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Soliton self-switching in an asymmetric nonlinear

directional coupler
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Soliton switching in an asymmetric nonlinear directional coupler with dissimilar core sizes is studied numerically. A new
Schrédinger type coupled nonlinear equations describing the switching dynamics is presented. The relevant coupler
parameters are calculated. It is shown that the asymmetric coupler exhibits soliton switching only if the deviation from the

symmetry is slight and in the weak coupling regime.
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1. Introduction

Nonlinear directional couplers with cores identical in
all respects have been studied extensively in the context of
all-optical soliton switching after the pioneering work of
Jensen [1], Maier [2] and Trillo, Wabnitz, Wright and
Stegeman[3] owing to their use in multitude of fiber-optic
devices which require splitting of an optical field into two
coherent but physically separated parts [4-13]. Jensen
showed that one can switch a continuous signal from one
core to the other by varying the input power of the signal.
The idea when applied to pulse switching led to pulse
distortion and breakup, resulting in inefficient switching.
Trillo, Wabnitz, Wright and Stegeman showed that pulse
break up could be avoided, if one used soliton pulse as a
signal. Recently, nonlinear directional couplers with
dissimilar cores have attracted a considerable attention as
several new effects can occur in them [14-18]. In this work
we are exploring the possibility of soliton switching in an
asymmetric NLDC with different core radii. A new pair of
coupled nonlinear Schrodinger type equations have been
presented and numerically solved to search the possibility
of soliton switching.

2. The model

We consider a homogeneous and isotropic nonlinear
directional coupler with Kerr nonlinearity, made of two
non-identical single-mode fibers with circular cross-
sections. Pulse evolution in such a coupler is described by
the following set of coupled nonlinear Schrodinger
equations (CNLSE), which are derived using the coupled
mode theory within the slowly varying envelope
approximation [19, 20]:
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Here, A, and A, are the slowly varying pulse envelopes
in large-core (say, core-1) and small-core2 (say, core-2),
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parameter, where N, is the nonlinear Kerr-co-efficient, C

respectively. 7, = ;i=1,2 is the nonlinear

is the speed of light in free space and Aeﬁ is known as the

effective core area. @, = 7 is the carrier frequency.

The effective core area can be estimated using the

formula: A ; = ﬂriz ;1=1, 2 where I andl, are the

radii of the 1 and 2™ core respectively. /3, and /3,, are
the GVD parameters in the large and the small core
respectively, while Vg and Vg, are the corresponding

group velocities. The coefficients C,, and C,, are the

zeroth-order coupling coefficients between the two cores.
They are different because of the difference in the core

radii of the coupler. C,, and C,, are the first order

coupling coefficient dispersion in core 1 and core-2
respectively, which takes into account the respective
intermodal dispersion (IMD) in the two cores.
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Fig. 1. Plot of the transmission coefficient as a function
of the normalized input peak power for soliton of pulse
width 30 fs with ky=0.1 for different radius ratios.
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Fig. 2. Plot of the transmission coefficient as a function
of the normalized input peak power for soliton of pulse
width 30 fs with ky=0.5 for different radius ratios.

Now, consider a normalized co-ordinate system that
moves with the group velocity of the wave at the small-
core. Introducing,
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Again, introducing the normalized parameters in Eq.

(3) and (4)
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length in the large and small-core respectively, we arrive
at the following set of normalized coupled equations:
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3. Coupler parameters

In order to solve Eq. (6) and (7) we need to calculate

the values of Vgl,ng,,321,,322,C12,C21,C12 and C21

V,,Vyy, By and S, can be worked out using the
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following formulae [21]:
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where V, = 7n1ri 2A is the normalized frequency

for the 1 —th fiber in isolation, I; is the radius of the
i—th

core.N;is the refractive index of the core,

A= N~
n
the refractive index of the cladding. bi is the normalized

2 is the profile height parameter with n, as

propagation constant of the i —th fiber which can be
estimated from the following empirical formula [21]:
2
B
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Vi

where

A=1.1428 and B = 0.996 (1)

It is well known that the coupling co-efficient, apart
from the geometry of the waveguides of the coupler, also
depends on the core to core separation of the coupler. The

zeroth order coupling co-efficient Cij in units of inverse

meters is given by [22]
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where [; is the core radius and @is the centre to centre

separation between the cores of the coupler. K and K,

are the modified Bessel functions. The core and cladding
parameters V,U and W are given by

V, =27”n1ri\/2A ,

W, =4V,;> =U , where N, is the refractive index of

U, =1+2InV, and

the core. In order to obtain Ci'j we need to
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Using Eq. (9)-(14) we can calculate all the required
parameters we need to solve Eq. (6) and (7). For our
calculations we are using the following typical parameters:

n, =1.45A=0.004;4=1.55um and
refractive index N, = 2.6 x 107 m? /W .
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Fig. 3. Plot of the transmission coefficient as a function
of the normalized input peak power for soliton of pulse
width 30fs withk,=0.5 for different radius ratios.
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Fig. 4. Plot of the transmission coefficient as a function
of the normalized input peak power for different soliton
pulse width with ko=0.1 at r,=0.8r

A very important coupler parameter is the so called
normalized coupling length ¢&. which is generally

T
defined, in the context of a E linear coupler, as the length

& at which the power completely transfers from the input

fiber to the other fiber. If we take the large core as our
input fiber then from Eq. (6) and (7) it can be shown very
easily that
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where

4. Results and discussion

As the equation (7) with (8) is not analytically
solvable, we solve them numerically by the so called split-
step Fourier method. The linear dispersive part is solved
by the fast Fourier transform method and the nonlinear
part is solved by the fourth- order Runge-Kutta method
with auto-control of the step size for a given accuracy of
the results. For a detailed discussion on the split-step
Fourier method the readers are referred to ref.19, chap.2.

We calculate the transmission co-efficient T,
representing the fractional output energy in core 1,
according to the formula

T|u1(§,r)|2dr
T=F— (16)
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In this work we have calculated the transmission

coefficient T at end of one coupling length of the coupler
as defined in section 3.
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Fig. 5. (a) Spatio-temporal evolution of a 30 fs soliton
pulse inside the coupler in corel with ky=0.1 and py=1.
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Fig. 5. (b) Spatio-temporal evolution of the small
radiation in core2 with k,=0.1 and p=1.

To analyze the switching process we consider the
following initial conditions

u, (O, r) = \/p_osec h(\/p_or),

(17)
u,(0,7)=0,

In this work the results are presented for &, equal to

0.1, 0.5 and 1.0. They, in our convention, correspond to
weak coupling, moderate coupling and strong coupling,
respectively. Fig. 1-3  shows the transmission
characteristics of the asymmetric coupler for different

radius ratios for &, equal to 0.1, 0.5 and 1.0 respectively.

I, =TI, corresponds to the case of symmetric coupler. It
can be quite clearly observed from the plots that deviation
from the symmetry results in the considerable reduction of
the critical power of switching, the power at which 50-50

energy sharing takes place between the cores of the
coupler. But this deviation in symmetry also results in the
reduction of transmittivity. Therefore a trade-off between
the critical power and transmitivity is required. We

observe that the best bet is offered by x, =0.1 at

I, = 0.8r,. In fact we observe that both the moderate and

strong coupling regime do not show switching at all when
the geometry of the coupler deviates from the symmetric
one. Therefore, now onwards we would study the coupler

characteristics for &, = 0.1 at r, = 0.8r; only. In order

to study the effect of the pulse width variation on the
transmission of the coupler, in Fig.4 we plot the variation
of the transmitivity of the coupler with normalized input
peak power for different pulse widths. We observe that
with increase in the pulse width the transmitivity decreases
and the critical power of switching increases. So it is better
to use shorter pulse. Now in order to check the stability
and behavior of the soliton pulse inside the coupler, the
evolution of the soliton pulse inside corel is depicted in
Fig.5 (a). On the other hand, Fig.5 (b) shows the evolution
of a small radiation in core-2 of the couper.It can be seen
quite clearly that the solitonic nature of the pulse is
completely maintained in core-1 of the coupler. Hence we
can conclude that soliton switching can be achieved in the
proposed asymmetric coupler with given configuration.

5. Conclusions

We have carried out a detailed numerical study of
soliton switching in an asymmetric nonlinear directional
coupler with dissimilar cores. A new Schrdodinger type
coupled nonlinear partial differential  equations
representing the switching dynamics in the asymmetric
coupler is presented. The relevant coupler parameters are
calculated to study the new coupled equations numerically.
It has been found that the coupler shows switching
characteristics only in the weak coupling regime.
Moreover, the coupler exhibits soliton switching only if
the deviation from the symmetric configuration is very
slight. Large deviation from the symmetry forbids soliton
switching even in the weak coupling regime.
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