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ABSTRACT

We present a method to evaluate Raman soliton self-frequency shift of soliton light pulses solution for
higher-order nonlinear Schrédinger equation with non-Kerr nonlinearity which propagate in high-bit-
rate optical systems. We show that the conventional technique, known as collective coordinates theory,
becomes inappropriate and leads to a qualitatively and unpredictable dynamics of collective coordinates.
We resolve this changeableness by reformulating the conventional technique during which we add two
appropriate pulse parameters called the simulated Raman scattering specific coordinates. We point out
the use of these coordinates by applying them to a correct calculation of soliton self-frequency shift
(SSFS) and temporal shift when cubic-quintic effects effectively act. This method of calculation of soliton
self-frequency shift could be an interesting physical tool to those working on propagation of nonlinear
pulses in optical media where the investigations of simulated Raman scattering with associated phe-

nomena are required.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Activities in optical communication systems operating with
ultrashort light pulses require several processes, numerical simu-
lations [1-6] and various types of optical components, generally
not necessary at lower bit rates [7]. It becomes fundamental in
such case to design the key elements of the communication sys-
tems best adapted from numerical simulations, in order to char-
acterize the light pulse parameters. For example, the spectral
bandwidth obtained from the pulse's temporal width and chirp
[8-17] requires the knowledge of the light pulse phase behavior
which essentially depends on the calculation of two major pulse
parameters such as the chirp and the pulse frequency shift with
respect to the carrier frequency (say wg). However, it is difficult to
ascertain directly from the original field what will really happen in
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the system and during the propagation [17-19], the field will de-
scribe all perturbations present in the real system. Consequently, it
becomes crucial to develop a method able to provide qualitative in-
formation about the behavior of the field solution of nonlinear
Schrodinger equation considered. This method is chosen to describe
the evolution of several integral quantities of the field solution. To the
best of our knowledge, the so-called “method of moment for
nonlinear Schrédinger equation” [20], with its possibilities to re-
duce the problem to a system of coupled ordinary nonlinear dif-
ferential equations is one of the best candidate for this approach.
Furthermore, the method provides approximations which receive
different names depending on the specific field of application:
time-dependent variational method, collective coordinates meth-
od, the averaged Lagrangian [21,22] and the so-called quadratic
phase approximation [20]. The results shown for the evolution of
the field solution using the moments method are exact and in
some sense rigorous. However, in many situations of practical in-
terest, we can approximate the phase of the field solution by a
quadratic functions of coordinates best adapted to accurately
characterize the chirp and the frequency shift observed during the
dynamics of the field solution. Otherwise, ansatz functions asso-
ciated and conventionally used until now to describe this dy-
namics in specific cases of propagation of ultrashort light pulses in
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optical communication networks have as common feature, the
consideration of a standard quadratic phase [2,9-19]. The goal of
these ansatze which depends on of linear and nonlinear effects
identified in the model is to give a good reconstruction of the light
pulse profile from the dynamics of its collective coordinates. Some
well-known examples of such reconstructions have been illu-
strated to describe the dynamics of soliton light pulses such as the
propagation of light pulses asymmetrically distorted by the third-
order dispersion [17] and the behavior of light pulses symme-
trically distorted by the fourth-order dispersion [18]. Un-
fortunately, it clearly appears that the choice of these ansatze
function, having a standard quadratic phase, is not sufficient to
give a correct description of intra-pulse Raman scattering where
high- and low-frequency components of an optical pulse pump
transfer energy to the red side through stimulated Raman scat-
tering. This deficiency was already perceived by some authors who
suggested to use the moment method [20-22] in order to study
the effect of frequency chirp on the Raman-induced frequency
shift in the cases of both normal and anomalous dispersion. Then,
the method was used by many authors to investigate the behavior
of optical pulses when several physical phenomena should occur
during the propagation. One can enumerate the development of a
general theory of intra-pulse Raman scattering to evaluate the
effects of frequency chirp on Raman-induced frequency shift [22].
Besides, the so-called soliton self-frequency shift occurring as a
result of the red-shift induced by this intra-pulse Raman scattering
[23-29] presents many wide applications. If one can discern
among them the soliton self-frequency shift evaluation and its
control including its suppression from a use of bandwidth-limited
amplification [22], or upshifted filtering [15], the important ap-
plication is supercontinuum generation in various media. Funda-
mentally the dynamics of supercontinuum generation process
comes from the pivotal role played by the interaction between
higher-order dispersion and nonlinearity when ultrashort optical
pulses are launched in the anomalous group-velocity dispersion
domain. The phenomenon which involves the dynamics of several
solitons and dispersive waves (radiations) in photonic crystal fi-
bers has attracted considerable attention since its wide applica-
tions ranging from spectroscopy, metrology, telecommunications
[30-36] and the dynamics of Raman soliton [37]. Besides, the in-
fluence of the simultaneous action of higher-order effects includ-
ing intra-pulse Raman scattering, higher-order dispersion, self
steepening or quintic nonlinearity, to describes the propagation of
ultrashort pulses in optical fibers has been extensively studied by
many authors. The investigation of Tsoy and Sterke [30] is based
on the soliton's adiabatic dynamics in optical fibers in the presence
of the third-order dispersion, self-steepening and Raman effects.
Judge et al. have shown theoretically that dispersive waves re-
sonantly emitted by a soliton in the presence of negative third-
order dispersion may be temporally trapped and red-shifted [38].
Sorensen et al. show that the soliton is able to keep more of the
energy of its dispersive wave trapped when the gradient of the
taper is decreased. This was explained as a group-acceleration
mismatch of the soliton and dispersive wave induced by the taper
[39]. The paper of Stephen and Dekker has demonstrated a record
soliton self-frequency shift of a spectrally isolated soliton over
more than an octave, from 801 nm to 1708 nm using a specially
selected photonic crystal fibers with reduced OH loss [40]. It is
observed in the majority of these papers that the authors used the
complete response function of the Raman effect to study the case
of negative third-order dispersion aiming to explain the suppres-
sion of the Raman self-frequency shift observed in the experiment
where, the self-steepening effect could be omitted [41]. But in
many investigations, studies are focussed on the separate influ-
ence of Raman scattering and third-order dispersion as well as the
combined action of these effects with self-steepening [30].

However some methods of analysis and the range of applicability
used until now have as common focal points the supercontinuum
generation, the exploitation of the soliton self-frequency shift in
the realization of pulsed wavelength tunable sources, its cancela-
tion by resonant emission of normally dispersive waves, the en-
hancement or the soliton self-frequency shift performance in
highly nonlinear chalcogenide, as well as other nonlinear proces-
sing applications and the well-known physical concept effect
named group-acceleration mismatch [30-40]. However, if the ef-
ficient practical method to calculate the soliton self-frequency
shift uses the method of moment [20-22], it is also observed that
some physical specific pulse parameters able to give a qualitative
detailed picture of the role and mode of singular or simultaneous
action of some selected higher-order terms (such as third-order
dispersion, self-phase modulation, quintic nonlinearity, self-stee-
pening, or stimulated Raman scattering) require an important
amount of calculation with these method using the exact pulse
field throughout the pulse propagation. The use of the variational
analysis presents two major advantages. Firstly, the pulse propa-
gation can be completely characterized without having to know
the exact pulse field. Secondly, the role and mode of action of each
perturbed pulse parameter can be given in detail. The only
drawback of this method is its level of accuracy, which strongly
depends on the choice of specific parameters of the ansatz func-
tion. More so, it becomes crucial to consider an ansatz function
including additional terms able to describe the action of some
selected linear and nonlinear terms on the light pulse propagation.

In this paper, we present an extended analytic theory of the
Raman self-frequency shift in a theoretical optical environment
with a very weak quintic nonlinearity where third-order disper-
sion and self-steepening effects are omitted [41]. The main goal
being to evaluate the dynamics of collective coordinates on the
predicted evolution of the soliton light pulse when some selected
effects act in the optical system. For this end, The variational
method is used with a specific modified conventional ansatz in-
cluding two additional higher-order phase terms. The first one
corresponds to the description of frequency fluctuations while the
second completes the chirp dynamics in order to give a good de-
scription of the temporal shift.

The paper is organized as follows. In Section 2, the modified
conventional ansatz is presented and the collective coordinates
technique is applied in order to give the analytical expressions of
variational equations. Section 3 embodies a development of nu-
merical simulations in order to obtain a careful evaluation of the
dynamics behavior of light pulse specially the temporal and fre-
quency shift when the stimulated Raman scattering and non-Kerr
effects come into play in a high bit rate and long-distance trans-
mission system. A conclusion is made in Section 4.

2. Collective coordinates for light pulse with cubic-quintic
Raman effects

2.1. Theoretical model

We consider the dynamics of solitary wave solutions for an
interesting nonlinear Schrodinger equation including some se-
lected higher-order terms which can be written in terms of slowly
varying envelope of electric field w(z, t) as follows [15,23,26,42-
45]:
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