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Abstract: A novel hollow-core anti-resonant fiber (HC-ARF) with glass-sheet conjoined nested
tubes that supports five core modes of LP01-LP31 with low mode couplings, large differential
group delays (DGDs), and low bending losses (BLs) is proposed. A novel cladding structure
with glass-sheet conjoined nested tubes (CNT) is induced for the proposed HC-ARF which
can suppress mode couplings between the LP01-LP31 modes and the cladding modes. The
higher-order modes (HOMs) which are LP11-LP31 modes also have very low loss by optimizing
the radius of the nested tube and the core radius. Moreover, the large effective refractive index
differences ∆neff between HOMs are all larger than 1× 10−4 which contributes to a large DGD
in the wavelength range from 1.3 to 1.7 µm. The bending loss of the HC-ARF is analyzed and
optimized emphatically. Our calculation results show that bending losses of LP01-LP31 modes
are all lower than 3.0× 10−4 dB/m in the wavelength range from 1.4 to 1.61 µm even when the
fiber bending radius of the HC-ARF is 6 cm.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Hollow-core fibers (HCFs) have attracted tremendous interest of many research groups in the past
decades due to their advantages of low scattering and weak nonlinearity since the light is guided
in the air core [1–4]. Many types of optical fibers have been proposed one after another, such as
hollow-core Bragg fiber [5], hollow-core photonic crystal fiber (HC-PCF) [6], kagome fiber [7]
and hollow-core anti-resonant fiber (HC-ARF) [8–11]. The HC-ARF is mainly composed of
a circle of negative curvature tubes. Due to the special working mechanism, the confinement
loss (CL) and bending loss (BL) are much bigger than the surface scattering loss (SSL) which
become the main losses [12]. Anti-resonance is the prerequisite for inhibiting core-cladding
modes coupling and bring some remarkable transmission properties such as wide bandwidth. A
wavenumber mismatch between the core and the cladding modes inhibits coupling between the
modes and leads to remarkably low loss [13]. In the early research of the HC-ARF with a simple
structure such as a single round glass tube, the loss is much higher compared with traditional
silica core fiber [14]. In order to further reduce the transmission loss, novel HC-ARFs have been
proposed such as nodeless cladding tube and nested cladding tube [15–17]. In 2019, Bradley.
T, et al reported the fabrication of a nested anti-resonant nodeless hollow-core fiber (NANF)
with a minimum loss of 1.3 dB/km at 1450 nm and a 65 nm bandwidth below 1.5 dB/km [18].
In 2020, Jasion, G. T., et al reported an effective single-mode, 1.7 km long hollow core NANF
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with a record-low loss 0.28 dB/km from 1510 to 1600 nm [19]. However, in previous reports,
only the low transmission loss for the fundamental mode was achieved and investigated for the
single-mode ARFs.

The spatial division multiplexing (SDM) technology is widely applied to increase the optical
communication capacity [20] by using multiple distinguishable spatial information channels in
the same multimode fiber core [21,22]. Few-mode fiber and SDM technology are integrated
with each other to increase the link density. However, the application of the SDM technology is
restricted by the mode coupling of the few-mode fiber. An effective way to solve this problem is
to design a non-coupling few-mode fiber in which the effective index difference ∆neff between
the guided modes is >1.0× 10−4 [23]. The process of HC-ARF offers the possibility to break this
limitation [24,25]. Hollow-core conjoined-tube ARF(CTF) was reported in 2018 [26]. This new
CTF combines almost all the qualities: ultralow transmission loss (2 dB/km), wide bandwidth
and low BL. In 2020, Z. Wang et al. proposed a dual-mode weakly coupled anti-resonant fiber,
which allowed LP01 and LP11 mode guided in the core [17]. The same year, A low loss, large
bandwidth HC-ARF design for short-reach links was present by W. Shere et al. [27]. So a
few-mode HC-ARF which can support several low-loss guiding modes without non-coupling is
highly appreciated for applications of the SDM technology in optical communications.

In this paper, we design a novel HC-ARF with glass-sheet conjoined nested tubes cladding
structure, and systematically study how to realize the low transmission loss of the few-mode
guiding with low mode couplings, large DGDs and low BLs. The size of nested tube and core
radius are strictly optimized and chosen to meet the requirements for applications in optical
communication that the loss is <3.0 × 10−4 dB/m and DGDs are ≫0.1 ps/m [28]. In addition,
the BL and bandwidth of HOMs is further analyzed and demonstrated by using optimized nested
tube. Simulated results show that the few-mode fiber can meet the low-loss requirements in the
wavelength range of 1.4-1.61 µm even when the bending radius is 6 cm.

2. Fiber structure

The cladding structure of CNT is shown in Fig. 1(a). The thickness t of the cladding glass tubes
and sheet is determined by the anti-resonance relationship [13]:

t =
λ(m − 0.5)
2
√

n2 − 1
(1)

Where λ is the wavelength, and the effective refractive index value n of the glass is 1.444 for
the wavelength of 1.55 µm. We choose anti-resonance order m=2 to both keep low loss and
satisfy the fabrication feasibility [17], which results to t=1.12 µm. R and d are the core and
cladding tubes radius, and g is the gap between the cladding tubes. The three parameters satisfy
the geometric relationship:

d =
g/2 − R sin(π/k)

sin(π/k) − 1
(2)

where k is the number of cladding tubes and we set k= 6, which has larger low loss bandwidth
compared with other numbers [12].

A HC-ARF with a non-conjoined nested tube (NCNT) structure is shown in Fig. 1(b), which
provides a compared investigation in details for how the proposed few-mode HC-ARF achieves
few-mode transmission. Note that there are only slight differences for the nested tubes in the
structure of the two fibers, but there are huge differences in the few-mode property.
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Fig. 1. Two different fiber cladding structures. (a) conjoined nested tube (CNT) and (b)
non-conjoined nested tube (NCNT).

3. Optimization of few-mode HC-ARF supporting mode LP01-LP31

The simulation was conducted by a full finite element method, which numerically analyzes the
mode characteristics of our proposed fibers. An optimized perfect matching layer (PML) is
placed outside the cladding. The thickness is one tenth of the total thickness of the core and
cladding for absorbing the leakage optical field. Very fine λ/4 and λ/6 grid sizes are used on the
air and silica tubes respectively to ensure the convergence of the calculation results [25].

3.1. Effect of nested tube radius and gap on CL

Without loss of generality, R/λ is typical 10 to 20. We choose λ=1.55 µm and the core radius
R= 15 µm [13]. The r/d is expressed the size of the conjoined nested tube in order to be consistent
with the following description. Firstly, we discussed the effect of the structural parameters g on
the CL of LP01. While we also scanned the r/d for convincing result. Figure 2 plots the thermal
distribution of the LP01 CL when the r/d and g change, where Fig. 2(a) and Fig. 2(b) correspond
to the NCNT and CNT structures, respectively. It is shown that the change in CL due to g is not
almost affected by r/d. The lowest loss is around g= 1.5 µm on the horizontal axis. The design
with a small g can eliminate Fano resonance caused by the nodes of connected cladding tubes [8].
However, the resonant tube cannot confine the light when g is too large [29]. An appropriate g
must be set in advance since we focused on the effect of r/d in the following, so we set g= 1.5
and keep it the same.

Fig. 2. The LP01 CL thermal distribution of parameters g and r/d. Fig. (a) and (b)
correspond to the NCNT and CNT structures. The value from small to large corresponds to
the color from blue to yellow.

3.2. Effect of CNT structure on HOMs

According to the former discussions, the g is set as 1.5 µm, and the HOMs of the two structural
fibers are simulated and analyzed. Figure 3 shows the simulation results of core mode LP01-LP31
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and main cladding modes (NCNT01, NCNT11, CNT01). The CLs of the LP01-LP31 modes
decrease rapidly when the r/d increases from 0.2 to 0.4 since larger nested tube increases the
light-confining ability of the cladding no matter NCNT or CNT structural. CL curves of LP01
and LP11 modes are still relatively stable and the value are low when r/d range from 0.4 to 0.7.
However, the CLs of LP21-LP31 show peaks for the NCNT structure at r/d= 0.55, 0.61 and 0.65,
respectively, which is caused by the coupling between the cladding mode NCNT01 as shown in
Fig. 3(b). Note that the mode of NCNT11 has never been coupled with core modes.

Fig. 3. Effect of changing r/d while the core radius R= 15 µm and g= 1.5 µm. (a) and (b)
correspond to NCNT-ARF; (c) and (d) correspond to CNT-ARF. Tow CL-Ratios curves is
plotted in inserted figure in Fig. 3(c). The solid squares are calculated values of cladding
modes (NCNT01, NCNT11, CNT01). The color of the frame corresponds to the color of
line of the plot.

We also calculated the neff of the cladding modes by the modified Marcatili- Schmeltzer mode
[30]:

nlk = 1 −
1
2

(︃
ulkλ

2πfr

)︃2
(3)

where ulk is the k-th zero solution of the Bessel function Jl, r is radius of the nested tube, and
f is a fitting parameter. The f of cladding modes NCNT01, NCNT11 and CNT01 is 1.00472,
0.99509, 0.96635, respectively. The analysis results are shown as the solid curve in Fig. 3(b)
and(d), which matches well with the simulation results of solid square.

Compared with NCNT structure, the loss peaks of the CNT structure don’t show again as
shown in Fig. 3(c), because the conjoined nested tube can directly eliminate the NCNT01 mode
and the CNT01 mode equivalent to the NCNT11 mode has never been coupled with core modes
as shown in Fig. 3(d). Moreover, the CL-Ratio curves of LP02/LP01 and LP31/LP01 as shown in
the inserted figure in Fig. 3(c) all are 100 in the range of r/d= 0.56-0.63. And the average CLs of
the LP01-LP31 modes are also the lowest in this range. A window is provided for exploring the
low bending loss few-mode HC-ARF in the next. It is noted that the neff of the cladding modes
changed drastically with the variation of the r/d, while the core modes kept relatively stable. The
core modes and the cladding modes are independent, which is consistent with the analysis of the
hollow core theory [30]. It provides a key way for us to decrease the loss by optimized r/d.

3.3. Effect of core radius on few-mode of LP01-LP31

In a few-mode fiber, the ∆neff of adjacent modes should be >10−4 to reduce modes crosstalk [23].
The core radius R is scanned from 14 to 25 µm while the r/d is fixed to 0.6. Simulation has been
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carried out and the ∆neff of adjacent modes with different R is plotted in Fig. 4(a), and each ∆neff
are >10−4. The ∆neff of LP02-LP21 modes is the smallest among the LP01- LP31 modes at
different R, and the minimum values is 1.7 × 10−4 at R= 25 µm. In order to ensure the weak
coupling between the modes, we did not further increase the radius.

Fig. 4. Effect of changing core radius R with the r/d= 0.6 and g= 1.5µm. The gray dotted
line in Fig.(a) (c) (d) are our expected baselines. In Fig.(b), the solid squares are simulated
values of CNT01 mode, the dark yellow solid curve is calculated by Eq.3 with an f value of
0.96842 which agree well with the solid squares. The color of the frame corresponds to the
color of line of the plot.

The above research shows that the HC-ARF can provide a possibility for few-mode transmission.
And the CLs of core modes can be decreased by increasing core radius that meet the requirement
in long-range optical communication [16]. The neff of the LP01-LP31 modes gradually increase
and converge with increasing the core radius R as shown in Fig. 4(b). Although the CNT01 mode
increases faster than the core modes, the CNT01 mode is not coupled with the LP01-LP31 modes.
The CLs decrease as R increases and there is no obvious loss peak as shown in Fig. 4(d). The
CLs of the LP01-LP31 modes all <3.0 × 10−4 dB/m in the range of R= 18-25 µm. In Fig. 4(c),
we also plot CL-Ratios of the LP02/LP01 and LP31/LP01 in the range of R= 14-25 µm, and the
value are <100 when R is greater than 20 for the two curves.

According to the above discussion, the core radius R not only has an important influence on
CL, but also plays a decisive role in ∆neff of adjacent modes. The LP01-LP31 modes always
maintain low loss due to the structural characteristics of CNT. In order to effectively reduce the
losses, CL ratio and weak mode coupling, the core radius R must be selected carefully.

3.4. Transmission property of few-mode

Based on the above analysis about the loss, CL-Ratio and modes coupling factors, we finally set
the core radius R= 23 µm. We analyze the transmission property of CNT-ARF in the wavelength
range of λ=1.3-1.7 µm. Figure 5(b) plots the ∆neff curve of adjacent modes at different wavelength.
The ∆neff of LP02-LP21 modes with the smallest value has a minimum value of 1.43×10−4 at 1.3
µm. The DGDs of adjacent modes at different wavelength have been studied as shown in Fig. 5(a)
which is a crucial feature to assess the performance of few-mode fibers [30]. The calculation
result shows the trends of the four DGD curves all increase with wavelength, and the lowest
curve of LP02-LP21 has a minimum value of 0.48ps/m at 1.3 µm. DGDs between five adjacent
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modes is 1.48, 1.88, 0.67, 1.04 ps/m at 1.55 µm, respectively. As the value is ≫ 0.1 ps/m, the
two guided modes are well separated.

Fig. 5. Effect of changing wavelength while the r/d= 0.6, R= 23 and g= 1.5µm. The gray
parallel line in Fig.(b) (c) (d) are our expected baselines. The color of the frame corresponds
to the color of line of the plot.

The CLs and CL-Ratios of LP01-31 modes is very low as shown in Fig. 5(c) and (d). The
anti-resonance condition can broaden the bandwidth, while the CNT structure reduces the losses
in higher order modes. The CLs of LP01 and LP11 modes are much <3.0 × 10−4 dB/m in the
whole band, and the CLs of LP21-LP31 modes is lower than this standard value at 1.33-1.63
µm. On the other hand, Fig. 5(c) shows that the CL-Ratio of LP02/LP01 is <100 in the range
of λ=1.3-1.7 µm. And the CL-Ratio of LP31/LP01 is <100 in the range of λ=1.33-1.63 µm.
In general, the optimized few-mode HC-ARF can support LP01-LP31 modes with low mode
couplings, large DGDs and low CL in a large wavelength range of 1.33-1.63 µm.

4. Bending loss

4.1. Effect of bending

Bending has a great influence on the transmission of optical fibers, especially the hollow core
fiber. The effect of bending on the fiber is studied by using a conformal mapping technique
[31,32]. We mainly study the X direction as shown in Fig. 6(a), which is more sensitive to the
bending than the Y since the easier coupling between core and cladding modes [15,17]. While
the wavelength is set to 1.55 µm, g= 1.5 µm, R= 23 µm and r/d= 0.6. Figure 6(c) shows that
BLs increases with the decrease of the bending radius. The BL exhibits a smooth trend when the
bending radius is greater than 6 cm, where the maximum value is only 1.17 × 10−4 dB/m, and
the values is 3.0 × 10−4 dB/m in LP01-LP31 modes. However, the BL increases significantly
when the bending radius is less than 6 cm and the BL peaks of LP2 mode and LP31 mode appear
at 3 cm and 4 cm, respectively, which is caused by the coupling of CNT01 mode, as shown in
Fig. 6(d). The ∆neff curves of adjacent modes at different bending radius are shown in Fig. 6(b).
In the case of extremely bending, ∆neff significantly increase as bending radius decrease. But
there is almost no change in ∆neff when the bend radius is greater than 6 cm. For example, the
growth of ∆neff of LP01-LP11 is around 1.1 × 10−5 at 6 cm.

We also analyzed the influence of bending on the bandwidth. Figure 7(a) and (b) plots the
BLs and neff curves of LP01-LP31, respectively, in the range of λ=1.3-1.7 µm when the bending
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Fig. 6. Effect of bend while the r/d= 0.6, R= 23 µm, wavelength= 1.55 µm and g= 1.5
µm. The gray parallel line in Fig.(a) is our expected baselines. The color of the frame
corresponds to the color of line of the plot.

radius is 6 cm. Figure 7(a) shows that the BLs of LP01 and LP11 modes are <3.0 × 10−4 dB/m
in the wavelength range of λ=1.31-1.66 µm. The BL of the LP21 mode is also lower than the
standard line within λ=1.32-1.66 µm. However, we can find that the LP02 mode and LP31
mode are coupled with CNT01 at wavelengths of 1.3 µm and 1.39 µm, respectively, as shown
in Fig. 7(b), which results in high loss peaks. Therefore, the low loss range of LP02 and LP31
are shortened to 1.43-1.63 µm and 1.46-1.61 µm, respectively. The transmission bandwidth is
greatly reduced compared with straight fiber.

Fig. 7. Effect of bending on the bandwidth while the R= 23 µm, g= 1.5 µm. The gray
parallel line in Fig.(a) (b) is our expected baselines. The color of the frame corresponds to
the color of line of the plot.
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4.2. Optimization of BLs

In order to expand the available bandwidth, more optimization and adjustment must be proposed
to limit the coupling of LP02-LP31 and CNT01. According to our discussion in section 3.2,
the neff of the CNT01 mode can be significantly changed by r/d while keeping the neff of the
core modes unchanging. It can be seen from Fig. 7(b) that if the neff of CNT01 decreases, the
coupling between cladding and core modes can be suppressed. According to Eq.3, the parameter
r/d should be reduced to achieve this aim. We obtained the low-loss transmission window with r/d
of 0.56-0.63 for the few-mode HC-ARF in section 3.2. So, we further optimized the r/d to 0.58.

Figure 7(c) and (d) shows the BLs and neff curves of the LP01-LP31 and CNT01 modes of the
optimized r/d= 0.58 in the range of λ=1.3-1.7 µm. The neff of the optimized CNT01 mode has
decrease significantly, and is only coupled with the LP31 mode at 1.31 µm where a high loss
peak appears of LP31 mode as shown in Fig. 7(c). With the neff of CNT01 mode increase, the
BL regions of LP02 and LP31 modes are significantly reduced compared to before. The low BL
bands of LP02 and LP31 modes are increased to 1.38-1.62 µm and 1.4-1.61 µm, respectively,
and the available bandwidth is increased by 60 nm compared with r/d= 0.6. In the inserted figure
in Fig. 7(c), we plot the BL-Ratio curves of LP02/LP01 and LP31/LP01, respectively. The range
of values 100 is 1.36-1.63 µm due to the reduction of loss. Overall, we got a 210 nm bandwidth
of wavelength of 1.4-1.61 µm that the BLs are <3.0 × 10−4 dB/m by further optimizing the r/d to
0.58.

5. Discussion and summary

For the further discussion of the mode property, the proposed HC-ARF can actually support more
modes when the HC-ARF is kept in straight, but the properties of bending are more attractive to
us. Simulations show that only five modes can meet expectations no matter the parameters are
optimized. The loss of higher order modes is about two orders higher than that of mode LP31. In
addition, the HC-ARF is usually fabricated using the stack-and-draw technique. The uniform
thickness of the cladding tube is the biggest challenge in the fabrication, which requires precise
control of drawing tensor and pressures. Meanwhile we have chosen anti-resonance orderm=2 to
both keep relatively low loss and satisfy the fabrication feasibility.

We have proposed a novel HC-ARF with glass-sheet conjoined nested tubes which has
successfully extended the HC-ARF from single-mode to few-mode in the wavelength range of 1.4-
1.61 µm. The special cladding structure with conjoined nested tubes was induced to suppress the
couplings between the cladding and core modes (LP01-LP31). We have optimized the parameter
r/d of the proposed HC-ARF and found an operation wavelength window of low CL and CL-Ratio
for few-mode transmission. The critical fiber core radius for low loss (CL<3.0 × 10−4 dB/m)
and weakly modes crosstalk (∆neff >1.0 × 10−4) was obtained. Simulation shows the optimized
few-mode HC-ARF can support LP01-LP31 modes with low mode couplings, large DGD and
extremely low CL in a large wavelength range of 1.33-1.63 µm. We also focused on the feasibility
of optimizing the BL. Since the dependence of core modes and cladding modes, we changed
the neff of cladding mode by decreasing conjoined nested tubes radius to suppress the coupling
between core and cladding modes. It is finally achieved that the five modes of LP01-LP31 can
still be transmitted with BLs are3.0× 10−4 dB/m in the range of λ=1.4-1.61 µm at bending radius
is 6 cm. The few-mode HC-ARF achieved transmission of few-mode with low loss, low nonlinear
and large DGD, which could be applied to large-capacity and high-speed data transmission.
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