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Correlated perturbations are considered in a dark soliton system, and their effects on soliton propagation and

interaction are investigated numerically. These perturbations result in large sidebands, lead to submergence of dark

soliton, and enhance the interaction. The correlation amplifies these effects and shortens the distance until submergence.

The comparison of the distinction is made between the degradations of these effects on dark soliton and the corresponding

bright soliton. It is found that these effects on dark soliton are less than those on bright soliton. Finally the nonlinear

gain is introduced to suppress efficiently these effects.
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1. Introduction

Optical solitons in fibres are formed by a balance
of group dispersion and Kerr non-linearity. 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 long-distance communication.!! Dark solitons
propagate in the normal dispersion region. They have
robust features such as low intrinsic transmission loss,
resistance to perturbations, and weak interaction be-
tween neighbouring solitons. The amplified sponta-
neous emission (ASE) noise in a dark soliton system
is only half of that corresponding to the bright coun-
terpart. The techniques for generating and detecting
dark soliton pulses have been developed.[?!

There are many perturbations in a practical soli-
ton system, such as stochastic fibre dispersion and
stochastic refractive index along transmission line,
these perturbations lead to the fluctuation in ampli-
tude or pulse-width, and deform the shape of soliton.

Their effects cannot be neglected in soliton communi-

cation system, such as degrading the stability of co-
herently amplified solitons, increasing the time jitters

in arrival, and reducing the system capacity.[3=7]

Though various perturbations are present simul-
taneously in some stochastic process, perturbations
are assumed to have different origins and are treated
as independent stochastic variables in most previous
investigations. However, in certain situation pertur-
bations may have a common origin and thus may be
correlated with each other as well. Experimental mea-
surements and theoretical analyses of a soliton system
can show that the system contains many stochastic
perturbations,®] and some are of the common origin,
so they are correlated. When correlated stochastic
perturbations are simultaneously present, their effects
on dark soliton systems should contain their individ-

ual contributions and the correlated part.

In this paper, effects of correlated perturbations
and the distinction between their degradations on
dark soliton and the corresponding bright solitons are

investigated by numerical simulation. Some new con-
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clusions on dark soliton propagation and interaction

are obtained.
2. Theoretical formulae

In a real transmission system, the envelope of the
field becomes inhomogeneous because of possible vari-
ations, such as stochastic fibre dispersion and stochas-
tic refractive index, and can be described by a normal-

ized non-linear Schrédinger equation,®!
Ou  10%u 0%u
9z 2012 T2

where u is the dimensionless envelop of the field,

+ufu = m(2) 55 + () [uf*u, (1)

Z = z/za, T = t/710, 70 and z4 being the pulse-width
and dispersion length respectively. 71(Z) and 72(Z2)
are perturbations caused by stochastic dispersion and
nonlinearity, respectively. The statistical properties of

these perturbations are characterized by
(mi(2))=0, =12
(ni(2)n:(2")) = Did(Z - Z'), (2)

where D; (i = 1,2) is the standard deviation of every
perturbation.

In a practical soliton system, there are coloured
perturbations. The coloured perturbation is of the
same origin as other perturbations, and the correlation
is strong when it is present simultaneously with other
perturbations of the same origin. When a perturba-
tion and other strong coloured perturbations are si-
multaneously present in a soliton system, their effects
on dark soliton propagation and interaction should
contain their individual contributions and the corre-
lated parts.

It should be pointed out that multiplicative per-
turbations are all assumed as independent white Gaus-
sian perturbations in previous models, such as in
Ref.[8]. However, more realistic physical models for
soliton systems require to consider the case of coloured
perturbations, especially when these perturbations
are of a common origin, for the presence of corre-
lation may change the dynamics of the soliton sys-

tem. For example, coefficients of dispersion and non-

1/.d d?
linearity are given by ([ = — p + wS ™) and
c\ dw dw?

v = in a fibre.[l If there is an origin of pertur-
CAeff

bation taking place in the stochastic variation of the

refractive index along the transmission line, namely
An = §(z), then the dispersion and the nonlinear-

ity perturbations along the transmission line can be
i ABs = A ! 2d_n + d2_n = (C14(z) and
given as Afy = \ 2, twgge )| = Gid(z) an

Ay=A [Z—w] = C44(z) due to the stochastic varia-
CAeff

tion of the refractive index, where §(z) is the stochas-
tic variable and satisfies the equation (4(z)) = 0,
(6(2)8(2")) = Cé(z — 2'); Cy, Cy and C are con-
Further-

more, when the normalized equation is introduced,

stant against the propagation distance z.

perturbations caused by the stochastic dispersion and
the stochastic nonlinearity in Eq.(1) can be written as
m(Z) = /D1/C8(Z) and nz(Z) = /D2/C(Z). Es-
pecially, when they are partially of a common origin,
the strength of correlation is introduced, and Eq.(2)
and the equation below are adopted to demonstrate

their correlation

<771(Z)772(Z’)> = <772(Z)771(Z’)>

=k\/D1D26(Z — Z'),

(most previous investigations are based on this

k| <1 (3)

assumption[g]), where k is the strength of correlation
between two stochastic perturbations, the correlation
is maximum corresponding to k=1, and perturbations

are independent of each other as k=0.

3. Effects of correlated perturba-
tions on dark soliton propaga-
tion
Numerical simulations of pulse propagation are

performed in the optical fibre link. When we take

the pulse-width to be 10ps, the dispersion distance
is about 122km corresponding to the path-average
dispersion d=1.27ps?/km. The random modulation
with Gaussian random deviation is used in calculating
the magnitude of dispersion and nonlinearity. Uni-
formly distributed random numbers from the inter-
vals 61,02,0 € (0,1) are used, and random numbers

are produced by the built-in generator Random (z)

from the Matlab. Transformation of the uniformly

distributed random numbers from the intervals 6, 6

,0 into Gaussian random numbers with properties in

Eq.(3) is performed using the following relations:[1°!

m =v/2D; x [V1— k2sin(2n6;) x /—21n6;
+ ksin(270) x \/m],
n2 =v/2Dy x [V/1— k2sin(2n62) x /—21n6,
+ ksin(276) x vV—21In4). (4)

As usual, an average of a few different sequences
of random numbers has been used in the below numer-

ical simulations. We find that perturbations caused by
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stochastic dispersion and stochastic nonlinearity lead
to submergence of dark soliton, and degrade the sta-
bility of dark soliton propagation. Figure 1 shows the
propagation distance until dark soliton submergence
versus correlation strength for different standard de-
viations, and for simplicity, we assume the standard
deviation of every perturbation is the same, namely
D; = D. Figure 2 demonstrates the normalized in-
tensity of soliton versus the propagation distance for
different correlation strengths, and the standard de-
viation of every perturbation is D; = D=0.5 (i=1,
2). Initially the input pulse is tanh(7T") in every fig-
ure. These perturbations result in large sidebands,
lead to submergence of dark soliton, and the distance
until dark soliton submergence is related to the devia-
tions of perturbations. The correlation amplifies these
effects, and shortens the distance until submergence.

Moreover, there is resonance between two perturba-

tions in the system, their effect is the largest due to
the maximum correlation (k = 1) and the correspond-

ing distance until submergence is the shortest.
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Fig.1. The distance until dark soliton submergence
versus correlation strength for different standard de-
Solid line: D=0.05, dashed line: D=0.1,
dotted line: D=0.5.

viations.

Fig.2. The normalized intensity of single dark soliton versus the propagation distance for

different correlation strengths.

For the comparison of the difference between the
degradations of these effects on dark soliton and the
corresponding bright soliton, these effects on bright
soliton propagation are investigated numerically. The
initial input pulse is sech(T'), pulse-width of the bright
soliton is 10ps, and the path-average dispersion is

—1.27ps? /km. Figure 3 demonstrates the normalized

intensity of soliton versus the propagation distance for
different correlation strengths, while the standard de-
viation is the same as in Fig.2. Perturbations result
in the widening of pulse-width, lead to splitting and
disintegration of bright solitons, and the distance until
the bright soliton disintegration is related to the devi-

ations of perturbations and the correlation strength.
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The correlation reinforces their effects, quickens the
disintegration, and shortens the distance until disin-
tegration. Also, there is a resonance corresponding
to their effect which is the largest. We can see that
these effects on dark soliton propagation are less than
those on bright soliton, and the distance until dark

soliton submergence is longer than that until bright

soliton disintegration under the same deviations of
perturbations. For example, under the correlation
strength £ = 1 and the standard deviation D = 0.5,
the distance until dark soliton submergence is about
11200km, and the distance until bright soliton disin-
tegration is about 3800km.

NO ~ N

| 409°

g

Fig.3. The normalized intensity of single bright soliton versus the propagation distance for

different correlation strengths.

4. Effects of correlated perturba-
tions on dark soliton interac-
tion

Interaction between neighbouring dark solitons
may induce the crosstalk between two communication
channels and the time jitter, thus increasing the bit-
error-rate of the transmission system. When initial
separation between solitons is larger than five times
the soliton width in a usual soliton transmission sys-
tem, the interaction can be prevented efficiently.[*+2]
But in a dark soliton system with perturbations or
correlated perturbations, the interaction exhibits very
different behaviours.

Figure 4 shows the normalized intensity of two

dark solitons versus the propagation distance for dif-
ferent correlation strengths; the standard deviation of
every perturbation is D; = D = 0.5 (i=1, 2). The
initial input dark soliton pulses are tanh(T — A/2)
for T > 0 and tanh(T 4+ A/2) for T < 0, and the
separation between dark solitons is A = 10 (about
six times as large as the initial width of soliton). We
can see that the perturbations enhance the interaction
even if the separation is large enough, and the reason
is that perturbations lead to large sidebands which
affect neighbouring dark solitons, and then enhance
their interaction. We find that the correlation plays
important roles in the interaction, and also in the sys-
tem where there is a resonance at which the effect on

the interaction is the largest.
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Fig.4. The normalized intensity of two dark solitons versus the propagation distance for

different correlation strengths.

Figure 5 shows the normalized intensity of two
bright solitons versus the propagation distance for dif-
ferent correlation strengths. The initial input pulses
are sech(T — A/2)+sech(T + A/2), the separation and
the standard deviations are the same as in Fig.4. Per-
turbations and correlation also enhance their interac-

tion, and by comparing Fig.4 with Fig.5, it is found

-

NO —= N

NO =N
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that these effects on dark soliton interaction are less
than those on bright soliton interaction. For exam-
ple, with the correlation strength &k = 1 and the stan-
dard deviation D = 0.5, the distance until distinguish-
ing two dark solitons is about 7000km, and the dis-
tance until distinguishing two bright solitons is about
3500km.
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Fig.5. The normalized intensity of two bright solitons versus the propagation distance for

different correlation strengths.
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5.Control for correlated pertur-

bations
The nonlinear gain completely controls the veloc-
ity of dark solitons with higher-order terms, also con-
trols the amplitude of dark solitons because of the
fact that their velocity and amplitude are related to
each other, so the instability of dark soliton trans-
mission is suppressed. When a nonlinear gain is intro-
duced to suppress these effects, the dark soliton pulses
propagating in the fibre with the correlated pertur-
bations can be described by the modified nonlinear
Schrodinger equation
Ou  10%u 9
9z " aar2 T
2
=771(Z)%
+ i3 |u|4 u, (5)

+ n2(2) |u|2 U+ 171U + 172 |u|2 U

where 71, 2, and -3 are the coefficients of the linear

NO = N

DO = N

00/1 (2F]

412] 0-50

and the nonlinear gains respectively. These parame-
ters are chosen based on the condition [11:12]
Yi+y2+v3=0, Y2+2935<0, 5y2+6v3>0. (6)
Figure 6 demonstrates the normalized intensity of
a single dark soliton and two dark solitons versus the
propagation distance with controllable nonlinear gain.
The input pulses and the standard deviation are the
same as in Figs.2 and 4. The coefficients of the linear
and the nonlinear gains are v; = —0.15, 72 = 0.40
and 3 = —0.25, respectively. We can see that when a
control of nonlinear gain is applied to the transmission
line, all ideal dark soliton properties are recovered as
if these correlated perturbations had not existed. In
other words, the use of the non-linear gain can effi-
ciently suppress the effects on dark soliton propaga-
tion and interaction even if the propagation distance

is long enough.

NO = N
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Fig.6. The normalized intensity of single dark soliton and two dark solitons versus the

propagation distance with the controllable nonlinear gain.

6. Conclusion

Correlation between stochastic perturbations is
introduced in a dark soliton system. It is found that
the perturbations result in large sidebands, lead to
submergence, and enhance the interaction. The cor-
relation plays an important role, if there is a res-
onance between two correlated perturbations in the

system, where their effects on soliton propagation and

interaction are the largest, and the corresponding dis-
tance until submergence is the shortest. Comparison
is made for the difference between the degradations of
these effects on the dark soliton and the corresponding
bright solitons. It is shown that these perturbations
result in the widening of pulse-width, lead to splitting
and disintegration of bright soliton, and the correla-

tion enhances these effects. Their effects on dark soli-
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ton are somewhat less than those on bright soliton,

that is to say, the dark soliton has stronger resistance

against correlated perturbations than the bright soli-

ton.

Finally the nonlinear gain is introduced to sup-

press efficiently these effects.
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