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Future advances in information transmission technology require better capacities for ¯ber optics

communication. As a new degree of freedom, the orbital angular momentum (OAM) has

attracted extensive attention in the ¯eld of mode division multiplexing. Herein, an anti-reso-
nance ¯ber (ARF) is designed with three di®erent materials, SF11, LaSF09, and SiO2, for the

negative curvature tube. Systematic analysis and optimization are carried out to determine the

number of layers of the negative curvature tubes in the cladding, the number of second-layer

cladding tubes, and thickness of the annular area. The ¯nite element analysis software COM-
SOL is utilized to calculate the e®ective refractive index di®erence, dispersion, limiting loss, and

other characteristics. The ARF can stably transmit 86 OAM modes in the wavelength range

between 1.2 and 2.0�m, and the minimum refractive index di®erence is greater than 1� 10�4,
which e®ectively reduces the mode abridgment. The nonlinear coe±cients of the HE23;1 mode

and the OAM purity of HE1;1 mode are 0.34 km�1 �W�1 and 99.43%, respectively, thus facili-

tating stable transmission of OAM modes for a long transmission distance. The anti-resonance

¯ber has signi¯cant application potential in long-distance network information transmission,
relay communication, and other communication areas.

Keywords: Orbital angular momentum (OAM); anti-resonance ¯ber (ARF); ¯ber optics com-
munication; mode purity.

1. Introduction

With the continuous development of 6G technology and big data technology,

the requirements for information transmission and communication capacity are
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becoming increasingly high. Traditional communication methods include wireless

communication, electrical communication, and ¯ber optics communication.1 With

recent advancements in modern communication, some new technologies have

emerged, such as e±cient solar absorbers arranged using multi-layer nanodisks, and

the design of solar cells using inorganic2–4 and organic powder doping.5–7 At the same

time, ¯ber optics communication has become the pillar of the communication in-

dustry. However, when the traditional single-mode optical ¯ber is used in commu-

nication, it can no longer break the Shannon–Hartley theorem, and therefore, ¯nding

a more suitable degree of freedom for ¯ber optics communication is becoming in-

creasingly signi¯cant. The main methods of ¯ber optics communication include

wavelength division multiplexing,8 time division multiplexing,9 partial division

multiplexing,10 and so on. However, it is still di±cult to increase the communication

capacity and a better multiplexing method is highly desirable.

Multiplexing is a method of combining several independent signals into a com-

posite signal that can be transmitted simultaneously in the same channel.11 That is,

multiplexing techniques provide shared channels. In order to solve the problem of

communication capacity, module division multiplexing (MDM)12 and space division

multiplexing (SDM)13 have been adopted by ultra-large capacity transmission links

due to their higher scalability, high accuracy and e±ciency, low complexity, fast

computing speed, and reusability. Nevertheless, traditional multiplexing methods

mainly rely on frequencies, wavelengths, and phases and cannot achieve stable

transmission with an ultra large capacity. The orbital angular momentum existing in

the vortex carries the spiral phase factor.14 There are in¯nite orthogonal bases, if the

information to be transmitted can be loaded into these orthogonal bases. Theoreti-

cally, extremely high capacity can be achieved in ¯ber optics communication.15

Compared to traditional communication methods, it increases the capacity and

distance of photons transmitted in the optical ¯bers.

Common optical ¯bers for communication include single-mode ¯bers,16 multi-

mode ¯bers,17 and photonic crystal ¯bers (PCF)18,19 and high-capacity photonic

crystal ¯ber devices have been proposed. For instance, Yue et al.20 have designed a

PCF with hexagonal cladding pores with As2S3 and two OAMmodes due to the large

refractive index di®erence between the materials. Huang et al.21 have proposed a

dispersion-°at PCF with a minimum variation of 10 ps/(km.nm) that can transmit

30 OAM modes and Ma et al.22 have designed a PCF that transfers 180 OAM modes

at 1.5–1.7 �m. However, owing to the easy occurrence of mode coupling in the

transmission of OAM modes in photonic crystal ¯bers, it is di±cult to minimize

losses. In addition, the manufacturing process is complex and there is uneven dis-

persion. As a consequence, a more suitable carrier for OAM communication is highly

desirable.23

The anti-resonance ¯ber (ARF)24 is formed by arranging negative curvature anti-

resonant tubes in a certain way. The special light guiding mechanism makes it a

simpler preparation technology with a smaller limiting loss and longer communica-

tion distance compared to PCF. If OAM is loaded into the ARF, the communication
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e±ciency25 can be improved. Md et al.26 have proposed an ARF that supports 64

OAM modes with a bandwidth of 400 nm and good transmission range. Chen et al.27

have proposed a negative curvature ARF with good single mode characteristics and

losses less than 1 dB/km and Chaudhuri et al.28 have designed an ARF model with a

nested elliptical cladding layer with low losses at 1.55�m. However, in spite of recent

advances, there are still few high-capacity communication devices based on ARF for

OAM.

Herein, the COMSOL Multiphysics software is implemented to design and sim-

ulate an ARF that can support the transmission of 86 OAM modes. The parameters

that a®ect the transmission of OAM modes are analyzed, including the e®ective

refractive index di®erence, dispersion, mode purity, dispersion, mode ¯eld area, and

other factors in the wavelength range of 1.2–2.0�m. Our results disclose that the

minimum nonlinear coe±cient is 0.37 km�1 �W�1, least dispersion change is only

4.81 ps/(km � nm), mode purity is greater than 96.17%, and e®ective refractive index

di®erence is greater than 1� 10�4. Furthermore, optical con¯nement increases by

using a triple anti-resonant glass tube, which also ensures the stability and less losses

in OAM mode transmission.

2. ARF Design and Basic Theory

The angular momentum29 is divided into the spin angular momentum and orbital

angular momentum. The orbital angular momentum mainly exists in the vortex

beam with a spiral phase. Owing to the orthogonality of the OAM beams with

di®erent topological charges, the theoretical number of topological charges of OAM

beams can be any integer, and multiple OAM beams30 with di®erent topological

charges can be used as carriers for information transmission.

The OAMmode is formed by the superposition of the odd and even components of

the HE mode or EH mode as shown in Eq. (1)31:

OAM�
� l;m ¼ HEeven

lþ1;m � iHEodd
lþ1;m and

OAM�
� l;m ¼ EHeven

l�1;m � iEHodd
l�1;m;

ð1Þ

where l is the topological charge number,m is the radial order usually equal to 1. HE

and EH represent the mixed modes of light waves, while even and odd stand for the

even and odd modes, respectively. The positive and negative signs in the OAM

superscript show the direction of circular polarization. \þ" represents right-handed

circular polarization and \�" represents left-handed circular polarization.32 When

l ¼ 1, the OAMmode has the same polarization mode and rotation direction and can

only serve as two channels. When l � 2, the OAM modes have the same and opposite

polarization modes, which can serve as four independent channels. Therefore, the

number of OAM modes that can be transmitted in the ¯ber is 4� l � 2. The positive

and negative signs before l represent the rotation direction of the wave-front phase,

and the transmission constants between the intrinsic modes of the linearly
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superimposed OAM mode33 are the same. By performing ¯nite element simulation

based on COMSOL, the light ¯eld distribution of the HE mode and EH mode can be

obtained.

In order to improve the transmission e±ciency of the OAM mode, an ARF con-

sisting of multiple negative curvature anti-resonance tubes with di®erent diameters

is designed and the cross-section and 3D schematic diagram are shown in Figs. 1(a)

and 1(b).

There is a layer of 25 negative curvature glass tubes with a smaller diameter

tangent to the annular region as well as two layers of anti-resonant tubes with

di®erent diameters tangent outside the circular area. The ¯rst layer is composed of 31

anti-resonance negative curvature tubes ¯lled with SF11 glass with a high refractive

index forming the refractive index di®erence with the annular region and allowing for

rapid photon transmission. The second layer comprises 24 anti-resonant negative

curvature tubes made of SiO2. The thickness of the two layers of the glass tubes is the

same in order to better constrain the photons. The annular area consists of a large

negative curvature glass tube with a thickness of t1 made of LaSF09. Since LaSF09

has a minimum refractive index of 1.8164 in the 1.2–2.0�m band, the cladding tube

has a refracture index of 1.4381 that will increase the e®ective refractive index dif-

ference and stabilize the transmission of the OAM mode. The refractive indexes of

the materials are determined by the Sellmeier Equation shown below34:

n2ð�Þ ¼ 1þ A1�
2

�2 �B1

þ A2�
2

�2 �B2

þ A3�
2

�2 �B3

: ð2Þ

Table 1 shows the parameters of di®erent materials.

The light blue area represents the SiO2 cladding of the optical ¯ber. The inner

radius of the circular area is R1 and the thickness is t1. The diameter of the inner

negative curvature tube is d1, the diameters of the two outer negative curvature

(a) (b)

Fig. 1. (Color online) (a) Cross-section and (b) 3D schematic diagram of the ARF.
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tubes are d2 and d3, respectively, and the wall thickness is t. The radius of the

cladding is R2. In order to improve the transmission and communication char-

acteristics of OAM, the number of layers of the negative curvature tubes in the

cladding, the number of second layer cladding tubes, and the thickness of the annular

area are optimized.

Figures 2(a) and 2(b) show the optimized number of cladding anti-resonance tube

layers based on the mode ¯eld area at 1.55�m. Without changing the radius of the

annular region and the number of anti-resonance tubes, there are 31 anti-resonance

glass tubes near the annular region. When the anti-resonance tube has only one layer,

the mode ¯eld areas are 107.97�m2 and 147.57 �m2 for the HE1;1 mode and HE23;1

mode, respectively. If the number of layers of the anti-resonance tube is 2, the

mode areas of the HE1;1 mode and HE23;1 mode are 109.85�m2 and 154.70 �m2,

respectively.

Taking the number of layers of the cladding anti-resonance tube to be 2, the

thickness of the annular LaSF09 area is optimized based on the number of trans-

portable OAM modes as shown in Fig. 3. When t1 < 1:5�m, a large amount of the

photon energy leaks into the cladding. If the gauge of the annular region is greater

than 2.5�m, the electric ¯eld distributions of the HE and EH modes are distorted.

Table 1. Parameters of di®erent materials.

Parameters

Material A1 A2 A3 B1 B2 B3

LaSF09 2.00029547 0.298926886 1.80691843 0.0121426017 0.0538736236 156.530829

SF11 1.73759695 0.313747346 1.89878101 0.013188707 0.0623068142 155.23629
SiO2 0.6961663 0.4079426 0.897479 0.0684043 0.1162414 9.896161

(a) (b)

Fig. 2. (Color online) (a) and (b) Mode ¯eld areas for di®erent layers of the anti-resonant tubes.
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Consequently, information transmission is hindered and so the range of t1 is

1.5�m < t1 < 2:5�m. As t1 increases, the number of OAM modes goes up. When

the thickness of the annular area is 2.5�m, there is a maximum number of OAM

modes of 86 that can be transmitted in the ARF. Therefore, the optimal t1 is 2.5�m.

When the numbers of layers of the cladding tube and t1 are 2 and 2.5�m, re-

spectively, based on the mode purity, the number of second layer anti-resonance

tubes is optimized at a wavelength of 1.55�m. If the number of the anti-resonant

tubes is 32 and the negative curvature tubes intersect, the structural design principle

is not satis¯ed. When the number of glass tubes is less than 16, light cannot be

con¯ned in the annular region resulting in signi¯cant losses. Therefore, the number of

the second layer of the resonance tubes is between 16 and 31. Figures 4(a) and 4(b)

show that when the number of anti-resonance tubes is 20–28, the mode purity is

inversely proportional to the number, but if the number of inverse resonant tubes is

outside this range, it is proportional to the number. When the number of the anti-

resonant tubes is 31, the purities of the HE and EH modes are the highest reaching

98.92% and 98.50%, respectively. In summary, the number of cladding anti-reso-

nance tubes is 2, the number of second layer inverse resonant tubes is 31, and the

thickness of the annular region t1 is 2.5�m.

This structure can be manufactured through stacking and stretching techni-

ques.35 Stack multiple negative curvature tubes with di®erent radii and the same

thickness on the inner and outer surfaces of a circular area with a central longitudinal

axis, so that they are spaced around the inner and outer surfaces, and then wrap a

circle of larger negative curvature tubes around their periphery, so that the two

layers of tube walls come into contact. When the distance from the negative

Fig. 3. (Color online) Numbers of OAM modes for di®erent thicknesses of the circular region.
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curvature tube to the central vertical axis is greater than the distance between the

central longitudinal axis of the negative curvature tube and the central direct-axis,

¯ber drawing can be carried out.

3. Results and Discussion

3.1. Transmitted modes

The intrinsic modes of the OAM mode in optical ¯bers are HElþ1;m and EHl�1;m. For

the electromagnetic mixed modes of the same order, the HE and EH modes generate

a phase di®erence of �/2.36 Figures 5(a)–5(f) show that the electric ¯eld distributions

in the z-direction for some HE and EH modes at a wavelength of 1.55�m. The HE

mode is closer to the cladding, while the EH mode is near the ¯ber core. As the

topological charge continues to increase, the trend of photons leaking into the

cladding increases.37 The highest order HE and EH modes are HE23;1 and EH21;1, and

the ARF can support up to the 22nd order OAM mode transmission, namely

OAM22;1. Therefore, a maximum of 22� 4� 2 ¼ 86 OAM modes can be supported

for transmission at 1.2–2.0�m. Figures 5(g)–5(i) show the phase distributions of the

OAM modes, although the phase distribution changes with the topological charge

number, the energy of the optical ¯eld is well bound within the ring core, and the

structure of the OAM mode is always helical, with no phase distortion. When the

topological charge number is n, the phase change of OAMmode is always 2n�, which

can be demultiplexed by the conjugate phase mode.38

3.2. E®ective refractive index and refractive index di®erence

In OAM ¯ber optics communication, the e®ective refractive index is the physical

quantity to analyze the dispersion as well as the e®ective refractive index di®erence.

When transmitting optical signals using optical ¯bers as a medium, the wave number

(a) (b)

Fig. 4. (Color online) (a) and (b) OAM purity for di®erent numbers of second layers of the anti-resonant

tubes.
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will be higher than in vacuum.39 Figures 6(a) and 6(b) show the negative wave-

length-dependent trend of the e®ective refractive indexes of the HE and EH modes in

the wavelength range of 1.2–2.0�m. The larger the wavelength, the bigger is the ¯rst

derivative of the refractive index. Additionally, the changes in the high-order modes

are substantial, while the variations in the low-order modes are relatively small.

Fig. 5. (Color online) (a)–(f) Optical ¯eld pro¯les in the z orientation of the HE and EH modes and

(g)–(i) Phase diagrams of the partially indicated OAM modes.

(a) (b)

Fig. 6. (Color online) (a) and (b) E®ective refractive indexes of the HE modes and EH modes.

Y. Liu et al.

2450091-8



This is because as the wavelength increases, the light ¯eld energy di®uses gradually

from the ¯ber core to the cladding.40

The e®ective transmission of OAM mode in optical ¯bers depends on whether the

e®ective refractive index di®erence between the HE mode and EH mode is greater

than 1� 10�4. Figure 7 shows the relationship of the di®erences between each group

of HElþ1;m and EHl�1;m as a function of wavelength. The change in the e®ective

refractive index di®erence is proportional to the wavelength. When the wavelength is

1.2�m, OAM22;1 has the minimum e®ective refractive index di®erence of

2:64� 10�4, which is greater than 1� 10�4. When the wavelength is 1.55�m, the

vast majority of the OAM modes reach the order of magnitude of 10�3, and the

maximum is 2:84� 10�3 for the OAM2;1 mode. The higher the e®ective refractive

index di®erence, the greater is the transmission e±ciency of OAM mode, thus re-

ducing the probability of coupling the LP mode41 between the two modes to ensure

the transmission quality.

3.3. Chromatic dispersion

Fiber dispersion42 refers to the phenomenon of optical pulse broadening in an optical

¯ber caused by di®erent group velocities at di®erent frequencies in the spectral

components of the light source. The smaller the dispersion in the ¯ber and the °atter

the dispersion at a certain wavelength, the better is the performance of the ¯ber and

the more e®ective the OAM transmission. The dispersion consists of material dis-

persion and waveguide dispersion.43 The dispersion of LaSF09-doped annular region

Fig. 7. (Color online) E®ective index di®erence of the OAM modes.
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of the glass tube can be obtained by Eq. (2) and shown in Table 1. When � is in the

range of 1.2–2.0�m, the refractive index of LaSF09 is 1.8166–1.8164. The waveguide
dispersion dominates, and the total dispersion can be obtained from the relationship

between the wavelength and e®ective refractive index as shown in Eq. (3)44:

D ¼ � �

c

d2ReðneffÞ
d�2

; ð3Þ

where c is the speed of light (3� 108 m/s) and Re(neff) is the real part of the e®ective

refractive index. Figure 8 shows that the dispersion of the OAM modes is propor-

tional to the wavelength between 1.2�m and 2.0�m. For the same wavelength, the

higher the order of the modes of HE and EH, the greater is the dispersion due to

the instability of the higher order modes during transmission and easy leakage to the

cladding.45 When the wavelength is 1.2�m, the minimum dispersion is 59.45 ps/

(km � nm) for the EH mode and 38.03 ps/(km � nm) for the HE mode. When the

wavelength is 2.0 �m, the minimum dispersion is 347.08 ps/(km � nm) for the EH

mode and 320.76 ps/(km � nm) for the HE mode. The HE mode is closer to the

cladding area of the ¯ber, while the EH mode is closer to the ¯ber core, making it

more susceptible to the in°uence of external air. Hence, the dispersion of the HE

mode is smaller than that of the EH mode. The dispersion variation of the lower-

order modes in the ¯gures is quite smooth, especially the HE1;1 mode showing

only 4.81 ps/(km � nm). The structure described in this paper possesses a relatively

good °at dispersion boding well for fast transmission of information in the

optical ¯bers.

3.4. E®ective mode area and nonlinear coe±cients

The e®ective mode ¯eld area46 quantitatively measures the transverse area occupied

by a certain mode in a waveguide or ¯ber. It re°ects the quality of the OAM mode

(a) (b)

Fig. 8. (Color online) (a) and (b) Dispersions of the HE and EH modes.
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transmission in the optical ¯bers. The e®ective mode area shows a positive correla-

tion with wavelength and the order of the OAM mode. The reason for the larger

e®ective mode ¯eld area of higher-order modes is that as the wavelength increases,

the limiting ability of the ¯ber's energy concentration area to light47 weakens,

leading to di®usion to the cladding. The e®ective mode area is determined by

Eq. (4)48:

Aeff ¼
R R jEðx; yÞj2dxdy� �2
R R jEðx; yÞj4dxdy : ð4Þ

The e®ective mode areas of the HE and EH modes are shown in Figs. 9(a)

and 9(b), which indicates that the mode areas of the HE and EH modes are pro-

portional to the wavelength in the range of 1.2–2.0�m. The larger the number of

modes, the larger is the area of the mode ¯eld. The maximum mode ¯eld area of the

HE23;1 mode is 162.78�m
2
, and that of the EH21;1 mode is 150.46�m2. At a wave-

length of 1.55�m, the e®ective mode area of the HE1;1 mode is the smallest at

109.85 �m2, and that of the HE23;1 mode is the largest at 154.70�m2. The e®ective

mode area of the HE mode is larger than that of the EH mode allowing it to carry

more photon energy.

The nonlinear e®ect49 refers to the in°uence caused by the nonlinear polarization

of the medium under the action of strong light. The nonlinear coe±cient which also

measures the nonlinear e®ects in the ¯ber is inversely proportional to the mode area.

A smaller nonlinear coe±cient50 translates into a weaker nonlinear e®ect in the ¯ber,

and a stronger one vice versa. Smaller nonlinear e®ects are more favorable to anti-

resonance ¯ber transmission of the OAM mode. It is calculated by Eq. (5)51:

� ¼ 2�n2

�Aeff

; ð5Þ

(a) (b)

Fig. 9. (Color online) (a) and (b) E®ective mode areas of the HE and EH modes.
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where � is the wavelength, Aeff is the e®ective mode area, and n2
52 is the nonlinear

refractive index coe±cient of LaSF09. The variations of the nonlinear coe±cients of

the HE and EH modes are shown in Figs. 10(a) and 10(b).

Figure 10 shows that the nonlinear coe±cients of the HE and EH modes decrease

gradually with increasing wavelength in the wavelength range of 1.2–2.0�m, and the

nonlinear coe±cient of HE mode is lower than that of EH mode. At a wavelength of

1.55�m, the nonlinear coe±cient is the smallest at 0.44 km�1 �W�1 for the HE23;1

mode and largest at 0.62 km�1 �W�1 for the HE1;1 mode. The nonlinear coe±cients of

the transmittable OAM modes in the optical ¯bers are all between 0.34 km–
0.87 km�1 �W�1 at wavelengths between 1.2�m and 2.0�m. Therefore, there is a

small nonlinear e®ect in this ¯ber making the OAM mode less distorted during

transmission.

3.5. Numerical aperture

The numerical aperture (NA)53 of the optical ¯ber is an important parameter of the

ARF. The NA takes into account the ability of the ¯ber to receive light and e®ects on

mode dispersion. The NA is mainly related to the refractive index of the core and the

refractive index di®erence between the core and cladding. The relationship with

wavelength is expressed by Eq. (6)54:

NA ¼ 1þ �Aeff

�2

� ��1
2

; ð6Þ

where � is the wavelength and Aeff is the e®ective mode area. The value of NA is

inversely proportional to the area of the mode ¯eld. The variations of the numerical

apertures of the HE and EH modes are shown in Figs. 11(a) and 11(b).

In the wavelength range of 1.2–2.0�m, the trend of NA is positively correlated

with the wavelength and the NA of the EH mode is larger than that of HE mode.

(a) (b)

Fig. 10. (Color online) (a) and (b) Nonlinear coe±cients of the HE and EH modes.
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The maximum NA of the HE23;1 mode is 0.900 and that of the EH21;1 mode is 0.919.

The maximum NA at 1.55�m is 0.833 for the HE1;1 mode, and the NA for this band

is in the range of 0.070–0.084. The larger the NA, the stronger is light reception

leading to good transmission e®ects.

3.6. Con¯nement losses

When the OAM modes are transmitted through the ARF, because of the di®erent

number of glass tubes in the ¯ber, some modes may leak out of the cladding to

produce losses. The limiting loss55 re°ects the good or bad performance of the ¯ber.

The lower the loss, the better is the performance of the ¯ber, and the longer the

distance over which the OAM mode can be transmitted. The limiting loss can be

obtained by Eq. (7)56,57

L ¼ 2�

�

20

lnð10Þ 10
6ImðneffÞ; ð7Þ

where � is the wavelength and Im(neff) is the imaginary part of the e®ective re-

fractive index. Figures 12(a) and 12(b) show the limiting losses of the HE and EH

modes at a wavelength of 1.55�m.

There is no certain regularity in the limiting losses of the HE and EH modes, but

the losses are between 10�10 dB/m and 10�8 dB/m. Table 2 illustrates that the

light is transmitted in the ARF with less losses and can also be transmitted in a

steady state.

3.7. Mode purity

The mode purity58 characterizes the quality of the OAMmodes. The higher the mode

purity, the more stable is transmission of the OAM mode. The mode purity is mainly

related to the electric ¯eld modes in the ring region and cross-section of the ¯ber as

(a) (b)

Fig. 11. (Color online) (a) and (b) Numerical apertures of the HE mode and EH mode.
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shown by Eq. (8)59:

� ¼ Ir
Ic

¼
R R

ring
jE
!
j2dxdy

R R
cross-section jE

!
j2dxdy

; ð8Þ

where Ir is the high refractive index negative curvature tube in the annular region

and Ic is the average electric ¯eld intensity across the ARF cross-section, both of

which can be calculated by COMSOL. The variation of the mode purity between the

HE and EH modes is shown in Figs. 13(a) and 13(b).

In the wavelength range of 1.2–2.0�m, the mode purity decreases gradually with

increasing wavelength, and there is a regular and gradual decrease. The mode purity

of both the HE and EH modes is greater than 96.17% which is high. At the wave-

length of 1.55�m, the maximum mode purity of the HE mode is 98.92% and the

maximum mode purity of the EH mode is 98.50%. The OAM mode o®ers signi¯cant

mode purity and makes transmission more stable.

3.8. Walk-o® length

The transmission speeds of the odd and even modes of the same order OAM mode in

the ¯ber are di®erent, which may cause walk-o® e®ects and make it impossible for the

odd and even modes of the intrinsic mode to synthesize OAM modes. The walk-away

length60 can be used to measure the maximum transmission distance of the mode

Table 2. Con¯nement losses for di®erent HE and EH modes.

Models HE1;1 HE8;1 HE15;1 HE23;1

Con¯nement loss/(dB/m) 9.68� 10�10 2.86� 10�9 9.3� 10�9 2.13� 10�9

EH1;1 EH8;1 EH15;1 EH21;1

Con¯nement loss/(dB/m) 1.52� 10�9 1.65� 10�9 7.2� 10�9 5.26� 10�9

(a) (b)

Fig. 12. (Color online) (a) and (b) Con¯nement losses of the HE and EH modes at 1.55�m.
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before the walk-o® e®ect occurs. The walk-away length is proportional to the

transmission distance in the ¯ber as shown by Eq. (9)61:

L10 ps ¼
c� 10 ps

n even
eff � nodd

eff

¼ 3� 10�3

n even
eff � nodd

eff

ðmÞ; ð9Þ

where n even
eff is the odd mode, nodd

eff is the even mode, and � is the wavelength.

Figure 14 shows the walk-o® lengths of the HE and EH modes at 1.55�m.

The walk-o® lengths of the HE and EH modes do not exhibit a regular increasing

and decreasing trend. The maximum walk-o® lengths of 89,909.38m for the HE mode

and 20,132.88m for the EH mode indicate that a large walk-o® length allows for

better transmission distances.

Fig. 14. (Color online) Walk-o® length of the HE and EH modes at 1.55�m.

(a) (b)

Fig. 13. (Color online) (a) and (b) OAM purity of the HE and EH modes.
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3.9. Comparison of performance with existing literature

After a series of optimizations, by comparing Table 3 with existing literature on

dispersion, mode purity, nonlinear coe±cient, and limiting loss, it is concluded that

the proposed ARF model has higher mode purity and smaller nonlinear coe±cient.

Although the dispersion is slightly higher and the loss is slightly greater compared to

Refs. 21 and 44, it still has good characteristics for transmitting OAMmodes within a

reasonable range. Therefore, this work improves the quality of information trans-

mission in large capacity optical ¯ber communication, and provides a new idea for

the development of orbital angular momentum in the future.

4. Conclusion

An ARF that can transmit 86 OAM modes stably in the wavelength range between

1.2�m and 2.0�m is designed and analyzed. Theoretical assessment shows that the

e®ective refractive index di®erences are greater than 1� 10�4 and there is low mode

simplicity. This structure has low and °at dispersions of only 38.03 ps/(km-nm) and

4.81 ps/(km-nm) for the HE1;1 mode. The limiting loss is very low at a wavelength of

1.55�m being between 10�10–10�8 dB/m, thereby allowing stable transmission. The

¯ber has a maximum e®ective mode ¯eld area of 154.70 �m2 at 1.55�m and can carry

more photon energy. It has a small nonlinear coe±cient of 0.44 km�1 �W�1, which is

favorable to OAM mode transmission. Moreover, the mode purity of all OAMs is

above 96.17%, and the maximum NA is 0.9189 resulting in increased transmission

e±ciency. The anti-resonance ¯ber has many potential applications in ¯ber optics

communication.
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