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Abstract

In this dissertation, we propose different methods to improve the performance of
optical soliton communication system. First, dispersion-exponentially-decreasing
fiber is used as transmission fiber between amplifier spacing. Depletion of soliton
energy by the four-wave mixing betiween soliton and amplifier noise in the system
with large amplifier spacing i§ studied: The improvement of the system by the use
of sliding-frequency filter to reduce neise power and the depletion of soliton energy
is shown. The system can further.be improved by compensating for depleted soli-
ton energy. Second, the improvements of the Q factors of 10-Gb/s soliton systems
detected by adjusting detection window are studied. We have found that the op-
timal width of the detection window depends on the noise-induced timing jitter,
noise-induced soliton energy fluctuation, amplifier noise, dispersive wave, and soli-
ton pulsewidth. Third, the method to stabilize dispersion-managed (DM) soliton
in the presence of fiber loss and optical amplifiers is presented. We optimize in-line
filter bandwidth and the relating excess gain for every amplification period so that
the path average pulsewidth variation is minimized and the Q factors increases.
Fourth, owing to the nature of frequency chirping of a dispersion-managed (DM)

soliton, one can compress its pulsewidth with a dispersion compensation fiber at



receiver so that the Q value of a DM soliton system can be improved. Numerical
results show that significant improvement can be achieved with the pulse compres-
sion and proper time domain gating for filtering the radiated waves resulting from

the pulse compression.
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Chapter 1

Introduction

It has been great interest in soliton optical communication systems, because
they offer the highest data rate and longest transmission distance among all other
communication systems [1]-[3], because soliton pulse shape is preserved owing
to the balance between the nonlinear fiber effect of self-phase modulation effect
and anomalous fiber dispersion duringstransmission [1],[4]. The soliton system
is a promising backbone for . modern information era. Recent experiments have
demonstrated the wavelength-division-multiplexing (WDM) soliton system with
2.52 Th/s over a distance of 320.km [5| and more than 1.0 Th/s over a distance
of 10,000 km [6] at one channel data rate of 40 Gb/s. This excellent transmission
quality is due to low attenuation and distortion over a very large bandwidth in
modern optical fiber waveguides. In addition, the signal can be optically amplified
with either doped fiber amplifiers, such as erbium-doped fiber amplifiers (EDFAs)
3], or with Raman amplifiers [7].

The main deteriorated effects for soliton system are soliton stability problem,
soliton-soliton interaction, and Gordon-Haus effect [8]. These effects limit the sys-
tem performance, for examples, bit error rate (BER) and large amplifier spacing.
Since the fiber loss is a strong perturbation for soliton communication system, aver-

age soliton [9]-[13] can only survive in small amplifier spacing system without pulse



distortsion. Amplifier spacing is determined by soliton period which increases with
fiber dispersion and decreases with the square of soliton pulsewidth. Soliton period
also determined the distance for neighboring soliton collision. Gordon-Haus effect
is the noise induced timing jitter which coming from the random shift of soliton
carrier frequency that is due to the interaction of amplifier noise and soliton. The
Gordon-Haus effect not only limits system transmission distance but also ampli-
fier spacing because amplifier noise increases with amplifier spacing. In addition,
with large amplifier spacing, the noise power introduced by the optical amplifier
is significant and the signal-to-noise ratio may severely decrease. Amplifier noise
can be reduced with in-line filtering [17, 20] in frequency domain and time domain.
In frequency domain, conventional Faby-Perot-filter can be used. In time domain,
the optical gating with sinuseidal driven electroabsorption modulator can be used.
The gate function of such an“optical gate can be nearly square-shaped [25]-[43].
Amplifier spacing is not only limited by amplifier noise but also the soliton
stability problem. It requires that the amplifier spacing be much shorter than
soliton period to maintain stable soliton transmission [14]. The amplifier spacing
shorter than about 50 km is usually used in soliton system for compromising the
two limitations. For the undersea optical cable system, larger amplifier spacing is
desirable. We consider the soliton system with 100-km amplifier spacing, in which
dispersion-exponentially-decreasing fiber (DEDF)[15],[16] is used as the transmis-
sion medium and Fabry-Perot filter is used as the in-line filter for reducing the

timing jitter [17].



1.1 The objective of this dissertation

The goal of this dissertation is to study the method for improving the perfor-
mances of soliton optical communication. systems. The performances of soliton
transmission systems were evaluated by considering the noise-induced timing jit-
ter, the fluctuation of soliton amplitude [18, 19], and the fluctuation of soliton
energy. The most commonly used method of measuring the system performance
in an optical transmission system is with system Q factor [21]-[23]. Q factor can
be calculated by integrating signal power over a bit slot [24], which is called the
integration and dump method. The integration of soliton power over a bit slot is
not an optimal design because soliton' energy lies within duration much smaller
than a bit slot. Usually the integration time.of one third bit duration is used. We
found that the system Q faetor can be significantly improved by optimizing the
integration time [43].

It is well known that the Gordon-Haus timing jitter can be nearly eliminated
in dispersion-managemed(DM) long-haul soliton transmission systems [29]-[32].
There are two characteristics which limit the DM soliton system performances.
First, the generation of resonant sidebands due to positive and negative dispersion
links cause dispersive waves and the breathing of DM solitons [33]. If local fiber
dispersion is low for increasing local soliton period, signal to noise ratio ratio may
be significantly reduced by the four wave mixing between amplifier noise and soli-
tons. In such case, DM solitons pulse shape will be degraded seriously by noise
induced dispersive waves and cause intrachannel collisions between pulses. Third-

order dispersion also can enhance this effect. Second, the performances of DM



soliton systems are sensitive to the system parameters such as enhanced power,
dispersion strength, dispersion map, and amplifier spacing. There are some guide-
lines for solving these problems [34]-[36], for example using averaging methologies

[34]-[35] to find a periodic DM soliton solution of fixed energy and fixed pulsewidth.

1.2 Numerical model

The governing equation for optical soliton transmission system is the modified
nonlinear Schrodinger equation,

oU 1 90U 1 0% 9 1.
oz T30 gr gt Ol =il b

where U is the normalized field, envelope; By is the second-order dispersion; (3 is
the third-order dispersion; a.is the fiberloss; o = nowg/cAes, where ng is the Kerr
coefficient, wy is the carrier frequency,-¢-is. the velocity of the light in vacuum,
and A.g is the effective fiber crosssection. \In this dissertation, (5 is function of
transmission distance z in the following chapters.

We use the split-step Fourier method to simulate the above nonlinear partial
differential equations [1]. Nonlinear Schrédinger equation can be rewritten as fol-
lowing:

ou A

where D and N stand for linear and nonlinear operators of the equation. The
operators are given by

1,
Sor3 204,

— 1.
o2 + 6 (1.3)

N =4|UP, (1.4)



for a given small distance h, the field envolope can be written as
U(z + h, 7) = exp(hD) exp(hN)U(z, 7). (1.5)

In the symmetric split-step scheme, the solution of Eq. 1.5 can be approximated

by

A

z+h .
U(z+h, 1)~ exp(gD) exp {/ N(Z') dz'} exp(gD)U(z, 7). (1.6)

The solution of the exponential operator exp(%ﬁ) applied to the field U(z, 7) can

be calculated as

exp(gf)) Ulz,7) = {f—lexp [gﬁ(m)] .7-"} Uz, 1), (1.7)

where F' denotes the Fourier transform operation. We use fast Fourier transform
routine for the Fourier transform in computer code. The leading error term of
split-step Fourier method is ‘of the third-order in the step size h. Therefore, the
step size must be selected carefully. The optimum choice of the step size can
be obtained by monitored by calculating the conserved quantities such as pulse

energy, pulse width, or pulse area during transmission along the fiber.



Chapter 2

Effect of Four-Wave Mixing in
Dispersion-Exponentially-Decreasing Soliton
System

The amplifier spacing of the soliton transmission system is limited by the soliton
stability and the noise induced timing jitters[8]. It requires that the amplifier spac-
ing be much shorter than soliton period to maintain stable soliton transmission.
For large amplifier spacing, themoise power introduced by the optical amplifier is
significant. Therefore, the amplifier spacing shorter than about 50 km is usually
used in soliton system. Forithe undersearoptical cable system, larger amplifier
spacing is desirable. In this chapter, we consider the soliton system with 100-km
amplifier spacing, in which dispersion-exponentially-decreasing fiber (DEDF)[15]
is used as the transmission medium and Fabry-Perot filter (FPF) is used as the
in-line filter to reduce the timing jitters[17].

As fundamental soliton is maintained along DEDF, the stability condition is
satisfied by using DEDF. The in-line filter stabilizes the carrier frequency of the
soliton and reduces the timing jitters. It is found that there is significant four-wave
mixing (FWM) between the soliton and amplifier noise in such a system because
of high noise power and phase matching. The soliton-noise FWM depletes the

soliton energy and the soliton broadens. The improvement of the system by the



use of sliding-frequency filter (SFF)[20] to reduce noise power and the depletion of
soliton energy is considered. In addition, the system can further be improved by

compensating for the depleted soliton energy.

2.1 Analysis of FWM in dispersion-exponentially-decreasing
fiber
The pulse propagation in a DEDF can be described by the modified nonlinear

Schrodinger equation

oU 1. U 1. 0T , 1

In Eq. 2.1, U is the normalized field envelope;

Bol2) = €7702(0) (2.2)
is the second-order dispersion, where #5(0).is the initial value at every amplifica-
tion stage; (3 is the third-order dispersion; 4= nowo/cAcg, where ny is the Kerr
coefficient, wy is the carrier frequency, c is the velocity of the light in vacuum, and
A 18 the effective fiber cross section; « is the fiber loss. For the numerical cal-
culations, the carrier wavelength is taken to be 1.55 ym and the other parameters
are taken to be 3 = 0.14 psec®/km, ny = 3.2 x 102 m?/W, Az = 50 ym?, and
a =0.2dB/km. A FPF is inserted after every amplifier. We choose the bandwidth
of the filter Avy = 10Awv,, where A is soliton spectral width, Ay = 0.314/7,, and
Ty is soliton pulse width (FWHM). We take 7, = 10 ps and 20 ps as examples to
show the results.

In Fig. 2.1 the dotted curve represents the input 10-ps soliton and the solid
curve represents the pulse shape of the soliton after propagating 10,000 km along

7



the DEDF with 35(0) = —0.5 ps?/km, where the gain of every amplifier is exp(aL,)
and the amplifier spacing L, = 100 km. The spontaneous emission factor of the
amplifier ng, = 1.2. The in-line filter of 314 GHz bandwidth is used. The pulse
shape of the soliton after propagating 10,000 km without considering amplifier
noise is shown in Fig. 2.1 by dash-dotted line for comparison. One can see that
soliton energy is significantly depleted by the interaction with amplifier noise. The
interaction is owing to the FWM between soliton and noise. The soliton-noise
FWM is efficient because the noise power is high and the fiber dispersion is low in
the considered DEDF. The asymmetric distortion of pulse shape is mainly owing to
the third-order fiber dispersion and the dispersion introduced by in-line filters. To
estimate the soliton energy, firstly the soliton is.filtered by an ideal bandpass filter
of bandwidth Avy, = 4Avy,. Thén the soliton energy is calculated within a window
of A1, = 4A7, in time domain and the calculated energy is denoted by E;. We
simulate the transmission of a single soliton 16-times to obtain the average value
of the soliton energy, which is denoted as E,. The ratio of the energy depletion is
defined as

rq =1 — E/E, (2.3)

where Fy is the initial value of soliton energy. Figure 2.2 shows the depleted energy
ratio rq along the fiber for the case shown in Fig. 2.1. The ratio r, = E,/Ey is

also shown in Fig. 2.2 by dashed line, where
E, = nyp(G — 1) hvAvyAtyz /L, (2.4)
is the accumulated noise energy without nonlinear mixing and z is the transmis-

sion distance. One can see that the noise energy from the optical amplifiers is

8



small compared with soliton energy but the depletion of soliton energy due to
soliton-noise FWM is significant. From the figure, r, almost linearly increases
with distance. At the end of 10,000 km transmission, Fj is only two thirds of Ex.
This manifests the pulse distortion shown in Fig. 2.1.

Figure 2.3 shows the ratio rq with respect to |3(0)| for 10-ps and 20-ps solitons
after 10,000 km transmission distance. One can see that the depletion ratio rq
can be reduced by the use of higher fiber dispersion. FWM is efficient when the
soliton spectrum is near zero-dispersion frequency. The zero-dispersion frequency
deviates from the carrier frequency of soliton is |fB2(2)|/Fs. Within an amplifier
spacing, as |fB2(2)| decreases with distance, the zero-dispersion frequency moves
toward the soliton frequency. Therefore soliton=noise FWM increases with distance
within an amplifier spacing.~ The smallest' fiber dispersion is |f2(L,)| at the end
of every amplifier stage, and the coincident zero-dispersion frequency falls into
soliton spectral width when |Gy(L.)| "= PsmAr,. Thus the corresponding initial

fiber dispersion |52(0)|min can be estimated as a lower limit

(2.5)

|82(0) | min = <%> e*he,

Tw

From the equation, [B2(0)|min = 1.38 ps?/km and 0.7 ps?/km for 7, = 10 ps
and 20 ps, respectively. Both of the depletion ratio curves in Fig. 2.3 are almost
linear for |5>(0)| above the lower limit values and the slopes runs up drastically
for [52(0)| below them. Although larger |52(0)| leads to higher soliton power but
phase matching condition is less satisfied and the efficiency of the soliton-noise
FWM decreases in the case of the same pulse width. For the same |52(0)|, 7q
of 10-ps soliton is smaller than ry of 20-ps soliton since the former has a larger

9



signal-to-noise ratio. If the pulse width is too short, the other effects such as third-
order dispersion and self-frequency shift may deteriorate the pulse shape. From
Fig. 2.3, we can see that rq decreases as |52(0)| increases and pulse width decreases.
However, in the presence of neighboring solitons and by considering noise-induced
timing jitters, the system performance may not be improved as |52(0)| increases

and pulse width decreases.

2.2 Energy compensation and system performance

To study the performance of the system, we consider the allowed transmission
distance of a 10 Gb/s system for 109 bit error rate (BER). 254 bits are simulated
to calculate BER, where the ‘probabilities.of »ONE” and "ZERQO” bits are the
same. The square symbols in Figs. 2.4 (a) and (b) show the allowed transmission
distances versus |52(0)| for 10-ps and 20-ps-solitons, respectively. It is known that
the SFF can effectively reduce noise power and timing jitters[20]. Soliton-noise
FWM can also be reduced by using the SFF. The cross symbols in Figs. 2.4 (a)
and (b) show the cases using the SFF,| where the filter is the same as the Fabry-
Perot in-line filter used above except that its central frequency is up-sliding with
a rate of 3 GHz/Mm and 5 GHz/Mm in Figs. 2.4 (a) and (b), respectively. One
can see that the improvement of the transmission distance ranges from 1,000 km
to 2,000 km and there exists an optimum |35(0)| for the maximum transmission
distance. When |B2(0)]| is small, soliton-noise FWM is significant. When |32(0)]
is large, although the energy depletion ratio is reduced as is shown in Figs. 2.3,

soliton-soliton interaction and noise-induced timing jitters are enhanced and limit

10



the transmission distance. By comparing Figs. 2.4 (a) and (b), for |52(0)] <
0.6 ps?/km, transmission distance is longer for 10-ps pulse width; for |52(0)| >
0.6 ps?/km, transmission distance is longer with 20-ps pulse width. Although the
energy depletion ratio decreases with pulse width for the same |55(0)| as is shown
in Figs. 2.3, the noise-induced timing jitter is enhanced for the soliton with shorter
pulse width. The transmission distance with shorter pulse width is less than that
with longer pulse width when |(82(0)] is large.

To compensate for the energy depletion, we may increase amplifier gain to
maintain the estimated average soliton energy E, = r.Ey, where r, is the energy
compensation ratio. As the energy depletion increases with distance owing to more
noise power, the required amplifier gain also increases with distance. Figure 2.5
shows the pulse shape of the soliton for the same case as Figs. 2.1 except that
the energy depletion is compensated and. 7. =.1.0. One can see that the pulse
shape is much better than that without the compensation for the energy depletion.
However, r. = 1.0 may not be the optimal choice because the generated noise
power through soliton-noise FWM increases with r.. By adjusting the energy
compensation ratio r. , the maximum transmission distances for different |52(0)]
by using sliding filters are shown in Figs. 2.4 by diamond symbols. For example,
the optimal energy compensation ratios r. for the case with 10-ps soliton are 0.95,
0.8, and 0.5 for |32(0)] = 0.2 ps?/km, 1.0 ps*/km and 2.0 ps®/km, respectively.
Comparing the cases without and with energy compensations shown in Figs. 2.4, we
see that the transmission distance can be improved significantly when |55(0)] is not

too large. When |55(0)] is large, although the soliton pulse width is maintained

11



better with energy compensation, the dispersive wave is larger owing to more
noise power where part of the noise is converted from solitons through soliton-
noise FWM. The enhancement of soliton-soliton interaction by the dispersive wave

increases with |52(0)].

2.3 Summary

In conclusion, we have shown the FWM between soliton and amplifier noise in
the system with large amplifier spacing, where the DEDF is used as transmission
fiber. When a low dispersion DEDF is used in such a system, the depletion of
soliton energy due to the soliton-noise FWM is significant because of the phase
matching. On the other hand, whenythe higher dispersion DEDF is used, the
FWM is reduced, but the noise-induced timing jitter and soliton-soliton interaction
increase. Therefore, there exists“an optimum fiber dispersion for the maximum
transmission distance. The improvement of the soliton system by using the SFF

and by compensating for depleted soliton energy are also shown.
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Figure 2.1

Pulse shape of 10-ps soliton after prepagating 10,000 km along the DEDF with
B2(0) = —0.5 ps? /km is shown by solid line. The amplifier spacing is 100 km. The
in-line filter of 314 GHz bandwidth is used. The pulse shape of input soliton is
shown by dotted line. The pulse shape of the soliton after propagating 10,000 km

without considering amplifier noise is shown by dash-dotted line.
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Energy depletion ratio along the fiber for the case shown in Fig. 2.1. The dotted
line represents the ratio of the accumulated noise energy and initial soliton energy

in the absence of Kerr nonlinearity.
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Energy depletion ratio rq versus initial fiber dispersion |52(0)| for both 10-ps and

20-ps solitons at 10,000 km transmission distance.
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Figure 2.4

Allowed transmission distance versus initial fiber dispersion |82(0)| for (a) 10-ps

and (b) 20-ps solitons.
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Figure 2.5
Soliton pulse shape for the same case as Fig. 2.1 except that the energy depletion

is completely compensated
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Chapter 3

Adjusting the Detection Window to Improve the
Soliton Communication System

The performances of soliton transmission systems were evaluated by consider-
ing the noise-induced timing jitter [8], the fluctuation of soliton amplitude [18],[19],
and the fluctuation of soliton energy. The most commonly used method of mea-
suring the system performance in an optical transmission system is the decision
circuit method of measuring Q factors{21],{22].The Q factor can be calculated by
integrating its power over a bit 'slot [24],-which is'called the integration and dump
method. The integration of seliton power-over a bit slot is not an optimal design
because soliton energy lies within a duration much smaller than a bit slot. It has
been reported that the in-line optical gate in time domain could reduce ASE noise
[25]. The optical gate can be realized by a sinusoidal driven electroabsorption
modulator and the gate function is nearly square-shaped [26],[27],[28].

Considering such an optical gate is place before the photodiode of the receiver,
only the soliton power within the gate time is able to arrive at the photodiode.
Then the received signal is integrated over a bit duration in the receiver. Therefore,
the optical gate together with the receiver circuit function as an integrator which
integrates the soliton power over a duration of the gate time. We call the gate time

as detection window. When the detection window is less than a bit slot, a fraction
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of noise energy can be excluded without the expense of signal energy. On the other
hand, with too small an detection window like sampling the signal’s amplitude at
bit centrum, the system performance may suffer from the noise-induced timing
jitter. The dependence of the system performance on detection window has not
been considered in literatures. In this chapter we will study the improvements of
the Q factors of a soliton systems by adjusting the detection window, called time

domain gating (TDG) method,

3.1 Model of system performance by using time domain
gating method

The modified nonlinear Schfédinger equation, as in Eq. 2.1, describing the
soliton propagation in a fiber.is numerically solved. We take the carrier wavelength
A = 1.55 ym, the second-order fiber dispersion 35 = —0.25 ps?/km, the third-order
fiber dispersion 33 = 0.14 ps®/km; thederr coefficient ny, = 2.7 x 1072° m?/W,
the effective fiber area A.g = 50 pum?, and the fiber loss @ = 0.2 dB/km. The
soliton system of 10-Gb/s bit rate is considered and its bit slot 7, = 100 ps. The
soliton pulsewidth T,(FWHM) and the transmission distance L; are varied. The
soliton is amplified every 50 km and the spontaneous emission factor ng, of an
optical amplifier is assumed to be 1.2. An in-line Fabry-Perot filter is inserted
after every amplifier to reduce the amplified spontaneous emission (ASE) noise
and noise-induced timing jitter, where the filter bandwidth is optimized. A second-
order Butterworth electric filter with a narrower bandwidth Avy in the receiver

is used to further reduce noise [9,10]. The accumulated ASE noise is detrimental
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for optical amplified long links [18], and the shot noise and thermal noise in the
receiver are negligible. For the cases shown in this paper, Av; is also optimized.
The bit energy is obtained by integrating the amplitude of the filtered signal over
a bit slot in which its centrum coincides the bit centrum. The gate function of the

detection window is modeled by a fifth-order super-Gaussian function

G(T) = exp [_% <T£d>2m

where T, is the detection window and m = 5. The system performance can be

, (3.1)

evaluated by bit error rate (BER) which is given by [28]

1 El—ED ED_EO>:|
BER = - |erfc ( 2 =P} 4 erfe (22— 20|, 3.2
4 {erc< JE1V2 ) erc( JEov2 32

where

erfc(z) = 2 /00 =¥ dy (3.3)

Vil

is the complementary error function;In'Eq."3.2, Ep is the decision threshold; E,
and F, are the average integrated energies of ONE and ZERO bits, respectively;
0F, and 0FE, are the standard deviations of energies of ONE and ZERO bits,
respectively. The Q factor of the soliton system can be evaluated by BER, which
is

Q = V2 erfc (2 - BER). (3.4)
For BER = 107?, Q = 6. For a given detection window T}, the decision threshold

Ep is optimized for the minimum BER or the maximum Q. We use 1024 sample

bits of equal probable ONE and ZERO bits to calculate the Q factor.
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3.2 Numerical results and discussion

Figure 3.1 shows an output of two neighboring ONE and ZERO bits for the
case of transmission distance L; = 10,000 km and soliton pulsewidth 7T, = 10 ps.
In Figure 3.1, the initial pulse shape and the output pulse shape without ASE
noise are shown for comparison. One can see that, in the absence of ASE noise,
soliton broadens and the displacement of the soliton is due to the third-order fiber
dispersion and filters. In the presence of ASE noise, soliton further broadens and
the displacement of the soliton is due to noise-induced timing jitter in addition
to the third-order fiber dispersion and filters. In the presence of ASE noise, the
beating and the nonlinear interaction!between ASE noise and soliton lead to the
distortion of output pulse shape, especially on the pedestal of the soliton, and the
fluctuation of integrated energy. There is significant dispersive wave radiated from
the soliton owing to the nonlinear interaction: . One can see that the output soliton
energy with ASE noise is less than that without ASE noise. The noise-induced
soliton energy fluctuation and timing jitter are the main origins of the BER of ONE
bits. Because the power of dispersive wave is low and the nonlinear interaction
between ASE noise and dispersive wave is weak, the beating between ASE noise
and dispersive wave is the main origin of the BER of ZERO bits and is also an
origin of the BER of ONE bits when detection window T} is large.

Figure 3.2 (a) shows the average integrated soliton energy F; versus detection
window T} at 10,000 km for the case of T, = 10 ps. The data shown in the figure is
normalized by the average energy within a bit slot Eyy, i.e., Eyy = E1(Ty = Ty).

The dash line represents the case that the center of the detection window is at the
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soliton peak in order to exclude the effect of timing jitter. Solid line represents the
case that the center of the detection window is at bit centrum and the effect of
timing jitter is included. We can see that, when 7} is small, the average integrated
soliton energy E; including the timing jitter is less than that without the timing
jitter. When T} is larger than about 25 ps, the effect of timing jitter on the average
soliton energy can almost be neglected. Figure 3.2 (b) shows dE; and JEy versus
Ty for the same case shown in figure 3.2 (a). One can see that § Ey slowly increases
with Ty. 0F; rapidly decreases as T, increases when Ty is less than about 20 ps
mainly because of noise-induced timing jitter. This shows that the effect of timing
jitter is more tolerable with larger detection window. The noise-induced soliton
energy fluctuation also contributes to 0FE:, which can be observed by comparing
dE; to dF} shown in the figure'by dash-dot line.~0 E] is the standard deviation of
integrated energies of ONE bits caleulated by taking the center of the detection
window at the soliton peak in order'to ‘exclude the effect of timing jitter. When
T, is larger than 25 ps, 0F; increases with T, that is due to the ASE noise and
dispersive wave.

For the integration and dump method, the optimal T} relates to soliton pulsewidth.
Figure 3.3 shows the increase of average root-mean-square (rms) pulsewidth 7} nor-
malized by initial rms pulsewidth 7;; along the fiber for the case of 10-ps soliton.
In figure 3.3 both cases with and without amplifier noise are shown. As is ex-
plained previously, ASE noise enhances soliton broadening. We optimize T; along
the transmission distances and the results are shown in figure 3.4, where the cor-

responding () are also shown. One can see that the optimal T, increases with
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pulsewidth. A larger pulsewidth requires a wider detection window in order to
reduce the degradation of (Q that is due to noise-induced timing jitter and soliton
energy fluctuation.

Figure 3.5 shows Q versus Ty for L, = 10,000 km and 7, = 10 ps, 15 ps,
and 20 ps. The optimal T;= 35 ps, 47 ps, and 55 ps for T, = 10 ps, 15 ps, and
20 ps, respectively. For the considered cases, the optimal T,’s are about three
times of the initial pulsewidth. One can see that the optimal T} for the maximum
Q factor increases with initial soliton pulsewidth. For a small detection window,
Q factor is mainly deteriorated by ONE bits that is due to noise-induced timing
jitter and soliton energy fluctuation. When 7y is much less than the pulsewidth,
the detection method in fact hecomes the sampling method in which the Q factor
is calculated by sampling the gignal’s amplitude at bit centrum. The result shows
that the sampling method is not the best detection method to obtain the maximum
Q factor. For a larger detection windew (7 > 22 ps in the case of Ty = 10 ps), Q
is mainly degraded by ZERO bits because ZERO bits contain significant dispersive
waves which can be clearly observed in figure 3.1. Again, from the results shown in
figure 3.5, the (Q measured by sampling method are smaller than the maximum Q
measured by the integration and dump method. With the integration and dump
method, the maximum Q is higher for shorter initial pulsewidth because the signal-

to-noise ratio is higher for the soliton of shorter pulsewidth.
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3.3 Summary

In conclusion, the improvements of the Q factors of 10-Gb/s soliton systems
detected by TDG method are studied. The optimal detection window depends
on the noise-induced timing jitter, noise-induced soliton energy fluctuation, ASE
noise, dispersive wave, and soliton pulsewidth. The contribution of BER from
ONE bits is slightly larger than ZERO bits with the optimal detection window. It
is found that the optimal detection window by the integration and dump method

is about three times of the initial soliton pulsewidth for the considered cases.
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Figure 3.1

An output pulse shape of two neighboring ONE and ZERO bits at 10,000 km for
the case of soliton pulsewidth 7, = 10 ps. The initial pulse shape is shown by
dotted line. The output pulse shapes with and without noise are shown by solid

and dash-dotted lines, respectively.
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Figure 3.2
(a) The average integrated soliton energy E;; (b) the standard deviation of inte-

grated energies dF1, dE| and JEj.
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Average rms pulsewidth 7, normalized by initial value T,; along the fiber for the
case of 10-ps soliton. The cases with and without amplifier noise are shown by

solid and dash lines, respectively.
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Optimal detection window Ty and the corresponding Q factor for different trans-

mission distances for the case of 10-ps soliton.
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Q factor versus detection window Ty for 10-Gbit/s bit rate and 10,000-km trans-

mission distance. The cases of the soliton pulsewidth 7= 10 ps, 15 ps, and 20 ps

are shown.
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Chapter 4

A Stabilization Method for Dispersion-Managed
Soliton

Dispersion-managed (DM) soliton transmission systems are interested in recent
years [31], [38]. Soliton power can be tailored by arranging dispersion map [37].
Gordon-Haus timing jitter [8] can be nearly eliminated in DM soliton systems. On
the other hand, there are drawbacks for DM soliton systems. DM soliton is sta-
ble in lossless fiber links. With'fiber doss and optical amplifiers for compensating
fiber loss, there is dispersive wave genetated when DM soliton breathes. There
is dispersive wave generated front the-resonant sidebands that is due to positive
and negative dispersion links. When significant dispersive waves are generated,
the pulse shape of DM soliton is degraded and signal to noise ratio is also de-
creased. Furthermore, the intrachannel interactions between neighboring pulses
are enhanced. Third-order fiber dispersion also can enhance the generation of
dispersive waves. Secondly, performance of DM soliton system is sensitive to the
parameters such as enhanced power, dispersion strength, dispersion map, and am-
plifier spacing. In lossless case, the methods for designing the system parameters
are proposed [39], [40]. But the DM solitons designed with these methods become
unstable when there are fiber losses and optical amplifiers.

In this chapter, we propose a method to design the system parameters so that
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the stability of DM soliton is improved in the lossy fiber with optical amplifiers.
In DM soliton systems, the dispersive wave, timing jitter, and power variation
or amplitude jitter degrade system (Q value. On the other point of view, this
is because Gaussian ansatz assumption is not an exact solution of periodic DM
soliton. We consider the case with periodic amplification for compensating fiber
loss and the period of dispersion map coinciding the amplification period. The
proposed method is the use of proper enhancement power factor and in-line filter
bandwidth for every period so that the Gaussian input pulse can slowly evolve
into a periodic DM soliton with minimal radiated dispersive waves. Numerical
results show that the stability of the DM soliton and the system Q value can be

significantly improved.

4.1 Pulse stability control by in-line filter and excess gain

The modified nonlinear Schroedinger equation that describes the soliton prop-
agation in a fiber is described in Eq. 2.1 This equation can be numerically solved
with split-step Fourier method as described in Chapter 1. Here we take the carrier
wavelength A\ = 1.55 um, the third-order fiber dispersion 33 = 0.08 ps®/km, the
nonlinearity v = 2.4 W 'm ™!, and the fiber loss a = 0.2 dB/km. 20-Gb/s soliton
system is considered, in which soliton pulsewidth (FWHM) T,= 10 ps. The spon-
taneous emission factor ng, of an an optical amplifier is assumed to be 1.2. The

dispersion map is shown in Figure 4.1, in which

_ BaLy + BazLy

<B2> - ﬁ (4'1)

33



is the path average dispersion. The amplifier spacing is L, = Li + Ls. An in-line
second-order Butterworth filter(BWF) is inserted after every amplifier to reduce
the dispersive wave, the amplified spontaneous emission (ASE) noise of amplifier,
and the noise-induced timing jitter.

For the conventional soliton system of long transmission links with uniform
fiber dispersion, we can use the in-line filters of the same proper bandwidth to
filter amplifier noise. In such a case, usually there is slight filtering loss for soliton
spectrum. Excess amplifier gain is required to compensate for the filtering loss.
The filtering loss leads to the distortion of soliton spectrum. The large power
variation during transmission links also perturbs soliton. Fortunately, the robust
nature of soliton can adjust itself so_that.the soliton still remains stable during
long haul transmission.

In DM soliton transmission:systems; the resonant sidebands and noise induce
dispersive waves. In order to reduce this effect, the use of in-line BWFs is not
only to filter amplifier noise but also to eliminate the dispersive wave. Therefore
higher excess amplifier gain is required to compensate for the filtering loss. In such
a situation, DM soliton is not as robust as conventional soliton and DM soliton is
not stable with the in-line filters of the same bandwidth. We find that such a DM
soliton can be stabilized by respectively optimizing the in-line filter bandwidth B

and the excess gain G, for every amplification period.
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4.2 Numerical results

Take the dispersion map parameters as an example: () = —0.1 ps?/km,
Bo1 = —1.0 ps?/km, [ = 0.8 ps?/km, Ly = Ly, and L,=80 km. Figure 4.2 shows
the evolution of soliton energy along the transmission links, where F; represents
the input initial pulse energy and represents the pulse energy at the output of
every amplifier. The integration time of pulse energy is 27 centered at pulse’s
center. Line 0 shows the ideal lossless case without optical amplifier (therefore
no amplifier noise) and in-line filters. We can see the evolution is stable. As the
period of dispersion map is designed to coincide with amplification stage, the pulse
evolution is nearly periodic with the:period.(80km). Line 0 shows the pulse energy
Ey at the end of every unit cell and the periodi¢-variation within a unit cell is not
shown. However a 3,400-kny long-distance periodic behavior is observed. Line 1
shows the case with amplifier neise but without filters. The pulse breaks up at
about 2,000 km and no longer recovers. Line 2 shows the case with the same filter
of bandwidth 150 GHz for every amplifier. Pulse is more stable than the case of
Line 1. Line 3 shows the same case as Line 2 except that filter bandwidth is set
to a larger value of 200 GHz. One can see the pulse is more stable than Line 2
case. In fact we cannot find a filter bandwidth so that the pulse is stable and shows
similar long distance periodic characteristic as the ideal lossless case (Line 0). Line
4 shows the case with optimized filter bandwidth and excess gain respectively for
every amplification period. The long-distance periodic like evolution appears. For
this case, the pulse is stabilized although is not as good as the lossless case. The

following describes the method for optimizing the paired parameters, in-line filter
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bandwidth B and the excess gain G, for every amplification period so that DM
soliton is stabilized in the presence of fiber loss and optical amplifiers.

We consider a transmission system in which an optical amplifier and an optical
filter are located at the end of a unit cell. For optimizing B and G, for the n-
th amplifier, we define the path average pulsewidth variation within (n + 1)-th

amplification period as

1 (n—f-l)La
(B, Go) = g / T(z, B, G.) — T(z — Lo, B, G.)dz,  (4.2)
s a JnLg

where T'(z, B, G.) is the pulsewidth (FWHM) at a distance of z with the parameter
B and G.. The parameters B and G, are optimized so that is minimized. The
evolutions of pulsewidth (FWHM)'are shown in Figure 4.3 for the parameters
given in Figure 4.2. Line 0 shows the idealilossless case without amplifier noise
and in-line filters. The stable pulsewidth evolution is shown. However, pulse is
deteriorated when fiber loss and amplifiers-are considered. Line 1 shows such a
case without filter. One can see that the pulsewidth dramatically increases with
distance mainly because the noisy background significantly results in random phase
modulation to the pulse through Kerr effect. With the same filter bandwidth and
excess gain for every amplification period, Line 2 and Line 3 also show dramatic
increase of pulsewidth with distance, in which the filter bandwidths are 10 times
and 15 times the pulse’s spectral width, respectively. Although the filter can
eliminate dispersive wave, the pulses loose too much energy and become unstable.
For both cases, after about 6,500 km, the pulses break up and no longer recover.
With the optimized filter bandwidth and excess gain for each amplification period,
Line 4 shows the pulse is stable and its evolution is close to the ideal lossless case.
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For this optimized case, Figure 4.4 shows the minimum path averaging pulsewidth
variation ¢, the filter bandwidth B (normalized to 150 GHz), and the excess gain
relating parameter , along the transmission links. In the figure, at 10,000 km, B=
192 GHz, G.=1.145, and the corresponding § = 0.28. One can see that the values
of the three parameters sharply increase at about 7,200 km. After 10,000 km,
B and a reach steady values. Figure 4.5 compares the pulse shapes of the ideal
lossless case and the optimized case at 10,000 km, in which the input Gaussian
pulse is also shown for comparison. However, from Figure 4.3, one can see that in
fact pulsewidth increases in the long run for all the cases shown in this figure. It
is noticed, even for the ideal lossless case, the DM soliton also slightly disperses at
10,000 km.

Although the above examplé shows this method is able to stabilize DM soliton,
the stabilization is not guaranteed for any 'dispersion map. Figure 4.6 shows the Q
value of the system optimized with the above method for several dispersion maps.
The Q value is evaluated at 10,000 km. All the cases remain the same. That is
the amplifier spacing is 80 km. The corresponding dispersion values [2; and (a9
can be easily calculated from the average dispersion and map strength .S as shown
in Table 4.1, where

S = |Ba1Ly — BasLo| /T2 (4.3)
One can see that Q value is maximal for the average dispersion around —0.07 ps?/km
and smaller map strength is better for the cases shown in Figure 4.6. If (53,) is

too small, DM soliton power is low and signal to noise ratio is poor. If (fs) is

too high, DM soliton power is high but more unstable that is due to short local
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soliton length. For this case, our method is not able to stabilize DM solitons. The
DM soliton is stable with weak map strength, absolute value 85; and (335 decrease
with map strength. Therefore the Q-value in Figure 4.6 increase with weaker map

strength.

4.3 Summary

In summary, the method to stabilize DM soliton in the presence of fiber loss
and optical amplifiers (therefore there is amplifier noise) is presented. We optimize
in-line filter bandwidth and the relating excess gain for every amplification period
so that the path average pulsewidth variation is minimized. Numerical results
show that DM soliton can bereffectively stabilized with proper dispersion map.
For the considered cases, it-is found that the system (Q-value is maximized with

the average dispersion around.= (.07 ps®/km.

38



S =0.36 (B2) Ba21 Ba2
—0.02 —0.47 0.43
—0.04 —0.49 0.41
—0.06 —0.51 0.39
—0.08 —0.53 0.37
—0.10 —0.55 0.35
S =0.72
—0.02 —0.92 0.88
—0.04 —0.94 0.86
—0.06 —0.96 0.84
—0.08 —0.98 0.82
—-0:10 —1.0 0.8
S =1.52
—0.02 1,92 1.88
—0.04 —1.94 1.86
—0!06 —1.96 1.84
—0.08 —1.98 1.82
—=0.10 =2.0 1.8
S =2.32
—0.02 —2.92 2.88
—0.04 —2.94 2.86
—0.06 —2.96 2.84
—0.08 —2.98 2.82
—0.10 —3.00 2.80

Table 4.1

The dispersion map strength correspondent to different (13 and faa, (52)

—0.1 ps?/km, L; = Ly=40 km.
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Figure 4.1
Dispersion map. () is the path average dispersion. L; and Ls are the fiber length
correspond to the dispersion f5; and s, respectively. The amplifier spacing is

L, =L+ Ls.
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Figure 4.2

The evolution of soliton energy along the transmission links, where E; represents

the input initial pulse energy and represents the pulse energy at the output of
every amplifier.
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The evolutions of pulsewidth (FWHM) for the parameters in Figure 4.2.
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The minimum path averaging pulsewidth variation ¢, the filter bandwidth B (nor-

malized to 150 GHz), and the excess gain G, along the transmission links.
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The pulse shapes of the ideal lossless case (dashed line) and the optimized case
(solid line) at 10,000km, in which the input Gaussian pulse (dotted line) is also

shown for comparison.
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The Q value of the system optimized with the above method for several dispersion

maps.
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Chapter 5

Post Pulse Compression for Improving
Dispersion-Managed Soliton Systems

It is well known that the Gordon-Haus timing jitter [8] can be nearly eliminated
in dispersion-managed long-haul soliton transmission systems [29]. The interplay of
the breathing nature of DM solitons, large perturbation of system loss in large am-
plifier spacing, third-order dispersion, and system noise result in dispersive waves in
pulse background. If significant dispersive waveis generated, signal to noise ratio is
low and DM solitons pulse shape will be degraded seriously. The background noise
leads to intrachannel interaction between-neighboring pulses. Suitable deployment
of filter or sliding filter can efficiently'réduce the dispersive wave [34]-[36]. The
system performance is also sensitive to the parameters such as enhanced power,
dispersion strength, dispersion map, and amplifier spacing [37],[45]. These system
performance can be optimized by in-line parameter optimization processes.

In addition to the above in-line improvement methods for DM soliton systems,
the systems can also be improved at the receiver. Reference [?] shows that noisy
wave can be optically filtered in time domain with the use of optimal width of
detection window, which is usually implemented with an optical gate, at receiver.
This method is called time domain gating (TDG) method, which is describe in

chapter 3. In this chapter, the other method to improve system performance at
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receiver is studied. We consider the well-known nature of the frequency chirping
of DM solitons and use a dispersive element at receiver to compress DM solitons.
A dispersion compensation fiber (DCF) as the dispersive element is used in this
chapter. The use of DCF at receiver to compensate for the residual fiber dispersion
of transmission system has been widely used in either NRZ or RZ systems and is
called post-dispersion compensation (PDC) [46]-[48]. For the DM soliton system,
it is more proper to call the use of DCF at receiver as post pulse compression
(PPC). We also study the performance improvement of DM soliton systems with
PPC and TDG methods at receiver, in which PPC is applied before TDG.
Before applying PPC and TDG methods at receiver, the evolution of DM soli-
tons along the transmission system is designed with a in-line parameter optimiza-
tion processes. In DM soliton systems. dispersive wave, timing jitter, and power
variation or amplitude jitter degrade system ) value. On the other point of view,
this is because Gaussian ansatz assumption is not an exact solution of periodic DM
soliton with system loss and noise. We carefully choose the enhancement power
factor and filter bandwidth so that the Gaussian pulse could slowly evolve into a
periodic DM soliton with minimal radiated dispersive wave. The use of PPC is to
further reshape the DM soliton’s pulse shape but at the cost of more radiated dis-
persive wave. The dispersive wave can be effectively filtered with TDG. Numerical

results show there is significant improvement with PPC. Further improvement can

be achieved with TDG.
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5.1 Theoretical model of post pulse compression

Split-step Fourier method, described in Chapter 1, is used to numerically solve
the modified nonlinear Schroedinger equation that describes the soliton propa-
gation in a fiber, as shown in Eq. 2.1. Here we take the carrier wavelength
A = 1.55 ym, the third-order fiber dispersion 83 = 0.08 ps®/km, the nonlinear-
ity v = 24 W lm™!, and the fiber loss @ = 0.2 dB/km. The soliton system
of 20-Gb/s bit rate is considered, in which soliton pulsewidth full width at half
maximum (FWHM) T,= 10 ps. The spontaneous emission factor of an optical
amplifier is assumed to be 1.2. The dispersion map is shown in Fig. 4.1, where
< [y > is the path average dispersiont, deseribed in Eq 4.1. The amplifier spacing is
L, = L1+ Lo, where L; and Lg aré thefiber length correspond to the dispersion (51
and fq, respectively. An in-line second-order Butterworth filter (BWF) is inserted
after every amplifier to reduce dispersive waves, amplified spontaneous emission
(ASE) noise, and noise-induced timing jitter. The filter bandwidth and enhanced
power factor are paired parameters. These paired parameters are adjusted or opti-
mized at every amplifier stage [49]. The average dispersion < 3, >= —0.1 ps?/km,
Ba1 = —1.0 ps?/km, By = 0.8 ps?/km, L; = Ly = 40 km, and L, = 80 km. A
512-bit sequence of psuedo-random Gaussian pulses are input in the DM soliton
system. For PPC, a DCF with 3, = 80 ps?/km, 83 = 0.1 ps®/km, a = 0.6 dB/km
and v = 5.6 W™ 'm™! is used. The length of DCF is optimized for the maximum
Q value.

For TDG, the gate function of the detection window is modeled by a fifth-order

super-Gaussian function, as in Eq. 3.1 where Ty is the detection window width and
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m = 5. The bit energy is obtained by integrating the amplitude of the filtered
signal over a bit’s time slot in which its centrum coincides the gate centrum. The

system performance can be evaluated via

M1 — Mo
= ; 5.1
Q=220 (5.1)

where 1 and pg are the mean energies of bit ONE and ZERO, and o, and oy are

the standard variations of the energies of bit ONE and ZERO, respectively.

5.2 Numerical results

The pulse shape and frequency chirping of a DM soliton after propagating 8,000
km in the system described in the last _section are shown in Figure 5.3. One can see
that there is nearly anti-symmetric frequency chirping. The maximum positive and
negative frequency chirpings-are 20.GHz and 30 GHz respectively. A pulse with
such frequency chirping can be compressed with the DCF of negative dispersion
(B2 > 0) at carrier wavelength. System performance can be improved with pulse
compression owing to the increase of mean bit energy and the decrease of the
standard deviation of bit energy. However, the radiated wave resulting from pulse
compression that must be taken case. For the case shown in Figure 5.3, Figure 5.1
shows the pulse shapes for the pulse before applying PPC and after applying PPC.
One can see that, as the pulse is compressed with a 0.4 km DCF, there is wave
radiated from the pulse. The radiated wave increases with the length of DCF or
the ratio of pulse compression. The radiated wave that is due to pulse compression

can be effectively filtered with TDG. However, serious radiated wave resulting from

49



too much pulse compression degrades system performance. Therefore there exists
an optimal DCF length or compression ratio.

Figure 5.2 shows the Q value and full width at half maximum (FWHM) pulsewidth
with respect to DCF length for 8,000 km transmission distance. For the cases
shown in Figure 5.2, Ty is optimized. One can see that, for the maximum Q value,
the FWHM pulsewidth is 12.5 ps and DCF length is 0.4 km. As the FWHM
pulsewidth before PPC is 14.5 ps, the optimal compression ratio is 1.16 for this
case. Figure 5.4 shows FWHM pulsewidth before applying PPC, and FWHM
pulsewidth after applying PPC, and DCF length, as a function of transmission
distance for the maximum @ value with optimized Ty. In the figure shown, for the
transmission distance shorter than about 6,000 km, pulsewidth slightly broadens
and the optimal pulse compression ration with PPC is small. For the transmis-
sion distance longer than about 8,000 km, pulse becomes unstable and there is
significant pulse broadening. For such a'ease, the optimal pulse compression ratio
becomes apparent.

Figure 5.5 shows the maximum Q-value with respect to transmission distance
for different schemes. Dotted line represents the DM soliton system without any
optimization, in which the detection window is the conventional value of one third
of a time slot (T;= 16.67 ps). Dashed line represents the case with optimal PPC
and also with T;= 16.67 ps. Solid line represents the case with both optimal PPC
and TDG, in which the value of Ty is respectively optimized for each transmission.
We can see that the improvement of the Q-value with PPC is significant even

when the optimal TDG is not applied. For the case without optimal TDG, the
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detection window of one third of a time slot is also able to effectively filter the
radiation resulting from pulse compression. With the optimal TDG, there is a

further improvement.

5.3 Summary

The pulse compression with DCF at receiver for improving the Q-value of a
DM soliton system is numerically studied. The compression utilizes the nature of
frequency chirping of a DM soliton. There is radiated wave resulting from the pulse
compression that can be effectively filtered with time domain gating. The results
show significant improvement can be achieved with the pulse compression and
proper time domain gating. As this techmigue is simple and is applied at receiver,
one can expect that it is promising for-upgrade DM soliton system. The overall
performance of a wavelength=division-multiplexing (WDM) DM soliton systems
also can be expected significantly improved with this technique and is required to

be further studied.
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Chapter 6

Conclusion

This dissertation deals with the methods for improving the system performance.
First we studied the FWM between soliton and amplifier noise in the system with
large amplifier spacing, where the DEDF is used as transmission fiber. If fiber
dispersion of DEDF is decreased to a small value, the depletion of soliton energy
due to the soliton-noise FWM is significant because of the phase matching. On
the other hand, if the minimaim idispersion.of DEDF is large enough, the FWM
is reduced but noise-induced-timing jitter and soliton-soliton interaction increase.
Therefore, there exists the optimmum fiber dispérsion for the maximum transmission
distance. The improvement of the soliton system by using SFF and by compensa-
tion of depleted soliton energy is also shown for such a system.

For the soliton detection issue, we found the optimal detection window of a
soliton system, which depends on the noise power, noise-induced timing jitter,
noise-induced soliton energy fluctuation, dispersive wave, and soliton pulsewidth.
The contribution of BER from ONE bits are slightly larger than ZERO bits with
the optimal detection window. It is found that the optimal detection window is
about three times of the initial soliton pulsewidth for the considered cases.

We proposed a method to design the system parameters so that the stability

of DM soliton is improved in the lossy fiber and with optical amplifiers. In DM
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soliton systems, dispersive wave, timing jitter, and power variation or amplitude
jitter degrade system Q) value. On the other point of view, this is because Gaussian
ansatz assumption is not an exact solution of periodic DM soliton. We consider
the case with periodic amplification for compensating fiber loss and the period
of dispersion map coinciding the amplification period. The proposed method is
the use of proper enhancement power factor and in-line filter bandwidth for every
period so that the Gaussian pulse could slowly evolve into a periodic DM soliton
with minimal radiated dispersive waves. Numerical results show that the stability
of DM soliton and the system Q value can be significantly improved. It is shown
the DM soliton maintains its shape after long transmission with this method.
Therefore, the Q-value of the DM soliton system can be significantly improved.

System performance can=also be improved with post pulse compression at re-
ceiver. DM soliton can be compressed with DCF as a dispersive element owing to
its nature of frequency chirping. There is radiated dispersive wave that is due to
the compression. The dispersive wave can be effectively filtered with the optical
gating in time domain. With proper pulse compression, system Q factor can be
significantly improved. This improvement method is simple and it is expected to
be implemented in further soliton systems.

In the future, the application of these optimization schemes to the WDM DM
soliton system will be investigated, which includes the fine-tuning of system pa-
rameters such as in-line filter bandwidth, optical amplifier excess gain, post pulse
compression ratio, and detection window width. We will also apply our optimiza-

tion schemes to the WDM soliton systems pumped by Raman amplifiers [50]-[52].
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The Raman gain slope is expected to be a key factor in fine-tuning the system

parameters.
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