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Abstract: The orbital angular momentum (OAM) of light provides a new degree of freedom for
carrying information. The stable propagation and generation of OAM modes are necessary for
the fields of OAM-based optical communications and microscopies. In this review, we focus on
discussing the novel fibers that are suitable for stable OAM mode transmission and conversion. The
fundamental theory of fiber modes is introduced first. Then, recent progress on a multitude of fiber
designs that can stably guide or generate OAM modes is reviewed. Currently, the mode crosstalk is
regarded as the main issue that damages OAM mode stability. Therefore, the coupled-mode theory
and coupled-power power theory are introduced to analyze OAM modes crosstalk. Finally, the
challenges and prospects of the applications of OAM fibers are discussed.
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1. Introduction

A photon can carry spin angular momentum (SAM) and orbital angular momentum
(OAM). The SAM of light is associated with the spin of a photon, and it can be characterized
as the circular polarization of a light beam [1]. The values of SAM are £ per photon, which
correspond to left- and right-handed circularly polarized states, respectively. Different
from the SAM, the OAM of light originates from the azimuthal phase distribution at the
wave front [2]. In 1992, Allen et al. first recognized that a light beam having a helical
phase exp(il¢) can carry OAM with the value I per photon [3]. After this groundbreaking
work, detailed studies on optical OAM were constantly carried out [4] and have given rise
to developments in many application areas including trapping and guiding atoms with
optical OAM [5-7], OAM states’” entanglement [8], high-dimensional cryptography [9],
vortex beam assisted microscopy [10,11]. and optical communications [12-15].

At present, the high growth rate of the demand for data transmission capacity leads to
a huge challenge for the optical communication community. Space-division multiplexing
(SDM) is considered as an effective method to solve the problem of capacity crunch in the
f long term [16]. It is obvious that, by using multiple space channels, the nominal data
transmission capacity can be increased greatly. Fortunately, the optical OAM provides a
new degree of physical dimension for SDM [13,14]. OAM modes can be generated by using
spatial light modulators (SLMs) [12], spiral phase plates [17], log-polar mapping [18,19],
angular gratings [20], fiber couplers [21,22], and fiber gratings [23-27]. These methods
provide various choices for loading information onto OAM beams. In addition, Dammann
vortex gratings give a feasible way for the wide-range detection of OAM modes [28] and
for the multiplexing and demultiplexing of massive OAM channels [29]. In addition, the
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technique of multi-plane light conversion provides another effective way to multiplex
and demultiplex OAM modes [30,31]. However, the stable long-distance transmission of
massive OAM modes is still an open issue. In the case of free-space-optics (FSO) data
transmission, the atmospheric turbulence can cause the fluctuation of the refractive index
of air, which damages the intensity profile and the transverse phase structure of OAM
modes [32]. In addition, the diffraction of OAM beams limits the FSO data transmission
in long-distance situations. Another way for OAM mode propagation is using optical
fiber. The OAM modes form a set of orthogonal bases, which is equivalent to the basis of
vector modes in optical fibers. Because of the orthogonality, each OAM mode can carry
information independently under ideal conditions. However, the fiber defects introduced
in the fabrication and the irregular bending in the application will break the orthogonal
condition of fiber modes and cause inter-mode crosstalk [33]. Therefore, the novel designs
to reduce the crosstalk of OAM modes in optical fiber and the signal processing algorithm
to compensate the overall crosstalk at the receiving end attract extensive attention.

In 2009, Ramachandran et al. first demonstrated a kind of ring-core fiber (RCF) in
which the first-order vector modes can be transmitted with outstanding stability [34]. Later,
a fiber with ring-core structure was used to transmit OAM modes, achieving terabit-scale
SDM [14]. To further increase the stability of OAM modes, a kind of air-hole ring-core
fiber (AH-RCF) was proposed and tested [35]. It shows good ability to conserve OAM
modes even in the presence of strong bend perturbations. Using this kind of fiber, a 13.4 km
OAM state transmission was demonstrated [36]. At the same time, a kind of ring-core
photonic crystal fiber (RC-PCF) was designed for OAM mode transmission with ultra-low
confinement loss and wide bandwidth [37]. In addition, Wong et al. found that helically
twisted PCF can preserve the chirality of OAM modes [38]. These works provide good
references for the long-distance transmission of OAM modes.

Our group also attaches great importance to the study of OAM-related optical fibers
and fiber devices. A kind of microstructure RCF employing negative curvature cladding
structures was proposed and fabricated [39,40]. Under experimental test, it showed low
transmission loss of the first-order OAM modes with the value of 0.095 dB/m. In addition,
all-fiber OAM generators based on asymmetric long-period fiber gratings (LPFGs) were
fabricated. Experiments demonstrated that the generation efficiencies from the funda-
mental mode to second- and third-order OAM modes were 99.7% [24] and 99.8% [25],
respectively. Furthermore, we are currently doing the simulation and fabrication of low
crosstalk muli-ring-core fibers (MRCFs) for dense SDM.

This paper introduces the fiber-guided OAM modes from the principle of fiber mode
theory and highlight the advances in design, fabrication, and application of OAM fibers
including conventional solid optical fibers and microstructure optical fibers. The crosstalk
of OAM modes under fiber deformations is discussed using coupled-mode theory [33] and
coupled-power theory [41]. Additionally, we also review the progress of all-fiber OAM
generation techniques. The technical challenges and application prospects of OAM fibers
are discussed at the end.

2. OAM Modes in Regular Solid Optical Fibers

Optical fiber is a kind of circularly symmetric waveguide; thus, the electric and
magnetic fields of eigenmodes can be expressed in the form of separating variables as

E(r,¢,z) = [Per(r) cos(vd + Po) — Pey(r) sin(vg + ¢po) + Ze (r) cos(vd + ¢o)] exp(iBz), (1a)

H(r,¢,z) = [Phe(r) sin(vp + ¢o) + Phy(r) cos(vg + o) + 2h(r) sin(vd + ¢o)] exp(ipz), (1b)

where 7, 43, and Z are unit vectors in the radial, angular, and longitudinal directions of an
optical fiber. § is the propagation constant. Shown by the vector mode category in Figure 1,
the fiber eigenmodes can be classified into HE, ,, EH, ,,, TEq ;,, and TMg , modes [42], where
landv (=1,23------ ) represent azimuthal order and radial order of modes, respectively.
Commonly, the constant phase ¢ in Equation (1) is chosen as 0 or 77/2 to represent even or
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odd polarization state. The superposition of even and odd states of each HE and EH mode
with a £71/2 phase difference can form OAM modes as [43]

+ .
OAMZ_, , = HEf, +iHE}, (2a)
OAMT ., , = EHf, +iEHY, (2b)

“ //

where “e” and “0” represent even and odd polarization states and the superscripts “+4” and
“—r Correspond to left- and right-handed circular polarization, respectively. The elements
I —1and ! + 1 are the absolute values of OAM topological charge. When | = 1, the HE
modes can only form a circularly polarized state without carrying OAM. In addition,
because TE, ;, and TM, modes are intrinsically non-degenerate [43], their relative phase
difference will vary periodically with propagation; consequently, they can not form stable
OAM modes. Therefore, the synthetic modes constructed by TE , and TM,, are excluded
from the category of OAM modes in Figure 1. When a fiber is in the weakly guiding
condition, the effective index difference (An¢) between the near-degenerate modes are
too small to be distinguished. In this case, mode coupling can easily happen, and the
superposition of near-degenerate vector modes can form linearly polarized (LP) states,
which is shown by the category in the left side of Figure 1. Mathematically, the LP modes
are the solutions of scalar Helmholtz equations under the weakly guiding approximation.
Since the polarization effects at the refractive index step are ignored, all the polarization
states in the same LP mode group have an identical effective index (11¢¢).

Linearly polarized Vector OAM
modes modes

HEi‘l HE7, -t g

0AM};; OAMZ;,

TE01 HES; HE9,

COOR

0AM},,; OAMZ,,

HES, HES, EH?,

PeeE - =%

0AM;,; OAMY,,
HE¥, HEJ

© X

Figure 1. The schematic diagram of mode classification categories in optical fiber.

2.1. OAM Modes in Circular-Core Fibers

The refractive index profile of a conventional step-index circular-core fiber (SI-CCF)
is shown in Figure 2a. The fiber guiding condition is determined by the values of core
refractive index (1¢,) and core radius (r¢,). Vector modes in the SI-CCF can be obtained by
solving Helmholtz equations with the tangential continuous boundary conditions. Using
Equation (2), the OAM modes having a helical wave-front phase can be formed by the
superposition of vector modes. As an example, Figure 1 shows the wave-front phase
and circularly polarized chirality of OAMiLl, OAMiz,l and OAMZ, ;; these modes are

formed by HEg/lo, HE§/1°, and EH‘f/lo, respectively. The variation of n for vector modes
versus fiber core radius is shown in Figure 2b. We can see that radial higher-order modes
(HOMs) such as HE; 5, TEg,, and TM will by accompanied by the azimuthal HOMs.
These undesired radial HOMs will increase the complexity of mode coupling and decrease
the stability of OAM modes in transmission.
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Figure 2. (a) The refractive index profile of SI-CCF. (b) The variation of neg versus r., when

(co — 1¢1) /ico = 0.6% at the wavelength of 1550 nm.

In addition, near-degenerate vector modes such as TEq;, HE; 1, and TMg; have
almost the same 7. The Angg around 1 x 1072 is too small to avoid the accidental phase
matching between the near-degenerate modes. Referring to the experiment of polarization
maintaining fibers, the Aneg should be greater than 1 x 10~* to maintain a polarization
state of the HE; ; mode in length scales exceeding 100 m [43]. Thus, in practice, the fiber
index profile deformation and fiber bending can easily cause mode coupling between
the near-degenerate vector modes or OAM modes. The superposition of near-degenerate
vector modes can form LP modes. As shown in Figure 3, because of strong mode coupling,
the intensity patterns of LP modes can be observed at the fiber output end, even though
the inputs are true vector modes.

Vector Linearly polarized
modes modes 1
e e LPA¥ = HES, + TM,,
LP = HES, + TEg,
Q Q LPYY = HES, — TEq,
0

Figure 3. Intensity patterns of the first higher-order mode group in a SI-CCFE. Arrows show the
polarization of the modal electric field. The left column shows the input exact vector modes, while
the right column shows the resultant modes at the output end. Specific linear combinations of mode
pairs in the left column, resulting in the variety of LP; ; modes, are shown by colored lines.

Graded-index circular-core fibers (GI-CCFs) were also studied for OAM mode trans-
mission [44—46]. Because the gradient of the graded-index profile is much slower than the
step-index profile, the OAM modes have a higher mode purity in GI-CCFs. In [44], the
authors presented a specially designed GI-CCF that can support OAM modes having a
purity higher than 99.9%. This kind of design can effectively decrease the intrinsic crosstalk
between OAM modes. The possibility of OAM mode transmission in commercially avail-
able graded-index multimode fiber was discussed by Chen [45]. Recently, all-fiber OAM
(de)multiplexing devices based on graded-index multimode fiber were demonstrated with
high excitation purity of over 90% [46].
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Although GI-CCF shows better potential for OAM mode transmission than SI-CCF,
no experiment demonstrates the long-distance transmission of OAM modes in circular-
core fibers so far. OAM modes may easily transform into LP modes under the external
disturbance in practice. Such instability is the main barrier for long-distance OAM modes
propagation in CCFs. Therefore, new types of optical fiber are required to enhance the
OAM mode stability.

2.2. OAM Modes in Ring-Core Fibers

The azimuthal higher-order vector modes or OAM modes in circularly symmetrical
optical fiber have a donut-shaped intensity pattern. One may be inspired to think that
the waveguide index profile mimicking the donut shape may provide a more stable
environment for the transmission of OAM modes. The pioneering works on the stable
transmission of vector modes were done by Ramachandran et al., who adopted a first-order
perturbation analysis to provide physical insight into the degeneracy of vector modes.
Taking the first-order vector modes as an example, the propagation constant of each
mode can be expressed by adding a vector correction to the scalar propagation constant j,
that is [34]

Breot = B, PBrvor = B —2(01 +62), PBrexn = B+ (82— 1), 3)
where A BE(r) (AN (r)/ Mima)
AY T At r n\r Mmax
1= 2a7ne0f Jo rE(r) 5 5 dr (4a)
_ Anmax [ o, 0(An(r)/ Anmax)
by = 207ne0f Jo E“(r) P dr, (4b)

where 7 is the radial coordinate, E(r) is the electric field for the scalar mode, a is the size
of the fiber core, An(r) is fiber refractive index profile relative to the cladding index, and
Anmax is the highest refractive index difference. The expressions of #; and J; indicate
that, when the electric field has a high changing rate and large amplitude in the region of
refractive index discontinuities, the polarization orientation of modes will cause a large
additional propagation constant. Since a ring core has inner and outer discontinuous
boundaries of refractive index, the Aneg between the near-degenerate vector modes can be
effectively enlarged. Figure 4a shows the index profile of a fabricated novel RCF and the
simulated intensity distribution of the first higher-order mode group (HOMG). Although
the fiber has a high refractive index core at the center, it does not damage the guidance of
the first HOM in the ring core. Most of the mode energy is guided in the ring core, which is
the case expected to help with mode stability. The n.¢ of TEq 1, HE; 1, and TMg,; measured
by recording grating resonance wavelength are shown in Figure 4b. We can see that the
1eff for each pair of modes is separated well. The minimum An between TMg; and the
other modes is no less than 1.8 x 10~4; it is much higher than the value in conventional
CCFs, which is of the order of 10~°. The stability of the first-order vector modes in this
RCF was measured. Under the perturbations of multiple twists and bends with bending
radius down to 1 cm, the mode purity can remain 99.8% after transmitting through the
20 m long fiber.

Later, the stable transmission and manipulation of the first-order OAM modes were
achieved in RCF [47]. Theoretically, using the same design philosophy, more stable OAM
modes can be accommodated into a RCF by increasing the core size and refractive index
contrast. However, the radial HOMs may access fiber accompanying the azimuthal HOMs.
To eliminate the mode coupling caused by undesired radial HOMs, an optimized design
can be applied to RCF to suppress radial HOMs without damaging azimuthal HOMs [48].
Since a radial HOM has a multi-layer ring intensity pattern, narrowing down the ring
core thickness can effectively suppress the existence of radial HOMs. Figure 5a shows the
refractive index profile of a RCF; the ring core thickness is determined by r; and r,. The
cutoff curves of OAM mode groups are shown in Figure 5b. Actually, the cutoff condition of
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a mode group OAM,; , consists of cutoff curves of a set of near-degenerate modes OAMi Io

and OAML/U ; however, they are too close to be clearly distinguished when the relative
index difference between the core and cladding is small ((11¢o — 1) /1co < 2%). Thus, only
one cutoff curve is displayed for each OAM mode group. These cutoff conditions define
boundaries of parameter regions where a specific number of modes is supported in the
fiber. The curve of OAM, forms a design boundary for eliminating all the radial HOMs.
In the region above this cutoff curve (unshaded region), the radial order of all modes is one.
In the gray shaded region below the cutoff curve, the modes with v > 1 become guided
in the fiber. Therefore, by tuning the values of r, and r1 /7, a fiber can support a targeted
number of OAM; ; without introducing radial HOMs.
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Figure 4. (a) Measured index profile of the fabricated fiber and simulated intensity distribution of
the LP1; mode. (b) Measured n¢ of TE( 1, HE; 1, and TM ; of the fiber shown in (a). Reprinted with
permission from Ref. [34] © The Optical Society.
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Figure 5. (a) The refractive index profile of RCF and (b) the cutoff conditions of different order OAM
mode groups when (1co — 1)) /ico = 0.6% at the wavelength of 1550 nm.

The stable propagation of multiple azimuthal higher-order OAM modes in a RCF
was first demonstrated in 2013 [49]. The authors designed and fabricated a RCF with a
central air-hole which maximizes the refractive index gradient at the inner boundary of
the ring core. This large refractive index gradient coincides with modal field gradient
yields large Angg of OAM modes. The best propagation stability was measured on the
eighth-order OAM mode, which had ~20 dB mode purity at the output end of a 1 km long
fiber. After that, many research works were done to optimize the design and fabrication of
AH-RCFs [35,50-52]. An interesting phenomenon found in AH-RCFs was that the OAM
longevity increases with mode order [35], which is contrary to the common intuition
that fundamental states of systems are the most stable. To test modal stability, circularly
polarized OAM modes were generated by a SLM and a quarter-wave plate and then
were coupled into a 10 m long AH-RCEFE. The output OAM modes purities were measured
under the condition of arbitrary fiber bending and twisting, as schematically illustrated
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in Figure 6a. The air-hole radius of the under test AH-RCF is 3 um, and the outer radius
of the ring core is 8.25 pm shown in Figure 6b. The central air-hole forces the modes to
distribute more intensity at the outer boundary of the ring core, and modes will “feel” more
of the large refractive index difference between the ring core and cladding. Hence, the ¢
of modes with OAM and SAM aligned (having the same handedness) will be separated
from those with OAM and SAM anti-aligned (Figure 6¢). Furthermore, the separation
level of 1.4 increases with the OAM order. A Angg around 104 is considered reasonable
for OAM mode propagation [43]; in this fiber, the OAM modes with |L| = 5,6 and 7 can
meet the requirement, as indicated in Figure 6d. In addition, the perturbation has weaker
effects on modes with the increase of mode order [35]. The perturbation of fiber bends
and geometrical deformations can be expanded into Fourier series, where the azimuthal
factor of each element can be expressed as f,(r) exp(ip¢). Since the coupling coefficient
is determined by the inner product between the first OAM mode E;(r) exp(iL1¢), the
perturbation factor and the second OAM mode E;(r) exp(iL,¢), mode coupling mainly
happens when p = L1 — L. For the near-degenerate OAM modes with |L|, because of the
requirement of spin alignment, the perturbation can cause mode coupling when p = 2|L|.
However, the f,(r) becomes increasingly negligible for large p. Therefore, the higher-order
OMA modes gain better stability.

(a) (c
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L 3 ves “
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c 144
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PSR T

Figure 6. (a) Schematic picture of OAM mode transmission through a randomly bended and twisted

5 6

AH-RCF conserving their original states. Each state has a total angular momentum ] that consists of
orbital component L and spin part s. (b) Cross section image (top) and measured refractive index
profile (bottom) for the AH-RCE. (c) Example of n.¢ separation between near-degenerate OAM
modes. (d) The splitting of 71, for near-degenerate OAM modes among different OAM mode groups
and the modal interference images when |L| = 5, 6 and 7. Reprinted with permission from Ref. [35]
© The Optical Society.

The inter-mode crosstalks of the AH-RCF were measured on a multitude of fiber
lengths [36]. Figure 7a illustrates the crosstalks versus fiber length for the |L| = 5 and
|L| = 7 OAM modes. The insets show the modal images at the output end of different
fiber lengths. The mode intensities gradually evolve from a donut shape into periodical
bright spots in the azimuthal direction with the increase of integrated crosstalk. Longer
fiber length leads to heavier crosstalk; the growth rate is 1.5 % per kilometer for the |[L| =7
modes and 15 % per kilometer for the |L| = 5 modes. The |L| = 7 modes maintain better
mode purities which have crosstalks lower than —10 dB when the fiber length is up to
5.5 km. The measured results are coincident with the prediction of a tanh(hz) (where h is
the mode coupling coefficient) dependent crosstalk based on coupled-power theory [53].
Similarly, in Figure 6b, the crosstalks of |L| = 6 modes measured in a 1 km long fiber fit the
crosstalk curve with an /1 value of ~ 4.1 x 1072 km ™.
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Figure 7. (a) Measured crosstalks for |L| = 5 and |L| = 7 modes in an AH-RCF (stars), and theoretical
crosstalks which have the minimum mean-squared error from the measured data (dashed lines).
(b) Measured and theoretical crosstalks for |L| = 6 modes. Insets are modal images at the output of
fiber with different length. Reprinted with permission from Ref. [36] © The Optical Society.

Another novel inverse-parabolic graded-index fiber (IP-GIF) was proposed in 2014 [54].
Similar to the RCFs, the IP-GIF has a refractive index valley at the center of cross section;
therefore, the fiber modes can feel large refractive gradient in the fiber. Numerical sim-
ulation showed that the specially designed IP-GIF enables a large Aneg over 2.1 x 10~*
between the vector modes TEj;, HE;; and TM01 Then, the authors experimentally
demonstrated the stable transmission of OAM= +1,1 modes in the 1.1 km long IP-GIE.

The IP-GIFs and RCFs, especially the one assisted by a central air-hole, show good
ability to separate the 144 of near-degenerate OAM modes. It greatly enhances the stability
of OAM modes which is hardly achieved in conventional CCFs. These designs are beneficial
to increase fiber transmission capacity via adding spatial modes without resorting to digital
signal processing or adaptive optics.

3. Microstructure Optical Fibers Supporting OAM Modes

Photonic crystal fibers (PCFs) which have periodic transverse air-hole arrangements
were first proposed and fabricated in 1996 [55]. With the improvement of manufacturing
technique, the accuracy of microstructure can reach 10 nm on the scale of 1 um [56]. The
design of PCFs is more flexible than conventional solid optical fibers, which allows effective
control of key modal properties such as dispersion, birefringence, nonlinearity and cutoff
conditions. Inspired by the success of PCFs, other kinds of microstructure fibers such
as photonic band gap fibers (FBGFs) [57], Kagome fibers [58,59], and negative-curvature
fibers [60,61] were proposed to guide optical modes in an air core. These novel guiding
mechanisms of microstructure fibers can be adopted to design special OAM fibers.

3.1. Photonic Crystal Fibers Supporting OAM Modes

The common structure of a PCF is to arrange a regular hexagonal lattice of air-holes
symmetrically around a central pure silica core. The equivalent refractive index of the
cladding is lower than that of the core due to the air-holes. Thus, optical modes can be
well confined in the core. When a PCF is periodically twisted in the longitudinal direction,
the cladding light will be guided in the helical lattice of air-holes [62]. The spiral path
regulated by air-holes (Figure 8a) will transfer a fraction of the axial momentum into
angular momentum, causing the formation of cladding orbital angular momentum states.
Furthermore, the wavelengths of the cladding OAM modes vary linearly with the twist
rate. However, in this fiber, no stable OAM modes can be transmitted in the core region.

Later, a phenomenon of OAM preservation was detected in a helically twisted PCF
with a three-bladed Y-shaped core [38]. The schematic pattern and scanning electron
micrograph of fiber cross section are shown in Figure 8b,c, respectively. Based on a
helicoidal extension of Bloch wave theory, the authors developed a scalar analysis for
the modes in the twisted PCF. Figure 8d shows the calculated axial energy flow of a ring
mode when the fiber twist rate is 1.26 rad/mm. In the same fiber, the calculated axial
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Poynting vector of the fundamental mode is shown in Figure 8e. An experiment showed
that the chirality of the +1 order OAM mode was preserved rather than coupled into the
—1 order OAM mode, and vice versa in the twisted PCF, which is in agreement with the
theoretical prediction.

(a) ‘ by )

N e

Figure 8. (a) The perspective of a helical PCF in a twisting period (blues rods are the air-holes passing
through the silica fiber). Adapted with permission from Ref. [62] © AAAS. (b) Schematic structure
of a Y-shaped core PCF. (¢) Scanning electron micrograph of the Y-shaped core PCF. (d) Calculated
axial Poynting vector of a ring mode at the wavelength of 800 nm in the fiber with a twist rate of
1.26 rad/mm. (e) Calculated axial Poynting vector of the fundamental mode which carries no OAM
modes. Adapted with permission from Ref. [38] © The Optical Society.

In addition to the twisted PCFs, a family of RC-PCFs was proposed for OAM mode
transmission [37,63-66]. As shown in Figure 9, the RC-PCFs all adopt circularly symmetric
air-hole arrangement, so that the even and odd polarization states of a vector mode will
keep well degenerate hence making sure the stability of the combined OAM modes. In [64],
three layers of air-holes were used to form the cladding region (Figure 9a). The authors
proved that the Aneg between the even and odd polarization states are around 10~ when
the number of air elements in each layer is no less than 24. In this case, the fiber structure-
caused circular asymmetry is negligible compared with the deformations that arise from
external perturbation such as bending and twisting. In the same year, RC-PCFs supporting
14 [37] and 26 [65] OAM modes were designed and analyzed, successively (Figure 9b,c).
In these works, identical air-holes were used to construct four circular cladding layers.
This design contributes to keeping a similar swelling force in each air-hole, which helps to
maintain ideal cross section geometry during the fabrication. The high air-hole filling ratio
of the cladding region leads to an equivalent refractive index much lower than that of pure
silica; therefore, both inner and outer boundaries of the ring core have very large index
gradients. The electric field of modes with a relatively lower-order concentrate and vary
rapidly in the vicinity of the inner refractive index step, thus the An.g of near-degenerate
modes such as (HE; 1, TEq 1, TMy 1) is very large. However, with the increase of mode order,
the Angg first reduces, and then rebounds to grow after a certain order. Because the modal
fields move to the outer region of the ring core with the increase of mode order, the great
index step at the outer core boundary becomes dominant to cause large An, between
near-degenerate modes in the HOMGs.

In 2019, a PCF with cladding consists of a circular layer of air-hole and three hexagonal
layers of air-hole were designed and fabricated [66]. Figure 9d shows the designed fiber
cross section. The circular arrangement of the first layer air-holes can help to minimize the
Anegs between the even and odd polarization states of the same vector mode. Furthermore,
three outer layers of air-holes contribute to increasing the light confinement in the ring
core. The hexagonal arrangement of the outer air-holes makes the fiber easier to be
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manufactured by the stack-and-draw method. The scanning electron micrograph of the
fabricated RC-PCF is shown in Figure 9e. The ring core maintains a good circular symmetry.
However, the fabricated fiber has a relatively large transmission loss of 50 dB/km, and
only the transmission of the first- and second-order OAM modes was demonstrated in
the experiment.

Silical

I
I
I

Figure 9. The cross sections of PCFs supporting OAM modes. (a) Heterogeneous air-hole cladding
design. Adapted with permission from Ref. [64] © IEEE. RC-PCFs with cladding constructed by
identical air-holes supporting (b) 14 and (c¢) 26 OAM modes. Adapted with permission from Ref. [37]
© IEEE and Ref. [65] © Elsevier. (d) A design of RC-PCF with cladding that consists of a circular layer
of air-holes and three hexagonal layers of air-holes. (e) The fabricated RC-PCF based on the design
in (d). Adapted with permission from Ref. [66] © The Optical Society.

3.2. Negative-Curvature Ring-Core Fibers for OAM Modes Transmission

In 2011, Wang et al. proved that a hypocycloid-shaped core structure can enhance
light confinement in Kagome fibers [59]. Furthermore, by simplified the Kagome cladding
into a layer of silica tubes, a kind of negative-curvature fiber was proposed to guide
light in a quasi-air environment with ultra-wide bandwidth, low scattering loss, and
weak nonlinearity [60,61,67-69]. These designs provide valuable references to improve the
cladding structure of RC-PCFs.

Enlightened by the negative-curvature fibers, our group studied a new kind of negative-
curvature ring-core fiber (NC-RCF). The loss comparison between the multi-layered hollow-
core fiber and negative-curvature hollow-core fiber is shown in Figure 10a [39]. When the
number of air—silica interfaces is the same (four layers), the confinement loss of negative-
curvature hollow-core fiber is much lower. Therefore, to increase the number of supported
OAM modes with achieving ultra-low loss for the HOMs, an NC-RCF (Figure 10c) was
proposed that originate from RC-PCF (Figure 10b). The thickness of the cladding tubes
should meet the antiresonant condition for the central wavelength of the transmission band
that [69-71]

A(M—0.5)

2, /n2 -1’

where A is the free space wavelength, ng is the refractive index of silica glass, and M
represents the order of antiresonance (= 1,2,3...).

t= )
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Figure 10. (a) Loss comparison between multi-layered annular fiber and negative-curvature fiber.
(b) RC-PCF. (c¢) Improved NC-RCF. (d) Dependence of the confinement loss on the wavelength for
(e) silica cladding design, (f) negative curvature tube cladding with tube thickness of t = 2 um,
(g) negative curvature tube cladding with tube thickness of t = 2.5 um, and (h) air cladding model.
Adapted with permission from Ref. [39] © The Optical Society.

Another interesting property of NC-RCF is that the modes formed in the thin mem-
branes of the cladding tubes can couple with certain core modes. Then, the undesired core
modes can be effectively filtered out by the coupling caused the large loss. In Figure 10e-h,
red regions represent silica and white regions represent air. The simulated confinement
losses of the HE3; mode in the four designs are shown in Figure 10d. It is easy to un-
derstand that the silica cladding and air cladding designs have the highest and lowest
confinement loss, respectively. The green and black lines in Figure 10d show the confine-
ment losses of NC-RCF when f = 2.5 ym and f = 2 um, respectively. When f is 2 um,
the confinement ability of negative curvature tubes is very close to that of air cladding.
However, when t increases to 2.5 pm, antiresonant and inhibited coupling conditions are
not satisfied. Hence, a lot of energy was coupled into the tube membrane modes and caused
a very high loss, which can be understood by observing the electric field distribution of
HE3 1 mode shown on the right side of Figure 10d.

The detailed structure of NC-RCF and the descriptions of the parameters are illustrated
by Figure 11a,b. We took r =7 um, p = 0.65, t = 1.2 um, and 4/ A = 0.8 as an example to
discuss the fiber properties. To prevent the HE- and EH-synthesis OAM modes coupling
into LP modes during the propagation, Angg should be larger than 10~#, which is the
minimum modal birefringence of the polarization-maintaining fibers. Figure 11c shows
the simulated spectra of Angg between the adjacent vector eigenmodes in an OAM mode
group. As the TEp; and TMj; are filtered out, only HE; ; mode remains in OAM Mode
Group #1. Therefore, the case of Group #1 is excluded in Figure 11c. It can be seen that the
requirement of >1 x 10~* is met in the wavelength band from 1.4 to 1.8 um for OAM Mode
Groups #2, #3, #4, #5, #6, and #8. In this fiber, the An.¢ within a mode group decreases with
the order of mode group (except for the Mode Group #8). Such variation trend of Ang
is opposite to that in the AH-RCF illustrated in Section 2.2. It is because the equivalent
refractive index of cladding of our designed fiber is close to 1, thus the large core/cladding
refractive index difference makes the lower-order mode group distribute approaching the
inner air-silica boundary, and hence generates a higher An.¢ between vector eigenmodes
in the mode group. This property will be good for the use of lower-order OAM modes.
Figure 11d shows the minimum Ang between the adjacent OAM mode groups over the
wavelength from 1.2 to 2.0 um. The eigenmodes used for calculating the minimum inter-
mode-group Aneg are described in Figure 11(b2). The values increase with the order of
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OAM mode group and wavelength. When the wavelength is larger than 1.2 pm, all the
inter-mode-group Ang exceed 1 x 10~3. Consequently, in theory, the designed NC-RCF
can stably support 26 OAM states in the telecommunication wavelength band, including
OAM Mode Groups #1 (two states), #2 (four states), #3 (four states), #4 (four states), #5
(four states), #6 (four states), and #8 (four states).

(b1)
To
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r Outer radius of the ring-core
P Ratio of inner and outer ring-core radius
d Diameter of the air-hole

Air-hole pitch
d/A Relative air-hole diameter
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D Outer diameter of the substrate
/A Normalized wavelength
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Figure 11. (a) The cross section of the proposed NC-RCF. (b1) The description of each structure
parameter. (b2) The modes used to calculate the minimum A in (d). (c) The Angg between the
adjacent vector eigenmodes in each OAM mode group when r = 7 um, p = 0.65, t = 1.2 um, and
d/A = 0.8. (d) The minimum An,g between OAM mode groups. Adapted with permission from
Ref. [39] © The Optical Society.

The fabrication procedure of the NC-RCF is illustrated in Figure 12a. It includes four
steps: (1) stack the center preform; (2) draw the center cane; (3) stack the fiber preform; and
(4) draw the fiber. In the second and fourth steps, the cane and tubes should be sealed at
one end to keep positive air pressure in the hollow holes for maintaining the fiber structure
during drawing. Furthermore, in Step 4, a vacuum pump should be used to help reserve
the hollow structure during the fiber drawing. Figure 12e,f shows the fibers fabricated
under the vacuum level of ~60 kPa at the temperature around 1880 °C and ~40 kPa at
the temperature around 1895 °C, respectively. We can see that the intervals between the
cladding tubes and the central casing tube are filled in by silica; therefore, the fabricated
fibers have much higher confinement loss than that predicted in simulation. The minimum
transmission losses of OAM] ; in Fibers (e) and (f) are 0.3 and 0.095 dB/m, respectively.
The higher loss in Fiber (e) is caused by the relatively thicker silica layer surrounding the
core, which leads to the leakage of energy from the ring core to the cladding silica through
mode coupling.
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()

Outer diameter: 14 mm

Figure 12. Fabrication of the proposed NC-RCF. (a) Schematic figure of the fabrication process using
stack-and-draw method. (b) Stacked preform of the central cane. (c) Cross section of the intermedia
cane. (d) Stacked preform of the NC-RCF. Scanning electron microscopic photo of the fabricated
NC-RCF with (e) the thickness of ring core around 2.45 um, Adapted with permission from Ref. [39]
© The Optical Society, and (f) the thickness of ring core around 2.65 um. Adapted with permission
from Ref. [40] © IEEE.

Finally, we compare the different kinds of fibers supporting OAM mode in Table 1.
The recorded number of OAM mode transmissions is 36, achieved by a AH-RCF in 2014.
In addition, the maximum transmission length of OAM modes is 13.4 km using a loop
of AH-RCF in 2016. Although, theoretically, RC-PCFs and NC-PCFs provide a larger
Aneg between the near-degenerate modes, which help to enhance the mode stability, no
experiment demonstrates the long-distance stable transmission of OAM modes in these two
kinds of fibers. The main reason is that RC-PCFs and NC-PCFs may suffer relatively large
geometrical deformation during the fabrication. Then, the refractive index fluctuation will
cause severe mode coupling. We believe that the performance of RC-PCFs and NC-PCFs
will be improved with the progress of the fabrication technique.

Table 1. Comparison among the reported fibers supporting OAM modes.

Simulation Experiment
Year Fiber Type Mode OAM Mode OAM Max. Transmission ~ Min- Aiee  Wavelength (nm)
Number Modes Number Modes Length

2012 RCF [47] - . 2 OAM4q, 20m - 1527
2013  AH-RCF [49] - - 12 OAM.771 — OAM49, 1km ~1x107* 1530, 1555
2015  AH-RCF [35] - - 12 OAM.s57 —OAM4 7, 10 m 7x107° 1530-1565
2016  AH-RCF [36] - - 12 OAM. 11 — OAM4, 13.4 km 7x107% 1550
2014  AH-RCF [50] 36 OAM; — OAM.9; 36 OAM; — OAM.9; 0.85m 1.1x 1074 1550
2014 IP-GIF [54] 6 OAM. ;1 — OAM4, 2 OAM. 1, 1.1 km 2.1x107% 1530-1565
2015  GI-CCF [44] 10 OAM. 1, — OAM43, - - - 1.16 x 107* 1520-1580
2016  RC-PCF [65] 26 OAM. ;1 — OAM4 7, B - - >1x107* 1250-1900
2016  RC-PCF [37] 14 OAM. 1,1 — OAM44, - - - >1x107* 1250-1810
2019  RC-PCF [66] 14 OAM. 1, — OAM4, 6 OAM. 1, —OAM4, 12m 213 x 1073 1550
2019  NC-RCF [39] 26 OAM.1; — OAM. 7, 14 OAM. 11 — OAM4y4, 40 m 2x1073 1550

4. Crosstalk Analysis of OAM Modes in Optical Fibers

Multi-core fiber (MCF) is regarded as a good solution for increasing data transmission
capacity and saving fiber consumption for the next generation of fiber-optic networks.
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When the mode coupling between fiber cores is sufficiently small, each core can be regarded
as an independent signal channel. Many studies have been done for reducing the inter-core
crosstalk, including the studies on heterogeneous and trench-assisted MCFs [72-76]. By
optimizing the core structure and arrangement, ultra-low inter-core crosstalk and high core
density can be achieved simultaneously [75].

Those experiences in designing MCFs provide good references for the design of
MRCFs. Figure 13a shows the refractive index profile of a step-index trench-assisted
MRCE. The design region of the size of ring core for supporting a certain number of
OAM mode groups can be tuned by changing the central refractive index (r1¢e) and the
core refractive index (1,). Figure 13b illustrates the design region for supporting mode
groups from OAMj; to OAM,; and cutting off all the radial HOMs in the C+L band
(from 1.53 um to 1.625 um). The boundaries of each design region are formed by the
cutoff curves of OAM, and OAMs; at the wavelength of 1.53 um and OAM, ; at the
wavelength of 1.625 pm, respectively. When the relative index difference of the core
(Aco = (nco — ng1)/neo) increases, the available values of the outer radius of ring core
(r2) decreases. The smaller core size is beneficial to the compact design of MRCFs. In
addition, the negative relative index difference of the central area (Ace = (#1ce — 1) / Tce)
can force the ne¢ of OAM 5 fall to the cladding refractive index more quickly. As shown
in Figure 13b, the cutoff curve of OAMj, occurs at a smaller value of r;/r; when Ace
decreases, which indicates that the available width of the ring core can be extended. In
the experiment, a relatively thicker ring core can help to increase the mode stimulation
efficiency at the fiber input end and improve modal stability during transmission.

core-to-core interval
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Figure 13. (a) The schematic refractive index profile of a trench-assisted MRCE. (b) The design regions
for supporting 5 OAM mode groups in C+L band.

The inter-core coupling is an essential issue in MRCE. When the core-to-core interval
is sufficiently large, the adjacent cores can be regarded as refractive index perturbations
of each other. Based on coupled-mode theory, the inter-core mode coupling coefficient of
mode m in core i caused by mode 7 in core j can be calculated by an overlap integral as [33]

wey HAOO n(j)2 —n? )e( i) ( *d A

cl

\/J’IAoo (e x b +el)* x h{)dA [, 2- () x WY + )" x n))da

(6)

where nU) is the refractive index profile of core j, n is the cladding refractive index, and
e and h are the electric and magnetic components of modes. However, in the case that
the cores are not identical, the conventional mode coupling coefficient are not symmetric.
Therefore, when only considering the forward propagation modes, the total power may
not be conserved. To satisfy the law of power conservation, redefined mode coupling
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coefficients C,Siz,(j ) and Cr(lj (@) were used; their definitions are the average of the usual mode

coupling coefficients [77]

cin - e’ e’ - i _ o @)
Because real optical fiber is not perfect, there is a random phase difference between fiber
modes, which is a function of propagation length d f (z). To consider the effect of the random
phase difference, the fiber is divided into finite segments in the longitudinal direction.
Furthermore, uniform random phase offsets are applied to all cores in each segment. The
overall mode coupling can be obtained by calculating coupled-mode equations in each
segment in order.

On the other hand, the inter-core crosstalk can be calculated by coupled-power theory
as well [41,77]. Based on the assumption that the random phase fluctuation along the fiber is
a stationary random process, it has an autocorrelation function: R(Az) = (6f(z + Az)df*(z)).
It has been demonstrated that the calculation based on exponential autocorrelation can
obtain crosstalk that agrees well with the experiment results in a single-mode MCF. Fur-
thermore, the power coupling coefficient can be expressed by the Fourier transformation of
exponential autocorrelation function as [77]

(Com )L

o (2) = — ,
1+ (809 (2)LoJ2

®)

where A,B,g;)n(] ) (z) represents local propagation constant difference of mode m in core i
and mode 7 in core j and L. is the correlation length of R(Az). To take into account the
effects of fiber bending and twisting without using numerical solutions, a closed-form
average power coupling coefficient was proposed for estimating the inter-core crosstalk in
MCFs [78]. It represents the average power coupling coefficient over a twist pitch as

27/ y
i =L [ W (@), ©)
0

where 7 is the rate of fiber twisting. By solving power coupling equations, the crosstalk
between the two modes can be expressed as

XT%U) = 1010g10[tanh(h£,?n(j) )l {10

The crosstalk values calculated by using the average power coupling coefficient were
demonstrated to agree well with experimental results [78]. It provides a fast and accurate
method for estimating inter-core crosstalk in bent and twisted MCFs.

Using the average power coupling coefficient, we can analyze the variation trend
of inter-core crosstalk in MRCFs. Figure 14a illustrates the inter-core crosstalk between
two identical fiber cores. Each fiber core can support up to the fourth-order OAM mode
group. We can find that the relatively heavy crosstalk exists between the modes in the same
mode group, which is because modes having similar An.g easily meet the phase-matching
condition. In addition, the crosstalk increases with the mode order. As the higher-order
OAM mode has a larger fraction of energy distribution in the cladding region, it can “feel”
more of refractive index perturbation from the adjacent cores. Therefore, the overlapping
integration is greater between the higher-order OAM modes. The maximum crosstalk
exist between OAMi 11 and OAM ™ 11 with the value of —47 dB/m. The variation of the
maximum inter-core crosstalk versus the size and position of the trench in the 5-mode-
group MRCF is shown in Figure 14b. It is shown that increasing the width of the trench can
rapidly reduce the crosstalk, and the gap between core and trench also helps to decrease
the crosstalk.
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Figure 14. Inter-core crosstalk analysis at the wavelength of 1550 nm when the core-to-core interval
is 40 um. (a) The crosstalk between modes in two ring cores with the parameters r; = 4.95 um,
rp =9 um, r3 = 11 um, ry = 16 um, Aco = 1%, Ace = 0%, and Ay = —0.7%. (b) The variation of
crosstalk between OAMLLI and OAM™T 41 in two identical adjacent cores versus the core-trench gap
(r3 — rp) and the trench width (ry — r3).

In addition, the inter-mode crosstalk between different OAM modes in the same fiber
core was analyzed in strongly guiding ring-core fibers recently [79]. The AH-RCF is a
representative of strongly guiding fibers. The large air-silica refractive index contrast
can effectively separate the 1.4 of OAM modes in the same mode group, as discussed in
Section 2. However, with the increase of refractive index difference between fiber core
and neighboring materials, the purity of OAM modes will decrease. Essentially, an OAM
mode in optical fiber has two components contributing opposite circularly polarized OAM
states of orders [ and I + 2. According to Equation (2), for HE-synthesis OAM modes,
the spin-orbital aligned component with the OAM order ! is dominant, while the spin-
orbital anti-aligned component with the OAM order | + 2 is relatively weaker. However,
for EH-synthesis OAM modes, the weight of the compositions is just opposite to that
of HE-synthesis OAM modes. With the increase of the mode guiding level in optical
fiber, the intensity of the weak modal component will grow, approaching the dominant
modal intensity. Therefore, it is necessary to analyze OAM mode crosstalk in a strongly
guiding condition.

The inter-mode crosstalk of OAM modes can be calculated by either coupled-mode
theory or coupled-power theory. The only difference from the inter-core crosstalk is that
the refractive index perturbation does not originate from adjacent cores (represented by 1(/)
in Equation (6)) but is caused by stress birefringence, core ellipticity, diameter fluctuation,
core axis deviation, and so on. In [79], the OAM modes crosstalk are calculated under
the influence of stress birefringence and core ellipticity. The normalized mode coupling
coefficients are shown in Figure 15. Stress birefringence and core ellipticity induce the
same coupling pattern among OAM modes, while the intensities are different. In the case
of stress birefringence, the dominate-dominate coupling mainly occurs between cross-
polarized OAM modes having the same OAM topological charge. When the perturbation
is core ellipticity, the dominate-dominate coupling only happens between OAM modes
having a OAM topological charge difference of two. Moreover, the two mode coupling
coefficients caused by perturbations have opposite signs for higher-order OAM modes
in the region close to the main diagonal. However, the ellipticity-caused coupling close
to the main diagonal is weaker because it is induced by dominant-weak interaction. The
two distributions indicate that the effects of birefringence and ellipticity tend to partially
compensate one another.
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Figure 15. The calculated mode coupling coefficient under the influence of stress birefringence and
core ellipticity. “0” represents the coupling between dominant components, “O” is the interaction
between dominant and weak components, and “o” indicates the coupling between weak components.

Reprinted with permission from Ref. [79] © The Optical Society.

5. All-Fiber OAM Generator

All-fiber OAM mode generators have the advantages of compatibility with fiber
systems, low insertion loss, easy integration, and low cost. Therefore, although OAM
beams can be efficiently generated by commercial SLMs, all-fiber OAM mode generators
still receive increasing attention in recent years.

Using LPFGs is an effective way to convert the fundamental mode to OAM modes in
optical fibers. Our group proposed to adopt asymmetric LPFGs to directly generate higher-
order OAM modes from the fundamental. We first consider the generation of second-order
OAM modes. In a four-mode fiber, the grating pitch (A) is determined by the phase-
matching equation A = A/(ng; — np1), where ny; and n,, are the effective refractive
index of the LPy ; and LP; ; modes, respectively. As shown in Figure 16a, the calculated A
in the vicinity of A = 1530 nm is ~520 pm. The fabrication of the asymmetric LPFG was
using a focused CO; laser with high power periodically irradiating a 4-mode fiber from
one side [24]. Figure 16(a2) shows the image of asymmetric LPFG; the strong geometrical
deformation can cause a large modulation on 7 with the value about —1.1 x 1072. In
addition, since the deformation is asymmetric, the modulation is not uniform but azimuthal
varying. As a result, the power of LPj; mode can be effectively coupled into LP; ; mode.
In the same manner, an asymmetric LPFG can be fabricated on a 6-mode fiber to convert
LPg,; to LP3 . Since these two modes have a larger An,g, the required A becomes smaller.
As shown in Figure 16b, the calculated A is ~200 pm in the vicinity of A = 1543 nm. To
make large geometrical deformations, the six-mode fiber was scanned six times by a CO,
laser with increasing power step by step [25]. Figure 16(b2) shows the image of asymmetric
LPFG with A = 200 um. The large geometrical deformation breaks the orthogonality
between LP(; and LP3;, which enhances the coupling between these two modes. The
fabricated asymmetric LPFGs tested have mode conversion efficiencies of 99.7% and 99.8%
for LP;; and LP3, respectively.
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Figure 16. (a) Calculated grating pitch for the mode coupling from LP ; to LP; ; modes in a four-
mode fiber. (al,a3) The patterns of LP( ; and LP; 1 modes. (a2) The image of the fabricated LPFG with
A = 520 um. Adapted with permission from Ref. [24] © The Optical Society. (b) Calculated grating
pitch for the mode coupling from LP ; to LP3 ; modes in a six-mode fiber. (b1,b3) The patterns of
LPp, and LP3; modes. (b2) The image of the fabricated LPFG with A = 200 pm. Adapted with
permission from Ref. [25] © The Optical Society.

The experimental setups for the generation and detection of OAM modes using the
fabricated asymmetric LPFGs are shown in Figure 17a. A tunable laser was used as an
optical source. Furthermore, the input light was divided into a generation branch (upper
one) and a reference branch (lower one) using a 90:10 optical coupler. The 90% energy
branch was used for the OAM generation. A single-mode fiber (SMF) was coaxially spliced
with the under test few-mode fiber (FMF) to stimulate the fundamental mode. Polarization
Controller 1 (PC1) was used to adjust the polarization states of the incident fundamental
mode to the asymmetric LPFG. It was used to determine the power ratio of the even and
odd polarization states of the generated higher-order LP mode. One end of the LPFG was
clamped by a fiber holder, while the other end was mounted at the center of a rotator. The
relative phase difference between the even and odd polarization states of the target LP
mode can be adjusted by twisting the LPFG with the rotator. The generated mode was
collimated by a microscope and then transmitted into the charge-coupled device (CCD)
camera. The measured mode intensity patterns are shown in Figure 17(bl-el). To verify
the number of the OAM topological charge, a reference Gaussian beam in the lower branch
was adjusted into the same power level as the generated OAM beam and was combined
with the OAM beam using a beam splitter (BS). Then, we can see the OAM order according
to the interference patterns. Figure 17(b2,c2) indicates that the generated modes were
OAM,,; and OAM_, ;. In the same way, the interference patterns in Figure 17(d2,e2)
show that the generated modes were OAM_ 31 and OAM_3 ;. These works demonstrated
a feasible way to produce low-cost compact all-fiber OAM generators.
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Figure 17. (a) Schematic diagram of the experimental setups for the generation and detection of

OAM modes using asymmetric LPFGs. OC, optical coupler; H, holder; R, rotator; MO, microscope
objective; ATT, attenuator; Col, collimator. (b1-el) The intensity profiles of the generated modes.
(b2-€2) The interference patterns of the generated OAM modes with a reference Gaussian beam.
Adapted with permission from Refs. [24,25] © The Optical Society.

In addition, many valuable works on all-fiber OAM generators were reported by other
groups. In 2015, Li et al. first proposed a controllable all-fiber OAM mode converter [23].
As shown in Figure 18a, at the input end, a SMF is spliced coaxially with a two-mode fiber
to efficiently stimulate the fundamental mode in the two-mode fiber. Then, a mechanical
long-period grating is applied on the two-mode fiber to convert the fundamental mode to
the LP; ; mode. Then, a rotator is used to adjust the intensity orientation of the LP; ; mode
to the pressure applying slabs. When the orientation angle is 45°, the energy of the vertical
and transverse polarization components are the same. By applying pressure to modify the
circular core into an elliptical core, a Ang is generated between the vertical and transverse
polarization components.

Then, the first-order OAM mode can be generated when the two components have a
£7/2 phase difference at the output end. Moreover, the grating pitch applied to the fiber
can be tuned by placing the fiber at different angles to the mechanical long-period grating.
It achieves a scalable scheme to generate OAM modes at different wavelengths.

However, the mechanical long-period grating is relatively bulky, and a more compact
OAM generator by using an all-fiber mode selective coupler was proposed in 2018 [22]. In
Figure 18b, the coupler is fabricated by tapering a SMF and a graded-index FMF together
with a proper diameter ratio. The FMF used here is in the strong guiding condition, which
can well separate the n.¢ of HE; ; from those of TEg; and TMy ;. Hence, the coupling
efficiency into HE; ; is increased. In the experiment, a polarization controller was used
to adjust the purity of the generated first-order OAM mode. Finally, a purity of ~95%
was obtained.
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Figure 18. All-fiber OAM mode generators. (a) Principle of the controllable all-fiber OAM beam
generator based on mechanical long-period grating. Adapted with permission from Ref. [23] © The
Optical Society. (b) Schematic of the all-fiber mode selective coupler. Adapted with permission from
Ref. [22] © The Optical Society. (c) Schematic of the helical fiber grating fabrication setup using a
hydrogen-oxygen flame, and the periodic helical structures of right-handed chiral and left-handed
chiral gratings. Adapted with permission from Ref. [26] © The Optical Society. (d1) neg of LP modes
in a four-mode fiber. (d2) The resonant pitches of a helical fiber grating versus the wavelength.
Adapted with permission from Ref. [27] © The Optical Society.

The above-mentioned all-fiber OAM generators are sensitive to the polarization
states of fiber modes, which may have instability in applications. In 2019, a polarization-
independent OAM generator based on a helical fiber grating was proposed [26]. As
illustrated in Figure 18c, the helical fiber grating was produced by twisting a FMF during
hydrogen-oxygen flame heating. Through carefully setting the rotation speed of the rotator
and the moving speeds of the two translation stages, the pitch of the helical grating can be
well kept. In their works, the resonant wavelengths of the right-handed helical grating and
left-handed helical grating are 1550.9 and 1554.5 nm, respectively. The two samples were
tested in experiments. The results show that the first-order OAM modes can be generated
with a mode purity of around 93%. Furthermore, the polarization state of the output OAM
modes is consistent with the polarization state of the input light. Since no coupling was
observed between the +1-order and —1-order OAM modes, it is indicated that the OAM
chirality was determined only by the twisting direction of the helical fiber grating.

Recently, a further work on helical fiber grating based all-fiber OAM generator was
reported. By taking advantage of the second and third diffraction orders of a helical fiber
grating, the second- and third-order OAM modes can be simultaneously generated in a
single fiber [27]. Figure 18(d1,d2) shows the n.¢ of modes and grating resonant conditions
in a four-mode fiber. In Figure 18(d1), we can see that the fiber can only support the LP3;
mode when the wavelength is smaller than 1440 nm, while the other three LP modes can be
well guided in the fiber in the wavelength band from 1400 to 1700 nm. The grating resonant
pitches and Aneg of modes are shown in Figure 18(d2). The resonant coupling from LPy; to
LPj; 1 occurs at the wavelength of 1580 nm, and that from LPy ; to the cladding mode (noted
as LP3; to be consistent with the notation in Figure 18(d2) occurs at the wavelength of
1555 nm. Therefore, the fundamental fiber mode can be converted directly into OAM; ; and
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OAM;; at the two specific wavelengths, respectively. From the experiment, the maximum
purities for the OAM;; and OAM;; were 95% and 98%. In addition to OAM modes
generators, chiral fiber gratings can also be applied as torsion sensors, band-rejection
filters, wave plates and linear- and circular-light polarizers. The mode-coupling theories,
fabrication techniques and applications of helical fiber gratings can be found in a detailed
and comprehensive review contributed by Zhao Hua and Li Hongpu [80].

6. Conclusions and Prospects

The stability of OAM mode transmission in optical fibers has obtained great im-
provements in the last decade. Using an AH-RCEF, the best record for stable OAM mode
transmission reached 13.4 km [36]. In addition, many simulation works have been done
on microstructure fibers for OAM mode transmission. Some of these designs were man-
ufactured and tested. Although the produced microstructure fibers have geometrical
deformations from the ideal design, they performed the transmission ability for OAM
modes in experiments. Therefore, these exploratory works provide flexible designs for
OAM fiber and expand the application of OAM modes in the aspects of enhancing data
transmission capacity in fiber links, OAM-based fiber imaging, and vortex-mode fiber
lasers. In addition, the studies on the all-fiber OAM generator provide alternative choices
to commercially available free-space devices. Those all-fiber devices are suitable for appli-
cations requiring low insertion loss, good alignment stability, and high integration.

However, the stability of OAM modes in optical fibers needs to be further improved
for long-haul, high-capacity data transmission. Although the first-order perturbation
theory reveals that increasing the refractive index contrast between core and cladding can
split the ¢ between the near-degenerate OAM modes, the variation trends of An.¢ among
near-degenerate OAM modes with different OAM orders are not consistent. Therefore,
there is no mature design scheme for obtaining the optimized combination of guiding
mode number and mode stability level. On the other hand, improving the fiber fabrication
technique is necessary for improving mode stability. How to keep the hollow structures of
AH-RCF and microstructure RCF during fiber fabrication still need to be studied.

For fiber-optic communications, in recent years, a scheme of SDM assisted by low-
complexity modular multi-input multi-output (MIMO) equalization was proposed for
recovering the signal from the crosstalk among the near-degenerate OAM modes [81].
According to the maximum degeneracy of a fiber mode group, a 4 x 4 MIMO is sufficient
for signal processing. In this scheme, the crosstalk between the near-degenerate OAM
modes is no longer the crucial issue; instead, the crosstalk between OAM mode groups
becomes the main barrier for increasing the signal quality. Therefore, the fibers suitable for
this scheme should achieve low crosstalk between OAM mode groups while having low
differential group delay between the near-degenerate OAM modes. The fibers will need no
ultra-high refractive index contrast structures such as the air-hole to separate the #.¢ of
near-degenerate OAM modes. Thus, these fibers may have higher fabrication reliability
and can be expanded to a multi-core design.

Finally, we should note that active OAM fiber-optic devices such as OAM fiber am-
plifiers are also important for building long-haul OAM mode fiber links. Although there
are many challenges related to mode stability, generation efficiency, multiplexing, de-
multiplexing, and amplification in the field of OAM, it provides new frontiers for optical
communication systems and microscopy techniques.
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