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A novel hybrid nested negative curvature fiber (NCF) based on the three-layer anti-resonant effect is described.
The elliptical tubes cladding structure exhibits the advantage of flexible design and can effectively reduce
propagation losses. The influences of the nested methods and structural parameters on the propagation char-
acteristic are analyzed numerically. Since high-resistance silicon (HRS) has an ultra-low absorption coefficient in
the THz frequency range, the effective material loss is reduced. Meanwhile, the three-layer nested structure

suppresses the confinement loss, the total loss is as low as 6.62 x 10> dB/m at 1.1 THz. The effects of the
number of cladding tubes and dielectric layers on the propagation loss are compared and analyzed. The opti-
mized NCF shows a loss of less than 10~* dB/m between 1 and 1.06 THz and 1.1-1.24 THz. The result reveals a
new method to design broadband ultra-low-loss hollow-core NCFs.

1. Introduction

In order to meet the needs of optical imaging [1], quantum-cascade
lasers [2], chemical reaction monitoring [3], biomedical sensing [4],
DNA genetic diagnostics [5], and 6G wireless communication [6] in the
terahertz band, various terahertz waveguides such as metal waveguides
and dielectric waveguides have been proposed [7]. Metal waveguides
are prone to high ohmic and propagation losses [8], while dielectric
waveguides have significant advantages such as propagation losses
enabling low-loss and low-dispersion terahertz wave propagation.
Especially, hollow-core fibers (HCFs) have attracted attention due to
their low nonlinearity, low dispersion, low material absorption, high
damage threshold, and low propagation delay [9]. Such remarkable
optical properties exhibit great application potential in high-power de-
livery, high-speed data communication and ultra-short pulse delivery
[10].

HCFs are mainly divided into photonic bandgap fibers [11] (PBGFs)
and negative curvature fibers [12] (NCFs). PBGFs use the photonic
bandgap effect to limit the mode in the core region, and the propagation
loss can be reduced by increasing the number of cladding layers.

However, due to the bandgap effect, the low-loss bandwidth of PBGFs is
relatively narrow [13]. NCFs are based on the anti-resonant effect which
can suppress the coupling between the core modes and cladding modes
to achieve broadband low-loss propagation by adjusting the structure of
the cladding tubes to control the resonant wavelength or frequency [14].
Previous studies have shown that the propagation loss of NCFs is
influenced by the size of the core, number of dielectric layers, wall
thickness of the cladding tubes, number of cladding tubes, distance be-
tween adjacent tubes, and shape of the cladding tubes [15-18].
Currently, there are various designs such as tubular structures including
circular, elliptical, ice cream shaped single-layer tubes [19-21] and
nested tubes [22-24]. In particular, NCFs based on elliptical tubes
cladding structure have attracted attention due to their flexible curva-
ture and design freedom in performance optimization. In the infrared
band, S. Gao et al. [12] have designed and fabricated a NCF based on
conjoined tubes with a propagation loss of 0.02 dB/m at 1,512 nm. F.
Amrani et al. [25] have reported and fabricated a NCF with a hybrid
cladding structure composed of Kagome tubes and single-layer circular
tubes with a propagation loss of 0.016 dB/m at 1,050 nm. Y. Yu et al.
[20] have numerically analyzed a NCF consisting of single-layer
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elliptical tubes and optimized the fiber performance by changing the
positive and negative ellipticity of the elliptical tubes, resulting in a
propagation loss of 10~* dB/m at 1,550 nm. J. Zhang et al. [10] have
proposed a NCF composed of three-layer nested structure showing a
propagation loss of 6.45 x 10~° dB/m at 1,060 nm. However, the re-
ported NCFs exhibit relatively high propagation loss in the terahertz
band.

Therefore, researchers have attempted to utilize different materials
and novel structures to design low-loss THz NCFs. M. M. Nazarov et al.
[26] have numerically analyzed and developed a THz NCF using PP
based on single-layer circular tubes showing a propagation loss of 3.8
dB/m at 2.15 THz. S. Yang et al. [27] have designed and fabricated a
THz NCF comprising single-layer semi-elliptical tubes with a propaga-
tion loss of 1.26 dB/m at 0.82 THz. W. Talataissong et al. [28] have
proposed and fabricated a THz NCF based on hexagonal tubes con-
structed with Topas and the propagation loss is 12 dB/m at 0.7 THz. J.
Sultana et al. [29] have studied three types of THz NCFs using Zeonex
and compared the performance of non-nested circular tubes, nested
circular tubes, and adjacent nested circular tubes. The propagation loss
of the optimal structure is 0.055 dB/m at 1 THz. The previously reported
THz NCFs are all based on single-layer or double-layer anti-resonant
effect and are difficult to further reduce propagation loss.

In this paper, we describe a novel hybrid nested negative curvature
fiber (HN-NCF) based on three-layer anti-resonant effect. The cladding is
constructed with elliptical tubes, the nested straight bars and circular
tubes, which form the nodeless cladding structure to reduce the
confinement loss of HN-NCF. At the same time, the HRS material reduces
the effective material loss giving rise to excellent characteristics. The
effects of the number of cladding tubes and dielectric layers on the
propagation properties of HN-NCF are analyzed and compared. Our
results show that the NCF with the six three-layer hybrid nested cladding
structure delivers the best performance.

2. Fiber design

Fig. 1 presents the three HN-NCFs, with the green and white areas
being the HRS material and air, respectively. The figure is divided into
three parts by the dash dot line corresponding to the local cladding
structures of the three types of NCFs. The outer cladding tubes have a
nodeless elliptical shape and the inner cladding tubes contain a straight
bar and circular tubes with various nested position. Structure (1) nests
the circular tubes inside the elliptical tubes near the jacket tube (HN-
NCF1), structure (2) nests the circular tubes near the core (HN-NCF2),
and structure (3) adopts the simultaneous nested circular tubes structure
(HN-NCF3). The nodeless cladding structures are adopted to reduce
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Fig. 1. Cross-section of the three HN-NCFs.
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additional resonance caused by multiple nodes [26]. The core radiusr is
4.3 mm, and the semi-major axis and semi-minor axis of the outer
elliptical tubes are r; = 2.9 mm and r, = 1.85 mm, respectively. The
nested straight bars overlap the major axis of the elliptical tubes, and the
radius of the nested circular tubes is r = 0.8 mm. The wall thickness t of
the cladding tubes is 0.03 mm. The thicknesses of the jacket tube and the
perfectly matched layer are JT = 0.3 mm and T = 0.5 mm, respectively.
The fiber inner radius R is 8 mm.

3. Results and discussion

The characteristics of the NCF are analyzed by the full-vector finite
element method. In order to ensure the accuracy of the numerical cal-
culations, the HRS material and air hole are divided into extremely fine
mesh sizes of A/6 and A\/4, respectively. As for the tubular NCFs, the low-
loss region is between two adjacent resonant frequencies. The resonant
frequency can be calculated by Eq. (1) [30,31]:

mc
= 1
LTV @

where c is the velocity of light in vacuum, m is the order of resonance, n
is the refractive index of the HRS material which is set to be a constant of
3.417 in the 0.5-4.5 THz range [32] and t is the wall thickness of the
cladding tubes.

The confinement loss and effective material loss of THz NCF can be
calculated using the following Eq. (2) and Eq. (3) [33,34]:
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where f is the operating frequency, Im(ngy) is the imaginary part of the
effective refractive index, ey and u, are the permittivity and perme-
ability in vacuum, respectively, amq is the material absorption coeffi-
cient of HRS which is approximately 1 m ! around 1.1 THz [33], and S,
is the Poynting vector along the z-direction.

3.1. Propagation loss

When R = 8 mm, JT = 0.3 mm, t = 0.03 mm, r = 0.8 mm, r, = 2.9
mm, r, = 1.85 mm and r, = 4.3 mm, the loss spectra of the three HN-
NCFs are studied, as shown in Fig. 2. Fig. 2(a) shows that the confine-
ment loss of HN-NCF1 is significantly lower than those of HN-NCF2 and
HN-NCF3 in the range of 0.6-1.6 THz and the low-loss bandwidth is
wider. The minimum confinement loss occurs at 1.14 THz and it is only
1.84 x 107° dB/m. The confinement losses of HN-NCF2 and HN-NCF3
are greater, because the wall thickness of the core-cladding boundary
is equivalent to the superposition of the two wall thicknesses, that is, the
equivalent wall thickness t being 0.06 mm. According to Eq. (1), there is
resonance at 0.76 THz. Fig. 2(b) shows the effective material loss spectra
of the three HN-NCFs. The effective material loss of HN-NCF1 changes
smoothly, but those of HN-NCF2 and HN-NCF3 fluctuate significantly
due to two resonances in this spectral range. The total loss is obtained by
superposing the confinement loss and effective material loss, as shown
in Fig. 2(c). The smallest total loss is only 6.62 x 107> dB/m for HN-
NCF1. At the same time, the low-loss bandwidth below 10~3 dB/m is
the widest and up to 0.54 THz. The frequency range below 10~ dB/m
also reaches 0.2 THz. Fig. 2(d) shows the electric field contour diagrams
of the three HN-NCFs at typical frequencies, and the corresponding total
loss values are shown below the block diagrams. The two black block
diagrams present the electric field contour diagrams of HN-NCF1 at 1
THz (left) and 1.1 THz (right), indicating that the electric field is well
controlled in the core region. The red and blue block diagrams show the
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Fig. 2. Propagation properties of the three HN-NCFs: (a) Confinement loss, (b) Effective material loss, (c) Total loss and (d) Electric field contour diagrams at typical

frequencies.

electric field contour diagrams of HN-NCF2 and HN-NCF3 at 1.1 THz,
respectively. The electric field shows leakage, indicating that the cir-
cular tubes near the core have a significant impact on the total loss.
Therefore, HN-NCF1 is the optimal structure and 1.1 THz is selected to
be the working frequency in the following discussion.
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3.2. Parametric optimization

When R = 8 mm, JT = 0.3 mm, t = 0.03 mm, r = 0.8 mm, r, = 1.85
mm and r. = 4.3 mm, the influence of the semi-major axis r, of the
elliptical tubes of HN-NCF1 on the total loss spectra is shown in Fig. 3(a).
When ry = 2.2 mm, the minimum total loss is 3.38 x 10~* dB/m. As the
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Fig. 3. Influence of the semi-major axis r, on loss: (a) Total loss versus frequencies and (b) Loss for various semi-major axes at 1.1 THz.
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semi-major axis r, increases, the total loss decreases gradually. The HN-
NCF1 has lower total loss and wider low-loss bandwidth for r, = 2.9 mm.
In order to analyze the impact of r, on the propagation loss, the losses for
various semi-major axes at 1.1 THz are shown in Fig. 3(b). As rq changes
from 2.2 mm to 3.2 mm, the effective material loss changes smoothly,
the confinement loss and total loss both decrease and then flatten. This is
because when the semi-major axis r, is larger, the distance between the
outer elliptical tubes is smaller. The electric field is difficult to leak
through the gap resulting in a smaller total loss. The block diagram in
Fig. 3(b) shows the electric field contour diagrams for various semi-
major axes. The leakage of the electric field is most significant as r, =
2.2 mm (red block diagram), while the electric fields in the green block
diagram (r; = 2.7 mm) and purple block diagram (r, = 2.9 mm) are
better limited in the core region. The total loss reaches a minimum as r,
= 2.9 mm and therefore, it is selected to be the optimal value in the
following analysis.

When R =8 mm, JT = 0.3 mm, t = 0.03 mm, r = 0.8 mm and r, = 2.9
mm, the influence of the semi-minor axis r}, of the elliptical tubes of HN-
NCF1 on the total loss spectra is shown in Fig. 4(a). When the semi-
minor axis is smaller (r, = 1.7 mm), the total loss is larger and the
minimum is 7.95 x 107> dB/m. As the semi-minor axis rp increases, the
low-loss bandwidth widens, and the lowest total loss decreases gradually
and then increases. When rp = 1.85 mm, the frequency range lower than
10~* dB/m is the widest. However, the total loss is higher than r, = 2.2
mm due to the additional resonance caused by the small distance be-
tween the straight bars and circular tubes at low frequencies. In order to
determine the optimal r}, the losses for various semi-minor axes at 1.1
THz are shown in Fig. 4(b). As r, changes from 1.7 mm to 2.2 mm, the
effective material loss increases tardily. The confinement loss decreases
initially and then becomes flat. Therefore, the total loss decreases
speedily and then increases tardily. The electric field contour diagrams
in Fig. 4(b) reflect the leakage of the electric field for various semi-minor
axes. When rp, = 1.7 mm (red diagram) and r, = 2.2 mm (purple dia-
gram), the electric field generates a smaller leakage and the loss is
larger. When r, = 1.85 mm (green diagram), the electric field is better
limited in the core region, and the total loss is the smallest. Considering
the frequency range below 10~* dB/m and minimum loss, r, = 1.85 mm
is chosen to be the optimal value.

When R = 8 mm, JT = 0.3 mm, t = 0.03 mm, r, = 2.9 mm, r, = 1.85
mm and r. = 4.3 mm, the influence of the radius r of the circular tubes of
HN-NCF1 on the total loss spectra is shown in Fig. 5(a). When the radius
r is 0.9 mm, the total loss in the range of 0.6-1.6 THz is larger, and the
low-loss bandwidth is narrower. This is because a larger radius causes
additional resonance when the straight bars and circular tubes are too
close together. As the radius r decreases to 0.8 mm, the additional
resonant effect weakens, the low-loss bandwidth increases, and the
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lowest total loss decreases gradually and then increases. When the
radius r continues to decrease, the third-layer anti-resonant effect
weakens, leading to an increase in the minimum loss. The losses for
various radii at 1.1 THz are shown in Fig. 5(b). Asr changes from 0.4 mm
to 0.9 mm, the effective material loss remains basically unchanged, and
the confinement loss and total loss decrease tardily at first and then
increase speedily. In order to obtain the lowest propagation loss, r = 0.8
mm is chosen to be the optimal value.

3.3. Influence of numbers of cladding tubes

Fig. 6(a) shows the total loss spectra corresponding to the number of
cladding tubes including three, four, five, and six cladding tubes. Fig. 6
(b) shows the electric field contour diagrams at 1.1 THz. The fewer the
number of cladding tubes, the greater the distance between the adjacent
tubes and the electric field can leak more easily from the gaps, resulting
in a greater total loss. At 1.1 THz, the corresponding losses for the four
structures are 1.21 x 10! dB/m, 1.70 x 1072 dB/m, 5.42 x 10~* dB/m
and 6.62 x 107 dB/m. As the number of cladding tubes increases, the
electric field can be better limited in the core region and so the six-tube
structure is chosen to be the optimal structure.

3.4. Influence of numbers of dielectric layers

In order to analyze the influence of each dielectric layer on the
propagation properties, the total loss spectra and electric field contour
diagrams at 1.1 THz are calculated for the four cases: non-nested
structure, single-layer nested straight bars structure, single-layer nes-
ted circular tubes structure, and hybrid nested structure, as shown in
Fig. 7(a) and (b). The electric field of red dash dot line corresponds to the
non-nested structure and exhibits obvious leakage. The total loss is 2.68
x 1073 dB/m at 1.1 THz. It is because the single dielectric layer structure
has only the one-layer anti-resonant effect. The structures of nested
straight bars and nested circular tubes have dual dielectric layers, which
greatly enhance the anti-resonant effect and ensure better confinement
of the electric field. As shown in the blue and green block diagrams of
Fig. 7(b), the losses are 1.96 x 10*dB/mand 1.10 x 10 *dB/m at 1.1
THz, respectively. The hybrid nested structure has three dielectric layers
which can greatly reduce propagation losses in this frequency range. It
has a wide low-loss bandwidth and the minimum loss reaches 6.62 x
1075 dB/m. The novel structure opens up a new method for the design of
low-loss propagation waveguides in the terahertz band.

4. Conclusion

A novel HC-NCF based on a three-layer nested structure is designed
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Fig. 4. Influence of the semi-minor axis r, on loss: (a) Total loss versus frequencies and (b) Loss for various semi-minor axes at 1.1 THz.
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and analyzed numerically to determine the effects of the nested posi-
tions, number of cladding tubes, dielectric layers, and structural pa-
rameters on the propagation properties of the fiber. The results show
that compared with non-nested structure, single-layer nested straight
bars structure and single-layer nested circular tubes structure, the three-
layer hybrid nested structure can better suppress the confinement loss
and exhibits a wider low-loss bandwidth. Meanwhile, the HRS with an
ultra-low absorption coefficient suppresses effective material loss. The
confinement loss and effective material loss are as low as 2.02 x 107>
dB/m and 4.6 x 10~° dB/m at 1.1 THz, respectively. The total loss is
only 6.62 x 10 dB/m and the low-loss bandwidth (<10~ dB/m)
reaches 0.54 THz. The performance is significantly superior to the pre-
viously reported THz NCFs. This work provides a new scheme for
designing low-loss THz NCFs.
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