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Graphical abstract Abstract 
 
Square photonic crystal fibre (PCF) is proposed in this study using the principle of the 
golden ratio; by taking inspiration from nature. Simulations and analyses of the proposed 
design are used to examine different optical properties. Research findings show that the 
proposed square photonic crystal fibre exhibits a flattened chromatic dispersion, with a 
chromatic dispersion value of around 60 ps/(km.nm). At the critical 1.55 µm operating 
wavelength window, the fibre structure has a low effective area of less than 8 µm2 and 
confinement loss of less than 10−5 dB/km. These characteristics show that the proposed 
PCF design is suitable to be used for data communication systems. Subsequently, 
confinement of light occurs within the core of the proposed PCF at the optimum 
wavelength of 1.55 µm.  
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1.0  INTRODUCTION 
 
Photonic crystal fibre (PCF) has increased popularity among 
researchers and manufacturers since its first introduction in 
1996 [1]. The main reason is that PCF has structural design 
flexibility over conventional optical fibre; allowing the designers 
to design PCFs using air holes with different shapes, sizes, and 
structures, to produce fibre with interesting properties 
depending on its needs and applications. In contrast with 
conventional optical fibres, which are limited in manipulating 
the refractive indexes of the core and cladding to produce fibre 
of specific desired properties. Photonic crystal fibre can either 
be photonic bandgap guiding or index guiding [2,3]. The former 
has a hollow low-index core with periodic small-scaled air holes 
surrounding the core. On the other hand, the latter comprises a 
single background material, such as silicon dioxide, and hollow 
air holes surround the axes of the fibre. Index guiding PCF has 
numerous advantages and attractive properties over the 
conventional optical fibre such as endlessly single-mode range 
[4], large effective area [5], large negative dispersion [6,7], high 
nonlinear coefficient [8], high birefringence [9,10], low 

attenuation [11], near-zero and flattened dispersion [12–19] and 
so on. 

Different models of photonic crystal fibre have been proposed 
in the literature, with some models exhibiting flattened 
dispersion over the desired wavelength range [12–19], one of 
the essential properties for data communication medium. A 
three-core photonic quasi-crystal fibre with twelve-fold 
symmetry using a silica doped germanium material is proposed 
[12]. It has been shown that ultra-flattened chromatic dispersion 
at a wavelength between 1.4 µm and 1.6 µm is achievable with 
the design, with dispersion values ranging between 22.1 and 
23.01 ps/(km.nm). However, no confinement loss is reported in 
the paper [12], another vital property that needs to be kept low 
for data communication. Two PCF designs are proposed [13,14], 
with cladding containing air holes adhering to hexagonal shapes 
with varying diameters of air holes [13,14]. Although an ultra-
flattened near-zero dispersion is reported in reference [13], high 
confinement loss is reported from the three-fold symmetric 
hybrid core PCF. In contrast, low confinement loss and ultra-
flattened near-zero dispersion are reported for the PCF designs 
with elliptical shape rings of different diameter circular air holes 
in reference [14]. A group of researchers introduced index-
guiding PCFs [15,16] implementing four cladding air holes 
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positioned in a hexagonal lattice that assessed birefringence, 
chromatic dispersion and confinement loss. At 1.55 µm 
operating wavelength, reference [15] obtained dispersion 
results of 190 ps/(km.nm), whereas, PCF structure in reference 
[16] has deduced confinement loss of approximately 10−2 dB/m 
and dispersion of 145 ps/(km.nm). Additionally, a similar 
hexagonal structure but with five layers cladding holes 
presented in reference [17] has determined low chromatic 
dispersion of 59 ps/(km.nm) and low loss of 10−3 dB/m. These 
PCFs [12–17] are relatively complicated for fabrication due to 
their varying diameters of air holes and structural designs [12–
17]. 

The golden ratio has been widely used to obtain a reliable and 
strong structure, through inspiration from nature. The same 
principle may be adopted for PCF designs demonstrated in these 
two pieces of literature [18,19]. In reference [18], a hexagonal 
lattice PCF is introduced by keeping the the proportion of the 
major and minor axis of the elliptical core holes equal to the 
golden ration; to exhibit steep chromatic dispersion at the 0.5 to 
2.0 wavelengths. Another design [19] uses a golden spiral 
structure with different spiral radius, giving zero chromatic 
dispersions at a different wavelength for different spiral radius 
[19]. However, both references [18,19] report slightly high 
confinement loss to fortify their claim of the applicability of their 
designs for usage in the telecommunication system. 
Furthermore, the fabrication of the design [19] is complex; due 
to its complicated spiral designs [19]. 

This paper introduces simple square PCF designs using the 
principle of the golden ratio. The finite element method with a 3 
µm thickness perfectly match layer is used to analyse the design 
using simulation software. It is shown that flattened dispersions 
at the 1.3 to 1.84 µm wavelength range are possible, with one of 
the pitch values exhibiting near-zero dispersion value and 
confinement loss of less than 10−5 at 1.55 µm wavelength. 
Effective area is also shown to be less than 8 µm2. These 
properties justify the usage of the PCF design for data 
communication systems.  
 
 
2.0  ARCHITECTURE OF THE PROPOSED PCF 
 
Figure 1 reveals the proposed PCF design in x and y axes, 
composed of a square design with a length of 18 air holes with 
identical diameters. The design originates by arranging two air 
holes side by side whilst abiding by the golden ratio principle; 
fixing the ratio of pitch distance Λ to air holes’ diameter d, to the 
golden ratio value of 1.618, i.e. Λ/d = 1.618. Square patterns are 
iteratively formed by adding two air holes, and the process 
continues until the finalised PCF design is obtained. The 4 
innermost cladding holes are absent in design to provide an 
index-guiding core for propagation of light. A total of 320 hollow 
cladding holes of identical diameter were imposed in the region. 
Finally, a 3 μm thickness PML is added to the outermost region 
to absorb light rays that may pass through from the core of the 
PCF through its cladding and thereby, preventing reflections; to 
achieve interference-free light in the core of the proposed 
square-structured PCF. The proposed design is simulated by 
varying the pitch value between 0.9 μm to 1.3 μm whilst fixing 
Λ/d to the golden ratio value, resulting in the automatic change 
of diameters of the air holes and, consequently, the core and the 
cladding. The proposed PCF design is considered non-complex 

due to the uniform dimensions and configurations, thus, there 
shall be ease of fabrication in the manufacturing process. 
Various fabrication methods that have been introduced can be 
implemented for this PCF design such as stacking and drawing 
[20], sol-get casting [21] and extrusion [22]. 

 

 
Figure 1 The architecture of the proposed eight-ring highly nonlinear PCF 
 
 
3.0  METHODOLOGY 
 
The simulation method by implementing the Finite Element 
Method (FEM) with imposed Perfectly Matched Layer (PML) is 
used to evaluate the functionality of the proposed PCF design. 
Based on the simulation, the results are then used to compute 
optical properties of effective refractive index neff, chromatic 
dispersion D, confinement loss Lc, effective area Aeff and V-
parameter Veff. 

Chromatic dispersion D is the scattering attribute of the 
waveguide in transmitting signal through pulses. Scattering of 
pulses reduces the integrity of the signal and calculated with the 
real part of the effective refractive index. This property is 
defined as [11,23–25]: 

𝐷𝐷(𝜆𝜆) = −
𝜆𝜆
𝑐𝑐
𝑑𝑑2𝑅𝑅𝑅𝑅[𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒]

𝑑𝑑𝜆𝜆2  (1) 

 
Confinement loss Lc is an avoidable property of the 

propagating light that emerges from the core region of the fibre 
into the surrounding matrix. It is computed from the imaginary 
part of the effective refractive index, and defined as [11,23–25]: 

𝐿𝐿𝑐𝑐 =
2 × 107

ln (10)𝜆𝜆
2𝜋𝜋
𝜆𝜆 Im[𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒] 

(2) 

 
Effective area is the quantitative computation of the 

waveguide covers the dimensions of the fibre. The property is 
determined by the amount of electric field covering the radial 
distance of the structure, and it is defined as [11,23–25]: 
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𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒 =
2𝜋𝜋(∫ |𝐸𝐸𝑎𝑎(𝑟𝑟)2|∞

0 𝑟𝑟𝑑𝑑𝑟𝑟)2

∫ |𝐸𝐸𝑎𝑎(𝑟𝑟)|4𝑟𝑟𝑑𝑑𝑟𝑟∞
0

 (3) 

 
To determine whether the fibre is operating in single mode or 

multimode, the V-parameter shall be observed. V-parameter is 
the used to clarify the propagation modes of the fibre through 
calculation from the refractive indices of the core and cladding, 
and it is defined as [26–28]: 

𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒 =
2𝜋𝜋
𝜆𝜆
�𝑛𝑛𝑐𝑐𝑐𝑐2 − 𝑛𝑛𝑐𝑐𝑐𝑐2  (4) 

where, Re(neff) and Im(neff) are the real and imaginary parts, 
respectively, of the complex refractive effective index neff 
derived by solving Maxwell’s equations. 𝜆𝜆 is the operating 
wavelength, c is the velocity of light in a vacuum, Ea is the electric 
field, r is the radial distance of the PCF, nco is the refractive index 
of the core, and ncl is the refractive index of the cladding. The 
derivative in equation (1) is the second differential of the real 
part of the complex refractive index with respect to operating 
wavelength. 

These three parameters, chromatic dispersion D, effective 
area Aeff, and confinement loss Lc, need to be kept at 
considerably low values to ensure the suitability of the fibre to 
be used as a means of data communication. On the other hand, 
to deduce the functioning of the PCF structure in a single-mode 
or multi-mode region is determined by V-parameter. 
 
 
4.0  RESULTS AND ANALYSIS 
 
Simulations of the proposed design are performed. Results from 
the simulations and calculations are plotted in Figures 2 to Figure 
6, depicting effective refractive index neff, chromatic dispersion 
D, confinement loss Lc, effective area Aeff, and V-parameter Veff 
against different wavelength λ, respectively. Lines in the figures 
represent different values of pitch Λ. As shown in Figure 2, 
effective refractive index neff is higher for PCF with high pitch 
values overall range of wavelengths under consideration. 
Generally, the effective refractive index neff decreases with 
increasing operating wavelength and produces a steeper 
gradient for PCF with low pitch values. These results are used to 
determine chromatic dispersion D and confinement loss Lc using 
equations (1) and (2), respectively. 

Chromatic dispersion properties for the proposed PCF with 
different pitch values in Figure 3 show that flattened and near-
zero dispersions are achievable, with flatter chromatic 
dispersion observed as pitch values increase. Overall pitch values 
considered, highest pitch value at 1.3 μm gives the flattest line 
with chromatic dispersion value at around 60 ps/(km.nm). Pitch 
value of 1.3 μm offers the possibility of application of the fibre 
in data communication, especially for long-distance data 
communication, due to its flat, near-zero chromatic dispersion 
property. It can also be observed that for a pitch value of 0.9 µm, 
chromatic dispersion nearing zero may be obtained at the critical 
1.55 µm window, the wavelength with the lowest attenuation 
commonly used in optical communication systems. 

For applicability in data transmission system, the effective 
area of the PCF needs to be considerably low [2], with an 
effective area of lower than 86 µm2 is required to reduce the 

effect of non-linearity. Furthermore, confinement loss needs to 
be limited to less than 0.2 dB/km. Figures 4 and 5 show the 
effective areas and confinement losses assessed by the 
proposed structure for different wavelengths at different pitch 
values, respectively. Low effective area Aeff of below 8 μm2 may 
be obtained using the proposed design for all pitch values, 
illustrated in Figure 4. These values are far lower than the 86 µm2 
effective area requirement. From Figure 5, confinement losses 
over the range of wavelength under consideration are also kept 
under 10−2 dB/km, well under the 0.2 dB/km confinement loss 
required for a data transmission system. Particularly at the 1.55 
μm window, it can be seen from Figure 5 that confinement loss 
of lower than 10−5 dB/km is obtainable. 
 

 
 
Figure 2 Effective refractive index against wavelength for proposed 
square PCF 
 
 

 
 
Figure 3 Chromatic dispersion against wavelength for proposed square 
PCF 

 
 
Figure 6 represents the V-parameter in regard to the 

operating wavelength for the proposed PCF. For single-mode 
operated fibre, the V-parameter should be equal to or lower 
than 2.405 and exceed this specific value; the fibre shall be 
operating as a multi-mode fibre. For varying the pitch distance 
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from 0.9 μm to 1.3 μm of the proposed design, the V-parameter 
is below 1.75 from 1.3 μm to 1.9 μm operating wavelength. 
 

 
Figure 4 Effective area against wavelength for proposed square PCF 
 
 

 
 

Figure 5 Confinement loss against wavelength for proposed square PCF 
 
 

 
 

Figure 6 V-Parameter wavelength proposed square PCF 
 
 

Figure 7 shows the normalised electric field at the wavelength 
of 1.55 μm for the proposed PCF with a pitch value of 1.3 μm. 
Pitch value of 1.3 μm is chosen as it has been previously shown 
that it is suitable for long-distance data communication. From 
this figure, it can be clearly observed that light is confined inside 
the core region. 
 

 
 

Figure 7 The normalized electric field at a wavelength of 1.55 µm 
 

Additionally, a comparison table is presented in Table 1 shows 
the performance between previous PCFs and the proposed PCF 
at operating wavelength of 1.55 μm. As observed from the table, 
the proposed PCF displays lower chromatic dispersion and 
confinement loss. 
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Table 1 Comparison table on the performance of proposed PCF against 
prior PCFs at λ = 1.55 µm 

 

References Structure Dispersion 
(ps/(km.nm)) 

Confinement 
Loss (dB/km) 

Ref. [15] Hexagonal 
lattice 190 - 

Ref. [16] Hexagonal 
lattice 145 ~10−2 

Ref. [17] Hexagonal 
lattice 59 ~10−3 

Proposed PCF Hexagonal 
lattice 53.8 ~10−12 

 
 
5.0  CONCLUSION 
 
This paper proposes a novel design of photonic crystal fibre 
based on the golden ratio. It has been shown that the proposed 
fibre has a flattened chromatic dispersion at around 60 
ps/(nm.km) for a pitch value of 1.3 μm. This flattened chromatic 
dispersion for a higher pitch value of 1.3 μm corresponds to the 
flatten effective refractive index shown in this paper. 
Subsequently, it has been demonstrated that the fibre design 
confines light properly within the core region with a pitch value 
of 1.3 μm at the 1.55 μm wavelength. With a low effective area 
of less than 8 μm2 and confinement loss of less than 10-5 dB/km 
at the 1.55 μm window, the proposed PCF has the potential to 
be used as a data transmission medium. The symmetrical 
structure of the proposed PCF and the consistent size of all air 
holes in the design allow the PCF to be fabricated with relative 
ease.  
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