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The propagation and switching of short optical pulses in a three-core nonlinear fiber coupler have been investigated with a
variational method within the framework of the Lagrange equation. The analytical solutions were directly obtained from the
coupled nonlinear Schrodinger equations. It is shown that the soliton switching behavior predicted by our analytical method
agrees well with results from numerical analysis. In addition, the coupling length and the switching threshold of solitons in a

nonlinear coupler were obtained.
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1. Introduction

There is currently a growing interest in the optical waveguide
switched directional couplers, for application in_optical fiber
telecommunication systems. Several all-optical switching devices
have been proposed and analyzed in the literatures '], The non-
linear directional coupler (NLDC) was a promising example,
which exhibits all optical switching. Switching of short pulse in
three-core and more generally in n-core Pl is of special interest
because of the possibility of very high switching speeds (as high
as the femto-second range). Switching is the process of energy
redistribution among the cores for a given input. Since the
transmission characteristics of this device are determined by the
input power of the signal, by increasing the input power above a
critical level the incoming signal can be switched from one core to
the other depending on the coupler length.

The triple-core nonlinear couplers have two type of different
structures, one is triangular symmetrical structure with three cores
in an equilateral-triangle arrangement; another is transverse
structure with three cores in a parallel equidistant arrangement.

In this paper, using the technique developed by Anderson and
coworkers ), we derived the three linearly coupled nonlinear
Schrodinger equations (NLSEs), which govern the propagation
of pulses in a nonlinear triple-core directional coupler (with the
cores in a parallel arrangement), by using a variational method.
We obtained the analytical solutions by putting trial functions into
NLSEs and variation equations. We also obtained the numerical
solutions directly from NLSEs using split-step Fourier transform
method. 1t is shown that the soliton switching behavior predicted
by our analytical method agrees well with results from numerical
analysis. In addition, the coupling length and the switching
threshold of soliton in a nonlinear coupler were obtained.

2. The Analysis of the Coupled Equations

In order to analyze short optical pulse switching behavior in the
non-linear directional coupler, we use the approach based on the
Lagrange equations of motion for a finite number of degrees of
freedom. This- technique has been successfully used in many
dynamical problems for optical solitons. The Lagrangian of the
transverse structure coupler system is
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where u, are mode field amplitudes in soliton units with core &,
k=1,2,3. §=z/Lp=z| B,|/T, is the normalized length and T =t/T,

is time in soliton units, with pulse width T, and second order
dispersion B, Here, K=z,/L. is the coupling parameter with a
normalization associated to the soliton period z,= JTLD/Q and the
coupling length L, which is the linear coupling length required to
complete transfer of energy from one core to the other. ‘

The coupled NLSEs can been derived from the variation
equations corresponding to the variation principle
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u +u,

SL _ 0 oL ‘, a oL oL -0 3)
Su ¥ OF ., 0u* azzk auk x
A=) 7T o
74
For k=1,2,3, we obtain
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There are linearly coupled NLSEs, which govern the propagation
of pulses in the nonlinear triple-core directional coupler with
parallel equidistant arrangement. In the equations, the group

_ velocity dispersion and the nonlinearity of Kerr effect are
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considercd. while the high order dispersion and fiber loss are
neglected.
We assume the pulse profiles u,( §, 7) take the foyms
u,(£.7) = ayrsech(rrycos [O(£)]
explig +iw (&) +igr?)

uy(£,7) = "\Er sech(r7)sin[26(&)] | )
exp(ig +igr?) '
1y (£.7) = avfrsech(rr)sin?[6(£)]

exp(ig — iy () +igr?)

where ¢ ¢) is the coupling angle which determines the power
couplmg.among the three cores, ¥( {)‘is the relative phase and ¢
is the chirp parameter. For these trial functions a and r are
constants of motion. The parameters ¢ and ¢ have no influence
on the other parameters. ‘

Substituting Egs. (5) into Eq. (1) and varying the resulting
Lagrangian with respect to each of the parameters a, , ¢, ¥ and
g . The reduced Lagrangian takes the form
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From Eq.(6), we obtain the Hamiltonian for the evolution of the
dynamical system \
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In general the problem of soliton switching in a fiber coupler can
be considered to be a particular case of the trajectories of the
Hamiltonan  dynamic  system. The equation H=constan
determines the form of a dynamical trajectory on the plane ( @,
¥). As shown in Egs. (3), the power transfer from pulse u, in
core I into pulses u, and 1 in cores 2 and 3 is described by a
trajectony involving the evolution of ¢,

Since we are mamly interested in studying the coupling and the
switching of solitons in a nonlincar coupler. we consider that a
soliton is initially launched into core 1 only:

u t0.r)y = Asech(adr)

u, (0.r)=0 9)

() =0 .
The imtad condivon is then 7=0 in Eq. (3). In this case the
dvnanncal evolution starts at //= 0 and will proceced along a
tryjectory with /1 0. According 1o Eq. (8). there are two possibie
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The first equation shows that the chirp parameter is

4 = a’r(r-2a%j20 (n
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The relation can be obtained
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where 4 =ayr is the amplitude, and 7,=//r is the of half
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pulsewidth at //e point, respectively. We have Ar; 2 = now.
2
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When 47, = 4 , this is adiabatic propagation case in which g=0

NG

is required. When 47, > % . it is non-adiabatic propagation case
2
in which ¢#0. In fact, the short pulses propagation and the
switching behavior in a nonlinear coupler is greatly influenced by
the initial chirp. ,
If we take the variation of the Lagrangian (6) with respect to. ¥
(£ ) according to
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According to Egs.(8) and (10) we have two solutions with A=0.
The first one is just the former expression of Eq. (14). And the
second one is
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where K'= K /+J2 . The second solution is special interast to our
study. Substituting Eq.(15) into (14), we get
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3. Results and discussions

We can define the transmission 7} as follows:

r }u‘.\ (£, .r)!zdr
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Using Lgs. (3) directly, onc can express the power transmission
coeflicients as
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In the following, we will analyze the characteristics of short
pulses in the triple core directional coupler.

First, we used so-called semi-numerical method to calculate the
coupling length by solving Eq. (16) obtained with variation
method. The Eq.(16) is readily solved by a fourth Runge-Kutta
method. We found that: when ¢, =2237/k, 6(¢,) =72 So

¢, is considered as the coupling length of the triple-core
directional coupler.

Second, we also used entirely numerical method to simulate
switching characteristics of three-core directional fiber coupler by
solving NLSEs using ‘split-step Fourier transform method. Fig.1
shows the periodic transference of pulses among three channels of
the coupler with K=/ and with functions in Egs. (9) as input
signals.

Fig.2(a) and (b)show the numerical results of transmission
coefficients as the function of distance with X=1, and K=0.5,
respectively. The spatial period of 7, is a half of 7,. This shows a
good agreement with the analytical results from Egs. (18).
Especially, from Fig.2, we found the coupling length ¢,=2.2/K,
which nearly the result of that by semi-numerical method. It is
different from the case of continuous wave in twin-core coupler, in
which §,=7/2K.

Fig.3 shows the apparent switching property in the three-core
coupler. The threshold power is about 3.8. When input power is
greater than threshold, the energy would remain in core 1, whose
case is also show in Fig.4.

In section 2, we have obtained an analytical result from Egs.(12)
that: when chirp parameter ¢ 0, the non-adiabatic propagation of
pulses will take place, which would distort the switching property.
The numerical results in Fig.5 confirm this judgment.

Fig.1. The evolution of pulse transmitted in three-core directional
fiber coupler, with parameters K=7,a=/ and r=].

ransmission

T T T T

transmission

Fig.2. The transmission coeflicients versus distance in three channels. The spatial periods of 7, and T, are 2.2/K (a) K=1; (b) K=0.5
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Fig 4. The transmission case when input power greater than

threshold with parameters K=/, a=+/3.8 and r=/
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Fig.5. The transmission case when the input pulses have initial

chirp. K=/, a=1, r= ] and g=-]
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