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Abstract

Soliton transmission in a dispersion compensated system is numerically studied. The numerical results are consistent with
the previous experimental results. The pre-chirping and pre-shaping method is used to reduce the timing jitter and the
dispersive wave in a dispersion compensated soliton transmission system. We have found that the pre-chirping and
pre-shaping method can stabilize the variation of pulse shape due to the perturbation of the dispersion compensation fiber
and the timing jitter can be greatly reduced. q 1998 Elsevier Science B.V.

For long distance optical soliton communication sys-
tems, the soliton is periodically amplified by the optical
amplifiers which introduce amplified spontaneous emis-

Ž .sion ASE noise to the soliton. The noise leads to the
w xtiming jitter and is known as the Gordon–Haus effect 1 .

Dispersion management techniques using dispersion com-
Ž .pensation fibers DCFs are suggested to reduce the ASE

w xnoise-induced timing jitter 2,3 . Suzuki et al. have experi-
mentally investigated a dispersion compensated soliton
transmission system and found that there was an optimum

w xdispersion compensation rate for the system 3 . However,
the DCF introduces positive frequency chirp to the soliton
periodically and the soliton pulse shape undergoes signifi-
cant variations. The frequency chirp in the soliton can be
detrimental because it disturbs the exact balance between

Ž .the group-velocity dispersion GVD and SPM effect nec-
w xessary for the soliton 4 . This local mismatch between the

w xlinear and nonlinear effects creates the dispersive wave 5 .
The periodic dispersion compensated soliton transmission
system of which the input soliton is chirped and properly

w x w xshaped has been proposed 6–8 . According to Refs. 7,8 ,
the energy required for quasi-soliton formation is less than
that required for a local fundamental soliton with the same
pulse width.
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In this paper, we use the pre-chirping and pre-shaping
method to improve soliton transmission in a dispersion
compensated system including higher order terms. We first
numerically model the soliton transmission in a dispersion
compensated system, and the numerical results are found
to be consistent with the experimental results by Suzuki et

w xal. 3 . Then we use the pre-chirping and pre-shaping
method in the system. We have found, by using this
method, that the steady periodic variation of the chirp and
the shape of the pulse can be obtained within a short
distance and the dispersive wave can be greatly sup-
pressed. In the meantime, we have also found that the
timing jitter of the soliton is greatly reduced.

The soliton transmission in a single-mode fiber can be
described by the modified nonlinear Schrodinger equation,¨
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Ž .where ts tyb z rT and T is the initial soliton width,1 0 0

b is the reciprocal group velocity, b and b represent1 2 3

the second-order and third-order dispersion of the fiber,
respectively, U is the slowly varying normalized field
amplitude, n is the Kerr coefficient, C is the slope of the2 r

Raman gain profile, and a is the fiber loss. The dispersion
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compensated soliton transmission system considered is
shown in Fig. 1. The amplifier spacing is 30 km and the
dispersion compensation spacing is 180 km which corre-
sponds to six amplifier spacing. For the transmission fiber,

Ž .the coefficients in Eq. 1 are taken to be b sy0.2552

ps2rkm, b s0.14 ps3rkm, n s3.2=10y20 m2rW,3 2
y16 Ž .C s3.8=10 ps m rW, as0.22 dBrkm. For ther

DCF, the parameters are the same as in the transmission
fiber except that b s80.0 ps2rkm and as0.5 dBrkm.2

The transfer function of the Fabry–Perot filter placed after
every amplifier is given as

1
H V s , 2Ž . Ž .

1y i 2rB VyVw xŽ .Ž .f

where Vsvyv and v is the initial soliton carrier0 0

frequency, V sv yv and v is the center frequencyf f 0 f

of the filter, and the filter bandwidth B is taken to be 740
GHz. The incident soliton pulse with linear chirp is as-
sumed to be of the form

1 2U zs0, t sh sech t exp yi C t , 3Ž . Ž . Ž .Ž .0 02

where h is the initial pulse amplitude and C represents0 0

the pre-chirping parameter. The pulse at distance z can be
written as

< < w xU z , t s U z , t exp if z , t , 4Ž . Ž . Ž . Ž .
Ž .where f z, t is the time dependent phase of the pulse.

Ž .The chirping parameter C z, t can be obtained by

C z , t syE 2f z , t rEt 2. 5Ž . Ž . Ž .
We numerically simulate a single soliton propagation in

a dispersion compensated transmission system with differ-
ent dispersion compensation rates which range from 80%
to 100%. The parameters of the input pulse are chosen to
be h s1.39, T (1.763T s7 ps, the initial soliton0 FWHM 0

Ž .separation is 50 ps 20 Gbitsrs , and C s0, i.e., without0

Fig. 1. Schematic diagram of the dispersion compensated soliton
transmission system.

Ž . Ž .Fig. 2. a The chirping parameter C at t s0 and b the
normalized pulsewidth of the soliton in the dispersion compen-
sated soliton transmission system.

Ž . Ž .initial chirp. Fig. 2 a and Fig. 2 b show the chirping
parameter at ts0 and the pulsewidth of the soliton,
respectively, as the soliton propagates along the fiber in
the dispersion compensated system with 100% dispersion
compensation rate. The oscillation of the chirping parame-
ter reaches a steady state after 4 Mm transmission. The
detailed variations of the chirping parameter and pulsewidth

Ž . Ž .are shown in Fig. 3 a and Fig. 3 b , respectively, where

Ž .Fig. 3. The detailed variations of a the chirping parameter C at
Ž .t s0 and b the normalized pulsewidth of the soliton in the

dispersion compensated soliton transmission system when stable
Ž . Ž .oscillation has been obtained. e and ^ represent the chirping

parameter or pulsewidth of the soliton at the position right before
the DCF and right after the optical amplifier, respectively.
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the steady state oscillation of the chirping parameter has
Ž . Ž . Ž .been reached. In Fig. 3 a , e and ^ represent the

chirping parameter of the soliton when ts0 at the posi-
tion right before the DCF and right after the optical
amplifier, which is negative and positive, respectively. In

Ž . Ž .Fig. 3 b , ^ represents the pulsewidth of the soliton at
the position right after the optical amplifier. Therefore, if
we launch a soliton whose initial chirp and pulsewidth

Ž .match the chirp and pulsewidth as ^ shown in Fig. 3,
then the oscillation of the chirp and pulsewidth should
reach a steady state more rapidly. We can choose this new
steady state as the input and repeat the process until the
oscillation reaches steady state within a short distance.
Using this pre-chirping and pre-shaping method, i.e.,
choosing the input parameters of the soliton to be h s0

1.05, T s12.376 ps, the initial soliton separation isFWHM
Ž .50 ps 20 Gbitsrs , and C s0.59 for 100% dispersion0

compensation rate, we obtain the chirping parameter and
the pulsewidth of the soliton as shown in Fig. 4. Since the
pulse shape right after the DCF is not the exact sech
function, the initial trifling non-steady state oscillation is
unavoidable. Comparing Figs. 2 and Figs. 4, we can see
that the oscillations of the chirping parameter and the
pulsewidth are more stable when the pre-shaping and
pre-chirping method is used.

When the soliton is periodically amplified by the opti-
cal amplifiers, every amplifier introduces ASE noise to the
soliton. The ASE noise randomly modulates the soliton
carrier frequency and causes the timing jitter of the soliton.
Since the soliton interaction depends on the separation of
the solitons, the ASE noise-induced timing jitter influences

Ž . Ž .Fig. 4. a The chirping parameter C at t s0 and b the
normalized pulsewidth of the soliton in the dispersion compen-
sated soliton transmission system using the pre-chirping and pre-
shaping method.

Ž .Fig. 5. The standard deviation of the timing jitters of solitons a
at zs10260 km for different dispersion compensation rates and
Ž .b in the dispersion compensated transmission system for the

Ž . Ž .optimum dispersion compensation rate. w and e represent the
timing jitters of solitons for the input solitons with and without
pre-chirping and pre-shaping, respectively.

the soliton interaction and vice versa. The ASE noise
power per unit frequency generated by an amplifier is

Ž .P sn Gy1 hn , where n s1.2 is the spontaneousa sp sp
Ž .emission factor, Gsexp aL is the gain of the amplifier,a

L is the amplifier spacing and hn is the photon energy.a

Fig. 5 shows the standard deviation of the timing jitters of
the solitons in the dispersion compensated transmission
system, which is caused by the combination of the soliton
interactions and ASE noise-induced timing jitters for the

w x512 pseudo-random bits. In Ref. 3 , Suzuki et al. have
experimentally investigated a dispersion compensated soli-
ton transmission system with different compensation rates
which range from 80% to 100%, the best performance of
the system was obtained with 90% dispersion compensa-

Ž . Ž . Ž .tion rate. In Fig. 5 a , w and e represent the timing
jitters of solitons at zs10260 km versus dispersion com-
pensation rate for input solitons with and without pre-
chirping and pre-shaping, respectively. When the solitons
are not pre-chirped and pre-shaped, the minimum timing
jitter occurs at 90% dispersion compensation rate, which
coincides with Suzuki et al.’s experiment. When the soli-
tons are pre-chirped and pre-shaped, the minimum timing
jitter occurs at 98% dispersion compensation rate, since the
dispersive wave caused by the DCF can be reduced by

Ž .using the pre-chirping and pre-shaping method. Fig. 5 b
shows that the timing jitters of solitons increase with
propagation distance when the dispersion compensation
rates are optimized for the input solitons with and without
pre-chirping and pre-shaping.
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In conclusion, we have numerically studied a dispersion
compensated soliton transmission system. The numerical
results are shown to be consistent with previous experi-
mental results. We have studied that the pre-chirping and
pre-shaping method can effectively reduce the dispersive
wave and timing jitter in the dispersion compensated soli-
ton transmission system.
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