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In this paper, an ultra-low-loss hollow-core anti-resonant fiber (HC-ARF) operating in the near-infrared band is
proposed. The ARF is based on six nested circular tubes made of silica. Then a straight rod is added to the nested
inner circular tube to reduce the transmission loss. The low-loss transmission performance of the HC-ARF is ana-
lyzed in detail using the finite element method, and the structural parameters are further optimized. The results
show that the confinement loss is lower than 7.91 × 10−7 dB/m in the range of 1.54–1.78 µm. Especially the con-
finement loss is as low as 1.31 × 10−7 dB/m at 1.55 µm. In addition, the HC-ARF has good bending resistance.
The bending loss can be kept below 8.02 × 10−5 dB/m as the bending radius is larger than 5 cm. The performance
of the designed ARF is significantly better than previously reported results, and the cladding structure of the ARF
is simple and easy to process. It has great potential for commercial applications. © 2025 Optica Publishing Group. All

rights, including for text and datamining (TDM), Artificial Intelligence (AI) training, and similar technologies, are reserved.
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1. INTRODUCTION

With the rapid development of information technology, the
higher transmission capacity of fiber-optic communication sys-
tems is required [1]. However, the traditional solid-core optical
fiber restricts the expansion of communication capacity due
to the nonlinear Shannon limit [2]. In order to overcome the
material defects of solid optical fibers, hollow-core optical fibers
as the light-conducting medium have been proposed and widely
studied. The hollow-core optical fiber has the advantages of low
delay, low dispersion, low nonlinearity, and high power damage
threshold. It is a potential ideal transmission optical fiber, which
can replace the traditional solid optical fiber and break through
the capacity limit. Moreover, the hollow-core optical fibers also
have a broad application prospect in other fields, such as gas
sensing [3], mid-infrared transmission [4], precision machining
[5], nonlinear optics [6], high harmonic generation [7], and
refractive index sensor [8–10].

Hollow-core optical fibers mainly include photonic bandgap
fibers [11–14] and anti-resonant fibers [15]. The hollow-core
photonic bandgap fibers (HC-PBGFs) make use of the periodi-
cally arranged air holes in the cladding to confine the light in
the core, and the propagation loss can be reduced by optimizing
the structure of the cladding air holes. But the propagation
bandwidth of HC-PBGFs is usually limited, whereas HC-ARFs
use the anti-resonance effect and mode coupling suppression

principle to confine the light in the fiber core, and can achieve
low-loss transmission over a wide transmission bandwidth, thus
effectively improve the information transmission capacity. In
recent years, some HC-ARFs operating in the near-infrared
band have been manufactured and tested in the experiment,
such as Belardi and Knight achieved a multi-tube single-layer
HC-ARF with a core diameter of 109µm. The transmission loss
at 3.1µm is 0.1 dB/m [16]. In order to improve the transmission
performance of the HC-ARFs, researchers have conducted
extensive researches in the near-infrared band. Kolyadin et al .
proposed an eight-tube node-free single-layer HC-ARF, the
simple cladding structure exhibits lower transmission loss of
5× 10−2 dB/m at 3.39 µm [17]. Subsequently, the nested
HC-ARFs were proposed successively. Poletti analyzed the
effect of the nested HC-ARF on the transmission perform-
ance and confirmed that the added nested tubes can effectively
suppress the coupling between core and cladding modes and
enhance the bending stability of HC-ARF. The minimum loss
of the designed six-tube ARF is only 2× 10−4 dB/m at 1.2 µm
[18]. In addition, Zhang et al . fabricated a five-tube nested
HC-ARF with the loss of 8.5× 10−4 dB/m [19]. Recently, the
double-nested structures are widely studied to further decrease
the confinement loss. Gao et al . proposed double-circular-
nested HC-ARF whose confinement loss is 1.3× 10−4 dB/m
[20]. In addition to the aforementioned single-layer and nested
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structures based on circular tubes, researchers have also car-
ried out extensive explorations of HC-ARFs with different
geometries. Zhu et al. designed a novel HC-ARF: its cladding
tubes consist of curves, and the minimum confinement loss
is 6.58× 10−5 dB/m at 1.06 µm [21]. Chen et al . proposed
an elliptical nested HC-ARF with the confinement loss of
1.22× 10−5 dB/m at 1.948 µm. The bending loss is less than
5.0× 10−5 dB/m when the bending radius is greater than
15 cm [22]. Zhao et al . proposed a novel quad-tube HC-ARF, its
cladding tube contains four nested inner tubes, and the confine-
ment loss is 9.0× 10−6 dB/m at 1.55µm [23]. Gong and Meng
designed a novel five-tube double-nested C-type HC-ARF with
the confinement loss of 1.4× 10−6 dB/m at 1.55µm [24].

Comparing the above studies, it is found that the complex
multi-layer nested structure can effectively decrease the con-
finement loss, but increase the difficulty of drawing ARF. In this
paper, a novel ultra-low-loss HC-ARF is proposed by nesting
a straight rod inside the inner circular cladding tubes. The
simple cladding structure effectively decrease the confinement
loss to 7.91× 10−7 dB/m in the range of 1.54–1.78 µm.
Meanwhile, the ARF exhibits good bending resistance and has
broad application potential.

2. FIBER STRUCTURE

The cross section of the proposed HC-ARF is shown in Fig. 1.
The cladding consists of six pairs of nested circular tubes with
straight rods in the inner circular tubes. The white region is
air with a refractive index of 1. The diameter of the fiber core
is D= 55 µm. The wall thickness of the nested circular tubes
is t = 0.34 µm. The diameters of the nested outer and inner
circular tubes are d1 and d2, respectively. The values are changed
with D; the relations are d1/D= 0.8 and d2/d1 = 0.7. The
thicknesses of the outer cladding and perfectly matched layer
are J T = 4 µm and T = 6 µm, respectively. The material of
the anti-resonator tube and the outer cladding part (blue area) is
silica glass, the refractive index can be calculated by the Sellmeier
[25] equation. The parameters are shown in Table 1.

Fig. 1. Cross section of the ARF.

Table 1. Parameters of Fiber Structure

D t d1/D d2/D J T T

55µm 0.34µm 0.8 0.7 4µm 6µm

The possible manufacturing methods of anti-resonant fiber
include stacking [26], extrusion [27], and 3D printing [28].
The extrusion method is easily to deform the cladding tubes.
The stacking method and 3D printing method can be used to
fabricate the proposed anti-resonant fiber in the future. Then
the finite element software COMSOL is used to analyze the
performance of the HC-ARF. To ensure accurate numerical
calculation using the finite element method, very fine grid sizes
of λ/6 and λ/4 are used for the silica glass and air, respectively.
The perfectly matched layer (PML) [29] is added outside the
ARF as absorbing boundary condition.

3. RESULTS AND DISCUSSION

The effective refractive index n1 of the silica glass can be solved
by Sellmeier’s [25] formula:

n2
1(λ)= 1+

∑m

j=1

B jλ
2

λ2 − λ2
j

, (1)

where λ j is the j th resonant wavelength, and B j is the intensity
of the j th resonant wavelength. The first three terms are usually
used, and the parameters are shown in Table 2.

The anti-resonant condition can be obtained using the
principle of light 18=81 −80 = (2m − 1)π . As shown in
Fig. 2, as the wavelength λ is much smaller than the fiber core
diameter D, the longitudinal wave vector kL can be approxi-
mated by n0k0, and the transverse wave vector kT in the glass
region can be approximated by kT = k0(n2

1 − n2
0)

1/2. Here, n1

and n0 are the refractive indices of glass and air, respectively. The
parameter k0 = 2π/λ denotes the wave vector in the air. The
phase difference between the waves passing through the glass
slab with and without additional reflections is 2tk0(n2

1 − n2
0)

1/2.
The anti-resonance condition that the phase difference is a
multiple of (2m − 1)π is [30–33]

t =
(m − 0.5)λ

2
√

n2
1 − n2

0

. (2)

We mainly consider confinement loss (CL) and absorption
loss of material. For HC-ARF, the light energy is concentrated in
the hollow-core region, and the absorption loss of the material
is negligible [34]. The confinement loss refers to the power

Table 2. Parameters of Sellmeier

B1 = 0.6961663 B2 = 0.4079426 B3 = 0.8974794
λ1 = 0.0684043 λ2 = 0.1162416 λ3 = 9.896161

Fig. 2. Schematic illustration of the resonance and anti-resonance
conditions.
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Fig. 3. Loss spectra for different straight rods.

loss caused by optical field leakage and is intrinsic to the ARF.
Therefore, the confinement loss plays the main factor for trans-
mission loss; the formula of calculating CL can be expressed as
[33,35–37]

CL (dB/m)=−
20

ln 10

2π

λ
Im(neff), (3)

where Im(neff) represents the imaginary part of the effective
refractive index, andλ is the wavelength of the incident light.

In order to study the effect of the straight rods on the con-
finement loss of the ARF, we first compare the CLs for different
number of the rod as the initial parameters of the structure are
D= 55 µm, t = 0.34 µm, d1/D= 0.8, and d2/d1 = 0.7. The
simulation result is shown in Fig. 3. It can be seen that the light
field is well confined in the fiber core, and the structure based on
nested circular cladding tubes exhibits lower CL of 10−5 dB/m,
and the CL increases to 10−4 dB/m with increasing the wave-
length. As the number of straight rods inserted to the inner
circular cladding tubes is changed from 2 to 6, the CLs decrease
gradually. The lowest CL reaches the level of 10−7 dB/m in
the range of 1.2–2.0 µm. It means that three anti-resonance

layers can better suppress light leakage and decrease the CL.
Meanwhile, the simple structure is easily manufactured and
achieved in the experiment.

Second, the effect of the wall thickness t of the cladding
tubes on the CL is investigated. The thickness t determines
anti-resonant wavelength. When D= 55 µm, d1/D= 0.8,
and d2/d1 = 0.7, the CLs for different wall thicknesses are
shown in Fig. 4(a). It can be seen that the CLs are the highest
as t = 0.19 µm. The CLs gradually decrease when the wall
thickness t of the cladding tubes gradually increases from 0.19
to 0.29 µm. As t is 0.29 and 0.34 µm, the difference of the two
loss spectra is smaller near 1.55 µm. To further get the optimal
t , Fig. 4(b) shows the CLs at 1.55 µm for different wall thick-
nesses t and the corresponding mode field. The CLs exhibit
fluctuant decrease and then relatively flat trend with the increase
of the wall thickness t . Due to the lower CLs, the mode field
schematic cannot distinguish the difference of the core mode
energy leakage for different t . In order to achieve wider low-loss
transmission bandwidth near 1.55 µm, t = 0.34 µm is chosen
as the optimal value.

The influence of the diameter d1 of the cladding circular
tubes on the CLs is discussed. The decrease of d1 results in the
increase of D; therefore, d1/D is adopted to analyze the per-
formance of the ARF. Meanwhile, the diameter d2 of the nested
inner tubes decreases proportionally with d1. The initial param-
eters are D= 55 µm, t = 0.34 µm, and d2/d1 = 0.7. Then the
CLs for different d1/D are calculated as shown in Fig. 5(a). It
can be seen that the CLs are relative higher as d1/D is 0.65 and
decreases gradually with increasing d1/D from 0.65 to 0.75.
It indicates that the narrower spacing of the adjacent cladding
tubers can better confine the core mode and decrease the CLs.
As d1/D is further increased, this effect is no longer significant.
In order to get the optimal d1/D, the CLs for different d1/D
at 1.550 µm are calculated as shown in Fig. 5(b), and the CLs
decrease gradually with the increase of d1/D. The equivalent
line diagrams of core mode fields reflect the minor changes of the
CLs. The smaller spacing can avoid energy leakage of the core
mode; the ARF gets the minimum CL at d1/D= 0.8.

The effect of the diameter d2 of the nested inner layer circular
tube on the CLs is investigated. As D= 55 µm, t = 0.34 µm,

Fig. 4. (a) Wall thickness t of the cladding tubes versus wavelength; (b) CLs for different t at 1.55µm.
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Fig. 5. (a) CLs versus wavelength for different d1/D; (b) CLs for different d1/D at 1.55µm.

Fig. 6. (a) CLs versus wavelength for different d2/d1; (b) CLs for different d2/d1 at 1.55µm.

and d1/D= 0.8, Fig. 6(a) shows CLs for different d2/d1. It can
be seen that the CLs of the ARF are reduced by an order of mag-
nitude as d2/d1 gradually increases from 0.5 to 0.8. It indicates
that the inner circular tube can form the second anti-resonance
layer and suppress the core mode field, but the confinement abil-
ity is weaker as d2 is smaller [38]. As d2/d1 are 0.7 and 0.8, the
difference of the confinement loss spectra is smaller. Figure 6(b)
shows the CLs for different d2/d1 at 1.55µm. It can be seen that
when d2/d1 is near 0.7, the electric field is better confined in the
core region, and the CLs are lower. Therefore, d2/d1 = 0.7 is
chosen as the optimal value.

When D= 55 µm, t = 0.34 µm, d1/D= 0.8, and
d2/d1 = 0.7, the effect of the number of nested circular tubes on
the CLs is shown in Fig. 7. The ARF with four cladding tubes
exhibits the largest losses, as shown by the black curve. The
mode field diagram at 1.55 µm with black frame shows that
the energy of the core mode leakage to the cladding. When the
number of nested circular tubes is increased to five, the light
field is well confined in the core region, whereas the ARF with
six nested circular tubes further enhances the anti-resonance
effect and reduces the CLs. As a result, the six nested circular

Fig. 7. Confinement loss spectra of different tube numbers.

tubes’ structure is designed to construct the ARF with low-loss
transmission characteristic.
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Fig. 8. (a) BL along the x axis at 1.55µm, (b) BL spectra along the x axis for different bending radius, (c) BL along the y axis at 1.55µm, and (d) BL
spectra along the y axis for different bending radius.

Bending of optical fiber is unavoidable in practical applica-
tion; it affects the communication quality directly. Since the
structure of the designed HC-ARF is symmetric along the x
axis and y axis, the bending loss (BL) can be calculated using
the refractive index bending model [39]. The model can be
simplified to the following equation [40,41]:

ng = n(x , y )
(

1+
r
Rb

)
, (4)

where n(x , y ) is the refractive index of the straight fiber, r is the
bending direction of the fiber (x or y ), Rb is the bending radius,
and ng is the equivalent refractive index of the fiber after bend-
ing. Then the BL can be calculated by taking the ng into Eq. (3).

The BLs of the proposed anti-resonant fiber are shown in
Fig. 8. Figure 8(a) exhibits the BL along the x axis at 1.55µm for
different bending radius. As the bending radius Rb increases,
the BL gradually decreases. It is because the bending destroys
the symmetrical structure of the ARF and distorts the refrac-
tive index distribution, then the mode field gradually deviates
from the center of the fiber core and leaks into the cladding as
show in the inset. As the bending radius is 5 cm, the BL is only

5× 10−5 dB/m. Figure 8(b) shows the corresponding BL spec-
tra in the range of 1.2–2.0 µm. As the bending radius is smaller,
the BL decreases first and then remains almost unchanged
with increasing the wavelength. For larger bending radius, the
influence of wavelength on bending loss is almost negligible.
The proposed ARF exhibits excellent characteristic of bending
resistance. Similarly, the bending characteristic along the y axis
is shown in Figs. 8(c) and 8(d). Compared with the bending
loss of the x axis, the low-loss bandwidth and the minimum
loss show the same trend. At 1.55 µm, the BL along y axis is
slightly smaller than that along x axis. The BL can be kept below
8.02× 10−5 dB/m in the range 1.54–1.78 µm as the bending
radius is greater than 5 cm. It can be seen that the bending loss
can be maintained below 8.02× 10−5 dB/m when the bend-
ing radius exceeds 5 cm. This demonstrates that the structure
possesses excellent bending resistance characteristics.

4. CONCLUSION

In this paper, a novel HC-ARF with ultra-low confinement
loss and bending loss operating in the near-infrared band is
proposed. See Table 3. The simple cladding structure, which
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Table 3. Comparison Between Our ARF and
Previously Reported ARFs

Reference
Material

Type
Confinement
Loss (dB/m)

Operating
Wavelength

(µm)
Bending Loss

(dB/m)

Ref. [16] Silica 5.0× 10−2 3.39µm /
Ref. [18] Silica 8.5× 10−4 2µm /
Ref. [19] Silica 1.3× 10−4 1.55µm /
Ref. [21] Silica 1.22× 10−5 1.948µm 5.0× 10−5

(>15 cm)
Ref. [23] Silica 1.4× 10−6 1.55µm /
This work Silica 1.31× 10−7 1.55µm 8.02× 10−5

(>5 cm)

consists of nested circular tubes and a straight rod, achieves
ultra-low CL. The performance is optimized in detail using
the FEM method. The results show that the CL is lower than
7.91× 10−7 dB/m in the range of 1.54–1.78 µm and reaches
1.31× 10−7 dB/m at 1.55 µm. In addition, the ARF shows an
excellent bending resistance characteristic; the bending loss can
keep below 8.02× 10−5 dB/m as the bending radius is greater
than 5 cm. The proposed structure provides a new method for
the design of hollow-core optical fibers.
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