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Abstract

This paper proposes a simple highly nonlinear photonic crystal fibre (HN-PCF) for generating supercontinuum (SC) spectrum in tele-
communication window. Hexagonal structured HN-PCF with two different air hole diameters was modelled for numerical simulation and
various properties of proposed photonic crystal fibres were calculated using finite difference method, and analysed. It has been demon-
strated that nonlinear coefficients values of 113 [Wkm] * at 1.0 um, 71 [Wkm] * at 1.30 pm and 51 [Wkm] * at 1.55 pm are obtainable;
with flattened chromatic dispersion. The remarkably low confinement loss of less than 10°° dB/km is obtainable in the wavelength range
of between 1.0 pm and 1.7 um. Moreover, it has been shown that it is possible to generate wide SC spectrum using 1.0 ps input pulses to
achieve longitudinal resolution of 1.5 pm and 1.1 pm at 1.06 um and 1.31 pm centre wavelengths, respectively. This proposed HN-PCF

may be applicable for supercontinuum spectrum generation and all-optical signal processing in the infrared region.
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1. Introduction

Index-guiding photonic crystal fibres (PCFs) or micro structured
fibres have attracted considerable attention from the optical com-
munity [1] due to its interesting properties. Periodicity of the clad-
ding area in index-guiding PCF is not essential for the confine-
ment of the guiding light onto the core. Therefore, dispersion and
dispersion slope of the fibre may be controlled by changing clad-
ding structure, air holes’ size, and pitch distance between two
adjacent air holes, in wide wavelength range. PCFs have exhibited
remarkable dispersion and leakage properties [1, 2] and have been
shown to a good candidate for generating supercontinuum (SC)
spectrum [3, 4].

To date, different index-guiding highly nonlinear PCFs (HN-PCFs)
and semiconductor diode have been reported for SC generation in
the telecommunication window and for medical applications [5—
11]. Reference [5] reports an HN-PCF [5] with nonlinear coeffi-
cients of around 30 Wkm™ at the 1.55 um wavelength, however,
the design is relatively complex; having four to five different air
hole diameters.

Wavelengths near the 1.0 um and 1.3 pm values are especially
attractive in ophthalmology and dentistry, respectively. Images
from Optical Coherence Tomography (OCT) using the wave-
lengths exhibits favourable properties; showing deeper penetration
and improved sensitivity with minimal dispersion. Commonly,
super-luminescent diodes (SLDs) [6, 7] and femtosecond laser
sources [8-11] are used as light sources in OCT and optical com-
munication. SLDs are able to produce longitudinal resolution of
10-15 pm that are required in standard OCT applications. To im-
prove the resolution even further such that identification of indi-
vidual cell is possible, femtosecond based light sources may be

used. However, its usage in OCT system is limited, due to its pro-
hibitively high cost. As such, the search is still on; to produce
affordable ultra-high resolution OCT systems, with the relatively
less expensive picosecond pulse laser sources widely viewed as
potential light source in OCT system.

This paper proposes a simple HN-PCF structure for SC generation
with ultra-high longitudinal resolution for the telecommunication
window and medical application. It is shown, via numerical simu-
lation, that the proposed seven-ring HN-PCF exhibits ultra-
flattened chromatic dispersion and very low confinement loss,
with high non-linear coefficient value. Moreover, the proposed
fibre is capable of generating 225 nm, 412 nm and 440 nm wide
full width half maxima (FWHM) SC spectrum at 1.06 pum, 1.31
um and 1.55 pm centre wavelengths, respectively. Longitudinal
resolutions of 1.5 um and 1.1 ym at 1.06 um and 1.31 pm centre
wavelength, respectively, are obtainable using the proposed fibre.

2. Proposed HN-PCF diagram

Schematic design of the proposed HN-PCF is shown in Figure 1.
It is made up of seven air hole rings; with two air holes sizes of
diameter d; and d, and pitch A. The host material is regular silica.
Diameters of air holes on the first and fourth rings are reduced; in
order to manipulate dispersion characteristics of the fibre, whilst
maintaining sufficiently large diameter of the other air holes for
better field confinement.
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Figure 1: Schematic design of the proposed HN-PCF.

3. Numerical method

The proposed fibre is analysed using Finite Difference Method

(FDM) with anisotropic Perfectly Matched boundary Layer (PML).

In particular, properties of interest are chromatic dispersion D(A),
dispersion slope D, confinement loss L., effective area Agg [12]
and nonlinear coefficient y [13].

Modal effective refractive indices ng of the fibre may be derived
by solving eigenvalue problem which is drawn from Maxwell’s
equations, using the FDM. The above properties may then be cal-
culated using the following equations; obtained from references
[12] and [13]:
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Where, A is the operating wavelength, Re(ngs) and Im(negr) are real
and imaginary parts of the modal effective refractive index, c is
the velocity of light in vacuum, E is the electric field and n, is the
nonlinear refractive index coefficient. d(.)/dA and d?(.)/dA2 repre-
sent first and second differential with respect to the operating
wavelength.

4. Simulation Results

For simulation and analysis, diameter of air holes is fixed at d =
0.78 um, with diameter of air holes on the first and fourth rings
reduced to d; = 0.32 um. Distance between air holes is fixed at A
= 0.87 um. Wavelength dependent properties of the proposed HN-
PCF are shown in Figure 2.

Figure 2 (a) shows relationships between dispersion properties of
the proposed fibre and operating wavelength. It can be seen that
the fibre exhibits ultra-flattened chromatic dispersion, with values
between 0 ps/(nm.km) and — 8 ps/(nm.km) at operating wave-
length range from 1.0 pm to 1.7 um; to give variable chromatic
dispersion slope between + 0.06 ps/(nm?.km). The small disper-
sion slope offers the possibility of smaller pulse broadening for
the wide bandwidth ranges. Confinement loss of less than 10
dB/km over the operating wavelengths under consideration, may
be expected, as shown in Figure 2 (b). As depicted in Figure 2 (c),
effective areas at operating wavelengths of 1.0 um, 1.3 um and
1.55 pm are 1.72 um? 2.11 pm? and 2.44 pm?, respectively; com-
paratively smaller to that of conventional fibres with effective area
of approximately 86 um? at the 1.55 um wavelength. These give
corresponding nonlinear coefficients of 113 [Wkm] %, 71 [Wkm]*
and 51 [Wkm] * at 1.0 pm, 1.30 pm and 1.55 um operating wave-
lengths, respectively. Nonlinear coefficients of the proposed fibre
are higher than other fibres in references [4, 5].

Next, the effect of reducing diameter of air holes on the fourth
ring is investigated. Figure 3 (a) shows the wavelength depend-
ence properties of two fibres; 1) the proposed fibre in Figure 1,
with diameter of air holes on the first and fourth rings reduced to
d; whilst diameter of the rest of the air holes fixed at d (referred to
as the Optimum), and 2) the proposed fibre in Fig. 1, but with
diameter of air holes on only the first ring reduced to d; whilst
diameter of the rest of the air holes fixed at d. Parameters of the
fibres are d; = 0.32 um, d = 0.78 pum, and A = 0.87 um. It can be
seen from the figure that fourth ring diameter has an influence on
dispersion properties of the fibre. Reducing diameter of air holes
on the first ring only shift the dispersion curve downwards, as
compared to the proposed fibre in Figure 1. As such, appropriate
pitch and air hole diameter selections are very important to obtain
flat and zero dispersion; favourable property for HN-PCF for the
telecommunication window.

During fabrication of a standard fibre, it is expected that £ 2%
variations may occur in the diameter of air holes of the first ring
[14]. Due to this, it is important to analyse the effect of these vari-
ations on important properties of the fibre; to pre-empt the charac-
teristics of the fibre after fabrication. Figure 3 (b) and (c) depict
the effect of variations (£ 5% variations) on the first ring air hole
diameter d;, on the chromatic dispersion and effective area of the
proposed fibre, respectively. Dotted line indicates increased diam-
eter by +5% whilst dashed line indicates decreased diameter by -
5%.

_ 10 . ’ . 0.10 F
T ——d =0.32.4=0.78,A=0.87 -
g 3 {005 2
S £
= "
Z 0.00 &
2 =
& 5 -0.058
2 g
_10 1 . . -0.108

1.0 1.2 1.4 L.§ a

Wavelen gtll] [pum]

(@)



International Journal of Engineering & Technology

317

_ 10 . . .
= [
= i
a 107 1
w [ ]
=] [ ]
- 10} 1
SR | ]
= N 3 L
=107 1
g ——d =0.32,d=0.78,A=0.87 |
(=] i
SRS | , . ]
1.0 1.2 1.4 lo
Wavelength [pm]
(b)

3 T T T 200
— | ——d=032,d=0.78,A=0.87 -
2 150 2
5 2 =
= g
T 100 &
g :
& - =
E;" 20 E

g
=

0 . . 1

1.0 1.2 14 1.6

Wavelength [pum]

(©

Figure 2: (a) Chromatic dispersion and chromatic dispersion slope, (b)
confinement loss and (c) effective area and nonlinear coefficient, as a
function of wavelength for the proposed HN-PCF in Fig. 1 with A =

0.87 um, dy = 0.32 pm, d = 0.78 pm.

From the figures, it can be concluded that curves for chromatic
dispersion and effective area are shifted slightly downward with
an increase in diameter of first ring air holes by +5% whilst the
curves are shifted slightly upwards with a decrease of -5%.
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Figure 3: Chromatic dispersion properties to demonstrate (a) the effect of
fourth air hole ring diameter, (b) the effect of + 5% variation of first air
hole ring diameters, and (c) effective area to demonstrate the effect of +
5% variation of first air hole ring diameters, at different operating wave-
length for the HN-PCF in Fig. 1 with optimum parameters A = 0.87 um, d;
=0.32 um, d =0.78 pm.

From the result, it can be said that the proposed HN-PCF is able to
maintain its desired dispersion property after fabrication.
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Figure 4: Intensity spectrum of the proposed HN-PCF at centre wave-
lengths of (a) 1.06 pm, (b) 1.31 pm and (c) 1.55 pm.

5. Supercontinuum Spectrum At 1.06 uM, 1.31
uM And 1.55 uM

The following nonlinear Schrédinger equation (NLSE) [13]
may be used for calculations of the SC spectrum:
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where A is the complex amplitude of the optical field, z is the
propagation distance, « is the absorption coefficient of the fibre, 4.
is the centre wavelength, T is the slope of the Raman gain, and f,
(n =1 to 3) are the n-th order propagation constant. Also, t is the
physical time and v is the group velocity at the centre wavelength.

NLSE may be solved by split-step Fourier method. Supercon-
tinuum generation in the proposed HN-PCF is theritically calcu-
lated at 1.06 pm, 1.31 pm and 1.55 pum centre wavelength and
shown in Figure 4 (a), (b) and (c), respectively. In Fig. 4, propaga-
tion of the sech? waveform through the proposed HN-PCF is as-
sumed; with the full width at half maximum (FWHM), Trwuwm Of
1.0 ps and Raman scattering parameter Tr = 3.0 fs. Values of pa-
rameters taken for calculation purpose are given in Table 1; where
[, B3 and B, are propagation constants around the carrier frequen-
cy with centre wavelength A, Lg is fibre length and P;, is input
power of the incident pulse. The calculated longitudinal resolution
I, and coherent length I. given in Table 1 assume typical nise IS
1.44 for eye and 1.65 for dentin, at wavelengths 1.1 pm and 1.31
um, respectively [15]. It is noted that the calculated I, values are

lower than that of reported SLDs and femtosecond pulse light
sources [6 — 11].

Table. 1:. Fibre parameters.

Parameters A=1.06 [um] A=1.31 [um] A=1.55 [um]
B [pstkm] 2.98 0.318 2.29

B3 [ps’/km 0.01 0.0045 -0.0036

Pin [W] 33.0 12.0 40

Le[m] 8.0 50.0 12

le [pm] 2.2 1.8

I [um] 15 1.1

The influence of input pulse power on output pulse power at cen-
tre wavelengths of 1.06 um, 1.31 um and 1.55 pm are shown in
Fig. 5 (a), (b) and (c), respectively, with the incident pulse full
width at half maximum Tgwum = 1.0 ps. From the figure, output
pulse power decreases from the peak power of incident pulse, after
passing a certain distance; with achieved output pulse power ap-
proximately half of the applied input pulse power. Light propagat-
ing fibre length Lg are calculated to be 8 m, 50 m and 12 m for
centre wavelengths of 1.06 um, 1.31 um and 1.55 um, respectively.
All output pulses are selected at different input peak power pulses;
input pulse peak power P;, of 33 W at 1.06 um centre wavelength,
12 W at 1.31 um centre wavelength and 40 W at 1.55 pm centre
wavelength.
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Figure 5: Input and output power optical pulses of the proposed HN-PCF
at the centre wavelengths of (a) 1.06 pum, (b) 1.31 um and (c) 1.55 pm

6. Conclusion

In the telecommunication window and for medical applications,
simple HN-PCF exhibiting very high nonlinearity, ultra-flattened
chromatic dispersion, very low confinement loss and high longitu-
dinal resolution has been designed and analysed. It has been
shown that the proposed fibre exhibits chromatic dispersion values
of between 0 to — 8.0 ps/(nm.km) in the wavelength range of be-
tween 1.0 um to 1.7 um; with extremely low confinement loss of
less than 10° dB/km. High nonlinear coefficient value of 51
[Wkm] ™ is achievable at 1.55 um wavelength. Moreover, it has
been demonstrated that the proposed fibre is able to generate
broad SC spectrum, with relatively high longitudinal resolutions
of 1.5 ym and 1.1 pm at centre wavelength 1.06 um and 1.31 pm,
respectively. With the mentioned properties, the proposed HN-
PCF may be suitable for optical parametric amplification, all-
optical signal processing, ultrashort soliton pulse transmission,
supercontinuum generation in the infrared region, etc. SC applica-
tions include medical imaging, multi-wavelength signal generation,
tuneable wavelength conversion, multiplexing format conversion,
and optical studies of photonic devices.
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