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In this paper we present the soliton dynamics in a two port fiber nonlinear directional coupler with
periodically modulated dispersion and coupling constant dispersion that arose due to the intermodal
dispersion between symmetric and antisymmetric modes of the coupler. The fiber material possessed
cubic quintic nonlinearity. The influences of the coupling constant dispersion, periodically modulated
dispersion and quintic nonlinearity on the soliton switching dynamics have been comprehensively
studied. The expressions for the transmission coefficient, cross talk and extinction ratio have been
derived in the context of both quintic nonlinearity and periodically modulated dispersion. It has been
found that an increase in the value of the quintic nonlinearity has detrimental influence on the soliton
switching. Our analytical results have been supported by numerical simulation.
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1. Introduction

Hasegawa and Tappert [1,2] were the first theoret-
ically predicting the existence of optical solitons in
fibers, which was subsequently experimentally verified
by Mollenauer et al. [3]. There has been tremendous
interest in the investigation of optical solitons since
then [1-5]. Since the last two decades, the nonlin-
ear directional couplers (NLDCs) remain at the cen-
tre of research interest due to their technological appli-
cations to a good number of optical instrumentations
like power splitting, wavelength division multiplexing-
demultiplexing, polarization splitting, and fiber optic
sensing. During this long time span, on one hand nu-
merous theoretical as well as experimental research ac-
tivities have been performed, on the other hand us-
ing these technologies many devices have been fab-
ricated and employed for commercial use. In partic-
ular, the soliton switching in NLDC has been stud-
ied and reported comprehensively due to its techno-
logical relevance in all optical switching and signal
processing [6—15]. Nowadays the NLDC is consid-
ered to be one of the vital building blocks of all-
optical communication systems and signal process-
ing devices. The pulse switching in an NLDC may

be of two types. The first one is a power-controlled
switching where the output is a function of the input
power in one channel. Such power-dependent switch-
ing was first demonstrated by Wa et al. [15] in a
GaAs/AlGaAs multiple quantum well (MQW). In the
second type of switching, known as phase-controlled
switching [16,17], the phase difference between a
weak and a strong input signal governs the switch-
ing dynamics, which may be considered as an attrac-
tive alternative of power-controlled switching. Apart
from dual core coupler, all optical soliton switching
in triple core fiber [18,19] and multicore fiber [20]
has also been studied with an anticipation to achieve
sharper switching and comparatively richer switch-
ing dynamics. Initial investigations on NLDCs have
been confined to a pair of symmetric waveguides sep-
arated by a constant distance and hence offering a
constant coupling coefficient. Subsequently, different
configurations with variable coupling coefficients have
been studied in order to address more possibilities and
flexibility in switching dynamics [21]. These noncon-
ventional variants of the NLDC are broadly catego-
rized into two classes. The first one is with a vari-
able coupling coefficient, where the nonlinear coeffi-
cient remains fixed. Bent couplers [22] and X-junc-
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tion [23] belong to this category. The other variant of
an NLDC keeps the coupling constant fixed while a
nonlinear coefficient varies with the propagation dis-
tance. Recently, a hybrid type NLDC has been re-
ported, where both the coupling and nonlinear coef-
ficients vary [22].

Although, most investigation on NLDCs considers
each core as monomode waveguide, soliton formation
is also possible for the more realistic case that includes
two orthogonal polarizations in the coupler cores [24].
The study of soliton switching could not get a complete
shape without the investigation on soliton interactions
and stability analysis [25]. An NLDC consists of sin-
gle mode fibers which are actually bimodal in nature
that support two eigenmodes, i. e. symmetrical and an-
tisymmetrical modes. This leads to intermodal disper-
sion (IMD), which can significantly change the switch-
ing dynamics in the NLDC [26]. The IMD can be cap-
tured via coupling constant dispersion in a coupled
nonlinear Schrodinger equation, and soliton switch-
ing with coupling constant dispersion has been studied
both numerically [27] and analytically [28].

Fibers of an NLDC may possess random fluctua-
tion of their transverse dimension that causes birefrin-
gence and, hence, a periodically modulated dispersion
(PMD) [23,29]. Moreover, this transverse fluctuation
is able to influence the nonlinear dispersion along the
length of the fiber, which modifies the overall switch-
ing dynamics. The performance of a nonlinear direc-
tional fiber coupler with periodically modulated dis-
persion has been studied both analytically and numeri-
cally [30]. To the best of our knowledge, although soli-
ton switching with the fiber coupler has been studied
by separately taking into account the IMD and periodi-
cally modulated dispersion, no study has been reported
on the combined effect of these two, which promises
more interesting switching dynamics. Moreover, when
the coupler is fabricated with semiconductor-doped
fibers, Kerr nonlinearity alone will not be sufficient to
describe the nonlinear dynamics of the system, as the
higher order nonlinearity, namely cubic quintic non-
linearity, will come into play. Thus, in this paper we
report the results of our extensive investigation on soli-
ton switching in a fiber coupler with periodically mod-
ulated dispersion, coupling constant dispersion and cu-
bic quintic nonlinearity. The organization of this paper
is as follows. In Section 2, we will develop the neces-
sary theoretical analysis required for the system. Sec-
tion 3 contains the results and a discussion. A conclud-
ing remark is added in Section 4.
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2. Mathematical Formulation

We consider the propagation of optical solitons of
very short pulse width through an NLDC, fabricated
with a dual core semiconductor-doped fiber having pe-
riodically modulated dispersion, coupling constant dis-
persion and cubic quintic nonlinearity. The evanescent-
field coupling between the cores gives rise to linear
coupling, whereas the cross phase modulation (XPM)
is responsible for nonlinear coupling. The later one
can be neglected, as the overlapping between the el-
emental modes corresponding to each core is compar-
atively small. Mathematically, this system can be pre-
sented [28,30] by the following pair of coupled non-
linear Schrodinger equations (CNLSE), where the cou-
pling is mediated by a linear coupling term:

ou _dv (&) d"u 5 4
(af +i= )+Tw+u| u+s|ul*u = —kov,
(1)
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where v and v are the normalized slowly varying en-
velope amplitude in the input core (core 1) and its
neighbouring core (core 2), respectively, £ is the nor-
malized distance along the fiber length, ¢ the normal-
ized time, ¢ the first-order coupling constant disper-
sion coefficient, s the coefficient of quintic nonlinear-
ity, which takes a negative sign in our present dis-
cussion as we are interested in self-defocusing quin-
tic nonlinearity, ko is the normalized zeroth-order cou-
pling coefficient, which is the measure of the strength
of interaction between the fiber cores. ky depends on
fiber characteristics, separation between the cores and
operational frequency. P(&) is the group velocity dis-
persion profile, and w is the frequency of modulation in
the periodically modulated dispersion fibers (PMDF).
In order to explore the switching dynamics we solve
the above CNLSE by employing the variational analy-
sis method [31—35]. This method has been used suc-
cessfully and extensively by several researchers to ad-
dress different nonlinear optical problems, involving
the nonlinear Schrodinger equation and its modified
form. This formalism relies on the construction of a
field Lagrangian for a suitable pulse profile with a
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number of slowly varying free parameters, which may
describe the pulse amplitude, chirp, etc. One can in-
crease the number of free parameters for a more ac-
curate description of the physical phenomenon. This
pulse profile is called the trial function. Since the vari-
ational method is an approximate method, the choice
of a trial function is very crucial for the success of this
method. For a choice close to a real one, this formal-
ism can produce results with very good accuracy. With
the help of the field Lagrangian and the trial function,
one may obtain a set of ordinary differential equations
(ODEy) for slowly varying free parameters. The main
advantage of the variational method is its simplicity
and capacity to provide a clear qualitative picture and
a good quantitative result. This is the motivation for
using this method in the present investigation.

The Lagrangian density for the system is given by
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We assume the following ansatz that corresponds to a
bright soliton solution in core 1 and 2, respectively:

u(t, &) = A(€) cos{0(¢)} sech { t ;(2()5) } .
- exp {—in(&)(t — ) +1b(E)(t — )2 +ip(€)},

o(t,€) = A(€) sin{0(€)} sech{t;égf)} .
- exp {—in(&)(t — ) +ib(E)(t — )2 —ip(€)},

where A(§) is the amplitude of the pulse envelope,
0(&) the coupling angle, 7(&) the position of the pulse
centre, a(§) the pulse width, b(&) represents a chirp,
and ¢(&) is the relative phase difference between the
pulses. The averaged Lagrangian L,, of the system is
obtained by the formula

oo
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Substituting (5) and (6) in (4), we get
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Variations of the average Lagrangian with respect to
different parameters, that characterize the system, give
rise to the following set of evolution equations:
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Equation (9a) can be written as 2|A|?a = Ej (con-
stant). F/g may be identified as the input soliton energy.
The above equations are then used to get a comprehen-
sive picture of the pulse evolution as well as the soliton
switching in the coupler. A vital entity related to the
switching feature in the NLDC is the fractional energy
at the output end of the cores. Using (5) and (6), we
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can calculate the fractional energy at the output end of
core 1 as

ffooo lu|?dr

J2o lul2dr + [ [of2dr

Eve = = cos?(#). (10)

Besides the coupling coefficient and the fractional en-
ergy, the other important parameters that control the
coupler performance are the transmission coefficient,
cross talk (X-talk) and extinction ratio (X-ratio). The
cross talk may be defined as the ratio of power at an
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Ty
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unwanted output port to that at a designated output
port. In case of an on-off type switching the extinction
ratio can be defined as the ratio of the output powers
at “on” and “off” states. For a better switching perfor-
mance the X-talk should be as low as possible, while
the X-ratio should be as large as possible. Following
the method as outlined by da Silva et al. [30], where the
effective dispersion has been considered to be the aver-
age of the P(&) profile of the fiber, we can analytically
derive the energy transmission, X-talk and X-ratio.
The energy transmission through core 1 is given by

A? 442 2
_ ] <1,
kP 301<:0P2)
(11)
2 2 2
for A = L =1,
6koP  30koP?

where P is the average P () profile and cn(z, y) is the Jacobian elliptic function. The cross talk turns out to be
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Similarly, the X-ratio has been calculated as
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3. Results and Discussion

Before discussing the switching characteristics, it
will be useful to highlight the salient features of the
first-order coupling constant dispersion coefficient 4.
The value of § can be calculated by the method em-
ployed by Ramos and Paiva [27]. For the sake of clari-
fication, in Fig. 1 we redraw the variation of § with the
pulse width, which is more informative as we take kg
as a parameter. This figure shows that, although for a
comparatively larger pulse width (~ 1 ps), J remains
the same for all values of kq; for a lower pulse width kg
has significant influence on d. For further study we col-
lect the values of § from Figure 1. In order to display

the switching profile in the NLDC, (5) and (6) have
been solved by directly using the split step Fourier
method. Figure 2a shows the pulse profile in core 1
and core 2 in the presence of the PMD effect, whereas
Fig. 2b shows the same without the PMD effect. In
the present investigation, the total propagation distance
has been taken to be equal to seven half beat lengths of
the coupler. The fractional energy at the output end of
core 1 depends on the input soliton energy FEy, 6, kg
and the PMD effect. To perform a comparative study,
in Fig. 3a the variation of F; with the normalized in-
put soliton energy in the presence of the PMD effect
is shown whereas Fig. 3b shows the same without the
PMD effect. Both figures show that the quintic non-
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Fig. 1. Variation of the first-order
coupling constant dispersion coeffi-
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Fig. 2. Evolution of solitons » and v along the propagation length of the nonlinear directional coupler (NLDC), (a) with PMD
effect (w = 1) and (b) without PMD effect; ko = 0.3, § = —0.1456, s = —0.01.

linearity has a rather detrimental effect on the switch-
ing characteristic. When s = —0.01, we get a very
sharp switching characteristic for both cases, i. e. with
and without PMD. We now look for the influence of
the coupling coefficient on switching. Figure 4 depicts
the variation of F; with normalized input soliton en-
ergy, considering ko as a parameter. From the figure
it is found that, as k( increases, the critical energy for

switching increases. This is shown in Fig. 5 for differ-
ent values of the quintic nonlinearity.

4. Conclusion

We have presented the soliton dynamics in a two
port fiber NLDC with periodically modulated disper-
sion and coupling constant dispersion, which arises
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Fig. 3. Variation of the fractional energy at the output end

of core 1 (i.e., Eq¢) with input soliton energy FEo, (a) with

PMD effect (w = 1), (b) without PMD effect; ko = 0.3,

6 = —0.1456, s = —0.01.

due to the intermodal dispersion between symmetric
and antisymmetric modes of the coupler. The fiber
material possessed cubic quintic nonlinearity. The ef-
fects of the coupling constant dispersion, periodically
modulated dispersion and quintic nonlinearity on the
switching dynamics have been comprehensively stud-
ied. The expressions for the transmission coefficient,
cross talk and extinction ratio have been derived and
discussed in the context of quintic nonlinearity as well
as periodically modulated dispersion. It has been found
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