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In this paper, a porous-core photonic crystal fiber (PC-PCF) is proposed to minimize the effective material loss for terahertz 
wave transmission. The full vector finite element method with an ideally matched layer boundary condition is used to 
characterize the wave guiding properties of the proposed fiber. At an operating frequency of 0.5-1.7 THz, simulated results 
exhibit an extremely low effective material loss of 0.029 cm-1, high core power fraction of 50% and ultra-flattened dispersion 
of 1.03 ± 0.04 ps/THz/cm at 90% porosity. Besides, only circular air holes have been used which makes the fiber 

remarkably simpler. Also, physical insights of the proposed fiber have been discussed. The proposed fiber has the potential 
of being a promising candidate for different applications in the THz regime. 
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1. Introduction 
 

During the last decade, terahertz radiation spectrum 

has been the center of attention for many scientists and 

researchers due to its wide use in multidisciplinary fields 

including medical imaging, biomedical sensing, terahertz 

time-domain spectroscopy, and security applications. 

Massive evolution has already been attained in prototyping 

coherent terahertz sources and detectors. Nonetheless, 

drafting of compressed and low-loss terahertz waveguides 

are existent provocations for the terahertz research 

community all over the world. The diverse range of 

structures including metallic waveguides, dispersionless 

parallel-plate waveguides, metalized glass tubes, plastic 

ribbon waveguides, and metallic wire has already been 

suggested for effective transmission of terahertz waves. 

Photonic Crystal Fiber (PCF) has been the core of 

attention for engineers and researchers in recent years due 

to its diversity in designing with comparison to the 

conventional optical fibers. PCF has become such an 

integrated field of research since its uses and development 

are included in biomedical and industrial sectors along 

with telecommunication and non-telecommunication 

sectors. Uses of PCF in modern times include THz 

telecommunications, nonlinear optics, biosensing, 

chemical sensing, spectroscopy, optical chromatography, 

fuel adulteration detection, bio-photonics and 

neurophotonics, cancer cell detection, HIV viral load 

detection, protein detection, diabetics detection etc. The 

core structure of PCFs is some periodically or arbitrarily 

placed air-holes which, together, cover the whole length of 

the fiber. The structure of PCF is so robust that it can be 

formed into multiple geometric structures including D-

shape, pentagonal, tapered, panda-shaped, colloidal, 

spherical, rhombic, decagonal, circular honeycomb 

cladding and spiral. 

However, the first-ever structure of PCF concocted 

was the Hexagonal PCF by Knight et al in 1996[1]. The 

prime area of research is the guiding properties of PCF 

which eventually resulted in a thriving performance. 

Wavelength [2], Phase [3] and Polarization of light [4] are 

some of the parameters which affect the guiding properties 

of PCF. 

After the presentation of the idea of a PCF by Yeh et 

al in 1978 [5], it has come a long way by gaining 

characteristics like high relative sensitivity [6], low 

confinement loss [7], high numerical aperture [8], high 

nonlinearity [9], high birefringence [9], large mode area 

[10], low bending loss [11], ultralow material loss of THz 

waveguide [12], ultra-flat dispersion [13] and zero-flat 

dispersion [14] by altering the air hole diameters and pitch 

by modification throughout the years. The light-guiding 

process categorizes the PCF into two classes as Photonic 

Gap Fiber [15] which uses photonic band gap effect to 

guide the light throughout the length of the fiber and Total 

Internal Reflection (TIR) is used in this class which is a 

common optical property and it is called TIR-PCF [16]. 

Furthermore, it allows many facilities during fabrication 

[17]. It is an ordinary operation to impound fundamental 

mode power into the porous air holes, as dry air is 

predominantly insensitive to terahertz waves. 

 Some of the background materials which have been 

used to develop the guiding properties of PCF are Silica 

[18], PMMA [19], Teflon [20], Topaz [21] and Tellurite 

[22]. Amid these, Topaz is the most fitting choice, since it 

has low bulk material absorption loss [23] and manifests 

an almost constant refractive index over 0.1–2 THz 

frequency bands [24]. Also, it is humidity-insensitive [25], 

good for biosensing [26], photosensitive [27], and can be 

drawn together with Zeonex to make step-index fibers 

[27]. 
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Many recognizable PC-PCFs have already been 

designed over two decades by the researchers to obtain 

guiding properties such as low confinement loss, low 

EML, and high-power fraction into porous air holes. In 

2018, a circular structured photonic crystal fiber, at the 

porosity of 80% and a diameter of 304 μm had been 

reported with a very low effective material loss of 0.046 

cm-1 at 1.01 THz. However, the highest power fraction 

noted, in this case, was 26.82% and 28.32% attained at 

320 um for both x-pole and y-pole respectively which are 

both low in comparison to other designs [28]. Another 

circle-based star shape photonic crystal fiber (CS-PCF) 

has been proposed for terahertz (THz) spectrum that 

exhibits an extremely-low material loss of 0.01607 cm-1 

and a large effective area of 1.386×106 μm2 at 1.0 THz 

frequency with 55% core porosity, which might face 

complications during fabrication because of its complex 

structure [29]. 

Later in 2019, several designs having unprecedented 

waveguide properties have been developed lately. In 

particular, a square lattice porous core microstructure fiber 

is proposed displaying low effective absorption loss of 

0.06 cm-1, low bending loss of 8.8×10-9 dB/m, and core 

power fraction of 47% through the core at 1THz 

simultaneously, though this structure shows some 

prominent results, it concludes high confinement loss of 

9.2×10-3 cm-1. Moreover, low dispersion variation of 0.85 

± 0.12 ps/THz/cm over a range of frequency from 0.7 to 

1.15 THz is found in this structure [30]. Later on, a 

conventional hexagonal cladding PCF demonstrated near 

zero dispersion coefficient of 0.47 ps/THz/cm at 300μm 

core diameter, with high porosity of 85%, an operating 

frequency of 1.3 THz, an effective material loss value of 

0.039 cm-1 and high confinement loss of 7.8×10-4 cm-1 

which shows similar problems like the square-lattice 

porous core microstructure fiber [31]. Another design 

featuring decagonal cladding and hexagonal porous core 

was proposed that offers effective material loss of 

0.0492cm-1 along with a high core power fraction of 43% 

for an operating frequency of 1THz, 81.5% core porosity, 

in addition it has confinement loss in the range of 10-4 to 

10-2 which is high and the operating frequency range is 

very small standing at .9 to 1.25 THz [32].  

Continuing the research in 2020, a diverse range of 

structures have flourished with unrivalled waveguide 

properties. Isolating a single structure, an octagonal 

shaped cladding with octagonal-shaped air holes and 

rectangular slotted core with outstanding results including 

effective material loss at 0.007 cm-1, confinement loss at 

10-15 cm-1, core power fraction at 70% and dispersion at 

0.3±0.1 ps/THz/cm was proposed. Though this structure 

has prominent results, in reality it will be difficult to 

fabricate such a complex and delicate structure [33]. 

In this paper, we have proposed a new design that 

consists of a hexagon-shaped porous-core with regular 

lattice and circular air holes in the cladding. Here, Topaz is 

used as background material and the fiber structure is kept 

very simple for fabrication purposes. Among the different 

cladding structures already proposed, the circular air hole 

cladding gives low dispersion than polygonal cladding 

with a similar result in air filling fractions [34]. The 

proposed design exhibits extremely low confinement loss, 

low effective material loss, high core power fraction along 

with a wide range of low flattened dispersion. 

 

 
2. Structure of the proposed PCF 
 
A noble structure of photonic crystal fiber has been 

suggested to minimize the effective material loss. The 

cross-sectional panorama of the proposed design is 

displayed in Fig. 1. 

 

 
 

Fig. 1. Cross-section of the proposed porous-core THz fiber with TOPAS as the background material. An enlarged view  

of the porous core is shown in the inset (color online) 
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Five rings are used for hexagon cladding structure. 

The diameter of each air hole in the cladding is denoted by 

d. In the cladding the center to center distance between 

two adjacent circular air holes is denoted by Ʌ and Ʌ1. The 

distance between two adjacent air holes lies in the same 

ring are denoted by Ʌ1 and that lies in the other ring 

denoted by Ʌ. They are connected with each other by Ʌ1= 

0.98 Ʌ. The diameter of the proposed core structure is 

demonstrated by D. The core structure of the proposed 

design is a combination of six large air holes which is 

denoted by D1 and 23 small air holes which are denoted by 

D2 respectively. The diameter of the D1 is forty-two times 

of porosity and the diameter of the D2 is fourteen times of 

porosity. Topaz has been used as a background material of 

this proposed fiber because it offers superior glass 

transition temperature than Zeonex and also it has lower 

bulk material absorption loss than PMMA and Teflon. The 

structure of our proposed photonic crystal fiber (PCF) is 

designed and theoretically investigated using full vector 

finite element method (FEM) based software COMSOL 

Multiphysics v5.3a. To absorb the scattered 

electromagnetic waves toward the surface, a perfectly 

matched layer (PML) is used outside the cladding area and 

the thickness of the PML region used for the calculation is 

about 7% of the total fiber radius. User-controlled mesh 

size was used for getting the best result in this fiber. The 

complete mesh of the fiber consists of 81606 elements, 

7684 boundary elements, 484 vertex elements and the 

number of degrees of freedom solved for 571691 and the 

average element quality was 0.8254 and the minimum 

element quality was 0.4031. The element area ratio is 

2.095E-5 and mesh area is 8380000 µm2. Also some 

parameters are input display precision is 5 and output 

precision is 6. For sketching grid, the column width = 100 

and the row height = 20. 

 

 
(a)                             (b)                         (c)                             (d)                             (e)                          (f) 

 

Fig. 2. Mode field profiles of the proposed fiber for  x-polarization (Fig.a) and y-polarization (Fig.b) at 50% porosity 

respectively, x-polarization (Fig.c) and y-polarization (Fig.d) at 70% porosity, x-polarization(Fig.e) and y-polarization(Fig.f) at 

90% porosity (color online) 

 

Fig. 2 shows the mode field distributions of the 

proposed PCF for both x-polarization and y-polarization at 

different core porosities. It is clearly evident from the 

figure that the mode power is tightly confined within the 

porous core, which is essential for the transmission of THz 

waves. As the porosity is increased, the difference in 

refractive index between the core and the cladding 

reduces. As a result, the mode field starts to spread out 

towards the cladding region, which can be observed from 

the figure.  

 
 
3. Simulation results 
 

The vast majority of the polymer materials are 

exceedingly absorbent in the THz frequency region and 

efficient transmission of THz sign is generally constrained 

effective material loss (EML). In order to have proficient 

transmission EML must be of low value. Analysis of the 

absorption loss is first investigated with the help of the 

following analytical expression [47] 
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where 𝛼mat symbolizes bulk material absorption loss, 𝑛mat 

symbolizes the effective refractive index, o  and o  is 

the relative permittivity and permeability of vacuum 

respectively. The amount and direction of electromagnetic 

power enumerated by the following expression [48] 
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                               (2)

 

 

where 𝐸 is the electric field component and 
*H  is 

complex conjugate of the magnetic field component. zS   

is the pointing vector of z-component. 
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   Fig. 3.  Effective material loss vs frequency at different  

core porosities (color online) 

 

 
 

Fig. 4. Effective material loss vs core diameter  

at different core porosities (color online) 

 

 
 

Fig. 5. Core power fraction vs frequency at different core 

porosities (color online) 

 

Effective material loss is proportional to 

electromagnetic wave frequency thus it changes 

significantly with addition in frequency. From Fig. 3 we 

can see that increase in frequency increases EML. On the 

contrary, Fig. 4 represents decreasing EML when core 

porosity and core diameter are increased. The reason is, at 

higher core porosity, a portion of background material is 

diminished and the mode power streams to a greater extent 

through the circular air slots creating reduction in EML. 

Likewise, when the core diameter is expanded light gets 

less in contact with the material hence bulk absorption loss 

decreases. Simulation result shows that at 290μm core 

diameter, with a high porosity of 90%, the proposed fiber 

demonstrates an ultra-low effective material loss value of 

0.029 cm-1. 

Apart from lower effective material loss, high core 

power fraction is expected while designing a standard THz 

waveguide. Core power fraction states the amount of 

power promulgating through the porous core. It can be 

estimated by the expression [49] given below: 
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The amount of power fraction is symbolized by . 

The numerator part of the above equation denotes the 

region of interest and the denominator of the same 

equation performs as the whole area of the fiber. 

 

 
 

 Fig. 6. Core power fraction vs core diameter  

at different core porosities (color online) 

 

Fig. 5 displays at 90% and 70% porosity where core 

power fraction increases with frequency. But for 50% 

porosity increment in core power fraction is comparatively 

low. At higher frequency, light is tightly confined in the 

core which results in increased ratio of confined area to the 

total area of the fiber. This phenomenon has been observed 

in Fig. 5. By expanding the core diameter in Fig. 6, the 

absolute volume of air contrasted with the solid material in 

the core is reduced, which decreases the power fraction. At 

fixed diameter and frequency, the power fraction increases 

with core porosity which increases the amount of air inside 

the core. Thus, a higher amount of mode power flows 

through the core air slots. The core power fraction of our 

proposed photonic crystal fiber is 50% and 48.44%, 

considering x-polarization and y-polarization respectively, 

for 280µm core diameter and 90% core porosity.  

Confinement loss is imminent in porous core PCF 

because air slots are used in the cladding. It is practically 

impossible to bind the majority of light in the core. In 

other words, it signifies the competence of the porous core 
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fiber to transmit with minimum loss. Confinement loss can 

be premeditated by the following equation [50]: 

 

                        
4
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                        (4) 

 

where, Im( )effn indicates the imaginary part of the 

effective refractive index, c is the velocity of light and f  is 

the operating frequency. 

 

 
 

Fig. 7.  Confinement loss vs. frequency at different core 

porosities (color online) 

 

A standard PC-PCF must have a narrow array of 

confinement loss. From Fig. 7 it can be stated that 

confinement loss decreases as the operating frequency 

increases. It can be justified by the fact that at higher 

frequency, light bounds strongly in the core region and 

less light is captured by the cladding air holes. Hence the 

confinement loss decreases at higher operating frequency. 

The optimum value of confinement loss we obtained from 

our proposed photonic crystal fiber is 10-14 cm-1 at 50% 

porosities of 280 µm core diameter and 1.5 THz 

frequency. 

V parameter is an important property for THz 

photonic crystal fiver. V parameter can be expressed by 

the following equation [51]. 

 

2 22
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co  represents the refractive index of the core region and 

cl  represents the refractive index of the cladding region, 

f  is denoted by operating frequency and c is the speed of 

light in free space. Fig. 8 demonstrates the change of V-

parameter as a function of frequency for different core 

porosities. V-parameter value of a fiber determines 

whether the fiber is single-mode or multi-mode. A fiber 

can be single-mode when its V-parameter value less or 

equal to 2.405. 

It can be seen from Fig. 8 that our proposed fiber 

operates as single-mode because the value of v parameter 

is less than reference value. It can be confirmed that the 

single mode operation of our proposed THz fiber is at 90% 

porosity when core diameter 280 µm and frequency less 

than 1.5 THz.    

      

  
 

Fig. 8.  V-parameter vs. frequency at different core porosities 

(color online) 

 

For transmitting terahertz waveguide efficiently, low 

dispersion over a wide range of frequencies is a significant 

factor. The term dispersion is used to denote the spreading 

of pulses during transmission. The dispersions properties 

of the fiber can be calculated by the following formula 

[52]. 

 
2
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where, 
is the dispersion parameter, 2 f   indicates 

the angular frequency, c represents the speed of light in 

vacuum and 
effn indicates the effective refractive index of 

the proposed PCF structure. 

 

 
 

Fig. 9.  Dispersion vs frequency at different core porosities 

(color online) 

 

Fig. 9 displays the dispersion properties as a function 

of frequency. The flattened dispersion we obtained from 

our proposed PCF is 1.03±0.04 ps/THz/cm at a large 

frequency range from 0.9 THz to 1.5 THz at 90% porosity. 
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At higher porosity, air holes are more tightly confined 

resulting in less variation in refractive index. 

Effective area depends on the amount of light that can 

be confined in the core. Effective area has been 

characterized by following equation [53] [54]:  
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where ( )I r  is the transverse electric intensity distribution 

and it is characterized by
2

( ) tI r E .  

 

 
Fig. 10.  Effective area vs frequency  

at different core porosities (color online) 

 

 
 

Fig. 11.  Numerical Aperture vs frequency  

at different core porosities (color online) 

 

Fig. 10 shows the alteration of effective area as a 

function of frequency. Effective area has decreased with 

the increase of frequency as well as decrease of core 

porosity. Because at higher porosity index contrast 

between cladding and core increases. Eventually mode 

starts to expand from the core and the effective area 

increases. The effective area of the proposed fiber is about 

1.4 × 10-6 m2 and 1.3× 10-6 m2 for x-polarization and y-

polarization respectively, at 90% porosity and operating 

frequency is at 0.5THz.  

Numerical Aperture is a measure of the ability of an 

optical fiber to confine the incident light ray inside the 

core. It is another important parameter for photonic crystal 

fiber. This is demonstrated by following formula [55]: 
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Here, effA  is the effective area of the core and f  is 

the normalized frequency and c  is the speed of light. Fig. 

11 demonstrates the change of numerical aperture as a 

function of frequency and also with porosity. At higher 

porosity, numerical aperture decreases with frequency. 

 

 
Fig. 12.  Effective refractive index vs frequency  

at different core porosities (color online) 

 

The variation of effective refractive index as a 

function of frequency for different core porosities is shown 

in Fig. 12. It can be seen that the refractive index has 

increased with increase of frequency because at higher 

frequency light is confined tightly and causes the 

refractive index to increase. Temperature dependence is 

observed in the PCF, where notable effects of the acrylate 

coating on the birefringence are shown in [56]. Since 

birefringence in our proposed structure is negligible, the 

effect of the coating is also considered negligible. 

Finally, we are comparing our proposed fiber with 

some recently published papers in Table 1. 

 
 
4. Fabrication possibilities 
 

Different fabrication methods have been proposed 

such as stacking of capillary tubes [35], casting into a 

mold [36], drilling the hole pattern [37] and the extrusion 

technique [38]. Among all these methods, the extrusion 

technique is considered to be most competent where 

preforms with macroscopic-scale (mm-scale) features are 

manufactured [39]. Using extrusion technique fibers with 

symmetric and asymmetric porous core, circular and non-

circular preforms with air holes can be fabricated 

efficiently. Hence, we can say the proposed fiber is 

feasible to fabricate using existing fabrication techniques.
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Table 1. Comparison of characteristics of the proposed PCF with other PCFs 

 

Ref. EML (cm-1) Confinement Loss 

(Lc) (cm-1) 

Core PF 

(η′) (%) 

Dispersion Β2 

(ps/THz/cm) 

[41] 0.0689 – – – 

[42] – 7.24 x 10-7  44 0.49±0.05 

[44] 0.085 4.4 x 10-4  37 0.51 

[45] 0.081 0.0036  46.9 0.53±0.12 

[30] 0.06 9.2×10-3  47 0.85±0.12 

[31] 0.039 - 85 0.47±0.05 

[32] 0.0492 - 43 1.7±0.05    

[46] 0.07 2.30 x 10-3  > 40 1.2 ± 0.32 

[53] 0.066 1.24 x 10-13 - 0.5 ± 0.6 

[54] 0.038 - 56 0.72 

[55] 0.025 1.05 x 10-13 52 0.65 ± 0.05 

[33] 0.007 10-15 70 0.3 ± 0.1 

  Proposed 

PCF 

0.029 10-14 50 1.03±0.04 

 

5. Conclusion 
 

In conclusion, a Topaz based hexagonal circular core 

photonic crystal fiber is demonstrated and its guiding 

properties are characterized for different values of core 

porosities and operating frequencies in the terahertz 

regime. The proposed structure offers relatively low 

effective material loss at high porosity, very small 

confinement loss and a flattened dispersion profile 

achieved for the optimal design parameters which are 

suitable for efficient THz wave guidance. The structure 

can be manufactured due to its realistic dimension that 

facilitates practical fabrication. We obtained EML of 

0.029 cm-1, 50% core power fraction, confinement loss of 

10-14 cm-1 at 90% porosity. In addition to this, we obtained 

near-flat dispersion of 1.03±0.04 ps/THz/cm for a wide 

range starting from 0.9 THz to 1.5 THz.  Therefore, it is 

quite evident that, the proposed fiber can be a potential 

candidate for a long-distance terahertz wave transmission 

and other practical applications such as fiber-optic 

communication, fiber laser, non-linear devices etc. for its 

simple structure and significantly enhanced properties. 
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