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Abstract
This paper investigates a supercontinuum generated high power highly nonlinear photonic crystal fiber for medical and 
optical communication applications. The full vector finite difference method with perfectly matched layer is used as 
an analysis tool. Numerical simulation results show that it is possible to achieve high nonlinear coefficient, near zero 
ultra-flattened dispersion, low confinement loss and supercontinuum spectrum with high power. Moreover, numerical 
results show that short length of the proposed photonic crystal fiber is achieved. The numerical simulation results of 
supercontinuum generation is conducted by solving the generalized nonlinear Schrödinger equation with the split-step 
Fourier method. It is observed adequate supercontinuum spectrum that broaden from 960 to 1870 nm by considering 
center wavelengths of 1.06, 1.31, and 1.55 μm into silica based index guiding photonic crystal fiber. This simulation 
results prove that the proposed design of a highly nonlinear photonic crystal fiber is a great solution for broad super-
continuum generation with high power.
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1. Introduction

Photonic crystal fibers (PCFs) have attracted a lot of 
interest of researchers because of their many unique 
properties which are not found in conventional opti-
cal fibers [1, 2]. PCFs arrays of air hole run along the 
length of fiber. The shape, size, number and distribution 
of air holes contribute to achieve many unique proper-
ties. The core of this particular fiber is made of single 
material such as silica and can either be solid or hol-

low. The PCF is divided into two different fibers: one 
is index guiding photonic crystal fiber and other one is 
photonic band gap fiber. In index guiding PCF light is 
guided by the total internal reflection between the so-
lid core and multiple air holes cladding. Photonic band 
gaps cause the periodicity of the crystal induced a gap 
in its band structure. No electromagnetic modes are al-
lowed to have frequency in the gap. They have shown 
great properties in nonlinear fiber optics such as super-
continuum (SC) generation [3] and in many other no-
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vel fiber devices [4]. Control of chromatic dispersion, 
simultaneously keeping the confinement loss to a level 
below the Rayleigh scattering limit is very important for 
communication systems, both in the linear and the non-
linear regimes, and for any optical systems that support 
ultrashort soliton pulse propagation. In all cases, an al-
most flattened fiber dispersion and low confinement loss 
behavior becomes a crucial issue.

To date, different supercontinuum generated highly 
nonlinear photonic crystal fibers (HN-PCFs) have been 
suggested for optical communications and medical appli-
cations [5–16]. The reported HN-PCFs [5] have nonlinear 
coefficients of about 30 W-1km-1 at 1.55 μm wavelength, 
although there is increased design complexity, because 
four to five different air-hole diameters are needed. The 
wavelength near 1.0 and 1.3 μm are especially attractive 
in ophthalmology and dentistry, respectively because 
they offer optical coherence tomography (OCT) ima-
ging with minimum dispersion, deeper penetration and 
improved sensitivity. Superluminescent diodes (SLDs) 
with 20 to 80 nm optical bandwidth, yield low output 
power 2 to 15 mW [6]. Femtosecond laser with narrow 
band SC spectrum and low output power were demon-
strated experimentally or numerically by several groups 
[7–16]. Neodymium-doped Y3Al5O12-crystals (Nd:YAG) 
were investigated at around 1.0 μm center wavelength 
[7]. The spectrum bandwidth was approximately 0.2 
nm and output power 1.3 W. Generation a SC spectrum 
pumped with 200 fs Yb-doped fiber laser at a central wa-
velength of 1.07 μm is reported [8]. As a result, 11 nm 
spectrum full width half maximum (FWHM) and 800 
mW output power was obtained. Ultrahigh resolution 
OCT is demonstrated at 1.3 μm center wavelength using 
continuum generation in a single photonic crystal fiber 
with a 85 fs pulse train from a compact Nd:Glass oscil-
lator [9]. As a result, 156 nm FWHM bandwidth spec-
trum and 48 mW output power are reported. A Ge-doped 
PCF picosecond pulse laser was investigated at 1.31 μm 
center wavelength [10]. The acquired FWHM spectrum 
of 75 nm. Based on the use of ytterbium-doped photonic 
crystal fiber, a 75 mW output power SC was generated 
from a 150 mW input signal wave at 1.064 μm [11]. The 
broadband spectrum in IR region was generated with 100 
W pump peak power at 1.55 μm using a CS2 core photo-
nic crystal fiber [12]. SC sources based on a GeO2 doped 
core fiber which was being pumped by a broadband four 
stage Er-Yb doped fiber [13]. A highest output power of 
13.17 W was obtained after applying 34 W input pump 
power at around 1.0 μm wavelength. The generation of 
an ultra-broadband SC in silica PCF with As2S3 chalco-
genide glass doped core was presented at wavelengths 
of 1.55 μm and 1.30 μm [14]. Femtosecond laser source 
with 3 kW peak power was used for the SC generation. 
HN-PCF was presented in OCT and telecommunication 
bands that produced supercontinuum spectra using pico-
second pulses [15]. The maximum launched input peak 
powers of the presented HN-PCFs were 50.0 W, 14.0 W 
and 45.0 W at center wavelengths of 1.06 μm, 1.31 μm, 

and 1.55 μm, respectively. F. Begum et. al., explored the 
possibility of generating supercontinuum spectrum by 
using pico-second pulses in silicon dioxide core HN-P-
CF for ultrahigh-resolution OCT and optical transmission 
systems [16]. The input power of the incident pulse were 
43.0 W, 8.0 W and 40.0 W, at center wavelength of 1.06 
μm, 1.31 μm and 1.55 μm, respectively. It should be noted 
that SLDs still have suffered with low output power and 
narrow spectral bandwidth. On the other hand, femtose-
cond pulse laser-based SC sources possess a notable dra-
wback of high implementation cost. Therefore, low cost 
picosecond pulse laser source which provide ultrabroad-
band light source with high power is a crucial issue for 
the practical implementation of high performance OCT.

In this paper, picosecond pulse based SC generated 
high power HN-PCF structure with near zero ultra-flatte-
ned dispersion, low confinement loss are proposed for the 
medical and optical communication applications. Nume-
rical simulation results show that the proposed seven-ring 
HN-PCF having high nonlinear coefficients of about 
106 W-1km-1 at center wavelength 1.06 μm, 74  W-1km-1 

at center wavelength 1.30 μm and 53 W-1km-1 at center 
wavelength 1.55 μm. Moreover, it has been found that 
the proposed SC generated HN-PCF can exhibits very 
low confinement loss of less than 10-6 dB/km in the 1.0 
to 1.60 μm wavelength range and near zero ultra-flatte-
ned chromatic dispersion in the targeted wavelength ran-
ge. Furthermore, a high input power SC spectrum was 
obtained at center wavelengths 1.06, 1.30 and 1.55 μm. 
Additionally, it is also represent the fiber length of 1.0 m 
in all of the center wavelength for the proposed HN-PCF.

2. Method for simulation

A simulation tool using finite difference method with 
anisotropic perfectly matched layer boundary condition 
for designing and simulating proposed HN-PCF [17–19]. 
We have determined the real part and the imaginary parts 
of effective mode index after simulation which is then 
used to calculate confinement loss and chromatic disper-
sion. Using the real part of the effective mode index we 
have calculated the chromatic dispersion and the imagi-
nary part of the effective mode index was used to calcu-
late the confinement loss of HN-PCF. The effective area 
can be calculated directly using the software by solving 
the appropriate equation. The material dispersion is taken 
into account during the calculation by the Sellemier for-
mula. The chromatic dispersion, dispersion slope, confi-
nement loss and effective area are calculated by the follo-
wing equations [17–19].
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where λ is the wavelength, neff is the complex refractive 
index, Re(neff) is the real part of the complex refractive 
index, Im(neff) is the imaginary part of the complex refrac-
tive index, k0 is the free space wave number, Ea(r) is the 
field amplitude at radius r.

Sellmeier equation is an empirical relationship be-
tween refractive index and wavelength for particular 
transparent and non-transparent medium. This equation 
is used to determine the dispersion of light. So the equa-
tion is define as
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where B1,2,3 and C1,2,3 are coefficients. The coefficients and 
values of Sellmeier equations are shown in Table 1 [17–19].

Since PCFs can confine high intensity light, it is ex-
pected that PCFs would have high nonlinearity. Nonlinear 
coefficient γ can be calculated [20] as:
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Where n2 is the non-linear refractive index.

3. Research model

Fig. 1 shows the geometry of the proposed SC generated 
high power HN-PCF structure. It consists of seven rings 
with three different types of air hole. The first ring air 
hole has diameter of d1, the fourth ring air hole diameters 
of d2 whilst the rest of the rings air hole have diame-
ters of d. The distance between centers of neighboring 
air holes (i.e. its pitch) is kept at Λ. The host material 
is made up from regular silica. Designing HN-PCF to 
control dispersion using a conventional PCF structure is 
difficult: therefore, the first and fifth rings air hole diame-
ter of the proposed HN-PCF are scaled downed to obtain 
the desired dispersion characteristics. The dimensions of 
the other rings are retained sufficiently large for better 

field confinement. To demonstrate the resultant characte-
ristics of the proposed design, chromatic dispersion, low 
confinement loss, effective area and spectrum intensity 
should be analyzed for the optical communication and 
medical applications.

4. Results and discussion
A. Effective area and nonlinear coefficient

Figures 2 (a) and (b) represent the wavelength response 
of the effective area and nonlinear coefficient, respecti-
vely of the proposed SC generated high power HN-PCF. 
The parameters are pitch Λ = 0.87 µm, the first ring air 
hole diameter d1 = 0.36 µm, the fourth ring air hole di-
ameter d2 = 0.31 µm, rest of the rings air hole diameter 
d = 0.80 µm. It is seen from Fig. 2(a) that the effective 
area is found 1.73 μm2 at 1.06 μm, 2.02 μm2 at 1.3 μm 
and 2.36 μm2 at 1.55 μm which is smaller compared to 
that of conventional fibers (about 86 μm2 at 1.55 μm 
wavelength). The corresponding nonlinear coefficients 
are more than 106 [Wkm]−1 at 1.06 μm, 74 [Wkm]−1 at 
1.30 μm and 53 [Wkm]−1 at 1.55 μm which is shown in 
Fig. 2(b).

B. Chromatic dispersion and chromatic dispersion slope

Figures 3 (a) and (b) show the wavelength response of 
chromatic dispersion and chromatic dispersion slope, res-
pectively of the proposed SC generated high power HN-
PCF. The parameters are pitch Λ = 0.87 µm, diameter of 
the first ring air hole d1= 0.36 µm, diameter of the fourth 
ring air hole d2= 0.31 µm, and the rest of the rings air 

Table 1. Coefficients and values of Sellmeier equation.

Coefficient Value
B1 0.6961663
B2 0.4079426
B3 0.8974794
C1 0.0684043 · 10-6

C2 0.1162414 · 10-6

C3 9.896161 · 10-6

Figure 1. Proposed SC generated HN-PCF with seven rings of 
air hole with three different diameters d1, d2, d, and pitch Λ.
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hole diameter d = 0.80 µm. It is seen that the real part of 
effective mode index has an effect on the chromatic dis-
persion. It is found that the wavelength range for which 
the proposed SC generated high power HN-PCF owning 
ultra-flattened chromatic dispersion ±8.5 ps/(nm.km) is 
from 1.0 μm to 1.60 μm. The chromatic dispersion slo-
pe is varied between ±0.04 ps/(nm2.km) from 1.0 μm to 
1.60 μm which is very small. This small dispersion slope 
which will offer the possibility of smaller pulse broade-
ning for the wide bandwidth ranges.

C. Confinement loss

Figure 4 reveals the wavelength response of the confinement 
loss of the proposed SC generated high power HN-PCF. 
From Fig. 4, it is seen that the confinement loss is less than 
10-6 dB/km in the entire wavelength range for the parameters 
Λ = 0.87 μm, d1 = 0.36 μm, d2 = 0.31 μm and d = 0.80 μm. 

This confinement loss is lower than the conventional optical 
fiber which is 0.2 dB/km at 1.55 μm wavelength.

D. Supercontinuum spectrum at 1.06 μm, 1.3 μm and 
1.55 μm

Figures 5 (a), (b) and (c) show the wavelength response 
SC spectrum intensity of the proposed SC generated 
high power HN-PCF for the parameters Λ = 0.87 мm, 
d1 = 0.36 мm, d2 = 0.31 мm and d = 0.80 мm at wave-
lengths of 1.06 μm, 1.30 μm and 1.55 μm, respectively. 
The nonlinear Schrödinger equation (NLSE) is used for 
numerical calculation of SC spectrum [20]. The NLSE 
is solved by split-step Fourier method. SC generation in 
the proposed SC generated high power HN-PCF is nu-
merically calculated at 1.06 μm, 1.30 μm and 1.55 μm 
center wavelengths which is shown in Fig. 5 (a), (b) and 
(c), respectively. In Fig. 5, consider the propagation of 
the sech2 waveform with the full width at half maximum 
(FWHM), TFWHM of 2.5 ps and Raman scattering para-

Figure 2. Wavelength dependence (a) effective area and (b) 
nonlinear coefficient for Λ = 0.87 μm, d1 = 0.36 μm, d2 = 0.31 μm 
and d = 0.80 μm of the proposed supercontinuum generated high 
power HN-PCF.

Figure 3. Wavelength dependence (a) chromatic dispersion and 
(b) chromatic dispersion slop for Λ = 0.87 μm, d1 = 0.36 μm, 
d2 = 0.31 μm and d = 0.80 μm of the proposed supercontinuum 
generated high power HN-PCF.
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meter TR of 3.0 fs through the proposed SC generated 
high power HN-PCF. The propagation constant around 
the carrier frequency β2 and β3 used in the calculation for 
Fig. 5 are shown in Table 2 at the center wavelengths 
of λc = 1.06 μm, λc = 1.30 μm and λc = 1.55 μm. From 
Fig. 5(a), it can be seen that the acquired spectrum ran-
ge is from about 942 nm to 1210 nm at 1.06 μm center 
wavelength. The obtained range of spectrum is about 
1128 nm to 1534 nm at 1.30 μm center wavelength which 
is shown in Fig. 5(b). Moreover, from Fig. 5(c), it can 
be seen that the acquired spectrum range is from about 
1312 nm to 1895 nm at 1.55 μm center wavelength. After 
numerical simulation, the incident pulse input power Pin 
and fiber length LF are obtained which is shown in Table 
1. The achieved input powers are 2.9 kW at 1.06 μm cen-
ter wavelength, 4.1 kW at 1.30 μm center wavelength and 
5.5 kW at 1.55 μm center wavelength. The acquired fiber 
length LF is 1 m in all the center wavelengths. These Pin 
values are higher and LF values are lower than those of 
reported light sources [5–16].

5. Conclusion

In this research, a supercontinuum generated high power 
HN-PCF with seven rings of air hole was investigated. 
High nonlinear coefficients of 106 [Wkm]−1, 74 [Wkm]−1 

and 53 [Wkm]−1 with ultra-flattened chromatic dispersion 
of ±8.5 ps/(nm.km) in a wavelength range of 1.0 µm to 
1.60 μm and low confinement loss of less than 10-6 dB/km 
in expected wavelength range was achieved. Moreover, it 
has been observed that this proposed SC generated high 
power HN-PCF could generate broad SC spectrum, and 
high powers of 2.9 kW, 4.1 kW and 5.5 kW at center wa-
velengths 1.06 μm, 1.30 μm and 1.55 μm, respectively 
were achieved. The proposed SC generated high power 
HN-PCF may be suitable for optical communications, op-
tical parametric amplification, all-optical signal proces-
sing and supercontinum spectrum generation.

Figure 4. Wavelength dependence confinement loss for 
Λ = 0.87 μm, d1 = 0.36 μm, d2 = 0.31 μm and d = 0.80 μm of the 
proposed supercontinuum generated high power HN-PCF.

Figure 5. Spectrum intensity of the proposed SC generated 
high power HN-PCF at the center wavelengths (a) 1.06 μm, (b) 
1.30 μm and (c) 1.55 μm.

Table 2. Fiber parameters.

Parameters λc=1.06 [μm] λc=1.30 [μm] λc=1.55 [μm]
β2 [ps2/km] 1.013 1.524 2.166
β3 [ps3/km 0.014 0.004 0.013
Pin [kW] 2.9 4.1 5.5
LF [m] 1.0 1.0 1.0
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