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Abstraci—— This paper considers the single channel soliton system
where the predictions of the analytical models are compared with
the numerical simulations of the system performance. To
overcome the effect of loss in Iong-haul light wave systems,
solitons should be amplified periodically to compensate for the
losses. Hlowever even with the discrefe periodic amplification,
launching with the ideal, lossless peak power will not give the
balance between non-linearity and dispersion required to create a
soliton. In order to achieve the balance, average soliton systemn
/guiding center soliton is nsed where a pulse with an enhanced
peak powver is launched so that the average power over the
propagation between amplifiers is equal to the soliton power in a
lossless system. In order to improve the performance in
propagation of soliton systems, it is mecessary to resist signal to
noise ratio (SNR) degradation and Gordon-Haus jitter
accumulation. This is done using the guided soliton system where
the systemn has fn-line filters which prevent the frequency of the
soliton fr-om drifting as a result of the accumulated ASE noise
and hence suppress the GH jitter. The effect of modifying the
existing rule of thunb formulae is presented in terms of a design
diagram. This is then compared to the numerical simulations. A
series of design diagram with Gordon-Haus (GH) jitter, signal to
noise ratio (SNR) and soliton collapse limited txansmission is also
introduced. The same study has been repeated for gnided soliton
systems.

Keywords- Guiding center soliton system; guided soliton
system; EDFA; GH timing jister; SNR

1.0 TNTRODUCTICH

This work will look ai a single channel soliton system
where the predictions of the analytical models are compared
with the numerical stmulations of the system performance.
We look at the example of the design diagram and when
certain effects are donumant. We describe the methodology
for the numerical simulations and the systems to be used for
the sumulations.

the ideal, lossiess peak power will not give the balance
between non-linearity and dispersion required to create a
solitort. In order to achieve this balance we need to use a
guiding center soliton or average soliton system [6].[7],[%]
where a puise with an enhanced peak power is launched so
that the average power over the propagation between
amplifiers is equal to the soliton power in a lossless system. In
this way the non-linearity and the dispersion are exactly
balanced over the entire fibre span.  This warrants
transmission of optical solitons, however at some distances
minor disturbance like amplified spontaneons emission, ASE
starts to accumulate and deteriorates the transmission [9], To
overcome such effects, the guided solitons where the systemn
has in-line filters which prevent the frequency of the soliton
from drifting as a result of the accumulated ASE noise and
hence suppress the GH jitter, was introduced

1.1 Main Limitations for an Amplified Soliton

The development of the EDFA was a major breakthrough
m the field of commupication. Loss-induced broademmg in
fibre is unfavourable especially when solitons are used in
optical transmission. Solitons need to be amplified
periodically to restore their energy. Nakazawa et al. [10] first
demonstrated soliton transmission with EDFA m the late 80s.
The limmtations imposed by EDFAs to the propagation of an
amplified soliton are Gorden Haus (GH) Effect, Amplified
Spontaneous Emission (ASE) Noise Accumulation, Periodic
Attenuation and Amplification of Soliton (average soliton
limit) and Interaction between Solitons (Soliton collapsed, SC)

The Gordon-Haus effect i.e.

T he effect of fibre 1o tries e T rsatisfactory

feature for long-distance propagation of sohton m fibres.
Hasegawa and Kodama [1,2,3] have proposed several methods
to overcome the effect of loss in long-haul light wave systems.
Mollepauver et al [4,6] materialized in experiments the
concept of Raman amplification using the fibre Raman gain to
reshape the soliton. Solitons should be amplified periodically
using either lumped or distributed amplification [6,7,8]. The
lumped amplification scheme in which Erbium Doped Fibers
Amplifiers, EDF As are periodically placed along the fibre link
to compensate for the losses, 1s now considered. However
even with this discrete periodic amplification, launching with
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The upper limit for the pulsewidth is established by the
interact-ion between solitons (soliton collapsed) which is given
by,
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where «SNR_. is the minimum acceptable signal to noise
ratio for thesystem[11,12].
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1.2 Soliton Transmission Control

In this vork, a filter is inserted after an amplifier, typically
10 times larger than the bandwidth of the pulse train specirum.
The filter ca be thought of as applying a restoring force in
frequency space in such a way that if the spectrum of a single
soliton pulse drifts away from the oniginal frequency then it
passes through the filter off-center and this will reduce the
energy in such a way that the mean of the spectrum will move
toward the filter center. The ASE noise components
mncorporated into the soliton are not filtered out by the action
of the fi>ed frequency guiding filter. However the ASE noise
power mcreases considerably and it can reach levels that are
not acceptable at the receiver.  Therefore the ASE noise
continues to accumulate as before and the SNR limits still
apply. For soliton transmission control in the time domatn, a
simusoidal shaping function is applied to the soliton pulses.
The effect of the sinusoidal medulation is to provide a
restoring, force in the time domain which moves the soliton to
the peak of the modulation. Thus, control techniques are
designed to reduce the soliton jitter [13,14].

2.0 NUMERICAL IMPLEMENTATIONS ~ CONCEPT
OF ADESIGN DIAGRAM

Consider Figure 1.1 below. We start with the design
diagram which consists of a ransmitter, a series of fibres with
amplifiers in the channel and a receiver. Optical amplifiers are
placed perodically along the fibre link o compensate losses
between the amplifiers. The parameters we are interested to
look at are the pulsewidth, 7 of the Gaussian pulse from the
transmitter, dispersion, D of fibre and the spacing
L , between amplifiers. To consider the soliton transmission
control (guided soliton), filter is inserted after every amplifier
in Figure 1.1.
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Figure 1.1 Fibre links with periodic loss compensation
through optical N amplifiers

In this work, we formulate analytically all the limitations
imposed in the system using a design spreadsheet mn excel.
Analytically we look at the Q factor for a soliton system with
fixed amplifier spacing but different values of the input pulse
width. The pulse width values should span the curves plotted
in the design diagram. Next we vary the dispersion value and
repeat for different pulse width. Later we carry out the similar
process with different amplifier spacing. We then compare
the results of the analytical and the numerical as described
below.

For the purpose of the numerical simulation, we use the
mqocss optical communication systems sinwilator written by
Dr Marc Eberhard of Aston University. A PRBS of 128 bits in
a time window of 12.8 ns and a numerical resolution of 2"
bins 13 generated and is modulated by a range of FWHM
Gausstan pulses with respective peak power from the
analytical model, with a rise time of 125 ps, 30 dB
modulation depth and no insertion loss. It finally transnutted
along the fibre link. The numerical simmlation of the
propagation is equivalent to the recirculating loop technique
which consists of a fibre span and an amplifier. The actnal
transmission fibre in the loop is chosen to be 35, 50 and 70 km
to give a total propagation distance of 3500 km ie. a-100, -70
and -50 spans each. The loss was set to the standard value of
0.2 dB/ km. Usually the simulation jobs are repeated many
times to see how the value of (@ changes. We lock at ¢ =6
border at the end of propagation distance which is at every
3500 km.

‘We first describe the design diagrams for a fixed bit rate of
10 Gbit/s and allow the propagation distance to inerease from
1000 fom to 4000 km. Next we will keep the propagation
distance fixed at 1000 km and allow the bit rate to increase
from 5 Gbit/s to 20 Gbit/s. Second, we look at the variation of
pulse width with dispersion at respective amplifier spacing.

The system performance is reported in terms of the Q
factor which 1s commonly used to represent the performance
of the optical systems in the presence of amplifiers, with and
without the in-line filters.




3.0 RESULTS AND DISCUSSION

Design diagram can help to identify possible operating
ranges for amplified soliton systerns so that conilicting
restrictions stated are respected. For example, a design
diagram to see the variation of pulse width (which refers to
various effects of limitations) with amplifier spacing when
propagation distance and bit rate are kept fixed, respectively.
Figures 1.2-1.3 show the pulse width as a function of amplifier
spacing necessary to achieve acceptable system for 10 Gb/s
and 3500 km system length for average soliton. The plots
show imspairments arising from design Limitations namely GH
jitter, ASE, average soliton limit and solifon-soliton
interaction. The region of a safe operation would be the
intersection region below SC and ASE limits and above (I
jitter. The shaded area I figures 12-13 denotes the
permissi ble pulse width for propagation which is based purely
on the analytical predictions. It can be concluded the
permissible area of propagation is getting smaller as the
propagation distance increases at a fixed bit rate, The inset in
each figure shows the position of GH and ASL limitations (as
it is too small a difference in pulse width). In figure 1.4,
propagation fails as there is no intersection between the curves
as the ASE s lower than GH limit,

There is also a drop in permissible area of propagation as
the bit rate increases from 5 to 10 Gbit/s as shown in figures
1.5-1.6 when the propagetion distance is kept fixed.

A plot in figure 1.7 shows the propagation limitations for
different amplifier spacings i analytical for respective
amplifier spacing. The upper bound on the pulsewidth (Le.
dispersion below 0.17 ps/ km nm) 1s due to ASE and above
that dispersion, is bounded by soliton collapse, SC. The lower
bound is all bounded by GH jitter lirmitation.

Plots in figure 1.8 describing the pulsewidth versus
dispersion with their respective amplifier spacing for a
mumernical method. For each plot the peak pulsewidth is at
around dispersion 0.2 ps/km nm. It can be noted from the plot
that the longer the amplifier spacing the smaller the value of its
maximmun dispersion. Also as the amplifier spacing mcreases
the area under the curve decreases while maintaining the same
limitations i.e. GH jitter, ASE and seliton collapse.
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Figure 1 3: propagation distance = 4000 km
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Fig 1.4 Lt=10000 km- no intersection! There is where thers is no
combination of system paramcters that satisfies all
the criteria.
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Figure 1.5; Bilrate = 5 Gbit/s
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Figuro 1.2: propagation distance = 2000 km

211




Pulsewidth vs amplifier spacing
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Figure 1.6 Bitrate = 10 Gbit/s

Pulsewidth vs dispersion
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Figwe 1.7 analytical plots for pulsewidth versus dispersion for
different amplifier spacings in analytical method

Pulsewidth vs dispersion
{numerical simulation)
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Figure 1.8 Numerical plots for pulsewidth versus dispersion for
different amplifier spacings in nemerical method

The wise of filters decreases the GH lirnitations i.e. the GH
effect 15 decreased and this then leads to an increase in the
range of the allowed parameters and alse increases the
dispersion both analytical and numerical simulation. This is
shown in figures 1.9 and 1.10 for L, = 30 kan [15]. From these
plots there is not much reduction in timing jitter when in-line
filters are used except at higher dispersion but the trend
follows. Based on the previous simulations that have been
published [16,17] the filtering works much better when the

underlying GH is small.

Puisewidth vs dispersion
analytical at La=50 km
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Figure 1.9 Analytical plot for pulsewidth versns dispersion for L, =
50 km

Pulsewidth vs dispersion
numerlcal at La=50 km
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Figure 1.1 Numerical plot for pulsewidth versus dispersion for
Lo=30km
The eye diagram in figure 1.11 is for system parameters
corresponds to a point on a design diagram close to the limit
imposed by the GII effect. It shows clearly the position jitter
of the pulses as predicted by the GH effect. Figure 1.12 shows
the improvement when in-line filters can reduce the effect of
GH at the end of 3500 km propagation of fibre system. The
benefit of filters is evident by reductng the GH jitter and
limiting the degradation due to instability induced by the
pericdical amplification [7].
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Figure 1.11 Eye diagram for guiding center soliton
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Eye diagram of guided sollten
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Figure 1,12 Eye diagram for guided soliton

3.0 CONCLUSION

In the average soliton system, a pulse with a specific peak
power is launched in to the fibre so that the average power
over the propagation between amplifiers is equal to the soliton
power in a lossless system. The ratio of the initial peak power
to the lossless soliion power is given by (G I G)/(-1) where
(7 is gain. The limitations on the systein operating parameters
such as dispersion, amplifier spacing and pulse width, were
shown both in mnumerically generated and analytically
generated plot.

In the guided soliton system, filters are nserted into the
systems in order to yield a substantial reduction of the GH
effect. This reduction was demonstrated by comparing the eye
diagrams before and after the insertion of the filters. The
inclusion of filters introduces an increase in loss through the
insertion loss as well as through the effect of filtering. The
losses must be compensated for by increasing the gain in the
amplifier. The increase in gain leads to the generation of more
noise. These studies showed that analytically the timing jitter
1s reduced significantly when filters are inserted and the eye
diagrams show significantly reduction in jitter.
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