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Résumé

Dans cette thése, nous étudions analytiquement et numériquement les phénomeénes de compression
temporelle et d’étalement spectral qui se manifestent lors de la propagation des impulsions ultra
breves dans les guides d’ondes optiques, largement utilisés, notamment les guides d’onde a silicium,
les fibres classiques monomodes des systémes de multiplexage en longueurs d’onde, les fibres a cristaux
photoniques, et enfin les guides d’onde modélisés par I’équation de Schrédinger non linéaire a termes
non Kerr.

Plus spécifiquement, nous analysons dans un premier temps, le mécanisme de compression tem-
porelle dans les guides optiques a silicium en utilisant ’approche variationnelle modifiée et réaliste
qui prend en compte la fonction de dissipation de Rayleigh. Cette étude permet de montrer les effets
de la dispersion chromatique d’ordre 4, des coefficients non linéaires d’absorption (absorption non
linéaire) et du chirp, non seulement sur les impulsions a profil compact et symétrique mais aussi
sur celles qui sont asymétriques comme les impulsions d’Airy. En effet, en considérant le cas de la
compression linéaire, les conditions de son apparition sont déterminées. Une relation entre la disper-
sion chromatique d’ordre 4, la dispersion de vitesse de groupe et le chirp est ainsi proposée. Dans le
cas non linéaire, prenant les impulsions symétriques comme profil d’entrée, nous démontrons qu’une
compression périodique est induite par l'interaction entre l'auto-modulation de phase et le coeffi-
cient de dispersion chromatique d’ordre 4. Ceci apparait comme un nouveau mode de génération
du phénomeéne de compression. Ensuite nous montrons qu’un coefficient d’absorption intrinséque
aux guides d’onde a silicium, en particulier le coefficient d’absorption a deux photons, se trouve étre
un facteur néfaste pour ladite compression périodique (destruction de la périodicité). Enfin, I’étude
relative aux impulsions d’Airy (impulsions asymétriques) dans cette premiére partie, conduit plutot
a la réduction de la longueur de compression induite par I’auto-modulation de phase, ’absorption a
deux photons et ’absorption des porteurs libres. Ceci permet de déduire I'influence de 'asymétrie
de I'impulsion sur ce phénoméne de compression.

Dans un deuxiéme temps, afin d’apprécier certaines influences sur le phénomeéne d’étalement spec-
tral drastique en termes de génération de supercontinuum, nous nous intéressons au phénomeéne de
mélange & quatre ondes et a l'instabilité modulationnelle. Prenant ’exemple des fibres classiques
monomodes des systémes multiplexés en longueur d’onde, et utilisant I’approche dite ABCJS prin-
cipalement basée sur une propagation d’ondes quasi-solitonique au voisinage du zéro de dispersion
de la fibre, nous montrons que la combinaison des ordres deux et trois de dispersion chromatique
permet de réduire les effets néfastes induits par le mélange & quatre ondes dans de tels systémes
multiplexés. L’instabilité modulationnelle étudiée quant a elle dans les guides d’onde a silicium ol
le chirp est décrit comme un facteur adjuvant a 'amplification de 'intensité des pics principaux des
trains d’onde, conduit & une indépendance du point de vue du profil d’entrée. D’un autre coté, il
résulte de cette étude que les coefficients d’absorption contrecarrent I’effet du chirp re-créant ainsi la
dépendance au profil d’entrée.

Finalement, dans un troisiéme temps pour I'étude du supercontinuum, concernant le guide d’onde
modélisé par 1'équation généralisée de Schrodinger incluant des termes non Kerr (provenant de la
nonlinéarité quintique), nous obtenons une compression spectrale. Ceci est réalisé a travers la réduc-
tion de largeur temporelle dans le cas des nonlinéarités coopératives en lieu et place des nonlinéarités
compétitives. Plus loin, avec 'impulsion d’Airy dans une fibre monomode hautement dispersive, nous
étudions la propagation sous l'influence du chirp initial. Nous obtenons que 'effet du chirp initial
sur le spectre de I'impulsion d’Airy est similaire a celui de 'auto-raidissement nonlinéaire menant
& une sortie asymétrique. Néanmoins, le choc optique qui est ainsi créé dépend du signe du chirp
et présage d’interessants avantages pour la réalisation des ultra-larges spectres de supercontinuum.
Bien plus, le chirp initial agit comme la dispersion chromatique de troisiéme ordre produisant la
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fameuse inversion asymétrique découverte plus tot par R. Driben et al [R. Driben, Y. Hu, Z.
Chen, B. A. Malomed, and R. Morandotti, Opt. Lett. 38, 2499 (2013).]. Dés lors, le
chirp peut étre utilisé pour jouer le role soit de 'auto-raidissement nonlinéaire, soit de la disper-
sion chromatique d’ordre 3, ou encore pour controler voir annihiler leurs effets. Durant le processus
d’inversion, la compression d’impulsion a également lieu a travers la formation d’un profil Gaussien.
Nous démontrons également que l'interaction entre le chirp, la dispersion de la vitesse de groupe
et la dispersion chromatique d’ordre 4 permet ’amplification d’impulsion ainsi que la stabilisation
d’impulsion sur une distance relativement longue. Comme application directe de cette étude, nous
analysons la génération du supercontinuum dans une fibre & cristaux photoniques admise comme
ayant un cceur rempli de liquide. Il s’agit d’une fibre microstructurée a cceur liquide. Dans cette
étude particuliére, on se sert des impulsions d’Airy chirpées et on montre qu’elles sont meilleures que
leurs homologues compactes et symétriques en termes de largeur et cohérence de la bande passante
spectrale, sous des conditions incluant un faible coefficient de troncation et un chirp choisi de facon
optimale dans le régime anormal de dispersion proche du zero de dispersion. Le cas des guides d’ondes
a silicium est également étudié dans une nouvelle modélisation analytique basée sur ’équation de
la propagation d’impulsion totalement unidirectionnelle qui inclut les termes de génération de la
troisiéme harmonique et Ueffet Kerr a fréquence négative. Les effets de ces termes sur la bande pas-
sante spectrale ainsi que sur le degré de cohérence spectrale sont étudiés en comparaison avec ceux de
I’absorption a deux photons. Pour des applications nécessitant d’ultra-larges spectres, on devrait ré-
duire les effets de ’absorption & deux photons et du terme de génération de la troisiéme harmonique.
On devrait plutot exciter le terme de l'effet Kerr a fréquence négative afin d’obtenir des spectres
explosifs en bande passante. Néanmoins, 'absorption a deux photons améliore plus la cohérence
spectrale que le terme de génération de la troisiéme harmonique tandis que le terme d’effet Kerr a
fréquence négative la réduit en comparaison avec le cas singulier de I’auto-modulation de phase seule.

Mots clés : Compression d’impulsions; Mélange a quatre ondes; Instabilité modulationnelle; Généra-
tion de supercontinuum; Dispersion chromatique d’ordre 4; Chirp; Approche variationnelle modifiée;
Absorption a deux photons; Génération de la troisiéme harmonique; Effet Kerr & fréquence négative.
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Abstract

In this thesis, we study analytically and numerically the phenomena of pulse compression and spec-
tral broadening which manifest themselves during the propagation of ultra-short pulses in common
used optical waveguides, namely silicon-on-insulator (SOI) waveguides, single-mode optical fibers
(SMFs) in wavelength-division multiplexing (WDM) systems, photonic crystal fibers (PCFs) and
waveguides modelled by the generalized nonlinear Schrédinger equation (GNLSE) with non-Kerr
terms.

More explicitly, we analyze in a first time, the pulse compression mechanism in SOI-waveguides
using the modified and realistic variational approach (MVA) that involves the Rayleigh’s dissipation
function (RDF). This study allows to show the effects of fourth-order dispersion (FOD), the nonlinear
coefficients of absorption (nonlinear absorption) and the chirp, not only on symmetric and compact
pulses but also on those with asymmetric profile as the Airy pulses. Indeed, considering the case of
linear compression, the conditions of their occurrence are obtained. A relation between the FOD,
the group-velocity dispersion (GVD) and the chirp is proposed in this way. In the nonlinear case,
using the symmetric profiles as input pulses, we demonstrate a periodic compression induced by the
interplay between the self-phase modulation (SPM) and the FOD. This appears as a new mode to
generate the pulse compression phenomenon. Then, we show that an absorption coefficient which
generally characterizes the SOI-waveguides, particularly the two-photon absorption (TPA), is found
to be detrimental to this periodic compression (destruction of the periodicity). Finally, the study
relating to the Airy pulses (asymmetric pulses) in this first part, leads rather to the reduction of
the compression length induced by the SPM, the TPA and the free-carrier absorption (FCA). This
allows to deduce the influence of the pulse asymmetry on this phenomenon.

In a second time, in order to appreciate some influences on the drastic spectral broadening in terms
of supercontinuum generation (SCG), we investigate the phenomena of the four-wave mixing (FWM)
and the modulational instability (MI). Taking for instance the SMFs in WDM systems and using an
approach named the ABCJS approach which is mainly based on a propagation of solitonlike pulses
in the vicinity of the zero-dispersion wavelength (ZDW) of the fiber, we show that the combination
of the second and the third orders of dispersion allows to reduce the crosstalk induced by the FWM
in such systems. The study of the MI being done in SOI-waveguides where the chirp is described
as beneficial factor to the amplification of the pulse trains main peaks, leads to an independence to
the input profile. On the other hand, it emerges from this study that the coefficients of absorption
counteract the chirp effect recreating so a dependence to the input profile.

Finally, in a third time for the SCG, in the case of the waveguide modelled by the GNLSE that
includes non-Kerr terms (linked to the quintic nonlinearity), we obtain a spectral compression. This
is achieved through the reduction of the pulse width induced by the cooperative nonlinearities instead
of the competing ones. Furthermore, using the finite energy Airy pulses (FEAPs) in a highly disper-
sive SMF, we study the propagation under the influence of initial chirp. It is found that the initial
chirp behaves as the self-steepening (SS) on the spectrum of the FEAP leading to an asymmetric
output. Nonetheless, the optical shock which is created depends on the sign of the chirp parameter
and omens interesting advantages for the achievement of FEAP-based broadband spectra in the SCG
phenomenon. Moreover, the initial chirp acts as a chromatic third-order dispersion (TOD) leading to
the asymmetric inversion (A.I) as shown earlier by R. Driben et al [R. Driben, Y. Hu, Z. Chen,
B. A. Malomed, and R. Morandotti, Opt. Lett. 38, 2499 (2013).]. Therefore, the chirp
could be used to replace the SS and TOD, or to control/cancel their effects. Pulse compression,
pulse amplification and FEAP shape preserving under the interaction of the chirp, the GVD and the
fourth-order dispersion (FOD) are also discussed. As a direct application of this work, we analyze
the extreme spectral broadening in a PCF that is assumed to have a core filled by a liquid. Such
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fiber is called a liquid-core PCF (LCPCF). In this specific study using Airy pulses, we show that
they are more suitable than the common compact and symmetric pulses in terms of spectral coher-
ence and bandwidth, under the conditions including a small truncation coefficient and a chirp value
chosen optimally in the anomalous dispersion regime close the ZDW. The case of SOI-waveguides is
also studied with a novel analytical modeling of a silicon waveguide based on the full unidirectional
pulse propagation equation (UPPE) that includes both the third-harmonic generation (THG) and
the negative-frequency Kerr (NFK) terms. The effects of these terms on the spectral bandwidth
(SB) and the coherence degree (CD) are discussed in comparison to those of two-photon absorption
(TPA). For applications needing wide SBs, one should reduce the TPA-THG effects and excite rather
the NFK term to produce explosive ultra-broadband SCG spectra. Nonetheless, the TPA is found to
enhance more the spectral coherence than the THG while the NFK effect reduces it compared with
the single SPM case.

Keywords: Pulse compression; Four-wave mixing; Modulational instability; Supercontinuum gener-
ation; Fourth-order dispersion; Chirp; Modified variational approach; Two-photon absorption; Third-
harmonic generation; Negative-frequency Kerr effect.
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(zeneral introduction

In nonlinear optics, the temporal pulse compression and the spectral broadening observed in opti-
cal waveguides are known today to have several useful applications. One can quote : high-data rate
transmission in optical telecommunications, ultrafast physical processes, infrared time-resolved spec-
troscopy, sampling systems, coherent tomography, multiplex light sources for nonlinear spectroscopy,
biomedical lasers, holography, interferometry, photonics devices applications, sub-femtosecond to at-
tosecond researches,... [1-3]. Therefore, investigation of related topics is welcome to be apprehensive
about the occurrence conditions of such processes in optical waveguides.

In the theoretical aspect of research in nonlinear optics specially in studies of propagation within
nonlinear optical waveguides, many works having ended to Ph.D theses, were conducted in the
Department of Physics of the Faculty of Science (University of Yaoundé I). For instance S. I. Fewo
studied the dynamic of the propagation of solitons in systems modeled by the complex Ginzburg-
Landau equations using the collective variables (CVs) and the classical variational approaches [4]. In
this work, it was noted that a better choice of appropriate initial parameters as the initial amplitude
and pulse width of the Gaussian pulse shape is important for a stable propagation inside the fiber.
An overview of this work shows that the solitons dynamics could be suitably investigated through
the CVs approach with more insight. Even the dual-core fibers were investigated with a focus on
the interaction of solitons using the classical variational method. Bounded and unbounded elliptic
trajectories separated by transitory trajectories were observed depending on the values of the coupling
coefficient and parameters [4].

Subsequently, J. Atangana examined the propagation of ultra-short pulses in optical fiber systems
under strongly perturbed environmental conditions [5]. This study conducted with the CVs approach,
showed that when asymmetric distortions induced by the odd order terms of linear dispersion as the
third-order dispersion (TOD) occur in the solitons propagation, the approach should be upgraded in
order to resolve the inconsistencies of the conventional one. This does not work with the third-order
nonlinear dispersion as the cubic self-steepening (SS) phenomenon, since in this case the distorted
pulse translates only when one uses another ansitze calling second-order upgraded ansdtze. The
considered upper CVs approach was found to give accurate results and interpretation of distorted
pulses dynamics [5].

Later, C. G. L. Tiofack investigated the MI phenomenon and the ultra-short pulses propagation
in Erbium doped fibers modeled by GNLSE with higher order effects both in the linear and in the
nonlinear part [6]. For example in this study, the equation which describes propagation of an optical
soliton in an inhomogeneous Erbium doped fiber with two-level resonant atoms called the generalized
inhomogeneous coupled Hirota-Maxwell-Bloch equation was analyzed. Some multi-soliton solutions
of this system were obtained by employing the Darboux transformation while the MI in the complex
NLSE with cubic-quintic-septic nonlinearity, the Hirota complex Ginzburg-Landau equation, the
higher order NLSE with noninstantaneous nonlinear response and stochastic parameters showed
interesting features in the development of the pulse train generation (PTG) [6].

After the review of these works, it was observed that with the great interest aroused by the pulse
compression and the spectral broadband continua according to their wide applications, a research
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path oriented on their achievement was missing considering the department of Physics of the Faculty
of Science (University of Yaoundé 1). That is why, this thesis comes to be added to the previous
ones with a focus on the mentioned phenomena as a study beyond the previous analyses on the
solitons dynamics. Particularly, we focus on the effects of FOD and nonlinear absorption coefficients
in the studies of the pulse compression and the MI. On the other hand, we study the TOD effect
on the growth of the anti-Stokes component (ASC) of the FWM in the WDM solitons systems.
Furthermore, the improvement of the SCG spectral bandwidth is analyzed considering the effects of
the input profile, chirp and the type of the optical waveguide used. Our motivation for these works
stems from the following limits :

1. a lack of a study on the linear compression in an optical system under the FOD effect that
highlights the relations between the dispersion lengths associated to the GVD, the chirp and
the FOD.

2. An investigation of the nonlinear compression in SOI-waveguides under FOD was still missing.
The dependence of this phenomenon to the input profile was not yet highlighted.

3. In order to reduce the effect of the crosstalk induced by the FWM in WDM systems, those in
the vicinity of ZDW have not yet been investigated using the ABCJS approach.

4. An investigation about the influences of the absorption coefficients (present in SOI-waveguides),
chirp and input profile was missing when one considers the MI phenomenon in nonlinear optics.

5. The question of the SCG analysis in GNLSE systems with non Kerr terms stemming from
quintic nonlinearity was also opened.

6. Another question concerned the analysis of propagation using the FEAPs in a highly dispersive
SMF under the influence of initial chirp.

7. It remained also the analysis of the improvement of the SCG phenomenon through nanojoule
(nJ)-FEAPs under the chirp effect in LCPCFs filled by the C'Ss.

8. A SCG study in a SOI waveguide including both the THG and the NFK terms was missing.

For the compression phenomenon, the study is conducted through a MVA that involves the RDF
instead of the CVs and the classical variational approaches as done in the previous studies. As
discussed in these studies, the CVs focus on solitons dynamics while the present study claims to go
beyond and to underline the conditions in which the compression and the SCG occur in the studied
optical waveguides taking into account the initial pulse shape which is not necessarily close to a
solitary wave. Moreover, the choice of the MVA is made on the basis of the recent works of Roy et al
[7,8]. Indeed, they were demonstrating that considering specially the silicon waveguides, the effects
of linear losses, TPA, and free-carriers dynamics are well analyzed within the framework of this MVA
formalism in agreement with full numerical simulations. Therefore, it has been found interesting
to use this MVA for the compression phenomenon analysis in the corresponding waveguides beyond
the previous mentioned methods. The peculiarity of the FEAPs in highly dispersive SMFs, has
highlighted a new feature in nonlinear dynamics as the A.I mechanism stemming from the interaction
between the GVD and the initial chirp similarly to the one obtained earlier by R. Driben et al [R.
Driben, Y. Hu, Z. Chen, B. A. Malomed, and R. Morandotti, Opt. Lett. 38, 2499
(2013).]. The problem of the famous complex phenomenon so-called the SCG in new modeled
systems was set as a further part of the thesis with connection with the compression phenomenon.
In addition, the introduction of specific studies on some underlying mechanisms as the FWM and
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the MI in the considered optical waveguides was also found necessary as a good line to investigate
the SCG. At the end of this work, we expect to have in a first part a good understanding of the
impact of free-carriers absorptions, high-order dispersion, chirp, Kerr and non-Kerr nonlinearities,
input profiles, harmonic generation and negative-frequency Kerr terms on the temporal compression,
in a second part on the FWM and the MI mechanisms and finally, on the improvement of the SCG
in the previously mentioned optical waveguides.

The presentation of the work and the results emerging from this thesis is done as follows :

e in the first chapter, we make a brief review of literature on the pulse compression phenomenon,
the FWM and the SCG including the MI process. It includes a short presentation of physical
descriptions, applications, the limits of these phenomena. Then, we design with concision the
motivations that have conducted our work on these phenomena. Moreover, we also make a
description of the different optical waveguides studied in the thesis in the last section of the
chapter.

e In the second chapter, we present the analytical treatments of the different models studied.
Particularly, we derive the NLSEs and the GNLSEs investigated and describe the methods used
to analyze the compression, the FWM, the MI and the SCG phenomena. A short presentation
of the algorithms on which the numerical simulations are based for each phenomenon is also
done.

e In the last chapter, we present the results obtained in each study with the considered discussions
and conclusions.

A general conclusion is done at the end of the thesis highlighting some perspectives for further
researches directly linked to the results presented.
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Chapter 1

Review of literature

1.1 Introduction

This chapter presents a brief overview on the physical phenomena studied in the thesis. It is
organized as follows : section 1.2 deals with the pulse compression phenomenon and section 1.3 is
devoted to the FWM process. The MI mechanism and the SCG phenomenon are presented in section
1.4 while section 1.5 concerns the description of the different waveguides investigated in the thesis.
The last section concludes the chapter.

1.2 Overview on pulse compression

1.2.1 Theoretical and physical descriptions

The growing trend on high-data rate optical transmission because of the useful large bandwidth
associated, has contributed to the studies of ultrashort optical pulses. The numerous applications
of ultrashort pulses in areas such as telecommunication, ultra-fast physical processes, infrared time-
resolved spectroscopy, sampling systems, sub-femtosecond to attosecond researches ..., reveal the
indispensable role of such pulses [1]. The difficult generation in practice of such pulses, with the
current lasers sources and amplifiers has motivated some researches on the pulse compression mech-
anism. The basic idea behind optical pulse compression stems from chirp radar application in which
chirped pulses at microwave frequencies are compressed by passing them through a dispersive delay
line [2]. In optics, as can be seen in figure 1.1, this phenomenon consists in the reduction of the
width of an optical pulse during its transmission through an optical waveguide. A pulse amplifica-
tion generally accompanies the compression mechanism. Moreover, the compression mechanism can
be classified in two categories : linear and nonlinear pulse compression. Before we introduce the
physical description about these two categories, it is necessary to present the general commonly used
input pulses since they are important (in the pulse shaping approach) as discussed later.

Pulse shaping and input optical pulses

The pulse shaping consists to model an input profile of the propagating pulse. Practically, some
shape controller devices allow to achieve this objective. In some cases, the phenomena occurring in
optical waveguides are input shape dependent. So, it is necessary to know which kind of profile is
appropriate in order to improve the efficiency of the considered phenomenon (the pulse compression
belongs to this category of phenomena). For this purpose, we briefly present the input profiles that
are generally used in the analysis of the propagation within an optical waveguide 3] :
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Figure 1.1: Principle of the temporal compression mechanism. P; and T; are the input normalized power and width
respectively while Pp and Ty correspond to the output of the optical waveguide.

e The Gaussian profile
It has the following analytical form

177
U(O,T) = PoeXp(—§ﬁ), (11)
0

where u(0,7T), T, Py and T} represent the slowly varying amplitude of the electrical field pulse
envelope, the retarded frame of time, the peak power of the pulse, and the pulse half-width (at
the 1/e-intensity point), respectively. The full width at the half maximum (FWHM), Trw s,
is commonly used instead of 7Tj. For a Gaussian pulse, it is defined by

Trwun = 2(In(2))*Ty ~ 1.665T5. (1.2)

e The super-Gaussian (SG) profile
In some lightwave systems, pulses with steeper leading and trailing edges broadens more rapidly
with propagation due to the input wider spectrum of pulse. So, a SG profile models the effects
of the steep leading and trailing edges on the broadening. The analytical form is given as :

w(0,T) = /Py exp [— %(TZO)Q’”}. (1.3)

The quantity m represents the coefficient which controls the degree of edge sharpness of the

SG pulse. The FWHM is defined as 2(1n(2))1/2mT0. The rise time 7, defined as the duration
on which the intensity goes from 10 to 90% of its maximal value can be written as follows :
Ti Ti
T, = (In(9))—> ~ =2

o (1.4)

One generally uses this relation to calculate the parameter m.

e The raised-cosine (RC) ansitze profile :
The generation of Gaussian-shaped pulses suitable for high bit rate is not easier [9,10]. Indeed,
the output of the commonly used Mach-Zehnder pulse carvers is rather close to RC profiled
pulses. A RC profile could be modeled analytically as :
vV

u(0,T) = == [1 + cos (%)} (1.5)
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Its FWHM is defined as {(4/77) arccos [(1/2)"/4] }TO ~ 0.7287T5.

e The hyperbolic-secant or sech-type profile
In experiments, one uses always the Gaussian shape because many lasers emitted approximately
this form of input pulses. However, in the case of some mode-locked lasers and naturally in the
optical soliton context, one often reaches the hyperbolic secant of sech-type profile described
as :

u(0,7) = \/Fosech(Tzo). (1.6)

Generally, the Gaussian and the sech-type profiles are nearly identical following their features

when undergoing the guide dispersion. One can also define Ty gy as :
Tpwuy = 2arccosh(vV2)Ty = 2In(1 + v2)Ty ~ 1.763T,. (1.7)

An illustration of these profiles is shown on figure 1.2.
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Figure 1.2: Plot of the input profiles : (a) Gaussian, (b) SG for m=3, (c) RC, (d) sech-type. Data : Py=1 W,
TO =50 fs.

e The Airy profile

Recently, a focus has been made on new optical beams known as Airy beams/pulses that
are attracting a greatest interest because of their special propagation properties [11,12]. Sure
enough, Airy beams/pulses are now known through their high stability properties in a stable
soliton-like behavior when propagating inside a linear medium. Their origin goes back to
1979, when Berry and Balazs predicted in quantum mechanics that a wavepacket probability
density propagating in free space without distortion and having a constant acceleration without
external influence, should have an Airy function form [13]. These beams tend to reconstruct
themselves despite the severity of perturbations that they undergo inside the medium. This
reconstruction is understood through their internal transverse power flow [14-16]. The special
propagation properties of Airy beams/pulses : the self-healing, the dispersion resistance and
the acceleration on propagation of their dominant intensity peaks. A temporal input Airy
profile is described in general as [17] :

u(0,T) = r\/FoAi(%) exp(az),

T (1.8)
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where Py is the peak power, a the truncation coefficient and r the ratio that allows to reach
the same peak power with the usual input pulses. The function Ai(T") represents the temporal
Airy function. The presence of the parameter a allows to ensure that for a positive quadratic
dispersion coefficient, one shall obtain a positive dispersion [17]. The asymmetric nature of this
pulse implies that, it is not interesting to define a FWHM unless one gives an interest to the
main or dominant peak. Basically in practice, as discussed in [3], an input Gaussian profile
propagating in a quasi-linear SMF (where the nonlinear effects are neglected comparatively
to the linear ones) near its ZDW around 1.31 pum (where the TOD (5 becomes important
comparatively to the GVD f) transforms into an Airy profile. In [18], an input Gaussian
pulse was generated by a modelocked Ti:sapphire laser oscillator operating at 800 nm center
wavelength and 80 MHz pulse repetition frequency and a computer-controlled pulse shaper were
used to impose a cubic spectral phase onto these transform-limited Gaussian pulses leading to
the generation of an Airy pulse. So, we can suggest the design of a general set-up as illustrated
in figure 1.3. Many other works have been devoted these last years on Airy beams/pulses in

0.3 Airy

(a)

(b)

Input OUt,F ut

|
[\ —= O —
MV A

Gaussian Quasi-linear SMF under Airy
pulse TOD effect nearthe ZDW  |ge

Figure 1.3: (a) Airy profile, a=0.05, Py = 1 W, r=1, T, = 20 ps; (b) Proposed experimental set-up for obtaining an
Airy pulse.

different kind of systems [19-27].

The chirping process

Generally when an optical field propagates within a waveguide, its phase varies across the pulse
at any distance of propagation z, and following the time T. So, it appears a difference dw between
propagation induced frequency shift and the central initial frequency wq. In this case, one says that
the pulse becomes chirped [1,3]. In linear systems, the induced frequency chirp changes linearly
across the pulse ie the waveguide imposes a linear frequency chirp on the pulse depending on the
considered dispersion order term. However, in nonlinear systems, the chirp is induced by the well-
known nonlinear Kerr effect leading to a spectral broadening of the pulse. In fact, the SPM compresses
the pulse in the time domain, phenomenon which is more pronounced in the anomalous dispersion
regime. Consequently, in the spectral domain, it broadens the pulse [3]. The qualitative features of
these induced frequency chirps depend on the pulse shape. Often, one imposes an initial frequency
chirp on an input profile. This operation is modeled analytically by multiplying the initial profile
with the term exp ( + iCT2/2T02) where the parameter C' is the imposed frequency chirp.
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With all these basic notions in mind, we present in the next section the specific physical descriptions
of the pulse compression within the two categories previously mentioned.

1.2.2 Linear pulse compression

In the linear case of the temporal compression mechanism, the basic theory discussed by Agrawal
in [1,3] indicates that the source chirp must be opposite to the group-velocity dispersion (GVD) :
B2C < 0. Therefore, positively chirped pulses require anomalous or negative GVD to be compressed
while negatively chirped pulses require normal or positive GVD. This basic concept is mainly governed
by the GVD effect as defined by the following equation [1,3] :

ou_ o

This equation is the basic linear part of the well-known nonlinear Schrodinger equation (NLSE) where
as dispersion effect, one considers only the GVD term [1,3]. The theory mentioned above can be
demonstrated analytically by using a chirped Gaussian shape through the Fourier transform method
(or Marcuse formalism [28| presented for the first time in 1981) as :

1 [T
u(z,T) = Py / (0, w) exp (i%uﬁz — iwT)dw, (1.10)

—0o0

where @(0,w) is the Fourier transform of the input Gaussian pulse (defined from Eq. (1.1) with an
initial chirp C as /Py exp (—0.5(1+iC)T?/T%)). The obtained pulse amplitude @(z, T') at the length
7 is given by :

P M2 (1+iC)T? )
T) = — 1.11
ul=T) (1 i (1t zc>> P ( 21— iz (1+iC)] )’ (L1)

where Lgyp = T¢/|32| and sy represent the GVD length and the GVD sign, respectively. Making
the comparison between the chirped version of Eq. (1.1) with Eq. (1.11) allows to define the varying
width T),(z) at the length z as :

z

p 1/2
)’ + (14 5,C )2] . (1.12)

Lz =T [( Lavp

Lavp

Furthermore, the varying chirp C,(2) at the length z leads to :

Z89

Cp(2) = C + (1+C?). (1.13)
Lavp
The compression factor is therefore defined by :
Tp(2)
F, =222 1.14
& TO ( )

The compression occurs only if F, < 1. Mathematically, this exists only if soC' < 0 as suggested by
the theory. Under this hypothesis, Eq. (1.14) shows that the specific distance on which one obtains
the shortest pulse width is defined as :

C]
min — mLGVDa (115)
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while its maximal compression factor F"** is calculated as :
1
‘ V1i+C?

The maximal length of compression L,,. is generally equal to the double of L,,;,. We can also define
the maximal pulse compression percentage (MPCP) as :

maxr __

(1.16)

MPCP =100 x (1 — F"), (1.17)

For complicated pulse shapes like those defined by m>3 for the SG pulse, it is customary to use
rather the broadening factor o(z)/og instead of the compression factor F, [3] :

o(z) = [(T%) —(1)?]"?, (1.18)

with
[T (2, T)2dT

Tk
) [ u(z, T)2dT

,  keN~ (1.19)

The parameter og is the root-mean-square (RMS) width of the input pulse at z = 0. Although the
broadening factor o(z)/og gives more accurate results when complex forms of input profile are used,
it defines the same concept as the compression factor F,.. So, according to the complexity of the
context, one of them is used. In figure 1.4, we present the compression mechanism based on the
relations (1.12)-(1.14).
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Figure 1.4: Example illustrating the linear compression mechanism of the chirped Gaussian pulse, data: (s =
—0.05 ps?/m, length of the optical waveguide L=0.08 m, pulse width Ty = 50 fs, Py = 1 W; (a) plot of the
compression /broadening factor : compression occurrence for C' = —2, L,,. = 0.04 m, M PCP = 55.28 % (solid blue
line), broadening occurrence for C' = 2; Gaussian pulse propagation : (b) contour plot of the case of compression, (c)
contour plot for the case of broadening.

Beyond the basic case of the GVD effect described by Eq. (1.9), in 1977, J. D. McMullen studied
the compression mechanism using the chirped Gaussian shape in a strong dispersive medium under
the TOD effect [29]. This term was shown to give asymmetric broadening of the compressed pulse
envelop (see figure 1.5). One should note that McMullen with the help of A. A. Maradudin suggested
already at this period the Airy form of this compressed pulse under the TOD effect. The pulse
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PULSE INTENSITY

PULSE DELAY TIME

Figure 1.5: Plot of the compression mechanism : in arbitrary unit (a.u) of the TOD coefficient : 83 = 0 (solid line),

B3=3(——-),03=4(—.—.—.=.),03=5(—. —. =), B3 =10 (......). Results obtained by McMullen for
the compressed chirped Gaussmn pulse under the TOD effect (@ 1977 OSA, from [29]).

becomes more asymmetric following the increase of the TOD effect.

Later in 2002, Capmany et al [30] presented in a high-speed optical time-division multiplexed trans-
mission line under FOD near the vanished values of GVD and TOD, a Gaussian pulse compression
with a negative chirp and a positive FOD based on the Marcuse formalism. Then one year later,
they presented an analysis (in [31]) of a chirped Gaussian pulse using the combination of the Marcuse
formalism and the Amemiya’s method [32]. The diagram that describes their model is illustrated
on figure 1.6 below. The parameter t represents here the retarded frame of time. The input time-

Input electric field
to the fiber
E0,1y= flnyeie)

E{0,6) & e(0,w)

Quiput current
i,(1)= (|E|[L,n|’} -
=(P(L1))

oui |V (1) | @ Optica

Source Optical fiber/waveguide lechs
10) B

Modulating
pulse Output electric field

T from the fiber

] E(L1) e e(lw)

elL,w)=e(0, W (L,w)

¥

Input current/voltage
i f1n

Figure 1.6: Block diagram of the Capmany et al. model ((©-2003 OSA, from [31]).

domain field to the optical waveguide is given by E;,, = E(z = 0,t) = f(t)¢o(t) where {(t) is a slowly
varying electric field envelope that corresponds to the modulating pulse defined by the width ¢y and
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a high-frequency chirped optical carrier 1y(t) defined as a chirped Gaussian function :

Uo(t) = A(t) exp [i(wot + %2)} (1.20)

The function A(t) is the unmodulated source random-phase fluctuations that are linked to the
linewidth and wy is the optical carrier frequency. The input modulating current i; is proportional to
f2(t) and so is the output optical power from the transmitter. Then, the transmission is understood
as an optical system with transfer function Hy(L,w) that realizes a coupling between the input elec-
trical field E(0,¢) to its output E(L,t). The functions e(w) and (P(L,t)) are the Fourier transform
of E(t) and the output electric current (i,). They showed that the pulse broadening and compression
arise as a result of the interaction between dispersion orders of same parity as :G;yk12 < 0, k > 2,
k being an integer. For example, the GVD having an opposite sign with the FOD leads to the com-
pression of the pump. This study assumed that the source chirp interacts only with even dispersion
terms to yield pulse broadening or compression. As can be observed on figure 1.7, the compression is
obtained in figure 1.7(a) by the interaction between the chirp (C—-0.5) and the positive sixth-order
dispersion parameter defined by Dg = 2. By contrast, the odd dispersion terms interact on figure
1.7(b) leading to the pulse asymmetry. The normalized broadening factor is represented on figure
1.7(c) showing the compression mechanism of figure 1.7(a) versus Dg. The figure 1.7 confirms that
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Figure 1.7: (a) Plot of chirped Gaussian pulse compression in the Capmany et al. model : interaction between the
chirp and the sixth-order dispersion parameter. The compression occurs for C=-0.5; (b) Pulse asymmetry induced by
the odd dispersion terms; (c) plot of the broadening factor versus Dg. Results obtained by Capmany et al. ((©-2003
OSA, from [31]).

the dispersion terms of the same parity interact only between them and the odd ones affect only the
design of the pulse, generating the asymmetry.

1.2.3 Nonlinear pulse compression

The compression in this specific case is obtained with the famous solitonic properties through the
balance between the positive SPM (of the cubic nonlinear Kerr effect) and the anomalous dispersive
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regime of the GVD [1,3,32,33,34|. The soliton order N is defined by the following relation :

I 1/2
N_< GVD) 7 (1.21)

LNL

where Ly is the nonlinear length associated to the cubic Kerr nonlinearity (CKN). It is linked to
the peak power as Ly, = 1/vF, with 7 being the CKN coefficient. An input pulse that is launched
within a waveguide under the condition N=1 of the fundamental soliton (where the higher-order
nonlinear effects have been neglected), transforms into a solitonic form through a progressive nonlin-
ear compression process induced by the interaction between the GVD and the SPM. If the obtained
soliton form is not seriously perturbed during its propagation, it can propagate further within the
waveguide. It is this feature of solitonic robustness which creates the interest of optical solitons
in communication applications. We present the transformation of an input SG pulse (m=3) to a
fundamental soliton through the pulse compression mechanism on figure 1.8.

_ ntensity (W)
8 g &

Figure 1.8: Transformation of an input SG pulse (m=3) to a fundamental soliton. Data: Py =1 W,y =1Wim~1,
N=1, L=1 m. Result obtained from the NLSE Solver&Plotter software ((©-2005, version 1.0 written by Nick Userchak).

The higher-order solitons (HOSs) splitting yields to the periodic compression with the well-known
soliton period zg = (7/2)Lgyp. The nonlinear periodic compression mechanism is therefore under-
stood as a fundamental property of HOSs. The HOSs undergo an initial narrowing phase at the
beginning of each period. Because of this property, an appropriate choice of the optical waveguide
length and input pulse peak power should be operated in order to compress the soliton by a factor
that depends on its order N. We present on figure 1.9 the nonlinear compression of a third-order
soliton (N=3). The evolution of this 3-OS is periodic.

1.2.4 Applications and experimental realizations : pulse compression tech-
niques

As mentioned earlier, the pulse compression mechanism is very important in optics since it leads
to several useful applications in a wide range of domains as in optical telecommunication, ultra-
fast physical processes, infrared time-resolved spectroscopy, sampling systems, sub-femtosecond to
attosecond researches ... . So these last decades, the theories described above have been directly
experimented for practical situations. In the linear case, negatively chirped pulses were transmitted
through liquids or gases such that they experienced normal GVD [35]. For positively chirped pulses,
a grating pair was found to be most suitable for providing anomalous GVD [36]. Today, this system
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Figure 1.9: Third-order soliton evolution into a nonlinear optical waveguide. Input : sech-type pulse, Py = 1 W,
v =1W=tm™!, N=3, L=24 m. The soliton period zy ~ 4.71 m. Result obtained from the NLSE Solver&Plotter
software ((©)-2005, version 1.0 written by Nick Userchak).

has been introduced in fiber optics and has led on the well-known grating-fibers compressors [1].
The use of the grating-fiber compressors is efficient in the visible and the near-infrared regions. The
figure 1.10 shows a diagram of a grating fiber compressor. The input pulse propagates into a SMF
and then develops a positive chirp. At the output, the pulse is launched through a grating pair and
undergoes an anomalous GVD. It results a linear pulse compression. After, the optical pulse is sent
back through the grating pair to reconvert it to the original cross section [1]. The roles played by the
mirrors M; and M, consist for the first to separate the outgoing pulse from the incoming one and
for the second to deflect the compressed pulse out of the compressor in a lossless manner.
Since the optical solitons were observed in fibers by L. F. Mollenauer et al in 1980 [37] after their
theoretical prediction in 1973 by A. Hasegawa and F. Tappert [38], the experimental work on SPM-
based or soliton-based pulse compression has led to the so-called soliton-effect compressors. These
kinds of compressors based on the nonlinear case, are useful in the range wavelengths exceeding
1.3 um. The compression factor for a soliton-effect compressor is defined empirically by the relation
[39] :

F.=4.1N, (1.22)

and the minimal length of compression L,,;, where the maximal compression occurs is linked to the

soliton period zy as follows :

B 20 1.1
Linin = N(0.32 + W)‘ (1.23)

Several experiments have been conducted since the decades of 1980s and the compression techniques
were improved. For instance in 1981, an experiment using an optical fiber was conducted [40]. Some
5.5-ps input pulses at 587 nm, with Fy = 10 W, were propagated over a propagation about 70 m.
The experimentation reached a compression to 1.5 ps. One year later, the femtosecond domain was
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Figure 1.10: Basic diagram of a grating-fiber compressor ((©-2008 AP, from [1]).

investigated by using a grating pair as a dispersive delay line [41]. In this experiment, with a 90-fs
pulses at 619 nm in wavelength, the compression reaches about 30 fs. With the advent of mode-
locked Ti:sapphire lasers, the pulse compression experiments leading to pulse widths under 10 fs were
initiated. Since several nonlinear effects arise in this domain, the experiments encountered difficul-
ties. The HOSs properties were needed to achieve the compression in this region. For this reason,
soliton-effect compressors give high compression factors. Then, the main objective was to maximize
the compression factor. Since the wavelength region near 1.3 um links the two kinds of compressors,
two-stage compression techniques were developed in later experiments yielding large compression
factors by using dispersion-shifted fibers [1]. Indeed, an experiment of the two-stage compression
technique in which a grating-fiber compressor was followed by an anomalous-GVD (3, < 0) fiber,
was used to obtain compression factors of up to 5000 [42]. By 1996, optical pulses shorter than 8 fs
were generated directly from a Ti:sapphire laser [43]. Other experiments employed multiple cascaded
soliton-effect compressors for the obtention of ultra-short pulses. In 1999, a 7.5-ps optical pulse was
compressed down to 20 fs with F. >3700 [44]. More recently, in 2006, 5.4-ps parabolic pulses were
compressed down to 20 fs [45]. For more details and further informations about pulse compression
experiments based on both the grating-fibers and the soliton-effect compressors, the reader can con-
sult the reference [1].

Beyond these two kinds of compressors, other techniques have been developed among which one finds
fiber Bragg gratings using the cross-phase modulation (XPM) technique [1,46,47], a fiber polarization
technique [48], the use of a tapered microstructure optical fiber with four layers of holes [49], gain
switching technique [50-60|, optical amplifiers, fiber-loops mirrors [1] ... .

1.2.5 Limits of the pulse compression theoretical analysis

In the theoretical aspect of the pulse compression analysis discussed in sub-sections (1.1.2) and
(1.1.3), the researchers use some methods to investigate the mechanism. These methods belong
both to the analytical and the numerical sides [56]. It consists to solve the dynamic equation of
the optical waveguide, the so-called NLSE and so, to bring out the compression factor evolution
across the length of the waveguide. In the numerical side, usually one uses the split-step Fourier
(SSF) method or the finite-difference methods [3]. Although a numerical solution is necessary for
accuracy, considerable physical insight is gained with the analytical or semi-analytical methods [3].
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Because of this, it is therefore suitable in some theoretical studies as those of the pulse compression
phenomenon to proceed through these last methods. Since in the linear case of the compression
analysis, the nonlinear part is neglected, an analytical method as the Marcuse formalism (Fourier
transform method) [28| gives good results for the low order dispersion systems as those under the
GVD effect. For more accuracy in complex systems, Amemiya developed a method that provides
integral expressions for the computation of the electric field impulse responses of an optical waveguide
due to higher-order even and odd dispersion orders [32|. After, Capmany et al. combined the two
methods leading to a form which describes the influences of the chirp and the linewidth [31]. They
also demonstrated that, the numerical simulation of Eq. (1.9), for example using the SSF algorithm
could not describe efficiently the compression mechanism when the source chirp is considered in the
analysis. This result justifies why it is customary to use analytical and semi-analytical methods
for the linear compression case. Among these methods, the famous quoted ones are the moment
method 3], the variational approach [3,62-70], the CVs approach [71-75], the self-similar analysis on
self-similar solitary waves so-called similaritons [76-78]. Considering the moment method, it can be
used for approximated studies, assuming that the pulse maintains its shape as it propagates down the
waveguide even though its characteristics change following the propagation distance z [3]. The basic
idea behind this method is to treat the optical pulse like a particle. It is suitable in linear systems
even in the nonlinear ones under certain conditions [3]. In the variational approach, the Lagrangian
density of the system is constructed and a suitable trial function for the pulse is assumed. With
the Lagrangian density, total Lagrangian of the system is constructed. Variation of the Lagrangian
with respect to various free parameters appearing in the trial function gives ordinary differential
equations (ODEs) for the parameters [75]. The CVs approach is based on the particle-like behavior
of the soliton. It was first proposed by Boesh et al. for Klein Gordon equation (KGE). The CVs
approach being equivalent to the Lagrangian variational method, is nonetheless more appropriate in
the case of soliton dynamics [71-75]. Recently in years 2011 and 2012, for time-varying media (media
with refractive index that varies with the time) a novel approach has been developed as a time-
transformation approach [79-81]. This approach maps directly the input electric field to the output
one, without making the slowly varying envelope approximation as done for the other methods.
Among all these semi-analytical methods, only the variational approach can be used in any system
beyond the cases of the solitons (speciality of the CVs approach), particle-like waves (speciality of
the moment method), and similaritons (speciality of the self-similar analysis). So, even though the
compression mechanism both in the linear and the nonlinear cases has been extensively studied, some
research paths remained to be explored :

e 10 study of the linear compression of a system under higher-order dispersion (HOD) terms as
the FOD using the variational approach were conducted. The derivation of the conditions of
its occurrence, highlighting the relations between the dispersion lengths associated to the GVD
and the FOD was missing,

e beyond the study of Capmany et al, the linear compression mechanism was known to be gen-
erated only when two even dispersion orders interact or when one of them interacts with the
chirp. It did not exist a rule that links at least two even dispersion terms with chirp in the
compression process.

e One should note that for the single GVD case, the compression mechanism was studied by Roy
et al in 2008 [8], using a MVA developed one year before [7] in promising optical waveguides
as the SOI-waveguides. Indeed, in these waveguides beyond the SPM effect, the absorption
coefficients as the TPA and the FCA should be included in the dynamics (this optical waveguide
is summarily presented in section 1.5). On the other hand, the MVA involves the RDF to
take into account the nonlinear part of the NLSE. However, the investigation of the nonlinear
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compression in these waveguides under the FOD effect was not yet conducted. Even the
impact of absorption coefficients including the chirp and the nature of the input profile on this
mechanism was missing.

e The compression process of a recent input profile introduced in nonlinear optics as the Airy
pulse was not yet studied in the SOI waveguide under the FOD effect.

Obviously, these points are not the only ones since the works presented in the present thesis are not
exhaustive. Nonetheless, they belong to those that have attracted our attention for the present study
as explained in the next sub-section.

1.2.6 Objective of the work done on the compression analysis : motiva-
tions and contributions

In the present thesis, our motivations are based on the need to bring some responses about the
shortcomings presented above. As contributions :

e we study in a linear dispersive optical medium under FOD using the variational approach, the
dynamics of the chirped pulse compression with the help of Gaussian and RC pulses in order
to highlight the phenomenon’s dependence on the input profile. Our numerical simulations to
confirm the observed features are based on 380-fs input pulses undergoing 0.00086 ps*/Km
value in the FOD.

e Then, we report the analysis of the compression mechanism for chirped femtosecond pulses
in SOI waveguides under the effect of the FOD using the MVA that involves the RDF. An
investigation of the effect of the absorption coefficients is also done.

e Our last work on the compression mechanism is based on the Airy pulses in the SOI-waveguides
under FOD using the MVA. The obtained results concern the impact of the TPA, FCA and
the SPM in the presence of the FOD.

Since in the opposite side of the temporal compression process, a spectral broadening process operates
simultaneously, reaching widths of ultra-short pulses as those of the femtosecond domain allows the
obtention of spectral widths about the order of 100 THz. Such extreme spectral broadening generally
leads to the SCG phenomenon which is presented later in section 1.4. Before, we present briefly in
the next section an overview of the FWM phenomenon which belongs generally to the whole physical
processes on which the SCG is based. The case of WDM solitons systems is specially underlined
since the FWM is well-known to be one of its deleterious factors.

1.3 Overview on FWM in WDM solitons systems

1.3.1 Theoretical and physical descriptions

In optical waveguides, there are two classes of nonlinear phenomena : those in which the waveguide
plays an active role (such as in scattering processes) and those where it is entirely passive mediating
only interaction between the different propagating optical waves. The last class of nonlinear phe-
nomena are called parametric processes. They basically require a phase-matching condition and a
modulation of a medium parameter for instance, the refractive index before occurring in the waveg-
uide [3]. In this class, belongs the FWM phenomenon. It stems from the nonlinear response of bound
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electrons of a material to an optical field. This nonlinear response is linked to the nonlinear suscepti-
bility. Considering the third-order susceptibility x3, one reaches the third-order parametric processes
as the FWM and the third-harmonic generation (THG) as an interaction among four optical waves
[3,82,83|. Concerning the FWM., its study was done soon after low-loss fibers were fabricated [84-93].
A basic theoretical illustration of the FWM can be understood from the third-order nonlinear polar-
ization in a scalar case [3] as :

4
1, )
Py, = 5 E 1 P, expli(B,z — wat)] + c.c, (1.24)

where P, (n=1 to 4), (,, w, and c.c represent the polarization component of the (n)th optical field,
its propagation constant, its harmonic frequency of oscillation and the conjugated complex part of
Eq. (1.24), respectively. Considering the continuous waves (CWs) case, the total electrical field
including the four optical fields linearly polarized along the x-axis and oscillating at frequencies wy,
wsy, wy and wy4 can be written as :

4
1. .
E= 5t ngl E, expli(fnz — wpt)] + c.c, (1.25)

Since the relation between Py, and E is defined as Py = €ox*:EEE, the polarization P, is therefore

a mixing of E,. The tensorial product ’*’ correspond to x® related to the electric field components
EEE |3]. It is expressed with many terms involving the crossed products of three interacting fields.
Note that, the constant gy is the electrical permittivity of the vacuum. Taking for instance the
component P, one obtains :

30 -
=0 I8P 4 208 + 1B + P B
(1.26)
+ 2E1E2E3 eXp(Z.HJF) + 2E1E2E§ exp(i@,) + },
where 6, and 6_ are given by :
3 3
0 =D Bu— Bz — (O wn —wilt,
n=1 n=1 (127)

0 :(ﬁ:‘i' Po — B3 — 54); — (w1 +wy — w3 —wy)t.

The crossed terms in Eq. (1.26) including 6, and 6_ are those related to the FWM /THG phenomenon
while the first four terms are linked to the SPM and XPM.

The phase mismatch between E, and P, governed by Eq. (1.27) should nearly vanish and a phase
matching condition should be realized to the occurrence of the FWM /THG. From quantum mechanic
theory, FWM occurs when photons from one or more waves are annihilated and new photons are
created at different frequencies such that the net energy and momentum are conserved during the
parametric interaction [3]. There are two types of the FWM process according to Eq. (1.27) (as can
be seen in figure 1.11) : the first type 6, is obtained when three light pulses transfer their energy to a
single fourth photon (the degenerate case corresponds to the THG phenomenon) and the second type
f_ is concerned when two photons are annihilated while two new other are created simultaneously.
For the case 6_, one has w3 + wy; = w; + wo. The phase-matching condition for this process to occur
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Figure 1.11: (a) case of 6, (b) case of 0_.

correspond to the wave-number mismatch Ax =0 as :

Ak =B + B2 — B5 — Bu,

1.28
:(ﬁlwl + ﬁg(x)g — ﬁg&)g — T~L4W4)/C, ( )

where 7; is the effective mode index at the frequency w;. Physically, it manifests as a strong pump
wave at w; creates two sidebands located symmetrically at frequencies w3 and w, with a frequency
offset (or frequency shift) :

Qy = w1 — W3 = Wy — ws. (1.29)

If we assume that ws < wy and w; = wy, the low-frequency sideband at ws refers to the Stokes
component of FWM while the high-frequency at w; corresponds to the anti-Stokes component of
FWM [3]. Rigorously, the mismatch of Eq. (1.28) has other contributions beyond the only material
dispersion one. There are also waveguide dispersion (A p) and nonlinear effects (Axyg) :

Ak = Akyp + Akwp + AkNE, (1.30)
where Aryp is defined by Eq. (1.28) and the two last contributions are defined as :
Akwp = [Anzws + Angwy — (Ang + Ang)w|/c, (1.31)

and
Akyg =v(Py + P3). (1.32)

where P} and P} are the peak pump powers. The parameter An; is the change in the material index
n; induced by the waveguiding [3].

In brief, the physical principle of the FWM is the transfer of energy from the pump to new waves.
If the pump is constituted by two symmetric waves (w1 = —ws), the transfer of energy goes to the
two new waves upshifted in frequency (anti-Stokes component) and downshifted in frequency (Stokes
component). The general phase-matching condition in this case is given by the relation [3]:

> %Qk +2vPy = 0, (1.33)
k=2 ’
with 2, = w; —w, being the frequency offset between the signal frequency wy and the pump frequency
Wp-

1.3.2 The FWM analysis in WDM soliton systems based on the ABCJS
approach
The WDM technic which consists to send many signals in a single optical fiber has increased

the usefulness of the transmission of data [1,3,94-98]. This has become one of the most impor-
tant techniques for high speed and high capacity requirement of optical fiber transmission systems.
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Figure 1.12: Design of the WDM principle based on SMFs. The role played by the Multiplexer and the Demultiplexer
devices, is to mix and separate the wavelength channels respectively. The pre-, post and in-line compensators serve as
signal regenerator (management of the dispersion link).
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Nowadays, it is well-known that FWM creates deleterious effects on WDM and dense WDM com-
munication systems [1,3,99-103]. Many technics were previously investigated in order to reduce or
to quite cancel these effects such as dispersion management (DM) technic [103-107], an experimental
grouping wavelength method [108|, the use of weak random dispersion in second term of dispersion
[109,110] and recently in frequency-division multiplexing systems [111]. The researchers Ablowitz,
Biondini, Chakravarty, Jenkins and Sauer developed in 1996 a mathematical approach that describes
the anti-Stokes component evolution of the second-type FWM in SMFs through the interaction be-
tween two fundamental soliton-like fields in a lossy WDM systems with periodically spaced amplifiers
[99]. This approach is named as the ABCJS approach in the next. Basically, this approach starts by
the following assumption : in a WDM solitons system involving two symmetric soliton-like pulses £
and Fs, it appears two components for the FWM as Ej12 (Stokes component) and Fa; (anti-Stokes
component). These waves oscillate at the frequencies : Qq, Qa, Qq12 and Qg9 respectively. One
can define 2y = Q) and Q; = —y for the symmetry. The frequency offset 2 describes the shift
between the central frequency wy and the corresponding component of the main pump. So, the main
pump Epy,y is constituted by E; and FE,. Therefore, the total field propagating within the optical
waveguide is written as :

E = Epump + EFW]\/[- (134)

This is the form of the field which is injected inside the NLSE modeling the system. For instance,
for an anomalous GVD system of [99], we have the dimensionless equation :

ou 10% )
i+ - = 1.
where u is the dimensionless form of £ and ¢(z) the amplification function defined as :
g(z> = Imaz €XP [ - QF(Z - nza)]' (136)

We have g4 = 2I'2,/[1 — exp(—2T'z,)] with z, the dimensionless amplifier spacing and n the actual
amplifier node. The parameter I' is the dimensionless losses coefficient. One obtains after this
operation, four dynamic equations that describe each wave. These equations includes both the SPM
and the XPM effects between the four interacting pulses. However, for the FWM Stokes and the
anti-Stokes components one should neglect the small terms such as those of SPM and XPM including
these components. For the anti-Stokes component (ASC), we have :

Ougg 1 82U221
0z 2 0t?

+g(2)uzuy =0, (1.37)
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Figure 1.13: Plot of g(z) versus z : a periodical evolution with the period z,, (©-2001, University of Colorado at
Boulder, from [103]).

where 1997 represents the dimensionless form of Fyo;. The input pulses are in the form :

A2 Q2
uy = Agsech(Axt) eXp(iTkz) exp [i(Qut — 7’“2)}, k=12 (1.38)

where Ay is the dimensionless amplitude of the corresponding pulse. One takes the ASC with a
rapidly varying-piece as :

02
Upa1 = H(z,t) exp [i(30 — 72)} (1.39)
Introducing Eq. (1.39) into Eq. (1.37) leads to an equation for the amplitude H(z,t) as :
OH 1.0°H  0H N 35
g, T 5[ 5z T 6295 —2(2Q)°H| = —g(2)u3u; exp [i(—3Qt + 72)} (1.40)

The study of the ASC growth in the system, consists to determine the function H(z,t) and to draw
its evolution following the propagation distance. In the reduced model of the study, one should
assume that the partial derivatives in the time domain of Eq. (1.40) are nearly equal to zero. Then,
one integrates the obtained ODE of H(z,t). It leads to :

z QQ

H(z,t) =iexp (—1i(20Q)%z) / g(z")uzu; exp [i(—3Qt + 7Z/>]d2/. (1.41)

—00

The phase-matching condition (PMC) on the frequency offset €2, for the occurrence of the maximal
FWM ASC values is obtained when one considers the harmonic mismatch of the integral in the
right-hand-side (RHS) of Eq. (1.41). One obtains [99] :

=L /2 _ 4 (1.42)
2 Za

with A, = A (k=1,2). In the full model, one should consider the whole equation (1.40). The method
uses the Fourier transform before making the integration on H(z,w) (the Fourier transform of H(z, 1))
to reach its spectrum in the frequency domain :

H(z,w) = i exp (_—qu(w, Q)z —iw(Qz — TO))sech(E) exp(XZeotl)
2w 2 2A (1.43)
T Y X '
x /OO 9(z1(y, ) exp [ige 7yl dy,
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where ¢(w,Q) = [w? + 6wQ + 2(2Q)%], x = (4% + ¢(w,?)), zeu the position of the collision
between u; and us leading to the ASC, I(z,s) = [cosh(z) + issinh(z) — exp(isz)]/sinh*(z) and
y = 2A(Qz — Ty). One assumes that T, = Tp. figure 1.14 shows a result of the collision between
two soliton-like launched pulses in a basic WDM soliton system under the ABCJS approach. At the
propagation distance z = z.,y, one observes the appearance of FWM components at both the two
extreme sides of the emerging waves. Beyond the system under damping and amplification studied

Figure 1.14: Two-soliton collision under damping and amplification described by the ABCJS approach and leading
to the generation of FWM components (©-1996 OSA, from [99]).

in [99], the ideal system was studied under this approach one year later [100]. Other works based on
this ABCJS approach followed describing the FWM in WDM soliton systems with methods to cancel
its crosstalk [103-105,109-110|. The study of effects of higher-order dispersion terms on the FWM of
the first type has been done by Singh et al [112] based on earlier works of Inoue et al [112,113]. They
showed that the combination of HOD terms leads to a FWM power reduction.

However, coming back to the theoretical analysis discussed in the previous sub-section, one can
consider the FWM as rather a beneficial phenomenon. Indeed from Eq. (1.28) to Eq. (1.33),
another situation in which an idler signal at ws is launched with the strong pump w; = ws, leads
to the amplification of the initial idler signal while another one is created at w4. Such amplification
implying a parametric gain is used for several useful FWM applications.

1.3.3 FWDM as a beneficial phenomenon

The FWM has been discovered to be useful. As examples, one can quote the measurement of
the third-order nonlinear-index assuming a FWM-Based technic, FWM-Based ultrafast switches, the
measurement, of the ratio of the TOD over FOD coeflicients, making parametric oscillators, ultrafast
signal processing, FWM-induced quadrature squeezing, wavelength conversion, phase conjugation,
the SCG phenomenon (which is the aim of the section 1.4)... [3,88-98]. We consider for example
one of the quoted applications above such as the case of SCG. Indeed, taking into account the
spectral aspect of the dynamics within an optical waveguide as a SMF, the FWM as discussed
earlier generate new frequencies beyond the initial launched ones leading to an extended spectral
picture. If the generation of the frequencies is done with the participation of others phenomena that
also contribute as the scattering processes one can obtain extreme broadband spectra so-called SCG
which has several applications in optics. For instance, considering the generation of new frequencies in
the FWM phenomenon in a nearly ideal WDM solitons system of the ABCJS approach one observes
nine spectral components induced by FWM from the interaction between three launched solitons (see
figure 1.15). The extension of this frequencies generation to the SCG, can lead to spectral pictures
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Figure 1.15: Frequencies generation in the FWM process after the interaction between three soliton-like pulses. The
inset shows the location of the soliton contributions ((©-1996 OSA, from [100]).
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Figure 1.16: Frequencies generation in the SCG process after the pumping of a pulse within a highly nonlinear fiber
(this phenomenon is presented in the next section). One observes a broadband spectral picture which takes place
progressively following the propagation distance ((©-2010 J. Dudley & R. Taylor, from [114]).
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as shown in figure 1.16. Further details and literature about FWM applications can be found in refs.
[1,3,114].

1.3.4 Limits of the FWM analysis

As discussed in the previous sub-sections, the FWM has been extensively studied. However,
as far as the second type of the FWM process is concerned, the effects of HOD have not yet been
considered in WDM soliton systems of SMFs using the ABCJS approach. In fact, since it has been
shown that FWM creates new frequencies in the optical system, it is therefore a detrimental factor
for communication applications such as WDM systems. It is necessary to investigate the dynamics of
the generation of its components in order to operate their cancelation. In this point of view, WDM
solitons systems near the ZDW have not yet been investigated. We present in the next sub-section
our contribution assuming this missing investigation.

1.3.5 Objective of the work done on the FWM analysis in the WDM
solitons system : motivations and contributions

The main purpose of the work done on the FWM analysis in the WDM solitons system in this
thesis, deals with SMFs modeled by the NLSE including an additional TOD term through the ABCJS
approach. We remind that the case of the NLSE with TOD is considered when the optical system
has a vanishing GVD or uses high intensity peaks (short and ultrashort pulses) [1,3]. Analytical
treatment of the model is based on the propagation of the ASC in the case of gain/loss. We compare
the single TOD case with the combined GVD-TOD case (where a residual GVD is considered) and
bring out the differences linked to the PMCs and the amplitude growth of the FWM components.
The SCG being found to have the FWM as one of the numerous nonlinear effects that participate to
its achievement, we present an overview in the next section of this phenomenon.

1.4 Overview on SCG

1.4.1 Theoretical and physical descriptions

The SCG phenomenon is a well-known nonlinear process today since it has been observed in bulk
glasses for 200-THz light pulses [3,115]. The trend aroused has led on many works where the SCG
has been extensively studied especially with the advent of the PCFs and tapered fibers (TFs) that
overcame the limitations of the usual fibers because of their high malleable dispersive and nonlinear
properties [1,3,13,28,115-147|. The possibility of designing the dispersive and nonlinear properties of
these optical waveguides has made them as the best tools to realize the SCG process. To achieve
the SCG, highly dispersive and nonlinear waveguides are required, it allows the injected optical
pulses to excite these effects and therefore to undergo a large spectral broadening with the dramatic
generation of side-components due to the transfer of energy from the central part of the spectrum
to the pedestal part. Such extreme broadening can lead to a high temporal pulse compression as
discussed by Gusakov et al [122], Schenkel et al [134]... . The combination of dispersive effects with
a multitude of nonlinear effects such as SPM, XPM, FWM, stimulated Raman scattering (SRS) ...,
leads to generation of new frequencies within the pulse spectrum so that it extends over a frequency
range exceeding 100 THz. The properties of the optical waveguide in which a launched pulse is
propagating in order to lead to the SCG phenomenon are very important. Sure enough, both the
linear properties as the dispersion and the nonlinear properties as the CKN are necessary for the
SCG efficient occurrence. We present basic descriptions of optical waveguides used for SCG.
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Highly nonlinear optical waveguides

A PCF is basically the best tool to create a good SCG process. It could be illustrated as shown in
figure 1.17. The periodic nature of the air holes becomes important in the so-called photonic bandgap

Cladding

Air hole
Silica

Figure 1.17: Diagram of a PCF or microstructured fiber. The parameters d and A represent the hole diameter and
the pitch, respectively.

(PB) fibers in which the optical mode is confined to the core by periodic variations of the refractive
index within the cladding. The core of such fibers often contains air to which light is confined by the
PB [3]. This design allows to reach high values of nonlinearity when the air in the core is replaced
with a suitable gas or liquid. Figure 1.18 shows some experimental PCFs.

The main nonlinear mechanism of the pulse splitting achievement leading to the SCG process is the

(b)

525550250888
X OO X X X X XX
Xr L1

Figure 1.18: Some PCFs : Small core extruded PCF ((©-2004 OSA, from Ebendorff-Heidepriem et al see [114,148]),
(b) Single mode tellurite PCF with extremely large mode area ((©-2008 OSA, from Feng et al see [114,149]), (c)
Preform structure created by drilling (©-2004 IEEE, from Feng et al see [114,150]), (d) a Hollow core PCF fabricated
by Blazephotonics, image realized in the FEMTO-ST institute of the university of Franche-Comté, France ((©)-2004
FEMTO-ST institute, from [151]), (e) zoomed picture of (d).

solitonic fission (SF) [114].

The SF mechanism

The SCG occurs as a perturbation of HOS by HOD terms and high degree of nonlinearity of the
medium. This implies that the SCG was firstly understood as a phenomenon which accompanies
the solitons dynamics and so occurs in the anomalous dispersion regime of optical waveguide [137].
This HOS breaks into its fundamental components through the SF mechanism. Furthermore, the SF
process appears at the start of HOS propagation in the medium, when the soliton spectrum extends.
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The Raman scattering or HOD can perturb the constituent fundamental solitons of the main soliton
signal, leading them to move with different group velocities, and therefore to split apart.

The SF process can be investigated, by considering the propagation characteristics of an ideal HOS
as the 3-OS drawn in figure 1.9. In this case, the injected 3-OS evolves periodically as illustrated
in this figure. In the femtosecond regime, HOD and Raman scattering are the two most significant
effects that can perturb such ideal periodic evolution and induce pulse splitting through SF [137].
The dominant effect depends on the input pulse duration. The Raman effect dominates generally
for input pulses exceeding 200 fs while for pulses of duration less than 20 fs, it is the HOD which
dominates. So, for the two effects to operate in a balance manner in the SF process of the SCG,
durations cover usually the intermediate range. The study of the SCG phenomenon through the SF
mechanism has been extensively done this last decade [114,121,125-127,131,137,138,142,144|. Nearly,
the whole aspects on SCG driven by SF were investigated in these works. Among these aspects,
appear the emission and shedding of waves or radiations from the solitons which are themselves
initially emitted from the SF mechanism. Figure 1.19 presents an illustration of the SF mechanism

(a) Spectral Evolution (b)) lemporal Evolution

I s L IR
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Distance ()
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Wavelength (rm) Time (ps)

Figure 1.19: Tllustration of the SF mechanism in the SCG phenomenon : results from numerical simulations showing
(a) spectral and (b) temporal evolution for Raman induced fission of an incident 1.25 kW launched 3-OS. Top curves
show the output profiles after 0.5 m propagation. ((©-2006 APS, from [137]).

obtained by Dudley et al [137]. The SF mechanism in the temporal evolution of the 3-OS leads to
a spectral broadening of the SCG. Some waves or radiations are emitted in both the time and the
spectral domains. These features are briefly presented below.

Nonsolitonic radiation (NSR) or Cherenkov radiation, dispersive waves (DWs)

The SCG phenomenon occurring in the SE mechanism is generally accompanied by the emission
of waves such as the Raman solitons (RSs), and DWs... . The RSs are obviously the sub-pulses
stemming from the Raman induced SF while the DWs are the light shedding from the initial soliton
in the right side of the time domain picture (see figure 1.20). The radiation assembling the DWs,
is emitted at a frequency at which its phase velocity matches that of the soliton. This radiation is
known to be the Cherenkov radiation or a NSR similarly to those emitted by charged particles in a
bulk medium [3]. These DWs are naturally due to the dispersive properties of the optical waveguide.
So, SCG-Based optical waveguides with strong chromatic dispersion profile (CDP) lead to strong
DWs which however occur with the satisfaction of a PMC as extensively discussed in [3,152-155] :

- ﬁk ( 1 2
—————(wpw —ws) = =(2N — 1)?, (1.44)
X i) :
where wpy and wg are the carrier frequencies associated with the DW and the soliton, respectively.
Another solitonic feature known as the MI has been found to conduct to the SCG phenomenon
beyond the SF mechanism.
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Figure 1.20: Tlustration of the emission of DWs in a SCG process : (a) Low-amplitude pedestal in the form of
DW, (b) NSR in spectral domain under two zero-dispersion conditions where FOD is dominant. ((©-2011 CURRENT
SCIENCE, from [155]).

The MI mechanism

It is a well-known process today for the achievement of pulse trains generation (PTG). In nonlinear
optics, it refers to the modulation of the steady state as a result of an interplay between the dispersive
and the nonlinear effects. In other words, it is a destabilization mechanism for plane waves in an
exponential manner. Since the earlier studies on the MI in 1960s [156-161], the investigation of the
MI mechanism in various media and systems, has been reported and summarized in several papers
and books [162-195]. Generally at a relatively low power, it leads to periodic PTG with a period of
27 /Qopt where Q,,; refers to the OFs of the MI process [3]. The OFs are given as a phase matching
condition of the FWM related with the MI mechanism. It is described by two pump photons at
the frequency wg, one Stokes photon at wy — €2, and one anti-Stokes photon at wy + €2. In this
view, it is often seen as a manifestation of a wider set of nonlinear processes described by the FWM
[114,137,144]. Recently in 2009, Tiofack et al investigated the MI mechanism in a complex generalized
Ginzburg-Landau system showing that the TOD does not intervene in the MI gain while the GVD
and the FOD play an important role in this mechanism [189]. Furthermore in 2010, Dinda and
Porsezian [190], studied the impact of the FOD on the MI spectra in a cubic nonlinear saturated
media. Confirming the previous result of the independence to the TOD, and underlining the role
played by the FOD parameter, they found that in saturated glass fibers having a negative sign of the
GVD and a positive sign of the FOD, the two types of the MI mechanism are highly sensitive to the
FOD magnitude. One year later, investigating a highly nonlinear system, Erkintalo et al [193| used
the breather solution of Akhmediev and showed how a suitable low frequency modulation on a CW
field induces higher-order MI splitting with the pulse characteristics at different phases of evolution
related by a simple scaling relationship. Even the birefringent mono-core and two-core fibers have
been investigated [168,169,179,191,192,194].

In the highly nonlinear media and in the high peak powers cases, the MI mechanism generally extents
beyond the PTG process leading to the SCG phenomenon [114,135,137,138,142,144,145,196]. In this
case, the MI brings out a multisoliton generation and a collision process whose added with the Raman-
induced self-frequency shift (RIFS) cause the dramatic spectral broadening and the generation of a
train of narrow high-intensity RSs. The condition in which wether the SE or the MI dominates in
the SCG phenomenon was presented by Travers [144] :

T, N
T]V[I \/§7T7
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Figure 1.21: Evolution of a weakly modulated cw leading to higher-order MI ((©-2011 APS, from [193]).

where Ty = 27/Awyyg is the MI period and wy; = (27Py/|f2])Y/? is the modulation frequency
[197]. The MI occurs if its period is sufficiently smaller than 7y. When the SEF occurs, the MI does
not exist. The cutoff for the SF mechanism has been found numerically by Genty et al [198] to be
closer to N ~ 15. The MI FWHM is approximately Th;;/5 [114,199]. Fig. (1.22) presents a SCG
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Figure 1.22: The SCG phenomenon from the development of MI using a 20 W pure CW pump laser (©-2010 J.
Dudley & R. Taylor, from [114]).

picture obtained from the MI mechanism. It shows the dependence of this process on the length of
the waveguide even in the MI case. The SCG spectrum becomes broad as the distance of propagation
increases.

1.4.2 Improvement of the SCG phenomenon : spectral bandwidth en-
hancement

After the discovery of the SCG process, many works were conducted to improve its efficiency
in nonlinear optics in two aspects : the enhancement of the spectral bandwidth obtained and the
achievement of its flatness inducing a spectral coherence.

Based on the waveguide properties

The performing of the optical waveguide for the efficient achievement of the SCG phenomenon was
the first approach developed [1,3,114,137,144]. The waveguides with a high degree of nonlinearity and
strong CDP were investigated. The PCFs whose the possibility of designing the CDP and nonlinear
properties has made them as the best tools to realize the SCG process. Designing characteristics of the
PCFs as the effective core area, the ratio between the pitch and the hole diameter, the length ..., can
properly enhance the nonlinearity and the ability of the waveguide to lead to ultra-large broadband
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Material Si049 | Tellurite | Lead Si0Oq | BiaOs | AsaSs | AsySes Si
noM (x10720 m2Ww 1) | 2.7@ 25() 414 32 ~ 300 | ~ 1100 | 500 ~ 600
Ay (Wtm=1) 0.06 0.048 1.9 1.3 10 93.4 ~ 100
a® (dB/m) 0.001 - 0.3 2~3| 5 60 25
TPA(™ - - - - yes yes yes

Table 1.1: Comparison of properties of some materials ((©-2007 AP, from [3]; ©-2010 J. Dudley & R. Taylor, from
[114)).

spectra of SCG [3]. On the other hand, materials with large values of nonlinearity were also studied
in order to use them in the classical PCFs instead of the basic silica material. Today, some other
materials that provide large values of CKN coefficient are known and used in the place of silica. In this
category of materials one can quote heavy-metal-doped oxide glasses, semiconductors materials as the
silicon material, semiconductor doped glasses, polydiactylene toluene sulfonate (PTS), chalcogenide
glasses (AsoS3, AsaSes), tellurite glasses, fibers based on bismuth oxide ... [3,114].

However, as seen in table 1.1 some of these materials introduce other effects as nonlinear saturation,
higher-order nonlinear effects, nonlinear absorptions ... . It was therefore a challenge to manage the
advantage taken on the high degree of nonlinearity against the deleterious ones raised simultaneously
within the waveguide. In 2007 Yin and Agrawal studied the case of SOI-waveguides showing that
they can be used to create SCG spectra extending over 400 nm by launching femtosecond pulses as
HOSs through the SF mechanism [200]. The impact of absorption coefficients as the TPA and the
FCA was highlighted. Furthermore, they showed that the TPA reduces the spectral bandwidth of
the SCG without an effect on its flatness. The free carriers generated during the SCG process were
found to have a negligible impact on the pulse. So, neither the SRS nor FCA plays a significant role
during the SCG process in SOI waveguides. Therefore, these ones were considered as other suitable
tools to generate efficient SCG as confirmed by Wen et al in 2011 [201e|, Castell6-Lurbe et al in 2012
[202a], and Cao et al in 2015 [201g].

On the other hand, some kinds of PCFs that replace in the central core region rather a liquid were
modeled [145,203-206]. The advantage to use a liquid material within the core region of the PCF
consists to some special properties among which one could have large nonlinearity, ultra-flattened
dispersion, broadband single-mode guidance, high birefringence, very small effective areas etc. Such
PCFs are called LCPCFs.

Based on the physical mechanisms

Another approach consists to improve the efficiency of the SCG phenomenon by using the features of
the physical mechanisms on which it is based. For example, in 2002 Nikolov et al [130] demonstrated
the improving of the SCG phenomenon through the degenerate FWM. Several other works followed
this approach as discussed in [114,137,144].

Based on the pulse characteristics

1. the peak power or energy
Basically, the increase of the peak power enhances the Kerr effect [3,198]. So, it improves the
SCG phenomenon. However, there is a serious difficulty to use laser sources with high powers
in practice. On the other hand, they are expensive. Furthermore, the heating due to the use
of such lasers damages the waveguide. Therefore, this approach is not the best one to improve

0 Nonlinear refractive index, 2determined at 1.06 pm, 3determined at 1.06 wm, *determined a 1.05 pm, *CKN
coefficient, Slinear loss, “two-photon absorption
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the efficiency of the SCG phenomenon. One should make the economy of energy. In this point
of view, this approach is often avoided when possible. Other paths are explored in this case.
The best method or approach to improve the SCG consists to do so without the need of high
energies/powers ie an efficient achievement by reducing at the maximum the pulse energy.

2. the pumping wavelength
There is a great challenge to find the suitable laser source that emit light in the proper wave-
length region for the achievement of the SCG process. Since the SF mechanism drives the SCG
phenomenon, the anomalous dispersion regime which is the fundamental field of the solitonic
properties, is therefore more indicated for the obtaining of the broad spectra of SCG [137]. How-
ever, even the normal dispersion regime is suitable for the achievement of the SCG [207,208|.
Making a proper choice of the pumping wavelength is therefore relevant to the achievement of
the SCG. In the normal dispersion regime, the interaction between the SPM and the normal
GVD dominates the dynamics in the SCG. Bringing the pumping wavelength closer to the
ZDW of the waveguide CDP transfers the energy into the anomalous GVD regime. Figure 1.23

Figure 1.23: Choice of the pumping wavelength influencing the spectral bandwidth of the SCG. The dashed white
line correspond to the ZDW of the waveguide. ((©-2006 APS, from [137]).

shows the influence of the pumping wavelength on the SCG spectrum.

3. the pulse duration
As observed in figure 1.24, Dudley et al [137] showed the dependence of the SCG phenomenon
to the pulse duration. Reducing the pulse duration also decreases the spectral bandwidth and
distorts its spectrum.

4. the pulse shape
Considering the pulse shaping approach in the improvement of the SCG spectra, the over-
whelming majority of prior studies utilized intense optical pulses with symmetric and compact
temporal profiles such as Gaussian or hyperbolic secant pulses. There have been several reports
on the optimization of SCG via pulse shaping. However, the asymmetric profiles have also been
investigated but more recently. Indeed, using the Airy pulses Ament et al [18], both experi-
mentally and numerically, studied the quality of the SCG spectrum in terms of the interaction
between the dominant peak and the oscillations tail through the soliton-dispersive-wave pairs

Lucien M. Mandeng, PhD thesis (©-2015 56



Laboratory of Mechanics, Department of Physics, Faculty of Science, U.Y.I

400 8
Wavelen

Figure 1.24: Influence of the SCG spectral bandwidth by the pulse width (©-2006 APS, from [137]).

features in a PCF. Moreover in 2012, Castello-Lurbe et al [202a] suggested that the preshaping
of the input pulse with the correct skewness (in terms of asymmetry) compensates the delete-
rious effect of the FCA which was assumed to highly affect the trailing edge of the propagating
pulse in silicon waveguides. Then, the SCG phenomenon in terms of spectral broadening was
enhanced cause of this operation. More recently in 2014, the influence of steepness of pump
temporal pulse profile on spectral flatness and SCG coherence in all-solid PCFs with flattened
normal dispersion has been studied by Klimczak et al [202b].

5. the chirping process
Considering the pulse chirping process, it has been shown earlier that the positive chirp increases
the spectral bandwidth of the SCG [137,201]. This effect is better than the one of the negative
chirp as discussed in [201,209].

Noise and coherence of SCG spectrum

The SCG spectra are accompanied by noise induced by the multitude physical processes that
intervene [3]. The sensitivity to noise of SCG in both SMF and PCF has been reported by a number
of authors [137]. In fact achieving broadband spectra is not the only necessity, there is also the
coherence which is important. A spectrum which is enough incoherent, is not useful in practical
situations ie a spectrum which is highly distorted by noise does not serve in applications. So, it
is necessary to obtain broadband spectra but they should be also the most coherent as possible.
One can appreciate the coherence of a SCG spectrum through the observation by considering its
distortions or its flatness. Spectra which are more flattened, have a high probability to be more
coherent than those which are highly distorted and less flattened. Rigorously, the spectral coherence
of the SCG has been found by J. M. Dudley and S. Coen [129] to be measured through the modulus
of the complex degree of first-order coherence which is defined at each wavelength in the SCG by :

(ET(A 1) Ea (A t2))
|E1(A )2 ([ Ba (A, t2)[2) |

(1)

g1 (A 1 — )| = < (1.46)

Here the angular brackets denote an ensemble average over independently generated pairs of SCG
spectra [E1 (), t), E2(), t)] obtained from a large number of simulations, and t is the time measured
at the scale of the temporal resolution of the spectrometer used to resolve these spectra [3,129,137].

Lucien M. Mandeng, PhD thesis (©-2015 o7



Laboratory of Mechanics, Department of Physics, Faculty of Science, U.Y.I

1.4.3 Applications of the SCG

The SCG phenomenon provides light sources with broad spectral coverage. It also provides spatially
coherent radiation and can provide ultrashort pulses with large compression factors. The SCG can
lead to the spectral versatility of lamp based sources with the advantages of laser radiation, including
higher brightness for improved signal-to-noise measurements and ultrashort pulse operation. Using
the SCG allows to avoid the complexity and costs associated with tunable visible laser systems that
typically involve mode-locked lasers with second harmonic generation (SHG) or optical parametric
generation [114]. The SCG phenomenon has several applications in nonlinear optics and other fields
using the light. These applications encompass domains like optical telecommunications, photonics,
biophotonics ... . For example, the SCG output could be used in optical telecommunications as a
multichannel telecommunications source (SCG-Based WDM sources) [1]. In a 2000 experiment, the
supercontinuum-based WDM technique was used to produce 1000 channels with 12.5-GHz channel
spacing [210]. SCG can also be useful in applications as nonlinear spectroscopy, optical coherence
tomography, optical frequency metrology, biophotonic microscopy ... [1,114]. The figures 1.25 and
1.26 present some SCG-Based experiments in spectroscopy and in biophotonic microscopy, respec-
tively [114]. In figure 1.26, the diagram presents a generalized schematic for multiphoton fluorescence

Figure 1.25: A SCG-Based experiment in spectroscopy : (a) Photograph and (b) experimental layout of a compact
multidimensional spectrofluorometer based around a commercially available all-fibre SCG source ((©-2010 J. Dudley
& R. Taylor, from [114]).

microscopy with a SCG source, including an optional pulse compressor stage [114].
Further details and informations about the description of the presented experiments and other
applications of SCG can be found in [1,114].

1.4.4 Limits of the previous works on the SCG analysis

Despite the great effort done these last decades in the study of the MI and the SCG phenomenon
resulting on the several works, research papers, proceedings, and books, in the best of our knowledge,
it still remained several paths both in the experimental and the theoretical aspects among which one
can quote the following points :

e since the MI mechanism is a mean to reach to the SCG phenomenon, we have found necessary
to highlight a query on its occurrence for chirped femtosecond pulses propagating in a medium
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Figure 1.26: A SCG-Based experiment in biophotonic microscopy using a SCG source (©-2010 J. Dudley & R.
Taylor, from [114]).

It is
have

as silicon waveguides. Indeed, an investigation about the influence of the absorption coefficients
present in this kind of medium was missing.

Even the investigation of SCG phenomenon in an optical waveguide modeled by the higher-
order nonlinear Schrodinger equation with non-Kerr terms using subnanojoule femtosecond
pulses.

The question of the propagation of chirped FEAPs in highly dispersive SMFs was still opened.

Another study that was missing, concerned the SCG through femtosecond nJ-Airy pulses in
the C'So-LCPCFs under the influence of the initial chirp,

A modeling that includes the TPA, the THG and the NFK effects was also found to be an
interesting opened question considering the SCG analysis in SOI-waveguides.

worthy to notice that these paths belong to the theoretical aspect and are the only ones that
attracted our attention in the work presented in the thesis. And so, they are not exhaustive.

1.4.5 Objectives of SCG analysis : motivations and contributions

In the thesis, our contribution can be described as follows :

concerning the MI analysis, we investigate the SOI-waveguides under FOD. In the PTG, we
have chosen to investigate different input profiles for comparison. The effects of the input
profile, chirp and absorption coefficients are highlighted.

Then, we take an interest to the SCG phenomenon, using femtosecond pulses in the sub-
nanoscale of energies through the generalized nonlinear Schrodinger equation that includes
non-Kerr terms. We compare the effect of cooperative nonlinearities on the spectral band-
width, with the one of the competing nonlinearities.

We also analyze the role played by the pulse’s shape asymmetry and the initial chirp on the
propagation in highly dispersive SMFs. The A.I mechanism induced by the competition between
the initial chirp and the GVD, pulse amplification and stabilization are examined.

We study numerically the SCG in the CSy;-LCPCFs using femtosecond Airy and sech-type
pulses in the nJ scale of energies.
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e Finally, we analyze the SCG in SOIl-waveguides that includes both the THG and the NFK
terms.

In the next section, we describe briefly the optical waveguides that are modeled in the different
systems studied in the thesis.

1.5 Description of the optical waveguides studied in the thesis

1.5.1 SMFs

These optical waveguides have been described extensively in several books and research papers.
The glass waveguides are fabricated with pure silica, to get low-loss optical fibers [3]. Generally, one
illustrates the optical fibers by a central glass core surrounded by a cladding layer whose refractive
index no is slightly smaller than that of the core n;. The schematic illustration of the cross section
and refractive index profile of a step-index fiber is given in figure 1.27. One distinguishes depending
on the index profile step-index fibers and the graded-index fibers (see figure 1.28). Concerning the

JACKET
CLADDING

RADIAL DISTANCE

Figure 1.27: Schematic illustration of the cross section and the refractive-index profile of a step-index fiber. (©-2007
AP, from [3]).

number of modes available within a fiber, the relative core- cladding index difference A and the V
parameter respectively given by the following relations :

A :m — ng’
N2
S (1.47)
V :)\—0 nl — TL2,

allow to distinguish the multimode fibers (large values of a about 25 um and V>>2.405) to the single-
mode fibers (small values of a as those inferior to 5 ym with A ~ 0.003 and V<2.405). Note that
the parameter )\q is the wavelength of the input light. The commonly used fibers in long distances
optical applications are the SMFs. In addition, the nonlinear effects are mostly studied in this last
kind of fibers. Our study on the FWM mechanism is based on a SMF near the ZDW in WDM
solitons system.
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Step-index single mode fiber Step-index multimode mode fiber Graded-index multimode mode fiber

Figure 1.28: Diagram of different index profiles : (a) step-index single mode fiber, (b) step-index multimode fiber,
(c) graded-index multimode fiber.

1.5.2 SOI-waveguides

Considering the SOI-waveguides, they are based on the silicon material which is one of the
fundamental materials in the semiconductor industry. On the other hand, the interest aroused by
the SOI-waveguides is due to the advantageous properties in the mid-infrared spectral region useful
for the current photonics devices applications, even in the SCG process, and active opto-electronic
components |7,8,200,201¢,201g,202a,211-216]. The widely used SOI-waveguides may take the form
of a channel waveguide, ridge waveguide, photonic-crystal waveguide, or slot waveguide, as shown in
figure 1.29 [217]. The particularity of SOI-waveguides is the necessary inclusion of the absorption

Figure 1.29: Four configurations for making waveguides in silicon: (a) Channel waveguides; (b) Rib waveguides; (c)
Photonic-crystal waveguides; (d) Slot waveguides ((©-2005 IEEE, from [217]).

coefficients as the TPA and the FCA in the study. They are known to have an important role in the
analysis of pulse propagation within the SOI-waveguides.

The interest aroused by silicon-based (Si-based) optical devices also crosses the nanophotonics tech-
nologies and these achievements have opened up the possibility of signal performing in the field of
signal processing functionalities at chip scale with relatively low optical power [202a]. The Si-based
components in other hand, offer the benefits of low cost and low power consumption. Typically, a
SOl-waveguide differs from a silica fiber in many aspects [200,218] : SOI-waveguides are generally
smaller than silica fibers (they rarely exceed 5 cm in practice) and silicon is very nonlinear. It is
about 200 times more than the silica as can be observed in table 1.1. SOI-waveguides have the
property to confine light within an area so small that highly enhances the nonlinear effects. In ad-
dition, the SOI-waveguides because of the crystalline nature of silicon, have some nonlinear effects
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as the stimulated-Raman-scattering which depends strongly on the waveguide geometry and mode
polarization. The SOI-waveguide studied in this thesis is a rib-like waveguide. We study the pulse
compression mechanism and the SCG phenomenon in the considered waveguide.

1.5.3 (CS,-LCPCFs

The PCFs in which the central core region is filled by a liquid instead of a solid (or the vacuum), are
the so-called LCPCFs [145,203-206a]. The nonlinear properties of such fibers are enhanced compared
with the solid/hollow core PCFs. The advantages are : a large nonlinearity, an ultra-flattened
dispersion, a broadband single-mode guidance, a very small effective area etc [145,203-206a|. For
instance, in the case where the liquid is the C'Sy, one could normally obtain a nonlinearity which
is one hundred (100) times larger than that of silica [145,206a,206b]. Such a LCPCF is called a
C'Sy-LCPCF [145]. We should note that, the use of the C'So-LCPCF in this work just fills the need
of a highly nonlinear medium without setting the problem of the practical manipulation of the C'Sy’s
liquid. Indeed, this latter is very delicate and dangerous to manipulate in practice [206¢|. In addition,
as noticed in [206d], the two-photon absorption (TPA) is a relevant limiting phenomenon that should
be considered for the C'S; material however only for the short-wavelength region 420 — 530 nm. Thus
for the experiment, another liquid could be chosen since the results are not directly linked to the
C'Sy but only on the high nonlinearity of the medium. Figure 1.30(a) shows a sketch of the LCPCF’s
diagram. The fundamental propagation mode within the LCPCF is plotted in figure 1.30(b). This
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Figure 1.30: (a) Diagram of the LCPCF studied ((©-2010 APS, from [145]), (b) Plot of the fundamental mode of
polarization within the C'S;—LCPCF).

last figure shows that the considered CS;-LCPCF has only one single axis of propagation. Thus,
there is no birefringence in the fiber.

1.6 Conclusion

In summary we have presented in this chapter, a brief overview on the pulse compression mechanism
through its physical descriptions, applications, limits in the theoretical analyses and the highlights
of our contribution in this field of research. The FWM phenomenon has also been presented. Its
basic physical description has been done, and some useful FWM-based applications were quoted.
The deleterious aspect of the FWM in WDM systems was highlighted. The FWM analysis in this
kind of communication systems done by Ablowitz et al in a mathematical approach that involves
two launched pulses in soliton-like form was described as offering interesting paths of research among
which HOD systems appear. Furthermore, a contribution in the case of TOD is presented later in
the thesis. Considering the SCG phenomenon, we have done a brief presentation, highlighting its
physical description and other features raised during its achievement. We have also presented the
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paths of our contribution on the SCG analysis. The different waveguides studied in the thesis have
been described. In the next chapter, we present the different methods used in our work.
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Chapter 2

Analytical and numerical treatments of
models

2.1 Introduction

This chapter presents the different methods used to obtain the results of the thesis. We start
in section 2.2 by the modeling of our systems that are described in general through the NLSE. In
this section, we derive the considered NLSE from the Maxwell’s equations of electromagnetism. In
section 2.3, the analytical treatments of the pulse compression phenomenon based on the MVA are
showed while the section 2.4 concerns the FWM process. We describe in section 2.5 the MI linear
analysis that allows to obtain the MI gain and PTG occurrence conditions. Section 2.6 deals with
the SCG analysis while a conclusion is done in the last section of the chapter.

2.2 Propagation modeling : the NLSE

2.2.1 Modeling of the propagation in silica fibers

Beyond the experimental study, the theoretical one consists to model rather analytically this pulse
propagation by a fundamental equation which simulates the dynamics within an optical waveguide.
This fundamental equation well-known and widely used in different forms according to the study,
is the NLSE. It has been earlier derived by Hasegawa and Tappert [38] for optical fibers, from the
Maxwell’s equations of electromagnetism [3] :

v-E=0, (2.1a)
0B
E=— 2.1b
v-B=0, (2.1¢)
1 OE oP
VxB= 20 +MOE, 2.1d)

where E, B, ¢, ¢, g and P are the electric field vector, the magnetic flux density vector, the vacuum
electric permittivity, the speed of light in the vacuum, the vacuum magnetic permeability and the
induced electric polarization, respectively. In this form, these equations belong to the specific case
where one applies the following physical assumptions :

1. in a medium as the silica which constitutes essentially the optical fibers, there is no free charges,
so the electric charge density py and the current density vector J are equal to zero.

65



Laboratory of Mechanics, Department of Physics, Faculty of Science, U.Y.I

2. This medium is nonmagnetic, therefore the induced magnetic polarization M is null.

The medium of optical fibers allows to use the relation that relates P and E far from the resonances
[3]. Combining Eq. (2.1b) and Eq. (2.1d) and eliminating B in favor of E and P we obtain

1 O’E 0*P
VXVXE=—-—— — o= 2.2
o 2 or Mo (22
The relation between P and E is nonlinear as written below [1,3] :
t
P(r,t) :50</ XVt —t) - E(r,t)dt’
t_oo t
+/ dtl/ dty - XD (t —t1,t —t3) : E(r, 1) E(r, t)
- e (2.3)

t t t
+/ dtl/ dtz/ dts

X XO(t —ty,t — ty, t — t3) B(r, t)E(r, t)E(r, t5) + )

where x*) is the k-th order susceptibility. It is generally a tensor of rank k+1. The linear suscep-
tibility x!) representing the most important parameter of P(r,t), acts in the system through the
refractive index n and the attenuation coefficient a mentioned earlier. Since the silica of optical fibers
is a symmetric molecule, the second-order susceptibility x(? generally responsible for nonlinear effects
as SHG and sum-frequency generation vanishes in this medium. The development of P should go
further beyond the third-order susceptibility x®) (presence of the suspension points in Eq. (2.3)) for
highly nonlinear media, however for convenience to reach the cubic NLSE we should stop the devel-
opment until order three. Reaching this order is necessary for analysis of short (picosecond domain)
and ultra-short pulses (femtosecond and sub-femtosecond domains) propagation including the most

I

nonlinear effects in optical fibers. The tensorial products ’’, " and '’ correspond to x(!), x(® and y©®
related to the electric field components E(r,t"), E(r,t;)E(r,t3) and E(r,¢;)E(r, t5)E(r, t3), respec-
tively. The medium response being assumed to be local, usually one should emit several hypotheses
that permit to simplify the modeling :

1. the nonlinear part of P should be considered as a small perturbation,

2. in a scalar analysis of the pulse propagation, the polarization state should be maintained regular
along the fiber length,

3. the light injected should be considered almost monochromatic : this assumption is satisfied for
short and ultra-short pulses,

4. the envelope of the electromagnetic field should vary slowly approximately : it is the well-known
and famous slowly varying envelope approximation (SVEA) [3].

Let us use the following form of the electrical field E(r,¢) that models the dynamics into a glass fiber
including all kinds of optical fibers :

E(r,t) = —[E(r,t) exp(—iwet) + c.c]z, (2.4)
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where E(r,t),  and c.c represent the slowly varying function of time, the polarization unit vector
and the complex conjugated part of E. Similarly, one can also write the vector P :

P(r,1) = %[P(r,t) exp(—iwt) + . (2.5)

Taking into account Eqs. (2.3), (2.4) and (2.5), this vector can be re-expressed explicitly by the
susceptibility coefficients as follows :

t
P(r,t) =< / XDt — Y E(r, t') exp[—iwo(t — t')]dt’

—oc t (2.6)
30 (3) -
+ TXzzme(r7 t) / R(t — tl)E (I‘, t1>E(I', t1>dt1,

where the intensity-dependent nonlinear effects associated to third-order susceptibility have been
included using [3,83]:

Xt —t,t —to, t —t3) = X°R(t — t1)6(t1 — t2)0(t, — t3), (2.7)

with R(t) being the nonlinear Raman response function normalized to one because it must be zero
when t; > t with respect to the causality. The subscripts "z2’ for (! and *zxxz’ for Y® in Eq. (2.6),
represent the single polarization following the x-axis assuming that we focus only on the scalar case
in which the modal birefringence (that includes the y-axis) has been neglected [3]. For pulse widths >
1 ps, one should make some approximations on Eq. (2.6) that eliminate the delayed Raman response
and consider the medium to have instantaneous nonlinear response. Therefore, we distinguish the
two cases :

1. the local instantaneous medium
the relation (2.6) becomes :

3
P(r,t) = (X;Q + X t)|2) E(r, t). (2.8)

Introducing Eq. (2.8) into Eq. (2.2) and taking the Fourier transform of the resulting equation
leads to the following form well-known as the Helmholtz equation satisfied by the scalar field
E:

- 3 -
VIE+ (2P (1+ @) + T F[|E O] B =0, (2.9

where F| | and E are the Fourier transform operator and the Fourier transform of E respec-
tively. The operator F| | is defined as :

+oo
Flu(t)] = u(w) = / u(t’) exp(iwt’)dt'. (2.10)
If we set that q(w) = 1 + Yoo (w) + (3/4)x3 0o F'[|E(r,1)|?] and introduce two parameters 7, a
as q(w) = (n+idc/2w)?, we normally arrive to the nonlinear-index coefficient ny and the TPA
coefficient o as :

me= Re((.),  an= im(,). (2.11)

To obtain Eq. (2.11), it is necessary to set that . = n + ny|E|? and & = a + ay|E[*. The
coefficient n is the linear index and « represents the linear loss parameter. Since X(x?m is
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complex, its real and imaginary parts are represented respectively by Re(ng})m) and [ m(xg’,;)m)

As ny and ay link with Xgm, n and « are found to link with ng) as following :

1 w
=1+ - Re(xY = —Im(x)). 2.12
n=1+5Re(Xa), a=—Im(Xs;) (2.12)
Generally, oy vanishes for silica that is why it is neglected in optical fibers. However, it is
not the case for silicon waveguides and chalcogenide glasses (see table (1.1)). The Helmholtz
equation above, can be satisfactorily solved by using the method of separation of variables in
which we assume the solution of form :

E(r,w —wy) = F(z,y)u(z,w — wy) exp(ifyz), (2.13)

where E(r,w — wp), F(z,y), @(z,w — wp), By and z are the Fourier transform of the optical
field (of an envelope pulse whose frequency components w are defined around a central one wy),
the transversal distribution function, the Fourier transform of the slowly varying amplitude
function, the wave number, the axial variable which defines the propagation distance of the
pulse within the waveguide.

Using Eq. (2.13) in Eq. (2.9) leads to the system :

0 F(x, 0% F (x, B
) PP oy ) e ) =0 (214
2100 + (3~ 687 = 0. (2.14b)

The relation (2.14a) is the eigenvalue equation of the optical waveguide modes which involves
the transversal distribution of the field F(z,y). Solving this equation by using for example the
first-order perturbation theory [219], leads to the definition of the modal field distribution [3].
For optical fibers, there are two kinds of modes : £FH,,, and HE,,,. These modes are similar
to the transverse-electric (TE) and transverse-magnetic (TM) modes of planar waveguides such
as SOI-waveguides for m=0. The case of SMFs is described by the fundamental mode in which
m=1 and n=1. It allows to approximate the function F'(z,y) by a Gaussian distribution form
as ~ exp | — (22 +y?)/w?], where w is the width parameter defined in ref. [3]. The normalized
frequency V, given in Eq. (1.47) for SMFs stems from the solving of Eq. (2.14a). On the other
hand, the dielectric constant ¢(w) and the wave number £ could be nearly identified respectively

by :
q(w) ~ n? +2nAn (2.15)
and
Bw) ~ Bw) + AB(w), (2.16)
where the perturbations An and Af(w) are themselves defined respectively as :
An = nylul® + ;C—MO; (2.17)

and
Cwihn(w) [ IS An(w)|F(z, y)[drdy

A = 2B T T R ey Pdady

Let us approximate the term 52 — 52 of Eq. (2.14b) by 26y(5— () and take the relation (2.16),
we obtain the following modified form of Eq. (2.14b) :

0u

55 + (Bw) — Bo+ AB)a =0, (2.19)

(2.18)
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with Afy being an approximation of Af(w) as its first term in a Taylor series. It is described
as follows :

CdoTLfo F(x,y)|*dzdy &
— ; slul® +i—. (2.20)
(]2 !F v, y)2dzdy)’

2
It is observed in Eq. (2.20) the CKN v(wp) and the effective mode area A.f; parameters defined
respectively as :

Afy ~

WoTr2
= 2.21
7 (wo) Aor; (2.21)
and N
> 2dxd
Ay = (J L2 V() Prdy) (2.22)

ff+°° (z,y)|[4dxdy

The interaction between the electromagnetic field and the bound electrons of a dielectric leads
generally to dependence on the optical frequency w. This property refers to the chromatic
dispersion which manifests through the frequency dependence of the refractive index n(w).
The CDP of an optical waveguide is usually approximated by expanding the mode-propagation
constant $(w) in a Taylor series around the pump frequency wy as :

Bw) = n(w)? = g+ 3 ol (2.23)
k=1 ’

where 3, = (dkﬁ(w)/dwk)w:w() is k" order of the CDP. Physically, the orders 1, 2, 3, 4 ...
represent the group velocity, the GVD, the TOD, the FOD ... . Inserting Eqs. (2.20), (2.21),
(2.22) and (2.23) in the reciprocal Fourier transform of Eq. (2.19) yields :

M

1
P k! 5k E oy (wo)|uffu + L =0, (2.24)

— 2

where the term w — wy of Eq. (2.23) has been replaced in the time-domain by the differential
operator i(0/0t) [3]. The integer M (> 2) represents the last order reached in the CDP of the
optical waveguide. Equation (2.24) is the so-called NLSE of a local instantaneous medium. The
nonlinear term associated to v(wg) corresponds to the SPM or Kerr effect. It is a manifestation
of intensity dependence of the refractive index in the nonlinear optical waveguide and generally
it is responsible to the spectral broadening of optical pulses. When more than one pulse is
launched within the optical waveguide as done in WDM systems, the dynamic is described
by coupled equations whose the number corresponds to the number of launched pulses. In
this specific case, each sub-NLSE of the system is described by a similar version of Eq. (2.24)
with additional terms linked to the coupling between the propagating waves. This nonlinear
coupling through the CKN parameter is the so-called XPM effect. This phenomenon does not
include an energy transfer between the interacting fields. Physically, XPM occurs because the
effective refractive index seen by an optical pulse in a nonlinear optical waveguide depends not
only on the intensity of this pulse but also on the intensity of other copropagating pulses.
Making the transformation of the well-known retarded frame of time 7', assuming a reference
frame moving with the pulse at 1/3; as T =t — 31z, we obtain the following simplified form of
Eq. (2.24) :

)" B 0"u e
§ : o i o+ +y(wo)lul'u + Zu=0. (2.25)
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2. The local non-instantaneous medium

In this case, we use completely Eq. (2.6). It corresponds to the higher-order nonlinear systems
since it includes the delayed response (stemming from the molecular vibrations : Raman effect)
of the medium which must be added when ultra-short pulses are studied. Indeed in this specific
case, the pulse spectra are wide (> 0.1 THz) and it leads the Raman gain to increase the
intensity of the low-frequency components of the propagating optical field through an energy
transfer from the high-frequency components of the same pulse : it is the description of the
intra-pulse Raman scattering (IPRS) phenomenon. Considering Eq. (2.7) with Eq. (2.6) leads
to a modified form of Eq. (2.9) [3,220] :

V2E+n2( ) OE——Z—— X v // R(w; — ws)

X E(wy, 2)E*(w, 2) E(w — wy + wy, 2)dwiw,

(2.26)

where R is the Fourier transform of R(t). From Eq. (2.10) to Eq. (2.24), a similar process
could be done in the actual case of Eq. (2.26). However a Taylor series expansion of 7(w) as
done for f(w) in Eq. (2.23), should be included in the development (at least until to the first
order of the expansion). The form of the obtained NLSE is well-known as the GNLSE |[3,221]

i% + Z : )/{:!ﬁk ng +y(1+ w_oﬁ%) (u(z’ 7) /_OO R(T =T")u(z, T')|2dT/) (2.27)

+ i%u(z,T) ~0.

The term with wy is associated to the self-steepening (SS) effect. The SS phenomenon stems
from the intensity dependence of the group velocity and leads to an asymmetry in the SPM-
broadened spectra of ultrashort pulses [3]. Tt creates an optical shock which is similar to the
development of an acoustic shock on the leading edge of a sound wave [222]. The integral and
the function R(t) correspond to the delayed Raman response (DRR) that includes the IPRS
and the SRS. The scattering effects implicate that the optical fields transfer part of their energy
to the nonlinear medium. In silica fibers and more generally, R(t) = (1 — fg)d(t) + frhr(?),
where the first term governs the nearly instantaneous electronic response and hg(t) is the
Raman response function [3,200]. The parameter fr represents the fractional contribution of
the nuclei to the total nonlinear polarization. For silica fibers, it is found to be 0.18 while for
silicon it is about 0.043 [200]. hg(t) is defined as [3,150-153] : hg(t) = (f. + fc) a(t) + foho(t)
with he(t) = (72 + 73)/(n73) exp ( — t/7) sin (t/71) and hy(t) = (215 — ¢)/(73) exp ( — t/73).
The values of the coefficients are given as f, = 0.75, f, = 0.21, and f. = 0.04 that quantify
the relative contributions of the isotropic and the anisotropic parts of the Raman response.
Considering the characteristic times 77, 75 and 73, their values are generally taken as 12, 32, and
96 fs, respectively [152-155]. The Raman scattering includes optical phonons in the interaction
between the propagating field and the nonlinear medium. In a quantum-mechanical view, the
photon of the optical field is annihilated to create a photon at a lower frequency (the Stokes
component), a photon at a longer frequency (the ASC) and a phonon allowing the conservation
of the energy and the momentum. Beyond the energy transfer between the optical field and
the medium, their impact depends on their nature. For instance talking about the IPRS, one
observes a large temporal shift of the pulse position and a RIFS in the pulse spectrum toward
the longer wavelengths [1,3]. On the other hand, the SRS exhibiting a threshold-like behavior,
can transfer energy from one channel to the neighboring channels in a multichannel lightwave
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system like multiplexing systems. So it is an issue for these systems while in other cases it can
be useful. For example allowing the fabrication of broadband Raman amplifiers and tunable
Raman lasers. On the other hand, for some fibers materials as chalcogenide or some liquid-
core filled fibers the CKN coefficient exhibits a nonlinear saturation as v = 7o/(1 + I|u|?) with
I = 1/P;. The saturation power P is the threshold power at which the CKN starts to saturate.
An approximation of this CKN leads generally to the so-called cubic-quintic NLSE and then
septic, neptic ... according to the degree of this approximation.

Both of these two cases (local instantaneous and non-instantaneous cases) are those which interest
our study in the thesis. We do not investigate the nonlocal NLSE widely used in the case of spatial
beams of planar waveguides or waveguides lattices [3]. In the next, according to the study whether
for pulse compression or for SCG analyses, we use the modified forms of Eqs. (2.25) and (2.27).

2.2.2 Modeling of the propagation in a SOI-waveguide

Globally, the process/method is the same as done above for silica fibers. Nonetheless, there is
difference in the nonlinear part of Egs. (2.3), (2.6), (2.9), (2.11), (2.12), (2.25) and (2.27). The
nonlinear refractive index of the silicon is higher than that of silica, that is why waveguides man-
ufactured from silicon allow a tight confinement of optical pulses in the sub-microwavelength range
using the technology of SOI [216|. Thus, we recall that the cubic Kerr nonlinearity is hundred times
more important in SOI-waveguides than in standard silica SMFs. Subsequently, the Raman gain of
SOlI-waveguides is about one thousand times the one of standard SMFs. The nonlinear interaction in
SOI-waveguides is therefore efficient under 5 cm-length. The silicon is a semiconductor material that
includes the TPA, the FCD and free carriers as FCA. It belongs to anisotropic materials. Beyond 2.2
pm in wavelengths, there are no TPA, FCA or FCD [216]. As si-based materials exhibit a symmetry
of inversion, the less important order of nonlinear effects corresponds to the third-order dielectric
susceptibility x®. In silicon the Fourier transform of the corresponding third-order polarization is
given by [216]:

Ij,(3 ) 3eo
32 3

// Xagh (=i Wy —wp, @) Ej(w;) By (wr) By (wr) dw;deo,

where w; = w; + w, — w;. The parameter X(S) encompasses two major contributions : the electronic
part x{;, and the one associated to the optical phonons x[;;. This latter (x[,) is the one that
has been already discussed for silica fibers above in Eq. (2.7). The main discrepancy between the
silica and silicon concerns x;;, because of the semiconductor nature of the latter. The spectrum of
Raman gain in silica is greater than that of silicon. Thus for silicon, the Raman scattering is more
important at the first order than the Brillouin scattering which is associated to the acoustic phonons.
In comparison, Brillouin scattering is negligible in silicon contrary to silica. x{;;, corresponds to the
oscillations of bound electrons and is the part of x(® that generates the free carriers and nonlinear
absorptions as TPA, FCA and FCD when the energy of incident photon E), is higher than the half

of bandgap energy £, :
E
E, > 79
In silicon, for a wavelength as 1.1 pum, one has 1.2 eV for E, [216]. When the condition above is
satisfied, the bound electrons can be excited and thrown in the band of conduction through the TPA
effect. For example it means that, two photons are absorbed by one bound electron whose energy is
now higher than that of F, allowing its extraction from the atomic network and its free movement in

the band of conduction. This kind of free charged particles moving in the band of conduction are the
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so-called free carriers. That is why this process generates FCA and FCD. It is also assisted by optical
phonons for the momentum conservation. Furthermore, It has been observed and demonstrated that
both the Kerr and TPA effects are nearly simultaneous in silicon [216]. Let us focus now on the
electronic part of \) [83,216] :

ijkl = X11220ij0k + XT2120ik051 + X122100kj + XaOijhi;

with x§ being the coefficient of the nonlinearity’s anisotropy. Since E, < E,, one obtains x5, =
Xf221 = XT212- S0 :

Xa = X1111 — XT122 — Xi221 — Xi212 = X1111 — 3XT122-
It yields :

where p = 3% ~ 1.27 for silicon. Therefore, the anisotropy of both the Kerr and the TPA effects

1111
is similar. The TPA generates free carriers (free electrons and holes) according to the incident light.

This effect influences the nature of the propagating wave in the SOI-waveguides by modifying the
refractive index in its nonlinear part. The carriers can be generated optically or electrically by the a
diffusion mechanism through the rate equation :
ON, - N
v — G _ _l/7
ot To

where N,, v, G and 75 are the number of free carriers of nature v per volume unit (free-carrier
density), the nature of free carriers (free electrons or holes), a growth function (depending on the
intensity of the incident light and on the effective area of the SOI-waveguide), and the effective
carrier lifetime (including recombination, diffusion and drift) that depends on the geometry of the
SOl-waveguide.

After the modeling done above for silicon waveguides, the coefficient of the cubic nonlinearity
described in Eq. (2.21) should be rewritten as :

V' =v+il,

with 7 being the Raman contribution defined in Eq. (2.21) and by Xf;kz while I' is the electronic
contribution generating the TPA and stemming from x§;,;. Note that, the Raman scattering exists
only for the T.E modes not for the T.M modes. The free-carrier dispersion is given by the product
oN, in which o represents the FCA parameter. The linear absorption /losses in silicon are defined as

o =a+a’,

with a” = 0N, being the free-carrier dispersion. Taking into account + and o’ described above,
one should only modify the corresponding terms in Eqgs. (2.25) and (2.27) for the NLSE of SOI-
waveguides.

2.3 The MVA that involves the RDF for the pulse compression
analysis

As discussed in sub-section (1.2.5) of the first chapter, considering the theoretical aspect of the
pulse compression analysis, the methods used consist to solve the dynamic equation of the optical
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waveguide and so, to bring out the compression factor evolution across the length of the waveguide.
In the numerical side, it is customary to use the SSF method or the finite-difference methods [3].
However, it is suitable sometimes to proceed rather through analytical or semi-analytical methods.
In our studies on the pulse compression analysis, we have used the MVA that involves the RDF. We
present this method in this section for the different systems studied.

2.3.1 In the case of linear compression of chirped femtosecond optical
pulses under FOD

The linear equation describing the propagation of optical pulses in the case of FOD stems from
the linear part of Eqgs. (2.25) and (2.27) as follows [1,3,224,225]:

e 24: (&) 0" _

3 AR 0, (2.28)

where the last order in the CDP profile, is the FOD. The TOD term is ignored in this study because
it is well-known that it introduces a relatively small temporal shift of the pulse center which does not
affect the purpose of our study as discussed in sub-section (1.2.2) [1,3,8,31]. The Lagrangian density
function corresponding to Eq. (2.28) is taken as :

i Lou  ou i(i)kﬂkﬁ’“‘luau*

Ly= i(u — —u o 9Tl T (2.29)

0z 82)_

k=2

Since the case treated in this sub-section concerns the linear compression, the nonlinear part is
therefore neglected. This does not allow to introduce the RDF. The case using the RDF is presented
in the nonlinear case. Our study is conducted using the chirped Gaussian and RC profiles given
respectively by [1,3,9,10,224] :

u(z,T) =upexp (— ! +2icp(7£)2 + i¢y) (2.30)
and T o7
uw(z,T) = % [1+ COS(%)] exp (ZEP(T)Q + igy) (2.31)

where u,, T,, C), and ¢, are the amplitude, the width, the chirp and the phase, respectively. The
MVA defines the Lagrangian function from its density described in Eq.(2.29) :

L- / T Lahar (2.32)

[e.e]

The determination of the Lagrangian function for the chirped Gaussian pulse leads to :

2 2 2

Le=—u?|=(=2
="M\ e T 2 d: AT, 3273

%

(1+C2), (2.33)

and for the RC pulse we have :

1dc, C,dT, do] uiBs w2
Lor — — 02T st S it bl I et A 2
R “r p{al(Z dz T, dz ) +a2dz 27, ( 2 +ul,)
(2.34)
1 ™ 2 4 2
I (- 5 a0y +al ) Baut?
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where a;, with k = 1..4 are some constants defined as :
ay = (—64 — 2w + 87° + ) /87°
as = (8+3m)/2n

1 (2.35)

as = —E(—48 + 67° + 7°)

(15360 + 1207 — 192072 — 207> + 407* 4 37°).

ay =

16075

Performing the Euler-Lagrange equation for relevant parameters of the Gaussian and the RC pulses
as : The determination of the growth equations in the MVA may be done by setting :

O (Oky 0L _
oT *0q. dqg

0, (2.36)

where the parameter ¢ is a characteristic of pulse and ¢, its derivative following the parameter of
propagation z. We obtain the dynamical equations respectively as :

(G, 115}

dz 2 T2 AT?
a1, G, (1+G)
PP ?p {52 + 4—71}7254
(2.37)
dc, (1+C7) (1+C7)
i -1z [Pt o
¢, _ o N (1+C2)(3 - Cg)ﬁ
dz 212 32T v
and
du, up, [ C) 04
i~ 2 {Tg { P2 Taqypz %+ 204C)
dTp Cp 4 2
R 2
dz T, { ba 120,17 (as +204C)
(2.38)
dc, 1 2 9 Ba t 2 4
P ang {_ 52(? + Cp) + 6_Tp2( 1 + a3Cp + a4cp)
do, 1 2 Bs At 3 4
dz  2a,T? {” Oat Ty (g — 4Gy T asGy)
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We noted that in the absence of FOD, we obtained the previously well-known pulse characteristics
in the case of single GVD. The phase is often disregarded because of its negligible role on pulse
propagation characteristics.

Assumption of the spectral width that does not change in a linear medium

It is assumed that for the Gaussian pulse, the quantity (14 Cg) / sz is assumed to be equivalent to
the spectral width that is quasi-constant in the linear medium [3,224]. We make some simplifications
on Eq. (2.37). In this case, this term is simply equal to its initial value (1 + C3)/Tg.

The same assumption applied on the RC pulse yields to set ((7%/2) + C?)/aT; and ((—7*/4) +
asC? + a4Cy) /6a, T, as constants. We set the following parameters for the Gaussian pulse :

1+ C¢
Ao =2+ ( aT? >ﬁ4
(1+C2) (2.39)
A=
We set also Ay and A, for the RC pulse as :
_ Pa 2
= —/32 P (0,3 + 2&400)
124 1T
1 ) 3, i~ , \ (2.40)
Ay = — C - C C
2 a1T02 /32< + ) 6T02( 4 +a3 0+a’4 0) )

assuming that the parameters Cy and 7} are the initial values of the chirp C, and width 7T}, respectively.
We define Lrop = Ty /|34| as the FOD length. Then, we integrate the width and the chirp growth
equations above for each pulse. The analytical approximated chirp expressions are given by :

Cg<,2’) = Co + zA

(2.41)

CRc(Z) = Co + ZAQ.
where the subscripts G and RC correspond to the Gaussian and RC input pulses respectively. For
each corresponding dynamical equation of width, we obtained easily the analytical expressions of
widths in function of the distance z :

Te(z) = TO[1+2A (CO+%2) r

(2.42)
Ay A
Tro(z) = T0[1+2 —(Co+22) }
15 2
The same process can be done with the amplitude and therefore leads to :
A A
ug(z) = ugexp [ — Q_TOQ(OO + gz)z}
0 (2.43)
B Ay o Ay
upc(z) = ugexp | — 2_T02( 0+ 72)2 )
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with ug being the initial value of the amplitude. For the Gaussian pulse, the conditions of compression
are obtained for A < 0 and Cy > 0 as :

Co >0, (2,8, <0 (244&)
1+C3

Lrop > + LGVD, Co > 0, ﬁg < 0,54 >0 (2.44b)
1+ C?

LFOD < + OLG\/D, C() > O, 62 > O,ﬁ4 < O, (244C)

For the negative value of the initial chirp Cy < 0, we have the opposite conditions :

Co <0, (9,84 >0 (245&)
14+C2

Lrop > 20 Lavp,Co <0, By >0,3,<0 (2.45b)
1+C2

Lrop < i OLGVD,CO < 0, ﬁz < 0,64 > 0. (2.45C)

The maximal pulse compression length for the Gaussian pulse is L,,. = 2Cy/|A|. In the absence of
FOD, Eqgs. (2.44a), (2.44b), (2.45a) and (2.45b) are the well-known conditions for the linear pulse
compression induced by chirp in the single GVD case requiring that 5,Cy < 0 [1,3]. Equations
(2.44¢) and (2.45¢) may lead to pulse broadening in the absence of the FOD as previously known.
Nevertheless, the FOD breaks this observation and we obtain a pulse compression when the additive
conditions on dispersion lengths are verified. The obtained linear pulse compression when both the
chirp and the GVD have the same sign or both the GVD and the FOD have the same sign, is the
main feature observed, which is due to the presence of the FOD. This result encompasses the rules
mentioned in [1,3,31]. In fact, they predicted a pulse broadening when ;64 > 0 (32,84 < 0 or
Ba, B4 > 0 verified by Eq. (2.44a) and (2.45a)) and a linear compression when (0, < 0 (verified by
Egs. (2.44b), (2.44c), (2.45b) and (2.45¢)). The results obtained in this work include the basic theory
described in [1,3] and the rules set in [31]. This combination is possible with additional dispersion
lengths conditions as seen in Eqs. (2.44b), (2.44c), (2.45b) and (2.45c). The study demonstrates
that, it is possible to obtain a Gaussian pulse compression with the GVD having the same sign with
the FOD, by adding a chirp of opposite value to the GVD and FOD. On the other hand, it is possible
to compress a Gaussian pulse using an optical waveguide having a GVD which has the same sign
with the chirp, in this case, one should require an opposite value of FOD.

For the RC pulse, one may notice that constants az and a4 are negative as a3 = —|as| and ay = —|ay]
while a; is positive. Therefore, with A; < 0 the compression conditions are given for initial positive
chirp value by :

Co>0, B, B4>0 (246&)
‘/1/<LFOD<‘/2,7 A2>0, Coy >0 or Co<0, ﬁ2<0,ﬁ4>0 (246b)
Lrop <V, Ay <0, Cu >0, 2 <0,68,>0 (2.46¢)
Lrop > V3, Ay <0, Cp >0, 2 >0,6,<0 (2.46d)

where , .

(7 + las|CF + ]a4|Cy)
V) =-4 Lavp (2.47)

6(% +C3)
and _—

‘/’2/ — (|CL3| + |a4| O)LGVD (248)

12@1
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Similarly to the previous Gaussian case, for A; > 0 we use the opposite relations of Eq. (2.46) and
the maximal length for compression is always given by 2Cy/|As|. The feature previously mentioned
above for the Gaussian pulse is also pointed out for the RC pulse as seen in Eqgs. (2.46b), (2.46¢)
and (2.46d). A new condition given by (2.46a) shows that it is possible to get the RC pulse linear
compression with the chirp, the GVD and the FOD all having the same sign. This condition contrasts
with the previous rules known in refs. [1,3,26] and those mentioned in this work on Egs. (2.44), (2.45),
(2.46Db), (2.46¢) and (2.46d). It means that the linear compression conditions are greatly dependent
on the input optical pulse profile.

Description of the numerical simulations
For the numerical simulations, we use directly the equations (2.41), (2.42) and (2.43). The MPCP
for the Gaussian pulse is given by the relation M PCP = 100{1 - [1- (AO/A)((CO/TO))z] 1/2}

while for the RC pulse we have M PCP = 100{1 —0.5[4 - (2A1/A2)((CO/T0))2} 1/2}. To obtain

3D propagation figures leading to the contour plots of the pulse compression mechanism, we use a
MATLAB software code. In this code, we represent the amplitude evolution of the pulse assuming
that, at each step of z (z=0..L), the chirp and the width vary respectively following Eqs. (2.41) and
(2.42) under the derived conditions of Eqs. (2.44), (2.45) and (2.46).

2.3.2 In the case of nonlinear compression of chirped compact and sym-
metric femtosecond optical pulses in a SOI-waveguide under FOD

The propagation of optical pulses through a SOI-waveguide in the local instantaneous case, is
governed by a modified form of Eq. (2.25) as described in subsection 2.2.2, including the effects of
TPA and FCA as [7,8,202a,225|:

Ou 22: (—1)% By Oy
Z—
0z (2k)! 9Tk

+ Ay fulPu = —i%u — T |ulu — i%NCu, (2.49)

where T, 0 and Ng are the TPA coefficient, the FCA coefficient and the free-carrier density (FCD),
respectively. Concerning the TPA, it was first reported experimentally by Kaiser and Garrett [226].
Multiphoton absorption phenomenon can lead to laser damage of optical materials and be used to
write permanent refractive index structures into the interior of optical materials [1]. Therefore,
the multiphoton absorption is well-known to be a nonlinear loss phenomenon that can reduce the
efficiency of nonlinear optical devices such as optical switches. The TPA and FCA are linked to the
FCD dynamics following the rate equation given below |7,8,215,216,218]:

ONc(2,T)  PBrpalu(z,T)|* _ Ne(2,T)

with Brpa = 2Tacss the usual TPA parameter. On the other hand, the quantities h, 1y and 7.
represent the Planck constant, the pump frequency and the carrier lifetime, respectively. The effective
carrier lifetime includes all the effects of recombination, diffusion, and drift [218]. The FCA effect is
included through the coefficient o as :

(2.50)

apcaA = O'NC. (251)

For silicon, the coefficient o is equal to 1.45x1072'm? [218,225]. The second term in the RHS of
Eq. (2.50) is generally neglected in the case of ultra-short pulses as femtosecond pulses, since it is
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well-known that carriers do not have enough time to recombine over the pulse width at this scale [8].
Our analysis is based on the chirped Gaussian, sech-type and the RC pulses. The Gaussian and the
RC pulses being defined as shown in Eqs. (2.30) and (2.31), for the chirped sech-type pulse, we have
[3,8,225] :
T C,, T

U= upsech(Tp) exp ([ 5 (Tp) %]) (2.52)
As discussed above, the lagrangian density and the RDF associated to Eq. (2.49) are respectively
given as [7,8,225] :

ou u* 2 kﬂk 0Dy u*
Lg= (u — - Z I E= ) §\uy4 (2.53)
=1
and . 3 3
s 2 - *_u . U*
Ry=i {|u| r+ 5 (o + O'Nc(t)):| (u 5 U, ) (2.54)

The determination of the Lagrangian function using Eq. (2.32) in this nonlinear case for the Gaussian
pulse leads to :

vl +Gy) o VT
T, et 3273 (

1.CydT, 1dC,  do,

Lo =—u?|~
G “P[z(Tpdz RTRAE

4
+ z qupTP ’
2 2

for the sech-type pulse, we obtain the same form as in [8] with an additional term taking into account
the FOD effect :

1 VT, + 1+C2)?

(2.55)

C,dT, 1dC do fouZ 2 7 2
Lsec - _ 2T T - p 9 p p = _CQ = 4T
hE T {G(T i 24 dz} o1, 5+ 5 ) et
(2.56)
1 14 2 1972
- 9 02 _04 2
oars 15 T g G T gy G
and for the RC pulse we have :
1dC, C,dT, dp]  upBe
2 4
Lo == wTy|ax(5—F — f]:d_zp) B T ) +asr Ty,
(2.57)
1 7T4 2
- 24T3 ( - 7 + agCi + a4C§)ﬁ4up
p
where a; with k = 1..4 are the same constants defined as in Eq. (2.35) while the constant as
O (917 4+ 64). (2.58)
a T .
G
The reduced form of the RDF can be derived from its density given in Eq. (2.54) as
“+o0o
R / Ry(T))dT". (2.59)
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For each pulse, it yields :

B 1,C,dT, 1dC,. . do VTugBreaty V2 500
——ﬁuiTsz(T ir éd—f”ﬂ {ﬁ@ T Az, )““%7 a_F}’ (2.60)

1d 2 d 1 T,
4 F{l C dT, Gy (™ ¢}+<a+ 5TPAU y

2 —_— s — —— —_— — R
Rseen = —2u T{ <T dz 2 dz ) 6 )+ dz

T (Q£ _ 1 d_CP) i do .
12° T, 0z 2 dz dz
and
1dC, C,dT, d
Rre = —u, 2r {(2 - T P )[bluzf + aloz} gb [b2u2F + aQOz} + o
uyBrpaT)y o[ C dT, + 1dC d¢p (2:62)
15367hig A2, | T, dz
where by, k = 1..4 are defined as :
b — 1 (_1504 B 1117 L 2072 L 357T3)
LT o7 32 3 48
80
T3 4
(2.63)
by = %(—4096 — 14727 + 4707% + 2327° + 217)
T

5
by = 2—(512 + 3607 + 6377).
s

Using the modified form of the Euler-Lagrange equation (2.36) for relevant parameters of the pulses
as :

0 0L oL OR

TR TR T 20

Therefore, inserting Eqgs. (2.60), (2.61) and (2.62) in Eq. (2.64), we determine the growth equations
for each pulse :
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1. Gaussian pulse :

du, u, [ C, (1+C2) ul 5 VT u,Brpa
—P__ Tl S 24 L (ZT 4 o2 T
dz Q{Tg et =g A+ 5RO ear, ) T ey
ar, ¢, (1+C2) V2,
4z T, {ﬁﬁ AT? ﬁ‘*} 7 il
(2.65)
ac, (1+Cp) (1+C7) u
= T2 [624‘ 1T? ﬁ4} 7(7+F0p)7
a6 (146~ cz)ﬁ 5u2
dz 217 32T} o \/5
2. Sech-type pulse :
duy, o, [C, 1119 , B N 2 ulBrpal,
—°r__ )P - 4uT AP
dz 2 {Tg {BQJF(G 330P)T2 TG+ ) fatgo hoAZ,
ar, C, [ 11 8] 4ulT,
—r_=r s T
dz T, _52+(6 : F 33CP)T2} =
(2.66)
ac, 1, 4 4 1 2 NG
= |G et G0 33CP)T2 + (VHFC)
dpy 1[B  Bs 7 7 , 1972, 5u
2|2 T (=102 - Yy
e 123 tanG TG VG T 5 G g
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3. RC pulse :
duy _ uy [ G 9 u; uzBrpa
— = 2 P(TA 1,B
dz Z{TQ[ %2 15 T2(“3+ a1Cy)| + 2( "oz, ) +a
1, C, [ 2 Tyu;, BrpauT,
e — 2 —2TA —B'
iz T, { B+ Togga(® F “401’)} NI e e
dc, 1 72 9 By , 9 " as o
o ONE [— 52(3 +C,) + G—TPQ(—Z +a3Cy + asC) | — a—17up (2.67)
UQC ﬁTpAUQT
p p(FA/ +o /)
2 hyOAeff
d¢p - 1 2 B4 3 4 5u as
dz 20,77 {W Pat 12T2< i 2 R
3 2 /6TPAu2Tp
e 1-\ 9 p 9
u, (C,I'A” + o —hVerff B”)

where A = (3[)2/&2) - (bl/al), B = ((3[)4/&2) — (bg/a,1>>/1536’ﬂ'7 A = (bg/ag) - (bl/al), B =
((bs/az) — (bs/ay))/1536m, A” = (bya; — biag)/a3 and B” = (bsa; — bsay)/1536ma3. In the nonlinear
case, there is no physical assumption about the spectral width of the pulses as discussed in the linear
case in the previous sub-section.

Description of the numerical simulations

We take Eqs.(2.65)-(2.67), to obtain the pulse characteristics. We integrate these growth equations
by using the fourth-order Runge-Kutta integration scheme. Once the integration is done at each step
of the parameter z, the numerical value obtained for each characteristic is injected in the pulse
evolution to model so, its 3D propagation yielding contour plots.

2.3.3 In the case of nonlinear compression of chirped self-healing Airy
pulses (SHAPs) in a SOI-waveguide under FOD

In this sub-section, we apply the MVA on the asymmetric pulse previously presented in the first
chapter of the thesis. The medium is assumed to be the same as the nonlinear one presented in the
previous sub-section (2.2.2). The chirped input Airy profile can be taken as :

T
u = upAi(T) exp(a%) exp (— 02‘” (TT) + igy), (2.68)

The determination of the Lagrangian function leads to [227] :

C, 0T, 9C,, 90 upB2 52
L=—uT,|55. 4573(T 5y — 05 )+ 7 ai” sz,, ( o + 55.4573C%)
(2.69)
+ oo 1 (78.1397 + 10034C” + 51918C}) + & —yu, T,
24773 28
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The reduced form of the RDF function is obtained with an appropriate approximation of the FCD
which is evaluated numerically for the truncated Airy pulse and inserted in the following relation :

%@_05(1@, 2 1210 3ult, doy

__,,2 et 4 -~ —
R _“pr{(Tp gz~ 0 ) m(E5T = g ) — 55.45T3a] — TR [

(2.70)

+

mulT 9
p—P 7
2 ]}

where k = aﬁTpA/hquﬁff is a constant related with the FCD and the FCA. Therefore, we determine
the growth equations as follows :

du,, (45.233 + 468.1C2) 1. 20T,
e 2up (=T + —=
dz 2{ [52 372 Oa| + 20, (50 + —g5 k) +a
dT, C,[.  (45.233+468.1C?) , 8 i,
it st T, (In(2)T + -2
iz T,|” 372 B + Ty (T + =mw)
de 1 i T 2 31 2 4 ﬂ4 1
—L = 180.932 2
& T _ﬁz(exp(%) +Cy) + (55 + 180.932C7 + 936.2C )6T2 + (5557
(2.71)
3 ung
+Op(ﬁ 39 “))
d¢, 1 5727 ) 95183 o B
—L = — (1010.04 + 9043.14C2 — =20 2
dz TPZ[27952 (1010.04 + 9043.14C; C)TH (1587
22 . 11u?T,
—TI- .
RGSTE 1416 <)

As it can be seen in Eq. (2.71) beyond the dispersive effects, all the characteristics of the Airy pulse
are affected by both the TPA and the FCA.

Linear compression of SHAPs induced by FOD

In this section all the nonlinear effects parameters are taken equal to zero : vy =0,1"=0,0 =0
and k = 0. For this specific case, we use the assumption of a spectral width which does not change
in the linear medium as discussed in sub-section (2.3.1). So, the terms (45.233 + 468.1C?) /3T
mexp(—7/2) + C; and (31/22) + 180.932C7 4 936.2C, are constant and equal to their initial values,
so that we get a linearly varying chirp for the pulse. The analytical approximated relation of the
pulse width is given by :

1/2
(Co+ %z) : (2.72)

A

T,(z) =T 1+2T2
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We define the parameters Ay and A; respectively as follows :

so(mexp(=7/2) + C3)  sa(3L 4 180.932C¢ + 936.2C})

Ay = +
0 Levp 6Lrop
(2.73)
S 45.233 + 468.1C3)s
[ 528 sG]
GVD FOD

where sy and s, are the signs of the GVD and the FOD respectively. It comes that the linear
compression conditions are obtained easily by setting that the compression factor may be inferior to
1. This implies that (Note that whatever the conditions z > 0, Lgyp > 0 and Lrop > 0):

S9 (45.233 + 468.1C%)s4
Lavp 3Lrop

—05< { } (Co+ %z)z <0. (2.74)

So, for the compression of the SHAP to occur inside the medium under the conditions specified
earlier, one must have :

45.233 + 468.1C2 A
s US2BHAGBIC)S _ o g (Cy+202) 5 0

Lavp 3Lrop 2
(2.75)
o (45.233 4+ 468.1C2)s, Ao
>0 and (Co+ —2) <0
Lavp 3Lrop ( D )
The resulting conditions are defined as :
C’0>07 62754<07
Lrop < ViLavp, Clim <Coy B2 > 0,08, <0,
Lrop < VaLgvp, 0<Cy < Clim B2 > 0,84 <0, (2.76)
Lrop > VaLavp, Clim <Cy B2 <0,8, >0,
Lrop > ViLgvp, 0<Cy < Clim B2 <0,84>0,
where
45.233 + 468.102
‘/1 = 5
3
[, _ (31/22) 1 180.932C3 + 936.2C (2.77)
2 pr—

6(r exp(5") + CF) ’

Clim = 2.084606293.

We obtain the conditions of Eq.(2.76) and the definitions of Eq.(2.77) by making some basic discus-
sions about the signs sy and sy.
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Description of the numerical simulations

For the numerical simulations, the process is the same as described in the previous cases.

2.4 The analysis of the FWM ASC in the WDM solitons sys-
tem near the ZDW using the ABCJS approach

2.4.1 Analytical study of the model

We begin the analysis using the NLSE of Eq. (2.25) for the case where the TOD is considered

[228] :

8u ﬁg 82u 53 83 2

— = - = — 2.

I, T o g ars + ylul*u = —iau. (2.78)
It is admitted that, near the ZDW one should include the effect of the TOD while the GVD vanishes
[3]. However, we maintain the GVD in order to make a comparison between the single TOD case
of the growth of the ASC with the combined GVD-TOD case where it still remains a residual GVD
effect.
We set the following dimensionless variables : ( = z/L, 7 =T /T, , B((,7) = u(z,T)/v/ Py where L is
the characteristic fiber length. Thus, we define L, = L,/L as the dimensionless spatial amplification
spacing while 35| = T¢/Lrop is the TOD average value. L, is the physical spatial amplification
spacing. Introducing these dimensionless variables into Eq. (2.78) easily leads to the following form

OB LB, 0B LB B .
9@ — i LyPo|B*B = —iLaB. 2.79
Yo “arzor erg o TR e (279)

Now we set the dimensionless terms Bgvp = —f2Lavp/T¢, Brop = BsLrop/Ty and w = La for
GVD, TOD profiles and gain/loss parameter, respectively. Introducing these in Eq. (2.79) yields

OB fBeypL*B ﬁTODL ok B
— — B|*B = —iwB. 2.80
! 8( 2LGVD 87’2 6LTOD 87'3 | ’ 1w ( )

It is well-known that the bright soliton solution is obtained in the regime of propagation where the
dispersion length Ly p is similar to the nonlinear length Ly in the anomalous-dispersion regime.
The TOD plays a significant role only if the dispersion length associated Lrop respects the condition
Lrop < Lgyvp [1,3,33,103,228]. Furthermore, it is well-known that the solitonic properties as the
preserving shape of propagation exist in an ideal system while in realistic cases they are perturbed by
higher-order effects like the TOD effect. So, in the present system we assume that Lrop =~ Lavp.
One can rewrite Eq. (2.80) in a suitable form by setting B((,7) = /h({)E((,7) where h(() is a
function which will include the parameter w. The function A(() is the same as the function g(z)
shown in Eq. (1.36) in the first chapter. It is customary to use its expansion in Fourier series as :

n=-+00 La
= Z hn exp ( - inkLaC), hn = h (281)

where kz, = i—: The representation of this function is observed in figure 2.1. Equation (2.81) yields

(9E PE PE
e+ 5 G i g OB =0 252
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I L L L L
3 4 5 6 7 8

n (amplifier number following &)

Figure 2.1: Function of amplification in the Fourier series expansion shown in Eq. (2.81). This should be compared
with the definition shown in figure 1.13.

The presence or lack of the dimensionless dispersion parameter Sy p will be represented by the values
1 and 0, respectively. In the ABCJS approach [99,100,103-105,109,110,228], we should consider a
signal including two pulses F; and Fs such that F, ;. = F1 + Fy. We assume that the FWM in the
channels is taken as Epwy = Fi12 + Fao1. Then the total field in the system is

E(C,7) = By + Ey + Eiia + Eo, (2.83)

where El, EQ, EHQ and E221 evolve on frequencies Qh QQ, Qllg = 291 — QQ and Qggl = 292 — Q17
respectively. If we take Q; = —€Qy = —(€), therefore 2115 = —3Q and y9; = 3€2. When we introduce
Eq. (2.83) into Eq. (2.82), we obtain four (04) partial differential equations (PDEs) by neglecting
all nonlinear terms in Fj19, Fa9; and the XPM terms. The system can be modeled by the diagram
given in figure 2.2 where the transmission line is represented by the SMF symbolized by the I'TU-T
recommendation G. 652 [102]. Focusing on the growth of the ASC FEa, we choose its equation

Multiplexer

\ﬂ—/ n™" amplifier

L.

n=1 (first amplifier)
Figure 2.2: Diagram of the physical system studied in the FWM analysis ((©-2013 SPRINGER EPJD, from [228]).

between the previous ones obtained after the introduction of Eq. (2.83) into Eq. (2.82). The
evolution of the ASC in the system with TOD is therefore modeled by the following equation :

Z.aE221 N Bavp 0*Egy ZﬂTOD 0% Eg

2k
ac 5 52 6 573 + h(Q)E5ET =0 (2.84)

For simplicity, we set v = Fa in Eq. (2.84). The present model under study (Eq. (2.84)), which
includes the TOD term will be investigated in order to characterize the ASC under influence of this
coefficient.
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2.4.2 Reduced model of the FWM ASC growth

Following the assumption of Horne et al [109], the evolution of the FWM is taken in the following
form including the TOD effect inside the exponential argument of the ASC :

2 3

v(¢,7) = G(¢, 7) exp [i(?)QT - %ﬁGVDC)] exp [ - i%ﬁTo[)q (2.85)

When we introduce Eq. (2.85) into Eq. (2.84) we obtain the following equation for the amplitude
G(¢, 1) :

G Bovp G OG yown Brop G _9°G ,0G
= I 4602 — 2(20)2G) — A o S ¥ o e
ac T o (g TG —200)7°6) — i (G + i - 2T (2.86)
— 26iQ°G) = —h(C)E5EY,
where
. Q° Q2 Q
B3 EYy = ESEy exp |i( — 3Q7 + jﬁcmC)} exp {2(7&%())] (2.87)

We set AQ = Qy — Q; = 202 as the difference in the frequency offset for the case where the input
pulses are well-separated, therefore in this case AQ) > 1. We assume the following simplifications
(AQ)?|G, 26Q°|G| > |%5],125],|2|. Then Eq. (2.86) becomes

or2 o1

z% —(AQ (Bevn +

13gzﬁTOD

12 )G = _h(C)EQQOETm (288)

which is considered as the reduced model. For simplicity, we set

¢ = Pavp + BQf—QTOD,
() = (Bevp + @)C (2.89)

The input pulses are sech-type profiled in the general form of fundamental soliton as in [3,109,228| :
Ej = Enaa,js€ch|Epag i (1 — Q¢ — Tj)] exp [i(EL g, — 5)¢/2] exp [iQ7] (2.90)

where ) = —Qy = —Q, Epr1 = Emar2 = Emae and Ty = =T, = Tj. The integration of Eq. (2.88)
gives

n=-+00
G(C7 T) = Z.Ef;uzz eXp [_Z(AQ)2¢C} Z hn /'C S@Ch2 [Emax(T — QC’ + TO)}
n=—00 0
X sech [Emax(T + QC’ — TO)] exp [Z( — nkLa + w + (AQ)Z(b)C} (291)
QQ
x exp [i(0 ()] dd

It is important to remind that the PMC required in order to gain the maximum FWM values is

obtained by taking the argument of the imaginary exponential exp z( —nkro( +0.5(F2,, — QQ)C’)

max

X exp [i(AQ)ngC’] X exp [O.5i§22¢((")] equal to zero. This leads to some cases of the study in function
of the GVD and TOD profiles.
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e In the presence of constant TOD profile without the GVD parameter, the PMC leads to :

90 — O? 4 E?

max

— 20k, =0 (2.92)

One must solve this equation following €2 and n to obtain values leading to largest amplitude
of FWM.

e In the presence of both the GVD and TOD profiles, we obtain from the general reduced model
the following equation :

90° +8Q% + E2,,.

— 2nky, =0 (2.93)

The next section deals with the full model assuming that the amplitude of the FWM component is
very sensitive to the time variable (differentiated terms of G((, 7) are not negligible).

2.4.3 Full model of the FWM ASC growth

Considering the Fourier transform of Eq. (2.86), we obtain :

G 1 9 Brop ; - ~
— —= Q+2(20)%) + ——(* Q)+ 27w + 260°
5 Q{BGVD(w + 6w +2(20)°) + 2 (W + 9w*Q + 27w 4 26Q°) + G (2.0
= _h(C)F[EgoETU]-
We set :
0(w,Q) = Bavp (w2 + 6w + 2(29)2) + BT% (w3 + 9020 + 27Tw0O? + 2693) (2.95)
Equation (2.94) leads to the following form of G(z,w):
~ 1T E 0 1 TW
G((,w) = Aq  OXP [— z(éﬁ(w, Q)¢ + wd(C)) SeCh(QEmax)
n=-4oo
X Z B exp [ixn (W) Ceott] (2.96)
2E7naz(5(<) w )
X / Iy, 77— ) exp [ — i (w)y]dy,
where
E2..—9% 1 02 Q
Xn(w, ) = [ = ke + =222 —— + ~0(w, Q) + - (Bevp + ﬂT‘;)D )] (2.97)

is related to the PMC. The function I(y,w/Emq.:) is the function mentioned in sub-section (1.2.2),
3(C) = QC — T, pin(w) = —xn(w, Q) /AQE, 0, and y = 2E,,,,,:0(¢). The PMC for the full model is
given by taking y,(w,2) = 0. The roots w,, obtained are only relevant, if we consider those which
are equal to zero because of the presence of the function sech(mw/2Eq,) inside G(¢,w). Thus, Eq.
(2.97) leads to the following polynomial equation of third degree :

az® +bx? +cx +d =0, (2.98)

where we have set x = W, a = ﬂTOD/37 b = ﬁGVD + BﬁTODQ, Cc = GQﬂGVD + 9QQﬁT0D and d =
9Bavp + PBrop —1/9)Q% + E2 . — 2nkr,. Therefore, we can consider specific cases :
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1. Case of the second order dispersion Ggvp =1, Brop =0 :

2% 4 6Qz + (8Q° + E?

max

— 2nkp,) =0, (2.99)

the two solutions are z, = —3Q £ /Q? — E2,,. + 2nkr,. The realistic solution is z, , that

must be equal to zero according to the previous hypothesis. So, we recover the single GVD
PMC shown in Eq. (1.42).

2. Case of the third order dispersion Bgyvp =0, Brop =1:

1
59:3 + 302 + 90%x + (90° — Q* + EZ, .

If we take three general solutions of Eq. (2.100) as (z — z1)(x — z3)(x — x3) = 0 and we assume

one of them equal to zero, we obtain the same PMC derived from the reduced model for single
TOD case given by Eq. (2.92).

— 2nkp,) = 0. (2.100)

3. Case of the combined GVD and TOD case Bgvp =1, Brop=1":

— 2nkp,) = 0. (2.101)

max

1
gx?’ + (3Q + 1)a® + (99% + 6Q)z + (9Q° + 8Q* + E2

Using the same process as in the previous case, we derive the PMC obtained in Eq. (2.96) for the
reduced model.

So, for all these cases we obtain the same PMCs of the reduced model in the full model by taking
the roots w, of x,(w, ) equal to zero.

Considering the case where w,, # 0, we obtain a general form of the asymptotic solution G(g,w) for
long distances :

W
2Ema:p

G(¢ — o0,w) & )

im? Emax B ,(G(w, Q)
g &P | il

¢+ wé(())] sech(

+o0
X Z hy exp [ix(w, Q) Ceou]

n=—0oo

(2.102)
,Un(wa Q) + w/Emax
sinh {g(un(w, Q) +w/Emm)] cosh (M)

X

Description of the numerical simulations

The numerical simulations of this study of the FWM ASC, one integrates Eqs. (2.91) and (2.94)
assuming physical realistic systems with amplification nodes (n x L,) and realizing the PMC at each
node in order to obtain the appropriate frequency offset to the FWM occurrence. The results are
obtained by using a numerical integration scheme of trapezes between each amplifier spacing. We
make the comparison between the single GVD case and the combined GVD-TOD case.

2.5 MI analysis of a CW in SOI-waveguides under FOD

The model equation is similar to Eq. (2.49) but including now the TOD term. In the linear
analysis of the MI mechanism, we start with the steady-state solution of the CW [3,229] :

u = ugexp{ionr} (2.103)
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where ¢y, represents the nonlinear phase shift. Introducing Eq. (2.103) into Eq. (2.49) leads to the
following definition of ¢y, :

one = | (v +i0)ud + %(a +oN,)| 2 (2.104)

We use a small perturbation of the steady-state solution by stating :
a(z,T) = a1(z) exp{i(Kz — QT')} + as(z) exp{—i(Kz — QT)}, (2.105)

where K and 2 represent the wave number and the perturbation frequency respectively. Introducing
u = (ug+a)exp(igyr) into Eq. (2.49) allows to define a couple of NLSEs following a; and as (details
: see appendixes). Therefore, one obtains the relation :

daq
9z ax
= M(K) (2.106)
Oas
0z a2
The obtained MI Matrix is given as follows :
Dy(Q) — K +mug + A Yiup
M(K) = 2.107
where
4
0" B
Di(@) =) =
k=2
—~ (—Q)* B
Doy = 3> CU
Y1 =7 + ZF?
A (v + oN,)
2
The wave number leads to :
1 1/2
K = §{D0dd + [(Dem + 2(A + 2714))) (Deven + 2A)} } (2.109)
with Deyen, = Dy + Dy and D,gqg = Dy — Dy. The MI gain is well-known to be defined as :
1 1/2
G(Q) =2[Im(K)| = §‘Im{ ((Dem +2(A + 2711)) (Deven + 2A)> H (2.110)
Since v; and A are complexes, it is convenient to set that :
G(Q) = Z'Im( A(Q))‘, (2.111)
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where
A(Q) = 2(Q) +1iy(Q) = r(Q) exp{if ()},
2(Q) = Deven(Deven + 4ugy) — 4|A|(2ugT + [A]), (2.112)
y(Q) = 4Dpen (ugf + \A|) + 8u(2]7]A\.

One obtains the MI gain as follows :
1/2
G(Q) = [2(7«(9) —x(Q))] : (2.113)

The relation in Eq. (2.113), confirms that the TOD does not intervene in the MI gain as previously
discussed in the introduction section. The optimal frequencies (OFs) are given for dG(€2)/dQ2 = 0 as
a PMC of the FWM related with the MI mechanism. It is described by two pump photons at the
frequency wyp, one Stokes photon at wy — 2, and one ASC photon at wg + Q [3,190]. The following
relations define the obtained OFs :

Qy =0,
0. =+ @’
fa
\/ 60, + 24/9T7 % + 6T G| (2.114)
Qo == 7
'y
3 - - .
| V54

When the TPA and the FCA vanish, the OFs in Eq. (2.114) are similar with those obtained in [190]
for glass fibers where v was linked with the saturable nonlinearity. So, we do not focus on the role
played by the FOD since it has been extensively discussed in this reference. Our main purpose in
this section consists to study the effect of the absorption coefficients on the MI gain spectrum.

Description of the numerical simulations

We use the relation (2.113) to plot the MI gain highlighting the impact of absorption coefficients.
Then, we solve Eq. (2.25) through the SSF algorithm with the physical parameters assuming the MI
gain above to obtain the PTG for each pulse. We study the effect chirp and profile in the mechanism
varying values of chirp and comparing the results between the pulses.

2.6 SCG analysis

2.6.1 In a waveguide modeled by the GNLSE with non-Kerr terms

The optical waveguides as PCFs in the SCG numerical analysis are always modeled by the GNLSE
that links the CKN with SS and DRR effects as discussed previously in Eq. (2.27). Considerable
attentions are being paid theoretically and experimentally to analyze the dynamics of optical solitons
in optical waveguides. The waveguides used in the picosecond and femtosecond domains in common
nonlinear optical systems are usually of Kerr type and consequently the dynamics of light pulses are
described by nonlinear Schrodinger (NLS) family of equations with cubic nonlinear terms. In present
days applications, as the intensity of the incident light field becomes stronger, non-Kerr nonlinearity
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effect comes into play. Because of this additional effect, the physical features and the stability of the
NLS soliton can change. The influence of the non-Kerr nonlinearity on the NLS soliton propagation,
is described by the NLS family of equations with higher degree of nonlinear terms [230-232]. So
recently, both of the solitonic features and the MI process have been investigated by Choudhuri and
Porsezian in [233], highlighting the effects of the non-Kerr terms through the GNLSE. In fact, they
showed that the non-Kerr terms reduce the maximum value of the gain and the bandwidth, playing so
a non-negligible role over the CKN. The investigation of this model of GNLSE is interesting since it
is well-known today that, the nonlinearity arising due to fifth-order susceptibility x® can be obtained
in many optical materials, such as semiconductor doped glasses, polydiactylene toluene sulfonate,
chalcogenide glasses, and some transparent organic materials [230-233].

We derive the model equation through which, we numerically investigate the SCG phenomenon.
Considering rather the GNLSE with non-Kerr terms, we have [230-233]:

ou < ()3, O*
za—z + Z (D)5 O"u + 71 ulPu + yolu|tu = — i%u—i—iél

O(uf*u) | o O(ul*)
+ 9y
k! oT*

orT orT

(2.115)

Offul*v) | 5 Olul")

+Z§3 T 4 T u,

where 71, Yo, @, 01, 02, 03 and d, are the CKN coefficient, the quintic nonlinearity coefficient (QNC),
the parameter of linear losses, the SS parameter linked to 7;, the DRR coefficient corresponding to
~1, the SS parameter linked to 7, and the DRR coefficient corresponding to s, respectively. The
parameters 03 and d4 are the so-called non-Kerr terms because they stem from the quintic nonlinearity.
In this work, we assume the QNC as v, &~ £7,/ Py where F; is the peak power of the pump. The sign
of 79 depends on the case where the system has cooperative nonlinearities (y;72 > 0) or competing
nonlinearities (172 < 0) [76-78]. The parameter 0, is equal to —1/wy. In an empirical point of view
in which we try to construct a model equation that should be solved in the SCG simulations, we
consider similarly to the single CKN case above that, the full case given by Eq. (2.115) could be
written differently as follows [234]:

,8u M (Z)kﬁk aku e’ . 0 > / (2 /
ey == iu— i) [ue ) [ R - T -

—alt it [ue ) [ RO T - |

The obtained form for our simulations is given by [234]:

%—Z =1wYy101 eXP(—E(W)Z)F[MZ’T)/

—00

R(T")|u(z,T — T’)\QdT’]
N (2.117)
+ w203 exp(—f)(w)z)F{u(z, T) /_ R(T)|u(z,T — T’)\%T’} :

where 39 = £%1/Fy. The effects of d5 and d, are assumed to be included within the corresponding
block integrals in the RHS of Eqgs. (2.116) and (2.117). To approximate the HOD parameters of the
propagation constant, we have used the following relation derived from the calculated GVD at the
corresponding pumping wavelength :

Br(Ap) = (=1)* 8o (M) Ty 2, (2.118)
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where k is an integer from 3 to the higher-order value of dispersion. The CDP bheing an important
part in the SCG, we have chosen to stop up to M=10 (assuming that the orders beyond ten have a
negligible influence on the results). We have used a sech-type input profile defined as defined in Eq.
(1.6).

For the numerical simulations, we modify the trial MATLAB code provided by Travers et al in
[114] assuming Eq. (2.117) given above.

2.6.2 In the C'So-LCPCF

In this study, the GNLSE corresponds to Eq. (2.27). The subsequent form which is solved for the
SCG by the numerical code previously discussed by Travers et al in [114] is given by :
ou' o

5, = iYWy exp(—ﬁ(w)z)F{u(z,T)/ R(T)|u(z, T —T")*dT"|, (2.119)

with ' and L(w) being the Fourier transform form of u(z,T) and the linear operator including the
linear losses and the Taylor series expansion of the propagation constant [114]. The transformation
F[ ] is the Fourier transform of the block inside the squared brackets. f)(w) is defined as shown in
this reference. It is assumed that the CKN coefficient 74, is almost independent to the frequency as :
5, = 2o 2.120
M CneffAeff7 ( )
where ng and n.sy are the linear refractive index used when determining n, and the effective index
of the guided mode, respectively.
In the simulations, it is essential to have the values of the HODs describing the CDP of the waveguide.
It is customary the evaluate and plot the dispersion parameter D()A) or the GVD curve of the studied
waveguide. For the considered C'Sy-LCPCF, the refractive index of C'Sy versus the wavelength is
given by the following Sellmeier equation [145,203,206,235,236]:

n\)=A+ 54—+ — + — (2.121)

where the wavelength ) is in ym and the parameters A—1.580826, B = 1.52389 x 10~2um?,

C=4.8578x10~*um?*, D—=-8.2863x 10 °umb, E = 1.4619 x 10~5um8. To obtain the CDP, a software
as COMSOL Multiphysics could be appropriate. Using this software, we present in figure 2.3(a), the
CDPs of the PCF and LCPCF having the same pitch (A = 1.8 pm), hole diameter (d—1.44 pm)
and five air holes. We notice in the wavelength range that, both the PCF and C'S,-LCPCF have
two ZDWs. Indeed, for the PCF, one obtains the first ZDW at 790 nm and the second at 2370 nm.
Concerning the C'S;-LCPCF, the first ZDW is obtained at 1610 nm and the second at 2510 nm. For
the SCG process, we show in figure 2.3(b), the choice of the pumping wavelengths. Two wavelengths
are used in this work : for the normal dispersion regime A\, = 1550 nm while for the anomalous
dispersion regime A\, = 2030 nm. We have also chosen to deal with femtosecond lasers that allow 100
fs and nJ scale pulses. In a practical experiment, some laser sources as the Ho3"-doped silica fibre
lasers could deliver such light in the 2030 nm-region [237|. We draw in figure 2.3(c), the nonlinear
index given by Eq. (2.121) of the C'S; versus the wavelength A. As expected, the parameter ncg,
decreases while the wavelength \ increases. We notice that this liquid is sufficiently transparent
from the visible to the infra-red region of light. Using the relation of the CKN parameter v, where
the nonlinear index ny is given by 3x*/(8ncs,), we have calculated its values for each pumping
wavelength. We have used for the simulations, the value of 1.2 x 107® m? /W for ny of the C'Sy (see
[238]). This value is 100 times greater than that of the silica which are in the range of 1072° m?/W
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Figure 2.3: (a) Comparison of the CDPs : black curve for the standard PCF and red curve for the LCPCF. Data
: Pitch A = 1.8 um, hole diameter d=1.44 um, five holes,(b) Choice of the pumping wavelengths in the CDP of the
LCPCF,(c) Plot of ncg, versus A.

[3]. For this specific study, we have used a chirped Airy input profile in the numerical simulations
as defined in Eq. (2.68) with a zero phase. In this work, we have also chosen to stop until the tenth
order since the values beyond have a negligible influence on the results using Eq. (2.118).

2.6.3 In a SOI-waveguide that includes both the THG and the NFK terms

The question of SCG analysis in a SOI-waveguides should firstly concern the effects of TPA, FCA
and FCD on the spectra obtained. However as fully discussed in [200,201e,201g,202a,215,216,218],
the TPA is deleterious for the spectral bandwidth of the spectra. Indeed, the TPA causes a drastic
reduction of the bandwidth [215]. One should also note that the effects of FCA and FCD have
already been analyzed on the broadened spectra induced by the SCG [200,202a] and by the SPM
only [211,215]. Moreover, for ultrashort pulses as those in the sub-picosecond domain (femtosecond
pulses) for which the effective carrier lifetime should be neglected, Yin et al demonstrated that neither
SRS nor FCA /FCD plays a significant role during the SCG in SOI-waveguides [200].

More recently, the impact on the SPM of both the THG process and a novel one dubbed as NFK
process, were studied in a Kerr medium [239]. In this study, Loures et al found that, the THG induces
additional symmetric lobes in the SPM-broadened spectrum while the amplitude of these sidebands
are importantly increased by the NFK term and the SS effect so-called nonlinear shock effect. The
NFK was first discussed theoretically in [240] after the pioneers experiments done in [241-243| and
that have revealed the possibility of solitons to emit such negative-frequency resonant radiation.
Furthermore, Conforti et al showed that the NFK term does not appear in the common GNLSE
based on the SVEA. Thus, they modeled subsequently a new equation known as the full UPPE
that includes the NFK in a GNLSE-like form [240]. It is well-known that, the THG necessitates a
phase-matching condition to occur in a Kerr medium [3]. This is not in general satisfied for standard
SMFs while phase-matching is much easier to accomplish in highly nonlinear waveguides [3].

Assuming that SOI-waveguides are media that possess high values of Kerr nonlinearity, the con-
sideration of the THG effect could be set. If the analytical modeling of the propagation within
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SOI-waveguides is not conducted through the SVEA but rather through the novel modeling intro-
duced in [240], the NFK term could also been included. The question of such considerations has been
formulated for the first time in this thesis and presented in [244|. Indeed, the following interroga-
tions were still opened before the work described in this thesis : (i) is there an existing modeling of
pulse propagation within SOI-waveguides that combines SPM, SS, TPA, THG and NFK ? (ii) What
happen to the SCG when all these effects are investigated together 7 (iii) What about its coherence
properties 7.

In this work, we conduct for the first time to the best of our knowledge, a modeling that combines
into a nonlinear equation the aforementioned nonlinear effects for a SOI-waveguide. This modeling
relies on both the one of [216] and the one of [240]. Then, we derive the corresponding equation used to
generate numerically the SCG spectra by a modified adapted version of the MATLAB code provided
in [114]. Since, the single impacts of the mentioned nonlinear terms on the SPM-broadened spectra
are known [3,137,200,202a,211,239], we focus in this thesis on their influences upon the properties
of the SCG obtained through symmetric femtosecond pulses. A particular attention is given to the
TPA, the THG and the NFK.

For the analytical modeling, let us start with the full UPPE expressed as follows [240]:

OE(z,w) w
oz 2cen(w)

It is a reduction of Maxwell’s equations that accounts only for the forward propagating part of the
electric field. n(w) is the linear refractive index. Then similarly to the SVEA done in section 2.2,
one introduces the pulse envelope as done in Eq. (2.4) that deals with frequency detuning Aw from
the pump frequency wy as wy + Aw. Nonetheless, contrary to what has been considered in subsection
2.2.1 where |Aw| < wy (SVEA), here one considers rather supp{Aw} = [—wp; +0o0[ so that one could
obtain negative frequencies. It is therefore a spectral extension of the SVEA. With such hypotheses,
one derives the following nonlinear polarization :

+ B(w)E(z,w) + Pyp(z,w) = 0. (2.122)

Pnp(2,T) = 3X8 [3 (( (2,7T) exp(zﬁ)) (u*(2,T) exp(—iG))g) + |u(z, T)* (u(z, T) exp(if)

+u*(2,T) exp(—if)) |,
(2.123)

where u(z, T) represents now the pulse envelope as done in Eq. (2. 4) 0 = —woT+0oz, (u(z,T) e:x;p(i@))3

accounts for the THG of positive frequencies, (u*(z,T) exp(—z@)) accounts for the THG of negative
frequencies, |u(z, T)[*u(z, T) exp(if) is for the common used positive frequencies Kerr effect inducing
the SPM [3], and |u(z, T)|*u*(z, T) exp(—if) corresponds to the novel process dubbed as NFK effect
[239,240]. Introducing Eq. (2.123) in Eq. (2.122) similarly to subsection 2.2.1, one obtains after a
cumbersome calculation the following nonlinear PDE in the retarded frame of time [239,240]:

Ou(z,T) | = ()5 Ou(z,T)
e I

+y|u|?u = —i%u+%u3 exp(—2i9’)+%(u*)3 exp(2i0")+|ul*u* exp(2i6'),
k=2
(2.124)
with ' = woT + Akz and Ak = [1(No)wo — Po(Ao). The full background of the computation used to
derive the PDE in a GNLSE-like form above can be found in [240]. Assuming now a spectral filtering
that allows only the THG of positive frequencies, it yields :

8u Z T M kﬁk 8’“ ) e’ 2 u? -1 *\2 -/
x 8T’“ = —igu—qu lul® + Eexp(—QZG )+ y(u")exp(2:0")| . (2.125)

k=2 +
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Thus, only positive frequencies for THG are considered through a spectral filtering of the UPPE
when the subscript "+" is written [239,240]. Such operation is important when the sub-cycle pulses
are considered assuming that for them, the common SVEA is completely invalid [239].

Now for a lossless SOl-waveguide, we combine Eq. (2.125) with Eq. (2.49) to obtain the novel
equation that combines the nonlinear absorptions, THG and NFK. It yields [244] :

Z_8u(z, T) N = i’“ﬂaku(z, T)

/ . 0 )
0z — k! aTk =7 (1 + Z(SShOCka_T> X |:U(Z, T)(’”LL(Z’ T)‘

+anrr(u(z,T))? exp(2i0") (2.126)

+ aTHG(u(z,T))2exp(—?i&’))] :

3 +
with ayrix and arge being the NFK coefficient and the THG coefficient, respectively. The parameter
of the cubic nonlinearity is defined as described in subsection 2.2.2. Since there is a need of phase-
matching satisfaction in this highly nonlinear medium for the THG to occur as extensively discussed in
[3,239,240], the nearly zero-phase condition ' ~ 0 corresponds approximately to the maximal growth
(or the resonance) of the THG occurrence as done for the FWM [3,228]. Under this assumption,
the THG is qualified to be nearly resonant (It is underlined by the group-velocity mismatch [3]).
Nevertheless, when ¢’ #£ 0, we have :

1 dng;(A
Bi(Xo) = - |:nSi<>\0) - )\o(nds—)\()) |,\:,\017
wo — QA—”OC (2.127)
0 (2, T) = wo [T + (B1(No) — ﬁoiz\o))z} :
We know that £y(A\g)/wo = nST(AO), thus it yields :
, T dng()
0'(2,T) :27T{C)\—O—z( "CSM( ))}A:AO}, (2.128)

where ng; () is the refractive index of silicon at A. It is calculated in this work from the Sellmeier-type
equation [200,245]:

2 2 71/2
ch e\ } , (2.129)

nsild) = {1 ot e—x
where ¢; = 9.733, ¢ = 0.936, \; = 290.4 nm, and Ay = 366.9 nm. It is assumed that an optical
incident signal without initial phase propagating in this medium should develop a nonlinear phase
shift 0y, (z,7T) |3,239]. Thus, to obtain 0, (z,T), we neglect in Eq. (2.126) the CDP and the shock
term in order to have :

Ou(z,T)
! 0z

=9 x [u(z, T)(lu(z, T)|* + anpr (v (2, T))? exp(2i6') + aT:fG (u(z,T))QeXp(—Zz’H’))l

(2.130)
Let us set that u = |u|exp (i, (z,T)) and inserting this relation in Eq. (2.130) above yields two
coupled PDEs for |u| and 6y, (2,T) [3,239]:

) - / /
EI;Zfl — — uf* (arx — ) sin [2(9 (2,T) = O (=, T>)}
(2.131)
00" T
% =7’|u|2{1 + (anpr + =) cos {2(9’@’” - 95VL<Z’T))] }
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The nonlinear phase is obtained from Eq. (2.131) using the MAPLE software. We assume that
the modulus |u| does not nearly vary following the propagation distance z as J|u|/0z ~ 0. As an
approximation, this stems from the cases argg = anpx = 0 or ¢'(2,T) ~ 0y, (2,T) [3,239,244]. It is
given by :

Oy (2,T)=2m % — z(dns;(X\)/dX) ’A:AO] — arctan{rtanh [Fp(;te 2l }, (2.132)
where T, p;, Ak, py and cte are defined as : I' = (p1p2)"2, p1 = V' |ul>(1 + anrx + arna/3) — Ak,
Ak = =2 (dng;(N)/d)) ‘/\:/\0, p2 = ' |ul*(=1 + anrk + arnc/3) + Ak, and an integration constant
(taken here trivially to be zero), respectively. Note that the SRS and the FCA/FCD have been
neglected in the analysis because of their weak role played on the SCG in silicon waveguides as
discussed by Yin et al in [200]. The coefficients ayrx and argg are two coefficients that can take the
values 0 or 1, depending which nonlinear terms (between NFK and THG) one wishes to activate or
not [239]. Since it is well-known that linear losses of the SOI-waveguides diminish only the intensity
of the incident and propagated light (3], we do not consider them in this analysis : the system is
lossless. Considering all these assumptions, the model equation solved in the SCG numerical code is
given by :

) xp(E)2)F (0, T) (e T + o (T ex2if)

)
© (2.133)

+ “Tzfa (u(z,T))? exp(—zz'egw)))+

The cubic nonlinearity parameter 4" is defined as in Eq. (2.120), nonetheless here it includes the
TPA term as described in subsection 2.2.2. We use a symmetric initial condition as the unchirped
sech-type pulse. The numerical simulations are done through a modified version (see the function in
the appendixes) of the MATLAB code provided by Travers et al [114] with the following data of the
fundamental TE mode through the lossless silicon waveguide having W = 0.8 pym and H = 0.7 um
[200]: pumping wavelength A\g = 1550 nm, length of the waveguide L = 0.06 m, Py = 50 W,
to = 50 fs, (o) = (24.322 + 2.5i)) W=im™L, By(Ng) = —0.1701 ps*/m. The HOD terms have
calculated using Eq. (2.118): (335 = 0.0085 ps®*/m, B, = —4.2525 x 107* pst/m, G5 = 2.1263 x
1075 ps®/m, B = —1.0631 x 107¢ ps®/m, B; = 5.3156 x 10® ps”/m, Bz = —2.6578 x 1079 ps®/m,
By = 1.3289 x 1071 ps?/m, B9 = —6.6445 x 107" ps~'/m.

2.6.4 Analysis of the quality of the spectra

The coherence degree (CD) is defined by the parameter gg)()\,tl — t3) of Eq. (1.46). Normally,
we have 0 < |gg)()\,t1 — to)| < 1. If this parameter is close to zero, the spectrum is incoherent and
fundamentally noised. The opposite happens when it is rather close to 1. To numerically calculate
the CD with the MATLAB SCG code, we just run N times the same simulations with some different
random noise (for instance a Gaussian white noise) added to the initial condition such as one photon
with random phase per spectral bin added to the initial pump pulse (see the appendixes "Code for
the simulation of the CD parameter"). The N results are stored for each wavelength/frequency in
order to get a 2D-plot [129].

2.7 Conclusion

In the end, the different analytical and numerical models were presented. Considering the pulse
compression phenomenon, the MVA has been described analytically assuming both the linear and the
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nonlinear cases of the compression. The ABCJS approach in the case of WDM solitons system near
the ZDW has been applied on the ASC of the FWM. The PMCs were derived both in the reduced
and the full models. Furthermore, for the MI mechanism, we have presented the linear stability
analysis of the CW in the SOI-waveguide deriving the OFs from the MI gain relation.

Taking into account the SCG analyses, we have firstly investigated the system modeled by the
GNLSE with non-Kerr terms. We have shown a novel analytical modeling of the SCG equation based
on an analogy with the well-known cubic nonlinear case. Then, we have described the modeling of
the SCG in CSy-the LCPCF drawing its CDP in which two pumping wavelengths were chosen in
order to generate continua both in the normal and the anomalous dispersion regimes. Moreover,
another novel analytical modeling was done for the SOI-waveguides including both the THG and the
NFK terms. We present in the last chapter of this thesis the numerical results obtained.
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Chapter 3

Results and discussions

3.1 Introduction

This chapter presents the main results obtained in the thesis. The second section shows those
of the linear pulse compression obtained numerically through the MVA while section 3.3 concerns
the nonlinear compression based on both the symmetric and the asymmetric shapes. In section 3.4,
we show the ASC numerical results and in section 3.5, both the MI gain and PTG are highlighted.
Section 3.6 is devoted to waveguides modelled by the GNLSE with non-Kerr terms while section 3.7
deals with the role of the input profile asymmetry and the chirp both in the standard propagation and
in the SCG of C'So—LCPCEF. Tt is presented in section 3.8, the results on the SCG in SOI-waveguides
including both the THG and the NFK terms. We conclude the chapter in section 3.9.

3.2 On the linear compression of chirped femtosecond optical
pulses under FOD : the case of Gaussian and the RC pulses

The results presented in this sub-section stem from [224]. The linear pulse compression as described
by Eq. (2.44c¢) is numerically presented in figure 3.1, where we have plotted the contour plots of the
Gaussian pulse propagation (see figure 3.1(a) and figure 3.1(b)) and the corresponding normalized
amplitudes, normalized widths, chirps and phases in function of the distance of propagation z (see
figures 3.1(c)-3.1(f)). The case where we respect the dispersion lengths condition of Eq. (44c) leads
to pulse compression (figure 3.1(a) :Loyp = 6Lrop/(1 + C2)) while the case where we ignore this
condition leads to Gaussian pulse broadening (figure 3.1(b) :Lgyp = 3.2Lrop/(1 + Cf)). Figures
3.1(¢)-3.1(f) present the corresponding pulse characteristics of the propagating optical signals : the
solid lines for the case of figure 3.1(a) and the dashed lines for the case of figure 3.1(b). The values
of the initial width and the FOD are the same as in [30], with positive values of the chirp and GVD.
We obtain a MPCP of 10.55% in the pulse compression of figure 3.1(a). It is clearly seen in figure
3.1 that when the condition on dispersion lengths is respected with the interaction between the chirp
and the GVD having the same positive sign under the influence of an opposite value of the FOD, the
compression is well obtained. In figure 3.2, we represent the compression condition of Eq. (2.45a)
where both the FOD and the GVD have the same positive sign while the chirp is negative. In this
case there is no condition on dispersion lengths. Figures 3.2(b-e) present the evolution of the pulse
characteristics for this propagation.

Taking into account the case of the RC pulse, the pulse compression is obtained earlier at the
beginning of the propagation in comparison to the Gaussian case, as can be depicted in figure 3.3.
The condition of Eq. (2.46a) corresponds to the case where the parameters GVD, FOD and chirp
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Figure 3.1: (a) Contour plot of the chirped Gaussian pulse compression of Eq. (2.44c) : assuming the dispersion
lengths condition, Lgyp = 120.33 km, L,,. =186.2075 km, MPCP=10.55 % ; (b) contour plot of the chirped Gaussian
pulse broadening as expected in previous studies in the absence of verified conditions on dispersion lengths, Lgyp =
62.78 km. For the frames (c), (d), (e) and (f) : normalized amplitude, normalized width, chirp and phase respectively
(blue solid curves correspond to the case of figure 3.1(a) and green dashed curves for the case of figure 3.1(b). General
parameters 34 = —0.00086 ps*/km, Lrop = 24.24 km, Ty = 0.38 ps, T™" = 0.3399 ps, Cy = 0.5.

Lucien M. Mandeng, PhD thesis (©-2015 100



Laboratory of Mechanics, Department of Physics, Faculty of Science, U.Y.I

. (d) 01

o 20 60 80 (] 20

40
z (km)

Figure 3.2: (a) Contour plot of the pulse as described by Eq. (2.45a); (b), (c), (d), (e) Evolution of the normalized
pulse parameters versus the propagation distance z with parameters 8y = 0.00086 ps*/km, Lrop = 24.24 km,
To = 0.38 ps, T™" = 0.3399 ps, Cy = —0.5, B = 0.0023 ps?/km, Ly, = 27.5863 km.

have the same positive sign. The compression is obtained with a MPCP about 5.5767 % which is
less than those obtained with the Gaussian pulse. The maximal length for the pulse compression is
about 0.5041 km very far from the result obtained in figure 3.1 (about 186.2075 km) and in figure
3.2 (about 27.5863 km). Figure 3.4 presents the contour plots of the RC pulse and the evolution of
its characteristics corresponding to Eq. (2.46d). In figure 3.4(a), the dispersion lengths condition
is verified while in figure 3.4(b) it is ignored. Figures 3.4(b-e) present the RC pulse characteristics
evolution versus z.

Recalling that the present study of dynamics of linear compression involves the GVD, the chirp
and the FOD, it is important to point out that these results could be generalized to the n'*—order
even dispersion terms. Our obtained results present a general description of the interaction between
the chirp, the GVD and the FOD. The results recover and complete some aspects of results on
pulse compression previously obtained in literature. Taking into account another type of optical
light pulse, namely the raised-cosine pulse, we have obtained interesting features as concerned the
dynamical behavior of the propagating pulse which are not particularly related to the major results
obtained when dealing with the Gaussian pulse. For example, it comes that even when the interacting
dispersion parameters and the chirp have the same sign, the pulse compression is obtained. Therefore,
the description of the broadening/compression pulse is greatly dependent on the considered optical
pulse.
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Figure 3.3: (a) Contour plot of the pulse as described by Eq. (2.46a); (b), (c), (d), (e) Evolution of the normalized
pulse parameters versus the propagation distance z with parameters 8y = 0.00086 ps*/km, Lrop = 24.24 km,
To = 0.38 ps, T™" = 0.3588 ps, Cy =5, B2 = 0.0113 ps?/km, MPCP=5.5767 %, Ly, = 0.5041 km.

3.3 On the nonlinear compression in SOI-waveguides under
FOD

3.3.1 Case of compact and symmetric chirped femtosecond pulses : Gaus-
sian, sech-type and RC pulses

The results presented in this sub-section stem from [225,246].

Periodic compression of femtosecond pulses in SOI-waveguide under FOD
and SPM

In this sub-section, Taking Eqs. (2.65)-(2.67) weset v # 0, I' =0, A = o N. = 0. We may integrate
these growth equations by using the fourth-order Runge-Kutta integration scheme. It is well-known
that the balanced interaction between SPM and GVD should lead to the solitonic properties of pulse
propagation inside an optical medium [1,3,33,171,172,176], the solitonic features appearance being
drawn within the soliton-order defined by N? = Lgyp/Lyg where Ly, = 1/vP,. So, normally as
well-known in silica optical fibers for the anomalous-GVD regime, each input pulse may lead to a
solitonic form of the fundamental soliton for N = 1, and higher-order solitons (HOSs) for N > 2
[1,3,33,171,172,176]. However the combination of SPM effects and normal-GVD (8 > 0) could be
used for pulse compression [3].

The HOSs have an interesting feature which is described as a periodic evolution following the distance
z of propagation. This property is understood within a periodic compression shaping at each times
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Figure 3.4: (a) Contour plot of the chirped RC pulse compression of Eq. (2.46d) : assuming the dispersion lengths
condition, Lgyp = 5.328 km, L, =0.3346 km, T"" = 0.3725 ps, MPCP=1.9798 % ; (b) contour plot of the chirped
RC pulse in the absence of the verified condition on dispersion lengths, Lgyp = 62.78 km. For the frames (c), (d), (e)
and (f) : normalized amplitude, normalized width, chirp and phase respectively (blue solid curves correspond to the
case of figure 3.4(a) and green dashed curves for the case of figure 3.4(b). General parameters : 34 = —0.00086 ps*/km,
LFOD =24.24 km, TO =0.38 ps, C() = 5.

Lucien M. Mandeng, PhD thesis (©-2015 103



Laboratory of Mechanics, Department of Physics, Faculty of Science, U.Y.I

the solitonic profile [3,33]. Using a dimensionless definition of the propagation distance £ = z/Lgyp,
it is defined the soliton period [3] :

™
20 = §LGVD (31)

For HOSs with V > 2, the propagation inside the standard single-mode silica optical fibers leads gen-
erally to pulse splitting in many sub-pulses [1,3,33,171,172,176]. When N is not too large, for example
N = 3, the splitting is made between two solitonic compression by recovering the original shape at
the end of the soliton period. However, for large values of N, the propagation leads generally to pulse
train generation via the modulational instability (MI) mechanism [189]. More recently, a higher-order
MI soliton demonstrated the pulse train generation process [191]. The understanding of the peri-
odic compression of HOSs is nowadays based over an interplay between the SPM and GVD effects [3].

The aim of this subsection, is to evaluate the periodic compression in SOI-waveguide from the previ-
ous input pulses in the femtosecond region via the interplay between the SPM and the FOD instead
of the GVD. The regime of GVD for the achievement of this periodic compression is surprisingly
normal while the SPM coefficient of Kerr nonlinearity is also positive. The chosen parameters that
allow the periodic compression are Py = 4.76 W, v = 47 W'm™!, a = 5.06 m™!, t,u(0) = 50 fs
and By = 0.56 ps®/m [8]. For the parameter N, we have N = 0.99 ~ 1. Normally, if a single-mode
silica fiber is considered in the anomalous-GVD and the FOD effect ignored (3, = 0), each input pulse
should reshape its profile into a fundamental soliton profile while propagating inside the medium even
in the presence of a small initial chirp [3,33]. Indeed, it is known that the source chirp is detrimental
for soliton formation because it may disturb the exact balance between GVD and SPM [3]. We obtain
rather with the given SOI-waveguide, the periodic compression induced by the balance between SPM
and FOD effects instead of GVD, for the quasi-fundamental soliton order (N & 1). This interesting
feature is depicted in figure 3.5. To see how pulses propagate under the conditions of figure 3.5, the
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Figure 3.5: Plot of pulse characteristics, solid lines for the Gaussian pulse, circle lines for the sech-type pulse and
dotted lines for the RC pulse. Parameters for each pulse I' = 0, A = 0, Cy = 0, SOI-waveguide length L=1 cm. Specifics
results for the Gaussian pulse : 34 = —0.0051 ps*/m, first peak at 2z;,;; ~ 0.0019 m, first maximum pulse compression
percentage (M PCP) = 61.77 %, zy ~ 0.0038 m. Specifics results for the sech-type pulse : 34 = —0.0039 ps*/m,
first peak at zjni; ~ 0.0036 m, first MPCP = 67.03 %, zp = 0.0075 m. Specifics results for the RC pulse : 8y =
—0.005 ps*/m, first peak at zi,i ~ 3.636 x 10~4m, first M PCP = 37.95 %, zy ~ 6.360 x 10~*m.

illustration of their intensities and spectra propagation is done in figure 3.6 which is obtained with
the convenient fourth-order Runge-Kutta scheme and the common split-step Fourier algorithm. The
quantities z;,;; and zy represent the initial distance at which the first compression peak is observed
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and the compression spacing (spatial period), respectively. The losses were included and obviously
reduce the energy of the pulses following the distance of propagation. As can be seen in figure 3.5
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Figure 3.6: Contour plots of pulses propagation under the conditions presented in figure 3.5 : at the left-side
Gaussian profile, at the middle sech-type profile and at the right-side RC profile. For each frame, at the top : intensity
propagation, at the bottom : spectral propagation.

and figure 3.6, the periodic compression depends on the input pulse profile. The compression period
of the sech-type pulse is greater than that of the Gaussian profile which is greater than the one of the
RC profile. To explain this difference, we suggest that since the two first profiles are close to each
other, they will behave nearly similarly despite some small discrepancies, while the RC profile is a
periodic function in contrast to the others. It is worthy to notice that its behavior will be far different
from the others which are not periodic. It is assumed that only one period of the temporal profile
of this pulse is used in the dynamics. This characteristic leads the RC profile to behave differently
in comparison to the other pulses which vanish intrinsically beyond the main peak. Furthermore,
with the same pulse duration ¢y, both the Gaussian and the sech-type profiles have full-widths at
the half maximum intensity (respectively t&auss, = 1.665t, and 355, = 1.763ty) which are nearly
equal while the one of the RC pulse is approximately the half of these ones (t£G.,,, = 0.728t))
[3,10]. Thus, its compression period is expected to be the smallest one as can be observed on figures
3.5 and 3.6. This result contrasts with the one previously mentioned about silica SMFs where the
periodic compression was only obtained for HOSs, induced by the interplay between GVD and SPM.
However as presented in figure 3.5 and figure 3.6, we observe that, the periodic compression not only
depends on input pulse profile, but also can be obtained through the interplay of FOD and SPM in
a normal-GVD regime.

We observe a pulse amplification associated to the periodic compression mechanism, with a slight
reduction of pulse energy due to the losses : see for instance the blue curve of the Gaussian pulse
in figure 3.5(c). Indeed, one can see that the last compression peak is smaller than the two firsts
highlighting therefore the effect of the linear losses. This happens also for both the sech-type and
the RC pulse for long propagation distances. It merges therefore that, for high values of losses, the
compression peaks are more and more reduced (as concerned the amplitude) or more and more broad-
ened (as concerned the temporal width). The chirp also oscillates for each pulse and the compression
peaks of the amplitude (or the width) appear only at Cpuse(k29) = 0, k being a nonzero integer.
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Influence of the dispersion regime on the periodic compression : normal dispersion
regime (3, > 0 and (4 < 0) or (3, > 0 and 3, > 0)

Considering the figures 3.5 and 3.6, we remind the reader that the dispersion regime is normal
according to the GVD. It corresponds to the case where we have 5y > 0 and (; < 0. So, the
periodicity introduced by the FOD and SPM can be linked to the values of the FOD length for each
pulse following the relation Lrop = t3/]84] (With tpus(0) = o). For the Gaussian pulse, we have
Lrop = (4/15) Ly, For the sech-type pulse, the relation between the nonlinear length and the FOD
length is : Lrop = (16/45) Ly while for the RC profile we have Lrop = (13/45)Ly. One should
also notice that the periodic compression is obtained with the negative value of the FOD and the
positive value of the SPM. If the choice of a positive value of the FOD is done while we remain
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Figure 3.7: Plot of pulse characteristics, solid lines for the Gaussian pulse, circle lines for the sech-type pulse and
dotted lines for the RC pulse. Parameters for each pulse I' = 0, A = 0, C = 0, 2 = 0.56 ps?/m length L=1 cm.
For the Gaussian pulse : 34 = 0.0051 ps*/m. For the sech-type pulse : (4 = 0.0039 ps*/m. For the RC pulse :
B4 = 0.005 ps*/m, the normalized delay plotted is multiplied by 10 (see the red dashed curve in (a)) while the chirp
is multiplied by 10* (see the red dashed curve in (b)).

in the case of the normal dispersion regime (according to the GVD), the periodicity disappears as
expected (see figure 3.7) [3]. It corresponds to the case where we have §; > 0 and 8, > 0. As can be
seen in this figure, the chirp is initially equal to zero for each pulse. With the disappearance of the
periodicity, one obtains the pulse broadening. This process is more stressed for the RC pulse (see
the red dashed lines in figure 3.7) than that of the other pulses.

Influence of the dispersion regime on the periodic compression : anomalous dispersion
regime (3, < 0 and 3, < 0) or (3, < 0 and f3, > 0)

We plot in figure 3.8 the case where both the GVD and the FOD are negatives (8 < 0 and 3, < 0).
As can be observed, the periodic compression also occurs under these conditions. Nevertheless, this
phenomenon is less important than that of figures 3.5 and 3.6. Indeed the MPCP for each pulse and
the compression spatial period decrease. The illustration of this observation is presented in table 3.1
showing a comparison between the results obtained under the conditions (2 > 0, 84, < 0 (Fig.(3.5))
and B2 < 0, B4y < 0 (Fig.(3.8)). The main aspect coming from table 3.1, is the decrease of the
MPCP for each pulse from results of figure 3.5 to those of figure 3.8. It is a surprising result when
one considers the negatives values of the GVD and the FOD. Normally, one should expect that both
the two dispersion orders act together in a cooperative manner to improve the periodic compression
and therefore rather to increase the MPCP. Nonetheless, we observe the opposite feature. Note that
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Figure 3.8: Plot of pulse characteristics, solid lines for the Gaussian pulse, circle lines for the sech-type pulse
and dotted lines for the RC pulse. Parameters for each pulse I' = 0, A = 0, C = 0, 82 = —0.56 ps?/m, length
L=1 cm. Specifics results for the Gaussian pulse : (84, = —0.0051 ps?/m, first peak at 2z, ~ 0.00175 m, first
maximum pulse compression percentage (M PCP) = 48.84 %, zo =~ 0.0035 m. Specifics results for the sech-type pulse
: B = —0.0039 ps*/m, first peak at z;,;; ~ 0.00325 m, first M PCP = 54.86 %, zy =~ 0.006875 m. Specifics results for
the RC pulse : B4 = —0.005 ps*/m, first peak at 2, ~ 4.375 x 10~*m, first MPCP = 3.91 %, 2y ~ 8.75 x 10~*m.

Item Figure 3.5 Figure 3.8
Zinit/ 20 of the Gaussian profile 0.0019 m/0.0038 m 0.00175 m/0.0035 m
Zinit/ %o of the sech-type profile 0.0036 m/0.0075 m 0.00325 m/0.006875 m
Zinit /20 of the RC profile 3.636x10~* In/6.36><1074 m | 4.375x1074 m/8.75><10’4 m
MPCP of the Gaussian profile 61.77% 48.84%
MPCP of the sech-type profile 67.03% 54.86%
MPCP of the RC profile 37.95% 3.91%

Table 3.1: Comparison of results obtained in the figures 3.5 and 3.8 for each unchirped pulse. One can read as
: the first item before the division symbol "/" corresponds in the same line to values before this symbol and the
same procedure is done for the item behind the same symbol. For instance, for the first item "Gaussian pulse", z;p:t
corresponds to 0.0019 m and 0.00175 m while zp to 0.0038 m and 0.0035 m.
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the parameters z;,; and 2y increase for the RC from figure 3.5 to figure 3.8 in contrast to what
happens to the other pulses. It is obvious that this specific feature is linked to the peculiarity of
the RC pulse to be periodic and to have a small FWHM. It is highlighted in figure 3.9 where the
results obtained for the sech-type pulse are plotted in the two cases. We suggest that, comparatively

R 15
&=
E
8 i
H
T 08
QL
N
= 06
[+ £
E 04 L
[=]
= - . . 1 . o ; . ; ;
0 0.002 0.004 0.006 0.008 0.01 0 0.002 0.004 0.006 0.008 0.01
z{m) z{m)
@
=
=1
=
=
£
©
by =
<@
N
s
£
= 08 i i 1 i
é “o 0.002 0.004 0.006 0.008 001
z(m)

Figure 3.9: Comparison of the anomalous GVD case (red dashed curves) and the normal GVD case (blue solid
curves) for the sech-type pulse : the periodic compression is enhanced in the normal GVD case. Simulation conditions
are the same as in figures 3.5 and 3.8.

to the figure 3.5, the action of the anomalous GVD is in opposition with the one of the FOD, and
then leads to a reduction of the periodic compression. One notices that the RC profile has its z;,;
and zy which increase on contrary to what happens to the other profiles. This feature underlines
the main difference between this realistic input profile and the others. For a parametric study, we
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Figure 3.10: GVD and FOD managements to control the periodic compression : (a) MPCP versus the varying ratio
B2/B4 with a constant negative value of FOD —0.005 ps*/m, (b) MPCP versus the varying ratio 3,/ with a constant
positive value of GVD 0.56 ps?/m.

present in figure 3.10 how a management of the GVD and the FOD values can be done in order to
control the periodic compression. This analysis is done by calculating the MPCP in the cases where
both the GVD and the FOD vary. The range of values considered for both the GVD and the FOD
is extended in order to include the realistic conditions. In figure 3.10(a), with a constant negative
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Item Chirp Zinit 20 MPCP
Gaussian profile | 1/ 1.5 | 9.09x107%* m / 5.9x10™* m 0.00409 m / 0.0059 m 62.24% / 63.45%
Sech-type profile | 1 / 1.5 | 0.0127 m / 6.363x10~* m 0.00754 m / 0.01467 m 67.14% / 69.38%

RC profile 1/15 | 3.63x107* m/3.78x107* m | 6.363x10"* m / 6.48x10~* m | 38.45% / 38.88%
Table 3.2: Comparison of results obtained with different positive values of chirp

Item Chirp Zinit 20 MPCP
Gaussian profile | -1 / -1.5 0.003 m / 0.00527 m 0.00418 m / 0.00609 m 62.14% / 63.16%
Sech-type profile | -1 / -1.5 0.006 m / 0.0328 m 0.00756 m / 0.033 m 66.9% / 67.95%

RC profile | -1/ -1.5 | 2.727x10~% m/2.727x10 % m | 6.363x10~* m / 6.363x10~* m | 38.5% / 39.12%

Table 3.3: Comparison of results obtained with different negative values of chirp

value of FOD generating the periodic compression, this latter decreases with the decrease of the
GVD from the normal to the anomalous dispersion regime. We notice the special behavior of the
RC pulse for the values between 3 ps?/m to 0.5 ps?/m. However, the opposite feature arises for a
constant positive value of GVD while the FOD varies. Indeed, as can observed in figure 3.10(b), the
periodic compression phenomenon is performed by the increase of the FOD value from —0.03 ps*/m
to —5 x 107* ps*/m for all the pulses. Obviously, the RC pulse still has a special behavior for
the range between —10~* ps?/m to 0. Considering these results, the best case in which we have a
highest MPCP, corresponds to the one for which a large value of FOD (=5 x 107 ps*/m) is reached
in the normal GVD regime (0.56 ps®/m). The interaction that generates the periodic compression
corresponds to the interplay between the negative FOD and the positive SPM. The action of the
anomalous GVD is in opposition with the one of the FOD, and decreases the periodic compression
phenomenon while the normal GVD is rather beneficial.

Influence of the initial chirp on the periodic compression

As discussed earlier in [1,3|, the chirp should disturb the nonlinear periodic compression phe-
nomenon while it could lead to linear pulse compression when it is opposite to the GVD. So, introduc-
ing a small positive value of the initial chirp (Cy = 1) associated with the conditions (3 > 0, 8, < 0)
of figure 3.5, leads to table 3.2. The main observation done concerns the beneficial effect of the
positive value of the initial chirp on the periodic compression. In fact, both the MPCP and the
spatial period increase for all the pulses under the effect of the positive chirp. Therefore, the periodic
compression phenomenon is enhanced. However, using a relative high value as Cy = 2 yields the
opposite result such as the destruction of the periodicity leading rather to pulse broadening for the
sech-type and the Gaussian profiles while the RC pulse still keeps its periodic compression (see figure
3.11). Numerical simulation of a high value as Cy = 5, destroys the periodic compression of the
RC profile. This latter needs therefore large values of positive chirp under the considered dispersion
regime, for the disappearance of its periodic compression in comparison to the other input pulses.
Considering the negative values of chirp, one obtains for instance the table 3.3. As seen in this table,
the negative value of chirp also enhances the periodic compression obtained under the dispersion
regime of figure 3.5. Tt also comes that large negative values of chirp destroy the periodicity. So,
one can suggest that in general the small absolute values (AVs) of chirp enhances the periodic com-
pression induced by the interplay between the FOD and the SPM while large AVs of chirp destroy
the periodicity and leads to pulse broadening. This happens when the dispersion regime is normal
following the GVD, with FODxSPM<O0. In the next subsection, we study the influence of nonlinear
parameters as the TPA and the FCA on the periodic compression process.
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Figure 3.11: Contour plots of pulses propagation under the conditions presented in figure 3.5 with Cy = 2 : at the
left-side Gaussian profile, at the middle sech-type profile and at the right-side RC profile. For each frame, at the top
: intensity propagation, at the bottom : spectral propagation.

Influence of absorption coefficients on the periodic compression

In this section, the parameters are given as I' £ 0, A # 0, v # 0. Concerning the TPA phenomenon,
it was first reported experimentally by Kaiser and Garrett [226]. Multiphoton absorption phenomenon
can lead to laser damage of optical materials and can be used to write permanent refractive index
structures into the interior of optical materials [83]. Therefore, the multiphoton absorption is well-
known to be a nonlinear loss phenomenon that can reduce the efficiency of nonlinear optical devices
such as optical switches. It is known that the TPA reduces the compression factor [212].

However in the present work, we find that a small value of TPA (for instance 0.5 W~tm™!) destroys
progressively the periodic compression. The spatial period is increased following the propagation
distance for each pulse. As presented in figure 3.12, the effect of the small value of TPA on input
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Figure 3.12: Plot of pulse characteristics, solid lines for the Gaussian, dotted lines for the sech-type pulse and
dashed lines for the RC pulse. Parameters for each input pulse Cyp=0.8, I' = 0.5 W~lm™!, 0 = 1.45 x 1072 m2,
SOI-waveguide length L=4 cm. The other parameters are similar to those of figure 3.5.

pulse can be therefore understood as a destruction of the periodicity in the compression process
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induced by the interplay between FOD and SPM.

A relative high value of TPA as 6.5 W~'m™! as taken in [8], leads to the whole periodic compression
destruction (see figure 3.13) where the effect of FCA was also included. It is observed in these figures
that the large values of TPA combined to the FCA lead to pulse broadening inside the SOI-waveguide.
Nonetheless, under the considered conditions, one notices at least one peak of amplification linked
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Figure 3.13: Plot of pulse characteristics, solid lines for the Gaussian, dotted lines for the sech-type pulse and dashed
lines for the RC pulse. Parameters for each input pulse Cy=0.8, T = 6.5 w™'m ™!, 0 = 1.45 x 102! m?2, SOI-waveguide
length L=2 cm. The other parameters are similar to those of figure 3.5.

to a pulse compression before the broadening. This happens for the RC at a distance smaller than
that of the Gaussian pulse while the sech-type pulse is the last.

3.3.2 Case of SHAPs
The results presented in this sub-section stem from [227,247].

Linear compression

The values of the parameters used in numerical simulations are defined as [8] : the waveguide
length L—=4 c¢cm - 5 c¢m, the linear losses o = 5.06 m™!, the initial peak power P, =4.76 W, the
TPA coefficient I' = 6.5 W~'m™!, the GVD 3, = 0.56 ps>m ™!, the FOD 3, = —1.2843 ps*m™!, the
FCD-FCA associated coefficient x = 5 W=4ps~!m ™!, the initial chirp Cy =0.8, the SPM coefficient
~v =47 W=tm™1 the pulse width ¢, =50 fs
and the wavelength \g = 1550 nm, respectively.

We represent in figure 3.14 the pulse compression under the third condition of Eq. (2.76). The FOD
parameter is obtained by setting that Lpop = 0.960 where b = VoLgyp. This may be obtained
from a realistic value of the FOD (3, and for the numerical simulations, we show how the obtained
compression conditions work. It is convenient to choose an approximated realistic value of the FOD
which verifies the third compression condition of Eq. (2.76) for example. We have chosen to draw
the analytical result (see the solid line in figure 3.14(a) and figure 3.14(b)) with the numerical result
obtained with a fourth-order Runge-Kutta integration scheme (see the dashed line in figure 3.14(a)
and figure 3.14(c)). The analytical result here is based on Eq. (2.72) and the numerical result comes
from the direct integration of the growth equation of the width in Eq. (2.71). Considering the
obtained pictures, it comes that the quasi-spectral assumption that governs the analytical result can
approximately satisfy the pulse compression in the linear case because the difference between the two
results is not enough important for the small distances of propagation. Therefore, the assumption
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Figure 3.14: (a) Solid line for the analytical result of the width and dashed line for the numerical result versus
z, (b) contour plot of the Airy pulse propagation for the analytical result and (c) contour plot of the Airy pulse
propagation for the numerical result. The peak power Py = 4.76 W, 3» = 0.56 ps?/m, Cy = 0.8, a = 5.06 m™1!,
B4 = —1.2843 x 1075 ps*/m and SOI-waveguide length L=0.04 m.

of a spectral bandwidth approximately constant during the propagation inside the linear medium
leads to admit the compression factor given in Eq. (2.72) only for short distance. It is certainly sure
that Eq. (2.71) and Eq. (2.72) will diverge for a long distance of propagation. As noticed in figure
3.14, the critical distance of agreement that emerges from the simulations done is about 3 cm. The
MVA being validated to be a good mean to study short pulse propagation within SOI-waveguides
[8], translates cleanly in figure 3.14 the linear approximation of the waveguide dynamics.

Beyond this notice, the main feature observed here is the fact that this compression is obtained with
B2Cy > 0 and (20, < 0. As the others conditions defined in Eq. (2.76), these results are entirely
in agreement with those previously discussed in [31] while the fact that the chirp is similarly signed
like the GVD contrasts with the basic admitted theory of linear compression induced by chirp with
grating pairs [1,3]. The figure 3.14(b) is the contour plot of the Airy pulse for the analytical result
of Eq. (2.72) and Fig. (3.14c¢) is the contour plot of the Airy pulse for the numerical simulation of
Eq. (2.71). These figures correspond to the pulse propagation within the SOI-waveguide under the
conditions defined in the linear approximation and respecting the third compression condition of Eq.
(2.76). For this figure and for the followers, the scale bar is in unit of power (W) and indicates the
power reached in the compression process following the distance of propagation.

Now it is convenient to analyze what happens when the nonlinear effects are considered.

Nonlinear compression of SHAP in SOI-waveguide under FOD

Let us start firstly with the linear model that we integrate over a SOI-waveguide length about 5
cm, thus we obtain the figure 3.15. In figure 3.15, the parameters 7, I' and & (o) are still zero. It is
observed that the pulse compression really extents until a distance of propagation about 0.0409 m,
after comes the pulse broadening. At this distance, one obtains obviously the maximal pulse power
and compression before the broadening.

The process of the temporal compression has a peculiarity in the sense that, it is accompanied with
an amplification of the pulse. The power/amplitude of the pulse amplifies during the compression
process. The maximal power reached (MPR) in the compression process occurs at a distance as seen
in figure 3.15 and it can be observed in the scale bar to see the corresponding value. The broadening
of the Airy pulse occurs just beyond this point and is dramatically extreme as seen on the figure.
When the CKN effect is taken into account, the figure 3.16 is obtained. We can see in this picture a
similar behavior as in figure 3.15, it means a pulse compression over a distance of propagation followed
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Figure 3.15: (a) Plot of the normalized width (solid line) and the normalized amplitude (dashed line) versus z. (b)
Contour plot of the Airy pulse propagation. The peak power Py = 4.76 W, 3 = 0.56 ps®/m, Cy = 0.8, a = 5.06 m !,
By = —1.2843 x 107° ps*/m, v =0, T = 0 and x = 0, SOI-waveguide length L=0.05 m.
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Figure 3.16: (a) Plot of the normalized width (solid line) and the normalized amplitude (dashed line) versus z. (b)
Contour plot of the Airy pulse propagation. The peak power Py = 4.76 W, 35 = 0.56 ps?/m, Cy = 0.8, a = 5.06 m !,
By = —1.2843 x 1075 ps*/m, v =47 W= im~1, T = 0 and s = 0, SOI-waveguide length L=0.05 m.
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by the pulse broadening. However, the change brought by the CKN indicates a clean reduction of
the length of compression before the broadening. Indeed the pulse compression extends in this case
only over 0.0340 m. Another point that must be raised, is the MPR (in the compression mechanism)
which is also reduced due to the effect of v in combination with the negative value of the FOD.
Contrary to the previous case depicted in figure 3.15 (P = 90W), the MPR P4, here is slightly
beyond 25 W only.

The consideration of the TPA inside the dynamics studied in this sub-section as the single nonlinear
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Figure 3.17: (a) Plot of the normalized width (solid line) and the normalized amplitude (dashed line) versus z. (b)
Contour plot of the Airy pulse propagation. The peak power Py = 4.76 W, 3 = 0.56 ps%/m, Cy = 0.8, a = 5.06 m !,
By =—1.2843 x 1075 ps*/m, v =0, = 6.5 W~tm~! and x = 0, SOI-waveguide length L=0.05 m.

process produces an important reduction of the length of compression comparatively to the cases
above. This length is now about 0.0263 m with our data as seen in figure 3.17. Even the MPR is
reduced about 16 W.

The FCA effect on the pulse compression mechanism of femtosecond Airy pulses in SOI-waveguide
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Figure 3.18: (a) Plot of the normalized width (solid line) and the normalized amplitude (dashed line) versus z. (b)
Contour plot of the Airy pulse propagation. The peak power Py = 4.76 W, 35 = 0.56 ps®/m, Cy = 0.8, a = 5.06 m~!,
By =—1.2843 x 1075 ps*/m, y=0,T =0 and k = 5 W~4(ps m)~!, SOI-waveguide length L=0.05 m.

presented in figure 3.18 is also described as a reduction of the length of compression about 0.0383
m. However, the contrast with all the previous reductions observed with the CKN and the TPA,
concerns the MPR which is rather increased comparatively to the one of figure 3.15 about 100 W.
Another point to be noticed, is the amplitude depression which is similar with the one of figure 3.15.
The FCA seems to have a negligible role on this depression contrary to the TPA and the CKN.

One should notice that physically there is a dependency of free carriers to the TPA such that normally
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the FCA might not be investigated without the TPA according to the relation of Srpa (presented in
Eq. (2.50)). However, we stand on an approximated case where I' < 0 N¢(z, t) in order to neglect the
TPA behind the FCA-FCD. Even in a pure mathematical view, the purpose is to analyze the impact
of the FCA on the chirped truncated SHAP in the SOI-waveguide. This approach has the merit
to underline the contribution of each nonlinear parameter in the whole behavior of the pulse when
they are all considered. The same approach is done for intensity dependent nonlinear parameters in
[3] such as the SPM, the SS and the IPRS for the SMFs. Indeed, the study of the impact of each
nonlinear parameter is conducted separately to the others according to the purpose defined at the
beginning.

Considering the combination of all these nonlinear processes namely the CKN, the TPA and the FCA
to the linear parameters namely the normal GVD, the losses, the negative FOD and the positive initial
chirp, we obtain for the SHAPs the figure depicted in figure 3.19. All these results are obtained with
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Figure 3.19: (a) Plot of the normalized width (solid line) and the normalized amplitude (dashed line) versus z. (b)
Contour plot of the Airy pulse propagation. The peak power Py = 4.76 W, 2 = 0.56 ps®/m, Cy = 0.8, a = 5.06 m !,
By = —1.2843 x 107° pst/m, y =47 W=im™ 1, T = 6.5 W= im~! and x = 5 W%4(ps m)~!, SOl-waveguide length
L=0.05 m.

the interaction of the negative value of the FOD, the normal GVD and positive initial chirp under
the limit value defined in Eq. (2.77).

The length of compression reached is about 0.0241 m, slightly more smaller than that of figure 3.17 for
the single TPA effect. All the nonlinear processes seem to cooperate in the reduction of compression
length due to the combination of the negative FOD, the normal GVD and the positive chirp. Even
the reduction of the MPR is observed but less dramatic than that of figure 3.17.

According to the impact of each nonlinear parameter as presented in figures 3.16-3.18, we suggest
that they normally conduct to this compression length reduction, but the stressing is imposed by
the TPA effect because it is the single parameter which reduces more the length of compression. If
we consider the effect of the CKN and the TPA on the MPR in the compression mechanism studied,
we should normally obtain a reduction more important than that of figure 3.17 (16 W). However,
the result about 18 W indicates that the buffering is made by the FCA because as seen in figure
3.18, the effect of the FCA on the MPR of the SHAP allows an increase of its value comparatively
to the linear case. So, while the TPA and the CKN tend to reduce this value, the FCA influences
this variation in the opposite direction.

The decoupling of the effects related to v, [' and o, in a first approximation gives meaningfully a sense
to the analysis. Since, in the realistic SOI-waveguide dynamic which has its process of compression
via SHAPs drawn on the figure 3.19, the contribution of each parameter is underlined as additive
effects that cooperate in the sense of SPM and TPA, and that compete in the sense of FCA. Sure
enough, we notice that the TPA as a nonlinear loss rather acts on the chirped truncated SHAP
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in the same sense than the SPM surprisingly while the FCA acts in the opposite sense. All these
influences combined give an intermediate picture between those obtained with each single parameter.
Thus, the FCA plays a buffer role on the dramatic effects of the SPM and TPA induced SHAP pulse
broadening in the presence of the FOD.

3.4 On the FWM ASC growth in WDM solitons systems near
the ZDW

The results presented in this section stem from [228]. Considering the PMCs obtained in both the
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Figure 3.20: Evolution of the frequency offset of Phase-matching conditions versus the amplification spacing with
Bavp =1, Brop =1 (solid curve) and Bgvp =0, Brop = 1 (dashed curve).

reduced and full models (for w,, = 0), figure 3.20 presents the evolution of the frequency offset where
the FWM appears to be more important in the transmission in function of the normalized parameter
of the amplification distance. In the presence of both GVD and TOD, it comes a slight reduction
of the frequency offset evolution (solid curve in figure 3.20) in comparison to the single TOD case
(dashed curve in figure 3.20). The addition of the GVD term is the reason of this interesting feature.
The origin is linked to the polynomial equations of PMCs obtained in Eq. (2.92) and Eq. (2.93). We
conclude that the combined dispersion terms reduce the frequency offset window more than a single
dispersion term. Analyzing the growth function of the FWM in the reduced model, we can predict
a higher growth for the most reduced frequency window.

3.4.1 Case of the reduced model

Figures 3.21 and 3.22 present the temporal profile evolution of the FWM versus the normalized
distance ¢ (for convenience ¢ and 7 are respectively represented by z and t in the figures) in the
reduced model for the single TOD case and assuming both TOD and GVD, respectively. As can be
seen in those figures, the FWM component appears along the transmission line near the first node
and its amplitude increases through the following amplification nodes due to the realization of the
phase-matching conditions. We notice that, in the reduced model, the FWM is reduced slightly in
the single TOD case than in the combined GVD-TOD case.  This feature is better observed in
figure 3.23 which presents the FWM temporal profile at the first and the tenth amplification nodes
for both cases (single TOD and combined GVD-TOD). Figure 3.23(a) presents identical amplitude
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Figure 3.21: Propagation of FWM component in the reduced model, for the single TOD case Bgvp = 0, Brop = 1.
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Figure 3.22: Propagation of FWM component in the reduced model, for the GVD-TOD case Sgvp = 1, Brop = 1.

values of the FWM at the first node for both cases under study. During the propagation along the
transmission line, one observes that the amplitude of the FWM temporal profile in the single TOD
case is slightly reduced in comparison with the amplitude assuming the combined GVD-TOD case
(see figure 3.23(b)). Therefore, in the reduced model, the FWM grows along the transmission line
and consequently a control of the FWM growth could be achieved.

3.4.2 Case of the full model

For the full model, the growth of the spectra profiles of the FWM versus the normalized distance
¢ in the full model are presented in figures 3.24 and 3.25 for the single TOD and the combined
GVD-TOD cases, respectively.  The TOD introduces an asymmetry in the profile of the FWM
component for both cases which is progressively reduced along the line when reaching the tenth
amplification node. It is also found that in WDM soliton systems where input colliding channels F;
and Fs are not well-separated, the FWM is associated with slight peaks at each amplification node
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Figure 3.23: Temporal profile of FWM in the reduced model for both single TOD (dashed curve) and combined
GVD-TOD (solid curve), at the first (n = 1 : curve (a)) and the tenth (n =10 : curve (b)) nodes respectively.
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Figure 3.24: Propagation of FWM component spectrum in the full model, for the single TOD case Bgvp =
0, Brop = 1.

and becomes wide when ( is increasing. It yields that, the strength of the FWM in the single TOD
case is more important than in the combined GVD-TOD case. For both cases, the FWM becomes
more smaller along the propagation distance (. We present in figure 3.26, the spectrum profile of the
FWM component for both cases at the first and tenth amplification nodes. This spectrum is more
intense in the single TOD case (dotted lines in figure 3.26(a) and figure 3.26(b)) than in the combined
GVD-TOD case (solid line in these figures). We can easily say that the combination of TOD term
with the GVD term reduces the FWM crosstalk in the WDM soliton systems where input channels
are closer each other (small frequency spacing). This feature is depicted by the asymptotic solution
of the FWM growth presented in figure 3.27 for the full model. We obtain a high broadening of the
FWM spectrum in the combined GVD-TOD case (solid lines) comparatively to the FWM spectrum
in the single TOD case (dotted lines). These results show that the analytical asymptotic solution
(for larger () is in good agreement with the previous obtained results.

Lucien M. Mandeng, PhD thesis (©)-2015 118



Laboratory of Mechanics, Department of Physics, Faculty of Science, U.Y.I

0 : P Rt b ;-

Distance z 05

Amplitude of FWM spectrum

Frequency o

Figure 3.25: Propagation of FWM component spectrum in the full model, for the combined GVD-TOD case
Bavp =1, Brop = 1.
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Figure 3.26: Spectral profile of FWM in the full model for both single TOD (dashed curve) and combined GVD-TOD
(solid curve), at the first (n =1 : curve (a)) and the tenth (n = 10 : curve (b)) nodes respectively.

3.5 On the MI mechanism in silicon waveguides under FOD

The results presented in this section stem from [229].

3.5.1 Effects of absorption coefficients on the MI gain

For the numerical simulations, we have set the parameter K = oN, as the FCA parameter.
Therefore, we choose to study separately the effects of TPA and FCA on the MI gain spectrum by
controlling the value of K. For instance, in the case where we have I' # 0, we consider that K ~ 0
which allows us to analyze only the single effect of TPA. On the other hand, when rather we have
K # 0, we consider that I' ~ 0 which allows us to analyze only the FCA effect.

Then, we plot in figure 3.28 the MI gain for different cases highlighting the effect of the absorption
coefficients. For the case where we neglect the TPA and the FCA effects (see figure 3.28(a)), we have
2 bands of the MI gain at 2 OFs locations : -78.3443 and 78.3443 THz. These sidelobes are due to the
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Figure 3.27: Spectral profile of FWM in the full model for both single TOD (dashed curve) and combined GVD-TOD
(solid curve), asymptotic solution beyond the tenth node where the parameter z is assumed to be larger.

FOD effect interacting with the GVD as discussed in [189,190| and designed by the second relation of
Eq. (2.114). However, in the presence of the TPA (see figure 3.28(b)), we have 7 remarkable values of
the MI gain at 7 OFs locations : -78.3443, -69.0857, -48.9898, 0, 48.9898, 69.0857 and 78.3443 THz.
Among these locations, three have a zero MI gain particularly those of +69.0857 THz and 0 THz.
In the presence of the FCA (see figure 3.28(c)), we have 3 OFs solutions where the one in the central
frequency (£20—0) has an increased MI gain. It means that, the FCA enhances the value of this central
MI gain point. For the full realistic case where both the TPA and the FCA effects are considered, we
recover the 7 locations above of the MI gain maxima with the corresponding enhanced central peak.
It is worthy to notice that, these OFs values could be directly obtained using the relations of Eq.
(2.114). The figure 3.29 shows the MI gain spectra for the different cases discussed above in figure
3.28 versus the varying peak power F,. The features noticed in figure 3.28 are directly observed in
the contour plots of figure 3.29. It is observed in figure 3.29(b), the TPA effect on the MI gain such
as the creation of the 4 OFs symmetric locations given by the two last relations of Eq. (2.114) in
addition to the OFs induced by FOD and GVD interaction (see figure 3.29(a)). On the other hand,
the FCA slightly increases the value of the central MI gain (see figures 3.29(c¢)-3.29(d)) comparatively
to the cases of figures 3.29(a)-3.29(b).

3.5.2 Impact of pulse shape, chirp and absorption coefficients on the MI
PTG

In the absence of chirp, TPA and FCA

We generate a map of PTG as shown in figure 3.30 for each positively chirped input pulses with
the common SSF algorithm in the absence of the TPA (I' = 0). For the sech-type and Gaussian
profiles, the trails of the MI-PTG are observed around about 0.07 m while for the RC pulse, they
are observed around about 0.06 m. We also observe for all the profiles with the numerical data used,
about 10 main peaks of the MI-PTG process in figure 3.30. The maximum value of these mains peaks
for the sech-type pulse is obtained around about 0.12 m of propagation distance with approximately
the value of 9.5 W (see the colorbar in figure 3.30(b)). Concerning the Gaussian profile, we reach 11
W toward 0.115 m. For the last profile (RC pulse), we observe rather a maximal value about 12.5
W toward 0.11 m.
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Figure 3.28: Plot of the MI gain spectrum versus €. (a) blue curve for TPA=0 and FCA=0, (b) green curve for
TPA#0 (I'=6.5 W= tm™1) and FCA ~ 0, (c) red curve for TPA ~ 0 and FCA # 0 (K =1 m™1) and (d) violet
curve for TPA # 0 and FCA # 0. Others parameters : 3 = 0.56 ps?/m, 34 = —0.0014 ps*/m, v = 47 w=tm™1,
Py=3W.
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Figure 3.29: Plot of the MI gain spectrum versus Py and Q. (a) for TPA=0 and FCA=0, (b) TPA # 0 (I’ =
6.5 W=im™1) and FCA ~ 0, (c) for TPA ~ 0 and FCA # 0 (K =1 m™!) and (d) for TPA # 0 and FCA # 0.
Others parameters : (5 = 0.56 ps?/m, 34 = —0.0014 ps*/m, v = 47 w=tm~L.
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Figure 3.30: Contour plot of unchirped pulses propagation. (a) Gaussian profile, (b) Sech-type profile, (c) RC
profile. Parameters : (o = 0.56 ps?/m, 84 = —0.0014 ps*/m, v = 47 w™tm™, L=0.15 m, tqg = 50 fs, Py = 3 W,
I'=0.

Indeed, we notice that the profiles which are close to the fundamental soliton solution (consequently
more stable) as the sech-type pulse, have their main peaks of the MI-PTG trails that occur at larger
propagation distances than those less stable as the RC pulse. In addition, the maximum value of
these main peaks are smaller than those of the less stable input profiles. The same idea can be raised
for the Gaussian pulse in comparison to the RC profile, since the first form is more close to the
sech-type pulse than the latter.

More specifically, the RC pulse as a less stable input, has its main peaks of the MI-PTG trails more
strong at the short propagation distances (see figures 3.31(b) and 3.31(c)). This profile is followed
by the Gaussian profile, which gets strong peaks at propagation distances larger than the previous
profile (see figure 3.31(d)) while the sech-type is the last with strong peaks of the MI-PTG process
appearing later in the propagation (see figure 3.31(e)). Beyond these regular main peaks for all the
profiles, the spontaneous breakup process continues leading to a chaotic picture for the large distances
of propagation (see figures 3.30 and 3.31(f)). Another observation that can be done in figure 3.31,
concerns the orientation of the undulations for each pulse. Indeed, in the absence of the source chirp,
all the pulses have the same orientation in the undulations.

Effect of chirp in the absence of TPA and FCA

Considering the initial chirping process of each pulse, we have simulated the MI-PTG process
in the absence of absorption coefficients (see figure 3.32). As can be observed in this figure, the
initial chirp (C=10) leads both the sech-type and the Gaussian profiles to behave similarly in the
development of the MI-PTG process while the RC profile remains different. Furthermore, the chirp
does not change the number of the main peaks for each profile. It shifts the occurrence of the high
values of the main peaks to short propagation distances for all the input pulses (about 0.1 m). The
maximum value reached in the power is the same for both the Gaussian and the sech-type pulse
(about 15.25 W) while for the RC profile, one finds rather about 15 W. So, the effect of chirp consists
to enhance the intensity of the MI-PTG peaks and to shift the occurrence of their maximum value
to the short propagation distances than the unchirped case.

On the other hand, when we consider the figure 3.33 with the nonzero value of chirp, the pulses that
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Figure 3.31: Temporal profiles of the unchirped pulses at different propagation distances: (a) input at z=0, (b)
z=0.05 m, (c) z=0.1 m, (d) z=0.115, (e) z=0.121 m and (f) z=L. The parameters are the same as in figure 3.30. Solid
blue curves for Gaussian profile, dashed green curves for sech-type profile and solid red curves for RC profiles.
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Figure 3.32: Contour plot of chirped pulses propagation. (a) Gaussian profile, (b) Sech-type profile, (c¢) RC profile.

Parameters :
I'=0..

C=10, B2 = 0.56 ps®/m, B4

—0.0014 ps*/m, v = 47 wim~!, L=0.15 m, to = 50 fs, Py = 3 W,
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Figure 3.33: Temporal profiles of the chirped pulses at different propagation distances: (a) input at z=0, (b) z=0.05
m, (¢) z=0.1 m, (d) z=0.115, (e) z=0.121 m and (f) z=L. The parameters are the same as in figure 3.32. Solid blue
curves for Gaussian profile, dashed green curves for sech-type profile and solid red curves for RC profiles.

are more stable (the Gaussian and the sech-type pulses), are more amplified than those which are
less stable (the RC profile). Even the orientation of the undulation changes, since the RC profile
undergoes a chirp phase opposite to the one of the others. Reversing the initial chirp value of the
RC pulse so that it is now chirped with a negative value while the other profiles are always chirped
positively, we obtain a similar behavior for all the pulses (see figure 3.34). In this case, the chirp
creates an independence of the MI-PTG process to the input profile, since it is observed that all the
pulses have the same picture because of the nonzero chirp.

Effect of absorption coefficients

The case treated in figure 3.35 concerns the chirped pulses undergoing the MI-PTG process in
a SOI-waveguide having a small value of TPA about 0.1 W~tm™! with the FCA coefficient about
1.45 x 1072tm? |218]. We observe the effect of these small values of TPA and FCA on the MI-PTG
picture drawn as a slight reduction of the amplified intensity comparatively to the previous cases.
The chirp impact in figure 3.35 is in agreement with the one mentioned previously in figures 3.32
and 3.33. Increasing the value of the TPA parameter with a factor 5 (consequently the FCA also
increases), the absorption coefficients influence significantly the MI-PTG process. In fact, in figure
3.36 we observe the influence of TPA and FCA as a real reduction of the amplified intensity of
the MI-PTG peaks in which the maximum value is reached at almost the output of the considered
SOI-waveguide. On the other hand, the input profiles do not interact similarly with the absorption
coefficients. The RC profile is found to be more influenced by the TPA and FCA than the others,
since its maximum value does not exceed the initial peak value comparatively to the whole previous
cases. Concerning the sech-type and the Gaussian pulses, an important reduction is observed but
it exceeds at least the double of the initial input peak power. However, the combination of the
value of 6.5 W~tm™! used previously by Roy et al [§] for the TPA effect and the FCA coefficient
value of [202a], leads to the complete destruction of the MI-PTG process creating consequently an
independence to the input profile (see figure 3.37). Indeed, as can be observed, all the pulses behave
similarly under these conditions. The MI-PTG is destroyed in the sense that there are no peaks or
any pulse splitting observed. The absorption coefficients act in this case, normally as nonlinear losses
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Figure 3.34: Temporal profiles of the chirped pulses at different propagation distances with a chirp inversion for the
RC profile: (a) input at z=0, (b) z=0.05 m, (c¢) z=0.1 m, (d) z=0.115, (e) z=0.121 m and (f) z=L. The parameters
are the same as in figure 3.32. Solid blue curves for Gaussian profile, dashed green curves for sech-type profile and
solid red curves for RC profiles : for the RC profile C = —10 while for the others C=10.
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Figure 3.35: Plot of chirped pulses propagation. (a) Gaussian profile, (b) Sech-type profile, (c) RC profile. Pa-
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Figure 3.36: Plot of chirped pulses propagation. (a) Gaussian profile, (b) Sech-type profile, (c¢) RC profile. Pa-
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Figure 3.37: Plot of chirped pulses propagation. (a) Gaussian profile, (b) Sech-type profile, (¢) RC profile. Pa-
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leading the a drastic pump depletion following the propagation distance. The half of the initial peak
power is reached after a propagation of 0.04 m only. Beyond this propagation distance, the pulses
are almost annihilated by the absorption coefficients whatever the value of the chirp which becomes

a secondary parameter. Thus, the absorption coefficients counteract the beneficial chirp effect on the
MI-PTG process.

3.6 On the SCG phenomenon through the higher-order NLSE
with non-Kerr terms

The results presented in this section stem from [234]. The general numerical data used, are given
as follows : the waveguide length L = 1 ¢m, the GVD 3y = —0.5 ps?m~! (defining an anomalous
dispersion regime of the modeled waveguide as taken in [237]) and the pumping wavelength Ay = 1550
nm.

3.6.1 Effects of competing and cooperative nonlinearities

Figure 3.38 shows the pulse width with t, = 50fs, the CKN coefficient ¥, = 5 W™ im™!
and the incident pulse energy Ey = 0.1 nJ (sub-nJ pulse). As seen in this figure, the cooperative
nonlinearities (see the solid black curve in figure 3.38(a)) stress the spectral broadening of the SCG
spectrum as expected since these nonlinearities have the same sign and therefore cooperate in the
increase of the global nonlinearity of the media. Obviously, the opposite feature is observed for the
competing nonlinearities where the quintic nonlinearity with its negative sign counteract the effect of
the cubic nonlinearity in the spectral broadening of the SCG. As result of this competition, a spectral
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Figure 3.38: (a) SCG output spectra. Contour plots of SCG pulse spectral propagation : (b) case of single CKN 7 =
0, (c) case of cooperative nonlinearities 7o = 0.05 W ~2m~1, (d) case of competing nonlinearities 35 = —0.05 W=2m~1.

compression is obtained (see the solid green curve in figure 3.38(a)) in comparison to the single CKN
case (see the dashed blue curve in figure 3.38(a)). The corresponding spectral propagation are showed
in figures 3.38(b), 3.38(c) and 3.38(d).
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3.6.2 Effect of the pulse width reduction in the femtosecond domain :
spectral compression induced by the cooperative nonlinearities
The reduction of the pulse width in the femtosecond domain by a factor 5 leads to figure 3.39.

For the spectra presented in this figure, the same data as in figure 3.39 have been used except the
pulse width, which is rather ¢, = 10fs. Surprisingly, we notice that instead of enhancing the SCG
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Figure 3.39: Contour plots of SCG pulse spectral propagation : (a.1), (b.1) and (c.1); SCG input and output spectra:
(a.1), (b.1) and (c.1); (a.1) and (a.2) for the case of cooperative nonlinearities, (b.1) and (b.2) for the case of competing
nonlinearities, (c.1) and (c.2) for the case of single CKN.

spectrum broadening (increase of the SCG bandwidth), the cooperative nonlinearities slightly lead
to a spectral compression in the low wavelengths region (see figures 3.39(al) and 3.39(a2)) while the
competing ones nearly maintain unchanged the SCG spectrum (see figures 3.39(b1) and 3.39(b2)).
This last feature is also observed for the single CKN case in figures. 3.39(cl) and 3.39(c2). The
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Figure 3.40: SCG spectra.
effect of this pulse width reduction induced spectral compression of the cooperative nonlinearities is

highlighted in figure 3.40 where the spectral profiles of the SCG have been drawn. The three cases of
figure 3.39 are presented in figure 3.40(a). Both the increase of the energy in the sub-nJ scale (as done
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in figures 3.40(c) and 3.40(d)) and the nonlinearity (as done in figures 3.40(b), 3.40(c) and 3.40(d))
confirm the previous feature of the spectral compression obtained in the cooperative nonlinearities
case. In these figures, the bandwidths remain nearly unchanged from the input to the output of the
considered waveguide for the competing nonlinearities. Considering the figure 3.41, we have drawn
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Figure 3.41: SCG -20 dB bandwidths corresponding to the cases plotted in figure 3.40 : (I) for the cases (a) input
bandwidth about 1144.57 nm, (b) input bandwidth about 1130.95 nm, (c) input bandwidth about 1195.65 nm, (II)
for the case (d) input bandwidth about 3026.58 nm.

the SCG bandwidths at -20 dB of the S.I for the cases shown in figure 3.40. Globally, as seen on this
figure, the bandwidth decreases when one moves from the competing nonlinearities 7, < 0 to the
cooperative ones 75 > 0. Indeed for the case (a) in figure 3.41(T), the spectral compression is obtained
for the cooperative nonlinearities since one reaches about 1084.33 nm when the input was at 1144.57
nm. For the case (b), the compression is reached at 1011.90 nm for the cooperative nonlinearities
while the input is at 1130.95 nm. The same feature could be observed for the cases (c¢) and (d) (see
figure 3.41(II)).

3.7 On therole of the input profile asymmetry and the chirp on
the propagation in highly dispersive and nonlinear fibers

The results presented in this section come from [236].

3.7.1 Part I : propagation of FEAPs in highly dispersive optical fibers

The model equation used to describe the dynamics within a highly dispersive optical fiber (HDOF)
is the basic nonlinear NLSE defined as [3,236,248] :

Ou  s50%u  is30%u 04 0'u

2 S L R U N2 e =0 3.2
B 20 6o Taaan TN =0 (3.2)
where u, £ and 7 are the dimensionless quantities representing the slowly varying amplitude of the
electrical field, the propagation distance and the retarded frame time, respectively. The coefficients
S2, S3 (Wlth S3 — + LGVD/LTOD); 54 (Wlth 54 =+ LGVD/LFOD)-
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Initial chirp inducing changes in the spectral shape : the spectral asymmetric shape

Firstly, we consider the basic nonlinear case where the GVD, TOD and FOD are neglected compared
with the SPM [236,248]. This case is exhibited in figure 3.42 where we show the single effect of the
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Figure 3.42: Single effect of the initial chirp without GVD, TOD and FOD and a normalized length of the HDOF
Emaz = 4088. (I) and (II) for time domain intensity versus 7, (III) and (IV) for spectral intensity (S.I) versus normalized
frequency w. Asymmetric spectral profiles : (V) for C' = 0.1, (VI) for C' = —0.1, (VII) for C = 1, (VIII) for C = —1.
The truncation coefficient a is 0.05.

initial chirp in the presence of the SPM. It is observed that, the chirp influences the spectral profile
as seen in figures 3.42(III) and 3.42(IV), but leaves the time domain unchanged (see figures 3.42(I)
and 3.42(II)). Furthermore, the chirp transforms the spectral profile into an asymmetric form with
the same location of the oscillations tail when C' > 0 (oscillations tail are in the left-hand side (LHS),
see for instance the red crossed and green dashed curves of figures 3.42(III) and 3.42(IV)) and in
the opposite side when C' < 0 (oscillations tail are in the right-hand side (RHS), see for instance
the violet circle and blue dot dashed curves of figures 3.42(I1I) and 3.42(IV)). In figure 3.42(IV), the
dominant peak of C=-1 (see the violet circle curve) is amplified compared with the positive case C=1
(see the green dashed curve). Obviously, as well-known, the SPM is responsible to the distortion of
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the output spectrum observed on the black solid curve of figure 3.42(IV) [3|. The spectral asymmetric
profile induced chirp leads to an Airy-like form when |C| increases. A comparison between the green
dashed curves of C—1 and the red crossed curves of C' = 0.1 in both figures 3.42(1II) and 3.42(IV),
confirms this feature. The same observation could be done on the violet circle curves of C' = —1 and
the blue dot dashed curves of C' = —0.1 in both figures 3.42(III) and 3.42(IV). The bottom curves
drawn in figures 3.42(V), 3.42(VI), 3.42(VII) and 3.42(VIII) (respectively for C=0.1, C' = —0.1,
C=1 and C' = —1), show the dependence of the effect of chirp on the spectra obtained versus the
propagation distance £. It is observed as discussed above that, for the small value of chirp cases
(|C] = 0.1 in figures 3.42(V) and 3.42(VI)), the spectrum seems to have only one peak which is
asymmetric because of chirp and distorts following & because of the SPM. With the increase of chirp
as for figures 3.42(VII) and 3.42(VIII), the spectrum takes progressively an Airy-like form which
undergoes more the SPM effects when the positive chirp (C' = 1) is used than the negative chirp
(C'= —1) (Comparison between the violet dashed curves of both figures 3.42(VII) and 3.42(VIII)).

It is well-known that, when a symmetric and compact pulse such as Gaussian, hyperbolic secant
or raised-cosine profile, undergoes only the SPM effect in a dispersionless SMF, the spectrum remains
symmetric as discussed in [3|. The use of an initial chirp does not change this configuration. On the
other hand, it is a surprise to observe a symmetric spectral output from an asymmetric shape as the
one of a FEAP (see the black solid curves in figures 3.38(11I) and 3.42(IV)). Moreover it appears that
the use of the initial chirp delivers an asymmetric spectral output from the asymmetric temporal
shape.

One should also remind that, the effect of SS as a higher-order nonlinear effect yields an asymmetry
of the SPM-broadened spectrum obtained from a symmetric pulse as a Gaussian pulse [3]. This SS
effect was described as an optical shock, analogous to the development of an acoustic shock on the
leading edge of a sound wave [222]. In the present work, figures 3.42(I1I) to 3.42(VIII) show rather
that, an asymmetry of the FEAP spectrum could be obtained through the initial chirping directly
at the input and can be preserved continuously under the first order SPM effects. It means that, the
chirp also creates an optical shock on asymmetric pulses, analogously to the SS effect. Nonetheless,
this optical shock induces a spectral asymmetry which depends on the sign of the imposed frequency
chirp. For the considered simulations, the positive chirp creates the optical shock in the leading edge
(blue shifted oscillations) of the spectrum leading this one to have an Airy-like form (for C=1) and
just an asymmetric profile as observed (for small values of chirp as 0.1). The opposite happens for
the negative chirp, in which the shock is observed on the trailing edge of the spectrum (red shifted
oscillations seen on figures 3.42(VIII) for C=-1 and 3.42(VI) for C=-0.1). One can also refer to the
TOD effect on the spectrum of an unchirped Gaussian pulse discussed in [3]. Indeed, it has been
demonstrated that, a such symmetric profile becomes asymmetric in the spectral domain because of
the TOD effect even in the presence of the SPM effects [3,249].

Thus, the chirp effect is similar to the SS and TOD effects. Subsequently, it is assumed that
chirping the FEAP should increase significantly the broadening of its spectra. This result is obtained
when we compare the extent of the unchirped spectrum (black solid curves in figures 3.42(I1I) and
3.42(1V)) with those of the chirped cases (colored curves in figures 3.42(III) and 3.42(IV)). The
idea to use chirped FEAPs to produce broadband spectra is therefore well understood. A direct
application to the SCG phenomenon resounds with these observations. In the literature, the spectral
broadening induced by chirp has been already reported, however for the only studied symmetric
profiles previously mentioned [3,137,201].

Initial chirp inducing changes in the temporal shape : the A.I mechanism

In this subsection, we assume ¢, = 0 in Eq. (3.2) and investigate numerically the A.I mechanism.
In figure 3.43 we illustrate this mechanism induced by the initial chirp in the anomalous GVD. In the
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basic theory of pulse compression, considering the linear case (N = 0) when only the GVD governs
the dynamics, the duration of the input pulse should be reduced in order to compress the pulse during
its propagation with G,C' < 0 [3,227,236,248,250|. In the present figure (figure 3.43), the interaction
between the chirp and GVD, with opposite sign, influences deeply the temporal profile of the FEAP.

In order to highlight the interesting feature of the A.I mechanism obtained through the interaction
between the initial chirp and the GVD, we have chosen to present in figure 3.43 different cases :
(i) unchirped FEAP under anomalous GVD without TOD showed in (a.1) and (b.1), (ii) case of
positively chirped FEAP under anomalous GVD without TOD showed in (a.2) and (b.2), (iii) case
of positively chirped FEAP under anomalous GVD with negative TOD showed in (a.3) and (b.3),
(iv) case unchirped FEAP under anomalous GVD with positive TOD (it is the result obtained by
R. Driben et al in [251]) showed in (a.4) and (b.4), (v) case of negatively chirped FEAP under
anomalous GVD with positive TOD showed in (a.5) and (b.5).

The pictures of (a.1) and (b.1) presents the acceleration of the FEAP’s oscillations tail and
dominant peak toward the trailing edge. Indeed, the FEAP freely accelerates as expected and bends
itself to the right-side [12,251]. One can see the slight shift of the dominant peak obtained in figure
3.43(a.1) (see the green dashed curve comparatively to the input blue solid curve).

The novelty is underlined by the A.I occurring under the interplay between the positive chirp
and the anomalous GVD (see figures 3.43(a.2) and 3.43(b.2)) instead of TOD effect as discussed in
[251]. The oscillations tail of the temporal FEAP profile that are initially and normally in the LHS
(leading edge) of the dominant peak, accelerate and collide with this last one at a certain distance of
propagation from the input & = 0 (This distance is similar to the tight-focusing point or focal point
discussed in [251]). This collision is found in our simulations between & = 600 and & = 900. Within
the collision area 600 < &..; < 900, the FEAP’s asymmetric shape completely collapses. After ..y,
the FEAP self-heals with the occurrence of the A.I : both the dominant peak and the oscillations
tail regenerate themselves while in addition these last ones are recreated in the RHS (trailing edge)
of the time domain instead of the regular LHS as can be observed in figure 3.43(a.2). Therefore,
the A.I obtained in [251] differs from the one induced by the interaction chirp-GVD presented here
: in [251] the tight-focusing of the FEAP is induced by TOD while in the present case, it is rather
induced by the chirp effect. The oscillations tail collide with the dominant peak then, induce a FEAP
collapse before its regeneration in the opposite side. As a result, it is found that the A.I mechanism
occurs only when the GVD regime is opposite to the initial chirp : chirp x GV D < 0. Under these
conditions, a compact and symmetric profile as Gaussian, hyperbolic secant or raised-cosine pulse
should be only compressed [3,224,227] while an asymmetric profile as a FEAP beyond the temporal
compression, undergoes also an A.I mechanism. This result shows again that, the chirp produces the
same effects as SS and TOD.

To confirm this observation, we add in the considered positive chirp-anomalous GVD system,
a negative TOD as s3 = —1 so that the TOD and GVD cooperate. We obtain figures 3.43(a.3)
and 3.43(b.3). The effect of chirp inducing the A.I mechanism, is now counteracted by the TOD
effect cooperating with the GVD. So, the TOD destroys the A.I mechanism induced by chirp-GVD
leading rather the FEAP to diverge. On the other hand, we do once the simulation obtained by
R. Driben et al in [251] by making that the unchirped FEAP propagates under the anomalous
GVD and positive GVD, as expected the A.I mechanism induced by GVD-TOD occurs because of
the competition between both the two dispersion orders (see figures 3.43(a.4) and 3.43(b.4)). Adding
now a chirp having the same sign with the GVD (C' = —1 with sy = —1) and opposite to the TOD
(s3 = 2), destroys the A.I mechanism induced by GVD-TOD as can be observed in figures 3.43(a.5)
and 3.43(b.5). From all these observations, the chirp effect can be definitely assumed as a third-order
effect acting in the linear aspect of propagation as a TOD (figure 3.43) and in the nonlinear aspect
of propagation as a SS (figure 3.42).
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(b.5) C' = —1 with s3 = 2.
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The confirmation of this result is given in figure 3.44 where the FEAP propagates under a negative
chirp (C' = —1) and a normal GVD regime (s, = 1). In the same figure, beyond the A.I mechanism
occurring in the normal GVD with negative chirp symmetrically to the one occurring in the anomalous
GVD with positive chirp in figure 3.43, the influence of the truncation coefficient a is presented.

Indeed, the A.T mechanism is shown for several values of a from 0.005 to 0.9. The first notice done
concerns the input profiles of blue solid curves observed in figures 3.44(a.1)-(a.8) : both the number
of oscillations tail and the FEAP intensity decrease when a increases. Considering the decrease of
the FEAP intensity with a, it is obvious to note that, it is exactly the role played by the truncation
coefficient to gives to the Airy pulse a finite energy. On the other hand, as it can be observed in
figure 3, the reduction of the number of oscillations tail leads to a symmetric shape (see for instance
figure 3.44(a.8) for a = 0.9). Consequently, the FEAP loses its asymmetry with the increase of a and
then the A.I mechanism also disappears. The area of the FEAP’s collapse in the A.I mechanism is
reduced with the increase of a (see the cases of @ = 0.1 to a = 0.9 in figure 3.44). The parameter a
does not really affect the distance &.,; over which the A.I occurs.

To see what exactly happens within the focal area (or FEAP shape’s collapse area), we present
in figure 3.45 the evolution of the FEAP shape after several values of the normalized propagation
distance £. Here, the snapshots of (I) to (V) show how the oscillations tail collide with the dominant
peak of the FEAP, merging and transferring their energy to this latter. Thus, the dominant peak
amplifies and the standard FEAP shape is completely collapsed while the profile remains left-handed
asymmetric. Then, the only emerging and dominant peak settles progressively from (VI) to (VIII)
by a broadening and transforms into a compact and symmetric shape. In the vicinity of & ~ 825
(considering our conditions of simulation), the compact and symmetric shape for the only existing
peak is completely formed (see (IX) in figure 3.45). Then, the reverse process occurs, transforming
progressively the obtained nearly symmetric output (NSO) into a right-handed asymmetric output
until the whole formation of the asymmetric shape (see (X) to (XII) in figure 3.45). The compact
NSO obtained in (IX), can be assumed to have a Gaussian-like shape as mentioned previously by R.
Driben et al in [251].

One observes also a temporal compression of the whole pulse which is accompanied by the amplifi-
cation of the dominant peak as generally noticed in the compression process of symmetric pulses (see
the red dashed curves from (I) to (V) on figure 3.45). Beyond the collapse’s area, this compression
is followed by a broadening-like process. Therefore, the A.I mechanism for an asymmetric pulse as a
FEAP can be explained through four physical processes :

e the initial chirping gives an energy to the oscillations tail, that move faster than the dominant
peak (the group-velocity of the oscillations tail increases under the chirping) in the acceleration
phase (displacement from the leading edge to the trailing edge),

e the interaction between the chirp and the opposite GVD, compresses the whole pulse and
amplifies the dominant peak by a fusion with the oscillations tail,

e after this initial phase, the pulse completely loses its asymmetry (in the collapse’s area) and
becomes continuously symmetric,

e then, the broadening occurs with the regeneration of the oscillations tail in the opposite side.
The oscillations tail move faster than the dominant peak, cross this latter and reform in the
opposite side.

In order to analyze the dependence of the A.I mechanism to the value of chirp, we plot on
figure 3.46 the relation between the minimal distance &gy, (over which the FEAP becomes nearly
symmetric) and the chirp C. It is found that, this distance decreases following the increase of the
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chirp. Note that the conditions assumes an anomalous GVD without the FOD and a first order
solitonic state. We compare the blue solid curve obtained for this relation with the one in green

4500 T T T T T T T
—&,,=(C), Ce [0.2;1.6]
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---g(C)=(K,/CH)+(K,/C)
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Figure 3.46: Plot of &y, versus C with a = 0.05, s, = —1 (anomalous GVD), s3 = 0 and d4 = 0.

dashed curve of a function g(C) = (K,/C?) + (K3/C) where the constants K; and K, are exactly
defined in figure 3.46. One observes that these curves nearly matches. Therefore, we can sketch a
relation between &g, and C as :

_ Zam _ 2(4150 —3

Esym = 7 ) C € [0.2;1.6], (3.3)

Lavp

with 2, being the physical propagation distance corresponding to &sy,. For small values of C, as
those between 0.2 and 0.4, this relation is only an approximation as seen in figure 3.46. However, for
values beyond 0.4 to 1.6, we obtain a nearly perfect match.

FOD interacting with the GVD for unchirped FEAPs : dominant peak amplification

We recall that, the SMFs manufactured at (or near) the zero-TOD (s3 = 0) are the so-called
dispersion flattened fibers (DFFs) in which the GVD remains finite. Therefore, it is necessary to in-
clude the FOD effect in order to describe the dynamics [3,224,225,248 252|. The chromatic dispersion
profile of such fiber could be seen in [252] compared to those of standard SMFs and dispersion-shifted
fibers. The peculiarity of this HDOF is described by the following assumptions so, d4 # 0 and s3 = 0.
In the unchirped case (C=0), we present on figure 3.47 the interaction between the anomalous GVD
regime with the positive values of FOD meaning that 6, < 0. The value §, < —0.09 leads to figure
3.47(a). The profile remains nearly unchanged compared to the input even though, a slight shift
of the dominant peak is observed toward the leading edge. However, considering highly dispersive
DFFs in which the magnitude of FOD can reach ratios |d4] > 0.5, one observes an interesting feature
induced by FOD on the FEAP. Varying the ratio ¢, for example from —0.5 to —2 yields the curves
in figures 3.47(b)-3.47(f). The oscillations tail in the LHS accelerate and collide with the dominant
peak without a collapse of the pulse (as observed during the A.I mechanism of figures 3.43-3.45),
transferring their energy to this one. From this energy transfer, the resulted single peak, amplifies
compared to the input dominant peak (for instance, a comparison between the dominant peaks of the
cases —0.09 and —0.5, shows this feature). For values between —0.9 and —2 (and certainly beyond)
the obtained single dominant peak is not stable and broadens once formed following the increase of
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the propagation distance (see the circle violet and the dashed green curves of figures 3.47(b)-(f)).
Furthermore, we can see in this figure that with the increase of |d4|, the amplification of the dominant
peak is obtained sooner (see the red crossed curves in figures 3.47(b)-(f)). For example, one obtains
a single amplified dominant peak of 0.4 in normalized intensity |u|? at & = 1470 for §, = —0.5 while
for 4 = —2 the normalized distance is 624. We plot in figure 3.47(g), the relation that draws the
dominant peak amplification induced by FOD versus the propagation distance. It is noticed that,
the amplification appears sooner as the FOD (defined by d4) increases. In an analog fashion to Eq.
(3.3), we sketch for the achievement of 0.4 in normalized intensity of an unchirped FEAP in a N=1-
anomalous GVD-positive FOD DFF system, the relation between the parameters ¢, and £ = z/Lgyvp
as :

_ 1B (5 z 5—k>
BT

Levp

p1 = — 3.665811447 x 1072,

P2 =3.393760864 x 10717, (3.4)
p3 =1.224462087107°,

ps = — 1.226215464 x 1073,

ps =0.3968378758,

where Tp is the physical pulse duration in ps unit, |G| the absolute value of the GVD in ps?/m
and |34 the absolute value of the FOD in ps*/m. It is worthy to notice that in the case of GVD
having the same sign as the FOD, one should obtain rather a drastic broadening : the FEAP will
diverge. It means that, the oscillations tail instead of accelerate toward the leading edge, spread
rather in the LHS while the dominant and secondary peaks spread in the RHS of the time domain
(see figure 3.48). Figure 3.48 shows this broadening and distorted evolution (3.48(a.1) and 3.48(a.2));
The corresponding spectral evolution is depicted on figures 3.48(b.1) and 3.48(b.2).

The FEAP shape preserving induced by the interaction between the chirp, the GVD
and the FOD

Considering the system of DFF, we use the linear chirp and we obtain the figure 3.49. In this
figure, we distinguish the following cases of interaction between GVD, FOD and the small value of
chirp :

e Case of FEAP shape preserving corresponds to figure 3.49(a) (C' = 0.1, s = 1 and d, = 0.9),
figure 3.49(f) (C = —0.1, sy = —1 and &, = —0.9), figure 3.49(g) (C = —0.1, s, = 1 and
ds = —0.9) and figure 3.49(h) (C' = 0.1, s = —1 and d, = 0.9).

e Case of the dominant peak amplification induced by the acceleration-collision with the oscilla-
tions tail corresponds to figures 3.49(b) (C'= —0.1, s, = 1 and 04 = 0.9) and 3.49(c) (C = 0.1,
sy = —1 and 04 = —0.9). It is similar to that of the unchirped GVD-FOD cases discussed in
figure 3.47.

e Case in which the secondary peak amplifies instead of the dominant one. It corresponds to
figure 3.49(d) (C' = 0.1, s, = 1 and d4 = —0.9) and figure 3.49(¢) (C' = —0.1, s, = —1 and
9y = 0.9).

Comparing figures 3.49(a), 3.49(f), 3.49(g) and 3.49(h), we notice that for the FEAP shape
preserving under the conditions of small absolute value of chirp in a highly dispersive DFF, it is
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Figure 3.49: Contour plots of time domain propagation of the FEAP for N=1 and a = 0.05. It is presented the
interaction between the FOD, the GVD and the chirp : (a) C = 0.1, s =1 and §4 = 0.9; (b) C = —0.1, s = 1 and
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necessary to have the condition C' x GV D x FOD > 0. The small value of chirp can therefore be
used to stabilize over a certain propagation distance the FEAP shape before its distortion.

For the occurrence of the amplification of the dominant peak into a single peak that corresponds
to figures 3.49(b) and 3.49(c), the condition is found to be C'x GV D < 0 and FOD > 0.

The amplification of the two dominant peaks after the collision with the oscillations tail, corre-
sponds to the case where the condition C' x GV D x FOD < 0 and FOD < 0 as discussed above for
figures 3.49(d) and 3.49(e). We present in figure 3.50, the FEAP at different propagation distances
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Figure 3.50: Plots of |u|? versus 7 for N=1 and a = 0.05. The first row is for the dominant peak amplification case
defined by C' = 0.1, s5 = —1 and §; = —0.9, the second row is for the FEAP shape preserving defined by C' = —0.1,
so = 1 and J, = —0.9 and the third row is for the secondary peak amplification defined by C' = 0.1, s = 1 and
04 = —0.9. The first column corresponds to the outputs at £ = 750, the second column for & = 1500, the third column
for £ = 2000 and the fourth column for £ = &,,4, = 4088.

for the three cases mentioned above. In the case of the dominant peak amplification depicted in
figures 3.50(a.1)-(a.4), once the amplification is obtained (¢ = 750), the single peak broadens in an
irregular manner (£ = 1500 to &4, ). Considering the case of the FEAP shape preserving induced by
chirp (see the blue dot-dashed curves in figures 3.50(b.1)-(b.4)), the FEAP resists to the broadening
over a long propagation distance as £ = 2000 (figure 3.50(b.3)). However for very large distances
as Emazs it undergoes distortion. We end with the case of the secondary peak amplification drawn
in figures 3.50(c.1)-(c.4). In this case, the secondary amplifies continuously while the dominant one
splits into sub-peaks. Progressively until the end of the waveguide, the picture becomes more and
more distorted as observed in figure 3.50(c.4). Considering the values of 4 = —0.9 and s, = 1, we
show in figure 3.51 that only small values of chirp allow to stabilize the FEAP shape over a long
propagation distance as observed in figures 3.50(b.1)-(b.4). Indeed, we plot under the same condi-
tion of C' x GV D x FOD > 0, the case of C'= —1 (see the red dashed curves in figure 3.51). One
observes that, this case is less stable than the one of C' = —0.1 (in black solid curves). So, figure
3.51 confirms that small values of chirp are only those which allow the FEAP to preserve its shape
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under the GVD-FOD effect following the condition C' x GV D x FOD > 0.

3.7.2 Part IT : SCG’s analysis in the C'Sy—LCPCF

Pumping in the normal dispersion regime

Let us consider first the influence of the initial chirp on the spectra (C' # 0). We use an initial
energy of 18 nJ that leads to an interesting broadened spectrum for the FEAP. The data are defined
as : B = 0.0159 ps®/m and v=2.0495 W~tm™! for A\, = 1550 nm (normal dispersion regime) and
B2 = —0.0547 ps*/m and y=1.482 W~tm™! for A, = 2030 nm (anomalous dispersion regime).

e Positive chirp :
We plot the spectral intensity (S.I) in dB units versus the wavelength (\). As seen in figure 3.52,
the initial chirp influences the SCG spectra for both the two profiles. Nonetheless, this effect
is more important for the FEAP than for the sech-type pulse. Indeed considering the shapes,
as early introduced in [248] by Mandeng and Tchawoua (with the extension done in [236])
after by Zhang et al [250,253], the chirp transforms the FEAP spectra into an Airy profile. It
behaves as a SS effect as discussed in the present work. Then, considering the bandwidth, we
notice that the FEAP is very wider than the sech-type under the effect of the chirp. The width
of the FEAP’s lobes increases under the chirp effect while the same feature can be observed for
the sech-type pulse particularly on the input spectra. The increase of the initial chirp broadens
the initial spectra of the sech-type pulse (see the dashed black curves of the left-hand side
(LHS) of figure 3.52). Another observation done in figure 3.52, is the generation in the LHS of
the spectrum of small oscillations tail induced by the increase of chirp (see the blue curves of
(a.4) and (b.4)). The presence of these sides lobes in addition to those of the right-hand side
(RHS), increases the bandwidth of the SCG compared with the cases of small values of chirp
depicted in (a.1)-(a.3) and (b.1)-(b.3). The width of these chirp-induced sides lobes increases
with the value of the chirp. We present in figure 3.53, the contour plots of a 2 mm-propagation
of the pulses under the effect of the positive chirp. As can be observed in this figure, the initial
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Figure 3.52: SCG spectra for the FEAP and the sech-type pulse with tqg = 100 fs, a = 0.05, fiber length of 1 cm and
Ey =18 nJ : (a.1)-(a.4) are the inputs and (b.1)-(b2) are the outputs; (a.1) and (b.1) correspond to C=0.5, (a.2) and
(b.2) to C=1, (a.3) and (b.3) to C=1.5 and (a.4) and (b.4) to C=2. Solid blue curves are for the FEAP and dashed
black curves are for the sech-type pulse.
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C=2 for the FEAP; (b.1) C=0.5 and (b.2) C=2 for the sech-type pulse.
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chirp influences significantly the spectra of the FEAP. For the value of C' = 0.5 shown in figure
3.53(a.1), the FEAP’s spectrum including the side lobes of the oscillations tail, extents about
from 1400 nm to 2000 nm compared with the one of the sech-type pulse which stops only
until about 1750 nm (see figure 3.53(b.1)). Considering the value C' = 2 (see figure 3.53(a.2)),
the FEAP’s spectrum spreads about beyond 1300 nm toward the visible region to 2000 nm
toward the infra-red region. On the contrary, the sech-type’s spectrum (see figure 3.53(b.2))
after an earlier drastic spectral broadening, preserves nearly the same bandwidth. In the SCG
phenomenon, it is the dominant peak of the FEAP which broadens while the side lobes of
the oscillations tail keep nearly their width from input to the considered output (see figures
3.53(a.1) and 3.53(a.2)) .

e Negative chirp :
When the FEAPs are chirped initially with a negative chirp, one obtains rather the figure 3.54.
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Figure 3.54: SCG spectra for the FEAP with tqg = 100 fs, a = 0.05 and Ey = 18 nJ : (a) and (c) are the inputs
while (b) and (d) are the outputs; (a) and (b) correspond to C' = £0.5, (c¢) and (d) to C==£2. Solid blue curves are for
the negative chirp and dashed black curves are for the positive chirp. The contour plots (e) and (f) are respectively
for C=-0.5 and C=-2.

The initial chirp yields the side lobes of the oscillations tail in the opposite side compared with
the positive chirp symmetrically to the dominant peak [241,243]. As seen in figures 3.54(a)and
3.54(c) where both the cases of positive and negative values of chirp as +£0.5 and 42 are plotted,
there is a symmetry that appears in the input spectra obtained. Considering the outputs in
figures 3.54(b)and 3.54(d), the bandwidth of the spectra are nearly the same. The contour
plots drawn in figures 3.54(e) for C' = —0.5 and 3.54(f) for C' = —2 are nearly symmetric to
those of figures 3.53(a.1) and 3.53(a.2).

The initial chirp has an important impact on the shape of the FEAP’s spectrum [248,250|. The
values considered in this work show that the spectra obtained both in the positively and negatively
chirped cases with the FEAP, are widely more broadened than those of the sech-type pulse under the
same conditions. Nonetheless, one should include the oscillations tail in the bandwidth calculation
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even if only the dominant peak remains the one which is effectively broadened under the SPM (and
obviously under the other processes derived from the SPM) in the considered C'So-LCPCF (see figures
3.52-3.54). The side lobes of the oscillations tail in the FEAP spectra with their weak energy are not
really influenced by the SPM and therefore remain nearly unchanged from the input to the chosen
output. With the increase of the initial chirp, other oscillations tail are generated in the opposite
side of the regular ones. The SCG-induced broadening of the FEAP’s dominant peak shifts the
side lobes generated by the chirp in the transversal direction and consequently, increases the spectra
obtained. The increase of the initial chirp is obviously beneficial for the improvement of the spectral
bandwidth as discussed in previous works [137,201,209|. However, this advantage is more developed
for the FEAPs than the sech-type pulses.

We set that C=0 and show in figure 3.55, the effect of the truncation coefficient on the FEAP’s
SCG spectra. It is noticed that, when small values of a are used as 0.005 and 0.01 (see the solid
gray and dark green curves of figure 3.55, respectively), the spectra are wider than those of 0.05, 0.1,
0.5 and 0.9. Therefore, the decrease of the truncation coefficient is found to increase the spectral
bandwidth of the FEAP. The colorless green curve plotted for the sech-type pulse propagating under
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Figure 3.55: SCG spectra for 18-nJ pulses with 100 fs and C' = 0. Spectra in the LHS are for the inputs and those
in the RHS are for the outputs at L = 1 ¢m. The decrease of a improves the flatness of the input FEAP’s spectrum.

the same conditions, is less wide than the a = 0.005—0.01 cases of FEAP at the output. Nonetheless,
it remains wider than the a = 0.05 — 0.9 cases (see the curves in the RHS of figure 3.55). The effect
of the truncation coefficient decay on the bandwidth of FEAP’s spectra, can be explained through
the physical description of the parameter a. Indeed, this one has been introduced earlier [11,12]
to generate Airy waves with finite energy by contrast to the infinite ones defined by Berry and
Balazs [13]. The role played by a is to truncate the infinite energy of an Airy wave. Thus, more a
is high, more the Airy wave is truncated and has a weak energy. With a large value of a, a FEAP
has a smaller energy than the case of a small value of a. Decreasing a improves the FEAP’s energy
and consequently its spectral interaction with the SPM leading to broadband SCG’s spectra. This
justifies the result obtained in figure 3.55. However, as also observed in this figure, one should manage
optimally the value of a to obtain a FEAP’s spectrum which is wider than the one of a sech-type
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pulse taken under the same conditions. The values used in this work for this purpose are 0.01 and
0.005.

Pumping in the anomalous dispersion regime

Considering the anomalous GVD regime, the output spectra obtained are depicted in figure 3.56.
Both the unchirped case (see figure 3.56(a)) and the chirped case (see figure 3.56(b)) show that with
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Figure 3.56: SCG’s spectra at L = 1 em obtained in the anomalous GVD regime with a pumping at A, = 2030 nm.
Parameters : a = 0.005 for the FEAP, to =60 fs, Ey =18 nJ. (a) C =0, (b) C = 2.

the considered parameters, the FEAP has a spectrum very wide than that of the sech-type pulse.
The bandwidths of both the two pulses are larger than those of the normal GVD regime above (in
figures 3.52-3.55). For instance, in the unchirped case depicted in figure 3.56(a), the FEAP’s spectral
bandwidth oversteps about 1200 nm at the 20-dB in S.I while the sech-type pulse reaches about
1000 nm. It is very significant in comparison to the bandwidths obtained for the normal dispersion
regime. It is obvious to note that this is in agreement to the literature of the SCG phenomenon
[114,137,144] : the pumping in the anomalous GVD regime is generally better than the normal one
considering both the SF and the MI mechanisms. The key result of this simulation is not only the
octave-spanning spectra better than the normal GVD regime but also the fact that, we still have the
FEAP’s spectra wider than those of the sech-type pulse.

A logical interpretation of the observations done both in the normal and the anomalous GVD
regimes consists to focus on the main difference between the two input pulses : the FEAP has
an asymmetry while the sech-type pulse is symmetric. The asymmetry of the shape plays so, a non
negligible role on the spectral bandwidth of the drastic broadening obtained in the SCG phenomenon.
This conclusion makes sense according to the results obtained by Castell6-Lurbe et al in [202a]
(they model an input pulse to get a suitable skewness that enhances the SCG in silicon waveguides)
and those of Klimczak et al in [202b] (they choose a steepness of the input pulse as a super-
Gaussian pulse to improve the bandwidth and the CD of the SCG’s spectra in all-solid PCFs with
flattened normal dispersion). Following both these two works, the skewness and the steepness creates
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an asymmetry on the input shape from which it can be deduced the SCG’s improvement. In our
work, we directly use an asymmetric pulse (FEAP) as suggested earlier by Mandeng and Tchawoua
[248|, and confirm the beneficial role played the asymmetry on the drastic spectral broadening.

Spectral coherence

We plot in figure 3.57, the CDs of the SCG’s spectra obtained for both the FEAP and the sech-type
pulse in the anomalous GVD regime (with the previous parameters). For (a), (b) and (c), we present
what happens with the values C=0, 2 and 4, respectively. The direct comparison between the CDs
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Figure 3.57: CD of the spectra obtained in the anomalous GVD regime with a pumping at A, = 2030 nm. Parameters
: @ = 0.005 for the FEAP, ¢, = 60 fs, Fy = 18 nJ. (a) Unchirped case C = 0, (b) chirped case C' = 2, (c) chirped case
C = 4. The input profile asymmetry enhances the CD of the SCG’s spectra.

obtained for the asymmetric shape and the symmetric one leads to the following result: the spectra
of the FEAP are more coherent than those of the sech-type pulse since FEAP’s CDs are nearly closer
to 1 over the whole range of wavelengths from 1600 nm to 3200 nm than those of the sech-type pulse.

Physically, this can be explained through the SF/MI mechanisms inducing the SCG. Indeed, since
these phenomena result in shedding of solitons from the propagating pulses, it is well-known that
more the solitons emission is large more the CD decreases |3]. Thus, the CD is inversely related to the
number of soliton emitted through the SCG. The SF is even known to be inherently noisy [3] while the
MTI itself is known to have weak CDs than the former mechanism (N7 < NMI = O DSF' > ¢ DMT)
[144,145]. According to [18,27], FEAP sheds solitons as well as well-known for the HS (or sech-type)
pulse. The soliton shedding from FEAPs depends strongly on its parameters as the peak power and
the truncation coefficient [27]. Nonetheless, since the FEAP energy loss due to the shed soliton is not
total, the remaining energy contributes to the persistence of the FEAP. Tt is obvious to note that this
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characteristic contrasts with the soliton shedding from symmetric pulses as sech-type pulses (which
is total) and consequently limits the number of emitted sub-solitons when N = (P07t3/|ﬁg|)1/2 is
large as in the case of the SCG phenomenon. Thus, the FEAP emits less solitons than the symmetric
pulses and consequently its CDs should be better.

Considering the effect of chirp, the result obtained on figure 3.58, is in agreement to those of the

existing works [209]. Indeed, as can be seen in this picture, the increase of the initial chirp improves
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Figure 3.58: CD of the spectra obtained in the anomalous GVD regime with a pumping at A, = 2030 nm. Parameters
: a = 0.005 for the FEAP, ¢ = 60 fs, Ey = 18 nJ. (a) FEAP’s CD, (b) sech-type’s CD. The increase of the initial
chirp leads to an improvement of the SCG’s spectra CD.

the CD of the spectra. As well-known in the literature [3], the initial chirp does not favor the soliton
formation (or emission). Thus as discussed above, it increases so the CD of SCG’s spectra. The
result obtained with the FEAP (see figure 3.58(a)) is better than the one of the sech-type pulse (see
figure 3.58(b)).

Assuming the figures 3.57 and 3.58, one can conclude that the chirped asymmetric shapes as
FEAPs have the best coherent spectra in the SCG. The whole results demonstrate the important
role played by the input profile asymmetry and the initial chirp on the drastic spectral broadening
of the SCG in the considered nJ’s scale of energies.

3.8 On the SCG in a SOI-waveguide including both the THG
and NFK terms

The results showed in this section stem from [244]. We present in Fig. 3.59 the contour plots of
the time and spectral domains in the waveguide under the influence of the different parameters. The
first novelty highlighted in this letter concerns the effect of the THG (anrx = 0,arpc = 1, ¢nz, = 0)
: as can be noticed in Fig. 3.59(a.l), the incident pulse diffuses dispersive waves (DWs) weakly
intense and therefore leads to a spectral propagation in which after an initial increase, the SB is
nearly preserved until the end of the waveguide (see Fig. 3.59(b.1)). Considering the NFK effect
(anrrx = 1,arge = 0, ¢y = 0), we observe rather the opposite feature. Indeed, it yields to intense
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DWs emission (see Fig. 3.59(a.2)) and then leads to a spectral propagation in which the SB increases
continuously following the propagation distance. Assuming that the NFK in our simulation has
been included at 22% only, it comes that the NFK enhances importantly the SB. A full inclusion of
NFK under the mentioned conditions should lead to an explosive SCG. To observe how the THG
counteracts the NFK effect, we show in Figs. 3.59(a.3) and 3.59(b.3) their interaction. We notice
that, the DWs emission of 3.59(a.3) is more intense than 3.59(a.1) and less than 3.59(a.2). The same
comparison can be done between 3.59(b.1), 3.59(b.2) and 3.59(b.3). The single impact of the TPA
as a deleterious factor for the SCG phenomenon, is highlighted in Figs. 3.59(a.4) and 3.59(b.4) in
agreement with the results obtained in [200,202a,215,216]. To confirm the observations done in Fig.
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Figure 3.59: Contour plots of the pulse propagation yielding the SCG (¢x7 = 0) : (a.1-a.4) time domain propagation,
(b.1-b.4) spectral propagation. The NFK has been included at 22% of the spectral intensity (S.I).

3.59, we plot in Fig. 3.60 the 2D-plots of the output spectral profiles in the different cases. It is found
that the THG reduces the SB (see the dotted-dashed green curve of Fig. 3.60(a)) compared with the
single SPM case (see the dashed violet curve of Fig. 3.60(a)) while the NFK drastically enhances it
(see the solid bright green curve of Fig. 3.60(a)). However, the reduction induced by TPA is greater
than that of THG (see the dotted blue curve of Fig. 3.60(a)). Furthermore, when we compare the -20
dB-SB of Fig. 3.60(a), we obtain approximately the following result : input (183 nm, see the black
solid curve)< SPM-+TPA (234 nm, see the dotted blue curve)< Full (277 nm, see the dotted red
curve)< SPM+THG (303 nm, see the dotted-dashed green curve) < SPM+THG+NFK at 22% (310
nm, see the dashed yellow curve)< single SPM (360 nm, see the dashed violet curve)< SPM+NFK at

22% (469 nm, see the solid bright green curve). Moreover, as can be observed in Figs. 3.60(b.1-6), the

CD parameter gg) evaluated here under the condition 0.9 < g%) < 1 allows the following comparison

: CDgppyirpa (see Fig. 3.60(b.2)) > CDpyy (see Fig. 3.60(b.6)) > CDgsparirrc (see Fig. 3.60(b.3))
Z CDsmgle SPM (see Flg 360(b1)) Z CDSPJ\/]+THG+NFK (see Flg 360(]35)) Z CDSPJ\/I+NFK (see
Fig. 3.60(b.4)). The consideration of the nonlinear phase ¢ny # 0 contributes to the improvement
of the SB for both the resonant THG and NFK. It is worthy to notice that comparatively to what
happens in Fig. 3.59, the nonlinear phase changes qualitatively and quantitatively the SCG in Fig.
3.61. The pulse diffuses DWs more intensively than in Fig. 3.59. The effect of ¢y is evident when
we compare the -20 dB-SB of Figs. 3.62(a.1,2) : Full (283 nm, see the solid bright green curve)<
SPM+THG+NFK at 10% (327 nm, see the dotted-dashed green curve)< SPM+THG (360 nm, see
the dashed violet curve) ~ single SPM (360 nm, see the solid black curve)< SPM-+NFK at 10%
(436 nm, see the dotted blue curve). Compared with the single SPM (see the solid black curve of
Fig. 3.62(a.1)), the THG with ¢n; # 0 does not really change the SB but only shifts slightly the
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spectrum towards the long wavelengths (see the dashed violet curve of Fig. 3.62(a.1)). Without
the nonlinear phase, the THG is deleterious for the SCG while the NFK is found to be beneficial
for the SB of the SCG in both the zero and the nonzero phase cases (Without ¢y, the SB under
NFK at 10% gives 375 nm compared with nonzero case in which the SB is about 436 nm while
the single SPM is about 360 nm). Considering the CD of the spectra with ¢y # 0 observed in
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Figure 3.62: Two-dimensional (2D) plots corresponding to Fig. 3 (¢nz, # 0).

Figs. 3.62(b.1-4), we obtain the same result as in Fig. 3.60. A comparison of the CD parameter
under the condition 0.9 < gg) < 1 yields : CDgpyirre (see Fig. 3.62(b.1)) > CDpyy (see Fig.
362(b4)) Z CDSPM+THG+NFK (see Flg 362(]33)) 2 CDSP]V[+NFK (see Flg 362(]32)) Thus, the
THG improves the spectral coherence while the NFK reduces it. In the full case in which the TPA
is included, even though the NFK reduces the CD as done in the THG-NFK case, the TPA effect
allows the spectrum to be however more coherent than this latter. It means that the TPA enhances
importantly the CD than the THG. Physically, this can be explained through the SF mechanism.
Indeed as discussed in [3], the SF in the SCG phenomenon is inherently noisy. In addition, more the
sub-solitons are emitted through the SF mechanism more the SB is wide [3,114,137|. Nonetheless, as
the intensive SF mechanism improves the SB, it rather reduces the CD of spectra [3,129,137|. The
TPA and THG (in ¢y = 0) reducing the SB of the SCG consequently limit the SF mechanism and
then improves the CD of spectra while the opposite happens to the NFK effect. Thus, the TPA
enhances the CD in agreement to [200] where it was found to have nearly no destructive effect on
the flatness of SCG spectra. The effects of the different studied nonlinear terms are resumed in the
following table :

Item TPA THG NFK
SB (one=0) | | | (< TPA) T
SB (¢nr #0) | Idem | Shift to > X\ | T enhanced
CD (onr=0) | 1T T (< TPA) !
CD (onr #0) | 1 T(<TPA) |1 (>¢=0)

Table 3.4: Effects of the different terms compared with the single SPM case. Meaning of symbols: | ’reduction’,
T ’increase’, > ’long’, A 'wavelengths’, < ’less than’, > 'more than’.

Lucien M. Mandeng, PhD thesis (©)-2015 151



Laboratory of Mechanics, Department of Physics, Faculty of Science, U.Y.I

3.9 Conclusion

In summary, using the MVA with chirped Gaussian and RC pulses, we have demonstrated that
optical pulse compression induced by chirp can be successfully achieved in a linear medium under
GVD and FOD parameters having the same sign. The chirp parameter being of opposite sign for
the case of the Gaussian pulse. The pulse compression being dependent on the input profile, for
the RC pulse, new broadening/compression conditions are obtained which are quite different to the
established rules on compression effect using the Gaussian pulse. These results are welcome and may
complete the basic linear optical pulse compression theory induced by chirp.

In the nonlinear case of the pulse compression, the growth equations of the studied profiles show
that both the sech-type and the Gaussian pulses are nearly influenced similarly by the nonlinear
parameters. The characteristics of the RC pulse are more influenced by the TPA and the FCA. We
have demonstrated the occurrence of a periodic compression of each pulse induced by the interplay
between the SPM and the FOD instead of the GVD, in a regime of propagation that assumes a
normal-GVD and a first order solitonic state. We have also shown that the anomalous GVD re-
duces this periodic compression phenomenon. A parametric study has been done using the MPCP
parameter. We have shown that when the GVD decreases from the normal to the anomalous regime,
the periodic compression phenomenon decreases. When the negative FOD increases until a maximal
value for the considered conditions of simulation, the periodic compression is also performed in the
presence of the constant normal GVD. The small AVs of chirp have been found to be beneficial for
the periodic compression while the large ones, and whole positive dispersion orders were found to
be detrimental for the studied phenomenon. Moreover, under a small value of TPA as 0.5 W~=tm™!,
we have shown that the periodicity is progressively destroyed with the increase of the spatial period
while large values of this absorption coefficient (as 6.5 W~'m™!) combined with the FCA lead to
pulse broadening. Nevertheless, we have observed one compression peak for the compression mecha-
nism before the broadening for each pulse.

Considering the compression of the SHAPs, the derivation of the growth equations have showed
that all the pulse characteristics are under the influence of the TPA and the FCA contrary to the other
pulses. A comparison between the analytical relation of the compression factor and the numerical
result shows a good agreement for small distances of propagation. In the nonlinear case, it has been
found that the nonlinear parameters namely the CKN, the TPA and the FCA reduce the length
of compression in a SOI-waveguide with normal GVD, positive chirp and a negative value of FOD.
However, this reduction is more pronounced for the single TPA presence than the one obtained with
the CKN only while for the FCA, it is smaller than the two first ones. We have also found that the
TPA reduces the MPR in the compression mechanism than the CKN while the FCA rather increases
its value comparatively to the linear case. The FCA plays therefore a buffer role on the dramatic
effects of the SPM and TPA induced SHAP pulse broadening in the presence of the FOD.

For the FWM process, it comes out that the frequency offset is more important in the single
TOD case than in the combined GVD-TOD case. In the case of the reduced model, the combined
effect of GVD and TOD leads to a growth of the FWM in the system. We have recovered the
previous mentioned results of [109] where the FWM grows along the transmission line and therefore
is eliminated by the use of a weak random or DM technic for the reduced model. In addition, it has
appeared that a residual GVD combined to the TOD allows a strong growth than a single TOD case.
This can be seen as an interesting feature for WDM soliton systems near the ZDWs. Because of the
large frequency offset difference between the two input pulses, assuming that they interact weakly,
the FWM crosstalk gain in power, rising inside the line after crossing each amplification node. This
feature being enhanced by the combination of dispersion terms. However, for the full model where
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squeezed up channels are considered, the FWM component appears quickly along the transmission
line with a high spectrum amplitude value and decreases more in the combined GVD-TOD case than
in the single TOD case. This result is similar to those obtained by Singh et al [112,113] on the
effect of HOD terms on the FWM of type I. However, these authors dealt with input powers of three
pulses and made a conclusion that under the combined effect of second, third, fourth and fifth-order
dispersion parameters, the crosstalk introduced by the FWM is reduced [112]. A relevant result
obtained in the present work is that dealing with two input pulses, we have reached a reduction of
the crosstalk introduced by the FWM and the frequency offset window in the case of the full model
in comparison to the FWM generated by three pulses as obtained by Singh et al [112]. The weak
value of the frequency offset difference between the two input pulses, lead to a great interaction.
Consequently, even if the FWM crosstalk appears more quickly than in the reduced model inside
the transmission line, the strong interaction between the pairwise input pulses leads them to recover
their power and it follows the decreasing of the FWM power.

In the MI analysis, four symmetric OFs were created because of the TPA effect in addition to those
induced by the single interaction between the FOD and the GVD. The FCA enhances the value of the
central MI gain point. Considering the MI-PTG process in the unchirped case, we have demonstrated
that the input pulse which is less stable such as the RC pulse, has main peaks of the MI-PTG trails
more strong than the other input profiles at short propagation distances. The chirp effect consists
to amplify the intensity of the main MI-PTG peaks for each profile, making the input pulses to
behave similarly while it shifts the occurrence of these peaks at short distances of propagation than
the unchirped case. We have finally shown that the absorption coefficients counteract the beneficial
impact of the chirp as nonlinear losses, by breaking the similarity (when small values of TPA are
considered), destroying drastically the MI-PTG process and leading to pump depletion when great
values of TPA are reached.

The spectral compression in the SCG phenomenon through the GNLSE with non-Kerr terms using
a femtosecond sech-type pulse in the sub-nJ scale of energies have been studied. Once the derivation
of the SCG model equation has been done, we have investigated the analysis of the spectra obtained.
The results with 50 fs-pulses in the anomalous dispersion regime have shown that, in comparison
to the single CKN case, the cooperative nonlinearities improve the spectral broadening while the
competing ones reduce the spectral SCG bandwidth. Surprisingly, we have obtained the opposite
feature when the reduction of the pulse width was considered. In this last case, the cooperative
nonlinearities induce a spectral compression when the competing ones nearly maintain constant the
SCG bandwidth from the input to the output of the considered waveguide. The increase of both the
energy and the nonlinearity have confirmed this feature showing that the spectral compression is also
obtained in the single CKN case but less than the case of cooperative nonlinearities.

We have also shown in this chapter that the chirp behaves both as TOD and SS. As SS, it acts
as a nonlinear dispersion on the spectrum of the FEAP leading to an asymmetric output whose
the orientation depends on the sign of the chirp. The optical shock obtained through the chirping,
suggests interesting advantages for the achievement of FEAP-based broadband spectra as in the
SCG phenomenon. As TOD, the initial chirp leads to the A.I mechanism previously reported in
[251]. Nonetheless, instead of TOD, the actual A.I mechanism is rather induced by the competition
between the GVD and the initial chirp following when chirp x GV D < 0. Beyond the numerical
results presented in [248] by Mandeng and Tchawoua and in [250,253] by Zhang et al, the A.T
is explained here through four physical processes including the increase of the group-velocity of the
oscillations tail that merge with the dominant peak within the collapse area achieving both the whole
pulse compression and amplification into a single peak. Then, the oscillations tail are recreated in the
opposite side defined as the trailing edge of the time domain. The FEAP loses its asymmetry within
the collapse area. We have found that the minimal distance &, over which this happens decreases
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with the increase of the chirp C following the rule &, = (K1/C?) + (K3/C) where K; and K
have been defined in a first order solitonic state system. The reduction of the truncation coefficient
has been found to increase the number of the oscillations tail, the pulse energy and the area of the
FEAP’s collapse during the A.I mechanism and then to improve its occurrence. In addition, in the
DFFs, we have demonstrated the dominant peak amplification induced by the competition between
the GVD and the FOD. This amplification is produced through the acceleration of the oscillations
tail that collide and merge with the dominant peak. We have obtained a relation which shows that,
this amplification appears sooner as the FOD increases in the unchirped case. The cooperating GVD
and FOD were found to lead to a diverging FEAP. Considering a small value of chirp in the DFFs, has
led to define a condition under which, the FEAP nearly preserves its shape over a long propagation
distance with weak distortion as chirp x GV D x FOD > 0. We have also defined a condition in
which the dominant peak is amplified with a small value of chirp as C' x GV D < 0 and FOD > 0.
However, we have seen that the single amplified peak is not stable over a long propagation distance.

As a direct application of the study above, we have shown that the initial chirp behaving as a
SS effect on FEAP’s spectra, improves the bandwidth of the FEAP-based SCG more than the sech-
type pulse both in the normal and the anomalous GVD regimes of the considered C'So—LCPCF. The
decrease of the FEAP truncation coefficient has been found to enhance the spectral bandwidth. With
values of 0.01 to 0.005, the bandwidths were wider than those of the sech-type pulse. Considering
the quality of spectra obtained, the CDs of the FEAPs were higher over the whole range of the
wavelengths than those of the sech-type pulses. This is so because the FEAP emits less solitons than
the symmetric pulses, owing to its asymmetry and its time-domain acceleration. All, these results
demonstrate the important role played by the input profile asymmetry and the initial chirp on the
drastic spectral broadening of the SCG in the considered nJ’s scale of energies. Therefore, the choice
of a FEAP with a weak truncation coefficient, a convenient high energy and initial chirp under the
anomalous GVD regime, is more appropriate in a highly nonlinear medium to generate coherent and
ultra-broadband SCG’s spectra, instead of the common compact and symmetric profiles such as the
sech-type pulses.

Finally, considering the case of SCG in SOI-waveguides that includes both the THG and the NFK
terms, we have shown that the spectra have explosive SB under the NFK term despite their weak CD.
The THG term has opposite features but less than the TPA. Therefore, for applications needing wide
SBs, one should reduce the TPA-THG effects and excite rather the NFK term to produce explosive
ultra-broadband SCG spectra.
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General conclusion and perspectives

In this thesis, we have studied the pulse compression mechanism and the SCG phenomenon for
femtosecond pulses in some optical waveguides such as a SMF, SOI-waveguides, a C'So-LCPCF and
waveguides modeled by the GNLSE with non-Kerr terms.

As presented in the first chapter, these processes are very useful in nonlinear optics allowing so
several applications. In the review of literature, a brief overview on the pulse compression, the FWM,
the MI and the SCG phenomena has been done. In addition, the different waveguides studied in the
thesis were described.

To achieve the purpose of the study, we have presented in the second chapter the different models
with the analytical and numerical methods used for the different studied phenomena. For instance,
considering the pulse compression phenomenon, the MVA has been described analytically assuming
both the linear and the nonlinear cases of the compression. The ABCJS approach in the case of
WDM solitons system near the ZDW has been applied on the ASC of the FWM. In the case of the
MI mechanism, we have presented the linear stability analysis of the CW in the SOI-waveguide. For
the SCG analyses, the different systems were also described including a relation (Eq. 118) giving
their higher-order CDP.

In the last chapter, we have shown the analytical and numerical results obtained. Specifically, for
the temporal compression process for both symmetric and asymmetric input pulses, the studies have
highlighted the effects of the FOD, free-carriers absorptions and the chirp. Assuming the linear case
of compression, conditions that link the FOD, the GVD and the chirp have been obtained. Based
on the previous mentioned results, a possible experimental set-up could be suggested using a quasi-
linear dispersion-flattened fiber, in which the pulse would experience normal /anormalous dispersion
to obtain respective sign of the chirp [1,3], and get compressed when passing through a grating pair
with dispersion of same sign. In the nonlinear case, using compact and symmetric input profiles, we
have demonstrated that a periodic compression could be generated by the interplay between the SPM
and the FOD. We have also showed that this dynamical process is destroyed by the presence of large
AVs of chirp and absorption coefficients in the nonlinear medium. In other side, an asymmetric pulse
as the Airy pulse, was shown to undergo a reduction of its compression length induced by the SPM,
the TPA and the FCA. The combination of all these nonlinear parameters with the linear dispersion
terms in a realistic SOI-waveguide, confirms these results that allow to characterize the peculiarity
of the Airy input pulses comparatively to the symmetric and compact commonly used profiles.

The path leading to the study of the SCG phenomenon in this thesis crossing the ones of some
processes as the FWM and the MI, these latter have been investigated firstly. The study concerning
the FWM has been done in WDM systems using SMFs near the ZDW. The related analysis through
the ABCJS approach has proved that the combination of the GVD and the TOD reduce the dele-
terious crosstalk induced by the FWM in such WDM systems. We can mention that if one purpose
in WDM soliton systems near the ZDW is to reduce the impact of the FWM crosstalk, therefore
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the choice of squeezed up input pulses under a combination of GVD-TOD is suitable to quite cancel
the FWM crosstalk. Thus, the propagation of signals could be optimized in WDM soliton systems
near the ZDW when the growth of the FWM could be well controlled. Moreover, in the MI study,
we have found that the chirp amplifies the intensity of the main pulse trains peaks, leading to the
input profile independence while the absorption coefficients counteract its effect recreating rather a
dependence to the input profile. For an efficient process of the MI-PTG in a SOI-waveguides under
the FOD, a good control of the values of absorption coefficients, dispersive effects and source chirp
of more stable input profiles, should be operated.

The thesis has also encompassed the study of the SCG in the case of the waveguides modeled by
the GNLSE with non-Kerr terms. Indeed, in this specific part of the work done in thesis, we have
obtained a spectral compression induced by the cooperative nonlinearities instead of the competing
ones. Assuming that this modified GNLSE with non-Kerr terms linked to the quintic nonlinearity
could model a highly nonlinear optical waveguide for the achievement of the SCG phenomenon, the
values of the energy and the pulse width should be chosen taking into account the conditions where
the spectral compression occurs.

Using chirped FEAPs in HDOFs, we have shown in this thesis that the chirp behaves both as
TOD and SS. As SS, it acts as a nonlinear dispersion on the spectrum of the FEAP leading to an
asymmetric output interesting for the achievement of the SCG phenomenon. As TOD, the initial chirp
leads to the A.T mechanism previously reported by R. Driben et al in [244]|. This feature has been
completely characterized as well as the effects of FOD interacting with the GVD and chirp in DFFs.
In this last case, we have demonstrated the dominant peak amplification induced by the competition
between the GVD and the FOD. A shape preserving was also observed in the DFFs for the weakly
chirped FEAP over a long propagation distance under the condition chirp x GV D x FOD > 0.

Finally, we investigated the SCG phenomenon in C'S;-LCPCFs and in waveguides modeled by
GNLSE with non-Kerr terms. Considering the C'S;-LCPCFs, we have shown that the initial chirp
behaving as a SS effect on FEAP’s spectra, improves the bandwidth of the FEAP-based SCG more
than the sech-type pulse both in the normal and the anomalous GVD regimes. The decrease of the
FEAP truncation coefficient has been found to enhance the spectral bandwidth. With values of 0.01
to 0.005, the bandwidths were wider than those of the sech-type pulse. Considering the quality of
spectra obtained, the CDs of the FEAPs were higher over the whole range of the wavelengths than
those of the sech-type pulses. Therefore, the choice of a FEAP with a weak truncation coefficient,
a convenient high energy and initial chirp under the anomalous GVD regime, was found to be
more appropriate in a highly nonlinear medium to generate coherent and ultra-broadband SCG’s
spectra, instead of the common compact and symmetric profiles such as the sech-type pulses. In
SOl-waveguides that includes both the THG and the NFK terms, the resonant THG was found to
be deleterious for the SCG by a reduction of the SB. Its reduction being weaker than that of TPA,
it has been shown surprisingly that the TPA rather enhances the CD of the SCG spectra more
than the THG term. Through the nonlinear phase, the THG term just shifts slightly the spectrum
toward the long wavelengths while the effect of the NFK term is rather beneficial for the SCG in
both the zero and the nonzero phase cases leading to explosive but less coherent spectra. Thus, for
applications needing wide SBs, one should reduce the TPA-THG effects and excite rather the NFK
term to produce explosive ultra-broadband SCG spectra.

At the end of this work, we expect that we have got a good understanding of the impact of
free-carriers absorptions, HOD, chirp, Kerr and non-Kerr nonlinear effects, input profiles, in a first
part on the temporal compression, in a second part on the FWM and the MI, and finally on the
spectral bandwidth enhancement of the SCG in the studied optical waveguides.

As perspectives, we should in future works conduct the experimental part of the theoretical and
numerical studies presented in this thesis for practical confirmations. Furthermore, several paths
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of research raise from the thesis among which one can quote the investigation of birefringent (or
polarized) optical waveguides, a nonlinear scattering process as the stimulated Brillouin scattering in
the case of mechanisms and phenomena studied in the thesis, the investigation of actual promising
waveguides as those based on chalcogenide glasses, the study of metamaterials. Future researches
should also focus both theoretically and experimentally on production of explosive and coherent
SB of SCG under the NFK term in SOI-waveguides. The influence of NFK and THG effects on
propagation of symmetric and asymmetric pulses interacting with the other nonlinear phenomena
will also be considered as well as the quantification of the whole systems studied in the thesis etc.
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Appendixes

Some integrals used in the MVA analysis of subsection 2.3.2

1.
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Derivation of the couple NLSEs in the MI analysis of section
2.5

We start with the GNLSE given in Eq. (2.49) taking into account the parameters defined in Eq.
(2.108) and the TOD term as :

du_ G0 isn0% | 5,0

"9: T 2017 6 oT% ' 240T%
Using the definition of a perturbed CW as :

u(z,T) = (uo + a(z, T))exp(i¢NL),

+ 71 |ul*u = —Aw.
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with ¢y and a(z,T) defined by Eqgs. (2.104) and (2.105), respectively, we obtain in the linear
analysis of a(z,T) :
Opny | Oa [ 0Pa  ifs a | [y 0'u

5e tig 3 e~ 6ot aiar T mb(ata) = —Auo+a)

Obviously, the condition a < ug was used. The simplification of this equation above assuming Eq.
(2.104) leads to :

8@ 52 82a Zﬁg 83a ﬁ4 64
"9: 20912 6 918 24074 +nugla+a) = —Aa.

Introducing Eq. (2.105) inside this equation of a(z, T yields :

da 0?2 03 04 |
[ 3_21 — Ka; + 522 ap + ﬁ36 a; + 5;4 a; + 71u(2)(a1 +as) + Aal] exp(iyp)
day 02 03 04
+ [ 8—+K 2_|_622 ay — ﬁ36 a2—|—ﬁ424 a2+71ug(a1+a2)+Aa2}exp(—icp) :O7

where ¢ = Kz — Qt. To solve this equation, we should set that the terms in exp(ip) and exp(—ip)
are equal to zero separately as :

8611 52 02 5393 5494

% — K 1 5 aq + 6 aq + o4 aq + ’ylug(al —+ ag) + Aa1 = 0,
Ja 522 O3 04
8—2+K 2+B2 ag—ﬁ36 a2+ﬁ424 a2+’ylu(2)(a1+a2)+]\a2:0.

These NLSEs are the couple of equations used in Eq. (2.106).

NLSE numerical simulation

To solve the NLSE given by the following NLSE :
ou  ifPu P53 0Pu O(Jul?u) T a(|u\2)u

: 5 i

9.~ 2o T eor gttt S =g ~ Tty
One can use the program developed by Nick Usechak (©)-2005 (The reader can consult the web site of
Rochester university, web page of the Professor Agrawal’s team of research). Tk provides an approx-
imate way of incorporating the Raman response. This treatment is valid for many TelCom based
pulse propagation simulations, however, fails in the case of SCG. s = 1/wy provides an approximate
way to incorporate the effect of SS. "s" is the parameter the user supplies in the program’s interface.
This program is called "NLSE Solver". One obtains figures as those presented in the first chapter
of this thesis (see figures 1.8 and 1.9). A trial MATLAB code is also given by G. P. Agrawal on pages
516-518 of [3].

Trial MATLAB numerical code of the SCG simulation

The reader can consult the following link kindly provided by J. C. Travers, M. H. Frosz and J. M.
Dudley [114] for the updates of the SCG numerical code : www.scgbook.info.

Please cite these authors in the corresponding reference in any publication using this code. The full
code is also given by these authors on pages 46-49 in [114].
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A trial MATLAB numerical code for the MI analysis

We give in the next a full version of the MATLAB numerical code for the MI analysis in a SOI
waveguide as discussed in sections 2.5 and 3.5.2. Please cite this thesis in any publication using this
code as : L. M. Mandeng, (Ph.D thesis, Laboratory of Mechanics, Department of Physics, Faculty
of Science, University of Yaoundé I, Cameroon, 2015).

AMATLAB Numerical code for the achievement of the MI PTG in a SOI waveguide
hfor three profiles as Gaussian, sech-type and the RC shapes.

#Please cite this thesis in any publication using this code as : L. M. Mandeng,
%(PhD thesis, Laboratory of Mechanics, Department of Physics,

sFaculty of Science, University of Yaoundé I, Cameroon, 2015).

ToloToto o Toto o Joto o ToTo 1o Toto o Joto o JoTo o o ToTo o Jo o o Jo o o o ToJo o JoJo o o Jo o o Toto o To T o Jo To 1o o To 1o o Jo Fo o Jo o o o To o o Jo o o o o o o
clear all; %clean the database allowed to the code

beta2=0.56; %GVD in ps~2/m

t0=50e-3; % pulse width in ps

betad=-beta2*(t0~2); %FOD coefficient in ps~4/m

nt=400; %number of points in time

dt=(t0/nt); % stepsize in time in ps

t=(-nt/2:(nt/2)-1)*dt; %time window in ps

w=(pi/t0)*[(0: (nt/2)-1) (-nt/2:-1)]; %frequency window in 1/ps

gamma=47; %CKN coefficient in 1/(W.m)

G=0; %G=6.5; TPA coefficient 1/(W.m)

sigma=1.45e-21; YFCA coefficient in m~2

alpha=0.2/4.343; Jlinear loss coefficient in 1/m

h=(6.62e-34)*(1e24); ’planck constant in J.ps

Aeff=(1e-6)"~2; Y%effective mode area

c=3e8/(1e12); %light in m/ps

lambda0=1.55e-6; %wavelength in m

nuO=c/lambdal; % pump frequency in 1/ps

P0=3; ¥ peak power in W

C=10; % chirp

ug=sqrt (PO) xexp(-(t.~2)) .*xexp(-1i*C*x(t.~2)/2); ’%initial temporal Gaussian shape
us=sqrt (PO) *sech(t) .*exp(-1i*Cx(t.~2)/2); % temporal sech-type shape

uRC=sqrt (P0)*(1+cos (pi*t)) .*exp(1ixC*(t.~2)/2)/2; 7% temporal RC shape
betaTPA=2*xGxAeff; ) TPA parameter
Ng=sqrt(pi/2)*((P0~2)*betaTPA*t0/ (4xh*nul* (Aeff~2)))*(1+erf (sqrt(2)*t)); %FCD
hcoefficient of the Gaussian pulse

terme0=1-(((tanh(t)).~2)/3);

Ns=(betaTPA* (P0~2) *t0/ (h*nul* (Aeff~2)) ) *((2/3)+(tanh(t) .*terme0)); %FCD coefficient
%of the sech-type pulse

terme=2*sin(pi*t) .*(160+(81*cos(pix*t))+(32*((cos(pi*t))."2))+(6%((cos(pi*t))."~3)));
NRC=((P0~2) *betaTPA*t0/ (1536*pi*h*nu0* (Aeff~2)))*(320+(105*%pi)+(210*t/t0)+terme) ;
#FCD coefficient of the RC pulse

tabug=[];% initializing the data table that registers the time-domain intensity
%of the Gaussian pulse

tabus=[];% initializing the data table that registers the time-domain intensity
%of the sech-type pulse

tabuRC=[];% initializing the data table that registers the time-domain intensity
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%of the RC pulse

tabvg=[];% initializing the data table that registers the spectral-domain intensity
%of the Gaussian pulse

tabvs=[];% initializing the data table that registers the spectral-domain intensity
%hof the sech-type pulse

tabvRC=[];% initializing the data table that registers the spectral-domain intensity
%of the RC pulse

tabz=[]; % initializing the data table that registers the propagation distance z
L=0.15; % length of the SOI waveguide in m

nz=nt; % number of points in the space (following the parameter z)

dz=L/nz; %stepsize following z in m

vg=fft(ug); %initial spectral Gaussian

vs=fft(us); %initial spectral sech-type shape

vRC=fft (uRC); %initial spectral RC shape

for z=0:dz:L Ystart of the propagation

tabug=[tabug;abs(ug) .~2]; %Registration of the time-domain intensity

%of the Gaussian pulse

tabus=[tabus;abs(us) .~2]; tabuRC=[tabuRC;abs(uRC)."2];
tabvg=[tabvg;abs(vg).~2]; tabvs=[tabvs;abs(vs)."2];
tabvRC=[tabvRC;abs(vRC).~2]; Pg=abs(ug)."~2; Ps=abs(us)."2;

PRC=abs (uRC) ."2;

NLg=(1li*gammax*Pg) - (sigma*Ng/2) - (G*¥Pg) ;%Nonlinear operator in the SSF for
Jthe Gaussian pulse

NLs=(li*gamma*Ps) - (sigma*Ns/2) - (G*Ps) ;%Nonlinear operator in the SSF for
sthe sech-type

hpulse

NLRC=(1i*gamma*PRC) - (sigma*NRC/2) - (G¥PRC) ; %Nonlinear operator in the SSF for
Jthe RC pulse

D=(1i*(w.~2)*0.5.*(beta2+(betad*(w.~2)/12)))-(alpha/2);%Linear operator

%in the SSF

hstart of the SSF code

vg=fft (exp(NLg*dz) .*ug); vs=fft(exp(NLs*dz) .*us);

vRC=fft (exp (NLRC*dz) . *uRC) ;

vg=exp(D*dz) .*vg;%spectral-domain intensity at z for the Gaussian pulse
vs=exp(D*dz) .*vs;%spectral-domain intensity at z for the sech-type pulse
vRC=exp(D*dz) . *vRC;/%spectral-domain intensity at z for the RC pulse
ug=ifft(vg) ;%time-domain intensity at z for the Gaussian pulse
us=ifft(vs);%time-domain intensity at z for the sech-type pulse
uRC=ifft (vRC) ;% time-domain intensity at z for the RC pulse
tabz=[tabz;ones(1,nt)*z]; %table of z values

fprintf (’%05.1f %% complete\n’, (z/L)*100);%percentage of progression of
Jthe code execution

end

subplot(1,3,1),pcolor(t,tabz,tabug) ;shading interp;%Contour plot

%of the Gaussian pulse

Jpropagation in the time domain

xlabel(’t (ps)’); ylabel(’z (m)’); title(’Gaussian pulse’);

subplot(1,3,2) ,pcolor(t,tabz,tabus) ;shading interp; %Contour plot
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%of the sech-type pulse

Jpropagation in the time domain

xlabel(’t (ps)’); ylabel(’z (m)’); title(’sech-type pulse’);
subplot(1,3,3),pcolor(t,tabz,tabuRC);shading interp; %Contour plot
%of the RC pulse

hpropagation in the time domain

xlabel(’t (ps)’); ylabel(’z (m)’); title(’RC pulse’);

Code for the simulation of the CD parameter

We give below a piece of MATLAB code for the simulation of the CD parameter in the SCG’s
analysis.

for nl1=1:NBRE % NBRE is the number of loops for the simulation of the SCG based
%on the pair of photons
% one photon is a normal signal and the other is the one with random/noised
% phase
g_numerator(nl)=0; %initialization of the term characterizing the numerator
% of the
% RHS of Eq. (1.46)
g_TElsq(n1)=0; %initialization of the term characterizing the first factor
% of the
% RHS’s denominator of Eq. (1.46)
g_TE2sq(n1)=0; %initialization of the term characterizing the second factor
% of the
% RHS’s denominator of Eq. (1.46)

end

for nl1=1:NBRE

for k=1:N

for 1=1:N

El=tabE(k,nl); %tabE is the array in which the intensities of the photons

% pair have been registered NBRE times

E2=tabE(1l,nl);

TE1=fft(E1);

TE2=fft (E2) ;

g_numerator(nl) = g_numerator(nl) + conj(TE1l) .*TE2;

g_TElsq(nl) = g_TElsq(nl) + abs(TE1)."2;

g_TE2sq(nl) = g_TE2sq(nl) + abs(TE2)."2;

end

end

gl2(n1)=abs(g_numerator(nl)./sqrt(g_TElsq(nl) .*g_TE2sq(nl))); %Calculation

%of the CD given by Eq. (1.46)

end
figure();
plot(WL(iis),gl12); %Plot of the CD parameter versus the wavelength
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Abstract. The growth of the four-wave mixing (FWM) near the zero-dispersion wavelength (ZDWL) is
analyzed in wavelength-division multiplexing (WDM) solitons systems. The phase-matching conditions
lead to a slight reduction of the frequency offset. Numerical analysis of the reduced model predicts a
variation of appearance of the FWM along the transmission line, and comparison of the FWM crosstalk
is presented in the case of well-separated input channels approximation. Considering the full model, the
FWM decreases along the transmission line. For long distances, an analytical asymptotic solution of the
FWM is used and confirms this feature beyond the tenth amplification node.

1 Introduction

The wavelength-division multiplexing technic which con-
sists to send many signals in a single optical fiber has
increased the usefulness of the transmission of data [1,2].
This has become one of the most important technics for
high speed and high capacity requirement of optical fiber
transmission systems [1,2]. However, it is well-known that
interactions between the propagating fields leads to new
waves under appropriate conditions through several non-
linear phenomena such as harmonic generation, stimulated
Raman scattering (SRS), stimulated Brillouin scattering
(SBS) and parametric processes as four-wave mixing and
third-harmonic generation [2-6]. The origin of FWM is
linked to the nonlinear response of bound electrons of a
material to an electromagnetic field [2-6]. There are two
types of the FWM process: the first type is obtained when
three light pulses transfer their energy to a single fourth
photon (for a degenerate case, the phenomenon is called
third harmonic generation) and the second type is con-
cerned when two photons are annihilated while two new
other are created simultaneously [2]. Analytical treatment
of the FWM process inside a single mode line leads to
a phase-matching condition in order to gain the maxi-
mum FWM values. Some works have been devoted to
the study of the second type of the FWM. Particularly,
Ablowitz et al. introduced an analytical model that ex-
plained the growth of the FWM in soliton systems with
damping and amplification [7]. Also, they derived analyt-
ical expressions for the FWM in an ideal, lossless WDM
soliton systems [8]. Their approach consisted to launch two
continuous waves (CW) that interact together leading to
the FWM occurrence in the system.

® e-mail: sergefewo@yahoo.fr

Nowadays, it is well-known that the FWM creates dele-
terious effects on WDM and dense WDM communication
systems [2,7-11]. Many technics were previously investi-
gated in order to reduce or to quite cancel these effects
such as dispersion management technic [11-15], an exper-
imental grouping wavelength method [16], the use of weak
random dispersion in second term of dispersion [17,18] and
recently in frequency-division multiplexing systems [19].
However, the FWM has been discovered to be also use-
ful [20], for example when looking for the values of the
third-order nonlinear-index assuming a FWM-Based tech-
nic [2]. In addition, the FWM has also been important
when looking for the ratio of the third over fourth or-
der dispersion coeflicients [21], making parametric oscil-
lators, ultrafast signal processing, FWM-induced quadra-
ture squeezing [1,20,22] and other applications [23,24].

The study of effects of higher-order dispersion terms
on the FWM of the first type has been done by Singh
et al. [25] based on earlier works of Inoue et al. [25,26].
They showed that the combination of higher order disper-
sion terms leads to a FWM power reduction.

As far as the second type of the FWM process is con-
cerned, the effects of higher-order dispersion have not been
considered in WDM soliton systems to our knowledge.
Therefore, the main purpose of the present work deals
with the study of the growth of the FWM in this kind of
systems modeled by the nonlinear Schrédinger equation
with an additional TOD using a similar approach with
the one done by Ablowitz et al. [7]. We remind that this
case is considered when the optical system has a vanish-
ing group-velocity dispersion (GVD) or uses high intensity
peaks (short and ultrashort pulses) [1-6,27]. Analytical
treatment of the model is based on the propagation of the
anti-stokes component in the case of gain/loss. We com-
pare the single TOD case with the combined GVD-TOD
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case (where a residual GVD is considered) and bring out
the differences as concerned the phase-matching condi-
tions and amplitude growth of the FWM components.

The paper is organized as follows: in Section 2, a par-
tial differential equation (PDE) for the evolution of the
FWM anti-stokes component is derived. In Section 3,
considering a reduced model of the FWM component
assuming the third order dispersion, the associated phase-
matching condition is derived. It follows a numerical in-
tegration of the equation of the FWM component. Sec-
tion 4 is devoted to investigation of the full model where
a generalized relation of the FWM component spectrum
is obtained. Numerical analysis is presented in Section 5.
The last section concludes the paper.

2 Analytical study of the model

We begin the analysis using the following nonlinear
Schrodinger (NLS) equation for the slowly varying pulse
envelope of the electrical field in the case of short
pulses [1-6,27], which reads

OA [ OPA (B3 0PA .

ZE—?W—ZFW‘F’”AFA:—ZQA, (1)
where A(Z,T) is the optical soliton envelope of the elec-
trical field, Z is the spatial propagation variable and T'
is the retarded time variable. The parameter (35 is the
second-order dispersion profile where 33 is the third-order
dispersion. The parameters v and « are the nonlinear and
damping/amplification coefficients respectively, we set the
following dimensionless variables: ( = Z/L, 7 = T/Ty,
B(¢,7) = A(Z,T)//Py where L and Ty are the charac-
teristic fiber length, and the characteristic time window of
the pulse, respectively. Thus, Py is the input peak power
and we define Lgyp as the length scale associated to the
second-order dispersion term, Ly, is the length scale as-
sociated to the third-order nonlinear term. We also de-
fine L, = L./L as the dimensionless spatial amplification
spacing while |3s] = T¢/Lavp and |fBs3] = T¢/Lrop are
the group-velocity dispersion (GVD) and the third-order
dispersion (TOD) values, respectively. L, is the physical
spatial amplification spacing. Introducing these dimen-
sionless variables into equation (1) easily leads to the fol-
lowing form:

OB LB 9*B
"9¢ T 212 072

Lﬁ3 633 21 .
- ZGTS’ 53 + LyRy|B|*B = —iLaB.
(2)

Now we set the dimensionless terms Bagyp =
—B2Levp /T8, Brop = BsLrop/T§ and I' = La for
GVD, TOD profiles and gain/loss parameter, respectively.
Introducing these in equation (2) yields

OB BavpL 0°B _PropL 9B

L
B|’B = —iI'B.
! 8( 2LGVD 87'2 Z6LTOD 87’3 * | | !

Lyr
(3)

It is well-known that the bright soliton solution is ob-
tained in the regime of propagation where the dispersion
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length Lgyp is similar to the nonlinear length Ly in
the anormalous-dispersion regime. The TOD plays a sig-
nificant role only if the dispersion length associated Lrop
respects the condition Lrop < Lavp [2,28-30]. Further-
more, it is well-known that the solitonic properties as the
preserving shape of propagation exist in an ideal system
while in realistic cases they are perturbed by higher-order
effects like the TOD effect. So, in the present system, we
assume that Lrop ~ Ly p. One can rewrite equation (3)
in a suitable form by setting B((,7) = +/h(Q)E((,T)
where h(¢) is a function which will include the param-
eter I'. The function h(¢) being a periodic function ex-
panded in Fourier series:

n=-+oo

WOy = D hpe il by, =

n=—oo

L,

_ 4
'L, —inn’ (4)

where kz, = 2. Equation (4) yields

O ﬁGVD52E_ﬂTOD53E
Yac 2 92 ' 6 o

For a real physical system, we take the following param-
eter values: L = 100 Km, 3 = 1 ps®/Km. This leads to
To = 4.64 ps and B2 = —0.21 ps?/Km for the case where
we consider the addition of the residual constant GVD.
We also have L, = 10 Km, n =1...10, Py =2 mW and
a = 0.0921 Km™!. The obtained values of parameters ~
and I" are 5 W—!/Km and 9.21 respectively. The initial
frequency offset of the pulses is given by = 2.4392 lead-
ing to the channel spacing AX = 1.5032 nm for a single
mode fiber at A &~ 1.32 ym. The presence or lack of the
dimensionless dispersion parameter Bgyp will be repre-
sented by the values 1 and 0, respectively.

The evolution of the FWM in the model is investi-
gated through the anti-stokes component using a similar
approach developed by Ablowitz et al. [7]. Therefore, we
consider a signal including two pulses F; and F» such that
Epuise = E1+ Ey. We assume that the FWM in the chan-
nels is taken as Epwy = Ei12 + Faoo1. Then, the total
field in the system is

E((,7) = E1 + E2 + Eq12 + Eao1, (6)

where Ei, Eo, F112 and FEs2; evolve on frequencies €2y,
QQ, 0112 = 291 — QQ and 9221 = 292 — Ql, respectively.
If we take Q1 = —Qy = —Q, therefore Q115 = —3 and
Q991 = 3. The components of FWM FEj15 and Fao1 are
the so-called stokes and anti-stokes components, respec-
tively. When we introduce equation (6) into equation (5),
we obtain a PDE by neglecting all nonlinear terms in E112,
Es91 and the cross-phase modulation (XPM) terms. The
system can be modeled by the diagram given in Figure 1
where the transmission line is represented by the single
mode optical fiber (SMF) symbolized by the ITU-T rec-
ommendation G.652 [9]. The evolution of the anti-stokes
FWM in the system with TOD is therefore modeled by
the following equation:

iaE221 Bavp 02 Faa 72.5TOD 0% Fao1
o¢ 2 oT2 6 or3

+h(O|EPPE=0. (5)

+h(Q)EZE; = 0.
(7)
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Fig. 1. Diagram of the physical model under study.

For simplicity, we set v = FEa91 in equation (7). Many
works dealing with the evolution of the FWM have been
done in systems assuming only the second order dispersion
term [7,8,11-13,17,18]. The present model under study
(Eq. (7)), which includes the TOD term will be inves-
tigated in order to characterize the FWM under influence
of this coefficient.

3 Reduced model of the FWM
component growth

Following the assumption of Horne et al. [18], the evolu-
tion of the FWM is taken in the following form including
the TOD effect inside the exponential argument of the
anti-stokes component:

v(¢,7) = GI¢, ) exp [ (397 - —ﬂGVDc)]

3
X exp [ — i%ﬁTODC} . (8)

When we introduce equation (8) into equation (7) we ob-
tain the following equation for the amplitude G(¢, 7):

0G  Bavp (0°G oG Brop
— + 60— — 2(2Q)°G ) —
a¢+2(a2+a<)>’6
83G 62G QaG -3 2 *
X <W+9 Q(? 5 — 270 o —26i02 G) = —h(¢)E3Ely,
(9)
where
QZ
E3Efy = E3Ey exp [Z< —3Q7 + 75GVDC)]
(92 BropQ
— . 1
X exp [z<2 3 ()] (10)
We set AQ = Qs — Q1 = 2Q as the difference in the

frequency offset for the case where the input pulses are
well-separated, therefore in this case AQ > 1. We assume
. . . . pYel
tl;e followmg simplifications (AQ)?|G|, 26Q%|G| > |5=],
1%

(9) becomes

13Q8rop
12

z%—? — (AN)? <5GVD + )G = —h(¢)Ex Eqy,

(11)

Page 3 of 8

which is considered as the reduced model. For simplicity,
we set

¢ = Pavp + 1391’%,
¥(¢) = (ﬁGVD + @)C- (12)

The input pulses are sech-type profiled in the general form
of fundamental soliton as in [2,17]:

E; = Epqg,jsech[Enae i (7 — Q¢ — Tj)]

X exp {z’(Ema“ 92)4/2} exp |:ZQ T} (13)

where ) = —Qy = —Q, E’max,l = E’max,2 = Eiae and

Ty = —T5 = T,. The integration of equation (11) gives
G(C.7) = By oxp | (AP0
n=+oo
X Z /SeCh[maxTQC+T):|
X sech {Emaz( + Q¢ - )] exp { < nkroC
E2 —-0?
max2 C/ + (AQ)2¢C/>:|

QZ
X exp {z(Tw(g’))]dg’ (14)
It is important to remind that the phase-matching con-
dition required in order to gain the maximum FWM val-
ues is obtained by taking the argument of the imaginary
exponential

exp [z < nkraC +0.5(E2,.. — Q) + (AQ)ZQM/)}

X exp [0.5@9%(4’)]

equal to zero. This leads to some cases of the study in
function of the GVD and TOD profiles.

— In the presence of constant TOD profile without
the GVD parameter, the phase-matching condition
leads to:

90° —Q* + E2.. —

Inky, = (15)

One must solve this equation following 2 and n to
obtain values leading to largest amplitude of FWM.
— In the presence of both the GVD and TOD profiles, we
obtain from the general reduced model the following
equation:
90° +8Q% + E2

max

— 2nky, = 0. (16)

The next section deals with the full model assuming that
the amplitude of the FWM component is very sensitive to
the time variable (differentiated terms of G({,7) are not
negligible).
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4 Full model of the FWM component growth

Considering the Fourier transform of equation (9), we
obtain:

G 1
i5e ~ 5{&;@ (w2 + 6w + 2(29)2) - BT%

X (w3 + 9w2Q + 27w0? + 2693) }G
= _h<C)F[E§0Eik0]' (17)
We set:
e(w, Q) = ﬁGVD (w2 + 6w + 2(29)2)

+ BT% <w3 + 9020 + 27w Q2 + 2693). (18)

Equation (17) leads to the following form of G(z,w):

- T E (1
G(¢.) = T2z x| — i L0t ) + w50 )|
Tw o
x sech <2Emm) n;@ B €Xp [an (w)Ccou]
2Ema26(C) w
X / I (y, oI ) exp [ iun(w)y] dy,
) (19)
where
E2 02 1
Xn(wv Q) = |: nkLa + % + 500‘)5 Q)
02 Q
+5 (ﬁGVD + ﬂT%D ) }7 (20)

is related to the phase-matching condition. The function
I(y,w/Emay) is a well-known function (see Refs. [7.8]),
6(C) = Q¢ - T, Mn(w) = _Xn(waﬂ)/AQEmaw and
Yy = 2FE;,4.0(C). The phase-matching condition for the
full model is given by taking x,(w,2) = 0. The roots
wy, obtained are only relevant, if we consider those which
are equal to zero because of the presence of the function
sech(mw/2F,,q.) inside G({,w). Thus, equation (20) leads
to the following polynomial equation of third degree:

az® +bx?® +cx +d =0, (21)

where we have set © = w, a = frop/3, b = Bevp +
38r0p%Q, ¢ = 6Q8avp + 90%Brop and d = 9(Bgvp +
BropQ—1/9)0?+ E2 . —2nkr,. Therefore, we can con-
sider specific cases:

1. Case of the second order dispersion [Bgyvp = 1,
Brop = 0:
2® +6Qz + (80 + E7,,, — 2nkrq) =0, (22)

the two solutions are

Tpa =—3Q+/02 — E2,_ . +2nkr,.

max
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The realistic solution is z,, 4+ that must be equal to zero
according to the previous hypothesis. So, we recover the
single GVD phase-matching condition as obtained by
Ablowitz et al. [7,8]:

1 E?Tl(lit
Q=54 nkLa — =5 (23)
2. Case of the third order dispersion SBgyp = 0,
Brop = 1:
1
27+ 300 +90%0 + (90° - O + B}, — 2nkra) = 0.
(24)

If we take three general solutions of equation (24) as
(x —z1)(x — 22)(x — x3) = 0 and we assume one of
them equal to zero, we obtain the same phase-matching
condition derived from the reduced model for single
TOD case given by equation (15).

3. Case of the combined GVD and TOD case Bgvp = 1,
Brop = 1:

1
§x3 + (32 + 1)z? + (902 + 6Q)x
+ (997 +8Q% + E2

e —2nkpg) =0. (25)
Using the same process as in the previous case, we derive
the phase-matching condition obtained in equation (16)
for the reduced model.

So, for all these cases we obtain the same phase-
matching conditions of the reduced model in the full model
by taking the roots wy, of x,(w, ) equal to zero.

Considering the case where w,, # 0, we obtain a general

form of the asymptotic solution G(z,w) for long distances:

~ il D O(w, 2
G(CHOONU)%LGXP |:_Z< (LU, )

A0 5 ¢ +“’5(<)>]

W
x sech
sec ( E,

—+oo
) hn exXp |:ZX<W7 Q)Ccoll:|

o (w, Q) + W/Ema;v

sinh |:% <N" ((.«J, Q) =+ W/Emax) :| cosh (M)
(26)

X

In the next section, we present the numerical results of
the previous analytical studies.

5 Numerical investigations

In this section we present numerical results of the study
of the FWM in the case of nonlinear Schrodinger equa-
tion assuming TOD with gain/loss. As mentioned earlier,
we have worked with normalized dimensionless quantities
that can be easily linked to the physical corresponding pa-
rameters. Considering the phase-matching conditions ob-
tained in both cases for the reduced and full models (for
wy, = 0), Figure 2 presents the evolution of the frequency
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Fig. 2. (Color online) Evolution of the frequency offset of
Phase-matching conditions versus the amplification spacing
with Bavp = 1, Brop = 1 (solid curve) and Bgvp = 0,
Brop =1 (dashed curve).

offset where the FWM appears to be more important in
the transmission in function of the normalized parameter
of the amplification distance. In the presence of both GVD
and TOD, it comes a slight reduction of the frequency off-
set evolution (solid curve in Fig. 2) in comparison to the
single TOD case (dashed curve in Fig. 2). The addition
of the GVD term is the reason of this interesting feature.
The origin is linked to the polynomial equations of phase-
matching conditions obtained in equations (15) and (16).
We conclude that the combined dispersion terms reduce
the frequency offset window more than a single dispersion
term. Analyzing the growth function of the FWM in the
reduced model, we can predict a higher growth for the
most reduced frequency window.

Figures 3 and 4 present the temporal profile evolution
of the FWM versus the normalized distance ¢ (for conve-
nience ¢ and 7 are respectively represented by z and t in
the figures) in the reduced model for the single TOD case
and assuming both TOD and GVD, respectively. One in-
tegrates equation (14) assuming physical realistic systems
with amplification nodes (n x L,) and realizing phase-
matching condition at each node in order to obtain the ap-
propriate frequency offset to the FWM occurrence. These
figures are obtained by using a trapezoidal numerical in-
tegration scheme on equation (14) between each amplifier
spacing and by realizing the phase-matching conditions of
equations (15) and (16). As can be seen in those figures,
the FWM component appears along the transmission line
near the first node and its amplitude increases through the
following amplification nodes due to the realization of the
phase-matching conditions. We notice that, in the reduced
model, the FWM is reduced slightly in the single TOD
case than in the combined GVD-TOD case. This feature is
better observed in Figure 5 which presents the FWM tem-
poral profile at the first and the tenth amplification nodes
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for both cases (single TOD and combined GVD-TOD).
Figure 5a presents identical amplitude values of the FWM
at the first node for both cases under study. During the
propagation along the transmission line, one observes that
the amplitude of the FWM temporal profile in the sin-
gle TOD case is slightly reduced in comparison with the
amplitude assuming the combined GVD-TOD case (see
Fig. 5b). Therefore, in the reduced model, the FWM grows
along the transmission line and consequently a control of
the FWM growth could be achieved.

For the full model, we have also integrated equa-
tion (19) using the same numerical scheme between each
amplifier spacing and by realizing once more the phase-
matching condition of the FWM on the amplifier nodes.
The growth of the spectra profiles of the FWM versus the
normalized distance ¢ in the full model are presented in
Figures 6 and 7 for the single TOD and the combined
GVD-TOD cases, respectively. The TOD introduces an
asymmetry in the profile of the FWM component for both
cases which is progressively reduced along the line when
reaching the tenth amplification node. It is also found
that in WDM soliton systems where input colliding chan-
nels F7 and Fsy are not well-separated, the FWM is asso-
ciated with slight peaks at each amplification node and
becomes wide when ( is increasing. It yields that, the
strength of the FWM in the single TOD case is more im-
portant than in the combined GVD-TOD case. For both
cases, the FWM becomes more smaller along the propaga-
tion distance (. We present in Figure 8, the spectrum pro-
file of the FWM component for both cases at the first and
tenth amplification nodes. This spectrum is more intense
in the single TOD case (dotted lines in Figs. 8a and 8b)
than in the combined GVD-TOD case (solid line in these
figures). We can easily say that the combination of TOD
term with the GVD term reduces the FWM crosstalk in
the WDM soliton systems where input channels are closer
each other (small frequency spacing). This feature is de-
picted by the asymptotic solution of the FWM growth
presented in Figure 9 for the full model. We obtain a high
broadening of the FWM spectrum in the combined GVD-
TOD case (solid lines) comparatively to the FWM spec-
trum in the single TOD case (dotted lines). These results
show that the analytical asymptotic solution (for larger ¢)
is in good agreement with the previous obtained results.

6 Conclusion

Using the NLS equation for an optical WDM solitons sys-
tem near the ZDWL, we have obtained the model equa-
tion for the anti-stokes component of the FWM. Then,
after some simplifications, we have obtained the so-called
reduced model from which has been derived the phase-
matching conditions that lead to the FWM high values
occurrence. The full model has also been considered for
the study in the single TOD case and the combined GVD-
TOD case. It comes that the frequency offset is more im-
portant in the single TOD case than in the combined
GVD-TOD case. In the case of the reduced model, the
combined effect of GVD and TOD leads to a growth of
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the FWM in the system. We have recovered the previous
mentioned results of reference [17] where the FWM grows
along the transmission line and therefore is eliminated by
the use of a weak random or DM technic for the reduced
model. In addition, it has appeared that a residual GVD
combined to the TOD allows a strong growth than a sin-
gle TOD case. This can be seen as an interesting feature
for WDM soliton systems near the ZDWL. Because of
the large frequency offset difference between the two in-
put pulses, assuming that they interact weakly, the FWM

crosstalk gain in power, rising inside the line after crossing
each amplification node. This feature being enhanced by
the combination of dispersion terms.

However, for the full model where squeezed up chan-
nels are considered, the FWM component appears quickly
along the transmission line with a high spectrum ampli-
tude value and decreases more in the combined GVD-TOD
case than in the single TOD case. This result is similar
to those obtained by Singh et al. [25,26] on the effect of
higher-order dispersion terms on the FWM of type I. How-
ever, these authors dealt with input powers of three pulses
and made a conclusion that under the combined effect of
second, third, fourth and fifth-order dispersion parame-
ters, the crosstalk introduced by the FWM is reduced [25].
A relevant result obtained in the present work is that deal-
ing with two input pulses, we have reached a reduction of
the crosstalk introduced by the FWM and the frequency
offset window in the case of the full model in comparison to
the FWM generated by three pulses as obtained by Singh
et al. [25]. The weak value of the frequency offset difference
between the two input pulses, lead to a great interaction.
Consequently, even if the FWM crosstalk appears more
quickly than in the reduced model inside the transmis-
sion line, the strong interaction between the pairwise in-
put pulses leads them to recover their power and it follows
the decreasing of the FWM power. We can mention that
if one purpose in WDM soliton systems near the ZDWL is
to reduce the impact of the FWM crosstalk, therefore the
choice of squeezed up input pulses under a combination of
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GVD-TOD is suitable to quite cancel the FWM crosstalk.
In summary, the present work demonstrates clearly the
evolution of the FWM in the system under the interaction
of TOD and GVD parameters. Thus, the propagation of
signals could be optimized in WDM soliton systems near
the ZDWL when the growth of the FWM could be well
controlled.

This work has been done in the Laboratory of Mechanics, De-
partment of Physics of the Faculty of Science of the University
of Yaounde I, Cameroon. We sincerely thank Pr. T.C. Kofane,
Head of the laboratory.
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We present the compression of Airy pulses in silicon-on-insulator (SOI) waveguides under the fourth-order dispersion
(FOD) using the variational approach that involves Rayleigh’s dissipation function (RDF). All the pulse characteristics
are under the influence of the two-photon and the frequency-carrier absorptions. In a quasi-linear approximation, the
pulse compression conditions induced by the interaction of the group-velocity dispersion (GVD), the chirp and the FOD
are derived. In the nonlinear case, the self-phase modulation (SPM), the two-photon absorption (TPA) and the free-carrier
absorption (FCA) reduce the length of compression in a propagation regime of normal GVD, positive chirp and a negative
value of FOD. The TPA reduces the maximal power reached than the SPM while the FCA rather increases its value. These
results are confirmed in the general case where they all interact with the linear dispersion terms of the SOI waveguide.

Keywords: pulse compression; chirp; fourth-order dispersion; temporal Airy pulse; variational approach; Rayleigh

dissipation function

1. Introduction

The introduction in nonlinear optics of a new family of
input optical profile, namely the Airy pulses, has recently
attracted more attention [1-8]. Some phenomena around
this profile have been investigated such as supercontinuum
generation (SCG) which has revealed some interesting fea-
tures confirming the particular place that the Airy pulses are
taking in the pulse shaping approach [9]. The interest in Airy
pulses stems from their special properties of self-healing,
dispersion resistance and acceleration on propagation of
their dominant intensity peaks [1-9].

Pulse compression is a famous method to obtain short
pulses on scales that are more and more reduced with a very
large spectral bandwidth (useful in data transmission and
others applications) [10,11]. It consists of obtaining, from
the propagation of a wider input pump, a smaller one after
its propagation within the waveguide over a distance called
the length of compression. Nowadays, this mechanism is
classified as two types: linear and nonlinear compression.
In the linear case, the source chirp must be opposite to
the GVD: g,C < 0 [11,12]. Furthermore, with an anal-
ysis based on the Marcuse formalism Fourier transform
method [13] and the Gaussian profile, Capmany et al. [14]
showed that the linear compression could be obtained with
the interaction of dispersion terms having the same parity
as: BrPr+2 < 0, k > 2, k being an integer. For example,
the GVD having an opposite sign with the FOD may lead
to the compression of the pump. In the nonlinear case, the

compression is obtained with the famous solitonic proper-
ties through the balance between the positive SPM and the
anomalous dispersive regime [11,12,15-17]. The higher-
order soliton (HOS) splitting yields to the periodic com-
pression with the well-known soliton period (r/2) Lgvp,
where the parameter Lgyp is the GVD length [12].

Beyond the Marcuse formalism/Fourier transform used
in the linear approximation on a temporal input profile, there
are also the semi-analytical methods, such as the
moment method [12], the classical variational approach
[18-28], the collective variables approach [29-32], the
self-similar analysis [33-35] (on self-similar solitons, the
so-called similaritons), etc. More recently, Roy and Bhadra
[36] showed a modified variational approach (MVA) which
involves the RDF to model an optical waveguide under non-
linear absorption effects such as TPA and FCA. The RDF is
incorporated in order to take account of the dissipative part,
with an analogy to the non-conservative frictional problem
in classical mechanics [36]. The analysis based on this MVA
has been found to describe successfully the propagation of
ultrashort optical pulses within SOI waveguides [37].

On the other hand, the interest aroused by the SOI
waveguides is due to their advantageous properties in the
mid-infrared spectral region, useful for current photonics
devices applications [37-40], even in the SCG process
[41,42].

A review of the literature shows that only the common
symmetric and compact profiles, such as the sech-type pulse,
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Gaussian pulse (or super-Gaussian pulse) or raised-cosine
ansitze pulse, are used in general for the compression mech-
anism analysis in optical waveguides [11-14]. Recently in a
SOI waveguide, the sech-type profile has been studied [37].
The effect of TPA has been investigated on these symmetric
profiles [36,37,43].

However, the problem of compression of Airy pulses in
the SOI waveguide, still being opened to the best of our
knowledge, is therefore investigated in this paper. Further-
more, using the MVA analysis of chirped femtosecond Airy
pulses in SOI waveguides, we investigate the compression
mechanism both in the linear and the nonlinear cases. The
effects of the FOD and the nonlinear parameters are high-
lighted. The paper is designed as follows: Section 2 presents
the theoretical analysis while in Section 3, we show the
linear compression induced by the FOD. Section 4 presents
the influence of the nonlinear parameters on the compres-
sion mechanism induced by the FOD and a conclusion is
presented in the last section.

2. The model and the growth equations

The propagation of an optical signal inside a SOI waveguide
under the FOD effect can be modeled by the lossy nonlinear
Schrodinger equation (NLS) including the TPA and the FCA
effects as:

du Prdtu Padtu
1____

az 2 a2 | 24 gt
= —ioqu — il ul*u — ic Ne(t)u, 1)

+y|u|2u

where u, 2, Ba, v, o, I', o and N, (t) represent the slowly
varying amplitude of the electrical field, the GVD
coefficient, the FOD parameter, the cubic Kerr nonlinearity
coefficient, the linear losses, the TPA coefficient, the FCA
coefficient and the free-carrier density (FCD), respectively
[37]. We have neglected the effect of the third-order disper-
sion (TOD) B3 because it is well-known today that it intro-
duces a relatively small temporal shift of the pulse center
which is ignored here [12]. For instance, in classical non-
linear silica glass fibers, near the zero-dispersion point, one
should include the effect of the TOD [12,17]. One should
also note that some fibers, so-called dispersion-flattened
fibers, admit rather a zero-dispersion point for the TOD, so
that the whole dispersion is defined only by the GVD and
the FOD which is added for ultra-short pulses [12,17]. More
generally, it has been shown by Capmany et al. with the
Gaussian pulse [14] that the odd order dispersion terms (3,
Bs, B7,etc.) introduce some oscillating tails in one side of the
central part of the pulse temporal profile, in addition to the
asymmetric displacement of the pulse center. Furthermore,
Capmany et al. showed that the source chirp of the pulse
interacts only with the even dispersion terms. This inter-
esting feature was highlighted on the pulse compression
conditions mentioned earlier in the introduction. All of these
physical assumptions, lead to assume for the compression

mechanism analysis, that the interaction between the GVD,
the FOD and the chirp are only as described by Equation (1).
The FCD is given by the following equation [37,44]:
r ! N4 /
Nc(z,t) = o At [w (|u(z, )] )dt . 2)
The relation of Equation (2) above is approximated from
the one given in [37] for the short optical pulses, because
we have neglected the parameter tc (the carrier lifetime).
It is assumed that &, vy and Agg are the Planck constant,
the pump frequency and the SOI waveguide effective core
section size. The parameter 7, represents the pulse width.
The Lagrangian density and the RDF of the MVA are defined
as [36,37]:

i/ ,ou u*
Ly=—-|u"——u
2 0z 0z

_Z(—nkﬂzka@k-”ua_ﬁ i
2k)!  9r@k=b §r 2

k=1

and

1 0 ou*
Rd=i|:|u|2F+§(a+aNc(z,t)):| (u*—Z—u " )

One should note that the FCD intervenes within the RDF,
so it may be calculated using Equation (2) before its intro-
duction into Equation (4). The chirped input Airy profile
can be taken as [8]:

<t> < t) ! p<t>2 !
u = upAi . exp atp exp | —i >\ igp |,
4)

with u,, C, and ¢, being the Airy pulse characteristics
namely the amplitude, the chirp and the phase, respectively.
The parameter a is the truncation coefficient equal to 0.05
in this work. Its presence allows one to ensure that for a
positive quadratic dispersion coefficient, one will obtain a
positive dispersion [8]. One should note that the Airy pulses
are not known to be a solution of the propagation equation
within the SOI waveguides. In a classical nonlinear silica
optical fiber at the zero-dispersion point, a chirped Gaus-
sian pulse transforms to an Airy pulse which propagates
normally into this form inside the considered media [12,45].
The MVA defines the Lagrangian and the RDF func-
tions from their densities described in Equations (3) and (4)
respectively by the following relations [12,17,36,37]:

+00
L= / Ly(t)dt,

—00

+00
R= / Ryt dr'.

—00

(6)
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The determination of the Lagrangian function leads to:
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The reduced form of the RDF function is obtained with an
appropriate approximation of the FCD (see Equation (2))
which is evaluated numerically for the apodized (truncated)
Airy pulse and inserted in the following relation:

C, dt 3C
R =ulty| (2L —-052L
P tp 92 0z
12r u gt" 55.4573
X — — .
35 236 ¢ *
o | o (3 nuf)tp 9
_ 4+ P2 -
9z [“P(m T R TR R

where k' = oftpa /hvoAgff is a constant related to the
FCD and the FCA. The parameter Brpa = 21 A¢s i the
usual TPA parameter [37]. The determination of the growth
equations in the MVA may be done by setting:

0 (0L oL oL
— (= +-— =0, ©
at \ 9q; 8q dq;

where the parameter ¢ is a characteristic of the pulse and
q. its derivative following the parameter of propagation
z [12,18-21,36,37]. Therefore, we determine the growth
equations as follows:
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As can be seen in Equation (10) beyond the dispersive
effects, all the characteristics of the Airy pulse are affected
by both the TPA and the FCA. The specificity is related to the
losses and the SPM. However, the FOD impact appearing
in all growth equations above suggests a non-negligible
role in the linear compression induced by chirp which is
investigated in the next section.

3. Linear temporal compression induced by FOD

In this section all the nonlinear effects parameters are taken
equal to zero: y = 0, " = 0,0 = 0 and k = 0. For
this specific case, we assume that the terms (45.233 +
468.1C2)/313, mexp(=7/2) + Cp and (31/22) +
180.932C§ + 936.2C3 are constant and equal to their initial
values, so that we get a linearly varying chirp for the pulse.
This hypothesis is set similarly to the constant spectral
width of the Gaussian profile as done in [12]. The analytical
approximated relation of the pulse compression factor is
given by:

1/2
Fc = [1 4oL L (Cp(0) + ﬂz) } . an

13(0)

where Fc = 1,(2)/1,(0). We define the parameters A¢ and
A1, respectively, as follows:

52 exp(=7/2) + C;(0))
Lgvp
s4(35 + 180.932C2(0) + 936.2C(0))

6Lrop

(45.233 + 468.1C%(0))s
Al =t§(0)[Ls2 + T,
GVD

0o =

)

3LfFop
(12)

where s> and s4 are the signs of the GVD and the FOD,
respectively. The length parameter associated with the FOD
is defined as Lrop = tg /|B4| while the GVD length is
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Figure 1. (a) Solid line for the analytical result of the width and dashed line for the numerical result versus z. (b) Contour plot of the
Airy pulse propagation for the analytical result and (c) contour plot of the Airy pulse propagation for the numerical result. The peak power
Py =4.76W, By = 0.56ps?m~!, Cp = 0.8, = 5.06m™ 1, By = —1.2843 x 1072 ps* m~! and SOI waveguide length L = 0.04 m.
(The color version of this figure is included in the online version of the journal.)

commonly equal to t02 /|B2|. It comes about that, the linear where
compression COIldlt.IOIlS are obtalnf:d. ea51.ly by setting the B 45.233 + 468.1C§
compression factor inferior to 1. This implies that (note that Vi= 3 )
whatever the conditions z > 0, Lgyp > 0 and Lrop > 0):
J, _ 3+ 180932C +936.2C}
05 52 (45.233 + 468.1C5(0))s4 o 6(m exp(=51) + C2)
— 005 < +
Lavp 3Lrop Clim = 2.084606293. (16)
A . . .
X <Cp ) + 70 z) z<0. (13) We obtain the conditions of Equation (15) and the defi-

nitions of Equation (16) by making some basic discussions
about the signs 57 and s4. The parameters Co = Cp(0) and
to = tp(0) are the initial values of the chirp and the width,
respectively.

The values of the parameters used in numerical simu-
lations are defined as [37]: the waveguide length L = 4—

So, for the compression of the self-healing Airy pulse
(SHAP) to occur inside the medium under the conditions
specified earlier, one must have:

52 (45.233 + 468-1C§(0))s4 0 5 cm, the linear losses @ = 5.06 m~ !, the initial peak power
Lowp 3Lron < Py = 4.76 W, the TPA coefficient I' = 6.5W~! m™", the
Ao GVD B, = 0.56ps>m~', the FOD B; = —1.2843 x

and <CP(O) + TZ> z2>0, 10~*ps* m~!, the FCD-FCA associated coefficient k =

SW*ps~! m~!, the initial chirp Cy = 0.8, the SPM co-
efficient y = 47 W Im™! the pulse width #9 = 50fs and

5o (45.2334468.1C7(0))s4 o

Lgvp 3Lrop the wavelength 1o = 1550 nm, respectively.
and <Cp(0) + Ao Z> z < 0. (14) We.represel}tl in Figure l.the pulse compression under
2 the third condition of Equation (15). The FOD parameter
is obtained by setting Lrop = 0.96b, where b = Vo Lgyp.
The resulting conditions are defined as: This may be obtained from a realistic value of the FOD
B4 and for the numerical simulations, we show how the
Co >0, B2, s <0, obtained compression conditions work. It is convenient to
Lrob < ViLgvp, Ciim < Co B2 > 0, Ba < 0, choose an approximate realistic value of the FOD which

. verifies the third compression condition of Equation (15)
Lrop < VaLgvp, 0<Co<Ciim f2>0, f <0, (13) for example. We have chosen to draw the analytical result
Lrop > V2Lgvp, Cim < Co B2 <0, B4 > 0, (see the solid line in Figure 1(a) and (b)) with the numerical
Lrop > ViLgvp, 0 < Co < Ciim B2 <0, B1 > 0, result obtained with a fourth-order Runge—Kutta integration
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Figure 2. (a) Plot of the normalized width (solid line) and the normalized amplitude (dashed line) versus z. (b) Contour plot of the Airy
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scheme (see the dashed line in Figure 1(a) and (c)). The
analytical result here is based on Equation (11) and the
numerical result comes from the direct integration of the
growth equation of the width in Equation (10). Consider-
ing the obtained pictures, it happens that the quasi-spectral
assumption that governs the analytical result can approxi-
mately satisfy the pulse compression in the linear case be-
cause the difference between the two results is not important
enough for the small distances of propagation. As stated at
the beginning of the section, the assumption of a spectral
bandwidth approximately constant during the propagation
inside the linear medium leads to admit the compression
factor given in Equation (11) only for a short distance. It is
certain that Equations (10) and (11) will diverge for propa-
gation distances. As shown in Figure 1, the critical distance
of agreement that emerges from the simulations performed,
is about 3 cm. The M VA being validated to be a good mean
to study short pulse propagation within SOI waveguides
[37], translates in Figure 1 the linear approximation of the
waveguide dynamics.

Beyond this, notice that the main feature observed here
is the compression which is obtained with ,Cyp > 0 and
B2Bs < 0. With the other conditions defined in Equa-
tion (15), these results are entirely in agreement with those
previously discussed in [14], while the fact that the chirp
is similarly signed to the GVD, contrasts with the basic
admitted theory of linear compression induced by chirp
with grating pairs [11]. Figure 1(b) is the contour plot of
the Airy pulse for the analytical result of Equation (11)
and Figure 1(c) is the contour plot of the Airy pulse for
the numerical simulation of Equation (10). These figures
correspond to the pulse propagation within the SOI un-
der the conditions defined in the linear approximation and
respecting the third compression condition of Equation (15).

For this figure and for the following, the scale bar is in the
unit of power (W) and indicates the power reached in the
compression process following the distance of propagation.

Now it is convenient to analyze what happens when the
nonlinear effects are considered.

4. Nonlinear compression of SHAP in SOI waveguide
under FOD

Let us start first with the linear model that we integrate
over a SOI waveguide length of about 5 cm, thus we obtain
Figure 2. In Figure 2, the parameters y, I" and « (o) are still
zero. Itis observed that the pulse compression really extends
to a distance of propagation of about 0.0409 m, after which
comes the pulse broadening. At this distance, obviously one
obtains the maximal pulse power and compression before
the broadening.

The process of the temporal compression has a particu-
larity in the sense that it is accompanied by an amplification
of the pulse [11,12,43]. The power/amplitude of the pulse
amplifies during the compression process. The maximal
power reached (MPR) in the compression process occurs
at a distance as seen in Figure 2 and it can be referenced in
the scale bar to see the corresponding value. The broaden-
ing of the Airy pulse occurs just beyond this point and is
dramatically extreme as seen on the figure.

When the cubic Kerr nonlinear effect is taken into ac-
count, Figure 3 is obtained. We can see in this picture a
similar behavior as in Figure 2, it means a pulse compres-
sion over a distance of propagation followed by the pulse
broadening. However, the change brought by the cubic
Kerr nonlinearity indicates a clean reduction of the length
of compression before the broadening. Indeed the pulse
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compression extends in this case only over 0.0340 m.
Another point that must be raised, is the maximal pulse
power reached (in the compression mechanism) which is
also reduced due to the effect of y in combination with
the negative value of the FOD. Contrarily to the previ-
ous case depicted in Figure 2 (Ppax ~ 90 W), the max-
imal pulse power Ppax reached here is slightly beyond
25 W only.

The TPA has been extensively studied by others [10,36—
41,43,44]. It was first reported experimentally by Kaiser
and Garrett [46]. The multiphoton absorption phenomenon
can lead to laser damage of optical materials and be used to
write permanent refractive index structures into the interior
of optical materials [10]. Therefore, the multiphoton absorp-
tion is well known to be a nonlinear loss phenomenon that
can reduce the efficiency of nonlinear optical devices such
as optical switches. Its consideration, inside the dynamics

studied in this section as the single nonlinear process, pro-
duces an important reduction of the length of compression
comparatively to the cases above. This length is now about
0.0263 m with our data as seen in Figure 4. Even the MPR
is reduced by about 16 W.

The FCA effect on the pulse compression mechanism
of femtosecond Airy pulses in SOI waveguide presented
in Figure 5 is also described as a reduction of the length
of compression by about 0.0383 m. However, the contrast
with all the previous reductions observed with the cubic
Kerr nonlinearity and the TPA, concerns the maximal pulse
power which is rather increased comparatively to the one
of Figure 2 which is about 100 W. Another point to be
noticed is the amplitude depression which is similar to the
one of Figure 2. It seems likely the FCA does not affect
this depression contrarily to the TPA and the cubic Kerr
nonlinearity.
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One should notice that physically there is a dependency
of free carriers to the TPA such that normally the FCA
might not be investigated without the TPA according to the
relation of Brpa givenin Section 2. However, we stand on an
approximated case where I' < oNc(z,t) such that we
neglect the TPA behind the FCA-FCD. Even from a pure
mathematical view, the purpose is to analyze the impact
of the FCA on the chirped apodized SHAP in the SOI
waveguide. This approach has the merit of underlining the
contribution of each nonlinear parameter in the whole be-
haviour of the pulse when they are all considered. The same
approach is performed for intensity dependent nonlinear pa-
rameters in [12] such as the SPM, the self-steepening and the
intra-Raman scattering for classical silica glass fibers. In-
deed, the study of the impact of each nonlinear
parameter is conducted separately to the others according
to the purpose defined at the beginning.

Considering the combination of all these nonlinear
processes namely the cubic Kerr nonlinearity, the TPA and
the FCA to the linear parameters namely the normal GVD,
the losses, the negative FOD and the positive initial chirp,
we obtain for the SHAPs the figure depicted in Figure 6.
All these results are obtained with the interaction of the
negative value of the FOD, the normal GVD and positive
initial chirp under the limit value defined in Equation (16).

The length of compression reached is about 0.0241 m,
slightly more smaller than that of Figure 4 for the single
TPA effect. It seems like all the nonlinear processes
cooperate to reduce the length of compression due to the
combination of the negative FOD, the normal GVD and the
positive chirp.Even the reduction of the MPR is observed

but less dramatic than that of Figure 4.

According to the impact of each nonlinear parameter as
presented in Figures 3-5, we suggest that they normally
conduct to this length of compression reduction, but the
stressing is imposed by the TPA effect because it is the single
parameter which reduces more the length of compression.
If we consider the effect of the cubic Kerr nonlinearity
and the TPA on the MPR in the compression mechanism
studied, we should normally obtain a reduction greater than
that of Figure 4 16 W, however the result of about 18 W
indicates that the buffering is made by the FCA because,
as seen in Figure 5, the effect of the FCA on the MPR of
the SHAP allows an increase of its value comparatively
to the linear case. So, while the TPA and the cubic Kerr
nonlinearity tends to decrease this value, the FCA influences
this variation in the opposite direction.

The decoupling of the effects related to y, I" and o, to
a first approximation, gives meaningfully a sense to the
analysis. Since, in the realistic SOI waveguide dynamics
which has its process of compression via SHAPs as drawn
on Figure 6, the contribution of each parameter is underlined
as additive effects that cooperate in the sense of SPM and
TPA, and that compete in the sense of FCA. Sure enough,
we notice that the TPA as a nonlinear loss rather acts on
the chirped apodized SHAP in the same sense as the SPM
surprisingly, while the FCA acts in the opposite sense. All
these influences combined give an intermediary picture
between those obtained with each parameter alone. Thus,
the FCA plays a buffer role on the dramatic effects of the
SPM and TPA induced SHAP pulse broadening in the
presence of the FOD.
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5. Conclusion

In summary, in this paper we have presented the compress-
ion mechanism analysis of femtosecond chirped self-healing
Airy pulses using the modified variational approach that in-
volves Rayleigh’s dissipation function in a SOI waveguide
under fourth-order dispersion. The derivation of the growth
equations shows that all the pulse characteristics are under
the influence of the TPA and the FCA contrarily to the sech-
type input profile analysis previously presented by Roy et
al. [37]. In a quasi-linear approximation of the medium,
the constant spectral width assumption leads to pulse com-
pression conditions induced by the interaction of the GVD,
the chirp and the FOD which are in good agreement with
previous results obtained by Capmany et al. for the Gaussian
input profile [14]. A comparison between the analytical
relation of the compression factor and the numerical result
shows good agreement for small distances of propagation.
In the nonlinear case, it has been found that the nonlinear
parameters, namely the cubic Kerr nonlinearity, the TPA
and the FCA, reduce the length of compression in a SOI
waveguide with normal GVD, positive chirp and a negative
value of FOD. However, this reduction is more pronounced
for the single TPA presence than for the one obtained with
the cubic Kerr nonlinearity only, while for the FCA, it is
smaller than the two first ones. We have also found that the
TPA reduces the maximal power reached in the compression
mechanism than the cubic Kerr nonlinearity, while for the
FCA it increases its value comparatively to the linear case.
Therefore, the FCA plays a buffer role on the dramatic ef-
fects of the SPM and TPA induced SHAP pulse broadening
in the presence of the FOD. The combination of all these
nonlinear parameters with the linear dispersion terms in a

realistic SOI waveguide, confirms these results which allow
one to characterize the specificity of the Airy input pulses
comparatively to the symmetric and compact commonly
used profiles.
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We report the modulational instability (MI) analysis in silicon-on-insulator waveguides under fourth-order
dispersion. The two-photon absorption (TPA) generates four symmetric optimum frequencies in the MI gain spec-
trum. The free-carrier absorption is found to enhance the value of the central MI gain. The chirp amplifies the
intensity of the main pulse train peaks, leading to input profile independence. It shifts the occurrence of these
peaks at short propagation distances. The absorption coefficients counteract the chirp, creating a pump depend-
ence, and the high values of TPA destroy drastically the spontaneous breakup mechanism, leading to pump

depletion. © 2013 Optical Society of America
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1. INTRODUCTION

Modulational instability (MI) is a well-known process today
for obtaining pulse train generation (PTG). In nonlinear op-
tics, it refers to the modulation of the steady state as a result
of an interplay between the dispersive and the nonlinear ef-
fects. In other words, it is a destabilization mechanism for
plane waves. Since the earlier studies on MI [1-6], the inves-
tigation of the MI mechanism in various media and systems
has been reported and summarized in several papers and
books [7-45]. Generally at a relatively low power, it leads
to periodic PTG with a period of 27/Q,,; where Q; refers
to the optimum frequencies (OFs) of the MI process [32].
In arecent study, Tiofack et al. investigated the MI mechanism
in a complex generalized Ginzburg-Landau system showing
that the third-order dispersion (TOD) does not intervene in
the MI gain while the group-velocity dispersion (GVD) and
the fourth-order dispersion (FOD) play an important role in
this mechanism [38]. Furthermore, Dinda and Porsezian [39],
studied the impact of the FOD on the MI spectra in a cubic
nonlinear saturated media. Confirming the previous result of
the independence to the TOD, and underlining the role played
by the FOD parameter, they found that in saturated glass
fibers having a negative sign of the GVD and a positive sign
of the FOD, the two types of the MI mechanism are highly sen-
sitive to the FOD magnitude. One year later, investigating a
highly nonlinear system, Erkintalo et al. used the breather sol-
ution of Akhmediev and showed how a suitable low frequency
modulation on a continuous wave (CW) field induces higher-
order MI splitting with the pulse characteristics at different
phases of evolution related by a simple scaling relationship
[43]. Even the birefringent two-core fibers have been investi-
gated [13,24,42,44]. In the highly nonlinear media and in the
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(060.4370) Nonlinear optics, fibers; (190.5530) Pulse propagation and temporal solitons;

high peak powers cases, the MI mechanism generally extends
beyond the PTG process, leading to the supercontinuum gen-
eration (SCG) phenomenon [28,40,46-48].

On the other hand, the high cubic Kerr nonlinearity (CKN)
values of some devices, such as nonsilica fibers and silicon-
on-insulator (SOI) waveguides [49-54] could lead to interest-
ing spontaneous breakup of pulses. Indeed, in a recent work
done by Wen et al., the SCG process has been obtained in an
SOI waveguide following the solitonic fission mechanism [55].
They have demonstrated that good control of the initial pos-
itive chirp of pulses enhances the flatness of the SCG spectra
at the communication wavelength 1.5 pm. The recent attrac-
tion to the SOI waveguides is due to their wide applications,
such as the production of broadband amplifiers; tunable la-
sers; photonics devices in the mid-infrared region, namely
the optical switching devices [49,50]; optoelectronic integra-
tion to biosensing [51-54]; and broadband optical sources
through the nonlinear spectral broadening processes [55,56].
The particularity of SOI waveguides is the necessary inclusion
of the absorption coefficients, such as the two-photon absorp-
tion (TPA) and the free-carrier absorption (FCA) in the study.
They are known to have an important role in the analysis of
pulse propagation within the SOI waveguides.

The interest aroused by silicon-based (Si-based) optical de-
vices also crosses into nanophotonics technologies and these
achievements have opened up the possibility of signal per-
forming in the field of signal processing functionalities at chip
scale with relatively low optical power [56]. The Si-based com-
ponents, on other hand, offer the benefits of low cost and low
power consumption. Typically, a SOI waveguide differs from a
silica fiber in many aspects [57]: SOI waveguides are generally
smaller than silica fibers (they rarely exceed 5 cm in

© 2013 Optical Society of America
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practice) and silicon is very nonlinear with respect to the CKN
(about 200 times more than the silica). SOI waveguides have
the property of confining light within an area so small that
it highly enhances the nonlinear effects. In addition, the
SOI waveguides, because of the crystalline nature of silicon,
have some nonlinear effects, such as the stimulated-Raman-
scattering, which depends strongly on the waveguide geom-
etry and mode polarization. The structures of SOI waveguides
commonly used in practice are channel waveguides, rib wave-
guides, photonic-crystal waveguides, and slot waveguides,
whose the pictures can be found in [58].

However, among all the studies of the MI process in non-
linear optics, the question of MI analysis in highly dispersive
SOI waveguides has not yet been investigated, to the best of
our knowledge. Furthermore, the impact of the input profile,
chirp, and absorption coefficients has not yet been conducted
in this kind of waveguide. It is, therefore, the focus of this pa-
per. The study is conducted using different input profiles as
the Gaussian, the sech-type and the RC Ansétze pulses. The
impact of the pulse shape is, therefore, highlighted, even those
of the chirp and the absorption coefficients. The paper is de-
signed as follows: the next section presents the model equa-
tion while in the Section 3, we do the linear MI analysis of a cw
propagating within the studied waveguide. Then, we present
in Section 4 the MI pulse splitting in the sense of the MI-PTG
process for each input profile and the last section concludes
the paper.

2. THE MODEL EQUATION

The propagation of the optical pulses through an SOI wave-
guide under the FOD effect is governed by the extended non-
linear Schrodinger equation, including the effect of the TPA
and the FCA as [50,54,56]

U (g, FU ) a -
i+ — = iU —iT[|UU - i=N,
2()2 —|—k:2 W) o +y|UPU 22U iN\UPU 7,2 cU,

)

where U, f;, v, a, I, 6, and N represent the slowly varying
amplitude of the electrical field, the (k)th order term of
dispersion, the nonlinear Kerr coefficient, the linear loss co-
efficient, the TPA coefficient, the FCA coefficient, and the
free-carrier density (FCD), respectively. To obtain the FCD,
we may use the following relation [49,50,54,56]:

Ne(z 1) = —- /‘ |U(z, )|4dt, @)

2hpActe J -

where we have neglected the term relative to the carrier life
time 7o because we are dealing with the ultrashort pulses
(femtosecond domain) [50]. It is, therefore, an approximated
relation of equation 2 given in [56]. Our analysis is based on
the Gaussian, sech-type and RC Ansitze trial functions,
respectively defined as follows [32,59,60]:

U= er[‘lgc(%)z”‘”], ®)
U=U, sech(;)ei[%(é)zw], €))
0
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and
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L PR CO R RS
where U, is the amplitude of the pulse linked with the peak
input power P, as U, = +/P,. The parameters C, t,, and ¢ are
the chirp, the width, and the phase, respectively. The FCD of
the Gaussian and the RC pulses are given, respectively, as

[z Uiprpa V2t
seom o) (D)) o

and
U4ﬂTPAtO 210t ﬂ't
Nege = —2222 1320 4 1057 + —— + 2 sin| —
R = 1536 hueA, { il Sm(to)
t t t
X [160 +81 cos(”—) +32 cos? (ﬂ—) + 6 cos® (”—)] }
A A A
)

where frp, is the usual TPA parameter [50,56] and erf the er-
ror function [61]. The parameters &, vy, and A are the Planck
constant, the pump frequency, and the effective core area of
the SOI waveguide, respectively.

3. THE LINEAR MI ANALYSIS

The MI analysis of a cw is conducted in this section with the
physical quantities of the SOI waveguide defined by Roy et al.
[60]. We start with the steady-state solution of the cw [32]:

U = Uyein., ®)

where ¢y, represents the nonlinear phase shift defined as
follows:

$nL = [(7 + iU + %(a + GNC)]z. 9

We use a small perturbation of the steady-state solution by
stating

a(z’ t) — u(z)ei(Kz—Qt) + v(z)e—i(Kz—Qt)’ (10)

where K and Q represent the wave number and the perturba-
tion frequency, respectively. The obtained MI matrix is given
as follows:

M) - |:D1(Q)—K+y1U(2)+A U3 }

U2 Dy(Q) + K + 17U+ A
1D

where
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The wave number leads to
1
K = 5 {Doda % [(Desen + 2(A + 211U3) Deven + 2012},
13

with Deyen = D1 + Dy and Dygq = Dy — Dy. The MI gain is well
known to be defined as

G(Q) = 2]Im(K)|

= %!Im{((peven +2(A + 2, U3)) Deven + 20023, (14)

Since y; and A are complexes, it is convenient to set that

G(Q) = 2‘Im(,/A(Q)) , (15)
where
A(Q) = 2(Q) + iy(Q) = r(Q)e®,
2(Q) = Deven(Deven + 4UGy) = 4|A|QUET + |A)),
y(Q) = 4Deven(U(2)r + |A|) + 8U%Y|A| (16)
One obtains the MI gain as follows:
G(Q) = 2(r(Q) - 2(Q)]'/2. amn

The relation in Eq. (17) confirms that the TOD does not
intervene in the MI gain as previously discussed in the intro-
duction section. The OFs are given for dG(Q)/dQ =0 as a
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o 200} (a) 1
0
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0 — N
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Q (Thz)

Fig. 1.
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phase-matching condition of the four-wave mixing related
with the MI mechanism. It is described by two pump photons
at the frequency w,, one Stokes photon at w, — Q, and one
anti-Stokes photon at w, + Q [32,39]. The following relations
define the obtained OF's:

Q,=0,

0, =+ —6ﬁ4ﬁ2,

2

—6T By +2/9T232 + 6T Byy| A

Q== o ,

6762 +2\/9783 ~ 6rBUST® - 6Ty Al - 65, U3
QS,i == :': - /} .

VP4

(18)

When the TPA and the FCA vanish, the OFs in Eq. (18) are
similar to those obtained in [39] for glass fibers where y
was linked with the saturable nonlinearity. So, we do not fo-
cus on the role played by the FOD since it has been exten-
sively discussed in this reference. Our main purpose in this
section consists to study the effect of the absorption coeffi-
cients on the MI gain spectrum.

For the numerical simulations, we have set the parameter
K = oN, as the FCA parameter. Therefore, we choose to
study separately the effects of TPA and FCA on the MI gain
spectrum by controlling the value of K. For instance, in the
case where we have I" # 0, we consider that K ~ 0, which al-
lows us to analyze only the single effect of TPA. On the other
hand, when rather we have K # 0, we consider that I" ~ 0,
which allows us to analyze only the FCA effect.

Then, we plot in Fig. 1 the MI gain for different cases high-
lighting the effect of the absorption coefficients. For the case
where we neglect the TPA and the FCA effects [see Fig. 1(a)],
we have two bands of the MI gain at two OFs locations:
-78.3443 and 78.3443 Thz. These sidelobes are due to the
FOD effect interacting with the GVD as discussed in [38,39]
and defined by the second relation of Eq. (18). However,
in the presence of the TPA [see Fig. 1(b)], we have seven
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£
© 200 (b)
0 1
100 50 0 50 100
Q (Thz)
600
< a00 [—TPA#0, FCA#0 | ]
£
E 200 L (d) -
0 L S N L
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Plot of the MI gain spectrum versus Q. (a) Blue curve for TPA = 0 and FCA = 0, (b) green curve for TPA # 0 (I' = 6.5 W-m™!) and

FCA~0, (c) red curve for TPA~0 and FCA#0 (K =1m'), and (d) violet curve for TPA#0 and FCA #0. Other parameters:

fa = 0.56 ps?>/m, f; = -0.0014 ps*/m, y =47 wlm!, Py =3 W.
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Fig. 2. Plot of the MI gain spectrum versus P, and Q. (a) for TPA = 0 and FCA = 0, (b) TPA # 0 (I' = 6.5 W-1m™1) and FCA ~ 0, (c) for TPA ~ 0
and FCA #0 (K =1 m™), and (d) for TPA # 0 and FCA # 0. Other parameters: f; = 0.56 ps®>/m, f; = —-0.0014 ps*/m, y = 47 wlm™.

remarkable values of the MI gain at seven OF locations:
-78.3443, -69.0857, -48.9898, 0, 48.9898, 69.0857, and
78.3443 Thz. Among these locations, three have a zero MI gain,
particularly those of +69.0857 Thz and 0 Thz. In the presence
of the FCA [see Fig. 1(c)], we have three OF solutions where the
one in the central detuning frequency (Q, = 0) has an in-
creased MI gain. It means that the FCA enhances the value
of this central MI gain point. For the full realistic case where
both the TPA and the FCA effects are considered, we recover
the seven locations above of the MI gain maxima with the cor-
responding enhanced central peak. It is worthy to notice

z(m)
z(m)

0 1]
-0.02 -0.01 -0.02

)
t(ps)

0.01 0.02 -0.01

)
t(ps)

that, these OF values could be directly obtained using the re-
lations of Eq. (18). Figure 2 shows the MI gain spectra for the
different cases discussed above in Fig. 1 versus the varying
peak power Py. The features noticed in Fig. 1 are directly ob-
served in the contour plots of Fig. 2. It is observed in Fig. 2(b)
the TPA effect on the MI gain, such as the creation of the four
OF symmetric locations given by the two last relations of
Eq. (18) in addition to the OFs induced by FOD and GVD inter-
action [see Fig. 2(a)]. On the other hand, the FCA slightly in-
creases the value of the central MI gain [see Figs. 2(c)
and 2(d) comparatively to the cases of Figs. 2(a) and 2(b)].

z(m)

0
-0.02 -0.01

0.01 0.02 0

t(ps)

0.01 0.02

Fig. 3. Contour plot of unchirped pulses propagation. (a) Gaussian profile, (b) sech-type profile, (¢c) RC profile. Parameters: p, = 0.56 ps?/m,
s =-0.0014 ps*/m, y =47 wim, L =015m, t, =50 fs, Py =3 W, I = 0.
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4. PTG IN SOI WAVEGUIDES: IMPACT OF
PULSE SHAPE, CHIRP, AND ABSORPTION
COEFFICIENTS

A. In the Absence of Chirp, TPA, and FCA

We generate a map of PTG as shown in Fig. 3 for each un-
chirped input pulse with the common split-Fourier algorithm
in the absence of the TPA (I" = 0). For the sech-type and Gaus-
sian profiles, the trails of the MI-PTG are observed around
about 0.07 m while for the RC pulse, they are observed around
about 0.06 m. We also observe for all the profiles with the
numerical data used about 10 main peaks of the MI-PTG proc-
ess in Fig. 3. The maximum value of these mains peaks for the
sech-type pulse is obtained around about 0.12 m of propagation
distance with approximately the value of 9.5 W [see the color-
bar in Fig. 3(b)]. Concerning the Gaussian profile, we reach

L. M. Mandeng and C. Tchawoua

11 W toward 0.115 m. For the last profile (RC pulse), we ob-
serve rather a maximal value about 12.5 W toward 0.11 m.

Indeed, we notice that for the profiles that are close to the
fundamental soliton solution (consequently, more stable),
such as the sech-type pulse, the main peaks of the MI-PTG
trails occur at larger propagation distances than those less sta-
ble, such as the RC pulse. In addition, the maximum values of
these main peaks are smaller than those of the less stable in-
put profiles. The same idea can be raised for the Gaussian
pulse in comparison to the RC profile since the first form
is closer to the sech-type pulse than the latter.

More specifically, the RC pulse as a less stable input has
stronger main peaks of the MI-PTG trails at short propagation
distances [see Figs. 4(b) and 4(c)]. This profile is followed
by the Gaussian profile, which shows strong peaks at
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Fig. 4. Temporal profiles of the unchirped pulses at different propagation distances: (a) input at z =0, (b) 2=0.05m, (¢) 2 =0.1 m,
(d) 2z =0.115, (e) 2 = 0.121 m, and (f) 2 = L. The parameters are the same as in Fig. 3. Solid blue curves for Gaussian profile, dashed green curves

for sech-type profile, and solid red curves for RC profiles.
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Fig. 5. Contour plot of chirped pulses propagation. (a) Gaussian profile, (b) sech-type profile, (c) RC profile. Parameters: C = 10,
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propagation distances larger than those of the previous profile
[see Fig. 4(d)], while the sech-type is the last, with strong
peaks of the MI-PTG process appearing later in the propaga-
tion [see Fig. 4(e)]. Beyond these regular main peaks for all
the profiles, the spontaneous breakup process continues,
leading to a chaotic picture for large propagation distances
[see Figs. 3 and 4(f)]. Another observation from Fig. 4 con-
cerns the orientation of the undulations for each pulse. In-
deed, in the absence of the source chirp, all the pulses
have the same orientation in the undulations.

B. Effect of Chirp in the Absence of TPA and FCA
Considering the initial chirping process of each pulse, we have
simulated the MI-PTG process in the absence of absorption
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coefficients (see Fig. 5). As can be observed in this figure,
the initial chirp (C = 10) leads both the sech-type and the
Gaussian profiles to behave similarly in the development of
the MI-PTG process while the RC profile remains different.
Furthermore, the chirp does not change the number of the
main peaks for each profile. It shifts the occurrence of the
high values of the main peaks to short propagation distances
for all the input pulses (about 0.1 m). The maximum value
reached in the power is the same for both the Gaussian
and the sech-type pulse (about 14.8 W) while for the RC
profile, one finds rather about 12.8 W. So, the effect of chirp
is to enhance the intensity of the MI-PTG peaks and to shift the
occurrence of their maximum value to shorter propagation
distances than the unchirped case.
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Fig. 6. Temporal profiles of the chirped pulses at different propagation distances: (a) input at 2 = 0, (b) 2 = 0.05 m, (¢) 2 = 0.1 m, (d) z = 0.115,
(e) 2 = 0.121 m, and (f) 2 = L. The parameters are the same as in Fig. 4. Solid blue curves for Gaussian profile, dashed green curves for sech-type

profile, and solid red curves for RC profiles.
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Fig. 7. Temporal profiles of the chirped pulses at different propagation distances with an chirp inversion for the RC profile: (a) input at 2 = 0,
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Fig. 8. Plot of chirped pulses propagation. (a) Gaussian profile, (b) sech-type profile, (¢) RC profile. Parameters: C = 10, f, = 0.56 ps®/m,
fs=-0.0014 pst/m, y =47 w'lm, L=0.15m,t =50 fs, Py =3 W, ' = 0.1 Wlm, 6 = 1.45x 102! m?.

On the other hand, when we consider the Fig. 6 with the
nonzero value of chirp, the pulses that are more stable (the
Gaussian and the sech-type pulses) are more amplified than
those which are less stable (the RC profile). Even the orien-
tation of the undulation changes since the RC profile under-
goes a chirp phase opposite to that of the others. Reversing
the initial chirp value of the RC pulse so that it is now chirped
with a negative value while the other profiles are always
chirped positively, we obtain a similar behavior for all the
pulses (see Fig. 7). In this case, the chirp creates an independ-
ence of the MI-PTG process to the input profile since it is
observed that all the pulses have the same picture because
of the nonzero chirp.

C. Effect of Absorption Coefficients on the MI-PTG in
the SOI Waveguides

The case treated in Fig. 8 concerns the chirped pulses under-
going the MI-PTG process in an SOI waveguide having a small
value of TPA about 0.1 W-!m™ with the FCA coefficient
about 1.45x 1072! m? [56]. We observe the effect of these
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small values of TPA and FCA on the MI-PTG picture drawn
as a slight reduction of the amplified intensity comparatively
to the previous cases. The chirp impact in Fig. 8 is in agree-
ment with the one mentioned previously in Figs. 5 and 6.
Increasing the value of the TPA parameter with a factor 5
(consequently, the FCA also increases), the absorption coef-
ficients influence significantly the MI-PTG process. In fact, in
Fig. 9 we observe the influence of TPA and FCA as a real
reduction of the amplified intensity of the MI-PTG peaks in
which the maximum value is reached at almost the output of
the considered SOI waveguide. On the other hand, the input
profiles do not interact similarly with the absorption coeffi-
cients. The RC profile is found to be more influenced by the
TPA and FCA than the others since its maximum value does
not exceed the initial peak value comparatively to the all pre-
vious cases. Concerning the sech-type and the Gaussian
pulses, an important reduction is observed but it exceeds
at least the double of the initial input peak power. However,
the combination of the value of 6.5 W1 m™! used previously
by Roy et al. [50] for the TPA effect and the FCA coefficient
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Fig. 9. Plot of chirped pulses propagation. (a) Gaussian profile, (b) sech-type profile, (¢c) RC profile. Parameters: C = 10, , = 0.56 ps?/m,
fs=-0.0014ps*/m, y =47 wilm, L =015m,t, =50 fs, P, =3 W, =05 W'lml 6 =145x102! m?



L. M. Mandeng and C. Tchawoua

(a) (b)

0.04
0.02

0.1\\
B [

\,/ 002 t(ps)

0 004

z(m)

z (m)

Fig. 10. Plot of chirped pulses propagation. (a) Gaussian profile, (b) sech-type profile, (c) RC profile. Parameters: C =
-0.0014 ps*/m, y =47w'lm, L=0.156m, tp =50 fs, Py =3 W, I =

By =

value of [56] leads to the complete destruction of the MI-PTG
process, creating, consequently, an independence to the input
profile (see Fig. 10). Indeed, as can be observed, all the pulses
behave similarly under these conditions. The MI-PTG is de-
stroyed in the sense that there are no peaks or any pulse split-
ting observed. The absorption coefficients act in this case,
normally, as nonlinear losses leading the a drastic pump
depletion following the propagation distance. The half of the
initial peak power is reached after a propagation of 0.04 m
only. Beyond this propagation distance, the pulses are almost
annihilated by the absorption coefficients whatever the value
of the chirp, which becomes a secondary parameter. Thus, the
absorption coefficients counteract the beneficial chirp effect
on the MI-PTG process.

5. CONCLUSION

In summary, we have shown in this paper the MI analysis lead-
ing to PTG in SOI waveguides under the FOD using different
chirped input femtosecond pulses. With the sech-type, the
Gaussian and the RC pulses, we have predicted through the
FCD, an almost similar behavior in the MI-PTG process be-
tween the two firsts profiles and a different one for the latter.
It means that, the Gaussian and the sech-type pulses under-
going the same propagation conditions inside the SOI wave-
guide, lead to the MI-PTG process in a slightly similar form. In
the linear analysis of the model under FOD, we have con-
firmed the independence of the MI gain to the TOD effect,
such as any odd order of dispersion. When both the TPA
and the FCA vanish, the obtained OFs encompass those of
previous studies done rather on glass fibers with saturable
nonlinearity. It has been shown in this work that, four sym-
metric OFs were created because of the TPA effect in addition
to those induced by the single interaction between the FOD
and the GVD. The FCA enhances the value of the central MI
gain point. Considering the MI-PTG process in the unchirped
case, we have demonstrated that the input pulse, which is less
stable, such as the RC pulse, has main peaks of the MI-PTG
trails more strong than the other input profiles at short propa-
gation distances. The chirp effect amplifies the intensity of the
main MI-PTG peaks for each profile, making the input pulses

0 004
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behave similarly while it shifts the occurrence of these peaks
at shorter distances of propagation than the unchirped case.
We have finally shown that the absorption coefficients
counteract the beneficial impact of the chirp as nonlinear
losses by breaking the similarity (when small values of TPA
are considered), destroying drastically the MI-PTG process
and leading to pump depletion when great values of TPA
are reached.

For an efficient process of the MI-PTG in an SOI wave-
guides under the FOD, a good control of the values of absorp-
tion coefficients, dispersive effects, and source chirp of more
stable input profiles should be operated.
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We investigate numerically the supercontinuum generation (SCG) phenomenon, using femtosecond pulses in the
subnanoscale of energies through the generalized nonlinear Schrédinger equation that includes non-Kerr terms.
Our results with 50 fs pulses in the anomalous dispersion regime show that, in comparison to the single cubic Kerr
nonlinearity (CKN) case, the cooperative nonlinearities improve the spectral broadening, while the competing
ones compress the spectral SCG bandwidth. Surprisingly, with the reduction of the pulse width, the cooperative
nonlinearities induce a spectral compression while the competing ones keep the SCG bandwidth nearly constant
from the input to the output of the considered waveguide. The increase of both the energy and the nonlinearity
confirms this feature, showing that spectral compression is also obtained in the single CKN case, but less than in
the case of cooperative nonlinearities. © 2013 Optical Society of America

OCIS codes:
http://dx.doi.org/10.1364/JOSAB.30.002555

1. INTRODUCTION

The dramatic and extreme pulse spectral broadening induced
in an optical waveguide by the combination of dispersive
effects and nonlinear effects, such as self-phase modulation,
cross-phase modulation, four-wave mixing, and stimulated
Raman scattering, so-called supercontinuum generation
(SCQ), is well known today to be a very useful nonlinear
phenomenon [1-6]. Indeed, the SCG has been extensively
studied in different kinds of optical systems and has led to
such applications as multichannel telecommunication sources
(SCG-based wavelength-division multiplexing sources), non-
linear spectroscopy, optical coherence tomography, and
optical frequency metrology [4,5,7]. One should note that, to
achieve SCG, highly dispersive and nonlinear waveguides
are required; these allow the injected optical pulses to excite
these effects and therefore to undergo a large spectral broad-
ening. The latter is accompanied by a dramatic generation of
side components due to the transfer of energy from the central
part of the pulse spectrum to the pedestal part. SCG does not
necessarily need to use high power; even low energies could
be used with microstructured fibers, such as photonic crystals
fibers, tapered fibers, and other highly nonlinear fibers [3].
These optical waveguides in the SCG numerical analysis
are always modeled by the generalized nonlinear Schrodinger
equation (GNLSE) that links the cubic Kerr nonlinearity
(CKN) with self-steepening (SS) and delayed Raman response
(DRR) effects [2—6]. Considerable attention is being paid

0740-3224/13/092555-05$15.00/0

(320.6629) Supercontinuum generation; (060.5530) Pulse propagation and temporal solitons.

theoretically and experimentally to analyzing the dynamics
of optical solitons in optical waveguides. The waveguides
used in the picosecond and femtosecond domains in common
nonlinear optical systems are usually of the Kerr-type, and
consequently the dynamics of light pulses are described by
the nonlinear Schrodinger (NLS) family of equations with
cubic nonlinear terms. In present day applications, as the
intensity of the incident light field becomes stronger, the
non-Kerr nonlinearity effect comes into play. Because of this
additional effect, the physical features and the stability of
the NLS soliton can change. The influence of the non-Kerr
nonlinearity on NLS soliton propagation is described by the
NLS family of equations with a higher degree of nonlinear
terms [8-10]. So, recently, both the solitonic features and the
modulational instability mechanism were investigated by
Choudhuri and Porsezian in [11], highlighting the effects of
the non-Kerr terms through the GNLSE. In fact, they showed
that the non-Kerr terms reduce the maximum value of the gain
and the bandwidth, thus playing a non-negligible role relative
to the CKN. The investigation of this model of the GNLSE
is interesting, since it is well known today that the nonlinearity
arising due to the fifth-order susceptibility ° can be obtained in
many optical materials, such as semiconductor-doped glasses,
polydiactylene toluene sulfonate, chalcogenide glasses, and
some transparent organic materials [8-11].

In the present work, we investigate the SCG phenomenon
through the GNLSE with non-Kerr terms, studying the effect

© 2013 Optical Society of America
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of the cubic—quintic nonlinearity on the SCG spectral band-
width in the cooperative and the competing cases. Further-
more, we show that with the reduction of the pulse width,
the cooperative nonlinearities induce a spectral compression
of the SCG bandwidth, while the competing nonlinearities
keep the input bandwidth nearly constant during the pulse
propagation. A spectral compression is also obtained in the
single CKN case when both the energy and the nonlinearity
are increased. However, that happens with a magnitude that
is less important than that in the case of cooperative nonli-
nearities. The presentation of this work is designed as follows:
in the next section we derive the model equation through
which we numerically investigate the SCG phenomenon. In
Section 3, we present the results obtained, and a conclusion
is stated in the last section of the paper.

2. DERIVATION OF SUPERCONTINUUM
GENERATION MODEL EQUATION

The GNLSE for the SCG analysis in the single CKN case is
commonly written as

u K (@) By Fu
Yo T k; K oTF
+ y(l + ii) (u(z, T) /t R(T - T)|u(z, T’)|2dt’)
(O4) oT —o0
= —igu, )]

where u(z,T), 2, T, pi, v, and wy are the slowly varying
amplitude of the optical field, the propagation distance, the
retarded frame of time, the dispersion coefficient of the kth
order, the CKN coefficient, and the pump frequency, respec-
tively. The parameter M represents the final order reached in
the chromatic dispersion profile of the system. The term 1/w,
is well known to refer to the SS effect, while the integral and
the function R(?) correspond to the DRR. The corresponding
form of Eq. (1), which is solved for the SCG by the numerical
code previously discussed by Travers in [6], is given by

~

()1; =1iy,w5; exp(—I:(a))z)F[u(z, T) /m R(T)|u(z,T-T") |2dT’]
@

with %’ and L(w) being the Fourier transform form of u(z, T
and the linear operator, respectively. It is assumed that I:(w)
includes the linear losses and the Taylor series expansion of
the propagation constant [5]. The transformation FT[] is the
Fourier transform of the block within the squared brackets.
L(w) is defined as shown in [5]. It is assumed that the CKN
coefficient 7; is nearly nondependent on the frequency, as

NNy

! CMetrAett ®)
where 1y, 19, Nefr, €, and Ao are the nonlinear index, the linear
refractive index used when determining 7, the effective index
of the guided mode, the light speed in vacuum, and the effec-
tive core area of the modeled waveguide, respectively.

Considering rather the GNLSE with non-Kerr terms, we
have [8-11]
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where vy, 79, @, 61, 89, 03, and &, are the CKN coefficient, the
quintic nonlinearity coefficient, the parameter of linear losses,
the SS parameter linked to y;, the DRR coefficient corre-
sponding to y;, the SS parameter linked to y5, and the DRR
coefficient corresponding to y,, respectively. The parameters
03 and o, are the so-called non-Kerr terms because they stem
from the quintic nonlinearity. In this work, we assume the
quintic nonlinearity coefficient to be y, ~ £y, /P,, where P,
is the peak power of the pump. The sign of y, depends on
the case where the system has cooperative nonlinearities
(7172 > 0) or competing nonlinearities (y;7s < 0) [12]. The
parameter §; is equal to —1/w,. In the empirical point-of-view
from which we try to construct a model equation that should
be solved in the SCG simulations, we assume that, similar to in
the single CKN case above, the full case given by Eq. (4) could
be written differently as follows:

ou (@) B o u
Z$+; K oT*

= —igu—yl (1 + 16, %) |:u(z, T) /°° R(T)|u(z,T - T’)|2dT/]

—7s (1 + 153%) [u(z, T) / " R(T)|uzT-T) |4dT’]. 5)

The form obtained for our simulations is given by

~!

07; = iwy,8, exp(-L(w)2)F

x [u(z, T) / " R(T)u(z, T - T’)|2dT’]
+ 107965 exp(-L(w)2)F

x [u(z, T) / " R(T)u(z, T - T')|4dT'], (6)

where 75 = 7, /P,. The effects of §, and §, are assumed to
be included within the corresponding block integrals in the
right-hand sides of Egs. (56) and (6). The chromatic dispersion
profile being an important part in the SCG, we have chosen to
stop at M = 10 (assuming that the orders beyond ten have a
negligible influence on the results). We have also defined
the higher-order dispersion coefficients (k > 2) through the
approximated relation derived from the group-velocity
dispersion value at the pumping wavelength A,:

Br(do) ~ (=1 B3 (A0) 1572, )

where k is an integer from 3 to 10, ¢, is the pulse width, and
P is the group-velocity dispersion coefficient. We use a sech-
type input profile defined as
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u(z, T) = /Pysech(T/t). 8)

The general numerical data used are given as follows: the
waveguide length is L = 1 cm, the group-velocity dispersion is
Po = 0.5 ps?m! (defining an anomalous dispersion regime
of the modeled waveguide as taken in [11]), and the pumping
wavelength is 1o = 1550 nm. The numerical results have been
obtained by using a modified version of the MATLAB numeri-
cal code provided in [13].

3. NUMERICAL RESULTS AND DISCUSSION

Figure 1 has been plotted with the specific parameters of
pulse width #, = 50 fs, the CKN coefficient 7; =5 W-1m,
and the incident pulse energy E, = 0.1 nJ (subnanojoule
pulse). As is seen in this figure, the cooperative nonlinearities
[see the solid black curve in Fig. 1(a)] improve the spectral

Vol. 30, No. 9 / September 2013 / J. Opt. Soc. Am. B 2557

broadening of the SCG spectrum (see the spectral intensity,
S.I) as expected. Indeed, these nonlinearities have the same
sign and therefore cooperate in order to increase the non-
linearity of the medium. Obviously, the opposite feature is
observed for the competing nonlinearities, where the quintic
nonlinearity with a negative sign counteracts the effect of
the cubic nonlinearity in the spectral broadening of the SCG.
As result of this competition, a spectral compression is ob-
tained [see the solid green curve in Fig. 1(a)] in comparison
to the CKN case [see the dashed blue curve in Fig. 1(a)].
Figures 1(b)-1(d) show the corresponding spectral power
propagation. The reduction of the pulse width in the femtosec-
ond domain by a factor of 5 is depicted in Fig. 2. The spectra
presented in this figure were obtained with the same data of
Fig. 1, except for the pulse width, which is now ¢, = 10 fs.
Surprisingly, we notice that instead of enhancing the SCG
spectrum broadening (increasing the SCG bandwidth), the
cooperative nonlinearities slightly lead to a spectral

j; Q: a
— o0
m /‘o’
- 0 s —_— 21
= /'. —,=0.05 W’m
5 -20 o —
()] '.o --'72_0
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Fig. 1. (a) SCG output spectra. Contour plots of SCG pulse spectral propagation: (b) case of single CKN 7, = 0, (c) case of cooperative
nonlinearities 7, = 0.05 W2 m™!, and (d) case of competing nonlinearities 7, = —0.05 W-2m™1,
=0.05 W2m"! 21 =
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Fig. 2. Row 2, contour plots of SCG pulse spectral propagation and Row 1, SCG input and output spectra: (a.1), (a.2) for the case of cooperative
nonlinearities; (b.1), (b.2) for the case of competing nonlinearities; (c.1), (c.2) for the case of single CKN.
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compression in the low wavelengths region [see Figs. 2(a.1)
and 2(a.2)] while the competing ones keep the SCG spectrum
nearly constant [see Figs. 2(b.1) and 2(b.2)]. This last feature
is also observed for the CKN case in Figs. 2(c.1) and 2(c.2).
Figure 3 shows the spectral compression profile of the SCG.
One sees that the cooperative nonlinearities induce the reduc-
tion of the pulse width. The three cases of Fig. 2 are presented
in Fig. 3(a). Both the increase of the energy on the subnano-
joule scale [as in Figs. 3(c) and 3(d)] and the nonlinearity
[as in Figs. 3(b)-3(d)] confirm the previous features of the
spectral compression obtained for the cooperative nonlinear-
ities. In these figures, the bandwidths remain nearly constant
from the input to the output of the considered waveguide
for the competing nonlinearities. Figure 4 depicts the SCG

bandwidths at —-20 dB of the spectral intensity for the cases
shown in Fig. 3. Globally, as seen in this figure, the bandwidth
decreases when one moves from the competing nonlinearities
72 < 0 to the cooperative ones 7, > 0. Figure 4(I) shows the
spectral compression obtained for the cooperative nonlinear-
ities. For case (a), one obtains 1084.33 nm when the input
bandwidth is 1144.57 nm. But for case (b), the compression
is observed with an output bandwidth 1011.90 nm for the
cooperative nonlinearities when the input bandwidth is
1130.95 nm. The same feature could be observed for case
(¢) [see the red curve in Fig. 4(D)] with an input bandwidth
of 1144.57 nm. For case (b), the compression is observed
with an output bandwidth 1011.90 nm for the cooperative
nonlinearities when the input bandwidth is 1130.95 nm. The
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same feature could be observed for cases (c) [see the red
curve in Fig. 4(D] and (d) [see Fig. 4(ID].

4. CONCLUSION

In summary, we have studied the spectral compression in the
SCG phenomenon through the GNLSE with non-Kerr terms
using a femtosecond sech-type pulse on the subnanojoule
scale of energies. Once the SCG model equation was derived,
we investigated the analysis of the spectra obtained. The
results with 50 fs pulses in the anomalous dispersion regime
have shown that, in comparison to the single CKN case, the
cooperative nonlinearities improve the spectral broadening,
while the competing ones reduce the spectral SCG bandwidth.
Surprisingly, we have obtained the opposite feature when re-
duction of the pulse width was considered. In this last case,
the cooperative nonlinearities induce a spectral compression
when the competing ones keep the SCG bandwidth nearly
constant from the input to the output of the considered wave-
guide. Increases of both the energy and the nonlinearity have
confirmed this feature, showing that the spectral compression
is also obtained in the single CKN case but less so than in the
case of cooperative nonlinearities. Assuming that this modified
GNLSE with non-Kerr terms linked to the quintic nonlinearity
could model a highly nonlinear optical waveguide for the
achievement of the SCG phenomenon, the values of the energy
and the pulse width should be chosen taking into account the
conditions where the spectral compression occurs.
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In a linear dispersive optical medium under fourth-order dispersion (FOD), we study the dynamics of the chirped
pulse compression with the help of trial Gaussian and raised-cosine (RC) ansitze pulses. The analysis based on
the variational approach leads to the occurrence of compression conditions, highlighting the cases where both the
group-velocity dispersion (GVD) and the chirp could have the same sign or the case where both the FOD and the GVD
have the same sign. Furthermore, we show that the compression process is dependent on the considered input profile.
Particularly, a condition supposing that the GVD, the FOD and the chirp have the same sign leads to a compression only
for the RC pulse in comparison to the previous results obtained for the Gaussian pulse. Numerical simulations, which

confirm these features, are presented for the 380-fs input pulses undergoing 0.00086 ps4 /Km value in the FOD.

Keywords: chirped pulses; pulse compression; group-velocity dispersion; fourth-order dispersion; variational approach

1. Introduction

The growing trend on high-data-rate optical transmission
because of the useful large bandwidth associated has con-
tributed to the studies of ultrashort optical pulses. The nu-
merous applications of ultrashort pulses in areas such as
telecommunication, ultrafast physical process, infrared
time-resolved spectroscopy, sampling systems, etc., reveal
the indispensable role of such pulses [1-4]. The difficult
generation in practice of such pulses with the current laser
sources and amplifiers [4] has motivated some researches on
pulse compression mechanism. This phenomenon in optical
fibers consists in the reduction of the width of an optical
pulse during its transmission. It can be classified into two
categories : linear and nonlinear pulse compression. In the
linear compression, the input pulse chirped positively or
negatively, experiences a group-velocity dispersion (GVD)
of opposite sign with the chirp parameter and then get com-
pressed. The dispersive delay line or grating-pair compres-
sors allow realizing this linear compression [3,4]. In the
nonlinear pulse compression with the interaction between
the nonlinearity as self-phase modulation and the GVD,
optical pulses get compressed in the sense of the soliton
feature or adiabatic effect [1,3-5]. It has been experimen-
tally conducted for the soliton-effect compressors [1,3].
From these basic concepts both in linear and nonlinear
cases, some optical pulse compression techniques have been

developed such as the cross-phase modulation technique
[3,6,7], the fiber polarization technique [8], the use of a
tapered microstructure optical fiber with four layers of holes
[9], etc. Focusing on the linear case, Capmany et al. [10]
presented in a high-speed optical time-division multiplexed
transmission line under fourth-order dispersion (FOD) near
the vanished values of GVD and third-order dispersion
(TOD), a Gaussian pulse compression with a negative chirp
and a positive FOD. In a following work [11], they presented
an analysis of a chirped Gaussian pulse using a combination
of Marcuse’s formalism [12] and Amemiya’s method [13],
and showed that pulse broadening and compression arise as
aresult of the interaction between dispersion orders of same
parity. More specifically, they demonstrated that, when dis-
persion orders of same parity interact, one obtains pulse
compression if they are signed oppositely; otherwise pulse
broadening is obtained. This is by assuming that the source
chirp interacts only with even dispersion terms to yield pulse
broadening or compression. In the present work, we present
the dynamics of pulse compression and demonstrate the
possibility to get a linear optical pulse compression for a
pulse chirp having the same sign with the GVD, this being
obtained in the presence of the FOD parameter of the same
sign. This result, therefore, contrasts with the previous rule
described in [11], and underlines an important feature on
the impact of the FOD parameter. It emerges from this
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analysis that the conditions where linear chirped optical
pulse compression based on trial function profiles occur are
more extended than those previously reported
[2-4,10,11]. Furthermore, our analysis presents analytical
relations between the dispersion lengths associated with the
broadening/compression  occurrence conditions. The
obtained results recover and complete some aspects of pulse
compression of very recent works as presented by Agrawal
[2,3] for the case of a chirped Gaussian pulse. The study re-
lated to the raised-cosine (RC) pulse has never been reported
earlier to our knowledge. This feature is interesting and
this is the first time that it is presented. The demonstration
is conducted globally through the well-known Lagrangian
variational approach (LVA) [2,14] on the chirped Gaussian
and RC profiles. The LVA has been shown to be very useful
when laser beams self-focusing were investigated [14]. In
addition, Anderson showed that the determination of pulse
propagation characteristics, such as width, energy, chirp and
phase, could be done with this method. However, some
shortcomings of the LVA exist. Sure enough, the use of
trial functions through the LVA leads to forgetting of the
changes in the pulse shape during the propagation even if
its main parameters vary with the length parameter [14].
Furthermore, in a nonlinear pulse propagation inside an
optical fiber, some effects such as higher order solitons
splitting are unreachable with the LVA.

The LVA has made its proofs in the description of pulse
compression mechanism and other interesting features
[2,3,14]. The paper is designed as follows: in Section 2,
we present the model and analytical studies while Section
3 is devoted to numerical results and discussion. The last
section concludes the paper.

2. Analytical treatment of the model

Near the zero-dispersion wavelength of a single-mode fiber
(SMF), the GVD nearly vanishes and one should take into
account the effect of the odd order of dispersion as the third-
order dispersion (TOD) [2]. On the other hand, as discussed
in [2,15], in WDM systems special fibers have been devel-
oped, the so-called “dispersion-flattened fibers” in which
the TOD is nearly equal to zero while the GVD remains
finite and one should include the FOD effect to describe
the dynamics inside the fiber. The chromatic dispersion
profile of such fiber could be seen in [15] in comparison
to those of standard SMFs and dispersion-shifted fibers. It
is observed that the slope of the dispersion parameter or
GVD around the communication wavelength of 1550 nm
is nearly equal to zero. This shows consequently that the
TOD effect vanishes in such fibers as mentioned above. We
consider a fiber of this kind being manufactured to such an
extent that the system is nearly linear. The linear equation
describing the propagation of optical pulses in such case is
the following [1-3]:

o OB 0k

laz+z o ark )
where u and By represent the dimensionless pulse ampli-
tude, the dispersion term of the kth order. One should also
note that odd-order dispersions such as TOD do not com-
press the pulse but they add rather asymmetric oscillating
tails in the pulse profile [2,11,16]. So, they are not really
important when one studies the variation of the pulse width
in terms of compression or broadening. The Lagrangian
density function corresponding to Equation (1) is given
as:

. 4k k—1 *
i( ,ou ou™* ()Br 0 u du
La= (“ 0z >_Z K Tk 9T
2

Our study is conducted using the chirped Gaussian and RC
profiles given, respectively, by [2,17,18]:

. 2
u(z, T) = Axexp (—H_ZC* (1) +i¢*> 3)

2 T,
and

u(z, T)
A, T C. (T\*> .
=7[1+003<T*):|exp<17(i> —i-zd)*) @)

where Ay, Ty, C, and ¢, are the amplitude, the width,
the chirp and the phase, respectively. The parameters 7
and z are the retarded time and the propagation length,
respectively. The use of the RC profile in this study stems
from the difficulty that one often has to generate Gaussian-
shaped pulses suitable for high bit rate. Indeed, the output of
the commonly used Mach—Zehnder pulse carvers is rather
close to RC-profiled pulses [17,18]. So, the RC pulse could
model a rather realistic case in an experiment related to the
analysis presented in this work. We plot these two profiles
in Figure 1. Performing the Euler—Lagrange equation for
relevant parameters of the Gaussian and the RC pulses, we
obtain the dynamical equations, respectively, as:

dA, Ay [ Cy 14 C?
[ L0

dz 2 412

dT, _ C, (1+C)

e T*[,Bz + A ,34:| .
dc, _(1+C) (1+ch ©)
- PPt am P

dp. B (1+CHB-C?)
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Figure 1. Illustration of the two input profiles: 7o = 0.38 ps. (The colour version of this figure is included in the online version of the

journal.)
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where a; with k = 1, 2, ... 4 are constants defined as:
a; = (—64 — 27 + 872 + n3) /873
ay = (84 3m)/2m
1 2 3
az = —El(—48 +6x°+17) )
_ 2 3
a4 = —W(IS%O + 1207 — 19207~ — 207

+ 407 + 37°)

We noted that in the absence of FOD, we obtained the previ-
ously well-known pulse characteristics in the case of single
GVD. The phase is often disregarded because of its negligi-
ble role in pulse propagation characteristics. The system be-
ing linear, the propagation of the input pulse is only affected
by the dispersive properties of the waveguide interacting
with the intrinsic characteristics of the considered pulse.
When the chosen pulses are different, the obtained growth
equations are quite different also and then the related results
arise from the compression process. Equations (5)—(6) are
first-order differential equations of the relevant parameters
(amplitude, width, chirp and phase) of the Gaussian and
RC pulses. These equations allow obtaining the evolution
of these parameters as the pulse is propagating inside the
medium in function of the distance z.

Recalling that for the Gaussian pulse, the quantity (1 +
C2)/T? is assumed to be equivalent to the spectral width
that is quasi-constant in the linear medium [2,3], we make
some simplifications on Equation (5). The same assumption
applied on the RC pulse yields to set ((r2/2) + Cf) /ai T}k2
and ((—714/4) +a3Cf +a4ka‘)/6a1 T*4 as constants. We set
the following parameters for the Gaussian pulse:

(1+CP)
Ao = By + ——92
0=p2 4T Ba
(1+C?
A=-—70 9 Ao. (®)
T()

We set also Ay and A, for the RC pulse as:

A =—Br+ Ba (a3 + 2a4C§)

124, T¢
_ 1 2 2
Az = a]TO2|:_'32 (5 +c3) ©
B 4 2 4
+ é <_T[T + a3C0 +6l4C0> ]1

assuming that the parameters Cp and Ty are the initial val-
ues of the chirp C, and width T, respectively. We define
Lovp = T¢/|B2] and Lpop = T} /|4l as the GVD and
the FOD lengths, respectively. Then, we integrate the width
and the chirp growth equation above for each pulse. The
analytically approximated chirp expressions are given by:

C() =Co+zA
Cre(2) = Cp + zA0. (10)

where the subscripts G and RC correspond to the
Gaussian and RC input pulses, respectively. For each
corresponding dynamical equation of width, we obtained
easily the analytical expressions of widths in function of the
distance z:
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Ao AN T2
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The same process can be done with the amplitude, and
therefore leads to:

Ag A
Ag(z) = Apexp |: ~ 572 (Co + —Z> Z]

2
0
Arc(z) = A A1 (0452 1
= c _— _— N
RC(Z 0 €Xp 2T02 0t 5Tz

with A is the initial value of the amplitude. For the
Gaussian pulse, the conditions of compression are obtained
for A < 0and Cyp > 0 as:

Co>0,B2,B4<0 (13a)
1+C§

Lrop > Lgvp,Co > 0,82 <0,B84>0 (13b)
1+C3

Lrop < Lovp, Co > 0,62 > 0,84 <0, (13¢)

For the negative value of the initial chirp Cy < 0, we have
the opposite conditions:

Co<0,B2,84>0 (14a)
1+ C§

Lrop > Lgvp, Co < 0,82 >0,B84 <0 (14b)

1+C3
Lrop < y) Lgvp, Co < 0,62 <0, B4 >0. (l4c)

The maximal pulse compression length for the Gaussian
pulseis L, = 2Co/|A| [2,3]. Itis also important to remind
that the basic idea behind optical pulse compression is bor-
rowed from chirp radar, where chirped pulses at microwave
frequencies are compressed by passing them through a dis-
persive delay line [19].

In the absence of FOD, Equations (13a), (13b), (14a) and
(14b) are the well-known conditions for the linear pulse
compression induced by chirp in the single GVD case re-
quiring that 8,Co < 0 [2,3]. Equations (13c) and (14c)
may lead to pulse broadening in the absence of FOD as
previously known. Nevertheless, the FOD breaks this obser-
vation and we obtain a pulse compression when the additive
conditions on dispersion lengths are verified. The obtained
linear pulse compression when both the chirp and the GVD
have the same sign or both the GVD and the FOD have
the same sign is the main feature observed, which is due
to the presence of FOD. This result encompasses the rules
mentioned in [2,3,11]. In fact, they predicted a pulse broad-
ening when B84 > 0 (B2, Ba < 0 or B2, B4 > 0O verified
by Equations (13a) and (14a)) and a linear compression
when 8,84 < 0 (verified by Equations (13b), (13c), (14b)
and (14c)). The results obtained in this work include the
basic theory described in [2,3] and the rules setin [11]. This
combination is possible with additional dispersion lengths
conditions as seen in Equations (13b), (13c), (14b) and

(14c). The study demonstrates that it is possible to obtain
a Gaussian pulse compression with the GVD having the
same sign with FOD, by adding a chirp of opposite value
to the GVD and FOD. On the other hand, it is possible
to compress a Gaussian pulse using an optical waveguide
having a GVD which has the same sign as the chirp; in this
case, one requires an opposite value of FOD.

For the RC pulse, one may notice that constants a3 and
as are negative as a3 = —|a3| and a4 = —|aa| while
ay is positive. Therefore, with A; < 0 the compression
conditions are given for initial positive chirp value by:

Co>0,52.84>0 (15a)
V{<LFOD<Vz/,A2>0,C0>00rC0<0,,32<0,,34>0
(15b)

Lrop < V{, Ay <0,Cp>0,8<0,8 >0 (15¢)
Lrop > VZ/’ Ay <0,Cp>0,8>0,84<0 (15d)

where
(5 1wICd +lalc))
V) = " > Lgvp (16)
6 (7 + CO)
and 5
az| + 2|a4|C,
V)= (la3| + 2|a4| O)LGVD a7

12a;

Similarly to the previous Gaussian case, for A; > 0 we
use the opposite relations of Equation (15) and the maximal
length for compression is always given by 2Cy/|A2|. The
feature previously mentioned above for the Gaussian pulse
is also pointed out for the RC pulse as seen in Equations
(15b), (15c) and (15d). A new condition given by (15a)
shows that it is possible to get the RC pulse linear com-
pression with the chirp, the GVD and the FOD all having
the same sign. This condition contrasts with the previous
rules known in [2,3,11] and those mentioned in this work
on Equations (13), (14), (15b), (15¢) and (15d). This means
that the linear compression conditions are greatly dependent
on the input optical pulse profile.

Using rather the Fourier transform method of Marcuse
[12], one should obtain the pulse amplitude at the distance
Z as:

u(z, T)
T +o0 2
= «/% x/._oo exp {% [—TO2 +iz(Br + %wz)] - in}da).
(18)
It yields a special complex integral in the form of:
+00
f exp(ax4 + bx? + cx)dx, (19)
—00

where a = ifsz/24, b = (if2z/2) — (T02/2) and ¢ =
—iT. As this primitive analytical function from this inte-
gral is not easily reachable, one should use some special
mathematical assumptions to solve it as done by Amemiya
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Figure 2. (a) contour plot of the chirped Gaussian pulse compression of Equation (13c): assuming the dispersion lengths condition,
Lgyp = 120.33 km, Ly = 186.2075 km, MPCP = 10.55%; (b) contour plot of the chirped Gaussian pulse broadening as expected
in previous studies in the absence of verified conditions on dispersion lengths, LGy p = 62.78 km. For the frames (c), (d), (e) and (f):
normalized amplitude, normalized width, chirp and phase respectively (blue solid curves correspond to the case of Figure (2(a)) and
green dashed curves for the case of Figure (2(b)). General parameters 84 = —0.00086 ps4/km, Lrop = 24.24 km, Ty = 0.38 ps,
T™min —0.3399 ps, Co = 0.5. (The colour version of this figure is included in the online version of the journal.)

or Capmany et al. [11,13]. After that, one brings out the
analytical varying width as done for the single GVD case
to obtain a similar relation of Equation (11). This work
has been already done in these references. The variational
approach being also validated as a real and efficient means
to study the pulse compression mechanism as discussed by
Anderson [14], Agrawal [2], Konar and Biswas [20], Roy
etal. [21] and recently by Mandeng and Tchawoua [22,23],
there is no question of using it in the considered model.
In brief, after Equations (5)—(17), we find, therefore, the

same results as discussed by Capmany et al. [11]: the even-
order dispersion terms as the GVD and FOD interact to
conduct the compression or broadening of the pulse. The
variation allows generalizing these results highlighting the
dependence of the dispersion lengths Lgyp and Lgop on
these compression conditions.

On the other hand, it is well known today that, in the case
of dispersive lossless linear medium, the pulse changes only
following its characteristics, but the initial shape remains the
same [2,3,24]. This physical statement corresponds directly
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Figure 3. (a) Contour plot of the pulse as described by Equations (14a); (b), (¢), (d), (¢) Evolution of the norma_lized pulse parameters versus
the propagation distance z with parameters B4 = 0.00086 ps*/km, Lrop = 24.24 km, Ty = 0.38 ps, T™" = 0.3399 ps, Cy = —0.5,
Br = 0.0023 p52 /km, Lye = 27.5863 km. (The colour version of this figure is included in the online version of the journal.)

to the LVA. Therefore, if the initial shape is Gaussian, the
output will be a Gaussian form but with characteristics
changed according to the dispersive effects of the medium.
The same thing happens for the RC profile.

3. Numerical results and discussion

The linear pulse compression as described by Equation (13c¢)
is numerically presented in Figure 2, where we have plot-
ted the contour plots of the Gaussian pulse propagation
(see Figure 2(a) and (b)) and the corresponding normalized
amplitudes, normalized widths, chirps and phases in func-
tion of the distance of propagation z (see Figure 2(c)—(f)).
The phase term on the dynamics does not have a real impact.
Its representation on Figure 2 is done as a pulse character-
istic even if it does not affect really the pulse energy propa-
gation. The case where we respect the dispersion lengths

condition of Equation (13c) leads to pulse compression
(Figure 2(a): Lgyp = 6Lrop/(1 + C(%)) while the case
where we ignore this condition leads to Gaussian pulse
broadening (Figure 2(b): Lgyvp = 3.2Lrop/(1 + Cg)).
Figures 2(c)—(f) present the corresponding pulse character-
istics of the propagating optical signals: solid lines for the
case of Figure 2(a) and dashed lines for the case of Figure
2(b). The values of the initial width and the FOD are the
same as in [10], with positive values of the chirp and GVD.
The maximal pulse compression percentage (MPCP) for the
Gaussian pulse is given by the relation:

A C 2 1/2
MPCP = 100 { 1 — [1 _ 20 <—°> ] (20)
A \ Ty

We obtain a MPCP of 10.55% in the pulse compression
of Figure 2(a). It is clearly seen in Figure 2 that when



Downloaded by [Lucien Mandeng Mandeng] at 08:39 24 April 2014

Journal of Modern Optics 7

400}

150 i ;
z (km)

0 1 2 3 4 5 6

0
) 7 B T
100 i B
150 . , : i : .
z (km)

Figure 4. (a) Contour plot of the pulse as described by Equations (15a); (b), (c), (d), (e) Evolution of the norn_lalized pulse parameters
versus the propagation distance z with parameters f4 = 0.00086ps4/km, Lrop = 24.24 km, Ty = 0.38 ps, T™" = (0.3588 ps, Cp = 5,
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the condition on dispersion lengths is respected with the
interaction between the chirp and the GVD having the same
positive sign under the influence of an opposite value of
the FOD, the compression is well obtained. In Figure 3,
we represent the compression condition of Equation (14a)
where both the FOD and the GVD have the same positive
sign while the chirp is negative. In this case, there is no
condition on dispersion lengths. Figure 3(b)—(e) present the
evolution of the pulse characteristics for this propagation.

Taking into account the case of the RC pulse, the pulse
compression is obtained earlier at the beginning of the prop-
agation in comparison to the Gaussian case, as is depicted
in Figure 4.

The chirped RC pulse MPCP is given by the relation:

1 a2
MPCP =100 {1 — - |4— 2L ( X0 1)
2 Ar \ Ty

The condition of Equation (15a) corresponds to the case
where the parameters GVD, FOD and chirp have the same
positive sign. The compression is obtained with an MPCP
of about 5.5767%, which is less than those obtained with the
Gaussian pulse. The maximal length for the pulse compres-
sion is about 0.5041 km, which is very far from the result
obtained in Figure 2 (about 186.2075 km) and in Figure 3
(about 27.5863 km). Figure 4 presents the contour plots of
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Figure 5. (a) contour plot of the chirped RC pulse compression of Equation (15d): assuming the dispersion lengths condition,
Lgyp = 5.328 km, Lye =0.3346km, Tmin — (.3725 ps, MPCP =1.9798%; (b) contour plot of the chirped RC pulse in the absence of
the verified condition on dispersion lengths, Lgyp = 62.78 km. For the frames (¢), (d), (¢) and (f): normalized amplitude, normalized
width, chirp and phase respectively (blue solid curves correspond to the case of Figure 5(a) and green dashed curves for the case of Figure
5(b)). General parameters: By = —0.00086 ps4/km, Lpop = 24.24km, Ty = 0.38 ps, Cy = 5. (The colour version of this figure is

included in the online version of the journal.)

the RC pulse and the evolution of its characteristics corre-
sponding to Equation (15d). In Figure 5(a), the dispersion
lengths condition is verified while in Figure 5(b) it is ig-
nored. Figure 5(b)—(e) present the RC pulse characteristics
evolution versus z.

Recalling that the present study of dynamics of linear
compression involves the GVD, the chirp and the FOD, it is
important to point out that these results could be generalized
to the nth-order even dispersion terms. Our obtained results
present a general description of the interaction between
the chirp, the GVD and the FOD. The results recover and

complete some aspects of the results on pulse compres-
sion previously obtained in literature. Taking into account
another type of optical light pulse, namely the RC pulse,
we have obtained interesting features as concerning the
dynamical behavior of the propagating pulse which are
not particularly related to the major results obtained when
dealing with the Gaussian pulse. For example, even when
the interacting dispersion parameters and the chirp have
the same sign, pulse compression can be obtained. There-
fore, the description of the broadening/compression pulse
is greatly dependent on the considered optical pulse.
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4. Conclusion

In summary, using the LVA with chirped Gaussian and RC
pulses, we have demonstrated that optical pulse compres-
sion induced by chirp can be successfully achieved in a
linear medium under GVD and FOD parameters having the
same sign. The chirp parameter is of opposite sign for the
case of the Gaussian pulse. The pulse compression being
dependent on the input profile, for the RC pulse, new broad-
ening/compression conditions are obtained which are quite
different from the established rules on compression effect
using the Gaussian pulse. These results are welcome and
may complete the basic linear optical pulse compression
theory induced by chirp.

Based on the previous mentioned results, a possible
experimental setup could be suggested using a quasi-linear
dispersion-flattened fiber, in which the pulse would experi-
ence normal/anomalous dispersion to obtain the respective
sign of the chirp [3], and get compressed when passing
through a grating pair with dispersion of same sign.
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Abstract

We report the analysis of the compression mechanism for chirped femtosecond pulses in silicon-
on-insulator waveguides under the effect of fourth-order dispersion (FOD) using the modified
variational approach that involves Rayleigh’s dissipation function (RDF). Our results show that
the nonlinear compression in these waveguides is input pulse dependent. Moreover, this study
leads to a nearly periodic-like dynamic induced by the interplay between self-phase modulation
and FOD in a normal group-velocity dispersion. In addition, when large values of the initial

chirp and absorption coefficients present in these waveguides are considered, the compression
mechanism is completely destroyed, with the observation of at least one pulse amplification over

a short distance of propagation prior to pulse broadening.

Keywords: pulse compression, variational approach, fourth-order dispersion

(Some figures may appear in colour only in the online journal)

1. Introduction

In nonlinear optics, the pulse compression mechanism is one
of the most important technologies for creating optical sour-
ces with large spectral bandwidth [1-3]. It consists of a
temporal reduction of the input pulse width during its pro-
pagation inside the optical media. It is well known that there
are two important ways to achieve pulse compression: linear
and nonlinear. In the nonlinear case, the solitonic properties
make it possible to achieve pulse compression, even adiaba-
tically [2-7]. Recently, with analysis applied to solitary waves
known as similaritons, Senthilnathan et al [8-10] showed
pedestal-free pulse compression in optical fibers. In actual
fact, many compressors, both linear and nonlinear, have been
developed from these basic concepts, such as those using
cross-phase modulation technology [3, 11, 12], fiber polar-
ization technology [13], and a tapered-microstructure optical

2040-8978/14/085204+12$33.00

fiber with four layers of holes [14]. In addition to silica fibers,
pulse compression has also been investigated in silicon-on-
insulator (SOI) waveguides [15]. The high values of the Kerr
nonlinearity coefficient of these media have attracted more
and more attention over approximately the last decade
[15-20]. Indeed, several applications use SOI waveguides as
broadband amplifiers, tunable lasers, optical switching devi-
ces, and biosensors. SOI waveguides and silica fibers differ in
some respects: SOI waveguides are generally smaller than
silica fibers, and silicon is very nonlinear—about 200 times
more so than silica. The silicon material makes it possible to
confine light within an area so small that the nonlinear effects
are greatly enhanced. The crystalline nature of silicon causes
the Raman effect to depend strongly on the waveguide geo-
metry and mode polarization. On the other hand, the
dynamics inside SOI waveguides include two-photon
absorption (TPA) and free-carrier absorption (FCA) [15-24].

© 2014 I0P Publishing Ltd  Printed in the UK
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Their impact on the pulse compression mechanism inside SOI
waveguides under the influence of FOD have not yet been
investigated to our knowledge.

The present work is devoted to studying the compression
of chirped pulses induced by FOD in the nonlinear case,
highlighting the impact of absorption coefficients. This study
is conducted through the recently employed variational
approach that involves Rayleigh’s dissipation function (RDF)
[15, 20]. RDF is associated with variational analysis to take
into account the dissipative part of the system [20]. It so
happens that an modified variational approach (MVA) has
been found to have advantages in studies of femtosecond
pulse propagation inside SOI waveguides, even in a soliton-
like regime [15]. Three input pulses with Gaussian, sech-type,
and raised-cosine (RC) ansitze profiles are considered for the
study of this compression mechanism in order to demonstrate
that this periodic compression is sensitive to an input pulse. In
fact, this work is an extension of the work presented in [25].

This paper is therefore organized as follows: the next
section presents the theoretical analysis of the model, whereas
section 3 describes the periodic compression in the model.
Sections 4 and 5 are devoted to the effects of both the dis-
persion regime and chirp, respectively, on periodic com-
pression. The influence of absorption coefficients is presented
in section 6. The last section concludes the paper.

2. Analysis of the model

The propagation of optical pulses through an SOI waveguide
is governed by a generalized nonlinear Schrodinger equation
that includes the effects of TPA and FCA, as in [15, 19-23]:
du | (=D*By 90

i— lul®
0z (2k)! T 0

u|\"u

k=1

o o
= —i—u — ilul*u — i—Ncu 1
> |l > Ne (D

where u, fox, v, a, I, o, and N are the slowly varying
amplitude of the electrical field, the (2k)” order term of dis-
persion, the nonlinear Kerr coefficient, the linear loss coeffi-
cient, the TPA coefficient, the FCA coefficient, and the free-
carrier density (FCD) respectively. The third-order dispersion
(TOD) term is ignored in this study because it is well known
that it introduces a relatively small temporal shift of the pulse
center, which has no bearing on our study [2, 3, 15]. For
instance, in classical nonlinear silica fibers, near the zero-
dispersion wavelength (ZDW) of the group-velocity disper-
sion (GVD), one should include the effect of the TOD [3].
One should also note that some fibers—so-called dispersion-
flattened fibers—account for a zero-dispersion point for the
TOD, and so the whole dispersion is defined only by the
GVD and the FOD, which is added for ultra-short pulses.
More generally, Capmany et al [26] have shown, with respect
to the Gaussian pulse, that the odd-order dispersion terms (s,
Ps, ...) introduce some oscillating tails in one side of the
central part of the pulse temporal profile in addition to the
asymmetric displacement of the pulse center. Indeed, the

pulse becomes an Airy-like pulse under the TOD effect
[2, 27]. Furthermore, Capmany et al have shown that the
source chirp of the pulse interacts only with even dispersion
terms. TPA and FCA are linked to the FCD dynamics fol-
lowing the rate equation given below [15, 27, 28]:

ON(z. T) _ Prea luz, DI* ~ Ne(z, T)
oT Zhl/()

2

2
a eff Tc

where frp, = 2I'a.y is the usual TPA parameter. On the
other hand, the quantities h, v, and 7. represent the Planck
constant, the pump frequency, and the carrier lifetime,
respectively. The effective carrier lifetime includes all the
effects of recombination, diffusion, and drift [15]. Our ana-
lysis is based on the Gaussian, sech-type, and RC pulses,
given respectively as [2, 3, 29-31]:

u= uoe[_%(%) +i¢] 3)
u = ug sech (%]ei[_g(?") +¢] 4)

and

u= %[1 + cos (ﬂ)]el[g(z‘]) +¢] 5)

fo

where ug is the amplitude of the pulse, related to the peak
input power Py as ug = \/FO . The parameters C, ft,, and ¢
represent the chirp, the width, and the phase respectively. The
reader should notice that the generation of Gaussian-shaped
pulses suitable for a high bit rate is not easier [29-31]. Indeed,
the output of the commonly used Mach-Zehnder pulse carvers
is rather close to RC-profile pulses. On the other hand, this
pulse has a periodic profile (due to the cosine function),
contrary to the other pulses. Its full width at half maximum
(FWHM) is smaller than that of the other pulses.

The Lagrangian density and RDF associated with
equation (1) are given respectively as [15, 20]:

: *
Ld=l— u*d_u_uai
2 0z 0z

2 (=) By 9@y gy

Vol
- ary 6
& (2k)! or @b oT 2 |u ©)
and
. ! 0 ou*
Rs = l[|u|2f+ 5((1 + GNC(t))][u*a_Z _ u%] o

The determination of the Lagrangian function for the
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Gaussian pulse leads to: . 4 i(c dr 1 dc
Rsech = _2140 to guof _d_ — 2 d ? -1
Cdiy _1dC), dp fo dz z
Lo=-ui| 5[ ——=- == N
2\t dz 2ds dZ +@] N P Preatid'to
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For the sech-type pulse, we obtain the same form as in [15], 1dc ¢ dto ,
with an additional term taking into account the FOD effect: Rpc = —Mo to ( - ——) [bmo I+ ala]

and

2 dZ ty dz
d¢
Cdy 1dC) . . d¢ += 2 boud T + ara
Leen = —uy't _— |+ 2— 240 2
sech 00[6(t0 dz ZdZ) dz dz
pul (2 ) 5 g Prpato -
240 T 4 -
i Z o+ Spudt 15367hvoA
2;0(3 6 ] 3700 vl
C dt 1dC d
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24:3|15 | 3 0 & ¢ <
1972 where by, k = 1..4 are defined as:
+?C4)ﬁ4”0 9)
y ol ( 1504 1ilx 202> 35;:3]
1= _— —_— —
and for the RC pulse we have: n’ 27 32 3 48
80 35z
by=—+ —
1dC Cdy d¢ 3 4
L“—”W”“zf‘—z‘+ d 5
¢ foodz < by = F( — 4096 — 14727 + 4707° + 2327° + 217%)
b — c? tougy 5ﬂ
" |\ 2 -+ 0|+ asrond by =——(512 + 3607 + 637?) (15)
2n
4
_1 [ _r asC? + a4C4) ﬂ4u02 (10) One should note that the TPA and FCA are linked to the FCD
2415 2 dynamics following the rate equation in which the parameter

Prpa = 2I'Ar is the usual TPA parameter, whereas A 4 is the
where a; with k = 1..5 are some constants defined as: the effective core area of the SOI waveguide
[2, 3, 15, 19, 20]. The effective carrier lifetime has been
@ :( —64 — 27+ 87° + 7 3)/ 8z neglected in this work because we are dealing with femto-
a=(8 +3n)/2n second pulses [15]. Using the Euler-Lagrange equations, we

1 determine the growth equations for each pulse [31]:
a3=——( —48+67r2+7z3) ) )
4 (i) Gaussian pulse:

ayg = —

(15 360 + 1207 — 192072
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We also derive the reduced forms of the RDF function for V2 |2 4 hverﬁ ’
each pulse: ( 2)
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(ii) Sech-type pulse:
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where A = (Bbylay) — (bilay),
B = ((Bb4lay) — (bslay))/1536x, A’ = (balay) — (bi/ay),
B’ = ((bslaz) — (b3lay))/1536x, A" = (byar — bias)la;,
and B” = (bya; — b3(12)/153671’(122. The next section deals
with the nonlinear effects on pulse compression in SOI

waveguides.

3. Periodic compression of femtosecond pulses in
an SOl waveguide under FOD and SPM

In this section, y# 0, I'=0, A = ofpp,/(hvoAz). We
employ equations (16)—(18) to obtain the pulse characteristics.
We can integrate these growth equations by using the fourth-
order Runge-Kutta integration scheme. It is well known that
the balanced interaction between self-phase modulation (SPM)
and GVD should lead to the solitonic properties of pulse pro-
pagation inside an optical media [2-7], the appearance of the
solitonic features being drawn within the soliton order defined
by N? = Lgyp/Lyz, where Ly, = 1/yRy. So normally, as is
well known in silica optical fibers for the anomalous-GVD
regime, each input pulse may lead to a solitonic form of the
fundamental soliton for N = 1 and to higher-order solitons
(HOSs) for N > 2 [2-7]. However, the combination of SPM
effects and normal GVD (f, > 0) could be used for pulse
compression [2].

HOSs have an interesting feature that is described as a
periodic evolution following the distance z of propagation.
This property is understood within a compression shaping of
the solitonic profile in a periodic way [2, 7]. Using a
dimensionless definition of the propagation distance
& = z/Lgyp, the soliton period is defined [2]:

20 = ~Lavp (19)

2
For HOSs with N > 2, the propagation inside the standard
single-mode silica optical fibers leads generally to pulse
splitting into many sub-pulses [2—7]. When N is not too large,
for example N = 3, the splitting is effected between two
solitonic compressions by recovering the original shape at the
end of the soliton period. However, for large values of N, the
propagation leads generally to pulse train generation via the
modulational instability (MI) mechanism [23, 32]. More
recently, a higher-order MI soliton demonstrated the pulse
train generation process [33]. The understanding of the peri-
odic compression of HOSs is based nowadays on an interplay
between the SPM and GVD effects [2].

The aim of this section is to evaluate the periodic com-
pression in an SOI waveguide from the previous input pulses
in the femtosecond region via the interplay between the SPM
and the FOD instead of the GVD. The regime of GVD for the
achievement of this periodic compression is surprisingly
normal, whereas the SPM coefficient of Kerr nonlinearity is
also positive. The chosen parameters that allow the periodic
compression are By = 476 W,y = 47 W 'm™!, @ = 5.06 m™!,
touise (0) = 50 s, and B, = 0.56 ps> m™! [15]. For the para-
meter N, we have N = 0.99 = 1. Normally, if a single-mode
silica fiber is considered in the anomalous GVD and the FOD
effect is ignored (f, = 0), each input pulse should reshape its
profile into a fundamental soliton profile while propagating
inside the media, even in the presence of a small initial chirp
[2, 7]. Indeed, it is known that the source chirp is detrimental
to soliton formation because it may disturb the exact balance
between GVD and SPM [2]. Instead, we obtain, with the
given SOI waveguide, the periodic compression induced by
the balance between SPM and FOD effects instead of by
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Figure 1. Plot of pulse characteristics: solid lines for the Gaussian pulse, circle lines for the sech-type pulse, and dashed lines for the RC
pulse. Parameters for each pulse: I' = 0, A = 0, Cp = 0, and SOI waveguide length L = 1 cm. Specific results for the Gaussian pulse:
B = —0.0051 ps* m™!, first peak at z;,; ~ 0.0019 m, ﬁrst maximum pulse compression percentage (MPCP) = 61.77%, zo ~ 0.0038 m.

Specific results for the sech -type pulse: ﬁ4 = —0.0039 ps* m

!, first peak at z;,;; ~ 0.0036 m, first MPCP = 67.03%, zo ~ 0.0075 m. Specific

results for the RC pulse: f, = —0.005 ps* m, first peak at z;,; & 3.636 x 10~*m, first MPCP = 37.95%, zo ~ 6.360 x 10~*m.
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Figure 2. Contour plots of pulse propagation under the conditions presented in figure 1: for the left-side Gaussian profile, for the middle sech-
type profile, and for the right-side RC profile. For each frame, at the top: intensity propagation; at the bottom: spectral propagation.

GVD for the quasi-fundamental soliton order (N ~ 1). This
interesting feature is depicted in figure 1. To see how pulses
propagate under the conditions of figure 1, their intensities
and spectra propagation are illustrated in figure 2 and are
obtained by employing the convenient fourth-order Runge-
Kutta scheme and the common split-step Fourier algorithm.

The quantities z;,;, and zy represent the initial distance at
which the first compression peak is observed and the com-
pression spacing (spatial period), respectively. The losses are
included and obviously reduce the energy of the pulses in
accordance with the distance of propagation. As can be seen
in figures 1 and 2, the periodic compression depends on the
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pulse. Parameters for each pulse: I'=0, A =0, C =0, , = —0.56 ps> m~!, and length L = 1 cm. Specific results for the Gaussian pulse:
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Specific results for the RC pulse: 8, = —0.005 ps* m™!, first peak at z;,; ~ 4.375 X 10~*m, first MPCP = 3.91%, 7o ~ 8.75 X 10~*m.

input pulse profile. The compression period of the sech-type
pulse is greater than that of the Gaussian profile, which is
greater than that of the RC profile. To explain this difference,
we suggest that because the first two profiles are close to each
other, they will behave almost the same despite some small

discrepancies, whereas th

e RC profile is a periodic function,

in contrast with the others. Note that the behavior of this
profile will be much different from that of the others, which
are not periodic. It is assumed that only one period of the
temporal profile of this pulse is used in the dynamics. This
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Table 1. Comparison of results obtained in figures 1 and 4 for each
unchirped pulse. One can read these as follows as: the first item
before the division symbol (/) corresponds in the same line to values
before the symbol, and the same procedure is observed for the item
following the same symbol. For instance, for the first item (Gaussian
pulse), z;,; corresponds to 0.0019 m and 0.00175 m, whereas z,
corresponds to 0.0038 m and 0.0035 m.

Item figure 1 figure 4

Zini!Zo Of the Gaus- ~ 0.0019 m/0.0038 m  0.00175 m/0.0035 m
sian profile

Zinir/Zo Of the sech- 0.0036 m/0.0075 m 0.00325 m/
type profile 0.006875 m

Zinirlzo of the RC 3.636 x 107 m/ 4375 %107 m/
profile 6.36x 107 m 8.75x 10™* m

MPCP of the Gaus- 61.77% 48.84%
sian profile

MPCP of the sech- 67.03% 54.86%
type profile

MPCP of the RC 37.95% 391%

profile

characteristic leads the RC profile to behave differently in
comparison with the other pulses, which vanish intrinsically
beyond the main peak. Furthermore, with the same pulse
duration f,, both the Gaussian and the sech-type profiles have
f at half maximum intensity (respectively, 19es = 1.6651,
and 155%,, = 1.7631,), which are nearly equal; whereas the
profile of the RC pulse is approximately half that of the other
profiles (t}engM = 0.7281y) [2, 29]. Thus, its compression
period is expected to be the smallest, as can be observed in
figures 1 and 2. This result contrasts with the one previously
mentioned regarding silica single-mode optical fibers, where
the periodic compression was only obtained for HOSs,
induced by the interplay between GVD and SPM. However,
as presented in figures 1 and 2, we observe that the periodic
compression not only depends on the input pulse profile but
also can be obtained through the interplay of FOD and SPM
in a normal-GVD regime.

We observe a pulse amplification associated with the
periodic compression mechanism, with a slight reduction in
pulse energy due to the losses: see, for instance, the blue
curve of the Gaussian pulse in figure 1(c). Indeed, one can see
that the last compression peak is smaller than the first two,
thus highlighting the effect of the linear losses. This happens
also for both the sech-type and the RC pulse for long pro-
pagation distances. It follows therefore that, for high values of
losses, the compression peaks are more and more reduced
(with respect to amplitude) or more and more broadened (with
respect to temporal width). The chirp also oscillates for each
pulse, and the compression peaks of the amplitude (or the
width) appear only at Cp(kzg) = 0, k being a nonzero
integer. In the next section, we study the influence of such
nonlinear parameters as TPA and FCA on the periodic
compression process.

4. Influence of the dispersion regime on periodic
compression

4.1. Normal dispersion regime: (, >0 and 3, <0) or (f, >0
and 3, >0)

Considering figures 1 and 2, we remind the reader that the
dispersion regime is normal according to the GVD. It corre-
sponds to the case where we have , > 0 and 3, < 0. So the
periodicity introduced by the FOD and SPM can be linked to
the values of the FOD length for each pulse in accordance with
the relation Lpop = t(f/Iﬂ4I (with 1, (0) = ty). For the
Gaussian pulse, we have Lrop = (4/15) L yr. For the sech-type
pulse, the relation between the nonlinear length and the FOD
length is Lpop = (16/45) Ly, whereas for the RC profile we
have Lpop = (13/45)Ly,. Also note that the periodic com-
pression is obtained with the negative value of the FOD and the
positive value of the SPM. If the choice of a positive value of
the FOD is made while we remain in the normal dispersion
regime (according to the GVD), the periodicity disappears as
expected (see figure 3) [2]. This corresponds to the case where
we have 8, > 0 and , > 0. As can be seen in this figure, the
chirp is initially equal to zero for each pulse. With the dis-
appearance of the periodicity, one obtains pulse broadening.
This process is more stressed for the RC pulse (see the red
dashed lines in figure 3) than for the other pulses.

4.2. Anomalous dispersion regime: (f, <0 and p, <0) or
(B2 <0 and 4 > 0)

We plot in figure 4 the case where both the GVD and the
FOD are negative (, < 0 and f, < 0). As can be observed,
periodic compression also occurs under these conditions.
Nevertheless, this phenomenon is less important than that of
figures 1 and 2. Indeed, the MPCP for each pulse and the
compression spatial period decrease. The illustration of this
observation is presented in table 1, showing a comparison
between the results obtained under the conditions
B, >0, By <0 (figure 1) and B, < 0, B, < O (figure 4). The
main aspect coming from table 1 is the decrease in the MPCP
for each pulse from the results of figure 1 to those of figure 4.
It is a surprising result when one considers the negative values
of the GVD and the FOD. Normally, one would expect that
both dispersion orders act together in a cooperative manner to
improve the periodic compression and therefore to increase
the MPCP. Nonetheless, we observe the opposite behavior.
Note that the parameters z;,;; and z, increase for the RC from
figure 1 to figure 4 in contrast with what happens to the other
pulses. It is obvious that this specific feature is linked to the
peculiarity of the RC pulse in that it is periodic and h a small
FWHM. This is highlighted in figure 5, where the results
obtained for the sech-type pulse are plotted for both cases. We
suggest that, comparing with figure 1, the action of the
anomalous GVD is in opposition to the action of the FOD,
and this leads to a reduction of the periodic compression.
Note that for the RC profile, z;,;; and z, increase, contrary to
what happens with the other profiles. This characteristic
underlines the main difference between this realistic input
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10&_-+_-T. | =B GAUSSTAN pulse 100/ +Gahssian ﬁulse ‘ ‘ +
il : 2 ; —e—Sech pulse " -6—Sech pulse : i
Y (@ —+-RC pulse | +-RC profile () ¥
ol
70} = 4 70}
— Baz-O.DOS ps/m -
‘a?. 60 : : 3‘?' [ ] EE——
o o
50 T |
2 : H H H : 8
& bl - o T = g
30+ 30+
201 | e
10 ; ; : P SR T
¥ : | N

850 %0 200 300 200 -100
B,/B, (ps?)

S ke, PR SRR,
0 100 200 300 4d0 500 600

04
BB, (ps?)

-0.1
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profile and the others. For a parametric study, we present in
figure 6 how the GVD and FOD values can be managed to
control periodic compression. This analysis is done by cal-
culating the MPCP in the cases where both the GVD and the
FOD vary. The range of values considered for both the GVD
and the FOD is extended to include realistic conditions. In
figure 6(a), with a constant negative value of FOD generating
the periodic compression, the latter decreases with the

decrease in the GVD from the normal to the anomalous dis-
persion regime. We notice the special behavior of the RC
pulse for the values between 3 ps>m~' and 0.5 ps>m™.
However, the opposite occurs for a constant positive value of
GVD while the FOD varies. Indeed, as can be observed in
figure 6(b), the periodic compression phenomenon is per-
formed by increasing the FOD value from —0.03 ps* m™! to
-5 x 10~* ps* m™! for all pulses. Obviously, the RC pulse
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Figure 7. Contour plots of pulse propagation under the conditions presented in figure 1 with Cy = 2: for the left-side Gaussian profile, for the
middle sech-type profile, and for the right-side RC profile. For each frame, at the top: intensity propagation; at the bottom: spectral

propagation.
Table 2. Comparison of results obtained with different positive values of chirp
Item Chirp Zinit Z0 MPCP
Gaussian profile  1/1.5 9.09x10™* m/5.9x10™* m 0.00409 m/0.0059 m 62.24% / 63.45%
Sech-type profile 1/1.5 0.0127m/6.363x 10™* m 0.00754 m/0.01467 m 67.14% / 69.38%
RC profile 1/15 3.63x10* m/3.78x10* m 6.363x10* m/648x 107" m  38.45%/38.88%
Table 3. Comparison of results obtained with different negative values of chirp
Item Chirp Zinit 20 MPCP
Gaussian profile  -1/-1.5 0.003 m/0.00527 m 0.00418 m/0.00609 m 62.14% 1 63.16%
Sech-type profile —-1/-1.5 0.006 m/0.0328 m 0.00756 m/0.033 m 66.9% / 67.95%
RC profile -1/-15 2727x10* m/2.727x 10 m  6363x10™* m/6.363x 10" m  38.5%/39.12%

still exhibits special behavior for the range between
—10~* ps* m~! and 0. Considering these results, the best case
in which we have the highest MPCP corresponds to the one
for which a large value of FOD (=5 x 10~*ps*m™') is
reached in the normal-GVD regime (0.56 ps> m™!). The
interaction that generates the periodic compression corre-
sponds to the interplay between the negative FOD and the
positive SPM. The action of the anomalous GVD is in
opposition to the action of the FOD and decreases the peri-
odic compression phenomenon, whereas the normal GVD is
rather beneficial.

5. Influence of the initial chirp on periodic
compression

As discussed earlier in [2, 3], the chirp should disturb the
nonlinear periodic compression phenomenon, whereas it could

lead to linear pulse compression when it is opposite to the
GVD. So introducing a small positive value of the initial chirp
(Co = 1) associated with the conditions (8, > 0, f, < 0) of
figure 1 leads to table 2. The main observation concerns the
beneficial effect of the positive value of the initial chirp on the
periodic compression. In fact, both the MPCP and the spatial
period increase for all the pulses under the effect of the positive
chirp. Therefore, the periodic compression phenomenon is
enhanced. However, using a relatively high value such as
Cy = 2 yields the opposite result, such as the destruction of
periodicity, leading instead to pulse broadening for the sech-
type and Gaussian profiles, whereas the RC pulse still keeps its
periodic compression (see figure 7). Numerical simulation of a
high value such as Cy = 5 destroys the periodic compression of
the RC profile. The latter therefore needs large values of
positive chirp under the considered dispersion regime in
comparison with the other input pulses for its periodic com-
pression to disappear.
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Figure 9. Plot of pulse characteristics: solid lines for the Gaussian, dotted lines for the sech-type pulse, and dashed lines for the RC pulse.
Parameters for each input pulse: Co = 0.8, I' = 6.5 w™'m™!, 6 = 1.45 x 1072! m?, SOI waveguide length L = 2 cm. The other parameters are

similar to those of figure 1.

Considering the negative values of chirp, one obtains, for
instance, table 3. As seen in this table, the negative value of
chirp also enhances the periodic compression obtained under
the dispersion regime of figure 1. It also follows that large
negative values of chirp destroy the periodicity. So one can
suggest that in general small absolute values (AVs) of chirp

10

enhance the periodic compression induced by the interplay
between the FOD and the SPM, whereas large AVs of chirp
destroy periodicity and lead to pulse broadening. This hap-
pens when the dispersion regime is normal following the
GVD, with FOD x SPM < 0.
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6. Influence of absorption coefficients on periodic
compression

In this section, the parameters are given as I" # 0, A # 0,
y # 0. The TPA phenomenon was first reported experimen-
tally by Kaiser and Garrett [34]. The multiphoton absorption
phenomenon can lead to laser damage of optical materials and
can be used to write permanent refractive index structures into
the interior of optical materials [1]. Therefore, multiphoton
absorption is well known to be a nonlinear loss phenomenon
that can reduce the efficiency of nonlinear optical devices
such as optical switches. It is known that TPA reduces the
compression factor [22].

However, in the present work, we find that a small value
of TPA (for instance, 0.5 W~!m™!) progressively destroys
periodic compression. The spatial period is increased fol-
lowing the propagation distance for each pulse. As presented
in figure 8, the effect of a small value of TPA on an input
pulse can therefore be understood as destruction of the peri-
odicity in the compression process induced by the interplay
between FOD and SPM.

A relatively high value of TPA, such as 6.5 Wlm! as
assumed in [15], leads to total periodic compression
destruction (see figure 9) where the effect of FCA is also
included. It is observed in these figures that large values of
TPA combined with FCA lead to pulse broadening inside the
SOI waveguide. Nonetheless, under the considered condi-
tions, one notices at least one peak of amplification linked to a
pulse compression prior to broadening. This happens for the
RC at a distance shorter than that of the Gaussian pulse,
whereas the sech-type pulse broadens last.

7. Conclusion

To summarize, we presented in this paper the analysis of the
compression mechanism for low-power chirped femtosecond
input pulses in an SOI waveguide under the effect of FOD
using the MVA, which involves the RDF. The growth
equations of the studied profiles show that the sech-type and
Gaussian pulses are influenced almost the same by nonlinear
parameters. The characteristics of the RC pulse are influenced
more by TPA and FCA. In nonlinear compression, we
demonstrated the occurrence of a periodic compression of
each pulse induced by the interplay between SPM and FOD
instead of GVD, in a regime of propagation that assumes a
normal GVD and a first-order solitonic state. A spatial com-
pression period greater for the sech-type pulse than for the
two other pulses was observed. We also showed that the
anomalous GVD reduces this periodic compression phe-
nomenon. A parametric study was done using the MPCP
parameter. We showed that when the GVD decreases from
the normal to the anomalous regime, the periodic compres-
sion phenomenon decreases. When the negative FOD
increases to a maximal value for the considered conditions of
simulation, the periodic compression is also performed in the
presence of the constant normal GVD. Small AVs of chirp
were found to be beneficial for periodic compression, whereas
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large ones and whole positive dispersion orders were found to
be detrimental for the studied phenomenon. Moreover, under
a small value of TPA, such as 0.5 W~'m~!, we showed that
periodicity is progressively destroyed with the increase in
spatial period, whereas large values of this absorption coef-
ficient (such as 6.5 W~'m™') combined with FCA lead to
pulse broadening. Nevertheless, we observed one compres-
sion peak for the compression mechanism prior to broadening
for each pulse.

Finally, this study showed that nonlinear compression in
silicon waveguides is not only input pulse dependent but is
also characterized by several dynamical processes, such as the
periodicity induced by the interaction of SPM and FOD,
whereas it is destroyed by the presence of absorption coeffi-
cients in the nonlinear medium.
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