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For optical solitons with the pulse width in the subpicosecond and femtosecond scales in optical fibers, a modified
model containing higher-order effects such as third-order dispersion and third-order nonlinearity is needed. In this paper,
in order to study the dynamic mechanism of femtosecond solitons in different media, we take the nonlinear Schrodinger
equation considering higher-order effects as the theoretical model, discuss the propagation of solitons in single-mode fibers,
and explore the third-order dispersion and third-order nonlinear effects on the generation of optical solitons. The exact
solution of the theoretical model is obtained through the bilinear method, and the transmission characteristics of two solitons
with exact soliton solutions in actual fiber systems are analyzed and studied. The influence of various conditions on the
transmission and interaction of optical solitons is explored. Methods for optimizing the transmission characteristics of
optical solitons in optical communication systems are suggested. The relevant conclusions of this paper have guiding

significance for improving the quality of fiber optic communication and increasing bit rates.

Keywords: nonlinear optics, optical communication system, optical solitons, solitons interaction

PACS: 05.45.Yv, 42.65.Tg, 42.81.Dp

1. Introduction

The transmission characteristics of solitons in optical
fibers have always been a hot research direction.!!'=# Due to
the balance between dispersion and nonlinear effects, optical
pulses can be transmitted in soliton form without distortion in
the anomalous dispersion region of the optical fiber.[>%! In this
case, the nonlinear Schrodinger (NLS) equation is generally
used as the mathematical model, which can be used to describe
the transmission of optical pulses in the fiber, and the math-
ematical model only includes group velocity dispersion and

[7-121 However, with the devel-

self-phase modulation effects.
opment of ultrashort pulse technology, when the pulse width
of solitons is in the order of subpicosecond or femtosecond,
the higher-order nonlinear effect and higher-order dispersion
effect of optical fibers have a greater impact on solitons. /13141
At this time, the transmission equation needs to be modified
to the higher-order NLS equation.!'>!®1 Therefore, all kinds
of NLS equations are the nonlinear dynamic basis for study-

(7.18] Among

ing the propagation characteristics of solitons.
them, this type of equation has a first-order soliton solution
in hyperbolic secant form, which maintains its shape and fre-
quency spectrum unchanged during transmission. When the
input energy of solitons is large, they will evolve into higher-
order solitons, which in turn will involve the interaction be-
tween solitons. 197221

The interaction of solitons to some extent can affect
the transmission quality of optical communication. So as

to achieve distortionless transmission of ultra-short pulses
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and truly meet the requirements of high bandwidth and high
transmission capacity, overcoming the influence of high-order
dispersion and nonlinear effects has become a hot research
topic.[>=2% In addition, in fiber optical communication, re-
ducing the distance between adjacent solitons can increase the
bit rate, but the interaction between solitons is more severe
during this time. Therefore, it is necessary to study its action
law and propose suppression methods to improve communica-
tion quality.26-29]

In this article, based on the higher-order NLS equation,
the transmission characteristics of femtosecond solitons in
fibers and the interaction between them are analyzed and stud-
ied. The intuitive transmission form and interaction law of
femtosecond solitons in fibers are obtained when considering
different higher-order effects. The specific form of this trans-

fer equation is shown as[3"]
iut+uxx+a|u|2u+i (ylueryz\uFux) =0. (1)

For Eq. (1), the modulation instability has been analysed. !
However, the soliton interactions have not been reported be-
fore. We will discuss the influences of the higher-order effects
on their interactions to optimize the transmission characteris-
tics of optical solitons in optical communication systems.

In this paper, the bilinear form and the two soliton so-
lutions of the equation are obtained. Then, the two soliton
solutions are analyzed and the evolution characteristics of the
two solitons under various conditions are studied. Finally, a

summary is provided for this article.
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2. Two-soliton solutions

For Eq. (1), we first assume that u(x,t) = h(x,t)/f(x,t),
and the forms of 4(x,#) and f(x,t) can be written as

h(x,t) = ehy (x,1) + €3h3 (x,1),
fn) =1+ f(x1) +e*fa(x1). )

By substituting the assumed form of u(x,t) into Eq. (1),
we can obtain the bilinear forms of it as

[iDi+ D2+ inD}|h- £ =0, DIf-f=p/GR)hE=0,(3)

with the coefficient constraint relationship being oc = >/ (371).
Assuming that

h (x,t) ZAleq)l +Aze¢2,
f2(x,t) = B1e® T 4 Bye®1 0 4 Be® O 4 Be® O (4)
among them,
¢ = (ki1 +iki2)x+ (@it +iop)t + &y +iép,
0 = (koy + ikop)x+ (@1t +i0n)t + &1 +1&pn.  (5)
Substituting them into Eq. (3), we can get that
w11 = 3nknkl, — nkiy — 2kiikio,
o2 = kfy —kiy = 371Ki ko + 11k,
w31 = 3nkaikyy — 1ik3) — 2kaika,

Wy =k3) — k3 — 371k kn + N3y, (6)
B = |A1|2’)/2 _ A]AZ')/Z
1= 7 2= " - 7
247k 61 (ki1 + ikia + ko1 — ika2)
ArA% A, |2
B3 Lasbe = M (7

- 671 (k11 — iki2 + ka1 + ikp2)?’ ‘T 24nk3,

For Eq. (2), we assume that

h3 (x,t) = Dy e +02+0] _|_D26¢1+¢2-§—¢72*7

and then can obtain the coefficients as
= |A1[2Axp (kyy + ko — kg — ikpo)?
24y1k3, (kg — ikio + kot +ik2)?
_ |A2|PA1p kit + ki — kot — ika2)?
24y1k3, (ki1 + ikio + kot — iko2)?

_ A PP (ki —k21)? + (k12 — ka2)?)?
5761213, V2 (ki1 + k)2 + (kiz — kaz)?)?

®)

1

Thus, we set € = 1, and the two-soliton solutions can be
presented as

hy (x,1) + hs3 (x,1)
1+ /5 (x,0) + fa (x,2)

u(x,t) = (10)

3. Discussion

For solutions (10), we assume ki = 1, kjp =0, ko1 =2,
k2 =0,811=1,82=0,81=3,82=0,4; =1,and A, =2.
At this point, we can obtain various cases of two soliton inter-
actions when we take different values of y; and 7», as shown
in Fig. 1. When 73 = —0.53 and » = —1.9, we find that two
optical solitons interact near x = 0. During the interaction pro-
cess, two optical solitons will be fused into one optical soliton,
and the energy of this optical soliton will increase sharply. Af-
ter the interaction, both optical solitons will undergo the phase
shift and propagate along their original velocity and ampli-
tude. By changing the values of ; and 7, we can change the
incident phase, propagation speed, and amplitude of optical
solitons as shown in Figs. 1(b)-1(d). It should be emphasized
that as the values of y; and 9 increase in Fig. 1(d), the ampli-
tude of optical solitons will significantly increase, and unsta-
ble phenomena may occur during the transmission due to high
energy.

Fig. 1. The influence of ¥; and 9> on two-soliton transmission. Param-
etersare kj; = 1, k1o =0, ko1 =2, kap =0, &1 = 1, €1 = 0, & = 3,
&»n=0,A; =1,A; =2 with (a) s = —0.53, » = —1.9; (b) i = —0.22,
r=—130C)n=025pr=13Wdn=1pnr=14

Based on the values of Fig. 1(c), we discuss how different
values of k1, k12, ko1 and koo affect the interaction of optical
solitons. Unlike Fig. 1(c), in Fig. 2(a), the incident phase and
amplitude of the optical soliton have changed when k11, kj2,
k>1 and ko take different values. By changing the values of
k11, k12, k21 and ko, we further change the interaction state
of optical solitons. In Fig. 2(c), when the small amplitude op-
tical soliton interacts with the large amplitude optical soliton,
the modulation will occur at the interaction point, making the
optical soliton transmission unstable. In Fig. 2(d), two optical
solitons achieve parallel transmission, and even if their spac-
ing is small, no interaction occurs.

In Fig. 3, based on the relevant parameter values in
Fig. 2(b), we only change the values of &1, &12, &1 and &p,
and discuss their impact on the interaction of optical solitons.
From Fig. 3, we can see that changing the values of them only
has a certain impact on the phase of the optical solitons, and
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does not affect the overall transmission state of the optical soli-
tons. Based on Fig. 3(d), we simultaneously change the values
of k11, k21, 71 and 7, and find that the interaction state of op-
tical solitons has undergone a significant change. During the
interaction process, optical solitons will oscillate. The severity
of oscillation during interaction can be effectively controlled
through those parameters. The closer the values of 1 and P,
are, the more intense their interaction is and the longer their
interaction time is.

In Fig. 5, we mainly discuss the impact of changes in k1,
ka1, 71 and 9 on the interactions of optical solitons. We find
that the interaction characteristics of optical solitons have not
undergone fundamental changes. Their initial incident phase
only has some small changes, but their intensity varies dur-
ing the interaction, and the amplitude of optical solitons varies
greatly.

-6

Fig. 2. The influence of ki, ki2, k21 and kyp on two-soliton trans-
mission. Parameters are &1 =1, §10 =0, & =3, £ =0, A; =1,
Ay = 2, Nn = —0.22, v = —1.3 with (a) k11 =-1.7, k12 = —-0.97,
ko1 =2, kpp =0.28; (b) k11 = —1.7, k12 = 0.34, ko = —1.9, ko = 0.81;
(C) k11 = —0.75, k12 = —1.9, k21 = 1‘5, k22 = 0.59; (d) k11 = —1‘6,
kip=—14,kyy =—14,kypp =—1.5.

Fig. 3. The influence of &1, &2, &/ and &, on two-soliton trans-
mission. Parameters are kj1 = —1.7, kjp = 0.34, kp; = —1.9, kypp =
081, A =1,As =2, % = —0.22, 1 = —1.3 with (a) & = —2,
Ein=—18, &1 =-2, &0 =0.8; (b) &) = —041, & = -0.63,
&y =0.88, £ = —0.91; (c) &1 =034, &, =0, &) = —1.8,
En=17(d &1 =1,82=15 61 =-0.16,En =—1.9.

-6

Fig. 4. The influence of ki1, k21, 71 and 75 on two-soliton transmission.
Parameters are k12 = 0.34, ky, = 0.81, &1 =1, &2 = 1.5, & = —0.16,
622 =—-19,A; =1,A, =2 with (a) k;; = 1.2, kp; = —1.1, N = 0.88,
Y =19;() ki1 =—0.75ky=-12,%1 =084, =1;()k; =091,
kyy = —0.75, N = —1.9, v = —1.6; (d) k11 =0.63, kp; =1, N = 1.5,
=14

Fig. 5. The influence of kj2, k27, 71 and 1, on two-soliton transmission.
Parameters are k;; = —1.7,kp; = —1.9, &1 =1, Ep = 1.5, & = —0.16,
Ep=—1.9,A; =1, A =2 with (a) k2 = 0.84, kpy = 0.41, y; = —0.28,
v = —1.3; (b) k1o = —2, kop = —0.38, = —0.5, v = —2;(¢c) kip =
0.38, kpp = 1.4, 1 = —0.2, » = —0.56; (d) kjp = —0.78, kyp = 0.28,
N =0.63,%» =1.6.

|ul®

-6 (d)

Fig. 6. The influence of &1, &1, %1 and 1 on two-soliton trans-
mission. Parameters are k;; = —1.7, ki3 = —0.78, kp; = —1.9,
kpp =028, Ep = 1.5, = —1.9, A = 1, Ay = 2 with (a) &1 =0,
&1 =044, = —031, p=—14; (b) &1 =13, & = —0.84,
Nn=-02,1=-16;()&1=044,&, =12, =053, =18;
(d) &1 =0.53, &1 =—0.81, 7 = —0.34, 15 = —1.9.
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Fig. 7. The influence of &7, &5, 71 and p on two-soliton transmis-
sion. Parameters are k;; = —1.7, kjp = —0.78, kp; = —1.9, kyp =
0.28, 11 = 0.53, &1 = —0.81, A] = 1, Ay =2 with (a) &5 = 1.3,
Eyp =141 =-02,1=—0.78;(b) E;» =0.97, £ = 0.8, 71 = 0.4,
% =0.9;(c) E12 = 0.41, &2 =0.5, 71 = 0.13, 15 = 0.69; (d) &1 = 1.5,
Epn=—157=-051=—15.

In Fig. 6, we discuss how the values of &1, &1, 71 and
change the transmission characteristics of two optical solitons.
We find that the interaction characteristics of optical solitons
are similar to those in Fig. 5, except that the intensity of the
interaction varies at different initial incident phases. In Fig. 7,
the values of &5, &, 71 and  are changed, and the interac-
tion characteristics of optical solitons are different from those
in Fig. 6. Two optical solitons exhibit repulsive properties at
the interaction point in Figs. 7(b) and 7(c). Thus, we can find
that 1 and 9, can influence the soliton incident phase, propa-
gation speed and amplitude. ki1, k12, k21 and ky; can change
the interaction state, and the modulation and parallel transmis-
sion can occur. &1, &1z, &1 and &>, have a certain impact on
the soliton phases, and do not affect the overall soliton trans-
mission state.

4. Conclusion

The research work in this paper mainly bases on the high-
order NLS Eq. (1). By solving the equation analytically, the
transmission characteristics of a single femtosecond soliton in
the optical fiber and the interaction of two optical solitons have
been studied under the condition of considering various high-
order effects. The transmission characteristics and laws of
their interactions in optical fibers have been analytically stud-
ied under different initial inputs and different high-order ef-
fects. The changes in the values of ; and 7» have a significant
impact on the interaction of optical solitons, leading to signif-
icant changes in the phase, velocity, and amplitude of optical
solitons. At the same time, at the interaction point, different
initial values and different higher-order effects have led to dif-
ferent degrees of interaction, and have also led to attraction
and repulsion at the interaction point. The conclusion of this

paper will provide a theoretical reference for further obtaining
ultra-short and ultra-high energy optical solitons.
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