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The correlation between perturbations caused by randomly varying birefringence and a random dispersion map

is considered in a dispersion-managed soliton system, and their effects on soliton propagation and interaction are

investigated numerically. These perturbations lead to the disintegration of a soliton, and enhance the interaction

between solitons. The correlation plays an important role, and reinforces these effects. Furthermore, there is a stochastic

resonance between two perturbations in the system; here the effect is the largest, and the corresponding distance until

disintegration is the shortest. Finally, nonlinear gain and a filter are introduced to effectively suppress these effects.
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1. Introduction

Optical solitons in fibres are formed by a balance
of group dispersion and Kerr nonlinearity; numerical
simulation and experiments have demonstrated that
solitons can propagate an extended distance without
distortion, so they may become the ideal message car-

rier in a long distance communication.!!]

Because of the asymmetry of the refractive index
profile of the core, an optical fibre exhibits birefrin-
gence. If the birefringence is randomly varied during
the soliton propagation, the travelling pulses will ex-
perience waveform distortions, and a dispersive wave
radiation will appear in the system and result in de-

crease of transmission Capacity.[Q]

Recently, soliton propagation in a dispersion-
managed system has been considered most attrac-
tive for long-haul optical communications, where the
dispersion-managed soliton is a new type of optical
soliton. For these dispersion-managed solitons, effects
such as Gorden—Haus jitter, emission of radiation, and
phase-match four-wave mixing are strongly reduced.[?!

But perturbations in a dispersion-managed system do

harm to soliton propagation for long-haul optical com-
munications. For example, stochastic perturbations,
caused by randomly varying birefringence or a random
dispersion map, can lead to disintegration of solitons,

and degrade the stability of soliton propagation.4—

Though various noise perturbations are present si-
multaneously in some stochastic processes, noise per-
turbations are assumed to have different origins and
are treated as independent random variables in most
previous investigations. However, in a certain situa-
tion noise perturbations may have a common origin
and thus may be correlated with each other as well.
The experimental measurement and theoretical anal-
ysis of a soliton system show that the system must
contain many noise perturbations, such as stochastic
noise perturbations caused by stochastic dispersion,
lump gain, distributing fibre loss, or stochastic varia-
tion in fibre radius.[”] Moreover, some noise perturba-
tions are not white but coloured. When white noise
perturbation and strong coloured noise perturbation
are simultaneously present, their effects on the soliton
system should contain their individual contributions

and the correlated part. So it is necessary to perform
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a corrected numerical simulation in order to deduce
the prediction of the proper soliton response in a sys-

tem with multiple stochastic perturbations.®?!

2.Effects of correlated perturba-

tions on soliton propagation

In a real transmission system, the envelope of a
field becomes inhomogeneous because of possible vari-
ations in the fibre dispersion, the fibre loss and ampli-
fication, and then satisfies (23]
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where u and v are normalized elliptically polarized

components along two orthogonal directions respec-

tively. Z = z/zq, zg = 12/|d|, T = t/70. T0, 24, d

and d(Z) are the pulse width, the dispersion length,
the path-average dispersion and the dispersion map,
respectively. Fluctuations of normalized time delay
71(Z) and dispersion magnitude 72(Z) are thought as
the perturbations caused by randomly varying bire-
fringence and random dispersion map.

Although Eq.(1) has a Hamiltonian structure, it
is not exactly integrable because of the inhomogene-
ity (Z-dependent coefficient). Such a behaviour of u
may be obtained as its response averaged over both
m(Z) and n2(Z), which results in path-averaged soli-
tons. However, taking a simple average of both 7,(Z)
and 79(Z) fails to provide the proper response because
of the correlations between variations of u, 7;(Z) and
n2(Z).

In fact, both 71 (Z) and n2(Z) change around zero
in a practical soliton system, such as a soliton system
with random dispersion map. Furthermore, 71(Z) and
12(Z) are assumed to be the stochastic variables, and

satisfy

(m:(2)) =0,
(ni(Z)ni(2")) = Di6(Z — Z),

i=1,2 )

where D; is the standard deviation.

We assume that one noise perturbation is not
white but coloured, such as the perturbation in dis-
persion amplitude due to the random dispersion map.

When white noise perturbations and strong coloured

noise perturbations are simultaneously present, their
effects on the soliton system should contain their in-
dividual contributions and the correlated part. Most
previous investigations have been based on the as-

sumption (10]

<771(Z)772(ZI))
=(n2(Z)n(Z")) = k\/D1D28(Z — Z'),

where k is the strength of correlation between two

k[ <1, (3)

stochastic perturbations.

It should be pointed out that multiplicative per-
turbations are all assumed to be independent white
Gaussian perturbations in previous models, such as
in Ref.[7].

els of soliton systems require considering the case of

However, more realistic physical mod-

coloured perturbations, especially when these pertur-
bations are of the same origin, since the presence of
correlation may change the dynamics of the soliton
system. When they are entirely or partially of the
same origin, the strength of correlation is introduced,
and Egs.(2) and (3) are adopted to demonstrate their
correlation. (8!

Numerical simulations of pulse propagation are
performed in the optical fibre link with randomly vary-
ing birefringence and random dispersion map. The
fibre segments z; and z_ are 50km, and their dis-
persions are 2.446ps/km-nm and —2.258ps/km-nm, re-
spectively. For the soliton of a pulse-width 10ps, the
dispersion length is 270km corresponding to the aver-
age dispersion J:O.094/km-nm.[3] The random mod-
ulation with Gaussian random deviation is used in
both normalized time delay and dispersion magni-
Uniformly distributed

random numbers from the intervals 6, 63, 6 € (0,1)

tude of every fibre segment.

are used, and random numbers are produced by the
built-in generator Random(z) from the software Mat-
lab. Transformation of uniformly distributed random
numbers from the intervals 6, 03, 0 € (0,1) into Gaus-
sian random numbers is performed using the following

relation:(!1]

n: =v/2D; X [v/1— k2 sin(276;) x /—21n6;
+ ksin(276) x vV—2In6], (i=1,2). (4)

As usual, an average of hundreds of different se-
quences for random numbers has been used, and the
fast-varying terms (the last left-terms) of Eq.(1) are
neglected in the numerical simulations below.

Most previous investigations have shown that

these noise perturbations caused by randomly varying
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birefringence or random dispersion map degrade the
stability of soliton propagation, but the effect of cor-
relation has not been considered. Figure 1 shows the
pulse-width, compared with the initially input pulse-
width of soliton, versus propagation distance for dif-
ferent standard deviations and correlation strengths.
Figure 2 demonstrates the normalized intensity of soli-
ton versus the propagation distance for different corre-
lation strengths, with the standard deviation of every
perturbation being the same, namely D; = D (i=1,
2). The initially input pulse is A X sech(r), where
A=1.2. These perturbations result in the widening
of pulse-width, lead to the disintegration of the soli-
ton, and the distance until soliton disintegration is
related to the deviations of perturbations and the cor-
relation strength. The correlation reinforces their ef-
fects, quickens the disintegration of the soliton, and
shortens the distance until soliton disintegration. Fur-

thermore, there is a stochastic resonance between two

noise perturbations in the system; here their effect is
the largest due to the maximum correlation (k=1),
and the corresponding distance until soliton disinte-
gration is the shortest.
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Fig.1.

distance.

The relative pulse-width versus propagation
Solid line: D;=0.5, D2=0; dotted line:
D1=0.0, D2=0.5; dashed line: D1 = D3=0.5, k=0.0;
dot-dashed line: Dy = D2=0.5, k=1.0.

NO = N

Fig.2. The normalized intensity of the soliton versus the propagation distance for different correla-

tion strengths.

3. Effects of correlated perturba-

tions on soliton interaction

Interaction between neighbouring solitons may in-
duce crosstalk between two communication channels
and the time jitter, and thus increase the bit-error-
rate of the transmission system. When an initial sep-

aration between solitons is larger than five times the

soliton width in a general soliton transmission system,
the interaction can be suppressed effectively.[!] But in
a soliton system with randomly varying birefringence
and random dispersion map, the situation is very dif-
ferent.

Figure 3 shows the normalized intensity of

two solitons versus the

propagation distance
for different standard deviations and correlation



1036

Li Hong et al

Vol. 13

strengths. The initially input soliton pulse is AXx
[sech(t — A/2) + sech(r + A/2)], where A=1.2 and
the separation of solitons is A=10 (about six times
the soliton width). The standard deviation of every
perturbation is the same, namely D; = D (i=1, 2). In
the soliton system, we can see that these noise pertur-
bations enhance the interaction between solitons even
if the separation is large enough: for example, if the
separation is larger than five times the pulse-width.

Their effects are related to the standard deviation,

NO = N

D=0.5, k=05 _-

T
- LN
i

NO = N

the correlation strength and the separation between
solitons. Perturbations amplify the linear wave with
small amplitude which affects neighbouring solitons,
further correlates the two solitons and then enhances
We find that the correlation also

plays an important role, enhancing interaction, in

their interaction.

the system where there is a stochastic resonance at

which the effect of these noise perturbations on soliton

interaction is the largest.

Fig.8. The normalized intensity of double soliton versus the propagation distance for different

correlation strengths.

4. Control for correlated pertur-
bations

Combined with a filter, the nonlinear gain with
higher-order terms amplifies perfectly the solitons

with large amplitudes while the linear waves with

Ou ou
oz tmW)5;
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572
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small amplitudes are unamplified or attenuated, so the
instability of the soliton system is suppressed. When
propagating in a fibre exhibiting the correlated noise
perturbations and the nonlinear gain with the filter,
the soliton pulses can be described by the modified

nonlinear Schrodinger equation

3

1 1
+ <|u|2 + §|v|2)u + —v?u*exp( — 4ifZ)

1 1
+ <|v|2 + §|u|2>v + §u2v*exp(4i,3Z)
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where 7, 72 and 73 are the coefficients of the lin-
ear and the nonlinear gains respectively, and (3 is the
coefficient of the filter.
sen on the following conditions:'%13] 4, < 0, 75 < 0,
B < 275, and 15y; — 5(8 — 27v5) + 8y5 = 0.

Figure 4 demonstrates the normalized intensity of

These parameters are cho-

single and double solitons versus the propagation dis-
tance for different standard deviations and correlation
strengths, but with the controllable nonlinear gain and
the filter. The coefficients of the linear and the non-
linear gains and the filter are v; = —0.05, v = 0.5,
v3 = —0.3432 and B = 0.30 respectively, and the input

D=0.0, k=0.0 _-1_

- 1 ~

pulses are the same as those in Figs.2 and 3. We can
see that all the ideal soliton properties are recovered
as if the stochastic perturbations do not exist when
there is the control of the nonlinear gain with a filter
in the transmission line. In other words, the use of
the nonlinear gain combined with a filter can effec-
tively suppress the effects of correlated perturbations
on the soliton propagation and interaction even if the
propagation distance is long enough, and the intro-
duction of the control does not lead to any harmful

effects on the dispersion-managed soliton system.

Fig.4. The normalized intensity of single and double soliton versus the propagation distance with

the correlation nonlinear gain and the filter.

5. Conclusion

Effects

caused by randomly varying birefringence and the ran-

of correlation between perturbations

dom dispersion map on soliton propagation and inter-
action have been investigated using numerical simula-
tion. When the correlated randomly varying birefrin-
gence and random dispersion map are simultaneously
present, their effects on the soliton system should con-
tain their individual contributions and the correlated
part. It is found that these perturbations result in

widening, lead to disintegration and enhance the in-

teraction of solitons. The correlation plays an im-
portant role, and boosts these effects. Furthermore,
there is a stochastic resonance between two perturba-
tions in the system; at this point their effect on the
soliton propagation and interaction is the largest, and
the corresponding distance until disintegration is the
shortest. Finally, the nonlinear gain and the filter are

introduced to effectively suppress these effects.
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