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Stable Propagation of Solitons in Strongly
Dispersion-Managed Unequal-Length Optical Fiber

Link with Loss
Wenrui Xue, Guosheng Zhou, Zhonghao Li, and Shuqin Guo

Abstract—Using average approximation, we obtained a phase
plane evolution picture of soliton propagated in strongly disper-
sion-managed optical fiber link with loss. After analyzed this pic-
ture, we proposed a new picture to keep soliton propagate stably in
this system. Stable propagation parameters are given and twenty
points we are interested in are selected. Using these parameters, we
can construct any type of optical fiber link. Considering the length
of article, we give two types of link with peak power 2 and 8 mW.
With an input pulse train consisting of 32 bits in return-to-zero
(RZ) format, numerical simulation has been done. We find that
soliton can stably propagate through these optical fiber link con-
structed by ten unequal-length unit with a data rate of 13.33 Gb/s.

Index Terms—Dispersion management, optical fiber link, phase
plane evolution picture, soliton, unequal length.

I. INTRODUCTION

RECENTLY ,many papers focus on dispersion-managed
optical fiber link [1]–[10] because of its simplicity,

compatibility with all optical transparency, convenience in
link connection, superiority in reduction of Godon–Haus
timing jitter, potentiality in application of wavelength-divi-
sion-multiplexed (WDM) system with wavelength near zero
dispersion, and easiness in upgrading of installed fiber lines to
soliton-based fiber lines to increase middle and long distance
communication capacity.

Generally speaking, real dispersion managed optical fiber
links are made up of many unequal-length units. In each unit,
several loss fiber segments and one amplifier are contained.
However, almost all of theoretical works were involved with
lossless fiber links that were made up of equal-length units. In
this paper, we study unequal-length strongly dispersion-man-
aged optical fiber link with loss, give stable propagation
parameters of soliton in such system, and verify them with
numerical simulation.
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II. BASIC THEORY

The evolution of a pulse propagated in an optical fiber with
loss and weak Kerr nonlinearly is described by the nonlinear
Schrödinger equation,

(1)

where is the group velocity dispersion, is the Kerr non-
linear coefficient, is the loss coefficient, is the distance of
propagation, is the time in the group-velocity frame, and the
subscripts denote the parameters related to different fiber seg-
ments in one unit. Here, we assume that the attenuation is same
in all segments.

Let , we can obtain

(2)

Here, . The pulse is assumed to be hyperbolic
secant

(3)

where and indicate the pulse’s amplitude, du-
ration and chirp, respectively.

A. Lossless Case

In lossless case , assuming the configuration of one
unit is DCF SMF SMF DCF, the phase evolution equation
for each segment can be obtained using variational method, also
see [3], [4],

(4)

where , and it is constant
in each segment during propagation. and

are initial peak power and duration respectively.and
is chirp and duration respectively. The subscriptsdenote the
parameters related to the different segments .

The phase plane evolution picture of the pulse propagating in
different segments in one unit is shown in Fig. 1, also see [3].
Based on this picture, we can design unequal-length optical fiber

0733–8724/00$10.00 © 2000 IEEE



XUE et al.: STABLE PROPAGATION OF SOLITONS 927

Fig. 1. Phase plane evolution picture of the pulse propagated in a lossless
optical fiber link with three fiber segments within one unit.

links. The hyperbola and are corresponding to the
dispersion compensating fiber (DCF), and are cor-
responding to the standard monomode fiber (SMF). The point
is a starting point, and optical pulse propagates by in DCF
and by in SMF, thus in the next piece of DCF it will re-
turn to point with the same values of and as the
initial ones . Obviously, the basic requirement of
the optical fiber link with dispersion compensation lies in that
the pulse duration and chirp should have nearly the same values
at the beginning and the end points of each unit. The starting
point must be at the shortest unit , otherwise the same
values of the pulse durations can not be obtained at the ends of
different units.

Since the best starting point is the pointwith zero chirp,
we will discuss this case. For example, let us analysis the phase
picture in Fig. 1. By using the symmetry property
for the time durations and antisymmetric property for the chirps
at points and and ,
(5) can be given analytically using variational method, also see
[5]

(5)

where
and

(6)

Here denote the segment and denote the lengths
of or .

From (5) and (6), dependence of average dispersion
, length of DCF

and length of SMF on soliton’s peak power and
soliton’s width at point can be calculated.

Fig. 2. Phase plane evolution picture of the pulse propagated in a loss optical
fiber link with three fiber segments within one unit.

Fig. 3. Phase plane evolution picture of the pulse propagated in a loss optical
fiber link with two fiber segments within one unit.

Fig. 4. Contour plot ofL (km) as a function ofT (B) andP when we
use DCF-SMF as one unit.

B. Loss Case

In loss case , Assume the configuration of one
unit is DCF SMF SMF DCF EDFA, here EDFA is
used to compensate for the loss in the unit. The total gain of the
amplifier is . Here, we
can use average approximation method. Substitutingwith ,
one can finds that all the result from (4) to (6) can be used for
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TABLE I
PARAMETERS OFSELECTED TEN POINTS WITH P = 2 mW

TABLE II
PARAMETERS OFSELECTED TEN POINTS WITH P = 8 mW

Fig. 5. Contour plot ofL (km) as a function ofT (B) andP when we
use DCF-SMF as one unit.

loss case. Let

(7)

Fig. 6. Contour plot of� ps /km/nm as a function ofT (B) andP (0)when
we use DCF-SMF as one unit.

where denote the length of each segment, and
is the total length of one unit. Hence, we can

increase from (lossless case) to (real
value) by iterating (5) and (7).

Fig. 2 is a phase plane evolution picture with
ps, ps, mW, ps /km,

ps /km, /km/W, and . We
can see that phase plane evolution picture become asymmetrical,

. We also find that is close to little
by little, and become more and more larger than
when is increasing. This phenomenon can be explained with
effective nonlinearly. Because , effective non-
linearity is related with propagation distance, and the value of
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(a) (b)

(c) (d)

(e) (f)

Fig. 7. (a) Waveforms of one random pulse train with 2 mW peak power at the end of each unit. We selected three units that marked by three circles to analysis the
effect of soliton-soliton interaction. (b), (c), and (d) is the contour plot of waveform versus position of pulse at time axis and normalized distanceof first, second,
and last circle marked unit along unit respectively. (e) is average pulse position versus unit. (6) is averagedQ value versus unit.

gradually descends whenincreases. In order to keep the bal-
ance of dispersion and nonlinearity, and must be larger
than that in the lossless case. In fact, giving and

, increasing from 0.0 to 0.046, will be approaching
an unacceptable value to satisfy the condition that the pulse du-
ration and chirp should have nearly the same value at the begin-
ning and the ending point of each unit.

In view of this, we can use a new phase plane evolution pic-
ture, see Fig. 3. There are two fiber segments within one unit,
the first segment is DCF, and the followed is SMF. A is the start
point, soliton propagates by AB in DCF, then it return toby

in SMF. According to this new phase plane evolution pic-
ture, we can give stable propagation parameters by using the
same iterating method mentioned above.
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(a) (b)

(c) (d)

(e) (f)

Fig. 8. (a) Waveforms of one random pulse train with 8-mW peak power at the end of each unit. We selected three units that marked by three circles to analysis the
effect of soliton-soliton interaction. (b), (c), and (d) is the contour plot of waveform versus position of pulse at time axis and normalized distanceof first, second,
and last circle marked unit along unit, respectively. (e) is average pulse position versus unit. (f) is averagedQ value versus unit.

We want to seek stable propagation condition under one
premise: amplifiers are spaced about 100 km within one
1000-km-long optical fiber link, there is one amplifier and two
segment fibers within one unit. Because long amplifier spacing
is beneficial from the economical point of view. Figs. 4, 5
and 6 are contour plot of length of DCF , length of

SMF and average dispersion vs soliton’s peak
power and soliton’s width at point , respectively.

From Figs. 4–6, we can see that the region we are interested in
is ps ps, mW mW when we
chose the following parameters: ps (
ps), ps /km, ps /km, /km/W,
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, and . In this region, we can select param-
eters to design real strongly dispersion-managed unequal-length
optical fiber link with loss.

III. N UMERALS RESULTS

In order to verify above results, we solved (2) by split-step
numerical method to simulate real unequal strongly dispersion-
managed optical fiber link. We chose 20 points (a, b, c, d, e,
f, g, h, i, j and 0, 1, 2, 3, 4, 5, 6, 7, 8, 9) from Fig. 4. Their
corresponding positions are also shown in Figs. 5 and 6. and
their corresponding parameters are shown in Tables I and II.
From these two tables, we can see that the length of one unit
is about 85–115 km.

Using these parameters, any types of unequal-length optical
fiber link can be constructed. Considerring the length of article,
we give two examples here. We can construct arbitrarily two
type 1000-km-long links: cf i j b e a g d h with
2-mW peak power, and 72 5 0 4 9 1 8 3 6 with
8-mW peak power.

We injected a chirp-free pulse train with 32 return-to-zero
(RZ) pseudorandom solitons into the optical fiber link. The
pulse train is 2400-ps long, with each bit occupying a 75-ps
time slot corresponding to a data rate of 13.33 Gb/s. The
effects of amplified-spontaneous-emission (ASE) noise of
the EDFA is modeled by addition of noise in the Fourier
domain immediately after the amplifiers. We add an amount
of noise to each Fourier component, where

is spontaneous-emission
coefficient, is Plank constant, is frequency, is the total
gain of the amplifier, is a random phase from 0 to , and

is the bandwidth associated with each Fourier component
[11]. We did not include any filter in our simulation.

The performance of our simulated system are evaluated by
calculating the waveform, the position of pulse at time axis and
the factor. The factor is defined as

where the mean values and and the standard deviation
and of the mark and space level are evaluated at the output
of the optical pulse train. Fig.7(a) are waveforms of one random
pulse train with 2-mW peak power at the end of each unit. We
selected three units that marked by three circles to analysis care-
fully the effect of soliton-soliton interaction. Fig. 7(b), (c), and
(d) is the contour plot of waveform versus position of pulse at
time axis and normalized distance of first, second and last circle
marked unit along unit respectively. On theses figure, the dot
lines indicate the normalized height of 0.5. Fig. 7(e) is average
pulse position versus unit. Fig. 7(f) is averagedvalue versus
unit. Fig. 7(e) and (f) are results of average of 160 optical pulses’
Monte Carlo simulations.

Fig. 8(a) are waveforms of one random pulse train with 8-mW
peak power at the end of each unit. We selected three units
that marked by three circles to analysis carefully the effect of
soliton–soliton interaction. Fig. 8(b), (c), and (d) is the con-
tour plot of waveform versus position of pulse at time axis and

normalized distance of first, second and last circle marked unit
along unit respectively. On theses figure, the dot lines indicate
the normalized height of 0.5. Fig. 8(e) is average pulse position
versus unit. Fig. 8(f) is averaged value versus unit. Fig. 8(e)
and (f) are results of average of 160 optical pulses’ Monte Carlo
simulations.

From Figs. 7(a) and 8(a), we can see that solitons can keep
their shape well at the end of each unit. From Fig. 7(b)–(d),
Fig. 8(b)–(d), we can see that pulses’ width are broadened and
their peaks are descended due to soliton-soliton interaction. The
higher the peak power of the input pulse is, the stronger the
effect of soliton–soliton interaction is. But these changes do not
effect waveforms at the end of each unit. So the deterioration
due to interaction is not noticeable under the condition that we
use 13.33 Gb/s data rate. From Fig. 7(e), (f) and Fig. 8(e), (f),
we can see that performance of this kind of system is well.
is very bigger and timing jitter is very smaller. The numerical
simulation result in Figs. 7 and 8 showed that soliton can stably
propagate through these 1000 km unequal-length optical fiber
link with a data rate of 13.33 Gb/s.

IV. CONCLUSION

In conclusion, we used an average approximation method to
deal with strongly dispersion-managed soliton propagation in
optical fiber link with loss. We find that, in the loss case, the
phase plane evolution picture is asymmetrical. Using the new
phase plane evolution picture, stable propagation parameters are
given and twenty points we are interested in are selected. Using
these parameters of selected points, we constructed arbitrarily
two types of optical fiber link with unit length from 85 to 115 km
and peak power 2 or 8 mW. Numerical simulation proved that
soliton can stably propagate through these 1000 km unequal-
length optical fiber link with a data rate of 13.33 Gb/s.
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