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Abstract ─ A novel design of circular porous core 

photonic crystal fiber (CCPCF) is proposed and studied 

for Terahertz propagation with an ultra-low-loss. The 

effective index, effective mode area, dispersion, material 

and bending losses of the suggested design are studied 

using full vectorial finite element method. The CCPCF 

with high cladding air filling factor and porous core 

exhibits ultra-low material absorption loss of 0.022 cm-1 

at a frequency of 1.0 THz. Further, very low bending 

losses of 2.2×10-18 cm-1 can be achieved for 1.0 cm 

bending radius at 1.0 THz with low confinement loss of 

1.37×10-5 cm-1. Additionally, an ultra-flat low dispersion 

of 0.61 ± 0.035 ps/THz/cm can be obtained within the 

frequency range of 0.8-1.0 THz. Therefore, the reported 

CCPCF has a strong potential for transmission in the 

Terahertz regime. 

Index Terms ─ Bending losses, dispersion, photonic 

crystal fiber, porous core, terahertz waveguiding. 

I. INTRODUCTION
Recently, THz photonic crystal fibers (PCFs) have 

granted a great interest in the scientific community 

because of their promising applications in 

telecommunication, medical science, spectroscopy, 

security, imaging, and sensing [1]–[7]. Currently, 

the THz waveguide is still under extensive research due 

to the material absorption losses. Additionally, there are 

some problems associated with transmitter-receiver 

alignment and atmosphere-dependent losses [8]. 

Therefore, long-distance communication in the THz 

regime is a big challenge. The PCF is suggested to 

overcome such high absorption losses. However, the 

solid core of PCF still absorbs an intolerable amount of 

the transmitted signal energy. The porous core with air 

holes is then introduced to PCF to reduce the effective 

material loss (EML) [9]–[11]. In this context, Bao et al. 

[12] have proposed a honeycomb terahertz fiber with an

absorption loss of 1.5 cm-1 at 1.0 THz. Additionally,

a hexagonal porous core PCF with an absorption loss

of 0.17 cm-1 has been presented with Teflon as a

background material [13]. Further, a porous core

photonic bandgap fiber was proposed with EML of 0.432

cm-1 and dispersion loss of 2.5 ps/THz/cm [14]. Kaijage

et al. [15] have also suggested an octagonal PCF for

terahertz wave guidance with an EML of 0.070 cm-1 at

f= 1.0 THz. In 2015, Islam et al. [16] have proposed

a rotated hexagonal porous core single-mode fiber with

an EML of 0.066 cm-1 and a core power fraction of 40%.

Additionally, a circular cladding with a circular porous

core was introduced [17] with an absorption loss of 0.053

cm-1. A kagome lattice and hexagonal core were also

reported [18] with EML of 0.034 cm-1, low confinement

loss at 1.0 THz frequency, and near-zero flattened

dispersion of 0.60 ± 0.14 ps/THz/cm within the frequency

range of 0.75-1.15 THz. However, the fabrication of

kagome-structured fiber is more challenging than regular

fiber with circular-shaped air holes. Islam et al.[19] have

also presented a circular cladding with hexagonal porous

core with an absorption loss of 0.053 cm-1. Furthermore,

hexagonal cladding PCF with a circular porous core was

proposed with an absorption loss of 0.057 cm-1 [20].

Using the same structure, Islam et al. [1] have reduced

the absorption loss to 0.043 cm-1. An ultra-low loss

hybrid porous core fiber was introduced for broadband

applications [21] with small EML of 0.043 cm-1 and

near-zero flattened dispersion properties.

In this paper, a novel design of PCF is reported for 
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Terahertz waveguiding with circular lattice and circular 

porous core. The geometrical parameters are studied to 

minimize the material, confinement and bending losses 

with a nearly zero and flat dispersion over the studied 

frequency range. The simulation results are obtained 

using the full vectorial finite element method (FVFEM) 

via the Comsol Multiphysics software package [22]. 

The suggested design has a very low absorption loss of 

0.022 cm-1 at f= 1.0 THz with low confinement loss of 

1.37×10-5 cm-1. Further, the proposed PCF exhibits low 

bending loss and small flat dispersion of 0.61 ± 0.035 

ps/THz/cm within the frequency range 0.8-1.0 THz. The 

achieved EML and bending loss are smaller than  

those introduced in the literature [1], [15]–[17], [19], 

[20], [23]–[29]. Further, the guiding properties of the 

proposed PCF are better than the previously reported 

circular PCF with EML of 0.053 cm-1, confinement loss 

of 1×10-2 cm-1, and dispersion of 1.23±0.09 ps/THz/cm 

[17].  
The suggested PCF with low EML, confinement 

losses and bending losses can be used for 

telecommunication applications, medical spectroscopy 

and sensing purposes in the promising terahertz band. 

Additionally, the flat dispersion through the frequency 

range of 0.8-1.0 THz will offer an undegraded signal at 

the receiver terminal. This will in turn influence the 

speed and bandwidth of the transmitted signal.  
 

II. DESIGN CONSIDERATIONS 
The proposed CCPCF with the porous core is shown 

in Fig. 1. The cladding region consists of 8 successive  

rings of air holes. The first ring contains 10 holes with a 

diameter (d) of 90 μm. The total number of cladding air 

holes is 226. The spacing between two successive rings 

is called hole pitch (Λ) which depends directly on the 

cladding air filling factor (AFF). The AFF is the ratio 

between the hole diameter (d) and the hole pitch (Λ) 

which is kept constant at 0.96 to provide low effective 

material loss (EML). The second cladding ring holes’ 

center is located at a distance of (dsc) which depends  

on the hole pitch (Λ) and the core diameter (Dcore). 

Therefore, (dsc) could be changed automatically during 

the simulation with the core diameter and the hole pitch 

as well. In this study, dsc=(Dcore/2)(1+ρ)+Λ where (ρ) is 

a constant factor. Therefore, we could obtain an explicit 

quasi TE mode and quasi TM mode as well [30]. The 

core has a diameter Dcore of 460 μm and a total number 

of 37 holes whose diameter (dco) depends directly on the 

porosity (P) of the core region. The porosity is the ratio 

between the total area of the air holes in the core region 

to the total core area [31]. In this study, 3 successive 

rings are used with 6, 12, and 18 air holes with hole pitch 

(Λcore) of 66 μm. Additionally, a diameter dco=75.6P μm 

is used for the reported design. The background material 

is TOPAS with refractive index n = 1.53 and bulk 

material absorption loss αmat = 0.2 cm-1 at a frequency of 

1.0 THz [15]. In this study, the effective index, EML, 

confinement losses, effective modal area, bending 

losses, fractional power, and dispersion of the quasi TE 

mode of the reported design are studied.  

 

 

Fig. 1. Cross-section of the CCPCF with TOPAS as a background material. 
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III. NUMERICAL TECHNIQUE
The modal analysis of the suggested CCPCF is 

made by the full vectorial finite-element method 

(FVFEM) [32], [33] via the Comsol Multiphysics 

5.2 commercial software package [22]. Starting from 

Maxwell’s equations, the magnetic field-based vector 

wave equation can be obtained as: 

∇ × (ε-1 ∇×H) - ω2μ0H = 0.                (1) 

where ω is the angular frequency, and μ0 is the free 

space permeability. Further, ε = ε0 εr is the permittivity 

of the waveguide material where ε0 is the free space 

permittivity and εr is the relative permittivity of the 

waveguide material. The following eigenvalue equation 

can be obtained by applying the standard finite element 

method (FEM) procedure to equation (1):  

[K]{H} – β2[M] {H} = {0}.                  (2) 

where [K] and [M] are the global stiffness and mass 

matrices, [H] is the global magnetic field vector, {0} 

is the null vector and β is the propagation constant. The 

eigenvalue equation can be solved to obtain the 

eigenvector H and the corresponding eigenvalue β. 

Additionally, the effective index of the propagation 

mode is calculated from β since Neff = β/k, where k is the 

free space wavenumber. 

Through the modal analysis, a set of modes is 

calculated by the FVFEM and the dominant mode is  

defined as the mode with the highest real effective index 

value. Since 𝛁. 𝐇 = 0 and interface boundary conditions 

are automatically satisfied in the formulation, then there 

is no chance for spurious (nonphysical) modes to appear 

in the spectrum of the solution. The cross-section of the 

waveguide structure is discretized using the VFEM. In 

this study, a minimum mesh element size of 1.19 𝜇𝑚  

is taken with a total number of degrees of freedom of 

640381, with 65748 total number of elements. Additionally, 

A circular-shaped perfectly-matched layer is employed 

to calculate the leakage loss of the studied modes. An 

Intel Core i5 computer processor at 2.5 GHz with 8.0 GB 

RAM and 64-bit operating system was utilized to run the 

software with an average runtime of 89 seconds per run.  

IV. RESULTS AND DISCUSSION
In order to calculate the confinement losses 

accurately, the PML thickness is studied. Figure 2 shows 

the confinement losses variation with the PML radius-to-

cladding radius ratio. It may be seen from this figure that 

the confinement losses of the quasi TE and TM modes 

are nearly constant at 1.37×10-5 cm-1 and 3.65×10-6 cm-1 

at a ratio of 1.03 and f = 1.0 THz. Therefore, the PML 

radius is kept at 1.07 of the cladding radius throughout 

the whole study.   

Figure 3 shows the frequency-dependent effective 

index Neff of the fundamental quasi TE and quasi TM 

modes of the CCPCF for three porosity cases 20%, 30%, 

and 40% in the Terahertz range of 0.8-1.3 THz. It may 

be seen that Neff increases with increasing the frequency 

while it decreases with the porosity of the core region. 

As the frequency increases, the confinement of the light 

through the core region increases which increases the 

effective index of the supported modes. Further, the 

leakage of the mode toward the cladding region increases 

by increasing the porosity percentage as may be seen in 

the field plot in Fig. 3. Therefore, the maximum porosity 

of 40% has been used. If the porosity is further increased, 

the distance between the adjacent holes becomes small 

which will be a challenge for the fabrication process. 

Additionally, the mode will have high leakage to the 

cladding region which increases the confinement losses. 

As a result, the effective index of the quasi TE and TM 

modes decreases by increasing the porosity percentage 

as shown in Fig. 4. Further, the effective index of the 

quasi TE mode at a specific porosity percentage is very 

close to that of the quasi TM mode due to the symmetry 

of the proposed design.  

Fig. 2. Confinement loss of the quasi TE/TM mode 

versus the PML radius-to-cladding radius ratio. 

The effective material loss (EML) αeff could be 

considered as the main factor of the power dissipation in 

the THz band and can be calculated by the expression 

[34]: 

𝜶𝒆𝒇𝒇 =
√𝛆𝟎/𝛍𝟎  ∫ 𝒏𝒎𝒂𝒕|𝑬|𝟐𝜶𝒎𝒂𝒕𝒅𝑨𝒎𝒂𝒕

|  ∫ 𝑺𝒛 𝒅𝑨𝒂𝒍𝒍 |
.         (3) 

where nmat is the material refractive index, αmat is 

the bulk material absorption loss, ε0 and μ0 are the 

permittivity and permeability of the free space, 

respectively, and Sz is the z-component of the pointing 

vector defined as Sz = ½(E × H).z. The EML of the 

proposed fiber for different porosity values 20%, 30%, 

and 40% is shown in Fig. 5. It may be seen that the EML 

decreases by increasing the porosity percentage. The 

figure depicts that the EML values have a maximum of 

0.031 cm-1 at a porosity of 20% at f = 1.3 THz and a 

minimum of 0.021 cm-1 at a porosity of 40% at f = 0.8 
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THz. At the operating frequency of 1.0 THz, the EML is 

equal to 0.022 cm-1 which is far better than those reported 

in Table 1. If a frequency of 0.8 THz is used, the EML 

will not exceed ≈ 0.021 cm-1. Therefore, the proposed 

design is highly qualified for many Terahertz applications. 

The high density of the cladding air holes and the 

porosity of the core region are responsible for achieving 

low EML. This is due to the reduced amount of the bulk 

material in the whole design, especially through the core 

region.  
 

 
 

Fig. 3. The effective index of the fundamental quasi 

TE/TM mode versus the frequency at different porosity 

percentages. The inset shows the main electric field 

component of the quasi TM mode at different porosities. 
 

 
 

Fig. 4. The effective index of the fundamental  

quasi TE and quasi TM modes versus the porosity 

percentage (%). 

 
 

Fig. 5. EML versus the operating frequency at different 

porosity percentages. 
 

The confinement loss of the supported modes is also 

implemented as given by [35]–[37]:  

Lc = 8.686 K0 Im (Neff).                     (4)                                                                       

where K0 is the propagation constant of free space and 

Im(Neff) is the imaginary part of the effective index  

Neff of the studied mode. Figure 6 shows the calculated 

confinement loss of the quasi TE mode supported by  

the proposed CCPCF versus the frequency at different 

porosity percentages. The mode field starts to leak out 

the core region by increasing the porosity percentage 

which increases the confinement losses. Additionally,  

as the frequency increases, the confinement of the  

mode through the core region increases. Further, the 

confinement losses are smaller than the material loss with 

a value of 1.37 × 10−5 𝑐𝑚−1 at f= 1.0 THz and porosity 

of 40%. Therefore, the confinement losses can be 

neglected if compared to the material loss. It may be seen 

that the proposed structure enjoys a low confinement loss 

due to the high AFF value of the cladding. Therefore, a 

high index contrast is obtained between the cladding and 

the core regions with better field confinement in the core 

region. 

The effective modal area (Aeff) of the quasi TE mode 

of the proposed CCPCF is also analyzed through the 

frequency band of 0.8-1.3 THz. The Aeff could show the 

mode confinement through the core region and is given 

by [1], [10],[37]: 

Aeff = 
[ ∫ 𝑰(𝒓)𝒓𝒅𝒓 ]

𝟐

∫ 𝑰𝟐(𝒓)𝒓𝒅𝒓 
.                           (5)                                                                                                        

where I(r) = |Et|2 is the transverse electric field intensity 

distribution in the fiber cross-section. Figure 7 shows the 

variation of the frequency-dependent effective mode 

area of the quasi TE mode. It is evident from this figure 

that the effective mode area is proportional to the 

porosity percentage and is inversely proportional to the 

operating frequency. This is due to the good confinement 
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of the studied mode at high frequency and small porosity. 

The effective mode area at 1.0 THz and 40% porosity 

is equal to 1.22× 105 𝜇m2, which is very comparable to

most of the reported values in Table 1.  

Fig. 6. Frequency-dependent confinement loss of the 

quasi TE mode at different porosity percentages. 

Fig. 7. Frequency-dependent effective mode area of the 

quasi TE mode at different porosity percentages. 

The PCFs can also suffer from bending losses (αBL) 

which can lead to the distortion of the optical mode. The 

αBL can be expressed as [38]: 

𝜶𝑩𝑳 ≅ (
√𝝅

𝟖𝐀𝐞𝐟𝐟
) (

𝟏

𝜷(𝜷𝟐−𝜷𝒄𝒍
𝟐 )

𝟏
𝟒

) (
𝒆𝒙𝒑 (−

𝟐

𝟑
𝑹𝒃(𝜷𝟐−𝜷𝒄𝒍

𝟐 )
𝟑
𝟐𝜷−𝟐)

√𝑹𝒃(𝜷𝟐−𝜷𝒄𝒍
𝟐 )𝜷−𝟐+𝑹𝒄

).    (6) 

where 𝜷 is the propagation constant as 𝜷 = 𝟐𝝅𝑵𝒆𝒇𝒇/𝝀, Rc 

is the fiber core radius and Rb is the bending radius. 

In this study, it is assumed that the cladding refractive 

index is approximately unity due to the high filling factor 

of the cladding region. Further, 𝜷𝒄𝒍 is calculated for

each frequency as 𝜷𝒄𝒍 = 𝟐𝝅 × 𝟏/𝝀. Figure 8 shows

the frequency-dependent 𝜶𝑩𝑳 at different porosity

percentages. It may be seen that the bending losses 

increase with increasing the porosity while it decreases 

with increasing the frequency. This is due to the good 

confinement of the light through the core region at high 

frequency. Higher bending loss of 1.96×10-13cm-1 is 

achieved at f = 0.8 THz and porosity of 40%. However, 

a small value of 1.0×10-37cm-1
 is obtained at a frequency 

of 1.3 THz and a porosity of 20%. The bending loss at 

f = 1.0 THz is equal to 2.2×10-18 cm-1 with a porosity of 

40%.    

Fig. 8. Frequency-dependent bending loss of the quasi 

TE mode at different porosity percentages. 

It is aimed to maximize the traveled power through 

the porous core region for efficient THz regime 

transmission. Therefore, we calculated the fractional 

propagated power through the proposed CCPCF using 

the expression [39], [40]:  

𝝋 =
∫ 𝑺𝒛 𝒅𝑨𝒄𝒐𝒓𝒆

∫ 𝑺𝒛 𝒅𝑨𝒂𝒍𝒍

 .    (7) 

where the numerator represents the integration of the 

z-component of the pointing vector over the core holes

only while the denominator shows the integration all

over the whole design. Figure 9 shows the fractional

power of the quasi TE mode through the proposed

CCPCF versus the frequency at different porosity

percentages. The figure shows that high fractional power

of 41.7% is achieved at f =1.3 THz and porosity of 40%.

Further, a fractional power of 41.16% is obtained at

f=1.0 THz and porosity of 40%, which is a relatively

high ratio. It should be also noted that the proposed

CCPCF provides a nearly constant fractional power at

low porosity value (20% and 30%) through the frequency
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range of 0.8-1.3 THz which increases accordingly with 

the porosity percentages. 

Next, the dispersion characteristics of the proposed 

CCPCF are analyzed. It is worth noting that the 

refractive index of the TOPAS material is nearly 

constant in the frequency range of 0.1-1.5 THz where the 

material dispersion can be totally neglected [12]. Then, 

the waveguide dispersion is only analyzed. The 

dispersion coefficient (𝜷𝟐) can be calculated by [41]: 

𝜷𝟐 =
𝟏

𝒄
(𝟐

𝒅𝑵𝒆𝒇𝒇

𝒅𝝎
+ 𝝎

𝒅𝟐𝑵𝒆𝒇𝒇

𝒅𝝎𝟐 ).              (8)                                                                                                                

where 𝛚 = 𝟐𝝅𝒇 is the radial frequency.  

 

 
 

Fig. 9. The fraction of power percentage of the quasi TE 

mode through the core holes versus the frequency at 

different porosity percentages. 

 

 
 

Fig. 10. The effective index Neff of the quasi TE mode 

versus the radial frequency. 

Figure 10 shows the relationship between Neff and ω 

for three different porosity percentages as derived using 

the least square method (LSM) with a polynomial of  

the fourth order. The three equations have been 

mathematically differentiated and applied to the formula 

in Eq. (8). Figure 11 shows the frequency-dependent 

dispersion of the quasi TE mode of the proposed CCPCF 

for the three porosity cases. The average dispersion in 

the range of 0.8-1.3 THz is 0.15±0.13 ps/THz/cm for 

20% porosity, 0.12±0.05 ps/THz/cm for 30% porosity 

and 0.97 ± 0.39 ps/THz/cm for 40% porosity. It may  

be also seen from Fig. 11 that at 40% porosity, the 

maximum value of dispersion is 1.36 ps/THz/cm at 1.3 

THz and the minimum value is 0.58 ps/THz/cm at 0.9 

THz (both are very small). It should be also noted that 

the proposed CCPCF has a nearly zero flat dispersion in 

the frequency range of 0.8-1.0 THz with an average 

value of 0.61±0.035 ps/THz/cm at 40% porosity. Such a 

very small dispersion is obtained over a wide range of 

frequencies which is very comparable to those reported 

in Table. 1. The calculated dispersion is directly related 

to the effective index Neff of the supported modes. Such 

modes are confined through the porous core and the 

innermost cladding air holes. Therefore, the Neff and 

hence the dispersion can be controlled by the geometrical 

parameters of the PCF. 
 

 
 

Fig. 11. The frequency dependent dispersion 𝜷𝟐 at 

different porosity percentages. 
 

The proposed design can be fabricated using the 

most common stack-and-draw method [42]. Our proposed 

CCPCF is assumed to be simple-to-stack as the whole 

structure enjoys a high degree of symmetry around the 

center of the core with relatively low core porosity 

percentages. Therefore, the stacking process will be easy 

and will provide a high degree of accuracy by the end of 

the drawing process.   
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A comparison between the proposed CCPCF and the 

previously-published PCF for THz guiding is shown in 

Table 1. It is revealed from this table that the proposed 

CCPCF has better comprehensive characteristics than 

those reported previously. The suggested design has EML 

of 0.022 cm-1 at f = 1.0 THz while the other PCFs have 

EML within the range from 0.034 to 0.070 cm-1. Further, 

the confinement loss of the CCPCF of 1.37×10-5cm-1  

which is very comparable to all of the mentioned papers 

including [23], [24], and [25]. It is also noticed that the 

obtained effective mode area has a value of 1.22×105 μm2 

which is also very comparable to the previous results. 

The bending loss of the suggested design is only 0.2% of 

the minimum achieved result [20] as shown in Table 1. 

The fractional power is also comparable to the other 

values [27] with a nearly constant value over the studied 

frequency range of 0.8-1.3 THz at porosity percentages 

of 20% and 30%. Further, an ultra-flattened nearly 

zero dispersion of (0.61± 0.035 Ps/THz/cm) is achieved 

over a frequency range from 0.8 to 1.0 THz which is 

very comparable to the minimum dispersion of (0.14± 

0.07Ps/THz/cm) reported in [23]. Therefore, the proposed 

design would be an efficient transmission structure for 

the THz regime.  It may be noted that the suggested 

design has overall better guiding characteristics at the 

same time than those reported in the literature as shown 

in Table 1. However, short manufacture length and 

high price are the main disadvantages of using PCF 

as transmission media for telecommunications in THz 

regime. Additionally, the coupling of PCF with with 

other waveguides and devices is not straight forward. 

V. CONCLUSION
In this paper, we proposed a CCPCF for the THz 

regime with an ultra-low EML of 0.022 cm-1, low 

confinement losses of1.37 × 10-5 cm-1 and low bending 

losses of 2.2×10-18 cm-1 at 1.0 THz. Further, a wide-band 

flat low dispersion of 0.61 ± 0.035 ps/THz/cm is achieved 

within the frequency range of 0.8-1.0 THz. The structure 

has almost a constant fractional power for each porosity 

percentage through the frequency range of 0.8-1.3 THz 

with a comparable value of 41.16% at 1.0 THz. The 

reported CCPCF has a superior guiding mechanism than 

the previous circular PCF [17] with EML of 0.053 cm-1, 

a confinement loss of 1×10-2 cm-1, and dispersion of 

1.23±0.09 ps/THz/cm. Therefore, the reported CCPCF 

has a strong potential for transmission in the Terahertz 

regime. 

Table 1: A comparison between the CCPCF and the previously published papers 
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