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Advances in communications using optical vortices
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An optical vortex having an isolated point singularity is associated with the spatial structure of light waves.
A polarization vortex (vector beam) with a polarization singularity has spatially variant polarizations. A phase
vortex with phase singularity or screw dislocation has a spiral phase front. The optical vortex has recently
gained increasing interest in optical trapping, optical tweezers, laser machining, microscopy, quantum informa-
tion processing, and optical communications. In this paper, we review recent advances in optical communi-
cations using optical vortices. First, basic concepts of polarization/phase vortex modulation and multiplexing
in communications and key techniques of polarization/phase vortex generation and (de)multiplexing are
introduced. Second, free-space and fiber optical communications using optical vortex modulation and optical
vortex multiplexing are presented. Finally, key challenges and perspectives of optical communications using
optical vortices are discussed. It is expected that optical vortices exploiting the space physical dimension of light
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waves might find more interesting applications in optical communications and interconnects. © 2016 Chinese

Laser Press
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1. INTRODUCTION

An optical vortex is an isolated point singularity of an optical
field. This type of vortex is ubiquitous in nature and is com-
monly known as polarization vortex and phase vortex, charac-
terized by polarization singularity and phase singularity,
respectively [1-7]. In the past decades, optical vortex beams
have been extensively studied in a variety of fields [3-7].
Polarization vortex beams have found interesting uses in
sharp focus with super-resolution spots [8], plasmon excita-
tion and tight focusing [9,10], single-molecule spectroscopy
[11], lasing machining [12,13], electron and particle acce-
leration [14], and 3D optical trapping of nanoparticles, espe-
cially metallic particles [15]. Phase vortex beams have found
potential uses in optical tweezers [16], optical manipula-
tion [17], optical trapping [18], optical spanner [19], optical
vortex knots [20], microscopy [21], and quantum information
processing [22,23].

Actually, an optical vortex beam is one of the special beams
with a complex beam shape linked to space physical dimen-
sion of light waves, i.e., spatial polarization/amplitude/phase
structures. Recently, the space physical dimension of light
waves has been widely explored in fiber optical communica-
tions to facilitate substantial increase of transmission capacity
and efficient usage of limited frequency resources by a prom-
ising technique, i.e., space-division multiplexing (SDM)
[24,25]. Few-mode fiber (FMF), multicore fiber (MCF), and
few-mode multicore fiber (FM-MCF) are typical candidates
used in SDM fiber optical communications [26-28]. Taking
FMF as an example, linearly polarized (LP) modes in a weakly
guiding fiber are used as orthogonal information carriers for
multichannel information multiplexing and transfer. LP
modes could be considered as one kind of mode set in the
space physical dimension existing in fiber. Similarly, other
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mode sets such as Laguerre-Gaussian (LG) modes and
Bessel modes in free space and vector eigenmodes in fiber,
in principle, also could be used in communications. In this sce-
nario, when employing polarization vortex beams or phase
vortex beams as other mode sets, communications using op-
tical vortices are achievable. Beyond the aforementioned
fields, optical vortex beams have recently seen possible appli-
cations in optical communications and optical interconnects.
Several proof-of-concept experimental demonstrations of
optical communications using optical vortices have been
reported in free space and optical fiber [29-32].

This paper will highlight recent advances in communica-
tions using optical vortices. Following the brief introduction
of two kinds of optical vortices in Section 2, i.e., polarization
vortex and phase vortex, Section 3 describes basic concepts
and key techniques of communications using optical vortices.
Two kinds of methods using optical vortices in communica-
tions are introduced, i.e., optical vortex modulation and opti-
cal vortex multiplexing. The generation and (de)multiplexing
techniques of optical vortex beams are presented. In
Section 4, we review recent research progress in free-space
communications using optical vortices. In Section 5, we go
over recent research progress in fiber communications using
optical vortices. A brief discussion is presented in Section 6.
Finally, we summarize the paper in Section 7.

2. POLARIZATION VORTEX AND PHASE
VORTEX

Polarization Vortex

Polarization is an important property of light. The well-
known linear, elliptical, and circular polarizations of light
beams (e.g., plane waves and Gaussian beams) are spatially
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homogeneous and do not depend on the spatial location in the
beam cross section. Recently there has been increasing inter-
est in light beams with spatially variant polarizations. One typ-
ical example is a light beam with cylindrical symmetry in
polarization. Such a cylindrical vector beam is called a polari-
zation vortex because its polarization is undetermined at the
beam center (i.e., polarization singularity), leading to null in-
tensity at the beam center.

Polarization vortex can take different orthogonal states de-
scribed by spatially variant polarization ¢@(0) = P ® 0 + ¢y,
where P is the polarization order, ¢ is the azimuthal angle,
and ¢, is the initial polarization orientation for § = 0 [33].
Figures 1(a) and 1(b) illustrate two simple polarization vortex
beams, i.e., radially polarized beam (TMy;) and azimuthally
polarized beam (TE(;), respectively. One can clearly see
the doughnut-shaped intensity profiles due to the polarization
singularity with undetermined polarization at the beam
center. A polarization vortex beam features different proper-
ties compared with a Gaussian beam. For instance, at focus,
the polarization orientation of a Gaussian beam is highly
complex, resulting in self-aperturing effects, while a radially
polarized beam yields an intense and well-defined electric
field along the optic axis [4,34].

Phase Vortex

Phase is another important property of light. Phase front,
also known as wavefront, is the locus of points (3D surface)
characterized by propagation of position with the same spatial
phase. A typical plane wave has a planar phase front. A
Gaussian beam also has a planar phase front at its beam waist.
Recently light beams with a spiral phase front have attracted
increasing interest. Because the phase is undefined at the
beam center (i.e., phase singularity or screw dislocation), a
light beam having a spiral phase front is called a phase vortex
with null intensity at the beam center.

Polarization Vortex
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Phase Vortex

Fig. 1. Schematic illustration of field distributions (polarization,
amplitude, phase) of (a,b) polarization vortex and (c,d) phase
vortex beams. (a) Radially polarized beam (TMy;). (b) Azimuthally
polarized beam (TEj;). (¢) OAM beam with topological charge
value of +1 (OAM, ). (d) OAM beam with topological charge value
of -1 (OAM._,).
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A phase vortex having spiral phase front carries orbital an-
gular momentum (OAM). It was shown by Allen in 1992 that
light beams with a spiral phase front comprising an azimuthal
phase term exp(ilf), have an OAM of Iz per photon (I, topo-
logical charge value; 0, azimuthal angle; 7, Plank’s constant %
divided by 27) [35]. Different from spin angular momentum
(SAM) associated with circular polarization taking only two
states of +#, OAM linked to spatial phase structure can take,
in principle, theoretically unlimited orthogonal states.
Figures 1(c) and 1(d) depict two simple phase vortex beams
(phase distribution in the beam cross-section), corresponding
to OAM,; (I = +1) and OAM_; (I = -1), respectively. The
doughnut-shaped intensity profiles are clearly shown in
Figs. 1(c) and 1(d) because of the phase singularity with an
undefined phase at the beam center.

3. BASIC CONCEPTS AND TECHNIQUES
OF COMMUNICATIONS USING OPTICAL
VORTICES

Figure 2 illustrates the physical dimensions of photons,
including frequency/wavelength, time, complex amplitude,
polarization, and spatial structure (space). Actually, almost all
the basic techniques of light communications are about the
manipulation of different physical dimensions of light waves.
For example, the wavelength-division multiplexing (WDM)
technique employs the frequency/wavelength physical dimen-
sion, the time-division multiplexing (TDM) technique uses the
time physical dimension, the quadrature amplitude modula-
tion (QAM) scheme exploits the complex amplitude physical
dimension, and the polarization-division multiplexing (PDM)
technique utilizes the polarization physical dimension.
Those modulation schemes and multiplexing techniques
have gained great success in fiber optical communications
to increase transmission capacity and spectral efficiency [36].
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Fig. 2. Schematic illustration of physical dimensions of photons
(frequency/wavelength, time, complex amplitude, polarization, spatial
structure) and orthogonal states (multiple wavelengths, time slots,
constellation points in the complex plane, X- and Y-polarizations,
polarization vortices, phase vortices) in modulation schemes and mul-
tiplexing techniques.
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Meanwhile, it is noted that the similarities in those modulation
schemes and multiplexing techniques are the utilization of
multiple orthogonal states, which are distinguishable in each
physical dimension, i.e., separable wavelengths in WDM, time
slots in TDM, constellation points in the complex plane in
QAM, and polarizations in PDM. When these traditional physi-
cal dimensions are fully exploited, spatial structure physical
dimension can be further utilized to enable continuous
increase of transmission capacity and spectral efficiency.
Similar to other mode sets, optical vortices, i.e., polarization
vortices and phase vortices could be candidates for optical
communications.

When using optical vortices in communications, similar to
other physical dimensions such as frequency, time, complex
amplitude, and polarization, we can exploit either optical
vortex modulation scheme or optical vortex multiplexing
technique. For optical vortex modulation, as depicted in
Fig. 3(a), time-varying polarization vortex modulation uses
different polarization vortex states to represent different data
information. Two polarization vortex states correspond to
binary data information (e.g., TM,; for “1” and TE(; for “0”),
while multiple polarization vortex states represent m-ary data
information. A similar modulation scheme also can be applied
to phase vortex beams, as shown in Fig. 3(b). For optical vor-
tex multiplexing, as shown in Fig. 3(c), different polarization
vortex beams (e.g., TM;; and TE,) are used as independent
carriers to deliver different channel data information. Each
channel data information is modulated using the complex
amplitude physical dimension such as binary on-off keying
(OOK) or m-ary QAM. The multiplexing of multiple channels
carried by polarization vortex beams can increase the
transmission capacity and spectral efficiency. A similar
multiplexing technique also can be applied to phase vortex
beams, as depicted in Fig. 3(d). By employing multiple optical
vortex beams, it is expected to enable continuous increase
of transmission capacity and efficient usage of frequency
resources.

For communications using optical vortex modulation and
optical vortex multiplexing, one of the most fundamental tech-
niques is optical vortex generation. Polarization vortex beams,
also known as vector beams, can be generated using different
kinds of schemes, such as active methods using laser intracav-
ity devices that force the laser to oscillate in vector modes
[37-39] and passive methods using mode conversion from
commonly known spatially homogeneous polarizations into
spatially variant polarizations [40,41].

Here we show another simple method to generate polariza-
tion vortex beams based on a single phase-only spatial light
modulator (SLM) [42]. The experimental setup is shown in
Fig. 4. A He-Ne laser at 632.8 nm, a linear polarizer, a
neutral density filter (NDF), two lenses, and a pinhole
are used to produce a clean collimated Gaussian-like beam
(diameter: ~1 cm) with its power controlled and polarization
aligned to the working polarization of the SLM (e.g., y direc-
tion). To enable polarization vortex beam generation using a
single SLM, we divide the SLM into two parts, and the light
beam is reflected twice at different areas of the SLM. A com-
pensation phase pattern and a generation phase pattern are
loaded to the two divided areas of the SLM. The axis of the
half-wave plate (HWM) and the quarter-wave plate (QWP)
is rotated by 22.5° and 45° from the y direction, respectively.

___________________ Optical Vortex Modulation

Polarization Vortex (a)

Fig. 3. Schematic illustration of optical vortex modulation and opti-
cal vortex multiplexing. (a) Polarization vortex modulation. (b) Phase
vortex modulation. (c¢) Polarization vortex multiplexing. (d) Phase
vortex multiplexing.
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Fig. 4. Experimental setup for generating and detecting polarization
vortex beams (radially/azimuthally polarized and high-order vector
beams) with a single SLM. Pol., polarizer; M, mirror.
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The Jones matrix of the generated polarization vortex beam
(vector beam) after the QWP can be expressed as

Enut - ( )M(f)/y)NNH( )M(nry)Em
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where Q(0), M (0), N, and H(0) are the Jones matrices of QWP,
SLM, mirror, and HWP, respectively. E;, = ((1)) is the Jones
vector of the incident light beam. 7,, and &,, correspond to
the phase shift through the first and second reflections by
SLM, respectively, which are introduced to the spatial position
(,y) of the light beam. It is proved that the Jones vector in
Eq. (1) is linear polarization. Thus one can obtain arbitrary
linear polarization at any spatial position (x,y) of the light
beam. As aresult, the generation of a polarization vortex beam
is achievable.

To measure the spatially variant polarization structure and
verify the generation of the polarization vortex beam, we
record the intensity profiles after the linear polarizer with dif-
ferent orientations. By using four phase patterns shown in
Fig. 5(a) loaded to the SLM and adjusting the direction of
the linear polarizer, as illustrated in Fig. 5(b), we confirm
the successful generation of four different polarization vortex
beams, i.e., radially polarized beam with P = 1, ¢y = 0, azimu-
thally polarized beam with P = 1, ¢y = #/2, vector beam with
P =2 ¢, =0, and vector beam with P = 3, ¢, = 0, as shown
in Figs. 5(c)-5(f). We further demonstrate the generation of 16
polarization vortex beams. The measured multipetal intensity
profiles after the linear polarizer are shown in Fig. 6.

Typical methods for the generation of phase vortex beams
(i.e., OAM beams) include the use of spiral phase plates
(SPPs) [43], cylindrical lens pairs [44], commercially avail-
able SLM [45-47], g-plate [48], fiber devices [49-51], photonic
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Fig. 5. (a) Phase patterns loaded to SLM for the generation of four
polarization vortex beams (radially polarized beam P = 1, ¢, = 0, azi-
muthally polarized beam P = 1, ¢, = z/2, vector beam P = 2, ¢y = 0,
vector beam P = 3, ¢, = 0). (b) Linear polarizer with orientation of
0°, —45°, 90°, 45° with respect to the y direction. (c¢)-(f) Left column:
illustration of spatially variant polarization of four polarization vortex
beams. Right four columns: measured multipetal intensity profiles of
four polarization vortex beams after linear polarizer.
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Fig. 6. Measured multipetal intensity profiles of 16 polarization vor-
tex beams after linear polarizer.

integrated devices [62,53], and metamaterials/metasurfaces
[64-56]. Most of these methods also could be used in an op-
posite way for OAM detection. Figure 7(a) shows a typical
scheme to generate phase vortex beams using computer-
generated spiral phase patterns loaded to the SLM, which con-
verts planar phase fronts (bright spots at beam center) into
helical ones (doughnut-shaped intensity profiles). By simply
changing the spiral phase patterns, reconfigurable OAM-
carrying phase vortex beams are achievable. As shown in
Fig. 7(b), inverted spiral phase patterns can back-convert hel-
ical phase fronts into planar ones.

We show in Fig. 8 another scheme of phase vortex beam
generation, i.e., a controllable all-fiber OAM mode converter.
It consists of an FMF with its input port welded with a single-
mode fiber (SMF), a mechanical long period grating (LPG),
a mechanical rotator, and metal flat slabs. The LPG converts
the fundamental fiber mode (LPj;) to a higher-order mode
(LPy;), which is rotated to be 45° with respect to the x and
y directions. Variable pressure applied to metal flat slabs in-
duces birefringence between the x and y directions. Proper
pressure control can enable a relative +z/2 phase shift
between the projected x and y components of 45° rotated

"o 054,
"%&o B0k

® |

Fig. 7. Schematic illustration of (a) conversion from planar phase
fronts to helical ones and (b) backconversion from helical phase
fronts to planar ones using spiral phase masks loaded to the SLM.
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Fig. 8. Schematic illustration of a controllable all-fiber OAM mode
converter.

LP;; mode, resulting in the generation of OAM-carrying phase
vortex beam. Figure 9 shows measured intensity profiles of
generated output phase vortex beams and their corresponding
interferograms (i.e., interference between phase vortex
beams and a reference Gaussian beam). The number of twists
and the twist direction determine the topological charge value
of the OAM-carrying phase vortex beams. The observed
high-quality doughnut-shaped intensity profiles and twisted in-
terferograms indicate successful generation of OAM-carrying
phase vortex beams using an all-fiber device, which is com-
patible with SMF.

In addition to separate generation of either polarization vor-
tex beams or phase vortex beams, combined polarization and
phase vortex beams, e.g., OAM-carrying vector beams also
could be generated, such as the use of an integrated
compact optical vortex emitter with angular gratings inside
microrings [57,568] and metamaterials [59].

Remarkably, for communications using optical vortex mul-
tiplexing, the commonly used multiplexing devices are cum-
bersome beam splitters, which are lossy and not scalable.
Recently, mode multiplexer based on multiplane light conver-
sion [60], efficient mode sorters based on optical geometric
transformations [61,62], complex phase mask [63], Dammann
gratings [64], and fiber and photonic integrated devices [65,66]
have been proposed as promising candidates for optical
vortex (de)multiplexing.

Here we show a simple scheme to perform simultaneous
demultiplexing and steering of multiple OAM modes using
a single complex phase mask. As illustrated in Fig. 10, by

(b)

)

N

Fig. 9. Measured (a,c) intensity profiles and (b,d) interferograms
(interference with reference Gaussian beam) of the generated
(a,b) OAM _; and (c,d) OAM,; modes using an all-fiber device.
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Fig. 10. Schematic illustration of simultaneous demultiplexing and
steering of multiple OAM modes using a single complex phase mask.

Fig. 11. Measured intensity profiles for the demultiplexing of OAM
l = 46, £7, £8, +9 with circular-shaped beam steering of demulti-
plexed beams.

properly designing the complex phase mask, it is possible
to perform OAM demultiplexing and also arbitrarily steer
the propagation directions of demultiplexed beams. The com-
plex phase mask for multi-OAM (de)multiplexing and steering
is constructed by adding multiple fork phase masks (com-
bined helical phase mask and blazed grating phase mask).
Shown in Fig. 11 are measured intensity profiles for the demul-
tiplexing of OAM [ = £6, £7, £8, +9 with circular-shaped
beam steering of demultiplexed beams.

4. FREE-SPACE COMMUNICATIONS USING
OPTICAL VORTICES

The optical vortex modulation scheme and optical vortex
multiplexing technique can be both used in optical communi-
cations. Shown in Fig. 12 is the concept of free-space commu-
nications using polarization vortex modulation [42]. By
employing the experimental setup shown in Fig. 4, one can
flexibly switch the complex phase pattern loaded to the
SLM to generate different polarization vortex beams (vector
beams). The multiple orthogonal polarization vortex states
can be used to represent high-base numbers, e.g., four states
for quaternary numbers, eight states for octal numbers, and 16
states for hexadecimal numbers. The generation and transmis-
sion of a time-varying polarization vortex sequence enables
free-space data information transfer by polarization vortex
modulation. Shown in Fig. 12 is an example of polarization
vortex communications using four polarization vortex beams
to represent quaternary numbers. At the receiver side, a linear
polarizer is used to analyze and determine the states of the
received polarization vortex beams and recover the original
high-base (e.g., quaternary) number sequence.

We demonstrate the free-space image transfer through a
visible-light communication link using polarization vortex
modulation. A 64 x 64 pixels Lena gray image is used in the
experiment. The gray value (0-255) of each pixel in the gray
image has 1 byte (8 bits) information, corresponding to two
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Fig. 12. Schematic illustration of optical communications using
polarization vortex modulation.

hexadecimal numbers. Thus a 64 x 64 pixels Lena gray image
can be converted to a sequence with 8192 hexadecimal num-
bers. Each hexadecimal number is represented by one of 16
polarization vortex states. For example, as shown in Fig. 13, a
pixel of the Lena gray image contains 1 byte (8 bits) informa-
tion, i.e., two hexadecimal numbers ((147);y — (93)6), which
are mapped to two 16 states polarization vortex beams with
P =9 and P = 3, respectively. After free-space information
transfer using polarization vortex modulation, a linear polar-
izer and a camera are used for detection followed by recovery
of the received hexadecimal number sequence and corre-
sponding gray image. The transmitted and received 64 x
64 pixels Lena gray images are shown in Fig. 13. It is found
that the received image recovers the transmitted one, which
indicates the successful free-space image transfer using
polarization vortex modulation. The bit-error rate (BER)

RX: 64x64 pixels

TX: 64x64 pixels
!,ena gray image

Lena gray image

Fig. 13. Free-space 64 x 64 pixels Lena gray image transfer
through a visible-light communication link using polarization vortex
modulation.
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performance is evaluated, and zero error among 8192 hexa-
decimal numbers is observed in the experiment.

Polarization vortex beams (vector beams) also can be used
to increase the transmission data rate of free-space optical
communications via mode-division multiplexing (MDM). One
example is polarization vortex multiplexing based on a liquid
crystal g-plate [67]. In a proof-of-principle experiment, four
vector beams, each carrying a 20 Gbit/s quadrature phase-
shift keying (QPSK) (aggregate 80 Gbit/s) on a single wave-
length (1550 nm), were transmitted ~1 m with < -16.4 dB
mode cross talk. BERs for all vector beams were measured
at the 7% forward error correction (FEC) threshold with
power penalties <3.41 dB.

In addition to polarization vortex modulation and multi-
plexing, phase vortex modulation and multiplexing also can
be used in optical communications. In 2004, Gibson et al. pro-
posed and demonstrated free-space data information transfer
using light beams carrying OAM, in which eight switchable
OAM beams were generated for OAM coding/decoding [68].
OAM superposition modes transmission over a 3 km intra-city
link in Vienna under strong turbulence conditions also were
demonstrated [69]. An incoherent detection scheme was em-
ployed by directly observing the unambiguous mode-intensity
patterns on a screen with the help of a standard adaptive pat-
tern recognition algorithm. Such scheme avoided coherent
phase-dependent measurements for identifying the transmit-
ted OAM modes, which was tolerant to atmospheric turbu-
lence. Sixteen different mode superpositions were employed
for free-space data information transmission, which were
distinguishable with an average error rate of only ~1.7%.

Here we show another example of high-dimensional struc-
tured light coding/decoding (OAM-carrying Bessel beams
modulation) for free-space optical communications free of ob-
structions [70]. Shown in Fig. 14 is the schematic illustration
of optical communications using phase vortex (OAM-carrying
Bessel beam) modulation. Taking four phase vortex states for
quaternary numbers as an example, at the transmitter side,
each quaternary number corresponds to an OAM-carrying
Bessel beam with specific topological charge value (e.g.,
0—-1;,1-10,1,2 -1 and 3 - [;,3). A quaternary number
sequence is mapped to a Bessel beam pattern sequence, which
is then added to a Gaussian beam to generate a time-varying
Bessel beam sequence for free-space data information trans-
fer. After the transmission in free space, at the receiver side,
the OAM-carrying Bessel beam sequence is demodulated by
introducing the inverted spiral phase pattern. To demodulate
a Bessel beam of | = 1;,,, (n =0, 1, 2, 3), four inverted spiral
phase patterns (-l;, —l; 1, —l; 2, —l;13) are employed. It is
noted that only one specific inverted spiral phase pattern
of |l = -l;,, can remove the spiral phase front of the OAM-
carrying Bessel beam ! = [; ., and convert it to a Gaussian-like
beam with a bright spot at the beam center. The demodulation
of a Bessel beam of | = [;,,, using other inverted spiral phase
patterns of [ # -1, ,, still features doughnut-shaped intensity
profiles with null spot at the beam center. Therefore, it is
possible to determine the Bessel beam and corresponding
quaternary number after the demodulation. Similarly, for high-
order phase vortex modulation, m Bessel beams of [ =,
l=1,l=15.1=1;, can be used to represent m-base
numbers 0,1,2...m — 1, respectively. An m-ary number se-
quence is transferred to a time-varying Bessel beam sequence
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Fig. 14. Schematic illustration of optical communications using
phase vortex (OAM-carrying Bessel beam) modulation.

for free-space data information transmission. m inverted spi-
ral phase patterns (-I;,-l; 11, 2... —li1m_1) are used to
demodulate the Bessel beams one by one. Only one inverted
spiral phase pattern leads to a bright spot at the beam center.
As a result, the transmitted OAM-carrying Bessel beam
sequence can be determined, and the corresponding m-ary
number sequence can be recovered.

In the experiment, as shown in Fig. 15(a), we first use
16 OAM-carrying Bessel beams of [=-15,-13,-11...
-1,1...11,13,15 with a channel spacing of Al = 2 between
adjacent Bessel beams to code 16 hexadecimal numbers
0,1,2...7,8...13,14,15. Typical decoding results without

(a) Hexadecimal Goding #(b)Decoding for number 4 Decoding for number 7 Decoding for number 15
a ? —

Fig. 15. Measured intensity profiles for free-space data information
transfer using phase vortex (OAM-carrying Bessel beam) modulation.
(a) Hexadecimal coding. (b) Decoding for hexadecimal number 4, 7,
and 15. (¢) 32-ary coding. (d) Decoding for 32-ary number 14.
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obstruction are shown in Fig. 15(b). According to the specific
inverted spiral phase pattern used to achieve a bright spot
at the beam center, one can determine the hexadecimal num-
ber of 4, 7, and 15 in Fig. 15(b), respectively. As shown in
Fig. 15(c), we then use 32 OAM-carrying Bessel beams of
l=-16,-15,-14... -2,-1,1,2...14, 15, 16 with a channel
spacing of Al =1 between adjacent Bessel beam orders to
code 32-ary base number 0,1,2...14,15,16,17...29, 30, 31,
respectively. Typical decoding result for 32-ary base number
14 is shown in Fig. 15(d). We further measure the BER per-
formance of free-space data information transfer using phase
vortex (OAM-carrying Bessel beam) modulation. The Bessel
beam has self-healing properties, i.e., free of obstruction.
Figure 16 shows measured BERs for hexadecimal and
32-ary phase vortex modulation without and with obstruction.
It is observed that the BER for free-space data information
transfer link using hexadecimal phase vortex modulation
with Al = 2 keeps zero without and with obstruction. In con-
trast, the BER for free-space communication link using 32-ary
phase vortex modulation with Al =1 suffers performance
degradations.

For the phase vortex multiplexing, because the spatial
structure physical dimension is compatible with other well-
known physical dimensions, the combination of multiple
multiplexing techniques is always considered to facilitate the
increase of transmission capacity and spectral efficiency.
Mlustrated in Fig. 17 is the block diagram of free-space optical
communications using phase vortex multiplexing combined
with other multiplexing techniques, e.g., polarization multi-
plexing [29]. Multiple data-carrying (e.g., 16 QAM) Gaussian
beams are converted to multiple phase vortex beams (e.g.,
OAM beams) using SLM. Phase vortex multiplexing is realized
using a beam splitter or other devices, followed by other multi-
plexing techniques such as polarization multiplexing. After
free-space propagation, the transmitted data signals are
detected after polarization demultiplexing and phase vortex
demultiplexing.

Here we show recent experiments in free-space optical
communications using phase vortex (OAM beams) multiplex-
ing [71-76]. We first demonstrate free-space optical commu-
nications using 10 Gbaud 16-QAM signals over four OAM
beams (OAM_g, OAM, 19, OAM, ;5, OAM_y,). Figure 18 shows
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Fig. 16. Measured BER for free-space data information transfer us-
ing hexadecimal and 32-ary phase vortex (OAM-carrying Bessel beam)
modulation.
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Fig. 17.  Schematic illustration of free-space optical communications
using phase vortex (OAM beams) multiplexing combined with other
multiplexing techniques (e.g., polarization multiplexing).

measured intensity profiles for OAM g, OAM, 3, OAM s,
OAM_,4, superposition of four OAM beams and BER perfor-
mance. One can clearly see the doughnut-shaped intensity
profiles of OAM beams. Less than 1.2 and 2.2 dB optical
signal-to-noise ratio (OSNR) penalties at a BER of 2 x 1073
(enhanced FEC [EFEC] threshold) are observed without
(w/o0) and with (w/) cross talk. Considering 10.7 Gbaud 16-
QAM signals over four OAM beams with a 12.5 GHz band-
width, a spectral efficiency of 12.8 bit/s/Hz, and an aggregate
capacity of 171.2(4 x 4 x 10.7) Gbit/s are achieved, including
the 7% FEC overhead.
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Fig. 18. Measured intensity profiles and BER performance for free-
space communications using 10 Gbaud 16-QAM signals over four
OAM beams (four channels in total).
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We then demonstrate free-space optical communications
using 10.7 Gbaud 16-QAM signals over pol-muxed four OAM
beams (OAM,,, OAM, 5, OAM_ g, OAM, 4) (12.5 GHz grid).
The obtained results are shown in Fig. 19. A spectral efficiency
of 25.6 bit/s/Hz and an aggregate capacity of 342.4(4 x 2 x 4 x
10.7) Gbit/s are achieved, including the 7% FEC overhead.

We also demonstrate free-space optical communications
using 20 Gbaud 16-QAM signals over pol-muxed eight OAM
beams (410, +12, +14, £16) in two groups of concentric
rings (32 channels in total). Shown in Fig. 20 are the measured
intensity profile and operation performance. A spectral effi-
ciency of 95.7 bit/s/Hz and an aggregate capacity of
2.56 Thit/s are obtained. All 32 channels achieve BER less
than 2 x 1073. The average OSNR penalties for inner and outer
rings are 2.7 and 3.6 dB, respectively.

We further demonstrate free-space optical communications
using 17.9 Gbit/s orthogonal frequency-division multiplexing
(OFDM) offset QAM (OFDM/OQAM) 64-QAM signals over
pol-muxed 22 OAM modes (44 channels in total) with a band-
width of ~3.2 GHz. Figure 21 shows measured intensity pro-
files of Gaussian beam, pol-muxed 22 OAM modes, y-polarized
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Fig. 19. Measured intensity profiles and BER performance for
free-space communications using 10 Gbaud 16-QAM signals over
pol-muxed four OAM beams (eight channels in total).
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space optical communications using 17.9 Gbit/s OFDM/OQAM 64-
QAM signals over pol-muxed 22 OAM modes (44 channels in total).

OAM_34 demultiplexing and BER performance. All 44 chan-
nels achieve BER less than 2 x 10-3. A high spectral efficiency
of 230 bit/s/Hz is achieved, including the 7% FEC overhead.

Moreover, it is possible to keep increasing the spectral ef-
ficiency by exploiting the N-dimensional multiplexing tech-
nique. Shown in Fig. 22 is the schematic illustration of
N-dimensional multiplexing for increased spectral efficiency.
OAM multiplexing, PDM, Nyquist pulse shaping (Nyquist
m-QAM signal) are used to enable tremendous increase
of spectral efficiency. In the experiment, we demonstrate

OAM Multiplexing Polarization-Division Multiplexing
S [ans Ny (PDM)

OAM+3 OAM+g OAM+9

N-dimensional multiplexing
for increased spectral efficiency

Nyquist m-QAM Signal

Fig. 22. Schematic illustration of N-dimensional multiplexing for
increased spectral efficiency (OAM multiplexing, PDM, Nyquist
m-QAM signal).
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Fig. 23. Schematic illustration of N-dimensional multiplexing for
increased transmission capacity and spectral efficiency (OAM multi-
plexing, PDM, WDM, multicarrier multilevel modulation signal).

free-space optical communications using Nyquist 32-QAM sig-
nals over pol-muxed 52 OAM modes and achieve an ultrahigh
spectral efficiency of 435 bit/s/Hz.

Remarkably, phase vortex multiplexing also can be com-
bined with the WDM technique to increase spectral efficiency
and transmission capacity of optical communications. Using
100 Gbit/s QPSK signals over pol-muxed 12 OAM modes each
carrying 42 wavelengths, Huang et al. demonstrated free-
space optical communications with a total transmission
capacity of 100.8 Tbit/s. Shown in Fig. 23 is the schematic
illustration of N-dimensional multiplexing for increased
transmission capacity and spectral efficiency. OAM multiplex-
ing, PDM, WDM, and a multicarrier multilevel modulation
(OFDM-mQAM) signal are used to facilitate increase of trans-
mission capacity and spectral efficiency. In the experiment,
using N-dimensional multiplexing (OAM, PDM, WDM,
OFDM-mQAM), i.e., 54.139-Gbit/s OFDM-8QAM signals over
368 WDM pol-muxed 26 OAM modes (+6, +9, £12, +15,
+18, +£21, £24, £27, £30, £33, £36, £39, £42), we demon-
strate free-space optical communications with a total trans-
mission capacity of 1.036 Pbit/s and an aggregate spectral
efficiency of 112.6 bit/s/Hz.

5. FIBER COMMUNICATIONS USING
OPTICAL VORTICES

As well-known optical vortex is not supported in conventional
SMF. For the guiding and transmission of optical vortex in
fiber, the possible candidates include FMF, multimode fiber,
and other special fibers [77-88]. Remarkably, different mode
sets can be used in optical communications, such as polariza-
tion vortices and phase vortices (LG beams, Bessel beams) in
free space, eigenmodes and LP modes in fiber. Actually, differ-
ent mode sets could be converted to each other. For example,
the linear combination of TMy, TEy, HEJM, and HES"
eigenmodes could give LP;; modes. Meanwhile, linearly or cir-
cularly polarized OAM modes (phase vortex) also could be
obtained by the linear combination of TMy;, TEy, HE,
and HES®™" eigenmodes in fiber. Therefore, similar to other
mode sets in fiber, one also can use OAM modes in fiber
optical communications.

In weakly guiding fiber, different OAM modes have rela-
tively small effective refractive index difference, and they
are easy to couple to each other. Thus the mode cross talk
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among different OAM modes is unavoidable during long-
distance fiber propagation. As a consequence, for OAM
multiplexing and transmission in weekly guiding fiber, equali-
zation method such as multiple-input multiple-output (MIMO)
digital signal processing (DSP) is needed, which is similar to
LP mode multiplexing in FMF. Huang et al. demonstrated
OAM modes multiplexing and transmission through 5 km
FMF using 20 Gbit/s PDM-QPSK signals over OAM_; and
OAM, | modes [77]. Channel cross talk was mitigated using
4 x 4 MIMO DSP with less than 1.5 dB power penalties at a
BER of 2 x 1075,

In order to reduce mode cross talk and implement MIMO-
free OAM multiplexing and transmission in fiber, Zhu et al.
proposed a new kind of vortex fiber [79]. It has an annular
high-index ring with high-index contrast to help with mode
stability. It addresses the instability problem by lifting the
near-degeneracy of TMy;, TE,;, and HE,; modes. As a result,
the difference of effective refractive index (nq) is larger than
1.8 x 107%. By using this annual high-index ring vortex fiber,
MIMO-free stable transmission of 80 Gbit/s 16-QAM over
two OAM modes on 10 wavelengths (1.6 Tbit/s) through
1.1 km fiber was demonstrated in the experiment [32]. To fur-
ther increase the number of supported OAM modes, air-core
fiber is designed, fabricated, and optimized [81,82]. Large ef-
fective refractive index difference enables stable OAM propa-
gation. In addition to air-core fiber, some other kinds of
special fiber also can support stable OAM modes (i.e.,
negligible mode cross talk), such as inverse-parabolic graded-
index fiber [83]. Such fiber also offers large effective refrac-
tive index separations between modes (>2.1 x 107%).

We also propose several kinds of special fiber, which could
support stable multiple OAM modes [84-86]. Shown in Fig. 24
is a multi-OAM multiring fiber. It consists of seven rings, each
supporting 22 modes with 18 OAM ones. The employed high-
contrast-index ring structure benefits tight light confinement
and large effective refractive index difference of different
OAM modes (>107%), featuring both low-level inter-ring cross
talk and intermode cross talk over a wide wavelength range
(1520-1580 nm). Shown in Fig. 25 is an improved compact
(130 pm cladding diameter) trench-assisted multi-OAM multir-
ing fiber with 19 rings, each supporting 22 modes with 18 OAM
ones. Using the high-contrast-index ring and trench designs,
the trench-assisted multi-OAM multiring fiber features both
low-level intermode cross talk and inter-ring crosstalk within
a wide wavelength range (1520-1630 nm). Shown in
Fig. 26 is a multi-OAM multicore supermode fiber. It consists
of equally spaced and circularly arranged multiple cores, in
which the core pitch is small enough to support strong
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Fig. 24. Schematic illustration of multi-OAM multiring fiber.
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Fig. 26. Schematic illustration and simulated intensity/phase distri-
bution of multi-OAM multicore supermode fiber.

coupling OAM supermodes. The designed multi-OAM multi-
core supermode fiber could transmit multiple OAM modes
with favorable performance of low mode coupling, low non-
linearity, and low modal dependent loss.

Here we show an example of fiber optical communications
using optical vortex modulation [87]. As shown in Fig. 27, at
the transmitter, four modes (LPy;, LP;y,, LP11, and OAM_;)
are converted from a Gaussian beam using four specific
phase patterns loaded to the SLM. Note that four modes
can be used to represent quaternary numbers (0 — LPy;,
1 - LPyy,, 2 — LP;y, and 3 - OAM_;). Thus a quaternary
number sequence can be encoded to a time-varying mode
sequence for data information transfer in an FMF. After the
FMF transmission, at the receiver, the mode sequence is re-
corded by a camera for analyses. The four transmitted spatial
modes (LPy;, LPyy,, LPy;, and OAM_;) have different intensity
distributions. Therefore, one can decode and determine the
quaternary number sequence by measuring the intensity dis-
tributions of time-varying mode sequence. Using such fiber
communications link based on four spatial modes (LPy,
LP;y4, LP;y, and OAM_;) modulation, successful image trans-
fer through a 1.1 km FMF is demonstrated in the experiment.

For fiber optical communications using optical vortex mul-
tiplexing, here we show a proof-of-concept experiment of hy-
brid MDM and TDM passive optical network (PON) using
OAM modes [88]. Figure 28 illustrates OAM-based MDM-
TDM-PON architecture. For the downstream link [optical line
terminal (OLT) to optical network unit (ONU)], TDM signals
from several transmitters (7x1...TxN) are converted to OAM
modes for OAM multiplexing at the OLT side. After propa-
gating through the FMF, OAM demultiplexing is followed.
The OAM mode demultiplexed channels are sent into
SMF, and signals within specific time slots are received by
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Fig. 27. Schematic illustration of fiber optical communications using
modes modulation (LPy;, LPy,,, LP;;;,, and OAM_,).

each ONU. The ONUs in one group share a downstream OAM
mode, and different ONU groups correspond to different
downstream OAM modes. For the upstream link (ONU to
OLT), multiuser access to the transmission link is achieved
by assigning different time slots to different users (a group
of ONUs) in a TDM way. Different groups of ONUs carrying
different OAM modes are combined together through OAM
multiplexing in an MDM way. After propagation through
the FMF, upstream signals from different ONU groups are
separated by OAM demultiplexing, followed by each ONU sig-
nal detection at the OLT side in specific time slots.

ONU

Mode 1
Group 1

User

Mode N
Group N

User

Fig. 28. Schematic illustration of the proposed OAM-based MDM-
TDM-PON architecture (hybrid OAM multiplexing and TDM PON).
ODN, optical distribution network; Mux/Demux, multiplexing/
demultiplexing; OC, optical coupler.
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The employed 1.1 km FMF in the experiment is a conven-
tional circular core optical fiber with a step index profile. The
radii of the fiber core and cladding are 7., = 6.35 pm and
Tdadding = 62.5 pm, respectively, as shown in Fig. 29(a). The
relative refractive index difference (A = (n; —ny)/ny) be-
tween the fiber core (n;) and cladding (n,) is A = 0.377%.
The normalized frequency V of the fiber is 3.23, as shown
in Fig. 29(b). Six eigenmodes (HESY™, HES{, TE;, TMy,,
HES}", HESM) are supported in the designed and fabricated
FMF, which are divided into two mode groups with relatively
large effective refractive index difference (>2.3 x 10~3) be-
tween the mode group 1 (HE*", HE¢{Y) and mode group 2
(TEq;, TMy;. HESY®", HES3) as shown in Fig. 29(c). Right
circularly polarized OAM,; (OAMZ%,) and OAM_; (OAMF))
modes and left circularly polarized OAM,, (OAMﬁl) and
OAM_; (OAME)) modes can be achieved through proper linear
combinations of eigenmodes in mode group 2. In the OAM-
based MDM-TDM-PON experiments, OAM?  and OAMZ,
modes are employed.

Figure 30 shows the complex phase patterns used to gen-
erate OAM_; and OAM_; modes, measured input and output
OAM intensity profiles, and interferograms. One can clearly
see the high-quality output OAM modes, indicating that OAM
multiplexing transmission in a 1.1 km FMF is successfully
demonstrated with favorable transmission performance.

We also measure the BER curves to evaluate downstream
and upstream link performance of the OAM-based MDM-TDM-
PON. As shown in Fig. 31, bidirectional transmissions with
2.5 Gbaud four-level pulse amplitude modulation (PAM-4)
downstream and 2 Gbaud OOK upstream are demonstrated
in the experiment. The observed OSNR penalties for down-
stream and upstream transmissions at a BER of 2x 1073
are less than 2.0 and 3.0 dB, respectively.
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Fig. 29. (a) Cross section of the FMF. (b) Relative refractive index
profile (step-index) of the FMF. (¢) Supported six eigenmodes in two
mode groups of the FMF.
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Fig. 30. (a) Complex phase patterns for the generation of OAM,
and OAM_; modes. (b) Measured intensity profiles and interferograms
for input OAM modes. (c) Measured intensity profiles and interfero-
grams for output OAM modes after 1.1 km FMF transmission.
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6. DISCUSSION

The optical vortex (polarization vortex, phase vortex) has at-
tracted increasing interest in free-space and fiber optical com-
munications and interconnects. As an alternative mode set, it
offers another possible approach to increase the transmission
capacity and spectral efficiency by exploiting optical vortex
modulation and optical vortex multiplexing. Despite recent
advances, there are still lots of challenges to develop optical
communications using optical vortices.

For the generation and detection of polarization vortices
and phase vortices, photonic integrated devices are of great
importance. Although there have been some works on pho-
tonic integrated devices with compactness, they are not com-
petitive to commercially available SLM in terms of
reconfigurability and efficiency. A valuable goal would be
to design, model, and fabricate ultracompact, reconfigurable,
broadband, and efficient photonic integrated devices for gen-
erating and detecting optical vortices.

For the optical vortex modulation, the modulation speed is
challengeable. The commercially available SLM has limited
response time. Optical vortex modulation based on SLM is
much slower compared with traditional modulation schemes
(e.g., OOK, m-QAM) using lithium niobate waveguides. Thus it
is valuable to develop high-speed spatial light modulation
schemes and devices.

For the optical vortex multiplexing, the great challenge is
scalable and efficient (de)multiplexing techniques and devi-
ces. Moreover, it is also highly desired that the optical vortex
(de)multiplexer is compatible with existing optical communi-
cation systems, such as the compatibility with SMF. Similar to
the WDM technique and device in a traditional fiber optical
transmission system, scalable, efficient, and compatible opti-
cal vortex (de)multiplexer would play a key role in optical vor-
tex communications and interconnects.

For the optical vortex communication link, comprehensive
characterization of linear and nonlinear free-space and fiber
link performance is important [89,90]. In a free-space optical
vortex transmission link, diffraction, scattering, divergence,
obstacle, and atmospheric turbulence could degrade the
transmission performance. Low-density parity-check codes
[91] and adaptive optics could provide possible solutions
[92,93]. Moreover, MIMO DSP [77] could help to mitigate
mode coupling and cross talk. In a fiber optical vortex trans-
mission link, loss, mode cross talk, dispersion, and non-
linearity could degrade the transmission performance and
limit the propagation distance. Mode cross talk mitigation
techniques in traditional FMF and multimode fiber and im-
proved design and fabrication of special fibers are potential
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solutions. Meanwhile, optical vortex fiber amplifiers also are
challengeable.

In addition to optical transmissions using optical vortex
modulation and multiplexing, another important theme of
optical communications is optical processing. So far various
optical vortex processing techniques have been reported, in-
cluding optical vortex exchange [29,94], optical vortex switch-
ing [95], optical vortex add/drop [96], optical vortex mode
filter [97], optical vortex conversion [98], and optical vortex
multicasting [99-103]. More grooming optical vortex process-
ing techniques are expected to facilitate robust optical
communications using optical vortices. Beyond optical com-
munications using optical vortices, because OAM (i.e., phase
vortex) is a natural property of all electromagnetic waves hav-
ing spiral phase fronts, it is also possible to develop radio and
microwave communications using OAM [104,105].

7. CONCLUSION

An optical vortex is an isolated zero intensity point of an op-
tical field. Polarization vortex with polarization singularity
and phase vortex with phase singularity are two typical exam-
ples of optical vortex. The former features spatially variant
polarizations such as radially polarized beam and azimuthally
polarized beam with cylindrical symmetry in polarizations,
while the latter has a spiral phase front such as LG beam,
Bessel beam, and other OAM-carrying beams. Optical vortex
is linked to the spatial structure physical dimension of light
waves, which has been widely exploited to increase the trans-
mission capacity and spectral efficiency of optical communi-
cations. In this paper, we highlight recent advances in optical
communications using optical vortices (polarization vortices
and phase vortices). We first introduce basic definitions and
properties of polarization vortex and phase vortex. We then
describe basic concepts of optical communications using
polarization vortex modulation, polarization vortex multiplex-
ing, phase vortex modulation, and phase vortex multiplexing.
We also present key techniques of polarization vortex and
phase vortex generation and (de)multiplexing. After that,
we report recent works on free-space and fiber optical com-
munications using polarization vortex modulation and multi-
plexing as well as phase vortex modulation and multiplexing.
We further discuss the challenges and future perspectives
of optical communications using optical vortices, including
ultracompact, reconfigurable, broadband, efficient photonic
integrated devices; high-speed spatial light modulation schemes
and devices; scalable, efficient and compatible optical vortex
(de)multiplexers, characterization of linear and nonlinear
free-space and fiber link performance, and grooming optical
vortex processing. We believe optical vortices would find
wider promising applications in free-space and fiber optical
communications and interconnects.
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