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Low-Loss and Weakly Coupled Eight-Mode
Nodeless Hollow-Core Anti-Resonant Fiber With
Three-Layer Nested Tubes in Each Cladding Unit

Biao Wang , Wei Gao, Xin Wang , Paul K. Chu , Fellow, IEEE, and Shuqin Lou

Abstract—A low-loss and weakly coupled eight-mode nodeless
hollow-core anti-resonant fiber (HC-ARF) is designed and ana-
lyzed. The cladding structure comprising six cladding units with
three-layer nested tubes suppresses mode coupling between the
eight core modes (LP01-LP31a, LP31b-LP41) and cladding modes.
By optimizing the core radius and nested tubes, the confinement
losses of the LP01-LP41 modes can be controlled to be below
1.72×10−4 dB/m. The effective refractive index difference between
adjacent core modes is greater than 1.0×10−4, and the corre-
sponding differential mode group delay is larger than 0.38 ps/m in
the wavelength range between 1480 nm and 1670 nm. As a result,
weak coupling can be accomplished between LP01-LP41, and these
eight core modes can propagate through the HC-ARF with similar
low losses. Numerical analysis demonstrates that the eight weakly
coupled modes can be stably supported at a bending radius of 20 cm.
At smaller bending radii of 5 and 3 cm, five and two weakly coupled
core modes, respectively, can still be supported.

Index Terms—Anti-resonant fiber, few-mode fiber, hollow core
fiber, microstructured fiber, optical fiber design.

I. INTRODUCTION

A LTHOUGH the space division multiplexing (SDM) tech-
nology based on solid-core fibers can improve the trans-

mission capacity of communication systems [1], [2], [3], [4],
the transmission capacity is still limited by the nonlinearity
of solid-core fibers [5], [6]. Hollow core fibers (HCFs), which
can propagate light signals through the air core, offer unique
advantages, such as small delay, low nonlinear, little loss,
and wide transmission bandwidth, which can overcome the
limitations of conventional solid core fibers and increase the
transmission capacity in optical fiber communication [7]. For
example, SDM based on HCFs can increase the transmission
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capacity by orders of magnitude and may be able to overcome
the capacity bottleneck of optical communication systems. The
loss of a hollow-core anti-resonant fiber (HC-ARF) has been
reduced to 0.11 dB/km [8], which is already lower than that of
the commercial standard single-mode fiber (SMF). Compared
to the hollow-core photonic bandgap fiber (HC-PBGF) [9], [10]
and Kagome fiber [11], the HC-ARF has a simpler and more
flexible structure, lower loss, wider transmission bandwidth, and
easier fabrication. Owing to the small overlap in the light field
with the host materials, the HC-ARF can suppress the surface
mode and reduce surface scattering loss (SSL) [12], [13], [14].
Consequently, the confinement loss (CL) and bending loss (BL)
are the dominant losses of HC-ARFs [15].

Generally, HC-ARFs can propagate the fundamental mode
(FM) and multiple high-order modes (HOMs) at the same time.
In single-mode operation, it is common to utilize phase matching
between HOMs and cladding modes to realize the coupling of
HOMs with the cladding mode, causing a significant increase in
the loss of the HOMs and suppression of the HOMs [16]. In fact,
the structure of the HC-ARF can be modulated to deliberately
break the phase matching between the HOMs in the core and
cladding modes. As a result, the HC-ARF can support the propa-
gation of not only low-loss FM but also low-loss multiple HOMs
(mode group) to increase the spatial mode density and realize
the SDM of modes. In multi-mode fiber transmission systems,
the combination of multimode into a single channel is a common
practice [17]. Currently, multi-mode HC-ARFs has the potential
for high-power laser delivery [18], [19], [20]. Compared with
the reported multi-mode HC-ARFs, few-mode HC-ARFs can
effectively control intermode crosstalk, allowing each mode to
potentially function as an independent data channel. Similar
to solid core fibers, there are two possible ways to implement
mode division multiplexing in HC-ARFs, including the design
of few-mode HC-ARF with low differential mode group delay
(DMGD) or with weakly coupled few-mode propagation. Low
DMGD fibers allow arbitrary mixing between the spatial modes
of the core and compensate for the crosstalk between the modes
using a multiple-input multiple-output digital signal processing
technique (MIMO-DSP) at the receiving end. It has been shown
that the HC-ARFs can guide seven mode groups in the core
with a relatively low differential loss in the wavelength range
between 850 nm and 1050 nm [21]. However, this approach
suffers from the high DMGD and may require the use of complex
MIMO-DSP algorithms on the receiver side. Consequently,
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it is difficult to determine the reliability of large-scale and
long-distance data transmission in addition to the cost issue.
Weakly coupled fibers reduce the negative effects of crosstalk
by increasing the effective refractive index difference Δneff
between modes. When Δneff >10−4 between core modes, the
energy coupling between the core modes can be reduced [22],
and the signal is detected directly or by using low-dimensional
MIMO-DSP on the receiver side. This approach is suitable,
for example, for short-range information transmission for data
centers, where there is an urgent need to reduce the complexity
of MIMO. Wang et al. have designed a weakly coupled HC-ARF
for transmission of the LP01 and LP11 modes in the wavelength
range from 1.31 μm to 1.65 μm. Both modes have low CLs of
less than 1.0×10−2 dB/m and a large effective refractive index
difference Δneff greater than 5.0×10−4. Moreover, the bending
radius can be decreased to 10 cm [23]. Liu et al. have reduced the
CL of the weakly coupled few-mode HC-ARF using conjoined
nested tubes as the cladding units. It can support five modes,
including the LP01-LP31 modes from 1.40 μm to 1.61 μm.
The CLs of all five modes are lower than 3.0×10−4 dB/m,
thereby keeping the effective refractive index difference Δneff
between the HOMs greater than 1.0×10−4. The bending resis-
tance improves, and the permissible bending radius is reduced to
6 cm [24].

In this work, a weakly coupled nodeless HC-ARF that can
support the propagation of eight modes, including LP01, LP11,
LP21, LP02, LP31a, LP31b, LP12, and LP41 modes, is designed
and analyzed. The cladding structure consists of six cladding
units with three-layer nested tubes to suppress mode coupling
between the eight core modes LP01-LP41 and cladding modes.
Therefore, the CLs of LP01-LP41 modes can be reduced. By
optimizing the size of the core and nested tubes, the CLs of
the LP01-LP41 modes are less than 1.72×10−4 dB/m between
1480 nm and 1670 nm. In addition, Δneff between adjacent
core modes is greater than 1.0×10−4, and the corresponding
differential mode group delay is larger than 0.38 ps/m.

II. FIBER STRUCTURE

The ARF consists of an air core with a radius R, N nodeless
cladding units with a gap g, and an outer silica jacket layer,
as shown in Fig. 1. Each cladding unit comprises three-layer
nested tubes, where the outer tube and middle tube are concentric
circular tubes with radii of r1 and r2. Solid silica rods are the
support for these two tubes. The inner nested structure consists
of two small circular tubes with the same radius, r3, arranged
symmetrically on either side of the center of the circle and inter-
nally tangent to the middle-nested tube. Acting as Fabry-Perot
resonators in the radial direction, the three-layer nested tubes
provide more effective reflections to the expected core modes.
Therefore, the confinement losses of the expected core modes
can be reduced to realize few-mode transmission. The nested
tubes in the cladding have the same wall thickness, t, which is
determined by the anti-resonant reflection condition [16]:

t =
λ(m− 0.5)

2
√
n2 − 1

. (1)

Fig. 1. Cross-section of eight-mode nodeless HC-ARF with three-layer nested
tubes in each cladding unit and three air regions designated as Region A, Region
B, and Region C in each cladding unit.

where λ is the light wavelength in vacuum, n is the silica
refractive index, and m represents the order of the antiresonance
(m = 1, 2, 3, ···). The unique nesting structure enhances the
degree of freedom of partition of the cladding unit, leading to a
reduction in the effective refractive index of cladding modes.
This can effectively suppresses the phase matched coupling
between cladding modes and core modes, thereby the number of
low loss core modes can be efficiently increased. Each cladding
unit can be divided into three air regions, namely region A,
region B, and region C, as shown by the shadow area in Fig. 1.
The cladding modes are mainly distributed in these three regions.

In terms of the geometric relationship, the radius of the outer
cladding tube r1 should satisfy the following equation:

r1 =
g/2 + t− (R+ t) sin (π/N)

sin (π/N)− 1
. (2)

Considering the structure with three-layer nested tubes, we
use the relative structural parameters r2 / r1 and r3 / r2 in the fol-
lowing analysis. By selecting the relative structural parameters
r2 / r1 and r3 / r2, the mode characteristics of the cladding units
can be tailored to suppress the coupling between the expected
core HOMs and cladding modes in order to support few-mode
propagation in the HC-ARF.

The initial structural parameters are set as N = 6, g = 1.5 μm,
r2 / r1 = 0.60, r3 / r2 = 0.44, and R= 23 μm. In order to obtain a
wide transmission bandwidth, the wall thickness of the cladding
tubes is set as t = 0.46 μm so as to operate in the first-order
anti-resonance band. The mode properties of the few-mode HC-
ARF are simulated by the finite element method combined with
the perfectly matched layer (PML) as the boundary condition. In
order to ensure simulation accuracy, the mesh sizes in the air and
silica regions are set as λ/4 and λ/6, respectively [25]. A PML
is set outside the cladding layer with a thickness of 8 μm and a
mesh size of λ. In the simulation, the refractive index of air is 1
and that of silica is determined by the Sellmeier equation [26].
Fig. 2 shows the electric field distribution, neff, and confinement
loss (CL) of the first eight core modes at 1550 nm. The CL is
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Fig. 2. Electric field distribution, neff, and CL of the first eight core modes at λ= 1550 nm of the HC-ARF for N = 6, g = 1.50 µm, r2 / r1 = 0.60, r3 / r2 = 0.44,
and R = 23 µm.

calculated by the following equation [27]:

CL =
20

ln 10

2π

λ
Im (neff) . (3)

where Im(neff) is the imaginary part of the effective refractive
index neff of the mode. Fig. 2 shows that the first eight core modes
from LP01 to LP41 modes are confined in the fiber core, and the
CLs are less than 2.27×10−4 dB/m. Moreover, Δneff between
adjacent core modes is greater than 1.3×10−4 and can satisfy
the weak coupling condition and reduce the crosstalk between
these modes [22]. We define the ratio of the CL of HOM to that
of LP01 mode as CLR. The CLRs of the seven core HOMs, that
is, LP11-LP41 modes, can be calculated according to Fig. 2. The
CLRs of the seven core HOMs are less than 62, implying that
these eight core modes can be propagated stably.

III. OPTIMIZATION FOR EIGHT LP01 -LP41 MODES

The three-layer nested cladding unit and core size play a
crucial role in regulating the mode characteristics. This section
delves into and determines the impact of key parameters on the
characteristics of the few-mode HC-ARF.

A. Effect of Cladding Unit Number

Firstly, we investigate the effect of the number of cladding
units N on the CLs and CLRs of LP01-LP41 modes in the
HC-ARF. The number of cladding units N directly affect the
dimensions of the cladding units. When all initial parameters
except N keep constant, the effect of the number of cladding
units N on CLs and CLRs of LP01-LP41 modes is depicted in
Fig. 3. It can be clearly seen that the CLs and CLRs of LP01-LP41

modes basically appear a decreasing trend when the number of
cladding units is increased from N = 5 to N = 7. This is due to
the fact that a decrease in the number of cladding units would
lead to an increase in the hollow region within the cladding units,
which results in core modes more susceptible to be coupled with
cladding modes and thus CLs of core mode increase. When
N is 5, there is a significant increase in the CLs and CLRs
of LP31a-LP41 modes, in which the CLs of these modes are
all greater than 10−2 dB/m order and the CLRs are all higher
than 100. In order to maintain eight efficient propagation modes

Fig. 3. Effect of the N on CLs and CLRs of the LP01-LP41 modes of the
HC-ARF for g = 1.50 µm, r2 / r1 = 0.60, r3 / r2 = 0.44, and R = 23 µm at
1550 nm. The insets depict the contours of the y-component of the electric field
of LP41 mode at N = of 6 and 7.

(LP01-LP41 modes) in the HC-ARF, the number of cladding
units N should be more than 5. For the case of N = 6 and N = 7,
the CLs of LP11-LP41 modes are all below 2.27×10−4 dB/m.
But the CLRs of LP11-LP41 modes except LP31a at N = 7 are
all higher than those at N = 6. For instance, the CLR of the LP41

mode is 116.36 at N=7 and 61.38 at N=6. This can be attributed
to the increased overlap of the LP41 mode field with silica rods
and silica walls due to small cladding units at N = 7, which
can be clearly observed from the contour plot of y-component
electric field in the insets of Fig. 3. So do the other propagation
modes. In addition, the CLR of LP31a at N = 6 is slightly higher
than that at N = 7. Considering the effect of the cladding unit
number on the CLs and CLRs of LP11-LP41 modes, we choose
the cladding unit number N = 6 in the following analysis.

B. Effect of Gap Between Cladding Units

Adjusting the gap g between the cladding units will also result
in modifications to the overall dimensions of the entire cladding
unit due to the fixed core size. Fig. 4 shows the effect of the
gap g on the mode characteristics of the few-mode HC-ARF.
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Fig. 4. Effect of the gap g between cladding units on (a) CLs, (b) CLRs of the LP01-LP41 modes, and (c) neff curves of the LP01-LP41 modes and cladding
CM01 mode for the HC-ARF with N = 6, r2 / r1 = 0.60, r3 / r2 = 0.44, and R = 23 µm at 1550 nm. The rightest figures labeled i, ii, iii correspond to the points
marked as i, ii, iii in (b) where the white regions and the red regions represent the electric field distribution and y-component of the Poynting vector of the LP41

mode, respectively.

Fig. 5. Effects of the radius of the middle nested tube on (a) CLs and (b) CLRs of the LP01-LP41 modes; (c) neff curves of the LP01-LP41 modes and cladding
CM01 mode of the HC-ARF for N = 6, g = 1.50 µm, r3 / r2 = 0.44, and R = 23 µm at 1550 nm. The electric field distribution of the LP41 mode (white) and the
y-component of the Poynting vector (red) are shown in the inset in (a), and the electric field distribution of the CM01 mode is displayed in the insets in (c).

When g is varied between 1.40 μm and 1.70 μm, the CLs of the
LP01-LP41 modes are all below 5.29×10−4 dB/m, as shown
in Fig. 4(a). Meanwhile, the CLRs of the LP11-LP41 modes
are all less than 86, as shown in Fig. 4(b). The neff curves of
the LP01-LP41 modes and cladding fundamental mode (CM01)
in Fig. 4(c) reveal that there is no crossing point between the
LP01-LP41 modes and CM01 mode and thus phase matching
conditions between them are not satisfied, which means that the
mode coupling between the eight core modes and cladding mode
can be efficiently suppressed and low CLs can be achieved for
the eight core modes. When g< 1.40μm and g> 1.70μm, there
are some fluctuations in the CLs and CLRs for some high order
core modes such as LP12, LP31a, and LP41 modes. This can be
analyzed from the electric field distribution (white region) and
y-component of the Poynting vector (red region) of LP41 mode
in the rightest picture of Fig. 4 corresponding to points i, ii, and
iii in Fig. 4(b). Compared with the figure i, figure ii illustrates
that energy coupling from these core modes to the middle and
inner tubes wall in the cladding can be enhanced when the g

is reduced below 1.40 μm. Meanwhile, when g is increased to
above 1.70 μm, figure iii demonstrates that energy coupling can
be further expanded from these core modes to the silica rod and
thus both CLs and CLRs appear a relatively high fluctuation.
The neff of the cladding fundamental mode (CM01) decreases
as g increases, while the neff of the LP01-LP41 mode remains
nearly constant due to the constant core size, as can be seen
from Fig. 4(c). Hence, g is set between 1.40 μm and 1.70 μm.
When g = 1.50 μm, all LP01-LP41 modes have low CLs below
2.27×10−4 dB/m and CLRs less than 59.45. Therefore, g is
chosen as 1.50 μm for the following discussion.

C. Effects of Middle Nested Tube

As shown in Fig. 5, when r2 / r1 is varied between 0.64 and
0.72, the CLs of the LP01-LP41 modes are below 1.22×10−4

dB/m. At the same time, the CLRs of the LP11-LP41 modes are
less than 50, indicating that the eight core modes have similar low
CLs. The neff curves of the LP01-LP41 modes and CM01 mode
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Fig. 6. Effects of the radius of the inner nested tube on (a) CLs and (b) CLRs of
the LP01-LP41 modes of the HC-ARF for N = 6, g = 1.50 µm, r2 / r1 = 0.70,
and R = 23 µm at 1550 nm. The electric field distribution (white) and the
transverse power flow (red) of the LP41 mode, LP12 mode, and LP31b mode
are shown in the insets on right for r3 / r2 = 0.36.

do not cross each other, meaning that mode coupling between
LP01-LP41 modes and cladding modes is suppressed. When r2 /
r1 < 0.60, the CLs of the LP31a, LP12, and LP41 modes increase,
and the CLRs of these modes increase dramatically, as shown
in Fig. 5(a) and (b). This is caused by the strong coupling of
the energy of these core modes with the middle tube, inner tube,
and silica rod in the cladding, as shown in the inset in Fig. 5(a).
Similarly, when r2 / r1 > 0.72, the LP12 and LP41 modes begin
to couple to the silica layer in the cladding, and therefore, CLs
increase. When r2 / r1 < 0.50, the neff of the CM01 mode in
regions A and B increases with increasing region A until it is
geometrically limited, and the neff curve will intersect those of
the LP41-LP01 modes in sequence. Similarly, when r2 / r1 >
0.82, the neff of the CM01 mode in regions B and C increases with
the increase of these two regions until it is geometrically limited,
and the neff curve intersects those of the LP41-LP01 modes in
sequence. At this time, the coupling of the energy of LP01-LP41

modes to the silica layer and cladding modes strengthens, and
the losses of these core modes increase. It is worth noting that the
smallest neff of the CM01 mode appears at r2 / r1 = 0.64, which
is away from the neff curves of the LP41-LP01 modes. At this
time, the modal field of the CM01 mode is mainly distributed
in regions A, B, and C. When r2 / r1 = 0.70, the LP01-LP41

modes have low CLs of less than 4.82×10−5 dB/m, and CLRs
are less than 13.80. Therefore, r2 / r1 is chosen to be 0.70 for
the following discussion.

D. Effects of Inner Nested Tubes

Fig. 6 shows that when r3 / r2 changes in the range from 0.38
to 0.45, the CLs of LP01-LP41 modes are all below 2.11×10−4

dB/m, while the CLRs of LP11-LP41 modes do not exceed 60.49.
However, when r3 / r2 < 0.38, the CLs of the LP31b, LP12,

and LP41 modes increase, and so do the corresponding CLRs,
because the confinement ability of the two inner nested tubes
becomes weaker when r3 / r2 < 0.38. Hence, the energy of
the LP31b, LP12, and LP41 modes produces leakage through
the gap between the two tubes in region B, as shown by the
transverse power flow in the right inset in Fig. 6. The neff curves

Fig. 7. Effects of the radius of the inner nested tube on neff of the LP01-LP41

modes and cladding CM01 mode for N = 6, g = 1.50 µm, r2 / r1 = 0.70, and
R = 23 µm at 1550 nm.

in Fig. 7 show that the CM01 mode approaches the core modes
and intersects the LP41-LP01 modes when r3 / r2 < 0.36. The
high losses may stem from energy leakage of the LP01-LP41

modes and coupling between the LP01-LP41 modes and cladding
modes. When r3 / r2 > 0.45, the CLs of the LP31b, LP12,
and LP41 modes increase as the size of the inner nested tubes
increases because the gradual proximity of the dielectric walls of
the two inner nested tubes couples the mode energy to the silica
layer and increases CL. The CM01 mode is distributed in both
regions B and C when r3 / r2=0.44, where it has the smallest neff,
away from the neff of LP41-LP01 modes. When r3 / r2 = 0.40,
the coupling between the cladding mode and the expected core
modes is suppressed. It also ensures that the inner nested tube
provides effective constraints to the eight core modes, and the
LP01-LP41 modes have similarly low CLs. Therefore, in the
following discussion, r3 / r2 is chosen to be 0.40.

E. Effects of Core Size

Fig. 8 shows the effects of the core size on the mode character-
istics of the few-mode HC-ARF. When the core size R changes
between 19 μm and 26 μm, the CLs of the eight modes decrease
with increasing core size, and the CLs of LP01-LP41 modes are
below 7.61×10−4 dB/m, as shown in Fig. 8(a). Meanwhile, the
CLRs of the LP11-LP41 modes are less than 48.45 except for
R = 24 μm. When R = 24 μm, the CLR of the LP12 mode is
greater than 100 because the energy of the LP12 mode is coupled
to the middle tube, inner tube, and silica rod, as shown in the
inset in Fig. 8(b). The neff curves of the LP01-LP41 modes and
CM01 mode in Fig. 8(c) reveal that there is no crossing between
the LP01-LP41 modes and CM01 mode, implying that the mode
coupling between the eight core modes and cladding modes is
suppressed to generate low CLs for the eight core modes. The
Δneff values between adjacent core modes are all greater than
1.0×10−4, as shown in Fig. 8(d), indicative of suppression of
crosstalk between adjacent core modes. However, when R >
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Fig. 8. Effects of the core radius on (a) CLs and (b) CLRs of the LP11-LP41 modes; (c) neff curves of the LP01-LP41 modes and cladding CM01 mode; (d) Δneff
between adjacent modes of the HC-ARF for N = 6, g = 1.50 µm, r2 / r1 = 0.70, and r3 / r2 = 0.40 at 1550 nm. The electric field distribution of the LP41 mode
(white) and the y-component of the Poynting vector (red) are shown in the inset in (b).

TABLE I
PARAMETERS OF THE OPTIMIZED FIBER DESIGN

26 μm, fluctuations are observed from the CLs of the LP01-LP41

modes and the corresponding CLR curves. As shown in Fig. 8(c)
and (d), the neff curves of the LP01-LP41 modes are gradually
close to each other as R increases, and Δneff between LP31b

mode and LP12 mode starts to be less than 1.0×10−4 when R
> 26 μm. To satisfy the weak coupling condition, R is chosen
to be 25 μm. In this case, the CLs of the LP01-LP41 modes and
CLRs of the LP11-LP41 modes are less than 4.66×10−5 dB/m
and 49, respectively.

F. Propagation Characteristics of Eight Modes

Based on our analysis described above, the optimized pa-
rameters are listed in Table I, and the unlisted r1 is calculated
by (2). Subsequently, the few-mode transmission characteristics
are determined. When the wavelength changes from 1480 nm
to 1670 nm, the CLs of the LP01-LP41 modes are less than
1.72×10−4 dB/m, and the CLRs of LP11-LP41 modes are all
less than 100, as shown in Fig. 9. Hence, these eight modes can
be transmitted efficiently by the few-mode HC-ARF. Moreover,
the effective refractive index differences Δneff between adja-
cent modes are greater than 1.0×10−4, which can effectively
suppress the crosstalk between adjacent core modes.

The differential mode group delay (DMGD) is a key factor
for few-mode fibers [24], and that between any two modes is
described by the following equation [28]:

DMGD =
n
(i)
eff − n

(j)
eff

c
− λ

c

(
dn

(i)
eff

dλ
− dn

(j)
eff

dλ

)
, (4)

where c is the speed of light in vacuum, λ is the wavelength,
and n

(i)
eff and n

(j)
eff are the effective refractive indexes of the

i and j modes, respectively. Fig. 9(c) shows the DMGD of
adjacent core modes at different wavelengths. The calculated
results show that except for the LP31a-LP02 mode, the DMGD
of other adjacent modes increases with increasing wavelength,
resembling the trend of the Δneff curve between adjacent core
modes in Fig. 9(d). Since there are different neff changing
rates relative to the wavelength for the LP31a and LP12 modes,
the DMGD of the LP31a-LP02 modes diminishes slightly with
increasing wavelength. Among the eight supported modes, the
smallest DMGD appears between LP12 and LP31b modes. The
DMGD between the LP12 and LP31b modes at 1480 nm is 0.38
ps/m, which is much larger than 0.10 ps/m, indicating that all the
adjacent modes among the eight modes are well separated [23],
[29]. All in all, this HC-ARF supports eight modes, including
the LP01-LP41 modes with large DMGDs, together with low
CLs in the transmission bandwidth spanning wavelengths from
1480 nm to 1670 nm.

G. Bending Characteristics

Conformal mapping [30], [31] is applied to evaluate the
effects of bending on the LP01-LP41 modes. Because the power
exchange caused by mode coupling is more likely to occur be-
tween the core and cladding modes [32], the x-direction is more
sensitive to bending than the y-direction [24]. The parameter,
BLR, defined as the ratio of the bending loss (BL) of the HOM
to that of the LP01 mode (FM), is introduced to evaluate the
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Fig. 9. (a) CLs and (b) CLRs of the LP01-LP41 modes; (c) DMGD and (d) Δneff between adjacent modes in the LP01-LP41 modes in the wavelength range
between 1420 nm and 1700 nm of the HC-ARF for N = 6, g = 1.50 µm, r2 / r1 = 0.70, r3 / r2 = 0.40, and R = 25 µm.

Fig. 10. Effects of the bending radius on (a) CLs of the LP01-LP41 modes; (b) neff curves of the LP01-LP41 modes and cladding CM01 mode; (c) BLRs of
the LP11-LP41 modes; (d) Δneff between adjacent modes in LP01-LP41 modes of the HC-ARF for N = 6, g = 1.50 µm, r2 / r1 = 0.70, r3 / r2 = 0.40, and
R = 25 µm at a wavelength of 1550 nm. The figures labeled i, ii, iii, and iv on the right panel correspond to the points marked as i, ii, iii, iv in (b) and represent the
mode electric field distributions and field contours of the y-component of the LP31a and LP31b mode.

few-mode HC-ARF. When the BLR is less than 100, the HOM
can be efficiently propagated in the few-mode fiber, even in the
bent state.

When the bending radius is larger than 16 cm, the bending
loss of the LP01-LP41 modes is below 7.65×10−5 dB/m, while
the BLR of the LP11-LP41 modes is less than 100, as shown in
Fig. 10(a) and (c). Fig. 10(d) shows that the crosstalk between
adjacent core modes is suppressed because Δneff between adja-
cent modes of the LP01-LP41 modes is greater than 1.0×10−4,
even if the bending radius is reduced to 3 cm. The neff curves in
Fig. 10(b) show that the neff of the CM01 mode approaches that of
the core modes and intersects the neff curves of the LP41-LP01

modes when the bending radius is less than 10 cm, resulting
in the loss peak shown in Fig. 10(a). Correspondingly, there
is a sharp increase in the BLRs of the LP41-LP11 modes and a
decrease in the number of modes supported by the fiber, as shown
in Fig. 10(c). Fig. 10(d) shows that Δneff between adjacent

modes of the LP01-LP41 modes increases if the bending radius
is less than 7 cm, except Δneff between LP31a and LP31b, which
decreases at a bending radius of less than 7 cm. This is because
a smaller bending radius increases the degree of coupling of
the core modes to the dielectric modes, except the LP31a mode,
which is coupled to the dielectric mode to a reduced degree, as
shown in the right side inset in Fig. 10. In order to support eight
weakly coupling modes more stably, the bending radius should
be equal to or greater than 20 cm. When the bending radii are
reduced to 5 cm and 3 cm, the fiber can still support five and two
modes, respectively.

Fig. 11 presents the effects of bending on the transmission
bandwidth for a radius of 20 cm. As shown in Fig. 11(a) and (b),
the BLs of the LP01-LP41 modes are less than 1.85×10−4

dB/m between 1480 nm and 1640 nm, while the BLRs of the
LP11-LP41 modes are less than 80. When the wavelength is
longer than 1480 nm, Δneff between adjacent modes is larger
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Fig. 11. (a) Variations of CLs and (b) BLRs of the LP01-LP41 modes; (c) Δneff between adjacent modes for the LP01-LP41 modes in the wavelength range
between 1420 nm and 1700 nm of the HC-ARF for N = 6, g = 1.50 µm, r2 / r1 = 0.70, r3 / r2 = 0.40, and R = 25 µm subjected to a bending radius of 20 cm.

Fig. 12. Effects of the change of d / D on (a) CLs and (b) CLRs of the LP01-LP41 modes; (c) neff curves of the LP01-LP41 modes and cladding CM01 mode of
the HC-ARF for N = 6, g = 1.50 µm, r2 / r1 = 0.70, r3 / r2 = 0.40, and R = 25 µm at 1550 nm.

than 1.0×10−4, as shown in Fig. 11(c). Therefore, this ARF sup-
ports the LP01-LP41 mode in the transmission band spanning the
wavelength range from 1480 nm to 1640 nm for a bending radius
of 20 cm with good few-mode transmission characteristics.

IV. MANUFACTURING SIMPLIFICATION AND TOLERANCE

ANALYSIS

In order to reduce the fabrication difficulty, a silica rod is
used in each cladding unit to support the middle tube. When
the silica supporting rods of the cladding unit are changed to
silica supporting tubes, the effects of the air duty ratio d / D on
the CL and neff of the LP01-LP41 modes are shown in Fig. 12.
Fig. 12(a) and (b) show that a larger d / D of the supporting
tube can reduce slightly CLs and CLRs of the LP31b, LP12, and
LP41 modes. This is because a larger d / D reduces the coupling
between these three modes and the modes of the silica rods.
However, no matter how the d / D of the silica supporting tube is
changed, there is no effect on neff of the LP01-LP41 modes and

CM01 mode, as shown in Fig. 12(c). Last but not least, in actual
manufacturing, the use of silica rods simplifies pressure control
during the drawing process and reduces the difficulty associated
with fiber drawing.

Additionally, we also conduct an analysis of the manufactur-
ing tolerance for the proposed few-mode HC-ARF. The man-
ufacturing errors in HC-ARF primarily stem from fluctuations
in the dimensions and wall thickness of nested tubes during
fiber drawing process. The outermost nested tube’s dimension
r1 is primarily determined by the variables g and R. Therefore,
we focus on analyzing the tolerances of the key parameters
including g, R, r2, r3. Since there is a slight effect of the
small fluctuation of these parameters on CLs of eight core
modes, we mainly investigate their effects on CLRs. In terms
of the currently manufactured level of the HC-ARF, the ±1%
fluctuation in the fiber geometric parameters can be guaranteed
[33], and minimal changes in wall thickness t have negligible
impact on the anti-resonant properties of the nested tube. On the
basis of the optimal structure parameters, we have determined
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TABLE II
CRITICAL PARAMETER TOLERANCE

the appropriate tolerances by considering the maximum CLR
below 100, as listed in Table II. It can be found that there are
high fabrication tolerances for the proposed few-mode HC-ARF
due to the fluctuations of the structure parameters during the
fabrication process.

V. CONCLUSION

A weakly coupled nodeless few-mode HC-ARF is designed
to support the propagation of eight modes, including the LP01,
LP11, LP21, LP02, LP31a, LP31b, LP12, and LP41 modes. The
cladding structure is composed of six nodeless cladding units
with three-layer nested tubes to restrain mode coupling between
the LP01-LP41 core modes and cladding mode while reducing
the confinement loss of the LP01-LP41 modes. The optimal
nested tube size and core radius are determined by the finite
element method. By adopting the optimized structural parame-
ters of N = 6, g = 1.50 μm, r2 / r1 = 0.70, r3 / r2 = 0.40, and
R = 25 μm, the CLs of the LP01-LP41 modes are all less than
1.72×10−4 dB/m in the transmission bandwidth between 1480
nm and 1670 nm, whileΔneff between adjacent modes is greater
than 1.0×10−4. All the corresponding DMGDs are greater than
0.38 ps/m. At a bending radius of 20 cm, the transmission
characteristics are similar to those of a flat fiber, indicating
stable transmission of the eight weakly coupled modes. When
the bending radii decrease to 5 cm and 3 cm, the fiber still
supports five and two modes, respectively. Owing to the merits
such as small loss and low crosstalk of the eight guided modes,
the fiber has large potential in short-distance and high-capacity
data transmission applications for data centers.
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