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A novel multi-nested anti-resonant fiber for reducing propagation losses in the terahertz band was proposed. The transmission properties of the fibers were analyzed using the finite element method. High-resistivity silicon was used as the fiber material, and the confinement loss of the fiber was reduced by employing eight circumferentially symmetric multi-nested ice-cream-shaped tubes. By optimizing the structural parameters of cladding tubes, the transmission loss of the fiber was effectively reduced. Simulation results show that the total loss of the designed fiber was 1.53 × 10−4 dB/m. The low loss transmission bandwidth (less than 10–3 dB/m) was 0.26 THz in the 0.6–1.4 THz range. The proposed fiber offered a new possibility for low-loss communication in the terahertz band, demonstrating huge commercial potential.
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1 INTRODUCTION
The terahertz band (electromagnetic spectrum ranging from 0.1 THz to 10 THz), renowned for its high carrier frequency and substantial communication bandwidth, stands as one of the pivotal technologies capable of accommodating the exigencies for vast-capacity backhaul and ultra-high data transmission stipulated by future 6G mobile communication networks scenarios [1–3]. Terahertz waves exhibit pronounced penetration through non-polar materials owing to their low photon energy, at the same time, they maintain high security in communications, excellent penetrability, and distinctive spectral fingerprinting attributes [4], positioning them as highly promising in disciplines like space science, passive remote sensing, security screening, biomedical imaging, and astronomical observations [5–9]. To exploit the virtues of terahertz technology within the communication realm, it is imperative to depend on high-performance terahertz waveguide technologies for their efficacious transmission. However, the transmission loss in the terahertz band is large thus restricting further development. Therefore, many high-performance structures have been progressively proposed, including metal waveguides, parallel plate waveguides, photonic crystal fibers, and hollow-core fibers (HCFs) [10–13]. Among these, HCFs have undergone rapid development in recent years. Contrary to fibers furnished with solid or porous cores, HCFs facilitate rapid, low-loss propagation of terahertz waves in their core region.
HCFs mainly include hollow-core photonic bandgap (HC-PBGFs) and hollow-core anti-resonant fibers (HC-ARFs). The guiding mechanism of HC-PBGFs involves a periodic arrangement of cladding micro-structured air holes encountering the incident light from the core, which results in multiple scattering phenomena and subsequently causes light interference. This leads to the confinement of the incident light within the core as it cannot pass through the cladding. The transmission mechanism of HC-ARFs is based on a combination of anti-resonant effects and suppression of coupling between the core mode and the cladding mode. HC-ARFs are composed of either a single or multiple layer of cladding tubes. Compared to HC-PBGF, HC-ARFs have a wider transmission bandwidth and lower propagation loss. HC-ARFs feature a series of narrowband/high-loss resonant regions and broadband/low-loss anti-resonant regions. In resonant regions, core modes are phase-matched with cladding modes, leading to high transmission losses, whereas in anti-resonant regions, the transmitted terahertz modes are strictly confined within the air core. With HC-ARFs becoming a focal point of research, the design of the HC-ARFs cladding has diversified, encompassing circle, ellipse or ice-cream shapes [14–17].
Researchers have been optimizing the transmission loss of HC-ARFs through different cladding structure designs. In 2018, S. Gao et al. [18] designed and fabricated an HC-ARF with six non-contacting capillary tubes in the cladding that exhibited a minimal transmission loss of 2 dB/km at a wavelength of 1,512 nm. In 2021, F. Amrani et al. [19] introduced a hybrid cladding HC-ARF composed of a kagome tube lattice and a single layer of round tubes, achieving a minimum transmission loss of 1.6 dB/km at 1,050 nm. Both these different cladding structures of HC-ARFs operate in the infrared range.
Due to the frequency characteristics of the terahertz range, HC-ARFs in the terahertz range generally exhibit higher transmission losses and a narrow effective low-loss transmission bandwidth. This has further spurred researchers to explore new cladding structures and choices of cladding materials. In 2013, Setti et al. [20] fabricated an HC-ARF with a cladding composed of a circular arrangement of dielectric tubes, which achieved lower losses of 0.3 dB/cm at 0.375 THz and 0.16 dB/cm at 0.828 THz. In 2015, Alice et al. [21] reported an HC-ARF based on the TOPAS, with the lowest transmission loss at a working frequency of 1 THz being 0.05 dB/m. In 2020, Sultana et al. [22] reported an HC-ARF incorporating metal wires, which exhibited a minimal loss of 0.0058 dB/m at 1 THz, albeit with limited transmission bandwidth. Moreover, Sultana et al. [23] conducted a comparative analysis using Zeonex on the performance of three types of HC-ARFs: non-nested round tubes, nested round tubes, and adjacent nested round tubes, reporting a transmission loss of 0.055 dB/m at 1 THz.
In this paper, we present the design of HC-ARFs for terahertz transmission, featuring a composed of eight multi-nested ice-cream-shaped tubes. The optimization includes the outer semicircular tube radius, the distance between the center of the circular nested tube and the center of the outer semicircular tube in the nested cladding, the ellipticity of the semi-ellipse, and the radius of the nested tube. High-resistivity silicon (HRS) is employed as the fiber material for the HC-ARFs, reducing the confinement loss to 1.65 × 10−5 dB/m. Moreover, the total loss is 1.53 × 10-4 dB/m at 1.0 THz. The low loss transmission bandwidth (less than 10–3 dB/m) is 0.26 THz ranging from 0.6 to 1.4 THz.
2 FIBER STRUCTURE
Figure 1 illustrates the HC-ARF detailed in the paper, where the cladding is composed of eight multi-nested arranged in a circular symmetry. The external cladding is formed by multi-nested ice-cream-shaped tubes, while the internal cladding tubes are constructed from three parts: semi-elliptical tubes, straight tubes, and circular tubes. Compared with the previous reports, the proposed fiber uses four-layer anti-resonance effect to effectively suppresses confinement loss. The white regions represent air. In HC-ARF, the core inner diameter is denoted as R = 6 mm. The radius of the outer semicircle of the multi-nested ice-cream-shaped tubes is r1 = 1.5 mm. The relationship between ra, a, r1, and t is ra = a × (r1 - t) (where a = 0.67 and t = 0.035 mm is the wall thickness of the cladding tubes). The radius of nested circular tubes is r2 = 0.58 mm. The distance d = 1.05 mm is between the center of the nested circular tubes and semicircle. The nested circular tubes are fused to the protect tube of the HC-ARFs, which has a thickness of T1 = 0.2 mm. In order to accurately model the leakage loss of the fiber [17], we used perfectly-matched layers (PML) in the outermost layer, with a thickness of T2 = 0.6 mm. In the simulation calculations of the anti-resonant fiber, a very fine mesh size of λ/6 is chosen during the grid division step. The possible manufacturing methods of terahertz anti-resonant fiber include stacking [24], extrusion [25] and 3D printing [26]. The stacking method is feasible for the compact cladding tubes structure. The extrusion method is easily to deform the cladding tubes. It is believed that 3D printing method can be used to fabricate our proposed anti-resonant fiber in the future.
[image: Figure 1]FIGURE 1 | Cross section of the ARF and mode filed distribution.
When the core modes match the cladding modes, it results in higher loss for the light traveling within the core. To achieve lower transmission losses and a broader transmission bandwidth for the fiber, it is necessary to avoid resonance frequencies. When an incident light enters the glass layer from the air, it will be reflected and refracted on the surface of the glass wall, forming an F-P cavity, and the basic principle is to use the interference effect of light. When the phase difference of adjacent transmitted light satisfies the interference phase length, the corresponding resonance frequencies can be obtained, as shown in Equation 1 [27]:
[image: image]
where c represents velocity of light in vacuum, m represents the resonance order, n represents the refractive index of the HRS material, and t represents the wall thickness of the HC-ARFs cladding. The HRS material exhibits a low rate of change in refractive index within the 0.5–4.5 THz range, thus its n is considered a constant value of 3.417. The material absorption coefficient of HRS is only less than 1.5 m-1 in the 0.1–1.5 THz range [28] which is much less than that of 27.6 and 20 m-1 for Topas [21] and Zeonex [29] around 1 THz. Therefore, HRS reduces the effective material loss enabling low-loss transmission. When HC-ARFs operate at 1 THz, the wall thickness that induces resonance is approximately 0.045 mm. To avoid resonance points as much as possible, a wall thickness t = 0.035 mm is chosen, at which the resonance frequency is approximately 1.31 THz.
The transmission loss of HC-ARFs primarily comprises confinement loss and effective material loss. The confinement loss, caused by leakage of the optical field due to the fiber structure during transmission, leads to power loss. It can be minimized through optimization of the fiber structure, and can be represented by Equation 2 [30]:
[image: image]
where, f is the working frequency of HC-ARFs, and [image: image] is the imaginary part of the effective refractive index of the propagation mode in HC-ARFs.
The effective material loss of HC-ARFs stems from the inherent absorption of the material and other factors during transmission, which can be calculated using Equation 3 [30]:
[image: image]
where [image: image] and [image: image] represent the permittivity and permeability in the vacuum, respectively. αmat is the absorption coefficient of the HRS. [image: image] is the z-component of the Poynting vector, and E represents the electric field component.
3 RESULTS AND DISCUSSION
3.1 Optimization of the radius r1
The impact of the radius r1 on the transmission loss in optical fibers is investigated. With parameters set at R = 6 mm, t = 0.035 mm, d = 1.05 mm, a = 0.67, and r2 = 0.58 mm, the influence of radius r1 on the loss spectrum is presented as shown in Figure 2a. The minimal losses in the loss spectrum do not significantly differ when r1 = 1.3 mm, 1.5 mm, or 1.6 mm, and the low-loss bandwidth (<10–3 dB/m) demonstrates an initial increase followed by a decreasing trend. In order to further refine the determination of r1, Figure 2b discloses the losses at different radii at an operational frequency of 1 THz. It is evident that, compared to the confinement loss spectrum, the semi-circular radius r1 exerts a relatively smaller impact on the effective material loss, as indicated by the red curve. The blue solid line represents the total loss, and the insert provides an equipotential line diagram of the electric field at different semi-circular radii. As the semi-circular radius r1 increases, the total loss spectrum initially diminishes and then follows an ascending trajectory. This trend is attributed to the increased spacing between adjacent multi-nested ice-cream-shaped tubes when the semi-circular radius r1 is small, which does not readily confine the electric field within the fiber core, resulting in leakage and an increase in total loss, as indicated by the green inset in Figure 2b. Conversely, as the semi-circular radius r1 becomes excessively large, the spacing between the adjacent his trend is attributed to the increased spacing between adjacent multi-nested ice-cream-shaped tubes when the semi-circular radius r1 is small, which does not readily confine the electric field within the fiber core, is too narrow, generating additional resonance effects that lead to an increase in the total loss, as shown by the purple inset in Figure 2b. Optimal transmission and containment of the electric field within the fiber core region occur when the semi-circular radius r1 corresponds precisely with the optimal magnitude for anti-resonance at the operational frequency, thereby minimizing the confinement loss, visualized by the blue inset in Figure 2b. Consequently, a semi-circular radius r1 = 1.5 mm is selected as the optimal value.
[image: Figure 2]FIGURE 2 | The impact of radius r1 on fiber transmission losses: (a) Total loss versus frequencies for various radii and (b) loss versus radii at f = 1 THz.
3.2 Optimization of the distance d
The impact of distance d on the total loss in optical fibers is studied. Similarly, at parameters R = 6 mm, t = 0.035 mm, r1 = 1.5 mm, a = 0.67, and r2 = 0.58 mm, the effect of distance d on the loss spectrum is depicted in Figure 3a. At d = 1.25 mm, the fiber exhibits its maximum loss and the narrowest low-loss bandwidth. As d increases, the low-loss bandwidth widens, and the minimum total loss gradually decreases before increasing again. The minimum total loss is observed at d = 1.05 mm. To determine the optimal value of d more effectively, Figure 3b presents the losses at different distances d at 1 THz. The effective material loss increases slowly in a monotonic manner, whereas the confinement loss decreases rapidly at first and then levels off, leading to a total loss trend that aligns with that of the confinement loss. Thus, comparing the minimum loss at 1 THz, d = 1.05 mm is selected as the optimal value.
[image: Figure 3]FIGURE 3 | The impact of distance d on fiber transmission losses: (a) Total loss versus frequencies for various distances and (b) loss versus distances at f = 1 THz.
3.3 Optimization of the ellipticity a
The effect of ellipticity a on the transmission performance of optical fibers is presented. With parameters R = 6 mm, t = 0.035 mm, r1 = 1.5 mm, d = 1.05 mm, and r2 = 0.58 mm set, it is found that at higher ellipticities of the semi-elliptical tubes (a = 0.87), the low-loss bandwidth is at its narrowest and the minimum loss is at its largest. As the ellipticity a decreased, for a = 0.67 and 0.87, the difference between the two loss spectra in the low-loss region is relatively small. To further determine the optimal ellipticity a, Figure 4a displays the losses at different ellipticities at the operational frequency of 1 THz. Within the range of 0.47–0.87, the ellipticity almost does not affect the effective material loss, yet it does have a certain impact on the confinement loss, with the total loss exhibiting a trend of decreasing and then increasing. This occurs because when the ellipticity a is too small, it does not contribute to the second-layer anti-resonance. Conversely, as shown in Figure 4b, when the ellipticity a is too large, it interferes with the first-layer anti-resonance. An additional resonance between the inner and outer layers, leading to an increase in transmission loss. Therefore, a = 0.67 is chosen as the optimal parameter.
[image: Figure 4]FIGURE 4 | The impact of ellipticity a on fiber transmission losses: (a) Total loss versus frequencies for various ellipticities and (b) loss versus ellipticities at f = 1 THz.
3.4 Optimization of the radius r2
The impact of the radius r2 on the optical fiber transmission performance is explored. With the parameters set at R = 6 mm, t = 0.035 mm, r1 = 1.5 mm, d = 1.05 mm, and a = 0.67, the impact of the radius r2 of the circular nested tube on the loss spectrum is shown in Figure 5a. As the radius r2 of the circular nested tube increases, the optical fiber low-loss transmission bandwidth initially expands and then contracts, yet the total loss among the three curves does not show significant differences. To select an appropriate radius r2 for the circular nested tube, Figure 5b presents the losses as the radius r2 changes at the operating frequency of 1 THz. The effective material loss is almost unaffected, and the fiber confinement loss shows a trend of first decreasing and then increasing. The presence of the circular nested tube radius r2 separates the tail of the multi-nested ice-cream-shaped tubes into two anti-resonance layers. When the radius r2 of the circular nested tube is too small, it does not achieve the optimal anti-resonance effect. When the radius r2 is too large, it generates additional resonance with the structures in the middle of the multi-nested ice-cream-shaped tubes, thereby increasing the total loss. At a circular nested tube radius r2 = 0.58 mm, it is possible to achieve relatively lower total loss at the working frequency of 1THz, while also obtaining a broader low-loss transmission bandwidth across the frequency spectrum.
[image: Figure 5]FIGURE 5 | The impact of radius r2 on fiber transmission losses: (a) Total loss versus frequencies for various radii and (b) loss versus radii at f = 1 THz.
3.5 Working bandwidth
Figure 6 presents the fiber transmission loss spectrum in the range of 0.6–1.4 THz under the conditions of R = 6 mm, t = 0.035 mm, r1 = 1.5 mm, d = 1.05 mm, a = 0.67, and r2 = 0.58 mm. As the frequency gradually increases, the fiber confinement loss (black line) exhibits a trend of initially decreasing and then increasing. Notably, at the frequency of 1 THz, the fiber confinement loss reaches its minimum value of 1.65 × 10−5 dB/m. The effective material loss (red line) remains relatively flat in the low-loss region. Within the whole frequency range (0.6–1.4 THz), the effective material loss is very low, and the total loss is largely determined by the confinement loss. Consequently, at the operational frequency of 1 THz, the fiber minimal total loss is 1.53 × 10−4 dB/m. The bandwidth with losses less than 10–3 dB/m across the full wave range (0.6–1.4 THz) is 0.26 THz. This ensures that at the operational frequency of 1 THz, the fiber achieves the lowest possible total loss and the widest possible low-loss transmission bandwidth. Table 1 compares the loss properties between our anti-resonant fiber and previously reported anti-resonant fibers. As shown in Table 1, it can be observed that our fiber reduces the effective material loss and suppresses the confinement loss giving rise to an ultra-low total Loss of 10–4 dB/m. The proposed fiber shows improved propagation characteristic as a terahertz waveguide.
[image: Figure 6]FIGURE 6 | Three types of losses at different frequencies.
TABLE 1 | Comparison between our anti-resonant fiber and previously reported anti-resonant fibers.
[image: Table 1]4 CONCLUSION
This paper proposes a novel multi-nested ice-cream-shaped tubes for HC-ARF in the terahertz band. Utilizing high-resistivity silicon as the fiber material in constructed with the cladding structure, the minimum total loss is as low as 1.53 × 10−4 dB/m at 1 THz. The transmission bandwidth with losses less than 10–3 dB/m is 0.26 THz in the 0.6–1.4 THz range. The result demonstrates significant application prospects and commercial value.
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