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Abstract — Dispersion can lead to broadening in the process of optical pulse transmission, which results in intersymbol interference 
that limits the development of fiber with high speed and large capacity. Conducting efficient compensation to the dispersion in an 
optical fiber communication system has become a significant research topic. This study adopts vector effective index method to 
conduct numerical simulation and analysis on the characteristics and nonlinear effects of photonic crystal fiber dispersion. The 
characteristics and nonlinear effects of photonic crystal fiber dispersion are analyzed by changing the structural parameters of 
photonic crystal fiber, such as the diameter of an air hole and the space between air holes. The numerical simulation shows that the 
dispersion coefficient, dispersion slope, and nonlinear coefficient of photonic crystal fiber dispersion change with structural 
parameters; therefore, broadband dispersion compensation can be achieved by changing the structural parameters. To achieve 
low-linearity and high-efficiency dispersion compensation of the conventional single-mode fiber, we have to optimize the structure 
of photonic crystal fibers. The results of this study have guiding significance for the structural design of photonic crystal fiber 
dispersion compensation. 
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I. INTRODUCTION 

Loss and dispersion are two main factors that limit the 
optical signal transmission of fiber. With the 
commercialization of erbium-doped fiber amplifier, loss is 
no longer the main factor that limits the performance of the 
system [1-3]. In an ultra-high-speed optical communication 
network, dispersion has become the bottleneck that limits the 
optical fiber transmission with more channels, larger optical 
power, higher rate, and longer distance. Therefore, research 
on dispersion compensation is necessary to realize long-
distance, ultra-high-speed, and large-capacity transmission of 
optical fiber communication. 

For single-mode optical fiber, the optical signal in the 
optical fiber transmission consists of many components with 
different frequencies. Various mode components with certain 
spectrum width, and different frequency components or 
energy signals disperse in the transmission process because 
of their different group velocities, thereby causing waveform 
distortion and pulse broadening in the transmitted signal. 
This physical phenomenon is known as dispersion, which 
includes waveguide dispersion and material dispersion. The 
former refers to the differences in the transmission 
coefficient β  as a result of different effects of fiber 
boundary on optical waves with different frequencies, while 
the latter is caused by different refractive indexes of the fiber 
material on optical waves with different frequencies [4]. 

Fiber dispersion leads to the broadening of optical pulse 
in the communication process, causing an overlap in pulses 
and resulting in intersymbol interference between digital 
signals; thus, it is one of the major factors that constrain the 

further improvement in the velocity and capacity of optical 
communication [5]. In the second part of this paper, several 
methods of dispersion compensation are introduced and 
compared. A new method of broadband dispersion 
compensation is proposed in the third part. The fourth part 
presents an analysis of the simulation data, and the fifth part 
provides the conclusion. 

II. STUDY ON MAJOR SCHEMS FOR DISPERSION 

COMPENSATION 

The technologies for optical dispersion compensation 
have been widely studied. At present, dispersion 
compensating fiber (DCF), chirped fiber Bragg grating 
(CFBG), virtual image phased array, fiber soliton 
transmission, mid-span spectral inversion, dispersion 
supported transmission, planar optical circuit, pre-chirp 
compensation, and other methods of dispersion 
compensation have been formed in high-speed optical fiber 
transmission; each of these technologies has its own 
advantages and disadvantages. Fiber Bragg grating and 
dispersion compensation fiber are two of the most practical 
and mature methods [6]. 

 (1) Chirped fiber Bragg grating [2] [4] [11] 
When passing through the CFBG whose grating period 

shows periodic changes along the direction of the fiber, light 
with different frequencies are reflected in different locations 
and relative time differences increase; that is, CFBG has a 
wavelength dispersion feature. Therefore, it can be used for 
dispersion compensation. In general, we can measure the 
amount of dispersion compensation by using the chirp, 
reflected bandwidth, and dispersion value. For optical 
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gratings with the same length, the smaller the amount of the 
chirp is, the narrower the reflection bandwidth and the 
higher the dispersion value becomes. 

Results of studies on dispersion compensation using the 
CFBG method in many countries show that a conventional 
optical fiber communication network with a speed of 10 
Gb/s uses single- or multiple-chirped gratings for dispersion 
compensation and the transmission distance reaches several 
hundred kilometers. The compensation method of the CFBG 
has the following characteristics: (1) gratings with small 
volume, which are easy to install and form an integration of 
all optical communications; (2) large amount of dispersion, 
high reflectivity, wide reflection bandwidth, low loss, and 
insensitivity to polarization, which make the method 
especially suitable for specific compensation to all channels 
of the DWDM high-speed transmission system; and (3) 
simple technology, low cost, and high reliability. The 
amount of compensation can be designed flexibly according 
to transmission distances. 

(2) Dispersion compensating fiber [7-10] 
DCF refers to dispersion compensating fiber, which is 

based on the principle of adding a fiber with negative 
dispersion onto ordinary G.652 fiber to control the total 
dispersion value of the circuit within the tolerance of the 
system and to reduce the influence of dispersion on the 
system. At present, a large amount of commercial DCF is 
applied in the dispersion compensation of C-band and L-
band transmission in G.652 fiber. 

Two types of DCF are available. One is single-mode 
fiber, which is designed on the basis of fundamental mode 
and whose relative refractive index difference in the fiber 
core is high. Furthermore, the cladding has multiple layers 
and the fundamental mode has large negative waveguide 
dispersion. A multi-cladding structure provides this type of 
DCF large negative dispersion and negative dispersion 
slope; therefore, the bending loss decreases in the process of 
usage, and the FOM, which is the absolute value ratio 
between dispersion coefficient and attenuation coefficient, is 
high. 

The other type is the fiber designed on the basis of high-
order mode, with a large effective area, high negative 
dispersion, and low nonlinearities, and can be transmitted in 
dual modes. However, because of the mismatch between the 
mode field distribution of fundamental mode and high-order 
mode, a mode converter should be appended in the 
application. Therefore, although the compensation 
efficiency of the fiber with this structure is high, it is 
complex in reality and the loss is large. 

To ensure that the single-mode transmission has a large 
negative dispersion value, the fiber should have a high 
effective refractive index and small fiber core diameter. 
However, these conditions reduce the effective mode field 
area of the fiber core, resulting in a nonlinear effect. 
Increasing the effective refractive index through a 
combination of materials with a high refractive index causes 
difficulty in fabricating the optical fiber, thereby increasing 
the difficulty in achieving negative dispersion of the 
conventional DCF. At present, the negative dispersion of 
commercial DCF is in the range of 100–150 ps/nm/km. 

The dispersion compensation module (DCM0, 
composed by DCF) is usually configured to each (or some) 
output end of remote optical transmission system to 
compensate the fiber transmission dispersion. However, the 
dispersion compensation technology only uses part of DCF, 
so certain defects occur in some aspects. This condition has 
prompted the emergence of new technologies such as 
controllable dispersion compensation module (M2DCM). 
When conducting dispersion compensation with DCF, we 
should consider low cost, small volume, light weight, 
compact structure, and reduction or elimination of the 
polarization correlation. 

At the wavelength of 1550 nm, conventional single-
mode fiber has positive dispersion whereas single-mode 
DCF has negative dispersion. Thus, DCF can be used in the 
dispersion compensation of conventional single-mode fiber 
communication systems. When DCF is used in dispersion 
compensation, the selection of DCF and the length of the 
fiber compensated should be in accordance with the 
requirements of the following formula: 

                 0)()(D  CSCS LDL                          (1) 

In the preceding formula, )( SD   and )( SCD  are the 

dispersion coefficient of conventional single-mode fiber and 
DCF, respectively, at the working wavelength ; L and LC 
are the communication length of conventional single-mode 
optical fiber and DCF, respectively. 

When selecting DCF, the dispersion coefficient and 
attenuation coefficient have to be considered. The definition 
formula of F (FOM) is as follows: 

  
C

CD
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                                  (2) 

In the preceding formula, CD and C are the negative 

dispersion coefficient and attenuation coefficient of DCF, 
respectively. 

Formulas (1) and (2) show that the average attenuation 
coefficient of the circuit αad is 

F

D

L
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                       (3) 

Formula (3) shows that when DCF is used in dispersion 
compensation, if we want to make the average attenuation 
coefficient of the circuit small after dispersion 
compensation, the FOM of DCF should be high. The FOM 
parameter can be used in the performance comparison of 
various types of DCF. 

(3) Electronic dispersion compensation (EDC) [12-15] 
EDC technology has attracted increasing attention 

because of its advantages in miniaturization as well as its 
low power consumption and low cost. EDC is a type of 
optical fiber dispersion compensation based on electronic 
filtering technology, which can effectively adjust the 
received signal waveform according to the sampling of 
electric field, software optimization, and signal recovery to 
achieve the goal of dispersion compensation. In practical 
applications, the most common usage is to obtain adaptive 
EDC by using a feed-forward equalizer and a decision 
feedback equalizer. Apart from being less costly than 
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rotatory dispersion compensation technology, EDC can also 
use inexpensive laser. The EDC module is generally 
installed on the receiving end of a wireless transceiver and 
eliminates dispersion through the conversion between 
images and electricity. 

III.FIBER WITH BROADBAND DISPERSION 
COMPENSATION   

To meet the requirements of broadband and long-
distance transmission, dispersion compensation, and 
dispersion slope compensation should be considered 
simultaneously. Aside from dispersion, the nonlinearity of 
the fiber is also a main factor that constrains the high-speed 
and long-distance transmission of fiber communication. In 
this case, we consider three aspects and propose a solution to 
the problem based on photonic crystal fiber. The nonlinearity 
of the fiber is inversely proportional to its effective mode 
field area, and the fiber parameters, such as the diameter of 
the mode field and the refractive index difference between 
the fiber core and the cladding, determine its effective mode 
field area. The study shows that the nonlinear coefficient of 
photonic crystal fiber is much larger than that of 
conventional fiber, which easily causes the nonlinear effects 
in optical fiber communication systems, such as four-wave 
mixing. Thus, when designing dispersion compensation 
photonic crystal fiber in reality, we should fully consider the 
nonlinear effect. This study differs from previous ones 
because it considers not only the impact of changes in the 
structural parameters of photonic crystal fiber on the 
dispersion compensation characteristics but also the impact 
of nonlinear coefficients. 

Russell et al. [18] proposed the concept of photonic 
crystal fiber (PCF) in 1992 and Knight et al.[2] developed 
PCF in 1996. At present, PCF is still a new research field, 
which performs significantly better than other fibers. First of 
all, the extremely wide frequency range supports single-
mode transmission; second, the nonlinear effect can be 
weakened or strengthened by changing the core region of the 
fiber; third, flexible and controllable dispersion and 
dispersion slope can provide broadband dispersion 
compensation; and finally, the core and cladding are made of 
the same material and can be completely matched 
mechanically and thermally. The refractive index of PCF is 
subject to the constraint of material compatibility and is able 
to transmit the wavelength under 1 um without dispersion. 
[1-5] 

The structure of photonic crystal fiber in traditional 
hollow hexagonal periodic arrangement is shown in Figure 
1[1]. In this figure, the filling diameter of air hole d, the 
radius r, the space between holes Λ, and the air filling rate 
can be represented with d/Λ, and the material used in the 
cladding is fused silica (refractive index n = 1.45). 

 
Figure 1. Structure of the photonic crystal fiber 

Many numerical modeling techniques are available for 
the characteristics analysis of photonic crystal fiber. 
Common methods include effective index model, plane wave 
expansion, difference method, local basis function, finite 
element method, multi-pole method, and so on [16]. The 
comparison shows that vector effective index rate model has 
fast calculation speed and the same accuracy as the vector 
method. This paper has adopted the vector effective index 
rate model to obtain the equivalent refractive index 

effn , then 

emulated the dispersion value D, dispersion slope 
slopeD , 

kappa value k, and nonlinear coefficient γ in combination 
with the equivalent core radius   625.0effr [6] and the 

fiber theory. 
The effective refractive index with changes of optical 

frequency in the cladding mode can be expressed as 
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The formula of waveguide mode and dispersion 
characteristics obtained with the vector method is 
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Taking m=1, the characteristic function of the fiber under 
the basic mode is obtained as follows: 
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In Formulas (4) to (6), N0 stands for the refractive index 
of the air, which is usually 1.0; n2 is the refractive index of 
the quartz, which considers the material dispersion; and n2 is 
usually calculated with the Sellmeier formula. 
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In Formula (7), the radial normalized phase constant U, 
the radial normalized attenuation constant W, and the 
normalized frequency V satisfy the following relation: 

 22
1

2
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10

22
effeff nnrkUWV   

where β is the propagation constant,   is the optical 
vector wave, n1 is the refractive index of the fiber core, and  
is the equivalent core radius of the photonic crystal fiber. 

According to optical principles of waveguide, the total 
dispersion coefficient of the optical fiber can be calculated as 

2

22
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d

d
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d
D                             (8) 

This function includes material dispersion, waveguide 
dispersion and polarization mode dispersion. The 
relationship between the dispersion slope 

slopeD  and the 

wavelength of the fiber is as follows: 

 d

dD

d

dD
Dslope 2

1
                            (9) 

The compensation condition of broadband dispersion is 
intended to compensate the dispersion and dispersion slope 
coefficient simultaneously. Therefore, the following 
conditions have to be met: 

0L 2211  LDD                               (10) 

0L 221
1

 LDD slopeslope                   (11) 

In the Formula(10) to (11), 1L , 1D  , and  
1

Dslope are the 

length, dispersion coefficient, and dispersion slope 
coefficient of the fiber compensated, respectively; 2L , 2D  , 

and 
2

Dslope  are the length, dispersion coefficient, and 

dispersion slope coefficient of the fiber for dispersion 
compensation, respectively. 

Thus, the length of the fiber for dispersion compensation 

should meet 
2

11
2L

D

LD
 . Given the dispersion coefficient 

and the dispersion slope coefficient, a new parameter k is 
introduced as follows: 

21

21
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D

D
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The k parameter is used to characterize the ability of the 
device to compensate the dispersion and the dispersion slope. 

The closer the k value of the fiber for dispersion 
compensation to that of the fiber compensated, the higher the 
compensation efficiency is. 

The nonlinear coefficient of photonic crystal fiber )(   

depends on the effective mode area of the fiber effA . Thus, 

effA  is also a highly important parameter. The nonlinear 

coefficient and effective mode field area of the photonic 
crystal fiber can be expressed as 

eff

b

A

n


 22

)(                                 (13) 
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In the Formula(13) to (14), 1220
2 100.3   Wmn b  

is the nonlinear refractive index coefficient of the material, 

and  
2

E stands for the intensity distribution of the cross-

section area of the fiber. The calculation of the effective 
mode field area conducts integral transformation to the ends 
and faces of the entire fiber. The expression for the non-
linear coefficient shows that the nonlinear coefficient is 
inversely proportional to the effective mode field area, i.e., 
the larger the effective mode field area, the smaller the 
nonlinear coefficient. Reducing the air filling ratio in the 
cladding of the photonic crystal fiber can reduce the 
refractive index difference between the fiber core and the 
cladding, while increasing the effective fiber core area can 
reduce the nonlinear coefficient of the photonic crystal fiber. 

 

 IV.ANALYSIS OF NUMERICAL SIMULATION 

By adjusting the air hole pitch Λ and the radius of the air 
hole in the cladding r, we have examined the main factors 
that affect the dispersion compensation characteristics of the 
photonic crystal fiber. 
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a)                                                                                          b) 

   
c)                                                                                                  d) 

Figure 2.  When  Λ = 1.1 μm and d is variable,  a) Variation curve of dispersion value D with the wavelength λ,  b)  Variation curve of dispersion 
slope  Dslope with the wavelength λ, c) Variation curve of kappa value κ with the air hole diameter d, d) Variation curve of nonlinear γ with the air hole 

diameter d. 
 

TABLE 1. DISPERSION CHARACTERISTICS AND NONLINEAR COEFFICIENTS WHEN Λ=1.1 ΜM AND WHEN D IS VARIABLE 
Diameter of air hole 

 d/μm 
Dispersion value  
D/ ps•nm-1•km-1 

 Dispersion slope 
Dslope/ps•nm-2•km-1 

Kappa value 
k/nm 

Nonlinear 
γ/ km-1•W-1 

0.4 -145.09 0.118 -1229.58 1.49 
0.6 -222.01 -0.269 825.32 33.01 
0.8 -144.58 -0.501 288.58 62.61 

 
Table 1 shows the dispersion values of PCF when the 

wavelength is at 1550 nm, Λ  = 1.1 μm and remains 
unchanged, and d is changing. 

Figure 2 and Table 1 show that when the air hole pitch 
remains constant, the dispersion coefficient and dispersion 
slopes vary with changes in the wavelengths of input light, 
and the K values may be different. When the wavelength is 
1550 nm, the dispersion coefficient first decreases and then 
increases with the increase of the air hole diameter. When    

d = 0.6 is m, the dispersion coefficient is the smallest, which 
means that the compensation efficiency is at maximum. 
When d = 0.4 μm, the dispersion slope is positive, which is 
unsuitable for compensating the dispersion of the 
conventional single-mode optical fiber. The nonlinear 
coefficient increases with the increase of the air hole 
diameter. 
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                                                             a)                                                                                                 b) 

 
                                                  c)                                                                                    d) 

Figure 3.  When  d = 0.6 μm and Λ  is variable,  a) Variation curve of dispersion value D with the wavelength λ,  b)  Variation curve of dispersion slope  
Dslope with the wavelength λ, c) Variation curve of kappa value κ with the air hole pitch Λ, d) Variation curve of nonlinear γ with the air hole pitch Λ. 

 
TABLE 2. DISPERSION CHARACTERISTICS AND NONLINEAR COEFFICIENTS OF PCF WHEN D=0.6 ΜM AND WHEN Λ IS VARIABLE 

Air hole pitch 
Λ/μm 

Dispersion value  
D/ ps•nm-1•km-1 

 Dispersion slope 
Dslope/ps•nm-2•km-1 

Kappa value 
k/nm 

Nonlinear 
γ/ km-1•W-1 

0.9 -431.78 -0.580 744.45 69.18 
1.0 -304.40 -0.461 661.74 53.41 
1.1 -221.16 -0.269 822.16 41.68 

 
Table 2 shows the dispersion characteristic parameters 

and nonlinear coefficients of PCF when the wavelength is at 
1550 nm, d = 0.6 μm and remains unchanged, and Λ is 
changing. 

Figure 3 and Table 2 show that when the air hole 
diameter is constant, the dispersion coefficient and 
dispersion slope vary with changes in the wavelengths of 

input light, and the K values may be different. When the 
wavelength is 1550 nm, the dispersion coefficient and 
dispersion slope increase with the increase of the air hole 
pitch. The nonlinear coefficient decreases with the increase 
of the air hole diameter. 
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a)                                                                                        b) 

 
c)                                                                                                       d) 

Figure 4.  When  f = 27%  and Λ  is variable,  a) Variation curve of dispersion value D with the wavelength λ,  b)  Variation curve of dispersion 
slope  Dslope with the wavelength λ, c) Variation curve of kappa value κ with the air hole pitch Λ, d) Variation curve of nonlinear γ with  the air hole pitch Λ. 

 
TABLE 3 DISPERSION CHARACTERISTICS AND NONLINEAR COEFFICIENTS OF PCF WHEN F = 27% AND WHEN Λ IS VARIABLE 

Air hole pitch 
Λ/μm 

Dispersion value 
D/ ps•nm-1•km-1 

Dispersion slope 
Dslope/ps•nm-2•km-1 

Kappa value 
k/nm 

Nonlinear 
γ/ km-1•W-1 

0.9 -362.01 -0.142 2549.37 31.30 
1.0 -293.43 -0.183 1603.44 31.36 
1.1 -222.01 -0.272 816.21 32.01 

 
Table 3 shows the dispersion characteristic parameters 

and nonlinear coefficients of PCF when the wavelength is at 
1550 nm, the air filling rate f = 27% and remains unchanged, 
and Λ is changing. 

As shown in Figure 4 and Table 3, when f = 27% and 
remains unchanged, the dispersion coefficient and dispersion 
slope vary with changes in the wavelengths of input light, 
and the K values may be different. When the wavelength is 
1550 nm, the dispersion coefficient increases with the 
increase of the air hole pitch, and the dispersion slope 
decreases with the increase of the air hole pitch. When the air 
filling rate f is constant, the nonlinear coefficient is also 
almost constant. 

V. CONCLUSIONS 

Through theoretical analysis and numerical simulation, 
this study finds that the dispersion compensation efficiency 

of PCF is related to certain structural parameters, such as the 
air hole diameter d, the air hole pitch Λ, the air filling rate, 
and so on. Therefore, by adjusting the structural parameters 
of PCF, we can realize the dispersion compensation of fibers 
with different dispersion characteristics within the scope of 
fiber broadband. When the wavelength of input light 
changes, the dispersion coefficient and dispersion slope of 
PCF also change, which shows that the photonic crystal fiber 
can be used in broadband dispersion compensation. The 
nonlinear coefficient of PCF changes with the changes in the 
structural parameters of fiber. When PCF is used in 
dispersion compensation, its nonlinear coefficient should be 
considered to ensure high-speed, large-capacity, and long-
distance transmission of the fiber. We hope that the analysis 
presented in this study can serve as a reference for the 
structural design of photonic crystal fiber. 
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