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ABSTRACT: 

In the present study, we investigate the evolution of the super continuum generation (SCG) through the triangular 

photonic crystal fiber (PCF) at 1310nm by using both full-vector multi pole method (M.P.M) and novel concrete 

algorithms: Symmetric Split-step Fourier (SSF) and fourth order Runge Kutta(RK4) which is an accurate method to 

solve the general nonlinear Schrodinger equation (GNLSE). We propose an ideal solid-core PCF structure featuring a 

minimum anomalous group velocity dispersion (GVD), small higher order dispersions (HODs) and enhanced 

nonlinearity for appropriate super continuum generation with low input pulse energies over discrete distances of the 

PCF. We also investigate the impact of the linear and nonlinear effects on the super continuum spectra in detail and 

compare the results with different status. 
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1.  INTRODUCTION 

Since the various nonlinear applications of the photonic 

crystal fibers (PCFs) are invaluable in communication 

fields, in recent years they have been highly considered 

in scientific studies. The arrangement of the air holes in 

the cladding region gained more importance due to the 

optical properties of PCFs such as highly nonlinearity, 

large and small mode areas, high numerical aperture, 

adjustable zero dispersion and so on[1]. To make the 

effective refractive index and consequently the 

propagation characteristics of the PCF appropriate for 

different cases, the cladding's microstructure can be 

accordingly changed. This change in micro structure 

can be achieved by making changes into the size of the 

air holes. The considerable changes of the air hole 

diameter (d ), pitch ( ), and structure of PCF have 

helped in tailoring several important optical properties, 

such as dispersion, effective area and nonlinearity [1] 

and [2]. For example, it is possible to design highly 

nonlinear PCFs with two zero dispersion wavelengths 

(ZDWs) which is important specially in the nonlinear 

applications (particularly super continuum generation 

and optical pulses compression) or the PCFs with a 

small core design can cause the zero dispersion 

wavelengths to be shifted to the wavelengths which are 

significantly shorter than the ZDW of the conventional 

fibers [1]-[3]. At the same time, the relatively low 

nonlinearity of silica is neutralized by the small 

effective area of the PCF that gives a very nonlinear 

response to low pump energy (exclusively with the 

design of small hole pitch and large normalized air 

holes size). However, these particular properties have 

made photonic crystal fiber an ideal candidate for 

nonlinear applications like SCG or soliton effect of 

optical pulses compression. Broadband light sources 

based on super continuum generation have already 

found applications in various fields such as 

spectroscopy, military applications and so on [1], [3] 

and [4]. Recently, SC - generation based on silica PCFs 

with various geometrical structures have been 

generated in different wavelength regions in the range 

of 800nm, 850nm or 1550nm [1-4]. However, 

according to our researches, the SC-generation of low-

energy 1310nm in highly nonlinear PCF structures and 

the impact of the linear and nonlinear effects on the 

super continuum generation have not been studied so 

far. Thus, in this paper, we focus on the silica PCF 

design for a broadband SC- generation in the 1310nm 

region. The design of PCF is presented and it is shown 
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through numerical results that, the proposed PCF 

structure is suitable for the efficient SC generation with 

a slight required energy in this applicable low loss 

telecommunication wavelength and then we study the 

super continuum generation and the impact of the 

dispersion and nonlinear effects on it in detail. 

 

2.  DISPERSION ENGINEERING OF THE 

PROPOSED PCF 

Dispersion affects the Ultra short pulses propagation in 

a way that leads to broadening the pulse in the time 

domain. Hole pitch ( ), wavelength (  ), and 

normalized air holes diameter (
d


) are three factors on 

which photonic crystal fibers dispersion depends [1] 

and [2]. The dependency of the group velocity 

dispersion on the wavelength, pitch (  ), and 

normalized air holes diameter (
d


) allows to shift the 

zero dispersion point [1-6]. Silica owns well-known 

optical properties and is one of the most important 

materials for fabrication of the optoelectronic devices 

[1], [2]. As seen in Figure 1, we consider a 

conventional silica photonic crystal fiber with a 

triangular lattice of  circular and six equally spaced air 

holes, where d is the hole diameter,   is the hole 

pitch, rMN  is the number of missing rings in the 

center of the PCF, rN  is the number of rings 

( 6rN   is considered here). The refractive index of 

the silica is considered to be 1.45. In the center, an air 

hole is omitted ( 1rMN  ) creating a central high 

index defect acting as the fiber core [5], [6].  

 

 
Fig. 1. Silica- PCF schematic [5] 

 

The total dispersion in the PCFs is calculated from the 

following formula [5-7],  
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Where, Sn , is the refractive index of pure silica (or any 

other materials) ,   is the corresponding wavelength, c 

is the velocity of light in a vacuum and neff is the 

effective refractive index. Full-vector multi pole 

method (M.P.M) can be used to analyze the dispersion 

properties of the silica PCFs. To achieve this purpose, 

we use the CUDOS MOF software
1
  which solves the 

mode equation obtained from Maxwell equations, using 

multi pole method and is a common software for 

designing PCFs. By implementation of the general data 

relevant to the fiber in the software such as the number 

of the missing air holes, the number of air hole rings, 

wavelengths range, desired hole pitches and hole 

diameters size, type of material which is used in the 

fiber and so on, we can calculate the values of the 

effective refractive index, neff, for different 

wavelengths. As seen in (1), the waveguide dispersion 

( wD ) has to be added to the material dispersion ( mD ) 

to obtain the total dispersion. In the case of pure 

silica, Sn , can be directly derived from the sellmeier 

formula as below [5] and [8] : 
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The GVD of the PCF is then can be calculated directly 

by (3) [9], 

 
2

2( )( ) ( )
2

tGVD D
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                                       (3) 

 

In Figure 2, we have plotted the GVD as a function of 

wavelength in the visible and infrared regions of the 

spectrum for the largest possible value of the 

normalized air hole size ( 0.8
d



) and different 

pitches ( ).There are several notable features as seen 

in Figure 2. First, there is a minimum and nearly flat 

region of the negative GVD which is shifted to the 

higher wavelengths by changing the pitch (  ). So, by 

choosing the proper pitch ( ), this region can be 

centered at desired wavelengths. As illustrated in 

                                                           
1 . The CUDOS MOF software is licensed  and published by 

university of Sydney  
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Figure2, by choosing the values 

1.38 m  and 0.8
d



, the minimum and nearly flat 

region can be centered at 1310 nm. The importance of 

nearly flat region in super continuum generation is due 

to its results as smaller higher order dispersions. 

Second, the dispersion properties of the fiber are highly 

unusual with two lying zero dispersion wavelengths at 

750nm and 1900nm and a large minimum anomalous 

GVD between these two zero dispersion wavelengths. 

The PCFs with only one zero dispersion wavelengths in 

visible or infrared region or with two widely separate 

zero dispersion wavelengths could be compared to the 

designed dispersion profile in this paper [10-13]. It is 

noteworthy that, in this design, we could achieve two 

zero dispersion wavelengths in the visible and short-

wavelength infrared (SWIR) regions of the spectrum 

respectively. So, as already described in several studies 

[2], [14], in this situations, by choosing a pump 

wavelength between two nearly close zero dispersion 

wavelengths (here at 1310nm), high quality, stable and 

compressible spectra with a high spectral density and 

low noise can be generally generated (especially 

applicable in experimental generations)[14]. 

When considering the propagation of pulses with 

femtosecond duration, the third, fourth and fifth-order 

dispersion will be of the great importance and must be 

included in the generalized Schrodinger equation 

(GNLSE). In Figure 3 we have plotted the third order 

dispersion (TOD) as a function of wavelength in the 

same regions of the spectrum as GVD for 0.8
d



 and 

different pitches. This figure shows that the slight 

positive TOD ideally required for the SC-generation 

would be provided by the novel structure PCF in the 

wavelength region where a minimum and nearly flat 

anomalous GVD can be found. The fourth and fifth 

order dispersions are illustrated in Figure 4 and Figure 

5 implying that although the higher order dispersions 

are small in 1310 nm wavelength, they should be 

considered in the wave equation. The novel designed 

silica PCF is known to be appropriate for super 

continuum generation (SCG) according to the fact that 

the ratio of the higher-order dispersions to the GVD 

would be small at the 1310 nm wavelength. 

 

 

 
 

Fig. 2. GVD of PCF as a function of wavelength 

for 0.8
d




and several pitches 

 

 
 

Fig. 3. TOD of PCF as a function of wavelength for 

0.8
d



 and several pitches 
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Fig. 4. FOD of PCF as a function of wavelength for 

0.8
d



 and several pitches 

 

 
 

Fig. 5. Fifth –order dispersion of PCF as a function of 

wavelength for 0.8
d



 and several pitches 

 

3.  THE PROPOSED PCF EFFECTIVE AREA 

One of the key factors in designing PCFs is effective 

mode area ( effA ). The effective mode area is related to 

the effective area of the fiber's core, which is calculated 

using, [15] 

 

2 2

4
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F x y x y

A
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                                  (4) 

Where ( , )F x y  is the fundamental mode distribution. 

A smaller effective area leads to an increase in fiber 

nonlinearity coefficient, higher intensities, a reduction 

in nonlinear length and finally decreasing the required 

energy for nonlinear applications such as soliton effect 

input optical pulses compression and super continuum 

generation.  However, it is conventional to show that 

the effective area can also be related to the PCF's spot 

size, PCFw  , through 2( )eff PCFA w  [15] . 

In this paper, we have investigated the effective mode 

area of the proposed PCF structure as a function of 

wavelength. The effective area of the fundamental 

mode for our proposed PCF is shown in Figure 6.   In 

this figure it can be noticed that, first, the designed PCF 

effective area for 1.38 m   and 0.8
d



 at 1310nm 

is calculated to be 1.9
2m . Secondly, the effective 

area is so smaller than that of the conventional fibers or 

standard photonic crystal fibers at 1310nm wavelength 

up to now [2], [16], [17] and [18]. The PCFs structure 

with two nearly close zero dispersion and nearly flat 

GVD have relatively small effective area and would be 

useful for some nonlinear applications, such as super 

continuum generation. 

 
 

Fig. 6. Effective area of the fundamental mode for 

silica- PCF as a function of wavelength 
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4.  MODELING THE SUPERCONTINUUM 

Modeling of the super continuum generation can be 

achieved considering the general nonlinear Schrodinger 

equation(GNLSE) that includes the higher order 

dispersions (HODs), the Raman effect, the self-

steepening , the self-phase modulation (SPM). Such 

equations can be written as [19] and [20]. 
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Where, t stands for the reduced time, T0 as the initial 

pulse width of optical pulses (note that, in this paper we 

consider the FWHM value as 01.76FWHMT T ) and A 

(z, t ) as the pulse amplitude.  
1( )m 

 stands for the 

linear loss coefficient 2 3 4 5, , ,     are GVD, TOD, 

FOD, and Fifth-order dispersion respectively. 0  

stands for the central angular frequency, 
0

1.s s


 is 

responsible for self-steepening and   stands for the 

nonlinear coefficient defined by (6), 

 

2 0

eff

n

cA


                                                                    (6)  

Where 
2

2 ( )mn
W

 is the nonlinear refractive index 

(silica has a nonlinear refractive index of        
2203.2 10 m
W

 ), effA is the modal effective area, 

and c denotes the speed of light. Rf  stands for  the 

relative strength of Kerr and Raman interactions and 

finally, ( )Rh t is the Raman response function [19] and 

[20]. An analytical form of ( )Rh t  also exists which is 

given by (7). Experiments show that, 0.18Rf  , 

1 12.2fs   and 2 32fs   from [1],[19],[20]. 
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Employing the normalized time 
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   ,  (5) can be written as (8), 
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Where, pN is soliton order (
2

0.50 0

2

( ) 1p

P T
N




   for 

the fundamental soliton), 0P  implies the peak power of 

the input pulse, and N  is defined by (9), 

 

0

( , )
N PN N z

P


                                                         (9) 

 

The delayed response ( , )N z  , is defined by, [20] and 

[21], 

 

2

0

( , ) (1 ) ( ( , ) )R R RN z f A f A h A z d   



      (10) 

And DL  is the dispersion length defined by (11), 

2
0

2
D

T
L


                                                                 (11) 

 

The novel concrete algorithms: symmetric split-step 

Fourier (S-SSFM) and fourth-order Runge Kutta (RK4) 

is used to simulate the Generalized Nonlinear 

Schrodinger Equation (GNLSE) which is an accurate 

method for solving the GNLSE. We also used a chirp-

free secant hyperbolic pulse at the input as [19], [22] 

and [23]. 

 

U=N[sech( )]                                                         (12) 

The photonic crystal fiber designed for this work is 

made of pure silica [24]. The pitch of the fiber is 

1.38 m  and it has an air hole diameter of 

1.1d m .The fiber effective area is 1.9
2m . At 

the wavelength of 1310nm, the high nonlinear 

coefficient is estimated to be
180( . )W Km  , and up 

to fifth –order chromatic dispersion coefficients are as 

following, 

2

2 ( ) 100 ,
ps

GVD
km
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3

3( ) 0.004
ps

TOD
km

   

4
4

4 6.4 10
ps

km
    ,  

5
6

5 3.04 10
ps

km
    .  

The fiber loss is neglected ( 0  ) since only a short 

length of the fiber is considered in the simulations. We 

also conducted numerical simulations on 176fs 

(FWHM) secant hyperbolic input pulse 

( 0 100T fs  ), propagating in the PCF with a peak 

power of 5280 watt (corresponding to soliton order of 

N=6.5) in the wavelength range typically from 600nm 

to 2000nm covering the visible and short-wavelength 

infrared (SWIR) of spectrum. 

 

5.  SIMULATION RESULTS 

The spectrum evolution of the femtosecond optical 

pulses at different locations of the PCF is shown in 

Fig.7 under following conditions: a) the GVD and SPM 

are the only events occurring in the GNLSE, b) in the 

presence of full dispersion constants, c) when SRS is 

also taking into account, d) by considering SS (full 

 +SRS+SS). The condition in which 2  (GVD) and 

SPM are the only occurrences, the spectrum evolves 

periodically into a symmetric multi-peak structure 

along the PCF (see figure 7a). In the condition that the 

higher-order dispersions exist (see figure 7b), 

subsequently, the focal part of the related spectrum 

initially broadens on the first distances of the PCF and 

spread more with further propagation in comparison 

with previous situation when only SPM and GVD are 

considered. In this situation, also, the advent of the 

anti-Stokes frequency components can be mentioned as 

the most noticeable result.  

Adding the Raman term in the wave equation results in 

a huge spreading of the pulse spectrum towards the low 

frequencies (see figure 7c). Now, by including self-

steepening, the amplitude of the blue components will 

increase and a reduction in the spectrum spreading 

towards the lower wavelengths will happen (see figure 

7d). New anti stokes components (blue components) 

are also form in the spectrum for further propagation 

lengths. Figure 8a clearly shows the temporal 

compression of the input optical pulse to 8 fs Ultra 

short laser pulse, when all the linear and nonlinear 

terms included in the GNLSE. It is understood that the 

Self Phase Modulation (SPM) causes the input pulse 

relating to a 
thN  order soliton to be compressed in the 

first few centimeters of the fiber. We can also see slight 

vibrations at the leading edge of the output compressed 

pulse due to the effects of the higher order dispersions 

and also a rapid delay of the optical pulse due to the 

full linear and nonlinear effects. 

Figures8b-c show the amplitudes and width of the 

multiple fundamental solitons generated through 

breaking up the 
thN order soliton due to the 

perturbation of this soliton by SRS and the higher-order 

dispersions. This figure also explicitly shows the 

mentioned break up of the input pulse. Two red and 

blue parts of the spectra of the multiple solitons 

respectively overlap with the Raman gain spectrum and 

the resonant linear waves. Due to these overlaps, the 

resonant waves reinforce and appear as anti-Stokes 

(blue) components while SRS is the cause for the red 

components to reinforce. The method by which SRS 

amplifies the red components is to shift the central 

frequency of the solitons farther to the red. As shown in 

Figures 7c-d, the generated multiple solitons owning 

different widths, different frequency shifts are applied 

on them and are emerged as separate stokes peaks in 

the spectrum. Different frequency shifts which are 

applied on the solitons, result in distinct group delays 

which cause them to be indicated as the separate pulses 

in the time trace.  

Figure 8c illustrates that the narrowest soliton 

experiences the largest shift and consequently the 

higher delay for the pulses. The frequency shift is 

commensurate with the length of fiber. Consequently, 

as the fiber gets longer, the spectrum spreads more 

towards the lower frequencies.   

    Through the propagation of the solitons along the 

PCF, losses and dispersions happen and cause them to 

broaden by passing the time. Hence, in the long run, the 

overlap between their spectrum and Raman gain 

spectrum would not appear and the frequency shift 

would also stop. In addition, as the solitons shift their 

central frequency, the nonlinearities get weaker by the 

Self Steepening. According to the stated reasons, the 

SSFS decreases in magnitude with further propagation. 
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(a)  

 

 

 
(b) 

 

 
(c) 
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(d) 

 

Fig. 7. Simulation of the spectrum at the output of the 

proposed photonic crystal fiber (PCF) after, 0.11   

and 0.22  respectively 

a) Only GVD and SPM are considered 

b) Full  +SPM are considered 

c) full  +SRS+SPM are considered , and  

d) full  +SPM+SRS+S.S are considered 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 8. Simulated evolution of the optical pulse after: 

a) 0.11  , b) 0.22  , c) 0.55  .The input pulse is 

also shown 

 

6. CONCLUSION 

In this article, initially the design of a PCF with ideal 

conditions for nonlinear applications especially super 

continuum generation (SCG) and compression of 

optical pulses by applying full vector multi pole 

method based on using the CUDOS MOF software in 

low loss wavelength of 1310nm is investigated. It was 

shown that by adjusting the geometrical parameters of 

the PCF such as pitch ( ) and normalized air holes 

diameter (
d


), we can centeralize a minimum and 

nearly flat region of large negative GVD at 1310nm 

and finally calculate the smaller higher-order 

dispersions which are ideally needed for efficient 
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soliton-effect compression of the optical pulses and 

super continuum generation. Compared to the other 

structures of silica PCF, this structure has a larger 

nonlinear coefficient (
180( . )W Km  ) and also 

requires less amount of energy for nonlinear 

applications. By using a 100fs input pulse with a low 

energy  of 1056pJ (corresponds to peak power of 

5280watt), a compressed laser  pulse of  8fs  can be 

obtained for a silica PCF with considering 

1.38 m   and 0.8
d



 at the normalized 

propagation distance of 0.11  . Moreover, by taking 

the linear and nonlinear effects on generated super 

continuum spectrum at discrete locations into 

consideration, it generally is revealed that in silica PCF, 

Raman effect in comparison with other effects is 

dominant. But, in propagation of femtosecond optical 

pulses, applying the self-steepening (S.S) effect is also 

important in a way that, this effect leads to transferring 

the spectrum towards lower wavelengths and also 

raising the spectrum magnitude. It is also noted that 

using dispersions effects result in further spread of the 

pulses and generated spectrum. Consequently, ideal 

engineering of PCFs for the purpose of reducing higher 

order dispersions (HODs), as was followed in this 

article, is absolutely essential. 
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