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Abstract—A flexible first-order OAM modes generation in ring-
core fibers (RCFs) based on a mechanically-induced long-period
fiber grating (MLPFG) is proposed. By directly fusion splicing a
standard single-mode fiber (SMF) and RCFs, the anti-resonant re-
flection guidance mechanism (ARRGM) is introduced in the RCF,
leading to the guided-core modes, so-called anti-resonant modes
(AR modes), which have a Gaussian field distribution and are
confined in low-refractive index central core of RCFs. A mechanical
long-period fiber grating is used to couple the AR modes into the
OAM modes propagated in the high-index ring core of the RCF.
Results show that the generated OAM modes are the combination
of two orthogonal linearly polarized (LP) modes with ±π/2 phase
shift in the ring core. The mode conversion efficiency of OAM+1

and OAM−1 can reach 95% and 94%, respectively, indicating
promising applications in sensing and communication of the RCFs.

Index Terms—Anti-resonant reflection guidance, long-period
fiber gratings, orbital angular momentum, ring-core fiber.

I. INTRODUCTION

S tructured lights have complex distribution of polarization,
phase or intensity. In particular, the orbital angular momen-

tum (OAM) gives the beam a special spatial structure, which is
another degree of freedom besides frequency and polarization.
Structured light has found wide applications in the fields of op-
tical imaging, optical communication, and atomic manipulation
[1]. The OAM with a helical phase front, in which the central
intensity of the vortex beam is zero, shows the field intensity
distribution of a doughnut-like shape. Furthermore, following
the propagation direction of the optical axis, the wave vector
appears as a spiral, and the topological charge number (L) is
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used to describe its order. Theoretically, the topological charge
number L can be infinite, which is beneficial for OAM-division
multiplexing technique in the communication field. All-fiber
generation of vortex beam offers the advantages of stability and
flexibility [2], which can facilitate the system integration and the
adaptability of the communication link [3]. The choice of OAM
fiber and the corresponding all-fiber OAM mode generation
scheme are particularly crucial.

The ring-core fibers (RCFs) [4], which have a ring-shaped
refractive index profile to adapt to the OAM mode field, can per-
fectly carry the OAM modes. The RCFs with higher refractive
index difference can minimize the intermodal coupling among
the OAM modes. How to efficiently generate OAM modes in
RCFs has always been a hot research topic. On the one hand,
relying on special splicing technology, the offset splicing method
has accomplished the generation of the second-order OAM mode
[5], however, the stability is poor. Meanwhile, generation of the
OAM mode has no wavelength selectivity. On the other hand,
relying on high-energy laser technology, although the method
of etching gratings on the fiber has good stability [6], it lacks
flexibility and the fiber cannot be reused. Mechanically induced
long-period fiber gratings (MLPFGs) can not only generate
modes in fibers with better wavelength selectivity, but also have
flexible control of the depth attenuation and bandwidth of notch
bands without damage to the fibers [7]. It has application in many
fields, such as fiber optic sensors [8], filters [9], mode converters
[10], etc.

Anti-resonant reflection guidance mechanism (ARRGM) ex-
ists in the wave-guide structure that has a high refractive in-
dex structure surrounding the low refractive index core. This
waveguide structure is defined as anti-resonant reflective optical
wave-guide (ARROW). Many fibers have been verified to utilize
ARRGM, such as photonic crystal fiber, hollow-core fibers, neg-
ative curvature fiber, and Kagome fibers [11]. In the ARROW,
the light beam is continuously reflected and refracted at the
high-low refractive index interface. Multiple beams interfere in
the low refractive index core and the light is finally confined
and propagated within the fiber. When the incident light meets
the resonant condition, it leaks out of the cladding, which is
defined as the leakage mode. On the contrary, the light is defined
as the anti-resonant mode (AR mode). The fibers based on
ARRGM have been employed for various sensing applications
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Fig. 1. (a) Schematic diagram of the one-layer-ring ARROW model
(n2 > n1). (b) The measured refractive index distribution of the RCF.

[12]. Furthermore, AR modes can be transmitted stably in optical
fibers, which has the potential to generate higher-order modes.

In this paper, the ARRGM in RCFs is analyzed and a MLPFG
is used to generate the first-order OAM modes. By directly fusion
splicing the RCF and a standard single-mode fiber (SMF), it is
found that the output spot of the RCF presents a Gaussian field
distribution. The transmission spectrum of the RCF indicates
that the resonant wavelength is consistent with the theoretical
results of the ARRGM. The finite element method is used to nu-
merically simulate the modes in the RCF, in which the effective
mode refractive index (neff) of the AR modes is calculated. The
MLPFG is used to couple the AR modes in the low refractive
index central core to the OAM modes in the high refractive index
ring core at the wavelength of 1525 nm accurately. The mode
conversion efficiency of OAM+1 and OAM-1 can reach 95%
and 94%, respectively. It provides a new solution for the OAM
modes generation in the RCFs, which is benefit to construct
all-fiber OAM system.

II. THEORY

A. AR Modes in the RCF

Concerning to the ARROW structure of fibers, they are mainly
classified as: (1) Concentric ring fiber composed of high-index
layers; (2) Micro-structured optical fiber with high-index cylin-
drical inclusions [13]. The hollow-core fiber belongs to the
former, typically. It has a low-index air cladding structure with
higher transmission loss. Increasing the number of high-low
refractive index layers can decrease the propagation loss of
the ARROW [14]. A one-layer-ring model of the ARROW as
shown in Fig. 1(a). Light beams undergo multiple anti-resonant
reflections between the high and low refractive index layers,
which provides additional restrictions on the central core region.
Each layer can be considered as a radial F-P cavity [13]. The
narrow-band resonant wavelength of the F-P resonator corre-
sponds to the leakage modes in the ARROW, while the wide
anti-resonant wavelength corresponds to the AR mode in the
low refractive index central core.

Fig. 1(b) shows the refractive index profile of the used RCF,
which is classified as the one-layer-ring ARROW model. The
thickness of the high refractive index ring core, d = 5.4 μm, the
diameter of the low refractive index central core is 10.8 μm, and
n1 = 1.4440, n2 = 1.4579. The ray theory is used to illustrate
the ARRGM in the one-layer-ring ARROW structure as shown
in Fig. 2(a) [15]. Under the small-scale model, the constant

Fig. 2. (a) The schematic diagram of multi-beam optical path in the RCF, the
red arrows represent anti-resonant wavelength. (b) Modes field distribution of
the AR mode, and (c) the HE11 mode by the simulation.

waveguide frequency of the RCF (V = 8.8 here) is closed to
the condition of ray theory approximation basically (V �1)
[16]. Although this treatment with the ray theory approximation
may cause some errors in the accurate numerical simulation,
the working principle can be demonstrated clearly. When the
SMF and the RCF are directly fused, the incident light from
the SMF undergoes the first reflection (I1) and refraction (I2) at
the high-low refractive index interface of the RCF. Further, I2
is reflected in the high refractive index ring core, and refracted
again into the low refractive index central core to interfere with
I1. The guided-core modes propagate at glancing angles in the
low index core.

Based on the double-beam interference model, the resonant
conditions can be derived from the optical path difference [15]:

λm =
2d

m

√
n2
2 − n2

1 (1)

where m is the resonant order.
When the working wavelengths satisfy the resonant condition,

the beams destructively interfere in the central core, while a
standing wave is formed in the high-index layer and propagates
forward. On the contrary, the beams are confined in the low-
index central core and the AR mode is formed.

B. Numerical Simulation of Modes in the RCF

According to the parameters of the RCF, based on the optical
waveguide theory, the finite element method is used to calculate
the neff of the modes in the RCF. And the field distribution of
an AR mode and a HE11 mode are shown in Fig. 2(b) and (c).
It can be found that the energy is mainly concentrated in the
low refractive index central core, which is different from the
HE11 mode in the ring core. The AR mode has neff = 1.4429,
which is lower than the refractive index of the central core.
Furthermore, the RCF supports vector modes TM01, HE21, and
TE01 required to generate first-order OAM modes. Fig. 3(a)
compares the neff of these modes in the RCF as a function
of the wavelength. At the wavelength of 1550 nm, the neff
differences between HE21 and TE01, HE21 and TM01 are all
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Fig. 3. (a) Calculated neff of vector modes versus wavelength. (b) A simulation
of OAM mode generation. The black line segments represent the polarization
state of the modes.

less than 10−4. In other words, when multiple vector modes
propagate in the fiber simultaneously, the mode degeneration
occurs among the vector modes. Therefore, the final output of
the RCF is a linear polarization (LP) mode [17]. Finally, the
linearly polarized OAM modes in the RCF can be generated by
combining degenerated LPodd

11 and LPeven
11 modes with a ±π/2

phase shift [18]. Fig. 3(b) illustrates the principle of OAM mode
generation by a simulation, and this process can be described by
the formula, LPeven

11 ± iLPodd
11 = OAM±1.

C. The Method of Modes Generation

In order to generate OAM modes in the RCF based on the AR
mode, ultra-long period fiber grating (ULPFG) is utilized. The
ULPFG is essentially one kind of diffraction gratings. With the
phase matching condition of diffraction orders [19],

λres = (nHE21
− nAR)

Λ

N
(2)

where Λ is the grating period, N is the diffraction order, nHE21

and nARare the neff of the HE21 mode and the AR mode,
respectively. If a regular long period fiber grating is considered,
the value of N is 1. In this work, in order to make the resonant
wavelength λres reach the telecommunication wavelength 1550
nm, the Λ is set as around 180 μm. To enhance the reusability of
the fiber, the MLPFG method is adopted instead of the etching
grating method. However, the grating period is too small, which
makes it difficult to produce the MLPFG using commercial
3D printing technology with 0.1 mm precision. Therefore, the
ULPFG principle is considered, and the grating period is appro-
priately enlarged to increase the number of diffraction orders
and ensure that its resonant wavelength is around 1550 nm.

The grating refractive index distribution function is the essen-
tial part of the fiber grating theory [20],

Δn (r,Φ, z) = Δn0 +Δn • σ (z)S (z)P (r,Φ, z) (3)

where S(z) is axial refractive index change of the fiber, σ(z)
is apodization function, P (r,Φ, z) is cross-sectional refractive
index distribution of fiber, Δn0 represents the average refractive
index change of the grating. Δn represents the magnitude of the
refractive index change of the grating.

Theoretically, the axial refractive index change of the
fiber presents a periodic rectangular distribution s (z) =

Fig. 4. (a) Experimental setup, (b) simulation and measurement result of the
RCF transmission spectrum.

∑N
k=0

∏
( z−kΛ

a ) . With the Fourier expansion, the axial refrac-
tive index distribution can be expanded as [20]

S (z) =

+∞∑
m=−∞

sin (mπ) a

mπΛ
ejm

2π
Λ

≈ a

Λ
+

k∑
N = 1

CN cos

(
N

2π

Λ
z

)
(4)

where a is the pulse width of the rectangular function, CN =
[2/(Nπ)] sin(Nπa/Λ) is the coefficients of S(z). For conven-
tional gratings with a period of several hundred microns, the
high-order CN in the S(z) is too small to have much influence
on the depth of the resonant dip in the transmission spectrum.
However, with the increase of Λ, the high-order CN cannot be
ignored. Therefore, it is found that the transmission spectrum
of ULPFG is acted by sub-gratings with different spatial fre-
quencies (2Nπ/Λ) [20]. And the refractive index distribution
Δn(r,Φ, z) is closely related to CN , the mode coupling co-
efficient of the N-th diffraction order is finally promoted. The
ratio, CN/C1, can be used to reflect the influence of the N-th
sub-gratings on the spectrum.

III. EXPERIMENTAL SETUP AND RESULTS

In order to verify the spectral characteristics of the ARRGM in
the RCF, the transmission spectrum of SMF-RCF-SMF structure
is measured. Experimental setup is shown in Fig. 4(a). The
supercontinuum source (YSL Photonics, SC-5) is launched to a
1 cm RCF through a SMF by directly fusion splicing, and the
RCF is then connected to an optical spectrum analyzer (OSA)
with another SMF in the same way.

The measurement result of the RCF transmission spectrum is
shown in Fig. 4(b). There are two main dips at the wavelengths of
720 nm and 1074 nm. According to the one-layer-ring ARROW
structure [21], the transmission spectrum of the RCF is also
simulated with the parameters in Fig. 1(b), as shown in Fig. 4(b).
The wavelengths of the resonant dips in the simulation result are
in good agreement with the measurement result. And the wave-
lengths at 715 nm and at 1075 nm of the two dips correspond to
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Fig. 5. (a) Experimental setup for generation of higher-order modes using
the MLPFG. Illustration: (left inset) Fusion splicing between the RCF and the
SMF, (right inset) structure and relevant parameters of the MLPFG under the
microscope. (b) The transmission spectrum compares the two states with (red
line) and without (green line) pressure.

the resonant orders of m = 3 and m = 2, respectively. For the
experiment, on the anti-resonant waveband (longer than 1100
nm), the transmission spectrum presents multiple fringes which
result from the modal interference effect. The splicing point
between the input SMF with the RCF may cause higher-modes
excitation which can interfere at the second splicing point. It is
not considered in the simulation.

In order to couple the AR mode in the low-index central core
into the HE21 mode in the high-index ring core, the MLPFG is
used to exert pressure on one side of the RCF. The elasto-optical
effect occurs under the lateral pressure. The refractive index of
the fiber is changed periodically along the axial direction. When
the working wavelengths satisfy the phase matching condition,
the energy can be transferred from the AR modes in the central
core to the modes in the ring core. In addition, the effect of stress-
induced birefringence increases the difference of neff between
the orthogonal LP modes. The two LP modes with different
phase velocity can achieve a ±π/2 phase shift at the end of RCF
[22], [23].

Using 3D printing technology, the resin material is made into
a zigzag-shaped MLPFG. The number of the grating periods is
set as 50. The structure and size of the MLPFG is measured by a
microscope, as shown in the right inset of Fig. 5(a), the width of
the serration tip, a = 100 μm, and average period of the MLPFG
is 900 μm. Due to the limitation of experimental equipment, the
grating period should not be set too large, because a greater
period of the grating leads to fewer number of periods and the
coupling efficiency is reduced subsequently [24]. According to
Eq. (2), when N = 5, the resonant wavelength is around 1548

Fig. 6. Transmission (left axis) and PDL (right axis) spectrum of the MLPFG.

nm. And C5/C1 = 58% according to CN in Eq. (4). In addition,
enough depth of sawtooth should be ensured to enhance the fiber
deformation and improve its coupling efficiency.

Fig. 5(a) shows experimental setups for generation of higher-
order modes using the MLPFG. A broadband light source (Super
luminescent diode, OS8145) is used as the input. The SMF and
the RCF are directly fused, and the core diameter of the SMF is
9 μm, which is slightly smaller than the central core of the RCF
(10.8 μm). Fusion spliced fibers are shown in the left inset of
Fig. 5(a). At the output end of the RCF, it is difficult for energy
from the ring core to be coupled into the output SMF. Therefore,
the wavelength where the higher-order modes appear can be
discerned according to the resonant dips in the transmission
spectrum.

The transmission spectrum of the SMF-RCF-SMF structure
was analyzed using the OSA, in which the length of RCF is 40
cm. Increasing the length of the RCF can narrow the free spectral
range of the modal interference in Fig. 4(b), and the continuous
leakage of interfering modes resulting in the weakening of inter-
ference intensity. Therefore, the interference fringes gradually
weaken, the spectrum in working waveband is flat and conducive
to OAM modes generation. By using the 900 μm-MLPFG to ex-
ert external pressure on the RCF, it can be found that higher-order
modes are stably generated at the wavelength of 1525 nm, and
the depth of the resonant dip can reach 14.8 dB. Considering
the accuracy of the 3D printing technology and the offset of
fiber placement position, the experimental results have a 23 nm
deviation from the theoretical calculation.

Fig. 6 shows the polarization dependent loss (PDL) charac-
teristic of the MLPFG transmission spectrum. An additional
fiber polarizer converts the input light into linearly polarized
light. Maximum and minimum transmission spectrum (Tmax

and Tmin) were recorded using the OSA by adjusting the PC.
The PDL spectrum is calculated from the absolute value of
the difference between Tmax and Tmin. The MLPFG exerts
pressure on one side of the RCF, which results in a non-uniform
distribution of force across the fiber cross-section. Therefore, the
transmission spectrum of the MLPFG has a certain polarization
dependence. A birefringence compensation method can improve
the PDL characteristics of the MLPFG [25].

In order to further analyze the characteristics of higher-order
modes generated by the MLPFG, the experimental setups are
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Fig. 7. (a) Experimental setup for OAM modes generation and detection.
PC: polarization controller, NPBS: non-polarization beam splitter, (b) field
distribution of the AR mode. Mode field distribution and interference pattern of
the OAM modes with L = +1 (c) and (d), L = −1 (e) and (f).

shown in Fig. 7(a). The working wavelength of the tunable laser
(Keysight 81600B) is set at 1525 nm, and the output field of the
RCF is captured by an infrared camera. Without any pressure on
the MLPFG, the output field of the RCF presents a Gaussian field
distribution, as shown in Fig. 7(b). It indicates that the AR mode
transmitted in the low refractive index central core of the RCF.
Therefore, the AR mode has no notch band in the transmission
spectrum (the green line in Fig. 5(b)). Exerting pressure on the
MLPFG, a standard mode with ring-shaped field distribution is
captured, as shown in Fig. 7(c) and (e). The interference patterns
indicate that the OAM+1 and OAM−1 modes are generated,
as shown in Fig. 7(d) and (f). Different pressures can induce
different phase shift between the orthogonal LPodd

11 and LPeven
11

modes, which is used for selective generation of OAM+1 and
OAM−1 modes [23], [24].

An additional linear polarizer is placed in front of the camera
to detect the polarization state of the generated OAM modes.
Changing the angle of the fast axis of the linear polarizer, the
output mode fields of OAM+1 and OAM−1 are recorded with
their interference patterns, as shown in Fig. 8(a) and (b). It can
be found that both OAM+1 and OAM−1 have the same linear
polarization.

As changing the direction of the polarizer, the field intensity
of two OAM modes alternate between bright and dark, and the
interference patterns show a spiral shape. It can be proved that
the polarization state of the first-order OAM mode is linear polar-
ization. It means that the principle of OAM modes generation is a
combination of two orthogonal LP11 modes with a ±π/2 phase
difference. By calculating the resonant wavelength of TM01,
TE01, and HE21 modes, there is only a 2 nm difference. There-
fore, these three modes cannot be distinguished independently
in the RCF, the degenerated LP modes are generated. Finally,
the OAM modes can be generated by adjusting the pressure on
the MLPFG and the PC.

The scalar intensity analysis method is used to calculate the
purity of OAM modes [26]. The OAM+1 and OAM−1 modes
from the first column of Fig. 8(a) and (b) are calculated by the
method, which can reach 98.64% and 96.71%, respectively. The
OAM+1 and OAM−1 mode fields are collected every 10 minutes
for an hour and their purity parameters are calculated, as shown

Fig. 8. The intensity and interference patterns of OAM+1 and OAM−1 modes
in (a) and (b), respectively. Double-sided arrows denote the polarizer directions,
increasing the degree by 45° per column. Inten., intensity, Inter., interference.

Fig. 9. Stability of OAM modes purity with time.

in Fig. 9. The purity parameter has a slight downward trend with
time, which may be caused by the loosening of the pressure
device.

Before and after applying the MLPFG, the output power of
RCF is tested for the AR mode and the excited OAM modes by
using a power meter, respectively, at the resonant wavelength
of the MLPFG. The excitation efficiency of the MLPFG is
calculated as approximate 97% for both OAM+1 and OAM−1

modes. Therefore, based on the purity of the OAM modes, the
mode conversion efficiency of OAM+1 and OAM−1 can be
derived as 95% and 94%, respectively.

IV. CONCLUSION

The ARRGM in the RCF used for OAM±1 mode generation
is proposed and demonstrated. By directly fusion splicing of
the SMF and the RCF, the AR mode with a Gaussian field
distribution is generated, which propagates in the low refrac-
tive index central core. The MLPFG produced by 3D printing
technology excited the AR modes into the OAM+1 and OAM−1

modes, in which the resonant wavelength is controllable. And
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the generated OAM modes are a combination of orthogonal LP11

modes with a ±π/2 phase shift. Moreover, the OAM beams
can be generated using a flexible MLPFG and the method of
directly fusion splicing, exhibiting the characteristics of sim-
plicity, low-cost, and controllability. As a special mode in RCF,
the AR mode is proposed for high-efficiency generation of the
first-order OAM modes, which provides a significant guidance
for the generation of higher-order OAM modes in RCFs. The
proposed all-fiber OAM modes generation system has potential
applications, such as sensing, detection, optical manipulation,
and imaging.
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