represents the envelope of the optical field, z is the distance, α is the 
attenuation coefficient in [Np/km], 1T t zβ= − ⋅  is the time measured in a retarded 

frame and γ  is the nonlinear coefficient in [1/(W·km)], defined as:  

28 2
9 eff

n

A

π
γ

λ
= ⋅ ⋅  (1.19) 

The factor of 8/9 in the nonlinear coefficient has been verified experimentally [28][29]. 
It has to be noted that the factor of 8/9 becomes 1 in fibres with constant 
birefringence, such as PMF. The strength of the Kerr effect is proportional to the 
optical signal power |E|2. Therefore, the impact of Kerr effect is stronger over the first 
kilometres of the fibre since the optical power decreases exponentially along the 
transmission length, as seen in equation (1.1). This first part of the fibre is known as 
the high power region and is upper-bounded by the effective length, Leff. The effective 
length corresponds to the integration of the normalized power over the fibre length:  

0

1 exp( )
exp( )

L

eff

L
L z dz

α
α

α
− −

= − =∫  (1.20) 

where L is the total length of the fibre and α is the attenuation coefficient in 
[Np/km]. For example, the effective length of 100 km of SSMF, with an attenuation 
coefficient of 0.2 dB/km, is 21.5 km.  
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Fig. 1.11: Power profile of an optical signal propagating over 100 km of optical fibre 

with an attenuation of 0.2 dB/km as a function of the distance. 

The main nonlinear impairments stemming from Kerr effect can be divided in 
two categories namely intra-channel and inter-channel effects. Intra-channel refers to 
nonlinearities occurring within a wavelength channel itself whereas inter-channel 
effects originate from the interaction between different wavelength channels. Both 
types of effects can be in turn broken down into more elementary nonlinearities 
arising either from signal-signal interactions or from the interplay between the optical 
signal field and the noise, mainly amplified spontaneous emission (ASE), as seen in 
Fig. 1.12. 
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Fig. 1.12: Classification of nonlinearities in optical fibres. Intra-channel and inter-

channel stand for nonlinearities occurring within or between WDM channels, 

respectively. 

1.2.2 Self-phase modulation 

An electromagnetic field propagating through the optical fibre modifies the refractive 
index depending on its own instantaneous power, according to equation (1.16). This 
momentaneous variation of the refractive index translates into a phase shift of the 
optical signal known as self-phase modulation (SPM). The impact of SPM can be 
studied through NLSE, equation (1.18), neglecting the influence of chromatic 
dispersion, i.e. 2 3 0β β= = : 

�
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2
Kerr nonlinearities

attenuation

E
E i E E

z

α
γ

∂
= − +

∂ �����
 

(1.21) 

The solution of this equation is: 

( )( , ) (0, ) exp exp ( , )
2 NL

z
E z T E T i z T

α = ⋅ − ⋅ Φ 
 

 (1.22) 

where (0, )E T  is the field amplitude at z=0 and ΦNL is the SPM-induced phase 

modulation, defined as:  

2 1 exp( )
( , ) (0, )NL

z
z T E T

α
γ

α
− −

Φ = ⋅ ⋅  (1.23) 

The maximum of ΦNL is obtained at the centre of the pulse (T=0) after the 
propagation over the length of the fibre, L, corresponding to:  

,max 0NL effP LγΦ = ⋅ ⋅  (1.24) 

Unlike chromatic dispersion, the SPM-induced phase shift is time varying 
since different parts of the pulse have different intensity. Thus, it also implies a 
nonlinear frequency shift, δω : 

( ) NLT
T

δω
∂ Φ

= −
∂

 (1.25) 
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The time dependence of δω is referred to as frequency chirping. As shown in Fig. 
1.13, the signal frequency components is shifted towards lower frequencies (red shift) 
at the raising edge of the pulse whereas it is shifted towards higher frequencies (blue 
shift) during the falling one. Thus SPM may broaden the spectrum since new 
frequency components can be generated as the pulse propagates over the fibre making 
the signal less tolerant to narrow optical filtering [23].  
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Fig. 1.13: (a) Temporal variation of pulse intensity, (b) SPM-induced phase and (c) 

frequency shift. 

SPM translates into amplitude signal distortion through the interplay with 
chromatic dispersion. Nonlinearly-shifted frequency-components do not propagate at 
the same speed due to chromatic dispersion. When two pulse components with 
different frequency overlap, they interfere leading to nonlinear amplitude distortions, 
contrary to chromatic dispersion which induces a linear phase shift. As an example, 
Fig. 1.14 shows the impact of SPM onto a 10 Gb/s non-return-to-zero (NRZ) signal 
after a propagation over 200 km of SSMF with the chromatic dispersion fully 
compensated. It can be clearly observed a deformation of the signal over the edges of 
the pulses for the highest power per channel.  
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Fig. 1.14: Temporal variation of SPM-induced phase and frequency shift. 

Nonetheless, the nonlinear chirp may be beneficial in specific cases, such as 
soliton propagation. The SPM-induced chirp can compensate the dispersion-induced 
pulse broadening in the anomalous regime of the SSMF. Thus, the SPM compress the 
pulse to compensate for the effect of dispersion. The shape of the pulse remains 
consequently unchanged (except for the attenuation) during the transmission, as first 
demonstrated by Mollenauer et. al. in 1980 [30]. Nevertheless, the practical 
implementation is not straightforward. The attenuation breaks the balance between 
SPM and chromatic dispersion which implies relatively small amplifier spacing, 
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around 50 km increasing the cost of the system. On the other hand, interactions 
between co-propagating channels strongly limit the reach in a WDM system. 

1.2.3 Cross-phase modulation 

Similarly to SPM, cross-phase modulation (XPM) arises from the dependence of the 
refractive index on the optical power. However, contrary to SPM, XPM depends on 
the power of other co-propagating WDM channels. XPM can be studied through 
NLSE, equation (1.18), considering two co-propagating channels, E1 and E2. 
Neglecting both the influence of chromatic dispersion and the SOP-dependent terms, 
one can write NLSE as:  

�
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k k k k

Kerr nonlinearities
attenuation

E
E i E B E E

z

α
γ −

∂
= − + +

∂ �����������
 

(1.26) 

where k =1, 2; and B is equal to 3/2 for fibres with randomly varying birefringence 
and after averaging over input signals SOPs [31]. In contrast, B depends on the 
difference in polarisation between both channels for linearly birefringent fibres, as 
PMF. In these fibres, B is equal to 2 when both channels have the same polarisation 
whereas it is equal to 2/3 when they are orthogonally polarised. The effective area 

can be indeed considered equal for both channels. The term 2

3 kB E −  depends on the 

power of the co-propagating channel and is the responsible of XPM. Since B can be 
as high as 2, XPM is potentially twice as effective as SPM for the same intensity. 

Nonlinear phase modulation induced by XPM is obtained through equation 
(1.26), likewise for SPM. For the common case of random varying birefringence 
fibres, and after averaging over the co-propagating channel SOP: 

22

, 3

3 1 exp( )
( , ) (0, ) (0, )

2NL k k k

z
z T E T E T

α
γ

α−

− − Φ = ⋅ + ⋅ 
 

 (1.27) 

Consider the absence of chromatic dispersion. The effect of XPM is very close to 
SPM, with different strength, when the pulses of both wavelength channels overlap 
each other. In contrast, when the pulses at different wavelengths are only partially 
aligned the impact of the XPM is more detrimental since a part of the pulse is 
nonlinearly phase shifted while the other is not. 
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Fig. 1.15: (a) Temporal variation of the intensity of co-propagating pulses and (b) 

XPM-induced phase shift. 

The interplay between XPM and chromatic dispersion translates the nonlinear 
phase shift into amplitude distortions. Besides, XPM scales with wavelength channel 
spacing and dispersion. One defines the walk-off length, Lw, as the distance in [m] for 
which two co-propagating pulses (at λ1 and λ2) are shifted by one symbol period, TS 

[14]:  

12

S
w

T
L

d
=  (1.28) 

where d12 is the walk-off parameter in [s/m], defined as:  

12 12
1 2

1 1

g g

d D
v v

λ= − ≈ ⋅ ∆  (1.29) 

with D is the dispersion parameter, ∆λ12 is the wavelength separation between the 
two channels, 12 1 2λ λ λ∆ = − , and 1/vg1 and 1/vg2 are the group velocities of both 

channels. The faster two pulses walk-off, the bigger is the walk-off parameter and the 
smaller is the XPM-induced phase shift variance [32][33]. As it can be seen, the 
XPM-induced penalties can be reduced by increasing the dispersion factor and/or the 
wavelength separation [34]. Moreover, as the walk-off length scales with the symbol 
period, the impact of the XPM becomes smaller as the symbol rate increases for a 
given modulation format.  

The XPM effect has been explained here for two wavelength channels 
transmission. However in WDM systems in which N wavelength channels are 
multiplexed, one channel is perturbed by the other N-1 channels carrying different 
data and propagating at different velocities due to chromatic dispersion. This results 
in a very complex phase modulation depending on different parameters such as: 
dispersion, channel spacing, modulation format, or data and polarisation alignment, 
for example. 
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1.2.4 Four wave mixing 

Four-wave mixing (FWM) is the phenomenon through which two or more frequency 
components interact nonlinearly to generate new frequency components. Likely to 
SPM and XPM, FWM is generated by the intensity-dependent refractive index of the 
silica [35]. In quantum-mechanical terms, FWM occurs when two or more photons are 
annihilated and new photons at different frequencies are created such that the net 
energy and momentum are conserved during the parametric interaction [15]. 
Stringent phase matching between different spectral components involved in the 
process is required to achieve high efficiencies. 

Three photons at frequencies 1f , 2f  and 
3f  can be annihilated with 

simultaneous creation of a single photon at frequency 4 1 2 3f f f f= + − . Therefore, 

FWM can generate third frequency harmonic if 1 2 3f f f= = , or frequency conversion 

otherwise. The phase matching required between the different frequency components 
for the FWM process is very difficult to satisfy in fibre optic transmissions and 
consequently the efficiency is low. The most efficient and thereby most observed 
variant of FWM occurs when two photons at f1 and f2 transfer their energy to two 
other photons at f3 and f4 so as: 

1 2 3 4f f f f+ = +  (1.30) 

The phase matching condition in this case is [15]:  

1 1 2 2 3 3 4 4n f n f n f n f⋅ + ⋅ = ⋅ + ⋅  (1.31) 

where ni are the refractive indexes at fi. This requirement is easier to satisfy when 

1 2f f= . Thus, a couple of photons at f1 generate two photons at f3 and f4. This specific 

case is referred to as degenerate FWM.  

According to this mechanism, two wavelength multiplexed channels at f1 and 
f2 will create FWM products at 3 1 22f f f= −  and 4 2 12f f f= − , as seen in Fig. 1.16. 

This effect can be significantly detrimental in WDM systems where channels are 
regularly-spaced and the FWM-generated products results into cross-talk from other 
co-propagating channels.  

FWM

ff1f1 f2f2f3f3 f4f4ff1f1 f2f2  

Fig. 1.16: New frequency components generation through FWM 

FWM efficiency strongly depends on the phase matching of the involved 
spectral-components. Thereby, high chromatic dispersion can drastically reduce the 
impact of FWM. The phase velocity of each spectral component is different due to 
dispersion and consequently the phase matching is only satisfied during a short time. 
At the same time, higher symbol-rate signals are more tolerant to FWM than lower 
ones since they are further impacted by chromatic dispersion. 
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1.2.5 Intra-channel cross-phase modulation and four-wave 

mixing 

Intra-channel cross-phase modulation (IXPM) and four-wave mixing (IFWM) are the 
analogue of XPM and FWM (discussed in sections 1.2.3 and 1.2.4) for distortions 
caused and suffered by a wavelength channel itself. The principles of IXPM and 
IFWM are the same as XPM and FWM. Nevertheless, the nonlinear distortions of 
the pulse arise no longer from co-propagating wavelength channels but from other 
pulses at the same wavelength that have been broadened by chromatic dispersion, as 
shown in Fig. 1.17-a-b. 

Chromatic dispersion broadens time pulses, as seen in section 1.1.2. Hence a 
number of consecutive pulses overlap (Fig. 1.17-b) creating time-varying intensity 
fluctuations. These fluctuations are responsible of IXPM-induced phase shifts through 
Kerr effect which are translated into time jitter once chromatic dispersion is 
compensated (Fig. 1.17-c) [36][37], as shown in Fig. 1.17. 
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Fig. 1.17: Principle of intra-channel XPM. 

The mechanisms behind IFWM are similar to IXPM but the consequences are 
much different. IFWM leads to an energy transfer between two consecutive pulses 
generating new pulses known as “ghost” or “shadow pulses” [37]. To illustrate such 
effect, one can consider a return-to-zero (RZ) signal carrying the sequence “0 1 1 0”, 
as seen in Fig. 1.18-a. Pulses corresponding to “1” are spread due to chromatic 
dispersion (Fig. 1.18-b). They then overlap and interact nonlinearly through Kerr 
effect generating two four-wave mixing products (Fig. 1.18-c). As a consequence, two 
shadow pulses appear where there should be no intensity once chromatic dispersion is 
compensated (Fig. 1.18-d) [37][38]. This effect is evidently most important in 
intensity-modulated signals as light is observed where zero-intensity should be. 

Intra-channel XPM and FWM are particularly important for transmissions at 
symbol rates beyond 40 Gb/s over high dispersive fibre such as SSMF, known as 
pseudo-linear regime [37][38]. Nevertheless, their impact can be reduced using a 
symmetric transmission link in terms of chromatic dispersion. This can be done by 
splitting the chromatic dispersion between the transmitter and the receiver [39] or by 
mid-link optical phase conjugation [40][41]. 
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Fig. 1.18: Principle of intra-channel FWM (after [38]) 

1.2.6 Cross-polarisation modulation  

Cross-polarisation modulation (XPolM) refers to the SOP scattering of the field due 
to a different nonlinear induced phase-shift onto each of the polarisations components 
of the field caused by co-propagating channels. It arises from Kerr effect like the 
other nonlinear effects. XPolM can be studied through the coupled NLSE in its 
vector form neglecting the influence of chromatic dispersion [31]. Consider the field 
evolution of one channel propagating at λ1, 1E , surrounded by other co-propagating 

channels at λn: 
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where α= −exp( )( )Tn xn ynE z E E  is the two dimensional complex vector which 

describes the optical field of the n-th wavelength channel in Jones space, 
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( )1 2 3
T

n n n ns s s s= is the three-dimension Stokes vector of unit length indicating the 

polarisation of the field: 
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where ‘+’ denotes the conjugate transpose. The components of s  are the Stokes 

parameters: 
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The first and second terms of the right part of equation (1.32) correspond to the 
SPM and XPM described in sections 1.2.2 and 1.2.3 respectively. XPM-term is 
denoted as “scalar” in contrast to the last term which does depend on the SOP of the 
field. The SPM and scalar-XPM terms are independent of the SOP, as it can be 
observed. They imply the same amount of nonlinear phase-shift into both 
polarisations and consequently do not change the SOP. In contrast, XPolM induces 
different phase-shift onto each polarisation components, 1xE  and 1yE , which results 

in a change of the relative phase difference between them which in turn changes the 
SOP 

In order to explicitly observe the evolution of each of the polarisation 
components, one can decouple the equation (1.32) using equations (1.33) and (1.35). 
For two linearly-polarised channels, 1E  and 2E , this leads to the following 

expressions: 
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The nonlinear coefficient is normalized to take into account the losses and considering 
the constant birefringence of the fibre, such that 

exp( )zγ γ α′ = ⋅ −  (1.37) 
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The very last term of the XPolM contribution can be considered as FWM-like effect 
between the X and Y components of the pump and the X and Y components of the 
reference signal. Although the total amount of energy within the channel is constant 
(except by fibre losses), both polarisation components exchange energy through such 
FWM term which potentially induces a larger relative phase-shift difference between 
the two polarisations. 

Some of the terms of equation (1.36) can be clustered together, leading to a 
more compact expression: 
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(1.38) 

As an example of the XPolM effect, consider the two linearly-polarised 

co-propagating channels, such that 1 1 1 / 2x yE E E= = , and 2 2xE E=  and 2 0yE = . 

The nonlinear phase shift induced onto the 1xE  component is then greater by a factor 

of 2/3 compared to the 1yE  component. The picture is much more complex in WDM 

systems where N wavelength channels are multiplexed. In these systems, one channel 
is perturbed by the other N-1 channels carrying different data, propagating at 
different velocities and with different SOP. This results in very complex SOP 
variations induced by nonlinear phase modulation.  

Because the SOP variation depends on the intensity fluctuations of 
co-propagating channels, it results in a noise-like SOP scattering and, hence, 
depolarisation. XPolM is especially detrimental in systems relying on 
polarisation-sensitive receivers contrary to conventional polarisation-insensitive 
detection. Nonlinear XPolM creates sudden changes of the SOP of the signal that are 
possibly faster than the speed of the polarisation tracking done in polarisation-
sensitive receivers [42]. Thus, in polarisation-sensitive receivers, these changes in SOP 
may be translated into amplitude fluctuations further deteriorating the performance, 
whereas they would not affect the performance of a polarisation-insensitive receiver. 

1.2.7 Nonlinear phase noise 

Amplified spontaneous emission (ASE) causes power fluctuations between pulses 
which results, through Kerr effect, in different nonlinear induced phase shifts for 
different pulses. This different induced phased shift is known as nonlinear phase noise 
(NLPN). Nonlinear phase shift was firstly described by Gordon and Mollenauer in 
1990 [43]. 

Consider a binary phase shift keyed (BPSK) signal. In the absence of ASE 
noise, all the pulses/symbols contain the same energy and the SPM-induced phase 
shift is thus the same for all symbols. Nevertheless, when ASE noise is added to the 
optical signal, each pulse randomly interferes constructively or destructively with the 
ASE causing power fluctuations for each symbol. To illustrate the effect of NLPN 
consider the constellation diagram of a BPSK signal in which the symbols correspond 
to 0 and π. The distribution of symbols is isotropically broadened in the complex 
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plane due to the interaction between ASE and optical signal, as seen in Fig. 1.19-a. 
The SPM-induced nonlinear phase shift experienced by each symbol along the 
transmission is different as it varies with the symbol power. Hence, the nonlinear 
phase shift experienced by more powerful symbols is larger than that of less powerful 
symbols. This causes the typical NLPN-induced “ying-yang” shape in the constellation 
diagram Fig. 1.19-b. Different methods have been proposed to combat NLPN as 
semiconductor optical amplifiers (SOA) based attenuation compensation [44] or phase 
conjugation [45].  

SPMSPM

a. b.

 

Fig. 1.19: Effect of NLPN onto a BPSK signal 

The correlation between the symbol power and the nonlinear phase shift may 
be exploited to reduce degradations by SPM-induced NLPN at the receiver end. The 
principle is to apply a different phase shift (opposite to the SPM) for each symbol 
and proportional to the optical power; which can be done optically [46][47] or 
electronically [48]. However, NLPN is also induced by XPM. In that case, the 
amplitude of the pulses carried by co-propagating channels depends on the 
interferences between the ASE noise and the optical signal which in turn enhances or 
reduces the strength of XPM-induced nonlinear phase shift. XPM-induced NLPN is 
much more difficult to compensate compared to SPM since there is no correlation 
between the channel power and the nonlinear phase shift experienced. Nevertheless, 
recent studies demonstrate that XPM-induced NLPN can be mitigated without 
knowing data carried by each neighbouring WDM channels through appropriate 
post-processing [49]. 

The strength of NLPN depends on the OSNR, the chromatic dispersion and 
the symbol rate [48][50]. For high OSNR, the ASE power is not large enough to make 
a significant contribution on the nonlinear phase shift and the NLPN influence is 
reduced. On the other hand, for high dispersive fibres (or high symbol rates), the 
power in a symbol period varies rapidly along the transmission which averages the 
influence of NLPN. Consequently, the tolerance to NLPN increases with the symbol 
rate [50] (for a given modulation format) as the OSNR requirements are also higher 
and the impact of chromatic dispersion is higher as well. 
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1.2.8 Non-elastic scattering effects 

Stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS) are 
two significant nonlinear effects which do not arise from Kerr effect contrary to 
previous ones. The origin of these two effects is found in the interaction of the optical 
field with the silica molecules of the optical fibre. They are referred to as non-elastic 
scattering effects in opposition to elastic ones such as Rayleigh scattering.  

a) Stimulated Raman scattering 
When a photon collides with a molecule of silica, it is normally scattered by Rayleigh 
scattering. The scattered photon then has the same energy as the incident one 
(elastic scattering) and no energy is therefore transferred to the silica molecule. 
However, a partial transfer of energy from the photon to the molecule occurs for a 
small fraction of collisions between photons and silica molecules (~10-6). This is 
known as Raman scattering or Raman effect and is referred to as non-elastic since the 
energy of the scattered photon is lower than that of incident one. The silica molecule 
moves to a higher-energy vibrational state through the absorption of a fraction of 
energy of the incident photon whereas a lower frequency (higher wavelength) photon 
is generated. The scattered photon/wave is referred to as Stokes photon/wave [15]. 
Stimulated emission through SRS only occurs when the power is above a critical 
value (SRS threshold). SRS threshold depends not only on the power of the optical 
field but also on the type of fibre [51]. Above this threshold the amplification at 
longer wavelengths scales exponentially with the power of the shorter wavelengths. 
The maximum efficiency of SRS power transfer is found around 13.2 THz (~100 nm) 
away from the original frequency. This effect can be exploited to build Raman 
amplifiers. Raman amplification is further discussed in section 2.4.2. 

The same Raman gain that is beneficial for making amplifiers can be 
detrimental for WDM systems since it may result in unwanted crosstalk between 
different channels. In this case, a fraction of the energy of the shorter wavelength 
(higher frequency) channels is transferred to the longer wavelength (lower frequency) 
channels and can result in a time averaged [52] and in a bit-dependent SRS crosstalk 
[53]. The former results in a gain-tilt in the WDM spectrum, as depicted in Fig. 1.20. 
This gain-tilt can be reduced by employing gain-tilt filters or dynamic gain equalisers 
(DGE). Bit-dependent SRS crosstalk in turn behaves similarly to XPM and its 
impact is therefore relatively small for fibres with high chromatic dispersion (or 
signals with high symbol rate). Anyhow, the input power per channel in (repeatered) 
long-haul optical transmission systems is generally lower than the SRS threshold and 
therefore SRS-induced impairments are normally not substantial. 
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Fig. 1.20: Effect of stimulated Raman scattering onto a WDM multiplex. 

b) Stimulated Brillouin scattering 
The mechanisms behind stimulated Brillouin scattering (SBS) are close to SRS. 
Nevertheless, stimulated Brillouin scattering arises from the interaction between 
photons and acoustical phonons. An optical wave propagating over an optical fibre 
generates an acoustic wave through the process of electrostriction. This acoustic wave 
in turn modulates periodically the refractive index of the fibre which results in a 
reflexion grating. The incident light is then scattered through Bragg diffraction. As a 
result, a Stokes wave propagating backwards, counter-directionally to the optical 
signal at longer wavelength is generated. The frequency downshift caused by SBS 
(~10 GHz or ~0.08 nm) is much lower than SRS. The power reflected by SBS scales 
exponentially with the power of the incident field above the SBS threshold. SBS 
threshold depends on the spectral width of the incident field and its lowest value 
(~1 mW) is obtained for a continuous-wave (CW) or slowly modulated (pulses larger 
than 1 µs) incident field. The efficiency of SBS is strongly reduced when using short 
pulses (<10 ns) or phase-modulated signals [15]. Indeed, SBS can be neglected in 
transmission systems relying on phase-modulation beyond 1 Gb/s. 

1.3. Summary 
Fibre impairments distort the signal and therefore reduce the system performance. 
They can be classified into linear effects, which are independent of the power, and 
nonlinear effects, whose strength depends on the power of the optical field. Main 
linear impairments are fibre losses, chromatic dispersion, polarisation mode dispersion 
and polarisation dependent loss. On the other hand, nonlinear effects arise either 
from Kerr-effect or from non-elastic scattering effects or even from the interaction 
between optical noise and Kerr-related impairments. Nonlinearities can be in turn 
divided into intra-channel and inter-channel effects. When the nonlinear effect is 
suffered and caused by the same channel, it is referred to as intra-channel effect in 
opposition to inter-channel effects which are caused by co-propagating channels. Main 
intra-channel effects are SPM, intra-channel XPM and FWM, SPM-induced NLPN 
and stimulated Brillouin scattering; whereas main inter-channel effects are XPM, 
XPolM, XPM-induced NLPN and stimulated Raman scattering. 

For a given modulation format, the tolerance to linear impairments generally 
decreases with the increasing symbol rate. The trend of the tolerance to nonlinear 
effects is much harder to establish since it depends on channel bit rates, modulation 
formats, link characteristics and detection techniques. Fig. 1.21 presents the results of 
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an extensive numerical study, showing the most important nonlinearity that limits 
transmission of on-off keying (OOK) channels as a function of the fibre dispersion 
and the channel symbol rate (lower x-axis). The spectral efficiency considering 
100-GHz channel spacing is also plotted (upper x-axis). The transmission distance is 
2000 km, and nonlinear interactions between signal and noise are neglected. The bit 
rate is equivalent to the symbol rate here as OOK is a binary modulation. 

 

Fig. 1.21: Significance of nonlinear impairments in WDM systems with 100-GHz 

channel spacing for different channel bit rates of OOK modulation formats [54] 

(courtesy of Dr. P.J. Winzer). 

As a general trend, it can be observed that inter-channel nonlinearities 
dominate at lower bit rates and lower dispersion coefficients whereas intra-channel 
nonlinearities are particularly important at high channel bit rates. This is mainly due 
to the fact that at low bit rates and/or low chromatic dispersion the walk-off length 
is large and pulses of co-propagating channels interact during a significant time 
inducing a higher nonlinear phase-shift. Moreover, the phase matching conditions 
required for FWM are easier to satisfy under these conditions. In contrast, for high 
bit rates and/or high chromatic dispersion, the walk-off length is short and the pulses 
of co-propagating channels do not interact for long time. For high bit rates, however, 
pulses are shorter and the spectrum wider. Therefore the impact of chromatic 
dispersion is more important: pulses overlap over a large number of consecutive 
pulses with significant energy and intra-channel nonlinearities become then dominant. 
A similar reasoning could be conducted for a given bit rate combined with a higher 
dispersion.
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Chapter 2. Fibre-optic 

communication 

systems 

The goal of fibre-optic communication systems is to bring the information sent by a 
transmitter to a receiver by means of an optical transmission link with an acceptable 
quality. Many different optical communication systems exist depending on their 
geographical extension, such as for instance access, metro and long-haul systems. This 
thesis focuses on optical systems for long-haul distances, i.e. longer than 1,000 km. As 
any other communication system, long-haul optical communication schemes are 
composed of a transmitter, a receiver and a transmission channel or link, as depicted 
in Fig. 2.1. Transmitters transform the electrical information into the optical domain. 
Information propagates though an optical transmission link up to the receiver. Once 
at the receiver side, the information is transformed from the optical back into the 
electrical domain. 
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Fig. 2.1: Configuration of a long-haul transmission system 
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This chapter deals with several relevant aspects of long-haul transmission 
systems. It is divided in six sections. First of all, section 2.1 reviews general 
considerations of transmitters and direct-detection receivers. Section 2.1 also 
comprises the use of forward error correction in optical communications and the most 
commonly used modulation formats. Section 2.2 discusses the principle of polarisation 
multiplexing as well as the transmitter scheme and optical noise sensitivity of 
polarisation-multiplexed systems. Wavelength division multiplexing (WDM), periodic 
loss compensation and dispersion management are treated in section 2.3, section 1.1 
and section 2.5, respectively. Finally, section 2.6 describes the recirculating loop used 
in laboratory experiments. 

2.1. Transmitters and direct-detection 

receivers 
Optical transmission links consist of cascaded fibre spans with optical amplifiers 
in-between. They can be considered as a physical medium allowing the transmission 
of information from a point to another by means of an optical signal. Most optical 
transmission link are bi-directional using different fibres for each direction. Thereby, 
optical transmitters and receivers are usually combined within a single module, 
referred to as transponder. Many different modulation formats have been proposed to 
encode the information [54]. Each modulation format has its advantages and 
disadvantages and in general it cannot be said that a single modulation format is 
superior to all others in all aspects.  

This section treats the most conventional principles of optical modulation, the 
structure of direct-detected receivers and the use of forward error correction to relax 
the constraints of optical transmission systems. Besides, the three different 
modulation formats used in this thesis are discussed namely on-off keying (OOK), 
binary phase shift keying (BPSK) and quaternary phase shift keying (QPSK). 

2.1.1 General transmitter and receiver aspects 

a) Optical modulation 
The main function of an optical transmitter is to convert the electrical data into the 
optical domain. This can be achieved by different means namely: direct modulated 
lasers (DML), electro-absorption modulators (EAM), Mach-Zehnder modulators 
(MZM) or phase modulators. An optical modulator should have the following five 
properties in order to efficiently realize high-speed modulations: 1) a large 
electro-optical bandwidth; 2) a low optical insertion loss; 3) a high extinction ratio 
(defined as the ratio between the power on a ‘1’ and the power on a ‘0’ in OOK 
modulation); 4) wavelength independence; and 5) it should not induce any frequency 
chirp. 

DMLs are the simplest option to modulate an optical signal. The principle 
consists of directly modulating the pump current of the laser diode which translates 
in turn into a modulation of the emitted optical power. They are cost-effective, 
compact and supply a high output power. Transmissions up to 40 Gb/s employing 
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DML have been demonstrated [55][56]. Nevertheless, directly modulating the pump 
current at high data rates results into a degraded extinction ratio and induces 
frequency chirp, i.e. an undesired phase modulation [19]. The frequency chirp 
therefore broadens the spectrum, and thus the signal becomes more sensitive to 
chromatic dispersion. Besides, DML’s electro-optical bandwidth is relatively small. 
Consequently, DMLs are not suitable for high-speed long-haul WDM systems in 
practice and they are mostly used in access and metro networks. Cascading CW 
lasers and external modulators is preferable for high-speed WDM long-haul systems. 
Electro-absorption modulators (EAM) are semiconductor-based components whose 
transfer function depends on the applied voltage. The absorption provided by an 
EAM is maximal for high voltages and minimal for low ones. Thus, EAM modulates 
the CW laser output by means of the electrical data signal applied to it. EAMs can 
provide a higher electro-optical bandwidth and a lower frequency chirp behaviour 
than DMLs [57] and are easy to integrate on the same optical substrate as the CW 
laser. Nevertheless, the transfer function of EAM strongly depends on the 
wavelength, they have a poor extinction ratio (<10 dB) and their insertion loss is 
relatively high (~10 dB). EAMs are not widely used in long-haul WDM systems due 
to these three key disadvantages. One possible approach to modulate the phase of the 
signal is to use phase modulators. An ideal phase modulator modifies only the phase 
of the field while keeping the amplitude constant. However, phase modulators are not 
normally used in practice due to two main shortcomings: 1) transient chirp due to 
limited bandwidth, which limits the speed of the phase changes, and 2) the fact that 
any drive-waveform imperfections get directly mapped onto the optical phase, thus 
potentially degrading performance [58]. 

In most practical long-haul high-speed transmission systems, external 
modulation is realized by cascading a CW distributed feedback (DFB) laser with a 
Mach-Zehnder modulator (MZM). The MZM, first proposed by Ernst Mach [59] and 
Ludwig Zehnder [60], is an interferometer composed of two 3-dB couplers and two 
waveguides (arms) with equal length, as depicted in Fig. 2.2-a. Thus, half of the 
energy of the light at the input of the modulator propagates through each waveguide. 
Each arm comprises an electro-optical cell which induces a phase-shift into the 
optical signal depending on the applied voltage (drive voltage). By playing with the 
value of drive voltages, a certain phase difference between the signals along each arm 
can be achieved. This phase difference is translated into amplitude fluctuations once 
the signals at the end of each arm interfere, constructively or destructively, through 
the second 3-dB coupler.  
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Fig. 2.2: (a) Mach-Zehnder modulator (Z-cut, push-pull) scheme and (b) transfer 

function  

Fig. 2.2 depicts the input-output characteristic of a MZM which is 
analytically given by: 

1 2cos
2out in

V V
E E

Vπ

π
 −

∝  
 

 (2.1) 

where Ein and Eout are the fields at the input and at the output of the modulator, 
respectively; V1 and V2 are the voltages applied to the first and second arm, 
respectively; and Vπ is the voltage which induces a phase shift of π at the output of 
one arm of the interferometer. Consequently, 2Vπ corresponds to the voltage 
difference between V1 and V2 which induces a phase shift of π at the output of the 
interferometer. Vπ is also the value of drive voltage corresponding to a change from 
constructive interference to destructive interference. A modulator in which both arms 
are modulated separately, often with V1 =- V2, is referred to as push-pull whereas if 
both waveguides are coupled together it is called single drive. Two main types of 
modulators exist depending on the orientation of the LiNbO3 crystal axes to the 
waveguides and electrodes namely Z-cut and X-cut modulators [61]. Z-cut modulators 
require push-pull drive to generate chirp-free signals whereas with X-cut single drive 
is used. Z-cut modulators have a slightly lower (10 to 20%) Vπ compared to X-cut. 
Push-pull modulators in turn require half drive-voltage compared to X-cut. A typical 
value of Vπ is ~2.5 V for (state of the art) LiNbO3 MZM modulators. Broadband 
electrical amplifiers (drivers) are used to amplify the electrical data signal to the 
operating voltage of the modulator. Since there is a trade-off between the output 
voltage and the amplifier bandwidth, Z-cut modulators are more attractive than 
X-cut for high-speed operation although two electrical amplifiers are needed. 
Compared to EAM, MZM are more suitable for long-haul systems since they exhibit 
large bandwidth (up to ~35 GHz), low insertion loss (~5 dB), high extinction ratio 
(>20 dB), they are nearly wavelength independent and can be designed to be almost 
chirp-free. On the other hand, many different modulation formats can be generated 
thanks to a MZM, including intensity and phase modulation as discussed in sections 
2.1.2 and 2.1.3. Unlike with phase modulators, when using MZMs any remaining 
drive-waveform imperfections are only translated into the optical intensity variations, 
but the phase information is left intact. Besides, MZM can be used to perform 
return-to-zero (RZ) pulse carving, i.e. to convert a non-return-to-zero (NRZ) signal 
into RZ, as discussed in section 2.1.4. 
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b) Direct-detection optical receivers 
At the receiver end, information is converted from the optical to the electrical 
domain by means of photodiodes. The electrical bandwidth of the photodiode-
electrical current-to-voltage converter chain is typically about 70% of the symbol 
rate, and is followed by a clock recovery unit to synchronise the receiver with the 
incoming digital signal in order to sample at the correct instant within the symbol 
period. However, some actions must be realized before opto-electrical conversion in 
order to optimise the quality of the electrical detected data. Given an incident optical 
field, E, a photodiode supplies a photocurrent, which is expressed in Amperes [A] as: 

2
( ) ( ) ( )PD shI t R E t tη= ⋅ +  (

2.2) 

where R is the photodiode responsivity in [A/W], and ( )sh tη  is the shot noise 

associated with the DC value of the photodetected current. The photocurrent is 
proportional to the optical signal power and therefore no phase information is 
extracted from the incident field. In case of a phase-modulated optical signal, it is 
mandatory then to optically demodulate the signal before opto-electrical conversion 
to extract any phase information carried by the optical field, as discussed in section 
2.1.3. In practice, optical demodulation translates phase fluctuations into power 
variations allowing a correct detection in the electrical domain. On the other hand, 
chromatic dispersion considerably influences BER performance. Therefore, residual 
chromatic dispersion should be optimised to obtain the best performance after 
opto-electrical conversion. For systems where residual dispersion is nearly the same 
for all wavelength channels, such as SSMF-based systems, compensation can be 
performed jointly onto all channels before demultiplexing, as illustrated in Fig. 2.1. In 
contrast, per-channel compensation is required for systems with strong 
wavelength-dependent residual dispersion, such as systems relying on NZ-DSF. 

c) Forward error correction 
A transmission is considered “error-free” when BER is smaller than 10-13 after 
propagation. However, the quality of the signal at the receiver end is usually too poor 
to ensure error-free reception in long-haul systems. This is the reason why forward 
error correction (FEC) is employed in modern transmission systems. Used in 
copper-wire radio communication since the 1960s, the application of FEC for the 
fibre-optic communication systems was not reported until 1988 by Grover [62]. It 
should be stretched that on shorter distances and lower speed transmissions the fibre-
optic channel is almost ideal compared with the traditional copper-based channel. 
The principle of FEC is to add redundant information bits within the transmitted 
signal and to exploit them at the receiver side to detect and correct errors. This extra 
transmitted information are referred to as FEC overhead and the highest pre-FEC 
BER that can be corrected to a BER below 10−13 after FEC is typically known as 
FEC limit or threshold. FEC coding is typically preceded by data interleaving in 
order to disperse possible channel error bursts, such as those induced by PMD [63] by 
a matched data de-interleaver placed before FEC decoding, so as to obtain an 
independent error distribution within the received sequence.  

Different FECs with different characteristics are standardised by the 
telecommunication standardization sector of the ITU [64]. For ultra long-haul 
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submarine transmissions, FECs with 25% overhead is sometimes employed leading to 
a FEC limit of 1.31·10-2 as referenced in ITU-T G.975.1-I.7 [64]. However, one of 
today’s most widely used FEC for optical systems is referenced in ITU-T G.975.1-I.9 
[64]. It consists of two interleaved extended Bose-Chaudhuri-Hocquenghem 
BCH(1020,988) codes with a ten times iterative-decoding. . Such FEC requires 7% 
overhead and the FEC limit is 4·10-3, corresponding to a Q2 factor about 8.5 dB (the 
relation between BER and Q2 factor is defined in section A). This means that any 
transmission resulting in a BER below 4·10-3 can be considered as error-free. This is 
the FEC considered in the rest of the thesis. Mizuochi [65] gives an overview of FEC 
in fibre-optic systems where more advanced FECs are also discussed. 

2.1.2 On-off keying  

For decades, the non-return-to-zero (NRZ) on-off keying (OOK) modulation format 
has been the format of choice for commercial optical transmission systems. More 
commonly simply referred to as NRZ, it is the most simple and intuitive existing 
modulation format. An optical NRZ signal is indeed the replica of the binary 
electrical sequence in the optical domain. A ‘0’ is coded with weak optical-field power 
(ideally null) whereas a ‘1’ is coded with high power. OOK is a particular case of 
amplitude shift keying (ASK) as the information is directly encoded in the amplitude 
of the optical field. Fig. 2.3-a illustrates the constellation diagram of an NRZ signal. 
The constellation diagram represents the complex envelope of the signal as a two-
dimensional scatter diagram in the complex plane at symbol sampling instants 
(usually the centre of the symbol period). It displays thus the possible symbols that 
may be used by a given modulation scheme as points in the complex plane. The 
constellation diagram depicted here assumes ideal extinction ratio in optical 
modulation and is normalised w.r.t. the square root of average power of the optical 

signal 2 2 22 1 2 (1) 1 2 (0) 1 2 (1)E E E E= ⋅ + ⋅ = ⋅ . As it can be observed, the 

amplitude is null for symbols corresponding to an electrical binary ‘0’ whereas it is 

2  for ‘1’ symbols, with a constant phase on the symbol. The Euclidian distance, i.e. 
the straight line distance between two points in a plane, is closely related to the bit 
error ratio (BER). Indeed, the BER as a function of the minimum Euclidian distance 
between symbols, mind , is given by [66]: 

2
min

02

d
BER Q

N

 
=  

 
 

 (2.3) 

where 0 / 2N  is the power-spectral density, in [W/Hz], assuming additive white 

Gaussian noise (AWGN) and the Q-function is:  

21 1
( ) exp

2 22 2x

t x
Q x dt erfc

π

∞    
= − =   

  
∫  (2.4) 

for 0x ≥  and ( )erfc x  is the complementary error function defined in Appendix A. 

OOK signals have therefore and bit error rate given by:  
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(1)E
BER Q
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 =
 
 

 (2.5) 

 

Fig. 2.3-b shows the power spectral density (PSD) as function of optical 
frequency normalized with respect to the bit rate. The spectrum of an NRZ-OOK 
signal is composed, as for most modulation formats, of a main lobe surrounded by 
side lobes, which are half wide. The spectral width of the main lobe from zero to zero 
is referred to as the bandwidth of the format. For NRZ-OOK signals, the main lobe 
width is twice the symbol rate from zero to zero, while the 3-dB bandwidth equals 
the symbol rate. The spectrum has a strong spike at the carrier frequency, which 
contains half of the optical power, and is referred to as the carrier.  
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Fig. 2.3: NRZ-OOK, (a) constellation diagram normalised w.r.t. the square root of 

average power of the optical signal, i.e. 2E , (b) simulated spectrum with 

frequency normalised with respect to the bit rate, and (c) experimental eye diagram 

of an optical 10-Gb/s signal. 

For long-haul transmissions, NRZ is usually generated by means of a 
CW-DFB laser followed by a MZM, as depicted in Fig. 2.4-a. The bias voltage of the 
MZM is set at the quadrature point and is driven from minimum to maximum 
transmittance, as shown in Fig. 2.4-b. The electrical drive signal requires therefore a 
peak-to-peak amplitude of Vπ. The modulation rate of electrical data corresponds to 
the bit rate (Rb) as NRZ is a binary format. At the receiver side, a single photodiode 
converts the signal from the optical into the electrical domain and an electrical circuit 
integrates the photocurrent over a given time allowing and then performs a threshold 
decision: this is shown as a slicer in Fig. 2.4-a a threshold decision. The clock 
recovery unit is incorporated in the slicer module. 
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Fig. 2.4: NRZ-OOK, (a) transmitter and receiver schemes and (b) MZM operation. 

NRZ-OOK has the advantages of being easy, and thus cheap, to generate and 
detect. Nevertheless, its noise sensitivity and nonlinear tolerance are relatively poor. 
Return-to-zero (RZ) pulse-shaped OOK (RZ-OOK) can improve the noise sensitivity 
in direct detection schemes by ~1 dB compared to NRZ (as the optical filter is better 
matched to the RZ rather than to the NRZ spectrum) and enhance the tolerance to 
nonlinearities [67] and PMD [68][69]. The main drawbacks of RZ-OOK are a more 
complex transmitter scheme and its broader spectrum (depicted in Fig. 2.12) 
compared to NRZ. Thereby, RZ-OOK tolerance to residual chromatic dispersion is 
lower than that of NRZ-OOK [69] due to its broader spectrum. The generation of RZ 
pulse-shaping is discussed in section 2.1.4. One particular configuration is carrier-
suppressed return-to-zero (CSRZ) which results in a 180º phase change between 
consecutive symbols. Thus, half of the ‘1’ symbols have a phase 0 whereas the other 
half have a phase of π. As a consequence, the strong spike at the frequency carrier 
vanishes, as seen in Fig. 2.12-c. Another scheme consists of adding a specific amount 
of phase modulation, or chirp, to the RZ-OOK signal. This is referred to as chirped 
RZ-OOK (CRZ) and requires three modulators: one for data modulation, another for 
RZ pulse carving and the third for additional phase modulation. The spectrum of 
CRZ is broader than RZ-OOK but it can be used for ultra long-haul transmissions 
thanks to its higher robustness against nonlinearities [70][71]. 

2.1.3 Phase modulation formats 

Unlike intensity modulation, phase modulation formats code the information on the 
phase of the signal while ideally keeping a constant power profile. As stated in section 
2.1.1a), MZMs are normally used also for generating optical phase-modulated signals 
in long haul transmission systems. At the receiver side, phase modulated signals 
require being optically demodulated before opto-electrical conversion because 
photodiodes are inherently insensitive to the optical phase. Thus phase information 
carried by the signal translates into power fluctuations detectable by photodiodes. 
This implies specific receiver schemes for phase modulated signals. 
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a) Differential binary phase shift keying 
Binary phase shift keying (BPSK) consists of encoding the binary electrical 
information within two different phase levels of the optical signal corresponding to a 
phase of ‘0’ and ‘π’. As it is a phase modulation, it needs to be optically demodulated 
before being converted into the electrical domain. Although coherent homodyne 
detection is the optimal scheme in terms of sensitivity, it is up to now not commonly 
used due to its cost and complexity. Optical demodulation is normally achieved 
through a Mach-Zehnder delay-interferometer (MZDI), whose differential delay is 
equal to the symbol period [58]. Thus, one performs self-homodyne demodulation 
where role of the local oscillator is played by the preceding received symbol. The 
extracted phase information corresponds therefore to the phase difference between the 
signal and the signal itself delayed by 1 symbol period. Hence, the name differential 
receiver. In such configuration, information is encoded in the phase difference 
between consecutive symbols, and not in the absolute phase. The association of 
differentially-encoded BPSK together with differential reception is known as 
differential BPSK (DBPSK) or more simply differential PSK (DPSK). 
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Fig. 2.5: (a) Constellation diagram of a NRZ-OOK and (b) a BPSK signal. Both 

constellations have the same average optical power. 

One of the main advantages of BPSK with respect to OOK is its better noise 
sensitivity. Intuitively, this can be understood by comparing the signal constellations 
for OOK and BPSK, as shown in Fig. 2.5. BPSK constellation diagram, illustrated in 
Fig. 2.5-b, is normalised with respect to the square root of average power of the 

optical signal 2 2 22 1 2 (0) 1 2 ( ) ( )E E E Eπ π= ⋅ + ⋅ =  as it is the OOK constellation 

(explained for Fig. 2.3-a). For BPSK, both symbols have the same amount of energy 
but different phase either ‘0’ or ‘π’. Therefore, for the same total average optical 

power the minimum Euclidian distance between symbols increases by 2  for BPSK 
compared to OOK at equal average power. This translates into a 3-dB lower required 
OSNR for a given BER, since in the linear propagation regime BER scales with the 
square of the minimum Euclidian distance between symbols [66], according to 
equation (2.3).  
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Fig. 2.6: BPSK, (a) transmitter and differential receiver schemes and (b) MZM 

operation. 

The most commonly used DPSK transmitter scheme consists of a CW laser 
followed by a MZM, as for OOK and is shown in Fig. 2.6-a. The MZM here is biased 
in the trough of the characteristic curve and the drive-signal swing is 2 Vπ., i.e. twice 
the voltage needed for OOK. Therefore, the MZM switches between two crests 
points, which results in phase changes of π, as shown in Fig. 2.6-b. Using a MZM 
instead of a phase modulator allows achieving exactly a phase difference of π between 
symbols. Nevertheless, it induces intensity fluctuations (dips) when moving from a 
phase 0 to π or vice versa. These dips can be appreciated in the experimental eye 
diagram depicted in Fig. 2.7-a. Their width is related to the electro-optical 
bandwidth of the modulator and the electrical driver. The optical bandwidth of a 
BPSK signal is the same as an OOK since both result from a binary modulation by 
means of a drive signal at a frequency equal to the symbol rate. Nevertheless, BPSK 
spectrum does not have the strong carrier neither its harmonics present in OOK, as it 
can be seen in Fig. 2.7-b, since the average amplitude is zero. As for OOK, DPSK 
can be combined with RZ pulse carving (discussed in section 2.1.4) which permits to 
reduce the impact of receiver shortcomings. This leads to modulation formats such as 
return to zero DPSK (RZ-DPSK) or carrier-suppressed return-to-zero DPSK 
(CSRZ-DPSK). The name CSRZ-DPSK is given as an analogue of OOK case and it 
is also sometimes referred to as 66% RZ-DPSK [58]. Unlike OOK, there is no 
suppression of spike but merely an inversion of the logic. 
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Fig. 2.7: BPSK, (a) experimental eye diagram of an optical 40-Gb/s signal and (b) 

simulated spectrum with frequency normalised with respect to the bit rate. 

Since DPSK relies on differential detection, logical data need to be pre-coded 
before modulating optical signal such that at the receiver side the transmitted 
sequence is recovered. A DPSK pre-coder can be implemented through the operation: 

[ ] [ ] [ 1]p k d k p k= ⊕ −  (2.6) 

where d[k] is the bit k of the input sequence, p[k] is the pre-coded sequence, ⊕  
represents the exclusive OR operation and the top line represents the NOT operation. 

At the receiver side, a Mach-Zehnder delay-interferometer optically 
demodulates the signal before opto-electronic conversion, as shown in Fig. 2.6-a. 
Different technologies can be used to build a MZDI such as for example with a 
fibre-optic tuneable delay-line [72], in free space [73], with fibre Bragg-gratings [74] or 
in InP [75]. In any case, the principle of a MZDI is very close that of a MZM. The 
difference, here, is that the length of the two arms differs by one symbol period. 
Hence, the incoming optical signal is split in two copies, one of them is delayed by 
one symbol period, TS, and they are finally recombined. Pulse k therefore interferes 
with the pulse k-1. MZDI have two outputs ports, labelled as constructive and 
destructive, respectively. One can write the field at the output of each port as: 

[ ]1
( ) ( ) ( )

2c Su t r t r t T= + −  

[ ]1
( ) ( ) ( )

2d Su t r t r t T= − −  

(2.7) 

where subscripts c and d stand for constructive and destructive ports respectively and 
( )r t  is the optical field at the input of the receiver. For the constructive port, 

constructive interference occurs when there is no phase difference between fields 
whereas destructive interference takes place when there is phase difference of π. The 
opposite is true for the destructive port. In practice, the phase offset between both 
consecutive pulses is sometimes actively fine-tuned to ensure it is zero when 
combining both fields. The frequency response of both ports is periodic with a 3-dB 
bandwidth of 1/(2·TS) and a free spectral range (FSR) of 1/TS [58][76]. However, 
MZDI can be designed with a FSR of 50 GHz, so that a single MZDI is able to 
demodulate any selected channel of a standard WDM comb with a 50-GHz grid. 
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The output signals from both ports carry the same information (but inverted) 
and therefore, detecting either only the constructive or destructive output is in theory 
sufficient to recover data (at the expense of certain noise-sensitivity degradation). 
This is referred to as single-ended detection. The combination of both signals through 
balanced detection is required to obtain the improvement of ~3 dB compared to 
OOK and to increase the tolerance against narrow filtering [77]. In balanced 
detection, two photodiodes convert the optical field into the electrical domain. 
Afterwards, the electrical currents are fed into a differential amplifier after which a 
signal centred around 0 V is obtained.  

The use of interferometric detection in DPSK has the advantage of yielding a 
lower-complexity receiver with respect to a coherent receiver, but requires a higher 
OSNR to obtain the same performance of coherent homodyne detection. Coherent 
homodyne detection benefits from an optical-noise-free reference signal supplied by 
the local oscillator; whereas the reference in differential detection is the preceding 
(noisy) symbol. In particular, differential detection requires 0.6 dB higher OSNR for a 
10-3 BER (see Fig. 3.4). Another option to demodulate DPSK signals is to replace 
MZDI by optical discriminator filters [78]. This results in a simpler receiver but 
induces a loss in sensitivity.  

A particular application of MZDI is the generation of either duobinary or 
alternating mark inversion (AMI) signals. Here, a standard DPSK transmitter is 
followed by a MZDI to demodulate either the constructive (duobinary) or the 
destructive (AMI) component. Duobinary is especially interesting due to its high 
tolerance to narrow optical filtering [79]. However, these applications are out of the 
scope of this manuscript. An extensive work on this subject was realised by M. 
Lefrançois [11]. 

b) Differential quaternary phase shift keying 
Quaternary phase shift keying (QPSK) is a multilevel phase modulation format. 
Similar to BPSK, QPSK encodes the information in the phase of the signal; however, 
QPSK uses four states, or symbols, instead of two. QPSK encodes two bits in each 
symbol, namely one “in phase” and one “in quadrature”. The symbol rate, or baud 
rate, of the QPSK signal is therefore half the bit rate, i.e. half the symbol rate of 
BPSK and OOK. QPSK signals are naturally more tolerant against chromatic 
dispersion, PMD and narrow filtering than BPSK signals (at the same bit rate) since 
the tolerance to these effects decreases with the spectral width, and hence with the 
symbol rate [79]. QPSK needs optical demodulation before photodetection as does 
DPSK. This is achieved with by means of a differential-receiver-based scheme. As so, 
information is encoded in the phase difference between consecutive symbols. Thus, 
taking ‘00’ as a reference, a phase shift of 0, π/2, π, and 3π/2 corresponds to the 
symbols ‘00’, ‘01’, ’11’ and ‘10’ (having used a Gray-coding in the bit mapping). 
Differentially-encoded QPSK paired with differential detection is known as 
differential QPSK (DQPSK). 
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Fig. 2.8: Constellation diagram of a (a) NRZ-OOK, (b) BPSK and (c) QPSK signal. 

The three constellations have the same average optical power. 

QPSK format exhibits the same sensitivity as BPSK for a given bit rate. This 
can be understood directly from the signal constellations visualized in Fig. 2.8. The 
QPSK constellation is represented with an arbitrary π/4 phase offset. All 
constellations are normalized with respect to the square root of average power of the 

optical signal, which for QPSK is: [ ]
4

2 22

1

1 4 2 ( 2)
k

E E k Eπ π
=

= ⋅ =∑ . OOK and 

BPSK normalisation is described in sections 2.1.2 and 2.1.3a). All QPSK symbols 
have the same energy but different phases. For the same total average optical power, 

the minimum Euclidian distance between QPSK symbols decreases by 2  compared 
to BPSK. This results in a 3-dB higher required OSNR for a given symbol error ratio 
(SER), which scales with the square of the minimum Euclidian distance between 
symbols. The relation between BER and SER, considering Gray code to encode 
symbols, is [66]: 

SER
BER

K
=  (2.8) 

where K represents the number of bits per symbol. For QPSK signals, 
2· 2BER SER= , where the multiplicative factor 2 comes from the fact that QPSK 

symbols have two next-neighbours at the minimum Euclidian distance. Therefore, 
QPSK also requires a 3-dB higher OSNR than BPSK for a given BER at equal 
symbol rate (where QPSK symbols have the energy of BPSK symbols). However, 
QPSK is normally used at half the symbol rate of BPSK to obtain the same bit rate. 
Therefore, QPSK pulses are twice longer and have twice the energy of BPSK and one 
obtains the same OSNR requirements for the two formats. In practice, the sensitivity 
of DQPSK is slightly lower than DPSK due to practical implementation of the 
differential receiver. 

DQPSK can be either built through a serial modulator structure (a MZM 
followed by a phase modulator) [80] or a parallel modulator structure [81]. The most 
widely used is the parallel scheme, referred to as nested Mach-Zehnder structure, 
comprising two MZMs in parallel with a π/2 phase-shift between their outputs. It 
was introduced by Griffin et al. [81] and is depicted in Fig. 2.9-a. The output of the 
CW laser is fed into the super MZM where it is split into two tributaries (in-phase 
and quadrature). Each tributary is modulated through a different MZM biased in the 
trough with a drive signal at a frequency of half the bit rate and a swing of 2 Vπ . 
Each MZM hence generates a DPSK signal. Finally, the QPSK signal is obtained by 
means of the interference of both BPSK signals with an appropriate phase shift of 
π/2 (or -π/2), which is induced by a calibrated phase shifter. Thus two independent 
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electrical binary sequences at a rate half the total bit rate feed the MZM. This fact 
brings the advantage of using electrical drivers with half the bandwidth compared to 
DPSK (at equal bit rate) although the number of electrical signals is doubled. The 
eye diagram, depicted in Fig. 2.10-a, shows a double intensity dip corresponding to a 
phase switch of π/2 (mid level) and π (lowest level). The optical QPSK bandwidth is 
half the one of BPSK since its baud rate is half the bit rate, as shown in Fig. 2.10-b, 
which increases the tolerance to narrow filtering. One can generate return-to-zero 
DQPSK (RZ-DQPSK) by cascading a DQPSK modulator (either parallel or serial) 
and a MZM carver, as discussed in section 2.1.4 [80][82]. RZ pulse carving improves 
the noise sensitivity (due to practical implementation) and the tolerance to optical 
filtering [54].  
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Fig. 2.9: QPSK, (a) transmitter and (b) differential receiver schemes. 

Logical data need to be pre-coded before modulating the optical signal such 
that after differential detection the original data are recovered, as explained for 
DPSK. A DQPSK pre-coder can be implemented through the operation [83]: 

( ) ( ) ( ) ( )[ ] [ ] [ ] [ ] [ 1] [ ] [ ] [ ] [ 1]I k i k q k i k I k i k q k q k Q k= ⊕ ⊕ − + ⊕ ⊕ −  

( ) ( ) ( ) ( )[ ] [ ] [ ] [ ] [ 1] [ ] [ ] [ ] [ 1]Q k i k q k q k Q k i k q k q k I k= ⊕ ⊕ − + ⊕ ⊕ −  
(2.9) 

where i[k] and q[k] are the odd and even bits of the input sequence, respectively; I[k] 
and Q[k] are the pre-coded sequences fed into the MZMs, ⊕  represents the exclusive 
OR operation, + represents the OR operation and the top line represents the NOT 
operation.  
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Fig. 2.10: QPSK, (a) experimental eye diagram of an optical 28-Gbaud signal and (b) 

simulated spectrum with frequency normalised with respect to the bit rate. 

At the receiver side, two MZDIs convert the information encoded in phase 
into the amplitude domain. The in-phase and quadrature component of the DQPSK 
signal are detected by adjusting the phase difference between the arms of the MZDIs 
to +π /4 and −π /4, respectively. The MZDIs have a periodic frequency response 
with 3-dB bandwidth of 1/(2·TS) and a FSR of 1/TS [84], where TS is the symbol 
period. 4 photodiodes are required for balanced detection of DQPSK since each MZDI 
has a constructive and destructive output. The fields at the output of each 
photodiode, for a received optical signal [ ]0( ) exp ( )r t r i t= Φ , can be written as: 

( )
22

2 2/
0

1 ( )
( ) ( ) exp ( ) cos42 2 8

I Q
c S

t
u t r t i r t T r

ππ ∆Φ  ∝ ⋅ ± + − = ±    
 

( )
22

2 2/
0

1 ( )
( ) ( ) exp ( ) sin42 2 8

I Q
d S

t
u t r t i r t T r

ππ ∆Φ  ∝ ⋅ ± − − = ±    
 

(2.10) 

where subscripts c and d stand for constructive and destructive ports respectively for 
the in-phase (I) and quadrature (Q) components, and )()()( STttt −Φ−Φ=∆Φ . ‘+’ 

and ‘-’ signs correspond to I and Q respectively. These photocurrents are 
subsequently fed into two distinct differential amplifiers after which one obtains the 
following currents: 

2 2
( ) ( )

(̂ ) cos sin cos ( )
2 8 2 8 4

t t
I t t

π π π∆Φ ∆Φ     ∝ + − + = ∆Φ +     
     

 

2 2
( ) ( )ˆ( ) cos sin sin ( )
2 8 2 8 4

t t
Q t t

π π π∆Φ ∆Φ     ∝ − − − = ∆Φ +     
     

 

(2.11) 

Thus, phase differences of 0 and π  are demodulated as two positive and two negative 
currents, respectively. ( ) / 2t π∆Φ = +  in turn results into a negative value of (̂ )I t  and 

positive value of ˆ( )Q t  and vice versa for a / 2π−  phase shift. Apart MZDI, other 

techniques to demodulate DQPSK signals are possible such as InP-based 
star-couplers [85] and 90o hybrids [86] or narrow optical filters [84]. 

The main advantage of (D)QPSK compared to binary modulation formats is 
the higher tolerance against linear effects, namely chromatic dispersion, PMD and 
optical filtering. Thanks to its compact spectrum, DQPSK can improve the 
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information spectral density (ISD) of WDM systems, i.e. increase the number of 
transmitted bits per Hertz. In typical 10-Gb/s WDM systems with 50-GHz grid, the 
ISD is 0.2 b/s/Hz. Up to 1.6 b/s/Hz have been reported at 21.4 Gb/s on a 12.5-GHz 
grid [87] and at 85.6 Gb/s on a 50-GHz grid [88] using single polarisation DQPSK. 
When propagating over meshed networks designed with 50-GHz grid, optical signals 
travel through different optical filters with a 3-dB bandwidth of around 47 GHz. This 
results in a narrower equivalent filtering function. Apart from the equivalent 
bandwidth, the filter centre frequency of all filters may not be the same due to 
temperature variations or aging. Thus, the total equivalent filtering function may be 
narrower than expected and asymmetric. 43 Gb/s DQPSK is well suited for optical 
meshed networks since it is more tolerant to narrow filtering [89] and to filtering 
detuning [90] than DPSK. DQPSK is more robust against chromatic dispersion and 
PMD than binary modulation formats due its lower symbol rate. The tolerance to 
chromatic dispersion scales quadratically with symbol period whereas the tolerance to 
PMD scales linearly, as discussed in section 1.1. DQPSK has however about twice the 
PMD tolerance and three times (instead of four) the tolerance to chromatic 
dispersion of binary modulation formats [79].  

Compared to BPSK, the angular distance between QPSK constellation 
symbols is halved: π /2 instead of π. QPSK is therefore inherently more sensitive to 
(linear and nonlinear) phase distortions, especially those coming from cross phase 
modulation [91]. One particular but important consideration is the impact of 10 Gb/s 
NRZ-OOK co-propagating channels. This normally occurs when upgrading 
transmission systems carrying 10 Gb/s NRZ-OOK channels with 43 Gb/s DQPSK. 
Co-propagating 10 Gb/s NRZ channels limit the performance and the maximum 
reach of 43 Gb/s DQPSK. In order to reduce their impact, one can think about two 
options: either lowering the operating power of 10-Gb/s channels (which reduces the 
amount of induced XPM) or increasing the frequency spacing between both types of 
channels (which reduces the efficiency of induced XPM). Nevertheless, both options 
are difficult to realise, sometimes impossible, since the former may result in a 
decrease of the reach of 10-Gb/s channels (as discussed in section 1.1) and the second 
would imply a limitation of the total transmitted capacity and a loss of network 
flexibility. 10-Gb/s system upgrades are a critical issue for the deployment of 40 Gb/s 
DQPSK and have therefore been widely studied [92][93][94][95][96].  

2.1.4 Return-to-zero pulse-shaping 

The behaviour of an optical signal may differ whether an RZ pulse shaping is applied, 
as introduced in section 2.1.2. RZ pulse shaping can indeed increase the tolerance of 
OOK signals to PMD [68][69] or even to nonlinearities [67][70]. RZ pulse shaping is 
potentially combined with different modulation formats such as differential phase 
shift keying (DPSK) [58][69] or quaternary phase shift keying (QPSK) [80][91] for 
example. However, the spectrum broadens when applying a RZ-over-modulation (as 
shown in Fig. 2.12) and the transmitter becomes more complex as extra components 
are required (the receiver remains almost unchanged most of the times). RZ pulse 
carving is normally performed by means of an extra MZM, as depicted in Fig. 2.11-a.  

Three different duty cycles, 33%, 50% and 66%, can be generated by tuning 
the MZM drive and bias voltages as well as the frequency of the drive signal The 
MZM is driven by a sinusoidal drive signal for the three duty cycles. 33% and 66% 
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are obtained by driving the MZM with a signal at a frequency half the symbol rate 
and a drive voltage of 2·Vπ but with different bias points: the crest for 33% and the 
trough for the 66%. 50% duty cycle in turn is obtained by driving the MZM with a 
signal biased on the quadrature point, at a frequency equal to the symbol rate and 
with a drive voltage of Vπ. Fig. 2.11-b synthesises the values of these three 
parameters for each duty cycle.  
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Fig. 2.11: RZ pulse shaping, (a) transmitter scheme, (b) drive signal parameters (RS 

is the symbol rate), and (c) example of MZM operation for 50% duty cycle. 

The shorter the pulses are, the broader the spectrum of the optical signal 
becomes, as illustrated in Fig. 2.12 for OOK signals. 33% and 50% duty cycles 
modulate only the amplitude. In contrast, 66% results in both an amplitude 
modulation and a phase modulation, since a phase shift of π is induced between 
consecutive symbols. When applied to OOK signals, this results in the suppression of 
the strong component at the frequency carrier, as seen in Fig. 2.12-c and is therefore 
referred to as carrier suppressed RZ (CSRZ).  
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Fig. 2.12: Simulated spectra and eye diagrams of (a,b) 33%, (c,d) 50%, and (e,f) 66% 

RZ-OOK (after [11] ). The frequency is normalised with respect to the bit rate.

2.2. Polarisation division multiplexing 
Polarisation division multiplexing (PDM) consists of encoding one independent 
tributary in each of the two orthogonal polarisations of the optical field. PDM, 
sometimes referred to as polarisation multiplexed (POLMUX) or dual-polarisation, 
has attracted only modest attention so far compared to OOK, DPSK or DPQSK due 
to the relatively complex required receiver. Nevertheless, recent advances in 
electronics allow robust reception thanks to coherent detection and advanced signal 
processing. Paired with coherent detection and digital signal processing, discussed in 
Chapter 3, PDM opens a wide and exciting range of possibilities to increase the 
robustness against linear effects and the spectral efficiency of optical transmission 
systems.  

The discussion of preceding sections was limited to modulation formats 
employing either the intensity or the phase of the optical field to encode information. 
Nevertheless, another degree of freedom exists: the polarisation of the light. Different 
modulation formats use polarisation in order to transmit information such as 
alternate polarisation (Apol) and polarisation shift keying (PolSK). PolSK was first 
proposed by R. Calvani et al. in 1986 [97] and first demonstrated by E. Dietrich et al. 
in 1987 [98]. It relies on coding the information directly in the SOP and can lead to 
high spectral efficiency. Nevertheless it requires very complex transmitters and 
receivers. G. Evangelides et al. first proposed in 1992 polarisation multiplexing for 
ultra-long haul soliton transmissions [99]. Polarisation multiplexing was combined 
together with time multiplexing, so as the polarisation of consecutive symbols was 
alternated (hence the name Apol). This potentially improves the tolerance to 
nonlinearities but does not increase the spectral efficiency with respect to binary 
modulation formats (due to time-multiplexing of both polarisation tributaries).  
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After the first demonstration of PDM [99], it was used (without 
time-multiplexing) to increase the bit rate of single channel transmissions 
[100][101][102]. Later on, PDM has been applied to increase the spectral efficiency 
and the total transmitted capacity of WDM systems. Using PDM, A. Chraplyvy et 
al. demonstrated the first 1-Tb/s transmission in 1996 [103], and in 2001, K. Fukuchi 
et al [104] and S. Bigo et al. [105] demonstrated the first 10-Tb/s transmissions. More 
recently, in 2009, A. Sano et al have achieved the record transmitted capacity of 
69 Tb/s[106] using PDM and optical coherent detection. 

The possibility of multiplexing two independent tributaries in the polarisation 
domain comes indeed naturally if one considers the two degenerate polarisation 
modes of an optical fibre. Since both polarisations are transmitted simultaneously, 
PDM allows doubling the spectral efficiency because of doubling the symbol period 
compared to singly-polarised formats. Transmission fibres have random birefringence 
as discussed in section 1.1.3. Therefore, PDM must be detected through a 
polarisation sensitive receiver able to demultiplex the received signal. This is a 
remarkable difference with respect to receivers described in preceding sections which 
rely only on the intensity and the phase of the signal. Polarisation sensitive receivers 
can be realized in the optical [99] or the electrical domain. This thesis focuses on the 
second group which combines optical coherent detection with digital signal 
processing, which actually perform demultiplexing, as discussed in Chapter 3. 

2.2.1 Transmitter scheme 

Fig. 2.10 illustrates the scheme of a PDM transmitter. The light from the laser is 
split into two copies through a 3-dB coupler. Each copy is sent into a distinct 
modulator driven with different electrical data. Finally, a polarisation beam combiner 
(PBC) recombines the output of both modulators onto the two polarisations of the 
PDM channel. Polarisation tributaries are referred to as either parallel/orthogonal or 
X/Y tributaries. One may use two lasers, one per polarisation tributary, instead of 
one. Nevertheless, this option is less cost-effective and therefore is rarely used. All the 
components used in the PDM generation process must be polarisation maintaining to 
ensure correct operation.  

Data 1

mod. 1

mod. 2

Data 2

3dB
PBC

 

Fig. 2.13: PDM transmitter scheme. Constellation diagrams correspond to a 

PDM-QPSK signal. 
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The bit rate of each polarisation tributary is half the total bit rate of the 
PDM signal. Hence, the symbol rate of PDM signals is half the symbol rate of 
singly-polarised signals for a given total bit rate. This is depicted in Fig. 2.14 for a 
PDM-QPSK signal. Consequently, the required bandwidth of opto-electronic devices 
as well as the drive frequency of modulators is also halved with respect to 
single-polarisation transmitters which is a remarkable property of PDM transmitters 
over single-polarisation transmitters. On the other hand, PDM generation requires 
almost the double of components. 
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Fig. 2.14: Representation of the same transmitted sequence (a) with QPSK and (b) 

with PDM-QPSK at the same bit rate (1/Tb). 

Like RZ pulse carving, PDM can be combined with different modulation 
formats such as BPSK [107], QPSK [108] or 16 quadrature amplitude modulation 
(QAM) [109]. It is also possible to pair PDM with multi carrier formats such as 
orthogonal frequency division multiplexing (OFDM) [110]. It is out of the scope of 
this thesis to deeply study and compare all the possibilities. This manuscript focuses 
on the application of two of these options, namely PDM-QPSK and PDM-BPSK. 
The symbol rate of PDM-QPSK is a quarter of the bit rate (it encodes 4 bits per 
symbol) whereas the symbol rate of PDM-BPSK is half the bit rate (as it encodes 
2 bits per symbol). Fig. 2.15 shows the experimental eye diagrams of PDM-BPSK 
and PDM-QPSK as well as the simulated spectra, in which the frequency is 
normalised with respect to the bit rate. Compared to singly-polarised signals (Fig. 
2.7-a and Fig. 2.10-a), additional levels appear in the eye diagram as a result of sum 
of the intensities of the two polarisation tributaries when switching from one symbol 
to another.  

The optical bandwidth of PDM signals is halved with respect to signals 
employing only one polarisation (for equal total bit rate). This fact, as explained in 
section 1.1 and in section 2.1.3b) for QPSK, enhances the tolerance of PDM signals 
against linear effects, namely chromatic dispersion, PMD and narrow filtering. From 
another point of view, when operating at the same symbol rate, polarisation 
multiplexing allows doubling the bit rate while keeping almost unchanged the 
tolerance to linear impairments [111]. On the contrary, tolerance against 
nonlinearities decreases, in general, with the application of PDM due to nonlinear 
interactions between both polarisations [112] and to the lower symbol rate which 
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makes signals more sensitive against cross nonlinearities [50], as discussed in Chapter 
1.  
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Fig. 2.15: Experimental eye diagrams of an optical (a) 28-Gbaud PDM-QPSK and (c) 

a 21.4-Gbaud PDM-BPSK signal. And simulated spectrum with frequency normalised 

with respect to the bit rate of (b) 28-Gbaud PDM-QPSK and a (d) 21.4-Gbaud 

PDM-BPSK signal. 

2.2.2 Noise sensitivity 

PDM does not induce a loss in noise sensitivity compared to singly-polarised signals 
(at the same bit rate) as both polarisation fields are orthogonal. It is the possible to 
separately represent the two tributaries as illustrated in Fig. 2.16. PDM indeed 
doubles the bits per symbol with respect to a singly polarised signal. All 
constellations are normalized with respect to the square root of average power of the 

optical field: 2 2 2

X YE E E= + , where 2

XE and 2

XE  are the average optical 

power of the parallel and perpendicular polarisation tributaries. The minimum 

Euclidian distance between PDM symbols is reduced by a factor 2  for the same 
average optical power. This implies a 3-dB higher required OSNR for a given SER for 
PDM signals since it scales with the square of the minimum distance between 
symbols. Nevertheless, considering that PDM doubles the number of bits per symbols 
and according to equation (2.8), singly-polarised and PDM signals theoretically 
require the same OSNR for a given BER, provided PDM symbols have twice the 
energy of singly-polarised signal symbols. This condition is achieved when the symbol 
rate of PDM signals is half the symbol rate of singly polarised signals (PDM pulses 
are then twice longer) achieving in both cases the same total bit rate. 
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Fig. 2.16: Constellation diagram of a (a) BPSK, (b) PDM-BPSK, (c) QPSK and (d) 

PDM-QPSK signals. All constellations have the same average optical power. 

One finds 3-dB higher OSNR requirement for a given BER for PDM signals 
when PDM is used to double the bit rate compared to singly-polarised signals. Fig. 
2.17 shows the optical noise sensitivity of 56 Gb/s QPSK and 112 Gb/s PDM-QPSK 
measured in back to back with the polarisation-diversity coherent receiver described 
in Chapter 3. Results are depicted in terms of Q2 factor, discussed in appendix A, as 
a function of the OSNR. Experimental results demonstrate here that PDM-QPSK 
requires 3 dB higher OSNR than QPSK, at the same baud rate (28 Gbaud here), in 
back-to-back and in the linear propagation regime.  
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Fig. 2.17: Optical noise sensitivity of  56 Gb/s QPSK and  112 Gb/s 

PDM-QPSK. The symbol rate of both signals is 28 Gbaud.

2.3. Wavelength division multiplexing 
In wavelength division multiplexed (WDM) systems, lightwaves emitted by different 
laser sources at different wavelengths are independently modulated and 
simultaneously propagated over the same optical fibre [23]. Therefore, a WDM link 
transports a large amount of data by multiplexing various optical signals with lower 
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capacity. Each modulated signal at a different wavelength is referred to as a channel 
of the multiplex. The total capacity of the system is thereby the addition of the 
individual capacities of each channel. The benefit of WDM is not only to increase the 
total capacity transmitted within an optical fibre but also to reduce the cost per bit. 

As discussed in section 1.1.1, ITU defines the bands of interest for optical 
telecommunications and the frequency spacing between channels [9], referred to as 
frequency grid. Common channel spacings are 100 GHz and 50 GHz. Nowadays, most 
of optical transmissions use the C band, where around 80 channels can be 
multiplexed within a 50-GHz grid, as shown in Fig. 2.18. Hence, current WDM 
systems can carry a total capacity of about either 0.8 or 3.2 Tb/s, using either 10 or 
40 Gb/s channels, respectively. However, the bandwidth can be enlarged by using the 
L band. Approximately 160 wavelength channels can be transmitted combining C 
and L bands on a 50-GHz grid [12], doubling hence the total transmitted capacity. 
One sees easily the huge interest of optical amplification, explained in the following 
section, for WDM systems. If optical amplifiers had not been invented, one would be 
forced at each amplifying site to: demultiplex wavelength all channels, convert 
individually each channel into the electrical domain, regenerate each electrical signal 
separately, and convert them again in the optical domain and re-multiplex them. In 
contrast, optical amplifiers enhance the power of all the optical signals of the 
multiplex at once independently of the modulation format and the bit rate (different 
amplifiers are actually used in the C and L band normally). 

Information spectral density (ISD), also referred as spectral efficiency (SE), is 
often used a figure of merit of WDM systems. Expressed in [bit/s/Hz], ISD is defined 
as the ratio between the channel bit rate and the channel frequency spacing. 
Therefore, it is meaningless to report the ISD of single channel transmissions, 
although it is sometimes reported in the literature. ISD is also referred in terms of 
percentage. Current deployed systems exhibit a ISD between 0.2 b/s/Hz and 
0.8 Gb/s/Hz (or 20% and 80%), obtained by multiplexing on a 50-GHz grid 10 and 
40 Gb/s channels, respectively. Next generation of optical systems will rely on 40 and 
100 Gb/s while keeping unchanged the channel spacing. Therefore, their ISD will be 
between 0.8 and 2 b/s/Hz. 
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Fig. 2.18: Experimental spectrum of 80 channels (modulated with 40 Gb/s 

PDM-QPSK) multiplexed in the C band with 50-GHz channel spacing. 

In practice, modulated wavelength channels need to be filtered individually 
before being combined in order to minimize linear cross-talk. Optical signals are 
aggregated by means of a wavelength multiplexer (MUX). This is often realised 
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through arrayed waveguide grating (AWG), which also performs channel filtering 
[13][113]. AWG have typically a 50 or 100-GHz channel spacing. Thus, optical filter 
interleavers are often used to alternately multiplex different frequency-combs in order 
to increase the WDM channel density. At the receiver side, one can use the same 
component to extract the desired channel in the multiplex as it is a reciprocal device.  

2.4. Loss compensation 
Optic fibre is a low loss transmission medium, as discussed in section 1.1.1. 
Nevertheless, fibre attenuation has been the most limiting factor in long-distance 
optical communication systems until the invention of optical amplifiers in 1980’s. 
Nowadays, long haul optical systems incorporate periodic optical amplification in 
order to compensate fibre loss and to amplify the whole WDM multiplex at once 
achieving long transmission distances. Thus, the transmission link itself consists of 
consecutive fibre spans separated by optical amplifiers, as depicted in Fig. 2.1. 
Optical amplifiers amplify the weak input signal from the previous span and launch it 
again into the next span at high power. The span length varies depending on system 
configuration (namely type of fibre and amplification); however, most of the 
terrestrial systems use spans between 50 and 100 km. 

2.4.1 Erbium doped fibre amplifiers 

Erbium doped fibre amplifiers (EDFA) are the most widely used nowadays and have 
been introduced by E. Desurvire et al. [114] and R. J. Mears et al. [115] in 1987. 
They consist of a single-mode fibre doped with Erbium (Er3+) ions which is pumped 
by one or more pump lasers, as illustrated in Fig. 2.19-a. The mechanism behind 
EDFA amplification is stimulated emission, which was first described by Einstein in 
1917 [116] and is schematised in Fig. 2.20. E. Desurvire gives a detailed overview of 
EDFAs in [117][118].  
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Fig. 2.19: (a) Scheme and (b) typical gain spectrum of a C-band EDFA. 

Optical amplification actually takes place in the Erbium-doped fibre, whose 
length is typically around 10 m. This fibre can be co and counter-directionally 
pumped. However, in order to achieve higher output powers both pumpings can be 
combined. The input signal and the CW pumps are combined through pump 
multiplexers to minimise insertion loss as much as possible. One usually employs 
optical isolators to prevent back reflections (going into the link and into the Erbium 



2.4. Loss compensation 

 79

doped fibre). The typical gain spectrum of a C-band EDFA is shown in Fig. 2.19-b. It 
exhibits a maximum around 1530 nm. Consequently, a gain flattering filter is usually 
inserted within the amplifier structure to compensate the non-flat spectrum gain. The 
optical power at the output of the amplifier, Pout, is given by: 

inout PGP ·=  (2.12) 

where G is the gain of the amplifier and Pin is the optical power at the input of the 
amplifier.  
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Fig. 2.20: Energy level diagram of an EDFA. 

The population inversion required for optical amplification is realised by 
pump lasers either at 980 nm or 1480 nm corresponding to Erbium absorption bands. 
The energy levels depicted in Fig. 2.20 are not discrete but rather a manifold due to 
the non-crystalline nature of the silica. This is known as Stark effect and explains 
why amplification takes place in a wavelength band instead of at a single wavelength 
[117]. When pumping is realised at 980 nm, ions are firstly excited to a higher energy 
level, 4I11/2, and from there, they quickly transfer (<1 µs) to the level 4I13/2 
(relaxation) without generating any photon. Then, the incoming signal induces the 
generation of new photons (with its same frequency and polarisation) through 
stimulated emission. The lifetime of excited ions in 4I13/2 (>10 ms) is orders of 
magnitude higher than the typical symbol periods of modulated optical signals 
(<0.1 ns). Thus optical amplifiers are insensitive to variations in the envelope of 
incoming signals. Apart from stimulated emission, spontaneous emission is 
ineluctable. Spontaneously-emitted photons are decorrelated from the incoming signal 
and have an arbitrary frequency and polarisation. These photons are subsequently 
amplified via stimulated emission leading to amplified spontaneous emission (ASE). 
In the end, ASE results into noise added to the signal which degrades the OSNR, as 
discussed in section 2.4.3. The ASE introduced by an optical amplifier is 
characterised by the noise factor (F) which is the ratio between the (linear) OSNR at 
the input and at the output of the amplifier, as defined by H. A. Haus [119]:  

in

out

OSNR
F

OSNR
=  (2.13) 

The noise factor is often expressed in [dB]. In this case, it is referred to as noise figure 
(NF): 
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( )1010·log 1NF F= −  (2.14) 

The total noise factor of a chain of amplifiers with noise factor Fn and gain Gn is 
obtained by means of Frij’s formula: 

32
1

1 1 2 1 2 3 1

11 1n

n

FF F
F F

G GG GG G G −

−− −
= + + + +…

⋯
 (2.15) 

One obtains a lower noise figure with 980 nm pumping. Nevertheless, the 
power efficiency of 1480 nm pumping is higher as there is no (non-radiative) 
relaxation transfer and one obtains a larger number of ions for the same amount of 
pump power. The typical EDFA structure used in long-haul systems is a dual- stage 
amplifier with a DCF in-between to periodically compensate for chromatic dispersion, 
as shown in Fig. 2.1. This is also the amplifier structure considered in most of the 
work of this thesis. Both stages are co-directionally pumped at 980 nm in order to 
keep the NF as low as possible. In practice, C-band EDFAs have a NF between 4 and 
6 dB and supply around 20 dBm of output power. L-band EDFA amplification 
requires a lower Erbium ion population inversion and thus a larger doped fibre length 
(~100 m). As a consequence, a single EDFA cannot amplify C and L band at the 
same time and two different amplifiers are required. 

2.4.2 Distributed Raman amplification 

Apart from EDFA amplification, stimulated Raman scattering (SRS) can be used to 
achieve optical amplification, as mentioned in section 1.2.8. Amplification is achieved 
by propagating a powerful CW pump signal. Unlike EDFA which relies on discrete 
amplification, Raman amplifiers use transmission fibre as amplification medium and 
amplification is therefore distributed. Using SRS to amplify optical signals was first 
proposed by Stolen et al. in 1972 [120] and demonstrated by Hegarty et al. in 1985 
[121].  
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Fig. 2.21: Power profile of an optical signal amplified by means of (a) backward and 

(b) forward-pumped Raman amplification. 

Two different Raman amplifiers exist depending on the direction of the pump: 
forward (pump co-propagates with the signal) and backward (pump 
counter-propagates with respect to the signal) amplifiers. The signal power profile for 
both configurations is depicted in Fig. 2.21. Raman amplification is more commonly 
used in backward configuration in which the pump is inserted at the end of the 
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transmission link to increase the power at the input of the next amplifier. The power 
of the optical pump, ( )PP z , and of the signal, ( )SP z , as a function of the distance, z, 

are given by [122]: 
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 (2.16) 

where ( )PP L  is the power in [W] of the counter-propagating Raman pump launched 

at the end of the transmission fibre (z=L), Pα  and Sα  in [Np/km] represent the 

attenuation fibre coefficient at the pump and signal wavelengths; Rg  is the Raman 

gain coefficient in [m/W], effA  is the effective mode area defined in equation (1.17). 

For co-propagating Raman amplifiers in turn:  
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 (2.17) 

where (0)PP  is the power in [W] of the counter-propagating Raman pump launched 

at the beginning of the transmission fibre (z=0). The gain of a Raman amplifier is 
defined as the ratio between the power at the link output with and without Raman 
amplification. It is referred to as on-off gain (GON/OFF) and for both configurations is 
given by:  

( )/ exp 1 expR P
ON OFF P
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g P
G z
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α

α
 

= − −   
 

 (2.18) 

where PP  is the maximum pump power for both configurations. Another measure of 

Raman gain is given by the ratio between the signal power at the input, )0(SP , and 

at the output, ( )SP L , of the link. It is referred to as effective gain (Geff) and is given 

by: 

(0)

( )
S

eff
S

P
G

P L
=  (2.19) 

All-Raman amplification is normally done by combining forward and 
backward pumps. Raman amplifiers exhibit two main advantages over EDFA. First 
of all, Raman amplification is distributed as the amplification medium is the 
transmission fibre, whereas EDFA is a discrete amplification. Therefore, the 
minimum power along the link is higher for Raman amplification which translates in 
a better noise figure. Sometimes in the literature, the noise figure of Raman 
amplifiers is not expressed according to equation (2.14) but in terms of effective noise 
figure which compares systems with and without Raman amplification [122]. The 
effective noise figure of Raman amplifiers is defined as the noise figure that 
EDFA-only amplifiers should have in order to achieve the same OSNR at the end of 
the link as the one obtained with Raman amplification. It can give negative values 
[122][123] unlike noise figure defined in equation (1.12). Another advantage of Raman 
amplification is the wider amplification bandwidth compared to EDFA [122]. The 
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3-dB gain bandwidth of a Raman amplifier is approximately 25 nm but it can be 
extended using multiple pumps to 100 nm [124]. Nonetheless, Raman amplification 
presents also two main drawbacks which make its practical deployment difficult. The 
first one is the price. Raman amplifiers are significantly more expensive than EDFA 
since they require much higher power pumps. Furthermore, high pump power can 
cause skin and eyes injuries and optical connectors can easily burn due to dirt or 
dust. Therefore, special safety precautions must be taken when using/deploying these 
pump lasers. 

One particular application of Raman amplification is the so-called hybrid 
EDFA/Raman amplifiers. This configuration consists of one backward Raman 
amplifier, which partially compensates span loss followed by one EDFA which 
compensates the remaining part. Hybrid EDFA/Raman amplifiers give a better 
OSNR at the end of the link than EDFA-only amplification since the minimum 
power along the link is increased, as seen in Fig. 2.21-a. The effective noise figure of 
these amplifiers is very low and can also achieve negative values allowing an 
extension of the maximum reach of optical systems [125]. 

EDFA
Pump laser

Pump mux.

 

Fig. 2.22: Scheme of a hybrid EDFA/Raman amplifier. 

2.4.3 Optical signal to noise ratio evolution 

The ASE added by optical amplifiers degrades the signal and, consequently, system 
performance (reducing in turn the feasible reach). The amount of ASE noise added 
within the signal is given by the signal to noise ratio (OSNR). The OSNR is defined 
as the ratio between the signal power, 

signalP , and the power of ASE, ASEP  [117][36]: 

2· ·
signal signal

ASE ASE ref

P P
OSNR

P N B
= =  (2.20) 

where 
signalP  and 

ASEP  are expressed in [W]. One can also give the OSNR in terms of 

noise power spectral density per polarisation mode, ASEN , which is expressed in 

[W/Hz]. OSNR is usually normalised to a certain reference bandwidth, refB  in [Hz]. 

The reference bandwidth historically considered corresponds to measure-bandwidth of 
the optical spectrum analyser (OSA), i.e. 0.1 nm. The power spectral density is 
assumed constant in the reference bandwidth since the amplification spectrum of an 
EDFA is smooth. The factor ‘2’ results from the two orthogonal polarisation modes of 
the optical field. The power spectral density of a single EDFA is given by [117]: 

· · ·( 1)ASE sp oN n h f G= −  (2.21) 
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where spn  is the spontaneous emission factor, ·h is Planck’s constant 

(6.626068·10-34 J·s), and 0f  is the reference frequency in [Hz]. The noise factor an 

EDFA is given by: 

0
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 (2.22) 

where in
signalP  is the signal power at the input . In the high gain region (G>>10), the 

noise factor can be approximated by 1 2 spF n− ≈ . This demonstrates that even a 

perfect amplifier, 1spn = , has a noise figure of 3 dB. Assuming that all the spans 

have the same span loss and all the amplifiers are equal, the ASE noise after a 
transmission along Nspans spans is:  

·ASE spans ASEP N P′ =  (2.23) 

Combining equations (2.20), (2.21), (2.22), and (2.23), the OSNR after amplification 
can be expressed by: 

0 0[ ( 1) 1] ( 1)

out in
signal signal

ref spans ref spans

P GP
OSNR

G F h f B N GF h f B N
= =

− − −
 (2.24) 

where in
signalP  and out

signalP  are the signal power at the input and at the output of the 

amplifiers, respectively. According to equation (2.24), the OSNR decreases with the 
amplifier gain for a constant output power. In other words, the higher amplifier gain 
is required, the more ASE is added during the amplification process. Low power 
signals require higher amplification gain. Thereby, the lower the power is at the input 
at the amplifiers, the lower the OSNR is at the end of the link.  

One can express equation (2.24) in a simpler way in dB by considering spans 
loss of more than 16 dB where (G[F-1]-1) can be approximated to G[F-1]. Besides, 
the term 10 010 log ( )refh f B  is approximately 58 dBm when 0 1550 nmλ ≈  and 

12.5refB GHz= , i.e 0.1 nm. 
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OSNR decreases logarithmically along the link with the number of amplifiers 
(or spans), as shown in Fig. 2.23. In contrast, OSNR improves with amplifiers output 
power, which increases the power at the input of the next amplifier. However, the 
amplifiers output power is upper-bounded by degradations induced by nonlinear 
impairments. A trade-off exists between OSNR achieved at the end of the link and 
nonlinearities generated along the transmission line, as discussed in section 2.4.4. 
Besides, one can improve the OSNR at the end of the link by reducing the span loss 
or improving the NF. This can be achieved either by reducing the distance between 
amplifiers or by using hybrid EDFA/Raman amplification. 
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Fig. 2.23: Evolution of total power and noise power as a function of the distance for a 

system relying in discrete amplification. 

2.4.4 Trade-off between noise and nonlinearities 

On top of linear fibre effects, optical transmission systems are limited by optical noise 
and nonlinearities. One must find a trade-off between these two limitations in order 
to optimise the behaviour of the system. Performance is limited by optical noise for 
low values of launch power per channel (Pch). Therefore, it improves with the 
increasing Pch along with OSNR, as seen in Fig. 2.24-a. Nevertheless, beyond a 
certain value of Pch, referred to as nonlinear threshold (NLT), nonlinearities become 
dominant and performance is degraded with the increasing power. The NLT is thus 
the power corresponding to the optimum of performance. NLT value depends on 
system parameters such as modulation format, bit rate, dispersion map, type of fibre 
or type of amplification, for example. It characterises the system determining the 
maximum power that can be launched at the input of each span.  
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Fig. 2.24: (a) Evolution of performance as function of power per channel and (b) 

tolerable power range as function of the distance. 

The most important feature of a digital transmission system is the ability to 
operate with a sufficient small bit error rate (BER). At the beginning of life of an 
optical transmission system, extra margins are defined to allow for the system to age. 
The required performance depends therefore on the FEC considered and additional 
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extra margins. It can be lower than the optimal value. Thus, optical noise and 
nonlinearities delimit the minimum (Pmin) and the maximum (Pmax) allowable 
launched power within the line, respectively, as shown in Fig. 2.24.  

On the other hand, the OSNR is degraded along the transmission line for a 
given value of output amplifier power, as discussed in the preceding section. The 
impact of nonlinearities in turn becomes greater with the distance as signal suffers 
from nonlinear distortions at each span. Consequently, performance gets worse and 
the difference between the maximum and the minimum allowable reduces with the 
distance, as schemed in Fig. 2.24-b. The maximum distance of a system is therefore 
reached when the required performance meet the optimal one. 

2.5. Chromatic dispersion compensation 
Chromatic dispersion accumulates along the transmission line, causes inter-symbol 
interference (ISI) and therefore limits the maximum reach achievable of optical 
transmission systems without chromatic dispersion management. Besides, chromatic 
dispersion is strongly related with different nonlinear effects arising from Kerr effect, 
as discussed in section 1.2. One of the most powerful and most widely used 
techniques to reduce the impact of fibre nonlinearities is thereby the optimisation of 
dispersion mapping, referring to the precise placement of dispersion-compensating 
fibre in optical networks.  

WDM cross nonlinear effects are stronger in fibres with zero chromatic 
dispersion and consequently fibres with non zero dispersion are preferable for WDM 
transmissions. Thus, accumulated chromatic dispersion must be compensated for in 
order to properly decode the information carried by the signal. Different methods 
have been proposed to achieve this goal namely: dispersion compensating fibres 
(DCF) [126][127], fibre-Bragg gratings [128], (electronic) pre-distortion [129] and 
optical nonlinear phase conjugation [130]. Periodical compensation is often preferable 
over full compensation at the transmitter or the receiver side in order to minimise the 
interplay between chromatic dispersion and nonlinear effects. Today’s conventional 
systems use periodically discrete dispersion compensation through DCF, as illustrated 
in Fig. 2.1. DCF were first proposed by Lin et al. in 1980 [131] and first 
demonstrated by Dugan et al in 1992 [132]. They have a negative chromatic 
dispersion at 1550 nm between -200 and -100 ps/nm/km depending on the type of 
in-line fibre they are associated with. DCF allow WDM wavelength-independent 
compensation and, in general, dispersion slope matching between transmission fibre 
and DCF. However, nonlinear effects are important within DCF as the effective is 
relatively small. Therefore, DCF are placed in-between a dual stage EDFA and the 
power at its input is normally set at least 5 dB lower than the launched power into 
the transmission fibre.  
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Fig. 2.25: Characteristics of principal fibres used in transmission systems, according 

to [133]. These values do not take into account the 8/9 factor present in equation 

(1.19) 

One can visualise the course of the dispersion along a transmission line using 
a dispersion map. It gives the cumulated chromatic dispersion as a function of the 
transmission distance. A dispersion map has normally three degrees of freedom: the 
pre-compensation (realised at the transmitter side), the in-line under-compensation or 
residual dispersion per span (RDPS), and the post-compensation (realised at the 
receiver side). Fig. 2.26 depicts dispersion maps with different values of 
pre-compensation (a) and different values of residual dispersion per span (b). One 
talk about increasing, decreasing or flat dispersion map when the value of residual 
dispersion per span is positive, negative and null, respectively. Post-compensation is 
adjusted to optimise BER performance and does not necessarily correspond to the 
value leading to null dispersion at the end of the link. Pre-compensation and RDPS 
are in turn designed to minimised intra-channel [134][135] and inter-channel [136] 
nonlinear effects. Optimal dispersion map for WDM transmissions depends on the 
different system parameters such as type of fibre, spacing grid, modulation format or 
channels symbol rate. In that respect, many numerical [137][138][139][140][141] and 
experimental [136] [142][143] studies have been reported concerning its optimisation.  
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 Fig. 2.26: Dispersion map (a) for different dispersion pre-compensation values and 

(b) for different residual dispersion per span (RDPS). 

As seen in Fig. 1.6, GVD is dependent on the wavelength due to the 
dispersion slope of optical fibre. Dispersion slope matching between transmission fibre 
and DCF is not always achieved and therefore the dispersion map can differ for 
different wavelength channels. This is normally the case for transmissions in the C 
band over NZDSF, where the dispersion map is nearly flat for short wavelengths 
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whereas for longer wavelengths an increasing dispersion map is obtained (see results 
of section 4.2.4). 

2.6. A laboratory tool: the recirculating loop 
Most of the laboratory (ultra) long-haul experiments are performed using a 
recirculating loop. Introduced for optical communications by N. S. Bergano et al. in 
1991 [144], it enables the emulation of ultra-long distances while keeping affordable 
the number of required devices. It also allows measuring the performance of system at 
different distances. The Recirculating loop consists of three main blocks, namely the 
transmitter (Tx), the receiver (Rx) and the transmission link, through which signal 
passes multiple times.  
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 Fig. 2.27: Recirculating loop scheme. 

Fig. 2.27 depicts the scheme of a recirculating loop used along this thesis. The 
signal generated by the transmitter is boosted through a dual-stage EDFA 
incorporating dispersion compensating fibre DCF for pre-compensation and sent into 
the recirculating loop. The recirculating loop itself incorporates four 100km-long 
spans transmission fibre which are separated by dual-stage EDFA including an 
adapted spool of DCF for dispersion compensation, according to the desired 
transmission map. A wavelength selective switch (WSS) is also inserted at the end of 
the loop to perform channel power equalisation and can also emulate optical filtering 
whereas a loop synchronous polarisation scrambler (LSPS) ensures correct 
polarisation distribution. The transmission fibre used is either SSMF or NZDSF and 
dual stage amplifiers can be replaced by hybrid Raman/EDFA amplifiers depending 
on experiment configuration. At the receiver side, after applying desired 
post-compensation, the channel under study is selected by a 0.4-nm bandwidth 
tuneable filter and sent into the receiver. 

Three different fast optical switches control the propagation of the signal. 
Optical switching is normally performed by acousto-optic devices. The recirculating 
loop operates in three stages, injection, recirculation and measurement. In the 
injection step, the first switch is “on” while the other is “off”. Therefore optical data 
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enter into the recirculating loop. Afterwards, the second switch flips to “on” while the 
first turns “off”. This allows light to recirculate. Light propagates along the 
recirculating loop during a given time corresponding to a multiple of the time spent 
on covering one round-trip, which is fixed and known. Once the signal has 
propagated over the desired distance, the measurement starts according to the 
trigger. Afterwards, this cycle is repeated. 

2.7. Summary 
In this chapter, conventional optical transmission systems for long-haul distances are 
discussed. Such systems consist of a transmitter, a receiver and a transmission link as 
any other communication system. Transmitters transform electrical data into the 
optical domain whereas receivers do the opposite. Many different modulation formats 
can be used to encode the information in the optical field. This chapter deals with 
three of them: OOK, BPSK and QPSK. OOK encodes information in the intensity of 
the optical field. It is the simplest modulation format and has been the format of 
choice for commercial optical transmission systems for decades. It is easy, and thus 
cheap, to generate and to detect. However, its tolerance against optical noise and 
nonlinearities is relatively poor.  

BPSK in turn consists in encoding the information on two different 
phase-levels and outperforms OOK noise sensitivity by about 3 dB. At the receiver 
side, it requires being optically demodulated before opto-electrical conversion because 
photodiodes are inherently insensitive to the optical phase. The disadvantage of 
(D)BPSK is therefore the more complex transmitter and receiver. QPSK is another 
phase modulation format, which encodes information on four phase-levels instead of 
two. Thus, each transmitted symbol contains two information bits. As a result, the 
symbol rate of QPSK signals is half the total bit rate and the spectrum width is 
halved with respect to BPSK and OOK. The tolerance to optical noise of QPSK is 
the same as BPSK, for a given bit rate. In contrast, the tolerance to chromatic 
dispersion, PDM and optical filtering are enhanced thanks to the narrower spectrum. 
The main drawback of (D)QPSK is the transmitter and receiver complexity. Two 
independent data tributaries can be encoded within the two orthogonal polarisations 
of the optical field through polarisation division multiplexing. Polarisation division 
multiplexing is exploited by polarisation-diversity coherent receivers, discussed in 
Chapter 3, with neither need of additional components nor loss of noise sensitivity, as 
demonstrated experimentally.  

Systems transmission-capacity can be also increased by the use of WDM, 
where multiple channels at different wavelengths are multiplexed and transmitted 
simultaneously over the same link. A transmission link itself consists of cascaded fibre 
spans with optical amplifiers in-between. Each optical amplifier adds ASE to the 
signal, degrading thus the OSNR. The OSNR at the end of the link improves with 
the increasing launch power at each span. Nevertheless, a too high launch power 
excites nonlinear effects which degrade the performance. Thus, a trade-off exists 
between the ONSR at the end of the link and nonlinear effects generated along the 
transmission line.  

Today’s conventional long-haul systems also use periodically discrete 
dispersion compensation through DCF. The tolerance to residual dispersion at the 
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end of the link depends on different parameters such as modulation format and baud 
rate. Dispersion management is normally optimized to reduce nonlinear impairments, 
as chromatic dispersion is strongly related with different nonlinear effects arising from 
Kerr effect. Most of the laboratory (ultra) long-haul experiments are performed using 
a recirculating loop, which enables the emulation such systems while keeping 
affordable the number of required devices. 
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Chapter 3. Coherent 

detection: the 

come-back 

Coherent detection relies on detecting a signal through the beating with a reference 
frequency carrier, commonly supplied by a local oscillator. It has firstly attracted a 
strong interest from the research community in the 1980’s as a mean to enhance the 
receiver sensitivity. At that time, EDFA were not yet developed and no pre-
amplification was done at the receiver side. Optical detection was therefore mainly 
limited by thermal noise of the photodiodes and electrical amplifiers. A local 
oscillator much more powerful than the signal allowed for coherent amplification. 
This can improve the receiver sensitivity up to 20 dB compared to direct detection 
without pre-amplification [145] because optical detection was no longer limited by 
thermal noise but by shot noise. Nonetheless, the interest on coherent detection 
decreased with the introduction of EDFAs. Compared with coherent detection, direct 
detection in conjunction with EDFA pre-amplification gives very similar performance 
without most of the shortcomings of coherent detection.  

A renewed interest arises nowadays about coherent technologies. The recent 
development of high-speed digital electronics for signal processing and, especially, of 
analog-to-digital converters (ADC) [146][147], has opened the possibility of using 
powerful algorithms able to compensate for signal distortions incurred along the 
fibre-optic transmission, mainly chromatic dispersion and PMD. Thus, today’s 
coherent receivers enjoy the high sensitivity of coherent detection with the added 
benefits of digital signal processing and are a very likely solution for the next 
generation high bit-rate transponders (beyond 40 Gb/s). 
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Fig. 3.1: Coherent receiver scheme. 

Depending on the required frequency difference between the local oscillator 
and the signal, one can talk about homodyne, heterodyne or intradyne receivers. 
Homodyne reception requires the local-oscillator frequency to be strictly locked in 
frequency and phase (up to a multiple of 2π) of the received signal and gives optimal 
receiver sensitivity [145] (Fig. 3.2-a). The main constraint is therefore that the 
frequency and phase of the local oscillator must be controlled and adjusted 
continuously, which is traditionally done with a phase-locked loop (PLL). The first 
optical transmission experiment using homodyne detection with an optical PLL was 
conducted by Maylon in 1984 [148]. Nevertheless, homodyne detection is difficult to 
realize because of the stringent linewidth requirements for the signal and the local 
oscillator which are difficult to meet with semiconductor lasers.  

In contrast, heterodyne receivers use an intermediate frequency higher than 
the signal bandwidth (Fig. 3.2 b), 2IF S OL FIfω ω ω π= − = , to detect the signal so as 

the frequency of the local oscillator is no longer equal to the one of the signal. This 
method presents the advantage of relaxing the constraints on the linewidth of the 
lasers, which makes it easier to implement than homodyne detection. Nonetheless, 
heterodyne detection requires a receiver bandwidth at least twice the symbol rate 
[149], i.e. double compared to homodyne detection. The implementation for high bit-
rate operation is therefore challenging. Moreover, the sensitivity of a heterodyne 
detector is at least 3 dB worse compared to homodyne detection, since the effective 
energy of a heterodyne-detected signal is half of the signal effective energy with 
homodyne detection [150][151]. 

Finally, one talks about intradyne detection when the frequency of the local 
oscillator is approximately the same as the frequency of the signal (Fig. 3.2 c). The 
frequency mismatch between the signal and the local oscillator is recovered in the 
digital domain by processing the baseband signal so as there is no need of adjusting 
the local-oscillator frequency and phase. The maximum tolerable frequency-difference 
is therefore determined by the signal processing. Besides, a phase-diversity receiver is 
essential as the local oscillator is not phase-locked. Davis et al. showed the first 
experiment involving phase diversity in 1986 [152]. Intradyne detection aims to detect 
the in-phase and quadrature components of the signal and therefore a 90º hybrid is 
required [153]. Both components of the (baseband) optical field can be transferred to 
the electrical domain by analog-to-digital converters (ADC); thus, the same receiver 
can operate with any kind of optical modulation format. Moreover, any phase-drift 
can be compensated through digital signal processing, as firstly shown by Derr in 
1991 [154]. Nevertheless, the correct operation of this scheme depends on the 
fluctuations of the signal SOP. Okoshi et al. introduced polarisation-diversity 
(heterodyne) receivers to avoid any active polarisation-control in 1983 [155]. 
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Moreover, polarisation-diversity receivers offer the potential of detecting polarisation 
division multiplexed signals without any additional component. Thus 
polarisation-diversity receivers can be considered as multiple-input multiple-output 
receivers (MIMO). Okoshi et al. were also the firsts, in 1987, to demonstrate a 
receiver combining intradyne detection with polarisation diversity in which all the 
characteristics of the optical field (without polarisation multiplexing) were translated 
to the electrical domain [156].  

f ffFI>B-fFI

b. c.

fFI≈0 ffFI=0

a.  

Fig. 3.2: Spectra scheme of (a) homodyne, (b) heterodyne and (c) intradyne coherent 

detection. The solid lines show the positive frequency components of the intermediate 

frequency spectrum whereas dashed lines show the negative one. 

Today’s coherent receivers, as the one discussed here, use on one hand, 
intradyne polarisation-diversity detection to convert the full optical field (i.e. 
amplitude, phase and polarisation) to the electrical domain and on the other hand 
advanced algorithms to compensate for transmission impairments. This requires the 
detection and digitalisation of four signals, i.e. the in-phase and quadrature 
components for two arbitrary, but orthogonal, polarisation states. 

3.1. Receiver sensitivity 
One of the main advantages of coherent receivers is its extremely good noise 

sensitivity. Compared with the widely used (interferometric) differential detection in 
which the reference is the preceding (distorted) symbol, coherent receivers benefit 
from a pure reference signal, the local oscillator (assuming ideal local oscillator with 
no phase noise). 

The better sensitivity of coherent detection compared to differential detection 
can be illustrated with differentially-encoded BPSK signals, also known as DBPSK or 
DPSK. The differential receiver essentially consists of a Mach-Zehnder filter with 
differential delay of one symbol period, TS, two photodetectors (one for each output 
branch of the Mach-Zehnder filter) and a circuit integrating the difference of the 
photodetector currents over time TS, as shown in Fig. 3.3-a. Consequently, assuming 
an additive white Gaussian noise (AWGN) channel, the estimated 
differentially-decoded sequence is ˆ [ ] ( ) ( )

S
d S t kT
s k r t r t kT

=
= − − , where )(tr  is the 

analog received signal and the BER [157]:  
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where Eb is the energy per bit and N0 is the noise power spectral-density. The scheme 
of the coherent receiver is shown in Fig. 3.3-b. It is much more complex that the 
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differential one and it will be explained in sections 3.2 and 3.3. After a threshold 
decision, a BPSK signal is obtained with BER of:  

0

1

2
b

BPSK

E
BER erfc

N

 
=   

 
 (3.2) 

according to [66]. Differential decoding is performed logically afterwards in the digital 
domain with two consecutive estimated BPSK symbols so as the estimated 
differentially-decoded sequence is [ ] [ ] [ ]ˆ ˆ ˆ 1ds k s k s k= − − , where [ ]ŝ k  is the estimated 

BPSK sequence at the instant k. One differentially-decoded symbol turns out to be 
correct when the two consecutive BPSK symbols are detected either correctly or 
wrongly, both at the same time. The error probability is consequently 

2 2
_ 1 (1 )error d error errorP P P = − + −  , where Perror_d is the error probability of the 

differentially-decoded sequence, [ ]d̂s k , and Perror is the error probability of the BPSK 

sequence, [ ]ŝ k . This results in a BER for [ ]d̂s k  of [158]:  
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Fig. 3.3: (a) Differential and (b) coherent receiver scheme for differentially-encoded 

BPSK signal. 

Fig. 3.4 shows the receiver sensitivity of the different detection schemes for a 
(D)BPSK signal at 21.4 Gb/s in terms of performance as a function of the signal to 
noise ratio (SNR), Eb/N0, and as a function of the OSNR (Fig. 3.4 left and right 
respectively). The relation between SNR and OSNR is [159]: 

[ ] 1
/ 0.1

12.5 2
state S b

o

n R GHz E
OSNR nm

N

⋅  
= ⋅ ⋅ 

 
 (3.4) 

where RS is the symbol rate, staten  is the number of symbols and 12.5 corresponds to 

the historically used measure-bandwidth of the optical spectrum analyser (OSA), 
0.1 nm. Practical implementations of coherent detection usually involve (logical-) 
differential decoding to avoid the errors due to the phase ambiguity or induced by 
cycle slips in the digital carrier phase estimation process (explained in Section 3.3.d). 
This translates in a degradation of sensitivity corresponding to 0.55 dB in the OSNR 
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requirement at 10−3 BER compared to ideal coherent detection, as shown in Fig. 3.4. 
This degradation becomes smaller as the Q2-factor increases since the errors induced 
by differential decoding are less significant. (Q2-factor is defined in appendix A). 
However, differentially-decoded coherent detection exhibits an improvement in terms 
of required OSNR for a given BER compared to interferometric detection. More 
precisely, it brings a 0.6-dB OSNR requirement improvement at a 10−3 BER. 

 

Fig. 3.4: Noise sensitivity of BPSK at 21.4 Gb/s detected through a coherent receiver 

 with and  without differential encoding and  detected through a differential 

receiver with differential encoding (courtesy of Dr. Adrian Voicila).

3.2. Polarisation diversity coherent mixer 
The polarisation diversity receiver I have used throughout this thesis is realised in 
free-space. This section explains the architecture and operation of such coherent 

mixers. The emitted optical field, ( )SE t
	

, can carry information on its two orthogonal 

polarisations, v̂  and ĥ  using polarisation-division multiplexing. Assuming that this 
field is phase-modulated and neglecting the AWGN added to the signal, it can be 
expressed as follows:  

ˆˆ( )S Sv ShE t E v E h= +
	

, or 

( ) ( ) ˆˆ( ) exp ( ) ( ) ( )exp ( ) ( )S Sv S Sv nv Sh S Sh nhE t P t t t v P t t t t hω ϕ ϕ ω ϕ ϕ= + + + + +
	

 
(3.5) 

where ωS=2πfS is the central frequency of the laser, |ESv|
2+|ESh|

2 is the total power of 
the field, PSv and PSh are the powers of the fields, ϕSv(t) and ϕSh(t) are the modulated 
phases, and ϕnv(t) and ϕnh(t) represent the phase noise along the two orthogonal 
polarisations. 

The state of polarisation (SOP) of the signal changes randomly when 
propagating through the optical fibre, as through most of the optical devices. In its 
most general form the Jones matrix is denoted through [24],  

( )
( )

cos sin cos sin exp 2 0
( ) ( )

sin cos sin cos 0 exp 2R S

j j
E t E t

j j

θ θ ε ε φ
θ θ ε ε φ

−     
= ⋅ ⋅ ⋅     −     

	 	
 (3.6) 
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where θ, ε and ϕ are random independent real variables, and )(tER

	
 is the received 

signal. The above decomposition of the unitary Jones matrix transformation 
corresponds to the following chain of transformations in Stokes space: a first rotation 
around the S1 axis by an angle φ, a second rotation by an angle 2ε around S2 and a 
final rotation by an angle 2θ around S3. Detailed description of polarisation 
transformations can be found in [24] and [160]. Anyhow, a polarisation-diversity 
receiver (schematised in Fig. 3.5) is then critical in a fibre-optic communication 
system with inherently randomly varying polarisation to make the receiver-sensitivity 
independent of the signal SOP [161]. Such a receiver requires the detection of both 
the in-phase and quadrature components of the two arbitrary, but orthogonal, 
polarisation states (a total of four signals) to convert the full optical field (i.e. 
amplitude, phase and polarisation information) into the electrical domain.  
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Fig. 3.5: Polarisation diversity coherent receiver realisation 

Polarisation-diversity coherent receivers are usually composed of a 
polarisation beam splitter (PBS) followed by two 90º-hybrids (or coherent mixers) 
and a local oscillator, as shown in Fig. 3.5. First, a PBS splits up the received signal 
into two arbitrary, but orthogonal, polarisation components ERx and ERy,  

ˆ ˆ( )R Rx RyE t E x E y= +
	

, or 

( ) ( )ˆ ˆ( ) exp ( ) ( ) exp ( ) ( )R Rx R Rx nx Ry R Ry nyE t P t t t x P t t t yω ϕ ϕ ω ϕ ϕ= ⋅ + + + ⋅ + +
	

 

(3.7) 
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where x̂  and ŷ  are the polarisation axes of the PBS, ωR=2πfR is the central 

frequency of the laser (and matches with ωS), PRx and PRy are the powers of the fields 
at the input of the coherent mixers, ϕRx(t) and ϕRy(t) are the modulated phases, and 
ϕnx(t) and ϕny(t) represent the phase noise along the two orthogonal polarisations. 
The polarisation components ERx and ERy are indeed the result of an arbitrary 
rotation of the two polarisation components at the transmitter, ESv and ESh. Each of 
the polarisation components is then fed into a 90º hybrid and mixed with the output 
of a LO laser. Particularly, the polariser rotates the linear polarisation aligned with a 
given PBS axis into a linear polarisation half the way (π/4) between both PBS axes, 
whereas each reflection induces a phase-offset of π/2. The half mirror and the PBS 
reduce also the amplitude of the optical field by a factor 1 2 . Therefore the optical 

field, corresponding to the signal, at each output of the coherent receiver can be 
denoted as: 
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(3.8) 

On the other hand, the local oscillator is free-running and should be tuned 
with the transmitter laser within an approximate frequency range of several hundred 
megahertz. The allowable frequency mismatch depends on the signal processing 
algorithms that are used for carrier phase estimation, which are discussed in section 
3.3.d). Besides, the product between the transmitter+receiver linewidth and the 
baud-rate defines the maximum allowable linewidth of the local oscillator for an 
optimum operation. This product should be lower than 1.3 10-4, according to [162], 
and corresponds to a 1.4–MHz linewidth when operating at 10.7 Gbaud. This is the 
reason why an external cavity laser (ECL), with a linewidth of several hundreds of 
kiloHertz, is commonly used instead of a distributed feedback laser (DFB), which 
presents a linewidth of several MegaHertz. The 3–dB coupler splits the linearly–
polarised light of the local oscillator in two (reducing the amplitude of the optical 

field by a factor 1 2 ), and each beam is fed into one coherent mixer. The 

polarisation of each beam becomes circular after passing through the polariser and 
the quarter-wave plate (λ/4), so that each beam can be denoted as: 

1 ˆ ˆ( ) exp
2 2LO LOE t E j x y

π  = +  
  

	
, or 

( )1 ˆ ˆ( ) exp ( ) ( ) exp
2 2LO LO LO nLOE t P t t j x y

π
ω ϕ

  = + +  
  

	
 

(3.9) 

where ωLO(t) =2πfLO is the central frequency of the local oscillator, PLO is the output 
power of the local oscillator, and ϕnx(t) represents the phase noise. Considering the 
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reflexions inside the coherent mixer, the field corresponding to the local oscillator at 
each output of the receiver is: 
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(3.10) 

Thus the photocurrent in each photodiode if we consider single–ended photodiodes is 

( ) ( )_ _ ( )PDmn Out mn LOmn Out mn LOmn shI R E E E E tη
∗

= ⋅ + ⋅ + + , where R is the photodiode 

responsivity, and ( )sh tη  is the shot noise associated with the direct-current 

component. Neglecting the shot noise, these photocurrents can be approximated by: 

( )

( )

( )

( )

11

12

13

14

1 1 1
cos ( ) ( )

4 8 2 2
1 1 1

sin ( ) ( )
4 8 2 2
1 1 1

sin ( ) ( )
4 8 2 2
1 1 1

cos ( ) ( )
4 8 2 2

PD Rx LO Rx LO Rx nx

PD Rx LO Rx LO Rx nx

PD Rx LO Rx LO Rx nx

PD Rx LO Rx LO Rx nx

I P P P P t t t

I P P P P t t t

I P P P P t t t

I P P P P t t t

ω φ φ

ω φ φ

ω φ φ

ω φ φ

 ′∝ + + ∆ ⋅ + +


′∝ + − ∆ ⋅ + +


′∝ + + ∆ ⋅ + +

′∝ + − ∆ ⋅ + +

( )

( )

( )

21

22

23

24

1 1 1
cos ( ) ( )

4 8 2 2
1 1 1

sin ( ) ( )
4 8 2 2
1 1 1

sin ( ) ( )
4 8 2 2
1 1 1

cos ( )
4 8 2 2

PD Ry LO Ry LO Ry ny

PD Ry LO Ry LO Ry ny

PD Ry LO Ry LO Rx ny

PD Ry LO Ry LO Rx

I P P P P t t t

I P P P P t t t

I P P P P t t t

I P P P P t t

ω φ φ

ω φ φ

ω φ φ

ω φ φ










′∝ + − ∆ ⋅ + +

′∝ + + ∆ ⋅ + +

′∝ + − ∆ ⋅ + +

′∝ + + ∆ ⋅ + +( )( )nx t











  

(3.11) 

where ( ) 2S LO fω ω ω π∆ = − = ∆ . Balanced photodetection is usually used to filter out 

direct detection terms (PRx, PRy and PLO): 
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The resulting fields supply therefore the in-phase and quadrature components 
along both polarisations. Afterwards the four signals are digitized using analog to 
digital converters (ADC) operating approximately at twice the baud-rate 

3.3. Digital signal processing associated to 

coherent detection 
Digital signal processing (DSP) is one essential building block of modern coherent 
detection. It allows fibre impairments mitigation, polarisation tributaries 
demultiplexing of PDM signals, and proper operation with an unlocked local 
oscillator. DSP has been attracting huge interest from the scientific community 
recently. This thesis focuses on the impact of nonlinearities onto coherent systems 
and not in a deep study of all the possible algorithms. In that respect, all the results 
presented in this manuscript have been processed with the algorithm presented in the 
following paragraphs in order to ease comparisons. This algorithm briefly consists of 
resampling at twice the symbol rate, digital chromatic dispersion mitigation, 
polarisation demultiplexing by means of a constant-modulus-algorithm based 
adaptive equaliser in a butterfly structure, and carrier phase recovery (CPE) using 
the Viterbi and Viterbi algorithm [172]. 

Different algorithms from the one used in this work have been proposed to 
equalise the signal and recover the phase mismatch between the local oscillator and 
the signal, e.g. least mean squares decision-directed (LMS-DD) [163][164] leading to 
similar performances [165]. Besides, the powerful DSP capacity of coherent receivers 
allows also the use of specific algorithms to combat nonlinear propagation effects. 
Digital nonlinear mitigation using inverse backward-propagation, split-step Fourier 
algorithm, instead of linear FIR based dispersion-compensation, has been proposed to 
improve transmission performance [166]. Remarkable improvements have been 
recently demonstrated but with single channel transmission [167][168].  
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Fig. 3.6: Digital signal processing done in coherent receiver 

a) Resampling and reconstruction 
According to the Shannon-Nyquist criterion, the received signal should be sampled at 
a rate of at least twice the highest frequency present in the (baseband) spectrum. 
Practically, in a transponder specially designed for coherent systems, the 3-dB 
bandwidth of the ADC is roughly 0.5 to 0.8 times the symbol rate and the ADC 
sampling rate is exactly twice the symbol rate. Nevertheless, sampling heads used in 
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most of the research experiments have a 3-dB bandwidth of 16 GHz and work at a 
fixed sampling rate slightly lower than twice the symbol rate. Here, this sampling 
rate is 50 Gsamples/s for a symbol rate of 28 Gbaud as noted in [169] and [170]. 
Consequently, digitized signals have roughly 1.8 samples per symbol. In order to have 
DSP operating at exactly two samples per symbol, the first step is to resample the 
digital signal using an interpolation technique. Afterwards the baseband signal is 
reconstructed through the real and imaginary parts along both polarisations given by 
the photocurrents IPD1, IPD2, IPD3 and IPD4 so as: 

1 2

3 4

ˆ

ˆ
Rx PD PD

Ry PD PD

E I j I

E I j I

= + ⋅

= + ⋅
 (3.13) 

Fig. 3.7 depicts the constellation diagram of both polarisations after 
resampling and reconstructing the signal 100 Gb/s PDM-QPSK experimental data 
and the unitary circle with a yellow dashed line. As it can be observed at this step, 
the constellation diagram of each polarisation carries a mix of both sent polarisation 
tributaries (represented in Fig. 3.7 in green and violet) on each constellation since the 
incoming signal presents an arbitrary SOP 

 

Fig. 3.7: Constellation diagram (of both polarisations) of 100 Gb/s PDM-QPSK after 

resampling and reconstructing the signal. 

b) Chromatic dispersion compensation  
Chromatic dispersion (CD) is a static polarisation-independent phenomenon and then 
it can be compensated for before equalising and demultiplexing the received signal to 
recover the two orthogonal polarisation tributaries sent at the transmitter side. Thus, 
since we roughly know the residual amount of chromatic dispersion, we use the well-
known analytical expression of CD to design the filter which compensates for it. This 
expression is 

( )
2

2, exp
4

D
G z j

c

λ
ω ω

π
 

= − 
 

 (
3.14) 

where z is the distance, ω is the angular frequency, j is the imaginary unit, D is the 
dispersion coefficient of the fibre, λ is the wavelength and c  is the speed of light.  



Chapter 3. The fibre-optic transmission channel 

 100

w/o FIR CD comp

Residual CD [ps/nm]

Q
2
 f
a
c
to
r 
[d
B
]

-1500

13

12

11

10

9

8

FEC limit

0-500 500 1500 2500

w/ FIR CD comp

 

Fig. 3.8: Performance evolution of 40 Gb/s PDM-QPSK as a function of residual 

chromatic dispersion  with and  without a FIR filter inserted before the equaliser 

to compensate for residual chromatic dispersion. 

The practical implementation of the digital filter corresponding to such an 
expression is impossible because its response is not causal and has an infinite 
duration. Practically, the response is truncated and static finite impulse response 
(FIR) filters are used. The length of these filters is proportional to the amount of CD 
to be compensated for [165]. Fig. 3.8 shows the tolerance of PDM-QPSK at 40 Gb/s 
against residual CD with and without using of a specific FIR filter to compensate it 
for. As it can be observed, performance remains almost unchanged between -1000 and 
+2000 ps/nm when the full algorithm, including a CD compensation FIR filter placed 
before the equaliser, is applied. Thus coherent systems exhibit unparalleled resilience 
against chromatic dispersion provided complex enough dedicated filters. For practical 
real-time implementation, the amount of CD compensation will depend on the 
calculation capacity of the state-of-the-art technologies. At the output of this 
operation both polarisation tributaries are still mixed, as it can be seen in Fig. 3.9. 
Therefore the next step is to equalise the signal and demultiplex both polarisation 
tributaries. 

 

Fig. 3.9: Constellation diagram (of both polarisations) of 100 Gb/s PDM-QPSK after 

compensating for the chromatic dispersion. 

c) Equalisation and polarisation demultiplexing  
A key part of the DSP is to demultiplex the received signal to recover the two 
orthogonal polarisation tributaries sent at the transmitter side. This can be done 
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using blind adaptive FIR filters using constant modulus algorithm (CMA) as 
proposed in [171]. The filters are arranged in a butterfly structure (as seen in Fig. 
3.6) and are continuously updated to follow channel perturbations like 
polarisation-dependent fluctuations, PMD... All these perturbations can be modelled 
into the Jones matrix of the transmission line. It has to be noted that the two input 
signals of the block, xin and yin, are a mix of the two signals emitted along the two 
orthogonal states of polarisation of the light. Therefore the task of the equaliser is to 
estimate the inverse of the Jones matrix (3.5) so as to reverse the effects induced by 
the channel propagation. The output signal is obtained as follows: 

xx yxout in

xy yyout in

h hx x

h hy y

    
= ⋅    

    
 (3.15) 

where xin and yin are the input signals, xout and yout are the output signals and hxx, hxy, 
hyx and hyy are the adaptive FIR filters having T/2-spaced complex tap-coefficients 
(also known as taps). Unless explicitly mentioned, all the results presented in this 
thesis have been obtained using a 13-tap T/2-spaced equaliser. These coefficients are 
updated, using the stochastic gradient method, such that: 
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where µ is the convergence parameter, x*
in and y

*
in are the complex conjugate of xin 

and yin respectively, and the error terms which have to be minimized are given by: 
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 (3.17) 

for unit amplitude signals. At the end of this DSP block, the two output signals, xout 
and yout, are polarisation-demultiplexed and equalised thanks to the estimation of the 
Jones matrix.  

It must be noted here that, an adaptive equaliser using complex 
tap-coefficients also mitigates for residual chromatic dispersion, as shown in Fig. 3.8. 
This suggests that a simpler DSP without filter for significant CD compensation 
inserted before polarisation demultiplexing would be sufficient to provide very good 
mitigation of residual dispersion impairments in most legacy optical networks relying 
on dispersion management with periodically distributed dispersion compensating 
modules. Furthermore, digital equalisation provides unique resistance against PMD 
for coherent systems, well above the tolerance of today’s 10 Gb/s systems [170].  

In that respect, I demonstrate the tolerance of PDM-QPSK at 100 Gb/s up to 
20 ps PMD. Fig. 3.10 (a) represents the distribution and (b) the cumulative 
probability of 1000 successively measured Q2 factor with 8 and 20 ps PMD for 
100 Gb/s PDM-QPSK. As a reference, Fig. 3.10 depicts also results obtained with no 
PMD (<1 ps). Q2 factor distributions are almost identical whether PMD is emulated 
or not. Besides, 8 and 20 ps PMD only induce a negligible 0.3-dB extra deviation 
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compared to the reference curve. This underlines the efficient PMD mitigation of 
coherent systems, illustrated here for 100 Gb/s PDM-QPSK. 

Q2 factor deviation [dB]

C
u
m
u
la
ti
v
e
 p
ro
b

0

1

10-1

10-3

1 2

10-2

Q2 factor [dB]

O
cc
u
rr
e
n
ce
 

[l
o
g
 s
ca
le
]

131298 1110

a. b.   

Fig. 3.10: 100 Gb/s PDM-QPSK, Q2 factor distribution (a) and cummulative 

probability (b) with   <1 ps,  8 ps and  20 ps PMD. 

Once the two polarisation tributaries have been demultiplexed by the blind 
adaptive equaliser, phase-tracking has to be done in the digital domain since the local 
oscillator is not optically phase-locked onto the received signal. Otherwise, the 
constellation diagram expected (four clouds located at +π/4, +3π/4, -3π/4 and -π/4) 
would look like a thick circle, as it appears in Fig. 3.11. This phase offset will be 
recovered by the following block in the DSP. 

 

Fig. 3.11: Constellation diagram (of both polarisations) of 100 Gb/s PDM-QPSK 

after equalising and polarisation demultiplexing. 

d) Carrier phase estimation  
The carrier phase estimation (CPE) is used to recover and subsequently remove the 
remaining phase mismatch, ϕ, between the local oscillator and the signal. Since the 
previous adaptive algorithm acts as a fine clock recovery block as well, the estimation 
of this mismatch is done on the “central” sample only (while the other is dropped) by 
using a nonlinear carrier phase tracking algorithm [172] as follows: first, the M-th 
power of the complex symbol is taken in order to remove any information encoded in 
the phase of the signal (M being the number of phase levels of the modulation, i.e., 
four for a QPSK modulation). Second, an averaging window of N+1 elements is 
computed by summing the result over N/2 pre-cursor and N/2 post-cursor symbols. 
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Then, the argument is taken since we are only interested in the phase. Finally, as 
shown by the equation below, the resulting phase is divided by M to correct for the 
initial elevation to the M-th power; the result is in the range [-π,π[. 

( )
/2

/2

1ˆ arg ( )
N

M
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p N

k x k p
M

ϕ
=−

 
= + 

 
∑  (3.18) 

Subsequent unwrapping is used to be able to follow large time-varying 
excursions of the signal phase, as for instance when a carrier frequency detuning with 
respect to the local oscillator is present. At the ouput of this block, both polarisation 
tributaries are demultiplexed and the symbols on each polarisation can be identified, 
as observed in Fig. 3.12 

 

Fig. 3.12: Constellation diagram (of both polarisations) of 100 Gb/s PDM-QPSK 

after carrier phase estimation. 

CPE is critical since a correct estimation of the phase, and hence the 
performance, depends on the number of consecutives symbols considered [173][174]. If 
the carrier is affected both by zero-mean ASE-induced linear phase noise and by zero-
mean (nonlinear) cross-phase modulation (XPM), a large CPE averaging window, 
N+1, efficiently averages out both ASE-induced noise and XPM. Thus, after 
subtracting the estimated phase out of CPE from the carrier, the phase offset is 
cancelled. However, both XPM and ASE-induced noise are still affecting the carrier. 
If a small averaging window is used instead, some residual ASE-induced noise will be 
present at CPE output and its variance will add to the ASE-induced noise already 
present on the carrier, since ASE is a white (uncorrelated) process. On the contrary, 
the residual XPM at the CPE output will partly cancel the XPM originally on the 
carrier. XPM is indeed a correlated process with typically a low-pass spectrum as 
compared to the distorting (surrounding) signal [175]. Hence a small averaging CPE 
window results in a lower XPM, at the expense of a larger ASE-induced noise. It is 
thus clear that window size can be adjusted to lower values when XPM is dominant 
w.r.t ASE noise. 
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Fig. 3.13: 100 Gb/s PDM-QPSK, Performance dependence on the averaging window 

used for CPE for after 400 km of SSMF with fixed OSNR by loading noise at the 

receiver side. 

Fig. 3.13 illustrates the performance dependence on the averaging window of 
100 Gb/s PDM-QPSK after 400 km of SSMF (more details of system configuration 
are given in section 1.1). OSNR is intentionally controlled by noise loading at the 
receiver side so that it is constant while increasing the power and the Q² factor 
reaches the arbitrary reference of ~10.5 dB when performance is mainly limited by 
optical noise (i.e. for powers lower than -1 dB). In contrast, nonlinear impairments 
degrade the performance for high powers per channel, Pch. As it can be observed, 
longer CPE averaging gives better performance for low launch powers as transmission 
is mainly limited by optical Gaussian noise. For high values of launch power in turn, 
nonlinear effects become dominant and shorter symbol length of CPE gives better 
performance since nonlinear-induced phase changes are partially cancelled. An 
optimal value for both low and high powers can be found sometimes. This optimal 
CPE length is obtained here at 17 consecutive symbols. Unless explicitly mentioned, 
all the results presented in this thesis have been obtained with optimised CPE length. 

It has to be noted here that, as pointed out in [176], phase estimators perform 
well when estimated phase can be considered as unbiased in the range of the chosen 
averaging window, leading to the following condition on the frequency detuning, ∆f, 
between the carrier of the received signal and the frequency of the local oscillator: 

( )
1

2 1 s

f
N MT

∆ ≤
+

 (3.19) 

where Ts is the sampling period, N+1 is the averaging window of CPE and M is the 
number of symbol states. According to this condition, the maximum tolerable 
frequency offset is around +/-600 MHz for 100 Gb/s PDM-QPSK operating at 
28 Gbaud. Since the accuracy of typical temperature-stabilized lasers is around +/-
1 GHz, a technique derived from the nonlinear carrier phase tracking algorithm and 
presented in [176] is usually performed to estimate and remove the frequency 
detuning, ∆f, before processing CPE. 

e) Symbol identification and bit error ratio calculation  
After carrier phase estimation, the digital signal is ready to be processed by the 
decision block. Threshold decision on each symbol is realized (as represented in Fig. 
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3.14) while differential decoding is used to avoid catastrophic error propagation in 
case of cycle slips. Finally, we compare the extracted pattern with the original 
sequence, and errors are found and counted. This results in a BER. For practical 
reasons, the measured system performance is usually not expressed in BER but in Q² 
factor. Here, the resulting BER of at least four recordings is averaged before being 
transformed into Q² factors. 

 

Fig. 3.14: Resulting constellation diagram (of both polarisations) of 100 Gb/s PDM-

QPSK with threshold decision. 

3.4. Summary 
A renewed interest in coherent detection has been stimulated by recent progress on 
high-speed digital electronics for signal processing and on analog-to-digital converters. 
Coherent detection offers the possibility of detecting signals with optimal noise 
sensitivity. Besides, recent advances allow combining coherent detectors with digital 
signal processing and pave the way for the use of polarisation division multiplexing 
and the compensation or mitigation of linear impairments through suitable 
algorithms. Thus, today’s (digital) coherent receivers enjoy the high sensitivity of 
coherent detection with the added benefits of digital signal processing. In this 
chapter, the architecture of the coherent receiver used throughout this thesis, 
including the algorithms used for digital signal processing have been described. This 
receiver (coherent mixer and algorithms) are used to process any experimental 
measurements presented in this chapter and the next ones. The excellent tolerance to 
chromatic dispersion and to PMD brought by the algorithms applied in digital 
coherent receivers has been demonstrated experimentally. These tolerances are well 
above the tolerance of today’s 10 Gb/s systems. 

The following chapter presents experimental studies involving polarisation 
division multiplexing of phase-modulated signals detected with a digital coherent 
receiver at 40 and 100 Gb/s. In this context, I investigate the impact of nonlinear 
effects occurring along the line and also their interactions with PMD. 
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Chapter 4. 40-Gb/s systems 

Given that the traffic load currently approaches the maximum capacity of existing 
10-Gb/s networks, carriers plan to increase the total capacity of their network 
infrastructure by increasing channel rates due to the limited bandwidth of optical 
amplifiers. Their motivation is to respond to the predicted traffic growth of about 
50% per year [1]. However, fibre transmission becomes more and more challenging as 
the bit-rate increases since the tolerance to fibre linear effects is reduced, as discussed 
in Chapter 2. More precisely, if we consider the same modulation format for a n-fold 
increase of the channel bit rate, the sensitivity to optical noise and the maximum 
tolerable amount of polarisation mode dispersion (PMD) are reduced by a factor n. 
At the same time, the minimum tolerable filter bandwidth is increased by the same 
amount. Moreover, the maximum tolerable amount of chromatic dispersion is reduced 
by a factor n2. 

Most carriers do not intend to build specific networks from scratch for 
increasing the total capacity. Therefore, one likely scenario for the upgrade of existing 
infrastructures massively carrying 10 Gb/s NRZ channels is to design so-called hybrid 
systems. In these systems, several channels at higher bit rate (namely 40 or 
100 Gb/s) are progressively inserted in wavelength slots with 50-GHz spacing, 
originally designed for NRZ channels at 10 Gb/s and transmitted over dispersion-
managed links, i.e. incorporating periodically dispersion compensating modules to 
compensate for the accumulated dispersion along the line. Thus channels at 40 or 
100 Gb/s will propagate simultaneously with 10 Gb/s NRZ channels over the same 
fibre. 

This chapter focuses on the upgrade of legacy 10-Gb/s systems to 40 Gb/s. 
Moving from 10 Gb/s to 40 Gb/s over an unchanged 50-GHz channel grid increases 
the information spectral density (i.e., the number of bits per second transmitted in a 
unit spectral band) from 0.2 bit/s/Hz to 0.8 bit/s/Hz. Before the rise of digital 
coherent receivers, the principal concern for the deployment of 40-Gb/s channels was 
the tolerance to linear effects namely PMD and chromatic dispersion. Different 
modulation formats using direct (differential) detection have been proposed to meet 
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this challenge in these so-called hybrid systems at 10/40 Gb/s, namely partial DPSK, 
phase shaped binary transmission (PSBT) and differential quadrature phase-shift 
keying (DQPSK). Focussing on linear impairments, DQPSK outperforms the two 
other solutions [79] thanks to the lower symbol rate and narrower spectrum, as 
discussed in section 1.1.  

More recently, 40 Gb/s PDM-QPSK, associated with coherent detection was 
praised for its narrow spectrum (~20 GHz, the main lobe) and its excellent robustness 
to linear impairments, as discussed in Chapter 3 and also shown in 
[177][178][179][180]. 40 Gb/s PDM-QPSK has a symbol rate of 10 Gbaud and thus 
benefits of massively developed cost-efficient 10-Gb/s electronics. Thus coherent 
PDM-QPSK is a potential candidate to upgrade current legacy systems to 40 Gb/s. 
The first part of this chapter focuses on the investigation of the nonlinear tolerance of 
40 Gb/s PDM-QPSK which is a key aspect for the upgrade of legacy 10-Gb/s 
systems. We first assess the impact of polarisation multiplexing in a single channel 
scenario and subsequently study the consequences of introducing 40 Gb/s 
PDM-QPSK in WDM systems over different types of fibres.  

Polarisation division multiplexing and coherent detection can be paired with 
any modulation format. Thus, another option to increase the information spectral 
density from 0.2 bit/s/Hz to 0.8 bit/s/Hz is PDM-BPSK at 40 Gb/s. When detected 
with a differential receiver, (singly-polarised) DPSK appears to be more robust 
against nonlinearities than DQPSK [91]. However, DPSK has two main drawbacks 
compared to DQPSK: the lower tolerance against linear effects and the larger 
spectrum (~80 GHz). Picture changes with the introduction of polarisation division 
multiplexing and coherent detection. PDM-BPSK signals have a baud rate of 
20 Gbaud and a spectrum width of 40 GHz. The tolerance to linear effects in turn is 
brought by DSP done in the coherent receiver. In the second part of this chapter, we 
investigate and discuss, therefore, the nonlinear tolerance of 40 Gb/s PDM-BPSK in 
the light of upgrading 10-Gb/s legacy networks. 

4.1. 40 Gb/s PDM-QPSK 
The symbol rate of PDM-QPSK is a quarter of the total bit rate. Thus, 40 Gb/s 
PDM-QPSK signals have a symbol rate of 10 Gbaud and a spectrum width of 
20 GHz. Consequently, it easily fits into the standard 50-GHz grid and uses massively 
developed cost-effective 10-Gb/s electronics. Moreover, ADC should operate at 
20 GSamples/s in order to obtain two samples per symbol relaxing thus 
practical-implementation constraints. Benefiting from the unparalleled tolerance to 
linear effects brought by coherent detection, 40 Gb/s PDM-QPSK appears as a 
potential option to reach the upgrade of current 10-Gb/s legacy systems.  

In this context, this section deals with the nonlinear tolerance of coherent 
40 Gb/s PDM-QPSK in realistic scenarios. Therefore, the impact on nonlinear 
tolerance of polarisation multiplexing is first investigated. Next, the tolerance to 
inter-channel nonlinear effects is discussed either when all channels are 40-Gb/s 
PDM-QPSK modulated or when the coherent channel is surrounded by 10-Gb/s NRZ 
channels. 
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4.1.1 Experimental set up 

The experiments carried out here involve single-channel transmission, homogenous 
WDM transmission and also hybrid WDM transmission. Three configurations are 
thus used successively at the transmitter side as shown in Fig. 4.1-a, b and c. In all 
configurations, the test channel (at 1546.52 nm) is modulated with PDM-QPSK at 
40 Gb/s. On the contrary, the surrounding channels can be either kept 
continuous-wave (CW), modulated with PDM-QPSK at 40 Gb/s, or modulated with 
OOK-NRZ at 10 Gb/s corresponding to single-channel, homogenous WDM and 
hybrid WDM transmissions, respectively.  

As depicted in Fig. 4.1, the transmitter consists of eighty-two DFB lasers, 
spaced by 50 GHz and separated into two spectrally-interleaved combs which are 
independently modulated. To generate the PDM-QPSK data, the light from each 
comb is sent to two different QPSK modulators operating at 10.7 Gbaud. The 
modulators are fed by 215-1-bit-long pseudo-random bit sequences (PRBS) at 
10.7 Gb/s, including forward error correction (FEC) overhead. Polarisation 
multiplexing is finally performed by dividing, decorrelating and recombining QPSK 
data through a polarisation beam combiner (PBC) with an approximate 
10-nanoseconds delay, yielding PDM-QPSK data at 43 Gb/s. To generate the 
10-Gb/s NRZ data required for the hybrid WDM transmission experiment, the light 
from each comb is sent into a Mach-Zehnder modulator, fed by 215-1-length PRBS at 
10.7 Gb/s. In any case, the two generated combs are passed into low-speed (<10 Hz) 
polarisation scramblers (PS) and combined with a 50-GHz interleaver. 

b.

8
2
 w

a
ve

le
n
g
th

s

e
ve

n
o
d
d

PM

2x 10.7 Gbaud
PMF

PBC

QPSK

2x 10.7 Gbaud

PS

QPSK

Wavelength [0.4 nm/div]

P
o
w
e
r 
[1
0
 d
B
/d
iv
]

e.

a.

8
1
 w

a
ve

le
n
g
th

s PSPS

2x 10.7 Gbaud

QPSK

PM

PMF

PBC

e
ve

n
o
d
d

Test ch.

d.

Wavelength [0.4 nm/div]

P
o
w
e
r 
[1
0
 d
B
/d
iv
]

c.

Wavelength [0.4 nm/div]

P
o
w
e
r 
[1
0
 d
B
/d
iv
]

f.

8
1
 w

a
ve

le
n
gt

h
s PSPS

2x 10.7 Gbaud

QPSK

PM

PMF

PBC

e
ve

n
o
d
d

Test ch.

NRZ

NRZ

10.7 Gb/s

10.7 Gb/s

WDM 
(homogenous)

Single Channel
WDM     

(hybrid)

 

Fig. 4.1: Experimental transmitter set-up and experimental spectra (100-MHz 

resolution) for three different configurations: (a, d) single-channel, (b, e) homogenous 

WDM and (c, f) hybrid WDM. 

The resulting multiplex is boosted through a dual-stage EDFA incorporating 
dispersion compensating fibre (DCF) for pre-compensation and sent into the 
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recirculating loop discussed in section 2.6. The recirculating loop here incorporates 
four 100-km-long spans of SSMF which are separated by dual-stage EDFA including 
an adapted spool of DCF for partial dispersion compensation, according to a typical 
terrestrial transmission map [140]. A wavelength selective switch (WSS) is also 
inserted at the end of the loop to perform channel power equalisation. The 
performance is measured after 4 round-trips, i.e. after 1,600 km while varying the 
power per channel, Pch, at each fibre input. In all experiments, the launch power of 
the test channel is set at the same level as all the co-propagating channels. At the 
receiver side, the channel under study is selected by a 0.4-nm bandwidth tuneable 
filter and sent into the coherent receiver, discussed in Chapter 3.  

4.1.2 Impact of polarisation multiplexing 

Polarisation multiplexing does not imply a loss in noise sensitivity, as shown in Fig. 
2.17. Nonetheless, the tolerance to nonlinearities is reduced when moving to a 
polarisation multiplexed scheme owing to the interplay between polarisation 
tributaries. We first study the impact on nonlinear tolerance of polarisation division 
multiplexing by comparing 20-Gb/s (singly-polarised) QPSK and 40-Gb/s 
PDM-QPSK in a quasi-single channel configuration, shown in Fig. 4.1-a. Thus 
neighbouring channels around the studied channel are kept continuous while ensuring 
amplifier loading, as seen in Fig. 4.1-d. Singly-polarised QPSK signal exhibits 3-dB 
better tolerance to optical noise compared to PDM-QPSK, as discussed in section 2.2. 
Therefore, in order to ease comparisons, the OSNR is maintained constant as the 
channel power increases by loading noise at the receiver end. The OSNR is set at 
16 dB in 0.1 nm when studying the 40-Gb/s PDM-QPSK modulation scheme. This 
OSNR is intentionally degraded by 3 dB when moving to the 20-Gb/s QPSK scheme. 
Thus both schemes yield approximately the same Q²-factor after propagation 
(12.6 dB for QPSK and 13 dB for PDM-QPSK), when transmission is mainly limited 
by optical noise, at low channel power. 
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Fig. 4.2: Tolerance to intra-channel nonlinearities after 1,600 km of SSMF.  

20 Gb/s QPSK and  40 Gb/s PDM-QPSK. The symbol rate of both signals is 

10 Gbaud. The OSNR is fixed at the receiver by loading noise, so as both schemes 

give approximately the same performance when the transmission is limited by optical 

noise, i.e. at low powers. 

Fig. 4.2 depicts the results corresponding to this comparison, in terms of 
Q2-factor as a function of the power per channel per polarisation. When the power is 
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increased, the performance is degraded by nonlinear effects, mainly self phase 
modulation (SPM)-induced nonlinear phase noise (NLPN). The nonlinear threshold 
(NLT) is defined as the power leading to a reduction of 2 dB of Q² factor at a 
constant receiver OSNR. Should there be no nonlinear interactions between the two 
polarisation tributaries, one would expect that the NLT per polarisation of PDM-
QPSK at 40 Gb/s be the same as QPSK at 20 Gb/s, i.e. that the nonlinear threshold 
of 40 Gb/s PDM-QPSK be 3 dB larger than the nonlinear threshold of 20 Gb/s 
QPSK. Nevertheless, the tolerance to nonlinearities is reduced when moving to PDM 
signals due to the interplay between both polarisation tributaries, as pointed out in 
equation (1.36). In fact, the nonlinear-induced phase distortion experienced by each 
polarisation tributary depends on the power of both polarisation tributaries. As a 
consequence, PDM signals are more impacted by nonlinearities than singly-polarised 
signals. Fig. 4.2 shows that the NLT of PDM-QPSK (-1.7 dBm) is approximately 
1.5 dB lower per polarisation than for QPSK (0 dBm). This result has been recently 
confirmed theoretically and numerically by A. Bononi et al [181] and clearly shows 
that PDM-based channels are more sensitive to intra-channel nonlinear effects than 
singly-polarised channels. 

4.1.3 Tolerance to intra and inter-channel nonlinearities 

I then assess the tolerance of 40 Gb/s coherent PDM-QPSK to cross nonlinearities 
between channels in a homogenous WDM environment, corresponding to the scheme 
and spectrum shown in Fig. 4.1-b and e, respectively. Unlike the preceding 
experiment, the OSNR is no longer controlled at the receiver side. Fig. 4.3-a 
represents the measured performance versus launch power per channel (comprising 
both polarisation-tributaries power). As a reference, Fig. 4.3-a also plots the results 
obtained in a single channel scheme. The optimum Q2-factor is found at a power of 
0 dBm in the quasi-single channel configuration whereas an optimum power of –
3 dBm in WDM configuration is observed. Furthermore, the Q2 factor is nearly 
constant while increasing the power per channel from -4 dBm to -2 dBm, despite the 
2-dB increase in terms of OSNR. This highlights the poor tolerance of 40 Gb/s 
coherent PDM-QPSK signals to cross nonlinear effects attributed to the low symbol 
rate, the 2/π  phase distance between symbols and polarisation multiplexing 
[174][182]. 

The preceding results discussed the nonlinear tolerance under the assumption 
that all co-propagating channels are 40 Gb/s PDM-QPSK. However, the currently 
installed WDM systems carry predominantly 10 -Gb/s NRZ channels. As introduced 
in section 1.2, PDM signals may suffer not only from XPM but also from XPolM 
arising from neighbour channels. The tolerance to cross nonlinearities induced by 
10 -Gb/s NRZ channels is therefore a key parameter to determine its suitability for 
overlaying existing 10-Gb/s legacy networks. 
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Fig. 4.3: Nonlinear tolerance of 40 Gb/s PDM-QPSK channels after 1,600 km of 

SSMF.  Single channel configuration,  homogeneous WDM configuration 

involving only 40 Gb/s PDM-QPSK channels and  hybrid WDM configuration 

involving a mix of 40-Gb/s and 10-Gb/s NRZ channels. The symbol rate of all signals 

is 10 Gbaud. 

In this context, I investigate the impact of co-propagating 10-Gb/s NRZ 
channels onto 40 Gb/s PDM-QPSK channels. We compare the performance of one 
40 Gb/s PDM-QPSK channel surrounded either by other 40-Gb/s PDM-QPSK (Fig. 
4.1-b and e) or by 10-Gb/s NRZ channels (Fig. 4.1-c and f). Fig. 4.3-b shows the 
performance evolution in both WDM configurations versus the launch power per 
channel. Cross nonlinear effects brought by neighbouring NRZ channels degrade 
severely transmission performance as compared with that observed with 40 Gb/s 
PDM-QPSK neighbouring channels, as clearly seen in Fig. 4.3-b. Actually, the best 
Q2-factor measured in hybrid configuration is obtained for the lowest launch power, 
here at –4dBm, and is just at the FEC limit. For comparison, a 2.5 dB increase in 
performance is found when all channels are PDM-QPSK modulated. These results 
demonstrate that cross nonlinear effects limit the performance 40-Gb/s PDM-QPSK 
in WDM legacy systems. This statement is even more evident when 40 Gb/s 
PDM-QPSK is surrounded by 10-Gb/s NRZ channels. Therefore, countermeasures 
should be considered to constrain cross nonlinear-induced penalties. 

4.1.4 Containing inter-channel nonlinearities in WDM 

transmission 

As discussed in section 3.3, the accuracy of CPE, and hence the system performance, 
depends on both the nature of the dominant phase noise and the number of 
consecutive symbols over which the phase is estimated. Therefore, a first option to 
reduce the impact of cross nonlinearities and improve the performance of a 40 Gb/s 
coherent PDM-QPSK channel in hybrid 10/40 Gb/s configuration could be to 
optimise the length of the averaging window when performing the CPE operation.  

Fig. 4.4-a shows Q²-factor of a 40 Gb/s coherent PDM-QPSK channel versus N in a 
hybrid 10/40 Gb/s configuration. N designates the number of consecutive symbols 
over which the phase is estimated. Contrary to homogeneous systems where the 
optimum CPE length was found to be 9 symbols (Fig. 4.3-a), it is 3 symbols in 
hybrid systems. Such a reduction of the optimal CPE length unveils the fact that the 
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performance is here dominated by cross nonlinear effects. As already noted in section 
3.3, a consequence of reducing the window of the phase estimator is that additive 
white Gaussian noise cannot be completely averaged out of the CPE, so that the 
performance of the estimator is not optimum. The gain of optimising the CPE 
process is weaker than the encountered penalties and is not sufficient to match the 
performance of the all-40 Gb/s PDM-QPSK configuration. The difference between 
these results and other results found in the literature as [174] is attributed to the 
larger number of surrounding channels and the lower chromatic dispersion used here. 
Indeed, a too small number of surrounding channels may lead to underestimate the 
actual penalties brought by 10 Gb/s NRZ co-propagating channels onto coherent 
ones (as discussed in section 5.2.5); whereas the lower residual chromatic dispersion 
per span used here -around 30 ps/nm- compared to the larger one -up to 85 ps/nm 
per span- used in [174] enhances cross nonlinearities.  

Another option to reduce the penalties brought by 10 Gb/s NRZ 
co-propagating channels on the performance of coherent PDM-QPSK channels is to 
introduce guard-bands between 40-Gb/s PDM-QPSK and 10-Gb/s NRZ channels. I 
investigate this option by gradually switching off adjacent channels (up to five 
channels) on both sides of the 40 Gb/s test channel, as depicted in Fig. 4.4-b. As a 
trade-off between nonlinear penalties and maximum reach for PDM-QPSK and NRZ 
signals, the launch power per channel is fixed at -1 dBm. This power is within the 
typical range of operating power of 10 Gb/s NRZ when reaching ultra-long haul 
(ULH) distances and implies 1-dB performance penalty compared to the optimum 
performance in an homogeneous WDM 40-Gb/s configuration, according to Fig. 
4.3-b.  

The results of these measurements are depicted in Fig. 4.4-c with 
independently-optimized CPE length for each system configuration in terms of 
performance evolution of the coherent channel while increasing progressively the 
spacing to the closest neighbour channels on both sides. Ideally, when surrounding 
channels are far enough from the test one, the performance of the test channel should 
be the same as in a single channel transmission, i.e. ~13 dB of Q2 factor. When all 
the channels are 40 Gb/s PDM-QPSK modulated, 2-dB penalty compared to single 
channel performance is observed when the channel spacing is 50 GHz. This penalty 
decreases with the channel spacing and is nearly recovered with a guard-band around 
150 GHz. On top of that, however, when the PDM-QPSK channel is surrounded by 
NRZ channels, a performance floor close to the FEC limit is observed even after 
removing 10-Gb/s channels, as far as 300 GHz away from the PDM-QPSK test 
channel. It has to be noted here that the power per channel slightly increases while 
suppressing adjacent channels (by ~0.5 dB at the most). Nevertheless, it does not 
explain the observed performance limitation since intra-channel nonlinearities are not 
the dominant effect according to the behaviour when all the channels are 
PDM-QPSK of Fig. 4.4-c and the results of Fig. 4.3-a. 
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Fig. 4.4: (a) Performance dependence on the CPE averaging window in a hybrid 

WDM configuration. (b) Channel allocation and (c) performance evolution as a 

function of the guard-band around the 40-Gb/s PDM-QPSK channel, surrounded 

either  by other 40-Gb/s PDM-QPSK channels or  by 10-Gb/s NRZ channels, 

when all channels are set at -1 dBm/ch. All measurements have been obtained after 

1,600 km of SSMF. 

Such a result is attributed to the impact of cross phase modulation (XPM) 
and also to polarisation scattering induced by cross nonlinear effects brought by 
surrounding 10-Gb/s NRZ channels, referred to as cross polarisation modulation 
(XPolM) [183]. In fact, 40 Gb/s PDM-QPSK signals suffer from severe nonlinear 
interactions coming from co-propagating channels even distant by more than 
300 GHz, contrary to what happens in conventional polarisation-insensitive detection, 
currently used in 10-Gb/s systems [184]. XPolM creates sudden changes of the states 
of polarisation (SOP) which are possibly faster than the speed of the (digital) 
polarisation tracking done in coherent polarisation-sensitive receivers [42] and is 
weakly dependent on the channel spacing [185]. These changes in SOP may translate 
into amplitude and phase fluctuations deteriorating the performance of polarisation 
sensitive receivers [186] whereas they would not affect the performance of a 
polarisation insensitive receiver. However, interactions between nonlinearities and 
PMD may occur along the transmission changing the picture as discussed in section 
4.2.3. Anyhow, the results obtained here indicate that a band-gap wider than 
300 GHz between 10 Gb/s and 40 Gb/s channels could be mandatory, which would 
seriously limit the capacity of hybrid systems. 
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A third option to contain nonlinearities (not studied in this thesis) would be 
using the powerful DSP capacity of coherent receivers to apply specific algorithms in 
order to compensate or mitigate nonlinear propagation effects. DSP-based nonlinear 
mitigation using inverse backward-propagation, split-step Fourier algorithm, has been 
proposed to improve the transmission performance [166]. This technique has shown 
remarkable improvements of the maximum reachable distance in single channel 
transmission [167]. Nonetheless, when transmission is governed by cross 
nonlinearities, the benefits of this technique almost vanish [168]. 

To get further insight on cross nonlinear mechanisms, I study two more 
possibilities, namely reducing the launch power and removing in-line DCF. Fig. 4.5-a 
represents performance evolution of the same test-channel while increasing 
progressively the guard-band around the coherent channel when the launch power per 
channel is decreased by 3 dB for the hybrid 10/40 Gb/s transmission scheme, i.e. the 
power per channel is -4 dBm. Cross nonlinearities are weaker as the power of 
co-propagating channels decreases. Thereby, they induce fewer penalties at -4 dBm 
than at -1 dBm, as can be observed in Fig. 4.5-a. Nevertheless, even with a 3-dB 
decrease of channel power, the consequences of XPM are detrimental until the 
guard-band reaches 250 GHz. In order to reduce the impact of cross nonlinearities, 
one can think of suppressing DCFs within the line to increase decorrelation between 
symbols of different from one span to another. I carried out then the same 
experiment but after removing DCF in-between EDFA of the recirculating loop and 
setting the power per channel at -1 dBm. The results of this experiment are plotted 
in Fig. 4.5-b. As it can be observed, nonlinearities induced by co-propagating 
(10 Gb/s NRZ) channels are now less penalising thanks to a higher residual 
dispersion per span. 
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 Fig. 4.5: Performance evolution as a function of the guard-band around the 40-Gb/s 

PDM-QPSK channel after 1,600 km of SSMF. (a) With and (b) without 

dispersion-management. The test channel is surrounded either by  other 40-Gb/s 

PDM-QPSK channels or by  10-Gb/s NRZ channels.  

It would be tempting to constrain distortions from nonlinear effects either by 
operating at low power per channel (<-4 dBm) or by suppressing DCFs within the 
line. However, implementing these options in legacy networks implies strong 
drawbacks and turns out to be unpractical and sometimes even unrealistic. Reducing 
the operating power would result in a reduction of the maximum achievable 
transmission distance of the 10 Gb/s channels, as the ONSR at the end of the link 
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would decrease. As a reference, the typical power per channel used in 10-Gb/s NRZ 
systems is within the range [-1 dBm; +1 dBm] when reaching ultra-long haul (ULH) 
distances. Operating at -4 dBm would therefore imply reducing the achievable 
distance by a factor of two at least. On the other hand, massively deployed 10-Gb/s 
NRZ channels require chromatic dispersion to be optically-compensated in order to be 
correctly detected, as discussed in Chapter 2. Therefore, they could not operate over 
DCF-free systems. Two options could be eventually contemplated, namely optical 
and electronical dispersion compensation. The two options would imply an extremely 
complex, and too expensive, receiver for 10-Gb/s operation. 

In conclusion, cross nonlinearities, especially brought by co-propagating 
10-Gb/s NRZ channels, strongly limit the performance of coherent 40 Gb/s PDM-
QPSK. Moreover, optimizing CPE and introducing guard-bands around the test 
channel is not sufficient to compensate for induced penalties in realistic hybrid 
10/40-Gb/s systems. Thereby, 40 Gb/s PDM-QPSK does not seem to be a suitable 
option for the upgrade of long-haul 10-Gb/s legacy networks. 

4.2. 40 Gb/s PDM-BPSK 
The preceding results have shown that 40 Gb/s PDM-QPSK does not appear 
appropriate for the upgrade of legacy networks as it suffers dramatically from cross 
nonlinear effects stemming from 10-Gb/s channels. Hence another solution with 
similar tolerance to linear effects but with enhanced nonlinear resilience would be 
desirable. Compared to QPSK format, BPSK is more robust against nonlinearities 
when detected in a differential receiver [91]. Therefore, we investigate the potential of 
an alternative solution based on BPSK modulation. This section treats the nonlinear 
tolerance of BPSK signals combined together with polarisation multiplexing and 
coherent detection in the context of upgrading 10-Gb/s legacy systems. 

40 Gb/s PDM-BPSK signals have a symbol rate of 20 Gbaud and a spectrum 
width of 40 GHz, i.e. twice those of 40 Gb/s PDM-QPSK. Thereby, 40 Gb/s 
PDM-BPSK also fits into the standard 50-GHz grid currently used for 10-Gb/s 
systems, allowing the increase of information spectral density from 0.2 bit/s/Hz to 
0.8 bit/s/Hz. On the other hand, however, the higher symbol rate compared to 
PDM-QPSK makes PDM-BPSK more constraining in terms of bandwidth and speed 
electronic requirements. Thus the required bandwidth of opto-electronic devices is 
around 20 GHz whereas ADC should operate at 40 GSamples/s to obtain two 
samples per symbol.  

4.2.1 Experimental set up and noise sensitivity 

I focus here on two different configurations, namely, homogenous and hybrid WDM 
transmission, corresponding to Fig. 4.1-b and c. However, coherent channels are 
modulated here with 40 Gb/s PDM-BPSK. Therefore, the light from a CW laser is 
BPSK modulated by a MZM modulator fed with a 215-1-long PRBS at 21.4 Gb/s. 
Polarisation multiplexing is emulated by splitting the signal along two different 
paths, delaying one of the two with a polarisation maintaining delay line (PM-DL), 
and recombining the two paths by means of a polarisation beam combiner (PBC), as 
depicted in Fig. 4.6-a. 
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For a given bit rate, PDM-BPSK and PDM-QPSK have theoretically the 
same sensitivity to optical noise, as discussed in sections 2.1.3 and 2.2. However, in 
laboratory implementation, 40 Gb/s PDM-BPSK turns out to be slightly better than 
40 Gb/s PDM-QPSK ( 1 dB) in terms of noise sensitivity, as illustrated in Fig. 4.6-b. 
This is mainly attributed to a better realization of the BPSK transmitter.  
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Fig. 4.6: (a) Transmitter scheme and (b) noise sensitivity of  40 Gb/s PDM-BPSK 

compared to  40 Gb/s PDM-QPSK. 

I consider here two different scenarios for 40 Gb/s PDM-BPSK corresponding 
to two different transmission fibres, namely SSMF and NZDF. Thus, the recirculating 
loop here incorporates four 100-km-long spans of either SSMF or NZDSF which are 
separated by dual-stage EDFAs including an adapted spool of DCF for partial 
dispersion compensation, according to a typical terrestrial transmission map. The 
DCF spools are different for SSMF and for NZDSF. At the receiver side, the channel 
under study is selected by a 0.4-nm bandwidth tuneable filter and sent into the 
coherent receiver. The characteristics of SSMF and NZDSF are discussed in section 
1.1.2 and summarised in Fig. 2.25. Compared to SSMF, the use of NZDSF can 
emphasise nonlinear effects due to its low chromatic dispersion. Moreover, NZDSF 
has strong wavelength-dependent chromatic dispersion which results in different 
dispersion maps for the different wavelength channels of the multiplex. It is well 
known that NZDSF systems behave worse for wavelengths close to λ0 (found in our 
set up at short wavelengths) due to the strength of cross nonlinearities induced by 
the low residual dispersion per span. This translates usually into a dramatic reduction 
of the reach of channels at wavelengths around λ0. In a laboratory environment, 
besides, NZDSF can be exploited to study different dispersion maps. 

4.2.2 Impact of cross nonlinearities 

Like 40 Gb/s PDM-QPSK, performance and maximum transmission reach of 
PDM-BPSK is limited by optical noise and nonlinearities, mainly stemming from 
co-propagating channels. I first investigate the tolerance to nonlinearities of 40 Gb/s 
PDM-BPSK in a homogeneous WDM configuration, with all channels modulated 
with 40Gb/s PDM-BPSK (Fig. 4.1-b, but with PDM-BPSK instead of PDM-QPSK), 
after 3,200 and 4,000 km of SSMF. Fig. 4.7 illustrates the results of these experiments 
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in which the launch power of the test channel is set at the same level as all the co-
propagating channels.  
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Fig. 4.7: Nonlinear tolerance of 40 Gb/s PDM-BPSK in a homogeneous WDM 

configuration after  3,200 km and after  4,000 km of SSMF. 

The OSNR decreases when moving from 3,200 to 4,000 km according to the 
ratio between the number of the optical amplifiers (for constant launch power per 
channel), i.e. dB97.0)32/40(log10 10 ≈ , as discussed in section 2.4.3. The consequence 

of this decrease in OSNR is clearly observed in Fig. 4.7 at low channel power (<-
3 dBm) for which transmission is mainly limited by optical noise. As it can be seen, 
performance after 4,000 km is 1 dB lower than after 3,200 km for launch powers 
lower than -3 dBm. On the other hand, the optimum Q2 factor obtained after 
3,200 km is around 11.3 dB. Linear considerations would consequently predict a drop 
of the optimum Q² factor by 1 dB, according to the decrease of OSNR when moving 
from 3,200 to 4,000 km. However, on top of optical noise, nonlinearities are also 
accumulated along the line and they further constrain the performance and the 
optimum Q2 factor is found to be around 10 dB after 4,000 km.  

Compared to 40 Gb/s PDM-QPSK (Fig. 4.3-a), 40 Gb/s PDM-BPSK is able 
to reach twice the distance with similar optimum Q2 factor. Despite its better noise 
tolerance (due to practical implementation), this better performance comes mainly 
from a better tolerance to nonlinearities. By having twice the phase distance between 
symbols than PDM-QPSK, PDM-BPSK tolerates more nonlinear-induced phase 
distortions. Besides, cross nonlinearities become less penalising with the increasing 
baud rate, as introduced in section 1.2 and demonstrated (for PDM-QPSK) in section 
5.1. 

We now focus on legacy systems upgrades and, more precisely, on 
nonlinearities caused by 10-Gb/s NRZ co-propagating channels (Fig. 4.1-c). I 
investigate here the nonlinear limitations induced by 10-Gb/s NRZ channels 
depending on their relative power w.r.t. the 40 Gb/s PDM-BPSK channel. Thus, we 
compare the performance of one 40-Gb/s PDM-BPSK channel for different powers of 
surrounding 10-Gb/s NRZ channels after 3,200 km of SSMF. Fig. 4.8 reports the 
results of these experiments in terms of Q2-factor penalty w.r.t. the performance 
obtained in back-to-back configuration at the same OSNR versus the relative power 
between the coherent and the NRZ-surrounding channels, ∆Pch. It must be stressed 
here that the OSNR at the end of the link increases with ∆Pch. Thus, if the Q2-factor 
penalty corresponding to a 1-dB increase in ∆Pch is lower by 1 dB, nonlinear-induced 
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penalties are weaker than the improvement brought by the OSNR increase and 
performance consequently improves. 
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Fig. 4.8: Nonlinear tolerance of 40 Gb/s PDM-BPSK in a hybrid WDM configuration 

after 3,200 km of SSMF. (a) Experimental channel configuration and (b) impact of 

10-Gb/s co-propagating channels. 

As a reference, the Q2-factor penalty found in a homogeneous WDM 
transmission (Fig. 4.7, with ∆Pch=0 dB) is 0 dB, 0 dB, 0.8 dB and 2 dB for -4 dBm, 
-3 dBm, -2 dBm and -1 dBm, respectively. Not surprisingly, NRZ co-propagating 
channels are more penalising than PDM-BPSK channels. Moreover, the magnitude of 
performance degradation caused by NRZ channels strongly depends on their power, 
as clearly seen in Fig. 4.8. For low launch power of NRZ channels (-4 dBm), 
increasing the power of the coherent channel until ∆Pch=3 dB allows partially 
recovering the penalties induced by 10-Gb/s NRZ channels, as the nonlinear-induced 
penalty is lower than the OSNR increase. However, in a more realistic configuration 
where NRZ channels operate at -1 dBm, around 7 dB of penalty are found when all 
channels are set to the same power. Here, increasing the power of the coherent 
channel does not bring significant benefits. 

Therefore, depending on the power of 10-Gb/s NRZ co-propagating channels, 
coherent PDM channels suffer severe nonlinear penalties that are not recovered by 
increasing the received OSNR. Nevertheless, comparing PDM-QPSK and 
PDM-BPSK highlights the better tolerance to nonlinearities exhibited by 
PDM-BPSK. The Q2-factor penalty found with 40 Gb/s PDM-QPSK in a hybrid 
transmission after 1,600 km (Fig. 4.3-b) is already ~3.5 dB for -4 dBm and more than 
6 dB for -3 dBm, with ∆Pch=0 dB in both cases. Thus, the penalty suffered by 
PDM-QPSK is three times larger than that of PDM-BPSK which highlights the 
better tolerance of PDM-BPSK against nonlinearities. In fact, doubling the system 
reach with respect to PDM-QPSK, even in presence of 10-Gb/s NRZ channels, is 
clearly the most undeniable comparative advantage of PDM-BPSK. 
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4.2.3 Further insight on inter-channel nonlinearities: 

interplay between nonlinearities and PMD 

As preceding results demonstrate, the performance of polarisation-multiplexed signals 
detected with digital coherent receivers is mainly limited by cross nonlinearities. 
XPolM in particular creates sudden polarisation changes while (digital) polarisation 
tracking done in coherent polarisation-sensitive receivers is only able to follow slower 
polarisation evolution. Thus, nonlinear-induced polarisation changes may translate 
into crosstalk between polarisation tributaries at the receiver side.  

One option to reduce this crosstalk could be to use RZ-shaped polarisation 
tributaries interleaved by half a symbol period, obtaining thus time-orthogonality 
between polarisation tributaries, as shown in Fig. 4.9. Thereby, the amplitude of the 
interfering tributary “X” will be weak when the tributary “Y” is sampled at its 
maximum amplitude. And vice versa for the next sampling instant, Tk+1. Later on, 
iRZ-PDM-BPSK stands for orthogonal RZ-BPSK polarisation tributaries interleaved 
by half a symbol period while NRZ-PDM-BSPK refers to the case when orthogonal 
NRZ-QPSK polarisation tributaries are pulse-to-pulse aligned. Unlike with direct 
detection schemes, RZ pulse carving does not bring any improvement in noise 
sensitivity for PDM signals detected with a coherent receiver as digital equalisation 
already compensates for non-perfectly matched receiver filtering, as demonstrated in 
Fig. 5.3. However, we do not focus here on the noise sensitivity of 40 Gb/s iRZ-PDM-
BPSK but we aim to study its behaviour with respect to nonlinear effects.  
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Fig. 4.9: (a, d) Transmitter schemes, (b, e) typical shape of the signal in the time 

domain and (c, f) experimental eye diagram for NRZ-PDM-BPSK (upper figures) 

and iRZ-PDM-BPSK (lower figures). 

To generate iRZ-PDM-BPSK, BPSK modulators operate at 21.4 Gbaud and 
are followed by a 50% RZ pulse shaper operating at 21.4 GHz, as depicted in Fig. 
4.9-d. Polarisation multiplexing is then performed by dividing, decorrelating and 
recombining the RZ-BPSK data through a polarisation beam combiner (PBC). Here, 
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by adjusting a polarisation-maintaining delay line (PM-DL) with appropriate length 
before the PBC, the two orthogonal polarisation tributaries are interleaved by half a 
symbol. The corresponding schematic forms of this signal in the time domain and eye 
diagrams are shown in Fig. 4.9-e and f. When polarisation tributaries are interleaved 
by half a symbol, a nearly constant channel power with very low peak-to-average 
power ratio is measured, as shown in Fig. 4.9-f. 

a) Nonlinear tolerance of 40 Gb/s iRZ-PDM-BPSK 
I study tolerance to nonlinear effects of 40 Gb/s iRZ-PDM-BPSK by comparing its 
behaviour with that of NRZ-PDM-BPSK after 4,000 km of SSMF (as in Fig. 4.7). 
The performance is measured after a homogeneous WDM transmission, i.e. with 
neighbour channels of the same format according to Fig. 4.1-b (but with 
[N/i]RZ-PDM-BPSK instead of PDM-QPSK) and the launch power of the test 
channel is set to the same level as all the co-propagating channels. Fig. 4.10 shows 
the results of this experiment in terms of Q2 factor of the test channel versus launch 
power per channel. Performance is limited by optical noise for low values of launch 
power (-5 dBm) and both solutions give the same performance as they have the same 
sensitivity to optical noise. Beyond a certain value of power, however, cross 
nonlinearities take precedence and performance is degraded as the power increases. 
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 Fig. 4.10: Nonlinear tolerance of  NRZ-and  iRZ-PDM-BPSK at 40 Gb/s in a 

homogeneous WDM configuration, i.e. surrounded by channels of the same type. The 

measurements have been obtained after a 4,000 km of SSMF.  

iRZ-PDM-BPSK appears to be more tolerant against nonlinear effects as 
nonlinearities become penalising for higher launch powers, according to Fig. 4.10. The 
power corresponding to the optimum performance and the optimum performance 
itself of iRZ-PDM-BPSK are 1-dB higher compared to NRZ-PDM-BPSK. This 
noticeable improvement of the tolerance to nonlinearities is not only attributed to the 
time-orthogonality of polarisation tributaries but also to the RZ pulse-shaping itself, 
and the smaller depolarisation induced by co-propagating channels. In fact, 
RZ-interleaving is especially effective when applied to all the channels of the 
multiplex, as I have demonstrated in [187] for 100 Gb/s PDM-QPSK. 

These results prove that combining RZ pulse-shaping with time-polarisation 
interleaving improves the average performance of the system. Now, to get further 
insight on how nonlinearities impact the performance and on the improvement 
brought by iRZ, I measure the system performance stability. The channel power is 
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set at the power corresponding to the optimum performance of iRZ, i.e. -1 dBm, and 
2000 random draws of polarisation conditions are measured. In that respect, a 
polarisation scrambler is inserted at the end of the link. It scrambles at 4 kHz, in the 
range of the loop repetition frequency (~0.5 kHz); ensuring independent polarisation 
conditions at each round-trip. It has to be stressed here that the intrinsic PMD 
accumulated along the link is very small (<1 ps).  
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Fig. 4.11: (a) Q²-factor distribution and (b) cumulative probability deviation with 

0 ps PMD of  NRZ- and   iRZ-PDM-BPSK at 40 Gb/s after 4,000 km of SSMF in 

a homogeneous WDM transmission. The power of all channels is -1 dBm. 

Fig. 4.11 depicts the results of these experiments in terms of Q2-factor 
probability density function (a) and cumulative probability deviation from the best 
performance (b). As it can be observed, NRZ-PDM-BPSK presents a relatively broad 
Q2-factor distribution (Fig. 4.11-a). This translates into a probability of 10-3 of having 
deviation from the best performance greater than 3 dB (Fig. 4.11-b). As previously 
stated, the PMD along the line is very small (<1 ps) and it does not explain this 
wide distribution. Indeed, the large Q2-factor distribution observed with 
NRZ-PDM-BPSK can be attributed to inter-channel nonlinearities discussed 
throughout this chapter. iRZ-PDM-BPSK in turn appears to be less impacted by 
cross nonlinearities and it improves system performance not only in terms of average 
Q2-factor but also in terms of Q2-factor distribution width.  

b) Impact of distributed PMD 
One may think that the improvements brought by iRZ will be reduced in the 
presence of PMD, due to the random differential group delay (DGD) added to the 
signal. Since the PMD is a linear distortion, FIR filters are supposed to efficiently 
mitigate it, as demonstrated in section 3.3. Nevertheless, this extra initial DGD could 
break the time-orthogonality between polarisation tributaries causing a reduction of 
the improvements brought iRZ. I investigate the impact of distributed PMD onto 
both NRZ- and iRZ-PDM-BPSK under the same conditions, with the power set at -
1 dBm. A 7-ps PMF is inserted at the end of the loop (after the low-speed 
polarisation scrambler) well in excess of the small PMD accumulated into the 
transmission fibre spools (<1 ps), as illustrates Fig. 4.12. Therefore, after ten round-
trips, the loop behaves very similarly to a ten-section all-order PMD emulator with a 

PMD equal to 10  times the DGD of the PMF, i.e 22 ps. 
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Fig. 4.12: Experimental set up to emulate distributed PMD. The DGD of the PMF is 

7 ps. 

Like Fig. 4.12, Fig. 4.13 reports the results of these experiments, with 22 ps 
PMD, in terms of Q2-factor probability density function (a) and cumulative 
probability deviation from the best performance (b). Comparing Fig. 4.12 and Fig. 
4.13, we first observe that distributed PMD has induced no noticeable penalty onto 
the performance iRZ-PDM-BPSK, neither in terms of average nor in terms of 
cumulative probability deviation from the best performance. 
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Fig. 4.13: (a) Q²-factor distribution and (b) cumulative probability deviation with 

22 ps PMD of  NRZ-and   iRZ-PDM-BPSK at 40 Gb/s after 4,000 km of SSMF 

in a homogeneous WDM transmission. The power of all channels is -1 dBm. 

On top of these considerations, the effect of distributed PMD turns out to be 
beneficial for NRZ-PDM-QPSK. The Q2-factor distribution of NRZ-PDM-BPSK 
improves both in terms of average Q2-factor (Fig. 4.13-a) and in terms of width or 
cumulative probability (Fig. 4.13-b). Hence, NRZ-PDM-BPSK behaves similar to 
iRZ-PDM-BPSK. Compared to the results obtained with 0 ps PMD, the average 
Q2-factor of NRZ-PDM-BPSK improves by about 0.7 dB whereas the deviation from 
the optimum performance reduces by more than 1 dB. This improvement is 
attributed to the decorrelation between polarisation tributaries and depolarisation 
induced by PMD which reduces both the intra-channel interactions between 
polarisation tributaries and inter-channel XPolM. These results have been recently 
confirmed through numerical simulations [188]. As it can be noticed, this 
improvement is smaller for iRZ-PDM-BPSK. This is due to fact that 
iRZ-PDM-BPSK suffers less from nonlinearities as both polarisation tributaries are 
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already orthogonal in time and iRZ-PDM-BPSK co-propagating channels induce 
weaker cross nonlinearities. 

In conclusion, the impact of distributed PMD may turn out to be beneficial, 
reducing thus nonlinear-induced penalties, provided linear PMD is compensated for 
at the receiver side. Coherent receivers can relatively easily perform this PMD 
compensation thanks to digital signal processing, as PMD is a linear distortion. 
Besides, the benefits on the nonlinear tolerance brought by the interplay between 
nonlinearities and PMD are greater as the signal is more penalised by nonlinearities. 

4.2.4 Impact of dispersion map 

As introduced in section 2.5, NZDSF systems present a wavelength-dependent 
dispersion map. The dispersion map is nearly flat, in our test bed, for short 
wavelengths (close to λ0) whereas it increases for longer wavelengths. Consequently, 
NZDSF systems usually behave worse for short wavelengths than for longer ones as 
the strength of cross nonlinear effects depends on the residual dispersion per span 
(RDPS). NZDSF have generally a lower chromatic dispersion compared to SSMF 
which can enhance the impact of cross nonlinearities. In that context, the 
recirculating loop incorporates four 100-km-long spans of NZDSF which are separated 
by dual-stage EDFA including an adapted spool of DCF for partial dispersion 
compensation. Different types of NZDSF exist as discussed in section 1.1.2. Here, I 
employ a NZDSF with a chromatic dispersion at 1550 nm of 4.25 ps/(nm·km) and 
chromatic dispersion slope of 0.08 ps/(nm2·km). The transmitter is configured 
according to a homogeneous configuration (Fig. 4.1-c). Three different channels were 
measured namely 1535.43, 1546.52 and 1555.34 nm, corresponding to three different 
dispersion maps with an average residual dispersion per span (RDPS) of -2, 35 and 
55 ps/nm per span. The results after 3,200 km are depicted in Fig. 4.14. 
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Fig. 4.14: Wavelength dependence of the nonlinear tolerance of 40 Gb/s PDM-BPSK 

in a homogeneous configuration after 3,200 km of NZDSF. Three different channels 

were measured at  1535.43,  1546.52 and  1555.34 nm, corresponding to three 

different dispersion maps with an average RDPS of -2, 35 and 55 ps/nm per span, 

respectively. 

The channel at short wavelengths performs worse than the other two due to 
the higher impact of cross nonlinearities caused by the lower RDPS-induced 
decorrelation between symbols of different channels from one span to another, as it 
can be clearly observed. This channel shows an optimum Q2 factor of around 8.5 dB, 
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just beyond the FEC limit. The maximum Q2 factor of the other two channels is 
1.5 dB better reaching almost similar performance as over SSMF, as the residual 
dispersion per span is comparable. In fact, once sufficiently high walk-off is achieved, 
increasing the residual dispersion per span from 40 to 55 ps/nm neither brings an 
improvement nor a degradation, as any residual chromatic dispersion at the end of 
the link is compensated electronically. 

These results indicate that an increasing dispersion map is more suitable than 
a flat one for PDM coherent transmission as it helps reduce the efficiency of cross 
nonlinearities. This is in compliance with results obtained for OOK formats [140], 
highlighting thus the compatibility of coherent-based solutions with already deployed 
networks.

4.3. Comparison and summary 
Polarisation multiplexing allows increasing the information spectral density while 
reducing the requirements on bandwidth and speed of electronics and analog-to-
digital converters. Nevertheless, polarisation-multiplexed signals appear to be more 
sensitive to nonlinear impairments than singly-polarised ones. First of all, the two 
modulated polarisation tributaries may interact nonlinearly along the transmission 
limiting the performance in single channel propagation. In a WDM context, coherent 
polarisation-multiplexed signals may in turn suffer more from inter-channel 
nonlinearities coming from co-propagating channels located very far in the spectrum 
caused mainly by cross polarisation modulation (XPolM), contrary to current 
10-Gb/s OOK systems. These nonlinearities create sudden changes of the state of 
polarisation which can be faster than the (digital) polarisation tracking done in 
coherent polarisation-sensitive receivers. Thus, these changes in the state of 
polarisation may translate into amplitude and phase fluctuations deteriorating the 
performance of polarisation sensitive receivers. The impact of these nonlinearities 
may be reduced by the effect of PMD distributed along the transmission line, 
provided linear PMD is compensated for at the receiver side. Coherent receivers can 
relatively easily perform this PMD compensation thanks to digital signal processing, 
as PMD is a linear distortion 

As stated in the preceding sections, 40 Gb/s PDM-BPSK reaches much longer 
distances than 40 Gb/s PDM-QPSK. I aim here to compare the tolerance to 
nonlinearities of PDM-QPSK and PDM-BPSK at 40 Gb/s under the same conditions. 
The test bed relies on NZDSF and both formats are compared in a hybrid 
configuration where the coherent channel is surrounded by 10 Gb/s NRZ channels 
(Fig. 4.1-c). The coherent channel is set in the middle of the C band and its power is 
the same power as the surrounding channels. To obtain a Q2 factor in the range of 
11 dB, the reach of PDM-QPSK is limited to 800 km whereas PDM-BPSK reaches 
three times this distance, i.e. 2,400 km, in such scenario. 
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Fig. 4.15: Nonlinear tolerance comparison in a hybrid WDM configuration over 

NZDSF, in the middle of C-band (1546.52 nm).  PDM-BPSK and  PDM-QPSK 

at 40 Gb/s. Power is normalised considering the different transmission distances: 

800 km for PDM-QPSK and 2,400 km for PDM-BPSK.  

To perform a fair comparison between PDM-BPSK and PDM-QPSK at 
different transmission distances, I define a relative normalized power w.r.t the reach 
of PDM-QPSK as: 1010 log ( / 800)ch chP P dist= + , where dist is the distance in [km]. 

Fig. 4.15 represents the results in terms of Q2-factor penalty w.r.t. the performance 
obtained in back-to-back configuration at the same OSNR as a function of the 
normalised power per channel, Pch chP . Fig. 4.15 shows that PDM-BPSK is clearly 

more robust than PDM-QPSK against inter-channel nonlinear effects brought by 
neighbouring NRZ channels since they become penalising for higher powers. The 
power corresponding to a 2-dB penalty is around -4.5 dBm for PDM-QPSK whereas 
for PDM-BPSK, this power is 1 dBm, i.e. more than 5 dB higher. This >5-dB higher 
nonlinear tolerance combined with the better noise sensitivity explains why 
PDM-BPSK is able to reach 2,400 km, i.e three times the distance reached by 
PDM-QPSK. These results highlight the higher tolerance of PDM-BPSK against 
cross nonlinearities thus confirming the results obtained over SSMF. 
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Fig. 4.16: Qualitative comparison between PDM-BPSK and PDM-QPSK at 40 Gb/s. 

Making a general comparison, it cannot be said that a single modulation 
format outperforms all others in all aspects. As so, one cannot state that PDM-BPSK 
is better than PDM-QPSK (or vice versa) for 40 Gb/s operation in absolute terms. 
The two solutions benefit from the high sensitivity associated to (homodyne) 
coherent detection and the possibility of compensating for linear impairments thanks 
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to dedicated DSP. Moreover, both of them allow increasing the information spectral 
density of today’s 10-Gb/s networks from 0.2 to 0.8 b/s/Hz. 

PDM-QPSK has two clear advantages compared to PDM-BPSK: the lower 
symbol rate and the narrower spectrum. The narrower spectrum makes PDM-QPSK 
inherently more tolerant to narrow optical filtering, which can be used to tightly pack 
40 Gb/s PDM-QPSK in ultra-dense WDM configurations with a channel spacing 
smaller than 50 GHz. Such ultra-dense WDM configurations allows further increasing 
the spectral efficiency beyond 0.8 b/s/Hz but are, in general, more sensitive to 
inter-channel nonlinearities due to the small channel spacing. The lower symbol rate 
of PDM-QPSK in turn relaxes the constraints on the bandwidth and speed 
requirements of high-speed electronic devices and analog-to-digital converters. This 
results in an easier and more cost-effective practical implementation. However, 
PDM-QPSK is relatively vulnerable against nonlinear-induced phase distortions. 
PDM-BPSK is clearly more tolerant against nonlinearities, even coming from co-
propagating channels. The use of PDM-BPSK increases significantly the system reach 
with respect to PDM-QPSK which is clearly its most undeniable comparative 
advantage. In conclusion, PDM-QPSK appears to be appropriate for cost-effective 
solutions reaching short distance, especially over uncompensated links. PDM-BPSK 
in turn is likely to be the most suitable solution for terrestrial systems covering long 
distances despite its higher requirements in bandwidth and sampling rate.
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Chapter 5. 100-Gb/s 

systems 

PDM-BPSK outperforms PDM-QPSK in terms of reach and nonlinear tolerance at 
40 Gb/s. Nonetheless, PDM-BPSK at 100 Gb/s is not suitable for upgrading 
standard legacy systems, as it is very challenging to fit into the standard 50-GHz grid 
due to its broad spectrum (~100-GHz). Moreover, PDM-BPSK presents stringent 
requirements on bandwidth and speed of electronic devices and analog-to-digital 
converters, due its high symbol rate of 50 Gbaud. By having a symbol rate of 
28 Gbaud (relaxing thus the requirements on opto-electronics) and a spectrum width 
of 56 GHz, PDM-QPSK appears here as a better candidate for upgrading 50-GHz 
based systems. The combination of 100 Gb/s PDM-QPSK with a 50-GHz grid 
enables long-haul transmission with a 2.0-b/s/Hz information spectral density. 
Thereby, 100 Gb/s PDM-QPSK could be an appropriate answer to the predicted 
traffic growth of about 50% per year [1] which corresponds to a potential tenfold 
increase of traffic over six years. 

In the preceding chapter, we have shown that PDM-QPSK at 40 Gb/s is 
dramatically impacted by inter-channel effects which make it unsuitable to upgrade 
today’s networks. However, consider the general trend of OOK-modulated 
(direct-detected) channels behaviour against nonlinear effects discussed in Chapter 1. 
Inter-channel nonlinearities govern the transmission at low symbol rates as pulses of 
co-propagating channels are large and interact during a significant time inducing 
higher nonlinear phase-distortions. At higher symbol rates, in contrast, pulses are 
shorter and therefore pulses of co-propagating channels do not interact for long time, 
reducing thus the impact of inter-channel nonlinearities. For high symbol rates, intra-
channel nonlinearities become dominant as signals are more impacted by chromatic 
dispersion and inter-pulse interactions are particularly important. Following this 
reasoning, we investigate PDM-QPSK as a potential candidate to upgrade today’s 
networks at 100 Gb/s although it is not the most suitable at 40 Gb/s. 
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This chapter deals with the tolerance of PDM-QPSK against nonlinearities, 
now at 100 Gb/s. In Section 5.1, we give further insight on the evolution of the 
robustness against cross nonlinearities with the increase of symbol rate, from 10 to 
25 Gbaud. Section 5.2 in turn focuses on the suitability of 100 Gb/s to upgrade 
legacy systems in the presence of 10 Gb/s NRZ co-propagating channels. We treat 
interactions between nonlinearities and PMD in section 5.3. Finally, we explore green 
field systems for ultra-long haul distances at 100 Gb/s per channel in section 5.4. 

5.1. PDM-QPSK: why is it suitable for 

100 Gb/s and not for 40 Gb/s? 
PDM-QPSK suffers from strong inter-channel nonlinear impairments at 40 Gb/s 
severely limiting its performance, as we have demonstrated in Chapter 4. This picture 
may however change when increasing the symbol rate, as discussed in Chapter 1 with 
OOK modulated channels.  

Compared to 40 Gb/s, PDM-QPSK at 100 Gb/s have a symbol rate nearly 
2.5 times higher, i.e 25 Gbaud instead of 10 Gbaud. In this section, I report on the 
evolution of the behaviour of PDM-QPSK against nonlinearities when moving 
progressively from 40 Gb/s to 80 Gb/s, and finally to 100 Gb/s under the same 
experimental conditions. 

5.1.1 Experimental set up 

Like in Chapter 4, the test bed consists of eighty-two lasers spaced by 50 GHz and 
separated into two independently-modulated, spectrally-interleaved sets. The test 
channel is always modulated with PDM-QPSK at 40, 80 or 100 Gb/s. The 
surrounding lasers can be modulated either with the same format and the same bit-
rate as the test channel, or kept continuous. PDM-QPSK data are obtained as in Fig. 
4.1-a. However, here, QPSK modulators operate at 10.7 Gbaud, 21.4 Gbaud or 
28 Gbaud in order to produce 43, 85.6 and 112 Gb/s PDM-QPSK data, incorporating 
protocol and FEC overhead.  

The resulting multiplex is boosted and propagated through a recirculating 
loop in the configuration described in section 4.1.1. As in section 4.1.1, the launch 
power of the test channel is set at the same level as all the co-propagating channels 
and performance is measured after four round trips, corresponding to a transmission 
distance of 1,600 km. At the receiver side, a 0.4-nm bandwidth tuneable filter selects 
the channel under study and sends into the coherent receiver. 

5.1.2 Nonlinear tolerance evolution with the symbol rate 
Fig. 5.1 reports the performance of the coherent PDM-QPSK test channel versus its 
power at each fibre input, at 40 (a), 80 (b) and 100 Gb/s (c). The measurements are 
performed when the neighbouring wavelengths carriers are kept continuous (~ single-
channel configuration, as in Fig. 4.1-a) or when they are all modulated like the test 
channel (Fig. 4.1-b). At relatively low power levels, the Q² factor increases with 
power, along with the OSNR. When moving to high power levels, nonlinear effects 
become stronger and their induced penalties exceed the benefit of the OSNR increase. 
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The Q² factor thereby drops. I define the nonlinear threshold (NLT) as the channel 
power corresponding to the optimal Q² factor. 
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Fig. 5.1: Tolerance to nonlinearities of PDM-QPSK at (a) 40 Gb/s, (b) 80 Gb/s (c) 

and 100 Gb/s in  single channel and  WDM homogeneous configuration after 

1,600 km of SSMF. 

Linear considerations would predict a drop of the optimum Q² factor when 
moving from 40 Gb/s to 100 Gb/s according to the ratio between the bit rates, i.e. 

dB4)40/100(log10 10 ≈ , due to the worse noise sensitivity, as observed at low channel 

power (-4 dBm ) in Fig. 5.1. However, the impact of neighbour channels onto both 
the NLT and the optimum Q² factor decreases with the increasing symbol rate, 
reported in Fig. 5.1. The NLT obtained in a single channel configuration is almost 
unchanged when the bit rate grows from 40 Gb/s to 100 Gb/s. In contrast, NLT 
increases noticeably in the more realistic configuration of a full PDM-QPSK 
multiplex, from -3 dBm to -1.5 dBm. This improvement in NLT is mainly attributed 
to the higher symbol rate which implies a decrease of the walk-off length, discussed in 
section 1.2.3, thus reducing the strength of cross nonlinearities. As a consequence, the 
optimum Q2 factor at the NLT is only reduced by 2.5 dB when moving from 40 Gb/s 
to 100 Gb/s in presence of WDM nonlinearities. In conclusion, inter-channel 
nonlinearities are found significantly more penalising at 40 Gb/s than at 80 Gb/s or 
100 Gb/s. Thus, coherent PDM-QPSK technologies seem to be more interesting at 
100 Gb/s than at 40 Gb/s. 
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5.2. Upgrading legacy systems 
In the preceding section, I have demonstrated that the impact of inter-channel 
nonlinearities becomes weaker as the symbol rate increases in homogeneous WDM 
configurations, where all channels are PDM-QPSK modulated. However, 100-Gb/s 
PDM-QPSK channels are likely to propagate over hybrid WDM systems together 
with massively deployed 10-Gb/s NRZ channels when upgrading legacy systems as 
most carriers do not intend to build specific networks from scratch for increasing the 
total capacity of their networks. In this context, nonlinearities stemming from 
10-Gb/s NRZ channels may govern the performance of coherent channels, as shown 
in section 4.1 for PDM-QPSK 40 Gb/s.  

I aim here to investigate the suitability of PDM-QPSK at 100 Gb/s to 
upgrade legacy networks, especially when co-propagating with 10-Gb/s NRZ 
channels. I get further insight on the impact of cross nonlinearities stemming from 
neighbours NRZ channels and I also study the potential of two different options to 
reduce their impact, namely optimising the power of PDM-QPSK channels 
independently of the power of the 10-Gb/s channels and introducing guard-bands 
between both types of channels. 

5.2.1 Experimental set up 

Similar to Chapter 4, the test bed test-bed consists of eighty-two lasers spaced by 
50 GHz and separated into two independently-modulated, spectrally-interleaved sets. 
The test channel, at 1546.12 nm, is always modulated with PDM-QPSK, at 40 or 
100 Gb/s. On the contrary, surrounding channels can be either kept continuous, 
PDM-QPSK modulated, at 40 or 100 Gb/s, or NRZ modulated at 10 Gb/s 
corresponding to single-channel, homogenous WDM and hybrid WDM transmissions 
respectively.  

10ps/div
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Fig. 5.2: 100 Gb/s iRZ-PDM-QPSK, (a) Transmitter scheme, (b) typical shape of the 

signal in the time domain and (c) experimental eye diagram. 

QPSK modulators operate at 10.7 Gbaud or 28 Gbaud in order to produce 43 
and 112 Gb/s PDM-QPSK data, incorporating protocol and FEC overhead. QPSK 
data are then passed through a 50% RZ pulse carver operating at 28 GHz (resp. 
10.7 GHz) in order to produce 28 Gbaud (resp. 10.7 Gbaud) RZ-QPSK signals, as 
depicted in Fig. 5.2-a. Polarisation multiplexing is finally performed by dividing, 
decorrelating and recombining the RZ-QPSK data through a polarisation beam 
combiner (PBC). Here, by adjusting a polarisation-maintaining delay line (PM-DL) 



5.2. Upgrading legacy systems  

 131

with appropriate length before the PBC, the two orthogonal polarisation tributaries 
are interleaved by half a symbol yielding iRZ-PDM-QPSK data at 112 Gb/s (resp. 
43 Gb/s). The corresponding schematic forms of the signals in the time domain and 
eye diagrams are shown in Fig. 5.2-b and c. In PDM-QPSK configuration, when 
polarisation tributaries are interleaved by half a symbol, a nearly almost constant 
channel power is measured, as shown in Fig. 5.2-c. The recirculating loop here 
incorporates four 100-km-long spans of NZ-DSF which are separated by dual-stage 
EDFA including an adapted spool of DCF for partial dispersion compensation, 
according to a typical terrestrial transmission map [140]. At the receiver side, the 
channel under study is selected by a 0.4-nm bandwidth tuneable filter and sent into 
the coherent receiver. 
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Fig. 5.3: Optical noise sensitivity of PDM-QPSK (empty symbols) and 

iRZ-PDM-QPSK (full symbols) at 100 Gb/s  

As discussed in Chapter 2, the use of RZ pulse carving improves the noise 
sensitivity of direct detected schemes as the optical filter used is better matched to 
the RZ rather than to the NRZ spectrum. In contrast, RZ pulse carving does not 
bring any improvement in noise sensitivity for PDM-QPSK signals since digital 
equalisation done in coherent receivers already compensates for non-perfectly 
matched receiver filtering, as shown in Fig. 5.3. Nevertheless, interleaving RZ-QPSK 
polarisation tributaries increases the tolerance to nonlinearities compared to 
pulse-to-pulse aligned PDM-QPSK signals, as discussed in section 4.2, for 40 Gb/s 
PDM-BPSK, and demonstrated in [189] for 100 Gb/s PDM-QPSK. This is especially 
true when RZ-interleaving is applied to all the channels of the multiplex, as I have 
demonstrated in [187]. This improvement of the tolerance to nonlinearities is 
attributed to the RZ pulse-shaping, time-orthogonality of polarisation tributaries and 
lower depolarisation induced by co-propagating channels that reduce the impact of 
nonlinear impairments arising from Kerr effect. It must be pointed out that this 
benefit has not been observed when both polarisations were NRZ-QPSK-interleaved 
or RZ-QPSK pulse-to-pulse aligned [190], as we have demonstrated in [191] and [192] 
respectively. 
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5.2.2 Tolerance to nonlinear effects in homogenous WDM 

systems 

I first study the tolerance of 100 Gb/s PDM-QPSK to intra-channel nonlinear effects 
through a single-channel transmission, i.e. keeping surrounding channels continuous 
(according to the scheme shown in Fig. 4.1-a). Fig. 5.4-a shows the performance of 
the test channel (green diamonds) measured after a transmission distance of 1,200 km 
as a function of the power launch per channel, Pch. Performance is limited by optical 
noise for low values of launch power. Therefore, Q² factor increases with the power, 
along with OSNR. The intra-channel effects mainly SPM and NLPN here, arises as 
soon as the launch power exceeds -1 dBm. However, the performance of PDM-QPSK 
keeps increasing up to +1 dBm launch power and reaches an optimum Q2 factor 
around 12 dB.  

Next, I study the behaviour of one 100 Gb/s PDM-QPSK channel surrounded 
by other 100-Gb/s PDM-QPSK channels, corresponding to transmitter configuration 
depicted in Fig. 4.1-b. RZ-pulse carving enlarges the spectrum of 100 Gb/s 
PDM-QPSK resulting in a spectrum width of ~80-GHz. Therefore, one issue of 
100 Gb/s PDM-QPSK could be the tolerance to narrow optical filtering stemming 
from concatenation of several 50-GHz ROADMs. I investigate this by emulating three 
transparent-networks nodes along the transmission. The wavelength selective switch 
(WSS) inserted at the end of the loop not only performs channel power equalisation 
but also can emulate optical filtering and crosstalk stemming from nodes in a 
transparent network. This is done by passing odd and even channels through distinct 
output ports, introducing an additional optical path to even channels for further 
decorrelation before recombining them through a 3-dB coupler, as depicted in Fig. 
5.4-b.  
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Fig. 5.4: (a) Tolerance to nonlinearities of 100 Gb/s PDM-QPSK after 1200 km of 

NZDSF in  single channel and homogeneous WDM configuration  with and  

without the emulation of in-line optical filtering and crosstalk. (b) Wavelength 

selective switch configuration to emulate in-line optical filtering and crosstalk. 

Fig. 5.4-a shows the performance evolution of the test channel (orange 
triangles) versus the power launch per channel in homogeneous WDM configuration. 
The launch power of the test channel is set at the same level as all the co-
propagating. Full orange triangles depict the performance when optical filtering and 
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crosstalk steaming from nodes is emulated whereas empty triangles depict the results 
without this emulation. According to Fig. 5.4, neither optical filtering nor crosstalk 
stemming from three network nodes induce any penalty on the performance of 
100 Gb/s. On the other hand, the presence of 100 Gb/s neighbour channels reduces 
the optimum Q² factor of no more than 1.5 dB compared to the single-channel 
optimum performance. Despite the low chromatic dispersion of the NZ-DSF, the 
penalty brought by cross nonlinear effects is small due to the relatively high symbol 
rate (28 Gbauds) which reduces the efficiency of cross nonlinearities [34]. 

5.2.3 Impact of inter-channel effects in hybrid WDM 

systems 

As discussed in section 4.1, co-propagating 10-Gb/s NRZ channels dramatically limit 
the performance of coherent 40-Gb/s PDM-QPSK channels. Nevertheless, the 
tolerance to cross nonlinearities gets better while increasing the baud rate, as pointed 
out in section 5.1. Thus PDM-QPSK at 100 Gb/s can be a suitable solution for 
overlaying legacy 10-Gb/s networks while it is not at 40 Gb/s.  

The following experiments now focus on the tolerance of PDM-QPSK 
solutions at 100 Gb/s and 40 Gb/s against inter-channel nonlinear effects in hybrid 
WDM systems, in which all channels are not modulated with the same modulation 
format. Thus, I measure the performance of one 100/40 Gb/s PDM-QPSK channel 
surrounded by 10 Gb/s NRZ channels, corresponding to transmitter configuration 
depicted in Fig. 4.1-c. It must be stretched that, to compare performance in the same 
range of Q²-factor around 10 dB for the 100-Gb/s channel, the transmission distance 
was decreased from 1,200 km to 800 km when moving from homogeneous to hybrid 
WDM configuration. 

Fig. 5.5-a shows the OSNR sensitivity for both 100 Gb/s and 40 Gb/s PDM-
QPSK. 40 Gb/s shows a 4-dB better noise sensitivity according to the ratio between 
the bit rates, )100/40(log10 10

. Fig. 5.5-b in turn depicts the tolerance of 100 Gb/s 

and 40 Gb/s PDM-QPSK to impairments brought 10-Gb/s NRZ co-propagating 
channels. In order to compare the results obtained with 100 Gb/s and 40 Gb/s PDM-
QPSK, which do not exhibit the same tolerance against optical noise, Fig. 5.5-b 
represents the penalty in terms of Q2-factor w.r.t. the performance obtained in back-
to-back configuration at the same OSNR. As a reference, I also report in Fig. 5.5-b 
the results obtained after 1,200 km of single channel transmission at 100 Gb/s (green 
diamonds). To perform a fair comparison between the curves obtained at different 
distances, I define a relative normalized power, as in section 4.3, so as: 

)800/(log10 10 distPP chch += , where dist is the distance in [km]. According to Fig. 

5.5-b, inter-channel nonlinear effects brought by neighbouring 10 Gb/s NRZ channels 
reduce transmission distance of 100 Gb/s PDM-QPSK channels from 1,200 km to 
800 km. On top of that, cross nonlinearities further limit the performance at 40 Gb/s 
than at 100 Gb/s. 
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Fig. 5.5:  40 Gb/s and  100 Gb/s PDM-QPSK, (a) optical noise sensitivity; and 

(b) tolerance to nonlinear effects in a hybrid WDM configuration (mixed with 

10 Gb/s NRZ) after 800 km of NZDSF. As a reference, the  tolerance to 

intra-channel nonlinear effects of 100 Gb/s PDM-QPSK after 1200 km of NZDSF is 

also depicted. 

The better behaviour against nonlinearities of PDM-QPSK at 100 Gb/s 
compared to that at 40 Gb/s is attributed to the equivalent filter of the phase 
estimation process in the coherent receiver that becomes more effective as the baud 
rate of the coherent-detected signal increases with respect to that of neighbouring 
channels [175]. Indeed, the baud rate increase naturally introduces a longer 
correlation of induced phase noise over consecutive symbols, thus enabling a more 
accurate recovery of the carrier phase and a reduction of the inter-channel related 
impairments. 

According to preceding results, coherent PDM-QPSK technologies seem to be 
more suitable at 100 Gb/s as they are more tolerant against inter-channel 
nonlinearities than at 40 Gb/s. To confirm this statement, we compare the behaviour 
of 40 Gb/s and 100 Gb/s PDM-QPSK over the commercial Alcatel-Lucent 1626LM 
WDM platform when surrounded by 10-Gb/s NRZ channels. More precisely, the 
system configuration relies on a 50-GHz grid and seven spans of SSMF with an 
average span loss of 22 dB, separated by EDFA incorporating DCF spools according 
to legacy terrestrial systems. The power of all channels is set to same level.  

Fig. 5.6 depicts the behaviour of 40 Gb/s and 100 Gb/s PDM-QPSK versus 
the launch power per channel, Pch. PDM-QPSK at 100 Gb/s appears to be more 
robust than at 40 Gb/s to nonlinearities stimulated by NRZ co-propagating channels 
as they reveal penalising for higher powers. The optimum Q2 factor is only reduced 
by less than 2.5 dB when moving from 40 Gb/s to 100 Gb/s whereas linear 
considerations would predict a difference of ~4 dB according to the worse noise 
sensitivity, as observed at low channel power (-6 dBm). Focusing on the power range 
within [-1 dBm, +1 dBm] typically used in 10 Gb/s systems operating over more 
than 20 spans, results show that 100 Gb/s and 40 Gb/s PDM-QPSK perform 
similarly, despite its worse noise sensitivity. Hence, inter-channel nonlinearities are 
found significantly more penalising at 40 Gb/s than at 100 Gb/s also in hybrid WDM 
systems, where the coherent channel is surrounded by 10-Gb/s NRZ channels. 
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Fig. 5.6: Nonlinear tolerance over the commercial Alcatel-Lucent 1626LM platform 

when surrounded by 10 Gb/s NRZ channels. The transmission line consists of 7 spans 

of SSMF with an average span loss of 22 dB.  40 Gb/s and  100 Gb/s 

PDM-QPSK. 

5.2.4 Containing inter-channel nonlinearities in hybrid 

WDM systems 

Next, I study the performance evolution of 40 Gb/s and 100 Gb/s PDM-QPSK over 
10-Gb/s systems operating ULH transport. To emulate such systems, the power per 
channel at each fibre input for all 10 Gb/s NRZ channels is set at the nominal value 
of -1 dBm and measurements are realised after two round trips of the recirculating 
loop, i.e. 800 km. According to Fig. 5.5-b, performance of PDM-QPSK channels is 
impacted noticeably by inter-channel nonlinearities when the power of all channels is 
set at -1 dBm.  

One possibility to improve the performance of coherent PDM-QPSK channels 
in hybrid WDM configuration would be to optimize the power of the 40/100 Gb/s 
coherent channel independently of the power of the 10-Gb/s channels. Fig. 5.7-b 
shows the performance evolution of the test channel while varying its launch power 
around the nominal value of -1 dBm after 800 km. I choose to represent in x-axis the 
relative power of the test channel and I set as a reference the nominal power, i.e. -
1 dBm. Likewise, y-axis represents the variation of performance compared to that 
obtained when the power of all channels is the nominal power of -1 dBm.  

Below the nominal value, the increase of the launch power enables an increase 
of the performance. Once the nominal value is reached, only 0.25-dB increase in 
performance is obtained when increasing the launch power by 3 dB beyond this 
nominal value of -1 dBm for 100 Gb/s and even less for 40 Gb/s channel. This 
performance limitation suggests that coherent PDM-QPSK channels suffer severe 
nonlinear penalties arising from the co-propagating 10 Gb/s NRZ channels [193] that 
are not recovered by increasing the received OSNR. Therefore, the degree of freedom 
consisting in optimizing the channel power of the inserted channel almost vanishes in 
this configuration. 
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Fig. 5.7:  40 Gb/s and  100 Gb/s PDM-QPSK, (a) channel configuration used in 

the experiment and (b) performance variation of the test channel while varying its 

launch power w.r.t. the power of 10 Gb/s NRZ channels( fixed at -1 dBm) after 

800 km of NZDSF. The nominal power is -1 dBm and the reference Q2 factor 

corresponds to the performance obtained when the power of all channels is -1 dBm. 

Another option to contain the penalties brought by co-propagating channels 
on the performance of coherent PDM-QPSK channels in hybrid WDM configuration 
is to introduce guard-bands between coherent PDM-QPSK and 10 Gb/s NRZ 
channels. This option was already investigated in section 4.1 to overcome penalties 
brought by 10 Gb/s NRZ channels onto a coherent PDM-QSPK channel operating at 
40 Gb/s over a SSMF based system. However, a limited guard-band of 300 GHz was 
not sufficient to recover the penalties due to inter-channel effects induced by 10 Gb/s 
NRZ co-propagating channels in that experiment. Since inter-channel effects appear 
to be less penalizing when increasing bit rate from 40 Gb/s to 100 Gb/s, I aim here 
at measuring and comparing the required guard-band for the insertion of a coherent 
PDM-QPSK channel at both 40 Gb/s and 100 Gb/s with only 1-dB performance 
penalty. 

As depicted in Fig. 5.8-a, I investigate this option by gradually moving away 
two sets of 20 adjacent channels (up to 1.1 THz) on both sides of the coherent test 
channel. Ideally, when surrounding channels are far enough from the test one, the 
performance of the test channel should be the same as in a single channel 
transmission. The total number of channels is kept constant and the output power of 
inline amplifiers is set at 15 dBm, corresponding to a launch power of -1 dBm per 
channel.  

To ease comparison between both bit rates, the power of the 40 Gb/s test 
channel is contained at -5 dBm (i.e. 4 dB lower than that of the 100 Gb/s channel), 
in order to obtain approximately the same performance in single channel 
transmission. In the meantime, the power of the 10 Gb/s NRZ channels is kept at -
1 dBm to ensure that the test channel at 40 Gb/s experiments the same amount of 
inter-channel effects as at 100 Gb/s. 
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Fig. 5.8:  40 Gb/s and  100 Gb/s PDM-QPSK, (a) channel configuration used in 

the experiment and (b) performance evolution versus guard-band around PDM-

QPSK channel after 800 km of NZDSF. The power of all channels is -1 dBm. 

The results of these measurements are depicted in Fig. 5.8-b after 800 km for 
both 40 and 100 Gb/s coherent PDM-QPSK channels. It can be seen in this figure a 
slow decrease of the performance penalties up to a channel spacing of 1 Thz. This is 
mainly attributed to XPolM [185][183] (sometimes referred to as polarisation 
scattering) induced by surrounding 10-Gb/s NRZ channels, as discussed in section 
4.1. In fact, PDM-QPSK signals suffer from non-negligible nonlinear interactions even 
coming from co-propagating channels distant by more than 500 GHz, inline with 
results obtained with 40 Gb/s PDM-QPSK of section 4.1.  

100 Gb/s PDM-QPSK is clearly less impacted by impairments brought by 
10 G/s NRZ neighbours than 40 Gb/s PDM-QPSK. The largest penalties are induced 
by the closest adjacent channels, due to the effect of XPM. The maximum penalty is 
observed, as expected, when no guard-band separate the 10 Gb/s NRZ channels from 
the test channel, corresponding to a minimum 50-GHz spacing. This penalty is about 
4 dB at 100 Gb/s whereas it exceeds 5 dB at 40 Gb/s. This highlights the lower 
tolerance of the PDM-QPSK at 40Gb/s against inter-channel effects. Moreover, the 
guard-band required to ensure less than 1 dB penalty in the performance of the 
100 Gb/s channel is of 400 GHz, whereas at 40 Gb/s, a 200 GHz-larger guard-band is 
required, at. 600 GHz. The total transmitted capacity of the system should be 
drastically reduced to ensure performance of 40 Gb/s PDM-QPSK in a hybrid 
10/40 Gb/s WDM system whereas at 100 Gb/s a narrower band gap could be 
considered. Indeed, a 150-GHz guard-band would provide a beneficial 2 dB 
improvement of Q²-factor margins at 100 Gb/s leading to more than 2.5-dB margins 
above the FEC threshold ensuring error-free transmission after FEC. 

5.2.5 Further insight on XPolM: required number of 

channels 

PDM-QPSK signals suffer from inter-channel nonlinearities coming from 
co-propagating channels located very far in the spectrum, as discussed in the 
preceding section. This suggests that one can underestimate the actual cross 
nonlinear interactions experienced by PDM-QPSK channels if only the closest 
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neighbour co-propagating channels are considered. Hence, nonlinearities experienced 
by coherent channels may strongly depend on the number of co-propagating channels.  

I study here the behaviour of the test channel when varying the number of 
surrounding 10 Gb/s NRZ channels, as depicted in Fig. 5.9-a. According to typical 
ULH operation, the power per channel is set at -1 dBm, as in preceding experiments, 
and is kept unchanged throughout all the experiment. Moreover, the launch power of 
the 100-Gb/s test channel is set at the same level as 10-Gb/s NRZ channels, i.e. -
1 dBm as, since independent power optimisation is worthless. Measurements are 
realised after 800 km, i.e. two round trips. 

When decreasing the number of co-propagating 10-G channels from 82 down 
to 20, the output power of the amplifiers is successively decreased from 18 to 12 dBm 
to keep the power per channel to -1 dBm as well as a constant end-of-link OSNR. 
Below the value of 20 co-propagating 10-Gb/s channels, the output power of the 
amplifiers is kept at 12 dBm while part of the 10-Gb/s channels are progressively 
replaced by continuous-wave (CW) channels for constant amplifier loading. When all 
20 co-propagating channels are CW, the measure corresponds to the single-channel 
transmission of the 100 Gb/s coherent PDM-QSPK channel at -1 dBm.  
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Fig. 5.9: 100 Gb/s PDM-QPSK, (a) experimental channel configuration and (b) 

performance evolution versus the number of surrounding 10 Gb/s channels after 

800 km of NZDSF. The power of all channels is -1 dBm. 

Fig. 5.9-b shows the measured performance of the test channel as a function 
of the number of surrounding 10-Gb/s NRZ channels. Co-propagating 10-Gb/s 
channels induce a maximum penalty of about 4 dB with respect to single-channel 
propagation. The performance of the test channel is unchanged (within a 0.5-dB 
range) only if the number of surrounding channels exceeds 40. In other words, 
coherent channel suffer from non-negligible interaction coming from channels more 
than 500 GHz away [186], which confirms results discussed in preceding section. This 
is mainly attributed to the XPolM which is weakly dependent on frequency spacing 
[185].  

Therefore, measuring the performance of 100 Gb/s coherent PDM-QPSK 
requires several tens of surrounding WDM channels to be accurate. Indeed, the 2-dB 
performance variation observed between 5 and 20 surrounding channels indicates that 
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the performance penalties brought by legacy channels onto 100-Gb/s coherent PDM-
QPSK may significantly depend on the test-bed configuration. 

5.3. Interplay between nonlinearities and 

lumped PMD 
According to the results presented in section 4.2.3, the consequences of interplay 
between nonlinearities and PMD may differ from the simple addition of both effects 
separately. In section 4.2.3, PMD was distributed along the line and helped reducing 
nonlinear impairments thanks to the decorrelation between polarisation tributaries 
and PDM-induced depolarisation. In contrast, when located in the line, PMD may 
increase the peak-to-peak power average ratio making the signal weaker against 
nonlinearities encountered further along the rest of the transmission line. Thus, this 
section gives further insight on how the tolerance to PMD can be affected by the 
interplay between located PMD and nonlinearities occurring along the link in 
100 Gbit/s PDM-QPSK coherent systems. I also study the dependence on the 
number of equaliser taps of the PMD tolerance when nonlinear effects are taken into 
account in order to verify the possibility of reducing the receiver complexity. 

5.3.1 Experimental set up 

Depicted Fig. 5.10-a, the test bed involves 82 channels modulated with 
(NRZ-)PDM-QPSK at 100 Gb/s according to the configuration of Fig. 4.1-b. The 
transmission link here consists of four 100-km-long spans of SSMF, separated by dual 
stage EDFAs, incorporating DCF in-between. The PMD of the line is very small and 
does not exceed 1 ps. When needed, a PMD emulator (Fig. 5.10-b) can be inserted at 
the beginning or at the end of the transmission link. It consists of 10 sections of 
polarisation maintaining fibre (PMF) separated by polarisation controllers, which are 
driven by a computer to vary the input state of polarisation (SOP) in each PMF. It 
emulates thus all-order PMD. Two different sets of PMF sections can be used, 
totalizing either 8 ps PMD or 20 ps PMD. 

To ease comparisons, the OSNR is intentionally degraded by loading noise at 
the receiver end (once and for all in each experiment), so that the Q² factor averaged 
over all the PMD conditions reaches the arbitrary reference of 10.5 dB (corresponding 
to a BER of 4x10-4). The channel under study, at 1545.72 nm, is selected by a 0.4-nm 
bandwidth filter and sent into the coherent receiver. 
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Fig. 5.10: (a) Link configuration and (b) PMD emulator scheme. 

5.3.2 Impact of nonlinear effects 

As a reference, I first record the tolerance of 100 Gb/s PDM-QPSK to nonlinear 
effects under these conditions without the PMD emulator, i. e. with less than 1 ps 
PMD in the link. Fig. 5.11 (and Fig. 3.13) shows the results in terms of Q²-factor 
versus the power per channel. Nonlinear impairments arising at high powers per 
channel, Pch, degrade Q² factor, as expected.  

I arbitrarily define here the non linear threshold (NLT) as the value of the 
power per channel leading to a penalty of 2 dB in terms of Q² factor, i.e. 5 dBm, as 
illustrated in Fig. 5.11. When Pch is significantly smaller than the NLT, e.g. Pch=-
1 dBm, linear impairments dominate and we shall call this propagation regime 
“linear”, as opposed to when Pch=5 dBm, which we shall refer to as “nonlinear” 
regime in the following. The next step then is to study the tolerance of 100 Gb/s 
PDM-QPSK to PMD in both regimes. 

Pch [dBm]

Q
2
 f
a
ct
o
r 
[d
B
]

11

7

9

8

10

-4 -2 20 4 6-5 -3 -1 1 3 5

NLT

2dB

 

Fig. 5.11: Nonlinear tolerance of 100 Gb/s PDM-QPSK after 400 km of SSMF with 

fixed OSNR by loading noise at the receiver side. Definition of nonlinear threshold 

(NLT). 

5.3.3 Impact of PMD in linear regime 

I first assess the impact of PMD in the linear regime, i.e. without significant 
nonlinear impairments within the line. BER statistics are derived out of 1000 random 
draws of PMD conditions from the emulator. We compare these statistics when the 
emulator is located at the transmitter or at the receiver side. Fig. 5.12 represents the 
probability density function of the Q²-factor (a) and the cumulative probability 
deviation from the best performance (b) obtained when the PMD emulator is located 
at the receiver side (any performance better than this value has been counted as 0-dB 
deviation). 



5.3. Interplay between nonlinearities and lumped PMD  

 141

Q2-factor deviation [dB]

C
u
m
u
la
ti
v
e
 p
ro
b

Q2 factor [dB]

O
c
cu
rr
e
n
ce
 

[l
o
g
 s
ca
le
]

a. b.

1

10-1

10-3

10-2

1298 1110 13

8 ps PMD 8 ps PMD

0 1 2 3

 

Fig. 5.12: Linear regime, (a) Q²-factor distribution and (b) cumulative probability 

deviation.  Without in-line PMD, with  8 ps PMD when the emulator is placed at 

the transmitter side and  8 ps PMD when the emulator is placed at the receiver 

side.  

Since the PMD is a linear distortion, FIR filters are supposed to efficiently 
mitigate it, as already pointed out. Fig. 5.12 represents the results obtained in linear 
regime with 8 ps PMD as well as the reference result obtained without PMD 
emulation, i.e. <1 ps PMD. The Q²-factor distribution is relatively narrow as there 
are no significant nonlinearities along the line. Moreover, it is almost identical 
whether the PMD emulator is placed at the beginning or at the end of the link, as 
expected in linear regime. Besides, compared to the reference curve obtained without 
PMD a negligible 0.3-dB deviation is observed in Fig. 5.12-b due to the 8 ps PMD. 
This underlines the efficient mitigation of PMD at 100 Gb/s when it does not 
interact with nonlinearities along the transmission line. 

5.3.4 Impact of PMD in nonlinear regime 

The picture changes when moving from a linear to a nonlinear regime since 
nonlinearities present within the line may interact together with PMD and change 
the behaviour of PDM signals. I then carry out similar experiments in the nonlinear 
regime for two different values of PMD, 8 ps and 20 ps. For easier comparison with 
results represented in Fig. 5.12, the Q²-factor penalties due to the increase of Pch are 
compensated for by increasing the received OSNR. Fig. 5.13 shows the results 
obtained in nonlinear regime for 8 ps (top) and 20 ps (bottom) PMD. Like Fig. 5.12, 
Fig. 5.13 represents the probability density function of the Q² factor (left) and the 
cumulative probability deviation (right). When the PMD emulator is located at the 
receiver side, no noticeable difference is observed in the cumulative probability 
compared to the linear regime (Fig. 5.12) even with 20 ps PMD, confirming the 
potential of digital coherent receivers to deal with PMD and mitigate its impact 
when there is no interplay with nonlinear effects.  

In contrast, when the PMD emulator is placed at the transmitter side, about 
0.7-dB of extra margin, in terms of OSNR targeted at the end of the transmission, 
needs to be provisioned for 8 ps PMD to assure the same system performance 
compared to when the emulator is placed at the receiver side. This extra margin 
increases to 1 dB when 20 ps PMD are located also at the transmitter side. This 
highlights the detrimental interaction between PMD and nonlinear effects which is 



Chapter 5. 100-Gb/s systems 

 142

difficult to unwrap by digital processing in the receiver, and which has been 
confirmed in [194]. In fact, PMD increases the peak-to-average power ratio of PDM 
signals, as recently illustrated in [195]. As a consequence, lumped PMD makes 
100 Gb/s PDM-QPSK less resistant to nonlinearities occurred along the transmission 
line. In contrast, when the emulator is located at the receiver end, any additional 
PMD can be easily separated from the nonlinear effects through dedicated 
algorithms. Thus, provisioning independent system margins for PMD and 
nonlinearities can yield a wrong estimation of system outages. 
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Fig. 5.13: Nonlinear regime, Q²-factor distribution (a, c) and cumulative probability 

deviation (b, d) eihter with 8 ps (a, b) and 20 ps (c, d) PMD, whether the emulator 

placed either at the  transmitter or at the  receiver side. 

Since the CPE algorithm and FIR equaliser can be optimized independently 
(according to what we have observed), it would be tempting to lower the receiver 
complexity requirements, and thus reduce terminal costs, by decreasing the number 
of taps used in the equalisation FIR filter. The extra margin required in nonlinear 
regime when the PMD is generated at the beginning of the link for different 
equalisation filter tap lengths are shown in Fig. 5.14. 
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Fig. 5.14: Dependence of Q2 factor extra margins as function of PMD when using a 

FIR equaliser with   3 taps,  5 taps,  9 taps and  13 taps. 

It can be seen that using small tap-lengths in equalisation requires increasing 
margins at 10-³. A 3-taps equaliser is not even able to correctly process a signal 
without PDM. Moreover, an extra margin greater than 2.5 dB is needed for 20 ps of 
PMD when a 5-tap-length equaliser is used. Besides, nearly no improvement is 
observed for a number of taps higher than 9. 

Thereby, 100 Gb/s PDM-QPSK exhibits excellent tolerance to PMD over 
dispersion-managed systems when there is no interaction between nonlinear effects 
and PMD. However, considering nonlinearities and PMD separately would lead to 
underestimate the required margins when designing a system by up to 1 dB for high 
PMD amounts at an outage probability of 10-3 (with a 13-tap equaliser). Besides, 
these margins should be increased while decreasing the number of taps used in the 
equaliser. 

5.4. Increasing the reach of 100 Gb/s 

PDM-QPSK 
The reach of 100 Gb/s PDM-QPSK remains relatively short compared to the reach of 
40 Gb/s PDM-BPSK, for example. The maximum achievable distance of 100 Gb/s 
can be increased in green field systems by means of an appropriate systems design. 
The rise of coherent detection and digital signal processing offers new degrees of 
freedom to optimise systems design. Coherent receivers are able to compensate for 
digitally huge amounts of chromatic dispersion (at expense of processing complexity). 
Consequently, they allow for the possibility to realise long-haul transmission without 
in-line dispersion management instead of using traditional in-line dispersion map. In 
systems without in-line dispersion management, one can use therefore single-stage 
EDFAs or even hybrid Raman/EDFA amplification, thus improving the noise figure 
of the amplifier (as discussed in section 2.4.2). Moreover, the impact of inter-channel 
nonlinearities can be reduced in highly-dispersive links due the decorrelation between 
symbols of different channels from one span to another. Here, I consider a system 
specifically designed for 100 Gb/s PDM-QPSK relying in hybrid Raman/EDFA 
amplification without in-line dispersion management.  
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Fig. 5.15: Link configuration with hybrid Raman/EDFA amplification 

Depicted in Fig. 5.15, the transmission test bed consists of 82 100-Gb/s 
PDM-QPSK channels spaced by 50GHz, according to Fig. 4.1-b. The resulting 
multiplex is boosted through a dual-stage EDFA and sent into the recirculating loop. 
The recirculating loop incorporates here four 100km-long spans of SSMF. No DCF is 
used along the line. Chromatic dispersion is fully compensated digitally through DSP 
in the coherent receiver. Fibre loss is compensated for by hybrid Raman/EDFA 
optical amplifiers. The Raman pre-amplifier is designed to provide ~10 dB on--off 
gain, thanks to backward-propagating laser diodes at wavelengths 1432 nm and 
1457 nm. The performance is measured after six loop round-trips, i.e. after a 
2,400 km. The launch power of the test channel is set at the same level as all the co-
propagating channels. At the receiver side, the channel under study is selected by a 
0.4nm bandwidth filter and sent to the coherent receiver. 
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Fig. 5.16: 100 Gb/s PDM-QPSK behaviour, (a)  after 1600 km of SSMF with 

EDFA-only amplification and with in-line DCF; and (b)  after 2400 km of SSMF 

with hybrid Raman/EDFA amplification and without dispersion management. 

Fig. 5.16 depicts the performance comparison of 100 Gb/s PDM-QPSK 
obtained over a standard link, with EDFA-only amplification and in-line DCF (a), 
and with hybrid Raman/EDFA amplification without dispersion management (b). As 
it can be seen hybrid Raman/EDFA amplification allows an increase of the distance 
from 1,600 to 2,400 km. Focussing in the low power region (-4 dBm), we can observe 
the benefits on the OSNR brought by hybrid Raman/EDFA amplification. Moving 
from 1600 km to 2400 km with unchanged EDFA amplification (and with constant 
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launch power) would imply a reduction of OSNR of dB76.1)16/24(log10 10 ≈  and 

consequently a decrease of performance. In contrast, we observe here a 2-dB 
improvement in terms of Q2 factor after 2400 km thanks to hybrid Raman/EDFA 
amplification which demonstrates the improvement in OSNR. Moreover, the 
optimum performance obtained with hybrid/Raman amplification after 2400 km is 
around 1.5 dB better than after 1600 km with EDFA yielding 2.5 dB margins to 
industrial operation. 

5.5. Summary and field trial 
As discussed throughout this chapter, coherent PDM-QPSK at 100 Gb/s is a very 
promising solution to upgrade legacy 10-Gb/s networks for different reasons. As so, it 
has recently attracted a lot of attention from carriers. First of all, it has a spectrum 
width of 56 GHz which makes it compatible with the standard 50-GHz channel grid. 
It allows thus a tenfold increase of information spectral density of today’s networks 
(from 0.2 to 2 b/s/Hz). Besides, it exhibits an excellent tolerance against linear 
impairments thanks to digital signal processing done in coherent receivers. Before the 
rise of digital coherent receivers, the principal concern for upgrading systems at 
40 Gb/s was the tolerance to linear effects. This fact would have been exacerbated at 
100 Gb/s as the tolerance to linear impairments decreases with the increasing symbol 
rate (for a given modulation format), when signals are combined with direct-detection 
receivers. Another advantage of PDM-QPSK is that its symbol rate is a quarter of 
the total bit rate, relaxing therefore the constraints on the bandwidth and speed 
requirements, and thus the cost of high-speed electronic devices and analog to digital 
converters. Last but not least, PDM-QPSK is more robust against nonlinearities at 
100 Gb/s than at 40 Gb/s thanks to its higher symbol rate, 25 instead of 10 Gbaud. 
Its superior nonlinear tolerance enables 100 Gb/s PDM-QPSK to offset the 4-dB 
worse noise sensitivity w.r.t. 40 Gb/s and perform equally when surrounded by 
10-Gb/s NRZ channels operating for long-haul distances.  

As at 40 Gb/s, PDM-QPSK at 100 Gb/s may suffer (less) from inter-channel 
nonlinear effects stemming from channels located very far in the spectrum. Hence, 
measuring accurately the impact of cross nonlinearities onto the performance of 
100 Gb/s (and 40 Gb/s) coherent PDM-QPSK requires several tens of surrounding 
WDM channels, as demonstrated in this chapter. According to the results presented 
in Chapter 4, the consequences of interplay between nonlinearities and PMD may 
differ from the simple addition of both effects separately. In this chapter, the impact 
of located, instead of distributed, PMD was discussed. Located PMD may increase 
the peak-to-peak power average ratio making the signal weaker against nonlinearities 
encountered further along the rest of the transmission line. According to the results, 
considering nonlinearities and PMD separately would lead to underestimate the 
required margins when designing a system.  

As a proof of the suitability of 100 Gb/s PDM-QPSK to upgrade massively-
deployed 10-Gb/s networks, we have successfully conducted, together with colleagues 
from the business unit, a field trial on Telefónica’s network in Spain. The chosen 
route uses Alcatel-Lucent 1626LM platform and measures 1,088 km between Madrid-
Sevilla-Mérida, as shown in Fig. 5.17-a. The link relies on SSMF and EDFA-only 
amplification, and includes five 50-GHz multi-degree ROADMs. The 100-Gb/s 
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PDM-QPSK channel was generated in Madrid and surrounded by two 40-Gb/s P-
DPSK channels (with 50-GHz spacing) and three 10-Gb/s NRZ channels. Afterwards, 
the five channels were inserted among other 42 channels carrying real 10-Gb/s traffic, 
as illustrated in Fig. 5.17-b. At the receiver side, the 100-Gb/s channel was selected 
by a filter, sent into the coherent receiver described in Chapter 3 and processed 
off-line in a computer. The performance stability of the 100 Gb/s channel was 
measured over more than 24 hours without traffic hit. Fig. 5.17-c reports the results 
of the long-term measurements in terms of Q2 factor time-evolution and probability 
density function. The average Q2 factor was 10.61 dB, with a standard deviation of 
0.16 dB, proof of an excellent stability over the 21,969 measurements done during 
24.4 hours. 
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Fig. 5.17: Field trial over 1088-km Telefónica’s installation of 1626LM between 

Madrid-Sevilla-Mérida. The link relied on SSMF and EDFA-only, and incorporated 5 

ROADMs along the line. (a) Geographical situation, (b) spectrum allocation, (c) 

Q2-factor evolution over more than 24 hours and probability density function. 

This result not only shows the potential of 100 Gb/s PDM-QPSK to upgrade 
standard 50-GHz systems and to co-propagate with 10 and 40 Gb/s channels but also 
demonstrates the interest of carriers onto 100 Gb/s technologies. This interest is 
stressed by the 100 Gb/s ULH-DWDM project driven by the optical internetworking 
forum (OIF) which has adopted coherent PDM-QPSK to aid the industry in the 
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development of transceiver technology for transport of 100 Gb/s signals in long 
distance backbone networks. 
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Outlook and conclusions 

In this thesis, I have investigated polarisation-diversity coherent detection paired 
with phase-modulated polarisation-multiplexed signals for long-haul transmissions at 
40 and 100 Gb/s. Before the rise of coherent detection, one of the major concerns for 
the deployment of high bit rate systems (  40 Gb/s) was the tolerance to linear 
impairments. However, by providing access to all the characteristics of the optical 
field (amplitude, phase and polarisation), digital coherent receivers offer the 
possibility of compensating linear impairments while giving the best noise sensitivity, 
as we have demonstrated. Coherent receivers can exhibit an excellent tolerance to 
linear impairments which depends only on signal-processing receiver capability. 
Besides, combining multilevel phase-modulated signals with polarisation multiplexing 
allows increasing the information spectral density while reducing the requirements on 
bandwidth and speed of electronics and analog-to-digital converters. Nevertheless, we 
have shown that polarisation-multiplexed signals appear to be more sensitive to 
nonlinear impairments. 

First of all, we have emphasized that the two modulated polarisation 
tributaries interact nonlinearly along the transmission limiting the performance of 
single channel propagation. Moreover, in a more realistic WDM context, we have 
evinced that coherent polarisation-multiplexed signals sometimes suffer more from 
inter-channel nonlinearities coming from co-propagating channels located very far in 
the spectrum, contrary to current 10-Gb/s OOK systems. Indeed, nonlinearities, such 
as cross polarisation modulation (XPolM), create sudden changes of the state of 
polarisation which cannot be followed by the (digital) polarisation tracking done in 
coherent polarisation-sensitive receivers. We have attributed these changes in the 
state of polarisation to amplitude and phase fluctuations deteriorating the 
performance of polarisation sensitive receivers whereas they would not affect the 
performance of a polarisation insensitive receiver. Although the impact of these 
nonlinearities can be partially constrained by means of the optimisation of the carrier 
phase estimation, we have shown that they may strongly limit the system 
performance. I have also given further insight on the interaction between PMD and 
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nonlinearities in the context of polarisation-multiplexed coherent systems. Unlike to 
current 10-Gb/s systems, I have proved that, when distributed, PMD often turns out 
to be beneficial by reducing these nonlinear-induced penalties, provided linear PMD 
is compensated for at the receiver side. Digital signal processing in coherent receivers 
can easily perform this compensation. On the contrary, when lumped in the line, 
PMD may increase the peak-to-peak power average ratio. This in turn increases the 
detrimental impact of nonlinearities encountered further in the transmission line.  

I have also compared two different coherent solutions which appear as good 
candidates to upgrade massively deployed 10-Gb/s networks at 40 Gb/s, namely 
PDM-QPSK and PDM-BPSK. The choice of an adequate modulation format is 
always a trade-off between characteristics such as OSNR requirement, spectral width 
and tolerance to narrow filtering, nonlinear tolerance, PMD tolerance and 
transponder complexity. Hence, one cannot say that one format is better in all 
characteristics. We have confirmed experimentally that the two solutions benefit from 
the high noise sensitivity of coherent detection, the potential of compensating for 
linear impairments by means of suitable digital signal processing, and exhibit the 
same information spectral efficiency of 0.8 b/s/Hz. PDM-QPSK has a lower symbol 
rate (a quarter of the bit rate) and thus the constraints on high speed electronics and 
analog-to-digital converters are relaxed. It is therefore potentially more cost-effective. 
Nevertheless, as I have emphasized, PDM-QPSK at 40 Gb/s is severely impacted by 
cross nonlinearities, especially in dispersion-managed systems. PDM-BPSK in turn 
has a double symbol rate compared to PDM-QPSK, but we have shown that it is 
much more tolerant against nonlinearities, even stemming from 10-Gb/s channels. 
Thus, PDM-QPSK could be better suited for cost-effective solutions reaching short 
distance, especially over uncompensated links. PDM-BPSK in turn is likely to be the 
most suitable solution for terrestrial systems covering long distances despite its higher 
requirements in bandwidth and sampling rate. 

The picture changes when moving to 100 Gb/s. The spectrum width of 
PDM-BPSK at 100 Gb/s is of 100 GHz, making its compatibility with the standard 
50-GHz grid very challenging. 100 Gb/s PDM-QPSK in turn has a spectrum width of 
56 GHz (considering the main lobe width from zero to zero) and is consequently able 
to fit in the standard channel spacing. It allows therefore a tenfold increase of the 
total transmitted capacity compared with current 10-Gb/s systems, reaching an 
information spectral density of 2 b/s/Hz. On top of that, we have highlighted that 
moving to higher symbol rates increases the tolerance to cross nonlinearities. Hence, 
our results show that the superior nonlinear tolerance of PDM-QPSK at 100 Gb/s 
enables to offset the 4-dB higher OSNR requirements w.r.t. 40 Gb/s when upgrading 
legacy systems with 10-Gb/s channels.  

I would also stress here that coherent technology is evolving very fast. When I 
began this work, three years ago, first experimental demonstrations at 40 Gb/s using 
coherent detection were still very recent. On the contrary, nowadays, the deployment 
of coherent-based solutions have already began at 40 Gb/s while field trials, as the 
one we have conducted together with the collegues from the business unit and which 
is reported in section 5.5, prove the suitability of 100 Gb/s to upgrade legacy 
networks and demonstrate the actual interest of carriers onto 100 Gb/s solutions.  

Finally, we have identified that the maximum reach of coherent systems is 
mainly limited by nonlinearities. Two main options appear to partially overcome this 
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limitation: the design of dedicated systems in green field and the nonlinear mitigation 
through digital signal processing. Some recent works have demonstrated promising 
results with digital nonlinear compensation but with single channel. On the contrary, 
specific system design has revealed very effective to increase the reach of WDM 
coherent systems. In this context, the use of uncommon large effective area fibres can 
reduce the strength of nonlinearities while hybrid Raman/EDFA or Raman-only 
amplification reduces the noise figure of the amplifiers providing a better OSNR at 
the end of the transmission line. The fact that there is much room for research in the 
field of optical fibres, even multi-mode fibres which have a larger effective area, and 
in the field of digital equalisation opens the door for the optimism that even longer 
distances with higher capacities could be reached. 

 





 

 153

Appendices 

A. Bit error ratio and Q2 factor 
The performance of an optical transmission system is often measured in terms 

of bit error ratio (BER) or Q2-factor. The BER is defined as the ration between the 
number of errors found after decoding, Nerrors, and number of detected bits, Ntot:  

errors

tot

N
BER

N
=  (A.1) 

Hence, the lower the BER, the better the system behaves. The most important 
feature of a digital transmission system is indeed the ability to operate with a 
sufficient small BER. A transmission is considered “error-free” when BER is smaller 
than 10-13 after propagation. 
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Fig. A.1: Probability symbol density of a noisy OOK signal 

The Q-factor was first defined to estimate the performance of OOK systems. 
Fig. A.1 depicts the probability density of the two symbols of an OOK signal, ‘0’ and 
‘1’. One can express the optimal decision threshold on a signal degraded by ASE:  

0 1 1 0

0 1
DI

σ µ σ µ
σ σ

+
=

+
 (A.2) 

where 0µ  and 1µ are the mean photocurrents of the symbol ‘0’ and ‘1’, respectively; 

and 0σ  and 1σ  are the standard deviations. The Q factor is then defined as:  

1 0
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Q
µ µ
σ σ

−
=

+
 (A.3) 

The photocurrent of an ideal photodiode can be approximated with a Gaussian 
distribution for high enough OSNR (>10 dB) and low ISI. Under these assumptions, 
Q-factor can be used to estimate the BER following the expression [196]:  



A. Bit error ratio and Q2 factor 

 154

1
2 2

Q
BER erfc

 
=  

 
 (A.4) 

where ( )erfc x  is the complementary error function, which for a Gaussian distribution 

is:  

2( ) exp( )
x

erfc x y
∞

= −∫  (A.5) 

Throughout this thesis, Q factor is not used to estimate BER but it is used as a 
conversion of a measured BER and expressed in [dB], so as:  

( )2 1
1020 log 2 2Q factor erfc BER− =    (A.6) 

Q2 factor in [dB] has the advantage of being proportional to the OSNR. 1-dB increase 
in OSNR results in ~1 dB increase in Q2 factor, as shown in Fig. 3.4. Fig. A.2 shows 
the relation between the BER and the Q2 factor as well as the correspondence of 
several usual values. 
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Fig. A.2: Relation between bit error ratio and Q2 factor. 
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B. Capacity increase of unrepeatered 

submarine systems using 100 Gb/s 

coherent PDM-QPSK  
Unrepeatered transmission systems aim mainly to provide high capacity over long 
distances with no active elements within the line, consequently reducing the line 
complexity and the overall system cost. Following this purpose some experiments 
have already demonstrated high capacities as 2.56 Tb/s [197] over 230 km and 
1.28 Tb/s [198] over 402 km with 64 and 32 channels at 40 Gb/s, respectively. The 
evolution towards 100 Gb/s per channel in unrepeatered systems has been proposed 
by Du et al. [199] with only 3 channels and over a relatively modest 300-km long 
distance. Moreover, the total transmitted capacity achieved in this experiment was 
lower compared with [197] and [198].  

We propose to take full advantage of coherent detection and to combine it 
with PDM-QPSK at 100 Gb/s over an unrepeatered system for the first time, to the 
best of our knowledge. We transmit a WDM comb of 26 channels over a 50 GHz grid, 
yielding a spectral efficiency of 2 b/s/Hz, achieving a transmission of a total capacity 
of 2.6 Tbit/s, over a 401-km long distance over the FEC limit. 

B.1 Experimental set up 

Depicted in Fig. B.1, the bed consists of 26 channels spaced by 50 GHz and 
modulated with 100 Gb/s PDM-QPSK, according to Fig. 4.1. DFB lasers range from 
1552.1 nm to 1562.2 nm. The resulting multiplex is passed through a dual-stage 
EDFA incorporating dispersion compensating module (DCM) which compensates 
20% of the total chromatic dispersion of the link. Afterwards the signal is boosted 
through a high power Erbium-Ytterbium doped fibre amplifier (EYDFA) which 
delivers up to 30 dBm total power. 
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145 km
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ROPA

DCM
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Tx
(26 ch)
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Raman 
pump
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Fig. B.1: Experimental set up 

The link consists of two sections of enhanced-pure silica core fibre (E-PSCF) 
with 110 µm² effective area separated by a remote optically pumped amplifier 
(ROPA). The first one is 246-km long and a second one referred to as remote of 
145-km long. The total link loss is 66.9 dB at 1560 nm and the total cumulated 
chromatic dispersion is +8260 ps/nm. 

The ROPA is counter-directionally pumped by a Raman fibre laser located at 
the receiver side and set to deliver 5.5 W at 1276 nm. As described in Fig. B.2, the 
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energy is transferred progressively from 1276 nm to a wavelength band around 
1360 nm and from 1360 nm to a band around 1480 nm, through second-order Raman 
amplification. Thus, the optical power at 1480 nm is amplified within the fibre of the 
remote section achieving a maximum around 25 km away from the end of the link. 
The pump power provided to the ROPA is 5.5 mW (7.4 dBm) for 145-km length 
remote section. Moreover, signal is further amplified in the remote section fibre 
thanks to another Raman energy transfer (third-order) from the ROPA pump at 
1480 nm to the C-band. The total signal gain provided by this third-order Raman 
pump is 39 dB. At the receiver end, each channel is isolated from the rest of the 
multiplex by a tuneable filter and sent to the coherent receiver. 
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Fig. B.2: Evolution of signal power per wavelength channel and pumps power 

(1276 nm, 1356 nm and 1480 nm) along the link. 

B.2 Results 

The power of all channels is not identical at the input of the link. Indeed, the 
injected power of channels located at shorter wavelengths is higher than the power of 
the channels at longer wavelengths. Thus, the spectrum is tilted by 1.8 dB as it can 
be seen in Fig. B.3-a. The tilt at the input of the link compensates for both inter-
channel Raman effect arising in the link fibre and tilted gain spectrum of the remote 
section [198]. Some remaining tilt is observed on the channel spectrum at the output 
of the link, as seen in Fig. B.3-b. Nevertheless, the measured OSNR of the channels 
was well equalised with mean value of 17.1 dB/0.1 nm. 
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Fig. B.3: Measured channel spectra (res.=0.2 nm) at link input (a) and output (b) of 

the link. 

The measured Q² factors for the 26 channels are plotted in Fig. B.4. Virtually 
constant Q² factor performance of all channels is obtained thanks to the tilt applied 
at the input of the link. The average Q² factor is 9.1 dB, while the best is 9.5 dB. 
The worst performing channel gives a Q² factor of 8.8 dB, i.e. above the FEC limit 
yielding 10-13 BER after correction, assuming today’s commercial 10 Gbit/s FEC 
techniques with 7% overhead. This would not provide enough system margins for 
field deployment which requires a performance at least 2-dB above the FEC limit. 
Repair and aging margins could be obtained by reducing reach by a few tens of 
kilometres or reducing the number of transmitted channels. 
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Fig. B.4: Measured performance of the 26 channels after 401-km long unrepeatered 

transmission. 

B.3 Summary 

A data flow transmission at 2.6 Tbit/s, over a 401-km long unrepeatered system, has 
been experimentally demonstrated. This has been achieved with 26 PDM-QPSK 
channels at 100 Gb/s detected in a coherent receiver. Channels were spaced by 
50 GHZ yielding an information spectral density of 2 bit/s/Hz. Besides, system 
amplification was performed by a conventional high power booster and a third order 
remote optically pumped amplifier. 

In a practical deployment system, repair and aging margins could be obtained 
by reducing reach by a few tens of kilometres or reducing the number of transmitted 
channels. Anyhow, this experiment demonstrates the suitability of coherent solutions 
for the next generation of unrepeatered systems carrying very-high capacities over 
relatively long distances.  
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