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Résumé

Avec la demande croissante en matiére de consommation Internet, une nouvelle génération de
systémes de communication est présentement en cours de développement. L’une des caractéris-
tiques de cette nouvelle génération est qu’elle exploite le multiplexage spatial afin d’augmenter
la capacité et le niveau d’intégration des réseaux. Dans ce contexte, il est judicieux de s’in-
téresser a la place que pourrait occuper le multiplexage spatial dans la technologie de fibres

amplificatrices.

A court terme, le multiplexage spatial pourrait étre utilisé conjointement avec le pompage par
la gaine afin de diminuer la complexité et le nombre de composants dans les noeuds des réseaux
de communication ayant de nombreux ports d’entrée et de sortie & amplifier & un méme endroit,
en permettant 'amplification simultanée des signaux présents dans plusieurs coeurs d’une
méme fibre optique et & partir d’une seule source de pompage. Cependant, avec le pompage
par la gaine, la puissance pompe est répartie sur l'entiéreté de la gaine, menant ainsi & une
faible intensité lumineuse de la pompe, ce qui a pour effet d’accentuer les effets de saturation

de I'amplification, les rendant ainsi moins compatibles avec les réseaux reconfigurables.

Une application alternative pour le pompage par la gaine est I’amplification de signaux dans
la bande L. En effet, il s’agit d’une application ot les niveaux d’inversion de population d’ions
d’erbium requis sont plus bas, ce qui est compatible avec la forte saturation propre au pompage

par la gaine.

Dans ce contexte, cette thése vise a explorer I'intérét du développement de fibres amplificatrices
pompées par la gaine pour les réseaux de communication et & proposer des améliorations

concrétes relatives a cette technologie.

D’abord, le chapitre 1 vise & déterminer si, et sous quelles conditions, le co-dopage a I’erbium-
ytterbium est préférable au dopage & ’erbium seul dans les fibres amplificatrices pompées par
la gaine qui amplifient la bande C dans les réseaux de communication. Ce chapitre permet
de conclure que le co-dopage & l'erbium-ytterbium est généralement uniquement préférable a
I’erbium seul lorsque 'amplificateur doit étre opéré en régime de forte saturation ou lorsque

la région spectrale couverte par 'amplificateur ne s’étend pas en bas de 1535 nm.

Ensuite, le chapitre 2 étudie I'impact de la géométrie de distribution des ions d’erbium sur

il



le gain et la compression du gain dans une fibre amplificatrice pompée par la gaine. Plus
spécifiquement, le dopage en anneau autour du coeur est comparé au dopage uniforme dans
le coeur et & un profil de dopant qui couvrirait & la fois le coeur et une région périphérique
du coeur afin de couvrir presque entiérement le mode fondamental. Ce chapitre permet de
conclure que, parmi ces géométries, le dopage en anneau autour du coeur est celui qui permet

de minimiser les effets de saturation.

Puis, le chapitre 3 présente une nouvelle méthode de couplage latéral de la pompe dans la
gaine, sans fusion et sans altération du signal, qui permet d’augmenter 'efficacité de couplage

de la pompe significativement par rapport aux méthodes alternatives sans fusion.

Les chapitres 4 a 6 présentent un processus d’optimisation ayant pour but d’utiliser les ana-
lyses et développements des chapitres 1 & 3 pour concevoir un amplificateur & fibre a coeurs
multiples répondant de facon optimale aux spécifications requises pour un amplificateur s’in-
sérant dans un noeud de réseau reconfigurable et couvrant la bande C. Le chapitre 4 présente
la fabrication et la caractérisation de la premiére fibre amplificatrice a coeurs multiples uti-
lisant une géométrie de distribution des ions actifs en anneau autour de chacun des coeurs.
Ses performances s’avérent étre décevantes dii au taux élevé d’agrégats d’ions d’erbium et a
la présence d’ASE dans la gaine. Dans le chapitre 5, un nouveau design de coeur est testé, en
fabriquant une fibre amplificatrice a coeur unique, afin de corriger les deux principales lacunes
de la fibre précédente. Dans le chapitre 6, le design présenté au chapitre 5 est réutilisé dans
une seconde itération de fibre amplificatrice & coeurs multiples. Cette fibre est caractérisée en
injectant de la puissance pompe dans la gaine et de la puissance signal simultanément dans
tous les coeurs a 'aide d’un fan-in/fan-out pour mesurer le gain, le facteur de bruit ainsi que

les variations de gain entre les coeurs.

Le chapitre 7 explore une application alternative du pompage par la gaine en investiguant
I'utilisation de couches concentriques hétérogénes de dopage & l'erbium seul et de co-dopage
a 'erbium-ytterbium afin de maximiser l'efficacité de conversion de puissance dans les fibres

amplificatrices pompées par la gaine et couvrant la bande L.

Le chapitre 8 démontre qu’il est possible de recycler la puissance pompe résiduelle a la sor-
tie d’une fibre amplificatrice multicoeur pompée par la gaine en y inscrivant un réseau de
Bragg intra-gaine. Cette méthode a ’avantage de ne pas nécessiter l'ajout de composants

additionnels, a I’entrée et & la sortie, qui peuvent induire des pertes d’insertion.

Finalement, le chapitre 9 est une discussion générale sur les progrés effectués dans le cadre
de cette thése ainsi que les défis qui restent & surmonter par rapport a 'utilisation des fibres

amplificatrices pompées par la gaine dans les réseaux de communication.
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Avant-propos

Dans cette thése, huit chapitres sont basés sur des articles de journaux ou de conférences, soit

les chapitres 1 & 8.

Pour assurer la cohérence et I'uniformité entre les différents chapitres de la thése, les symboles
utilisés dans ces chapitres ont été adaptés a ceux présentés a la table des symboles et constantes
physiques du présent document.
Chapitre 1 :
— Oq —7 Oabs
— O¢ = Tems
Chapitre 2 :
— Oap —7 Oabs,p
— Oag,\ —7 Oabs,\
— Oe\ 77 Oems,\
— P — PEr
— Py = Psin
Chapitre 4 :
— k= ey
Chapitre 7 :
— Aping = A
De plus, certaines corrections additionnelles, énumérées ci-dessous, ont été apportées suite aux
commentaires des membres du jury.
Chapitre 3 :
— n =133 - n=1.363

Chapitres 5 et 6 : Afin de clarifier que les oxydes ne sont pas ajoutés directement a la solution

et qu’ils sont plutét formés lors de I'étape de frittage :

— Al;,O3 — aluminium
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— P505 — phosphorus
— Al,O3 — aluminium

La phrase ci-dessous a été ajoutée afin de clarifier que la mesure prise au CAMECA néglige
la présence d’AIPOy :

— It is worth noting that the CAMECA measurement results neglect the presence of AIPQOy,
leading to an overestimation of the concentrations of AloO3 and P2O5 which are actually
indicative of the total concentration of aluminium and phosphorus elements in the glass

matrix.

Contribution personnelle aux articles publiés

Le chapitre 1 correspond a I’article "Modeling and characterization of cladding-pumped erbium-
ytterbium co-doped fibers for amplification in communication systems" rédigé dans le cadre
d’une collaboration avec Nokia Canada et paru en décembre 2019 dans la revue IEEE Journal
of Lightwave Technology, Vol. 38, No. 7, pp. 1936-1944. L’article vise & déterminer si, et sous
quelles conditions, le co-dopage a I'erbium-ytterbium est préférable au dopage a I’erbium seul
dans les fibres amplificatrices pompées par la gaine qui amplifient la bande C dans les réseaux
de communication. Pour ce faire, deux fibres ayant un polymére guidant et une gaine en forme
de D ont été fabriquées et caractérisées en laboratoire. Les résultats de mesures ont ensuite
été comparées a un modéle numérique afin de le valider. Une fois validé, ce modéle numérique
a finalement pu étre utilisé afin d’estimer les performances de fibres dopées a I'erbium seul
ou & erbium-ytterbium dans différents scénarios afin de les comparer. Dans le cadre de cet
article, mon réle a été de concevoir les designs de fibres et de les soumettre aux techniciens
pour fabrication, de caractériser les deux fibres en laboratoire, d’élaborer et de valider le mo-
déle numérique, d’utiliser ce modéle & des fins d’estimation de performances de fibres dopées
sous différents scénarios et, finalement, de rédiger I’article. J’ai aussi assuré la rédaction des
réponses aux questions du comité de révision. Je tiens a remercier Roland Ryf, Nicolas K.
Fontaine, René-Jean Essiambre, Haoshuo Chen, Colin Kelly, Younés Messaddeq et Sophie La-
Rochelle pour leurs précieux conseils et commentaires dans le cadre des analyses théoriques,

des expériences au laboratoire et du processus de rédaction.

Le chapitre 2 correspond & l'article "Demonstration of an erbium-doped fiber with annular
doping for low gain compression in cladding-pumped amplifiers" rédigé dans le cadre d’une
collaboration avec Nokia Canada et paru en octobre 2018 dans la revue Optics Express, Vol.
26, No. 20, pp. 26633-26645. L’article étudie 'impact de la géométrie de distribution des
ions d’erbium sur le gain et la compression du gain dans une fibre amplificatrice pompée par
la gaine. Plus spécifiquement, le dopage en anneau autour du coeur est comparé au dopage
uniforme dans le coeur et & un profil de dopant qui couvrirait a la fois le coeur et une région

périphérique du coeur afin de couvrir le mode du signal presque entiérement. Dans le cadre de
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cet article, un modéle numérique est d’abord utilisé afin de prédire la performance des trois
géométries de distribution du dopant. Ensuite, une fibre ayant un profil de dopant en anneau
est fabriquée et caractérisée afin de valider I'exactitude du modéle dans le cas particulier de
simulations de fibres amplificatrices ayant une géométrie de distribution du dopant en anneau.
Pour cet article, mon role a été de concevoir le modéle numérique, de 'utiliser pour générer
tous les résultats de simulation, de caractériser la fibre en laboratoire et de rédiger 'article. J’ai
aussi assuré la rédaction des réponses aux questions du comité de révision. Je tiens a remercier
Haoshuo Chen, Nicolas K. Fontaine, Roland Ryf, René-Jean Essiambre, Colin Kelly, Cang Jin,
Younés Messaddeq et Sophie LaRochelle pour leurs précieux conseils et commentaires dans le

cadre des analyses théoriques, des expériences au laboratoire et du processus de rédaction.

Le chapitre 3 correspond a 'article "Novel fuseless optical fiber side-coupler based on half-
taper for cladding-pumped EDFAs" présenté a la "Optical Fiber Communication Conference"
en mars 2020. L’article présente une nouvelle méthode de couplage latéral de la pompe dans la
gaine, sans fusion et sans altération du signal, qui permet d’augmenter 'efficacité de couplage
de la pompe significativement par rapport aux méthodes sans fusion alternatives. En plus
d’expliquer en quoi consiste cette nouvelle méthode, 'article présente des résultats de mesure
de l'efficacité de couplage pour différentes géométries d’effilage. Pour cet article de conférence,
mon role a tout d’abord été de proposer cette nouvelle méthode. Il est & noter qu’une demande
de brevet est en cours. Ensuite, j’ai assemblé les coupleurs latéraux en laboratoire, mesuré leur
efficacité de couplage, rédigé I'article et présenté les résultats a la conférence. Je tiens a re-
mercier Younés Messaddeq et Sophie LaRochelle pour leurs précieux conseils et commentaires
dans le cadre des expériences au laboratoire et du processus de rédaction ainsi que Ruohui

Wang pour son aide au laboratoire avec la fabrication des fibres coniques.

Le chapitre 4 correspond a ’article "An 8-core erbium-doped fiber with annular doping for low
gain compression in cladding-pumped amplifiers" rédigé dans le cadre d’une collaboration avec
Nokia Canada et présenté a la "45th European Conference on Optical Communication" en
septembre 2019. L’article présente la fabrication et la caractérisation de la premiére fibre am-
plificatrice & coeurs multiples ayant une géométrie de distribution des ions d’erbium en anneau
dans chacun de ses coeurs. Dans le cadre de cet article, j’ai soumis un design initial de fibre
aux techniciens, visant & répondre aux besoins de I'industrie, pour ensuite ’adapter itérative-
ment en fonction de certaines contraintes de fabrication qui ont uniquement pu étre identifiées
suite & la fabrication de plusieurs préformes. Ensuite, mon réle a été de caractériser la fibre
au laboratoire, de simuler la fibre & I'aide d’'un modéle numérique, d’analyser les résultats en
comparant les données expérimentales aux simulations, de rédiger ’article et de le présenter
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des analyses théoriques, des expériences au laboratoire et du processus de rédaction.
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Le chapitre 5 correspond a 'article "Characterization of an aluminophosphosilicate fiber with
annular erbium doping for improved performance of cladding-pumped amplifiers" écrit dans
le cadre d’une collaboration avec Nokia Canada et présenté a la "46th European Conference
on Optical Communication" en décembre 2020. L’article présente un nouveau design de coeur
visant a corriger les deux principales lacunes de la fibre présentée au chapitre 4. Dans le cadre
de cet article, mon role a consisté & concevoir le nouveau design de fibre et de 'ajuster ité-
rativement en fonction de mesures prises suite & la fabrication de plusieurs préformes afin de
considérer les contraintes de fabrication reliées a l'utilisation d’aluminophosphosilicate. J’ai
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senté l'article en question lors de la conférence. Je tiens & remercier René-Jean KEssiambre,
Colin Kelly, Younés Messaddeq et Sophie LaRochelle pour leurs précieux conseils et commen-
taires dans le cadre des analyses théoriques, des expériences au laboratoire et du processus de

rédaction.

Le chapitre 6 correspond a l'article "Multicore Cladding-Pumped Fiber Amplifier with Annular
Erbium Doping for Low Gain Compression" paru en janvier 2022 dans la revue IEEE Journal of
Lightwave Technology, Vol. 40, No. 6, pp. 1836-1846 et écrit dans le cadre d’une collaboration
avec Nokia Canada. Le chapitre présente la fabrication et la caractérisation de la seconde
itération de fibre amplificatrice & coeurs multiples ayant une géométrie de distribution des ions
d’erbium en anneau autour de chacun de ses coeurs. Dans le cadre de cet article, j’ai soumis un
design initial de fibre aux techniciens pour ensuite choisir le ratio d’étirement entre la préforme
et la fibre en fonction de simulations basées sur des mesures effectuées sur la préforme. Ensuite,
mon réle a été de caractériser la fibre au laboratoire et de lancer des simulations permettant de
déterminer la longueur de fibre requise avec fan-in/fan-out, lorsque tous les coeurs regoivent
de la puissance de signal simultanément. J’ai aussi fait les démarches afin de sous-traiter la
fabrication d’un fan-in/fan-out adapté a la fibre avec I'entreprise Chiral Photonics et mesuré
les performances de chacun des huit coeurs, au laboratoire, avec fan-in/fan-out, lorsque tous
les coeurs sont utilisés. Finalement, j’ai assuré la rédaction de 'article et formulé la réponse
destinée au comité de révision. Je tiens a remercier René-Jean Essiambre, Colin Kelly, Younés
Messaddeq et Sophie LaRochelle pour leurs précieux conseils et commentaires dans le cadre

des analyses théoriques, des expériences au laboratoire et du processus de rédaction.

Le chapitre 7 correspond a ’article "Concentric Layers with Heterogeneous Doping for Cladding-
Pumped L-Band Fiber Amplifiers" écrit dans le cadre d’une collaboration avec Huawei Canada
et présenté a la conférence "Photonics West 2022" en janvier 2022. Dans le cadre de cet ar-
ticle, qui explore I'intérét des couches concentriques hétérogénes de dopants afin d’augmenter
Iefficacité de conversion de puissance, j’ai congu le modéle numérique requis pour considérer

deux structures de distribution du dopant différentes dans un méme coeur. J’ai aussi effectué
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les simulations numériques et rédigé 'article. Finalement, j’ai présenté les résultats lors de la
conférence. Je tiens & remercier Lixian Wang, Frédéric Maes, Younés Messaddeq et Sophie
LaRochelle pour leurs précieux conseils et commentaires dans le cadre des analyses théoriques

et du processus de rédaction.

Le chapitre 8 correspond a 'article "Large area Bragg grating for pump recycling in cladding-
pumped multicore erbium-doped fiber amplifiers" paru dans la revue Optics Express en mai
2022. Dans le cadre de cet article, qui démontre I'intérét du recyclage de la puissance pompe
résiduelle & la sortie de la fibre & I'aide d’un ICBG afin d’augmenter 'efficacité de conversion de
puissance, j’ai congu le modéle numérique requis pour considérer la puissance pompe réfléchie
se propageant dans le sens inverse du signal. J’ai aussi effectué les simulations numériques
ainsi que les mesures expérimentales du gain et du facteur de bruit, conduit les analyses
ayant permis d’estimer la réflectivité efficace ainsi que la PCE et rédigé toutes les sections de
I’article, hormis la seconde qui a principalement été rédigée par Lauris Talbot. Il est & noter
que 'inscription du ICBG a aussi été pris en charge par Lauris Talbot. Je tiens finalement &
remercier Lauris Talbot, Younés Messaddeq, Martin Bernier et Sophie LaRochelle pour leurs
précieux conseils et commentaires dans le cadre des analyses théoriques, des expériences au

laboratoire et du processus de rédaction.
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Introduction

I.1 Mise en contexte

I.1.1 Réseaux de communications optiques

Pendant I'époque précambrienne, certaines formes de vie ont développé des photorécepteurs
biologiques permettant de détecter la présence de lumiére ambiante dans leur environnement
[18; 19]. Aujourd’hui, la majorité des espéces animales possédent des organes photosensibles,
beaucoup plus complexes qu’un simple photorécepteur [20], qui leur permettent de recevoir da-
vantage d’information en provenance de leur environnement immédiat. Au fil des millénaires,
cette caractéristique morphologique a influencé les interactions interspécifiques et intraspéci-
fiques, notamment en permettant aux individus de communiquer des messages visuels entre
eux, par l'intermédiaire de pelage coloré, de mouvements expressifs ou de toute autre forme
d’information qui se transmet par la lumiére [21], contribuant ainsi & la création de réseaux

d’individus collaboratifs.

De fagon analogue, les réseaux de communications optiques déployés au cours du 20°¢ siécle
utilisent aussi des signaux lumineux pour connecter les individus entre eux, en assurant une
communication continue et quasi instantanée entre des individus de partout a travers le monde.
Autrefois accessibles par une infime partie de la population mondiale, la diminution des cotts
économiques reliés au déploiement et a ’entretien de ces réseaux a permis de démocratiser
Iinformation. Aujourd’hui, c¢’est plus de 65% de la population mondiale qui a accés a Internet
[22]. Pendant ce temps, le trafic internet total a augmenté de fagon exponentielle, ouvrant
ainsi la porte & des applications telles que la diffusion vidéo en temps réel, la domotique ou

encore l'infonuagique [23].

Alors que les guides d’ondes creux ont été considérés pour la transmission d’information sur des
longues distances vers la fin des années 50 [24], la fibre optique est finalement la technologie qui
a été retenue par I'industrie pour déploiement a partir des années 1980 [23]. Ayant un diamétre
de quelques dizaines de microns et composées de silice, un matériau peu dispendieux, les fibres
optiques peuvent aujourd’hui atteindre des pertes aussi faibles que 0.1419 dB/km [25] et une
capacité de 10.66 Pb/s par fibre [26]. La fibre optique est donc aujourd’hui le principal medium

utilisé pour acheminer 'information dans les réseaux de communications optiques déployés a



travers le monde.

1.1.2 Fibres amplificatrices

L’étendue planétaire des réseaux actuels implique qu'un signal doit pouvoir étre acheminé sur
des milliers de kilométres tout en conservant une qualité de signal suffisante pour minimiser
les pertes d’information lors de la détection. Or, malgré les faibles pertes par kilomeétre qu’on
retrouve dans une fibre optique moderne, il est nécessaire d’amplifier le signal périodiquement
pour assurer que l'information puisse étre reque par le destinataire [27]. Pour cela, il est
souhaitable d’utiliser un amplificateur optique qui, par définition, permet d’amplifier un signal
lumineux directement sans recourir & une conversion électrique, quelle qu’elle soit, afin d’éviter

les cotlits engendrés par cette complexité additionnelle.

L’une des technologies permettant d’amplifier un signal optique directement est I’amplificateur
optique a semi-conducteur. Or, le principal probléme avec cette technologie provient du fait
que la durée de vie de ses états supérieurs est extrémement courte, de sorte que les variations
instantanées de la puissance du signal dans chacun des canaux amplifiés ont un effet sur le gain
des autres canaux amplifiés, causant par le fait méme de la diaphonie inter-canaux [28]. Ainsi,
vu leur temps de vie largement supérieur, on préfére généralement utiliser des amplificateurs
a fibre dopée a 'erbium. Leur temps de vie élevé combiné a leur large bande d’amplification
autour de la région spectrale ayant les plus faibles pertes dans une fibre optique de silice
standard, communément appelée bande C, permet 'amplification en paralléle de multiples
canaux situés a des longueurs d’onde distinctes avec peu d’interférence entre les canaux. De
plus, les amplificateurs a fibre dopée a I’erbium offrent un gain élevé, un facteur de bruit
faible, une puissance de saturation élevée et sont peu sensibles en polarisation tout en étant

peu couteux et facile a connecter sur une fibre passive standard [29].

Typiquement, un amplificateur & fibre dopée a I'erbium est constitué 1) d’une fibre ayant un
coeur dopé d’ions d’erbium, 2) d’une source de pompage émettant de la puissance dans 1'une
des régions spectrales d’absorption de ’erbium, soit autour de 980 nm ou de 1480 nm, et 3)
d’un multiplexeur spectral permettant de combiner le signal d’entrée et la pompe dans le coeur
de la fibre dopée. Tous ces composants sont assemblés et insérés dans le lien de communication
a amplifier & I’aide de fusions tel que présenté a la figure I.1. Des isolateurs sont aussi insérés
entre les amplificateurs afin d’éviter 'obtention d’un effet laser et de limiter l'interférence

multi-parcours.

Puisque les besoins de 'industrie varient largement selon ’application spécifique pour laquelle
un amplificateur est utilisé, les contraintes de conception des amplificateurs sont, elles aussi,

trés variées selon le type de réseaux de communications optiques considéré.
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FI1GURE 1.1 — Schéma d’un amplificateur a fibre dopée a ’erbium pompée par le coeur.

Fibres amplificatrices dans les liens de communication sous-marins

Afin de connecter les réseaux de communications optiques des divers continents entre eux,
des centaines de cables sous-marins ont été déposés au fond des océans [30|. Puisque les
signaux doivent étre amplifiés a tous les 60 km & 100 km, des amplificateurs optiques sont
répartis sur toute la longueur du cable, tel qu’illustré a la figure 1.2. Sur les rives, I’équipement
d’alimentation électrique fourni une tension pouvant aller jusqu’a +15000 V, acheminée aux
amplificateurs par l'intermédiaire d’un cable de cuivre [1]. Dans un tel contexte, le nombre
de fibres optiques contenues dans un cable est contraint par ’alimentation électrique totale
disponible. Dans ces liens sous-marins, l'efficacité de conversion de puissance est donc un

facteur crucial & considérer lors de la conception d’un amplificateur optique.

Dry plant

Maximum Depth:
8000m

FIGURE 1.2 — Schéma des principales parties d’un systéme sous-marin. Figure tirée de [1].

Fibres amplificatrices dans les multiplexeurs optiques d’insertion-extraction
reconfigurables (ROADMs)

Dans les réseaux de communication actuels, des multiplexeurs optiques d’insertion-extraction
[31] permettent d’acheminer les différents canaux spectraux d’une méme fibre vers plusieurs
fibres distinctes, afin de leur faire emprunter des trajectoires différentes et ainsi exploiter la
granularité inhérente du multiplexage spectral [32]|. Puisque la demande croit et évolue avec
le temps, ces multiplexeurs sont aujourd’hui généralement reconfigurables a distance [33], tel

que présenté a la figure 1.3 afin de permettre une adaptation des réseaux a la demande, sans



devoir recourir & une intervention manuelle de la part d’un technicien.
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FI1GURE 1.3 — Schéma d’un ROADM & quatre directions. WSS, wavelength selective switch
ou commutateur sélectif de longueur d’onde; PS, power splitter ou répartiteur de puissance.
Figure tirée de [2].
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Alors que les réseaux utilisaient auparavant une grille fixe standardisée qui divise la bande
C en divisions spectrales de 50 GHz ou 100 GHz de largeur de bande, une grille flexible est
aujourd’hui privilégiée afin d’exploiter optimalement la bande C et d’ouvrir la porte aux types
de modulation qui occupent plus de 100 GHz de largeur de bande. Le schéma 1.4 illustre la

différence entre les réseaux a grille fixe et ceux a grille flexible.

Que la grille soit fixe ou flexible, les amplificateurs utilisés dans les ROADMs, représentés par
des triangles oranges & la figure 1.3, recoivent un nombre de canaux et une puissance du signal
a 'entrée qui peut varier significativement au cours de leur durée de vie. Or, typiquement, les
amplificateurs optiques sont opérés en régime de saturation tel qu’illustré par la ligne poin-
tillée bleue a la figure I.5. Un tel régime permet de compenser les pertes dues a la dépréciation
des systémes ou & tout événement incontrdlable en fournissant automatiquement un gain plus
élevé lorsque les pertes augmentent au cours de la durée de vie des liens de fibres optiques [34].
De plus, & mesure que la saturation augmente, I'inclinaison de la courbe de gain en fonction
de la longueur d’onde varie. L’opération en régime de saturation permet donc de sélection-
ner la puissance d’entrée pour laquelle le gain est plat sur la région spectrale d’intérét [35],
générant ainsi un gain relativement uniforme sur tous les canaux amplifiés. La puissance est

donc relativement uniforme spectralement a ’entrée du GFF, permettant ainsi de maximiser
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F1GURE 1.4 — Représentation schématique de la différence entre les réseaux a grille fixe et ceux
a grille flexible. Figure tirée de [3].
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F1GURE 1.5 — Gain en fonction de la puissance du signal & I'entrée d’un amplificateur & mode
unique pompé par le coeur. La ligne hachurée rouge représente le gain a petit signal tandis

que les lignes hachurées bleues représentent le gain lorsque la puissance du signal a l'entrée
est de 0 dBm.

Cependant, dans un lien de communication reconfigurable, une telle opération en régime saturé
peut causer probléme puisque, lorsqu’un canal est ajouté ou retiré, tous les autres canaux
présents subissent une variation de puissance [36]. Pour limiter les variations de gain, trois

méthodes distinctes sont actuellement utilisées :

1. L’ajustement automatique en temps réel de la puissance de la pompe, qui consiste a

ajuster la puissance de la pompe en fonction de la puissance du signal & I'entrée afin de



maintenir le niveau d’inversion des ions actifs constant dans la fibre et, par conséquent,
la distribution spectrale du gain [37; 38; 39].

2. L’ajout d’un faux canal ayant une puissance variable, qui consiste & ajuster la puissance
du canal lorsque certains canaux sont retirés ou ajoutés afin de maintenir le niveau de

saturation constant [40; 41].

3. L’utilisation d’'un DGFF (dynamic gain flattening filter) qui consiste & induire des pertes
avec une dépendance en longueur d’onde afin que le gain & la sortie soit uniforme spec-
tralement [42; 43; 44; 45]. Cette derniére est cependant peu utilisée aujourd’hui vu son
niveau de complexité, ses pertes d’insertion élevées, son inefficacité énergétique, ses temps

de réponses élevés et son coitit total, par rapport aux méthodes alternatives.

Or, malgré ces ajustements, lorsque les modifications soudaines de gain sont importantes, le
régime transitoire peut mener a des instabilités sur le réseau [46; 47]. Dans un tel réseau
reconfigurable, il est donc souhaitable que le gain des fibres amplificatrices utilisées reste aussi

stable que possible pour une variation de puissance d’entrée donnée.

Fibres amplificatrices pour le multiplexage spatial

Afin de maximiser le débit d’information acheminé entre les utilisateurs et de minimiser le
colit par bit transmis, les réseaux de communications optiques actuels utilisent déja plusieurs
dimensions physiques de la lumiére : phase, polarisation, temps, longueur d’onde et espace
[48]. Tandis que les quatre premiéres dimensions énumérées ont pu étre exploitées au cours
des derniéres décennies en modifiant uniquement les modulateurs et démodulateurs présents
a lentrée et a la sortie des liens de communication, la dimension spatiale nécessite le rempla-
cement ou 'ajout de plusieurs composants physiques intermédiaires. Alors que la dimension
spatiale a d’abord été exploitée en déployant plusieurs fibres & mode unique en paralléle [49],
I'intérét pour le multiplexage spatial & I'intérieur d’une seule et méme fibre a connu une forte
croissance au cours des derniéres années [50|. Un exemple de lien de communication exploi-
tant le multiplexage spatial est illustré a la figure 1.6. Dans de tels systémes, les différents
canaux sont insérés dans les différents modes d’une fibre & ’aide d’un multiplexeur spatial.
Contrairement aux réseaux traditionnels qui utilisent de la fibre & mode unique, autant pour
la fibre passive qui transporte les modes que pour la fibre active qui permet leur amplifica-
tion de facon ponctuelle dans les amplificateurs optiques, la fibre utilisée doit étre multiplexée
spatialement. Dans de tels systémes, des égaliseurs de gain sont souvent nécessaires afin de
compenser la différence, entre les modes, de pertes et de gain généré lors de 'amplification.
A la sortie du systéme, un démultiplexeur modal permet de séparer le contenu des modes en
différents canaux qui sont par la suite traités a ’aide d’algorithmes permettant de retrouver
Iinformation transmise malgré I'interférence ayant pu avoir lieu entre les différents modes au

cours de la transmission.
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FI1GURE 1.6 — Exemple d'un lien de communication exploitant le multiplexage spatial avec une
fibre & coeur unique et & modes multiples. Figure tirée de [4].

Or, afin de transporter plusieurs modes dans une méme fibre, il existe plusieurs types de fibres

multiplexées spatialement. Les principaux types sont :

Les fibres & coeurs multiples, qui contiennent plusieurs coeurs & mode unique dans une
méme gaine. Ces coeurs sont séparés d’une distance suffisante pour que le couplage et
I'interférence entre les canaux qu’ils transportent soient négligeables. Une fibre a coeurs

multiples est illustrée a la figure 1.7a;

N

Les fibres & coeur unique et & modes multiples, qui contiennent un seul coeur qui est
cependant assez large pour guider plusieurs modes. Il est a noter que 'interférence entre
les modes d’un méme coeur est un défi important dans de telles fibres. Un exemple de

fibre & coeur unique et & modes multiples est présenté a la figure 1.7b;

Les fibres a coeurs et modes multiples (figure 1.7¢), qui contiennent plusieurs coeurs étant
chacun assez large pour guider chacun quelques modes. Encore une fois, la distance
entre les coeurs est suffisante pour que l'interaction entre leurs modes respectifs soit

négligeable ;

Les fibres a coeurs couplés (figure 1.7d) dont les coeurs sont suffisamment prés les uns des
autres pour que 'information soit couplée d’un coeur a I’autre au cours de la propagation.
De telles fibres nécessitent donc un traitement plus complexe & la sortie du systéme afin
de retrouver 'information initialement envoyée dans les différents canaux. Les principaux
avantages de cette méthode sont qu’elle offre une plus grande densité spatiale que les
fibres a coeurs découplés et moins de différence entre les vitesses de groupes des canaux
spatiaux par rapport aux coeurs & modes multiples, ce qui simplifie le traitement de

signal a la réception.

Pour amplifier les différents modes transmis par un lien de fibre optique avec multiplexage

spatial, il serait évidemment inefficace de démultiplexer les modes et de les multiplexer & nou-

veau ensuite dans le seul but d’utiliser des amplificateurs optiques traditionnels pour effectuer

l'amplification. Or, il est possible de concevoir des amplificateurs optiques multiplexés spatia-

lement et adaptés a la fibre contenant les modes & amplifier en produisant une fibre ayant un



a) b) c) d)
FIGURE 1.7 — Schéma des principaux types de multiplexage spatial. Les cercles bleus repré-

sentent des coeurs & mode unique tandis que les cercles oranges représentent des coeurs a
modes multiples.

profil d’indice similaire, mais contenant des ions actifs recouvrant les régions ot les modes se

trouvent.

1.1.3 Fibres amplificatrices pompées par la gaine

Afin d’exciter les ions actifs présents dans de telles fibres, il est nécessaire de les faire interagir
avec de la lumiére de pompage. Or, il existe deux méthodes d’injection de la pompe distinctes

dans les fibres amplificatrices [51] :

— Le pompage par le coeur, qui consiste a injecter de la pompe dans les modes guidés
par le coeur. Cette méthode est celle utilisée dans les amplificateurs traditionnels et a
I’avantage d’offrir une densité de puissance de la pompe supérieure comparativement au
pompage par la gaine, pour une puissance de la pompe totale donnée, étant donné que
la superficie du coeur est nettement inférieure & celle de la gaine. Puisque la puissance
de saturation du signal dépend de l'intensité locale du signal et de la pompe, le pompage
par le coeur permet généralement d’obtenir une puissance de saturation supérieure. Il est
aussi possible d’utiliser une seule source de pompage pour plusieurs coeurs a condition
d’utiliser des diviseurs de puissance pour séparer la puissance d’une méme source dans

plusieurs coeurs;

— Le pompage par la gaine, qui consiste a injecter la puissance de la pompe dans la gaine
de la fibre afin qu’elle interagisse avec tous les ions actifs présents dans la fibre [51; 52].
Par rapport au pompage par le coeur, la méthode de pompage par la gaine a 'avantage
d’étre plus simple et moins cotiteuse & implémenter lorsque plusieurs coeurs doivent
étre amplifiés en paralléle. En effet, une seule source peut étre utilisée pour injecter
la puissance pompe dans la gaine d’une fibre & coeurs multiples en utilisant un seul
coupleur de puissance [53|. De plus, contrairement & la méthode de couplage par le coeur,
celle-ci permet d’utiliser une diode laser multimode, moins chére et plus efficace pour
convertir I’énergie électrique en énergie optique que les sources de pompage utilisées

pour le pompage par le coeur. Lorsque la puissance est injectée dans la gaine d’une



fibre, un polymére guidant & bas indice doit étre utilisé afin d’assurer le confinement
de la pompe dans la fibre [52|. En revanche, le pompage par la gaine implique aussi
que la puissance de la pompe est distribuée sur une plus grande surface, menant ainsi &
une intensité de puissance plus faible. Une intensité de puissance plus faible peut avoir
pour effet de diminuer la puissance de saturation et de diminuer 'efficacité énergétique.
Cependant, certains groupes de recherche suggérent que, lorsqu’on considére 'efficacité
énergétique des diodes multimodes et la consommation énergétique des systémes de
refroidissement requis avec les diodes & mode unique, le pompage par la gaine peut
permettre d’augmenter 'efficacité énergétique lorsque la densité de coeurs dans la fibre

est suffisamment élevée [54; 10].

Dans cette optique, I'utilisation du pompage par la gaine pour les fibres amplificatrices dans
les réseaux de communication a été considérée par plusieurs groupes de recherche au cours
des derniéres années, principalement avec des fibres amplificatrices qui contiennent plusieurs

coeurs et/ou plusieurs modes a amplifier.

Fibres amplificatrices pompées par la gaine pour le multiplexage spatial

Le pompage par la gaine a été démontré & plusieurs reprises dans une perspective d’intégration
et de diminution du nombre de composants, en utilisant une source de pompage multimode
pour amplifier quatre [5], six [55; 6; 13|, sept [14; 7; 15; 56; 57|, 12 [8; 9; 10], 19 [11; 58] ou 32
[12] coeurs. Des exemples de configuration des coeurs dans la gaine sont présentés a la figure
L.8.

F1GURE 1.8 — Exemples de géométries utilisées dans les fibres amplificatrices & coeurs multiples
pompées par la gaine. Images tirées de a) [5], b) [6], ¢) [7], d) [8], e) [9], f) [10], g) [11] et h)
[12].



Le pompage par la gaine a aussi été investigué dans les fibres amplificatrices ayant des coeurs
multimodes puisqu’une distribution uniforme de la puissance de la pompe sur toute la fibre
permet 'obtention d’une amplification uniforme des différents modes présents dans un méme
coeur de fibre amplificatrice [59; 60; 56; 9; 55; 6].

Pour coupler la puissance de la pompe dans la gaine, plusieurs configurations existent. D’abord,
la puissance peut étre couplée par les extrémités de la fibre dopée, soit en utilisant un montage
en espace libre tel que celui présenté a la figure 1.9, soit & ’aide d’un fan-in tel que présenté a
la figure 1.10. Alors que ces deux méthodes ont le désavantage d’occuper une superficie de la
gaine qui pourrait alternativement étre utilisée pour augmenter la densité de canaux spatiaux,
le couplage latéral, illustré a la figure .11, ne permet pas d’atteindre une efficacité de couplage
supérieure a 70% [61], & moins d’avoir recours & une fusion entre la fibre acheminant la pompe
et la fibre amplificatrice, ce qui peut mener & une déformation des coeurs, diminuant ainsi la
qualité du signal [62; 63].

"y \ i N - IH‘
MCF \Signal DC-MCF

FIGURE 1.9 — Montage pour injecter la pompe dans la gaine en espace libre. Tirée de [8].

Integrated Pump
SignalIn [Signal Combiner Er-doped — Signal
— (TFB) MCF out
L .
Multimode TFB
Pump LD

FIGURE [.10 — Montage pour injecter la pompe dans la gaine a I'aide d’un fan-in. Tirée de
[13].

A long terme, il serait avantageux de déployer des liens de communications entiérement mul-
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FIGURE I.11 — Montage pour injecter la pompe dans la gaine latéralement. Tirée de [14].

tiplexés spatialement, autant au niveau de la fibre passive que de la fibre amplificatrice. Ce-
pendant, les réseaux actuels sont presque entiérement constitués de fibres passives a coeur et
mode uniques. Puisqu’il est impossible de remplacer le réseau en entier du jour au lendemain,
des interfaces sont requises pour passer des fibres & coeur et mode uniques vers les fibres mul-
tiplexées spatialement. Pour cela, des fan-in/fan-out, tel que ceux présentés a la figure 1.10,
peuvent étre utilisés, avec ou sans canal pour la pompe. Pour éviter d’avoir recours & cet in-
termédiaire, des fibres a éléments multiples, tel que présenté & la figure 1.12, ont été proposées.
Avec de telles fibres, les éléments de la fibre a coeurs multiples peuvent étre séparés, aprés
avoir retiré le polymeére a faible indice, pour ensuite étre fusionnées aux fibres a coeur unique

a l'aide d’une simple épissure.

Undoped
Pump o 3

S3 S3
Low-Index -_P\

S2 S2

s1 S1

FIGURE 1.12 — Montage pour injecter la pompe dans une fibre a éléments multiples. Tirée de

[5].

Aussi, comme pour les fibres amplificatrices pompées par le coeur [64], les fibres amplificatrices
pompées par la gaine emploient généralement l'erbium & titre de dopant pour amplifier les
canaux de la bande C [13; 14; 60; 55; 59; 6; 11; 58; 9; 56; 57] ou de la bande L [6; 58; 9]. Cepen-
dant, vu le faible recouvrement entre la puissance pompe guidée par la gaine et le coeur dopé,

la puissance totale requise pour atteindre un niveau d’inversion des ions suffisant pour une
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amplification de qualité a pour effet de diminuer efficacité de conversion de puissance (PCE).
Pour améliorer I'efficacité de conversion de puissance, le co-dopage a I'erbium-ytterbium a été
proposé, puisqu’il permet ’obtention d’un taux d’absorption plus élevé, grace & la puissance
absorbée par I'ytterbium et redistribuée a ’erbium, permettant ainsi d’obtenir un niveau d’in-
version suffisant pour amplifier les signaux avec une puissance totale de pompe plus faible.
Lorsque utilisé dans la bande C, avec une longueur de fibre permettant de maximiser 'effica-
cité de conversion de puissance, le co-dopage a I’erbium-ytterbium produit un gain nettement
plus faible dans les longueurs d’ondes inférieures & 1535 nm que sur le reste de la bande C
[7; 8]. Pour cette raison, les fibres amplificatrices pompées par la gaine et co-dopées a ’erbium-
ytterbium sont généralement opérées uniquement sur la région de la bande C au-dela de 1535

nm [12; 10] ou encore sur la bande L [5].

Outre I'utilisation d’ions d’ytterbium, une méthode ayant été proposée afin d’augmenter 1’ef-
ficacité de conversion de puissance est le recyclage de la pompe a partir du principe "turbo"
[15], qui consiste a acheminer la pompe résiduelle a la sortie de la fibre vers entrée de la fibre

par l'intermédiaire d’une fibre passive, tel qu’illustré a la figure 1.13.

SDM Signal Light

A=1.5um
- Pump .I
T .
MCF Combinar Splitter MCF
input y (double cladding structured) L Recycle output
Recycle “Originall @ Original Pump Light Port
Port Port

_|<__< ecycl

LD Driver
Pump LDA=0.98um
SC-MMEF: Single Core Multi Mode Fiber

F1GURE 1.13 — Montage utilisé pour recycler la pompe & partir du principe "turbo". Tirée de
[15].

I[.2 Objectifs et structure de la thése

Dans un contexte ot I'intérét pour les systémes intégrés et multiplexés spatialement dans les
réseaux de communication est grandissant, et considérant les avantages que pourrait apporter
Iutilisation de fibres amplificatrices pompées par la gaine dans de tels systémes, cette thése
vise a explorer I'intérét du pompage par la gaine pour les réseaux de communications optiques

actuels et futurs.
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1.2.1 Fibres amplificatrices pompées par la gaine pour les réseaux

reconfigurables

Plus précisément, 1'une des applications commerciales qui pourrait, & court terme, bénéficier
des avantages des fibres amplificatrices pompées par la gaine est celle des réseaux reconfigu-

rables.

En effet, 'une des caractéristiques propres aux réseaux reconfigurables est qu’ils comportent
des multiplexeurs optiques d’insertion-extraction reconfigurables [31]. Or, plusieurs fibres dis-
tinctes provenant de différents lieux géographiques s’y rencontrent et contiennent des canaux
devant étre amplifiés. Il s’agit donc d’une opportunité intéressante d’utiliser une méme fibre
amplificatrice pour amplifier plusieurs coeurs a partir d’'une méme source de pompage et de
profiter des diminutions de cotits que permet le pompage par la gaine dans une fibre & coeurs

multiples.

En revanche, tel que mentionné précédemment, il est & noter que 'un des obstacles les plus
importants dans l'implémentation du pompage par la gaine réside au niveau de la faible
intensité de la pompe lorsque celle-ci est répartie sur toute la surface de la gaine. Cette faible
intensité méne & une diminution de la puissance de saturation, qui est particuliérement critique
dans les réseaux reconfigurables puisqu’elle augmente les variations de gain lorsque des canaux
sont ajoutés ou retirés. Tel qu’illustré a la figure 1.14, le fait de retirer des canaux du signal
a l'entrée a pour effet de modifier la répartition spectrale de la puissance a la sortie de sorte
que certains canaux aient une intensité plus forte que les autres. Ainsi, la compression du
gain devra étre minimisée et la puissance de saturation augmentée, afin que cette technologie

puisse étre viable dans ces réseaux reconfigurables.

Bien que les méthodes utilisées actuellement pour I'ajustement du gain soient théoriquement
compatibles avec le pompage par la gaine, le fait d’utiliser la méthode d’ajustement automa-
tique en temps réel de la puissance pompe [37; 38; 39| viendrait limiter les avantages engendrés
par 'utilisation du pompage par la gaine puisqu’elle nécessiterait d’ajouter une source de pom-
page individuelle dans chacun des coeurs afin de controler la puissance pompe individuellement
pour chacun des canaux spatiaux [65], ramenant ainsi la complexité et le nombre de compo-
sants au méme niveau qu’avec la méthode de pompage par le coeur. La méthode d’ajout
d’un faux canal peut cependant étre utilisé de la méme maniére que dans les systémes actuels
[40; 41].

Bref, dans le cadre de ce projet doctoral, en collaboration avec I’entreprise Nokia, on souhaite
explorer I'intérét du multiplexage spatial dans les fibres optiques amplificatrices situées dans
les multiplexeurs optiques d’insertion-extraction reconfigurables (ROADMs). Les analyses ef-
fectuées assumeront que la technologie doit étre compatible avec les réseaux actuels, qui sont
eux-mémes principalement constitués de fibres & coeur et & mode unique. Afin d’aligner I'in-

novation générée par cette thése avec les besoins de I'industrie, des spécifications techniques
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FIGURE 1.14 — Puissance du signal & I’entrée de ’amplificateur, aprés 'EDFA et aprés le filtre
d’égalisation du gain lorsque a) le signal d’entrée contient 36 canaux de -17.7 dBm et b) le
signal d’entrée contient 18 canaux de -17.7 dBm.

typiques serviront de référence tout au long du processus de recherche. Celles-ci sont présentées
dans le tableau I.1.

Il est & noter que, puisque "'amplificateur viendra s’insérer dans des réseaux terrestres, aucune
contrainte n’a été fixée sur 'efficacité énergétique ainsi que sur la puissance de la pompe totale
utilisée. Cependant, une puissance de la pompe totale trop élevée, combinée a une efficacité
énergétique trés basse, peut mener un niveau élevé de pompe résiduelle & diffuser & la sortie

de la fibre, augmentant ainsi les risques de surchauffe et de combustion.
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Tableau I.1 — Spécifications techniques visées pour 'amplificateur & concevoir

H Paramétre Spécifications H
Nombre de coeurs 8

Plage de puissance du signal a ’entrée -23.1 dBm & 1.4 dBm
Plage spectrale couverte 1529 nm & 1565 nm

Gain >17 dB sur toute la plage spectrale

Facteur de bruit <5 dB sur toute la plage spectrale

Compression du gain <5 dB sur toute la plage spectrale

) Par la gaine, avec une seule diode laser
Méthode de couplage de la pompe multimode centrée 4 980 nm

1.2.2 Fibres amplificatrices pompées par la gaine pour maximiser

Pefficacité de conversion de puissance dans la bande L

L’un des principaux enjeux relatifs aux amplificateurs optiques est l’efficacité de conversion de
puissance, qui est particuliérement critique dans les liens de communication sous-marins. Or,
lorsque la puissance de la pompe est répartie sur la gaine, une puissance de la pompe totale
beaucoup plus élevée est nécessaire pour atteindre la méme intensité de pompage sur la région

dopée, comparativement au pompage par la gaine.

Plutot que de lutter contre la saturation dans les amplificateurs qui amplifient la bande C,
le pompage par la gaine peut étre avantageusement utilisé dans les applications ou une plus
faible inversion des ions actifs est requise. Par exemple, le pompage par la gaine peut étre
utilisé pour les amplificateurs pour la bande L, qui sont intrinséquement plus compatibles

avec le pompage de gaine que les amplificateurs pour la bande C.

Bref, dans le cadre de ce projet doctoral, on souhaite aussi explorer l'intérét des fibres ampli-
ficatrices pompées par la gaine pour amplifier la bande L avec une efficacité de conversion de

puissance élevée.

1.2.3 Structure de la thése

Le coeur de la thése se divise en six sections ayant des objectifs distincts :

1. Analyse de I'impact du co-dopage a I'ytterbium sur les performances d’amplification des
EDFAs dans la bande C (chapitre 1)

2. Analyse de l'impact de la géométrie de distribution des ions d’erbium sur les perfor-

mances d’amplification (chapitre 2)

3. Démonstration d’une nouvelle méthode de couplage latéral de la pompe dans la gaine

ne nécessitant pas de fusion (chapitre 3)

4. Optimisation d’un design de fibre amplificatrice & coeurs multiples pompée par la gaine

pour les réseaux reconfigurables utilisant une géométrie de distribution de 'erbium en
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anneau (chapitres 4, 5 et 6)

5. Optimisation d’un design de fibre amplificatrice pompée par la gaine pour la bande L

par l'utilisation de couches concentriques hétérogénes de dopants (chapitre 7)

6. Démonstration d’'une méthode de recyclage de la puissance pompe résiduelle a la sortie de
la fibre amplificatrice multicoeur en inscrivant un réseau de Bragg intra-gaine (chapitre

8)
Ensuite, le chapitre 9 viendra faire un retour sur les objectifs de la thése ainsi que sur les

applications abordées dans le cadre de celle-ci.

Enfin, les conclusions de la thése s’ensuivront.

Analyse de 'impact du co-dopage a I’ytterbium sur les performances
d’amplification des EDFAs dans la bande C

L’un des principaux désagréments des fibres a coeurs multiples pompées par la gaine est la
faible intensité de pompe qui a pour effet de diminuer le taux d’absorption de la pompe par
les ions d’erbium. Le fait d’augmenter significativement la puissance de la pompe utilisée
pour compenser cet effet méne a une puissance de la pompe résiduelle importante a la sortie,

diminuant ainsi ’efficacité de conversion de puissance.

Bien que le dopage d’ions d’erbium soit le plus utilisé en communication vu le gain plat qu’il
permet d’obtenir sur toute la bande C [66], le co-dopage erbium-ytterbium, largement utilisé
dans les lasers a fibre [67; 68], pourrait s’avérer intéressant pour les fibres & coeurs multiples
pompées par la gaine vu la section efficace d’absorption de la pompe plus élevée qu’il permet
d’atteindre [69; 70].

Malgré les avantages potentiels du co-dopage a I’erbium-ytterbium, celui-ci a aussi pour effet de
modifier les sections efficaces d’absorption et d’émission de I’erbium dans la bande C, affectant
ainsi I'uniformité spectrale du gain. Or, pour étre considéré comme étant viable dans la bande
C, ce type de dopage doit, pour une méme puissance de la pompe, permettre d’atteindre un
gain égal ou supérieur a celui obtenu avec le dopage a I’erbium seul pour des canaux situés

dans cette région spectrale.

Ainsi, le chapitre 1 de la thése examine le gain que permet d’atteindre le dopage a I’erbium
dans la bande C et le compare & celui du co-dopage & I’erbium-ytterbium a 1’aide de simulations
et de mesures expérimentales effectuées sur deux fibres fabriquées spécifiquement & cette fin

de comparaison.
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Analyse de 'impact de la géométrie de distribution des ions d’erbium sur les

performances d’amplification

Tel que discuté précédemment, il est souhaitable de maximiser la puissance de saturation des
amplificateurs utilisés dans les réseaux reconfigurables afin de minimiser les variations de gain

lorsque des canaux sont retirés ou ajoutés.

Or, l'insertion d’ions actifs dans le coeur de la fibre est la maniére la plus simple de procéder
en termes de fabrication et permet un recouvrement relativement élevé avec le ou les modes
guidés. Cependant, lorsque la pompe est injectée par la gaine d’une fibre amplificatrice dopée
d’ions actifs dans le coeur, on note une diminution significative de la puissance de saturation
puisque l'intensité locale de la puissance de la pompe se voit diminuée considérablement sur la
région active tandis que 'intensité de la puissance signal reste la méme. Pour contrer cet effet,
un anneau d’erbium situé a 'extérieur du coeur et a une distance suffisante peut étre utilisé
afin de permettre aux ions actifs d’interagir avec la région évanescente du mode transporté
par le coeur, ayant une faible intensité, puisque c’est I'intensité locale de la puissance optique
qui définit le niveau de saturation dans le signal [71; 72]. Vu le faible recouvrement obtenu

dans une telle configuration, une longueur de fibre supérieure doit étre utilisée.

Dans le chapitre 2 de la thése, le dopage a l’erbium dans le coeur a été comparé au dopage en
anneau ainsi qu’a un dopage qui recouvre a la fois le coeur et la gaine en périphérie du coeur,
a l'aide de simulations et de mesures expérimentales, afin de comparer quantitativement les
performances, en termes de gain et de compression du gain, de fibres amplificatrices utilisant

ces géométries de distribution des ions actifs.

Démonstration d’une nouvelle méthode de couplage latéral de la pompe dans la

gaine ne nécessitant pas de fusion

Plusieurs méthodes d’injection latérale de la pompe dans la gaine d’une fibre optique ont
été démontrées par le passé. Or, dans le cas d’'un amplificateur & fibre & coeurs multiples, il
est préférable de ne pas chauffer la gaine de la fibre afin d’éviter toute déformation pouvant
engendrer des pertes ou de la diaphonie entre les canaux [62; 63]. Cependant, les méthodes
de couplage de pompe actuelles qui n’engendrent absolument aucune altération du signal ne

permettent pas d’obtenir une efficacité de couplage supérieure a 70% [61].

Dans le chapitre 3 de la thése, une nouvelle méthode de couplage latéral ne nécessitant pas
de chauffer la fibre réceptrice est présentée. Suite a des résultats expérimentaux convaincants,

une demande de brevet a été déposée.
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Optimisation d’un design de fibre amplificatrice a coeurs multiples pompée par
la gaine pour les réseaux reconfigurables utilisant une géométrie de distribution

de I’erbium en anneau

Un processus d’optimisation d’'un design de fibre & coeurs multiples visant & atteindre les
spécifications techniques présentées au tableau 1.1 est discuté aux chapitres 4 4 6. Afin de

converger vers un design satisfaisant, trois fibres distinctes ont été fabriquées et caractérisées.

Vu les résultats obtenus aux chapitres 1 & 3, ces fibres utilisent un profil de distribution des

ions actifs en anneau avec de I’erbium seul & titre de dopant actif.

Dans le chapitre 4, la premiére fibre a coeurs multiples utilisant une géométrie de distribution
de 'erbium en anneau autour de chacun des coeurs est présentée. Les résultats de caractérisa-
tion permettent d’identifier deux problémes majeurs & considérer dans les fibres utilisant une
géométrie de distribution de 'erbium en anneau : 'agrégation des ions d’erbium et la présence

d’ASE dans les modes de gaine.

Dans le chapitre 5, un nouveau design de coeur est validé en fabriquant une fibre a coeur
unique ayant une géométrie de distribution des ions d’erbium en anneau et en la caractérisant
expérimentalement. Ce design vise & corriger les problémes identifiés lors de la caractérisation
de la fibre présentée au chapitre 4 en ajoutant du phosphore dans 'anneau de dopant et en

rapprochant 1égérement ’anneau du coeur.

Dans le chapitre 6, une fibre a huit coeurs utilisant le design de coeur présenté au chapitre 5
est fabriquée et caractérisée. Pour la premiére fois, un fan-in/fan-out est utilisé afin d’injecter
du signal dans tous les coeurs en paralléle et de mesurer les variations de gain entre les coeurs.

Cette démonstration constitue ’aboutissement des travaux des chapitres précédents.

Optimisation d’un design de fibre amplificatrice pompée par la gaine pour la

bande L par I'utilisation de couches concentriques hétérogénes de dopants

Bien que le dopage a I’erbium et le co-dopage a ’erbium-ytterbium aient été explorés & maintes
reprises avec le pompage par la gaine, il n’existe, dans la littérature scientifique, aucun témoi-
gnage d’utilisation de couches de dopage & l’erbium seul en combinaison avec des couches
d’erbium-ytterbium interagissant avec un seul et méme mode. Or, en pompant la fibre & par-
tir d’une longueur d’onde qui n’excite pas les ions d’erbium directement, mais qui excite les
ions d’ytterbium, les anneaux d’erbium seuls peuvent agir & titre de filtre absorbant I’ASE, qui
est principalement situé dans la bande C. Pour un amplificateur dans la bande L, la présence
d’ASE dans la bande C utilise une partie de la pompe disponible, nuisant ainsi & D'efficacité

de conversion de puissance.

Dans le chapitre 7, on cherche & déterminer, par des simulations numériques, si I'utilisation de

couches concentriques hétérogénes de dopants dans les fibres amplificatrices pour la bande L
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pompées par la gaine permet d’augmenter ’efficacité de conversion de puissance par rapport

aux designs qui utilisent uniquement de ’erbium seul ou un co-dopage a ’erbium-ytterbium.

Démonstration d’une méthode de recyclage de la puissance pompe résiduelle a la
sortie de la fibre amplificatrice multicoeur en inscrivant un réseau de Bragg

intra-gaine

Vue la faible intensité locale de la pompe dans la région ou se trouvent les ions de dopant
actif, les fibres amplificatrices pompées par la gaine ont généralement une importante puissance
pompe résiduelle & la sortie de la fibre afin de maintenir un niveau d’inversion des ions d’erbium
suffisant, pour toute position longitudinale, afin d’amplifier le signal. Alors que la méthode
turbo [73| a déja été démontrée efficace pour les fibres amplificatrices multicoeurs, elle a le
désavantage de nécessiter 'ajout de composants complexes et qui causent des pertes au signal,

afin de récupérer et réinjecter la pompe.

Alternativement, il est possible d’inscrire un réseau de Bragg a 'intérieur de la gaine, prés de
la sortie de la fibre, afin de réfléchir la pompe pour qu’elle passe & nouveau a travers la fibre.
Alors que cette méthode a déja été démontré efficace pour les lasers a fibre [74], elle n’a encore

jamais été investigué avec les fibres amplificatrices & coeurs multiples.

Dans le chapitre 8, on cherche donc a valider I'intérét du recyclage de la pompe par inscription
d’un réseau de Bragg intra-gaine pour les fibres amplificatrices multicoeurs utilisées dans les

réseaux de communication.
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1.1 Résumé

Les amplificateurs & fibre optique pompée par gaine suscitent un intérét grandissant dans le
contexte du multiplexage spatial, mais sont connus pour offrir un faible rendement énergé-
tique. Dans ce contexte, le co-dopage a 'ytterbium (Yb) peut étre une solution intéressante
afin d’améliorer les performances des amplificateurs & fibre dopée a I'erbium (Er). Nous pré-
sentons une comparaison directe détaillée entre le codopage Er/YDb et le dopage Er a ’aide de
simulations numériques validées par des résultats expérimentaux. Deux fibres a double gaine,
I'une dopée a ’erbium seul et 'autre co-dopée & I'erbium et I'ytterbium, ont été congues, fa-
briquées et caractérisées. A I'aide des paramétres extraits expérimentalement, nous simulons

des amplificateurs a fibre multicoeur et étudions 'intérét du codopage Er/Yb. Nous calculons
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aussi le gain minimum des amplificateurs sur une fenétre spectrale de 35 nm en considérant

différents scénarios.

1.2 Abstract

Cladding-pumped optical fiber amplifiers are of increased interest in the context of space-
division multiplexing but are known to suffer from low power efficiency. In this context, ytter-
bium (Yb) co-doping can be an attractive solution to improve the performance of erbium (Er)
doped fiber amplifiers. We present a detailed direct comparison between Er/Yb-co-doping and
Er-doping using numerical simulations validated by experimental results. Two double-cladding
fibers, one doped with Er only and the other one co-doped with Er and Yb, were designed,
fabricated and characterized. Using the experimentally extracted parameters, we simulate
multi-core fiber amplifiers and investigate the interest of Er/Yb-co-doping. We calculate the

minimum gain of the amplifiers over a 35-nm spectral window considering various scenarios.

1.3 Introduction

Space-division multiplexing (SDM) in optical communication systems is currently considered
to overcome the capacity limit of optical fiber links [76; 77|. Deploying SDM will require novel
sub-systems, such as optical amplifiers, that will meet stringent performance requirements
over all spatial channels. At this time, cladding-pumped optical fiber amplifiers offer the best
solution in terms of simplicity and ease of integration in SDM links. Furthermore, cladding-
pumping can be advantageously used to lower mode-dependent gain when using mode-division
multiplexing over few mode fibers. In multi-core transmissions, cladding pumping avoids spa-
tial channel demultiplexing/multiplexing at the amplifier input and allows the use of low-cost
high-power multi-mode pump lasers. Although many research groups have recently demons-
trated cladding-pumped multi-core amplifiers [13; 55; 78; 12; 5; 8; 7|, one drawback of this
technology remains its low pumping efficiency. How pumping efficiency translates into po-
wer efficiency depends on the specific amplifier designs, for example the number of cores in
the cladding-pumped amplifier. Similarly, a detailed comparison of the power consumption
of multiple single core amplifiers to a multi-core cladding-pumped amplifier will depend on
the specific pumping scheme of the single core amplifiers, for example pump sharing among
the amplifiers could reduce power cooling requirements. Comparison of power efficiency of the
single-core versus multi-core approach is discussed in [79; 80]. In this paper, we focus on the

improvement of the pumping efficiency of multi-core cladding-pumped amplifiers.

The low pumping efficiency of the cladding pumping geometry results from a significant de-
crease in the overlap between pump power and the erbium doped cores. Such decrease in the
overlap results in the need to either (i) use very long fiber lengths, leading to important cost

efficiency reduction, (ii) increase erbium doping concentration, leading to more clustering, or
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(iii) increase core density, leading to more crosstalk between the cores. Another possible solu-
tion is to use Er/Yb co-doping instead of only Er-doping in order to increase the absorption
and pumping rates [69; 70]. However, an important drawback with Er/Yb co-doping is that
the presence of phosphorus in the doped region is required to suppress the back-transfer of
energy from erbium to ytterbium by decreasing the non-radiative decay time from the *I;; /2
to the 4Iy5 /2 energy level [81; 82; 83; 84; 85; 86| and the presence of phosphorus and ytterbium
in the glass matrix narrows the erbium absorption and emission cross-sections in the C-band
(Fig. 1.6) [87; 88; 89; 90]. An attempt to broaden the cross-sections by varying the aluminum
concentration led to negligible change on the cross-sections [88]. Another way to broaden the
cross-sections is to use fluoride phosphate glasses [91]. The issue with this method is that
fluoride glass is very fragile and hard to handle, making it challenging to use commercially.
Because of the narrow cross-sections, different portions of the C-band and L-band are com-
monly used instead of the typical 1530-1565 nm C-band in order to obtain a flat gain and
achieve efficient power consumption in EYDFAs [92; 93]. Indeed, despite the narrow cross-
sections, wide band amplification can be achieved in EYDFAs by operating an amplifier in
highly saturated conditions, leading to high gain toward the longer wavelengths, while the
gain remains insufficient below 1535 nm. Using this principle, multiple MC-CP-EYDFAs have
been demonstrated for wideband amplification [12; 5; 8; 7; 94].

In order to make Er/Yb-co-doped fiber amplifiers compatible with current communication
networks, it is required to operate them with a flat gain over the entire C-band. By using a
gain flattening filter (GFF) with up to 20 dB of depth, the amplifier gain can be flattened but
at the expense of power efficiency. The gain after the GFF is limited by the channel with the
minimum gain at the output of the doped fiber. The main issue with narrow cross-sections is
therefore that the amplification of the channels with the highest gain will consume much of

the pump power to generate high gain that will be thrown out by the GFF.

Since the minimum gain over the C-band is increased by a high pump absorption rate but
decreased by the inefficient cross-sections shape, no “rule of thumb” exists to determine if and
when Er/Yb-co-doping is advantageous compared to Er-doping. For a given pump power, this
comparison might be done by determining the required fiber length for a given minimum gain

or the minimum gain at the optimal fiber length.

In order to achieve a fair comparison between the two types of doping, ie. Er-doping vs Er/Yb-
co-doping, numerical simulations must be executed with different scenarios. In this work, we
consider a simple one-stage co-propagating pump amplifier. The residual pump power at the
amplifier output is assumed to be discarded. The doped fiber parameters will be the same
for the two Er/Yb-co-doped and Er-doped fiber designs except for the Yb ion concentration
and the absorption/emission cross-sections that should differ according to the doping type.
Our objective is to identify how to select the optimal doping for a C-band amplifier that

maximizes the minimum gain at the optimal fiber length under given operating conditions
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such as input power, pump power and number of cores conditions. To our knowledge, this is
the first detailed direct comparison between Er/Yb-co-doping and Er-doping, using simulations
validated with experimental results, that investigates the interest of Er/Yb-co-doping in CP-
MC-FAs (cladding-pumped multicore fiber amplifiers) in terms of minimum gain over the
1530-1565 nm C-band. In section 1.4, we introduce the model of the Er-doped and Er/Yb-
co-doped amplifiers. In section 1.5, a single-core erbium-ytterbium doped fiber (EYDF) and
a single-core erbium doped fiber (EDF) are fabricated and characterized. Then, the gain and
noise figure (NF) of the fibers are compared with simulation results to validate the model in
section 1.6. Finally, with the experimentally extracted parameters, section 1.7 calculates the
performances of cladding-pumped multicore erbium doped fiber amplifiers (CP-MC-EDFAs)
and cladding-pumped multicore erbium-ytterbium doped fiber amplifiers (CP-MC-EYDFAs)

in order to conclude on the interest of CP-MC-EYDFAs for communication systems.

1.4 Modeling of doped fiber amplifiers

The model is based on the standard set of power propagation and population rate equations
of Er/Yb-co-doped fibers, as described in [82; 95; 96; 97|, that neglects back-transfer and
considers only the Er3t I;5 /2 and I35 energy levels. This was proven to be a valid assumption
in phosphate glass hosts and in silica-based fibers with small amounts of phosphorus in the
doped region [81; 82; 83; 84; 85; 86|. Rather than using population average over the transverse
cross-section, we introduce radial resolution of the rare-earth ion populations as described in
[87; 13]. Since our aim is to design single-mode amplifiers, only the LPg; mode is considered in
the simulations for the signal. The pump power is assumed to be uniformly distributed in the
cladding that is D-shaped and has a diameter across the core of 125 um (105 pm perpendicular
to the flat portion). Consequently, there is no azimuthal dependence and we divide the fiber
cross-section in K rings, each with uniform Er3* concentration, and we calculate the inversion
of each ring to calculate transition rates and gain. We also neglect background propagation
loss. The propagation of the pump power, P,, the signal, Ps, and the ASE, PXSE, in the
forward (+) and backward (-) direction are described by

T = - (Uabs,p,Er (Zszl nLEr,k(Z)Fp,k> + Oabsp v (Zszl nl,Yb,k(Z)Fp,k))) Bp(2)

dp, K K
dz(Z) = (O-ems,Er)\ Zk:l nQ,ET,k(Z)F)\,k — Oabs,Er,\ Zk:l nl,Er,kz(z)F)\,k) Ps,)\(z)
dPF, . | (2)
—25EA = (Uems,Er,A S 9k (2)Dk — Oabs,Bra Soper nl,Er,k(Z)F,\,k> PjtSE,,\(Z)

+0ems,Er ) (Zszl nZ,Er,k(z)F)\,k> 2hvyAvy
(1.1)
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where A stands for the wavelength channel of the signal or the amplified spontaneous emission
(ASE), and k refers to the different rings with area Aj. Also, o4psp pr and Ogpspyp are the
absorption cross-sections at 976 nm for Er3T and Yb3T respectively, Tems,Br,x and Oaps Br
are the emission and absorption cross-sections at the signal or ASE wavelengths for Er3*. The
pump and signal (or ASE) overlaps with each ring are I',, and I'y ; respectively. As usual,
h is Planck constant, v, and vy are the pump and signal (or ASE) frequency. The radially

resolved population inversion along the fiber are given by

.
Wik (2)+Wa k (2)+Ap Kirna vk (2)
n2,Er,k(z) = - : 2 AL PEr,k(z)
Wl,k(z)+W2,k(2)+W3,k(Z)JFAthrnZYb,k(Z)JFE
Wy k(2)

N2 ypklz) = . Ybk(Z

T ( ) W4,k(z)+Athrn2,Yb,k(z)-&-TAfkp ’ ( )
ve (1.2)

pErk(2) = 11 prk(2) + 12 prk(2)

Py i(2) = n1yok(2) + noyor(2)

where the lower and upper level population densities of a given ring are nq g, and no g,
for Er*™ and njypr and noypy for Yb3', while pp.j and pypy are the Er®T and Yb3+
concentrations of a given doped ring. The lifetime of the Er®* and Yb3t upper metastable
levels are 7g, and Typ. It can be found in the literature that the lifetime of these upper
metastable levels are generally around 10 ms and 1.5 ms for erbium and ytterbium [87]. These
lifetimes will not be characterized and we will rather use values found in the literature for
our simulations. Also, Ky, is the energy-transfer rate from ytterbium to erbium. Finally, the
transition rates associated with pump absorption by erbium (W7), signal and ASE absorption
by erbium (W3), signal and ASE stimulated emission by erbium (W3) and pump absorption
by ytterbium (Wy) are written as

Wi(2) = et By ()

abs,Er A abs. Er AL
Wak(2) = X s i Paa(2) + Xy asp =5n " PaspA(2)

ems T F ems T F
Wae(2) = 3055 220 Poa(2) + Xy asp ~ =" Paspa(2)

abs F
Wik(z) = 222520 By (2)

Vp
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For the simulations of the Er-doped fiber, py r, K¢ and ogpsp,vp is set to 0, whereas for the
simulation of the Er/Yb-co-doped fiber the absorption of the Er3* is considered negligible

compared to the absorption of ytterbium and ogps p £y is thus set to 0.

1.5 Fabrication and parameter characterization of an EYDF
and an EDF

An EYDF (fiber A) and an EDF (fiber B) were fabricated using the solution doping method
[98] with Al,Og3, P2Os, EroO3 and YbyOs in the case of fiber A ; and Al,O3 with EraOs in the
case of fiber B (Fig. 1.1). The fibers were designed to have the same refractive index profile and
the same erbium concentration profile. In the EYDF, the target Yb3*+ concentration in ions/m3
was 10 times higher than the Er®* concentration, and the phosphorus concentration was 100
times higher than the Er3* concentration. The AlyOs concentration was used to control the
refractive index profile. The preforms were polished in order to obtain D shaped fibers to
break the symmetry of the pump modes guided by the cladding and the silica cladding was
surrounded by a low refractive index polymer (n=1.37). For both fibers, the silica cladding

diameter was 125 pm (105 pm when measured perpendicular to the flat section).

) b)

FIGURE 1.1 — Microscope image of a) fiber A and b) fiber B.

The core refractive index profile was measured on the preforms with a NR-9200HR refracted
near-field analyzer (EXFO) at 657.6 nm. To apply the measurement results to the C-band,
we neglect the dispersion of the refractive index difference between the core and the glass
cladding, An. Also, we scale the radial position using the diameter ratio of the fabricated
fiber and the preform. The resulting refractive index profiles of fiber A and B are shown in
Fig. 1.2. The dip at the center of the core in fiber A is caused by evaporation during the
MCVD process. The higher evaporation could be caused by the presence of YboO3 and P2Os5

in the glass matrix.
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FIGURE 1.2 — Refractive index profile of fiber A (solid) and fiber B (dashed).

With the measured refractive index profiles, we used COMSOL to calculate the LPy; mode
overlap with 30 rings of 0.1 pm thickness located in the 0-3 pm radial position of the fiber. The
calculations were executed for wavelengths between 1420 nm and 1620 nm for fiber A and fiber
B and are shown in Fig. 1.3. The pump overlap in each ring was calculated by considering a
uniform pump power distribution over the fiber. Considering that both fibers have the same
D-shape with a cladding area of 1.003x10~8 m?, the pump overlap with each ring is the same
for both fibers and is directly proportional to the area of the ring, i.e., to a first approximation,

proportional to the radius of the ring.
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FIGURE 1.3 - Signal overlap with each ring in fiber A (solid) and fiber B (dashed) at 1550 nm.

The doping concentrations of Er3*, Yb3+ and PO5 were measured on the preform at different
radial positions using an electron micro probe analyzer. As before, the radial position was
scaled using the diameter ratio of the fabricated fiber and the preform and the erbium and
ytterbium measured concentrations are shown in Fig. 1.4. While not used in the simulations,

note that the phosphorus concentration was, on average, 1.2x10%” m~2 in the core region of

26



fiber A.

X
-
o
r
(4]
X
—_
o
r
(7]

Er concentration
[|0ns/m3]

Yb concentration
[mnym3]

r{pm]

FIGURE 1.4 — Erbium (green) and ytterbium (blue) concentration profile of fiber A (solid) and
fiber B (dashed).

Using a supercontinuum laser source with an average of approximately -35 dBm/nm output
power over the 1420 nm — 1620 nm region, we injected the light in the core of the EYDF
(fiber A) and EDF (fiber B) by splicing the output fiber of the supercontinuum at the input
of the fiber under test (FUT) and measuring the output power of the FUT as a function
of wavelength on an optical spectrum analyzer (OSA, 1 nm resolution). Then, the difference
between the input and output power was calculated and divided by the fiber length used.
Fiber lengths of 80 cm for fiber A and 70 cm for fiber B were used. The resulting absorption

curves, as a function of wavelength, are shown in Fig. 1.5.

Fiber absorption [dB/m]
— — e} [N w w
o (4] o ()] o O

(9]
T

L 1 N

1450 1500 1550 1600
Wavelength [nm]

o

FIGURE 1.5 — Absorption as a function of wavelength from 1420 nm to 1620 nm for fiber A
(black) and fiber B (blue).
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Knowing the LPg; overlap and the Er3t concentration profile of each ring in fibers A and B,
the absorption and emission cross-sections were calculated with the McCumber relation, see

[99] for example, written as

21 _ aldB/m)|
7N} = (5 Togrg €) 55, prlions/m?ITy (14)
Oems(V) = Oaps(v) - e/ kBT (1.5)
- ’; (1.6)

In Eq. 1.4 to 1.6, o4 is the absorption cross-section, « is the measured absorption, pj is
the doping concentration in the ring k, I'y is the power confinement in the ring k, oems is
the emission cross-section, v is the optical frequency, ¢ is the speed of light, € is the mean
transition energy between two manifolds, 7" is the equilibrium temperature and kp is the
Boltzmann constant. The mean wavelength at which the transition occurs, A, is generally
close to the peak absorption value. We set A to 1535 nm for fiber A and 1532 nm for fiber B
in order to obtain cross-sections in agreement with the literature [85],[89],[90]. The resulting

cross-sections are shown in Fig. 1.6.

x 10722
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FIGURE 1.6 — Absorption (cyan) and emission (orange) cross-sections as a function of wave-
length from 1520 nm to 1570 nm for fiber A (solid lines) and fiber B (dashed lines).
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In order to measure the absorption cross-section near 976 nm, we injected the light of a
supercontinuum laser source with an average of approximately -42 dBm/nm output power
over the 880 nm — 1000 nm region in the cladding of fiber A and a supercontinuum laser
source with an average of -36 dBm/nm output power over the 800 nm — 1300 nm region in the
cladding of fiber B and measured the output power with an OSA (1 nm resolution). We used
15 m of fiber A and 183 m of fiber B. Absorption was estimated as the loss difference with
respect to the measurement at 880 nm in order to substract background loss and the result
is shown in Fig. 1.7. Since the pump source that will be used for the gain measurements is
centered at 976 nm, we compute the absorption average from 974 nm to 978 nm of both fibers
and obtained 0.785 dB/m for fiber A and 0.0394 dB/m for fiber B. Using the measured Yb3*
(for fiber A) and the Er3* (for fiber B) concentration in each ring, we calculated the respective
absorption cross-sections near 976 nm were calculated and found o5y, = 3.86 % 10725 m? for
fiber A and oups p, pr — 2.25% 10~2% m? for fiber B. For fiber B, the absorption peak at 943 nm
is caused by the absorption from OH™ impurities over the 183 m of fiber used. Although it
cannot be distinguished properly because of the scale of the y axis, the same peak is observed
on the absorption curve of fiber A. The transfer rate from Yb3T to Er** upper metastable
levels Ky in fiber A could not be characterized and will be determined by fitting the gain

measurements of the EYDF in the section 1.6.
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F1GURE 1.7 — Absorption in the cladding as a function of wavelength from 880 nm to 1000 nm
for fiber A (black) and fiber B (blue).

The signal background loss was measured at 1700 nm by injecting the light of a supercontinuum
laser source with an average of approximately -40 dBm/nm output power in the core of the
fiber under test and measured the output power with an OSA (1 nm resolution). We used
100 m of fiber A and 172 m of fiber B and measured a signal background loss of 0.099 dB/m
for fiber A and 0.039 dB/m for fiber B. The pump background loss was measured at 880 nm
with a supercontinuum laser source with an average of -36 dBm/nm output power over the
800 nm — 1300 nm region and a fiber length of 113 m for fiber A and 183 m for fiber B.
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1.6 Gain and NF : model validation

In this section, we perform experimental characterization of the two single core cladding-
pumped doped fibers : fiber A (EYDF) and fiber B (EDF). The experimental results served
to validate the model and the fiber parameters that will be used to compare MC-CP-EYDFAs
with MC-CP-EDFAs through numerical simulations in section 1.7 and section 1.8. We spliced
3.36 m of fiber A and 3.50 m of fiber B to standard single-mode fiber (SMF) pigtails at both
ends. We measured a 2.1 dB total loss for the two splices and connectors using a tunable laser
set at 1640 nm and -5 dBm. In the calculation of the internal gain and NF, we assume that
1.05 dB loss occurs before the doped fibers and 1.05 dB after. Right after the first splice, the
DFUT (doped fiber under test) was stripped over 20 cm. Then, a coreless fiber, spliced on
the output fiber of the pump laser diode, is tapered and rolled around the DFUT in order
to achieve side-coupling of the pump power in the cladding of the DFUT. Starting about
1 cm from the output splice, a glass etching cream (Armour Etch #15-0150) is applied over
four ¢m in order to make the surface of the fiber irregular which removes the pump through
surface scattering. Overall, approximately 10 cm of the DFUT is not pumped significantly, a
few centimeters before the pump coupling and a few centimeters after the pump dump. Thus,
for the simulations, we consider 3.26 m of fiber length for fiber A and 3.40 m for fiber B.

== SMF Path
980-nm Pump == DFUT Path
Laser - == Coreless Fiber Path
== Pump Dump

Comb source
(14 channels) || —> I —1 —™> I OSA

FIGURE 1.8 — Setup used to measure the gain and NF of fiber A and B.

The setup used for the gain and NF measurements is shown in Fig. 1.8. The 14 channels
are distributed uniformly from 1531.2 nm to 1562.2 nm with 300 GHz spacing. The total
signal input power is set to -15 dBm (-26.46 dBm/ch), -5 dBm (-16.46 dBm/ch) and 5 dBm
(-6.46 dBm/ch). The output power of the pump laser diode is set to 3 W, 5 W and 7 W.
The pump power coupling efficiency is measured after the gain and NF measurements are
completed by cutting the fiber 40 cm after the input splice to measure the 976 nm power
when the pump is set to 5 W. We measured 2.35 W for fiber A and 2.40 W for fiber B,
which leads to pump power coupling efficiencies of 47% and 48%. These coupling efficiency
values are used for the simulations. Also, for the simulations, the C-band is loaded with 32
channels uniformly distributed between 1531 nm and 1562 nm with 1 nm spacing. As in the
experiments, the total signal input power is set to -15 dBm, -5 dBm and 5 dBm. The transition

0722 m3/s. This value was determined by

rate from ytterbium to erbium (Ky.) was set to 1.0x1
minimizing the error between gain measurements and simulations with coupled pump power of

3.29 W and input signal power of 5 dBm for fiber A. This value compares well to the literature
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[87]. All of the fibers parameters are summarized in Table 1.1.

Tableau 1.1 — Fibers parameters

Value .
Parameter Fiber A Fiber B Unit
L 3.36 3.50 m
Neores 1 1 _
DY Fig. 1.3 Fig. 1.3 -
Lpk Ak/Actad -
PErk Fig. 1.4 Fig. 1.4  ions/m?
PYbk Fig. 1.4 - ions/m?
Tabs,\ Fig. 1.6 Fig. 1.6 m?
Oems,\ Fig. 1.6 Fig. 1.6 m?
Oabs,p,Er - 2.25x1072% m?
Oabs,p,Yb 3.86x1072° - m?2
TEr 10 10 ms
TYd 1.5 - ms
Ky 1x10~%2 - m? /s

Fig. 1.9 and Fig. 1.10 compare simulations and measurements of gain and NF for fiber A and
B respectively. For both the gain and NF measurements, the insertion loss of the components
and splices are considered in order to determine the internal gain and the internal NF, which
is what is directly obtained with the simulations. A good agreement is observed between
measurements and simulations with a maximum gain difference of <2.4 dB for fiber A and
<2.7 dB for fiber B, and a maximum NF difference of <2 dB for fibers A and B. When using
cladding pumping, because of the small core sizes, the pump overlap with the cores is low
and leads to poor gains for both fibers. In the next section, we will use these values to design

MC-CP-EYDFA and the core sizes will be adjusted accordingly.

1.7 Interest of MC-CP-EYDFA for communications

In order to investigate the interest of MC-CP-EYDFAs for communications, we use the same
model but with seven cores sharing the available pump instead of one. The signal in each
core consists of 31 channels, from 1530 nm to 1560 nm. Some of the characterization results
obtained in section 1.6 are used for the simulation based comparison of MC-CP-EYDFAs with
MC-CP-EDFAs. More specifically, the absorption and emission cross-sections, the lifetime of
Er3* and Yb3T upper metastable levels, and the energy-transfer rate from ytterbium to erbium
(Ktr) of the CP-MC-EYDFAs and the CP-MC-EDFAs are the same as fiber A and fiber B
respectively. For these simulations, we assume ideal refractive index and doping profiles. The
fiber cores are 6 m diameter step-index cores with An = 0.013. The Er3* concentration is

025

uniform over the core region and set to 2x10%° ions/m3. The Yb3*t concentration is set to

2x10%% jons/m3 in the cores of the CP-MC-EYDFAs and to 0 ions/m? for CP-MC-EDFAs.
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FIGURE 1.9 — Measured (markers) and simulated (solid lines) gain (left) and NF (right) of
fiber A for input power of -15 dBm (green), -5 dBm (black) and 5 dBm (red) with coupled
pump power of 1.41 W (top), 2.35 W (center) and 3.29 W (bottom).

In order to investigate if Er/Yb-co-doping can lead to a higher minimum gain over 1530 nm to
1560 nm region, we plot the minimum gain as a function of fiber length for different operating
conditions of CP-MC-EYDFAs and CP-MC-EDFAs. The results are shown in Fig. 1.11 for
different pump input power and different signal input power. From these results, we see that
CP-MC-EYDFA will lead to higher minimum gain, compared to CP-MC-EDFA, when there is
a higher signal power or a lower pump power, which are the conditions that lead to saturation
of CP-MC-EDFA. On Fig. 1.12, the maximum NF over the 1530 nm to 1560 nm region is
shown for the same scenarios as Fig. 1.11. For all the scenarios where Er/Yb-codoping allows
to reach a higher minimum gain compared to Er-doping, Er/Yb-codoping also allows to keep
the NF lower. It thus seems that the use of CP-MC-EYDFAs could be of interest when the
available pump power is limited, for example in subsea networks. Although the minimum gain
can be very similar, gain variations across the C-band can be very different. For example,

for the -5 dBm input signal power and 8 W input pump power scenario, the minimum gain
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FIGURE 1.10 — Measured (markers) and simulated (solid lines) gain (left) and NF (right) of
fiber B for input power of -15 dBm (green), -5 dBm (black) and 5 dBm (red) with coupled
pump power of 1.44 W (top), 2.40 W (center) and 3.36 W (bottom).

over the 1530-1560 nm region is almost the same for both fibers (16.6 dB vs 17.3 dB for the
CP-MC-EYDFA and the CP-MC-EDFA respectively) and occurs at approximately the same
fiber length (1.8 m and 1.9 m for the for the CP-MC-EYDFA and the CP-MC-EDFA). Under
these conditions, the average upper state population over the total length of the fiber is 71.6%
for the CP-MC-EYDFA and 63.8% for the CP-MC-EDFA. The spectral gain variations in the
CP-MC-EYDFA are therefore much larger, as shown in Fig. 1.13, and would require a GFF
with >15 dB of depth. However, the maximum NF over this spectral window for fiber A is
only 3.4 dB compared to 4.5 dB for fiber B.

1.8 Optimal wavelength range for MC-CP-EYDFAs

In this section, we investigate what is optimum transmissions 30-nm window of CP-MC-
EYDFA vs CP-MC-EDFA. We first perform simulations of CP-MC-EYDFA using the same
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FIGURE 1.11 — Simulated gain of a CP-MC-EYDFA (solid) and a CP-MC-EDFA (dashed) for
input signal power of -15 dBm (green), -5 dBm (black) and 5 dBm (red) with coupled pump
power of a) 4 W, b) 8 W, ¢) 12 W and d) 16 W and 7 cores sharing the pump.

fiber parameters as in section 1.7. For each spectral region, two scenarios are considered : a)
8 W input pump power and -5 dBm input signal power, and b) 16 W input pump power and
-5 dBm input signal power. For both scenarios, the minimum gain over the spectral region
is plotted as a function of fiber length in Fig. 1.14. The results shown in this section are
the internal gain and the internal NF. In order to determine the total amplifier gain and NF
for a given application, the loss of isolators, splices and other sources of loss should also be

considered.

The results indicate that the optimal 30-nm wide wavelength range for CP-MC-EYDFA is
1536 nm — 1566 nm. However, it is worth noticing that the 1535 nm — 1565 nm wavelength
range gives a very similar result while being inside the C-band. When compared to the CP-
MC-EDFA results shown on Fig. 1.11, the Er/Yb-co-doping results lead to better gain and
pump efficiency. Due to the lower emission cross-section at the higher wavelengths, a longer
fiber is also required. Note that for 8 W input pump power, the optimal length for the EYDFA

is 6.1 m and the minimum gain is 26.2 dB.

At the optimal fiber length, the maximum NF calculated over the wavelength range of the
various scenarios shown on Fig. 1.14 was <3.5 dB for a pump power of 8 W and <3.4 dB for a
pump power of 16 W (with variations less than 0.1 dB among the tested wavelength ranges).
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FIGURE 1.12 — Simulated NF of a CP-MC-EYDFA (solid) and a CP-MC-EDFA (dashed) for
input signal power of -15 dBm (green), -5 dBm (black) and 5 dBm (red) with coupled pump
power of a) 4 W, b) 8 W, ¢) 12 W and d) 16 W and 7 cores sharing the pump.
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FIGURE 1.13 — Simulated gain of a seven-core CP-MC-EYDFA (solid) and a CP-MC-EDFA
(dashed) for input signal power of -5 dBm, input pump power of 8 W.

The only noticeable increase in NF occurred when the fiber length was much longer than the

optimal length.

If we repeat the same experiment for MC-CP-EDFAs, we find an optimal wavelength range
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FIGURE 1.14 — Simulated minimum gain of a CP-MC-EYDFA for different 30-nm spectral
windows with input signal power of -5 dBm and input pump power of a) 8 W, b) 16 W.

of 1531— 1561 nm, and an optimal minimum gain of 17.6 dB for 2.2 m of fiber length, 8 W of
input pump power and -5 dBm of input signal power. The gain curve of the MC-CP-EYDFA
and MC-CP-EDFA at their optimal fiber length over their optimal 30-nm wide spectral region
is shown on Fig. 1.15.
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FIGURE 1.15 — Simulated gain of a CP-MC-EYDFA (solid) and a CP-MC-EDFA (dashed)
for input signal power of -5 dBm, input pump power of 8 W, and 7 cores. The results were
obtained with fiber lengths of 6.1 m for the CP-MC-EYDFA and 2.2 m for the CP-MC-EDFA
over the respective 30-nm spectral windows from 1536 — 1566 nm and 1531 — 1561 nm.

Similarly, we found that when a 35-nm transmission window is desired, the optimal wavelength
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range is 1535 — 1570 nm for EYDFAs and 1532 — 1567 nm for EDFAs. The calculated gain
spectra at 8 W with the optimal fiber lengths are shown in Fig. 1.16 and the resulting minimum
gain is 23.1 dB for the EYDFA and 17.7 dB for the EDFA.
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FIGURE 1.16 — Simulated gain of a CP-MC-EYDFA (solid) and a CP-MC-EDFA (dashed)
for input signal power of -5 dBm, input pump power of 8 W, and 7 cores. The results were
obtained with fiber lengths of 6.6 m for the CP-MC-EYDFA and 2.4 m for the CP-MC-EDFA
over the respective 35-nm spectral windows from 1535 — 1570 nm and 1532 — 1567 nm.

The results shown in Fig. 15 and 16 indicate that, when it is possible to select the spectral
region, CP-MC-EYDFAs offer a higher minimum gain compared to CP-MC-EDFAs since they

use the pump more efficiently. However, the results also indicate that a deeper GFF is required.

1.9 Conclusion

Through numerical simulations with parameters validated by experimental results with a
single-core fiber, we investigated the benefits of using Er/Yb co-doping for a multi-core am-
plifier in order to achieve a higher minimum gain than with erbium ion doping only. All the
simulations parameters are in agreement with typical values found in the literature. We first
compared cladding-pumped Er and Er/Yb doped amplifiers and found that Er/Yb co-doping
could only be beneficial over the 1530-1560 nm spectral region in the specific case of a highly
saturated amplifier, for example for low input pump power or high input signal power. Under
these conditions Er/Yb co-doping can be advantageous because of its efficient absorption rate
that leads to high population inversion levels even when available pump power is low. However,
when the remaining output pump is reused [100], the benefits of Er/Yb co-doping might not
be advantageous compared to Er-only doping since only a small fraction of pump light reaches
the output of the fiber. Also, one of the drawbacks of using Er/Yb co-doping is the need for
a deep GFF. However, when the 30-nm spectral window can be shifted to slight longer wa-
velengths, for example 1535 nm to 1565 nm, we also demonstrate that MC-CP-EYDFAs can
reach much higher minimum gain than MC-CP-EDFAs. The results thus demonstrate that,
although Er/Yb co-doping does not provide increased performance of MC-CP amplifiers in all
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scenarios, there can be important benefits of using co-doping in specific scenarios.

1.10 Acknowledgment

We would like to acknowledge the help of Mr N. Grégoire and Mr. Steeve Morency for the

fiber fabrication and characterization.

38



Chapitre 2

Demonstration of an erbium-doped
fiber with annular doping for low gain
compression in cladding-pumped

amplifiers

C. Matte-Breton!, H. Chen?, N. K. Fontaine?, R. Ryf?, R.-J. Essiambre?, C. Kelly?, C.
Jin’, Y. Messaddeq! et S. LaRochelle!

!Centre for Optics, Photonics and Lasers (COPL), U. Laval, Québec, QC, G1V 0A6, Canada
2Nokia Bell Labs, 791 Holmdel-Keyport Rd, Holmdel, NJ 07733, USA

3Nokia Canada, 600 March Rd, Ottawa, ON, K2K 2T6, Canada

4now with OFS, 19 Schoolhouse Rd, Somerset, NJ, 08873, USA

Publié dans Optics Express, Vol. 26, no. 20, 26633-26645 (2018). [101]

(©) 2018 Optica Publishing Group. Users may use, reuse, and build upon the article, or use
the article for text or data mining, so long as such uses are for non-commercial purposes and

appropriate attribution is maintained. All other rights are reserved.

2.1 Résumé

Nous présentons la conception et la caractérisation d’'un amplificateur pompé par la gaine
ayant un dopage a lerbium situé dans une région annulaire en périphérie du coeur. Cette
géométrie de dopant vise & réduire la saturation du gain, conduisant ainsi & une compression
de gain plus faible par rapport & un dopage uniforme dans le coeur. A partir de simulations
numériques, nous comparons dans un premier temps les performances de trois fibres avec

différents profils de dopant & ’erbium. Lorsque les fibres dopées sont opérées avec une longueur
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de fibre optimale, les résultats montrent qu'une plus faible intensité de signal qui chevauche
la région dopée a I’erbium permet d’obtenir un gain plus élevé et une saturation plus faible de
I’amplificateur. Une fibre a coeur simple dopée & I'erbium avec un profil de dopant annulaire
et une gaine en forme de D a été fabriquée. Les mesures expérimentales démontrent moins de
4 dB de compression du gain sur la bande C pour une puissance d’entrée allant de -40 dBm
a4 3 dBm. Les fibres amplificatrices ayant une faible compression du gain représentent une
avenue intéressante pour les applications qui nécessitent de reconfigurer le nombre de canaux
a 'entrée des amplificateurs. Un gain et une puissance de saturation plus élevés sont également

des enjeux clés pour les fibres amplificatrices & coeurs multiples pompées par la gaine.

2.2 Abstract

We present the design and characterization of a cladding-pumped amplifier with erbium doping
located in an annular region near the core. This erbium-doped fiber is proposed to reduce
gain saturation, leading to smaller gain compression when compared to uniform core doping.
Through numerical simulations, we first compare the performance of three fibers with different
erbium doping profiles in the core or the cladding. When the doped fibers are operated at the
optimum length, results show that the smaller overlap of the signal mode field with the annular
erbium doping region leads to higher gain and lower saturation of the amplifier. A single-
core erbium-doped fiber with an annular doping and a D-shaped cladding was fabricated.
Measurements demonstrate less than 4 dB of gain compression over the C-band for input
power ranging from -40 dBm to 3 dBm. Small gain compression EDFAs are of interest for
applications that require input channel reconfiguration. Higher gain and saturation output

power are also key issues in cladding-pumped multi-core amplifiers.

2.3 Introduction

Fueled by cloud-based applications, video streaming and supercomputing, data traffic carried
by communication networks has grown considerably in the last few decades. Optical fibers
are deployed worldwide to form the backbone of high capacity networks that must deliver an
ever increasing bandwidth with reduced cost and complexity. In this context, space-division
multiplexing (SDM) is currently being investigated as a possible means to scale optical fiber
capacity beyond the fundamental limit of single-mode single-core optical fibers [77; 76; 102;
103]. Recent demonstrations of transmissions over few-mode multi-core fibers show that the
number of channels could be increased by two orders of magnitude, allowing in excess of
10 Pb/s transmission per optical fiber link [104; 105]. A key technology to the deployment
of SDM links is a compatible in-line optical fiber amplifier [61; 106], which should ideally
avoid the demultiplexing of spatial channels often done before amplification in laboratory

experiments of SDM transmission. A spatially integrated optical amplifier sharing the same
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pump is also of interest for applications requiring a compact solution for switching and routing

[107).

Although initial work on multi-core erbium-doped fiber amplifiers (MC-EDFAs) used in-core
pumping, there is a growing interest in cladding-pumped MC-EDFAs [13; 8; 12; 108; 109; 53; 6;
63; 7|. Erbium-doped fiber amplifiers (EDFAs) with in-core pumping are well-known for their
high performance in terms of gain, noise, optical bandwidth and power efficiency. However, in
multi-core SDM links, these advantages are offset by the need to introduce demultiplexing and
multiplexing stages at the amplifier input in order to insert the pump in each core. In-core
pumping therefore leads to a high component count while cladding pumping can decrease
system complexity and cost by eliminating the need for components such as pump-signal mul-
tiplexers. An additional advantage of cladding pumping that is of particular interest is the
use of a single high-power pump source that can be side-coupled to the double-clad fiber. In
this configuration, a low cost multimode pump can be used as the pump does not need to be
coupled to a single-mode fiber to be injected in the amplifier. Another advantage of cladding
pumping arises in SDM links with mode multiplexing. When simultaneously amplifying mul-
tiple modes, the more uniform pump power distribution over the optical fiber cross-section
can reduce differential modal gain [110]. Numerous cladding-pumped MC-EDFAs have thus
been fabricated and characterized with several designs proposing solutions to address the low
pumping efficiency. A few examples are a six-core EDFA with more than 20 dB gain over
the 1542 nm — 1576 nm wavelength range [13|, a 32-core co-doped Er/YD fiber amplifier with
>17 dB gain over the 1544 nm — 1564 nm wavelength range [12] and an EDFA with six cores,
each delivering >18 dBm output power with >17 dB gain over the C-band [108]. Few-mode
MC-EDFAs were also demonstrated using an annular cladding [109; 53] or slightly coupled

cores [6] to increase pump intensity and pumping efficiency.

Cladding pumping presents new opportunities for engineering the erbium doping profile in
order to improve the amplifier performance. For instance, ring doping, which consists of inclu-
ding erbium ions in an annular region rather than doping the core uniformly, or a structured
erbium concentration profile can be used to reduce differential modal gain [111; 112; 60] or to
increase output power [71; 72|. More generally, assuming uniform distribution of the pump in
the cladding, annular doping allows to control the signal overlap with the erbium-doped region
without modifying the pump overlap. This is illustrated in Fig. 2.1 that compares the mode in-
tensity profiles of an EDFA with in-core pumping and uniform doping in the core [Fig. 2.1(a)],
to the mode intensity profiles of an EDFA with cladding pumping having an annular-doped
region in the core [Fig. 2.1(b)|. In this particular case, the optical fiber supports two mode
groups, LPg; and LP1;, and the relative gain of the two modes is controlled through the er-
bium doping profile (see for example [111]). In this work, we consider a double-clad optical
fiber with an annular erbium-doped region located in the cladding for amplification of a single

mode [Fig. 2.1(c)|. The purpose of this design is to reduce signal overlap with the doped region
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in order to reduce saturation and minimize gain compression [71; 72|, which is an important
advantage for EDFAs used in dynamic and reconfigurable networks. To our knowledge, this
is the first direct detailed comparison of simulation and measurement of a cladding-pumped
EDFA, with erbium-ion doping located in the cladding, that is designed specifically to lower

gain compression.
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FIGURE 2.1 — Normalized LPgy; (orange) and LP1; (yellow) mode intensity profiles, and nor-
malized pump intensity distribution (purple, dashed) of : a) a core-pumped single-mode fiber,
b) a cladding-pumped multi-mode fiber with erbium doping in an annular region of the core,
and c) a cladding-pumped single-mode fiber with erbium doping in the cladding close to the
core. The blue lines indicate the refractive index profiles and the shaded green areas are the
erbium-doped regions.

In this paper, we expand on our initial report in [16] and present here in detail the optimization
of the doped fiber design and compare simulation results to experimental measurements. The
paper is focused on optimizing the erbium doping profile to reduce gain compression in a
single-mode fiber amplifier. While we investigate the simulation and fabrication of a single-
core fiber, the results could be straightforwardly extended to MC-EDFA. In section 2.4, we
simulate different doped fiber designs and compare their minimum gain over the C-band for
a maximum of 4 dB of gain compression. The ideal gain compression of an EDFA used in
dynamic and reconfigurable network would be 0 dB to avoid gain excursions when channels are
rerouted. However, the lower the gain compression, the harder it is to achieve a high minimum
gain over a significant input power range. These simulations are performed using standard
values found in the literature for erbium-doped aluminosilicate glass. In section 2.5, we first
characterize the parameters of a fabricated fiber with annular doping in the cladding. We then
use a tapered fiber to inject the pump in the cladding and measure the amplifier gain and NF.
Using the experimentally determined parameters, we compare simulation results to validate
the approach. Finally, we conclude, in section 2.6, by a discussion and recommendations for
further MC-EDFAs designs.

2.4 Design of the erbium-doped fiber

As optical channels are routed through reconfigurable networks, the input power to an EDFA

can vary leading to transients for the remaining channels. A useful measure to quantify the
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impact of changing the number of input channels is the static gain compression. Gain com-
pression at a given signal wavelength is defined as the gain difference for two values of total
input power. Operation of EDFAs in saturation will therefore lead to high gain compression
as the gain changes more rapidly with input power when the amplifier input power is above
its saturation power. In this paper, we propose to modify the erbium doping profile of a
cladding-pumped fiber to investigate how to achieve sufficient gain and output power, while
maintaining low gain compression. By placing the erbium ions (Er3T) in the evanescent tail
of the signal mode field, i.e. in an annular region located in the cladding but close to the core,
the local signal intensity overlapping with the doped region remains low even as the amplifier
gain increases. In this section, we compare three fiber designs to illustrate this behavior. We
perform numerical simulations using a standard rate equation model with fiber parameters
compatible with common fabrication processes such as modified chemical vapor deposition
(MCVD) with solution doping. We examine fiber designs meeting a target of <4 dB of gain

compression and contrast their minimum achievable gain and fiber length.
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FIGURE 2.2 — Refractive index (blue line) and erbium concentration (green shaded area)
profiles of fibers A, B and C.

2.4.1 Erbium doping profiles

To minimize the number of fabrication steps, we simulate radially dependent erbium doping
profiles that have only one erbium ion (Er3") concentration level, namely pgy o = 1x10?° ions,/m?.
The three fibers under study are a fiber with uniform doping across the core (Fiber A), a fi-
ber with a uniformly doped annular region in the cladding (Fiber B) and a fiber in which
both the core and a portion of the cladding are doped with the same concentration of Er3+t
(Fiber C). The refractive index profiles and the Er®* concentration profiles of the three fi-
bers are illustrated in Fig. 2.2. All three fibers have a silica cladding with an index of 1.4440
at 1550 nm. Fiber A is a step-index fiber with core radius of 4.5 ym and refractive index of
1.4502. The numerical aperture is 0.134 and the V number is 2.44 at 1550 nm, which mean
that the LP1; mode is very close to cutoff. In cladding-pumped amplifiers, enlarging the cores
to reduce signal intensity helps to reduce saturation [108]. In Fiber B and C, because some
Er3* are incorporated in the cladding, silica is replaced by aluminosilicate to increase the
solubility of the Er3* in this region. Therefore, the region between r = 4.5 pm and r = 9.5 um

has a refractive index of 1.4460, which is a reasonable value for aluminosilicate to accept an

43



02% ions/m?. For Fiber B, the erbium doping is only found between

Er3* concentration of 1x1
r = 6.0pm and r = 9.5 pm while, for comparison purposes, Fiber C is doped with erbium from

r =0.0pm tor = 9.5pm.

2.4.2 Model and simulations

Simulations were performed using the standard EDFA two-level model with the usual set of
power propagation and population rate equations in which we introduce radial resolution as
described in [13]. Since we aim to design single-mode cores, only the LPy; mode is considered
in the simulations for the signal (we assume that no higher-order modes are present). The
pump power is assumed to be uniformly distributed in the cladding that has a diameter of
140 pm. Consequently, there is not azimuthal dependence and we divide the fiber cross-section
in K rings, each with uniform Er®t concentration, and we calculate the average inversion of

each ring to calculate transition rates and gain. We write

dp,
3 = ey (SI ()T ) Po(2) — apBy(2)
S = Tems A Dopet M2k (2) DAk — Tabsx D1 PLR(2) DAk ) Pox(2) — s Py A(2) 2.1)
dPF, .\ (2)
A — (e YA 12000k — Tabsr SAy 114 (2)Tak ) Prgp (%)
+0ems,\ <ZkK:1 n2,k(2)FA,k> 2hvyAvy — %PAIESE,,\(Z)
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2.k(2) = ot et perk(2) (2:2)
’ Wl,k(Z)JrWz,k(Z)JrWs,k(Z)+ATk "
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Wi (2) = “52 28 By (2)
Tabs r Oabs r
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where A stands for the wavelength channels of the signal or the amplified spontaneous emission

(ASE), and k refers to the different rings with area Ay. Eq. 2.1 describes the propagation of
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the pump power, P,, the signal, Ps, and the ASE, PXSE, in the forward (+) and backward
(-) direction. The pump is co-propagating with the signal and the respective background
loss of the pump and the signal are oy, and o,. Also, ogps ) is the absorption cross-section
at 980 nm, Oems,n and ogps \ are the emission and absorption cross-sections at the signal or
ASE wavelengths. The pump and signal (or ASE) overlaps with each ring are I'; 5, and I'y
respectively. Eq. 2.2 describes the radially resolved population inversion along the fiber. The
lower and upper population level densities of a given ring are ny and noy , while pg,j is
the erbium concentration of a given doped ring. For the design, pg,j is either 0 or pg, .
When simulating experimental results, pg, , will vary from ring to ring. Eq. 2.3 represents the
transition rates associated with pump absorption (W7), signal and ASE absorption (W3), and
signal and ASE stimulated emission (W3). As usual, h is the Planck constant, v, and vy are
the pump frequency and signal (or ASE) frequency, and 7 is the lifetime of the Er3T upper

metastable level.

For the simulations, we consider 31 signal channels uniformly distributed over the C-band
(1530 nm to 1560 nm) and 201 ASE channels between 1420 nm and 1620 nm. The spectral
resolution of the simulations is therefore 1 nm. At first, we neglect background propagation
loss (a5 and ay, are set to 0 dB/m). We use absorption and emission cross-sections measured on
an erbium-doped aluminosilicate fiber previously fabricated in our laboratory [113], which are
illustrated in Fig. 2.3. The fiber cross-section between radius r = 0 to r = 10 pm is divided into
100 rings. The signal and ASE confinement for each ring, over the whole spectrum of interest
(i.e. 1420 nm to 1620 nm with 1 nm resolution), were found by simulating the LPy; mode
profile with COMSOL. Although not necessary for step-index fibers, this numerical technique
is useful when considering variations of the index profile in the cladding and necessary when
doing the simulations of the experimentally measured profile in section 2.5 below. The pump
overlap for each ring was straightforwardly found by considering that the pump power is

uniformly distributed over the fiber cross-section.
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FIGURE 2.3 — Absorption (blue) and emission (orange) cross-sections used in simulations (from

[16]).

Our target is to achieve a maximum of 4 dB of gain compression over the C-band when the

total input power is varied from -40 dBm (unsaturated amplifier) to 3 dBm (fully loaded
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amplifier). This total input power is uniformly distributed over the 31 channels. Considering
that 3 dBm corresponds to a fully loaded amplifier (all 31 channels present at its input), the
calculated gain compression represents a worst case scenario. If a sub-band is absent from
the EDFA input, the amplifier will be less saturated and the gain compression will be lower
for the remaining channels, whatever the specific wavelengths of the sub-band channels that
are absent. The simulations parameters are summarized in Table 2.1 where P, ;;, is the input
pump power, P in unsat and Ps i sqr are the limits of the total input signal power range used
to calculate the gain compression, r..q is the radius of the cladding, neore is the refractive
index of the core, ngopeq is the refractive index of the erbium-doped aluminosilicate region

around the core and n.j.q is the refractive index of the cladding.

Tableau 2.1 — Parameters used in initial simulations, common to all fibers.

Parameter Value Unit
Pyin 145 W
PEr 1x10% ions/m?

P in.sat 3 (-11.91 dBm/ch) dBm
Py inunsat  -40 (—54.91 dBm/Ch) dBm

Cabsp 2.297x10~2° m~2
oy 0 m~!
Qg 0 m~!

Tclad 70 pm

Neore 1.4502 -

Ndoped 1.4460 -

Nelad 1.4440 -

For each fiber, we simulated different lengths in order to maximize the minimum gain over the
C-band with less than 4 dB of gain compression over the total input power range. The resulting
lengths were 0.87 m, 18.2 m and 0.84 m respectively for fibers A, B and C. Fig. 2.4 shows
the spectral gain of each fiber calculated with these lengths for the minimum and maximum
total input signal power. For each fiber, the maximum gain compression (4 dB) occurs around
1532 nm. The minimum gain, among the 31 channels, for an input power of 3 dBm for fibers
A, B and C was respectively 6.8 dB, 17.7 dB and 8.1 dB. With the optimized length, the
saturated output power is found by calculating the total signal output power at the 3-dB
saturation point of the average amplifier gain. For fibers A, B and C, we find respectively
10.7 dBm, 22.3 dBm and 12.1 dBm. Thus, according to the simulations, Fiber B, with the
Er3* located in an annular region of the cladding, is far superior in terms of minimum gain

when limiting the gain compression to 4 dB.

2.5 Fiber fabrication and characterization

In order to validate the approach, we fabricated Fiber B using MCVD and solution doping

technique. We first deposited a layer of silica sooth using the solution doping technique with
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Al,03 and ErpOj3 to dissolve the Er3* ions in the porous glass [98]. This layer corresponds
to the region r = 6.0 — 9.5 um of the design. This was followed by a second step of MCVD
deposition for the fiber core that was made of GeO5 doped SiOs since there was no Er®* doping
in this region. Firstly a buffer layer was deposited between r = 4.5 — 6.0 pm with a GeOq
concentration to match the index of the aluminosilicate glass, then the GeOy concentration
is increased for the core. In order to break the symmetry of higher-order pump modes, a flat
surface was polished on the preform resulting in an optical fiber having a “D”-shaped cross-
section [114]. The fiber diameter was 140 pm and a low-index (1.37) polymer with a 205 pum

diameter was used to confine the pump power in the cladding.
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FIGURE 2.4 — Gain as a function of wavelength for total input power of -40 dBm (black) and
3 dBm (red) distributed over 31 channels at the optimum length for each fiber.

2.5.1 Fiber parameters measurements

We measured the resulting refractive index profile of the fiber, at the center of the preform,
using a refracted near-field analyzer (EXFO NR-9200HR) at 657.6 nm. The measured refractive
profile, neglecting dispersion of the refractive index step, was scaled down to the fiber dimen-
sion to compare it to the design in Fig. 2.5(a). We imported this profile into COMSOL in order
to calculate the LPy; mode confinement in each ring more accurately in subsequent numerical
simulations of experimental measurements. The COMSOL simulations also indicated that, al-
though close to cut-off, the LP1; mode is guided (at 1530 nm, Neff,LPO1 = Nelad + 25.0x1074,
Neff,LP11 = Nelad + 4.67x10~%). Fig. 2.6 shows the signal overlap in each ring calculated from
the measured refractive index profile and compares the result to the ones of the design at
1550 nm. The fabricated fiber has 53% more signal overlap than the designed one in the
6.0pm < r < 9.5um region (I' = 0.1345 compared to I' = 0.0877). Using the signal overlap
that was calculated from this measurement, numerical simulations were repeated with all other
parameters corresponding to the design ones. This leads to an optimal fiber length of 11.1 m

and a minimum gain of 16.5 dB for 4 dB of gain compression.

The erbium concentration was measured on the preform as a function of the radial posi-

tion, using an electron micro-probe analyzer (CAMECA) with a measurement sensitivity of
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Apg, = 5x10%* ions/m3, which is close to the doping level of the fiber thereby resulting in
a noisy measurement. We performed a fit using a half-Lambertian (r < 7.4pm) and half-
Gaussian (r > 7.4pum) profile and used it for the simulations. The asymmetry of this fit allow
to consider, in the simulations, the small amount of erbium that was measured above the
detection threshold of the CAMECA (2x10%* ions/m?) in the r < 6.0 pm region. Note that
the electron micro-probe analysis showed that a small amount of germanium was present
in the erbium-doped region. Both the measured and fitted erbium concentration profiles are
compared to the design in Fig. 2.5(b). Note that the obtained erbium ion content is signi-
ficantly lower than the design with an average concentration of pg, = 3.7x10%* ions/m® in
the 6.0um < r < 9.5um region. Using this averaged concentration in all the doped rings,
numerical simulations results in an optimal length of 49.1 m and a minimum gain of 17.6 dB.
Using the measured erbium concentration profile directly in the initial simulations leads to
an optimal fiber length of 25.5 m and a minimum gain of 14.2 dB. In both cases, all other

parameters correspond to the design ones, including the overlap.
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FIGURE 2.5 — For the fabricated Fiber B : a) Designed (blue) and measured (orange) refrac-

tive index profile. b) Designed (blue), measured (orange), and fitted (black, dotted) erbium
concentration profile.
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FIGURE 2.6 — Signal overlap of each ring in the designed (blue) and fabricated (orange) fiber.

The pump absorption, when injected in the cladding, was measured using the setup and the

procedure shown in Fig. 2.7. The setup consists of an incoherent white-light source followed
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by a free-space tunable bandpass filter before being injected into a 2.15 m coreless optical
fiber. First, a reference measurement is done at the output of the coreless fiber [Fig. 2.7(a)] to
ensure that the power at the output of the coreless fiber is below -40 dBm at each wavelength
so that we can assume that the fiber has a very low level of population inversion. The filter has
a passband of 1 nm and was tuned with steps of 1 nm from 920 nm to 1020 nm. Afterwards,
9.96 m of the fiber under test (FUT), Fiber B, was added between the coreless fiber and the
OSA. The insertion loss in dB/m is determined by dividing the total loss of the FUT by its
length. The result is shown on Fig. 2.8.

a) Incoherent SMF Path
e 18 Free space -
white-light monochromator OSA == Coreless Fiber Path
b) Incoherent b
. . ree space
white-light monochromator OSA
source

FiGURE 2.7 — Characterization setup used to do spectral measurement of the insertion loss
when the light is injected in the cladding a) calibration path and b) measurement of the FUT.

To determine background propagation loss, we use the insertion loss values outside the ab-
sorption band of Er®*t to interpolate the propagation loss value at 980 nm. The background
loss was 0.23 dB/m or 0.053 m~!. Such a high background loss can be caused by either im-
purities at the outer region of the fiber and scattering of pump light out of the fiber. The
absorption of the pump is determined by subtracting the background loss (0.23 dB/m) to the
absorption in dB/m at 977 nm (0.294 dB/m). The absorption cross-section of the pump is
then calculated with Eq. 2.4-2.6, using the pump overlap with the erbium doping, we find
Oabs,p — 2.3x107%5 m?.
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FIGURE 2.8 — Spectral measurement of insertion loss when the light is injected in the cladding
of the fabricated Fiber B normalized to fiber length.

The absorption and emission cross-sections at the signal wavelengths were determined using a

similar setup as shown in Fig. 2.9. The measurement uses a cut-back technique to determine
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signal absorption in the fundamental mode. Absorption and emission cross-sections are then
calculated from the spectral absorption result. Once again, a wide-band source with a very
low output power is used to ensure a negligible level of population inversion. At first, SMFs
are spliced at both ends of the 10.00 m FUT with an active alignment procedure. In order to
filter higher-order modes, three loops of 2.2 cm of diameter were made after the first splice.
Then, the band pass filter was tuned in steps of 1 nm from 1420 nm to 1620 nm. Finally, a
length of 7.90 m of the FUT is cut and the two remaining portions of the FUT are spliced
back together resulting in a remaining FUT length of 2.1 m in Fig. 2.9(b). This allows to
keep the same splices between the SMF and the FUT. The absorption in dB/m is then found
by dividing insertion loss difference by 7.90 m. The result is shown in Fig. 2.10 where it can
be observed that the signal propagation background loss is negligible. Also, small oscillations

are present on the spectrum, most probably caused by the presence of residual higher-order
modes.

a) | 'ncoherent ' 3x2.2cm loops
white-light Monochromatic
g filter (1 nm) ==
source

3x2.2cm loops

b) [ Incoherent

- Monochromatic == SMF Path
white-light filter (1 nm) |~ — OSA — FUT Path
source

FiGURE 2.9 — Characterization setup used to do spectral measurement of the insertion loss
when the light is injected in the core a) calibration path and b) measurement of the FUT.
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FI1GURE 2.10 — Absorption spectrum when light is injected in the core of the fabricated Fiber
B.

Then, considering the experimentally determined signal overlap and Er®* doping concentration
in each ring, we use the McCumber relation [99] to determine the absorption and emission

cross-sections.

50



aldB/m)|

21 _
7 )= (g Togyy ) >k PErklions/mA|Ty =
O'ems(l/) = O'abs(V) : e(e_hl/)/kBT (25)
he
€= T535mm 20

The resulting cross-section curves, displayed in Fig. 2.11, slightly differ from the curves used
for the fiber design. The maximum emission occurs at 1533 nm instead of 1532 nm and a
shallow hole appears in the emission cross-section spectrum between 1540 nm and 1546 nm.
Those differences could be caused by the presence of germanium in the erbium-doped region
[115]. Using these cross-sections in the numerical simulations (with all other parameters fixed
corresponding to the design values) leads to an optimal fiber length of 19.6 m and a minimum
gain of 14.8 dB.
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FIGURE 2.11 — Absorption (blue) and emission (orange) cross-sections as a function of wave-
length when the signal is injected in the core of the fabricated Fiber B (solid) compared with
the cross-sections used for the simulations of the designed fiber (dashed).

2.5.2 Amplifier characterization and validation of the approach

Aiming for a maximum of 4 dB of gain compression when total input signal power varies
between -40 dBm and 3 dBm, we used 15 m of the erbium-doped fiber under test (EDFUT),
i.e. the fabricated Fiber B with erbium doping in an annular region of the cladding. The gain
and noise figure (NF) were measured as a function of wavelength for three different input
power values : -40 dBm, -7 dBm and 3 dBm. In the setup shown in Fig. 2.12, the tunable

laser #1 is used as a saturating tone at 1550 nm while the tunable laser #2 is used as a low
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power tunable wavelength signal (1530 nm — 1560 nm, at least 12 dB lower than P; ;). For
measurements with F;;, — -40 dBm, no saturating tone is used. Input and output powers
were measured on an OSA at the output of the respective input and output isolators. The
25 W 980-nm pump laser is injected in the cladding of the EDFUT. To achieve the injection,
a tapered coreless fiber is spliced at the pigtail of the laser source while its tapered section is
rolled around the EDFUT [108]. To filter the remaining pump in the cladding at the output
of the fiber, a pump dump, consisting of etching cream applied over 5 cm of the EDFUT, is
used. The polarization-dependent effects in the EDF were suppressed by using a polarization
scrambler. In order to suppress weakly guided higher-order modes, three fiber loops of 2.2 cm
diameter were rolled at 0.5 m and 14.5 m of the EDFUT length as shown on Fig. 2.12.

980 Pu == SMF Path
Tunable Laser; Coupler pr v ump = EDF Path
P 98:2 Laser 3 = Coreless Fiber Path
X2.2cm 3x2.2cm — Pump Dump
loops loops
Tunable Laser, Polarisation 4 (@) (@) 4
#2 Scrambler 7 7 OSA

FIGURE 2.12 — Setup used to measure the gain and noise figure of the EDF.

Measured and simulated spectral gain and NF are compared in Fig. 2.13 for the three P,
values. The simulations assume that 14.5 W of pump power is coupled in the EDFUT cladding

(considering loss in the coreless fiber of 3.6 dB/m this translates into a coupling efficiency of

70%).
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FIGURE 2.13 — Gain (top) and NF (bottom), simulations (dashed) and measurements (solid),
as a function of wavelength for different total input power.

Simulations and experiments are in good agreement with a maximum gain difference of 2.0 dB.
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Also, in the experiment, the gain compression when P; j, changes from -40 dBm to 3 dBm,
was 4.1 dB and occurred at 1532 nm in the experiment, while it was 2.1 dB in the simulations
and occurred at 1533 nm with the experimentally measured parameter. According to the
simulations with all experimentally determined parameters, the gain compression of 4 dB
should occur with a fiber length of 19.9 m and lead to a minimum gain of 10.9 dB with
Ps in = 3 dBm. Among the factors that could be responsible for this difference between the
measured and calculated spectral gain are the presence of residual higher-order modes that
are neglected in the model and, also, the fact that the refractive index and erbium doping
profiles were measured on a section of the preform but not on the fiber itself. There is a larger
difference between the measured and simulated NF, particularly at the shortest wavelengths.
Factors that could contribute to this discrepancy include the presence of un-pumped EDFUT
sections (before pump coupling and after the pump dump) and the presence of residual higher-
order modes, particularly at the shortest wavelengths. Therefore, we believe that the NF peak
should be suppressed in future design of annular doped EDFs with singlemode cores. It should
be noted that the 4 dB of gain compression, for total input power variations from -40 dBm
to 3 dBm, was achieved with a minimum gain of 9.7 dB. Although this result is very far from
the 17.7 dB expected from the design, it is still superior to the simulation results of Fiber A
(6.8 dB) and C (8.1 dB). This significant difference can be explained by a thinner erbium-
doped region, a significantly higher signal overlap and power intensity in the doped region
and differences in cross-sections compared to initial expectations. Higher signal overlap in this
annular-doped region means higher signal intensity that will lead to saturation and more gain
compression. Nevertheless, the good agreement between measurements and simulations using
the experimentally determined parameters indicate that refinement of the fiber fabrication
technique should lead to the expected performance. It is also important to note that a flat
gain spectrum cannot be achieved with unsaturated amplifiers. Thus, this amplifier with low

gain compression is designed to be operated with a gain equalization filter.

2.6 Conclusion

Through numerical simulations we compared various erbium doping profiles of cladding-
pumped single-core fiber amplifiers to maximize its minimum gain while limiting gain com-
pression to less than 4 dB. The results show that inserting the Er3T in an annular region of
the cladding near the core leads to better performance. Compared to designs with uniform
erbium doping in the core, the proposed design saturates at higher input signal power due to
the small overlap of the signal mode with the annular-doped region. A longer erbium-doped
fiber length is required but the minimum gain is significantly increased compared to uniform
doping in the core. The approach was validated by fabricating and characterizing a single-core
double-cladding fiber with erbium doping in an annular region of the cladding. A low gain

compression was achieved but the targeted minimum gain could not be demonstrated with this
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fiber. Nonetheless, the measured minimum gain was still better than the simulated values for
erbium-doped fibers with uniform doping in the core. Simulations performed with experimen-
tally determined parameters were compared to measurements showing an agreement within
2 dB for the spectral gain, which gives confidence that performance matching more closely
the target will be obtained with improvements in fiber fabrication. Some aspects to be refined
include the index profile that will have to be modified to ensure single-mode operation over
the whole spectral band and the pump background loss that should be reduced. Our results
confirm that this type of design would be of interest for multicore EDFAs with reduced gain

variations for different input channel reconfigurations.
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Technologie actuellement en processus de brevetage.

3.1 Résumé

Nous présentons une nouvelle méthode de fabrication de coupleurs latéraux a fibre optique qui
ne nécessite pas de chauffer les fibres. Une efficacité de couplage moyenne supérieure a 94% a

été obtenue pour une puissance de pompe a ’entrée allant de 1,4 W & 20,7 W.

3.2 Abstract

We present a novel method for optical fiber side-coupler fabrication that does not require to
heat the fibers. More than 94% of average coupling efficiency is demonstrated for input pump

power ranging from 1.4 W to 20.7 W.
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3.3 Introduction

Over the next decade, space-division multiplexing (SDM) is expected to be a key technology
to increase the capacity in communication networks |77]. For multicore erbium-doped fiber
amplifiers (EDFAs) used in SDM networks, cladding pumping is usually preferred over core
pumping since it allows using a single low-cost multimode laser diode (LD) as a pump source
to amplify multiple cores. Cladding pumping is also beneficial in the case of multimode EDFAs
as it leads to a more uniform overlap of the pump intensity with the multiple signal modes,
which thereby decreases the differential modal gain. Also note that cladding pumping of SDM
EDFAs should ideally be performed by side-coupling since both the input and output fiber
facets are usually used to couple the signal from the SDM transmission fiber to the doped
core with as little loss as possible. In the past, several methods have been demonstrated to
side-couple the output power of a LD into the fiber cladding; namely, embedded v-grooves
(n =96%) [117] or mirrors (n = 80%) [118], fused angle-polished fiber (n = 94%) [119], fusion
of a multimode tapered fiber (n > 96%) [120] and fuse-less optical-contact with a multimode
tapered fiber (n = 67%) [61] (n is the coupling efficiency). Because of their simplicity and
their low cost, fused and fuse-less multimode tapered fibers are the most popular methods for
SDM EDFAs. However, currently, the fuse-less method does not allow to reach high coupling
efficiency, with the latest published results being below 70% [61]. With fusing a tapered fiber,
the main issue is that heating of the doped fiber leads to distortion of the refractive index
profile, resulting in increased loss and crosstalk between the modes [62; 63]. In this paper,
we propose a simple and low-cost method, using a fuse-less multimode tapered fiber, and

demonstrate more than 94% of coupling efficiency.

Waist diameter
Multimode Coreless $

fiber fiber
«—Waist length—
¢<—Down taper length——>

FIGURE 3.1 — Schematic of a half-taper.

3.4 Description of the method

In the proposed method, we first splice a multimode fiber with 105/125 pm of core/cladding
diameter to a coreless fiber. We then use a COgq laser splicing system (Fujukura LZM-100) to
taper the coreless fiber. Then, a blade is used to cut the coreless fiber at the end of the waist
region in order to remove the up taper region. For the next steps, we therefore only keep the

half-taper shown in Fig. 3.1. The multimode fiber is spliced to the output fiber of a 978-nm
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FIGURE 3.2 — Taper profile measurement results.

multimode high power laser diode (the pump source). The receiving fiber, used to quantify
the coupling efficiency, is a 125 pm coreless fiber coated with a low-index polymer of the same
type that is used in double-clad fibers (n = 1.363) to insure that the pump power is guided in
the cladding. The polymer coating of this receiving fiber is mechanically removed over 12 cm
to allow optical contact with the half-taper. Finally, the half-taper is put in close proximity to
the uncoated region of the receiving fiber and droplets (1-2) of isopropyl alcohol are applied
over the whole half-taper. The half taper then spontaneously rolls around the receiving fiber,
thanks to surface tension. Even after the liquid has completely dried, the half-taper sticks to

the receiving fiber and the coupling efficiency remains stable.

3.5 Couplers characterization

Coreless Fiber Path

978-nm == Receiving Fiber Path
Pump Laser Multimode Fiber Path

== Pump Dump

Power
Meter

FIGURE 3.3 — Setup used for the characterization of the couplers.

For power efficiency measurement, 13 distinct half-tapers were fabricated with various geome-
tries and a camera was used to measure their tapering profile. An example of a taper profile
measurement, before removing the up taper, is shown in Fig. 3.2. Prior to the experiments,
the power delivered by the 978-nm pump laser was calibrated by measuring it directly at the
output of the multimode fiber for 20 different driving current set points corresponding to an
output power range from 1.4 W to 20.7 W. The setup for coupling efficiency measurements

is shown in Fig. 3.3. A 1 m length of receiving fiber was used and an index matching gel was
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FI1GURE 3.4 — Photos of a part of the region where the coreless fiber and the double-cladding
fiber are in optical contact.

applied over 4 cm on its unused end (left) in order to eject the power out of the fiber and
minimize the impact of reflections on the power measurements. A picture of the region where

the coreless fiber and the double-cladding fiber are in optical contact is shown in Fig. 3.4.

Tableau 3.1 — Taper geometry and average coupling efficiency results for the 15 half-taper

samples.
Experiment | Downtaper Waist Waist Low-index | Average coupling
# length [cm| | length [cm| | diameter [pm| | polymer? efficiency |%)]
1 4.5 4.0 44 No 80
2 4.5 4.0 28 No 77
3 4.5 4.0 15 No 81
4 9.0 1.0 15 No 86
5 7.0 1.0 15 No 88
6 5.0 1.0 15 No 76
7 9.0 1.0 28 No 87
8 7.0 1.0 28 No 82
9 5.0 1.0 28 No 82
10 9.0 1.0 44 No 78
11 7.0 1.0 44 No 66
12 5.0 1.0 44 No 71
13 8.0 2.0 22 No 92
14 7.0 1.0 15 Yes 94
15 8.0 2.0 22 Yes 95

The coupling efficiency was calculated by assuming that all of the power injected into the
fiber reaches the power meter without any loss, i.e. it is simply calculated by dividing the
measured output power for a given current set point by the power delivered by the 978-nm
pump laser for this same set point. Using the method described above, each of the 13 half-
tapers was installed on the receiving fiber and their coupling efficiency was measured with the
20 calibrated current set points. The two tapers that gave the best results (#5 and #13) were

later re-used for 2 additional experiments, which consisted in using the same method to install
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the half-taper but adding a low-index polymer (n = 1.363) over the whole region on which
the half-taper and the double-cladding fiber are in optical contact. The details of the taper
geometries, as well as the average coupling efficiency over the 20 pump power measurements

are shown in Table. 1.
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FI1GURE 3.6 — Stability of the side-coupler over time.

Considering the limited amount of data, it was not possible to identify optimized values for
all parameters. However, by comparing results of experiments #5 vs #14 and #13 vs #15,
we see that the use of an overlay of low-index polymer over the optical contact region, clearly
allows increasing the coupling efficiency. We also noticed that removing the half-taper from
the receiving fiber and replacing it back later, using the same method, always led to coupling

efficiency variations of less than 2% from the previous measurements, indicating that the
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method has good repeatability. Another trend that can be identified is that the coupling
efficiency increases on average by 4% when the power delivered by the 978-nm pump laser is
increased from 1.4 W to 20.7 W. This coupling efficiency increase is shown on Fig. 3.5 and
could be related to thermal effects increasing the optical contact between the half-taper and
the double-cladding fiber. Finally, a coupling efficiency stability test was conducted over one
hour and is shown on Fig. 3.6. We also cycled the coupled pump power and did not observe

any hysteresis.

3.6 Conclusion

We proposed a novel low-cost and easy to use coupling method to inject high pump power
(1.4 W to 20.7 W) in double cladding EDFAs with high efficiency (>94%). This method offers
the advantage of not requiring to apply any heat on the receiving fiber, which is a clear benefit
for SDM EDFAs where slight geometry distortion can lead to crosstalk between the guided

modes and deterioration of the signals.
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4.1 Résumé

Nous concevons, simulons et caractérisons un EDFA & 8 coeurs pompé par la gaine ayant un
profil de dopant annulaire. Une compression du gain inférieure & 1,8 dB et un gain minimum
supérieur & 12,2 dB sur la bande C sont démontrés lorsque la puissance d’entrée totale varie
entre -23,1 dBm et 1,4 dBm.
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4.2 Abstract

We design, simulate and characterize an 8-core cladding-pumped EDFA with annular doping.
Gain compression <1.8 dB and minimum gain >12.2 dB over the C-band are demonstrated

when the total input power varies between -23.1 dBm and 1.4 dBm.

4.3 Introduction

New modulation format and elastic optical bandwidth are the two main strategies currently
used to push the capacity of optical networks to their limits [3]. One of the main issues
with elastic optical networks (EONSs) is that the output power per channel of erbium doped
amplifiers (EDFAS) is affected by its total input load, leading to gain variations when channels
are added or removed [121]. To solve this issue, optical-gain-clamping and pump feedback are
well known techniques for gain-control of EDFAs under changing input power conditions [121].
With their low gain compression, cladding-pumped EDFAs with annular doping have recently
been proposed as a low component count alternative to traditional gain-control systems [101].
In this paper, we demonstrate the first multicore erbium-doped fiber (EDF) with an annular
doping region located in the cladding (Fig. 4.1). This fiber was designed specifically to offer
low gain compression for applications in EONs. We first characterize the parameters of the
fabricated fiber and present measurements of spectral gain (G) and noise figure (NF) when
a single core is loaded with input channels. The extracted parameters are fed to a numerical

model and simulated gain and NF are compared to experimental results.

4.4 Fiber fabrication and characterization

To achieve low gain compression, the EDFA must operate in an unsaturated regime. This is
achieved by placing the region doped with erbium ions (Er®*) in the evanescent tail of the LPg;
mode field of the signal, i.e. where its intensity is low. Since the Er3* population saturation
depends on the local signal intensity, this design allows reaching higher total signal power
compared to traditional core doping designs [101]. In the present design, the doped region is
located in an annular region of the cladding, at a radial position between r = /5.2 um and
r = /8.0 pm. During fiber fabrication, because aluminium oxide (AlyOs3) is incorporated in the
silica glass to increase the solubility of Er3*, the local refractive index of the doped region
is increased. The main challenge in the optimization of this fiber then becomes to design the
refractive index profile so that the signal stays strongly confined in the central part of each
core, while remaining singlemode. The further the doped region will be from the core, the
lower the gain compression will be, but more precision will be required during fabrication to

control the mode profile and a longer fiber length will be required.

We modified the fabrication method described in [101| by incorporating an additional SiOq
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FIGURE 4.1 — Cross-section of the 8-core erbium-doped fiber with annular doping in the
cladding and with a core-to-core distance of 38.25 pm.

layer between the core and the doped region. Fig. 4.2 shows the refractive index profile mea-
sured on the preform and scaled to the fiber dimension (solid blue), the Er** concentration
profile measured on the preform using an electron micro-probe analyzer (solid green), and
the fiber mode simulated from the measured refractive index profile using COMSOL (dashed
black). The increase of the local refractive index in the doped region is clearly visible. Also

shown is a fit to the Er3t doping profile that is used in the simulations (dashed green).

3 % 10%°
x10 L4

Erbium doping
concentration [ions/m3]

Radial position [pm]

FIGURE 4.2 — Measured refractive index profile An (blue), measured (solid green) and fitted

(dashed green) Er®* doping concentration profile, and calculated mode profile at 1530 nm
(dashed black).
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To fabricate the multicore EDFA, the preform was cut in 8 parts of equal lengths and inserted
in each of the 8 drilled holes of a silica rod. The optical fiber was drawn with a cladding
diameter of 140 pm and coated with a low-index polymer (n = 1.37) for cladding pumping.
We characterized the absorption and emission cross-sections of each core from absorption
measurements over a short fiber length (see [101] for more details). Due to the small overlap
between the signal mode and the Er®* doping, the measured peak absorption at 1532 nm varied
between 1.86 and 2.31 dB/m, depending on the core. This variation leads to uncertainty in
the calculated absorption cross-sections at 1532 nm that was estimated between 5.96x10~2°

and 7.39x107% m?. The pump absorption cross-section was 1.42x1072% m? at 978 nm.

4.5 Numerical model

For the simulations, we used the standard EDFA set of population rate equations and power
propagation equations with a radial resolution of 0.1 pm near the cores (up to a radial distance
of 10 pm from the center of the cores). We considered pump absorption due to the presence of
all cores as in [122]. For this fiber, we also included the impact of Er3* pair-induced quenching
[123]. This had to be taken into account because we used a low Al;O3 concentration in order

to limit the refractive index change in the doped region located in the cladding.

== SMF Path

978-nm FUT Path
Pump Laser == Coreless Fiber Path
Tunable == Pump Dump
Lasers |

FIGURE 4.3 — Experimental setup used to measure the gain and the noise figure.

4.6 Experimental results

The experimental setup used to measure gain and noise figure is shown in Fig. 4.3. From
initial simulations, we estimated that the optimal EDF length was 23 m and used this length
for the experimental setup. With active alignment, we spliced SMF pigtails at the input and
output of one of the cores of the 8-core fiber. Using a 1300-nm laser source and an optical
spectrum analyzer (OSA), we measured a total loss of 1.4 dB, including the two splices and
connectors. The output fiber of a 978-nm pigtailed laser diode (105/125pm) was tapered
and rolled around an uncoated part of the 8-core EDF to couple the pump power into its
cladding. To emulate multiple channels over the C-band, seven tunable lasers were set to
seven wavelengths, evenly distributed over the C-band (1529.55, 1535.05, 1540.55, 1545.33,
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1550.13, 1555.75 and 1559.80 nm). All channels had the same power and the variable optical
attenuator (VOA) was adjusted to vary the total input signal power of the core under test.
After the splice, considering the measured loss, the input power range was between -23.1 dBm
and 1.4 dBm. Assuming an 80% coupling efficiency, the injected pump power was set to
8, 12 and 20 W. The pump power coupling efficiency was estimated by cut-back once the
characterization was completed. The measured G and NF are shown in Fig. 4.4. In order to
help in extracting parameters related to pump loss, we also measured output pump power as
a function of input pump power with a large area power meter placed 1.5 ¢m from the fiber

output. We repeated this experiment with different fiber lengths as shown in Fig. 4.5.

Gain, G [dB]

1530 1535 1540 1545 1550 1555 1560
Wavelength [nm]

b)
14 - o
o Injected pump power = 8 W

o 12+ * % Injected pump power = 12 W
S. Injected pump power = 20 W
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28t
Q
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2 6f
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FIGURE 4.4 — Simulation/experimental results for the gain, G (a) and noise figure, NF (b)
when one core is loaded with signal input power of -23.1 dBm (solid line/circles) and 1.4 dBm
(dashed line/asterisks) for injected pump power of 8 W (red), 12 W (green) and 20 W (blue).
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4.7 Simulation results

For the simulations, we used the measured profiles shown in Fig. 4.2 to evaluate the signal and
ASE overlap in the EDFA model with radial resolution. We also used the extracted absorption
and emission cross-sections (absorption cross-section of 6.30x1072% m? at 1532 nm for the core
of interest). The fiber length is set to 23 m, the signal input power is swept between -23.1 dBm
to 1.4 dBm, and the injected pump power is set to 8, 12 and 20 W. The lifetime of the Er3+
upper metastable level is set to 10 ms. In the simulations, the total signal input power is evenly

distributed over 32 channels spaced by 1 nm between 1529 and 1560 nm.

Before performing simulations of G and NF, we simulated the experiment shown in Fig. 4.5
(pump transmission without input signal power) in order to extract the pump background
loss, a, the overlap between the pump and the doping, I',, and the fraction of paired ions,
~vgr. For the overlap between the pump and the doped region, rather than uniform pump
distribution, we considered that the pump power was slightly (25%) higher in the ring. This
was observed using an infrared camera and a 980-nm notch filter to image the fiber output.
Since the fraction of paired ions was the only parameters that had a significant impact on the
gain measured with 20 W of injected pump power (Fig. 4.4a), it was fitted to vg, = 18%.
Then, «, was adjusted to a;, = 0.052 dB/m based on the output pump power experimental
results shown in Fig. 4.5. This pump background loss is in agreement to values generally found
in the literature. As discussed previously, the high value of the fraction of paired ions can be
explained by the low concentration of AloOs that was used, i.e. 16000 mole ppm, which is
only 32 times the EryO3 concentration of 500 mole ppm. Higher aluminium /erbium ratios are
usually used to lower the fraction of paired ions, i.e. a ratio of approximately 100 maintains
the fraction of paired ions below 6% [124]. In ions pairs, only one of the ions can occupy the
excited state leading to decreases in the gain, especially at high pump powers [123]. Ion pairs
should thus be minimized but, in the present case, because the AloO3/ EreOs are introduced

in the cladding, there is a trade-off between quenching and index change.

4.8 Discussion

The simulations (lines) are compared to experimental measurements (symbols) of spectral
gain in Fig. 4.4a. The results are obtained with one core loaded with signal input power of
-23.1 dBm (solid line/circle) and 1.4 dBm (dashed line/asterisk) for three pump power. A gain
of 12.2 dB is obtained with a gain compression less than 1.8 dB with total input power up to
1.4 dBm. The spectral gain measurements agree well with simulations results with a maximum
gain difference of 1.8 dB. The agreement is also good with the simulated output pump power

represented in Fig. 4.5 with a maximum output pump power difference of 0.8 W.

There is an important difference between the measured and simulated NF at 20 W of injected

pump power. Note that we spliced a standard single-mode fiber (diameter of 125 m) at an offset
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FIGURE 4.5 — Experimental (circles) and simulation (lines) results for the output pump power

(without any input signals) when the injected pump power is varied between 1 and 20 W and
the fiber length is varied between 1.6 m and 16.8 m.

to the 8-core fiber (diameter of 140 pm). This creates some spurious reflections. The reason
for the discrepancy is under investigation ; we think that it could be related to reflections as

lasing was sometime observed, or build-up of ASE in the fiber cladding.

4.9 Conclusion

We designed and characterized one core of an 8-core fiber with annular erbium doping. Despite
a high fraction of ion pairs due to the low AlsOgs concentration, we demonstrate that the
approach allows the EDFA to operate in an unsaturated regime over a wide range of input
powers. More specifically, we achieved a minimum gain of 12.2 dB, with 1.4 dBm of total input
power in the loaded core, and with a maximum gain compression of 1.8 dB over the C-band

for input power varying between -23.1 dBm and 1.4 dBm.
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5.1 Résumé

Une fibre a coeur unique avec profil de dopant annulaire & I'’erbium est congue et investiguée
afin d’améliorer les performances des amplificateurs non saturés pompés par la gaine. L’alu-
minophosphosilicate est utilisé pour réduire le taux de pairage des ions d’erbium et un profil
d’indice de réfraction modifié permet d’élargir légérement le mode, conduisant ainsi & une

longueur de fibre plus courte et & un facteur de bruit amélioré.
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5.2 Abstract

A single-core fiber with annular erbium doping is investigated to improve the performance of
unsaturated cladding-pumped amplifiers. Aluminophosphosilicate reduces the number of ion
pairs and a modified refractive index profile slightly enlarges the mode, thus leading to smaller

fiber length and improved noise figure.

5.3 Introduction

In elastic optical networks (EONs), channel rerouting often leads to large input power varia-
tions in the erbium doped fiber amplifiers (EDFAs) of reconfigurable add-drop multiplexers.
Under these conditions, the use of dummy channels or feedback-controlled pumps are necessary
in order to maintain a constant gain over the whole wavelength range [121]. In these systems,
using integrated multi-core cladding-pumped amplifiers could be advantageous to reduce vo-
lume, component count and overall cost compared to multiple single-core EDFAs. In these
integrated amplifiers, an alternative strategy to lower gain variations is to operate them in an
unsaturated regime [101; 17]|. This is enabled by the use of cladding pumping that provides
more freedom in the placement of the erbium-doped region. In particular, an annular doped

region located in the cladding, where the signal intensity is smaller, lowers gain saturation.

Recently, we demonstrated an eight-core cladding-pumped amplifier designed to decrease the
gain variations in EDFAs [17]. The goal is to avoid, or reduce, the requirements of current gain-
control techniques. One issue with annular doping is the need for a highly doped, low-index
annular region in order to obtain sufficient gain, considering the low signal overlap with the
doped region [17]. In highly doped fibers, AlaO3 is commonly added to silica to increase rare-
earth ion solubility, which unfortunately causes an increase of the refractive index that can lead
to the presence of higher order modes. In [17], we thus limited the Al;O3 concentration and
the estimated fraction of paired ions was 18%. Another issue was a significant degradation
of the noise figure (NF) compared to the simulations that was caused by the presence of
ASE in the guiding cladding. In this paper, we propose to improve the fiber design by i)
using aluminophosphosilicate to lower the refractive index change of the doped region while
allowing a high doping concentration with a lower fraction of paired ions [126; 127; 128]; and
ii) tailoring the refractive index profile to decrease the required fiber length and, consequently,
the ASE in the cladding. To validate this approach, a single-core fiber with annular doping
in the cladding was designed, fabricated and characterized. Its absorption/emission properties
are used in numerical simulations and results are compared to measurements of gain and NF
with cladding pumping. We show that the fraction of paired ions is significantly reduced and

NF is improved.
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FIGURE 5.1 — Cross-section of the fabricated single-core erbium-doped fiber with annular
doping.

5.4 Fiber fabrication and characterization

The preform fabrication method (described in [17]), consisted of using the solution doping
method for the doped region in the cladding and the modified chemical vapor deposition
method (MCVD) for the core made of germanium-doped SiOs. In the present case, phosphorus
was added to the solution with erbium and aluminium. An electron micro probe analyzer was
used on a preform sample to determine the concentration of AlyO3, PoOs and ErpOg in the
doped region : 23000 ppm, 14000 ppm and 500 ppm, respectively. It is worth noting that the
CAMECA measurement results neglect the presence of AIPQy4, leading to an overestimation of
the concentrations of AloO3 and P2Os which are actually indicative of the total concentration
of aluminium and phosphorus elements in the glass matrix. In our previous work [17], these
were respectively 16000 ppm, 0 ppm and 500 ppm. The addition of phosphorus allows to
increase the concentration of aluminium without the detrimental effects of an increase in the
refractive index [126; 127; 128]. The preform is polished on two sides to obtain a double-D
shaped fiber (cladding diameters 105.8/122.5 pm) shown in Fig. 5.1. The fiber is drawn with

a low-index polymer coating to allow cladding pumping.

The refractive index profile of the preform was measured using a refracted near-field analyzer
(NR-9200HR, EXFO) at 657.6 nm. Knowing the diameter ratio of the preform and fiber,
we calculated the mode profile at 1530 nm using COMSOL. The refractive index and mode
profiles are presented in Fig. 5.2 that compares this new single-core fiber to one core of the
8-core fiber in [17]. Due to the phosphorus, the refractive index change of the doped region
is lower, although the aluminium concentration is 1.44 times higher. Also, the core An was
decreased to slightly increase the mode radius and the overlap with the doped region. This
leads to higher gain and allows to reduce the fiber length, which decreases the amount of ASE

in the cladding at the fiber output. The absorption cross-sections were measured by cutback
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using a filtered supercontinuum laser source (1350 nm to 1700 nm) ; the emission cross-sections

were calculated using McCumber’s equation.
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FIGURE 5.2 — Measured refractive index profile An (solid) and calculated mode profile (dotted)
of the proposed single-core EDF (black) and of one core the 8-core fiber in [17] (blue).

5.5 Numerical model

The absorption and emission cross-sections, the mode profile, and the erbium doping concen-
tration profile were fed into the numerical model described in [17] (considering that only a
single-core is present). The pump power distribution was assumed to be uniform over the

cladding.

5.6 Experimental results

The spectral gain and NF, and the output pump power were measured as in [17|. To couple
the pump power into the fiber cladding, we used the half-taper method described in [116].
For the gain measurement, the experiment was first conducted with an EDF length of 15.9 m
and a total input signal power of -23.0 dBm to 1.5 dBm, distributed over 8 channels between
1528.8 nm and 1563.9 nm. Then, 2.9 m of fiber was removed and the experiment was repeated
with 13.0 m of fiber length. The internal gain and NF results are shown in Fig. 5.4 for the
two fiber lengths, the two total input signal power and three pump powers (8.5 W, 12.7 W,
and 21.1 W). The measured input and output splice loss was 0.7 dB. Then, without touching
the half-taper pump coupler, we cut the EDF to 12.9 m, 10.1 m, 7.0 m, 4.1 m and 0.5 m to
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measure the output pump power in the cladding with a free-space power meter (Fig. 5.3).
The coupled input power was assumed to be equal to the output pump power measured after

0.5 m (pump coupling efficiency =~ 85%).
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FIGURE 5.3 — Output pump power measured (circles) and simulated (lines) (without any input
signals) as a function of input pump power for various fiber lengths.

5.7 Numerical simulation results and discussion

The simulations consider 36 channels uniformly distributed from 1529 nm to 1564 nm and the
experimentally measured fiber lengths, coupled pump powers and total input signal powers.
The pump background loss was estimated to be 0.028 dB/m by optimizing the fit between
the simulations and the results in Fig. 5.3. A fraction of paired ions of 5% was determined by
optimizing the fit of the simulations to the spectral gain measurement in Fig. 5.4, which is
an important improvement with respect to 18% in [17] for similar erbium concentration. This
can be explained by the combination of aluminium and phosphorus which has been linked
[126; 127| to the formation of AIPO,4 that has a structure and a An similar to SiOs.

Experiments and simulations are in good agreement with differences <1.0 dB for NF and
<3.0 dB for gain. In [17], significant NF disagreement between experimental results and si-
mulation results were observed and were associated with the presence of ASE in the cladding
(NF > 7 dB when the pump power is 20 W). This disagreement is not observed in the present
case where NF difference between measurements and simulations <1 dB is observed even at

the high pump power of 21.1 W (see Fig. 5.4). This improvement is mainly due to the lower
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core An that leads to a slightly larger mode and increased overlap with the doped ring. This in
turn results in a shorter length of fiber being required to reach a given minimum gain over the
C-Band. According to simulations, with this new fiber, the same gain compression as in [17]
(<1.8 dB) would be achieved under the same scenario : 8 cores sharing 20 W of injected pump
power, one core under load with an input power range of -23.1 dBm to 1.4 dBm. This scenario
provided a minimum gain of 12.2 dB over the 1530 nm to 1560 nm spectral region. Thus, the
higher gain compression shown in Fig. 5.4 results from the larger spectral region and a higher
minimum gain. This paper demonstrates that the main issues previously encountered with
annular doping can be addressed by careful optimization of the fiber design; both material
and waveguide. We think that annular doping can be highly beneficial for many applications

that require cladding-pumped amplifiers with low gain compression.
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FIGURE 5.4 — Simulation/experimental results for the gain and NF when the doped fiber
length is 15.9 m and 13.0 m, the core is loaded with signal input power of -23.1 dBm (solid
line/circle) and 1.4 dBm (dashed line/asterisk) for injected pump power of 8.5 W (red), 12.7 W
(green) and 21.1 W (blue).

5.8 Conclusion

We fabricated and characterized a double-cladding single-core EDFA with aluminophospho-
silicate in an annular-doped region and a refractive index profile designed to reduce the NF
degradations caused by ASE in the cladding. Through simulations and experiments, we show
that the fraction of paired ions was significantly reduced and the excess NF caused by ASE in
the cladding was reduced from >7 dB to <1 dB.
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6.1 Résumé

Nous rapportons la caractérisation d’une fibre multicoeur pompée par la gaine avec un do-
page annulaire & ’erbium visant 'obtention d’une faible compression du gain sur la bande
C (1528,8 nm a 1563,9 nm). La fibre vise & minimiser les effets de saturation en plagant le
dopage & I'erbium dans la gaine, ou l'intensité du signal est plus faible. Le défi d’assurer une
solubilité adéquate des ions erbium dans la gaine, sans augmenter indiiment son indice de
réfraction, a été relevé en utilisant de ’aluminophosphosilicate dans la région dopée. Avant
d’assembler I'amplificateur & huit coeurs, avec fan-in et fan-out, nous devions déterminer la
longueur de fibre optimale permettant d’atteindre 1’objectif de compression du gain lorsque
les huit coeurs sont chargés, pour une puissance de pompe donnée injectée dans la gaine.
Nous avons ainsi effectué une caractérisation expérimentale approfondie d’un seul coeur. Cela
a permis de déterminer tous les paramétres de la fibre qui sont requis pour effectuer des simu-

lations numériques et prédire les performances de 'amplificateur & fibre multicoeur dans un
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scénario pour lequel tous les coeurs sont chargés. Pour la premiére fois, ces résultats numé-
riques sont comparés aux résultats expérimentaux d’un amplificateur multicoeur pompé par
la gaine, ayant un dopage & ’erbium dans la gaine et dont tous les coeurs sont chargé. Nous
discutons des performances de 'amplificateur en termes de compression du gain lorsque la
puissance du signal & I’entrée change, comme ce serait le cas dans les réseaux de communica-
tion reconfigurables. Nous examinons également les variations de gain entre les coeurs et la
sensibilité du design aux variations de la géométrie et du matériau causées par le processus de
fabrication. Les résultats montrent qu’une réduction significative de la compression du gain
des amplificateurs multicoeurs pompés par la gaine peut étre obtenue avec un design utili-
sant la géométrie de dopant en anneau proposée, bien qu'une amélioration de 'uniformité de
fabrication des coeurs soit nécessaire pour étre viable dans le cadre d’applications pratiques.
Enfin, nous discutons de I'intérét de ce design de fibre dopée a ’erbium dans une perspective
d’amélioration de efficacité de conversion de puissance (PCE) dans les amplificateurs pompés

par gaine.

6.2 Abstract

We report the characterization of a cladding-pumped multicore fiber with annular erbium
doping for low gain compression over the C-band (1528.8 nm to 1563.9 nm). The fiber aims
to minimize saturation effects by placing the erbium doping in the cladding where the signal
intensity is lower. The challenge of ensuring adequate erbium ion solubility in the cladding,
without unduly raising its refractive index, was answered by using aluminophosphosilicate
for the doped region. Before assembling the eight-core amplifier with fan-in and fan-out, we
needed to determine the optimum fiber length to meet the gain compression target when the
eight cores are loaded, for a given pump power injected in the cladding. We thus performed a
thorough experimental characterization of a single core. This allowed the determination of all
the relevant fiber parameters needed to do numerical simulations and predict the multicore
fiber amplifier performance under the fully loaded scenario. For the first time, these nume-
rical results are compared to the experimental results of a fully loaded multicore amplifier
with cladding pumping and erbium doping in the cladding. We discuss the amplifier perfor-
mance in terms of gain compression when the input power signal is varied, as would be the
case in dynamic optical networks. We also examine the core-to-core gain variations and the
sensitivity of the design to fabrication variations. Results show that significant reduction in
gain compression of multicore cladding-pumped amplifiers can be achieved with the proposed
annular doping design in the cladding, although improvement in the fabrication uniformity of
the core will be required for practical applications. Lastly, we discuss how this erbium doped
fiber design can also lead to improved power conversion efficiency (PCE) in cladding-pumped

amplifiers.
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6.3 Introduction

During the last decade, spatial multiplexing has been investigated by many research groups
as a means to improve capacity of communication networks by using multiple independent
cores per fiber [130; 131; 132; 133; 134], multiple modes per core [135; 136; 137; 138; 139], a
combination of both [140; 141] or a coupled-core structure [142; 143|. In erbium-doped fiber
amplifiers (EDFAs), one of the promising improvements allowed by spatial multiplexing is to
decrease system complexity by using only one high-power and low-cost multimode laser diode

as a pump source to amplify multiple cores sharing the same cladding [144; 13; 145; 58; 108]|.

However, cladding-pumped multicore fiber amplifiers come with several challenges due to the
low pump intensity caused by the large cladding surface area. In fact, this low pump intensity,
compared to the high intensity of the amplified signal in the core, leads to lower saturation
power compared to core-pumped EDFAs [62; 146]. Lower saturation power causes higher gain
variations for a given range of input signal power variations, which is especially critical in
reconfigurable network nodes where routing wavelength bands can lead to large variations
of input signal power. Due to the high number of optical paths that need to be amplified
at these nodes, the multicore technology could be beneficial for this application if the gain
compression problem could be solved. Furthermore, in single-core EDFAs and core-pumped
multicore EDFAs; it is possible to adjust the pump power to maintain a desired gain (and gain
shape) as the signal power changes. In a multicore design using a single pump for cladding-
pumping, the flexibility of independent pump power adjustment in each core is lost. Therefore,
the amplifiers would ideally be operated in the unsaturated regime in order to maintain a
constant gain profile (matched to the gain-flattening filter (GFF') design) as the signal power

per core changes.

a) b)

//\\ //\\
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FIGURE 6.1 — Schematic representation of the refractive index profile (blue), the signal intensity
(red), the pump intensity (green) and the doped region (yellow) for a cladding-pumped EDFA
using a) core doping or b) annular doping.

In cladding-pumped amplifiers, fibers with annular erbium doping profiles can allow decreasing
the signal intensity in the doped region while keeping the same pump intensity [101; 17; 125].
This results from the careful design of the doping profile so that it only interacts with the
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evanescent region of the mode field (as shown in Fig. 6.1), The first attempt at using annular
doping in a multicore fiber [17] suffered from high amplified spontaneous emission (ASE) in the
cladding, due to the presence of cladding modes and the long fiber length required by the low
overlap of LPy; mode with the doped region. Also, the pumping efficiency was compromised
by the high level of erbium clustering. The high clustering was due to the low concentration
of AlsO3 used in the doped region during the preform fabrication. This concentration was
maintained low by design, in order to limit the refractive index change, An, in the doped
region and thus prevent higher order core modes from being guided [17]. Recently, the design
has been improved by using aluminophosphosilicate in the doped region so as to maintain a
low An despite the higher AloOs concentration, and by reducing the radius of the doped ring
to prevent high ASE in the cladding. This design was validated by fabricating a single-core
fiber with annular erbium doping and the results were reported in [125|. Using the same core
design, a multicore fiber was fabricated. Characterization results, with one loaded core, and
a simulation based investigation to estimate the gain compression in a fully loaded scenario

were presented in [147].

The paper is structured as follows. We first give details on the fabrication and characterization
of the multicore fiber in Section 6.4. We present the chemical analysis of the doped region, the
refractive index profile, the spectral distribution of the pump source, the pump absorption and
the in-band absorption spectrum. From these measurements, we determine the erbium doping
concentration profile, the mode overlap and the absorption and emission cross-sections between
1420 nm and 1620 nm. Then, in Section 6.5, we performed exhaustive characterization of one
of the cores by splicing singlemode fibers at its input and output to estimate all the additional
fiber parameters required to perform numerical simulations. In particular, the coupled pump
power and propagation loss in the cladding and the fraction of erbium ion pairs. In Section 6.6,
with all parameters having now been experimentally characterized, we performed numerical
simulations to determine the required fiber length to meet the gain compression target when
the eight cores are loaded. In Section 6.7, we demonstrate, for the first time, characterization
results of a fully loaded 8-core cladding-pumped amplifier with erbium doping located in rings
embedded in the cladding surrounding the cores. The new multicore fiber, shown in Fig. 6.2,
was connected with input/output fan-in/fan-out so that the core-to-core gain (G) and noise
figure (NF) variations could be characterized under a fully loaded configuration representative
of a dense wavelength division multiplexing (DWDM) scenario. Finally, in Section 6.8, we
analyze the sensitivity of this design to refractive index profile variations through numerical

simulations.
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FIGURE 6.2 — Cross section of the multicore erbium-doped fiber with annular doping.

6.4 Fabrication process and determination of the fiber

parameters

In this section, we present the detailed process used to fabricate the multicore fiber with
annular doping and measure the erbium doping concentration profile, the mode overlap and
the absorption and emission cross-sections between 1420 nm and 1620 nm that will be used

to simulate the gain and NF performances of the fiber.

The multicore erbium-doped fiber (EDF), shown in Fig. 6.2, was made from a single-core
preform cut into eight equal parts and assembled into a multicore preform with the stack-and-
draw technique [148; 149]. The single core preform was fabricated by first using the solution
doping technique [150] for the doped region, i.e. using an aluminium-phosphorus-erbium solu-
tion in the porous silica glass. The process was done in two steps, with two successive sooth
deposition and solution doping, to make the annular doped region thicker. Then, using modi-
fied chemical vapor deposition (MCVD) [151], a silica layer and the central part of the core,
made of GeOs doped SiOs, was added.

The refractive index profile was measured, with a refracted near-field analyzer (EXFO NF-
9200HR at 657.6 nm), at 21 longitudinal positions over the 50 cm preform. The extremi-
ties were discarded to only keep the 30 cm of the preform over which the refractive index
was the most uniform. The average of all refractive index profile measurements, taken on
the part of the preform that was not discarded, is shown in Fig. 6.3. To determine the er-
bium doping profile, a 5 mm slice of the single core preform was cut to perform a chemical

analysis with an electron micro-probe analyzer (CAMECA). The measurement sensitivity is
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Apg, — 5x10%* ions/m3. As shown in Fig. 6.3, the peak erbium concentration is located at a
radial position of 5.9 pm. At this radial position, the measured molar concentration of Al,Osg,
P205 and Ery0j3 is 26400 ppm, 13600 ppm and 540 ppm. It is worth noting that the CA-
MECA measurement results neglect the presence of AIPQy, leading to an overestimation of
the concentrations of Al,O3 and P2Os which are actually indicative of the total concentration

of aluminium and phosphorus elements in the glass matrix.

In Fig. 6.3, the radial position, with respect to the center of one of the cores, was determined
by scaling down the measured profile by a factor of 182x, which corresponds to the ratio of
the multicore preform diameter to the fiber diameter. The final fiber diameter was 140 pm and
a low-index polymer was used for the double-cladding in order to achieve cladding pumping
with low pump background loss. The resulting refractive index profile was used in COMSOL
to determine the LPy; mode profile (shown in Fig. 6.3).
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FIGURE 6.3 — Refractive index profile (blue), erbium doping profile (green) and calculated
LPg1 mode field profile (red) of the fabricated fiber cores.

To determine the absorption and emission cross-sections, a supercontinuum laser source was
filtered with a free space 1200-1700 nm bandpass filter and coupled in one of the fiber cores
with a free space injection setup. To ensure that the injected signal was guided by the core and
not by the cladding, the fiber coating was removed over 5 cm near the input and 5 cm near
the output of the fiber under test and a refractive index matching gel was applied over these
regions to scatter the light guided by the cladding outside of the fiber. A bare fiber adapter
was used to connect the fiber output to an OSA. Then, the free space injection was optimized
by active alignment with the aim to maximize the measured output power at 1650 nm. The
output was measured before and after a cutback, with an original fiber length L; of 5.0 m and
cut length Lo of 1.9 m. Due to the short fiber length and small overlap between the doped

region and signal mode, we estimate that the supercontinuum output power < 30 dBm/nm
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was low enough to keep the level of inversion close to 0. The resulting absorption coefficient,
a(y), 1s shown in Fig. 6.4. The measured peak absorption is 2.6 dB/m at 1532.5 nm. Then,
the absorption and emission cross-sections gups and oems are determined by using Eq. 6.4 of

Section 6.10. The resulting cross-sections are shown in Fig. 6.5.
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FIGURE 6.4 — Absorption coefficient spectrum when the light is injected in one of the cores of
the multicore fiber with annular doping.
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FIGURE 6.5 — Absorption and emission cross-sections as a function of wavelength of the mul-
ticore fiber with annular doping.

The absorption in the pump region was determined by using a supercontinuum laser source,
filtered with a free-space 800 nm-1300 nm bandpass filter, injected into a passive multimode
fiber (MMF). The MMF was first spliced to a tapered coreless fiber [116]. Then, the coreless
fiber was rolled around the multicore fiber with the half-taper method [116] in order to couple
the power into the cladding of the fiber. A bare fiber adapter was used at the output of the
fiber to measure the output spectrum with an OSA. The measurement was first made with a
fiber length of 20.0 m. Then, a cutback was done, and the measurement was repeated with a
fiber length of 1.43 m. The difference between the measured spectra allowed to determine the

absorption spectrum in dB/m (shown in Fig. 6.6). For this measurement, we assume that the
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ratio of captured power by the OSA to total output power in the 140 pm fiber is the same in

both measurements, before and after the cutback.
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FIGURE 6.6 — Absorption spectrum when light is injected in the cladding of the multicore fiber
with annular doping.
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FIGURE 6.7 — Absorption cross-section used in the simulations.

Finally, the output spectrum of the 976-nm source (+4 nm according to the specification
sheet) was measured with an OSA, by directing the pump source output in free-space to a
black screen (power monitor) and capturing a fraction of the scattered power with the MMF
(105/125 pm). The spectra, shown in Fig. 6.8, show significant variation as the pump current
(power) is increased. The measured spectra will be considered in the simulations to determine

the pump absorption taking into account these wavelength variations.

6.5 Gain and NF : single core characterization

In this section, we measure the gain and NF performances of the multicore fiber when only
one core is loaded with input signal power and the output pump power when none of the

cores is loaded. The goal is to extract the coupled pump power and propagation loss in the
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FI1GURE 6.8 — Spectral content of the pump source used for the characterization of the multicore
fiber with annular doping when the input current is set to 2.92 A (blue), 4.74 A (orange), 6.56
A (yellow), 8.38 A (violet) and 10.20 A (green).

cladding and the fraction of erbium ion pairs that will be used to simulate the gain and NF

performances of the fiber.

To determine the gain and NF of the fiber, the setup shown in Fig. 6.9 was used. The tunable
lasers and DWDM allow to generate a flat comb source that emulates eight channels distri-
buted uniformly over the spectrum of interest (1528.8 nm, 1532.7 nm, 1539.2 nm, 1543.7 nm,
1549.3 nm, 1554.9 nm, 1559.8 nm and 1563.9 nm) and the variable optical attenuator (VOA)
controls the input signal power. One of the cores of the fiber under test (FUT), which is the
multicore fiber with annular doping, is spliced to commercial single mode fibers (SMFs) at
both ends with an active alignment using a 1550 nm source. Using a 1550 nm source for the
alignment is possible with cores having an annular doping geometry due to the low absorp-
tion resulting from the small overlap between the LPg; mode and the doped region. During
fusion splicing, a low temperature was maintained by doing several short duration electrical
arcs to limit mechanical distortion of the fibers. The FUT was uncoated over 15 cm near the
input splice to make an unfused half-taper pump combiner with the half-taper method [116].
A pump dump was made by uncoating the FUT over 5 ¢m near the output splice and then
applying a high index polymer. The polymer was cured and placed between two metal groves

to allow for passive cooling.

The initial length of the FUT was 19.4 m. After measuring the gain and NF for various pump
powers at this fiber length (FL), the fiber was cut back to 16.8 m and 14.2 m. The output
splice and pump dump steps were repeated as described previously before measuring the gain
and NF at these new fiber lengths (FL).

Afterwards, the fiber was cut to 11.1 m, 8.0 m, 5.0 m, 3.0 m, 2.01 m, 1.05 m, 0.68 m and

0.44 m and the setup shown in Fig. 6.10 was used to measure the output pump power. A
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FIGURE 6.9 — Setup used to characterize the gain and NF of one of the cores on the multicore
fiber with annular doping.

pump dump was applied over 2 cm, near the input splice, to minimize pump reflections. A
high power (max 30 W) free space power meter (PM) calibrated at 976 nm was used for this

measurement. The measured output pump power is shown in Fig. 6.11.

SMF path
MMF path
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Pump laser Pump dump
— < | pm

FIGURE 6.10 — Setup used to measure the output pump power (cladding pumping) when none
of the cores are loaded.

The measured internal gain and NF for the fiber lengths of 14.2 m, 16.8 m, and 19.4 m are
shown in Fig. 6.12 and Fig. 6.13. The measured insertion loss was 1.2 dB between the two
APC connectors located at the output of the first isolator (A in Fig. 6.8) and the input of the
second isolator (B in Fig. 6.8), leading to an estimated splice loss of 0.6 dB between the SMF
and the FUT. This could be caused, in part, by mode mismatch and the necessity to maintain
a low temperature during fusion splicing to prevent mechanical distortions. The theoretical
minimal transmission loss between the mode profile shown in Fig. 6.3 and an ideal gaussian
with a mode-field diameter (MFD) of 10.4 ym is 0.4 dB.

In Fig. 6.11, Fig. 6.12 and Fig. 6.13, the measurement results are compared with simulations to
validate the simulation parameters used in the numerical model. Some of the model parameters
could not be measured directly and were swept to find the best fit. The injected pump power
(5.2 W, 10.1 W, 149 W, 19.5 W and 24.0 W for the respective currents of 2.92 A, 4.74
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FIGURE 6.11 — Measured output pump power (cladding pumping) when none of the cores is
loaded and the input current is set to 2.92 A (red), 4.74 A (green), 6.56 A (blue), 8.38 A
(black) and 10.20 A (cyan).

A, 6.56 A, 8.38 A and 10.20 A) and pump background loss (0.012 m~!) were adjusted by
minimizing the maximum difference between measured and simulated output pump power
results in Fig. 6.11. Note that we need to consider the ASE building up inside the unloaded
cores in the simulations. When measured with an OTDR at 1310 nm, the background loss in the
cladding was 0.0104-0.001 m~—!, which is in good agreement with the value of the loss parameter
extracted from the fit. We prefer to use the latter one in our simulations because, firstly, the
OTDR measurement is performed at a different wavelength than the pump wavelength, and,
secondly, the OTDR. measurement is done by injection at the fiber end facet, which is likely
to excite a different set of modes than the ones excited by pump injection on the side of the
fiber. The fraction of paired ions v, and the pump absorption, which considers the wavelength
dependency of the pump source, were adjusted by minimizing the maximum difference between
measured and simulated gain in Fig. 6.12. Note that the simulations assume that the input

signal power is uniformly distributed over 36 channels between 1529 nm and 1564 nm.

Since the fraction of paired ions and pump absorption have a small impact on the output
power results and since the pump background loss has a small impact on the gain results, we
iteratively repeated each fit until all of the parameters have converged to a stable value. The
final simulation results, represented by the curves in Fig. 6.11, Fig. 6.12 and Fig. 6.13, were all
obtained with the same values for the injected pump power, pump background loss, fraction

of paired ions and pump absorption.

When assuming uniform pump power intensity over the fiber cladding, converting the absorp-
tion spectrum of Fig. 6.6 to a cross-section spectrum with Eq. 6.4 leads to a peak cross-section,

at 978 nm, of 3.2x1072% m?. However, to obtain an optimal fit, that minimizes the maximum
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FIGURE 6.12 — Measurement (circles and asterisks) and simulation results (solid and dashed
lines) for the internal gain of one of the eight cores when the seven other cores are not loaded
for a fiber length of 14.2 m, 16.8 m and 19.4 m, and injected pump power of 0 W, 5.2 W,
10.1 W, 14.9 W, 19.5 W and 24.0 W. Results are shown for input signal power of -23.1 dBm
(circles and solid lines) and 1.4 dBm (asterisks and dashed lines) in the loaded core.

difference between measured and simulated gain results in Fig. 6.12, the pump absorption
measured in Section 6.4 had to be multiplied by a factor of 0.74. The calculated peak ab-

0725 m?, as shown in Fig. 6.7, which is

sorption cross-section is then estimated to be 2.4x1
similar to values found in the literature [152; 153|. Additionally, the optimum fit was obtained
when the fraction of paired ions was set to 7%. Since the pump absorption results from the

overlap of all cladding modes with all the doped rings, this discrepancy could partly be due
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to the assumption of uniform pump power over the cladding, the measurement sensitivity of
Apgr = 5x10%* ions/m? on the erbium doping concentration or the assumption of uniform

erbium doping profile radially and longitudinally.

Figure 6.13 shows a good agreement between the simulated and measured NF with the excep-
tion of the experimentally measured NF with a length of 16.8 m. In this case, the higher value
is most probably caused by a lower quality of output splice (in the single core characterization
an off-axis splice is performed), which can lead to more feedback and coupling from the ASE

cladding modes to the spliced SMF core.

In order to estimate the accuracy of the extracted parameter values for the fraction of paired
ions and the pump background loss, we examined the sensitivity of the fit by varying one
parameter and keeping other parameters of the model constant. Firstly, we investigated the
accuracy of the fit for the fraction of paired ions by sweeping this parameter between 0% and
15% in order to determine the range for which the root mean square error (RMSE) between
the simulation results and the 288 data points of experimentally measured gain, in dB, shown
in Fig. 6.12, is lower than 1.0 dB. Our analysis showed that the RMSE is lower than 1.0 dB
when the fraction of paired ions is between 5% and 9%. We then set the fraction of paired ions
back to 7% and swept the value of pump background loss between 0.000 m~! and 0.020 m~*
to determine the range for which the RMSE between the simulation results and the 40 data
points of experimentally measured output pump power, in W, shown in Fig. 6.11 is lower than
0.2 W. Our analysis showed that the RMSE is lower than 0.2 W when the pump background
loss is between 0.010 m~' and 0.015 m~!. Thus, we believe that the extracted fraction of
paired ions and the extracted value of pump background loss are accurate within the above-
mentioned intervals. Most importantly, the goal of extracting these parameters is to simulate
the amplifier with sufficient precision so that the fiber length can be adequately determined
under given input power conditions. Table 6.1 summarizes the experimentally determined

parameters, which will be considered in the simulations.

6.6 Gain and NF : multicore prediction

In this section, we used the fiber parameters that were measured and validated in Section 6.4
and Section 6.5, to determine the required fiber length to meet the gain compression target
of 6.9 dB when the total input signal power per core varies from -23.1 dBm to 1.4 dBm,
simultaneously in all eight cores, and when the injected pump power is 24.0 W. According
to our simulations results, a fiber length of 19.8 m is the optimum length, a longer fiber can
provide higher gain with higher gain compression, whereas a shorter fiber meets the gain
compression criteria but does not maximize the gain. When the input power varies between -
23.1 dBm and 1.4 dBm, simulations show that this multicore amplifier should have a minimum

gain of 16.4 dB, a maximum NF of 4.2 dB and a maximum gain compression of 6.9 dB according
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FIGURE 6.13 — Measurement (circles and asterisks) and simulation results (solid and dashed
lines) for the internal NF of one of the eight cores when the seven other cores are not loaded
for a fiber length of 14.2 m, 16.8 m and 19.4 m, and injected pump power of 0 W, 5.2 W,
10.1 W, 14.9 W, 19.5 W and 24.0 W. Results are shown for input signal power of -23.1 dBm
(circles and solid lines) and 1.4 dBm (asterisks and dashed lines) in the loaded core.

to the simulations. The simulation results are shown in Fig. 6.14 and will also be compared

with experimental results in Fig. 6.19 and Fig. 6.20.
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Tableau 6.1 — Summary of the parameters used in the simulations

Symbol Parameter Value
Telad Cladding radius 70 pm
IO Overlap between each individual ring and Det'ermmed with COMSOL’
Coel the sienal and ASE using the refractive index
ASE,(Ak) © slghal a profile in Fig. 6.3
Overlap between each individual
Lo k) ring and the pump Ak [Actaa
Oabs,s,(N)
Tems,s,(A) Absorption and emission cross-sections Fie. 6.5
Oabs, ASE,(\) for the signal and ASE & b
Oems,ASE,()\)
Tabs,p,(\) Absorption cross-section for the pump Fig. 6.7
Qs . Negligible due to the short
OAsE Signal and ASE background loss fiber length used
ap Pump background loss 0.012 m~* (0.052 dB/m)
PEr,(k) Erbium doping concentration Fig. 6.3
YEr Percentage of paired ions ™%
TEr Lifetime of the Er*t upper level 10.4 ms
Ap Pump source wavelength Fig. 6.8
35
— 307
[an]
k=
c 257
g
20t
15 3.4

1530 1540 1550 1560
Wavelength [nm]

1530 1540 1550 1560
Wavelength [nm]

FIGURE 6.14 — Simulation results for the internal gain (left) and internal NF (right) of one of
the eight cores when the seven other cores are loaded with the same input power for a fiber
length of 19.8 m, an injected pump power of 24.0 W and input signal power of -23.1 dBm
(solid lines) and 1.4 dBm (dashed lines) in all the cores.

6.7 Gain and NF : eight cores loaded results

is a crucial factor to consider for practical applications.

89

In this section, we investigate the core-to-core variations of the fabricated multicore fiber which

For the eight cores loaded measurements, a custom tapered-fiber-based fan-in/fan-out (Chiral
Photonics) was spliced to the 8-core fiber. The insertion loss was measured in each branch at

1650 nm and 1300 nm and the splice loss in each branch was estimated by taking the average




between of those two measurements. For cores #1 to #8, the insertion loss was 2.4 dB, 2.6 dB,
1.6dB, 1.4dB, 1.7 dB, 1.9 dB, 1.6 dB and 2.2 dB, from the fan-in inputs to the fan-out outputs.
We assumed that half of the insertion loss was caused by the input splice and the other half

was due to the output splice.

To measure the internal gain and NF, the setup shown in Fig. 6.15 was used. The signal power
was measured at the output of each branch of the 1x8 coupler to pair the 1x8 coupler channels
that have the lowest power with the fan-in/fan-out branches that have the lowest insertion
loss. Therefore, when the amplifier was under the low signal power configuration, the signal
input power for cores #1 to #8 was -23.3 dBm, -23.5 dBm, -23.3 dBm, -23.1 dBm, -22.9 dBm,
-22.9 dBm, -22.9 dBm and -23.3 dBm. Under the high signal power configuration, the signal
input power for cores #1 to #8 was 1.3 dBm, 1.1 dBm, 1.3 dBm, 1.5 dBm, 1.7 dBm, 1.7 dBm,
1.7 dBm and 1.3 dBm.

SMF path
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mmmm  Coreless fiber path
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FIGURE 6.15 — Setup used to characterize the gain and NF of each of the cores when the
multicore fiber with annular doping is fully loaded.

The input current of the pump source was set to 10.20 A, which did correspond to 24.0 W
of injected pump power in the cladding in the single core characterization (section 6.5). In
this experiment, the actual injected pump power could not be measured directly with the
fan-in /fan-out. Thus, for the simulations, we will assume that the same coupling efficiency
was reached during the eight loaded cores characterization than in the previous experiment
(section 6.5).

The internal gain, NF and gain compression measurement results are shown in Fig. 6.16,
Fig. 6.17 and Fig. 6.18. A significant gain difference can be observed in the case of core #8
(red), which could be caused by longitudinal variations on the refractive index profile over
the preform used to fabricate the fiber. In fact, annular doping designs are very sensitive to
variations of the core An (central region). Such variations can slightly modify the signal mode

field diameter, which has a significant impact on the overlap between the signal mode and the
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doped region. For core #8, a lower An could have caused an increase in the MFD compared
to cores #1 to #7, which would explain the gain difference shown in Fig. 6.16. Among all the

results, the minimum gain was 15.3 dB and the maximum NF was 5.4 dB.
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FIGURE 6.16 — Measurement results for the internal gain of each of the eight cores (#1 to
#7 in black and blue, #8 in red) when all cores are loaded with an input signal power of
-23.240.3 dBm (circles, black or red) and 1.440.3 dBm (asterisks, blue or red) for a 19.8 m
fiber length and an injected pump power of 24.0 W.
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FIGURE 6.17 — Measurement results for the internal NF of each of the eight cores (#1 to

#7 in black and blue, #8 in red) when all the cores are loaded with an input signal power
of -23.2£0.3 dBm (circles, black or red) and 1.44+0.3 dBm (asterisks, blue or red) for a fiber
length of 19.8 m and an estimated injected pump power of 24.0 W.

In Fig. 6.19 and Fig. 6.20, we discarded the results of core #8 to compare the gain and NF

measurement results from cores #1 to #7 with the simulation-based performance predictions
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FIGURE 6.18 — Measurement (dots) and simulation (line) results for the gain compression of
each of the eight cores (#1 to #7 in black, #8 in red) when all the cores input signal power
increases from -23.2+0.3 dBm to 1.4+0.3 dBm for a fiber length of 19.8 m and an estimated
injected pump power of 24.0 W.
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FIGURE 6.19 — Measurement (circles and asterisks with error bars) and simulation (solid and
dashed lines) results for the internal gain of cores #1 to #7 when all the cores are loaded with
an input signal power of -23.2£0.3 dBm (black circles and solid line) and 1.4+0.3 dBm (blue

asterisks and dashed line) for a fiber length of 19.8 m and an estimated injected pump power
of 24.0 W.

shown in Fig. 6.14, which used the previously determined fiber parameters extracted in Section
6.4 and Section 6.5. The error bars indicate the minimum and maximum measured values and
the circles and asterisks indicate the average of all the measured values, in dB, for the seven re-
maining cores. The lower than expected gain results could be caused by a lower pump coupling

efficiency into the cladding of the fiber compared to the single core characterization results.
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Since no marker was used to visually distinguish cores, the exact core correspondence between
the single core results and the eight loaded cores results is unknown. The higher NF observed
in Fig. 6.20 can also be observed with the single core characterization results in Fig. 6.13
and could be explained by the presence of ASE guided inside the cladding [17]. The results
indicate that the maximum core-to-core gain variation is 4.1 dB between core #4 and core
#6, at 1532.7 nm, when all eight cores are in the unsaturated condition (P = 23.2+0.3 dBm).

Finally, it is worth mentioning that, when removing the signal power in cores #2 to #38, the
maximum absolute gain variation in core #1 was smaller than 0.3 dB over all the channels
(max| |AG(Xs) | | < 0.3 dB). This indicates that the inter-core cross-gain modulation is small

compared to the other gain compression effects in the fiber.
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FIGURE 6.20 — Measurement (circles and asterisks with error bars) and simulation (solid and
dashed lines) results for the internal NF of cores #1 to #7 when all the cores are loaded with
an input signal power of -23.2+0.3 dBm (black circles and solid line) and 1.4+0.3 dBm (blue
asterisks and dashed line) for a fiber length of 19.8 m and an estimated injected pump power
of 24.0 W.

6.8 Gain sensitivity to refractive index profile variations

analysis

The main factor that could have contributed to the significant gain difference in core #8 is the
An of the central part of the core. Assuming that all other parameters are kept constant, we
determined that decreasing the An within the 3 pm radius central region of the core by 14%
allowed increasing the mode overlap with the doped region as shown in Fig. 6.21, leading to
the simulation and experimental gain agreement shown of Fig. 6.22 for core #8. These results
show the sensitivity of the gain of fibers with annular doping to the refractive index profile

variations.
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FIGURE 6.21 — Refractive index profile (solid lines) and calculated LPy; mode field profile
(dashed lines) of the fabricated fiber cores with (red) and without (black) applying a -14% An
adjustment on the central region of the core.
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FIGURE 6.22 — Measurement (circles and asterisks) and simulation (solid and dashed lines)
results for the internal gain of core #8 when all the cores are loaded with an input signal
power of -23.2+0.3 dBm (circles and solid line) and 1.4+0.3 dBm (asterisks and dashed line)
for a fiber length of 19.8 m and an estimated injected pump power of 24.0 W when a 14%
An adjustment is applied on the central region of the core when calculating the signal mode
profile used in the simulations with COMSOL.

To further validate this hypothesis, we also compared the absorption measurements for all
the cores when the pump source is turned off (0 W of injected pump power) with simulation
results under the same conditions. The results are shown on Fig. 6.23. The absorption for core
#8 could not be determined experimentally at 1528.8 nm and 1532.7 nm because of the noise
floor of the OSA.
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FIGURE 6.23 — Measurement (asterisks) and simulation (dashed lines) results for the internal
gain of cores #1 to #7 (black) and core #8 (red) when all the cores are loaded with an input
signal power of 1.440.3 dBm for a fiber length of 19.8 m and an injected pump power of 0 W
assuming a 14% An adjustment applied on the central region of the core #8 when calculating
the signal mode profile used in the simulations with COMSOL.

6.9 Conclusion

Despite significant core-to-core gain variations due to the sensitivity of the signal mode overlap
with respect to refractive index profile variations, the results indicate that annular doping desi-
gns are a promising technique to achieve low gain compression in cladding-pumped multicore
fibers. The refractive index profile could be improved through further process development
as this fiber was fabricated in-house from a single preform. For example, with core #4, a
minimum gain of 15.6 dB, a maximum NF of 5.0 dB and a maximum gain compression of
only 3.8 dB was achieved for input signal power that varies between -23.1 dBm and 1.5 dBm.
Therefore, with future improvement to the fiber fabrication technique to reduce core-to-core
gain variations, we believe that doped fibers with annular doping are very promising for terres-
trial applications requiring low gain compression. Furthermore, according to our simulations
in Section 6.11, annular doping could also be advantageously exploited to improve the PCE

in cladding-pumped amplifiers.

6.10 Appendix I

The model used for the numerical simulations is based on the standard radially resolved two-
level model for EDFAs with the power propagation and population rate equations presented
in [154; 155; 156], to which we add the terms describing erbium ion pairs [123]. The fiber cross
section is divided into rings with a 0.1 pm thickness that cover the O pm — 8.0 pm region (80

rings).

In Eq. 6.1-6.3, P, Ps and Pygg are the pump, signal and ASE power, 04ps p; Oabs,s and 0gps ASE
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are the pump, signal and ASE absorption cross-sections, gems,s and oems AsE are the signal
and ASE emission cross-sections, I',, I's and I' 45 are the overlap between each individual
ring and the pump, signal and ASE modes, v, vs and v4sg are the frequencies associated
with each pump, signal and ASE channels and o, as and agsE is the pump, signal and ASE
background loss. Presence of indices m, \; or k are indicators of a core, wavelength or radial
dependency, respectively. Also, Aj is the area of each individual ring, h is Planck constant,
YEr is the percentage of paired ions, 7z, is the lifetime of the Er3* upper level 4113 /2 and
pEr is the erbium concentration. Wi3, Wia and Ws; are the 4115/2 — 4111/2, 4115/2 — 4113/2
and *I;3 2 = s /2 transition rates. This model assumes instantaneous transfer from 144 /2
to 4113/2, so that the population level densities are ny, no and 0 for 4115/2, 4113/2 and 4111/2.
Finally, n§ and n} represent the densities of single and paired erbium ions in the Er®* upper

level 4113/2.

The absorption and emission cross-sections oups and oes are determined by McCumber rela-
tions [157; 99]. In Eq. 6.4, a(y,) is the absorption spectrum, pg,. (1) is the doping concentration
in ring k, I'() x) is the wavelength dependent power confinement in ring k, kp is Boltzmann’s
constant, h is Planck’s constant, T is the temperature and e the temperature-dependent exci-

tation energy.
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FIGURE 6.24 — Simulation results for the internal gain (left) and internal NF (right) when
the pump source wavelength is 973 nm (black) and 978 nm (green). Each of the eight cores is

loaded with 5.0 dBm of input power, injected pump power is 24.0 W and the fiber length is
23.1 m (black) and 26.0 m (green).

The higher saturation power that can be reached with cladding-pumped fibers with annular
doping could also allow to increase the PCE compared to core-doped cladding-pumped fibers.
To validate this, we fixed the input power to 5.0 dBm per core and swept the fiber length to
obtain the same gain for the channels located at both ends of the spectral range of interest.
The resulting minimum gain and PCE were 16.4 dB and 8.2% and the required fiber length was
23.1 m. Then, instead of considering the pump source that we characterized and presented in
Fig. 6.8, we repeated the numerical simulations by considering an ideal pump source that would

be centered on the erbium absorption peak of this fiber (=978 nm). Under these conditions,
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the required fiber length now becomes 26.0 m and the resulting minimum gain and PCE are
18.4 dB and 14.0%. Fig. 6.24 shows the gain and NF profiles for both of these scenarios. To
our best knowledge, the current record for PCE in full C-band cladding-pumped amplifiers
is 10.2%, achieved with a coupled-core configuration with 12 cores and a cladding diameter
of 90 pm [158]. These results suggest that a properly engineered annular doping design could
improve the PCE in cladding-pumped amplifiers.
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Chapitre 7

Concentric layers with heterogeneous
doping for cladding-pumped L-band
fiber amplifiers

C. Matte-Breton!, L. Wang?, F. Maes?, Y. Messaddeq', et S. LaRochelle!

LCOPL, Université Laval, Québec QC, G1V 0A6, Canada
2Huawei Technologies Canada, 2475 Boul. Laurier, suite 100, Québec QC, G1T 2X3, Canada

Présenté a la conférence Photonics West 2022. [159]

7.1 Résumé

Le pompage par la gaine dans les amplificateurs optiques a récemment suscité un intérét
croissant dans le contexte des amplificateurs multicoeurs. L’utilisation de fibres multicoeurs
dopées a erbium (EDF) peut réduire la complexité des sous-systémes d’amplification car elle
permet le pompage avec une seule diode laser multimode de haute puissance pour plusieurs
canaux d’amplification paralléles dans la gaine d’une seule et méme fibre. En raison de la
plus faible intensité de pompage dans les amplificateurs pompés par la gaine, une inversion
de population élevée est plus difficile & réaliser par rapport aux amplificateurs pompés par
le coeur, ce qui favorise les applications en bande L plutét qu’en bande C. Les différents
designs d’amplificateurs a fibre pompée par gaine qui ont été proposés pour amplifier la bande
L ont tendance & utiliser soit un dopage homogéne a l’erbium, soit un co-dopage homogéne
a l'erbium-ytterbium dans le coeur. Dans cet article, nous démontrons qu’une combinaison
soigneusement congue de couches dopées a l'erbium (Er) et de couches co-dopées a ’erbium-
ytterbium (Er/Yb) dans un seul coeur (couches concentriques hétérogénes de dopage) peut

améliorer Pefficacité de conversion de puissance (PCE) par rapport aux designs utilisant un
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dopage homogéne.

L’idée principale derriére cette investigation est d’utiliser ce degré de liberté supplémentaire
dans le cadre du design afin de mieux contréler I'inversion de la population des ions d’erbium
le long de la fibre, ce qui aide & minimiser I’émission spontanée amplifiée et augmente ainsi
la PCE. Grace & des simulations numériques, nous comparons la PCE et le facteur de bruit
(NF) de quatre types de géométries de dopant homogénes dans le coeur (Er annulaire, Er/Yb
annulaire, Er central et Er/Yb central) avec des designs utilisant des couches concentriques
hétérogeénes de dopant. Pour tous les scénarios, la géométrie de dopant et la longueur des fibres
sont soigneusement optimisées afin de maximiser le PCE. La puissance du signal & l'entrée, la
puissance de la pompe a 'entrée, la direction de propagation de la pompe, le profil d’indice
de réfraction et les autres paramétres non liés au dopage sont maintenus constants pour tous

les scénarios.

7.2 Abstract

Cladding pumping in optical amplifiers has recently seen rising interest in the context of multi-
core amplifiers. The use of multicore erbium-doped fibers (EDFs) can decrease the complexity
of amplifier subsystems since it allows pumping with a single high-power multimode laser diode
for multiple parallel amplification channels in the same fiber cladding. Due to the lower pump
intensity in cladding-pumped amplifiers, high population inversion is harder to achieve com-
pared to core-pumped amplifiers, which favors L-Band applications over C-Band applications.
The various designs of cladding-pumped fiber amplifiers that have been proposed to amplify
the L-Band tend to use either homogeneous erbium doping or homogeneous erbium /ytterbium
co-doping in the core. In this paper, we demonstrate that a carefully engineered combination
of erbium (Er) doped layers and erbium-ytterbium (Er/Yb) co-doped layers in a single core
(concentric layers with heterogeneous doping) can improve the power conversion efficiency

(PCE) compared to homogeneous doping designs.

The main idea behind this investigation is to use this additional degree of freedom in the
design to better control the erbium ion population inversion along the fiber, which helps to
minimize the amplified spontaneous emission and thus increases the PCE. Through numerical
simulations, we compare the PCE and noise figure (NF) of four types of homogeneous doping
geometries in the core (annular Er, annular Er/Yb, central Er and central Er/Yb) with a
design based on concentric layers with heterogeneous doping. For all the scenarios, the doping
geometry and fiber length are carefully optimized to maximize the PCE. The input signal
power, input pump power, pump propagating direction, refractive index profile and other

not-doping-related parameters are kept constant for all the scenarios.
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7.3 Introduction

Cladding pumping is a promising way to decrease complexity in communication networks be-
cause it allows replacing multiple independent singlecore erbium-doped fiber amplifiers (ED-
FAs) by a single multicore erbium-doped fiber amplifier (MC-EDFA) that requires only a
single multimode laser diode pump source [144; 13; 145; 58; 108|. However, when pump power
is distributed over the cladding, a much higher total pump power is required to reach the same
pump intensity over the doped region [62; 146; 101]. For this approach to become economically
viable for C-band applications, comparatively to the multiple independent singlecore EDFAs
solution, the lower saturation output power and the lower PCE caused by this lower pump
intensity, which also leads to degradation of the NF, must be overcome. In C-band amplifiers,
ring doping has been proposed as a means to decrease saturation effects in cladding-pumped
EDFAs because it allows to place erbium ions in a region of the fiber where the signal intensity
is low [101].

Instead of fighting the saturation of cladding-pumped amplifiers, as required for their use in the
C-band, cladding pumping can be advantageously used in applications where high saturation
is required. For example, cladding pumping has been investigated for L-band amplifiers [58;
160; 161], an application where a lower inversion level of the Er population is needed. L-
band amplifiers are therefore inherently more compatible with cladding pumping than C-band

amplifiers.

However, to our best knowledge, the optimization of the doping type and geometry for
cladding-pumped L-band fiber amplifiers has not yet been investigated in details. In this
paper, we compare the performances of the six core types shown in Fig. 7.1. Core types A and
B use Er doping only, core types C and D use Er/Yb co-doping only and core types E and F

consider heterogeneous designs where concentric layers of Er doping and Er/Yb co-doping are
placed in the same core.

A B E F
000 00®

FIGURE 7.1 — Schematic representation of the six core types considered. Green regions corres-
pond to Er doping and red regions correspond to Er/Yb co-doping. Schematics A, B, C and D
represent fibers with homogeneously doped region (either Er or Er/Yb), and schematics E and
F are fibers with heterogeneous doping. The cores are divided in two regions with a boundary
of radius Tpoung (blue) that is varied in the numerical simulations.
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Due to the important costs related to fiber fabrication, this paper uses a numerical model

to compare the different fiber types. In fact, these simulation results aim to determine the
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optimized doping geometry of a cladding-pumped L-band amplifier, with maximized PCE,
compatible with fabrication constraints. In this respect, we only consider designs in which the

core is separated in two concentric regions, rather than more complex doping profiles.

7.4 Numerical model

We developed a numerical model that calculates the gain and noise figure of EDFAs and Er/Yb
co-doped fiber amplifiers (EYDFAs). The model considers Er/Yb co-doping with the energy
level diagram illustrated in Fig. 7.2. We use the rate equations presented in Ref. [162| with
the added assumption that the upconversion of the erbium ions and the energy back-transfer
from erbium to ytterbium can be neglected. The model assumes an azimuthal symmetry but
provides radial resolution of the doping concentrations and inversion levels. In the simulations,
the fiber core is divided in discrete annular regions, such as in Ref. [75], called radial elements.
The model includes erbium and ytterbium ASE. When simulating EDFAs, the ytterbium
doping concentration is simply set to 0. The model also considers the overlap I' ;, between the

signal mode and each radial element k.
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FIGURE 7.2 — Simplified energy level diagram of the Er®t :Yb3t system in oxide glasses.
Wis,gr, Wiz gr and Way g, are the transition rates between the energy levels of the erbium
ions, Wiy and Way yy are the transition rates between the energy levels of the ytterbium
ions and Ky, is the transition rate from the ytterbium ions to the erbium ions.

7.5 Fiber parameters

For each core type shown in Fig. 7.1, the simulations will consider an ideal step-index fiber
with a core radius of reore = 3.5m and a An of 10 x 1073, The signal mode intensity profile
is computed with COMSOL and shown in Fig. 7.3. The core is divided into 35 radial elements
of 0.1 pm, which are each assumed to overlap with the pump power by a factor of Ax/Acaq
where Ay, is the ring area and Ag.q is the area of the fiber cladding that has a diameter of
125 pm.
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FIGURE 7.3 — Refractive index profile (black) and signal mode intensity profile (a.u., grey)
considered in the simulations.

The erbium and ytterbium absorption (0 gy abs, Oypabs) and emission (0 g, ems, Oybems) Cross-
sections are shown in Fig. 7.4. The erbium cross-sections were measured on an erbium doped
aluminophosphosilicate fiber made in-house and the ytterbium cross-sections were extracted
from the datasheet of a commercial Er/Yb fiber made by CorActive (DCF-EY-6/128). The
erbium absorption and emission cross-sections are assumed to be the same whether or not

ytterbium ions are present.
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FIGURE 7.4 — Erbium and ytterbium absorption and emission cross-sections considered in the
simulations. The absorption cross-sections over the pump wavelength bands are shown in a),
and the emission and absorption cross-section over the signal wavelength band are shown in

b).

Each core type shown in Fig. 7.1 is divided into two distinct regions r = Opm to r = rpound
and r = Tpound 10 T = Teore. In Fig. 7.1, the delimitation at r = rpoung is represented by
a blue circle. In the red regions (Er/Yb), the ytterbium doping concentration pyy is set to
34.0 x 10?° ions/m? and the erbium doping concentration pp, is set to 2.0 x 10?® ions/m?. In
the green region (Er only), the ytterbium doping concentration is set to 0 ions/m? and the
erbium doping concentration is again set to 2.0 x 1025 ions/m3. Finally, in the white regions
(no doping), the ytterbium doping concentration is set to 0 ions/m? and the erbium doping

concentration is also set to 0 ions/m3.
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In the simulations, the cladding pump wavelength A, is set to 980 nm for core types A and
B, which is where the peak absorption of the erbium is located. For core types C, D, E and
F, however, a lower wavelength of 915 nm is used due to the very high ytterbium absorption
near 980 nm, which would lead to a very quick depletion of the pump over a fiber length that

would not allow for an optimal L-band amplification of the signal.

The total signal power P is set to 5.0 dBm and is assumed to be distributed uniformly over 44
channels between 1575 nm and 1618 nm (), which corresponds to a resolution of one channel
per nm. Also, the pump power P, is set to 3.0 W and is assumed to be injected inside the
cladding, uniformly distributed over the cladding area and propagating in the same direction
as the signal. Also, the lifetime of the Er®* and Yb?t upper metastable levels 75, and 1y} are
set to 10.4 ms and 1.5 ms and the energy-transfer rate from ytterbium to erbium, K., is set
to 1x 10722 m3/s. The pump and signal background loss, ap and ag, are set to 0.009 m~! and

0.001 m~! respectively. The parameters used for the simulations are summarized in Table 7.1.

7.6 Simulation results

In the numerical simulations, for each of the six core types, Tpound is swept from 0.0 pm to
3.5nm with steps of 0.1 um. For each value of Tpoynq, the fiber length L is swept and the
value that minimizes the gain difference of the 1579 nm and 1618 nm channels is selected. The
condition of equal gain between these two wavelengths is used to identify the length required
to have an average inversion condition that provides a flat gain over the spectrum of interest.
The amplifier performance is then evaluated at this fiber length. The achieved minimum gain
and noise figure as a function of the radius of the boundary between the two regions are shown
in Fig. 7.5 and Fig. 7.6 for each core type, at the optimal fiber length. It is worth noting that
we only plot the results for the values of rpunq for which it is possible to reach a gain difference
<0.1 dB between the 1579 nm and 1618 nm channels with a fiber length between 1m and
100 m.

The simulation results indicate that a fiber length longer than 100 m would be required to
obtain a flat gain for fiber types A, B, C and D when rpound < 1.1pm, 7pound > 2.7 pm,
Thound < 1.41pm and rpoung > 2.7 nm, respectively. For core types E and F, which correspond
to the heterogeneous designs, a flat gain could simply never be reached, no matter the fiber
length, when 7poung > 2.5 pm and rpoung < 1.7 pm, respectively, due to the high amount of
unexcited erbium ions in the erbium-doped region compared to the amount of excited erbium
ions in the Er/Yb co-doped region, which does not allow sufficient average inversion of the
erbium ions inside the fiber to obtain a flat gain. Another interesting behaviour that can
only be observed for core type E, when rpounq is equal to 2.4pm or 2.5 pm, is the dramatic
increase of NF (up to 8.2 dB at 7poung = 2.5 um). This effect is caused by the fact that, again,

the amount of unexcited ions in the erbium-doped region is too high to allow any significant
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Tableau 7.1 — Summary of the parameters used in the simulations

Symbol Parameter Value
L Fiber length Swept : [1.00, 100.00] m
Radius of the boundary between two
regions with different doping types
Telad Radius of the cladding 62.5 pm
Overlap between the signal mode and

Swept : 0.0, 3.5] pm

Tbound

Lo each radial element k Fig. 7.3
r Overlap between the pump power A /A
Pk and each radial element k k/+iclad
Absorption and emission cross- .
TEr,abs) O Br,ems sections of the erbium ions Fig. 7.4
Oy babes OV bems Absorption and emission cross- Fig. 7.4
’ ' sections of the ytterbium ions
Teore Radius of the core 3.5 um
P, Input pump power 3.0W
P Input signal power 5.0 dBm
PEr Erbium doping concentration 2.0 x 10%° ions/m?
PYh Ytterbium doping concentration 34.0 x 10%° ions/m?

A and B : 980 nm
C,D, Eand F : 915 nm
As Signal wavelength 1575 nm — 1618 nm
Transition rate from the ytterbium ions

Ap Pump wavelength

—22 .3
Kur to the erbium ions L x 107 m*/s
Lifetime of the Er>* upper metastable
T ovel 10.4 ms
Lifetime of the Yb3T upper metastable
TYb level 1.5 ms
ay Pump background loss 0.009 m~*
Qg Signal background loss 0.001 m~—!

amplification over the first few meters of the fiber. However, since our model considers Er ASE
guided in the fundamental mode of the core, both in C and L bands, this ASE builds up over
the first few meters of the fiber until it is high enough to excite a significant amount of erbium
ions located in the central region of the core. Therefore, a flat gain can be reached but this
whole behaviour leads to higher ASE in the L-band compared to geometries where rpoung <

2.3 pm.

Fig. 7.5 allows to conclude that, under the conditions specified previously, the optimal core
design, assuming a homogeneous doping design (core types A, B, C or D) is core type C
with 7pound = 2.2 pm. This core design would allow to reach a minimum gain of 19.0 dB
and a PCE of 8.3%. With a heterogeneous doping design (core types E and F), the optimal
geometry is achieved with core type F and a boundary radius of ryounq = 2.1 pm. This core

design would allow to reach a minimum gain of 19.8 dB and a PCE of 10.0%, which is a
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FIGURE 7.5 — Minimum gain over the spectral region of interest (1575 nm — 1618 nm) as

a function of rpoung at the optimal fiber length for each doping profile under consideration.

Fibers with only one type of doping (profile A-D) are shown by solid lines and fibers with

heterogeneous doped regions (E-F) are shown by dashed lines.
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FIGURE 7.6 — Noise figure over the spectral region of interest (1575 nm — 1618 nm) as a
function of rpoung at the optimal fiber length for each doping profile under consideration.
Fibers with only one type of doping (core types A-D) are shown by solid lines and fibers with
heterogeneous doped regions (E-F) are shown by dashed lines.

significant improvement compared to the optimal homogeneous design. For all core types, the

PCE obtained for the optimal design (rpoung and L) are compared in Table 7.2.

The gain and NF spectrum for the best optimized homogeneous (type C) and heterogeneous

(type F) designs are shown in Fig. 7.7. In Fig. 7.8, we trace the population inversion level as a
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Tableau 7.2 — PCE for each core type when the optimal boundary radius and fiber length are
used

.. . PCE under optimal | Noise figure at

Category Core type | Minimum gain conditions minimum gain
A 16.0 dB 4.1% 5.8 dB
Homogeneous B 16.4 dB 4.5% 5.8 dB
C 19.0 dB 8.3% 6.1 dB
D 18.1 dB 6.7% 5.8 dB
Heterogeneous E 19.0 dB 8.4% 5.9 dB
F 19.8 dB 10.0% 6.1 dB

function of the longitudinal position for each of the 35 individual radial elements for these two
fibers, type C (blue) and type F (pink). This means that the blue trace is the superimposition
of 22 lines, one for each radial element where doping is present. While the inversion level of
the optimized fiber with a core type C seems to be quite uniform radially, the radial elements
of the optimized fiber with a core type F can be divided into two distinct groups. The 21
inner radial elements, that contain ytterbium ions (from r = 0 to r = rpoung = 2.1 pm), have a
significantly higher inversion level than the 14 outer radial elements which only contain erbium
ions. In these amplifiers, the inversion level peak that can be observed at 5.3 m (core type
F) and 8.6 m (core type C) in Fig. 7.8 is responsible for the local generation of a significant
amount of ASE in the C-band which depletes the available pump power in the fiber. The
higher PCE in fiber F is caused by the effect of the erbium ions located in the outer radial
elements which act as a filter that locally absorbs ASE, thus recycling the pump power.

T T T T T T T 8
24 -
175
22 17
.20 165
el 2
£ 1 O
5 18 z
155
16
15
14 s
12 1 1 1 1 1 | 1 1 4

1575 1580 1585 1590 1595 1600 1605 1610 1615 1620
Wavelength [nm]

FIGURE 7.7 — Gain and NF spectrum for core types C (blue solid lines) and F (pink dashed
lines) when 7poung and L are optimized to reach the highest possible minimum gain in the
1575 nm to 1618 nm spectral region.
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F1GURE 7.8 — Population inversion of the erbium ions as a function of the radial position
for core types C (blue) and F (pink) when rpy,nq and L are optimized to reach the highest
possible minimum gain in the 1575 nm to 1618 nm spectral region. The weighted average of
the population inversion in core type F (black dashed line) is calculated using the overlap
between the signal mode and each radial element k divided by the total overlap inside the core
as a weight.

7.7 Conclusion

We proposed and showed, through numerical simulations, that using a heterogeneous doping
design increases the PCE in cladding-pumped L-band amplifiers. In the specific conditions
considered in this paper, heterogeneous doping design allows to increase the PCE to 10.0%,
compared to 8.3% with the best homogeneous design. It is worth noting that the input signal
power of 5 dBm is relatively high but corresponds to a typical requirement for the last stage
of a multi-stage amplifier. This improvement can be explained by a region doped only with
erbium ions that is present all along the fiber and that is pumped only through absorption of
the C-band ASE. This region then contributes to L-band amplification, thus limiting the loss
of available pump power due to ASE.
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8.1 Résumé

Nous démontrons pour la premiére fois qu’un réseau de Bragg peut étre inscrit sur une grande
surface a l'intérieur de la gaine d’une fibre amplificatrice multicoeur dopée & ’erbium pour
augmenter 'efficacité de conversion de puissance en recyclant la puissance de la pompe a
la sortie. Nos résultats indiquent qu'un réseau de Bragg couvrant ~25% de la surface de
la gaine permet de recycler 19% de la puissance de pompe a la sortie, menant ainsi & une
augmentation relative de la PCE de 16% pour une puissance de pompe en entrée de 10,6 W
dans le cas particulier de une fibre dopée & I’erbium & huit coeurs, d’une longueur de 20,3 m,

et ayant un coeur chargé avec une puissance du signal a I'entrée de 1,5 dBm.
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8.2 Abstract

We demonstrate for the first time that a Bragg grating can be written over a large area inside
the cladding of a multicore erbium-doped fiber amplifier to increase the power conversion
efficiency (PCE) by recycling the output pump power. Our results indicate that a Bragg
grating covering ~25% of the cladding area allows to recycle 19% of the output pump power
which leads to a relative increase of the PCE by 16% for an input pump power of 10.6 W
in the specific case of an eight-core erbium-doped fiber with a length of 20.3 m and one core

loaded with an input signal power of 1.5 dBm.

8.3 Introduction

Cladding-pumped multicore erbium-doped fiber amplifiers (CP-MC-EDFAs) are a promising
technology for cost-reduction in optical communication networks since they simultaneously
provide gain to multiple cores, sharing the same cladding, with a single low-cost multimode
pump laser diode having a high electrical to optical conversion efficiency. However, one of
the main drawbacks for cladding pumping is the lower pump intensity in the doped core,
compared to core pumping, due to the total pump power being distributed over the whole
cladding area of the fiber. This lower pump intensity results in lower saturation output power
that limit gain and bandwidth of CP-MC-EDFAs for C-band amplifiers. Consequently, high
pump power must be used to maintain the inversion level of the erbium ions over the whole fiber
length which leads to a high amount of unabsorbed output pump power. Therefore, achieving
high power conversion efficiency (PCE), from the pump to the signal, can be challenging in

cladding-pumped amplifiers in comparison to core-pumped ones.

To mitigate this drawback, higher core density [164], decreased cladding area [109], erbium-
ytterbium co-doping [147] and an annular doping geometry [101] have all been proposed.
Pump recycling has also been investigated and has been demonstrated in CP-MC-EDFAs
by using a side-coupled pump collector [165], cascaded side-coupled pump collectors [166] or
turbo cladding pumping with free space optics |73]. All these methods consist in using one or
multiple pump collectors at the fiber output, and passive fiber loops, to route the pump power
back to the input of the active fiber, recycling as much as 55.2% of the residual pump power
[73]. The main drawbacks of these methods are the increased complexity due to the additional

components and the corresponding additional input and output signal loss.

Another promising technology for pump recycling is to use inner-cladding Bragg gratings
(ICBGs), which are all-fiber reflectors written directly in the cladding of cladding-pumped
erbium doped fibers to reflect the pump. ICBGs have been previously used to recycle the
unabsorbed pump light of single-core cladding-pumped high-power fiber lasers [167; 74]. For
example, an ICBG with an effective reflectivity of 58% was inscribed at the end of a 29 W

erbium-doped fiber laser emitting at 1.6 pm, which allowed to significantly increase the laser

110



efficiency [168]. This Bragg grating component only reflects light at the pump wavelength
while letting through the laser light propagating inside the fiber core. The ICBGs also have
the advantages of being able to handle high power, do not require additional components
and leave the fiber tip free of any constraints. Therefore, increasing the PCE with such a
component is a promising approach to shorten the required length of active fiber in fiber
lasers and decrease the required pump power for amplifier systems. To our knowledge, ICBGs
have not yet been investigated in the context of CP-MC-EDFAs that are currently being

considered to increase spatial density in optical communication networks [61].

This paper aims to compare the PCE of a CP-MC-EDFA with and without an ICBG. To
achieve this goal, in section 8.4, we first write such a grating covering ~25% of the cladding
area of a double-cladding 8-core fiber with annular doping, which was initially designed for
low gain compression [129]. Then, in section 8.5, the internal gain and noise figure (NF) are
measured experimentally with and without an ICBG and the resulting PCE is determined.
Finally, in section 8.6, the experimental results are compared with simulations to estimate the
effective percentage of reflected output pump power in the presence of ICBG. We find that
the pump effective reflectivity reaches 19%, resulting in a PCE increase of 16%.

8.4 ICBG inscription

In this paper, the CP-MC-EDFA is based on the 8-core fiber extensively described in [129].
Each core, single mode in the C-band and undoped, is surrounded by an annular erbium-
doped region located in the cladding. This design mitigates saturation effects since only the
low intensity evanescent tail of the guided signal mode interacts with the doped region. Alu-
minophosphosilicate is used in the doped region of the cladding to reduce the refractive index
change while limiting the percentage of paired ions [129]. The pure-silica cladding, surrounded
by a low refractive index fluoroacrylate coating, has a NA of 0.46 and a diameter of 140 pm
that make it viable for cladding pumping. The cores are placed along a ring with a radius of
2.3um and the distance between two cores is 38 pm as shown in Figure 8.1. In [129], a MC-
CP-EDFA was assembled with this fiber. With a fiber length of 19.8 m and 24.0 W of pump
injected in the cladding, the amplifier provided a gain >15.3 dB and a noise figure <5.4 dB
over the C-band with all the cores loaded with 1.440.3 dBm. Under these conditions, it is
estimated that 12.8 W of unused pump power exit the fiber at the amplifier output.

The ICBG was obtained by photo-inscribing a periodic refractive index modulation inside the
fiber cladding. As pure silica is not photosensitive to standard UV illumination, we relied on
the femtosecond laser inscription [169]. To this end, we used the setup shown in Figure 1 of
reference [168], except for the capillary around the fiber that was not present in our case, and
employed a Ti-Sapphire regenerative amplifier system (Astrella, Coherent Inc.) that emits

800 nm pulses at a repetition rate of 1 kHz. The laser beam was then frequency doubled
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to 400 nm [170] using a BBO crystal (EKSMA optics, BBO 1502). The beam, which has a
diameter of 11 mm, was afterwards sent through the fiber cladding [170] with an acylindrical
lens having a 10 mm focal length. This allowed to reach sufficient light intensity inside the glass
to induce a refractive index change by multiphotons absorption [171]. The interference pattern
required to inscribe a periodic refractive index modulation was generated thanks to the use of
the phase mask-scanning technique [172; 173|. An in-house fabricated phase mask, having a
central period of 677.5 nm, was placed between the acylindrical lens and the fiber. It created
an interference pattern in the spatial region where the diffracted +1 orders of the femtosecond
beam overlapped with a period corresponding to half of that of the phase mask. Given the
Bragg equation and the fiber’s cladding refractive index, it inscribed an ICBG with a reflection
peak centered at 981 nm. Such wavelength was chosen given the availability of a wavelength-
stabilized laser diode emitting at that wavelength (BWT, model K981AN1RN-90.00W) which
was used as the pump source for the CP-MC-EDFA. This wavelength is also close to the
979 nm peak absorption wavelength of the multicore fiber [129]. The phase mask was chosen
with a period chirp rate of 1.2 nm/cm across its length of 3.5 cm. Given the highly multimode
propagation of the pump light inside the cladding, a chirped ICBG is needed to cover a range
of different effective refractive indices. In the present case, the ICBG covers effective refractive
indices from 1.4432 to 1.4527, at the pump wavelength given the chirp rate of the phase mask
and the 3.7 cm grating length. This chirp rate was chosen given the availability of this phase
mask and because it was shown to optimize the reflectivity of ICBGs in a previous experiment,
but with a different fiber-laser system [167]|. In the future, optimizing the chirp rate for the
specific NA of the fiber cladding and pump injection conditions, as described later, should
increase the effective ICBG reflectivity.

Given the non-linear nature of photo-induced index change process in pure silica by fs writing
at 400 nm, and the short focal length of the acylindrical lens, refractive index modifications
occur only in the close vicinity of the laser beam focus. When focused at the center of the
fiber, the beam induces a refractive index modulation over a depth of about 10pm and a
height of about 1 pm. Therefore, in order to increase the transverse area covered by the ICBG,
and ultimately its reflectivity, the beam had to be scanned over the fiber cladding cross-
section. To this end, the acylindrical lens of the writing setup was placed on a 2D piezoelectric
stage allowing to move the focal point of the femtosecond beam. The piezoelectric actuator
moving the height of the lens, was driven at a 1 Hz frequency with a peak-to-peak amplitude of
100 pm, while the other actuator moving the focus depth was driven at 0.133 Hz over the same
amplitude. These different frequencies were chosen to focus pulses over the largest possible

fraction of the fiber transverse area.

To write a grating of a few cm long, we used the phase mask scanning technique that consists
in moving both the laser beam and the acylindrical lens along the fiber axis using a motorized

translation stage, while the fiber and the phase mask remained still. During the 30-minute

112



inscription process, the beam was scanned over a fiber length of 2.6 cm that was stripped
of its coating beforehand. This led to a 3.7 cm long ICBG when taking into account the
11 mm inscription beam diameter. Such a slow longitudinal scanning speed allowed to send
multiple pulses at each grating position in the fiber cross-section so as to increase the refractive
index modification. We used an average laser power of 190 mW, with a pulsewidth of 40 fs
and a repetition rate of 1 kHz. Then, the short fiber segment containing the grating was
thermally annealed at 475°C for 10 minutes with an oven as a standard procedure to reduce
the photoinduced absorption losses. Finally, it was recoated with the same low-index polymer

that was used during fiber drawing.

The cross-section of an ICBG inscribed in the 8-core fiber under the same conditions as the
one tested with the amplifier is shown in Fig. 8.1. The grating only covers about ~25% of
the cladding area, which was determined by manually defining the grating and cladding areas
in Fig. 8.1 and using an image processing software afterwards to count the number of pixels
for each region. The area of ~25% limits the maximum achievable ICBG reflectivity and
means that the grating has a different effective reflectivity for each mode depending on their
spatial overlap. The modes with higher n.s¢, which are mainly confined into the center of the
cladding, and thus less absorbed by the doped regions, are also likely to experience a stronger
reflectivity. Furthermore, the ICBG cross-section has a conical shape due to the curvature of
the fiber cladding. Given the large number of pump cladding modes, which includes both even
and odd modes, this grating asymmetry can be helpful to reflect odd modes. As the laser beam
is scanned perpendicularly to the fiber axis during the inscription process, the beam is refracted
at different angles depending on its instantaneous height on the cladding that introduces a
lensing effect. Also, noting that the writing process is a nonlinear phenomenon, regions where
the focusing effect are the highest exhibit a stronger refractive index modulation as can be
observed on the right of the ICBG in Fig. 8.1. This effect limits the maximum reachable ICBG
area since these hot spots could induce signal losses if they overlapped a core. In the future, it
could be circumvented by inserting the fiber inside a hollow capillary with an inner diameter
slightly larger than the fiber cladding diameter and a significantly larger outer diameter, that
has been shown to improve grating uniformity and increase the scanning area [168| or by using
a different beam scanning technique [174], allowing to significantly increase the grating area

and reflectivity.

The transmission spectrum of the ICBG is shown in Fig. 8.2. It was measured by injecting
the light of a supercontinuum laser source (Koheras, NKT Photonics) inside a 1 m long fiber
segment containing the grating and by using a bare fiber adapter to connect the output to an
OSA. The power spectrum was measured before and after the ICBG inscription. It is worth
noting that the free space optical input of the OSA has a NA of 0.105, which is significantly
lower than the NA of the fiber cladding (0.46). Therefore, the transmittance shown in Fig. 8.2

only applies to the lower order cladding modes. An insertion loss of -3.7 dB is observed at
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F1GURE 8.1 — Cross section of the 8-core fiber with an inner-cladding Bragg grating. It was
measured with a phase-contrast microscope. The inscription laser beam is incident from the
left.

981 nm from which we can deduce a maximum peak reflectivity of 57%. The transmittance
above 0 dB observed near 950 nm and 1000 nm is due to the noise of the supercontinuum laser
source used for this measurement. While no significant losses were measured for wavelengths
outside of the Bragg resonance, it is possible that a fraction of this measured insertion loss
could also be caused by coupling of the 981 nm light to some radiative modes, which was

confirmed by observing the fiber with an infrared viewer.

Relative intensity of the pump (black)
Transmittance of the ICVBG (red)
[dB]

_1 0 | 1 1 1 1 1 1 | 1
950 955 960 965 970 975 980 985 990 995 1000

Wavelength [nm]

F1GURE 8.2 — Normalized spectral intensity of the 981-nm wavelength-controlled pump source
for an output pump power of 10.0 W (black) and transmission spectrum of an ICBG written
with the phase mask used for this investigation (red).
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8.5 Gain and NF measurement results

In this section, we aim to determine the internal gain, NF and PCE of the CP-MC-EDFA in
two distinct configurations : i) when an ICBG is used to recycle the pump power and ii) when
the pump power is not recycled. To determine the internal gain and NF with and without the
ICBG, we first did the measurements with an ICBG, for a doped fiber length of 20.3 m, as
shown in Fig. 8.3. Then, we removed the last 0.7 m of doped fiber near the output, between
points B and C in Fig. 8.3, which included the ICBG, and made a new output splice and pump
dump to, afterwards, repeat the measurements without the ICBG with a doped fiber length
of now 19.6 m. The total signal power was uniformly distributed over eight spectral channels
generated by eight tunable lasers centered at 1528.8 nm, 1532.7 nm, 1539.2 nm, 1543.7 nm,
1549.3 nm, 1554.9 nm, 1559.8 nm and 1563.9 nm. For these measurements, only one of the
cores was loaded with signal power. To identify the same core that was used for the single
core characterization reported for this fiber in [129], the absorption at 1530 nm was measured
in each of the 8 cores of the fiber under test (FUT). Using the same core was important
considering that some of the parameters used in the simulations, namely the concentration
of paired ions, could have core-to-core variations and were only measured in this core. Then,
using an active alignment system, single-mode fibers (SMFs) were spliced to both ends of the
FUT into the selected core and a total loss of 2.4 dB was measured between point A and
B in Fig. 8.3a using a 1300 nm tunable laser. The variable optical attenuator (VOA) was
then adjusted so that the total signal power at the input of the active fiber, when considering
1.2 dB of loss per SMF-FUT splice, was 1.5 dBm. Also, the pump power was coupled into the
cladding of the FUT with an unfused half-taper [116] made by splicing a 105/125 um fiber
to a coreless pure-silica fiber that was tapered to obtain a downtaper length of 8.0 cm and a
waist length of 2.5 cm. The pump coupling region is located 10 cm after the input splice. The
achieved coupling efficiency was 93%+1% with the 981 nm wavelength-stabilized pump diode
mentioned previously (BWT). To avoid damaging the isolators, cladding pump strippers were
made at both ends of the FUT by applying high index polymer over 3 cm at the input and
output of the fiber, directly next to the splices. It is also worth noting that the ICBG was
located 55 cm before the output splice. The total fiber length for the FUT was 20.3 m. The
gain and NF were measured when a current of 0.0 A, 1.3 A, 1.4 A, 1.5 A, 1.6 A, 1.7 A, 1.8
A, 1.9 A and 2.0 A was applied to the pump laser diode. Below, we show that these currents
correspond to a coupled pump power of 0 W, 5.2 W, 5.9 W, 6.6 W, 74 W, 82 W, 9.0 W,
9.7 W and 10.6 W. The spectral gain and noise figure (NF) measurement results are shown in
Fig. 8.4 and 8.5 (red circles).

After measuring the gain and NF with the setup configuration of Fig. 8.3, we cut the FUT
10 cm before the output splice, measured the output pump power with a free-space power
meter, then cut the FUT 10 cm before the ICBG, for a new fiber length of 19.6 m and measured

the output pump power again. The results, shown in Fig. 8.6, indicate that the transmittance
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FIGURE 8.3 — Setup configuration used to measure the gain and NF with and without an
ICBG.

of the ICBG at the pump wavelength is 40% on average, which is good agreement with the
-3.7 dB observed at 981 nm in Fig. 8.2. We then made a new splice using an active alignment
and the same splice recipe as previously, as well as a new pump dump right before the splice.
To ensure a proper comparison, the input splice, VOA, and half-taper pump coupler were left
untouched. The insertion loss at 1300 nm was measured again and, was also 2.4 dB for this
configuration, indicating that the ICBG did not cause any significant degradation of the core
signal. The gain and NF were then measured again for the same pump laser diode current

setpoints. The results are also shown in Fig. 8.4 and 8.5 (black circles).

When all gain and NF measurements were completed, the FUT was cut 1.0 m after the pump
coupler and we measured the exiting pump power with a free-space power meter. The input
pump power was then estimated from these results, by multiplying the measured pump power
by 1.012 to account for the pump background loss of 0.012 m~! or 0.052 dB/m over 1.0 m
of fiber length. This measurement allowed us to determine that the pump laser diode current
setpoints used for the gain and NF measurements correspond to coupled pump power of 0 W,
52 W, 59 W, 6.6 W, 74 W,82W,9.0W, 9.7 W and 10.6 W.

Finally, the measured coupled pump power, input signal power and gain were used to calculate
the PCE with and without an ICBG. The resulting PCE as a function of input pump power
is shown in Fig. 8.7. Such low PCE can be explained by the fact that only one core was
used, and the fiber length was not optimized. Nevertheless, the PCE is 23% higher in the
configuration for which an ICBG was used compared to the configuration for which the pump
was not recycled, when the input pump power was set to 10.6 W. It is however worth noting
that a longer fiber length of 20.3 m, instead of 19.6 m, was used in the configuration with the

ICBG. This aspect will be discussed in more details in the next section.
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FIGURE 8.4 — Gain measurement results for a total input signal power of 1.5 dBm, and various
input pump power ranging from 0 W to 10.6 W when i) an ICBG is used to recycle the output
pump power (red) with a fiber length of 20.3 m and ii) when the pump is not recycled (black)
with a fiber length of 19.6 m.

8.6 Simulation results and discussion

In this section, we first estimate the effective reflectivity of the ICBG by fitting spectral gain
and NF simulations to the measurement results. We then determine the relative increase of
the PCE caused by the ICBG for a fixed fiber length.

For the simulations, we first used the model and parameters determined in [129], namely, a
pump background loss of 0.012 m~!, a paired ions concentration of 7% and a pump absorption
cross-section of 2.2x1072% m? at 981 nm (for the latter see Fig. 8.7 of [129]). To have a better
spectral resolution in the simulations, we consider 37 signal channels between 1528 nm and
1564 nm, for a resolution of 1 nm, and a total input signal power of 1.5 dBm. For the spectral
gain, a good agreement was obtained between the simulation results and the experimental

measurements without an ICBG with a root mean square error (RMSE) of 0.6 dB.

We then modified the model to also consider a contra-propagating pump power, uniformly
distributed over the cladding, with an initial power equal to the output pump power of the
co-propagating pump power times an effective reflectivity R. In the simulations, we assumed

the pump power to be coupled into the fiber at the longitudinal position z = 0 m and to be
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FIGURE 8.5 — NF measurement results for a total input signal power of 1.5 dBm, and various
input pump power ranging from 0 W to 10.6 W when i) an ICBG is used to recycle the output
pump power (red) with a fiber length of 20.3 m and ii) when the pump is not recycled (black)
with a fiber length of 19.6 m.
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FIGURE 8.6 — Measurement results for the output pump power as a function of the input
pump power (without an input signal) for a fiber length of 19.6 m without ICBG (black) and
a fiber length of 20.2 m with an ICBG (red).

reflected by the ICBG at the output of the active fiber, z = 20.3 m.
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FI1GURE 8.7 — PCE as a function of input pump power for an input signal power of 1.5 dBm
when an ICBG is used to recycle the output pump power with a fiber length of 20.3 m (red)
and when the pump is not recycled with a fiber length of 19.6 m (black).

Then, to estimate the effective reflectivity R of the ICBG, we computed the RMSE between
the 72 data points of the measured gain with or without the ICBG (shown in Fig. 8.4) and
the corresponding simulated gain results for given values of R. The RMSE is plotted as a
function of the effective reflectivity in Fig. 8.8. As expected, when there is no ICBG and the
fiber length is set to 19.6 m (black), the fit is optimal for an effective reflectivity of 0%. When
an ICBG is present in the fiber cladding for pump recycling, and considering a fiber length of
20.3 m (red), the fit is optimal for an effective reflectivity of 19%.
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FIGURE 8.8 — RMSE between the simulated and measured gain as a function of the ICBG
effective reflectivity when an ICBG is used to recycle the output pump power and considering
a fiber length of 20.3 m (red). For comparison, the RMSE between the simulated and measured
gain is also shown when there is no ICBG and considering a fiber length of 19.6 m (black).
The circles indicate the optimal fit.
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In Fig. 8.9 and 8.10, the simulation results obtained when using the previously determined
effective reflectivity (0% when the pump is not recycled and 19% when the ICBG is used
for pump recycling) are compared with the gain and NF measurements for the various pump

powers reported in section 8.5.
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FIGURE 8.9 — Gain measurement (circles) and simulations (lines) for a total input signal power
of 1.5 dBm, and various input pump power ranging from 0 W to 10.6 W, when i) an ICBG
is used to recycle the output pump power (red) with a fiber length of 20.3 m and assuming
R = 19% for the simulations ; and ii) when the pump is not recycled (black) with a fiber length
of 19.6 m and assuming R = 0% for the simulations.

The experimental results shown in Fig. 8.7 indicate a 23% increase in the PCE when P, = 10.6 W.
These results were however obtained with slightly different conditions for the fiber length. Ac-
cording to our simulations and using the fiber parameters described above, when no ICBG is
used, for input signal power of 1.5 dBm and input pump power of 10.6 W, increasing the fiber
length from 19.6 m to 20.3 m increases the PCE by 6%. Thus, the actual PCE increase that
is caused by the recycled pump, and not the fiber length, is actually (1.23/1.06 — 1) = 16%.
An increase of 16% for the PCE when only recycling 19% of the output pump power, which
corresponds to 19% of ~780 mW, can be explained by the fact that the last meters of the fiber
have a lower average inversion level. Therefore, increasing the pump power over this part of
the active fiber has a more significant positive impact on the performance than recycling the

pump power by reinjecting it at the input of the fiber.

Considering the same 981 nm pump wavelength and coupled pump power of 10.6 W, we now
use simulations to estimate the PCE that would be obtained if the input signal power was

set to 1.5 dBm per core in all eight cores and if the fiber length was adjusted to maximize
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FIGURE 8.10 — NF measurement (circles) and simulations (lines) for a total input signal power
of 1.5 dBm, and various input pump power ranging from 0 W to 10.6 W, when i) an ICBG
is used to recycle the output pump power (red) with a fiber length of 20.3 m and assuming
R = 19% for the simulations; and ii) when the pump is not recycled (black) with a fiber length
of 19.6 m and assuming R = 0% for the simulations.

the PCE for various values of effective reflectivity R, between 0% and 100%. The results are
shown in Fig. 8.11 and indicate that an ideal ICBG could theoretically lead to an increase of
the PCE by 52%, from 7.9% to 12.0%. Also, the optimal fiber length was 30.8 m for R = 0%
and 27.3 m for R = 100%, indicating that pump recycling also allows decreasing the required
fiber length. Lastly, we note that the 8-core fiber with annular doping used in this study
was designed to achieve low gain compression in multi-core amplifiers designed for dynamic
network. Considering that more pump power would be reflected under the low input signal
power conditions, compared to high input signal power conditions, recycling the pump may
not be beneficial to the gain compression performance. Nonetheless, the results clearly show
the benefits in terms of PCE that are obtained by the introduction of ICBG for pump recycling
and this technique could easily be implemented to more standard CP-MC-EDFA designs with

uniform doping in the core.

8.7 Conclusion

In summary, we were able to demonstrate, for the first time of our knowledge, pump recycling
with a Bragg grating inscribed in the cladding of a CP-MC-EDFA. The technique uses readily

available Bragg grating writing technology and presents a low complexity solution to imple-
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FIGURE 8.11 — Calculated PCE for a fully loaded CP-MC-EDFA as a function of the effective
reflectivity of the ICBG at 981 nm. The 8 cores are loaded with an input signal power of
1.5 dBm per core, the pump wavelength is 981 nm, the coupled pump power is 10.6 W and
the fiber length is adjusted for each value of R to maximize the PCE.

ment pump recycling. According to our simulations, the effective reflectivity of the ICBG was
19%, which led to a relative increase of 16% for the PCE. These results are very promising
considering that significant pump power is typically lost at the output of CP-EDFAs given
that high pump intensity is required for the signal to be properly amplified. In this paper,
although we achieved a pump recycling ratio of only 19%, compared to the record of 55.2%
achieved with turbo cladding pumping [73], the proposed method has the advantage of not
requiring any additional component and, therefore, has the potential of becoming a scalable
and economically viable solution for pump recycling provided that techniques to decrease the
inscription time and to increase the ICBG efficiency can be developed. Currently only ~25%
of the cladding area covered by the ICBG and, therefore, improvement in the grating effective
reflectivity is expected as the writing technique is refined to increase the grating area and uni-
formity. Considering the high electrical to optical conversion efficiency of low-cost multimode
laser diode used with cladding pumping, using ICBGs for pump recycling might be the very
last step required to make cladding pumping more economically viable than core pumping in

communication networks.
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Chapitre 9

Applications des fibres optiques
amplificatrices pompées par la gaine
pour les futurs réseaux de

communication

9.1 Résumé

Ce chapitre a pour objectif de discuter des résultats présentés dans cette thése afin de tirer
une conclusion sur la viabilité des fibres optiques amplificatrices pompées par la gaine pour

deux applications distinctes des réseaux de communication.

Dans un premier temps, les spécifications présentées en introduction seront comparées aux
résultats de caractérisation de la fibre congue et présentée au chapitre 6 afin de conclure sur
I'intérét des fibres optiques amplificatrices multicoeurs pompées par la gaine dans les réseaux

reconfigurables et des principaux éléments & améliorer.

Dans un second temps, les résultats des chapitres 7 et 8 seront utilisés afin de discuter de
Iintérét des fibres optiques amplificatrices pompées par la gaine pour amplifier la bande L

avec une efficacité énergétique élevée.

9.2 Fibres optiques amplificatrices pompées par la gaine pour

les réseaux reconfigurables

Les analyses menées aux chapitres 1 a 5 ont permis de converger vers le design présenté au
chapitre 6, congu spécifiquement pour répondre aux exigences des réseaux reconfigurables.

Dans le tableau 9.1, les requis des réseaux reconfigurables sont comparés aux performances
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réelles de la fibre présentées au chapitre 6 afin de tirer une conclusion sur la viabilité des fibres
optiques amplificatrices a coeurs multiples pompées par la gaine et ayant une géométrie de

dopant en anneau dans les réseaux reconfigurables.

Tableau 9.1 — Comparaison entre la performance requise et la performance mesurée de I’am-
plificateur optique testé au laboratoire

H Paramétre Requise Mesurée H

Nombre de coeurs 8 8
Plage de puissance
du signal & 'entrée

-23.1 dBm & 1.4 dBm -23.24£0.3 dBm & 1.4+0.3 dBm

Plage spectrale couverte | 1529 nm a 1565 nm 1528.8 nm & 1563.9 nm

Gain >17 dB >15.3 dB
Facteur de bruit <5 dB <5.4 dB
Compression du gain <5 dB <168 dB

ou <7.3 dB si on néglige le coeur #8

Par la gaine, avec
une seule diode
laser multimode

Par la gaine, avec
une seule diode
laser multimode

Méthode de couplage
de la pompe

Or, si on considére uniquement la performance du coeur #4, on obtient plutot les résultats

présentés au tableau 9.2.

Tableau 9.2 — Comparaison entre la performance requise et la performance mesurée du coeur
#4 de amplificateur optique testé au laboratoire

H Paramétre Requise Mesurée H

Plage de puissance
du signal a 'entrée

-23.1dBm 4 1.4 dBm | -23.1 dBm a 1.5 dBm

Plage spectrale couverte | 1529 nm a 1565 nm | 1528.8 nm & 1563.9 nm

Gain >17 dB >15.6 dB
Facteur de bruit <5 dB <5.0dB
Compression du gain <5 dB <3.8dB

Méthode de couplage
de la pompe

Par la gaine, avec
une seule diode
laser multimode

Par la gaine, avec
une seule diode
laser multimode

Bien que les requis initiaux n’aient pas été atteints, en se penchant sur le coeur #4 unique-
ment, on remarque que la compression du gain mesurée (3.8 dB) est nettement inférieure a
la compression requise (5.0 dB). On peut donc en conclure qu’il y aurait une certaine marge
de manoeuvre possible au niveau du design afin d’augmenter le gain minimum légérement, en
rapprochant I’anneau d’ions actifs de la partie centrale du coeur. Une telle modification aurait
pour effet d’augmenter le gain ainsi que la compression du gain, sans toutefois modifier la

longueur de fibre de fagon significative, maintenant ainsi I’ASE dans la gaine au méme niveau.

Néanmoins, des efforts additionnels de recherche et de développement seraient requis pour que
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cette technologie puisse étre utilisée dans les réseaux reconfigurables. En particulier, I’unifor-
mité des coeurs et la sensibilité du design & 'uniformité des coeurs devraient étre améliorées
considérablement. Une piste de solution pourrait étre d’augmenter le nombre de couches uti-
lisées pendant le processus MCVD et pendant I'étape de dopage par solution afin d’améliorer
la précision radiale sur la géométrie du coeur. Autrement, I'utilisation de la méthode MCVD-
chelate [175] pourrait étre explorée afin d’améliorer le controle de ’épaisseur de I’anneau d’ions

actifs, par rapport & la méthode du dopage par solution, lors du processus de fabrication.

Le co-dopage a I'ytterbium n’a pas été utilisé pour cette application dans le cadre de cette thése
puisque l'objectif était de couvrir la bande C en entier. Or, dans la littérature scientifique,
une fibre amplificatrice multicoeur pompée par la gaine et avec co-dopage a 'ytterbium a
récemment été démontrée pour les réseaux reconfigurables [176]. Bien qu’elle ne permette
pas d’amplifier les longueurs d’onde inférieures a 1535 nm, ses performances et sa PCE sont
nettement supérieures a celles obtenues dans le cadre de cette thése puisque I'ytterbium permet
d’atteindre un niveau d’inversion élevé des ions d’erbium, malgré la faible intensité de la

pompe.

Un enjeu additionnel relié & un tel design d’amplificateur intégré pompé par la gaine réside
dans I'impossibilité de contréler la pompe de facon indépendante pour chacun des coeurs afin
d’ajuster la courbe de gain au nombre de canaux présents. Or, puisque les amplificateurs
optiques comportent souvent deux étages, un tel amplificateur pourrait néanmoins étre utilisé
pour le premier étage, en combinaison avec des fibres amplificatrices pompées par le coeur dans
le deuxiéme étage. Autrement, le contréle de la pompe peut étre assuré par des amplificateurs

pompés par le coeur situés plus loin dans le lien de communication.

Malgré ces nombreux défis, le pompage par la gaine a I’avantage de permettre ['utilisation d’une
seule fibre amplificatrice, d’une seule source pompe multimode abordable et d’un seul coupleur
de pompe, consistant en une simple fibre de silice pure cénique, pour amplifier plusieurs canaux

spatiaux. Les gains économiques potentiels & ce niveau sont donc significatifs.

Bref, les performances obtenues dans le cadre de ces travaux de doctorat sont prometteuses
et consistuent en une nette amélioration par rapport & 1’état de I'art au début du projet.
Bien que des améliorations soient encore nécessaires avant une implémentation commerciale
fructueuse, les fibres amplificatrices pompées par la gaine pourraient permettre de diminuer

significativement les cotits dans les réseaux reconfigurables du futur.

9.3 Fibres optiques amplificatrices pompées par la gaine pour

amplifier la bande L

Alors qu’il a été démontré que l'efficacité energétique du pompage par la gaine pouvait étre

supérieure & celle du pompage par le coeur dans la bande C [10] vue efficacité de conver-
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sion électrique vers optique élevée des diodes laser multimodes, une autre étude récente s’est

penchée sur efficacité energétique du pompage par la gaine dans la bande L [177].

Dans cet article, deux fibres amplificatrices, 'une congue pour le pompage par le coeur et
lautre pour le pompage par la gaine, sont comparées a titre de médium de gain pour un
booster stage dans un amplificateur couvrant la plage spectrale de 1575 nm & 1626 nm. Dans
le cas de la fibre A, congue pour le pompage par le coeur, une source de pompage & mode
unique centrée a 976 nm est utilisée. Quant a elle, la fibre B a été congue pour le pompage par
la gaine et a donc été co-dopée a I'ytterbium, en plus d’avoir un polymére guidant permettant
le guidage de la puissance pompe injectée dans la gaine. La fibre B est pompée avec une source
multimode centrée & 915 nm coutant environ 10% du prix de la source & mode unique utilisée

pour le pompage par le coeur.

En utilisant chacune de ces fibres et méthodes de pompage dans 'amplificateur au booster
stage, la puissance du signal a été variée entre -1 dBm et 20 dBm tout en ajustant la puissance
de la pompe afin de maintenir un gain constant. Pour chaque valeur de puissance du signal
a lentrée, la consommation électrique a été mesurée. Cette analyse a permis de déterminer
que, sous ces conditions expérimentales, le pompage par la gaine permettait d’obtenir une
consommation électrique plus faible que le pompage par le coeur, & condition que la puissance

du signal a ’entrée soit supérieure & 11 dBm.

Bien qu’il s’agisse d’une application nichée, il est intéressant de constater que, sous certains
scénarios, le pompage par la gaine peut permettre 'obtention de performances similaires au
pompage par le coeur tout en cottant une fraction du coiit en terme de composants et en
permettant une consommation énergétique plus faible. De plus, dans ce cas-ci, la fibre ampli-

ficatrice ne contenait qu’un seul coeur.

A la lumiére de ces résultats, et en considérant que, tel que démontré au chapitre 7, I'uti-
lisation de couches concentriques hétérogénes de dopants permettrait d’augmenter la PCE
davantage dans une fibre amplificatrice pompée par la gaine pour la bande L, les fibres ampli-
ficatrices pompées par la gaine pourraient permettre de diminuer significativement les cotits
dans les amplificateurs pour la bande L du futur. Additionellement, le recyclage de la pompe
a ’'aide d’un réseau de Bragg intra-gaine, tel que celui démontré au chapitre 8, permettrait
aussi d’améliorer la PCE des fibres amplificatrices pompées par la gaine. Enfin, il pourrait étre
intéressant d’investiguer la consommation énergétique d’une fibre amplificatrice intégrée mul-
ticoeur pour la bande L afin de la comparer a celle de plusieurs fibres amplificatrices distinctes

pompées par le coeur.

Vu ces nombreuses pistes d’amélioration, il serait intéressant de poursuivre 'investigation en
concevant une fibre amplificatrice multicoeur, ayant des couches hétérogénes de dopant et

utilisant un réseau de Bragg intra-gaine afin de la caractériser en laboratoire.

126



Conclusion

L’objectif de cette thése était d’investiguer l'intérét des fibres amplificatrices pompées par la
gaine pour les réseaux de communication. Actuellement, le pompage par le coeur, une techno-
logie qui a l'avantage d’étre simple d’utilisation et mature tout en permettant un recouvrement
important entre la pompe et les ions d’erbium, est largement répandu dans les réseaux de com-
munications optiques. Or, par rapport au pompage par le coeur, le pompage par la gaine a
pour principaux avantages de permettre 1) 'amplification de plusieurs canaux spatiaux inté-
grés dans une méme fibre et ; 2) I'utilisation d’une source laser multimode abordable et ayant
une efficacité de conversion électrique vers optique élevée. Or, dans les noeuds des réseaux re-
configurables, des nombreux canaux spatiaux doivent étre amplifiés & un méme endroit. Cette
application pourrait donc bénéficier d’une intégration des multiples canaux spatiaux dans une
méme fibre. En contrepartie, le pompage par la gaine a une limitation inhérente, soit une
faible intensité locale de pompe ainsi qu’un faible recouvrement avec la région dopée, puisque
la puissance de la pompe est répartie sur toute la surface de la gaine, ce qui augmente les

effets de saturation du signal.

En considérant cette contrainte majeure, et en sachant que le co-dopage a I'ytterbium dans les
EDFAs permet un taux d’absorption de la pompe plus élevé, la premiére investigation, pré-
sentée au chapitre 1, a consisté a utiliser des simulations numériques validées par des résultats
expérimentaux afin de déterminer dans quelles circonstances le co-dopage a I'ytterbium était
préférable au dopage & I'erbium seul dans les EDFAs pour la bande C. Cette investigation
a permis de conclure que l'utilisation du co-dopage & I'ytterbium peut permettre 'obtention
d’un gain minimum plus élevé que le dopage & ’erbium seul sur la bande C dans les fibres
amplificatrices pompées par la gaine lorsque la plage spectrale amplifiée ne couvre pas les
longueurs d’ondes inférieures & 1535 nm ou encore lorsque des conditions de forte saturation
sont requises. Puisque les réseaux reconfigurables nécessitent d’amplifier la bande C en entier,
il a été conclu qu’il serait préférable de s’en tenir & ’erbium seul dans le cadre de la conception

d’un amplificateur intégré qui viendrait s’insérer dans les réseaux reconfigurables actuels.

Une idée alternative visant & limiter les effets de saturation causés par la faible intensité de
puissance de la pompe, inhérent au pompage par la gaine, consiste & placer les ions d’erbium

dans la gaine autour des coeurs afin qu’ils interagissent avec la région évanescente du mode,
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l1a ou 'intensité locale du signal est plus faible. Pour vérifier cette théorie, au chapitre 2, des
simulations numériques validées par des résultats expérimentaux ont permis de conclure que,
pour une fibre amplificatrice dopée a I’erbium pompée par la gaine, la géométrie de distribution
des ions actifs en anneau autour du coeur permet I'obtention d’un gain minimum plus élevé
pour une compression du gain fixée & 4 dB dans la bande C lorsque la puissance totale du
signal a 'entrée varie entre -40 dBm et 3 dBm, comparativement a la géométrie de distribution
des ions actifs qui couvre uniquement le coeur ou encore celle qui couvre le coeur ainsi qu’une

région en périphérie du coeur.

Outre la composition de la matrice de verre et la distribution des ions actifs, un élément critique
visant ’amélioration des performances des amplificateurs a fibre amplificatrice pompée par la
gaine est la méthode de couplage latéral de la puissance pompe. Dans cette perspective, au
chapitre 3, une nouvelle méthode de couplage latéral de la gaine permettant d’atteindre une
efficacité de couplage supérieure a 94% a été présentée. Cette méthode offre 'avantage de ne
pas nécessiter de chauffer la fibre réceptrice, ce qui est avantageux pour les EDFAs multiplexés
spatialement pour lesquels une légére distorsion de géométrie peut conduire & une diaphonie
entre les modes guidés et une détérioration des signaux. De plus, cette méthode est simple a
réaliser et peu coiiteuse. Cette méthode de couplage latéral de la pompe a donc été utilisée

pour les expériences subséquentes.

Ayant précédemment identifié que I’erbium seul (chapitre 1), avec distribution des ions actifs
dans la gaine autour du coeur (chapitre 2) était 'approche a prioriser pour un design de fibre
amplificatrice pour les réseaux reconfigurables, les chapitres 4 & 6 présentent I'optimisation de
la géométrie du coeur afin d’atteindre les performances énoncées dans l'introduction de cette
thése, a 'aide d’un processus itératif de conception, fabrication et caractérisation de fibres

amplificatrices.

Au chapitre 4, une premiére fibre & coeurs multiples utilisant une géométrie de distribution
des ions actifs en anneau autour de chacun des coeurs a été présentée. Les résultats de carac-

térisation permettent d’identifier deux problémes majeurs relatifs & ce premier design :

— Premiérement, la faible concentration d’AloO3 utilisée afin de maintenir un An suffisam-
ment bas dans 'anneau, pour éviter I’obtention d’un coeur multimode, méne & un haut

taux de pairage des ions d’erbium

— Deuxiémement, une combinaison de plusieurs facteurs méne a I'obtention d’un niveau
important d’ASE dans la gaine, qui a pour effet d’augmenter le facteur de bruit : la
surface totale élevée de la gaine occupée par des ions d’erbium, 'utilisation d’un polymére
guidant pour confiner les modes de pompe & I'intérieur de la gaine et la nécessité d’utiliser
une grande longueur de fibre vu le faible recouvrement entre le mode fondamental guidé

par chacun des coeurs et les ions d’erbium.

Au chapitre 5, un nouveau design de coeur a été validé en fabriquant une fibre & coeur unique
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dopée a l'erbium avec une géométrie en anneau et en la caractérisant expérimentalement. Par

rapport au design précédent, les deux principales modifications apportées sont les suivantes :

— Premiérement, du P2Os5 a été introduit dans la région active avec le AloOg afin d’obtenir
du AIPOy4 qui a pour effet de limiter le taux de pairage des ions d’erbium sans toutefois

augmenter le An;

— Deuxiémement, la position de ’anneau d’erbium a été rapproché du coeur afin de dimi-

nuer la longueur de fibre requise dans le but de limiter le niveau d’ASE dans la gaine.

Au chapitre 6, une fibre & huit coeurs utilisant le design de coeur présenté au chapitre 5 a été
fabriquée et caractérisée. Pour la premiére fois sur une fibre multicoeur utilisant un profil de
distribution d’erbium en anneau, un fan-in/fan-out a été utilisé afin d’injecter du signal dans
tous les coeurs en paralléle et de mesurer les variations coeur & coeur de gain. Ce chapitre a
permis de conclure que les designs utilisant une géométrie de distribution des ions d’erbium en
anneau ont des performances particuliérement sensibles aux variations dans le profil d’indice
de réfraction. Néanmoins, I'un des coeurs caractérisés permet 'obtention d’un gain minimum
de 15.6 dB et d’'une compression du gain de seulement 3.8 dB lorsque la puissance du signal
a l'entrée varie entre -23.1 dBm et 1.5 dBm, des résultats prometteurs qui permettent de
confirmer l'intérét de ce type de design de fibre amplificatrice multicoeur pour les noeuds des

réseaux reconfigurables.

Outre les noeuds des réseaux reconfigurables, une application qui a été investigué dans le cadre
de cette thése est I'utilisation du pompage par la gaine pour amplifier la bande L avec une
PCE élevée et en utilisant une source laser multimode abordable et ayant une efficacité de
conversion électrique vers optique élevée a titre de source de pompage. En effet, tel que présenté
au chapitre 1, le co-dopage a I'ytterbium permet d’augmenter la PCE, dans les EDFAs utilisant
le pompage par la gaine, mais a aussi pour effet de modifier la forme du spectre d’émission,
de sorte que la bande C ne soit pas couverte en entier. Cet effet n’est cependant pas nuisible
pour une amplification dans la bande L, qui nécessite d’ailleurs un niveau d’inversion moyen
des ions d’erbium plus bas que dans la bande C, soit une caractéristique compatible avec
la faible intensité de la pompe inhérente au pompage par la gaine. Dans cette perspective,
le chapitre 7 vise a augmenter davantage la PCE d’une fibre amplificatrice & coeur simple
pour la bande L en utilisant des couches concentriques hétérogénes de dopants. Ce chapitre
permet de conclure que 1'utilisation de couches concentriques hétérogénes de dopants dans les
fibres amplificatrices pour la bande L pompées par la gaine permet d’augmenter U'efficacité de
conversion de puissance par rapport aux designs qui utilisent uniquement de I’erbium seul ou
un co-dopage a I'erbium-ytterbium. En effet, alors que la région co-dopée avec de I'ytterbium
absorbe la pompe & 915 nm, la région dopée a ’erbium seul agit quant a elle en tant que filtre

pour ’ASE, menant ainsi & une augmentation de la PCE.

Ensuite, que ce soit pour les fibres multicoeurs ou pour un amplificateur & coeur unique dans
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la bande L, la PCE des EDFAs pompées par la gaine peut étre augmentée en recyclant la
pompe résiduelle a la sortie de la fibre. Au chapitre 8, le recyclage de la pompe a 'aide d’un
ICBG dans une fibre amplificatrice multicoeur a été démontrée pour la premiére fois. En effet,
dans ce chapitre, une augmentation relative du PCE de 16% a pu étre démontrée en inscrivant
simplement un ICBG couvrant environ 25% de la gaine sur quelques cm prés de la sortie de
la fibre, et ce, sans nécessiter l'insertion de composants coliteux et complexes induisant des

pertes au signal tel que dans les méthodes alternatives de recyclage de la pompe.

Finalement, a la lumiére de ces résultats et des récents résultats présentés par d’autres cher-
cheurs dans la littérature scientifique, le chapitre 9 consiste en une discussion qui vient proposer
deux applications distinctes pour lesquelles le pompage par la gaine a effectivement le potentiel
de permettre 'obtention de meilleures performances que le pompage par le coeur : 1) ampli-
fication dans les noeuds des réseaux reconfigurables et ; 2) 'amplification dans la bande L avec
une efficacité de conversion de la puissance élevée. Bien que des investigations additionnelles
seraient requises afin de définir plus précisément les performances maximales qui pourraient
étre obtenues, les résultats obtenus dans le cadre de cette thése ont permis de faire avancer les
connaissances relatives au design de fibres amplificatrices pour ces deux applications. Néan-
moins, pour que les fibres amplificatrices pompées par la gaine avec profil de dopant actif en
anneau soient viables dans les réseaux reconfigurables, des efforts additionnels devront étre
déployés afin de minimiser les variations de gain entre les coeurs. Alternativement, lorsque
les longueurs d’onde inférieures & 1535 nm ne doivent pas impérativement étre amplifiées, le
co-dopage a I'ytterbium peut étre utilisé et ne requiert pas d’utiliser une géométrie en anneau
vu le haut niveau d’inversion des ions d’erbium que permettent les ions d’ytterbium malgré la
faible intensité local de la pompe. Dans le cas des fibres amplificatrices pompées par la gaine
pour la bande L, elles permettent L’obtention d’une efficacité énergétique aux fibres pompées
par le coeur lorsque la puissance du signal a I'entrée est supérieure & 11 dBm. Or, cette effica-
cité pourrait étre améliorée davantage en utilisant des couches concentriques hétérogénes de
dopants ainsi qu’en inscrivant un réseau de Bragg intra-gaine. Il serait donc judicieux de pour-
suivre l'analyse en fabriquant une telle fibre afin de la caractériser expérimentalement pour
enfin valider les résultats de simulation et définir les principales contraintes de fabrication

relatives a ce type de fibre.
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