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ABSTRACT
A novel ring anti-resonance fibre (ARF) is designed and demonstrated for the transmission of orbital
angular momentum (OAM) modes. The fibre consists of two layers of negative curvature tubes
arranged orderly inside and outside the ring region and OAM modes can be transmitted in the
ring region. The properties of the fibre are investigated by the finite element method based on the
COMSOL multiphysics software and a manufacturing method is proposed. The fibre shows stable
transmissionof 30OAMs in the1.5–1.6μmband, lowand flat dispersion (5.98 ps/(kmnm)), extremely
small nonlinear coefficient (0.539 km−1 W−1 at 1.55μm) and confinement loss (10−9–10−11 dB/m),
as well as high OAM purity (larger than 98.295%). Therefore, the structure has immense potential in
optical communication.
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1. Introduction

Space division multiplexing (SDM) and mode division
multiplexing (MDM) are two effective techniques to
expand capacity of optical communication systems [1–3].
As another form of MDM, optical orbital angular
momentum (OAM) has become a research hotspot in
optical fibre communication because it can realize large
capacity stable transmission theoretically due to infinite
orthogonal basis [4,5]. At present, the step index fibre
(SIF) [6], graded index fibre (GIF) [7] and photonic
crystal fibre (PCF) [8] can transmit optical OAM sta-
bly. In particular, PCF has become the main medium for
optical orbital angular momentum transmission because
of the flexible structural design and good compatibility.
However, one of the impediments for OAM in PCF is
the easy occurrence of mode coupling, thereby making
the effective index difference to be less than 1× 10−4

and difficult for OAM modes to propagate stably [9].
In addition, although PCFs deliver excellent perfor-
mance by rational design of cladding air holes, it is
still difficult to minimize scattering loss and absorp-
tion loss [10], which can affect production and appli-
cation negatively. Consequently, there have been efforts
to design optical fibres with low loss and flat dispersion
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to improve the quality of OAM mode transmission in
optical fibres.

In the anti-resonance effect [11], when light is coupled
with the core and transmitted to the interface between
the core and cladding, the light satisfying the resonance
condition is transmitted through the cladding, while light
not satisfying the resonance condition is reflected back
to the core region and continue to propagate forward.
The anti-resonance fibre (ARF) has a negative curvature
and the cladding is composed of a circular or elliptical
tubes [12]. The surface normal vector at the core bound-
ary is opposite to the radial unit vector and the negative
curvature can suppress mode degeneracy [13] to facili-
tate OAM mode transmission. Moreover, the limitation
of scattering loss and absorption loss at short and long
wavelengths can be circumvented by adopting the spe-
cial guiding principle of ARF to reduce the loss of the
fibre. For example, Kosolapov et al. [14] proposed an
ARF with double capillaries and single rings with the
same wall thickness showing a loss at 1.85μm wave-
length of not higher than 75 dB/km. Chaudhuri et al. [15]
illustrated a negative curvature ARF with nested elliptic
cladding tubes for ultra-low loss transmission at 1.55μm.
Hayes [16] et al. designed a hollow coreARF composed of
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seven single ring cladding tubes with a minimum loss of
25 dB/km at 1.2μm and recently, Chen Xiang et al. [17]
proposed a negative curvature ARF with loss of less than
1 dB/km and excellent single-mode performance.

In this work, a circular ARF is designed for the trans-
mission of 30 OAM modes in the range of 1.50μm
to 1.60μm and the effective index difference of all the
modes are larger than 10−4. Our analysis conducted with
COMSOL Multiphysics reveals flat dispersion, low con-
finement loss, large effective mode area and high OAM
purity. The influence of the wall thickness of the nega-
tive curvature anti-resonance tube on the dispersion flat-
ness and OAM purity is assessed and the manufacturing
process for the fibre structure is proposed.

2. ARF design and numerical simulation

The cross-section of the ARF which can propagate OAM
modes with the negative curvature anti-resonance tube is
shown in Figure 1. In the finite element method (FEM),
the free triangular mesh with the minimum element of
0.012 μm is adopted and the degree of freedom is 380,253.
The geometry has 117 domains, 460 boundaries and 394
vertices. A layer containing the negative curvature anti-
resonance tubes with the samewall thickness and tangent
to the annular region is laid inside and outside the annu-
lar region, respectively. The inner tubes are dense and
evenly distributed inside the annular region. Eighteen
anti-resonance tubes with a large inner radius, which
effectively limit the light that does not meet the reso-
nance condition in the ring region, are placed outside the
annular area to reduce dispersion and mode degeneracy.

The cladding is air except the wall of the anti-
resonance tube to increase the effective index differ-
ence and transmission of more OAMmodes. R0 = 9μm
is the inner radius of the annular region, l0 = 3.5μm

Figure 1. Cross-section of the annular structure in the ARF.

is the thickness of the annular region, r1 = 2μm and
r2 = 0.8μm are the inner radius of two kinds of nega-
tive curvature tubes respectively, t = 0.5μm is the wall
thickness, and R1 = 17μm is the radius of cladding. The
effect of l0 on the performance of the optical fibre from
2μm to 4μm is considered when designing the struc-
ture. The simulation results demonstrate that a larger l0
produces smaller dispersion and confinement loss. How-
ever, the number ofOAMmodes begins to decreasewhen
l0 is greater than 3.5μm and the ring region thickness
is thus set to be 3.5μm. In Figure 1, the indigo area is
the perfect matching layer (PML) and the blue region is
SiO2, whose refractive index is determined by Sellmeier
equation [18] as shown in Equation (1):

n2(λ) = 1 + A1λ
2

λ2 − B1
+ A2λ

2

λ2 − B2
+ A3λ

2

λ2 − B3
(1)

whereA1 = 0.6961663,A2 = 0.4079426,A3 =0.897479,
B1 = 0.0684043, B2 = 0.1162414 and B3 = 9.896161.
After calculating the original data with COMSOL, vari-
ous optical properties can be obtained using MATLAB.

3. Results and discussion

To determine the properties of the ARF and transmission
of OAM modes, the effective refractive index, effective
refractive index difference, dispersion, effective mode
field area, nonlinear coefficient, limiting loss and numer-
ical aperture are derived. The influence of the negative
curvature tube wall thickness on dispersion and confine-
ment loss is also evaluated.

3.1. Transmissionmodes

The vortex beam has a helical phase exp(±ilθ), where l is
the number of topological charges and θ is the azimuth
angle. As a new dimension of optical communication,
OAM can be defined as the superposition of odd and
even modes of the same order vector mode. OAMmode
is widely used in optical communication because of its
infinite number of orthogonal bases. In the fibre, HEl+1,m
and EHl−1,m are the eigenmodes of OAMl ,m where m is
the number of concentric rings in the intensity distribu-
tion and equal to 1. The OAM mode in the optical fibre
is composed of the intrinsic mode [19]:

OAM±
±l,m = HEevenl+1,m ± iHEoddl+1,m and

OAM∓
±l,m = EHeven

l−1,m ± iEHodd
l−1,m (2)

where ‘±’ or ‘∓’ is the circular polarization direction and
‘+’ and ‘–’ denote the right-handed and left-handed cir-
cular polarization, respectively. Equation (2) shows that
OAM1,m composed of odd and evenmodes of HE2,1 with
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Figure 2. (a)–(f ) Optical field distributions of the partial HE and
EH modes in the z direction at 1.55μm; (g)–(i) Phase diagrams of
the partially displayed OAMmodes.

the same polarization and rotation direction of the wave
front has two modes. The OAM patterns with the same
topological load l andm belong to the sameOAMpattern
group. OAMl ,m has two degeneracies when l = 1 and
four degeneracies when l > 1. Therefore, the fibre has
30 OAM modes including OAM± ±1,1HE2,1,OAM±
±l,1HEl+1,1,EHl−1,1 (l = 2–8). Figure 2(a–f) shows the
field distributions in the z direction for partial modes at
1.55μm.TheOAMmodes of the EHmodes aremore sta-
ble than those of HE under an external influence because
the EH modes are closer to the fibre core than the HE
modes. Figure 2(g–i) shows the phase distributions of the
OAM modes which change π /2 azimuthally and there-
fore, thesemodes can be de-multiplexedwith conjugating
phase modes.

3.2. Effective refractive index

The real part and imaginary parts of the effective mode
index determine the dispersion and confinement loss and
it is the basic physical quantity of the ARF. Figure 3(a)
exhibits the effective index of all theOAMmodes and sta-
ble transmission of the OAM mode in the optical fibre
depends on the effective index difference. It has been
demonstrated that the effective index difference between
the HE and EH modes which can synthesize the same
order OAM should be greater than 1× 10−4 [20,21],
otherwise the OAM modes will become degenerate and
form LP modes during transmission in the fibre, which

Figure 3. (a) Effective mode index of all the modes and (b) Effec-
tive refractive index of the OAMmodes.

is not conducive to optical communication. The varia-
tion of the effectivemode refractive index difference with
wavelength is shown in Figure 3(b).

The longer the wavelength, the smaller is the effective
refractive index. Moreover, the effective mode index is
inversely proportional to the wavelength and the effective
refractive index difference is proportional to the wave-
length. The OAMmode with the smallest effective index
difference is OAM8,1 at 1.50μm, which is 1.426× 10−4,
and the refractive index difference of all the modes
is greater than 1.541× 10−4 at 1.55μm. Consequently,
mode degeneracy does not occur in the advanced ARF.

3.3. Chromatic dispersion

Pulse broadening produces signal distortion when dif-
ferent components of the optical signal propagate at
different speeds for a certain distance in the optical
fibre and it is called dispersion. The transmission dis-
tance of the optical signal decreases and the confine-
ment loss increases when dispersion is too large and
hence, dispersion in the structure should be as small and
flat as possible. The dispersion of ARF is expressed by
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Figure 4. Chromatic dispersion of the HE and EH modes in the
advanced fibre.

Equation (3) [22]:

D = −λ

c
d2Re(neff)

dλ2
(3)

where c = 3×108 m/s is the speed of light, λ is the wave-
length and Re(neff ) is the real part of the effective refrac-
tive index.

Dispersion of the HE and EH modes (Figure 4)
increases with increasing wavelength and that of higher-
order modes is larger than that of lower order modes
because the refractive index variation of higher-order
modes is greater than that of the lower mode as the
wavelength goes up. The EH mode of the same order
of OAM is closer to the core and the HE mode is near
the cladding for the same wavelength. The EH mode has
a longer transmission distance and larger pulse width
when it propagates to the cladding leading to higher dis-
persion. The mode with minimum dispersion is HE1,1
and as low as 44.158 ps/(kmnm) at 1.50μm, while the
smallest variation is 5.98 ps/(kmnm) for HE1,1. Concur-
rently, the mode with maximal dispersion is EH7,1 and
118.688 ps/(kmnm) at 1.55μm,whereas the utmost vari-
ation of 10.9923 ps/(kmnm) is observed from EH7,1. The
small and flat dispersion produces the excellent proper-
ties in optical fibre communication. The dispersion flat-
ness of the fibre and comparisonwith other structures are
shown in Table 1. The influence of the negative curvature
tube wall thickness on dispersion of HE1,1 represented
in Figure 5 is also investigated at 1.55μm. Dispersion
increases with increasing wavelength for any wall thick-
ness and that of HE1,1 decreases and tends to be flat when

Figure 5. Relationship between dispersion and wall thickness of
HE1,1.

the wall thickness becomes larger. In fact, the thicker
the negative curvature tube, the smaller is dispersion.
However, the number of OAM modes decreases when
t > 0.5μm and so the optimal thickness of the negative
curvature tube is 0.5μm.

3.4. Nonlinear coefficient and effectivemode area

The region of the light field distribution is called the
effective mode area, which reflects the concentration of
photon energy in the fibre. The effective mode area is
expressed by Equation (4) [23]:

Aeff = (
∫∫ |E(x, y)|2dxdy)2
∫∫ |E(x, y)|4dxdy (4)

where E(x,y) is the electric vector of the cross-section of
the optical fibre during light propagation and can be eval-
uated by COMSOL directly. Another important physical
quantity related to transmission of OAM modes is the
nonlinear coefficient which is inversely proportional to
the effective mode area as shown by Equation (5) [24]:

γ = 2πn
λAeff

(5)

where n = 2.3× 10−20 m2W−1 is the nonlinear refrac-
tive index of silica, λ is the wavelength, and Aeff is the
effective mode area. The nonlinear coefficient can be uti-
lized tomeasure the nonlinear effects in the structure. It is

Table 1. Comparison of the minimum dispersion flatness.

This paper Ref. [27] Ref. [28] Ref. [29] Ref. [30]

5.98 ps/(km·nm) 32 ps/(km·nm) 60 ps/(km·nm) 18.72 ps/(km·nm) 53.48 ps/(km·nm)
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Figure 6. (a) Effectivemode area and (b) Nonlinear coefficients of
the HE and EH modes.

not conducive to the stable transmission of optical signals
and actual production of the ARF when the nonlinear
coefficient is too large. Therefore, the nonlinear coeffi-
cient should be as low as possible. Figure 6(a,b) shows
the effective mode area and nonlinear coefficient of the
transmitted OAMmode, respectively.

The longer the wavelength, the larger is the mode field
area and the smaller the nonlinear coefficient. The rea-
son why the mode order is proportional to the effective
mode area is that the circular region has a low ability to
limit the higher-ordermodes, whichmakes it easy to leak
into the cladding. The pattern with the smallest nonlin-
ear coefficient is HE9,1 at 1.6μm (0.520 km−1 W−1) and
the nonlinear coefficient is as low as 0.539 km−1 W−1 at
1.55μm. The reason for the larger mode area of the HE
modes used to synthesize OAM of the same order is that
the light field of the HEmode is closer and can leak more
easily into the cladding.

3.5. OAMpurity/mode purity

Mode purity characterizes the mode quality of OAM and
the higher the mode purity, the more stable is OAM
mode transmission and more complete the signal after

Figure 7. (a) Mode purity of the HE and EH modes from 1.50μm
to1.60μmand (b) variation of thepurity of HE and EHmodeswith
the thickness of the negative curvature tube wall at 1.55μm

de-multiplexing. The purity of the OAM modes can be
evaluated qualitatively using the light intensity overlap
factor. The mode purity determined by Equation (6) [23]
is mainly related to the electric field distribution in the
ring region and cross-section of the fibre:

η = Ir
Ic

=
∫∫

ring
−→|E|2dxdy

∫∫
cross - section

−→|E|2dxdy
(6)

where Ir and Ic are the light intensity of the ring area and
entire fibre section, respectively, which can be computed
by COMSOL. Figure 7(a) shows the regulation of wave-
length and OAM purity. As shown in Figure 7(a), the
mode purity of the HE and EH modes is inversely pro-
portional to the wavelength. All the HE and EH modes
propagating in the ARF aremore than 98.332%which are
high and conducive to optical communication. It is noted
that the mode purity of the HEmodes is higher than that
of the EH modes because the leakage energy of the HE
modes is smaller than that of the EH modes. In addi-
tion, the variation of the purity ofHE and EHmodes with
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Figure 8. Confinement loss of the advanced structure at
1.55μm.

thickness of the negative curvature tubewall at 1.55μmis
determined and displayed in Figure 7(b). As the tube wall
becomes thicker, the mode purity of HE and EH modes
are decreased And almost all the purity of the mode is
still higher than that of EH mode at 1.55μm.

3.6. Confinement loss

The confinement loss is an important parameter to gauge
the performance of optical fibre as it determines themax-
imum relay distance in the optical communication sys-
tem and performance of other devices [25]. Owing to the
different size and arrangement of the negative curvature
tubes, different limiting power to light-wave results in a
different loss. The confinement loss can be calculated by
Equation (7) [26]:

CL = 2π
λ

20
ln(10)

106Im(neff ) (7)

where λ is the wavelength and Im(neff ) is the imaginary
part of the effective refractive index which can be cal-
culated by COMSOL. Because ARF can circumvent the
limitation of absorption loss and scattering loss, loss is
reduced significantly and so the loss is lower than that of
most other fibres. Figure 8 shows that the confinement
loss at 1.55μm.

The confinement loss of all the modes is
between 10−11 and 10−9 and the minimum value is
8.82× 10−11 dB/m (HE6,1) which is very low. It facili-
tates not only stable transmission ofOAMmodes but also

actual fibre design. The confinement loss of this fibre is
compared to that of other structures in Table 2.

3.7. Fabrication process

The circular ARF structure described in this paper can
be produced by the stack tube technique. A plurality
of small radius negative curvature tubes is provided at
predetermined peripheral positions inside the annular
tube having an inner surface and central longitudinal
axis such that the negative curvature tubes are spaced
around the inner surface. Each negative curvature tube
is in contact with the inner surface, so that the central
longitudinal axis of each negative curvature tube is at a
negative radial distance from the central longitudinal axis
of the annular tube. In the same way, a plurality of large
radius negative curvature tubes in contact with the outer
surface is provided at a predetermined peripheral posi-
tion of the outer surface of the annular tube and spaced
around the outer surface, so that the central longitudi-
nal axis of each negative curvature tube is at a positive
radial distance from the central longitudinal axis of the
annular tube. When the absolute value of the positive
radial distance is greater than the negative radial distance,
the preform can be made and the optical fibre can be
drawn.

4. Conclusion

A negative curvature tube ARF is designed for the trans-
mission of OAM modes. The structure can stably sup-
port the transmission of 30 OAM modes in the range
of 1.50–1.60μm. The simulation results show that the
refractive index difference of the ARF is greater than
1× 10−4 without additional doping and there is no
mode degeneracy. The structure has low and flat disper-
sion characteristics such as dispersion variation of only
5.98 ps/(kmnm) and the confinement loss at 1.55 μm is
very low ranging from 10−9 to 10−11 dB/m. The opti-
cal fibre also has a small nonlinear coefficient as low
as 0.539 km−1 W−1 at 1.55 μm boding well for OAM
mode transmission. The mode purity of all the OAM
modes is more than 98.295% and the ARF can be
manufactured by the fibre stack technique. The excel-
lent properties render the structure desirable in optical
communication.

Table 2. Comparison of the minimum confinement loss.

This paper Ref. [9] Ref. [31] Ref. [32] Ref. [33]

10−11to 10−9 dB/m 10−9to 10−3 dB/m 10−9 dB/m 10−9to 10−4 dB/m 10−10to 10−4 dB/m
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