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a  b  s  t  r  a  c  t

A porous  core  photonic  crystal  fiber,  based  on  Topas,  with  ultra-low  effective  material  loss
and near  zero flattened  dispersion  properties  is  proposed  for  efficient  polarization  preserv-
ing transmission  of  terahertz  waves.  The  Finite  Element  Method  (FEM)  with  a  Perfectly
Matched  Layer  (PML)  boundary  condition  is  used  to compute  the  modal  characteristics  of
the  fiber  that  confirms  a lower  Effective  Material  Loss  (EML)  of  0.034  cm−1, lower  confine-
ment  loss  of  the  order  of  10−3.7 cm−1, higher  effective  mode  area  of 0.6  ×  106 �m2 and  a
flattened  dispersion  variation  of 0.09  ps/THz/cm.  In addition,  some  other  characteristics
including  birefringence,  single  mode  operation,  core power  fraction  and  Figure  of  Merit
(FOM) of the proposed  fiber  are also  discussed.  To simplify  the fabrication  process,  only  cir-
cular shaped  air  holes  with  a conventional  hexagonal  structure  in  the  cladding  is  deployed.
It is  anticipated  that,  this  newly  proposed  waveguide  will  open  a  new  window  for  further
terahertz  research  and  broadband  transmission  of  terahertz  radiation.

© 2017  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

The 0.1–10 THz frequency range is loosely defined as the terahertz frequency band [1,2]. It lies in the transition region
between optical and electrical frequencies making it both challenging and an area of frontier science that motivates further
research. The terahertz band has gained significant interest due to its multidisciplinary applications including medical
imaging [3,4], bio-sensing, security screening [5,6], spectroscopy [7], hybridization of DNA [8] and communication [9]. To
widen its areas of application, reliable and efficient waveguides are of significant interest.

In recent years, researchers have proposed several waveguides [10–14] for transmitting terahertz signals efficiently. It
is observed that, most of the proposed waveguides have high material absorption loss, and this has led to a preference for
terahertz transmission in free space. Transmission of terahertz waves using free space causes a number of undesirable issues,

including path loss, uncertain absorption loss, and difficult alignment.To overcome these problems, porous core photonic
crystal fibers have recently been proposed for the terahertz regime. The key design parameters of porous core photonic crystal
fibers are core diameter, frequency, air hole size, arrangement of air holes and distance, which can be freely designed based
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n the requirements of spcific applications. There are several bulk materials that can be used to design terahertz waveguides.
hese include polymethyl–methacrylate (PMMA) [15], Teflon [14], high density polyethylene (HDPE) [16], Topas [17] and
eonex [18]. Topas is chosen as the base material of our proposed fiber because of its unique desirable characteristics that

nclude, (i) lower material absorption loss of about 0.2 cm−1at 1 THz frequency [22], (ii) higher glass transition temperature
g than PMMA [19], (iii) multi-antibody bio-sensing [20], (iv) humidity insensitive [21], (v) excellent biocompatibility, (vii)
onstant refractive index n = 1.53 in the frequency range of 0.1–1.5 THz [22], (viii) negligibly hygroscopic [23], and it does
ot absorb water vapor, which is advantageous for manufacturing terahertz waveguides. In addition, Topas can be used in
ombination with Zeonex to make step index fibers [24]. In recent years, researchers have proposed several [25–32,38] Topas
ased PCFs for terahertz wave transmission. In 2012, Bao et al. [25] proposed a honeycomb terahertz fiber that shows an
ffective material loss of 1.5 cm−1 at 1.0 THz. The loss is high and the fabrication of the honeycomb fiber is difficult. In the same
ear, Uthman et al. [39] proposed a porous core low loss photonic crystal fiber. Using Teflon as the base material they claimed
hat using porous core and porous cladding the core power fraction can be increased significantly that consequently reduce
he effect of material loss. In 2013, Liang et al. [26] proposed a porous core photonic band gap fiber which shows an EML  of
.432 cm−1 and dispersion variation of less than 2.5 ps/THz/cm. Later, Kaijage et al. [27] proposed an octagonal structure of
hotonic crystal fiber for terahertz wave guidance. They demonstrated an EML  of 0.070 cm−1at 1 THz frequency. However,
hey did not mention the dispersion properties of the fiber. In 2015, Islam et al. [28] proposed a rotated hexagonal porous
ore single mode fiber that shows an EML  of 0.066 cm−1 and a core power fraction of 40%. Furthermore, Hasanuzzaman et al.
41], proposed a novel photonic crystal fiber incorporating kagome lattice and hexagonal core. They were able to provide
n EML  of 0.034 cm−1, negligible confinement loss at 1 THz frequency. They also obtained a near zero flattened dispersion
ariation of 0.60565 ± 0.13955 ps/THz/cm within the frequency range of 0.75–1.15 THz. However, the fabrication of kagome-
tructured fiber is more challenging than that of fibers with only circular shaped air holes. For further improvement, in 2016,
aiful et al. [29] proposed a circular photonic crystal fiber and were able to reduce the EML  to 0.053 cm−1 with a dispersion
ariation of 0.25 ps/THz/cm. A square lattice porous core photonic crystal fiber with an EML  of 0.076 cm−1 and confinement
oss of the order of 10−3 cm−1 was also proposed in Ref. [30]. Later, for terahertz wave guidance, a Teflon based polarization

aintaining PCF has been proposed by Aming et al. [40]. They claimed that more than 85% of the total power can be confined
n the air hole region that causes the reduction of modal loss to 85%. In addition, implementation of unequal sized air holes
n the core region increases the birefringence. In 2016, Hasan et al. [31] proposed a bend insensitive porous fiber, where
hey were able to show an EML  of 0.089 cm−1 and higher dispersion variation of 1.04 ± 0.27 ps/THz/cm without investigating
he single mode properties of their proposed fiber. Then, an octagonal lattice with a rotated hexagonal core structure was
roposed in Ref. [32], where it is shown that, the material absorption loss is reduced to 0.047 cm−1 with dispersion flatness
f 0.15 ps/THz/cm. Recently, in 2017, more advanced work was proposed in Ref. [38], where the authors were able to reduce
he EML  further to 0.043 cm−1 with near zero dispersion flattened properties. The above works suggest there is great scope
or PCF improvement in consideration of EML, confinement loss, bending loss, core power fraction, birefringence, dispersion,

odal effective area and other relevant properties.
In this paper, a Topas based hybrid photonic crystal fiber containing the combination of rectangular and triangular

tructure in the core surrounding by an asymmetric rotated hexagonal structure in the cladding is proposed. At optimal
esign parameters, our design goals are to achieve as low material absorption loss as possible, negligible confinement loss,
igher core power fraction, higher birefringence, higher effective mode area and ultra-flattened dispersion. To make the

abrication possibilities easier, only circular shaped air holes are used in both core and cladding of the proposed fiber.

. Design methodology

The schematic diagram of the proposed hybrid porous core PCF is shown in Fig. 1. The commercially available full-vector
nite element method based software COMSOL v 4.2 is used to compute the modal characteristics of the fiber. Five rings of
n asymmetric hexagonal structure are used in the cladding while the core is a combination of rectangular and triangular
tructure. It is demonstrated that by introducing such structure inside the asymmetric-hexagonal cladding reduces the
ffective material loss (EML) and higher air filling fraction (AFF) makes the dispersion properties flat. The complete mesh of
he proposed waveguide consists of 524 vertex element, 18272 boundary elements and 234467 total elements.

All the air holes in the cladding region are of same size with radius r1. In the cladding, the spacing between air holes of
wo adjacent rings and that of the same rings is related by �1 = 0.765�. For the core, the spacing between air holes is defined
s �c. Through the whole numerical analysis, the air filling fraction (AFF) d/� of the cladding was kept fixed at 0.85 for an
ptimal confinement factor because further increase overlaps the air holes, causing fabrication difficulties. In the meantime,
t the core, the AFF is varied intentionally which mostly determined by the core porosity. Porosity is defined as the ratio of
ir hole area to the total cross-section area of the core. A perfectly matched layer boundary condition has been used at the
uter part of the cladding, which is about 10% of the fiber radius.

It is important to consider the practical implementation of the fiber. There are several ways to fabricate PCF. The most
ommonly used methods are capillary stacking, drilling, stack and draw, extrusion and sol-gel etc. The Max  Plank Institute

abricated several PCFs for a different lattice structure [33]. Almost all types of structure can be fabricated by the extrusion
echnique proposed by Kiang et al. [34]. As our proposed fiber consists of only circular shaped air holes and higher porosity,
apillary stacking [31] and sol-gel [35] techniques are best suited as they both can be used to fabricate circular shaped air
oles.
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Fig. 1. Cross section of the proposed hybrid porous core fiber.

Fig. 2. Mode field distribution of the proposed PCF for (a) 64% (b) 74% (c) 84% porosity.
Fig. 3. EML  vs Core diameter at f = 1 THz for orthogonal polarization mode.

3. Simulation & result

For different porosity values (64%, 74% and 84%), the fundamental mode field profile is shown in Fig. 2. It is observed that,
mode fields are confined to the core, which is essential for efficient terahertz propagation. It is also observed from the same
figure that, with the increase of core porosity, the index change between core and cladding is reduced and thus mode fields
spread towards the cladding.

In terahertz frequency bands, most polymer materials are highly absorbent and it is a significant challenge in designing
an efficient terahertz waveguide. The so-called material absorption loss or effective material loss can be calculated by [32],

�eff =
√

�0

�0

(∫
mat

nmat|E|2�matdA

|
∫

all
SzdA|

)
(1)

where, ε0 and �0 indicates the relative permittivity and permeability in vacuum respectively, �mat is the bulk material

absorption loss of Topas, nmat indicates the refractive index of the background material and Sz is the z-component of the
Poynting vector . Where, E and H are the electric and magnetic field components, respectively. Here, the integration of the
numerator of Eq. (1) is carried out over the solid material region whereas the integration of the denominator is carried out
over the whole region. It is observable from Fig. 3 that, as the core diameter increases the amount of solid material inside the



Md.S. Islam et al. / Optik 145 (2017) 398–406 401

Fig. 4. Core power fraction vs core diameter at f = 1 THz for orthogonal polarization modes.
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Fig. 5. EML  vs frequency at optimal design parameters for orthogonal polarization modes.

ore also increases that inturn increases the value of EML. It is also observed from Fig. 3 that, as the porosity increases the
mount of solid material inside the core decreases, which consequently scaled down the EML. It is observed that, a minimal
mount of EML is obtained at 300 �m but we choose 360 �m as optimal because at 300 �m the core power fraction is very
ow and confinement loss is very high.

The amount of modal power transferring through different regions of a PCF is known as mode power fraction. The mode
ower fraction can be calculated by [32],

�′ =
∫

X
SzdA∫

all
SzdA

, (2)

here, the integration of the numerator is carried out over the region of interests and the integration of the denominator
s done over the total area of the fiber. Fig. 4 describes the behavior of core power fraction with respect to core diameter
t different porosity values. It is observed that, as the core diameter increases, the core power fraction also increases. We
ave seen that, core power fraction is maximum at 64% core porosity but we cannot choose that as optimal hence the value
f EML  at 64% porosity is higher than the other mentioned porosity values. We  can also see that, the core power fraction
alues are higher at 500 �m,  here we cannot also choose that point as optimum because EML  is higher at that point. Upon
bserving Fig. 3 and 4, It can be observed that 360 �m core diameter and 84% core porosity can be considered as optimal
esign parameters, as at that point the obtained EML  is as low as 0.034 cm−1 and core power fraction of 44%, which seems
o be sufficient for efficient terahertz wave transmission.

At 360 �m core diameter and 84% porosity, Fig. 5 shows the characteristics of EML  with respect to frequency. Here, it is
bserved that the EML is not constant but increases linearly with frequency [25]. This is because, the material absorption

oss is proportional to frequency hence increasing frequency also increases the EML. So, according to the empirical formula
25]: �(�) = �2 + 0.63�–0.13 [dB/cm], it is experimentally demonstrated that, the bulk material absorption loss depends on
requency.

This matter is carefully handled when calculating the frequency response of EML  of our proposed PCF. It is seen that, EML
s lower at 0.6 THz but we cannot choose that as optimal hence core power fraction is low at that point. Again, from Fig. 6
t can be seen that, at 0.6 THz the obtained confinement loss is higher than higher frequencies. Hence, we choose 1 THz as
ptimum where obtained EML  is 0.034 cm−1 and core power fraction is 44%. So, at optimum design parameters, the obtained
ML  is obviously better than the previously reported [9,25–32,37] optical waveguides.

Core power fraction as a function of frequency at different polarization modes and other optimal design parameters is
hown in Fig. 6 where it is observed that as the frequency increases the core power fraction also increases. This is because,

ith the increase of frequency some of the useful power tends to penetrate throughout the cladding region. It can be seen

rom Fig. 6 that at 1 THz frequency, x-polarization mode and other optimal design parameters the obtained core power
raction is 44%.
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Fig. 6. Core power fraction vs frequency at optimal design parameters for orthogonal polarization modes.

Fig. 7. Confinement loss with respect to frequency at optimal design parameters.
Fig. 8. Dispersion variation vs frequency at optimal design parameters.

Confinement loss is another important guiding property of terahertz PCF. It can limit the length of thereal terahertz
transmission system. Confinement loss of the proposed waveguide can be calculated by [41],

�CL = 4�f
c

Im(neff),cm−1 (3)

where, f is the operating frequency, c is the speed of light and Im(neff) represents the imaginary part of the complex refractive
index. Confinement loss actually depends on the core porosity and number of air holes used in the cladding. Fig. 7 shows
the characteristics of confinement loss with respect to frequency. Here it is observed that, as the frequency increases,
confinement losses are scaled down. This is because, as the frequency increases more light start to constrict strongly in the
porous core region. By increasing the number of air holes in the cladding the confinement loss can be reduced further. At
optimal design parameters, the obtained confinement loss is in the order of 10−3.7 cm−1 that is improved over previously
reported designs [28–32,37].

Dispersion is an important property that must be observed for an efficient waveguide design. In our proposed waveguide,
material dispersion is totally neglected, where only waveguide dispersion is measured as Topas has aconstant refractive index
over the frequency ranges of 0.1–1.5 THz. Waveguide dispersion can be calculated using the following equation [32],

ˇ2 = 2
c

dneff
dω

+ ω

c

d2neff
dω2

(4)
where, � = 2�f is the angular frequency and c is the speed of light in vacuum.
Fig. 8 describes the behavior of dispersion variation with respect to frequency. It is observed that, a flattened dispersion

of 0.94 ± 0.09 ps/THz/cm is obtained within a broad frequency range of 0.70–1.3 THz, which is significant for terahertz
communication applications. The obtained dispersion is more flat than the previously reported [28,29,31,32]. So, considering
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Fig. 9. Birefringence vs core diameter at optimal design parameters.
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Fig. 10. Birefringence vs frequency at optimal design parameters.

ifferent characteristics like EML, core power fraction, confinement loss and dispersion the fiber operating range is set to
.7-1.3 THz.

In order to consider a PCF as polarization maintaining terahertz fiber, the index differences between x-polarization and
-polarization mode should be as high as possible. These index differences is called birefringence that can be calculated by
31],

B = |nx−ny| (5)

here, B indicates birefringence, nx and ny indicates the refractive indices of x and y polarizations respectively.
The variation of birefringence with respect to core diameter at different core porosities is shown in Fig. 9. It can be observed

hat, as the core diameter increases the birefringence also increases as some of the useful power starts to penetrate outside
he core that reduces the index contrast between the polarization modes. Fig. 10. indicates the variation of birefringence with
espect to frequency at different porosity values. It is observed that, as the porosity increases the amount of birefringence
ecreases. It is also observed that, birefringence increases with the increase of frequency. The reason is, with the increase of

requency the index contrast between the orthogonal polarization modes increases and hence the phenomenon happened.
rom Fig. 9 and 10 it can be observed that, at optimal design parameters the value of birefringence is 1.23 × 10−3.

The modal effective area is a qualitative measurement of the cross section area covered by the guided mode of the fiber.
he fundamental mode area can be calculated by [36],

Aeff =
[∫

I (r) rdr
]2

[∫
I2 (r) dr

]2
(6)

here, I(r) = |Et|2 indicates the distribution of electric field intensity across the cross section of the proposed fiber.
Fig. 11 reveals the affect of frequency on the effective mode area. Modal effective area depends largely on the frequency

f the guided mode. It is observed that as the frequency increases, the Aeff decreases smoothly. The reason being more light is
onfined in the core for f > 1 THz and as the frequency increases light starts to penetrates towards the cladding. The obtained
eff is very much comparable with the previously reported [27,36–38] optical waveguides.

Figure of Merit (FOM) is also an important property of a fiber that is necessary for overall assessment of a PCF. FOM can
e calculated as the ratio of the normalized value of effective material loss to the obtained value of modal effective area
26,37],
FOM = ˛eff⁄Aeff (7)

here, �effindicates the normalized value of EML  and Aeff symbolizes the obtained value of modal effective area.



404 Md.S. Islam et al. / Optik 145 (2017) 398–406

Fig. 11. Modal effective area vs frequency at optimal design parameters.

Fig. 12. FOM vs porosity at Dcore = 360 �m and f = 1 THz.
Fig. 13. V-parameter vs frequency at Dcore = 360 �m and porosity = 84%.

It can be observed from Fig. 12 that FOM decreases with the increase of porosity. The reason is, with the increase of
porosity the value of EML  decreases significantly (see Fig. 3).So, from Fig. 12 it can be said that there is a significant control
of �eff over FOM where Aeff has no considerable control over it as the value of Aeff is negligible compared to �eff. Lower value
of Aeff have very useful applications in nonlinear effects of a PCF.

Now, it has to be ensured that the proposed fiber operates in the single mode condition. The single mode characteristics
of a fiber can be calculated by the following equation [32],

V = 2�rf
c

√
nco2 − ncl

2 ≤ 2.405. (8)

So, a fiber to be operated in single mode condition, it must satisfy the condition of V–parameter. In Eqn. 8, nco indicates
the effective refractive index of the porous core which is equal to (neff) [37] and ncl indicates the refractive index of cladding.
Ideally the value of ncl is considered to be unity [27–32] as major portion of the cladding consists of circular air holes and the
refractive index of air is unity. Practically, the value of ncl should not be unity because the cladding not only consists of air
but also Topas, so practically the refractive index of the cladding should be slightly greater than unity [38]. In our designed
fiber, the V-parameter is calculated for different values of ncl with respect to core diameter and frequency. Figs. 13 and 14
indicate that the value of V does not exceed 2.405 that confirm the single mode operation of the fiber.
Finally, a characteristics comparison of the previously reported waveguides and our proposed waveguide is shown in
Table 1.
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Fig. 14. V parameter vs core diameter at optimal values.

Table 1
Comparison of the proposed fiber with previously reported fiber.

References Frequency (THz) Porosity (%) EML  (cm−1) Dispersion
Variation
(ps/THz/cm)

Confinement loss
(cm−1)

[27] 1 60% 0.07 – –
[28] 1 60% 0.066 0.30 10−3.5

[29] 1 68% 0.053 0.25 10−4

[30] 1 80% 0.076 0.086 10−3

[31] 1 – 0.089 0.27 10−2.5

[32] 1 79% 0.047 0.15 10−3

−3.5

4

l
t
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t
s
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[
[
[
[

[

[

[37] 1 81% 0.043 0.09 10
[41] 1 70% 0.035 0.13 0.0012
This  Manuscript 1 84% 0.034 0.09 10−3.7

. Conclusion

We  have presented the numerical modeling of a single mode terahertz PCF with ultra low effective material loss, neg-
igible confinement, higher effective mode area and ultra flattened dispersion properties. At optimal design parameters,
he proposed fiber demonstrates a lower EML  of 0.034 cm−1, core power fraction of 44%, confinement loss of the order of
0−3.7 cm−1, birefringence of 1.23 × 10−3, near zero flattened dispersion of 0.94 ± 0.09 ps/THz/cm over a broad frequency
ange of 0.70–1.30 THz and higher modal effective area of 0.6 × 106 �m2. The obtained ultra low loss, high birefringence
nd dispersion-flattened properties of the fiber potentially have a significant application in longer distance terahertz wave
ransmission as well as polarization maintaining applications. Again, simplicity in design and the realistic size makes it fea-
ible in terms of fabrication. So, considering all the aforementioned properties, we can conclude that, if the proposed fiber
an be utilized properly with state of the art technology then it will open a new window for longer distance transmission of
erahertz waves.
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