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ABSTRACT

Structured light, especially beams carrying orbital angular momentum (OAM), has gained much interest due to its unique amplitude and
phase structures. In terms of communication systems, multiple orthogonal OAM beams can be potentially utilized for increasing link
capacity in different scenarios. This review describes challenges, advances, and perspectives on different aspects of the OAM-based optical
communications, including (a) OAM generation/detection and (de)multiplexing, (b) classical free-space optical communication links, (c)
fiber-based communication links, (d) quantum communication links, (e) OAM-based communications in different frequency ranges, (f)
OAM-based communications using integrated devices, and (g) novel structured beams for communications.
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I. INTRODUCTION

“Structured light”—especially orbital angular momentum
(OAM)—is a topic of growing interest in the optics community, not
only for its inherent properties but also for its possible applications.
Will it impact sensing, imaging, or micromanipulation?1–3 This review
will explore the possibilities of OAM for data communications.

Structured light generally refers to an optical beam with a tailored
spatial amplitude/phase distribution and corresponding unique prop-
erties.4 One type of structured light involves OAM beams that are also
known as vortex beams because of their donut-shaped intensity pro-
files with a null at the center.5–7 In addition, such OAM beams have
twisting helical phase fronts while propagating, which is often

characterized by the OAM order (i.e., ‘). The value of ‘ indicates the
number of 2p phase shifts around the center of the beam’s phase pro-
file. Interestingly, OAM can be carried even by a single photon in the
quantum domain.8

It is well known that Laguerre–Gaussian (LG) modes are a com-
plete two-dimensional orthogonal modal basis set. As a subset of the
LG modal basis set, different OAMmodes (with different ‘ values) are
orthogonal with each other.9,10 Importantly, based on such orthogo-
nality, OAM beams could be utilized for a communication system in
the following two different ways:

(1). Multiplexing: The total data capacity could be potentially
increased by multiplexing multiple OAM beams, each carrying
an independent data channel at the transmitter side. After
coaxially propagating in the free space or fiber, these OAM
beams on different channels could be efficiently demultiplexed
at the receiver side. Importantly, there would be little inherent
channel crosstalk due to the orthogonality between different
OAM beams. Consequently, the total system capacity could be
increased by a factor of N, where N represents the number of
multiplexed OAM beams.11–13

(2). Encoding: Photon efficiency can be increased if a beam or sin-
gle photon is encoded into one of many possible OAM values,
thus making a large alphabet for possible data symbols within a
discrete time window. The achievable data bits per photon
increases as log2N , where N represents the number of orthogo-
nal encoding states.14–17

The field of OAM-based optical communications (i) is consid-
ered young and rich with scientific and technical challenges, (ii)
holds promise for technological advances and applications, and (iii)
has produced much research worldwide. In this review, a general
introduction of OAM and its applications in communications will
be first presented in Sec. II. Subsequently, we will describe chal-
lenges, advances, and perspectives on different aspects of the OAM-
based optical communications in the following sections, including
(a) OAM generation/detection and (de)multiplexing (Sec. III), (b)
classical free-space optical (FSO) communication links (Sec. IV), (c)
fiber-based communication links (Sec. V), (d) quantum communica-
tion links (Sec. VI), (e) OAM-based communications in different
frequency ranges (Sec. VI), (f) OAM-based communications using
integrated devices (Sec. VIII), and (g) novel structured beams for
communications (Sec. IX).

II. OAM AND ITS APPLICATIONS IN COMMUNICATIONS

A. Background of OAM

1. OAM of light beams

It is well known that a light wave can carry spin angular momen-
tum (SAM) that is associated with the polarization of the electric
field.18 When the polarization of a light wave is linear, it means no
SAM is carried. However, when its polarization vector rotates along
the beam axis (i.e., left or right circularly polarized light), the light has
an SAM of 6 �h (�h is reduced Planck’s constant).6

As another type of angular momentum, a light wave can also
carry OAM. In general, OAM can be utilized to characterize the
“twisted” helical phase front of a light beam when its wavevector spi-
rals around the beam axis. Moreover, such a helical phase front of an
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OAM-carrying beam is usually represented by exp(i‘h), where h is the
azimuthal coordinate and ‘ is the number of 2p phase shifts in the
phase profile of the beam.5 In addition, the sign of ‘ (positive or nega-
tive) corresponds to the direction of the phase helices (clockwise or
counterclockwise) in the phase profile. Due to the phase singularity in
such a helical phase profile, an OAM beam with a nonzero ‘ (i.e.,
OAM order) usually has a donut-shaped intensity profile, as shown in
Fig. 1.

In contrast to SAM with only two different states, OAM can be
theoretically quantified as an infinite number of states, which means ‘
can be any integer. It should be noted that OAM beams with different
‘ values are orthogonal with each other while propagating coaxially.
For example, considering two OAM beams with ‘1 and ‘2,
respectively,7

u1ðr; h; zÞ ¼ A1ðr; zÞ expði‘1hÞ; (1)

u2ðr; h; zÞ ¼ A2ðr; zÞ expði‘2hÞ; (2)

where (r; h,z) is the cylindrical coordinate and refers to the radial, azi-
muthal position, and propagation position. Such an orthogonality
between different OAM beams can be represented by7

ð2p

0

u1ðr; h; zÞu�2ðr; h; zÞ dh ¼
0 if ‘1 6¼ ‘2

A1A
�
2 if ‘1 ¼ ‘2

:

(

(3)

This is significantly important when they are utilized in communica-
tions, which will be further discussed in Sec. II B.

2. Laguerre–Gaussian (LG) modal basis set and complex

modal spectrum

In general, an OAM beam could refer to any helically phased
light beam, irrespective of its radial distribution. However, a complete
two-dimensional (2D) modal basis can generally be characterized by
two modal indices. For example, LG modes have ‘ and p indices, cor-
responding to azimuthal and radial distribution, respectively.9,10 The
electric field of LG modes can be represented by5,6

LGðr; h; z; ‘; pÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2p!

pðpþ j‘jÞ!

s

1

wðzÞ
r
ffiffiffi

2
p

wðzÞ

 !j‘j

exp
�r2

w2ðzÞ

 !

Lj‘jp
2r2

w2ðzÞ

 !

exp i‘hð Þexp ik0r
2z

2ðz2 þ z2RÞ

 !

exp �ið2pþ j‘j þ 1Þ tan�1 z

zR

� �� �

; (4)

where the 1=e radius of the Gaussian term is given by wðzÞ ¼ wð0Þ
½ðz2 þ z2RÞ=z2R�

1=2 [w(0) is the beam waist], zR is the Rayleigh range,
and ð2pþ j‘j þ 1Þ tan�1ðz=zRÞ is the Gouy phase. Lj‘jp are the general-
ized Laguerre polynomials and (r; h,z) is the cylindrical coordinate.6

Figure 2(a) shows the intensity and phase profiles of some LG beams.
For the LG beam with a non-zero ‘ value, pþ 1 represents the number
of rings in the intensity profile, while ‘ represents the number of
2p phase shifts along the azimuthal direction in the phase profile.
Theoretically, LG beams with different ‘ and/or p values are

FIG. 1. The wavefronts, intensity profiles,
and phase profiles of OAM beams with
different ‘ values. Reproduced with per-
mission from A. M. Yao and M. J. Padgett,
Adv. Opt. Photonics 3, 161 (2011).6

Copyright 2011 Optical Society of
America.
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orthogonal with each other for a given beam waist and propagation
distance, which can be represented by9,10,20

ð1

0

ð2p

0

LGðr; h; z; ‘1; p1ÞLG�ðr; h; z; ‘2; p2Þ rdhdr

¼ 0 if ‘1 6¼ ‘2 or p1 6¼ p2

1 if ‘1 ¼ ‘2 and p1 ¼ p2
:

(

(5)

Such orthogonality of different LG modes also ensures the potential
utilization of 2D LG modal basis in communication systems, which
will be further discussed in Secs. II B and IVA.

Since LG modes are a complete 2D modal basis set, a structured
beam can generally be decomposed into LG modes with different ‘
and p values. In general, the coefficients of LG components can be rep-
resented by a complex modal spectrum, as shown in Fig. 2(b).
Moreover, it should be noted that each complex coefficient contains

both amplitude and phase information, which can be tuned such that
a specific structured beam would be generated by a coherent superpo-
sition of these LG components for a desired function.21

Aside from LG beams, there has recently been much interest in
other novel types of spatially structured beams, such as Bessel-type
beams, Airy-type beams, and pin-like beams,4,22–29 and some of these
beams have been reported and explored in various applications.
Details will be further discussed in Sec. IX.

B. Application of OAM in communications

In the optical communications community, there is a growing
interest in achieving high-capacity communication links. Previously,
different physical properties of a light wave (e.g., wavelength, polariza-
tion, amplitude, and phase) have been explored to increase the data
capacity. For example, the technique of multilevel amplitude/phase

FIG. 2. (a) Intensity and phase profiles of
LG beams with different pairs of indices
(‘, p). (b) A structured beam can be
decomposed into a set of LG modes with
different ‘ and p values. The coefficients
of LG components can be represented by
a complex modal spectrum. Reproduced
with permission from Li et al., J. Opt. Soc.
Am. B 34, 1 (2017).19 Copyright 2017
Optical Society of America.
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modulation formats has facilitated dramatic increases in capacity and
spectral efficiency.31–35 In addition, another typical method of increas-
ing the data capacity is transmitting multiple independent data chan-
nels on light waves at different wavelengths or polarizations, which are
wavelength-division multiplexing (WDM)31–33 or polarization-
division multiplexing (PDM),31–35 respectively.

Recently, spatial modes have been under intense investigation in
various areas.6 As one of the spatial orthogonal modal basis sets, OAM
modes could potentially provide an infinite number of orthogonal OAM
states. Therefore, OAM might be potentially utilized in communication
systems, which would further increase the transmission capacity.

1. OAMmultiplexing and encoding

There are generally two ways of utilizing OAM in communica-
tions. The first approach is so-called mode-division multiplexing
(MDM), which is a subset of space-division multiplexing
(SDM).12,36,37 In such a scheme, different OAM beams are utilized to
carry different independent data channels. As shown in Fig. 3(a), since
N independent data-carrying beams can be spatially multiplexed and
simultaneously propagated over the same spatial medium (free space
or fiber), the system’s total data capacity would be increased by a factor
of N. At the receiver side, due to the orthogonality between different
OAMmodes, different data-carrying beams can be efficiently demulti-
plexed with little inherent crosstalk. Moreover, MDM is generally
compatible with the aforementioned WDM or PDM techniques. This
means that in a WDM or PDM system, multiple orthogonal OAM
beams that carry independent data channels could be located at each
wavelength or polarization, thus further increasing the system’s spec-
tral efficiency (i.e., bit/s/Hz) and the total data capacity.11,12,38

In addition, OAM modes can also be utilized in a data-encoding
system. In this approach, N different OAM states can be encoded as N
different data symbols, which represent “0.” “1,”…, “N – 1.” At the
transmitter side, a sequence of OAM states are generated and sent in
such a system at different times. Therefore, within each symbol period,

the light beam occupies one of N possible OAM states, and the num-
ber of information bits encoded equals log2N , as shown in Fig. 4. At
the receiver, the data can be efficiently separated and decoded by
checking the received OAM state with little inherent crosstalk due to
the orthogonality of different OAM states. It should be noted that this
approach could also be utilized in quantum communications systems
in which every single photon exists in one of the N possible OAM
states. As a result, this would provide a photon efficiency of up to
log2N bits per photon and, thus, could potentially achieve higher pho-
ton efficiency.15,17

Recently, these two approaches have been demonstrated and
employed mostly on large optical tables using bulky and expensive
devices. Some examples of experimental demonstrations will be pre-
sented in Secs. IV–VII in different scenarios. However, for future
OAM-based communication systems, integrated devices would seem
to be significant due to their cost-effective, power-efficient, and com-
pact features,39 which will be further discussed in Sec. VIII.

On a fundamental level, these two techniques require that differ-
ent modes can be efficiently combined and separated with little cross-
talk, so almost any complete orthogonal modal basis set could be
utilized. It should be noted that there have been some experimental
demonstrations of communication links in free space or fiber based on
other modal basis sets, such as LG, Hermite–Gaussian (HG), and line-
arly polarized (LP) modes.11–13,20,36,41,42 In general, an orthogonal
modal basis set could be represented by two modal indices both of
which can be employed in a communication link to further increase
the transmission capacity.13,43 For example, such a 2D approach was
experimentally demonstrated in an FSOMDM system based on LG or
HG beams,13,20 which will be shown in detail in Sec. IVA.

2. Various potential challenges

In general, OAM modes could be potentially utilized in various
communication systems. For example, the OAM-based MDM systems
could be deployed either in free space or fiber. For different scenarios,

FIG. 3. (a) Concept of OAM-multiplexed free-space optical (FSO) links. Multiple independent data-carrying OAM beams can be multiplexed, spatially copropagate, and be
demultiplexed with little crosstalk, thereby multiplying the system’s data capacity. Reproduced with permission from A. E. Willner, Opt. Photonics News 32, 34 (2021).30

Copyright 2021 Optical Society of America. (b) Different interferograms corresponding to OAM þ4, OAM þ8, OAM �8, and OAM þ16 beams. The interferograms can be
obtained by the interference between each OAM beam and a Gaussian beam. In these interferograms, the number of twists indicates the magnitude of ‘, with the sign implied
by the twist direction. Reproduced with permission from Wang et al., Nat. Photonics 6, 488 (2012).12 Copyright 2012 Macmillan Publishers.
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there are different key challenges, which might induce power loss and
intermodal power coupling in communication systems, as shown in
Fig. 5.

For free-space links, atmospheric turbulence is one of the key
issues that can cause a random phase distortion to the transverse beam
profile. Such random distortion is time-variant, and thus, it could
induce dynamic intermodal power coupling.44 As a result, this issue
would induce modal coupling and crosstalk in both classical and
quantum communication links.44–47 Moreover, in an OAM-based
communication link, the receiver should be able to “distinguish” the
transmitted spatial modes. When the receiver aperture size is limited
and there is misalignment between the transmitter and the receiver,
there could be relatively large power leakage in other undesired modes,
and thus, the receiver could potentially fail to “distinguish” the actual
transmitted modes.48 Furthermore, the divergence of free-space
higher-order beams tends to be more significant than that of lower-
order OAM beams. For a receiver with a limited-size aperture, it
would be harder to capture the whole higher-order OAM beams and,
thus, induce power loss. Moreover, the beam truncation of a circular
aperture could further induce modal power coupling to some LG
modes with different p modes, leading to inter-channel crosstalk in
LG-mode-based communication links.48–50 Some details and potential
mitigation methods will be discussed in Secs. IVB and IVC.

For fiber-based links, the MDM and quantum encoding systems
can also be achieved based on OAM modes. However, the fiber chan-
nel is distinct from the free space mainly in the following aspects.

(i) As the beam is guided in the fiber, it does not diverge.

(ii) The fiber will often cause cross-modal power coupling
within the same mode group or between mode groups due
to temperature gradients, different kinds of inhomogenei-
ties, bends, and other non-idealities. In general, the intra-
modal-group power coupling is relatively stronger. Some
potential methods for mitigating mode coupling will be dis-
cussed in Sec. VC.

3. Different frequency ranges

As an orthogonal modal set, OAM modes can be manifested in
many types of electromagnetic (EM) and mechanical waves and have
been recently explored in acoustic, radio, millimeter, and THz waves
for wireless communication links.51–64

For OAM-based communication links operated in different fre-
quency ranges, there tends to be a trade-off between the effects of
beam divergence and wave–matter interaction, as shown in Fig. 6:

(i) Divergence: OAM beams at lower frequencies have larger
beam divergence. When the receiver’s aperture size is lim-
ited, it becomes more difficult to capture enough of the
beam for data channel recovery. Such a problem might be
more serious when a higher-order OAM mode is used.

(ii) Interaction with matter: there tends to be much more
wave–matter interaction at higher frequencies. For example,
optical waves suffer more atmospheric-turbulence-induced
distortion and modal power coupling than radio waves in
OAM-based links.

FIG. 4. (a) Concept of data encoding using OAM modes. Within each symbol period (T), the light photon/beam occupies one of N possible modes and the number of informa-
tion bits encoded equals log2N. Reproduced with permission from A. E. Willner, Opt. Photonics News 32, 34 (2021).30 Copyright 2021 Optical Society of America.

FIG. 5. Potential challenges for OAM-based communications systems. Reproduced with the permission from Willner et al., APL Photonics 6, 030901 (2021).40 Copyright 2021
AIP Publishing.
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C. Digital modulation formats

In OAM-multiplexed communication links, digital data signals
can be modulated on the amplitude and phase of the optical wave tem-
porally, as shown in Fig. 7(a). In the amplitude modulation, the bits in
the data streams are mapped to multiple amplitude levels of the optical
wave. For example, an on-off keying (OOK) signal has two possible
amplitude levels representing the bit “0” and “1.” Since only a single
photodiode is required at the receiver to recover the amplitude

information, such modulation is usually considered to have a low cost
and simple implementation.65

In contrast, in the phase modulation, the bits are mapped to the

temporal phase, and the amplitude remains constant. As an example,

the quadrature phase shift keying (QPSK) has four possible phase

levels, and one QPSK symbol can carry two bits. In addition, the

amplitude and phase modulation can be simultaneously utilized to

increase the number of bits carried by one symbol. As an example,

FIG. 6. OAM can be manifest in many types of electromagnetic and mechanical waves, such that it might be potentially used in different frequencies for communications.
Reproduced with permission from A. E. Willner, Opt. Photonics News 32, 34 (2021).30 Copyright 2021 Optical Society of America.

FIG. 7. (a) The data signal can be modulated on the amplitude and/or phase of an optical wave [e.g., on-off keying (OOK), quadrature phase shift keying (QPSK), and 16-
quadrature amplitude modulation (16-QAM)]. (b) The constellation and the error vector of a QPSK signal.
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16-quadrature-amplitude-modulation (16-QAM) has 16 possibilities
mapped on the in-phase and quadrature amplitude axes encoding
four bits of information. Unlike the amplitude modulated signals,
coherent detection is often used at the receiver to extract the phase
information when the temporal phase is also encoded with data.66 In a
coherent receiver, the received signal is sent to a 90� hybrid along with
the continuous-wave (CW) local oscillator (LO) laser and detected by
balanced photodiodes.66

The quality of the received signal can be characterized by the
bit error rate (BER), which is defined as the ratio between the
number of bit errors and the total number of the received bits.67

Alternatively, error vector magnitude (EVM) can be used to deter-
mine the quality of the received signal.67 As shown in Fig. 7(b),
the received symbols are represented by the points on the constel-
lation according to their amplitudes and temporal phases. Due to
the noise and distortions during transmission, the received sym-
bol may deviate from the transmitted symbol, resulting in an error
vector Aerror. The EVM is calculated by the ratio between the root
mean square of the error vectors Aerror and the reference vector
Aref ,

67

EVMð%Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

N

X

N

i¼0

jAerror;ij2
s

jAref j
� 100% (6)

III. OAM GENERATION, DETECTION, AND
(DE)MULTIPLEXING

For an OAM-based communication system, fundamental func-
tions include OAM generation, detection, and (de)multiplexing.
Generally, it is desirable to generate OAM beams with high mode
purity and detect OAM beams efficiently. Moreover, in an OAM-
multiplexed system, developing efficient and scalable techniques for
(de)multiplexing the coaxial OAM beams is challenging. These meth-
ods could be either bulky or integrated. In this section, we will focus
on the bulky methods. The integrated methods will be discussed in
Sec. VIII.

A. OAM generation and detection

Generally, there are multiple types of approaches for OAM gen-
eration and detection. The first method is the spatial phase control,
which can spatially (de)modulate a single beam in the azimuthal direc-
tion h with a factor of expð�i‘hÞ. One straightforward way to imple-
ment this method is to use a spiral phase plate (SPP) that has a helical
dielectric surface,68,69 as shown in Fig. 8(a-1). The height gradient of
the surface along the azimuthal direction is given as68

@h

@h
¼ ‘k

2pðn� 1Þ ; (7)

where k and n are the wavelength and refractive index of the SPP,
respectively. The simplicity of the structure makes it feasible to be
applied in different frequency domains.51,70,71

However, the OAM order of the generated beam by the SPP-
based approach is generally fixed. One reconfigurable approach is to
use a computer-generated hologram (CGH), as shown in Fig. 8(a-2).
Such a hologram could be implemented by a spatial light modulator
(SLM) or a digital micromirror device. Importantly, the generated
OAM beam can be modified by simply updating the hologram.
However, the mode purity could be affected by the unmodulated light,
which could be due to the direct reflection from the surface glass or
“dead area” between the pixels.72 Hence, a “fork” hologram, which
combines the spiral phase pattern and linear phase ramp (grating), is
applied to separate the first-order modulated light and the zeroth-
order unmodulated light, as shown in Fig. 8(a-3). The “fork” hologram
can be characterized by73

W ¼ expð�iUÞ ¼ exp �i ‘hþ 2px

T

� �� �

; (8)

where U and T are the phase distribution and the period of the linear
phase ramp, respectively. It should be noted that, in most cases, the
resulting beam generated by a spiral phase pattern is not a pure LG
mode (e.g., LG‘;p¼0), but rather a superposition of modes with differ-
ent radial indices (

P

p LG‘;p). To generate a pure LG‘;p mode with
high mode purity, one should jointly control both the phase and
amplitude of the input beam.74–77 This could be achieved by a phase-

FIG. 8. OAM generation by (a) utilizing the spatial phase control of a single beam or (b) combining multiple coherent beams. Different ways to implement the spatial phase con-
trol of a Gaussian beam include (a-1) a spiral phase plate, (a-2) a spiral phase hologram, (a-3) a “fork” phase hologram, and (a-4) a metasurface.
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only SLM. Specifically, the phase of the beam is spatially modulated by
loading a phase pattern on the SLM. In addition, the amplitude of the
beam can be spatially controlled by adding a grating pattern whose dif-
fraction efficiency is carefully designed at different positions.74–77

Compared with the CGH approach, which could be limited in
some applications requiring a small footprint,78 recent development of
novel materials enables OAM generation using an ultrathin metasur-
face, which assembles a 2D array of diffractive optical elements with
variant subwavelength structures along the azimuthal direction,79–83 as
shown in Fig. 8(a-4). By engineering metasurfaces, OAM beams could
be generated with a high conversion efficiency over a broad band-
width.83 Moreover, different OAM orders can be achieved indepen-
dently for different polarizations.81,82

Furthermore, OAM generation could be achieved not only by
manipulating a single beam but also coherently combining multiple
sub-beams. The theoretical expression of OAM generation by coher-
ently combining sub-beams with each carrying a specific phase is as
follows:84

uout ¼
X

N

k¼1

uk ¼
X

N

k¼1

u0ðx � R cos hk; y � R sin hkÞ expð�i‘hkÞ; (9)

where N is the number of sub-beams, uk and hk ¼ 2pk
N

are the electric
field and azimthual location of the k-th beam, respectively, and R is
the center-to-center distance between the individual beam and synthe-
sized beam, as shown in Fig. 8(b). By tuning the relative phase between
different sub-beams, a desired OAM beam could be generated.
Moreover, based on high-speed phase modulation, the approach could
potentially generate an OAM beam with a fast-tunable order.85

Furthermore, similar ideas of coherent beam combinations in a circu-
lar phase array could also be applied to other frequency domains (Sec.
VII) and in integrated device (Sec. VIII).

Some of the aforementioned OAM generation methods are not
limited in free-space applications but could be applied to OAM gener-
ation in fiber as well. OAM generation in fiber could be achieved using
various methods, including the free-space coupling of OAM beams
(e.g., SPP70 and phase hologram11) or utilizing fiber-based mode con-
verters (e.g., photonic lanterns86 and long-period gratings87).

In addition, most approaches of the OAM generation methods
above could also be used for OAM detection.7 Specifically, the OAM
beam could be converted back to a Gaussian-like beam by propagating
through a conjugate SPP, phase hologram, or metasurface.7

B. OAMmultiplexing and demultiplexing

Multiple approaches have been demonstrated to multiplex OAM
beams with different orders. One straightforward way is to use beam
splitters. Each beam splitter could coaxially multiplex two beams with
a proper alignment, and N independent OAM beams could be multi-
plexed by N � 1 cascaded beam splitters, as shown in Fig. 9(a). Even
though there is 1/N intrinsic loss theoretically, the simplicity of the
beam splitter approach makes it appropriate for lab demonstrations.

A more efficient (de)multiplexing method is to use cascade inter-
ferometers, as shown in Fig. 9(b). First, the OAM beam is split into
two branches of the Mach–Zehnder interferometer (MZI). For one of
the branch, a pair of Dove prisms is used to perform an OAM-
dependent phase shift as follows:88

DU ¼ ‘a; (10)

where a=2 is the relative angle between the two Dove prisms.
Subsequently, the beams from the two branches with an OAM-
dependent phase difference are coherently combined with constructive
and destructive interference at two output ports, respectively. Hence,
two different OAM modes could be efficiently separated into different
output ports based on different induced phase differences between the
two branches, as shown in Fig. 9(b-1). By cascading MZIs and care-
fully designing the phase delays of the MZI branches, multiple OAM
beams with different OAM orders would be demultiplexed to different
output ports of the MZIs, as shown in Fig. 9(b-2). In order to demulti-
plex N OAM modes, N � 1 interferometers are generally required.
Furthermore, similar idea could be applied for radial modes by replac-
ing the Dove prisms with a lens.89

The functions of mode generation and multiplexing (or mode
demultiplexing and detection) can be further achieved in one device
simultaneously. One straightforward way is to combine multiple fork
phase patterns together to form a single phase plate, that is, Dammann
optical vortex grating (DOVG), as shown in Fig. 10(a). The theoretical
expression of the DOVG is as follows:90

W ¼ expð�iUÞ ¼
X

N=2

n¼�N=2

En exp �in� D‘hþ 2px

T

� �� �

; (11)

where N is the total number of diffraction orders, T is the period of the
grating, n is the diffraction order from �N=2 to N=2, and D‘ is the
interval of the OAM order. jEnj2 ¼ 1=N is the power of the n-th order
normalized with respect to the total power. From the input side, a
Gaussian beam is incident from the n-th-order diffractive direction to
the DOVG. At the output, the diffraction component in the same
zeroth-order diffractive direction will be generated with the OAM
order of n� D‘. Therefore, multiple incident beams from different
order diffractive directions could be used to generate and multiplex
different OAM beams. Theoretically, DOVG induces 1=N insertion
loss caused by non-zeroth-order diffraction at the output.

Compared with the DOVG approach, a more efficient and scal-
able method is to utilize two phase plates to achieve log-polar transfor-
mation between the spiral spatial phase of OAM beams and titled
spatial phase,91 as shown in Fig. 10(b). In this scheme, the first phase
plate performs a log-polar transformation that geometrically maps
“concentric circles” to “parallel straight lines.” As a result, the point at
the input plane (x, y) is transformed to the new point (u, v) in the out-

put Fourier plane where u ¼ �a ln

ffiffiffiffiffiffiffiffiffi

x2þy2
p

b

� �

and v ¼ arctan
y
x

	 


.

Here, a and b are the scaling factors. Then, the second phase plate is
placed at the Fourier plane to correct the phase error and collimate the
transformed beams. Therefore, using two phase plates could achieve
the efficient sorting of different OAM beams with no inherent loss. As
the transformation is reciprocal, such a log-polar-based mode sorter
could also be used for OAM generation and multiplexing.

Even though the log-polar transformation is scalable to a large
number of modes, it could only be applied on a 1D mode basis.92 One
way to generate and multiplex LG modes with 2-D modal indices is to
use a multi-plane light convertor (MPLC) to shape the wavefront of
the input light at multiple propagating distances. A unitary transform
from multiple Gaussian beams at different locations to multiple LG
beams with different (‘; p) pairs could be accomplished as shown
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in Fig. 10(c).92 Generally, the phase patterns of MPLC could be deter-
mined by the wavefront matching method. The theoretical expression
of the phase pattern at each propagation distance is as follows:92

Uðz ¼ zkÞ ¼ arg
X

N

i¼1

uinput;iðz ¼ zkÞu�output;iðz ¼ zkÞ
( )

; (12)

where uinput;i and u�output;i are the i-th input field forward propagating
and conjugate output field backward propagating at z¼ zk, respec-
tively. N is the number of the input and output fields. It has been

experimentally demonstrated to generate 210 LG modes using a 7-
plane MPLC device with an insertion loss of<–12 dB.92 However, this
approach might require an accurate alignment of these phase plates in
order to achieve a high mode purity.92,93

C. Summary

In this section, various OAM generation/detection approaches
are first discussed. Subsequently, different methods for (de)multiplex-
ing multiple coaxial OAM beams are presented. In order to further

FIG. 9. (a) Concept of OAM multiplexing
using beam splitters. BS: beam splitter. (b-
1) Concept of OAM demultiplexing using a
Mach–Zehnder interferometer (MZI) with a
Dove-prism-induced phase shift. The
Dove prism could induce an OAM-
dependent phase shift in one branch. With
the constructive and destructive interfer-
ence, two different OAM modes could be
efficiently separated into different output
ports based on different induced phase
difference between the two branches. (b-
2) One example of demultiplexing OAM
beams with neighboring mode orders
using cascaded MZIs.
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FIG. 10. (a) Concept of Dammann optical
vortex grating for generating and multi-
plexing OAM beams. (b) Concept of log-
polar transform for efficiently generating
and multiplexing OAM beams. (c) Concept
of multi-plane light convertor for efficiently
generating and multiplexing LG beams
with different 2D modal indices.
Reproduced with permission from Willner
et al., Adv. Opt. Photonics 7, 66 (2015).7

Copyright 2015 Optical Society of
America.
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improve and deploy OAM generation/detection/(de)multiplexing
techniques for OAM-based communication systems, some desirable
features could include (i) efficient OAM mode generation with a high
mode purity and (ii) fast tunability covering a range of OAMmodes.

IV. OAM-BASED FREE-SPACE OPTICAL
COMMUNICATION SYSTEMS

As compared to RF links, optical links can generally provide
more bandwidth and higher data capacity due to the higher carrier
wave frequency. Moreover, OAM modes can be potentially used in a
free-space optical communication system (MDM or encoding sys-
tems) for high data capacity. However, in free-space links, there are
some critical issues that induce power loss and channel crosstalk,
including divergence, misalignment, and atmospheric turbulence. In
this section, we will review (i) typical experimental demonstrations of
OAM-multiplexed or -encoded free-space optical communications,
(ii) potential challenges in an OAM-based free-space link, (iii)
reported approaches for mitigating power loss and channel crosstalk,
and (iv) OAM-based communication systems for airborne platforms
or underwater environments.

A. OAM-multiplexed and -encoded free-space links

In general, the flexibility of the OAM-based communication ena-
bles its compatibility with (i) either direct detection or coherent detec-
tion techniques, (ii) different modulation formats, and (iii) other
multiplexing techniques (e.g., WDM and PDM). In this subsection,
two different ways (i.e., OAM multiplexing and OAM encoding) of
utilizing OAM for communication will be discussed. Furthermore,

both short-distance laboratory and long-distance field demonstrations
will be shown.

1. OAM-multiplexed free-space links

Initial demonstrations of OAM-multiplexed optical communica-
tions include a free-space OOK link that multiplexed an OAM beam
and a Gaussian beam.94 Subsequently, an OAM-multiplexed link95

with a spectral efficiency of 12.8-bit/s/Hz has been achieved using four
OAM modes, each carrying a 10.7-Gbaud 16-QAM signal. Later
on, the spectral efficiency is doubled by combining PDM into the
OAM-multiplexed link.12 Eight OAM channels, each carrying an
independent 42.8-Gbaud 16-QAM signal, could be used to achieve a
communication link with a total capacity of 1.4 Tbit/s (4� 4� 2
�42:8 Gbit/s), as shown in Fig. 11(a).

The following experiment further increases the link capacity to
100 Tbit/s by combining OAM multiplexing with PDM and WDM.38

Figures 11(b-1)–11(b-3) show the steps used in the proof-of-concept
demonstration. First, two groups of OAM beams (‘ ¼ fþ4;þ10;
þ16g and fþ7;þ13;þ19g), are generated and multiplexed using a
beam splitter. Each beam carries 42 WDM channels with the channel
spacing of 100GHz. Second, the six multiplexed beams are split into
two copies. One copy is decorrelated in free space and reflected to cre-
ate another six OAM beams with inverse charges. Then, these two
copies are combined to prepare 12 multiplexed OAM beams. Third,
the 12 multiplexed OAM beams are again split into two copies. One
copy is decorrelated in free space and polarization-rotated by 90�, and
then two copies are combined to generate 24 OAM beams. The
observed WDM signal spectrum on one of the demultiplexed OAM

FIG. 11. (a-1)–(a-3) Concept and experimental results of a free-space OAM-multiplexed link combining PDM. (a-1) Concept of an OAM-multiplexed link combined with PDM.
Pol-muxed: polarization-multiplexed. (a-2) Measured spectrum and (a-3) constellations of 16-QAM signals for four pol-muxed OAM beams. Reproduced with permission from
Wang et al., Nat. Photonics 6, 488 (2012).12 Copyright 2012 Macmillan Publishers. (b-1)–(b-4) Concept and experimental results of a free-space OAM-multiplexed link combin-
ing PDM and WDM. (b-1)–(b-3) Concept of generating 24 multiplexed OAM beams with two polarizations. (b-4) The optical spectrum of the received power of the WDM chan-
nels carried by the OAM beam of ‘ ¼ þ10. Reproduced with permission from Huang et al., Opt. Lett. 39, 197 (2014).38 Copyright 2014 Optical Society of America.
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beams (‘ ¼ þ10) is shown in Fig. 11(b). Moreover, by utilizing
54.139-Gbit/s 8-QAM signals carried on 368 wavelengths, 2 polariza-
tions, and 26 OAM beams, a free-space data link with a total data
rate of 1.036 Pbit/s and a spectral efficiency of 112.6 bit/s/Hz has
been demonstrated.96 Both demonstrations indicate that OAM is
compatible with existing degrees of freedom (e.g., amplitude/phase/
wavelength/polarization).

For the aforementioned OAM-based communication links, the
experimental demonstrations are generally conducted in the labora-
tory over short distances of�1 m. There have been several experimen-
tal demonstrations that utilize OAM multiplexing for a long-distance
free-space links in the field environment.97,98 For example, a 120-m
free-space OAM-multiplexing link with the total capacity of 400 Gbit/
s has been demonstrated,97 as shown in Figs. 12(a-1)–12(a-3). The
transmitted OAM beams (‘ ¼ 6 1; 6 3), each carrying a 100-Gbit/s
QPSK data channels, are transmitted. The transmitted OAM beams at
site #1 are reflected twice by two mirrors placed 30 m away at site #2
to achieve an aggregated 120-m propagation path. The BERs of
the four data channels carried by the OAM beams are achieved
below the 3.8 � 10–3 forward error correction (FEC) limit as shown in
Fig. 12(a-3). In addition, a 260-m two-OAM-multiplexed communica-
tion link between two buildings has also been demonstrated. Each
OAM beam carries 16-QAM signals to achieve an 80-Gbit/s aggre-
gated data rate.98 Potential challenges in a long-distance OAM-based
free-space link will be discussed in Sec. IVB.

2. OAM-encoded free-space links

The OAM-encoded scheme is realized by encoding each data
symbol with a unique OAMmode, i.e., representing the data stream as
a sequence of different OAM beams. Based on this scheme, a classical
free-space OAM-encoded link has been demonstrated.14 By utilizing

the programmable SLM, one of the eight OAM states (‘ ¼ 6 16;
6 12; 6 8; 6 4) is transmitted at a time. To achieve a high data rate,
fast switching might be required between different OAM modes.
Using high-speed lithium-niobate switches, a 20-Gbit/s OAM-
encoded link using four OAM modes (‘ ¼ 6 1; 6 3) has been dem-
onstrated.15 The application of the OAM encoding scheme in the
quantum communication link will be discussed in Sec. VI.

Aside from the efforts of achieving long-distance OAM-multi-
plexed links, an OAM-based encoding system over a link distance of
143 km has been achieved.16 Figure 12(b-1) shows the concept and the
experimental setup for the 143-km OAM-encoded link between two
islands. The transmitted beam is modulated by an SLM with specific
phase patterns to generate different superpositions of OAM modes.
After being magnified by a telescope, the expanded beam propagates
through the free space over 143 km. At the receiver, a camera records
the received mode structures. The lobed modal structure is visible for
different superpositions of OAM modes ‘ ¼ 6 1; ‘ ¼ 6 2, and
‘ ¼ 6 3, as shown in Fig. 12(b-2). By introducing a relative phase of
p, rotation of the mode structure of the ‘ ¼ 6 3 is clearly recorded.
By distinguishing images of different OAM mode superpositions, the
OAM-based encoded data are recovered with an error rate of 8.33%.
Due to the effects of atmospheric turbulence, a pattern recognition
algorithm based on an artificial neural network is applied. The results
indicate that it is feasible to achieve the free-space OAM-based link
over a kilometer-scale distance.

3. LG-based free-space links by varying both modal

indices

The aforementioned MDM-based FSO communication systems
are achieved by utilizing one-dimensional modal basis. Specifically,
each OAM beam carries the same p value (i.e., LG mode with p¼ 0

FIG. 12. (a-1)–(a-3) The 120-m OAM-multiplexed link. (a-1) Link layout of the 120-m OAM-multiplexed link on a building roof. (a-2) Measured intensity profiles and superposi-
tions of OAM beams. (a-3) Measured BERs for all four OAM-multiplexed channels as a function of OSNR. B2B: back to back. Reproduced with permission from Ren et al.,
Opt. Lett. 41, 622 (2016).97 Copyright 2016 Optical Society of America. (b-1) and (b-2) The 143-km OAM-based encoding link. (b-1) Link layout and experimental setup of the
OAM-based encoding link. (b-2) Beam profiles of superpositions of OAM beams. Reproduced with permission from Krenn et al., Proc. Natl. Acad. Sci. U. S. A. 113, 13648
(2016).16 Copyright 2016 United States National Academy of Sciences.
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and different ‘ values). In addition, LG beams with different p values
and same ‘ have been experimentally utilized in 200-Gbit/s MDM
FSO links.20 While various spatially orthogonal beams could be
employed in these one-dimensional systems (varying ‘ values or vary-
ing p values), one could also utilize the two-dimensional modal basis
(varying both ‘ and p values) to potentially support a larger set of
mode-carrying channels.

As a proof of concept, a four-LG-multiplexing (LG10; LG�10;
LG11; LG�11) link has been demonstrated,13 as shown in Fig. 13(b).
Utilizing a designed hologram of SLM,99 the amplitude and phase pro-
files of the input data-carrying Gaussian beam could be controlled, as
shown in Fig. 13(a). As a result, a desired LG‘p beam with specific
radial and azimuthal indices could be generated. In such a link, each
LG beam carries a 100-Gbit/s QPSK channel to achieve a total data
rate of 400 Gbit/s with the BERs lower than the FEC limit, as shown in
Fig. 13(c). In addition, an LG-encoded system has been demonstrated
by encoding information using four LG modes.43 The information of a
2-bit gray-scale image representing four possible pixel values of “00,”
“01,” “10,” and “11” has been successfully encoded and decoded utiliz-
ing four LG‘;p modes (LG50; LG�50; LG21; LG�21). In order to main-
tain orthogonality among different LG modes, the receiver aperture
would be required to fully capture the data-carrying beam. This might
induce some potential challenges in LG-based free-space links, espe-
cially when the receiver has a limited-size aperture, which will be dis-
cussed in Sec. IVB.

B. Challenges in an OAM-based FSO link

There are some critical issues in an OAM-based FSO system,
including channel power loss, inter-modal power coupling, and inter-
channel crosstalk. As shown in Fig. 14, there are many causes of these
issues for OAM-based FSO links:

(a) Divergence: The divergence of free-space higher-order OAM
beams tends to be more significant than that of OAM beams
with lower mode orders. When the receiver aperture size is
limited, it is harder to capture the whole OAM beam with a
higher mode order and, thus, induces power loss. Moreover,
the beam truncation in the radial direction could further
induce modal power coupling to some LG modes with differ-
ent p values.9,48–50

(b) Misalignment: In an OAM link, the receiver should be able to
“distinguish” the transmitted modes. When the transmitter
and receiver are misaligned (i.e., not coaxial), the limited-size
receiver could potentially fail to fully capture the phase
change in the azimuthal direction. At the receiver side, there
could be relatively higher power leakage in other undesired
modes, making it difficult for the receiver to “distinguish” the
actual transmitted modes..48,100

(c) Turbulence: When an optical beam propagates through a tur-
bulent medium, a random phase distortion is induced on the
transverse beam profile. Such phase distortion breaks the
orthogonality between different modes. Thus, the time-
variant random phase distribution could induce dynamic
intermodal power coupling. This might be in the order of
milliseconds.44–47

1. Divergence

In an FSO link, the system is sometimes limited by the size of
optical components (e.g., limited-size receiver aperture), and thus the
beam divergence could increase the difficulty of fully capturing the
beam profile. This could induce signal power loss, which lowers the
signal-to-noise ratio (SNR) and, thus, affects the BER performance of
the recovered signal in a communication system. In general, various
system parameters are related to beam divergence, including wave-
length, propagation distance, and transmitted beam size.48 Specifically,
the beam divergence of an MDM system is also dependent on the

FIG. 13. (a) LG beam generation based on both the amplitude and phase control of the input Gaussian beam. (b) Concept of the four-LG-multiplexed link. (c) Measured BER
performance of four data channels carried by different LG beams. B2B: back to back. Reproduced with permission from Pang et al., Opt. Lett. 43, 3889 (2018).13 Copyright
2018 Optical Society of America.

FIG. 14. Potential challenges for OAM-based free-space communication links.
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mode indices. The beam width is a function of propagation distance z
and is defined as:9,101

W‘;pðzÞ ¼ 2r‘;pðzÞ; (13)

where r‘;pðzÞ is the square root of the second moment of the beam
intensity profile.9,101 It was investigated that, for a given LG‘;p beam,
the beam widthW‘;pðzÞ is related to the beam waist w(z), as shown in
Eq. (14),9,101

W‘;pðzÞ ¼ wðzÞM; (14)

where
ffiffiffiffiffi

M
p

¼ 2pþ j‘j þ 1,9,101,102 and ‘ and p are the LG mode indi-
ces for azimuthal and radial directions, respectively. Equation (14)
indicates that the divergence effects become more significant with
increasing mode order9,49,102,103 and, thus, make it harder to fully cap-
ture higher-order beams with a limited-size receiver aperture. This
would result in power loss of the transmitted channel, as shown in
Fig. 15. Moreover, for a communication link using LG modes with
various p values, the divergence effects could potentially induce both
power loss and inter-channel crosstalk. This is due to the fact that the
truncation effect of a circular limited-size aperture at the receiver side
can also lead to a modal leakage from the desired mode to other LG
modes with various p values.48,49,104 Therefore, the divergence-related
parameters should be carefully chosen to mitigate channel power loss
and inter-channel crosstalk in an LG-based communication link.48

2. Misalignment

In an ideal FSO link, the receiver and the optical axes would be
aligned perfectly. However, the jitter and vibration of the transmitter/
receiver platform could lead to transmitter–receiver misalignment,
including relative lateral displacement and receiver angular error.

In a communication link using Gaussian beams, the transmit-
ter–receiver misalignment could lead to power loss, as the limited-size

receiver aperture might fail to fully capture the beam profile. However,
in an OAM-based communication link, such misalignment could
induce not only power loss but also inter-channel crosstalk. This is
due to the fact that the receiver with a limited-size aperture might fail
to fully recover azimuthal phase change and, thus, induces inter-
modal power coupling. Figures 16(a-1)–16(a-3) show the scheme of
system alignment and the received phase profiles when the transmitter
and receiver are perfectly aligned, aligned with lateral displacement,
and aligned with receiver angular error, respectively.

The lateral displacement and angular error induced modal cou-
pling have been theoretically investigated.100 It has been shown that
both types of misalignment would cause spreading of the OAM spec-
trum and induce power coupling to other modes. The normalized
power distribution of different modes when the transmitter and
receiver are aligned with lateral displacement or receiver angular error
is shown in Figs. 16(b) and 16(c), respectively.48 As the lateral dis-
placement increases, the normalized power on the other modes
increases, while the normalized power on the transmitted mode
decreases. This is due to a larger mismatch between the received beams
and the receiver aperture. Such modal coupling could potentially
induce inter-channel crosstalk in an OAM-based link. Furthermore,
power coupling from OAM þ3 to OAM þ1 and OAM þ5 is lower
than that of neighboring OAM modes (i.e., OAM þ2, þ4). Therefore,
an OAM-based link with larger spacing of OAM order tends to be
more tolerant to lateral displacement. Moreover, the simulation results
indicate that there is a similar trend regarding receiver angular error.
When the receiver angular error increases, the normalized power on
the undesired mode increases, and the power on the transmitted mode
decreases. Therefore, various misalignment issues, including lateral
displacement and receiver angular error, should be considered in an
OAM-based communication link.

3. Turbulence

Turbulence effects may be manifest in atmospheric and underwa-
ter environments. In this subsection, we discuss atmospheric turbu-
lence effects. Specifically, temperature fluctuations and air currents in
a turbulent atmosphere cause the appearance of eddies. These eddies
lead to fluctuations of the local index of refraction at any position in
the atmosphere.44 Typically, the average size of the turbulent eddies
could be characterized by two parameters. One is the inner scale l0,
and the other is outer scale L0, typically on the order of millimeters
and meters, respectively.44 When a light beam passes through a turbu-
lent atmosphere, dynamic phase shifts at different cross-sectional loca-
tions will be induced. Such differential phase shifts can cause a phase
front distortion to the transmitted beam.105 Under typical conditions,
the dynamic phase front distortion could vary on a millisecond
timescale.44,106

The turbulence strength and turbulence fluctuation44 could be
quantified by the refractive index structure constant C2

n and the Rytov
variance r2R, respectively. C

2
n is also known as atmospheric refractive

index inhomogeneities. The values of C2
n in the atmosphere are typi-

cally in the range from 10�17 m�2=3 (relatively weaker turbulence
strength) to 10�13 m�2=3 (relatively stronger turbulence strength).44

r2R represents the intensity fluctuation of the optical beam after propa-
gating through a turbulent medium. The value of r2R is typically related
to the refractive index inhomogeneities C2

n, optical wavelength k, and

FIG. 15. The divergence-induced beam truncation by the circular limited-size
receiver aperture. Power loss of the desired mode and power coupling between dif-
ferent p modes are induced.
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the propagating distance L.44Generally, a higher value of r2R represents
stronger turbulence fluctuation.

Various models have been reported to simulate beam propaga-
tion through a turbulent atmosphere.44,107,108 One of the simplified
turbulence models is the Kolmogorov turbulence model.44,108 The
power spectral density of the refractive index fluctuations given by the
Kolmogorov model is44

U
K
n ðjÞ ¼ 0:033C2

nj
�11=3 for 1=L0 � j � 1=l0; (15)

where j is the angular spatial frequency vector. According to the
Kolmogorov spectrum model, the relationship between C2

n and r
2
R can

be represented as44

r2R ¼ 1:23C2
nk

7=6L11=6; (16)

where k ¼ 2p=k is the wavenumber and L is the propagation distance.
As an alternative to C2

n, the Fried parameter, r0, is the radius represent-
ing atmospheric coherence length.109,110 r0 defines an circular area
outside of which atmospheric turbulence becomes uncorrelated.109 In
the Kolmogorov turbulence model, r0 of a plane wave is given by109,110

r0 ¼ 1:68ðC2
nLk

2Þ�3=5: (17)

There have been several methods to investigate the atmospheric
turbulence effect on an OAM-based link.45–47,110 Figure 17(a) shows a
rotating phase plate used as one of the turbulence effect emulation
methods. The modal power leakage is characterized by measuring the
modal power ratio of the distorted beam, as shown in Fig. 17(b).
Under the relatively weaker turbulence (C2

n ¼ 2:5� 10�16m�2=3),
most power of the desired OAM mode (i.e., OAM þ3) could be

FIG. 16. Schemes of the system align-
ment and the received phase profiles
when the Tx and Rx are (a-1) perfectly
aligned, (a-2) aligned with lateral displace-
ment, and (a-3) aligned with receiver
angular error. (b) and (c) Simulated power
distribution among different OAM modes
with different lateral displacement and
receiver angular error. Link distance: 100 m;
transmitted OAM order: þ3; the beam size
at transmitter (Tx): 3 cm; receiver (Rx) aper-
ture size: 4.5 cm; XT-1: crosstalk between
the nearest-neighboring OAM modes.
Reproduced with permission from Xie et al.,
Optica 2, 357 (2015). Copyright 2015
Optical Society of America.48
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received. However, under relatively stronger turbulence (C2
n ¼ 2:2

�10�14m�2=3), the power ratio of the undesired modes increases,
which leads to relatively large signal power loss and inter-modal
crosstalk.

C. Potential mitigation methods for different
challenges

The challenges in an OAM-based free-space communication sys-
tem discussed in Sec. IVB may cause power loss and modal crosstalk
among the data channels. In order to achieve a good performance, some

mitigation methods have been reported to potentially alleviate the dele-
terious effects caused by these challenges, as shown but not limited to
the approaches in Fig. 18. In this section, we will discuss the mitigation
methods for the three main challenges of the OAM-based free-space
communication systems in terms of the benefits and limitations.

1. Mitigation methods for the beam divergence

a. Using transmitter lenses for beam focusing. Due to the diver-
gence of the OAM beam, the receiver aperture size may be required to

FIG. 17. (a) Concept of the atmospheric
turbulence effect on the OAM beam. Such
turbulence effect could be emulated by a
rotating phase plate with the pseudorandom
phase distribution based on Kolmogorov
spectrum statistics. Inset shows the mea-
sured distorted OAM beam profile. (b)
Measured power ratio of each received
OAM state under the turbulence effect
with C2

n ¼ 2:5� 10�16 m�2=3 (relatively
weaker) or C2

n ¼ 2:2� 10�14 m�2=3 (rela-
tively stronger). Transmitted OAM order:
þ3; C2

n : the effective atmospheric structure
constant. Reproduced with permission from
Ren et al., Opt. Lett. 38, 4062 (2013).46

Copyright 2013 Optical Society of America.

FIG. 18. Overview of the reported mitiga-
tion methods for different challenges in
free-space OAM-based communication
systems. SVD: singular value decomposi-
tion. MIMO: multi-input–multi-output.
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be larger to capture a sufficient potion of the beam when the transmis-
sion distance becomes longer. However, the requirement of a larger
aperture size might increase the cost of the receiver. Therefore, it might
be desirable to reduce the OAM beam size at the receiver aperture.
This can be achieved by placing lenses at the transmitter to focus the
transmitted OAM beams.111 The concept of using the transmitter
lenses is shown in Figs. 19(a) and 19(b). A pair of lenses with focus
lengths of f1 and f2 is placed at the transmitter. The multiplexed OAM
beams pass through the lenses before transmitting out of the transmit-
ter aperture. The lens pair has an equivalent focus length of f0,
satisfying111

1

f0
¼ 1

f1
þ 1

f2
� d

f1f2
; (18)

where d is the spacing between the two lenses. By tuning the spacing d,
the beam size of the focused OAM beams at receiver can be changed.

Figure 19(c) shows the simulated power loss as functions of
transmission distances with both a transmitter and receiver diameter
of 10 cm. The simulation results show that power loss reduction using
a lens pair with f0 of 1 km could be achieved within a distance up to
2 km. However, a transmitter lens pair with a given f0 could be a
potential solution up to a specific propagation distance. For a longer
distance, more accurate adjustment of dmight be required.111 In addi-
tion, it is shown that the transmitter lenses could help one to enhance
the system robustness under angular errors. However, this method

would have a higher power penalty under lateral displacement com-
pared to the link without transmitter lenses.111

b. Partial receiver apertures for receiving OAM beams. Due to the
divergence of OAM beams, the size of the receiver aperture is some-
times limited with the consideration of cost, such that it can only par-
tially receive the transmitted beam. Such a receiver is referred to as
“partial receiver.”113,114 As the OAM beam has a ring-like intensity
profile, a partial receiver at the center of the beam may cause a rela-
tively higher power loss. If the partial receiver is placed on the intensity
maxima of the ring (off the beam center), the received power can be
increased, as shown in Fig. 20(c). However, such displacement of the
receiver might cause modal coupling, as shown in Fig. 20(d).

Moreover, placing two partial apertures symmetrically at the
beam annulus might help one to further reduce the power loss and
modal coupling,112 the concept of which is shown in Fig. 20(a). As an
example, to receive the OAM þ2 beam, the captured portion of the
intensity and phase profiles of the two apertures are shown in
Fig. 20(b). Figures 20(c) and 20(d) show the improvement of the
received power and crosstalk using double partial receiver apertures.
Compared to the case of placing a single aperture on the ring, the
received power of double apertures has an increment of �6 dB. As
shown in Fig. 20(d), with double apertures, power coupling from OAM
þ2 to the modes that have an odd number of charge difference to
OAM þ2 (e.g., OAM –1, OAM þ1, OAM þ3) is reduced by �10 dB

FIG. 19. (a) Concept of using a pair of
lenses at the transmitter in OAM-based
communication systems for mitigating the
effects of beam divergence and limited-
size apertures. (b) Intensity profiles of the
received OAM beam with and without
transmitter lenses. The received power of
the OAM beam increases when transmit-
ter lenses are used. (c) Simulated power
loss as with various transmission distance
for different OAM beams using transmitter
lenses with an equivalent focal length of
1 km. Reproduced with permission from Li
et al., Appl. Opt. 55, 2098 (2016).111

Copyright 2016 Optical Society of
America.
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compared to the case of a single aperture. Therefore, a specific set of
OAM modes might be selected in order to achieve a low crosstalk.
Furthermore, using a partial receiver with more apertures might poten-
tially further reduce the power loss and modal coupling effects.
However, such a partial receiver cannot fully capture the azimuthal
phase change, which induces modal coupling to other undesired
modes. As a result, the number of OAMmodes that could be used in a
partial-receiver-based system might be limited. It should be noted that
the similar concept could also be applied in millimeter-wave OAM
communications.

c. Utilizing non-zero-radial-index LG beams. As mentioned above,
an OAM beam has an intensity null at the beam center, which induces
power loss when a limited-size receiver aperture is placed at the center.
For an LG beam with a non-zero-radial-index (i.e., p> 0 LG beam),
the size of the inner-most ring can be smaller than that of the ring of
the zero-radial-index (i.e., p¼ 0 LG beam) LG beam with the same ‘
for a limited transmission distance, as shown in Fig. 21(a). Thus, utiliz-
ing LG beams with a p> 0 radial index might increase the received
power with a limited receiver aperture size.19

Figures 21(b-1) and 21(b-2) show the simulated power loss of the
LG beams with various receiver aperture diameters when the

transmitted beam diameter is 8 cm. As shown in Fig. 21(b1), when the
transmission distance is 500 m, LG beams with p> 0 radial indices
have less power loss than LG beams with p¼ 0 radial indices and the
same ‘ value for relatively small receiver aperture sizes. As the receiver
aperture size increases, the power loss of the p> 0 LG beams would
become higher than that of the p¼ 0 LG beams. This might be due to
the fact that the outer ring of the p> 0 LG beam is larger than the ring
of the p¼ 0 LG beam. It can also be seen that when the transmission
distance increases from 500 m to 1 km, the power loss reduction tends
to decrease, as shown in Fig. 21(b2). This might be because that the
p> 0 LG beam diverges faster than the p¼ 0 LG beam when both the
‘ value and the transmitted beam waist are the same. Furthermore,
this method may also induce additional channel crosstalk in an MDM
system based on the multiplexing of LG modes with different radial
indices. This is due to the fact that the limited-size aperture may affect
the orthogonality among these modes, which has been discussed in
Sec. IVB.

d. Singular-value-decomposition-based beam orthogonalization

using LG modes. In general, each independent data channel is trans-
mitted on an optical beam using a single LG mode in an LG-based
MDM system. However, the performance of such an MDM FSO

FIG. 20. (a) Concept of using double par-
tial receivers in OAM-based communica-
tion systems for mitigating the effects of
beam divergence and limited-size aper-
tures. (b) Received intensity and phase of
the OAM beam. (c) Experimentally mea-
sured normalized received power of the
OAM þ2 beam with different receiver
apertures as functions of the aperture
sizes. Case A: A/S¼ 0.16; case B: A/
S¼ 0.23. (d) Experimentally measured
power leakage from OAM þ2 beam to
other OAM modes with single (case A)
and double (case B) partial receivers. In
these two cases, the aperture size of case
A is

ffiffiffi

2
p

as large as case B, resulting in
the same total area.112
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system could be affected by a limited-size receiver. This impairment
would result in deleterious signal power loss for the transmitted LG
mode and power coupling from the transmitted LG mode to other LG
modes with different p values, that is, modal crosstalk. One potential
approach is to transmit each data channel on a single beam composed
of multiple LG modes with complex coefficients to achieve smaller
data-carrying beams at the Rx to mitigate the effects of the limited-
size receiver, as shown in Fig. 22. By carefully designing the coeffi-
cients of each LG component, these data-carrying multi-mode beams
could be spatially tailored and remain orthogonal to each other at the
receiver.

The modal coupling caused by the limited aperture between the
LG modal set can be described by a transmission matrix H. This

approach is based on the singular value decomposition (SVD) of H, as
follows:115

H ¼ U 	 R 	 V�: (19)

For each channel, the transmitted beam is specifically designed and
generated such that it comprises a set of LG modes. The complex coef-
ficients of these LG components are obtained by column vectors of the
V. Due to the orthogonality between the column vectors of the V, the
transmitted beams on different channels are orthogonal with each
other. After propagating over a certain distance and experiencing a
limited-size receiver aperture, the independent beams still comprise
such a set of LG modes. It should be noted that the complex weights
of LG components for these resulting beams are the row vectors in the

FIG. 21. (a) Concept of using non-zero-radial-index LG beams to reduce the power loss caused by the limited-size receiver aperture. (b-1) and (b-2) Simulated power loss of
LG beams with radial indices of p¼ 0 and p>0 with a transmitted beam diameter of 8 cm as a function of receiver aperture diameter with transmission distances of (b-1) 500
m and (b-2) 1 km. Reproduced with permission from Li et al., J. Opt. Soc. Am. B 34, 1 (2017).19 Copyright 2017 Optical Society of America.
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U matrix multiplied by the singular values in the R matrix.
Consequently, these beams are still orthogonal with each other, which
enables efficient demultiplexing at the receiver with little interchannel
crosstalk.

Figure 23(a) presents measured power loss and crosstalk with dif-
ferent receiver aperture sizes for beams composed of single mode or
multiple modes. When using single beam composed of one LG mode
for each channel, the power loss and crosstalk increase as the aperture
size decreases. However, when using a single beam comprising multi-
ple LGmodes, the power loss is relatively low when the aperture radius
is 1:0� 1:6 mm. In addition, the crosstalk for both channels also
remains at a low level in this range due to the orthogonality preserva-
tion between the two beams after experiencing the limited-size aper-
ture. It should be noted that this method can also be used to mitigate
the power loss and modal crosstalk caused by the receiver aperture
misalignment, which will be discussed later. To use this method, the
transmission matrix H need to be measured. Since dynamic link
impairments might cause a dynamic change in H, the measurement
needs to be updated. Therefore, a feedback from the receiver to the
transmitter might be required.

2. Mitigation methods for misalignment

a. Tracking system with a Gaussian beacon beam. A beam track-
ing system is important for the free-space OAM-based communica-
tion systems, especially when the link is dynamic that there may be

residual misalignment between the transmitter and receiver. The beam
tracking with a beacon beam at a different wavelength than the signal
beam is shown in Fig. 24(a). A beacon beam at the wavelength k2 with
the fundamental Gaussian mode is transmitted co-axially with the
OAM signal beams at the wavelength k1. At the receiver, a tracking
system is implemented to detect and compensate for the displacement
between the transmitter and the receiver. In this system, a position-
sensitive detector (PSD) is first utilized to detect the position informa-
tion of the beacon Gaussian beam. Such a PSD has four cell quadrants
(Q1 to Q4), which can detect the beam position by measuring the
received optical power on them, as shown in Fig. 24(b). The outputs of
the PSD are voltages Vx and Vy, which can be evaluated by119

Vx ¼
ðQ2 þ Q4Þ � ðQ1 þ Q3Þ
Q1 þ Q2 þ Q3 þ Q4

;

Vy ¼
ðQ1 þ Q2Þ � ðQ3 þ Q4Þ
Q1 þ Q2 þ Q3 þ Q4

:

(20)

Subsequently, Vx and Vy are sent to the controller as a feedback signal
such that the angle of the FSM can be dynamically tuned to keep the
transmitted OAM beams close to the PSD center. As an example, Figs.
24(c) and 24(d) show the result of the tracking for the displacement in
one direction of the transmitted OAM beam. The beam centroids
without tracking and with tracking using the beacon Gaussian beam
are shown. The results indicate that the misalignment in the65-mm
displacement range can be compensated for using the tracking system.

FIG. 22. Concept of transmitting each data channel on a designed single beam composed of a set of LG modes to reduce the power loss and crosstalk induced by the limited-
size aperture or misalignments in an MDM link. Reproduced with permission from Pang et al., Opt. Lett. 45, 6310 (2020).115 Copyright 2020 Optical Society of America.

FIG. 23. The power loss and crosstalk mitigation of the limited-size-aperture effect using the SVD-based methods. Measured (a-1) power loss and (a-2) crosstalk induced by
the limited-size aperture when transmitting data channels on beams composed of one LG mode or beams composed of multiple LG modes. Reproduced with permission from
Pang et al., Opt. Lett. 45, 6310 (2020).115 Copyright 2020 Optical Society of America.
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However, such a tracking system requires an additional Gaussian
beam as a beacon beam and an accurate alignment between the beacon
beam and the transmitted OAM beam.

b. Tracking system using an OAM beam. In an OAM-based com-
munication link, the transmitted OAM beam itself can be used for the
tracking without using an additional Gaussian beacon beam. In gen-
eral, the gradient of the OAM beam’s intensity profile has (1) a direc-
tion pointing to the beam center along the radial direction and (2)
varying strengths at different distances to the beam center. Due to the
unique characteristics, the intensity gradient of the OAM beam can be
potentially used to determine the position of the transmitted OAM
beam. As shown in Fig. 25(a), the received OAM beam can be first
split into two branches by a beam splitter. One of the two branches
can be sent to a three-pixel detector to measure the gradient informa-
tion by vector summation of two orthogonal components in horizon-
tal and vertical directions. Subsequently, the measured intensity
gradient can be used to determine the position of the beam and used
as the correction signal to a tracking system. As shown by the intensity
distributions in Figs. 25(b-1) and 25(b-2), the OAM beam may have a
higher intensity gradient than the Gaussian beam. However, it should
be noted that a higher order OAM beam could provide higher tracking
accuracy but may operate over a smaller range of misalignment.118

c. Singular-value-decomposition-based beam orthogonalization

using LG modes. Without a tracking system, the aforementioned SVD-

based beam orthogonalization using LG modes for divergence mitiga-
tion can also help one to reduce the power loss and crosstalk induced by
the misalignment, as shown in Fig. 22. Figures 26(a) and 26(b) show the
experimental results for the power loss and crosstalk mitigation of the
misalignment effects using the SVD-based methods. Figure 26(a) shows
that for the case of beams comprising one LGmode with different p val-
ues (LG10, LG11), as the horizontal displacement increases, both the
power loss and crosstalk increases. However, for the case of beams com-
prising multiple LG modes, the power loss for both channels becomes
lower when the displacement varies from 0.4 to 0.7mm. In addition, the
crosstalk for the beams comprising multiple LG modes on both chan-
nels remains at a relatively low level (<� 27 dB). The case for the
beams comprising multiple LG modes with different ‘ values (LG10,
LG�10) is also investigated, as shown in Fig. 26(b). It is observed that
using such an approach, the power loss can be reduced when the dis-
placement varies from 0.8 to 1.1mm. Moreover, the crosstalk for both
channels also remains at a relatively low level (<� 17 dB).

3. Mitigation methods for atmospheric turbulence

a. Turbulence mitigation using electrical multi-input-multi-output

compensation. In common radio systems, multiple–input–multiple–
output (MIMO) electronic channel-equalization digital-signal-
processing (DSP) algorithms are widely used to “unwind” channel
crosstalk when multiple independent transmitting antennas are com-
municating with multiple receiving antennas.121 In an OAM-based

FIG. 24. (a) Basic setup of a displacement
tracking system using a fast-steering mir-
ror and a beacon beam at another wave-
length. FSM: fast-steering mirror; PSD:
position-sensitive detector; Rx: receiver.
(b) The error signal from the PSD under
different displacements. The center of the
received OAM beam with respect to the
aperture center (c) without tracking and
(d) with tracking using the beacon
Gaussian beam. Reproduced with permis-
sion from Li et al., Opt. Lett. 43, 2392
(2018).116 Copyright 2018 Optical Society
of America.
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FIG. 25. (a) Concept of using the intensity gradient of an OAM beam for pointing and tracking. The intensity gradient is measured by a three-pixel detector structure.
Reproduced with permission from Xie et al., in 2015 European Conference on Optical Communication (ECOC) (IEEE, 2015).117 Copyright 2015 IEEE. Normalized intensity gra-
dients of (b-1) the Gaussian beam and (b-2) the OAM þ1 beam. Reproduced with permission from Xie et al., Opt. Lett. 42, 395 (2017).118 Copyright 2017 Optical Society of
America.

FIG. 26. Measured power loss and crosstalk induced by the misalignment effect with and without the SVD-based methods. Measured (a-1) power loss and (a-2) channel cross-
talk induced by various horizontal displacements when transmitting channels on beams composed of one LG mode with different p values or beams composed of multiple LG
modes. Measured (b-1) power loss and (b-2) channel crosstalk induced by various horizontal displacements when transmitting channels on beams composed of one LG mode
with different ‘ values or beams composed of multiple LG modes. Reproduced with permission from Pang et al., Opt. Lett. 45, 6310 (2020).115 Copyright 2020 Optical Society
of America.
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communication link, multiple OAM beams can be considered as origi-
nating from multiple transmitting antennas. Therefore, similar
approaches can be adopted to free-space OAM-based communication
links to mitigate the crosstalk induced by the atmospheric turbulence.
Figure 27(a) shows the concept of using a 4� 4 MIMO equalization to
recover four OAM channels after propagating through atmospheric
turbulence. Four coherent receivers are used to detect the signals xi
(i ¼ 1; 2; 3; 4) carried by the four OAM beams as the input of the
MIMO equalization. The output of the MIMO equalization can be
expressed as122

yj ¼
X

i

wij � xi; (21)

where wij(i; j ¼ 1; 2; 3; 4) is the coefficient vector. The coefficient vec-
tors could be adaptively estimated to mitigate the channel crosstalk
induced by the turbulence. Figure 27(b) shows the measured signal con-
stellations of a four OAM-multiplexed link with turbulence effect with
and without the MIMO equalization.120 Four OAM beams each carry-
ing a 20-Gbit/s QPSK signal are multiplexed and propagated co-axially
through the emulated turbulence. Without the MIMO equalization, the
received signals suffer from turbulence-induced crosstalk, resulting in
EVMs of 24%, 46%, 33%, and 46%. With the MIMO equalization, the
EVMs are reduced to 14%, 14%, 15%, and 21% for the four channels,
respectively. The results indicate that the MIMO equalization method
could mitigate the channel crosstalk among the transmitted OAM chan-
nels. However, the performance of this method could be degraded if
most of the OAM beam power is coupled to the modes that are not
detected and compared by the algorithm.123 In addition, the MIMO
equalization requires the reception of multiple data channels and may
increase the electrical DSP complexity when increasing the number of
OAM-carrying data channels.

b. Adaptive optics for turbulence mitigation. Without increasing
the electrical DSP complexity, one optical method to compensate the
turbulence effect is adaptive optics (AO). The concept of AO for miti-
gating turbulence effect in an OAM-based communication link is
shown in Fig. 28. A Gaussian probe beam is transmitted co-axially
with the OAM beams at different polarizations. An AO compensation
system is built at the receiver, in which the turbulence-distorted
Gaussian beam is separated from the distorted OAM beams to serve

as the probe for wavefront distortion estimations and required
correction-pattern retrieval with a wavefront sensor (WFS). A feed-
back controller is used to update the two wavefront correctors (e.g.,
DMD or SLM) to compensate the phase front of the Gaussian probe
and the distorted OAM beams.124 The far-field intensity profiles of the
Gaussian beam and OAM beams, as shown in Figs. 28(b) and 28(c),
indicate that the turbulence-induced distortion can be compensated
by the AO system. It is noted that the probe beam could also be pre-
pared at a separate wavelength instead of a different polarization.125 In
addition, the wavefront correction pattern can also be used for the
pre-compensation of the OAM beams transmitted in the other direc-
tion for a bi-directional free-space OAM-based communication
link.126 However, the probe beam and the feedback loop used in the
AO system could increase the complexity of the optical system. In
addition, in order to accurately probe the distorted wavefront of
beams, accurate alignment between the probe beam and OAM beams
might be required especially for a long-distance link.

Furthermore, the AO-based method has also been demonstrated
to simultaneously mitigate turbulence effects and demultiplex OAM
channels using a wavefront-shaping-and-diffusing (WSD)
approach128,129 or a single MPLC device.92,130 However, these
approaches might require additional optical devices (e.g., an optical
diffuser) or more complicated mitigation algorithms, which would
increase the system complexity.

c. Turbulence mitigation by beam shaping at the transmitter. In
general, using beam forming at the transmitter to mitigate channel cross-
talk is a well-understood approach in radio.132 Similarly, free-space opti-
cal beam forming (or beam shaping) can be accomplished to mitigate
turbulence effects.127,131 For example, this method could be achieved by
transmitting each channel on a single beam comprised of multiple
modes, such that each composite mode can have a complex coefficient
in amplitude and phase, as shown in Fig. 29(a).127 In order to obtain the
complex coefficient of each composite mode, the complex transmission
matrix is first retrieved using simple in-fiber power measurements with-
out using WFS.127 Subsequently, the complex coefficients are calculated
based on the inverse of the measured transmission matrix. By transmit-
ting each channel on a single beam composed of two OAMmodes with
the designed complex coefficients, the turbulence-induced channel cross-
talk could be mitigated. This is because that, for each channel, the
turbulence-induced modal coupling to the other undesired mode would

FIG. 27. (a) Concept of using MIMO equalization to mitigate the atmospheric turbulence of the OAM-based communication link. Measured constellations of the received signals
(b) without and (c) with the 4� 4 MIMO of multiplexed four OAM beams, each carrying a 20-Gbit/s QPSK data channel. EVM: error vector magnitude. Reproduced with per-
mission from Huang et al., Opt. Lett. 39, 4360 (2014).120 Copyright 2014 Optical Society of America.
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FIG. 28. (a) Concept of adaptive optics (AO) for the turbulence compensation of OAM beams using a Gaussian beam as a probe for wavefront sensing. The detected wave-
front distortion is applied to the wavefront corrector to compensate the turbulence-induced phase distortion on the OAM beams. PBS: polarizing beam splitter. The far-field
intensity profiles of the Gaussian beam and OAM beams (b) without AO compensation and (c) with AO compensation. Reproduced with permission from Ren et al., Opt. Lett.
39, 2845 (2014).124 Copyright 2014 Optical Society of America.

FIG. 29. (a) The concept of turbulence mitigation by transmitting each channel on a single beam comprised of multiple modes in a free-space OAM-based communication sys-
tem. (b) The measured normalized transmission intensity matrices (b-1) without turbulence effects, as well as (b-2) without and (b-3) with turbulence compensation.
Reproduced with permission from Song et al., J. Lightwave Technol. 38, 82 (2020).127 Copyright 2020 IEEE.
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experience a destructive interference with the correspondingmodal com-
ponent of the transmitted beam.

As an example, the measured normalized transmission intensity
matrices without turbulence effects, without and with turbulence com-
pensation, are shown in Figs. 29(b-1)–29(b-3), respectively. With the
turbulence effects, the crosstalk of the two channels increases to �8.7
and �5.5 dB in the absence of turbulence compensation. With turbu-
lence compensation, the crosstalk decreases to �22.1 and �17.8 dB
for the two channels. However, the number of required measurements
could increase with the increasing size of the transmission matrix, thus
resulting in a higher requirement of the measurement and feedback
speed. In addition, this method might induce some power loss, as only
a limited number of OAMmodes are utilized.

In order to manipulate a larger number of modes, one phase con-
jugation approach to individually shape the amplitude and phase of
each transmitted beam has been implemented in a 340-m outdoor free-
space link,131 as shown in Fig. 30(a). In such an approach, the amplitude
and phase profiles of each turbulence-distorted OAM mode could be
first retrieved from a back-propagating probe beam with the same OAM
order using off-axis digital holography analysis.131 Subsequently, each
data-carrying beam is shaped based on the phase conjugation of the
back-propagating probe beam. After the transmitted phase-conjugated
beam propagates through the turbulence, an OAM beam with a rela-
tively high mode purity and a relatively low modal coupling could be
retrieved at the receiver, as shown in Fig. 30(b). However, in order to
obtain the turbulence distortion information at the transmitter, back-
propagating probe beams and other relatively complicated devices133,134

might be needed, which would increase the system complexity.

D. OAM-based optical communications for airborne
platforms

With the developing demand for the data communications of air-
borne platforms over recent years, there has been an increasing need

for high-capacity FSO links between these airborne platforms and the
corresponding ground stations.135–138

1. Challenges for airborne optical communication links

Figure 31 illustrates various types of airborne and satellite FSO
links. Each of these links has particular characteristics and correspond-
ing challenges.

(1) Satellite-to-satellite links could have an ultra-long-distance
transmission distance of>1000 km. The beam divergence is a chal-
lenge due to the long propagation distance.139 (2) Satellite-to-ground-
station links require a long transmission distance through the
atmosphere. In such a link, a laser beam generally propagates through
the Earth’s atmosphere. Therefore, both the beam divergence and
the accumulated turbulence are the main challenges.139 (3) Airplane-
to-ground-station links have a length of�1–100 km. As the airplane is
usually moving fast, the misalignment could degrade the performance.
In addition, the atmospheric turbulence is also an important issue in
such links. (4) Unmanned-aerial-vehicles (UAV)-to-ground-station
communications generally have relatively slow-moving UAVs hover-
ing around the ground station. The link between the UAV and the
ground station has a relatively shorter transmission distance
of< 1 km. Such links may also be affected by atmospheric
turbulence.140–143

2. OAM-multiplexed FSO links involving UAV platforms

UAVs such as flying drones have gained interest recently because
of their potential applications.140–143 In order to achieve high-speed
communications, the OAM multiplexing technique might be poten-
tially utilized in such a UAV platform. As shown in Fig. 32(a), an
example of the OAM-multiplexed UAV communication link has been
demonstrated.140 Two OAM beams, each carrying 40-Gbit/s QPSK
signals, are multiplexed at the ground station. The beams are

FIG. 30. (a) Concept of beam shaping by transmitting phase-conjugated beams from the transmitter (Tx) to the receiver (Rx). First, the amplitude and phase profiles of each
turbulence-distorted OAM mode could be retrieved from a back-propagating probe beam with the same OAM order. Subsequently, the Tx generates and transmits the phase-
conjugated beams to the Rx. The Rx receives the phase conjugate of the originally transmitted OAM modes with a relatively high mode quality and low modal coupling. (b)
Measured intensity profiles of the back-propagating probe beams (at Tx) and the received phase-conjugated beams (at Rx). Reproduced with permission from Zhou et al.,
Phys. Rev. Appl. 15, 034011 (2021).131 Copyright 2021 American Physical Society.
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transmitted to the UAV, which is flown up to �50 m away from the
transmitter. Subsequently, the beams are reflected by a retro-reflector
on the UAV to the receiver, which is located at the same place as the
transmitter. A tracking system using a probe Gaussian beam is also
employed to mitigate misalignment issues.

In such platforms, atmospheric turbulence might be one chal-
lenge, which could potentially affect the system performance. As dis-
cussed before, the transmitted OAM beam can be distorted by the
turbulence. As a result, part of the transmitted power on one
OAM mode can be coupled into other OAM modes, resulting in

FIG. 31. Challenges in different airborne
and satellite communication links.
Reproduced with the permission from
Willner et al., APL Photonics 6, 030901
(2021).40 Copyright 2021 AIP Publishing.

FIG. 32. (a) Concept of the OAM-
multiplexed ground-to-UAV-to-ground FSO
communication link. The OAM transmitter
and receiver are located at the same
ground station. A tracking system is
employed to mitigate the misalignment at
the ground station. The multiplexed OAM
beams are reflected by a retro-reflector
carried by the hovering UAV. Reproduced
with permission from Li et al., Sci. Rep. 7,
17427 (2017).140 Copyright 2017
Macmillan Publishers. (b-1) The constella-
tions of the received QPSK signals carried
by the two OAM beams and the corre-
sponding EVMs. MIMO equalization is
used to mitigate the atmospheric
turbulence-induced channel crosstalk. (b-
2) Measured BERs at different transmitted
power for the two channels. The UAV is
hovering �50 m away. Cases without and
with MIMO equalization are shown.
Reproduced with permission from Li et al.,
Opt. Lett. 44, 5181 (2019). Copyright 2019
Optical Society of America.144
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inter-channel crosstalk. The atmospheric turbulence-induced channel
crosstalk could be mitigated using the aforementioned MIMO equali-
zation algorithm. It has been shown that a 2� 2 MIMO equalization
is utilized in an OAM-multiplexed communication link between a
hovering UAV and the ground station with a 100-m link length.
Figure 32(b-1) illustrates the constellations of the received QPSK sig-
nals carried by the two OAM beams. The EVMs could be reduced
with the MIMO equalization. It is observed that the MIMO equaliza-
tion can reduce the EVM from 32% and 54% to 26% and 27%, respec-
tively, for OAM ‘¼þ1 and ‘¼ –3 beams. Figure 32(b-2) shows the
received BERs with various the transmitted power. For both OAM
channels, the BER is reduced by the MIMO equalization, which indi-
cates that the turbulence-induced channel crosstalk could be mitigated.
In addition to MIMO equalization, some other approaches for mitigat-
ing turbulence effects might also be helpful, such as the AO system or
beam shaping.

To enable the OAM-based airborne communication links in the
future, the corresponding challenges for different scenarios need to be
investigated and mitigated. For satellite-to-satellite links, the beam
diverges after the long-distance propagation. At the receiver, the
received power can be reduced as the aperture size is often limited.
Therefore, a highly sensitive detector at the receiver can benefit such
communication links. In addition, mitigation methods such as trans-
mitter lenses and partial receivers can also be potentially used to
mitigate the loss and crosstalk in such ultralong links. For satellite-
to-ground-station and airplane-to-ground-station links, both beam
divergence and atmospheric turbulence need to be considered.
Therefore, besides the methods for beam divergence, some aforemen-
tioned mitigation methods for turbulence effects might also help to
improve the system performance.

Moreover, there are some common features favored for these
types of FSO links. For example, (1) low size, weight, and power
(SWaP) are desired, which might be achieved with photonic integrated
circuits and will be discussed in Sec. VIII),145 and (2) accurate point-
ing, acquisition, and tracking (PAT) systems are favored, which might
mitigate the power coupling among the OAMmodes.48

E. OAM-based optical communications in underwater
environments

In addition, the data capacity demand of underwater communi-
cation links has also been increasing because of the various applica-
tions.146 Although acoustic waves can be utilized in such underwater
links, the data rate transmitted could be quite limited due to the small
bandwidth resources at a low carrier frequency.147 In contrast, optical
light waves can provide a higher bandwidth, allowing a higher data
rate being transmitted. Specifically, the blue-green visible light region
has a low attenuation in the underwater link, enabling high-capacity
optical underwater communications.148 In these communication sys-
tems, the OAM multiplexing technique could potentially further
enhance the data capacity.

1. Propagation effects in underwater environments

There are several reports of OAM beam propagation through
underwater environments with water currents, particle scattering, and
turbulence.149,151 Figure 33(a) illustrates the schematic of an underwa-
ter OAM-multiplexing optical communication link. Data-carrying

OAM beams are multiplexed, transmitted through the underwater
environment, and de-multiplexed at the receiver. Such links can be
affected by various water conditions, as shown by the profiles of a
Gaussian beam, OAMþ 1 andþ 3 beams in Fig. 33(b). Among these
effects, (i) the tap water is not likely to distort the donut-shaped inten-
sity profile of the OAM beams. (ii) The water current can slightly
change the intensity profiles. (iii) The scattering effect is emulated by
adding Maalox solution to water. It causes a dynamic change to the
profiles over time as the particles move in the water. (iv) The turbu-
lence effect in the water is emulated by mixing cold and hot water to
create a thermal gradient. It tends to cause a large distortion to the
beam profiles.149

Besides the transmission of a single OAM beam, another work
explored using combinations of concentric optical vortex beams for
underwater links with scattering effects.150 Figure 33(c) shows the
intensity profiles of the “petal” pattern generated by the periodic con-
structive and destructive interference of the concentric vortices. The
profiles are little affected by the clean water and slightly more distorted
by the turbid water because of the underwater scattering effects.150

2. OAM-multiplexed underwater communication links

Blue-green light underwater links with non-OAM beams have
been reported over a �100-m transmission distance.148 Moreover, to
further boost the data capacity, OAM-multiplexing has been demon-
strated in underwater links with a transmission distance of a few
meters149,151

Generally, the signal could be modulated on the blue-green light
by the internal modulation of the light source. For instance, an
1.5-Gbit/s OOK signal is directly modulated on the driving current of
a 445-nm laser diode.151 By multiplexing two independent OOK data
channels carried by two OAM modes, an underwater communication
link with a 3-Gbit/s total capacity is achieved over a 2.96-m transmis-
sion distance.151

However, the direct modulation on commercial laser diodes
might have a limited bandwidth. Therefore, the data rate of direct
modulated data channels could be limited. To achieve higher data
rates, a high-speed modulated blue-green light can be generated based
on the second harmonic generation. For example, a 10-Gbit/s OOK
signal can be first generated by using a commercial high-speed 1064-
nm lithium niobite modulator. Subsequently, a module for a second
harmonic generation is used such that the carrier wavelength of the
signal is converted to 532nm.149 Figure 33(d) presents the BERs as a
function of the received power for the two multiplexed OAM chan-
nels, each carrying a 10-Gbit/s OOK signal. As the link is affected by
the turbulence in water, the BER is degraded to above the FEC limit.
With the constant modulus algorithm (CMA)-based equalization, the
BER can be reduced to below the FEC limit.149

In addition to OAM-based links in underwater environments,
there are applications where the OAM beams originate above the
water and need to be in contact with a station below the water. In this
scenario, the OAM beams may propagate through several “layers” at
the air-water interface, including maritime turbulence, non-uniform
aerosols above water, time-varying water curvatures, and underwater
scattering/turbulence below the surface,152,153 as shown in Fig. 34. The
combination of these issues could potentially cause power loss and
modal coupling in an OAM-based optical link, which might be
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FIG. 33. (a) Concept of an underwater OAM-multiplexing optical communication link. Reproduced with permission from Ren et al., Sci. Rep. 6, 33306 (2016).149 Copyright
2016 Macmillan Publishers. (b) Intensity profiles of the Gaussian beam and OAM ‘ ¼ þ1;þ3 beams under different conditions including tap water, water current, scattering,
and turbulence. Reproduced with permission from Ren et al., Sci. Rep. 6, 33306 (2016).149 Copyright 2016 Macmillan Publishers. (c) Intensity profiles of the beams with “petal”
patterns for simulated propagation through air, experimental propagation through clean water, and experimental propagation through turbid water. Reproduced with permission
from Morgan et al., J. Opt. 18, 104004 (2016).150 Copyright 2016 IOP Publishing. (d) Measured BERs as a function of the received power for the two multiplexed OAM chan-
nels, each carrying a 10-Gbit/s OOK signal. As the link is affected by the turbulence in water, the BER is degraded to above the forward error correction (FEC) limit. With the
constant modulus algorithm-based equalization, the BER can be reduced to below the FEC limit. Ch.: channel. Eq.: equalization. Reproduced with permission from Ren et al.,
Sci. Rep. 6, 33306 (2016).149 Copyright 2016 Macmillan Publishers.
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alleviated by using aforementioned mitigation approaches. Further
investigations in this field could be an interesting challenge.

F. OAM-based diversity system

As mentioned above, atmospheric turbulence could lead to
power fluctuation and link loss in a single-channel FSO system.44 One
way to mitigate the turbulence effects is to utilize AO, which generally
consists of a wavefront sensor, a wavefront corrector, and a feedback
control unit.155,156 Without using a feedback control loop for an AO
system, diversity schemes could be employed to potentially provide
system redundancy and thus reduce the outage probability of the FSO
link.44,156,157 In a diversity scheme, multiple copies of the same data
streams are simultaneously carried by multiple beams.44,158,159 Each
beam experiences a different channel condition, which reduces the
variance of the overall received power, and thus the outage probability
of the link could be lower than that of the link without diver-
sity.44,158,159 Specifically, spatial diversity can be realized by transmit-
ting the same data stream with multiple apertures at the transmitter
and/or receiver (i.e., aperture diversity).44,158,159 Instead of using multi-
ple apertures that are physically separated, another form of spatial
diversity, namely, mode diversity, can be employed utilizing coaxial
spatial modes from different or the same spatial mode groups at the
same Tx/Rx aperture.154,160–162

Recently, a single-channel FSO link using mode diversity from
different spatial mode basis sets has been experimentally demon-
strated.154 Specifically, two beams (i.e., HGm¼2;n¼2 and LG‘¼2;p¼1) car-
rying the same data stream are combined and transmitted at a single
aperture as shown in Fig. 35(a). Beams with the same mode order
(mþ n ¼ j‘j þ 2p) have similar beam divergence after propagation,
and thus they tend to have a similar field size at the receiver. In this
case, the HGm¼2;n¼2 and LG‘¼2;p¼1 beams are selected due to their
mutual orthogonality. As these two orthogonal beams with different
spatial profiles could potentially interact differently with the turbulent
medium, the data channel carried by each data-carrying beam tends to
have an independent outage probability. By receiving the combined
beams at the receiver, the overall outage probability in the mode diver-
sity scheme tends to be smaller compared to that in the single-mode
scheme. As proof of concept, the BER performance of a 1-kbit/s FSO
link under varying turbulence strength (r0) are measured as shown in

Fig. 35(b). It is shown that employing mode diversity could help
reduce the BER under different turbulence strength.

Furthermore, OAM-based mode diversity has also been experi-
mentally implemented using the modes in the same mode group (e.g.,
multiple OAM modes).161,162 In addition, the mode diversity could
also be potentially used in an OAM-multiplexing system to increase
the system robustness.160

FIG. 34. Challenges for an optical OAM
link through an air–water interface.

FIG. 35. (a) Concept of employing mode diversity in an FSO link. Different modes
are used with half the original transmit power but with each traveling the same
path: the separation is in mode space not physical space. (b) Measured bit error
rate of data-carrying modes under varying turbulence strength. Reproduced with
permission from Cox et al., Phys. Rev. Appl. 10, 024020 (2018).154 Copyright 2018
American Physical Society.
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G. Summary

In this section, some experimental demonstrations of FSO OAM
multiplexing and encoding links are first presented. Subsequently, dif-
ferent potential challenges (beam divergence, misalignment, and tur-
bulence) and the corresponding mitigation methods in OAM-based
FSO communication systems are also discussed. Table I illustrates var-
ious experimental demonstrations mentioned in this section of OAM-
based optical communication links in free space, in an underwater
environment, and between a ground station and a UAV. Major
parameters, including number of channels, total data rate, and trans-
mission distance, are summarized. To further explore and develop the
mitigation techniques for OAM-based communication links, one may
need to consider several issues, including but not limited to: (1) scal-
ability: for scaling the compensation scheme to the system that multi-
plexes a larger number of modes; (2) processing speed: for real-time
mitigation of various environmental effects; and (3) cost and complex-
ity: for enabling the deploy of a compensation scheme in a real OAM-
based link.

V. OAM-BASED FIBER COMMUNICATION SYSTEMS

Optical fibers have been widely deployed in wired communica-
tions, providing a high data capacity. In order to further boost the data
rate and spectral efficiency of fiber communication systems, OAM
modes can be potentially facilitated in optical fibers that support mul-
tiple OAMmodes.11,163 In this section, we will discuss several different
types of the fibers that can allow the propagation of OAM beams. The
randommode coupling is a key issue of the OAM-based fiber commu-
nication systems, and several mitigation methods will be introduced.

A. OAMmodes in fibers

In general, a conventional multi-mode fiber (MMF) has a rela-
tively large core diameter that can support multiple modes to be prop-
agated. Theoretically, the optical beam in an MMF can be described
with the Helmholtz equation,164

r2E þ ðnk0Þ2E ¼ 0; (22)

where E is the electrical field of the optical beam, k0 ¼ x=c ¼ 2p=k,
and n is the refractive index as a function of the location in the fiber
cross section. Different types of MMFs can be characterized by different
n distributions,165,166 such as step-index fibers, as shown in Fig. 36.165

Equation (22) can be solved with the method of variable separa-
tion.164 The exact solutions lead to the vector eigenmodes of the fiber,
including the HE�m and EH�m modes. When the mode index �¼ 0,
they are also referred to as the transverse-electric (TE) and transverse-
magnetic (TM) modes. Applying the weakly guiding approxima-
tion,167 the vector eigenmodes can be expressed as168

HEe
‘þ1;m

HEo
‘þ1;m

( )

¼R‘;mðrÞexpðibzÞ
x̂ cosð‘hÞ� ŷ sinð‘hÞ
x̂ sinð‘hÞþ ŷ cosð‘hÞ

( )

;

EHe
‘�1;m

EHo
‘�1;m

( )

¼R‘;mðrÞexpðibzÞ
x̂ cosð‘hÞþ ŷ sinð‘hÞ
x̂ sinð‘hÞ� ŷ cosð‘hÞ

( )

;

(23)

where R‘;mðrÞ is the radial field distribution (‘ ¼ 0; 1; 2;…;
m ¼ 1; 2;… are two mode indices). In addition, ðr; h; zÞ is the cylin-
drical coordinate and refers to the radial, azimuthal position in a fiber

cross section, and propagation position along the fiber. x̂ and ŷ repre-
sent the unit vector of the X and Y polarizations, respectively. e and o
denote the even and odd modes, respectively. Each mode solution has
a propagation constant b, and the effective index neff is defined as
neff ¼ kb=2p. The modes that have a similar propagation constant are
generally classified into the same “mode group.”

Under the weakly guiding approximation, another set of mode
solutions with linear polarizations can be obtained, which are referred
to as the LP modes.164 The LP‘,mmode solution along one polarization
(e.g., x polarization) is given as168

LPe
‘;m;x ¼ x̂R‘;mðrÞ cos ð‘hÞ exp ðibzÞ;

LPo
‘;m;x ¼ x̂R‘;mðrÞ sin ð‘hÞ exp ðibzÞ:

(

(24)

We note that the LP modes can be constructed by a linear superposi-
tion of vector eigenmodes,168

LPe
‘;m;x ¼ EHo

‘�1;m þ HEo
‘þ1;m;

LPo
‘;m;x ¼ EHe

‘�1;m � HEe
‘þ1;m:

(

(25)

It is observed that, based on Eq. (24), OAM can be represented
by a combination of the LP modes or vector eigenmodes, as shown in
Fig. 37. For example, a combination of LP modes169

LPe
‘;m;x þ iLPo

‘;m;x ¼ x̂R‘;mðrÞ exp ði‘hÞ exp ðibzÞ (26)

can represent an OAM mode of order ‘ with a linear polarization.
In order to increase the data capacity in a fiber-based MDM link,
OAM modes can be potentially used as a modal basis in the
MMFs.170

B. Random mode coupling in the fiber

Although the fiber medium is quite different than free space,
OAM-based fiber communication systems also have important mode-
related challenges. For instance, while the beams could be excited into
orthogonal modes (e.g., vector modes or LP modes) when launching
into an MMF, they will often be coupled to other modes as a result of
the temperature variation, different kinds of inhomogeneities, bends,
and other non-idealities.171

In general, different modes in a fiber might have different b val-
ues. When the difference between the b values for two modes is
smaller, intermodal power coupling gets higher. If the two modes have
the same b, the power coupling becomes the highest.164 Thus, the
modes from the same mode group tend to have a relatively strong cou-
pling (i.e., intra-modal-group power coupling) to each other during
fiber transmission. In contrast, modes from different mode groups
have large propagation constant differences such that they have a rela-
tively weak mode coupling (i.e., inter-modal-group power cou-
pling).172 It has been shown that an effective index difference of
Dneff > 10�4 (neff ¼ kb=2p) can potentially result in a low mode cou-
pling between the modes and stable propagation for a certain trans-
mission length.173 As mentioned above, an OAM mode could
propagate in conventional central-core fibers as a combination of the
vector eigenmodes or LP modes within the same group. Moreover,
these mode components (vector eigenmodes or LP modes) that have
similar b (or neff ) tend to randomly couple power into each other.
Therefore, the OAM modes that are combination of these modes
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TABLE I. Demonstrations of OAM-based free-space optical communication links mentioned in this section. The wavelengths are �1550 nm if not specified.

Channel
medium

Number of
modes

Pol.
number

Wavelength
number Type Total data rate Distance Note YearRef.

Free space 8 OAM 1 1 (He-Ne laser) Encoding 	 	 	 15 m 	 	 	 200414

Gaussian and 1
OAM

1 1 Multiplexing 20-Gbit/s OOK 	 	 	 	 	 	 201094

4 OAM 1 1 Multiplexing 171.2-Gbit/s 16-QAM 	 	 	 	 	 	 201195

4 OAM 2 1 Multiplexing 1.37-Tbit/s 16-QAM 1 m 	 	 	 201212

2 OAM 1 1 Multiplexing 200-Gbit/s QPSK 	 	 	 
 Partial receiver
aperture

2013113

3 OAM 1 1 Multiplexing 300-Gbit/s QPSK 	 	 	 
 Double partial
receiver apertures

2014112

12 OAM 2 42 Multiplexing 100.8-Tbit/s QPSK 1 m 	 	 	 201438

26 OAM 2 368 Multiplexing 1.036-Pbit/s
OFDM-8QAM

	 	 	 	 	 	 201496

4 OAM 1 1 Multiplexing 80-Gbit/s QPSK 1 m 
 Emulated turbulence 2014120


MIMO

Multiple OAM on one pol.;
Gaussian on the other pol.

1 Multiplexing Multiple 100-Gbit/s
QPSK

… 
 Bi-directional 2014126


 Gaussian beam also
as probe beam


 Emulated turbulence


 AO
4 OAM, 2 pol. on wavelength 1;
Gaussian, 2 pol. on wavelength 2

Multiplexing 1-Tbit/s QPSK 	 	 	 
 Gaussian beam also
as probe beam

2015125


 Emulated turbulence


 AO
4 OAM 1 1 Encoding 20-Gbit/s 1 m 	 	 	 201515

4 OAM 1 1 Multiplexing 400-Gbit/s QPSK 120 m 	 	 	 201697

2 OAM 1 1 Multiplexing 80-Gbit/s 16-QAM 260 m 	 	 	 201698

6 OAM 1 1 (532 nm) Encoding 	 	 	 143 km 
 Artificial neural
network

201616

LG0,0 and LG0,1 1 1 Multiplexing 200-Gbit/s QPSK 1 m 	 	 	 201620

LG5,0, LG2,1,
LG�2,1, LG�5,0

1 1 (633 nm) Encoding 	 	 	 3.55 m 	 	 	 201643

4 OAM 1 1 Multiplexing 400-Gbit/s QPSK 1 m 
 Limited-size aperture 2016111


 Transmitter lenses

2 OAM 1 1 Multiplexing and
aperture diversity

40-Gbit/s QPSK 1 m 
 2 Tx apertures and 2
Rx apertures sending
the same OAM-
multiplexed data

2016159


 Emulated turbulence


MIMO
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TABLE I. (Continued.)

Channel
medium

Number of
modes

Pol.
number

Wavelength
number Type Total data rate Distance Note YearRef.

4 OAM 1 1 Multiplexing 400-Gbit/s QPSK 1 m 
 Limited-size aperture

 Non-zero radial
index LG modes

201719

LG1,0, LG�1,0,
LG1,1, LG�1,1

1 1 Multiplexing 400-Gbit/s QPSK 1 m 	 	 	 201813

4 OAM 1 1 Multiplexing 400-Gbit/s QPSK 1 m 
 Displacement 2018116


 OAM-beam based
tracking

HG2,2, LG2,1 1 1 (660 nm) Mode diversity 1-kbit/s OOK 	 	 	 
 Emulated turbulence 2018154

4 multi-mode
beams using LG

modes

1 1 Multiplexing 400-Gbit/s QPSK 1 m 
 Limited-size aperture 2020115


 Displacement


 SVD-based
orthogonalization

2 OAM 1 1 Multiplexing 200-Gbit/s QPSK 1 m 
 Emulated turbulence 2020130


MPLC and AO

2 OAM 1 1 Multiplexing 200-Gbit/s QPSK … 
 Emulated turbulence 2020129


 Adaptive wavefront
shaping and diffusing

2 OAM 1 1 Multiplexing 200-Gbit/s QPSK … 
 Emulated turbulence 2020127


 Pre-signal combining

Gaussian and 1
OAM

1 1 Aperture and mode
diversity

10-Gbit/s QPSK … 
 2 Tx apertures and 2
Rx apertures sending
the same data

2020161


 Displacement and
emulated turbulence


MIMO

2 OAM 1 1 (785 nm) Multiplexing 40-Mbit/s OOK 340 m 
 Phase conjugation 2021131

Gaussian and 1
OAM

1 1 Aperture and mode
diversity

100-Gbit/s QPSK 1 m 
 2 Tx apertures and 2
Rx apertures sending
the same data

2021162


 Emulated turbulence

Underwater 2 OAM 1 1 (445 nm) Multiplexing 3-Gbit/s OOK 2.96 m 
 Direct modulation 2016151

4 OAM 1 1 (532 nm) Multiplexing 40-Gibt/s OOK 1.2 m 
Wavelength
conversion

2016149

Ground station to UAV 2 OAM 1 1 Multiplexing 80-Gbit/s QPSK 100-m
round trip


 Tracking with
Gaussian beacon beam

2017140

2 OAM 1 1 Multiplexing 40-Gbit/s QPSK 100-m
round trip


 Tracking with
Gaussian beacon beam

2019144


 Emulated turbulence


MIMO
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could be distorted, thus inducing mode coupling to other OAM
modes.168

C. Potential techniques for mitigating OAMmode
coupling

Generally, the mode coupling effect in the fibers could induce
channel crosstalk for an OAM-multiplexed fiber communication sys-
tem.163 Therefore, mitigation methods or novel designed fibers for the
issue of the random mode coupling are often required to enable the
OAMmultiplexing.

1. MIMO equalization

The concept of MIMO equalization mentioned previously to
compensate for turbulence effects in free-space links can be used to
compensate the OAM channel crosstalk caused by the random mode
coupling in central-core fibers without adding optical complexities. An
example of the receiver configuration is shown in Fig. 38(a). In this
scheme, two PDMQPSK signals are carried by OAMþ1 and�1. The
two OAM beams are transmitted through a 5-km few-mode fiber
(FMF) and demultiplexed to two single-mode fibers (SMF). A local
oscillator is split to four branches to be mixed with the four data sig-
nals. Subsequently, the four data channels are detected and sampled
simultaneously. Offline DSP is used to perform a 4� 4 MIMO

equalization.170 Figure 38(b) shows the received constellations of the
20-Gbit/s QPSK signals carried by the four multiplexed OAM beams,
which have the corresponding EVMs below 25%. It should be noted
that this approach might also be potentially used for simultaneous mit-
igation of both inter- and intra-group mode couplings.122,174 However,
the MIMO equalization could have high electrical complexity when
the number of modes increases.

2. Adaptive optics

In some applications, it might be desired to use an optical
approach to compensate for the modal crosstalk without increasing
the electrical DSP complexity. The AO system introduced previously
for the turbulence mitigation can be used to compensate the mode
crosstalk in MDM fiber communication systems.

The schematic of intra-group mode coupling mitigation in an
FMF utilizing AO is shown in Fig. 39(a). The mode coupling of the
OAM þ1 and -1 modes in an FMF can be described with a complex
2� 2 transmission matrix H. The amplitude and phase components
indicate the power coupling and phase change between the two OAM
modes, respectively. An inverse matrix S can be applied to the received
beams with mode coupling175

S ¼ H�1 ¼ s11 s12
s21 s22

� �

¼ sT1
sT2

" #

; (27)

where sT1 ¼ ½s11 s12� and sT2 ¼ ½s21 s22� are the row vectors of
matrix S. A phase pattern can be generated as a superposition of the
demultiplexing phase patterns of the two OAM modes. The complex
weights are determined by the row vectors (sT1 and sT2 ) for the OAM
þ1 and �1 channels, respectively. By applying such a superposed
phase pattern at the receiver, the crosstalk between the two OAM
channels can be mitigated. Figure 39(b) shows the measured crosstalk
as a function of time for the ‘ ¼ þ1 channel. The crosstalk is reduced
to a relatively low level (<� 11 dB) when the AO is applied. The AO
is applied again when the crosstalk increases to a threshold. In addi-
tion, a similar “optical equalization” approach, called digital optical
phase conjugation, has also been used for the mitigation of the inter-
group mode coupling.176 However, these optical approaches might
require a feedback loop, which would increase the complexity of the
optical system.

FIG. 36. The refractive index distribution of the conventional MMFs (central-core
fibers). The dark blue part of the fiber cross section represents the fiber core with a
higher refractive index (n1). The light blue part represents the fiber cladding with a
lower refractive index (n2). a is the radius of the fiber core.

FIG. 37. Intensity and phase profiles of the vector modes, LP modes, and the corresponding OAM modes of two mode groups (group 0 and group 1) in conventional MMFs.
The arrows in the vector mode intensity profiles represent the polarizations. LP and OAM modes on the x-polarization are shown as an example.
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3. Novel fibers

Without increasing system complexity, one can consider to
designing novel fibers to support the transmission of OAM
modes.11,178–180 In order to reduce the OAM mode coupling, the
design of such fibers generally has two goals: (1) large effective index

difference between the vector eigenmodes and (2) a fiber profile that is
compatible with the donut-shaped OAM beams.181 One potential can-
didate might be the ring-core fiber of which the typical refractive index
distributions are shown in Fig. 40(a).

An example of such ring-core fibers for OAM mode propagation
is shown in Fig. 40(b). The measured (dots) and numerically

FIG. 38. (a) Receiver configuration of a
4� 4 MIMO to compensate for the modal
crosstalk of an OAM-multiplexed fiber
communication system. SMF: single-mode
fiber; PBS: polarization beam splitter; OC:
optical coupler; ADC: analogue-to-digital
converter; LO: local oscillator; CMA: con-
stant modulus algorithm; MIMO DSP:
multi-input–multi-output digital signal proc-
essing. (b) Received constellations of 20-
Gbit/s QPSKs on the OAM beams after
MIMO. Reproduced with permission from
Huang et al., Sci. Rep. 5, 14931
(2015).170 Copyright 2015 Macmillan
Publishers.

FIG. 39. (a) Concept diagram for the
intra-group mode coupling mitigation in an
FMF utilizing AO. The crosstalk is reduced
by applying an inverse transmission matrix
of the two modes at the receiver. (b)
Measured time-varying crosstalk for the
OAM þ1 channel. Reproduced with per-
mission from Zhang et al., Opt. Lett. 45,
3577 (2020).175 Copyright 2020 Optical
Society of America.

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 8, 041312 (2021); doi: 10.1063/5.0054885 8, 041312-35

VC Author(s) 2021

https://scitation.org/journal/are


calculated (lines) effective index differences of the first-order modes
with respect to the LP01 are shown in Fig. 40(c).11 The result shows
separation among the effective index of the OAM mode, the TE01
mode, and the TM01 mode, which indicates that this OAM mode
would be preserved within a certain transmission distance. Moreover,
1.6-Tbit/s data capacity with two OAM beams on ten wavelengths
have been achieved through such a fiber over 1.1 km.11

Furthermore, to increase the number of supported modes, a high
refractive index difference between the ring-shaped core and the inner
core is preferred.182 For example, the air–core fiber has been proposed
with the air as the inner-core medium.177,183 As shown in Fig. 41(a),
the simulated effective indices of a specially designed air–core fiber
have a relatively large difference between most of the OAMmodes. As
a result, MIMO-free data transmission of 12 OAMmodes over 1.2-km

FIG. 40. (a) The refractive index distribu-
tion of the ring-core fibers. The white part
represents the inner core with the refrac-
tive index of n0. The dark blue part of the
fiber cross section represents the ring-
shaped core with a higher refractive index
of n1. The light blue part represents the
fiber cladding with a refractive index of n2.
(b) Microscope image of the vortex fiber
cross section. (c) Measured and numeri-
cally calculated effective index differences
of the first-order modes with respect to
the fundamental LP01 mode. Reproduced
with permission from Bozinovic et al.,
Science 340, 1545 (2013).11 Copyright 2013
American Association for the Advancement
of Science.

FIG. 41. (a) Simulated effective indices as a function of the wavelength. The inset shows a microscope image of the air-core fiber. The red-shaded area denotes the bandwidth
where the j‘j ¼ 6 modes experience accidental degeneracies with double-ringed m¼ 2 modes. (b) Measured BERs after the fiber transmission. r6 denote two circular polar-
izations. SD-FEC: soft-decision forward error correction. HD-FEC: hard-decision forward error correction. Reproduced with permission from Ingerslev et al., Opt. Express 26,
20225 (2018).177 Copyright 2018 Optical Society of America.

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 8, 041312 (2021); doi: 10.1063/5.0054885 8, 041312-36

VC Author(s) 2021

https://scitation.org/journal/are


air-core fiber is achieved with 60 WDM channels, each carrying 10-
Gbaud QPSK signals.177 The received BERs of all the OAM modes on
three wavelengths are shown in Fig. 41(b). However, such novel fibers
have different structures compared to the current deployed fibers. In
order to broadly deploy them in the actual links, more resolve might
be needed.

D. OAM fiber amplifiers

In addition to random mode coupling, the power loss caused by
fiber attenuation might be another challenge for OAM-based fiber
communication systems, which may limit the transmission distance.
In order to achieve long-distance OAM-based fiber transmission links,
the inline OAM fiber amplifiers might help us to compensate for the
power loss in the fiber link. For an OAM-based fiber communication
system, a desired OAM fiber amplifier might have features, including
high gain and small gain difference on different OAM modes and dif-
ferent wavelengths.

As similar to the case of conventional single-mode fiber ampli-
fiers, there are generally two types of OAM fiber amplifiers, including
the OAM erbium-doped fiber amplifiers (EDFA)184,186 and OAM
Raman amplifiers,185 as shown in Fig. 42. The OAM EDFA uses the
specially designed erbium-doped fiber (EDF) as the gain medium,

which has a central air hole and a ring-shaped erbium-doped core in
its cross section,184 as shown in Fig. 42(a-1). The OAM beams can be
amplified by launching them to the EDF along with a 976-nm pump
laser. The measured gain spectrum has a gain peak of �15:7 dB
located at �1565 nm, as shown in Fig. 42(a-2). Figure 42(a-3) shows
the interferograms of the amplified OAMþ 1 and –1 beams at the
output of the EDFA.184 This OAM EDFA shows a gain of>10 dB
with a uneven curve in the �20-nm wavelength range. Recently, this
type of OAM amplifier has been utilized in a two-OAM-multiplexed
communication link with each OAM carrying 10-Gbaud 16-QAM sig-
nals on four wavelengths.186

The OAM Raman amplifier uses the normal ring-core fiber for
both transmitting and amplifying the OAM modes, as shown in
Fig. 42(b-1). In this example, to amplify the OAM beams, two
1455-nm pump lasers are launched along with them in the forward
Raman pumping configuration. Another two 1455-nm pump lasers
and a 1360-nm pump laser are launched in the other direction in the
backward pumping configuration.185 The measured gain spectra for
OAMþ 4 andþ 5 modes are shown in Fig. 42(b-2). The intensity pro-
files of the output OAM modes after the Raman amplifier are shown
in Fig. 42(b-3). In contrast to the EDFA example, this OAM Raman
amplifier achieves a �3-dB gain with a relatively even curve in the
�30-nm wavelength range.

FIG. 42. Two examples of the OAM fiber amplifiers. (a-1) The OAM erbium-doped fiber amplifier (EDFA) uses an erbium-doped fiber with a central air hole and a ring-shaped
core as the gain medium. (a-2) Measured gain spectrum of the OAM EDFA with an input signal power of �4 dBm and a launched pump power of 0.57W. (a-3) Measured inter-
ferograms of the amplified OAMþ1 and �1 beams at the output of the EDFA. Reproduced with permission from Jung et al., J. Lightwave Technol. 35, 430 (2017).184

Copyright 2017 IEEE. (b-1) The OAM Raman amplifier uses the normal ring-core fiber for amplification. (b-2) Measured gain spectra of the OAMþ4 andþ5 modes of the
OAM Raman amplifier. (b-3) Measured intensity profiles of the amplified OAMþ4 andþ5 beams at the output of the OAM Raman amplifier.185
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E. Summary

In this section, we first discuss the propagation of OAM modes
and random mode coupling in fibers. Subsequently, different
approaches and novel fibers for mitigating mode-coupling-induced
channel crosstalk in OAM-based links are presented. In addition, dif-
ferent types of inline OAM fiber amplifiers are discussed to compen-
sate for the power loss caused by the fiber attenuation. Table II
illustrates the experimental demonstrations mentioned in this section
of the OAM-based fiber communication systems. Major parameters of
each experiment, including the number of channels, total data rate,
fiber type, and fiber length, are summarized. In order to further deploy
OAM modes in fiber-based communication links, novel fibers with
more complex designs, more advanced OAM fiber amplifiers, or other
techniques might be needed to improve system performance in fibers
over a long transmission distance.168

VI. OAM IN QUANTUM COMMUNICATIONS

Quantum optical communication links have attracted much
interest since they could potentially enhance the system security.187–189

In order to increase the photon efficiency (i.e., bits/photon), OAM
modes can be potentially used in quantum communication
links.190–193 In this section, we will first illustrate the basic concept of
the OAM-based quantum encoding system. Subsequently, the quan-
tum key distribution (QKD) systems based on OAMmodes are intro-
duced. In addition, experimental demonstrations of OAM-based QKD
systems in different scenarios are presented. Some practical challenges
and corresponding mitigation methods are discussed.

A. OAM-based quantum encoding

Conventionally, data could be encoded on two orthogonal quan-
tum states of the photon, for example, polarizations.194 In such a
quantum scheme, only one bit of information is encoded on each pho-
ton. In order to improve photon efficiency, a larger number of orthog-
onal states might be utilized.190–193 As mentioned above, OAM is
another property of photons that can also be potentially used in com-
munication links. The experimental accumulated intensity structure of
single photons with OAM þ1 is shown in Fig. 43.195 For single pho-
tons, the intensity profiles gives the probability of detecting a photon
at a certain point. If a triggered single-photon camera is used to detect

many heralded OAM photons, the donut-shaped intensity profile of
the OAM mode emerges.195 Generally, the OAM occurs in discrete
steps of ‘�h, where ‘ is an integer.5 Therefore, if multiple orthogonal
OAM states are used for encoding, such a high-dimensional quantum
link could potentially improve the photon efficiency. Figure 43
presents the concept of a quantum link by encoding data on OAM
modes. In each symbol period, a single Gaussian photon is converted
to and occupies one of the M OAM states, inducing a photon effi-
ciency of up to log2M bit/photon.196

B. Free-space OAM-based quantum key distribution
(QKD)

Quantum cryptography, such as the QKD, implements a crypto-
graphic protocol and, thus, enables secure communication links
between many parties.187 Typically, QKD systems utilize polarization
states of photons for data encoding.197–199 For example, in the BB84
protocol,187 two pairs of orthogonal polarization states are usually
used, which are two mutually unbiased bases (MUBs). The usual
polarization state pairs used are the rectilinear basis [vertical (0�) and
horizontal (90�)] and the diagonal basis (45� and 135�). The sender
(Alice) creates a random bit (0 or 1) and randomly chooses one of
the two bases.200 Therefore, she randomly prepares a photon based on
the bit and chosen basis. Subsequently, she transmits the photon to the
receiver (Bob) using the quantum channel. Since Bob does not know
which basis the photon is encoded in, he randomly chooses a basis for
the photon measurement.200 After Bob has measured all the photons,
he communicates with Alice about the selected bases over a public
classical channel. In this way, this QKD protocol establishes a secure
key between Alice and Bob. This is due to the fact that, if an eaves-
dropper selects the incorrect basis, he or she might obtain no mean-
ingful information but instead introduce a disturbance in the system,
which results in its detection by Alice and Bob.187

1. Basic concept of OAM-based QKD

Although MUBs based on polarization states offer security
against eavesdropping, only a maximum of one bit of information per
photon can be transmitted, resulting in a limited key generation rate.
As another degree of freedom, the OAM state could be potentially
utilized for achieving higher-dimensional QKD schemes.17,202,203

TABLE II. Demonstrations of OAM-based optical fiber communication systems mentioned in this section. The wavelengths are �1550 nm.

Fiber type
Number of
modes

Wavelength
number Total data rate Distance Note YearRef.

Conventional
central-core fiber

4 OAM 1 80-Gbit/s QPSK 5-km FMF 
 4� 4 MIMO 2015170

6 OAM 1 120-Gbit/s QPSK 8.8-km OM4 MMF 
 4� 4 and 2� 2 MIMO 2018174

2 LP 1 200-Gbit/s QPSK 0.6-km FMF 
 AO using OAM basis 2020175

Ring-core fiber 2 OAM 10 1.6-Tbit/s 16-QAM 1.1-km vortex fiber 	 	 	 201311

12 OAM 60 10.56-Tbit/s QPSK 1.2-km air-core fiber 	 	 	 2018177

2 OAM 112 8.5-Tbit/s 8-QAM 18-km ring-core fiber 	 	 	 2018179

2 OAM 16 640-Gbit/s QPSK 18-km ring-core fiber 
 OAM Raman amplification 2018185

2 OAM 4 320-Gbit/s 16-QAM 1-m ring-core EDF 
 OAM EDFA 2020186
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Figure 44 presents the experimental setup and the two MUBs for a
seven-dimensional OAM-based QKD system. In this scheme, Alice
randomly chooses photons from two MUBs for information encoding.
One base is a set of OAM modes, whose phase profiles can be charac-
terized by w‘

OAM ¼ ei‘h, where ‘ 2 f�3 : þ3g. Moreover, the other
basis is constructed by a linear combination of these OAM modes
based on the following formula:17

wn
ANG ¼ 1

ffiffiffiffiffi

M
p

X

3

‘¼�3

w‘
OAM exp

i2pn‘

M

� �

; (28)

where dimension M¼ 7 in the experiment. These modes are referred
to as the ANGmodes, as shown in Fig. 44(b). The ANGmodes form a
MUB with respect to the OAM basis,17

jhwn
ANGjw‘

OAMij
2 ¼ 1=M 8 fn; ‘g: (29)

FIG. 43. Concept of quantum link by encoding data on OAM modes. In each symbol period, a Gaussian photon is converted to one of the M OAM states, inducing a photon
efficiency of up to log2M bit/photon. Reproduced with the permission from Willner et al., APL Photonics 6, 030901 (2021).40 Copyright 2021 of AIP Publishing.

FIG. 44. (a) Experimental setup for a
seven-dimensional OAM-based QKD sys-
tem. At the Alice side, photons with modes
are prepared using a He–Ne laser and an
acousto optic modulator. The spatial
modes are generated by a digital micro-
mirror device. At Bob side, single photons
are efficiently separated by a mode sorter
based on their OAM/ANG states and sub-
sequently collected by an array of fibers.
(b) (Left side) Two holograms used for the
generating OAM and ANG modes,
respectively. (Right side) The measured
intensity profiles of the produced light field
in OAM and ANG bases (M¼ 7).
Reproduced with permission from
Mirhosseini et al., New J. Phys. 17,
033033 (2015).17 Copyright 2015 IOP
Publishing.
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At Alice’s side, photons with OAM and ANG states are generated by
shining the attenuated pulse on a digital micro-mirror device. At Bob’s
side, single photons are efficiently separated by a mode sorter based on
their OAM/ANG states and subsequently collected by an array of
fibers. As similar to the case of the polarization-based MUBs, an eaves-
dropper who measures a photon in the OAM basis might not obtain
useful information about its ANG state and vice versa. Based on such
a seven-dimensional alphabet, a channel capacity of 2.05 bits per sifted
photon is achieved with an average symbol error rate (SER) of 10.5%.

2. OAM-based QKD systems beyond laboratory

distances

In general, OAM-based QKD links in the laboratory have been
experimentally demonstrated over only several meters. However,
when OAM photons are used in a long-distance quantum link outside
the laboratory, the system performance might be degraded due to sev-
eral potential issues, such as beam divergence, system misalignment,
and atmospheric turbulence effects.

For example, a high-dimensional FSO OAM-based QKD link
has been demonstrated between two buildings over 300 m, as shown
in Fig. 45.201 Four-dimensional quantum states were utilized based on
two OAM modes and two vector modes. Under moderate turbulence
without active wavefront correction, a BB84 protocol was performed,
and a quantum bit error rate of 11% was achieved with a secret key
rate of 0.65 bits per sifted photon.

3. Adaptive optics for OAM-based quantum links

As mentioned before, atmospheric turbulence distorts the phase
front of light in the classical domain, thus inducing both power loss
and crosstalk. Similarly, in the quantum domain, atmospheric turbu-
lence is also a key challenge for OAM-based quantum FSO links. Since
it would distort the phase front of photons, intermodal crosstalk might
be induced.

One potential method for mitigating the turbulence effect is per-
forming an AO system in an OAM-based quantum communication
link. This approach has been experimentally demonstrated in an

OAM-based encoding link with emulated turbulence effects, as shown
in Fig. 46.204 A classical Gaussian probe beam (k2, Pol. 2) is transmit-
ted coaxially with the quantum channel (k1, Pol. 1). A wavefront sen-
sor and wavefront corrector are used for phase detection and
correction, respectively. Subsequently, a PBS, wavelength filter, and
OAM converter are used to efficiently separate the classical and quan-
tum channels due to their different polarizations, wavelengths, and
OAM orders.

Figure 47 shows the channel transfer matrices (upper line)
between OAM modes f‘ ¼ �3;…;þ3g, and the photon count ratio
(lower line) on the received OAM modes when sending only OAM
‘ ¼ þ1 photons in different cases. The results show that, under atmo-
spheric turbulence distortion, the mode purity of photons carrying
OAM ‘ ¼ þ1 is reduced from �57% to �31%. With AO compensa-
tion, the mode purity of photons is improved from �31% to �52%.
Consequently, quantum symbol error rates (QSERs) are reduced by
�76% in such a 10-Mbit/s OAM-based quantum encoding link. In
addition, registered photon rates are also improved by �64%. Since
OAM-based encoding might be performed in the QKD protocols, the
AO approach could be potentially used for mitigating turbulence
effects in an OAM-based QKD system.206

C. OAM-based QKD in underwater environments

As mentioned before, there is growing interest in high-capacity
underwater communications. In the classical domain, OAM multi-
plexing has been investigated and demonstrated in order to increase
the capacity of underwater communications.149,151,207 In the quantum
domain, there have been several studies demonstrating quantum com-
munications based on polarization states,208,209 motivated by the goal
of secure communication in underwater environments. In order to
increase the photon efficiency and the secret key rate, OAM-based
high-dimensional QKD would be one scheme that can be
implemented.205,210

As similar to the atmospheric environment, turbulence is also
one of the key issues for underwater quantum channels, which could
be induced by local changes in the refractive index of water from tem-
perature variations. The effects of the turbulence on a 3-m underwater

FIG. 45. The quantum communication link between two buildings over 300 m. ppKTP: periodically poled KTP crystal; LP: long-pass filter; WP: waveplate; BP: bandpass filter;
DM: dichroic mirror. Reproduced with permission from Sit et al., Optica 4, 1006 (2017).201 Copyright 2017 Optical Society of America.
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quantum channel using OAM photons have been experimentally
investigated.205 Figure 48 presents the experimental setup and state
crosstalk measurements for such a quantum channel. Photon pairs are
generated at the Alice side. A single signal photon with a particular
OAM state is prepared using SLM-A then sent to Bob through the 3-
m underwater link. At the receiver side, the received OAM states of
the single photons are measured using SLM-B and single photon
detectors. The crosstalk matrix is measured, as shown in Fig. 48(b). It
is observed that the crosstalk of higher-order OAM states is higher
than that of lower-order OAM states. Finally, the 2-, 3-, and 4-

dimensional BB84 protocol based on OAM states f‘ ¼ 6 1g;
f‘ ¼ 0; 6 1g, and f‘ ¼ 6 1; 6 2g are performed, respectively. The
QSER for these three cases are 6.57%, 11.73%, and 29.77%. Tomitigate
the turbulence effects and reduce the QSER, one potential method
might be the AO system.

Moreover, another underwater quantum link of up to 30 m has
been also explored.210 Since the length of the quantum link is relatively
longer, the beam wandering caused by the turbulence might introduce
a significant challenge to the system alignment and coupling to the
SMF. Therefore, in order to achieve an underwater quantum channel

FIG. 46. The concept of AO method for mitigating atmospheric turbulence effects in an OAM-encoded quantum link. A classical Gaussian beam (k2, Pol. 2) as a probe is coax-
ially transmitted with the quantum channel (k1, Pol. 1). A wavefront sensor and wavefront corrector are used for the phase detection and correction, respectively.
Subsequently, a PBS, wavelength filter, and OAM converter are used to efficiently separate the classical and quantum channel at the receiver. SPD: single photon detector,
Pol.: polarization, AO: adaptive optics, WFS: wavefront sensor, and PBS: polarizing beam splitter. Reproduced with permission from Willner et al., APL Photonics 6, 030901
(2021).40 Copyright 2021 AIP Publishing.

FIG. 47. The performance of AO compensation for turbulence effects in an OAM-encoded quantum link. The measured transfer matrices between OAM modes ‘¼�3, …,
þ3 in different cases are shown in the top row. The measured photon counts ratio on received OAM modes ‘¼�3, …, þ3 when sending only OAM ‘ ¼ þ1 photons in dif-
ferent cases are shown in the bottom row. Reproduced with permission from Research 2019, 8326701 (2019).204 Copyright 2019 American Association for the Advancement
of Science.
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over a long distance, the implementation of both automated beam
tracking and AO system might be needed.

D. Fiber-based OAM QKD links

OAM-based QKD links can also be achieved in the fiber. As men-
tioned before, due to various inhomogeneities, mode coupling might
occur among modes within a specific mode group or between mode
groups. However, this effect might be potentially reduced by using spe-
cialty fibers. A 1.2-km air-core fiber has been utilized in QKD links, as
shown in Fig. 49(a).211 This type of fiber could help us to preserve the
mode orthogonality, and thus leading to a low mode coupling between
the OAM modes. Using such an air-core fiber, 2-dimensional (2D), 4-
dimensional (4D), and two times (2�) multiplexed 2D (2� 2D) QKD
protocols are implemented. As a result, the secret key rates of the 2D,

4D, and 2� 2D QKD protocols are 22.81 kbit/s, 37.85 kbit/s, and 42.3
kbit/s, respectively, as shown in Fig. 49(b).

E. OAM-based quantum secret sharing among
multiple parties

In general, a typical QKD link enables secure key sharing
between two parties.200 In recent years, quantum secret sharing (QSS)
protocols have been developed to securely share keys among multiple
parties.213 Conventionally, the polarizations of photons were utilized
for the experimental realizations of single photon QSS schemes, which
are limited to two dimensions.214 As mentioned before, OAM is a
property of photons that can potentially provide a large number of
orthogonal states. Therefore, OAM can also be potentially utilized to
achieve a high-dimensional QSS schemes among multiple parties.215

Recently, there was an experimental demonstration of a QSS
scheme for ten participants in d¼ 11 dimensions based on OAM
states.212 Figure 50(a) presents the concept and experimental setup of
such a QSS scheme using OAM states. First, single photons are pre-
pared and emitted by an attenuated laser. Subsequently, the distributor
(R1) generates a photon comprising a number of concentric rings
using SLM. Then, each participant (R2 to R10) applies their own uni-
tary transformation using the phase pattern on the SLM. The last
participant (R10) sends the qudit state back to the distributor (R1),
who measures the state in a specific MUB with an avalanche photodi-
ode (APD). As a result, through a collaboration of the remaining
participants (R2 to R10), the distributor’s secret can be determined.
Figure 50(b) and 50(c) show the simulated and experimentally mea-
sured 112 � 112 detection probability matrices for the 11-dimensional
QSS scheme. It is observed that there is good agreement between the
simulated and experimental results. Moreover, based on the experi-
mental probability matrix, a quantum bit error rate of 6.6% can be
obtained.

F. Summary

In this section, we discuss the utilization of OAMmodes in quan-
tum communication links. OAMmodes have the potential to improve

FIG. 48. Experimental setup for an OAM-based underwater quantum link and state crosstalk measurements. (a) Photon pairs are generated at the Alice side. A single signal
photon with a particular OAM state is prepared by using SLM-A, then sent to Bob through the 3-m underwater link. At Bob side, the received OAM states of the single photons
are measured by using SLM-B and single photon detectors. (b) Experimental crosstalk matrix for OAM states ‘ ¼ �3 to þ3. Reproduced with permission from Bouchard
et al., Opt. Express 26, 22563 (2018).205 Copyright 2018 Optical Society of America.

FIG. 49. (a) Schematic of the air-core fiber for transmission of OAM modes. Four
different OAM modes and their spiraling phases are shown. The designed air-core
fiber could help to preserve OAM orthogonality, thus avoiding mode coupling. (b)
The secret key rates of the 2D, 4D, and 2� 2D QKD protocols are 22.81, 37.85,
and 42.3 kbit/s, respectively. Reproduced with permission from Cozzolino et al.,
Phys. Rev. Appl. 11, 064058 (2019).211 Copyright 2019 American Physical Society.
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the photon efficiency of quantum communication links in various sce-
narios such as free space, underwater, and fiber. Table III illustrates
the experimental demonstrations mentioned in this section of OAM-
based quantum communication links in various scenarios. Some
major parameters of each experiment, including the wavelength, num-
ber of modes, and transmission distance, are summarized. There are
different challenges for different environments, which might increase
the QSER and reduce the secret key rate. To overcome these chal-
lenges, much research is needed, such as (i) reducing coupling between

orthogonal quantum states in different scenarios and (ii) developing
transmitters for rapidly generating single photons with different spatial
states.

VII. OAM-BASED COMMUNICATION SYSTEMS IN
DIFFERENT FREQUENCY RANGES

In addition to the optical region, free-space communication links
could also use MDM to increase the channel capacity for many other
different frequency regimes. As an orthogonal modal set, OAMmodes

FIG. 50. (a) Concept and experimental setup of an 11-dimensional QSS scheme using OAM states. First, single photons are prepared and emitted by an attenuated laser.
Subsequently, the distributor (R1) generates a photon that is a combination of 11 OAM states using SLM. Then each participant (R2 to R10) applies their own unitary transfor-
mation using the phase pattern on the SLM. The last participant sends the qudit state back to the distributor (R1), who measures the state in the Jth MUB with an avalanche
photodiode (APD). As a result, through a collaboration of the remaining participants (R2 to R10), the distributor’s secret can be determined. The (b) simulated and (c) experi-
mentally measured 112 � 112 detection probability matrices for the 11-dimensional QSS scheme. Reproduced with permission from Pinnell et al., Laser Photonics Rev. 14,
2000012 (2020).212 Copyright 2020 Wiley.

TABLE III. Demonstrations of OAM-based quantum communication links mentioned in this section.

Channel medium
Type of

quantum link Wavelength Number of modes Distance Note YearRef.

Free space (in lab) QKD 632.8 nm 7 OAM modes
þ 7 ANG modes

	 	 	 
 Capacity: 2.05 bits per sifted photon 201517


 Average SER: 10.5%
Free space (outdoor) QKD 850 nm 2 OAM modes 300 m 
 Capacity: 0.65 bits per sifted photon 2017201


 Average SER: 11%
Free space (in lab with
emulated turbulence)

Encoding 850 nm 2 OAM modes 1.5 m 
 Bit rate: 10 Mbit/s 2019204


 QSERs are reduced by �76% with AO

Free space (in lab) QSS 	 	 	 11 OAM modes 	 	 	 
 QBER¼ 6.6% 2020212

Under water (outdoor) QKD 710 nm 7 OAM modes 3 m 
 Capacity: 0.395 bits per sifted photon 2018205


 QBER¼ 6.35%

Under water (water tank) QKD 532 nm 2 vector vortex
modes

30 m 
 Capacity: 0.84 bits per sifted photon 2020210


 QBER¼ 0.96%

Fiber (air-core fiber) QKD 1550 nm 4 OAM modes 1.2 km 
 The secret key rates: 42.3 kbit/s 2019211

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 8, 041312 (2021); doi: 10.1063/5.0054885 8, 041312-43

VC Author(s) 2021

https://scitation.org/journal/are


can be manifest in many types of electromagnetic (EM) and mechani-
cal waves and have been recently explored in acoustic, radio, millime-
ter, and THz waves for wireless communication links.51–64 For
OAM-based communication links operated in different frequency
ranges, there tends to be a trade-off between the effects of beam diver-
gence and wave–matter interaction, as shown in Fig. 51:

(i) Divergence: The OAM beams at lower frequencies have
larger beam divergence. When the receiver’s aperture size is
limited, it becomes more difficult to capture enough of the
beam for data channel recovery. Such a problem might be
more serious when a higher-order OAM mode is used.

(ii) Interaction with matter: There tends to be much more
wave–matter interaction at higher frequencies. For example,
optical waves suffer more atmospheric-turbulence-induced
distortion and modal power coupling than radio waves in
OAM-based links.

For different application scenarios or link conditions, it might be
desired to use OAM multiplexing in different frequency regimes. In
this section, we review the exploration of using OAM for free-space
communication links in millimeter and THz waves. Key techniques
for OAM generation and detection, and recent demonstrations for
OAM-based communication systems are introduced. Moreover, sev-
eral unique properties and existing challenges are discussed when
using OAM in these frequency ranges.

A. OAM-multiplexed links in the millimeter-wave
range

The bandwidth shortage experienced by wireless communica-
tions has especially motivated the use of the underutilized millimeter-
wave bands, which could offer a large amount of spectra. To further
improve the spectral efficiency (bit/s/Hz) and data capacity (bit/s) of
the system, MDM using multiple OAM beams in millimeter-wave

bands is being actively investigated. Recently, there have been exciting
advances in utilizing OAM-based techniques in millimeter-wave fre-
quency ranges, and some industrial labs are conducting investigations
using OAM multiplexing to potentially increase the capacity of
millimeter-wave wireless links.51,55–58

One of the important research topics is the generation and detec-
tion of millimeter-wave OAM beams in OAMmultiplexing communi-
cation systems. Similar to the methods of the optical OAM generation
and detection, there are several popular approaches that can be used
to generate and detect millimeter-wave OAM beams. Typical methods
include the spiral phase plate (SPP), metasurface, and uniform circular
array (UCA).

SPP:51 The SPP has a linear changing thickness along the azi-
muthal direction for OAM generation and detection. Such a structure
can generate different phase delays along the azimuthal direction,
which can convert a Gaussian beam to an OAM beam or an OAM
beam back to a Gaussian beam. In general, the SPP has the advantage
of low attenuation. However, it might be hard to generate multiple co-
axial OAM beams simultaneously using a single SPP.

Metasurface:216,217 A metasurface structure could shape the
wavefronts of EM waves to generate an OAM beam by regulating the
phase shift to the incoming waves. Such a scheme has the advantages
of small mass, low profile, and low manufacturing cost. However, it
might have a lower conversion efficiency compared with SPP.216

UCA:59 The UCA is an antenna array in which different antenna
elements are uniformly distributed in a ring. It can generate a
millimeter-wave OAM beam when the antenna elements are selec-
tively excited with a differential phase delays. The phase information
of each antenna element of a UCA is linearly changed by 2 p‘=N ,
where N is the number of elements and ‘ is the OAM order. By using
a single ring, multiple OAM beams could be generated simultaneously.
Moreover, the UCAs comprising multiple concentric rings can gener-
ate many multiplexed OAM beams with different beam radii simulta-
neously.55 An example of the UCA prototype is shown in Fig. 54(a).

FIG. 51. There tends to be a trade-off in
OAM-based communication links for differ-
ent frequency ranges. OAM beams at lower
frequencies have much larger divergence
but are less affected by atmospheric-
turbulence-induced beam distortion and
modal coupling than higher frequencies.
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FIG. 52. Experimental results for a 32-
Gbit/s millimeter-wave communication link
using four multiplexed OAM modes and
two polarizations at 28 GHz. (a-1) Horn
antenna and fabricated SPPs for generat-
ing (a-2) OAM þ1 and (a-3) OAM þ3. (b)
Measured intensity profiles and interfero-
grams for generated millimeter-wave OAM
beams with ‘ ¼ �3;�1;þ1;þ3. (c)
Measured BER performance of data chan-
nels carried by different OAM beams
under different cases: (i) a single OAM
channel (w/o crosstalk), (ii) multiplexing
four OAM channels on a single-
polarization (w/ crosstalk), and (iii) multi-
plexing eight channels on four OAM
modes and two polarizations (w/ crosstalk).
Reproduced with permission from Yan
et al., Nat. Commun. 5, 4876 (2014).51

Copyright 2014 Macmillan Publishers.
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A 32-Gbit/s PDM and OAM-multiplexed millimeter-wave link
has been experimentally demonstrated by multiplexing eight OAM
beams (four OAM beams on each polarization) with a carrier fre-
quency of 28GHz. As shown in Fig. 52, SPPs are used to convert
Gaussian beams to different OAM beams for two polarizations (X-pol.
and Y-pol.). Four OAM beams with OAM orders of ‘¼ –3, –1, þ1,
and þ3 are generated on each of the polarizations. Figure 52(b) shows
the measured intensity profiles and interferograms of the generated
OAM beams. The interferograms are measured by interfering the
OAM beams with a Gaussian beam. The eight generated OAM beams
are spatially multiplexed using specially designed beam splitters at the
transmitter. After propagating through a 2.5-m free-space link simul-
taneously, the multiplexed beams are separated and converted back to
Gaussian beams using corresponding conjugated SPPs at the receiver.
Subsequently, eight data channels are detected and recovered one
at a time. With each beam carrying a 4-Gbit/s 16-QAM signal,
a millimeter-wave link with a total capacity of 32 Gbit/s and a spectral
efficiency of approximately 16 bit/s/Hz has been demonstrated.
Figure 52(c) shows the measured BER performance of the 1-Gbaud
16-QAM signal for a single OAM channel, four multiplexed OAM
channels on a single polarization, and eight multiplexed channels on
four OAM modes and two polarizations. It is observed that all chan-
nels can achieve below-FEC-limit BER performance. In addition,
based on a similar scheme, an OAM-multiplexed millimeter-wave link
with a carrier frequency of 60GHz has also been demonstrated with a
data capacity of 32-Gbit/s.218

By utilizing metasurfaces to generate and detect millimeter-wave
OAM beams, an OAM-multiplexed link in the millimeter-wave range
has been demonstrated in a more compact fashion.216 As shown in Fig.
53(a), the metasurface is designed by arranging a rectangular aperture
array on a printed circuit board (PCB). By designing the spatial distribu-
tion and orientation angle of rectangular apertures, millimeter-wave
OAM beams with different orders could be generated. Figure 53(b)
compares the structure and thickness of the metasurface plate and a
normal SPP for generating OAM ‘ ¼ þ1 at 28GHz. The metasurface
plate, which is much thinner than the SPP, might be more favorable in
a compact OAM system. The designed metasurface plate has been dem-
onstrated in a 16-Gbit/s OAM-multiplexed millimeter-wave link for
OAM generation and detection. Two OAM beams are generated, multi-
plexed, and transmitted at a carrier frequency of 28GHz, with each
beam carrying a 2-Gbaud 16-QAM signal. As shown in Fig. 53(c), the
measured BERs for both OAM channels ‘ ¼ þ1 and ‘ ¼ þ3 can be
achieved below the level of the FEC limit.

As a type of SDM, OAM multiplexing could be combined with
conventional spatial multiplexing. Recently, a 100-Gbit/s millimeter-
wave communication link has been demonstrated by combining these
two techniques at 28GHz.54,55 As shown in Fig. 52(a), the transmitter
consists of four concentric UCAs and a single antenna at the center.
Each UCA generates five data channels carried by five OAM beams
(‘ ¼ 0; 6 1; 6 2). The OAM beams generated by different UCAs
have different beam radii, which enable the conventional spatial multi-
plexing. The single antenna in the center transmits a data channel car-
ried by a Gaussian beam. Thus, in total, 21 (4 � 5þ 1) data channels
are transmitted simultaneously by the transmitter. As shown in Fig.
54(b), after propagating through a distance of 10 m, data channels car-
ried by different beams are detected by another set of UCAs at the
receiver. A more recent demonstration utilizing similar UCAs is a

100-Gbit/s link over 100 m at a frequency of 40GHz by combining
PDM, OAMmultiplexing, and conventional spatial multiplexing.219

B. THz links using OAMmultiplexing

Recently, there has been growing interest in using the 0.1–1THz
carrier-frequency range to increase the available bandwidth for wire-
less communication systems. A goal of THz communication systems
might be to further increase the capacity of the system. As a subset of
SDM, OAM multiplexing could also be potentially utilized to increase
the capacity of THz wireless links by transmitting multiple OAM
beams.

One widely used approach for OAMmode generation and detec-
tion in the THz band is utilizing SPPs.61 Compared with SPPs used for
millimeter-wave OAM generation and detection, SPPs for THz OAM
are usually thinner since THz waves have smaller wavelengths.

A subterahertz frequency regime at �300GHz has gained much
interest due to low atmospheric transmission loss, and most

FIG. 53. (a) The structure of the designed metasurface plate. (b) The thicknesses
of a metasurface plate and an SPP for generating OAM ‘ ¼ þ1 at 28 GHz. (c)
Measured BER performance of 2-Gbaud 16-QAM signals carried by OAM ‘¼þ1
and ‘¼þ3. Reproduced with permission from Zhao et al., in 2015 IEEE
International Conference on Communications (ICC) (IEEE, 2015), p. 1392.216

Copyright 2015 IEEE.
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demonstrations of communication links in this frequency regime usu-
ally utilize beams without carrying OAM.221–224 Using OAM for a
high-speed communication system in the THz regime is still fairly
new. Recently, there is a report that has demonstrated 8-Gbit/s QPSK
communications using two multiplexed OAM beams in the
0.27–0.33THz range.220 As shown in Fig. 55(a), a THz data channel is
generated by mixing two lasers in a positive-intrinsic-negative photo-
diode (PIN-PD) based THz emitter with one of them modulated with
a data signal. Two PIN-PDs and two different SPPs are used to gener-
ate two THz-OAM beams. At Rx, corresponding inverse SPPs are
used to convert the THz-OAM beam back to a THz-Gaussian beam,
which can be received by an antenna. A down-converter can convert
the THz data channel to an intermediate-frequency (IF) band for off-
line processing. By multiplexing two OAM beams, an 8-Gbit/s data
rate is achieved in a 0.2-m THz wireless link with each channel carry-
ing a 2-Gbaud QPSK signal. Figure 55(b) shows the normalized
received IF power of different OAM components (OAM mode spec-
trum). The results show that, for OAM þ1 and OAM –2 beams, the
maximum relative power of received undesired modes is �� 10 dB

and �� 9 dB, respectively. Figure 55(c) shows the BER performance
of the OAM-multiplexed THz link. The results show that both two
multiplexed channels (Muxed OAM þ1 and Muxed OAM �2) could
be below the FEC limit. The power penalty compared to a single
Gaussian channel is�2 dB and�4 dB for OAMþ1 and�2 channels,
respectively. More recently, there was an experimental demonstration
that combines PDM, FDM, and OAM multiplexing and achieves an
8-data channel multiplexing with a total data rate of 32 Gbit/s at a car-
rier wave of�300GHz.225

C. Challenges for millimeter-wave/THz
OAM-multiplexed systems

Many challenges for optical OAM-multiplexed systems also exist
in OAM-multiplexed systems using millimeter-wave/THz frequency
ranges, for example, atmospheric turbulence, misalignment, and beam
divergence. Although they share many similarities, different degrada-
tion might be observed for millimeter-wave/THz communication sys-
tems due to their much lower carrier frequencies. In this section, we
review some recent explorations for the turbulence effects and multi-
path effects on OAM-multiplexed systems in these frequency ranges.

1. Turbulence-induced system degradation for THz-OAM

links

THz waves have longer wavelengths (lower frequencies) than
optical waves and shorter wavelengths (higher frequencies) than milli-
meter waves. Therefore, atmospheric turbulence might affect THz
OAM beams in its own manner. In general, there tends to be much
less wave–matter interaction at longer wavelengths (lower frequen-
cies). Specifically, THz waves with lower frequencies would be less
affected by atmospheric turbulence. Recently, the fundamental system
degrading effects caused by turbulence have been numerically explored
in simulations for OAM-based THz wireless links.226 As shown in
Fig. 56(b), the results indicate that THz OAM beams at higher fre-
quencies might experience larger distortion and power coupling
induced by atmospheric turbulence. For example, an OAM beam at
0.1THz suffers little beam distortion and modal power coupling under
stronger turbulence, while an OAM beam at 10THz is significantly
distorted even under weaker turbulence.

Moreover, the dependence of the crosstalk performance on the
frequency over a 0.1–10THz range is investigated in simulation.226

Turbulence-induced OAM modal crosstalk is simulated considering
the same transmitted beam sizeD and the Fried parameter r0 of a fixed
value for different frequencies. Thus, the ratio D=r0, which represents
the strength of phase front distortion, is the same for different frequen-
cies. Under this condition, the strength of phase front distortion dur-
ing the beam propagation only depends on the beam size, and the
influence of r0 is isolated. Figure 57(a) shows that, with the same value
of D=r0 for transmitted beams, the crosstalk to neighboring modes
decreases when the frequency becomes higher. This might be because,
at a lower frequency, the beam size D of the OAM beam increases
faster during propagation (i.e., larger beam divergence). Therefore, the
D=r0 of the beam becomes larger at a lower frequency, resulting in a
more distorted phase front and larger modal power coupling.

In addition, the crosstalk performance is also investigated in sim-
ulation with the same atmospheric structure constant C2

n. In this case,
the value of r0 is smaller for a higher frequency according to Eq. (17).

FIG. 54. (a) The structure of multiple concentric UCAs, comprising four circular
antenna arrays and a single antenna element at the center. (b) Experimental setup
of a 100-Gbit/s OAM-multiplexed millimeter-wave communication link over a dis-
tance of 10 m using the UCAs to generate and detect OAM beams. Reproduced
with permission from Lee et al., Appl. Sci. 9, 1729 (2019).54 Copyright 2019 MDPI.
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Thus, the strength of phase distortion D=r0 is related to both beam
size and r0 during the beam propagation. Simulation results indicate
that, with the same value of C2

n, the OAM beam at a higher frequency
suffers a larger distortion effect and modal crosstalk, as shown in
Fig. 57(b). At a higher frequency, although the beam has a smaller
divergence (smaller D after a given propagation distance), the r0 also
becomes much more smaller [see Eq. (17)]. As a result, considering

both of these two frequency-dependent parameters, the value of
D=r0 increases with increased frequencies, and thus, the beam expe-
riences larger phase front distortion and modal coupling.
Consequently, there might be a trade-off between the influence of
frequency-dependent beam divergence and the influence of
frequency-dependent turbulence effects (r0) on a turbulence-
affected THz OAM link.

FIG. 55. (a) Concept of an OAM-multiplexed THz communication link, including photonics-assisted tunable THz data channel generation, OAM beam generation and detection
using SPPs, and THz detection using THz to IF downconversion. SPP: spiral phase plate; Ch: channel. (b) Measured mode spectrum of generated OAM beams for OAM þ1
and OAM �2 at 0.3 THz. Insets are measured THz-OAM beam intensity profiles using the X–Z scanning approach. (c) Measured BER performance of the OAM-multiplexed
THz link.220

FIG. 56. Simulated power distribution and beam pro-
files for different THz OAM beams under turbulence
effects. An OAM beam with an OAM order of ‘
¼ þ4 and a beam waist of w0¼ 1 m is transmitted
through a 1-km link for all the cases. Weaker turbu-
lence: C2

n ¼ 1� 10�13 m�2=3; stronger turbulence:
C2
n ¼ 1� 10�11 m�2=3. Reproduced with permis-

sion from Zhao et al., Sci. Rep. 11, 1 (2021).226

Copyright 2021 Macmillan Publishers.
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2. Multi-path and receiver aperture effects

In conventional millimeter-wave wireless links using Gaussian
beams, the transmitted beam could be partially reflected by some sur-
rounding objects due to its divergence during the propagation. The
reflected beam would propagate in a different path and interfere with
the direct beam at the receiver, which could cause multipath effects
and degrade the performance of the system.228 In general, since OAM
beams have larger divergence than Gaussian beams,227 they are more
likely to be reflected by the objects. Thus, the issue of multipath effects
could be more serious in an OAM-based millimeter-wave wireless
link. The concept of multipath effects in an OAM-based millimeter-
wave link is shown in Fig. 58(a). At the transmitter, an OAM beam
with an order of ‘1 is generated by an SPP. During propagation, due
to the increased beam size caused by the divergence, a part of the
beam is reflected by a reflector placed in parallel with the propagation
path.227 The reflected beam could be treated as an OAM beam gener-
ated from an imaging aperture and an imaging SPP with an opposite
order of �‘1. After propagation, the received beam is a coherent
superposition of beams coming from the direct path and the reflected
path. SPPs with different orders of ‘2 are used to measure the OAM
spectrum of the received beam at the receiver. Since the reflected beam
is relatively displaced with the desired beam coming from the direct
path, these two beams are not orthogonal with each other, which could
induce intra-and inter-channel crosstalk.

Figure 58(b) shows the simulated intensity profiles, phase pro-
files, and OAM power spectrum of the direct-path beam, reflected
beam, and superposed beam. In this simulation, the reflector is consid-
ered to be ideal with a 100% reflection coefficient. As shown in the left
column, the direct-path beam is a pure OAM beam and carries a single
OAM component ‘ ¼ þ3. In the middle column, the reflected beam
is an off-axis OAM beam with an opposite OAM order ‘ ¼ �3.
When measuring the OAM spectrum of the reflected beam along the
direct path, the result shows a spread spectrum covering a range of

OAM components, which induce inter-channel crosstalk to other
OAM modes and intra-channel crosstalk to the desired OAM mode
‘ ¼ þ3. The right column shows the results for the superposed beam.
There is a fringing pattern in the intensity profile and a distorted phase
profile, which are caused by the interference between the direct-path
beam and the reflected beam. Recently, multipath effects have also
been investigated in THz OAM communication systems by simula-
tion.229 In general, in addition to the modal coupling to other ‘modes,
multipath effects might also potentially cause modal coupling to other
p modes, which may affect system performance in millimeter-wave/
THz wireless links based on LGmodes.229

D. Summary

In this section, we discuss the exploration of using OAM for free-
space communication links in millimeter and THz waves, including
the OAM generation/detection, link demonstrations, and potential
challenges. Based on different OAM generation/detection techniques
and combinations with other multiplexing schemes (e.g., PDM and
conventional SDM), various experimental demonstrations mentioned
in this section of OAM-multiplexed millimeter-wave and THz com-
munication links are summarized in Table IV. The performance of
OAM-based free-space systems in different frequencies tends to follow
a trade-off between beam divergence and wave–matter interaction.
Therefore, OAM-based systems might benefit from hybrid technolo-
gies over different frequency domains to accommodate different link
requirements and conditions,230–232 as shown in Fig. 59. In such a sys-
tem, one of the challenges is to dynamically select and switch the fre-
quency bands for different link conditions. Moreover, broadband
components may also need to be further investigated to support such
heterogeneous OAM-multiplexed systems, including but not limited
to signal emitters/detectors and frequency converters covering a large
frequency range.

FIG. 57. Simulated normalized power dis-
tribution on different OAM modes for dif-
ferent frequencies under turbulence
effects, (a) considering fixed D=r0 ¼
0:224 at the transmitter side, and (b) con-
sidering fixed C2

n ¼ 1� 10�11 m�2=3. An
OAM beam (‘ ¼ þ4) with a beam waist
of w0 ¼ 0.1 m is transmitted over a dis-
tance of 200 m for all the cases. XT1:
modal crosstalk to the right-(higher)-near-
est mode. XT2: modal crosstalk to the
second-nearest mode. Reproduced with
permission from Zhao et al., Sci. Rep. 11,
1 (2021).226 Copyright 2021 Macmillan
Publishers.
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FIG. 58. (a) Concept of multipath effects for an OAM channel. During propagation, a part of the transmitted OAM beam is reflected by a parallel reflector. The reflected beam
could be treated as a displaced OAM beam with an opposite order. (b) Simulated intensity profiles, phase profiles, and OAM power spectrum of the direct-path beam, reflected
beam, and superposed beam. Reproduced with permission from Yan et al., Sci. Rep. 6, 33482 (2016).227 Copyright 2016 Macmillan Publishers.
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VIII. INTEGRATED DEVICES FOR OAM
COMMUNICATIONS

For a WDM communication system, developed WDM integra-
tion technology with lower cost played an essential role in the system
deployment. However, the devices utilized in MDM optical communi-
cations experiments were bulky, expensive, and not originally designed
for MDM communication. To enable the future deployment of MDM
communication, cost-efficient integration technology would be likely
important. In an OAM-based communication system, there are some
desirable features of the integrated OAM devices, including large num-
ber of modes, high mode purity, large bandwidth, fast tunability, and
high conversion efficiency, as shown in Fig. 60.

Recently, there have been some efforts on integrated devices for
OAM generation and detection.233–237 In this section, different struc-
tural designs of the integrated devices for OAM-based communica-
tions will be discussed, including ring-resonator-based OAM emitter/
receiver,233,238–242 circular-phase-array OAM emitter,234,243–246 and
subwavelength optical OAM antenna,235,247–249 as shown in Fig. 61.
We will also review the typical features of different structures and their
applications for OAM-based communications.

A. Ring-resonator-based OAM emitter/receiver

The development of an integrated device for tunable OAM gen-
eration and detection is of importance to an OAM-based communica-
tion link.36,239 One way to generate a tunable OAM beam is to utilize a
ring-resonator-based structure.233,250,251 The ring-resonator-based
OAM emitter consists of a micro-ring resonator and angular grating
structures with a periodic modulation of the refractive index in the azi-
muthal direction. The structure of the ring-resonator-based OAM
emitter is analogous to that of the grating coupler used in a straight
waveguide.233 In a conventional straight waveguide, the modes carry-
ing no OAM could be extracted from the waveguide to free space
using grating structures. The wavefront of the radiated light is tilted at
the angle in which constructive interference occurs, as shown in
Fig. 62(a-1). In a regular ring optical resonator, the supported whisper-
ing gallery modes (WGMs) could carry OAM.252 To extract OAM
modes from the micro-ring waveguide into free space, the ring resona-
tor structure is embedded with angular gratings. The wavefront twists
in the azimuthal direction, and the output light is transformed into a
beam carrying OAM, as shown in Fig. 62(a-2). The generated OAM
order is given by233

TABLE IV. Demonstrations of OAM-multiplexed millimeter-wave and THz communication links mentioned in this section.

Frequency
bands

Carrier
frequency

Multiplexing
scheme Multiplexed channel number

OAM
generation Total data rate Distance YearRef.

Millimeter
waves

28GHz PDM þ OAM mux 8 (2 pol. � 4 OAM modes) SPP 32-Gbit/s 16 QAM 2.5 m 201451

60GHz OAM mux 4 (4 OAM modes) SPP 32-Gbit/s 16 QAM 2.5 m 2016218

28GHz OAM mux 2 (2 OAM modes) Metasurface 16-Gbit/s 16 QAM 1 m 2015216

28GHz SDM þ OAM mux 21 (4 UCAs� 5 OAM
þ1 Gaussian)

Multiple UCAs 100-Gbit/s 16 QAM 10 m 201855

40GHz PDM þ OAM mux 14 (2 Pol. � 7 OAM modes) UCA 100-Gbit/s 16 QAM 100 m 2020219

THz 300GHz OAM mux 2 (2 OAM modes) SPP 8-Gbit/s QPSK 0.3 m 2020220

300GHz FDM þ PDM þOAM mux 8 (2 pol. � 2 freq.
� 2 OAM modes)

SPP 32-Gbit/s QPSK 0.3 m 2021225

FIG. 59. An FSO OAM-multiplexed link
could be potentially co-installed with a mil-
limeter-wave/THz OAM-multiplexed link.
Such a hybrid system might be able to
increase the reliability of the link under
various complex environment conditions.
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‘ ¼ m� q ¼ neLc

kR
� q; (30)

wherem is the number of optical periods around the resonator, which
is dependent on the effective index ne, geometric round trip length of
the ring Lc and resonant wavelength kR, and q is the number of grating
elements around the resonator. It should be noted that the OAM
beams are generated at some specific discrete resonant wavelengths
kR, when the angular phase matching condition is satisfied, as shown
in Fig. 62(b). By tuning the input wavelength to fit different resonant
wavelengths of the structure, the generated OAM order could be
changed. In addition, by tuning the refractive index using a thermal239

or carrier-induced effect, the generated OAM order could be tuned at
the same wavelength. Moreover, this type of the ring-resonator-based
device could also be potentially used as an OAM receiver.253

Furthermore, there are various efforts to apply the ring-
resonator-based OAM emitter/receiver in OAM-multiplexed commu-
nication systems. In order to generate/detect multiple OAM beams
efficiently, there are different variants of ring-resonator-based

structures. One is to design a multi-mode waveguide ring-resonator,
as shown in Fig. 63(a-1). As the number of m is different for different
WGMs at the same wavelength, OAM beams of different OAM orders
could be generated simultaneously. A chip-to-chip four-OAM-multi-
plexed link has been demonstrated using the multi-mode-ring-resona-
tor-based OAM emitters,241 as shown in Fig. 63(a-2). Each OAM
beam carried a 16-Gbit/s QPSK signal whose BER could be achieved
below the 3.8 � 10–3 FEC limit, as shown in Fig. 63(a-3). The OAM
orders of these four generated OAM beams could be potentially tuned
simultaneously at the same wavelength using this structure. In order
to independently control generated OAM orders for different wave-
lengths, one way is to design multiple concentric-omega-shaped OAM
emitters, as shown in Figs. 63(b-1) and 63(b-2). Each omega-shaped
waveguide could be independently tuned for generating different
OAM orders.242,254 By utilizing the tunability of the structure, a similar
BER performance of a 30-GBaud OOK channel is achieved for differ-
ent omega-shaped waveguides when tuning OAM orders or changing
input wavelengths, as shown in Fig. 63(b-3).242 Moreover, since the
beam generated by a ring-resonator-based emitter could be directly
coupled to the fiber, a chip-to-fiber two-mode-multiplexing link has
been demonstrated.238,240

B. Circular phase array OAM emitter/receiver

In order to increase the scalability of the integrated devices for
generating multiple OAM beams, one could use a circular phase array
based on multiple optical antennas. The working principle of the cir-
cular phase array is based on coherent beam combining, as mentioned
in Sec. IIIA. As an example, the structure could be composed of a star
coupler, length-matched waveguide, and circularly distributed single-
mode antennas,234,245 as shown in Fig. 64(a). Fed at a different input
port, each input beam evolves into a plane wave with a different linear
phase tilt. Subsequently, the beam is collected by multiple waveguides
with a matched path length. After propagating through the wave-
guides, the phase-tilted fields inside different waveguides are emitted

FIG. 60. Potential advantages, key figures of merit, and potential applications of
using integrated devices for OAM-based communications.

FIG. 61. Different structures of the inte-
grated devices for OAM-based communi-
cations and their typical features.233,235,244

Reproduced with permission from Shams
et al., Science 338, 363 (2012).233

Copyright 2012 American Association for
the Advancement of Science. Reproduced
with permission from Xie et al., Light 7,
18001 (2018).235 Copyright 2018
Macmillan Publishers.
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by the circular distributed single-mode antennas and coherently com-
bined in free space. In theory, a device composed of N antennas could
simultaneously generate N different OAM beams with the mode order
ranging from�N=2 to N=2� 1.234,245

The scalability of the structure makes it feasible to support more
modes by increasing the number of the optical antennas. It has been
reported that up to 15 OAM modes could be supported based on this
circular phase array structure.245 In addition, due to the optical
reciprocity of the device, the OAM multiplexer could be also be
used as an OAM demultiplexer. A chip-to-chip OAM-
multiplexing communication link245 with two OAM beams
(‘ ¼ �2;þ1), each carrying a 20-Gbit/s QPSK signal, has been
demonstrated using a pair of circular phase arrays, as shown in
Fig. 64(b). Furthermore, a chip-to-fiber OAM-multiplexing com-
munication link255 with three OAM beams (‘ ¼ þ5;þ6;þ7),
each carrying a 10-Gbit/s OOK signal, has also been demonstrated
using the circular phase array.

Different from the ring-resonator-based OAM emitter, the wave-
length spectrum of the generated OAM beams by the circular phase
array device is continuous, which might be compatible with a WDM
system.246 However, the bandwidth of the star coupler and length

matching of the waveguides should be taken into consideration to
make it WDM-compatible.246 Furthermore, the OAM order generated
by this structure is tunable by tuning the relative phase between differ-
ent waveguides.243,244 However, the phase error induced by the wave-
guide mismatch makes it necessary to add phase controllers into the
device.234,245,246

C. Subwavelength optical OAM antenna

Even though a circular phase array OAM emitter of multiple
antennas could generate a large number of modes, its relatively large
footprint might limit its applications in large-scale integration.233 In
addition, the compact micro-ring-resonator-based structure could also
be limited by its discrete wavelength spectrum. To achieve broadband
OAM generation by a relatively compact structure, one way is to uti-
lize a specifically designed subwavelength optical antenna. Different
types of designing principles have been reported, including (i) super-
imposed binary fork gratings and (ii) joint phase control of the optical
path and local resonance.

As similar to the fork grating hologram discussed in Sec. III, a
fork grating could be fabricated in an optical antenna to generate

FIG. 62. (a-1) and (a-2) Concept of the
ring-resonator-based OAM emitter. (b)
Radiation spectrum at different wave-
lengths and corresponding output OAM
beams of the ring-resonator-based OAM
emitter. Reproduced with permission from
Shams et al., Science 338, 363 (2012).233

Copyright 2012 American Association for
the Advancement of Science.

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 8, 041312 (2021); doi: 10.1063/5.0054885 8, 041312-53

VC Author(s) 2021

https://scitation.org/journal/are


OAM beams from the waveguide input.247 A fork grating is designed
based on the coupled interference between the vertically backpropagat-
ing OAM mode EOAM ¼ AOAM expði‘hÞ and the waveguide mode
Ewaveguide ¼ Awaveguide expðikxÞ, as shown in Figs. 65(a-1) and 65(a-2).
The distribution of the fork grating hologram could be expressed as
follows:247

Wfork ¼ jEOAMþEwaveguidej2

¼A2
OAMþA2

waveguideþ2AOAMAwaveguide 	 cosðkx� ‘hÞ: (31)

In order to transfer the fork grating onto the silicon waveguide,
the grating pattern should be converted into a binary phase hologram.
The binary hologram could expressed as247

Wbiphase ¼Tbiphase exp f�iðA2
OAM þ A2

waveguide

þ 2AOAMAwaveguide 	 binaryðcos ðkx � ‘hÞÞÞg: (32)

Tbiphase is the transmission coefficient of the binary phase hologram
and binary is a binary function.247

When the binary phase hologram is illuminated with the wave-
guide mode from the left input Eleft ¼ Awaveguide expðikxÞ as an exam-
ple, the output field (Eout ¼ EleftWbiphase) is emitted in the vertical
direction, as shown in Fig. 65(a-3). The output field contains a term of
expði‘hÞ, which indicates that it carries OAM with an order of ‘. The
measured beam profiles of generated OAM beams at different wave-
lengths are shown in Fig. 65(a-5), which indicates the broadband

FIG. 63. (a-1) Concept of the multi-mode micro-ring emitter. (a-2) An example of a chip-to-chip link using a pair of the multi-mode micro-ring emitters. (a-3) BER performance
for the four OAM-multiplexed channels. Reproduced with permission from Li et al., Opt. Express 26, 29895 (2018).241 Copyright 2018 Optical Society of America. Concept of
(b-1) a single omega-shaped emitter and (b-2) multiple concentric-omega-shaped emitters. (b-3) BER performance for different omega-shaped waveguides (X1;X5, and X9)
by tuning the generated OAM modes or changing the input wavelengths(k1 ¼ 1557:55 nm and k2 ¼ 1561:39 nm). Reproduced with permission from Zhang et al.,
arXiv:2008.00680 (2020). Copyright 2020 Author(s).242
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property of the structure. In addition, an output beam with an oppo-
site OAM order (i.e.,�‘) could be generated from the right waveguide
input. Furthermore, by superimposing two fork gratings as shown in
Fig. 65(a-4), OAM beams with two orthogonal polarization directions
could be simultaneously generated.

The second method to design the subwavelength optical antenna
is based on joint phase control of the optical path and local resonances
in a specifically designed structure,235 as shown in Fig. 65(b-1). In gen-
eral, the phase delay at each location is composed of both the propa-
gating phase /1 and the resonance phase /2. Both /1 and /2 are
related to the refractive index distribution of the subwavelength struc-
ture Nðr; hÞ. By applying a global optimization algorithm to design
Nðr; hÞ; /1 and /2 could be jointly controlled, resulting in an output
optical field with a term of / ¼ /1 þ /2 ¼ ‘h. As a result, Fig. 65(b-2)
shows the conversion efficiency of the generated OAM beams at differ-
ent wavelengths ranging from 1450 to 1650nm.235 It should be noted
that the broadband property of this device might be due to a relatively
small Q factor (<15) of the local resonator.

Based on the broad bandwidth of the designed OAM emitter, a
chip-to-free-space link235,247 has been demonstrated combining OAM
multiplexing (‘ ¼ fþ1;�1g) and WDM. A set of 30 frequency comb
lines with each wavelength channel carrying a 20-Gbit/s QPSK signal
are generated and fed into the chip. The total data rate for the emitter
associated with the two multiplexed OAM modes is achieved to be 1.2
Tbit/s, as shown in Figs. 65(b-3) and 65(b-4).

One interesting challenge is to increase the tunability of such a
broadband subwavelength optical OAM antenna. A potential way is
utilizing the phase delay of different waveguide inputs.248,249,256

In addition, to support higher-order OAM modes, increasing design-
ing area and fabrication resolution could be considered.235,249

D. Summary

In this section, we discuss different integrated devices for OAM-
based communication links. Table V summarizes the experimental
demonstrations mentioned in this section of different integrated struc-
tures for various types of communication links (e.g., chip-to-free space,
chip-to-fiber, and chip-to-chip) and their bandwidth and tunability
properties. For the future deployment of the OAM-based communica-
tion system, an ecosystem of integrated devices would potentially play
an important role. In addition to the aforementioned devices, it would
be beneficial to investigate various system components, including (i)
multi-mode amplifiers with a flat gain curve and (ii) multi-mode
waveguides with low mode-dependent loss and inter-modal crosstalk.

IX. NOVEL STRUCTURED BEAMS FOR MDM
COMMUNICATIONS

The advantages and excitement of MDM communication sys-
tems largely rely on the ability to multiplex the spatial orthogonal
beams and utilize them to transmit multiple data channels simulta-
neously. Recently, in addition to the aforementioned OAM beams and
LG beams, there is much interest in other novel types of spatially
structured beams (e.g., Airy and Bessel types). Some of these concepts
have been reported and explored in various applications, and a partial
“wish list” (Fig. 66) for novel structured beams in free-space commu-
nications systems includes beams

FIG. 64. (a) Concept of the integrated cir-
cular phase array for OAM multiplexing.
The integrated circular phase array is
composed of a star coupler with free-
propagation region, phase-matched wave-
guides, and multiple optical antennas. (b)
BER performance for a 10-Gbaud QPSK
signal carried by an OAM beam with ‘
¼ þ1 in a chip-to-chip link without and with
the other mode transmitted. Reproduced
with permission from Guan et al., Opt.
Express 22, 145 (2014).245 Copyright 2013
Optical Society of America.
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(a) that have low divergence, which may benefit a long-distance
free-space link with a limited-size receiver aperture;

(b) that can be less affected when propagating in a partially obstructed
link. For example, their spatial structures can “self-heal” after the
obstruction, or they can circumvent the obstruction;

(c) that are more resilient to turbulence-induced distortion,
which may improve the performance and robustness of the
system in a turbulence link.

In this section, fundamental concepts and properties of three
types of novel beams that could carry OAM will be introduced,

including Bessel-type, Airy-type, and pin-like beams. In addition, we
will also review several system-level examples of applying these beams
to minimize the link/system degradation effects, such as beam diver-
gence, obstruction, and atmospheric turbulence.

A. Bessel-type beams

Bessel beams are solutions to the Helmholtz equation in the
cylindrical coordinates.22–24 They have several unique proprieties, of
which two are interesting: (1) they are theoretically diffraction-free
during the propagation and (2) their beam shapes are “self-heal” after

FIG. 65. (a-1)–(a-5) OAM generation using a fork-hologram-based subwavelength optical antenna. (a-1) Bare waveguide crossing without fork hologram. (a-2) Concept of the
holographic method based on the interference between the waveguide input and the backpropagating OAM beam. (a-3) OAM beam generated by optical antenna with the
binary fork hologram. (a-4) Superposition of two fork holograms to generate OAM beams with two polarizations. (a-5) Intensity and phase profiles of the generated OAM beam
(y-pol, ‘ ¼ þ1) at different wavelengths. Reproduced with permission from Zhou et al., Sci. Adv. 5, eaau9593 (2019).247 Copyright 2019 American Association for the
Advancement of Science. (b-1)–(b-4) OAM generation utilizing the joint phase control in the subwavelength OAM emitter designed by a global optimization algorithm. (b-1) The
phase delay at each location is composed of both the propagating phase /1 and the resonance phase /2. (b-2) Conversion efficiency of the subwavelength OAM emitter at
different wavelengths. (b-3) The measured BERs of the ‘ ¼ þ1 OAM mode and ‘ ¼ �1 OAM mode in an MDM þ WDM link (30 wavelengths and two OAM modes). The
total received powers for all 30 wavelengths are �18 dBm (‘ ¼ �1) and �17.3 dBm (‘ ¼ þ1), respectively. (b-4) BER performance of the cases using this device for detec-
tion and generation at 1550 nm. B2B: back to back. Reproduced with permission from Xie et al., Light 7, 18001 (2018).235 Copyright 2018 Macmillan Publishers.
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TABLE V. Demonstrations of different integrated structures for various optical communication links mentioned in this section. The wavelengths are �1550 nm.

Integrated structure Link type
Number of

muxed modes Total data rate Bandwidth Note YearRef.

Micro-ring
emitter

Single ring w/o data transmission 	 	 	 	 	 	 	 	 	 
 Different OAM orders (�4 to þ4)
at different wavelengths

2012233

Single ring w/o data transmission 	 	 	 	 	 	 	 	 	 
 Tunable OAM orders from �10
to þ10 by thermal tuning

2014239

Multi-mode ring Chip to chip 4 OAM modes 64-Gbit/s QPSK 	 	 	 	 	 	 2018241

Two separate rings Chip to fiber 2 vector vortex modes 40-Gbit/s 16 QAM 	 	 	 
 2-km large-core fiber 2018240

X-shaped rings Chip to free space 10 OAM modes 1-Tbit/s 16 QAM 0.24 nm 
 16 WDM channels 2021242

Circular array
of antennas

Chip to chip 2 OAM modes 20-Gbit/s QPSK 	 	 	 	 	 	 2012245

w/o data transmission 	 	 	 	 	 	 	 	 	 
 Tunable OAM orders from �4 to
þ4 by thermal tuning

2015244

w/o data transmission 	 	 	 	 	 	 17 nm 
 Compatible with PDM and WDM 2020246

Chip to fiber 3 OAM modes 30-Gbit/s OOK 	 	 	 
 800-m ring-core fiber 2021255

Subwavelength
optical antenna

Pixel-array pattern Chip to free space 2 OAM modes 1.2-Tbit/s QPSK 200 nm 
 30 WDM channels 2018235

Fork pattern w/o data transmission 2 OAM modes 	 	 	 130 nm 
 Support 2 pol. 2019247

Pixel-array pattern Chip to free space 2 OAM modes 400-Gbit/s QPSK 6.4 nm 
 2 WDM channels 2021256


 Tunable OAM orders from �1 to
þ1 by thermal tuning
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being disrupted by a partial obstruction. Due to these features, Bessel
beams have attracted much attention in various research fields.24

Recently, there is growing interest in using Bessel beams as a carrier to
transmit data information in communication links with lower beam
divergence and increased obstruction tolerance.24,257–259

Theoretically, the electric field for the n-th-order Bessel beam [in
the cylindrical coordinates ðr; h; zÞ] is of the following form:260

Eðr; h; zÞ ¼ a0JnðkrrÞ exp iðkzz6 nhÞ½ �; (33)

where Jn is the n-th-order Bessel function of the first kind. kz and kr
are the longitudinal and transverse wave number, respectively. It can
be seen from Eq. (33) that the transverse electrical field follows a
Bessel function in the radial coordinate. High-order (n> 0) Bessel
beams have helical phase fronts in the azimuthal direction, which
means that they carry OAM of order n or –n. Figure 67(a) shows
intensity and phase profiles for Bessel beams with different orders.
Theoretically, the intensity and phase profiles of Bessel beams can be
characterized by an azimuthal index n and a continuous radial wave
vector kr.

24

An ideal Bessel beam needs to have infinite extent in the trans-
verse direction and requires an infinite amount of energy, which is
impractical to be generated in laboratory.261 One typical way to create
a Bessel beam is using an axicon (a cone-shaped lens),24,259 as shown
in Fig. 67(b). The axicon can structure the incoming wavefront and
bend it in a cone-shape fashion. Thus, after the axicon, a set of plane
waves would intersect with each other, and interfere to generate a
Bessel-type beam in the intersection region. If the incoming wave is
a Gaussian beam, a Bessel-Gaussian (BG) beam could be generated.
As an approximation to Bessel beams, BG beams keep the proper-
ties of “diffraction-free” and “self-healing” over a limited range.259

Moreover, a higher-order BG beam could be created by illuminat-
ing an LG beam on the axicon. In the intersection region, the shape
and intensity of the beam is invariant during the propagation, rep-
resenting a “diffraction-free” property. In addition, Bessel beams
could re-form themselves within a short distance when an obstruc-
tion blocks some part of the beams. As shown in Fig. 67(c), this
“self-healing” property results from the fact that the light that is not
blocked by the obstruction could still reach the axis and interfere

FIG. 66. A partial “wish list” for novel
beams, including (a) beams with low
divergence, (b) beams that are tolerant to
partial obstructions, and (c) turbulence-
resilient beams.
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after the obstruction to “re-generate” the Bessel beam with less
energy than before.

Recently, by taking advantages of the self-healing property, BG
beams have been utilized in an MDM FSO link to mitigate the
obstruction-induced degradation effects.259 Figure 68(a) shows the
concept of the MDM link using BG beams. At the transmitter, N data-
carrying OAM beams are generated and spatially multiplexed. All
multiplexed data-carrying OAM beams propagate through an axicon
to generate multiple multiplexed higher-order BG beams. These BG
beams could keep invariant beam profiles and “self-heal” themselves
after being partially obstructed by an opaque disk during propagation
within a “Bessel region.” At the receiver, another axicon with an oppo-
site cone angle is used to convert the BG beams back to OAM beams,
and an OAM mode demultiplexer is used to separate different beams

to demultiplex different data channels. In this demonstration, a total
data rate of 200 Gbit/s has been achieved by transmitting two multi-
plexed BG beams carrying OAM ‘ ¼ þ1 and ‘ ¼ þ3. Figure 68(b)
shows the beam profiles of a BG beam at different locations with and
without the obstruction, which indicates that the BG beams are self-
healing after the obstruction. Figure 68(c) shows the measured BER
performance for the two multiplexed data channels. The results show
that the BERs of both channels could be achieved below the FEC limit
with an obstruction of 1.5-mm radius.259

B. Other types of structured beams

In addition to Bessel-type beams, other types of structured beams
have also been explored to mitigate system degradation effects of

FIG. 67. (a) Intensity and phase profiles
for Bessel beams with different orders. (b)
An axicon (a cone-shaped lens) can be
used to produce Bessel-type beams. By
passing a Gaussian beam through the axi-
con, a Bessel–Gaussian (BG) beam could
be generated. If the input beams are LG
beams, the generated beams would be
higher-order BG beams. (c) Self-healing
of the Bessel beam after an obstacle. The
light that is not blocked by the obstruction
could still interfere after the obstruction to
“re-generate” the Bessel beam.
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free-space optical systems. For example, the Airy beam could propa-
gate following a “bendable” trajectory.25–27 Such a property has been
demonstrated in FSO communication systems to avoid obstructions
that are located between the transmitter and receiver.262–264 More

recently, another type of structured beam has been proposed, which is
the pin-like beam.28 Such a beam has been demonstrated to have low
divergence over kilometers of distance, and its intensity profile experi-
ences relatively less distortion compared to a Gaussian beam under

FIG. 68. (a) Concept of utilizing the self-
healing property of higher-order BG
beams to mitigate obstruction-induced
degradation effects in an MDM FSO link.
The insets show the intensity profiles of a
BG beam before and after an opaque
disk, and of a self-healed BD beam plane.
(b) Measured intensity profiles of a BG
beam (‘ ¼ þ3) at different locations with
and without the obstruction. The radius of
the obstruction is 1.5 mm. (c) Measured
BER performance for the multiplexed data
channels with and without an obstruction
of 1.5 mm radius. Reproduced with per-
mission from Ahmed et al., Sci. Rep. 6,
22082 (2016).259 Copyright 2016
Macmillan Publishers.
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atmospheric turbulence.28,29 Although such different types of beams
have been originally investigated without carrying OAM, it is possible
to generate these beams carrying OAM (e.g., Airy vortex beams265,266

and pin-like vortex beams267) and potentially utilize them in OAM-
based FSO communication links.

C. Summary

In this section, we present different types of novel structured
beams. The potential applications of these novel beams for OAM-
based communications are also discussed. Although many realizations
and applications of novel beams are originally explored in the fields of
optics and photonics, their basic concepts could be extended to differ-
ent frequency regimes.268–271 In future, more types of novel structured
beams might be explored and used to improve the robustness of free-
space communication systems either using a single beam or multiple
orthogonal beams.

X. SUMMARY AND PERSPECTIVE

This paper reviews the advances and perspectives of OAM utili-
zation for communications. We discussed different aspects, including
(a) generation/detection and (de)multiplexing of the OAM beams, (b)
classical FSO communication links, (c) fiber-based communication
links, (d) quantum communication links, (e) OAM-multiplexed com-
munications for different frequency ranges, (f) OAM-based communi-
cations using integrated devices, and (g) novel structured beams for
MDM communications.

As one type of structured beam, OAM has been gaining much
interest in various significant fields. Indeed, there are some important
and valuable advances that could be potentially beneficial for the appli-
cations of OAM. In future, it is quite possible that OAM will be widely
adopted in communication systems.

Moreover, it is likely that SWaP issues will be essential for many
types of applications. Currently, many devices utilized in OAM-
based communication systems are bulky, expensive, and slow (e.g.,
SLMs). In order to deploy the OAM-based communication systems
widely and commercially in future, novel and cost-efficient integra-
tion technology (e.g., photonic integrated circuits) would likely be
important.

Furthermore, in addition to the aforementioned scenarios in
this paper, it remains a challenge for OAM-based communication
links to operate under more complicated conditions and harsher
environments. Such conditions and environments might cause more
serious degradation effects, such as more distorted beams, larger
power loss, and modal power coupling. Thus, investigating and eval-
uating system performance under such conditions and environments
could be a valuable task. In addition, it is also important to develop
techniques to increase the reliability and robustness of the OAM-
based link, such as more resilient link designs and more effective mit-
igation approaches.
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