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Abstract. Circular photonic crystal fiber consisting of doped amethyst and big and small round
air holes is designed to support transmission of 118 orbital angular momentum (OAM) modes
in the range of 1.2 to 1.65 μm. Numerical analysis by the finite element method (FEM) reveals
that the effective index difference of all the modes are larger than 1 × 10−4, which can propagate
OAM modes stably. The nonlinear coefficient is 0.583 W−1 km−1 at 1.55 μm, which is very low
and helps to reduce mode coupling. In addition, the confinement loss of the eigenmode is
between 10−12 and 10−8 dB∕m. The dispersion is very flat for the low-order mode HE1;1, for
which the dispersion variation is just 1.459 ps∕ðkmnmÞ. This fiber has great potential in stable
and large-capacity mode propagation in optical communication. © 2021 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.60.7.076102]
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1 Introduction

Space division multiplexing is a communication technique that combines a series of optical
signals of different wavelengths, transmits them along a single optical fiber, and separates them
at the receiving end. It is widely used in large-capacity communication and can overcome the
capacity limitation plaguing present optical communication systems.1 To improve optical fiber
communication, transmission of as many modes as possible is the goal and has become a hot
research topic. In this respect, orbital angular momentum (OAM) mode multiplexing in optical
fibers can increase the communication capacity.2 However, the OAM beam cannot propagate
stably in traditional optical fibers, on account of the degeneracy of the constituents for the
OAM. Therefore, it is important to design a special optical fiber structure that can support
large-capacity OAM propagation. Owing to the helical wavefront phase form of e�ilθ, where
l is topological charge number and θ is azimuth, OAM consists of infinite orthogonal modes
when l is substituted with any integer. OAM is a new dimension of optical fiber communication.
The OAM modes propagated in photonic crystal fiber (PCF) can be defined as the superposition
of odd and even modes of vector modes with of the same order. OAM�

�l;m is composed of HEeven
lþ1

and HEodd
lþ1, or EH

even
l−1 and EHodd

l−1. HE
even or EHeven is the even HE and EH modes, and HEodd or

EHodd is the odd mode of HE and EH modes, respectively. The principle of composition is
expressed in the following two formulas:3
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EQ-TARGET;temp:intralink-;e001;116;735OAM�
�l;m ¼ HEeven

lþ1;m � iHEodd
lþ1;m and OAM∓

�l;m ¼ EHeven
l−1;m � iEHodd

l−1;m; (1)

where l is an integer termed the topological charge number and m is the radial order which is
usually substituted asm ¼ 1 to simplify reuse and demultiplexing of the OAMmode. The sign in
the superscript “�” denotes the right or left circular polarization and that of �l denotes the right
or left wave front rotation direction. The OAMmodes not only have the same and reverse polari-
zation but rotation direction when l ≥ 2 is the result of four independent information states.4

Therefore, each OAM�
�l;m (l ≥ 2) mode group contains four OAM states, meaning that a topo-

logical charge number can represent four OAMmodes. However, when l ¼ 1, it can only be used
as two information states because the OAM�1;1 has identical circular polarization and rotation
direction.

The PCF has advantages such as the large mode area, low loss, low nonlinearity, and so on,
and can be adopted to transmit OAM modes. However, the OAM beam cannot propagate stably
until the effective index difference is greater than 10−4.5 Recently, different kinds of fibers with
the ring-core structure which can support OAM transmission have been proposed. Yue et al.6

reported an annular PCF based on As2S3 in 2012 and a high effective index difference was
observed. Unfortunately, this fiber only supported two modes. Li et al.7 presented a kagome
PCF that supported three OAM modes and Nandam and Shin described an PCF which could
transmit 14 OAM modes.8 In 2016, Zhang designed a circular PCF that supported transmission
of 26 OAMmodes and the chromatic dispersion for the OAMmodes was within 39 ps∕ðnmkmÞ
over a bandwidth of 750 nm.9 Wang et al. designed an PCF with mixed air holes which could
propagate 34 OAM modes10 and another PCF was reported to transmit 58 OAM modes.11

Recently, an PCF consisting of doped amethyst (n ¼ 1.55) was proposed by Zhang et al.12

to transmit 110 OAM modes. This PCF design appears to have the largest number of transmis-
sion modes and to increase the number of OAM modes, efforts have been devoted to reduce
mode coupling in the PCF.

Herein, we present a new circular PCF structure consisting of doped amethyst and mixed
big and small round air holes for transmission of 118 OAM modes in the range between 1.2
and 1.65 μm. The effective index difference of the fiber is larger than 10−4. This structure has
not only a large mode field area (184.88 μm2) and low nonlinear coefficient (0.583 W−1 km−1),
but also confinement losses between 10−12 and 10−8 dB∕m.

2 PCF Design and Numerical Simulation

To achieve large-capacity mode transmission in optical fiber communication, the new PCF is
shown in Fig. 1. The structure with doped amethyst (n ¼ 1.55) is quite different from existing
optical fibers. Amethyst doping in the purple area not only improves the effective refractive
index difference between adjacent modes, but also greatly increases the number of OAM modes

PML
Cladding
Amethyst
Air

Fig. 1 Cross-section of the annular index profile structure in the photonic crystal fiber.

Fu et al.: Circular photonic crystal fiber supporting 118 orbital angular momentum modes transmission

Optical Engineering 076102-2 July 2021 • Vol. 60(7)



that can be propagated stably. The orange area is the silica cladding of the fiber and the core of
the fiber is a big hole filled with air. There are two layers of circular air holes in the cladding. The
reason for the two layers of air holes is that they can prevent the higher-order modes from leaking
to the cladding. The blue region is the perfectly matched layer (PML) constituting the boundary
conditions. In addition, the optical fiber can be prepared by sol-gel method.13 The specific manu-
facturing process is as follows:14 under the action of catalyst, the material is hydrolyzed and
condensed to form sol, and then the gel is obtained after aging. The SiO2 powder can be formed
by gel heat treatment and be made into fiber preform, which is eventually pulled into fiber by
melt quenching. This method can remarkably reduce the manufacturing difficulty, and it can
freely adjust the size, shape, and spacing of the air holes, thus it is suitable for the proposed
structure of PCF in this work. In addition, after the formation of SiO2 powder, the melting point
of amethyst is higher than that of SiO2, leading to that it can be directly doped. Consequently,
the possibility of doping amethyst by means of this technology is desired.

The refractive index of the background materials and PML depends on the Sellmeier
equation 15 as Eq. (2):

EQ-TARGET;temp:intralink-;e002;116;556n2ðλÞ ¼ 1þ A1λ
2

λ2 − B1

þ A2λ
2

λ2 − B2

þ A3λ
2

λ2 − B3

; (2)

where A1 ¼ 0.6961663, A2 ¼ 0.4079426, A3 ¼ 0.897479, B1 ¼ 0.0684043, B2 ¼ 0.1162414,
and B3 ¼ 9.896161. The limitation ability of the circular area to OAM modes is advanced with
increasing radius of the ring transmission area R1 and the number of OAM modes increases
rapidly. Additionally, the effective index difference increases and the confinement loss
decreases when the ratio of the diameters (d1∕d2) of the inner and outer circular air holes is
reduced. COMSOL is used in the simulation for the range of 10 μm < R0, R1 < 18 μm,
0 μm < d1 < 5 μm, and 10 μm < d2 < 15 μm. During the simulation calculation, the number
of OAM modes increases with increasing R0, and the number of OAM modes reaches the maxi-
mum for R0 ¼ 15 μm. The thickness of the annular region is determined by R1 − R0. The larger
the R1 is, the thicker the annular region is and the smaller the dispersion is. However, when R1 is
larger than 17 μm, the number of OAMmodes begins to decrease, and the effective index differ-
ence is the largest for d1 ¼ 4 μm and d2 ¼ 12 μm. In addition, the confinement loss of the PCF
can be minimized for Λ1 ¼ 0.5 μm and Λ2 ¼ 1 μm. PML determined by R2 and R3 is set as
boundary condition and has no effect on the proposed PCF. Consequently, we set R0 ¼ 15 μm,
R1 ¼ 17 μm, R2 ¼ 34.8 μm, R3 ¼ 41.8 μm, d1 ¼ 4 μm, and d2 ¼ 12 μm. The distance
between the doped layer and first layer of the air holes is Λ1 ¼ 0.5 μm and the gap between
the two layers of circular air holes is Λ2 ¼ 1 μm. As in an annular ring fiber, the OAMmodes are
transmitted in the ring area between the central air hole and cladding air hole arrays.

3 Results and Discussion

3.1 Transmitted Modes

According to theory, the OAM modes are composed of HE and EH modes. HE and EH modes
will appear when COMSOL is used in the simulation. According to the relationship between the
refractive index of the medium and the transmission speed of the light wave, the refractive index
of the HE modes are greater than that of the EH modes at the same wavelength and the order
of OAM. The topological charge of the HE module can reach 31 and that of EH is up to 29 in
an advanced structure. Consequently, the fiber described here can propagate 29 × 4þ 2 ¼ 118

OAM modes from 1.2 to 1.65 μm according to Eq. (1).
Figures 2(a)–2(f) and 2(g)–2(l) describe the optical field distributions in z direction of the

partial HE and EHmodes, respectively. Owing to the powerful ability to limit lower order modes,
almost all of the energy is concentrated in the annular region. The red and blue regions represent
the magnitude of the mode field strength, and the number of pairs in the red blue region cor-
responds to the order of the pattern. The HE modes are distributed at the outer boundary of the
annular region, which is closer to the cladding. EH modes are located in the inner boundary,
which is closer to the core. It not only distinguishes the HE modes from the EH modes, but
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indicates that the EH modes will be more stable when the fiber is affected by the external envi-
ronment. In addition, it is seen from the light field distribution that each mode exists light field
leakage. Based on the inferior confinement ability to higher order modes, the higher-order modes
are easier to leak into the cladding than the lower order modes, thus a certain degree of ring edge
serration appears. Figures 2(m) – 2(r) show the phase diagram of the displayed HE and EH
modes using MATLAB. Although the phase distribution changes with the topological charge,
the phase structure is always helical. The beam rotates around the optical axis once. The phase
changes to 4π when the topological charge number is 2 and the phase changes to 24π when the
topological charge number is 12. Hence, it can be inferred that when the topological charge
number is n, the beam rotates around the optical axis once and the phase changes to 2nπ.
In addition, the phase distribution of the OAM mode changes π∕2 azimuthally and therefore,
we can demultiplex these modes with conjugating phase modes.

32 Effective Refractive Index

Whether OAM modes can propagate stably in the fiber depends on the effective refractive index
between the HE and EH modes and the OAM of the same order should be larger than 1 × 10−4.
An effective index difference <1 × 10−4 may lead to crosstalk and coupling of different modes
forming scalar LP modes.

Figure 3 shows the effective refractive indexes of all the eigenmodes as a function of wave-
length from 1.20 to 1.65 μm for this PCF. The mode field energy that is mainly concentrated in
the ring region in the annular index profile structure expands gradually to the cladding with
increasing wavelength, leading to the effective refractive index reduction. The reason why the
effective refractive index of the low-order modes is lower than that of high-order modes is that
higher-order modes can leak more easily into the cladding.

The larger the wavelength is, the faster the refractive index decreases, thus the greater
the separation of eigenmodes HElþ1;1 and EHl−1;1, the greater the refractive index difference.
Figure 4 shows the relationship between the effective index difference and wavelength. It is seen
that the effective refractive index difference is proportional to the wavelength. The OAM mode
which has the smallest refractive index difference (1.9 × 10−4) is OAM30;1 at 1.2 μm. Therefore,
mode coupling is very small and all the modes can be transmitted stably in the range of 1.2 to
1.65 μm. The refractive index of amethyst is different from that of silica and so the effective
index difference can be improved by doping. The largest OAM2;1 at 1.65 μm is 3.75 × 10−3

which is much bigger than 1.85 × 10−3 in Ref. 16 and 1.56 × 10−3 in Ref. 17.

HE3,1 HE7,1 HE11,1 HE15,1 HE20,1 HE31,1

EH1,1 EH5,1 EH9,1 EH13,1 EH18,1 EH29,1

OAM2,1 OAM6,1 OAM10,1 OAM14,1 OAM19,1 OAM30,1

(a) (b) (c) (d) (e) (f)

(g) (h) (i) (j) (k) (l)

(m) (n) (o) (p) (q) (r)

Fig. 2 (a) – (i) Optical field distributions of the partial HE and EH modes; (m) – (r) Phase diagrams
of a part of the displayed HE and EH modes.
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3.3 Chromatic Dispersion

The phenomenon of different wave speeds caused by different frequencies of light with
different wavelengths is called chromatic dispersion which consists of waveguide and materials
dispersion. Material dispersion depends on the material itself, and the material dispersion of
doping amethyst can be calculated by the single-term Sellmeier equation:18

EQ-TARGET;temp:intralink-;e003;116;152

1

n2 − 1
¼ −

A
λ2

þ B; (3)

where A ¼ 0.0065 and B ¼ 0.7359. The material dispersion of amethyst can be obtained from
the second derivative of refractive index with respect to wavelength.

The total dispersion can be obtained by the relationship between the wavelength and effective
refractive index19 shown in Eq. (4):
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Fig. 3 Effective refractive indexes of the HE modes and EH modes.
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EQ-TARGET;temp:intralink-;e004;116;470D ¼ −
λ

c
d2ReðneffÞ

dλ2
; (4)

where c ¼ 3 × 108 m∕s is the speed of light and ReðneffÞ is the real part of the effective refractive
index. Figure 5 shows the chromatic dispersion variations of the HE modes and EH modes from
1.2 to 1.65 μm. The dispersion of the low-order modes is smaller than that of the high-order
modes because the change of effective refractive index of the low-order modes is smaller than
that of the higher-order mode as the wavelength increases. It is very flat for the low-order
HE modes and EH modes in the figure, particularly HE1;1 which dispersion variation is just
1.459 ps∕ðkmnmÞ and better than those reported in Refs. 8 and 20 of >15 ps∕ðkmnmÞ.
The dispersion of the higher-order modes increases greatly with increasing wavelength, which
is not conducive to long-distance transmission of the OAM modes.

3.4 Effective Mode Area and Nonlinear Coefficients

The effective mode area refers to the cross-sectional area of the energy concentration region in
the optical fiber structure. The effective mode area not only enlarges with increasing wavelength,
but also gets bigger when the number of modes is altered. The reason is that the longer the
wavelength, the weaker the limitation of the annular region is on the mode field intensity and
the beam can leak more easily into the cladding. The formula for the effective mode field area21 is
shown in Eq. (5) and the effective mode areas of the HE and EH modes are shown in Fig. 6:

EQ-TARGET;temp:intralink-;e005;116;218Aeff ¼
�RR jEðx; yÞj2dx dy

�
2

RR jEðx; yÞj4dx dy : (5)

Figure 6 shows that the maximum area is 184.88 μm2 for HE31;1 between 1.2 and 1.65 μm.
The remarkably large effective mode area is the biggest advantage of this structure as it is much
better than 68.51 μm2 in Ref. 19 and 35.58 μm2 in Ref. 17. The nonlinear coefficient, another
significant physical parameter reflecting the performance of PCF, is inversely proportional to the
effective mode field area. The nonlinear refractive indexes of cladding and annular region are
different due to their different materials. Therefore, it is necessary to calculate the nonlinear
coefficients respectively. The nonlinear coefficient is determined by Eq. (6)22 and Eq. (7):23
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Fig. 4 Effective index difference of the OAM modes.
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EQ-TARGET;temp:intralink-;e006;116;217γ ¼ 2π

λ

ZZ
S
n2ðx; yÞi2ðx; yÞdx dy; (6)

EQ-TARGET;temp:intralink-;e007;116;171iðx; yÞ ¼
Re

h
E×H�

2
• ẑ

i
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S Re
h
ExH�

y−E�
yHx

2

i
dx dy

; (7)

where n2 ðx; yÞ ¼ 2.6 × 10−20 m2 W−112 and n2 ðx; yÞ ¼ 2.3 × 10−20 m2 W−124 are used to
calculate the nonlinear coefficients of the annular region and cladding, respectively. Figure 7
shows the nonlinear coefficients of the HE and EH modes. The longer the wavelength, the
smaller is the nonlinear coefficient. The smallest nonlinear coefficient is 0.583 W−1 km−1 at
1.55 μm for HE31;1. It is 0.536 W−1 km−1 for HE31;1 in the whole band and lower than
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Fig. 5 Dispersion of the HE and EH modes.
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1.032 W−1 · km−1 in Ref. 25 and 1.956 W−1 · km−1 in Ref. 26. In other words, in the 1.2 to
1.65 μm range, the nonlinear coefficient is very small (<1.25 W−1 km−1) and very conducive to
propagation of OAM modes in the fiber.

3.5 Confinement Loss

The confinement loss is an important issue and is described by Eq. (8):27

EQ-TARGET;temp:intralink-;e008;116;134L ¼ 2π

λ

20

lnð10Þ 10
6 ImðneffÞ; (8)

where λ is the wavelength and ImðneffÞ is the imaginary part of the effective refractive index
which can be calculated by COMSOL. The confinement loss can be adjusted by the air holes in
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the cladding. Table 1 shows the confinement losses of all the eigenmodes at 1.55 μm and all the
values of the OAM modes have the magnitude of 10−12 and 10−8 dB∕m, which are lower than
those in Ref. 28.

4 Conclusion

A new circular PCF is designed to support transmission of 118 OAMmodes in the range of 1.2 to
1.65 μm. This number is the largest reported so far. Numerical simulation reveals that all the
eigenmodes index differences are larger than 10−4 which can avoid the degeneracy between the
patterns. Not only does this fiber has very large effective mode areas (180.65 μm2 for the HE
modes at 1.55 μm) and low nonlinear coefficient (0.583 W−1 km−1 at 1.55 μm), but also
dispersion is very flat [as low as 1.459 ps∕ðkm · nmÞ]. Moreover, the loss of all the modes
is very low and between 10−12 and 10−8. This new PCF structure can improve the optical fiber
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Fig. 7 Nonlinear coefficients of the HE and EH modes.
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communication capacity and stability for multi-mode transmission and has large practical
potential. In addition, we will continue to optimize the structure by focusing on the annular
region and air holes in further research because the performance of proposed fiber is mainly
depending on the thickness of the circular region and the shape, size, or location of the air holes
in cladding.
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