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Abstract

This dissertation analyzes the exploitation of the orbital angular momen-
tum (OAM) of the electromagnetic waves with large intelligent surfaces in the
near-field region and line-of-sight conditions, in light of the holographic MIMO
communication concept.
Firstly, a characterization of the OAM-based communication problem is pre-
sented, and the relationship between OAM-carrying waves and communication
modes is discussed. Then, practicable strategies for OAM detection using large
intelligent surfaces and optimization methods based on beam focusing are pro-
posed. Numerical results characterize the effectiveness of OAM with respect
to other strategies, also including the proposed detection and optimization
methods.
It is shown that OAM waves constitute a particular choice of communication
modes, i.e., an alternative basis set, which is sub-optimum with respect to
optimal basis functions that can be derived by solving eigenfunction problems.
Moreover, even the joint utilization of OAM waves with focusing strategies led
to the conclusion that no channel capacity achievements can be obtained with
these transmission techniques.
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Chapter 1

Introduction

The ceaseless quest for high-speed, reliable, and ubiquitous wireless services
is leading today’s radio networks to their utmost. Fifth-generation (5G) wire-
less networks, exploiting the most advanced radio technologies, e.g., multiple-
input multiple-output (MIMO) communications, have already been deployed
in many countries and are establishing themselves as essential techniques to
manage the ever-increasing number of devices’ connections. However, it is
foreseen that sixth-generation (6G) wireless networks will push these require-
ments to the ultimate limit of the wireless channel, introducing even more
stringent requisites regarding user throughput, latency, scalability, and relia-
bility, paving the way for massively novel applications and use cases.
In this framework, the exploitation of higher operating frequencies, where a
more considerable amount of spectral resources is available, in conjunction
with the usage of large antenna arrays and antennas densification, has been
envisaged as a potential, beneficial approach to tackle the challenging prereq-
uisites that have been outlined.
Nevertheless, the adoption of millimeter-wave communications and terahertz
technologies entails larger path losses, susceptibility to atmospheric turbu-
lences, and in some cases, failure of traditional electromagnetic (EM) propa-
gation models based on far-field assumption. Indeed, when the antenna size
becomes large or the frequency increases, the interaction between the transmit-
ting and receiving antennas can occur in the radiating near-field region. Here
the wave approximation of the wavefront becomes inapplicable, and the actual
spherical-shaped wavefronts must be considered instead. This unplumbed op-
erating regime has been addressed [1,2] as particularly favorable since it com-
mences new and unexplored opportunities for future wireless systems, whose
primary goal is to approach greater link-level spectrum efficiencies and un-
precedented performance.
In light of this, a complete paradigm shift with respect to traditional, well-
known approaches is required to tackle the open research challenges related
to information transmission, channel modeling, radio space awareness acqui-
sition and experimental validation [1], undoubtedly entailing the adoption of
new strategies to deal with this innovative definition of the communication
problem.
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Chapter 1. Introduction

The remainder of this essay is organized as follows: Chapter 2 presents
the general concept of smart radio environments (SREs) and intelligent sur-
faces, hence introducing the notion of communication modes and providing a
general overview of the communication process between large intelligent sur-
faces (LISs). Chapter 3 describes the main features of OAM propagation and
its potentialities, together with an outline of the state-of-the-art technologies
and the latest discoveries related to OAM-based communications.
Then, the relationship between OAM and communication modes is illustrated,
and the characteristics of OAM modes are discussed. In Chapter 4 various
types of OAM-based communication schemes are presented. Moreover, focus-
ing within the near field is introduced to improve system performance, thus
counteracting the unavoidable phenomenon of beams’ divergence. Chapter 5
accurately describes the software simulations that have been performed, thus
proposing some numerical results to characterize the gap between OAM com-
munications and optimum strategies in detail. Finally, a discussion concerning
the main strengths and weaknesses of using OAM radio communication is pro-
vided, and Chapter 6 concludes the dissertation.
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Chapter 2

Communication with Large
Intelligent Surfaces

The first five generations of wireless networks have been designed based on
the unmoving idea that the radio environment between two or multiple com-
municating devices is controlled by nature and cannot be modified in any
manner; Inevitably, this led to the commonly shared belief that this behavior
can only be compensated by developing sophisticated transmission and recep-
tion schemes.
Indeed, in current wireless networks, the radio channel is perceived as an ad-
versary to the communication process, i.e., it mostly has a negative effect that
needs to be counteracted by the transmitters and receivers through advanced
modulation/encoding schemes, powerful transmission protocols, and robust
demodulation/decoding methods at the receivers.
In contrast, the leading research direction that is establishing every day more
within the academic world is that of transforming the wireless channel, i.e.,
the exogenous and uncontrollable element to which the telecommunication sys-
tems can only be adapted, into an intelligent, re-configurable space that plays
an active role in transferring and processing information, i.e., in a so-called
smart radio environment [3].
From all these considerations, the concept of holographic communications
emerged [4], which can be referred to as the capability to utterly manipulate
the EM field that is generated or received by antennas to exploit the entirety
of the available channel’s degrees of freedoms (DoFs) and hence increase the
communication capacity of the wireless link, even in line-of-sight (LOS) chan-
nel conditions.

For this purpose, one of the most promising enabling technology that has
been envisaged to accomplish this vision consists of exploiting the upcoming
transmission technique named intelligent surfaces [5].
Specifically, LISs can be denoted as active, reconfigurable planar antennas
whose sizes are much larger than the operating wavelength, that are able to
control the amplitude and phase profiles of the EM waves with high flexibil-
ity and resolution [6, 7]. In addition to this, intelligent surfaces could also
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Chapter 2. Communication with Large Intelligent Surfaces

Figure 2.1: Smart radio environment with a LIS antenna communicating with
multiple users, both in the near and far fields, eventually assisted by intelligent

reflective surfaces (IRSs) [4].

be leveraged as passive, reflective devices, namely reconfigurable intelligent
surfaces (RISs), to create artificial multipath transmissions between the end-
users, hence establishing additional orthogonal communication channels [8].
Notably, metamaterials have been proposed [9–11] as a viable technology to
create those kinds of smart devices, thus enabling the design of predefined EM
waves’ features in terms of shape, polarization, and steering.
For the sake of clarity, an insight of a SRE comprehending both RISs and LIS
antennas is reported in Figure 2.1, illustrating how the adoption of these inno-
vative wireless devices can enable a plethora of novel transmission modalities
and use cases both in near and far-field conditions.

Noteworthily, the usage of large intelligent antennas in future wireless net-
works inherently renders the conventional system models obsolete, hence in-
troducing the necessity of revisiting them in light of the fact that the system
itself, i.e., the SRE, can be dynamically programmed. Indeed, in the pres-
ence of LISs/RISs, not only the channel input is an optimization variable, but
the environment itself becomes an additional optimization element, and they
clearly need to be optimized jointly [12].
The high versatility of this type of antenna and its intrinsic capability to
achieve a multitude of novel functionalities at EM level also highlighted the vi-
tal importance of developing a tractable and insightful communication-theoretic
framework for unveiling the achievable performance of LISs as a function of
their many constituent parameters; Especially, because of the fact that their
response to the impinging radio waves depends on several factors: the angle of
reflection, the angle of refraction, the wave’s polarization, the specific material
the metasurface is composed of, and lots more.
In that regard, though abstracting from the specific implementation of those
antennas, LISs can be generally modeled from the analytical viewpoint as
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Chapter 2. Communication with Large Intelligent Surfaces

spatially-continuous apertures composed of an infinite number of infinitesi-
mal antenna elements. In [7], the author investigated the fundamental limits
of LIS-based communications and demonstrated how multiple communication
modes, namely channel’s DoFs, can be obtained in LOS and near-field regime
by suitably designing the amplitude and phase profiles of the transmitting and
receiving LISs.
Specifically, communication modes can be described as a set of parallel and
orthogonal spatial channels, defined at EM level, thus enabling spatial mul-
tiplexing capabilities in the system. In the following section, the formal def-
inition of communication modes is briefly illustrated. The reader can refer
to [7, 13] for an exhaustive and more complete treatment.

2.1 Communication Modes

Abstracting in the first instance from the specific shape or antennas’ config-
uration, let us generally consider a transmitting and a receiving LIS of area
ST and SR. We indicate with s ∈ ST and r ∈ SR the vectors pointing from
the origin of the contemplated reference system towards a point on the trans-
mitting LIS and the receiving one, respectively. At the transmitting LIS, a
monochromatic source at frequency f0, namely ϕ(s), is adopted, where s is the
vector pointing from the origin to a point on the transmitting LIS. The source
produces a wave function ψ(r) which is collected by the receiving LIS, which
is a solution of the inhomogeneous Helmholtz equation

∇2ψ(r) + κ2ψ(r) = −ϕ(s) . (2.1)

A solution of (2.1) in free-space conditions is given by

ψ(r) =

∫
ST

G(r, s)ϕ(s) ds (2.2)

where G(r1, r2) denotes the scalar Green function between points represented
by vectors r1 and r2, which is

G (r1, r2) =
exp (−ȷκ ||r1 − r2||)

4π ||r1 − r2||
(2.3)

with κ = 2π/λ indicating the free-space wavenumber and λ = c/f0 the wave-
length, with c standing for the speed of light. Notably, in (2.3) we are ne-
glecting the reactive field components that typically vanish for link distances
greater than a few wavelengths since our system is supposed to operate in the
radiating near-field region.
Although the EM field is renowned for being a vectorial, complex quantity,
in our analysis we consider it a complex-valued scalar quantity for simplicity
(e.g., by considering a single polarization). Reasonably, the following results
can be extended to the vectorial case without loss of generality or validity.
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Chapter 2. Communication with Large Intelligent Surfaces

Communication modes can be described by the mean of specific orthonor-
mal basis expansions of the transmitting function ϕ(s) and receiving function
ψ(r), indicated with {ϕn(s)} and {ψn(r)}, n = 1, 2, ...,∞, respectively. If the
basis sets are designed such that it exists a bijective relationship among the
n-th transmitting basis function ϕn(s) and the n-th receiving basis function
ψn(r), the existence of multiple communication modes is assured. In view of
this, it holds that each transmitting function ϕn(s) induces an effect ξnψn(r)
on the receiving antenna space, where ξn can be referred as the coupling coef-
ficient. Large ξn coefficients indicate well-coupled modes, i.e., pair of functions
(ϕn(s), ψn(r)), between transmitting and receiving LISs and hence practicable,
parallel communication channels; small ξn instead, denotes the prevalence of
the transmitted wave’s dispersion away from the receiver.
In relation to the particular system architecture, the factual interpretation of
the previous quantities is that a generic current spatial distribution J(s) im-
pressed on the transmitting LIS and hence the resulting electric field E(r) at
the receiver side can be written, respectively, as

J(s) =
∑
n

anϕn(s)

E(r) =− ȷωµ0

∑
n

bnψn(r) (2.4)

where ω = 2πf0 is the angular frequency, µ0 is the free-space permeability, and
an and bn are the inner products of J(s) and ϕn(s) and, correspondingly, of
−E(r)/ȷωµ0 and ψn(r). In addition, it holds that bn = ξnan. For simplicity, in
the rest of this work we will refer to the functions ψn(r) as n-th electric field
component.

It should be noted that, in theory, infinite basis sets are possible in order
to be complete; however, to obtain that corresponding to the highest number
of communication modes with large coupling (optimal basis functions), the
following coupled eigenfunction problem needs to be solved, i.e.,

ξ2n ϕn(s) =

∫
ST

KT(s, s
′)ϕn(s

′) ds′ (2.5)

ξ2n ψn(r) =

∫
SR

KR(r, r
′)ψn(r

′) dr′ (2.6)

where the kernels KT(s, s
′) and KR(r, r

′) are

KT(s, s
′) =

∫
SR

G∗(r, s)G(r, s′) dr (2.7)

KR(r, r
′) =

∫
ST

G(r, s)G∗(r′, s) ds (2.8)

Finding these solutions is not straightforward and might require a burden-
some number of numerical computations, especially when very large antenna
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Chapter 2. Communication with Large Intelligent Surfaces

Figure 2.2: Schematic representation of communication modes between a cou-
ple of LIS antennas.

sizes are considered. Moreover, from the practical point of view, the exact
knowledge of the system geometry with a tolerance smaller than a wavelength
is required, which could not be practicable for real applications. Nevertheless,
the optimal functions could be used as a benchmark to identify the performance
gap between the optimal strategy and any other practical scheme exploiting
sub-optimal basis function sets.
For this reason, sub-optimum strategies have been proposed, e.g., based on
the approximation of the basis function sets with designated focusing/steering
functions that depend on the specific operating conditions [14].

Overall, the communication problem can be seen as a wireless interconnec-
tion of continuous apertures with finite extension in space, capable of generat-
ing and detecting the most suitable EM waveforms to maximize the achievable
channel capacity, even in LOS conditions. When only a finite number N of
basis functions are strongly coupled (i.e., with significant values of the corre-
sponding ξn), the equivalent communication scheme which is obtained can be
visualized as reported in Figure 2.2.
Remarkably, the adopted basis decomposition allows to define a system input-
output representation in terms ofN parallel channels that is capacity-optimum,
where N identifies the available DoFs for the specific communication system.
Indeed, by associating the N input data streams {xn} to the transmitting
basis set {ϕn(s)}, s ∈ ST, and neglecting the presence of noise, we are able
to directly recover the transmitted data by performing the correlation of the
received EM field with the corresponding basis functions {ψn(r)}, r ∈ SR, thus
obtaining yn = xnξn, n = 1, . . . , N .

2.2 Optimal communication modes with cir-

cular LISs

When limited antennas’ sizes are considered, the optimal wave functions that
describe the communication modes generated by circular apertures in paraxial
conditions are the so-called circular prolate spheroidal functions (CPSFs) [15],
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Figure 2.3: Scenario with two LISs in paraxial conditions spaced of z.

extending the classical linear prolate spheroidal wave functions (PSWFs),
which are instead solutions under paraxial conditions for rectangular aper-
tures [13].

With reference to Figure 2.3, consider two parallel, circular LISs in LOS.
Polar coordinates ρT and φT describe a generic point on the transmitting LIS,
while coordinates ρR and φR instead describe a generic point on the receiving
LIS. The transmitting LIS is placed at z = 0, and the two LISs are spaced apart
of z. Therefore, the transmitting LIS has a radius RT, while the receiving LIS
has a radius RR. The distance between two generic points on the transmitting
and receiving LISs is denoted as

r = |r− s| =
√
ρ2T + ρ2R − 2ρTρR cos (φR − φT) + z2 (2.9)

. According to this geometry, the basis functions at the transmitting LIS
are [15]

ϕn(ρT, φT) =
1√

2πRTρT
f c
m,ℓ

(
ρT
RT

)
e−ȷκ

ρ2T
2z eȷℓφT (2.10)

where n = 1, . . . , N are the indexes spanning the elements in the set S =
{m, ℓ} corresponding to well-coupled communications modes, {f c

m,ℓ} are the
real-valued CPSFs that solve the band-limited Hankel-transform eigenvalue
problem

γcm,ℓf
c
m,ℓ(x) =

∫ 1

0

Jℓ (cxx
′)
√
cxx′f c

m,ℓ (x
′) dx′ (2.11)

in which γcm,ℓ are the eigenvalues, c = κRTRR

z
is the bandwidth parameter,

x′ = ρT
RT

and x = ρR
RR

. Correspondingly, at the receiver side we have the basis
functions [15]

ψn(ρR, φR) =
1√

2πRRρR

eȷκz

ȷℓ
f c
m,ℓ

(
ρR
RR

)
eȷκ

ρ2R
2z eȷℓφR . (2.12)

According to [15], the coupling coefficient for the communication modes are

ξn = γcm,ℓ

√
RTRR

4κz
. (2.13)
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Chapter 2. Communication with Large Intelligent Surfaces

Due to the properties of the eigenvalues γcm,ℓ related to CPSFs, the number of
communication modes (i.e,. well-coupled modes) is given by [15]

N =

(
πRTRR

λz

)2

=
STSR

λ2z2
(2.14)

where ST = πR2
T and SR = πR2

R are the areas of the LISs. Incidentally,
Equation (2.14) has the same form of classical results related to rectangular
surfaces [13].

Notably, both the transmitting and receiving basis functions ϕn(ρT, φT) and
ψn(ρR, φR) are separable in ρ and φ, that is, they can be written respectively
as

ϕn(ρT, φT) = ϕρ
n(ρT)ϕ

φ
n(φT)

ψn(ρR, φR) = ψρ
n(ρR)ψ

φ
n(φR) . (2.15)
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Chapter 3

Orbital Angular Momentum

From the physical viewpoint, electrons are elementary quantum particles that
exhibit the wave-particle duality characterizing all the existing quantistic en-
tities. Generally, the particles’ properties can be easily described employing
classical electrodynamics, like the well-known Lorentz’s force and Coulomb’s
law, while the wave features of electrons are precisely specified by quantum
mechanics and Schrödinger’s equation.

An accurate and complete description of an electromechanical system needs
to consider both its translational dynamics and its rotational one. In partic-
ular, the former is physically described by the varying linear momentum, i.e.,
forces. In the case of wireless communications, radio transmissions are based
on the transfer of the linear momentum density, hence what is usually referred
in the literature as the Poynting vector.
Rotational dynamics instead is physically described by the variation of angular
momentum, thus by the bodies’ revolution according to Newtonian mechanics
and the second Euler’s law [16].

3.1 General Definition

From the EM point of view, angular momentum is a vectorial characteristic
that quantitatively defines the intrinsic rotation of the EM field.
While propagating in the axial direction indeed, a photons’ fashion can simul-
taneously rotate around its axis. In addition, there are two different modalities
of rotation, and each of them is associated with a specific component of the
total angular momentum.
Particularly, the total angular momentum can be computed as the sum of the
spin angular momentum (SAM) and the orbital angular momentum (OAM).
The SAM is related to the dynamic rotation of the electromagnetic field around
its direction of propagation, and it is intrinsically related to the wave’s polariza-
tion [17]. OAM instead concerns the spatial distribution of the electromagnetic
field and its rotation around the main beam axis [16].
Notably, the main difference between these two wave’s components relies upon
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Chapter 3. Orbital Angular Momentum

Figure 3.1: The illustrative distinction between the SAM (left) and OAM com-
ponents (right) of the EM angular momentum.

the fact that OAM beams, i.e., with zero SAM, have rotating wavefronts, while
polarized beams, namely with zero OAM and only non-null SAM component,
have rotating electric field vector, as depicted in Figure 3.1.

Specifically, the main peculiarity of EM waves with non-null OAM relies
on the insurgence of wavefronts that are not parallel planes propagating in the
axis direction, as in the classical far-field assumption, rather than continuous,
helical-shaped wavefronts that are torqued around the propagation direction
and with a phase singularity in their center. In particular, this last element is
a point of destructive interference in which the EM field intensity is zero and
its phase distribution is indeterminate.
Indeed, by sectioning those vortices along the vertical direction, i.e., the direc-
tion that is perpendicular to the wave’s propagation plane, this characteristic
might be visualized as a light intensity ring with a hole in its middle as shown
in Figure 3.2.
For this reason, OAM is frequently described as a vortex or with the notion of
helical/twisted/screwed wavefront.

The aforementioned physical quantities can be expressed as [18]

J = S + L (3.1)

i.e., the total angular momentum J of the EM field associated with a volume
V can be decomposed as the sum of the SAM component S and the OAM
component L. These two can be computed as [19]

S = ϵ0

∫
V

Re{E∗ × A} dV (3.2)

L = ϵ0

∫
V

Re{ȷE∗(L̃ ·A)} dV (3.3)

where ϵ0 is the dielectric constant in vacuum, r is the radius vector of a point
in the electric field, L̃ = −ȷ(r × ∇) is the OAM operator, E is the electric
field, A is the vector potential and ȷ the imaginary unit, while Re{·} and (·)∗
represent the real part operation and the conjugate operator respectively.
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Figure 3.2: Plot of the propagating twisted wavefronts (left) and the phase
and intensity distribution, respectively, of the OAM beams (right) for different

ℓ values.

Remarkably, a complete vectorial description of the EM field is required
to characterize its specificity in terms of OAM. However, albeit considering
the scalar approximation as in Chapter 2, the specific helical structure of the
wavefronts characterizing OAM is generally described in the wave equation by
an exponential phase term, that is eȷℓφ, where ℓ ∈ Z is the so-called topological
charge and φ is the transverse azimuthal angle, defined as the angular position
on a plane perpendicular to the propagation direction.
In [17], it has been demonstrated that this characteristic constitutes a sufficient
condition to have OAM-carrying waves when in the presence of a propagation
regime that is mostly paraxial.
As a matter of fact, each vortex is hence characterized by an integer number ℓ,
whose module identifies the number of twists that a wavefront performs within
a distance equal to the wavelength, while its sign determines the chirality, that
is, the direction of the twist. In fact, when |ℓ| > 0, the wavefront characterizing
a specific topological charge has |ℓ| helices intertwined. Each of these states
associated with a specific topological charge ℓ takes the name of OAM mode.

The interesting property of OAM modes is their inherent orthogonality. In
fact, it holds ∫ 2π

0

eȷℓjφ(eȷℓkφ)∗ dφ =

{
0 j ̸= k

2π j = k
(3.4)

thus, in principle, beams exhibiting this characteristic could carry different
data streams, hence leading to the introduction of spatial multiplexing capa-
bilities in the communication system under study.
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Chapter 3. Orbital Angular Momentum

Many types of beams, i.e., OAM modes, carrying angular momentum have
been investigated throughout the years to impress the EM waves the desired
vorticose phase profile, among which Laguerre-Gaussian (LG) beams are prob-
ably the most widely known. Precisely, LG beams are paraxial solutions of
the wave equation in homogeneous media.
In cylindrical coordinates, a generic EM wave propagating in free space along
the z-direction can be expressed as [20]

E(ρ, φ, z) = u(ρ, φ, z)e−ȷκz (3.5)

where u(ρ, φ, z) is the complex amplitude distribution of the EM field. Specif-
ically, for an LG beam propagating along the z-axis, it holds [17]

u(ρ, φ, z) =

√
2p!

πw2(z)(p+ |ℓ|)!

[
ρ
√
2

w(z)

]|ℓ|

L|ℓ|
p

(
2ρ2

w2(z)

)
exp

[
−ρ2

w2(z)

]
× exp

[
ȷκρ2z

2 (z2 + z2R)

]
exp(ȷℓφ) exp

[
−ȷ(2p+ |ℓ|+ 1) tan−1

(
z

zR

)]
(3.6)

where w(z) = w0 [(z
2 + z2R) /z

2
R]

1/2
is the radius of the beam, w0 is the waist

radius, zR =
πw2

0

λ
is the Rayleigh range, i.e. the distance along the prop-

agation direction from the beam waist to the point where the area of the
cross section is doubled [21], L

|ℓ|
p (x) is the associated Laguerre polynomial and

(2p+ |ℓ|+ 1) tan−1 (z/zR) is the Gouy phase.

Another well-known category of OAM waves are the Bessel beams, which
can be described as

u(ρ, φ, z) = Jℓ (κρρ) e
ȷκzzeȷℓφ (3.7)

where Jℓ (·) is the ℓ-order Bessel function of the first kind and κρ and κz are
the radial and axial wavenumbers, respectively [18].

The two kinds of EM waves mentioned above are just a few of the plethora
of existing waves able to carry angular momentum: Gaussian beams, Airy
beams, and many others were subjects of research [22,23], representing possible
solutions to the problem of determining the best field distribution for OAM
propagation. Apparently, the common element between these kinds of beams
is that all of them are reasonably able to transport orbital angular momentum,
and this characteristic is always described from the mathematical viewpoint
through the exponential term eȷℓφ.

3.2 State of The Art

Noticeably, many relevant applications exploiting OAM properties have been
envisaged in the latest years. For instance, a novel type of space-division mul-
tiplexing technique based on modes’ orthogonality has been theorized, namely
OAM mode-division multiplexing (OAM-MD) [24], which could be used jointly
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with the most varied modulation formats as well as the existing multiplexing
techniques based on time, frequency and polarization (TDM, FDM, PDM) to
increase system capacity significantly.
Moreover, multi-level coding techniques (OAM-SK) able to code the informa-
tion through the specific value of the topological charge ℓ have been suggested,
together with the possibility of managing the increasing users’ density through
an OAM-based multiple access scheme (OAM-MDMA) [25].
In addition to this, an extensive number of possible technologies and deploy-
ments were proposed, dealing with many wireless communications sectors.
Mode hopping techniques [26], OAM-MIMO systems [27, 28], OFDM-OAM
modulations [29], radar targets imaging [30], indoor or near-field communi-
cations [31] are very few of the use cases that have been studied throughout
the last decade and, in particular areas of research, some solutions have been
already deployed; In particular in the optical domain for biological cells and
particles manipulation or radioastronomy for extra-solar planets coronography.
However, a very small number of works to date effectively investigate the po-
tentialities of exploiting OAM with intelligent surfaces, especially when the
communication occurs in the near-field propagation regime.

The major adversities and drawbacks in developing these visionary ideas
and their relative applications lie in the several problems that OAM propa-
gation displays and their interference with the correct data reception at the
receiver side. The unwanted effects that need to be counteracted are the fol-
lowing:

• Beam divergence: it has been proven that OAM beams diverge from their
central axis as

√
ℓ [32]. What is more, higher-orders OAM modes diverge

even more rapidly than their lower-orders counterparts. An insight of this
undesired physical phenomenon is reported in Figure 3.3a.

• Misalignment between transmitter and receiver : lateral displacement and
receiver angular errors are the most common dislocations that can occur
in a non-paraxial regime, as depicted in Figure 3.3b.

• Atmospheric turbulence: propagation disturbances may arise due to re-
fractive index variations related to temperature and pressure inhomo-
geneities that are present in the radio space. This effect is extremely
detrimental since it can utterly destroy the helical wavefront and hence
destroy the phase information content [33], as shown in Figure 3.4.

• Multipath: this effect can be caused both by reflections and beam spread-
ing. It has been shown that OAM channels with high ℓ undergo larger
intra- and inter-channel interference due to beams divergence during the
propagation.

All the issues mentioned above unavoidably lead to significant power loss
and crosstalk interference at the receiver side and, at its extreme, can also de-
termine the complete destruction of the wavefronts, hence loss of information.
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For this reason, the future of OAM communications is forecast by many to be
mainly related to LOS scenarios and near-field communications [34].

(a) (b)

Figure 3.3: A graphic representation of the beam divergence phenomenon (a)
and the possible misalignment errors (b) that can occur at the receiver side [32].

Figure 3.4: Illustration of the effects of atmospheric turbulence on OAM vor-
texes propagation, leading to distortion and inter-modal interference [33].

3.3 Experimental Validations and Contribu-

tions

Not only theoretical research and simulations have been carried out by the
scientific community worldwide, but also a great number of experiments were
performed to validate the effective capability to transmit information through
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light twists.

First and foremost, it is important to mention the renowned Venice ex-
periment [35] in which two different tones were transmitted simultaneously on
the same 2.4 GHz frequency band in LOS condition from the lighthouse of
San Giorgio island to the balcony of Venice’s Palazzo Ducale, separated by
a total length of 442 meters (See Figure 3.5). The two distinct radio signals
were broadcast on different OAM channels, ℓ = 0 and ℓ = +1, respectively,
and the receiver was then able to successfully detect both channels through an
interferometric phase discrimination method that put in evidence the phase
fingerprints due to the twisting of electromagnetic waves. For greater clarity,
a depiction of the specific radio detector that has been used is reported in
Figure 3.6.

This result held a broad appeal globally since, originally, it seemed like the
first experimental proof that OAM modes can propagate coherently at radio
frequencies and be detected correctly in the far-field. Nonetheless, this gave
rise to a vivid debate [36–38], that ended with the counterpart’s demonstration
that the OAM multiplexing scheme presented in [35] can be used for large dis-
tances between the transmitter and the receiver (i.e., z) only if the receiving
antennas spacing d is increased proportionally to z. Indeed, if the distance
d between the receiving antennas is kept constant, it was shown that an ad-
ditional power decay z−2(|ℓ|+1) emerges in the case of LG beams, preventing
any capacity gain in the far-field. If instead, d is increased proportionally to
the transmitting-receiving antennas distance z, then the same result can be
obtained with an alternative, well-known antennas setup, e.g., MIMO. In that
way, it was proved that OAM modes are not necessarily required for such a
result.

(a) (b)

Figure 3.5: (a) The satellite view of Venice’s canal where the first OAM broad-
cast transmission took place. (b) Venice’s Palazzo Ducale displaying the writing
”signal received”, after the successful reception of the OAM multiplexed signal.

Another interesting proof was delivered by the same Italian research group
that carried on further experiments in Padua [39]. This time the transmitted
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Figure 3.6: Illustration of the phase interferometer utilized for Venice’s exper-
iment, composed of two connected receiving antennas connected through a 180◦

phase-shift cable.

OAM channels were three, ℓ = 0, ℓ = −1 and ℓ = +1 precisely, at a frequency
of 17.128 GHz and the tests were performed in LOS condition for several link
distances in the order of a hundred meters. Also in this trial, the results were
significant, displaying relevant inter-modal isolation without the need for dig-
ital post-processing.

The aforementioned experiments were just a few of the several practical
examinations that have been executed by researchers, and, intuitively, many
open issues and problems are still to be addressed; particularly, in light of the
fact that OAM-based communication performance was shown to be strongly
affected by the kind of antenna that is used, the overall systems architecture,
the operating frequency, and many other elements.
In particular, a plethora of radio OAM generation methods have been identi-
fied, and each of them has its specific advantages and drawbacks concerning
cost, complexity, market readiness, and working frequency.
Spiral phase plate (SPP) antennas, spiral reflectors, uniform circular antenna
arrays (UCAAs), and metasurfaces were all subjects of research by many aca-
demics, and, in the end, every OAM signal generation technique was identified
as optimal for a specific operating frequency. For instance, previous works,
e.g., [18] to mention one, reported that spiral reflectors and UCAAs work best
at RF frequencies and are more suitable for long-range transmissions, while
SPPs and metasurfaces are better for the mmWaves band.

Moreover, the relationship of this new OAM-based transmission technique
with the most advanced wireless communication systems and methodologies
has been investigated, especially in relation to MIMO systems and beamform-
ing [27,40–42]. Unfortunately, few improvements and many unsolved questions
have been highlighted, making it still an open and intricate debate.

3.4 Interpretation

From the analytical point of view, an important distinction has to be made
with respect to the mathematical formulation and the results derived in the
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previous chapter.
The main difference concerning the definition of the OAM modes as in (3.6)-
(3.7) with respect to the optimal basis sets (2.10)-(2.12) is that neither con-
cepts nor references related to the specific transmitting/receiving antennas are
given. Differently, communication modes, as identified by the couples of func-
tions (ϕn(s), ψn(r)), are strictly related to the geometry of the transmitting
and receiving antennas.
The explanation of their dissimilarity resides exactly in the different definitions
of modes. While LG beams are solutions of the wave equation evaluated in the
absence of boundaries, i.e., with the source’s transverse dimensions at infinity,
communication modes in Chapter 2 are instead obtained by considering finite
antenna sizes. As a consequence, LG modes can be considered as approxi-
mations of the actual propagating modes when the transmit aperture is large
enough to generate the beams and the receive aperture is extended enough to
capture them [15].

In theory, many categories of existing beams are suitable for describing
paraxial wave propagation carrying OAM and these solutions could suggest
that an unlimited number of channels would be available. However, when
boundaries corresponding to finite transmit/receive antennas are considered, a
limited number N of well-coupled communication modes is obtained, and LG
beams do not constitute proper solutions of (2.1) [43].

Given the basis functions’ separability as in (2.15), the helical phase-front
characterizing OAM-based propagation can be obtained by impressing a phase
rotation through the azimuthal component of the transmitting basis function
ϕφ
n(φT) = eȷℓφT . Then, according to (2.2), we obtain a wave given by

ψ(ρR, φR, z) =

∫ RT

0

ρTϕ
ρ
n(ρT)

∫ 2π

0

eȷℓφTf(ρT, ρR, cos(φR − φT)) dφT dρT

(3.8)

where

f(ρT, ρR, cos(φR − φT)) =
e−ȷκr

4πr
(3.9)

having defined r in (2.9). Thus, with a change of variable α = φT − φR, it is
obtained

ψ(ρR, φR, z) = eȷℓφRgn(ρR, z) (3.10)

which is again separable in ρR and φR, and

gn(ρR, z)=

∫ RT

0

ρTϕ
ρ
n(ρT)

∫ 2π

0

eȷℓαf(ρR, ρT, cos(α)) dρT dα . (3.11)

It can be noticed from Equation (3.10) that the exponential term eȷℓφR iden-
tifying OAM is also present in the received EM field expression. This shows
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that OAM wavefronts propagate in free-space with no changes and irrespec-
tively of the selected transmitting amplitude profile, thus demonstrating how
orthogonality among OAM-based modes is preserved at the receiver. However,
the phase factor at the transmitter side leading to OAM unavoidably affects
the shape of the beam along the radial coordinate ρR, in particular causing the
well-known beam divergence [32], as it will be characterized in the followings.

19



Chapter 4

OAM-based Communication
using LISs

Ideally, it is evident that the adoption of CPSFs as basis functions according
to (2.10) and (2.12) leads to the highest number of communication modes.
Unfortunately, such an approach results quite complex to be implemented,
even in the paraxial scenario, for several reasons:

• The transmitting and receiving LISs should know exactly their mutual
distance, rotation, and size in order to shape the amplitude and phase
profiles along the transverse radial coordinates ρT and ρR;

• A complex amplitude/phase profile must be drawn at the transmit-
ter side according to (2.10). Similarly, the received EM field must be
properly weighted with a complex amplitude/phase profile according to
(2.12). These operations require high hardware flexibility at both the
LISs, which could not be affordable, especially at high frequencies.

To simplify both the transmitting and receiving LISs architectures and exploit,
at the same time, the multiplexing capabilities offered by the OAM helical
wavefronts, a viable solution is to resort to functions of more straightforward
realization.
In particular, recalling the OAM conservation property demonstrated in Equa-
tion (3.10), we assume here to use the following orthonormal basis functions
at the transmitter side

ϕn(ρT, φT) =
1√

2πRT

eȷℓnφT (4.1)

with

ℓn =

{
−n−1

2
mod (n, 2) = 1

n
2

mod (n, 2) = 0
(4.2)
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where n = 1, . . . , N and, consequently, ℓn = 0,+1,−1,+2,−2, . . . , (N − 1)/2,
assuming N odd. Thus, we consider ϕn(ρT, φT) = ϕρ

n(ρT)ϕ
φ
n(φT) where

ϕρ
n(ρT) =

1√
RT

ΠRT
(ρT) (4.3)

ϕφ
n(φT) =

1√
2π
eȷℓnφT (4.4)

with

Πa(ξ) =

{
1 ξ ∈ (0, a)

0 otherwise
(4.5)

being the rectangular function, which in our specific case identifies a circle of
radius a when used in Equation (4.3).
These bases can be viewed as the extension to a circular surface of the typical
phase tapering profiles required to generate OAM waves with uniform circu-
lar arrays (UCAs). In fact, a well-known technique for obtaining the helical
wavefront consists of feeding a circular array of NTX elements equispaced over
a ring, with a successive phase delay ∆ = 2ℓπ/NTX such that, after a full turn,
the phase is incremented of a multiple integer ℓ of 2π (i.e., phase varies linearly
with the azimuthal angle) [44].
Functions (4.1) are orthonormal as well and could be used to realize spatial
multiplexing by requiring phase-tapering only in order to generate the EM
field, thus drastically reducing the LIS complexity. Clearly, these functions
do not form a complete basis set, unlike the optimum solutions, and hence a
performance degradation in terms of DoFs is expected.
Notice that n = 1 (i.e., ℓn = 0) corresponds to a uniform feed over the transmit-
ting LIS, then the obtained beam is that typical of a uniform circular aperture.
The other modes are always degenerate, and hence the same coupling is ob-
tained for two consecutive modes (e.g., for n = 2 and n = 3, corresponding to
the topological charges with the same absolute values and opposite chirality).

When the basis function ϕn(ρT, φT) is adopted at the transmitting antenna
according to (4.1), the field at the generic distance z is given by (2.2) and has
the same form of (3.10), that is

ψ(n)(ρR, φR, z) =
1√

2πRT

∫ RT

0

∫ 2π

0

eȷℓnφT
e−ȷκr

4πr
ρT dφT dρT (4.6)

Here we used the notation ψ(n)(ρR, φR, z) to indicate the n-th component of
the received EM field when the n-th basis function ϕn(ρT, φT) in (4.1) was
used.
In particular, considering waves propagation within the Fresnel zone, where
multiple communication modes can be realized [14], we can approximate r in
the numerator of (4.6) with

r ≈ z +
ρ2T
2z

+
ρ2R
2z

− ρTρR cos(φR − φT)

z
(4.7)
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and assume r ≈ z in the denominator of (4.6). This classical Fresnel approxi-
mation allows writing the received EM field as

ψ(n)(ρR, φR, z) =
1

4πz
√
2πRT

e−ȷκ
ρ2R
2z e−ȷκz

×
∫ RT

0

∫ 2π

0

eȷℓnφTe−ȷκ
ρ2T
2z eȷκ

ρRρT cos (φR−φT)

z ρT dφT dρT

=
(−1)ℓn

2z
√
2πRT

e−ȷκ
ρ2R
2z e−ȷκzeȷℓnφR

∫ RT

0

ρTe
−ȷκ

ρ2T
2z Jℓn

(κρRρT
z

)
dρT .

(4.8)

When N data streams are transmitted simultaneously, in order to carry the
data symbols x = {x1, . . . , xN} according to the basis functions ϕn(ρR, φR)
in (4.1) for exploiting spatial multiplexing, the overall received EM field at a
distance z from the transmitting antenna is

ψ(ρR, φR, z) =
N∑

n=1

xnψ
(n)(ρR, φR, z) . (4.9)

Subsequently, the EM field ψ(ρR, φR, z) is processed by the receiving LIS in
order to extract the information data x, as discussed in the following sections.

4.1 Focused OAM

When considering the OAM-based EM field according to what has been dis-
cussed so far, it can be noticed from the analytical expression in (4.8) that the
higher-order beams display maxima for increasingly larger values of ρR, fol-
lowing the typical behavior of Bessel’s functions. Indeed, it is well-known that
OAM beams diverge increasingly with the growth of the topological charge [32].
Therefore, a large receiving LIS is required to collect most of the beam and
obtain a significant coupling intensity, hence a correct data reception. This
discussion highlights an intrinsic, critical issue in exploiting OAM with UCAs
at the receiver side: in fact, a fixed-radius UCA would be able to collect
significant energy from the OAM beam only if its radius is collimated with
the corresponding beam divergence at a given distance. However, since every
topological charge exhibits a different divergence effect, the receiving circular
array will be suitable for correctly detecting (i.e., with good coupling) only a
certain predefined mode, being sub-optimal for the others. In this sense, the
use of a large receiving LIS enables much more flexibility and larger coupling
intensities for a larger number of modes.
Moreover, the beam widening effect is emphasized when operating within the
near-field since the diffraction pattern of an aperture is intrinsically larger
than the one obtained in the far-field, being the result of a convolution with a
quadratic-phase term, as highlighted in (4.8).
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A renowned technique for limiting the angular spread of a beam in the near
field is focusing [45]. This process consists in adjusting the phase of a radiat-
ing source so that it compensates for the propagation delay towards a specific
point (the focal point), where all the field contributions add coherently, thus
enhancing the EM field intensity in a limited-area region (i.e., beam with finite
depth).
To reach such a result using the functions considered in (4.1), a modification
of the transmitting phase profile ϕn(ρT, φT) along the transverse radial coor-
dinate ρT can be realized, making the phase along this coordinate converging
at the targeted focal point. Considering the paraxial geometry, with the focal
point corresponding to the center of the receiving LIS at a distance z, this
corresponds to assume

ϕρ
n(ρT) =

1√
RT

eȷκr|ρR=0 ≈
1√
RT

e
ȷκz

(
1+

ρ2T
2z2

)
(4.10)

where the right-hand approximation comes from the Fresnel approximation in
(4.7). From a practical viewpoint, focusing can be implemented according to
ϕρ
n(ρT) = exp (ȷκρ2T/2z)/

√
RT since the addition of a constant phase term does

not change the focusing behaviour.

Given the separability highlighted in (2.15), the folding of the phase pro-
file along the transverse radial coordinate ρT does not affect the helical phase
front, thus orthogonality is preserved both at the transmitter and receiver
sides. Indeed, accordingly to the previously-discussed model, each OAM state
is uniquely identified by its topological charge ℓn, affecting only the phase dis-
tribution along the azimuthal angle φT; Consequently, any variation of the
phase profile along the radial coordinate ρT does not entail any loss in terms
of beams’ separation.
The main drawback of this approach is that the distance among the anten-
nas must be known at the transmitting side in order to focus the EM field.
Nevertheless, this strategy requires phase-tapering only, i.e., the transmitting
amplitude profile does not necessitate any further manipulation besides the
additional exponential term reported in (4.10). As a consequence, the overall
system complexity in the presence of focusing is in any case reduced with re-
spect to optimum strategies.

When the phase profile (4.10) is considered, for the beam at the receiving
LIS side we obtain

ψ(n)(ρR, φR, z) =
e−ȷκ

ρ2R
2z

4πz
√
2πRT

∫ RT

0

∫ 2π

0

eȷℓnφTeȷκ
ρRρT cos (φR−φT)

z ρT dφT dρT

=
(−1)ℓn

2z
√
2πRT

e−ȷκ
ρ2R
2z eȷℓnφR

∫ RT

0

ρTJℓn

(κρRρT
z

)
dρT . (4.11)

Interestingly, (4.11) corresponds to the beam that would be obtained with the

far-field (Fraunhofer) approximation, in spite of the fact that we are observing
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the field within the Fresnel zone of the transmitting LIS. 1

In fact, focusing along ρT compensates for the quadratic phase term responsible
for the diffraction effects that are typical of the Fresnel zone, hence a more
concentrated beam is obtained at the focal point. Notice that, when ℓn = 0
(i.e., n = 1), we have

ψ(1)(ρR, φR, z) =
1

2z
√
2πRT

e−ȷκ
ρ2R
2z

∫ RT

0

ρTJ0

(κρRρT
z

)
dρT

=

√
RT

2
√
2πκρR

e−ȷκ
ρ2R
2z J1

(
κρRRT

z

)
. (4.12)

The intensity profile coming from (4.12) is the classical far-field pattern of
a circular aperture antenna (i.e., the Airy disk [47]). Remarkably, higher
topological charges produce a beam divergence which is partially compensated
by performing focusing.

4.2 Uncoded Transmissions on AWGN chan-

nels

Up to this point in our discussion, we neglected the presence of noise corrup-
tion in the data reception process. However, in order to render our theoretical
system model as realistic and pertaining to real telecommunications systems
as possible, random noise clearly cannot be omitted.
Indeed, an accurate description of the system’s functioning and its relative
performance evaluation requires the adoption of a suitable noise model that is
able to properly mimic the effect of thermal noise and many other uncontrol-
lable random processes that occur in nature, e.g., EM interference (EMI) com-
ing from surrounding devices [48] or potential hardware impairments. These
unwanted phenomena clearly have a non-negligible impact on the overall com-
munication performance and are dependent on a number of parameters, which
range from the specific antenna’s implementation to the considered radio chan-
nel.

A truthful noise model to be adopted when in the presence of LISs should
take into account the fact that, due to the spatial continuity of these aperture
antennas, the noise samples that can be extrapolated by spatially sampling the
received EM field cannot be assumed a-priori as Gaussian and independent,
identically distributed (i.i.d.), as in classical communication theory. It is due
to the fact that not only the transmitted, useful waveforms but also the noise
of extrinsic nature associated with the EM wave need to satisfy the renowned
Helmholtz equation, thus leading to spatial correlation; Note that this instead
does not hold for the intrinsic thermal noise that is generated by the receiver.
However, developing such a noise model and characterizing it appropriately

1This behaviour was also highlighted in [14,46]
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from the statistical point of view would require extensive and in-depth anal-
ysis that is beyond the scope of this thesis and will therefore be reserved for
future works.

Concerning our specific case study, we will now refer to the simplest ad-
ditive white Gaussian noise (AWGN) case, hence modeling any noise source
of both intrinsic and extrinsic nature as a zero-mean ergodic Gaussian ran-
dom process with a spatially white spectrum. Moreover, we will consider for
simulation purposes discrete noise samples obtained by performing spatial sam-
pling along each dimension of the receiving LIS at a spatial sampling interval
∆ = λ/2, according to the well-known Nyquist–Shannon sampling theorem.
This operation translates into filtering the given noise realization with a low-
pass filter of spatial bandwidth WS = 2π/ (2∆) = 1/λ in the wavenumber
frequency domain. Note that 1/λ corresponds to the free space wavenumber
κ0 = 2π/λ.2 By performing sampling in adjacent points on the LIS antennas
in this manner, the correlation between noise samples of any nature is subse-
quently eliminated.
Remarkably, the noise characterization that we have introduced is a simplified
model used as a first approach to formalizing the communication problem, but
when extending this analysis by taking into account external noise sources, a
possible noise model to be adopted is the one presented in [49].
In particular, we are now assuming the presence of additive noise at the input
of the correlation-based reception schemes, as reported in Figure 4.1, that is
only a function of the considered signal-to-noise ratio (SNR) and antennas’
sizes.
From the signal processing viewpoint, we are going to consider the following
complex low-pass signal model henceforth:

y(x, y, z) = ψ(x, y, z) + n(x, y)

=
N∑

n=1

xnψ
(n)(x, y, z) + n(x, y) (4.13)

where x and y are the coordinates on the receiving LIS’s surface, y(x, y, z)
identifies the received noisy signal, and ψ(x, y, z) is the useful signal resulting
from the superposition of the N transmitted OAM modes. Moreover, n(x, y)
represents a white, Gaussian, band-limited, random noise process with con-
stant power spectral density (PSD) equal to 2N0 within the spatial bandwidth
WS = 1/λ.

Since in this treatise we are contemplating a polar reference system rather
than a traditional Cartesian one, we can rewrite this model by performing a
change of variable as:

2Noteworthily, due to the intrinsic nature of the communication problem under investi-
gation, the traditional concept of signals that are defined in the time or, equivalently, in the
frequency domain is discarded. Indeed, in our case, a mapping between the signals’ temporal
dimension and the spatial one holds, thus the notion of frequency is paralleled with that of
corresponding to the wavenumber κ.
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y(ρR, φR, z) = ψ(ρR, φR, z) + w(ρR, φR)

=
N∑

n=1

xnψ
(n)(ρR, φR, z) + w(ρR, φR) (4.14)

In this case, w(ρR, φR) is a complex function in the radial and azimuthal
coordinates that still represents a random noise process, but that is not white
nor Gaussian anymore. Particularly, due to the fact that ρR and φR are in-
terdependent variables, the bivariate noise distribution in polar coordinates is
thus far unknown due to its complicated characterization and is still under our
investigation.

Figure 4.1: Block diagram of the complete reception scheme in the presence of
AWGN noise.

Apart from that, we will restrict our study of the OAM-based transmission
to the case of uncoded communications by reason of the immediateness of the
treatise. Therefore, the transmitted symbols sequences of length N are ob-
tained by employing any arbitrary digital amplitude modulation, e.g., binary
phase shift keying (BPSK) or on-off keying (OOK). Naturally, the modulation
choice affects the overall system’s architecture and performance; in particular,
it affects the selection of the most convenient detection scheme to adopt, being
dependent upon the modulation coherency, its dimensionality and order, and
so on.
Besides this, due to the absence of any channel coding strategy, all the symbols’
sequence combinations are possible, and we will assume them as equiprobable.
In this manner, we ensure the complete independence of the {xn} symbols,
thus obtaining that symbol-by-symbol detection is optimum and leads to the
minimization of the bit error probability.

As regards the specific symbols’ detection procedure, thanks to the helical
wavefront propagating with no changes along the azimuthal coordinate, a cor-
relation at the receiver side with a conjugate factor e−ȷℓnφR enables to isolate
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the n-th contribution from the overall received EM field (4.9). This process
can be viewed as a matching operation performed at EM level. Formally, con-
sidering herein the OAM-multiplexed signal component only and neglecting
the noise presence, we have

∫ 2π

0

ψ(ρR, φR, z)e
−ȷℓnφR dφR =

∫ 2π

0

N∑
n=1

xnψ
(n)(ρR, φR, z)e

−ȷℓnφR dφR

=
(−1)ℓn

2z
√
2πRT

e−ȷκ
ρ2R
2z e−ȷκzxn

∫ RT

0

ρTe
−ȷκ

ρ2T
2z Jℓn

(κρRρT
z

)
dρT

= xnfn(ρR) (4.15)

where

fn(ρR) =
(−1)ℓn

2z
√
2πRT

e−ȷκ
ρ2R
2z e−ȷκz

∫ RT

0

ρTe
−ȷκ

ρ2T
2z Jℓn

(κρRρT
z

)
dρT . (4.16)

At this point, different approaches could be employed to detect the trans-
mitted symbol xn, from the n-th EM field component fn(ρR) along the radial
coordinate ρR.

Above all, the optimum strategy for maximizing the energy at the n-th
branch of the receiver is that of performing traditional matched filtering, i.e.,
computing the correlation also along the radial coordinate ρR with a function
matched to (4.15). Thus, the decision variable Yn used for signal demodulation
at the n-th branch is

Yn =

∫ RR

0

xnfn(ρR)f
∗
n(ρR) dρR +

∫ RR

0

∫ 2π

0

w(ρR, φR)f
∗
n(ρR)e

−ȷℓnφR dφR dρR

= xn

∫ RR

0

|fn(ρR)|2 dρR +

∫ RR

0

∫ 2π

0

w(ρR, φR)f
∗
n(ρR)e

−ȷℓnφR dφR dρR

=
1

8πz2RT

xn

∫ RR

0

∣∣∣∣∫ RT

0

ρTe
−ȷκ

ρ2T
2z Jℓn

(κρRρT
z

)
dρT

∣∣∣∣2 dρR

+

∫ RR

0

∫ 2π

0

w(ρR, φR)f
∗
n(ρR)e

−ȷℓnφR dφR dρR (4.17)

This strategy corresponds to assuming a receiver basis set in the form
ψn(ρR, φR) = ψρ

n(ρR)ψ
φ
n(φR), where

ψρ
n(ρR) =fn(ρR) (4.18)

ψφ
n(φR) =e

ȷℓnφR (4.19)

Unfortunately, such a strategy requires high complexity at the receiving
LIS side. In fact:

• The correlation with a complex amplitude/phase pattern must be per-
formed;
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• The distance between transmitter and receiver, as well the transmitting
LIS’s size, must be known at the receiver side.

The equivalent processing scheme is reported in Figure 4.2. Naturally, when
focusing is performed at the transmitting LIS, the quadratic phase term of ρT
will not be included within the template function fn(ρT) in (4.16), being it
pre-compensated in advance at the transmitting side.

Figure 4.2: Matched filtering processing scheme for OAM detection.

With reference to our case of interest and subsequent numerical study, we
will evaluate the matched filter performance by adopting as a digital modula-
tion scheme a conventional BPSK, according to which the transmitted symbols
can only take values xn = ±1. As a consequence, assuming equiprobable sym-
bols occurrence, the decision criterion that has been considered is the classical
sign test that is performed on the sufficient statistics [50], which in our specific
case coincides with the real part of the complex decision variable Yn. Essen-
tially, the decision rule that has been adopted can be summarized as follows:

x̂n =

{
+1, Re{Yn} ≥ 0

−1, Re{Yn} < 0
(4.20)

Additionally, in accordance with the traditional results for uncoded binary
transmission in AWGN, it can be shown that the bit error rate (BER) when
matched filtering is employed can be computed as:

Pb =
1

2
erfc

(√
SNRn

)
(4.21)

where the SNRn is the SNR related to the specific OAM mode under analysis.
Particularly, SNRn is related to the total SNR at the receiver and the fraction
of energy corresponding to the n-th OAM mode as

SNRn = SNR

∫ RR

0

∫ 2π

0

∣∣ψ(n)(ρR, φR, z)
∣∣2 dφR dρR∫ RR

0

∫ 2π

0
|ψ(ρR, φR, z)|2 dφR dρR

(4.22)

where
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SNR =

∫ RR

0

∫ 2π

0
|ψ(ρR, φR, z)|2 dφR dρR

N0

(4.23)

In summary, the signals/noise models and the relative assumptions that
have been introduced in this section are relevant for determining some useful
performance metrics, e.g., the BER as a function of some parameters of inter-
est, such as the SNR or the link distance, thus performing a complete system’s
performance evaluation, as will be presented in the next chapter.

4.3 Strategies for System’s Complexity Reduc-

tion

Intuitively, the adoption of the optimal matched filtering approach will result
in the maximum possible achievements in terms of successful transmissions
and correct symbols detection. However, it should be remembered that this
represents the best solution theoretically and does not takes into account any
exterior or factual considerations, such as the design and implementation diffi-
culties or unexpected propagation phenomena that might occur in real wireless
environments. Consequently, it could be fruitful to identify additional recep-
tion schemes and stratagems that might be of more straightforward implemen-
tation in a physical communication system, thus constituting a suitable trade-
off between system complexity and detection accuracy. A detailed overview of
some practicable solutions is reported hereafter, together with a discussion on
the analysis and simulation issues that arise, though not directly addressed in
this work.

4.3.1 Accumulation

An alternative procedure with respect to matched filtering is to consider a sub-
optimum but lower complexity processing strategy along the radial coordinate
ρR, e.g., by performing a simple accumulation. This approach corresponds to
assuming a receiver basis set in the form ψn(ρR, φR) = ψρ

n(ρR)ψ
φ
n(φR), where

ψρ
n(ρR) =ΠRR

(ρR) (4.24)

ψφ
n(φR) =e

ȷℓnφR . (4.25)
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Specifically, we have

Yn =

∫ RR

0

∫ 2π

0

y(ρR, φR, z)e
−ȷℓnφR dφR dρR

=

∫ RR

0

xnfn(ρR) dρR +

∫ RR

0

∫ 2π

0

w(ρR, φR)e
−ȷℓnφR dφR dρR

=
(−1)ℓne−ȷκz

2z
√
2πRT

xn

∫ RR

0

e−ȷκ
ρ2R
2z

∫ RT

0

ρTe
−ȷκ

ρ2T
2z Jℓn

(κρRρT
z

)
dρTdρR

+

∫ RR

0

∫ 2π

0

w(ρR, φR)e
−ȷℓnφR dφR dρR. (4.26)

In this case, the quadratic phase factors can play a crucial role in determin-
ing both the output decision variable strength and its sign; hence a cautious
adoption of this strategy must be considered.
In fact, differently from all the other detection strategies hereby illustrated,
the lack of the square module operation in Equation (4.26) renders the com-
plex output variable Yn utterly dependent on the multiplication of three terms:
the transmitting quadratic phase factor, the receiving one, and the ℓn-th order
Bessel function. Depending on the sign of the resulting product, the decision
criterion to be adopted when detecting the transmit symbol xn consequently
changes.
In pursuance of clarity, a glimpse of the behavior of the Bessel functions as a
function of ρR for different values of the topological charge is reported in Fig-
ure 4.3. It can be noted that odd OAM orders correspond to Bessel functions
with odd symmetry, i.e., flipped with respect to the abscissa. At the same
time, even topological charges lead to overlapped Bessel curves (see ℓn = ±2)
due to their even symmetry.

Again, a traditional BPSK modulation could be employed with this de-
tection approach; as a consequence, the symbol-by-symbol detection criterion
still consists in checking the sign of the decision variable as reported in (4.20).
However, differing from the matched filter case, when focusing is not per-
formed, the presence of the quadratic phase terms and the intrinsic behavior
of the Bessel functions modifies the actual sign of Re{Yn}. For this reason, a
practical and simple stratagem could be adopted to maintain unchanged the
well-known sign test for symbol detection, hence removing the need to repro-
gram the threshold-based device for sign identification. Specifically, given the
knowledge at the receiver side of the theoretical ψn(ρR, φR, z) wave functions,
a former check on the product of the three terms in (4.26) that are respon-
sible for the Fresnel diffraction can be performed; hence a sign adjustment
can be applied by pre-multiplying Yn by ±1 and, subsequently, comparing the
resulting value with the decision threshold that is set to zero. This operation
concretely translates into flipping the traditional decision criterion and coun-
terintuitively selecting the opposite, e.g., select xn = +1 when Yn < 0 holds.
In light of this fact, a beneficial result for this sub-optimum detection strategy
can be obtained by performing focusing both at the transmitting and receiving

30



Chapter 4. OAM-based Communication using LISs

Figure 4.3: Plot of the Bessel functions’ terms included in Equation (4.26) as
a function of ρR for different topological charges (N = 7).

(a) Accumulation.

(b) Accumulation with focusing.

Figure 4.4: Accumulation-based processing schemes for OAM detection.

sides, thus compensating for the quadratic phase terms of ρT and ρR equally
and eliminating the consequent Yn dependence on them. The equivalent pro-
cessing schemes are reported in Figure 4.4a and Figure 4.4b.
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Nonetheless, despite its apparent effortlessness, accumulation has a great
disadvantage, i.e., it heavily suffers from noise enhancements that are intrin-
sically related to the specific OAM beams’ amplitude patterns. Indeed, by
collecting the energy impinging on the receiving LIS from all the (ρR, φR) lo-
cations, the receiver accumulates a massive amount of noise from those points
where the useful signals’ strength falls flat, if not optimized to perform the
correlation only where it is meaningful to do so. As a solution to this, a cau-
tious selection of the integration interval in the radial coordinate has to be
effectuated, e.g., by employing a smart integration algorithm.

4.3.2 Smart Integration

In the previous section, it has emerged how, after performing a first correlation
of the total received EM field with the conjugate phase factor e−ȷℓnφR of the
mode of interest to be demultiplexed, integration in the variable ρR always
need to be performed; this holds regardless of the adopted detection strategy
or system configuration.
Intuitively, when the matched filtering scheme is employed at the receiver side
and in the presence of Gaussian noise, this operation contributes to maximiz-
ing the SNR at the receiving LIS, being the selected receiver basis functions
ψn(ρR, φR) perfectly adapted to the transmitted waveforms.3 In this way, most
of the unwanted propagation effects are equalized, as well as the amount of
noise collected by the receiving antenna is significantly diminished.
However, when accumulation or further sub-optimum strategies are contem-
plated, the absence of any radial basis component ψρ

n(ρR) that is exactly
matched to the received field radial function fn(ρR) might lead to noticeable
performance degradation. This is because, when integrating along the totality
of the receiving LIS’s surface, i.e., ρR ∈ [0, RR], not only a fraction of the
useful OAM waves’ energy is collected, but also a consistent amount of noise is
embedded, which comes from those locations on the receiving antenna where
the field intensity |fn(ρR)|2 has negligible values.

To counteract this undesired phenomenon, a useful expedient to employ is
that of performing the integral in dρR only where the received EM field has a
considerable intensity, e.g., above a predefined threshold, though eliminating
the harmful noise enhancement coming from the irrelevant locations on the
receiving LIS. This operation has been entitled as smart integration since we
assume to have an intelligent receiving device that, given the knowledge of the
OAM order that has been demultiplexed, is capable of identifying a suitable
interval of ρR values on which perform the integration operation. Precisely, in
analogy to the case of focused beams, such a strategy requires the receiver’s
knowledge of the system’s geometry, i.e., the link distance and the transmit-
ting antenna size, so that it can compute locally an estimation of the theoretic

3Note that this is not generally true when noise cannot be assumed as AWGN. In this
case, the optimal reception scheme requires the knowledge of the specific noise distribution
[51].

32



Chapter 4. OAM-based Communication using LISs

OAM signal waveform ψ(n)(ρR, φR, z) that is expected. Admittedly, this par-
tially withdraws the advantages in terms of ease of implementation of those
sub-optimum strategies; however, with this supplementary stratagem, there is
no need to perform a correlation with a complex amplitude/phase profile as in
the optimum detection case, but only a rapid test on the signal strength, e.g.,
via an additional threshold-based device.

Naturally, due to the completely different processing performed, the noise
enhancements greatly vary depending on the specific detection strategy that
has been adopted, the SNR, the considered OAM order, and several other ele-
ments. Consequently, the optimal threshold definition that establishes whether
the beams’ strength is greater than its noise counterpart changes, and the best
integration interval needs to be determined based on the expected signal wave-
form and its energy distribution. For this reason, a unique, universally valid
algorithm has still to be identified and will be left to further investigations.
Notably, several approaches have been proposed to tackle the identification of
the proper length of the integration interval in the case of non-coherent re-
ception schemes. For instance, [52, 53] designed a blind algorithm, dubbed as
stop-and-go, that exploits in different contexts information theoretic criteria
for model order selection and is able to identify the best integration interval
without any a-priori channel state information.
For the sake of simplicity, we will limit our analysis to the exploitation of the
OAM beams’ amplitude profiles knowledge, and a brief description of the im-
plementation steps of a feasible smart integration procedure is hereby reported.
Firstly, an adequate value for the beam’s intensity threshold γ is arbitrarily
selected based on the system’s configuration and the presence/absence of focus-
ing. Subsequently, for each OAM mode, the receiver computes the theoretical
waveform ψ(n)(ρR, φR, z) and identifies its maximum value (global maximum)
in ρR ∈ [0, RR]. Afterward, the difference between this maximum and the ab-
solute value of the threshold is calculated, thus obtaining the ordinates where
the beam’s intensity can be considered satisfactory. Last, the ρR values in
correspondence of these two points, i.e., ρR1 and ρR2 , are used as extremes of
the integration interval; hence integration in dρR is performed.
It should be noted that this intensity check needs to be performed compulsorily
on the theoretical, noiseless waveforms because any small oscillation caused by
thermal noise might lead to a malfunction of the overall procedure, e.g., by
running into local maxima/minima that are the result of the AWGN random
process and do not reflect the true amplitude profile of the OAM beams.

Intuitively, the consequences of employing smart integration reflect on the
analytical formula of the decision variable as well. For instance, when ac-
cumulation is employed, the Yn expression reported in (4.26) becomes equal
to
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Yn =

∫ ρR2

ρR1

∫ 2π

0

y(ρR, φR, z)e
−ȷℓnφR dφR dρR

=

∫ ρR2

ρR1

xnfn(ρR) dρR +

∫ ρR2

ρR1

∫ 2π

0
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=
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2πRT
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∫ RT
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ρTe
−ȷκ

ρ2T
2z Jℓn

(κρRρT
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)
dρTdρR

+

∫ ρR2

ρR1

∫ 2π

0

w(ρR, φR)e
−ȷℓnφR dφR dρR. (4.27)

Evidently, depending on the choice of ρR1 and ρR2 , the interplay between
the useful waveform’s component and its noise counterpart subsequently varies.
Therefore, it emerges the necessity of optimizing not only the decision thresh-
old selection but also the integration interval [ρR1 , ρR2 ] for every OAM mode
depending on its specific energy distribution.

4.3.3 Energy Detection

In order to maximize the output energy without additional complexity at the
receiving LIS, a simple energy detection can be performed. Thus, we have

Yn =

∫ RR

0

∫ 2π

0

∣∣y(ρR, φR, z)e
−ȷℓnφR

∣∣2 dφR dρR

=

∫ RR

0

∫ 2π

0

∣∣∣∣∣
N∑

n=1

xnψ
(n)(ρR, φR, z)e

−ȷℓnφR + w(ρR, φR)e
−ȷℓnφR

∣∣∣∣∣
2

dφR dρR

(4.28)

so that all the energy along the radial component ρR is collected.
For this detection strategy, focusing at the transmitting LIS is beneficial to
minimize the beam widening; on the contrary, no improvement is given by
performing focusing at the receiving LIS. By way of illustration, an insight
into the equivalent processing scheme is reported in Figure 4.5.
Conversely to the other detection strategies, energy detection cannot be real-
ized with the general communication scheme of Figure 2.2, since integration
over the angular coordinate φR only is required and, afterward, processing the
energy along the radial coordinate ρR has to be performed.

Differently from the matched filter and the accumulation reception schemes,
the square module operation performed by this detector before computing the
correlation integral along the radial direction ρR has several non-negligible
consequences:

• Due to the presence of the square law device in the reception scheme,
any information regarding the signal’s phase is lost, thus rendering any
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Figure 4.5: Energy detection-based processing scheme for OAM detection.

coherent modulation technique totally ineffective. For instance, in the
case of BPSK, it would be impossible to distinguish whether the trans-
mitted symbol was xn = +1 or xn = −1. For this reason, non-coherent
modulation schemes only must be adopted. In the followings, we will as-
sume that the energy detector employs a traditional OOK modulation,
under which the symbols can have values equal to xn = 0 or xn = +1,
and we will assume them as equiprobable once again.

• It can be shown that the statistics of the decision variable Yn cannot be
assumed to have the same probability distribution of noise anymore, as it
typically occurs with the most widely known detection schemes. Indeed,
if the noise input is Gaussian and has a flat, band-limited power density
spectrum, it can be demonstrated that the energy that is collected by
the receiver in a finite region can be well approximated by the sum of the
square of a given number of statistically independent Gaussian variates
[54].
Without entering into the statistical description of our reference case,
this detection scheme basically leads to two different outcomes: a first
case in which the decision variable Yn is composed of the noise energy
only, and a second one in which Yn comprises both the transmitted signal
and the noise energies. Consequently, the final symbol’s decision can
be performed by comparing the energy level measured at the energy
detector’s output with an appropriate threshold value. Therefore, the
decision criterion that could be adopted when in the presence of an OAM-
based transmission is the following:

x̂n =

{
+1 , Yn ≥ ζn

0 , Yn < ζn
(4.29)

where ζn identifies the decision threshold that has been suitably defined
for the n-th OAM mode.
For comparison, when considering the occurrence of noisy signals in
the time domain, the performance characterization of the energy detec-
tion scheme can be obtained by analyzing the specific decision variable’s
statistics. Particularly, in the case of noise only (i.e., xn = 0), the output
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of the energy detector has been proved in [54] to have a central chi-square
distribution with a number of DoFs equal to twice the time-bandwidth
product at its input. Similarly, when in the presence of a deterministic
signal (i.e., xn = +1), though its form might be unknown, the distribu-
tion of Yn at the output of the detector is that of a non-central chi-square
distribution with the number of DoFs equal to twice the time-bandwidth
product and a non-centrality parameter given by the SNR of the specific
OAM mode that is being detected (i.e., SNRn).

• Since an energy detector does not account for anything else outside the
portion of energy that is collected in a given signal’s observation interval,
the EM field distribution in space and the selected signals’ shape do not
affect the conditional probability that a given threshold will be exceeded
when the signal is present. However, the identification of the optimal
threshold according to which detection is performed is not straightfor-
ward, thus representing another critical point of this discussion.
Specifically, let us consider the following hypothesis testing problem:{

H0 : yn(ρR, φR, z) = wn(ρR, φR)

H1 : yn(ρR, φR, z) = xnψ
(n)(ρR, φR, z) + wn(ρR, φR)

(4.30)

where yn(ρR, φR, z) and wn(ρR, φR) represent, respectively, the n-th re-
ceived signal component and the relative noise realization in correspon-
dence of the OAM communication mode of order ℓn. It should be noted
that (4.30) does not constitute a traditional waveforms’ binary detection
problem because the only quantity of interest for detection purposes is
the value of the scalar variable Yn, which is obtained via measuring the
input’s energy.
Since the probability density functions (p.d.f.s) corresponding to the two
hypotheses, hence their relative Yn variables, are not Gaussian but rather
have two completely different statistics, the optimal detection threshold
is far from the one defined as per classical decision theory [55]. Partic-
ularly, the optimal threshold in an energy detector receiver depends on
several elements, such as the noise variance, the received signal energy,
the integration interval, and the specific noise filtering technique that is
adopted. Therefore, no closed-form expression for threshold determina-
tion can be found in the literature. However, its value could be found by
iteratively solving an equation that minimizes the error probability [56],
or via an asymptotic approximation of the modified Bessel function of
the first kind holding under high SNR assumption [57], or again by in-
troducing a Gaussian approximation for the p.d.f.s when the number of
DoFs grows large (i.e., the central limit theorem applies).

• Being the square module a non-linear operation, the presence of un-
desired non-linear effects on the detector’s output must be taken into
account. Particularly, these effects become critical in relation to Gaus-
sian noise, which is known for having a white, frequency-flat spectrum.
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Non-linearities can give rise to undesired spectral components and inter-
modulation products which may fall within the signal’s band of interest,
hence causing signals’ distortion and interference. For this reason, it is
good practice to always put before the square law device a band-pass
filter centered on the carrier frequency of the transmitted waveform to
eliminate out-of-band noise.4

Concerning our OAM case study, the threshold determination process could
advantageously exploit the knowledge at the receiving LIS side of the theoreti-
cal ψ(n)(ρR, φR, z) waveforms. Specifically, the rationale behind its calculation
is computing the average energy collected under hypothesis H0 and the energy
in the H1 case, respectively. Given these values, their difference can be com-
puted, and the threshold can finally be set in the middle of this energy range.
Moreover, this procedure can be performed for every OAM mode of interest so
that to obtain an ad-hoc threshold value adapted to the average noise power,
i.e., [ζ1, ζ2, . . . , ζN ]. Intuitively, this is a pretty coarse approximation, i.e., set
the decision threshold ζ at the center of the energy range identified by the
energy of the xn = 1 case and the one of the xn = 0 respectively. Admit-
tedly, this solution is sub-optimal compared to the aforementioned threshold
determination strategies, though being pretty effective in capturing, hence dis-
playing, the energy detector performance.

Differently from the other two detection schemes, the closed-form analyti-
cal expression for the BER cannot be derived straightforwardly, being its exact
value conditioned to the decision threshold choice, the number of DoFs and
the SNR. Moreover, depending on whether the receiver has partial or com-
plete knowledge of the transmitted waveform or the useful signal has a total
unknown distribution, only approximate formulas can be found concerning the
specific scenario that is considered and its assumptions. Due to this, it is un-
likely that a closed-form expression for the bit error probability can be found,
thus requiring the introduction of some approximations. For this reason, we
leave such complex investigation to future works.

Lastly, it can be noted that, in analogy with the accumulation case, adopt-
ing smart integration with the energy detector could be beneficial in reducing
the errors’ occurrence. This result can appear counterintuitive since one might
think that the larger amount of energy that is collected by the receiver, the
easier it will be to perform a correct detection. However, this holds only if the
signal’s energy is substantially larger than its noise counterpart while the ob-
servation interval, i.e., the integration range, increases. If this does not hold, it
is convenient to perform the integration only in correspondance of the receiving
antenna’s locations where the signal is much stronger than the noise compo-

4Although we are contemplating conventional EM fields that are emitted at radio fre-
quencies, in our study, we always refer to the complex envelope of the EM field. Indeed,
we are analyzing the spatial distribution of a complex function of bandwidth WS = 1/λ
on a plane, which corresponds to a bi-dimensional, complex low-pass signal centered on a
frequency f0.
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nent. Unfortunately, this is not the case for the OAM waveforms. Indeed, both
with pencil-sharpened beams or with unfocused ones, the received field ampli-
tude tends to be concentrated on a given ρR interval, hence rapidly vanishing
outside of it; therefore, integrating where the OAM modes have very exiguous
intensities will result in collecting larger amounts of noise, thus entailing an
unavoidable deterioration of the receiver’s detection capabilities.
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Numerical Study

In this chapter, a numerical analysis is presented in order to characterize the
previous results, thus facilitating the reader’s understanding and visualization
of the benefits and disadvantages of this OAM-based transmission technique.

Concerning the general antennas’ layout, consider two parallel, circular
LISs placed at distance z = Dλ and arranged as previously illustrated in
Figure 2.3. Moreover, the transmitting LIS is assumed to have a radius equal
to RT = Tλ, while the receiving LIS has a radius RR = Rλ.

5.1 Simulation Setup

To perform the numerical simulations that will be discussed next, the pro-
gramming computing platform named Matlab has been used.
In particular, the activity comprised the development of ad-hoc Matlab
scripts that, firstly, model the target LISs-based system and then perform
several semi-analytical Monte Carlo simulations to evaluate its performance.
By following the order of the various code blocks that compose our simulation
environment, we first defined the system’s geometry and initialized its relative
parameters. Where it is not explicitly stated, the adopted parameters’ values
have been set as follows:

• c = 3× 108 m/s (free-space is assumed)

• λ = 1 cm (i.e., millimeter wave range)

• f0 = 28× 109 Hz (carrier frequency)

• T = R = 10 (i.e., RT = RR = 10λ)

• D = 30 (i.e., z = 30λ)

• ∆T = λ
4
(transmitting antenna discretization step in xy coordinates)

• ∆R = λ
4
(receiving antenna discretization step in xy coordinates)
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The discretization steps that are hereby reported have been introduced in
order to ideally fragment both LISs and compute numerically the integrals that
lead to the desired OAM waveforms. It is important to mention that a careful
selection of these specific parameters has to be made since too large discretiza-
tion steps might not accurately model the system under analysis, thus leading
to the distortion of the simulated OAM beams and the complete failure of
our numerical model. However, too small discretization steps might imply a
huge, perhaps unnecessary, computation overhead and simulation time, hence
a suitable trade-off between the simulations’ reliability and the computational
burden has to be identified.
Note that due to our specific implementation choice and other programming
constraints, e.g., the fact that Matlab environment can only work with vec-
tors, matrices, and similar data types, the modeling of a circular LIS entailed
the creation of a square surface antenna first and, afterward, the setting of all
the matrix’s elements falling outside the circular aperture of interest equal to
zero.
Subsequently, we derived the received OAM-multiplexed field by computing
various numerical integrals according to Equations (4.8)-(4.11). At this point,
we set up the additional parameters to evaluate the BER as a function of the
SNR or the link distance, that is:

• N MonteCarlo = 105 (i.e., the number of Monte Carlo cycles for noise
generation or, equivalently, the number of symbols to be transmitted)

• SNR dB values = [0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20] dB (i.e., the various
SNR steps to evaluate)

• D = [5, 10, 20, 30, 40, 50, 60, 70, 80, 90] (i.e., the link distances z to test)

After that, the noise PSD value N0 is obtained by fixing the SNR and cal-
culating the total waveform energy ETOT =

∫ RR

0

∫ 2π

0
|ψ(ρR, φR, z)|2 dφR dρR,

hence inverting Equation (4.23); then, we simulated an uncoded binary trans-
mission. Here we implemented the matched filter detection as illustrated in
Chapter 4, hence a BER estimation based on the number of errors committed
by the receiver is provided.
Finally, the last section of the code is devoted to the generation of the results’
plots, as reported hereafter, and to the figurative comparison with closed-form
BER formulas.

5.2 Received EM Field

Figure 5.1 shows the amplitude of the radial component of the received electric
field (i.e., |fn(ρR)|) considering the geometry defined in the previous section.
It can be noticed that the beam divergence increases for higher values of the
topological charge ℓn. Moreover, the beam widening effect is visible due to the
received EM field’s observation within the Fresnel zone. In fact, within the
numerical setup chosen, the boundary between near field and far field Dff , in
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terms of multiple of the wavelength λ, is Dff = 8T 2 (Dff = 800 > D in the
proposed numerical example).
In contrast, when considering focusing at the transmitter side according to
(4.10) with the same system configuration, the amplitude of the radial compo-
nent of the received electric field (i.e., |fn(ρR)|) is that as reported in Figure 5.2.
The focusing effect is clearly visible, producing much more concentrated beams,
thus maximizing the energy which can be collected by the receiving LIS. Hav-
ing compensated the quadratic terms at the transmitter side, which produces
the near-field beam widening effect, the beam divergence is evidently observ-
able. Intuitively, a receiving LIS is consequently much more efficient than a
UCA in collecting the energy for different topological charges, thanks to its
continuity in space.

Figure 5.1: Received EM field along the radial coordinate ρR for different
topological charges ℓn (normalized to max{|f0(ρR)|}).

Examples of the phase profiles at the transmitting LIS and the beams (both
amplitude and phase distributions) obtained at the receiving LIS for different
topological charges are reported in Figure 5.3, either in the presence or in the
absence of focusing at the transmitter.
In particular, results for ℓn = 0 (first row) are the beams obtained with unfo-
cused/focused constant phase profiles along φT, thus corresponding to classi-
cal diffraction patterns of circular apertures. The increasing beam divergence,
partially compensated by focusing, can be seen in the subsequent rows for in-
creasing values of ℓn, as well as the corresponding helical-shaped phase profiles
at receiver side.

To better visualize the EM field distribution in space, Figure 5.4 and Fig-
ure 5.5 depict the three dimensional total received field ψ(ρR, φR, z) resulting
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Figure 5.2: Received EM field along the radial coordinate ρR for different
topological charges ℓn using focusing at the transmitter side (normalized to

max{|f0(ρR)|}).

from the superposition of the different OAM beams. In particular, the for-
mer illustrates the received field distribution when focusing, i.e., the quadratic
phase terms compensation is performed both at the transmitter and the re-
ceiver. Again, the typical behavior of the Bessel functions is easily observable.
However, it should be noted that when performing focusing at the transmitting
side, the presence of multiple, closely located maxima in the neighborhood of
the receiving antenna center is assured. In that way, most of the transmitted
power, i.e., that of is carried by the well-coupled, lower orders OAM waves, is
collected from the receiving LIS.
In opposition, when focusing is not performed (Figure 5.5), the only maximum
that stands out is the one corresponding to the mode that is not carrying OAM,
i.e., ℓn = 0; the higher orders beams instead are heavily attenuated due to the
wavefronts’ divergence phenomenon, alongside the ineluctable free-space path
loss affecting all the propagating modes.
Finally, in Figure 5.6 the amplitude of the single EM field components∣∣ψ(n)(ρR, φR, z)

∣∣, whose superposition gives rise to the total field distribution
in Figure 5.4, is displayed both for the focused and unfocused case. The pres-
ence of the phase singularity, typical of the OAM vortices, and the divergence
phenomenon is evidently observable in all beams provided with angular mo-
mentum, while in the case of the plane wave carrying only SAM, i.e., ℓn = 0
mode, the amplitude distribution resembles the well-known shape of the Bessel
function of order zero.
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Figure 5.3: Example of transmitting and receiving amplitude/phase profiles,
with and without focusing, for ℓn = 0 (first line), ℓn = +1 (second line), and
ℓn = +3 (third line). The first and second columns refer respectively to the
unfocused and focused phase profiles at the transmitter, while the third and fourth
columns represent the received field amplitudes for the unfocused and focused
case. The last two columns correspondingly depict the received phase profiles

without and with focusing (T = R = 5, D = 20).

Figure 5.4: EM field distribution on the receiving LIS when focusing is per-
formed both at the transmitter and the receiver at D = 30.
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Figure 5.5: Unfocused EM field distribution on the receiving LIS, with the
global maximum corresponding to the fundamental mode (ℓn = 0) at D = 30.

5.3 Degrees of Freedom

We now compare the coupling intensity obtained with OAM with the coupling
intensity obtained from the optimum bases (i.e., the intensity of the singular
values ξn coming from the definition of communication modes). The latter
ones are obtained by discretizing the transmitting and receiving LISs, then
computing the singular value decomposition (SVD) of the Green function as
per (2.3) between the surfaces. In Figure 5.7 the behavior of singular values
is reported. It can be seen that they are almost constant, then drop quickly
after a specific value.
From a concrete viewpoint, the number of effective communication modes can
be defined as the number of singular values of intensity no smaller than a
certain value, i.e., the selected threshold, with respect to the largest one.

The coupling intensity of the OAM modes corresponds to the values of
the decision variable |Yn|2 (normalized by their maximum) in the absence of
noise for the matched filtering or energy detection cases (i.e., (4.17) or (4.28)),
presenting the same energy output. As anticipated, OAM-based modes are
degenerate, hence the same coupling is consequently obtained for two consec-
utive indexes n, except for the case n = 1 (i.e., ℓn = 0).
Due to the beam divergence presence, OAM-based modes coupling falls off
quite rapidly compared to the optimal case. However, it can be noticed how
beneficial the adoption of focusing techniques is in terms of coupling strength.
In this setup, by fixing a threshold to −5 dB from the best-connected com-
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Figure 5.6: Three-dimensional illustration of the various OAM field compo-
nents ψ(n)(ρR, φR, z) with focusing (left column) and without focusing (right
column) for ℓn values corresponding to (a)-(b) ℓn = 0, (c)-(d) ℓn = ±1, and

(e)-(f) ℓn = ±2 at D = 30.
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Figure 5.7: Normalized coupling intensity for the unfocused and focused (at
the transmitter side) OAM-based communication in comparison with coupling

intensity of optimum communication modes (SVD) (D = 50).

munication mode, about 40 communication modes are obtained with SVD;
differently, only 10 can be exploited with OAM and about 18 with OAM using
focusing at the transmitting LIS. Therefore, it is evident that the number of
parallel channels is lower than that corresponding to the optimum strategy.
However, system complexity is significantly reduced with respect to the opti-
mal SVD approach. In particular, the coupling intensity obtained for focused
OAM-based communication modes with low topological charge could be any-
how acceptable for certain applications, so this could be reasonably exploited
for enhancing the link capacity with small additional complexity.

In Figure 5.8, the number of modes N is reported as a function of the
distance parameter D, considering R = T = 10. For comparison, the number
of communication modes obtained from (2.14), i.e. Equation (5.1), is hereby
reported.

N =
π2R2T 2

D2
(5.1)

Note thatN depends on geometrical quantities only, which are in turn reported
to the wavelength. In addition, the number of modes obtained considering the
significative singular values of SVD is reported. In all the cases, a threshold
of −5 dB is considered to determine the number of well-coupled modes.
As expected, regardless of the adopted strategy, the modes’ number abruptly
diminishes for increasing distance, progressively approaching the unit (far-field
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Figure 5.8: Number of modes as a function of the link distance D (multiples
of λ). Transmitting and receiving antennas of the same size (R = T = 10).
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Figure 5.9: Number of modes as a function of the link distance D (multiples
of λ). Downlink case (R = 5, T = 25).

limit). The number of modes corresponding to significant singular values from
SVD is very well predicted by (5.1).
Although the usage of focused OAM beams produces a greater amount of well-
coupled modes, both the focused and unfocused OAM transmissions exhibit,
in any case, an inferior performance compared to the optimal communication
modes when the distance becomes small. Differently, when the geometrical
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Figure 5.10: Number of modes as a function of the link distance D (multiples
of λ). Uplink case (R = 25, T = 5).

setting cannot lead to a large number of modes (e.g., for larger distances),
OAM represents a viable solution to exploit channel diversity, with limited
additional complexity and without the need of performing SVD.

Furthermore, the following plots show similar results when the size of the
LISs greatly differs. In particular, in Figure 5.9 LIS antennas with R = 5 and
T = 25 are considered. Since the transmitting antenna is much larger than
the receiving one, we refer to this case as downlink transmission.
Thanks to the large dimension of the transmitting LIS, high focusing gain
can be obtained, thus drastically increasing the number of well-coupled OAM-
based channels. Differently, if focusing is not adopted in this downlink case,
the detrimental effect of beam divergence, exasperated by the large transmit-
ting aperture, makes OAM-based strategies quite ineffective.

The opposite case, corresponding to R = 25 and T = 5 (i.e., uplink case) is
reported in Figure 5.10. In this case, the number of modes obtained with SVD
or corresponding to (5.1) is clearly equivalent to that from Figure 5.9, since it is
related to optimum complete bases. Differently, when considering the simpler
OAM-based approach, the situation is asymmetric due to beam divergence.
However, in this case, since the receiving LIS is large enough to properly col-
lect the energy for increasing values of the topological charge, a large number
of OAM-based channels can be realized, thus making the approach very ap-
pealing. On the other hand, focusing the beam at the transmitter side does
not bring advantages due to the reduced size of the transmitting LIS.

Finally, Figure 5.11 illustrates the results obtained when the sub-optimum -
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Figure 5.11: Coupling for the topological charge ℓn considering the sub-
optimum detection strategy based on accumulation.

but lower complexity - detection strategy based on accumulation is considered
according to (4.26). In particular, the absolute value of the decision variable
Yn is reported as a function of the topological charge ℓn.
Square markers correspond to the accumulation performed considering the
unfocused EM field. Differently, circle markers report the effect of focusing
at the transmitter side only, which is not particularly effective with such a
sub-optimum scheme. In contrast, when focusing is considered at both the
transmitter and receiver side, thus compensating for the quadratic phase terms
of both ends, a significant improvement in the performance can be obtained.

5.4 Performance in AWGN

In this section, a system-level analysis is reported with the primary aim of
characterizing the OAM-based communication scheme from an information-
theoretical perspective by the means of a traditional performance metric as
the BER. Specifically, we will focus on the system performance when the
matched filter detection scheme is employed, and the initial geometrical con-
figuration is contemplated, that is, the one corresponding to R = T = 10 and
D = 30.
Although it would be of great interest and utility to investigate the analo-
gous curves for the other simpler detection schemes, we shall here restrict our
numerical study to the optimal scheme only due to software implementation
concerns. Indeed, the simulation of the other two sub-optimum strategies re-
quires an ad-hoc solution to compute the numerical integral that corresponds
to the correlation operation since it requires a different processing along the
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radial and the azimuthal field’s components. Moreover, it should be noted
that the conversion from Cartesian coordinates to polar ones is a non-linear
transformation, thus the generation of the i.i.d. noise samples would require
the knowledge of the bivariate AWGN noise distribution as a function of ρR
and φR or, equivalently, an effective mapping method (e.g., by exploiting affine
transformations) that allows implementing a change of variable via Matlab
code easily. Unfortunately, this requires an in-depth examination that is still
under development and will thus be presented in subsequent works.

In light of this, Figure 5.12 depicts the BER of an uncoded transmission on
an AWGN channel, resulting from a Monte Carlo simulation, as a function of
the SNR for various ℓn values when focusing is performed at the transmitter
side. Moreover, numerical results are compared with the theoretical bit error
probability formula, i.e., Equation (4.21), whose outcomes are reported via red
square markers.

Figure 5.12: BER as a function of the SNR for the matched filter detection
scheme and different ℓn values. Focusing is performed at the transmitter side.

It can be easily noticed that the simulated results are in accordance with the
theoretical ones and that the curves related to the OAM modes well interpolate
the trajectories identified by the square markers. In addition, emerges anew
the symmetry between modes with the same absolute value of the topological
charge ℓn but with opposite sign, hence displaying almost equivalent error rates
for given SNR values. Notably, for increasing ℓn values, system performance
rapidly degrades, and the reason for this outcome is once again determined by
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the presence of beam divergence, though partially compensated by focusing.
Moreover, due to the specific processing performed by the matched filter at
EM level, the main advantages and performance improvements are obtained
when focusing takes place at the transmitting LIS, effectively counteracting
the OAM beams’ spreading. For this reason, we will not present the analogous
BER curves when focusing is performed at the receiver side, being exactly
equal to the graphs reported herein.

Figure 5.13: BER as a function of the SNR for the matched filter detection
scheme, for different ℓn values, and in the absence of focusing.

Figure 5.13 instead reports the bit error probability for the same system
configuration, but this time in the complete absence of focusing. It is evident
how the performance degradation affects all the transmitted modes, particu-
larly those with lower OAM orders. Again, the cause has to be found in the
divergence phenomenon, which spreads a great fraction of the useful modes’
energy away from the receiving antenna center, thus leading to a larger amount
of bits that are erroneously detected.

In addition, being in turn the SNR a function of the link distance z, we will
illustrate hereafter the BER performance of the various OAM modes for in-
creasing link distances. This is a further result that highlights how the specific
system configuration plays a crucial role not only in determining the number
of communication modes at disposal and their coupling strength but also how
a slight change in the distance among the antennas can lead to a severe wors-
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ening of the detector’s accuracy.

Figure 5.14 reports the BER curves against the link distance (expressed
as multiples of λ) when focusing is employed at the transmitter. A reference
value for the SNR perceived at a distance equal to z = 10λ has been set equal
to 12 dB.
Figure 5.15 instead depicts the same graph but when in the absence of focus-
ing. The error probability grows exponentially as the z extends, being their
relationship defined by the well-known free-space path loss deriving from the
Friis transmission formula. Unsurprisingly, by spacing apart the LISs of a few
tens of wavelengths more, the error rates rise by more than two orders of mag-
nitude, and this effect is even intensified when no countermeasures to beams’
widening are adopted.

5.5 Discussion

To summarize, the previous sections highlighted how the exploitation of the
OAM property has both practical advantages and ineluctable disadvantages.
Concerning the benefits of the OAM utilization, it has been shown that this
transmission technique allows multi-modal communications, hence enabling
MIMO-like LOS communication. Specifically, the basis functions proposed in
(4.1) introduce the possibility of performing spatial multiplexing with a con-
siderably lower complexity with respect to the SVD case or the usage of the
CPSFs.
What is more, OAM does not only offer some benefits in terms of ease of im-
plementation, but it is also an insensitive method to link distance variations.
In other words, with both the optimal SVD approach and the beam-focusing
one, the basis functions depend on the overall system geometry and need to be
recomputed every time the link distance varies; with OAM waves instead, the
choice of the basis sets is fixed and is not related to the system configuration.
Notably, another advantage of the OAM approach is that OAM signals recep-
tion and demodulation are intrinsically simpler than the traditional demod-
ulation of MIMO signals performed through digital signal processing (DSP).
This property is due to the spatial orthogonality of OAM modes, which allows
to perform signals’ demodulation at EM level directly, and this is particularly
profitable for wideband, mmWaves, or THz-based communications.
In addition to this, the introduction of focusing is particularly favorable for
OAM propagation since it permits a significant increase in the DoFs of the
OAM-based communication.

Apart from these considerations, an element of fundamental importance
that is worth to be mentioned is the employment of LISs antennas rather than
UCAs. In fact, the usage of large aperture antennas permits the correct recep-
tion of the multi-modal OAM signal without the need to adjust the array radius
in order to be suitably collimated with the transmitted beam. Clearly, being
the beam radius variable and dependent on the specific topological charge, it
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Figure 5.14: BER as a function of the link distance D for the matched filter
detection scheme, for different ℓn values. Focusing is performed at the transmit-

ter side.

Figure 5.15: BER as a function of the link distance D for the matched filter
detection scheme, for different ℓn values, and in the absence of focusing.
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is impracticable with UCAs to have a unique antenna structure that suits all
the available types of OAM beams.

Be that as it may, OAM communications also display several, not negligible
negative aspects that necessarily need to be considered. Figure 5.7 highlighted
that the number of the effectively well-coupled OAM modes is much smaller
with respect to the optimum SVD case, both in the presence of focusing or
not. This evidently results in the absence of any relevant channel capacity
improvements with respect to traditional non-OAM communications, hence
leading to a sub-optimal transmission technique. Focusing has been shown to
compensate for this OAM deficiency partially. However, the focusing approach
once again necessitates the exact knowledge of system geometry, which clearly
implies some constraints.
Supplementary reception techniques and expedients, such as smart integra-
tion and the others we have analyzed so far, can only partially counteract the
irremovable propagation phenomena, hence resulting in BER outcomes and
overall performance that are certainly not superior to that of many other com-
plex transmission techniques available nowadays.

Behind all that, it must be reminded that the considered system contem-
plates a paraxial, LOS, perfectly aligned scenario. Any misalignment between
the transmitter and the receiver, i.e., the presence of lateral displacements or
receiver angular errors, or multipath propagation results in significant power
loss and crosstalk interference at the receiver side and, at its extreme, in the
complete loss of information, hence leading to an unavoidable failure of the
OAM-based approaches if no proper strategies to cope with such effects are
considered. Lastly, when non-paraxial propagation is considered, OAM-based
transmissions again require the exact knowledge of the link distance and the
information related to antennas’ orientation.
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Conclusion

This dissertation discussed OAM-based holographic MIMO communications
exploiting large intelligent surfaces as antennas.
Starting from the description of beams in terms of communication modes,
simple OAM-related basis functions at the transmitter and receiver sides have
been investigated. In addition, different detection strategies to be adopted at
the receiver side have been analyzed in detail.
The numerical study has shown the actual possibility of having a considerable
number of orthogonal OAM channels, particularly when focusing is exploited
to limit the beam divergence characteristic of OAM beams within the near
field. Nevertheless, no significant channel capacity achievements can be ob-
tained with respect to alternative but more complex strategies.
Although the exploitation of beam focusing resulted in being beneficial for
OAM waves propagation, also the joint OAM-focusing approach is still far
from being optimum, especially in light of the paraxial, perfectly aligned sce-
nario that is required for ideal OAM helices propagation.
Therefore, we can conclude that OAM modes constitute a particular choice
of communication modes, i.e., an alternative basis set, which is sub-optimum
with respect to the optimum basis functions derived from the SVD approach.

To conclude, this thesis work could be considered a first starting point for
further developments and applications.
To mention some interesting perspectives that may be considered, future works
could be targeted to the complete description of the EM field as a complex
vector, in that way increasing the number of DoFs at disposal.
Furthermore, more efficient algorithms for the smart integration procedure
could be investigated, together with the optimization of its threshold as a
function of the specific OAM mode to be detected and the SNR, e.g., so that
to maximize the energy collected by the strongest, lower order OAM modes.
In addition, the decision threshold for the energy detection scheme could be
improved by implementing a heuristic computing method that takes into ac-
count the number of DoFs available, the fraction of energy that is allocated to
each OAM mode, the noise variance, and other parameters.
Likewise, identifying an accurate noise model that considers the spatial cor-
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relation of the various points on the receiving antenna surface might be of
great utility in rendering our theoretical model as realistic as possible. In par-
ticular, manifold aspects and adverse physical effects related to the specific
technologies adopted to create LIS antennas (e.g., metamaterials and ad-hoc
electronics) might also be considered, thus requiring the adoption of a multi-
disciplinary approach.
Lastly, another interesting advancement that could be explored is the system
design and EM propagation study for specific applications based on near-field
OAM multiplexing, e.g., for indoor environments or dynamic industrial sce-
narios.
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