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We report on the design, in-depth analysis, and characterization of a novel elliptical array shaped core rectangular
shaped cladded photonic crystal fiber (PCF) for multichannel communication and polarization maintaining
applications of terahertz waves. The asymmetrical structure of air holes in both core and cladding results in
increased birefringence, while a compact geometry and different cladding air hole size makes the dispersion char-
acteristic flat. The modal characteristics of the PCF are calculated using a finite element method. The simulated
results show a near-zero dispersion flattened property of £0.02 ps/THz/cm, high birefringence of 0.063, low
effective material loss of 0.06 cm™!, and negligible confinement loss of 5.45 x 103 cm™ in the terahertz fre-
quency range. Additionally, the core power fraction, effective area, physical attributes, and potential fabrication

possibilities of the fiber are discussed.
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1. INTRODUCTION

Terahertz radiation, also called sub-millimeter-wave radiation,
consists of electromagnetic waves within the 0.1-10 THz band.
As the terahertz regime lies between the infrared and microwave
ranges, it carries characteristics from both of them. Over the last
few decades, the field of terahertz radiation has increased tre-
mendously because of its potential applications in different
fields. Nowadays imaging [1-4], sensing [5,6], pharmaceutical
drug testing [7], communication [8,9], astronomy [10], bio-
medical engineering for diagnosis and detection [11-14],
and hazardous substances [15] are largely dependent on tera-
hertz photonic crystal fiber (PCF). Moreover, terahertz can be
used for skin cancer and breast cancer detection that is more
suitable than x rays because it is non-ionizing [4,16,17].
Though the benefits of terahertz waves are remarkable, their
generation has remained a challenge [18,19]. To fill the gap,
researchers are working towards technologies for appropriate
terahertz sources, low loss transmission media, and efficient
detectors [18,20]. While terahertz sources and detectors are
available for commercial use, researchers are now focusing
on the design and implementation of efficient terahertz
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waveguides [21]. To meet the requirements of a novel terahertz
system with high density integration requires a compact
terahertz waveguide with higher birefringence, ultra-flattened
dispersion as well as low loss along with increased core power
fraction. To achieve these particular demands, various types of
waveguides have already been proposed. Among them, metallic
wire [22], dielectric metal-coated tube [23], plastic fiber [24],
polymer Bragg fiber [25], polystyrene foam [26], hollow core
fiber [27], and solid core fiber [28] have been reported.
However, these all are problematic due to their undesirable nar-
row band operation, higher material loss, high bending loss,
and strong coupling with the surrounding environment.
Therefore, greater attention is now focused on porous core
fibers [2,29—40] where the waveguide parameters such as core
diameter, pitch size, air filling fraction, air hole radius, and fre-
quency can be determined by design. Furthermore, in a PCF, by
selecting the geometrical parameters it is possible to achieve low
material absorption loss, low confinement loss, low dispersion
variation, high birefringence, and high core power fraction [25].
To use a fiber efficienty in multichannel communica-
tion and polarization maintaining applications, a number of
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PCFs have been proposed in recent years [29-33]. In 2009, an
experimental study on dispersion properties of a porous core
fiber was investigated by Atakaramians ez al. [41]. They also
investigated different shapes of PCF structure including circular
and rectangular shapes to obtain specific characteristics of bi-
refringence and dispersion [42]. Later, in order to obtain high
birefringence and flat dispersion a slotted core circular cladded
PCF was proposed [34]. They obtained a high birefringence of
0.075, but with a high dispersion variation 0.5 ps/THz/cm.
An oligo-porous core PCF with asymmetric hexagonal lattice
was also proposed by Wu er al. [37]; however, it failed to
improve birefringence and the dispersion property of the fiber.
Recently, Luo ¢t al. proposed a square lattice PCF for flattened
dispersion and high birefringence [43]. They obtained a
birefringence of 0.063 with dispersion variation of £0.12
for x-polarization mode and +0.08 for y-polarization mode.

Therefore, after analyzing the literature for flattened
dispersion and highly birefringent fiber it is found that there
is a large scope for PCF improvement in the case of dispersion
variation and birefringence.

In this paper, in a Zeonex substrate we propose a novel PCF
consisting of a rectangular shaped air hole based cladding and
an elliptical array of air hole based core. The aim is to flatten the
dispersion and increase birefringence with the reduction of con-
finement loss. One of the greatest advantages of the proposed
PCF is its simplicity, and thus fabrication is feasible using the
state-of-the-art techniques.

2. PHYSICAL INSIGHT OF THE PROPOSED
WAVEGUIDE

The finite element method (FEM) based software Comsol 4.34
is used to design the structure of the proposed waveguide. The
proposed PCF structure combines an array of elliptical air holes
in the core together with a slotted cladding structure, where
asymmetries in both the core and cladding are utilized to
increase the birefringence.

In the cladding region of Fig. 1, the rectangular slot lengths
are defined as Z, L, L,, L3, and L4 as indicated. The defined
lengths are 1200, 3000, 2700, 2000, and 1000 pm, respec-
tively. Here, W and P represent the slot width and pitch dis-
tance (center to center distance between air holes) that are the
same for each rectangular air hole. Note that during standard
fabrication, £2% variation of the global diameter of a PCF

Fig. 1. Cross section of the proposed slotted lattice PCF.

can occur [6]. Thus considering the fabrication difficulties,
the pitch P and slot width W are fixed at 280 and 270 pm,
respectively.

The core region of the PCF is defined as D,.. The major
axis length and minor axis length of the elliptical shaped air
holes inside D, are defined as # and 4. Considering the fab-
rication conditions, we fixed a maximum major axis length of
142 pm, and by doing such we are able to increase the index
difference between the polarization modes and thus increase the
birefringence. However, we varied the minor axis length 4 to
investigate the fiber characteristics in 4. The maximum allow-
able minor axis length is 63 pm, and further increase may over-
lap the air holes and create fabrication difficulties. Therefore,
the core pitch distance P, was set to 65 pm to allow sufficient
distance between the elliptical air holes. In our proposed PCF
the core length is 400 pm while the core width is 300 pm. The
total fiber diameter including the perfectly matched layer
(PML) is 3.9 mm.

During simulation, we select extremely fine mesh in Comsol
4.36 that divides the whole PCF into a large number of mesh
elements that increases the accuracy of fiber characterization.
We found that the total number of elements composing the
mesh is 27,458 and the average element quality is 0.91, so
the computational error by using Comsol is less than 0.1%.
The propagation constants, field distributions, and power dis-
tributions of guiding modes are calculated by applying proper
boundary conditions. From there, we are able to calculate other
parameters such as effective area, power fraction, effective
material loss (EML), and dispersion. The different boundary
conditions (i) PML, (ii) perfect electric conductor (PEC), and
(iii) perfect magnetic conductor (PMC) are shown in Fig. 2.
To ensure near-zero reflection, a PML is set as the outer boun-
dary of the fiber that is 10% of the total fiber radius [4,6,9].
The PMC ensures that the electric field is symmetric and the
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Fig. 2. Mesh of the proposed PCF with different boundary

conditions.
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magnetic field is asymmetric, whereas under the PEC condition
the electric field is asymmetric and the magnetic field is symmet-
ric in the direction of propagation along the waveguide [44].
Moreover, the refractive index of the core is greater than the
cladding; thus, light pulses through the fiber will be guided
by modified total internal reflection (MTIR) [33,43].

Among the available polymer materials [45—48], Cyclo
Olefin Polymer (COP), commercially known as Zeonex, is
selected as the background material for the proposed PCF.
Zeonex has a number of advantages, including constant refrac-
tive index of 1.53 in the terahertz frequency range, negligible
material dispersion, high glass transition temperature 7'y, low
absorption loss of 0.2 cm™!, negligible water absorption
(<0.1%), high biocompatibility, and excellent chemical resis-
tance even at elevated temperatures [47].

In optical communication systems, multiplexing techniques
came into existence to increase the information carrying capac-
ity of a channel. However, the main limiting factors are the
dispersion and fiber nonlinearity. In a conventional silica based
fiber, dispersion increases with wavelength and thus different
optical channels suffer different amounts of pulse broadening.
One of the solutions is to use a dispersion compensator in re-
shaping the signals, but it requires repeaters after a particular
distance [49]. To overcome these difficulties, fibers with low
finite dispersion with negligible dispersion flatness are required.
The flat dispersion property helps the number of input signals
of a multichannel communication system in being transmitted
through the fiber with minimum pulse broadening and thus
increases the channel capacity.

In designing the PCF, our main motivation is to flatten the
dispersion characteristic. Dispersion originates from the wave-
guide structure, as well as from the material itself. Note that
Zeonex exhibits negligible material dispersion in the terahertz
frequency range; therefore the effect of material dispersion is
ignored. Hence we calculate the waveguide dispersion that
mainly depends on the geometrical structure of the fiber.
Waveguide dispersion of a fiber can be characterized by the
following equation [43]:

2dng  wd*ng
Pr =~ - 5>
cdw ¢ dw

where f3, is the dispersion parameter, @ indicates the angular
frequency, ¢ represents the velocity of light in air, and 7. is the
effective refractive index of the fiber.

Birefringence is another important parameter that needs to
be considered for polarization maintaining terahertz applica-
tions. It mainly depends upon the air hole geometry in the
fiber. The greater the asymmetry in the x- and y-polarization
mode, the higher the birefringence. It can be calculated by the
equation [38]

ps/THz/cm, (1)

B = |n.-n, (2)

where B represents the birefringence, and 7, and 7, are the
refractive indices of the orthogonal polarization mode.
Besides flattened dispersion and high birefringence, it is also
important to take care of the loss properties of the PCF. The
two most important loss mechanisms are EML and confine-
ment loss. The EML of a PCF can be characterized by the

equation [43]
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where a. represents the EML, yy and g, designate the per-
meability and permittivity in air, respectively, @, and 7,,,, re-
present the bulk absorption loss and refractive index of Zeonex
in that order, and S, denotes the z component of the Poynting
vector.

Confinement loss of a fiber determines the length of signal
transmission in a terahertz optical waveguide. It basically de-
pends upon the core porosity and the structure of the cladding.
It can be characterized by the equation [30]

L= <4L> Im (), em-", @)

c

where L, characterizes the confinement loss, and Im(7.4)
represents the imaginary part of the complex effective refractive
index.

The amount of power propagating inside the core region
can be characterized by the term core power fraction. It can
be estimated by the equation [43]

’ fX SZdA
n=-r—~ca
j;[l Ssz

where the integration in the numerator is over the region of
interest and the integration in the denominator is over the
whole fiber region.

The area covered by electromagnetic waves inside the core
region of a fiber can be characterized by the term effective area.
It is characterized by A, as follows [30]:

[ f 1(r) rdr] 2
Aeﬁ: = Tr 2/, N1 10”2
[ f I 2(;’)dr]2
where /(r) = |E,|* indicates the intensity of the electric field
distribution across the cross section of the fiber.

(5)

(6)

3. FABRICATION POSSIBILITIES OF ELLIPTICAL
ARRAY SHAPED CORE SLOTTED-CLAD PCF

The proposed fiber consists of an elliptical array inside a slotted
air hole based lattice. Note that by using an extrusion tech-
nique, slotted structured air holes have already been fabricated
by Atakaramians ez al. [42,50]. In addition, the elliptical shaped
air holes have been fabricated by Issa ez /. [51]. Moreover, us-
ing the methyl methacrylate (MMA) monomer polymerization
method, Liu ez al. [52] fabricated elliptical shaped air holes. A
recently published paper on PCF showed that the elliptical
shaped air holes can be fabricated using existing fabrication
techniques [53]. In addition, micro-structured polymer optical
fiber with asymmetric air holes is feasible using 3D printing

technology [54,55].

4. NUMERICAL RESULTS AND DISCUSSION
The mode field distribution of the proposed PCF at different

core air hole width is shown in Fig. 3. It can be observed that
light is well confined into the core area. The effective refractive
index value at the x-polarization mode is 1.1374.

Moreover, as the PCF is asymmetrical in structure, the ef-
fective refractive index for the x-polarization mode is slightly
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Fig. 3. Mode field distribution at 1.1 THz and different core
air hole widths. (a) & = 43 pm, x-pol; (b) & = 43 pm, y-pol; (c) b =
53 pm, x-pol; (d) & =53 pm, y-pol; (e) &= 63 pm, x-pol;
(f) 6 = 63 pm, y-pol.

different from the y-polarization, which results in birefringence.
The value of effective refractive index for the y-polarization is
1.20. Simulation of the PCF indicates that other modes may
exist in the PCF, but for those other modes the electric fields
will propagate through the cladding region. So, when a light
pulse is allowed to follow through the waveguide, only the prin-
cipal mode will be excited and hence the fiber will operate with
a single mode [6].

Now, we characterize the property of birefringence with
respect to frequency for different minor axis length () of ellip-
tical air holes that is shown in Fig. 4. We have seen that
birefringence increases with the reduction of 4. It is also seen
that birefringence increases with the increase of frequency. As
the core air hole width decreases, the index difference between
the x- and y-polarization modes increases, which causes the
increment of birefringence.

The EML as a function of frequency and different (4) is
shown in Fig. 5. It is observed that EML decreases with the
increase of (). The increase of (/) increases the amount of
air and reduces the amount of material from the core, which
causes the EML to be reduced. It is also observed that the EML
increases with the increase of frequency. This phenomenon is
true because it meets the theoretical consequences of calculat-
ing the material absorption loss with respect to frequency. The
empirical equation of calculating EML is given by a(v) =
v* +0.63v - 0.13, cm™! [43]. It can also be seen that the EML
in the y-polarization mode is less than in the x-polarization
mode because from Fig. 3 it can be observed that in y polari-
zation less light is transferred to the cladding region and the
background material and a major portion of light passes
through the core air holes.

From Figs. 4 and 5, it can be concluded that the highest
amount of birefringence is obtained at & =43 pm and

Birefringence

1 1 1

0 1 1 1 1 1
0.6 0.7 0.8 0.9 1 11 1.2 1.3 14 15

Frequency (THz)

Fig. 4. Birefringence variation with respect to frequency at different
minor axis length 6.
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Fig. 5. EML versus frequency at different minor axis length of
elliptical air holes (4) at both x- and y-polarization modes.

1.5 THz, and also the lowest amount of EML is obtained at
0.6 THz, b = 63 pm, and the y-polarization mode. However,
one of the main considerations of our proposed PCF is bire-
fringence, which is why we choose 4 = 43 pm as the optimum
minor axis length. We could reduce the value of 4 further, but
that would gradually increase the EML of the fiber.

Moreover, using a typical fabrication tolerance of 2%
variation in global parameters of a PCF [6] and according to
Figs. 4 and 5, there will be negligible impact of fabrication
tolerance in the proposed fiber performance.

The amount of power transferring through the core region
with the variation of frequency is shown in Fig. 6. It can be
observed that core power increases with frequency up to 1.1 THz
and then starts to decrease. This is because, at 1.1 THz, the
fraction of mode power propagating through the core reaches
its optimum, and a further increase of frequency causes the mode
power to start to spread towards the cladding as well as the
background material.

Therefore, comparing Fig. 5 and Fig. 6, it can be observed
that a lower EML and higher core power fraction is experienced
for the y-polarization over the x-polarization mode, and thus we
choose the y-polarization mode as optimum. Moreover, from
Fig. 6 it can be seen that the core power fraction reaches its
maximum at 1.1 THz; thus we choose 1.1 THz as the operat-
ing frequency. Therefore, at optimum &, polarization mode,
and frequency, the obtained birefringence, EML, and core

50

- -
> wn

Core power fraction (%)
w
wn

=== b =43 pm, x-pol |
=—@—b =43 pm, y-pol

L L L L

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Frequency (THz)
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Fig. 6. Intensity of core power in the core region with respect to
frequency at optimum & and orthogonal polarization mode.
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Fig. 7. Dispersion variation with respect to frequency at optimum
b and orthogonal polarization modes.

power fraction are 0.063, 0.06 cm™!, and 46%, which are im-
proved over previously reported [35—43] terahertz waveguides.

In Fig. 7 the dispersion variation of the proposed PCF with
respect to frequency is shown. From the characteristics, it is
seen that there is a broad difference of dispersion values be-
tween the x- and y-polarization modes. This is true because
the PCF structure is asymmetrical so the characteristics differ-
ence will be larger. We have seen that for x- and y-polarization
modes the dispersion variations are £0.45 ps/THz/cm and
+0.23 ps/THz/cm for the frequency range of 0.6-1.5 THz.
However, we choose the bandwidth 1.05-1.5 THz in the
y-polarization mode as the operating band because in that
region the dispersion variation is £0.02 ps/THz/cm, which
is the lowest for any proposed terahertz PCF. Note that the
obtained dispersion value is suitable for multichannel commu-
nication applications, as dispersion limits information rate.

The characteristics of confinement loss with the variation of
frequency are demonstrated in Fig. 8. It can be observed that
confinement loss decreases with respect to frequency. This is
because at higher frequencies the mode fields confine more
tightly into the core region and hence the confinement loss
reduces. At optimal design conditions the obtained confine-
ment loss is 5.45 x 10713 cm™!, which is trivial as compared
to the obtained EML.

The area covered by the mode fields in the core air hole
region is depicted through Fig. 9. It can be observed that
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Fig. 8. Confinement loss versus frequency at optimum & and
orthogonal polarization modes.
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Fig. 9. Modal effective area versus frequency at 43 pm core air hole
diameter and orthogonal polarization modes.

the effective area reduces with the increase of frequency. The
physical reason is that at higher frequencies transverse mode
fields are more tightly confined to the porous core region. At
optimum design parameters, the obtained effective area is
1.20 x 10° pm?, which is comparable to the previously
proposed [29-33] terahertz waveguides.

5. SCOPE OF EXPERIMENTAL
CHARACTERIZATION OF THE PROPOSED
ELLIPTICAL ARRAY BASED PCF

The experimental characterization procedure for all types of
terahertz fibers is shown in Fig. 10. Using terahertz time
domain spectroscopy (THz-TDS), the terahertz properties of
fibers can be characterized [41,50]. A mode locked Ti:sapphire
laser can be used to drive the emitter and detector of the THz-
TDS. The emitter can be a photo-conductive antenna array
[56], while the detector can be a dipole antenna. The fabricated
fiber can be placed in between the emitter and detector. The
fiber tip needs to be placed close to the emitter and detector.
Here, the delay stage is used to enable sampling of terahertz
pulses in the time domain.

Table 1 shows a comparison of characteristics between the
proposed PCF and previously proposed terahertz PCFs. Our

LASER

S — |

Fig. 10. Experimental setup procedure of the proposed PCF using
THz-TDS [41,50].
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Table 1. Comparison between the Obtained Result of
the Proposed PCF and That of Other PCFs

f b
Ref. (THz) (ps/THz/cm) B  ag(cm™) L. (cm™)
[34] 1 +0.5 0.075  0.07 0.034
[35] 1 +1.42 0.048  0.085 4.40 x 107
[36] 1 +0.39 0.045 0.08 —
[37] 3 0.2-1 0.03 0.06 434 %10
[38] 1 — 0.019  0.0689 —
[39] 0.7 +0.55 102 0.07 4.34
[40] 0.5 +0.5 — 0.0103 3.8
[43] 1 +0.12 0.063 0.081 3.6x 1072
This paper 1.1 +0.02 0.063  0.06 5.45 x 10713

proposed PCF achieves improved terahertz characteristics over

prior PCFs.

6. CONCLUSION

A novel Zeonex based near-zero dispersion flattened and highly
birefringent PCF is designed and analyzed for potential
application in the terahertz frequency band. The proposed fiber
shows two promising properties: one is near-zero flat dispersion,
and the other is high birefringence. The obtained near-zero
dispersion flattened characteristics of +0.02 ps/THz/cm are
suitable for multichannel communication application where dif-
ferent optical pulses experience nearly equal pulse broadening.
Moreover, the high birefringence of 0.063 and low loss charac-
teristics of the PCF are suitable for polarization preserving ap-
plications, especially for sensing and filtering. The commercial
deployment of the fiber is achievable as it is feasible to fabricate
with the existing fabrication technology. Therefore, it is antici-
pated that the proposed PCF will create a new window of
opportunity for next generation terahertz research.

Funding. Australian Research Council (ARC)
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