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ABSTRACT

The dynamical behavior of a classical or quantum mechanical system is described by a
Hamiltonian H. The manifestation of Hermiticity of such Hamiltonian appears in form
of physical observables through experimental demonstrations. After C.M. Bender put for-
ward a very novel perspective on the quantum mechanical non-Hermitian Hamiltonians,
Parity-time (229 ) symmetry, as a theoretical concept, got tremendous attention. The
recent recognition that optical systems can provide a ground to realize the mathematical
concepts of 29 symmetry in the table-top experiments, 229 symmetry in photonics
systems has become a very active research area. In photonics, 29 symmetry has been
readily established by judiciously incorporating balanced gain and loss in coupled system
so that the refractive index profile plays the role of the complex potential. In this thesis,
we use coupled waveguides (nonlinear directional couplers) for exploiting the effect of
P9 symmetry for switching dynamics of optical signals. Considering the application of
nonlinear directional couplers as an all-optical switching device, we have studied the
steering and switching dynamics of different solitons inside 229 -symmetric coupler
manoeuvring the dispersion and the nonlinearity of the system. All the investigated
P T -symmetric couplers evidently emerged to be a better choice as an optical switching
device in contrast to their conventional counterparts showing unique 229 -symmetric

features.
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CHAPTER

INTRODUCTION

n the domain of quantum physics, the dynamics of systems which are isolated and

therefore are considered to be in equilibrium with their surroundings, are expressed

by a Hermitian Hamiltonian. In order to preserve the fundamental axioms of quan-
tum theory, the energy eigenvalues of such Hermitian Hamiltonians are required to be
real and positive. To the contrary, there also exist physical systems which interact with
their surroundings by changing energies whose dynamical behaviors are described by a
non-Hermitian Hamiltonian. The energy eigenvalues of such Hamiltonians are complex,
they are not measurable. However, in 1998, the pioneering work by Bender and Boettcher
showed that even a non-Hermitian Hamiltonian can possess real eigenvalues, provided
it satisfies the physical condition for parity-time reversal symmetry (229 symmetry) [1].
In general, for a Hamiltonian with the form, H = p2/2m + V (%), a necessary condition for
it to be 229 -symmetric is that the potential should satisfy the condition: V(%) = V*(-%).
In search for physical systems with such complex 229 -symmetric potential, based on
the mathematical analogy between the quantum mechanical Schridinger equation and
the paraxial equation of light propagation, it was first theoretically suggested in 2007
that it is possible to treat a coupled waveguide structure with symmetric refractive index
guiding (ng(x) = ng(—x)) and an antisymmetric gain/loss profile (n;(x) = —n;(—x)) as an
optical 229 -symmetric system [2, 3, 4]. In 2009, following the theoretical predictions,
there was experimental observation of onset of 229 symmetry breaking in a 1-D planar

waveguide by controlling loss in the system [5]. The loss-induced transparency was also
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Nonlinear fiber
couplers

Metamaterials
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Figure 1.1: Application branch of 229 symmetry in photonics

observed in this arrangement. In the following year in 2010, the first realizations of the
optical 29 symmetry in linear coupled waveguide system with balanced gain and loss
in the two arms of the coupler [6] was demonstrated featuring the non-reciprocity nature
of 29 symmetry. Some interesting 29 -symmetric features such as unidirectional
invisibility and Bloch oscillations were observed in different photonics structure [7]. This
subsequently led to extend the 229 -symmetric theory in other branches of physics such
as microresonators [8], photonic crystals [9], atomic systems [10] and atomic lattices
[11, 12], optomechanics [13, 14, 15] and acoustics [16]. Further progress in understand-
ing the 229 symmetry was observed once the nonlinearity is included in the system. The
interplay between the 229 symmetry and the nonlinearity gave arise to the existence of
localized modes [17, 18] and 229 -symmetric solitons [7, 19]. Several authors reported
existence of bright [7, 19], dark [20], gap [21] and Bragg solitons as well as many other
interesting phenomena [22, 23, 24, 25]. Such rapid growth of theoretical and experimen-
tal studies on 229 -symmetric photonic systems has made it a very active research area
which is now expanding its boundary beyond photonics.

The operational domains of any 229 -symmetric system are generally categorized into
three regimes: unbroken regime- where all the eigenvalues are real, broken regime-
where all the eigenvalues are complex, and an Exceptional Point (EP)- where the
symmetry-breaking transition happens and the eigenvalues coalesce. In the context
of directional couplers, the interplay between gain, loss, and the coupling between them
decides whether the eigenvalues will be real or complex. When the coupling is strong,
the gain present in the system can help to compensate for the loss fully so that the
system can operate in the unbroken 229 -symmetric regime with real eigenvalues; on the
other hand, when the coupling is weak, gain becomes unable to compensate for the loss,

resulting in the system to operate in the broken 229 -symmetric regime with complex
2
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1.1 The topics and aim of research

conjugate eigenvalues. In between these two unbroken and broken regimes, at the EP, a
phase transition takes place from real-to-complex energy. One important aspect of such
coupled 229 -symmetric system is that the incorporation of an equal amount of gain and
loss is not sufficient to have real eigenvalues, a proper amount of coupling between them
is also needed.

Thus, a nonlinear directional coupler can be considered the simplest design of a 225 -
symmetric system which is efficient to display rich soliton physics and phenomena
associated with the interaction between gain, loss, coupling, and nonlinearity. The appli-
cations of directional couplers, which are linear, are mostly observed as power-splitting,
wavelength division multiplexing/demultiplexing devices. Very recently in 2019, the
operation of 29 -symmetric nonlinear couplers showed huge improvement as an all-
optical switching device by drastically reducing the critical power of switching while
maintaining high efficiency [26, 27]. While soliton switching in 229 -symmetric nonlinear
directional couplers have been explored quite recently, stability solitons in such systems
have already been studied by Malomed and his collaborators [28, 29, 20]. Therefore,
in search of an all-optical switching device with lower critical power, we have played
with the system configurations and parameters under the effect of 229 symmetry while

keeping the basic structure as a nonlinear directional coupler.

1.1 The topics and aim of research

In this thesis, we report our studies on the steering and switching dynamics of solitons

inside the 229 -symmetric nonlinear directional couplers that are briefly discussed below.

(a) Ultrashort Soliton: In the domains of high-speed signal processing and ultrafast
communication, all-optical switching devices are considered to be key elements that have
drawn significant attention over the past few decades [30]. In this context, a dual-core
nonlinear directional coupler featuring power-dependent switching has been studied
extensively [31, 32, 33]. The requirement of high critical power for optical solitons has
been reduced sharply by introducing 29 symmetry in a nonlinear directional coupler.
However, in the domain of ultra-short bright solitons, ranging from few femtoseconds
(f's) to 1 picosecond (ps), the practical application of any real fiber coupler requires incor-

poration of higher-order perturbative effects such as higher-order dispersions including
3
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third-order dispersion and fourth-order dispersion, self-steepening, and intrapulse Ra-
man scattering [34, 35] in the coupled nonlinear Schrodinger equation. Here, we explore
the idea of 229 -symmetric fiber coupler for the fs pulse switching and observe the

switching dynamics under the effect of balanced gain and loss in great detail.

(b) Bistable Soliton: The operation of 229 -symmetric couplers especially with the
Kerr nonlinearity showed improvement as the critical power of switching reduces dras-
tically while maintaining high efficiency. However, a conventional coupler with Kerr
nonlinear medium has low nonlinear coefficient ng which requires high input power for
switching. To overcome this hindrance, non-Kerr saturable nonlinear media, such as
semiconductor doped glass and organic polymers have been employed due to their higher
ng values compared to pure silica [36] and their relatively low saturable intensities
[37, 38]. Therefore, for a 229 -symmetric couplers, if saturable nonlinearity is introduced,
one can expect to achieve advantageous transmission characteristics over the Kerr one.
However, any saturable media do not support Kerr solitons, instead there exist bistable
solitons which are basically two solitons having the same pulse width but different ener-
gies and shapes [39]. The switching dynamics inside a conventional saturable nonlinear
couplers by utilizing bistable soliton have been reported previously which had been
found to be better alternatives for all-optical switching devices [40, 41, 42, 43]. Although,
there have been several studies demonstrating the existence of stable fundamental
soliton, gap soliton, and higher order solitons in different 229 -symmetric potentials
[44, 45, 46, 47], there has not been any study on the existence of bistable solitons inside
a 29 -symmetric saturating coupler. So, in connection with the all-optical switching
devices, in this thesis, we concentrate on the steering dynamics of bistable solitons in a

2T -symmetric saturable nonlinear coupler.

(c) Dark Soliton: The pulse propagation in the normal dispersion region displays
the existence of dark solitons with additional 7 phase with respect to the bright one.
When a 229 -symmetric coupler is operated in the anomalous dispersion region, the
switching dynamics of a bright soliton inside the coupler showed an extreme advantage
over a conventional coupler. Keeping that in mind we intended to observe how 29~
symmetry affects dark soliton propagation in normal dispersion region. It is well known
that as compared to the bright solitons, dark solitons are more stable in the presence

of noise, they travel almost undisturbed in presence of different perturbative effects

4
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inside a nonlinear directional coupler [48]. Also, for an all-optical switching device with
lower critical power and shorter device length, the requirement of ultrashort pulse con-
sequently necessitates the inclusion of third-order dispersion. Additionally, a nonlinear
directional coupler, made of two fibers coupled together or a fiber with dual core, acts as
a bimodal device which supports a linear combination of symmetric and antisymmetric
modes, each with different propagation constants. The different group delay between
these two modes during propagation along the coupler length leads to intermodal disper-
sion. In the coupled mode theory, this group delay between the modes is analogous to
the coupling-coefficient dispersion. Previously it has been reported that both third-order
dispersion and intermodal dispersion have no effect on dark soliton [48, 49, 50] but they
have considerable influence on bright soliton propagation inside a conventional coupler
[51, 52, 53, 54, 55, 56]. In the presence of such dispersive coupling, a new kind of dark
soliton has been introduced in a dual-core coupler [57]. Intrigued by the steady nature
of the dark soliton, in this thesis, we study the steering dynamics of the dark soliton
in 229 -symmetric couplers and investigate if 229 symmetry amplifies the effect of

third-order and intermodal dispersions.

1.2 Outline of the Thesis

In the following, we present a more elaborate plan of the thesis by including a description
of the various problems that have been addressed, in the form of different chapters of

the thesis. There are a total of six chapters.

Chapter 1: already provides the introduction to the thesis, where the background
and motivation for the work is outlined. It also contains the literature review and report

of the recent developments in the field of 229 symmetry in optics.

Chapter 2: This chapter is devoted to familarise the readers with relevant concepts
related to research problems discussed in this thesis. Here, we discuss the concept of
parity-time symmetry in the context of an optical system. This is followed by a brief

discussion on solitons and physics behind soliton switching.

Chapter 3: In this chapter, we investigate the soliton steering dynamics in a 229 -

5
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symmetric directional coupler in the femtosecond domain in great detail. We first ex-
plore the effects of individual higher-order perturbations (higher-order dispersions,
self-steepening and intrapulse Raman scattering) on switching dynamics. Following that,
we investigate the cumulative combined effects of all perturbations, which result in a
significant improvement in the stability and switching of fs soliton against individual
perturbations as well as unperturbed cases. With a high gain/loss, the combined effect
of perturbations is found to stabilize the soliton pulse evolution in the coupler from the
chaotic behavior of unperturbed evolution. This work demonstrates that it is possible
to achieve efficient soliton steering, even in the femtosecond regime, at very low criti-
cal power at a relatively higher gain/loss coefficient in the 229 -symmetric directional
coupler. It has been previously reported that in the context of conventional couplers
intrapulse Raman scattering restabilizes the symmetric solitons at sufficiently large en-
ergies. However, in the case of a 229 -symmetric coupler, we show that a partly radiating
solitons caused by high gain/loss values (although the pulse is low energy fundamental
soliton) are stabilised in the presence of higher-order perturbations. This finding is new
in the context of ultrafast soliton steering in a 229 -symmetric coupler, paving the way

for stable and efficient fs all-optical switching at low energy than the conventional one.

Chapter 4: In connection with the all-optical switching devices, in this chapter, we
concentrate on the steering dynamics in a 229 -symmetric saturable nonlinear coupler.
We first obtain the exact soliton solution which can propagate through such a medium
and then observe the transmission characteristics of that pulse for the 229 -symmetric
coupler and solve the corresponding equation considering the device length to be half-beat
length. The corresponding theoretical model along with a discussion on the numerical
finding of soliton solution which can propagate in a saturating nonlinear medium has
been demonstrated. The bistable solitons in the context of 229 -symmetric coupler with
saturable nonlinearity has been studied. The spatiotemporal characteristics of solitons

are illustrated and the phase-controlled soliton switching behavior is demonstrated.

Chapter 5: In this chapter we demonstrate steering dynamics of dark soliton in a
PT -symmetric nonlinear directional coupler in the presence of third-order dispersion
and intermodal dispersions. A complete switching with an excellent efficiency at a very
low critical power, even lower as compared to the bright soliton switching has been

observed. The numerical results showing that both the dispersions have no effect on

6
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soliton steering in 229 -symmetric couplers which makes the dark solitons to be a stable
solution under dispersive effects. Additionally, we have studied the switching dynamics
of the dark soliton by controlling the phase of a weaker signal in 29 couplers with two

different coupling lengths and demonstrated its advantage over the power-controlled one.

Chapter 6: This chapter concludes the thesis with a summary of the major findings of

the research works carried out, and a brief outline on the scope for future studies.
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CHAPTER

THEORETICAL BACKGROUND

his chapter is devoted to familiarize the reader with the relevant concepts

discussed in this thesis.

2.1 29 Symmetry

In the first course on Quantum Mechanics, we are taught that the Hamiltonian, H,
describing a quantum system needs to be Hermitian, i.e. H = H'. This is because, the
eigenvalues corresponding to a Hermitian Hamiltonian is always real; and eigenval-
ues are directly related to physically observable quantities in experiments. While the
quantum mechanics we are familiar with is still quite successful, in 1998 Carl Bender
and S. Boettcher [1] put forward a completely new perspective. They said that even
non-Hermitian Hamiltonians could exhibit real eigen-spectra provided they obey the
parity-time symmetry, resulting in the so-called parity-time symmetric quantum me-
chanics. Before we understand what is meant by parity-time symmetry, it should be
kept in mind that this seemingly new quantum mechanics is not in conflict with the
usual quantum mechanics, rather it is an extension of the conventional quantum me-
chanics into the complex domain. In fact, the story began by the close investigation of

the following class of 229 -symmetric Hamiltonians, having the form:

H =p? + 2%(ix)* (2.1)

TH-2744_ 166121101



2 Theoretical Background

where p and x are momentum and position respectively, while ¢ is a real parameter and
i =v/—1. The Hamiltonians, H, are 29 -symmetric because, under space reflection x
changes sign, while under time reversal i changes the sign in the part (ix). Hence under
the combined operation of parity and time reversal, the Hamiltonian remains invariant.

To put mathematically, the parity and the time-reversal operations refer to the following:

It should be noted that unlike Hermitian Hamiltonians, 229 -symmetric Hamiltonians
exhibit phase transition in the following sense. All the eigenvalues of the Hamiltonians
described by Eq.(2.1) are real for € = 0, a regime called unbroken 229 symmetry. On
the other hand, eigenvalues cease to be real, i.e. they become complex when, -1 <& <0;
this is known as the regime of broken 229 symmetry. This is a common characteristic of
parity-time symmetric Hamiltonians. There is a threshold value of the parameter, ¢, say,
€ = &, at which the Hamiltonians enter from the broken to the unbroken 229 -regime or
vice-versa.

In quantum mechanics, the so-called Schrodinger equation (with 2 =m = 1) is given
by id;w = I:Iw, where H = p%/2 + V(%) and p— — id,. The Hamiltonian H is parity-time
symmetric if [H,229 ] = 0, which basically means that we must have: V(%) = V*(-%). In
other words,parity-time symmetry requires that the real part (R) of such a potential is
an even function of position x whereas the imaginary part (I) is an odd function. Thus
the Hamiltonian must have the form H = p%/2 + Vg (&) + ieVi(&). Clearly if € =0, then
the Hamiltonian is Hermitian. It so happens that the Hamiltonian H still exhibits real
spectra as long as € is below some threshold value, €;, as discussed earlier, referring
to the so-called unbroken 229 -regime. The physicists, in particular a group at CREOL,
University of Central Florida, led by Professor Demetrios Chrostodoulides, was clever
enough to observe the isomorphism between the Schréodinger equation and the so-called
paraxial equation of diffraction in optics,given by: i0,¢ + [(1/2k)0,, + konl¢p = 0, where
ko=2n/A and k = kong. And n = ng(x)+inj(x) is the complex refractive index, where ng
is the real refractive index profile and n represents the imaginary gain/loss profile. A is
the wavelength of light in vacuum and n( represents the background refractive index. In

general, ng > npg ;. It was quickly evident to the CREOL group that the optical system

10

TH-2744_ 166121101
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Figure 2.1: Schematic of a 229 -symmetric directional coupler. The coupling co-efficient is
denoted by «.

would be 229 -symmetric if the following conditions are satisfied: ng(x) = nr(—x) and
ni(x) = —ny(—x). Subsequently, they came up with a proposal to connect 229 -symmetric
quantum mechanics and optics [6]. Obviously, fulfilment of these conditions must have
far reaching consequences! It turns out that one needs to synthesise artificial optical
structures to fulfil the above-mentioned conditions. Since, physically speaking, the
imaginary part of the complex refractive index n, i.e. ny(x) refers to the loss (gain) profile
of the structure at position, x ,the condition n;(x) = —n;(—x) demands that there must
also have a corresponding gain (loss) profile at position, —x, for the structure to be parity-
time symmetric. In other words, 229 symmetry is attained through a judicious inclusion
of gain-loss dipoles in such structures. This issue will be more clear to the readers in
the following section when we will discuss a 229 -symmetric directional coupler. When
fabricated, these man-made engineered structures exhibit astonishing characteristics
which could be utilized for various novel applications. The key point is that ‘loss’ which
is usually considered to be an ‘evil’ in optical systems is no longer so, rather it turns out
to be a blessing in this new kind of optics! Thus, nature demands that in non-Hermitian
or 9 -symmetric optics, all the so-called basic three ingredients of optics, namely:

refractive index, gain and loss are equally important.

2.1.1 Understanding &9 -Optics via a directional coupler

Many features of non-Hermitian optics could be understood with a directional coupler. A
directional coupler is basically a pair of two parallel optical waveguides placed close to
each other so that they are coupled to one another via the so-called evanescent coupling
and the final outputs are directed in two different directions. Now the structure is 229 -
symmetric, therefore if one waveguide has loss, then the other one must have equal gain
or vice-versa [refer to Fig. 2.1].

In optics, the propagation of the electric field envelope inside a linear waveguide
11
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follows the normalized linear Schriodinger equation [the nonlinear Schriodinger equation
has been discussed in detail in Sec. 2.5]. Thus, a linear directional coupler made of two
waveguides placed in close proximity of each other, such system can be described by the
following set of coupled Schrédinger equations:

d db
2 iga+xb=0,i22 vigh+xa=0 (2.2)
dz dz

Here « and g respectively are the coupling and the gain/loss parameter. On the other
hand, a and b represent the optical fields in the gain and the loss waveguide respectively.

It is easy to see that the Hamiltonian describing the system in (a, b) basis is given by:

H= (‘g ‘K) (2.3)
-Kk —ig

Clearly, the Hamiltonian H in Eq.(2.3) is non-Hermitian. Also, it is parity-time

01

symmetric, as it satisfies the commutation relation, [H,229 ] =0, where & = ( ) and

I refers to taking the complex conjugation. The eigenvalues of the Hamiltonian is given
by: E = \/W . It means, as long as x > g, the eigenvalues are real and the system is
said to be in the unbroken 229 -regime. On the other hand, when x < g, the eigenvalues
become complex, i.e., the system enters into the so-called broken &29 -regime. The
transition from the unbroken to the broken 229 -regime occurs at the critical value of the
coupling parameter, g4, = x (please recall ¢;3!). This phase-transition point is also known
as the EP or the 229 -threshold. At the EP, the eigenstates, also termed as supermodes,
of the system coalesce. This is easy to see. The eigenstates of the Hamiltonian in Eq.(3)
below the 229 -threshold (i.e. when g < x) could easily be written as, with sin® = g/x, as

follows:

1 1
1 Doetower = ( i®) |20 betlowEP = ( : _i®) (2.4)
e —ie

On the other hand, above the £29 -threshold (i.e. when g > x), the supermodes could be

written as, with cosh® = g/k, as given below:

e

1 1
|1>aboveEP = ( ®) ’ |2>aboveEP = ( _®) (2.5)
le

1
Quite clearly, exactly at the EP i.e. when g =k, both the modes coalesce to |1,2) = ( ) In
i

fact, the coalescence of eigenvectors at the EP is a typical feature of all 229 -symmetric
12
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Figure 2.2: Optical wave propagation when the system is excited at either waveguide 1 [left
panel: (a) and (c)] or waveguide 2 [right panel: (b) and (d)]. The launch conditions are at z = 0: for
(a) and (c), a =1 and b =0 ; while for (c) and (d), @ =0 and b = 1. Light propagates in a
non-reciprocal manner both below (upper panel) and above threshold (lower panel). The red
curves correspond to the output power in the first waveguide and the blue curves correspond to
the output power in the second waveguide of a 29 -symmetric coupler.

systems. This has immense physical implications in 29 -symmetric optical systems
such as non-reciprocal behavior and power oscillations.

Fig. 2.2 depicts the non-reciprocal nature of wave propagation in the 229 -couplers.
Below the 229 -threshold, with exchange of the input channel from first waveguide
(gain) to the second waveguide (loss), we obtain an entirely different output state in
the spatial evolution of the optical power [see Fig. 2.2(a) and Fig. 2.2(b)]. On the other
hand, above the 229 -threshold, light always leaves the coupler from the first waveguide
while experiencing an exponential amplification of power in the presence of gain in that
waveguide, irrespective of the launch condition (be it in the first waveguide or in the
second waveguide), albeit in a non-reciprocal manner [see Fig. 2.2(c) and Fig. 2.2(d)].
The physics behind this phenomenon could be traced back to the fact that above the

P T -threshold, eigenvalues of the Hamiltonian describing the system are complex, with

13
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Figure 2.3: Non-reciprocity in 29 synthetic structures.

the corresponding amplitudes exponentially increasing (red curves in Fig. 2.2(c) and
2.2(d)), please refer to the eigenvalue |1),p000.5p in Eq.(2.5), where due to x # 0 some
finite amplitude is always in the other waveguide owing to the coupling (blue curves in
Fig. 2.2(c) and 2.2(d)). Thus, only one supermode effectively survives. The unexpected
non-reciprocity behavior of 229 -optical system is more clearly illustrated in Fig. 2.3.
Here the green arrows refer to a light beam that enters a synthetic 229 structure
from the left, and exits from the right. On the other hand, the red arrow on the right
shows a light beam that enters the same 229 system in exactly the opposite direction.
Astonishingly, the red beam fails to retrace the path of the green beam but instead
emerges from the structure (left red arrow) along a different trajectory. This occurs owing
to the parity-time invariance. Apart from the non-reciprocal behavior, one can observe
that when the coupling of the waveguides is sufficiently strong, i.e. in the regime of
unbroken 229 -symmetry, the system is in equilibrium and one observes Rabi oscillations
(power oscillations), where the optical power oscillates back and forth between the two
waveguides. On the other hand, when the coupling becomes too weak and the system
enters into the broken 229 -regime, the Rabi oscillations cease and the system can no
longer remain in equilibrium; the power then grows exponentially in one waveguide and

decays exponentially in the other [60].

2.2 Kerr effect

This is a nonlinear effect, and arguably the most important relevant to the thesis.
It is worthwhile to note that, here we are discussing this, and other nonlinear and
dispersive effects (refer to Secs. 2.4-2.6) in the context of a standard optical fiber; but
the discussions are valid even for any other dielectric media. Standard optical fibers
are made of fused silica which is a dielectric and, like any other dielectric, its response

to light becomes nonlinear for intense electromagnetic fields. This nonlinear response
14
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is expressed through nonlinear dependence of polarization on light intensity, I = |E|2,

where E is the electric field vector. This dependence is usually written down as [58]:
P=go[yV-E+4?:EE +y®:EEE +---1 (2.6)

where yY(j =1,2,3,..) is the j** order susceptibility, which is a tensor of rank (j +
1) and ¢g is the permittivity of free space. )((j) is a complex tensor and its real and
imaginary parts lead to different nonlinear phenomena. The above result can be deduced
using Lorentz model with anharmonicity in the motion of bound electrons. The linear
susceptibility y'V represents the dominant contribution to P and manifests itself through
the refractive index n(w) and the attenuation co-efficient a(w). y® is related to quadratic
nonlinear effects, such as second harmonic generation and sum- and difference-frequency
generation. The third-order susceptibility y'® represents the cubic response of the

) is responsible for nonlinear effects

medium to the incident light. The real part of y
such as third harmonic generation, four-wave mixing, and self-phase and cross-phase
modulations. On the other hand, the imaginary part of y'® results in the effects such
as stimulated Raman scattering and stimulated Brillioun scattering. Since silica glass

@ _

molecules are centro-symmetric, y 0, for silica glass. Therefore, the lowest order

nonlinear effects in silica glass fibers are due to y'®. 1® leads to the nonlinear addition
to the refractive index of the fiber-core via self-phase modulation.
Therefore, if we confine ourselves to cubic nonlinearity in optical fiber, or any dielectric

media having centro-symmetry, the polarization vector could be written as:
ﬁZﬁL+ﬁNL 2.7

where,

Pr=¢p f Y- HE(r, tdt (2.8)
—o0

and
o oo o0 oo N o =
PnL = 80[ f f KBt —t1,t—to,t—t3)E(r,t)E(r, t2)E(r,t3)dt 1dtaedts  (2.9)
—00 J —00 J —00

In the frequency domain the polarization has the following simple representation,

Pr = oy Y(w)E(r,w) (2.10)
Pz = £0xP(w1,02,03)E(r,01)E(r, w)E(r,ws) (2.11)
15
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Figure 2.4: Schematic diagram of a directional coupler.

As mentioned above, the cubic nonlinearity results in an intensity dependent refractive
index
n(w, |EI*) = no + nalE?, (2.12)

where no(w) is the linear part given by the following approximate formula [35]:

2 i Bfw?
nylw)=1+) ——— (2.13)
j=1 LU? —(U2

where w; are the resonance frequencies and B; is the strength of the j-th resonance.
The nonlinear refractive index co-efficient ng is usually called the Kerr-coefficient. If we
assume the incident light to be linearly polarized, then only one component of )((3)( )(S;C)xx)
contributes to the nonlinear change in the refractive index. The nonlinear coefficient no
is then given by

3
ng= S_MRe(chg;c)xx) (2.14)

where Re stands for the real part of the susceptibility tensor y'® . The experimentally
observed value of ns for fused silica ranges from 2.2 x 10722m2/W to 3.4 x 107 2°m2/W,
which is small compared to most other nonlinear media by at least 2 orders of magnitude
[35]. Despite this, nonlinear effects are easily observed in silica fibers even at relatively
low input power levels. This is possible primarily because of a very small cross-sectional

area of the core of a single-mode optical fiber which has a diameter of the order of 5um.

2.3 Nonlinear directional fiber coupler

A nonlinear directional fiber coupler is essentially based on a linear directional coupler
shown in Fig. 2.4 in which r is the separation between the constituent fibers. A linear
directional coupler relies on the coherent interaction between two single-mode fibers
placed near each other. This interaction takes place through evanescent field overlap

between fields confined within the individual cores leading to periodic exchange of energy
16
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between the cores. The presence of nonlinearity detunes the waveguides and can result
in intensity dependent switching between the output ports.
In the limit of weak coupling, the coupled mode equations for the nonlinear directional

coupler (NLDC) with identical constituent fibers and Kerr nonlinearity are [67]:

dA
i—— + konglA1l?A1 = —xoAg (2.15a)
V4
dA
l 2 +k0n2|A2|2A2 = —KOA1 (2.15b)
z

where «g is the linear coupling constant, k¢ is the free-space wave number and |A{|
and |Ag| represent the complex electric field envelope amplitudes in fibers 1 and 2,

respectively. In the absence of nonlinearity, the solutions for A; and Ag can be written

as
A1(2)=ajcos(koz)+ b1sin(xgz) (2.16a)
Ag(2) = ascos(kpz) + bgsin(kgz) (2.16b)

The boundary conditions:
A1(0)=Ap,A2(0)=0 (2.17)

corresponding to the case when light is injected into fiber 1 with fiber 2 kept empty, yield

a2:b1:O (2.18)

Therefore,
Aq(z)=Agcos(xpz) (2.19a)
Ag(z) = A() Sin(Koz) (2.19b)

The output intensities at the bar and cross output ports are given by

L
I = Iycos? (=2 (2.20a)
coh
nL
Io = I sin2 ¢ 2.20b
2 oSt (Lcoh ) ( )
where L.}, is the coherence length defined as
b/
L.op=— (2.21)
Ko

and gives the characteristics length over which the input signal is completely coupled

from one fiber to the other and back. Clearly if L. = Lg’h , a signal input into the fiber
17
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. Input port 1 Output port 3‘

Input pulse An r Channel

Input port 2 \Output port 4
| :? ~1 A

Cross Channel

Figure 2.5: Schematic illustration of partial switching of pulse inside a fiber coupler.

1 emerges at the output from fiber 2 (cross-state). In this case the coupler is called a
half-beat length coupler. If nonlinearity is taken into account one can still solve the
coupled mode equations with the same boundary conditions in terms of Jacobi elliptic

function cn to obtain [67]:

1= %[1+cn(ijif}:(é)2)] (2.22a)
Iy = IEO[l—cn(iZf;(%)z)] (2.22b)

where the critical intensity ., is defined as

Ao

I, =
naoLcon

(2.23)

and gives the intensity for which the input light is equally divided between two output
ports. Here, in Eq.(2.23), A is the free space wavelength of light. For a half-beat length
coupler, the critical intensity results in a 7 phase-shift of the input signal in fiber 1. If
I>1.,.,the fraction of light existing in input fiber 1 increases towards unity. Thus, the
given two-terminal device performs a switching operation by directing the input signal
to emerge from one of the output ports. This kind of nonlinear directional coupler was
first proposed by Jensen in 1982 [80] for switching of a continuous wave (CW) signal.
When pulsed signals were used, it was observed that only the central high intensity
part got switched. One could explain it as follows. Because the nonlinear phase shift is
proportional to the instantaneous intensity, different portions of the pulse experience
different phase shifts. Only the central portion of the high-power pulse exceeds the
critical intensity and remains in fiber 1. The wings get cut-off and go into the second
fiber [see Fig. 2.5]. This phenomenon was called partial switching or pulse break up and
resulted in undesirable reduced integrated energy contrast.

In 1988, Trillo et al. [33] pointed out that pulse break-up could be avoided by using a
18
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Input port 1 Output port 3 ‘
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Cross Channel

Figure 2.6: Schematic illustration of complete switching of solitons inside a fiber coupler.

soliton pulse as the input signal. Since then, soliton switching in nonlinear fiber coupler
has been receiving considerable attention in Kerr as well as non-Kerr fiber systems [67].
The physics behind soliton switching can be understood from the fact that the nonlinear
phase shift due to self-phase modulation is constant across the entire soliton pulse, owing
to which, if the input pulse intensity exceeds I.,, the pulse switches as a whole, i.e., as a
single unit and no pulse break-up takes place. This mode of soliton switching is called
intensity-induced switching. In order to understand the mechanism, see Fig. 2.6. One
soliton with lower peak power (displayed by the blue pulse) and another one with higher
peak power (displayed by the red pulse), both of them having intensities greater than I.,,
switch as a whole pulse in two different output channels depending on their intensities.
Varying the input peak power of the soliton is not the only way to achieve soliton
switching. One can also have soliton switching, as shown by Trillo and Wabnitz [78],
by injecting a weak pulse in one of the input cores (say, the second core) of the coupler
when a strong soliton pulse is injected into the first core. This switching can be controlled
by relative phase change of the weak control pulse. The physics behind phase induced
soliton switching can be understood as follows: The general requirement of switching
is to attain a phase shift of the order of 2. This can be achieved by launching a weak
signal having an initial phase difference, say ¢, into the second core along with the
strong signal pulse launched in the first core. The inclusion of the weak signal drives the
coupler into the domain of nonlinearly phase-mismatched condition for an appropriate

value of ¢ and results in soliton switching.

2.4 Dispersive and Nonlinear Phenomena

In this section, we briefly discuss some dispersive and nonlinear phenomena relevant to
the thesis work. For more detailed exposition, readers are referred to the excellent text
book by Prof. G.P. Agrawal [35]. This section is based on that text book.
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2 Theoretical Background

2.4.1 Group Velocity Dispersion and Third-Order Dispersion

- (a) Group Velocity Dispersion: Dispersion originates from the frequency depen-
dence of the refractive index ng(w). An optical pulse is a wave packet containing
a large number of frequency components. Due to frequency dependence of the
refractive index, different frequency components of the pulse propagate at different
velocities and the pulse undergoes group velocity dispersion (GVD). Quantitatively

the phenomenon is characterized by the so-called GVD parameter D:

27c A d?no(w)

D:—— ~ —
P2 c dA?

5 (2.24)

2
where, B2 = % is the second-order dispersion co-efficient, A is the operating
wavelength and c is the speed of light.
GVD results in temporal broadening of the pulse, as it propagates along the fiber.

Owing to this, one defines a characteristic length Lp

T3
Lp=—— (2.25)
|B2]
where T is the initial width of the pulse. If we take an unchirped Gaussian pulse

with field distribution

u(z=0,T)=exp [ (2.26)

£2
i _2]

T,
propagating in the z-direction along the fiber, then the pulse-width after a propaga-

tion distance z is given by

1
2

T(z) = To[l + (LiD)z] (2.27)

Therefore, for z = Lp; we obtain T = v2 T and the characteristic dispersion length
Lp is defined as the distance over which the pulse width broadens by a factor of
V2. A couple of comments are in order here. Firstly, according to Eq.(2.27), an
unchirped pulse broadens identically monotonically in both the normal as well as

anomalous-dispersion regime because

(Z) -t

— (2.28)
Lp T;

is insensitive to sgn(fB2). Secondly, besides causing pulse broadening, dispersion

also leads to chirping of the Gaussian pulse via phase modulation. As a result, in
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the normal dispersion regime (B2 > 0) , the frequency is reduced in the leading edge
of the pulse while it is increased in the trailing edge. This dispersive chirping of

the pulse plays the key role in the formation of an optical soliton in fibers.

- (b) Third-Order Dispersion: Under certain situations, for instance when the oper-
ating wavelength is near the zero-dispersion wavelength Ap or when the pulse has
a pulse width less than 1ps, it becomes necessary to take third-order dispersion
(TOD) into account. TOD is characterized by the co-efficient

1 (03 B

= — [ 2.29
3! 6w3)w:wo ( )

B3

in the Taylor expansion of the dispersion relation f = f(w) around the carrier
frequency wg. It leads to asymmetric pulse broadening and generates oscillatory
structures at the trailing and the leading edges of the pulse. Similar to the case of

second-order dispersion, one can define a characteristic dispersion length

T3
/ 0
=— (2.30)
P gl
Third-order dispersion becomes important if [35]
L, sLD,or,TO)@| (2.31)
B3

2.4.2 Self-Phase Modulation

One of the most striking features of pulse propagation in a nonlinear medium is the
nonlinearity induced phase modulation referred to as Self-Phase Modulation (SPM) [58]
which, coupled with the dispersion effects, gives rise to various interesting nonlinear
phenomena in a fiber. When a high-intensity short pulse is coupled to optical fiber,
the refractive index of the medium is modified and, acquires an intensity dependent
nonlinear part over that of the usual linear part ng(w), expressed by the Eq.(2.12). It is
this intensity dependent refractive index that gives rise to the SPM. In optical fibers it is
more convenient to express propagation in terms of modal power rather than intensity.
If A.rr is the effective cross-sectional area of the mode, then I + P/A.¢r, where P is the
power carried by the optical beam. Due to the intensity dependence of the refractive

index, the propagation constant of a mode can now be written as

11200 (2.32)

BnNL=B+YP, y=
CAeff
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The phase shift suffered by an optical beam in propagating through a length L of the
optical fiber is given by

L
¢ = f Bundz = L +yPL (2.33)
0

Since the propagation constant Sxz, of the mode depends on the power carried by the
mode, the phase ¢ of the emergent wave depends on its own power and hence is referred
to as ‘self-phase’ modulation. It leads to the spectral broadening and modulation of
optical pulses. In the absence of GVD, SPM induced spectral broadening occurs without
change in the temporal pulse shape. One of the most useful consequences of SPM is the

existence of optical solitons in the presence of the anomalous GVD.

2.4.3 Self-steepening

Self-steepening (SS) results from the intensity dependence of the group velocity, because
of which the peak of the pulse moves at a lower speed than the wings as it propagates
inside an optical fiber. The net result is that the pulse becomes asymmetric, with its peak
shifting toward the trailing edge. The trailing edge becomes steeper and steeper with
increasing propagation distance. SS eventually leads to the formation of an optical shock,
analogous to the development of an acoustic shock on the leading edge of a sound wave.
Due to the fact that SS is caused by intensity dependence of the group velocity which is
proportional to the temporal derivative of the Kerr term, it is also called Kerr-dispersion.

It leads to an asymmetry in the SPM broadened spectra of ultra-short pulses.

2.4.4 Stimulated Raman Scattering

Stimulated Raman scattering (SRS) is one of the most prominent phenomena that result
due to stimulated inelastic scattering, in which the light traveling in the fiber transfers
a part of its energy to the fiber medium. Usual Raman scattering involves scattering
of a photon by one of the molecules of a Raman active medium to a lower frequency
photon. The scattered radiation, along with the light at the incident frequency wy, also
contains light at frequencies, wg + w,,, and wg—w,, where w,, is the vibrational frequency
of the molecule of the medium. The down-shifted component at wy — w,, is called the
Stokes wave whereas the up-shifted component at wg + w,, is called the anti-Stokes
wave. In its essence, Raman scattering is a linear phenomenon. However, if the incident

beam is intense, a nonlinear version of Raman scattering takes place in which the
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Stokes component grows rapidly such that most of the incident energy is transferred
to it. The stimulated Raman gain in silica glass fiber extends over a large frequency
range with a broad peak near 13 THz. As a result, SRS can turn an optical fiber into
a broadband Raman amplifier and a tunable Raman laser. However, it can also limit
the performance of a multichannel lightwave communication system through cross-talk

between neighbouring channels.

2.5 Nonlinear Schrodinger Equation

The pulse propagation in a nonlinear optical fiber or waveguide is typically described
by the so-called Nonlinear Schrodinger Equation (NLSE). This equation can be derived
from the Maxwell’s equations, usually applying the so called slowly varying envelope ap-
proximation. For details, readers are again referred to [35]. The NLSE has the following

well-known form:

0A B 02A 5
— ——=——=+7/|AI"A=0 2.34
‘5 2 ore 1A 234
where A(z,T) is the slowly varying complex amplitude of the pulse envelope. T' =t — £

Vg
is the time measured in a frame of reference moving at the group velocity v, of the pulse.

The NLSE Eq.(2.34) should be modified for ultra-short optical pulses whose width is
close to or < 1ps. For such short pulses we must take into account higher order nonlinear
effects due to stimulated inelastic scattering such as SRS and dispersive effects like the
TOD. Then, the NLSE takes the following form:

AP

oT

0A Py %A 5 BsdA  y 0 . 0
R i yAPA= I i L (JAPA) +yTRA
Yoz 2 oT? rial Y6 oT3 LwoaT(l FA+ TR

(2.35)

Eq.(2.35) describes propagation of optical pulses in a single mode fiber. f2 governs the
effect of GVD. B3 governs the effects of TOD. The first, second and the third term on the
R.H.S of Eq.(2.35) take into account the effect of TOD, SS and the intrapulse Raman

scattering (IRS), respectively. Tr is the Raman response time.

2.6 Optical Solitons

Solitons in general refer to a localized propagating wave solution of a nonlinear dispersive
or diffractive partial differential equation which preserves its shape and velocity, under

a collision with a similar localized propagating wave in a lossless medium. The collision
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property distinguishes a soliton from the so-called solitary wave which may not fulfil
these requirements of remaining undistorted after collision with each other. Existence
of soliton solutions solely depends on the properties of the medium. Optical fibers, for
example, can support two types of temporal solitons: Bright Solitons in anomalous GVD
regime and the dark soliton in the normal GVD regime. A bright soliton is a lump of
light propagating along the fiber. A dark soliton, on the other hand, is a dark hole in the
CW background. Depending on the localization property and the spatial dimensions in
which they exist, solitons are classified into three major categories: (i) temporal solitons,
(i1) spatial solitons and (iii) spatio-temporal solitons. As our work in this thesis is mainly
concentrated to the first category of solitons mentioned above, we will now discuss a
little bit in detail about temporal solitons.

As we have discussed earlier, individually both GVD and SPM phenomena can create
major problems in a fiber-optic communication system. But if a system is designed in
such a way that the effects of dispersion and SPM perfectly cancel each other out, a pulse
may propagate through a fiber without any change in shape and velocity in a lossless
fiber. Such pulses also remain unchanged under a collision with a similar pulse and are
called temporal solitons.

The partial differential equation that governs pulse evolution in a nonlinear and isotropic
fiber with circular cross-section is given by the NLSE discussed earlier (Eq.(2.35)).
Introducing

Tlo, f=2, y=-_2 (2.36)

LD, \/P()

where T is a measure of the pulse width, Py is the peak power of the pulse and Lp is

=

the dispersion length as described in Eq.(2.25). Eq.(2.34) can be written in the following

dimensionless form:
0U sgn(Bg)0’U
L— — e
0¢ 2 012

where sgn(f2) = +1 or —1, depending on whether 3 is normal GVD or anomalous GVD.

+N2UPU=0 (2.37)

The parameter N is defined as

N2 =yPyLp = (2.38)

Now introducing u = NU, Eq.(2.34) can be re-written as

Ou  sgn(B)d’u 9
— —+ =0 2.39
‘e T 2 g i (2:39)
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where the positive sign in the second term corresponds to anomalous GVD (2 < 0)
whereas the negative sign corresponds to the normal GVD (B2 > 0). This is the standard
nondimensional form of the NLSE. In the case of anomalous GVD, the corresponding
NLSE Eq.(2.39) possesses a bright soliton solution

i

ulé,7)= w(r)exp(zgt) (2.40)
where (1) satisfies
u(0,7) = y(1), |llim w(t) = | llim % =0 (2.41)

The general asymptotic solution consists of solitons and localized radiations.

2.6.1 Bright solitons

As mentioned above, in the anomalous GVD regime, an optical fiber supports bright
solitons. The NLSE in this case takes the form as mentioned in Eq.(2.39) with g = —1.

Considering the launch of an input pulse having an initial amplitude distribution
u(0,7) = Nsech(t) (2.42)

into the fiber, Eq.(2.39) was solved via Inverse Scattering Theorem method (ISTM) by
Satsuma and Yajima [59] who obtained soliton solutions of different orders. Thus, the
stationary bright fundamental soliton (which corresponds to N = 1) solution of the NLSE
Eq.(2.39) is given by ‘

u(0,7) = sech(t) exp(éf) (2.43)

The above solution represents a lump of light and is called a bright soliton. Soliton
solutions of Eq.(2.39) corresponding to N > 1 are called higher order solitons. The shape
of the pulse remains unchanged during propagation when N = 1 but follows a periodic
pattern for integer values of N > 1, such that the input shape is recovered periodically
até= an where m is an integer. This happens because of the variations in the relative
strength of dispersive and nonlinear effects which depend on the distance of propagation.
Since ¢ = z/Lp , the soliton period z(, defined as the characteristics distance over which
the higher order solitons recover their initial shape, is given by

T ﬂTg
= —L =
20 D 2|ﬂ2|

2 (2.44)
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The soliton period zo and the soliton order N play an important role in quantifying
temporal solitons in an optical fiber.
In general, the ISTM rigorously predicts that the N —¢h order soliton can be formed

when the parameter N lies in the range [35]
1 1
N--—=<sN=sN+- (2.45)
2 2

This means that a fundamental soliton can be created by an input for which N €[0.5,1.5].
The concrete form of the input shape is not important so long as a localized input is used
with N in the above specified range. This can be understood from the concept of temporal
mode of a nonlinear waveguide. Higher intensities in the central part of a localized pulse
increase the refractive index there and create a temporal waveguide. The waveguide
supports temporal modes just the same way as the core-cladding index difference leads
to spatial modes in an optical fiber. This is why, even if the input pulse does not exactly
match the temporal mode of this waveguide, the major part of the pulse energy is still
coupled to the temporal mode. The residual energy spreads in the form of dispersive

waves.

2.6.2 Dark solitons

In the normal GVD regime an optical fiber supports dark solitons. The NLSE in this
case takes the form: sy 16%

ia—é—§F+|ul2u:O (2.46)
The intensity profile of the resulting solutions of Eq.(2.46) exhibits a dip in a uniform
background, and it is the dip that remains unchanged during propagation inside the
fiber. Since the dip is characterized by the absence of light in it, the soliton is called a

dark soliton. The dark soliton solution is given by [35]:

up(&,7) = V(1 - 02sech?(1)) expli(Ké + ¢(1))] (2.47)

where the time dependent phase ¢(7) is

otanh(t) )

(r) =sin™! :
¢ (\/(1 —02sech?(1))

(2.48)

Here K is a constant and o is called the dip parameter or blackness and varies in the

range [0,1]. For o = 1, the intensity at the dip center, 7 = 0, falls to zero. For other values
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of o, the dip does not go to zero. The solution with o =1 is called the fundamental dark
soliton. It has been shown by numerical simulations that the dip can propagate as a dark
soliton even against a non-uniform background, provided the light intensity is uniform
in the vicinity of the dip.

Numerical simulations also show that they are more stable in the presence of noise
and spread more slowly in the presence of fiber loss as compared to bright solitons. They
are also relatively less affected by many perturbative effects such as IRS, amplifier-
induced timing jitter etc. These features make dark soliton a potential candidate for

applications in fiber optic communication systems.

2.6.3 Bistable solitons

Bright and dark solitons are prominently exhibited by materials exhibiting Kerr non-
linearity, i.e. media where the refractive index increases linearly with intensity. There
exists, however, numerous materials, such as chalocogenide glasses, silica doped with
organic dye, where the nonlinearity begins to saturate very early at low intensity or low
optical power. In such media, the refractive index is effectively modelled an intensity

dependent function f(I) as follows:

n(l)=nyg+nof), (2.49)

The corresponding NLSE takes the following form [88]:

ou 10%u 9
o, -gu =0 2.50
laﬂf 5572 ful®)u ( )

It is easy to obtain a shape preserving solution of Eq.(2.50) assuming a solution of the
form: u(é,7) = V(1)exp(iK¢), with the boundary condition, V =0 as |t| — co. Here, V(1)
is independent of ¢ and determine the shape of the soliton. K is a constant parameter,

and is related to the soliton energy, E, as follows [88]:

p

m P
ES(K):lf [K—F(P)]_%dP,F(P):l‘[ f(P)dP, (2.51)
2 Jo P Jo

where P = V2, F(0) = 0 and P,, is the smallest positive root of F(P) = K. Now, we can have
many solutions depending on the saturation function f(P), each having the same energy

but different values of the wavenumber K and P,,. In most cases, only two solutions are
27

TH-2744_ 166121101



2 Theoretical Background

found to be stable, and they are known as the bistable solitons.

It is worthwhile to mention that the contents of this chapter is based on many
resources [88, 108, 89, 58, 67]. In particular, the contents of Section 2.1 is reproduced,
with due permission, from Ref.[108]. We believe that, having all the relevant concepts in
one place would be of great help to the readers to appreciate the rest of the chapters of
this thesis.

28

TH-2744_ 166121101



CHAPTER

ULTRAFAST FEMTOSECOND SOLITON STEERING IN

KERR 29 COUPLERS

n this chapter, we carry out a detailed study on soliton steering dynamics in a
2T -symmetric NLDC in the femtosecond (fs) domain. In this regime, the prac-
tical application of any real fiber coupler requires incorporation of higher-order
perturbative effects such as TOD and fourth-order dispersion (FOD), SS, and IRS. With
a high gain/loss, the combination of all these effects is found to stabilize the soliton pulse
evolution in the coupler from the chaotic behaviour of unperturbed evolution. This work
demonstrates that efficient soliton steering can be achieved at very low critical power

and a relatively higher gain/loss even in the fs regime.

3.1 Introduction

In high-speed signal processing and ultrafast communication systems, all-optical switch-
ing devices are considered to be key elements that have drawn significant attention over
the past few decades [30]. In this context, a dual-core NLDC featuring power-dependent
switching has been studied extensively [31, 32, 33]. After the first experimental observa-

tion of 229 -symmetric effect [6] in linear waveguide directional coupler with balanced

*The results of this chapter have been arxived as the following paper: A. Sahoo, D. K. Mahato, A.
Govindarajan and A. K. Sarma, "Ultrafast all-optical femtosecond soliton steering in I -symmetric fiber
couplers”. This paper is under review in Physical Review A.
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3 Ultrafast femtosecond soliton steering in Kerr 229 couplers

gain/loss, an opportunity for further research [19, 60, 61] has emerged in the direction of
2T -symmetric linear/nonlinear couplers. Several studies have shown that such couplers
are beneficial over a conventional one for all-optical switching when operating in the non-
linear regime [62, 63, 64]. Previously, the stability of optical solitons in 29 -symmetric
fiber couplers has been investigated with semi-analytical and numerical approaches,
wherein exact stable states have been found [28, 65].

Following the report of the requirement of high critical power for ps short pulse
soliton switching, getting reduced sharply as a result of incorporation of 229 symmetry
in a NLDC [26], it is of particular interest to explore the idea of 229 -symmetric fiber
coupler for the fs pulse switching and observe the switching dynamics under the effect
of balanced gain and loss. The 229 -symmetric system mathematically described in
Reference [26] shows to utilize the well-known coupled NLSE. However, in the domain of
ultra-short fs solitons, ranging from few fs to 1 ps, for the purpose of practical application
of any real fiber coupler, it requires incorporation of higher-order perturbative effects
such as higher-order dispersions (HODs) including TOD and FOD, SS, and IRS [34, 35]
in the coupled NLSE.

Thereafter, in this work, we investigate the soliton steering dynamics in a 229 -
symmetric directional coupler in the fs domain in great detail. We first explore the
effects of individual higher-order perturbations (IRS, SS, HODs) on steering dynamics.
Following that, we investigate the cumulative combined effects of all perturbations,
which result in a significant improvement in the stability and switching of fs soliton
against individual perturbations as well as unperturbed cases.

In an earlier work [66], it has been reported that in the context of conventional
couplers IRS restabilizes the symmetric solitons at sufficiently large energies. However,
in the case of a 229 -symmetric coupler, we show that a partly radiating solitons caused
by high gain/loss values (although the used pulse is a low energy fundamental soliton)
are stabilized in the presence of higher-order perturbations. This finding is new in the
context of ultrafast soliton steering in a 229 -symmetric coupler, paving the way for

stable and efficient fs all-optical switching at low energy than the conventional one.

3.2 Model: 229 -symmetric fiber coupler

To discuss the fs pulse switching in a 229 -symmetric fiber coupler, it is important

to consider the generalized NLSE with an integral form of the nonlinearities. This is
30

TH-2744_ 166121101



3.2 Model: 229 -symmetric fiber coupler
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Figure 3.1: Schematic diagrams of fiber couplers with (a) type-1 and (b) type-2 29 -symmetric
configuration.

because it was experimentally observed that, for an ultrashort pulse which has a wide
spectrum in the frequency domain, a continuous downshift of the center frequency
takes place as an effect of the higher-order nonlinearities [35]. Therefore, the coupled-
mode equations of the slowly-varying envelops A1 2(z,¢) in the two channels of the fiber

couplers can be written in normalized units of the form [26, 67]:

o)
iaful,z P Z 5n(i07)nu1,2 + irul,g +Kug 1
n=2

+(1+is0;)R(1)®u1 2/%u19 =0, (3.1)

where u12(¢,7)= A1/ \/P—o , with Py being the peak power of the input pulse. The propa-
gation distance (z) and time (¢) variables are, respectively, normalized with new parame-
tersas é =z/Lp and 7 = (¢ - zv;)/to, with Lp = t%/lﬁz(wo)l, where t( is the input pulse
width, v, is the group-velocity of the pulse, and f2(wg), the GVD parameter at the carrier
frequency wg. The inter-core linear coupling (K) and balanced gain/loss (G) parameters
are scaled as k =KLp and I' =GLp. Also, the terms §,,[= ﬂn/(n!|ﬁ2|t3_2)], s[= WU wotp)],
and R(t) = (1—-fr)6(t)+ frhr(7) respectively denote the normalized parameters of HOD,
SS or shock, and the nonlinear response function, which includes Kerr nonlinearity via
0(7) and Raman response function [~ (7)] that connects through the convolution inte-
gration ® with the field envelops. Here, Ar(t) =(1-— f;,)(r;2 + 152)11 exp(—1/T9)sin(t/71) +
fol(21p —T)/T%]exp(—r/rb) [68], with fr = 0.245 being the fractional contribution of the de-
layed Raman response to nonlinear polarization, 71 = 12.2fs/t(, 19 = 32fs/tq, 15 = 96fs/t,
and the relative contribution of the boson peak is included through f3 = 0.21.

The system described by Eq. (3.1) is 229 -symmetric due to the presence of the equal
gain and loss in the two waveguides which has been written in terms of ¥I'. As shown
in Fig. 3.1 the case of fiber couplers [shown in Fig. 3.1], two types of configurations

are specified based on the sign of I', namely type-1 (for I' > 0) and type-2 (for I < 0)
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2T -symmetric couplers as done in [26]. Following an earlier study which has confirmed
that a 27 coupler with type-1 229 configuration exhibits richer steering dynamics,
achieving low critical steering power (P, normalised with respect to the input power)
while maintaining excellent transmission efficiency [26]. In view of this, we confine our
analysis to the ‘type-1 29 -coupler’ (with coupling length L. =27 ), which we refer to
as the ‘PJ -symmetric coupler’ throughout the text. Similarly, we restrict our system
to work in the unbroken regime alone by fixing a condition of x >I' as x =1 and I' =0.5.
This is due to the fact that power-controlled steering is limited within the unbroken
2T -symmetric regime as the soliton pulse exhibits severe instability in the broken
P T -symmetric regime. Note that Eq. (3.1) contains all the higher-order terms that act
as perturbations in the context of ultrashort (fs) pulse dynamics [35]. When the pulse
duration is large enough (ps or larger), IRS and SS can be ignored. Also, if the input pulse
is launched far away from the zero-dispersion frequency, one can neglect HODs. In such
a case, Eq. (3.1) resembles the unperturbed coupled-mode equation for 229 -symmetric
systems for ps pulses [26].

To investigate the soliton switching dynamics, the unperturbed equation is first
numerically solved by launching ©1(0,7) = \/ITO sech(t) and u2(0,7) = 0. The numerical
simulations are carried out using the split-step Fourier method (SSFM) for coupled-mode
equations [26, 35] incorporating with fourth-order Runge-Kutta algorithm. Next, we
numerically solve the Eq.(3.1) taking into account all of the perturbations present in
the system. The numerical investigations show that HODs and higher-order nonlinear
phenomena have a significant impact on the fs steering dynamics in 229 -symmetric
couplers. The study further reveals that for an ultrashort pulse propagation, P., depends
on 0, -2 (HOD parameters), IRS, and s (SS or shock effect), i.e., P¢, ~ f(6,,IRS,s). The
strength of these perturbations can be tuned by varying the input pulse duration ¢o. We
extensively study the pulse dynamics for a wide range of ¢y (from 5 fs to 1 ps). In order
to get into the detail switching dynamics, we first systematically analyze the individual
perturbation effects. Then, the combined effects of all the higher-order perturbations are

discussed in some details.

3.3 Impact of higher-order nonlinear effects

Higher-order perturbations on ultrashort pulses have been studied in various optical

waveguides, and the effects on pulse dynamics are significant. It is known that a fs soliton
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Figure 3.2: The evolution of a 10fs pulse in the two channels of a type-1 27 229 -symmetric
fiber coupler with the normalized input pump power Py = 1 under the effect of IRS are depicted
in (a) and (b) in dB scale.

with ultrashort pulse width ¢¢ and intense peak power can excite higher-order nonlinear
effects like IRS and SS in fiber. Under the influence of IRS, the central frequency of the
soliton is known to experience a redshift [69]. IRS also influences the temporal dynamics
of the soliton by imposing a temporal deceleration. In a single soliton case, the effect of
IRS leads to Raman amplification and lasing. SS, on the other hand, creates an optical
shock on the leading edge of the pulse, resulting in asymmetric spectral broadening [35].

In order to investigate the effect of IRS and SS on the soliton steering dynamics
in a 271 2T -symmetric fiber coupler, we first numerically solve Eq.(3.1) for a 10fs
input sech pulse in the presence of IRS only. The temporal evolutions are plotted in
Figs. 3.2(a) and 3.2(b) for the two channels of the coupler. As it is observed, here the
power of a fs soliton launched into the first channel steers back and forth between
the two channels and eventually exits from the second one. We observe that there
is no temporal acceleration or deceleration for the conventional counterpart; this is
represented by the white vertical dashed lines at the center 7 = 0 in Figs. 3.2(a) and
3.2(b). Whereas, for the 229 -symmetric coupler case as shown in the same figures,
the IRS-induced characteristic temporal decelerations are evident. For a short optical
pulse, in the absence of any perturbation, inclusion of 229 symmetry revealed a critical
switching power to be P, = 1.37 with a sharp transmission efficiency [dotted curve
in Fig. 3.3(a)]. However, for a pulse with ¢ty = 10fs, the IRS perturbation present in
the system increases the critical switching power to P, = 1.75 while maintaining the
transmission efficiency at nearly 99% (blue solid curve). As a result, above the critical
switching power, almost all of the output energy will be shared by the first channel,
with a negligible amount by the second channel (red solid curve) [see Fig. 3.3(b)]. The

transmission characteristics for the 27 conventional case with IRS perturbation are also
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0.6
0.4/

Figure 3.3: The corresponding switching dynamics of 10 fs pulse are depicted in (a) and (b) for
x =1 and I' = 0.5. The dashed curves in (a) illustrate the unperturbed case and light-solid lines
represent the conventional coupler with the IRS.
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Figure 3.4: (a) Relation between the critical switching power P, with I' as a function of ¢p and
(b) relative comparison between the integral NLSE model and the derivative model for IRS
perturbation with #o = 10 fs. The effect of SS on P, vs I is also shown in (b) by gray dot-dashed
curve.

depicted in Fig. 3.3(a) by the light-solid curves for comparison, which shows significantly
less efficient multiple steering of soliton switching compared to the 229 counterpart.
Additionally, we explore the role of the input pulse width in order to demonstrate
the relationship between critical switching power and the gain/loss parameter in a 27
coupler. With the increase in the pulse width from ¢o = 5fs to #g = 1 ps, the value of the
critical switching power decreases significantly as shown in Fig. 3.4(a). For a lower value
of gain/loss (I' < 0.45), in this figure, two threshold power indicates dual steering inside
the 229 -symmetric coupler. For sufficiently high gain/loss (I' > 0.7), Fig. 3.4(a) shows
ultralow critical switching power P.,.. From the output power plot as shown in Fig. 3.4(b),
we observe that above the critical power of switching P.,, the total energy exits from
the first channel as the power amplification is 10 times more as compared to the power

below the critical power.
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Figure 3.5: (a) GVD profile of a single-mode fiber. Here, the vertical dotted line indicates the
launching wavelength, and the red-circle represents the location of the zero-GVD wavelength.
The cross-sectional geometry of the fiber is also shown in the inset [72]. (b) and (c) soliton
evolution in the two channels of 27 type-1 229 -symmetric coupler under the effect of TOD for
to=5fs.

For further verification of how accurate this integral form of the IRS model of Eq. (3.1)
with respect to the derivative form of the IRS [35], we plot the critical switching power
as a function of gain/loss parameter in Fig. 3.4(b). For I" < 0.45, it can be noticed that
the integral model (red solid curves) works better for an ultrashort pulse as compared
to the derivative model (blue dashed curves). However, both of these models appear to
be equivalent once I' > 0.45. The soliton switching dynamics is further modified by the
influence of SS. For a 10fs pulse, we find that the critical switching power increases at
lower values of I as illustrated by the gray dot-dashed curve in Fig. 3.3(b). However, at
higher values of I" the values of P., are same for both IRS and SS.

3.4 Impact of higher-order dispersions

In soliton propagation, HODs are of particular importance, and they could be considered
as perturbations. For a given waveguide geometry, dispersion profile may vary rapidly
with frequency, making HOD more pronounced. While the interplay between Kerr-
nonlinearity and GVD produces stable solitonic structure in time and frequency domains,
HODs lead to significant temporal and spectral distortion. More specifically, the soliton
sheds energy in the form of dispersive waves (DWs) that produce isolated spectral peaks
[35, 70, 71]. In this process, the temporal distribution of the soliton is affected by the
generation of asymmetric (for TOD) and symmetric (for FOD) side-lobes.

Here, we consider a 27 9 -symmetric single-mode fiber coupler whose cross-
sectional geometry and the GVD profile are shown in Fig. 3.5(a). For this GVD pro-
file, the values of the second-order GVD, TOD and FOD at the launching wavelength

35

TH-2744_ 166121101



3 Ultrafast femtosecond soliton steering in Kerr 229 couplers

Re 6 —top  |(b)
L ---FOD
Py GC;)) 4 —combined
- o tg = 5fs
- = 2
O
o0 1

0 02 04 06 08

_ 02 04 06 08 1
Gain/Loss (I') 0

3

Figure 3.6: (a) Switching dynamics and (b) critical switching power P, as a function of gain/loss
parameter I in the presence of TOD only, FOD only, and combined effects for ¢ty =5fs. (c) P.r vs
TOD parameter §3. Here the normalized gain/loss parameter is taken as I' = 0.5. Here, dashed
lines represent unperturbed case, and solid lines represent the effect of all perturbations.

Ao = 1.55um are calculated as, Bs = —23.391 ps?/km, B3 = 0.13472 ps®/km, and B4 =
—4.1128 x 10* ps*/km, respectively. The back and forth temporal evolution of a fundamen-
tal soliton between two channels are illustrated in Figs. 3.5(b) and 3.5(c) in the presence
of TOD by solving Eq. (3.1) for a 5fs input sech pulse. In both the figures, the presence of
side-wings indicates the presence of DWs. Here the HOD is dominated by the TOD term,
which results in asymmetric one-sided lobes.

Moving to the switching dynamics, like IRS perturbation, the critical switching
power is also modified in the presence of HOD terms. Fig. 3.6(a) shows that the critical
switching power (P,,) increases from that of the unperturbed case [see Fig. 3.3(a)l. It is
also observed that FOD degrades the overall switching efficiency of the 229 -symmetric
coupler. Next, we plot the critical switching power as a function of gain/loss coefficient in
Fig. 3.6(b), where the B3 produces the larger switching power than that of the 4. Also,
one can observe from Figs. 3.4(a) and 3.6(b) that considering a ¢y = 5 fs pulse, the critical
switching power is significantly increased for lower gain/loss values in the presence of
HOD as compared to the higher-order nonlinearity. For further verification of how the
strength of 63 (this can be obtained for different waveguide geometry with different GVD
profile or for a fixed GVD structure with varying ¢¢) affects the P, we plot P, as a
function of 3 in Fig. 3.6(c) for I' = 0.5 and x = 1. These figures suggest that for a fixed
I' and x, the TOD and FOD parameters significantly affect the critical switching power

and the transmission efficiency.
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Figure 3.7: (a) P, as a function of I' under the combined influence of higher-order nonlinearity
and HOD effects. (b) Switching dynamics inside the two channels of a type-1 2n 229 -symmetric
fiber coupler.

3.5 Combined effect of higher-order perturbations

So far, we have discussed in detail the individual perturbative effects of both higher-order
nonlinearities and HODs on the switching dynamics of a 10 fs ultrashort pulse. Here,
we analyze the combined effects of the above-stated higher-order perturbations on the
switching dynamics. For this purpose, we plot the variation of critical switching power
as a function of gain/loss parameter as shown in Fig. 3.7(a). It exhibits a similar trend as
observed in the cases of the individual perturbations [Figs. 3.4(a) and 3.6(b)]. However,
the combined effects of all the perturbations (which is the practical case for fs soliton in
fibers) enhances the critical switching power for lower gain/loss value more than that of
the individual perturbation. However, for higher gain/loss values, I' > 0.7, the difference
between both critical switching powers is minimum.

Next, we plot the transmission energy over a range of input pump power at I' =0.71
in Fig. 3.7(b). We observe that although the critical power remains the same (P, =~ 0.38)
for both unperturbed and combined perturbations in 229 -symmetric couplers with
the transmission efficiency improves considerably (~ 99%) from that of the individual
perturbations. So, in the context of fs soliton steering in a 229 -symmetric fiber coupler,
we can achieve very low critical power with almost full energy transfer at a relatively
higher gain/loss coefficient.

To validate the fact, we plot the temporal evolution of a fundamental soliton between
two channels, as shown in Figs. 3.8[(a),(b)] (without perturbations) and Figs. 3.8[(c),(d)]
(combination of all perturbations). Also, we plot the same evolution for a conventional
coupler considering all higher-order perturbations in Figs. 3.8[(e),(f)] for comparison.

These plots demonstrate that, with a high gain/loss, the combined effects of perturbations
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3 Ultrafast femtosecond soliton steering in Kerr 229 couplers

Figure 3.8: Soliton evolution in the two channels of 27 type-1 229 -symmetric coupler without
perturbations (a), (b), and with all perturbations (c), (d) for x =1, I' = 0.65, and g = 10fs. (e), ()
Represent soliton evolution in a conventional coupler with all perturbations present for x = 1 and
to=10fs.

stabilize the pulse evolution from the chaotic behavior of unperturbed evolutions. This
could be attributed to the fact that IRS and HOD have opposite phenomena on spectral
power (IRS tries to redshift the spectrum and HOD, in this case, tries to blueshift the
spectrum in the form of DWs) that try to self-organize the power flow to have more stable

pulse evolution.

3.6 Summary

In summary, we have demonstrated theoretically that while in conventional fiber coupler
fs soliton steering is hard to realize as it takes higher critical pump power to switch the
pulse due to various perturbative effects, in a 229 -symmetric fiber coupler, these per-
turbations, in particular, IRS rather assists in efficient soliton steering, in the presence
of high gain/loss. This work may open up plethora of applications and studies related

to ultrafast soliton steering and switching using 229 -symmetric fiber coupler in high
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CHAPTER

BISTABLE SOLITON SWITCHING IN SATURABLE

NONLINEAR &9 COUPLER

his chapter provides a comprehensive study of all-optical switching dynamics

in a 229 -symmetric fiber coupler composed of a saturable nonlinear material

as a core. In such a saturable nonlinear medium, bistable solitons may evolve
due to the balance between dispersion and saturable nonlinearity, which we extend
in the context of 229 -symmetric coupler. Our investigations of power-controlled and
phase-sensitive switching show richer soliton switching dynamics than the currently
existing conventional counterparts, which may lead to ultrafast and efficient all-optical
switching dynamics at very low power owing to the combined effects of 29 symmetry
and saturable nonlinearity. In addition to the input power, the relative phase of the input
solitons and saturable coefficient are additional controlling parameters that efficiently
tailor the switching dynamics. Also, we provide a suitable range of system and pulse
parameters that would be helpful for the practical realization of the coupler to use in

all-optical switching devices and photonic circuits.

*The results presented in this chapter have been published in the following paper: A. Sahoo, D. K.
Mahato, A. Govindarajan and A. K. Sarma, "Bistable soliton switching dynamics in a PJ -symmetric
coupler with saturable nonlinearity”, Phys. Rev. A 105, 063503 (2022).
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4 Bistable soliton switching in saturable nonlinear &9 coupler

4.1 Introduction

In the previous chapter ultrashort soliton steering dynamics in a 229 -symmetric Kerr
nonlinear coupler have been discussed. For couplers with Kerr nonlinear material, the
refractive index varies with the input pulse intensity as n(I) = ng+n9l. When used in any
practical application, the nonlinear response of all materials tend to saturate at higher
input intensities. For silica with low nonlinear coefficient value, the Kerr nonlinearity
saturates at high input intensity. As a consequence, most of the conventional coupler
made with silica with lower nonlinear coefficient ng, also requires higher input power
for switching. To overcome this hindrance in switching, non-Kerr nonlinear medium
such as semiconductor doped glass and organic polymers, have been employed owing to
their higher n9 values as compared to pure silica [36] and their relatively low saturable
intensities [37, 74]. These non-Kerr materials show nonlinearities getting saturated at
essentially much lower input intensities which is convenient to achieve in experiments.
Saturable nonlinearity (SN) is introduced, one can expect to achieve advantageous
transmission characteristics over the Kerr one. In most of the practically used materials
to compose a fiber coupler, the nonlinearity saturates at a certain finite value of input
power. When one needs to deal with such materials, the mathematical model of NLSE
needs to incorporate the saturating form of the nonlinearity rather than the very usual
Kerr nonlinearity. In such a saturable nonlinear medium, usual bright solitons does
not exist, instead bistable solitons may evolve due to the balance between dispersion
and saturable nonlinearity, which we extend in the context of 229 -symmetric coupler.
Our investigations of power-controlled and phase-sensitive switching show richer soliton
switching dynamics than the currently existing conventional counterparts, which may
lead to ultrafast and efficient all-optical switching dynamics at very low power owing
to the combined effects of 229 symmetry and saturable nonlinearity. In addition to
the input power, the relative phase of the input solitons and saturable coefficient are
additional controlling parameters that efficiently tailor the switching dynamics. Also, we
provide a suitable range of system and pulse parameters that would be helpful for the
practical realization of the coupler to use in all-optical switching devices and photonic
circuits.

In the context of couplers, which are mostly utilized as all-optical switching devices,
when nonlinearity is introduced under the effect of 229 symmetry, several authors

reported the existence of the bright, dark, gap, and Bragg solitons, as well as many other
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interesting phenomena [19, 20, 22, 23, 24, 25, 73]. The operation of 229 -symmetric
couplers, especially with the Kerr nonlinearity, showed improvement as the critical
power of switching reduces drastically while maintaining high-efficiency [26]. However,
a conventional coupler with Kerr nonlinear medium has a low nonlinear coefficient no,
which requires high input power for switching. To overcome this hindrance, non-Kerr
saturable nonlinear media, such as semiconductor doped glass and organic polymers,
have been employed due to their higher n9 values compared to pure silica [36] and their
relatively low saturable intensities [37, 74]. Therefore, for the 229 -symmetric couplers,
if SN is introduced, one can expect to achieve advantageous transmission characteristics
over the Kerr one.

Now, one needs to be clear that such media do not support Kerr solitons; instead, there
exist bistable solitons, which are basically two solitons having the same pulse width, but
different energies and shapes [39]. The switching dynamics inside conventional saturable
nonlinear couplers (SNCs) by utilizing the bistable solitons have been reported previously
[40, 41, 42], which had been found to be better alternatives for all-optical switching
devices [43]. Furthermore, while there have been several studies demonstrating the
existence of stable fundamental soliton, gap soliton, and higher-order solitons in different
P T -symmetric potentials [44, 45, 46, 47], there has not been any study on the existence
of bistable solitons inside a 229 -symmetric SNC and their switching dynamics.

Therefore, in connection with the all-optical switching devices, in this work, we con-
centrate on the steering dynamics in a 229 -symmetric 7/2 SNC. We first obtain the
exact soliton solution which can propagate through such a medium and then observe
the transmission characteristics of that pulse for the 229 -symmetric coupler and solve
the corresponding equation considering the device length to be half-beat length. The
corresponding theoretical model has been described in Sec. 4.2, along with a discussion
on the numerical finding of soliton solution, which can propagate in a saturable nonlin-
ear medium. In Sec. 4.3, we discuss bistable solitons in the context of 229 -symmetric
coupler with SN followed by its power-controlled switching dynamics in Sec. 4.4. The
spatiotemporal characteristics of solitons are illustrated in Sec. 4.5. Finally, in Sec. 4.6,
we discuss the phase-controlled dynamics of the solitons. The paper is concluded by
Sec. 4.7.
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Figure 4.1: Schematic diagram of a 229 -symmetric directional fiber coupler whose core is made
up of a saturable nonlinear medium.

4.2 Model and Theory

We consider a 9 -symmetric nonlinear directional coupler with SN [shown in Fig. 4.1]
in which the medium’s nonlinear response saturates beyond a threshold power. The
optical pulse propagation in such a coupler can be modelled by a set of coupled-mode
NLSEs of the slowly-varying complex-valued electric field envelops A1(z,¢) and Ag(z,¢)

in the two channels [26, 67, 75], which can be written in dimensionless form as:

ou 142
e+ g 5oz HF Pt xv=ilu, (4.12)
ov 142
ia—z + 5_0;2) + F(vlP)o +xu = —iTo, (4.1b)

where u(é, 1) = Al/\/m and v(é,7) = Az/\/IT, with Py being the peak input power;
¢ =2z/Lp and 7 = (t — 2/vg)/ty are respectively the normalized distance and time, with
Lp = t(Z)/ |B2(wo)l, and g, vg and Po are the input pulse duration, group-velocity of the
pulse and the GVD parameter at the carrier frequency wg. The linear coupling coefficient
(K) and the balanced linear gain/loss coefficient (G) are rescaled as: xk = KLp and
I'=GLp. Also, in our model, we adopt the mostly used mathematical model of the
saturable nonlinear response [41, 76], the dimensionless form of which is represented as

Mk

1+s|ul?’

ful?) = (4.2)

where s = Py/I 4, is the dimensionless refractive index saturation parameter (also known
as the strength of saturation), with I,,; being the characteristic saturable intensity
of the medium. Note that, when s =0, Eqgs. (4.1a) and (4.1a) reduce to the well-known
Kerr nonlinearity, and when one increases s, the saturation effect of the refractive index
increases accordingly. The system described by Eq.(4.2) is a 229 -symmetric system,

whose operational domains are categorized into three regions: unbroken regime (x >I'),
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broken regime (x <I') and an EP (x =T'). In the unbroken 29 -symmetric regime, it
has been observed in previous works [26, 77] that the poor transmission efficiency
and unstable soliton evolution make a half-beat length (¢ = 7/2x) 229 -symmetric Kerr
coupler an inappropriate choice as compared to one-beat length (¢ = 271/x) 229 -symmetric
Kerr coupler that shows enhanced switching efficiency. In the case of a 229 -symmetric
SNC, however, we consider the device to be operated in the unbroken £J regime
with the coupler length equal to the half-beat length, which provides better switching

dynamics with a lower critical power than the Kerr counterpart.

4.2.1 Soliton evolution and switching dynamics

It is well known that the coupled NLSEs described by Eqs.(4.1a) and (4.1b) are not inte-
grable by the ISTM. Thus, in order to obtain the fundamental solutions corresponding to
the coupled NLSE with saturating nonlinearity, we need to exploit numerical techniques.
Considering the case of a lossless medium with k¥ — 0, first we obtain two independent
NLSEs representing pulse propagation in each core. Then we consider the solution of

such decoupled NLSE system in the following form:

us(&,7) = [w(r)]V2eP (4.3)

where f is the nonlinear propagation constant shift. By substituting us and Eq. (4.3) in
Eq. (4.1) we get,

1d (dl// 1 )2
8 dy\dt /iy 1+ sw
Here, it is to be noted that for certain values of 3, one can obtain stationary pulse profile

-B= 4.4)

by solving this differential equation numerically. For any other arbitrary 8 values, there

exists no stationary solutions. Now integrating the above equation, we obtain:

(d_‘f’if _[ h‘(“s‘”) By =0 (4.5)

In order to get a localized bright soliton solution, we requlre =0 at the peak of the
soliton where the maximum amplitude is y|;=9 = ¥(. Using this condltlon we obtain the

p values as,

ﬁ: 1 1_11’1(1+S’(,U0) (46)
s sY¥o
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0 5 10 15
Figure 4.2: Variation of g with v for different s value.

Substituting Eq.(4.6) into Eq.(4.5), we obtain the following differential equation:

(4.7)

dy _2\/?2)£ [ln(l +sy)  In(1+syo) 12
dt s 74

dr Yo

Thereafter, for a given value of ¥ and s, the solution of the differential Eq. (4.7) can be
obtained numerically by the most widely used SSFM. We have shown the variation of
B with y for three different values of s parameter in Fig. 4.2. It shows that for higher
value of s, the shifting of the propagation constant saturates over a wide range of input
peak power. In our work, we have considered s = 1, i.e., the input pulse has been launched
at the saturating power at which the nonlinear response of the medium saturates. Also,
the bright soliton solution corresponding to Eq.(4.7) for saturable nonlinear medium
depicted by the F-model has been illustrated in Fig. [4.3(a)].

We then consider this soliton solution as the seed solution and solve the set of
Eqgs. (4.1a) and (4.1b) numerically by applying the symmetrized split-step Fourier method
complemented with the fourth-order Runge-Kutta algorithm. Next, to investigate the
switching dynamics, we calculate the transmission coefficient T';, which represents the
fractional output power in the j-th channel after propagation of critical coupling length

L. being equal to the half-beat length of the coupler as:

T = Jo luLe, D)Pd7 P
J ffgo(|u(LC>T)|2+ |U(LC,T)|2)dT - P1+P2’

(4.8)

where P; = ff’zolu(Lc,T)lsz and Py = ffzolv(Lc,T)Izdr are the output powers of the
transmitted pulse in the output ports of the two channels. In order to investigate the
switching dynamics, we plot the transmission coefficient 7'y [evaluating Eq.(4.4)] in the

first channel of a conventional (blue dashed curve) and a 229 -symmetric (red solid curve)
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Figure 4.3: (a) Soliton solution inside a saturable nonlinear medium, obtained for s =1
considering the single NLSE. (b) Transmission in the first channel of the conventional (I' = 0)
and 29 -symmetric /2 (I' = 0.06) SNCs with ¥ = 0.1 and s = 1, where different operational
regions are identified.

SNCs for coupling coefficient x = 0.1 and coupling length L. = 7n/2x = 57 in Fig. 4.3(b).
The various regions of operation for all-optical switching for the conventional coupler
are illustrated in the same figure, which can also be translated to the 229 -symmetric
one. Here, the switching curve shows four basic regimes: the coupling region (below the
lower-branch critical power P.,1); the switching region [between P..1 and the onset of
the intermediate coupling region (ICR)]; the ICR; and another coupling region above the
higher-branch critical power P.,2, after which the power remains in the second channel
for any further increase in the input power Pj. Thus, for efficient switching, one must
concentrate solely on the range of input power corresponding to the switching region.
Furthermore, we find that the higher branch of critical power P.,.o appears to be too high
to be useful for any optical switching. Therefore, we focus on the lower-branch critical
power P..1 and term it as P, for the rest of our work in order to operate the SNC as an
efficient all-optical switching device. Now, with the introduction of balanced gain/loss,
the critical power P., is reduced considerably, and both the switching steepness and
transmission efficiency are enhanced. For further investigation of how the gain/loss
parameter I' affects the switching dynamics, we plot the P, as a function of I" for specific
values of xk = 0.1 and s =1 in Fig. 4.4(a). This plot indicates that when I' approaches
the singularity (i.e., I' = x = 0.1 in this particular case), no switching occurs, implying
that regardless of the input power, all of the power remains in the launching channel.

The corresponding transmission is shown in Fig. 4.4(b) for four different values of
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Figure 4.4: (a) Relation between critical power P., and gain/loss parameter I'. (b) Effect of
gain/loss on the switching dynamics of both conventional (I' = 0) and 229 -symmetric (I" # 0)
SNCs.

I'=0,0.02,0.04, and 0.06. As we gradually increase I" from 0 to 0.06, we observe a lower
critical power with better transmission efficiency [see inset of Fig. 4.4(b)]. Hence, based
on these results, we fix the gain/loss value of the 229 -symmetric SNC to be I' = 0.05 for

further investigations on the switching dynamics.

4.3 Bistable Soliton dynamics in 9 -symmetric

saturable coupler

Before going deeper into the details of soliton switching dynamics in £29 -symmetric
SNCs, we first investigate the properties of bistable solitons and their dynamics, which
occur inherently in saturable nonlinear systems. Previous researches have looked into
the fundamental properties of bistable solitons in saturable nonlinear media, where
there exist two solitons with the same pulse width but different shapes and energies
[39, 41]. In our work, it is interesting to investigate how the seed soliton [Eq. (4.3)], which
is inherently bistable in nature for a specific range of ansatz parameters, evolves in the
couplers and retain their properties as well as individual switching characteristics. To
investigate the properties of bistable solitons, we first define the dimensionless soliton
energy € as

£ :foo lu(1)?dT. (4.9)

—0o0
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Figure 4.5: Variation of output pulse energy ¢ of the coupler as a function of (a) output pulse
width 7y and (b) propagation constant shift § of the input seed soliton [Eq.(4.3)]. (c) The
variation of 7¢ as a function of 8. Solid red curves in (a-c) represent the case with 229 symmetry,
whereas dashed blue curves represent the conventional one. (d) Amplitude u(7) of the bistable
solitons at the output of the 229 -symmetric SNC corresponding to 79 = 2 for two energies

€ =6.22 and € = 14.65, respectively. The horizontal dashed lines in (a), (c), and vertical dashed
lines in (d) indicate that 7o = 2.

Next, for a given value of soliton peak amplitude w(z = 0) = v(, we compute the output
pulse width 79 and the propagation constant shift § [presented in Eq.(4.3)]. In Fig. 4.5(a),
we plot the variation of pulse energy € [Eq.(4.9)] at the first output port of the 7/2
coupler as a function of the output pulse width 79 by varying the peak amplitude
o of input seed soliton. Similarly, we plot the variation of € as a function of  [see
Fig. 4.5(b)] and the 7¢ vs § [see Fig. 4.5(c)] for the system parameters x = 0.1, I' = 0.05,
and s = 1. The bistability nature is clearly evident in both the conventional (dashed
blue curves) and 229 -symmetric (solid red curves) SNCs [there exist two values of ¢
and p at the same 79 = 2, as shown by the horizontal dashed line in Figs. 4.5(a) and
4.5(c)]. Furthermore, these plots indicate that the addition of a 229 -symmetric potential
modifies the parameter space of the soliton in comparison to the conventional SNC. The

bistable solitons inside the 229 -symmetric SNC with two different energies € = 6.22
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Figure 4.6: (a),(b) Switching dynamics of bistable solitons in the 229 -symmetric SNC
corresponding to the pulse width 79 = 2 and two input peak amplitude yo = 0.47 (dashed curves)
and o = 2.87 (solid curves).

and € = 14.65 corresponding to the pulse width 7o = 2 are shown in Fig. 4.5(d). Here, the
higher amplitude soliton (solid red curve) corresponds to the higher input peak amplitude
wo = 2.87, while the lower amplitude soliton (dashed red curve) corresponds to the lower
input peak amplitude 1y = 0.47. Thus, by examining Figs. 4.5(a)-4.5(d), we can conclude
that the bistable solitons exist in the unbroken regime of a 7/2 229 -symmetric SNC in
the weak coupling regime.

Next, the switching dynamics of the individual bistable solitons obtained in Fig. 4.5(d)
are investigated in Figs. 4.6(a) and 4.6(b). Here, we observe two independent steering
dynamics for two solitons depending on the soliton amplitude. The critical power of
switching corresponding to the pulse with ¥ = 2.87 is lower than that of the pulse with
wo = 0.47. This is because the nonlinear response of the medium becomes saturated
earlier in the case of pulse with high input peak amplitude, causing the switching to
occur faster than in the case of pulse with low input peak amplitude. In the following
sections, our investigations mainly focus on the switching dynamics of a single soliton
case for a given pulse width, which have applications in all-optical switching devices and

photonic circuits.

4.4 Power-controlled switching dynamics

To discuss the power-controlled switching dynamics, we assume that in the presence of

coupling coefficient (x # 0), the soliton is always launched into the input port (port 1) of
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Figure 4.7: Switching dynamics of (a) conventional and (b) 229 -symmetric (I' = 0.05) SNCs for
different x with fixed s = 1. (c) and (d) represent the same for different s with fixed x = 0.1.

the first channel, and the second channel is kept empty so that
u(=0,1)=us(¢(=0,7)v(¢=0,7)=0. (4.10)

With the initial conditions above in Eq.(4.10), we discuss the effect of coupling coefficient
x on the switching dynamics for a conventional (I' =0) and a 229 -symmetric (I' = 0.05)
SNCs by setting the saturation to be maximum, s = 1, shown in Figs. 4.7(a) and 4.7(b). For
both the SNCs, the lower value of x shows lower critical power and better transmission
efficiency across a wider input power range.

Next, we study the role of the strength of SN, s for the same two couplers in the
weaker coupling regime by setting x = 0.1, shown in Figs. 4.7(c) and 4.7(d). In both the
conventional and the 229 -symmetric SNCs, we observe a Kerr coupler-like behavior for
lower saturation strengths, s = 0.1 and s = 0.5. In contrast, the typical effect of SN in
the high input power domain is observed once the couplers are operated with maximum
saturation s = 1. In Table I, we provide a list of the normalized values of critical powers
for the two types of SNCs, showing the variations of x and s. We observe that, when

the strength of SN increases gradually, unlike a conventional SNC, the critical power
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Figure 4.8: Spatiotemporal evolution of solitons in (a),(b) conventional SNC (I' = 0), and (c),(d)
29 -symmetric SNC (I' = 0.05) with input power Py = 0.2. The system parameters are taken to
be: xk =0.1 and s =1.

Table 4.1: Normalized values of critical power P, for different strength of saturation and
coupling coefficients.

Fixed Varying Pr conventional Perog
parameter parameter Tr=0) (I' =0.05)

xk=0.1 1.10 0.30
s=1 x=0.11 1.30 0.38
xk=0.12 1.59 0.47
s=0.1 0.82 0.37
xk=0.1 s=0.5 0.86 0.32
s=1 1.10 0.30

of switching tends to decrease for a 229 -symmetric one. Thus, based on the values of
critical powers P, given in Table 4.1, we can conclude that for weaker coupling region
(x =0.1) and maximum saturation strength (s = 1), a 229 -symmetric coupler is more

efficient as compared to the conventional one.
52

TH-2744_ 166121101



4.5 Spatiotemporal Soliton Dynamics

4, 4.
(@ 04 (b)
52| A pe 0.2
_28 l/ - -28 .‘
0 2n/x ke ~2mlk
T
1 200 " o P 200 2
00 2 () | @
550 s 50
_28 . J o _28\\ -
0o, 2nk 0 . 2mk
T - mlk T an WK
200 ¢ 200 ¢

Figure 4.9: Spatiotemporal evolution of solitons in (a),(b) conventional SNC, and (c),(d)
PG -symmetric SNC with input power Py = 2. All the other parameters are the same as in
Fig. 4.8.

4.5 Spatiotemporal Soliton Dynamics

In this section, we illustrate the spatiotemporal evolution dynamics of a soliton inside
the two cores of the two SNCs. In Figs. 4.8(a)-4.8(d), with the previously chosen values
of x=0.1,s=1 and I' = 0.05, we plot the corresponding evolution dynamics inside the
couplers in the linear regime where the input power is chosen to be Py = 0.2, lower
than the critical power P.. = 0.3. One can predict these evolution trends inside the
conventional and 229 -symmetric SNCs by following the switching curves in Fig. 4.3(b).
In this linear regime, the soliton couples back and forth inside the two channels and
eventually exists from the output port of the first channel. On the other hand, if a soliton
is launched in the nonlinear regime, where the input power is set to be Py = 2, higher
than P.,, we observe that the soliton switches back to the launching core and remains in
there in the case of a conventional SNC [see Figs. 4.9(a) and 4.9(b)]. However, for the
case of a 29 -symmetric SNC, we observe that the soliton power comes out of the second
channel as shown in Figs. 4.9(c) and 4.9(d)]. Thus, with the inclusion of gain/loss in the

SNC, the nonlinear switching takes a different route than the conventional one.
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Figure 4.10: Phase-controlled switching dynamics of (a) conventional and (b) 229 -symmetric
(I' =0.05) SNCs for different x with fixed s = 1. (¢), (d) represent the same for different s with
fixed x =0.1.

4.6 Switching dynamics by controlling the relative

phase

In addition to the power-controlled switching, for the completeness of the study, we
investigate phase-sensitive switching dynamics as another type of all-optical switching
device in this section. The basic idea of a phase-sensitive switching is that by adjusting
the input power and the relative phase of a weaker pulse in the second channel, one
can control the steering dynamics of the stronger pulse which is launched into the first
channel [78, 79]. Therefore, we consider two soliton pulses launched into the input ports
(port 1 and port 2) of the two channels as

ulé=0,71)=us, and, v(€=0,7)= u—iei‘p, 4.11)

a

where r is the power ratio factor and ¢ is the relative phase between the two soliton
pulses. For a typical value r =4, and considering Eq. (4.11) as inputs, we show the effect

of coupling coefficient for both conventional and 229 -symmetric SNCs considering the
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same set of k¥ as discussed in the power-controlled case. The 229 -symmetric SNC displays
considerably better sharp phase-sensitive switching as compared to the conventional
one, with more than 90% transmittance over certain ranges of ¢ [see Figs. 4.10(a) and
4.10(b)]. We observe that the lower the coupling coefficient, the higher the transmission
efficiency for a certain range of ¢». We also plot the effect of the strength of SN on the
phase-controlled switching dynamics while considering the previous set of s values as in
the power-controlled case. Here, we observe that for the conventional SNC, the lower
s value (s = 0.1) displays higher transmission efficiency over certain range of ¢ [see
Fig. 4.10(c)]. Whereas in the 229 -symmetric SNC, for the lower strength of saturation,
the transmittance in the first channel is more than 97% for any ¢ value [dashed red
curve Fig. 4.10(d)]. Thus, by controlling the phase of the weaker pulse, we can steer the
stronger pulse to come out from the desired channel. By observing these results, we can
conclude again that a 229 -symmetric SNC is better than a conventional SNC to be used

as a phase-controlled switching device as well.

4.7 Summary

To conclude, we have investigated the steering and switching dynamics of bistable
solitons in a 229 -symmetric coupler with saturable nonlinearity. One of the objectives
of the work was to investigate if the scheme of optical 29 symmetry enhances the
transmission characteristics of the saturable coupler compared to the one with Kerr
nonlinearity as well as the conventional counterparts. We find the answer is affirmative.
The soliton is found to be stable while propagating through the coupler. It turns out
that both the power and the phase-controlled mode of switching works well in the 229 -
symmetric saturable nonlinear coupler. It is anticipated that owing to the huge reduction
in the peak power and rich transmission characteristics, the proposed 229 -symmetric
coupler with saturation nonlinearity would be of great utility for many signal processing
applications. Apart from that, there could be a resurgence of research works in this area

considering the promising results reported in this work.
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CHAPTER

DARK SOLITON STEERING IN KERR &9 COUPLER WITH

DISPERSIVE PERTURBATION

n this chapter, we study steering dynamics of dark soliton in a 29 -symmetric
NLDC in the presence of TOD and intermodal dispersion (IMD). A complete switch
with an excellent efficiency at a very low critical power, even lower as compared
to the bright soliton switching has been observed. The numerical results show that
both TOD and IMD have no effect on soliton steering in 229 -symmetric couplers with
coupling length 7/2. But as we increase the coupling length to 27, IMD shows marginal
effects for dark soliton steering in 229 -symmetric couplers while TOD shows no impact.
Additionally, we have also studied the phase-controlled switching in 229 couplers with
two different coupling lengths and demonstrated its advantage over the power-controlled

one.

5.1 Introduction

In the context of all-optical switching, the nonlinear effects of conventional directional
coupler have been exploited utilizing mostly its power-dependent switching [80] and

the phase-dependent switching characteristics [78, 79, 81, 82]. In previous chapters, we

*The results of this chapter have been published in the following paper: D. K. Mahato, A. Govindarajan
and A. K. Sarma, "Dark soliton steering in PJ -symmetric couplers with third-order and intermodal
dispersions”, J. Opt. Soc. Am. B 37, 3443-3452 (2020).
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5 Dark soliton steering in Kerr 229 coupler with dispersive perturbation

discussed and mentioned that, in power-dependent switching, when low power CW is
launched in a NLDC, the two cores periodically exchange power due to the evanescent
coupling, and eventually the pulse stays in the cross channel. On the other hand, for high
power CW, the total power remains in the launching core due to the intensity induced
phase mismatch. A detailed report on NLDC with different gain and loss distributions
has revealed that the critical power for CW switching decreases as equal amount of gain
and loss are introduced to the system [83]. However, as CW and pulse tend to break
during nonlinear switching, soliton switching was introduced as another possible choice
to enhance NLDC operation [33, 84, 85, 86]. It was found that the advantages of soliton
switching are mainly the stable propagation without pulse breaking and the peak-power
dependent switching characteristic which enables complete switching from one core to
another within a coupling length. The soliton switching with conventional coupler has
been studied quite extensively in the past, since mid-eighties. However research in this
area was primarily dominated by theoretical exploration. In fact the whole research area
was put in dormant due to the lack of experimental progress. This happened due to the
requirement of extremely high critical power of switching, say, the order of 10 kW or
more [67]. Fortunately, the introduction of the idea of 229 symmetry and its subsequent
experimental validation brought new hopes. Very recently, it has been observed that
the requirement of high critical power for bright soliton switching reduces remarkably
[26] by introducing 29 symmetry through the combination of equal amount of gain
and loss in the two waveguides of an NLDC. In passing it should be noted that, while
soliton switching in 229 -symmetric couplers has been explored just recently, stability
solitons in such systems have already been studied by Malomed and his collaborators
[20, 28, 29].

However, it is well known that as compared to the bright solitons, dark solitons
are more stable in the presence of noise, they travel almost undisturbed in presence
of different perturbative effects inside an NLDC [87]. Also, for an all-optical switching
device with lower critical power and shorter device length, the input soliton is required
to be ultrashort pulse. This requirement of ultrashort pulse consequently necessitates
the inclusion of TOD, in particular, when the pulse is operated near the zero dispersion
regime [88]. In general, the effect of TOD in an optical fiber is to tend the intensity
profile of a pulse asymmetric with an oscillatory tail near one of its edges [88]. Further,
an NLDC, made of two fibers coupled together or a fiber with dual core, acts as a bimodal

device which supports a linear combination of symmetric and antisymmetric modes,
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Figure 5.1: Schematic illustrations of two different configurations of 229 -symmetric coupler: (a)
Type-1 and (b) Type-2 229 -symmetric coupler.

each with different propagation constants. When optical power is launched into one of
the two cores, both the modes inside NLDC are equally excited. Thus, different group
delay between these two modes during propagation along the coupler length leads to
a phenomenon called the IMD. In the coupled mode theory, this group delay between
the modes is analogous to the coupling-coefficient dispersion. Previously it has been
reported that both TOD and IMD have no effect on dark soliton [87, 90, 91] but they
have considerable influence on bright soliton propagation inside a conventional coupler
[92, 93, 94, 95, 96, 97]. Recently a new kind of dark soliton has been introduced in a
dual-core coupler [98] in the presence of such dispersive coupling. Also, it needs to be
mentioned here that an optical system combined with IMD is known to be invariant
under €29 symmetry, where € symbolizes transverse spatial inversion related to the
swapping of the two waveguides inside a coupler [99, 100, 101, 102].

In this work, intrigued by the steady nature of the dark soliton, the steering dynamics

of dark soliton in 229 -symmetric couplers has been explored.

5.2 Theoretical Model

In general, soliton propagation inside an NLDC can be represented by a pair of coupled
NLSEs. Thus, the soliton dynamics inside a 229 -symmetric coupler with balanced gain

and loss can be expressed mathematically as [26]:

0¥, 106%¥, . %Y, 0¥s
la_f_§67_16 03 +|\P1| \P1+K\I’2+LK16——lF\I’1 (51)

0¥y 10°Wy . 3%Yy 0¥,

— —————1i0 + W2y +xP] + ik — = —iTW 5.2

3¢ T2 a2 933 |2|2K1LK16T iV (5.2)
where, 1 and Y2 denote the slowly varying complex-valued envelopes in the bar (core 1)

and the cross channel (core 2) of the 229 -symmetric coupler. The second and the third
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Figure 5.2: Schematic diagram portraying steering dynamics of dark solitons inside
P T -symmetric couplers.

term of Eqgs. (5.1) and (5.2) represent the GVD and the TOD, respectively. The fourth
term is the SPM term, where its coefficient is scaled to be one. x , k1, §3 are, respectively,
the normalized linear coupling coefficient, IMD and TOD. Also, I represents balanced
gain (I'’>0) and loss (I'<0) inside two channels making the system to be 229 -symmetric.
It should be noted that the considered model is not applicable to coupler made of non-
Kerr media such as organic, photorefractive and semiconductor materials. Again, the
waveguides consisting of the coupler are assumed to be single-moded. If one has to
consider coupler with multimoded waveguides, a different model needs to be considered.
In fact, this is a new and emerging field of research. However, in the current work we
are primarily concerned with silica-based optical fiber or coupler made with materials
exhibiting Kerr nonlinearity.

In the following, we illustrate the effect of inclusion of gain and loss by two different
configurations. When I'>0 in Eqgs.(5.1) and (5.2), the system is termed as type-1 229 -
symmetric coupler, having gain in the first waveguide and loss in the second Fig. 5.1(a).
The other structure is termed as type-2 229 -symmetric coupler with I'<0 in the coupled
equations, having loss in the first waveguide and gain in the second Fig. 5.1(b). These
two configurations bearing the same notion of 229 symmetry are introduced in order to
highlight which model among these two (gain/loss and loss/gain) exhibits rich steering
dynamics, as transmission property may differ since gain and loss have been swapped
inside the waveguides [26]. It is worthwhile to stress again that the first observation of
29 symmetry in optics was accomplished via a judicious design of a coupled waveguide
which involved two-wave mixing process in order to provide gain and doping of transition
metal ions to provide loss [6]. It could be possible to adopt the similar scheme to realize
the present model for fiber coupler. Specifically, at 1550 nm, the gain can be provided by

doping rare earth element like erbium in one channel and the loss by another dopant in
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the second channel which shows absorption in the same wavelength regime. But as we
are dealing with the dark soliton, a dispersion-shifted fiber or a dispersion-compensated
fiber having normal dispersion at 1550 nm can be optically pumped and utilized as the
gain channel.

As the NLDC can serve a potential candidate for all-optical switching, we mainly aim
our attention to power-controlled steering dynamics of dark soliton inside 229 -symmetric
couplers following with the phase-controlled one. In general, any 29 -symmetric system
exhibits two parametric regions, a region of unbroken 229 symmetry where all eigenval-
ues are real and a region of broken symmetry where some of the eigenvalues are real
and the rest are complex. Following the notion, 229 -symmetric couplers are said to be
operating in unbroken £ -symmetric regime when x>I" and in broken 229 -symmetric
regime when x<I" [6]. If the value of coupling coefficient equals to the value of gain/loss
parameter, i.e., k=I', the system is in singularity condition. In this paper, we limit our sys-
tem to work in the unbroken 229 -symmetric regime (x>I') and scale the linear coupling
coefficient x and the gain/loss parameter, I', to be 1 and 0.5, respectively. As shown in
Fig. 5.2, we also assume that the second waveguide has been kept empty (Vo({ =0,7) =0)

and the input soliton pulse is always launched at port 1 of first waveguide, i.e.,
WY1(¢ =0,7)=q tanh(qgT1) (5.3)

where, g2 = Pg represents the input peak power, depending on which the dark soliton
switches to any of the two output ports. To illustrate the effects of TOD and IMD on
the dark soliton propagation in 229 -symmetric couplers, Eqs.(5.1) and (5.2) are then
numerically solved by the split-step Fourier method [90]. Here we calculate the fractional
output power in the j-th core (j = 1,2) by the transmission coefficient which is represented

as,

SN L, 1P P,

T;=— = (5.4)
IR (WL, DR+ 1WoLe,D)P)dT  P1+Py

where, P1 = [% |¥1(L¢,7)12dT and Py = [ |Wa(L,,7)2dT are the output powers of the
transmitted pulse in the ports 3 and 4 of the coupler. The parameter L. refers to the

total coupling length of the system.
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5.3 Results and Discussions

In this section, dark soliton steering dynamics in the above two configurations of a 229 -
symmetric coupler having one-beat coupling length, defined as L. =27 with x = 1, are
demonstrated. To understand the steering dynamics of dark soliton in 229 -symmetric
couplers, we first consider the case of a conventional NLDC with coupling length 27
as illustrated in Fig. 5.3(a). It can be seen that the switching dynamics of the dark
soliton inside conventional coupler exhibit periodic steering which consumes significant
amount of pump power in order to achieve unit transmission efficiency. Now, to study the
effect of equal amount of gain and loss in the two channels, the input pulse with peak
power Py is launched at port 1 and the outputs are measured at ports 3 and 4. From
Fig. 5.3(c), it can be clearly seen that the critical power gets reduced to P., = 1.25 with
an excellent transmission efficiency for a type-1 229 -symmetric coupler as compared
to the unwanted oscillation in the conventional one [see Fig. 5.3(a)]. Here, the steering
dynamic shown in Fig. 5.3(d) reveals that above the critical power, the total energy is
completely transferred to the bar channel unlike the conventional coupler where the
sharing of power is observed to be oscillating in between the cores [see Fig.5.3(b)].

For the alternative configuration of 229 -symmetric coupler, as it has been illustrated
in Fig. 5.3(e), the switching power gets reduced to a much lower value as, P.,. = 0.7 when
compared to the type-1 coupler. In the linear regime, when input pulse power is low,
Fig. 5.3(e) depicts that there is 60:40 energy sharing between the bar and cross channels.
On the other hand, in the nonlinear regime, when the input pulse power is above the
critical power, almost complete energy transfer has been achieved in the cross channel.
Note that even though the type-2 229 -symmetric coupler shows lower critical power,
the switching steepness degrades considerably as compared to type-1 229 -symmetric
coupler. Also, for the type-1 229 -symmetric coupler, the amplification of the output pulse
intensity above the critical power is more than a factor of 5 times the output pulse in the
type-2 coupler [Figs. 5.3(d) and 5.3(f)]. Thus, we observe enhanced steering dynamics for
dark solitons inside both type-1 and type-2 229 -symmetric couplers as compared to the
conventional one.

Additionally, the role of the critical power for the type-1 and type-2 229 -symmetric
couplers with one-beat coupling length has been illustrated in Figs. 5.3(g) and 5.3(h).
It can be observed that for the type-1 coupler, the inclusion of different gain/loss (I')

values results in two threshold intensities, namely as P.,(I) and P..(II) for I' < 0.33. It
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Figure 5.3: Steering dynamics of dark solitons for 27 coupler: (a) and (b) conventional coupler,
(c) and (d) Type-1 22J -symmetric couplers, (e) and (f) Type-2 22J -symmetric couplers. The
variation of critical power against the gain/loss is depicted in (g) type-1 229 and (h) type-2
2T -symmetric couplers.
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Figure 5.4: Steering dynamics of dark solitons for 71/2 coupler: (a) and (b) represent the effect of
TOD for type-1 and type-2 229 -symmetric couplers respectively. (c) and (d) represent the effect
of IMD for type-1 and type-2 229 -symmetric couplers.

is to be noted that the curve corresponding to P..(I) drops to the value 0.05 at I' = 0.33,
indicating that there will be only one critical power of switching which corresponds to
P..(II). As T increases beyond I' > 0.33, the critical power for switching corresponding
to P..(II) reduces. However, for a type-2 coupler we observe different dynamics where
the critical power linearly decreases with an increase in the gain/loss parameter up
to the value I' = 0.4. On further increment of I', in the region 0.4 < I < 0.5, the rate
of change in critical power shows gradual slowdown and for I' > 0.5 the critical power
decreases sharply indicating that one can achieve ultralow critical power of switching as
I' approaches the singularity condition I'=1. Now, we move on to study the influences of
TOD and IMD on such dark soliton switching in 229 -symmetric couplers by varying TOD
parameter 63 and IMD x7 in the coupled equations (Eqgs.(5.1) and (5.2)). As mentioned
earlier, it has been previously reported that both TOD and IMD have no effects on
transmission characteristics of dark soliton in the conventional half-beat length coupler
[87]. Nevertheless, we have observed that 229 -symmetric couplers function efficiently
with one-beat coupling length, contrary to the conventional couplers performing better
at half-beat length. Thus, by incorporating gain and loss parameters in the conventional

coupler, effects of TOD and IMD have been observed in the above 229 -symmetric coupler
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configurations with both the half-beat (L. = n/2) and one-beat coupling length (L. = 2).
To study TOD and IMD effects, we choose different values of 63 = 0,0.06,0.12,0.18,
and k1 =0,-0.05,-0.1,-0.2 based on the previous works [87, 55] and plot transmission
coefficients against the input pump intensity. It can be observed from Fig. 5.4 that
both TOD and IMD have no effects on the dark soliton inside type-1 and type-2 229 -
symmetric couplers. For type-1 229 -symmetric coupler, in the linear domain below the
critical power, the bar channel shares 32% of total energy and attains 99.99% energy
above P., = 1.2 [Figs. 5.4(a) and 5.4(c)]. Whereas for type-2 29 -symmetric coupler, in the
linear domain the bar channel shares 8% of the total energy and shows multiple periodic
oscillation above the critical power P., = 7.6 where most of the energy is transferred to
the bar channel [Figs. 5.4(b) and 5.4(d)]. At low pump intensity, this coupler acts as a
linear coupler where evanescent coupling steers the input pulse into the cross channel.
Whereas, at high pump intensity as a consequence of nonlinearity, the input pulse steers
back to the lossy bar channel itself. Therefore, more pump power is required for dark
soliton switching inside the type-2 n/2 coupler. However, as 229 -symmetric couplers
function efficiently with 27 coupling length, next we will observe the effects of TOD and
IMD in the above 229 -symmetric coupler configurations with coupling length L. = 2.

5.3.1 Effect of TOD

To study the TOD effect for 27 22J -symmetric couplers we consider the same set of
TOD parameters used in the case of 7/2 coupler as 63 = 0,0.06,0.12, and 0.18. We notice
that TOD has no influence on dark soliton switching inside both type-1 and type-2
P T -symmetric couplers even with 27 coupling length [Figs. 5.5(a) and 5.5(b)]. Here, it
is to be observed that for type-1 coupler, an increase in the coupling length hikes the
switching steepness inside the bar channel [Figs. 5.4(a) and 5.5(a)].

While, in the alternative configuration of 229 -symmetric coupler, as the input pulse
is launched at port 1 where loss is incorporated, we observe that the switching steepness
gets reduced while improving the transmission efficiency to almost unity as compared
to the 7/2 coupler [Figs. 5.5(b) and 5.4(b)]. Here, for the type-2 229 -symmetric coupler
a significant difference in the transmission characteristics is observed for L. = /2 and
2. Unlike 71/2 coupler, most of the energy is transferred to the cross channel above the

critical power P, = 0.7 and maintains unit transmission efficiency.
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Figure 5.5: Effect of TOD on steering dynamics of dark soliton in 229 -symmetric couplers of
length 27. (a) and (b) represent the transmission characteristics in type-1 and type-2 coupler
respectively.

5.3.2 Effect of IMD

Next, we discuss the effect of IMD on 27 229 -symmetric couplers by choosing the same
set of k1 values used for the case of 7/2 as shown in Figs. 5.4(c) and 5.4(d). As we design
two configurations by simply swapping gain and loss parameters, the effect of IMD
reveals that for 2r 229 -symmetric couplers dark soliton switching is hardly influenced
by IMD. For type-1 coupler as x; decreases, the switching threshold power marginally
decreases while maintaining almost same transmission efficiency [Fig. 5.6(a)]. When
x1 = —0.2, the figure reveals that the IMD has significant influence on the linear regime
of the transmission characteristics in type-1 coupler.

However, for type-2 229 -symmetric coupler with loss in the first waveguide, it has
been shown in Fig. 5.6(b) that IMD has no effect on the critical power for dark soliton
switching, though it shows minor influence in the nonlinear regime above the critical
power. This could be explained as follows. IMD is predominantly a linear effect. When
the input power is low, the dispersion mismatch between the modes dominates over
that of nonlinearity resulting in exhibition of IMD effect. In presence of IMD, as the
input power is incident in one of the waveguides of the NLDC, both the modes in two
waveguides are been equally exited. The modes having different propagation constants
will have different group velocities which will eventually tend to cause oscillations at
the wings of the dark soliton. In the conventional coupler the critical power of switching
is very high, while in the case of 229 -symmetric coupler the switching threshold is
significantly low resulting in early dominance of nonlinearity, reducing the effect of IMD.
In passing, we note that the transmission curves in Figs. 5.5 and 5.6 exhibit almost

similar sharp variation with TOD and IMD for the type-1 and type-2 229 -symmetric
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Figure 5.6: Effect of IMD on steering dynamics of dark soliton in 229 -symmetric couplers of
length 27. (a) and (b) represent the transmission characteristics in type-1 and type-2 coupler
respectively.

couplers. This may be occurring owing to the almost similar phase-shift introduced by
TOD and IMD. Steering of solitons between the cores of the coupler occurs subject to
the fulfilment of appropriate phase-matching condition. For small coupling length (7/2
coupler) the phase-shift between the cores of the coupler, introduced by TOD and IMD is
negligibly small compared to the one introduced by nonlinearity. On the other hand, due
to long coupler length, in the case of 27 coupler, TOD and IMD introduces non-negligible
phase-shift. However, if the peak power of the input pulse is increased further, even here

the nonlinearity induced phase-shift become dominant.

5.3.3 Phase-controlled switching

In general, all-optical switching in NLDCs is mostly characterized by the power-controlled
transmission at the output port. As an alternative approach to the power-controlled
switching, there has been several reports on phase-controlled soliton switching where it
has been analysed how a weak control pulse can steer a strong data pulse in an NLDC
[78, 79, 81, 82, 86, 103]. In this work now we will show how a weak pulse injected in the
second waveguide controls the switching of the strong data pulse in the first waveguide
of 229 -symmetric couplers. As analysed in a previous report, a bright soliton switching
can be controlled by both the intensity and the relative phase of a weak pulse [78]. Here,
the steering dynamics of dark solitons have been obtained by considering normalized

coupling coefficient x = 1 and the initial conditions of the two input pulses are taken to
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Figure 5.7: Dark soliton transmissions 7'; (green solid curve) and T's (red solid curve) in the bar
and cross channels of 7/2 couplers as a function of relative phase of the weak control pulse with
power ratio r = 1. (a) Conventional coupler, (b) type-1 229 -symmetric coupler and (c) type-2
2T -symmetric coupler.

be as,

W, (£ =0,7) = gtanh(g7), and, Wa(E=0,7)= %tanh(qr)ei‘b (5.5)
r

where, r is the power ratio between ¥; and W3 and ¢ represents the relative phase.
In order to understand the effects of phase and intensity of the weak pulse in 225 -
symmetric couplers, we first calculate the transmission energy for both the conventional
and 229 -symmetric couplers as a function of phase ¢, keeping r = 1 fixed. It is to be
noted that we have considered couplers with two different coupling lengths L. = n/2
and 37/2 (three half-beat length). Also, TOD and IMD have zero effects which we have

verified through a series of numerical experiments and so we did not show their impacts.

As shown in Fig. 5.7(a), for a conventional coupler of 7/2 length, when ¢ = 0° the
output exits port 4 (cross state). After three back and forth switching in between the two
channels, finally at ¢ = 360° the output switches to the bar state with 52% transmission
efficiency. The type-1 229 -symmetric coupler shows that for both ¢ = 0° and ¢ = 360°, the

68

TH-2744_ 166121101



5.3 Results and Discussions

0 90 180 270 360

0 90 1§0 2?0 360

0 90 180 270 360
¢

Figure 5.8: Dark soliton transmissions 7'; (green solid line) and T’ (red solid line) in the bar
and cross channels of 371/2 couplers as a function of relative phase of the weak control pulse with
power ratio r = 1. (a) Conventional coupler, (b) type-1 229 -symmetric coupler and (c) type-2
2T -symmetric coupler.

output power switches to the bar state with 96% transmission efficiency [see Fig. 5.7(b)].
In contrast, the type-2 229 -symmetric coupler reveals the output power to be switching
to the cross state with the same 96% efficiency for ¢ = 0° and ¢ = 360° [Fig. 5.7(c)]. Now,
as we consider 371/2 couplers, we observe that the output energy in the conventional
coupler transmits at port 4 when there is no relative phase between the input pulses,
i.e., when ¢ = 0° [Fig. 5.8(a)]. By changing ¢ we further observe that the output power
switches to the bar state with 58% transmission efficiency at ¢ = 360°. On the other hand,
for type-1 229 -symmetric coupler as shown in the Fig. 5.8(b), an excellent transmission
efficiency of almost 99.99% has been observed in the range ¢ =~ 0°-25° and ¢ = 247°-360°.
Here we observe that the increase in the coupling length results in an extreme sharp
switching to the bar state for a wide range of ¢. Now, in the type-2 coupler containing loss
in the first channel and gain in the second channel where the control pulse is launched,
the output power switches to the second channel. Thus, we obtain 99.99% transmission

efficiency for a type-2 229 -symmetric coupler where the output power sharply switches
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Figure 5.9: Soliton power transmissions 7'; (blue) and T'5 (red) in the /2 coupler as a function
of relative phase ¢ of the control pulse with power ratios r = 1.5 (dotted-dashed curves), r = 20
(dashed curves) and r = 600 (solid curves) for (a) conventional coupler and (b) type-1

2T -symmetric coupler. A different set of values: r = 1.5 (dotted-dashed curves), r = 2.6 (dashed
curves) and r = 600 (solid curves) for (c) type-2 I -symmetric coupler.

to the cross state in the range ¢ = 0°-112° and ¢ =~ 333°—-360° [see Fig. 5.8(c)]. Therefore,
depending on type-1 and type-2 coupler, if a control pulse with equal power and a relative
phase specified by a range of ¢ can be injected in the second waveguide, almost all the
output powers will be transmitted to the output ports of the gain channel.

Next, in addition to the phase-sensitive switching, the switching of a strong pulse may
also be obtained by varying the input peak power of the weak control pulse. Considering
the same set of coupling lengths, now we observe the transmissions in the two channels
as a function of relative phase ¢ for three different values of the input peak power ratio
r. As it can be clearly seen from Figs. 5.9 and 5.10, the variation of input peak power
ratio r displays extremely unique transmission characteristics for both the conventional
and 229 -symmetric couplers. In a conventional 7/2 coupler [see Fig. 5.9(a)], for low
value of r = 1.5 (dotted-dashed curves), the output energy exits from port 3 when the

relative phase between the strong pulse and the control pulse is ¢ = 0° and ¢ = 360°.
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Figure 5.10: Soliton power transmissions 7’1 (blue) and T (red) in the 37/2 coupler as a
function of relative phase ¢ of the control pulse with power ratios r = 1.5 (dotted-dashed curves),
r = 20 (dashed curves) and r = 600 (solid curves) for (a) conventional coupler, (b) type-1

P T -symmetric coupler and (c) type-2 22J -symmetric coupler.

For some high values, r = 50 (dashed curves) and r = 600 (solid curves), as the control
pulse becomes weak, almost the total output power switches to the cross state with
efficiencies 90.89% and 99.48% respectively at ¢ = 360° as shown in the Fig. 5.9(a). For
a type-1 229 -symmetric coupler, it has been observed that the soliton switches to the
bar state and exits port 3 for the values of r = 1.5 (dotted-dashed curves) and r = 20
(dashed curves). But the transmission curves corresponding to r = 600 (solid curves)
show that there is no switching between the two channels as a function of ¢ and the
output pulse exits port 4 with 52% transmission efficiency at ¢ = 360° [Fig. 5.9(b)]. The
reason behind such ¢ independent transmission is that the control pulse now becomes
too weak to control the strong data pulse as r = 600. In contrast to the type-1 coupler,
type-2 229 -symmetric coupler displays such 'no switching of channel for any ¢’ curves
for much lower value r = 2.6 where the output gets transmitted at port 4 with a better
transmission efficiency of 92% when ¢ = 360°. As we increase the power ratio to be

r =600 (solid curves in Fig. 5.9(c)], it is expected that we observe the transmission to be
71

TH-2744_ 166121101



5 Dark soliton steering in Kerr 229 coupler with dispersive perturbation

¢ independent.

Now, for conventional couplers with 37/2 coupling length, we observe in Fig. 5.10(a)
that, as the value of r is increased to r = 20 (dashed curves) there is no switching of
soliton energy between the channels. The corresponding output exits port 4 with 62%
of total power at ¢ = 0° and achieves 99.81% and 98.89% transmission efficiencies at
¢ =72° and ¢ = 247°, respectively. For r = 600 (solid curves), the output energy transmits
at the port 4 with more than 96% efficiency. We also observe that like 7/2 coupler the
phase ¢ has almost no effect on the transmission characteristics of the strong pulse
switching for » = 600 [Fig. 5.10(a)]. For the type-1 229 -symmetric coupler, as shown in
Fig. 5.10(b), an increase in intensity ratio r results in a decrease in the transmission
efficiency at the output port 3 when ¢ = 360°. As shown in that figure, the transmission
curve corresponding to r = 600 (solid curves) shows no switching of channel occurring in
the device for any ¢ value. Nevertheless, it shows considerable transmission efficiency
while the strong pulse transmits at port 3 for any value of ¢. Thus, if one can launch a
weak pulse with high power ratio and an arbitrary phase in a type-1 229 -symmetric
coupler, the strong pulse will always switch to the bar state and exit port 3. Next, for
a type-2 229 -symmetric coupler as shown in Fig. 5.10(c), when r = 1.5 (dotted-dashed
curves) and r = 20 (dashed curves), we observe that at ¢ = 0° the output power exits at
port 4 transferring 99.99% of the total power to the cross state. As we set r = 600 (solid
curves), at ¢ = 0° and ¢ = 360°, we observe 75% of the total power switches to the bar
state. Also, following the same solid curves, we notice that 80% of the total output power
switches to the cross state at ¢ = 180°. Thus, knowing that the first channel contains
loss in the type-2 229 -symmetric coupler, one can switch a desirable fraction of the total

power to any channel if the weak pulse has high r value and a specific range of phase.

In this section, we investigate the effects of TOD and IMD on soliton propagation
dynamics in the 229 -symmetric couplers of length 27. To understand their effects
properly, first we plot the spatiotemporal evolutions of dark soliton in both the bar and
cross channels of a conventional 27 coupler. When there is no perturbative effects present
(63 =0, x1 =0), as illustrated in Figs. 5.11(a) and 5.11(b), fundamental solitons launched
at input port of bar channel (port 1) steer back and forth between two channels and
finally exit at the output port of the same channel (port 3). When 63 = 0.18, we observe
that TOD has no effect on dark soliton evolution [Figs. 5.11(c) and 5.11(d)]. Also, when

k1 = —0.2, because of different group velocities of the modes, we notice a slight twist
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Figure 5.11: Spatio-temporal evolution of dark soliton inside a conventional 27 coupler with
(a-b) 63=0,x1=0;(c-d) 63=0.18, k1 =0 ; (e-f) 63 =0, k1 = —0.2. Here and in all other figures,
left panels indicate the evolution in first core while the propagation in second core is portrayed in
right panels.

around 7 = 0 [Figs. 5.11(e) and 5.11(f)]. It is to be noted that the oscillations at the
wings of the dark solitons are due to the mismatch in the group velocities of the modes,
resulting from the effect of IMD which originates from the dispersion mismatch between
the symmetric and asymmetric modes of an NLDC.

We now display the spatiotemporal evolution of dark soliton inside the 229 -symmetric
couplers. As depicted by the left two panels in Fig. 5.12(a), dark soliton is launched at
port 1 and after periodic steering between the two channels, the soliton gets transmitted
from the output port of the second core [see Fig. 5.12(b)]. Thus, we can conclude that a

different route for switching can be established by a type-1 229 -symmetric coupler [see
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Figure 5.12: Spatio-temporal evolution of dark soliton inside a type-1 (left two panels) and
type-2 (right two panels) 229 -symmetric coupler of coupling length 27 with (a) and (b) 63 =0,
x1=0;(c) and (d) 63 =0.18, k1 =0 ; (e) and (f) 63 =0, x1 = —0.2.

Fig. 5.12(a)] as compared to the conventional coupler [Fig. 5.11(a)].

For a type-2 229 -symmetric coupler as illustrated in the right two panels, Fig. 5.12(a),
the input soliton is launched at port 1. After back and forth steering through the
coupling length, we observe that similar to the type-1 229 -symmetric coupler, the dark
soliton exits from the output port of the second core [see Fig. 5.12(b)]. Furthermore, we
observe that TOD has no effect on dark soliton evolution for both type-1 and type-2
P T -symmetric couplers [see left side Figs. 5.12(c), 5.12(d)] and [right side Figs. 5.12(c),
5.12(d)]. Whereas IMD influences in a similar way for both the 29 -symmetric couplers
by slightly oscillating the pulse on their wings around 7 = 0 [see left-side Figs. 5.12(e)],
5.12(f) and right-side Figs. 5.12(e), 5.12()].
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5.4 Summary

In this work, we have first presented the numerical study of dark soliton steering inside
P T -symmetric couplers for two different configurations, type-1 and type-2, with 27z
coupling length. We found that the inclusion of equal amount of gain and loss results in
reduction of critical power for both the 229 -symmetric couplers. We also demonstrated
the effects of TOD and IMD on soliton propagation inside 229 -symmetric couplers
of two coupling lengths L. = n1/2 and 27. Based on the numerical results, we report
that TOD has no effect on dark soliton steering in both n/2 and 27 229 -symmetric
couplers. Whereas, IMD shows no influence on dark soliton in 229 -symmetric couplers
of coupling length 7/2. But, for type-1 229 -symmetric coupler with 27 coupling length,
lower IMD value shows effect on dark soliton having low input peak power and for
type-2 229 -symmetric coupler, IMD shows influence on soliton with high input peak
power. It is observed that the gain/loss parameter plays crucial role in deciding the
critical power of switching. For example, in a type-1 one-beat 229 -symmetric coupler,
the onset of steering occurs at P, = 0.05 for I' = 0.33. It may be useful get an idea about
the parameter values in real units [33, 104, 105]. For an input pulse width Ty =100 fs
with GVD parameter Sz = 20ps%/km and nonlinear parameter y = 10W~12m ™1, the beat
length of the coupler could be estimated as 1.57 m [33]. The normalized TOD parameter,
63 =0.12 and the IMD parameter, k; = —0.2 corresponds respectively to 1.44ps3/km and
—40ps/km in real units. The critical power of switching is found to be 20 W. The loss or
gain parameter one needs to maintain is 0.66m ! in real units. It is possible to reduce
the beat length of the coupler further by reducing the pulse-width. Additionally, we have
studied the phase-controlled switching for 229 -symmetric couplers with 7/2 and 37/2
coupling lengths showing that the dark soliton switching in 229 -symmetric couplers
can be controlled by regulating the phase and intensity of a weaker control pulse. It
has been found that as the intensity of the weak control pulse decreases, the effect of
relative phase on the transmission characteristics also decreases. Also, each case of
the 229 -symmetric couplers with two different coupling lengths has displayed specific
advantages for three different weak pulse intensities and thus can be used for switching

device characterizations.
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CHAPTER

CONCLUSION

n this thesis, we have carried out a comprehensive study of the phenomena of soliton

steering and switching in 29 -symmetric NLDC. In chapter 1, we presented a brief

introduction and motivation of the research problems considered in the thesis, along
with the recent developments pertinent to these problems. In chapter 2, we discussed, in
details, the relevant concepts and phenomena related to the research problems addressed
in this thesis.

In chapter 3, we reported our study on the soliton steering dynamics in a 229 -
symmetric directional coupler in the fs domain in great detail. The individual effects of
HODs, SS and IRS on switching dynamics was studied. Following that, we investigated
the cumulative combined effects of all perturbations, which result in a significant im-
provement in the stability and switching of fs soliton against individual perturbations as
well as unperturbed cases. It turned out that the combined effect of perturbations, with
a high gain/loss, stabilizes the soliton pulse evolution in the coupler from the chaotic
behavior of unperturbed evolution. This work demonstrates that it is possible to achieve
efficient soliton steering, even in the fs regime, at very low critical power at a relatively
higher gain/loss coefficient in the 229 -symmetric directional coupler. This finding is
new in the context of ultrafast soliton steering in a 229 -symmetric coupler, paving the
way for stable and efficient fs all-optical switching at low energy than the conventional
one.

In Chapter 4, the steering dynamics in a 229 -symmetric saturable nonlinear coupler
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6 Conclusion

is investigated. The exact soliton solution was first obtained, which could propagate
through such a medium, and then we observed the transmission characteristics of that
pulse for the 229 -symmetric coupler. We solved the corresponding equation considering
a half-beat device length. The corresponding theoretical model along with a discussion on
the numerical finding of soliton solution which can propagate in a saturating nonlinear
medium has been demonstrated. The bistable solitons in the context of 229 -symmetric
coupler with saturable nonlinearity has been studied. The spatiotemporal character-
istics of solitons are illustrated and the phase-controlled soliton switching behavior is
demonstrated.

In chapter 5, we demonstrated theoretically the steering dynamics of dark soliton in
a P -symmetric NLDC in the presence of TOD and IMD. A complete switching with
an excellent efficiency at a very low critical power, even lower as compared to the bright
soliton switching was observed. It was found through numerical analysis that both the
dispersions have no effect on soliton steering in 229 -symmetric couplers. This makes
the dark solitons to be a stable solution under dispersive effects. Moreover, we studied
the switching dynamics of the dark soliton by controlling the phase of a weaker signal in
2T couplers with two different coupling lengths and illustrated its advantage over the
power-controlled one.

Scopes of Future Work:

In this thesis we have explored the soliton steering and switching dynamics in 229 -
symmetric couplers using mainly numerical methods. As a potential future work, one
could look for developing some analytical methods, particularly the so-called variational
methods in the context of 229 -symmetric coupled systems. This will enable more in-
sights into the workings of various solitonic parameters in the system.

In the present thesis, we confined ourselves to exceptional points of second order (EP2s)
only. EPs are widely referred as the branch point singularities at which both the eigen-
spectra and the associated eigenvectors corresponding to a non-conservative physical
system coalesce. As the system undergoes a phase transition manifested by the sudden
change in its behavioral dynamics around the critical points, systems exhibiting 229
symmetry have drawn huge interest in recent years. The mathematical feature of an EP
of order N, commonly symbolised as EPN, suggests that by varying (N — 1) parameters
one can control the exact points at which the N number of eigenvalues and eigenvectors
coalesce in parameter-space. In optics and photonics, considering a wide range of optical

systems, there have been several researches on the EP2 [106]. However, recently there
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have been theoretical developments around even a higher-order EP (third-order excep-
tional point EP3) which have provided some light on the condition one need to set in
different optical structure in order to observe EP3. The first experimental investigation
of EP3 in a ternary 229 -symmetric resonators has been demonstrated by observing the
cubic-root dependency of the frequency splitting on the applied external perturbation
in the refractive index of the system [107]. The idea of introducing a neutral resonator
in between the gain and the loss resonators has paved the way to utilize such coupled
system in other optical systems such as atomic physics, optomechanics and photonic
crystals. One of the extremely fruitful research endeavours would be to carry out an

investigation of soliton dynamics in a three-core 229 -symmetric NLDC.
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