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Hollow Core Inhibited Coupled Antiresonant
Terahertz Fiber: A Numerical and
Experimental Study
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Abstract—In this article, a hollow core antiresonant photonic
crystal fiber is analyzed for terahertz applications. A numerical
analysis of the proposed fiber is first carried out to minimize
coupling between the core and cladding modes. The modeling of the
scaled-up and inhibited coupling fiber is carried out by means of a
finite element method, which is then demonstrated using a Zeonex
filament fiber, fabricated by fused deposition modeling of 3-D print-
ing technology. The simulation is carried out to analyze both the
transmission and possibility of refractometric sensing, whereas the
experimental analysis is carried out using terahertz time-domain
spectroscopy, and supports our numerical findings, illustrating
how the proposed fibers can be used for low-loss transmission of
terahertz waves. The simplicity of the proposed fiber structures
facilitates fabrication for a number of different transmission and
sensing applications in the terahertz range.

Index Terms—3-D printing, antiresonant fiber, optical fiber,
THz-TDS, terahertz.
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1. INTRODUCTION

HE TERAHERTZ region in the electromagnetic spectrum

located between the microwaves and the infrared regions
opens a new frontier generating new technical applications
and fundamental research problems. The interest in terahertz
technology is increasing because of its potential application
in sensing, especially for label-free and noninvasive molecular
detection, detection of DNA hybridization, security scanning,
pharmaceutical drug testing, and high-speed short-range optical
communications [1]-[3]. Terahertz also has potential in spec-
troscopy for biomedical applications, because it has stronger
interaction with polar molecules than radiation in, say, the mi-
crowave region [4]-[7]. Despite the potential of the terahertz
band, it is still in the development phase as many terahertz
systems are bulky and depend on free space for transmission. The
free space transmission of terahertz radiation experiences sig-
nificant undesirable absorption losses due to the coupling with
atmospheric components that reduce transmission efficiency.

As a primary solution for low-loss terahertz transmission,
prior studies have proposed several polymer-based fibers, in-
cluding subwavelength fibers [8], porous core fibers [11], and
hollow core fibers [12]-[14]. The guided mode field in subwave-
length fibers extends far into the surrounding air to minimize the
overlap of the propagation mode and the lossy fiber material, and
has high power fraction outside the core. Further reduction of
propagation loss can be achieved by inserting a porous structure
into the core. However, they are very sensitive to external per-
turbations and bending [15], which is very challenging in many
applications.

Hollow core fibers consist of an air-core surrounded by a
structured cladding, which confine most of the power within
the air-core region. As a result, the influence of material loss is
minimized. Hollow core fibers have attracted significant atten-
tion because of their novel characteristics. For example, hollow
core fibers have utility in the sensing of gas/liquid samples [16],
where strong electromagnetic interaction in the core enhances
the sensing performance. In transmission, the ultra-low nonlin-
earity reduces the signal noise [17]-[19]. In high-power pulse
delivery [20], light guidance in air avoids the damage threshold
of core material. Several designs based on the cladding structure
in hollow core fiber have been proposed, such as photonic
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band-gap (PBG) [12], [13] and Kagome-type fibers (inhibited
guiding fibers/antiresonant reflection fibers) [14], [21].

For PBG, the propagation mode field is confined within the
core with the help of band-gap reflectors, which prohibits the
field from extending into the periodic structures over specific
frequencies. In these fibers, coupling of the core mode to
the cladding mode is forbidden, thus confining light with low
loss. The most common PBG-type fibers tend to have spectrally
narrow transmission windows and suffer from surface scattering
loss. Moreover, high air filling fraction as well as a strictly
periodic cladding structure is needed to obtain an efficient and
broad band-gap [12], [13], which all increase the fabrication
complexity.

Unlike the PBG-type fibers that guide light by means of a pho-
tonic band-gap in the cladding, guiding of light in Kagome-type
fibers [22] is based on the low density of cladding modes and
small spatial overlap of cladding modes with core modes [23]—
[25]. Inhibited coupling usually shows abrupt transmission dips
at the edge of the transmission band caused by the weak finite
coupling between core and cladding modes. Recently, these type
of fibers have sparked great interest owing to their transmission
properties, such as broad bandwidth, low power overlap with
the absorbing material region, low dispersion, and low-loss
levels. The terahertz air-core microstructured fiber was the first
experimental demonstration of Kagome-type fiber with an at-
tenuation loss of 0.02 cm™! [26], which was constituted from a
periodic cladding structure of Teflon tubes with a core diameter
of 5.5 mm. It was proven that the optical properties of the
antiresonant fiber largely depend on the first air-cladding layer
surrounding the air-core [27]. Subsequently, in order to control
the modal content and attenuation, several types of simplified an-
tiresonant fibers with one air-cladding layer have been proposed,
investigated, and fabricated, including hollow core antiresonant
photonic crystal fiber (HC-ARPCF) with a circular antiresonant
tube [27], [28] half-elliptical antiresonant elements [30], [31],
ice cream-cone shaped antiresonant tubes [32], and nested and
adjacent nested tubes [29], among others.

The simplified structure features a nodeless core boundary, a
negative core curvature, and a single-tube cladding layer [34],
often called tube lattice fiber. Nodeless core boundary means
that the tube elements do not touch. The negative core curvature
is found to enhance the inhibited coupling between the core
and cladding modes [32], while the nodeless core boundary
helps to reduce the loss caused by Fano-resonance [37]. Re-
cently, nodeless single-layer negative curvature HC-ARPCF was
proposed and experimentally demonstrated for terahertz wave
guidance [34]. Compared to all the previously reported HC-PBG
fibers, the HC-ARPCF is relatively simple. Using commercially
available polymethyl-methacrylate (PMMA), it was experimen-
tally confirmed that terahertz waves can be successfully guided
through the central core with excellent mode characteristics and
controllable bandwidth. Moreover, the capillary tubes provide
resonant coupling to core higher order modes (HOMs) to pro-
vide HOM suppression [38]. The difference of propagation loss
between the fundamental and the higher order core modes can be
increased by a proper choice of cladding features, thus allowing
microstructured fibers to be effectively single mode [38]. In

2015, Lu et al. [35] reported a Zeonex-based fiber with the
lowest loss of 1 dB/m at low terahertz for the core diameter
and the tube thickness are of 3.84 and 0.378 mm, respectively.
In 2018, Nazarov et al. [36] demonstrated the possibility of
manufacturing a single-mode flexible waveguide, with a loss of
7 dB/m within 1.9-2.2 THz for 1.3-mm core diameter. However,
the antiresonant fibers of [34]—[36] are fabricated by capillary
stacking and stack and drilling techniques, where a large-scale
fiber-drawing tower for the drawing process greatly increases
fabrication cost. The structured preform with scaled-up dimen-
sions, produced by capillary stacking and stack and drilling
techniques, requires drawing to obtain the microstructure.

The first development of the HC-ARPCF was introduced
for visible to mid-infrared, with surprisingly low propagation
loss [39], but also with considerable bending loss [40]. Although
these types of optical fibers have been developed for high-power
beam delivery [40] for the medical [41] and industrial [42]
work, there has been limited work done on anitresonant terahertz
transmission and sensing. Therefore, there is scope for develop-
ing antiresonant fiber for low-loss terahertz transmission and
sensing, for important applications including analyte identifica-
tion and concentration monitoring, chemical and environmental
pollution monitoring, medical breath analysis, leaky molecule
detection for various toxic, volatile or explosive gases, etc.

To address the above requirements, we report our initial work
with a Zeonex-based nodeless single-layer negative curvature
HC-ARPCF. The aim is to introduce inhibited coupling be-
tween core and cladding mode for low-loss terahertz guidance,
and resonant coupling between HOM and cladding modes for
single-mode guidance, through the parametric optimization of
core and cladding inner diameter. These optimized fiber can then
efficiently transmit terahertz waves with low propagation loss
and improved core power fraction, applicable for transmission
and sensing in the terahertz regime. We organize the work as
follows. In Section II, we discuss the fiber geometry, design, and
3-D fabrication process; Section Il introduces the mechanism of
inhibited coupling and demonstrates the numerical characteriza-
tion of different optical properties required for transmission and
sensing, while Section V highlights the experimental analysis
using terahertz time-domain spectroscopy (THz-TDS).

II. FIBER GEOMETRY: DESIGN AND FABRICATION
A. Fiber Geometry and Design Methodology

Fig. 1 shows the schematic of the proposed HC-
ARPCF. Cyclo-olefin polymer, commercially known as
Zeonex [43] and [44], has been used as a background material
due to its unique characteristics compared to polytetrafluo-
roethylene, polyethylene, PMMA, Teflon, etc. [45], [76]. These
include i) low bulk material absorption loss of 0.02 cm™!, ii) low
dispersion, constant refractive index of 1.5352in 0.1 to 4.5 THz
frequency range, iii) high glass transition temperature, and iv)
insensitivity to humidity [46].

To perform the numerical simulations, we use a finite-element
based “Eigenvalue solver” (COMSOL Multiphysics). For the
wave equation, the perfectly matched layers are notional ab-
sorbing layers, outside the fiber domain, that assist in solving
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Fig. 1. Cross section of the seven-tube inhibited coupled HC-ARPCF fiber.
The material used is Zeonex. The fiber geometry has been set with core diameter
Dc = 3 mm, strut thickness of polymer tube ¢ = 0.09 mm, inner capillary
diameter din = 2.04 mm, fiber outer diameter OD = 8.38 mm, and seven-
antiresonant tube.

the open boundary problems during simulation. This is not
just one line, but rather a number of elements or 15 in our
case. The simulation window is circular. In order to achieve
improved accuracy in simulation, great care is taken in the use
of an extremely fine mesh size. We use a nonuniform mesh. We
maintain a smaller mesh size in the antiresonant tubes compared
to the air region [51]-[53]. The mesh size in the antiresonant
tubes is chosen at ~A /10, and in the air-region ~A /5, which is
an extremely fine mesh size for obtaining accurate results.

The initially optimized seven-tube antiresonant fiber (ARF)
geometry is set with a core diameter Dc =3 mm, tube
strut thickness ¢ = 0.09 mm, inner capillary diameter di, =
2.04 mm, and fiber outer diameter OD = 8.38 mm, where g
is the gap between two adjacent antiresonant tubes. Note that
we selected seven capillary tubes as the cladding because it
was previously shown that seven- or eight-tube elements ex-
hibit the optimal HOM suppression, required for single-mode
operation [47]. Also note that, in order to choose the optimum
dimension of the proposed fiber, extensive numerical analyses
were carried out and the performances were observed by varying
the fiber core diameter, strut thickness, gap between antiresonant
tubes, and outer diameter.

The light guidance of the proposed fiber occurs on the ba-
sis of the antiresonant reflecting optical waveguide (ARROW)
model [30], [48] and inhibited (reduced) coupling [23], [24]
between core and cladding modes. The thin struts around the
core support antiresonance and inhibited coupling between core
and cladding modes, and enhance the guidance as it introduces
a phase difference between the modes.

B. Methodology of Characterizing the HC-ARPCF

The spectral transmission of antiresonant fibers manifest as
multiband transmissions. When a frequency satisfies the res-
onance condition, light leaks out from the hollow core. Light
leakage from the core at the resonance frequency creates a high
transmission loss that manifests as a transmission dip.

The resonance frequency ( f,) depends on the cladding tube
thickness 7 [49] or 7)caq Or 7)¢o and is calculated from the
following equation [50]:

mec

fm: > (1)

2t nclad2 — Tco

where n..q represents the refractive index of the cladding
material, Zeonex, in this work. The n, indicates the refractive
indices (RIs) of the core material and m is an integer, representing
the order of resonance.

The loss contribution for HC-ARPCFs in terahertz spectrum
is the confinement loss that arises when light from the source is
not confined to the core region and leaks out toward the cladding.
In fiber geometry, leakage can arise when light is trapped into
the polymer webs, or in the small gaps between the tubes and
the external fiber jacket. In numerical calculations, confinement
loss is proportional to the imaginary part of complex refractive
index of the guided mode, which can be calculated by [54]

L= (@) Im (1) cm ™! ()
where L. indicates the confinement loss, f specifies the operat-
ing frequency, and Im (7). ) represents the imaginary part of the
effective refractive index.

The fraction of power (P) confined in sample area, for exam-
ple, in core or in the bulk material, is used to quantify the amount
of overlap between light and material and it follows as [55] and
[56]

B Jample Re(ExHy — Ey Hy) dzdy
ftotal RC(EXHy - EyHX) dxdy

where R, denotes the real part, Iy, Ey and Hy, Hy are the
transverse electric and magnetic field of the guided mode,
respectively. For the sensing purpose in this simulation, the
integration of the numerator is carried out for the analyte to
be sensed in the core region, and the integration of denominator
is performed over the whole fiber region.

A second loss mechanism in antiresonant fiber is the effective
material loss (EML) (aef) that is introduced when guided light
is absorbed by the background material [54], [57], [58], and is
given by

€0 fmat Nmat |E‘2amatdA
off = —_— = P 4
Qeff 1/ 1 ( |fa11 Sszl Omat L mat 4)

where €y and po designate the permittivity and permeability
in free space, ny . indicates the effective refractive index of
Zeonex, and S, implies the z-component of Poynting vector,
S, = %(E x H*)z, where E is the electric field component and
H* is the magnetic field component. The integration in the
numerator is only performed over the solid material because
the propagation loss of terahertz radiation in air is negligible in
comparison. As the material absorption loss is spatially uniform,
the a. is given by the product of material absorption loss and
the fraction of power in material (Pac). Here, Py is calculated
with (3) considering the sample being the fiber solid material
(Zeonex). The material absorption 1oss () is linearly propor-
tional to frequency ranges between 0.2 and 1.6 THz for Topas,

P

x 100 3)
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where the oy is observed 0.06 cm ™! at 0.4 THz and it increases
at a rate of 0.36 cm~!/THz [57]. Using the same concept on
Zeonex, the agyy, is calculated by agpy = 0.36 x (f—0.4) + 0.06
cm™!, where fis the frequency in THz. The confinement loss
(Lc) is then added to the EML () to produce transmission
loss [38].

Qrans = Qeff + L. (5)

To investigate the refractive index sensing performance, it is
important to calculate the relative sensitivity. Relative sensitivity
measures the amount of light and sample interaction within the
core and can be expressed as [53], [63]

Ty

Ry =

x P, air (6)
Neft

where Is is defined as the relative sensitivity, 7, is the refractive

index of the sample that need to be sensed, 7, represents the ef-

fective refractive index in wave guide, and P,; is the percentage

of light/gas interaction in hollow core calculated from (3).
From the result of relative sensitivity, refractive index sensi-

tivity (S¢) can be calculated by the following equation [64]:

_ A
A

where A represents the spectral shift of the resonance frequency
and A, is the change of the analytes refractive index.

Another sensor performance parameter called the figure of
merit (FOM) evaluates the overall sensing performance of a
sensor. The FOM implies the detection limit of the refractive
index sensor and is defined as follows [65]—[68]:

Sy (N

n

St
FOM = 8
0 FWHM ®)
where FWHM denotes the full width at half minima of a reso-

nance dip.
The degree of detection of a sensor can also be measured using
the quality factor (Q)) that is defined as [69]

_Jm
@= FWHM
where f;,, is thcy and calculated from (1).
Sensor interaction length is necessary to highlight the sensing
performance of a refractive index sensor and is determined
from [68]

€))

1
atrans

L =

(10)

L represents the fiber physical length where the input signal
will drop to 1/e (37%) to its original value, determined from the
transmission 10ss (Qtrans) using (5).

C. Methodology of Filament Making,
3-D Printing, and Fiber Drawing

Out of many ways of fabricating optical waveguides, recent
attention has been directed toward 3-D printing with its ability
to produce different symmetric and asymmetric fiber structures,
owing to continuous improvements in manufacturing technolo-
gies. The idea of 3-D printing fiber first emerged in 2016 [72],
where the authors presented the potential of drawing a fiber cane

from a 3-D printed fiber preform using a PMMA filament. In
2017, the first drawn HCF cane was demonstrated [73]; however,
no optical guiding was observed.

There are different 3-D printing methods for polymers includ-
ing stereolithography apparatus (SLA) and fused decomposition
modeling (FDM), that constrain the types of base materials that
the printer can use. Due to the photocuring process, SLA printing
is used for thermoset polymers, while FDM uses thermoplas-
tics such as Zeonex. In 2016, Yang et al. [74] investigated
3-D-printed terahertz hollow waveguide based on a Kagome
photonic structure using the Objet30 Prime printer, which is
an SLA printer. The lowest reported loss thorough this fiber
was 0.002 cm™ (0.868 dB/m) at 0.75 THz. The core in [74]
is massive at 9 mm, with the lengths of 10, 20, and 30 cm.
However, thermoset polymers cannot be remelted, and therefore
SLA isnotasuitable choice for drawing the fiber. Note that FDM
methods work for thermoplastic polymers, with a wider variety
of available polymers.

As the FDM technique is suitable for fabrication with a
wider range of polymers, it is selected for the fabrication of
our Zeonex-based fiber samples. The FDM technique is also
the most commonly used and low-cost technique. It relies on
a polymer filament fed through a nozzle depositing molten
polymer that cools and hardens after deposition [30], [75].

The procedure for 3-D printing can be divided into three main
steps. In the first stage, the sample filament is made from Zeonex
granules. Second, the 3-D-printed fiber is made with a 3-D
printer using those filaments. Finally, fiber drawing is performed
on the 3-D-printed fiber to obtain the required thickness. The
final “fiber drawing” step is optional and is possible to avoid by
using a 0.1-mm nozzle diameter delivering a 20-,m layer thick-
ness, even with higher quality printing resolution as mentioned
in [77]. Due to the larger wavelength in the terahertz regime
compared to visible and infrared, the dimensions of the fiber
are much larger. As a result, some of the fibers for short-range
terahertz applications can be printed directly using the FDM
printer, which can reduce the cost of requiring a drawing tower.
The procedures employed in this manuscript for the 3-D printing
are explained in Fig. 2(a) and (b).

In this manuscript, we carry out the measurements directly
on 3-D printed fiber samples with scaled-up dimensions for the
lengths of L = 8,20, 30,40, and 50 mm, due to the low resolution
of employed 3-D printer. The final stage of fiber drawing remains
open for future study, to obtain the numerically optimized di-
mensions (described in Section II-A). The cross section of the
fiber used in our experiment is of D, = 5 mm, di,, = 1.55 mm,
t = 0.45 mm, w = 1.25 mm, and g = 0.811 mm.

To improve the quality of the filament and fiber, we bake the
Zeonex granules at 78 °C over 24 h in an oven. This assists
with the reduction of trapped air bubbles in the filament. During
heating, air bubbles can expand and create filament deformation
and sudden breakage. Additionally, trapped air bubbles can also
expand in the fiber during the printing process and degrade the
fiber quality. A 3-D filament extruder Filabot EX2 Filament
Extruder is used to extrude the granules to a 1.76 + 0.01-mm
Zeonex filament at 198 °C, that is compatible with the employed
3-D printer. In this way, we are able to make pure transparent
Zeonex filaments without air bubbles.
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Fig. 2.

Specifications for 3D
Printed Fiber:
D.=5 mm

din = 1.55 mm

t =0.45 mm
g=0.811 mm
w=1.25 mm
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Preparation of filament and 3-D-printed fiber using that filament. (a)-(i) Zeonex granules (480R) manufactured by Zeon corporation; (a)-(ii) Zeonex

filament of 1.75 mm diameter made by Filabot EX2 Filament Extruder. (b) side and top views of the 3-D-printed Zeonex fiber (from left to right). The white arrows
indicate the unexpected webs. (c) EML measured on a circular disc with a thickness of 0.7 mm and a diameter of 24 mm in the 0.1-1.5 THz.

The 3-D model of the proposed HC-ARPCEF fiber is designed
using Autodesk Inventor Professionals 2019 software and is
ported into a stereolithography (STL) file format. The fiber is
printed using a Flashforge Creator Pro, with a minimum vertical
feature size of 0.4 mm and a maximum height of 150 and 0.1 mm
horizontal resolution. The fiber transparency is optimized by
ensuring that the adjacent printed lines are fused with minimal
air trapping. To reduce air-gaps, the amount of trapped air, and
the size distribution of the air bubbles from the adjacent printed
lines, the infill is set to 100% and the layer height is reduced
to as small as possible—rather than using a few larger layers
of plastic, we use many smaller but much more tightly packed
together layers. The temperatures and speeds that we use are a
product of vigorous trial and error. The final temperatures that
are settled-on are chosen as they produce the best quality and
most consistent prints. For the best results, a nozzle temperature
of 273°C is used as well as setting the platform temperature
to 125°C. The parts are printed at the slow speed of 8 mm/s
to gain the fastest and decent adhesion between the adjacent
layers, whereas typical printing speeds are usually in the range
of 70-100 mm/s. The HC-ARPCF fiber is then cleaved by
using heated razor blade from the 3-D printer and the image
of its cross section is presented in Fig. 2(b). We use this fiber
as a HC-ARPCEF directly for experimental measurement. The
deposition of heated liquid Zeonex in Fig. 2(b) may vary the
tube thickness a little along its axial direction due to the fluid
properties and movement of the nozzle creates unexpected tiny
threads near the adjacent gaps and inside the tubes, which need
to be cleaned.

To measure the EML of the Zeonex polymer, a circular disc
with an uneven thickness of 0.65 + 0.05 mm and a diameter of

24 mm is printed, as shown at the inset of Fig. 2(c). Fig. 2(c)
shows the measured EML in the 0.1-1.5 THz range. The mea-
sured EML of the printed Zeonex is about 5 dB/mm, in the
0.1-0.8 THz range, and this increases gradually to 26 dB/mm
for 1.3 THz. The unpolished 3-D printed solid surface, which
is not fully transparent for terahertz transmission, increases the
EML as compared to the transparent Zeonex disc [76] due to the
surface scattering loss arising from the coarseness of the printed
disc. The measurement details are discussed in Section IV(A).

III. NUMERICAL MODELLING AND SIMULATION

The most challenging task in designing HCFs is to maintain
the trade-off between single-mode operation and low transmis-
sion loss. Large hollow core allows propagation of light with
low transmission loss, but simultaneously introduces modal
interference within the core. As the modal interference affects
the transmission performance, this section analyzes the char-
acteristics of HOM suppression and transmission losses of the
proposed HC-ARPCF.

Antiresonant fiber guides light in the air core due to the
antiresonance associated with tiny struts around the core bound-
ary [30], [48]. The guidance is enhanced through the reduced
overlap between core and cladding modes, termed as inhibited
coupling [23], [24]. The necessary condition to create inhibited
coupling between the core and cladding modes for low loss
guidance is the specific tube arrangement. To introduce inhibited
coupling in our proposed HC-ARPCEF, cladding tube structure
features a nodeless core boundary and a negative core curvature.
The nodeless core boundary means that the tube elements do not
touch and help to reduce the loss caused by Fano-resonance [37],



250 IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 11, NO. 3, MAY 2021
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Fig. 3. (a) Simulated mode field profile for fundamental mode (LPg1),
HOMs (LP11,LP21), and cladding mode (LP¢14401) at din/ De = 0.68 and
1 THz when D, = 3 mm. (b) Logarithmic contour lines of corresponding mode
patterns.

while the negative core curvature in which the curvature direc-
tion of the tube elements is reciprocal to the core boundary is
found to enhance the inhibited coupling between the core and
cladding modes [32]. In other words, resonant coupling between
core and cladding modes increases the loss. In our HC-ARPCF,
we introduce the resonant coupling between higher order core
and cladding modes to create a high loss so that mode contam-
ination in core can be suppressed allowing the HC-ARPCF to
be effectively single. The procedure to create resonant coupling
between higher order core and cladding modes will be discussed
more in Section III(A).

Fig. 3(a) represents the mode field intensity of fundamental
(LPo1) and higher order (HOM: LP;; and LP2;) core modes,
respectively; while cladding mode is denoted as LP¢1q01. It has
numerically shown that modal characteristics are dominated by
the first cladding layer, and the increase of the ring number has
little influence on the modal properties of the waveguides [49].
Fig. 3(b) highlights the contour lines of the corresponding sim-
ulated mode profiles at 1 THz for d;,,/D. = 0.68 to introduce
resonant coupling between HOMs and cladding. A very small
fraction of power leaks towards cladding for LPg;. The LPq;
and LPsy; show strong interaction of power with cladding to
introduce higher order suppression.

A. HOM Suppression and Single-Mode Operation

Fig. 4 shows how the resonant coupling effect can be exploited
to make the negative curvature HC-ARPCF a single-mode guid-
ing fiber. To determine the resonant point, numerical simulations
are performed with D, = 3 mm, ¢ = 0.09 mm, and f = 1 THz
at first transmission window.

In this article, we analyze the effect of inner cladding tube
diameter (d;,; see Fig. 1) on resonant coupling. The simulations
in Fig. 4 are performed with fixed-core diameter (D.) while
we vary the inner tube diameter (di,) as a ratio of di,/D.
from 0.5 to 0.72. It assumes in Fig. 4(a) that the real part of
simulated effective indices of LPg1, LP11, andLLP5; are almost
constant with the change of d;,/D. at 1 THz where LPjaq01
increases with the increase of dj, /D.. The LP.,q01 creates a
strong resonant coupling with LP1; at di,, /D, = 0.68 owing to
their phase-matched condition (neg-rp,;, = Neff-LP.jaqo1 )-
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Fig. 4.  Effect of changing the inner tube diameter dj,, on resonant coupling

between core modes and cladding mode while core diameter D, = 3 mm. (a)
Effective indices (LPg1,LP11,LP21, and LPja401). (b) Transmission loss
of core modes. (c) HOMER as a function of d;y, /Dc. The color of the frame
corresponds to the color of line of the plot.

TABLE I
OPTICAL PROPERTIES FOR SEVEN TUBE HC-ARPCF AT 1 THZz

Property Seven Tube HC-ARPCF
Anti-crossing point din/De = 0.68
Trans. loss of LPy; 1.86x10% cm’T
Trans. loss for LPy; 1.2x107% cm’!

HOMER 66
Optimized trans. loss 1.86x10% cm'™

As a consequence, strong anti-crossing leads to high trans-
mission loss for LP;; mode. Interestingly, the LPg; has rel-
atively constant transmission loss with a minimum value of
1.86x10"*cm™! over a wide range of di,/D.. The lowest
transmission loss of HOMs at d;,,/D. = 0.68 obtained from
LP21 is of 1.2 x 1072 cm ™! in Fig. 4(b). The result indicates
that HOM suppression is possible with the proper engineering
of cladding structure.

In addition, higher order mode extinction ratio (HOMER),
which is defined as the ratio between the lowest loss of HOMs
and the loss of fundamental mode [33] shown in Fig. 4(c), is
used to quantify the single-mode behavior and strong modal
filtering. For d;,,/D. = 0.68, the HOMER is 66. This assures
that 66 times lower loss is achieved for LPO1 as compared to the
lowest loss of core HOM (LP21) when the HC-ARPCF is kept
straight.

Table I highlights the optical properties obtained for differ-
ent modes of the proposed HC-ARPCEF. It indicates that, the
maximum achievable HOMER is of 66 with d;,/D. = 0.68
where obtainable minimum loss is 1.86x10~% cm™!, including
material loss.

B. Transmission Loss Spectrum

Fig. 5(a) shows the simulated transmission loss of bare HC-
ARF with EML and confinement loss for different frequencies
following (2), (4), and (5). The fraction of power (P) inside
the polymer web-estimated from (3) is 1000 times smaller than
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Fig. 5. (a) Loss spectra (EML, confinement loss and transmission loss) of the
proposed HC-ARPCF considering the RI of air. (b) Transmission loss spectra
with different variation of analyte RI. (c) Core power fraction for different
analytes of the proposed gas sensor. (d) Relative sensitivity of the proposed
gas sensor.

the guided core mode—thus, the EML for guided radiation is
thousand times lower than the polymer loss in the low loss
region. The material absorption 10ss (cma) of Zeonex is linearly
proportional with frequency [45], [57], [59], [60]. At higher fre-
quencies, the dielectric losses of transparent polymer increases
due to polarization relaxation [61], [62]. Hence, the effect of
EML is not obvious in the lower frequency region (e.g., lower
than 0.9 THz) and, as the frequency increases, the increment
in EML will be significant at higher frequencies. Fig. 2(c)
experimentally verifies the properties of EML with printed
Zeonex disc and the measured EML as a function of frequency
follows the similar concept. Fig. 5(a) clearly shows that the
transmission loss is unaffected by EML in the frequency range
between 0.5 and 0.9 THz. In the first transmission spectrum, a
low-loss region appears around at 0.9-1.3 THz and minimum
loss of 1.86 x 10~*cm™! obtained at 1 THz at a transmission
bandwidth of 0.5-1.5 THz. The HOM suppression and low trans-
mission loss over large bandwidth of seven-tube HC-ARPCFs
suggest that such waveguides can offer an attractive platform for
the creation of efficient transmission of terahertz waves.

C. Performance of the Proposed HC-ARPCF as a Sensor

On the basis of guiding properties between Figs. 4 and 5(a),
we numerically show the HC-ARPCEF sensing performance by
changing the RIs from 1.0 to 1.24 in the core at Fig. 5(b). At the
resonance frequency (f,,), the effective RIs between LPclad01
and LPOl create a resonant coupling, and LPOl experience
enhanced leakage through the high-indexed Zeonex layer. The
theoretical f,, = 1.446 THz is estimated from (1) at m = 1.
The simulated f,, at 1.5 THz shows blue-shift relative to the
corresponding theoretical value. The blue shift of the resonance
frequency can be explained by the mode field distribution [78].
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Fig. 6. (a) Change of resonance frequency with the change of refractive index;
(b) FOM and FWHM with RI variation.

More frequently, changes in real part of RI for LP0O1 is sensed
via resonance peak shifts [79]. Fig. 5(b) indicates that when the
refractive index of the hollow core is changed and loaded with
the refractive index of 1.06, 1.12, 1.18, and 1.24, the resonance
dips from 1.5 THz change their positions and shifts towards
1.6, 1.7, 1.8, and 2 THz, respectively. These resonant shifts
are the signature of refractive index variation inside the fiber
core, demonstrating how the fiber can potentially be an effective
and sensitive refractive index transducer. Fig. 5(c) shows the
amount of light and analyte interaction of the fundamental LPO1
mode within the guided hollow core for different analytes as a
function of frequency, obtained from eigen mode solver using
(3). The numerical simulation reveals that more than 98% of
power concentrates within the hollow core for this propagation
mode around 1 THz. The increase of n., reduces the difference
between the nj,q and n¢,, which in turn disturbs the guidance of
light using ARROW model and may suppress the resonant prop-
erties of the fiber. In this case, most of the light will be guided
through the core due to small index variations between core and
cladding, and the core power fraction may gradually increase
with the analyte refractive index at the resonant frequency. The
modal power distributions by means of different effective Rls of
the core filled with analytes correspond to the spectral charac-
teristics of analytes. Fig. 5(d) represents the relative sensitivity
calculated from (6) of the RI sensor. Specifically, transmission
dips are considered for analyte species characterization because
it is rarely affected by the analyte pressure, analyte temperature,
or system’s dynamic range as is the absorption strength. Relative
sensitivities of the proposed terahertz refractive index sensor are
38, 35, 37, 48, and 49 at the transmission dips for an analyte RI
of 1.00, 1.06, 1.12, 1.18, and 1.24, respectively.

Fig. 6(a) illustrates the relationship between the analyte RI
and the corresponding resonant frequency. In this simulation,
the transmission dip goes to higher frequencies with increase
in analyte refractive index. In other words, the relationship
between the small change of refractive index in the core and
slight shift of resonance frequency is linear to a first-order
approximation. In our analysis, the resonance frequency is at
1.5 THz for RI of 1.0 and the FWHM of the resonant peak is
about 0.1 THz. For the next step, the analyte RI of 1.0 is replaced
with 1.06, 1.12, 1.18, and 1.24, and the corresponding FWHMs
are 0.06, 0.062, 0.09, and 0.13 THz, respectively. The increase
in resonance bandwidth (FWHM) can be used to detect higher
RIs. As can be seen from Fig. 6(a), the simulated refractive index
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TABLE II
TERAHERTZ SENSING PERFORMANCE OF THE PROPOSED ANTIRESONANT FIBER

Analyte refractive ~ Resonant peak  Relative Sensitivity Refractive index FWHM  Quality FOM Length (cm)
index variation (THz) (St) sensitivity (GHz/RIU) (GHz) factor (RIU'Y)
1.00-1.06 L5 38 1670 100 15 17 9.4
1.06-1.12 1.6 35 1670 60 27 28 7.7
1.12-1.18 1.7 37 1670 62 27.5 27 7.7
1.18-1.24 1.8 48 1670 90 20 19 10
1.24 2.0 49 3335 130 16 26 10

change of An = 0.06 results in a resonance frequency shift of
Af = 100 GHz for RIs between 1.00 and 1.18, and 200 GHz
for refractive indices from 1.18 to 1.24. The constant spectral
shift A f = 100 GHz for the constant refractive index variation
An = 0.06 results in the relative sensitivity 1670 GHz/RIU,
as shown in Fig. 6(a). However, the change in spectral shift
Af =200 GHz at 1.24 has doubled the relative sensitivity.
The unspecified mode confinement at resonance frequency can
create impact on the transition of resonant frequency toward
2 THz with spectral shift Af =200 GHz and doubles the
theoretical refractive index sensitivity Sy = 3333 GHz/RIU for
1.24. From (7), the theoretical refractive index sensitivity (Sy)
for the proposed sensor is from 1670 to 3335 GHz/RIU.

The proposed sensor shows FOMs of 17, 28, 27, 19, and 13,
respectively. The highest FOM is obtained for the refractive
index of 1.06, as shown in Fig. 6(b), as the resonance bandwidth
(FWHM) is comparatively sharper than at this value.

A high-quality factor (Q)) sensor implies high sensitivity and
a narrow FWHM [69]. The @ values of the proposed refractive
index sensor are 15, 27, 27.5, 20, and 16, respectively.

Sensor length is also an important parameter that is deter-
mined from the inverse of the transmission loss. As the trans-
mission loss characteristics in HC-ARPCF varies with different
refractive indices, the sensor lengths also vary accordingly. The
transmission losses at resonant points are 0.11, 0.13, 0.13, 0.1,
and 0.1 cm™! for refractive indices of 1.00, 1.06, 1.12, 1.18, and
1.24, respectively. At the resonance frequencies, maximum fiber
operating lengths range between 7.7 and 10 cm.

For the variation of analyte refractive indices, Table II shows
the performance metrics of the proposed terahertz refractive in-
dex sensor that indicate that, with the change of refractive index,
the proposed sensor can attain a maximum spectral sensitivity of
3335 GHz/RIU, and maximum quality factor and FOM of 27.5
and 28, respectively.

The large effective refractive index variations in an analyte
cell can easily be detected via the time of arrival. This analyte
detection method employs incoherent Fourier transform infrared
system or coherent time-domain terahertz system and is a known
spectroscopic method in analyte sensing. This spectroscopic
method is based on the signature as a function of frequency
or ‘fingerprint’ of absorption of molecules in the terahertz
regime [4]. Due to weak absorption by gases in the terahertz
region and poor signal-to-noise ratio, an extremely long gas cell
(few meters) is required to increase the interaction length and
to detect absorption lines of gases reliably. The second method
for analyte sensing is based on the phase matching of resonant
structure such as a terahertz whispering-gallery mode (WGM)
resonator [70], [71], a 1-D cavity-based photonic crystal fiber on

silica slab [64], a 2-D photonic crystal resonator based on pillar
arrays [80], and a surface plasmon resonance-like polymeric
fiber based on a porous core [81]. While the FOM and the O
value might be reasonable for different types of terahertz inte-
grated devices, such as WGM resonators and surface plasmon
resonance-based fiber sensors, they are not discussed in this
manuscript due to difficulties in coupling, their very short inter-
action length, and complex fabrication techniques that can limit
their analyte sensitivity and selectivity for a larger target than
the sensor chip. They detect analytes via resonance frequency
shifts via a time-domain terahertz system.

The terahertz sensing capabilities of antiresonant fiber [31],
[82], [87] and PBG waveguides [88], [89] are also relevant to
resonant structures. They can detect the target analyte via the
shift of resonance frequency and their interaction lengths can
cover a few centimeters. Among them, [82], [87] are fabricated
with fiber drawing procedure and the rest of them [31], [82],
[87] are fabricated with fiber drawing procedure. In [82], the
authors add liquids such as water, hydrochloric acid, acetone,
and ammonia in a dielectric pipe waveguide and let them to
evaporate. When measuring the change in the transmission
power, they inferred the effective RIs to be in the range of
1.016-1.102. Sensing the vapor instead of the liquid itself can
be an interesting option when dealing with high loss liquids
in the terahertz regime such as water 200 cm~! [83]-[85] and
acetone 190 cm~' [86] at 1 THz. Vapor sensing has wider
real-life application, giving rise to the interest in studying the
low refractive index range. The composite and polyvinylchloride
porous cladding layer of the same waveguide [82] is applicable
for mixed powders (melamine and tryptophan) sensing in the
1.354-1.489 RI range. The best refractive index sensitivity for
powder sensing is 22.2 GHz/RIU. The RI of melamine and
tryptophan are 1.76 and 1.10, respectively.

Cruz et al. [31], [87] proposed a PMMA-based coreless
waveguide and a 3-D-printed elliptical-shaped ARF, which can
sense the liquid analyte in the 1.4-1.5 and 1.0-1.44 ranges,
respectively. The corresponding refractive index sensitivity is
5 GHz/RIU [87] and 972 GHz/RIU [31]. A terahertz SLA-based
circular Bragg waveguide sensor in [88] has been used for
detecting PMMA films with different thicknesses loaded on the
inner surface of the waveguide core, and a surface sensitivity
of 0.1 GHz/um is experimentally achieved. Also, the thickness
variation of the a-lactose monohydrate powder analyte with the
RI of 1.78 was measured with a change in resonant dips. To
disperse the uniform powder thickness in the waveguide core, a
motor was attached to apply a centrifugal force in the waveguide.

Later, a mixture of liquid analytes with RI ranges between
1.465 and 1.545 was measured with the FDM-based rectangular
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TABLE III
COMPARISON OF THE PROPOSED REFRACTIVE INDEX SENSOR WITH PRIORS SENSOR IN THE TERAHERTZ REGIME

Ref. Sensor structure Refractive index Average refractive Quality factor FOM (RIUT)
Sensor resolution index sensitivity (GHz/RIU)
A. Cruz, [87] Core-less wave guide 1.4-1.5 5 - -
A. Cruz, [31] Hollow pipe wave guide 1.0-1.44 972 - -
This Paper Seven tube HC-ARPCF 1.00-1.24 from 1670 to 3335 from 15 to 27.5  from 17 to 28
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(a) Schematic diagram of terahertz time-domain spectroscopy system. (b) Setup for the terahertz experiment: terahertz transmitter, L1, Lo, IRIS, fiber

under test, L3, L4, terahertz detector (from left to right in bottom). Terahertz time-domain spectrometer here: Menlo system (TERA K15 Terahertz Kit). (c) Beam

diameter between Lo and L3, measured with IRIS.

Bragg waveguide [89]. The refractive index sensitivity and the
sensor resolution of the terahertz Bragg waveguide-based fluidic
sensor are measured to be 110 GHz/RIU and 4.5x10~3 RIU,
respectively. The liquid mixtures were formed using min-
eral oil (1.455) and cinnamon essential oil (1.555). In this
manuscript, our proposed seven-tube HC-ARF can numerically
detect the analyte, with the RI ranges ranges between 1.00 and
1.24 are in the group of vapor as considered in [82]. The resultant
refractive index sensitivity, quality factor, and FOM range from
1670-3335 GHz/RIU, 15-27.5, and 17-28 RIU .

The performance of the proposed sensor as compared with the
prior sensors reported for terahertz sensing is shown in Table I11.
Based on the average sensitivity, quality factor, and FOM, the
proposed sensor shows improved performance.

IV. EXPERIMENTAL SETUP AND CORRESPONDING RESULTS
A. Experimental Setup

A THz-TDS system with photoconductive antennas as trans-
mitter and receiver, and four plano-convex, aspheric lenses made
of TPX polymer [91] are used for fiber characterization. We
perform the transmission measurements of Zeonex-based seven-
tube HC-ARPCF using a commercial fiber-coupled THz-TDS
system (Menlo) with an effective spectral range of 0.1-2.0 THz.

The schematic diagram for terahertz fiber transmission using
Menlo system is shown in Fig. 7(a). The THz-TDS system
consists of three main parts: 1) optical source, 2) delay line
controller, and 3) terahertz wave path. The laser beam generated
from “T-light” (optical source) is split into a strong pump beam
for the generation of the terahertz radiation and a weak probe
beam for the detection. The terahertz pulse, generated from the
LT-GaAs-based photoconductive antenna, is collimated by an
on-axis plano-convex lens (L1) to produce a nearly parallel

beam with Gaussian FWHM of 25 mm. Another plano-convex
lens (Ly4) is used to focus the collimated terahertz beam on the
terahertz detector antenna.

The detector antenna is gated by the optical probe beam, and
the current, which is proportional to the incident terahertz field, is
recorded using a lock-in amplifier as a function of the temporal
delay between the pump and probe beams. An acousto-optic
modulator allows the pump beam to be modulated at a frequency
of 10 kHz, where the system has the highest signal-to-noise
ratio. Prior to the HC-ARPCF loss measurement, another pair of
on-axis plano-concave lenses (L and L3) with the focal length
of 50 mm are placed between the collimated terahertz beam to
couple the beam waist into the hollow core of HC-ARPCF, which
is important for fundamental mode matching. The plano-convex
lenses (Lo and L3) focus the beam to a 1.85-mm waist verified
by an IRIS, shown in Fig. 7(c). These two plano-convex lenses
are separated by 100 mm, as the focal lengths are 50 mm.
The spectrometer is set to operate in rapid scan mode, with a
lock-in time constant of 300 us for observing alignment and
signal properties during the measurement setup. Then, a lock-in
time constant of the 10 ms is selected for collecting the data for
later analysis. Fig. 7(b) indicates the experimental alignment of
terahertz wave path. There are two types of reference signals:
i) no fiber and ii) with shortest length of fiber. The ‘no-fiber’
reference signal is measured without the HC-ARPCF while
the sample fiber scan is taken after inserting the fiber sample
between the pair of plano-convex lenses (Lo and L3) as shown
in Fig. 7(b). Here, the IRIS is used to mark the position of beam
waist and block any unwanted signal passing through the fiber
core.

The transmitted terahertz signal from HC-ARPCEF is again
collected from another plano-convex lens (L) and coupled into
a photoconductive detector for terahertz wave measurement.
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(a) Temporal signals as measured by the lock-in amplifier for the reference pulse and sample pulses of the seven-tube HC-ARPCEF for the length of L = 8,

20, 30, 40, and 50 mm. (b) Corresponding power spectra. (¢) Measured transmittance of terahertz HC-ARPCF. (d) Loss measurement of terahertz HC-ARPCFE.
Vertical grid lines in (c) and (d) denote the theoretical resonance frequencies. All the samples are printed with same capillary thickness and gap between two

capillaries of £ = 0.45 mm and g = 0.811 mm.

Both the emitter and detector are pumped with T-light fiber-
coupled femtosecond fiber laser. The printed fiber is mounted on
an automated xyz-translation stage for mapping the fiber modes.
Finally, data acquisition is carried out with “K15 TeraScan
Mark II 1.31” software from Menlo. This software provides
the temporal and power spectra of the signals for further signal
characterization.

B. Experimental Results: Effect of Fiber Length

The experiment is performed with scaled-up dimensions as
Flashforge Creator Pro can print with a minimum vertical
feature size of 0.4 mm. A more optimized fiber can be prepared
by drawing the printed fiber [75], [92]. Drawing the fiber to
obtain the proposed numerical dimensions can be our future
work for the application of analyte sensing.

The 3-D-printed seven-tube HC-ARPCF and corresponding
resulting waveforms are shown in Figs. 2(b) and 8, respec-
tively. To characterize the fiber transmission and coupling loss

individually, loss measurement is performed using a cutback
technique. It is not possible to cut the printed fiber length during
the measurement without changing the coupling conditions as
the air holes may collapse during the cutting and need a very
high-pressure air purger to remove the obstacles. To avoid this
difficulty, we print different lengths (L = 8, 20, 30, 40, and
50 mm) of fibers with the same cross section. For guiding
the light through the core only, we wrap the individual fiber
with aluminum foil with a hole diameter of approximately
5 mm to the input and output waveguide end. We place each
length of fiber consecutively in the sample holder, and com-
pare and analyze the effect of length on the terahertz trans-
mission spectrum. Therefore, we cannot assure the coupling
loss is constant. Humidity in the air can create water lines
in the signal, which decreases terahertz transmission [93]. To
study the individual fiber performance accurately, measurements
are made in a nitrogen environment with negligible humidity.
Also, five scans are performed for each fiber in situ and then
averaged.
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Fig. 8(a) plots the temporal signal of the reference scan and
sample scans. The peak of the detector current for reference
signal at maximum ranges from —0.78 to +1.37 a.u. It decreases
gradually from +1.0, +0.58, +0.45, and +0.37 to +0.27 a.u with
increasing the terahertz fiber lengths of L = 8, 20, 30, 40, and
50 mm, respectively. The propagation loss introduced by each
length of terahertz fiber results in a reduction of peak amplitude
of detector current. As seen in Fig. 8(a), the reference signal peak
leads by 0.32 ps with respect to the signals through the hollow
core fibers. Any small change in alignment can make a difference
of arrival time of the transmitted signal through the hollow core.
Here, the arrival time difference can arise as we move L3 toward
L4 to place the fiber end at the probable focal spot of L4. Also,
the time difference may arise from the unexpected webs at the
gap between the two adjacent tubes introduced by the FDM
printing. This small variation of time delay confirms that most
of the terahertz signal passes through the air core with proper
alignment.

The power spectra calculated by fast Fourier transform de-
termines the transmission properties of the fiber in Fig. 8(b).
The Fourier transform of the recorded detector current of the
reference (without the sample) and that through the fibers are
used to measure the power spectra for the fibers in each case.
We found that there are sudden peaks in samples for L = 20, 30,
40, and 50 mm to correspond the resonance frequency. The fiber
of L = 8 mm carries the similar behaviour of reference signal
due to the short fiber length and rarely showing the antiresonant
characteristics. Therefore, it is important to have a longer fiber
length in order to achieve the characteristics of the fiber and
stable mode distribution.

The transmittance of the fiber measured is determined from
the absolute ratio (sample and reference) of the complex mod-
ulus of the transformed data for different fiber lengths. The
measurements on transmittance are taken by comparing the
transmitted terahertz waveforms with and without the sample
in Fig. 8(c) at the terahertz beam path. The L = 8 mm fiber
is too short to be called a fiber. A fiber length of 8§ mm is
not sufficient to draw any conclusions as it is far too short to
achieve a stable mode distribution or eliminate others spurious
effects. To be clear, the lens focal length is 50 mm maximum.
The distance between L3 toward L4 is not large enough to place
a fiber of L = 50 mm while maintaining the proper coupling
at the end facet at L = 50 mm. Therefore, leaving out the
experimental results for L = 50 mm may alleviate the coupling
problem. However, avoiding L = 8 and 50 mm also would mean
not giving the full picture regarding the transmission. Fig. 8(d)
shows the measured loss. This can be seen clearly in Fig. 8(c) and
(d) where L = 8 mm seems to be an outlier, when compared to all
the other lengths. The L = 50 mm fiber is used with a different
alignment. By looking at the results of the three remaining fibers,
there is hardly any recognizable trend. To assist rigor in the
data processing, we attempt to separate the fiber transmission
loss from the coupling loss as a combination of different fiber
lengths in Fig. 9. In addition, using the ‘no-fiber’ measurements
as a reference can assist with a mixture of coupling efficiency
and fiber losses. The 8-mm fiber length is far too short as
stated above. The use of a 20-mm-long section as a reference

and comparing this with other fiber lengths may eliminate the
coupling loss. The combination of cases that have been chosen
are as follows:

a) L = 8, 20, 30, 40, and 50 mm; reference = no fiber;

b) L = 8, 20, 30, and 40 mm; reference = no fiber;

¢) L = 20, 30, and 40 mm; reference = no fiber; and

d) L = 30 and 40 mm; reference = 20 mm.

In all cases, the fibers are short due to the experimental setup
limitation where we were able to measure fibers no longer than
50 mm. To obtain a stable mode distribution inside the fiber
considering the excitation of HOMs, it is necessary to have a
longer fiber so that the mode distribution can stabilize.

From the transmission loss spectra in Fig. 9(a)—(d)-(i) we can
observe that case (a) does not provide the resonance properties
at higher frequency. The high and low loss regions can easily
be obtained in cases (b)—(d). The analytical resonance peaks
for t = 0.45 mm appear at ~0.30, ~0.60, and ~0.90 THz,
using (1) and the vertical grid lines are the indication of the
analytical resonant properties in fiber. The measured resonance
peaks for Fig. 9(b)—(d)-(i) appear at 0.31, 0.61, and 0.99 THz,
which are almost similar to the analytical results. Moreover,
the simulation of the scaled-up fiber is compared here with the
measured transmission loss in Fig. 9(a)—(d)-(i). There are some
additional losses such as water absorption loss and scattering
loss, in addition to the transmission loss, which are introduced
during experiments, while neglected during simulations. The
low loss of 0.3 dB/mm at 0.47 THz is obtained with case (b).
The lowest transmission loss of 0.04 dB/mm is obtained from
cases (c) and (d) around 0.53 THz. Fig. 9(c) and (d)-(i) shows a
similar trend between simulated and measured transmission loss.
We hypothesize that the anti-crossing between fundamental and
HOMs may cause high loss peak in the low-loss regions and
they are more pronounced at lower frequency around 0.44 THz.

To quantitatively assess the data, we use the linear coefficient
errors for transmission and coupling loss based on using the
coefficient of determination (R?) in Fig. 9(a)—(d)-(ii and iii). We
plot the coupling and transmission loss when R? is higher than
0.6 to obtain reliable data. It is apparent from Fig. 9(a)—(d)-(iii)
that the coupling losses vary for different length combinations as
the fibers are independent during the measurement. Therefore,
it is difficult obtaining constant coupling loss as it ranges from
—53 to 15 dB from sample to sample, in the 0.3—1.0 THz. The
differences in coupling losses come from the focal spot size
mismatch between the fiber front-end facets and adjacent lens
due to the consecutive placement of fibers. However, with the
help of xyz-translation stages, the radial and lateral displacement
has been tried to mitigate. The linear curve fitting over the
experimental data in Fig. 9(a)—(d)-(iv) for a few frequencies
differentiate the good from poor data. Note that some of the
nonidealities in the experimental results are obviously due to
the surface roughness of the fiber produced during 3-D printing.

Table IV shows in detail the characteristics comparison of the
proposed HC-ARPCFs and investigates the variation in optical
performances with prior established results. On the basis of fab-
rication feasibility, small core size, broad transmission window,
and low transmission loss, the obtained results are comparable
with the prior results.



256 IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 11, NO. 3, MAY 2021

Reference = no fiber; L = 8, 20, 30, 40, 50 mm Reference = no fiber; L = 8, 20, 30, 40 mm
T R g  MLAaassasass 1.5 prprrrr e e 2 e
Lre : —Experiment | 1f o | +Experiment 1 L e | —Experiment | [ opee { +Experiment:
2 08 i(l) {—Simulation = { 3 (ll) | —Simulation 2 i (l) i ation : 2 sl (ll) | —Simulation |
= ; ; : = : 1 =~ 1 i = _ 1 ; |
Y = : : £
£ 0.6 2 g E \ Anti-crossing ; S E
ZE g ZE JI|ZE
£ 504 £ 45 ‘ | EZ
£2 g ERCUE) 122
2 702 2 g0
g : £
= 0 : "
FARTRTTTIR ST LU e ervondt ATt
0.3 04 05 0.6 0.7 0.8 09 1 03 04 05 0.6 0.7 08 09 1 0.3 04 05 0.6 0.7 0.8 09 1 03 04 05 0.6 0.7 0.8 09 1
20 Frequency (THz) 0 Frequency (THz) » Frequency (THz Frequency (THz)
T T T T 1 T
# Experiment ¥ Experiment  Experiment 60 # Experiment ¢ Experiment | Experiment
L = Fitted line = Fitted line = Fitted line ~ Fitted line ~ Figted line — Fitted line
. 15 = 3ok RE=090 R0 RZ-0s0 " ey Rl ine T patedlite
£ = -z H S sl 4
e =10 2~ ”:’;:’ - g -
£g £ Za0f 1 ‘f’guw . ZE EE
= z 2 G e et = 22
= 5K = 81 Vo2 = et S = 3
S s a2 E S g s
Cuk ST AN . < &
31X ]F\ o .
(iii (iv -
) PR O AT TR ol 4 L L X
0.3 04 05 0.6 0.7 08 09 1 10 20 30 40 50 0.3 04 05 0.6 0.7 0.8 09 1 10 20 30 40
Frequency (THz) Length (mm) Frequency (THz) Length (mm)
(a) (b)
1 Reference = no fiber; L = 20, 30, 40 mm 2 2 Reference =20 mm; L = 30, 40 mm 2
) e | —Experiment | ‘ e ‘+E‘ N 'I " . —Experiment e ~+Experiment
2 ) SRR g g (D) Threme ;) O S |l g ) G) 0 TSR
- . : ; = 5 : | : = _ ;
== ; i 2= =
g E Anti-crossing’ S E s : S E o
z B i 2 E I\ || Anti-crossing | 1 %2 £ 1}}[} Anti-crossing | E
B = H =8 :
Ez0s5 s iz
= = B 1 £ 05F 1
z g g
= s = =
O AN Yrrrrrer i AT rrre it (] rerviirvererreelt v reer et |
0.3 04 05 06 0.7 0.8 09 1 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0.3 04 05 0.6 0.7 0.8 09 1 0.3 04 05 0.6 0.7 0.8 09 1
30 Frequency (THz Frequency (THz) 2 Frequency (THz) Frequency (THz)
T T T T T T T T T T T T T T T T T 2 T T T T
50 | Experiment # Experiment ¢ Experimeng 0 # Experiment ¢ Experiment  Experiment|
I~ Fizncd line = Fitted line - F;(tcd line = Fitted line = Fitted line - Fitted line
P = R?=0.998 R?=0999 R*=0.992 7 = 15} R2-1 RZ=1 RZ=1 J
] £ Aor -1 = 2
E“a? 2 a Py ot T‘:‘W éﬁ 2 a 75 1= 0.44 THZ
s £ 20f H] £
S = [ S = -
10F
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
=20 20 -60
03 04 05 0.6 0.7 08 09 1 0.3 04 05 0.6 07 0.8 09 1 38 40
Frequency (THz) Length (mm) Frequency (THz) Length (mm)
© ()

Fig.9. (a—d)-(i) Frequency-dependent experimented and simulated transmission loss. (a—d)-(ii) Frequency-dependent experimented and simulated transmission
loss with their corresponding errors. Vertical grid lines in (i) and (ii) are the indication of the theoretical resonance frequencies of the seven tube HC-ARPCF for
the different length combinations. (a—d)-(iii) Frequency-dependent measured coupling loss with corresponding errors;. (a—d)-(iv) Length-dependent transmissions
through the HC-ARFs. The solid markers indicate the measured transmission while the dashed lines denote the best-fit lines at different frequencies. All the samples
are printed with same capillary thickness and gap between two capillaries of ¢ = 0.45 mm and g = 0.811 mm, respectively.

TABLE IV
CHARACTERISTICS OF 3D-PRINTED HC-ARPCF-BASED TERAHERTZ FIBER
Ref. No. of tubes Material, Core diameter, | Strut thickness, | Total size, Frequency Transmission loss
printing D. (mm) t (mm) OD (mm) | range (THz)
J. Yang, [74] Kagome VeroWhitePlus 9 0.35 - 0.2-1.0 0.02 cm’! (average)
hollow core (SLA)
S. Yang, [94] Pentagram Photosensitive resin - 1 21 0.5-2.0 0.025 cm'T
hollow core (SLA) (1.94 THz)
L. D. V. Putten, [30] 6 Polycarbonate 6, 6, 10 0.6, 0.6, 1.2 - 0.15-0.6 -
(Half-elliptical) (FDM)
A. L. S. Cruz, [31] 10 ABS polymer - 04,02 8.3 - -
(Elliptical) (SLA, FDM)
A. L. S. Cruz, [32] 8 ABS polymer 8.4 0.54 25 0.1-0.5 -
(Cone shaped) (SLA)
This manuscript 7 Zeonex 5 0.45 11.8 0.24-1.0 0.04 dB/mm
(Circular) (FDM) (0.53 THz)
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V. CONCLUSION

In this article, an optimized seven-tube HC-ARPCEF is ana-
lyzed numerically. The optimized dimensions of the fiber pro-
vide small spatial overlap between core and cladding modes that
facilitates suppressing the HOMs. In the fiber design, a negative
curvature of the core boundary has been applied to enhance the
inhibited coupling. Moreover, nontouching antiresonant tubes
are added to reduce the EML and Fano resonances that may in-
troduce from the connecting nodes. The numerical investigation
of the fiber shows a low-loss region within 0.8—1.4 THz and a
transmission bandwidth within 0.5-1.5 THz.

The experimental validation of the HC-ARPCF is carried
out using THz-TDS where five different fiber lengths were
considered to achieve the antiresonant properties. It is found
that printed fibers with different fiber length combinations show
improved antiresonant effects, and the analytical resonance
frequencies are ideally matched with the numerical analysis
of scaled-up fiber. Note that there are imperfections in the
obtained results which are due to the surface roughness in
fiber fabrication. The simplicity in fiber design and appropriate
optical properties of the fiber make it a suitable candidate for
short-distance terahertz transmission and further can be used
for refractometric sensing.
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