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INTRODUCTION

Ce rapport d’Habilitation & Diriger des Recherches comprend quatre parties :

1 LA PREMIERE PARTIE est un C.V. détaillé qui présente également les projets de recherche
dans lesquels j’ai participés, mes activités d’encarement doctoral et la liste de mes publications

et mes communications.

2 LA DEUXIEME PARTIE est un résumé de mes activités de recherche menés avant mon arriveé

au LPL de "Université Paris 13. Elle commence par les activités dans les domaines des com-
munications sécurisées par chaos et de la synchronisation de chaos utilisant une diode laser soumise a
un retour optique, menées a I’Université de Bangor (Royaume Uni). Le deuxiéme volet de cette partie
comporte mes activités, dans le domaine de 'optique non linéaire dans des fibres optiques, effectuées a
I"Université de Franche-Comté. Durant cette période, mes travaux se situent au tour de I’amplification
parameétrique a fibre et du capteur distribué Brillouin & fibre. Je commencerai dans chaque partie par
une introduction avec I’état de ’art ou un historique afin de faciliter la compréhension de mes activités
avec une bonne bibliographie.

3 LA TROISIEME PARTIE est un résumé de mes activités de recherche menées au seins du

LPL. Cette partie se divise en deux : 'optique non linéaire dans un cristal photonique non
linéaire et les comportements dynamiques des diodes lasers soumises & un retour optique. Ces activités
concernent principalement les travaux de thése que j’ai co-encadrés. Dans 'optique non linéaire, je
décrirai mes travaux sur la SHG et ’OPG dans des cristaux photoniques non linéaires. Dans I’étude des
comportements dynamiques, je présenterai les comportements dynamiques d’une diode laser soumise
& un retour optique filtré et d’une diode laser soumise & une rétrodiffusion Brillouin stimulée, ainsi que
les ondes scélérates. Je commencerai également dans chaque partie par une introduction avec 1’état
de I’art ou un historique afin de faciliter la bonne compréhension de mes activités avec une bonne

bibliographie.
4 LA QUATRIEME PARTIE consiste en une compilation des publications significatives.
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MIN W. LEE

né a Séoul (Corée du Sud), marié, de nationalité Britannique, 48 ans
Laboratoire de Physique des Lasers CNRS UMR 7538

Université Paris 13, Sorbonne Paris Cité

99, Avenue Jean-Baptiste Clément

93430 Villetaneuse — France

Courier électronique : min.lee@univ-paris13.fr

I.1

1.2

1.3

FAITS MARQUANTS

2018 : Promotion en hors classe du CNU 631¢me

2017 — 2018 : Obtention d’un congé de recherche (CRCT) d’un semestre
Décharge de service de 96 h

EXPERIENCES PROFESSIONNELLES

Depuis septembre 2011 : Maitre de conférences a I'IUT de Villetaneuse, attaché au Laboratoire

de Physique des Lasers, Université Paris 13
2009 — 2011 : Post-doc a I'Institut FEMTO-ST, Université de Franche-Comté
2002 — 2008 : Post-doc a I’Université de Bangor (Pays de Galles, Royaume Uni)

1998 : Ingénieur d’étude a 'université Ajou (Suwon, Corée du Sud)

DIPLOMES

1998 — 2002 : Doctorat de Sciences pour I'Ingénieur (These soutenue le 19 février 2002) Labora-
toire d’Optique P. M. Duffieux, Université de Franche-Comté (Besangon)
« Etude des comportements chaotiques en modulation de cohérence et application a la crypto-

graphie »
1996 — 1998 : Master en Physique, Université Ajou (Suwon, Corée du Sud)

1990 — 1996 : Licence en Physique, Universit Ajou (Suwon, Corée du Sud) (incluant 2 ans de

service militaire)



1.} Activités pédagogiques

1.4 ACTIVITES PEDAGOGIQUES

1. Présentation synthétique des enseignements

Service annuel (H eq. TD) :

Niveau FI/FC Nature Effectifs | Volume | Discipline
gir;mpe de transmission ra- | 1y ;. g FI | Cours/TD/TP | 52 30h | Elec.
Mesures de signaux DUT 1 FI TP 12 12h Elec.
Transmission hyperfréquence | ;. FI | Cours/TD/TP | 42 30h | Elec.
et optique
Transmission hyperfréquence | pyqp o | App | Cours/TD/TP | 12 30h | Elec.
et optique
Fibres optiques DUT 2 FI TP 12 12 h Opt.
Projets tutorés DUT 2 FI projet 6 22 h Elec.
Electronique micro-onde i;‘;ence FI/FC | Cours/TD/TP | 14 30h | Elec.
Instrumentation par Lab- | Licence
VIEW pro. FI/FC | Cours/TD/TP 14 20h | Elec.
Salle blanche ;{Ze“ce FI/FC TP 14 30h | Phys.
Projets tutorés Il;i(;ence FI/FC projet 3 11h | Elec.
Introduction & la nanotech- | y oo, FI | Cours/TD/TP | 12 30h | Phys.
nologie
Instrumentation d’expé- Formation
rience par LabVIEW Doctorat Cours/TD/TP 6 20 doctorale

2. Présentation des activités d’enseignement

e M2107 Principe de transmission radio : Depuis 2013, je suis responsable de ce module

qui est destiné a environ 52 étudiants de premiére année de DUT. Il s’agit d’'un module sur
la transmission radio en électronique. Avec le changement de PPN, j’ai été emmené & créer
I’enseignement pour ce module. Il est composé de 6h de cours, de 12h de TD et de 12h de TP.
Dans ce module, nous abordons la modulation d’amplitude, la modulation de fréquence et les
structures des émetteurs et des récepteurs, notamment talkie-walkie. J’ai également monté 4
TP : TP 1 - modulation d’amplitude avec la radio AM, TP 2 - modulation de fréquence, TP 3
- transposition de fréquence et TP 4 - talkie-walkie. J’ai monté plus particuliérement un TP sur
la réalisation d’un émetteur de talkie-walkie avec le principe de transmission radio abordé dans

le cours. Ce TP est tres attractif pour les étudiants.

M3205 Transmission hyperfréquence et optique : Depuis 2012, je suis responsable de ce
module qui est destiné a environ 42 étudiants de deuxiéme année de DUT. 1l s’agit d’'un module

sur la transmission radio en électronique. Il est composé de 6h de cours, de 12h de TD et de
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12h de TP. L’objectif de ce module est de comprendre les phénoménes de la propagation d’ondes
dans un céble, le coefficient de réflexion, I'onde stationnaire, I'impulsion de tension, ’abaque de
Smith, 'adaptation d’impédance. J’ai également monté 4 TP : TP 1 — impulsion de tension, TP

2 — caractérisation de cables, TP 3 — adaptation d’impédance et TP 4 — onde stationnaire.

e M8 Electronique Micro-ondes : En 2011 — 2015, j’ai été responsable de ce module qui est
destiné & environ 14 étudiants de Licence professionnelle Electronique, Optique et Nanotechnolo-
gie. Il est composé de 6h de cours, de 9h de TD et de 15h de TP. Dans ce module, nous abordons
la propagation d’ondes dans un cable, le coefficient de réflexion, ’onde stationnaire, 'impulsion
de tension, 'abaque Smith, 'adaptation d’impédance. J’ai également monté 4 TPs : TP 1 —
impulsion de tension, TP 2 — caractérisation de cables, TP 3 — adaptation d'impédance, TP 4 —

onde stationnaire et TP 5 — définition de I'impédance quelconque.

e M9 Instrumentation par LabVIEW : Depuis 2011, je suis responsable de ce module qui
est destiné a environ 14 étudiants de Licence professionnelle Electronique, Optique et Nano-
technologie. Il est composé de 6h de cours et de 14h de TP. Dans ce module, nous abordons la
programmation graphique et le pilotage des instruments tels que GBF, oscilloscope, multimétre,
carte NI-DAQ. J’ai également monté 6 TP : TP 1 — Introduction a LabVIEW, TP 2 — pilotage
d’un multimétre par RS232, TP 3 — pilotage d’'un GBF par GPIB, TP 4 — acquisition de données
d’un oscilloscope par USB, TP 5 — caractérisation de LEDs par une carte NI-DAQ et TP 6 —

caractérisation d'un circuit RLC par ’automatisation de banc.

e Instrumentation d’expérience par LabVIEW : Depuis 2017, j’anime une formation pour
les doctorants. C’est une formation volontaire pour aider les doctorants & pouvoir mener leurs
expériences pilotées par un ordinateur & ’aide du logiciel LabVIEW. La formation est faite pour
6 doctorants qui font leurs théses soit au Laboratoire de Physique des Lasers (LPL) soit au
Laboratoire des Science des Procédés et Matériaux (LSPM). Elle est composée de cours/TP de
20 h.

e Création de Fablab : En 2017, j’ai porté un projet pour monter un Fablab au sein de 'TUT
de Villetaneuse. Ce dernier est un atelier de fabrication qui est essentiel aux étudiants ou aux

enseignants qui veulent réaliser des projets de valorisation ou des projets pédagogiques.

Je participe également a 'enseignement d’autres modules en électronique et en optique. J'ai éga-
lement participé a ’enseignement au département GEII et & l'institut Galilée. J’ai aussi enseigné un
module « Introduction a la nanotechnologie » en master. J’ai effectué un enseignement de 298 HETD
pour l'année 2013/2014, 288 HETD pour I"année 2014/2015, 253 HETD pour 'année 2015/2016 et 239
HETD pour I'année 2016,/2017.

Pour 'année 2017-2018, j’ai obtenu un congé de recherche (CRCT) d’un semestre, ce qui m’a permis

d’effectuer un enseignement de 96 HETD et de consacrer davantage de temps pour la recherche.



L.5 Direction, animation, montage de formations

1.5

1.6

DIRECTION, ANIMATION, MONTAGE DE FORMATIONS

Responsable de la Licence Professionnelle Electronique, Optique et Nanotechnologie
2013 - 2017

C’est une formation avec un effectif de 15 étudiants en formation initiale et formation continue.
Organisation de la formation, suivi des étudiants

Recrutement, suivi de stages

Animation de la Journée Porte Ouverte (2013 — 2016)

Accueil des éléves, Organisation de la visite de la salle blanche et des salles de TPs d’électronique
et d’optique

Animation du stand de Salon APB (2013 - 2016)

Accueil des éléves

Visite des Lycées (2013 - 2016)

Démonstration de téléphonie sur IP

Création de Fablab (2017)
Porteur de projet de la création de Fablab au sein de I'IUT de Villetaneuse

Budget, organisation, achat de matériels

Animation Stand « Réseaux et Télécoms » (2015 — 2016)

Dans le cadre de Savante Banlieue, j’ai animé un stand pour la démonstration de téléphonie sur
IP et de transmissions par fibres optiques. Cet événement est organisé pour des éléves de colléges,
de lycées et des adultes par Plaine Commune Seine Saint-Denis et a lieu tous les ans pendant

deux jours au mois d’octobre sur le campus de Villetaneuse.

PARTICIPATION AU JURY DE THESE

Birgit STILLER : Theése « Brillouin scattering in photonic crystal fiber : from fundamentals to
fiber optic sensors » soutenue le 12 décembre 2011 & I'Institut FEMTO-ST & Besancon, invité.

Quentin RIPAULT : Thése « Second-Harmonic Generation in Helium-implanted Nonlinear Pho-
tonic Crystal (2D-PPLN) waveguide » soutenue le 16 juillet 2013 au Laboratoire de Physique

des Lasers, membre de jury encadrant.

Fadwa BALADI : Theése « Comportement dynamique de diodes lagser de puissance multimodes
a 980 nm soumises & un retour optique sélectif en fréquence provenant d’un réseau de Bragg
photoinscrit » soutenue le 17 décembre 2015 au Laboratoire de Physique des Lasers, membre de

jury encadrant.

Ana Gabriela CORREA-MENA : Thése « Use of a microwave photonic architecture for simulta-
neous transmission of analog and digital signals » soutenue le 13 septembre 2018 a 'INAOE au

Mexique, examinateur.
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1.7 RESPONSABILITES SCIENTIFIQUES

e Porteur principal d’un projet CNRS PICS (2017 - 2019)

« Cristaux photoniques non linéaires pour 'optique quantique et la mise au point de nouvelles
sources »

Collaborateur : Prof. L.-H. Peng a I’Université National de Taiwan

Budget : 21 000,00 euros sur 3 ans

Dans ce projet, nous travaillons en collaboration avec le Prof. L. H. Peng sur la génération
paramétrique optique de large bande dans les PPLT-2D et PPLN-2D.

e Porteur principal d’un projet BQR (2017)

« Développement du procédé smart-cut pour la fabrication de guide d’onde CPNL et de cristaux
photoniques 3D »

Budget : 11 700,00 euros

Ce projet porte sur le développement d’un nouveau procédé pour réaliser des systémes compacts
de conversion de fréquence en utilisant des cristaux photoniques non linéaires.

e Participation au projet de collaboration industrielle avec 3S Photonics (2013 — 2014)
« Vertically integrated Enhanced pRoducTs for Industrial Chain using Amplifier Lasers »
Budget : 104 328,00 euros
Ce projet a permis de comprendre le comportement dynamique d’une diode laser utilisée dans
un amplificateur optique pour une liaison sous-marine.

e Editeur de « Journal of Chaos »

2013 — 2016 Hindawi Publishing Corporation
http ://www.hindawi.com/journals/jcha/

Attribution d’articles, décision d’acceptation

1.8 RESPONSABILITES ADMINISTRATIVES

e Membre de conseil du Laboratoire de Physique des Lasers (2014 — 4 jour)

Attribution de bourse de thése, classement de projets, etc
e Membre de conseil du Département réseaux et télécoms (2014 - 2018)

e Membre de commission pédagogique de 'IUT de Villetaneuse (2014 — 2017)

Définition de la modalité de controles et des examens et des absences

1.9 PARTICIPATION A L’ENCADREMENT DE THESE

Cette section est un bref descriptif de mon expérience de participation & ’encadrement de thése.
Depuis mon arrivée en septembre 2011, j’ai participé & 'encadrement de cing théses. J’ai également

encadré une étudiante en master 2.



1.9 Participation a 'encadrement de thése

e Quentin RIPAULT : Thése « Second-Harmonic Generation in Helium-implanted Nonlinear Pho-
tonic Crystal (2D-PPLN) waveguide » soutenue le 16 juillet 2013.
These cotutelle avec I’Université National de Taiwan
Directeurs de thése : Prof. A. Boudrioua, Prof. L.-H. Peng & Taiwan
Cette thése nous a permis d’effectuer une étude approfondie sur la conversion de fréquences de
laser dans un cristal photonique non linéaire. De plus, nous avons réalisé un guide d’onde par
I'implantation d’hélium, ce qui a permis une augmentation de 'efficacité de conversion par rap-
port & un cristal massif. A l'issue de cette thése, nous avons publié les résultats dans Optics
Express [ACL 1.35]. Grace a cette thése, nous avons également établi une solide collaboration

avec I’Université National de Taiwan.

e Fadwa BALADI : These « Comportement dynamique de diodes laser de puissance multimodes
& 980 nm soumises & un retour optique sélectif en fréquence provenant d’un réseau de Bragg
photoinscrit » soutenue le 17 décembre 2015.

Theése CIFRE avec Ientreprise 3SP Technologies

Co-encadrant : M. M. Bettiati (3SP Technologies)

Directeurs de thése : Prof. A. Fischer

Dans cette thése, nous avons étudié le comportement dynamique d’une diode laser & 980 nm.
Cette derniére joue un réle clé dans les transmissions optiques comme une pompe laser, no-
tamment & longue distance. La pompe laser est composée d’une cavité fibrée avec un réseau de
Bragg fibré pour un retour optique. A cause de la réinjection de I’émission laser par un retour
optique, le comportement dynamique de la pompe montre un régime stable ou un régime in-
stable, notamment le régime chaotique. Dans cette thése, nous avons établi une cartographie des
comportements dynamiques de la pompe laser & 980 nm en fonction du courant de la pompe et le
taux de retour optique. Cette étude permet de développer une pompe laser fiable pour assurer des
liaisons sous-marines fiables. A I'issue de cette thése, nous avons publié les résultats dans Optics
Letters [ACL 1.39]. Cette thése nous a permis d’obtenir un financement industriel OSEO dans le
cadre du projet VERTICAL. Durant cette thése, nous avons aussi démontré pour la premiére fois
Iexistence des ondes scélérates optiques dans ce type de diode laser. Ces résultats ont également
été publiés dans Optics Letter [ACL 1.40]. Gréace a cette démonstration, nous avons été invités a
une conférence internationale « EECOS » qui a eu lieu & Buenos Aires en Argentine au mois de

décembre 2015.

e Alex CHIME : These « Etude théorique et expérimentale de micro-OLEDs rapides sur électrodes
coplanaires en régime d’impulsions & haute densité de courante » soutenue le 21 décembre 2017.
Co-encadrant : Mr. M. Chakaroun
Directeurs de thése : Prof. A. Fischer, Mr. H. Nkwawo
Dans cette thése, nous avons travaillé sur la démonstration d’'une diode laser organique & base
d’une OLED pompée par des impulsions électriques nanosecondes. Une diode laser organique

n’a jamais été démontrée malgré ses grandes applications potentielles. C’est un défi scientifique,
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mais aussi technologique. Nous avons travaillé sur la réalisation d'un circuit et d’'un banc de
caractérisation pour des impulsions électriques ( nanosecondes). Nous avons également travaillé
sur ’aspect physique du comportement d’'une OLED sous le régime impulsionnel nanosecondes.
Avec ces travaux, nous avons déposé deux brevets a 1’Office Européen des Brevets et un article

a été accepté dans Organic Electronics [ACL 1.46].

Ana Gabriela CORREA-MENA : Thése mexicaine en collaboration « Use of a microwave photonic
architecture for simultaneous transmission of analog and digital signals » soutenue le 14 septembre
2018

These en collaboration avec 'INAOE au Mexique

Directeurs de thése : Mr. 1. Zaldivar au Mexique

Dans le cadre de cette thése, nous avons étudié les dynamiques non linéaires d’une diode laser
soumise & une rétrodiffusion Brillouin stimulée. La fréquence de la rétrodiffusion Brillouin est
décalée de 10,7 GHz dans une fibre monomode standard par rapport a la fréquence de laser.
La rétrodiffusion est réinjectée a la diode laser afin de perturber son comportement dynamique.
Ainsi nous avons étudié son comportement dynamique non linéaire et comparons avec celui d’une
diode laser soumise & un retour optique simple. Mme. Correa-Mena a séjourné au LPL pendant

8 mois pour finir ces travaux.

Zohra YELLAS : Thése algérienne en collaboration « Génération paramétrique optique large
bande dans les cristaux photoniques non linéaires (2D PPLT et 2D PPLN) » soutenue le 14
septembre 2018.

These a ’Université de Jijel en Algérie

Co-encadrant : M. R. Beghoul (Algérie)

Directeurs de thése : Prof. A. Boudrioua et Prof. H. Bouridah en Algérie

Dans le cadre de cette thése, nous avons travaillé sur la génération de multi-longueur d’onde
dans un cristal photonique non linéaire (2D-PPLT). Gréace au réseau du cristal, nous avons dé-
montré la génération multi-longueurs d’onde en cascade & partir d’une source laser & 532 nm
par les processus de génération paramétrique optique, de génération de somme de fréquences et
de génération de second-harmonique. Nous avons publié un article sur ces résultats dans Optics
Express [ACL 1.45].

Thése en cours

Safia MOHAND OUSAID : octobre 2017 — « Etude de la génération paramétrique optique dans
des cristaux photoniques non linéaires et la fabrication de cristaux photoniques non linéaires 3D
» thése en deuxiéme année.

Directeur de thése : Prof. A. Boudrioua

Dans ses travaux de thése, nous nous intéressons au contrdle des mécanismes de conversion de

fréquences dans les PPLT-2D dans I'objectif de mettre au point un systéme compact de source
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1.10 Encadrement de master de recherche

cohérente accordable et large bande.

1.10 ENCADREMENT DE MASTER DE RECHERCHE

e Safia MOHAND OUSAID : Master 2, « Etude de la génération paramétrique optique dans les
cristaux photoniques non linéaires » 1l s’agit de la suite de la thése de Mlle. Z. Yellas. Dans
sa thése, la simulation montre une possibilité de la génération d’un spectre large bande dans
un PPLT-2D grace aux vecteurs de réseau réciproques. Dans ce stage de master, nous avons
donc travaillé sur la démonstration dun spectre large bande par le processus de la génération
paramétrique optique. J’ai encadré ce stage entiérement et la soutenance a eu lieu septembre

2017. Elle est actuellement en thése que je co-encadre avec Mr. Boudrioua.

I.11 LISTE DES PUBLICATIONS

ARTICLES DANS DES REVUES INTERNATIONALES A COMITE DE LECTURE

[I.1] S. H. Lee, C. K. Kim, O P. Kwon, M. W. Lee et Y. H. Won, « Investigation of di-
pole alignments by swelling in poled thin films of a side-group polymer using second
harmonic generation », J. Polym. Sci., Part B, Polym. Phys., 37(21), pp. 3108-3114
(1999), http://onlinelibrary.wiley.com/doi/10.1002/(SICI)1099-0488(19991101)37:21%
3C3108: :AID-POLB19%3E3.0.C0;2-L/abstract.

[I.2] S. Y. Kim, M. W. Lee, Y. H. Won, Y. K. Kim et H. G. Lee, « Simple polarimetric me-
thod for electro-optic coefficients », J. Opt. Soc. Korea, 3(1), pp. 23-26 (1999), https://www.
osapublishing.org/josk/abstract.cfm?uri=josk-3-1-23.

[I1.3] L. Larger, M. W. Lee, J.-P. Goedgebuer, W. Elflein et T. Erneux, « Chaos in coherence modu-
lation : bifurcations of an oscillator generating fluctuations of optical delay », J. Opt. Soc. Am.
B, 18(8), pp. 1063-1068, (aott 2001), https://www.osapublishing.org/josab/abstract.cfm?
uri=josab-18-8-1063.

[I.4] V. S. Udaltsov, L. Larger, J.-P. Goedgebuer, M. W. Lee, E. Genin et W. T. Rhodes, « Band-
pass chaotic dynamics of electronic oscillator operating with delayed non-linear feedback », IEEE
Trans. Circuits and Syst. I, 49(7), pp. 1006-1009, (juillet 2002), http://ieeexplore.ieee.org/
document/1016833/.

[I.5] M. W. Lee, L. Larger et J.-P. Goedgebuer, « Transmission system using chaotic delays between
lightwaves », IEEE J. Quantum Electron., 39(7), pp. 931-935 (juillet 2003), http://ieeexplore.
ieee.org/document/1206838/.

[I.6] M. W. Lee, J. Paul, S. Sivaprakasam et K. A. Shore, « Comparison of closed- and
open-loop feedback schemes of message decoding using chaotic laser diodes », Opt. Lett.,
28(22), pp. 2168-2170 (novembre 2003), https://www.osapublishing.org/ol/abstract.cfm?
uri=o0l-28-22-2168 (voir la page 86, Chapitre IV).

[I.7] M. W. Lee, L. Larger, V. Udaltsov, E. Genin et J.-P. Goedgebuer, « Demonstration of a chaos
generator using two time delays », Opt. Lett., 29(4), pp. 325-327 (février 2004), https://www.
osapublishing.org/ol/abstract.cfm?uri=0l1-29-4-325.
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[I.8] E. Genin, L. Larger, J.-P. Goedgebuer, M. W. Lee, R. Ferriére et X. Bavard, « Chaotic oscillations
of the optical phase for multigigahertz-bandwidth secure communications », IEEE J. Quantum
Electron., 40(3), pp. 294-298 (mars 2004), http://ieeexplore.ieee.org/document/1271362/.

[I.9] M. W. Lee et K. A. Shore, « Chaotic message broadcasting using DFB laser diodes », Elec-
tron. Lett., 40(10), pp. 614-615 (mai 2004), http://ieeexplore.ieee.org/document/1300295/
?arnumber=1300295&pageNumber’3D13%26rowsPerPage’3D75 (voir la page 89, Chapitre TV).

[I.10] Y. Hong, M. W. Lee, P. S. Spencer et K. A. Shore, « Synchronization of chaos in unidirectionally
coupled vertical-cavity surface-emitting lasers », Opt. Lett., 29(11), pp. 1215-1217 (juin 2004),
https://www.osapublishing.org/ol/abstract.cfm?uri=ol-29-11-1215 (voir la page 94, Cha-
pitre IV).

[I.11] T. Erneux, L. Larger, M. W. Lee et J.-P. Goedgebuer, « lkeda Hopf bifurcation revisited »,
Physica D, 194, pp. 49-64 (juillet 2004), http://www.sciencedirect.com/science/article/
pii/S0167278904000673.

[I.12] M. W. Lee, Y. Hong et K. A. Shore, « Experimental demonstration of VCSEL-based chaotic
optical communications », IEEE Photon. Technol. Lett., 16(10), pp. 2392-2394 (octobre 2004),
http://ieeexplore.ieee.org/document/1336940/ (voir la page 97, Chapitre IV).

[I.13] J. Paul, M. W. Lee et K. A. Shore, « Effect of chaos pass filtering on message decoding quality
using chaotic external-cavity laser diodes », Opt. Lett., 29(21), pp. 2497-2499 (novembre 2004),
https://www.osapublishing.org/ol/abstract.cfm?uri=ol-29-21-2497 (voir la page 91, Cha-
pitre IV).

[I.14] M. W. Lee et K. A. Shore, « Two-mode chaos synchronisation using a multi-mode external-cavity
laser diode and two single-mode laser diodes », J. Lightwave Technol., 23, (1), pp. 1068-1073, (mars
2005), http://ieeexplore.ieee.org/document/1417001/7reload=true&arnumber=1417001.

[I.15] M. W. Lee, J. Paul, I. Pierce et K. A. Shore, « Frequency-detuned synchronisation-switching
in chaotic DFB laser diodes », IEEE J. Quantum Electron., 41(3), pp. 302-307, (mars 2005),
http://ieeexplore.ieee.org/document/1397876/.

[I.16] J. Paul, M. W. Lee et K. A. Shore, « 3.5 GHz message transmission in an all-optical chaotic
communication system using 1550 nm diode lasers », IEEE Photon. Technol. Lett., 17(4), pp.
920-922, (avril 2005), http://ieeexplore.ieee.org/document/1411921/.

[I.17] M. W. Lee, P. Rees, K. A. Shore, S. Ortin, L. Pesquera et A. Valle, « Dynamical characterisation
of a laser diode subject to double optical feedback for chaotic optical communications », IEE
Proceedings on Optoelectronics, 152(2), pp. 97-102, (avril 2005), http://ieeexplore.ieee.org/
document/1425779/ (voir la page 109, Chapitre IV).

[I.18] M. W. Lee et K. A. Shore, « Demonstration of a chaotic optical message relay using DFB laser
diodes », IEEE Photon. Technol. Lett., 18(1), pp. 169-171, (janvier 2006), http://ieeexplore.
ieee.org/document/1561321/ (voir la page 106, Chapitre IV).

[I.19] D. M. Kane, J. P. Toomey, M. W. Lee et K. A. Shore, « Correlation dimension signature of
wide-band chaos synchronization of semiconductor lasers », Opt. Lett., 31(1), pp. 20-22, (janvier

2006), https://www.osapublishing.org/ol/abstract.cfm?uri=ol-31-1-20.

[1.20] M. W. Lee, J. Paul, C. Masoller et K. A. Shore, « Observation of cascade complete chaos
synchronisation with zero time lag in laser diodes », J. Opt. Soc. Am. B, 23(5), pp. 846-851,
(mai 2006), https://www.osapublishing.org/josab/abstract.cfm?uri=josab-23-5-846 (voir
la page 100, Chapitre IV).
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1.11 Articles dans des revues internationales & comité de lecture

[I.21] Y. Hong, M. W. Lee, J. Paul, P. S. Spencer et K. A. Shore, « Enhanced chaos synchronization
in unidirectionally coupled VCSELs with polarization-preserved injection », Opt. Lett., 33(6), pp.
587-589, (mars 2008), https://www.osapublishing.org/ol/abstract.cfm?uri=ol-33-6-587.

[I.22] Y. Hong, M. W. Lee, J. Paul, P. S. Spencer et K. A. Shore, « GHz bandwidth message trans-
mission using chaotic vertical-cavity surface-emitting lasers », J. Lightwave Technol., 27(22),
pp. 5099-5105, (novembre 2009), https://www.osapublishing.org/jlt/abstract.cfm?uri=
jlt-27-22-5099.

[1.23] Y. Hong, M. W. Lee et K. A. Shore, « Optimised message extraction in laser diode based
optical chaos communications », IEEE J. Quantum Electron., 46(2), pp. 253-257 (février 2010),
http://ieeexplore.ieee.org/document/5361383/.

[1.24] M. W. Lee, T. Sylvestre, M. Delqué, A. Kudlinski, A. Mussot, J.-F. Gleyze, A. Jolly et
H. Maillotte, « Demonstration of an all-fibre broadband optical parametric amplifier at 1
nm », J. Lightwave Technol., 28(15), pp. 2173-2178 (aott 2010), http://ieeexplore.ieee.org/
document/5491052/ (voir la page 115, Chapitre TV).

[I.25] J. P. Toomey, D. M. Kane, M. W. Lee et K. A. Shore, « Nonlinear dynamics of semiconductor
lasers with feedback and modulation », Opt. Express, 18(16), pp. 16955-16972 (aott 2010), https:
//www.osapublishing.org/oe/abstract.cfm?URI=0e-18-16-16955.

[I.26] B. Stiller, S. M. Foaleng, J.-C. Beugnot, M. W. Lee, M. Delqué, G. Bouwmans, A. Kudlinski, L.
Thévenaz, H. Maillotte et T. Sylvestre, « Photonic crystal fiber mapping using Brillouin echoes
distributed sensing », Opt. Express, 18(19), pp. 20136-20142 (septembre 2010), https://www.
osapublishing.org/oe/abstract.cfm?uri=oe-18-19-20136 (voir la page 121, Chapitre IV).

[1.27] B. Stiller, M. Delqué, J.-C. Beugnot, M. W. Lee, G. Mélin, H. Maillotte, V. Laude et T. Sylvestre,
« Frequency-selective excitation of guided acoustic modes in a photonic crystal fiber », Opt. Ex-
press, 19(8), pp. 7689-7694 (avril 2011), https://www.osapublishing.org/oe/abstract.cfm?
uri=oe-19-8-7689.

[1.28] Emile Carry, Jean-Charles Beugnot, Birgit Stiller, Min W. Lee, Hervé Maillotte, and Thibaut
Sylvestre, « Temperature coefficient of the high-frequency guided acoustic mode in a photonic

crystal fiber, » Appl. Opt., 50(35), pp. 6543-6547 (2011), https://www.osapublishing.org/ao/
abstract.cfm?uri=ao-50-35-6543.

[1.29] M. W. Lee, B. Stiller, J. Hauden, H. Maillotte, C. Roch, L. Thévenaz et T. Sylvestre, « Differential
phase-shift keying-based Brillouin echo distributed sensing », IEEE Photon. Technol. Lett., 24(1),
pp. 79-81 (janvier 2012), http://ieeexplore.ieee.org/document/6046098/ (voir la page 131,
Chapitre IV).

[I.30] T. Sylvestre, A. R. Ragueh, M. W. Lee, B. Stiller, G. Fanjoux, B. Barviau, A. Mussot, and
A. Kudlinski, « Black-light continuum generation in a silica-core photonic crystal fiber, » Opt.
Lett. 37(2), pp. 130-132 (janvier 2012), https://www.osapublishing.org/ol/abstract.cfm?
uri=0l-37-2-130 (voir la page 137, Chapitre IV).

[I.31] A. Boucon, B. Barviau, J. Fatome, C. Finot, T. Sylvestre, M. W. Lee, G. Millot et P. Grelu,
« Noise-like pulses generated at high-harmonics in a partially-mode-locked km-long Raman fiber
laser », App. Phys. B, 106(2), pp. 283-287 (2012), https://link.springer.com/article/10.
1007/s00340-011-4816-5.

[I.32] B. Stiller, A. Kudlinski, M. W. Lee, G. Bouwmans, M. Delqué, J.-C. Beugnot, H. Maillotte et
T. Sylvestre, « SBS Mitigation in a microstructured optical fiber by periodically varying the core
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diameter », IEEE Photon. Technol. Lett., 24(8), pp. 667-669 (2012), http://ieeexplore.ieee.
org/document/6142012/ (voir la page 128, Chapitre IV).

[I.33] A. Mussot, A. Kudlinski, R. Habert, I. Dahman, G. Mélin, L. Galkovsky, A. Fleureau, S. Lem-
pereur, L. Lago, D. Bigourd, T. Sylvestre, M. W. Lee et E. Hugonnot, « 20 THz-bandwidth
continuous-wave fiber optical parametric amplifier operating at 1 pm using a dispersion-stabilized
photonic crystal fiber », Opt. Express, 20(27), pp. 28906-28911 (décembre 2012), https://www.
osapublishing.org/oe/abstract.cfm?uri=oe-20-27-28906.

[I.34] A. Coens, M. Chakaroun, A. P. A. Fischer, M. W. Lee, A. Boudrioua, B. Geffroy et G. Vemuri,
« Experimental optimization of the optical and electrical properties of a half-wavelength-thick
organic hetero-structure in a Micro-cavity », Opt. Express, 20(28), pp. 29252-29259 (décembre
2012), https://www.osapublishing.org/oe/abstract.cfm?uri=oe-20-28-29252.

[I.35] D. M. Nguyen, B. Stiller, M. W. Lee, J. C. Beugnot, H. Maillotte, A. Mottet, J. Hauden, et
T. Sylvestre, « Distributed Brillouin fiber sensor with enhanced sensitivity based on anti-Stokes
single-sideband carrier-suppressed modulation », IEEE Photon. Technol. Lett., 25(1), pp. 94-96
(Janvier 2013), http://ieeexplore.ieee.org/document/6359757/ (voir la page 134, Chapitre
V).

[I.36] Q. Ripault, M. W. Lee, F. Meriche, T. Touam, B. Courtois, E. Ntsoenzok, L.-H. Peng, A.
Fischer et A. Boudrioua, « Investigation of a planar optical waveguide in 2D PPLN using
Helium implantation technique », Opt. Express, 21(6), pp. 7202-7208 (mars 2013), https:
//www.osapublishing.org/oe/abstract.cfm?uri=oe-21-6-7202 (voir la page 140, Chapitre
V).

[1.37] M. Chakaroun, A. Coens, A. P. A. Fischer, B. Ratier, A. Moliton, M. W. Lee et A. Boudrioua,
« Enhanced electron injection and stability in organic light-emitting devices using an ion beam
assisted cathode », Solid State Sciences, 15, pp. 84-90 (2013), http://www.sciencedirect.com/
science/article/pii/S$1293255812003056.

[I.38] M. W. Lee, S. Chicot, C.-C. Chen, M. Chakaroun, G. Ayenew, A. P. A. Fischer et A. Boudrioua,
« Study of the light coupling efficiency of OLEDs using a nanostructured glass substrate », J.
Nanoscience, 2014, pp. 258937 (2014), https://www.hindawi.com/journals/jns/2014/258937/.

[1.39] Y. Souidi, F. Taleb, J. Zheng, M. W. Lee, F. Du Burck et V. Roncin, « Low-noise and high-
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Activités de recherche avant UP13

J’ai soutenu ma thése de doctorat le 19 février 2002 au sein du Laboratoire d’Optique P. M. Duffieux
a Besancon. Aprés ma thése, je suis parti au Royaume Uni pour faire des recherches post-doctorales.
Par la suite je suis revenu au laboratoire de Besancon. Lors de mes travaux post-doctoraux, j’ai pu
enrichir mes connaissances et expertises dans diverses thématiques de recherche : la théorie du chaos,
la synchronisation de chaos, et les communications optiques chaotiques, d’une part, ’étude des fibres
microstructurées, 'amplificateur paramétrique a fibre et les capteurs distribués & fibre microstructu-
rées, d’autre part. De solides compétences dans les trois premiéres thématiques de recherche ont été
développées lors de mon travail post-doctoral a l'université de Bangor (Royaume Uni). Les trois der-
niéres thématiques de recherche correspondent a mes axes de recherche développés au sein de l'institut
FEMTO-ST UMR 6174 & Besangon. Dans ce chapitre, je vais décrire rapidement les travaux que j’ai

réalisés durant les années avant mon arrivée & I’Université Paris 13.

II.1 THESE DE DOCTORAT

J’ai effectué ma thése de doctorat dans le domaine de la théorie du chaos pour I'application aux
communications sécurisées dans le groupe Optoélectronique sous la direction de M. Jean-Pierre Goedge-
buer et de M. Laurent Larger. Grace aux travaux de thése, j’ai acquis des compétences dans les domaine
du chaos et de l'optoélectronique. Ma principale contribution dans ces travaux a été la mise en ceuvre
expérimentale d’un systéme de communications sécurisées par chaos en modulation de cohérence. Dans

la partie suivante, je présenterai un résumé de mes travaux de thése.

Titre : Etude des comportements chaotiques en modulation de cohérence et application

a la cryptographie.

e Dates : octobre 1998 — février 2002

e Résumé : Ce travail de thése concerne la démonstration théorique et expérimentale d’'un systéme
de communication optique sécurisé. Il exploite principalement deux principes physiques, la modu-
lation de cohérence optique d’une source a large spectre, et les fluctuations chaotiques du retard
optique produit par un modulateur électro-optique de Mach-Zehnder intégré. Ces fluctuations
chaotiques de trés grande dimension sont générées par un oscillateur non-linéaire & simple ou
double retard temporel, dont la non-linéarité est produite par la fonction de transfert de modu-
lation de cohérence. L’association de la modulation de cohérence et du chaos permet un double
niveau de sécurité. Une information est ainsi noyée dans une dynamique chaotique, elle-méme
masquée par la modulation de cohérence qui ne génére quasiment aucune variation d’intensité
optique. Le décodage est obtenu par la soustraction optique entre le faisceau regu et un chaos

local synchronisé, avec un rapport signal-a-bruit de 33dB.
e Directeurs de thése : M. Jean-Pierre Goedgebuer et M. Laurent Larger

e Soutenue le 19 février 2002
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e Lieu : Laboratoire d’Optique P. M. Duffieux UMR 6603 (actuellement, devenu FEMTO-ST UMR
6174), Université de Franche-Comté

e Composition du jury :
— Président : M. Daniel Van Labeke, Professeur & I’Université de Franche-Comté
— Rapporteurs : M. Thomas Erneux, Directeur de Recherche & I’Université Libre de Bruxelles

— Rapporteurs M. Alain Brun, Professeur a 'Institut d’Optique Théorique et Appliquée, Uni-

versité de Paris-Sud-Orsay
— Examinateurs : M. Jean-Pierre Goedgebuer, Professeur a 1’Université de Franche-Comté

— Examinateurs : M. Laurent Larger, Maitre de conférences & I’Université de Franche-Comté

Mots clés : Télécommunications optiques, Cryptage par chaos, Optique intégrée

I1.2 ACTIVITES DE RECHERCHE A L’UNIVERSITE DE BANGOR

LES COMMUNICATIONS SECURISEES PAR CHAOS était une des principales activités de re-
cherche que j’ai menée & Bangor. C’était également la thématique de ma thése. Durant mes tra-
vaux & Bangor j’ai travaille dans I'équipe Optoélectronique avec K. Alan Shore (responsable d’équipe),
Sivaraman Sivaprakasam, Yanhua Hong et Jon Paul, un doctorant que j’ai co-encadré. Les projets de re-
cherche portaient sur la mise en ceuvre expérimentale des communications optiques chaotiques utilisant
des diodes lasers & cavité externe. Ces travaux ont été financés par deux projets européens OCCULT
(Optical Chaos Communication Using Laser Transmitters, IST-2000-29683) et PICASSO (Photonic
Integrated Components Applied to Secure chaoS encoded Optical communications systems, FP6-2006-
IST-2.5.1), et par un projet britannique EPSRC (Engineering and Physical Sciences Research Council,
GR/S22936/01). Ces travaux ont donné lieu & de nombreuses publications et des collaborations avec
des équipes espagnoles et une équipe australienne. Durant ces années, j’ai principalement contribué
au développement de différents systémes de communications optiques chaotiques utilisant des diodes
lasers, au co-encadrement d’un doctorant, Jon Paul, et & la participation aux différentes activités des
projets. Dans cette section, je vais décrire principalement les travaux sur la synchronisation de chaos
et les communications optiques chaotiques utilisant différents types de lasers dans des configurations

variées.

2.1 Synchronisation des diodes lasers soumises & un retour optique et communi-
cations sécurisées par chaos

La synchronisation de chaos est une thématique qui s’appuie sur la théorie du chaos. Cette derniére
a été énoncée pour la premiére fois par Henri Poincaré dans son livre mentionnant une sensibilité aux
conditions initiales dans un systéme solaire & trois corps [II.1]. Une poignée de scientifique russe a

également travaillé sur le méme phénoméne. La théorie du chaos est cependant considérée comme un
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nouveau phénomeéne a partir de 1963, lorsque E. Lorenz, un météorologue américain, 1’a redécouvert
et appelé ce phénomeéne le fameux « effet papillon » [I1.2]. Depuis, de nombreux scientifiques ont
commencé & travailler sur ce phénomeéne dans divers domaines y compris en optique. Le signal chaotique
est trés sensible aux conditions initiales et a une allure d’'un comportement dynamique complexe,
mais déterministe. De ce fait, il est considéré pseudo-aléatoire. Malgré le comportement dynamique
complexe, Pecora et Caroll ont proposé une méthode pour synchroniser deux oscillateurs chaotiques
en transmettant une des variables dont le degré de complexité est le plus élevé [I1.3]. A partir de
leur premiére démonstration de synchronisation de chaos, d’autres techniques ont été proposées dans

différents systémes, notamment dans des systémes de laser chaotiques [I1.4, I1.5, I1.6].

Le systéme chaotique sur lequel j’ai travaillé durant mon post-doc est une diode laser soumise
a un retour optique (optical feedback) par un miroir externe comme montré sur la figure II.1. Sur
celle-ci, la diode laser a une émission continue et le miroir externe renvoie ’émission. L’atténuateur
permet de varier le taux de retour optique. Ce retour optique modifie les propriétés de la diode laser
introduisant 1’élargissement spectrale, la diminution du seuil de laser et les comportements dynamiques

chaotiques [I11.4, I1.7, IL.8].

Atténuateur Miroir
L] >
< < H )

FIGURE II.1 — Diode laser soumise & un retour optique par un miroir externe.

v

Plus particuliérement, les comportements dynamiques d’une diode laser changent radicalement avec

le taux de retour optique. Les comportements se classent en cing régimes [I1.9] :

e Régime I : Taux de retour [—90 & —52 dB|. En fonction de la phase de 'onde réinjectée la raie
laser peut étre soit affinée ou élargie en comparaison avec celle d’un laser isolée (non soumis a

une rétro injection optique).

e Régime II : Taux de retour [—52 & —45 dB|. Ce régime se caractérise par 'apparition d’un

phénoméne de saut de modes entre les différents modes de cavité externe.

e Régime III : Taux de retour [—45 & —39 dB|. L’émission de laser est stable et monomode sur

le mode de plus faible largeur de raie (K. Petermann, 1988).

e Régime IV : Taux de retour [-39 a —9 dB|. Des harmoniques de la fréquence d’oscillation de
relaxation apparaissent, ce qui provoque un élargissement du spectre d’émission pouvant conduire
une perte de cohérence (coherence collapse) [I1.10]. Il s’agit d’un régime ou la diode laser perd
toute ses caractéristiques de mono-chromaticité, son spectre d’émission est d’allure chaotique
avec une largeur de raie considérablement augmentée. Certains systémes de télécommunication
optique utilisent des diodes lasers fonctionnant dans ce régime pour obtenir une émission large

spectre.

e Régime V : Taux de retour [> —10 dB|. C’est le « régime de stabilisation » o la diode laser
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retrouve sa cohérence et ’émission se stabilise sur un mode de cavité externe avec une trés faible

largeur de raie.

Une grande attention a été portée particuliérement au régime IV. Ce dernier correspond a un régime

ou la diode laser peut manifester un comportement dynamique chaotique. De ce fait, on assimile un

laser dans ce régime & un laser chaotique.

Le comportement chaotique est un comportement complexe, mais déterministe avec une trés grande
sensibilité aux conditions initiales. Afin de synchroniser un laser chaotique comme celui de la figure I1.1,
il faut une autre diode laser dont les caractéristiques sont identiques ou similaires pour construire un

systéme maitre-esclave comme montré sur la figure 11.2.
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Density Fitter [ - Density Filter | [~
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- - > / g ’—\
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. —
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Fi1GURE I1.2 — Deux diodes lasers en maitre-esclave dans une configuration de boucle-fermée.
Dans ce systéme, une partie du signal optique chaotique du maitre est envoyé & ’esclave. L’esclave
est progressivement entrainé par le maitre et fini par émettre le méme signal chaotique; ce que I'on

appelle la synchronisation de chaos. Cette procédure de synchronisation est illustré sur la figure I1.3(a).
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FIGURE I1.3 - (a) Synchronisation de deux signaux chaotiques. (b) Diagramme de synchronisation

En synchronisation de chaos, les deux lasers émettent les mémes signaux chaotiques avec un retard
temporel di au temps de vol entre le maitre et 'esclave. En tenant compte de ce retard temporel, un

diagramme de synchronisation peut étre construit avec une représentation qualitative de I'intensité des
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deux signaux maitre-esclave comme montré sur la figure 11.3(b). Beaucoup de démonstrations ont été

rapportées suivant cette configuration [I1.11, I1.12, T1.13, 11.14].

Jusqu’en 1993, la synchronisation de chaos a fait 'objet de recherche fondamentale. A partir de
cette date, des applications commencent & apparaitre particulierement dans la sécurisation des com-
munications. De nos jours, les télécommunications sont partout, soit par les ondes hertziennes, soit
par la lumiére. Dans ces communications, une énorme quantité de données est transférée & chaque
instant. Cependant, une faille de sécurité de données peut produire un dégat économique considérable.

La demande de la sécurisation de communication devient de plus en plus forte.

En 1993, Hayes et ses collégues ont rapporté qu’il était possible de masquer un message par le
chaos dans le contexte d’une communication sécurisée [I1.15]. Le chaos posséde un caractére de bruit.
Ce derniére n’est pas aléatoire, mais correspond & un bruit pseudo-aléatoire qui est déterministe et
reproductible. Ces caractéristiques du chaos permettent de masquer une information en la mélangeant
a un bruit chaotique (la porteuse chaotique) dans un émetteur. L'information est donc protégée par le
chaos contre un espionnage pendant la transmission. Afin de pouvoir extraire 'information, le récepteur
doit effectuer une synchronisation afin de reproduire le méme chaos que celui de ’émetteur suivant
l'ajustement délicat des parameétres dynamiques (clés de décodage) entre I'émetteur et le récepteur.
Grace a la synchronisation de chaos, le message peut alors étre décodé par une soustraction entre le

chaos mélangé avec le message et le chaos reproduit au niveau du récepteur.

En optique, les communications chaotiques sont une des applications de laser chaotique qui a déja
donné naissance a plusieurs démonstrateurs dans des systémes optoélectroniques [I1.16, 11.17], dans des
systémes laser en anneau dopé erbium [I1.18|, des lasers a retour électrique [I1.19], des lasers microchip
Nd:YVOy [I1.20] ou encore des laser a cavité externe [I1.21, I1.22, I1.23]. C’est une nouvelle technique
de sécurisation de message qui posséde un grand potentiel d’application dans les télécommunications
optiques. Beaucoup de projets dans ce théme de recherche ont été globalement lancés, dont les deux
projets européens OCCULT et PICASSO. De nombreux travaux ont été publiés avec des résultats
remarquables. Ce théme de recherche m’a donc motivé pour effectuer une thése en France et un post-

doctorat au Royaume Uni.

Nous allons regarder comment fonctionnent les communications optiques chaotiques avec deux
lasers a cavité externe. Dans une configuration de deux diodes lasers, un message peut étre ajouté au
laser émetteur par une modulation directe comme montré sur la figure I1.4(a). Sur la figure, le message
est un signal sinusoidal & 1 GHz. Le message est donc dissimulé par un signal chaotique émis par la
diode laser a cavité externe comme montré sur le tracé rouge de la figure 11.4(b). Le message crypté
(caché par le signal chaotique) est ensuite envoyé au récepteur. Sur la figure 11.4(b), il est possible de
remarquer une petite différence d’amplitude entre les tracés de I’émetteur et du récepteur. Alors que la
sortie de ’émetteur (le tracé rouge) contient du signal chaotique et le message, la sortie du récepteur
(le tracé bleu) ne contient que du signal chaotique qui est le méme que celui de 'émetteur grace a

la synchronisation de chaos. Une soustraction entre les deux signaux peut donc étre effectuée afin de
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récupérer le message d’origine. Cette technique est appelé filtrage de passe chaotique.
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F1GURE I1.4 — (a) Banc expérimental de communications sécurisées par chaos utilisant deux diodes
lasers. (b) Tracés de l'émetteur (courbe rouge) et du récepteur (courbe bleue).

Dans ce contexte, j’ai travaillé sur la synchronisation de chaos et les communications sécurisées
par chaos suivant une configuration présentée sur la figure I11.2. Dans un premier temps, nous avons
effectué une étude comparative de deux configurations : une boucle ouverte et une boucle fermée. Si
le récepteur a la méme cavité que celle de 'émetteur comme la figure I1.2, ¢’est une configuration
de boucle fermée. En revanche, quand le récepteur est une simple diode laser sans cavité comme la
figure I1.4(a), c’est une configuration de boucle ouverte. De nombreuses études ont été faites avec
les deux configurations, mais sans comparaison des deux configurations. Nous avons menée pour la
premiére fois une étude comparative et notre étude comparative a indiqué que la configuration de la
boucle ouverte a de meilleures performances de l'extraction de messages |[ACL 1.6] (voir la page 86,
Chapitre IV).

Nous avons aussi travaillé sur la diffusion d’un message & deux récepteurs. Le message est un signal
sinusoidal de 1 GHz dissimulé par un signal chaotique. Ce message codé est envoyé & deux récepteurs
simultanément. La synchronisation est ainsi obtenue entre I’émetteur et les deux récepteurs. Ceci est
une premiére démonstration de communication chaotique montrant qu’un émetteur peut envoyer le
message a plusieurs récepteurs. Le message est récupéré a chaque récepteur avec un rapport signal-sur-

bruit de 14 dB comme montré sur la figure 11.5 [ACL 1.9] (voir la page 89, Chapitre IV).

Nous avons également étudié Veffet de filtrage de passe chaotique avec la configuration de la fi-
gure II.4(a). Une diode laser posséde intrinséquement une oscillation de relaxation. Il s’agit d’une
oscillation au début de ’émission laser avant d’arriver & une émission constante et stable. Sa fréquence
est généralement de I'ordre de GHz. Cette oscillation de relaxation impacte les performances du filtrage
de passe chaotique. Afin d’extraire le message du signal chaotique, le récepteur ne doit que reproduire le
signal chaotique sans le message. La figure I11.6 montre les amplitudes du message de ’émetteur, du ré-
cepteur et du message récupéré au récepteur. La fréquence d’oscillation de relaxation est de 6,58 GHz.
En augmentant la fréquence du message, son amplitude de message codé a I’émetteur ne varie pas
beaucoup alors que celle du récepteur augmente. Cela signifie que vers la fréquence d’oscillation de
relaxation le récepteur est entrainé a reproduire aussi le message de I’émetteur. Cette synchronisation

ne permet pas d’extraire le message par une soustraction. Par conséquent, 'amplitude du message
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FIGURE IL.5 — Spectres RF (a) d'un message codé regu par le récepteur 1, (b) d’un message récupéré
au récepteur 1, (¢) d'un message recu par le récepteur 2 et (d) d’un message récupéré au récepteur 2.

Source : Réf. [ACL 1.9].

extrait du récepteur diminue en augmentant la fréquence du message vers la fréquence d’oscillation de
relaxation [ACL L.13] (voir la page 91, Chapitre IV). Ce travail a renseigné pour la premiére fois la
bande passante d’un tel systéme de communications sécurisées par chaos. D’aprés la figure, la bande
passante de notre systéme est de 3,5 GHz & —3 dB. Par la suite, nous avons démontré une transmission

d’un message 4 3,5 GHz, ce qui est la transmission de message dont la fréquence est la plus haute a

I'époque [ACL 1.16].
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F1GURE I1.6 — Amplitudes du message de ’émetteur (courbe pointillée), du récepteur (courbe discon-

tinue) et du message récupéré (courbe solide). Source : Réf. |[ACL 1.13].

Nous avons aussi démontré une synchronisation entre une diode laser multimode et deux diodes

lasers monomodes dont les longueurs d’onde sont différées. Chaque diode laser esclave est synchronisée

aux différents modes de la diode laser multimode maitre [ACL 1.14].
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2.2 Synchronisation et communications chaotiques utilisant des VCSELSs

J’ai également travaillé avec des VCSELs. Les lasers VCSELs (Vertical-cavity surface-emmiting
laser) sont connus pour un bas seuil de courant, une émission monomode et un profil de faisceau circu-
laire. Pour ces caractéristiques avantageuses, il y a un grand intérét a utiliser ce type de diodes lasers
dans les télécommunications optiques. Dans ce contexte, j’ai proposé une démonstration expérimentale
de la synchronisation de chaos avec deux VCSELs. L’expérience avec deux VCSELs & une émission
de 850 nm est schématisée sur la figure I1.7. Il y a deux VCSELs : 'un maitre et l’autre esclave. Le
VCSEL maitre est une source chaotique en établissant une cavité externe par un miroir. Une partie de
I’émission chaotique est envoyée & l'esclave & travers une série de composants optiques et plus particu-
lierement des polariseurs. Les VCSELS peuvent changer 1’état de leurs polarisation (z ou y) suivant le

courant [L1.24]. Pour cette raison, 'utilisation de polariseurs est primordiale dans cette expérience.

Digital L
Oscilloscope s

POL1 oHn =~ HWP4

/ 1
HWP1 HWP2 BS3

F1GuRE I1.7 — Banc expérimental de synchronisation de deux VCSELs. OI : isolateur optique, HWP :
lame demi-onde, POL : polariseur, ATT : atténuateur, BS : lame séparatrice, NDF : filtre de densité
neutre, atténuateur de couplage, M : miroir, PD : photodétecteur.

La figure 11.8(a) représente un diagramme de synchronisation entre la dynamique du maitre en
polarisation-y et celle de 'esclave en polarisation-y tandis que la figure I1.8(b) montre un diagramme
de la dynamique du maitre en polarisation-y et celle de l’esclave en polarisation-z. Comme on peut
voir, la synchronisation de la figure I1.8(b) est effectuée avec une pente opposée, ce qu’on appelle

synchronisation en anti-phase.

Dans ces travaux, nous avons réussi pour la premiére fois la démonstration de la synchronisa-
tion de deux VCSELs et aussi une synchronisation en anti-phase en tenant compte de ’état de leurs

polarisation [ACL 1.10] (voir la page 94, Chapitre IV).

Avec le méme systéme, nous avons aussi travaillé sur la démonstration de communications sécu-
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FIGURE II.8 — Diagrammes de synchronisation (a) de la dynamique-y du maitre et de la dynamique-y
de Vesclave, et (b) de la dynamique-y du maitre et de la dynamique-z de Pesclave.

risées par chaos. La particularité de ce systéme est la polarisation des VCSELs. Comme indiqué sur
la figure IL.8, il faut ajuster la polarisation pour obtenir une synchronisation conventionnelle de la
figure I1.8(a). La figure I1.9 montre un signal sinusoidal de 200 MHz qui est récupéré par le récepteur

avec un rapport signal-sur-bruit de 9 dB [ACL 1.12] (voir la page 97, Chapitre IV).
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FIGURE I1.9 — Message décodé (a) dans le domaine temporel et (b) dans le domaine fréquentiel.

La synchronisation a été améliorée en injectant au récepteur les dynamiques de deux polarisa-

tions de I’émetteur [ACL 1.21] et la bande passante de message de ce systéme est également augmen-
tée [ACL 1.22].

2.3 Systéme de trois diodes lasers en cascade

Jusqu’a présent, nous avons travaillé sur une configuration maitre-esclave. J’ai proposé une confi-
guration maitre-intermédiaire-esclave avec trois diodes laser en cascade. Une synchronisation de trois
diodes lasers cascadés avait deja été démontrée [I1.25]. Ce qui est nouveau dans ma proposition est
une synchronisation simultanée de trois lasers. Il existe deux méthodes de synchronisation : la synchro-
nisation généralisée et la synchronisation compléte. La premiére méthode consiste & forcer ’esclave
& se synchroniser par une injection-locking et la seconde méthode consiste a envoyer les conditions
initiales & l'esclave qui est identique au maitre. Il s’agit de la construction d’une copie d'un systéme

maitre et la synchronisation peut étre obtenue sans retard sous certaines conditions. Dans ce régime
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de synchronisation, il est méme possible de synchroniser en anticipation, c’est-a-dire I'esclave émet
un signal chaotique avant que le maitre émette le méme signal en dépit de la distance séparant les
deux systémes [11.26, 11.27, 11.28, 11.29]. Cela est possible si le temps de vol entre les deux systémes
est plus court que le temps d’aller-retour de la cavité externe, c’est-d-dire le retard temporel. Dans ce
contexte, nous avons travaillé sur une configuration de trois lasers en cascade comme montré sur la
figure I1.10. Cette configuration comporte trois lasers (laser DFB & 1550 nm) : le laser maitre (ML),
le laser intermédiaire (IL) et le laser esclave (SL). Leurs caractéristiques sont similaires entre eux. Le
comportement dynamique du ML est entrainé chaotique par une cavité dont le temps d’aller-retour
est de 7 = 2,8 ns, équivalent & une longueur de cavité de 42 cm. L'IL et le SL sont placés pour que
les temps de vol 7.1 et 7o correspondent au temps d’aller-retour 7. Afin d’obtenir une synchronisation
compléte, les taux de couplage entre le ML et I'IL, et entre I'IL et le SL ont été ajustés au taux de

retour optique du ML.

ML IL SL
¢ &y
““ﬁb N T P . R r P -
| | \'-..___ Cl // | l \'-._______ C”'-______.—-/ I |
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4-GHz Digital
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Figure I1.10 — Banc expérimental de synchronisation de trois diodes lasers en cascade. Source :
Ref. [ACL 1.20].

Aprés les ajustements soignés, nous avons obtenu une synchronisation sans retard sur les trois
lasers. La figure II.11 montre clairement que les trois lasers sont synchronisés simultanément. Afin
d’évaluer la qualité de synchronisation, les corrélations croisées ont également été calculées entre les

trois lasers.

Dans ces travaux, nous avons démontré, pour la premiére fois, la synchronisation simultanée de
trois lasers dans une configuration cascadée. Nous avons également effectué une simulation de cette
configuration et les résultats confirment ceux obtenus expérimentalement [ACL 1.20] (voir la page 100,
Chapitre 1V). Cette premieére démonstration indique qu’il est possible en théorie de synchroniser un

nombre infinie des diodes lasers en cascade simultanément.
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FIGURE I1.11 - Tracés temporels de ML, IL et SL. Source : Réf. [ACL 1.20].

Nous avons également démontré le cryptage et le décryptage de message & 1 GHz avec ce méme
systéme. Le message caché au ML est décrypté a 'IL qui renvoie le message au SL par la suite. L'IL
joue un roéle d’extraction du message et de relaie du message. Le SL synchronisé décode également le

message [ACL 1.18] (voir la page 106, Chapitre IV).

En outre, j’ai travaillé sur le comportement dynamique d’une diode laser a double cavité externe.
L’objectif de ce travail était, d’'une part, d’augmenter le degré de complexité de comportement chao-
tique, et d’autre part, de réduire la signature de retard temporel due a la cavité externe [ACL 1.17]

(voir la page 109, Chapitre IV).
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I1.3 ACTIVITES DE RECHERCHE A U’INsSTiITUT FEMTO-ST

L’OPTIQUE NON LINEAIRE DANS DES FIBRES OPTIQUES était ma deuxiéme thématique
dans laquelle j’ai mené des recherches post-doctorales & Besancon. Aprés quelques années post-
doctorales & Bangor, je suis revenu & Besancon au sein du Département d’Optique de Uinstitut FEMTO-
ST. Jai travaillé dans ’équipe Optique non linéaire avec Hervé Maillotte, Thibaut Sylvestre et Birgit
Stiller qui était une doctorante que j’ai co-encadrée. Les travaux de recherche durant ces années étaient
le développement d’'un amplificateur paramétrique & fibre optique microstructurée, ainsi que la réalisa-
tion de capteurs distribués a fibre optique microstructurée utilisant la diffusion Brillouin stimulée. Ces
thématiques ont été financées par les projets CEA MULO (échantillonnage Monocoup Ultra Large-
bande Optique) et CDFOM (Capteurs Distribués a Fibre Optique Microstructurée) de 'INTERREG
IV. Ces projets m’ont permis des publications et des collaborations avec le CEA/CESTA a Bordeaux,
IIRCICA a Lille, 'EPFL a Lausanne et Photline Technologies & Besangon. Etant expérimentaliste ha-
bile, ma principale contribution au sein de I’équipe a été la mise en ceuvre expérimentale de I'amplifica-
teur et des différents capteurs distribués. J’ai également apporté mes compétences en optoélectronique
dans ’équipe optique non linéaire plus particuliérement pour la démonstration des capteurs distribués
qui nécessitent des compétences optoélectroniques. Dans cette section, je vais décrire principalement

ces travaux effectués au sein de U'Institut FEMTO-ST.

3.1 Effets non linéaires dans une fibre optique

Les cristaux non linéaires tels que le niobate de lithiume (LiNbO3) et le tantalate de lithiume
(LiTaO3) peuvent montrer des effets non linéaires lorsqu’un faisceau laser intense se propagent dans
les cristaux. Ils sont en général non-centrosymétriques, ce qui produit des effets non linéaires associés
a la susceptibilité de second ordre x(). Ces derniers sont la génération de second-harmonique (SHG :
second-harmonic generation), la génération de différence de fréquence (DFG : difference-frequency
generation), la génération de somme de fréquenc (SFG : sum-frequency generation) et la génération
paramétrique optique (OPG : optical parametric generation) [II1.30]. Nous en parlerons un peu plus

dans le chapitre suivant.

Dans cette section, nous nous sommes plutét intéressés aux effets non linéaires dans les fibres.
Les fibres optiques peuvent également montrer des effets non linéaires lorsque un faisceau intense s’y
propagent. Les fibres monomodes (SMF' : single-mode fibre) pour les télécoms standard sont faites
en silice (SiO2) fondue. Les fibres sont considérées isotropiques et les molécules de la silice dans les
fibres ont la symétrie d’inversion. Les effets non linéaires se manifestent donc dans les fibres optiques
en associant la susceptibilité de troisiéme ordre X(3), ce qui est différent du cas dans les cristaux non
linéaires. Les effets associés a ) sont le mélange & quatre-ondes (FWM : four-wave mixing), Ueffet
Kerr, la diffusion Raman stimulée (SRS : stimulated Raman scattering) et la diffusion Brillouin stimulée

(SBS : stimulated Brillouin scattering) [II.31, I1.32].
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Le processus FWM résulte de 'interaction de quatre ondes différemment que l'interaction de trois
ondes dans les processus cités pour les cristaux non linéaires & X(2). Dans ce processus, deux ondes
avec deux fréquences différentes peuvent interagir pour générer deux nouvelles ondes avec les fréquences
différentes. Au total, quatre ondes avec quatre différentes fréquences se trouvent a la sortie de fibre
d’ott le nom de FWM.

L’effet Kerr se caractérise par une variation d’indice de réfraction qui est dépendante de I'intensité
locale de la lumiére. Il est responsable de différents effets tels que 'auto-modulation de phase (SPM :
self-phase modulation) et la modulation de phase croisée (XPM : cross-phase modulation). Pour le cas
de la SPM, quand une impulsion courte avec une puissance trés forte se propage dans une fibre, I’indice
de réfraction varient par 'effet Kerr. Cette variation d’indice impacte sur I'impulsion pompe elle-méme
introduisant une modulation de phase. Par conséquent, le spectre de la pompe s’élargit. Dans le cas

de la XPM, la modulation de phase se fait par la présence d’une deuxiéme onde.

L’effet Kerr permet aussi d’effectuer 'amplification paramétrique optique a fibre (FOPA : fibre
optical parametric amplification) d’un signal en injectant la pompe dont la longueur d’onde se situe
prés de la dispersion nulle de la fibre (ZDW : zero-dispersion wavelength). Dans une fibre standard
télécoms, la ZDW se trouve & 1,3 pm ot la vitesse de groupe est constante, c’est-&-dire, une impulsion
lumineuse se propage en gardant sa forme initiale. En dessous de cette longueur d’onde, ¢’est le régime
de la dispersion normale ou 'impulsion s’élargit en se propageant. Au dela de la ZDW, c¢’est le régime
de la dispersion anormale ot I'impulsion raccourcit. La FOPA génére un signal et un idler suivant
la condition d’un accord de phase avec la pompe. En I'absence du signal & amplifier, la variation
d’indice due & 'onde de pompe module 'onde elle-méme et ce phénoméne est connu sous le nom
de Uinstabilité modulationelle. Cette modulation est initiée par la SPM et donne une bande latérale
dans le spectre qui sont Stokes et anti-Stokes. Ce spectre est une émission spontanée amplifiée (ASE :

amplified spontaneous emmission) d’'une FOPA.

La SRS et la SBS sont les diffusions apparues fréquemment dans les fibres. Nous comparons ces
diffusions avec celle Rayleigh sur la figure 11.12. La diffusion Rayleigh est un processus élastique ou la
fréquence de la lumiére diffusée reste la méme que celle de la pompe. Par contre, dans les cas de la
SRS et de la SBS la fréquence de la lumiére diffusée est décalée par rapport & celle de la pompe. 11
s’agit des processus inélastiques. Les ondes diffusées en basses fréquences par rapport 4 la pompe sont
les ondes Stokes et celles en hautes fréquences sont les ondes anti-Stokes. Les ondes anti-Stokes ne sont
pas observées parce qu’elles sont absorbées par la pompe. Seules les ondes Stokes peuvent donc étre
observées en général. La SBS est due & 'interaction de ’onde optique et de I’onde acoustique créée par
I'électrostriction. Le décalage de fréquence Brillouin (BFS : Brillouin frequency shift) est typiquement
au tour de 11 GHz dans une SMF & une pompe de 1,55 pm. En revanche, la SRS est due & la vibration
des molécules, par exemple des molécules de silice dans la fibre. Le décalage de fréquence Raman est
beaucoup plus important que celui de SBS, ce qui est de 13 THz dans une SMF. Si le faisceau laser est

suffisamment intense dans une fibre, plusieurs SRS peuvent manifester en cascade en décalant chaque
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fois & —13 THz, ce qu’on appelle le cascade Raman.
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FIGURE I1.12 — Spectre des diffusions Rayleigh, Raman et Brillouin. Source : Réf. [11.33]

Nous avons abordé différents effets non linéaires. Quand plusieurs effets sont combinés, le spectre
de 'onde pompe s’élargit progressivement en se propageant dans une fibre sur une plage de quelques

centaines de nanométre, voire quelques micrométres. Ceci est la génération de supercontinuum.

Pour une compréhension approfondie de ces effets non linéaires, j’invite les lecteurs & se référer aux
livres [I1.31, I1.32].

Nous venons de voir différents effets non linéaires dans une SMF standard pour télécoms. Il existe
différents types de fibres, notamment les fibres a cristal photonique (PCF : photonic crystal fibre).
Ces derniéres ont récemment conduit de nombreuses études sur les effets non linéaires. Elles ont une
microstructure périodique avec des trous d’air comme montré sur la petite image de la figure 11.13.
De ce fait, on appelle également les fibres microstructurées. En variant la structure, la période de trou
et/ou le diamétre du trou d’air, la ZDW de fibre peut étre manipulée plus facilement que les fibres
standards. Les PCFs ont aussi un fort contraste d’indice qui fournie une forte non linéarité de fibre.
Il est également possible de fabriquer des fibres monomodes sans fin (endlessly single-mode fiber) avec
des microstructures [I1.34]. La PCF sur l'image a un coeur solide. Il existe aussi des PCFs avec un
ceeur creux (grand trou d’air au coeur) qui permet un guidage par une bande interdite photonique. La
lumiére est donc piégée et se propage dans le cceur creux [I1.35]. Les PCFs que j’ai utilisées pour mes

travaux au sein de I'Institut FEMTO-ST sont des PCFs & coeur solide comme montré sur 'image.

3.2 Amplificateur paramétrique a fibre optique

Ce travail a pour but la réalisation d’un amplificateur paramétrique tout fibré a 1 pm dédié a la
mesure des impulsions du laser mégajoule. Cette étude a été financée par le projet MULO. L’ampli-
ficateur paramétrique a fibre optique exploite 'effet Kerr dans un milieu non linéaire. Récemment, la
FOPA a particuliérement attiré ’attention sur un gain de conversion trés élevé, une large bande pas-

sante et l'aspect de bas bruit [I1.36, I1.37, 11.38]. Il a été rapporté qu’un gain de 70 dB peut étre obtenu
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pour une application dans les télécoms a 1,55 pm. La FOPA peut étre utilisée dans des applications
telles que POPCPA (optical parametric chirped-pulse amplification) [I1.39, I1.40] et ’échantillonnage
optique ultra-rapide pour des oscilloscopes optiques [I1.41]. Encore plus récemment, des PCFs ont été
utilisées dans divers systémes parameétriques [11.42, 11.43, 11.44, 11.45]. Ces caractéristiques permettent,
entre autre, de construire une FOPA dans la bande a 1 micron. Cette derniére a un intérét pour

I’amplification des lasers a fibre dopés ytterbium.

Dans ce travail, nous avons démontré un FOPA entiérement fibré et en utilisant une PCF. Un
FOPA utilisant une fibre microstructurée a été démontrée en espace libre [I1.46], mais pas dans un
systéme tout-fibré. Une pompe & 1065 nm est injectée dans la fibre pour amplifier un signal a 1053 nm.
Cette derniére située dans la bande anti-Stokes, a un besoin spécifique dans un systéme laser pour la
fusion de confinement d’inertie (ICF : Inertial Confinement Fusion) [I1.47, I1.48]. Le banc expérimental
du FOPA est illustré sur la figure I1.13. Un laser accordable avec une émission continue est utilisé
pour la pompe. L’émission continue est transformée en émission pulsée via un modulateur électro-
optique (Photline Technologies) et un générateur d’impulsion. La pompe impulsionnelle est amplifiée
par un YDFA, filtrée & 1065,8 nm et injectée dans une fibre microstructurée de 400 m de longueur
avec la structure d’un réseau triangulaire comme montrée sur la petite image de la figure 11.13. La
période et le diametre de trou sont 4,14 pm et 2,61 pm, respectivement. Ces paramétres permettent
d’obtenir une ZDW & 1065 nm. Un signal & 1053 nm est aussi injecté dans la fibre & travers du port-1%
d’un coupleur 99/1. La sortie de la fibre est envoyée & un OSA et a une photodiode connectée a un

oscilloscope numérique aprés un filtrage & 1053 nm.

Tuneable laser # T ~o
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F1aURE I1.13 — Banc expérimental d’'une FOPA. RF amp : amplificateur RF, YDFA : amplificateur a
fibre dopée ytterbium, OC : coupleur optique, PC : controleur de polarisation, PD : photodiode, OSA :
analyseur de spectre optique. Source : Réf. [ACL 1.24].
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Dans un premier temps, nous avons effectué une cartographie de 'ASE du FOPA en variant la
longueur d’onde de la pompe. La carte de ’ASE est montrée sur la figure I1.14. Comme on peut voir
sur la figure, PASE commence & apparaitre a 1064,8 nm avec la présence de deux bandes latérales. La
carte réveéle que la puissance de 'ASE & 1053 nm est maximale lors que la pompe est a 1065,8 nm.
La longueur d’onde de pompe du FOPA sera donc 1065,8 nm. Nous pouvons remarquer que le spectre
n’est pas symétrique entre 'aile gauche et 'aile droite par rapport & la longueur d’onde de la pompe.
La diffusion Raman est a l'origine de cette asymétrie spectrale avec l'aile droite (partie Stokes) plus

élevée que l'aile gauche (partie anti-Stokes) [11.49, I1.50, I1.51].
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Fi1GURE I1.14 — Cartographie de ’ASE de FOPA sans signaux. Source : Réf. [ACL 1.24].

Apreés 'étude de ’ASE du FOPA, la pompe d’une puissance moyenne de 2,4 W est envoyée avec un
signal & 1053 nm. Sur la figure I1.15, nous pouvons voir deux spectres mesurés a ’entrée et a la sortie
de Pamplificateur. A I'entrée la puissance de signal est de —25,4 dBm alors qu’a la sortie elle augmente
a4 —9 dBm. Le signal est donc amplifié de 16,4 dB. Il faut en revanche tenir compte du rapport cyclique
de 1/16, ce qui donne 11,1 dB de gain supplémentaire. Au total, un gain de 27,5 dB est obtenu.
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FIGURE I1.15 — Spectres du signal mesurés a ’entrée et a la sortie de FOPA. Source : Réf. [ACL 1.24].

En augmentant la puissance a 3,8 W, nous avons atteint un gain de 35 dB. Le travail a été effectué
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en collaboration avec I'IRCICA a Lille et le CEA/CESTA a Bordeaux [ACL 1.24] (voir la page 115,
Chapitre IV).

3.3 Reétrodiffusion Brillouin stimulée et ses applications aux capteurs distribués
a fibre optique

Nous avons vu au début de la section que la SBS est due & l'interaction entre les ondes acoustique
et optique dans une fibre. L’onde acoustique crée un réseau de Bragg qui se déplace a la vitesse du
son et 'onde optique diffusée par ce réseau est donc décalée en fréquence (effet Doppler). Nous nous
rappelons que pour la silice fondue de la SMF, ce décalage correspond a environ 11 GHz de BFS pour
une pompe de 1,55 pm [I1.32]. Ce BFS peut évoluer via une modification de I'indice de réfraction due
4 une variation de température ou de contrainte mécanique sur la fibre. Ce phénoméne permet alors
d’utiliser la fibre optique comme un capteur distribué de température ou de contrainte en mesurant le
spectre de gain Brillouin (BGS : Brillouin gain spectrum) [I1.52, 11.53, I11.54]. Il existe principalement
deux techniques d’analyse pour des applications de capteurs distribués : le BOCDA (Brillouin Optical
Correlation-Domain Analysis) et le BOTDA (Brillouin Optical Time-Domain Analysis). Le BOCDA
permet d’avoir une distribution spatiale des modifications locales de température ou d’indice de réfrac-
tion avec une résolution spatiale de 1 mm [I1.55, I1.56]. Malgré ces avantages, il est difficile d’appliquer
cette technique sur une grande longueur de fibre. En revanche, le BOTDA peut fournir des mesures
rapides de contraintes et de températures sur une trés longue distance en mesurant le BEFS le long
d’une fibre optique [I1.57, 11.58, I1.59]. Cette particularité a suscité un grand intérét dans le domaine

de capteurs distribués.

3.3.1 BOTDA et BEDS

La figure I1.16(a) illustre le principe de fonctionnement de BOTDA. Une impulsion de forte ampli-
tude est injectée pour la pompe dans un sens. Pour la sonde une émission continue est injectée dans
I’autre sens. La pompe et la sonde se propagent donc en contre-propagation. La fréquence de la sonde
est décalée de la fréquence de Brillouin par rapport & celle de la pompe. Lorsque la pompe traverse un
endroit ol se trouve une contrainte ou une variation de température, la pompe laisse du gain Brillouin

qui permet d’amplifier la sonde a cet endroit par la rétrodiffusion Brillouin (ou une chute de gain).

T

Pump *_I Pump *_-
'——— _—

—— N

Probe Probe
(a) BOTDA (b) BEDS

FIGURE 11.16 — Le principe de fonctionnement de (a) BOTDA et de (b) BEDS.
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C’est ainsi que ’on peut effectuer une cartographie longitudinale de la variation d’indice de réfraction

dans une fibre optique.

Dans le systéme BOTDA, la durée d’impulsion est limitée & 10 ns qui correspond a une résolution
de 1 m en tenant compte de la vitesse de propagation de 2/3¢ (ou ¢ est la vitesse de lumiére dans
le vide). En effet, c’est la limite de BOTDA due a la durée de vie de SBS [I1.32]. Afin d’améliorer la
résolution, il existe une autre technique : BEDS (Brillouin echoes distributed sensing). Dans un systéme
BEDS sur la figure I1.16(b), un déphasage de 7 est présent sur une impulsion longue qui donne du gain
Brillouin le long de la fibre. Lorsqu’elle rencontre la contrainte, le gain chute & cause du déphasage de
7w contrairement au BOTDA. La durée de déphasage de 7 peut descendre en dessous de 10 ns, ce qui

permet d’améliorer la résolution spatiale a quelques centimetres [I1.60, 11.61].

La figure I1.17(a) représente le schéma expérimental du BOTDA que nous avons réalisé. L’émission
continue d’un laser DFB & 1,55 pm est divisée en deux pour la pompe et la sonde et injectée dans un
modulateur Mach-Zehnder sur chaque bras. Pour le coté pompe, un générateur d’impulsion pilote le
modulateur (Photline Technologies) sur une durée d’impulsion de 10 ns. La pompe pulsée est amplifiée
par un EDFA, puis injectée dans une fibre & tester & travers un brouilleur de polarisation et un
circulateur optique. Pour le c6té sonde, ’émission continue est modulée aux alentours de 11 GHz
par un générateur de RF et le modulateur (Photline Technologies). La sonde modulée & 11 GHz est
amplifiée avant d’étre injectée dans la fibre. La sonde se propage donc en contre sens de la pompe
et peut étre amplifiée par du gain Brillouin le long de la fibre. En général, le Stokes est exploité
pour la sonde. La sonde est donc filtrée par un filtre de Bragg pour enlever ’anti-Stokes et la pompe
résiduelle, puis détectée par un photodetecteur et enregistrée sur un oscilloscope numérique. En tenant
compte de la vitesse de la lumiére dans la fibre, les tracés temporels de 1'oscilloscope sont convertis en
tracés spatiales. En variant la fréquence de la sonde, le BGS est mesuré le long de la fibre pour une

construction cartographiée de la fibre. Pour cela, le banc expérimental est entiérement automatisé.
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FIGURE I1.17 - Banc expérimental (a) de BOTDA et (b) de BEDS. DFB : Distributed feedback,
EDFA : Erbium-doped fibre amplifier

Pour le systéme BEDS, le banc expérimental est illustré sur la figure I1.17(b) qui est presque

identique & celui de BOTDA. Pour un déphasage de m, il est nécessaire de rajouter un modulateur de

phase (Photline Technologies) sur le coté pompe. Ces deux systémes ont été développés en collaboration
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avec Luc Thévenaz & 'EPFL de Lausanne dans le cadre du projet INTERREG IV CDFOM. Ces
travaux ont également été menés dans le cadre de la thése de Mlle. Birgit Stiller que j’ai participé a

co-encadrer [I1.33].

3.3.2 Etudes de PCF

Dans un premier temps, nous avons étudié des PCFs fournies par
I'IRCICA. La figure 11.18 montre une image MEB (microscopie élec-
tronique a balayage) d’'une PCF que nous avons étudiée. Les PCF's
ont attiré un intérét particuliere dans le domaine de capteurs distri-

bués grace & leur forte non linéarité [11.62, I1.63, 11.64]. Mais il est

10 pm

Figure I1.18 — Image MEB

difficile de les fabriquer sur une grande longueur avec une structure
d’une PCF.

identique. L’'TRCICA souhaite développer des techniques pour réduire
I'inhomogénéité le long des fibres pendant la fabrication. Nous avons donc étudié 'inhomogénéité et

les caractéristiques de la fibre avec le systéme BEDS.

La figure 11.19 présente une mesure de cartographie de la PCF effectuée par le systéme BEDS décrit
sur la figure I1.17(b). La durée d’impulsion de 7 est de 3 ns, ce qui donne une résolution spatiale de
30 cm. On peut remarquer sur la figure que le BFS est environ 11,07 GHz. Ce qui est remarquable c’est
que l'on peut obtenir la variation de BFS en mesurant le BGS tous les 30 cmn grace a la cartographie
par le BEDS en variant la fréquence de la sonde de 10,98 GHz a 11,22 GHz. Cette étude a permis
de caractériser des PCFs le long de la fibre avec une haute résolution et a 'IRCICA d’améliorer la

technique pour réduire I'inhomogénéité [ACL 1.26] (voir la page 121, Chapitre IV).

Input

Distance along the fiber (m)

Output

11.05 11.1 11.15 11.2
Brillouin frequency shift (GHz)

FiGure I1.19 — Cartographie de la PCF avec le BEDS. Source : Réf. [ACL 1.26].

Dans un second temps, 'TRCICA a développé une PCF dont le diamétre varie de fagon sinusoidale
comme on peut voir sur la figure I1.20(a). Cette fibre a été développée afin de réduire la SBS qui
est indésirable pour des lasers fibrés a haute-puissance ou des amplificateurs & haute-puissance [11.65,
11.66, 11.67]. Sur la figure I11.20(b), I'image MEB de la fibre montre un diameétre de cceur de 6,4 pm.
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Le seuil de SBS est obtenu a 26,5 dBm dans cette fibre. En comparant avec une autre PCF dont les
paramétres sont identiques sans modulation de diamétre, le seuil de SBS est 4 dB plus haut que la

PCF sans modulation.
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FIGURE 11.20 — (a) Fibre dont le diameétre de coeur varie. (b) Image MEB de la fibre microstructurée.
Source : Réf. [ACL 1.32].

D’apres la cartographie d’une résolution de 30 cm comme montré sur la figure 11.21(a), le BFS est
autour de 11,08 GHz et la modulation de diamétre de la fibre de la figure 11.20(a) est transférée a
la BFS. Comme cette derniére est proportionnelle & I'indice de réfraction effectif, on peut déduire la
fluctuation d’indice effectif comme montré sur la figure 11.21(b). On peut savoir sur la figure qu’une
variation du diameétre de fibre de 125 pm a 116 pm produit une variation d’indice entre 1,4337 et

1,4353. Les fluctuations rapides de I'indice sont dues & 'irrégularité structurale de la fibre.
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FIGURE 11.21 - (a) Cartographie et (b) BFS de la PCF avec modulation. Source : Réf. [ACL 1.32].

Comme on peut voir sur ces résultats, la technique BEDS fournie des mesures précises sur des

variations structurales ou d’indice en mesurant la BFS le long de la fibre [ACL 1.32] (voir la page 128,

Chapitre IV).
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3.3.3 DPSK-BEDS

Malgré une meilleure résolution, le systéme BEDS emploie trois modulateurs (Photline Techno-
logies) : deux modulateurs d’intensité et un modulateur de phase. Mais dans ce travail, nous avons
implémenté un systéme BEDS en utilisant seulement deux modulateurs d’intensité. Pour cela, nous
avons exploité la technique DPSK (differental phase-shift keying) pour générer un déphasage de w
comme montré sur la figure 11.22(a). Un déphasage de m est généré entre une impulsion positive et
une impulsion négative a la fin [I1.68]. En pratique, il est difficile d’obtenir une telle impulsion par un
seul générateur d’impulsion. En effet, j’ai proposé une solution d’utiliser deux générateurs d’impulsion
sur un seul modulateur : 'entrée DC pour 'impulsion positive longue et l’entrée RF pour 'impulsion
négative courte comme montré sur la figure 11.22(b). Récemment, la technologie de fabrication des
modulateurs d’intensité a bien été développée pour le haut débit. Grace a la techologie, méme ’entrée
DC d’un modulateur peut recevoir des impulsions électriques de ~10 ns. La figure 11.22(c) montre la
sortie optique du modulateur piloté par deux impulsions sur la figure 11.22(b). L’impulsion optique

courte qui se trouve & la fin sur la figure est déphasé de 7 par rapport a 'impulsion longue.
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FIGURE 11.22 — (a) Impulsion électrique pour la pompe. (b) Deux impulsions positive et négative. (c)
Sortie optique du modulateur. Source : Réf. [ACL 1.29].

Afin d’appliquer cette technique, nous utilisons le systéme BOTDA, mais avec deux générateurs

d’impulsion comme montré sur la figure 11.23.
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FIGURE 11.23 — Banc expériemental de BEDS basé sur une technique DPSK. Source : Réf. [ACL 1.29].
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La performance de ce systéme est comparée avec celle du systéme BEDS conventionnel. La fi-
gure I1.24 présente deux cartographies sur le point de soudure de fibres HNA (high numerical aperture)
et SMF avec une résolution de 5 cm en utilisant une impulsion de 500 ps. Nous pouvons remarquer que
les BF'S de la HNA et de la SMF sont mesurés a 10,67 GHz et 10,85 GHz, respectivement. La section
de soudure est bien visible sur 5 cm & un BFS de 10,55 GHz. Les deux cartographies sont presque
identiques, ce qui indique que le DPSK-BEDS est une technique aussi performante que le BEDS sans
modulateur de phase [ACL 1.29] (voir la page 131, Chapitre IV).
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FIGURE 11.24 — Cartographie de point de soudure entre deux fibres HNA et SMF par (a) le BEDS et
par (b) le DPSK-BEDS. Source : Réf. [ACL 1.29].

Le systeme BOTDA a également été amélioré pour des mesures de fibres de trés grande longueur
(>30 km). A cause de la perte intrinséque provenant de la fibre et la déplétion de la pompe, le contraste
sur des mesures diminue considérablement au deld de 10 km de fibre. Afin d’augmenter la longueur
de mesure, il est possible d’utiliser 'anti-Stokes au lieu du Stokes pour la sonde. En utilisant un
modulateur I/Q qui peut générer une mono-bande latérale sur ’anti-Stokes, la dynamique de mesure

a été nettement ameéliorée sur une fibre de 50 km [ACL 1.35] (voir la page 134, Chapitre IV).

3.4 Génération de continuum dans la bande UV dans une PCF

J’ai également travaillé sur la génération de supercontinuum dans une PCF. Gréce aux propriétés
polyvalentes de PCF, la génération de supercontinuum a récemment attiré une attention particuliére
pour générer de la lumicére spatialement cohérente sur un spectre ultra-large [I1.69, 11.70]. Il existe
aussi des démonstrations de la génération de supercontinuum dans la bande UV [IL.71, I1.72, T1.73].
Cependant, aucune démonstration n’a été faite avec une pompe UV. Dans ce contexte, nous avons
travaillé sur la génération de supercontinuum en injectant une pompe & 355 nm dans une PCF. L’en-
semble doit surmonter trois obstacles liés & la pompe UV : une forte absorption, une forte dispersion
et une solarisation de fibre. L’'TRCICA nous a fournie pour cette démonstration une PCF avec une
atténuation de 0,5 dB/m et une ZDW de 1044 nm. En injectant une pompe de 300 ps & 355 nm dans
une PCF de 30 m avec une puissance créte de 70 kW, nous avons obtenu des spectres de continuum

comme montré sur la figure 11.25. En variant la puissance, le spectre s’étale progressivement de ’'UV
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au bleu vers 470 nm. L'image dans la figure affiche des modes transversaux du continuum de la courbe
bleu.
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FIGURE 11.25 — Spectres de continuum et une image de mode transversal du continuum de la courbe
bleu. Source : Reéf. [ACL 1.30].

Ces continuums sont dus principalement aux cascades Raman. Les limites de cette démonstration
sont la forte atténuation, la solarisation de PCF et la durée d’impulsion. La PCF ne résiste pas
longtemps a ’'UV et est détruite au bout de quelques dizaines de minutes & cause de la solarisation.
La courte durée de 'impulsion du laser (300 ps) que nous avons utilisé est aussi la limite & cause du
walk-off entre la pompe et des cascades Raman générées. A cause du walk-off temporel, I'interaction ne
se fait plus au dela de 30 m de fibre. Les résultats expérimentaux ont été confirmés par les simulations

numériques [ACL 1.30] (voir la page 137, Chapitre IV).

11.4 RESUME

Mes activités de recherche durant mes travaux post-doctoraux au Royaume Uni et & Besancon sont
basées sur les domaines de recherche suivants : la théorie du chaos, la synchronisation de chaos, les
communications optiques chaotiques, ’amplificateur paramétrique a fibre, les capteurs distribués a fibre
utilisant les diffusions Brillouin et la génération de supercontinuum. Grace & ces travaux, j’ai enrichi
mes domaines de recherche. Gréice a ces travaux avec mes collégues et doctorants et aux différentes
collaborations, j’ai publiés 26 articles dans les journaux internationaux [ACL 1.6,1.9-1.10,1.12-1.33,1.35].
Les projets européen OCCULT, PICASSO et CDFOM m’ont permis de faire connaissance avec des

équipes européennes.
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Activités de recherche

J’ai été recruté a 'Université Paris 13 en 2011. Depuis, je méne mes activités de recherche dans
I’équipe Photonique Organique et Nanostructure (PON) du Laboratoire de Physiques des Lasers (LPL).
Au seins du LPL, j’al développé plusieurs activités de recherche, notamment I'optique non linéaire a
base d'un cristal photonique non linéaire et la dynamique non linéaire d’une diode laser soumise & un
retour optique. Les travaux présentés dans ce chapitre ont été effectués dans le cadre de différentes
théses. Ma principale contribution est donc le co-encadrement de théses et le développement des deux

thématiques en aspects expérimental et théorique dans I’équipe.

ITI.1 OPTIQUE NON LINEAIRE DANS UN CRISTAL PHOTONIQUE NON
LINEAIRE

I 'ETUDE des interactions optiques dans les cristaux photoniques non linéaires (CPNL) constitue
une de mes principales activités de recherche au LPL. Dans cette section, je vais décrire mes

travaux qui ont été menés principalement dans le cadre de deux théses dans cette thématique.

De nos jours, les lasers se trouvent dans de nombreuses applications et le besoin de développer de
nouvelles gammes de sources cohérentes est toujours trés fort pour diverses applications. En comparai-
son aux lasers & semiconducteurs dont les longueurs d’ondes sont souvent limitées par la bande interdite
du matériau, les lasers a cristaux non-linéaires offrent un trés grand choix de longueurs d’onde (ou fré-
quences) par une conversion de fréquences grace aux propriétés optiques non linéaires des cristaux. De

ce fait, de tels lasers sont développés avec différents cristaux non linéaires.

Les effets non linéaires dans les cristaux non linéaires sont la génération de second-harmonique
(SHG : second-harmonic generation), la génération de différence de fréquence (DFG : difference-
frequency generation), la génération de somme de fréquenc (SFG : sum-frequency generation) et la
génération paramétrique optique (OPG : optical parametric generation). Ces derniéres apparaissent
grace & la susceptibilité de second ordre x@ présents dans les cristaux. Afin d’obtenir ces effets, les
deux conditions doivent étre satisfaites : la conservation d’énergie et 'accord de phase (la conservation

de moment). Ces effets sont listés sur le tableau III.1 avec les deux conditions pour chaque processus.

III.1 Pour que la conversion de fréquence soit efficace, ’accord de phase doit étre obtenu entre la
pompe et les nouvelles longueurs d’onde générées. L’accord de phase ne peut pas étre obtenu généra-

lement & cause de la dispersion chromatique dans les cristaux non linéaires. Il existe une méthode qui

TABLE III.1 — Processus non linéaires et les conditions.

Processus non linéaire ‘ Conservation d’énergie ‘ Condition d’accord de phase

SHG w4 w=2w K, + K, =Ky,
SFG w1 +we = w3 Ko + Koo = K3
DFG w1 — w2 = w3 Ko — Koo = K3
OoPG wp = wWs +wj Koy =Ko + Ko
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111 Optique non linéaire dans un cristal photonique non linéaire

s’appelle 'accord de phase par biréfringence (BPM : birefringence phase matching). Le BPM exploite
les cristaux biréfringents afin de réaliser un accord de phase suivant les polarisations des ondes optiques
en interaction. Cette méthode est trés efficace, cependant le choix du cristal et le choix du tenseur y[2!

limitent les possibilités d’interactions non linéaires [II1.1].

Il existe une autre méthode que on appelle le quasi-accord de phase (QPM : quasi-phase matching)
qui permet au contraire d’exploiter de facon optimale des cristaux non linéaires sur un grand nombre
d’interaction non linéaire. Il s’agit d’inverser le signe de la susceptibilité non linéaire du deuxiéme
ordre x(@ toute les longueur de cohérence afin d’introduire un déphasage de 7 suivant une direction
(voir la figure TII.1(a)). Ce déphasage de 7 permet une interférence constructive a chaque longueur de
cohérence, ce qui permet d’accroitre l'efficacité de conversion. Cette méthode est plus avantageuse que le
BPM en terme du choix de cristal. De plus, elle permet d’obtenir une grande variété d’interactions pour
un méme cristal en variant la période d’inversion du 2. PPLN (periodically-poled lithium niobate)
et PPLT (periodically-poled lithium tantalate) sont les cristaux trés adaptés pour la conversion de
fréquence. Grace au QPM, la conversion de fréquence devient efficace pour la SHG, la SFG, la DFG
et 'OPG.

Ces cristaux périodiquement polarisés sur une direction possédent un vecteur de réseau réciproque
(RLV : Reciprocal Lattice Vector) qui est unique. C’est ce vecteur qui intervient dans le processus de
QPM, d’une grande efficacité pour la conversion de fréquence. Malgré leur efficacité de conversion de

fréquence, cet unique RLV limite la souplesse de QPM dans ces cristaux.

Les CPNLs sont des matériaux dont le signe du x(?) est inversé périodiquement dans les deux
dimensions de ’échantillon comme illustré sur la figure II1.1(b). Les cristaux les plus utilisés sont le
niobate de lithiume (LiNbO3) et le tantalate de lithiume (LiTaO3) avec des valeurs du x(?) importantes.
De ce fait, on les appelle PPLN-2D (2 dimension periodically-poled lithium niobate) ou PPLT-2D (2

dimension periodically-poled lithium tantalate).

<« > | A

@ M ) M

F1GURE III.1 — (a) Cristal non linéaire périodiquement polarisé en 1 dimension. (b) Crital photonique
non linéaire en 2 dimensions avec les pas A, et A,.

Le réseau en 2D permet augmenter le nombre de RLVs qui peuvent intervenir dans l’ensemble
d’interactions non linéaires. Cette structure de réseau a été proposé par V. Berger en 1998 [II1.2]
et le retournement de Y en 2D engendre de nombreux vecteurs de réseau réciproques qui offrent
une flexibilité de QPM [IIL.3]. Par conséquent, les processus non linéaires associés a x@ peuvent étre
obtenus dans les deux directions du plan du cristal ou suivant ’angle d’incidence de la pompe. Par

conséquent, de nombreuses études ont été faites en utilisant ce type de cristal pour la SHG [IT1.4, TIL.5,
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111.6], la SFG [I11.7], la DFG [II1.8] ou 'OPG [IIL9, IT1.10, TIL.11].

Les CPNLs ont été utilisés également dans d’autres études telles que la génération Térahertz [I11.12],
lamplification d’impulsions ultra-rapides [III1.13] et la détection de gaz [II1.14]. De plus, le processus
OPG dans un CPNL a été utilisé pour la génération d’une paire de photons intriqués pour 'optique
quantique [III.15] et méme pour la démonstration de protocols de communications quantiques sur
une longue distance en espace libre et en fibres optiques [LI1.16, I11.17]. Donc, en vue de "application
quantique, les CPNLs peuvent étre utilisés comme un matériau compétitif pour une source de photon

unique.

Les CPNL ont également contribué a la découverte des phénoménes particuliers comme la radiation
Cerenkov non linéaire [II1.18], le faisceau SHG conique [II1.19], effet Talbot non linéaire [II1.20], les

copies des états de moment angulaire orbital [I11.21].

Il existe plusieurs structures de réseau. Les réseaux les plus utilisés sont les réseaux hexagonal et
carré. La plupart des études ont été faites avec le réseau hexagonal |I11.9, I11.11, I11.19|. Néanmoins,

un faible nombre d’études ont été menées sur le réseau carré [II1.5, I11.6, I11.10].

Dans ce contexte, nous avons choisi pour étude les PPLN-2D et PPLT-2D avec le réseau carré. Ces
études ont été menées en collaboration depuis le début avec Prof. L.-H. Peng a "Université National
de Taiwan et avec un projet BQR et un projet CNRS PICS. Pendant ces travaux, j’ai participé a
co-encadrer M. Quentin RIPAULT et Mlle. Zohra YELLAS.

1.1 SHG dans un guide de PPLN-2D

Dans un premier temps, nous avons travaillé sur la SHG dans un PPLN-2D. Ce processus non
linéaire est l'effet optique le plus utilisé pour la conversion de fréquence. Ce processus est obtenu
majoritairement dans des CPNLs sous forme de bulk. L’utilisation de ces structures en configuration
guide d’onde pourrait étre d’un grand intérét vu I’augmentation des efficacités de conversion possibles
et la miniaturisation du composant dans ce cas de figure. Récemment, les guides d’onde de PPLN ont

été utilisés pour générer une paire de photons intriqués [I11.22; 111.23].

Pour la fabrication d’'un guide d’onde dans un CPNL, les techniques de fabrication utilisées sont
la diffusion de métal et ’échange ionique [I11.24]. Cependant, ces techniques altérent les propriétés
optiques non linéaires. De plus, ces deux techniques n’ont pas été utilisées avec des structures 2D 4
cause de la modification des propriétés optiques non linéaires. Récemment, 'implantation d’ion léger
(tel que ’hélium) a été développée et il a été démontré que cette technique est trés bien adaptée a la
fabrication des guides d’onde dans des structures PPLN et PPLT avec un controle extrémement précis
de la variation d’indice et de I’épaisseur imposée au guide [I11.25, I11.26]. L’avantage de cette technique
repose sur le controle précis de 'épaisseur de guide par I’énergie d’implantation et sur le changement
d’indice de réfraction par la dose d’ions utilisé pour la fabrication du guide. Cette méthode permet

également une fabrication de couche mince de cristal non linéaire par la technique de coupe ionique de
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cristal (SmartCut) [II1.27]. De plus, elle permet de préserver les propriétés optiques non linéaires du

matériau contrairement aux autres techniques [II1.28].

Dans ce contexte, nous avons étudié pour la premiére fois le processus SHG dans un guide d’onde
de PPLN-2D fabriqué par la technique d’implantation d’ion Het. La plupart des études de SHG dans
la littérature ont été faites dans un CPNL avec un réseau hexagonal. Dans ce travail, nous avons
étudié la SHG dans un PPLN-2D avec un réseau carré. Par la suite, nous avons comparé 'efficacité
de conversion du guide d’onde avec celle du cristal massif. Ce travail a été effectué dans le cadre de la
these de Mr. Q. Ripault que j’ai co-encadré sous la direction du Prof. A. Boudrioua [III.1]. De plus,
ce travail a été réalisé en collaboration avec Prof. L.-H. Peng de I’Université Nationale de Taiwan &
Taiwan pour la fabrication des échantillons de PPLN-2D et avec Prof. E. Nstoenzok du Laboratoire

CEMHTTI & Orléans pour I'implantation d’ion d’hélium.

Le domaine de X(Q) de notre échantillons de LiNbOg est inversé périodiquement en deux directions
avec un pas de 6,92 pm. Sur la figure I11.2(a), nous présentons le réseau carré que nous avons utilisé
dans cette étude. Les RLVs interviennent dans le processus non linaire afin d’obtenir la SHG d’une

source 4 1064 nm par QPM.

Afin d’obtenir le processus SHG, il faut satisfaire les lois de conservation d’énergie et de moment
qui sont écrites par :

WSHG = Wp + Wwp (I11.1)

KSHG - Kp - Kp = Km,n

nsucAsn, T) 1y T)  mp(Xp, T)  Vm? +n2 (T11.2)
AsHe Ap Ap A

oll, wsHe est la fréquence de SHG, wy, est la fréquence de la pompe, Kgpq est le vecteur d’onde de SHG,

K, est le vecteur d’onde de la pompe et K, , est le vecteur de réseau réciproque a l'ordre de QPM

de m et n. Ces vecteurs interviennent dans un processus SHG comme montré sur la figure I11.2(a).

v v J J < v

J J 9 9 9 ~ &

FIGURE II1.2 — (a) Réseau carré d'un CPNL avec les vecteurs de réseau réciproques pour SHG. (b)
Image du PPLN-2D de réseau carré sur le coté zT.

La figure 111.2(b) montre notre échantillon de PPLN-2D en forme de réseau carré avec un pas de

6,92 pm. Les échantillons ont été fabriqués par I’équipe taiwanaise. L’inversion de domaine se fait par
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l'application d’une trés haute tension (~ 30 kV/mm) & travers un masque dont la structure porte un

réseau carré [I11.29, II1.1].

Ensuite, une partie des échantillons a subie un bombardement d’ions d’hélium par un accélérateur
de Van De Graaff avec une dose de 1,5 x 1016 ions/cm2 et une énergie de 1,5 MeV. Avec ces paramétres,
les ions s’arrétent & environ 3,6 pm sous la surface des échantillons afin de créer une barriére d’indice, ce
qui engendre un guide d’onde planaire. Cette implantation d’ion d’hélium a été réalisée en collaboration
avec le Laboratoire CEMHTI & Orléans. Nous avons caractérisé ces échantillons par le processus SHG
en pompant par une diode laser continue & 1064 nm avec une puissance de 250 mW. Les échantillons

sont chauffés & 53 °C pour exciter le vecteur Ky et a 102 °C pour les vecteurs Kq41 .

Sur la figure I11.3, 'intensité de SHG est présentée en fonction de ’angle de sortie du cristal. Nous
pouvouns remarquer deux pics & environ £5° autour du pic central pour le bulk et le guide. Ces pics
viennent en effet des vecteurs Kiyq et les angles de 4+5° sont trés proches des angles théoriques de
+4,6°.

0SS S —————

L —— Cristal massif a 102 °C 1
04} — Guide optique a 102 °C -

0,3 4

0,2 J

0,1 J

Intensité normalisée (u. a.)

0,0 :

8 6 4 2 0 2 4 6 8
Angle (°)

Figure II1.3 — Intensité normalisée de SHG en fonction de I’angle de sortie. L'image sur la figure est
une image obtenue a la sortie du cristal. Source : Ref. [ACL 1.36].

Nous avons également mesuré la puissance de SHG comme montré sur la figure I11.4(a). A une
puissance de pompe de 250 mW, la puissance de SHG dans un guide est mesurée de 2,9 mW tandis que
celle dans un bulk est mesurée de 1,1 mW. Les courbes d’ajustement montrent que la puissance dans
le guide est trois fois plus élevée que celle dans le bulk. La figure I11.4 indique 'efficacité de conversion
pour les deux cas. Nous pouvons remarquer que efficacité dans le guide est trois fois plus grande que
celle dans le bulk. Ces résultats confirment clairement que efficacité est beaucoup plus grande dans

un guide que dans un bulk grace au confinement de I’énergie dans le guide.

Les résultats nous ont révélé que grace aux RLVs nous avons obtenu le processus SHG de 532 nm a
différents angles en pompant I’échantillon & 1064 nm. De plus, le guide d’onde par 'implantation d’ion
d’hélium a permis d’augmenter trois fois son efficacité de conversion par rapport aux CPNLs massifs

grace au confinement de 1'énergie dans le guide [ACL 1.36] (voir la page 140, Chapitre IV).
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(a) Puissances de SHG mesurées dans le guide et le bulk.  (b) Efficacités de conversion du guide et du bulk.

FIGURE III.4 — Comparaison du guide et du bulk. Source : Ref. [ACL 1.36].

1.2 OPG dans un PPLT-2D

Par la suite, nous avons travaillé sur la génération paramétrique optique (OPG) dans un PPLT-2D.
Le choix de LiTaOgs s’appuie sur un champs coercitif (17 kV/cm) plus faible que celui de LiNbOg3
(40 kV/cm). Il est donc plus facile de mettre en ceuvre un poling dans un laboratoire. Parmi les
processus non linéaires associant a x(?), le seul processus OPG permet d’accorder les longueurs d’onde
générées sans modifier la longueur d’onde de la pompe. L’accordabilité peut se faire alors en variant les
paramétres du quasi-accord de phase comme la période du réseau, la température du cristal ou I’angle
d’incidence. De maniére générale, le processus OPG produit deux longueurs d’onde a partir d'une seule
longueur d’onde de pompe, qu’on appelle signal et idler. Ces avantages ont conduit des études d’OPG

dans un CPNL, notamment un PPLT-2D [II1.9, II1.10, III.11].

De plus, le processus OPG génére deux photons & partir d'un seul photon de pompe. Dans
certaines conditions d’accord de phase, deux photos jumeaux peuvent étre générés dans un état
intriqué [II1.30]. Ces deux photons intriqués peuvent étre utilisés pour les communications quan-
tiques [I11.15, II1.16, II1.17, II1.31]. En effet, une source de photons intriqués est un élément trés
important pour de nombreuses études de I'information quantique et de la communication quantique.
Donc, le PPLN-2D et le PPLT-2D qui possédent une efficacité de conversion élevée sont des matériaux

prometteurs pour de telles applications.
Comme le processus SHG dans un PPLN-2D, le processus OPG a besoin de deux conditions : la

conservation de I’énergie et la conservation de moment (QPM). Ces conditions sont données par

Wp = Ws =+ w; (III3)

Kp -K; - K; = Km,n

np(Ap, T)  ns(As,T)  ni(N,T) vVm? +n?
- - - =0 (I11.4)
A s hy A
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oll, wy, est la fréquence de la pompe w; est la fréquence de signal, w; est la fréquence d’idler, K, est le

vecteur d’onde de la pompe, K; est le vecteur d’onde de signal et K; est le vecteur d’onde d’idler.

Afin de satisfaire la condition de QPM, les RLVs peuvent intervenir pour compenser le désaccord
de phase comme on peut le voir dans 'Eq.(I1.4). La figure I11.5(a) illustre le QPM d’un processus
OPG dans un réseau 2D. En effet, les RLVs d’un réseau 2D peuvent fournir différentes combinaisons
de QPM, ce qui permet une flexibilité de QPM ou une accordabilité des longueurs d’onde signal et
idler suivant la direction des vecteurs. Afin de développer une nouvelle source cohérente accordable

large bande, il est pertinent d’exploiter le processus OPG avec les RLVs d’'un CPNL.

v

v

F1GURE IIL.5 — (a) Quasi-accord de phase dans un réseau carré d'un CPNL avec les RLV pour OPG.
(b) Image du PPLT-2D de réseau carré avec un pas de 8,52 pm.

Dans ce contexte, nous nous sommes intéressés a travailler sur ’'OPG dans un PPLT-2D. La fi-
gure II1.5(b) montre une image du PPLT-2D que nous utilisons dans nos travaux. C’est un réseau
carré comme le cas de ’étude de SHG, mais sur un PPLT-2D avec un pas de réseau de 8,52 pm. Ces

échantillons ont été fabriqués par ’équipe taiwanaise en collaboration.

Afin de caractériser les échantillons de PPLT-2D, un banc expérimental a été monté comme montré
sur la figure I11.6. Le laser pompe est un laser pulsé & 532 nm sur une durée de 500 ps. Le faisceau
laser est injecté dans l’échantillon a ’aide d’une lame demi-onde et d’une lentille. Un four chauffe
I’échantillon & 110 °C qui est une température optimale pour obtenir le QPM. Les nouvelles longueurs
d’onde générées sont collectées dans une fibre optique aprés avoir filtré la pompe a 532 nm. Le spectre

est enregistré sur un analyseur de spectre optique.

M2 plate Oven Filter Microscope
objective

Pump laser

OSA

Fibre

Lens 2D PPLT Lens

F1aURE II1.6 — Banc expérimental de mesure de spectres d’OPG. OSA : Analyseur de spectre optique.
Source : Ref. [ACL 1.46].

La figure II1.7 montre les résultats d’un processus OPG. En pompant le cristal & 532 nm, nous
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obtenons deux longueurs d’onde : le signal & 787 nm et l'idler & 1640 nm comme on peut le voir
sur la figure I11.7(a). Ces deux longueurs d’onde correspondent a la théorie. Sur la figure I11.7(b), les
longueurs d’onde du signal et de 'idler varient en fonction de la température. Le comportement de
ces longueurs d’onde est opposé avec la température. Les courbes simulées a partir des Eq.(I11.3) et
(IT1.4) en tenant compte de I’équation de Sellmeir pour le tantalat de lithium [III.32] correspondent

aux points mesurés.

7‘(3)‘ ‘ ‘ ‘ ‘ ‘ | 1650

é —-40 £ 1640
£ £1630 —idler-simulated
g 1620 e idler-measured
3 —60
= 2 1610
] > . .
2 © 800 —Signal-simulated
S-80 = 790%”-*‘—._,__ * Signal-measured
‘ ‘ ‘ ‘ ‘ ‘ ‘ 78% ‘ ‘ ‘
400 600 800 1000 1200 1400 1600 0 90 100 110 120
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FIGURE II1.7 - (a) Spectre d’un processus OPG dans un PPLT-2D. (b) Accordabilité du signal et de
'idler en fonction de la température. Source : Ref. [ACL 1.46].

La thématique a démaré au sein de I’équipe dans le cadre de thése de M. Mohamed LAZOUL [I11.33].
Dans son travail, le processus OPG a été démontré dans un PPLT-2D en pompant par un laser & 532
nm. Il a également montré que les vecteurs Kig et Kj11 interviennent dans le processus OPG afin
de générer de multiples longueurs d’onde y compris le signal et lidler [III.10]. Il a aussi travaillé

sur la démonstration d’un oscillateur parameétrique optique (OPO) en exploitant le processus dans le
PPLT-2D [I11.34].

Aprés sa thése, nous avons continué a travailler sur cette problématique, notamment dans le cadre
des theése de M. Hocine CHIKH-TOUAMI [II1.35] et de Mlle. Zohra YELLAS. Les travaux de thése de
M. Chikh-Touami ont été menés dans le cadre de thése en cotutelle avec ’Ecole Militaire Polytechnique
d’Algérie. Dans ses travaux de thése, nous avons démontré la contribution des vecteurs K et Kj4g
en fonction de ’angle incident de la pompe. Quand I’angle d’incidence de la pompe n’est pas zéro
(6, # 0), la condition de QPM se modifie en fonction de I’angle. Par conséquent, les longueurs d’onde
du signal et de l'idler varient en fonction de l'angle. De maniére générale, chaque RLV intervient
a chaque QPM, ce qui donne plusieurs signal-idler associés & différents vecteurs. Cependant, deux
vecteurs peuvent intervenir dans la méme condition de QPM & un angle donné. Dans ce contexte, nous
avons démontré que deux RLVs interviennent & la génération d’une seule longueur d’onde du signal.
Cette intervention de deux RLVs permet également d’augmenter le gain paramétrique par rapport
au cas de I'intervention d’un seul RLV [ACL 1.43]. Le deuxiéme aspect de ces travaux de thése est la
démonstration de la génération du signal-idler commun. Ceci s’appelle également génération de faisceau
jumeaux. Nous avons démontré la génération de deux idlers jumeaux issus du méme signal en associant

Ko et Ky1 sur chaque idler [ACL 1.44].
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1.2.1 Génération multi-longueur d’onde

Ce travail s’appuie sur les travaux de M. Chikh-Touami sur le processus OPG. Récemment, des
études ont été rapportées sur la démonstration d’un processus SFG-DFG simultané dans un PPLN par
un effet cascade afin de générer deux nouvelles longueurs d’onde [I11.36, II1.37]. Avec effet cascade, trois
longueurs d’onde peuvent étre générées suivant un processus SIIG & partir du signal ou de l'idler d’un
processus OPG dans un PPLT |II1.38, I11.39]. De méme, la génération de troisiéme harmonique peut
étre réalisée en cascade en combinant la SHG et la SFG [II1.40]. Dans les références [I11.41, T11.42],
un spectre large bande a été obtenu dans un PPLT de réseau hexagonal en pompant autour de la
longueur d’onde de la dispersion nul du cristal (~ 1820 nm). De plus, les auteurs ont démontré une
génération de multi-longueur d’onde en exploitant plusieurs processus non linéaires dans le méme
cristal [II1.43]. Une des applications de multi-longueur d’onde est I’application Lidar [I1I1.44, I11.45].
Les QPM multi-longueur d’onde et multidirectionnels peuvent également étre utilisés comme un milieu
de gain paramétrique prometteur pour des sources de photons intriqués multiples pour une application

de Pordinateur quantique [I11.46, 111.47].

Les travaux précédents de ’équipe ont été menés a une énergie en dessous de 10 pJ. Dans ce travail,
nous avons amélioré le banc expérimental afin d’augmenter I’énergie de la pompe au dela de 10 pJ. Les
spectre de la figure IT1.8 ont été obtenus pour une énergie de 40 pJ. Dans le spectre de la figure 111.8(a),
nous observons huit pics y compris la pompe & 532 nm, le signal & 787 nm et l'idler & 1640 nm. Ces
cinq pics supplémentaires sont originaires de différents processus non linéaire. Les longueurs d’onde
sont mesurées & 393 nm, 402 nm, 820 nm, 1514 nm et 1574 nm d’aprés les figure 111.8(b), (c) et (d).

Nous avons analysé chaque nouvelle longueur d’onde générée.

e La longueur d’onde de 393 nm peut facilement étre identifiée du fait qu’elle est la moitié de la
longeur d’onde du signal & 787 nm. L’origine de ce pic est donc le processus SHG. D’aprés les
Eqs.(I1L1.1) et (II1.2), le processus SHG est effectué au 3*™° ordre de QPM avec un pas de 8,4 pm

qui est proche du pas de réseau de 8,52 pm.

e Le pic de 402 nm est originaire d’un process SFG entre la pompe a 532 nm et l'idler & 1640 nm.
D’apres les Egs.(111.3) et (111.4), le QPM de l'ordre 2 intervient dans le processus avec un pas de
8,1 pm.

e Il apparait que lidler & 1640 nm lui-méme interagit afin de générer une longueur d’onde a 820
nm dans un processus SHG. Cependant, le calcul & 'aide des Eqgs.(I11.1) et (I11.2) donne lieu a
un pas de 21 pm.

e Le signal a 787 nm et l'idler & 1640 nm pourraient encore interagir pour donner une longueur
d’onde de 1514 nm dans un processus DFG. Cependant, le pas de QPM obtenue est alors de
21 pm.

e La longueur d’onde de 1574 nm correspond au double de 787 nm. Il se pourrait que ceci est da

a la génération demi-harmonique (HHG : Half-harmonique generation) du signal. La encore, le
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F1GURE II1.8 — (a) Spectre d’une multi-longueur d’onde dans un PPLT-2D. Agrandissement de spectre
(b) entre 350 nm et 450 nm, (c) entre 730 nm et 830 nm et (d) entre 1490 nm et 1660 nm. Source :
Ref. [ACL 1.46].

pas de QPM calculé devrait étre de 21 pm.

La premiére analyse nous indique que le processus SHG du signal et le processus SFG de la pompe
et de l'idler ont eu lieu avec la vérification des deux conditions. De plus, ces processus sont issus de
Ieffet cascade & partir du signal et de I'idler. En revanche, la condition de QPM n’est pas respectée
pour les pics & 820 nm, & 1514 nm et & 1574 nm. Nous avons analysé ces pics d’une autre maniére. En
effet, une deuxiéme analyse nous révéle la possibilité d’un autre processus OPG qui génére des pics a
820 nm et 1514 nm pour un pas de 8,38 ym. Avec cet analyse, nous suggérons 'existence potentielle
d’un pic & 803 nm qui proviendrait d’'une OPG avec le pic & 1574 nm par la pompe a 532 nm et pour
un pas de 842 um (voir le tab. TI1.2). Ces résultats nous montrent qu’une multi-longueur d’onde est

générée en respectant les deux conditions.

Nous avons également effectué une étude en variant 1’énergie de la pompe de 7 pJ a 37 pJ. En
variant ’énergie par un pas de 1 pnJ, une cartographie de spectre optique a été établie comme montré

sur la figure I11.9. D’aprés la cartographie, le processus SHG commence & apparaitre & une énergie de
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TABLE II1.2 — Le pas et 'ordre de QPM pour chaque processus non linéaire dans un PPLT-2D.

A (nm) | interaction | Pas de QPM A (pm) | Ordre de QPM m
393 SHG 8.4 3
402 SFG 8.1 2
787, 1640 OPG 1 8.51 1
820, 1514 | OPG 2 8.38 1
803, 1574 | OPG 3 8.42 1

10 pJ et le processus SFG a 11 pJ et enfin les autres processus a 15 .
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F1GURE II1.9 — Cartographie de spectre en fonction de l'énergie de la pompe. Source : Ref. [ACL 1.46].

Dans ce travail, nous avons démontré pour la premiére fois la génération d’une multi-longueur
d’onde par différents processus non linéaires dans un PPLT-2D de réseau carré. Les processus SHG
et SFG ont été obtenus par l'effet cascade & partir du processus OPG. Les résultats montrent qu’il
est possible que deux processus OPG complémentaires se soient produits [ACL 1.46] (voir la page 147,
Chapitre IV). Ces travaux ont été effectués dans le cadre de theése de Mlle. Yellas [II1.48] que j’ai

participé a co-encadré.

1.2.2 Deégénérescence multi-longueur d’onde

Nous avons vu sur la figure I11.7(b) I’évolution des longueurs d’onde du signal et de l'idler en
fonction de la température. L’évolution des longueurs d’onde obtenues dans la partie précédente a
également été étudiée avec la température. Afin d’obtenir le spectre de multi-longueur d’onde en
variant la température, le banc expérimental montré sur la figure I11.6 a été entierement automatisé.
La figure I11.10 présente les spectres de la multi-longueur d’onde de 40 °C & 140 °C. Sur la figure, les
différents pics sont observés, notamment le signal pour le pic (5) (ws) et 'idler pour le pic (6) (w;).
La pompe résiduelle est également présente par une ligne droite & 532 nm. On peut remarquer sur la
figure que neuf pics sont générés a partir d'une seule pompe (wp). Les pics observés sur la figure II1.8

sont également tous présents sur la figure I11.10. On peut aussi remarquer qu’a coté de la pompe, il
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existe deux nouveaux pics (pics (3) et (4)) dont les longueurs d’onde changent avec la température. La
cartographie révéle que la multi-longueur d’onde est accordable sur une plage de plus de deux octaves
allant de 'UVA au proche infrarouge. Dans ce comportement des pics en fonction de la température,
nous pouvons observer deux aspects principaux : 'origine du comportement des pics et le point de

croisement a 65 °C.

D’apres cette cartographie, nous avons déduit les relations de ces longueurs d’onde qui sont synthé-
tisées sur la table II1.3. La conservation d’énergie peut suggérer les processus & 'origine de chaque pic
comme indiqué sur la table. Comme nous pouvons remarquer, les nouvelles longueurs d’onde générées
a part le signal et l'idler résultent de linteraction de la pompe, du signal et/ou de l'idler dans un
processus en cascade. Ils sont donc correlés entre eux. Le pic (4) apparait comme un processus THG
(third-harmonic generation) de l'idler (3w;). Comme le PPLT n’a pas la symétrie d’inversion, ce pic ne
proviendrait pas de la susceptibilité de troisiéme ordre. Il est plutét suggéré que le pic est un résultat
de SFG de 2w; et w; par un processus cascade. Ce processus THG par un processus cascade de SHG
et SFG a également été démontré dans la littérature [I11.7, II1.40]. Les pics (1), (2), (3), (4), (5) et (9)
vérifient les équations de conservation par QPM au premier, deuxiéme ou troisiéme ordre, pour un pas
du cristal de 8,51 pm. En revanche, les pics (6), (7) et (8) ne vérifient pas le QPM directement avec
ce pas. Il faut cependant remarquer que la relation entre les pics (6) et (7) avec la pompe donne lieu
a wp = 2w; + ws —w; (= ws + w;) avec une période de QPM d’environ 8,38 pm. Ces longueurs d’onde
correspondent & 820 nm pour le pic (6) et & 1514 nm pour le pic (7) & la température de 110 °C comme
indiqué sur le tableau I11.2. Le pic (8) peut étre généré de facon similaire. Une interaction pourrait se
faire de la maniére suivante : w, = ws/2 + ws/2 + w; (= ws + w;) avec une période de QPM d’environ
8,42 pm. Ceci suggére une existence d’un autre pic (ws/2 + w;) dont la longueur d’onde correspond a
803 nm & 110 °C. Cette longueur d’onde est également mentionné sur le tableau I11.2. Comme expliqué
dans la partie précédente, ce pic serait présent, mais noyé par un large spectre du signal. En tenant

compte de cette hypothése, tous les pics sont générés en accord avec les condition de QPM dans le
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FiGURE II1.10 — Spectres mesurés en fonction de la température.
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TABLE II1.3 — Fréquences des pics générés.

Numéro de pic (1) (2) (3) 4) | (6) | (6) (7) 8 | (9
Fréquence 2w | wp +wi | 2ws — w; 3w; Ws 2w | ws—w; | ws/2 w;
Processus attendu | SHG SFG DFG THG | OPG | SHG DFG HHG | OPG

cristal.

Le processus cascade pour la génération de multi-longueur d’onde est résumé sur la figure I11.11.
La pompe w, déclenche d’abord un processus OPG pour générer w; et w;. Ces trois longueurs d’onde
interviennent dans des processus SHG, HHG, DFG et SFG dans le premier processus cascade pour
générer 2w, ws/2, ws — wi, 2w; et wy + w;. Dans le second processus cascade, 2ws — w; et 3w; sont
géneérés par les processus DFG et SFG. Dans ce travail, tous les processus associés a x(2) sont obtenus
par deux processus en cascade, a la fois sur une plage de spectre allant de 'UVA au proche infrarouge
pour un seul cristal. Ceci est la premiére démonstration de la génération de multi-longueur d’onde par
effet cascade avec tous les processus non linéaires associés a x(2). D’apres ces résultats, il est possible

que d’autres processus apparaissent avec une puissance de pompe plus élevée.

(SHG) 205

%@;: 0.2

K s
w, sy
! >
3wi

(5HG) 20,

(SFG)——> w,+o,

FIGURE III.11 — Schéma du processus cascade de la génération de multi-longueur d’onde.

La cartographie de la figure II1.10 révéle un autre phénoméne ot tous les pics convergent vers
quatre longueur d’ondes & 65 °C. Ainsi, les pics (1) et (2) vers 399 nm (2w;), les pics (3) et (4) vers
532 nm (wp), les pics (5) et (6) vers 798 nm (wy), et les pics (7), (8) et (9) vers 1596 nm (w;). Il est
évident que le pic & 399 nm correspond a la SHG de 798 nm (wsgyg = 2ws), lui-méme la SHG de lidler
a 1596 nm (ws = 2w;) qui est par ailleurs le triple de la pompe & 532 nm (w, = 3w;). Ainsi, nous
avons obtenu une dégénérescence multi-longueur d’onde. Comme on peut voir sur la figure I11.10, la
puissance des pics se réduit brutalement en dessous de 65 °C. Par conséquent, il est difficile d’observer
les autres pics & part le signal et I'idler. Néanmoins, les pics peuvent étre observés parfois en montrant
un comportement croisé. La longueur d’onde du pic (2) devient plus faible que celle du pic (1). Les
pics (3) et (4) se croisent pour une position opposée en longueur d’onde. Cela se passe également pour

les pics (5) et (6). Pour les pics (7), (8) et (9), ils se positionnent & 'ordre inversé : (9), (8) et (7). Ce

64



111 Optique non linéaire dans un cristal photonique non linéaire

point de croisement est un point qui pourrait en effet étre gouverné par une relation suivante :

Wp + Ws = WSHG + wj (I11.5)
K, + K, — Ksno — K;i = K (I11.6)

Ceci ressemble & un mélange & quatre onde, mais sans la contribution de X(B) ceci est un processus
SFG a quatre ondes. Le QPM est obtenu & Pordre 2. A cette température, la conservation d’énergie et
la condition d’accord de phase sont respectées. Dans la partie précédente, nous avons interprété le pic
(1) comme le processus SHG du signal a 'ordre 3. D’aprés les Eqs.(I111.5) et (I11.6), il est suggéré que
le pic wgga viendrait du processus SFG a 'ordre 2 plutot que le processus SHG du signal a U'ordre 3.
Cette relation n’apparait évidente qu’a la température de 65 °C. La simulation montre que la longueur
d’onde de croisement ne varie qu’avec le changement de la longueur d’onde de la pompe. En revanche,
la température de croisement varie avec la période du PPLT. Ce point est donc un point ot plusieurs

processus fusionnent pour le processus SFG a quatre ondes.

Ce processus a quatre ondes a aussi été observé dans la littérature [I11.39]. Dans ce travail, les
auteurs ont généré le signal (870 nm) et Iidler (1370 nm) par une pompe & 532 nm dans un PPLT
1D de 7,9 pm dans un processus OPG. Par la suite, ils ont obtenu un pic bleu (435 nm) qui résulte
d’un processus SHG du signal & 'ordre 2 généré par le processus OPG. Cependant, ces quatre lon-
gueurs d’onde satisfont aussi la conservation d’énergie et la condition d’accord de phase & l'ordre 1
des Eqgs.(I11.5) et (I11.6). Donc, le pic dans le bleu serait aussi a l'origine d’un processus SFG a quatre
ondes au premier ordre plutét quun processus SHG a 'ordre 2. Nous avons donc constaté un nouveau
processus SFG & quatre ondes & base du processus OPG. Un article est en cours de préparation pour

soumettre dans un journal.

Grace aux travaux menés dans cette thématique, j'ai obtenu un projet BQR pour 'année 2017 et
un projet PICS CNRS pour une durée de 3 ans. Gréce a ces projets, nous allons développer davantage
cette thématique et consolider la coopération scientifique avec Prof. Peng a Taiwan. De plus, nous

avons recruté Mlle. Safia MOHAND-OUSAID en thése en 2017 pour la suite de ces travaux.
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IT1.2 DYNAMIQUE NON LINEAIRE D’UNE DIODE LASER SOUMISE A UN
RETOUR OPTIQUE

LA DYNAMIQUE NON LINEAIRE D’UNE DIODE LASER soumise & un retour optique est une
autre thématique principale dans laquel je travaille au LPL. Cette thématique était une de mes
principales activités de recherche durant mes travaux post-doctoraux au Royaume Uni. Les travaux
ont été menés par Mlle. Fadwa BALADI dans un cadre de thése CIFRE en collaboration avec 3SP
Technologies (anciennement 3S Photonics) et par Mlle. Ana Gabriela CORREA-MENA dans un cadre
de thése en collaboration avec FINAOE (Instituto Nacional de Astrofisica, Optica y Electrénica) du

Mexique. J’ai participé activement a co-encadrer ces théses.

2.1 Retour optique filtré par FBG

De nos jours, le besoin de télécoms par voie de fibre optique augmente et les liaisons intercontinen-
tales sont déployées plus particuliérement sous la mer. Les liaisons sous-marines sont assurées par des
cables optiques solides et des amplificateurs optiques de type EDFA (Erbium-doped fibre amplifier).
Les EDFAs se constituent principalement d’une diode laser pompe & 980 nm et d’une fibre dopée Er-
bium de quelque métre. Gréace a ’émission de I'erbium dans la bande des télécoms optiques, la perte
due & la trés grande longueur de fibre est compensée par une amplification des signaux optiques. En
général, la diode laser pompe est une diode laser soumise & un retour optique par un réseau de Bragg
fibrée (FBG : Fibre Bragg grating). Par conséquent, la pompe est susceptible d’étre perturbée par ce

retour, induisant une perturbation dans les liaisons.

Dans le chapitre précédent, nous avons vu qu’un retour optique modifie les propriétés de diode laser,
notamment son comportement dynamique et 1’élargissement spectrale. Durant plus de trois décennies,
les comportements dynamiques d’une diode laser soumise & un retour optique ont largement été étudiés
[II1.49, II1.50]. Récemment, ces études ont également étendues a des lasers a cascade quantique a
un retour optique [II1.51]. La plupart des études ont été effectuées avec un simple miroir, ce qui
donne lieu un retour optique conventionnel (COF : conventional optical feedback). Cependant, il existe
trés peu d’études sur des diodes lasers soumises a un retour optique filtre (FOF : Filtered optical
feedback) |I111.52, I11.53]. La diode laser pompe d'un EDFA est constituée d’une diode laser a forte

puissance et d’'un FBG pour un retour optique comme illustré sur la figure I11.12.

Laser Diode Pigteiiled External Cavrty FBG Isolator
FicUurg II1.12 — Module pompe d’'un EDFA constitué d’une diode laser et d'un FBG. Source :
[ACL 1.40].

Ce module pompe est en effet une diode laser soumise a un FOF. Il a été rapporté qu'une telle
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configuration peut fournir une émission stabilisée en longueur d’onde [IT1.54, ITL.55, I11.56, I11.57].
Cependant en fonction du taux de retour (la réflectivité de FBG), ce module pompe peut aussi montrer
différents comportements dynamiques. Parmi les comportements dynamiques, il existe les fluctuations
chaotiques et les fluctuations basses fréquences (LFF : Low frequency fluctuations) en régime IV [I11.58,
I11.59]. Le comportement LFF indique les fluctuations chaotiques dont I'intensité chute brutalement et
remonte progressivement (voir la figure II1.14(a) et (b)). Les fréquences de ces fluctuations se trouvent
sur une plage de 10-100 MHz, ce qui est basse fréquence par rapport au chaos développé a une fréquence
de quelques GHz. De ce fait, on 'appelle le LFF dropout. Ce comportement est une des caractéristique
d’une diode laser soumise & un retour optique. Il peut cependant nuire particuliérement aux liaisons
sous-marines. Il est donc trés important d’étudier les comportements dynamiques de la diode laser

pompe.

Pour cette étude, nous avons choisi de cartographier les comportements en fonction du taux de
retour optique et du courant d’injection du laser. Il existe déja des études sur les cartographies des
comportements dynamiques [LI1.60, II1.58, II1.61]. Ces cartographies ont été faites sur des diodes la-
sers soumises & COF, mais aucune cartographie sur des diodes lasers & FOF. Dans cette étude, une
cartographie a été établie pour la premiére fois sur une diode laser soumise & FOF par un FBG. Grace

a cette cartographie, nous allons identifier quelques comportements dynamiques.

Afin d’établir une cartographie, nous avons monté un banc de caractérisation d’une diode laser
multimode a 980 nm avec un FBG comme illustré sur la figure I11.13. La réflectivité du FBG est de
30 % a 980 nm avec une largeur de raie de 0,6 nm. Dans le module pompe de la figure I11.12, nous avons
intégré un atténuateur optique variable pour ajuster le taux de retour optique (VOAL), formant ainsi
une cavité externe de 4,2 m. Le VOA2 diminue la puissance pour le photodétecteur. Le signal électrique
du PD est filtré par un filtre passe-bas de 100 MHz, puis enregistré sur un oscilloscope numérique avec
200 000 points par tracé dans une fenétre de 40 ps. La puissance de la diode laser est de 350 mW a
500 mA et a 25 °C. Le courant de seuil du laser isolé est de 75 mA. En tenant compte la perte du
VOA 1 sur Daller-retour et de la réflectivité du FBG a 30 %, le taux de retour varie de 0 % a 12,5 %.
Le banc est entiérement automatisé par un ordinateur qui commande le contréleur de courant par une

communication GPIB (General purpose interface bus) et le VOA1 par une communication RS232.

= vou |=HEEHED{—

- FBG Isolator

Current PC I | Digital I llOOMHzI l PD
source GPIB/RS232 oscilloscope LP filter

Fiqure II1.13 — Banc de caractérisation de comportements dynamiques. VOA : atténuateur optique
variable. PD : Photodetecteur. Source : |[ACL 1.40].

Dans un premier temps, nous avons étudié ses comportements dans le domaine temporel comme
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tracé sur la figure I11.14. En augmentant le courant, le comportement change. Les figures I11.14(a) et
(b) montrent un comportement LFF dropout. La figure 111.14(c) présente un comportement du régime
chaotique complet. La figure 111.14(d) affiche un comportement inhabituel, ce que l'on appelle LFF
gump-up. Ce dernier a été observé pour la premiére fois dans la ref. [II1.60] et peut étre observé a un
fort retour optique ou & un fort courant de la diode laser. Sur la figure I11.14 & droite, nous pouvons
remarquer que le pic (mode) des histogrammes se déplace selon ses comportements. Nous avons étudié
ces histogrammes avec les longueurs de 'aile gauche (Ngoyn) et de aile droite (IV,;,) par rapport au
pic. Pour le comportement LFF dropout, Ngown > Nup, Ndown = Nup pour le comportement chaotique

complet et Ngoun < Nyp pour le comportement LFF jump-up.
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F1GURE II1.14 — Tracés temporels (& gauche) et histogrammes (& droite) a 83 mA (a), (a’), & 124 mA
(b), (b"), 189 mA (c), (c¢’) et 4 250 mA (d), (d’) pour un retour optique de 3.0 %. Source : [ACL 1.40].

Nous avons classé ces trois comportements avec des valeurs de Ny, — Ngown en code de couleur.
Ainsi nous avons établie une cartographie de comportements comme indiqué sur la figure I11.15. Sur
la cartographie, la couleur verte indique le comportement chaotique complet, la couleur rouge signifie
le LFF jump-up et la couleur bleue représente le LFF dropout. La zone grise & faible courant est
une indication du seuil laser. Cette cartographie est établie & partir de 11 275 tracés obtenus sur une
plage de courant de 50 mA & 500 mA par un pas de 1 mA. Le taux de retour varie quant & lui de
0.5 % a 12,5 % avec un pas de 0,5. Le courant maximum atteint correspond a sept fois le seuil laser.
En comparant avec les études précédentes [I11.60, II1.58], le comportement LFF se trouve dans une
trés grande plage de courant pour de bas taux de retour. Quand le taux de retour augmente, le zone

de LFF dropout augmente comme démontré dans la réf. [II1.58], mais se réduit a partir de 3 % et
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disparait au dela de 6 %. Le comportement LFF jump-up domine en fort courant. Notre cartographie
est similaire & celle rapportée dans la réf. [I11.60], mais elle est plus détaillée. La différence avec les
autres cartographies pourrait provenir de deux faits : une diode laser multimode et la présence de FBG

qui introduit un retour sélectif en fréquence.
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Figure III.15 — Cartographie de comportements dynamiques en fonction du taux de retour et du
courant. Source : [ACL 1.40].

Grace a I'automatisation totale du banc, nous avons effectué pour la premiére fois une cartographie
des comportements dynamiques en fonction du courant de laser et de la température pour une diode
laser multimode & 980 nm avec plus de détails que celles rapportées dans les Refs. [II1.60, IT1.58].
L’expérience a révélé qu’il y a trois types de comportement dans le régime IV : LFF dropout, LFF
jump-up et du chaos complet [ACL 1.40] (voir la page 153, Chapitre IV). Ce travail a été mené dans
le cadre de la thése de Mlle. Baladi [111.62] et dans le cadre du projet OSEO VERTICAL (Vertically
integrated Enhanced pRoducTs for Industrial Chain using Amplifier Lasers) en collaboration avec 3SP

Technologies.

2.2 Observation des ondes scélérates

Ces travaux ont commencé par la découverte d’ondes scélérates par hasard pendant les travaux de

thése de F. Baladi. Je vais décrire rapidement ces travaux sur les ondes scélérates.

Les vagues scélérates ont été observées depuis des siécles. En océanologie, elles sont définies comme
des vagues supérieures a leurs valeurs moyennes plus de quatre a huis fois la valeur de I’écart type [I11.63].
En général, de telles vagues sont considérées comme des événements extrémes qui sont rares et qui ré-
sultent de systémes non-linéaires. Ces événements ont attirés une attention particuliére afin d’étudier

des vagues scélérates en océanologie [II1.63], le climat extréme [II1.64], la crise financiere [II1.65], etc.

En optique, de telles vagues, dites ondes scélérates ont été observées pour la premiére fois par Solli
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et al. dans un processus de génération de supercontinuum [I11.66], suivi d’une étude numeérique [I11.67].
Depuis ces travaux, les ondes scélérates ont été observées dans la génération de soliton Peregrine [I11.68]
et dans un laser Ti-Sapphire mode-locké par lentille Kerr [I11.69]. La génération des ondes scélérates a
été démontrée également dans la génération de supercontinuum utilisant un laser d’émission continue
[II1.70]. Dans ces études, le mécanisme de la génération des ondes scélérates a été étudié dans un

systéme optique non linéaire utilisant 1’équation Schrédinger non linéaire [II1.71].

Il existe une autre approche qui exploite les comportements déterministes utilisant des diodes
lasers [IT1.72]. Les ondes scélérates ont également été observées dans un systéme utilisant un VCSEL
avec injection externe [I11.73, I11.74|, dans une diode laser soumise & un retour optique conjugué en

phase |II1.75] et dans une diode laser avec une cavité trés courte [I11.76].

Dans la section précédente, nous avons vu qu’a certains taux de retour, les diodes lasers soumises
4 un retour optique peuvent manifester un comportement particulier, notamment fluctuation basse
frequence (LFF) qui est une des caractéristiques typics avec chute (LFF dropout) ou saut d’intensité
(LFF jump-up) dans le régime IV. Contrairement le comportement de LFF dropout, le comportement

de LFF jump-up a été trés peu étudié [I11.60].

Dans ce travail, nous observons pour la premiére fois des ondes scélérates utilisant une diode laser
soumise & FOF comme le systéme de la figure I11.13. Par la suite, nous allons établir une cartographie
de 'onde scélérate en fonction du courant de laser et du taux de retour optique. Notre objectif consiste &
déterminer la plage des paramétres otl le phénoméne de I'onde scélérate apparait. Nous allons également

étudier la relation entre 'onde scélérate et la LFF, notamment le jump-up.

Les ondes scélérates ont été obtenues avec le systéme déja vu sur la figure I11.13 pour de différents
courants et taux de retour sur la figure I11.16. Dans ce travail, nous utilisons la définition en océanologie
pour déterminer le seuil de 'onde scélérate. La ligne rouge sur la figure représente le seuil de 'onde
scélérate obtenue suivant cette définition. Sur la figure I11.16(a), une onde scélérate est observée sur une
fenétre de 40 ps et dépasse clairement 8 fois I’écarte type. 1l a été vérifié que la trace temporelle montre
généralement un comportement dynamique chaotique. Sur la figure 2(b), Ponde scélérate apparait plus
fréquemment. Sur la figure I11.16(c), elle apparait encore plus fréquemment. En occurrence, ce n’est

plus un événement rare.

Afin d’étudier la condition d’apparition, le nombre de 'onde scélérate est compté pour chaque
trace de 40 ps en fonction du taux de retour et du courant. Les nombres sont utilisés pour établir
une cartographie comme montrée sur la figure I11.17. Cette cartographie a été obtenue avec les mémes
parameétres que ceux de la cartographie sur la figure 111.15 de la section précédente. Le nombre de
I’onde scélérate est codé en échelle de couleur. La figure I11.17 montre 2 zones d’apparition de 'onde
scélérate. Nous pouvons remarquer que ’onde scélérate disparait en augmentant encore le courant ou

le taux de retour.

Dans la section précédente nous avons identifié les zones des comportements LFF dropout et LFF
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FIGURE II1.16 — Ondes scélérates observées pour (a) 5,5 % et 240 mA, (c) 2,0 % et 223 mA, (e) 0,5 %
et 167 mA et les histogrammes correspondants. Source : [ACL [.41].

jump-up sur une cartographie [ACL 1.40]. A partir de ces travaux, ces zones sont indiquées sur la
figure I[I1.17. Nous pouvons remarquer que l'onde scélérate fait en effet partie de LFF jump-ups qui
peuvent apparaitre rarement avec des impulsions intenses. A haut courant, ces impulsions intenses
apparaissent si fréquemment que le seuil de 'onde scélérate dérive vers le haut. Par conséquence,
suivant la définition océanologique l'onde scélérate disparait en augmentant le courant de laser, mais
les impulsions existent. Nous pouvons remarquer que ’onde scélérate n’existe plus au dela de 6 % de

taux de retour qui est également la limite de existence de LFF dropouts.

500 30
450 Jump-up
25
Z
400 E
— 350 20 T
g = g
= 300 =— =
c = 115 3
2 250 = Q
- 4]
o
200 3
3
150 @

Drop-out

50 L
2 4 6 8 10 12
Optical feedback ratio (%)

Fi1cURrE II1.17 — Cartographie des ondes scélérates en fonction du taux de retour et du courant. Source :
|ACL L.41].
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Nous avons observé pour la premiére fois 'onde scélérate en utilisant une diode laser puissante
a 980 nm soumise & un retour optique filtré via un FBG. Une cartographie de 'onde scélérate a été
établie expérimentalement en fonction du courant et du taux de retour. D’aprés la cartographie, ’onde
scélérate existe dans les zones ot LFF jump-ups apparaissent |[ACL 1.41] (voir la page 157, Chapitre
V).

2.3 Etude d’une diode laser soumise & une SBS

Depuis 2015 je développe une collaboration avec Dr. I. Zaldivar & 'INAOE (Instituto Nacional de
Astrofisica, Optica y Electronica) au Mexique. En septembre 2017, j’ai accueilli dans le cadre de cette

collaboration Mlle. Ana Gabriela CORREA-MENA qui effectue ses travaux de thése a 'INAOE sous

sa direction. Elle est restée 8 mois au LPL pour mener ’étude que je vais décrire dans cette partie.

Jusqu’a présent, nous avons vu les comportements dynamiques chaotiques dans les diodes lasers
soumises a un COF et a un FOF par un FBG. Il existe aussi des études avec des diodes lasers sou-
mises & un retour conjugué en phase [II1.77, II1.78] et des diodes lasers soumises a un retour décalé en
fréquence [I11.79, I11.80]. Nous avons également vu les applications de ces diodes lasers aux communi-
cations sécurisées et a la génération des ondes scélérates. Mais ces lasers chaotiques ne se limitent pas
uniquement & ces applications. Grace a leurs comportements trés complexes, les lasers chaotiques ont
également été utilisés pour des démonstrations de lidar chaotique [II1.81], de radar chaotique [II1.82],
de réflectomeétrie chaotique dans le domaine temporel (COTDR : chaotic optical time-domain reflecto-

metry) [IT1.83], de la génération de nombres aléatoires [I11.84] et de reservoir computing [I11.85, T11.86].

Récemment, les lasers chaotiques voient de nouvelles applications en associant & la SBS telles
que la suppression de SBS [I11.87], BOCDA (Brillouin optical correlation-domain analysis) [I11.88], la
génération de réseau Brillouin dynamique [ITI.89, II1.90] et la suppression de la signature de retard
temporel utilisant SBS [II1.91]. Nous avons vu dans le chapitre précédent la SBS dans une fibre optique.
La rétrodiffusion Stokes d'une fibre monomode standard est décalé de —11 GHz en fréquence par

rapport a la pompe & 1550 nm.

Contrairement & un retour optique conventionnel (COF), nous envisageons dans ce travail pour
la premiére fois un retour optique par une rétrodiffusion Brillouin stimulée (SBSOF) dans une fibre
monomode standard de 4 k. Comme le retour optique est décalé de —11 GHz, cette configuration

peut étre considérée comme une configuration de retour optique décalé en fréquence [I11.79, T11.80].

Pour cette étude, nous avons monté deux bancs expérimentaux pour une configuration de COF et
pour une configuration de SBSOF comme illustré sur la figure 111.18. Les deux bancs sont similaires.
L’émission de la diode laser & 1450 nm (3SP Technologies) est injectée dans une fibre monomode de 4 km
a travers deux circulateurs optiques (OC1, OC2) et le port-90% d’un coupleur optique. C’est une diode
laser puissante utilisé en général pour une pompe d’amplification Raman. Le port-10% du coupleur

est utilisé pour observer les comportements dynamiques par un VOA, un photodétecteur (12 GHz) et
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un analyseur de spectre RF (26 GHz). Le VOAL1 ajuste le niveau de puissance pour le photodétecteur.
Pour la configuration de COF sur la figure I11.18(a), la sortie de la fibre est réinjectée par le port 1
d’0OC1 en passant l'isolateur et le VOA2, formant une boucle fermée. L’isolateur permet d’éviter des
réflexions parasites et le VOA2 ajuste le taux de retour optique. Cette configuration correspond a une
cavité en anneau, différente de la cavité externe de la figure I11.13. La grande longueur de fibre induit
un grand retard temporel de 21,3 pus en prenant en compte également les composants fibrés. Pour la
configuration de SBSOF de la figure 1I11.18(b), la SBS reviens vers le port2 de 'OC2 et est injectée
a la diode laser par le port3 d’OC2 et par le portl de ’OC1. Si le portl n’est pas connecté, c’est
une configuration en boucle ouverte. La puissance du laser solitaire est de 270 mW & 1000 mA, mais
la puissance est réduite & 140 mW avant d’injecter dans la fibre & cause des pertes intrinséques des

composants optiques.

4km fibre 4km fibre

(a) Banc expérimental pour COF (b) Banc expérimental pour SBSOF

FiGuRre II1.18 — Bancs expérimentaux pour deux configurations. OC : Circulateur optique. Source :
[ACL 1.48].

Afin de comparer les deux configurations, nous avons établi pour chaque configuration une cartogra-
phie & partir de spectres RF mesurés en fonction de courant comme montré sur la figure I11.19. L’allure
des deux cartographies sont trés différentes. Sur la figure I11.19(a), un pic se trouve a 14,41 GHz. Ce
dernier pourrait venir de la cavité interne qui a une longueur de 3,1 mm. La cartographie de COF
révéle une dynamique trés riche jusqu’a 16 GHz. La fréquence de la cavité externe est aussi présente et
elle est mesurée a 47 kHz a cause de la fibre de 4 km. En revanche, sur la figure 111.19(b), a partir de
295 mA la BFS est observée a 11,46 GHz, ce qui correspond & celle de la théorie pour une pompe de
1450 nm. Ceci est une preuve que la SBS existe et qu’elle influence les comportements dynamiques de
la diode laser, ce qui donne lieu un comportement chaotique. La largeur de raie de BGS est mesurée a
30 MHz. La fréquence d’oscillation de relaxation est également visible & partir de 200 mA. Il est suggéré
que ceci résulte de la rétrodiffusion Rayleigh qui co-existe avec la SBS. Le pic de la cavité interne est
décalé &4 15 GHz. Le pic a 3,6 GHz est di au battement entre la fréquence de la cavité interne et la
BFS. La SBS dépend de la largeur spectrale de la diode laser et 1’élargissement spectral peut réduire

la SBS [II1.87]. Les résultats montrent que le systéme se trouve dans un compromis entre les deux.

L’étude sur les fonctions d’auto-corrélation dévoile que la configuration de SBSOF ne montre pas
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F1aUurg I11.19 — Cartographie des ondes scélérates en fonction du taux de retour et du courant. Source :
|ACL 1.48].

la signature de retard temporel contrairement a la configuration de COF. Ceci est avantageux pour

des applications aux communications sécurisés et a la génération de nombre aléatoire[ACL 1.48].

Dans ce travail, nous avons étudié les comportements dynamique d’une nouvelle configuration de
diode laser soumise & un retour optique a partir de la SBS. Pour cette étude, nous avons utilisé une
diode laser puissante & 1450 nm. Les résultats expérimentaux révélent une allure de comportement
pour les configurations de COF et de SBSOF trés différente. Plus particuliérement, les résultats de la
configuration de SBSOF montrent un comportement qui ressemble & un comportement chaotique avec
la BFS & 11,41 GHz, ce qui prouve la présence de SBS. Ceci est une démonstration importante en vue

d’application aux capteurs Brillouin & fibres optiques.

III.3 AUTRES ACTIVITES DE RECHERCHE

J’ai également travaillé sur les OLED (diode électroluminescente organique) pompée par des impul-
sions électriques bréves. Il s’agit de la démonstration d’une diode laser organique (OLD : organic laser
diode). Ces travaux portent un défi scientifique et technologique, car une diode laser organique pompée
électriquement n’a jamais été démontrée a cause de la faible mobilité d’électron dans des matériaux
organiques, de 'annihilation de singulet-triplet et d’un seuil laser trés élevé, etc. Dans une OLED,
la durée de vie de triplet (non radiatif) est plus longue que celle de singulet qui est radiatif. Pour
affranchir 'annihilation, la durée d’excitation des impulsions électriques doit étre plus courte que la
durée de vie de triplet. Afin d’atteindre le seuil laser, nous avons opté pour une réduction de la taille
d’OLED a 87x120 pm?. La réduction de la taille ’OLED permet d’augmenter la densité de courant
pour un courant donné et de réduire le temps de réponse. De plus, la structure de ’échantillon d’OLED
est spécialement concue pour faire passer des impulsions électriques trés courtes dans le circuit comme
montré sur la figure 111.20. Cette structure innovante est 'objet du dépdt d’un brevet. Dans ce circuit,
des impulsions & une amplitude de 100 V sont injectées dans une p-OLED pour I'excitation électrique.

Gréace a la structure innovante de ’ensemble de circuit OLED, la densité de courant est atteinte &
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2 kA /cm? par des impulsions de 9 ns. En théorie, il faut une densité de courant de 10 kA /cm? pour
surmonter le seuil laser. La densité de courant que nous avons obtenue est donc ’avancement d’un
pas vers la réalisation d’'une OLD. La comparaison avec la modélisation d'une OLED par un circuit
RC nous a permit de déduire la capacitance et les résistances internes de ’'OLED [ACL 1.47] (voir la

page 161, Chapitre IV). Ce travail a été mené dans le cadre de thése de Mr. Alex Chime [I11.92].

FIGURE I11.20 — Structure de p-OLED. L’OLED d’une taille de 87x120 pm? se trouve dans le cercle.
L’anode et la cathode sont les électrodes en aluminium (en jaune) et la masse est I'ITO (indium tin
oxide) (en violet). A : Anode, K : Cathode, GND : masse, Source : [ACL 1.47].

Dans le cadre de la collaboration avec le Mexique j’ai travaillé sur la transmission bidirectionnelle
utilisant un filtre photonique micro-onde [ACL 1.42] et un oscillateur optoélectronique |[ACL 1.45]. Je

souhaite développer davantage cette collaboration pour de futur thése en cotutelle.

I1IT1.4 RESUME

Mes activités de recherche au LPL reposent principalement sur la conversion de fréquence par le biais
de l'optique non linéaire dans des cristaux photoniques non linéaires et sur I’étude de la dynamique non
linéaire d'une diode laser soumise & un retour optique. J’ai également travaillé sur POLED pompée
par des impulsions électriques bréves et sur oscillateur optoélectronique. Durant ces travaux, j’ai
principalement contribué a 'encadrement de cing theses [I11.1, 111.62, 111.92, I11.48, I11.93| et d’une
theése (Mlle. Safia Mohand-Ousaid) en cour. Mes travaux effectués au sein du Laboratoire de Physiques
des Lasers m’ont conduit treize publications [ACL 1.34,1.36-1.47] dans des articles a comité de lecture et
de nombreuses conférences nationales et internationales. J’ai également développé la collaboration avec
I'INAOE et souhaite développer davantage cette collaboration par le biais de I’échange des étudiants

et de théses en cotutelle.
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CHAPITRE TV o —

CONCLUSION ET PERSPECTIVES

IV.1 CONCLUSION GENERALE

URANT ma carriére, j'ai acquis des compétences et des connaissances scientifiques dans les
D domaines de la dynamique non linéaire dans des diodes lasers soumises & un retour optique et
de l'optique non linéaire dans des fibres optiques en effectuant ma thése au Laboratoire d’Optique
P.-M. Duffieux et mes recherches postdoctorales a la Bangor University et a I'Institut FEMTO-ST.
Depuis 2011, je méne mes travaux de recherche au Laboratoire de Physique des Lasers (LPL) dans
les domaines de la dynamique non linéaire dans des diodes lasers soumises & un retour optique et de

I'optique non linéaire dans des cristaux photoniques non linéaires.

Au LPL, j’ai encadré les théses de Q. Ripault, de F. Baladi, de Z. Yellas, de A. G. Correa-Mena,
et de A. Chime. Actuellement j’encadre aussi la thése de S. Mohand-Ousaid. Durant cette période, j’ai
travaillé en collaboration industrielle avec 'entreprise 3SP Technologies et en collaborations interna-

tionales avec la National Taiwan University et avec 'INAOE au Mexique.

Toute ma carriére, j’ai publié 47 articles dans les journaux avec la comité de lecture et je suis en
train de préparer deux articles avec les derniers résultats. J’ai aussi été invité dans trois conférences.
Durant ma carriére, j’ai travaillé dans le cadre de différents projets parmi lesquels j’ai obtenu un projet

BQR et un projet PICS (Projet International de Coopération Scientifique).

IV.2 PERSPECTIVES

APRES tant d’années de recherche, je souhaite m’investir plus dans le domaine de 'optique non
linéaire. Récemment, nous avons obtenu des échantillons circulaires de PPLT-2D comme montré
sur la figure IV.1. En général, les échantillons sont rectangulaires et le faisceau de la pompe injecté
dans ces échantillons est dévié a la sortie des cristaux lorsque 'angle d’incidence de la pompe n’est
pas nul. Ceci est contraignant pour la détection des nouvelles longueurs d’onde générées. Afin d’éviter
ce probléme, je souhaite travailler avec des échantillons circulaires pour I’étude de la génération para-
métrique optique (OPG) avec Pangle. La forme circulaire permettra de garder la position de faisceau
quelque soit ’angle d’incidence de la pompe et d’étudier ’OPG avec 'angle plus facilement. Ceci per-
mettra également d’accorder dynamiquement les longueurs d’onde générées avec différents vecteurs de
réseau réciproques. Pour cette étude, je souhaite développer une collaboration avec Monsieur Benoit
BOULANGER a I'Institut Néel de ’Université Grenoble-Alpes qui travaille avec ce type d’échantillons
depuis des années. Ceci est aussi le sujet de thése de Mlle. Mohand-Ousaid que j’encadre actuellement.

Je souhaite également consolider la collaboration avec la National Taiwan University.
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Chapitre 1V. Conclusion et perspectives

@) (b)

FI1Gure IV.1 - (a) Quasi-accord de phase dans un échantillon circulaire. (b) Image de 1’échantillon
poli et préparé par T. Billeton.

A long terme, je souhaite également développer un systéme compact d’une source cohérente utilisant
un cristal photonique non linéaire. Pour ce développement d’un systéme compact, il est important de
pomper le cristal par une diode laser comme montré sur la figure IV.2. Le cristal du systéme sera en
configuration guide d’onde pour une meilleur efficacité de conversion de fréquence. Une fois développé,

je souhaite valoriser le savoir-faire par un transfert de technologies vers 'industrie.

Diode laser CPNL

.

/4

[ 4
Support mécanique Filtre + systéme optique

Fiqure IV.2 — Systéme compact d’une source cohérente avec un cristal photonique non linéaire en
guide d’onde.

Dans le domaine de la dynamique non linéaire, j’ai développé une collaboration avec 'INAOE au

Mexique. Je souhaite donc continuer cette collaboration par des accueils de doctorants ou des théses

en cotutelle.
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CHAPITRE V

PUBLICATIONS SIGNIFICATIVES

E CHAPITRE a pour but une compilation de quelques publications significatives aprés ma theése.
C Ces publications sont les fruits de mes travaux de recherche effectués avec des collégues et des
doctorants au sein du School of Computer Science and Electronic Engineering & Bangor, de I'Institut
FEMTO-ST a Besancon et du Laboratoire de Physique des Lasers & Villetaneuse. Je les remercie tous

chaleureusement d’avoir contribué a ces travaux.
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An experimental study of a chaotic optical communication scheme using an external cavity laser diode to

encode a message is reported. The message is decoded in closed- and open-loop receiver schemes.
schemes show effective decoding of a 1-GHz message.
© 2003 Optical Society of America

compared in both schemes.
OCIS codes: 140.1540, 060.4510, 140.2020.

Chaos cryptography has been a hot topic in the
past decade in the context of secure communications.
Chaotic signals can mask information inside their
broadband noise, and the synchronization of two
chaotic systems makes it possible to extract informa-
tion from the noise. Since the work of Pecora and
Carroll,! who introduced the idea of synchronization
between two chaotic oscillators, a variety of research
has been undertaken with the aim of achieving chaos
cryptography.? Several schemes have been proposed
to achieve this.>~7 Diode lasers have a particular
advantage in that they offer high-speed operation
in the chaotic regime. Demonstrations of this ca-
pability have been reported,®~*° and novel forms of
synchronization of chaos anticipation have also been
investigated.!'? Recently, a chaotic optical modu-
lation scheme was demonstrated for secure message
transmission in an open-loop configuration.'® In
the open-loop configuration the receiver is a solitary
laser, whereas in the closed-loop configuration the
receiver is a chaotic external cavity laser. The optical
modulation scheme can easily encode a message
through direct message injection into the chaotic
transmitter. This previous experimental work
showed that the receiver laser is capable of robust
message extraction in an open-loop configuration.
Theory!* suggests that the system should also work in
a closed-loop configuration. However, to the best of
our knowledge, there has been no experimental report
comparing open- and closed-loop schemes for chaotic
message transmission. In this Letter we report an
experimental comparison of the performance of a
high-frequency communication system in which the
message is decrypted in both closed- and open-loop
schemes. In the open-loop scheme the transmitter
laser drives the receiver laser. As such it may be
expected that such a configuration will offer superior
performance to that of the closed-loop scheme.

The experimental setup is shown schematically in
Fig. 1. Three single-mode Fabry—Perot laser diodes
emitting at 830 nm are used as the message laser,
the transmitter laser, and the receiver laser. The
message laser’s drive current is modulated by a 1-GHz
sine waveform, which is considered the message
to be transmitted. Beam splitter BS1 is used to
couple the message and the transmitter laser. BS2

0146-9592/03/222168-03$15.00/0

Both

The synchronization and effectiveness of encoding are

and BS4 are used to couple the transmitter laser to
the receiver laser. The outputs of the transmitter
laser and receiver laser are coupled to photodetectors
PD1 and PD2 via BS3 and BS5, respectively. The
coupling strength between the message and trans-
mitter lasers is controlled by coupling attenuator
CAl. Likewise, the coupling strength between the
transmitter and receiver lasers is controlled by CA2.
The transmitter laser is subjected to optical feedback
from external cavity mirror M1, placed at a distance
of 70 cm. In the closed-loop scheme M2 is adjusted
such that the receiver has the same external cavity
length as the transmitter, and in the open-loop scheme
M2 is removed. The optical feedback levels of the
transmitter and receiver in the closed-loop scheme are
varied by neutral-density filters NDF1 and NDF2 so
that the lasers can be rendered chaotic. OI1-OI3 are
optical isolators that provide —41 dB of isolation and
ensure that the lasers are free from parasitic feedback.

ML

Message
NDF1 M1

TL

NDF2 M2

Fig. 1.

of the
message laser; TL, transmitter laser; RL, receiver laser;
BS1-BS5, beam splitters; M1-M3, mirrors; OI1-O0I3,
optical isolators; CAl, CA2, coupling attenuators; NDF1,
NDF2, neutral-density filters; HWPs, half-wave plates;
PD1, PD2, photodetector.

Schematic experimental setup: ML,

© 2003 Optical Society of America
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Each isolator introduces a change of polarization
by 45°. Two half-wave plates are used to correct
the polarization change introduced by OI1 and OI2.
Large-bandwidth (6-GHz) photodetectors (PD1, PD2)
are used in the experiments to ensure high-frequency
operation of the chaotic system.

In this experiment the most critical parame-
ter to match is the center wavelength of all three
lasers. The temperature and current of the message
laser (26.26 °C and 36.17 mA) and transmitter laser
(22.10°C and 34.74 mA) are adjusted such that they
operate at the same wavelength. For the receiver
laser, the temperature and current are adjusted to
25.78 °C and 28.10 mA in the case of the closed-loop
scheme and 25.78°C and 28.80mA in the case of
the open-loop scheme. 20% of the modulated output
power from the message laser is injected into the trans-
mitter via CAl, constituting a 10-dB chaos-to-signal
ratio for good message encoding. The transmitter
has an external cavity round-trip time of 4.67 ns
and a cavity mirror that provides 1% optical feed-
back that drives the transmitter laser into the low-
frequency fluctuation regime. The system generates
chaotic signals with a bandwidth up to 5 GHz, which
allows encoding of high-frequency messages. In the
closed-loop configuration, 0.7% of the transmitter
output power and 0.3% of the receiver feedback
intensity are injected into the receiver. Thus, the
total receiver input power is 1%, which is the same as
the transmitter feedback intensity. In the open-loop
configuration, 3% of the transmitter output power is
injected into the receiver.

Measurements of the quality of chaotic synchroniza-
tion without a message were made for both closed- and
open-loop configurations. Intensity synchronization
of the transmitter and receiver lasers is obtained, and
Fig. 2 shows their synchronization diagrams. The
quality of the synchronization is measured with a
correlation factor that is obtained by calculation of the
correlation between the broadened width of the syn-
chronization plot and a fitted line. The correlation
would be unity for perfect synchronization and zero
for two independent systems. The system shows good
synchronization, with a correlation factor of 0.942 in
the closed-loop case and 0.949 in the open-loop case.
The open-loop scheme shows higher synchronization
quality than the closed-loop scheme. When the trans-
mitter and receiver are decoupled in the closed-loop
scheme, the chaotic outputs of the transmitter and
the receiver have a correlation factor of less than 0.06.
Hence, as expected, they are completely independent
chaos generators when they are decoupled.

To measure the synchronization quality as a func-
tion of current, we scanned the receiver laser current
from 23 to 33 mA while fixing the laser operating
temperature. The current and the temperature of the
message and transmitter lasers were held constant.
Figure 3 shows the correlation factors as a function of
the receiver laser current for the closed- and open-loop
configurations. The synchronization quality of the
open-loop configuration remains higher than that of
the closed-loop configuration. The coupling rate and
feedback level of the transmitter were found not to

2169

have a significant effect on this result. Moreover,
the near-constant value of the synchronization quality
near the drive current of 28 mA indicates that the
synchronization in the open-loop scheme is more
stable than in the closed-loop scheme. For currents
of 23.5—25 mA, the correlation factor is high, but this
does not imply good synchronization, because the slope
of the synchronization plot is due to the low output
intensity of the laser below threshold.

Synchronization was implemented by transmission
of a 1-GHz message to the receiver. Figure 4 shows
the synchronization between the transmitter and re-
ceiver in both the closed- and open-loop schemes. The
correlation factors, again obtained by fitting the syn-
chronization plot to a straight line, are 0.937 for the
closed-loop scheme and 0.953 for the open-loop scheme.
Even with the message, the synchronization perfor-
mance of the open-loop scheme is better than that of
the closed-loop scheme.

(@) (b)

put (V)

oop L L

Receiver laser out

-0.02  -0.01 0.00 0.01 0.02 0. -0:01 0.00 0.01 0.02
Transmitter laser output (V) Transmitter laser output (V)

Fig. 2.
ceiver outputs without a message.
(b) Open-loop case.

Synchronization plots of the transmitter and re-
(a) Closed-loop case.
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Fig. 4. Synchronization plots of the transmitter and
receiver outputs with a message. (a) Closed-loop case.
(b) Open-loop case.
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open-loop scheme, and (d) the recovered message in the
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Finally, message decoding was performed in both
schemes. The technique used for message subtrac-
tion was that proposed by Goedgebuer et al.® The
message laser supplies the message to the chaotic
transmitter laser, where the message is encoded into
the chaotic output of the laser and then transmitted
to the receiver. A part of the transmitted signal
is coupled to PD1. The receiver laser output is
coupled to PD2. The message is recovered by simple
subtraction of the electronic output from PD2 from
that of PD1. The results of message encoding and
decoding are shown in Fig. 5. Figure 5(a) shows the
power spectra of the transmitted chaotic signal in
which the message is masked for the closed-loop case.
The 5-GHz bandwidth chaotic output is able to mask
the message. Figure 5(b) shows the power spectra
of the recovered message, where a strong peak indi-
cates the detection of the message at 1 GHz. The
decoded message shows ~13 dB of signal-to-noise
ratio. It is apparent from Fig. 5(c) that in the
open-loop case the message is masked as effectively
as in the closed-loop case. Figure 5(d) shows the
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decoded message in the open-loop scheme, where the
signal-to-noise ratio of the message is ~16 dB. This
value is higher than that of the closed-loop scheme.
Thus, even the message decoding quality in the
open-loop scheme is better than in the closed loop.

In conclusion, we have compared the qualities of
synchronization and message decoding using closed-
and open-loop schemes. From the results, it can be
seen that the open-loop scheme shows better perfor-
mance both quantitatively and qualitatively than the
closed-loop scheme. This conclusion is not affected by
changes in the optical feedback level and coupling rate.
Future work will be directed toward improving the
message decoding quality of the closed-loop scheme.

This work is financed by the European Union Optical
Chaos Communication using Laser Transmitters (OC-
CULT) project (IST-2000-29683). K. A. Shore’s e-mail
address is alan@informatics.bangor.ac.uk.
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Chaotic message broadcasting using DFB
laser diodes

M.W. Lee and K.A. Shore

An experimental demonstration has been performed of gigahertz
message broadcasting at telecommunication wavelengths using a
chaotic external-cavity DFB laser transmitter and two standalone
DFB laser receivers. Message recovery was achieved with greater
than 14 dB signal-to-noise ratio.

Introduction: Private optical communication based on chaos encryp-
tion has attracted much attention in recent years. Several optical
systems have been proposed for using chaos in laser intensity,
wavelength and optical delay [1-4]. Attention is turning to applying
these approaches in practical private optical communication where
high bit-rate message decoding [5], chaotic telecommunication lasers
[6], open-loop and closed-loop message decoding [7] and chaos
multiplexing [8] may be utilised. To implement a chaotic commu-
nications network, it is highly attractive to have the capability of
broadcasting a message from one transmitter to several receivers. A
key element of chaos message transmission is the requirement for
achieving chaos synchronisation between transmitter and receiver so
as to allow message extraction at the receiver. The challenge to the
successful demonstration of chaos broadcasting is to ensure that such
synchronisation can be robustly achieved between the transmitter and
several receivers. In the case of optical chaotic communication the
particular requirement is to provide appropriate optical coupling
between the transmitter and the receivers to enable synchronisation
and hence message transmission. In this Letter we report an experi-
mental demonstration of a proof of principle of chaos broadcasting by
transmitting and extracting a 1 GHz message using a chaotic external
cavity laser diode transmitter and two chaotic laser diode receivers.
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== CAl HWP ==
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Fig. 1 Schematic experimental setup

TL: transmitter laser; RL: receiver laser; BS: beamsplitter; M: mirror; OI: optical
isolator; CA: coupling attenuator; NDF: neutral density filter; HWP: half-wave
plate; PD: photodetector

Experiment: The experimental setup is shown schematically in Fig. 1.
The transmitter consists of an external-cavity laser diode, and both
receiver lasers are standalone lasers, that is the receivers operate in the
open-loop configuration. Because of their relevance to conventional
optical-fibre communication systems, three singlemode DFB laser
diodes emitting at 1550 nm are used, as the transmitter laser (TL),
receiver laser 1 (RL1) and receiver laser 2 (RL2), respectively. These
lasers are stablised by temperature controllers with 28.7°C for TL,
20.5°C for RL1 and 24.7°C for RL2. The broadcast distance of TL—
RL1 is 80 cm and that of TL-RL2 is 97.5 cm. The transmitter laser is
subject to optical feedback from the mirror M in an external-cavity
length of 30 cm, corresponding to a 2 ns external-cavity round trip
time. The optical feedback level of the transmitter is varied by using
the neutral density filter NDF so that the laser can be rendered chaotic.
Direct modulation of TL using a 1GHz sine-waveform signal
provides the message to be transmitted. The TL output is sent to
both the receivers using the beamsplitters BS1 and BS2. BS3 is used
to couple TL and RL1 and BS4 is used to couple TL and RL2. The
optical isolators OI1-5 ensure one-way beam propagation by elimi-
nating parasitic reflection with —40 dB isolation. The half-wave plate
HWP is used to correct the polarisation change introduced by OIl.
The coupling attenuators CA1 and CA2 are used to vary the coupling
ratios of TL-RL1 and TL-RL2. The photodetector PD1 is used to
detect the RL1 input and PD2 is used to detect the RL1 output. PD3 is

ELECTRONICS LETTERS

used to detect the RL2 input and PD4 is used to detect the RL2 output.
All photodetectors have a sufficiently large bandwidth (12 GHz) to
enable high-frequency communication. The outputs of the photode-
tectors are recorded by a digital oscilloscope with 4 GHz bandwidth
and 20 GS/s sampling rate.

Principle of operation: The centre wavelengths of all three lasers
need to be matched to synchronise the lasers. For our setup, the
currents of TL, RL1 and RL2 are adjusted to 34.48, 44.9 and
33.43 mA, respectively, to match the centre wavelengths of the
lasers at 1549.12 nm. The synchronisation occurs within 12.5 GHz
laser frequency detuning range. Varying the optical feedback level of
TL, several dynamical regimes, including chaotic regimes, are
obtained in the transmitter. Among them, the LFF (low-frequency
fluctuation) regime—obtained with 1.6% of optical feedback inten-
sity—is used here for message encoding. The bandwidth of the
chaotic outputs is more than 4 GHz, which is adequate to encode
the 1 GHz message. The technique used for message encoding is that
of chaotic modulation where TL is directly modulated. A —20.7 dB
RMS modulation depth over chaotic signals is used to ensure efficient
message encoding. The 1 GHz message encoded inside the chaotic
signal is transmitted to both the receiver lasers. A part of the broadcast
signal is sent to RL1 and another part is sent to RL2. In this scheme,
3.2% of the TL output power is injected into each receiver laser.

Results: For message decoding, chaos synchronisation between
the transmitter laser and the receiver lasers is required. Here the
lasers are synchronised by injection locking in an LFF regime. Fig. 2
shows the synchronisation plots obtained from the time series
recorded with a 5 GS/s sampling rate. The synchronisation plot of
the outputs from PD1 (RL1 input) and from PD2 (RL1 output) is
shown in Fig. 2a and that of the outputs from PD3 (RL2 input) and
from PD4 (RL2 output) is shown in Fig. 2b. Such plots are indicative
of good synchronisation between the chaotic lasers. The quality of the
synchronisation is measured by calculating the cross-correlation
between two time series of receiver laser input and output. But note
that the inputs of the receiver lasers are the outputs of the transmitter
laser. The correlation would be unity for perfectly synchronised
systems and zero for independent systems. The correlations obtained
experimentally here are 0.859 for Fig. 2a and 0.849 for Fig. 25. High-
quality synchronisation is thus obtained between the transmitter and
both receivers.

-0.01

receiver laser 1 output, V
o
o
o

.I - T T T T T T T T T
—-0.01 0.00 0.01 —-0.01 0.00 0.01
transmitter laser output, V transmitter laser output, V
a b

Fig. 2 Synchronisation diagrams of transmitter and receiver outputs

a Transmitter laser output and receiver laser 1 output
b Transmitter laser output and receiver laser 2 output

Using this synchronisation, broadcast message decoding has been
implemented at the two receivers at the same time. The technique used
for message decoding is similar to that proposed previously. In RL1,
the digitised time series from PD2 is normalised to that from PD1. The
time series from PDI1 is the transmitted chaotic signal, which includes
the message, and the time series from PD2 is the locally generated
chaotic signal, which does not contain the message. Hence, by
subtracting the normalised time series of PD2 from the time series of
PDI1, the message can be recovered. Likewise, RL2 recovers the
message through a subtraction of the outputs from PD3 and PDA4.
Fig. 3 shows the power spectra as a result of message encoding and
decoding. They are calculated from the time series of the encoded and
decoded messages in each receiver. The power spectra of the signal
broadcasted to RL1, in which the message is encoded, is shown in
Fig. 3a. Since the dominant LFF peak appears at 1 GHz, the 1 GHz
message cannot be noticed in the Figure, demonstrating that the
message encoding is effective. Fig. 3 displays the power spectra of

13th May 2004 Vol. 40 No. 10
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the message recovered from RL1, where the message is clearly visible
at 1 GHz. The extracted message has a 14.7 dB signal-to-noise ratio,
which indicates efficient message recovery. Fig. 3¢ shows the power
spectra of the signal broadcast to RL2. As in Fig. 3a, the Figure displays
an effective message encoding. Fig. 3d shows the power spectra of the
recovered message from RL2. The decoded message has 14.5 dB signal-
to-noise ratio, which again indicates efficient message recovery.

501 i

a c
message message

Y ~

-60

-90

-100

0.0 05 1.0 15 05 10 15 2.0
b d

2.0 0.0

transmitted signal output, dBm

decoded signal output, dBm

frequency, GHz frequency, GHz

Fig. 3 Power spectra of encoded and decoded message

a Transmitted signal from PDI
b Recovered message in receiver laser 1
¢ Transmitted signal from PD3
d Recovered message in receiver laser 2

Conclusions: We have experimentally demonstrated broadcasting of
a high-frequency message to two receiver lasers using a chaotic
optical carrier generated in a DFB laser subject to optical feedback.
Measurements show that high-quality chaos synchronisation can be
achieved between all three lasers and the broadcast message is
decoded with an efficient signal-to-noise ratio in both receivers.
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Effect of chaos pass filtering on message decoding quality
using chaotic external-cavity laser diodes
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An experimental demonstration of the effect of chaos pass filtering on high-frequency message transmission in
the complete synchronization regime is reported. The opportunity for chaotic message decoding at frequencies

up to 6 GHz is shown.
OCIS codes: 140.0140, 140.1540, 060.4510.

The ability to control chaos has been a stimulus in the
recent past for the development of secure communi-
cation systems. Since the introduction of the idea of
synchronization of chaotic oscillators,! much research
has been undertaken toward achieving secure chaotic
communications.? ' Of particular interest are semi-
conductor lasers because they are readily available,
can be driven to chaos with external-cavity feedback,
and are widely employed in optical communication sys-
tems. In a chaotic optical communications scheme, a
message is masked in the broadband-noise-like output
of a chaotic transmitter laser, and message recovery
is achieved by synchronization of the transmitter and
a chaotic receiver laser. In such systems it has been
demonstrated that the receiver laser synchronizes with
the chaos produced in the transmitter but that the
masked message amplitude is much reduced in the re-
ceiver compared with that in the transmitter.* This
effect has been termed chaos pass filtering.* Thus,
when the difference is taken between the input of the
receiver (the transmitter output) and the output of the
receiver, the transmitted message may be extracted.
Sinusoidal message encoding and decoding at 1 GHz
was recently demonstrated,® and a scheme that em-
ploys chaotic pulsing lasers yielded message encoding
and decoding at 2.5 Gbits/s.” The quality of the re-
covered message depends on the quality of the syn-
chronization between transmitter and receiver lasers
and on the difference in amplitudes of the message at
the receiver input and output. The effects of chaos
pass filtering on high-frequency message signals in the
strong injection-locking synchronization regime was
previously investigated.!* In this Letter we present
results of the effects of chaos pass filtering on mes-
sage recovery for signals up to 6 GHz in the complete
synchronization regime and demonstrate that message
recovery is possible up to the relaxation oscillation fre-
quency of the receiver laser.

The experimental arrangement used in the re-
search reported here is shown schematically in Fig. 1.
Distributed-feedback lasers (Luminent C-15-DFB-E-A-
NT, I;, = 13.1 mA at 25°C, where I, is the thresh-
old current of the free-running laser) emitting at
~1550 nm are used as transmitter and receiver. The
side-mode suppression ratio in these lasers is —40 dB.
The lasers are driven by ultralow-noise current sources
(ILX-Lightwave, LDX-3620) and are temperature con-

0146-9592/04/212497-03$15.00/0
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trolled by thermoelectric controllers (ILX-Lightwave,
LDT-5412) to a precision of 0.01 K. The laser output
is collimated by antireflection-coated laser diode
objective lenses (Newport, FLA11).

The transmitter laser is subject to optical feedback
from external mirror M1; the feedback strength is
controlled with a continuously variable neutral-density
filter (NDF). The external-cavity length is 42 cm.
Optical isolators OI1 and OI2 ensure that the lasers
are free from backreflection except from the external-
cavity mirror; the typical isolation is —41 dB/isolator.
The fast photodetectors have 12-GHz bandwidth.
The transmitter is coupled to the receiver through
beam splitters BS1 and BS3; the coupling strength is
controlled by a coupling attenuator (CA). A half-wave
plate (HWP) corrects a shift in the transmitter emis-
sion polarization introduced by the optical isolator.
Beam splitter BS2 couples the transmitter output to
photodetector PD1. Mirrors M2 and M3 couple the
receiver output to photodetector PD2. The output of
the photodetectors is recorded with a 20-Gsample/s
oscilloscope.

The transmitter’s bias current (27.41 mA), operating
temperature (25.85°C), and external-cavity feedback

| |
BS1_| BS2 A | Bs3
S T
I oI | Hwe | o2 M3
{ I P e |
NDF g I |
| |
| | |
|
A s
Digital
Oscilloscope
Fig. 1. Schematic diagram of the experiment: TL trans-

mitter laser; RL, receiver laser; other abbreviations defined
in text.

© 2004 Optical Society of America
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ratio (3.1%) are set such that the transmitter is
rendered chaotic. The receiver laser’s bias current
(27.32 mA), operating temperature (26.7°C), and
coupling attenuator (2.5% of the transmitter output
power coupled to receiver) are adjusted such that
the transmitter and the receiver are synchronized.
These values of bias current are the minimum values
at which good synchronization between transmitter
and receiver is achievable.

The bias current of the transmitter laser is modu-
lated with a relatively strong 2.2-GHz message, thus
enabling the message frequency to be clearly seen in
the power spectrum of the transmitter. The message
frequency is varied up to 6 GHz, and recordings are
made of the transmitter and receiver outputs.

Figures 2(a), 2(b), and 2(c) show the power spectrum
of the transmitter for message frequencies of 2.2, 5.3,
and 6 GHz, respectively. The amplitude of the mes-
sage remains relatively constant compared with the
power spectrum of the chaos. Figures 2(d), 2(e), and
2(f) show the power spectrum of the receiver for mes-
sage frequencies of 2.2, 5.3, and 6 GHz. Unlike in the
transmitter, the message amplitude in the receiver’s
power spectrum is not constant but is of greater am-
plitude at 5.3 than at 6 GHz and is almost unseen at
2.2 GHz. The quality of message recovery in such sys-
tems is shown to depend not only on the synchroniza-
tion quality but also on the difference in amplitude of
the message in the transmitter and receiver outputs.

Figure 3 shows the amplitude of the message in
the power spectrum of the transmitter (dotted curve)
and the receiver (dashed curve) for message fre-
quencies of 2.2—-6 GHz. The message component in
the transmitter’s power spectrum remains relatively
constant over the frequency range. The message
amplitude in the receiver’s power spectrum peaks at
~5.3 GHz and then starts to decline. The difference
in the message components in the transmitter and
the receiver is directly related to quality of message
recovery. The solid curve, showing the difference
in power of the message in the transmitter and the
receiver, is minimum at 5.3 GHz. Thus the quality
of message recovery is expected to be minimum at
5.3 GHz, and on either side of this value the message
recovery quality is expected to increase.

For Figs. 2 and 3 the relaxation oscillation frequency
of the receiver laser was 5.38 GHz, close to the region
where there is minimum chaos pass filtering (i.e., mini-
mum amplitude difference between the message at the
transmitter and the message at the receiver).

Next we investigate a situation in which the relax-
ation oscillation frequency is greater. The transmit-
ter (31.23-mA) and receiver (31.04-mA) bias currents
are increased such that the transmitter and the re-
ceiver are synchronized, and the receiver’s relaxation
oscillation frequency is now 6.58 GHz. Once again the
message frequency is varied from 2.2 to 6 GHz and the
transmitter and receiver outputs are recorded.

Figure 4 shows the amplitude of the message in the
power spectrum of the transmitter (dotted curve) and
the receiver (dashed curve) for message frequencies
from 2.2 to 6 GHz. Once again, the message compo-
nent in the transmitter’s power spectrum remains rela-
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tively constant over the frequency range. However,
the message amplitude in the receiver’s power spec-
trum is not seen to peak but continues increasing up
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Fig. 2. (a), (b), (¢) Power spectra of the transmitter

for message frequencies of 2.2, 5.3, and 6 GHz; (d), (e),
(f) power spectra of the receiver for message frequencies of
2.2, 5.3, and 6 GHz, respectively.

230 4L 1 1 1 ! ! 1 1 1 35

-35 30
-40

-45

504

Amplitude (dB)
(gp) apnindwy

55

-60 o

65

T T T

3.0

T T T T
45 5.0 5.5 6.0

Frequency (GHz)

3?5 4‘0
Fig. 3. Amplitude of the message in the power spectrum
of the transmitter (dotted curve) and the receiver (dashed
curve) and the difference between message components in
the transmitter and the receiver (solid curve) for message
frequencies of 2.2—6 GHz for a receiver relaxation oscilla-
tion frequency of 5.38 GHz.

35

304

30
-354

25
40

20
-45 -

Amplitude (dB)

504

(gp) spnydwy

554

-60 4

65+ T T T T T
40

Frequency (GHz)

Fig. 4. Amplitude of the message in the power spectrum
of the transmitter (dotted curve) and the receiver (dashed
curve) and the difference between message components in
the transmitter and the receiver (solid curve) for message
frequencies of 2.2—6 GHz for a receiver relaxation oscilla-
tion frequency of 6.58 GHz.



November 1, 2004 / Vol. 29, No. 21 / OPTICS LETTERS

to 6 GHz, the maximum frequency that could be de-
rived from the signal generator employed. The solid
curve in Fig. 4 shows that the difference between the
strength of the message in the transmitter and that in
the receiver decreases up to 6 GHz and appears to tend
to a minimum at a relaxation oscillation frequency of
6.58 GHz.

In conclusion, we have demonstrated that the chaos
pass filtering exhibited by synchronized laser diodes
is frequency dependent: The closer the message
frequency is to the relaxation oscillation frequency,
the worse is the filtering of the message in the re-
ceiver laser. This property is expected to be highly
important for the practical implementation of chaotic
synchronized lasers in secure communication systems.
Also, for the first time to our knowledge we have
shown an opportunity for achieving message recovery
at frequencies up to 6 GHz.
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Chaos Communication Using Laser Transmitters
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vertical-cavity surface-emitting semiconductor lasers
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Synchronization of chaos is achieved experimentally in unidirectionally coupled external-cavity vertical-cavity

surface-emitting semiconductor lasers operating in an open-loop regime.

Synchronization is observed when

the polarization of the transmitter is perpendicular to the polarization (x polarization) of the free-running

receiver.
synchronization.
output and the x-polarized receiver output power.

OCIS codes:

The use of chaos in secure communication has at-
tracted considerable attention in recent years. The
idea is to encode a message into the noiselike chaotic
transmitter and then decode the message by using
a receiver that is chaos-synchronized to the trans-
mitter. Synchronization of chaotic systems has been
demonstrated in Nd:YAG,! CO,,2 and fiber lasers®
and in distributed Bragg reflection laser diodes.*
Much effort has been devoted to the study of chaos
synchronization and message encoding and decoding
in edge-emitting semiconductor lasers.®~® Vertical-
cavity surface-emitting lasers (VCSELs) have many
desirable characteristics, such as low threshold cur-
rent, single-longitudinal operation, circular output-
beam profiles, and wafer-scale integrability. It can
be anticipated that, owing to the relatively low output
powers of VCSELSs, chaos synchronization may re-
quire operation of the lasers well above threshold. A
salient feature of VCSELs is their tendency to exhibit
changes in emission polarization that are due to
changes, e.g., in bias current and operating tempera-
ture. Polarization effects may therefore be expected
to be of some importance in VCSEL synchronization.
Interest in implementing chaotic communications by
using VCSELs is demonstrated by previous theoretical
and experimental work performed on chaotic synchro-
nization in VCSELs.”'® Recently Fujiwara et al.’®
reported experimental observation of chaotic synchro-
nization in mutually coupled stand-alone VCSELs.

In this Letter we experimentally demonstrate chaos
synchronization in unidirectionally coupled VCSELs.
The transmitter was rendered chaotic by optical feed-
back, whereas the receiver was a stand-alone VCSEL.
One polarization component of the transmitter was
coupled into the receiver. Synchronization was ob-
served when the polarization of the transmitter was
perpendicular to the polarization (x polarization) of
the free-running receiver.

The experimental arrangement is shown schemati-
callyin Fig. 1. Two commercial VCSELs (Avalon Pho-
tonics, V-850-GMP) were used, one in the transmitter
and one in the receiver. Both VCSELs were driven
by a low-noise current source (Profile LDC 202), and
their temperatures were controlled to within 0.01 °C.

0146-9592/04/111215-03$15.00/0

The ratio of transmitter output to y-polarized receiver output power shows normal (positive-slope)
However, inverse (negative-slope) synchronization is found to arise between the transmitter
© 2004 Optical Society of America

140.1540, 250.7260, 260.5430, 060.4510.

VCSEL1 was used as the transmitter. VCSEL2
was used as a receiver. The free-running threshold
current (I;y) of VCSEL1 and VCSEL2 was 3.2 and
2.5 mA, respectively. Near threshold, VCSEL1 lased
in one polarization direction (x polarization). When
the current was increased to 7.25 mA, the polariza-
tion abruptly switched to orthogonal polarization
(y polarization), whereas with decreasing current
the polarization switched back to the x direction at
6.66 mA. This result indicates that there is a bista-
bility regime in VCSEL1. VCSELZ2 lased along one
polarization direction (x polarization) near threshold
and remained lasing in this direction up to a bias
current of 8.7 mA. When the bias current was higher
than 8.7 mA, the y-polarization component started
to lase and the x-polarization component saturated.
VCSEL1 was collimated by an antireflection-coated
laser diode objective (Newport F-LA11). A nonpolar-
izing beam splitter (BS1) directed ~50% of VCSEL1’s
output power to a mirror (M1), which formed an
external cavity. The cavity length was approximately
39 cm. The optical feedback ratio was adjusted by a
variable attenuator (NDF1) such that the transmitter
was rendered chaotic. A half-wave plate (HWP1)
was used to adjust the polarization of the transmitter
beam to ensure that only the x-polarized component

VCSELI1

PBS2 NDF2 1So1 PBS1 HWPI BS1
S/ HHA=HH
-
HWP3 HWP2
HWP4 ——1NDFI1
—
HWP5 1SO3 PD2 Mi
1SO2
U
PD1
Fig. 1. Experimental setup.
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was coupled into the receiver. HWP2 was used to
rotate polarization of the injected beam to make
the entire beam transmit through a polarizing beam
splitter (PBS2). PBS2 and an isolator (ISO1) together
ensured that the output from the receiver was not
injected back into the transmitter; the typical isolation
was —40 dB. NDF2 and HWP3 were used to change
the injected power and polarization, respectively.
HWP4 and HWP5 were used to direct the orthogonal
polarization to a detector (PD2). ISO2 and ISO3
were used to prevent feedback of light into the VC-
SELs. PD1 and PD2 are two identical photodetectors
(Newport Model AD-70xr) with a 6-GHz bandwidth.
M2 directed the transmitter output power to BS2,
which then coupled transmitter output power into
both the receiver and PD1. The output power of the
receiver was measured by PD2. The outputs from
the photodetectors were stored in a digital oscilloscope
(Tektronix TDS 7404, 4 GHz) and then acquired by a
PC.

In the experiment, VCSEL1 was biased at 7.58 mA
(2.41,). At this bias current, almost all the output
power was in the y-polarized lasing mode. The las-
ing wavelength was 853.2 nm. We define the optical
feedback ratio as the ratio of the feedback power to the
free-running output power. The feedback power was
measured just before the light returned to the laser
diode objective (in front of the laser). When the feed-
back ratio was 20%, VCSEL1 exhibited large irregu-
lar fluctuations in the output power. VCSELs have
feedback regimes similar to that of an edge-emitting
laser,!! and chaotic behavior is seen in the output power
over a wide range of operating currents for longer ex-
ternal cavities.!”> So the large irregular fluctuation
is associated with chaotic dynamics. The x-polarized
component was excited and showed antiphase dynam-
ics with the y-polarized component. Because VCSEL1
was biased at relatively higher currents,'® within the
experimentally available feedback level VCSEL1 ex-
hibited fully developed chaos; the low-frequency fluctu-
ation regime was not observed. VCSEL2 was biased
at 8.27 mA (3.31y,). Most of the output power was
contained in the x-polarized mode. The lasing wave-
length was 853.2 nm. The x-polarized component of
the transmitter was selected and rotated to y polar-
ization and injected into receiver VCSEL2. The spec-
trum, output power, and dynamics of the transmitter
remained unchanged when the transmitter was cou-
pled into the receiver. The setup is thus clearly uni-
directionally coupled. The ratio of the injection power
to the output power of the receiver is termed the injec-
tion ratio. The injection power is measured just be-
fore the light is injected into the laser diode objective
(in front of the receiver).

Figure 2 shows the time evolution of chaos syn-
chronization when the injection ratio was ~3.3%.
Figure 2(a) shows a time trace of the injected beam
and a time trace of VCSEL2 in y polarization. The
time trace of the injected beam has been shifted
up for clarity. These time traces show evidence of
synchronization between the injected beam and the
y-polarization component of VCSEL2. Figure 2(b)
shows a time trace of the injected beam and a time

OPTICS LETTERS / Vol. 29, No. 11 / June 1, 2004

trace of VCSEL2 in x polarization taken at a slightly
different time from those in Fig. 2(a). For clarity,
the time trace of the injected beam was also shifted
up. The fluctuations in the time trace of the injected
beam and the VCSELZ2 time trace in x polarization can
be seen to be in antiphase, consistent with previous
observations of antiphase dynamics of orthogonal
polarizations in unstable VCSELs.'*

One can readily demonstrate synchronization by
plotting the instantaneous injected power against
the receiver output power at the same time. As
described in many papers,®'° one measures the quality
of the synchronization by calculating the cross corre-
lation between the time series of the transmitter and
the receiver. Because the detector noise level was
~25 dB lower than the chaos signal, the detector noise
level was neglected in the measurement. Figure 3(a)
shows the injected power versus the y-polarization
component of the receiver. It demonstrates that
good synchronization was obtained between the
injected beam and the y-polarization component of
the receiver. The correlation coefficient was 0.844.
Figure 3(b) shows the injected power as a function of
the x-polarization component of the receiver. The
injected power and the x-polarization component
of the receiver also show reasonable synchroniza-
tion; however, the gradient of the synchronization
is negative. Such synchronization has been termed
“inverse synchronization.”® The absolute correlation
coefficient is 0.768, which is lower than that of chaotic
synchronization between the injected beam and the
y-polarization component of the receiver. The reason
for the better correlation between the y-polarization
output power of the receiver and the injected beam
is that the y-polarization mode of the receiver was
locked to the transmitter’s frequency.'”*® x- and
y-polarization components of the receiver laser show
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Fig. 2. Time series plots of (a) the injected beam (top
trace) and the receiver output (bottom trace) in y polariza-
tion and (b) the injected beam (top trace) and the receiver
output (bottom trace) in x polarization.
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antiphase correlation with optical feedback (without
optical injection from the transmitter) at 8.27-mA
bias current, and antiphase dynamics of orthogonal
polarizations in unstable VCSELs were previously
reported.'*'® It is clear that the x-polarization com-
ponent of the receiver and the injected beam shows
inverse (negative-slope) chaos synchronization because
the x-polarization component is in antiphase to the
y-polarization component.

We achieved the chaos synchronization described
above by adjusting the optical injection power, bias
current, and VCSEL temperature. It was not nec-
essary to adjust the position of the injected beam
carefully; hence the approach is quite robust. It
would, of course, be interesting to undertake detailed
studies of the effects of the spatial modes on the chaos
synchronization.

In conclusion, we have experimentally demon-
strated, for the first time to our knowledge, synchro-
nization of chaos in unidirectionally coupled VCSELs.
In the experiment, one polarization component of
the transmitter was coupled to the receiver. The
polarization of the injected beam was perpendicular
to that of the free-running receiver (x polarization).
The injected beam and the y-polarized component
of the receiver show good synchronization. The
injected beam and the x-polarized component of the
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receiver exhibit inverse synchronization because of
the antiphase dynamics between the two orthogonal
polarizations in the unstable operation regime of
a VCSEL. The results presented here show the
possibility of chaos communication in VCSELs, and
future effort will examine the feasibility of encoding
and decoding messages by use of this configuration.

This study was supported by the UK Engineering
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GR/S22936/01 and by the European Union Optical
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Experimental Demonstration of VCSEL-Based
Chaotic Optical Communications

Min Won Lee, Yanhua Hong, and K. Alan Shore

Abstract—Message encoding and decoding using chaotic
vertical-cavity surface-emitting lasers (VCSELs) has been experi-
mentally demonstrated. A 200-MHz message has been successfully
encoded in an external-cavity VCSEL transmitter and decoded
in a stand-alone VCSEL receiver. Message recovery has been
achieved with 9-dB signal-to-noise ratio.

Index Terms—Chaos, cryptography, encoding, semiconductor
lasers, synchronization.

ERTICAL-CAVITY surface-emitting lasers (VCSELs)
V subject to optical feedback exhibit some nonlinear
behavior, such as transverse mode dynamics and polariza-
tion mode hopping dynamics [1]-[3], which do not arise in
edge-emitting laser diodes. On the other hand, VCSELSs subject
to delayed optical feedback show similar sensitivity to optical
injections and similar chaotic optical intensity fluctuations as
found in edge-emitters [4], [5]. Recently, edge-emitting lasers
diodes have been used in a number of demonstrations of optical
communications based on chaotic data encryption [6]-[10]. The
occurrence of chaotic dynamics in VCSELSs offers potential for
their use in such an application. Theoretical studies of chaos
synchronization and chaos data encryption in VCSELSs have
been forthcoming [11]-[13], but little experimental work has
been reported. A fundamental requirement for such an applica-
tion is the capability to effect chaos synchronization between
the transmitter and receiver of such a system. A specific feature
of VCSELs which militates against an experimental demon-
stration of chaos synchronization is the polarization switching
which may occur when VCSELSs are subject to optical feedback
or optical injection [14]. Recently, an experimental demonstra-
tion of the chaos synchronization of mutually coupled VCSELs
was reported [15], but such a configuration does not provide the
capability for chaotic optical communications. However, chaos
synchronization has now been achieved experimentally using
unidirectionally coupled VCSELs [16] in a configuration which
allows chaotic optical data encryption to be performed. In this
letter, we describe an experimental demonstration of message
encoding and decoding using unidirectionally coupled chaotic
VCSELs. The chaotic transmitter utilizes the polarization dy-
namics of a VCSEL subject to optical feedback. The receiver is
a stand-alone VCSEL. A 200-MHz message is decoded when
the receiver is synchronized to the chaotic transmitter.

Manuscript received February 27, 2004; revised May 27, 2004. This work was
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Using Laser Transmitters) Project (IST-2000-29 683) and by the UK EPSRC
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Fig. 1. Schematic diagram of the experimental setup. BS: Beam splitter.
M: Mirror. OI: Optical isolator. CA: Coupling attenuator. NDF: Neutral density
filter. PD: Photodetector.

The experimental setup shown in Fig. 1 uses VCSELs emit-
ting at 850 nm as the transmitter laser (TL) and the receiver laser
(RL). The TL and RL are pumped by low-noise current sources
and have their temperatures stabilized at 23.1 °C and 26.2 °C,
respectively, using temperature controllers with £0.01 °C ac-
curacy. Because of the low power characteristics of VCSELs,
the TL and RL are pumped well above threshold with drive cur-
rents of 6.73 mA (2.1J;y,, where J;y, is the threshold current of
the free-running laser) and 7.57 mA (3.03.Jyy, ), respectively. An
aspheric lens is used to collimate the VCSEL emission. The col-
limated beam of the TL is coupled to the receiver through beam
splitters BS1 and BS3. The TL is subject to optical feedback by
a mirror which forms an external cavity of length 60 cm corre-
sponding to 4 ns roundtrip time. Using the neutral density filter,
the optical feedback intensity is adjusted to around 2% of the
TL output power which allows the TL to be rendered chaotic.
At the bias current indicated above, the free-running TL lases
in one polarization. In the chaotic regime generated by optical
feedback, the TL exhibits dynamics in two orthogonal linearly
polarized states, that is transverse electric (TE) and transverse
magnetic (TM) dynamics. The TE emission is selected using
the half-wave plate (HWP1) and the polarization beam-splitter
(PBS1). The selected TE dynamics is coupled to the receiver
through the isolator OI1 (—40-dB isolation), HWP2, and PBS2
which ensure unidirectional coupling. A 200-MHz sine-wave-
form signal which directly modulates the TL through a bias-tee
is used as the message to be transmitted. The receiver consists
of a stand-alone VCSEL, thus forming an open-loop configura-
tion. A part of the transmitted signal is coupled to the RL and

1041-1135/04$20.00 © 2004 IEEE
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the remainder is sent to the photodetector PD1 by BS2. The cou-
pling attenuator CA is used to adjust the injection ratio to 3.3%
of output power of the receiver. HWP3 is used to change the po-
larization of dynamics coupled to the receiver and HWP4 is used
to adjust the polarization of the receiver output. ISO2 and ISO3
provide —40-dB isolation to prevent back-reflection from the
photodetectors. The photodetectors PD1 and PD2 are used to de-
tect the input and output of the receiver have 6-GHz bandwidth
which potentially enables high-speed communications. The de-
tected signals are recorded through the 20 GS/s sampling rate
digital oscilloscope which provides some mathematical func-
tions such as fast Fourier transform and subtraction.

In order to decode the message, the transmitter and receiver
must be chaos synchronized. Because the VCSELs show an-
tiphase dynamics between the TE and TM outputs [14], polar-
ization-resolved dynamics is used here for chaos synchroniza-
tion. It is noted that the use of direct modulation for message
encoding can produce a perturbation which may deteriorate the
chaos synchronization achieved between the transmitter and re-
ceiver in the absence of a message. At the bias current and
optical feedback level given above, chaos synchronization has
been successfully achieved in the presence of the message. In
particular, synchronization has been achieved when HWP3 was
used to rotate the transmitter’s TE output which is then coupled
to the RL whose free-running polarization is orthogonal to the
light injected from the TL [16]. VCSELSs are known to be very
sensitive to optical injection whose polarization is orthogonal to
that of the free-running laser. In addition, it is known that VC-
SELs can undergo polarization switching due to orthogonal op-
tical injection. For parallel-polarized optical injection scheme,
significantly greater optical injection power would be required
to achieve polarization switching [17]. From this it is apparent
that synchronization may be achieved at lower optical injection
power by the use of orthogonal optical injection. This approach
is, thus, used in the present experiments. When synchronized to
the TL, the RL supports both TE and TM dynamics. Either of
these polarizations can be selected by HWP4 and ISO3.

Fig. 2 demonstrates the achievement of chaos synchroniza-
tion between the TE dynamics of the transmitter and TM dy-
namics of the receiver in the presence of the message. Because
the output of the RL lags only by the time of flight between the
TL and RL, the synchronization achieved in this experiment is
generalized synchronization through injection-locking charac-
teristics [18]. But the lag time is compensated by adjusting the
PD1 distance for message decoding. Antiphase synchronization
can be observed between the TE dynamics of the transmitter
and receiver [16], but because of the lower quality of synchro-
nization it is not used here for message recovery. It is pointed
out that for clarity, different scales are used in Fig. 2(a) for the
dynamics displayed. The upper trace corresponds to the TE dy-
namics of the transmitter in which the message is encoded and
the lower trace corresponds to the TM dynamics of the receiver.
The time traces of the both dynamics are shown in Fig. 2(a) to
be well-synchronized. Fig. 2(b) shows a synchronization plot
of TE dynamics of the transmitter versus TM dynamics of the
receiver. In the figure, it can be seen that good chaos synchro-
nization between the orthogonal dynamics is achieved. From
the synchronized dynamics, the cross correlation is obtained as
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Fig. 3. (a) Power spectra of TE dynamics of the transmitter. The message is
indicated at 200 MHz. (b) Power spectra of TM dynamics of the receiver.

0.84 which confirms quantitatively the quality of synchroniza-
tion. This quality of synchronization is more than adequate to
enable message extraction at the receiver.

The power spectra of the dynamics recorded directly by the
digital oscilloscope are shown in Fig. 3. The peak-to-peak fre-
quency is measured as around 250 MHz which corresponds to
the 4-ns external-cavity roundtrip time. Fig. 3(a) exhibits the
power spectra of the TE dynamics of the transmitter. From the
spectral distribution in the figure, it is seen that operation occurs
in a regime of chaotic dynamics with relatively limited band-
width (~300 MHz). This regime we term weakly developed
chaos. Operation in this regime assists with the achievement of
high quality synchronization in the presence of the message. The
200-MHz message which is indicated in Fig. 3 is shown, but
the power of the message is 2.5 dB below the chaotic peak at
250 MHz. Hence, the message is encoded in the spectrum. The
power spectra of the TM dynamics of the receiver are displayed
in Fig. 3(b) where the presence of the message is not revealed
in the spectrum. As seen in the figures, the power spectra of the
TM dynamics reproduced in the receiver is similar to that of
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Fig. 4. Decoded message in the receiver. (a) Black trace: Decoded 200-MHz
message. Gray trace: Fitted 200-MHz sine-wave signal. (b) Power spectra of
decoded message. The presence of the message is clearly revealed at 200 MHz.

the TE dynamics of the transmitter. Therefore, the receiver can
reproduce the chaotic carrier where the message component is
much suppressed. This procedure is very important for chaotic
message decoding.

The conventional decoding technique is used to extract the
message in the experiment [6]—[10]. In order to decode the mes-
sage, the digital oscilloscope is used to subtract the TM dy-
namics of the receiver from the TE dynamics of the transmitter.
Fig. 4 displays the recovered message recorded directly from
the oscilloscope. The recovered 200-MHz message (black trace)
contains some noise in Fig. 4(a), but the sine-waveform mes-
sage can be clearly seen in the figure. From the fitted sine-wave
signal (gray trace), the signal-to-noise ratio is calculated as 9 dB
which indicates effective message recovery. The power spectra
of the recovered message in Fig. 4(b) clearly shows the mes-
sage at 200 MHz, which is 5 dB higher than the chaotic peak at
250 MHz. It is apparent from Fig. 4 that the message has been
extracted from the chaotic carrier. Preliminary measurements
have been made of message transmission at frequencies up to
a gigahertz albeit with a deterioration in the quality of the re-
ceived message.

In conclusion, we have experimentally demonstrated message
encoding and decoding using synchronized chaotic VCSELSs.
With the 200-MHz message included, synchronization has been
maintained with 0.836 cross correlation. The results show effi-
cient message encoding in the transmitter and effective message
decoding in the receiver with 8.98-dB signal-to-noise ratio. It
can be expected that VCSEL may also be used for high-band-
width chaotic communications.
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This paper reports the first experimental observation and theoretical description of zero time lag, complete-
chaos synchronization using three laser diodes coupled in a unidirectional cascade configuration. The master
laser is rendered chaotic by optical feedback from an external mirror. The output intensity of the master laser
is injected into an intermediate laser, and the output intensity of this intermediate laser is in turn injected into
a slave laser. The distances between the lasers are carefully adjusted such that the times of flight between the
lasers are equal to the delay time in the external-cavity of the master laser. When the three lasers are subject
to the same optical injection strength it is observed that their output intensities synchronize with zero time
lag. The chaos synchronization has been confirmed by time traces and synchronization diagrams of the three
laser outputs, and the null lag time has been measured from cross-correlation diagrams. Numerical simula-
tions based on single-mode rate equations are in good qualitative agreement with the experimental

observations. © 2006 Optical Society of America
OCIS codes: 140.1540, 060.4510, 140.5960.

1. INTRODUCTION

Chaos synchronization has received much attention since
the pioneering work of Pecora and Carroll,! with particu-
lar emphasis being given to the implementation of chaotic
data encryption. A large number of encryption schemes
using optical systems have been reported, with efficient
message encoding and decoding having been achieved.?*0
There have been extensive studies of synchronization of
coupled chaotic oscillators; see, e.g., Refs. 11 and 12. The
present work acts to develop concepts from both of these
fields.

Because of their nonlinear response and ease of opera-
tion, the synchronization of semiconductor lasers subject
to optical feedback has been given particular attention'®,
with novel forms of chaos synchronization in unidirection-
ally coupled semiconductor lasers having been investi-
gated. These include anticipating synchronization14’15;
dual synchronization'®'”; synchronization in a phase-
locking scheme,® and two-mode synchronization.19 Chaos
synchronization has also been achieved in mutually
coupled semiconductor lasers.2*22 It was recently experi-
mentally demonstrated that vertical-cavity surface-
emitting lasers can also be synchronized in both mutual®
and unidirectional coupling conﬁg.g:l.lra‘cions.24

Semiconductor lasers subject to optical feedback can
exhibit two different regimes of chaos synchronization, re-
ferred to as complete synchronization and generalized
synchronization. These regimes can be distinguished by
the lag time between the outputs of the synchronized
lasers.??" In complete synchronization the lag time A7
between the lasers is equal to the difference between the
time of flight 7, from the master laser to the slave laser
and the round-trip time 7 in the external cavity of the
master laser (A7= TC—T).28 The achievement of complete

0740-3224/06/050846-6/$15.00

synchronization requires two similar lasers operating un-
der similar conditions. The other regime of synchroniza-
tion is termed generalized synchronization. Such synchro-
nization is more robust to parameter mismatches
between the lasers and can be achieved by injection lock-
ing using strong optical injection29 or via optical fre-
quency detuning.so’31 In this regime the slave laser fol-
lows the dynamics of the master laser with a lag time
equal to the time of flight (A7=17,).

In this paper we demonstrate complete synchronization
with zero time lag using three unidirectionally cascade-
coupled distributed feedback (DFB) lasers for the first
time. The lasers are termed master, intermediate, and
slave lasers. The master laser is subject to optical feed-
back from an external-cavity mirror, whereas the inter-
mediate and slave lasers are stand-alone lasers (open-
loop conﬁguration).?’z’33

Complete synchronization has been widely studied in
master—slave configurations, but no previous report has
been made of complete synchronization using a cascade-
coupled laser configuration. Generalized synchronization
would be expected when a stand-alone intermediate laser
and a stand-alone slave laser are coupled in a three-laser
configuration. However, within the operating parameters
that are required to effect generalized synchronization,
there is a narrow window of operating parameters that
can induce the intermediate and slave lasers to achieve
complete synchronization, as has been demonstrated in
the present work. The operating requirements to access
this window are that the master feedback strength
matches the injection strength of the master to the inter-
mediate laser, and matches the injection strength of the
intermediate laser to the slave.

We have also demonstrated, for the first time to our

© 2006 Optical Society of America
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knowledge, zero-time-lag synchronization between the
three lasers. When the intermediate laser is synchronized
with the master laser, the dynamics of the intermediate
laser is the same as that of an external-cavity laser with
delay time 7, and therefore, in general the slave laser syn-
chronizes with a lag time of 75— 7 (7.5 is the time of flight
between the intermediate and slave lasers). In the
present system, we consider a specific setup in which the
flight time from the master to the intermediate laser, 7.,
and the flight time from the intermediate laser to the
slave, 7,9, match the round-trip time 7 of the master ex-
ternal cavity. For this case the time lag is zero. It is
pointed out that in generalized synchronization, zero time
lag between the lasers cannot be achieved. Therefore the
presence of zero time lag gives further confirmation that
complete synchronization has been achieved.

As such, this is the first report of complete synchroni-
zation of three lasers and also the first demonstration of
three lasers synchronized with zero time lag in a cascade-
coupled configuration. The synchronization of three
cascade-coupled lasers was demonstrated previously34
and was used to extract messages in wavelength-
multiplexed chaotic communications.®® However, in those
demonstrations the observed lag time between any two
lasers was equal to the corresponding time of flight, and
therefore the observed behavior was generalized, not com-
plete synchronization.

This paper is organized as follows. Section 2 describes
the experimental setup. Section 3 presents the experi-
mental results on cascaded synchronization without time
lag between three laser diodes. Section 4 presents the the-
oretical model used for the numerical simulations, which
are presented in Section 5. Finally, Section 6 provides a
summary of the results and the conclusion from the work.

2. EXPERIMENTAL SETUP

Figure 1 depicts schematically the experimental setup in
which three DFB lasers are used as the master laser
(ML), the intermediate laser (IL), and the slave laser
(SL). The emission of each laser is collimated by an as-
pheric lens. The mirror M1 forms for the ML an external

4-GHz Digital
Oscilloscope

Fig. 1. Schematic diagram of the experimental setup. ML, mas-
ter laser; IL, intermediate laser; SL, slave laser; 7, external-
cavity round-trip time of the ML; .q, time of flight of ML-IL; 7o,
time of flight of IL-SL; BS, beam splitter; NDF, neutral density
filter; M, mirror; OI, optical isolator; CA, coupling attenuator;
HWP, half-wave plate; PD, photodetector.
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cavity with 42 cm length that gives a round-trip time of
7=2.8 ns. The neutral density filter NDF is used to vary
the optical feedback ratio so that the ML is rendered cha-
otic. The ML is coupled to the IL through the beam split-
ters BS1 and BS3, and the IL is coupled to the SL through
M2 and BS5. By these means, the lasers are coupled in a
cascade configuration. The unidirectional coupling be-
tween the lasers is ensured by the optical isolators OI1
and OL2, which each provide —33 dB isolation. The half-
wave plates HWP1 and HWP2 are used to adjust the po-
larization of coupling light with respect to the polariza-
tion of coupling laser emission. The coupling attenuators
CA1 and CA2 are used to adjust the coupling ratios be-
tween the ML and IL and between the IL and SL, respec-
tively. The isolator OI3 prevents back reflection from the
photodetector PD3. The output of each laser is detected by
12 GHz bandwidth photodetectors PD1, PD2, and PD3
through BS2, BS4, and BS5, respectively. The photodetec-
tors are all positioned at the same distance (73 cm) from
the corresponding laser to ensure a zero lag time. The
outputs of the photodetectors are recorded with a 4 GHz
bandwidth digital oscilloscope with 10 GS/s sampling
rate.

To observe complete chaos synchronization between the
three lasers, two conditions need to be satisfied. First, the
optical frequencies of the lasers have to be identical. The
lasers used for the experiment are driven by low noise
current sources, and the bias currents are set as Jj
=30.73 mA, J;=31.6 mA, and Jg=34.7 mA (corresponding
to 2.34Jy,, 2.40J;,, and 2.68Jy, respectively, where Jy, is
the threshold current of the free-running laser). The tem-
peratures of the ML (28.55° C), IL (24.8 °C), and SL
(24.23 °C) are controlled with an accuracy of £0.01 °C.
For these operating parameters, the lasers support
single-mode emission at a wavelength of 1549.02 nm with
40 dB side-mode suppression.

Secondly, the coupling ratios between the ML and the
IL and between the IL and the SL have to be the same as
the optical-feedback ratio of the ML. In the present ex-
periment the optical-feedback ratio is adjusted to 2.4% of
the ML output power, and suitably the optical injection
ratios are adjusted to 2.4%.

In order to observe zero-time-lag synchronization re-
gime, a third condition must be met; the time of flight 7,;
from the ML to the IL and the time of flight 7,5 from the
IL to the SL must be the same as the external cavity
round-trip time 7. In the experimental setup the distances
between the ML and the IL and between the IL and the
SL are set as 84 cm, which is twice the external cavity
length. This gives 7.;=7.9=7=2.8 ns.

3. EXPERIMENTAL RESULTS

Figure 2 displays the waveforms of the chaotic outputs of
the three lasers in the complete synchronization regime.
The waveforms have been recorded with 1000 data points
with a 10 ns time interval. For clarity, the time traces of
the IL and the SL are displaced; the upper trace is the
output of the ML, the middle trace is the output of the IL,
and the lower trace is the output of the SL. The wave-
forms are seen to be synchronized, and the time shift be-
tween them is zero.
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I

Fig. 2. Experimental time series of the synchronized chaotic la-
ser outputs.
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IL versus the SL; cross-correlation diagram (b) of the ML and the
IL, (d) of the ML and the SL, and (f) of the IL and the SL.

The quality of chaos synchronization and the lag time
between the waveforms of any two lasers can be quanti-
fied by the synchronization diagram and the maximum of
the cross-correlation coefficient C(At¢). Figure 3 displays
results when zero-time-lag synchronization is achieved.
The synchronization diagrams were obtained from the
time traces recorded with 200 000 data points spanning a
4 us time interval. C(At) was obtained by calculating the
correlation coefficient between the outputs of two lasers
when the output of one laser is continuously shifted an
amount A¢ with respect to the output of the other laser
(time traces with 25 000 data points spanning a 400 ns
time interval were used).?! The function C(A¢) reveals the
internal periodicity of the waveforms; the periodicity at
the relaxation oscillation period corresponds to the time
interval between two consecutive peaks of C(A¢), and the
periodicity at the external-cavity delay time corresponds
to the time interval between two consecutive envelope
peaks of C(At).
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The time lag A7 between two lasers is measured by the
time shift A¢ at which the cross-correlation coefficient is
maximum. If the lasers are in complete synchronization,
the maximum coefficient occurs at A¢t=7,—7=0. On the
other hand, if the lasers are in generalized synchroniza-
tion, the maximum coefficient occurs at A¢=7,=2.8 ns.

The synchronization diagram of the ML versus the IL is
displayed in Fig. 3(a), from which it can be seen that good
quality synchronization is achieved. In Fig. 3(b) C(A¢) is
shown to peak at A¢=0 [this peak is dominant compared
to the subpeaks at Az==+2.8 ns; the maximum -cross-
correlation coefficient is C(0)=0.83]. This proves that the
ML and the IL are synchronized with zero time lag, i.e.,
with no lag time between them.

The synchronization diagram of the ML versus the SL
is displayed in Fig. 3(c). The degree of synchronization is
reduced compared with Fig. 3(a), but it can clearly be
seen that the lasers are synchronized. The cross-
correlation diagram [Fig. 3(d)] has a dominant peak at
At=0 [the maximum coefficient is C(0)=0.65], which
proves that the ML and the SL are also synchronized
without a lag time.

The synchronization diagram of the IL versus the SL is
displayed in Fig. 3(e). From this figure it can be seen that
good quality synchronization is also achieved. The cross-
correlation coefficient displayed in Fig. 3(f) also peaks at
At=0 [the maximum coefficient is C(0)=0.71], which indi-
cates again good synchronization without lag time.

4. MODEL

In this section we present the theoretical model used to
describe the above experimental findings. Each laser is
modeled using single-mode rate equations. The equations
for the ML include a delayed term for optical feedback,
the equations for the IL include a term representing opti-
cal injection from the ML, and the equations for the SL
include a term representing optical injection from the IL.
The equations are

Ey=k(1+ja)(Ny - DEy + ypEy(t — Dexp(- iwy7)

+\Déy(t), (1)
Nur=¥(J = Nas = NylEnf?), (2)
Er=k(1+ja)(N;= DE; + yiEy(t - 71)exp(- iwgT.1)

+\D&l(b), 3)

N;=y,(J - Ny - N{E%), (4)
Es=k(1+ja)(Ns-1)Es,

+ YrE{(t - T.9)exp(= iwg o) + \DEs(t) (5)

Ng=v,(J -Ng-NglEg|?. (6)

Here Ey;, E, and Eg (N, N7, and Ng) are the slowly vary-
ing complex amplitudes (carrier densities) of the master,
intermediate, and slave lasers, respectively. The lasers
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are assumed to have identical free-running optical fre-
quency (wg) and parameters; % is the cavity loss, « is the
linewidth enhancement factor, D is the spontaneous emis-
sion noise intensity, ¢ is a Gaussian white noise, v, is the
inverse carrier lifetime and ¢/ is the normalized injection
current (J,=1). y,r is the feedback strength, andy; and g
are the injection strengths.

It can be observed from Egs. (1)-(6) that when yy=1v;
=vg and D=0 the lasers can be synchronized with the
slowly varying complex amplitudes related as

Ei(t - nexp(-iwg7) = Ey(t — 1,)exp(—iwg71),  (7)

Eg(t - nexp(-iwy7) = E{t - 7.5)exp(-iwy,9) (8)
and the output intensities related by
Is(#t) = Ij(t = 19+ 7) = Iny(t + 27~ 7,1 — 7). 9)

In particular, when 7,1 =17.9=7the intensities are synchro-
nized without a lag time.

In generalized synchronization the output intensities of
the lasers are related by the usual lag times, which are
the flight times between them:

Iy(@) = a4t + 79), I(t) =aslg(t + 7.9),  (10)

Since the lasers are identical, a;=ay=a; an approximated
analytical expression for the coefficient @ was given in Eq.
(10) of Ref. 36.

In Section 5 we show that, in spite of the important
simplifications of the model (which neglects the detailed
feedback geometry of the DFB grating and the nonlinear
gain saturation due to spatial and spectral hole burning),
the simulations from this model are in good qualitative
agreement with the experimental observations.

5. NUMERICAL RESULTS

The equations are simulated with the parameters
k=600 ns"!, y,=1ns™!, =3, 7,;=1,9=7=3 ns, wyr=0 rad,
J=2.4, and D=107° ns~!. With 5 ps time integration step,
time traces are obtained as output intensities of the lasers
(Inrs==|Ey1sl?. A digital low-pass filter is applied to
the intensity time series to simulate the 4 GHz band-
width recording. The correlation functions are calculated
using time series spanning 1 us.

Figure 4 displays results when the master laser exhib-
its weakly developed chaos (y,;=50 ns™1), and the injec-
tion parameters satisfy the complete synchronization con-
dition (yy=v;=vs). The synchronization diagrams and
cross-correlation plots show features remarkably similar
to the experimental observations. In the three cross-
correlation plots the peak at A¢=0 is dominant with re-
spect to the peaks at At=+3 ns. The maximum cross-
correlation coefficient is, for the ML-IL C(0)=0.94; for the
ML-SL C(0)=0.8, and for the IL-SL C(0)=0.78.

Figure 5 displays the chaotic waveforms of the ML (up-
per trace), the IL (middle trace), and the SL (lower trace).
Zero time lag synchronized chaotic oscillations are clearly
observed.

The numerical simulations indicate that the complete
synchronization solution of the three lasers is stable both
in the parameter region, where the master laser exhibits
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weakly developed chaos, and in the parameter region,
where it exhibits so-called low-frequency fluctuations
(which case is not presented here).

For comparison, the optical injection strengths of the
IL and the SL are much larger than the feedback strength
of the ML (y;=y5=87,,=400 ns~!; other parameters as in
Fig. 4). In Fig. 6 generalized synchronization is achieved
with time lags. In obtaining Figs. 6(a), 6(c), and 6(e), the
time lags between the lasers have been taken into ac-
count. In Figs. 6(b), 6(d), and 6(f), the dominant peak in
the cross-correlation diagrams occurs at At=3 ns [C(3)
=0.96] for the ML-IL; A¢=6 ns [C(6)=0.86] for the ML—
SL; At=3 ns [C(3)=0.95] for the IL-SL.

Figure 7 displays the numerically simulated intensity
time traces in generalized synchronization regime. As in
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Fig. 2, the time traces of the IL and the SL are displaced
for clarity (the arrows indicate the synchronization lag
points). It is observed that the chaotic oscillations are
synchronized with lag times corresponding to the flight
times 7,1=7.9=3 ns.

6. CONCLUSIONS

We have studied experimentally and theoretically zero-
time-lag synchronization of three DFB lasers in a unidi-
rectional cascade configuration. We have considered a
setup consisting of a master laser that is subject to optical
feedback, an intermediate laser that is subject only to op-
tical injection from the master, and a slave laser that is
subject only to optical injection from the intermediate la-
ser. From this we have demonstrated, for the first time to
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our knowledge, complete chaos synchronization of the
three lasers without a time lag. For such synchronization,
three conditions have to be satisfied. (1) The lasers need
to operate at the same wavelength. (2) The optical feed-
back rate of the master laser should be equal to the opti-
cal injection rates of the intermediate and slave lasers. (3)
The flight times of master—intermediate laser and the
intermediate-slave laser need to match the delay time of
the master external cavity.

The cross-correlation diagrams have shown that the
three lasers are in complete synchronization with the
maximum cross-correlation coefficient for zero time lag.
Based on a simple model for three coupled single-mode la-
sers, the experimental findings have been qualitatively
well reproduced theoretically. The proposed scheme can
also be employed to synchronize with zero time lag any
number of slave systems to a master system that has a
time delay, as long as the time of flight between each sys-
tem is equal to the master delay time.

ACKNOWLEDGMENTS

The work is supported by the European Union OCCULT
(Optical Chaos Communication Using Laser Transmit-
ters) project (IST-2000-29683) and EPSRC (Engineering
and Physical Sciences Research Council) project (GR/
S78650/01). C. Masoller acknowledges support from the
“Ramon and Cajal” Program (Spain).

M. W. Lee is the corresponding author and can be
reached via e-mail at minlee@informatics.bangor.ac.uk.

REFERENCES

1. L. M. Pecora and T. L. Carroll, “Synchronization in chaotic
systems,” Phys. Rev. Lett. 64, 821-824 (1990).

I. Fischer, Y. Liu, and P. Davis, “Synchronization of chaotic
semiconductor laser dynamics on sub-ns timescales and its
potential for chaos communication,” Phys. Rev. A 62, 801-1-
4 (2000).

A. Uchida, S. Yoshimori, M. Shinozuka, T. Ogawa, and F.
Kannari, “Chaotic = on—off keying for secure
communications,” Opt. Lett. 26, 866—-868 (2001).

S. Tang and J.-M. Liu, “Message encoding—decoding at
2.5 Gbits/s through synchronization of chaotic pulsing
semiconductor lasers,” Opt. Lett. 26, 1843-1845 (2001).
J.-B. Cuenot, L. Larger, J.-P. Goedgebuer, and W. T.
Rhodes, “Chaos shift keying with an optoelectronic
encryption system using chaos in wavelength,” IEEE J.
Quantum Electron. 37, 849-855 (2001).

C. R. Mirasso, J. Mulet, and C. Masoller, “Chaos shift-
keying encryption in chaotic external-cavity semiconductor
lasers using a single-receiver scheme,” IEEE Photonics
Technol. Lett. 14, 456-458 (2002).

T. Heil, J. Mulet, I. Fischer, C. R. Mirasso, M. Peil, P. Colet,
and W. Elsdfler, “ON/OFF phase shift keying for chaos-
encrypted communication using external-cavity
semiconductor lasers,” IEEE J. Quantum Electron. 38,
1162-1170 (2002).

dJ. Paul, S. Sivaprakasam, P. S. Spencer, and K. A. Shore,
“Optically modulated chaotic communication scheme with
external-cavity length as a key to security,” J. Opt. Soc.
Am. B 20, 497-503 (2003).

M. W. Lee, L. Larger, and J.-P. Goedgebuer, “Transmission
system using chaotic delays between lightwaves,” IEEE J.
Quantum Electron. 39, 931-935 (2003).

J. Paul, M. W. Lee, and K. A. Shore, “3.5-GHz signal
transmission in an all-optical chaotic communication

2.

10.



Lee et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

scheme using 1550-nm diode lasers,” IEEE Photonics
Technol. Lett. 17, 920-922 (2005).

M. G. Rosenblum, A. S. Pikovsky, and J. Kurths, “From
phase to lag synchronization in coupled chaotic oscillators,”
Phys. Rev. Lett. 78, 41934196 (1997).

D. J. DeShazer, R. Breban, E. Ott, and R. Roy, “Detecting
phase synchronization in a chaotic laser array,” Phys. Rev.
Lett. 87, 044-101 (2001).

S. Sivaprakasam and K. A. Shore, “Demonstration of
optical synchronization of chaotic external-cavity laser
diodes,” Opt. Lett. 24, 466468 (1999).

C. Masoller, “Anticipation in the synchronization of chaotic
semiconductor lasers with optical feedback,” Phys. Rev.
Lett. 86, 2782-2785 (2001).

S. Tang and J.-M. Liu, “Experimental verification of
anticipated and retarded synchronization in chaotic
semiconductor lasers,” Phys. Rev. Lett. 90, 101-1-4 (2003).
Y. Liu and P. Davis, “Dual synchronization of chaos,” Phys.
Rev. E 61, R2176-R2179 (2000).

A. Uchida, S. Kinugawa, T. Matsuura, and S. Yoshimori,
“Dual synchronization of chaos in one-way coupled
microchip lasers,” Phys. Rev. E 67, 220-1-8 (2003).

A. Murakami, “Phase locking and chaos synchronization in
injection-locked semiconductor lasers,” IEEE J. Quantum
Electron. 39, 438—447 (2003).

M. W. Lee and K. A. Shore, “Two-mode chaos
synchronization using a multi-mode external-cavity laser
diode and two single-mode laser diodes,” J. Lightwave
Technol. 23, 1068-1073 (2005).

J. Mulet, C. Masoller, and C. R. Mirasso, “Modeling
bidirectionally coupled single-mode semiconductor lasers,”
Phys. Rev. A 65, 815-1-12 (2002).

J. M. Buldu, R. Vicente, T. Pérez, C. R. Mirasso, M. C.
Torrent, and J. Garcia-Ojalvo, “Periodic entrainment of
power dropouts in mutually coupled semiconductor lasers,”
Appl. Phys. Lett. 81, 5105-5107 (2002).

T. Heil, I. Fischer, W. Elséfler, J. Mulet, and C. R. Mirasso,
“Chaos synchronization and spontaneous symmetry-
breaking in symmetrically delay-coupled semiconductor
lasers,” Phys. Rev. Lett. 86, 795-798 (2001).

N. Fujiwara, Y. Takiguchi, and J. Ohtsubo, “Observation of
the synchronization of chaos in mutually injected vertical-
cavity surface-emitting semiconductor lasers,” Opt. Lett.
28, 1677-1679 (2003).

Y. Hong, M. W. Lee, P. S. Spencer, and K. A. Shore,
“Synchronization of chaos in wunidirectionally coupled

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Vol. 23, No. 5/May 2006/dJ. Opt. Soc. Am. B 851

vertical-cavity surface-emitting semiconductor lasers,” Opt.
Lett. 29, 1215-1217 (2004).

I. V. Koryukin and P. Mandel, “Two regimes of
synchronization in unidirectionally coupled semiconductor
lasers,” Phys. Rev. E 65, 201-1-5 (2002).

A. Locquet, C. Masoller, and C. R. Mirasso,
“Synchronization regimes of optical-feedback-induced chaos
in unidirectionally coupled semiconductor lasers,” Phys.
Rev. E 65,205-1-12 (2002).

A. Uchida, N. Shibasaki, S. Nogawa, and S. Yoshimori,
“Transient characteristics of chaos synchronization in a
semiconductor laser subject to optical feedback,” Phys. Rev.
E 69, 201-1-9 (2004).

Y. Liu, Y. Takiguchi, P. Davis, T. Aida, S. Saito, and J.-M.
Liu, “Experimental observation of complete chaos
synchronization in semiconductor lasers,” Appl. Phys. Lett.
80, 4306—-4308 (2002).

Y. Liu, P. Davis, Y. Takiguchi, T. Aida, S. Saito, and J.-M.
Liu, “Injection locking and synchronization of periodic and
chaotic signals in semiconductor lasers,” IEEE J. Quantum
Electron. 39, 269-278 (2003).

A. Murakami and J. Ohtsubo, “Synchronization of
feedback-induced chaos in semiconductor lasers by optical
injection,” Phys. Rev. A 65,826—1-7 (2002).

M. W. Lee, J. Paul, I. Pierce, and K. A. Shore, “Frequency-
detuned synchronization switching in chaotic DFB laser
diodes,” IEEE J. Quantum Electron. 41, 302-307 (2005).
R. Vicente, T. Pérez, and C. R. Mirasso, “Open-versus
closed-loop performance of synchronized chaotic external-
cavity semiconductor lasers,” IEEE J. Quantum Electron.
38, 1197-1204 (2002).

M. W. Lee, J. Paul, S. Sivaprakasam, and K. A. Shore,
“Comparison of closed-loop and open-loop feedback schemes
of message decoding using chaotic laser diodes,” Opt. Lett.
28, 2168-2170 (2003).

S. Sivaprakasam and K. A. Shore, “Cascaded
synchronization of external-cavity laser diodes,” Opt. Lett.
26, 253-255 (2001).

dJ. Paul, S. Sivaprakasam, and K. A. Shore, “Dual-channel
chaotic optical communications using external-cavity
semiconductor lasers,” J. Opt. Soc. Am. B 21, 514-521
(2004).

J. Revuelta, C. R. Mirasso, P. Colet, and L. Pesquera,
“Criteria for synchronization of coupled chaotic external-
cavity semiconductor lasers,” IEEE Photonics Technol.
Lett. 14, 140-142 (2002).

105



IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 18, NO. 1, JANUARY 1, 2006

169

Demonstration of a Chaotic Optical Message Relay
Using DFB Laser Diodes

Min Won Lee and K. Alan Shore

Abstract—The demonstration of chaotic message relay using
three chaotic distributed feedback diode lasers is reported. A
1-GHz message has been encoded in a chaotic carrier and relayed
to a terminal receiver laser via a mediator laser. The message
has been successfully extracted at both the mediator and re-
ceiver lasers. The message relay capability thereby demonstrated
provides a key functionality for chaotic optical communication
networks.

Index Terms—Chaos, distributed feedback (DFB) lasers, semi-
conductor lasers, synchronization.

HE STRONG demand for private or secure communi-

cations has motivated the development of chaotic data
encryption techniques. The fundamental concept underpin-
ning this approach is that of transmitting information using a
noise-like chaotic carrier. With a view to direct application of
such techniques in optical communication systems, a particular
effort has been given to the utilization of chaotic semicon-
ductor lasers or laser diodes to provide a chaotic optical carrier
signal. Schemes for message extraction using laser diodes have
been demonstrated in a number of optical chaos encryption
systems [1]-[6]. In these circumstances, investigations have
progressed to apply chaotic communication techniques in fiber
transmission [7] and digital message transmission [8]. More
recently, vertical-cavity surface-emitting lasers (VCSELs) have
also been demonstrated to be suitable for application in chaotic
communications [9], [10].

In the preceding investigations, a rather simple transmitter—re-
ceiver or master—slave configuration has generally been utilized
for message transmission. However, to meet the requirements of
network communications systems means are required for com-
municating between a single transmitter and multiple receivers
and also to enable transmission of several messages over a single
transmission channel. Such capabilities would enable chaotic
optical communications systems to provide effective networking
services. Already, chaotic message broadcasting [11] has been
demonstrated as a potential means for distributing messages to
a number of receivers. Chaos message multiplexing has also
been reported wherein several messages have been transmitted
using a number of channels [12], [13]. These achievements
confirm the suitability of chaos communications techniques
for realizing networking functionality.
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Fig. 1. Schematic diagram of experimental setup: TL is transmitter laser, ML

is mediator laser, RL is receiver laser, BS is beam splitter, NDF is neutral density
filter, M is mirror, OI is optical isolator, CA is coupling attenuator, HWP is
half-wave plate, and PD is photodetector.

In this letter, we report a successful achievement of another
feature of communication networks through the demonstration
of a chaotic optical relay. In conventional communications sys-
tems, network operations are often performed with the assis-
tance of relay stations which provide the opportunity to en-
hance the distance over which information can be transmitted.
A similar functionality would be extremely attractive in chaotic
optical communications. In order to implement such a system,
the requirement is to couple three or more chaotic transmitters
and receivers in cascade configuration and then successfully ex-
tract a message at the terminal receiver. A basic requirement for
successful message transmission in such a configuration is the
achievement of robust chaos synchronization between the cas-
caded transmitters and receivers. Cascade synchronization has
been recently reported using three diode lasers [14]. Based on
such cascade synchronization, we demonstrate in this letter the
successful relay of a 1-GHz chaotic message using three cas-
cade-coupled distributed feedback (DFB) laser diodes, termed
here the transmitter, mediator, and receiver lasers. In the ar-
rangement used here, the transmitter laser is rendered chaotic
due to the application of optical feedback in an external cavity.
A 1-GHz message is encoded using the chaotic carrier. The me-
diator laser performs as a chaotic relay. Message recovery in
both the mediator and receiver lasers is also demonstrated.

The experimental setup shown in Fig. 1 uses three DFB
lasers as the transmitter laser (TL), the mediator laser (ML),
and the receiver laser (RL). While the TL is subject to optical
feedback, the ML and RL consist of solitary lasers thereby
operating in the open-loop configuration. The lasers are driven
by low-noise high-accuracy current sources at about three times

1041-1135/$20.00 © 2005 IEEE
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Fig. 2. Synchronization of lasers. (a) Synchronization diagram of TL versus
ML. (b) Synchronization diagram of ML versus RL.

their free-running threshold currents and specifically for the TL,
ML, and RL, respectively, at 39.79 mA (3.03J;1, where J;1, is
the threshold current of free-running laser), 39.6 mA (3.01.Jy),
and 39.26 mA (3.03.Jy). Using temperature controllers with
£0.01 °C accuracy, the three lasers are stabilized at tempera-
tures of 28.55 °C, 24.71 °C, and 24.73 °C, respectively. For
these operating parameters, the lasers support single-mode
emission at a wavelength of 1549.29 nm with 40-dB side-mode
suppression. A 1-GHz sine-waveform signal is used to directly
modulate the TL through a bias-tee to provide the message to be
transmitted. The emission of each of the lasers is collimated by
an aspheric lens. The mirror M1 defines for the TL an external
cavity whose length of 45 cm corresponds to an external cavity
round-trip time of 7 = 3 ns. Using the neutral density filter
(NDF), the optical feedback intensity is adjusted to 6% of the
TL output power, which allows the emission of the TL to be
rendered chaotic. The output of the TL is coupled to the ML
through the beam splitters BS1 and BS3, and the ML is coupled
to the RL through M2 and BS5. Hence, the lasers are coupled in
cascade configuration. The optical isolators OI1-3 are used to
ensure unidirectional coupling. The half-wave plates HWP1-2
are used to adjust emission polarizations to ensure effective
coupling. The coupling attenuators CA1-2 are used to adjust
the injection ratios to the ML and RL which are 2.3% and 3.8%,
respectively, with respect to the output power of the ML and
RL. The coupling distance between the TL and ML is fixed at
117 cm and the coupling distance between the ML and RL is
fixed at 105 cm. The 12-GHz bandwidth photodetectors PD1-3
are used to detect the output of the lasers through BS2, BS4,
and BS5. A 4-GHz digital oscilloscope is used to record the
outputs of the lasers with a 10-GS/s sampling rate.

Generally, the first requirement for message recovery is to
achieve chaos synchronization between lasers. In the present
system, cascade chaos synchronization must be achieved for
message recovery in both the mediator and receiver lasers. Fig. 2
shows the cascade synchronization achieved between the three
lasers in the presence of the message. For clarity, the time lag
between the lasers has been taken into account in the figure.
Fig. 2(a) displays a synchronization diagram of TL output in
the abscisse and ML output in the coordinate. It is clear that the
laser outputs are well synchronized. The cross-correlation coef-
ficient [15] for this synchronization is obtained as 0.71, which
shows a good quality of synchronization. Chaos synchroniza-
tion achieved between ML and RL is shown in Fig. 2(b). The
cross-correlation coefficient for this synchronization is obtained
as 0.75, which confirms a good quality synchronization.
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Fig. 3. (a) Power spectra of transmitter laser output. Message is indicated at
1 GHz. (b) Power spectra of mediator laser output. Relayed message is indicated
at 1 GHz. (c) Power spectra of receiver laser output.

A key aspect of the functionality expected in chaotic relays is
the capability of extracting the message at intermediate stages.
Such a capability, in association with message broadcasting,
will allow the implementation of complex chaotic communica-
tion networks. In the present case, the requirement is to con-
firm the presence of the message in the mediator laser. In order
to establish that the ML relays the chaotic message, we have
measured the power spectra of the lasers which are displayed
in Fig. 3. The power spectra of the TL are shown in Fig. 3(a),
where a 1-GHz message is mixed with the chaotic output of
the TL. The chaotic spectrum clearly shows the 335-MHz ex-
ternal-cavity frequency which corresponds to the 3-ns external
cavity round-trip time. The laser output is used as a chaotic car-
rier to encode the 1-GHz message. For the present proof-of-prin-
ciple demonstration, a relatively strong message has been uti-
lized; nevertheless, it is effectively encoded. Fig. 3(b) exhibits
the power spectra of the ML synchronized to the TL. The figure
shows that the ML can relay the chaotic message transmitted
from the TL although, as expected, the message strength is re-
duced. It is seen, therefore, that the ML can decode the message
and relay it to transmit to the RL. The power spectra of the RL
synchronized to the ML are depicted in Fig. 3(c). In the figure,
the chaotic carrier is reproduced in the RL, but the message is
not reproduced. This indicates that the RL is able to recover the
relayed 1-GHz message from the chaotic carrier.

Using the synchronization obtained above, message recovery
can be implemented in both the ML and the RL by signal sub-
traction [11]. Fig. 4 shows the message recovery at both the ML
and RL. As seen in Fig. 3(b), the ML duplicates the chaotic car-
rier and the message. However, since the message amplitude in
the ML is lower than that in the TL, the message is recovered
at the ML as the difference of the amplitudes by a subtraction
between the input and output of ML (note that the ML input is
the TL output). The spectrum of the message decoded in the ML
is shown in Fig. 4(a). The chaotic carrier is suppressed and the
1-GHz message is clearly revealed in the spectra. Because of the
good suppression of the chaotic carrier, the external-cavity fre-
quency does not appear and the spectra in the figure are very flat.
It is thus confirmed that the ML has performed efficient message
recovery. The recovered message has been numerically filtered
by a fast Fourier transform (FFT) filter. The bandwidth of the
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filter is from 0.8 and 1.2 GHz, which is =200 MHz in the center
of the 1-GHz message. In Fig. 4(b), the filtered message clearly
shows the 1-GHz sine-waveform signal.

The RL input contains the chaotic carrier and message, and
the RL output includes only the chaotic carrier. Therefore, a
subtraction of the input and output of RL allows recovery of
the relayed message. Fig. 4(c) displays the power spectra of the
message decoded at the RL. As in the case of the ML, a good
suppression of the chaotic carrier results in the flat spectra seen
in the figure. Despite such good suppression of the chaotic car-
rier, the message recovery is, as expected, poorer than in the
ML. The decoded message is filtered in the same way as for
the ML. As expected from Fig. 4(c), the filtered message is a
little degraded in Fig. 4(d). But, it is apparent that it contains the
1-GHz sine-waveform signal. This confirms an efficient mes-
sage recovery of the relayed chaotic message at the RL.

In order to examine the efficiency of chaotic message relay
and message degradation, the signal-to-noise ratio (SNR) and
linewidth of the message center frequency have been measured
for the messages recovered at the ML and RL. The SNR for
the message recovered at the ML has been measured as 23 dB,
while the SNR for the message recovered at the RL has been
obtained as 12 dB, which is 11 dB lower. This indicates that
the setup used here allows only a two-stage process. In order
to enable multistage chaotic message relay, attention will need
to be given to performance optimization through an improved
SNR of the relayed message as well as enhancing the quality of
chaos synchronization. Measurements of the 3-dB linewidth of
the decoded message reveal no significant broadening from the
TL via the ML to the RL. As such, the message degradation in
Fig. 4(d) is considered to be caused by the SNR change rather
than linewidth broadening.

Using a cascade configuration comprising transmitter, medi-
ator, and receiver lasers, we have experimentally demonstrated
chaotic message relay and recovery of a 1-GHz message. As a
prerequisite for this demonstration, we have achieved cascade
chaos synchronization in the presence of the 1-GHz message.

The cross-correlation coefficients between the emissions of the
lasers confirm the high quality of the chaos synchronizations re-
quired for message decoding. Care has been taken to establish,
via the power spectra of the mediator laser, that the chaotic mes-
sage has successfully been relayed in the mediator laser. Fur-
thermore, it has been established that decoding of the message
can be accomplished at the mediator laser. It has been shown
that message extraction at the receiver laser can be affected, al-
beit with an expected degradation of recovered signal. An op-
tical amplifier could possibly be used to enhance the transmis-
sion distance. However, message recovery cannot be performed
at the optical amplifier. The chaotic message relay capability re-
ported here, together with the previously demonstrated chaotic
broadcasting [11] and chaos multiplexing capabilities [12], [13]
offers the opportunity to construct effective chaotic optical com-
munication networks.
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Dynamical characterisation of laser diode subject to
double optical feedback for chaotic optical

communications

M.W. Lee, P. Rees, K.A. Shore, S. Ortin, L. Pesquera and A. Valle

Abstract: A chaotic semiconductor laser subject to double optical feedback is characterised
in terms of the statistical analysis, power spectrum analysis and forecast error analysis of the
chaotic dynamics. Varying the relative lengths of the two external cavities, the dynamics are
observed and compared to that of a single cavity. We show that in the case of integer multiple
external-cavity lengths the round-trip time delays can be deduced from the forecast error
analysis. In the case of fractional multiple cavity lengths, only the mean value of the cavity
resonance frequencies can be deduced from the power spectra and hence the cavity time delays
cannot be found. Cavity time delays that differ more than 0.4ns can be obtained from the
forecast error analysis. In the case of similar cavity lengths, the cavity time delays cannot
be extracted. The results show that double optical feedback may offer particular advantages for

enhancing security in chaos encryption.

1 Introduction

Owing to its high security potential, chaos cryptography is
of great interest for data encryption for private communi-
cations. Chaos can provide a noise-like, flat broadband
carrier and dynamical complexity associated with a high-
dimensional attractor. An encryption technique based on
such chaos was developed for private communication
systems by Cuomo et al. [1]. In such a scheme, chaos is
used as a carrier to transmit and encode messages in the
transmitter. In the receiver, chaos synchronisation [2]
is required to decode the message. When the receiver
is synchronised to the transmitter, the chaotic carrier can be
subtracted and the message can be recovered. Several
optical systems based on the chaos encryption have been
proposed and have shown good performance in message
encryption and decryption using different optical dynamic
variables such as laser intensity [3, 4], wavelength [5] and
optical delay [6]. In such systems, the message security
depends, for example, on the number of decoding keys and
the complexity of the chaotic dynamics. Diverse architec-
tures have been proposed for effecting such secure optical
communications [7—12]. Since the dynamics generated by a
delay system can easily have a very high attractor dimension,
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many optical systems are based on delayed optical or
optoelectronic feedback. Thus, among several parameters,
the effects of the time delay have been investigated in the
context of chaos generation and chaos encryption. Itis known
that the time delay is a crucial parameter for decoding the
message, because a small mismatch in time delay gives rise to
a large error in message decoding [13].

In optical delay systems, external-cavity laser diodes are
often used for chaos encryption. This is because when laser
diodes are subject to optical feedback owing to an external
mirror, they can easily generate GHz-bandwidth chaos,
which permits the encoding of high frequency messages.
Moreover, the external-cavity round-trip time in such lasers
introduces a time delay that can be changed very easily by
varying the cavity length. Hence, research focussing on
external-cavity length has been undertaken on, for example,
the short cavity dynamical regime [14] and chaotic laser
with external fibre cavity [15].

Although the time delay is a crucial parameter in chaos
encryption, recent work has shown that the time delay can
be estimated by a time series analysis technique and, owing
to this estimation, the security of chaos encryption can be
compromised [16—18]. In this case the time delay is not
a secure key. For this reason, it is of interest to examine
means for generalising the effects of time delay in order to
restore the security of the system. Semiconductor laser
diodes subject to double optical feedback have been
previously studied for stabilisation of chaotic dynamics
[19-21]. In this paper, we characterise a semiconductor
laser subject to double optical feedback in the context of
chaotic communications. Compared to single optical feed-
back, it is expected that the use of two time delays through
double optical feedback can have the potential advantage of
providing a secure decoding key. An optoelectronic chaos
generator using two time delays has been recently reported
to increase the dimension of the chaotic attractor [22].
In that work, it was shown that the dynamics arising with a
double time delay are very different to those due to single
time delay. Moreover, on the basis of the Lyapunov
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exponents and dimensions of the dynamics, the complexity
of the dynamics for double delay is greater than that for
single delay. Systems using two or more delays have also
been implemented in code division multiple access
(CDMA) communications [23] and in neural networks
[24]. In this paper, we focus on how the dynamics owing to
double delay can affect time delay estimation. The results
are presented in terms of the statistical analysis of the time
series of optical intensity, power spectrum of the dynamics
and forecast errors.

2 Experimental arrangement

The experimental setup is shown schematically in Fig. 1.
The system has two external-cavities; Cavity 1 and
Cavity 2. The cavities are formed using mirrors M1 and
M2 and, in general, have different cavity lengths L; and L,,
respectively. A Fabry-Pérot type diode laser emitting at
1550 nm is used as the optical source. The laser operates at a
temperature of 24.1°C temperature and 23.54 mA drive
current which is around 1.5 times the stand-alone laser
threshold current. The emission of the laser is collimated by
an aspheric lens. The beam splitter BS1 is used to couple the
laser to photodetector PD. BS2 is used to separate the laser
output in two arms for double optical feedback through M1
and M2. The neutral density filters NDF1 and NDF2 are
used to vary the optical feedback intensity for each cavity.
The optical isolator OI eliminates back-reflection with
a —40dB isolation. The 12 GHz photodetector PD enables
detection of the chaotic laser output at high frequency.
A 20 GS/s oscilloscope is used to record the photodetector
outputs.

Experiments have been performed for three cases by
varying the cavity lengths L; and L,: case 1) L; =30cm
and L, =60cm; case 2) Ly, =30cm and L, =33cm;
case 3) L; = 30cm and L, = 40cm. NDF1 and NDF2 are
adjusted to give a 3.2% optical feedback intensity of the
laser output for each cavity and the laser is thereby rendered
chaotic. The output of the photodetector is recorded via an
oscilloscope.

3 Characterisation of chaotic dynamics

3.1 Single delay case

Figure 2 shows chaotic dynamics generated from single
delay configuration (L; = 30cm). Figure 2a is a time
series recorded using the oscilloscope operating in the
conventional mode. In the Figure, the time delay is not

laser

331\\______ oscilloscope

Fig. 1 Schematic experimental setup

BS: beam splitter, M: mirror, OI: optical isolator, NDF: neutral density
filter, PD: photodetector
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revealed in the chaotic time traces recorded in conven-
tional mode. Figure 2b is a time series recorded by
operating the oscilloscope in statistical mode. Unlike the
conventional oscilloscope mode which gives information
in two dimensions (time against amplitude), this mode
gives waveform information in three dimensions: time,
amplitude, and probability density of the waveform (based
on statistical analysis of a large number of waveforms).
In Fig. 2b, the probability density of the waveform
evolution is shown in grey scale intensity. The dark grey
tone represents high probability density and light grey
tone represents low probability density. From this Figure,
the time delay in the experiment is easily obtained as
Ty = 2ns by measuring the period of the time series.
Therefore, the single time delay is not a secure decoding
key for chaos encryption. Figure 2¢ displays the power
spectra of the dynamics over a GHz range. In the Figure,
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the time delay is also easily deduced as 7; =2ns by
measuring the external-cavity resonance frequency
(fi = 500MHz). Figures 2b and c indicate that the time
series in statistical mode and power spectra can easily
enable estimation of the time delay of the system.
Figure 2d displays forecast errors as a function of delay
time t, which allow extraction of the time delay. The
forecast errors are calculated from the experimental time
series of optical intensity I(¢) by using a global linear
model with input data delayed by both the embedding
time ¢, = 75 ps and the delay time t: I(t —1t,), I(t — 21,),
I(t—3t,); I(t — 1), I(t — v — t,), I(t — T — 21,). The delay
time t where the forecast error becomes minimum
corresponds to the time delay of the system. This method
is based on an embedding-like approach similar to that
used in [16], but a simpler global model is used instead of
a local linear one. From the Figure, the minimum is
obtained at T = 1.88ns which corresponds closely to the
time delay of the physical system. Note that the cavity
length estimated from the statistical analysis of the time
series of optical intensity and from the power spectrum is
the optical cavity length which is slightly greater than the
physical length owing to the presence of various optical
components in the cavity [25].

3.2 Double delay case

Since double delay provides high complexity in the
system, we deal hereafter with chaotic dynamics gener-
ated in a double external-cavity configuration. First,
chaotic dynamics characterisation is performed in the
statistical mode. In case 1, the lengths of the cavities are
Ly =30cm and L, = 60 cm, respectively. The frequency
and time delay are measured as f; = S00MHz and 7, =
2ns for Cavity 1, and f, =250MHz and 17, = 4ns for
Cavity 2, respectively. Using the double cavity in this
case, the time series in statistical mode in Fig. 3a appears
to be the same as that in Fig. 2b. From the Figure, the
frequency and time delay are measured as f; = 500 MHz
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¢ Case 3; Ly =30cm, L, =40cm
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and t; = 2ns, respectively. Thus, even though the system
has a double cavity, it appears that the system has single
cavity with a 2ns time delay.

In case 2, the lengths of Cavity 1 and Cavity 2 are slightly
different: L; = 30, L, = 33 cm. The cavity lengths produce
round-trip times of 7y =2ns and 1, =2.2ns, and give
resonance  frequencies of f; =500MHz  and
> = 454.5MHz, respectively. The time series in statistical
mode for the double cavity are shown in Fig. 3b.
The dynamics is different to that in Fig. 2b and
no periodicity is revealed in the Figure. Thus, the
external-cavity round-trip time cannot be estimated from
the time series in statistical mode.

In case 3, the length of Cavity 1 is L; = 30cm, and
Cavity 2 is L, =40cm. For Cavity 2, the frequency
and time delay are measured as f>, =375MHz and
7, = 2.67 ns, respectively. Figure 3¢ shows the time series
in statistical mode for this case. The time series in Fig. 3¢
does not show the periods of Cavity 1 and Cavity 2.
Because of a superposition of two different periodicities
which are fractional multiples, the period of the laser
output in case 2 and case 3 is obscured and cannot be
directly measured by recording time series in the
statistical mode.

Figure 4 exhibits the power spectra of the chaotic
dynamics for each case. The power spectra of the dynamics
in case 1 are shown in Fig. 4a. Although the system has two
external cavities, the power spectra for the double cavity
appears quite similar to that for Cavity 1. The resonance
frequency is measured as f; = 500 MHz which is the same
as Cavity 1. The system can be recognised as using a single
cavity with 7, = 2 ns time delay as the Figure does not show
strongly the frequency owing to Cavity 2. Thus, the results
indicate Cavity 1 is the dominant cavity in the system and
the presence of the double cavity is not revealed. Figure 4b
displays the power spectra of the chaotic dynamics for
case 2. Compared to Fig. 2¢, the power spectra in this case
appear similar to a conventional single cavity one. However,

output power, dBm

output power, dBm

output power, dBm

o
-

2 3 4 5
frequency, GHz

Fig. 4 Power spectra of chaotic dynamics

a Case 1; L; =30cm, L, = 60cm
b Case 2; L, =30cm, L, =33 cm
¢ Case 3; L; =30cm, L, = 40cm
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the resonance frequency is obtained as f; = 477.3 MHz
which does not correspond to that of either Cavity 1 or
Cavity 2. From the frequency obtained in Fig. 4b, the time
delay is obtained as t; = 2.1 ns which is slightly different
from the time delays of the single cavities. This indicates
that the time delay for a double cavity is more difficult to
estimate than a single cavity. Moreover, the power spectra
in Fig. 4b appear to be that of a single cavity with a small
error in the time delay. The power spectra shown in Fig. 4¢
for case 3 are very different to the single cavity case.
The periodicity of the system is obscured and the system
exhibits a number of resonance frequencies. One resonance
frequency is measured as f; = 437.5MHz. From this
frequency, the time delay is obtained as t; =2.29ns
which is completely different to the time delays of the
individual cavities. We note that the frequency f; can be
obtained quite accurately by simple arithmetic averaging of
the two single cavity frequencies f; and f5:

fi+f 500+ 375
2 2

Likewise in case 2, the frequency f; = 477.3 MHz obtained
in Fig. 4b can be found by simple averaging. Thus, if the
system has a double cavity with fractional multiple cavity
lengths, the frequencies from each cavity cannot be directly
measured and only the mean value of resonance frequencies
of the two cavities can be obtained. Even if the presence of a
double cavity becomes known in this case, it is difficult to
estimate the time delays of each cavity.

The time delays are not revealed by the above
characterisations of the double cavity. But the time delays
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100

can be revealed by calculating forecast errors as shown in
Fig. 5. The forecast errors in Fig. 5 are calculated using the
procedure described above. The forecast errors against
delay time for case 1 are shown in Fig. Sa where the forecast
errors exhibit two minima. The first minimum forecast error
occurs at a delay time of 7= 1.88ns and the second
minimum appears at t = 3.83ns. These delay times
correspond to the time delays t; and t,, respectively for
this case. The forecast errors for case 2 are shown in Fig. 5b
over a range between | and 3 ns of delay time. Compared to
Fig. 2d, the minimum forecast error is broadened by a few
100 ps of delay time which introduces significant uncer-
tainty into the estimation. It is shown that the presence of
double time delay can be deduced, but because of the spread
of minimum forecast errors, the values of each time delay
cannot be extracted from the Figure. The centre of the
spread of minimum forecast error is measured as 1.6ns,
which does not correspond to the time delays of the physical
system. Figure 5c¢ displays the forecast errors for case 3.
Compared to Fig. 5b, the first and second minimum forecast
errors are prominent in this case. From the first and second
forecast errors the delay times t are measured respectively
as 1.92ns and 2.52 ns which correspond to the time delays
of each cavity. This indicate that when the difference of the
cavity lengths become larger, the time delay can be
extracted by calculating the forecast errors. In the case of
integer multiple external-cavity lengths a method based on a
filling factor analysis have been used to obtain the delay
times [25]. In this method one has to estimate the time
derivative of the signal from experimental time series,
which is sensitive to noise, and a special care has to be taken
for that purpose.

4 Numerical characterisation

A numerical simulation has been made to confirm the
values of the frequency averaging performed in case 3.
The dynamics of the double optical feedback is modelled
using the following equations for the normalised complex
electric field E(t) and normalised carrier number above
threshold N(r) [26, 27]:

d . .
B0 = [(1 4+ is)N() + ie]E(1)

+ K E(t— 1) + K E(f — 1) (2)

T%N(t) =P—N@)— (1+2NO)EN (3

where o = 3.5 is the linewidth enhancement factor, k; =
K, = 0.001 are the optical feedback coefficients which
are adjusted the same for each cavity, w = 3.08 x 10'? is
the normalised optical frequency of the laser, T = 700 is
the ratio of the photon and carrier lifetimes, and P =
1.51, is the pumping level above threshold of the laser.
From the cavity lengths L; = 30cm and L, = 40cm, the
time delays can be obtained as t; = 2ns and 1, = 2.67 ns,
respectively.

The simulation is performed with 100 ps integration step
using the parameters shown above. The numerical results
are shown in Fig. 6. In Fig. 6a, the spectrum of dynamics
from Cavity 1 is obtained. The resonance frequency is found
to be fj = 500 MHz which indicates a T, = 2 ns time delay.
Likewise, the power spectrum of the dynamics from Cavity
2 is shown in Fig. 6b. The resonance frequency is found to
be f, = 375 MHz which indicates 7, = 2.67 ns time delay.
It is seen therefore that the frequencies and time delays can
be found from the numerical simulations and the numerical
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results show a good agreement with the experimental
results. As is expected from the experimental results for
case 3, the power spectra of the double optical feedback
dynamics exhibit an unusual behaviour which is shown in
Fig. 6¢. The cavity round-trip frequency is found to be f; =
435 MHz which is very close to the one obtained through
(1): f,, = (500 + 375)/2 = 437.5 MHz.

The simulations undertaken here have had as their focus
the confirmation of the frequency averaging undertaken in
(1). It is noted that opportunities exist to perform more
detailed simulations indicating statistical analysis of the
laser waveform and the forecast error. Such extensive work
is beyond the scope of the present paper.

5 Conclusions

In conclusion, we have characterised chaotic laser diodes
subject to double optical feedback in terms of the chaotic
time series in statistical mode, cavity round-trip frequency
and forecast errors. In the case that two cavity lengths are
integer multiples, the dynamics generated from double
optical feedback are similar to that for a single cavity
case. Despite using two external cavities, one finds only
one time delay from the time series of the optical intensity
in statistical mode and its power spectra whilst the
forecast errors reveal the presence of two cavities. In the
case that two cavity lengths are fractional multiples,
the dynamics of the double feedback case is very different
to that for single feedback. For the double feedback case
the time delays are obscured in the statistical analysis of
the time series. The resonance frequencies due to each
cavity cannot be deduced from the power spectrum
analysis but only the mean value of the frequencies can
be obtained. This experimental result has been compared
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to numerical simulations using the model described by
(2) and (3). Good agreement is obtained between the
experimental and numerical results. It is thus demon-
strated experimentally and numerically that the generated
dynamics can be more robust against the time delay
estimation. The forecast errors reveal the presence of two
time delays for case 3, but not for case 2 because of the
spread of the minimum forecast error. This demonstrates
that similar time delays as in case 2 are more robust
against detection of the time delays. The dynamic regime
used for individual cavities is the low-dimensional chaotic
regime where the periodicity owing to the external-cavity
significantly appears. It can be expected that in a high-
dimensional chaotic regime of individual cavities the
estimation of double time delay becomes more difficult.
From the results, we expect that the use of a system based
on double cavity configuration may provide advantages to
improve the message security when its chaotic dynamics
are used in a chaos encryption system. In particular,
similar time delays can provide more secure decoding
keys than in the other cases.
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Demonstration of an All-Fiber Broadband
Optical Parametric Amplifier at 1 pm

Min Won Lee, Thibaut Sylvestre, Michaél Delqué, Alexandre Kudlinski, Arnaud Mussot, J.-F. Gleyze,
Alain Jolly, and Hervé Maillotte

Abstract—In this paper, an optical parametric amplifier and
wavelength converter in an all-fiber optical configuration is ex-
perimentally demonstrated for photonic applications in the 1 p#m
band. This is achieved by using a microstructured fiber which pro-
vides anomalous dispersion at 1 um and an LiNbO; electro-optic
intensity modulator specially designed at this operating wave-
length for generating pump pulses. A gain of greater than 30 dB
together with highly efficient wavelength conversion is obtained at
1053 nm. The gain bandwidth and gain-power efficiency are also
investigated. Experimental results agree well with the theory of
parametric amplification including Raman scattering.

Index Terms—Fiber optical parametric amplifiers, optical fiber
amplifiers.

I. INTRODUCTION

IBER optical parametric amplifiers (FOPAs) have evinced
F tremendous interest over the years in view of their po-
tential application to all-optical signal processing technologies
[1]-[3]. In addition to providing large gain and wide bandwidth,
they offer access to arbitrary wavelength ranges, simultaneous
wavelength conversion and low noise figures. Much effort has
been spent on FOPAs for telecommunication applications in
the 1.5 pm wavelength band and some outstanding progress
have been made such as 70 dB net gain and bandwidth of a
few hundred nanometers in standard and highly-nonlinear dis-
persion shifted optical fibers [1]. The use of microstructured
optical fibers (MOF) in parametric devices such as amplifiers,
generators and oscillators has been the subject of much recent
work [4]-[7]. MOFs indeed offer the promise of extending the
range of attainable wavelengths and efficiency of parametric
devices. FOPA in the 1 1 m band is also of great interest be-
cause of the need of all-optical broadband signal processing
techniques for Ytterbium-doped fiber laser and amplifier sys-
tems. Recently, an FOPA has been reported in the 1-pm band by
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using an MOF that provides anomalous dispersion in the band
[8]. This FOPA was demonstrated in free space as a proof of
principle and cannot be implemented in practical fiber-based
systems. In this work, optical parametric amplification in the
1-pm band is experimentally achieved, for the first time to our
knowledge, in a fully integrated all-fiber and polarization-main-
taining (PM) optical system, paving the way for practical ap-
plications to all-optical pulse processing in the 1-pm window.
The FOPA demonstrated in this work is implemented with a
pump pulsed by an electro-optic intensity modulator specially
designed to operate at 1 ym with a minimum insertion loss, en-
hanced extinction ratio and a high optical damage threshold. Ef-
ficient parametric gain and wavelength conversion are demon-
strated by pumping at 1065 nm near the zero-dispersion wave-
length of the MOF and by using a signal at a centre-wavelength
of 1053 nm. The choice of the signal wavelength, which is lo-
cated in the anti-Stokes band of the FOPA, matches the spe-
cific needs of the search of Inertial Confinement Fusion (ICF)
in large laser systems [9], [10]. Our experimental results show
a net parametric gain of greater than 30 dB at 1053 nm with
a good quality of optical amplification and higher idler wave-
length conversion efficiency due to the additional contribution
of the Raman gain. This all-fiber pulsed-pump parametric de-
vice provides efficient amplification and conversion for appli-
cations such as optical parametric chirped-pulse amplification
(OPCPA) [11], [12], pulse optical replication or regeneration,
ultrafast optical sampling and next generation optical oscillo-
scopes [13], [14]. These applications may take a large benefit
from FOPA to provide a fairly uniform spectral gain over broad
bandwidth.

II. EXPERIMENTAL SETUP

Setting an all-fiber PM OPA in the 1-um band is a big chal-
lenge because of the need for low insertion loss fiber optic com-
ponents, electro-optical modulators and a suitable optical fiber
as a nonlinear medium. At such a wavelength, anomalous dis-
persion can be provide only by the use of a MOF whose photonic
crystal cladding ensures a high single-mode field confinement
together with the dispersion characteristics [15], [16]. MOF has
been widely used for fiber optical parametric oscillators. In our
experimental setup shown schematically in Fig. 1, the pump is
provided by a 6 mW tunable DFB laser source at 1060 nmwith a
tuning range from 1040 nm to 1080 nm. The linearly-polarised
CW emission of the laser is converted to pulse emission by an
LiNbOj electro-optic Mach-Zhender intensity modulator man-
ufactured by Photline Technologies (NIR-MX series). The mod-
ulator is specially designed for operation at 1060 nm with low
insertion loss (<5 dB), high extinction ratio and high optical
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Fig. 1. Schematic diagram of the experimental setup. RF Amp: RF amplifier, YDFA: Ytterbium-doped fiber amplifier, OC: optical coupler, PC: polarisation
controller, PD: photodetector, OSA: optical spectrum analyzer. The polarisation is maintained in the whole setup.

damage threshold. A pulse generator is used to generate rectan-
gular pulses and an RF amplifier amplifies pulses so as to drive
the modulator over V. of modulation. In this experiment, a short
pulse (<10 ns) is used to avoid any Brillouin backscattering that
limits the OPA gain [1]. The pulsewidth and duty cycle of pulse
train are then set to 3.4 ns and 1/16, respectively. A DC offset
is added into the modulator to suppress residual CW emission
in the pulse emission. A high-power polarization-maintaining
(PM) Ytterbium-doped fiber amplifier (YDFA) amplifies the
pump pulse. A bandpass filter with a 2.5 nm of 3 dB-linewidth is
adjusted to 1065.8 nm of center-wavelength to ensure suppres-
sion of amplified spontaneous emission (ASE) of the YDFA.
Another distributed feedback (DFB) PM fiber laser emitting CW
at 1053 nm is used as a signal source to be amplified by the fiber
OPA. A 99/1 PM fiber optical coupler at 1060 nm is used to
couple both the pump and the signal at the MOF’s input. Only
1% of the signal power is injected into the fiber amplifier whilst
99% of the pump is injected into the amplifier to keep the pump
power at a maximum level. As parametric amplification is polar-
ization dependent, the states of polarization (SOP) of the pump
and signal are maintained in the whole system as well as in the
MOF by use of PM elements. We additionally use a polariza-
tion controller (PC) before the MOF to align both the pump and
signal polarisations parallel to one of the birefringent axes of the
MOF. The signal power is set to be 40 dB lower than the max-
imum average pump power. The input signal power is then mea-
sured as —15 dBm. The fiber output is split into two outputs by
another 90/10 PM fiber optical coupler. The 10% port is sent to
an optical spectrum analyzer (OSA) and the 90% port is injected
into another bandpass filter centered at the signal wavelength
of 1053 nm. The amplified signal is then detected by a photo-
detector (PD) and recorded by a real-time digital oscilloscope.
The MOF used in this work was specifically designed and
manufactured to provide both anomalous dispersion required
for phase-matching and a high nonlinear coefficient for efficient

L L
1.2 1.4

A (pm)

L L
0.8 1

Fig.2. Dispersion curve for the fundamental mode exhibiting a zero-dispersion
wavelength at 1065 nm and nonlinear coefficient as a function of the wavelength.
The inner plot shows a SEM image of the microstructured fiber cross-section.

parametric gain. A zoom of the fiber cross section of the MOF
is shown in the inset of Fig. 2. The group velocity dispersion
coefficient of the fundamental mode has been calculated using
a finite element method and is shown in Fig. 2. As seen in the
figure, the MOF has a zero-dispersion wavelength (ZDW) close
to 1065 nm and a small dispersion slope (3 = 0.56 ps3km 1)
at this wavelength. The pitch and hole diameter are 4.14 pum
and 2.61 pum, respectively. The effective area is measured as
Aeg = 16.2 pm? at 1065 nm. Its nonlinearity coefficient is also
evaluated as v = 9.4 W—'km~!. The optical loss of MOF is
measured as 13.5 dB/km at 1060 nm. The 400 m-long MOF used
in the setup produces 8.1 dB of optical loss including loss from
the fiber splicing at each end with single-mode fiber pigtails. The
peak pump power P at the input of MOF is changed by varying
the YDFA gain. It is obtained by dividing the average power by
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Fig. 3. Color plot of output spectra of the microstructured optical fiber as a
function of the pump wavelength and without input signal. The pump power is
set to P = 2.4 W. The vertical line indicates the signal wavelength used for
parametric amplification.

the duty cycle and taking into account the optical loss (—1.25
dB) due to the fiber splicing at the input of FOPA. A peak pump
power of as much as 4 W is coupled into the MOF.

III. RESULTS

First, we have performed OPA experiments in the absence of
an input signal by tuning the center-wavelength of the pump so
as to find the best pump wavelength that provides the maximum
parametric gain for the signal at 1053 nm. Fig. 3 depicts the
experimental output spectra as a color plot when scanning the
pump wavelength from 1064 nm to 1069 nm. Here the power of
the YDFA is set to yield approximatively 3.6 W of output pump
power. The ASE spectra reveal a number of new frequency com-
ponents created by four-wave mixing (FWM) process at both the
sides of the pump wavelength in a range of 1030-1100 nm [16].
We can see in particular a large power asymmetry in the output
spectra from 1060 nm pump wavelength. This asymmetry is
mainly due to the additional contribution of Raman scattering
that leads to higher-power (lower-power) Stokes (anti-Stokes)
components [17]-[19]. This combined contribution of both the
parametric and Raman gains is significant because the max-
imum Raman gain is located at 1100 nm. Nevertheless, we are
able to identify the maximum ASE power at 1053 nm for a pump
wavelength )\, located at 1065.8 nm. This pump wavelength is
kept in the following work.

The peak pump power is now set to P = 2.4 W to under-
take parametric amplification process in presence of an input
signal. Fig. 4 shows input and output spectra of FOPA when
pump is switched on and off, respectively. For a fair compar-
ison, the spectra are recorded with the 90/10 optical coupler at
the input of OSA. In Fig. 4(a) the pump at A, = 1065.8 nm
and signal at A, = 1053 nm are present at the input of FOPA.
The signal power at pump-on is measured as —25.4 dBm. The
signal power is 40 dB lower than that of the pump. On the other
hand, Fig. 4(b) shows —9 dBm of the signal power at the output
of FOPA when the pump is on. Comparing these two powers,
it is seen that the signal is amplified by 16.4 dB in FOPA. This
gain is obtained with the average power of the amplified signal.
As the signal is converted from CW to rectangular pulses, the
duty cycle of pump pulses needs to be taken into account. The
duty cycle is 1/16 and it gives 11.1 dB of extra gain. Hence,
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Fig. 4. Spectra of input and output of the microstructured fiber-based OPA for
the 1053 nm signal at P = 2.4 W. In (a) the blue curve is a spectrum of the
FOPA input and the red curve is a spectrum of the FOPA output filtered at 1053
nm. In (b) the blue curve is a spectrum of the FOPA output at pump-on whilst
the red curve at pump-off.

this results in 27.5 dB of net gain. The output signal filtered at
1053 nm is also depicted in Fig. 4(a) that shows a good quality
of amplification. A gross gain can also be obtained simply by
comparing the output signal powers at pump-on and -off from
optical spectra in Fig. 4(b). The signal power at pump-off is as
low as —33.5 dBm at the output. Therefore, the gross gain of
FOPA is obtained as much as 35.6 dB. This difference of 8.1 dB
originates from the optical loss in the MOF. In Fig. 4(b), the idler
appears at 1079 nm with the similar power to the signal. Cas-
caded four-wave mixing (FWM) signals also exist at 1040.7 nm
and 1092.4 nm, respectively [20]. Second-order cascaded FWM
signals can also be observed with the peak power over 3.4 W.
Therefore, the FOPA exhibits high wavelength conversion effi-
ciency. Despite of the filter at 1065.8 nm, residual ASE noise
from the YDFA still remains at the FOPA input in Fig. 4(a).
Due to this input ASE noise, parametric amplified spontaneous
emission (ASE) bands are very significant in Fig. 4(b). As the
input ASE noise is quite flat, the parametric gain bandwidth of
FOPA would be estimated from the parametric ASE noise. This
will be discussed later.

Time traces of the amplified signal at the output of FOPA are
also measured. The output of FOPA is filtered at 1053 nm to
suppress the residual pump and parametric ASE noise and mea-
sured by the PD and oscilloscope. Fig. 5 shows time traces of the
amplified signal and pulsed pump at P = 3.6 W. For the sake of
clarity, the time trace of the pump is displaced; the upper trace
(blue trace) is the signal trace amplified by the pulsed pump
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Fig. 5. Time traces recorded by the oscilloscope. The upper trace is a time trace
of the signal amplified at P = 3.6 W at the output of FOPA. The lower trace
is a time trace of the pulsed pump at the input of FOPA. The pump power is
attenuated for PD.

at the output of FOPA and the lower trace is the pulsed pump
trace at the input of FOPA. The pulsewidth and duty cycle of
the amplified signal are measured as 3.4 ns and 1/16, respec-
tively. These values correspond to those of the pump pulses and
the signal is transformed to pulses by the pulsed pump. As such,
it is clearly shown from the figure that a good quality of para-
metric amplification is achieved.

The parametric gain efficiency is also investigated with re-
spect to the peak pump power P. Fig. 6(a) displays parametric
gains for peak powers P from 0.4 W to 3.8 W. These gains are
net parametric gains. The circle dots are parametric gains calcu-
lated with optical powers of the signal between input and output
spectra of FOPA measured from OSA. On the other hand, the
square dots are parametric gains obtained by comparing with
RF outputs of the signal from the oscilloscope, i.e., time traces
at the output of FOPA. Because of the low sensitivity of the PD,
the RF gains below PP = 1.4 W could not be measured. The neg-
ative gains below P = 1 W are in fact losses due to 8.1 dB of the
fiber loss. The gains after P = 1.2 W overcome the fiber loss. As
the power increases thereafter, the gains for the 1053 nm signal
increases exponentially. However, the gain seems to saturate for
the power over 2.8 W. This is because of the pump depletion and
particularly parametric ASE noise. In fact, the parametric ASE
noise increases significantly above P = 2.8 W. It is seen from
the figure that the maximum net parametric gain is obtained as
35 dB for the optical gain at P = 2.8 W and 32.7 dB for the
RF gain at P = 3.8 W. By taking into account 8.1 dB of the
fiber loss, the maximum gross optical gain can be estimated as
43.1dB.

Wavelength conversion efficiency of the FOPA is further
studied with the idler at 1079 nm. Fig. 6(b) shows optical
output powers of the signal and idler measured from optical
spectra. The idler power is lower than that of signal below
P = 1.2 W. However, the idler power overtakes the signal one
at P = 1.2 W and the idler power is greater than the signal
one thereafter. It is speculated that Raman gain involves in the
idler power. Although the pump power is estimated below the
Raman threshold, a small amount of Raman gain is expected to
be present in the idler which is located at 3.2 THz of frequency
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Fig. 6. (a) Net parametric gains with respect to the pump power. Circle dot
(blue): parametric gains calculated with powers of the signal from optical
spectra. Square dot (red): parametric gains calculated with RF signal outputs
from the PD. (b) Optical output power of the signal (blue curve) and the idler
(red curve).

offset from the pump. This leads to Raman-assisted parametric
frequency conversion, as previously demonstrated [18].

IV. CURVE FITS

In order to compare the experimental measurements with the
theory, the gain bandwidth and gain over power are fitted. The
theoretical parametric gain is given by [1]

Gr(@) =1+ (s snhe@ L) 0

where g? = (yP)* — ((k)/(2))? is the parametric gain
factor by unit length, and x = (0% + B,0Q* + 24P,
the phase mismatch. Q@ = 2mwc(A; — Ap)/(AAy). B2 =
—2mcf3(Np, — Azpw)/AZpy is the group velocity dispersion
coefficient at the pump wavelength. 3, is the fourth-order dis-
persion as 34 = —1.06 - 107°%s*m~! obtained from numerical
simulations. The fiber length is 400 m, but the effective length
is obtained as L.g ~ 229 m by taking into account the fiber
loss [21].

Fig. 6(b) clearly shows output power asymmetry between the
signal and idler because of the involvement of Raman gain. The
Raman gain is given by [21]

2

Gr(Q) = exp (9R<Q>M>

Aeff
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where gr is the Raman gain coefficient for fused silica fiber.
As the signal is located on the anti-Stokes side of the pump, we
must consider the whole Raman gain including both the anti-
Stokes and Stokes gain band [19]. Therefore, the total gain can
be approximated by

G(Q)) = Gp(R) + Gr(9). 3)

As the laser used for signal generation is not tunable, the
experimental gain bandwidth at P = 2.4 W can be extracted
readily from Fig. 4(b) for the case of gain bandwidth fitting.
The extracted gain bandwidth is shown in Fig. 7(a). The signal,
pump, idler and FWM sidebands are all suppressed and the gain
values are adjusted so that the gain at 1053 nm matches to 35.6
dB of gross gain obtained in Fig. 4(b). Fig. 7(a) also shows in
red the fitting curve obtained from (3). In this curve fit, Azpw, 7y
and grmax are set to be the fitting parameters and obtained
as 1065 nm, 9.1 W~ 'km~! and 2 - 10~'* m/W respectively.
These values are close to those estimated by a finite element
method. By taking into account the whole Raman gain curve in-
cluding both the anti-Stokes and Stokes bands, the fitted curve
in Fig. 7(a) shows a power asymmetry of the gain bandwidth
and matches closely to the experimental curve. The idler power
is greater than the signal power by around 2 dB. The power
asymmetry is similar to the result reported in [19]. From the
figure, the gain bandwidth of FOPA is estimated as a range of
1049-1083 nm for the given pump power. This is in good agree-
ment with our previous measurement done in free space [8].
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A gain-power curve is obtained from Fig. 6(a) for the case
of gain-power fitting. As the gain seems to be saturated beyond
P = 2.8 W, those values are not considered in the curve fit. The
gains in Fig. 7(b) are set to gross gains. The same parameters
as in the case of gain bandwidth fitting are used in the fitting. A
fitting of gain-power curve gives Azpw = 1065.2 nm, v = 9.1
W=lkm~! and gr = 2 - 107'* m/W. The ZDW is slightly
different to that obtained in the case of gain bandwidth fitting
whilst v remains the same in both the cases.

V. CONCLUSION

In conclusion, we have demonstrated a microstructured fiber-
based optical parametric amplifier in a wavelength range near
the 1 ym band in a fully all-fiber polarization-maintaining op-
tical configuration. This has been achieved using a pump wave
pulsed by an LiNbOj electro-optic intensity modulator specially
designed for operating at 1060 nm. A CW input signal at 1053
nm is converted to a pulsed signal and amplified by the pulsed
pump at 1065.8 nm. Maximum net gains of 35 dB and 32.7 dB
have been measured both optically and electrically, respectively.
From the amplified signal time traces, it is shown that a good
quality of parametric amplification has been achieved in terms
of optical contrast and temporal stability. By investigating the
idler conversion efficiency, it is observed that the idler power is
greater than the signal power because of Raman-assisted para-
metric wavelength conversion. The gain bandwidth of FOPA has
also been estimated by means of parametric ASE spectra in a
range of 1049-1083 nm. A fitting with the experimental results
has given the values of v and ZDW which are in a good agree-
ment with those estimated from numerical simulations.

The FOPA demonstrated here may be used for optical sam-
pling, optical parametric chirped-pulse amplification (OPCPA)
and short pulse processing in the 1-ym Ytterbium band. It is
important to stress here that parametric amplification has been
undertaken in the continuous-wave pumping regime by use of a
phase modulator specially designed at 1060 nm but only 3.5 dB
net gain has been obtained. This can easily be improved by re-
ducing the whole optical loss of the fiber optic components and
the microstructured fiber, and using the Stokes band instead of
the anti-Stokes one of the FOPA. For completeness, we expect
in a future work to measure the whole gain bandwidth and the
noise figure of the FOPA with a tunable signal source.
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Abstract:  In this paper we investigate the effect of microstructure irreg-
ularities and applied strain on backward Brillouin scattering by comparing
two photonic crystal fibers drawn with different parameters in order to
minimize diameter and microstructure fluctuations. We fully characterize
their Brillouin properties including the gain spectrum and the critical power.
Using Brillouin echoes distributed sensing with a high spatial resolution of
30 cm we are able to map the Brillouin frequency shift along the fiber and
get an accurate estimation of the microstructure longitudinal fluctuations.
Our results reveal a clear-cut difference of longitudinal homogeneity
between the two fibers.
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1. Introduction

Brillouin Scattering in optical fibers results from the interaction between light and acoustic
waves through the effects of electrostriction [1]. The Brillouin gain and Brillouin frequency
shift (BFS) depend on the overlap of these wavesin the fiber core and on the material. Tempera-
ture and strain influence the velocity of the acoustic wave and thus the BFS. Since the acoustic
modes are sensitive to temperature and strain, Brillouin backscattering has widely been stud-
ied for distributed sensing in single mode fibers (SMF) [2, 3] as well as in photonic crystal
fibers (PCF) [4]. Due to their high nonlinear efficiency, PCFs have received particular atten-
tion for temperature and strain sensing. It has recently been reported that PCF with small core
exhibit in most cases a multi-peak Brillouin spectrum due to the periodic air-hole microstruc-
ture [5-7]. This aspect could be advantageously used for simultaneous strain and temperature
distributed measurements. However, when multi peaks overlap, the spectrum broadens and the
data analysis becomes more difficult. Another aspect that limits distributed measurementsisthe
inhomogeneity of opto-geometrical parameters along the fiber which has an influence on the
BFS. Thisis even more crucia in PCFs since their fabrication requires an accurate control of
more parameters than for SMF during the drawing process. In this work we fully characterize
two PCFs with the nearly same air-hole microstructure but drawn with different parametersin
order to minimize diameter fluctuations. The experiments presented in this work are twofold:
we first perform an integrated measurement of the Brillouin gain spectrum (BGS) and the crit-
ical power (also called Brillouin threshold) and then a Brillouin-echoes distributed sensing
(BEDS) measurement. Our results show that these two fibers exhibit a single peak in the gain
spectrum like an SMF and that their critical powers of stimulated scattering are in good agree-
ment with theory. The impact of structural irregularities and strain on the BFS is aso clearly
evidenced. We observe in particular long- and short-scale fluctuations in the BFS. Although
short-scale longitudinal fluctuations were studied in Ref. [8], it is the first time that the short-
scale fluctuations are investigated in optical fibers using the BEDS technique. We further show
that it is possible to extract the effective refractive index all along the fiber from the distributed
BFS measurements, which alows a quantitative estimation of fiber irregularities. With these
measurements we are able to draw conclusions about the fiber inhomogeneity induced by the
drawing process.

2. Experimental results

The two PCFs under test have a hexagonal hole structure and their cross-sections are shown in
the insets of Fig. 1. They originate from the same stack, but from different intermediate canes.
The cane used to manufacture fiber #1 was 3.8 mm in outer diameter and drawn at arelatively
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Fig. 1. (@) Brillouin gain spectrum for fiber #2 with increasing input power. Brillouin spec-
trum for an input pump power of 11 dBm, which isunder the critical power, for (b) fiber #1
and (c) fiber #2. The PCF cross-sections are shown in the insets.

high temperature (low tension). For fiber #2 the cane was drawn with the same parameters,
except for the temperature that was much lower than for fiber #1, leading to a much higher
tension during the drawing process. At this stage, the outer diameter fluctuations of both canes
were comparable, but the air holes were slightly smaller in cane #1 than in cane #2. The canes
werethen inserted into jacketing tubes, and drawn down into fibers. Both fiberswere drawn with
comparable parameters, although a slightly higher pressure was used for fiber #1 to inflate air
holes. The outer diameter fluctuations measured during the drawing process were about 2% for
fiber #1 and less than 1% for fiber #2. Both of the fibers are designed to get a zero-dispersion-
wavelength around 1060 nm and have an attenuation of 5 dB/km (#1) and 8.6 dB/km (#2) at
1.5 um. Their effective mode area (EMA) is about 15 um? (#1) and 16 pm? (#2) at 1.5 um
found by calculation based on scanning electron microscopy (SEM) images. The core, hole
diameter, pitch, and length are about 5.5 um, 2.7 um, 4.1 um, 100 m for fiber #1 and 5.5 um,
2.3 um 3.9 um, 400 m for fiber #2.

2.1. Brillouin gain spectrum

Before the distributed analysis of the BFS aong the fibers we have first performed a direct
measurement of the gain spectrum and the critical power using the same experimental setup as
in Ref. [7]. Since in the latter case the scattered light is affected by strain, differences of tem-
perature and air-hole microstructure fluctuations along the fiber, it is called integrated measure-
ment. As an example, the Brillouin spectrum dynamicsin function of the pump power obtained
from fiber #2 is shown in Fig. 1(8). The full width at half maximum (FWHM) for fiber #1 and
#2 narrows from 55 MHz and 60 MHz respectively in the spontaneous regimeto 10 MHz in the
stimulated one. For comparison the FWHM in a single-mode fibers (SMF) in the spontaneous
regimeisabout 27 MHz[9]. ThisBrillouin linewidth broadening is dueto fiber inhomogeneities
and to the photonic crystal cladding that allows the simultaneous generation of several longitu-
dinal acoustic modes, as previously demonstrated [7]. To get better insight, Fig. 1(b) and 1(c)
show the Brillouin spectraat 11 dBm which is below the critical power of stimulated scattering.
One can seethat there existsasingle peak asin an SMF and an asymmetry in the spectracan be
noticed, particularly for fiber #1. This asymmetry suggests the presence of two or more acoustic
modes with close Brillouin frequency shift and thus overlaping gain spectra. Let us now briefly
recall the relation that links the BFS to the effective refractive index of the fiber that reads[9]:

20V
=55

For arefractive index of ng &~ n = 1.44 and an acoustic velocity of V| = 5960 m/s (longitu-

D
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dinal) the frequency of the Stokes wave is shifted by vg = 11.07 GHz at Ap = 1.55 um pump
wavelength, in very good agreement with the measured Brillouin spectra shown in Fig. 1.

2.2. Critical power of stimulated Brillouin scattering

Thecritical power isalso measured for the two fibers. The estimated value for the critical power
isgiven by [10]: CK.A
At

Por= = @
where Agt is the EMA, Lg; the effective length, C=21 and gg the Brillouin gain. The Bril-
louin gain can be determined by measuring the FWHM in the spontaneous Brillouin regime L.
For fiber #1 the Brillouin gain is gg = 1.25- 10~ mw~! and for fiber #2 we obtain
g = 1.15-10 1 mwW 1. The value of K depends on the fiber type. In a polarization main-
taining fiber K=1 whereas in an SMF K=3/2 as the polarization changes randomly [12]. This
definition assumes that the critical power isreached when the reflected Stokes power equalsthe
transmitted power. However, for practical reasons the critical power can be defined at the point
where the reflected power is 1% of the injected one [13]. This requires to modify Eq. (2). The
numerical factor 21 is approximately the natura logarithm of the gain [10]. Floch et al. [14]
adjusted this factor depending on the fiber length. Adapting the equation to the 1%-definition
changes the numerical factor C depending on fiber length and attenuation to 15.5 for fiber #1
and 16 for fiber #2 which is obtained by numerical approximations. With the measured and
calculated values the theoretical critical power can be estimated at 25.1 dBm for fiber #1 and
20.2 dBm for fiber #2. The critical power for stimulated scattering is measured with the same
setup as for the Brillouin spectrum without the heterodyne detection [7]. The results for the
backscattered and transmitted power depending on the input power for both fibers are shown
in Fig. 2. The experimental value of the critical power is obtained as 26.7 dBm for fiber #1
and 20.2 dBm for fiber #2 taking into account splicing losses of about 1.5 dB. Comparing the
theoretical values with the experimental ones we found them in good agreement for both fibers.
Assuming the fairly high birefringence in those fibers, the factor 3/2 is probably too large,
Fiber #1 being shorter. This may be a tentative explanation of the discrepancy with Fiber #1.
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Fig. 2. Backscattered and transmitted power versus input power of (a) fiber #1 and (b)
fiber #2
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2.3. Distributed Sensing using Brillouin Echoes

The BEDS technique basically differs from a conventional Brillouin optical time domain anal-
ysis (BOTDA) [2]. Indeed, the distributed measurement of precise Brillouin gain spectrum
(BGS) can be made with enhanced spatial resolution by applying short z-phase shifts in the
CW pump wave instead of using rectangular intensity pulses. This configuration offers the ad-
vantage to measure a gain spectrum unaltered by the pump spectrum and to experimentally
estimate the acoustic lifetime. The experimental setup is schematically shown in Fig. 3(a) and
a compl ete description of the method can be found in Refs. [3, 15]. The output of an external
cavity laser at 1551 nm is split into two arms by a polarization-maintaining coupler. One arm
serves for the cw probe and the other one for the pump. An intensity modulator, driven by a
microwave generator, creates two sidebands tuned to the BFS of the two PCF measured above.

The probe wave is then amplified by an EDFA and injected into the PCF. The other arm
is connected to the opposite end of the PCF through an optical circulator. The pump wave is
modulated at a 10 kHz repetition rate via a phase modulator driven by a pulse generator. A
m-phase shift is applied on the pump for a 3-ns short time, so that the reflected Stokes light
interferes destructively with the probe signal, equivaent to a Brillouin loss process. A tunable
fiber Bragg grating (FBG) connected to a second optical circulator filters out the Stokes-wave
and residual pump light. The output cw probe is then monitored with an oscilloscope while
it is scanned around the BFS so that all BFS shifts due to inhomogeneities and strain can be
detected. The spatial resolution is about 30 cm which is determined by the pulse duration.
Since the acoustic wave has a finite lifetime of severa ns the backscattered response of the
BEDS system is partialy decaying during the phase pulse duration. This creates a second echo
when the pump is restored to its original state after the pulse [15]. To avoid this undesirable
effect we turn off the pump immediately after the phase pulse so that no more light can be
reflected after the pulse end and no trailing light is present [3]. Thisis achieved by adding in
the experimental setup a second intensity modulator before the phase modulator to produce a
pump intensity pulse of 30 ns with a & phase pulse (3 ns) at its end. Fig. 3(b) illustrates the
result of the BEDS measurement for fiber #1 while the probe modulation frequency is swept
around the BFS. The data were averaged and fitted by using a convolution with a rectangle to
reduce measurement noise. Figure 3 gets further insight into the longitudinal fluctuations of
the BFS. Asit can be seen, the distributed BFS exhibit both long- and short scale longitudinal
fluctuations that are due to diameter fluctuations. Particularly for fiber #1 we can identify a
long-scale sinusoidal variations of about 8 MHz with a half-period of approximatively 50 m
that corresponds to the middle of the fiber. This BFS variation is due to the strain induced by
thefiber coiling asahalf of thefiber lengthiscoiled on the other half. Thiswas easily confirmed
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Fig. 3. (8) Experimental setup of the BEDS system. ECL: external cavity laser; EDFA:
erbium-doped fiber amplifier; PD: photodiode. (b) Color plot of Brillouin frequency shift
along fiber #1. The spatial resolution is 30 cm and the frequency resolution is2 MHz.
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by inverting the PCF in the setup. On the other hand, the short-scale longitudinal fluctuation
(about 5+1 MHz every 2 m) seen in Fig. 4(a) indicates a random geometric variation of the
air-hole microstructure. Note that this cannot be attributed to the influence of birefringence in
the PCF since the variation on the refractive index can be estimated to 7- 104 using Eq. (1)
whichiswell above the birefringence of the PCF (estimated phase birefringence by simulation:
~ 1.5-10~5, measured group birefringence: ~ 5- 10~%). Figure 4(b) shows a 5 MHz shift in
BFS for fiber #2 between 80 m and 180 m which corresponds to one layer of the fiber coil.
In this way we are able to detect the strain applied to one layer. The short scale fluctuation is
smaller (3+1 MHz, every 2-3 m of the fiber) and can be attributed to geometrical fluctuations
of the air-hole microstructure.

Itisclear from Fig. 4 that the longitudinal fluctuationsin BFS are less significant for fiber #2
than fiber #1 as the drawing process was better controlled. Thisis verified by studying the fast
Fourier transform of the BFS trace shown in the insets of Fig. 4. We notice that for fiber #1
the frequencies pedestal around the main peak is wider than for fiber #2. In order to obtain
an estimation of the diameter or microstructure fluctuations along the fibers, we have derived
the distributed effective refractive index ne; from the distributed BFS as they are proportion-
ately linked by Eq. (1) (VL and Ap are known). In the following, we assume that the main
contributions to these fluctuations are due to homothetic variations of the microstructure, i.e. to
fluctuations of the outer diameter only. We neglect here possible longitudinal inhomogeneities
of individual air holes or pitch, as well as possible twists induced during the drawing process
because of several reasons. The variation of the effective refractive index can derive from differ-
ent origins: applied strain, temperature variation, longitudinal variations of the microstructure,
individual air holes inhomogeneities or variation of the pitch. We assume that the temperature
do not influence the experiment because of the short experiment duration. The impact of strain
is observed in long scale fluctuations which indicate the effect of the fiber coiling. Moreover
the variation of the pitch has an important impact on the effective refractive index, which can
befound in Ref. [16]. However several SEM-images at different sections of the fibers show that
thereis no measurable variation of the pitch and singular air holes. From our numerical simula-
tion using Comsol it is found that the variation of the microstructure scale is the main cause of
the variation of the effective refractive index. So we decided to vary the scale of the microstruc-
ture since this seemed to be the most general variation. To relate geometrical variations to negst
the dependency of ngs on the microstructure scale has been computed by using the PCF cross-
section of the two fibers viaComsol software (Fig. 5). A simulation based on the original image
(corresponding to 100% in Fig. 5) yields acertain amount of ner (1.434 for #2 and 1.432 for #1).
By varying the scale of the original SEM-image different values of ne; are obtained and de-
picted in Fig. 5 for the two fibers.

Brillouin frequency shift (GHz)

(a)

‘ “\\
[\h‘ Il
,l‘fF\‘N‘rL‘ “
',JW
!

%J

!

11.075|

11.07

11.065-

11.06-

measured data
==== mean for about 6 m

f\

i [

MW&J-J\L’

*g‘ﬂ'}

|

Intensity (arb.units)

-2 Frequency (GHz) 2

T, |
! ‘."WL‘#\‘\“V

1

11.0¢

11.075-

11.07

11.065)

11.061

®

er

-0.5 Frequency (GHz) 0.5

WWWWMMMW |

Intensity (arb.units)

measured data
==== mean for about 100 m

11.055 . . . . . .
20 20 60 0 50 100 150 200 250 300 350 400
Distance along fiber #2 (m)

Distance along fiber #1 (m)

80 100

Fig. 4. Mapping of the Brillouin frequency shift along (a) fiber #1 and (b) fiber #2 showing
the effect of inhomogeneities and strain. The insets show the Fourier transforms.

#130909 - $15.00 USD  Received 29 Jun 2010; revised 31 Aug 2010; accepted 31 Aug 2010; published 7 Sep 2010
(C)2010 OSA 13 September 2010 / Vol. 18, No. 19/ OPTICS EXPRESS 20141

126



1.438

'S
2

Fiber#2 .0
1434} 2.0-10%/1%

1.428

Effective refractive index n_;
0

1426 . . . . . . .
80 85 90 95 100 105 110 115 120

Fiber cross-section scaling in %

Fig. 5. Variation of the effective refractive index while tuning the scale of the SEM-image

We have computed the local derivation of the obtained relation between ng; and the geomet-
rical scale around 100% asindicted by thetilt solid linesin Fig. 5. The effective refractive index
changes by 2.2-10~* (#1) and 2.0-10~* (#2) for 1%. Thisis compared to the fluctuations of
the effective refractive index in the fibers under test by using Eqg. (1). The variation of the short
scale fluctuations (5+1 MHz for fiber #1 and 3+1 MHz for fiber #2) corresponds to 2.9+0.6%
and 1.94+0.6% of scale or diameter fluctuations, respectively. The large scale variation is 4.7%
(8 MHz for #1) and 3.2% (5 MHz for #2). This means that the maximum core diameter fluc-
tuation is 5.54+0.3 um (fiber #1) and 5.54+-0.2 um (fiber #2). Since polarization and strain can
influence the variation of the effective refractive index the contribution of the structure size is
expected to be below these values. This estimation confirms the higher quality of the drawing
process obtained for fiber #2. Note that the fluctuations measured in the present work are in
good agreement with the specifications from state-of-the-art PCF manufacturers[17, 18].

3. Conclusion

In this work we have proposed and demonstrated an useful technique mapping geometrical
structure fluctuations along a photonic crystal fiber using Brillouin echoes distributed sensing.
With this technique, we have been able to identify and quantify both long- and short-scale lon-
gitudinal fluctuations in the Brillouin frequency shift resulting from residual strain due to fiber
coiling and air-hole microstructure or diameter fluctuations, respectively. The homogeneity of
two photonic crysta fibers drawn from the same preform but with a different drawing process
has been investigated and the fluctuations were logically found less important in the case of a
fiber fabricated with a better process control. Our results finally demonstrate the great potential
of the Brillouin echoes distributed sensing technique for small scale optical fiber characteriza-
tion. Moreover, these results show the need for characterization of structural irregularities in
fibers before they can be used for distributed sensing.
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SBS Mitigation in a Microstructured Optical Fiber
by Periodically Varying the Core Diameter

Birgit Stiller, Alexandre Kudlinski, Min Won Lee, Géraud Bouwmans, Michaél Delqué,
Jean-Charles Beugnot, Hervé Maillotte, and Thibaut Sylvestre

Abstract—In this letter, we experimentally demonstrate a
4-dB increase of the stimulated Brillouin scattering threshold
in a microstructured optical fiber. This result is obtained by
periodically varying the size of the air-hole structure by only
7% amplitude, while keeping a low attenuation coefficient.
The efficiency of this passive technique is verified by use of
the Brillouin echoes-distributed sensing technique where the
Brillouin frequency-shift oscillation is clearly observed.

Index Terms—Brillouin threshold, distributed Brillouin
measurement, microstructured optical fiber, stimulated Brillouin
scattering.

I. INTRODUCTION

N RECENT years, there have been active efforts to

suppress stimulated Brillouin scattering (SBS) in optical
fibers as it is detrimental to nonlinear optical processing
fiber technologies and high-power narrow-linewidth fiber
lasers. In addition to conventional active techniques, several
passive methods have been demonstrated by applying strain
or temperature distributions along the fiber [1], [2], or by
fiber design [3], [4]. SBS mitigation has also been proposed
using microstructured optical fibers (MOF) due to their ability
to reduce the acousto-optic overlap or widen the Brillouin
gain spectrum [5]. More recently, Poletti et al. suggested to
increase the SBS threshold through longitudinal variations
of the structural parameters of the MOF [6]. In this letter,
we experimentally demonstrate 4 dB improvement of SBS
threshold in a MOF with a periodically-varied core diameter.
By varying only 7% of the air-hole microstructure over a
period of 30 m, the Brillouin frequency shift (BFS) changes
significantly and the Brillouin gain spectrum (BGS) broadens.
This results in 4 dB increase of SBS threshold, compared to a
uniform fiber with an invariant core. In the following we will
describe and characterize the properties of this core-diameter
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Fig. 1. (a) Outer diameter along the fiber length. (b) SEM image at the
maximum outer diameter (125 xm).

varied MOF by measuring the SBS threshold and the BGS
linewidth. The SBS threshold is compared to the theoretical
value calculated from the standard theory for a homogeneous
fiber with an invariant core and to the experimental value
of a MOF with a similar air-hole structure but without
varying periodically the structure size. We further perform a
distributed measurement of the oscillating BFS using Brillouin
echoes distributed sensing (BEDS) technique. We finally
estimate the corresponding effective refractive index variations
from scanning electron microscopy (SEM) images and found
a very good agreement with outer diameter variations.

II. OSCILLATING MICROSTRUCTURED OPTICAL FIBER

The MOF with the periodically varying microstructure,
shown in Fig. 1, has been drawn directly on a fiber tower.
Figure 1(a) shows the evolution of its outer diameter (OD) as
a function of length, measured during the drawing stage. It
closely follows a sine evolution over 320 m with a period of
30 m and a modulation amplitude rate of 7% (OD variations
from 116 to 125 um). Figure 1(b) shows a scanning electron
microscope (SEM) image of the input cross-section for the
largest OD. The core diameter in Fig. 1(b) is 6.4 xm and the
hole diameter of the two first rows around the core is 1.8 um,
but becomes smaller for the outer rows due to deformations
during the cane drawing process. The lattice pitch A is nearly
constant across the whole structure and equal to 4.1 um.
Drawing parameters were adjusted so that OD variations only
modify the pitch A and keep the d/A ratio approximately
constant all along the fiber length. The linear attenuation
of the 320m-long PCF sample is measured as 7.7 dB/km
at 1.55 um. Using the commercial finite element method
solver COMSOL, we have calculated from the SEM image
zero-dispersion wavelength (ZDW) variations from 1.07 gm
to 1.095 um. The corresponding group-velocity dispersion
(GVD) parameter D at the operating wavelength of 1.55 um
slightly shifts from 48.5 to 53.0 ps/nm/km.

III. BRILLOUIN THRESHOLD POWER

The Brillouin threshold has been graphically solved from
Fig. 2 that shows the transmitted and backscattered powers as a
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Fig. 2. Experimental measurements of the Brillouin backscattered and
transmitted powers through the periodically varying MOF (black curves) and
the homogenous MOF with the same microstructure but without varying
structure size (red curves). The Brillouin thresholds of the two MOFs are
indicated by arrows for 1% fraction of the input power.

function of the input power. In our experimental setup, we used
as a pump laser a 1550 nm distributed feedback (DFB) fiber
laser with a 45 kHz linewidth amplified by an erbium-doped
fiber amplifier (EDFA). An optical circulator was inserted
at the input end of the fiber to monitor simultaneously the
reflected and transmitted power. We define here the Brillouin
threshold as the input power whereby the reflected power is
1% of the injected one. A polynomial fit of our experimental
measurements yields the Brillouin threshold power. For the
periodically varying MOF the Brillouin threshold is measured
as 26.5 dBm, as shown in Fig. 2. Theoretically the Brillouin
threshold for homogeneous fibers can be written as [6]:

Py = — = et (1)

where Aef is the effective mode area, L. the effective
length and gp the Brillouin gain. C can be expressed as
C=y(+ %) where y depends amongst others on the
fiber parameters, the BFS, the BGS and the 1% pump power
fraction [7]. K = 3/2 is a factor that accounts for random
polarization evolution in the MOF. gp can be calculated by
measuring the full width at half maximum (FWHM) of the
BGS in the spontaneous Brillouin regime [7].

Figures 3(a) and 3(b) show the BGS (FWHM) with variable
input power and the BGS at 12 dBm, respectively. Mea-
surements have been performed using a standard heterodyne
detection technique where the back-scattered Brillouin signal
beats with the input one [8]. As can be seen, we measure
in the low-power regime (5 dBm) an average 54 MHz SBS
linewidth (FWHM) that narrows to 10 MHz near the threshold
power (25 dBm). This indicates a strong spectral broadening
of the BGS compared to the standard value for single-mode
fiber (SMF) below threshold (FWHM Avp = 29 MHz). This
effect has already been reported in other MOFs as resulting
from the impact of air-hole microstructure on the acoustic
waves distribution [8]. It leads to a significant reduction of the
Brillouin gain. Assuming an FWHM Avp = 54 MHz, we have
estimated gp = 1.30 - 107" mw—!. With Ly = 244.2 m,
C = 143, Ae = 22.63um?, the theoretical Brillouin
threshold for a uniform silica fiber is calculated to 21.8dBm.
Thus the experimental threshold increases by more than 4 dB

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 24, NO. 8, APRIL 15, 2012

E 60 Measurement X
=50 Fit —{ 2
5§ E
SEw £
38 &
Z @30 2z
B z
R 2 ;
= = ?.‘I".-.s\,.
=10 A
5 10 15 20 25 30 110 111 112
Input Power (dBm) Frequency (GHz)
Fig. 3. (a) Brillouin gain spectrum (FWHM) with increasing input power.

(b) Brillouin gain spectrum at 12-dBm input power.

compared to this estimation. Note that this increase can be seen
as a higher limit since we assumed in our calculation a uniform
MOF without any periodic variation or structural irregularities
that increase the Brillouin threshold [8]. Unfortunately, the
model can not be used to derive a correct value in the case
of periodic variation or structural irregularities. An improved
theory adapted to MOFs is clearly needed.

However, to go further into detail, we have investigated a
homogeneous MOF with similar air-hole microstructure. This
MOF was drawn without inducing a periodic size variation.
It has a length of 350 m, 4.35 um lattice pitch, 6.2 um core
diameter and a mode area of 22.3 xm? at 1.55 ym. Compared
to the periodically varying MOF the structural parameters
are slightly different but lead to a very close effective mode
area which is crucial for a fair comparison of the Brillouin
threshold. The fiber attenuation is about 14 dB/km which
results in a effective fiber length of 207.6 m. The Brillouin
threshold has been measured using the same technique as
for the oscillating MOF. One can see in Fig. 2 that the
critical power for the Brillouin threshold (red curve) is reached
at 227 dBm which is almost 4 dB below the value for
the periodically varying MOF, in good agreement with our
theoretical estimation. Taking into account the important fact
that the effective length of the uniform fiber is lower than for
the periodically varying MOF, the Brillouin threshold can be
expected to be even lower than 22.7 dBm and the impact of
the BES variation higher than 4 dB. Note that the FWHM of
the BGS has also been measured to about 55 MHz. Thus, the
periodic variations have less influence on the BGS broadening
than the air-hole structure itself.

IV. DISTRIBUTED MEASUREMENT

The increase of Brillouin threshold may result from the
varying BFS due to core diameter and effective refractive
index variations. In order to verify this fact we have per-
formed a distributed measurement of the BFS by use of the
BEDS technique that provides a higher spatial resolution than
conventional Brillouin optical time domain analysis (BOTDA)
[9] without spectral broadening. The experimental setup is
sketched in Fig. 4 and a detailed description can be found
in Ref. [9]. In short, an amplified DFB fiber laser is split
into two signals by a 50:50 tap coupler that are injected at
opposite end of the fiber. One signal serves as a probe shifted
by the BFS while the other one is used as a pump pulse.
More precisely, a 3ns-long 7 -phase pulse is applied at the end
of the pump pulse which causes a drop in the Brillouin gain
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Fig. 4. Experimental setup of the Brillouin echoes distributed sensor
used to measure the Brillouin frequency shift sine variations along the fiber
length. DFB: distributed-feedback laser. EDFA: erbium-doped fiber amplifier.
FBG: fiber Bragg grating.
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Fig. 5. Mapping of the Brillouin frequency shift along the fiber. The spatial
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of the recorded BEDS trace of the periodically varying MOF. (b) Retrieved
Brillouin frequency shift variations along the fiber distance. Mean maximal
BFS: 11.088 GHz; mean minimal BFS: 11.076 GHz.

detected on the counter-propagating probe. The frequency shift
of the probe is obtained by an intensity modulator driven at V,
where two side bands shifted by the BFS are generated while
suppressing the carrier wave. The output continuous-wave
probe is filtered by a fiber Bragg grating (FBG) and monitored
with a photodiode and an oscilloscope. The Brillouin gain is
scanned by the intensity modulator around the BFS so that
all variations can be detected along the fiber. The spatial
resolution is set by the phase pulse duration and corresponds
to 30 cm and the frequency resolution is 1 MHz. The input
powers of the probe and pump wave are 481 W and 27 mW,
respectively.

Figures 5 (a) and (b) show a color plot of the raw BEDS
trace and the retrieved BFS along the propagation distance,
respectively. The periodic sinusoidal variations of the BFS can
clearly be observed in these two figures. The comparison with
the outer diameter variations previously shown in Fig. 1(a)
is very good except in the beginning of the fiber where the
first period is not observed. In addition, one can also see
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short-scale fluctuations of meter scale that can be attributed
to structural irregularities along the fiber. In addition to the
periodic variations and the BGS broadening, these short scale
variations also impact on the Brillouin threshold. As the BFS
is linked to the effective refractive index negr by vp = Z”jf—fVL
we can calculate the corresponding effective refractive index
variations using a FEM method by scaling the fiber cross-
section shown in Fig. 1(b) [10]. For the maximal and minimal
sizes (corresponding to 125 and 116 um in outer diameter) of
the air-hole microstructure they reveal a difference of 0.0013
in the effective refractive index. This value is consistent with
the one retrieved from the distributed BFS measurement that
varies from 1.4337 to 1.4353. This confirms that the BEDS
technique can provide accurate measurement of the diameter
or structural variations from the BFS ones.

b}

V. CONCLUSION

We have fabricated a microstructured optical fiber with a
periodically-varying core diameter in order to mitigate the
detrimental effect of stimulated Brillouin scattering. Only 7%
of outer variation enables an increase of the Brillouin threshold
power by 4 dB compared to a homogeneous microstructured
optical fiber, which is a promising result for further investiga-
tions with higher amplitude variations. The periodic oscilla-
tions of the Brillouin frequency shift has been checked by an
accurate distributed measurement based on Brillouin echoes
distributed sensing. Such an oscillating-core microstructured
fiber may have an interesting potential for applications where
Brillouin backscattering is an obstacle.
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Differential Phase-Shift-Keying Technique-Based
Brillouin Echo-Distributed Sensing

Min Won Lee, Birgit Stiller, Jérdme Hauden, Hervé Maillotte, Carole Roch, Luc Thévenaz, and Thibaut Sylvestre

Abstract—In this letter, we experimentally demonstrate
Brillouin echoes-based distributed optical fiber sensing with
centimeter spatial resolution. It is based on a differential
phase-shift-keying technique using a single Mach—-Zehnder
modulator to generate a pump pulse and a w-phase-shifted pulse
with an easy and accurate adjustment of delay. The results are
compared to those obtained in standard Brillouin echo-distributed
sensing system with two optical modulators and clearly show a
resolution of 5 cm in a spliced segment between two fibers by
applying a w-phase-shifted pulse of 500 ps.

Index Terms—Brillouin echo-distributed sensing, Brillouin op-
tical time-domain analysis.

1. INTRODUCTION

VER the last two decades, Brillouin scattering has widely
O been studied for distributed sensing applications using
optical fibers [1]-[3]. Two main sensing analyses have been
developed for this purpose: Brillouin optical correlation-do-
main analysis (BOCDA) and Brillouin Optical Time-Domain
Analysis (BOTDA). BOCDA offers a very good spatial res-
olution [4] down to 1 mm [5]. Nevertheless, it is difficult to
perform over a long distance using this technique. On the other
hand, BOTDA has attracted particular attention for distributed
sensing of temperature and/or strain in petrol and civil engi-
neering industries. This analysis offers fast measurement and
long-haul distributed sensing by measuring Brillouin frequency
shift (BFS) produced by temperature and/or strain in optical
fibers [6], [7]. Recently, enhanced BOTDA systems have been
reported such as vector [8] and simplex-coded BOTDA systems
[9]. Basically, the technique uses a pump-probe counter-prop-
agative configuration with a pulse longer than 10 ns for pump.
However, its spatial resolution is limited to 1 m due to the
acoustic decay time of 10 ns. In order to overcome this limit,
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other techniques have been developed such as dark-pulse Bril-
louin scattering [10], differential pulse-width pair BOTDA [11]
and Brillouin echo-distributed sensing (BEDS) [12], [13]. They
all have neither physical nor technical limit down to 1-cm res-
olution sensing. However, in the dark-pulse sensing technique,
residual peaks appear in the measurement spectra whereas the
other two techniques suppress such peaks. Recently, it has been
demonstrated that the BEDS approach offers a double contrast
with respect to the other techniques [13]. This technique uses
an optical short m-phase pulse in addition to a long intensity
pulse and centimeter resolution sensing can be achieved by
the short phase pulse with a very good quality. Despite of
the advantage over high spatial resolution, the conventional
BEDS systems exploit two modulators: a phase modulator for
generating short m-phase pulses and an intensity modulator
for generating long intensity pulses. Besides, measurements
can be undertaken using a differential gain approach taking
the difference between two successive measurements with and
without the m-phase pulse. Therefore, a good accuracy sensing
requires a sophisticated adjustment of the delay between the
two pulses.

In this work, we propose a new concept to perform BEDS
in which an optical w-phase pulse is directly generated using
a single intensity modulator by differential phase-shift keying
(DPSK) technique. The system we propose in this letter is to
implement BEDS with an optical scheme as simple as other
high spatial resolution techniques, but with a double contrast. A
long positive and a short negative electrical pulses are applied
to the modulator to generate an optical w-phase shift and cen-
timeter resolution sensing is achieved in our DPSK-based BEDS
system (DPSK-BEDS). Moreover, the pulse delay can easily be
adjusted as the pulses are generated in intensity. For this pur-
pose, we investigate a fiber section where two different fibers
are spliced with a 5 cm-protection sleeve. The results will be
compared with those obtained in a conventional BEDS system.
Elongation measurements over a 5-cm fiber section will also be
carried out using DPSK-BEDS.

II. 7-PHASE PULSE GENERATION BASED ON DPSK TECHNIQUE

DPSK technique is widely used in telecommunication in-
dustry to transmit bit-sequence messages in form of mw-phase
shift using an intensity modulator, i.e. Mach—Zehnder inter-
ferometer modulator (MZI). In the principle of DPSK, optical
phase can be shifted by modulating an MZI with an amplitude
of double half-wave voltage (2V;). When the MZI is driven
at its minimum bias point by a positive voltage 0 < V < V.
and successively a negative voltage 0 > V' > —V_, the relative
phase-shift between the optical fields at the two voltages is 7,

1041-1135/$26.00 © 2011 IEEE
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Fig. 1. (a) Schematic drawing of a positive/negative electrical pulse. (b) Pos-
itive (blue trace) and negative (red trace) electrical pulses are generated sep-
arately and applied to the MZI. The durations of the long and short intensity
pulses are 30 ns and 500 ps, respectively. (c) The intensity pulses at the MZI
output. The phase is shifted by = for 500 ps at the pulse end.

or vice-versa [14]. Therefore, when a negative pulse of V, (or
a pulse of —V;) is applied to the modulator just after a positive
pulse of V; at the minimum bias point as illustrated in Fig. 1(a),
the output optical intensity remains unchanged whilst the phase
of the optical field at the negative pulse part is shifted by =
with respect to the positive pulse part. In order to generate such
an electrical pulse, the positive and negative electrical pulses
are generated separately in this work as shown in Fig. 1(b).
Their peak-to-peak amplitude is 7.6 V and applied to the MZI
used in the work (Photline MXPE series, V,, = 6.2 V, 20-GHz
bandwidth). The pulse durations are set to 30 ns and 500 ps,
respectively. In telecommunication, such pulses are applied to
a dual-drive MZI [15]. In our work, these long and short pulses
are applied to the direct current (DC) and radio-frequency
(RF) inputs of the MZI, respectively. An impedance matching
of 50 2 is made at the DC port and it provides a sufficient
bandwidth for the 30-ns pulse. As the pulses are generated in
intensity at the output of the MZI, the delay between the pulses
is readily adjusted. Fig. 1(c) exhibits two intensity pulses at the
modulator output, which are generated by the electrical pulses
seen in Fig. 1(b). A 30-ns intensity pulse is followed by a
500-ps intensity pulse with w-shifted phase. The rise/fall times
of the long and short pulses are 700 ps and 200 ps, respectively.
A short drop between the two pulses is seen due to the fast
transition from the positive pulse to the negative pulse. The
500-ps duration of the short pulse defines a spatial resolution
of 5 cm in our DPSK-based BEDS system.

III. EXPERIMENTAL SETUP

This dual-phase state intensity pulse is used as the pump wave
in the experimental setup shown in Fig. 2 schematically. The
setup is based on BOTDA system with an additional electrical
pulse which is negative and applied to the MZI of the pump.
The continuous wave (CW) emission of a distributed feedback
(DFB) laser at 1550 nm is split into the pump and probe arms
by a 50:50 tap coupler. In the pump side, an RF bias-T is used
to combine the positive pulse and DC bias and the DC bias of
the MZI is adjusted to be at the minimum bias point. The op-
tical pulses in Fig. 1(c) are amplified by an Erbium-doped fiber
amplifier (EDFA) with a peak power of 1.3 W. They are then
polarization-scrambled by a polarization scrambler to average
out polarization-sensitive Brillouin gain and injected into a fiber
under test via an optical circulator. In the probe side, the Bril-
louin frequency-shifted probe is generated by the second MZI
with a carrier suppression of 38 dB at 1550 nm by adjusting the
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Fig. 2. Experimental setup of DPSK-BEDS system using a single
Mach—Zehnder interferometer (MZI) modulator for the pump. DFB: Dis-
tributed-feedback laser. EDFA: Erbium-doped fiber amplifier. FBG: Fiber
Bragg grating.

DC bias. The probe power is set to 1 mW by another EDFA.
The probe is then injected into the fiber through an isolator. At
the fiber output, a fiber Bragg grating (FBG) enables to select
the Brillouin gain obtained by the pump at the BFS. The gain
is retrieved by a photodetector and then recorded as time traces
by a digital oscilloscope. By sweeping the frequency of the op-
tical probe, the gain along the fiber is mapped as a function of
frequency. In this way, all BFS variations along the fiber caused
by temperature or strain can be easily detected.

IV. EXPERIMENTAL RESULTS

In order to demonstrate the performance of the concept devel-
oped in this work, a 2-m single-mode fiber (SMF) is spliced to a
1-m fiber with high numerical aperture (HNA). The splice point
is protected by a heat-shrinking sleeve of 5 cm. For compar-
ison, distributed measurements of the splice segment have been
done in two BEDS systems: conventional BEDS system using a
phase and an intensity modulators for pump and DPSK-BEDS
system using a single intensity modulator. Fig. 3(a) shows the
distributed measurement obtained in the conventional BEDS
system via a w-phase shifted pulse with a pulse width of 500 ps.
It clearly reveals the splice segment of 5 cm between the fibers at
a frequency shift of 10.55 GHz. The BFS of the HNA and SMF
are 10.67 GHz and 10.85 GHz, respectively. Fig. 3(b) displays
the mapping using DPSK-BEDS developed in the work. It also
manifests clearly the 5-cm splice segment and the 10.55-GHz
frequency shift. Therefore, it is evident that our system mani-
fests performances as good as the standard BEDS system. How-
ever, the contrast of the measurement in BEDS is slightly better
than that in DPSK-BEDS. This is due to the peak-to-peak ampli-
tude of 7.6 V which is only 1.23V; in DPSK-BEDS where 2V
is needed for the best performance. On the other hand, in BEDS
a pulse amplitude of 5.1 V is applied to the phase modulator of
which the V. is 5.9 V. In this case, only V. is required for the
best operation and the amplitude meets almost this requirement
(0.87V,). Nevertheless, Fig. 3(b) shows a good margin for im-
provement thanks to the good signal-to-noise ratio.

We have also tested our DPSK-BEDS system with centimeter
resolution for strain monitoring. For that purpose, we have set up
an elongation platform and applied three different elongations
over a fiber section of 5 cm in the beginning of a 260-m long
SMF. Fig. 4 exhibits the elongation measurements with 5-cm
spatial and 1-MHz spectral resolutions. The elongations applied
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Fig. 4. Brillouin frequency shift versus the fiber length for three different elon-
gations applied to a 5-cm fiber section.

to the section are successively 0 pym, 30 gm and 60 pm. As
the elongation length increases, the BFS increases from 10.847
GHz to 10.865 GHz and 10.883 GHz. However, the figure re-
veals the elongation over more than 5 cm. We speculate that the
pure fiber may slightly slip inside the fiber coating as a result
of strain. The BFS is displaced by 18 MHz at 600 pe and 36
MHz at 1200 pe. Thus, the strain coefficient is obtained as 3
MHz per 100 pe with a strain accuracy of 33 pe. This accuracy
can be further improved by using more frequency samples and
higher pump and probe power. Since it is based on BEDS tech-
nique, our setup can potentially reach spatial resolution down to
1 cm if a faster pulse generator is used.

V. CONCLUSION

We have successfully demonstrated a new concept for Bril-
louin echo-distributed sensing with centimeter resolution based
on differential phase-shift keying technique. A w-phase pulse
with a pulse duration of 500 ps and an intensity pulse with 30 ns
are generated for the pump using a single Mach—Zehnder mod-
ulator in our system. Our results clearly reveal the 5-cm splice
segment between two fibers and its Brillouin frequency shift
with a spatial resolution of 5 cm. The elongation test over a fiber

section of 5 cm has also been performed with good results. Our
new setup enables distributed measurements with centimeter
resolution and a double contrast by simply adding a negative
pulse into the pump in a Brillouin optical time-domain analysis
system. Therefore it simplifies conventional Brillouin echo-dis-
tributed sensing systems by using a single modulator for pump
rather than two modulators, and reduces the optical loss of the
pump due to the modulators. Our setup also allows an easy ad-
justment of the delay between two pulses as they are generated
in intensity. As such, our system may offer a great potential
to fiber optic sensors with centimeter resolution for structural
health and geotechnical monitoring.
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Distributed Brillouin Fiber Sensor With Enhanced
Sensitivity Based on Anti-Stokes Single-Sideband
Suppressed-Carrier Modulation

Duc Minh Nguyen, Birgit Stiller, Min Won Lee, Jean-Charles Beugnot, Herve Maillotte,
Alexandre Mottet, Jerome Hauden, and Thibaut Sylvestre

Abstract— We demonstrate an alternative technique to reduce
pump depletion and to improve sensitivity in the long-range
Brillouin optical time-domain analysis (BOTDA) sensor. Our
BOTDA system uses an anti-Stokes single-sideband suppressed-
carrier modulation technique that balances the pump depletion
due to fiber loss. With this technique, we show both numerically
and experimentally a great improvement compared to the dual
sideband standard technique.

Index Terms—Brillouin optical time domain analysis, fiber
optic sensor, single-sideband modulation.

I. INTRODUCTION

RILLOUIN Optical Time-Domain Analysis (BOTDA)

sensing systems have been the subject of intense research
in recent years because they offer a unique solution for contin-
uous, real-time monitoring in civil or geotechnical engineering
and petroleum industry. These fiber-optic sensors provide dis-
tributed strain or temperature measurements with meter spatial
resolution over several tens of kilometers. An important factor
that limits the range of BOTDA sensors however is pump
depletion. This non-local effect degrades the signal-to-noise
ratio (SNR) and distorts the Brillouin gain spectrum (BGS),
leading to systematic errors or biases in sensors measurements
[1]-[3]. Several techniques have recently been proposed to
overcome these limitations and to extend the sensing range
beyond 50 km. For instance, the sensing range can be extended
to 100 km by using distributed Raman amplification schemes
[4], or 150 km by combining frequency-division multiplex-
ing and in-line Erbium doped fiber amplifiers (EDFAs) [5].
120-km range has also been achieved by improving the
SNR with optical pulse coding techniques and optical pre-
amplification at the receiver [6]. All of these techniques rely on
the use a dual sideband (DSB) probe which reduces the impact
of pump depletion. Recently, Bernini et al. [7] proposed a
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BOTDA system making use of an unbalanced DSB probe with
a Stokes/anti-Stokes power ratio allowing a larger suppression
of nonlocal effects induced by pump depletion.

In this letter, we describe and demonstrate an alterna-
tive Brillouin-loss based technique to further reduce pump
depletion and to improve the sensitivity in BOTDA systems.
Compared to the technique of Bernini [7], our BOTDA system
uses an anti-Stokes probe generated with a single-sideband
suppressed-carrier (SSB-SC) modulator to balance the pump
depletion due to fiber loss [8]. With this technique, we show
both numerically and experimentally enhanced performances
compared to conventional DSB schemes. Distributed strain
measurements over a 50-km of single-mode fiber (SMF) with
3 m spatial resolution are reported.

II. NUMERICAL SIMULATIONS

Let us consider the stimulated Brillouin scattering (SBS)
between a square pump pulse and two counter-propagating
continuous-wave (CW) Stokes and anti-Stokes waves. At each
fiber length, the interaction time is given by the pump pulse
duration if it is sufficiently longer than the phonon lifetime
(~10 ns). During the interaction, the pump will transfer its
energy to the Stokes probe (loss process) and also receive
energy from the anti-Stokes beam (gain process). The gain
and loss process of the pump correspond respectively to the
Brillouin loss and gain for the signal. This gain/loss process
is not linear since the Stokes and anti-Stokes powers change
during the interaction time. This results in a non-uniform
deformation of the pump that cannot be ignored in long-range
measurements. To get better insight, we performed numerical
simulations based on three coupled equations for the pump,
Stokes and anti-Stokes waves using the finite different method
(for equations, see [9]). The input pump pulse duration is
500 ns and its peak power is 0.1 W. All other parameters are
listed in the caption of Fig. 1. We also restricted the sensing
length to 2.8 km in the numerics because taking into account
a 50-km value as in experiment is very time-consuming and
computationally intensive. Fig. 1(a) shows the computed pump
pulse at the output of the sensing fiber for different input probe
conditions, as indicated in the inset and in the caption. More
specifically, we compare the Stokes and anti-Stokes SSB probe
regimes with the balanced and unbalanced DSB ones. As it can
be seen, in the Stokes SSB regime, the output pump pulse is
strongly distorted and depleted (solid green curve) compared
to the pump alone without input probe (dashed blue curve).

1041-1135/$31.00 © 2012 IEEE
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intensity versus the strain-induced BFS displacement for five different input
conditions of the Stokes/anti-Stokes power ratio. Stokes power is 500 uW
in Stokes SSB, balanced DSB, and unbalanced DSB regimes. Anti-Stokes
power is 500 uW in the balanced DSB and the anti-Stokes SSB regimes.
In the unbalanced DSB regime, the anti-Stokes power is 3.5 mW. Parameters
are fiber length L = 2.8 km, Brillouin gain g¢ = 1.66.10"1 m.W—!, loss
coefficient & = 0.2 dB/km.

The output pump power can however be raised by using the
DSB regime, as shows the dashed-dotted pulse in Fig. 1(a).
In this regime, the anti-Stokes sideband strengthens the pump
energy through the gain process that reduces pump depletion.
Nevertheless, pump depletion still remains in the balanced
DSB case. This is due to the fact that energy transfer from
the pump to the Stokes probe is faster than from the anti-
Stokes probe to the pump once the Stokes power exceeds that
of the anti-Stokes one. In the unbalanced DSB regime (dotted
red curve), the pump peak power reaches a high value but
its shape and width are strongly modified by the Brillouin
interaction. The solid red curve shows a direct comparison
with our technique making use of a single-sideband anti-
Stokes probe. As it can be seen, the pump pulse is no longer
depleted and its shape is the closest to the initial one shown in
blue. In such a regime, the pump power is depleted only due to
the fiber loss. This leads to a great improvement of the output
pump peak power and pulse shape, compared to the other
probe regimes. We further compared these different probe
conditions when applying strain on the fiber in order to assess
the possible systematic errors induced by pump depletion
for the Brillouin frequency shift (BFS). Fig. 1(b) shows the
computed values of strain-induced BFS displacement. This
numerical simulation was done with an assumption of an
intrinsic SBS line-width of 35 MHz and a strain applied at the
end of the fiber of 200 we. This strain yields a theoretical BFS
displacement of 10 MHz, as indicated by the vertical black line
in Fig. 1(b). Computed values of BFS displacements in the
case of Stokes-SSB, balanced DSB and unbalanced DSB are
13.7 MHz, 13.3 MHz, and 12.6 MHz, respectively. These three
values thus overestimate the BFS displacement of 10 MHz
because of the pump depletion and pulse distortion, observed
in Fig. 1(a). When using the anti-Stokes SSB probe regime,
the BFS displacement was numerically calculated as 9.7 MHz
(continuous bold red curve in Fig. 1(b)), which is nearest to the
expected value of 10 MHz. Thus the anti-Stokes SSB regime
allows for the suppression of biases in sensing measurements.

III. EXPERIMENTAL RESULTS

To verify our numerical predictions, we set up the BOTDA
sensor depicted in Fig. 2. In short, a distributed feedback
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Fig. 2. Experimental setup of the Brillouin loss-based BOTDA sensor based
on anti-Stokes single-sideband modulation technique.

(DFB) laser at 1535 nm is split into the pump and probe arms
by a 50:50 tap coupler. In the pump side (fiber input), we insert
an intensity modulator driven by a pulse generator to generate
square pump pulses with a width of 30 ns, which provides
a 3 m spatial resolution. These pulses are then amplified
by an erbium doped-fiber amplifier (EDFA) and polarization-
scrambled before being launched into a 50 km sensing fiber
via an optical circulator. Our intensity modulator has a high
extinction ratio of 40 dB which prevents anti-Stokes probe
depletion due to the pump pulse leakage [10]. In the probe
side (fiber output), we use an I/Q modulator [11] to generate
an anti-Stokes probe whose frequency is swept around the
BFS of the sensing fiber. More specifically, it consists in
two parallel Mach—Zehnder interferometers (MZI) nested into
a third combining MZI. An RF tone signal tunable around
11 GHz is injected into both RF ports of the modulator with
a m /2-phase shift. With this SSB-SC modulator, we achieved
a carrier suppression of 45 dB and a side-mode suppression
of 35 dB at 1535 nm, as shown in the inset of Fig. 2.
The probe power is set to 1.6 mW and injected into the sensing
fiber after an isolator. At the fiber output, the anti-Stokes
probe is extracted by a circulator and a 10-GHz bandpass FBG
filter before being analyzed by a digital oscilloscope and an
optical spectral analyzer (OSA). By sweeping the optical probe
frequency, the BGS along the fiber is mapped as a function
of frequency. In this way, all BFS variations along the fiber
due to temperature change or applied strain can be detected.
For the data acquisition, we have normalized the data with the
DC offset by using the DC mode of our oscilloscope with an
impedance of 1 MQ to increase the photodetector sensitivity.

First, we performed distributed measurements without
applying strain to compare the anti-Stokes SSB case to
standard DSB technique using the same input power
conditions. Fig. 3(a) and (b) show the BOTDA traces in false
color for the two regimes, respectively. From these figures,
we plotted in Fig. 3(c) the Brillouin gain (blue) and loss
(red) amplitudes versus the distance for a frequency value
of 10.925 GHz, and in Fig. 3(d), the Brillouin gain and loss
spectra measured at the fiber end. The value of 10.925 GHz
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actually corresponds to the Brillouin frequency shift of our
fiber. It has been determined from a Lorentzian fit of the
Brillouin loss spectrum plotted in red in Fig. 3(d). There are
several conclusions we might draw from all these figures. First,
as it can be seen in Fig. 3(c), the probe amplitude at the
beginning of the fiber is very similar in both cases but the
contrast at the fiber end is significantly improved by using
the anti-Stokes probe. A gain in sensitivity can be clearly
seen at the end of the fiber with the anti-Stokes SSB case
(red) compared to the DSB case (blue). We measured an
improvement of the SNR of about 5 times. Second, whereas
the use of the anti-Stokes probe provides a symmetric and
single-hump Brillouin loss spectrum, Fig. 3(d) shows that
the Brillouin gain spectrum in blue exhibits an asymmetric
double-humped shape, which leads to a BFS displacement, as
numerically shown in Fig. 1(b). Clearly, this direct comparison
demonstrates the detrimental effect of pump depletion in long-
range measurements and, in particular, how the anti-Stokes
probe can help to further reduce this issue.

Our BOTDA sensor system has then be tested with different
strain elongations up to 66 mm over 24 m at the fiber output.
The aim is to check that no bias or error has been introduced
by the pump depletion with the SSB modulator. Fig. 4(a)
shows the BFS displacement at the fiber end due to applied
strain. We measure a maximum frequency shift of 35 MHz
that corresponds to a strain of 742 ue. The BES displacement
versus applied strain is plotted in Fig. 4(b). We obtained by
linear fitting a strain coefficient of 4.28 MHz/100 ue, which
is in quite good agreement with the value of 5 MHz/100 ue
reported in literature [12]. This result means that errors
introduced by the pump depletion in the anti-Stokes SSB
regime can be ignored. Since the pump depletion effect is
non-linear, the BFS displacements will also be non-linear if
there are errors from the pump depletion. We also must stress
here that we were not able to detect the applied strain when
using the balanced DSB probe due to the very low SNR of
our sensor at the end the fiber, as shown in Fig. 3(c). This also
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means that the SNR and thus the sensitivity has been improved
with our technique compared to the balanced DSB case.

IV. CONCLUSION

We have made a long-range BOTDA sensing system that
uses an anti-Stokes SSB-SC modulation technique. Enhanced
sensitivity has been demonstrated both numerically and exper-
imentally using this technique compared to the dual sideband
standard one. This has been achieved by using a dual parallel
Mach—Zehnder 1I/Q modulator in the probe path. Finally, our
sensor has also been verified on a 50 km-long SMF with a
measured strain coefficient of 4.28 MHz/100 ue. This letter
should also contribute to a further understanding of the main
limitations in BOTDA sensors.
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We report the observation of a broadband continuum spanning from 350 to 470 nm in the black-light region of
the electromagnetic spectrum as a result of picosecond pumping a solid-core silica photonic crystal fiber at
355 nm. This was achieved despite strong absorption and a large normal dispersion of silica glass in the UV. Further
investigations reveal that the continuum generation results from the interplay of intermodally phase-matched four-
wave mixing and cascaded Raman scattering. We also discuss the main limitations in terms of bandwidth and power

due to temporal walk-off, fiber absorption, and the photo darkening effect, and we suggest simple solutions.

Optical Society of America
OCIS codes: 190.4370, 190.5650, 060.4005.

Over the last few years, there have been a number of im-
portant efforts to extend the blue and UV sides of super-
continuum (SC) generation in silica-core photonic crystal
fibers (PCFs) [1-6]. These efforts are motivated by appli-
cations of broadband UV light in biomedical sciences and
spectroscopy. While most of the experiments have been
performed by pumping in near-IR (NIR) or visible re-
gions, it is remarkable that the use of laser emitting in
the UV as a pump for SC generation in PCF has not yet
been endeavored. Generation of UV broadband light
has, however, recently been reported in a single-mode
high-OH fiber [7].

Herein, we demonstrate that despite both the strong
absorption and large normal dispersion of silica in the
UV, a broadband continuum can be efficiently generated
in the black-light region of the electromagnetic spectrum
by pumping a PCF with a picosecond microchip laser at
355 nm. The PCF is a standard solid-core silica PCF made
by IRCICA. It is similar to those usually used for SC gen-
eration when pumping at 1064 nm in the small anomalous
dispersion regime [8]. It has a triangular lattice with a
pitch and hole diameter of 3.88 and 2.73 ym, respectively.
Its cross-sectional image is depicted in Fig. 1(a) together
with its dispersion curve for the fundamental mode
around 355 nm. At this wavelength, our PCF exhibits a
large normal group-velocity dispersion (GVD) dominated
by material dispersion. In addition, the PCF carries sev-
eral propagation modes. Three main transverse modes
have been identified numerically using a finite ele-
ment method. These modes are depicted in Figs. 1(b)
and 1(c) together with their inverse group velocities and
dispersion curves, respectively. The nonlinear coefficient
is y =34 W~! km! for the fundamental mode, and its
zero-dispersion wavelength (ZDW) is 1044 nm. The fiber
loss at 355 nm was measured as 0.5 dBm~!. As a pump
laser, we used a passively Q-switched frequency-tripled
Nd:YAG laser (Teemphotonics Powerchip Series) emit-
ting 300 ps pulses (FWHM) at a repetition rate of 1 kHz
and an average power of 22 mW. The output was coupled
into our PCF by a 10x microscope objective. The output
spectra were recorded using an optical spectrum
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analyzer, and the continuum formation was analyzed
by means of a variable attenuator. We also used a grating
spectrometer (2400 1/mm) and a CCD color camera for
modal and spectral analysis. Figure 2 shows the output
spectra after 30 m of fiber for an increasing coupled
pump power ranging from 0.5 to 4 mW. We can clearly
see the continuum generation that starts from the pump
wavelength and broadens up to the blue. The widest con-
tinuum spans 120 nm, from 350 to 470 nm, with an output
power of 120 yW. This corresponds to a low spectral
power density of only 1 xW/nm. The image in the inset
shows the optical mode output of the widest continuum
recorded by the color camera. The UV light appears as
white, whereas the visible light is in true color. This im-
age shows the continuum is mainly carried by the LPg;
mode. Figure 3 details the beginning of the continuum
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Fig. 1. (Color online) (a) Chromatic dispersion of the funda-
mental mode versus wavelength. Inset: SEM image of the
solid-core PCF. (b), (c) The inverse group velocities and the
chromatic dispersions of the three LPy; (red), LP;; (green),
and LPg; (blue) modes, respectively, shown in the insets. (d)
FWM frequency shift versus wavelength. (See Media 1.)
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Fig. 2. (Color online) Output spectra recorded at the end of
the 30 m long PCF for a variable coupled pump power from
0.5 to 4 mW. The spectral resolution is 0.5 nm. The inset shows
the optical mode output of the blue continuum.

generation by cutting the fiber back to 1 and 4 m, respec-
tively, keeping the same injection conditions. As can be
seen in Fig. 3(a), we identify a preliminary intermodal
four-wave mixing (FWM) process involving the pump
(labeled P) in a mixed-mode distribution (see top image),
an anti-Stokes sideband (AS;) in the LP;; mode, and a
Stokes one (S;) in the LP;; mode. The phase-matching
condition for this modal FWM process reads as « =

11— QO + 02 + 2yP [9], where the first, second,
and third terms represent the contributions of modal
and chromatic dispersion and nonlinearity, respectively,
to the phase mismatch. i is the FWM frequency shift. 4}!
and ﬂ(l’l are the inverse group velocities of the LP;; and
LPy; modes. p, is the GVD coefficient at pump wave-
length. Figure 1(d) shows the FWM frequency shift ver-
sus the pump wavelength calculated from the above
equation. At 355 nm, we found a frequency shift of 6 THz,
in good agreement with the measurement of Fig. 3(a). We
have also checked that all other possible FWM processes
involving other modes are not phase-matched. For
Fig. 3(b), the pump power exceeds the Raman threshold,
which yields two strong first- and second-order Raman
Stokes bands, R; and R,. Simultaneously, parametric
Stokes band S; acts as a second pump and generates both
harmonic sideband S, and its own first-order Raman
Stokes (SR;). Surprisingly, we also observe the efficient
generation of two anti-Stokes bands, AR, and ASR,, far
from the pump. We have checked that these waves result
from FWM involving six waves, namely the pump P, the
parametric band S;, and Raman Stokes waves SR; and
second-order R,. In particular, AR, at 344 nm has been
identified as being second-order Raman anti-Stokes
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348 350 352 354 356 358 360 362 340 350 360 370 380

Wavelength (nm) ‘Wavelength (nm)

Fig. 3. (Color online) Output spectra recorded at the end of
the photonic crystal fiber for shorter fiber lengths: (a) L = 1 m,
(b) L = 4 m. The inset shows the modal distribution of FWM.
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at the output of the PCF under UV (355 nm, blue) and IR
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respectively. (b) A zoom of the part of (a) shown in the dashed
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upshifted by 26 THz from the pump. To our knowledge,
this is the first time that second-order anti-Stokes was
efficiently generated in the absence of first-order [10].
We have indeed verified that theses waves are phase-
matched in higher-order modes of the PCF and fall far
from the Raman absorption band. At higher pump power,
all Raman and parametric bands together merge and,
because of the large Raman gain bandwidth, the CRS
evolves toward a smooth continuum, as those shown
in Fig. 2. This spectral broadening dynamics is analogous
to the one previously reported using visible 532 nm pump
pulses propagating in a dispersion-shifted fiber [9]. Note
also that all the anti-Stokes waves reported in Fig. 3 no
longer appear in Fig. 2 because of absorption. Moreover,
all Raman Stokes bands are mainly carried by the LPg;
mode, which explains the optical mode distribution
of Fig. 2.

Figure 4 compares the UV continuum generation with
that generated by an IR subnanosecond microchip laser
at 1064 nm ,close to the ZDW of the PCF [8]. The experi-
ments have been performed by replacing the UV laser by
the IR one, keeping the same PCF, but with different
coupled pump power. As can be seen, the SC generation
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Fig. 5. Numerical simulations of cascaded Raman generation
for two input pulse durations and UV continuum generation in
the PCF. (a), (c¢) Temporal and (b),(d) spectral outputs. Param-
eters are indicated in the figures and text. (e) The UV-visible
continuum generation for a peak power of 3kW.
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using the IR pump spans more than two octaves from
450 nm to more than 1800 nm, whereas the UV conti-
nuum is limited to a third of an octave only. However,
the latter covers a new UV-visible spectral window that
is not accessible with the IR pump.

Let us now discuss the main limitations. The most im-
portant ones are fiber absorption and the photodarken-
ing effect caused by UV radiation. We have indeed
observed that the continuum bandwidth strongly de-
creases after about 20 min due to solarization. These det-
rimental effects could be mitigated by using specialty
high-OH or solarization-resistant optical fiber, as in
Ref. [7]. The third drawback is the large normal disper-
sion of silica that induces a strong pulse walk-off among
the Raman pulses and thus limits the continuum exten-
sion toward longer wavelengths. This can be easily over-
come by using longer nanosecond pulses. To verify the
impact of walk-off, we performed split-step numerical si-
mulations based on the generalized nonlinear Schrodin-
ger equation, including the full Raman susceptibility and
the wavelength-dependent absorption. As initial condi-
tions, we consider a picosecond pump pulse at 355 nm
together with the parametric band S; with half of the
power to mimic the FWM of Fig. 3. Including the multi-
mode behavior and the FWM intermodal coupling in the
numerics is actually very time-consuming and computa-
tionally intensive. We also used the one-photon-per-mode
model as an input condition. Figures 5(a)—(d) show the
results of our numerical computations for 30 m of single-
mode nonlinear propagation and for two pulse durations.
As can be seen in Fig. 5(d), for a 500 ps pulse duration, a
sixth-order Raman cascade is generated, whereas only
four Raman orders occur for a 300 ps pulse duration
[Fig. 5(b)]. Figures 5(a) and 5(c) show the corresponding
temporal intensities. In both traces, we can clearly iden-
tify a train of noiselike Raman pulses that are optically
delayed by walk-off. The temporal walk-off is about
300 ps, which is close to the pump pulse duration. Con-
sequently, the Raman pulses do not overlap at all after
30 m of propagation, thus limiting the Raman cascade,
as shown in Figs. 5(b) and 5(d). For comparison, we have
analytically calculated the Raman pulse walk-off from the
following expression: T' = D.L.AJ, where A4 is the Ra-
man shift in wavelength. We found a pulse walk-off of
288 ps for L = 30 m, in good agreement with numerical
simulations. Finally, the numerical simulation of Fig. 5(e)

was realized with the same conditions but at a higher
peak power of 3 kW. It shows that the CRS evolves into
a continuum that spans from 355 to about 430 nm, in
rather good agreement with the experimental one shown
in green in Fig. 2.

In conclusion, we reported the observation of a broad-
band black-light continuum in a solid-core silica photonic
crystal fiber as a result of pumping at 355 nm. The con-
tinuum generation has been identified as resulting from
the interplay between intermodal FWM and cascaded
Raman generation. This fiber-format broadband IR-free
black-light source could find possible applications as a
Wood'’s lamp for multicolor excitation of fluorescent pro-
teins in medicine, dermatology, molecular biology, or gas
absorption spectroscopy [7,11]. Further progress will be
pursued in the near future to improve the continuum
bandwidth and spectral power density by using solariza-
tion-resistant silica optical fibers.
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Abstract: In this work, we report the investigation of a planar waveguide in
a 2D periodically-poled lithium niobate (PPLN). The waveguide is
fabricated by helium (He") implantation at 2 MeV and a fluence of 1.5 x
10" ions/cm®. Second harmonic generation (SHG) at 532 nm using a Q-
switched laser and a CW laser diode at 1064 nm, was measured as a
function of angular distribution and temperature. The experimental results
show higher gain in SHG conversion efficiency in the waveguide than in
the bulk 2D PPLN. In particular, SHGs from 2D reciprocal lattice vectors
(RLV) are observed and studied.

© 2013 Optical Society of America

OCIS codes: (130.3730) Lithium niobate, (130.7405) Wavelength conversion devices;
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1. Introduction

Nonlinear integrated optics has attracted much attention as it allows designs of new optical
components for solid tunable coherent and miniature light sources [1]. In particular,
integrated optics using nonlinear photonic crystals (NLPC) has been recently subject of
several developments for applications in the field of light sources and optical signal
processing [2, 3]. NLPCs are materials where the sign of @ is periodically reversed in two
dimensions [4]. This produces many reciprocal lattice vectors (RLV) in the 2D reciprocal
lattice, corresponding to one or more phase matching solution. Consequently, the 2D structure
provides a much greater flexibility to quasi-phase matching (QPM) processes [2] than 1D
structure. Despite of low QPM orders, the high flexibility of 2D structure allows multi-
wavelength light generation by temperature and angular tuning. 2D-PPLN is an excellent
materiel for this purpose. Moreover it offers new QPM orders which are no multiples of the
fundamental QPM process. Therefore, such a structure in a waveguide configuration can
provide high non-linear conversion efficiency with low power due to long interaction length
and high energy density confinement within the crystal.

Up until now, the most widely-used waveguide fabrication techniques in periodically-
poled crystals such as 1D PPLN are in-diffusion of metals and ionic exchange [5, 6].
However, it has been reported that these techniques not obviously affect nonlinear optical
properties of the crystal. Recently, Helium ion implantation with several MeV energies has
been developed and it manifests an alternative technique to fabricate optical waveguides in
nonlinear crystals including 1D PPLN [7-10]. The flexibility of the implantation technique
particularly comes from the fact that one can precisely control the implantation parameters.
Regarding to this, the ion beam energy allows us to define accurately the waveguide thickness
which is related to the implantation energy of the ions within the crystal. Furthermore, the
fluence of ions gives rise to the refractive index variation, creating an optical barrier. This
method also allows fabricating nonlinear crystal thin films by crystal ion slicing technique
(CIS) [11]. This well-controlled method does not virtually affect linear and non-linear optical
properties of PPLN after an optimized post-annealing step of the sample [8]. Besides, He"
implantation ensures a good homogeneity of optical properties along the waveguide, and
avoids out-diffusion of lithium oxide from the sample surface which may occur at high
annealing temperature with other methods. Despite it induces defects and stress in the
implanted region with increasing ion fluence [9, 10], this process shows high efficiency in
frequency conversion [8].

In this paper, we report, for the first time to the best of our knowledge, the investigation of
optical waveguides in 2D PPLN using He" implantation technique. The 2D PPLN with a
square lattice of a period of 6.92 um is used in our experiments. The 2D PPLN waveguide
obtained by He" implantation is characterized by the guiding properties and non-linear optical
properties. The experimental results particularly include second harmonic generation (SHG)
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measurements at high power density with a Q-switched laser at 1064 nm. SHG from 2D RLV
is also investigated. The characterizations on bulk and waveguides are compared.

2. Sample preparations

The 2D PPLN (z-cut) used in this work is obtained by electrical poling method [12]. An
electric field density of 21 kV/mm closed to the coercive field of the material, is applied to
LiNDbO; through a titanium microelectrode lattice [8]. The poled area is 6 mm x 6 mm at the
centre of the sample with a thickness of 1 mm. Figure 1 indicates both z + and z- faces of the
poled region with a 2D square lattice with a period of A = 6.92 um and a duty cycle of 50%.
This square lattice period is particularly chosen to obtain QPM for SHG at 1064 nm.

Fig. 1. z + and z- 2D-periodically-poled surfaces of LiNbO; with a square lattice period of 6.92
um revealed by chemical etching.

After the poling process, helium ions are implanted with a fluence of 1.5 x 10'® jons/cm’
and energy of 1.5 MeV on the entire surface of the 2D-PPLN z + side by using a Van De
Graaff accelerator. According to Stopping and Range of Ions in Matter (SRIM) simulations
[13], the implantation energy is set to 1.5 MeV. At this energy, an optical confinement barrier
is expected to be built at a depth of 3.6 pm below the surface of our samples [14, 15]. Thus,
light can be confined between this barrier and the crystal-air interface. In fact, a large
disordering of the crystal lattice is formed by the energy deposition, which results in the
decrease of both the ordinary and extraordinary indices of the crystal, thus creating a light
confinement for TE and TM guided modes. The choice of implantation energy allows low
TM-multimode guiding at a wavelength of 1064 nm (quasi single-mode waveguide at this
wavelength). The implantation fluence is chosen to obtain a maximum refractive index
variation in the optical barrier. After the implantation, the sample is annealed at 200°C for 1
hour [8]. The annealing treatment allows the crystal to recover from the implantation-induced
defects [16]. Note that the implantation should be undertaken after poling, because the quality
of the poling process highly depends on the purity of substrates. In fact, it has been shown
that poling process on He'-implanted LiNbOj5 can alter the growth of reversed domains [7].

3. Linear optical properties of the NLPC waveguide

First, we have measured the waveguiding properties of our He" NLPC samples at 532 nm and
632 nm. For this purpose, we have used the well-known dark m-lines method based on prism
coupling in order to excite the structure guided modes. Our results indicate that the
waveguide supports both the ordinary and extraordinary guided modes (TE and TM modes,
respectively). Note that, 5 TE and 3 TM modes were clearly identified.

Afterward, we have extrapolated the refractive index profile of our sample. We have used
the inverse Wentzel-Kramers-Brillouin (i-WKB) method [17] to reconstruct the refractive
index profiles. For instance, at 633 nm, the results indicate that the maximum index variation
is obtained as 0.07 for the ordinary index and 0.019 for the extraordinary one. The obtained
waveguide shows a quasi-step index profile and low-multimode for TM-polarization which
allows SHG using the optimal non-linear coefficients d;; at 1064 nm. Comparing these results
with other samples made with lower fluences, it is seen that the implantation fluence has a
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greater influence on the ordinary index than the extraordinary one. It is noted that only the
extraordinary effective indices participate to fulfill QPM conditions in our work.

We have also estimated that the profile of n, indicates a waveguide thickness of 3.6 um
which is similar to the one obtained by the damage profile simulated using SRIM code [13].
As a matter of fact, the ions are initially slowed by electronic excitation (defined as the
electronic stopping region just below the surface) with the ionization of the crystal and
creation of point defects along their path. At the end of the ion track, a low refractive index
optical barrier is built up because of the lattice disorder produced by the nuclear collisions
with damages in the crystal lattice and the creation of impurities [18].

We have also measured the optical losses by using a CCD camera in order to collect the
light scattered from the waveguide surface. An end-fire coupling configuration is used to
couple-in light beam through the polished waveguide face with a microscope objective.
Measurements are performed at 532 nm, 633 nm and 1064 nm. We have found that our
sample presents a global optical loss of 3 dB/cm. We speculate that defects and optical
tunnelling might be at the origin signal attenuation along the waveguide [19]. The attenuation
can be optimised by finding out a compromise between implantation and post-implantation
parameters. Another study was conducted concerning multiple He -implantation at lower
fluences and revealed losses of about 2 dB/cm.

4. Second harmonic generation measurements

An experimental setup similar to reference [20] is used in order to measure the non-linear
properties of the bulk and the He'-implanted 2D-PPLN waveguide. Using a Q-switched laser
at 1064 nm, the beam goes through a half wave plate and a polarization splitter cube to select
the TM polarization and vary the pump power. The NLPC sample is temperature-stabilized
using an oven in order to achieve phase matching at the pump laser wavelength. The laser
beam is coupled into the waveguide through a x20 microscope objective at a normal
incidence. In order to calculate the fundamental power included into the conversion, we have
considered 70% of the incident power due to the Fresnel coupling losses. Then, SHG signal at
532 nm is collected via another microscope objective and the infrared is then filtered out by a
dichroic mirror in front of the power meter.

First, we have considered the angular distribution of the SHG signal obtained from a
sample with a square lattice and a period of A = 6.92 um at different temperatures (T). By
using the nonlinear Bragg’s law [4], we can predict the walk-off angles of each RLV
according to the temperature. Note that the nonlinear Bragg’s law [4] is set by:

2n

A :G—\/(nM(T)—nw(T))2 +4n2w(T)nm(T)sin2% (1)

| mn

where 6, :(1€2w,1€w) is the walk-off angle, n, and n,, are the extraordinary refractive

2 . .
= TVm *+n’ with m and n integers

From Eq. (1), the observed SHG-external angles ©,,, for these RLVs are calculated:

mn

indices at 1064 nm and 532 nm, and |é

(e ] ()= )=, )
4n,,T n,T)
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2
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From Eq. (2), the calculated angles at 53°C are 0° for Gyg, = 4.6° for Gy and + 7.8° for Gy .
». As a matter of fact, Fig. 4 (a) indicates that the TM-modes can contribute to the SHG for
the RLVs of G](), Gl-ls Glls G1_2 and G12-

As an example, the experimental results are reported in Fig. 2(b). At 53°C the SHG signal
is only observed for Gyy. However, at 102°C, in addition to the Gy, contribution, the SHG is
also observed around + 5° in both the bulk and the waveguide in Fig. 2(b), which are close to
the calculated values. This is a clear evidence of the RLV contribution to SHG, which is not
observed in 1D-PPLN. Moreover, the SHG intensity for Gy; and Gy in the waveguide is
higher than that in the bulk with a slight angular shift due to the fact that in the waveguide,
one has to consider the effective refractive indices instead of the materiel refractive index. It
is clearly seen from the figure that the SHG efficiency is improved in the waveguide. On the
other hand, the SHG intensity relative to the G;_, and G, RLVs is not observed in our work.

In the second step, the SHG temperature tuning curves are measured in the 2D-PPLN bulk
and the waveguide. Results are displayed in Fig. 3. The optimal crystal temperature is
obtained as 53° C for Gy and 102 °C for Gy .. In the inset of the figure, the images taken by
a CCD camera clearly show the SHGs for RLV Gy and Gy ;. The images confirm again the
G1.1 and Gy; contribution to SHG. The temperature tuning bandwidth at each peak is halved
in the waveguide compared to the bulk case. We also notice a slight shift of the maximum
peak temperature in the waveguide configuration (=0.2 °C). In fact, the consideration of the
effective refractive indices in the waveguide QPM conditions should slightly decrease the
crystal working temperature. The experimental results are fitted with a sinc function [18].
From this fitting, the interaction length is obtained as 4.4 mm in the waveguide and 1.2 mm in
the bulk.

—_ 1-2 | e Bulk at 53 °C
5 T Naveguida at 53 °C
CU- 1.0 B (b) —Waveguide at 102 °C
:; 0.8} 1
% 0.6 ]
_§ 0.4} .
g 0.2} 7
S o0l 1
2 .
_0-2 1 1 1 1 1 1 1 1 1
10 -8 6 -4 -2 0 2 4 6 8 10
Angle (°)

Fig. 2. (a) The schematic geometrical reciprocal lattice for SHG interaction. (b) The
normalized far-field SHG intensity angular distribution from different RLVs, in bulk at 53°C
(brown trace) and 102°C (red trace) and waveguide at 53°C (dark blue trace) and 102°C (blue
trace).
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Fig. 3. Normalized optical SHG powers vs. temperature from (a) the 2D-PPLN bulk and (b)
the waveguide.

Finally, we report the SHG power at 532 nm versus the pump power at 1064 nm. Initially,
we have worked in pulsed regime with a Q-switched laser with a pulse width of 7 ns at a
repetition rate of 15 Hz. We note that the SHG emission for Gy in the waveguide is almost
doubled as shown in Fig. 4(a). This is very likely due to the pump beam confinement in the
planar waveguide and the improved effective interaction length as the waveguide is
considered.

On the other hand, the SHG is saturated at lower optical pump power in the waveguide
than that in the bulk due to the higher power density in the waveguide as shown in Fig. 4(c).
Furthermore, at these pump intensities, we observe few damages from photorefractive effects
in the waveguide. We have also studied SHGs at much lower pump power density with a CW
diode laser at 1064 nm (Fig. 4(b)). For that pump source, the injection pump power into the
sample is measured as ~250 mW. At this power, the QPM frequency doubling output power
from the waveguide reaches a maximum power of 2.9 mW whereas 1.1 mW is measured
from the bulk 2D-PPLN as shown in Fig. 4(b). In Fig. 4(c), the SHG power from the
waveguide is three time stronger than that from the bulk, which again clearly shows the
improvement of SHG efficiency. The experimental results are fitted to the theoretical curve
for second harmonic generation with a polynomial function in Fig. 4(b). The fit gives a non-
linear conversion efficiency of 1.23%/W for the waveguide and 0.4%/W for the bulk case.
Indeed, the improvement in SHG emission comes from the long interaction length in the
waveguide.
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Fig. 4. SHG output power vs. input power in pulsed (a) and CW regimes (b). In (b) the
numerical fit results in a nonlinear conversion efficiency of 1.23%/W for the waveguide. (c)
Conversion efficiency resulting from the 2D-PPLN waveguide (black points) and the bulk (red
points) in CW and pulsed regimes.
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5. Conclusion

In this work, we have successfully demonstrated a waveguide in 2D-PPLN by the Helium
implantation technique. The obtained experimental results clearly demonstrate that this
technique does not affect the non-linear properties of our 2D-PPLN. Furthermore, under the
same experimental conditions, the 2D-PPLN waveguide exhibits a three times higher
conversion efficiency in SHG from infrared light to green light compared to the bulk ones.
We have also observed SHGs resulting from the reciprocal vectors in the 2D lattice crystal.
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Abstract: We have demonstrated multi-wavelength generation in a nonlinear photonic crystals
of lithium tantalate. The optical parametric generation leads to second harmonic generation,
sum-frequency generation and other frequency conversion in a cascade process. These conversions
are assisted by all the optical nonlinear process involving y® and achieved by satisfying the
quasi-phase matching conditions.

© 2017 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
OCIS codes: (190.4410) Nonlinear optics, parametric processes; (190.7220) Upconversion.

References and links

1. V. Berger, “Nonlinear Photonic Crystals,” Phys. Rev. Lett. 81, 4136-4139 (1998).

2. A. Arie, N. Habshoosh, and A. Bahabad, “Quasi phase matching in two-dimensional nonlinear photonic crystals,”
Opt. Quant. Electron. 39, 361-375 (2007).

3. N. G.R. Broderick, G. W. Ross, H. L. Offerhaus, D. J. Richardson, and D. C. Hanna, “Hexagonally Poled Lithium
Niobate: A Two-Dimensional Nonlinear Photonic Crystal,” Phys. Rev. Lett. 84, 4345-4348 (2000).

4. L.-H. Peng and C.-C. Hsu, “Wavelength tunability of second-harmonic generation from two-dimensional x?
nonlinear photonic crystals with a tetragonal lattice structure,” Appl. Phys. Lett. 84, 3250-3252 (2004).

5. P.Xu,J.F. Wang, C. Li, Z. D. Xie, X. J. Lv, H. Y. Leng, J. S. Zhao, and S. N. Zhu, “Simultaneous optical parametric
oscillation and intracavity second-harmonic generation based on a hexagonally poled lithium tantalate,” Opt. Express
17, 4289-4294 (2009).

6. Q. Ripault, M. W. Lee, F. MATriche, T. Touam, B. Courtois, E. Ntsoenzok, L.-H. Peng, A. Fischer, and A. Boudrioua,
“Investigation of a planar optical waveguide in 2d PPLN using Helium implantation technique,” Opt. Express 21,
7202-7208 (2013).

7. Y. Sheng, S. M. Saltiel, and K. Koynov, “Cascaded third-harmonic generation in a single short-range-ordered
nonlinear photonic crystal,” Opt. Lett. 34, 656-658 (2009).

8. W. Q. Zhang, F. Yang, and X. Li, “Double quasi phase matching for both optical parametric oscillator and difference
frequency generation,” Opt. Commun. 282, 1406-1411 (2009).

9. M. Levenius, V. Pasiskevicius, and K. Gallo, “Angular degrees of freedom in twin-beam parametric down-conversion,”
Appl. Phys. Lett. 101, 121114 (2012).

10. M. Lazoul, A. Boudrioua, L. M. Simohamed, A. Fischer, and L.-H. Peng, “Experimental study of multiwavelength
parametric generation in a two-dimensional periodically poled lithium tantalate crystal,” Opt. Lett. 38, 3892-3894
(2013).

. L. Chen, P. Xu, Y. F. Bai, X. W. Luo, M. L. Zhong, M. Dai, M. H. Lu, and S. N. Zhu, “Concurrent optical parametric
down-conversion in x‘® nonlinear photonic crystals,” Opt. Express 22, 13164-13169 (2014).

12. S. Carrasco, A. V. Sergienko, B. E. A. Saleh, M. C. Teich, J. P. Torres, and L. Torner, “Spectral engineering of

entangled two-photon states,” Phys. Rev. A 73, 063802 (2006).

13. S. Witte and K. S. E. Eikema, “Ultrafast Optical Parametric Chirped-Pulse Amplification,” IEEE J. Sel. Top. Quantum
Electron. 18, 296-307 (2012).

14. T. Topfer, K. P. Petrov, Y. Mine, D. Jundt, R. F. Curl, and F. K. Tittel, “Room-temperature mid-infrared laser sensor
for trace gas detection,” Appl. Opt. 36, 8042—-8049 (1997).

1

—_

#307281 https://doi.org/10.1364/0E.25.030253
Journal © 2017 Received 15 Sep 2017; revised 9 Nov 2017; accepted 11 Nov 2017; published 17 Nov 2017

147



Research Article Vol. 25, No. 24 | 27 Nov 2017 | OPTICS EXPRESS 30254 |

Optics EXPRESS

15. X. Fang, D. Wei, D. Liu, W. Zhong, R. Ni, Z. Chen, X. Hu, Y. Zhang, S. N. Zhu, and M. Xiao, “Multiple copies
of orbital angular momentum states through second-harmonic generation in a two-dimensional periodically poled
LiTaOs3 crystal,” Appl. Phys. Lett. 107, 161102 (2015).

16. C.-Q. Xu and B. Chen, “Cascaded wavelength conversions based on sum-frequency generation and difference-
frequency generation,” Opt. Lett. 29, 292-294 (2004).

17. C.-M. Lai, I.-N. Hu, Y.-Y. Lai, Z.-X. Huang, L.-H. Peng, A. Boudrioua, and A.-H. Kung, “Upconversion blue laser
by intracavity frequency self-doubling of periodically poled lithium tantalate parametric oscillator,” Opt. Lett. 35,
160-162 (2010).

18. M. Levenius, V. Pasiskevicius, F. Laurell, and K. Gallo, “Ultra-broadband optical parametric generation in periodically
poled stoichiometric LiTaO3,” Opt. Express 19, 41214128 (2011).

19. M. Conforti, F. Baronio, M. Levenius, and K. Gallo, “Broadband parametric processes in /\/(2) nonlinear photonic
crystals,” Opt. Lett. 39, 3457-3460 (2014).

20. M. Levenius, V. Pasiskevicius, and K. Gallo, “Cascaded up-conversion of twin-beam OPG in nonlinear photonic
crystals,” in “2013 Conference on Lasers Electro-Optics Europe International Quantum Electronics Conference
CLEO EUROPE/IQEC,” (2013), pp. 1.

21. A. Bruner, D. Eger, M. B. Oron, P. Blau, M. Katz, and S. Ruschin, “Temperature-dependent Sellmeier equation for
the refractive index of stoichiometric lithium tantalate,” Opt. Lett. 28, 194—196 (2003).

Nonlinear photonic crystals have attracted great attention over decades for optical frequency
conversion. They are nonlinear crystals with a 2 dimensional periodically-poled lattice such
as periodically-poled lithium tantalite (2D-PPLT) and periodically-poled lithium niobate (2D-
PPLN). They have a great flexibility of quasi-phase matching thank to the reciprocal lattice
vectors [1,2]. Such characteristics facilitates frequency conversion such as second harmonic
generation (SHG) [3-6], sum-frequency generation (SFG) [7], difference frequency generation
(DFG) [8] or optical parametric generation (OPG) [9-11]. The reciprocal lattice vectors also
allow wavelength tuneability by changing temperature [4] or incident angle [9, 10].

In fact, optical frequency conversion is essential in a number of potential applications.
Particularly, frequency conversion using quasi-phase matching (QPM) allows entangled photon-
pair generation for quantum optics [12], amplification of ultra-fast pulses [13], gas detection
sensing [14] and multiple copies of orbital angular momentum states [15].

However, the aforementioned nonlinear processes do not usually occur at the same time because
of the different phase matching conditions for each process. It has been reported that SFG and
DFG can be generated in a PPLN when facilitated by a cascaded process [16]. For nonlinear
photonic crystals, a blue light can be generated from an OPG-signal in a SHG process using a
PPLT with a square lattice [17] or a PPLT with a hexagonal lattice [5]. In some studies, it has been
demonstrated that a broadband wavelength can be generated in a hexagonal nonlinear photonic
crystal [18, 19]. Moreover, several nonlinear processes have been involved in multi-wavelength
generation in a hexagonally-poled LiTaO3 [20]. In this case, SHG and OPG were generated and
SFG was then generated by a cascaded process.

In this work, we demonstrate for the first time multi-wavelength generation in a square lattice
2D PPLT exploiting multi optical nonlinear process. By pumping the crystal at 532 nm, OPG
firstly occurs and OPG triggers SHG and SFG. In a single crystal, it has also been observed
simultaneously three different OPG processes.

The nonlinear crystal used in this work is a lithium tantalate (LiTaO3) with a thickness of
0.5 mm. The crystal is periodically poled to invert the polarisation in 2 directions as shown in
Fig. 1(a). The average lattice period is Ay = A, = 8.52 um with a filling factor of 38 % in a
single set of square array. The poled area is 2 cmx1 cm. Note that these parameters have been
chosen from previous work as they allow efficient optical parametric generation with a maximum
conversion efficiency [10].

Our 2D PPLT is characterised using an experimental setup illustrated in Fig. 1(b). The pump
laser used in this work is a pulsed laser at 532 nm and delivers a maximum energy of 40 pJ
with a pulse width of 500 ps. A half-wave plate is used to adjust the polarisation of the pump
beam and a lens of 20cm focal length is positioned to inject the pump into the crystal. The peak
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Fig. 1. (a) 2D PPLT: view on Z™. (b) Experimental setup. OSA: Optical Spectrum Analyser.

power can be delivered up to 80 kW which is focused to the sample with a beam waist of 95 um,
leading to a peak intensity of 282 MW/cm?. The crystal is put in a small oven to control the
crystal temperature at 110 °C. The light generated by the nonlinear process is collimated by a
lens and the pump beam is removed by a band stop filter at 532 nm. The filtered light is injected
into a standard multimode fibre with a core diameter of 50 pm by a microscope objective. The
spectrum of multi-wavelength light is registered by an optical spectrum analyser.

(@)

Optical power (dBm)
|
(=}
(=)

— Signal-simulated
* Signal-measured
IS s sesesscasnaa,]

. . . . . . . 78 . . .
400 600 800 1000 1200 1400 1600 %O 90 100 110 120
Wavelength (nm) Temperature (°C)

Fig. 2. (a) Spectrum with the signal (787 nm) and idler (1640 nm) measured with a peak
power of 16 kW. (b) Wavelength tuneability of the signal and idler vs. temperature.

First, OPG is undertaken at a peak power of 16 kW (8 wJ) at 110 °C and an incident angle of
0 °. Figure 2(a) shows an OPG spectrum which is measured in the colinear direction with the
pump source. In the figure, the peak at 532 nm is the residual pump and the peaks at 787 nm
and 1640 nm are expected to be the signal and idler, respectively. These wavelengths satisfy the
energy and momentum conservation laws as described in the OPG process, which are given by:

1 1 1
. __=0 )]
L A A
np(/llh T) ns(/lS» T) ni(/li» T) ‘mz + n2 =0 (2)
/lp /ls /li A -

where n(4,T) is the refractive index at given wavelength A and temperature 7', m and n are the
QPM orders for the reciprocal lattice vector K,;, , and A is the QPM period. The refractive
index of Lithium Tantalate is obtained from Ref. [21]. As the measurements are undertaken in a
collinear direction, 1D QPM condition can rather be considered i.e. K; o as a first approximation.
It is found from the equations that the signal and idler occur at 787 nm and 1640 nm for a QPM
period of 8.51 um in a very good agreement with the experimental data.

This result is further emphasised by analysing the variation of the OPG interaction with the
crystal temperature varied from 80 °C to 120 °C. The temperature variation results in tuning the
wavelengths as shown in Fig. 2(b). The lower and upper solid lines represent the signal and idler
wavelengths, respectively, obtained in simulations with a QPM period of 8.51 pm as a function
of the temperature. The lower and upper circle dots indicate those measured in the experiment. It
is clearly seen from the figure that the measured wavelengths for the signal and idler are again
in a good agreement with those obtained in simulation. As such, this comparison confirms the
assumption of 1D QPM OPG interaction with the crystal period of 8.52 um.
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Fig. 3. Full spectrum measured at a peak power of 40 kW with a resolution of 5 nm from
350 nm to 1750 nm at 110 °C. The inset is a zoom-in spectrum around 400 nm.

In the following experiments, the peak power of the pump is increased to 40 kW (energy
of 20 W) and the crystal temperature is set to 110 °C. Under these conditions, unexpected
phenomena occur. First, a strong blue light is observed at the output of the sample. Second, as
displayed in Fig. 3, the spectrum measured at this pump power from 350 nm to 1750 nm with a
resolution of 5 nm shows unexpectedly another 5 peaks observed at: 393 nm, 402 nm, 820 nm,
1514 nm and 1574 nm. The signal at 787 nm and the idler at 1640 nm are present with a strong
power and the other peaks are much smaller than the signal and idler. Note that these wavelengths
are measured via zoom-in spectra with a resolution of 1 nm which are not presented in this paper.
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Fig. 4. (a) SH power vs sample temperature and an image of the blue light. (b) SH power vs
signal power in Log scale (dBm).

Let us first study the peak generated at 393 nm. It is found that the wavelength of this peak is
almost half of that of the signal. Therefore, it is suggested that the strong signal of 787 nm leads
to SHG at 393 nm in a cascade process. In fact, the blue light observed in the work is due to the
fluorescence of a paper screen by the ultraviolet light at 393 nm [the picture in Fig. 4(a)]. From
the conservation equations [Egs. (1), (2)] a SHG process is obtained when m = 3 and a grating
period A = 8.4 pum which is close to 8.52 pm of our sample period. This indicates that the third
order QPM (m = 3) contributes to the SHG in this case.

The SH power tunability is also investigated as increasing the temperature as shown in Fig. 4(a).
The obtained results are fitted by using a sinc function. Figure. 4(b) is the plot of the SH power
versus the signal power and a linear fit in a Log scale with a slope of 2.04 which very close to 2
in theory. These results emphasise the SHG process.

The wavelength tuneability as a function of temperature is also studied. In Fig. 5, the blue
solid line is obtained by dividing the simulated signal wavelengths by 2 as in a SHG process
whilst the circle dots indicate the ones measured from spectra. The measurement manifests a
good agreement with the SHG simulation and the line slope is negative as in Fig. 2(b). It is shown
that the SHG follows the behaviour of the signal wave obtained from the OPG process. Again,
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this statement confirms a cascaded SHG process to generate the peak at 393 nm.
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Fig. 5. Wavelength tuning as a function of the temperature for SHG and the SFG processes.

It is clearly seen from the inset of Fig. 3 that the SHG component at 393 nm is accompanied by
another peak at 402 nm. It is suggested that this peak is generated by interacting the pump (532
nm) and idler (1640 nm). In this case, the two frequencies of the pump and idler are summed up
in a SFG process to generate a wavelength of 402 nm. The QPM period is obtained as A = 8.1 um
with m = 2. It is therefore expected that the second order QPM contributes to this SFG process. In
Fig. 5, the green solid line indicates the SFG calculated from the pump and simulated idler, and
the diamond dots represent the one measured in the experiment. In the figure, the peak at 402 nm
follows the same temperature dependent behaviour as the idler one as the pump wavelength
remains constant. This confirms the cascaded SFG process.

We will now investigate the three remained peaks: 820 nm, 1514 nm and 1574 nm. It is
worth noting from Fig. 3 that at this high pump energy the signal/idler spectrum width (i.e. gain
spectrum width) of the original OPG peaks widens with the increase of pump energy, indicating
an increase of the parametric gain spectrum.

At first, it is suggested from Eq. (1) that the peak at 820 nm is generated from the idler
(1640 nm) in a SHG process, the peak at 1514 nm from the signal (787 nm) and idler (1640
nm) in a DFG process and the peak at 1574 nm from the signal in a parametric frequency
down-conversion process for wavelength doubling. However, from Eq. (2) the QPM period is
obtained as around A = 21 um for these processes, which is much greater than the crystal period.

In another approach, it is found from Eqs. (1) and (2) that two other OPG processes can be
responsible for these peaks. For instance, the sum of the frequencies of 820 nm and 1514 nm
leads to that of the pump at 532 nm. For this process, the QPM is met with a period of 8.38 um,
which is close to the crystal period. Therefore, it is assumed that another second OPG process
is involved for these wavelengths with 820 nm for signal and 1514 nm for idler. It can be, also,
suggested that the pump is involved in a third OPG process with 803 nm for signal and 1574 nm
for idler. In this case, the QPM period is calculated to 8.4 um which is very close to that of the
sample. It is speculated that the peak at 803 nm is present in the spectrum, but drowned in the
large signal linewidth in Fig. 3. The QPM is met in the given temperature range.

As summarized in table 1, the pair of 820 nm and 1514 nm forms the second OPG process
whilst the pair of 803 nm and 1574 nm is the third OPG interaction. Note that the peak at 803 nm
does not appear in Fig. 3 because of the large linewidth of the signal at 787 nm.

By using the conservation equations at 110 °C, it is demonstrated that these OPG processes are
a QPM interactions with m = 1 (K o) and a grating period roughly similar to the value of 8.5 um
(see table 1). In fact, the QPM interactions have been investigated for the three OPG at different
temperatures. The study reveals that the QPM is satisfied with a grating period of around 8.5
um with a QPM order of 1 (K ) in the range of 80 °C — 120 °C. Note that all the nonlinear
interactions previously reported fulfil the energy conservation law. However, only the three OPG
processes satisfy the momentum conservation law. One possible reason for these processes with
the different periods may be because of the non-uniform poling structure. It is also suggested
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Table 1. QPM features of cascaded nonlinear interactions in 2D-PPLT where refractive index
may change with the pump intensity, leading to effective change in the QPM periodicity and
then giving rise to additional OPG processes 2 and 3.

A (nm) interaction | QPM A (um) | QPM order m
393 SHG 8.4 3
402 SFG 8.1 2
787, 1640 OPG 1 8.51 1
820, 1514 OPG 2 8.38 1
803, 1574 OPG 3 8.42 1

that the unexpected two OPG-like processes may assist the SHG for 820 nm, the DFG for 1514
nm and the down-conversion for 1577 nm. Therefore, one can speculate that these non-linear
interactions seem to arise simultaneously in a cascaded and even mixed processes which give the
observed behaviour.
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Fig. 6. Energy map from 7 pJ (49 MW/cm?) to 37 uJ (261 MW/cm?2).

For further investigation, the pump power is varied from 7 uJ to 37 uJ at 110 °C and the spectra
are measured with a step of 1 uJ as shown in Fig. 6. As seen in the figure, the SHG peak at 393
nm starts to appear clearly at 10 uJ (70 MW/cm?). The so-called second and third OPG processes
occur at 15 uJ (106 MW/cm?).

For the first time, we have demonstrated the generation of multi-wavelength via different
second order optical nonlinear process using 2D PPLT with a square lattice period of 8.52
um. The nonlinear processes involved in the multiwavelength generation are optical parametric
generation, second-harmonic generation and sum-frequency generation. The wavelengths are
generated by satisfying the quasi-phase matching condition with reciprocal lattice vectors. A
thorough investigation is under progress in order to completely map the nonlinear processes
related to the pump parameters (angle, temperature). We are currently investigating the cause of
refractive index change with the increase of pump power and the non-colinear reciprocal vectors,
which results will be reported in a forthcoming publication.
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A highly detailed and extended map of low-frequency fluc-
tuations is established for a high-power multi-mode 980 nm
laser diode subject to filtered optical feedback from a fiber
Bragg grating. The low-frequency fluctuations limits and
substructures exhibit substantial differences with previous
works. © 2016 Optical Society of America
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Optical amplifiers such as erbium-doped fiber amplifiers
(EDFA) play an important role in optical communications net-
works. In most cases, an EDFA is pumped by a pump module
consisting of a high-power multimode laser diode (LD) emit-
ting at 980 nm and wavelength-stabilized via a fiber Bragg gra-
ting (FBG). In fact, a pump module can be seen as an LD
subject to external optical feedback from an FBG. Unlike
conventional optical feedback (COF) obtained with a simple
external mirror, the FBG with its pass-band profile provides,
in fact, a filtered optical feedback (FOF). High-power, longi-
tudinally multimode laser diodes can be achieved with long,
low internal losses chips and anti-reflection coated facet
[1,2]. However, the major drawback of such laser diodes is a
high sensitivity to optical feedback from the external cavity
which may result in detrimental dynamical behaviors [3].
Among the different behaviors, low-frequency fluctuations
(LFF) are chaotic oscillations known as the intermittent chaos
of saddle node instability, and are a typical characteristic of
semiconductor lasers [4]. It has been reported that they appear
close to the threshold [3]. Dynamical behaviors of LD subject
to COF have been widely studied for decades [3-7]. The
dynamical behaviors in pump modules have been theoretically
investigated with different expressions of the FBG reflectivity
[8-11]. However, LDs subject to FOF have recently been
studied only in a few papers [12,13].

0146-9592/16/132950-04 Journal © 2016 Optical Society of America

Some dynamical behavior maps have also been reported.
However, the maps were established only in a COF configu-
ration with a quite limited injection current range and a small
number of data points [14,15]. Moreover, over the last two
decades, the technology of semiconductor lasers fabrication
has significantly been improved. Hence, there has been recently
a renewed interest in the physics of optical feedback in
semiconductor lasers [16], also for a better modeling of the
multimode operation [17].

In this Letter, an LFF map using an LD subject to FOF
emitting at 980 nm is built for the first time, to the best of
our knowledge. The map is established as a function of laser
drive current and optical feedback ratio using an LD with
an FBG in a fully automated setup. In this Letter, the optical
feedback ratio is defined as the ratio of the light injected into
the LD over the emitted light in percentage. This Letter is
undertaken by pushing the laser current up to seven times
the laser threshold. This highly detailed map allows identifying
the real parametric borders of the LFF region which are physi-
cally interesting and may incidentally be useful for applications.

The laser system used in this Letter is illustrated in Fig. 1(a).
The LD consists of a 3.9 mm long Fabry—Perot cavity. The
laser facet is anti-reflection coated, and its power is as high
as 350 mW at a current of 500 mA and a temperature of
25°C. The threshold current of the solitary LD is measured
as 74 mA with a slope efficiency of 0.8 mW/mA. The LD
is characterized by a multimode emission and coupled to a
4 m long fiber, including an FBG. The reflectivity of the
FBG is 30%, and the filter profile is centered at 974 nm with
a full width at half-maximum of 0.6 nm (180 GHz). This con-
figuration establishes a frequency-selective external cavity with
a length of 4 m, leading to an FOF configuration. It is reported
in [8-11] that such a configuration allows a wavelength-
stabilized emission. The 3.9 mm long internal laser cavity
induces an 11 GHz longitudinal mode-spaced emission which
is much narrower than the linewidth of the FBG. Figure 1(b)
shows an optical spectrum of the LD in an FOF configuration
measured by an optical spectrum analyzer with a resolution
of 0.03 nm at 250 mA and a feedback ratio of 1.5%.
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Fig. 1. (a) Schematic diagram of the laser system. (b) Laser spectrum
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PC, personal computer; GPIB, general purpose interface bus; RS232,
serial communication.

The multimode behavior is clearly observed in this figure by a
modulation on the spectrum. However, the emission is very
stable, thanks to the FOF via the FBG.

The experimental setup is shown schematically in Fig. 1(c).
To vary the feedback ratio, a variable optical attenuator (VOA)
is inserted between the laser and the FBG. The external cavity
length remains unchanged. Thus, the total feedback ratio is
controlled by VOA 1. Its output is transmitted to a photodetec-
tor (PD) through an optical isolator and VOA 2. The PD signal
is filtered at 100 MHz by a low-pass filter and recorded by a
digital oscilloscope. The oscilloscope records time traces with
200,000 data points in a time window of 40 ps. The whole
system is fully automated with a computer via general purpose
interface bus (GPIB) and serial ports. Taking into account the
round-trip attenuation through VOA 1 and the 30% reflectiv-
ity of the FBG, the feedback ratio can be varied between 0.5%
and 12.5%, as calibrated through the threshold current
reduction.

Time traces recorded by the oscilloscope are presented in the
left column of Fig. 2. They are obtained with the FBG
relative feedback ratio of 3% and normalized to plot the
corresponding  histograms shown in the right column of
Fig. 2. As the drive current is varied, three different types of
distributions from the histograms can be distinguished: normal,
right-skewed, and left-skewed distributions. At 83 mA in
Fig. 2(a) and 124 mA in Fig. 2(b), the time series presents
well-known LFF power dropouts which appear more frequently
as the current increases. In fact, over the window of 40 ps, three
dropouts have been observed in the time trace of 83 mA, while
20 dropouts have been observed in that of 124 mA. Hence, the
number of dropouts is significantly increased. Their corre-
sponding histograms are skewed to the left, as shown in
Figs. 2(a’) and 2(b’). Eventually, Fig. 2(b") exhibits bimodal
histogram because of the strong presence of dropouts. At
189 mA, in Fig. 2(c), the time series is characterized by a nor-
mal distribution [Fig. 2(c’)], indicating the vanishing of power
dropouts. However, the disappearance of dropouts is not nec-
essarily related to decreasing the number of dropouts. It appears
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Fig. 2. Experimental time traces measured with a relative feedback
ratio of 3.0% (left) and their corresponding histograms (right) at
83 mA (a), (2), 124 mA (b), (b’), 189 mA (c), (¢), and 250 mA
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that the amplitude of dropouts decreases and is overwhelmed
by the fully developed chaos regime. At 250 mA in Fig. 2(d),
the time series exhibits intensity pulses, leading to a right-
skewed histogram in Fig. 2(d").

Now the distribution of the histograms is investigated. We
define the left span length Ny, and the right one NV, as
indicated in Fig. 2(c’). In normal distribution, the wing spans
of Nyown and IV, are near identical (Vyy, ® Ngown), and the
mean value of the time trace corresponds to the mode. When
LFF dropouts occur, as in Figs. 2(a) and 2(b), the left span
N gown is greater than N, as shown in Figs. 2(a’) and 2(b’).
For intensity pulses which appear at higher currents, NV up 18
greater than N g, as shown in Fig. 2(d’). This indicates
power jump-ups which were first observed with strong optical
feedback in [14]. With color encoding of the N, - N youn
value, a dynamical behavior map is established from 11,275
time traces obtained with a current ranging from 50 to
500 mA with a 1 mA step current and feedback ratios scanned
from 0.5% to 12.5% by a step of 0.5%. The current is, in fact,
pushed to almost seven times the threshold current. Figure 3
shows the LFF map based on the histogram analysis from those
measurements as functions of FBG reflectivity (feedback ratio)
and laser current.

The color scale indicates the difference of the wing span
length NV, = Ngown- When LFF dropouts occur, the difference
becomes negative (Vgoyy > Ny,) and encoded blue, while
it becomes positive and encoded red for LFF jump-ups
(N gown < Nyp)- The map shows four different behaviors: gray
for currents below the threshold currents, blue for LEF drop-
outs, red for LFF jump-ups, and green for the absence of LFF.

It is suggested that several zones and limits in the map can be
explained by two factors: the multimode operation of the laser
and the presence of the FBG that filters out some longitudinal
modes. It is shown from the map that the dropouts happen far
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Fig. 3. LFF map as functions of FBG reflectivity (feedback ratio)

and laser current.

from the threshold current (more than twice the threshold
current in our case), as reported in [6,14].

Unlike the works in [14,15], the LFF exists for a larger
current range and for lower values of the feedback ratio.
Unexpectedly, it appears clearly that jump-ups are present
on a wider area than that for dropouts. Particularly, the zone
identified as Regime IV in[14] is, in our case, an LFF regime
with jump-ups. As the feedback ratio is increased, the LFF
dropout current zone increases as reported in [15]. However,
it decreases after 3% and disappears beyond 6%. Jump-ups
dominate the upper part of the map (high currents). It is clearly
shown from the map that LEFF appears not only near the thresh-
old, but also at more than twice the solitary laser threshold
current. The map is similar in shape to the one reported in
[14]. According to the map in the reference, the green color
on the top left side of the map is suggested regime V.
However, the green zone between the blue and red is fully de-
veloped chaos with a normal distribution shown in Fig. 2(c').
We speculate that the difference between our map and the ones
reported in the cited references should be attributed to the FOF
configuration. It appears that the high power of our LD does
not contribute to such a difference, as our slope efficiency is
only 1.5 times greater than that reported in [14]. The same
experiment has been undertaken with another LD of its kind.
The results obtained are very similar to those reported in this
Letter.

We now investigate the evolution of the histograms as a
function of laser current. The power at each current is mea-
sured and added into the histograms obtained previously as off-
set. In this case, the histograms are not normalized, and they
shift as the current increases. Figure 4 shows an L-I curve-like
histogram image as a function of laser current at a feedback
ratio of 1.5%. The histograms at each current are presented
in 3D, and the number of data is encoded in color scale.
Populations greater than 500 data points are encoded dark
red so that small details can be revealed. As seen in the figure,
the threshold current is measured as 61 mA at 1.5%. Increasing
the current, we find that both the amplitude and the dynamics
increase. It is noticed from the figure that another dark red line
appears just under the main curve. This line is clearly visible in
the image zoomed near the threshold current (inset). The lower
line in fact corresponds to the second mode of the histogram

1300

1200

Amplitude (mV)

100

50 100 150 200
Current (mA)

Fig. 4. L-I curve-like histogram map as a function of laser current at
1.5%. The dark red indicates high probability distribution, and the
dark blue represents low probability distribution. The inset is a zoom
from 60 to 110 mA and from 0 to 70 mV.

shown in Fig. 2(b") due to the strong presence of LFF dropout.
Increasing the current further, the second mode merges into the
main curve. On the other hand, decreasing the current, the line
fades out. However, it can be estimated that the line would start
at around 74 mA which is the threshold current of the solitary
laser. This indicates that the dropout amplitude is defined by
the solitary laser power level at a given current. This is a clear
experimental demonstration of the work reported in [14] using
the histogram analysis.

We have investigated the LFF of a high-power multimode
LD subject to FOF via an FBG which is used as a pump mod-
ule for EDFAs. For the first time, a highly detailed LFF map is
established in an FOF configuration as a function of the current
and the reflectivity from 11,275 time traces, thanks to a fully
automated setup. The two types of LFF dynamics have clearly
been identified in the map. The upper limit of existence of the
LFF dropout is at 6%, and the LFF regime exists on a much
wider range than previously thought. Moreover, the jump-up is
the dominant LFF dynamics in our map. The LFF limits can be
attributed to two factors: the multimode operation of the laser
and the longitudinal filtering effect due to the FBG (FOF

configuration).

Funding. OSEO-Vertical Project Funding.
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Rogue waves are observed for the first time, to the best of
our knowledge, in a 980 nm laser diode subject to filtered
optical feedback via a fiber Bragg grating. By counting the
number of rogue waves in a fixed time window, a rogue
wave map is established experimentally as a function of
both the optical feedback ratio and the laser current. The
comparison with low frequency fluctuations (LFFs) reveals
that the rogue waves observed in our system are, in fact, LFF
jump-ups. © 2016 Optical Society of America

OCIS codes: (140.5960) Semiconductor lasers; (060.3735) Fiber
Bragg gratings; (190.3100) Instabilities and chaos.
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The rogue wave phenomena have been observed for centuries.
In ocean science, they are defined as waves greater than their
mean values plus four to eight times the standard deviations [1].
Such huge waves are categorized as extreme events. These ex-
treme events are rare and result from nonlinear systems. These
events have attracted attention over the decade to study the
rogue waves in ocean science [1], extreme climates [2], financial
crisis [3], etc.

Rogue waves have also been observed in nonlinear optical
systems [4]. The first experimental observation was reported
in the process of supercontinuum generation [5], followed by
a numerical work to control the occurrence of such waves [6].
A Peregrine soliton is also considered as a rogue wave [7]. Optical
rogue waves have also been studied in a Kerr-lens mode-locked
Ti-sapphire laser [8]. These experiments have been undertaken
using a pulsed laser as a seed. However, optical rogue waves have
been observed during the process of supercontinuum generation
using a continuous-emission pump [9]. In these works, the
mechanism of the formation of optical rogue waves has been
studied using the nonlinear Schrédinger equation. A theory
work on controlling the appearance of rogue waves in injected
laser diodes was also reported in Ref. [10].

0146-9592/16/194476-04 Journal © 2016 Optical Society of America

Another approach to the formation of optical rogue waves or
extreme pulses exploits the deterministic nonlinearities. This is
the case of laser diodes. Recently, optical rogue waves have been
observed using laser diodes such as a VCSEL with optical in-
jection [11,12], a laser diode subject to optical phase-conjugate
feedback [13], and a laser diode subject to optical feedback with
a very short cavity [14].

In fact, laser diodes can be rendered chaotic when subject to
optical feedback. This is quite well known and has been studied
for decades [15-19]. According to the optical feedback ratio,
laser diodes show different dynamical behaviors. Low-frequency
fluctuation (LFF) is one of the behaviors in the coherence col-
lapse regime with intensity dropouts and jump-ups [20].
Although dropout behavior has intensively been investigated,
jump-up behavior has been the subject of only a few studies.

We report for the first time, to the best of our knowledge,
the observation of rogue waves in a high-power laser diode
emitting at 980 nm subject to a filtered optical feedback via
a fiber Bragg grating (FBG). The main application of these sys-
tems deals with erbium-doped fiber amplifies that are widely
used in optical communications networks, where they are used
as pump modules. The objective of this Letter is to determine
the parameter range where such nonlinear phenomena appear.
In this Letter, we will establish a rogue wave map as a function
of two parameters: the laser drive current and the optical feed-
back ratio. We will also show how LFF behavior is related to the
appearance of the rogue waves.

The experimental setup is shown schematically in Fig. 1,
using fiber optical components. The laser diode (LD) emits
at 974 nm, and its temperature and laser current are stabilized
by a current source. It is a pigtailed multimode laser diode in a
butterfly package, of which the spectrum can be referred to
[21]. The laser power can reach 350 mW at a current of
500 mA and a temperature of 25°C. The threshold current
of the solitary laser diode is 74 mA. The LD emission is coupled
to a variable optical attenuator (VOA) and an FBG. The FBG
provides two effects: reflections from the Bragg grating and the
filtering. The reflected emission from the FBG is fed back to
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Fig. 1. Experimental setup. VOA, variable optical attenuator; PD,
photodetector; FBG, fiber Bragg grating; LP filter, low-pass filter; PC,

personal computer; GPIB, general purpose interface bus; RS232, serial
communications.

the LD through VOA 1, forming an external cavity of 4.2 m.
The reflectivity of the FBG is 30% at 974 nm with a linewidth
of 0.6 nm, and the total attenuation is controlled by the auto-
mated VOA 1. Taking into account the round-trip attenuation
of VOA 1 and the 30% reflectivity of FBG, the feedback ratio
ranges from 0% to 12.5%. Its output is transmitted to a 5 GHz
photodetector (PD) through an optical isolator and VOA 2.
VOA 2 is used to ensure a constant power level to protect
the PD. To investigate LFF and the rogue waves, electrical sig-
nals beyond 100 MHz bandwidth are filtered out using a low-
pass filter. The PD signals are recorded by a digital real-time
oscilloscope with a bandwidth of 2.5 GHz as time traces with
200,000 data points in a time window of 40 ps.

The whole setup is fully automated by a personal computer
(PC) with a general purpose interface bus (GPIB) and serial
communications (RS232). The current and the optical feed-
back ratio can be scanned automatically from 50 to 500 mA
and from 0% to 12.5%.

Figure 2 shows the rogue waves obtained from our laser sys-
tem for different currents and feedback ratios. In this Letter, the

Vol. 41, No. 19 / October 1 2016 / Optics Letters 4477

definition of the rogue wave is the wave mean value plus eight
times the standard deviation as the rogue wave defined in ocean
science. The red lines in the figures represent the limits of the
rogue waves (the rogue wave threshold) based on this definition.
With these criteria, a single intensity pulse for a 5.5% feedback
ratio and a 240 mA current over 40 pis exceeds the threshold in
Fig. 2(a). It is clearly seen from the figure that a very high and
short pulse arises suddenly from a noise-like signal. Hence, this
pulse can be qualified as a rogue wave. It has been verified that
the dynamical behavior of the rest of the time series is chaotic. At
223 mA and 2.0%, the rogue waves appear more frequently
[Fig. 2(c)]. At 0.5% and 167 mA, the rogue waves occur even
more frequently [Fig. 2(e)]. Thus, these cannot be considered as
rare events. With the rogue wave threshold, the number of rogue
waves is counted to 1 in Fig. 2(a). In Fig. 2(c), the number can be
clearly counted to seven, and the number increases to 24 in
Fig. 2(e).

In the right column of Fig. 2, the histograms are presented
for (b) 5.5% and 240 mA, (d) 2.0% and 223 mA, and (f) 0.5%
and 167 mA. The histograms are built from the corresponding
time traces. Among 200,000 data points in a time trace, down-
ward peaks are removed, and only the data points in upward
peaks are used for building the histograms. As seen in the
figures, the histograms are L-shaped, which is a typical charac-
teristic of rogue waves [5]. In our case, the rogue waves occur
rarely, compared to the number of data points. As the number
of events is very high near the mean value of the time traces, the
probability beyond the rogue wave threshold is very low. It is
clearly shown in the figures that the number of events beyond
the rogue wave threshold increases from the top figure to the
bottom figure.

A zoom-in of the rogue wave in Fig. 2(a) is shown in Fig. 3.
From the figure, the rogue wave pulse width is measured as

Amplitude (a.u.)

Amplitude (a.u.)

0.035[ (e) ‘

[ | |l||l —r | ||||1 "*

Amplitude (a.u.)

0 5 10 1

5 20 25
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Fig. 2. Time traces at (a) 5.5% and 240 mA, (c) 2.0% and 223 mA, and (e) 0.5% and 167 mA, and the corresponding histograms (b), (d), and
(f). The y-axis of the histograms is presented in log scale. The red, black, and green lines represent the rogue wave threshold, the mean value, and the

standard deviation, respectively.
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Fig. 3. Zoom-in of the rogue wave generated at 5.5% and 240 mA.
The rogue wave threshold is indicated with a red line.

10 ns. This is a very short event compared to the 40 ps time
window. It has been verified that the other rogue waves in this
Letter have a similar pulse width. However, compared to the
results reported in [11-13], it is noticed that our pulse
width is one order of magnitude larger than the ones reported
in the references. It is speculated that it may be attributed
to the multimode high-power laser diode and the FBG for
feedback. However, a further study may be needed to fully
understand.

To study in more detail, the number of rogue waves is
counted for each 40 ps time trace, as shown in Fig. 2, as func-
tions of both the feedback ratio and the laser current. These
numbers are used for establishing the map shown in Fig. 4.
To establish the map, the laser current is swept from 50 to
500 mA which is seven times the threshold current of the
solitary laser, and the feedback ratio is varied from 0.5% to
12.5% by 0.5%. Our fully automated setup allows the mea-
surement of 11,275 time traces for such parameter range. The
number of rogue waves is coded, as shown in the color code
scale from blue to red for 0-30. Figure 4 exhibits two zones
of appearance of the rogue waves. The first zone (from
0.5% to 2% and 100 mA < / < 400 mA) exhibits a strong
appearance of rogue waves, compared to the second one (from
4% to 6% above 150 mA). In this Letter, up to 27 rogue waves
have been observed in a single time trace. However, it is clearly
seen that the rogue waves disappear as the laser current is fur-
ther increased. Apart from these zones, the rogue waves do not

saAem anbol Jo 1aquiny

Drop-out

2 4 6 8 10 12
Optical feedback ratio (%)

Fig. 4. Map of rogue waves as functions of the FBG reflectivity
(optical feedback ratio) and the laser current. The dropout and
jump-up zones are indicated.

Letter

appear in the system. A further study is needed to investigate
the reason for the existence of two separate zones.

As mentioned above, our laser system is a chaotic system.
Therefore, it also exhibits LFF such as dropout and jump-up.
Our previous work showed the dropout and jump-up zones in a
chaotic behavior map [21]. From this work, the zones of these
behaviors are indicated in Fig. 4. It is clearly seen from the
figure that rogue waves are part of jump-ups which can occur
rarely with intense pulses. It can be assumed that the jump-ups
reported in [20] may be rogue waves. At high currents, the
rogue waves occur so frequently that the mean value and
the standard deviation shift up. Thus, by the oceanographic
definition, the rogue waves disappear as further increasing
the laser current. It is shown from the figure that the
rogue waves exist up to 6% of the feedback ratio which is
also approximately the limit of the existence of the LFF
dropouts.

For the first time, to the best of our knowledge, we have
observed rogue waves in a high-power laser diode emitting
at 980 nm subject to filtered optical feedback via an FBG.
A map has been established experimentally as a function of the
two parameters (the feedback ratio and the current). According
to the map, the rogue waves exist in very specific and limited
ranges of parameters. Moreover, the results show that the rogue
waves observed in this Letter are part of LFF jump-up.
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ARTICLE INFO ABSTRACT

Keywords:

This work proposes a new electrical model and design of ultra-fast u-OLED devices under ON-OFF electrical pulse

OLED regime. The new model is an equivalent electrical model capable of accounting for large amplitude excitation as

Ultra-fast OLED

OLED electrical equivalent model
Highspeed OLED

Feeder line electrodes

Coplanar waveguide electrodes

well as ultra-short pulse response. Moreover, coplanar wave-guided electrodes are proposed, for the first time, to
maximize pulse energy delivery to the organic hetero-structure and to minimize the p-OLED time response. An
analytical expression of the time response is derived from the model which reveals the design key parameters.
Moreover, preliminary experimental results presented in this work demonstrate state-of-the-art OLED current
density of 2kA/cm? and better than state-of-the-art optical pulse duration as short as 10 ns in the range of the

radiative lifetime of singlet excitons.

1. Introduction

Organic Light Emitting Diodes (OLEDs) are mainly and largely
exploited in display and lighting applications. However, in the field of
organic opto-electronics, the demonstration of the organic laser diode
remains one of the most important challenge. The main obstacles to
achieve lasing with organic semiconductors under electrical pumping
are; the low mobility in organic semiconductors, heating, several loss
mechanisms due to injected charges, exciton formation, and high laser-
threshold level [1,2].

High current density is one of the requirements to reach the laser
threshold excitation level [3,4]. Such high excitation levels require
extremely high charges densities. This leads to additional absorption
losses that are the result of undesired annihilation processes (in parti-
cular singlet-polaron and singlet-triplet quenching) [1,5-7]. As triplets
do not contribute to the lasing process and have long excited state
lifetime, they quickly accumulate in the gain medium and become
detrimental to the laser effect. This phenomenon can be avoided in the
presence of very short pulsed excitation. This can be achieved by
choosing a pulse duration that is short enough so that the triplet po-
pulation does not become significant before the end of the pulse and by
adjusting the repetition rate (or the duty cycle) such that there is suf-
ficient time for triplet relaxation between successive pulses [7]. In other
words, the pulse duration should be less than the lifetime of the singlet

states (The radiative lifetime of singlet excitons being in the range from
0.2 to 20 ns) [8], while the repetition period should be greater than the
relaxation time of the triplet states. Additionally, a small active area
device should lead to low sample capacitance, and hence, fast response
time [9]. Short pulse duration should therefore result in avoiding ex-
citon annihilation and, hence, could lead to better external quantum
efficiency (EQE) [3,10-12]. Moreover, under these conditions of high
density of excitation, better heat management may lead to higher cur-
rent densities [1,9,13].

Recently, significant research efforts reported OLED responses
under pulsed electrical excitation regime [1,9,14,15]. To the best of
authors knowledge, the shortest pulse durations were reported in Refs.
[1,15] with 50 ns pulse. Shorter pulses require a large bandwidth im-
pedance matching circuit so that the energy of the electrical pulse is
effectively transmitted to the component. This last aspect was omitted
in previously reported work.

In this paper, a new OLED equivalent electrical model is proposed
and developed for ON-OFF operation regime in the presence of high
amplitude pulse excitation. Authors introduced an OLED electrical
model that identifies key design parameters [15]. This paper builds on
this previous work and proposes an OLED electrical model that is fur-
ther fine-tuned to reproduce the device electrical response to faster and
shorter pulses than those reported in Ref. [15]. The model takes into
account the physical characteristics and topology of the OLED.
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Fig. 2. Electrical circuit for pulsed excitation of OLED.

A new and original ultra-fast OLED design with a topology that is
optimized from the equivalent electric model key parameters is then
presented as well as a coplanar waveguide electrodes complying with
radio-frequency circuits and systems design rules. To demonstrate the
effectiveness of the proposed design approach, this paper presents
preliminary experimental measurements of the new OLED design, in the
presence of an ultra-short pulse, in terms of electrical and optical re-
sponses.

2. Equivalent electrical model

The most commonly used simple equivalent electrical model for an
OLED are not optimized for ON-OFF operation scheme with high am-
plitude of excitation [16,17]. The proposed equivalent electrical model,
shown in Fig. 1c, is established from the OLED geometry/topology,
shown on Fig. 1b, and its I-V characteristic, shown in Fig. 1d. Fig. 1b
depicts a typical OLED geometry with a stacked structure of thin or-
ganic layers sandwiched between an indium tin oxide (ITO) anode, and
a metallic (Al) cathode. From an electrical point of view, this structure
is equivalent to a combination of several resistors and a capacitor. The
resistors represent ohmic losses due to; firstly, the ITO sheet resistance
(contact resistance Rg;), secondly, the low conductivity of each of the
organic layers (bulk resistance Ry), and thirdly, the cathode resistance
(contact resistance Rg,). The capacitive behavior results from the fact
that the OLED is basically made of almost dielectric materials, i.e. the
organic layers sandwiched between metallic plates (the electrodes).
Additionally, the energy barriers between adjacent organic layers in-
duce a junction capacitance. For the sake of simplicity, all the capaci-
tors are included in a single equivalent capacitor C. The proposed
equivalent electrical model elements are shown on Fig. 1c.

Typical I-V OLED curve is shown Fig. 1d. In ON-OFF regime the
operation points are B and D corresponding respectively to an excita-
tion voltage Vorr = 0V (OFF-state) and to an excitation voltage Von»0
(ON state). The respective slopes of the I-V curve in B and D are:

dI

1 dr 1
Ron  dVav=voy

and

@

Rorr  AVav=vopr=0

Ron being the effective resistance in the equivalent circuit while

285

high excitation voltage is applied during the ON state. The higher the
amplitude of excitation, the lower is Roy resistance. During the OFF
state a similar reasoning applies except that the effective resistance
Rorr is high enough to be considered as an open circuit. This is clearly
shown by the slope of the I-V curve which is close to zero. In ON-OFF
operation regime a dynamic resistor Ry is used that is either equal to
Ron or to Ropr depending on which state the OLED is switched to. In
order to take the ON-OFF switching into account in the equivalent
electrical circuit, we introduced the dynamical resistance Ry which is
the sum of the inverse of the slope of the I-V curve, and of the bulk
resistor Ry, such that Ry = Ron + Rp in ON state and Rq = Rogr + Ry in
the OFF state.

In order to measure the current I flowing through the OLED, a
measurement resistor (Rpeas) iS connected in series with the device as
shown on Fig. 2b.

From the electrical excitation circuit shown in Fig. 2b, the re-
lationship between the OLED current I and the excitation voltage Vg
reads:

di(t) (
— 4+l —
RSI + RSZ + Rmeas Rdc

dve() 1
dt | R4C

Ry 1
dt )710)

VE(t)]

1
B RSl + RSZ + Rmeas [ (2)

The current I flowing through Ryyc,s is the sum of ip and ic which are
respectively the currents flowing through the diode and the junction
capacitor C. The part of the current flowing through the dynamic re-
sistor R4 and not through the capacitance is then:

VE (t)_(R51 + RSZ + Rmeas)l(t)
Rq

ip(t) 3)

The ON-OFF operation regime is modeled with an analytical ex-
pression of the excitation voltage Vg(t) defined as a gate function with a
constant amplitude Vg, between 0 to T and with zero amplitude outside
as shown Fig. 2a.

The current waveform I(t) flowing through the OLED, shown in
Fig. 2c is then obtained by solving eq. (2) with Vg(t) being replaced by
its on-state value Vg and its derivative by zero. For the sake of simpli-
fication we introduced the total serial resistance Rgy = Rg; + Rga + Rpeas
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and consider only the rising flank of the solution (step function) of the
differential equation eq. (2).

B S PO ﬁexp(_m; t) Vi

R4 + Rsr Rsr Rsr RqC (&)
Using egs. (3) and (4), the effective current I flowing through Ry

reads:

1
Ipt)=—|1— —
(0= 7y Rsr[ exP( )

I(t) starts with an initial turn-on peak current value Ip.ax given by
eq. (6) calculated in the particular case t = 0.
Ve 7
Rs1 + Rs2 + Rieas Rsr

1) =

Ri+ Rgr 1 | v
Rst  RpC

Tpear =
" 6

The current peak is followed by a decay toward a steady state value
of I(t) reached for t larger than the decay time or for t = +oc0 given by
eq. (7);

VE — (RSI + RSZ + Rmeas)
Rg+ Rsr  Rg + (Rs1 + Rsz + Ryeas

Lteady = I(t=+o00) = ) peak %)

A more physical understanding of eq. (6) is revealed if at the onset
of the pulse it is assumed that C is a short circuit and R4 is infinite.
Then, the equivalent electric circuit is reduced to the serial resistances
Rst = Rs1 + Rsa+ Rineas and the current flowing through them when a
voltage Vg is applied at their terminals is indeed given by Ohm's law
and eq. (6).

Similar but different physical understanding holds for the expres-
sion of the steady-state current given by eq. (7); when C is fully loaded,
its current stops, and C can be replaced by an open circuit in the
equivalent circuit which reduces to the serial resistances Rq + Rgr.
Consequently, the steady-state current is simply given by Ohm's law
with voltage Vg applied to the terminals of Ry + Rsr.

Equations (6) and (7) indicate that reductions in the values of the
serial resistors Rg; and Rgy as well as the dynamic resistor Ry help to
maximize the p-OLED steady-state current which is the value towards
which converges Ip(t) the essential and unique contributing current to
the light emission by the OLED (See Fig. 2c).

The time constant © (Eq. (6)) of the exponential decay is derived
from the exponential term in egs. (4) and (5) and reads as a function of
the electrical model elements Ry, Rgs, Rmeas, Rq and C:

c

.,
Rgq Rs1+ Rs2 + Rineas

(8

The electrical time response of the device, ie. the time needed for I
(t) to decay from 90% to 10% of its peak value to its steady state value,
(or for Ip(t) to grow from 10% up to 90% of the steady state value) is
simply T, = 2.2 7. From Eq. (8), it is clear that a first route to reduce the
OLED time response is to minimize the capacitance C for example by
reducing the active area surface S. Another route to reduce the value of
T, is to reduce the values of resistors Rg, R¢1, Reo, and Ryeas. It is worth
noting that to achieve T, minimization, both Rd and (Rsr
Rs1 +Rgo+ Rieas) must be minimized. Otherwise, 1t~ Rq C if Rq «
(RSI + RSZ + Rmeas); or (RSl + RSZ + Rmeas) C if Rd »
(RSI + RSZ + Rmeas)-

Fig. 3 presents the OLED electrical time constant 7 and the nor-
malized current density as a function of the dynamic resistance Rq for
four different scenarios; In the first realistic scenario the measurement
resistor Ryeas = 50Q and the serial resistors Rg; and Rg, are large re-
sulting a total value Rgr; =Rg; +Rga+ Rpeas = 106 Q while the capa-
citance C; = 13pF. The choice of these model parameters values is
based on previous measurements reported in Ref. [15]. In the second
more optimistic scenario, all the serial resistors Rs; and Rg, have been
minimized via metallization of the ITO and the measurement resistor is
set t0 Rpeas = 10 Q resulting in Rgro, = 16Q. The capacitance remains

T~
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C; = 13 pF. The third and fourth scenarios correspond respectively to
Rsr1 = 106Q and C, = 1.3 pF and Rgry = 16 Q with C, = 1.3 pF which
are very optimistic scenarios with a tenfold reduction of the p-OLED
capacitance.

In Fig. 3a the electrical time constant function saturates to Tt
=1.36ns in the first scenario case (Rg; = 106 Q -red line with circles)
whereas it saturates to T, =206 ps in the second case with Ry = 16 Q
(black lines with squares). In the third and fourth scenarios the elec-
trical time constant saturates respectively to t3 = 142 ps and t4 =22
ps. In any case, decreasing R4 below Rgy will reduce further the time
constant. With these small values of the electrical time constants, this
numerical analysis provide preliminary indications on the possibility to
design optoelectronic organic devices one or more order of magnitude
faster than what has been reported so far in the literature. Moreover,
these low values of the electrical time constants being available for a
large range of the dynamic resistance Ry. This indicates that high ex-
citation level (low Ry values) is not compulsory to achieve high-speed
behavior in organic optoelectronic devices.

In Fig. 3b the current density is evaluated as a function of Ry. The
maximum current density achievable with low R4 values is limited by
the serial resistance (Rgr = Rg; 4+ Rs2 + Rmeas) to 10kA/cm? in the first
scenario and to ~50 kA/cm? in the second one. Note that with Rgr; =
106 Q2 and Ry = 3009, which constitute realistic conditions, the
maximum current is to be limited by Ip/S = 2.1 kA/cm?. To minimized
Ry, the operating point D (Fig. 1) is to be moved up along the I-V curve
by increasing Voy, whereas to minimized (Rsy = Rsj +Rsa+ Rieas) the
device is to be modified physically; Rs; can be minimized via the me-
tallization of the part of the ITO that is not the active area, Rg, can be
minimized with a thicker aluminum deposition and with shorter elec-
trical track. Finally Ry,eqs can simply be set to the minimum resistance
value that still allows a noise limited measurement of the V), (t) voltage
taking into account the sensitivity of the measurement equipment. Note
however that the turn-on peak current Ip.x increases with the value of
the total resistance Rgr and actually will tend to infinity if Rgr is to be
zero. In practice this means a destruction of the OLED. Also, note that
the steady current Igeaqy tends to the peak current Ipeax when
Ry«(Rs1 +Rsa + Rppeas) as illustrated from Fig. 4b. This is likely going to
result to; firstly to a maximization of the expected steady state current
and secondly to a beneficial mitigation of the transient effects.

The analysis of the analytical expressions can therefore be sum-
marized into three design guidelines; 1) reducing the OLED active area,
2) minimizing the serial resistance and 3) operating with amplitude
pulses high enough to obtain a dynamical resistance Rq smaller than the
total of the serial resistances Rsr and to access operation regime with
smaller difference between Igcaay and Ieax.

2.1. Numerical results

The differential equation (Eq. (2)) is solved numerically using
Runge-Kutta 2nd and 3rd order method using different excitation
functions, different values of the capacitance C. The current In(t)
flowing through the active part of the p-OLED is then deduced. Results
are shown Fig. 4 in the case of gate excitation function (upper figures in
Fig. 4) and sigmoid excitation function (lower figures in Fig. 4) with a
10 ns duration.

In the case of a gate excitation function (Fig. 4a and b), the begin-
ning and the end of the pulse response exhibit overshoots indicating the
charge and the discharge of the C capacitance. As expected, the over-
shoots become less pronounced in duration when the capacitance C
decreases from C; = 13 pF to C, = 1.3 pF, which corresponds to the
decrease of the electrical time constant 7, (Eq. (5)). In the case of a
sigmoid excitation function (Fig. 4c and d) the overshoot is not visible
for the smaller value of the time constant (Rg = 3002, C = 1.3 pF). We
would like to emphasize that the absence of overshoot is not an evi-
dence of slow response. Note that whatever the excitation function is,
the I, current does reach its maximum (stationary state) before the end
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Fig. 3. (a) u-OLED Electrical time Constant and (b) Current density Jp = Ip/S (S = 87 x 120 um?) for a 100 V excitation as a function of the dynamical resistance Rq for Rsr; = 106Q and

Rsr2 = 16Q with C; = 13 pF and C, = 1.3 pF.

of the pulse duration. A first conclusion is that the excitation function
has a large impact on the discharge and therefore the estimation of the
p-OLED time constant from the measurement of the capacitance dis-
charge is to be considered cautiously. Moreover, the current Iy reaches
its steady value faster with the gate excitation function than with the
sigmoid. For this reason, it is important to preserve the integrity of the
excitation signal. This can be done among other things by minimizing
the parasitic reflection resulting from impedance mismatch. Here we
propose to improve the impedance matching between p-OLED elec-
trodes and wires coming from a pulse generator with feeder line elec-
trodes.

a) Gate function (C = 13 pF, Rd = 300 Ohm)
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2.2. OLED circuit design

Operating OLEDs in ON/OFF mode means driving them with pulses.
In the presence of ultra-short pulses, the driving signal contains high
frequency components and issues such as impedance matching must be
taken into account. Indeed, when voltage impulse of few nanoseconds is
applied to an OLED, part of its energy is reflected (not absorbed by/
delivered to the OLED) if there is any impedance mismatch between the
feeding line and the device or anywhere in the driving circuit. The
amount of reflected energy is quantified by the reflection coefficient
that is defined by:

o= Zc

T Zp+Ze ©

b) Gate function (C = 1.3 pF, Rd = 300 Ohm)
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Fig. 4. Simulations showing the electrical response of a i-OLED to a ~10 ns pulse excitation based on the differential equation (2) and on equation (3). The different simulations were
runned with Rq = 300 Q, with different capacitance values (C = C; = 13 pF left column and C = C, = 1.3 pF right column), and with different shapes of the electrical excitation signal
(upper figures with gate functions, lower figures with sigmoid functions). Continuous black traces correspond to the total current I while dotted blue lines correspond to the part I, of the
current flowing through the organic hetero-structure and that produces the emission of light. In a) and b) the excitation (red stripped line) is a gate function, whereas in ¢) and d) the
excitation function is a sigmoid In a) and c) the time constant is t; = 1 ns (C; = 13 pF). In b) and d) the time constant are T, = 100 ps (C; = 1.3 pF). (For interpretation of the references

to colour in this figure legend, the reader is referred to the Web version of this article.)
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where Zp is the equivalent impedance of the device and Z: is the
characteristic impedance of the line. Reflection has also the effect of
distorting pulse waveforms which makes it difficult to even estimate the
response time of the device has mentioned previously. To avoid as
much as possible undesired effects, we applied two modifications on the
ITO electrode; we propose for the first time in the OLED technology to
integrate both part of the driving circuit and the matched feeding lines
onto the ITO thin film coating the glass substrate [18]. More specifi-
cally, OLED electrode dimensions and shape will be modified to become
coplanar waveguide feeding lines.

Coplanar waveguide (CPW) has been chosen to design the new
pattern of OLED electrodes because it requires only one side of the
substrate covered with conductive material contrary to micro-strip
configuration. It is thus easily and quickly adaptable to current OLED
substrates. The dimensions of the feeding lines are calculated to obtain
a characteristic impedance Z. equal to 50 Qat the F, = 1 GHz base
frequency (knowing that 98% of the pulse spectrum energy lie in fre-
quency range from O to 5F).

CPW line was described for the first time by C. WEN [19], but it is
applied to design ultra-fast organic optoelectronic devices for the first
time. It consists of a strip of thin conductive strip on the surface of a
dielectric with two ground planes running adjacent and parallel to the
strip as shown on Fig. 5.

Fig. 5 illustrates the CPW structure where H and ¢, are respectively
the thickness and the relative dielectric permittivity of the dielectric
material which is a glass substrate used in this work. W and T are the
width and thickness of the central strip respectively whereas G is the
width of the gap on either sides between the central strip and the
ground planes. With a W = 1000 pm width ITO central anode separate
by a gap G = 243 um from the ITO ground planes on a H = 700 ym
thick glass substrate with relative permittivity €. = 7.75 a Z¢ = 50 Q
characteristic impedance is obtained.

CPW is compatible with the integration of electrical elements of the
driving circuit onto the substrate as close as possible to the OLED so as
to reduce the effect of parasitic reflections and preserve the shape of the
fast electrical excitation pulses.

In the current work, integrating the electrical driving circuit reduces
to the addition of a built-in measurement resistance Rc,s. To integrate
the latter onto the substrate, two thin stripes connecting the cathode to
both ground planes with Rgiripe = 2 X Rmeas are added as illustrated in
Fig. 5. The width L of these stripes is simply calculated from the law of
resistance with its length imposed by the gap G, with the section de-
fined partially by the ITO thickness T = 120 nm, and with the ITO re-
sistivity o;;o:

GND

_(9 o‘ (0] : E
2 |llw A K

_(_r) O O l

B A [}

GND

Fig. 5. Structure of a u-OLED on ITO with coplanar waveguide electrodes as feeder line an
integrated measurement resistances. (GND:Ground plane), (A: Anode K; Cathode) (ITO:
Purple, Gold: Yellow, Aluminum: Grey, light blue: glass substrate). (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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L =ppo

2Rpmeas T (10)

Practical dimensions for Rygss =50 Q are G = 243um and
L =182um.

2.3. Experimental results and validation of the model

After fabrication, the samples are characterized electrically first
under DC operation. The serial resistances exhibits Rg; = 45Q, Rg, =
102, Rpeas 51Q. The active area has been measured to
S = 87 x 120 um?, and the surface capacitance value of 124 nF/cm? at
0.5 Ghz estimated from a previous work with similar organic hetero-
structure has been used. The total serial resistance and the estimated
capacitance C; = 13 pF corresponds to scenario 1.

The Organic heterostructure is made with 30 nm of m-MTDATA as
hole injection layer (HIL), 10 nm-thick NPD as hole transport layer
(HTL), 30 nm of Alq3 doped with DCM as a light emitting layer, 5 nm of
BCP as hole blocking layer (HBL), and 25nm of Alq3 as electron
transporting layer respectively ended with a LiF (1 nm)/Al (120 nm)
cathode layer.

In order to record the opto-electrical behavior of the device, each
OLED is placed on a response time measurement system consisting of a
probe station (Cascade opto-PM5), a high pulse generator (AVTECH
AVL-2A-B), and a digital oscilloscope (Tektronix TDS 7254). A 100V
amplitude excitation pulse with 10 ns duration is delivered from the
generator and applied to the device, while measurements are recorded
with the digital oscilloscope. Current density response is measured
across the built-in measurement resistance Ryeqs using a GSG probe.
Simultaneously, light output is collected from the bottom of the sub-
strate into a NA = 0.5 numerical aperture optical fibre connected to an
avalanche photodiode with 400MHz bandwidth (Thorlabs
APD3040A2). All measurements are performed in an ambient atmo-
sphere at room temperature.

Fig. 6 presents both experimental results and simulations for the
sake of comparison and validation of the model. More specifically,
Fig. 6a presents the excitation voltage Vg(t) (blue stripped line), the
electrical response Vy(t) (green line with dots) measured across the
measurement resistance Ry,e,s, and a simulation (red continuous line)
performed with the measured excitation signal Vg(t) (blue stripped
line).

The measured excitation voltage Vg(t) exhibits smooth flanks si-
milar than those of the sigmoid functions in Fig. 4c and d. Because of
this and following the conclusions of the numerical analysis the elec-
trical time constant can not be measured directly from the measured
time trace, but rather from the parameters used for the fitting between
the measurement and equation (2).

For these reasons and for the sake of comparison, the measured
electrical response and electrical response simulated from equation (2)
with Rgp1 = 106 Q, Ry = 312 Q (extracted by fitting), and Cs = 1.4 pF
(13.8 nF/cm?) are both plotted on the same figure. The electrical re-
sponse Vy(t) exhibits a pulse duration (FWHM) of 9.0 ns similar to that
of the excitation which is a strong indication that the p-OLED with CPW
electrodes respond much faster than the pulse duration. Note that the
parameters used for the fitting are very close to those involved in the
third scenario since Rgr; is the same, Rq = 312Q differs by 4% only and
Cs = 1.4 pF differs by 7% from C,. Clearly, the good qualitative fitting
between the measurement and the simulation based on reasonable
values of the electrical model validates the modelling in ON-OFF regime
and demonstrates its relevancy. Based on this conclusion it appears safe
to used the model to estimate the electrical time constant. From the
electrical parameters values Rgrp 106Q, Ry 312Q, and
Cs = 1.4 pF, equation (6) provides an electrical response time of
7, = 110 ps.

This the first of the two strong indications that 50Q impedance
characteristic CPW electrodes are very beneficial to very-high speed p-

165



A.C. Chime et al.

Organic Electronics 56 (2018) 284-290

g Fig. 6. Time domain waveforms of electrical and optical re-
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OLED. qualitative analysis of the light output shows that the optical trace in-

Indeed, the electrical response to a pulse excitation of the p-OLED
with CPW electrodes 7, = 110 ps is two orders of magnitude lower than
previously reported work with the same active area but without CPW
electrodes (t« 9.6 ns = 3.3 ns) [15]. Such an almost adiabatic response
explains why the electrical response exhibits the same pulse duration
than the excitation.

A second indication of the benefit of the CPW electrodes is to
compare the value of the capacitance and the surface capacitance of p-
OLED with and without CPW electrodes. The surface capacitance cal-
culated from the ratio Cs to S with S = e x D = 87 x 120 um? is Cs/
S = 13.8 nF/cm?. It is tenfold smaller than that reported in the previous
study [15], but in better agreement with other values reported in the
literature in the range 20-40 nF/cm? and in the MHz range [19]. The
active area S being similar in the current experiment and in the ex-
periment reported in Ref. [15], the main difference between both types
of u-OLED being the CPW feeding line electrodes, it confirms their role
in the tenfold parasitic capacitance reduction. The capacity difference
can be explained by the impedance mismatch along the electrical line
with different characteristic impedance of the wires, cables, distant
measurement resistance and device resulting in a total parasitic capa-
citance ten fold larger (124 nF/cm?) when CPW is absent.

Fig. 6b presents the light output (continuous magenta trace) and the
current density Jp(t) = Ip)/S (green thin line with dots) calculated
from eq. (3) using the measured voltage response Vy(t) and the mea-
sured excitation voltage Vg(t). The current density waveform exhibits a
rising flank sharper than the falling flank although the pulse duration
remains equal to the excitation pulse duration at 9.0 ns.

The peak value of the current density reaches 2.04 kA/cm? which is
less than 3% different from the maximum current density value 2.1 kA/
cm? calculated from equation (5) with Ry = 312 Q and very similar to
what is plotted in Fig. 3b. This is an indication of the relevancy and the
robustness of the model. The rise time of the I(t) current from 10% to
90% of its maximum value is 2.1 ns indicating that the device can be
submitted to pulses shorter than 10 ns with a still perceptible light re-
sponse. Note again that the reason why the pu-OLED electrical rise time
is different from ~=~ 2.27, = 242 ps is because the excitation signal is
not a gate-like function.

Additionally, the current I flowing through the organic hetero-
structure is effectively converted into photons as proved by the output
light emission (magenta trace in Fig. 6b). With 8.2ns and 3.6ns in
duration and rise time respectively, the optical pulse exhibits smaller
duration and slower rise time than that of the electrical pulse. A
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creases exponentially up to the half of the duration of the current
density pulse and decreases exponentially after it, confirming that the
measured optical response is slower than the electrical response. Fur-
ther investigation with a faster photodiode is required to check whether
or not the measurement is not limited by the photodiode response time.

3. Conclusion and perspectives

The current study proposes a model for high speed p-OLED in ON-
OFF pulse excitation regime that is successfully validated with mea-
surements. The coplanar waveguide electrodes made of ITO on glass
substrates compatible with § = 87 x 120 um? u-OLED and with 50Q
integrated measurement resistance lead to tenfold smaller capacitance
values, and two orders of magnitude faster electrical response down to
7 =110 ps. The combination of preliminary measurements and simu-
lation demonstrated the interest of the proposed design for the reduc-
tion of the p-OLED electrical time response under ultra short pulse
excitation scheme. This work shows successful generation of percep-
tible light response under better than state-of-the-art ultra short elec-
trical pulse duration of 9 ns, 2.1 ns rise-time. It demonstrates not only
pulse duration in the range of the radiative lifetime of singlet excitons,
but also that the OLED device can sustain state of the art current density
up to 2kA/cm? without heat breakdown.

As perspectives, the metallization of the electrodes can lead to a
further decreases of the serial resistance and therefore to a further de-
crease of the electrical time response down to 20 ps and to current
density up to 3kA/cm? in the case of an excitation amplitude of 100 V.
The next step will be to quantify precisely the true light intensity
emitted by the OLED to investigate the optical excitation density as
steps forwards towards the resolution of the electric excitation issue of
the organic diode laser.
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RESUME

Les domaines de l'optique non linéaire
et de la dynamique non linéaire trouvent plu-
sieurs applications dans des domaines divers
et variés, notamment les télécommunications
optiques et les lasers. Dans ce contexte, je
me suis intéressé a étudier l'interaction et la
dynamique optique non linéaire. Dans un pre-
mier temps, je présenterai I'étude de la dy-
namique des diodes lasers soumises a un
retour optique par un réseau de Bragg fi-
bré ou par une rétrodiffusion Brillouin stimu-

lée. Par la suite, je présenterai particuliere-
ment I'étude de la génération paramétrique
optique dans les cristaux photoniques non
linéaires qui permettent la génération multi-
longueurs d’ondes allant de 'UVA au proche
infrarouge a partir d'une seule pompe. Ces
travaux soulignent l'importance des effets
non linéaires pour développer et réaliser de
nouvelles sources multi-longueurs d’ondes et
accordable ainsi que de nouveaux compo-
sants photoniques pour I'optique quantique.

MOTS CLES

cristal photonique non linéaire, génération paramétrique optique, dynamique
non linéaire, retour optique, rétrodiffusion Brillouin stimulée

ABSTRACT

Nonlinear optics and nonlinear dynamics
provide number of applications in different re-
search areas, particularly in optical telecom-
munications and lasers. In this context, | am
interested in studying nonlinear optical dyna-
mics and interactions. First, | will show the
study of the dynamical behaviours of laser
diodes subject to optical feedback via a fibre
Bragg grating or stimulated Brillouin scatte-

ring. Afterwards, | will show particularly our
study of optical parametric generation in non-
linear photonic crystals which allow multi-
wavelength generation from UVA to near in-
frared. These works address the importance
of nonlinear effects for the development of
new tuneable multi-wavelength sources as
well as new photonic devices for quantum op-
tics.

KEY-WORDS

nonlinear photonic crystal, optical parametric generation, nonlinear dynamics,
optical feedback, stimulated Brillouin scattering
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