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Abstract—This research explores a silica based highly nonlinear photonic crystal ﬁber of near infrared
window; solid silica core photonic crystal ﬁber is suitable for propagating light towards the near-infrared
wavelength region. Full vector ﬁnite diﬀerence method is used for numerical simulation, by solving the
generalized nonlinear Schrödinger equation with the split-step Fourier method to show that the design
exhibits high nonlinear coeﬃcient, near zero ultra-ﬂattened dispersion, low dispersion slope and very low
conﬁnement losses. It is demonstrated that it is possible to generate high power wide supercontinuum
spectrum using 2.5 ps input pulses at 1.06 µm, 1.30 µm and 1.55 µm center wavelengths. It is observed
that supercontinuum spectrum is broadened from 960 nm to 1890 nm by considering center wavelengths
of 1.06 µm, 1.31 µm, and 1.55 µm into silica based index guiding highly nonlinear photonic crystal ﬁber.
Furthermore, immensely short ﬁber length of 1 m at center wavelengths of 1.06 µm, 1.31 µm and 1.55 µm
is possible using the proposed highly nonlinear photonic crystal ﬁber. The generated high power wide
supercontinuum spectrum is applicable as a laser light source in near infrared band.

1. INTRODUCTION
Optical ﬁber has numerous advantages over other communication mediums. Generally, it is capable
of oﬀering high bandwidth with no electrical interference and is relatively easier to install, due to its
ﬂexibility. With its core surrounded by a special layer known as cladding, light is able to propagate
through the core of the ﬁber with minimal loss in performance, making it suitable to be used in optical
communication, medical imaging and numerous other applications.
Photonic crystal ﬁber (PCF) is a special type of optical ﬁber that is gaining popularity and interest
in the telecommunication, medical and numerous other industries as well as the research communities.
Unlike conventional optical ﬁber, periodicity in the cladding region of PCF is not crucial, hence, allowing
ﬂexibility in its design to suit diﬀerent applications. Indeed, various designs have been proposed, with
varying diameters of air holes in the cladding region, that are able to achieve eﬃcient conﬁnement of
guiding light onto the high-index core region of PCF as well as ultra-ﬂattened chromatic dispersion in
the broad wavelength range [1, 2]. Other remarkable modal properties are wide range of single-mode
operations, zero-dispersion at visible or near-infrared wavelengths and tailorable eﬀective modal areas
which cannot be achieved via conventional optical ﬁbers [1, 2].
The design of PCFs with high power and high nonlinear coeﬃcient in addition to near
zero dispersion is an active research area, with possible applications in optical communication,
supercontinuum (SC) applications and for medical imaging [3, 4]. Applications in the near infrared
wavelengths at 1.30 µm and 1.55 µm are of interest for optical communications. For medical imaging
especially in ophthalmology and dental applications, operating wavelengths at 1.06 µm and 1.30 µm
respectively are applicable due to its minimum dispersion, deep penetration and improved sensitivity [5–
7].
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Various supercontinuum (SC) generated highly nonlinear photonic crystal ﬁbers (HN-PCFs) have
been reported in the literature for optical communications and medical applications [8–22], using
diﬀerent materials to produce broadband SC spectrum with varying performances.
In [8], the authors proposed a highly nonlinear dispersion ﬂattened photonic crystal ﬁber capable of
a large nonlinear coeﬃcient, up to 34 W−1 km1 at 1.55 µm wavelength for SC generation. The designed
highly nonlinear ﬂattened dispersion photonic crystal ﬁber has four to ﬁve diﬀerent air-hole diameters
at diﬀerent air hole rings, making the design very complex to fabricate. A low-coherence light source
was developed in [9], based on Indium Arsenide (InAs) quantum dots superluminescent diode (SLD)
with controlled emission wavelengths, which were then applied to optical coherence tomography (OCT)
imaging. It is shown that the developed SLDs yield low output power of between 2 mW to 15 mW.
Diﬀerent designs of femtosecond (fs), picosecend and nanosecond pulse laser sources are proposed
and consequently, investigated in references [10–25]. In [10], the authors investigate the performance of
femtosecond-laser pulses in neodymium-doped yttrium aluminium garnet (Nd:YAG) crystals and report
that output power of around 1.3 W at around 1.0 µm center wavelength is achievable from an 2.25 W
launched pump power. A neodymium-(Nd) doped glass laser light source based on PCF for SC spectrum
generation is demonstrated in [12]. For average incident pump power of 165 mW, the Nd-doped glass
laser light source is able to produce SC spectrum with output power averaging 48 mW at the 1.3 µm
center wavelength. Broad SC spectrum generation at a central wavelength of 1.07 µm is reported in
[11]; propagating through an 100 metres ytterbium (Yb) doped ﬁber and generated by noise-like pulses.
10 W power is used to pump the laser to produce 800 mW output power. Instead of using standard
ﬁbre, ytterbium doped photonic crystal ﬁber (Yb doped PCF) is used in [13], capable of generating SC
spectrum with a 75 mW output power at a central wavelength of 1.064 µm from a 150 mW input signal
wave. Reference [14] studies the performance of a CS2 core photonic crystal ﬁber for SC application. It
is demonstrated that the PCF is able to generate broadband SC spectrum in the IR region at central
wavelength of 1.55 µm, with 100 W pump peak power.
Performances of germanium (GeO2 ) doped core ﬁber are studied in [15, 17]. Highest output power
of 13.17 W is obtainable in [15] by applying 34 W input pump power at around 1.0 µm wavelength, using
a broadband four stage Er-Yb doped ﬁber to pump the GeO2 doped core ﬁber SC source. Experimental
and numerical studies on GeO2 doped core are demonstrated in [17] producing an average power of
1.8 W femtosecond pulse laser source for pumping at 1.55 µm wavelength.
Stoichiometric silicon nitride (Si3 N4 ) integrated optical waveguides are used in [16] to generate
broad SC spectrum at the 1.56 µm telecommunication wavelength, with a pulse duration of 120 fs.
Maximum average output power of 300 mW is successfully generated through the design in [16]. In [18],
the authors demonstrate the generation of ultra-broadband SC spectrun with central wavelengths of
1.55 µm and 1.30 µm, using silica PCF with As2 S3 chalcogenide glass doped core. The SC generations
use femtosecond pulse laser source with 3 kW peak power. Using a laser source with a peak power of
4.4 kW, an ultra-broadband SC spectrum may be generated at 1.55 µm wavelength, by using germanium
doped core ﬁber [19]. Similarly, Ge-doped PCF picosecond pulse laser with 10 W input peak power is
investigated in [20], to produce broadband SC spectrum at the 1.31 µm center wavelength.
Supercontinuum (SC) generations have also been demonstrated [21–23], with Ge11.5 As24 Se64.5
chalcogenide glass core [21, 22] and highly nonlinear liquid material core [23]. 1 kW and 100 W input
peak powers have been used to generate SC spectrum at 1.55 µm centre wavelength in references [21]
and [22], respectively. In [23], SC spectrum with the peak power of 2 kW at 1.55 µm centre wavelength
has been successfully demonstrated.
Designs for HN-PCF for applications in OCT and telecommunication (i.e., wavelength between 1.0
to 1.7 µm) are presented in [24–26], shown to be capable of producing supercontinuum (SC) spectrum
using picosecond pulses. In [24], maximum launched input peak powers of 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, are demonstrated whilst incident
pulse input powers of 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, are demonstrated in [25]. Supercontinuum spectra at centre wavelengths of 1.3 µm and
1.65 µm are generated in [26] with input peak power of 1.38 kW. Designs in [24–26] utilise silicon dioxide
as the core of their HN-PCFs.
As can be noted from the experimental and numerical results obtained in [9–26], relatively lowpower SC spectrum is generated from some of the designs with varying material types. The exhibited
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low-power SC spectrum may not be suﬃcient for some SC applications. Most of the designs, with the
exception of the designs in [24–26], also utilise doped core ﬁber structures, which are relatively diﬃcult
to fabricate for mass production of the materials. Furthermore, it needs to be noted that femtosecond
pulse laser-based SC sources has a relatively high implementation cost as compared to other pulse laser
sources.
In this respect, it is important to produce ﬁber that is able to generate ultra-broadband SC spectrum
with high power, preferably utilising picosecond pulse laser source. This is because picosecond pulse laser
has high single pulse energy, high peak power, high nonlinear eﬀects especially self-phase modulation
(SPM) and stimulated Raman scattering (SRS). Furthermore, output supercontinuum source has orderly
pulsed trains with good time coherence and wide ﬂat spectrum. Consideration must also be given to
the structure of the ﬁber to ensure that the design is easily fabricatable.
In this paper, picosecond pulse based HN-PCFs shall be proposed that is relatively simple to
fabricate whilst exhibiting favourable performance characteristics. It shall be shown that the simple
HN-PCF model has high nonlinear coeﬃcients of more than 105 [Wkm]−1 at 1.06 µm, 72 [Wkm]−1 at
1.31 µm and 52 [Wkm]−1 at 1.55 µm, exhibits a very low conﬁnement loss of less than 10−7 dB/km from
1.0 µm to 1.6 µm wavelength range and ultra-ﬂattened chromatic dispersion in the targeted wavelength
range. Full vector ﬁnite diﬀerence method (FDM) shall be used to calculate diﬀerent properties of
the proposed HN-PCFs. High input powers of 2.5 kW, 4.0 kW and 6.0 kW are obtainable at 1.06 µm,
1.30 µm and 1.55 µm center wavelengths, respectively for generating broad SC spectrum. Furthermore,
extremely short ﬁber length of 1 m may be obtained at center wavelengths of 1.06 µm, 1.31 µm and
1.55 µm. The proposed HN-PCF simultaneously exhibits high nonlinear coeﬃcients, extremely low
conﬁnement loss, ultra-ﬂattened chromatic dispersion, high incident power and very short length ﬁber
with potential for the optical communications and medical applications.
2. PROPOSED HIGHLY-NONLINEAR PHOTONIC CRYSTAL FIBRE (HN-PCF)
Figure 1 shows the geometry of the proposed PCFs structure, with regular silica-based core surrounded
by seven (7) rings of air holes of three (3) diﬀerent diameters. The ﬁrst (i.e., innermost) and fourth
rings of air holes have diameters d1 and d2 , respectively, whilst the rest of the rings (i.e., the second,
third, ﬁfth until seventh rings of air hole) have diameters d. Distance between centers of neighboring
air holes (i.e., its pitch) is kept Λ apart.
For the design of silica-based HN-PCF, it is required that the PCF is able to control dispersion
at the near infrared window with suﬃcient ﬁeld conﬁnement. It is known that the size of the air-
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Figure 1. Structure of the proposed HN-PCF with air hole arrangement.
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holes near the PCF core aﬀects the dispersion characteristics [27, 28], and hence, the dimensions of the
ﬁrst and fourth rings of the proposed silica based HN-PCFs are scaled downed to shape its dispersion
characteristics. The dimensions of the other rings are, however, kept suﬃciently large to allow for better
ﬁeld conﬁnement. This is in contrast to conventional PCFs structure with identical diameters for all
the air holes.
To demonstrate the resultant characteristics of the proposed design, chromatic dispersion,
conﬁnement loss and eﬀective area shall be analyzed at the near infrared window. The main advantage
of this HN-PCF is that it produces high nonlinearity, providing ultra-broadband SC spectrum without
using any doping in its core.
3. NUMERICAL METHOD
Finite diﬀerence method (FDM) [29–34] with anisotropic perfectly matched layers (PML) is used in this
study to investigate the performance of the proposed HN-PCF. Modal eﬀective refractive index neﬀ
may be obtained by solving an eigenvalue problem drawn from the Maxwell’s equations using FDM.
Subsequently, chromatic dispersion parameter D(λ), chromatic dispersion slope Ds (λ), conﬁnement loss
parameter Lc , eﬀective area Aeﬀ [29–32] and nonlinear coeﬃcient parameter γ [33] may be calculated. It
is noted that material dispersion given by the Sellmeier equation is included in the chromatic dispersion
parameter calculation. Nonlinear Schrödinger equation (NLSE) [33], used for the numerical calculation
of supercontinuum (SC) spectrum, is solved using the Split-step Fourier method.
λ ∂ 2 Re [neﬀ ]
c
dλ2
∂D(λ)
DS (λ) =
∂λ
LC = 8.686k0 Im [neﬀ ]
 ∞
2
2
2π
|Ea (r) |rdr
0
 ∞
Aeﬀ =
|Ea (r)|4 rdr
D (λ) = −

(1)
(2)
(3)

(4)

0

2πn2
n2 ω
=
γ =
cAeﬀ
λAeﬀ
where
D(λ): Chromatic dispersion parameter [ps/(nm · km)]
Ds (λ): Chromatic dispersion slope parameter [ps/(nm2 · km)]
Lc : Conﬁnement loss parameter [dB/km]
Aeﬀ : Eﬀective area parameter [µm2 ]
γ: Nonlinear coeﬃcient parameter [W−1 km−1 ]
neﬀ : Modal eﬀective refractive index, consisting of real and imaginary components
Re[neﬀ ]: Real component of neﬀ
Im[neﬀ ]: Imaginary component of neﬀ
λ: Operating wavelength [µm]
c: Velocity of light in a vacuum
d: Diameter of the 4th–8th rings of air hole
k0 = 2π
λ : Wave number in free space
Ea : Electric ﬁeld
r: Radial distance
n2 : Non-linear refractive index coeﬃcient in the nonlinear part of the refractive index

(5)
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The following NLSE equation is used for SC spectrum numerical computation [33].


i ∂2A 1 ∂3A
λc ∂
∂ |A|2
∂A α
2
2
+ A + β2 2 − β3 3 = iγ |A| A + i
(|A| A) − TR A
∂z
2
2 ∂T
6 ∂T
2πc ∂T
∂T

(6)

where
z: Propagation length
A: Optical ﬁeld complex amplitude
T : Time
α: Fiber absorption coeﬃcient
λc : Center wavelength
TR : Raman gain slope
βn : Propagation constant of n-th order with n = 1, 2, 3.
4. SIMULATION RESULTS AND DISCUSSIONS
Simulation of the proposed HN-PCF in Fig. 1 is performed with the diameters of the ﬁrst and fourth
rings of air holes set at d1 = 0.32 µm and d2 = 0.36 µm, respectively. The diameters of the remaining air
holes are ﬁxed at d = 0.79 µm with air hole spacing, i.e., pitch set at Λ = 0.87 µm. Chromatic dispersion,
chromatic dispersion slope, conﬁnement loss, eﬀective area and nonlinear coeﬃcient parameter are then
calculated using Equations (1)–(6) and plotted in Figs. 2–6 below.
4.1. Chromatic Dispersion and Chromatic Dispersion Slope

8
4
0
-4
d1=0.32,d2=0.36,d=0.79,Λ=0.87
-8
1.0

1.2
1.4
Wavelength [μm]
(a)

1.6

Dispersion Slope [ps/(nm2.km)]

Chromatic Dispersion [ps/(nm.km)]

Figures 2(a) and (b) show the chromatic dispersion and chromatic dispersion slope for diﬀerent operating
wavelengths between 1.0 µm and 1.6 µm. From Fig. 2(a), it can be seen that the proposed HN-PCF
exhibits ultra-ﬂattened chromatic dispersion over the observed wavelength of between 1.0 µm to 1.6 µm,
with chromatic dispersion values of approximately −2.81, 0.45 and −0.60 ps/(nm · km) at wavelengths
of 1.06, 1.30 and 1.55 µm, respectively. Within the 500 nm ﬂat wavelength band ranging from 1100 nm
to 1600 nm, which is part of near infrared and short wavelength infrared bands, dispersion variation of
approximately 0.5 ps/(nm · km) is observed. Correspondingly, it is shown in Fig. 2(b) that the proposed
HN-PCF exhibits a near zero negative dispersion slope over the observed wavelength. This represents
the possibility of eﬃcient supercontinuum generation, as small dispersion slope value is necessary to
allow for smaller pulse broadening in the wide bandwidth ranges.
0.08
0.04
0.00
-0.04
d1=0.32,d2=0.36,d=0.79,Λ=0.87
-0.08
1.0

1.2
1.4
Wavelength [μm]

1.6

(b)

Figure 2. (a) Chromatic dispersion and (b) chromatic dispersion slope values as a function of
wavelength.
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4.2. Eﬀective Area and Nonlinear Coeﬃcient

Effective Area [μm2]

3

2

1
d1=0.32,d2=0.36,d=0.79,Λ=0.87
0
1.0

1.2
1.4
Wavelength [μm]
(a)

1.6

Nonlinear Coefficient [W.km]-1

Figures 3(a) and (b) demonstrate the eﬀective area and nonlinear coeﬃcient as a function of operating
wavelengths of between 1.0 µm and 1.6 µm. Nonlinear coeﬃcient is inversely proportional to the eﬀective
area, as shown in Equation (5). As high nonlinear coeﬃcient is necessary for the generation of eﬀective
supercontinuum spectrum, in turns it can be said that small eﬀective area is also a necessity. These two
requirements are exhibited in the proposed HN-PCF. At the operating wavelengths of 1.06 µm, 1.30 µm
and 1.55 µm, the eﬀective areas of the HN-PCF are 1.76 µm2 , 2.06 µm2 and 2.38 µm2 , respectively, whilst
the corresponding nonlinear coeﬃcients of more than 105 W−1 km−1 , 72 W−1 km−1 and 52 W−1 km−1 ,
respectively, are observed from the ﬁgures.
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Figure 3. (a) Eﬀective area and (b) nonlinear coeﬃcient values as a function of wavelength.

4.3. Conﬁnement Loss

Confinement Loss [dB/km]

Conﬁnement loss Lc of the proposed HN-PCF for diﬀerent operating wavelengths between 1.0 µm and
1.6 µm is illustrated in Fig. 4, with conﬁnement loss less than 10−7 dB/km over all observed wavelengths.
Reduction in conﬁnement loss may be achieved by either increasing the number of air holes in the
cladding region or increasing the size of the air holes. The choice on the large value of d for the
proposed HN-PCF is made for this purpose.
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-15
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Figure 4. Conﬁnement loss values as a function of wavelength.
4.4. Chromatic Dispersion Comparison
The proposed HN-PCF is also compared with a similar PCF structure to that of the proposed HNPCF but with only the ﬁrst ring of air holes having a reduced diameter, referred to as basis PCF.
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This comparison is to observe the eﬀect of reducing the diameter of the fourth ring of air holes whilst
keeping everything constant, on chormatic dispersion of the PCF. Structure-wise comparisons between
the proposed HN-PCF and the basis PCF are given in Table 1.
Table 1. Structural comparison between the proposed HN-PCF and the basis PCF.
Notations
d1
d2
d
Λ

Description
Diameter of the ﬁrst ring of air holes
Diameter of the ﬁrst ring of air holes
Diameter of all other rings except the 1st and the 4th
Distance between centre of air holes i.e., pitch

Basis PCF
0.32 µm
0.79 µm
0.79 µm
0.87 µm

Proposed HN-PCF
0.32 µm
0.36 µm
0.79 µm
0.87 µm

Chromatic dispersion comparison between the proposed HN-PCF and the basis PCF is given in
Fig. 5 over operating wavelength between 1.0 µm and 1.6 µm. It is noted that the blue and red lines in
the ﬁgure depict the chromatic dispersions of the basis PCF and HN-PCF, respectively. Reducing the
diameter of the fourth ring of air holes shifts up the chromatic dispersion line. As such, appropriate
pitch and air hole diameter selections are very important to obtain a ﬂat and near zero chromatic
dispersion.

Dispersion [ps/(nm.km)]

40
20
0
-20
-40
1.0

Optimum
d1=0.32,d=0.79,Λ=0.87
1.2
1.4
Wavelength [μm]

1.6

Figure 5. Comparison of chromatic dispersion values as a function of wavelength.

4.5. Supercontinuum Spectrum
Supercontinuum generation in the proposed high power HN-PCF is numerically calculated using
Equation (6) above, for centre wavelength λc values of 1.06 µm, 1.30 µm and 1.55 µm, and plotted
in Figs. 6(a), (b) and (c), respectively. Sech2 waveform propagation with full width at half maximum
(FWHM), TFWHM of 2.5 ps, is considered, with Raman scattering parameter TR of 3.0 fs through the
proposed silica based HN-PCF. Propagation constants around the carrier frequency β2 and β3 used in
the calculations are given in Table 2 for the three (3) diﬀerent centre wavelengths considered in this
study.
From the ﬁgures, it can be seen that the spectrum width increases with increase in centre
wavelength. For centre wavelength at 1.06 µm in Fig. 6(a), spectrum range is between 950 nm and
1200 nm, i.e., width of 250 nm. The width increases to 380 nm for centre wavelength of 1.30 µm
in Fig. 6(b), with range between 1140 nm and 1520 nm, and further increases to 580 nm for centre
wavelength of 1.55 µm in Fig. 6(c), with range between 1300 nm to 1900 nm. Numerical simulation is
also performed to obtain the incident pulse input powers Pin at diﬀerent centre wavelengths; incident
pulse input powers Pin of 2.5 kW, 4.0 kW and 6.0 kW are obtained at centre wavelength values of 1.06 µm,
1.30 µm and 1.55 µm, respectively. Acquired ﬁber length LF is 1 m for all the center wavelengths.
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Table 2. Propagation constants around the carrier frequency for diﬀerent centre wavelengths under
consideration.
β2 (ps2 /km)

β3 (ps2 /km)

1.06 µm

1.013

0.022

1.30 µm

−1.524

0.023

1.55 µm

2.166

0.019

Propagation constants with diﬀerent order

Centre Wavelength λc

100
Spectrum Intensity [dB]

Spectrum Intensity [dB]

100
50
0
λC= 1060 nm
-50
-100
950

1000

1050 1100 1150
Wavelength [nm]

1200

50
0
λC= 1300 nm
-50
-100
1140

1235
1330
1425
Wavelength [nm]

(a)

1520

(b)
Spectrum Intensity [dB]

100
50
0
λC = 1550 nm

-50
-100
1305

1450
1595
1740
Wavelength [nm]

1885

(c)
Figure 6. Numerically simulated optical spectrum as a function of wavelength for (a) λc = 1.06 µm,
Pin = 2.5 kW; (b) λc = 1.30 µm, Pin = 4.0 kW; and (c) λc = 1.55 µm, Pin = 6 kW.

4.6. Power Comparison
Comparison is also made between the proposed HN-PCF, particularly at the centre wavelength values
of 1.0 µm, 1.30 µm and 1.55 µm, and other ﬁbers available in the literature [8–26] in terms of coherent
power. This comparison is depicted in Table 3, showing fabricated ﬁber materials, center wavelength
and coherent powers of the diﬀerent optical ﬁbers considered. It should be highlighted that all the ﬁbers
considered are doped ﬁbers with the exception of the ﬁbers in [8, 24–26] and the proposed HN-PCF in
this paper.
It can be clearly seen from the table that the proposed HN-PCF achieves higher power values than
other ﬁbers [8–26]. Furthermore, the proposed HN-PCF is un-doped and hence, is relatively easier to
fabricate than doped ﬁber.
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Table 3. Comparison between the properties of proposed HN-PCF with other designed ﬁber.
Reference
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
Proposed HN-PCFs

Material
Silica PCF
InAs quantum dot SLD
Nd-doped YAG crystal
Yb doped ﬁber
Nd doped glass
Yb doped PCF
CS2 core PCF
GeO2 doped core
Si3 N4 optical waveguide
GeO2 doped core
As2 S3 chalcogenide core
Germania core
Ge doped core PCF
Chalcogenide PCF
Chalcogenide rib waveguide
Liquid-core PCF
Silica PCF
Silica PCF
Silica PCF
Silica PCF

λc [µm]
1.55
1.19
1.063
1.070
1.3
1.064
1.55
1.55
1.56
1.56
1.30, 1.55
1.55
1.31
1.55
1.55
1.55
1.06, 1.31, 1.55
1.06, 1.31, 1.55
1.30
1.06, 1.31, 1.55

Coherent power
6.0 W
15.0 mW
2.25 W
10.0 W
165.0 mW
150.0 mW
100.0 W
34.0 W
300 mW
1.8 W
3.0 kW, 3.0 kW
4.4 kW
10.0 W
1.0 kW
100 W
2 kW
50.0 W, 14.0 W, 45.0 W
43.0 W, 8.0 W, 40.0 W
1.38 kW
2.5 kW, 4.0 kW, 6.0 kW

5. CONCLUSION
In this paper, a highly nonlinear PCF with air holes in the ﬁber cladding region, with reduced diameters
for the ﬁrst and fourth rings of air holes, has been proposed and successfully analysed using FDM
method. The proposed ﬁber exhibits near zero ultra-ﬂattened chromatic dispersion coeﬃcient, small
chromatic dispersion slope and extremely low conﬁnement loss in the 1.0 µm to 1.6 µm wavelength
range, making it suitable for optical transmission systems. Moreover, it has a high nonlinear coeﬃcient,
allowing usage for laser light source within the infrared bands. A very short ﬁber length may also be
achieved from the proposed HN-PCF.
As such, the proposed HN-PCF may be suitable for diﬀerent applications such as chromatic
dispersion controller, in nonlinear optical systems, and for eﬃcient supercontinuum generation in the
infrared region. It is also a promising candidate for optical transmission and as a light source in medical
imaging because of the generated supercontinuum spectrum.
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