Multi-channel soliton collisions

Solitons and solitary waves have been the subjects
of intensive research efforts in recent years since they
appear in a wide variety of nonlinear phenomena in
fields ranging from plasma physics and nonlinear op-
tics to solid state physics and particle physics. In
many of these nonlinear systems, random processes
play an important role in the dynamics of solitons.
Of particular interest are optical solitons, due to their
potential application as information carriers in long
distance communications systems and in other non-
linear optics systems. In optical fiber communication
systems, a sequence of solitons launched into the fiber
forms a bit pattern that codes the transmitted mes-
sage. Each soliton in the sequence is positioned at
the center of time slot that is allocated for the bit.

In an ideal fiber each soliton in the bit pattern
propagates without any changes in its parameters and
without emitting any radiation owing to the exact
balance between second order dispersion and Kerr
nonlinearity. In practice, however, certain physical
processes break this ideal picture and lead to the de-
terioration of the bit patterns and eventually, to loss
of information. Of these, physical processes that in-
volve noise and disorder appear to be the most promi-
nent. In this case, the soliton parameters become
random variables and one needs to calculate their
statistics. The performance of optical fiber commu-
nication systems is characterized by Bit-Error-Rate
(BER), which represents the probability for an in-
correct identification of a bit at the system output.
Estimation of the BER are usually based on the as-
sumption that the statistics of the soliton parame-
ters can be approximated by Gaussian distributions.
However, since the standards of telecommunication
systems require the BER to be as small as 107, esti-
mations of the BER are very sensitive to the statics of
the soliton parameters and deviations from Gaussian
statistics can lead to significant errors in the BER
evaluation. Therefore, an accurate calculation of the
statistics of soliton parameters in optical fiber trans-
mission systems is of utmost importance.

There exist many types of disorder effects in opti-
cal fibers, which includes amplifier noise, chromatic
dispersion disorder, birefringent disorder, and elec-
trostriction. In all these cases, the temporal separa-
tion between two solitons in the pulse sequence be-
comes a Gaussian random variable. The variance of
the corresponding Gaussian distribution grows with
the third power of propagation distance in the cases
of birefringence disorder [1],[2] and disorder in the
second order dispersion coefficient [3].

A different type of randomness appears in optical
fiber transmission systems with multiple frequency
channels (see e.g., Fig. 1).

Transmission of information through such systems
is advantageous since it allows for sending many pulse
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Figure 1: Soliton propagation in multiple frequency
channel.

sequences (as many as 100 pulses) through the same
optical fiber. The solitons in each frequency chan-
nel in these systems propagate with the same group
velocity, but the group velocity is different for soli-
tons from different channels. As a result, collisions
between solitons from different channels are very fre-
quent. In an ideal case, these interchannel collisions
are elastic, that is, the soliton amplitude, frequency
and shape do not change by the collisions and no ra-
diation is emitted. In real optical fibers, however,
this ideal elastic nature of the collisions breaks down
due to the presence of additional physical processes
that can be considered as high order corrections to
the ideal Nonlinear Schriodinger equation (Fig. 2).
In this case interchannel soliton collisions can lead
to changes in the soliton amplitude and frequency,
radiation emission, corruption of the shape of other
undesirable effects. Once soliton propagation under
multiple interchannel collisions is considered, ran-
domness appears quite naturally due to the quasi-
random nature of soliton sequences in different fre-
quency channels. In this study, we focus our attention
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Figure 2: Energy exchange in single collision in the
presence of Raman response.
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on the influence of delayed Raman response on soli-
ton dynamics under multiple interchannel collisions,
since it is dominant compared to other inelastic ef-
fects in long distance multi-channel transmission sys-
tems. The main effect of delayed Raman response on
single soliton propagation is the self-frequency shift,
which is caused by energy transfer from higher fre-
quency components of the pulse to its lower frequency
components. In multi-channel transmission systems,
we show that as a result of the random nature of
the pulse sequences and the Raman induced cross
talk, the soliton amplitude becomes a random vari-
able with a lognormal distribution [4, 5] (Fig. 3).
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This distribution function is different from the
Gaussian distribution function, which is usually en-
countered in situations in fiber optics communication
systems where noise or disorder exist. As a result of
this difference, a naive Gaussian approximation for
F(no) will simply not work. The most important
property of the distribution function F(ng) is that
its moments grow exponentially with both n and z:
(n) = exp(2n®*De%z).
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Figure 3: Probability distribution function of soliton
amplitude in reference channel.
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Figure 4: Probability distribution function of soliton
frequency in reference channel.

In particular, the variance o7, is given by

afm = exp(4De}z) [exp(4Def2) — 1], (2)
from which it follows that 7y is not self-averaging.
Moreover, we showed that the soliton frequency is
a random variable that is not self-averaging whose
distribution functions is also lognormal [4, 5] (Fig.

4),
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Eq. (3) suggests that fluctuations in soliton am-
plitude and frequency play a very important role in
multi-channel optical fiber transmission systems.

It is interesting to compare the effects of the multi-
channel disorder induced by solition collisions in the
presence of delayed Raman response with the effects
of other types of disorder that already exist in the
single channel optical fiber telecommunication sys-
tems. For the multi-channel disorder the statistics of
the soliton amplitude and frequency is strongly non-
Gaussian, whereas, for the single-channel types of dis-
order the statistics of the affected soliton parameters
is Gaussian. In addition, the variances of the dis-
tributions of the parameters grow algebraically with
propagation distance for single-channel disorder, and
exponentially for the multi-channel disorder. In view
of this, we conclude that multi-channel disorder in-
duced by soliton collisions in the presence of delayed
Raman response is potentially much more harmful
that other major types of single-channel disorder in
massive multi-channel soliton transmission.
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