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Abstract

Optical soliton, amplified by the distributed Raman amplification (DRA), is numerically
studied using more accurate method than previous works. In our work, the DRA gain is actually
designed by numerically solving the DRA equations, which include both the pump depletion and the
soliton depletion. Our results predict that only the non-adiabatic region exists for the soliton
amplification by DRA. The soliton behavior in the chain of DRA is found to be identical to the soliton
amplification using the lump amplification, where the ratio of the amplifier span and the soliton period
plays a dominant role in limiting the transmission distance. However, comparing to the lump
amplification at the same ratio of the amplifier span and the soliton period, our simulation results
demonstrate that better transmission result is achieved by the DRA than the lump amplification due to
smaller soliton power fluctuation that helps reducing the dispersive wave radiated from the soliton

signal, as well as smalleramount of generated-amplifier noise:
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ASE — Amplified Spontaneous Emission Noise
BER - Bit-Error Rate

BPF — Band-Pass Filter

DSF - Dispersion-Shifted Fiber

EDFA — Erbium-Doped Fiber Amplifier
FFT — Fast Fourier Transform

FWHM - Full-Width-Half-Maximum
Gbit/s — Giga-Bit per Second

GHz - Giga-Hertz

GVD - Group-Velocity Dispersion

i= V-1

km — Kilometer

LPF — Low-Pass Filter

mW — Milli-Watt

NLSE - Nonlinear Schrodinger Equation
OBPF - Optical Band-Pass Filter
OSNR - Optical Signal-to-Noise Ratio
ps — Pico-Second

RZ — Return-to-Zero

SMF - Standard Single-Mode Fiber
SNR - Signal-to-Noise Ratio

SOD - Second-Order Dispersion

SPM - Self Phase Modulation

SSFM = Split-Step Fourier Method
TOD - Third-Order Dispersion

Th/s — Tera-Bit per Second

W - Watt
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2.2 Chromatic Dispersion
A4 o = ) = o = =
Wawaddny o ausunaskuidulanasazinanisaenasaasdynsnuiiasainnisdssas

- : = Xy ! = = )
NANTANANALIZNALUAAZANNND  NANTENUUEENIT  NNTNTZANEANNANNDNNA ( Chromatic

dispersion )
annenszaneAAsinIsuktecean B(@ ) saumnaipaund (@,) alden
ﬂ(w):ﬂo+ﬂ1(a)_wo)+ﬂz(a)_wo)2+... (2.2)
d"pg
lagl B = [m]wz%(m=0,1,2,...)
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2.4 sziligud LA aIR IR UNITAUIINISLA U IR Ly e luLdulauas
mﬂﬁumwmﬁmﬂym‘m%ﬂﬂLm\i%mﬁ’mumimmmmi Nonlinear Schrodinger Equation

é’_A:-l ﬂz #A 153 |A| A (2.6)

A o
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AR ATUTUNTUW & ﬂ@ @Nﬂﬁ‘z@ﬂﬁﬂqﬁ‘@mmﬂ IBZ LA ,Bg AR ANANNNITNTESANERRAN

o

Tae A
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laifinanati3ngey (Analytic solutions) SNKHLNANTERTY NIELRINNT T ITARAULAY FatTiAY
v 1y A ada o =2 X 1y SR ] X .
sasiinieldsziauanimesiomg. alulassuilasldezibienAaniEandn split-step Fourier method
Tnaszdavdstazuiadulowaseanidudosduludoeduiiaziadninaresnnliiudadunie
d‘ = 1 = o :l/ 9_/:’/ %’ = =R
HATDINITNITANYANNANND NN ALY At annislddunaunisudiuaznisulasyizafa

ATNNTDATUIDINHALRALURIANNNT (2.6) T IAEIN13ULeaNnTg (2.6) T 2 dauie

aA A A
=(D+N)A 2.7)
oz
A = o & ] o | [
T D fe siaaufiuniseying uaz N Ae danafiunisanalaidugadu
ENEREYL LA
D= -t iy 4=
=-Zg-iz (2.8)
2 28t2 36t3
- 2
LAY N=Iy|A| (2.9)

pannanalidaesiu sxiflenias Splitstep Fourier method # azutinduleuaaiugoedis J

AMe O Teeluntsdiwsmmanaeasain z hlfe z+ o dazutsdniiu 2 Tunew g 2.8 u
v ¥ A

o = 3 A 1 a A 1 a ¥ = ] a A
dunauusnilazaurnlaefedndiieuaes iaaaspn liiudaduiasetiumaavse D=0

a 2 H A A A A ' a 44 A @
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1ANALRAEAIANATT (2:10)

A(Z+8T)=ee™A(Z,T) (2.10)
% Y asr O a s ' A = e‘-ﬁJ a % 9 v
paensliAan I iun1saius - D Tulamureslises Teasuny = 7LE: v azld

F{D}:-%aﬂéﬁzmz -i%[33co3 211

TuRe aNns0deuannis (2.10) ”Lugﬂt,muslmiﬁqﬁ
A(z+8,T)={{F 'e®®Fle™IA(Z,T) (2.12)
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2.5 manuialtanauluidulangs
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Frequency chirp tduliLL negative mm‘ﬁlﬁmmiﬁqgﬂﬁ' 211 FastudmiLilTanenuuas Tunnang )
azf Frequency chirp mmﬂu@uﬁmam:ﬂxmqﬁimﬁmmma e ludulauas ﬁqgﬂﬁ' 2.12
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Ly ‘ﬂz‘

(2.13)

HAWINAL 1 (@50 Fundamental Optical Soliton) M l¥ laENAasanuinn Ifdny ynouuaaiule
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I:)soliton m— 2 (2.14)
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T i N (3.2)
soliton,loss soliton .
1—-exp(-al)
o apo o o dE 4 . case o
108N P.jiton 10ss - ABNIA 22940y (y TUTSLN NGB IINAAN T GEUAEMANL - wazin Windaadtaes

' '
=2 o 1%

drynyraulutdaenisvenagspainiy P, Tansrenadtyninsag EDFA fdaaninadnamilame

oliton

'
=< o
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U

2
T
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3.2 WAlANSTAIANSF LR ANNAIURIA Ty A DRA
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DRA huwalianisaenadryrynuasgluuunils  nanapeileldaauuasauiniega
Fandn Pump Wnldnelwdulaugs azvinlfiia Gain AunANNRTIAINTGIAMNDYRS Pumpi ldidn
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e X Ao , 5 oo — 4
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NUMERICAL STUDY ON OPTICAL SOLITON AMPLIFICATION
USING DISTRIBUTED RAMAN AMPLIFICATION

Pasu Kaewplung, Ekachai Kongboonsod, and Preeda Jarupoom

Department of Electrical Engineering, Faculty of Engineering,
Chulalongkorn University, Bangkok, Thailand.
E-mail: Pasu K@Chula.ac.th

ABSTRACT
stical soliton, amplified by the distributed Raman
wlification (DRA), is numerically studied using more
curate method than previous works, In our work, the
RA gain is actually designed by numerically salving the
RA equations, which include both the pump depletion
id the soliton depletion. Our resulis predici that only the
wm-adiabatic region exists for the soliton amplification
' DRA. The soliton behavior in the chain of DRA is
und to be identical to the soliton amplification using the
mp amplification, where the ratio of the amplifier span
1d the soliten period plays a dominant role in limiting
e transmission distance. However, comparing fo the
mp amplification at the same ratio of the amplifier span
1d the soliton period, our simulation resulls demonsirate
at better transmission result is achieved by the DRA due
+ smaller soliton power fluctuation, as well as smaller

mount of generated amplifier noise.

‘eywords: Optical soliton, fiber dispersion, fiber
onlinearity,  dispersion  compensation,  optical
mplifiers, Erbium-doped fiber amplifier, disiribuied
‘aman amplification.

1. INTRODUCTION

t has been widely recognized that the constraint of
on-dispersion-managed (DM) soliton amplification by
ump amplification is that the amplifier span must be
hosen at the length much shorter than characteristic
ength called the soliton peried [1], in order to reduce the
lispersive wave generated from the soliton due to the
werturbation caused by the soliton power fluctuation.
lhis constraint is sometimes very impractical because,
or relatively-high data rate, the soliton period may
recome an unreasonable value such sevgral kilometers.

As an altemative way for non-DM . soliton
implification, -the distributed Raman amplification
'DRA) gain provided by the stimulated Raman scattering
n optical fiber (2] can also be applied. The idea of
soliton amplification by the DRA was first studied by
Hasegawa [3], and then, was further explored in details
oy Mollenauver et al. [4]. However, the concept of
all-optical transmission using the DRA gave its position
to the lump amplification based on the erbium-doped
fiber -amplifier (EDFA) during the 1990s because no
high-power pump laser available in that decade, and also
the discovery of the DM soliton [5] that can partly

overcome the constraint of amplification. Since it
becomes possible to realize the high-power
scmiconductor lasers for DRA nowadays. Moreover,
the DRA offers several advantages to EDFA, such as
wider amplification bandwidth, higher
optical-signal-to-noise-ratio (OSNR), this DRA using
transmission fiber now is currently attracting interest
again [6].

In the study [4] of non-DM soliton amplification by
DRA, Mollenauer et. al. introduced the use of pulse area
for examining the amount of dispersive wave radiated
from soliton in the link of DRA for several ratios of the
DRA span: L, and the soliton period: Z,. They
pointed out that the pulse behavior can be classified into
three principle regions: (1) L, >>8Z,, where they
called “adiabatic region™ because the pulse keeps its
hyperbalic-secant shape during the propagation, (2)
L, =8Z,, where they called “resonance” because the
pulse area, the soliton width, and the soliton power
undergo wild fluctuations, and (3) L, <<8Z,, where
they called “non-adiabatic region” because the pulse
changes its shape withoul conserving the soliton
properties.  However, it becomes the nearly the soliton
again at the end of span as long as the ratio between L,

and Z, is small enough.

In fact, the works [3] and [4] have not yet taken into
account the pump depletion when the pumps transfer
their powers to soliton pulses. Moreover, the soliton
power was assumed to be constant. This is not quite
good assumption for real DRA. For designing the DRA
for soliton amplification, in fact, it is necessary to
numerically solve the 4-coupled DRA equations
governing for forward pump, backward pump, soliton,
and amplifier noise evolutions, to obtain the actual pump
powers. Moreover, Hasegawa and Mollenauer only
designed the DRA gain to completely cancel for the fiber
loss in amplifier span. In their schemes, the soliton
power at the output end of span becomes equal to that of
the input, while the soliton may experience the severc
change in pulse arca during the span. There still exists
several other designs of the distributed gain offered by
the DRA should give significantly better result than their
works.
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In this paper, again, we study the soliton
implification by DRA, but with more accurate method
han [3] and [4). In our work, the DRA gain is actually
fesigned by numerically solving the DRA equations,
~hich include both the pump and the soliton depletions.
These two effects are very important and they have been
1eglected in previous studies, Our results newly show
that only the non-adiabatic region exists for the soliton
amplificaion by DRA, mdependently on how much
L,/Z, is. Then, we show that the soliton behavior in

the chain of DRA is identical to the soliton amplification
using the lump amplification, in which the requirement
of L,{Z, <1 plays a dominant role in limiting the
span length. However, we finally demonstrated that, at
the same ratio of L,/Z, , the DRA gives betier

transmission result than the lump amplification because
of smaller perturbation caused by soliton power
fluctuation, as well as smaller amount of generated
amplifier noise.

2. OBSERVATION OF ONLY NONADIABATIC
SOLITON AMPLIFICATION BY DRA
Raman gain in optical fiber arises from the transfer of
power from one optical beam to another that is down
shifted in frequency by the energy of an optical phonon
[2]. Practically this can be implemented by inject high
power laser pump whose frequency is higher than the
signal carrier frequency by an amount of Raman
frequency shift (13 THz) into a transmission fiber [2].
The Raman gain exhibits the gain over a large bandwidth

up to 40 THz.

For the actual design of the DRA gain, it is necessary
to use the 4-coupled DRA equations [7], which govemn
for the evolutions of the forward pump, the backward
pump, the signal, and the generated noise. In our work,
4 interesting cases of design are studied: (a) the design
for obtaining the soliton pulse area at the end of the
DRA span identical to that of the input as much as
possible, (b} the design for obtaining the soliton power at
the end of the DRA span identical to that of the input as
much as possible, (c) the design for ohtaining. almost
constant pulse area during the propagation in the DRA
span, and (d) the design for preserving the soliton power
along the propagation in the DRA span. It should be
noted that the case (b} is the common design for DRA
for justly compensating for the fiber loss in the span,
The works [3] and [4] also design the DRA gain
following the case (b), however, without using the exact
DRA equations.

From the DRA equations, since the signal power
evolution in the bi-directional pumping DRA depends on
the pump powers launched into the fiber, the target
distributed gain in the DRA link can be designed by only
using approprisle pump powers. To obtain thoss
powers, we numencally solve the 4-coupled DRA
equations using the 4*-order Runge-Kutta method (RK4)
for single-wavelength pumping.  In our calculation,
Raman gain spectrum with polarization factor of 2, and
attenuation speetrum of silica fiber shown in [2] is taken.

For a given input signal power, to obtain the target gain,
the DRA equations are solved iteratively until we obtain
the optimal bi-directional input pump powers which
yield the least normalized root-mean-square error
between the target gain and the constructed gain.

For the design that requires the information of soliton
evolution during the propagation in the span (case (c)
and (d)), the optical soliton propagation is simulated by
solving the nonlinear Schrodinger equation (NLSE) with
the split-step Fourier method (SSFM) [2]. The
calculation step is always chosen at a value that gives the
step error less than 0.01 %. To simulate signal
propagation in DRA, the distributed gain for each
integration step of the SSFM is calculated from the DRA
equations, then, the distributed gain is scted as a
gainfloss in the NLSE for that step. Similarly, the
amount of noise generated within the step length of DRA
is also computed, then, is used for caleulating of
Gaussian distribution of noise. The noise will be
randomly added to the signal bandwidth at end of that
step. The dispersion-shifted fiber (DSF) is assumed for
soliton transmission line, The attenuation for soliton
wavelength in DSF is assumed to be 0.2 dB/km, the
dispersion value: D is -1 pa'km/nm, the nonlinear
coefficient: ¥ is 2.6 W'km''.

The most important quantity in this work is the ratio
between L, and Z;,. We define this parameter as
the normalized amplifier span [ , which can be
obtained as

; = 400008°4'DL,
v W
where ¢ denotes the velocity of light in vacuum, &
duty cycle in percentage unit, B datarate, A the soliton

signal wavelength, D the operating dispersion.
Table | and 11 shows the examples of the optimum

input forward (P ) and backward (F,)pump powers
with their corresponding soliton powers (P )and B for

several [, for fixed L, at 40 km, for the design of

case (b) and (d), respectively. The results of case (a)
and (c) are not shown here due to limited space, The
results show the possibility of amplifying soliten pulses
uging DRA with several schemes not only the common

design as the case (b).  It-should be noted that [, <1,

I,=8, and 8 </, <40 are corresponding for the

non-adiabatic, resonance, and the adiabatic soliton
amplifying regions predicted by [4], respectively.
Focusing on the case (b) in order to compare our
result with the work [4], Fig. 1(a)-{(d) show the
evolutions of soliton pulse area, soliton pulse width, and
soliton power (energy) for [, = 0.5, 1, & and 40,
respectively.  All the results obtained in Fig. | mention
clearly that the soliton amplification by DRA is the
non-adiabatic process without the dependence on /[ .

The soliton pulse width, the soliton pulse area, and the
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soliton power all appear to evolve in such a way that the
soliton pulse does not preserve the hyperbolic-secant
shape during the propagation in the span. The changes
become more violently with the increase in [, .
Although we can almost achieved the restoration of the
soliton power at the end of span by this design, the pulse
area, the soliton width, as well as the soliton power,
cannot be restored to their original values due to the
non-adiabatic amplification. As a result, part of the
energy of the soliton pulse transfers into the non-saliton
component, or the dispersive wave, during the
amplification, and the power of the dispersive wave
increases for large [, according to stronger
perturbation. For [, = 0.5, the deviations of pulse
area and the pulse width from the origin are below 1 %.
However, this deviation is cumulative, therefore; the
soliton will finally become the dispersive wave for some
cascaded spans. This result indicates that the smaller
the ratio of I, is used, the longer the soliton can

propagate for the cascaded DRA spans.
Table I: Optimum pump powers for constructing the DRA
__painofcase(b)ona40-kmspan.

l, o5 | 1 2 g | a0
B[Gbps] | 3525 | 49.85 | 70.50 | 141.00 | 31528
P, ImW] | 755 | 1510 | 30210 | 12083 | 60415
F, [mW] | 7500 | s6.00 | s1.00 | 7200 | 34900 |
P, [mW] | s623 | 8526 | 111.07 | 210.60 | 61156 |

Table II: Optimum pump powers for constructing the DRA
in of case (d) on a 40-km

l, os | 1 2 8 | 40
B [Ghps] 35.25 | 49.85 | 70.50 | 141.00 | 315.28
P, (mW] | 755 | 15.10 | 3021 | 120.83 | 604.15
P, mW] | 5500 | é6.00 | 78.00 | 14700 | 99.00
P, [mW] | g298 | 88.31 | 110.00 | 264.86 | 3679

In_comparison to the results of [4], the work [4]
has used their numerical results for classifying the
soliton amplification by DRA into the non-adiabatic
process, which occurs for [, << 8, the resonance at [,

= §, where the variation of the soliton pulse area, power,
and width become the most violent, and the adiabatic

process occurring for [, >> 8. However, our results,

obtained by solving the DRA equations and the S5FM,
which should yield more accurate results than the work
[4] because the pump depletion is not neglected, show
that the resonance and the adiabatic amplification are no
longer existed. According to Fig. 1, although we can
observe the fluctuation as large as 50 %, 100 %, and 50
%, respectively for the soliton pulse area, pulse width,

and power at [, = B (Fig. 1(c)), &t [ = 40(Fig. 1(d)),
where the soliton amplification should be adiabatic with
very small fluctuation of these soliton parameters, we
can only observe the non-adiabatic evolutions of these
soliton parameters with larger fluctuations than at/, = 8.
We also explore other cases of design (case (a), case (c),
and case (d)). The obtained results also show that the
DRA can only resull in the non-adiabatic soliton
amplification with similar manner to the result of case
(b) shown in Fig. 1.
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Fig. 1: Evolutions of soliton pulse area, soliton pulse widil
and soliton power (energy) for the designed case (b), when (i

[,=05,®) I,=1,@) I,=8,and(d) /, =40, respectively

When the soliton amplification by DRA
non-adiabatic process, it finally becomes identical to t+



soliton amplification using lump amplifiers, such as the
EDFAs, where the amount of dispersive wave generated
during a span is reduced by employing sufficiently small
l,. However, the advantages of DRA to the lump

amplification are the generation of smaller amount
by-product ASE noise, which helps reducing the
Gordon-Haus effiect [2], and the smaller perturbation to
the soliton achieving by the distributed gain that yields
smaller power fluctuation. Threrefore, we can expect
for longer amplifier span from the DRA than the lump
amplification,

3. COMPUTER SIMULATIONS

To demonstrate the performance of soliton transmission
in & chain of DRA chain comparing to the use of lump
EDFA, we perform some computer simulations based on
the caleulation of numerical bit-error rate (BER) of a
128-bit pseudorandom optical soliton signal. The DRA
is designed for Case (c), therefore; the power of soliton
transmission is almost constant during propagation in
DRA span. Figure 2 shows the calculated BER, in
logarithmic scale, of the soliton signal as a function of
transmission distance for the case of DRA, lump
amplification and the ideal soliton in lossless fiber. [In
all cases, the BER degradation resulted from the ASE
noise is almost negligible because the transmission
distance is relatively short and all the input power values
are high enough for maintaining good OSNR at receiver.
The main problems that limit transmission distance of
the soliton signal are the soliton interaction [2] and the
Gordon-Haus effect.

In Fig. 2, the data rate is 20 Gbps with the duty
cycle of 20 %, and [, =1, which means the soliton
period is equal to the amplifier span. In this case, our
proposed DRA gives BER that is better than those of
lump amplification, but not as good as the ideal soliton.
This is because the dispersive wave disperses from the
soliton signal owing to [, =1. ~However, for lump
amplification, larger amount of such dispersive wave is
generaled because stronger perturbation due to power
fluctuation in each span of lump amplification is more
severe than the constant power map produced by our
designed DRA.  Moreover, the amount-of ASE noise
generated by the lump amplifier is larger than the ASE
noise from the DRA. If we define the system limitation
at BER = 107, the maximum soliton transmission
distances for this case are 720, 480, and 1,000 km, for
DRA, lump amplification, and ideal soliton, respectively.
Comparing to system using lump amplification, further
distance about 240 km is achieved by using DRA.

We also explore for the cases of [ =02and [,
= 2. The trend of results is almost similar to Fig. 2.
For [ = 02, the maximum distance for soliton

transmission by the DRA, the lump amplification, and
the ideal soliton arc 800, 450, and 1,150 km,

respectively. On the other hand, For [, = 2, the
maximum distance for soliton transmission by the DRA,

the lump amplification, and the ideal soliton are 240,
100, and 360 km, respectively.
m i

] 500 1000 1500
Dhstamee [lem]

Fig. 2: Numerical BER of the 20-Gbps soliton signal with duty

cyele20%,and [ =1.

4, CONCLUSION

In this paper, we have investigated the use of DRA for
non-dispersion-managed soliton again by using more
sccurate method than the work in [4]. Our results
predicted that the soliton amplification by DRA is the
non-adiabatic process without the existence of the
adiabatic and the resonance region as shown before in
[4]. As a result, similar to the soliton amplification
using the lump amplification, the ratio of the DRA span
and the soliton period also places a limit in soliton
transmission distance, However, we demonstrated that,
at the same ratio of the DRA span and the soliton period,
the DRA, which is designed to give soliton constant
power during the span, yielded better transmission result
than the lump amplification because of smaller
perturbation caused by soliton power fluctuation as well
as smaller amount of generated ASE noise.
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Abstract
Opitical soliton, amplified by the distributed Raman
amplification (DRA), is numerically studied using
more accurate method than previous works. [n our
work, the DRA gain is actually designed by
numerically solving the DRA equations, which include
botk the pump depletion and the soliton depletion. Our
results predict that enly the non-adiabaric region
exists for the soliton amplification by DRA. The
soliton behavior in the chain of DRA is found to be
identical to the soliton amplification using the lump
optical amplification, where the ratio of the amplifier
span and the soliton period plays a dominant role in

limiting the transmission distance.

1. Introduction

It has been widely recognized that the constraint of
non-dispersion-managed (DM) soliton amplification
by lump amplification is that the amplifier span must
be chosen at the length much shorter than
characteristic length called the soliton period [1], in
order to reduce the dispersive wave generated from the
soliton due to the perwurbation caused by the soliton
power fluctuation. This constraint is sometimes very
impractical because, for relatively-high data rate, the
soliton period may become an unreasonable value such
several kilometers.

As an aliempiive way for pon-DM  soliton
amplification, the distributed Raman amplification
(DRA) gain provided by the stimulated Raman
scattering in optical fiber [2] can also be applied. The
idea_of soliton amplification by the DRA was first
studied by Hasegawa [3], and then, was further
explored in details by Mollenaver et al. [4]. However,
the concept of all-optical ransmission using the DRA
gave its position to the lump optical amplification
based on the Erbium-doped fiber amplifier (EDFA)
during the 1990s because no high-power pump laser
available in that decade, and also the discovery of the
DM soliton [5] that can partly overcome the constraint
of amplification. Since it becomes possible to realize
the high-power semiconductor lasers for DRA
nowadays.  Moreover, the DRA offers several

advantages to EDFA, such as wider amplification
bandwidth, higher optical-signal-to-noise-ratio
(OSNR), this DRA using transmission fiber now is
currently attracting interest again [6].

In the study [4] of non-DM soliton amplification
by DRA, Mollenauer et. al. introduced the use of pulse
area for examining the amount of dispersive wave
radiated from soliton in the link of DRA for several

ratios of the DRA span: L_, and the soliton period:
Z,. They pointed out that the pulse behavior can be
classified into three principle regions: (1) L, >>8Z,,
where they called “adiabatic region™ because the pulse
keeps its hyperbolic-secant shape during the
propagation, (2) L, 6 =8Z, , where they called

“resonance” because the pulse arca, the soliton width,
and the soliton power undergo wild fluctuations, and

(3) L, <<8Z,, where they called “non-adiabatic

region” because the pulse changes its shape without
conserving the soliton properties.  However, it
becomes the nearly the soliton again at the end of span
as long as the ratio between L and Z is small
enough.

In fact, the works [3] and [4] have not yet taken
il account the pump depletion when the pumps
transfer their powers to soliton pulses. Moreover, the
soliton power was assumed to be constant. This is not
quite good assumption for real DRA. For designing
the DRA for soliton amplification, in fact, it is
necessary o numerically. solve the 4-coupled DRA
equations goveming for forward pump, backward
pump, soliten, and amplifier noise evolutions, to obtain
the actual pump powers. Moreover, Hasegawa and
Mollenauer only designed the DRA gain to completely
cancel for the fiber loss in amplifier span. In their
schemes, the soliton power at the output end of span
becomes equal to that of the input, while the soliton
may experience the severe change in pulse area during
the span. There still exists several other designs of the
distributed gain offered by the DRA should give
significantly better result than their works.



In this paper, again, we study the soliton
amplification by DRA, but with more accurate method
than [3] and [4]. In our work, the DRA gain is actually
designed by numerically solving the DRA equations,
which include both the pump and the soliton
depletions. These two effects are very important and
they have been neglected in previous studies, Ouwr
results newly show that only the non-adiabatic region
exists for the solilon amplification by DRA,

independently on how much L_/Z, is. Then, the
soliton behavior in the chain of DRA is identical to the
soliton amplification using the lump amplification, in
which the requirement of L /Z, <1 plays a
dominant role in limiting the span length. However, at
the same ratio of L, /Z, , the DRA will give better

transmission result than the lump optical amplification
because of smaller perturbation caused by soliton
power fluctuation, as well as smaller amount of

generated amplifier noise.

2. Observation of Only Non-adiabatic

Soliton Amplification by DRA

Raman gain in optical fiber arises from the transfer of
power from one optical beam to another that is down
shifted in frequency by the energy of an optical
phonon [2]. Practically this can be implemented by
inject high power laser pump whose frequency is
higher than the signal carrier frequency by an amount
of Raman frequency shift {13 THz) into a transmission
fiber [2]. The Raman gain exhibits the gain over a
large bandwidth up to 40 THz.

For the actual design of the DRA gain, it is
necessary to use the 4-coupled DRA equations [7],
which govern for the evolutions of the forward pump,
the backward pump, the signal, and the generated
noise. In our work, 4 interesting cases of design are
studied: (a) the design for obtaining the soliton power
at the end of the DRA span identical to that of the
input as much as possible, (b) the design for preserving
the soliton power along the propagation in the DRA
span, {c) the design for obtaining the soliton pulse area
at the end of the DRA span identical to that of the
input a5 much as possible, and (d) the design for
obtzining almost constant pulse area during the
propagation in the DRA span. [t should be noted that
the case (a) is the common design for DRA for justly
compensating for the fiber loss in the span. The works
[3] and [4] also design the DRA gain following the
case (a), however, without using the exact DRA
equations.

From the DRA equations, since the signal power
evolution in the bi-directional pumping DRA depends

on the pump powers launched into the fiber, the target
distributed gain in the DRA link can be designed by
only using appropriate pump powers. To obtain those
powers, we numerically solve the 4-coupled DRA
equations using the 4%-order Runge-Kutta method
(RK4) for single-wavelength pumping. In our
calculation, Raman gain spectrum with polarization
factor of 2, and attenuation spectrum of silica fiber
shown in [2] is taken. For a given input signal power,
to obtain the target gain, the DRA equations are solved
iteratively until we obtain the optimal bi-directional
input pump powers which yield the least normalized
rooi-mean-squared error between the target gain and
the constructed gain.

For the design that requires the information of
soliton evolution during the propagation in the span
{case (b) and (d)), the optical soliton propagation is
simulated by solving the nonlinear Schrodinger
equation (NLSE) with the split-step Fourier method
(SSFM) [2]. The calculation step is always chosen at a
value that gives the step error less than 0.01 %. To
simulate signal propagation in DRA, the distributed
gain for each integration step of the SSFM is
calculated from the DRA equations, then, the
distributed gain is acted as a gain/loss in the NLSE for
that step. Similarly, the amount of noise generated
within the step length of DRA is also computed, then,
is used for calculating of Gaussian distribution of
noise. The noise will be randomly added to the signal
bandwidth at end of that step. The dispersion-shifted
fiber (DSF) is used for soliton transmission. The
attenuation for soliton wavelength is assumed to be 0.2
dB/km, the dispersion value is -1 pskm/nm, and the
nonlinear coefficient is 2.6 W'km'.  The most

important quantity in this work is the ratio between [
and Z,. We define this parameter as the normalized
amplifier span 1, .

For the optimal input forward ( P, ) and backward
(F,)pump powers, at a given L, P and F, appear
to increase with their comresponding soliton powers
F,. Similarly, P, and F also become high values
when we increases L, at a given P,. Furthermore,

the root-mean-squared deviation of the constructed
gain from the target gain increases with P, and [ .

The summary of the optimel P and F, as a function

of P; and L« does not appear here because of limited

space.
Focusing on the case (a) in order to compare our
result with the work [4], Fig. l{a){d) show the



evolutions of soliton pulse area, soliton pulse width,
and soliton power (energy) for [, = 0.5, 1, 8, and 40,

respectively. It should be noted that [, <1, |, =8,

and 8 S/ < 40 are comesponding for the non-

adiabatic, resonance, and the adiabatic soliton
amplifying regions predicted by [4], respectively. All
the results obtained in Fig. | mention clearly that the
soliton amplification by DRA is the non-adiabatic
process without the dependence on [ . The soliton

pulse width, the soliton pulse area, and the soliton
power all appear to evolve in such a way that the
soliton pulse does not preserve the hyperbolic-secant
shape during the propagation in the span. The changes
become more violently with the inerease in [, .

Although we can almost achieved the restoration of the
soliton power at the end of span by this design, the
pulse area, the soliton width, as well as the soliton
power, cannot be restored to their original values due
to the non-adiabatic amplification. As a result, part of
the energy of the soliton pulse transfers into the non-
soliton component, or the dispersive wave, during the
amplification, and the power of the dispersive wave
increases for large [, according to stronger

perturbation. For [, = 0.5, the deviations of pulse area

and the pulse width from the origin are below 1 %
However, this deviation is cumulative, therefore; the
soliton will finally become the dispersive wave for
some cascaded spans. - This result mdicates that the
smaller the ratio of [, is used, the longer the soliton

can propagate for the cascaded DRA spans.

In comparison to the results of [4], the work [4] has
used their numerical results for classifying the soliton
amplification by DRA into the non-adiabatic process,

which occurs for l, << 8; the resonance at-/ = 8,

where the variation of the soliton pulse area, power,
and width become the most violent, and the adiabatic
process occurring for f' >> 8. However, our resulls,
obtained by solving the DRA equations and the SSFM,
which should yield more accurate results than the work
[4] because the pump depletion is not neglected, show
that the resonance and the adiabatic amplification are
no longer existed. According to Fig. |, although we
can observe the fluctuation as large as 50 %, 100 %,
and 50 %, respectively for the soliton pulse area, pulse
width, and power at [, = 8 (Fig. 1(c)), at /, = 40{Fig.
1{d)), where the soliton amplification should be
adiabatic with very small fluctuation of these soliton
parameters, we can only observe the non-adizbatic

evolutions of these soliton parameters with larger
fluctuations than at .f' =§.
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Fig. 1: Evolutions of soliton pulse area, soliton pulse width,
and saliton power (energy) for the designed case (a), when
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Fig. 2: Evolutions of soliton pulse area, soliton pulse width,
and soliton power (energy) for the designed case (b), when
@A, =05 ® ;= 1, w©d =8 ad @ [, = 40,
respectively.

We also explore other cases of design (case (b),
case (c), and case (d)). The evolutions of soliton pulse
area, soliton pulse width, and soliton power (energy) at the
same [ as Fig. 1 for the case (b), case (c), and case

(d) are shown in Fig. 2, 3, and 4, respectively. The
obtained results emphasize that the soliton
amplificetion by the DRA can only result in the non-
adiabatic soliton amplification.
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Fig. 3: Evolutions of solilon pulse area, soliton pulse width,
and soliton power (energy) for the designed case (c), when
@I, =05 @® =1 ()] =8 ad @[ =40,
respectively.
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Fig. 4: Evolutions of soliton pulse area, soliton pulse width,
and soliton power (energy) for the designed case (d), when
@ =05 @® /=1 (@1 =8 ad @.1 = 40,
respectively.

When the soliton amplification by DRA is non-
adiabatic process, it finally becomes identical to the
soliton amplification using the lump optical amplifiers,
where the amount of dispersive wave generated during
a span is reduced by employing sufficiently small [, .

However, the advantages of DRA to the lump optical
amplification are the generation of smaller amount by-
product ASE noise, which helps reducing the Gordon-
Haus effect [2], and the smaller perturbation to the
soliton achieving by the distributed gain that yields

smaller power fluctuation. Threrefore, we can expect

for longer amplifier span from the DRA than the lump
amplification.

3. Conclusion

In this paper, we have investigated the use of DRA for
non-dispersion-managed soliton again by using more
accurate method than the work in [4]. Our results
predicied that the soliton amplification by DRA is the
non-adiabatic process without the existence of the
adiabatic and the resonance region as shown before in
[4]. As a result, similar to the soliton amplification
using the lump optical amplification, the ratio of the
DRA span and the soliton period also places a limit in
soliton transmission distance. However, at the same
ratio of the DRA span and the soliton period, the DRA
should yield better transmission result than the lump
amplification because of smaller perturbation caused
by soliton power fluctuation as well as smaller amount
of generated ASE noise.
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