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1.1 Electromagnetic Fields Carry Orbital Angular Momentum

Angular momentum is the rotational equivalent of linear momentum. An object moving in a
straight line carries linear momentum. Along with its linear motion, an object can also rotate in
two distinct ways. A spinning object carries spin angular momentum (SAM) and an orbiting object
carries orbital angular momentum (OAM), with Earth being an interesting example for consider-
ation. The analogy between the angular momentum of a moving object and the electromagnetic
wave’s angular momentum is shown in Figure 1.1. Earth’s spinning is associated with SAM; Earth’s
orbital motion around the sun is linked to OAM. Electromagnetic beams may also carry these two
types of momenta. If the electric field vector rotates along the beam axis, the beam has SAM; if the
electromagnetic field’s wavefront is twisting, with the wave vector forming a helix, the beam
has OAM.

The history of angular momentum dates back to the early twentieth century. The SAM of
light was theoretically studied for the first time by Poynting in 1909 [1] and experimentally
studied by Beth in 1936 [2]. SAM is intrinsic, since it does not depend on the choice of
an axis, and it is only polarization dependent. If s is the SAM mode number, then s = +1
corresponds to right- and left-hand polarized waves, and s = 0 corresponds to linearly polar-
ized waves. Although the experimental demonstration of the exchange of angular momentum
between circularly polarized beams and matter was performed more than 80 years ago, the
work associated with light’s angular momentum has been almost exclusively concerned
with SAM.

It was not until 1992 that Allen et al. [3] showed that helically phased beams with a phase term
A (where j = v/ =1 is the imaginary unit, [ is the OAM mode number, and ¢ is the azimuthal
angle) carry OAM. The wavefront of an OAM beam is a spiral; the phase twists around the beam
axis and changes 2xl after a full turn. Unlike SAM, OAM is linked to spatial distribution rather than
polarization. OAM is extrinsic, since it depends on the choice of the calculation axis. The angular
momentum is the composition of SAM and OAM, such that the angular momentum mode number
isj=s+1

Electromagnetic Vortices: Wave Phenomena and Engineering Applications, First Edition.
Edited by Zhi Hao Jiang and Douglas H. Werner.
© 2022 The Institute of Electrical and Electronics Engineers, Inc. Published 2022 by John Wiley & Sons, Inc.



4| 1 Fundamentals of Orbital Angular Momentum Beams

Spinning object
carries SAM

Earth’s spin
Orbiting object
carries OAM
(©) (d)
. . Circularly polarized OAM-carrying
pla(r:wgc\:géycrglr?:szgiM D wave carries both SAM_and OAM
but no OAM 2 e T ™

)‘\ A Electric field
e \ vector E
\ Electric field vector E St rotates along
PP rotates along the straight a spiral beam axis

beam axis

Beams with helical

Beam with planar wavefront
wavefronts carry

does not carry OAM

OAM
.\
= Y
= ——  Wave vector s
— —, is straight

B = Wave vector
= = is twisted and
S forms a spiral

Figure 1.1 Analogy between moving object’s and electromagnetic wave’s angular momentum: (a) Earth spins
and carries SAM; (b) Earth orbits around the sun and carries OAM; (c) a circularly polarized wave carries SAM; the
electric field vector rotates along a straight beam axis; (d) a circularly polarized OAM-carrying wave carries both
SAM and OAM,; the electric field vector rotates along a spiral beam axis; (e) beam with planar wavefront; the
wavevector is straight; (f) OAM-carrying beams with spiral wavefront; the wavevector is twisted.

1.2 OAM Beams; Properties and Analogies with Conventional Beams

Helically phased beams exhibit two unique properties: (i) the orthogonality of different OAM modes
and (ii) the OAM beam divergence. As we will discuss in Section 1.3, the infinite number of orthog-
onal OAM modes provides an additional set of data carriers, thus OAM has the potential to increase
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the capacity and spectral efficiency of wireless communication links [4]. The beam divergence can
be advantageous for applications that require cone-shaped patterns, such as satellite-based naviga-
tion and guidance systems that serve moving vehicles [5] but may also pose a challenge for long-
distance communication links [6]. In the subsequent paragraphs, these two peculiar features are
explicated, and a comparative study between conventional and OAM beams is performed to under-
line their differences.

The first characteristic property of OAM beams is the orthogonality of distinct OAM modes. In
general, the electric field of an OAM beam can be written as:

E(p,$,z) = A(p,2)e", (1.1)

where p is the radial distance, ¢ is the azimuthal angle, and z is the propagation distance in the
cylindrical coordinate system. There exist various subsets of OAM-carrying beams, for example
Laguerre-Gaussian [3], Bessel-Gaussian [7], hypergeometric-Gaussian [8], vector vortex [9],
and other beams [10]. The radial distribution A(p, z) in Eq. (1.1) defines the special subset among
all OAM-carrying beams. All the previous beams carry the ¢ term, which gives rise to an OAM
mode of l-order. If we consider the electric fields E;(p, ¢, ), Ex(p, ¢, 2) of two OAM beams with
modes 1, I, and radial distributions A;(p, z), A(p, 2), the following orthogonality relation is sat-
isfied [11]:

if [ l
B D3 2) = rhAl (1.2)

P21
J { Alp,2)A5(p,2) ifh =1
where the asterisk (*) denotes the complex conjugate. It follows that: (i) there is an infinite number
of OAM modes, with each mode identified by the mode number [, and (ii) the infinite set of OAM
states forms an orthogonal basis.

The second special feature of OAM beams is the beam divergence. The far-field signature of the
helical wavefront is an amplitude null at the phase vortex center. Accordingly, the null size can be
described in terms of a divergence angle, which represents the angle from the null to the maximum
gain [12]. As the OAM beam travels through space, the radius of the ‘dark zone’ around the ampli-
tude null in the center of the beam increases.

1.2.1 Laguerre-Gaussian Modes

In general, an OAM-carrying beam could refer to any beam that carries the ¢'# term, regardless of
the radial distribution A(p, z) in Eq. (1.1). The Laguerre-Gaussian modes are a special subset among
all OAM-carrying beams that are cylindrically symmetric solutions to the paraxial wave equation in
the cylindrical coordinate system [3]. The Laguerre-Gaussian modes are chosen to be presented
because they are one of the most popular examples of OAM-carrying beams (see, for
example [13-18]), and a general OAM-carrying beam can be expanded in a complete basis of
Laguerre-Gaussian modes [11, 19, 20]. The electric field of a linearly polarized Laguerre-Gaussian
beam at z =0 can be written as [3, 5]:

If
— 2p' ELG p\/z 2 /2 2p2 PN
ELG 0,7 = 0) = . o (FV= e_/) /w, Llll - e_]l¢x, 1.3
(. 2=0) \/7:(p+|l|)!wg Wy o w; (13)

where p and ¢ are the radial and azimuthal coordinates in the cylindrical coordinate system; E5C is
a complex amplitude coefficient, l and p are integers known as azimuthal and radial mode numbers,
Wy is the equivalent beam waist that can be related to the antenna aperture diameter D (refer to [5]
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and Appendix 1.A for more details) and is equal to the half-width of the normalized aperture field
amplitude at 1/e controlling the transverse extent of the beam, Li,(-) is the associated Laguerre pol-
ynomial [21]:

1., ,d , _ P p+1
L;(x)zae"x ldxp et = Y (= ( )m! (1.4)

where the binomial coefficient is [21]:

(%) = 13

when k < n and is zero when k > n. For | = 0, the Laguerre-Gaussian beam carries no OAM since
the phase term e7'? vanishes. For any other [, the field carries the phase term e, which
gives rise to an OAM state of —I-order. The normalized electric field intensity distributions of
Laguerre-Gaussian beams with different azimuthal and radial modes [ and p are shown in
Figures 1.2 and 1.3. It can be observed that the number of side lobe intensity rings is equal to
the integer p. For the same p, the null size (i.e. the divergence angle) increases as the azimuthal
mode number [ increases.

The far-field features of Laguerre-Gaussian beams were studied in [5]. The far-field expression
can be found from Eq. (1.3) using the aperture field method [5] (see Appendix 1.A for the proof ):

LG —]kgr . ~
JkOET (6 cos ¢p — ¢ cos Osin ) wy(—1)P(—j)'
T

5 iﬂl‘)ll 5 ( n (1) \%) |l|e_\y2/4LLll <‘P?2)e—jl¢

and ¥ = kow, sin 0 (ko = 2n/M is the free-space wavenumber). Equation (1.6) is a cone-shaped pat-
tern with azimuthal symmetry. Note that the electric field maintains the phase term e in the far-
field. This is a general characteristic of OAM fields (for example, the same feature is observed for the
case of Bessel-Gaussian beams [5]) and a proof can be found in Appendix 1.A. The far-field expres-
sion for the Laguerre-Gaussian mode with p = 0 can be simplified as:

B e o5 poos st ANENE VLAWY
( 0,¢) = s (0 cos ¢ — ¢ cos @'sin p)wy( —j) T x4 e e .

For the dominant radial mode p = 0, the far-field expression Eq. (1.7) peaks at the elevation
angle of:

w=$(ﬁﬂg (1.7)

k()Wg

7 (r0,¢) =
(1.6)

Equation (1.7) shows that the cone angle depends both on the azimuthal mode number [ and the
beam waist (i.e. aperture diameter, as was shown in [5]). For constant J, the cone angle decreases as
we increase the beam waist wg, i.e. the aperture diameter. For constant wg, the cone angle increases
as we increase the mode number L.

In what follows, a comparison between two classes of beams is carried out. The first is the con-
ventional Airy disk, and the second is the OAM-carrying Laguerre—Gaussian beam. The Airy disk
pattern is produced by a circular aperture with uniform amplitude and phase-field distributions and
it is a common and useful model in the design of conventional aperture-type antennas, such as
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Figure 1.2 Normalized aperture field intensity distributions versus p/w, of Laguerre-Gaussian beams with
different azimuthal and radial modes [ and p. The number of side lobe intensity rings is equal to the
integer p. For the same p, the null size (i.e. the divergence angle) increases as the azimuthal mode number
L increases.
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Figure 1.3 Normalized aperture field intensity line cuts of Laguerre-Gaussian beams with different azimuthal
and radial modes [ and p.
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reflectors. The far-field electric field of the Airy disk pattern can be written as (see Appendix 1.A for
the proof ):
_ jkoEgPa*e ik J1(koasin 0)

E‘gD(r,H,qﬁ) =200 —~  (Acos¢— pcosBsin ) keasing

= (1.8)

. . . . 27 .
where ES‘D is a constant; J; is the first-order Bessel function of the first kind; ky = - is the free-

space wavenumber; D is the aperture diameter, and a = D/2 is the radius of the aperture.

What are the fundamental differences between conventional and OAM beams? In the near-field
region, the aperture phase of the Airy disk is uniform and the wavefront is planar. The Airy disk can
be produced by a uniformly illuminated circular aperture antenna, such as a parabolic reflector
antenna [22]. On the other hand, Laguerre-Gaussian modes can be produced by helicoidal reflector
antennas [23]. The aperture phase of Laguerre-Gaussian modes twirls around the beam axis and
changes 2nl after a full turn (I is the OAM mode number), resulting in a spiral wavefront. Figure 1.4
illustrates the analogies and antitheses between these two types of beams.

Near-field Near-field Far-field
aperure phase wavefronts radiation patterns
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Figure 1.4 Comparison between conventional and OAM beams. A uniformly illuminated circular aperture
produces a planar wavefront in the near-field and a highly directive far-field radiation pattern. An OAM-
carrying Laguerre-Gaussian beam with mode number [ produces a spiral wavefront in the near-field and a
cone-shaped far-field pattern with an amplitude null at the phase vortex center. The OAM beam
divergence increases for larger L.
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The far-field characteristics of the Airy disk and the Laguerre-Gaussian beam are remarkably
different. For the Airy disk case, the manifestation of the uniform aperture phase and the planar
wavefront is a highly directive far-field pattern with the maximum gain at the axis of symmetry of
the antenna. The locus of the points with constant phase in the far-field, i.e. the far-field wavefront S
of the Airy disk, can be found from Eq. (1.8):

SAD = kor, (19)

which describes a spherical wavefront. The gradient of the wavefront gives the direction of the
wavevector (i.e. the geometrical optics ray direction):

VSAD = ko;’ (110)

For the Laguerre-Gaussian beam, the far-field signature of the vortex phase is a cone-shaped pat-
tern with an amplitude null at the center. The locus of the points with constant phase in the far-field
can be found from Eq. (1.6) and is described by the following equation:

Sre = kor + 19, (1.11)

which describes a twisted wavefront, as shown in Figure 1.5. Note that the first term is frequency
dependent similar to Eq. (1.10). The gradient of the wavefront (i.e. the wavevector direction) is:

o 1 Lo
VSic = kol + ¢rsin6 = ko {"4‘ ¢m]- (1.12)

Unlike the wavevector of the Airy disk, the wavevector of a Laguerre—Gaussian beam has a radial
and azimuthal component. Note that for very large distances compared to the wave-
length (kor — ),

VSig~kor, for kor — o. (1.13)

In other words, the wavefront of a Laguerre-Gaussian modes at very large distances compared to
the wavelength, i.e. in the very far-field, resembles a spherical wavefront, as shown in Figure 1.5.

An immediately remarkable trait of the cone-shaped far-field pattern is the reduced directivity
compared to the conventional beam counterpart. The Airy disk pattern is a highly directive far-field
pattern with 100% aperture efficiency. A Laguerre-Gaussian mode with [ = 1, aperture diameter D,
and beam waist wy = 0.415D has an aperture efficiency of 50%. As a result, an antenna with an
aperture that is twice as large compared to the conventional counterpart is required to maintain
the same directivity level. Figure 1.6 shows the directivity of the Airy disk pattern and the first-order

Figure 1.5 Far-field wavefront of (a) Airy disk and (b, c) Laguerre—Gaussian modes. The wavefront of the Airy
disk is spherical and the wavefront of Laguerre-Gaussian modes is twisted; (c) at very large distances compared
to the wavelength (kor — o), the wavefront of Laguerre-Gaussian approaches a spherical wavefront.
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Figure 1.6 Normalized directivities of the Airy disk pattern with aperture diameter D = 4\ and the Laguerre-
Gaussian mode with mode number [ =1, same aperture diameter D, and beam waist w,; = 0.415D. The directivity
of the Laguerre-Gaussian beam is 3 dB less than the Airy disk pattern for this choice of D and w,. The curves are
normalized to the maximum directivity of the Airy disk pattern.

Laguerre-Gaussian beam for D = 4\ and w, = 0.415D, normalized to the maximum directivity of
the Airy disk pattern. The directivity of the Laguerre-Gaussian beam is 3 dB less than the Airy disk
pattern of the same aperture size. Another distinctive characteristic is the beam divergence; the
larger the OAM mode number, the larger the cone angle of the beam. That is, higher-order
OAM modes diverge more rapidly with propagating distance.

To provide further insight in the OAM field distribution at various distances far from the antenna,
we studied the changes of amplitude pattern shape from the reactive near-field toward the far-field.
The first case of study is a conventional reflector antenna with a uniform aperture phase and —10
dB edge taper. The aperture field distribution is modeled using the two-parameter (2P) model [22,
eq. (16)] (for more details see Appendix 1.A), and the field at various distances is calculated using
the Fresnel-Kirchhoff diffraction integral [24]. The second case of study is a helicoidal reflector
[23]. The aperture field is modeled using the [22, eq. (16)] multiplied by the phase term eI,
for I = 1. The aperture diameter for both cases is D = 10A. The changes of amplitude pattern shape
from the reactive near-field toward the far-field for the two cases is shown in Figure 1.7. The pattern
is calculated at r = 4.9), 24, 8000\ corresponding to the reactive near-field, radiating near-field and
far-field regions [25]. It can be observed that the amplitude null at the vortex center is maintained at
all distances.

1.3 Communicating Using OAM: Potentials and Challenges

The observation that OAM-carrying beams exhibit two unique properties compared to conven-
tional beams, namely, the orthogonality and divergence, gives rise to the following question:
Can OAM beams’ unique characteristics potentially benefit communication links? We demonstrate
that the answer is ‘yes,” albeit there are still many challenges to overcome before OAM is employed
in a practical application. Inspired by this question, we examine possible communication scenarios
that involve OAM antennas, review potential applications of OAM beams in communication sys-
tems, and discuss technical challenges.
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Figure 1.7 Changes of amplitude pattern shape from the reactive near-field toward the far-field for (a) a
conventional antenna and (b) an OAM antenna. The dimensions are D = 10A and the pattern is calculated
at r=4.9), 24, 8000A corresponding to the reactive near-field, radiating near-field and far-field regions.

1.3.1 OAM Communication Link Scenarios and Technical Barriers

In general, there are two communication links that involve OAM antennas, as shown in Figure 1.8.
In the first scenario, an OAM antenna establishes a communication channel with a conventional
antenna (the OAM antenna can be transmitting or receiving signals). This case is no different than
the classical counterpart, where two conventional antennas are utilized. The link budget is calcu-
lated using the classical Friis transmission formula based on the directional properties, distance in
terms of wavelength, and orientation of the antennas [26]:

PR _ <L>2GT(9t,¢t)GR(er,¢,), (1.14)

Pr ~ \4nd

where Pr and Pr are the received and transmitted powers, respectively, A is the operating wave-
length, d represents the link distance, G{8,, ¢;), Gr(0,, ¢,) correspond to the gains along the trans-
mitting T and receiving R antennas direction; antennas polarization mismatch is neglected for
simplicity. The figure of merit of this communication link is the received power (i.e., signal-to-noise
ratio) at the antenna terminals.

11



12

1 Fundamentals of Orbital Angular Momentum Beams

(@)

OAM
antenna

Conventional

antenna
[T |
|
| OAM possible :
I communication | (b)
{ links !
OAM OAM
antenna Received antenna

Initial beam
/ beam 4
G_"_ Free-space
O _____ Propagation
i,

Figure 1.8 OAM possible communication links: (a) OAM to the conventional antenna. The figure of merit is the
received power, which is calculated using the classical Friis transmission formula [26]. Source: Based on Friis
[26]; (b) OAM to OAM antenna. The figures of merit are the received power and the detected OAM mode purity,
which are calculated using the generalized Friis transmission equation [27]. The OAM beam divergence poses a
challenge for far-field communication distances. A large receiving aperture is required. Source: Based on Cho
and Byun [27].

In the second scenario, two OAM antennas that are facing each other constitute the communi-
cation link. The transmitting antenna generates an OAM beam of mode number [, which propa-
gates in free space and is detected by another OAM antenna. The performance of this particular link
is characterized by the received power (i.e., signal-to-noise ratio) as well as the detected OAM mode
purity; a generalized Friis transmission equation that accounts for both the received power and the
mode purity has been developed in [27]. A large receiving aperture is required for two reasons. First,
a limited aperture would lead to power loss due to the central intensity drop of nonzero OAM
modes. A series of recent studies has shown that the power loss penalty increases for larger
OAM modes (larger OAM modes diverge more rapidly with propagating distance) [28-31]. Second,
a substantial portion of the transmitted wavefront should be captured at the receiver endpoint to
detect the OAM phase information and accurately estimate the mode number .

An OAM-based communication link presents unique challenges that are related to the OAM
beams’ inherent characteristics, such as the beam divergence. Ideally, a large and perfectly aligned
receiving aperture would capture the full OAM beam, as shown in Figure 1.9. The requirement to
collect enough power of the divergent OAM beam with a very large aperture (compared to wave-
length) significantly limits the achievable distance of OAM communication links [32], especially for
the radio frequencies, where the wavelengths are longer compared to optical frequencies. In par-
ticular, Refs. [33-35] question the possibility of using OAM antennas in long-distance communi-
cation links. They highlight that to achieve a realistic signal-to-noise ratio at the receiver endpoint,
the physical size of the receiving antenna becomes impractical. The impact of the finite receiving
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Figure 1.9 OAM communication challenges: (a) receiving with a perfectly aligned and full receiving aperture,
(b) receiving with a limited-size aperture causes power loss of the detected mode, (c) receiving with a
misaligned aperture, and (d) atmospheric turbulence causes power leakage in adjacent modes.

aperture size and the misalignment (lateral and angular) between the transmitter and the receiver
on the performance of an optical OAM communication link was investigated in [36]. In principle,
when a finite-size receiving aperture is used, power loss of the detected mode occurs (see
Figure 1.9). Receiving an OAM beam with misalignment would cause power leakage in the neigh-
boring modes and inter-mode crosstalk [37].

Another critical challenge for a practical OAM-communication link is the atmospheric turbu-
lence. Temperature and pressure fluctuations in the atmosphere result in spatial changes in the
refractive index. The propagation of optical OAM beams in the turbulent atmosphere has been
numerically modeled in [38-40] and experimentally investigated in [41-45]. The main conclusion
is that atmospheric turbulence leads to wavefront distortion and significant system performance
degradation. Atmospheric turbulence impacts more OAM beams in optical frequencies than radio
frequencies [32]. As the turbulence strength increases, the power of the transmitted OAM mode
starts to leak to neighboring modes and tends to be equally distributed among modes for strong
turbulence [46].

The multipath propagation phenomenon in wireless communication links using OAM is
another factor that affects the system performance. The analysis, simulations, and measure-
ments of multipath effects in a millimeter-wave communication link using OAM multiplexing
at 28 GHz were presented in [47]. A schematic of multipath effects of an OAM channel caused
by specular reflection from a parallel ideal reflector (ground plane) that is placed at distance h
below the transmitting antenna is shown in Figure 1.10. From image theory, the reflected
beam can be seen as an OAM beam of an opposite mode number (the reflection changes
the sign of the OAM mode) that is placed at a distance h below the ground plane. As a result,
the receiver antenna will not only receive an OAM beam with an OAM number of [ from the
original transmitter but also a reflected beam with an OAM number of —I from an offset link.
Ref. [47] showed that an OAM channel with a higher OAM number [ tends to suffer more
from both strong intra-channel crosstalk and strong inter-channel crosstalk with other
OAM channels.
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Figure 1.10 A schematic of multipath effects of an OAM channel caused by specular reflection from a parallel
ideal reflector (ground plane) that is placed at distance h below the transmitting antenna. The receiver antenna
will not only receive an OAM beam with an OAM number of [ from the original transmitting antenna but also a
reflected beam with an OAM number of —{ from an offset link. Source: Yan et al. [47]; © 2016 Springer Nature.
Licensed under CC BY-4.0.

1.3.2 OAM Emerging Applications and Perspectives

1.3.2.1 Free-space Communications

One application that may take advantage of the OAM cone-shaped pattern is the local satellite-
based navigation and guidance system that serves moving vehicles. For such an application, the
satellite is usually placed in a geostationary orbit and employs a contour beam that covers a certain
geographical area [5], as shown in Figure 1.11. An antenna is mounted on the moving vehicle and is
circularly polarized to alleviate multipath propagation problems caused by reflections from build-
ing walls and the ground surface. For the vehicle to continuously communicate with the satellite, a
directivity of at least 3 dB in the direction of the satellite should be maintained regardless of the
orientation of the vehicle [48].

\3 -~
S %
./_ =

Moving
vehicle

OAM antenna with
cone-shaped
pattern

Geostationary
orbit

Figure 1.11 A satellite-based, geostationary navigation and guidance system that serves moving vehicles.
OAM antennas with cone-shaped patterns are proposed to be mounted on the vehicle [5]. The same signal-
to-noise ratio is achieved regardless of the orientation of the vehicle because of the horizontally
omnidirectional radiation pattern. Source: Modified from Veysi et al. [5].
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Several antenna designs have been suggested for communications between moving vehicles on
the earth and geostationary satellites. One possible solution is an antenna with a pencil-beam pat-
tern that sweeps out a cone in space. The beam pattern scans to continuously point toward the sat-
ellite so that uninterrupted vehicle-to-satellite communication is achieved. This solution increases
the cost of the antenna system since the tracking of the satellite is needed. An alternative approach
is an antenna with a fixed cone-shaped pattern, with the peak of the cone (denoted by the cone
angle 6, in Figure 1.11) pointing toward the satellite. The same signal-to-noise ratio is achieved
regardless of the orientation of the vehicle because of the horizontally omnidirectional radiation
pattern. The latter approach does not require the tracking of the satellite, thus the antenna cost
and complexity are reduced. Among various antennas with conical patterns that have been pro-
posed for vehicle-to-satellite communications [48-51], an OAM antenna is a powerful apparatus
that systematically generates a cone-shaped pattern with high-azimuthal symmetry [5].

Besides the OAM beam divergence and the cone-shaped pattern, the second fundamental prop-
erty of OAM beams, namely, the orthogonality of different OAM modes, can be employed to trans-
fer information. OAM shift keying (OAM-SK) is one communication technology that takes
advantage of the distinction of the different orthogonal OAM modes [11, 32, 52, 53]. In this com-
munication technology, the OAM modes are used as a communication alphabet, with N data sym-
bols encoded in the OAM mode number [ of N OAM states. Figure 1.12 shows an example where
OAM modes! =0, 1, 2represent the data symbols 0, 1, 2. The sequence of the OAM states is sent by
the transmitter. The data are decoded at the receiver by checking the received OAM mode number.
OAM-SK is a direct modulation technology that enables transferring information by encoding
information in the value [ of the OAM mode number.

A series of proof-of-concept experiments has elevated the scientific interest in the potential of
harnessing OAM-SK for free-space information transfer. The first experiment to use OAM-SK
for free-space information transfer was carried out by Gibson in 2004 [17]. In Gibson’s seminal
work, eight different OAM modes in the set ¢ = {-16, —12, —8, —4, +4, +8, +12, +16},
each representing a data symbol, were used as communication alphabets. The transmitted OAM
states and data symbols were accurately measured up to a transmission range of 15 m using a HeNe
laser transmitter at a wavelength of 632.8 nm. Since the pioneering work of Gibson, several OAM-
SK experiments have been carried out. In [54], 16 superimposed OAM modes were used to transfer
information over a 3 km link of strong turbulence over the city of Vienna. The transmitter was a
laser with a spatial light modulator at a wavelength of 532 nm. An incoherent detection scheme
aided by an artificial neural network was employed to identify the characteristic mode patterns
and distinguish among the 16 OAM modes. The latter experimental scheme has been extended
to a distance of 143 km between two Canary Islands [55]. To the authors’ best knowledge, this
is the longest distance that an OAM-SK experiment has been reported. Therein, the OAM mode

D I=0 l=1 /=2 e R ) d
ata ) ) eceive
stream OAM coding ' OAM decoding data
0to/=0 =010 0
L 1tol=1 B E et
0,1,2 210 /=2 /=210 2 0,1,2

Free-space
transmission

Figure 1.12 OAM shift keying (OAM-SK) modulation. OAM-SK takes advantage of the distinction of the
different orthogonal OAM modes. The data symbols 0, 1, 2 are encoded in the OAM mode number [ =0, 1, 2.
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patterns were observed on a receiving aperture with a diameter of roughly D = 11 m, and a green
laser with a wavelength of 532 nm was used, corresponding to a far-field distance of 2D%/\ = 4.55
10° km. Note that the 143 km link distance is large in absolute terms, but it cannot be considered a
far-field distance. As discussed in Section 1.3.1, objections regarding the possibility of using OAM in
far-field communication links have surfaced in [33-35], and the adoption of OAM in far-field wire-
less communications is still an open problem.

As the available wireless spectrum becomes more and more crowded under the incessant strive
for high data-transfer capacities, several methods have been developed to increase the spectral effi-
ciency. Various properties of the electromagnetic wave, such as time, polarization, and wavelength,
have been employed to develop multiplexing schemes [56, 57]. Using the spatial property of elec-
tromagnetic waves as a new dimension (i.e. space division multiplexing (SDM)) has recently
aroused interest as a potential method to enhance wireless communications. A special case of
SDM is the mode division multiplexing (MDM), where spatially orthogonal modes act as independ-
ent data channels that can be efficiently multiplexed and de-multiplexed. Thereby, the spectral effi-
ciency is increased by a factor equal to the number of the independent spatial modes.

One particular subset of SDM is the OAM division multiplexing (OAM-DM) [32]. In an attempt to
further increase the spectral efficiency of wireless communications, OAM-DM technique exploits
the orthogonality of OAM modes [58, 59]. An independent data stream (i.e. data 1, 2, ..., N in
Figure 1.13) is encoded on the value [ of N carrier OAM modes. The different OAM beams are multi-
plexed at the transmitter along with other modes, propagate through a common medium, and are
de-multiplexed at the receiver. The obtained field at the receiver can be written as [32]:

N
i
Unux(p: ) = D SpAp(p)e?, (1.15)
p =1
Antenna OAM = +1 Receiver OAM /=-1
\ @ Data 1
Data 1 “ | T ']
Antenna OAM | = +2 Receiver OAM [=-2
m"ﬂ'u Free-space Data 2
DaiZ‘ 'W_L e o( A | transmission

Antenna OAM = +N Receiver OAM |=—N

-ai-ieal Fdoe

Figure 1.13 OAM division multiplexing (OAM-DM) modulation. An independent data stream (i.e. data
1, 2, .., N) is encoded on the value [ of N carrier OAM modes. The different OAM beams are multiplexed
at the transmitter, propagate through a common medium, and are de-multiplexed at the receiver. Thereby,
the spectral efficiency is increased by a factor N equal to the number of the carrier OAM modes.
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where N is the number of OAM modes, S, is the modulated data signal on the pth OAM mode, A,(p)
is the complex electric field amplitude of the pth OAM mode, p is the radial distance, and ¢ is the
azimuthal angle in the cylindrical coordinate system. At the receiver end, the multiplexed signal is
multiplied by a phase factor e J4? where l,=1, 2, .., N.The OAM beam with | = [, has a central
intensity peak and can be easily distinguished from other modes by means of their different spatial
signatures. Finally, the data information carried by the OAM mode [ = [, can be retrieved. Conse-
quently, the spectral efficiency is increased by a factor N equal to the number of the carrier OAM
modes. A schematic diagram illustrating the principles of OAM-DM is shown in Figure 1.13.

Several recent experiments have demonstrated the potential of optical OAM multiplexing to
increase the spectral efficiency of wireless communication systems. In [61], a transmission capacity
of 2.56 Tbit s~ and a spectral efficiency of 95.7 bit s~ Hz™' were achieved using OAM-DM and
polarization multiplexing (8 OAM modes and 2 orthogonal polarization states at a wavelength
of 1550.12 nm). In [60], an aggregate capacity of 100.8 Tbit s~* was achieved using 1008 data chan-
nels. Each data channel was carried on 12 OAM beams, 2 polarizations, and 42 wavelengths
(1536.34-1568.5 nm), and was encoded with 100 Gbit s~ quadrature phase-shift keying data.
A schematic illustrating the concept of three-dimensional multiplexing to increase the multiplexed
data channels by combing OAM-DM, polarization-division multiplexing, and wavelength-division
multiplexing is shown in Figure 1.14. OAM-DM can be combined with other multiplexing schemes,
such as time, polarization, and wavelength multiplexing, to satisfy the ever-growing need for trans-
mission capacity.

The possibility of using OAM-DM extends beyond optical frequencies. Thidé et al. [62] were the
first to numerically show that antenna arrays can generate OAM beams in radio frequencies and
highlight the potential of OAM communications in the lower frequencies. The first experimental
test of encoding multiple channels on the same radio frequency using OAM was performed by Tam-
burini et al. [23]. Subsequently, several OAM-DM experiments have been performed in the radio
frequency domain. In [63], an OAM-DM 10 m microwave link operated at 10 GHz with four OAM
modes was experimentally demonstrated to quadruple the spectral efficiency while keeping a low-
receiver computational complexity. The antenna aperture size was 0.6 m, which corresponds to a
far-field distance of 2D?*/A = 24 m and the 10 m link cannot be considered a far-field link. In [64], a
32 Gbit s™' mm-wave link was demonstrated over 2.5 m at a carrier frequency of 28 GHz with a
spectral efficiency of 16 bit s Hz ™" using four independent OAM beams on each of the two orthog-
onal polarizations. The receiving and transmitting antenna aperture had circular apertures with
diameters of 30 cm, which correspond to a far-field distance of 2D%*/A\ = 16.8 m and the 2.5 m link
cannot be considered a far-field link. As discussed in Section 1.3, the adoption of OAM in far-field
wireless radio frequency (RF) communications is still an open problem.

1.3.2.2 Optical Fiber Communications

Optical fibers have been successfully integrated into communication systems, offering the advan-
tages of large bandwidth, low loss and cost, and immunity to electromagnetic interference [65]. The
conventional optical fiber is known as single-mode fiber (SMF) and includes a core surrounded by a
transparent cladding material with a lower index of refraction; the attenuation is typically 0.2 dB/
km at 1550 nm and the core radius does not exceed 10 um [53]. Up to now, the increasing demand
for high-speed data transfer in optical networks has been covered by the conventional SMF. The
growing demand for network capacity is expected to continue in the future. According to Ref.
[66], the annual global data center traffic will reach 20.6 Zettabytes (zB) - or 20.6 x 10°" bytes —
(1.7 zB per month) by the end of 2021, up from 6.8 zB per year (568 exabytes per month) in 2016.
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Figure 1.14 A schematic illustrating the concept of three-dimensional multiplexing to increase
the multiplexed data channels by combing (a) OAM-DM, (b) polarization-division multiplexing, and
(c) wavelength-division multiplexing. Source: Huang et al. [60] © 2014 Optical Society of America.

In an attempt to meet the everlasting demand for network capacity, alternative methods have
been developed to increase the spectral efficiency of optical networks. The problem is that the con-
ventional SMF has its inherent capacity limits; therefore, researchers have focused on innovative
ways to increase the data-carrying capacity of a single optical fiber. SDM using multi-core fibers
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Figure 1.15 A schematic representation of different types of optical fibers.

(MCFs), multi-mode fibers (MMFs), and their combination has been considered to overcome the
capacity crunch of conventional SMFs [67, 68]. A schematic of different types of optical fibers is
shown in Figure 1.15 [65]. In an MCF, multiple cores share the same cladding and act as an inde-
pendent data carriers; thereby, the spectral efficiency scales by the number of the cores. Unlike
MCFs, MMFs have a single core that is larger than the conventional SMF, usually around
50 pm in radius. MMFs can support multiple spatial orthogonal modes each carrying distinct data
and acting as a separate communication channel, thus increasing the spectral efficiency of optical
fibers. The latter special case of SDM is known as MDM [67].

The most popular spatial modes for fiber MDM are the linearly polarized (LP) modes. LP modes
are the superposition of the fiber eigenmodes transverse electric (TE), transverse magnetic (TM),
and hybrid modes of HE and EH type [65]. LP modes are the solution of the scalar Maxwell’s equa-
tions and propagate under the weakly guiding approximation, which is valid when the refractive
indices of the core and the cladding are very close (within 1%) [69]. The intensity profiles of LP
modes together with the constituent eigenmodes and the corresponding propagation constants f
are shown in Figure 1.16a-d. The constituent eigenmodes of each LP mode have different propa-
gation constants leading to walk-off and mode distortion. LP modes also share common eigen-
modes and thus are inherently coupled during propagation leading to crosstalk. To overcome
the problem of mode-coupling, MMFs rely on digital signal processing (DSP) algorithms based
either on adaptive optics feedback or complex multiple-input multiple-output (MIMO) methodol-
ogies [32, 70].

To avoid inter-modal coupling and MIMO DSP complexity in MMFs, OAM modes have been
proposed as an alternative modal basis set [69]. The electric field of OAM modes in fibers can
be expressed in terms of HE and EH hybrid modes as [71, 72]:

_ HE?‘fl},m inE?(-ii—dl,m
OAM . Im =
=5 EHgver +jEH0dd

1-1m — I—1,m

(1.16)

The intensity profiles of OAM modes, the constituent eigenmodes, and the corresponding prop-
agation constants # are shown in Figure 1.16e-h. Unlike LP modes, OAM modes are formed by the
superposition of a single eigenmode type with even and odd symmetry [73]. That is, OAM modes
are inherently de-coupled resulting in low crosstalk, and the constituent eigenmodes with even and
odd symmetry share the same propagation constant leading to a reduced walk-off effect compared
to LP modes [74]. As a result, OAM has the potential to increase the spectral efficiency of optical
fiber communications while obviating complex DSP algorithms.

OAM-based fiber communications is a new field of research with a short history. The first paper
to report the generation of an OAM-carrying optical vortex in a fiber was published in 2006 [76].
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Figure 1.16 Intensity profiles of LP modes and OAM modes. The constituent eigenmodes and the propagation
constants f of each mode are noted below each LP and OAM mode. Unlike OAM modes, LP modes (i) have
distinct propagation constants leading to walk-off and (ii) share common eigenmodes and are inherently
coupled resulting in crosstalk.

Bozinovic et al. reported the stable propagation of OAM modes in a new class of optical fibers, called
vortex fibers [77, 78]. The vortex fiber of [78] maintained a mode purity of 97% after a propagating
distance of 20 m at a wavelength of 1550 nm under bends and twists. The same group demonstrated
the successful transmission of OAM states through a 0.9 km vortex fiber. In 2012, a 1.1 km long
vortex fiber was presented [79]. A year later, the same 1.1 km vortex fiber was used to achieve
400 Gbit s™* data transmission using four OAM modes at a single wavelength of 1550 nm, and
1.6 Thit s~* using two OAM modes over 10 wavelengths around 1550 nm with a low-complexity
DSP coherent detection method [80]. The experiment of [80] suggested that OAM could provide
an additional degree of freedom for data multiplexing in future fiber networks using OAM-
MDM that does not require complex DSP [81]. At present, research efforts focus on the design
of fibers that can support multiple OAM modes, both MMFs (see, for example Refs. [74, 82-85])
and MCFs (see Figure 1.17 and Refs. [75, 86, 87]).

1.4 OAM Generation Methods

The history of OAM dates back in 1992, when Allen et al. showed that helically phased beams with
aphase term ¢ carry OAM [3]. Since then, research efforts have focused on the generation of OAM
beams. Figure 1.18 shows the analogy between the generation principle of OAM and conventional
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Figure 1.17 (a) Cross-section of a 19-ring multi-OAM multi-ring fiber. (b) Refractive index profile of a single
ring. (c) Intensity and phase distributions of HEz; related OAM mode in a single ring. Source: Li and Wang [75]
© 2014 Springer Nature.
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Figure 1.18 Analogy between conventional and OAM generation principle.

beams. In a conventional antenna system, a device (such as reflectors [22] and lenses [88]) is used to
transform an input wavefront (for example, a spherical wavefront in Figure 1.18) into a planar
wavefront, to achieve a highly directive beam in the far-field. In analogy with the conventional
antenna system, an OAM system employs an OAM device to transform the input wavefront into
a spiral wavefront. Figure 1.19 shows a representative example where the wavefront-
transformation devices are a parabolic reflector [22] and a helicoidal reflector antenna [23], corre-
sponding to the conventional and OAM cases, respectively. The conventional reflector antenna
attempts to achieve a uniform phase in the exit aperture, whereas the helicoidal reflector aims
to achieve the OAM vortex phase.

The generation of OAM-carrying beams necessitates the design of antennas that can generate the
vortex aperture phase and spiral wavefront that are associated with OAM beams. Some represen-
tative designs that have been developed for this purpose are shown in Table 1.1. The spiral phase
plate (SPP) has one planar and one spiral surface with a step discontinuity, and the thickness
increases as the azimuth angle increases [13, 19, 89-91]. The original shape of the conventional
parabolic reflector is modified to form a ‘helicoidal reflector’ [23] that converts the field generated
by a feed into an OAM-carrying field [92-94]. A stepped spiral reflecting surface is a discrete
approximation of the helicoidal reflector [101]. Planar SPPs, transmitarray [95-100], and reflectar-
ray antennas [5, 114-117] employ elements that are distributed in planar surfaces; these elements
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Figure 1.19 Comparison between the generation method of conventional antennas with directive far-field
patterns and OAM antennas: the case of reflector antennas.

compensate the phase delay associated with incident waves from different paths emitted from the
feed and generate the desired vortex phase distribution. The uniform circular array (UCA) consists
of elements that are uniformly distributed on the circumference of a circle. The array elements are
fed with an input signal with the same amplitude but with a successive phase delay from element to
element such that after a full turn the phase has been incremented by 2nl, where [ is the OAM mode
number [33, 62, 102-109]. The transmittance functions of holographic gratings can also be designed
to generate OAM beams [110-113]. Other generation methods include cylindrical lenses [3], spatial
light modulators [9], g plates [118], dielectric resonators [119], traveling-wave circular loops [120],
and metasurfaces [121]. The previous designs can generate single-mode OAM beams, superposition
of OAM modes, i.e., mixed-mode OAM beams [5, 95], and mode-reconfigurable OAM beams
[102, 121].

1.5 Summary and Perspectives

This chapter has provided a comprehensive overview of OAM beams. We analyzed the fundamen-
tal properties of OAM beams and contrasted them with conventional beams. In addition, an appen-
dix is provided to summarize the fundamental mathematical details when the OAM concept is used
for potential antenna applications. We discussed emerging applications of OAM in free-space opti-
cal and RF communications as well as in fiber communications, highlighting potentials, and tech-
nical challenges. A comprehensive list of relevant references is included. We also summarized the
generation methods of optical and RF OAM. Analogies regarding the fundamental properties,
antenna communication links, and generation methods between OAM and conventional beams
have been provided. More details on various aspects of OAM are discussed in various chapters
of this book. We conclude by providing Table 1.2, which summarizes the theoretical and experi-
mental milestones regarding OAM in chronological order. OAM is a field with short history of less
than 30 years that has come a long way so far, and we are excited to see the future advancements
of OAM.



Table 1.1 OAM generation methods and fabricated prototypes.

Appendix 1.A OAM Far-field Calculation

Generation method

Prototype photo

Spiral phase plate (SPP)
Refs.: [13, 19, 89-91] Optical and RF OAM

Helicoidal reflector antenna and reflector antenna systems
Refs. [23, 92-94] RF OAM

Planar spiral phase plate and transmitarray antenna
Refs. [95-100] RF OAM

Stepped spiral reflecting surface
Ref. [101] RF OAM

Uniform circular array (UCA)
Refs. [33, 62, 102-109] RF OAM

Holographic gratings
Refs. [110-113] Optical and RF OAM

Reflectarray antennas
Refs. [5, 114-117] RF OAM

Photo credit: [90]

Photo credit: [23]

Photo credit: [95]

Photo credit: [101]

Photo credit: [102]

Photo credit: [110]

Photo credit: [114]

Appendix 1.A OAM Far-field Calculation

The aperture field of an OAM-carrying linearly polarized field with a cylindrically symmetric

distribution E(p’) can be written as:

E(p,¢)=E(p)e ™%, 0<p <a,

(1.A.1)
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Table 1.2 Chronicle of milestones regarding OAM.

Reference Year  Main contribution

[1] 1909  Theoretically studied angular momentum of circularly polarized waves

[2] 1936  Experimentally studied the SAM of light and demonstrated that SAM can cause the
rotation of a mechanical system

[3] 1992  Recognized that light beams with an azimuthal phase dependence of ¢* carrying OAM

[17] 2004 Conducted the first experiment on OAM free-space optical communications

[76] 2006  Reported the generation of an OAM-carrying optical vortex in optical fibers

[62] 2007 Numerically showed that OAM can be used in the radio frequency domain

[23] 2012  Performed the first experimental test of encoding multiple channels on the same radio

frequency through OAM

[80] 2013  Conducted the first OAM-MDM experiment suggesting that OAM could provide an
additional degree of freedom for data multiplexing in future fiber networks

[5] 2018  Suggested a potential application that takes advantage of the OAM cone-shaped pattern
in the far-field

Far-field

Radiating
Reactive near-field
near-field

/4

~.. Infinite exit aperture:
Input beam: Laguerre-Gaussian

tapered aperture distribution
distribution

Figure 1.A.1 Schematic of the generation of OAM aperture field.

where p’ and ¢’ are the radial and azimuthal coordinates in the cylindrical coordinate system; a is
the transverse extend of the aperture field of the beam; ! is the OAM order. A schematic of the gen-
eration of the OAM aperture field is shown in Figure 1.A.1. Typically, the input beam from the feed
is a Gaussian-type beam with a tapered amplitude distribution. The beam waist wy, i.e. the half-
width of the normalized aperture field amplitude at 1/e, is directly related to the OAM antenna
aperture diameter D, as shown in Figure 1.A.1. For example, the equivalent beam waist in
Ref. [5] was wy = 0.415D for a —12 dB taper illumination. Higher taper illumination would lead
to a smaller equivalent beam waist. The role of the OAM antenna (helicoidal reflector in
Figure 1.A.1) is to create the desired exit-aperture amplitude and phase distribution at the
infinite exit-aperture plane. A common model for the aperture field of an OAM antenna is the
Laguerre-Gaussian distribution Eq. (1.3).



Appendix 1.A OAM Far-field Calculation
The equivalent magnetic current density is calculated from [122, eq. 6-129b]:
My= —2xE(p,¢) = —JE(p)e ™, 0<p <a. (1.A.2)
The radiation integrals can be written as [122, egs. 6-125c, 6-125d]:
a

Ly = —cos@sin z,bJ

2
E(p,) |:J ”e—jlqb’ejk[,p’ sin @ cos (¢—¢’)d¢/:| p/dp/ (1.A.3)
0 0

21
aE(/)/) |:j e—jlg{)’ejkop’ sin 0 cos (¢—¢’)d¢/:| /)/dﬂl. (1.A.4)
0

Ly = —cos (/)J
0
Using the integral identity [5, eq. (5)]:
2
J e~/ glkop'sin0cos (b =) g — 27— )1 (ko sin Op' e 1, (1.A.5)
0

we find the expression of the far-field integrals:

Ly = —2mcosOsinp(—j)'e M1 (1.A.6)
Ly = —2zcos(—j)'e I, (1.A.7)
where
a
= J E(p' (ko sin 0p')p/dp’ (1.A.8)
0

and Jy(+) is the Ith order Bessel function of the first kind [21]. The expression of the far-field electric
field can be written as [122, egs. 6-122b, 6-122c]:

_ ik e_jkur “ ~
Eg(r,0,¢) = 7°—— (=0L, + $Ly) =

4rr

ik —jkor A .
]063270 —je™7" (6 cosp— dpcosOsin ).

(1.A.9)
Note the far-field Eq. (1.A.9) maintains the e 7" phase term.

Special Case 1: Airy Disk. The aperture field of a uniform amplitude and phase distribution is
the special case of Eq. (1.A.1), where [ = 0 (no OAM) and E(p’) = E4”. Using the integral identity
[21, eq. (6.561-5)]:

Jazio(z)dz =6J,1(5), (1.A.10)

0

we find I from Eq. (1.A.8) and the far-field expression from Eq. (1.A.9):

—AD _ jkoEyPa*e ik J1(koa sin 0)

Ey (r,0,¢) = 00— (Bcos ¢ — eosOsing) koasind (1.A.11)

2r

Special Case 2: Tapered-aperture Distribution. A physically meaningful and mathematically

simple model for aperture-like antennas with uniform phase distribution is the two-parameter (2P)
model [22, eq. (16)]:

E ())=C+(1-C) [1 - (p’/a)z]P, 0</ <a, (1.A.12)

where P and C are parameters that control the shape and amplitude distribution of the circular aper-
ture. In particular, C can be related to the edge taper by ET = 20 log C. A generalized three-parameter
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aperture distribution model for elliptical aperture has also been developed in [123]. The far-field can
be evaluated in the closed form [22, eq. (18-20)]:

_2P jkoaze —Jjkor N

Eg (r,0,¢) = — (0 cos ¢ — ¢ cosOsin ) [CA; (kasin ) + (1—C)Ap 11 (kasinb)],
(1.A.13)
where
Apy1(0) =2P1D(P + 1)JP+ 1(6) (1.A.14)

CP+1 ’

in which I'(-) is the gamma function [21]. The far-field of the tapered-aperture distribution was
studied in Section 1.2 and is shown in Figure 1.7a. The OAM tapered-aperture distribution coun-
terpart was modeled based on Eq. (1.A.12) multiplied by the phase term e~

B (7) = {c +(1-0)1- (p//a)zr}e_ﬂ'/’, 0<p <a (LA15)

The changes of amplitude pattern shape based on the aperture field of Eq. (1.A.15) from the reac-
tive near-field toward the far-field were studied in Section 1.2 and are shown in Figure 1.7b.

Special Case 3: Laguerre-Gaussian beam. The aperture field of the Laguerre—Gaussian beams
is given by Eq. (1.3). Using the integral identity [21, eq. (7.421-4)]

[Txrrer et =2y o2 )
0

we find I from Eq. (1.A.8) and the far-field expression from Eq. (1.A.9):

_ILG ik ELG —Jjkor R
j e . N
Eg (r,0,¢) = OOT (0cos ¢ — g cos Osin ) wg(— 1)7(—j)

2apl (sgn (VPN e 9\ (1.A.17)
8 <p+u|>!( vz )e Lp<z)e”

where ¥ = kow, sin 6. For the definition of w, refer to the first paragraph of the appendix and
Figure 1.A.1. The previous discussion refers to the far-field where the radiation integral can be
found in closed form. The near-field calculation using the Fresnel-Kirchhoff diffraction integral
[24] was carried out numerically in Section 1.2 and the results are shown in Figure 1.7.
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