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ABSTRACT

The 40 Ghit/s optical solitons transmission system in photonic crystal fiber was investigated by fast Fourier transform
method, and the maximum transmission distance of system was calculated numerically. By the eye pattern of system,
the transmission performances of system were studied. Results show that when polarization mode dispersion coefficient

D, is smaller than 0.5 ps/\/km , the influence of the PMD on the transmission distance was neglectable. When the
dispersion coefficient D is larger than 1.5 ps/km/nm, the transmission distance decreases rapidly. The positive or nega-

tive of three order group-velocity dispersion makes no differences on the system transmission.

Keywords: Maximum Transmission Distance; Eye Pattern; Photonic Crystal Fiber; Polarization Mode Dispersion;

High Order Nonlinear

1. Introduction

Optical solitons are generated when group velocity dis-
persion (GVD) effects and self-phase modulation (SPM)
effects reach balance in the fiber. Of course, there are
strong demands for the properties of the fiber. The pho-
tonic crystal fiber (PCF) becomes the ideal medium for
producing solitons due to its controllable dispersion pro-
perty and strong nonlinear effects.

Solitons with low peak power are launched into highly
nonlinear the PCF to generate high-order solitons easily,
here the PCF is used as the compressor with high-soli-
tons effect and fiber optical solitons laser to provide high-
repetition-rate ultrashort solitons pulse sequence [1-3].
The potential applications of the PCF include generation
and transmission of short-wavelength optical solitons,
ultrashort-pulse laser, laser with high-power PCF [4-9],
solitons generator with the nonlinear effects [10] and so
on. Recently, H. Hasegawa studied the 10 Gbit/s solitons
transmission system in the PCF [11-13]. It’s noticed that
photonic band gap of PCF can be used to support the
transmission of high power solitons because of the fee-
bleness nonlinear effects of the empty core [14-16]. The
solitons with peak power of 2 mw can be supported in air
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core photonic band gap PCF, and the solitons with peak
power of 5 mw can be supported after filling PCF with
nitrogen, which means that the solitons power transmit-
ted in fiber can be raised by two orders.

In this paper, optical solitons transmission system was
designed at 40 Gbit/s, and all factors which may influ-
ence on transmission system are analyzed. Such as the
GVD and the SPM, three order group-velocity dispersion
(TOD), polarization mode dispersion (PMD) and high
order nonlinear effects. The longest transmission dis-
tances of system are calculated and system eye patterns
are plotted by numerical algorithm in the PCF.

2. Solitons Transmission Equation

Considering the fiber loss, GVD, TOD, PMD and high
order nonlinear effect, the generalized propagation equa-
tion of unity soliton takes the following forms:
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In the equation, u and v are unitary amplitude along
the x and y coordinates, 7 is unitary time, & is unitary
length, and t, is the initial pulse width. The term propor-
tional to ¢ includes polarization mode dispersion. The

(ﬂlx _ﬂly )tO
2|3,
term and third term stand for GVD and TOD. The fourth

term are self-phase modulation and cross-phase modula-

tion. The term proportional to T" express fiber loss, and
2

" is given by F:%L;L'. The term proportional to s is
2

responsible for self-steepening of the pulse edge, which
is a phenomenon that has attracted considerable attention,
and s is the self-steepening parameter. The last terms has
its origin in the delayed nonlinear response, and is re-
sponsible for the self-frequency shift. 7z is the Raman
dispersion parameter.

Because the random polarization model coupling is
sensitive to the fluctuation of surrounding temperature
and wavelength of light, the difference of group velocity
delay is a statistic value which follows Maxwell distri-
buting. The average value is linear to square root of dis-
tance.

parameter o is given by o = . The second

PMD =D,VL )

In this equation, the unit of the PMD, Dy, and L are ps,
ps/~/km , and km, respectively. In order to solve the
randomicity of polarization model coupling, we use a
usual model of a randomly varying birefringent fiber that
is a cascade of many short fibers with constant birefrin-
gence. And in every piece, it has the same length Z, and
invariable double refraction An. Transmission of pulse
in every piece follows Equation (1). At the two pieces
connections u’ and Vv’ are two polarization parameters
after random rotation of polarization axis and u and v are
parameters before rotation and satisfy:

u’ cos®  singe” |[u
A=l 0, )
Vv —sinfe cosé ||V

where @ is the rotation angle of the two polarization

models and ¢ is the adjunctive phase factor. In this
model, the PMD coefficient D, is given by [17]

8 An
Do 3t ¢ \/ZT @

This is the theoretical model we used.

The transmission of solitons in a random double re-
fraction is calculated by fast Fourier transform method.
The 64-bit fake random codes transmit in double refrac-
tion fiber at 40 Gbit/s and the figures of pulse are hyper-
bolic secant, Gauss and super Gauss type. One pulse is
divided into 4096 points to calculate. In this model, it is
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assumed that the length of one fiber sect Z, is 0.025 km.
By Q judgment method, the relationship of maximum
transmission distance, GVD, TOD, PMD and high order
nonlinear effects in the PCF are calculated. The trans-
mission performance is evaluated by eye pattern of sys-
tem. Because of PMD effect, the maximum distance
changes randomly depending on random changes of op-
tics axis of double refraction and phase. Under the same
conditions, we calculated the PMD for 20 times and
mean them to get the average value as the statistical re-
sult.

In the calculation, parameters of the PCF are n, = 3.0 x
10 m?/w, Ag = 3.14 um?, 1 = 800 nm, S5 = 0.082385
ps®/km, y = 75 w /km, a = 0.37 dB/km, R = 40 Ghit/bit,
and ¢ = 2.998 x 10° m/s.

3. Calculation Result and Discussion

3.1. Effect of the PMD on the Maximum
Transmission Distance of the System

In Figure 1, relationship between maximum transmission
distances by different model pulses and PMD are shown
under the condition of positive TOD. It is assumed that
dispersion coefficient D is 1.6 ps/nm/km, and the PMD
coefficient Dy are 0.2, 0.4, 0.6, 0.8, 1.0, and 1.5 ps/~/km,
respectively. The width of pulse is 60 fs. Results show
that for all types of code, the maximum transmission
distance of all three types of code decrease as PMD coef-
ficient increases, which means that transmission perfor-
mance get worse as PMD increases. But changes of three
types code have great differences. The maximum dis-
tance of solitons is much larger than the other two (Gauss
and super Gauss). When D, <1.5ps/~/km , the distance
of solitons changes slowly, and the distance of super
Gauss decreases dramatically. When D, > 0.5 ps/\/E% ,
the maximum distance of solitons decreases dramatically
and the other two decrease very slowly.

In Figure 2, the TOD is negative and other parameters
are the same as those used in Figure 1. The maximum
distance of solitons is still the biggest, and the distance of
super Gauss is the shortest. When D, <1.0 ps/vkm,
the maximum distance of solitons changes slowly and the
distance of super Gauss and Gauss decreases rapidly.
When D, >1ps/vkm, the maximum distance of soli-
tons decrease dramatically as PMD increases.

Results show that when the PMD is slight, it can be
strongly restrained by solitons. When PMD is relatively
large, Gauss and super Gauss type strongly restrain PMD.
Because of the PMD effect, two polarization parts of
solitons separate gradually, and the center location and
center frequency of solitons are changed. By optimizing
fiber parameters, the separation of the two polarization
parts can be compensated. And at the same time, cross
phase modulation causes frequency shift that make the
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Figure 1. The change of the maximum transmission distance with polarization mode dispersion under the TOD is positive. (a)

Solitons; (b) Gauss pulse; (c) Super gauss pulse.
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Figure 2. The change of the maximum transmission distance with the PMD and the TOD is negative. (a) Solitons; (b) Gauss

pulse; (c) Super gauss pulse.

two polarization parameters astricted each other. Thus
separation of the two polarization parts was weakened
and PMD is restrained. So transmission performance is
the best.

3.2. Effect of the GVD on the Maximum
Transmission Distance of the System

When the TOD parameter S, <0 and g, >0, the maxi-
mum transmission distance of solitons, Gauss and super
Gauss are calculated as dispersion changes.

In Figure 3, the average maximum transmission dis-
tance of solitons is shown with the coactions of the
second order, third order dispersion and the PMD when
the TOD is negative. We assume that D, = 0.5 ps/vkm,
dispersion coefficient D are 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0
ps/nm/km, respectively. As the GVD increases, the maxi-
mum distance of all three types pulse decrease. When D
< 1.5 ps/nm/km, the maximum distance of solitons
changes slightly. If GVD is larger, the distance decreases
rapidly. When D = 3.0 ps/nm/km, the maximum distance
is 51 km only.

Figure 4 shows the average maximum transmission
distance of solitons under the coaction of second, third
order dispersion and PMD when g, >0. For solitons
and Gauss type, changes of Z . are the same as the
changes of g, <0. However, when p, is affirmative,
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the distance of super Gauss type decreases faster com-
pared to the distance with S, <0.

Comparing Figures 3 and 4, it is evident that the dis-
tance has slight difference, which indicates that the TOD
does affect solitons transmission, and as a result trans-
mission distance decreases. Whatever the TOD is af-
firmative or not, according to the same GVD and PMD,
the maximum transmission distance of solitons changes
slightly, and trend of change is similar. It is found that
whatever the TOD is affirmative or not, the dispersion
causes osillations at the foreside and tail of pulse and
dispersion wave. Thus the transmission distance is li-
mited.

In conclusion, the appearance of TOD breaks the bal-
ance between the GVD and the SPM effects. As a result,
solitons can’t transmit steadily and maximum transmis-
sion distance decreases. On the other hand, the center
shift and oscillations in pulse caused by the TOD make
the coaction of general dispersion (including PMD, GVD,
and high order dispersion) and nonlinear effects changing
slightly. As a result, the PMD is restrained and some-
times the maximum distance increases but not decreases
as the PMD increases.

3.3. Eye Pattern of the System

For further investigation of the effect of dispersion, PMD
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Figure 3. The change of the maximum transmission distance with GVD when g5 < 0. (a) Solitons; (b) Gauss pulse; (c) Super
gauss pulse.
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Figure 4. The change of the biggest transmission distance with GVD when g3 > 0. (a) Solitons; (b) Gauss pulse; (c) Super
gauss pulse.

Intensity [a.u.]

0 0
0 10 20 30 0 10 20 30
Time (ps) Time (ps)

@ (b)

Intensity [a.u.]

0 10 20 30 10 20 30
Time (ps) Time (ps)

© (d)
Figure 5. Eye pattern of solitons transmission in 40 Gbit/s system. (a) 180 km; (b) 150 km; (c) 120 km; (d) 90 km.

and nonlinearity, eye patterns of the system were simu- ficient D is 1.6 ps/nm/km. Eye patterns of solitons are
lated at different transmitting location in the PCF. The calculated numerically.
PMD coefficient D, is 0.5 ps/\/ km and the GVD coef- Figure 5 shows the eye pattern of solitons in the PCF
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with transmission distance of 180 km, 150 km, 120 km
and 90 km, respectively. Compared four eye patterns, we
conclude that the eye pattern of 90 km is very clear,
which indicates the perfect performance of system. When
the transmission distance increases to 120 km, splaying
of eye pattern decreases and error dropping phenomena
happens. With the further increasing transmission dis-
tance, eye pattern tends to be more and more faint. At
180 km, the eye pattern is messy and closed which ms
that performance of system is poor.

4. Conclusions

In one word, as transmission speed is faster and faster,
the width of pulse is more and more narrow. And the
effect of the TOD and high nonlinear is more and more
evident. For the system, it is essential to reduce the effect
of PMD. Because PMD is randomicity, it is difficult to
get a method of conquered PMD. So the numerical cal-
culated could have helped to design transmission system.
The results are given by:

When D, <1ps/\/ﬁ the maximum transmission
distance of the system could exceed 100 km. The maxi-
mum transmission distance of the system is the more
decrease as PMD effects increase for D, >1ps/ Jkm .
The stronger nonlinear could control PMD and increase
the distance in the PCF. The transmission distance was
independent of the TOD sign.

The transmission distance has uniform varitional cur-
rent for three codes. The transmited distances of solitons
did not have more superiority. So the system of other two
codes pulse could have more communication perform-
ance in the PCF.

The results of eye pattern of system were accorded with
the calculated maximum transmission distance by Q judg-
ment method. Thus the simulated method was viable.
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