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in the birefringent fiber 
with comprehensive management

YAN XIAO1*, XIAO-QIN BAI1, CHANG-YONG LI2, TING-TING LV1 

1College of Physics and Electronics Engineering, Shanxi University, Taiyuan 030006, China

2State Key Laboratory of Quantum Optics and Quantum Optic Devices, 
Institute of Laser Spectroscopy, Shanxi University, Taiyuan, 030006, China

*Corresponding author: xiaoyan@sxu.edu.cn

In this paper, we reveal the transmission properties of the M-type combined solitary wave in bire-
fringent fiber with third-order dispersion, self-frequency shift, self-steepening, fifth-order nonlin-
earity and the gain (loss) effects. The numerical simulations show that the M-type solitary wave
can be stably transmitted through 300 dispersion lengths via balancing the variety of effects. And
it can even be stably transmitted under the condition of limited interference under a small pertur-
bation of noise, amplitude and phase position. The results can provide certain references for the
research of optical soliton communication and optical devices.
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1. Introduction

The optical soliton communication system becomes one of the hot research topics in
recent years, since it has an extremely high rate and can also realize large capacity and
long distance fiber communication [1, 2]. In 1966, KAO and HOCKHAM [3] firstly pointed
out the possibility of transmitting information using optical fiber, thus laying the foun-
dation of modern optical fiber communication and marking a significant milestone in op-
tical fiber communication history. The optical soliton, which serves as a good candidate
for optical communications in optical fiber, can keep orthoscopic transmission charac-
teristics along the direction of propagation in a nonlinear optical device [4]. The trans-
mission of bright soliton in optical fiber without distortion for the first time was observed
experimentally in Bell Labs [5]. These features make the soliton become an excellent
carrier of long distance transmission and high capacity information. The recent studies
of an ultrashort optical pulse discover that the optical soliton communication can over-
come the limit of the distance and speed in optical wave transmission system. 
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A single mode fiber supports two degenerate modes that are polarized in two orthog-
onal directions. Under ideal cylindrical geometry and isotropic materials, a mode in
one direction is not coupled to the mode in the orthogonal direction. However, small
deviations from the cylindrical geometry or small fluctuations in material anisotropy
lead to a mixture of the two mode in orthogonal directions and the mode degeneracy
is broken. This property is referred to as modal birefringence [6–8]. CHRISTODOULIDES

and JOSEPH indicated that soliton pulses with orthogonal polarization component can
keep unchanged waveform transmission in the birefringent fiber [9]. 

Within the classic scope, via the inverse scattering method, the bright soliton and
the dark soliton were found to be the solutions of the nonlinear Schrödinger equation,
which is the basic theoretical model of the picosecond light pulses transmission in op-
tical fiber [10]. In the actual applications, however, the material dispersion, nonlinear
effect and other effects existing in the optical fiber should be taken into account. Using
the coupled nonlinear Schrödinger equation as the theoretical model of optical pulse
transmission in birefringent fiber, the transmission properties and stability of optical
soliton can be more specific described. 

New types of combined chirp solitary wave solutions of high order Ginzburg–Landau
equation with unsaturated absorption term were given by a suitable ansatz method, and
the stabilities of the chirp solitary wave solutions were discussed by numerical simu-
lation method [11]. In practical applications, the transmission mediums of optical pulse
are asymmetrical due to the increase in transmission distance and the inaccuracy of
craftsmanship, therefore more details of optical fiber must be prudent considered. Chirp
bright and dark soliton solutions of the complex variable coefficient Ginzburg–Landau
equation were calculated in 2006 [12]. 

In recent years, there have been many new studies on solitons. By means of the
Hirota method, dark vector solitons of the coupled higher-order nonlinear Schrödinger
equations are investigated in birefringent fiber or two-mode fiber [13]. Other research
has found that the vector dark soliton solution for the coupled defocusing nonlinear
Schrödinger equations is unstable to radiation modes with different diffraction coeffi-
cients [14]. A class of new spatiotemporal solitary solution to the nonlinear Schrödinger
equation with a parabolic potential is reported analytically and numerically using the
F-expansion method and homogeneous balance principle [15]. In consideration of
higher-order nonlinear terms, an extended form of a simple equation method is proposed
to construct exact soliton and solitary wave solutions of the higher-order nonlinear
Schrödinger equation [16]. By adopting a complex amplitude ansatz solution which is
composed of bright and dark solitary waves, the exact dipole soliton solution is inves-
tigated through an inhomogeneous cubic–quintic–septic medium [17].

In this article, we analyze the transmission characteristics of the M-type combined
solitary wave in the birefringent fiber. Using the variable coefficients coupled nonlin-
ear Schrödinger equation with the third-order dispersion, the self-frequency shift, the
self-steepening, five-order nonlinear and the gain (loss) effect as the theoretical model,
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we simulated numerically the evolution characteristics of the M-type combined soli-
tary wave and discussed its transmission stability when the small perturbation of noise,
amplitude and phase position were considered respectively.

2. Theoretical mode

The two orthogonal modes of the single mode fiber have the same spatial distribution.
The ideal fiber can keep strict cylindrical symmetry on the whole length and its two
orthogonal modes are degenerate, which means that they have the same effective refrac-
tive index. In the actual applications, however, all the optical fibers will show a certain
degree of mode birefringence for the unexpected changes in shape of the optical fiber
or the influence of anisotropic stress. The birefringent fiber has two transmission
shafts, which are the fast axis and the slow axis. The refractive index of the fast axis
and the slow axis is different, and the light pulses pass through fibers at different speed
along the two main shafts.

The coupled nonlinear Schrödinger equation can describe evolutions of the two po-
larization components of the optical fiber along the fast axis and the slow axis. Most
of the time optical fibers we encountered are asymmetrical in the actual application,
therefore we choose the variable coefficients coupled nonlinear Schrödinger equation
as the theoretical model.

In the birefringent fiber, the basic theoretical model of transmission has the fol-
lowing form:

(1)

In the above equations, p and q are normalized amplitudes along the fast and slow axis,
and they are all functions about z and t, where z represents the transmission distance
and t represents the delay time; δ represents the group velocity mismatch of the two
polarized components; β2 and β3 represent the group velocity dispersion (GVD) and
the third order dispersion (TOD), respectively; γ3 represents the nonlinear effect;
a3, a4 and a5 represent the self-steepening, the self-frequency shift and five-order
nonlinear effect, respectively; g is the linear gain (loss). 
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In the actual heterogeneous optical fiber, we assume that all the mentioned param-
eters have the following forms:

(2)

(3)

(4)

(5)

(6)

(7)

In the above relationships b20, b30, γ30, a30, a40, and a50 are ideal optical fiber param-
eters; a is a small constant, and it represents the volatility of optical parameters; σ is
the change in the optical fiber parameters cycle; μ is a small real constant.

3. Numerically analysis and discussion

All the parameters of Eq. (1), pulse and fiber should be determined before numerical
simulation. The optical pulse passes through the fiber in the form of the combined sol-
itary waves, as follows:

(8)

where η represents the reciprocal of pulse width, T0 represents the center of the pulse,
and we set T0 = 0; β and A0 are real constants.

All the parameters of pulse and fiber are set as: A0 = 1.55, β = 0.12, T0 = 0, η = 0.1,
δ = 0.001, g = 0.0001, σ = 0.2, μ = –0.08, a = 0.1, b20 = 0.4, b30 = 0.08, γ30 = 0.1,
a30 = 0.03, a40 = –0.02, and a50 = 0.002.

Then the transmission diagram of a M-type combined solitary wave can be obtained,
as in Fig. 1. And we can see that transmission of soliton is based on the shape of the M.
The M-type combined solitary wave can be stably transmitted through 300 dispersion
lengths in the normal dispersion regime of birefringent fiber, except there is a self-ad-
justing process at the beginning. There are slight fluctuations on both sides of the
M-type combined solitary wave.

β2 b20 1 a σ z sin+ μz exp=

β3 b30 1 a σ z sin+ μz exp=

γ3 γ30 1 a σ z sin+ μz exp=

a3 a30 1 a σ z sin+ μz exp=

a4 a40 1 a σ z sin+ μz exp=

a5 a50 1 a σ z sin+ μz exp=

p 0 t  iβ A0 η t T0–  sech η t T0– tanh+=

q 0 t  iβ A0 η t T0–  sech η t T0– tanh+=
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In order to do more in-depth study transmission characteristics of the M-type com-
bined soliton wave in the normal dispersion regime of birefringent fiber, we investigate
the transmission stability when noise interference is added. Keeping the same param-
eters as Fig. 1 settings, the random noise of 0.03 is added in the M-type combined sol-
itary wave, and the incident light pulse function form is as follows:

(9)

where the “rand” represents all the random numbers from 0 to 1. The M-type combined
solitary wave is transmitted through 300 dispersion lengths in the normal dispersion
regime of birefringent fiber, and we obtain the evolution plot of the M-type combined
wave with noise whose maximal value is 0.03, as shown in Fig. 2.

Keeping the same parameter settings as Fig. 1, we investigate the transmission
properties of the M-type combined solitary wave with the small perturbation of am-
plitude and phase position, and the forms of incident light pulse respectively are:
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Fig. 1. The evolution plot of the M-type combined wave at a distance of 300 dispersion lengths.

p 0 t  iβ A0 η t T0–  sech η t T0– tanh 0.03 rand t + +=

q 0 t  iβ A0 η t T0–  sech η t T0– tanh 0.03 rand t + +=






0.4

0.0
–40 –20 0 20 40

0

100

200

300

Dist
an

ce
 z

Time t

In
te

n
si

ty
 |

q
|2

Fig. 2. The evolution plot of the M-type combined wave with noise at a distance of 300 dispersion lengths.
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(10)

(11)

The evolution plots are shown in Figs. 3 and 4, and α = 0.05.
Not only the M-type combined wave can be stably transmitted in the normal dis-

persion regime, but also it shows good transmission stability in the anomalous disper-
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Fig. 3. The evolution plot of the M-type combined wave with amplitude perturbation at a distance of
300 dispersion lengths.
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Fig. 4. The evolution plot of the M-type combined wave with phase perturbation at a distance of 300 dis-
persion lengths.
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sion zone by a large numbers of numerical simulations. The parameters of pulse and
optical fiber are as follows: A0 = 1.55, β = 0.12, T0 = 0, η = 0.1, δ = 0.001, g = 0.0001,
σ = 0.2, μ = –0.08, a = 0.1, b20 = –0.4, b30 = 0.08, γ30 = 0.1, a30 = 0.03, a40 = –0.02,
and a50 = 0.002.

The evolution plot of the M-type combined wave in the anomalous dispersion re-
gime of birefringent fiber is shown in Fig. 5. The M-type combined wave can be stably
transmitted through 300 dispersion lengths in the anomalous dispersion zone, except
for there is a self-adjusting process at the beginning of the transmission. 

In order to study the transmission characteristics of the M-type combined soliton
wave in the anomalous dispersion regime of birefringent fiber better, keeping the same
parameter settings as Fig. 5, we investigate the transmission stability of the M-type
combined soliton with the random noise of 0.03, and the evolution plot is shown in
Fig. 6. From the picture, we can see that the small perturbation of noise has smaller
influence in the early transmission of M-type combined soliton wave in the anomalous
dispersion zone, and the combined soliton wave can be stably transmitted with the in-
creasing of transmission distance. And we find that there are slightly different influ-
ences between the two peaks of the M-type wave.
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Fig. 5. The evolution plot of the M-type combined wave at a distance of  300 dispersion lengths. 
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Fig. 6. The evolution plot of the M-type combined wave with noise at a distance of  300 dispersion lengths.
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Keeping the same parameter settings as Fig. 5, we also investigate the transmission
stability of the M-type combined wave in the anomalous dispersion regime of bire-
fringence fiber with the small perturbation of amplitude and phase position, and the
transmission evolution plots are shown in Figs. 7 and 8, respectively. In the anomalous
dispersion regime, the M-type combined soliton wave can be stably transmitted with
the small perturbation of amplitude and phase position.

4. Conclusion

The transmission properties of an optical pulse which passes through a birefringent
fiber are analyzed in this paper, and the heterogeneity of this birefringent fiber is con-
sidered. We numerical simulate the transmission characteristics of the M-type com-
bined soliton wave. The results show that the M-type combined soliton wave can be
stably transmitted in the normal dispersion and anomalous dispersion regime of the
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Fig. 7. The evolution plot of the M-type combined wave with amplitude perturbation at a distance of
300 dispersion lengths.
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Fig. 8. The evolution plot of the M-type combined wave with phase perturbation at a distance of 300 dis-
persion lengths.

0.8



Transmission of M-type combined solitary wave... 249
birefringent fiber under the balance of the dispersion, self-frequency shift, self-steep-
ening, five-order nonlinear and gain (loss) effect. And it can even be stably transmitted
under the condition of limited interference. These results provide a certain reference
for optical instrument research, and the development research of optical communica-
tion system.
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