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Abstract The paper establishes a late-model of microarray-core based polymer optical fiber with
flattened dispersion and ultra-low losses. Its transmission properties are calculated by virtue of the
beam propagation approach. From the simulation results, it finds that the modelled fiber has a
near-zero dispersion property of 0.29 £+ 0.16 ps/THz/cm in a frequency area of 1.05 THz to 1.78
THz, a high birefringence of 1.6 x 107, an ultra-low confinement loss of 3.78 x 10! dB/m, an

effective mode field zone of 4.6 x 10° pm?, and a nonlinear coefficient of 1.2 km™-W~!. With these
good properties, the modelled fiber could be applied for ethanol detection and polarization main-

taining THz applications.

© 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

While the computational performance of mobile devices
improves, the applicability of smart IoT applications, such as
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smart homes and smart factories has become the trend [1].
The related terahertz (THz) radiation spectroscopy has also
become a research hotspot. Terahertz (THz) radiation spec-
trum (0.1-10 THz) is an electromagnetic wave that exists
between microwave and infrared radiation. The special spec-
tral position of the THz wave has advantages different from
other electromagnetic radiation, such as perspectivity, signal-
to-noise ratio, spectral resolution and security and so on [2].
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Based on the main characteristics of THz wave, THz has very
significant applications in THz tomography [3], biomedical
sensing [3.4], radar detection [5], wireless communication
[6,7], nondestructive testing [8], Travelling Sales Problem
(TSP) [63], and other fields.

The waveguide-structured THz functional device is very
fundamental device to generate other application functions.
Therefore, it is of great importance to develop an all-fiber
THz system with strong power and adaptability. Meanwhile,
THz technology has seen great achievements in optical fiber
technology with low-loss. For instance, it is used to generate
a large variety of functional devices, such as polarization con-
troller [9,10], filter [11,12], optical switch [13], THz wave direc-
tional coupler [14,15], beam splitter [16,17] and etc. One of
these devices is a porous core fiber-based THz fiber device,
which, as a vital element in the application research of THz
technology, has a very wide application prospect in THz com-
munication and sensing system [10,18-21]. Li et al. (2019) pro-
posed a decentralized on-demand energy supply approach
based on micro-grids to provide decentralized on-demand
energy for mining in IoT devices [64]. THz wave can be easily
taken in by dielectric objects, so for THz wave transmission
research, it usually selects such similar materials with less
losses. To decrease a particular material’s loss of absorption,
good background materials and photonic crystal fiber (PCF)
like the porous or hollow photonic crystal fiber [22,23] are
used.

Since Knight et al introduced the photonic crystal fiber
(PCF) [24,25], its distinctive characteristics, like the high bire-
fringence [26-28], dispersion management [29], high nonlinear
coefficient [30], endlessly single mode [31], flexibility of design
and so on, have aroused the great interest of the scientist. High
birefringence is achieved by enlarging the disparity between the
effective refractive index of x-polarization mode and y-
polarization of PCF, while high birefringence could prevent
any change to the subsisting linear polarization state in the
fiber [26-28.32]. As a rule of law, high birefringence could be
obtained by bringing into use the asymmetric defect structure
of cladding and fiber core. Ferrando et al found that rectangu-
lar lattice PCF has a stronger geometric anisotropy than hon-
eycomb and triangular PCF [32]. Dispersion characterizes the
operational capability of optical fiber in multi-channel com-
munication applications [33]. 5G provides high coverage and
very high frequency by deploying dense base station (BS) with
enhanced quality, extremely low latency and increased capac-
ity [63]. In the optical fiber communication system, the trans-
mission information is mainly transmitted through the
encoded optical pulse train on the optical fiber. Dispersion-
flattened Fibers are advantageous to broadband flat supercon-
tinuum generation and optical frequency conversion. How-
ever, high dispersion at a specific wavelength will lead to
strong instability of the soliton system, which will eventually
destroy the transmission characteristics of the soliton pulse
[29,30]. Hence, Dispersion, nonlinearity and birefringence play
a momentous role in transmission of optical pulse in optical
fiber.

At present, beam propagation method (BPM) [34-38],
multi-pole method [39-41], full vector finite element method
(FV-FEM) [42-44], effective index method [45,46], plane wave
method [47.48], and finite difference time domain method
[49,50] will be adopted to study the transmission characteristics

of THz-PCFs. BPM is the most widely used one to simulate
electromagnetic wave propagation in integrated and optical
devices. Main reasons for the popularity of BPM [34-38]: (1)
the physical concept of BPM is simple and allows for the rapid
implementation of basic technologies. (2) BPM is a very effi-
cient approach, and in most cases, computational complexity
is optimal. (3) BPM can be easily applied to complex geome-
tries without the need to develop a specialized version of the
approach. (4) BPM can also automatically consider the effects
of both coupling and conversion mode as well as radiating and
guided fields. (5) BPM technologies are very flexible and exten-
sible, allowing the basic approach to be extended within the
same overall framework.

PCFs provides a high-quality microfluidic channel for
excellent optical performance by filling the microarray-core
with different functional materials. Ethanol is a kind of very
crucial raw material of the industry that is widely used in the
fields of food, chemistry, medicine, military application and
etc. [51,52]. How to fast and accurately identify the compo-
nents of ethanol is of great significance. The design of an
ethanol-based microarray core PCF will provide the basis for
further terahertz fiber sensing.

Therefore, based on the aforementioned analysis, the moti-
vation of this study is to design a dispersion-flattened
microarray-core PCF with ultralow loss for THz transmission.
In this paper, a numerical simulation of a TOPAS®-based
rectangular PCF is presented using BPM [53-55]. The novelty
of design is introduced by applying elliptical hole microarray
core based on alcohol filling inside a rectangular lattice. The
designed PCF shows a near-zero dispersion of 0.29 £+ 0.16 p
s/THz/cm, a high birefringence of 1.6 x 10, an ultra-low con-
finement loss of 3.78 x 107'° dB/m. In addition, the effective
mode field zone and nonlinear coefficient are 4.6 x 10° pm?
and 1.2 km-1-W~' respectively. It is predicted that this late-
model THz PCF will have a vital application prospect in
THz transmission and sensing fields such as dispersion man-
agement and polarization maintaining.

2. Principles and methods

Fig. 1 is the cross section of the designed THz PCF with an
ethanol filled elliptical microarray-core. The polymer structure
consists of a rectangular array of air holes cladding and an
elliptical microarray-core. The elliptical microarray-core is
brought into to induce high birefringence by virtue of changing
the geometrical symmetry of the fiber. It is worth noting that
the periodicity in the hole array is not wholly needed due to
the fact that the light transmitted herein is total internal reflec-
tion rather than the photonic bandgap guidance. The substrate
material is the polymer TOPAS with a refractive index of 1.53
[53-55]. The refractive index of the air holes of proposed por-
ous THz PCF is 1.00. The elliptical microarray-core was filled
with an alcohol solution with a refractive index of 1.354. The
cladding of proposed THz PCF is composed of circular air
holes with a diameter of d, that are surrounded by 5 rectangu-
lar lattice rings. Period A denotes the distance between any two
adjacent air holes. The air-filling ratio of the cladding is d/A.
The elliptical microarray-core is composed of a center ellipse
and eight ellipses which are symmetrically distributed on either
side. Minor and major axes of the ellipse are fixed and denoted
respectively by wand Li (i = 1, 2, 3, 4, 5).
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Fig. 1

The BMP [34-38] is the most popular tool to be used to
study the light propagation in longitudinally varying waveg-
uides. According to Maxwell’s equations, the vector wave
equation for the time-harmonic electric field in a time-
invariant, isotropic, dielectric, non-homogeneous, and linear
medium is derived as

VxE:—iwuﬁ (1)
Vx H=ios E @)
V-D=0 3)
VB =0 )

where E and H denote the effective refractive index of x-
polarization and y-polarization, respectively.

— — N —

D =¢ E and B = u H represent the electric displacement
vector and magnetic induction, respectively. w is angular fre-
quency, ¢ and u represent the permittivity and permeability,
respectively.

The general solutions to Egs. (1) and (2) can be expressed as

VxVx E=V(V-E)-V*E =n’k E (5)

The Eq. (5) is Helmholtz equation, where n = (,u'a/,uoso)l/2
represents the refractive index of the isotropic medium,
ko =2m/J is the wave number in vacuum, 4, is free space
wavelength, & and y, represent the permittivity and permeabil-
ity in vacuum, respectively.

The z is the propagation direction, and x- and y- are the
transverse dimensions, x- and y- components of Eq. (5) can
be expressed as

OE.
szx + n2k2E¥ = vx (V‘C : Ex + 8_Z~) (63)

-3
=t

Cross section with enlarged core of the designed THz PCF.

Tw
OE.
V%ﬂw%@zv4ifg+aﬂ (6b)
Eq. (3) can be transformed into Eq. (7a), and (7b)
on? OE
. 2 ) il 2 z_
V. (n E,\) —+ % E . +n % 0 (7a)
on? OE.
2 2 0Lz
Vy(na)+azﬂﬁﬂzaz 0 (7b)

When the refractive index changes very slowly along the
direction of light wave transmission, the ‘76—”;Ez can be ignored.
Based on the above considerations, Eqgs. (7a) and (7b) are sub-
stituted into Egs. (6a) and (6b) respectively

0 (Olnn? Olnn?
E K E. = - — [ " FE,
\Y x+n k x Ix ( Ix x + ay }') (83)
0 (Olnn? Olnn?
B+ PKE, = —— (" E, + “—E, 8b
ViE, +ICE, oy \ ox oy (8b)
Assumption
E; = Ajexp(—isknyz) 9)

where ny is a reference refractive index. Based on the Slowly
Varying Envelope Approximation (SVEA),

P4 04;
022

<< 2noky GE (]0)

substituting Eq. (9) into Eq. (8a) and (8b), we obtained the
paraxial vector wave equations for BPM:

2 2 5 N
s ] [% + 04 o -+ 2 (AX hon -y, O )]

0z 2kong | Ox*  Oy? ox ox Oy
(11a)

04, 1 [0°4, &4, d dlnn? dlnn?
js—% = L ko(n® — ) A, +=— | A, A,
5oz 2k0no[ax2 + g Tl —m) }+(')y< Tox ATy )

(11b)
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Considering a planar structure, invariant in the x- or
y- direction, so that 9/0x =0 or 9/9y =0, the equations
decouple and solutions have TE and TM polarizations. The
Egs. (11a) and (11b) can be reduced to

0A 1 82A 82A
55 = 4 E kg (n? - )4 12
50z 2kong {axz + 8y + ko (n” — ng) x] (12a)
o2y L [0 + oA, + ko(n* — 1) A (12b)
s == om | 52 T 2 o(n® —mny)A,

If we propagate along the imaginary axis iz, the paraxial
wave equation becomes

% = N4, (13)
where j = x, y and
2 2
where the propagation direction parameter s is defined as
+1 for +z  direction
°T { -1 for +z  direction

(15)

Similarly, equations for magnetic fields can be derived in
the same way. The vector waves may be decomposed into
the TE and TM polarizations which can be treated by solving
(13). Further solutions are given by using the so-called per-
fectly matched layers (PMLs) boundary conditions [37,38].
They are based on the transformation of a factor
(1 - jo./(weon?) or 1 - jo,./(wu,) , 6. and o, are the electric
and magnetic conductivities of PML, respectively) of each
transversal coordinate in Maxwell’s equations in a region
external to the useful computational window. In this domain,
the transmission of the field will attenuate.

The characterization of dispersion properties will be con-
ducive to testing the capability of optical fiber multichannel
communication applications. The dispersion D(A) of
TOPAS-based THz PCF has been gotten from the n,; values
vs. the wavelength using [29]:

8
6
4

2
0 -
22

d/A=0.80

Dispersion(ps/THz/cm)

-4 d/A=0.85
6 d/A=0.90
(b) d/A=0.95
-8 4 T T T T T T T
04 06 08 1.0 12 14 16 1.8 2.0

Frequency(THz)

Fig. 2

_ % 82|R€(l’l@//’) }
Y

The introduction of rectangular array cladding and ellipti-
cal microarray-core in the design will cause geometrical aniso-
tropy and asymmetrical stress, thus giving rise to different
phase velocities for the two fundamental orthogonal modes.
The THz fiber with high birefringence can maintain the polar-
ization state of the transmitted light. The modal birefringence
is thus denoted as [26-28]

D()) = (16)

B— (17)

where 7, and 1}, represent the effective refractive index of x-

X v
Moy — Myfy

polarization and y-polarization, respectively.

Confinement loss determines the degree of light is in the
core region. Usually, confinement loss is reduced by increasing
the number of rings in the cladding layer. The confinement loss
of TOPAS-based THz PCF is derived from the imaginary
component of the effective refractive index with the following
equation [26],

Where f'is the frequency, c is the light velocity, and Im(n,)
is the imaginary component of the effective refractive index.,

. 4r -1
Confinement  loss = (T/> Im(nyy) [em™] (18)
where f'is the frequency, c is the light velocity, and Im(n,z) is
the imaginary part of the effective refractive index.

A low effective mode area is suitable for optical nonlinear
effects, while a high effective mode area is suitable for laser
communication and optoelectronic devices. Effective mode
area A, is calculated using [29].

(F1£Paa)

e (19)

eff —

So, corresponding to the nonlinear coefficient (1) of
TOPAS®-based THz PCF can be calculated by [29].

27'5?12
1 i =
7(2) =~ A

(20)

where n; is nonlinear refractive index of materials. A is wave-
length of light.

Dispersion(ps/THz/cm)
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Dispersion as a function of frequency for different (a) period A and (b) air-filling ratio d/A.
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3. Simulation results and analyses

First, Fig. 2(a) shows the dispersion curves of the said PCF, a
function of frequency with different period A, with a fixed air-
filling ratio d/A, and when altering the value of period A from
400 pm to 460 pm by adding a small variable of 20 um. Fig. 2
(a) shows that there is a nearly constant maximum dispersion
for different period A for frequency f > 0.8 THz. However, the
dispersion increases gradually with period A. Meanwhile, it
shows that all the dispersion curves adjoining each other are
becoming closer, and the slope is becoming more and more
similar. In order to obtain ultra-flattened dispersion, period
A = 400 um is selected. Next, fix A = 400 um while adjusting
air-filling fraction d/A, further analyze the slopes. Fig. 2(b)
shows that dispersion increases with increasing air-filling frac-
tion d/A for frequency f 1.0 THz. However, the results are
opposite to the above for frequency f > 1.0 THz. With the pur-
pose of achieving an ultra-flattened dispersion, we fixed air-
filling fraction d/A = 0.8. As per above-mentioned simulation
results, it finds the most optimum design parameters of A =
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2 ;

g 1.2x10°™
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Fig. 4 Birefringence as a function of frequency for different (a) period A and (b) air-filling ratio d/A.
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Fig. 5 Confinement loss with respect to frequency at

A = 400 pm, d/A = 0.80.
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Fig. 6  Effective mode area (a) and nonlinear coefficient (b) as a
function of frequency at A = 400 um, d/A = 0.80.
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400 um and d/A = 0.8. As shown in Fig. 3, the dispersion vari-
ation is within 0.29 + 0.16 ps/THz/cm at a bandwidth of
730 GHz, which is better than previously references
[6,17,30,56]. The most important property in this design is that
there is an almost ultra-flattened dispersion over a wide fre-
quency range, which is of great importance for the THz
multi-channel communication.

First, we analyze the birefringence characteristics of the
said PCF (a function of frequency with different A). From
Fig. 4(a), it shows that the slope rises and falls according to
the alteration of the frequency. Moreover, we can find that
the value of birefringence would increases in tandem with
the increasement of period A when A < 440 um. However,
when A > 440 pm, the results are opposite to the above. The
reason for the above phenomenon is that at the lower period
A, the mode field constraint is good, while at the higher period,
the mode field tends to disengage from the core and to pene-
trate the cladding. Then Fig. 4(b) shows the frequency of bire-
fringence. It is found that the bandwidth of birefringence
decreases with increasing air-filling ratio d/A. The highest bire-
fringence of 1.6 x 107 is obtained for A 400 pm, d/
A = 0.80, which is better than previously reference [57]. This
is because at higher frequencies, the scattering property of
the fiber tends to be manifested, while the incremental rate
of effective refractive index difference of the orthogonal polar-
ization modes begins to decrease. The high birefringence of the

i
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designed fiber is extremely vital for polarization-dependent
THz applications.

Fig. 5 shows the characteristics of confinement loss to fre-
quency at a fixed A. It shows that confinement loss is inversely
proportional to frequency. The reasons for this can be
explained as that the mode field tends to be more and more
restricted in the microarray-core area when the frequency
increases. At optimal design conditions, the obtained confine-
ment loss is 3.7 x 107!° dB/m that is higher lower compared to
[56,58-61] optical waveguides.

The effective mode area refers to the area that light inten-
sity and materials have good interaction. Be it in laser, or com-
munication devices, it has wide application and has good
optical nonlinear effects. Fig. 6 represent relationship between
nonlinear coefficient and effective mode area with frequency
for optimal design parameters of the proposed PCF. Fig. 6
shows that, nonlinear coefficient increases when increasing
the operating frequency. Meanwhile, effective mode area
decreases when increasing the operating frequency. It can be
found from formula (19) that the nonlinear coefficient is corre-
lated with the effective mode area. The larger the effective
mode area is, the smaller the obtained nonlinear coefficient will
be. The effective mode field area and nonlinear coefficient are
4.6 x 105 pm2 and 1.2 km-1-W-1, respectively. But, unfortu-
nately, the effective mode area [6,57-62] and nonlinear coeffi-
cient [6,17,56-62] were often omitted in the past PCFs designs.

3000

2000 4

1000

0 -

1000

-2000

3000
0.0

———T T T
01 02 03 04 05 06 07 08 09 1.0
Value

(©)

Fig. 7 Mode fundamental field distribution of (a) x- and y-polarization (b) for the proposed PCF. Vertical cut of (c) x-mode and (d) y-

mode profile at X = 0.
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Fig. 7 shows the electric field distribution of x- and y- polar-
ization of the designed PCF for optimal structure parameters.
From Fig. 7(a) and 7(b), the optical field is well confined at the
fiber core, meaning that the elliptical microarray-core can
cause an index the difference between x- and y-polarization
modes because of their asymmetrical structure. Fig. 7(c) and
7(d) show vertical cut of mode profile at X = 0.

4. Conclusion

The paper designs a kind of new TOPAS®-based PCF that can
operate in the band of Terahertz. By making the elliptical air
holes and circular air holes in the core and cladding regions,
the PCF is well designed. The newly designed PCF shows sig-
nificant near-zero flat dispersion property and high birefrin-
gence property. The former one has a good parameter of 0.
29 £ 0.16 ps/THz/cm, which could be well applied in multi-
channel communication where different optical pulses may
have nearly equal pulse broadening. The latter one has a high
birefringence of 1.6 x 10~ and ultra-low confinement loss of
3.78 x 107" dB/m, which could be widely applied for polariza-
tion maintaining application, particularly for filter and sensor
application. As it can be produced with the existing fiber tech-
nology, it would be put in to commercial use. Therefore, this
PCF has a good prospect for next generation terahertz
research.
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