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Abstract. We report on a polymer-based porous-core photonic crystal fiber for simultaneous high-birefringent
and low-loss propagation of narrowband terahertz (THz) electromagnetic waves. The high birefringence is
induced by using rotated elliptical air holes inside the porous-core. The fiber is numerically analyzed with an
efficient finite-element method. The simulation results exhibit an extremely high birefringence of ~0.042 and
a very low effective material loss of ~0.07 cm~'! at an operating frequency of 1 THz. Moreover, we have
found an optimal rotation angle (¢) = n30 deg (n is an odd integer). Other modal features of the fiber, such
as confinement loss, power fraction, effective area, bending loss, and dispersion, also have been analyzed.
We anticipate that the proposed fiber would be suitable in polarization maintaining THz wave guidance appli-
cations. © 2016 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.0E.55.7.076114]
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1 Introduction

Recent development in terahertz (THz) technology has made
it possible to exploit THz or far infrared rays (10'' to
10'3 Hz) in the fields of biosensing, imaging, spectroscopy,
military security,'* and biomedical engineering.’ One of the
most promising applications of the proposed photonic crystal
fiber (PCF) concept is associated with noninvasive, mini-
mally invasive and intraoperative medical diagnosis. It
could be used for noninvasive early diagnosis of skin cancer,
including the basal cell carcinoma,* dysplastic skin nevi, and
melanomas” of hardly accessible skin areas; for minimally
invasive diagnosis of colon tissue cancers;® or for intraoper-
ative diagnosis of breast tumors.” The devices used for gen-
erating and detecting THz waves are readily available,® but it
is hard to find an overall efficient waveguide for THz propa-
gation. The reason is that most of the dielectric materials
exhibit high absorption loss in the THz regime.’ It is well
known that dry air works as a transparent medium for THz
waves. That is why THz rays are generally transmitted in
the free space where proper alignment and maintenance are
highly required.

Polarization maintenance (PM) in THz regime also has
promising applications in polarization maintaining time-
domain spectroscopy.'® To date, different kinds of wave-
guides have been proposed for PM THz transmission, which
include air core band-gap fibers,'' porous fibers,*'*"!> and
elliptical dielectric coated metallic hollow fibers.'® To reduce
the fiber propagation loss to some extent, the solid core of
the plastic PCF was later replaced with an air core.'! In the
meantime, there were reports on squeezed lattice elliptical-
hole structures,'? porous fibers with rectangular slots,'>!*

*Address all correspondence to: Sohel Rana, E-mail: dsmsrana@gmail.com
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and porous fibers with rotated elliptical air holes.'> The
works described in Refs. 13 and 14 showed high birefrin-
gence of ~0.026 and the one in Ref. 15 showed an ultrahigh
birefringence of ~0.045. Very recently, Islam et al.® proposed
a porous fiber with rectangular slots that exhibits a high bire-
fringence of ~0.075 and effective material loss (EML) of
0.07 cm™'. Tang et al.'® presented a metallic hollow fiber
with dielectric coating that exhibits a high-modal birefrin-
gence (~1.36 x 1072). It also allows propagating a majority
of the mode power through an elliptical air core resulting in a
very low effective absorption loss (~0.003 cm™'). Raonaq
et al.'” proposed a porous fiber based on dual asymmetry
that shows a high birefringence of 0.045 and EML of
0.08 cm~!. Recently, Hasanuzzaman et al.'® reported a
novel design based on dual unit air holes in the core instead
of one hole that exhibits a high birefringence of 0.033
and EML of ~0.43 dB/cm (or equivalent to 0.09 cm™").
Note that all the previous reports analyzed one or two optical
properties simultaneously such as low birefringence, high
absorption loss, and fabrication difficulties. Reviewing the
literatures so far, it is realized that two distinct but effective
methods are used to obtain high birefringence in the THz
regime; one is to break the symmetry of the fiber cladding,"
and the other is to achieve asymmetric characteristics in the
fiber core.?*!

In this paper, we present a porous-core PCF, which has
elliptical air holes in the core and circular air holes arranged
in a hexagonal lattice in the cladding. Rotation of the ellip-
tical air holes at an optimum angle successfully breaks the
symmetry of the fiber core and hence induces a high bire-
fringence of ~0.042. Also, most of the power is transmitted
through air media exhibiting a low effective material loss
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(EML) of ~0.07 cm~!. In addition, it also unveils ultra-low
confinement loss in the order of 107> cm™! and low bending
loss in the order of 107! cm™' with its optimal design
parameters. Although porous fiber with elliptical air holes
in the core and air-cladding,'® porous fiber based on dual
asymmetry'” and dual unit-based porous fiber'® have already
been studied, to our knowledge, a porous fiber features
hexagonal arrays of air holes in the cladding and rotated
elliptical air holes in the core has never been investigated
before in the THz regime for the modal properties of a
fiber such as EML, birefringence, effective area, confinement
loss, bending loss, and dispersion simultaneously.®!'!-!8

2 Design Principle

The cross section of the proposed THz fiber is shown in
Fig. 1. For simplicity, a hexagonal structure is considered
for both the core and the cladding regions of the proposed
design. The air holes are arranged in triangular lattices where
the symbols A and A, represent the distance between two
adjacent air holes in cladding and core regions, respectively.
The diameters of the major and minor axes of the elliptical
air holes in the core are denoted by M and N. We adjust
the core diameter [D . = 2(A — d/2)] in between 150 and
250 um, whereas the normalized ratio (d/A) is kept constant
at 0.95 for a good confinement factor. The diameter of the air
holes of the cladding is denoted by d. In our design, we use
M =144 ym, N = 5.6 ym, D . = 200 ym d = 180 pm,
and whole radius of the fiber is 1067 ym. These values of
parameters are chosen for better results such as low EML,
confinement loss, bending loss, high birefringence, and
power fraction. The background material chosen for this
fiber is cyclic-olefin copolymer with a trade name of
TOPAS. It has some decisive advantages over other polymer
materials (PMMA, Teflon, HDPE, etc.) such as low bulk
material loss of 0.2 cm™" at f = 1 THz,?* a constant refrac-
tive index of n = 1.5258 between 0.1 and 2 THz frequency
range, humidity insensitivity,”> and chemical inertness with
special biosensing properties.”*

3 Results and Discussions

To compute the modal properties of the proposed fiber,
we utilized the finite-element method-based commercially
available software COMSOL. An artificial absorbing layer,
known as the perfectly matched layer (PML), is applied
outside the structure to limit the computational domain
and minimize nonphysical back scattering. In our design,

Fig. 1 Cross section of proposed fiber and the extended view of its
core at rotation angle () = 0 deg.
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Fig. 2 Electric field distribution of the normalized power flow for
x and y polarization modes at D, =200 um, f=1THz and
rotation angle (¢) = 30 deg.

the thickness of the PML region is 9% of the total radius
of the fiber. Figure 2 shows the power flow distribution of
the proposed fiber for the two orthogonal polarization
modes, which strongly illustrates that mode power is well
confined within the fiber core. Throughout the analytical
process, the parameters are chosen such that the single-
mode condition always is fulfilled.

First, the single-mode condition is verified with V-param-
eter expressed as'’

2
- ”c’f n2, — n? < 2.405, (1)

Vv

where r is the radius of the core, c is the velocity of electro-
magnetic waves in vacuum, n., and n are the refractive
indices of the core and the cladding, respectively. We have
assumed 7, as a unity'> because the cladding is densely
populated with air holes. On the other hand, n, is regarded
as nqg because of the porous core. Eq. (1) means V-param-
eter of the proposed fiber should be kept lower or equal to
2.405 in order to achieve the single-mode property. We have
shown the V-parameter with respect to frequency in Fig. 3,
where it is noticed that for both the orthogonal polarization
modes, the fiber maintains the single-mode property when
f < 1.45 THz. Hence, our study is based on the frequency
range of 0.7 to 1.45 THz.
Now, the birefringence of the PCF is quantified by

B =|n, —n,|, 2)

y

where B indicates birefringence, n, and n, are the refractive
indices of x and y polarization modes, respectively. Figure 4
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Fig. 3 V-parameter as a function of frequency at Dy, = 200 yum and
rotation angle () = 30 deg. The dashed lines show the single-mode
boundary condition.
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Fig. 4 Elliptical air holes in the core at different rotational angles: (a) 0 deg, (b) 15 deg, (c) 30 deg, and

(d) 45 deg.

depicts the cross section of the core at various rotation
angles. The birefringence with respect to rotation angle is
shown in Fig. 5, where it is observed that maximum bire-
fringence can be obtained at 6(deg) = n30 deg (n is an
odd integer). Likewise, minimum birefringence is obtained
when n is an even integer. The physical reason is that
when the rotation angle is an odd multiple of 30 deg,
the elliptical air holes arrange themselves in such a way
that the major axes of multiple air holes are synchronized
[refer Fig. 4(c)]. As a result, the symmetry of the porous-
core is broken along a fixed direction to induce maximum
birefringence for this arrangement. On the other hand, when
the rotation angle is an even multiple of 30 deg, the major
axes of every air hole are arranged at different angles
to induce the minimum birefringence [see Fig. 4(a)]. We
found that the proposed fiber shows a birefringence of
~0.042 at 6(deg) = n30 (n is an odd integer), exhibited
in Fig. 5, which is very much comparable to the previously
reported works.®!!'"!® Note that birefringence can be further
enhanced by increasing the ratio of major axis length (M) to
minor axis length (N) of elliptical air holes. But it leads to
high material absorption loss. In contrast, effective refrac-
tive index for both polarizations also changes while ratio
(M/N) is varied.

Figure 6 shows the birefringence as a function of fre-
quency, where it is observed that the birefringence value
increases with frequency. This is due to the fact that at
a higher frequency, more power is propagated through the
elliptical air holes. It can also be observed from Fig. 6
that 6(deg) =n30 (n is an odd integer) (for this case
30 deg) features high birefringence value as compared to
the rest (0, 15, and 45 deg).
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Birefringence

0.03

I3 I3 I3

0 30 60 90 120 150 180

Rotation angle (deg)

Fig. 5 Birefringence versus rotation angles at D, = 200 um and
f=1THz.
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Fig. 6 Birefringence versus frequency at different rotation angles for
Deore = 200 pm.

Another important modal property to be analyzed for THz
fibers is the EML or the effective absorption loss (),
which can be calculated using®

Qegr = \/—%(\fmal nmatE|2amatdA) 3)
) Ho | Jan Ssz| ’

where g, and y are the permittivity and permeability of the
vacuum, n,,, is the refractive index of the material used, E is
the modal electric field, a,,,, is the bulk material absorption
loss, and S, is the z-component of the Poynting vector,
S. = (1/2)(E x H*)Z. In our proposed fiber, we examined
the intensity EML of the THz wave. EML as a function of
frequency is shown in Fig. 7, where it is observed that the

0.15

_________
.....
....
s
e
o
ot
R
o
.

e x-polarization

— y-polarization

0.04 r r r r r r L L
07 08 09 1 11 12 13 14 15 16

Frequency (THz)

Fig. 7 EML as a function of frequency at D, =200 um and
rotation angle (6) = 30 deg.
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Fig. 8 Confinement loss as a function of frequency at Do, = 200 ym
and rotation angle (¢) = 30 deg.

loss is increased with the frequency for both polarizations,
respectively, because EML is proportional to electromag-
netic wave frequency and the imaginary part of the effective
refractive index. Note that f = 1 THz and D, = 200 pum,
the EML is ~0.07 cm™! for y-polarization mode and
~0.1137 cm™! for x-polarization mode, which is comparable
to the previously reported highly birefringent fibers.®!!~!8

The boundary limitation of the periodic cladding of a fiber
introduces the confinement loss. It is obtained from the
im%ginary part of the complex refractive index (n.z) given
by

acy, = 8.686k, Im(ne). @

where kg = 2z/1 and Im(nyy) is the imaginary part of the
refractive index of the guided mode. The simulated confine-
ment loss is shown in Fig. 8, which shows the decrement of
confinement loss with increasing frequency. It is due to the
fact that some of the mode power penetrates into the cladding
region when frequency is increased. Figure 8 also shows few
peaks for both polarization and it is maybe for changes of
effective refractive index with frequency variation. It is
observed that the confinement loss is very low and negligible
compared to the EML for both the polarization modes at
the optimal parameters at f > 0.85 THz.

At this point, we discuss the fraction of mode power
propagated through different regions of the fiber. The mode
power fraction can be estimated using'

[ S.dA
n' =, ®)
fall Ssz

where X represents the integral region of interest. Our main
concern is to transmit most of the mode power through the
elliptical air holes in order to simultaneously achieve high-
birefringence and low EML values. Figure 9 shows the
power fraction in different regions with respect to frequency.
One can deduce from Fig. 9 that 21% and 26% of the total
transmitted power goes through the elliptical core air holes
for x and y polarization modes, respectively, at f = 1 THz.
Also, it can be realized that there is a decrement of transmit-
ted power in the cladding area as frequency increases, the
outcome of which agrees with the increased transmitted
power in the air holes of the core.

We also characterize the modal effective area (A.) of the
proposed fiber. The effective area of the fundamental mode
can be quantified by°

Optical Engineering

076114-4

0.8 T : T T T T 7

"""" Air core (x-pol)
=== Air clad (x-pol)
Topas (x-pol)
— Air core (y-pol)
— Air clad (y-pol)
Topas (y-pol)

Power fraction
o
~

o
o

r r

0.8 1 1.2 1.4 1.6 1.8 2
Frequency (THz)

Fig. 9 Mode power fraction as a function of frequency in
different regions of the proposed fiber at D.ye =200 pm and
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where I(r) = |E,|? is the transverse electric field intensity
distribution in the fiber cross section. Figure 10 shows the
A as a function of frequency. At this point, we would
like to point out an interesting observation that the modal
effective area A, changes its behavior at f = 0.9 THz.
It is because of more light spread into y-polarized wave
for f < 0.9 THz and converse for f > 0.9 THz. It is also
observed that at operating parameters the calculated A.g
is very much comparable to those in Refs. 25 and 26.

To further investigate the impact of design parameters, the
loss induced due to macrobending is calculated by replacing
the bent fiber with an equivalent straight fiber. A conformal
transformation method”’ is used to calculate the effective
mode index of the equivalent fiber (n.,), which is used to
calculate the leakage loss. ne, is given as”’

Neg(x,y) = n(x,y)exp(l + x/R), @)

where n(x, y) is the original refractive index of the fiber, R is
the bending radius, and x is the distance from the center of
the fiber along x-axis. After the equivalent index is calcu-
lated, bending loss can be found by using the same formula
described in Eq. (4).The bending loss characteristic of the

e x-polarization

y-polarization |

1112 13 14 15 16

0 c c c
0.7 0.8 09 1
Frequency (THz)

Fig. 10 Effective mode area as a function of frequency at Dy =
200 ym and rotation angle (¢) = 30 deg.
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Fig. 11 Bending loss as a function of frequency at different bending
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Fig. 12 Dispersion parameter versus frequency at Dgqe = 200 ym
and rotation angle (¢) = 30 deg.

proposed fiber is shown in Fig. 11, where it is observed that
the loss reduced with increasing bend radius and frequency.
It is also observed that the x-polarization mode shows a
lower loss than the y-polarization mode.

Next, we calculated the dispersion of the proposed fiber.
Since the refractive index of TOPAS is constant between
the f = 0.1 and 2 THz,> our proposed fiber shows only
the waveguide dispersion. The dispersion parameter is calcu-
lated by

_ zdneff @ d*nege

I3 ®)

cdo ¢ de?’

where angular center frequency @ = 2z f and c is the veloc-
ity of electromagnetic waves. Figure 12 displays the
dispersion characteristics where it is observed that a positive
low and flat dispersion (1 to 2.7 ps/THz/cm) is obtained
within the operating frequency range at optimal parameters.
As frequency increases, the refractive index of the fiber for
both polarization changes and some mode power penetrates
into the cladding. As a result, some fluctuations and peaks
are observed in Fig. 12.

Also, it is important to note something about the fabrica-
tion possibility of the proposed fiber. Elliptical air holes
as can be seen from Fig. 1, during the fabrication process,
can be vulnerable and hence collapse to become circular.
Fortunately, this can be solved by using a new multistep
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process of forming preforms® that can overcome these dif-
ficulties. Even though the method used is to demonstrate
circular air hole shapes, it is still our expectation that due
to technological advances the method would be extended
to fabricate elliptical air holes in the near future. Recently,
the EFG/Stepanov technique® has attracted the attention
of researchers for manufacturing THz waveguide. It is due
to the fact that the EFG/Stepanov technique based on sap-
phire-shaped crystal is suitable for manufacturing the THz
waveguides characterized with low loss and dispersion.

4 Conclusion

We have demonstrated a highly birefringent porous fiber for
polarization maintaining propagation of THz waves. The key
features of the proposed fiber are its simultaneously exhib-
ited properties; high-birefringence, low EML, low confine-
ment loss, low bending loss, and low dispersion generated
with the hexagonal lattice cladding. The holey cladding also
protects the radiation from atmospheric infiltration. We
believe, with the assistance of advanced technology, the pro-
posed fiber would be engineered and used in polarization
maintaining THz appliances.
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