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Abstract: A hollow-core fiber with nested anti-resonant node-free cladding tubes suitable for broadband 

THz guidance with low transmission losses is proposed. It is shown that the tube separation and tube 

thickness of the inner elements have a significant effect on the confinement loss and effective material 

loss of these fibers in the THz band. Using TOPAS copolymer, the proposed fiber was optimized for 

operation at 1 THz and it is predicted from numerical simulations that loss can be reduced to as low as 

0.05 dB/m with a 0.6 THz wide dispersion flattened bandwidth. 
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I. Introduction 

One of the keys to the continued growth of terahertz (THz) technology is the development of low loss 

waveguides, and in particular hollow-core (HC) fibers in which most of the power is guided in the air [1]. 

Air guidance results in low absorption in the THz spectral range [2,3] while the light is strongly confined in 

the core of the fiber. In particular, relatively low loss waveguides based on polymers such as PMMA[4], 

Teflon [5], HDPE [6], Zeonex [7] and Topas [3]  have been investigated for use in the 1 THz region. Using 

these materials, various THz waveguides have been reported, including hollow core fibers [5,6], 

subwavelength fiber [8], porous-core fibers [9–12], and dielectric tube waveguide [13].  

In porous-core (PC) fibers both the core and cladding consist of air-hole microstructures; these fibers have 

been investigated for low-loss THz waveguiding with high birefringence and low waveguide dispersion [14]. 

Guiding in a PC fiber can be based either on total internal reflection (TIR) or photonic band gaps (PBG) 

depending on the air density in the air-hole micro-structured core [15]. PC-PBG fibers provide lower effective 

material loss (effective material loss is the product of bulk material loss and fraction of power in the 

background material) than  PC-TIR fibers [3]. However, limited transmission bandwidth, strong overlap of 

the core modes with the surrounding cladding and relatively high group velocity dispersion (especially at the 

band-gap edges) are major limitations of PC-PBG fibers [15,16]. 

Hollow core (HC) fibers can be categorized into two types: (i) photonic band gap fiber (HC-PBG) which 

guides light via the photonic band gap effect. In common with PC-PBG fibers, HC-PBG fibers suffer from 

limited transmission bandwidth. (ii) Anti-resonant HC fiber (also known as inhibited-coupling HC fiber) in 

which the guiding mechanism is based on the combination of an anti-resonant effect and inhibited coupling 

between the core and the cladding modes [17,18].  

Hollow core anti-resonant (HC-AR) fibers consisting of a single layer or multiple layers of cladding tubes 

are of particular interest because these fibers offer much broader transmission bandwidth (more than an 

octave) and low light-dielectric overlap [19] compared to HC-PBG fibers. The key property of HC-AR fibers 

is that they exhibit a sequence of narrow-bandwidth/high-loss resonant regions and wide-bandwidth/low-loss 
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anti-resonant regions. In the resonant regions, core modes are phase matched with the cladding modes causing 

high transmission loss while in the anti-resonant regions, modes are tightly confined in the air core. The 

spectral position and bandwidth of the resonant and anti-resonant regions depend significantly on the anti-

resonant unit tube thickness [20]. More recently, improved HC-AR fibers with nested anti-resonant tubes 

have been investigated [17] toward low-loss guidance but most importantly low bend loss. The fiber design 

is a modified form of HC-AR fiber where smaller tubes are nested inside the tubes defining the core, which 

provide strong light confinement in the core resulting in low confinement (leakage) loss. Moreover, it has 

been recently shown that a node-free arrangement in which the cladding tubes are non-touching could be also 

an alternative to reduce the confinement loss [17,21,22]. This fiber design has been reported in the near 

infrared and mid infrared spectral regime [17,18][23] but it has never been considered for the THz spectral 

range. 

In this work, we propose for the first time (to the best of our knowledge) the application of a hollow-core 

nested anti-resonant node-free fiber (HC-NANF)[17][19] for the THz regime (0.5 THz – 1.5 THz). We 

numerically show that the proposed HC-NANF offers record low effective material loss, broad transmission 

bandwidth centered at 1 THz, near-zero waveguide dispersion, bend-improved performance and effectively 

single mode operation while the fiber design relies upon experimentally feasible and realistic fabrication 

parameters. This is because it has been reported that fiber geometries similar to the ones proposed here can 

be fabricated using the recent emerging technique of 3D printing [24,25]. Optimizing the design parameters, 

we predict an effective material loss of 0.05 dB/m; a confinement loss of 3.4 × 10-4 dB/m at 1 THz; a bending 

loss of 10-2 dB/m at 45 cm bending radius; a low-loss transmission band from 0.8 THz to 1.2 THz, for which 

the total transmission loss is below 0.095 dB/m; and a 0.6 THz flat dispersion band where the dispersion 

parameter β2 is less than 0.115993251 ps/THz/cm.  

II. Geometry of the proposed design 

The geometry of the proposed HC-NANF is shown in Fig. 1. The cladding consists of six circular anti-

resonant (AR) tubes in a node-less configuration; each AR tube contains a single circular nested tube. It has 

been shown that a six-element HC-NANF offers better confinement loss performance than eight or ten 

elements [17]. In our simulations, we found that a core diameter (DC) of 3 mm and outer capillary external 

diameter (do) of 2.6 mm gives confinement loss of the order 10-4 dB/m, which is low enough for THz guidance 

[10]. Other design parameters (wall thickness t and tube separation z) were chosen to ensure the anti-resonant 

first transmission window has a minimum loss around 1 THz. The value of the external diameter of the inner 

capillary (di) is determined from: 2i od d z t   . 

 

Fig. 1. Geometry of HC-NANF. The fiber has a core diameter DC = 3 mm, outer capillary diameter, do = 2.6 mm, tube separation 

z = 1 mm and wall thickness, t = 0.09 mm.   
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Topas has been chosen here as the fiber material due to its promising properties in the THz band, including 

lower bulk material loss than PMMA and Teflon, and constant refractive index n of 1.5258 in the 0.1 THz - 

1.5 THz range [26]. The bulk material loss of Topas (αmat) is considered to be linearly proportional to 

frequency in the 0.2-1.6 THz range and it can be approximated by:  0.36 0.4 0.06fmat    , where f is in THz 

and αmat is in dB/cm [2]. 

III. Simulation results and discussion 

The numerical simulations were performed using a finite-element based COMSOL software. To calculate the 

confinement loss of the proposed fiber, a circular perfectly matched layer (PML) was imposed in the 

outermost part of the structure. In order to obtain accurate results, both the mesh size and perfectly-matched 

layer parameters were selected using the methodology in [17]. In THz fiber, the dominant type of loss is 

material absorption loss (also known as effective material loss) which is then added to the confinement loss 

to estimate the total transmission loss. The fraction of power (η) confined in different regions such as air or 

fiber material is used to quantify the overlap between light and the material. Effective material loss (αEML) 

which is defined as the product of bulk material loss (αmat) and fraction of power in the background material 

(ηm). The following equations are used to calculate confinement loss, effective material loss and fraction of 

power confined in material [2] [15]. 
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In the above equations, εo and µo are the permittivity and the permeability of vacuum, respectively. The 

integration of the numerator in (2) is performed over the solid material region of Topas and the integration 

of the denominator is carried out over all regions, material regions and the air-holes region because air is 

considered transparent in the THz frequency band. Here Sz is defined as the Poynting vector in the direction 

of propagation, which is denoted as Sz=Re(E×H*) z, where E is the electric field component and H is the 

magnetic field component. The fraction of power confined in the background material Topas is given by ηm. 

To optimize the design parameter, we investigated the effect of core diameter (DC) and outer capillary 

external diameter (do) on losses as shown in Fig. 2(a) and 2(b) respectively.  As observed from Fig. 2 (a) a 

relatively larger core diameter (DC) results in reduced losses. However, a larger core diameter also increases 

the critical bend radius and overall fiber diameter. Furthermore, the fiber’s overall diameter also plays an 

important role in fiber flexibility. In order to be flexible and compact, the fiber should be as thin as possible. 

Taking these factors into consideration, from here on we set DC = 3 mm and do= 2.6 mm where the 

confinement loss is 3.4307×10-04 dB/m, the effective material loss is 0.05 dB/m and the overall fiber diameter 

is 8.5 mm. The fiber diameter is comparable with the fiber in [27] 
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Fig.2: Confinement loss and Effective material loss as a function of (a) Core diameter (DC) (b) Outer capillary external diameter 

(do). 

As discussed in § I, the guiding mechanism of HC-NANF is based on the anti-resonant effect where the anti-

resonant tube thickness t determines the position of the high loss resonant windows. The frequency of the 

first order resonance is given by [17]: 

2
.

2 1
c

c
f

t n



                                 (4) 

which for t = {0.08 mm, 0.09 mm, 0.10 mm, 0.11mm, 0.15 mm and 0.20 mm} and n =1.5258 yields fc= {1.62 

THz, 1.44 THz, 1.30 THz, 1.18 THz, 0.87 THz and 0.65 THz}. These values are in good agreement with the 

simulated results of Fig.3 where confinement loss is plotted against frequency for different tube thicknesses. 

The peak in the confinement loss (for t = 0.10 mm) occurs at around 1.3 THz (Fig.3), which agrees with the 

analytical results obtained by using (4).  

 

Fig.3: Confinement loss as a function of frequency for different tube thickness t with DC = 3 mm, do = 2.6 mm and z = 1 mm. The 

gray shaded regions represent the starting of the resonant bands for corresponding tube thickness. 

In THz fiber, the dominant type of loss is material absorption loss (also known as effective material loss). 

The effective material loss and the total loss of the proposed THz fiber as a function of frequency for different 

values of wall thickness are shown in Fig. 4 and Fig. 5 respectively. 
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Fig. 4. Effective material loss as a function of frequency for different tube thickness t with DC = 3 mm, do = 2.6 mm and z= 1 mm. 

 

Fig. 5. Total loss as a function of frequency for different values of tube thickness t with DC = 3 mm, do = 2.6 mm and z = 1 mm. 

The gray shaded region is our band of interest where total loss is minimum for t = 0.09 mm (blue line) with low loss characteristics 

centered at 1 THz. 

In the anti-resonant band, αEML dominates the total loss but at the edges of the anti-resonant band confinement 

loss dominates the total loss. Figure 4 shows that for the higher values of t (e.g. 0.15 mm and 0.20 mm) the 

resonant band falls around 1 THz resulting in higher transmission losses. The anti-resonant band falls around 

1 THz for the relatively lower values of t (e.g. 0.08 mm and 0.09 mm). At 1 THz the confinement loss is 

lowest for t = 0.09 mm (Fig.3) while the effective material loss is lowest for t = 0.08 mm (Fig.4). Although 

the total loss is lowest for t = 0.08 mm we chose t = 0.09 mm as the preferred value because it provides a 

wide low-loss band characteristic centered at 1 THz, as shown in the shade-gray region of Fig.5. The 

calculated transmission loss of the fiber is 0.05 dB/m at 1 THz and it is below 0.095 dB/m within the 

frequency band 0.8 to 1.2 THz.  

Figure 6 shows the loss properties of the fiber as a function of tube separation z at frequency of 1 THz. The 

confinement loss is high for both high and low values of z, with minimum confinement loss at around 1 mm. 

However, there is no significant effect of z on effective material loss. This is due to the fact that a very small 

amount of light interacts with the nested tubes, as shown in the simulated modal field distributions in the 

insets of Fig. 6. Additionally, the fraction of power in Topas is of the order of 4×10-4. Varying z, it can be 
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seen that the tube separation has small effect on the numerator in (3) thus indicating negligible influence of 

z on the αEML.  

 

Fig. 6. Effect of changing of tube separation z on loss properties with fixed DC = 3 mm, do = 2.6 mm, t= 0.09 mm and f = 1 THz. 

The color of the frame corresponds to the color of the dots in the plot. 

Figure 7 compares the loss performance between the nested HC-AR fiber (with the inner capillary of diameter 

di) and non-nested HC-AR fiber (without the inner capillary of diameter di). The non-nested structure 

provides ∼102 times higher confinement loss than the nested structure and thus results in higher total loss. 

As shown in the contour plot of Fig.7(c) and 7(d), the light is confined strongly for the nested structure. We 

find that the total loss of the nested HC-AR fiber is 0.05 dB/m whereas the non-nested HC-AR fiber has a 

loss of 0.1 dB/m at 1 THz for DC= 3 mm, do= 2.6 mm and t = 0.09 mm. 
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Fig. 7: (a) Confinement loss as a function of frequency (b) Total loss as a function of frequency. Contour plot of electric field 

pattern of (c) nested structure (d) non-nested structure at 1 THz for DC= 3mm, do= 2.6 mm and t = 0.09 mm.  
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Fig.8. Single mode performance of the proposed fiber as a function of frequency with DC = 3 mm, do = 2.6 mm, t = 0.09 mm and 

z = 1 mm. (a) Total loss (b) Mode index curve (c) HOMER. The color of the frame corresponds to the color of the line in plot (a) 

and (b). 

The higher-order-mode extinction ratio (HOMER), defined as the loss ratio of the higher order mode with 

lowest loss to the fundamental mode, is used to quantify the degree of higher-order-mode (HOM) suppression 

[17,28]. The variation of the total loss, effective refractive index of the first three core guided modes (LP01, 

LP11 and LP21) and HOMER as a function of frequency is shown in Fig. 8. It can be seen from Fig. 8 that at 

around 1.34 THz the calculated HOMER is 23. This indicates that the losses of higher order modes are at 

least 23 times higher than the one of the fundamental mode which makes the fiber effectively single-mode at 

the expense of total loss. 

Since the refractive index of Topas is constant between 0.1 THz and 1.5 THz, the material dispersion 

contribution to the chromatic dispersion can be neglected. We only consider the waveguide dispersion to 

illustrate the chromatic dispersion profile of the proposed fiber and  calculated the group velocity dispersion 

(β2) using [15]: 
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                          (5) 

Figure 9 shows that the proposed fiber offers near zero flat dispersion from 0.8 THz to 1.4 THz, where β2 < 

0.115993251 ps/THz/cm. The variation of β2 in the flat band is 0.098326176 ± 0.017667076 ps/THz/cm. It 

is noted that the low-loss transmission band shown in Fig. 4 corresponds to a flat dispersion band shown in 

Fig. 9. 
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Fig. 9. Dispersion parameter as a function of frequency with DC = 3 mm, do = 2.6 mm, t = 0.09 mm and z =1mm. The dispersion 

flattened region coincides with the low loss band shown in Fig. 5 (shaded). 

To calculate the bending loss, we used the conformal transformation method to estimate the refractive index 

profile at bend state. We calculated the effective refractive index distribution after bending using following 

equation [18]: 

( / )
( , ) .bx R

eqn n x y e                       (6) 

where Rb is the bending radius, x is the direction of bending, n (x, y) is the refractive index profile of the 

straight fiber and neq is the equivalent refractive index after bending. The bending loss dependency on 

frequency and normalized bending radius with the optimum design parameters are illustrated in Fig. 10 and 

Fig. 11 considering bending direction towards the x direction. The coupling effect of this type of fiber is 

sensitive to structural parameters [29] and we observe a peak in bending loss after the first minima as shown 

in Fig. 10 and Fig. 11. The peak in the bending loss profile can be predicted analytically from the structural 

parameters using the following equation for critical bending radius [29]: 
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For our design parameters, we obtain a critical bending radius of 17 cm by using (7). The difference between 

the analytically and the numerically calculated critical bending radius is due to the approximations used in 

deriving equation (7) [29]. A bending loss of less than 10-2 dB/m is obtained when the bend radius is more 

than 45 cm.  
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Fig. 10. Calculated bending loss as a function of bending radius at f = 1 THz with DC = 3 mm, do = 2.6 mm, t = 0.09 mm and z = 

1mm. A peak in bending loss is observed at Rb ∼ 21 cm. 

 

Fig. 11. Calculated bending loss as a function of frequency and normalized bending radius with DC = 3 mm, do = 2.6 mm, t = 0.09 

mm and z = 1mm. 

 

Table I summarizes and directly compares recently reported THz fibers operating around 1 THz (including 

the proposed HC-NANF structure in this work) in terms of structural parameters, guiding mechanisms and 

effective material loss. Based on previous reports it is evident that the proposed HC-NANF is one of the 

potential candidates for ultra-low loss, broadband THz wave guiding. Moreover, the HC-NANF proposed 

here typically requires the stacking of significantly fewer capillaries (in this case 12), as opposed to HC-PBG 

fibers (the fiber in [6] requires 60 hexagonally-shaped air holes in the cladding alone) or porous-core fibers 

([10] requires 49 air holes in the core alone). 
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Table I: Recently reported THz fibers operating around 1 THz (PC-TIR: Porous core total internal reflection, PC-PBG: Porous 

core photonic band gap, HC-PBG: Hollow core photonic band gap, HC-IC: Hollow core inhibited coupling, EML: Effective 

material loss). 

THz Fibers Structure  

Core-Cladding 

Operating  

Frequency 

Guiding 

Mechanism 

Fiber 

Material  

EML 

In cm-1         In dB/m 

Ref [10]  Octagonal -Octagonal 1 THz PC-TIR Topas 0.076 33.0068 

Ref [9]  Hexagonal- Hexagonal 1 THz PC-TIR Teflon 0.12  52.116 

Ref [30]  Circular-Octagonal 1 THz PC-TIR Topas 0.056  24.3208 

Ref [31]  Hexagonal- Kagome 1 THz PC-IC Topas  0.035  15.2005 

Ref [3] Hexagonal-Honey comb 1.05 THz PC-PBG Topas 0.046 20 

Ref [15] Hexagonal- Hexagonal 1 THz PC-PBG Topas 0.099 43.2 

Ref [5] HC -Triangular lattice 1 THz HC-IC Teflon 0.01  4.343 

Ref [6] HC-Triangular lattice 0.95 THz HC-PBG HDPE 0.0015 0.66 

Ref [4]  HC -Kagome 1 THz HC-IC PMMA 0.4  173.72 

Proposed fiber HC -Nested tube lattice 1 THz HC-IC Topas 0.00011 0.05 

 

IV. Conclusions 

In conclusion, we have proposed an experimentally feasible HC-AR fiber in the THz regime and thoroughly 

investigated the effect of nested anti-resonant elements on losses and the modal properties. By engineering 

the design parameters in such a way as to maintain the experimental feasibility of the design, we obtain low 

effective material loss of 0.05 dB/m at f =1 THz, 0.4 THz wide low loss transmission window and 0.6 THz 

wide dispersion flattened band. 
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