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A B S T R A C T   

This paper presents an analysis on a hexagonal cladding with a rotated-hexa core in photonic crystal fiber (H- 
PCF) based optical sensor formation with simultaneously minimal confinement loss and higher sensitivity for 
chemical sensing functions. The numerical assessment of the designed structure is achieved with the procedure 
of finite element method (FEM) and perfectly matched layers (PML) boundary condition in the comsol multi-
physics software tool. As per FEM numerical analysis, the proposed PCF sensor presents the extreme relative 
sensitivity at 81.46%, 82.26% and 79.22% for three chemicals at 1 terahertz (THz) such as Ethanol (n = 1.354), 
Benzene (n = 1.366) and Water (n = 1.330), respectively. Moreover, at 1 terahertz (THz) the low confinement 
losses are 5.85 × 10−08, 6.07 × 10−08 and 5.84 × 10−08 dB/m for similar three chemicals. The effective area, 
the effective mode index and the total power fraction are also elaborately explained. Furthermore, we hope that 
our proposed structure can be operated intensely in the field of biomedical, bio-sensing experiments and in-
dustrial applications in terahertz (THz) waveguide technology.   

1. Introduction 

Now-a-days, many essential sectors are successfully used to the 
terahertz (THz) radiation such as medical diagnostics [1,2], bio-pho-
tonics [3], bio-informatics [4], optical of chemical sensor [5,6], optical 
of temperature sensor [7,8] and other communication areas [9]. The 
frequency range from 0.1 to 10 THz is called terahertz (THz) band and 
this terahertz (THz) frequency remains between the microwave and 
infrared radiation in the electromagnetic spectrum. A total terahertz 
(THz) procedure is composed of three types of elements such as source 
[10], detector [11] and waveguide [12]. Although the source and de-
tector elements are highly developed, the suggested waveguides such as 
Metallic chains [13], Dielectric sub-wavelength waveguide [14] and 
Bragg fibers [15] are not more suitable to achieve better optical prop-
erties due to their old technical procedure for sensing applications in 
the present years. To avoid these waveguides, now-a-days the photonic 
crystal fiber (PCF) is established as an impressive trade of research in 
sensing applications [16]. PCF sensors are useful as they have re-
markable design flexibility. Photonic Band Gap (PBG) configurations of 
hollow-core are mainly perfect in the area of sensing implementations 
[17]. Besides, Topas, Tefon and Zeonor are successfully used as back-
ground materials in the photonic crystal fiber (PCF) and help (Topas, 

Tefon and Zeonor etc.) to obtain the highly relative sensitivity, low 
confinement loss and other characteristics such as effective area, the 
effective mode index and the total power fraction [18]. 

In the past, many researchers have reported about their photonic 
crystal fiber (PCF) structures to achieve relative sensitivity, low con-
finement loss, effective area, effective mode index and total power 
fraction with a simulation procedure. Ademgil and Haxha [19] reported 
hexagonal shape photonic crystal fiber (PCF). Their proposed model 
structure gained very low relative sensitivity of 8% and the higher 
confinement loss at operating wavelength. Arif et al. [20] designed PC- 
PCF structure for chemical sensing which achieved low relative sensi-
tivity of 41% and the low confinement loss. But some of the essential 
optical properties were not presented in that article. Asaduzzaman [21] 
proposed circular micro structure based PCF and achieved the low re-
lative sensitivity of 35% with the higher confinement loss form the 
chemical detection procedure. Asaduzzaman et al. [22] proposed a 
hybrid shape cladding within the core of an elliptical PCF fiber. Their 
suggested PCF model shows the higher confinement loss and the low 
relative sensitivity of 31% at optimum wavelength. Bise and Trevor 
[23] designed a sol-gel derived micro-structured fiber that achieves the 
low relative sensitivity of 43% at operating region. Besides, their re-
ported structure obtained comparatively higher confinement loss and 
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some properties such as effective mode index, effective area and power 
fraction were not discussed. Arif et al. [24] proposed hexagonal shape 
of cladding based PCF structure. Their proposed fiber explores the re-
lative sensitivity of 56% but the higher of confinement loss at the op-
erating area. Ahmed et al. [25] suggested a square core PCF with oc-
tagonal cladding and show the relative sensitivity of 57% but the higher 
confinement loss at optimum wavelength. Paul et al. [26] designed 
folded cladding with porous core photonic crystal fiber discloses the 
high sensitivity of 65% but the higher confinement loss for chemical 
detection of sensor applications. As a result, we visualize that the low 
relative sensitivity and the higher confinement loss are not easily to 
identify the chemicals in the industrial or biomedical applications after 
the investigating of existing articles in [19–26]. Thus, we aim to de-
velop a hexagonal photonic crystal fiber (H-PCF) by increasing the re-
lative sensitivity and decreasing the low confinement loss in the ter-
ahertz (THz) wave propagation using the background material of topas 
for chemicals detection process. 

In this paper, we propose H-PCF fiber formations of a hexagonal 
cladding with a rotated-hexa core. This H-PCF structure has been ex-
plained for chemical sensing to attain the higher sensitivity and the 
lower confinement loss. Our proposed H-PCF sensor provides better 
result of relative sensitivity at 81.46%, 82.26% and 79.22% for three 
chemicals at 1 THz such as Ethanol (n = 1.354), Benzene (n = 1.366) 
and Water (n = 1.330), respectively and the low confinement losses 
5.85 × 10−08, 6.07 × 10−08 and 5.84 × 10−08 dB/m for similar three 
chemicals.. In addition, here the propose H-PCF structure displays the 
best high relative sensitivity (81%) and the low confinement loss than 
the previous articles in [33–41] for chemicals sensing purpose in in-
dustrial and bio-medical sectors. 

2. Design description 

Cross sectional structure of the designed H-PCF fiber is introduced 
in Fig. 1 where we have proposed a structure in hexagonal cladding 
with five layers circular shape of air holes and two layers rotated-hexa 
core with circular shape air holes. The items d1 and Λ1 are signified by 
diameter and pitch in the cladding region. Alternatively, the rotated- 
hexa form is outlined as a core region that the first layer of six air holes 
composed of 20°, 80°, 140°, 200°, 260°, 320° angles and the second layer 
of 12 round air holes composed of 20°, 50°, 80°, 110°, 140°, 170°, 200°, 
230°, 260°, 290°, 320°, 350° angles. The diameter and pitch are 

specified as dc and Ʌc in the core region. The core area is filled up with 
three chemicals such as Water (n = 1.330), Ethanol (n = 1.354), and 
Benzene (n = 1.366). The background material such as a topas is 
employed in this designed H-PCF sensor. The air filling ratio is ex-
pressed by d1/Λ1 in the cladding region. Furthermore, this relation can 
protect between the two air holes space in the cladding area. On the 
other hand, circular air holes have been formed in the place of elliptical 
air holes particularly for core area to decrease design fabrication 
complexity. Here, we have designed H-PCF fiber by the comsol multi-
physics software with the process of perfectly matched layers (PML) 
and the finite element method (FEM) to get better optical properties 
such as the relative sensitivity, effective area, confinement loss, total 
power fraction and effective mode index with the terahertz frequency 
range from 0.80 to 3.0 THz. Here, the optimum design parameters for 
five layers of cladding diameter d1 = d2 = d3 = d4 = d5 = 245 μm, 
five layers of cladding pitch such as A1 = 325 μm and 
Λ2 = Λ3 = Λ4 = Λ5 = 350 μm, two layers of core diameter 
(dc) = 79 μm and two layers of core pitch (Λc) = 82 μm. Moreover, the 
thickness of the perfectly matched layers (PML) (boundary condition) is 
10% of the maximum fiber diameter. 

3. Numerical analysis 

From Beer–Lambert principle, it is recognized that the terahertz 
(THz) PCF based sensor thoroughly depends on the intensity of light 
matter interface [27], 

=I(f) I (f) exp.[ r l ]0 m c (1)  

Here, the lights intensity of the analytes is I(f) that by now to be 
passed and the light before appearing across the analytes is I0(f), ab-
sorption factor is αm, extent of channel is lc, the fiber frequency is f and 
the relative sensitivity is r. 

The absorbance (A) explains the incident intensity I and the passed 
I0 light of the analytes and this relation can be termed as, 

= =I
I

A log r mlc
o (2)  

To analyze of the sensitivity of PCF terahertz (THz) sensor, it is 
essential to know the law of relative sensitivity. Hence, the relative 
sensitivity is expressed by R [28], 

Fig. 1. The Cross sectional structure of H-PCF fiber with (a) Hexagonal cladding region and (b) Rotated-hexa core region.  
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= ×R n
n

Er

eff (3)  

In the equation, the refractive index is nr, effective mode index is neff 

and the absolute sum of light matter interface is E that can be stated 
[29], 

= ×E
R (E H E H )dxdy

R (E H E H ) dxdy
100%sample e x y x y

total e x y x y (4) 

where, the electric domains of x, y element are Ex and Ey, and Hx and Hy 

are stated as the magnetic domain of x, y elements. 
Another significant guiding property of any PCF is confinement loss. 

So, confinement or leakage loss Lc can be computed by [30], 

= ×L 8.686 K Im [n ] (dB/m)c 0 eff (5)  

In the equation, = ( )K0
f
c , f is frequency and c is the speed of photon 

and Im(neff) specifies an effective mode index as an imaginary segment. 
In PCF sensor, the major function is creating in the effective area. 

Therefore, the effective area can be specified [31], 

=Aeff
[ I(r)rdr]
[ I (r)dr]

2

2 2 (6)  

Here, I(r) = |Et|2 is the cross sectional electric domain intensity and 
Aeff is effective area. 

In PCF fiber, the power fraction is indicated by how much energy or 
power moving in the PCF structure. Thus, η is specified by [32], 

=
S dA

S dA
i

z

all
z

(7)  

Here, the area of interest is directed by nominator integration such 
as core, cladding or air hole etc. Conversely, the denominator integra-
tion outlines in the whole cross sectional region. 

4. Result and discussion 

All numerical analyses are computed with COMSOL Multiphysics 
version 4.2 in the frequency ranges from 0.80 to 3.0 THz. Fig. 2 in-
dicates the polarization of the optical field distribution at 1 THz of x 
and y mode. The light confinement is decidedly passed at the core ex-
tent that also increases the sensitivity of both x and y polarization of the 
designed H-PCF. It is seen that for separate polarizations separate light 
intensity are distributed through the fiber and therefore, leakage loss, 
sensitivity, and other attributes response of the optical filaments are 
changed in large number. However in this structure, rationally similar 
degree of light pass through the core region for both polarizations. 
Consequently, there are few degrees of variations of the considered 
concerns those are illustrated in the Figs. 3–11 consistently. 

In Fig. 3 the relative sensitivity responses with the frequency for 
both polarizations with ideal design parameters. The relative sensitivity 

plot is covering to down by the rise of frequency and consequently 
diminishes bit by bit of frequency measure. In addition, it is observed 
that the relative sensitivity of ethanol, benzene and water levels is in-
creased with the low frequency range from 0.8 to 1 THz and afterward 
initiated to reduce with the high frequency range from 1.10 to 3 THz. 
The extreme relative sensitivity of proposed H-PCF at 1 THz is 79.22% 
81.46% and 82.26% for Water (n = 1.330), Ethanol (n = 1.354) and 
Benzene (n = 1.366). Here, the prime parameters are cladding dia-
meter (d1- d5) = 245 μm, cladding pitch Λ1 = 325 μm, pitch 
(Λ2 − Λ5) = 350 μm, core diameter dc = 79 μm and core pitch 
Λc = 82 μm. 

Fig. 4 illustrates the relative sensitivity by modifying the core and 
cladding air holes parameters of ± 2% with optimum values for the 
proposed structure. Through the modification of the core and cladding 
air holes parameters of ± 2%, it is noticeably expected a marginally 
enhanced sensitivity than the optimum value. 

As well, it is apprehended that relative sensitivity of water, ethanol, 
and benzene levels is increased according to the low frequency range 
from 0.8 to 1 THz and afterwards initiated to decline according to the 
high frequency range from 1.10 to 3 THz. The relative sensitivity at y 
mode polarization at 1 THz for benzene, ethanol and water are 82.45%, 
81.76% and 79.66% consistently. Besides, the elements are cladding 
diameter (d1 − d5) = 245 μm, cladding pitch Λ1 = 325 μm, pitch 
(Λ2 − Λ5) = 350 μm, core diameter dc = 79 μm and core pitch 
Λc = 82 μm. 

Effective area versus of frequency of the suggested H-PCF structure 
is shows in Fig. 5 for optimal parameters. This graphical result identifies 
that the effective area is decreased with the frequency is increased 
according to the frequency range from 0.8 to 3 THz Moreover, The 
significances of the larger effective area shows the higher relative 
sensitivity and the low confinement loss in the terahertz (THz) wave 
pulse. Here, the effective area for ethanol, benzene and water is 
1.44 × 10−7, 1.36 × 10−7 and 1.42 × 10−7 m2 at 1 THz frequency. 

The feature of confinement loss versus of frequency at optimum 
parameters is indicated in Fig. 6 where it is seen that the confinement 
loss is being decreased with the increasing of frequency. It is also seen 
that the confinement losses show same responses with the frequency 
range from 2 to 3 THz. The confinement losses at 1 THz are 
5.85 × 10−08, 6.07 × 10−08 and 5.84 × 10−08 dB/m for specified 
chemicals such as Ethanol (n = 1.354), Benzene (n = 1.366) and Water 
(n = 1.330), consistently. The optimal parameters are cladding dia-
meter (d1 − d5) = 245 μm, cladding pitch Λ1 = 325 μm, cladding pitch 
(Λ2 − Λ5) = 350 μm, core diameter dc = 79 μm and core pitch 
Λc = 82 μm. 

The confinement loss versus of frequency for ± 2% by modifying 
the optimum parameters is presented in Fig. 7. It is seen that the in-
creasing of frequency with the confinement loss is being decreased. 
Moreover, at a specified frequency range from 2 to 3 THz, the con-
finement losses stay constant or flat. 7.86 × 10−08, 7.87 × 10−08 and 
7.85 × 10−08 dB/m are respectively confinement losses for the 

Fig. 2. At 1 THz, mode field distributions for (a) x-polarization and (b) y-polarization.  
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specified chemicals such as Ethanol (n = 1.354), Benzene (n = 1.366) 
and Water (n = 1.330). Hence, it is also apparent from the graphical  
Figs. 6 and 7 outcome results that the confinement loss versus of fre-
quency shows the same response. 

The effective mode index versus of frequency for optimal para-
meters is indicated in Fig. 8 and it is obvious that the effective mode 
index is being increased with the expansion of frequency. Here, the 
effective mode index value is introduced with 1.27 and the frequency 
introduced with 0.8 THz. It is seen that the effective mode index can 
extent the utmost value 1.39 with the expansion of frequency 3 THz. 
Here, 1.31, 1.32 and 1.29 are respectively effective mode index values 
for the specified chemicals such as Ethanol (n = 1.354), Benzene 
(n = 1.366) and Water (n = 1.330) at 1 THz. 

Fig. 9 shows the effective mode index versus of frequency for ± 2% 
varying of the optimal parameters. It is focused that the rise of 

frequency along with the effective mode index is being expanded. 
Moreover, it is apparent that the effective mode index value is in-
troduced with 1.27 and the frequency introduced with 0.8 THz. It is 
also comprehended that effective mode index can point the highest 
value 1.39 with the increasing of frequency. The effective mode index 
values are 1.31, 1.32 and 1.30 at 1 THz for specified chemicals such as 
Ethanol (n = 1.354), Benzene (n = 1.366) and Water (n = 1.330). 

From the output results of the effective mode index versus of fre-
quency in Figs. 8 and 9, it is considered that the characteristic of ef-
fective mode index versus of frequency indicates approximately same 
response in THz wave scales. 

The power fraction versus of frequency for both polarization modes 
is exhibited in Fig. 10 for the proposed H-PCF. It is apprehended that 
the power fraction increases with the increasing frequency range from 
0.8 to 1 THz and decreasing the power fraction according to the 

Fig. 3. Relative sensitivity versus of functional frequency of the designed H-PCF fiber for optimal parameters.  

Fig. 4. Relative sensitivity versus of functional frequency of the designed H-PCF fiber for 2% more or less then optimal parameters.  
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frequency range from 1.10 to 3 THz. Furthermore, it is also apparent 
that the frequencies initiate from 0.8 THz, reaches an extreme point at 
1 THz and afterwards started to lessen. Here, the power fraction peak 
values are 78.09, 79.04 and 77.99 for three chemicals such as Ethanol 
(n = 1.354), Benzene (n = 1.366) and Water (n = 1.330) at 1 THz 
frequency. 

Fig. 11 organizes the power fraction versus of frequency for ± 2% 
by modifying the optimal parameters. It is also exhibited that the power 
fraction peak value increases as the increasing frequency scale from 0.8 
to 1 THz and the power fraction peak value decreases with the fre-
quency scale from 1.10 to 3 THz. Moreover, it is also denoted that the 

frequency introduce from 0.8 THz, reaches an utmost point at 1 THz 
and afterwards began to decline. Here, 77.90, 78.92 and 77.06 are re-
spectively power fraction peak values for the specified three chemicals 
such as Ethanol (n = 1.354), Benzene (n = 1.366) and Water 
(n = 1.330) at 1 THz. 

Hence, after investigating all numerical results from Figs. 10 and 11, 
it is clearly visualized that the power fraction versus of frequency has 
just same graphical response in the terahertz (THz) scale but the peak 
values are different. 

We have also considered the ± 2% parameters with modifying op-
timal parameters of the designed sensor. Therefore, the optimal 

Fig. 5. Effective area versus of functional frequency of the designed H-PCF fiber for optimal parameters.  

Fig. 6. Confinement loss versus of functional frequency of the designed H-PCF fiber for optimal parameters.  
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parameters are assorted with modifying ± 2% parameters of confine-
ment loss and the relative sensitivity. It is particularly pictured from  
Table 1 that there are no crucial dissimilarity of the confinement loss 
and relative sensitivity response since the modification of optimal 
parameters up to ± 2%. Thus, it is apprehended that after fabrication 
formula, the proposed H-PCF sensor will be given enhanced responses. 

The designed H-PCF shows utmost relative sensitivity and the 
minimal confinement loss than other prior PCFs that is demonstrated in  
Table 2. The proposed H-PCF sensor indicates improved optical para-
meter responses compared to state of the art researches. 

From Table 2, we see clearly that our H-PCF structure will be more 
perfect for biomedical and industrial applications than the previous 

published reported articles [33–41]. 
For optical fiber, the fabrication procedure is an essential issue and 

currently the sol-gel [42–44] technique is fairly used to formulate the 
PCFs in any design. Moreover, this process provides an easy way to 
design the cladding and core region in any shapes. So, we hope that the 
sol-gel technique will be appropriate to fabricate of the proposed H-PCF 
sensor. Nowadays, selectively filling method [45,46] is particular fa-
vorable to fill in chemicals into the holes of the core of any PCF shape 
and frequently utilized in the research laboratory in the present years. 
In this practice, as soon as the holes of the core area are selectively 
filled with chemicals or liquids, the incident light conducts through the 
chemicals or liquids straight by either effective index or photonic band 

Fig. 7. Confinement loss versus of functional frequency of the designed H-PCF fiber for 2% more or less then the optimal parameters.  

Fig. 8. Effective mode index versus of functional frequency of the designed H-PCF fiber for optimal parameters.  
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gap guidance. Hence, we can clearly say that the using of the effective 
index guiding technique or photonic band gap guidance and the se-
lective filling approach, any PCF whose holes of the core area is loaded 
with chemicals or liquids at a practical application. 

5. Conclusion 

In this paper, an effective structure formation of hexagonal cladding 
along with a rotated-hexa core (H-PCF) is studied and designed for 
chemical detection in terahertz (THz) range. The perfectly matched 
layers (PML) and the finite element method (FEM) are employed to 
complete all numerical investigations. The effectiveness of our 

proposed H-PCF fiber is evaluated through a simulation study. The si-
mulation results show that H-PCF fiber generates maximum the relative 
sensitivity of 79.22%, 81.46%, 82.26% and the minimum confinement 
losses of 5.84 × 10−08, 5.85 × 10−08 and 6.07 × 10−08 dB/m for 
three chemicals such as Water (n = 1.330), Ethanol (n = 1.354) and 
Benzene (n = 1.366), respectively, at 1 THz. So, it is apparent that the 
H-PCF structure can be applied mostly for chemical identifying in dif-
ferent engineering or biomedical applications. 
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Fig. 9. Effective mode index versus of functional frequency of the designed H-PCF fiber for 2% more or less then optimal parameters.  

Fig. 10. Total power fraction versus of functional frequency of the designed H-PCF for optimal parameters.  

S. Sen, et al.   Sensing and Bio-Sensing Research 30 (2020) 100377

7



Acknowledgment 

The authors have not received any funding for this research. 

References 

[1] P. Sharma, P. Sharan, Design of photonic crystal-based biosensor for detection of 
glucose concentration in urine, IEEE Sensors J. 15 (2) (February 2015) 1035–1042. 

[2] A.A. Rifat, et al., Surface Plasmon resonance photonic crystal fiber biosensor: a 
practical sensing approach, IEEE Photon. Technol. Lett. 27 (15) (August 2015) 
1628–1631. 

[3] M.B. Hossain, E. Podder, Design and investigation of PCF-based blood components 
sensor in terahertz regime, Appl. Phys. A Mater. Sci. Process. 125 (12) (December 
2019) 861. 

[4] Veerpal Kaur, Surinder Singh, Design approach of solid-core photonic crystal fiber 

sensor with sensing ring for blood component detection, J. Nanophoton. 13 (2) 
(2019) 026011 May 2019. 

[5] T. Reena, S. Saini, A. Kumar, Y. Kalra, R.K. Sinha, Rectangular-core large-mode-area 
photonic crystal fiber for high power applications: Design and analysis, Appl. Opt. 
55 (15) (May 2016) 4095. 

[6] M. Morshed, M. Imran Hassan, T.K. Roy, M.S. Uddin, S.M. Abdur Razzak, 
Microstructure core photonic crystal fiber for gas sensing applications, Appl. Opt. 
54 (29) (October, 2015) 8637. 

[7] Y. Guo, J. Li, S. Li, L. Jin Sun, Y. Liu, X. Meng, W. Bi, H. Lu, T. Chang, R. Hao, 
Amphibious sensor of temperature and refractive index based on D-shaped photonic 
crystal fiber filled with liquid crystal, Liq. Cryst. 47 (6) (November 2019) 882–894. 

[8] K. Ahmed, F. Ahmed, S. Roy, B.K. Paul, M.N. Aktar, D. Vigneswaran, M.S. Islam, 
Refractive Index Based Blood Components Sensing in Terahertz Spectrum, IEEE 
Sens. J. 19 (9) (January 2019). 

[9] I.K. Yakasai, P.E. Abas, H. Suhaimi, F. Begum, Low loss and highly birefringent 
photonic crystal fiber for terahertz applications, Optik 206 (April 2020) 1643221. 

[10] M.S. Islam, M. Faisal, S.M.A. Razzak, Dispersion flattened extremely high- 

Fig. 11. Total power fraction versus of functional frequency of the designed H-PCF for 2% more or less then optimal parameters.  

Table 1 
The assessment among optimum parameters and the modification in ± 2% parameters at 1 THz frequency.         

Parameters (%) Relative sensitivity (%) Confinement loss (dB/m) 

Water Ethanol Benzene Water Ethanol Benzene  

+2% 79.66 81.76 82.45 4.70 × 10−03 5.50 × 10−03 2.20 × 10−06 

Optimum 79.22 81.46 82.26 5. 85 × 10−08 6.07 × 10−08 5. 84 × 10−08 

−2% 78.90 80.30 81.60 3.45 × 10−01 1.20 × 10−03 3.70 × 10−06 

Table 2 
The assessment table among our reported H-PCF structure and the previous published Prior PCFs of their optical properties such as the relative sensitivity, the 
confinement loss at their operating region and also shows their design of fiber.        

Prior in PCFs Operating region Relative Sensitivity (%) Confinement loss (dB/m) Design of structure 

Core Cladding  

PCF1 [33] λ =1.33 μm 23.05 5.74 × 10−06 Circular holes Octagonal 
PCF1 [34] λ = 1.33 μm 23.75 2.4 × 10−04 Elliptical holes Hexagonal 
PCF1 [35] λ = 1.33 μm 57.18 1.11 × 10−11 Elliptical holes Hexagonal 
PCF1 [36] f = 1 THz 63.24 1.00 Rotated-Hexa circular holes Heptagonal 
PCF1 [37] λ = 1.5 μm 63.40 1.422 × 10−17 Elliptical holes Hexagonal 
PCF1 [38] f = 1 THz 68.87 7.79 × 10−12 Circular holes Hexagonal 
PCF1 [39] λ = 1.33 μm 69.70 1.79 × 10−09 Rhombic holes Hexagonal 
PCF1 [40] λ = 1.33 μm 46.87 2.28 × 10−14 Circular holes Octagonal 
PCF1 [41] λ = 1.33 μm 49.17 2.75 × 10−10 Elliptical holes Circular 
Pro. H- PCF f = 1 THz 81.46 2.55 × 10−03 Rotated-Hexa circular holes Hexagonal 
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