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Abstract
In this article, a new design of circular cladding with a rotated-hexacore in photonic crystal fiber (RH-CPCF) has been 
suggested for chemical sensing application in the THz regime. The five layers circular cladding and two layers rotated-
hexacore in circular shape are designed here. All numerical results are obtained with a procedure of finite element method 
and perfectly match layered boundary condition in terahertz (THz) wave propagation. After the simulation result, the 
proposed RH-CPCF shows the high relative sensitivity is 76.44%, 77.16% and 73.20% for three chemicals such as Etha-
nol (n = 1.354), Benzene (n = 1.366) and Water (n = 1.330) at 1 THz. On the other hand, the low confinement losses are 
2.33 × 10−03 dB/m, 3.07 × 10−06 dB/m and 2.84 × 10−02 dB/m for same in three chemicals at 1 THz. Moreover, effective area, 
effective mode index and total power fraction in core air holes are also briefly described here. In addition, this proposed 
circular photonic crystal fiber (RH-CPCF) can be used especially for chemical sensing in biomedical, industrial quality 
control, material research, micro-optics and many communication applications in THz technology.
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1 Introduction

Many communication areas and biological department 
are used to terahertz (THz) wave in the recent years prop-
erly. On the other hand, there are many sectors such as 
sensor [1], spectroscopy [2–4], polarization [5], defense 
[6] and astronomy [7] etc. are also used to THz frequency. 
The range from 0.1 to 10 are called THz band in the fre-
quency regime. This terahertz band related PCF sensor 
has become a more suitable for different types of cancer 
applications in biomedical sectors [8, 9]. Moreover, tera-
hertz spectrum is more perfect than X-ray because it has 
no harmful radiation.

There are three primary elements such as source [10], 
waveguide [11] and detector [12] of a full THz system. The 
source and detector element are developing day by day in 

present years. Moreover, terahertz wave technology and 
sensing method are huge updated. As a result, this THz 
band technology is used to transmit terahertz waves to 
achieve better sensing with strong flexibility and easily 
for the long distance communication system. Now-a-days, 
many researchers have been reported a large number of 
THz waveguides such as Dielectric sub-wavelength wave-
guide [13], Bragg fibers [14] and metallic wires [15] etc. 
But, most of the waveguides are not capable to achieve 
better desired sensing in a transmission medium. To solve 
the problem of THz waveguides, hollow-core and polymer 
porous are perfect as a new generation photonic crystal 
fiber (PCF). Besides, many background materials such as 
Zeonor, Topas, and Teflon etc. are used to compute high 
relative sensitivity, low confinement loss and other excel-
lent guiding properties properly [16].
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THz band based PCFs are descried by many researchers 
to calculate successfully the guiding properties as like as 
relative sensitivity, confinement loss, effective area, effec-
tive mode index, total power fraction, highly birefringence 
and ultra-flat dispersion [17] etc. The researchers Ademgil 
et al. [18] were reported PC-PCF structure for chemical 
sensor in 2015. This proposed PC-PCF structure provides 
lower sensitivity 23.75% and higher confinement loss in 
optical wavelength. Arif et al. [19] recommended a hex-
agonal micro structured PCF to obtain the sensitivity is 
59% and loss of  10−11 dB/m for liquid sensing applications 
in 2016. The hybrid PCF (H-PCF) were proposed by Asa-
duzzaman et al. [20] to calculate the sensitivity of 49.17% 
and leakage loss of 2.75 × 10−10 dB/m. The folded cladding 
based PCF were reported by Ahmed et al. [21] to compute 
the sensitivity of 65.18% and loss of 2.07 × 10−5 dB/m for 
liquid sensor in 2017. As a result, we have seen that the 
background material is used by silica in their proposed 
articles [18–21] to gained sensitivity, confinement loss and 
other guiding properties in optical wavelength. Moreover, 
we see that the achievement of sensitivity and the loss 
are not up to the mark after investigating the computed 
results of articles [18–21]. So, we found a new opportunity 
to develop our proposed terahertz based PCF sensor to 
achieve mainly high relative sensitivity and low confine-
ment loss in the THz wave technology.

This article has proposed THz based RH-CPCF sensor 
where core is in a roated-hexa manner. The recommended 
RH-CPCF sensor has two rings roated-hexacore and five 
rings circular cladding. Zeonor is used as the background 
material of the reported RH-CPCF sensor. To compare 
with recent published articles [22–34], the proposed 
RH-CPCF shows the better performance of sensitivity 
and confinement loss are 76.44%, 77.16%, 73.20% and 
2.33 × 10−03 dB/m, 3.07 × 10−06 dB/m, 2.84 × 10−02 dB/m 
for ethanol, benzene and water respectively at 1 THz fre-
quency. So, this suggested RH-CPCF is highly useful in 
biomedicine and industrial chemicals research for sensing 
applications in the terahertz frequency range.

2  Design methodology

Figure 1 indicates the proposed views of RH-CPCF with 
a 5-layer cladding area and 2-layer roated-hexacore area. 
The number of first layer air holes is eight. 16, 32, 64, and 
128 air holes are second, third, fourth, and fifth layer 
respectively in the cladding region. The distance of hole 
to hole within two or same rings is defined by pitch. The 
parameters Λ1 and  d1 are indicated by pitch and diameter 
in the cladding area. On the other hand, the roated-hexa 
shape is defined as a core area that the first layer of six 
air holes contain a 20°, 80°, 140°, 200°, 260°, 320° angles 

and the second layer of 12 circular air holes contain a 20°, 
50°, 80°, 110°, 140°, 170°, 200°, 230°, 260°, 290°, 320°, 350° 
angles. The pitch and diameter are indicated by Ʌ and  dc 
in the core area. The core region is loaded up with three 
chemicals such as Ethanol (n = 1.354), Benzene (n = 1.366) 
and Water (n = 1.330). The background material such as a 
Zeonor is used in this proposed RH-CPCF sensor. The air 
filling ratio is defined by  d1/Λ1 in the cladding area. Moreo-
ver, this ratio can protect between the two air holes dis-
tance in the cladding region.

3  Numerical analysis

We know that THz PCF based sensor perfectly depends 
upon the intensity of light matter interaction by using 
Beer–Lambert law,

where the intensity of lights of the analytes is I(f) which 
already to be passed, and the light before passing through 
the analytes is  I0(f ), absorption coefficient is αm, length of 
channel is  lc and the leading frequency of the fiber is f, and 
relative sensitivity mood is r.

The absorbance (A) interprets the intensity of the inci-
dent I and the transmitted  I0 light of the analytes and this 
can be written as,

To compute of the sensitivity of PCF-THz sensors we 
need to know the rule of relative sensitivity. So, the rela-
tive sensitivity is defined by R,

(1)I(f ) = I0(f ) exp
[

−r αm lc
]

(2)A = log

(

I

Io

)

= −r αm lc,

(a) (b)

Λ1

d1

dcΛ

Silica

Air 

Silica
Chemical

Fig. 1  The proposed views of RH-CPCF optical fiber with cladding 
region and core region
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where the refractive index is  nr, effective mode index is  neff 
and the total sum of light matter interaction is E, that can 
be expressed as,

where the electric field of x, y component are  Ex and  Ey, 
and  Hx and  Hy are mentioned as the magnetic field of x, y 
components.

Confinement loss is another important guiding prop-
erty of any PCF. So, we know that the confinement or leak-
age loss Lc is calculated by,

where  K0 = 2π/λ; λ is the wavelength of light and  Im(neff) 
indicates an effective refractive index as an imaginary part.

We know that the main part is designing in effective 
mode area in PCF. This largely depends on the wave-
length as well as the core area. So, the effective area can 
be expressed by

Here, cross sectional electric field intensity is I(r) = |Et|
2 

and effective mode area is  Aeff.
Power fraction helps to observe how much power or 

energy is moving in the variety of areas. So, η is deter-
mined by

Here, the region of interest is indicated by nominator 
integration (cladding, core, air hole etc.). On the other 
hand, the denominator integration defines in the entire 
cross-section area.

4  Numerical results and discussion

We know that finite element method (FEM) is mostly use-
ful to compute the guiding properties the proposed RH-
CPCF. COMSOL Multiphysics 4.2 versions software tool is 
also used to calculate all numerical results in the frequency 
range from 0.8 to 3 THz.

Figure 2 shows (a) x-polarization and (b) y-polariza-
tion optical mode field distribution for 1 THz. The light 

(3)R =
nr

neff
× E

(4)E =
∫
sample

Re
(

ExHy − EyHx

)

dxdy

∫
total

Re
(

ExHy − EyHx

)

dxdy
× 100%

(5)Lc = 8.686 × K0Im
[

neff
]

(dB∕m)

(6)Aeff =

[

∫ I(r)rdr
]2

[

∫ I2(r)dr
]2

(7)� =
∫i SzdA

∫all SzdA

confinement is increased highly at the area in core which 
increases the sensitivity both x-polarization and y-polari-
zation of the proposed RH-CPCF. It is known that different 
intensity of light are passed through the fiber for differ-
ent polarizations. As a result, leakage loss, sensitivity and 
other parameters response of the fiber are varied in large 
amount. But in this structure, quite same amount of light 
pass through the core for both polarizations. So there are 
small amount of variations of the investigated parameters 
those are shown in the Figs. 3, 4, 5, 6, 7, 8, 9, 10 and 11 
respectively.

Figure 3 indicates that the relative sensitivity versus of 
frequency for both x and y mode with optimum structure 
parameters. The curve of relative sensitivity is going to 
downwards with the expansion of frequency and after-
ward diminishes bit by bit of frequency range. It’s also 
to be seen that the relative sensitivity of ethanol, ben-
zene and water reaches top at 1.6 THz and then started 
to diminish at 3 THz. The highest relative sensitivity of 
proposed RH-CPCF is 73.20%, 76.44%, 77.16% for Water 
(n = 1.330), Ethanol (n = 1.354) and Benzene (n = 1.366), 
respectively, at 1 THz. Finally to propose the structure, it 

Fig. 2  a x-polarization and b y-polarization mode at 1 THz

Fig. 3  Relative sensitivity versus of frequency for optimum param-
eters of the proposed RH-CPCF



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:1215 | https://doi.org/10.1007/s42452-019-1247-0

is tuned to achieve maximum sensitivity. Then, we have 
corrected all optimum parameters elaborately here. The 
optimum parameters are cladding diameter  d1 = 254 μm, 
cladding diameter  d2 = d3 = d4 = d5 = 249.60 μm, cladding 
pitch Λ1 = 320 μm, cladding pitch Λ2 = Λ3 = Λ4 = Λ5 = 332 
μm, core diameter  dc = 82.40 μm and core pitch Λ = 82.45 
μm.

Figure 4 demonstrates the relative sensitivity by chang-
ing the core and cladding air-hole parameters of ± 2% 
with optimum values for the proposed RH-CPCF. By the 
variation of the core and cladding air-hole parameters of 
± 2%, it is clearly visualized that we get higher sensitivity 
marginally than the optimum value. It’s also to be seen 
that relative sensitivity of ethanol, benzene and water 
reaches at 1.6 THz and then started to diminish at 3 THz. 

Fig. 4  Relative sensitivity versus of frequency for 2% more or less 
then optimum parameters of the proposed RH-CPCF

Fig. 5  Effective area versus of frequency for optimum design 
parameters of the proposed RH-CPCF

Fig. 6  Confinement loss versus of frequency for optimum design 
parameters of the proposed RH-CPCF

Fig. 7  Confinement loss versus of frequency for 2% more or less 
then optimum parameters of the proposed RH-CPCF

Fig. 8  Effective mode index versus of frequency for optimum 
design parameters of the proposed RH-CPCF
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The relative sensitivity and confinement loss at y polari-
zation mode for benzene, ethanol and water are 77.21%, 
76.43%, 72.76% and 1.39 × 10−7 dB/m, 1.43 × 10−7 dB/m, 
and 1.49 × 10−7 dB/m for 1 THz respectively. In addition, the 
parameters are cladding diameter  d1 = 259.08 μm, cladding 
diameter  d2 = d3 = d4 = d5 = 254.592 μm, cladding pitch 
Λ1 = 326.4 μm, cladding pitch Λ2 = Λ3 = Λ4 = Λ5 = 338.64 μm, 
core diameter  dc = 80.752 μm and core pitch Λ = 84.801 μm.

Figure 5 shows the effective area versus of frequency 
of the proposed RH-CPCF for optimum values. This plot 
indicates that the effective area of the proposed RH-CPCF 
diminishes when the frequency is increased. The effec-
tive area for ethanol, benzene and water is 1.36 × 10−7 m2, 
1.35 × 10−7 m2 and 1.43 × 10−7 m2, respectively, for 1 THz.

The feature of confinement loss versus of frequency at 
optimum parameters is appeared in Fig. 6. It is indicated 
that the confinement loss is being reduced with the expan-
sion of frequency. It is also seen that a certain frequency 
of 2.1 THz confinement loss is remain constant. The con-
finement losses are 2.84 × 10−02 dB/m, 2.33 × 10−03 dB/m, 
and 3.07 × 10−06 dB/m for three chemicals such as Water 
(n = 1.330), Ethanol (n = 1.354) and Benzene (n = 1.366), 
respectively, at 1 THz. Here, the optimum parameters 
are cladding diameter  d1 = 254 μm, cladding diameter 
 d2 = d3 = d4 = d5 = 249.60 μm, cladding pitch Λ1 = 320 μm, 
cladding pitch Λ2 = Λ3 = Λ4 = Λ5 = 332 μm, core diameter 
 dc = 82.40 μm and core pitch Λ = 82.45 μm.

Figure 7 indicates the confinement loss versus of fre-
quency for ± 2% by changing the optimum values in the 
proposed RH-CPCF. It is also noted that the expansion 
of frequency according to the confinement loss is being 
reduced. It is also seen that a certain frequency of 2.1 THz, 
the confinement loss is remain constant. 1.39 × 10−7 dB/m, 
1.43 × 10−7 dB/m, and 1.49 × 10−7 dB/m are correspond-
ingly confinement loss for three chemicals such as water, 
ethanol and benzene at 1 THz. Here, we can clearly see 
from the comparison of Figs. 6 and 7 results that the con-
finement loss versus of frequency shows the negligible 
change.

Figure 8 indicates the effective mode index versus of 
frequency for both x and y mode in optimum parameters. 
It is seen that the effective mode index is being increased 
with the expansion of frequency. It is also seen that the 
effective mode index range is started with 1.27 and the 
frequency started with 0.5 THz. It is noted that effective 
mode indices can reach the top value 1.39 with the expan-
sion of frequency in THz waves.

Fig. 9  Effective mode index versus of frequency for 2% more or less 
then optimum parameters of the proposed RH-CPCF

Fig. 10  Total power fraction versus of frequency for optimum 
parameters of the proposed RH-CPCF

Fig. 11  Total power fraction versus of frequency for 2% more or 
less then optimum design parameters of the proposed RH-CPCF
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Figure 9 shows the effective mode index versus of fre-
quency for ± 2% changing of the optimum values. It is also 
indicated that the expansion of frequency according to the 
effective mode index is being increased. It is also observed 
that the effective mode index range is started with 1.27 
and the frequency started with 0.5 THz. It is also seen that 
effective mode indices can reach the higher value 1.39 
with the expansion of frequency. Now, from the compari-
son of the effective mode index versus of frequency in 
Figs. 8 and 9, it is seen that the feature of effective mode 
index versus of frequency show almost same response in 
range of THz frequency.

In Fig. 10, it indicates the total power fraction versus of 
frequency for both x and y polarization in the proposed 
RH-CPCF. It is seen that the total power fraction increases 
with the increment of frequency. Moreover, it is observed 
that the frequency beginning from 0.5 THz, achieves a top 
position at 1.5 THz and then started to diminish.

In Fig. 11, it shows the total power fraction versus of fre-
quency for ± 2% by changing the optimum values. It is also 
indicated that total power fraction is increases according 
to the increment of frequency. It is also seen that the fre-
quency beginning from 0.5 THz, achieves a most extreme 
position at 1.5 THz and then started to diminish.

Here, after completing all numerical results from 
Figs. 10 and 11, it is also seen that the feature of the total 
power fraction versus of frequency is no major change in 
terahertz frequency range.

We have also computed the ± 2% parameters with 
changing optimum parameters of the proposed RH-CPCF 
sensor. As a result, the optimum parameters are varied 
with changing ± 2% parameters of relative sensitivity and 
confinement loss. From Table 1, it is clearly visualized that 
there are no major change of the sensitivity response and 
confinement loss response due to the variation of opti-
mum parameters up to ± 2%. So we can say that after 

fabrication process, the proposed optical sensor will be 
provided same responses.

The suggested RH-CPCF shows highly relative sen-
sitivity and low confinement loss than other prior PCFs 
for ethanol (n = 1.354) which is shown in Table 2. The pro-
posed optical sensor exhibits better optical parameters 
responses compare to recent published articles.

We know that the fabrication technique is a funda-
mental issue in any optical fiber. Now-a-days, the sol–gel 
[35] technique is more popular to fabricate the PCFs in 
any shape. Moreover, this technique provides freedom 
to design the structure of cladding and core area in any 
shapes. So, this sol–gel technique will be useful to fabri-
cate of the proposed RH-CPCF. In recent years, selectively 
filling technique [36] is a very useful to fill in chemicals into 
the holes of the core region of any PCF structure and are 
now routinely used in the laboratory-environment. In this 
technique, when the holes of the core area are selectively 
filled with liquids or chemicals, the incident light propa-
gates through the liquids or chemicals directly by either 
photonic bandgap guidance or effective index guidance. 
So, we can say that by combining the advantages of the 
photonic bandgap guidance or effective index-guiding 
process and the selective filling technique, any photonic 
crystal fiber whose holes of the core area is filled with liq-
uids or chemicals can provide a better guiding properties 
practically.

5  Conclusion

A novel design of RH-CPCF is structured and investigated 
for the chemical detection in terahertz region. Zeonor is 
used as the background material of this proposed tera-
hertz RH-CPCF. The perfectly match layered (PML) and 
FEM method are used to determine all numerical results 

Table 1  The compare table 
among the change in ± 2% 
parameters and optimum 
parameters at 1 THz

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

Water Ethanol Benzene Water Ethanol Benzene

+ 2% 73.76 76.50 77.22 4.75 × 10−03 5.53 × 10−03 2.27 × 10−06

Optimum 73.20 76.44 77.16 2. 84 × 10−02 2.33 × 10−03 3.07 × 10−06

− 2% 72.64 76.32 77.04 3.65 × 10−01 1.42 × 10−03 4.38 × 10−06

Table 2  The compare table 
in design of structure and 
numerical results among prior 
PCFs and proposed RH-CPCF at 
n = 1.354

Prior in PCFs Sensitivity (%) Confinement 
loss (dB/m)

Ring of 
number

Design of structure

Core Cladding

PCF1 [22] 49.17 2.75 × 10−10 3 Elliptical holes Circular
PCF2 [28] 57.18 1.11 × 10−11 5 Elliptical holes in porous Hexagonal
PCF3 [33] 61.45 1.41 × 10−10 5 Porous Porous
Pro. PCF 76.44 2.33 × 10−03 5 Roated-hexa Circular
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properly. Different polarization modes are analyzed to 
investigate the different optical parameters. As a result, the 
relative sensitivity and confinement loss of proposed RH-
CPCF are 73.20%, 76.44%, 77.16% and 2.33 × 10−03 dB/m, 
3.07 × 10−06 dB/m, 2.84 × 10−02 dB/m at three chemicals 
such as Water (n = 1.330), Ethanol (n = 1.354) and Ben-
zene (n = 1.366) for 1 THz. So, we can say clearly that the 
reported RH-CPCF sensor can be used specially for chemi-
cal sensing in various biomedical or industrial sectors.
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