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Abstract—A novel Porous Core Photonic Crystal Fibre (PC-

PCF) with high birefringence and extremely low 

transmission loss is proposed and investigated. High 

birefringence is achieved by using high resistivity float zone 

silicon as background dielectric material. Simulation results 

demonstrate that the proposed PC-PCF has a birefringence 

above 0.9, Effective Material Loss (EML) of 0.012 cm-1 and 

0.0038 cm-1 and confinement losses in the order of 10-19 and 

10-7 for X- and Y-orthogonal fundamental modes, 

respectively, at frequency 1.3 THz. It is shown that whilst 

maintaining its high birefringence, the X-polarisation mode 

shows low total losses in a wider frequency range than the 

Y-polarisation mode. Moreover, variation of the core power 

fraction and effective modal area with frequency is carefully 

studied. The proposed PC-PCF comprises of simple 

geometry in both core and cladding and thus can be easily 

fabricated using existing fabrication technologies. Its high 

birefringence makes it potentially suitable for integration in 

applications such as terahertz medical imaging, terahertz 

filtering, terahertz interferometry, and sensing.  

Index Terms―birefringence, effective material loss, porous 

core photonic crystal fibre, terahertz  

I. INTRODUCTION 

Terahertz (THz) radiation is a type of electromagnetic 

radiation found between microwave and infrared regions 

in the electromagnetic spectrum; with typical frequency 

span between 0.1 THz and 10 THz [1]. It is immensely 

popular due to its vast applications in medicine [2], 

communication [3], oil and gas [4], security [5], etc. 

Delivering broadband THz beams require efficient low 

loss THz waveguides. Commercially available terahertz 

systems are still based on open air propagation method 

[6], which is ineffective due to difficulties in transceiver 

integration and high losses due to perturbation from 

surrounding atmospheric conditions. Alternatively, 

waveguide solutions such as stainless solid wires [7], 

metal-coated tubes
 
[8],

 
and

 
metallic-dielectric

 
waveguides 

[9] have been adapted from the more matured microwave 

technology. However, these THz waveguide solutions are 

highly dissipative due to Ohmic losses [10]. 
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Photonic Crystal Fibres (PCFs) are optical fibres that 

consist of subwavelength discontinuities stretching along 

the z-axis of their spatial extent. PCFs in the terahertz 

regime are categorised by their light guiding property. 

Whilst hollow-core PCFs (HC-PCFs) [11] operate based 

on photonic bandgap effect, light guidance in solid core 

PCFs (SC-PCFs) [10] is based on Modified Total Internal 

Reflection (MTIR) mechanism. Generally, SC-PCFs 

suffer from high material losses that arise from the 

characteristically lossy dielectric materials used for their 

constructions [10]. Porous core PCFs (PC-PCFs) [12] 

may be regarded as advancements of SC-PCF, in the 

sense that subwavelength air holes are introduced in the 

core region without losing their MTIR guidance property. 

In comparison to SC-PCFs, PC-PCFs offer lower 

frequency dependent transmission losses due to their 

great design versatility. 

A number of factors need to be considered in order to 

design efficient PC-PCF for THz applications, with 

geometrical structure and type of dielectric material used 

among the important factors. Some commonly used 

materials for constructing PC-PCFs are Cyclic Olefin 

Polymer (COP) [13], Cyclic Olefin Copolymer (COC) 

[14], High-Density Polyethylene (HDPE) [14], high 

resistivity float zone silicon (HRS) [15], [16] etc. 

Efforts have been made to increase the birefringence of 

COC, COP and HRS-based PC-PCFs while simultane-

ously maintaining low transmission losses [17]-[25]. 

Ahmed et al. [17] has proposed COC-based birefringent 

PC-PCF with birefringence of 0.012 and effective 

material loss (EML) of 0.068 cm
-1

, however, core power 

fraction has not investigated [17]. Slight improvement in 

birefringence of 0.035 has been achieved with the 

proposal of triple air hole in the core in reference [18]. 

However, the fibre exhibits very high EML of 0.4 cm
-1

. 

Another previously reported COC-based PC-PCF [19] 

exhibits a birefringence of 0.051, EML of 0.07 cm
-1

 and 

power fraction of 38%. However, the structure was 

composed of too many elliptical air holes in its core, 

which may complicate fabrication process. COP-[20] and 

COC-based [21] PC-PCFs have been proposed showing 

birefringence within 0.05 to 0.079, EML above 0.05 cm
-1 

and maximum power fraction of 45%. For COC-based 

PC-PCF, highest birefringence of 0.086 has been reported 

by Islam et al. [22], [23].  
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Amongst dielectric materials with high transparency in 

THz frequencies, HRS, with absorption coefficient below 

0.025 cm
-1

 from 1.1 THz to 2 THz and below 0.01 cm
-1

 

between 0.2 THz and 1.1 THz, is the most transparent. 

HRS also has a near constant refractive index profile of 

3.417 from 0.1 THz to 4.5 THz. Additionally, HRS has 

negligible intrinsic group velocity dispersion. These 

excellent properties lead to the development of HRS-

based PCFs with length of up to 100 cm for propagation 

of terahertz radiation [16]. Using HRS and an epsilon-

near-zero (ENZ) material, Yang et al. [24] has achieved 

higher birefringence of 0.28 with loss below 0.01 cm
-1

. 

An even higher birefringence of 0.82 has been achieved 

by the same research group [25], but by using HRS based 

PC-PCF consisting of 8 triangular slots in the core. 

II. GEOMETRY OF THE PROPOSED DESIGN 

Fig. 1 shows the cross-section geometry of the 

proposed PC-PCF. The cladding is made up of eighty-

four circular air holes with diameter d. Four elliptical air 

holes e1, e2, e3 and e4 are introduced in the core, all 

having the same minor axis b, with major axis a1 for e1 

and e4, and major axis a2 for e2 and e3 The elliptical air 

holes e1 and e2 as well as e3 and e4, are separated by Ʌ1, 

with distance between the identical pair defined as Ʌ2. 

Porosity is defined as the ratio of the cumulative area of 

all four elliptical air holes to the total core cross-section 

area, with core diameter given by 2(d/2). High 

porosity of 0.85 is maintained to destroy the geometrical 

symmetry thus achieving high birefringence. Beyond the 

computational domain, anisotropic perfectly matched 

layer (PML) is assigned to absorb incident radiation and 

prevent it from reflecting back to the fibre. 

 
Fig. 1. Proposed PC-PCF with triangular lattice arrangement in the 

cladding and four elliptical air holes in the core, spanning the spatial 
extent of the core region. 

III. ANALYSIS METHOD 

To investigate the characteristics of the proposed PC-

PCF, full vectorial finite element method (FV-FEM) 

based COMSOL multiphysics software is utilized. In FV-

FEM, the geometrical structure shown in Fig. 1 is 

discretized into smaller elements using the meshing 

process. These nodes are solved individually to attain a 

more accurate result. Additionally, fine mesh type is used 

to produce 384 vertex elements, 7267 edge elements, and 

80,300 triangular elements. Average element quality of 

about 0.9299 is obtained from the mesh analysis. 

IV. SIMULATION RESULTS 

Phase velocity or refractive index of any fundamental 

mode is called effective refractive index. Two orthogonal 

fundamental modes are found due to the induced 

geometrical asymmetry. The difference between these 

two orthogonal modes causes birefringence B which is 

expressed as [26] 

eff effRe x yB n n                               (1) 

where Re( eff

xn ) and Re( eff

yn ) are the real part of the 

effective refractive indexes of the two orthogonal 

fundamental modes. 

Dependence of birefringence on frequency is shown in 

Fig. 2. The proposed PC-PCF exhibits ultra-high 

birefringence of 0.4 to 0.92 within 0.7 THz to 1.5 THz 

range (0.8 THz band) at 100 µm pitch. It can be seen that 

birefringence escalates with increasing frequency. The 

escalation is due to the increased difference in refractive 

index between the orthogonal modes. It is also observed 

that birefringence gradually reduces after certain 

frequency; due to increased scattering and EML of the 

fibre which consequently reduces incremental rate of the 

refractive index difference between the two orthogonal 

modes. Highest birefringence is achieved at frequency 

1.3 THz with Ʌ=100 µm which forms the basis of 

analysis for the rest of the paper. 
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Fig. 2. Birefringence of the proposed PC-PCF in relation to frequency. 

Effective material loss, eff is an important property of 

PC-PCFs, which is fundamentally influenced by the 

intrinsic absorption coefficient of HRS and may be 

reduced by accessing high porosity values in the core. 

EML per unit length in centimetres, is quantified by using 

the following equation [25]: 

 
1

2
2

0 0 mat mat

eff

All
z

n E dA

S dA

  
 




             (2) 
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where ε0 and µ0 are the permittivity and permeability of 

free space, mat is absorption coefficient of the host 

dielectric, nmat is the refractive index of HRS, E is electric 

field intensity and Sz is the z component of the Poynting 

vector. 

Fig. 3 captures the direct dependence of EML on 

frequency, i.e. EML increases as frequency increases. 

This occurs because of the increasing light-matter 

interaction at higher frequency [27]. Moreover, EML of 

the proposed fibre is extremely low for both polarisation 

modes, where within 0.7 THz to 1.5 THz frequency range, 

EML is less than 0.015 cm
-1

 for the X-polarisation (XP) 

mode and below 0.006 cm
-1

 for the Y-polarisation (YP) 

mode. EML of the X- and Y-polarisation modes at 1.3 

THz operating frequency are 0.012 cm
-1

 and 0.0038 cm
-1

, 

representing 20% and 75% reduction from HRS 

absorption coefficient respectively. It can be observed 

that EML of the Y-polarisation mode is much lower than 

that of the X-polarisation mode. This is due to the fact 

that much more THz light is incident on the solid 

dielectric in the X-polarisation mode, as can be seen from 

the electric field distribution displayed in Fig. 4. 

Confinement loss is an important property that 

provides information on the localization of light in the 

core region. It is calculated by using imaginary part of the 

complex effective refractive index and measured per unit 

length [25]: 

 eff

4
ImC

f
L n

c


                  (3) 

where f is the operating frequency in THz, c is the 

velocity of light in free space, Im(neff) is the imaginary 

part of the effective refractive index derived by solving 

Maxwell’s equations. 
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Fig. 3. EML of the proposed PC-PCF for X- and Y-polarisation modes 

in relation to frequency. 

 
Fig. 4. Electric field distribution of proposed HRS PC-PCF at Λ = 100 

µm and 1.3 THz source frequency, with red arrows indicating direction 

of propagation for (a) X-polarisation and (b) Y-polarisation modes. 

Fig. 5 shows the dependence of confinement loss on 

frequency, with confinement loss reducing with an 

increase in frequency. This is due to the fact that 

refractive index of the core is directly proportional to 

frequency whilst that of the cladding remains fixed. This 

boosts core-cladding refractive index contrast and 

consequently improves localisation of light in the porous 

core. Furthermore, it can be seen from the electric field 

distributions that THz light is actually highly confined to 

the core region of the fibre. Confinement loss of the 

proposed fibre is 1.18×10
-19

 cm
-1

 in the X-polarisation 

mode and 7.9×10
-7

 cm
-1

 in the Y-polarisation mode, at 

frequency 1.3 THz. 

Total loss is a combination of EML and confinement 

loss and it represents holistic view of the proposed fibre’s 

transmission loss. Fig. 6 shows total loss of the proposed 

PC-PCF. It can be seen that the X-polarisation mode’s 

total loss is extremely flattened within the entire 

examined frequency range while the Y-polarisation 

mode’s total loss is only extremely low and flattened 

within 1 THz to 1.5 THz. 

It is desired for a guided mode to be propagated 

through the elliptical air holes as THz light has negligible 

absorption in dry air. This amount of useful light is called 

power fraction (PF),   and can be calculated using the 

following expression [28], [29]: 

all

z
x

z

S dA

S dA
 




                            (4) 

where region x corresponds to the elliptical air holes of 

interest. 
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Fig. 5. Confinement loss of the proposed PC-PCF for X and Y 

polarisation modes in relation to frequency. 
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Fig. 6. Total loss of the proposed PC-PCF for X and Y polarisation 

modes in relation to frequency. 

Fig. 7 depicts power fraction in the elliptical air holes 

as a function of frequency for the proposed PC-PCF. X-
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polarisation power fraction is observed to be lower than 

Y-polarisation power fraction at 1.3 THz operating 

frequency; due to the fact that higher amount of THz light 

is propagated through elliptical air holes on the Y-

polarisation. At 1.3 THz, power fractions of the proposed 

PC-PCF in the X- and Y-polarisation modes are 27% and 

46%, respectively. The rest of the power is distributed 

across HRS substrate and cladding air holes. 
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Fig. 7. Core power fraction of the proposed PC-PCF for X- and Y-

polarisation modes in relation to frequency. 

Effective mode area Aeff is a quantitative measure of 

the total area that the fundamental mode of the fibre 

covers in transverse dimensions. It is quantified by the 

following expression [28]: 

 

 

2

eff 2

I r rdr
A

I r rdr

 
 





                         (5) 

where I(r) represents intensity of THz light incident on 

the proposed PC-PCF and r represents radial distance. 

Fig. 8 presents the effective area for both orthogonal 

modes. It is noticeable that area covered by the 

fundamental mode decreases with increase in frequency, 

as more light is confined in the core region as frequency 

increases. Simulated effective area for the X- and Y-

polarization modes are 3.9×10
3
 μm

2
 and 4.83×10

3
 μm

2
 

for 1.3 THz frequency.  
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Fig. 8. Effective area of the proposed PC-PCF for X- and Y-polarisation 

modes in relation to frequency. 

Table I shows comparison between the proposed PC-

PCF and other birefringent PC-PCFs. It can be seen that 

HRS-based PC-PCFs yield higher birefringence than 

COC and COP based PC-PCFs, due to higher material 

refractive index of HRS. Comparing against HRS-based 

PC-PCFs, the proposed PC-PCF produces even higher 

birefringence than existing HRS-based PC-PCFs. EML 

and Lc are also extremely low, with large amount of 

useful power propagated through the elliptical air holes. 

TABLE I. COMPARISON BETWEEN PROPOSED PC-PCF AND OTHER 

BIREFRINGENT FIBRES 

Ref. Mat. B 
EML  

(cm-1) 

Lc 

(cm-1) 
PF (%) 

[20] COP  0.063 0.06 10-10 45 

[21] COC  0.075 0.08 102 45 

[22] COC  0.086 0.05 10-9 - 

[23] COC  0.086 0.065 10-9 - 

[24] HRS 0.28 0.01 - - 

[25] HRS 0.82 0.004 0.004 - 

 Proposed 

PC-PCF 

 HRS XP  

 0.923 

0.01 10-19 27 

 HRS YP 0.003 10-7 46 

V. CONCLUSION 

A HRS-based birefringent PC-PCF with low 

transmission loss has been designed, simulated and 

studied for terahertz wave propagation. Modal 

characteristics of the proposed fibre are established using 

full vectorial finite element method with meshing 

discretization. To achieve ultra-high birefringence, 

symmetry between the X and Y polarization modes has 

been destroyed by introducing elliptical air holes in the 

core. 

The proposed PC-PCF exhibits an extremely high 

birefringence of 0.923 and an extremely low EML of 

0.012 cm
-1

 and 0.0038 cm
-1

 for X- and Y-orthogonal 

modes, respectively, at frequency 1.3 THz. Negligibly 

low confinement losses, in the order of 10
-19

 cm
-1

 and 10
-7

 

cm
-1

 for the X- and Y-polarization modes have also been 

obtained, also at frequency 1.3 THz. In addition, about  

46% of useful power is transmitted through its quad-

elliptical air holes. PC-PCFs with such high birefringence 

and low loss property are suitable for polarization 

demanding THz applications such as sensing, security, 

THz medical imaging, etc. It is anticipated that existing 

fabrication technologies can be employed to implement 

this PC-PCF for integration into industrial THz devices. 
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