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Abstract

This paper presents a simple square fillet octagonal lattice photonic crystal fibre (PCF) having 5 layers of air hole
rings. Guiding properties of the PCF are investigated using finite element method (FEM) with perfectly matched
layer (PML) as its boundary. Through analysis, it is possible to attain a negative chromatic dispersion of —-377
ps/(nm.km) and low confinement loss of 0.00421dB/km at 1.55 um wavelength by selecting optimum
parameters for the PCF. Additionally, the PCF is able to cover the E+S+C+L+U and partial O (1320 - 1700 nm)
wavelength bands, with relative dispersion slope (RDS) value of 0.0036nm™, similar to that of a single mode
fibre. This makes the proposed PCF a potential candidate for a dispersion compensating fibre.

Keywords: chromatic dispersion, octagonal photonic crystal fibre, confinement loss, dispersion compensating
fibre, effective area

1.0 INTRODUCTION

Photonic crystal fibres (PCFs) [1], unlike conventional fibres, consist of silica with an array of microscopic air
holes in the cladding that run along the length of the fibre [2]. One unique attribute of PCFs is their design
flexibility, whereby several parameters, including lattice pitch, design, diameter and number of air holes can be
modified [3], depending on the application requirements of the fibre. In turn, remarkable optical properties,
such as high negative dispersion, low confinement loss, single-mode, high birefringence and high nonlinearity
can be achieved. Because of this, PCFs are potentially applicable in numerous optical applications, including
dispersion compensation [4], supercontinuum generation [5] and in sensing applications [6].

Chromatic dispersion is a common phenomenon found in single-mode fibres (SMFs), whereby different light
frequencies travelling along together arrive at different times, resulting in pulse broadening. This is a huge
drawback in long-distance optical fibre communication system, which has to transport large bits of data. One
way of counteracting this problem is by introducing dispersion compensating fibres (DCFs) with high negative
dispersion to the link, to compensate for the positive dispersion caused by the SMF over a wide range of
wavelength [4]. PCFs are suitable for this application, since high negative dispersion can be achieved by
manipulating their structures. However, advancements in technology have resulted in extra requirements, with
low confinement loss and ease of fabrication as additional parameters that should be considered.

Many PCF structures, designed to function as DCFs, have been reported in the literature, focusing on high
negative dispersion and low confinement loss [7-11]. Lee et al. [7] proposed a square PCF with double-hole
assisted core, which produces a negative dispersion of =150 ps/(nm.km) and low confinement loss over the
E+S+C+L+U and partial O (1320 - 1700 nm) wavelength bands. Meanwhile, Hasan et al. [8] proposed a hybrid
PCF with negative dispersion between -242.22 ps/(nm.km) and -762.6 ps/(nm.km) at the 1.30 um to 1.65 um
wavelength range, having confinement loss in the order 10-3dB/km, whilst Mia et al. [9] proposed a heptagonal
PCF core and cladding with =940 ps/(nm.km) dispersion and confinement loss of 107> dB/km. Although both
designs [8, 9] have demonstrated high negative dispersion values and low confinement losses, they have
complicated structures with varying air hole sizes, making the fabrication process difficult. Modified octagonal
PCF was proposed by Ahmad et al. [10], exhibiting a dispersion value of -511 ps/(nm.km) at 1.55 um wavelength
and high confinement loss in the order of 1072 dB/km. Bala et al. [11] introduced a triangular lattice PCF with a
very high negative dispersion of -9486 ps/(nm.km), however, no confinement loss has been reported.
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The golden ratio, represented by the Greek alphabet phi (), is a mathematical ratio of value 1.618. Being used
throughout nature, from shells to flowers, it has also been used in well-known architectures such as the
Parthenon in Athens and Khufu’s Pyramid of Egypt [12], both of which are still standing strong to this day.
Although this principle has been used for centuries, the study of the golden ratio in PCFs is still relatively new.
The principle of the golden ratio has been used to design PCFs to take advantage of their simple structure [13];
albeit not for the application of DCF. A simple hexagonal photonic crystal fibre using the golden ratio principle
has been presented [13], producing a near-zero dispersion and low confinement loss, for data communication
applications. To take advantage of the simple structure to facilitate fabrication, the golden ratio is used in this
study, by fixing the ratio of pitch to air hole diameter, to the golden ratio value; in order to strengthen the
structure of the PCF, whilst still maintaining a simple design.

This paper presents an octagonal PCF with 5 layers of square filleted air hole rings using the golden ratio
principle. At optimum A = 1.0 um, the proposed PCF achieves high negative chromatic dispersion of -369
ps/(nm.km) and low confinement loss of 0.0042 dB/km. Effective area, nonlinearity and relative dispersion slope
have also been investigated.

2.0 GEOMETRY OF THE PROPOSED DESIGN

A cross-section of the proposed PCF is given in Figure 1, showing an octagonal lattice structure with air holes in
the form of square fillets. Length of the square fillets air holes is given by /, while A and A1 represent the distance
between adjacent air holes from the same ring and different rings, also referred to as pitch, respectively. The
two pitches are related by A = 0.765A1. The structure of the proposed PCF is based on fixing the ratio of pitch A
to the length of the square fillet air holes, /, to be equal to the golden ratio:

Based on equation (1), varying pitch A varies the length / of the air hole and vice versa, to maintain the golden
ratio rule. Both core and cladding material of the proposed PCF are made of silica with refractive index of 1.45,
whilst the air holes have a refractive index of 1. The PCF structure is surrounded by a perfectly matched layer
(PML) [3], absorbing any light rays passing from the core to the cladding, by suppressing any unwanted boundary
reflection from the electromagnetic wave. Using a fine mesh type, the total number of elements is 16578, of
which 8322 are boundary elements and 968 are vertex elements.

Silica

Air

Figure 1: Cross-sectional structure of the proposed PCF
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3.0 ANALYSIS METHOD

To simulate and investigate the properties of the proposed PCF, a full vector Finite Element method (FEM) was
used with a cylindrical PML as the boundary condition of the PCF. The Sellmeier equation was used to determine
the effective refractive index, neg, which is given by [14, 15]:

Nefs = 12 — Cl A2 — CZ A2 — C3 ( )

where A is the wavelength, and B1, B2, Bs, C1, C2 and G are the Sellmeier coefficients. Effective refractive index
has no unit and varies for each and every wavelength according to equation (2). Other properties of the PCF can
then be calculated after determining the effective refractive index, nest of the PCF.

Several optical properties of the proposed PCF can be found using equations (3)-(6) [14-19]. Chromatic
dispersion D, with unit ps/(nm.km) is given by [14, 15]:

1 d? Re[n,
D) = —;$ 3)

where Re[n.g| and c¢ represent the real part of the effective refractive index, nesr, and the speed of light,
respectively.

Confinement loss, Lc with unit dB/km, is given by [14, 15]:

L. = 8.686 X kolm[neff] (4)

where k, = 2;” is the free space wave number and Im[n.g] is the imaginary part of the effective refractive

index, nefr.

Effective area Aeff with unit um? is given by [14, 15]:

_ (S [E?| dxdy)®

Aeff - ff |E|4 dXdy (5)

where E is the amplitude of the transverse electric field propagating inside the PCF.

The nonlinearity coefficient y with unit W-*km is calculated using [16, 17]:

x 103 (6)

where n2 = 3.0x102° m?/W is the non-linear refractive index of pure silica material [16].
Other important properties that need to be investigated to qualify the proposed PCF as a candidate for

dispersion-compensating fibre are total residual dispersion, Dr and relative dispersion slope, RDS. These
properties are calculated as follows [18, 19] :

Dy = Dgmr * Lsmr + Dpcr * Spcr @)

_ Ssmr _ Spcr

®

Dsmr  Dpcr

where Dsvr and Docr are dispersion coefficients of single-mode fiber and dispersion compensating fibre,
respectively, with Docr derived using equation (3). Lsmr and Locr are lengths of single mode fibre and dispersion
compensating fibre, respectively. Lswr is taken to be 40 km, the standard length for analysis of dispersion
compensating fibre whilst Locr is chosen such that total residual dispersion equals to zero at 1.55 um wavelength.
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Dispersion slopes of single-mode fibre and dispersion compensating fibre are denoted by Sswr and Socr,
respectively and can be found by the equation below:

_ dD (1)
Ssmp OF Spep = m €))

4.0 SIMULATION RESULTS

Simulation results were based on four different pitch (A) values at 0.05 um intervals: 0.95 um, 1.0 um, 1.05 pm
and 1.1 um. The effective refractive index of the proposed PCF is obtained for different A and wavelength, used
as a basis for analysis, as shown in Figure 2. It can be seen that the effective refractive index, nes, decreases as
wavelength increases, with low A giving a lower effective refractive index. This is in accordance with equation
(1), whereby the effective refractive index should decrease with increasing wavelength. At the lowest A, the
effective refractive index, nefrranges from 1.338 at 1.2 um wavelength to 1.271 at 1.7 um wavelength, while at
the highest A, the effective refractive index, neft ranges from 1.361 to 1.300 from the 1.2 um to 1.7 um
wavelength range. In the other way, we can say that lower A results in less silica in the cladding, which in turn
decreases the effective refractive index, nefr. On the other hand, higher A results in more silica in the cladding,
which in turn increases the effective refractive index, nes.

Negative dispersion is one of the main properties of PCF, which determines its applicability as a DCF. Since
chromatic dispersion in SMF can cause accumulation of positive dispersion in the links, the proposed PCF needs
to exhibit as high negative dispersion as possible for a wide range of wavelengths. As can be seen in Figure 3,
negative dispersion increases with wavelength; with low A giving higher negative dispersion. At 1.55 um
wavelength, A = 0.95 um exhibits the highest negative dispersion value of - 517 ps/(nm.km), followed by -377
ps/(nm.km), =261 ps/(nm.km) and =166 ps/(nm.km) for A = 1.0 um, A = 1.05 um and A = 1.1 um, respectively.
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Figure 2: The effect of different values of A on the relationship between effective refractive index and
wavelength.
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Figure 3: The effect of different values of A on the relationship between chromatic dispersion and wavelength.
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Figure 4: The effect of different values of A on the relationship between confinement loss and wavelength.
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Figure 5: The effect of different values of A on the relationship between effective area and wavelength.
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Figure 6: The effect of different values of A on the relationship between nonlinearity and wavelength.
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Investigating confinement loss of PCF is crucial in determining light leakage from the core of PCF. Ideally,
confinement loss needs to be kept as low as possible to prevent light leaking out from the core. Figure 4
illustrates the relationship between confinement loss and wavelength for different A. It can be seen that
confinement loss increases with wavelength. Increasing A, however, results in lower confinement loss. With A =
1.1 um, confinement loss of 0.00014 dB/km is obtained, whilst A = 1.05 um and A = 1.0 um give confinement
losses of 0.00078 dB/km and 0.0043 dB/km, respectively, at 1.55 um wavelength.

Effective area, Aeff and nonlinearity, y are two other properties that need to be investigated to determine the
applicability of the PCFs in nonlinear applications, such as in supercontinuum generation, which requires a high
nonlinear coefficient. According to equation (6), the nonlinear coefficient, y and effective area, Aerf, are inversely
proportional to each other; with low Aeff resulting in a higher nonlinear coefficient,y. This relationship is
observed in Figures 5 and 6. It can be seen that the effective area, Aesf, increases with wavelength and A, whilst
the nonlinear coefficient, y decreases with both wavelength and A. With A = 1.0 um and A = 1.05 um, the
effective area, Aefr, are 1.12 um?and 1.19 um?, respectively, at 1.55 um wavelength. Nonlinear coefficient, y of
107.8 Wlkm™ and 102.2 W~tkm™ are obtained with A = 1.0 um and A = 1.05 pm, respectively at 1.55 pm
wavelength. At 1.55 um wavelength, A = 0.95 um gives the lowest effective area, Aeff of 1.06 pm? which in turn
gives the highest nonlinearity, y of 114.0 W™km™™. On the other hand, A = 1.1 um provides the highest Aes of
1.26 um? with the lowest nonlinear coefficient, y value of 96.2 W-tkm™ at 1.55 um wavelength.

For the proposed PCF to be applicable as a dispersion compensating fibre (DCF) practically, the relative
dispersion slope, RDS, of the proposed PCF has to match with RDS of single-mode fibre (SMF). It is given that
RDS of a SMF is 0.0036 nm™ at 1.55 um wavelength; and as such, the RDS value of the proposed PCF needs to
be as close as possible to 0.0036 nm~2, for the PCF to function as DCF. Via calculations, the RDS value close to
0.0036 nm™ at 1.55 um wavelength is only achieved with A = 1.0 um, as depicted in Table 1. As such, A= 1.0 pm
must be used for the proposed PCF to function as DCF; with the rest of the paper assuming this value of A. Fig.
7 shows RDS for different wavelengths with A = 1.0 pum.
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Figure 7: RDS of the optimum A value.
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Table 1. The effect of changing A values on RDS of the fibre at 1.55 um wavelength.

Pitch, A (um) RDS (hm?)

0.95 0.0028
1.0 0.0036
1.05 0.0047
1.1 0.0062

A high negative dispersion property is required for the PCF to compensate for the positive dispersion caused by
the single-mode fibre. However, even after compensation, there still exists some leftover dispersion, widely
known as total residual dispersion, Dr, which needs to be kept as low as possible. Therefore, Dt was also
investigated in this study, and a graphical analysis of that property can be seen in Fig. 8. It can be seen that at
1.55 um, residual dispersion Dr approaches zero before it produces negative residual dispersion again. Based on
this, the proposed PCF can cover a wide range of wavelengths, including the E+S+C+L+U transmission window
wavelengths, with partial coverage of the O band (1320 - 1700 nm).
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Figure 8. Residual Dispersion Dt of the optimum A value.

Residual Dispersion (Dr) (ps/nm)

5.0 CONCLUSIONS

A PCF with 5 layers of square fillet air holes, based on an octagonal lattice design, has been proposed in this
paper. The structure follows the golden ratio principle to give a strong but simple structure. Using the finite
element method (FEM) and perfectly matched layer condition as boundary conditions, it has been shown that
the proposed PCF yields high negative dispersion of -517 ps/(nm.km) at A = 0.95 um and lowest confinement
loss of 0.00014 dB/km, equivalent to the order of 10 dB/km occurs at A = 1.1 um. Both the highest and lowest
dispersion occur at operating wavelength A = 1.55 um. Although it is ideal to have both high negative dispersion
and low confinement loss in a PCF, results have shown that these are not attainable, with a trade-off between
the two properties.
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To further ascertain the suitability of the proposed PCF as a DCF, the residual dispersion slope RDS has been
investigated. RDS value of 0.0036 nm™ occurs at A = 1.0 pm, matching the RDS value of a single-mode fibre.
Therefore, A = 1.0 um has been adopted for this proposed PCF. At this value of A, high negative dispersion of
-377 ps/(hm.km) and low confinement loss of 0.0043 dB/km, in the order of 1072 dB/km, are achieved.
Additionally, an effective area of 1.12 um? which in turn gave a high nonlinear coefficient of 107.8 W-km™?, was
found at the said optimum parameter. These show the suitability of the PCF for nonlinear applications, other
than its application as a dispersion-compensating fibre. After analysing the total residual dispersion, Dr, it is
found that the proposed PCF can cover the E+S+C+L+U wavelength bands, and a partial O band (1320 - 1700
nm), making it suitable as a wideband dispersion compensating fibre. Furthermore, because the PCF structure
consists of similar air hole sizes and has a simple structure, the fabrication process of the PCF would be easier to
establish.
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