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Abstract: A hollow core antiresonant photonic crystal fiber (HC-ARPCF) with metal inclusions is
numerically analyzed for transmission of terahertz (THz) waves. The propagation of fundamental
and higher order modes are investigated and the results are compared with conventional dielectric
antiresonant (AR) fiber designs. Simulation results show that broadband terahertz radiation can be
guided with six times lower loss in such hollow core fibers with metallic inclusions, compared to
tube lattice fiber, covering a single mode bandwidth (BW) of 700 GHz.
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1. Introduction

Terahertz radiation [1] presents a new frontier with plenty of technical applications and
fundamental research challenges for sensing, including label-free and noninvasive molecular
detection, hybridization of DNA, security scanning, pharmaceutical drug testing, and high-speed
short-range optical communications [2–7]. Terahertz also has potential for biomedical spectroscopy,
with low energy that is completely non-ionizing, a photon energy that is lower than that of mid-IR
radiation, yet with stronger polar molecular interactions than microwave radiation [8–11]. Despite
all of the potentiality of terahertz, research in this field still has much to accomplish, as most
of the present terahertz systems are expensive and bulky, and lack the availability of low loss
waveguides, common at other wavelengths. As a primary solution for low loss terahertz transmission,
hollow waveguides [12–17] are of interest because the terahertz pulses are mostly guided in the
air-core, significantly reducing the material loss, and therefore the designs are less dependent on
material absorption. Guiding broadband terahertz pulses using hollow metal or hollow metal coated
dielectric waveguides [18–20], hollow dielectric waveguides [21,22], and dielectric-coated metallic
hollow waveguides [23–32] have been demonstrated.

In 1999, broadband sub-picosecond pulses of terahertz radiation were first coupled into a 4 mm
long stainless steel hypodermic needle [19], and in 2000, Gallot et al. extended the idea to a 25 mm long,
brass circular hollow waveguide [5]. The measured power absorption coefficient was 300 dB/m at
1 THz for the stainless steel waveguide [19]. Metal surface roughness produced during extrusion of the
needle and inflexibility of the metal tube are the main limitations. A hollow polymer based inner metal
coated waveguide solves these problems having a smooth metal coating inside the thin polymer wall.
A copper-coated hollow polycarbonate waveguide exhibited the lowest loss of 3.9 dB/m at 158.31 µm
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(∼1.9 THz) for a 3 mm bore fiber [23]. A simple schematic diagram of a metal hollow waveguide
(HWG) is shown in Figure 1a. Some of the lowest transmission losses in the terahertz region were
achieved with silver coating inside a flexible thin silica-glass tube, with a loss of 7.5–8 dB/m. Another
attribute of circular hollow metal waveguide design is that the TE11 mode is the dominant mode and
is excited only by a linearly polarized wave [18,19], which is convenient as most optical terahertz
sources are linearly polarized. However, the TE01 mode shows the lowest loss in metal waveguide,
though specialized coupling is required for linearly polarized terahertz source.

The losses in copper hollow waveguides can be further reduced by a dielectric coating of the
correct optical thickness, deposited over the metallic layer [23]. Using a similar concept for further
reducing the transmission loss to 0.95 dB/m at 2.5 THz, a silver/polystyrene-coated hollow glass
waveguide (Ag/PS HGW) was experimentally characterized [24,25]. The 90 cm long waveguide
was fabricated with a 2.2 mm bore coated with a 8.2 µm thick polystyrene film. There is an obvious
difference between the dielectric coated and bare metal hollow waveguide on the basis of dominant
mode. Adding a thin dielectric film into the inner surface of a metallic waveguide transitions the
dominant transverse TE01 mode for azimuthal excitation of terahertz wave to a hybrid HE11 mode.
The silver/polystyrene hollow wabeguide (Ag/PS HGW) exhibits a HE11 hybrid dominant mode [24],
whereas the silver-only [24] or copper-only [23] hollow waveguides exhibit a transverse TE01 mode
requiring azimuthal excitation by the incoming terahertz wave. Also, the thickness of the PS film
determines whether the hybrid HE11 mode or the transverse TE01 mode exhibits the lowest loss [25].
Moreover, the dielectric layer on the inner surface of the metallic waveguide is essential to support
low-loss hybrid modes, with minimal affect on dispersion [29], and is advantageous for low loss
terahertz transmission. In 2010, Tian et al. [30] theoretically and experimentally demonstrated a dual
cylindrical metallic grating-cladding polymer hollow terahertz waveguide where the attenuation
constant of the linear polarization HE11 mode can be reduced to 0.62 dB/m with a 5.0 mm copper tube
bore diameter and 50 µm polyethylene thickness. This waveguide is composed of copper cylindrical
gratings together with high-density polyethylene tubing, making the waveguide rather complex,
requiring fabrication using liquid-phase chemical deposition techniques [23,25] to coat the dielectric
film over the metal, and a wet chemistry method to deposit the metal film. A simple schematic diagram
of this HWG is shown in Figure 1b.

An alternative approach proposed by [31–34], is to embed sub-wavelength metal wires within
dielectric materials for guiding terahertz radiation. A possible fiber fabrication technique is to co-draw
metal and dielectrics [34] or via use of printed dielectric waveguides with air holes in the cladding,
with later insertion of metal wires into the holes [32]. A simple schematic diagram of this hybrid
cladded metal HWG is shown in Figure 1c.

A particular new class of dielectric fiber [35–41], namely, antiresonant (AR) fiber, has
attracted attention because of its simple structure and desirable guiding properties. The
simplified structure features a negative core curvature, a non-touching core boundary, and a
single tube cladding layer [38–40], often also named the Tube Lattice Fiber (TLF). The negative
core curvature enhances the coupling inhibition between the core and cladding modes [37],
whereas the non-touching core boundary assists in the reduction of the loss caused by the
Fano-resonance [15]. Recently, nodeless single layer negative curvature Hollow Core Antiresonant
Photonic Crystal Fiber (HC-ARPCF) was proposed and experimentally demonstrated for terahertz
wave guidance [38]. The HC-ARPCF is a relatively simple design for fabrication, using commercially
available PMMA (polymethyl-methacrylate) and was experimentally validated for terahertz guidance
with excellent mode qualities and controllable bandwidth. Moreover, the capillary tubes provide
resonant coupling from the core’s Higher Order Modes (HOMs), to provide dissipation and
suppression of HOMs [42]. The difference of propagation loss between the fundamental core mode 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 [42]. In 2015, Lu et al. reported a Zeonex based
fiber with the lowest loss of 1 dB/m at low terahertz frequency [39]. In 2018, Nazarov et al. [40]



Fibers 2020, 8, 14 3 of 11

demonstrated the possibility of manufacturing a single-mode flexible waveguide, with a loss of 7 dB/m
within a 1.9–2.2 THz bandwidth.

In this paper, we apply this concept to tube lattice fiber by adding sub-wavelength metal wires
into the cladding, creating a metamaterial, and we compare its performance against tube lattice
fiber. Numerical study of fundamental and HOMs of the proposed fiber shows wide-range single
mode guidance, strong light confinement and six times lower loss than the tube lattice fiber. We also
address the impact of waveguide modes on transmission characteristics for AR fiber with and without
metal wires. The results show that the LP11 is influenced mostly by changes to the cladding pattern.
The proposed structure with a hollow core is a potential candidate for a low loss terahertz waveguide.
A polymer–metal fiber drawing technique can be used to fabricate the proposed fiber [34] or a
postprocessing technique can be used to insert the metal in a liquid state with the fiber already
made [43].
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Figure 1. Simple schematic diagram with (a) metal HWG: Fiber geometry based on the design presented
in [18]; (b,c) hybrid cladded metal HWG: Fiber geometry based on the design presented in [30–33];
(d) polymer HWG: Fiber geometry based on the design presented in [22]. The color of each design
indicates the materials as metal film/wires (yellow), polymer (black), and air (white), respectively.

2. Design Methodology

The proposed structure can be fabricated with seven non-touching, circular, dielectric antiresonant
tubes, where the cladding dielectric layer contains metal wires, as illustrated in Figure 2,
employing Zeonex dielectric and aluminum metal. The AR fibers with metal-wire inclusions have
a core diameter (Dc) of 3 mm, inner dielectric antiresonant tube diameter (D) of 2.04 mm, and a
Zeonex wall thickness (t) of 0.09 mm. The core diameter is defined as the maximum circle diameter,
as illustrated by the dashed green circle illustrated in the figure, that can be inscribed inside the core.
With constant core diameter, the D/Dc = 0.68 avoids the mode contamination in the air-core and
assists in single mode guidance over a board frequency range. It is important to mention that the wall
thickness, t = 0.09 mm, is chosen to give a first AR transmission band centered at approximately 1 THz
in this model. The metal wires are inserted at the optimal distance p from the inside of the 1.5 mm thick
Zeonex cladding layer. The cladding layer not only provides mechanical support for the metal wires,
also supports to confine the mode guidance in the air-core. The key parameters that determine the
performance of the AR fibers with metal-wire inclusions are the innermost dielectric layer thickness p,
and diameter d of metal wires and Figure 2 indicates those parameters. The complex refractive index
of aluminum at 1 THz is 517.34–i561.13 [44]. Low bulk material absorption loss of Zeonex is 0.02 cm−1

and constant refractive index of 1.5352 in a 0.1 to 4.5 THz frequency range [45].
The light guidance of the proposed fiber occurs via inhibited coupling between core and cladding

modes [16,17], or on the basis of the Anti-Resonant Reflecting Optical Waveguide (ARROW) model [46].
The spectral transmission of the ARROW waveguide model manifests as multi-band transmissions such
that when a frequency satisfies the resonant condition of resonator (resonance frequency), light will
leak out from the hollow core. Light leakage from the core at a resonance frequency creates a high
transmission loss characteristic of a transmission dip. In the inhibited coupling theory, coupling
between core mode and cladding mode creates a high loss at the resonance frequency. The resonance
frequency (f m) mainly depends on the cladding tube thickness t [47] and is calculated from the
following equation [48]:
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fm =
mc

2t
√

nclad
2 − nco2

(1)

where nclad represents the refractive index of the cladding material, Zeonex, in this work. The nco

indicates the refractive indices of the core material, air here, and m is an integer, representing the order
of resonance. To perform the numerical simulations, we used a finite-element based “Eigenvalue
solver” (COMSOL Multiphysics).

p

d

Figure 2. Schematic of metamaterial cladded AR fiber with an enlarged view of the metamaterial
section. The fiber geometry has been set with seven capillary tubes of inner diameter D = 2.04 mm,
strut thickness of polymer tube t = 0.09 mm, core diameter Dc = 3 mm, and fiber outer diameter
OD = 8.38 mm. The white, gray, and yellow colors indicate air, dielectric, and metal regions, respectively.

Methodology of Characterizing the AR Fibers With Metal-Wire Inclusions

The loss contribution for HC-ARPCFs in the terahertz spectrum is the confinement loss that arises
when light from the source is not confined to the core region and leaks out towards the cladding.
In fiber geometry, leakage can arise when light couples into the polymer webs, or into 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 that can be
calculated by [49],

Lc = 8.686
(

2π f
c

)
Im(ηeff), dB/m (2)

where, Lc indicates the confinement loss, f specifies the operating frequency, and Im (ηeff) represents
the imaginary part of the effective refractive index. The confinement loss becomes most significant at
the resonance frequency range where the fraction of power in the core is also low.

The fraction of power (P) confined in sample area, for example in core or in the bulk material, is
used to quantify the amount of overlap between light and material and follows the equation [2,50],

P =

∫
sample Re(ExHy − EyHx) dxdy∫

total Re(ExHy − EyHx) dxdy
× 100 (3)

where Re denotes the real part, Ex, Ey and Hx, Hy are the transverse electric and magnetic field of the
guided mode, respectively. In this simulation, the integration of the numerator is carried out for the
core region and the integration of denominator is performed over the whole fiber region.



Fibers 2020, 8, 14 5 of 11

3. Results and Discussion

3.1. Effect of Metal Wire Number

The affect of the metal wire number n on the confinement loss of the waveguide is investigated
and shown to be critical for design optimization. Figure 3a shows confinement loss of a LP01-like
fundamental mode as a function of sub-wavelength metal wire number for the innermost dielectric
layer thickness p = 306 µm, 288 µm, and 270 µm. Fibers with a small number of metal wires in the
Zeonex cladding suffer a similar confinement loss to an all-dielectric cladding layer, behaving like
dielectric AR fibers. The confinement loss of the LP01-like fundamental mode varies greatly when
the metal wire number is more than 100 for each cases (p = 306, 288 and 270 µm). The losses are
significantly reduced to 0.006 dB/m at 1 THz where there are more than 120 metal-wires of diameter
d = 100 µm and innermost dielectric layer thickness p = 288 µm. However, with the number of
metal wires increasing, the cladding becomes more metallic in nature, and the confinement loss
increases. The optimized structure has 140 subwavelength aluminum wires as indicated with an arrow
in Figure 3a.

Thickness

(a) (b) (c)
Figure 3. (a) Simulated loss at 1 THz by varying the aluminum wire number. The fiber has a uniform
wire diameter d = 100 µm for thickness between the internal side of the metal wire and the inner
dielectric cladding layer of p = 306 µm, 288 µm, and 270 µm. Simulated loss at 1 THz by varying (b)
thickness between the internal side of the metal wire and the inner dielectric cladding layer p; (c) the
aluminum wire diameter d.

3.2. Effect of Inner Cladding Dielectric Layer Thickness and Metal Wire Diameter

The transmission efficiency is optimized with number of metal wires while diameter d is varied
between 20 µm and 160 µm, and the innermost dielectric layer thickness, p is varied from 230 to
330 µm, as illustrated in Figure 3b,c. It can be seen from Figure 3b that the innermost dielectric layer
thickness plays an important role in minimizing and maximizing the confinement loss of the LP01-like
fundamental mode. The minimum loss of 0.0058 dB/m at 1 THz for the LP01-like fundamental mode
can be found at p = 289 µm for d = 100 µm and n = 140. When the innermost dielectric layer thickness
p is reduced to less than 270 µm, the confinement loss increases rapidly due to Ohmic loss of the metal,
that plays the dominant role in the increase of confinement loss. In that case, the AR fiber with metal
inclusions behaves like an AR fiber with an internal metal coating.

We also numerically simulate the confinement loss as a function of metal wire diameter d in
Figure 3c where the metal wire number n = 140 and innermost dielectric layer thickness p = 289 µm.
When the d is less than 80 µm, the confinement loss of the LP01-like fundamental mode increases
and the fiber behaves like a pure dielectric waveguide. In contrast, when the d is more than 140 µm,
the confinement loss of the LP01-like fundamental mode increases due the metal. Based on the above
numerical simulation, we consider n = 140, p = 289 µm and d = 90 µm as near optimum, and analyze
the proposed fiber.
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3.3. Comparison between Dielectric AR Fiber with and without Metal Wire Inclusion

The LP01-like fundamental mode field intensity of AR fibers with metal-wire inclusions is shown
rightmost in Figure 4a for metal wire numbers, n = 0, 5 and 140. The fibers have a uniform wire
diameter d = 90 µm and fixed dielectric thickness between the internal side of the aluminum wire
and inner surface of dielectric cladding p = 289 µm. Figure 4a(i) shows the effective refractive index
and confinement loss of the LP01-like fundamental mode as a function of frequency. The effective
refractive index of the air-core is similar for AR fibers with n = 0, 5 and 140 metal-wire inclusions as
shown in Figure 4a(i). The confinement loss for AR fibers with around 140 metal-wire inclusions shows
comparatively lower loss than for lower numbers of metal-wire inclusions. The blue, yellow and
red line indicate the AR fibers with 0, 5, and 140 metal-wire inclusions, respectively. The simulation
has been performed within the low loss region around 0.6–1.4 THz with the step size of 0.01 THz.
A minimum confinement loss of 0.03 dB/m occurs at 1.03 THz for dielectric AR fibers (n = 0),
where AR fiber with 140 metal wire inclusions shows 0.005 dB/m at 1.03 THz, which is six times lower
than dielectric AR fibers. We have shown in Figure 4a that a single layer of optimized sub-wavelength
metal wires in a host dielectric environment is sufficient to provide good guidance with the same
properties. Figure 4a(ii) shows the fraction of power both the air core and dielectric strut adjacent to
the core. Approximately 99% of the power is transmitted through the air-core for all of the AR fibers
with metal-wire inclusions, with less than 0.05% through the antiresonant dielectric struts. Therefore,
a very small fraction, less than 0.05% of the power, penetrates through the Zeonex layer to reach the
metal inclusions. However, even this small penetration makes an impact on the loss for different
numbers of metal wires.

The mode field intensities shown in Figure 4b,c are the Linearly Polarized (LP) modes derived
by solving scalar Maxwell’s equations under weakly-guided conditions [51] and experimentally
characterized by [52]. We took four LP group modes and analyzed the optical properties on the
AR fiber with metal wire inclusions and without metal wire inclusions. Mode field intensity of
fundamental core mode (LP01), higher order core modes (LP11, LP21), and cladding mode (LPclad01) at
1.03 THz are considered. In the HC-ARF, the core modes localize in the air-core only where the cladding
mode localizes in cladding-air holes or dielectric cladding wall [53]. In our work, we define the light
localization in cladding–air holes as a cladding mode. Note that the true vectorial eigenmode of HE11

is in LP01 mode. Also, the TM01, HE21, and TE01 modes are in the LP11 mode group. From Figure 4b,c,
we can see that the AR fiber with metal wire inclusions has a stronger light confinement in the air-core.
For LP01, LP21 and LPclad01 modes, the FOPs in core with metal are higher than that of without metal
wire inclusions; however, for the LP11, the result is opposite: 69% for the AR fiber with metal wire
inclusions. Because approximately 0.2% of power is absorbed in dielectric strut which is higher than
that of without metal wire inclusions (0.12%). The study also confirms that the overall confinement
loss for all four modes decreases with the metal wire inclusions. It is assumed that the dielectric
coating over the metal wire inclusions enhances the reflectivity of the metal-wire inclusions and reduce
the loss. Moreover, the LP11 mode is also sensitive to the cladding pattern. The LP11 provides low
loss between the HOMs in AR fibers without metal-wire inclusions. Only inserting the metal wire
inclusion at the cladding, the LP21 provides low loss between the HOMs. The single mode guidance
ratio are 170 and 112 for AR fibers with metal-wire inclusions and without metal-wire inclusions,
respectively. The loss ratio of lowest HOM and the fundamental LP01 (the LP21/LP01 and LP11/LP01

for AR fibers with metal-wire inclusions and without metal-wire inclusions, respectively) results in
single mode guidance. The loss ratio increases to maximum at D/Dc = 0.68 but is not shown in
this manuscript. Here, the metal wire inclusions increase the single mode guidance by a factor of 58
(170–112) as compared to no metal-wire inclusions at 1.03 THz. It is important to note that diameter
and position of the metal wire inclusions are optimized.
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Figure 4. (a) Simulated (i) refractive index (ηeff) in left axis and confinement loss of LP01-like
fundamental mode in right axis; fraction of power in (ii) air core (FOPcore) at top and Zeonex strut
(FOPstrut) at bottom. The simulations are performed by varying the metal wire numbers, n = 0, 5,
and 140. The fiber has a uniform wire diameter d = 90 µm and fixed dielectric thickness between the
internal side of the metal wire and the inner dielectric cladding layer p = 289 µm. Spatial electric field
E distribution for the modes in the (b) AR fibers with metal-wire inclusions and (c) AR fibers without
metal-wire inclusions: LP01, LP11, LP21, and LPclad01 (from left to right) at 1.03 THz.

The real part of effective index (ηeff) for the LP11 and LPclad01 in Figure 5a maintains the same
phase to avoid mode contamination over the frequency range 0.5 to 3 THz. To precisely evaluate the
propagation properties we use a frequency step size of 0.01 THz. Figure 5b shows the corresponding
simulated confinement loss of the guided modes. The confinement loss difference between LP01-like
fundamental mode and lowest HOM defines the single mode operation window between 0.8 and
1.3 THz. However, from 0.8 to 1.3 THz, the confinement loss is lower than 0.1 dB/m, whereas for
the other frequency ranges (0.5–0.8 THz and 1.3 1.6 THz), the confinement loss is not relatively
low. The variation of confinement loss in the single mode operation range is not a smooth vary as
the innermost dielectric layer introduces interference peak [26] in the single mode operation range.
The resonance frequency lies at approximately 1.55 THz where the LP01-like fundamental mode
is coupled to LPclad01 and it is difficult to differentiate the LP01-like fundamental mode from the
LPclad01 mode. Also, around the resonance frequency, mode contamination arises. Above 1.6 THz,
mode contamination arises multi-mode propagation. The simulation also indicates that the minimum
confinement loss for the LP01-like fundamental mode is 0.006 dB/m at 1 THz. The LP21 provides
the lowest HOM confinement loss of 0.75 dB/m at 1 THz. The ratio of higher mode suppression is
nearly 130 at 1 THz. The simulation has been performed for a uniform wire diameter d = 90 µm and
innermost dielectric layer thickness p = 289 µm and D/Dc = 0.68. A number of HOMs introduced in
a large core diameter (3 mm), giving rise to mode contamination. To suppress the mode contamination
in a large core fiber, we normalize the tube diameter as a ratio of D/Dc. At D/Dc = 0.68, making
it possible to reduce the influence of HOMs in the core. The ratio of D/Dc = 0.68 assists in mode
coupling between the LP11 and LPclad01 to prevent mode contamination in core as shown in Figure 5c.
That ratio determines the single mode operation of the fiber over a board frequency range.

The fundamental mode field distribution for AR fiber with and without metal wire inclusions
are included in Figure 6, for D/Dc = 0.2, to show the impact of adjacent tube gaps on confinement
loss. When the antiresonant tubes are small, such that D/Dc = 0.2, light leaks through the large gap
between two adjacent antiresonant tubes. The small distance from air-core to cladding wall hence
increases the confinement loss to 0.9 dB/m for the LP01-like fundamental mode at 1 THz as shown in
Figure 6a. The metal wires in Figure 6b demonstrate very clear influence on the leakage through the
gap between adjacent tubes and the cladding structure. It reduces the confinement loss to 0.06 dB/m
that is 15 times lower than the dielectric fiber.
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η

(a) (b) (c)

Figure 5. Simulated (a) ηeff; (b) confinement loss; and (c) spatial electric field E distribution of AR fiber
for the LP01, LP11, LP21, and LPclad01 mode. The fiber has 140 metal-wire inclusions, a uniform wire
diameter d = 90 µm and fixed dielectric thickness between the internal side of the metal wire and the
inner dielectric cladding layer p = 289 µm.

LP01 = 0.9 dB/m

(a)

LP01 = 0.06 dB/m

(b)
Figure 6. Simulated intensity distributions and confinement loss of the LP01-like fundamental mode
in air-core when D/Dc = 0.2 for (a) AR fiber with metal wire inclusions; (b) AR fiber without metal
wire inclusions at 1 THz. All AR fibers with 140 metal-wire inclusions have a uniform wire diameter
d = 90 µm and fixed thickness between aluminum wire and inner dielectric cladding layer p = 289 µm.

4. Conclusions

We propose AR fibers with metal-wire inclusions for low loss terahertz guidance, and present
optimized solutions for increasing terahertz transmission. Our designs can be implemented to
effectively confine the guided wave through a large hollow core with lower loss than previously
possible. In this paper, we compare the AR fiber with and without metal wire inclusions for same
dimensions and investigate the effect of metal wires on the confinement loss. We explain and illustrate
how the metal inclusions serve to better confine the desired core modes, while minimizing material
losses. The AR fiber with optimized metal-wire inclusions exhibits six times lower loss compared with
a pure dielectric AR fiber, making it promising for terahertz transmission. The multimode nature of
large core diameter terahertz fibers has to be suppressed by tuning the antiresonant tubes to act as a
single mode fiber in the whole transmission region. The metal wires maintain the optical properties of
refractive index and mode field pattern, while lowering the confinement loss. This work, aiming at
improving the loss performance of terahertz waveguides, finds that metal wires inside the cladding
dielectric of antiresonat tubes form a promising research direction for future work. The AR fibers with
metal wire inclusions offers potential application in terahertz transmission and imaging due to the low
loss single mode operating window, as well as at the same time in sensing due to the possibility of
achieving a high loss resonance peak.
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AR Antiresonant
HWG Hollow Waveguide
LP Linearly Polarized
FOP Fraction of Power
HOM Higher Order Mode
HC-ARPCF Hollow Core Antiresonant Photonic Crystal Fiber
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