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The generalized nonlinear Schrodinger equation (NLSE), which governs the dynamics of dispersion-managed (DM)

solitons, is considered. A novel transformation is constructed such that the DM fibre system equation with optical loss

(gain) is transformed to the standard NLSE under a restricted condition. Abundant new soliton and periodic wave

solutions are obtained by using the transformation and the solutions of standard NLSE. Further, we discuss their main

properties and the interaction scenario between two neighbouring solitons by using direct computer simulation.
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1. Introduction

Optical transmission with using a short optical
pulse train is fundamental technology for achieving a
high speed and long distance global network. Among
many optical transmission formats, an optical soli-
ton, which is based on the exact balance between the
group velocity dispersion and the self-phase modu-
lation, offers great potential to realize an advanced
optical transmission system since the soliton pulse
can maintain its waveform over a long distance.[!l An
ideal soliton can exist only in a lossless fibre with
constant dispersion. However, a real fibre has loss
and varying dispersion, which severely degrades the
quality of the soliton pulse. Recent studies have
shown that a periodic dispersion compensation seems
to be the most effective way of improving the opti-
cal transmission system.!?~16 Basically, in dispersion-
management (DM) techniques, a transmission line
with a periodic dispersion map is used, such that each
period is composed of two types of fibres, generally
with different lengths and opposing group velocity dis-
persion (GVD).[2=4 Because of the periodic splicing
of anomalous and normal dispersion fibres, there is
an abrupt discontinuity in the GVD of the DM fibre
system. It is very difficult to obtain exact analytical
solutions for DM solitons.'”]

Based on the general particle-like nature of soli-
tons, Tchofo Dinda et al*8! presented a complete col-
lective variable theory for DM solitons to gain more
insight into their dynamical behaviour. Hasegawa et
alM considered the lossless DM fibre system, and af-
ter removing the fast varying chirp part of the DM
soliton they derived the averaged DM fibre system
equation and obtained a chirped stationary solution.
Nakkeeran[??! presented the Lax pair and derived ex-
act soliton solutions by using the Bécklund transfor-
mation for the averaged DM soliton equation with
optical losses. Very recently Xu et all?Y used the
Hasegawa approach to derive the averaged DM soli-
ton equation for a DM fibre system with loss or gain.
For a special case of such a system equation, they
have derived exact soliton solutions by using the Dar-
boux transformation (DT). In the present paper, we
consider directly the DM fibre system equation with
optical loss (gain). The rest of this paper is organized
as follows. In Section 2, we present a novel transfor-
mation such that the DM fibre system equation with
optical loss (gain) is transformed into the standard
NLSE under a restricted condition. Therefore, once
one solution of the NLSE is provided, we can imme-
diately obtain one solution for the DM fibre system
equation. By using the transformation and the so-
lutions of the NLSE, we can obtain abundant soliton
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and periodic wave solutions. As examples, soliton and
Jacobian elliptic function solutions in explicit forms
are generated. Then we further investigate their main
properties and the interaction scenario between two
neighbouring solitons by using direct computer simu-
lation. The last section is devoted to a short summary
and discussion.

2. Transformation and exact so-
lutions of the DM fibre system

equation

2.1. Transformation

The NLSE which governs the dynamics of the DM
fibre system is given by

where u = u(z,T) is the envelope of the axial electric
field, d(z) is the periodically varying GVD parameter
representing anomalous and normal dispersions, and
I'(z) is the loss (gain) coefficient.

In order to obtain some solutions of Eq.(1), firstly

we present a novel transformation

u(z,T) :%q(fﬁ) exp (—2/F(z)dz+ i6(z, T)),

dz + a9,

Zd(z')2
bipexp(—2 [ I'(z)dz)
d(z)
_bYy [exp(—4 [ I'(z)dz
2 d(z)

)dZ + bo.
(2)

q(&,7) is a solution of the standard NLSE

1
—qee +|ql*q =0, (3)

iqT—F2

where ¢ = q(&,7), 70, Go, az0, bio and by are arbitrary
constants, d(z) and I'(z) must satisfy the condition

2d(z)2%F(z) +4d(2)? I (2)? +2 [izd(z)] d(2)I'(2)
+ |56 - 15 aP = (@

When d(z) is an arbitrary constant, I'(z) = 0. If d(z)
is considered to be an arbitrary function, I'(z) is given
by

d
dz) &
Co+ [d(z)dz  d(z) |’ 5)

I'(z)= %

where Cj is an arbitrary constant. Then the transfor-
mation is rewritten as follows:

d
uls R Hexn |5 6(2 1 dzd( ?) d(2)
O o a2 N T G g | |
1
£ = CoT T [TOT + a20/d(z)dz + az0Co + Tobm}
Gy [d(z)dz+ GoCo — 7§
- Co+ [d(z)dz ’
T2 [d d(z)
0(zT)=—3 2d(z)? [dz(CoJrfd >(CO+/d >_d(z)}

b1o T 2bg f d dZ + 2bgCy + blO

Co—|—fd

2[Co + [ d(z)dz] ' (6)
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Using the transformation (6) and the solutions of
the standard NLSE (3), we can obtain soliton and pe-
riodic wave solutions.

2.2. Single-soliton solution of DM fibre
system equation (1)

By using DT,[?? a single-soliton solution ¢; of
Eq.(3) is given by!??

 2ky[cos(201) — isin(201)]
1= cosh(2ay)

(7)

with o] = kl (€+2U1T)+Oélo, /81 = v1£+(’uf7k%)7 and

here ¢ = q(&, 7). If we give d(z) = cos(wz), then we

obtain a single-soliton solution to Eq.(1) as follows:

S Tb

wCy + sin(wz)

y cos(2031) — isin(20;)
cosh(2a1)

u11 = 2k17g cos(wz)(

exp(i O(z,T))

(8)
with
— wCy + sin(wz)

+ wrobig + 2v1 (Go sin(wz) + wGoCo — wrg)] + an,

o [wroT + agp sin(wz) 4+ wagnCo

1
e T i
B3 5Co T sin(w?) [v1 (wroT + agp sin(wz)
+ wasoCo + wrobig) + (v — k3 ) (Go sin(wz)

4+ wGoCo — wr%)],

1
(wCp + sin(wz))
+ 2bg sin(wz) + 2wbyCo + wb?y).

9(2’, T) = 5 ((,UT2 + QWbl()T

To our knowledge, this kind of solution has not been
reported yet. In order to understand its main prop-
erty, we plot the soliton solution to Eq.(8) in Fig.1.
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Fig.1. Evolution of a bright soliton expressed by |u11|?
with parameters w =1, 79 =1, Go = 1, Co = 2, bjp = 1,
a0 =1, k1 =1, v1 = 0.4, and a10 = 0.

We find that the soliton amplitude, width and centre all vary periodically with z value. Those behaviours

are clearly seen in Figs.2(a)-2(c).
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Fig.2. Dynamics of the bright soliton amplitude with parameters w = 1, rg = 1, Co = 2, and
k1 = 1 (a); dynamics of the bright soliton width with parameters w = 1, r9 = 1, Cp = 2, and
k1 =1 (b); dynamics of the bright soliton centre with parameters w =1, 79 =1, Go = 1, Cp = 2,
bio =1, a20 =1, k1 =1, and v1 = 0.4 (c).
If we give d(z) = z, we can obtain another single-soliton solution to Eq.(1) as follows:
3/2 .
2 cos(2(1) — isin(28;
Ujg = 2k1roz< ) (26,) (251) exp(i O(z,T)) 9)

cosh(2a)
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with is an arbitrary function of z.
kq
2C) + 22
+ 2’[)1 (GQZ + 2G000 — 21"(2))] + @10,

o] = [27‘0T + a202 + 2a90Cq + 2rgb1g

.'c‘
« 0
B 1 9 = .'."*'0’0“ 0’0‘ '
B = m[vl@roT + a20z” + 2a20Co + 2robio) ] :“::’;:f:;::"‘ 0‘0‘ "l"l l///“
+ (07 = k1) (Goz” + 2GoCo — 217)],
0(z,T) = (T% 4 2b10T + boz* +2bgCo + b))

20, + 22

The solution to Eq.(9) is plotted in Fig.3. The prop-

erties of this soliton amplitude, width and centre in

Fig.3. Evolution of a bright soliton expressed by |uiz2|?
with parameters w =1, 79 =1, Go =1, Cop = 2, bijg = 1,
a0 =1, k1 =1, v1 = 0.4, and o190 = 0.

Fig.3 are different from those in Fig.1. Similarly, we
can obtain many exact solutions of Eq.(1) since d(z)

l

2.3. Double-soliton solution of DM fibre system equation (1)

Note that ¢; is generated by one-fold DT. It is natural to produce n-solition g, (n > 1 is an integer) of the
NLSE by n-fold DT, and further to provide u,, for Eq.(1) by using the transformation (6). To illustrate this

more clearly, set n = 2; ¢ is given byl

_ 4[(wy cos(281) + wa cos(203)) — i(w1 sin(261) + wa sin(253))]

10
—4k1ks cos(B1 — f3) + ws + wa (10)
of the NLSE with
wy = k1 [k% — k§ + (1}1 — ’U3)2] COSh(QOég) —2i k1k3(111 — Ug) sinh(?ag),
wy = k3[—k? + k2 + (v1 — v3)?] cosh(2aq) + 2i k1 ks(vy — vs) sinh(2a1),
w3 = [(lﬁ - k3)2 + (Ul — ’U3)2] COSh[2(OZl + 043)],
wy = [(k1 + k3)* + (v1 — v3)?] cosh[2(a; — a3)],
a; = ki(§ +2v;1;) + o,
Bi = v + (V2 — k)71, i=1,3.
Furthermore we achieve a new double-soliton solution with d(z) = cos(wz) for Eq.(1) as follows:
3/2 . : :
2 2 — 2 2
gy = drg cos(wz)( W ) [(w1 cos(2031) + wa cos(203)) — i(wy sin(201) + wa sin(2533))] expli 6),
WCO + s1n(wz) 74]{31]{3 COS(ﬁl — 53) “+ w3 + wq

where wy, ws, ws, and wy are obtained from expression (10) and

k; .
a; = m[wroT + a9 sin(wz) + wazCo + wrobio

+ 20;(Go sin(wz) + wGoCo — wrd)] + o,

1
wCo + sin(wz)
+ (v — k?)(Go sin(wz) + wGoCo — wrd)], i=1,3,

6 =

[v;(wroT + ago sin(wz) + wazCo + wrobio)

1

O(z,T) = 2(wCo + sin(wz))

(WT? + 2wbyoT + 2bg sin(wz) + 2wbeCo + whbiy).
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We plot the double-soliton solutions to Eq.(1) in Fig.4.

Fig.4. Interaction between two bright solitons expressed by |ugi|? with parameters. w = 1,
ro =1, Go=1,Cyp =1.5,b1go =1,a20 =1, k1 =3, ks = 2, v1 = 5, v3 = —5, a9 = 2, and
azg = —2.

If we give d(z) = z, we can obtain another double-soliton solution to Eq.(1) and plot it in Fig.5.

2 >3/2 [(wy cos(201) + wa cos(203)) — i(wy sin(261) + wa sin(253))] exp(i 0), (12)

Uzg = 4102
2 0 (200 + 22 74]{11]{3 COS(ﬁl — /83) “+ w3 + wy

where wi, ws, ws, and wy are obtained from expres-  2.4. Periodic wave solution of DM fibre
sion (10) and system equation (1)

A Jacobian elliptic cn-function solution ¢z of

i

i = —— (21T % 4 2a20Cp + 2rpb
i = 5052 (20T + az02” + 2020Co + 2robro Eq.(3) is given by
+ 2Ui(G022 + 2GoCy — 27‘2)] + &0, A AA
‘ q3—Acn<§ 27'+A1,m>
m m
A2 A%2(2m? — 1)
1 xexp |i(A2f — 2T — —————7+ 43|,
Bi = m[w(?roT + a022 + 2a20Co + 2robio) P [1( 28 2 " 2m?2 g 3
+ (02 — k2)(Goz2 +2GoCo — 2r2)], i = 1,3, (13)
where m is a modulus of the Jacobian elliptic func-
0(z,T) _ (T2—|—2b10T—|—b022—|—2bng+bf0). tion and A, Ay, Ao, and A3 are arbitrary constants.
2C) + = If we give d(z) = cos(wz), then we obtain a Jacobian
elliptic function solution to Eq.(1) as follows:
3/2
uz; = Arg cos(wz) . —
3 0 wCop + sin(wz)
A AA
ch(f 2T+A1,m)
m m
= ) A2 A%2(2m? —1)
X exp |:1 (AQ& — 77— — TT
+ Az + @(Z,T)>:| (14)
with
wroT + agg sin(wz) + wagsnCo + wrebio
Fig.5. Interaction between two bright solitons expressed §= wCo + sin(wz) ’
by |ugz|? withw =1,79 =1, Go = 1, Cop = 1.5, bip = 1, 0
a2 =1, k1 =3, k3 =2, v1 =5, v3 = =5, ajp = 15 and Go sin(wz) + (.UGUC() — wr%)
T =

)

ago = —15. wCy + sin(wz)
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1
2(wCy + sin(wz))
+ 2bg sin(wz) + 2wbyCo + wb?).

0(z,T) = (WT? 4 2wbyo T

We plot the Jacobian elliptic function solution to
Eq.(1) in Fig.6.

Fig.6. Evolution of a periodic wave solution expressed by
|uz1|? with parameters By = 0.2, Wo = 1, and X = 2.
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Fig.7. Evolution of a periodic wave solution expressed by
|ug2|? with parameters By = 0.2, Wy = 1, and X = 2.

If we give d(z) = z, we can obtain another Jaco-
bian elliptic function solution to Eq.(1) and plot it in
Fig.7.

3. Summary

We have considered directly the DM fibre system
equation with optical loss (gain) instead of the aver-
aged DM fibre system equation. We have presented
a novel transformation such that the DM fibre sys-
tem equation with optical loss (gain) is transformed
into the standard nonlinear NLSE under a restricted
condition. By using the transformation and the solu-
tions of the NLSE, we have obtained abundant soliton
and periodic wave solutions. For instance, one-soliton,
two-soliton and Jacobian elliptic function solutions are
generated. To the best of our knowledge, these solu-
tions have not been reported yet. Furthermore we
have investigated their main properties and the inter-
action scenario between two neighbouring solitons by
using direct computer simulation. We have found that
the soliton amplitude, width and centre all vary with
GVD parameter d(z) value.
the novel bright soliton solutions reported here can

Hence, we believe that

be used for propagating the ‘sech’ form of pulses in
the DM fibre system equation considering optical loss

(gain).
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